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Summary-The formation of the ternary complexes CuEDTA(en)2-, CUEDTA(CN)~-, CuDCTA- 
(CN)3-, NiDCTA(CN)3- and NiEDTA(en)‘- has been established spectrophotometrically. The stability 
constants found were log K = 2.87 + 0.03, 3.76 + 0.06, 2.64 k 0.35, 2.41 f 0.21 and 2.74 f 0.35 re- 
spectively. For the system CuDCTA2- + en no ternary complex was observed, instead Cu(en)g+ was 
formed. No reaction was found for the systems CoEDTA2- + N;, CoDCTAr- + N;, NiDCTA*- + 
en, NiDCTA’- + phen, NiEDTA’- + phen, NiDCTA2- + N;, NiEDTA*- + N;, CrEDTA- + 
NH3, CrEDTA- + CN-, CuEDTA’- + N3 and CuEDTA2- + N;. The systems CoEDTA2- + en 
and CoDCTA’- + en involve more than one equilibrium. The absorption spectra of the ternary com- 
plexes between 500 and 850nm are reported. 

Ethylenediaminetetra-acetic acid (EDTA) and trans- 

1,2-diaminocyclohexane-N,N’-tetra-acetic acid (DCTA) 
form very stable 1: 1 chelates with transition metal 
ionsP3 Since Schwarzenbach published his articles 
on these chelates much effort has been devoted to the 
elucidation of their structures. 

In crystals containing the EDTA complexes of 
cu2+,4co ) 3+ 5 CO’+,~ Mn’+,’ Fe3+,* and Zn2+,9 the 
ligand is sexidentate. It is quinquedentate in crystals 
of the acidic complex H2NiEDTA.ro 

In aqueous solutions sexidentate EDTA complexes 

are reported for Fe3+,” CO’+,~ and Mn2+.12 In the 
case of Mn2+ it has been established by NMR that 
the co-ordination sphere includes a water molecule.’ 2 
In acid solution the protonation of a carboxylic group 
leads to quinquedentate EDTA.13 In the pH region 
5-9 the complexes AlEDTA-, FeEDTA-, CrEDTA- 
and MnEDTA- take up an OH- ion.i4 Complexes 
of EDTA and DCTA with Ni2+, Co’+, Cu’+, Fe3+ 
and Hg2+ have been reported to form ternary com- 

plexes with CN-, CNS-, NH3 and ethylene- 
diamine.‘“’ 

For our investigation of the reactivity of ternary 
complexes towards the hydrated electron’s we needed 
the stability constants of the ternary complexes 
CuEDTA(en)‘-, CuDCTA(en)‘-, CUEDTA(CN)~-, 
CUDCTA(CN)~-, NiEDTA(en)‘- and NiDCTA- 
(CN)3-. In this paper the results of our investigations 
on these complexes are reported. 

The continuous-variation and molar-ratio spectro- 
photometric methods19 were used to study the equili- 
bria. The first was used only for assessment of the 
stoichiometry; the changes in the AA values were too 
small to be used for calculating reliable values for the 
stability constants. 

EXPERIMENTAL 

Reagents 

All chemicals were of analytical grade (Merck, Fluka). 
They were used without further purification. Deminera- 
lized water was further purified by means of a Millipore 
“Milli 42” apparatus, which removes most of the organic 
impurities. The conductivity was about 0.05 Mfi- ’ . cm- I. 

Molar-ratio method 

For this method a stock solution A was prepared by 
dissolving an appropriate amount of the acid form of 
EDTA or DCTA with sodium hydroxide solution, in a 
small beaker, to give a neutral solution. The calculated 
amount of CuSO,. 5H,O, Ni(ClO,), . 6H20 or 
Co(ClO,), .6H,O was then added. Sodium perchlorate 
was added and the pH adjusted with sodium hydroxide 
solution to the value required for the experiments. The 
contents of the beaker were transferred quantitatively to a 
standard flask with a sodium hydroxide solution of the 
required pH, and this stock solution was then diluted to 
volume. 

A second stock solution B was prepared by dissolving 
appropriate amounts of potassium cyanide or ethylene- 
diamine hydrochloride and sodium perchlorate (in some 
cases EDTA or DCTA was also added). After adjustment 
of the pH this solution was transferred to a standard flask 
and diluted to volume with a sodium hydroxide solution of 
the required pH. 

The concentrations of the complexing species in the 
stock solutions were ten times those in the final solutions 
to be measured, which were prepared by mixing stock sol- 
utions A and B in lOO-ml standard flasks and diluting them 
to volume with O.lM sodium perchlorate at the required 
pH. No special care was taken to prevent absorption of 
carbon dioxide from the air. The alkaline solutions were 
exposed to air as briefly as possible. 

For the CuEDTA’- + en measurements 

The samples contained: 

(i) 2.002mM CuEDTA’- ; c,, = [EDTA],,,,,, = 0, 1.59, 
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3.18, 4.76, 6.35 and 7.94mM; O.lM NaClO,; pH = 11.0; 
T= 293K. 

(G) 2.00mM CuEDTA2-; c,, = [EDTA],,,,,, = 0, 1.4, 
2.0, 3.2, 4.8 and 6.4mM; O.lM NaClO,; pH = 10.85; 
7’= 296.5 K. 

For the CuDCTA -t en measurements 

2.OOmM CuDCTA’- ; [DCTA],,,,,, = 0.2mM; c,, = 0, 
0.5, 0.75, 1.0, 1.5. 2.0, 4.0, 6.0, 8.0mM; O.lM NaCIO,; 
pH = 11.0; T= 300K. 

For the CuEDTA’- + CN- measurements 

l.OOmM CuEDTA’-; [EDTA],,,,,, = 5.0mM; ccN. = 
0, 0,25, 0.38, 0.50, 0.75. 1.0, 1.5, 2.0. 2.5mM; O.lM NaClO,; 
pH = 10.8; ambient temperature. 

For the CuDCTA2- + CN- measurements 

2.00mMCuDCTA2-; [DCTA],,,,,, = 1.99mM; ccN. = 
0, 0.50, 0.75. 1.00, 1.50, 4.00, 6.00, 8.OOmM; O.lM NaClO,; 
pH = 11.0; T= 3OOK. 

For the NiEDTA’- + en measurements 

5.0mM NiEDTA’-; [EDTA],,,,,, = l.OmM; c,, = 0, 2, 
4, 7, 10, 15mM; pH = 11.1; no NaClO, added. 

For the NiDCTA*- + CN- measurements 

5.01mM NiDCTA’-; [DCTA],,,,,, = 0.53mM; ccNm = 
0, 0.4, 0.8, 2.0, 4.0, 6.0, 10.0, 15.0, 20.0mM O.lM NaClO,; 
pH = 11.0; ambient temperature. 

Method of continuous variations 

For this method two stock solutions were prepared, 
similarly to solutions A and B described above. From these 
stock solutions series of 11 solutions were prepared by 
mixing and diluting to volume with O.lM sodium perchlor- 
ate. The following series were measured: 

ccuEDTA + c,, = l.OmM; [EDTA],,,,,, = 2c,,; O.lM 
NaClO,; pH = 11.0. 

ccuEDTA + c,, = 5.0mM; [EDTA],,,,,, = 2c,,; O.lM 
NaClO,. oH = 11.0. 

cc,&,’ + cCN- = 2mM; [EDTA],,,,,, = CCuEDTA + 
1.67cc,_; O.lM NaClO,; pH = 11.0. 

cCvEDTA + cCN- = 9.28mM; CEDTAI,,,,,, = cCuEDTA + 
1.5c,,.; pH = 11.0; no NaClO,. -.. - 

C CuDCTA + cCN- = 4.92mM; ~CDCTA1,,,,,, = cCuDCTA + 
cc,.; pH = 11.25; no NaClO,. 

C NIDCTA + ccN_ = 10.5mM; no excess of DCTA; no 
NaClO,; pH = 12. 

The formation of the ternary complexes was complete 
within the time necessary for preparing the samples. The 
solutions were not temperature-controlled, but the tem- 
perature variation within one series of measurements did 
not exceed 0.5”. 

Spectra of the solutions were recorded with a Pye Uni- 
cam SP 1700 spectrophotometer directly after preparation 
of the samples. According to the manufacturer the repro- 
ducibility of the absorbance is 1% or 0.002, whichever is 
the larger. 

The pH was measured with a Philips CA 11 combined 
glass electrode fitted to a Philius 9408 digital uH-meter. 
This system was calibrated with buffer solucons of pH = 7 
and 11 or 12 (Merck Titrisol). No effects were observed 
that could be attributed to interference of perchlorate ions 
in the pH measurements. 

RESULTS AND DISCUSSION 

The concentration stability constant for the equilib- 
rium : 

ML + nX Q+ MLX, (1) 

is given by: 

KRX 
CMLXI 

MLXn = [ML][X]” (2) 

where M stands for the metal ion, L for EDTA or 
DCTA and X for the secondary ligand. Measurements 
for the determination of KhtXq must be made at con- 
stant ionic strength. Furthermore, interfering substitu- 
tion reactions such as 

ML+pX=MX,+L (3) 

have to be suppressed. This was done by the addition 
of an excess of L, ensuring that: 

The occurrence of a chemical reaction such as (1) 
or (3) is usually accompanied by a change in the 
absorption spectrum with change in the ratio 
cH Jcx In exploratory experiments at pH - 11 
~IQ changes whatsoever were observed for the 
following systems: CoDCTA*- + N;, CoEDTA*- 

+ N;, NiDCTA*- + en, NiDCTA*- + phenanthro- 
line, NiEDTA*- + phenanthroline, NiDCTA*- +N;, 
NiEDTA*- + N;, CrEDTA- + NH3, CrEDTA- + 

CN-, CuEDTA*- + N; and CuDCTA*- + N;. 
There was evidence for a chemical reaction between 
ethylenediamine and CoEDTA*- or CoDCTA*-. 

The results indicated that these systems contain more 
than two different absorbing species. 

For the systems CuEDTA*- + en, CuDCTA*- 
+ en, CuEDTA*- + CN-, CuDCTA*- + CN-, 
NiEDTA*- + en and NiDCTA*- + CN- the results 
obtained with the molar-ratio method were analysed 
by the matrix diagonalization program TRIANG. l9 
This showed that not more than two absorbing spe- 
cies were present in these systems. Thus only one 
equilibrium was taken into account. We established 

Fig. 1. The method of continuous variations for the sys- 
tem CuEDTA’- + CN- : pH = 11.0; ccuEDTA2- + ccN_ = 

9.28mM: light-path 10 mm. 



n = 1 in equation (1) for these systems, by using the 
method of continuous variations, except for the 

CuDCTA’- + en system, where no ternary complex 
is formed. Figure 1 shows the results of this method 
for CUEDTA(CN)~-. 

Ternary EDTA and DCTA complexes 

Table 1. Stability constants of ternary complexes of some EDTA and DCTA chelates with cyanide 
and ethylenediamine 

System Conditions* log I<&h log G,x Ref. 

CuEDTA’- + en 
{ 

fi -O.lS,pH = ll.O,293K 18.8 2.89 f 0.04 c 
p . 0.13, pH = 10.85,296.5 K 18.8 2.85 + 0.05 C 

CuEDTA2- + CN- fi = 0.15, pH = 10.8 18.8 3.16 & 0.06 c 
CuDCTA2- + CN- /J = 0.12,pH = 11.0,300K 22.0 2.64 + 0.35 

3.59d 2c4 
NiEDTA’- + CN- g = O.l,pH = ll.O,298K 18.6 4.08 25 

3.76’ 26 
NiDCTA2- + CN- ~=0.12,pH = 11.0 20.3 2.41 f 0.21’ c 
NiEDTA*- + en pH = il.1 18.6 2.74 F 0.35 
CoEDTA*- + CN- /I = 0.2, pH = 11.7,298 K 16.3 3.30 2; 
CoDCTA2- + CN- p = O.l,pH = l1..5,298K 19.6 1.59 25 

BMeasurements done at ambient temperature, unless specified otherwise. 
bLiterature values taken from ref. 3. 
This work. 
%alue obtained by the mole-ratio method. 
*Value from kinetic measurements. 
‘Unpublished results of Margerum and Hauer gave log K = 2.49 (ref. 22). 

3 

Taking n = 1 in equation (l), the following equa- 
tion was used for the calculation of Kg,,: 

where ~~~~~~~~~ = AlhLt A is the absorbance, 1 the 
light-path and cML the analytical concentration of 
ML, which is kept constant while [X] is varied. Equa- 
tion (5) is valid only if X and L do not absorb, which 
is the case for the wavelength intervals studied. 

08 

Rg. 2. The system CuEDTA*- + en: pH = 11.0; 0.1M 
NaClO,; 20°C; cCuEDTA = 2.002mM; c,, = 0, 1.59, 3.18 
and 7.94mM for the curves a-d. Curve e: calculated spec- 
trum of CuEDTA(en)2- [equation (S)]. Curve f: c,, = 
41 mM; cEDT,, = 0.55M. Curve g: difference spectrum 
(f - 0.85e). i.e., assuming 15% Cu(en):+. Light-path 50 mm. 

Molar absorptivities are given for curves a and e. Scheme I. Geometrical isomers of the complex ML(CN). 

For about 8-10 wavelengths l/(K$,J was calcu- 
lated by means of an iterative computer program. The 
iteration was stopped when two successive slopes of 

the plots of e,pparent vs. (cML - eapparenJ/[X] differed by 
less than 1%. The unweighted average of the l/(KG,x) 
values at the different wavelengths was calculated, 
giving KG,,. This method of calculation was unsuc- 
cessful in the case of the CuDCTA’- + en system, 
where divergence occurred at every wavelength. For 
the other systems consistent sets of stability constants 
were obtained. The results are given in Table 1, 
together with some literature values. From the 
measured absorption curves and Ki,, the absorption 
spectra of the ternary complexes were determined 
(Figs. 2, 5-S). 

Isomers 

Assuming that the secondary ligand X co-ordinates 
to the metal ion by displacing one or two acetate 
groups, geometrical isomers have to be considered. 
For the unidentate CN- ligand two isomers are poss- 
ible, for the bidentate ethylenediamine there are three 
possible isomers (Schemes I and II). As each isomer 
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Scheme II. Geometrical isomers of the complex ML(en). 

has its own stability constant, the K&x values and 
the absorption spectra have to be considered as aver- 
age values for the possible isomers. 

CuEDTA2- f en 

Figure 2 shows some of the absorption spectra used 
for the evaluation of the stability constant. The 
~uEDTA(en)2- complex does not undergo any 
further reaction under the experimental conditions 
over a period of several months. The wavelength shift 
of the absorption maximum is about 80nm (Fig. 2). 
This very large shift is in contrast with the zero shift 
for the pair CuEDTA2- and CUEDTA(NH~)~-.‘~ 
This indicates that ethylen~iamine is co-ordinated 
through both nitrogen atoms. Excluding co-ordina- 
tion numbers higher than six for Cu(II), this means 
that two acetate groups are displaced by the ethylene- 
diamine molecule (Scheme II). 

When it was attempted to verify the calculated 
spectrum of CuEDTA(en)‘-, a third species interfered 
(Fig. 2, curve f). This was shown to be Cu(en):+, 
formed as a result of the high ionic strength of this 
particular solution (cl 2 5). While K~$&, decreases 

A (nm) 

Fig, 3. The system CuDCTA2- + en: pH = 11.0; O.lM 
NaClO,; 27°C; cc” = 2.OOmM; cDcrA = 2.2mM; c,, = 0, 
1.5, 16mM for the curves a-c. Curve d: difference spectrum 
(c - 0.65a), i.e., assuming 35% Cu(en)$ ‘. Light-path 50 mm. 

5 IO 15 

c,,( mM) 

-I 
20 

Fig. 4. The CuDCTA2- + en system: pH = 11.86; ccU = 
cDCTA = 2.OOmM. Light-path 50 mm; 720 nm. 

with ionic strength, K,$,, will remain practically 
constant, because the ethylene&amine ligand carries 
no charge.20 From the spectra c and f in Fig, 2 we 
estimated A(log K) = log K,$&nj2 - log K&$&A = 
1.7 at this ionic strength. This value seems reliable 
when compared with the value of A(log K) = 0.8 at 
zero ionic strength. 

CuDCTA’- + en 

Figure 3 shows some of the absorption spectra. 
From this and other experiments two general obser- 
vations were made: 

(i) the spectral changes caused by variation of [en] 
were smaller with larger excesses of DCTA; 

(ii) at high [en] an absorption band at 550nm 
appeared, which is due to Cu(en)$+ (Fig. 3, d). 

These observations indicate that the equilibrium: 

CuDCTA2- -I- 2en K dCCu(en)$+ + DCTA4- (6) 

occurs. As there are only two absorbing species 
present (vide supra) it can be assumed that this is 
the only equilibrium involved. For the evaluation of 
the equilibrium constant a series of measurements 
was performed without excess of DCTA. Taking 
[CuDCTAZ-] = a - x, [en] = b - 2x and [Cu(en): ‘1 
= ([DCTA’-] -t [HDCTA3-1) = x, we can deduce 
the approximate formula: 

x = (fi)b 

forx((aandx((b. 

(7) 

This relation is confirmed experimentally (Fig. 4). 
Taking the molar absorptivities of CuDCTA’- and 
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0 
550 650 750 650 

A hm) 

Fig. 5. The system CuEDTA’- + CN-: pH = 10.8; 0.M NaClO,; ccusDW = 1.001mM; ccN_ = 0, 
0.25, 0.50, 0.75 and 2.50mM for the curves a-e. Curve f: calculated spectrum of CUEDTA(CN)~-, 

assuming K = 5.8 x 103. Light-path 50 mm. 

Cu(en)i+ at 720 nm as 107 and 10.9 1. mole- ’ . cm- ’ 
we calculated K6 rr lO-o.4 from the slope in Fig. 4. 
This value is not in agreement with the literature 
values of KEzTA and K$,,,2,3 from which we calcu- 
late K6 = 10-2.4. As we thought that this discrepancy 
might be due to an incorrect value for KEgtTA, we 
tried to verify this value by studying the equilibrium 

CuEDTA’- + DCTA4- 

aCuDCTA’- + EDTA4-. (8) 

As K ESTA is well established,’ a reliable estimate of 
KDCTA 

CuDCTA can be obtained from K% As (8) is a slow 
equilibrium, we let relaxation take place at -330 K. 
We obtained Alog K ru 2 at pH = 10.8, which is in 
agreement with the literature values, which give Alog 
K = 1.9, after correction for protonation of EDTA 
and DCTA. The discrepancy mentioned above is 
therefore not understood. 

CuEDTA’- + CN- and CuDCTA2- + CN- 

For both systems 1: 1 complexes are formed. The 
spectra are shown in Figs. 5 and 6. With CuEDTA’- 
the introduction of CN- leads to a shift of the 
absorption maximum by about 20nm. There is no 
shift at all when CN- is introduced into CuDCTA’-; 
this indicates that cyanide is bonded differently in the 
ternary complexes CUEDTA(CN)~- and Cu(DCTA) 
(CN)3-. In the presence of cyanide Cu(II) is 
reduced ? ’ 

2 Cu(CN):- + 2 Cu(CN):- + (CN), (9) 

Our results for the systems CuEDTA’ + CN- and 
CuDCTA2- + CN- indicate that this second order 
redox reaction had not interfered seriously at the time 
of measurement (within 1 hr after preparation). After 
one day, however, the blue colour of the solutions had 

faded significantly, possibly owing to reaction (9) or 
similar reactions. 

NiDCTA2- + CN- (Fig. 7) 

The stability constant of NiDCTA(CN)‘- is 
reported to be lO2.49 by Margerum et a1.22 This value 
is in good agreement with our value of log 
K = 2.41 + 0.21. 

NiEDTA’- + en (Fig. 8) 

The measurements on this system were not per- 
formed at constant ionic strength. However, the K 
value in Table 1 should be reasonably accurate, 
because the neutral ligand ethylenediamine is 
involved.20 

500 600 700 800 

Xlnm) 

Fig. 6. The system CuDCTA’- + CN-: pH = 11.0; O.lM 
NaClO,; cc” = 2.OOmM; cncrA = 3.99mM; ccn- = 0, 0.75, 
2.0, 4.0mM for the curves a-d. Curve e: calculated spew 
trum of CuDCTA(CN)a-, assuming K = 440. Light-path 

50 mm. 
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! 0 

350 450 550 / 650 750 850 

Xfnmf 

Fig. 8. The system NiEDTA’- + en, pH = 11.1, cNIEDTA = 5.00mM, c,, = 0, 2.00, 4.01, 7.01, 10.02 and 
15.03mM for curves a-f; curve g: calculated spectrum of NiEDTA(en)‘-, assuming K = 550. Light-path 

50 mm. 

460 500 660 

X (nm) 

Fig. 7. The system NiDCTA’- + CN-, pH = 11.0, O.lM 
NaClO c ., u,nCrA = S.OlmM, cCN- = 0, 0.80, 2.01, 4.01, 6.02 
and 10.03mM for curves a-c-curve g: calculated spectrum 
of NiDCTA(CNf3-, assuming R = 267. Light-path SO nm. 

CONCLUSIONS 

Formation of the ternary complexes CuEDTA- 
(en)*-, CUEDTA(CN)~-, CUDCTA(CN)~-, NiDCTA- 
(CN)j- and NiEDTA(en)‘- was established and con- 
centration stability constants were evaluated. It 
appears that for all the systems reported in Table 1 
the statement of Beckz3 applies, namely that the more 
stable the 1: 1 chelate, the less stable the ternary 
complex : 

where L(,, and Lf2) are different primary Iigands. In- 
equality (10) also holds for the pairs CUEDTA(~~~-/ 
CuDCTA(en)‘- and NiEDTA(en)2-/NiDCTA(en)2-, 
in view of the fact that CuDCTA(en)2- and Ni- 
DCTA(en)‘- are not stable enough to be formed in 
detectable amounts under our experimental con- 
ditions. 
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DE~RM~NAT~UN OF TRACES OF SELENIUM IN 
HEAT-RESISTING ALLOYS BY GRAPHIC-FURNA~ 

ATOMIC-ABSORPTION SPECTROMETRY AFTER 
CO-PRECIPITATION WITH ARSENIC 
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and &.BKO SUL@ 

Metallurgical Chemistry Division, National Research Institute for Metais, Nakameguro, 
Meguro-ku, Tokyo 153, Japan 

(Received 11 June 1982. Accepted 23 August 1982) 

Summary-Tracts of selenium in complex nickel- and cobalt-based heat-resisting alloys have been 
determined by co-precipitation and ~apb~te-furnace atornj~-absorption spectrometry. The a@oys are 
dissolved in a mixture of concentrated hydrochloric acid, concentrated hydrofluoric acid and 3Oy; 
hydrogen peroxide. Selenium does not volatilize to any significant extent during the dissolution and 
concentration. Selenium is separated from the matrices as the element by co-precipitation with arsenic 
and is redissolved in nitric acid. Zinc is added ta the solution to stabilize selenium during the ashing step 
and thus to enhance the absorbance in the atomization step. Standard solutions for the calibration are 
prepared in a similar manner to sample solutions after dissotution of the arsenic carrier. The detection 
iimit for selenium is 0.3 ppm in the heat-resisting alloy. 

Nickel- and cobalt-based heat-resisting alloys contain 

many refractory metals added to impart high strength 
and corrosion resistance. These heat-resisting alloys 
are used under severe circumstances where high 
strength at high temperatures is needed. However, it 
is known that traces of some impurities have harmful 
effects on the mechanical properties of nickel-based 
heat-resisting alloys.‘~2 Selenium is one of these harm- 
ftd impurities: it reduces stress-rupture life and causes 
cracking during hot roIling.3 The maximum allowable 
concentration in nickel alloy castings is given as 3 
ppm, in the SAE Aerospace Material Specification 
2280.’ 

The complex composition of the heat-resisting 
alloys limits the kinds and con~ntrations of the acids 
used for dissolution. Also, atomic spectroscopic 
methods are subject to severe chemical and spectral 
interferences. Traces of selenium in nickel-based heat- 
resisting alloys have so far been determined by X-ray 
fluorescence spectrometry4 and graphite-furnace 
atomic-absorption spectrometry.5-7 X-Ray Auor- 
escence spectrometry4 combined with a preliminary 
separation of the selenium has been found applicable 
to concentrations above 3 ppm. Graphite-furnace 
atomic-absorption spectrometry has been applied to 
the direct determination of traces of selenium in sol- 
utions of nickel alioys.5 This method needed calibra- 
tion with solutions of standard alloys or synthetic 
standard solutions matrix-matched to the samples. It 
is difficult to get a series of well-characterized stan- 
dard heat-resisting alloys, and it is impractical to pre- 
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pare sets of synthetic standard solutions for each alloy 
matrix encountered. Dulski and Bixier” used a direct 
method,’ with a modified st~~rd-ad~tions pro- 
cedure. Direct atomization of selenium from chips of 
nickel alloy7 required standard alloys for the calibra- 
tion and was less precise because the commercial 
graphite furnace was not designed for the analysis of 
solid samples. 

At a wavelength as short as that used for the deter- 
mination of selenium, an accurate direct determi- 
nation is difficult because a deuterium background 
corrector often cannot compensate for the large back- 
ground absorption’ due to the salts of the major alloy 
constituents. Spectral interference from iron in the 
deter~ation of selenium at 196.0 nm has been 
found*” when a continuum source is used for back- 
ground correction, so the direct method5 cannot be 
applied to the determination of selenium in beat- 
resisting alloys which contain iron. 

Traces of selenium should first be separatbd from 
the alloy matrix to avoid interferences when a con- 
tinuum source is used for background correction, 
Various separation methods for traces of selenium 
have been reported. I2 Co-precipitation with arsenic 
as carrier is a simple preliminary separation method 
which gives a high recovery for traces of selenium 
from metallurgical,*3-15 geological and biological 
samples.‘“**7 We have developed a simple analytical 
method for the determination of traces of teltnrium in 
heat-resisting alloys, involving co-precipitation and 
graphite-furnace atomic-absorption spectrometry.‘* 
This method has now been applied to the determi- 
nation of traces of selenium in heat-resisting alloys 
resulting in a simple method for which no special 
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laboratory apparatus is required and which is suitable 
for the routine determination of traces of selenium in 
heat-resisting alloys of varying composition, with a 
series of standard solutions for catibration. 

EXPERIMENTAL Heat-resisting alloys 

Apparatus 

The atomic-absorption spectrophotometer, graphite fur- 
nace, auto-~mpling system, recorder and temperature 
measurement were the same as used previously.” A deu- 
terium lamp was used for background correction. The 
light-source for selenium determination was a Perkin- 
Elmer electrodeless discharge lamp (EDL) operated at 6 W 
with a Perk&Elmer power supply. The analytical wave- 
length used was 196.0nm. The spectral band-width was 
0.7nm. Solutions (20,ul) were injected into the graphite 
furnace. All absorbances were measured as peak heights. 
The furnace was purged with argon and the optics with 
nitrogen. 

Table 1 summarizes the chemical compositions of the 
nickel and cobalt heat-resisting alloys used. The alloying 
elements present at 0.1% or above are shown. 

Proposed procedure 

Weigh 0.5 g of chips of heat-resisting alloy into a 10%ml 
Teflon beaker. Add 10 ml of concentrated hvdrochloric 
acid and 5 ml of concentrated hydrofluoric acid. Cover the 
beaker and heat the solution on a hot-plate. Add 10-15 ml 
of 30% hydrogen peroxide little by little and decompose it 
by prolonged heating. After complete dissolution of the 
sample, concentrate the solution to about 15 ml. Add 2 ml 
of arsenic solution and about 25 ml of concentrated hydro- 
chloric acid. Heat the solution to 80-100” and add 8 ml of 
50% hypophosphorous acid (total volume 50 ml; matrix 
concentration 10 mg/ml). Continue heatmg for at least 20 
min, then allow the solution to stand for at least 2 hr at 
room temperature to ensure complete coagulation of the 
precipitate. Filter off the precipitate of arsenic and 
selenium on a Q-cm Toyo Roshi No. .5B filter paper (4 pm 
average pore size, stmilar to Whatman No. 40 paper) and 
wash the precipitate on the filter paper and in the original 
beaker thoroughly with 1M hydrochloric acid and distilled 
water. Dissolve the precipitate in six l-ml portions of hot 
8M nitric acid, followed by 1 ml of hot concentrated nitric 
acid. Wash the filter paper and beaker with distilled water 
and collect the washings in a 2%ml standard flask. Add 1 
ml of zinc solution and dilute to‘the mark with distilled 
water to give a final nitric acid concentration of about 
2.5M. 

Selenium stock standard solution (1 mglml). Prepared by 
dissolving 0.5 g of “Specpure” selenium metal (Johnson 
Matthey Chemicals) in the minimum volume of concen- 
trated nitric acid, evaporating to a moist residue on a 
water-bath and dissolving in 500 ml of 0.2M hydrochloric 
acid. Working standard solutions were prepared from the 
stock standard solution immediately before use. Experi- 
ments were done at the 1.5pg level of selenium except for 
absorbance enhancement experiments, where 5 pg of 
selenium were added. This amount of selenium (1.5 pg) was 
eq~v~ent to a concentration of 0.030 Fg/ml at the co- 
precipitation step and 0.060 pg,/ml at the measurement 
step. 

Arsenic solution (I mg/ml). Prepared by dissolving 0.660 g 
of arsenic trioxide (Merck) in 10 ml of 5% potassium hy- 
droxide solution with warming, and diluting to 500 ml with 
distilled water. Hypophosphorous actd (50%) was used as 
reducing agent. 

Zinc solution (10 ~/rn~). Prepared by dissolving high- 
purity zinc metal in concentrated nitnc acid and diluting 
wuh distilled water to give a 0.6M nitric acid solution. 

Other solutions. High-purity cobalt, nickel and copper 
metals and lithium carbonate of analytical reagent grade 
were dissolved in nitric acid and these solutions were used 
for absorbance enhancement experiments. Various metals 
used for the studies on matrix effects included Al. Ti. Cr. 
Mn, Fe, Co, Ni, Zr, Nb, MO, Ta and W. The high-purity 

metals were dissolved in appropriate volumes of suitable 
solvents, such as hydrochloric acid, hydrochloric acid plus 
hydrogen peroxide, hydrochloric acid plus hydrofluoric 
acid, hydrofluoric acid, or hydrochloric acid plus hydro- 
fluoric acid plus hydrogen peroxide. The other reagents 
were of analytical reagent grade. 

Prepare standard solutions for the calibration m the fol- 
lowing manner. Add appropriate volumes of the working 
standard selenium solutions to about 30 ml of concen- 
trated hydrochloric acid and dilute to 40 ml. Add 2 ml of 
arsenic solution and heat, Add 8 ml of 50:~; hypophos- 
phorous acid, then follow the same procedure as for the 
samples. Transfer the sample solutions and calibration sol- 
utions into the polystyrene cups on the turntable of the 
auto-sampling system. Push the start button, with the pro- 
gramme set as summarized m Table 2. Interrupt the flow of 
argon durmg the atomtzation. Measure the absorbance due 
to selenium, prepare a calibration curve and calculate tbe 
concentration of selenium m the samples. 

Table 1. Chemical composition of nickel- and cobalt-based heat-resisting alloys used (:4 w/w) 

Alloy C Al Si Ti Cr Mn Fe Co Ni Zr Nb MO Ta W 

NBS SRM 349* 
IN-792 
IN-738 LC 
MAR-M 246 
Udimet CO263 
JAEKL-R9_F 
Rene 95 
TM-51 
NBS SRM I&$$ 
Modified S-816 
WI-52 

1.2 3.1 19.5 14.0 57.2 
3.4 3.9 12.6 9.1 61.0 
3.4 3.4 15.8 0.1 
5.5 1.5 10.1 
0.5 2.2 20.1 0.3 19.9 
0.3 0.3 21.5 0.3 17.6 12 

0.2 3.5 2.5 14.0 8.0 
5.0 2.7 13.0 4.1 

20.3 1.5 3.4 41.2 
20.2 0.9 0.4 45.6 
21.2 0.3 2.0 62.5 

0.2 8.3 
0.3 9.9 

61.6 
57.7 
50.9 
49.3 
61.0 
66.4 
20.3 
20.0 
0.8 

4.0 
1.x 4.1 4.0 

0.1 0.8 1.8 1.7 2.6 
2.6 1.5 10.9 
5.8 0.2 
9.1 0.6 

3.5 3.5 3.5 
23 6.5 

3.0 4.0 1.0 4.0 
4.0 4.1 3.7 
1.8 10.4 

*Waspaloy. 
tHastelloy X. 
$Modiiied S-8 16. 
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Table 2. Operating parameters for GF/AAS 
determination of selemum 

Drying temperature 
Drying time 
Ashmg temperature 
Ashing time 
Atomization temperature 
Atomization time 
Cleaning temperature 
Cleaning time 

100” 
30 set 

950” 
30 set 
2550 
4 set 

2500” 
3 set 

RESULTS AND DISCUSSION 

Dissolution of sample 

It has been reported that selenium is vaporized 
from solutions of hydrofluoric acid or when solutions 
of hydrochloric acid and hydrogen peroxide are taken 
to dryness. ’ 2 It has also been found that the vaporiz- 
ation of selenium is considerably diminished in the 
presence of a large quantity of matrix.12 Bajo 
reported that there was no loss of selenium from sol- 
utions of hydrofluoric acid and perchloric acid.” 
These results may imply that selenium does not 
vaporize in the presence of a large quantity of matrix 
and oxidizing agent even if hydrofluoric acid is 
present. 

Therefore, the possibility of selenium vaporizing 
during the dissolution, concentration and co-precipi- 
tation steps was investigated with a nickel-based 
alloy, Rene 95. Chips of the alloy (0.5 g) were carried 
through the procedure already described,‘* except for 
the addition of zinc in place of the permanganate ad- 
dition. In this dissolution method, the oxidizing agent 
(hydrogen peroxide) can easily be decomposed by 
prolonged heating and does not interfere with the 
reduction of the selenium. Selenium spikes (1.5 pg) 
were added (a) to the chips of the alloy before dissolu- 
tion, (b) to the solution before concentration and (c) 
to the solution before co-precipitation. The recovery 
was calculated, after subtraction of the blank value, 
from the ratio of the absorbance of the sample sol- 
ution to that of a standard calibration solution pre- 
pared from matrix-free and hydrofluoric acid-free sol- 
utions in the same manner as the sample solution. 
The recovery of selenium in (a) was about 90x, and in 
(b) and (c) about 91-93x. These results show that 
selenium is not appreciably vaporized during the dis- 
solution of the alloy and the concentration of the sol- 
ution, though about 10% of the selenium present may 
be lost during the co-precipitation step either by 
vaporization or by matrix effects. 

Co-precipitation of selenium with arsenic 

The best conditions for the co-precipitation of 
traces of selenium with arsenic were also established 
by experiments with Rene 95. The volume of the sol- 
ution at the co-precipitation step was adjusted to 
50 ml. The effect of the concentration of hydrochloric 
acid at the co-precipitation step was investigated from 

3 to 8M, and the arsenic concentration was 80 pg/ml. 
The recovery increased with concentration of hydro- 
chloric acid, becoming almost constant at concen- 
trations above 6M (recovery: 9698%); a concen- 
tration of approximately 7M was selected as optimal. 

The recovery of selenium from the alloy solution 
was practically independent of the concentration of 
hydrofluoric acid from 0.5 to 2.7M: a working con- 
centration of 2.7M was selected, giving 99% recovery. 
From a matrix-free solution, however, the recovery 
was lower, ranging from 64 to 90% over the hydro- 
fluoric acid concentration range from 0.5 to 5.4M. 

A second co-precipitation was done, to check for 
volatilization of selenium after adjustment of the hy- 
drochloric acid concentration and addition of arsenic 
plus hypophosphorous acid: in this case the recovery 
of selenium was nearly zero, showing that some 
selenium did indeed volatilize from the matrix-free 
solution in the presence of hydrofluoric acid. Hence it 
is essential to work with standard selenium solutions 
which do not contain hydrotluoric acid. 

The concentration of arsenic added as carrier was 
varied from 0.02 to 0.08 mg/ml, and the recovery of 
selenium remained constant within experimental error 
at 9&94% over this range. The recommended arsenic 
concentration is 0.04 mg/ml. The concentration of 
hypophosphorous acid had no effect on the recovery 
of selenium (94%) provided it was above 4% v/v: a 
level of 8% v/v (8 ml of 50% acid) was chosen as 
optimal. 

Solutions were heated to 8&100” to assist reduc- 
tion of the arsenic and collection of the selenium. 
Varying the duration of the heating step from 20 to 
100 min had no significant effect on the recovery, but 
varying the standing time at room temperature did. It 
proved necessary to leave the solutions after precipi- 
tation for at least 2 hr, and preferably overnight, to 
obtain constant recovery (around 92%). This time is 
necessary to allow the precipitate to coagulate com- 
pletely. 

The bulk of the arsenic precipitate was dissolved in 
6 ml of 8M nitric acid and the remainder in 1 ml of 
hot concentrated nitric acid. The solution was diluted 
to 25 ml after addition of 10 mg of zinc. The volumes 
of acid were chosen by considering the minimum 
amounts needed for dissolution and also the effect of 
the acid on the selenium absorbance. One graphite 
furnace tube could be used for more than 100 atomiz- 
ation cycles. 

Enhancement of absorbance 

It has been reported that nitric acid lowers the ab- 
sorbance of selenium.20,21 This negative interference 
is due to vaporization of selenium species during the 
pre-atomization heating step. To “fix” the selenium 
during this step, it has been recommended to add a 
metal which will react with selenium to form a 
selenide that will be stable during the pre-atomization 
heating step.8*‘o*22P28 In the present work, several 
metals were tested for this purpose. The test metal 
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Table 3. Enhancement effect of 
metals on the relative absorb- 

ance of selenium 

Relative 
Metal added* absorbance 

None? 1.0 
Li 6.8 
co 7.1 
Ni 8.3 
CU 1.6 
Zn 9.1 

*I mg/ml. 
t2.5M nitric acid solution con- 

taining 0.16 mg of arsenic 
and 0.20 pg of selenium per 
ml. 

was added to the nitric acid solution of the arsenic 
and selenium precipitate. The relative absorbances 
summarized in Table 3 were obtained after an ashing 
step at 600”. The relative absorbance reading for 
selenium in the metal-free solution was set at 1.0. The 
enhancement effect was highest in the presence of zinc 

(9. l-fold). 
Figure 1 shows the effect of ashing temperature on 

the selenium signal, in the presence of nickel and zinc. 
The ashing temperature can be raised to above 1000” 
without loss of selenium, if zinc is present. It has been 
reported that zinc selenide is formed when zmc 
selenate and carbon are heated in an electric fur- 
nace.” Zinc selenide, the melting point of which is 

above llOo”, may be formed in the carbon furnace 
under the conditions of this determination. The sele- 
nium absorption signal was found to increase with 

atomization temperature, .becoming approximately 
constant at temperatures above 2550”, in the presence 
of zinc. 

Figure 2 shows the effect of the matrix metal con- 
centration on the enhancement of the selenium 
absorption signal. The enhancement became constant 
when the concentrations of cobalt, nickel and zinc 
exceeded 0.2, 0.2 and 0.4 mg/ml, respectively. In the 
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Fig. 1. Effect of ashing temperature on the selenium ab- 
sorbance m the presence of nickel and. zinc. 0: Ni (1 
mg/ml); 0: Zn (1 mg/ml). 2.5M nitric acid ‘solution con- 
taining 0.16 mg of arsenic and 0.20 pg of selenium per ml. 

0.1 

0pu 
0.4 0.8 1.2 

Metal concentration, mglml 

Fig. 2. Effect of metal concentration on the selenium 
atomic-absorption signal. 0: Ni, 0: Cu, 0: Zn. 2.5M nitric 
acid solution containing 0.16 mg of arsenic and 0.20 pg of 

selenium per ml. 

case of copper, however, the enhancement depended 
on the ratio of copper to selenium. The absorbance in 
the presence of zinc was almost constant when the 
concentration of arsenic was varied from 0.04 to 0.2 
mg/ml in 2.5M nitric acid solution, but gradually in- 
creased as the concentration of nitric acid was raised 

0.5 to 3M. 

Matrix efSects 

Possible matrix effects in the co-precipitation step 
were studied separately. The chemical composition of 
the nickel and cobalt heat-resisting alloys was con- 
sidered. The precipitate of arsenic plus selenium was 
washed with 3M hydrofluoric acid, if possible, before 
the washing with 1M hydrochloric acid and with dis- 
tilled water. The following concentrations of the 
alloying elements did not interfere with the co-preci- 
pitation: Co and Ni 8.0 mg/ml; Cr 2.6 mg/ml; Ti, Mn, 
Zr and Nb 2.0 mg/ml; Al, MO and Ta 1.5 mg/ml; W 
1.0 mg/ml. However, selenium was not recovered 
quantitatively from a solution containing 2 mg of iron 
per ml, a higher concentration than that which would 
result from a lo-mg/ml solution of JAERI-R9. A con- 
siderable volume of the reducing agent was needed to 
reduce iron(II1) to iron(I1). The results of the second 
co-precipitation showed that some selenium had been 
lost by volatilization because it had not all been 
reduced before the co-precipitation. 

Volatilization of selenium under these conditions 
can be prevented by using sufficient reducing agent 
and a large quantity of matrix. Selenium was re- 
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Table 4. Determination of selenium in nickel- and cobalt-based heat-resisting alloys (ppm)* 

Unspiked Spiked (3.0 ppm) 

Average Relative standard Average Relative standard 
Alloy value deviation, % value deviation, % 

NBS SRM 349 2.0 2.4 1.6 
IN-792 0.5 10 ;:: 
IN-738 LC 1.7 2.5 4.8 fi 
MAR-M 246 0.3 13 3.3 2:2 
Udimet CO263 0.6 10 3.5 1.8 
JAERI-R9t <0.3 3.2 1.0 
RenC 95 <0.3 3.2 2.2 
TM-51 <0.3 3.0 3.2 
NBS SRM 168 <0.3 3.0 1.6 
Modified S-8 16 0.4 13 3.4 0.9 
W&52$ co.3 2.9 1.5 

*Averages and standard deviations based on 10 replicate measurements on one solution of 
each alloy. 

VZoncentration of hypophosphoric acid: 12%. 
$Concentration of hypophosphoric acid: 10%. 

covered quantitatively from solutions containing 2 mg 
of iron per ml and 8 mg of nickel per ml if the concen- 
tration of hypophosphorous acid was increased to 
12%. 

Determination of Se in heat-resisting alloys 

The proposed method was applied to the determi- 
nation of traces of selenium in a wide variety of 
nickel- and cobalt-based heat-resisting alloys. The de- 
tection limit, defined as the concentration of selenium 
producing an absorbance twice the fluctuation of the 
baseline, was 0.3 ppm in the sample. Table 4 summar- 
izes the results for unspiked and spiked (3.0 ppm of 
selenium) samples. The average value and relative 
standard deviation were obtained from 10 replicate 
measurements of the absorbance of selenium in the 
same solution. The concentration of hypophos- 
phorous acid was increased in the cases of JAERLR9 
and WI-52 to ensure reduction of iron(II1) in the sol- 
ution of JAERI-R9 and to suppress oxidation by any 
residual hydrogen peroxide (fine bubbles were ob- 
served to be formed at the bottom of the beaker as 
the solution of WI-52 was being concentrated). The 
concentrations of selenium found agreed well with the 
amounts added as spikes, showing that interelement 
effects of the alloying elements were negligible. The 
reference value of 0.5 ppm for selenium in IN-792 was 
obtained by mass spectrometry. Analysis of different 
samples of JAERI-R9 (9 samples) and Rent 95 (10 
samples), each taken through the complete procedure 
and spiked with 3.0 ppm of selenium added to the 
chips of the alloys, gave average values of 2.8 and 3.2 
ppm, and relative standard deviations of 6.8 and 5.5%, 
respectively. Each value was calculated from the mean 
of three measurements. The method probably has a 
relative bias of -10% in view of the recoveries 
obtained in the dissolution and co-precipitation steps. 
It is possible to improve the detection limit if the final 
solution volume can be decreased by using a smaller 
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filter paper and less nitric acid for dissolution of the 
precipitate. 
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SILICA GEL WITH ADSORBED ADOGEN 464 AS AN 
ANALYTICAL SAMPLING TOOL FOR ANIONS 
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Summary-A solid extractant made with the liquid anion-exchanger Adogen 464 supported on silica gel 
has been prepared and its potential as a resin-like exchange material has been evaluated. In acid media it 
furnishes a ready available, inexpensive toot for recovery of anionic metal complexes as well as simple 
anions and for elimination of complex matrices. Copper and cobalt have been recovered (with a concen- 
tration factor of 20) from sea-water, natural water, metal alloys and industrial electroplating baths and 
measured by atomic-absorption spectrophotometry. The detection limits for copper and cobalt are 0.2 
and 0.4 ng/ml respectively and interferences are minimal. Chromium(W) has been separated from chro- 
mium(III), and a concentration factor of 40 and a detection limit of 0.2 ng/ml have been achieved. 

Liquid ion-exchangers have found wide use in the de- 
termination of metal ions.’ In particular, anionic 
halide complexes have been used in extraction sys- 
temszS3 and in multielement separative techniques for 
elimination of matrix effects.4 Metal thiocyanate com- 
plexes have similarly been used.5-7 However, a 
number of variables such as the organic solvents used, 
the ionic strength, and charge on the ions involved, 
can make this method time-consuming. A different 
approach is based on use of chelating resins (e.g., 
Chelex 100) as a preconcentration tool for natural 
waters and sea-water.’ Comparative studies9 have 
shown almost quantitative recovery of zinc from sea- 
water but poor collection of cobalt and manganese, 
even with selectively silylated substrates.” Recently, 
anion-exchange resins loaded with ionic or non-ionic 
metal-chelating groups have been utilized as precon- 
centration substrates,“‘*” but show lack of stability 
in high ionic strength media. Water-insolubIe chelat- 
ing substrates supported on silica gel provide a rapid 
and selective method.‘3U’4 

In the present work we examine the use of liquid 
anion-exchangers supported on silica gel as a sorption 
system for anionic complexes, and establish its useful- 
ness in the quantitative determination of copper, 
cobalt and chromium(V1) in systems such as natural 
waters or solutions of high ionic strength. 

Reagents 

EXPERIMENTAL 

Stock copper and cobalt solutions (100 @g/ml) were used, 
and working solutions were made by diluting the stock 
solutions with lo-‘M potassium thiocyanate acidified with 
sulphuric acid. The stock dichromate solution was 10-3111, 
and was diluted with demineralized water to give working 
solutions. The standard chromium(II1) solutions were 
obtained by dilution of Merck “Tit&sol” chromium(II1) 
solution. The silica gel (Merck Kieselgel 60) was sieved and 
the 60-80 mesh fraction was twice digested in nitric acid, 

washed with demineralized water and dried at 110” for a 
day. Adogen 464 was used as received from Aldrich Chemi- 
cal Co. Analytical-grade chemicals were used throughout. 

Apparatus 

A Perkin-Elmer model 300 atomic-absorption spectro- 
photometer and HGA 2200 graphite-furnace atomizer were 
used for metal determination. The conditions are listed in 
Table 1. A Netzsch simultaneous thermal analysis model 
429 and a Perkin-Elmer 298 infrared spectrophotometer 
were used to determine the amount of Adogen 464 on the 
silica gel. 

In the chromium work, all glassware was soaked for at 
least an hour in 6M hydrochloric acid before use, and was 
never exposed to other chromium solutions. 

Preparation of the loaded silica gel 

Cleaned silica gel (100 g) was soaked in 250 ml of di- 
chloromethane containing a weighed amount of Adogen 
464. The mixture was stirred mechanically for 3 hr and 
then the solvent was evaporated under reduced pressure at 
room temperature and the air-dried product was stored in 
a bottle. 

E&ion of liquid anion-exchanger? as a function of pH 

A 20-g sample of 10% Adogen 464/silica gel, loaded in a 
glass tube (bore 22 mm, bed height 90 mm), was eluted 
with demineralized water adjusted to the desired pH with 
hydrochloric acid, at a flow-rate of 4 ml/min. The silica gel 
was then extruded, dried at 120” for 3 hr and analysed for 
residual Adogen by differential thermal analysis and 
infrared spectroscopy. 

Procedures for batch experiments 

Extraction as a function of pH. A 0.5-g portion of 3% 
Adogen 464 silica gel was stirred mechanically with 50 ml 
of iO_‘M potassium thiocyanate at the desired pH and 
containing copper or cobalt (100 ng/ml), for 20 min. The 
solution was then filtered and analysed for metal by 
atomic-absorption spectrometry (AAS). For chromium, a 
l-g portion of Adogen 464/silica gel was stirred mechani- 
cally for 20 min with 40 ml of 70-ng/ml chromium(V1) or 
chromium(II1) solution acidified to the desired pH with 
sulphuric acid, and the solution was then analysed for 
chromium by electrothermal AAS. 

Capacity study. The procedure just described was used to 
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Table 1. Conditions for AAS determinations 

CU co Cr 

Resonance line, nrn 324.7 240.7 357.9 
Band-pass, UM 0.7 0.2 0.7 
Ashing temperature, “C 700 700 900 
Ashing time, set 40 40 20 
Atomization temperature, “C 2500 2500 2700 
Atomization time, set 5 5 5 

determine the capacity of the 5% Adogen 464/silica system Extraction of copper or cobalt from nickel electroplating 
with respect to lo-‘M potassium thiocyanate containing baths. A sample of the bath solution was filtered through a 
20 pg of copper and cobalt per ml, at the desired pH, or 0.8~pm Millipore disc, and 100 ml were analysed as already 
with respect to 5OO+g/ml dichromate solution. described. 

Rate ofextraction. A l-g portion of loaded silica gel was 
stirred with 40 ml of chromium solution buffered at pH 0.7 
or 4.3, and portions of solution were abstracted at various 
intervals of time and analysed by electrothermal AAS. RESULTS AND DISCUSSION 

The stability of the Adogen 464/silica gel was evalu- 
General column procedure ated by leaching of the exchanger at different pH 

For copper and cobalt a 6-mm bore glass column was 
loaded with 1.2-1.8 g of 3% Adogen 464/silica gel, which 

values from a column initially loaded at the 10% level 

gave bed heights ranging from 6 to 8 cm. A known volume 
(Fig. 1). Since the Blakeley and Zatka” method for 

of 10W3M potassium thiocyanate acidified to pH 1.7-1.8 determining the quaternary ammonium salt proved 

with sulphuric acid and containing copper or cobalt was useless, differential thermal analysis and infrared spec- 
passed through the column at a rate of 2 ml/min under troscoDv (measurement of the 2930-cm-’ C-H 
mild suction-After washing with 5 ml of demineralized 

I, \ 

water the column was stripped with 0.5 ml of concentrated 
stretching band) were used. The high retention of 

nitric acid plus 0.5 ml of 30% hydrogen peroxide solution Adogen 464 at low pH makes the system similar to 

and the metal removed was determined by AAS. the modified anionic resins’ 1 or to the supported che- 
For chromium the column had a bore of 0.8 cm and was lating substrates.” 

loaded with 1.2 g of Adogen 464/silica gel (bed height 6 
cm). Standard solutions [200 ml, containing O.lOG3.40 pg 

The effect of pH on the extraction of the copper 

of Cr(VI) or Cr(III)] were prepared by dilution of IO-pg/ 
and cobalt thiocyanate complexes was examined by 

ml stock solution and analysed within minutes of prep- the batch method (Fig. 2). Copper is completely 

aration. The solutions were adjusted to pH 2.0 with sul- extracted over a wide range of pH, and the optimum 
phuric acid and passed through the column at 2 ml/min. 
The column was washed with 10 ml of demineralized water 

pH range for cobalt is 1.4-2.5. The recovery, however, 

and stripped with 2 ml of concentrated nitric acid. The 
must be regarded as including the effect of the silica 

strippings were diluted to the appropriate volume (5 or 10 gel itself, since the hydroxyl groups of the gel are 

ml) with water, and the chromium determined by electro- capable of complexing many metal ions. In particular, 
thermal AAS. complete adsorption of copper, manganese, zinc and 

100 

90 I i,xqT.-..h<~\~ 

60 x i 

aI lot, , , , , , 02 04 06 

Volume of rmsmg water ( L./g of gel ) I 2 3 4 5 6 

Fig. 1. Per cent of liquid anion-exchanger retained as a PH 

function of washing volumes: A pH = 0, n pH = 2. Fig. 2. Per cent retention as a function of pH: copper ( x) 
A pH = 4, 0 pH = 6.5. and cobalt (A). 
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Fig. 3. Extraction of chromium on silica gel treated with 
Adogen 464, as a function of pH: n Cr (VI), 0 Cr (III). 

silver at pH > 5 on untreated silica gel has been 
reported, ’ 6 whereas cobalt ions are bonded only up 
to 5% from natural and sea-waters. 

To maintain the selectivity and overall capacity, the 
thiocyanate metal complexes were adsorbed at pH 
1.7-1.8. The capacity of the 5% Adogen 464/silica gel 
for the cobalt and copper thiocyanate complexes at 
pH 1.7 (20 min contact time) was found to be 0.028 
and 0.025 mmole respectively, per gram of loaded sil- 
ica. These values are consistent with sorption of hexa- 
thiocyanato metal complexes,” in contrast to the 
corresponding solvent extraction system. These ca- 
pacities are in good agreement with those observed 
for silica-gel systems, r3,14 though less than a tenth of 
those for silylated immobilized reagents.t6 

Similar experiments were performed to obtain dis- 
tribution curves for chromium(II1) and chromium(VI), 
the results being shown in Fig. 3. The optimum pH is 
2 for avoidance of sorption of chromium(II1) and to 
keep the Adogen 464 loading as high as possible. The 
capacity for chromium(V1) at pH 2 (20 min contact 
time) is 0.020 mmole per gram of loaded silica. The 
rate of extraction of chromium(V1) is shown in Fig. 4. 

I 5 

Time ( min) 

Fig. 4. Extraction of chromium (VI) on silica gel treated 
with Adogen 464, as a function of time: 0 pH = 0.7, 

n pH = 4.3 

Table 2. Recovery of copper and cobalt ions from 100 ml 
of solution, on a column of silica gel treated with Adogen 

464. 

co 

cu 

Initial 
concentration, Adogen-SO, 

&?/ml 9 

100 1.5 
100 1.2 

10 1.8 
10 1.5 
10 1.5 
10 1.8 

100 1.8 
100 1.5 

Recovery, 
% 

100 
98.2 
99.2 
99.3 
98.8 
97.9 
98.2 
98.9 

The recovery of copper and cobalt in the concen- 
tration range from 10 to 100 ng/ml, from 10m3M thio- 
cyanate solution, is quantitative at flow-rates of l-2 
ml/min (Table 2). The most efficient stripping (i.e., 
giving the lowest standard deviation) is obtained with 
concentrated nitric acid and hydrogen peroxide, 
whereas other systems such as ammonia solution or 
acetic acid fail to give satisfactory results. However, 
the method will give an enrichment factor of only 
about 10 or 20 (for final volumes of 10 or 5 ml re- 
spectively) since the recovery ratio is considerably 
lowered if water samples of more than 20&300 ml are 
used. 

Other metals giving thiocyanate complexes, such as 
manganese and iron, have been examined for poten- 
tial interference (Table 3). In the column system there 
is no interference in the recovery of traces of copper 
and cobalt. Since nickel does not inhibit the copper or 
cobalt recovery at any concentration, this method can 
safely be used for matrices such as nickel alloys, 
nickel electroplating baths, nickel ores, etc., besides 

Table 3. Recovery of copper and cobalt from 100 ml of 
solution, on a column of silica gel treated with Adogen 464, 

in the presence of added Zn, Fe, Mn and Ni 

Initial concn., rig/ml Ratio, 
[Test ion] Recovery, % 

[Test ion], Foreign 
&?/ml ion [Foreignion] Co cu 

Cu 

co 

cu 

10 co 1:l 98.9 98.4 
10 co 1:lO 98.3 98.8 
100 Co 1O:l 100.8 
100 Co 1O:l 99.2 99.0 
10 co 1:500 97.8 
10 co 1:lOOO 101.2 
10 Zn 1:500 99.8 
10 Mn 1:500 97.8 
10 Fe 1:500 98.5 
10 Ni 1:lO 99.1 
10 Ni 1:50 98.7 
10 Ni 1:500 99.4 
10 Ni 1:lOOo 99.2 
10 Ni I:50 99.3 
10 Ni 1:500 98.5 
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Table 4. Recovery of chromium (VI) in the presence of Table 6. Determination of copper in 
chromium (III)* sea-water (Port0 Novo harbour) 

Cr(V1) taken, Cr(II1) taken, Recovery, 

W W % 

0.05 10 101 
0.5 10 100 
1 10 99 
5 10 99 

10 10 99 
10 100 99 
10 1000 105 
17 100 102 

*For 100 ml, pH 2. 

Cu added, 

hglml 

2 
4 

Found, Std. devn.. 

nglml hglml 

0.8 0.05 
2.3 0.05 
4.8 0.03 

Table 7. Copper determination in natural 
water containing: Na+ 3.4 ng/ml, K+ 1.15 
fig/ml, Ca 2+ 65 ng/ml, Mg a+ 8.8 pg/ml, 

SOi- 24.9 ng/ml 

solutions where the low metal content is not directly 
detectable because of matrix effects. These advantages 
are well illustrated by the examples below. 

For chromium(V1) the recovery was quantitative 
for 100 ml of solution containing 0.05-17 pg of chro- 
mium (Table 4). Stripping was done most efficiently 
with a small volume of concentrated nitric acid. The 
method does not allow a concentration factor of more 
than 40, because the recovery is considerably lower if 

a large sample volume (>400 ml) is used. The detec- 
tion limit for chromium(VI), defined as twice the stan- 
dard deviation of the blank signal, is 0.2 ng/ml. The 
method is particularly useful for total chromium de- 
termination, since any chromium(II1) can be oxidized 
with permanganate in acid medium, and the excess of 
oxidant need not be destroyed, since it is held at the 
top of the column, and the manganese(IV) produced 
does not interfere because it is not desorbed in the 
stripping process for chromium(V1). As use of sodium 
azide for reducing the excess of permanganate is thus 
avoided, there is no risk of loss of chromium(V1) by 
azide reduction (Table 5). 

Cu added, 

nglml 

Cu found, 

n&l 

Std. devn., 

nglml 

2.1 0.05 
2.3 0.06 

3 5.3 0.08 
3 5.2 0.09 
6 8.2 0.15 
6 8.1 0.12 

centrations are reliably determined.‘**” The Adogen 
464/silica gel system can conveniently be used to 
detect copper ions in either natural or sea-water at 

values as low as 0.2 ng/ml (Tables 6 and 7), but 
because of its low concentration (0.01-0.046 ng/ml in 
sea-water and 0.0374.35 ng/ml in river water),20 a 
20-fold enrichment factor does not necessarily allow 

cobalt to reach its detection limit of 0.4 ng/ml and be 
safely detected. 

Copper and cobalt determination in other matrices 

Copper determination in natural and sea-water 

The direct AAS determination of metal traces in 
sea-water is well developed but satisfactory results 

have been achieved only for iron and zinc, whereas 
for lead, copper, nickel and cobalt, only higher con- 

Table 5. Recovery of total chromium 

The reliability of the method has been verified by 
analysis of nickel electroplating baths, where contami- 
nation with cobalt and copper can cause loss of 
quality; satisfactory results can be achieved for Ni/Cu 
ratios of 5 x lo5 and Ni/Co of 4 x lo4 (Table 8). The 
amounts of organic substances such as surfactants 
and brightening agents usually present in the baths do 
not interfere. The analysis of standard alloys for cop- 
per (Table 9) provided standard deviations of 0.00095 
and 0.0041% for copper contents of 0.045 and 0.170% 
respectively. 

Taken*, ng 

Cr(V1) Cr(II1) Recovery, % 

10.0 1.0 99 
10.0 5.0 99 
10.0 10.0 91 
0.5 98 
1.0 102 

10.0 10.0 89t 
100 10.0 92t 

*In 100 ml, pH 2. 
TSodium azide was used to destroy 

the excess of permanganate. 

Table 8. Copper and cobalt determination in nickel elec- 
troplating bath 

Cu added, Cu found*, Co added, Co found*, 

nglml nglml &nl &nl 

199 (6) 2.44 (0.03) 
209 (8) 2.50 (0.02) 

100 318 (6) 2.5 5.05 (0.05) 
200 411 (12) 5.0 7.50 (0.08) 

*Standard deviation (10 replicates) shown in brackets. 
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Table 9. Determination of copper in BCS standard 
182/2 (Al alloy with 11% Si; Cu content 0.045%) 
and BCS standard 403 (low-alloy steel; Cu content 

0.170%). 

Cu found, Std. devn., % 
Sample % (10 replicates) 

BCS 182/2 0.0454 0.0011 
0.0450 0.0008 
0.0448 0.0010 

BCS 403 0.168 0.004 
0.171 0.004 
0.173 0.004 
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Summary-Sweeps samples are often complex mixtures containing from trace amounts to 20% of one or 
more precious metals distributed in matrices consisting of widely varying mixtures of base metals or 
their oxides. Three collection procedures are described that are suitable for the isolation of precious 
metals from base substances. One is based on direct fusion of the sample (high-grade sweeps) with 
sodium peroxide, and the others on collection of the precious metals by fire-assay techniques using 
either nickel sulphide or silver. The precious metals are then determined either gravim~rically or by 
atomic-absorption or plasma-emission spectrometry. 

The precious metals silver, gold, platinum, iridium, 
palladium, rhodium, ruthenium, and to a lesser 
extent, osmium, are widely used in jeweilery, coinage, 
photography and glass manufacture. They are also 
employed in a variety of chemical processes and are 
the effective ingredients of oil-reforming and pollu- 
tion-control catalysts, particularly for purposes of 
automobile emission-control. Because of its great 
intrinsic value, precious metal scrap is invariably re- 
cycled. Osmium, however, is frequently not recovered. 

High-grade scrap may consist of contaminated 
metals or alloys. It is usually purified by remelting or 
by chemical separation techniques. Low-grade scrap 
generally contains less than 5% of precious metals, 
which can be recovered by melting with copper, lead, 
nickel, aluminium or sulphur, or the scrap can simply 
be pulverized to yield “sweeps”. 

The term “sweeps” is derived from jewellers’ 
“sweepings”. Nowadays “sweeps” include a wide 
range of compositions which vary with the precious- 
metal source. 

Sweeps may also result from neutralization and 
evaporation of precious-metal solutions or from burn- 
ing and pulverization of electronic circuit boards and 
even resins and filters carrying precious metal. Some 
materials are sometimes called “sweeps” even though 
the precious metal content may exceed 20%; examples 
are “platinum metal residues” (or concentrates), “zinc- 
ings” or “spent catalyst”. These materials may contain 
from 5 to 50% of combined precious metals and a 
variety of base substances. The analytical methods de- 
scribed in this paper are equally applicable to these 
substances. 

In a sweeps sample the precious metals are finely 
distributed in a matrix of base metals or their com- 
pounds. They are often a very complex mixture of any 
of the following elements or their oxides: lead, copper, 
bismuth, zinc, cadmium, tin, antimony, iron, nickel, 
silicon, aluminium, titanium, barium, zirconium, nio- 

bium, molybdenum, magnesium, calcium and chro- 
mium. Sweeps may also contain chlorides, bromides, 
iodides, sulphides, sulphates, carbonates and free car- 
bon. This complexity arises mainly because material 
sent for recovery is often a mixture originating from 
many different sources. The analyst, in devising an 
analytical scheme, faces the problem of determining 
precious-metal concentrations ranging from &g to 
per cent levels, in the presence of high concentrations 
of widely varying matrix elements. The solution to the 
analytical problem may hence be simple or very 
complex, with the analyst constantly aware that small 
errors may correspond to very large differences in 
value. 

Analytical requirements for sweeps depend entirely 
on the net weight of the lot being evaluated and the 
intrinsic value of the precious metals in it. With the 
price of gold, platinum, rhodium and iridium at about 
$350-$400 an ounce (1982), a sweeps sample contain- 
ing as little as 100 ppm of any of these elements is 
worth at least SlooO a ton and, therefore, is of signifi- 
cant commercial value. With palladium at $75 and 
silver at about $7 an ounce, correspondingly larger 
tonnages are required to represent a viable commer- 
cial product. Comparatively large quantities of ruthe- 
nium (at about $45 an ounce), although adding to the 
complexity of the analysis, are often not determined 
and/or paid for, because of technical difficulties in the 
recovery of this element by the conventional smelting 
processes that are suitable for the other precious 
metals. 

Differences in analytical results between buyer and 
seller can often be resolved only by engaging an 
umpire or referee laboratory. Although such differ- 
ences may involve millions of dollars of value, they 
may be limited to one or a few of the precious metals 
in the sample. The referee laboratory is therefore 
required to devise an analytical scheme tailored to 
resolve specific differences between two parties, even 
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though the sample may also contain other precious 
metals. Thus, the referee analyst may be asked to de- 
termine only the iridium content of a sample of 
sweeps containing (unknown to him) O-2 ox/ton (&67 
pg/g) of iridium in the presence of O.l-2% or more of 
other (unspecified) precious metals in a matrix of 90% 
or more of the base metals. Obviously, a scheme 
covering only one, two or even three precious metals 
must be based on different criteria of selectivity and 
specificity than a scheme which includes the determi- 
nation of all the precious metals. 

Since, for various reasons, the parties involved in a 
dispute frequently fail to provide the referee labora- 

tory with pertinent information regarding the compo- 
sition of the sample, it is advisable to make prelimi- 
nary tests to establish the matrix composition and the 
relative concentration of the various precious metals. 
This can be done most expeditiously by a complete 
X-ray fluorescence scan, and the results used for plan- 
ning the analysis. 

METHODS USED FOR DETERMINATION OF 

PRECIOUS METALS IN SWEEPS 

All-instrumental methods 

Because of the diverse and often complex compo- 
sitions of sweeps and hence the lack of adequate stan- 
dards, all-instrumental methods of analysis are 
limited to the few instances where the precious metals 
occur in quantities and in matrices which vary little 
from sample to sample. Thus X-ray fluorescence and 
neutron-activation have been used to a limited extent 
in the evaluation of spent alumina-base catalysts 
(sometimes included in the category of sweeps) when 
the standard and samples contain the precious metals 
within a narrow range of concentration in the same 
substrate.’ J 

All-chemical methods 

The main problem here is bringing the precious 
metals into solution, particularly when they are dis- 
persed in a complex matrix, and decomposition with 
acids is required. Such methods may therefore be 
applicable only to special cases. Thus, it may be ad- 
vantageous to determine the silver content of sweeps 
(Ag < 20%) by decomposing the sample by prolonged 
heating with sulphuric acid.3 Decomposition by 
fusion with sodium peroxide is useful, provided a 2-g 
sample (the largest that can be handled conveniently) 
contains enough precious metal for a chemical pro- 
cedure to be used. In practice, however, final measure- 
ments are usually made by instrumental pro- 
cedures.4*s It is also possible to extract major 
amounts of precious or base metals with acids and 
subject the residue to a fire-assay procedure.6 If rho- 
dium is the only precious metal in the sample, and is 
present in sufficient quantities, it can be determined 
by atomic-absorption after fusion of the sample with 
sodium or potassium pyrosulphate or sodium per- 
oxide.’ 

Fire-assay methods based on collection of precious 
metals in molten lead have been used for many cen- 
turies to determine gold and silver in a great variety 
of materials. There is a vast literature on the subject, 
the more recent6S8-‘2 being the most useful. Other 
media have been suggested as collectors for precious 
metals.13-15 

Fire-assay procedures are also widely used for the 
preliminary collection of platinum and palladium, in 
addition to gold and silver, from various metallurgical 
samples, including sweeps, by steps such as fusion and 
scarification and/or cupellation. “J The resulting 
lead button or “silver prill” is analysed for its four 
components by gravimetric5 spectrophotometric,13 

atomic-absorption,‘* optical emission’g*20 and/or 
plasma emission methods.21*22 

These methods are applicable only in the absence 

of rhodium, ruthenium or iridium, since these el- 
ements, after treatment with nitric acid and/or aqua 
regia, remain more or less as “acid insolubles”, with- 
out any assurance that the other precious metals will 

be quantitatively found in the soluble fraction. 

REFEREE METHODS FOR COLLECTING RHODIUM, 
RUTHENIUM AND/OR IRIDIUM IN ADDITION 

TO GOLD, PLATINUM, PALLADIUM AND SILVER 

The methods to be described were developed in the 

laboratories of Ledoux & Company with the primary 
aim of obtaining master solutions containing all the 

precious metals in the sample (Methods A, A-l and 
B). Where this is not required, e.g., when one or two 
of the precious metals predominate, Method C is pre- 
ferred; it provides two fractions, one containing the 
ruthenium, rhodium and iridium, the other the 
remaining precious metals, except silver and osmium. 

The methods are applicable to the various types of 
sweeps already mentioned. Methods A, A-l and B are 
also attractive, in the absence of rhodium, ruthenium 
and/or iridium, for analysing samples relatively high 
in platinum (Pt > lOOmg), since there are difficulties 
in its determination after collection into a silver bead 
by fire-assay methods. Method A-l is still being im- 
proved and is described here only tentatively. It 
requires the use of d.c. plasma equipment but is 

potentially applicable to most substances containing 
more than 0.5% of individual precious metals. 

Sampling of sweeps 

Since batches of sweeps are often heterogeneous 
mixtures, proper sampling procedures must be 
employed to ensure homogeneous and/or representa- 
tive samples. The more important parameters of sam- 
pling were recently discussed at seminars of the Inter- 
national Precious Metals Institute.23 For homogen- 
eity reasons, the analytical referee methods suggested 
below require a minimum weight of 1 g of 300-mesh 
material for methods A and A-l and up to 30 g of 
200-mesh material for methods B and C. 
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Collection procedures* 

A. Sodium peroxide-sodium formate method. Transfer a 
sample of sweeps containing at least 10mg and up to 
500 mg of total precious metals into a 30-50 ml zirconium 
crucible. The maximum amount of sample which can be 
fused conveniently is 2 g. If the total amount of precious 
metals is less than 25 mg, add 25 mg of a precious metal 
that is not to be determined (usually ruthenium or 
osmium). 

Add 4g of sodium carbonate and 8g of sodium per- 
oxide, mix, and cover with an additional 4 g of sodium 
peroxide (or more if refractory oxides are present). Fuse 
over a burner, first at low temperature until the charge 
melts, then at dull red heat until a clear melt is obtained. 
Cool the crucible, put it in a 600-ml beaker and leach the 
melt with about 200 ml of cold water. Remove the crucible, 
and rinse it into the beaker with hot water. Add 15 ml of 
hydrochloric acid to the crucible, fill it up with hot water, 
then rinse the solution into a small beaker; evaporate this 
solution to dryness, dissolve the residue in a few drops of 
hydrochloric acid and a little water, and retain for later 
addition to the main solution. 

Dilute the solution in the 600-ml beaker to about 350 ml 
and destroy the hydrogen peroxide by boiling gently for 10 
min. Allow to cool for 5 min and add 15 ml of formic acid 
to reduce all the precious metals to insoluble lower-valency 
oxides or hydroxides. Heat on a steam-bath until the pre- 
cipitate settles. (See Discussion section for modification to 
overcome the effect of chromium and large amounts of 
iron.) This usually takes 2-4 hr. Add 100 ml of methanol, 
mix and allow to cool. 

Filter off on a 12-cm medium-texture paper and wash 
thoroughly with a 1: 1 v/v mixture of water and methanol. 
If it is clear and colourless, discard the filtrate (it contains 
the fusion salts, and the silica and alumina contained in the 
sample). If the filtrate is slightly yellow, acidify it with hy- 
drochloric acid and examine it for the presence of platinum 
(e.g., by plasma emission). If the filtrate is more than 
slightly yellow the precipitation was faulty (see discussion). 

Wash the precipitate into the precipitation beaker with 
hot water and place the beaker under the funnel. Pour 25 
ml of hot dilute aqua regia (HCI + HNOJ + H20, 3: 1:4 
v/v) through the paper, in two portions. Boil the mixture in 
the beaker until the precipitate has dissolved or reaction 
ceased. Dilute to about 150 ml, let cool to room tempera- 
ture, filter through the same filter paper into a 250-ml 
beaker, and wash five times with nitric acid (2 + 98); this 
gives filtrate A. Put the paper in the 600-ml beaker and 
keep for further treatment. 

If a silver determination is required, evaporate filtrate A 
to about 15 ml, dilute to 150 ml with hot water, cool, filter 
off the small amount of silver chloride and wash 
thoroughly with nitric acid (2 + 98). Put the filter (plus 
precipitate) into the 600-ml beaker, along with the one 
already there. If silver determination is not required, this 
step is omitted. In either case, put the filtrate (still desig- 
nated A), onto a steam-bath to evaporate. 

Add to the 600-ml beaker 30 ml of nitric acid, 10 ml of 
perchloric acid (72x), and 10 ml of sulphuric acid (but only 
the sulphuric acid if determination of ruthenium is 
required), cover the beaker, and evaporate to fumes of sul- 
phuric acid. If necessary, add more nitric acid to give com- 
plete destruction of organic matter. The fuming should be 
vigorous enough to cause dissolution of silver chloride 
and/or any residual rhodium or iridium salts. Finally, raise 
the cover and evaporate to complete dryness. To the cold 
salts add 10 ml of nitric acid and 10 ml of water. Warm to 
dissolve the salts, and precipitate any silver by addition of 

*All acids specified in these procedures are concentrated 
acids unless otherwise stated. 

5 ml of hydrochloric acid. Boil for 2 min, then dilute to 150 
ml with hot water and add the solution obtained from 
cleaning the zirconium crucible with acid. 

Allow the silver chloride to settle, filter the cold solution 
through a 9-cm filter paper and wash with nitric acid 
(2 + 98). Add the filtrate to the main solution (filtrate A) 
evaporating on the steam-bath. 

If the silver chloride looks discoloured, return the paper 
to the 600-ml beaker and repeat the fuming step. 

Evaporate the combined filtrates, containing all the gold, 
platinum, palladium, rhodium, ruthenium and iridium, to 
dryness on a steam-bath, then add about 5 ml of hydro- 
chloric acid, 1 ml of nitric acid and 5 ml of water, cover, 
and warm for a few minutes on the steam-bath to dissolve 
the salts. Transfer to a 100-m] or larger standard flask, 
dilute to volume, and mix. Analyse as described later. 

The final precipitate obtained by this procedure contains 
all the silver in the sample. If a silver determination is 
required, use one of the following procedures. 

(a) Put the paper containing the silver chloride in a 
scorifier (if Ag content is ~25 mg) or an assay crucible (Ag 
content r 25 mg). Obtain a silver bead by fusion or scorifi- 
cation and cupellation and weigh. Check the purity of the 
silver bead by dissolution in nitric acid and precipitation 
with hydrochloric acid. 

(b) Transfer the paper and precipitate to a beaker, add 
nitric (20 ml), perchloric (5 ml) and sulphuric (15 ml) acids 
and heat to strong fumes, until the paper has been de- 
stroyed and the silver chloride converted into silver sul- 
phate. Cool, dilute with water to 200 ml, heat to boiling, 
and allow to cool. Filter if necessary, then precipitate the 
silver with hydrochloric acid, filter off, and finally weigh as 
AgCl. 

(c) Determine the silver by atomic-absorption spectro- 
metry (AAS) after destroying the paper containing the 
silver chloride by fuming with nitric (20 ml) and perchloric 
(10 ml) acids, evaporating the solution to dryness and dis- 
solving the residue in a measured amount of 2% potassium 
cyanide solution or 30% v/v hydrochloric acid. 

A-l. The direct sodium peroxide1d.c. plasma method. Fuse 
up to 2 g of sample in a zirconium crucible with 12 g of 
sodium peroxide as described in method A. Leach the melt 
with water and remove the crucible. Acidify the solution 
carefully with hydrochloric acid. 

Clean the crucible with hydrochloric acid and add to the 
main solution. Warm the solution, transfer it to a 500-ml 
standard flask containing 150 ml of concentrated hydro- 
chloric acid, dilute to volume and mix. A clear solution 
should result unless the sample contains more than 150 mg 
of silver. If the sample contains species that yield hydrous 
oxides even in hydrochloric acid, such as Ta, Nb or W, 
filter the solution and wash the precipitate with 20% v/v 
hydrochloric acid. Determine the Au, Pt, Pd, Rh, Ru and Ir 
by d.c. plasma emission spectrometry (PES), as described 
later, and silver by AAS. 

B. The rlickel sulphlde method. Fuse l-20 g of sample, 
depending on the precious metal content, by the procedure 
suggested by Robert et a1.,15 modified when necessary. 

If the total precious metal content of the sample taken is 
less than 25 mg, before the fusion add 25 mg of a precious 
metal which is not to be determined. (Ruthenium or 
osmium is best, since neither interferes in the proposed 
procedure; if desired, they can be volatilized later by fum- 
ing with perchloric acid.) 

Pour the molten mass into an iron mould. In order to 
achieve a clean separation from the slag remove the mckel 
sulphide button while still warm (20&250”). Fuse the slag 
with more flux and recover the second nickel sulphide but- 
ton. 

Weigh the two buttons together, crush them, and pulver- 
ize to 60-mesh or finer powder. Weigh the powder and 
record the grinding loss for correction of the final results. 
Transfer the powder to a 600-ml beaker, warm the beaker 
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slightly, add 400 ml of hydrochloric acid and allow the 
vigorous reaction to proceed on a slightly warm hot-plate 
for about half an hour, then gradually increase the tem- 
perature until the volume of the solution has been reduced 
to 300 ml by vigorous boiling. Cool, dilute to 500 ml with 
water, add 0.5-l m1 of hydrofluoric acid to the cold sol- 
ution, to dissolve any silica from small amounts of slag 
which may have adhered to the nickel sulphide buttons, 
stir and allow to stand for at least 2 hr. 

Filter off the precious metal sulphides and wash the 
paper about 5 times with warm water to remove all but a 
small amount of the nickel salts. (The filtrate will contain a 
portion of the silver, which can be determined directly by 
AAS after transfer to a I-litre standard flask, addition of 
200 ml of concentrated hydrochloric acid, dilution to 
volume and mixing.) Wash the sulphide precipitate with 
hot water into the 6OO-ml beaker and place the beaker 
under the funnel. Pour two 20-m1 portions of hot dilute 
aqun regia (HCl + HNOs + HzO, 3: I:4 v/v) through the 
paper. Continue as described for procedure A, starting at 
the corresponding step in that method. 

The final solution (filtrate A) contains all the platinum, 
palladium, rhodium, iridium, and ruthenium present in the 
sample or added as a collector, but the collection of gold is 
unfortunately not complete (see discussion). Analyse the 
solution as described later. 

C. The silver bead method (Fig. 1). Fuse 5-15 g of sample, 
containing a minimum of 0.2 mg of any precious metal to 
be determined and not more than 0.25 g of total precious 
metals, in a clay assay crucible, with a lead flux containing 
the usual flux ingredients. The optimum flux composition 
can be varied to accommodate acid or basic ingredients of 
the sample and will usually contain the following ranges of 
the components. 

Litharge 4O-83% 
Silica &20X 
Soda ash i&40”/, 
Pearl ash &lo% 
Borax O-15% 

A high copper content in the sample will require compara- 

tively large amounts of litharge in the flux, and a high 
alumina content comparatively large quantities of silica, 
borax and soda ash. The usual reducing agents are starch 
or flour, and potassium nitrate is used as an oxidizing 
agent. For details of fluxes and fire-assay techniques see the 
appropriate references.6+Z2*16,17 

Before the fusion, add to the flux, unless already present 
in the sample, 5 g of silver for 50 mg of combined rhodium, 
ruthenium and/or iridium. If an iridium and/or rhodium 
determination is required, add for collection purposes 2.5 
mg of ruthenium unless already present in the sample. If a 
ruthenium and rhodium determination is required, add 25 
mg of iridium instead of ruthenium. If the sample portion 
itself should contain a total of 2.5 mg or more of these three 
elements (not counting the collector metal added), reduce 
the sample size so that the total (including collector) is 
< 50 mg. 

When the fusion is complete (final fusion temperature 
about 1150’), pour the melt into a metal mould, allow to 
cool, remove the lead button and fuse the slag with more 
flux. Combine the lead buttons and scarify to a convenient 
size. 

Cupel the resulting lead button at about 920” in a cupel 
of convenient size. When the cupel has been taken out of 
the furnace, and the silver bead is just solidifying, loosen 
the bead by light tapping or pushing with a metal object, 
to prevent cementing of the bead to the cupel by the cool- 
ing lead oxide. 

If the surface of the cupel appears discoloured, indicating 
the possible presence of a small quantity of precious 
metals, particularly the collecting element (Ru or Ir), 
“wash” the cupel by wrapping about 100 mg of silver into a 
5-g sheet of lead foil and cupelling until the lead has disap- 
peared. Combine the resulting silver bead with the bead 
containing the bulk of the precious metais. 

If warranted by the low #ncentration of one or more of 
the precious metals, use more than one sample portion and 
combine the silver beads at this stage. 

Dissolve the silver bead(s) in a 150-ml beaker by warm- 
ing with 25 ml of nitric acid (1 $ 3) per g of silver. Boil to 
remove brown fumes, then filter (9-cm medium-texture 
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paper) into a 25Q-ml beaker, washing the residue (Residue 
Z) thoroughly with nitric acid (2 + 98). If the determi- 
nation of platinum and palladium is required, add to the 
filtrate hydrochloric acid (2.5 ml per g of silver) to precipi- 
tate the silver. Stir and heat on a steam-bath to coagulate 
the precipitate, then cool. The solution contains the bulk of 
the platinum and palladium (Fig. 1, Beaker A). If the deter- 
mination of gold, platinum and palladium is required, 
return Residue Z to the 150-ml beaker with the aid of a 
fine stream of hot water, place the beaker under the funnel 
and pour through the fiiter paper 50 ml of a mixture of hot 
water and hydrochloric and nitric acids (3:3: 1 vjv). Neat 
to boiling and filter through the same paper into a clean 
1%ml beaker. Transfer the precipitate quantitatively to 
the filter with nitric acid (2 + 98), using a small piece of 
moistened filter paper to wipe the beaker. Wash the pre- 
cipitate thoroughly with the dilute nitric acid. Evaporate 
the filtrate, which contains all the gold, residual platinum 
and pal&hum and possibly also traces of rhodium, to 
campfete dryness on a steam-bath (Beaker B). 

Ignite the precipitate (or Residue Z if Au, Pt. Pd are not 
to be determined), which contains all the iridium, rhodium 
and ruthenium in the sample or added as a collector (and 
possibly traces of platinum), in a 30-ml zirconium crucible 
at low temperature and fuse the residue with a mixture of 2 
g of sodium carbonate and 4 g of sodium peroxide. Leach 
the cooled melt with 150 ml of water in a 400-ml beaker, 
remove the crucible and wash it with hot water. Fill the 
crucible with hydrochloric acid and use this acid to acidify 
the solution in the 400-ml beaker. Neat the solution until 
clear, evaporate it to less than 200 ml, and transfer to a 
200-ml standard flask. Cool, dilute to volume, and mix. 
This solution is ready for the determination of rhodium, 
iridium and/or ruthenium (and possible traces of Pt) as 
described later. 

Filter the solution in Beaker A through a 12-cm filter 
paper into a 2%ml beaker. Transfer the precipitate (A&l) 
to the paper and wash it thoroughly with nitric acid 
(2 + 98). Evaporate the filtrate (containing the bulk of the 
platinum and palladium) to dryness on a steam-bath 
(Beaker C). The silver chloride may retain significant 
amounts of platinum and palladium and is treated by 
either of the following teebniques. 

(a) Return the precipitate to the original 250-ml beaker, 
add 25 ml of nitric acid and 30 ml of perchloric acid, 
evaporate slowly to perchloric acid fumes, then heat 
strongly, with the beaker covered, until the silver chloride 
appears to have been decomposed and a mere cloudiness 
remains. Raise the cover and evaporate slowly to complete 
dryness. Cool, and dissolve the salts in 20 ml of water and 
10 ml of nit& acid. Stir to dissolve the salts, then add 2 ml 
of hydrochloric acid per g of siIver and warm until brown 
fumes of nitrosyl chloride are freely evolved. Dilute to 150 
ml with hot water, and allow the precipitate to settle. Cool, 
filter off on a 1%cm paper and wash the precipitate five 
times with nitrie acid (2 + 98). Retain the silver chloride, if 
desired for scrap recovery and evaporate the fiitrate (which 
contains residual platinum and paliadium~ to complete 
dryness on a hot-plate (Beaker D). 

(b) Place the filter paper in a 10-g assay crucibte, ignite, 
and fuse with a suitable lead flux to provide a lead button 
which is then cupelled. Dissolve the resulting silver bead in 
nitric acid (1 c 3) (20 ml of the acid per g of silver), Pre- 
cipitate the silver with 2.5 ml of hydrochloric acid per g of 
silver. Allow the precipitate to settle. then filter 0% and 
wash etc. as in (a) (Beaker E). 

Add to the dry residues in beakers B, C, and D or E, 
about 3 ml of hydrochloric acid, 1 ml of nitric acid and 5 
ml of water, cover, and warm for a few minutes on a steam- 
bath. Combine the solutions in a lOO-ml or larger standard 
flask, dilute to volume, and mix. This solution is ready for 
the determination of gold, platinum, palladium and poss- 
ible traces of rhodium as described later. 

D. Supplementary lead-button method for the determi- 
nation of silver and gold in sweep rich in platinum metals. 
Sometimes the relative proportions of the precious metals 
make it advisable to determine gold and silver in separate 
portions of the sample, especially when their content in the 
sample is low compared with that of the other precious 
metals. The following method is recommended. 

Fuse l-20 g of the sweeps in a litharge-based flux to 
yield directly or after scarification a lead button weighing 
about 3@40 g. For flux compositions suitable for various 
matrices, see the appropriate references.6,%‘g,“,12 

Dissolve the lead button in about 10 ml of warm nitric 
acid (1 f 4) per g of lead, in a 600-ml beaker. Filter off the 
residue and wash it 2Et30 times with cold nitric acid 
(2 + 98), receiving the filtrate in an 800-ml beaker. Precipi- 
tate the silver in the filtrate with 2 ml of concentrated 
hydrochloric acid, which is sufficient for 2 g of silver. 
Warm to coagulate the silver chloride. 

Me~whil~, wipe the @O-ml beaker with a piece of moist 
filter paper and transfer this and the paper containing the 
residue to a 250-ml beaker. Add 30 ml of nitric acid and 25 
ml of sulphuric acid and evaporate to fumes of sulphuric 
acid, adding more nitric acid, if required, to oxidize any 
organic matter completely. Finally fume strongly for at 
least 1 hr to break up the lead-precious metal compounds 
in the acid-insoluble residue. Allow to cool, dilute with 
about 150 ml of cold water, stir, heat to boi&ng allow to 
cool, filter, and wash with cold water. Precipitate any silver 
in the fiftrate by addition of several drops of hydrochloric 
acid. Warm and allow the silver chloride to settle. 

Wash the sulphuric acid-insoluble residue back into the 
original 250.ml beaker, then pour through the paper SO ml 
of a mixture of hydrochloric and nitric acids and hot water 
(3 : f :4 V/Y)* receiving the filtrate in the same 250-ml beaker. 
Heat to boiling and filter into another 250~ml beaker, wash- 
ing the paper with nitric acid (2 f 98). Discard the paper, 
which contains various platinum metals. Determine the 
gold in the filtrate or an aliquot, by AAS or PES. 

Collect the two silver chloride precipitates separately. 
Wash the precipitate from nitrate medium 2@30 times 
with nitric acid (2 + 98). Wash the precipitate from sul- 
phuric acid medium about 5 times with cold water. 

Combine the precipitates and determine the silver as fol- 
lows, depending on its amount. 

(1) Ag < 10mg. Decompose the paper with nitric and 
perchloric or sulphuric acids. Evaporate to dryness. Dis- 
solve the residue in measured quantities of 2% potassium 
cyanide solution or 2M hydrochloric acid and determine 
the silver by AAS. 

(2) Ag 10-500 mg. Ignite the paper in a 1Ug assay cru= 
cibte. Fuse with an appropriate lead t&tx to obtain a lead 
button. Cupel the button to obtain a silver bead and weigh 
on an assay balance. 

(3) Ag > 500 mg. Decompose the combined papers by 
heating with 25 ml of nitric acid, 30 ml of sulphuric acid 
and 3 ml of perchloric acid. When sulphuric acid fumes 
appear, heat very strongly until the silver chloride is dis- 
solved (2-3 hr). Cool, dilute with cold water, stir, beat to 
near boiling, cool, filter and wash with coId water. If a 
residue remains which does not appear to be lead sulphate, 
apply the same destruction treatment to the paper but with 
smaller amounts of the acids. From the filtrate(s) precipi- 
tate the silver as chloride with hydrochloric acid. Warm, 
allow to settle, cool, filter off on a tared Gooch crucible 
fitted with a flbreglass disc and wash thoroughly to remove 
ail sulphuric acid. Dry for 5 hr at I25l36”, coo1 and 
weigh. 

DETERMINATION PROCEDURES 

The gravimetric and instrumental methods ret- 
~rnrn~~~~ are outlined below. 
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Gravimetric methods 
Gravimetric determinations may be preferred when 

the precious metals are present in suf&ient quantity 
and when a greater degree of accuracy is required 
than can normally be obtained by instrumental 
methods. A prerequisite is the absence of interfering 
elements. 

Platinum. Platinum (> 100 mg) is precipitated as 
ammonium ~hloroplatinate in the presence of 10 mg 
each of palladium, gold, rhodium and ruthenium, but 
not iridium.5 

In the nickel sulphide procedure, the aqua reg& 
solution from the dissolution of the precious metal 
sulphides is evaporated to dryness and, after repeated 
evaporations with hydrochloric acid to remove nitric 
acid, the platinum is precipitated in O.iM hydro- 
chloric acid medium (filtered if necessary) with am- 
monium chloride. The product is ignited to platinum 
metal. The filtrate is examined by AAS for traces of 
unprecipitated platinum after destruction of am- 
monium salts with nitric acid After the det~m~atio~ 
of this residual platinum palladium can then be pre- 
cipitated with ~methyl~yoxime or can be determined 
together with rhodium, ruthenium and/or gold by 
AAS or plasma emission spectrometry (PES). 

In the silver bead method, the combined aqua regia 
solutions can be used for the precipitation of the 
platinum as in the nickel sulphide procedure, and the 
resulting filtrate for the determination of the other 
precious metals. 

In the sodium formate procedure, any iron, lead, 
zirconium (from the fusion in a zirconium crucible), 
and residual amounts of aluminium and silica must 
be removed. This can best be achieved by precipi- 
tation of the platinum with formic acid or sodium 
formate in sulphuric acid medium or with hydrogen 
sulphide. 

Palladium. Palladium (> 50 mg) can be precipitated 
with dimethylgloxime in the presence of not more 
than 10 mg of gold and up to 250 mg of platinum, 
rhodium, iridium, and ruthenium.3’16 

In the nickel sulphide procedure, palladium can be 
pre~pitated directly after dissolution of the precious 
metal sulphides and dilution or evaporation (accord- 
ing to the amount of palladium) and filtration if 
necessary. The total amount of acid present should 
not exceed a sum of 5 ml of concentrated hydro- 
chloric and nitric acids per 100 ml of solution. The 
precipitate is collected on a tared sintered-glass cru- 
cible, washed, dried and weighed. The filtrate is evap- 
orated to remove the alcohol, then the residue is 
heated with nitric and perchloric acids until again 
dry. After dissolution of the residue in a small amount 
of hydrochloric acid or U~UU reg:yiu. platinum, rho- 
dium, iridium and/or ruthenium can be determined 
by AAS or PES. The combined uyucr regia solutions 
from the silver bead collection can be used for the 
precipitation of the palladium as in the nickel sul- 
phide procedure. 

In the sodium formate procedure, the ctqrru regilt 

solution must be silica-free. It may be advisable to 
evaporate it to dryness to remove any silica. 

Go@. Gold (> 100 mg), is preferably precipitated 
with oxalic acid, which gives quantitative separation 
from all platinum metals.5*‘6 The precipitation is 
done in 0. IM hydrochloric acid medium, free from 
nitric acid, by boiling with 3 g of oxalic acid per 100 
ml of solution. 

In the silver bead method, if the sample contains 
more than 50 mg of gold, it is advisable not to com- 
bine the aqua regia sotution containing the gold sol- 
ution in Beaker B with the other gold-containing sol- 
utions. Instead, the gold is precipitated with oxalic 
acid from the solution in Beaker B. The filtrate is then 
evaporated to dryness after addition of nitric and per- 
chloric acids, The residue is dissolved in a minimum 
of aqua regia and this solution combined with the 
other fractions containing the bulk of the platinum 
and palladium, prior to AAS or PES measurements. 

Rhodium and iridium (nickel sulphide procedure). 
There are no specific precipitating agents for these 
two elements and separation procedures are unreli- 
able.16 If a gravimetric dete~ination is preferred, 
both elements should first be isolated by treatment 
with bromide/bromate mixture,24 followed by chlor- 
ination at 600” for purification.b The combined anhy- 
drous chlorides of rhodium and iridium are converted 
into the metal by reduction in hydrogen and the el- 
ement present in smaller amount is determined by an 
instrumental method such as XRF or by PES, after 
fusion with sodium peroxide and acidification with 
hydrochloric acid. 

R~t~e~~urn (nickel suiphide and sodium peroxide pro- 
cedures). Ruthenium can be isolated by distillation 
from perchloric-sulphuric acid medium,26 then pre- 
cipitated either by hydrolysis at pxi 6 or with hydro- 
gen sulphide.‘*27 

Spectrophotometric methods 

Since the collection procedures described involve 
the preparation of master solutions containing either 
all the precious metals or groups of them, they are not 
well suited for the spe~trophot~metric determination 
of precious metals, since few of the methods available 
are specific or even particularly selective. 

We have found that XRF and optical emission 
measurements can be applied to a limited extent to 
the final products of the three collection procedures. 

The work done so far indicates that various combi- 
nations of precious metals can be determined by XRF 
in the residue remaining after leaching the nickel sul- 
phide with hydrochIoric acid. The precious metal sul- 
phides are collected on a Millipore or similar filter 
before XRF analysis. While the method is very sensi- 
tive, it requires the preparation of sets of appropriate 
standards. Since the precious metal sulphides may be 
accompanied by residual amounts of other elements, 
best results are obtained by incorporating a measured 
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amount of another precious metal to act both as a 
collector and an internal standard, e.g., Ru for collec- 

tion of Ir and Rh, or of Ir for collection of Rh and Ru. 
Another application of XRF is the determination of 
rhodium, iridium, and/or ruthenium in the aqua regia- 
insoluble residue in the silver bead procedure. Again 
the residue is collected on a Millipore or similar filter. 

Precision can be optimized by adding a known 
amount of one of the precious metals to serve as an 
internal standard. We also use XRF occasionally for 

semi-quantitative examination of the pulverized but- 
ton in the nickel sulphide procedure. 

For the determination of ultratrace amounts of 
rhodium, iridium and/or ruthenium in the aqua-regia- 
insoluble residue in the silver bead procedure, both 
optical emission spectroscopy (OES) and spark- 
source mass-spectrometry (SSMS) procedures have 
been used by us to a limited extent. The optimum 
concentration range for a 10-g sample is about l-100 
/Ig for the spark-source method and 0.01-200 pg for 
optical emission spectroscopy. With adequate stan- 

dardization, results with a precision of 10% can be 
obtained by OES and 20% by SSMS. 

Argon plasma techniques 

With modern plasma-emission systems such as the 
argon plasma and inductively-coupled plasma (ICP), 
precious metals can now be routinely measured with 
a precision of l-3% relative. These techniques are 
particularly suitable for use with the master solutions 
obtained by the collection procedures described. 

While our experience is based on work with d.c. 
plasma units, many of our observations are undoubt- 
edly equally applicable to ICP. 

All work was performed with a Spectraspan III-A 
Echelle spectrometer. The 0.75-m spectrometer 

employs a 79 groove/mm echelle grating in conjunc- 
tion with a 30” quartz prism which provides excellent 
dispersion and energy throughput, together with 
greater freedom from spectral interferences. The exci- 
tation source is the Spectrajet III, a three-electrode 
d.c. argon plasma jet. The plasma is an inverted “Y” 
configuration formed between two graphite anodes 
and a tungsten cathode. We prefer to use the instru- 
ment in the sequential mode since we have to measure 
small quantities of some precious metals in the pres- 
ence of large quantities of others. We contend that it 
is difficult, if not impossible, to measure simul- 
taneously all precious metals optimally in one dilu- 
tion of the sample solution. 

The sample is aspirated by pumping the solution 
through a ceramic nebulizer. After the aerosol has 
become stabilized in the plasma, the signal of the ana- 
lyte of interest is integrated (in triplicate) for 10 sec. A 
dedicated microprocessor functions as data-collector 
and translates the information into concentration (on 
the assumption that the response/concentration re- 
lationship is linear) by use of two standards. 

The fundamental principles of the d.c. plasma 
method. including ways to overcome random and sys- 

tematic errors, have been discussed by Cooke.‘l His 
paper contains much valuable information on the 
linearity of response for the individual precious-metal 

emission spectra at various wavelengths, and tech- 
niques to overcome various sources of non-linearity. 

The system is standardized with the standards pre- 

pared for the AAS measurements, which eliminates a 
source of error when comparing AAS and plasma 
emission results. These standards therefore contain 
1.5% lanthanum chloride to act as a radiation buffer 
and releasing agent. The lanthanum salt is also added 

to all sample solutions to match the matrix of the 
standard solutions. Although lanthanum has a negli- 
gible effect on the signal intensity, it effectively stabil- 
izes, but does not completely eliminate, the varying 

background contribution of the plasma and of the 
sample matrix. 

The sample solutions subjected to PES measure- 

ments vary widely in composition. Some of the sol- 
utions contain only the isolated precious metals, 
whereas in the sodium peroxide method they contain 
salts of all the elements present in the sample. It is 
therefore necessary to provide a common matrix. It is 
well documented that the addition of salts of easily 
ionized elements, such as the alkali and alkaline-earth 
metals, will enhance the emission intensity of elements 
which otherwise may be difficult to excite.‘s The ad- 
dition of 1% of sodium chloride to all standard and 
sample solutions caused a noticeable increase in sensi- 
tivity for all the precious metals. Sodium chloride was 
chosen because a relatively small amount will create a 
“matrix effect” and also because many of the samples 

are decomposed by sodium peroxide fusion and acidi- 
fication with hydrochloric acid. Other alkali and alka- 
line-earth metal salts have not been investigated; they 
may well be as useful as sodium chloride. For gold, 
platinum and iridium, the signal is increased by about 
5% if the sodium chloride concentration is 4%. 

The sodium chloride virtually eliminates the effect 
of any base metals (remaining after the collection pro- 
cedure) on the emission signals from the precious 
metals, and of major amounts of one or more pre- 
cious metals on the emission of minor quantities of 
other precious metals. Interference effects can also be 
reduced or eliminated by matrix-matching of sample 
and standard solutions.‘iJ2 

Sodium chloride concentrations above 5% cause a 

significant decrease in signal intensity, possibly by a 
cooling effect on the plasma, and also cause rapid 
deterioration of the alumina ceramic sleeve at the 
cathode by vitrification and deformation. This will 
cause the plasma to be unstable and yield non-repro- 
ducible results. A maximum of 3% is chosen for 
safety. 

Each instrumental technique has its own perform- 
ance characteristics. The d.c. plasma technique has 
been reported to have a linear response range over at 
least two orders of magnitude in aqueous solutions. 
The composition of the precious metal samples ana- 
lysed in our laboratory varies extremely widely. From 
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empirical observations, we have noted two distinct 
phenomena occurring in the d.c. plasma system which 
tend to reduce the linear range. 

The first is spectrometer drift. This can be caused 
by changes in room temperature, air-currents, 
changes in the spectrometer-base casting, due to the 
warming effect of the plasma itself, and other external 
factors affecting the system. These effects can manifest 
themselves by relatively slow (10-15 min) cyclic in- 
creases and decreases in sensitivity, and may also 
cause a slight apparent shift of the wavelength peak. 
In such cases the wavelength must be reset to the 
peak, and restandardization may also be required. 
Spectrometer drift can be compensated by alternating 
sample and standard solutions. The ratio of the true 
and apparent concentrations of the standard is calcu- 
lated and used as a correction for the sample value. 
The alternation between standards and samples 
allows instant corrections for drift. Although the cor- 
rection factor can sometimes vary over a rather wide 
range without affecting the final results, we suggest 
that for precise work it should not vary by more than 
* 20%. 

The second phenomenon is a systematic positive 
absolute error of 2-3%. It is caused by background 
not compensated by the lanthanum salt and is correc- 
table by deducting the signal of a reagent blank from 
the gross signal of the sample after the correction 
ratio has been applied. Corrected signal intensity is 
then plotted against concentration. 

We have found a wide linear range can be obtained 
by deducting the background contribution (of the 
plasma system itself) from the total signal of each 
standard and sample. The correction factor for drift 
(external to the plasma system) is then applied to 
achieve true linearity. Table 1 lists the elements stud- 
ied, with the wavelengths used and the optimum 
range for measurement. The wavelengths chosen are 
not necessarily the most sensitive available, but are 
the most free from interference by other precious and 

base metals. The first wavelength given is that of the 
primary analytical line, the others are secondary and 
can be used if matrix interference is encountered and 
also for con~rmation of the precious metal concen- 
tration measured at the primary wavelength. Other 
investigators have recommended additional wave- 
lengths for the analysis of specific materials.21~22 We 
agree with their statements that no intensity measure- 
ment is perfectly linear over a wide dynamic range, 
which limits the accuracy of the plasma method if a 
wide-range calibration curve is used. Cooke” prefers 
to use bracketing of the sample by standards even 
outside the optimum range, rather than dilute the 
sample solution. For highest accuracy, we also rec- 
ommend close bracketing, but within the linear por- 
tion of the calibration curve. The sample master sol- 
ution should be diluted so that the signal is in the 
middle of the optimum range (Table 1). For improv- 
ing the precision, aliquots taken by pipette should not 
be less than 5 ml and preferably 10 ml or greater. To 
ensure that measurements made by d.c. plasma meet 
the criteria of good quality-control techniques, more 
than one aliquot should be taken to place the analyte 
concentration at two different positions on the ana- 
lytical curve. 

Care should also be taken to ensure that the 
sodium chloride concentration is the same in all stan- 
dards and samples. On the other hand, relative vari- 
ations in acid concentrations (e.g., l&30%) do not 
effect either the sensitivity or the precision of the 
method. Unlike AAS analysis, there is no adverse 
effect caused by small amounts of sulphuric acid nor 
is there any interference caused by large concen- 
trations of one or more precious metals in the deter- 
mination of small amounts of others. 

Atomic-absorption methods 

The determination of individual precious metals in 
the absence of interfering base metals or other pre- 
cious metals is comparatively simple. Suitable 

Table 1. Parameters for plasma determination 

Wavelengths of 
Wavelength, possible interferences, Optimum range, 

Element A d &ml 

AU 

Ir 

Pd 

2675.95’ 
2082.09 
2126.81 
2158.05 
3242.70 
2763.09 

Pt 2659.45 
Rh 3434.89 
RU 3726.93 

Rh 2676.11 

Rh 2158.1947 
OH band? 
Fe 2763.03 
Cr 2763.06 
Zr 2763.11 

Ru 3435.186t 

0.3-100 
S-100 

0.5-5 
5-50 

0.1-30 
l-50 

0.3-75 
0.1-50 
0.5-50 

*This wavelength is usable for samples continuing Rh at concentrations less 
than 1000 @g/ml. It is separable from the Rh line by use of the narrowest 
slit-width. 

tThis interference is separable by use of the narrowest slit-width. 



methods with detailed descriptions of instrumental 
parameters are given by Perkin-Elmer.29 

The determination of the precious metals in their 
mixtures is more complex and subject to interference 
from various sources.13*‘6*17*30 Valuable information 
has also been given in the publications of the South 
African National Institute of Metallurgy.‘8’31~32 

The following observations indicate the degree of 
suitability of atomic-absorption methods for the de- 
te~inat~on of precious metals in the master sol- 
utions. 

Silver bead method. The determination of gold, 
platinum and palladium in the presence of each other 
offers no problem. Lanthanum chloride should be 
used as releasing agent and the optimum ranges for 
the three elements are: Au (2428 A) 3-50 @g/ml; Pd 
(3404 A) 5-75 &ml; Pt (2660 A) 10-100 pg/ml. 

Rhodium and/or ruthenium can be determined in 
the hydrochloric acid solution of the sodium peroxide 
melt by use of either lanthanum chloride or uranium 
chloride as releasing agent. The optimum ranges are: 
Rh (3435 A) 2-15 pg/ml; Ru (2696 A) 5-25 pg/ml. The 
sensitivity for iridium is poorer [lower limit 10 pg/ml 
(2640 A)] and this element is best determined by the 
plasma method. 

Nickel sulphide procedure. The small amounts of 
sulphuric acid introduced by the dissolution of the 
sulphides can severely affect the determination of 
some of the platinum metals, particularly platinum, 
rhodium and iridium, unless the concentration of the 
test solution corresponds to dilution of the master 
solution to at least 500 ml (e.g., a 20-ml aliquot drawn 
from a master solution prepared in a 100-m] standard 
flask must be diluted to at least 100 ml). In practical 
terms, this means that the solution to be measured 
should contain a minimum of 5 mg of platinum or 1 
mg of rhodium. For smaller quantities of platinum or 
rhodium, the plasma technique is much to be pre- 
ferred. The deleterious effect of sulphuric acid can be 
at least partially obviated by using lanthanum chlor- 
ide as releasing agent (and not uranium chloride).33 
However, large amounts of platinum depress the rho- 
dium signal and vice versa. In this case uranium 
appears to be a superior releasing agent. Iridium is 
more precisely measured by the plasma technique. 

To detect interferences in the determination of the 
various precious metals in the master solutions, we 
use the technique of dilution. If a concentration X of 
precious metal gives an absorbancr: of Y then dilu- 
tion by a factor of 2 should give an absorbance of 
Y/2. If the value observed is greater than Y/2, interfer- 
ence is indicated and the solution should be further 
diluted (with adjustment of acid concentration and 
further addition of releasing agent) until the relation- 
ship between element concentration and absorbance 
becomes linear. 

The determination of soluble silver in the nickel 
chloride solution by AAS is straightforward and with- 
out interference by the large concentration of nickel 
salts. 

Analysis of precious metal sweeps 29 

The sodium peroxide-sodium formate procedure. 
Most of what was stated for the nickel sulphide pro- 
cedure is equally valid for the sodium peroxide- 
sodium formate procedure, but it must be remem- 
bered that the maximum amount of sample that can 
be handled is 2 g and that the range of application 
covers larger concentrations of precious metals. In 
this procedure, the depressive effect of sulphuric acid 
can be avoided by fuming any aqua regiu-insoluble 
residue with nitric and perchloric acids (assuming, 
however, that no ruthenium’ determination is 
required). 

We have found that zirconium (from the crucible 
used in the fusion) does not interfere with AAS 
measurements of precious metals and no interference 
has been noted from other elements that may be con- 
tained in the solution of the formate precipitate. 

DISCUSSION 

In the referee analysis of sweeps, Ledoux & 
Company employ, wherever feasible, two different 
collection procedures. Because of sample size con- 
siderations, the sodium peroxide method is best suited 
for the higher concentration range of the precious 
metals, and the silver bead method is optimal for the 
lower range. Because the nickel sulphide procedure 
can accommodate both small and large sample 
weights, it is always used as the second procedure in 
referee work. 

The three collection procedures suggested here 
should prove superior to the lead collection technique 
widely used in the past.’ They take less than half the 
time required for the lead collection procedures and 
avoid the tedious treatment and retr~tment of 
various soluble and insoluble fractions. 

The sodium peroxide-sodium formate procedure 

The most attractive feature of this procedure is its 
ability to provide a medium which contains all the 
precious metals in one master solution. Because of its 
simplicity, it is our preferred method, as long as the 
relatively small sample weight gives an adequately 
representative sample containing a sufficient quantity 
of precious metal(s). The method is, therefore, particu- 
larly useful for the analysis of complex sweeps or pre- 
cious metal residues containing more than 1% of the 
precious metal(s). It has the additional advantage of 
being applicable to collection of seven of the eight 
precious metals, only the determination of osmium 
requiring minor modifications. The addition of 
another precious metal, an innovative feature of all 
three methods, ensures the quantitative collection of 
trace amounts of precious metals. Ruthenium can 
always be used when its determination is not 
required, but the other precious metals work equally 
well. 

With only a few precipitation and dissolution steps, 
a master solution is obtained containing all the pre- _. 
cious metals in a form suitable for m~surements by 
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gravimetric, atomic-absorption, and/or plasma- 
emission techniques. 

Some difficulties may be encountered if the sample 
contains more than 10 mg of chromium (recognized 
by the distinct yellow chromate colour of the super- 
natant alkaline solution of the melt after the reaction 
with formic acid) or 250 mg of iron (recognized by the 
inability of the sodium formate to reduce the precious 
metals, particularly platinum, to the black hydroxides 
or oxides). 

To avoid this problem, proceed as follows. After 
decomposition of the hydrogen peroxide, acidify the 
solution slightly with formic acid and heat on a 
steam-bath until reduction is complete, as recognized 
by the change in colour from yellow to black. Then 
alkalize the solution and add 25 ml of 10M sodium 
hydroxide. Continue heating until the precipitate 
settles. Add 100 ml of methanol and allow to stand 
for at least 2 hr. The supernatant solution should now 
be water-clear and ready for filtration. Some difficul- 
ties may also be encountered if the amount of rho- 
dium plus iridium in the sample exceeds 200 mg. If, 
after two treatments with aqua regia and nitric and 
sulphuric or perchloric acid, an acid-insoluble residue 
remains, ignite it in a zirconium crucible and then 
fuse it with a minimum amount of sodium peroxide. 
Dissolve the cooled melt in water, in a 600-ml beaker, 
decompose the hydrogen peroxide by boiling, acidify 
the solution with hy~ochloric acid and analyse it by 
the d.c. plasma technique either separately or after 
combination with the main solution. 

As far as we are aware, the method of fusing the 
sample with sodium peroxide and reducing the pre- 
cious metals in an alkaline medium with sodium for- 
mate to insoluble lower valence hydroxides has not 
been described before. Before choosing sodium for- 
mate we also experimented with formaldehyde and 
methanol as reducing agents. 

Filtering off the precious metal oxides and hydrox- 
ides removes the alkali-metal salts introduced in the 
fusion and reduction steps, and also most of the silica 
and aluminium which are often major com~nents of 
sweeps samples. Removal of the alkali-metal salts is 
important since they may not only complicate AAS 
measurements4 but also make it difficult, if not im- 
possible, to select optimum volumes for measuring 
the precious metals by instrumental techniques. 

The alkali-metal salts can also be removed by use 
of the following hydrogen sulphide procedure. 

Acidify the leached melt with hydrochloric acid, 
evaporate to dryness and dehydrate the silica. Dis- 
solve the salts in dilute hydrochloric acid and filter off 
the silica (omit the dehydration step if the sample is 
low in silica). Wash the residue into a Teflon beaker 
and evaporate to dryness with hydrofluoric acid and a 
few drops of sulphuric acid. Dissolve the residue in a 
little hydrochloric acid and combine with the main 
solution. Saturate the hot solution with hydrogen sul- 
phide. Reheat the solution and again saturate with 
hydrogen sulphide. Fiiter off the sulphides and after 

expelling the hydrogen sulphide test the filtrate by dc. 
plasma emission for quantitative removal of iridium. 
Dissolve the metal sulphides in aqua regia and treat 
the solution as described in the nickel sulphide pro- 
cedure. A further possibility for removing the fusion 
salts is to pass the silica-free solution through a 
column of Bio-Rad AG 50 W cation-exchanger.4 This 
method, however, has the disadvantage that the 
amount of sodium peroxide which can be used is 
limited to 3 g, enough to fuse 0.5 g of a homogeneous 
residue sample, but not to fuse an adequate amount 
of most sweeps samples. Larger amounts of sodium 
peroxide cannot be used, since the sodium is not all 
retained by a cation-exchange column of reasonable 
size. 

Validation of sodium peroxide procedure 

Portions (10-30 mg) of gold, silver, platinum, palla- 
dium, rhodium, ruthenium and iridium were weighed 
into zirconium crucibles containing 2 g of sweeps-type 
residues containing only traces (~3 ppm) of any pre- 
cious metals. The general compositions of the sweeps 
residues were as follows: 

Sweeps Sample No. 1 
SiO;? 40%; AlzO, 20%; Fe0 12%; CaO 8%; MgO 
7%; PbO 5%; CuO 3%; < 1% each of Mn, Cu, Zr, 
Cr, Zn, Ni, Ti and Sn. 

Sweeps Sample No. 2 
SiOl 22%; A1203 15%; CuO 15%; PbO 18%; 
Biz03 5%; Zr02 4%; CaO 5%; MgO 5%; Fe0 
2%; NiO 3%; Cr203 2%; TiOz 3%; < 1% of each 
of Sn, Zn, Ba. 

These synthetic samples were fused and the pre- 
cious metals collected into the master solution by (1) 
the sodium formate and (2) the hydrogen sulphide 
separation procedures. The filtrates from the sodium 
formate separations were examined for presence of 
precious metals by emission spectrography after ap- 
plication of the hydrogen sulphide technique in the 
presence of added copper(I1) to act as collector. 

The filtrates from the hydrogen sulphide separation 
procedure were examined by the plasma technique for 
the presence of precious metals, particularly iridium, 
an element which is not as easily precipitated with 
hydrogen sulphide as the other precious metals (co.5 
mg of iridium will typically be found in this filtrate). 

The results presented in Table 2 indicate that the 
collection of the precious metals is substantially quan- 
titative. The differences between the amounts added 
and found can largely be attributed to instrumental 
uncertainties. The slightly low silver results can be 
attributed to dissolution of some silver chloride dur- 
ing the repeated treatments with aqua regia. No 
attempt was made to determine the amount of silver 
remaining in solution, but this could easily be done 
by AAS. 
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Table 2. Sodium peroxide procedure 

Formate precipitation H,S precipitation 

Sweeps sample Sweeps sample Sweeps sample 
No. 1 No. 2 No. 1 

Added, Found, Added, Found, Added, Found, 
Element mg mg mg mg mg mg 

Au 10.2 
28.7 
42.4 
30.2 
50.7 

200.4 
28.6 

113.2 
55.4 
33.5 
58.6 
10.3 
25.9 
85.5 
12.3 
25.2 
40.3 

5.6 
110.5 
25.6 
10.3 

Pt 

Pd 

Rh 

Ru 

Ir 

A8 

10.9(l) 
28.9 (1) 
41.6 (2) 
29.8 (1) 
51.6(2) 

201.8 (3) 
29.oiij 

112.0 (3) 
56.1 (2) 
32.0 (1) 
59.4 (2) 
9.8 (2) 35.6 

26.4 (2) 33.4 
83.8 (2j 15.0 
12.4 (2) 24.9 
25.9 (2) 33.1 
41.0(2) 29.7 

5.3 (2) 11.2 
109.3 (3) 35.6 
25.2 (1) 30.0 
9.8 (1) 48.6 

33.5 
11.3 
23.2 
30.3 
88.8 
23.3 
34.7 
12.5 

120.3 
16.4 
24.3 

32.7(l) 30.3 30.8 (1) 
11.8(l) 
23.6 (2) 
30.0(l) 31.2 31.6(l) 
87.3 (2) 
23.6 (2) 
34.1 (1,2) 28.6 28.4 (1) 
12.5 (2) 

121.6(3) 
16.9 (1) 26.5 26.0 (1) 
25.0 (2) 
34.8 (2) 
34.2 (2) 30.5 31.2(2) 
14.4 (2) 
25.2 (2) 
32.1(2) 27.7 26.9 (2,4) 
29.8 (2) 
10.8 (2) 
34.8 (1) 30.3 30.0(l) 
29.5 (1) 
47.8 (1) 

(1) By AAS. 
(2) By PES. 
(3) Gravimetrically. 
(4) 0.5 mg of iridium found in H,S-filtrate by PES. 

Direct sodium peroxide-d.c. plasma procedure 

Strictly speaking, this is not a collection procedure, 
since it involves no separations, but it gives a master 
solution suitable for the direct determination of all 
the precious metals by the d.c. plasma technique, in 
which the presence of sodium chloride is beneficial. 
The limiting factor is the volume required to keep the 
sodium chloride concentration below 3%. A typical 
volume of sample solution is 500 ml, which would 
make the optimum range of application 5-500 mg of 
each precious metal. Since the maximum amount of 
sample that can be fused with sodium peroxide is 2 g, 
the method is less suitable for the analysis of lower- 
grade sweeps (any of the precious metals < 100 oz/ton 

or <0.35%), but it is extremely useful for the analysis 
of high-grade sweeps. We have noted some matrix 
effects in the d.c. plasma technique, for instance from 
high concentrations of aluminium, such as found in 
catalysts. It is therefore advisable to use standards 

matrix matched to the samples. 
Since the method is extremely rapid, we use it 

largely semi-quantitatively to establish the analytical 
parameters for the more precise sodium formate, 
nickel sulphide and/or silver bead methods. If the hy- 
drochloric acid concentration is kept at 3M, up to 200 
mg of silver per litre will be kept in solution by the 
combined effect of the acid and sodium chloride 

present. The method is therefore well suited for the 
direct determination of silver in sweeps. Because of 
the close proximity of the zirconium and silver lines, 
AAS measurements are preferred to d.c. plasma 
measurements for silver. Some results are presented in 

Table 3. In these tests 5-100 mg portions of each of 
the precious metals and 2-g portions of sweeps sample 
No. 1 were fused with sodium peroxide in zirconium 

crucibles. 

The nickel sulphide method 

This method, based to a large extent on the excel- 

lent work of the investigators at the South African 
National Institute of Metallurgy’5~35 can accommo- 

date both small and large sample weights, and small 
or large amounts of all the precious metals except 
gold. It is applicable to just about any sweeps matrix, 
including material that is difficult or impossible to 
fuse by conventional fire-assay techniques, such as 
samples simultaneously containing large amounts of 
nickel, copper, chromium, iron and aluminium. The 
authors of the nickel sulphide procedure suggested 
that the sample taken should contain a maximum of 
about 10 mg of precious metals. With only minor 
modifications, we have extended the scope of the 
method to as much as 1.5 g of precious metals, thus 
allowing the use of gravimetric methods when need 
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Table 3. Direct sodium peroxide-d.c. plasma procedure 

Element 

Au 

Pt 

Pd 

Rh 

Added, Found, 
W W 

5.3 4.9 
10.5 11.3 
12.0 12.9 
22.5 23.3 
10.5 10.5 
28.7 27.7 
40.2 41.0 
12.3 13.2 

Element 

Ru 

Ir 

AS* 

Added, Found, 
W W 

4.2 4.0 
23.6 22.5 

5.5 5.2 
24.8 25.7 

6.9 6.5 
98.5 98.0 

*Determined by AAS. 

for accuracy makes this desirable. (As much as 10 g of 
platinum, palladium and rhodium can be quantitat- 
ively collected without modification of the compo- 
sition and quantity of flux.} On the other hand, the 
method can also be used for the determination of 
trace amounts of precious metals in sweeps when 
another precious metal, itself not to be determined, is 
added as a “collector”. 

We found that the procedure suggested by Robert 
et ~1.‘~ for dissolving precious metal sulphides is inad- 
equate for the larger quantities of precious metals 
found in most sweeps samples. Hot dilute aqua regia 
is significantly more effective than hydrochloric acid 
and hydrogen peroxide as a solvent for precious metal 
sulphides. If, after several treatments with aqua regiu, 
some insoluble sulphides still remain (for instance, if 
the sample contains large amounts of rhodium and/or 
iridium), the residue can be decomposed by fuming 
with nitric acid and perchloric acid (or nitric acid and 
sulphuric acid, if ruthenium determination is 
required). After evaporation to dryness, the residue is 
treated with hot dilute nitric acid (to dissolve silver 
sulphate or perchlorate), then with hydrochloric acid 
to precipitate the silver. After filtration the filtrate is 
combined with the main solution. As in the case of 
the sodium peroxide-sodium formate procedure, an 
acid-insoluble residue can be transferred to a zirco- 
nium crucible and fused with sodium peroxide. 

It has been reported 34 that tin causes losses of pre- 
cious metals. It was conjectured that “the small 
amount of tin sulphide that enters the button pro- 
motes dissolution of the noble metals by the concen- 
trated hydrochloric acid used for dissolving the but- 
ton”. 

In a series of tests involving five sweeps samples of 
widely differing compositions, three 15-g samples 
were treated by the usual nickel sulphide collection 
technique, and to a fourth portion tin oxide (1.5 g) 
was added before the fusion. To a fifth portion tin 
metal (1.5 g) was added prior to the fusion. There was 
no statistical difference in the results obtained with 
and without addition of tin. In these tests, the filtrates 
containing nickel chloride were examined for the 
presence of precious metals as follows. 

The hot filtrates were saturated with hydrogen sul- 
phide in the presence of 100 mg of cupric chloride as 

collector. The sulphides were filtered off, ignited and 
examined for precious metals by emission spectrogra- 
phy. It was found that all portions contained, in ad- 
dition to silver, only traces of precious metals (eO.1 
mg of major components, <O.Ol mg of minor ones), 
whether or not tin oxide or tin metal was originally 
added to the flux. These amounts of precious metals 
in the solutions would be insignificant in sweeps 
analysis. It is possible that the precious metal losses 
attributed by the earlier investigators3’ to the effect of 
tin may be due to differences in flux compositions. 

The effect of prolonged heating of the sulphides 
with hydrochloric acid was also examined. Again no 
precious-metal losses were found, except for silver, 
even when the solutions were evaporated to incipient 
crystallization of nickel chloride. 

We found it advantageous to modify the flux com- 
position considerably in the nickel sulphide pro- 
cedure, using the criteria for other fire-assay tech- 
niques, namely that for proper slag formation a basic 
sample matrix requires an acid component in the flux, 
and vice versa. 

Thus, for the determination of precious metals in 
alumina-base catalysts and sweeps low in silica, we 
found it necessary to add at least 1 g of silica for each 
g of sample, to reduce the attack of the flux on the 
clay crucible. We have also replaced the borax and 
sodium carbonate, the basic components of the flux,” 
with potassium carbonate and boric acid, obtaining in 
situ formation of potassium tetraborate and/or meta- 
borate. Three g of aluminium powder are also added 
to the flux to act as a deoxidant. 

These changes in the flux composition make it easy 
to fuse refractory sweeps which otherwise could be 
fused only with some difficulty. The resulting nickel 
sulphide button has a silvery appearance and separ- 
ates readily from the slag, which has a very low vis- 
cosity when poured and a very glossy obsidian-like 
appearance. 

A typical flux-sample combination would be as fol- 
lows. 

Sample 2-20 g 
Silica 5 g or equal to sample weight (whichever is 
the larger) 
Potassium carbonate 100 g 
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Boric acid 60 g 
Aluminium powder 3 g 
Nickel carbonate 35 g 
Sulphur 15 g 

The resulting nickel sulphide button wih weigh ap- 
proximately 3s g. 

The recovery nickel sulphide button is obtained by 
fusing the slag with 17 g of nickel carbonate and 8 g 
of sulphur. 

In more recent tests we have replaced the nickel 
carbonate by nickel powder, mainly for economy 
since nickel Powder is less than a fifth of the price of 
nickel carbonate per unit of available nickel. The 
reaction between the nickel powder and sulphur is as 
smooth as that between the carbonate and sulpbur. 
We suggest using 17 g of the metal instead of 35 g of 
nickel carbonate. 

Silver was not included in their investigations by 
the South African analysts. We found that silver is 
collected nearly completely by nickel sulphide. Only 
smaB amounts remain in the slag from the second 
fusion, and are recovered as described below. How- 
ever, silver sulphide is partially decomposed by the 
concentrated hydrochloric acid treatment of nickel 
sulphide, and the silver liberated is held in solution by 
the high chloride concentration Preliminary tests 
indicate that 20-100 mg of silver may remain in sol- 
ution, even if the excess of hydr~hloric acid is re- 
moved by evaporation and the solution diluted with 
water to 500 mf. This is due to the solubility of silver 
chloride in a concentrated nickel chloride solution” 
The conversion of silver sulphide into soluble silver 
chloride depends to a large extent on the amount of 
other precious metal sulphides. 

The dissolved silver can easily be determined by 
AAS after transfer of the solution to a lOOO-ml stan- 
dard flask and dilution to volume with 30% v/v hy- 
drochloric acid. 

The incomplete collection of gold by the nickel sul- 
phide procedure is a major ~~ppo~ntrnent~ It can be 
assumed that most of the gold in sampfes of sweeps is 
present as the free metaf, which does not readiiy form 
a sulphide, as shown by examination of the nickel 
sulphide slag The slag contained a significant amount 
of gold, which was partially recovered by fusion of the 
slag with a lead flux containing silver as a collector. 
Though most of the gold was thus accounted for, the 
results were still si~i~cant~y low. An examination of 
the assay crucible showed that part of the missing 
gold was embedded as free metal in the walls of the 
crucible. 

A considerable effort was made to find a metal ad- 
ditive to the flux which might alloy with the gold 
during the fusion step. The best (but not completely 
satisfactory) results so far have been obtained by the 
addition of copper oxide to the flux in addition to 
aluminium powder. It appears that the molten 
aluminium produces, throughout the melt, copper 
metaf which ailoys with gold during the fusion step, 

before it and the gold are converted into their sul- 
phides. A residual amount of gold passes into the slag, 
from which it can be recovered together with trace 
amounts of silver by a regtdar fire-assay technique, as 
foIIows. 

The stag is crushed to 40-m&1 powder, returned to 
the assay crucible and mixed with 4 g of starch and 
250 g of a lead flux (PbO 85%, SiOl 6%, Na2C03 
9%). The mixture is fused at about 10504 and the 
resulting bad button is scarified to remove residual 
nickel. After cupellation, the resulting Ag/An prill is 
weighed, then dissolved in nitric acid followed by hy- 
drochloric acid (if the prill is mostly Ag) or directly in 
aqua regia (if mostly Au). The solution is evaporated 
to dryness, the residue dissolved in a measured 
amount of 2% potassium cyanide solution and the 
silver and/or gold determined by AAS. 

Validation qf nickel sulphide procedure 

Portions of gold, silver, platinum, palladium, 
rhodium, ruthenium and iridium (5-250 mg) were 
weighed into 40-g assay crucibles containing 10 g of 
the sweeps-type residues used in validation of the 
sodium peroxide procedures. These synthetic sweeps 
sampies were fused with the modified flux just de- 
scribed and the nickel sulphide buttons were treated 
and analysed by the procedures given. 

The results are presented in Table 4. Except for 
gold the recovery of the precious metafs is good, and 
the accuracy is limited only by the ins~umentation 
used. 

A considerable effort has been made to extend our 
investigation to other sulphide systems. The results 
will be reported in a future paper. 

The most attractive feature of this method is its 
ability to accommodate large sample weights. This 
approach is therefore best suited for the determi- 
nation of small, even trace amounts, of the three 
“insohrble” precious metals (rhodium, iridium and 
ruthenium) in the presence of relatively large quanti- 
ties of gold, silver, platinum and palladium. 

To ensure the quantitative collection of trace 
amounts of these three “insoluble” precious metals, it 
is advisable to add to the fusion charge, unless enough 
is already present in the sample, up to 50 mg of one OF 
the three elements for the collection of the other two. 
The addition of up to 5 g of silver serves to hold 
mechanically up to a total of 74 mg of the three in- 
soluble metals, Beamish’ 6 has extensively described 
the appearance of silver beads containing precious 
metals. As a result of his investigations, he did not 
recommend silver as a collector for rhodium, iridium 
and ruthenium. It should be noted, however, that in 
the Beamish tests the silver to “insoluble” element 
ratio did not exceed 10: 1, whereas in the method Pro- 
posed here it exceeds 100: 1. ft should also be noted 
that all the precious metals are significantly soluble in 
an excess of molten silver. Separation starts only 
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Table 4. Nickel sulphide procedure 

Sweeps sample Sweeps sample Sweeps sample 
No. 1 No. 2 No. 2 

Added, Found, Added, Found, Added, Found, 
Element mg mg rW mg mg W 

Au 5.2 4.3 (1) 7.3 6.2 (1) 12.5 12.1 (2,4) 
15.3 68.2 (I) 120.0 116.5(l) 23.2 23.0 (2,4) 

107.5 106.8 (2,4) 150.5 148.6 (1.4) 35.2 33.7 (2) 
Pt 7.7 7.9 (2) 230.6 231.8 (3) 20.7 20.1(2) 

74.6 73.0(l) 12.8 12.1 (2) 50.8 49.5(1,2) 
250.5 249.6 (3) 123.7 122.5 (2) 750.9 752.0 (3) 

Pd 120.6 121.3 (3) 150.9 150.9 (3) 25.8 25.2 (2) 
22.5 22.0 (2) 15.3 15.9 (2) 70.6 70.8 (1,2) 
15.5 76.8 (3) 18.7 18.5(l) 125.8 126.4 (3) 

Rh 13.4 13.0 (2) 22.7 23.3 (1) 14.2 14.7 (2) 
130.7 129.6(l) 27.3 27.9 (2) 30.9 31.6(i) 
35.3 35.9 (2) 84.7 84.0 (2) 75.4 73.8 (1,2) 

Ru 4.9 4.8 (2) 15.5 15.6 (2) 12.6 12.6 (2) 
30.2 29.5 (2) 45.3 44.5 (1,2) 55.9 57.0 (2) 
15.3 15.8 (2) 14.0 14.0 (2) 23.5 23.8 (2) 

Ir 13.2 13.0(2) - 12.9 12.2 (2) 
40.7 40.0 (2) 55.5 54.3 (2) 30.3 30.4 (2) 

5.5 6.1(2) 13.2 13.3 (2) 3.0 3.2 (2) 
Ag 25.9 25.2 (3) 

65.3 65.0(f) 
428.5 426.7 (3) 

120.5 120.0 (3) 75.3 73.8 (1) 
45.6 44.3 (3) 95.5 94.7 (3) 33.7 33.0(l) 

(1) By AAS. 
(2) By PES 
(3) Gravimetrically. 
(4) Gold recovery improved by changes in flux composition and treatment of slag, see dis- 

when the silver solidifies on cooling. The amount of 
silver added is sufficient to prevent mechanical losses 
of the insoluble elements, since the element deter- 
mined is always surrounded and protected by the 
added collector element. There are also the additional 
safeguards of “washing” the surface of the cupel with 
molten silver and of loosening the bead from the 
cupel at the solidification point. 

The separation and collection of the various pre- 
cious metals into two master solutions is achieved as 
shown in Fig. 1 (p. 24). The initial nitric acid sol- 
ution contains all the silver and about 98% of the 
platinum and palladium. The filtrate in Beaker A con- 
tains about 96% of the platinum and palladium. After 
the reprecipitation of silver chloride, the filtrate in 
Beaker E or D contains more than 98% of the plati- 
num and p~ladium retained by the first silver chlor- 
ide precipitate. 

The aqua regia solution in Beaker B contains all the 
gold and traces of platinum and palladium. It may 
also contain traces of rhodium, particularly if the gold 
content of the sample is significant. The combined 
aqua regia solution of the three fractions (Beakers B, 
C and D or E) therefore contains all the gold and 
palladium, all but traces of the platinum, and possibly 
traces of rhodium. The hydrochloric acid solution 
from the peroxide fusion of the acid-insoluble residue 
contains all the iridium and ruthenium and all but 
traces of the rhodium. It may also contain traces of 

platinum. The traces of precious metals mentioned 
are not disregarded, but are determined along with 
the major elements by PES. 

V~Jidat~on of silver bead coJiectio~ procedure 

Various amounts of precious metals ranging from 
0.5 to 10 mg in the case of rhodium, iridium and 
ruthenium, and from 5 to 100 mg in the case of gold, 
platinum and palladium, were transferred to 30-g 
assay-crucibles holding 5 g of silver and 15 g of the 
&eeps-type samples used in the other validation 
work. Ruthenium or iridium were used as collectors. 
After fusion, scarification and cupellation, the silver 
beads were treated as described in the procedure. Two 
fractions resulted: one containing the gold, platinum 
and palladium and traces of rhodium, the other con- 
taining rhodium, iridium, ruthenium and traces of 
platinum. They were analysed as described in the 
experimental section. The results are presented in 
Table 5. 

Supplementary lead-button method for determination of 
silver and gold in sweeps rich in ~Jatinum metats 

The silver bead method obviously cannot be used 
for the determination of silver. The formate procedure 
and the direct sodium peroxide method are limited to 
sample weights of 2 g, which makes them most suit- 
able for the determination of gold and silver in 
amounts greater than 0.25%. The modified nickel sul- 
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Table 5. Silver bead procedure 

Element 

Rh 

Ir 

Ru 

Au 

Pt 

Pd 

Ag 

Sweeps sample Sweeps sample Sweeps sample 
No. 1 No. 2 No. 2 

Added, Found, Added, Found, Added, Found, 
W W W mg mg mg 

0.50 0.48 4.3 4.1 0.85 0.81 
1.35 1.37 6.8 6.5 6.1 6.2 
8.4 8.5 1.52 1.52 3.2 3.0 

2.33 2.39 5.2 5.3 0.55 0.50 
6.5 7.2 9.0 8.8 7.6 7.4 

25 ND* 25 ND 25 ND 

25 ND* 25 ND 25 ND 
25 ND* 25 ND 25 ND 

4.7 4.6 8.3 8.4 1.62 1.70 

25.3 24.7 3.3 3.3 5 ND 
55.3 56.2 36.3 35.3 65 ND 
75.4 74.8 90.0 91.6 65 ND 

7.3 7.3 90.5 89.0 26 ND 
23.5 22.9 30.3 30.8 40 ND 
85.3 87.2 55.1 55.7 60 ND 

67.3 66.5 17.4 17.4 25 ND 
33.2 32.6 25.7 24.9 25 ND 

4.0 4.0 40.0 40.6 25 ND 

5g ND* 5g ND* 5g ND* 

5g ND* 5g ND* 5!3 ND* 

5g ND* 5i? ND* 5g ND* 

Table 6. Analysis of sweeps sample 27303 

ND Not determined. 
ND* Not determined, added as collector. 

phide method provides reasonably good results for 
gold and silver. For referee purposes, however, it is 
often desirable to use an alternative approach. The 
suggested supplementary procedure is suitable for the 
determination of both large and small quantities of 

gold and silver irrespective of the amounts of the 
platinum metals. No attempt is made, as in the classi- 
cal lead button procedure,5 to use the various frac- 
tions for the determination of any of the platinum 
metals, with the possible exception of ruthenium and 
iridium (but not rhodium), which remain in the resi- 

due after extraction of gold with aqua regia. The in- 
soluble residue can be fused with sodium peroxide 
and used for the determination of ruthenium and/or 
iridium after acidification with hydrochloric acid. 

Some of the gold and silver results obtained by 
application of this method to some typical sweeps 

samples received for analysis are given in Tables 6-12. 
The d.c. plasma technique has one great advantage 

over the AAS method, namely superior sensitivity, 
allowing it to cover effectively a range difficult to 
achieve with AAS. This is particularly true in the case 

Collection Analysis 
method method Ru Rh Ir 

Content, % 

Pt Pd Au Ag 

NiS by PES 

by AAS 

Direct Na,O, by PES 
fusion by AAS 

Sodium formate by PES 

by AAS 

Supplementary by AAS 
lead-button 

40.2 14.9 
40.5 15.2 
39.8 15.2 
40.4 15.0 

39.8 14.9 
40.3 14.8 

40.2 14.8 
39.9 15.0 
40.3 15.0 

4.90 0.715 0.475 0.40 
4.95 0.707 0.479 0.39 
4.6 0.703 0.477 0.38 1.50 

0.716 0.470 0.41 

4.63 0.70 0.46 0.42 1.45 
1.47 

4.92 0.703 0.470 
4.94 0.707 0.478 

0.712 0.473 

0.427 
0.420 - 
0.415 1.43 

0.43 1 1.45 
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Table 7. Analysis of sweeps sample 92822-914 

Collection Analysis 
method method Ru Rh Ir 

Content, % 

Pt Pd Au Ag 

NiS by PES 

by AAS 

Direct Na,O, 
fusion 

Supplementary 
lead-button 

by PES 

by AAS 

by AAS 

Sodiumformate by PES 

by AAS 

Ag bead by PES 

by AAS 

Outside laboratory 
No. I, 
unknown method 

Qutside laboratory 
No. 2, 
unknown method 

0.028 0.408 
0.030 0.402 

- 0.411 
- 0.408 

0.03 0.41 
- 

0.03 1 0.406 
0.032 0.409 

- 0.412 
- 0.412 

_* 0.397 

_* 0.395 

0.028 0.402 

0.003 0.390 

0.155 0.511 
0.153 0.510 

- - 
- - 

0.14 0.54 
- - 

- 0.55 

- - 

0.147 0.511 
0.149 0.514 

- 0.510 
- - 

0.148 0.507 
0.152 0.509 

- 0.511 

0.154 0.525 

0.127 0.510 

0.094 
0.092 

- 

0.107 

0.095 

0.094 
0.092 
0.086 

0.089 

0.099 

0.091 

0.023 

0.180 

- 

0.220 

0.233 

0.238 

*Ruthenium added as collector. 

Table 8. Analysis of sweeps sample 92822-224 

Collection Analysis 
method method Ru Rh Ir 

Contents, % 

Pt Pd Au Ag 

NiS 

Direct Na,OZ 
fusion 

Supplementary 
lead-button 

Sodium formate 

Ag bead 

Outside laboratory 
No. I 

Outside laboratory 
No. 2 

by PES 

by AAS 

by PES 

by AAS 

by AAS 

by PES 

by AAS 

by PES 

by AAS 

0.056 1.78 
0.054 1.76 

1.77 

0.067 1.76 
0.065 1.76 

- 1.74 

0.049 1.82 
0.052 1.80 

1.76 

* 1.79 
* 1.77 
* 1.76 

0.064.t 1.78 

0.052t 1.75 0.100 0.250 

0.107 0.277 
0.104 0.271 

- 0.277 

0.10 0.28 
0.10 0.27 

- - 

- - 

0.105 0.255 
0.103 0.257 

- 0.255 

0.106 0.27 1 
0.109 0.275 

- 0.274 

0.110 0.294 

0.160 0.662 
0.163 0.656 
0.167 0.650 

0.18 0.69 
0.19 0.69 

- 0.684 

0.154 0.646 
0.158 0.663 
0.157 0.660 

0.162 0.694 
0.166 0.694 
0.160 0.686 

0.17l.t 0.706 

0.160.t 0.630 

*Ru added to Ag beads. 
tNo referee analysis required. 
@Silver determined gravimetrically as AgCl. 
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Table 9. Analysis of sweeps sample 92822-424 

37 

Collection Analysis 
method method Ru Rh Ir 

Content, % 

Pt Pd AU Ag 

NiS by PES 

Direct Na,O, by PES 0.05 
fusion by AAS - 

Supplementary 
lead-button 

Sodium formate 

Ag bead 

Outside laboratory 
No. 1 

Outside laboratory 
No. 2 

by AAS 

by AAS 

by PES 

by AAS 

by PES 

by AAS 

0.070 
0.072 

- 

0.074 
0.074 

* 

* 

0.082t 0.388 0.08 1 0.835 0.966 

-t 0.380 0.069 0.770 0.930 

0.386 
0.388 
0.400 
0.392 

0.41 
0.40 

0.387 
0.394 
0.389 

0.380 
0.386 
0.391 

0.069 
0.066 

- 

0.076 

- 

0.064 
0.068 

0.068 
0.073 

0.773 0.933 
0.770 0.946 
0.769 0.928 
0.776 0.935 

0.76 
0.75 

- 

0.94 
0.94 

0.758 0.916 
0.764 0.925 
0.768 0.920 

0.766 0.938 
0.760 0.927 
0.764 0.935 

0.266 - 

0.260 1.13 
1.15 

0.28 
0.28 1.09 

1.09 

0.276 1.14 

0.263 - 
0.269 
0.260 - 

0.284 
0.280 - 
0.280 - 

0.294 1.17 

0.280 1.04 

*Ru added as collector. 
tNo referek analysis required. 

Table 10. Analysis of sweeps sample 33827-124 

Reported Reported 
by shipper, % by receiver, % 

Ru 0.017 0.014 
lr 0.0079 0.0050 
Pt 0.010 0.010 
Pd 0.034 0.036 
Au 0.023 0.021 
Ag 6.72 6.75 
Rh 0.111 0.100 

Umpire results for Rh by Ledoux & Co. 

NiS 
by PES 
by AAS 
Ag bead 
by PES 
by AAS 
Direct Na,O, 
by PES 
Sodium formate 
by PES 

0.117, 0.113 
0.112, 0.111 

0.107, 0.109 
0.109, 0.109 

0.121 

0.111 

of iridium where the sensitivity of the plasma method 
is at least 50 times that of AAS. The fact that sodium 
chloride does not interfere with d.c. plasma measure- 
ments allows the use of fusion of precious-metals 
“insolubles” with sodium peroxide and acidification 
with hydrochloric acid. The direct sodium peroxide 
fusion method yields results ranging from semi-quan- 
titative to quantitative, depending on the amount of 
potentially interfering elements present. For example, 

the presence of 1000 pg of alumina per ml, unless also 
present in the standards, will cause +5% relative 
error for rhodium and + 10% relative error for plati- 
num. The application of this method is also limited to 
sample solutions containing more than 1 mg of each 
precious metal. 

In evaluating the data in Tables 612 it should be 
remembered that the precision of the d.c. plasma 
method, when based on a sufficient number of read- 
ings, is between 1 and 1.5% relative, whereas that of 
the AAS method varies between 1.5 and 3% relative. 
Any deterioration in the precision is attributable 
either to inadequacies in the collection procedures 
and/or the presence of interfering species. 
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Table 11. Analysis of sweeps sample 20292 

Collection Analysis 
method method Ru Rh If 

Content, % 

Pt Pd Au Ag 

NiS by PES 0.051 1.40 0.0045 7.67 
0.052 1.42 0.0048 7.59 

by AAS 1.47 7.52 
1.52 7.67 

4.26 
4.32 

- 

Direct Na,O, 
fusion 

by PES 0.083 1.64 0.0046 7.87 4.49 0.568 
0.083 1.66 - 8.20 4.44 0.436 

by AAS - 1.46 7.45 4.26 0.574 
1.45 7.46 4.26 0.55 

by AAS - - 0.553 5.67t 

5.78 
5.76 

Supplementary 
lead-button 

Sodium formate by PES 0.057 1.51 
6y AAS - 1.52 

0.050 1.52 

0.0056 7.81 
7.60 

4.39 0.551 - 
5.56 

By CoS collection 
method* 

Outside laboratory 
No. 1 

Outside laboratory 
No. 2 

0.011 7.42 4.28 0.542 5.50 

- 1.45 - 7.78 4.33 0.55 5.47 

- (8.04!) - 7.68 4.40 0.44 6.61 

*Ledoux & Co. unpublished method. 
tSilver determined gravimetrically as AgCl. 

Table 12. Analysis of sweeps sample 20782 5. T. J. Walsh and E. A. Hausman, in Treatise on Analyti- 
cal Chemistry, I. M. Kolthoff and P. J. Elving (eds.), 
Part II, Vol. 8, Interscience, New York, 1963. 

6. Chemikerausschuss, Edelmetall-Analyse, Springer, Ber- 
lin, 1964. 

7. S. Kallmann, Anal. Chim. Acta, 1970, 51, 120. 
8. F. W. Bowdish, Fire Assaying for Gold and Silver, 

paper at IPMI Meeting on Precious Metals, San Fran- 
cisco, 1980. 

9. E. E. Bugbee, A Textbook on Fire Assaying, 3rd Ed., 
Wiley, New York, 1940. 

10. C. H. Fuston and W. J. Sharwood, Manual of Fire 
Assaying, McGraw-Hill, New York, 1929. 

11. A. McGuire, Classical Fire Assaying, paper at IPMI 
Conference on Precious Metals, Morristown, N.J., 
1978. 

12. E. A. Smith, The Sampling and Assay of the Precious 
Metals, 2nd Ed., Griffin, London, 1947. 

13. F. E. Beamish and J. C. Van Loon, Recent Advances in 
the Analytical Chemistry of the Noble Metals, Perga- 
mon Press, Oxford, 1972. 

14. G. H. Faye and P. E. Moloughney, Talanta, 1972, 19, 
269. 

15. R. V. D. Rob&t. E. van Wyk and R. Palmer, Natl. Inst. 
Met. Rep. S. Afr., Rept., No. 1371, 1971. 

16. F. E. Beamish, The Analytical Chemistry of the Noble 
Metals, Pergamon Press, Oxford, 1960. 

17. F. E. Beamish and J. C. Van Loon, Analysis of Noble 
Metals, Academic Press, New York, 1977. 

18. R. C. Mallet, D. C. Pearton and E. J. Ring, Natl. Inst. 
Met. Rep. S. Afr., Rept., No. 970, 1970. 

19. C. L. Lewis, in reference 16. 
20. Idem, in reference 17. 
21. S. R. Cooke, Analysrs ofprecious Metals, Using a D.C. 

Method Pt, % Rh, % Pd, % 

NiS 
by PES 

by AAS 

Gravimetric 
(15-g sample) 
Direct Na,O, 
fusion 
by PES 

Outside 
laboratory 

9.80 0.242 0.197 
9.87 0.242 0.195 
9.90 0.238 0.198 
9.92 0.240 0.196 
9.85 - 
9.87 - 

9.98 0.23 0.20 
9.96 0.23 0.20 
9.90 0.23 0.20 

Instrumental techniques applicable to other sul- 
phide systems will be reported in a subsequent paper. 
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REACTIVITY OF POTASSIUM TETRACYANOMERCURATE WITH 
Ag(I), Ni(I1) AND Co(II)* 
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Summary-Potentiometric and conductometric studies on the reactions between KrHg(CNh and Ag(I), 
Ni(II), Co(H) are reported. The possibility of determination of these metal ions has been evaluated and 
some titration data are reported. 

The cyanide ion is a particularly strong ligand owing 
to its highly nucleophilic character. From formation- 

constants for the cyanide complexes of various 
cations”’ it can be seen that the reaction M”+ + 
aCN- = M(CN)t - ‘)+ generally produces very stable 
species for 1 < a < n, and less stable ones for a > n. 

various metal ions in the absence of buffer. The equiva- 
lence points were found by potentiometry and low-fre- 
quency conductimetry. 

For the system Hg(IIwN- the values reported are 
log k, = 17.00, log k2 = 15.75, log k3 = 3.56 and log 

log kl = 17.00, log kz = ,15.75, log kz = 3.56 ’ .-- 
k, = 2.66 at 25”;3 other authors’*’ have obtained 
similar values. Hg(CN), is so stable that it does not 
give the typical reactions of CN or Hg(II), except for 
HgS precipitation4 It can also be converted into the 
tetracyano-complex Hg(CN):-, which besides the two 
negative charges has lone pairs of electrons available 

on the four nitrogen atoms. We can therefore hypoth- 
esize some reactions of cations with Hg(CN):- or 
with CN- derived from it, on the basis of the stability 
constants of the resulting species and of possible hy- 
drolytic reactions, since potassium tetracyanomercur- 
ate solutions have pH -10. We decided it would be 
useful to study the reactions between K,Hg(CN), and 
Ag(I), Ni(I1) and cO(I1) to establish their stoichi- 
ometry and select those which are analytically useful; 
we also studied the interferences. 

Since each technique can reveal only what is allowed by 
its transducer,6 a multiplicity of techniques was used in 
order to obtain complementary results, and thus determine 
and interpret the various reactions. 

Potentiometric titrations of HG with hvdrochloric acid 
(glass electrode) revealed only one equivalence point (EP), 
at a pH of about 5, with HG and HCI reacting in the ratio 
1: 2. When a mercury-selective electrode was used as indi- 
cator the same equivalence point was obtained, so the reac- 
tion is taken as being 

Hg(CN):- + 2H+ = Hg(CN), + 2HCN (1) 

Stoichiometry of reactions 

K,Hg(CN), with AgNO,. Figure 1 shows three typical 
titration curves of 1.0 mmole of HG with 0.0912M silver 
nitrate. There are three EP, corresponding to compounds 
in which the molar ratio (R) of Aa+ to HG is 0.67. 1.00 and 
2.00. We believe that the’ following successive ‘reactions 
take place : 

first EP, R = 0.67: 

3Hg(CN):- + 2Ag+ = Ag,[Hg(CN),]:- 

second EP, R = 1.00: 

(2) 

Ag,[Hg(CN),]:- + Ag+ = 3AgHg(CN), 

third EP, R = 2.00: 

(3) 

3AgHg(CN), + 3Ag+ = 3Hg(CN), + 3Ag,(CN), (4) 

EXPERIMENTAL 

Solutions and apparatus 

The standard aqueous solution of K2Hg(CN)4 war pre- 
pared by dissolving the necessary quantity of the hIerck 
reagent-grade salt, previously dried over phosphorus pen- 
toxide, and analysed for purity (99.3%) by decomposing a 
known quantity with nitric acid and titrating the Hg(I1) 
with thiocyanate by the Volhard method. All other sol- 
utions were made from analytically pure salts, and stan- 
dardized by known methods5 

The mtrate ions are omitted from these equations, since 
they affect only the conductivity. We should stress that 
both the ions involved in co-ordination with CN-, viz. 
Hg(II) and Ag(I), are d’O cations and in aqueous solution 
are both typically soft acceptors.’ 

To determine the reacting ratio between Hg(CN)$- 
(henceforth abbreviated to HG) and M”+, a known quan- 
tity of HG was titrated with standard solutions of the 

The initial decrease in conductivity is due to the gradual 
substitution [see reaction (2)] of the SIX charges of 
3Hg(CN):- by the four charges of the anion 
Agz[Hg(CN),]:- and two charges of the NO; ions. 
Further addition of Ag(1) leads to a compound having R = 
1.00, according to reaction (3), and the conductivity in- 
creases slightly because of the higher mobility of the nitrate 
ion. In the compound AgJHg(CN),l:- the two silver ions -__ -. 
(with co-ordination number 2) ~would act as bridges 
between the three Hg(CN):- anions through the lone-pairs 
of electrons on the nitrogen atoms. 

*Presented at the XIV Congress of the Sociem Chimica 
Italiana, Catania, 1981. Supported by C.N.R., Rome, 

When the quantity of silver added reaches equimolarity 
with HG, the result is quantitative formation of 

Italy. AgHg(CN),. The Increase in conductivity observed before 
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Fig. 1. Curves for titration of 1.0 mmole of Hg(CN):-/lOO 
ml with 0.0912M Ag(I). LF = conductometric titration; 
mV(Ag) = potentiometric titration with an Ag-selective 
electrode as indicator; mV(Hg) = potentiometric titration 

with an Hg-selective electrode as indicator. 

this second EP continues at the same rate even after it, 
because the substantial increase in [NO;] [see reaction 
(411 is counterbalanced by the disappearance of the anion 
AgHg(CN);. The potentiometric titration with the Ag elec- 
trode gives a change in potential due to the quantitative 
transformation of Ag,[Hg(CN)& into AgHg(CN);, 
whereas titration with an Hg electrode does not, since the 
Hg(CN)$- structure is preserved. The formation of 
AgHg(CN); always take place through the lone-pairs of 
the nitrogen atoms; in such cases the co-ordination 
number 2 of Ag(I) would favour polymerization to yield 
compounds of the type Ag,[Hg(CN),]:-. 

Once the second EP has been passed, addition of further 
Ag(I) causes reaction (4) until the third EP (for which R = 
2.00) is reached. This is shown on the LF curve by the 
increase in conductivity due to the excess of silver nitrate. 
There is also an increase in potential with both electrodes, 
corresponding to the transformation of AgHg(CN), (or its 
polymers) into the insoluble salt Ag(CNbAg (analysis of 
which confirms its composition), and release of the cova- 
lent compound Hg(CN),. 

K,Hg(CN), with NI’SO,. Figure 2 shows the curves for 
titration of 1.0 mmole of HG with 0.0922M mckel sul- 
phate. An overall view of the curves reveals three EP. with 

R equal to 0.25, 0.50 and 1.00 respectively. We hold that 
the reactions taking place are successively: 

first EP, R = 0.25; 

4Hg(CN):- + Ni’+ = Ni[Hg(CN)&- 

second EP, R = 0.50: 

(5) 

Ni[Hg(CN)&- + Ni ‘+ = 2Ni(CN):- + 4Hg(CN), (6) 

third EP, R = 1.00: 

2Ni(CN):- + 2NiZf = 2Ni(CN),Ni (7) 

Sulphate ions are omitted from these equations smce they 
affect only the conductivity measurements. The Ni(I1) ion, 
d’“‘, possesses modest soft characteristics.’ 

In Fig. 2, the decrease of conductivity until the first EP is 
reached can be attributed to the gradual formation [reac- 
tion (5)] of a large ion carrying six negative charges, coun- 
terbalanced by the disappearance of four Hg(CN)i- ions 
and addition of one sulphate ion. We think that the 
Ni[Hg(CN),]:- is formed by interaction between Ni(I1) 
and the lone-pairs of the cyanide nitrogen atoms, and that 
it is a square plane, similar to that of the tetracyanonicke- 
late ion, nickel dimethylglyoximate,’ etc. 

Once the first EP is passed, addition of Ni(I1) increases 
the conductivity owing to the destruction [reaction (6)] of 
the Ni(HG):- and production of the smaller Ni(CN)i- 
ions and undissociated Hg(CN)z. The quantitative forma- 
tion of this last compound is demonstrated by the poten- 
tiometric EP (Hg electrode) at R = 0.50. 

Further addition of Ni(I1) precipitates solid Ni(CN),Ni,’ 
in accordance with reaction (7). Thus we observe a de- 
crease in conductivity (LF curve) until the third EP is 
reached, at which point the precipitation is quantitative. 
Beyond the third EP, the conductivity is increased by the 
excess of titrant. 

KZHg(CN), with CoSo,. Figure 3, for titration of 1.0 
mmole of HG with the d’ cation Co(I1). They clearly show 
two EP with R values of 0.40 and 1.00; the conductometric 
curve might also indicate equivalence in the region of R = 
0.2 and 0.6, but we were able to hypothesize quantitative 
reactions concordant with these values, either on the basis 
of experiment or the literature on cobalt chemistry.‘0-‘2 

The reactions which take place quantitatively are: 

first EP. R = 0.40: 

5 Hg(CN):- + 2Co*+ = 2Co(CN):- + 5 Hg(CN), (8) 

second EP, R = 1.00: 

2Co(CN):- + 3C02+ = SCo(CN), (9) 
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Fig. 2. Curves for titration of 1.0 mmole of Hg(CN):-/lOO ml with 0.0922M Ni(I1). LF = conducto- 
metric titration; mV(Hg) = potentiometric titration with an Hg-selective electrode as indicator. 
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Fig. 3. Curves for titration of 1.0 mmole of Hg(CN):-/lOO 
ml with 0.0935M Co(H). LF = conductometric titration; 
mV(Hg) = potentiometric titration with an Hg-selective 

electrode as indicator. 

Reaction (8) was deduced from the inflection on the po- 
tentiometric curve, which indicates the liberation of 
Hg(CN), and the formation of Co(CN):-, a reasonably 
stable complex already observed by others.i3,“’ Reaction 
(9) was deduced from the LF curve and shows the quanti- 
tative formation of the brown Co(CN), precipitate. 

ANALYTICAL APPLICATIONS 

The curves shown in Figs. l-3 suggest possibilities 
for both conductometric and potentiometric direct 
and reverse titrations of HG, Ag(I), Ni(I1) and Co(I1). 

We decided not to use the conductometric tech- 
nique, since the titration curves give more than one 
EP, which could present interpretative problems. 

Instead, we developed the potentiometric tech- 
nique, which uses a cell of the type 
Hg/Hg(II)JIKNO,j(SCE, where Hg denotes the Hg- 
selective electrode. The EP of the titrations corre- 
sponds to the quantitative formation of Hg(CN)2 
according to the overall reactions: 

2Hg(CN):- + Ni2+ = 2Hg(CN)2 + Ni(CN):- 
R = 0.5 

SHg(CN):- + 2C02+ = SHg(CN), + 2Co(CN): - 
R = 0.4 

Standard stock solutions of Ag(I), Co(II), Ni(I1) and 
HG were prepared and successively diluted to give 
the working solutions. The same method was used 
whichever solution was regarded as the determinand. 
A known volume of HG solution was diluted to about 
100 ml and titrated with the appropriate cation sol- 
ution. Since the titres of all the solutions were known, 
it was possible to compare the theoretical and experi- 
mental values. Table 1 shows some of the results 
obtained, which confirm the general validity of the 
method. The best results are obtained by titrations 
with (or of) Ni(I1) and Co(I1) to an EP which does not 
incur precipitation. The error is below f 1% over a 
wide range of concentration. For Ag(I), however, the 
margin of error is wide for very low or very high 
concentrations. At low concentrations the error is 

Table 1. Comparison between the theoretical and experimental values for HG. titrated potentiometrically with Ag(I), 
Ni(II). Co(H) 

Ag(ItHG system Ni(IItHG system Co(IItHG system 

HG tilsor. HG,,,,,. HG ,hcor. HG expsr. HG tIleor HG 
pmoles pmoles 4% pmoles pmoles 4% 

sxpcr, 
pmoles pmoles A,% 

19.80 20.20 + 2.0 20.13 20.57 + 2.2 19.35 20.05 + 3.6 
39.61 38.66 - 2.4 40.26 40.98 + 1.8 38.70 38.00 - 1.8 
69.31 70.56 +1.s 70.45 68.76 - 2.4 67.73 69.22 + 2.2 
99.02 98.13 -0.9 100.6 101.9 +1.3 96.76 98.02 + 1.3 

148.5 147.6 -0.6 151.0 149.8 -0.8 145.1 146.0 +0.6 
198.0 199.1 +0.6 201.3 202.0 +0.3 193.5 193.5 -0.2 
247.6 248.2 + 0.2 251.6 250.7 -0.4 241.9 240.9 -0.4 
297.1 295.8 -0.4 301.9 300.2 -0.6 290.3 292.3 +0.7 
346.6 347.7 +0.3 352.2 354.8 f0.7 338.7 337.3 -0.4 
396.1 394.6 -0.4 402.6 401.3 -0.3 387.0 387.8 + 0.2 
445.6 446.0 f0.1 452.9 452.0 -0.2 435.4 438.0 + 0.6 
495.1 498.3 +0.6 503.2 508.1 + 1.0 483.8 485.7 +0.4 
742.7 740.3 -0.3 754.8 755.3 +0.1 725.7 727.2 +0.2 
990 983 -0.7 1006 1010 + 0.4 968 962 -0.6 

1485 1475 -0.7 1510 1522 +0.8 1451 1464 + 0.9 
1980 1961 -1.1 2013 2004 -0.5 1935 1943 + 0.4 
2476 2440 -1.4 2516 2533 + 0.7 2419 2434 + 0.6 
2971 2912 -2.0 3019 3049 +1.0 2903 2877 -0.9 
3466 3394 -2.1 3522 3570 +1.3 3387 3333 - 1.6 
3961 3892 - 1.7 4026 3970 -1.4 3870 3940 + 1.8 
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Table 2. Interferences 

Ag(ItHG Ni(IItHG Co(IItHG 
system system system 

Salt added yes no yes no yes no 

AgNO3 X X 
Ni(NG& X X 
WNO3)2 X X 

WN03)3 X X X 

WN03)3 X X X 

WN03)t X X X 

Zn(NO3h X X X 

P'WO3)z X X X 

WNO,), X X X 

MnSO, - X X 

FeSO, X X 

KCl X X 
KI X X 

H&b X X 

- indicates not tested 

always positive and attributable to precipitation diffi- 
culties; at high concentrations the error is always 
negative and suggests occlusion of HG in the precipi- 
tate already formed. 

Interferences were studied, and are indicated in 

Table 2. 8. 

9. 
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SHORT COMMUNICATIONS 

AN IMPROVED RADIOCHEMICAL PROCEDURE 
FOR LOW-LEVEL MEASUREMENTS OF AMERICIUM 

IN ENVIRONMENTAL MATRICES 

S. BALLESTRA and R. FUKAI 

International Laboratory of Marine Radioactivity, IAEA, c/o Oceanographic Museum 
Principality of Monaco 

(Received 9 July 1982. Accepted 25 August 1982) 

Summary-The chemical yield and accuracy of measurements of 241Am at low levels in marine environ- 
mental matrices have been substantially improved by applying the extraction procedure with DDCP 
(dibutyl-N,N-diethykarbamylphosphonate). The improved procedure is described, and its advantages 
over the conventional procedure are discussed. 

The results of several intercalibration exercises con- 
ducted in recent years on the measurements of trans- 
uranic radionuclides1-4 demonstrate that the deter- 
mination of americium at low levels, such as those 
encountered in environmental matrices, still poses 
serious analytical problems to a number of labora- 
tories. Although the method for americium separation 
by extraction with HDEHP (di-2-ethylhexylphos- 
phoric acid) together with anion-exchange in nitric 
acid-methanol medium, proposed previously by 
Holm et al.,’ gives clean separation of americium and 
curium from interfering a-emitters and lanthanides, 
the radiochemical yield may sometimes be low owing 
to the effect of complex matrices, inadequate pH-con- 
trol for the extraction step, etc. A more consistent 
recovery of americium can be achieved by extraction 
with DDCP (dibutyl-NJV-diethylcarbamylphospho- 
nate) in strong acid medium instead of the HDEHP 
extraction, thus eliminating the delicate pH-control 
for the extraction step. The details of the improved 
procedure for americium separation are described 
below and the advantages of applying the new pro- 
cedure are discussed. 

EXPERIMENTAL 

Reagents 

Two-layer ion-exchange column. Bore 1 cm. Upper layer, 
3 ml of Bio-Rad 5OW-X8 cation-exchange resin (200-400 
mesh); lower layer 3ml of Bio-Rad AGl-XI anion- 
exchange resin (100-200 mesh). 

Anion-exchange column. Bio-Rad AGl-X4 (100-200 
mesh), bore 1 cm, volume 6 ml. 

Nitric acid (fM)-methnnol(93% v/u) mixture. Mix 64 ml 
of concentrated nitric acid (15.7M) with 936 ml of pure 
methanol. 

Hydrochloric acid (O.f)M-ammonium thiocyanate 
(0.5M)-methanol (SPA u/u) mixture. Mix 100 ml of 1M hy- 
drochloric acid and 100 ml of 5M ammonium thiocyanate 
with 800 ml of pure methanol: 

Hydrochloric acid (1.5M)-methanol (8607 u/u) mixture. 
Mix 122 ml of concentrated hydrochloric acid (12.4M) with 
860 ml of pure methanol and dilute to 1000 ml with dis- 
tilled water. 

Americium yield monitor. Nitric acid (1M) solution of 
243Am or ““%rn (l-2 dpm/ml). 

Sample pretreatment 

The procedures for pretreating large quantities of en- 
vironmkntal matrices, Huch as sea-water -( -200 I.), sedi- 
ments (50-100 g), biological materials (20-100 a). for the 
measurkments of transuranic nuclides have already been 
fully described.’ After addition of the required yield moni- 
tors ( 243Am or 244Cm for the americium determination, 
1-2 dpm per sample), sediment and biological samples are 
dry-ashed and then treated with hot aqua regia. Transura- 
nit nuclides present in the resulting solutions are co-preci- 
pitated with iron hydroxide. Instead of two-step co-precipi- 
tation with first calcium-magnesium carbonate and then 
iron hydroxide,6 transuranic nuclides in sea-water samples 
may be directly co-precipitated with large amounts of iron 
hydroxide (at least 10 mg of iron per like of sea-water) 
after equilibration of the yield monitors added, 

The precipitate of iron hydroxide obtained through the 
pretreatment procedures is dissolved with either concen- 
trated hydrochloric acid or concentrated nitric acid. Pluto- 
nium is separated from americium and curium either by 
the anion-exchange procedure in the hydrochloric acid 
medium described by Talvitie’ or by that of Won&* in 
nitric acid medium. 

Americium purification 

The acid solution of the americium fraction (in either 
9M hydrochloric acid or 8M nitric acid) is evaporated 
nearly to dryness and then the residue is dissolved in 
600-800 ml of distilled water. Oxalic acid (- 20 g) is added 
and, if necessary, 200-300 mg of Ca2+ (as calcium nitrate) 
and dissolved by stirring. The pH of the solution is 
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Fig. 1. Schematic flow-chart for the proposed procedure in 
comparison with that of the previous procedure (Holm et 

ld5). 

adjusted to 2-3 by addition of ammonia until a precipitate 
of calcium oxalate appears. The solution is stirred for 1 hr 
and the precipitate is collected by decantation and centri- 
fugation. The precipitate is then heated at 90” for 1 hr 
with -50 ml of O.lM sodium hydroxide. This leaves a 
hydroxide precipitate of the rare earths (R.E.), thorium, 
em., with americium. The precipitate is centrifuged and 
washed twice with -20 ml of 2M ammonium nitrate. The 
hydroxide precipitate is dissolved in 9M hydrochloric acid 
(max. volume 20 ml) and the solution is passed through the 
two-layer ion-exchange column at a flow-rate of 0.5 
ml/min. The column is washed with 5 column volumes of 
9M hydrochloric acid. 

The effluent from the column is evaporated to dryness 
and the residue is dissolved in 20 ml of 12M nitric acid. 
Americium and curium in the solution are extracted twice 
with 1 ml of DDCP by shaking in a separatory funnel for 
30 sec. The organic phase is washed with two 5-10 ml 
portions of 12M nitric acid and then americium and cur- 
ium are stripped with two 20-ml portions of 2M nitric acid, 
leaving accompanying thorium (and plutonium if present) 
in the organic phase. 

The americium fraction in 2M nitric acid is evaporated 
nearly to dryness. The evaporation is repeated several 
times with the addition of concentrated nitric acid a few ml 
at a time. The residue is then dissolved in a minimal 
volume (5-20 ml) of 1M HNO,-93X CH,OH mixture and 
the solution is passed throughthe anion-exchange column 
at a flow-rate of 0.5 ml/min. The column is successively 
washed with 3-S column volumes of the LM HNOo-93% 

CH,OH mixture. Americium and curium are sorbed onto 
the column together with R.E. and any traces of lead, 
uranium, etc., and traces of iron and bivalent metals pass 
through. The R.E. and any uranium are eluted in the wash- 
ing. Finally, americium and curium are eluted with 5 
column volumes of the 1.5M HCl-86% CHsOH mixture. 
Remaining traces of lead, if any, stay on the column. 

Electra-deposition and a-spectrometry 

The cleaned-up americium-curium mixture is electro- 
deposited onto a stainless-steel disc from a sulphuric acid- 
ammonia medium at pH 3, as described by Talvitie.g The 
activity on the disc is counted with a silicon surface-barrier 
detector coupled with a multichannel analyser. 

DISCUSSION 

A schematic flow-chart for the new procedure is 
compared with that for the previous procedures in 
Fig. 1. The new procedure has an additional major 
step, the HDEHP extraction step being replaced by 
two steps, the oxalate precipitation and the DDCP 
extraction, one before and the other after the two- 
layer ion-exchange. As has been pointed out,’ the 
critical step for successful recovery of ~ericium by 
the previous procedure is the HDEHP extraction, for 
which the pH of the solution should be controlled at 
2-3. Even if the pH is properly controlled, the sol- 
utions originating from some samples, especially 
those from sediments, tend to start forming a precipi- 
tate in this pH-range, which may considerably lower 
the efficiency of the HDEHP extraction of americium. 
Although the extraction efficiency can be improved by 
mixing TBP (tri-n-butyl phosphate)1° or HMEHP 
(monoester of HDEHP)” with the HDEHP, the effi- 
ciencies obtained are variable, depending on the suc- 
cess of the pfi-control during the extraction step, as 
well as on the matrices of the samples analysed. In 
addition, since nitric acid itself is readily extractable 
with HDEHP, the presence of excess of nitric acid 
tends to reduce the extraction efficiency, owing to the 
competition between the nitric acid and the metal 
nitrate complexes. In contrast to uniodentate organo- 
phosphorus extractants such as TBP, DBBP (dibutyl- 
butylphosphonate), HDEHP, etc., bidentate organo- 
phosphorus reagents such as DDCP, DB-DECMP 
(dibutyl-N,N-diethylcarbamylmethylenephosphonate), 
etc. have much larger &-values for metal nitrate 
complexes than for nitric acid,i2 thus eliminating the 
effect of the presence of excess of nitric acid in the 
solution. Moreover, the K, values of DDCP for metal 
complexes increase with increasing acidity, even 
above an acidity of 8M. This allows extraction from 
strong acid medium without disturbance by precipi- 
tate formation, especially for sediment samples. 

Though all metals having oxidation states higher 
than 3t, such as Fe, R.E., PO, Th, U, Np, Pu, Am, 
Cm, etc. are, in principle, extracted with DDCP, uni- 
valent and bivalent cations, such as Ca, Pb, Ra, etc., 

are not.13 The stripping with 2M nitric acid brings 
Am and Cm together with R.E. into the aqueous 
phase, while traces, if any, of Th and Pu remain in the 
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Table 1. Efficiencies of the DDCP extraction and the 2M HNOs stripping, 
for various species 

Extracted Stripped 
Isotope Mode of with DDCP, with 2M HNO,, 

Species used counting % % 

Bi3+ 207Bi Y 9 5.4 
PO&+ *r”Po c! 41 40 
Th4+ 229Th Lx 100 0 
U6+ 233U CI 97 61 
Np5+ 235Np 1’ 99 71 
PU4+ 2’7Pu Y 97 3.2 
Am’+ 241Am Y 99 92 

organic phase. Table 1 presents the results for recov- 
ery of various elements by both the DDCP extraction 

and the 2M nitric acid stripping. The results show 
that these steps are very efficient for removing Th and 
Pu, while the loss of Am remains minimal. Since 
insufficient decontamination of Th has sometimes 
been experienced in analysis of Th-rich samples such 
as sediments by the previous procedure, the total 
elimination of Th through the DDCP extraction/ 
stripping step substantially improves the accuracy of 
americium determinations on such samples. Thus, the 
combination of the oxalate precipitation, the two- 
layer ion-exchange and the DDCP extraction not 
only facilitates the analytical manipulation, but also 
ensures the elimination of interfering cc-emitters, im- 
proving overall accuracy of the americium determi- 
nations. The oxalate precipitation as the preliminary 
clean-up step eliminates the remaining bulk of alka- 
line-earth metals and iron together with Al, Cr, Mn, 
Ni, etc., while the two-layer ion-exchange removes 
traces of Fe, PO, Th, U, Pu, etc. The removal of these 

traces is further ensured by the DDCP extraction/ 
stripping. Although it is prudent to adopt the three 
above-mentioned clean-up steps for completely elim- 
inating traces of these elements, the two-layer ion- 
exchange step may not be absolutely necessary, in 
view of the high capability of the DDCP extraction/ 
stripping for decontamination from Th and Pu. In 
fact, several sediment samples have been successfully 
analysed for americium without use of the two-layer 
ion-exchange step. 

Since the abovementioned steps are incapable of 
,eliminating R.E., the anion-exchange in nitric acid- 
methanol medium and successive differential elution 
of Am and Cm are still necessary to eliminate R.E. as 
well as any remaining “‘Pb. 

In Table 2 the radiochemical yields achieved by 
the improved procedure are compared with those 
obtained with the previous procedure. These results 
clearly show that the new procedure substantially im- 
proves the overall recovery of 241Am and gives higher 
accuracy. 

Table 2. Comparisons between the chemical yields obtained for americium by the previous procedure and the new 
procedure 

Sample 

Previous procedure New procedure 

Chemical 241Am-content, Chemical 241Am-content, 
Date of yield fCi/l. or Date of yield, fCi//. or 
analysis % fW7 Sample analysis % fcils 

Sea-water 
AT-02-S 
AT-02- 100 m 
AT-02-500 m 
AT-02- 1000 m 
AT-02- ! 500 m 
AT-04-S 

Sea-water 
Nov. 78 59 0.07 * 0.01 ET-RI-10 m Oct. 81 73 1.2 + 0.1 
Dec. 78 23 0.16 f 0.03 ET-Rl-100 m Oct. 81 99 0.27 k 0.03 
Apr. 79 16 0.35 f 0.05 ET-Rl-1000 m Sep. 81 82 0.14 * 0.02 
Jan. 19 35 0.23 + 0.02 ET-RZ-10 m Oct. 81 92 0.12 * 0.02 
Jan. 79 46 0.14 & 0.02 ET-R2-250 m Nov. 81 77 0.17 * 0.03 
Nov. 78 38 0.05 f 0.01 ET-R2-500 m Nov. 81 61 0.03 * 0.01 

Av. 36 k 16 ET-R2-1000 m Nov. 81 64 0.10 + 0.02 
Av. 79 f 15 

Sediment Sediment 
SD-Nice-75 Feb. 76 20 0.10 * 0.05 SD-N- 1* Dec. 80 68 14 f 2 
SD-Monaco-76 Jun. 76 22 7.2 + 1.0 SD-N-l* Dec. 80 83 13 & 1 
SD-M-l Sep. 76 79 6.6 + 0.6 SD-N-l * Jan. 81 32 18 k 2 
SD-B-3* May 78 16 120 + 10 SD-N- 1 * Jan. 81 68 14 f 1 
SD-B-3* May 78 48 140 & 20 SD-N-l* Sep. 81 94 14* 1 

Av. 37 f 27 Av. 69 + 23 

*These sediment samples are the reference matertals issued by the IAEA for environmental transuranic measurements. 
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Summary-Two new oxidimetric titrants, dichlorohydantoin and dibromohydantoin are introduced for 
use in acetic acid medium, and have been applied to direct potentiometric titration of AS(III), Sb(III), 
Sn(II), Fe(II), Tl(I), Fe(CN)t-, I-, SCN-, hydrazine, phenylhydrazine, semicarbazide, hydroquinone, 
oxine and Reinecke’s salt, in aqueous acetic acid medium. 

As part of our programme for the development of 
new redox titrantslp4 we now introduce two N,N’- 
dihalohydantoins, 1,3-dichloro-5,Sdimethylhydantoin 
(I) and 1,3-dibromo-5,Sdimethylhydantoin (II) for use 
as oxidimetric titrants. For convenience, they may be 
called dichlorohydantoin (DCH) and dibromohydan- 

toin (DBH), respectively. 

(I) x = Cl 
(II) X = Br 

They have been applied to direct potentiometric 
titration of a variety of common reductants in 
aqueous acetic acid medium. 

EXPERIMENTAL 

Apparatus 

The apparatus and its use were the same as in earlier 
papers.1-4 

Reagents 

Dichlorohydantoin and dibromohydantoin. Prepared by 
halogenation of 5,5_dimethylhydantoin as reported by 
Okada et ~1.~ 

Stock solutions of DCH and DBH. DCH and DBH are 
insoluble in water and are fairly soluble in glacial acetic 
acid (DCH 118.5 g/kg, DBH 25.8 g/kg at 30”) and other 
common organic solvents. Approximately 0.25M (0.W) 
solutions were prepared by dissolving 4.9 g of DCH (or 
7.2 g of DBH) in a litre of glacial acetic acid and kept in 
amber coloured bottles. The solutions were fairly stable, 
the titre remaining constant for two or three days and then 
decreasing at the rate of about 0.1% per day. For accurate 
work daily standardization is recommended. The solutions 
were standardized iodometrically as for dibromamine-T.’ 

*Author for correspondence. 

Reductants. These were of analytical-reagent grade, and 
standard solutions were prepared in appropriate solvents 
as described earlier,‘As6*7 and checked by standard 
methods.ssg 

Procedure 

A measured portion (5-10 ml) of reductant solution was 
taken in a titration cell, 10 ml of glacial acetic acid were 
added (and any other reagents, such as potassium bromide, 
hydrochloric acid, if required). The solution was diluted to 
50 ml with water and titrated with DCH (or DBH). Near 
the end-point the titrant was added in O.l-ml increments, 
and the solution was stirred magnetically for 1 min and the 
potential read after the stirring had been stopped. The 
titration was continued until there was no significant 
change in potential on further addition of the titrant, and 
the end-point was located in the usual way. 

RESULTS AND DISCUSSION 

The results are presented in Tables 1 and 2. The 
half-reactions of DCH and DBH are represented by 
the equation 

RN2X2 + 2H+ + 4e- =RNzHz + 2X- 

the reduction product being hydantoin, as shown by 
infrared spectroscopy. The conditional redox poten- 
tials in glacial acetic acid medium at 30” were found 
to be + 1.19 and +1.13 V for DCH and DBH, re- 
spectively. In both cases a steady potential is attained 
quickly and at the equivalence point a potential jump 
of 100-350 mV is obtained on addition of 0.1 ml of 
either oxidant. The results show that all the titrations 
are accurate and precise. All the reduciants tested 
undergo the oxidation schemes reported earlier.1A***9 

Both DCH and DBH have some advantages over 
the earlier N-halosulphonamides in non-aqueous 
media.1,4,s The stock solutions are a little more stable 
and the potentials become steady more quickly. More 
reductants can be titrated directly with DCH or DBH 
than with dichloramine-T,s*9 dibromamine-T,’ and 
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Table 1. Potentiometric titrations with dichlorohydantoin 

Reductant 

As(III) 
Sb(II1) 
Sn(I1) 
Fe(I1) 
Tl(I) 
Ferrocyanide 
Iodide 
Hydrazine 
Phenylhydrazine 
Semicarbazide 
Hydroquinone 
Oxine 
Thiocyanate 
Reinecke’s salt 

*Six replicates. 

Reductant Standard Range Maximum 
taken, deviation,* studied, error, 
mmole pmole mmole % 

0.2717 0.3 0.27-0.49 0.3 
0.2522 0.1 0.2&0.40 0.4 
0.1779 0.6 0.14-0.35 0.5 
0.2560 0.4 0.254.78 0.5 
0.1280 0.3 0.084.25 0.5 
0.5260 1.5 0.314.73 0.5 
0.4877 0.4 0.294.68 0.4 
0.1737 0.04 O.l(M.24 0.3 
0.0724 0.07 0.03X).18 0.5 
0.0893 0.04 0.08-O. 18 0.4 
0.2598 0.1 0.25-0.5 1 0.3 
0.1320 0.1 O.l(tO.21 0.4 
0.0581 0.1 0.05-0.12 0.5 
0.0152 0.02 0.01-0.03 0.5 

Table 2. Potentiometric titrations with dibromohydantoin 

Reductant 

As(II1) 
Sb(II1) 
Sn(I1) 
Fe(I1) 
Tl(I) 
Ferrocyanide 
Iodide 
Hydrazine 
Phenylhydrazine 
Semicarbazide 
Hydroquinone 
Oxine 
Thiocyanate 
Reinecke’s salt 

*Six replicates. 

Reductant Standard Range Maximum 
taken, deviation,* studied, error, 
mmole pmole mmole % 

0.2503 0.1 0.20-0.45 0.4 
0.2517 0.2 0.2&0.40 0.4 
0.1726 0.3 0.134.34 0.4 
0.5030 0.1 0.20-0.60 0.3 
0.1663 0.2 0.08X).24 0.5 
0.1769 0.2 0.17-0.53 0.4 
0.4877 0.4 0.29-0.68 0.4 
0.2113 0.1 0.16-0.25 0.4 
0.0377 0.1 0.034.19 0.4 
0.0654 0.02 O.OM.13 0.4 
0.2257 0.1 0.22-0.40 0.4 
0.1179 0.2 0.07-0.16 0.4 
0.0607 0.06 0.06-0.12 0.4 
0.0148 0.01 0.01-0.03 0.3 

chlorbromamine-T,4 e.g., thiocyanate and Reinecke’s 
salt, which can only be determined by back-titration 
when these last three reagents are used. 
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FOR 

Summary-A simple, selective and accurate spectrophotometric method has been developed for the 
determination of the cephalosporin-type antibiotic cephazolin. The method is based on the fast prelimi- 
nary acid hydrolysis of cephazolin and the spectrophotometr~c determination of one of its degradation 
products-Z-mer~pto-S-methylthiadiazole. 

Cephazolin (I) is a semi-synthetic antibiotic of the trol analysis of cephazolin. For this purpose the anti- 
cephalosporin group with a wide antimicrobial spec- biotic is firstiy hydrolysed in acidic medium-a pro- 
trum of activity, and containing a specific substituent, cedure which we have already proposed and used for 
the 2-mercapto-5-methylthiadiazole group at position determination of other cephalosporinag The absorb- 
3 in the fi-lactam ring. 

The analytical methods used for its determination 
are analogous to those apphed for cephalosporins and 
penicillins and are usually based on determination of 
the degradation products formed in neutral or alkaline 
hydrolysis of the p-lactam ring. Examples are the 
iodimetric method,’ which has been automated for 
the determination of some cephaIosporins,2 and the 
hydroxylamine3 and bromosuc~nimide’ methods. 
Some direct methods have also been described such 
as alkalimetric titration5 and potentiometric titration 
in non-aqueous medium.6 

All these methods suffer from insufficient specificity. 
Thus when the iodimetric method is applied, all fi-lac- 
tam antibiotics, as well as their degradation products 
or impurities, are oxidized by the iodine. When the 
hydroxylamine method (recommended’ along with 
the microbiological method) is used, the presence of 
amides, esters, aldehydes, ketones, anhydrides etc.. 
which also react with hydroxylamine, leads to positive 
errors. The direct s~ctrophotometric method for 
cephalosporins’ also does not find a practical appli- 
cation, because of the lack of specificity-all com- 
pounds containing the p-lactam ring absorb in the 
range 250-270 nm. 

The aim of the present work was to develop a 
simple and accurate quantitative method for fast con- 

ante of the degradation product, 2-mercapto4 
methylthiadiazole (MMTD), is measured at 302 nm 
and used as a basis for determination of the parent 
antibiotic. A photometric procedure for MMTD was 
therefore developed first. 

EXPERIMENTAL 

Determination of MM TD 

In aqueous solution MMTD shows an absorption band 
at 297 nm. The presence of sulphuric acid increases the 
intensity of the band and a bathochromic shift to 302 nm, 
due to the protonation of the compound, is also observed 
(Fig. 1). 

Procedurr 

Dissolve 10.0 mg of MMTD in 2 ml of methanol, dilute 
to 100.0 ml with water, and then dilute 5.00 ml of this 
solution to 50.0 ml with water. Mix 5.00 ml of this working 
solution with 5.00 ml of 0.50/, v/v sulphuric acid in a 25-ml 
test-tube and measure the -absorbance at 302 nm in a 
IO-mm cell against 0.25% v/v sulphuric actd. Analyse 
sample solutions by similar treatment. 

The sensitivity of the procedure is relatively high, the 
molar absorptivity being 1.3 x lo4 1. mole- 1 .cm- I. Beer’s 
law is valid over the range l-10 pg/ml. 

To estimate the precision and accuracy of the method 10 
analyses were made of a commercial sample of the sub- 
stance. The results are summarized in Table 1. 
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Fig. 1. Absorption spectra of MMTD: (a) 0.001% aqueous 
solution, (b) 0.001% solution in 0.25% v/v H$O.+ 
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Fig. 2. Absorption spectra of cephazolin: (a) 0.0025% 
aqueous solution, (b) 0.005% solution after hydrolysis in 

0.25% v/v H2S04 for 20 min. 

Table 1. Photometric determination of MMTD and cephazolin 

MMTD, Cephazolin, 

% % 

Number of determinations. n 
Mean content, X 
Standard deviation, S 
95% Confidence limit, AX = S. t/Jn 
Relative standard deviation, 

100 s/x 
Relative error, 100 BY/lx 

10 10 
95.5 90.2 

1.5 1.0 
1.1 0.7 

1.6 1.2 
1.2 0.9 

Determination of cephazolin 

Cephazolin shows an absorption band at 270 nm. due to 
the p-lactam ring. This band cannot be used for a spectro- 
photometric determination, however, because of its low 
absorptivity and the lack of specificity. For example. 
7-aminocephalosporamc acid (7-ACA). an impurity that 
can be present in the trade product, shows intense absorp- 
tion at 262 nm. When cephazolin solution is heated in the 
presence of sulphuric acid the band at 270 nm disappears 
and a new band is observed at 302 nm (Fig. 2) due to the 
hydrolysis product MMTD. and there is also absorption at 
about 250 nm, by unidentified degradation products. The 
formation of such products was confirmed by TLC, with 
ethyl acetate-acetone-acetic acid-water (5:2: 1: 1) as devel- 
oping agent. Irradiation with ultraviolet light (254 nm) 
shows that no cephazolin is present in the hydrolysed 
sample, but only MMTD and two other degradation 
products (that have not been identified). 

The substituent at position 7 in 7-ACA (viz. tetrazolyl- 
acetic acid) does not interfere, since it shows no absorbance 
in the range 220-350 nm. The presence of 7-ACA as impur- 
ity or degradation product in the antibiotic also does not 
interfere. Its absorption band at 262 nm disappears after 
the substance has been heated with sulphuric acid. because 
the /I-lactam ring opens. As no other hydrolysis product 
absorbs at -300 nm, there is no need to extract the 

MMTD and the absorbance of the acidic solution can be 
measured directly. 

The experimental conditions for quantitative hydrolysis 
of cephazolin to MMTD were investigated. The influence 
of acidity on the hydrolysis was studied by increasing the 
sulphuric acid concentration used, the mixtures being 
heated for 20 min on a steam-bath. The results obtained 
from three parallel determinations are presented in Table 2. 

It can be seen that the antibiotic is partly hydrolysed by 
heating even in the absence of sulphuric acid, and TLC 

Table 2. Influence of acidity on the ab- 
sorbance after hydrolysis 

HzS0.i 
in the solution, 

% UIC 

Absorbance 
at 302 nm 

0.00 0.160 
0.10 0.370 
0.15 0.375 
0.25 0.375 
0.50 0.370 
2.50 0.365 
5.00 0.360 
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Table 3. Results for determination of cephazolin content 

Spectrophotometric Microbiological Potentiometric 
Sample method, % method, E/mg titration, % 

1 87.7 850 90.0 
2 84.3 840 85.0 
3 86.5 878 87.0 
4 90.2 925 91.0 
5 91.3 900 91.8 
6 90.6 900 91.2 

shows the presence of non-hydrolysed cephazolin. The 
extent of hydrolysis increases in the presence of sulphuric 
acid, and an acid concentration of 0.15% v/v is enough to 
give a quantitative yield of MMTD in 20 min. 

Procedure 

Dissolve 30.0 mg of pure cephazolin in water and make 
up to volume in a 100%ml standard flask and diluted 5.00 
ml to 50.0 ml with water. Heat 5.00 ml of this solution with 
5.00 ml of OS”/, v/v sulohuric acid on a steam-bath for 20 
min. Treat a sample containing about 30 mg of cephazolin 
in the same way. After cooling, measure the absorbance of 
both solutions at 302 nm against 0.25% v/v sulphuric acid. 

The cephazolin assay of the sample is determined by the 
absorbance of a cephazolin standard. or of an MMTD 
standard [in which case a transformation coefficient of 3.61 
(molecular-weight ratio cephazolin:MMTD)] is used. 
Beer’s law is valid over the cephazolin range 5-50 &ml. 
The precision and accuracy of the determination (Table 1) 
were determined with a commercial product (Eli Lilly). 

To compare the proposed method with the microbio- 
logical method and potentiometri~ titration6 six samples 
were analysed according to the three methods. The results 

are given in Table 3, and are in good accordance, in view 
of the errors of the corresponding methods. 
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Summary-A method for coulometric thermometric precipitation titrations of chloride, bromide and 
iodide in molten calcium nitrate tetrahydrate at 55” with coulometrically generated silver ions has been 
developed. The change in temperature during the titration is followed with the aid of a thermistor bridge 
coupled to a recorder. To minimize the temperature effect of the passage of current through the melt, 
two thermistors are connected in opposition in the bridge, with one in the anodic and the other in the 
cathodic cell compartment. Amounts of 62-80 pmole of halide have been determined with relative error 
below 0.4% and relative standard deviation less than 2.7%. The relative error in determination of 
40 pmole of iodide was + 2%. 

In recent years there has been growing interest in 
developing analytical methods directly applicable for 

various determinations in molten salts. Electroanaly- 
tical methods have been most frequently used for this 
purpose. 

The first thermometric titrations in molten salts 
were described by Jordan and co-workers,1-5 who 
titrated halide and chromate ions in a eutectic 

LiNO,-KNO, (34%w/w LiN03) salt melt, with silver 
nitrate in the same melt, at 158”. and also titrated 
Ag+ and Pb2+ with potassium chromate. Besides this, 
they calculated the thermodynamic parameters for 
precipitation of silver halides and silver chromate. 
These determinations were done in anhydrous salt 

melts which required a relatively high temperature. 
The drawback of the method was the necessity to 
keep the titrant at high temperature, and the difficulty 
in manipulation. 

In contrast. some hydrated salts melt at relatively 
low temperature, which allows use of the apparatus 
and technique normally used for titration in aqueous 
medium. 

We have developed a method for thermometric 
titrations of halides in a Ca(N03),.4Hz0 melt at 
50-60” with a standard aqueous solution of silver 
nitrate, and vice versa.6 Since the temperature used 

was only 25-30” above room temperature, it was 
possible to use the apparatus usually employed for 
aqueous media, and an aqueous titrant instead of a 

titrant in molten calcium nitrate. 
We have now extended the method by using coulo- 

metric generation of the titrant. 
Catalytic thermometric end-point detection in cou- 

lometric titrations of weak bases in non-aqueous sol- 
utions was introduced by Vajgand et ~1.’ ’ As far as 
we know, a purely thermometric (non-catalytic) 
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method of monitoring coulometric titrations has not 
previously been described, and this work probably 
represents the first example of a thermometric titra- 
tion with coulometric generation of titrant in a salt 
melt. 

EXPERIMENTAL 

Reagents 

All chemicals were reagent grade. Calcium nitrate tetra- 
hydrate (Kemika, Zagreb) was recrystallized from water 
and dried in air. Sodium chloride (Kemika, Zagreb) was 
recrystallized from water acidified with hydrochloric acid 
and dried by prolonged heating at 500”. Potassium bro- 
mide (Merck) and potassium iodide (Merck) were used 
without purification. The standard solutions of sodium 
chloride (1.365 and 0.8026M), potassium bromide (1.255 
and 0.7395M) and potassium iodide (1.306 and 0.7907M) 
were prepared by dissolving the necessary amounts of the 
dried salts in redistilled water. 

Appuratus 

The coulometric cell for thermometric titration was 
made of Pyrex glass (Fig. 1) and consisted of the cathodic 
(60 ml) and anodic (55 ml) compartments. separated by a 
porosity-3 sintered-glass disc. Both compartments were 
closed by rubber bungs with suitable holes for thermistors 
and electrodes. The cell was placed in a cylindrical glass 
vessel. as shown in Fig. 1, which in turn was put into an 
electric oven (Instrumentaria. Zagreb), 36 litres in capacity. 
The oven temperature was kept constant within + 0.2” in 
the range of 5G60”. The melt in the cell was stirred with a 
magnetic stirrer. 

Sdver ions were generated from a 2-mm diameter silver 
wire (purity 99.99%) with an effective surface area of about 
2cm’. with a Metrohm-Herisau type E coulostat. The 
counter-electrode was a platinum wire. The temperature- 
monitoring system consisted of two thermistors (GM 104, 
ITT), Wheatstone bridge and a recorder (Goerz-Electra, 
type Servogor S RE 51 I). The circuit diagram of the 
thermistor and recorder coupling is also shown in Fig. 1. 
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Fig. 1. Cross-section of the apparatus for coulometric thermometric titrations, and the circuit diagram 
of the thermistor and recorder coupling. A and B, anode and cathode compartment, respectively; S, 
silver anode; P, platinum cathode; T, thermistors (25 k0 at 55”); I, polystyrene insulator; M, magnets; 
MS, magnetic stirrer; RS, rubber stopper; 0, electric oven; RI, 20-KR resistor; R2, IO-kQ potentio- 

meter; R,, IO-kR resistor; RR, recorder; E, 2.4-V battery. 

The thermistors were sealed in glass and had the following 
specifications: resistance IOOkR at 25”, dissipation con- 
stant 0.7 mW/deg, effective resistance 25 kR at 55”. They 
were connected in opposition in a Wheatstone bridge, with 
one in the anodic and the other in the cathodic cell com- 
partment. In this way the temperature effect of the passage 
of current through the melt was eliminated. The e.m.f. for 
the Wheatstone bridge was supplied from a 2.4-V battery. 
At the maximum sensitivity setting, the thermistor bridge 
yielded a temperature response of O.l6”/mV and the full- 
scale deflection on the recorder was 2 mV (20 cm). 

Procedure 

The salt melt was added to the same level in both cell 
compartments. The anodic compartment contained about 
25 g of the melt, to which 50 or 100 ~1 of the standard 
halide solution were added by means of a calibrated micro- 

pipette (Oxford). Then the thermistors and electrodes were 
placed in both cell compartments and, after temperature 
equilibration, the recorder was switched on. The chart 
speed was lOmm/min. After 1-2min the titration was 
started by switching on the coulostat. The titration rate 
was 0.1 pmole/sec and the current density between 4.5 and 
5.0 mA/cm2. During the titration the melt in both cell com- 
partments was stirred by magnetic stirrer. 

RESULTS AND DISCUSSION 

Examples of the coulometric thermometric titration 
curves, for determination of chloride and iodide, are 
shown in Fig. 2. The distance A-B’ was taken as a 
measure of the amount of silver ions corresponding to 

Fig. 2. Coulometric thermometric titration curves: I, 80.3 pmole of NaCl; II, 39.6 pmole of KI; A, start 
of titration; B, end-point; A-B’, stoichiometric measure of the amount of titrant required. 
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Table 1. Results of coulometric thermometric titration of 
halides in molten calcium nitrate tetrahydrate at 55” 

Relative 
NO. of Taken, Found, Relative std. 

Halide titns. pmole fitmole error, % devn., % 

Cl- 8 80.3 80.5 +0.3 0.5 
7 68.3 68.4 +0.1 1.1 

Br- 6 74.0 74.1 f0.1 1.4 
1 62.8 62.6 -0.3 2.7 

I- 6 79.1 78.8 -0.4 0.6 
6 65.3 65.2 -0.2 0.4 
6 39.6 40.4 + 2.0 0.6 

the end-point. The titration end-point (B) was taken 
as the intersection of the extrapolated best-fit straight 
lines before and after the equivalence point on the 
titration record. If the end-point break is sharp 
enough extrapolation may not be necessary. The 
sharpest break occurred for the iodide titration, and the 
most rounded for chloride, as might be expected from 
consideration of the solubility products. The height of 
the titration curve should correspond to the tempera- 
ture change (or to the amount of heat liberated) due 
to chemical reaction in the anodic cell compartment, 
since the heat-effect of the current was minimized by 
connecting the thermistors in opposition. However, 
the temperature change is sometimes smaller and 
sometimes greater than that expected on the basis of 
the enthalpies of precipitation in a Ca(N03),.4H20 
melt,’ and the heat capacity of the melt. This means 
that heating of the melt by the current passed cannot 
be completely eliminated in the way described. 
Several reasons can be given for this: difference in the 
thermistor characteristics, difference in the amount of 
melt in the two cell compartments, change in the heat 
capacity because of the precipitate formation, change 

in the electrode surface area, changes in frit resistance 
in repeated experiments, etc. However, none of these 
effects interferes significantly with the determination, 
since an adequate break on the titration curve is 
always attainable. At lower titration rates (0.05 
pmole/sec lower) there is less heating of the melt by 
the passage of current but the titration time becomes 
too long and there is significant heat exchange with 
the surroundings. On the other hand, if only one 
thermistor is used, the temperature effect of the pass- 
age of current through the system is so large that it 
prevents the determination altogether. 

The results are given in Table 1. As can be seen, in 
determination of 62-80 pmole of halides the relative 
error is below 0.4% and the relative standard devi- 
ation less than 2.7%. In determination of 40pmole of 
iodide, the titration end-point is somewhat delayed 
and the relative error is +2x. 
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Summary-A method using Donnan dialysis for the preconcentration of some transition and rare-earth 
elements is described. Enrichment factors of about 20 are obtained in 1 hr. Calibration curves that are 
linear over 2 orders of magnitude are obtained with a relative precision of about 3% when Co(H) is used 
as an internal standard. The effect of aluminium in the receiver electrolyte on the interference caused by 
phosphate in the sample solution is discussed. 

Donnan dialysis’ is a simple and reliable means of 
preconcentrating trace levels of ions. In this process 
an ion-exchange membrane separates two solutions of 
different ionic strength. Because of the potential de- 
veloped across the membrane owing to the difference 
in ionic strength of the separated solutions, trace ions 
in the lower ionic strength solution (sample) will dif- 
fuse into the higher ionic strength solution (receiver 
electrolyte). Two properties of the Donnan dialysis 
system allow it to be used for preconcentration. First, 
the spontaneous diffusion of an ion across the mem- 
brane can occur against its concentration gradient. 
That is, an ion can diffuse from a region where it is in 
low concentration to one in which it is in higher con- 
centration. Second, the concentration of an ion in the 
receiver electrolyte will be proportional to the initial 

concentration of that ion in the sample and to the 
time of preconcentration. By properly designing the 
dialysis system it is possible to obtain high enrich- 
ment factors in a reasonable time, thereby allowing 
Donnan dialysis to be used for preconcentration 
before analysis. 

Donnan dialysis preconcentration of metals has 
been used in conjunction with a number of methods 
of analysis. These include atomic-absorption spectro- 
photometry,2-4 voltammetry,5*6 and high-pressure 
ion-exchange chromatography.’ These procedures 
have focused almost exclusively on the development 
of systems for the Donnan dialysis preconcentration 
of transition metals, and although this technique 
should be applicable to any ion of a given charge sign, 
this has rarely been demonstrated. The purpose of 
this paper is to demonstrate its general applicability 
in this respect, and to report on a system suitable for 

preconcentration of both transition and rare-earth 
elements. 

*Author for correspondence. 

EXPERIMENTAL 

Apparatus 

The cation-exchange membranes used were Type R-1010 
(RAI Research Corp., Hauppauge, Long Island, N.Y.). The 
membranes were pretreated as previously described,’ and 
stored in the receiver electrolyte. 

Metals were determined with a Varian Techtron Model 
AA-6 atomic-absorption spectrophotometer with a Model 
BC-9 simultaneous background corrector. 

Reagents 

Lanthanum nitrate hexahydrate (99.99”/,). eurooium 
oxide (99.99x), and lutetium oxide’ (99.%‘A) (Aldrich 
Chemical Co., Milwaukee. Wisconsin) were used to ore- 
pare solutions of the rare-earth elements. All other reap& 
were analytical reagent grade. All solutions were prepared 
with doubly-distilled demineralized water. All sample sol- 
utions were at pH 5.6. 

Procedure 

Metal enrichments were performed in a manner similar 
to that previously described.2 In all cases, the diameter of 
the membrane in the dialysis cell was 3 cm, and 200-ml 
portions of sample and 4.0 ml of receiver electrolyte were 
used. The enrichment time was 1 hr unless otherwise 
stated. The receiver electrolyte consisted of l.OM magne- 
sium sulphate and 5.0 x lo- 3M aluminium sulphate. 

Enrichment was initiated by placing the membrane face 
of the dialysis cell (containing the receiver electrolyte) in 
contact with the magnetically-stirred sample solution. After 
the prescribed enrichment time the dialysis cell was re- 
moved from the sample and wiped, and the receiver 
electrolyte was transferred to a sample container. When 
necessary, the receiver electrolyte was filtered through 
0.45~pm regenerated cellulose filters with a syringe filter. 
Metals in the receiver electrolyte were then determined by 
atomic-absorption spectrophotometry. 

RESULTS AND DISCUSSION 

The transfer of trace cations across an ion-exchange 
membrane in Donnan dialysis has been shown to be 
dependent on the difference in ionic strength between 
the sample solution and receiver electrolyte, as well as 
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Fig. 1. Influence of aluminium on the transfer of trace 
metals. Receiver electrolyte O.lM LiCl; enrichment time 0.5 
hr. E.F. = enrichment factor, defined as the ratio of the ion 
concentration in the receiver electrolyte to that originally 

in the sample. Co(U): O. Ni(I1): 0. 

the types of cation in the system.’ Figure 1 shows that 
the presence of Al(II1) in the sample increases the rate 
of transfer of Ni(I1) and Co(I1) across the membrane 
into 0.1 M lithium chloride. This results in an increase 
in the enrichment factors. 

The phenomenon demonstrated in Fig. 1 has been 
attributed to the relatively high selectivity of the 
membrane for Al(II1). 6*g The Al(II1) in the system 
blocks the fixed negative exchange sites on the mem- 
brane, and allows the trace ions of lower selectivity to 
diffuse directly through the pore spaces in the mem- 
brane, resulting in higher enrichment factors over a 
given time. The decrease in transfer rate observed 
(Fig. 1) at higher Al(II1) concentrations is due to the 
decrease in the difference between the ionic strengths 
of the sample solution and the receiver electrolyte. 

On the basis of previous work,‘p3 a receiver electro- 
lyte consisting of l.OM magnesium sulphate and 
5 x 10m3M aluminium sulphate was chosen, since it 
results in high enrichments and eliminates the depen- 
dence of ion transfer on the type and concentration of 
other ions in the sample. 

The calibration graphs for the enrichment of Ni(II), 
Cd(II), La(III), Eu(III), and Lu(II1) were all linear over 

a range of at least 2 orders of magnitude. The use of a 
fixed amount of Co(I1) as internal standard (and plot- 
ting metal/cobalt ratio against initial metal concen- 
tration) results in improved precision in all cases. 

Table 1 shows the precision obtained, with and 
without the internal-standard correction. The pre- 
cision without the internal standard is about 87& but 
is improved to about 3% by its use. 

Table 1. Precision for Donnan dialysis preconcentration of 
heavy and rare-earth elements with and without an internal- 

standard correction 

Metal 

Average Relative standard devtation, % 
enrichment Internal 

factor Direct standard 

Ni 22 8 2 
Cd 22 8 2 
La 18 8 6 
EU 18 7 3 
Lu 16 10 3 

The use of Co(I1) as the internal standard also 
makes the method more generally applicable. Pre- 
viously it was thought necessary to match the internal 
standard and analyte cations,’ to minimize errors 
arising from the relative selectivity differences 
between them. However. the data in Table 1 show 
that this is not necessary. When receiver electrolytes 
of high ionic strength are used, any cation can be used 
as an internal standard. This readily expands the 
applicability of Donnan dialysis enrichment. 

One of the advantages of Donnan dialysis enrich- 
ment is the relative lack of interferences.5*6 This is 
because the analyte is removed from the sample and 
transferred to a standard matrix in the receiver elec- 
trolyte. Only those factors which influence the rate of 
transfer of the analyte across the membrane will inter- 
fere. We have previously reported* the interference of 
phosphate in Donnan dialysis enrichment of trace 
metals and given a method of eliminating it. 

Table 2 shows data obtained for the enrichment of 
Ni(I1) and Co(I1) from solutions containing phos- 
phate, at various pH values, into receiver electrolytes 
with and without Al(II1). When Al(II1) is present in 
the receiver electrolyte, the enrichment factor falls 
rapidly as the pH of the sample solution increases 
above pH 5.0. When Al(II1) is not present in the 
receiver electrolyte the enrichment factors for cobalt 
and nickel do not change until the pH is above 8.5. 
The lower enrichment factors obtained in the absence 
of Al(II1) in the receiver electrolyte are consistent with 
the data in Fig. 1. 

The change in enrichment factor shown in Table 2 
can be explained as due to some interaction between 
phosphate and Al(II1). This could be either ion-pair 
formation between aluminium and phosphate, or the 
precipitation of AlPOd within the membrane. In the 
first case the formation of an ion-pair would reduce 
the affinity of aluminium for the membrane. resulting 
in an increased interaction between the fixed charges 
on the membrane and the nickel and cobalt ion mi- 
grating from the sample. This would result in a reduc- 
tion in the transfer rates and lower enrichment factors 
in a fixed-time experiment. In the second case the 

Table 2. Effect of alumimum on phosphate interference in 
Donnan dialysis 

Receiver electrolytes 
1 .OM MgS0.J 

5 x 10-3M Al&SO& l.OM MgS04 

Enrichment factor Enrichment factor 

PH Ni Co pH Ni co 

3.5 22.2 21.9 3.1 15.1 16.2 
5.0 23.4 23.4 5.9 14.2 15.6 
5.6 17.6 18.2 6.2 14.1 16.3 
5.7 12.8 13.5 6.8 14.1 14.8 
5.9 9.4 9.4 7.8 14.8 158 
6.1 7.0 6.8 8.5 14.7 16.1 
6.7 5.9 6.3 9.5 2.2 2.0 

Total phosphate concentration = 10m3M; adjusted to con- 
stant ionic strength with NaCl. 
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Summary-The behaviour of alizarin-9-imine as an indicator in acetonitrile and pyridine media has 
been studied. The protonation constant in acetonitrile, K, = ua,+/aa+ .a, = 10-3.4, has been determined. 
Organic acids, amino-acids, and aliphatic and aromatic amines have been titrated with errors below 2%. 

Acetic acid is widely used as a medium for non- 
aqueous titration, but the end-point potential range is 
higher in many aprotic protophobic solvents,’ such as 
acetonitrile,2 which is being increasingly used in 
analysis. Commercial acetonitrile is variable in 
quality and contains impurities,3 but for titrations the 
analytical-reagent grade can be used without previous 
purtication.4 

However, homoconjugation, which is important in 
acids but negligible in bases,’ the decrease in hydro- 
gen-ion activity in aged solutions,5 and the instability 
of acetonitrile in the presence of strong bases lead to 
the solvent not being recommended for titration of 
acids but of interest for titration of bases1v6 with per- 
chloric acid in acetic acid as titrant.’ 

Many acid-base titrations in non-aqueous solvents, 
including acetonitrile, are described in the literature,’ 
and potentiometric titrations with glass and calomel 
electrodes are frequently used.’ However, routine 
titrations with visual indicators are faster and pa”, 
can be spectrophotometrically determined if the indi- 
cator dissociation constant pK, is known.” 

Pyridine is a weak, stable base with a low dielectric 
constant (E = 12.3), and is a good solvent for many 
inorganic and organic substances. It is also an excel- 
lent medium for the titration of acids with quaternary 
ammonium hydroxides. ‘*11 The dissociation con- 
stants of Brrrmsted acids are lower in pyridine than in 
water, as expected from the low dielectric con- 
stant.“*12 The colour-change intervals of various in- 
dicators in pyridine have been found by Fritz and 
Gainer.13 
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The lack of indicators for acid-base titrations in 
acetonitrile and pyridine media has led us to study 
alizarin-9-imine for this purpose. 

EXPERIMENTAL 

Solutions 

Acetonitrile was purified I4 for determination of the pro- 
tonation constant. Perchloric acid solutions (O.lM) in ace- 
tonitrile“’ or acetic acid, and O.lM tetrabutylammonium 
hydroxide solution in pyridine15 or propan-Zol/methanol 
were prepared. 

Determination of the protonation constant in acetonitrile 

This was done according to the method proposed by 
Kolthoff et a1.l4 and is based on the equation 

log {[ClO;] - [HI+]} = log[HI+]/[I] - log K, 

The graph of log {[CIO;] - [HI+]} us. log[HI+]/[I] is a 
straight line with -log K, as intercept on the y-axis. The 
results are given in Table 1 and give a straight line with 
slope 0.98 and intercept 3.4. 

Procedure 

The basic (acid) substance was dissolved in acetonitrile 
(pyridine) and titrated with O.lM perchloric acid in acetic 
acid (O.lM tetrabutylammonium hydroxide in propan-Zol/ 
methanol). The absorbance and potential were measured. 

RESULTS AND DISCUSSION 

Absorption spectra of alizarin-Pimine 

In Fig. 1 the spectrum in acetonitrile is shown. Two 
isosbestic points can be seen, at 267 and 465 nm. The 
three forms show different colour. As the solvent is 
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Table 1. Determination of the protonation constant in acetonitrile 

A CC~W,M l?l. PM CHI+I,PM logW0.J - WI+11 bCHI+l/CII 

0.845 131.0 
0.750 3.56 x lo-’ 115.5 15.5 -4.69 -0.87 
0.540 1.78 x 1o-4 81.2 49.8 - 3.89 -0.21 
0.410 2.23 x IO-“ 60.0 71.0 - 3.82 0.07 
0.182 8.90 x 1O-4 22.7 108.3 -3.11 0.68 
0.125 2.23 x 1O-3 13.4 117.6 -2.67 0.94 
0.043 excess - 131.0 

c = 1.31 x 10w4M; 1. = 535 nm; E .,=0.33 x IO3 l.mole-‘.cm-‘;~l =6.45 x lO’l.mole-‘.cm-‘. 

recommended only for titration of bases, the most 
interesting colour change is from red to yellow, i.e., 
from the molecular form I to a protonated species. 

In the spectrum of alizarin-9-imine in pyridine (Fig. 
2) there is one isosbestic point, at 430 nm. In pyridine 
solution the protonated form is not obtained even on 
addition of perchloric acid. The colour change when 
an acid is titrated in pyridine solution is from purple- 
blue to light rose and it corresponds to the passage of 
a mixture of the molecular form I and the singly dis- 
sociated form II into the doubly dissociated form III. 

With the modified calomel reference electrode de- 
veloped by Marple and Fritz,i6 excellent reproduc- 
tion of potentials in pyridine medium is possible, cer- 
tainly enough for measurement of indicator transition 
ranges in terms of the e.m.f. of a glass-calomel elec- 
trode system to be attempted. 

For the pyridine system the photometric interval 
(measured at 500nm) is between -220 and 
-4OOmV, and the visual interval is between -255 
and -360 mV. 

I 

.J \. 
NH 

w 0 oO” 
0 

+ 

purple-blue 

21 
NH 0 

w 0 o”- 
0 

red 

NH O- 

light rose 

blue 

11 

Study of alizarin-9-imine as an indicator 

The colour-change intervals in acetonitrile medium 
have been determined, and are pH 2.5-4.3 for the 
photometric interval (at 535 nm) and pH 2.7-4.3 for 
visual observation. 

The absorbance-potential graphs obtained in the 
titration of different bases (pyridine, butylamine, etc.) 
in acetonitrile with alizarin-9-imine as indicator show 
two marked breaks (Fig. 3): the first occurs at about 
50% titration, and can be attributed to heteroconjuga- 
tion of the indicator and the base titrated; the second 
indicates the titration end-point and determines the 
interval corresponding to the colour change from red 
to yellow. 

These colour-change intervals correspond to a 
potentiometric range for which only one indicator has 
been studied, namely Thymol Blue,16 which has a 
colour-change interval much greater than that of ali- 
zarin-9-imine. 

The accordance between the potentiometric, 
spectrophotometric and visual end-points has been 
tested in a series of titrations, in acetonitrile as well as 
in pyridine medium and the reversibility of the indi- 
cator has been confirmed in the same way. 

In titration of acids in pyridine medium with 
TBAH solution in hydroxylic solvents (water, alco- 
hols, etc.), with alizarin-9-imine as indicator at a final 
concentration higher than 5 x 10w5M, a well-defined 
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Fig. 1. Spectra of alizarin-9-imme in acetonitrile c = 
2.54 x 10m5M. I-Basic form (with TBAH. blue). 2-Mol- 
ecular form (in acetonitrile, red). 3-Protonated form (with 

HCIOI, yellow). 
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Fig. 2. Spectra of alizarin-9-imine in pyridine, c = 8.2 x 
lo-‘M. I-Monoionized form (TBAH in propan-2-ol/ 
methanol). 2-Di-ionized form (TBAH in pyridine). 3-In 

pyridine. 

mV 

Fig. 3. Photometric interval of alizarin-9-imine in aceto- 
mtrile for titration of pyridine with O.lM HCIO, in acetic 

acid. 

end-point is not obtained. This can be explained as 
due to stabilization of the singly ionized form of ali- 
zarin-9-imine by heteroconjugation with the solvent 
medium. 1 z 

However, a well-defined colour-change from pur- 
ple-blue to light rose is seen when TBAH solution in 
pyridine is used or the final indicator concentration is 
lower than 5 x lo- 5M. Because of the strong colour 
of the indicator, this concentration is sufficient for 
visual detection of the colour-change. 

Various bases and acids, in acetonitrile and pyr- 

Table 2. Titration of bases in acetonitrile with O.lM 
HClO., 

Taken, mg Found, mg 

Pyridine 5.46 
5.52 

10.90 
22.1 

133.5 
10.3 
20.3 
75.5 

186.9 
188.8 

Aniline 4.67 
9.33 

23.3 
a-Naphthylamine 8.26 

16.5 
16.7 

Ethanolamine 6.51 
13.0 
13.14 

Triethanolamine 9.04 
18.0 
44.1 

5.41 
5.51 

10.73 
22.3 

131.0 
10.2 
10.0 
75.9 

185.0 
187.1 

4.70 
9.25 

22.9 
8.24 

16.2 
16.5 
6.68 

13.1 
13.23 
9.01 

17.7 
43.8 

TAL 30/l-E 
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Table 3. Titration of acids in pyridine with 004 TBAH idine respectively have been titrated with alizarin-9- 

Taken, mg Found, mg 
imine used as indicator, with errors below 2%. Results 
are given in Tables 2 and 3. 

Benzoic acid 19.7 
22.7 
25.3 
25.7 
26.9 
47.8 
56.8 

Nitrobenzoic acid 11.2 
22.3 
24.2 
34.5 
60.5 

Nicotinic acid 8.20 
16.4 
41.0 

Glutamine 51.7 
58.1 
60.5 

Anthranilic acid 41.2 
47.9 
53.4 

Methionine 48.5 
57.4 
58.2 

a-Phenylglycine 62.4 
59.4 
61.8 

19.9 
22.6 
25.5 
25.9 
26.6 
47.7 
57.1 
11.3 
22.6 
24.0 
35.0 
59.5 

8.24 
16.2 
40.6 
50.7 
57.0 
59.4 
41.1 
47.4 
52.4 
48.7 
57.0 
59.0 
62.6 
58.9 
61.5 

1. 
2. 

3. 
4. 

5. 

6. 

7. 
8. 
9. 

10. 

11. 
12. 
13. 
14. 

15. 

16. 
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ANNOTATIONS 

AN ALGORITHM FOR REDUCING STORAGE 
REQUIREMENTS IN COMPUTER CALCULATION 

OF CHEMICAL EQUILIBRIA 

VIJAY S. TRIPATHI 

Department of Applied Earth Sciences, Stanford University, Stanford, CA 94305, U.S.A. 

(Received 25 May 1982. Accepted 15 June 1982) 

Summary-An algorithm for storage of stoichiometric coefficients of the possible complexes and solids 
in a multi-component system of metals and ligands is described, along with FORTRAN code for its 
implementation. The proposed algorithm results in considerable saving in storage over the conventional 
use of a two-dimensional array. The saving in storage is especially useful for microcomputers, and for 
very large problems such as those encountered in geochemical calculations. 

Almost all computer programs for calculation of equi- 
librium concentrations and evaluation of stability 
constants from titration data, such as MINIQUAD,’ 
COMICS,’ MINEQL3 and COMPLEX4 require the 
use of a two-dimensional array to store the stoichio- 
metric coefficient of the ith component (reactant 
metal or ligand) in the jth complex or solid. Since the 
number of components in a complex seldom exceeds 
five, this two-dimensional array is sparse (i.e., most 
entries are 0) whenever the total number of com- 
ponents is larger than five, as illustrated by a portion 
of the stoichiometric coefficient matrix for a system 
consisting of 10 components and 28 complexes shown 
in Table 1. Since in a system with NX components 
and NC complexes plus solids, (NX. NC-;. NC) 
entries in the matrix will be zero, and the ‘A sparsity 
of the matrix can be computed as follows: 

100 

array containing molar concentration of free 
components. 

(All arrays are one-dimensional) 
Thus, although the total number of zeros in the 
coefficient matrix is a function of NX, NC and ri 
(average number of components in complexes/solids), 
the y0 sparsity depends only on the number of com- As the number of components and complexes (and 

ponents (NX) and tk Figure 1 depicts the relationship solids) in a system increases, the size (NX . NC) of the 

between % sparsity of the stoichiometric matrix and array required to store the stoichiometric coefficients 

the number of components, for ri = 3, 4 and 5 also grows, leading to growing overall storage re- 

respectively. quirements. This causes difficulty on smaller com- 
puters or with large problems, prompting the sugges- 
tions that “forvery large equilibrium systems or when 

SYMBOLS the core space is limited . . .” programs such as 

A: array containing stoichiometric coefficients. COMICS or COMPLEX may have to be preferred 
AI: a stoichiometric coefficient. over faster programs such as MINIQUAD 
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BETA : 

c: 

ID: 
IDC: 

IPINTR : 
ITEMP: 

MAXCOM: 

ri: 

NC: 

NNC: 

NX: 
PX: 

SUMC: 
TEMP: 

x: 

array containing log (base 10) of stability 
constants. 
array containing molar concentrations of 
complexes/solids. 
identification number of components. 
array containing ID of components present 
in complexes/solids. 
(corresponds to A). 
pointer. 
array for temporarily storing IDS of com- 
ponents present in complexes/solids. Its 
size is MAXCOM. 
maximum number ofcomponents allowed in 
a complex/solid. 
average number of components present in 
complexes/solids. 
number of complexes/solids present in a 
problem. 
array containing the number of components 
present in each complex. 
number of components in a problem. 
array containing log (base 10) of the molar 
concentrations of free components. 
total molar concentration of a component. 
array for temporarily storing stoichiometric 
coefficients for a complex/solid. Its size is 
MAXCOM. 
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20 40 60 60 

No. of components ( NX 1 

Fig. 1. Dependence of % sparsity on the number of com- 
ponents and r?: @ii = 3, A-h = 4, +--ri = 5. 

(COMPLEX and COMICS are slower but require 
less memory). Additionally, referencing zeros (in the 
case of a sparse stoichiometric matrix A) during com- 
putation increases the number of times loops are exe- 
cuted, for example during calculation of concen- 
trations of complexes, thus increasing the execution 
time of the program. 

This problem becomes more severe for geochemical 
systems where the number of aqueous ions (com- 

ponents and complexes) as well as possible solids to 
be considered is very large. Problems of lack of stor- 
age space are particularly likely with the new gener- 
ation of microcomputers, as well as “personal com- 
puters”, which are reasonably fast but have limited 
main memory (usually 16-64 kbyte). Such a computer 
is the Hewlett Packard HP-85 personal computer, 

which is well suited for scientific problem-solving but 

has a maximum available memory of 32 kbyte. For a 
problem containing 50 components and 500 dissolved 
complexes plus possible solids, the array for storing 
stoichiometric coefficients alone would have 25,000 
elements (and would require at least 100 kbyte of 
memory). For example, the computer program MIN- 
EQL has allocated a 400 x 30 array for this purpose. 

It is thus evident that an algorithm which can per- 
mit storage and retrieval of only non-zero stoichio- 

metric coefficients would considerably reduce storage 
requirements and allow solution of larger problems 
on smaller machines with limited memory. This paper 
presents such an algorithm, along with a suggested 
FORTRAN implementation and examples of its ap- 
plication for calculating concentration of complexes. 
The samples of FORTRAN code are intended to 
illustrate the algorithm and to ease the task, for 
potential users, of modifying existing computer pro- 

grams so that they may be run on smaller machines. 
A program CHEMEQUIL,6 at present being devel- 
oped by the author, requires a total array storage of 
9240 elements for problems involving 50 components 
and 500 complexes (solution phase only). COMPLEX 
and MINEQL require 27,000 and 30.000 elements re- 

spectively for the same size of problem. 

ALGORITHM 

STEP 0: POINTER = 0, I = 1, CLEAR arrays 
IDC, A, ITEMP, TEMP, NNC, etc. 

STEP 1: READ information about the I-th 

complex or solid-Identification number 
(ID) and stoichiometric coefficient of 
each component present in the complex 
or solid along with its stability constant, 
and any other associated information. 

Table 1. Part of the stoichiometric coefficient matrix in a system of 10 components and 28 complexes 

Components 

Complexes UOz H PO4 CO3 SO4 F Cl H2Si04 Hg Cd 

U02HP04 
UOzH#‘04)2 
U02H2P04 

U0zHAP0A 
U%HJPO& 
UO,OH 

UWOH), 
(UO,), (OH), 
UO,COJ 

UWCO3)2 
UOACW3 
U02F 

U&F2 
U&F3 
U&F4 
uo*so4 

uo2(so4h 
U02H(H,Si04) 
HgOH 

1 1 1 0 0 0 0 0 
1 2 2 0 0 0 0 0 
1 2 1 0 0 0 0 0 
1 4 2 0 0 0 0 0 
1 6 3 0 0 0 0 0 
1 -1 0 0 0 0 0 0 
1 -2 0 0 0 0 0 0 
3 -5 0 0 0 0 0 0 
1 0 0 1 0 0 0 0 
1 0 0 2 0 0 0 0 
1 0 0 3 0 0 0 0 
1 0 0 0 0 1 0 0 
1 0 0 0 0 2 0 0 
1 0 0 0 0 3 0 0 
1 0 0 0 0 4 0 0 
1 0 0 0 1 0 0 0 
1 0 0 0 2 0 0 0 
1 1 0 0 0 0 0 1 
0 -I 0 0 0 0 0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
1 0 



STEP 2: 

STEP 3: 

STEP 4: 

STEP 5: 

STEP 6: 

STEP I: 

ANNOTATIONS 

Table 2. A representation of the method of storage of stoichiometric coefficients according 
to the proposed algorithm 

Array contents 

Array UOIHPO, UWHPQ& U02H2P0,, 

IDC 1 2 3 1 2 3 1 2 3 
A 1 1 1 1 2 2 1 2 1 
NNC 3 3 3 

InIDC,1=UOz;2=H;3=P0,. 

Table 3. Array requirements of some programs as a function of the numbers of components and 
complexes 

No. of components x no. of complexes 

Program 6 x 20 10 x 50 20 x 50 20 x 100 30 x 400 50 x 500 

CHEMEQUIL 400 880 1320 1920 6160 9240 
COMPLEX 281 825 1435 2635 13945 27565 
MINIQUAD 360 1010 1950 3200 15340 30720 
COMICS 390 1320 2370 4620 26170 52770 
MINEQL 744 1328 2178 3378 15128 30228 

STORE the ID of components present in 
the complex or solid and their stoichio- 
metric coefficients temporarily in arrays 
ITEMP and TEMP respectively. 
COUNT (by using ITEMP) the number 
of components present in the complex 
and store it in NNC at I-th location, i.e., 
NNC (I). (Note that in an actual imple- 
mentation, counting can be done at step 

1.) 
TRANSFER contents of arrays ITEMP 
and TEMP to arrays IDC and A, at lo- 
cations POINTER + 1 to POIN- 
TER + NNC(I) sequentially. 
POINTER = POINTER + NNC(I), 
I = I + 1, CLEAR ITEMP and TEMP. 
GO TO STEP 1 if there are more com- 
plexes or solids to READ. 
NC = I - 1 (NC = number of com- 
plexes and solids). 

For a simple problem containing 10 components 
and 28 complexes. a part of the stoichiometric matrix 
was shown in Table 1. Table 2 shows a representation 
of the stoichiometric information stored in a compact 
fashion without any zeros, according to the algorithm. 

SAMPLE FORTRAN IMPLEMENTATION 

OF THE ALGORITHM 

c 
C 
C 

C 
400 

So0 

INSERT CODE FOR CLEARING (ZEROING) IDC. A. ITFMP 
TEMP. NNC. ETC 

IPINTR = 0 
I=, 
READ INFORMATION ABOUT THE I-TH COMPLEX 
READ(5,5000)BETA(I).lITEMP(KI,TEMP(K).K= I,MAXCOMl 
ICOUNT = 0 
DO 500 K = I, MAXCOM 

IF ITEMP IK) EQ 00) GO TO 502 
ICOUNT = ICOUNT + I 

CONTINUE 
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C 
NNC(II = ICOUNT 
L=l 
LSTART = IPINTR + I 
LFINAL = IPINTR + NNC(1) 
DO 600 K = LSTART. LFINAL 

IDC(KI = ITEMP(L) 
A(K) = TEMP(LI 
L=L+I 

600 CONTINUE 
C 

IPINTR = IPINTR + NNC(I) 
I=l+l 
DO 700 K = I. MAXCOM 

ITEMP(KI = 0 
TEMP(Kb = 00 

700 CONTINUE 
C 
C 
C INSERT CODE TO CHECK IF MORE COMPLEXES ARE TO 
C BE READ 
C IF SO. GO TO 4W 
C 

NC=I-I 
C STOICHIOMETRIC INFORMATION IS NOW STORED FOR 
C ALL COMPLEXES 

The proposed algorithm requires two one-dimen- 
sional arrays of size ri .NC, one one-dimensional 
array of size NC and two one-dimensional arrays of 
size MAXCOM (MAXCOM is rarely greater than 7 
or 8). The total array requirement for the scheme 
is (2ri + 1)NC + ZMAXCOM. The conventional 
method of using a two-dimensional array would have 
required an array of size NC. NX. It is evident that in 
conventional method, the size of the NX .NC array 
the proposed scheme, the storage needed for stoichio- 
metric coefficients depends only on the number of 
complexes plus solids and on A. In other words, for 
fixed ri and NC, the required storage is independent of 
the number of components in the problem. For the 
depends on both the number of complexes and the 
number of components. The total storage require- 
ments of some programs (for solution phase compu- 
tations alone), including CHEMEQUIL (ri = 4). are 
shown in Table 3. 
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EXAMPLES 

These examples are intended to show how the 
required information can be retrieved during equilib- 
rium calculation. The following FORTRAN loop can 
be used to find the identities of components and the 
corresponding stoichiometric coefficients for all com- 
plexes or solids in sequence (J from 1 to NC) where J 
is the index of the complex or solid and NC is the 
total number of complexes or solids in the problem. 

C 
C 
C 

C 

C 
C 

C 
C 
C 
C 

ID = ID OF COMPONENT 
AI = STOICHIOMETRIC COEFFICIENT 

IPlNTR = 0 
LOOP ON COMPLEXES (1 TO NC) 
DOZOCOJ = 1,NC 

NNCJ = NNC (J) 
GET ID AND Al OF ALL COMPONENTS PRESENT IN THIS 
COMPLEX 
DO loo0 I = 1.NNC.l 

IlP = IPINTR + I 
ID = IDC(IIP) 
Al = A (IIPI 

.ID AND Al NOW AVAILABLE FOR CALCULATIONS. 

.E G JACOBIAN 

.COMPUTATION 
IOOQ CONTINUE 

C .POSITION POINTER JUST BEFORE BEGINNING OF NEXT 
C .COMPLEX 

lPlNTR = IPINTR + NNCJ 
2000 CONTINUE 

To obtain random access to the identities and 
stoichiometric coefficients of all the components 
present in the J-th complex, proceed as follows: 

C COMPUTE STARTING LOCATION POINTER FOR J-TH 
C COMPLEX 

IPINTR = 0 
IF (J EQ. II GO TO 600l 

C HERE FOR J > I 
DO So00 II = 1. J - 1 

IPINTR = IPINTR + NNC(II) 
SOHI CONTINUE 
6GOO CONTINUE 

C 
C 
C GET IDS AND COEEFICIENTS 

NNCJ = NNC (JI 
DO 7C0.l I= I: NNCJ 

IIP = IPINTR + I 
ID = IDC(IlP) 
AI = A (HP) 

C 
c HERE ID AND AI ARE SEQUENTIALLY AVAILABLE FOR 
C CALCULATIONS E.G CONCENTRATION OF THE COMPLEX 
C 

7ooO CONTINUE 
C 

Finally, to compute the concentration of all com- 
plexes in which the I-th (ID = I) component is 
present, and the total number of moles of the I-th 
component bound in these complexes, the following 
code can be utilized: 

C COMPUTE CONCENTRATIONS OF ALL COMPLEXES IN 
C WHICH I-TH COMPONENT IS PRESENT AND ADD THEM 
C TO SUMC (INITIALIZED TO FREE CONC OF COMPONENT I) 
C 

SUMC = X(I) 
IPINTR = 0 
DO9OoOJ= LNC 

C .CHECK IF THE COMPONENT (ID = 1) IS PRESENT IN 
C J-TH COMPLEX 

NNCJ = NNC (J) 
DO 8ooO K = I, NNCJ 

IIP = IPINTR + K 
ID = IDC(IIP) 
IF(ID NE I)GOTO8000 
Al = A (HP) 
GO TO 8200 

8ooO CONTINUE 
GO TO 8600 

C NOW COMPUTE CONCENTRATION OF THE J-TH 
C COMPLEX 

8200 CJ = BETA (JI 
NNCJ = NNC (J) 
DO 8400 K = I, NNCJ 

IIP = IPINTR + K 
ID = IDC(IIPI 
CJ = CJ + PX (IDI *A (IIP) 

8400 CONTINUE 
C(J) = IO.0 **CJ 
SUMC = SUMC + C(J)‘AI 

8600 IPINTR = IPINTR + NNCJ 
9MlOCONTINUE 

These simple examples perform tasks requiring 
manipulation of stoichiometric coefficients and rep- 
resent some of the building blocks of computer pro- 
grams for equilibrium calculation and stability-con- 
stant determination. 
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J. J. R. FRA~~STO DA SILVA 
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Summary--The nature of the EDTA complex of uranium(V1) is discussed, and it is concluded that there 
is no need to postulate stabilization of the complex by hydrogen-bonding between a protonated nitrogen 
atom and the uranyl ion. 

fn a previous paper’ we reported that the stability 
consant of the MHL complex of the uranyl ion with 
EDTA is relatively high when compared v&h the 
value to be expected for a co-ordinating iminodi- 
acetate moiety and suggested that this could be due 
to the formation of a hydrogen bond between the 
protonated nitrogen atom of the &and and one of the 
oxygen atoms of the uranyl ion. 

This view was critic&d by Kr~shn~mur~hy and 
Morris,’ who nevertheless also suggested the occxw 
rence of a hydrogen bond, but involving bridging 
water molecules. 

Later we extended our measurements to cover the 
series of diaminoalkanetetra-acetic acids with 
tz = 2-6, n being the number of CH2 groups in the 
afkane chain, and found that the values of Jog Kuo,, 
correlated linearly with the pk,,,l- values of the 
ligands but this correlation did not correspond to that 
of log KuOZL with p/c,,- obtained fur a series of imino- 
diacetic acids5 Since the deviations were smaller the 
larger the value of rr, this fact seemed to support our 
hypothesis, but we have found that the same type of 
behaviour is given by the complexes of magnesium 
and calcium with the two families of ligands. In both 
cases two straight lines are obtained, one for the cor- 
relation of log KhtHL with pk,,t2. (for the diamino 
dkanetetra-acetic acids) and the other for the carrt!- 
Iation of I0g I&_ with gksL (for the ~rn~nod~a~tj~ 
acids), these lines intersecting at about ?I = 6. 

Since these two metal ions cannot form any hydr+ 
gen bonds of the types postulated for the uranyl com- 
plexes, the previous hypotheses are probably both 
wrong and the reason for the enhanced stabilities of 
the d~arn~oa~kane~e~~tate complexes found for ah 
cations must be looked For eitsewhere. 

Thirty years ago, Schwarzenbach and Aekermann” 
noted that the values of pkHIL+ of the diaminoalkane- 
tetra-acetic acids decreased with n but the drop W;XS 

greater than was to be expected from inductive effects 
alone (due to the repulsion between protons bonded 

to the nitrogen atoms of the li@tnds) and calculated 
the pk$E values that would correspond to this case. 
The differences between cak&ated and experimental 
values were ascribed to the formation of an intramof- 
ecutar hydrogen bond in HLJ- species, between the 
carboxylate groups and the protonated nitrogen 

Fig. f_ Corrtsfation of Jug ICut for UranyCiminod~stretate 
complexes or of log KMHL far uranyl diaminoalkanctetra- 
acetate complexes with the dissociation constant of the 
ligands (pk,, and pk,,, respectively). The numbers from 1 

correspond iminodiacetate ligands 
~N(C&XXXI),, where ‘i is: (I) C&. (2) C 3-1 . (3; 
HOOCC&; (4) CJHeN; (5) HOC,H,; (Q A; f7j6C$S’; (8) 
O,N,CJi, (b~b~torat~)~ (9) HOOCCH,. The numbers 
from IO to 14 correspond to ~~~mi~oa~kanctetra-dentate 
ligands, (WOOCCH,),N(CHz),TJ(CH,COOW),, where n 
is equal to: (10) 2; (11) 3; (12) 4; (X3) 5; (14) 6. The points 
represented by 0 correspond to the diaminoalkanetetra- 
acetate complexes correlated with calculated pkHzL, taking 
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Table 1. Experimental and calculated dissociation constants (p/c,,& of polyaminocarboxylate 
ligands, stability constants (log K MHt) of their uranyl complexes, estimated net electrostatic 
interactions between the disso~a~ing proton and the > NH4fCH2COO-)~ groups of the 
tigands ~AG,,(H, NC)] and estimated free energy changes on the formation of the hydrogen 

bonds in HL3- species (AC*). 

P’c@ 
(calculated m terms Estimatedt Estimated 

p&Y. of inductive effects AG,,(H, N+)& -AG*S, 
tigand n [experimental) alone) log @tm. kcalJmde kcalJm& 

EDTA 2 6.2 8.0 7.40 2.4 2.4 
PDTA 3 7.9 8.9 8.60 

;: 
1.4 

BDTA 4 9.t 9.5 9.32 0.5 
PEDTA 5 9.5 9.6 9‘59 0.3 
HDTA 6 9.8 9.8 9.82 0.0 :(: 

TPresent work and reference 1. 
ZAG’ = -2,3RT(pkg;; - pkfjlf,. 
SAG&H, N) = -2.3R~(pk~~~A - pkg;c,; electrostatic interaction (H, N’) assumed to be neg- 

ligible for WDTA. 

atoms, a view supported by infrared and NMR Since 
studies made by Chapman ef u[.~ The data are given 
in Tabfe I. 

[AC1 t = 2.3RT log&, = 2.3RT pknL 

Now, if pkg$.. values are used instead of the ex- 
1 AGz / = 2.3RT log KM,. 

perimental pkHZI~- values in our correlation& it is 
AG2 = AC1 It: AAG, + AL&, 

found that all log KMHL us. pk&$- values fall on the it follows that 

line obtained for the iminodiacetate complexes, i.e., 2.3RT log KU,+ = 2.3RT pkHL + AC,,, 1 AAG,, 
a single correlation is obtained for each meta ion 
(Fig. l). For the complexes of the ~am~no~kanete~-acetates 

To explain this result it is convenient to consider 
two Born-Haber cycles, one for the formation of 
complexes with the iminodiacetates and the other for 
the formation of complexes with the diaminoalkane- 
tetra-acetates. 

For the iminod~acetates we have 

M2+ + HL- iA~%-A%,,, ML + pi 

-AC,\ /+AG, 

M2+ + L2- + H’ 

where 

AAG,, = net difference in the free energies of hy 
dration of all species, i.e., 

-AG,(ML) - AG,(H+) + AG,,(M2+) 

+AG,(HL-) 

AGEW = free-energy change on replacing a 
bonded proton for a bonded metal ion 
(in solution) 

AG1 = free-energy change on protonation of the 
L2- ligand (in solution) 

AC2 = free-energy ehange on bonding Mzi to 
Lz- (in solution). 

where AG,,(H, $) corresponds to the net electrostatic 
interaction between the ionizing proton and the 

> N6(CH2COO-)2 group of the ligand; and 

AG~~(M, &} is the net electrostatic interaction between 

the metal ion and the > ~~tCH~COO_)~ group. 
If we represent by AC* the free-energy change on 

the formation of the hydrogen bond in HL3- species, 
we have for the formation of complexes of the 
diaminoalkanetetra-acetates 

2.3RT log K,,, = URTpk$‘ - AC’ 

+ AC,,. + AG,,@A N+) 

+ AG,,(H, N*) k AAG,. 

Following Schwarzenbach and Ackermann’s calcu- 
lations, the value of AG* is estimated to be of the 
order of the electrostatic effect AGeI(H, N+). Hence, 
for the correlation of log KMML US. pkgii to be super- 
imposable with that of log K,, U.S. pk,, AC,,@% N”) 
must be close to zero, which means that the metal ion 
is effectively shielded by the co-ordinated iminodiace- 
tate moiety and does not feel the effect of the other 
free >NH+(CH2COQ-)I group in the same mol- 
ecule, in contrast to what happens with the proton. 
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the second >NH+(CH2COO-)2 group of the 
2. M. Krishnamurthy and K. B. Morris, Inorg. Chem., 

1969, 8, 2620. 
diamino alkanetetra-acetate and there is no need to 3. J. J. R. Fralisto da Silva and M. L. SimGes Goncalves, 
postulate the formation of any stabilizing hydrogen Rev. Port. Quim., 1970, 12, 95. 

bond whatsoever in the metal complexes. Naturally, 4. G. Schwarzenbach and y. Ackermann, Helv. Chim. 

the differences tend to cancel out when n increases 
Acta, 1948, 31, 1029. 

5. D. Chapman, D. R. Lloyd and R. H. Prince, J. Chem. 
and proton-proton repulsions become negligible. Sot., 1963, 3645. 
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R&sum&--Cette etude met en tvidence la structure du derive obtenu par faction de l’acide ascorbique 
sur les amines primaires et les acides a amines; les mtthodes utilisees sont la resonance magnttique 
nucleaire du r3C, et la spectrophotometrie infra-rouge. La configuration chimique est comparable a celle 
du pourpre de Ruhemann obtenu par l’acticn de la ninhydrine sur les acides G( amints. 

L’acide ascorbique en solution dans le dimtthylfor- 
mamide aqueux rtagit sur les amines primaires telles 
que les acides c( amines et les alcoylamines (chlorhy- 
drate de mkhylamine, d’tthylamine, n-propylamine, 
n-butylamine et benzylamine) et conduit a une colora- 
tion rouge; cette reaction coloree est selective pour les 
amines primaires, alors que les bases secondaires ou 
tertiaires reagissent tres peu. ‘N Des essais realisb sur 
la proline conduisent a un compose faiblement color&, 
presentant des caracteristiques spectrales differentes. 

Cette reaction a CtC appliquee au dosage colorime- 
trique des acides CI amints, des amines primaires et 
Cgalement de l’acide ascorbique; dans les deux cas, la 
reaction est quantitative et suit la loi de Beer-Lam- 
bert. 

Mise A part la premiere Ctape de la reaction qui 
reside dans l’oxydation par l’air de l’acide ascorbique 
en acide dthydroascorbique, le mecanisme reactionnel 
et la structure du compost n’ont pas Ctt decrits et font 
l’objet de la presente note (Fig. 1). 

PARTIE EXPERIMENTALE 

RPactY 1. Solution d’acide ascorbique a O,l% dans le 
dimethylformamide aqueux (99: 1 v/v). 

RPactif 2. Solution aqueuse d’acide a amine (0.005% a 
405%). 

Rhtif3. Plaque de silice 60 F 254; Cpaisseur 1 mm. 
RPuctif 4. Dimethylformamide. 

Mode operatoire 

Dans une fiole de 100 ml, introduire 5 ml de solution 
d’acide a amine et 20 ml de reactif 1. Completer 9 100 ml 
avec du dimtthylformamide. Agiter mtcaniquement et 
porter le melange a loo” au bain-marie bouillant pendant 
10 min. Chromatographier le compose rouge ainsi forme, 
sur couche de silice (Reactif 3) en utilisant le dimethylfor- 
mamide pur comme solvant de migration (Reactif 4). 

Aprts Clution, proceder a l’extraction des taches a l’aide 
du dimtthylformamide. Centrifuger et evaporer le surna- 
geant sous vtde B 60”. 

Resultats obtenus 

Les mesures spectrophotomttriques des absorbances 
maximales du compose color& obtenu par l’action de 

l’acide ascorbique (Tableau 1) sur le glycocolle et une 
amine primaire (n-butylamine) prtsentent certaines analo- 
gies avec celles obtenues par la reaction classique de la 
ninhydrine sur les acides amines (Fig. 2). Par ailleurs, une 
des proprietes de l’acide ascorbique est d’entrainer la 
liberation d’ammoniaque par action sur les acides G( 
amines. processus qui caracterise Cgalement la premiere 
phase de la reaction entre la ninhydrine et les acides 
amints. 11 nous est alors apparu inttressant de comparer 
les mecanismes de ces deux reactions colorees. 

Malher et CordesS ont Btudit les reactions de la ninhy- 
drine et des acides a amines et ont propose le mecanisme 
suivant (Fig. 1). 

f: 

C-OH 
IQ 

C _-I 
IO 
C OH 
IQ 
Cs HaOH 

(1) 

0 

0 

0 

- P 0 + . . . . 

0 

‘HOCH 

1 
CHsOH 

(II) 

... + NH, -CHR- COOH 

9 

0 ,-*\ 0 
I C-_N-_C 

H t-2 CT,:: ” 

Hf ’ 

0 0 

H-COH 

I I 
CHa OH CHa OH 

(III) 

Fig. I 

72 



ANNOTATIONS 73 

Tableau 1. Caracteristiques spectrales du pourpre de Ruhemann et du 
compost rouge obtenu par l’action de I’acide ascorbique sur une amine 

primaire 

Compose Coloration I,,, nm 6, l.mole-‘.cm-’ 

Ninhydrine + 
acide a amine ou 
amine primaire 
Acide ascorbique + 
acide a amine ou 
amine primaire 

Bleu violet 

Pourpre 

570 0,9 x lo6 

530 0,75 x lo6 

Une molecule de ninhydrine (IV) est reduite par un acide 
a amine pour donner l’hydrindantine (V); celle-ci reagit 
avec une nouvelle molecule de ninhydrine (IV), fixe l’am- 
moniaque lib&e et conduit au pourpre de Ruhemann (VI). 

Le compost obtenu avec I’acide ascorbique et le glyco- 
colle font intervenir le pouvoir oxydant de l’acide dthy- 
droascorbique (oxydation spontanee en presence d’air); la 
forme oxydee a et& mise en evidence par titrage a I’iode 
OJM dune solution d’acide ascorbique placbe dans les 
conditions opkratoires (10 min a loo”, dans le dimethylfor- 
mamide aqueux). II a et8 retrouve 50% de l’acide ascorbi- 
que initial, sous forme d’acide dthydroascorbique. 

L’acide dehydroascorbique agissant comme oxydant 
entraine la desamination oxydative de I’acide a amine avec 
liberation d’ammoniaque; le processus rtactionnel est alors 
comparable a celui etabli pour l’obtention du pourpre de 
Ruhemann (VI) dont la structure presente des analogies 
avec celle du compose rouge (III) (Figs 1 et 2). La configur- 
ation chimique est Ctablie par l’analyse spectrale: rtso- 
nance magnttique nucleaire du r3C et spectrophotomttrie 
infra-rouge. 

Etude structurale par R.M.N. du 13C du composC form6 

Le spectre de R.M.N. du r3C de l’acide ascorbique (I) 
presente six pits 

-Trois d’entre eux sont attribuables a des carbones ah- 
phatiques remplaces par un groupement oxygen& a 
74,9-68.4 et 61.5 ppm et correspondent respectivement aux 
carbones (4, 5, 6) de l’acide ascorbique. 

-Le signal 171,4 ppm correspond au carbonyle (I). 
-Les signaux a 153 et 117.4 ppm sont attribues aux 

carbones insolubles (2, 3) portant chacunun groupe hyd- 
roxyle. 

-Sur le spectre du produit prepare, on observe les sig- 
naux a 61,5 et 68.4 ppm de l’acide ascorbique, retrouvts a 
la mime place, mats ils presentent un ilargissement carac- 
ttrisant une forte contrainte sterique qui diminue la libre 
rotation de la chaine laterale CHOH-CH,OH. 

-Le signal a 74.9 ppm du carbone 4 est dedouble a 72,9 
et 75.6 ppm. Ce dedoublement proviendrait de la dimerisa- 
tion de la molecule qui entraine, du fait des d&placements 
des doubles liaisons, un environnement magnetique dif- 
ferent pour les deux carbones des deux parties. 

-L’apparition de quatre pits supplementaires entre 83 
et 108 ppm et leur deplacement chimique correspondent a 
une structure dehydroascorbique, ce qui suggtre I’exis- 
tence, dans le melange analyst, dune reduction partielle du 
dimtre attendu. Ce melange serait alors constitue de 
dimtre ascorbique et d’autres dim&es mixtes, ascorbique. 

-Dans la region du carbonyle et des enamines 16Gl75 
ppm, on releve la presence de cinq pits d’identitts dif- 
ferentes, attribuables aux atomes de carbone doublemcnt 
lies. 

Ces observations permettent de considtrer le produit 
analyse comme un melange de plusieurs structures dim&es 
d’acide ascorbique et-ou d’acide dthydroascorbique. 

Des travaux en tours portant sur la separation de ce 
melange en ses differents constituants devraient permettre 

de prtciser la structure et la repartition de ces dim&es 
color&. 

Etude structurale par spectrophotomPtrie infra-rouge 

L’etude structurale prtddente a ttt complttte par I’ana- 
lyse en spectrophotomttrie infra-rouge de compose apres 
isolement par evaporation sous vide. 

On a prepare par compression une prise d’essai de 50 mg 
du compose precedent, melange a du bromure de potas- 
sium pur pour infra-rouge, et effect& le spectre infra-rouge 
et compare ce spectra aux spectres obtenus, dans les 
mimes conditions, d’acide ascorbique et d’acide dehydro- 
ascorbique. 

+ NH,- CHR-COOH e 

(Iv) 

+ RCHO+CO1 + NH, w 

(VI 

(+(I +NH3+&; 
0 0 

(IV) (VI 

WI) 
Fig. 2 
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Le spectre obtenu presente les caracteristiques suivantes. 

-A 1740 cm-‘, une bande de vibration de valence du 
groupement CO caracttristique des y lactones insatures. 

-Entre 1500 et 1700 cm-‘, une large bande correspon- 
dant a la zone d’absorption des vibrations des deforma- 
tions des doubles liaisons C=O. C=N et C=C. 

-Enfin, vers 1180-1200 cm- ‘1 une bande caracteristique 
des vibrations de deformation des groupements CO et CN. 

-La presence de bandes entre 1600 et 1700 cm- ’ met 
en evidence une zone d’absorption correspondant a une 
liaison C=N et confirme ainsi la configuration chimique 
de la fonction imine trop encombree pour etre detectable 
par resonance magnetique nucltaire du 13C. 

CONCLUSION 

L’analyse spectrale du compost obtenu par l’action 
de l’acide ascorbique sur les acides c( amines et les 

amines primaires aliphatiques (R.M.N. du “C et 
spectrophotomttrie I.R.) a permis den Ctablir la 
structure et de prtciser le mecanisme reactionnel; ce 
dernier est comparable B celui de la reaction de la 
ninhydrine sur les acides CI amines et les amines pri- 
maires (Fig. 1). 
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Summary-This study outlines the structure of the by-product obtained by the action of ascorbic acid 
on primary amines and a-amino-acids; the methods used are i3C, NMR and infrared spectrophoto- 
metry. The chemical form is comparable to that of Ruhemann purple, obtained by the action of 
ninhydrin on u-amino-acids. 
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SIMULTANEOUS FLUORESCENCE, PHOTOACOUSTIC AND 
TWO-PHOTON PHOTOIONIZATION DETECTION FOR 

LIQUIDS IN A CUVETTE 
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Department of Chemistry, University of Florida, Gainesville, FL 3261 I, U.S.A. 

(Received 7 May 1982. Accepted 15 September 1982) 

Summary-A simple, sensitive liquid-phase photoionization detection scheme employing pulsed laser 
excitation has been developed. The system is an elaboration of an earlier simultaneous fluorescence and 
photoacoustic detection scheme employing a standard fluorescence cuvette. Factors affecting the analyti- 
cal performance of the two-photon photoionization mode of operation are discussed, sensitive three- 
mode detection is demonstrated for a model compound (anthracene), and the effect of temperature on 
the photoionization mode provides an estimate of the ionic-charge carrier activation-energy in the 
conductance transport process. 

Recently, we demonstrated a sensitive, liquid-phase, 
laser-excited photoacoustic detection system employ- 
ing a standard (1 x 1 cm) quartz cuvette.’ Various 
compounds, with fluorescence quantum efficiencies 
ranging from nearly zero (haemoglobin) to almost 
unity (Rhodamine 6G laser dye) were sensitively 
detected at the ng/ml level. Various laser systems were 
employed as excitation sources, and it was shown that 
the photoacoustic signal was indeed proportional to 
incident laser-pulse energy, as predicted by Tam and 
Patel,’ and was independent of laser peak-power and 
power-density. The lowest detectable level of thermal 
energy (defined as a signal equal to three times the 
background noise) was found to be -6nJ, corre- 
sponding to a limiting detectable absorption coef- 
ficient of 4 x 10-6cm-1. Conventional absorbance 
measurements are actually transmittance measure- 
ments and therefore low absorbances require the de- 
termination of a small difference between two large 
quantities, i.e., the transmitted-light intensity with and 
without the absorbing species present. Light-scatter of 
any kind is detrimental and usually limits the conven- 
tional technique to the measurement of absorbances 
greater than 10m4. In contrast, the pulsed photo- 
acoustic (PA) effect involves the measurement of a 
small acoustic signal, which is proportional to both 
the analyte absorbance and incident pulse energy, and 
is determined against only a small solvent back- 
ground. For this reason, the PA effect is a so-called 
“zero-baseline” technique. 

Despite the use of a “naked” piezoelectric trans- 
ducer, it was found that the laser dye fluorescence 
emission did not generate spurious PA “signals”. 
Consequently, the cuvette system was employed in a 
simultaneous fluorescence (FL) and PA detection 
scheme3 with 30 strong fluorophors (polycyclic aro- 

*Author to whom correspondence should be addressed. 

matic hydrocarbons, PAHs) as analytes of interest. 
The average PA detection limit for these PAHs, with 
excitation at 337.1 nm and 1.3 mJ/pulse, was 7 x 
10m9M (2 rig/ml). This value is an order of magnitude 
lower than the best detection limit given by Harris4 
for laser calorimetric determination of small absorb- 
antes of solutions and is three orders of magnitude 
lower than the value for conventional transmittance 
techniques. Hence, the two-mode (FL and PA) cuvette 
system provides the advantages of both techniques, 
i.e., the sensitivity and selectivity of fluorescence for 
analytes which fluoresce significantly, and the utility 
of a highly sensitive, zero-baseline technique for 
measuring small absorbances. This second mode is 
desirable because most substances have negligible 
fluorescence quantum efficiencies. It should also be 
noted that the PA signal is much less dependent on 
analyte fluorescence quantum efficiency than is the 
corresponding fluorescence signal3 Therefore, strong 
and weak fluorophors with similar molar absorp- 
tivities at the desired excitation wavelength do not 
produce greatly different PA signals (or PA limits of 
detection). Consequently, it was hoped that the PA 
mode could be used to complement the FL mode in 
the accurate determination of fluorescence quantum 
efficiencies in solution. Normally, such measurements 
are difficult since the necessary optical alignment and 
accurate calibration require great care. The process is 
further complicated if analytes of widely varying 
fluorescence quantum efficiency are to be studied. The 
synergistic use of one technique to compensate for 
difficulties in another is nicely shown in the PA deter- 
mination of fluorescence quantum efficiencies by 
Adams et ~1.’ (quinine sulphate) and by Sugitani and 
Kato6 (uranium-mica compounds). 

However, the customary assumption that the FL 
and PA effects are complementary is valid only if 
photochemical and other photophysical deactivation 
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pathways, such as photoionization. can be neglected. 
This is certainly the case with most conventional 
(microphone detector and filtered xenon-arc exci- 
tation source) photoacoustic work, but is not the case 
for our system where typical pulse values of 1 mJ 
(energy), 10 nsec (duration), and 50 pm (beam focus) 
yield a power density of 3 x 10gW/cmZ. According to 
Hercules et u1..’ power densities of 109-10” W/cm2 
can produce ionization efficiencies (E ions produced/ 
Initial neutral species) of 1O-2-1O-‘, while power 
densities below z lo8 W/cm* yield much lower effi- 
ciencies of 4 lo-‘. This is in agreement with the value 
of 8 x 1Om8 obtained by Locke et d8 for pyrene in 
hexane/l% 2-propanol with a microwave-excited 

xenon lamp continuum source. Note, however, that 
the potentially high ionization efficiencies obtained 
with moderately powered lasers can be used to advan- 
tage by adding an additional mode of operation to 
the FL and PA detection scheme. 

In related work to develop a windowless flow- 
ce11,9p1 ’ the two-photon photoionization (PI) mode 
was found to be at least as sensitive as the cuvette- 
system PA detection mode, despite the fact that the 
flow-cell was a first compromise between the differing 
optimization requirements of the three detection 
modes. It was found that the PI signal is not merely 
proportional to analyte absorbance, and can provide 
information not given by PA measurement. For 
example, N.N,N’,N’-tetramethyl-p-phenylenediamine 
(TMPD) produced large PI and PA signals when 
excited at 337.1 nm, whereas TMPD .2HCl produced 
only a PA signal because the lone-pair electrons are 
no longer available. It was also found that a wide 
variety of substances (drugs) could be sensitively 
detected in the PI mode regardless of the dielectric 
constant, intrinsic conductivity, polarity and purity of 
the solvent.” The PI mode was employed, along with 
FL and PA detection, in a three-mode HPLC detec- 
tor, and an average ionization efficiency of 3 x 10m2 
was achieved for acridine, naphthalene, 7,8-benzo- 
flavone, N-ethylcarbazole and anthracene in 70130 v/v 

acetonitrile/water mixture.’ ’ 
The desirability of adding an easily optimized PI 

detection mode to the already nearly optimized FL 
and PA detection modes arises from the observation 
that the cuvette system is substantially more sensitive 
(by a factor of about 100) in both the FL and PA 
detection modes than the flow-cell system’,” and 
that independent optimization of the detection modes 
is much easier with a cuvette system because of physi- 
cal constraints in the flow-cell design. For example, it 
is very difficult to determine the effect on the PI signal 
of changing the electrode spacing in the flow-cell, 
since the analyte solution is held by surface tension 
between the flow-cell electrodes, and changes in spac- 
ing change the focusing of the excitation laser beam. 
In a cuvette, the electrode spacing may easily be 
varied without influencing the beam focus. 

Accordingly, we have added the PI detection mode 
to the previous two-mode cuvette system, thereby 

providing the advantage of two distinct zero-baseline 
techniques. each more sensitive than conventional ab- 
sorbance techniques and each applicable to the detec- 
tion (and spectroscopic study) of a wide variety of 
substances. In addition, the sensitivity and selectivity 
of laser-excited fluorescence detection is retained. The 

use of a standard cuvette allows one or more of the 
detection modes to be added to existing instrumenta- 

tion. Since the three detection modes are independent, 
it is possible, even with a single laser excitation pulse. 
to monitor simultaneously the three most important 
photophysical deactivation pathways available to 
molecules irradiated in solution. 

In this paper, we describe the three-mode cuvette 
system and determine the effect on the PI detection 
process of factors such as incident laser pulse energy 
and analyte concentration. We also use the cuvette, 
and several modified versions of it, to determine the 

effect of factors which either could not be studied 
independently or could be studied only with great 
difficulty in the three-mode windowless flow-cell, 
namely laser beam focusing, electrode spacing, elec- 
trode geometry and composition, and solution tem- 
perature. The variation in PI signal with temperature 
is seen to be consistent with an ionic conductance 
transport process. 

EXPERIMENTAL 

The three-mode cuvette system is shown in Fig. I. A bias 
voltage, typically - 500 V, is supplied by a photomulti- 
plier-tube supply (Pacific Precision Inst., Concord. CA, 
Model 226) to the high-voltage stamless-steel electrode 
(with respect to the grounded enclosure) through a current- 
limiting 10 MR resistor. Photocurrent signals arc collected 
at the signal electrode and converted into signal voltages 
by an active current to voltage (I/V) convertercomposedof 
an operational amplifier (TL 071) with 20 MR feedback 
resistor in a classic I/V converter circuit For solvent sys- 
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Fig. 2. Block diagram of the laser-excited photoionization detection scheme (N.D. filter = neutral density 
filter). 

terns with substantial conductance, such as water and etha- 
nol, an alternative I/V converter is used.” The amplified 
signals [EG&G Inc., Princeton Applied Research, PAR 
211 amplifier, voltage gain (Av) = I-1000, f-ads = 1 Hz, 
1 MHz] were acquired with a boxcar averager (PAR 160, 
5-see observed time constant) with either a chart-recorder 
or a home-made IO-set integrator and digital voltmeter as 
the output device. The boxcar averager may be replaced 
with suitable peak-detection circuitry in all three modes, 
since the fluorescence signal may easily be stretched and 
the PA and PI signals are relatively low in frequency. 
Excitation illumination was provided by an excimer laser 
(Lumonics Research, Ontario, Canada, Model TE-861s) 
and laser pulse energies were measured with either a 
pyroelectric joulemeter (Molectron Corp.. Sunnyvale, CA, 
Model J3-05DW. 0.89 V/mJ) or wtth a home-made, cali- 
brated pyroelectric joulemeter and peak-detection circuit. 
Experimental details of the fluorescence and photoacoustic 
detection have been described previously.‘.3 A block dia- 
gram of the photoionization detection scheme is shown m 
Fig. 2. The tunable dye laser was not used m the present 
work. 

To determine the effects of electrode separation and 
composition, a modified cuvette was built which did not 
have the FL and PA modes. A signal electrode (1.59 mm 
diameter stainless-steel rod) was attached to a cylindrical 
piece of Teflon which was in turn attached with heat- 
shrinkable tubing to a short, cylindrical alnico magnet. The 
assembly was made so that it would slide in a small rec- 
tangular Teflon block having a hole in it for the assembly 
and a milled channel for the signal electrode. A fixed, high- 
voltage electrode was also embedded in the Teflon block. A 
magnet provided non-rotational coupling to a micrometer 
anvtl. The entire assembly was enclosed in a grounded 
aluminium minibox (Pomona Electronics, Pomona, CA, 
Model 4655) with appropriate milled electrode openings 
and BNC electrical connections. 

The effects of solution temperature on the photoion- 
ization current were determined with another modified 
cuvette having a hollow stainless-steel signal-collection 
electrode whrch served as the housing for a calibrated 
thermistor (Omega Engineering, Inc., Stamford, CT, Model 
44031). The solution temperature in the cuvette was varied 
by means of a Ranque-Hilsch vortex tube (Vortec Corp., 
Cincinnati, OH, Model 116 kit) with either the cold or the 
hot air-stream directed onto the front face of the sample 

cuvette. The principles of operation of the forced-vortex 
refrigeration device are described elsewhere’* and in refer- 
ences therein. The vortex tube was operated with air at 
140 psig pressure as the carrier gas and energy source. For 
the temperature and electrode-spacing experiments, sol- 
vents of lower volatility (n-nonane and n-dodecane) were 
used in preference to n-hexane and n-heptane. All solvents 
were HPLC grade except the n-dodecane, which was tech- 
nical grade. Solvent purity was not a problem since impuri- 
ties, i.e., unwanted analytes, would merely produce a small 
additive offset in the PI signal. No such offsets were 
observed. 

RESULTS AND DISCUSSION 

Calibration curves for anthracene in n-hexane with 

excitation at 308 nm are shown in Fig. 3. The limits 
of detection, with 0.4-mJ laser pulse energy, are 
0.2 ng/ml (FL), 60 ng/ml (PA), and 30 ng/ml (PI). The 
FL and PA detection limits are poorer by two orders 
of magnitude than the detection limits previously ob- 
tained with 337.1-nm excitation and 1.3-mJ incident 
pulse energy.g Even so, the PA result corresponds to a 
detection limit of 3 x IO-’ M, which is much better 
than conventional absorbance results, as discussed 
above. The PI result is five times as high as the flow- 
cell result because the increased signal due to a four- 
fold increase in bias voltage (V,) is more than offset by 
the reduced laser pulse energy and increased electrode 
spacing (4.6 mm). It should also be noted that the 
results given above are conservative, since no effort 
was made to obtain the best possible detection limits. 
In fact, the electrodes in the cuvette partially blocked 
the fluorescence-emission optical path since they were 
not situated in opposite corners of the cuvette (this was 
necessary to allow study of beam-focusing effects). 

The PI photocurrent increases linearly with bias 
voltage for voltages up to -2 kV (field strength = 
4.35 kV/cm). The same behaviour is observed in the 
windowless flow-cell up to field strengths of 
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Fig. 3. Three-mode calibration graphs. Bias voltage was 
- 2 kV and’ laser pulse energy (E,) - 0.4 mJ. 

7.5 kV/cm. Considerable improvement should result 
from raising the bias voltage to yield field strengths of 

25 kV/cm (the maximum tested field strength in the 
flow-cell) since the photocurrent is then” propor- 
tional to Vzi2. 

The effect of laser pulse energy on the photoion- 
ization currents due to illumination of naphthalene, 
anthracene and pyrene is shown in Fig. 4 [in which 

an incident pulse energy (Ed of -0.5 mJ is normal- 
ized to unity]. Unlike the flow-cell, in which quad- 
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Fig. 4. Effect of laser pulse energy on the photoionizatlon 
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Fig. 5. Photoionization current as a function of position of 
laser-beam waist with respect to the position of the elec- 
trodes (i.e., perpendicular to the plane of the electrodes; in 
the diagram, one electrode is behind the other). Triangles 
donote the more concentrated solution and a neutral den- 
sity filter of absorbance 1.0 (N.D. = 1.0) The bias voltage 

was - 1 kV and E, = 1.3 mJ without the filter. 

ratic behaviour is exhibited for low pulse energies and 
analyte concentrations,” the slopes of the least- 
squares lines (not shown) fitting the data in Fig. 4 are 
approximately 1.4 f 0.04, which is in reasonable 
agreement with the “Speiser-Jortner $-power law”.’ 3 
This behaviour is due to saturation in the interior 
portion of the focused beam and is a geometric effect 
rather than a so-called “sub-quadratic” photoioniza- 
tion phenomenon. This saturation effect may also be 
seen in Fig. 5 where PI photocurrent is plotted as a 
function of the position of the laser-beam waist (pos- 
ition of tightest focus). The asymmetry is due to the 
higher average photon flux in the post-focus pos- 

itions. Note that the current is not maximized directly 
between the electrodes unless a neutral density filter 
of absorbance 1.0 is used to attenuate the incident 
laser beam tenfold. Reduction in the analyte con- 
centration (unpublished data) also results in the 
photocurrent being maximal when the laser is focused 
directly between the electrodes. 

For a well-studied photoconductor, such as cad- 
mium sulphide, the photocurrent is inversely pro- 
portional to the square of the distance between the 
electrodes.14 This is also the case for anthracene in 
n-nonane, as shown in Fig. 6 for three concentrations 
and two light intensities per concentration. It is 
obviously important to place the electrodes as close 
together as possible without direct illumination of the 
electrodes. It is also to be expected that parallel-plate 
electrodes would provide higher carrier-collection effi- 
ciency than thin rod electrodes and this is borne out 
by the results in Fig. 7. The largest photocurrent is 
obtained with the rectangular electrodes constructed 
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current. Laser pulse energy = 0.5 mJ. 

of 30% w/w graphite-filled PTFE. The 6.35 mm diam- 
eter stainless-steel electrodes are only slightly less effi- 
cient and electrode composition seems to be relatively 
unimportant. 

The one remaining factor of significance for the 
analytical use of two-photon photoionization is the 
determination of the effect of temperature on the PI 
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Fig. 7. Effect of electrode geometry and electrode compo- 
sition on photoionization current. Laser pulse energy = 

0.5 mJ. 
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Fig. 8. Effect of temperature on the photoionization cur- 
rent, showing the expected Arrhenius relationship charac- 
teristic of the ionic conductance transport process. Laser 

pulse energy = 0.5 mJ. 

current. As shown in Fig. 8, an increase in solution 
temperature causes an increase in photocurrent. Since 
the conduction of ionic charge-carriers is a transport 
process, it is expected that a corresponding activation 
energy will characterize the process. The activation 
energy may be obtained from an Arrhenius plot of the 
log of the photocurrent (which is proportional to the 
carrier mobility) vs. the reciprocal of the absolute 
temperature. For the results in Fig. 8, the slope of the 
least-squares line yields an activation energy of 2.3 
kcal/mole. This agrees moderately well with the 3.2 
kcal/mole obtained by Minday et ~1.‘~ for ions in 

n-hexane. 

CONCLUSIONS 

The practicality and analytical utility of the three- 
mode cuvette system with pulsed laser excitation has 
been demonstrated and the effects on the two-photon 
photoionization current of bias voltage, analyte con- 

centration, incident laser pulse energy, beam focus, 
electrode spacing, electrode geometry, and solution 
temperature have been evaluated. The cuvette system 
has been shown to possess two distinct zero-baseline 
operation modes for sensitively detecting non-lumin- 
escent as well as luminescent species. In addition, a 
sensitive and selective laser-excited fluorescence detec- 
tion mode is simu!taneously available. The cell may 
easily be optimized for PI detection and is already 
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near optimum for the FL and PA modes. Hence 
the amount of information available for anaIytica1 
purposes is substantially increased and three-mode 
spectroscopy is easily possible. ft is also possible_ with 
appropriate signal acquisition systems, to obtain 
three-mode results with a single excitation laser pulse. 
The existence of a highly efficient two-photon photo- 
ionization pathway under the excitation and beam 
focusing conditions normally employed in pulsed 
photoacoustic detection also implies that PA “emis- 
sion” is not ~mplementary to Ruorescence emission. 
Hence the PA effect cannot easily be used to aid in 

the determination of fluorescence quantum efficiencies 
because recombination of photogenerated ions and 
solvated electrons may disturb the excited singlet 
population by producing excited singlets-l6 This 
would atter the apparent fluorescence quantum 

ef%ciency. 
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~rn~~-The protonation constants of formic, acetic, benzoic, oxalic. phthalic, maleic. malonic, succi- 
nit, DL-malic, DL-tartaric, aminoacetic, citric, nitrilotriacetic. ethylenediaminetetra-acetic, sulphuric and 
orthophosphoric acids have been determined from pH measurements, in tetraethylammonium iodide 
solution, at various ionic strengths in the range O.Ol-l.OM (for phosphoric and sulphuric acids 
O.Ol-0.5M). For each acid the dependence of the protonation constants on ionic strength was deter- 
mined and an equation, valid for all the acids studied, to describe this was derived. The use of tetraethyl- 
ammonium salts as background to avoid ion-pair formation is discussed. 

The protonation constants of formic, acetic, benzoic, 
phthalic, maleic, oxalic, malonic, succinic, m,-malic, 
DL-tartaric, aminoacetic (glycine), citric, nitrilotriace- 
tic (NTA), ethylenediaminetetra-acetic (EDTA), sul- 
phuric and orthophosphoric acids have been widely 
studied at various temperatures and ionic 
strengths.‘-* However, in only a few cases has the 
dependence of the protonation constants on ionic 
strength been systematically investigated. Further- 
more, since carboxylic acids and some inorganic acids 
(such as sulphuric or phosphoric) can form complexes 
with alkali-metal ions, the literature values for the 
protonation constants obtained in potassium nitrate, 
potassium chloride, sodium nitrate, sodium chloride 
or sodium perchlorate media may be too low, because 
of reaction of the anions with Na” or K+. Therefore 
we decided to re-investigate the protonation constants 
of these acids, at various ionic strengths and at 37”; 
tetraethylammonium iodide was used as background 
salt, since complex formation between the tetraethyl- 
ammonium cation and the anions studied here may 
be considered negligible. 

EXPERfMENTAL 

Apparatus und procedure 

Hydrogen-ion concentrations were measured potentio- 
metrically with a Metrohm E 600 potentiometer, equipped 
with Metrohm glass and silver-silver chloride electrodes. 
The glass electrode was calibrated in the acid and in alka- 
line regions by titration of nitric acid (3-8mM) with stan- 
dard 1M carbonate-free potassium hydroxide. The concen- 

tration of tetraethylammonium iodide was kept the same 
in all the test and calibration solutions. The E* and pK, 
values were calculated as reported elsewhere.’ The acid 
solutions (25-30 ml, 2-8mM) were titrated with the car- 
bonate-free 1M potassium hydroxide delivered from a 
microsyringe (5000 divisions/ml). Other experimental 
details have been given before.“+” All the acids (Merck, 
p.a.) and the tetraethylammonium iodide (Fluka, purissi- 
mum) were used without further purification. The purity of 
the acids, checked by alkalimetric titrations, was always 
>99% and was taken into account in the calculations. 

Cuiculutzons 
The potentiometric data were analysed by computer, 

The program MINIQUAD 76A” refines the values of 
formation constants by minimizing the error-squares sum 
for the analytical concentrations. We modified this pro- 
gram in order to refine simultaneously the formation con- 
stants and the parameters which define the dependence on 
ionic strength (the linear parameters in a Debye-Hiickel 
type equation). The program ACBA13 refines the values of 
the protonation constants along with other parameters 
(namely analytical concentrations, E*, etc.) of an alkali- 
metric titration, by minimizing the error-squares sum for 
the volume of titrant added. A modification to this pro- 
gram was made in order to obtain simultaneously the pro- 
tonation constants and the parameters for the dependence 
on lomc strength. l4 The program REGRE14 calculates the 
parameters of linear functions (see below). 

The protonation constants are expressed as 

and the stability constants of the potassium complexes are 
defined as 

K, = CKHi- ,LI/CKlCH,- 1Ll 

(changes are omitted for simplicity). 
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RESULTS is obtained by adding a further term of the form 

The proton&ion constants, evaluated first without 
0,13” (0, is an adjustable parameter). as proposed by 

allowing for possible interactions between the anions 
Datta and Grzybowski.” 

of the acids and potassium ions from the &rant, and 
Instead of taking I = 0 as reference [equation (Z)], 

without taking into account the variation of ionic 
as has been common in the past, we chose a value, I: 

strength during the titrations were corrected as fol- 
in the range experimentally studied.‘*‘*’ * The reasons 

lows. 
for this are (I) the refinement of the experimental data, 

Potussi~n caazplex firmatiorz. In our previous 
both with MINIQUAD 76A and ACBA. 1s sometimes 

work7.8,‘5 and in the literature,1*6,16 complex forma- 
divergent if I’ = 0, but is always convergent when 

tion between alkali-meta ions and the Iigands studied 
I’ = 0.1~25; (ii) the error in log KY values is always 

here was noted. If the formation constants K, for the 
lower in the range experimentally studied, so it seems 

species KH,_ 1L are known, the protonation con- 
inappropriate to take an extrapolated vaiue as refer- 

stants can be corrected by using the equation (see 
ence; (iii) the value of log KY is nearly always at its 

Appendix) 
minimum at an ionic strength in the range 0.1~0.3M 
and is a “characteristic” of the curve log KY = ,f(l). 

Kr = K&&f + &[I(]) fi = j) (1) Therefore the data were fitted to the equation 

where K&PI is the constant calculated without altow- 

ing for potassium complexes. 

log Kr(f) = tog Ky(f’ f - G(I,I’) 

Variution of ionic strength during the titratiom 
+ Cj(i - I’) $ Dj(P - 1’y (4) 

From the literature data Is6 for zero ionic strength and where 

from KZ,,+ approximate values of C, can be esti- 
mated for the s~rn~-ern~jri~al equation 

;i 
CfI, 1’) = 27.4 

t 
V 

/‘r 
V 

where 

and log%; is the protonation constant at infinite 
dilution; A is the parameter of the Debye-Hiickel 
equation (A = 0,523 at 37”); zJ* = 2(1 - z - j) (z is 
the charge on the anion); C, is an empirical par- 
ameter; B, is set’*” equal to 1.5 (a small error in fixing 
fSJ is absorbed in the linear term C,). If an approxi- 
mate value of C, is known?, the protonation eon- 
stants can be corrected for the variation of ionic 
strength from I* to i, by the equation 

log KY(I) = log Kr(l*) - G(I,l*) = Cj(l - i”) (3) 

where 

where I = [EtbN] and I* is the real ionic strength of 
the solution. 

The values of log KjHfl) are reported in Table f ; 
when the corrections [equations (I) and (3)] are sig- 
nificant {>0.005 log units) the experimental values of 
log Kr are also reported. 

The dependence of the protonation constants on 
ionic strength was then studied. A preliminary analy- 
sis of the data showed that if a fixed value is assigned 
to Sj, the fit with equation (2) is not always good over 
the whole range of iomc strength from 0.01 TV IiM. 
This equation may be useful for small ranges of ionic 
strength but a better fit to the equation log KY = S(I) 

*Under our conditions, a 10% error in C, causes an error 
of C.004 Iog units in the protonalton constant. 

The values obtained for log K,““‘), Cj and D,, col- 
lected in Table 2, were calculated by three different 
methods: the modified programs MINIQUAD 76 A 
and ACBA, that analyse primary ~otentiometrjc data, 
and REGRE, that calculates the linear parameters of 
the function 

Y = logK,H(I) + G(I,I’) 

= IOg K,W(r) + Cj(r - r’) ~ 0,(13’1 - 1’3’2) (5) 

where the log K,?(s) values are those shown in Table I. 
It is noticeable that the introduction of the term 
O,(P - 1’3!2) very often improves the fit of the data. 

For example. for the first protonation constant of 
EDTA, from equation (5) we obtain two sets of values 
depending on whether or not we take into account 
the term in Dj: 

Cl = 1.63, D, = -0.8, r - 0.9993, 

g(Y) = 0.025 (with Oj) 

c, = 0.81, D1 = 0, r = 0.9829, 0(Y) = 0.065. 

The correlation coefficients (r) and standard devi- 

ations [g(Y)] show that there is a significant improve- 
ment in the fit when the LJ, term is introduced. Equa- 
tions similar to (2) and (4) can be used for log fly as 
well, bearing in mind that 

(rn this case z: = 1 - j - 2~). 

As can be seen from Table 2, the parameters which 
characterize the dependence of protonation constants 
on ionic strength show a regular trend and seem to be 
a function, as a first approximation. of only the 2: 
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Table 2. log by, C, and D, values at 37°C; I’ = 0.1; ACBA or REGRE calculations; I’ = 0.15, 
MINIQUAD calculations 

Acid I’ 1% BY 

Formic 

Acetic 

Benzoic 

Oxalic 

Phthalic 

Maleic 

Malonic 

Succinic 

Malic 

Tartaric 

Glycine 

Citric 

NTA 

EDTA 

H,PG, 

Hz804 

OH- 

0.15 3.57(l)* 
0.1 3.574(6) 
0.15 4.60(l) 
0.1 4.608(6) 
0.15 4.01(l) 
0.1 4015(9) 
0.15 3.99(l) 
0.1 3.998(4) 
0.15 5.09(l) 
0. I 5.101(9) 
0. I5 6.02(2) 
0.1 6.022(7) 
0.15 5.39(l) 
0.1 5.429( 12) 
0. I5 5.29(2) 
0.1 5.317(10) 
0.15 4.76(l) 
0.1 4.788(7) 
0.15 3.99(l) 
0.1 4.019(5) 
0.15 9.27(l) 
0.1 9.277(6) 
0.15 5.83(2) 
0.1 5.912(7) 

0.15 9.69(4) 
0.1 9.73(5) 
0.15 10.14(4) 
0. I 10.22(3) 
0.15 11.50(5) 
0. I 1 1.50(5) 
0.15 1.79(l) 
0. I 1.808(6) 
0.15 13.42(2) 

Cl -D, 1% 87 

0.64 0.32 
0.76 0.44 
0.68 0.27 
0.77 0.34 
0.64 0.22 
0.68 0.25 
1.12 0.43 
1.07 0.38 
1.35 0.37 7.89(3)* 
1.35 038 7.90(l) 
1.35 0.39 7.82(4) 
1.44 0.48 7 84(3) 
1.02 0.30 8.11(2) 
1.01 0.30 8.14(2) 
0.92 0.35 9.32(3) 
0.91 0.35 9.36(l) 
1.06 0.44 
1.10 0.49 8.049(9) 
1.05 0.46 6.83(3) 
1.11 0.52 6.859(6) 
0 70 0.40 11.59(5) 
0.89 0.60 11.56(3) 
1.40 0.52 10.20(3) 
1.63 0.74 10.324(9) 
1.15 0.53 12.26(5) 
1.23 0.60 
1.52 0.70 16.13(5) 
1.62 0.80 
1.85 0.45 18.34(5) 
1.20 0 18.34(5) 
1.30 0.40 
1.21 0.31 
0.70 0.15 

Cz -D, 

2.01 0.47 
1.93 0.38 
1.75 0.40 
1.84 0.48 
1.49 0.45 
1.33 0.30 
1.56 0.50 
1.39 0.35 

1.53 0.49 
1.87 0.82 
2.10 1.04 
0.88 0.40 
1.67 1.00 
2.35 0.90 
2.58 1.12 
1.94 0.83 

13.08(5)* 2.95 1.10 
13.24(3) 3.18 1.32 
14.1 l(9) 2.29 0.98 

2.67 1.15 

3.00 0.75 20.37(6) 3.05 0.75 
2.09 0 20.40(8) 2.30 0 

*The numbers in parentheses correspond to 3 times the standard deviation and have the same 
decimal place(s) as the last significant figure(s). 

value. We therefore studied the behaviour of C, and 
D, as a function of ZT in the equation 

Y’ = logKr(l) - logK,yI’) + G(1.Z’) 

= C,(I - 1’) + D,(13" - 1'3'2) 

= f (I,$) (6) 

with all the protonation constants at the appropriate 
ionic strengths?. The following expressions were 
obtained for the linear parameters as a function of z: : 

Cj = 0.15~ + 0.24:* - O.O033(z*)* 

D,= -0.1 lz* (7) 

where p = 1 for log KY and p = j for log /Ii”. 

DISCUSSION 

The mean deviation [c(log KY)] between the log KY 
values in Table 1 and those calculated by equations 
(4) and (7) can be estimated by the equation 

tin the calculations we also introduced some data for the 
protonation of adenosine-5’-triphosphate (ATP). 
P,O$- and P,O:;, taken from the literature.‘9-23 

l (log Kj’) < O.O25z* 1 I - 0.15 1 (8) 

The error increases with increasing z* value and with 
1 I - 0.15 I. In any case, when z* 11 - 0.15 / is ~2, 
the error is so low that equation (4) with the values of 
Cj and Dj calculated by equation (7), can be used to 
obtain log KY values at different ionic strengths (in 
the range O.Ol-l.OM), if a value determined experi- 
mentally in that range is available. 

The species distribution can also be computed in 
order to estimate the error [E(%)]. in the calculated 

percentage of a species, resulting from an error in the 
1ogKr value, by means of error propagation. These 
calculations were done by a modified version of the 

program DISDI. 14S24 As an example we considered a 
mixture of three hypothetical acids: monoprotic, 
with log KY = 5.0; diprotic, with 1ogKr = 5.5 and 
1ogKP = 2.5; and triprotic, with 1ogKy = 6.0, 
1ogKP = 4.0 and log KY = 2.0. From these calcu- 
lations we found the empirical equation 

E(%) < 102c(logKr)(l + 150 - (7;) //50) (9) 

where (%) is the percentage of the species of interest. 
From equations (8) and (9) 
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E(X) < 2.5z* 1 I - I' ( (1 - I50 - (%))/50). (10) 

For example, for a diprotic acid, t(%) of HL- is 
<2.6%, when f”/,) = 20, 1 = 0.7 and f’ = 0.15. Con- 
sidering that I + f’, this error is, for many purposes, 
satisfactorily low. 

As previously suggested, ls the elimination of the 
influence of the formation of ion-pairs between the 
ligands and the cation(s) of the background makes it 
possible to formulate a general equation which corre- 
lates the protonation constant values with ionic 
strength, even if 1 > O.lM, the limiting value indi- 
cated by Davies 25 for the validity of his equation for 
the evaluation of activity coefficients. The Davies 
equation, written with our symbols and referred to 
formation constants, becomes (with B, = 1): 

iog ~31) = log KjH(r’) - G(U) 

+0.3z*A(I - I’). (11) 

The mean error in log KY for this case can be esti- 
mated. from our data (for I in the range O.OlUO.lM). 
by the equation 

log KY < 0.2z*(o.l - I). (12) 

The mean error arising from the use of equations (4) 
and (7) is significantly lower than that from equations 
(8) and (12). Moreover, it is interesting that in the 
expression for Cj [equation (7)] there is a term which 
does not depend on z*, and therefore the protonation 
constants of cationic acids, such as HL+, for which 
z* = 0, should be dependent on ionic strength, 
whereas according to equation (11) the protonation 
constants for z* = 0 are not dependent on ionic 
strength. In this connection it may be remarked that 
the second protonation constant of amino-acids in- 
creases with increasing I. 

The results reported here suggest that the ligands 
studied indeed do not interact significantly with the 
tetraethylammonium cation. The use of tetraethyl- 
ammonium salts (tetramethylammonium ions can still 
form weak complexes,23 and tetrabutylammonium 
salts are not su~ciently soluble) in order to avoid 
ion-pair formation seems advantageous. Also, it seems 
reasonable to explain the differences in the protona- 
tion constant values determined in various media (at 
the same ionic strength) in terms of alkali-metal 
complex formation (for I < IM), since the results 
obtained by solubility measurements for the sodium- 
oxalate complexz6 and by ion-selective electrodes for 
alkali metal-citrate complexes are in good agreement 
with ours.‘,*.i’ 

Further studies in progress will check these results 
carefully. Extension of this investigation to the stab- 
ility constants of binary and ternary metal complexes 
seems very important. 

APPENDIX 

The mass balance equations (for a monoprotic acid) can 
be written 

CLI, = CL1 + ~“CLICHI + W-IWI 

WIT = WI + K”l3-1 [HI - WCKI 
if potassium complexes are taken into account, or 

CL& = CLl<,,,t + ~~~~~~Ll~=~~~CHl 

(Al) 

(A21 

(A3) 

CHIT = WI + ~:,&I,,,,,CW - KwICW (A4) 

if potassium complexes are neglected. By equating (A 1) and 
(A3) and substituting for [L] and [L],,,,, from (A2) and 
(A4), we obtain 

or 

1ogK” = logK&,, + log(1 + K[K]) (A% 

If it is assumed that a polyprotic acid behaves as a mixture 
of monoprotic acids, equation (A5) becomes 

log KY = log rc&,, + log(l + ic,[K]), (i = j). (1) 

This assumption, valid for calculation of KY if 
K:IKjH+ I > 103, IS also quite reasonable when the ratio of 
successive constants IS greater than 10. 

The potassium complexes are generally very weak and m 
equation (1) the free concentration [K] can usually be set 
equal to the analytical concentration; otherwise the value 
of [K] can be obtained iteratively. 
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Summary-Procedures are described for the determmdtion of arsenite, arsenate and monomethylarsonic 
acid in aqueous samples. The arsenicals (after reduction of arsenic to the tervalent state) readily react 
with 2,3-dimercaptopropanol (BAL) to yield their BAL complexes. The products are extracted with 
benzene and introduced into a gas chromatograph equipped with a flame-photometric detector for 
sulphur. One aliquot of sample is treated with stannous chloride solution and potassium iodide solution 
to reduce arsenate and monomethylarsonic acid, then BAL IS added and the complexes are extracted 
with benzene. The extract is analysed for total inorganic As plus monomethylarsonic acid. Magnesia 
mixture and phosphate solutton are added to another aliquot to remove arsenate by co-precipitation 
with magnesium ammonium phosphate. The precipitate is filtered off and arsenite determined in the 
filtrate. The detection limits are 0.02 ng of As for arsenate and arsenite and 0.04ng of As for 
monomethylarsonic acid. 

Recently, in the environmental chemistry and bio- 
chemistry of arsenicals, greater emphasis has been 
placed on assessing arsenic in its various forms, es- 

pecially as arsenate [As(V)], arsenite [As(III)], mono- 
methylarsonic acid (MMAA) and dimethylarsinic acid 
(DMAA).lm4 The methods currently most widely used 
for the purpose are based on the sequential volatiliza- 
tion technique described by Braman et al.,’ where the 
arsenicals are volatilized as arsines. Several gas 
chromatographic methods based on the conversion of 
the arsenicals into volatile compounds have also been 
reported. Talmi and NorveIl have reported a method 
for inorganic As based on gas chromatographic separ- 
ation of its triphenyl derivative. Butts and Rainey’ 
chromatographed As(III) and As(V) as trimethylsily- 
lates. Gudzinowicz and Martin’ investigated the gas 
chromatographic behaviour of bromides of inorganic 
As and some organic arsenicals. Daughtrey et a1.9 
reported a gas chromatographic method for total in- 
organic As, MMAA and DMAA after preparation of 
their diethyldithiocarbamates. 

The present research sought a rapid. simple and 
quantitative method by which As(III), As(V) and 
MMAA in aqueous sample could be determined with 
specificity. The flame-photometric detector for sul- 
phur would provide such a method if the arsenicals 
could be converted quantitatively into volatile stable 
sulphur-containing compounds. We found that 
2,3-dimercaptopropanol (BAL) reacts readily with the 

arsenic(II1) compounds to give products having such 
properties. 

In a previous paper,‘O we reported a gas chroma- 
tographic method for the determination of DMAA. 

That method can be combined with the one presented 
here, to give selective determination of As(III), As(V), 
MMAA and DMAA. 

EXPERIMENTAL 

Apparatus 

A Shimadzu Model GC-4CM gas chromatograph 
equipped with a Shimadzu Model FPD-1A flame-photo- 
metric detector for sulphur was used. The separation was 
performed on a 3-mm bore 2-m long glass column packed 
with 20% SE-30 on SO/l00 mesh Chromosorb AWA 
DMCS. The transmission of the optical filter attached to 
the detector was maximal at 384 nm. The nitrogen car- 
rier-gas flow-rate was 60 ml/min. The hydrogen and air 
pressures were 0.5 and 0.6 kg/cm’, respectively. A Hitachi 
Model M-80 gas chromatograph-mass spectrometer was 
used to confirm that the BAL-arsenical complexes were 
formed. 

Reagents 

As(II1) and As(V) standards were prepared from AszO, 
and NaH,AsO, (Merck). MMAA was obtained from the 
Ventron Co. Stock solutions containing 100 pg of arsenic 
per ml were prepared for each of the acids, and diluted 
daily before use. 

Reagent grade BAL (Wako Pure Chemical Ind., Ltd.) 
was distilled under reduced pressure, and a 0.2% aqueous 

solution prepared daily before use. Stannous chloride sol- 
ution was prepared by dissolving 5 a of SnCi,.ZH,O in 
100 ml of &&entrated hydrochl&ic&id. Magnesia mix- 
ture was prepared by dissolving 55 g of MgCI,.6H,O in 
500 ml of water, adding 140 g of ammonium chloride and 
130 ml of concentrated ammonia solution, and diluting 
with water to 1 litre. The phosphate solution was prepared 
by dissolving 0.158 g of K,HPO, in 100 ml of water. Pesti- 
cide-grade benzene was used as the extraction solvent. 

89 
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Procedure 

Calibration graph. Take 0.5, 0.75, 1.0 and 1.5 ml of the 
l-&ml As working standards for As(V) and MMAA, in 
eight graduated and glass-stoppered centrifuge tubes (one 
standard in each). Dilute each solution to 10 ml with water. 
The arsenic concentrations of these standard series are 
0.05, 0.075, 0.10 and 0.15 pg/ml. 

To each tube add 2 ml of the stannous chloride solution 
and 1 ml of 20% potassium iodide solution and let stand 
for 30 min. Add 1 ml of the BAL solution and dilute to 20 
ml with water. Let stand for 60 min, add 5 ml of benzene, 
stopper and shake thoroughly. Centrifuge for 10 min at 
30@0 rpm. Withdraw 5 ~1 of the benzene layer and intro- 
duce it into the gas chromatograph by microsyringe. 

Plot the peak height, H mm, against the arsenic concen- 
tration (pg/ml) on log-log paper, and calculate the slope n, 
of the log-log plots from H = kc”. 

Determination of total morganic As and MMAA. Take 
10 ml of sample in a graduated glass-stoppered centrifuge 
tube. Add the stannous chloride and potassium iodide sol- 
utions and proceed as described above. Measure the peak 
heights for inorganic As and MMAA. Calculate each Hi’” 
and determine their arsenic concentrations in the sample 
with the aid of the calibration graphs. 

Determination of As(ll1). Take 10 ml of the sample in a 
flask, add 1 ml of the magnesia mixture and 1 ml of the 
phosphate solution and let stand for 10 min. Filter the 
solution through a porosity-3 sintered-glass filter into a 
graduated glass-stoppered centrifuge tube. Wash the filter 
and residue with up to 4 ml of water, collecting the wash- 
ings in the centrifuge tube. Proceed with the reduction etc. 
as before. 

Determination ofDMAA. Take 5 ml of sample in a glass- 
stoppered test-tube. Proceed as described in the previous 
report.‘O 

RESULTS AND DISCUSSION 

As(III), As(V) and MMAA react with BAL in the 
presence of hydrochloric acid and reducing agents to 
give benzene-extractable volatile complexes. The com- 
plexes chromatographed are detected by the flame- 
photometric detector for sulphur with high selectivity 
and sensitivity. 

To determine the nature of the species eluted from 
the gas chromatograph, a gas chromatograph-mass 
spectrometer was employed. The fragmentation pat- 
tern of the BAL-monomethylarsonate complex was 
m/z = 212 (C,,H90S2As+), 197 (C3He0S2As+), 166 
(C2H&As+) and 107 (Ass+), indicating the structure 
is 2-methyl-4-hydroxymethyl-1,3-dithia-2-arsacyclo- 
pentane as described by Stocken and Thompson.” 
The fragmentation pattern of the BAL-As(II1) 
complex was m/z = 214, 212, 196, 166 and 107, from 
which it may be seen that the structure is 2-hydroxy- 
4-hydroxymethyl-1,3-dithia-2-arsacyclopentane. 

The reaction sequence proposed is shown in 
Fig. 1. Dimethylarsinic acid is unable to form such 
a 5-membered ring by reaction with BAL, which 
may be why DMAA is not determined by the 
procedures. 

Various parameters which might affect the com- 
plexation and reduction were examined. Maximum 
peak height was obtained by addition of at least 1 ml 
of concentrated hydrochloric acid and 1 ml of at least 

Rlductlon 
RAsOLOHl2 RAstOH), 

RAsfOH12+ CHz- SH - CH2 -S 
I ’ AsR 

+ 2H,O 
I 

CH- SH CH -S’ 

dH, OH ;H,~H 

R CH3, OH 

Fig. 1. BAL complexes of the arsenicals. 

0.2% BAL solution to 10 ml of the As(III) standard, 
so 2 ml of concentrated hydrochloric acid and 1 ml of 
0.2% BAL solution were chosen as sufficient quanti- 
ties for the complexation. A standing time of at least 
30 min after the addition of BAL was needed to com- 
plete the complexation; heating the reaction mixture 
did not shorten the standing time necessary. 

When kept at ordinary temperature under room 
lighting, the solutions of the BAL-arsenical com- 
plexes gave constant peak heights on chroma- 
tography, over a period of at least 48 hr. 

Arsenic(V) was completely reduced by addition of 2 
ml of at least 1% stannous chloride solution to 10 ml 
of the standards, but MMAA required not only the 
addition of more concentrated stannous chloride sol- 
ution but also the addition of potassium iodide for its 
complete reduction. The conditions described in the 
procedure give full reduction of both As(V) and 
MMAA. The addition of the stannous chloride soi- 
ution also eliminates extraneous peaks resulting from 
excess of BAL. as shown in Fig. 2. This effect seems to 
depend on formation of a benzene-insoluble tin salt of 
BAL rather than on reduction, since a similar effect is 
given by addition of stannic chloride. 

Typical gas chromatograms obtained by the 
present method are shown in Fig. 3. Peaks other than 
those due to the arsenicals scarcely appear in the 
chromatograms. 

There is little difference in efficiency of separation 
of the BAL-arsenical complexes when non-polar sili- 
cone gums, e.g., SE-30,OV-l, OV-17 and OV-101, are 
used as the stationary phase. We chose SE-30 because 
it gave the sharpest peak. 

Butyl acetate, methyl isobutyl ketone, toluene, 
n-hexane and cyclohexane were also examined as the 
extraction solvents. Butyl acetate and methyl isobutyl 
ketone gave a large extraneous peak. Toluene, n-hex- 
ane and cyclohexane gave inferior extraction of the 
complexes. Benzene extracts the complexes efficiently 
but gives low extraction of the excess of BAL and/or 
its tin salts. 

Typical calibration data are shown in Table 1. The 
response of the flame-photometric detector character- 
istically increases exponentiaIly with increase in con- 
centration of sulphur compounds. The H vs. C cali- 
bration graph therefore becomes linear on a log-log 
plot, and a normal plot of H”” vs. C is also linear. 
The latter may be preferred for accurate analysis and 
estimation of the blank value. 
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Fig. 2. Removal of extraneous peaks by the addition of stannous chloride solution. A: stannous chloride 
solution not added; B: added. * Peak for As(W). 

As(II1) was separated from As(V) by precipitation Table 3 shows the influence of foreign ions on the 
of ammonium magnesium arsenate in the presence of determination of inorganic arsenic. The determination 
a large amount of ammonium magnesium phosphate can be done in the presence of considerable amounts 
as carrier, without loss of As(III), as shown in Table 2. of ferrous, zinc, calcium, magnesium, sulphate, sul- 
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Fig. 3. Gas chromatograms of A: (a) monomethyi~sonic acid, (b) inorganic As; B: blank. 



SYOZO FUKUI et al. 

Table I. Cahbration data* 

Concentration, H,t Range. 
Arsenical pg/ml (as As) mtn mm [H (mm)]“” Range 

Inorganic 
AS 

0 0 0 - 
0.050 20.0 18-21 6.75 6.3-6.9 
0.075 35.3 34-37 9.75 9.5-9.8 
0.100 64.6 63-67 14.29: 14.0-14.7 
0.150 119.7 118-121 21.15 20.9-21.2 

MMAA 0 
0.050 
0.075 
0.100 
0.150 

0 
12.0 11-13 
17.5 17-18 
25.5 25-26 
40.0 39-41 

0 
8.21 

Il.32 
15.5$ 
22.7% 

- 
7.6-8.8 

11.0-11.6 
15.3-15.8 
22.3-23.2 

*The detector conditions: sensitivity 10 MR; range 160 mV. 
tAverages of 5 runs. 
@l = 1.57. 
$n = 1.18. 

Table 2. Removal of As(V) by the treatment with magnesia mixture 

Species 
Concentration, Peak height*, mm 

nglml With treatment Without treatment 

As(V) 0.050 0 20.5 (19-21) 
0.075 0 36.0 (35.5-37) 
0.100 0 63.0 (62-65) 

As(II1) 0.050 19.5 (19-20) 20.0 (19.5-20.5) 
0.075 35.5 (34-37) 37.0 (3638) 
0.100 62.0 (6G64) 63.0 (61-65) 

*Average of 5 runs, range in parentheses. 

phide and nitrate ions. Concentrations of ferric ion 
and cupric ion > 10 pg/ml cause a slight negative 
error. 

The results for total inorganic arsenic obtained by 
the present method were compared with those 
obtained by the AOAC silver diethyldithiocarbamate 
method.” An aqueous extract of sea-weed (Hijikia 

Fujijbrme) was used as the sample. The average and 
range obtained by the AOAC method were 0.144 ppm 
and 0.119-0.164 ppm, respectively, and those of the 
present method were 0.143 ppm and 0.130-O. 160 ppm. 
Comparison of the results obtained for MMAA by 
the present method and by an independent method is 
difficult to make because of the lack of such a 
method. 

The results of recovery tests for the four arsenicals 
added to urine are shown in Table 4. One of the 
major problems was the rapid oxidation of As(II1) 
added to urine, but it was solved by heating the urine 
to about 60”, suggesting that the oxidation occurs 
enzymatically. The recovery tests were done on pre- 
viously heated urine. 

The present method, combined with the method 
previously reported,” was successfully applied to 

clarify the nature of the chemical forms of arsenicals 

excreted in the urine after eating Hijiki, which is a 
sea-weed containing arsenic naturally. A large portion 
of the arsenic in Hijiki is present as a form releasing 
inorganic As(V) in weak acid medium, but a large 
portion of the arsenic excreted in the urine was found 
to be in methylated forms such as MMAA and 
DMAA.‘=,i4 

Table 3. Permissible amount of foreign ions in 
the determination of 0.05 pgcglml inorganic As (to 

give < 10% error) 

Ion Added as 
Concentration, 

&ml 

cl12+ 
Zn2 + 
Ca2+ 
Mg2+ 
so*- 
NO; 
S2- 

FeS0,(NH.J2S0,.6H20 500 
Fe&U 10 
CllSo4.5H20 10 
ZnS04.7H,0 500 
CaCl, 500 
MgS04. 7H20 500 
Na2S04 900 
KN03 100 
Na,S 100 
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Table 4. Recovery tests of total inorganic As, As(II1) and MMAA from urine 

Added, Found,* Recovery, 
Arsenical &ml (as As) w/ml (as As) % 

Total inorganic As 0 0.016(0.015-0.017) - 
0.050 0.068 (0.065-0.070) 103 (98-108) 
0.075 0.088 (0.085-0.092) 97 (92-101) 
0.100 0.109 (0.108X).110) 93 (92-94) 
0.150 0.159 (0.158-0.161) 96 (95-97) 

As(III)t 0 0.007 (0.006-0.0075) 
0.050 0.054 (0.050-0.056) 94 (88-98) 
0.075 0.08 1 (0.0794.085) 99 (96104) 
0.100 0.110(0.097-0.115) 103 (97-108) 

MMAA 0 0.038 (0.030-0.045) 
0.050 0.084 (0.0824.087) 92 (88-98) 
0.100 0.135 (0.130-0.146) 97 (92-108) 
0.150 0.193 (0.19&0.196) 103 (101-105) 

*Averages of 5 runs, ranges in parentheses. 
TAnalysed in the presence of 0.2 pg of As(V) per ml. 
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Summary-A sensitive method based on solid-phase spectrophotometry has been developed for the 
microdetermination of uranium(V1) in water samples. Uranium is sorbed on the anion-exchanger QAE- 
Sephadex from thiocyanate solution and the absorbance of the exchanger is measured at 300 nm. This 
method is about 30 times more sensitive than solution spectrophotometry. Absorption spectra of various 
metals in the anion-exchanger phase are presented and their interferences discussed. A procedure for the 
cation-exchange separation of uranium from accompanying elements before spectral measurement of 
uranium is proposed. 

Ion-exchanger coIorimetry is a sensitive method 
based on measurement of light-absorption by an ion- 
exchanger that has sorbed coloured sample dom- 
ponents.“’ A number of applications have been 
reported. 3-1o However, this method has so far not 
been applied to absorption of ultraviolet radiation, 
because of the extremely high background shown by 
most ion-exchange resins. The use of an ion- 
exchanger with a low background in the ultraviolet 
region may permit extension of solid-phase absorp- 

tion photometry to the microdetermination of metals. 
Although the spectrophotometric determination of 

uranium(W) with thiocyanate is well known it is 
much less sensitive than the determination with re- 
agents such as arsenazo III,*i~12 However, its sensi- 
tivity may be expected to be increased by use of solid- 

phase calorimetry. Uranium(V1) can be retained 
strongly on an anion-exchanger from thiocyanate sol- 
utions and effectively separated from many other 
metal ions. The combination of thiocyanate anion- 
exchange separation and colorimetry12--i 4 or fluori- 
metry I4 has been employed for the determination of 
uranium at very low levels in water or rock samples. 

In this work it was intended to determine uranium 
by direct measurement of the absorbance of the 
anion-exchanger with the uranium thiocyanate com- 
plexes retained on it. The ~ommercialiy availabIe 
anion-exchanger QAE-Sephadex A-25 was selected 
for this purpose, because of its low absorption back- 
ground and very high sorption rate. 

Reagents 

EXPERIMENTAL 

Ion-exchangers. The cross-linked dextran-type anion- 
exchanger, QAE-Sephadex A-25 (chloride form), was used 

*Present address: Department of Chemistry, Faculty of 
Science, Kyushu University, Hakozaki, Higashiku, 
Fukuoka, 812 Japan. 

in the origmal dry state, as obtained from the commercial 
source, for the collection of uranium from sample sol- 
utions. For the column separation of uranium the cation- 
exchange resin AG 5OW-X8 (20&400 mesh, sodium form) 
was employed. The column dimensions were 8 mm x 18 
cm (9.0 ml). 

Metal zon solutions. These were prepared by dissolving 
U0,(N0,)2.6H20 (for U), Mo,0,,.4H20 (for MO) and 
K&rO, (for Cr) and the chlorides, nitrates or sulphates for 
other metals. Whenever necessary a small quantity of hy- 
drochloric acid was added to each metal solution to pre- 
vent hydrolysis. Solutions of anions were prepared from 
the potassium salts. All chemicals employed were of ana- 
lytical grade. 

Apparatus 

A Beckman DB-GT grating s~ctrophotometer was 
employed for all spectral measurements, with l-cm quartz 
cells, except for the exchanger-phase spectrophotometry, 
for which a pair of l-mm quartz cells was used. 

Procedures 

Ion-exchanger spectra! measurements of uranium. To 200 
ml of a solution, 1M in ammonium thiocyanate and O.lM 
in hydrochloric acid, containing uranium(V1~ (and other 
elements), 200 mg of QAE-Sephadex A-2.5 were added. In 
cases where the solution was coloured by contamination 
with iron, the minimum amount of ascorbic acid needed to 
remove the red colour was added. After stirring for 30 min 
the mixture was left to stand for about 5 min. The super- 
natant liquid was discarded and the remaining slurry 
poured into a l-mm quartz cell. The absorbance of the 
slurry was measured at 300 nm (A,& in the usual manner 
against a reference prepared by the same procedure, but 
without uranium or other sample components present. To 
compensate for the background due to the exchanger, the 
absorbance at 600 nm (ABOO), where the absorbance of the 
uranium species is zero, was also measured and the differ- 
ence AA;:: = A so0 - Asoo calculated. The AA value thus 
obtained was directly proportional to the concentration of 
the sample species and was unaffected by a small difference 
in packing in the sample and reference cells. 

Distribution ratio measurements. Portions of solutions 
(200 ml), O.lM in hydrochloric acid, containing different 
concentrations of ammonium thiocyanate and 10 mg of 
uranium were each equilibrated for 30 min with 500 mg of 
QAE-Sephadex A-25. After equilibrium had been attamed, 
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the uranium concentration m the solution was measured 
spectrophotometrically from the absorbance at 300 nm. 
The distribution ratio D (ml/g) for uramum was calculated 
in the usual way from the initial and equilibrium concen- 
trations in the solution. 

Sorption rare measurements. Portions (200 ml) of a sol- 
ution, 1M in ammonium thiocyanate and O.lM in hydro- 
chloric acid, were contmuously stirred with 200 mg of 
QAE-Sephadex A-25. At fixed time intervals. small por- 
tions of the solution were analysed spectrophotometrically 
for uranium. The amount of uranium sorbed at each time 
was calculated from these values and the initial concen- 
tration 

Catzon-exchange separation of uranium. When the sample 
solution contains interfering elements. uramum must first 
be separated by cation-exchange. For this purpose 200 ml 
of a O.lM sodium chloride-O.OlM hydrochloric acid sol- 
ution containing uranium and the interfering elements 
were passed through a column of the cation-exchange 
resin, The resin bed was washed with 30 ml of O.lM 
sodium chloride401M hydrochloric acid solution to sep- 
arate uranium from molybdate and other anionic species. 
Subsequently, 50 ml of 0.5M sodium thiocyanate4.05M 
hydrochloric acid solution were passed through the 
column to elute cobalt, copper, vanadium(IV), mckel and 
iron(II1). Fmallv uramum was eluted with 50 ml of 2M 
ammonium thiocyanate42M hydrochloric acid solution 
and the eluate was adjusted to give 200 ml of IM am- 
monium thiocyanate4.1 M hydrochloric acid solution by 
the addition of water. ammonium thiocyanate and hydro- 
chloric acid. for the subsequent ion-exchanger spectropho- 
tometry. All elutions were performed at a flow-rate of 
0.607 ml/min and experiments were done at 20 k 1”. 

RESULTS AND DISCUSSION 

Absorption background of the ion-exchanger 

As mentioned previously, some ion-exchangers can- 
not be employed in this method because of the high 
absorption background due to the benzene rings in 
their structure. Cross-linked dextran-type ion- 
exchangers, such as QAE-Sephadex or SP-Sephadex, 
have a much lower background, which gradually in- 

creases with decreasing wavelength. These back- 
ground spectra depend on the type and ionic form of 
the exchanger, the solution composition and the 

3r \ 

packing in the cell. Spectrum A (SCN- form) in Fig. I 
shows a somewhat higher background than that in 
spectrum B (Cl- form), owing to the greater shrinking 
of the exchanger in thiocyanate form. The sudden 
increase at wavelengths shorter than 270 nm is 
attributed to strong absorption by the thiocyanate 
counter-ions and this limits measurement to the 
region of wavelengths longer than 270 nm. 

Anion-exchange distribution ratio of uranium( VI) 

To find the optimum conditions for sorption of 

uranium by QAE-Sephadex, the distribution ratio of 
uranium was determined at various concentrations of 
ammonium thiocyanate: O.lM hydrochloric acid was 
always added to stabilize the uranyl ions and for con- 
venience in dealing with practical samples. As can be 
seen from Fig. 2, the distribution ratio (D > 4 x 103) 
was attained for ca. I-1.5M ammonium thiocyanate 
medium, and IM ammonium thiocyanate was chosen 
as the optimal concentration. Small changes in hydro- 
chloric acid concentration did not cause appreciable 
variation in the distributron ratio. 

Sorption rate of uramum( VI) 

A time of 30 min was sufficient for equilibrium to 
be reached under the experimental conditions (i.e., 

200 ml of solution and 200 mg of exchanger) and gave 
an equilibrium value of 80.37; uranium extraction. 
Complete collection is not necessary, provided the 

degree of extraction is reproducible. By this process it 
is possible to concentrate the uranium by a factor of 
several hundred. Smce the sorption rate depends on 
the ratio of the amounts of the two phases, a different 
equilibration time is required when the conditions are 
changed. For instance, a time of only 10 min is 
necessary for 200 ml of solution and 500 mg of 
exchanger, but more than 80 min may be needed for 
500 ml of solution and 200 mg of exchanger (for the 
same thiocyanate system). 

0 
I I I I I 

300 400 500 600 700 

Wavelength (nm) 

Fig. 1. Ion-exchanger background spectra. A, SCN--form QAE-Sephadex A-25 equihbrated with 1M 
NH,SCN-O.lM HCI; B, Cl--form QAE-Sephadex A-25 equilibrated with H,O. Cell length: 1 mm; 

reference H20. 
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Fig. 2. Dlstributlon ratlo of uranium in the thiocyanate 
system. Anion-exchanger: QAE-Sephadex A-25, 500 mg. 
Solution: NH,SCN-O.lM HCI containing 10 mg of U, 

200 ml. 

Calibration graph 

The absorption spectrum of the uranium species 
sorbed from 1M ammonium thiocyanatea.lM hy- 
drochloric acid solution by QAE-Sephadex A-25 is 
similar to that of concentrated uranium thiocyanate 
solutions. The maximum absorptivity of the thiocya- 
nate complexes is observed at ca. 300 nm and so this 
wavelength was selected for the uranium determi- 
nation. 

Solutions of different concentrations of uranium 
nitrate in 1M ammonium thiocyanate&.lM hydro- 
chloric acid were analysed according to the procedure 
given. The presence of small concentrations of nitrate 
ions did not affect the sorption behaviour of uranium, 
because of the predominance of the supporting thio- 
cyanate salt. Figure 3 (Curve A) indicates that the 
ion-exchanger spectrophotometry has a much higher 
sensitivity than ordinary solution spectrophotometry 

under corresponding experimental conditions. The 
plot of A,4~~~ against uranium concentration in sol- 
ution is linear up to a uranium concentration of 0.5 

pg/ml in the sample solution. 

Absorption spectra and interference of other com- 

ponents 

In the thiocyanate system, besides uranium a 
number of elements show absorbance in the ultra- 
violet region, and so do certain anions. In general, 
inert anions (e.g., nitrate) are excluded from the 
anion-exchanger in the batch equilibration process by 
the presence of a large amount of strongly retained 
thiocyanates, and so do not interfere. On the other 
hand, most of the metals which interfere in the sol- 
ution spectrophotometric determination of uranium 
with thiocyanate may also interfere in the present 

method, since they are strongly retained as thiocya- 
nate complexes in the anion-exchanger phase. Figure 4 
shows the absorption spectra for various species 

sorbed by 200 mg of QAE-Sephadex A-25 from 1M 
ammonium thiocyanate-O.lM hydrochloric acid sol- 
ution, arranged in decreasing order of absorptivity at 
300 nm. The extent of spectral interference by each 
species can easily be estimated by comparison of its 
absorptivity with that for uranium, taking their con- 
centrations into consideration. Molybdenum inter- 
feres in the uranium determination to the largest 
extent, but can be removed with a cation-exchanger 
column, since it is not retained by the column from a 
solution of low acidity (Fig. 5). Vanadium(IV) also 
interferes considerably, but can also be separated 
from uranium with a cation-exchanger column, since 

it complexes strongly with thiocyanate and is eluted 
before the uranium. Iron(II1) may interfere to the 
same extent as vanadium, but again is separable by 
cation-exchange, forming stable thiocyanate com- 
plexes. Contamination of the uranium fraction by a 
high concentration of iron(II1) can be avoided by 
reduction of iron(II1) to iron(I1) with ascorbic acid. 
The absorbance of ascorbic acid itself is small at 300 
nm, but even this can be eliminated by using a refer- 
ence containing an equal amount of this reducing 
agent. Cobalt interferes appreciably if present in a 
concentration comparable to that of uranium, but can 

be separated completely from uranium on the cation- 
exchange column (Fig. 5). If necessary, copper and 
nickel can be separated in the same manner, though 
they interfere to a lesser extent than cobalt. Bismuth 
shows strong interference, having an absorptivity of 
the same order as that of uranium. However, it occurs 

in nature only at very low levels and hence will not 
present a problem in the analysis of water samples. 

r 

B -~__~__+__7~__r___l 
0 0.1 02 0.3 04 Q5 0.6 

U concentration in solution (ppm) 

Fig. 3. Calibration graphs for the determination of uran- 
ium. A: ion-exchanger spectrophotometry. Solution: 1M 
NH,SCN-O.IM HCl, 200 ml. Anion-exchanger: QAE- 
Sephadex A-25, 200 mg, path-length: 1 mm. B: solution 
spectrophotometry. 2M NH,SCN-0.M HCI, path-length: 

1 cm. 
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Fig. 4. Absorption spectra of QAE-Sephadex phase equilibrated with lM NH,SCN-O.lM HCI solution 
containing different metals. Solution: 200 ml, QAE-Sephadex A-25: 200 mg. Concentration of LJ 0.3 
ppm. Number in parentheses is the weight ratio of each metal to the uranium contained in the solution. 

Zirconium, titanium, lead and chromium cause appre- 
ciable spectral interferences when present in amounts 
comparable to that of uranium. Since they cannot be 

separated from uranium by use of the present cation- 
exchange procedure, this could sometimes present a 
problem in the determination of uranium in practical 
samples. The interference is reduced if a longer wave- 
length (e.g., 340 nm) is used for the uranium determi- 
nation, although the sensitivity then decreases. 

Alkali metals, alkaline-earth metals, aluminium, 
thorium, manganese, zinc, cadmium, tin and iron 
do not interfere, because they do not show any 
absorptivity at 300 nm. 

The interference by sulphate is exceptional, as sul- 
phate ions give a negative error through competition 
with the thiocyanate ligands for uranyl ions, when 
sulphate is present in large concentration. 

Cation-exchange separation of uranium 

To remove most of the interfering components, a 
cation-exchange column separation is done before the 

spectrophotometric determination of uranium. Figure 
5 represents an elution curve showing the mutual sep- 
aration of molybdenum, cobalt and uranium as a 
typical example. All the molybdenum is contained in 
the column effluent from passage of the original 
sample solution and the subsequent washing with 30 
ml of O.lM sodium chloride-O.OlM hydrochloric acid 
solution. Other inert anions (not complexing with 
uranium) are also found in this effluent. At higher 
acidities (pH < 2), molybdenum is increasingly 
retained by cation-exchangers. The 50 ml of effluent 
from the next elution with 0.5M sodium thiocya- 
nate405M hydrochloric acid contains all of the 
cobalt. The metals which form highly stable thiocya- 
nate complexes, such as vanadium(W), copper, nickel 
and iron(III), behave similarly to cobalt, although 
iron(III) tends to tail a little. The red colour of the 
iron(II1) thiocyanate complex may therefore be used 
as a visual monitor to ascertain the approximate end 
of elution for the second group. The uranium is re- 
covered quantitatively by the final elution with 50 ml 
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Fig. 5. Cation-exchange separation of uranium from other 
elements. Column: AG-50W-X8, Na+ form (10&200 
mesh), 9 ml (8 mm x 18 cm). Sample solution: O.lM 
NaClLO.OlM HCl, 200 ml, containing 0.5 mg of U, 2 mg of 
Co and 2 mg of MO. Elution sequence: I, passing of sample 
solution; II, washing with O.lM NaCl-O.OlM HCl; III, 
with OSM NaSCN-O.OSM HCI; IV, with 2M 
NH,SCN@2M HCl. Broken line is an elution curve for 

3 mg of iron(III), in a separate run. 

of 2M ammonium thiocyanateO.2M hydrochloric 
acid, which is a more effective eluent than sodium 
thiocyanate. This last eluate also contains large 
amounts of sodium thiocyanate formed by exchange 
inside the resin phase, but it has been confirmed that 
the presence of considerable amounts of sodium ions 
does not affect the uranium determination. If present, 
bismuth, zirconium, titanium, lead and chromium will 

be found in the uranium eluate. Since the first three 
metals are subject to hydrolysis under the operating 
conditions employed, it is not easy to evaluate the 

extent of their interference. If the sample solution is 
acidified further, the situation is improved, but 
molybdenum may become less easily removed. The 
separation of chromium is also difficult, owing to its 
slow reaction rate with ligands. 

Analysis of sample solutions 

Solutions containing either uranium alone or in 
admixture with other elements were analysed by the 
present method (Table 1). The reproducibility was 

satisfactory for such a low level determination. The 
absorbance of the uranium thiocyanate complexes in 
the exchanger phase was stable for at least 3 hr if the 

sample and reference cells were kept in a dark place. 
A measurement of uranium in the presence of a 

hundredfold amount of thorium was made in order to 
check whether there was an effect due to competition 
between uranium and other metal complexes for the 
ion-exchange sites on the exchanger. It was found that 
the sorption of metals such as thorium which show no 
light-absorption at around 300 nm does not affect 
either the distribution ratio or the exchanger-phase 
absorptivity of uranium. 

The presence of O.OlM potassium nitrate in the 
sample solution caused no interference (as already 
explained) in spite of the high absorptivity of nitrate 
ions at 300 nm. On the other hand, the presence of 
O.OlM potassium sulphate produced an error of 
- 10%. Therefore, sulphate ions should be removed. 
The proposed cation-exchange procedure can be used 
for this, but a higher concentration of sulphate may 

Table 1. Analytical data for the determination of uranium by ion-exchanger 
ultraviolet spectrophotometry 

Expt* [U] taken, Other Absorbance Relative 
No. ppm components measured, A.4~~~ error, %t 

0.400 None 0.432 f 0.025 
0.400 None 0.430$ -0.5 
0.300 None 0.3 18 + 0.006 # 
0.300 Th/U = 100 0.312 -2 
0.300 KNO, = O.OlM 0.315 -1 
0.300 K2S04 = O.OlM 0.285 -11 
0.300 MO/U = 10 0.320 + 0.6 

co/u = 10 
Ni/U = 10 
cu/u = 10 
v/u = 10 
Fe/U = 10 
Cl-,NO;,SO:- 
KN03 = O.OlM 
NaCl = O.lM 
HCl = O.OlM 

*l-6: batch equilibration + spectral measurement, 7: cation-exchange 
separation + batch equilibration + spectral measurement. 

TDeviation from the average value when only U is present. 
gAverage from three different batches under identical conditions. 
iAbsorbance measured after 3 hr in the dark. 
#Average from two different batches under identical conditions. 
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disturb the elution behaviour of uranium from the 
cation-exchange column, by competitive strong 

complex formation, causing premature elution of 
uranium. The uranium sample solution must there- 
fore not be prepared by use of sulphuric acid or other 
sulphate reagents. 

When 200 ml of a sample solution (O.lM sodium 
chlorideeO.01,~ hydrochloric acid) containing MO, 
Co, Ni, Cu, V and Fe(III), each present in tenfold 
weight ratio to uranium (the corresponding counter- 
anions were chloride, nitrate or sulphate), and O.OlM 

potassium nitrate, were subjected to the cation- 
exchange separation and the subsequent spectro- 
photometric determination of uranium, there was no 
interference with the determination of uranium, 

The sensitivity of the present method may be 
assessed by comparing the amounts of uranium in 
solution and in the exchanger phase which give the 

same absorbance. It is seen from Fig. 3 that the 
present method is approximately 30 times more sensi- 
tive than solution spectrophotometry. In ion- 

exchanger spectrophotometry, the ratio of the volume 
of the ion-exchanger to that of the sample solution 
may be adjusted to suit the requirements of the analy- 

sis. Thus, the volume of the sample solution may be 
increased to 1 litre for lower uranium concentrations, 
although more time is then necessary for equilibra- 

tion. The shape and dimensions of the cuvettes can be 
modified so that a smaller amount of exchanger may 
be used, which again leads to an enhancement of sen- 
sitivity. Further, the volume of the sample solution 
before the cation-exchange separation can be adjusted 
as desired. For instance the volume of sample sol- 
ution can be increased to 400 ml and passed through 

a column containing twice the amount of cation- 
exchange resin, without any alteration in equilibra- 
tion and determination. If the electrolyte concen- 
tration of the water sample is very low, as in the case 
of river or lake water, a much larger volume may be 
passed through the cation-exchanger column, because 
the distribution ratio of bivalent ions, such as many1 

ions, decreases in inverse proportion to the square of 
the concentration of the bulk electrolyte cations. In 
this case, the sensitivity will be proportional to the 
volume of sample solution originally taken. If the pre- 
concentration of uranium by ion-exchange is replaced 
by some other technique such as evaporation, more 
time is needed. Conversely, if the electrolyte concen- 
tration is too high, as in sea-water samples. the 
sample solution should be diluted to an overall con- 
centration of about 0.M before passage through the 
cation-exchanger column. In any case the scale of the 
preliminary cation-exchange separation should be in 
accordance with the practical situation (only one 
typical condition is presented in this paper), 

Ion-exchanger spectrophotometry can be utilized 
for the sensitive determination of uranium in water 
samples, with appropriate conditions and procedures. 
We do not claim that the present method is the best 
and the most sensitive spectrophotometric method for 
uranium determination, but only emphasize that 
transfer to the ion-exchanger phase enhances sensi- 
tivity. 
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~~GLI~KE~T~N ZUR V~R~ESSER~N~ DER A~FL~S~N~ 
IN DER ~~NNS~HICHTCHR~~AT~GRAPHIE: 

EINE UBERSICHT 

H.-P. FREY und G. ACKERMANN 

Fkrgakademie Fraberg, Sektion Cbemie, Lehrstuhl 6% Rmdytische C&m& 9200 Freiberg, DDR 

Zusammenfmsung-Es wird eine ijbersicht iiber Miiglichkeiten zur Verbesserung der AuflGsung in der 
Diinnschichtchromatographie gegeben. Der Beziehung R = z;A R/46 entsprechend l&en sxh diese im 
wesenthchen von einer Verllngerung der Trennstrecke, der Erhiihung der Trennphasenselektivit~t und 
der Verringerung der Fleckausdehnu~g ab. 

Diinnschichtchramatographische Trennungen wer- 
den, wie andere Chromatograph~~v~rfahren such, im 
Hinblick auf die 3e~astb~k~jt des Trennbetts mit 
Analysensubstanz tn, die erforderliche Trennzeit t und 
die gewiinschte Au%sung R optimiert. Diese drei 
Variablen bilden das “magische Dreieck” der Chro- 
matographie : 

Zwischen diesen Griil3en sind immer nur Kom- 
promisse m@lich. Das bedeutet, daB unter keinen 
Umst~nden alSe GrijBen gfeichzeitig auf das h&h&e 
Niveau gebracht werden kiinnen. So wird man im prl- 
parativen Ma&tab (groRes m) noch schnell trennen 
kiinnen (kleines t), aber ganz sicher nicht die Auf!& 
sung erreichen, die bei wesentlich geringerer Bela- 
stung miiglich w5re. 

Fiir die Qptimierung kommt der Aufliisung eine 
besondere Bedeutung zu, da es eine nahezu un&ber- 
sehbare Fiille von M~gIichke~ten gibt, diese-mehr 
oder weniger gezielt-zu beeinflussen. 

Die graphische Darstellung, auf die sich die den 
Textabschnitten votangestellten Ziffern beziehen, faBt 
diese M~giic~kciten zusammen, ohne jedoch An- 
spruch auf eine vol~st~nd~ge Systematik zu erheben. 
Urn die ~bersicht~~chke~t 2u wahren, blieben manche 
“Querbeziehungen” zwischen den Verfahren und 
Methoden unberiicksichtlgt, so z.B. die Bedeutung 
von Volumengradienten fiir die Zirkularentwicklung. 

Die Auflijsung benachbarter Substanzzonen bzw. 
ihrer registrierten Konzentrationsprofile wird formal 
durch die folgende Gleichung beschrieben: 

z;ARf R=_ 
4u 

Es bedeuten R die Auflijsung, z; die urn die Distanz 
Fl~eBmitteieintritt-Sort verminderte Wanderungs- 
strecke der ~ieBmitte~fr~n~ ARF die auf z; bezogene 
Differenz der Wanderungsstrecken der aufzul~senden 
Substanzen und c die Standardabweichung beider mit 
GauDform angenommenen Konzentrationsprofile 
(unter der vereinfachenden Armahme von cI 5 02). 

Die Gleichung weist damit drei grundslitzliche 
Wege zur Verbesserung der Auftiisung: 1. Verlgnge- 
rung der Trennstrecke z1 2. VergrSBerung von ARt 
(SelektivitBtserhtihung), Is. Verringerung der Fieck- 
ausdehnung, Diese Wege werden schematisch in Abb. 
1 zusammengestellt. Nicht alZe Arbeitstechniken und 
methodischen Varianten lassen sich diesbeziiglich so 
einfach k~a~ifizieren~ h&&g sind die W~rkung~n von 
z;, AR, und d auf R gekoppelt. Abbildung 1 weist auf 
20 Varianten. 

DISKUSSlON 

(1,2) Die Verl;ingerung der Trennstrecke ist in 
experimenteller Hinsicht unprob~ematisch. Der damit 
erzielbare Gewinn an Auf&sung erkf&t sich aus der 
Zunahme der von den Substanzen iiberstrichenen 
Trennstufenzahl N. Wegen N = R, z;/h ist die Ver- 
griil3erung van z; nur solange sinnvoll, wie die Trenn- 
stufenhijhe h konstant bleibt: h aber steigt zu 
llngeren Trennstrecken hin an, da sich auf Grund des 
FlieBgesetzes der mobilen Phase, z’: = I~T (n- ist die 
~jeBkonstante), die Trennzeit t tit z; drastisch 
verlBingert und zur Fleckverbreiterung durch Dif- 
fusion ftihrt. Die VerlLngerung der Trennstreckc geht 
also nicht nnr zu Lasten der Analysenzeit; oberhalb 
einer bestimmten Grenze wird der Gewinn an Au&- 
sung durch die Fleckv~breit~~ng wieder vernichtet. 
Auf “normalen” DC-Schichten fiegt diese Grenze bei 
8 bis lOcm, auf Hochleistungsschichten wird sie be- 
reits nach 3 bis 4 cm erreicht. 

Aus der von Snyder’ abgeleiteten Beziehuna 



102 H.-P. FREY und G. ACKERMANN 

brricht iibor Wglichkoitm 

zur Voriindorung drr 

Aufliisung in der DC 

Fig. 1 

mit k = (1 - &)/R, und Rf = (Rr, + Rr,)/2 folgt ein 
weiterer Grund fur den nur beschrankten Auflosungs- 
gewinn durch Verlangerung der Trennstrecke: die 
Auflijsung wlchst lediglich mit p. So wiirde eine 
Verdoppelung der Trennstrecke-bei h = const.- 

hijchstens zu einer 1,4-fachen Auflijsung fiihren. Aus 
der Beziehung folgt weiterhin, dal3 die Auflosung ein 
Maximum aufweist, wenn der aus den R,-Werten der 
zu trennenden Substanzen gemittelte R,-Wert z 0,3 
betragt. Im R,-Bereich von 0,20 bis 0,50 kann man 
mit mehr als 92% der unter den gewlhlten Bedingun- 
gen maximal moglichen Auf&sung trennen.* 

(3) Gegeniiber einer einzigen Entwicklung iiber eine 
llngere Distanz kann man an Auflosung und Zeit und 
damit an echter Trennleistung gewinnen, wenn man 
mehrfach i.iber kurze Entfernungen (wenige Zenti- 
meter) entwickelt. Dadurch bleibt man im Bereich der 
anfanglich hohen Fliegmittelgeschwindigkeit und ver- 
meidet so die diffusionsbedingte Fleckverbreiterung. 
Stark vereinfacht gesehen, addieren sich bei der wie- 
derholten Entwicklung die Trennstufenzahlen, so daB 
diese Technik mit einer Verlangerung der Trenn- 
strecke vergleichbar ist. Der Auflijsungsgewinn bleibt 
allerdings in Grenzen, weil beim zweiten und jedem 
weiteren Lauf zunlchst der untere (starker retardierte) 
Fleck auf den dartiberliegenden zubewegt wird, ehe 
dieser zu wandern beginnt. So verringert sich 
zunlchst die Aufhisung und dies umso mehr, je 

grijger die anfanglichen Rr-Werte sind. Liegen diese 
oberhalb von ca. 445, so fiihrt bereits die zweite 
Entwicklung grundsatzlich zu einer Verschlechterung 
der Trennung.3 Je kleiner der Rr-Wert des kritischen 
Substanzpaares (R, z RI, z Rr,), desto mehr 1aDt sich 
seine Aufliisung verbessern, desto griiljer wird aber 
such die Zahl der dafiir erforderlichen Entwicklun- 
gen. Diese Zahl kann mit n = l/Rr abgeschltzt wer- 

den. Sie stellt einen optimalen Wert dar, dessen 
oberschreitung ebenfalls nur eine Verminderung der 
Auflijsung bringt. Die Notwendigkeit, kleine 
Rr-Werte zu erzeugen, liefert einen zusatzlichen Vor- 
teil: man mug FlieDmittel geringer Elutionskraft ver- 
wenden, welche eine hohere Selektivitat bedingen, 
also zu einem zudtzlichen und echten Anstieg der 
AR,-Werte ftihren [vgl. Abschnitt (611.” 

Es sei betont, da13 die Vorteile der Mehrfachent- 

wicklung vor allem auf HPTLC-Schichten bei ent- 
sprechender Auftragtechnik zum Tragen kommen. 
Hier bewahrt sich diese Methode bei der Trennung 

komplexer Stoffgemische.5-7 

Anmerkung. Es wrrd in diesem Zusammenhang zuweilen 
gesagt, die R,-Werte wtirden erhoht bzw. der AR,-Wert 
werde vergriigert. Streng genommen ist das falsch, denn 
der R,-Wert ist-mit den erforderlichen Einschrankun- 
gen--eine thermodynamische Groge, die die Verteilung der 
Substanzen auf beide Trennphasen beschreibt und von der 
Anzahl der Entwicklungen, oder such der Trennstrecken- 
hinge, unabhangig ist. Was nach R Laufen gemessen wird, 
genugt zwar der Megvorschrift, ist aber nur noch ein for- 
maler R,-Wert, der die relative Fleckpositron angibt. 

(4) Die Dtinnschichtchromatographie mit FlieDmit- 
teldurchlauf (DDC) gilt als die leistungsfahigste DC- 
Technik, erfordert jedoch spezielle Trennkammern 
und ist daher nicht sehr verbreitet. Eine kritische 
Bewertung der DDC sowie einen Vergleich mit diver- 
sen Mehrfachentwicklungstechniken hat Geiss vorge- 
nommen.8 Der theoretisch erreichbaren Maximal- 
auflosung nlhert man sich in der DDC umso mehr, je 
weiter das Fleckpaar an die Abdampflinie heranriickt 
und je kleiner der R,-Wert ist (gtinstige Werte: <0,2). 
Besonders leistungsfahig wird die DDC, wenn man 
sie auf Diinnschichten mit Konzentrierungszone 
betreibt [vgl. Abschn. (20)]. 
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(5) Die kontinuierliche Mehrfachentwicklungg ist 
eine weitere. nichtkonventionelle, DC-Entwicklungs- 
technik, deren Vorziige ausschliefilich auf Hoch- 
leistungsschi~hten sichtbar werden. Sie besteht in 
einer mehrfach wiederholten Durchlaufentwicklung. 

(6) Bei der vom Saunders und Snyder” vorgeschla- 
genen Trommelentwicklung wird auf besondere Weise 
erreicht, da13 sich FlieBmitteleintauchlinie, FlieBmit- 
telfront und das Substanzpaar mit gleicher und 
konstanter Ge~hwindigkeit iiber die Trenn~hicht 
bewegen. Dadurch kann die zeitbezogene Auflosung 
urn cu. eine GrGBenordnung erhijht werden. Eine 
drastische Herabsetzung der Trennzeit bei der Mehr- 
fachentwicklung erreicht man nach Halpaap (zitiert in 
Geis?) dadurch, daD man auf DC-Folien chromato- 
graphiert und diese nach jedem Lauf bis unterhalb 
des zu trennenden Fleckpaares abschneidet. 

(7) Auch wenn die GroBe AR, selbst kein geeignetes 
SelektivitatsmaB ist, weist sie auf die generelle Bedeu- 
tung der Trennphasenselektivit& fur die Aufliisung 
hin. Es la& sich zeigen, dal3 die Erhohung der Selekti- 
vit%t das wirksamste Mittel zur Verbesserung der 
Au~~sung ist (vgl. dazu such die obenstehende Au&i- 
sungsformel von Snyder’). 

Der R,-Wert ist gem&l3 Rr = l/(1 + k) mit dem 
Kapazitatsfaktor k und wegen k = pK such mit der 
thermodynamischen Separationskonstante K und mit 
dem Phasenquerschnittsverhaltnis p verkniipft. Eine 
Vergr~Berung von AR, kann daher durch die qualita- 
tive (wirkt auf K) und/oder quantitative (wirkt auf p) 
Veranderung der Trennphasenkombination erreicht 
werden. Nach Thoma und Perisho” hangt aber ARr 
linear von lnp ab, so da13 mit praktisch relevanten 
p-Anderungen keine nennenswerten Auflosungsver- 
besserungen zu erzielen sind. Das wird durch die 
Praxis bestltigt. 

(8) Im Extremfall zieht die Veranderung der sta- 
tionlren und/oder mobilen Phase eine Anderung des 
(dominierenden) Trennprinzips nach sich. Dann fallen 
AR,-Anderungen oftmals drastisch aus; ebenso beob- 
achtet man Anderungen der Retentionsfolge. Bei- 
spiele solcher Wechsel des Trennprinzips sind der 
Ubergang Adsorption - AusschluD bei der Verwen- 
dung geniigend weitporiger Sorbentien oder der 
Ubergang Verteilung -+ Austausch bei Verfnderung 
des pH-Wertes der mobilen Phase. Derartige Eingriffe 
in das Trennmilieu werden umso effektiver sem, je 
mehr Informationen iiber die Natur der zu trennen- 
den Substanzen vorliegen und je gezielter daher vor- 
gegangen werden kann. 

(9) In besonderem MaDe gilt das fur den Ubergang 
zu Umkehrphasen. Da bei solchen Trennphasenkom- 
binationen der Hydrophobizitltsgradi* der Substan- 
zen ein entscheidendes Retentionskriterium ist, exi- 
stiert ein dominierendes Selektivit~tsprinzip, und die 
Struktur-R,-Beziehungen werden iiberschaubarer. 

(10) Selektivitltdnderungen kann man von Schicht 
zu Schicht, aber such wahrend einer Entwicklung 
vornehmen. Dementsprechend verlluft die Entwick- 
lung isokratisch bzw. mit einem Gradienten. Dieser 

kann dem FlieDmittel oder der Schicht aufgeprlgt 
werden. Schichtgradienten, die bereits bei der Be- 
schichtung erzeugt werden, also nicht durch nachtrag- 
liches Kond~tionieren einer an sich uniformen 
Schicht, haben Stahl und Mitarbeiter beschrieben und 
die hierfiir erforderhche Technik vorgestellt.‘3~“4 

Flieljmittelgradienten sind experimentell schwie- 
riger zu realisieren’ 5*16 und ilberdies nicht so wirksam 
wie Schichtgradienten. Die Unterscheidung zwischen 
isokratischer und Gradiententwicklung hat oftmals 
nur formalen Charakter, denn es ist z.B. bei der allge- 
mein iiblichen DC-Technik, mit Verwendung einer 
Normalkammer, nicht moglich, die Ausbildung reten- 
tionswirksamer Vorbedampfungsgradienten glnzlich 
Zu unterdriicken. Nur mit Spezialtechniken und ent- 
sprechenden Ausr~stungen (z.B. Durehlauftechnjk, 
VARIG KS-Kammer” oder andere Konditionier- 
kammern,” oder U-Kammerlg) kann man beztiglich 
der Trennkraft wirklich uniforme Schichten gewahr- 
leisten. Andererseits ist es such erst mit speziellen 
Konditionierkammern mijglich, nach Verlauf und 
Wirkung definierte Gradienten in der Schicht zu 
erzeugen. In Normalkammern bilden sich Gradienten 
mehr oder weniger spontan aus und sind nicht selten 
die eigentliche Ursache fi.lr gute Aufliisungen-oft 
genug jedoch such fur schlechte Reproduzierbarkeit. 

Aus theoretischer Sicht so&en Gradienten so ange- 
legt sein, da13 die Substanzen in Laufrichtung verzo- 
gert werden ~antiparalleler” Gradient*O). Je starker 
der Gradient “bremst” (mit anderen Worten: je steiler 
er ist), desto grober ist der Rr-Bereich, iiber den hin- 
weg die Aufliisung angehoben wird. Diese AuflSsung 
ist jedoch kleiner, als die auf gradientfreier Schicht bei 
R f = 0,3 erzielbare MaximalauflGsung.Z1 Gradienten 
helfen also nicht, die Trennung eines kritischen Fleck- 
paares zu verbessern. Sie machen unter Umst~den 
das Chromatogramm eines heteropolaren Vielkompo- 
nentengemisches ilbersichtlicher.22 

Interessante Trenneffekte mit guter Aufliisung 
erhllt man mit der “polyzonalen Dc”.23 Bei dieser 
Gradienttechnik wird die Tatsache ausgenutzt, daD 
Substanzen in der N5he steiler Polarit~ts-(Elu- 
tions-)gradienten und quer zur FlieBrichtung flache, 
elliptische Flecken bilden und sich daher besser auf- 
l&en lassen. 

AbschlieBend sei auf den wohl allgegenwgrtigsten 
Gradienten hingewiesen, den FlieBmittelvolumen- 
gradienten (das “FlieBmittelprofil”). Er ist besonders 
steil auf Schichten mit weitem Korngr~Benspektrum 
bzw. mit sehr kleinem mittleren Korndurchmesser 
(d < 10 pm). 24 Diesem Gradienten ist es zuzuschrei- 
ben, da13 startnahe Substanzen mit zu grol3em und 
frontnahe Substanzen mit zu kleinem Rr-Wert laufen. 
AuBerdem wirkt dieser Gradient einer Fleckverbrei- 
terung mit steigendem Rr-Wert entgegen. Dadurch 
wird im oberen Rr-Bereich die Trennung oft besser, 
als sie von der Schichtqualitlt her zu erwarten ware. 

(11,12) Dieser Komplex von Moglichkeiten steht 
teilweise in engem Zusammenhang mit der Wirkung 
von Gradienten. Die im Ergebnis der chromatogra- 
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phischen Entwicklung erhaltene Fleckbreite crger wird 
wesentlich durch die Startbreite o0 bestimmt. Da sich 
nur die Varianzen additiv verhalten, gilt 

Es kommt also darauf an, sowohl die Startbreite wie 
such die fleckverbreiternden Einfliisse wlhrend der 
Entwicklung (efhrom. ) auf ein Minimum zu reduzieren. 
Dies geiingt auf die vielfaltigste Art und Weise. 
Auf ~hnellaufenden Schichten macht sich die zeit- 
hche Verziigerung des Substanztibertritts zwischen 
den Trennphasen in Gestalt elliptisch llngsverformter 
Flecken bemerkbar. Auf sehr langsamlaufenden 
Schichten, oder such nach langeren Trennstrecken auf 
normallaufenden Schichten, beobachtet man dagegen 
konzentris~he Fleckvergr~~erung infolge Diffusion in 
der mobilen Phase (such in der station&en, wenn 
diese fltissig ist). Folglich sollte man auf maDig schnel- 
laufenden Schichten bzw. nur tiber kiirzere Distanzen 
trennen. dann sind beide genannten Einfliisse auf ein 
Minimum reduziert. Urn auDerdem konvektive 
St~rungen im Subs~nztransport gering zu halten, 
muD ein Schichtmaterial mit gentigend enger Korn- 
mittlere KorngroBe sollte dabei von IO pm nicht 
wesentlich abweichen.25s26 Den sehr komplexen 
Zusammenhang zwischen der KorngrbBe des Sorbens 
und Leistungsparametern der Dtinnschichtchromato- 
graphie haben Guiochon und Mitarbeiter in einer 
sehr aufschluRreichen theoretischen Studie unter- 
sucht.2 

(13) Geringe Startbreiten o0 lassen sich durch eine 
geeignete Auftragtechnik realisieren. In der Hochlei- 
stungs-DC sind Startbreiten < 1 mm eine unabding- 
bare Forderung; dazu miissen Probenvolumina im 
Nanoliterbereich beherrscht werden2’ Wenn unter 
einem, notigenfalls vorgewCrmten, Inertgasstrom auf- 
getragen wird, lassen sich kleine Startbreiten such mit 
relativ grogem Volumen erzielen.2*~“9 Dies ist such 
mit dem “contact spotting” mZjglich.30 

Neben einer leistungsfahigen Auftragtechnik ist die 
richtige Wahl des L~sungsmitteis fiir die Substanz 
wichtig. Wenn nicht andere Grtinde dagegen spre- 
then, sol1 dieses leicht fltichtig und moglichst wenig 
polar sein; dann bleibt die Substanz am Auftragort 
auf kleiner Fllche konzentriert. DaR die strichfiirmige 
Auftragung der punktfiirmigen im Hinblick auf die 
erzielbare Autlljsung iiberlegen ist, ist allgemein be- 
kannt. 

(14,15) Wenn keine geeignete Auftragtechnik vor- 
handen oder aus Griinden des Arbeitsablaufs nicht 
einsetzbar ist, so kann die Substanzauflosung vor- 
nehmlich im unteren R,-Bereich durch Zirkular- 
entwicklung verbessert werden. Hier breitet sich das 
~ie~mittel kreisfiirmig aus. Die in Ri~htung des 
Kreisradius mitlaufenden Substanzen bilden stlndig 
llnger werdende Kreisbogen, wodurch sich zwangs- 
laufig die radiale Fleckausdehnung (d.h. a) verringert. 

(16) In Form der von der Papierchromatographie 
iibernommenen Keilstreifentechnik oder such anderer 

Formgebungstechniken 31 lal3t sich dieser Effekt mit 
der Linearentwicklung kombinieren. 

(17) Sol1 die Auflosung von Substanzen vorwiegend 
hiiherer Rr-Werte verbessert werden, so gelingt dies 
such mit der allerdings umst~ndlichen “antizirku- 
laren” Entwicklung, einer Variante der Hochleistungs- 
DC2’ Neben einem Zeitgewinn. da die Linearge- 
schwindigkeit des Flieljmittels nahezu konstant ist, 
erzielt man aiigerdem eine hohere Empfindlichkeit, 
denn mit der Entwicklung zum Kreismittelpunkt hin 
ist eine Substanzkonzentrierung verbunden. Auch bei 
der von Tyihak und Mitarbeiter3’ entwickelten “over 
pressure”-Technik (OPTLC) wird eine Verbesserung 
der Aufliisung dadurch erreicht, da& durch Druckfor- 
derung des Flieljmittels in die hermetisch abgeschlos- 
sene Trennschicht (kein Gasraum) die quadratische 
Abh~ngigkeit der FlieRmittelwanderung von der Zeit 
zu einer linearen gezwungen wird, also: z; = ret. 
Damit wird Trennzeit gewonnen und die 
diffusionsbedingte Fleckverbreiterung vernachllssig- 
bar klein gemacht. 

(18) Neben diesen vorwiegend versuchstechnischen 
M~gljchkeiten zur Erzielung geringer Startbreiten 
spielen die “Vorlaufverfahren” eine besondere Rolle. 
Diesen ist gemeinsam, da13 man die Substanz vor der 
eigentlichen Trennung auf der Schicht praktisch 
retentionsfrei wandern la&. Die Substanz lauft dann 
mit Rr % 1, d.h. in der Fliegmittelfront als schmale 
Bande. Dieses Prinzip kann auf zwei grundsltzlich 
verschiedenen Wegen verwirklicht werden: (19) und 

(20). 
(19) Man wlhlt ein hinreichend stark eluierendes 

Fliegmittel, in dem die zu trennenden Substanzen mit 
Rr * 1 laufen, bricht diesen “Vorlauf” an geeigneter 
Stelle (nach 1 bis 2 cm) ab, entfernt das FIieSmittel 
vollst~n~g und startet dann die eigentliche Trennung 
mit dem “richtigen” FlieBmittel.33 Haufig ist die 
Desorption der Substanz am Auftragort verzogert, 
z.B. bei grol3eren Substanzmengen. Dann erzielt man 
erst nach mehrmaligem Vorlauf gentigend schmale 
Banden. Man kommt bei dieser Vorlauftechnik mit 
einem ~hichtmaterial aus mu8 aber in Kauf neh- 
men, da13 die Entwicklung durch den FlieRmitteI- 
wechsel unterbrochen wird. 

(20) Man la& die Substanz auf einer der eigentli- 
then Trennschicht vorgelagerten Zone aus sorptions- 
inaktivem Material “vorlaufen”. Ein FlieDmittelwech- 
se.1 ist hierbei nicht erforderlich. Bei richtiger Wahl 
des Schichtmaterials fur die “Konzentrierungszone” 
(weitporiges Kieselgel, 34 bei 1200” geghihtes Kiesel- 
gel, Quarzmehl, cc-Aluminiumoxid, Glaspulver,35 Kie- 
selgur36) und nicht zu hoher Konzentration der Sub- 
stanzen werden diese vom FlieBmittel spltestens am 
SchichtstoR zu schmaien Banden angereichert (Kon- 
zen~ierungseffekt) und diese nach dem ~bertritt in 
die eigentliche Trennzone mit vielfach hervorragender 
Auflosung getrennt. 

Diese Vorlauftechnik macht die Substanzauftra- 
gung vollig problemlos; lediglich Uberladung mug 
vermieden werden. Unabhangig vom Ort und von der 
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Form des Auftragtiipfels beginnt die Trennung 
prgzise an der durch den SchichtstoR vorgegebenen 
Stelle. Das schafft die interessante MBglichkeit, diese 
Technik des “fliegenden Starts” mit der Durchlaufent- 
wicklung in Schmalkammern zu kombinieren. 

Diese Kammern bieten a priori bessere Vorausset- 
zungen ftir die obertragung von Retentionsdaten auf 
die Sgule. Allerdings sind hierbei FlieBmittelgemische 
ausgenommen, da diese in Schmalkammern adsorptiv 
entmischt werden. Entwickelt man aber mit FlieDmit- 
teldurchlauf und wartet den Durchgang der letzten 
Entmischungsfront ab, so schafft man mit einer 
anschlieljenden-sonst so problematischen, weil lei- 
stungsmindernden-Nal3- in naI3-Dosierung Verhllt- 
nisse. die beziiglich der Phasenzusammensetzung und 
der DosierqualitZt (am eigentlichen Start) denen auf 
de1 HP-Stiuie weitgehend entsprechen. 

5. 

6. 
7. 
8. 
9. 

10. 
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KINETIC FLUORIMETRIC DETERMINATION OF NANOGRAM 
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WITH HYDROGEN PEROXIDE 
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Summary-A kinetic method is described for the determination of trace amounts of manganese@), 
based on its catalytic effect on the oxidation of 2-hydroxybenzaldehyde thiosemicarbazone by hydrogen 
peroxide. The reaction is followed by measuring the rate of change of fluorescence (A,, 365 and A,,,, 
440 nm). The calibration is linear over the manganese range 2-9 ng/ml with a precision of + 1%. The 
proposed method suffers from few interferences. 

Several kinetic fluorimetric determinations have 
recently been published, based on the catalytic effect 
of various metal ions on the aerial oxidation of azines 
and hydrazones. I-6 The thiosemicarbazones have also 
been studied but the reactions have been followed by 
photometry.‘-” In this paper 2-hydroxybenzalde- 
hyde thiosemicarbazone (HBTS) has been employed 
for the first time in a kinetic system catalysed by trace 
metals. Its oxidation by hydrogen peroxide is used for 
the kinetic fluorimetric determination of mangan- 
ese(I1). The analytical properties and applications of 
this reagent have been described previously by several 
authors. 

OH 

Pf 
%CH = ,, N - NH - c - NH, 

S 

In recent years, many kinetic methods have been 
described for the determination of manganese(II), but 
only kinetic enzymatic methods have been followed 
by fluorimetry. This paper describes a fluorimetric de- 
termination based on a catalysed reaction not involv- 
ing an enzyme. The method described is both very 
sensitive and selective, permitting the determination 
of manganese concentrations as low as 2 ng/ml, and 
with only a few foreign ions interfering. 

EXPERIMENTAL 

Reagents 

All solvents and reagents were of analytical grade. The 
2-hydroxybenzaldehyde thiosemicarbazone was synthe- 
sized according to the procedure of Sah and Dan&.” The 
standard manganese(H) solution was prepared from the 

nitrate (Merck) and standardized by titration with EDTA; 
it was diluted as required, just before use. 

Apparatus 

A Perkin-Elmer MPF-43A spectrofluorimeter equipped 
with recorder and thermostat for kinetic measurements, 
and a Perkin-Elmer model 402 recording spectropho- 
tometer were used, both with l-cm quartz cells. A Perkin- 
Elmer model 380 atomic-absorption spectrophotometer 
was used with an air-acetylene flame. All spectrofluori- 
metric measurements were made at a sensitivity setting of 
0.1 and with 6-nm band-widths for the emission and exci- 
tation monochromators. Under these conditions a 1.28@4 
quinine sulphate solution gave a fluorescence signal that 
was 7.5% of full scale. 

Procedure 

To a solution containing up to 90ng of Mn(II), in a 
IO-ml standard flask, add 0.25 ml of 0.1% reagent solution 
in ethanol, 1.5 ml of 0.3% v/v hydrogen peroxide solution 
and 4 ml of 1 M ammonia solution, then start the stop- 
clock. Make up to the mark with water, mix, and after 1 
min transfer a portion to a l-cm quartz fluorimeter cell 
maintained at 50 k 0.1”. Wait 2 min before starting to 
record the fluorescence intensity (1,,365, &,440 nm) as a 
function of time. Follow the uncatalysed reaction under 
similar conditions, but without the addition of manganese. 
Calculate the reaction rate from the difference in the slopes 
of the fluorescence-time plots. 

Preparation of samples 

Water. To 250 ml of water add 2.5 ml of concentrated 
nitric acid. Warm gently for 30 min then concentrate by 
evaporating to 25 ml. 

Milk. To 25 ml of milk in a lOO-ml Erlenmeyer flask add 
25 ml of concentrated sulphuric acid/nitric acid mixture 
(1: 1 v/v) and warm gently for 15 min. To complete the 
destruction of the organic matter add several drops of con- 
centrated hydrogen peroxide. Cool, transfer the solution to 
a 50-ml standard flask and dilute to the mark with distilled 
water. 

Beer. Add 50 ml of beer to 4 g of sodium carbonate in a 
large porcelain crucible and evaporate to dryness. Heat at 
500” for 1 hr, cool, add 10 ml of distilled water and 5 ml of 

107 



108 A. MORENO et al. 

300 350 400 450 500 
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Fig. 1 Fluorescence spectra of HBTS before and after oxi- 
dation by hydrogen peroxide, catalysed by manganese(I1). 
Conditions as described m the procedure. I-manganese 

5 ng/ml; II-HBTS before oxidation. 

concentrated hydrochloric acid and evaporate to dryness. 
Extract the residue with 25 ml of 1M hydrochloric acid, 
heat for 15 min. filter, and wash with distilled water, col- 
lecting the filtrate m a 50-ml standard flask. 

Onion. Ash about 3 g of dried onion pieces in a porcelain 
crucible at 500” for 1 hr. then proceed as for beer. 

RESULTS AND DISCUSSION 

Ammoniacal solutions of HBTS show a green flu- 

orescence (A,, 380, A,,,, 480 nm), but when they are 
treated with an oxidizing agent such as hydrogen per- 
oxide, sodium periodate or potassium peroxodisul- 
phate the fluorescence changes to blue and is then 
even more intense (&, 365, I.,,,, 440 nm). This oxi- 
dation is catalysed only by manganese(H) when hy- 
drogen peroxide is the oxidant. Figure 1 shows the 
fluorescence spectra of HBTS before and after cata- 
lytic oxidation. 

EfSect of reaction variables 

The temperature was varied over the range 15-60 
and the effect on both catalysed and uncatalysed reac- 

tions was examined. Both reactions proceed more 
quickly at higher temperatures, but at around SO-60 
the rate appears to remain practically constant (Fig. 
2). Accordingly, 50” was chosen for the final pro- 
cedure. 

Table I. Choice of the method of adjusting temperature 

Method tan a* o/0 error 

Proposed method 
Mix at room temperature and 

preheat to 50 
record after 2 min 
record after 3 min 

Mix at 50” and 
record immediately 

0.087 +1.0 

0.086 * 1.2 
0.079 f 1.7 

0.085 k2.1 

r 

ii / 
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Fig. 2. Variation of the rate of the catalysed -- and 
+ uncatalysed reaction with temperature. Manganese 

concentration 5 ng/ml. 

The activation energy calculated from the rates 
over the range 154” was 24.5 kJ/mole. 

The approach to temperature control adopted in 
this paper is not the usual one for kinetic methods at 

elevated temperature, where all solutions are nor- 
mally brought to the working temperature first and 
then mixed. However, the proposed method does give 
satisfactory performance, as shown by the compara- 
tive results in Table 1. Since the reaction is pseudo- 
first order, the initial rate is constant for any one 

manganese concentration, and following the change 
in fluorescence for a period starting 2 min after mix- 
ing does give a linear plot and hence a constant slope. 
(Fig. 3). 

Changes in the order of addition of reagents, or in 
the ethanol concentration over the range l-5% v/v, 
did not appreciably affect the performance of the 
method. Variations in ionic strength up to O.lM did 
not affect the performance, but at higher ionic 
strengths (p) the fluorescence was quenched some- 
what, the effect levelling off at p _ 0.5M (Fig. 4). 
Samples containing appreciable concentrations of 

70 - 

gi 
- 60- 

: 

5 so- 

s 

I I I I I I 
3 10 15 20 25 

TIME ( ml” 1 

Fig. 3. Plots of fluorescence vs. time for different manga- 
nese concentrations. Conditions as for Fig. 1. Curve 1: 2 
ng/ml; curve 2: 4 ng/ml; curve 3: 6 ng/ml curve 4: 9 ng/ml. *With 5 ng/ml manganese. 
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P (Ml 

Fig. 4. Variation of initial rate (slope of plot) with ionic 
strength. 

salts should be treated by addition of 2 ml of 2.5M 
sodium chloride to each IO-flask to give an ionic 
strength p = 0.5M. Calibration should be done under 
the same conditions. 

The concentration of the HBTS reagent was varied 
over the range from 2.5 x lo-$ to 5 x 10m4M to 
investigate the effect on the rate of the reaction (Fig. 
5). A log-log plot (Fig. 6) gave two linear sections, 
indicating that the reaction rate was proportional to 

the square root of the reagent concentration at low 
values. The initial rate of the uncatalysed reaction was 
independent of concentration over the range 
0.8-1.3 x 10_4M. 

The rate of the catalysed reaction does not depend 
on the hydrogen peroxide concentration as long as it 
is above O.OlM. The concentration advocated in the 
procedure (1.5 ml of 0.3% peroxide solution in 10 ml) 
is 0.0145M. The rate of the catalysed reaction in- 
creases linearly with the ammonia concentration up 
to around O.lM, then remains fairly constant till 
0.4h4, when the rate begins to decrease again. The 
recommended concentration in the procedure is 0.4M. 
The uncatalysed reaction showed a similar depen- 
dence on the ammonia concentration. 

C HBTS I lO-4 M 

Fig. 5. Variation of initial rate with concentration of 
HBTS. 

The catalysed reaction has also been studied in the 
presence of sodium hydroxide and nitrogenous bases 
such as butylamine and triethanolamine. In the alkali 

the catalytic effect of manganese(I1) was minimal, but 
with the nitrogenous bases the behaviour observed 
was similar to that with ammonia. 

Data manipulation 

Three methods have been used for determination of 
low levels of manganese, and their performances com- 
pared (Table 2). The corresponding figures for media 
of ionic strength < O.lM are as follows. 

(i) The initial’ rate was plotted as a function of 

manganese concentration. Such calibration graphs 

Table 2. Determination ranges and relative errors in the 
kinetic determination of manganese 

Method 
Range, 
w/ml 

Mean 
relative error, 

% 

Initial rate 4-14 k1.2 
Fixed-time 5-12 + 1.3 
Fixed-intensity 5-13 k1.8 

*For ionic strength OSM. 

-4.6 -44 -4.2 -4.0 -3.6 -3.6 

log C HBTS 3 
Fig. 6. Log-log plot of rate data for catalytic oxidation of HBTS. 
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Table 3. Interference levels of foreign ions in the kinetic 
determination of Mn at the 5.0 ng/ml level by the tangent 

method 

Tolerance ratio 
(Ion)/(Mn’+) Ion added 

1000 Li+, Na+, K+, Be’+, Sr’+, Ba2+, 
A13+, V(V), In3+, A~(111 and V), 
Se(IV), Gas+, UO:+, Sb(III)*, Cl-, 
Br-, F-, I-, NO;, NO;, SCN-, tar- 
trate, citrate, oxalate, CO:-, SO:-, 
SO:-, PO:-, BrO;, ClO;, mercap- 
toacetic acid 

400 Rb+, Ca’+, Cd2+, Pd(II), Pt(IV), 
Bi’+, Tl+, Ce(IV), Mo(VI), Hg(II)t, 
S2-, CN-, IO;, IO; 

200 Cu’+, Snzct, Rh(III), Th4+, La3+, 

100 E”‘$$Hg(I) Ir(II1) 
50 Pb2’t. Zn2’t. Ag’t, Cr3+t 
20 co2+ 
10 Fe’+5 

*Plus sodium thiosulphate (5 pg/ml). 
tPlus mercaptoacetic acid (5 pg/ml). 
$Plus sodium fluoride (5 pg/ml). 

were linear over the range 2-9 ng/ml and the mean 

relative error was 1.2% (P = 0.05 and n = 11). 
(ii) The fluorescence was measured at a fixed time 

after mixing: under these conditions the calibration 
graph was linear over the range 3-7 ng/ml. 

(iii) The time to reach a preset fluorescence inten- 
sity was measured: here the linear range was 3-8 
ng/ml of manganese, with a mean relative error of 

1.7%. 
Method (i) was selected on the basis of the smaller 

mean error and the wider linear range. In the non- 
linear portions of the calibration graphs the signal is 

lower than expected. 

Interferences 

The effect of many common ions on the rate of the 
catalytic reaction was examined to find any interfer- 
ences. Tolerances for those ions investigated are given 
in Table 3. Of the cations, Fe(III), Pb(II), Zn(II), Ag(I), 
Sn(II) and Sb(II1) all interfere and should be absent if 
accurate results are to be obtained. However, the tol- 

erance for some interferences can be improved by ad- 
dition of masking reagents such as mercaptoacetic 
acid, thiosulphate and fluoride. The strongest interfer- 
ence is given by EDTA (interfering at only twice the 

manganese concentration) since it forms a stable 
complex with manganese(I1). 

The proposed method has been used to determine 
manganese in a variety of foodstuffs, and the results 

Table 4. Determination of manganese in water and foods 

Manganese found,* 
Subsample, 

Sample ml Kinetic method AAS method 

Water? 2 3.8 _+ O:l ng/ml 4.0 f 0.1 ng/ml$ 
Milk? 0.2 310 * 4 ng/ml 313 f 2 ng/ml 
Beer? 0.3 210 * 2 ng/ml 214 f 2 ng/ml 
Onion 0.1 9.8 + 0.1 jig/g 9.9 * 0.1 pg/g 

*Average of 8 separate determinations 
tFluoride added (5 pg/ml) to suppress interference from 

iron 
#A litre of water acidified with HN03 was evaporated to 

25 ml for this determination 

have been compared with those obtained by atomic 
absorption. In all cases the standard addition method 
was applied (Table 4). Some results for the determi- 
nation of manganese in a water sample by the stan- 
dard-addition method are given in Table 5. The per- 
formance would seem to be quite satisfactory. 

Table 5. Determination of manganese in a 
water sample by the standard-addition 

procedure 

Manganese 
Aliquot 
taken, Added, Found, Recovery, 

ml w/ml w/ml % 

1 - 0.72 
1 2.0 2.72 100.0 
1 5.0 5.64 98.6 
1 8.0 8.75 100.4 
2 1.47 
2 2.0 3.45 99.6 
2 3.0 4.42 98.9 
2 5.0 6.49 100.3 
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Summary-Rare-earth elements (REE) at ppm levels in lanthanum oxide can be determined without 
prior separation and preconcentration by use of high-resolution inductively-coupled plasma emission 
derivative spectrometry (ICPEDS). The calibration graphs are all linear and pass through the origin, 
even in the presence of large amounts of lanthanum, except those for dysprosium, holmium and ytter- 
bium. The detection limit for each REE is I-lOpg/g in lanthanum oxide. Investigation of various 
physical and/or spectral interferences shows that good selectivity is obtained by ICPEDS. 

Inductively-coupled plasma emission spectrometry 
(ICPES) is in general a useful technique for trace 
analysis and has been applied to the determination of 
rare-earth elements (REE) in steel’ and mineralogical 
samples’ with high sensitivity, but its selectivity is not 
always satisfactory. However, we have recently found 
that much higher selectivity is obtained by inductive- 
ly-coupled plasma emission derivative spectrometry 

(ICPEDS) with a high-resolution echelle spectrometer 
modified for wavelength modulation. We have 
reported its outline and characteristics together with 
its successful application to the determination of haf- 

nium in zirconium oxide.3 In the present work the 
same instrumentation is applied to the determination 

of REE at ppm levels in high-purity lanthanum oxide 
without any prior separation and preconcentration. 

EXPERIMENTAL 

Apparatus 

The apparatus is the same as that described in our pre- 
vious paper3 and is outlined in Table 1. The wavelength is 
modulated sinusoidally by a refractor plate modulator in- 
cluded in the spectrometer and the second harmonic (i.e.. 

Table 1. Instrumental facilities and operating conditions 

Plasma 
R.F. generator 
Matching network 
Torch 
Forward R.F. power 
Reflected power 
Argon flow-rates 

Coolant gas 
Plasma gas 
Aerosol carrier-gas 

Y, Ce, Cd, Yb, Lu 
Other REE 

Sample introduction system 
Sample solution uptake-rate 

Y, Ce, Gd, Yb, Lu 
Other REE 

Observation height 
Spectrometer 

Entrance and exit slit-width 
slit-height 

Integration time 
Modulation interval 
Analysis line 

Optical measurement unit 

Model HFP-1500 D, Plasma-Therm Inc. (Kresson, N.J.) 
Model MN-1500 E, Plasma-Therm Inc. 
Model PT-1500, Plasma Therm Inc. 
1.15 kW 
<5 w 

10 l./min 
1 l./min 

0.45 l./min 
0.48 I./min 
Pneumatic nebulization with a concentric glass nebulizer 

1.3 ml/min 
1.6 ml/min 
16 mm above work coil 
Wavelength-modulated echelle spectrometer with a modified Czerny-Turner 
mounting [commercially available as model UOE-I from Yanaco Cd., Ltd. 
(Japan)]. Reciprocal linear dispersion: 0.31, 0.62, 0.93, 1.2 A/mm at 2006, 4000, 
6000, 8000 A, respectively, with 25-pm slit-width. 
500r 1OOnm 
1000 pm 
15 set 
See Table 2 
See Table 2 
Model UM-1, Yanaco Co., Ltd. and model RC-125 chart recorder, Japan Spectro- 
scopic Co., Ltd. 
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Table 2. Optimum analysis lines, modulation intervals, slit-widths and detection 
limits 

;;JYsj Modulation Slit-width Detection 
Determina~ , mterval, A V limit, ~g/g* 

Y 3710.30 0.15 50 1 
ce 4040.76 0.22 100 10 
Pr 4143.11 0.22 100 10 
Nd 4303.53 0.20 100 10 
Sm 3568.21 0.07 100 10 
Eu 3819.17 0.30 50 2 
Gd 3549.37 0.15 100 5 
Tb 3509.17 0.20 100 4 
DY 3531.70 0.15 50 5 
Ho 3456.00 0.20 100 2 
Er 3372.71 0.20 100 2 
Tm 3761.33 0.15 50 5 
Yb 3289.37 0.07 50 1 
LU 2615.42 0.15 100 1 

*As determinand (pg/g) in lanthanum oxide. 

with twice the frequency of modulation) of the a,c. com- 
ponent of the signal is detected, so the second derivative 
emission spectrum or intensity is measured on a chart 
recorder, a distinction from the use of conventional appar- 
atus. 

Reagents 
Stock solutions containing lanthanum (20.00 g/l.) or 

REE (3.000 g/l.) were prepared from 99.999% pure lantha- 
num oxide (Soegawa Chemicals Co., Ltd.) and 99.99% REE 
oxides (Shinetsu Chemicals Co., Ltd.). respecttvely, in the 
same way as the sample solutions (see below). The REE 
oxides used were ignited at about 700” before use, to de- 
compose any carbonate present. Working solutions were 
prepared by dilution of the stock solutions with water. All 
other chemicals used were of analytical-reagent grade. All 
solutions were prepared with distilled demineralized water. 

Place 1 g of sampie in a lOO-ml beaker, add 10 ml of 2M 
perchlorrc acid and heat gently until the solution is quite 
clear. After cooling, dilute the solution to 100 ml with 
water. 

Operuting conditions 
On the basis of the experimental results described below, 

operating conditions for the determination of REE were 
decided as shown m Table 1. 

RESULTS AND DISCUSSION 

Selection of spectral lines, modulation intervals, slit- 
widths and s~~t-~e~g~ts 

There are many emission lines usable for the deter- 
mination of individual REE, but most of them suffer 
spectral interference from other REE. Thus the level 
of mutual spectral interference among the REE as 
well as the spectral interference of lanthanum was 
examined at the sensitive lines for each REE, to find 
practically interference-free spectral lines suitabie for 
the determination of each REE, as shown in Table 2. 
Only the lines of dysprosium, holmium and ytterbium 
were slightly subject to spectral interference by lan- 
thanum. Any spectral interference could generally be 
suppressed by decreasing the slit-width or the modu- 

lation interval, but doing so also decreased the second 
derivative intensity and hence raised the detection 
limit. Consequently, an appropriate slit-~liidth and 
modulation interval had to be selected for each REE. 
These are also shown in Table 2. The slit-height is 
also related to the spectral resolution, but the resolu- 
tion is good with slit-heights up to 1OOOym. 

~n~iaence a~perc~loric acid concentration 

As can be seen from Fig. 1, shown as an example, 
increasing the perchloric acid concentration in gen- 
eral decreases the second-derivative intensity of the 
REE, regardless of the plasma region observed, but 
the sample solution uptake-rate does not vary. The 
effect on the derivative intensity seems to be due to 
decrease in the nebulization efficiency on increase in 

20 
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Perchlorlc actd concentrotlon , N 

Fig. 1. Influences of perchloric acid concentration on the 
second derivative mtenstty (--) and sample solution 
uptake rate ((--). 0, Y; 0, Ce; l , Sm; x. Eu; A, Dy; V, 

Er; U, Lu. 
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IO 15 20 

Observation height above work co11 , mm 

Fig. 2. Influences of observation height, nebulizer pressure 
and lanthanum concentration on the second derivative 
intensity of yttrium. Lanthanum coucentration (ppmt_O, 
0; 0, 5ooO; x , 7500. Nebulizer pressure (psigkA, 16.5; B. 

14; c, 12. 

the perchloric acid concentration. Hence the sample 
solutions and standard solutions should have as near 
as possible the same perchloric acid concentration. 

InJluence of lanthanum concentration 

Freedom from chemical and physical interferences 
is one of the more important characteristics of 

ICPES. However, the matrix can cause the emission 
intensity of the determinand to increase, decrease, or 
show no change, depending on the plasma region ob- 
served.4s5 In this study the second-derivative intensity 
of REE was also affected by the lanthanum concen- 
tration, to a degree which depended on the carrier-gas 
flow-rate and the R.F. power as well as on the plasma 
region observed. Figures 2 and 3 show the influence 
of the observation height in the plasma on the 
second-derivative intensity of yttrium and erbium, re- 
spectively, with varying lanthanum concentration and 
nebulizer pressure. Comparing Fig. 2 with Fig. 3 
shows that the influence on yttrium differs from that 
on erbium. For yttrium, increasing the lanthanum 
concentration decreases the derivative intensity, and 
the effect decreases with decreasing nebulizer press- 
ure, increasing R.F. power (not shown) or increasing 
observation height. For erbium. on the contrary, lan- 
thanum increases the derivative intensity except as 
shown in Fig. 3A. Cerium, gadolinium, ytterbium and 
lutetium showed similar behaviour to yttrium, and 

the other REE behaved similarly to erbium. Since 

with our apparatus there is no significant spectral 
interference by lanthanum at the REE lines used, 
these phenomena are presumably due to changes in 
the population of excited determinand atoms and ions 
caused by introduction of large amounts of lantha- 
num into the plasma. Fortunately, however, there are 

conditions (as shown in Figs. 2C, 3A and 3B) under 
which all REE other than dysprosium, holmium and 
ytterbium (which are slightly subject to the spectral 
interference by lanthanum) can be determined directly 
in the presence of large amounts of lanthanum. 

Spectral interference of REE and other ions 

The mutual interferences among the REE and the 

interference by copper, iron, aluminium, sodium and 
potassium were studied. The results for the REE 
(expressed as apparent determinand concentration per 
100 mg/l. of interferent) are summarized in Table 3, 
from which it is seen that lanthanum practically does 
not interfere with the determination of most REE, 
and that only cerium, dysprosium and erbium, and 
samarium and ytterbium give errors over 3% for the 
determination of praseodymium and terbium, respect- 
ively, when present in equal weight to the determin- 
and. Even these errors, which are due to spectral 
interference as can clearly be seen from Figs. 4 and 5 

(shown as examples) can easily be corrected for by 
utilizing Table 3. 

80 I- 
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Observahon height above work cod, mm 

Fig. 3. Influences of observation height, nebulizer pressure 
and lanthanum concentration on the second derivative 
intensity of erbium. Lanthanum concentration (ppmto, 
0; x , 7500. Nebulizer pressure (psigtA, 16; B, 14; C, 12. 
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- M 
4142.9 4143.1 4143 3 4142.9 4143 I 4143.3 

Wavelength, % 

Fig. 4. Second derivative spectra of REE near the 4143.1 I A Pr line. Concentration (ppmbPr, 37: Y, 76; 
Ce. 70; Tb, 75; Dy. 77; Er. 80; La, lo/, (as La,O,). 

Interference by copper, iron, aluminium, sodium 

and potassium at concentrations up to 100 mg/l. is 

negligible. The results described here show the good 
resolution of our apparatus and, in addition, suggest 
the feasibility of direct determination of the REE as 
impurities not only in lanthanum but also in other 
REE, without prior separation. 

Calibration graphs and detection limits 

Plots of the second-derivative intensity against the 
determinand concentration were all linear, and the 
slopes were unaffected by the presence of lanthanum, 

I I I I 

3509.0 3509.2 3509 4 

Wavelength, a 
Fig. 5. Second derivative spectra of REE near the 
3509.17A Tb line. Concentration (ppmkTb, 15; Ce, 70; 

Sm. 75; Yb, 76; La, 1% (as La,03). 

as shown in Figs. 6 and 7. All the lines (except those 
for dysprosium, holmium and ytterbium in the pres- 
ence of lanthanum) pass through the origin. These 
results show the outstanding characteristics, not 
obtained with the conventional apparatus, of our 
apparatus, and reveal that lanthanum, even in lo5 
w/w ratio to the determinand, does not interfere with 
the determination of other REE except for three men- 
tioned. 

The detection limit for each REE, defined as the 
determinand concentration (in a 1% solution of lan- 
thanum oxide) that gives an average net derivative 

90 r 

Concentration, wm 
Fig. 6. Calibration curves m the presence or absence of 
lanthanum. Lanthanum oxide, 0, 0, Aq?,; l . n . 

r--l:/,. 
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Table 3. Interferences expressed in terms of determinand concentration (&m[) equivalent to signal from 100-@ml 
interferent concentration 

Deter- Interferent 
minand La* Y Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

Y -CDL 
Ce <DL - 2.37 
Pr <DL -0.41 5.30 
Nd <DL 2.49 0.36 
Sm tDL -0.50 
Eu tDL 
Gd <DL -0.25 -0.27 
Tb tDL - 1.51 -0.27 
DY 0.17 
Ho -0.13 -0.18 0.34 
Er <DL 
Tm <DL 
Yb -0.04 
Lu tDL 

-0.62 
2.61 - 1.18 -0.65 

-1.53 - 1.18 -0.41 
0.20 -0.72 

0.54 

0.39 -0.37 0.74 
1.06 3.30 

0.96 -0.29 
-0.20 - 1.23 0.54 

0.92 
0.50 

-0.34 0.70 -3.91 
24.7 -6.30 

-0.31 
-0.41 

-2.27 -0.34 -0.50 
-0.30 0.63 -0.56 3.44 

-0.18 
0.39 0.16 

*to/,, added as lanthanum. DL = detection limit. Vacant spaces = co.10 &ml. 

Table 4. Determination of REE in lanthanum oxide and synthetic samples, ppm 

Sample Y Ce Pr Nd Sm Eu Gd Tb Dy* Ho* Er Tm Yb* Lu 

W, <I t10 40 <lO <lO <2 <5 <4 <5 <2 <2 <5 <1 <I 
N <1 38 <IO 22 <lO <2 5 <4 <5 <2 c2 <.5 <l <I 
W2 <I <lO < 10 <IO <IO <2 <5 <4 <5 <2 12 15 il <I 
S, 83 85 c&t 84 76 80 80 c%s 38 40 38 41 39 40 

SZ 101 99 128 103 90 102 97 113 101 95 97 100 95 97 
(104)? (106)s 

W,, N. W,: lanthanum oxide 
W,. sold as 99% La,O,; N, sold as 99.9% La,O,; Wz, sold as 99.99% La*O,. 

S1, S2: synthetic samples 
S,, Y-Gd = 80 oum: Tb-Lu = 40 oom. 
s;, Y-Lu = 1OO*ppm. 

. . 

*Corrected for interference from La. 
icorrected for interferences from Ce, Dy and Er. 
#Corrected for interferences from Sm and Yb. 

5 I I I I I I 
-f’-tI2 0.4 0.6 0.8 1.0 1.2 1.4 

-10 L Concentration, ppm 

Fig. 7. Calibration curves m the presence or absence of 
lanthanum. Lanthanum oxide: 0, Cl, A-O%: 0, II, 

r--lo/,. 

signal equal to twice the standard deviation of the 
background noise, is iisted in Table 2. 

Deierminu~ion of REE in lunt~anum oxide and syn- 
thetic samples 

REE in commercial high-purity lanthanum oxides 
and synthetic samples were determined with satisfac- 
tory results as shown in Table 4. 
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Sumwry-An indirect procedure has been developed for the determination of trace amounts of silicon 
by atomic-absorption with carbon-rod electrothermal atomization. After dissolution, the silicon IS 
extracted as silicomolybdic acid into a mixture of diethyl ether and pentan-l-01 (5 + 1). The co-extrac- 
tion of excess of molybdate reagent IS prevented by the addition of citrate, which also destroys phospho- 
molybdic and arsenomolybdic acids. The orgamc layer is washed with hydrochloric acid, pl quantities 
are transferred to the electrothermal atomizer and the molybdenum is measured. The method has been 
applied to analysis of several steels. 

In attempting to extend the sphere of application of 
atomic-absorption spectrometry (AAS) in analytical 
chemistry both in terms of sensitivity (and conse- 
quentfy detection limit) and range of elements or spe- 
cies determined, the chemistry of the heteropolymo- 
lybdates offers several attractive possibilities, particu- 
larly when combined with electrothermal atomization 
devices. 

The polymerization reaction which occurs when a 
solution of molybdate (Mo@~-) is acidified in the 
presence of a hereroelement has been used as the 
basis of analytical methods for about 10 of the poss- 
ible 35 hetero-elements, namely P, Si, As, Ge, V, Th, 
Ta, Ti, Nb and Ce, Most of the previously reported 
methods use solution spe~trophotometry or flame 
AAS as the final measuring stage in a procedure that 
almost always includes a solvent extraction stage to 
separate the heteropoly species, H,XMo,,O,, (where 
the value of n depends on the oxidation state of X) 
from the large excess of molybdate reagent, which 
polymerizes under the reaction conditions to give one 
or more of the ~sopolymoly~ates. 

The indirect determination of the hetero-element 
by determination of the molybdenum in the hetero- 
poly species gives a considerable enhancement of 
sensitivity because of the 12:l molar ratio of MO 
to x. 

Preliminary results for phosphorus and arsenic 
have already been reported’ and the problems of the 
high blank values (due to co-extracted isopolymolyb- 
date) and the difficulties in atomizing molybdenum 
from a carbon-rod electrothermal device outlined. In 
this paper the development of a method for silicon is 
described. The analysis of some standard steel 

samples, in which interference effects might be 
expected, is included to illustrate the application of 
the method. 

Silicon has been determined by solution’-’ and 
AAS amplification methods.3*“‘0 Ultraviolet spectro- 
photometric methods are based on the measurement 
of the absorbance of silicomolybdic acid 6*7 or its 
reduction product’,’ (“molybdenum blue”) or its de- 
composition product in a basic buffer.2v3 The atomic- 
absorption methods3*8*9 are based on the measure- 
ment of the molybdenum content of silicomolybdic 
acid. Concentration ranges of 0.1-0.4 and 0.1-1.2 ppm 
of silicon are covered by the indirect ultraviolet and 
atomic-absorption methods, respectively.’ The direct 
determination of silicon by atomic-absorption has 
also been described (e.g., Price and Roos’~), but the 
sensitivity is poor. 

Silicon in steel has been determined by atomic- 
absorption spectrophotometiic,4~11~1z colori- 
metric,4*5.‘3 gravimetric,‘39’4 titrimetric and electro- 
chemical methods.14 A differential pulse polaro- 
graphic method has also been used for levels down to 
0.002~. ” The methods used by British Chemical 
Standards for the determination of silicon in steel are 
gravimetric and photometric. 

Several workers have found that the addition of 
complexing agents such as citric, lactic, tartar& oxalic 
and mafonic acids, glycerol, mannitol and ethylene 
glycol to phosphomolyb~~ and ars~omoiyb~c acids 
destroys both acids, but not silicomolybdic acid.“-Is 
Chalmers and Sinclair16 found that certain complex- 
ing agents (notably citric, tartaric and oxalic acids, 
and mannitol) shift the absorption spectrum of iso- 
~lymolybdates by complexation, and have estab- 

li7 
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lished” that their differential effect on the heteropoly 
acids is kinetic in nature. 

DEVELOPMENT OF THE METHOD 

The extent of formation and extraction of the 
heteropolymolybdate and isopolymolybdate was 
studied as a function of acidity, molybdate concen- 
tration, reaction kinetics, nature of the extracting sol- 
vent, wash conditions and presence of a masking 
agent. The aim of these studies was to achieve an 
acceptable signal-to-blank ratio in a reasonable 
analysis time. 

Acidity 

In agreement with previous reports’g*20 it was 
found necessary to add the acid (hydrochloric) in two 
portions. The solution was first acidified to 0.12M to 
form the polymeric species and then to l.OM to pro- 
tonate the species for extraction. The formation reac- 
tion is reported to be slow and inhibited by a large 
excess of acid, owing to the formation of polysilicic 
acids. 

Molybdate concentration 

A large excess of molybdenum is necessary to 
achieve the required degree of formation. The best 
signal-to-blank ratio was obtained with a molar ratio 
of about 1400: 1 molybdenum to silicon. In practice, a 
fixed amount of molybdenum was added as am- 
monium molybdate to not more than 6 pg of silicon. 

Solvent system 

Five different solvent systems were investigated as 
possible extractants: pentan-l-01, butan-l-01, 3-meth- 
ylbutan-l-01 (isoamyl alcohol), 4-methylpentan-2-one 
(MIBK) and a mixture of diethyl ether and pen- 
tan-l-01 (5 + 1). The main criterion governing the 
choice of solvent was selectivity for extraction of sili- 
comolybdic acid in presence of isopolymolybdic acid 
and other heteropoly acids. On this basis, the diethyl 
ether-pentan-l-01 mixture was used in the method 
eventually developed. It was found necessary to wash 
the organic layer with hydrochloric acid to reduce the 
blank level further. 

Masking agents 

The effect of six different masking agents on the 
extent of the isopolymolybdate extraction was investi- 
gated. These were oxalic, lactic, malonic and citric 
acids, glycerol and mannitol. Apart from lactic acid 
all of these complexing agents reduced the blank level. 
However, the greatest reduction was caused by citric 
acid and as citrate also masks possible interferences 
from other hetero-elements present in real samples, 
this was added at a concentration of about 0.4% after 
the final adjustment of the acidity. 

Atomization procedure 

A l-p1 portion of the organic phase was transferred 

to the carbon-rod atomizer. Some practice was 
needed to achieve reproducible transfer, since the sol- 
vent has a rather high vapour pressure. After evapor- 
ation, the residue was ashed at red heat and, after a 
lo-set delay, atomized for 1.5 set at a temperature 
just above the sublimation temperature of graphite. 
To avoid memory effects, a cleaning stage was applied 
before the rod was cooled (to below 30”) for transfer 
of the next sample. Oxygen-free nitrogen was used as 
sheathing gas. This procedure, although satisfactory 
with new rods, resulted in rod lifetimes of only a few 
firings and a rapid deterioration due to increased por- 
osity. To overcome this problem, the rods were 
coated with pyrolytic graphite produced by the pyro- 
lysis of acetylene bled (at 40-50 ml/min) into the 
nitrogen sheathing gas (flowing at 3.2 l./min). Two 
coatings were produced at the normal atomization 
temperature every thirty atomizations, prolonging the 
rod lifetimes to several hundred atomizations. The use 
of a hydrocarbon gas for the production of pyrolytic 
graphite coatings has been reported previously,*’ and 
methane appears to be preferred. However, the use of 
acetylene was found to be perfectly satisfactory and 
this gas is always readily available in a laboratory 
operating atomic-absorption instruments. 

A comparison of the slope of the calibration graph 
for standard silicon solutions with that for standard 
molybdenum solutions showed that the combined 
degree of formation and extraction of the silicomolyb- 
date was about 98%. However, the value varied from 
one analysis to another and as it seemed possible that 
the degree of atomization was affected by the chemi- 
cal form of the molybdenum, calibration was done by 
applying the complete procedure to amounts of up to 
4 pug of silicon. The absorbance due to the blank sol- 
ution was subtracted before the calibration graph was 
plotted. As well as correcting for the small amount of 
isopolymolybdate co-extracted, this corrects for the 
small non-specific absorbance arising from the subli- 
mation of a small amount of graphite from the rod 
surface during atomization. 

EXPERIMENTAL 

Apparatus 

A Shandon Southern A3470 Flameless Atomizer and an 
A3400 Atomic Absorption Spectrophotometer were used. 
The output from the spectrophotometer was recorded by a 
Tarkan model 600 recorder. Graphite rods with a nominal 
capacity of 1 pl were. used. Solutions were transferred with 
an Oxford microlitre pipette. 

Reagents 
Standard silicon solution, IOOppm. Fuse 0.107 g of dry 

precipitated silica with 1.0 g of analytical grade anhydrous 
sodium carbonate in a platinum crucible. Cool the melt, 
dissolve it in demineralized water, dilute to 500ml and 
store in a polythene bottle. 

Hydrochloric acid, 5.1 M and (I + 9). 

Ammonium molybdate solution, 1%. Dissolve 1 g of ana- 
lytical grade ammonium molybdate in distilled water and 
dilute to 100 ml. 
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Table 1. Results of analysis of BCS steels 
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Steel sample 
Silicon found, Certificate value, 

% % 

BCS 218/3 

0.15% Carbon Steel 0.22 f 0.03 0.22 

BCS 365 

Permanent Magnet Alloy 0.33 + 0.04 0.34 

BCS 434 

Plain Carbon Steel 0.56 f 0.07 0.51 

BCS 254/l 

Low Alloy Steel 0.22 f 0.03 0.22 

BCS 24112 
High Speed Steel 0.19 f. 0.02 0.21 

Citrate solution, IV/,. Dissolve 10 g of citric acid in 
about 80 ml of distrlled water. Adjust to pH 3.2 with 
sodium hydroxide and dilute to 100 ml. 

Sulphuric acid, 1.5M. 

Ammonium persulphate solution, 12%. 
Diethyl ether-pentan-l-01 mixture (5 + I). 

Preparation of steel sample solution” 

Add 25 ml of 1.5M sulphuric acid to 0.3 g of steel in a 
Teflon beaker and heat until the sample is dissolved; add 
10ml of 12% ammonium persulphate solution, boil until 
clear, cool, and dilute to volume in a 50-ml standard flask 
with drstilled water. Dilute a 2-ml ahquot of this solution 
to volume m a lOO-ml standard flask with distilled water. 

Extraction 

Transfer 2 ml of the final solution into a IOO-ml separat- 
ing funnel and add 1 ml of 5.1M hydrochloric acid and 34 
ml of distilled water. Add 4ml of 1% ammonium molyb- 
date solution, mix and allow to stand for 10min. Add 
8.8 ml of 5.1M hydrochloric acid and allow to stand for 
10 mm. Add 2 ml of citrate solution, mix and allow to 
stand for a further 10mm. The order of addition of re- 
agents is important. Extract the silicomolybdic acid with 
20 ml of solvent mixture by shaking for 1 min. Wash the 
organic extract three times wrth 25-ml portions of hydro- 
chloric acrd (1 + 9). For each wash, shake for 30 sec. Drain 
off the aqueous layer and transfer the organic layer into 
a 25-ml standard flask and dilute to the mark with the 
solvent. 

Preparation of standards and calibration graph 

Dilute the stock lOO-ppm silicon solution to give a 
1-ppm solution, just before use. Transfer 0, 1, 2, 3 and 4 ml 
to separating funnels and proceed as described for the 
sample solutions. Adjust the volume of water added so that 
the total volume is 37 ml before the addition of the am- 
monium molybdate. 

Atomize 3 replicate l-p1 portions of the final organic 
phase, calculate the mean, subtract the mean blank value 
and plot absorbance agamst silicon concentration. 

RESULTS AND DISCUSSION 

Assuming 100% formation of silicomolybdate and 
100% extraction in obtaining the calibration curve, 
the amount of silicon transferred to the rod for each 
atomization ranged from zero to 160pg. This latter 
value represented the top of the linear range and cor- 

responded to an absorbance value of 0.40. The blank 
absorbance value was typically around 0.03. A least- 
squares linear regression analysis of a five-point cali- 
bration graph had a slope corresponding to a charac- 
teristic amount of silicon (or sensitivity, i.e., amount 
for 1% absorption) of 1.8 pg, a correlation coefficient 
of 0.998 and an intercept of 0.0060 on the absorbance 
axis. The standard deviation of the absorbance resi- 
duals was 0.0093, giving a limit of detection (on the 
basis of “intercept plus twice the absorbance resi- 
duals”) of 5.2 pg. The relative standard deviation of 10 
replicate atomizations of the solution corresponding 
to 40pg of silicon transferred to the rod was 5.3% 
with a mean absorbance value of 0.12. The limit of 
detection calculated as twice this standard deviation 
corresponded to 4.4 pg. 

The overall precision of the method, obtained from 
5 replicate analyses of one of the standard steel 
samples (BCS 365) was 10% relative standard devi- 
ation. As the value for the atomization stage is 5.3”/, 
the relative standard deviation of the formation and 
extraction stage is approximately 8.5%. 

The effect of the addition of arsenic and phos- 
phorus, both potential interferents in the analysis, was 
investigated for a solution corresponding to 80 pg of 
silicon taken for atomization. No interference was ob- 
served for up to 80 pg of arsenic and 120 pg of phos- 
phorus. 

In the absence of suitable certified reference 
materials containing low concentrations of silicon the 
accuracy of the method was evaluated by analysing 
five different British Chemical Standard steels. The 
results are shown in Table 1. The interval about the 
mean value is the 95% confidence interval calculated 
from the t-distribution. 
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Summary-An electrode assembly suitable for voltammetric analysis of very small sample volumes, in 
vitro or in ciuo, has been constructed inside a catheter. Well-defined differential pulse current peaks have 
been obtained for acetammouhen. chlororomazine and ascorbic acid at the submillimolar concentration 
level. Voltamperograms recoided’for rhksus monkey blood in uwo and in vitro were similar. 

The use of electrochemistry to measure analytes in 
very small volumes and in uiuo has gained momentum 
in recent years, I*’ Most of the in-uiuo work achieved 
to date has focused on in-situ monitoring of neuro- 
transmitter release in the brains of small animals’ and 

of oxygen m blood.’ The studies on brains utilized 
miniature carbon working electrodes, with chronoam- 
perometry and normal pulse voltammetry as the 
measuring techniques. Amperometric oxygen moni- 
toring has usually been done with a miniature Clark- 
type platinum working electrode. 

Differential pulse voltammetry (DPV) has been 
shown to be an effective technique for the determi- 
nation of drugs and other organic compounds at low 
concentrations. Studies have been reported on the 
measurement of drugs such as chlorpromazine3 and 
diazepam4 with various carbon electrodes. In the light 
of these developments and the increasing need to de- 
termine drugs in small sample volumes and in uioo 
(for therapeutic monitoring and bioavailability 

studies), it should prove useful and interesting to 
examine the applicability of DPV for this purpose. 

This report describes the design of a microelectrode 
assembly (with carbon paste and silver wire as the 
working and reference electrodes) built into a cath- 
eter, and its applicability to ir~oitro and in-uiuo analy- 
sis for oxidizable compounds in monkey blood. 

EXPERIMENTAL 

Apparatus 

A schematic drawing of the electrode assembly IS shown 
m Fig. 1. The body conslsted of a vein infusion catheter 
(16-gauge. 3.5-cm long, Travenol Lab. Inc) mto which the 

*Authors for correspondence. 

Teflon and glass capillaries of the working and reference 
electrodes respectively were Inserted. The working elec- 
trode material was a carbon paste (35/65 w/w mineral oil/ 
graphite powder). The paste was packed into the end of a 
5-cm long Teflon tube (0.3 mm i.d., 9.6 mm 0.d.). The paste 
filled the tip to a height of about 2 mm, with electrical 
contact (to the inside end of the paste) made through a thm 
copper wire. A sliver wire Inserted into a 4.5-cm long glass 

Fig. 1. Schematic drawing of the electrode assembly. 
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capillary (0.2 mm id., 0.4 mm o.d.) served as the pseudo- 
reference electrode. A silicone-rubber sealant held the 
Teflon and glass capillaries in place, while allowing move- 
ment of the Teflon capillary as required for resurfacing the 
carbon paste. 

A 2-ml (2.5cm diameter, 1.5-cm high) Pyrex glass cell 
with a 2-hole Teflon cover was employed. Standard ad- 
dittons were made with a 50-~1 Hamilton microsyrmge. A 
tiny (l-mm thick, 6-mm long) magnetic stirring bar, placed 
at the bottom of the cell was used to mix the solutton after 
each addition of analyte. All measurements were made 
with a Sargent-Welch Model 4001 Polarograph. 

Reagents 

Demineralized water was used to prepare all solutions. 
The O.lM phosphate buffer (pH 7.4) was prepared from a 
1:4 mixture of KH2P04 and K,HPO,. Millimolar stock 
solutions of ascorbic acid and chlorpromazine (m water). 
and acetaminophen (in methanol) were prepared each day 
from Sigma Chemical Co. reagents. Monkey whole-blood 
samples, preserved with heparin, were stored at 4”. 

Procedure 

A 2-ml portion of supporting electrolyte solution or of 
the whole-blood sample was introduced into the cell. The 
workmg electrode was held at the potential for the start of 
the scan, and after the itntial current had decayed an ano- 
die differenttal pulse ramp was initiated. 

In-uruo procedure. An 8.4-kg rhesus monkey was anaes- 
thetized with ketamine hydrochloride. The area over the 
saphaneous vem (m the mid-calf region of the rtght leg) 
was shaved; an incision tn the skm over the vem was made 
with a scalpel and the vein exposed. A small inciston was 
made m the vein and the catheter electrode Inserted into 
the lumen of the vein. Ligatures were used to prevent any 
possible blood leakage, and the electrode from shppmg. 
The entire area was taped to provide additional support. 
The monkey was placed in a restraining chair and allowed 
to recover from’sedation before the voltamperograms were 
recorded. 

d 

RESULTS AND DISCUSSION 

Differential pulse voltammetry with the combined 

electrode assembly was evaluated first in phosphate 

buffer solutions. Typical voltamperograms obtained 

after successive standard additions of acetaminophen 
(A) and ascorbic acid (B) are shown in Fig. 2. Well- 

defined peaks, with height proportional to the analyte 
concentration, are obtained at the 10e4M level. As 
expected for carbon paste electrodes, the background 
currents are low. On the basis of the signal-to-back- 
ground characteristics of the response, the detection 
limits would be at the micromolar concentration 
level. Similar DPV response was observed for chlor- 
promazine, with a peak potential of +0.48 V (not 
shown). 

Following the phosphate buffer experiments, DPV 
with the microelectrode assembly was tried for direct 
measurement of various drugs in rhesus monkey 
whole-blood samples. Figure 3 illustrates voltampero- 
grams recorded after standard additions of acetamm- 
ophen (A) and chlorpromazine (B) to 2-ml blood 
samples. Surprisingly, relatively low background cur- 
rents (a), similar to those observed in the buffer ex- 
periments (Fig. 2) are observed. Thus, most of the 
blood constituents do not give a DPV response in the 

range from -0.2 to +0.7 V. In some experiments, 
e.g., Fig. 3 (A, a), a definite peak can be observed at 
$0.3 V for the blood background scan. The com- 
pound giving rise to this peak has not yet been ident- 
ified. The peak currents for acetaminophen in blood 
are lower than those observed in phosphate buffer 
(compare Figs. 3A and 2A). This is attributed to inter- 
action of the drug with some blood constituents. Even 

B 

b 

__---___---___----__- 2nA --- ------- 

A 

Fig. 2. Differential pulse voltamperograms for acetaminophen (A) and ascorbic acid (B) in 0.1 M phos- 
phate buffer: (a) background voltamperograms; (b)-(d), successive equal additions of 1.0 x 10m4M 

analyte. Scan-rate, 0.5 V/min. Amplitude, 50 mV. 
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t 2nA 

Fig. 3. Differential pulse voltamperograms for acetaminophen (A) and chlorpromazine (B) in monkey 
whole blood; (a) background voltamperograms; (bHd) successive equal additions of analyte+A) 
3.3 x lo-“ M acetaminophen, (B) 5 x 10m4 M chlorpromazine, with 3-min preconcentration. Scan-rate 

and amplitude as for Fig. 2. 

lower sensitivity was observed for standard additions 
of 10e4M ascorbic acid in blood (not shown). In con- 
trast, relatively high peak currents are observed for 
chlorpromazine in blood (Fig. 3B). This is attributed 
to the tendency of chlorpromazine to adsorb on car- 
bon electrodes and thus enhance its voltammetric re- 
sponse.5 A 3-min preconcentration period (at 0 V with 
SOO-rpm stirring) was employed in this experiment. In 
spite of the rising background current at around 
+0.7 V, chlorpromazine can be measured down to 

the submicromolar concentration level (especially 
when a subtractive method is used6). 

Differential pulse voltamperograms were recorded 
also for 10m4M dopamine (not shown); a well-defined 
peak was observed at around +0.2 V. The response 
was relatively stable, with about 15% decrease in the 

peak height over a 30-min period of continuous oper- 
ation. This is attributed to gradual surface deteriora- 
tion due to adsorption of surfactants present in the 
blood. 

Fig. 4. In-viva (A) and in-vitro (B) anodic voltamperograms 
of whole blood. Differential pulse conditions as for Fig. 2. 

The suitability of the electrode for in-uioo appli- 

cation is demonstrated in Fig. 4. Voltamperograms A 
and B are the DPV responses recorded in uiuo and in 
vitro, respectively. The in-uiuo response was recorded 

with the electrode implanted into the saphaneous vein 
of the monkey’s right leg. Similar responses (shape of 
background and characteristic peak at around 
+0.3 V) were observed for the in-uiuo and in-vitro 
measurements. Curve A is part of a series of 4 voltam- 
perograms, recorded in uiuo at 5-min intervals, which 
yielded similar responses. The DPV scan takes 2 min; 
thus with the additional 30 set needed for the current 
decay at the initial potential, in-uiuo monitoring can 

be performed at a rate of about 20 measurements per 
hour. 

In conclusion, the data presented in this communi- 

cation demonstrate the utility of the catheter micro- 
electrode assembly for DPV analysis in small sample 
volumes and in uiuo. The electrode assembly is easily 
fabricated, and permits rapid renewal of the carbon 

paste surface. Further miniaturization of this design, 
which would allow implantation in *smaller blood 
vessels or body tissues, may be achieved by using 
smaller (23-25 gauge) catheters. In the near future we 
will examine whether the implanted electrode can be 
used for direct sensing of changes in the levels of 
drugs in the blood stream after administration of 
therapeutic doses. 
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Summary-A generalization of the molar-ratio method is proposed, which allows study of relatively 
weak complexes. The method is based on treatment of the data from a molar-ratio saturation curve. 
From the mathematical expression derived, the stoichiometry, degree of condensation and stability 
constant are easily evaluated. Graphical representations of the results can be used advantageously. 

The molar-ratio method’ has been widely used for 
determination of the composition of AB, complexes. 
Nevertheless, the basic method permits the evaluation 
of the stability constant and actual stoichiometry only 
in speeialfy favourable ~ases.~-~ Thus, Asmus’ pro- 
posed his well-known ‘*straight-line‘ methor as an 
alternative procedure for determination of the stoi- 
chiometric ratio of relatively weak complexes. 

In order to overcome the limitations of the method, 
Momoki et al.” developed a general theoretical equa- 
tion that accurately predicts the shapes of experimen- 
tal molar-ratio plots, but practical utility of their find- 
ings was criticized by Chriswell and &hilt,’ who, 
through a detailed mathematical analysis of the 
molar-ratio method, have established several different 
techniques for identifying weak complexes in solution 
by use of computational procedures. 

This paper shows a re~ativeIy simpler way for fixing 
the stoichiometry and particuiarly the degree of con- 
densation of weak complexes from a molar-ratio ex- 
perimental data-set. The only conditions are that a 
single complex is present in the solution and that the 
Lambert-Beer law is obeyed. 

THEORY 

The formation of a single complex can be described 
in terms of an equilibrium mA -t- nB z+ A,,&. For 
dilute solutions and constant ionic strength, the non- 
therm~y~mi~ stability constant is 

(1) 

If the concentration of A, CA, is kept constant and the 
concentration of B, C’s, varied until it reaches a large 
excess, the limit of the equilibrium complex concen- 

tration will be proportional to the analytical 
concentration, CA, 

E&tBnl~tmic = Wm. (3 

For a given value of the added ligand ~on~ntratio~ 
C,(x)% the equilibrium complex concentration is a 
fraction, x, of the limiting value: 

[A,B,] = xC,Jm, (0 < x < 1). (3) 

If we define 

f,,,,(x) = 
C,(x) - nC,x/m 

i_(l t x)m>“R 

then equation (1) can be rewritten as 

_&W&f = K* 

where 

(4) 

vt 

Obviousfy oniy substitution of the correct m, ra values 
into equation (4) wiff satisfy equation (5), because only 
in this case is K a constant. This fact is the keystone 
of a straightforward method for the determination of 
the stoichiometry and the equilibrium constant: the 
functions f,,, (x) can be evaluated for different m,n 
combinations over a wide range of x values and 
checked against equation (5). Once the correct m,n 
values have been determined, the evaluation of K is 
trivial. 

Determination of CB(x) 

The application of this method involves the deter- 
mination of the C&z) values. C,(x) is defined as the 
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x 

Fig. 1. f,,. DS. x for different stoichiometric ratios, 

ligand concentration that implies an [A,B,] value 
given by equation (3). Provided that the Lambert- 
Beer law is obeyed, we can write 

where AY is the contribution (due to the complex 
formation) to the measured physical property, Y For 
very stable complexes a plot of AY vs. Cs allows direct 
estimation of (AY),i,i,. However, a complex that 
undergoes appreciable dissociation in solution gives a 
continuous S-shaped curve from which the extrapola- 
tion to (AY),i,it is uncertain.’ In this case, a rather 
accurate value of (AY),,,, can be obtained by measur- 
ing AY for a large enough Cr,/CA ratio. 

C,(x) is the Ca value that corresponds, on a AY vs. 
CB experimental plot, to AY(x) calculated from equa- 
tion (6). 

In order to show the usefulness of this kind of calcu- 
lation we chose some experimental examples for which the 
classical application of the molar-ratio method was found 
unsuccessful. 

Molybdenum (VI) and tartaric acid form a monomeric 
species. stable in weakly acidic medium, of stoichiometry 
Mo(VI)/tartaric acid = l/2. 7.8 The monomeric character of 
this complex has been corroborated by saline cryoscopy in 
Glauber’s salt. The Asmus straight-line method gave an 
apparent formation constant (at pH 6.75) of K = 1.04 x 
103. This small K value clearly indicates that the molar- 
ratio method will not be suitable for determining the 
stoichiometric ratio of the complex. In fact, when it is 
applied, an S-shaped curve is obtained, from which a direct 
determination of the stoicbiometry is not possible. 

TGol’dshtein and Gur’yanova”.‘2 proposed a general 
method based on the condition 
@Kl%l)(C, = constant) = 0. However, its application im- 
plies polynomial sectional fitting of the experimtntal 
AY as C, curve in order to determine the derivative. 

0- 
02 04 06 08 

Fig. 2.&,,,(x) us. x for a 1: 1 stoichiometric ratio and differ- 
ent degrees of condensation. 

When the procedure given here is applied, constancy in 
the &Jx) values (within experimental error) is attained 
only for n = 2, m = 1. Other m, n combinations leads to 
Increasing cf,,s(x) or f&x)] or decreasing [fi,i(x)] func- 
tions, A stoichiometry Mo(VI)/tartaric acid = l/2 is thus 
derived by this approach. The equilibrium constant calcu- 
lated is in excellent agreement (K = 1.18 & 0.03 x 103) 
with our Asmus method result. 

We have also studied’ the formation of complexes 
between molybdenum (VI) and oxalic acid. At pH 2.75 the 
prevailing species in solution is dimeric (established by 
saline cryoscopy) and has the formula [Mo,O,(OH),- 
(C204)J4. Klausen’s extension of the Asmus method” 
gave an apparent formation constant K = 9.52 x 10”. As 
we shall now see, the application of the method proposed 
here greatly reduces the amount of work needed. From the 
absorbance increments obtained by varying the mole ratio 
of oxalic acid to Mo(V1) for a constant concentration of 
Mo(VI), we can calculate the data necessary to plot the 
graphs in Figs 1 and 2. A visual examination of these pro- 
vides an unambiguous estimation of the stoichiometry as 
well as the degree of condensation. Only n = m = 2 gives 
a straight line of zero slope for f, 1 (x) us. x. The calculated 
K (9.9 k 0.5 x 10”) agrees very well with our previous 
result. 

DISCUSSION 

The uniqueness of the results obtained is implicit in 
the basis of the method. Thus, a correct calculation 
worked out from a fairly accurate experimental data- 
set must lead to the actual m,n values. 

Furthermore, the results can be tested in a very 
simple way, by graphical expression in particular. Let 
us assume that we are dealing with an A,B, complex. 
Application of the method will lead to the solution 
f,&) = K*.t It can be easily shown from equation (4) 
that the curves corresponding to the same stoichio- 
metric ratio but different degrees of condensation 
Lf,,&x)] will intersect thef,,(x) straight-line solution 
at x = ma”(‘+). Further, a study of the first and 
second derivatives of these functions provides us with 
complete information about the theoretical curve 
shapes (see Table 1). Thus, in the case of a dimeric 
complex such as the one discussed above,f,,,(x) must 
be a concave decreasing curve whereas f&x) will be a 
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Table 1. fm,&) = K* functions and their first and second 
derivatives 

d(> 1 cc<1 

f 11111,11” = iFx@ - I)‘=” f (0) = 0 f(0) = + 50 

K = K*“” 
J 

5 f(1) = R f(1) = R 

f :n..n(4 >O increasing < 0 decreasing 

cse,.mcx, <O convex > 0 concave 

convex increasing one. The intersections of these func- 

tions withf&(x) should be found at x = 0.5 and x = 
0.87: the shape of the curves is as predicted. 

A similar general study of the curves obtained for 
different stoichiometric ratios does not always give 
such a straightforward series of useful considerations. 
However, for each particular case it is possible to find 
some specific conditions that can help to verify the 
results. For example, the limit values offm,.(x), that is 
to say fm,n(0) and &“(l), can always be readily evalu- 
ated. In this way we can also obtain an indication of 
the graphical shape of the functions. In the quoted 
example of a true 2:2 complex, these limit values of 
the functions obtained for 1:2 or 2: 1 stoichiometries 

aref,,,(O) = K*I$;f,,#) = + co;f~,~ (0) = + 00 
and& (1) = 0. According to these fi,2(x) should be 
an increasing concave curve and f2,1(x) a decreasing 
concave one. As we can see from Fig. 1, all these 
predictions are correct in the case dealt with. 

Our results are based on the fact that measurement 

of (AY),i,,, is experimentally accessible. However, a 
realistic determination of this parameter may oc- 
casionally not be achieved in practice, owing to ex- 
perimental difficulties (e.g., precipitation or formation 
of a new complex when B is in large excess). In gen- 
eral, the calculations based on an untrue estimation of 
(AY),imi, lead to greatly dispersed K* values. This dif- 
ficulty can be obviated in the simplest cases 
(m = n = 1) through an alternative evaluation of the 
specific value of the measured physical property.13 
Nevertheless, an iterative application of the proposed 
method, involving successive (AY),,,,, and K* esti- 
mations, has proved to be advantageous for any stoi- 
chiometry. 

According to the theory of propagation of errors, 
the precision we can assign to the calculated K value 
is related to the dispersion of the estimate of K* 
through 

dK -=,dg+(m-l)d+. 
K A 

The statistically evaluated confidence limits of K* 

(they have been calculated for the examples above at 
the 95% significance level14) include the errors in the 
physical property measurements as well as the im- 
precision of the estimated reagent concentrations. 

However, for polynuclear species, because of the 
dependence of K on CA, the individual error in this 
last concentration must be included. 

CONCLUSION 

Usually, to establish the degree of condensation of 
a complex species with a given stoichiometric ratio is 
a more cumbersome problem than to determine the 
stoichiometric ratio itself. Besides the use of tech- 
niques for molecular weight determination there exist 
in the literature several papers dealing with photo- 
metric methods for differentiating mononuclear and 
polynuclear complexes. 1oS15 In general, these methods 
require more than one independent set of measure- 
ments. 

With the molar-ratio method proposed here it is 
possible to obtain both parameters from a single set 
of measurements. The method is valid for relatively 
weak complexes, for which the classic molar-ratio 
method does not work. Furthermore, it is also applic- 
able to relatively stronger complexes, with satisfactory 
results as expected,le4 since we have not imposed any 
prior conditions on the magnitude of the K values. 

The simplicity of the calculations and the ready 
graphical checking enable us to propose this general- 
ization of the molar-ratio method as an alternative 

to the more sophisticated computational methods de- 
scribed in the literature.4.6.1 3 
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EXTRACTION OF TETRA-ALKYLAMMONIUM BROMIDES 
INTO 1,ZDICHLOROETHANE + ALKANE MIXTURES 

JAN CZAPKIEWICZ and ANNA WOLINSKA 

Institute of Chemistry, Jagiellonian University. 30060 Krakbw, Poland 

(Received 18 May 1982. Accepted 9 July 1982) 

Summary-The influence of an inert diluent on the extractability of tetradecyltrimethyl-, tetradecyl- 
triethyl-, decyltriethyl- and tetra-amylammonium bromides into 1,2-dichloroethane + n-alkane mixtures 
at 25” has been determined. On the basis of the experimental data it is suggested that the bromide 
moiety of the ion-pair is solvated in the organic phase by 5-6 molecules of 1,2-dichloroethane. 

The use of quaternary onium salts as liquid anion- 
exchangers in analytical and separation procedures is 
based on the displacement of anions according to the 
general scheme : 

(Q’X-), + Y- =(Q+Y-), + X- (l) 

where (Q’X-), and (Q+Y-), are ion-pairs in the low 
dielectric-constant organic phase and X- and Y- are 
singly charged anions in the aqueous phase. The equi- 
libria of such processes are commonly expressed in 
terms of relative orders of extractability of anions, 
estimated through studies of the distribution ratios of 
quaternary ammonium salts of various types’ or 
through spectrophotometric measurement of the 
extent of displacement in systems with coloured liquid 
anion-exchangers.2*3 

The data available seem to suggest that the main 
factor governing the order of extractability of the 
anions is the difference in their free energy of transfer 
into the organic phase.“6 The calculation of the sol- 
vation free-energy of an ion suggested recently by 
Abraham and Liszi’ affords a means of predicting 
absolute values of the free-energy of transfer, AGF, of 
ions from water into an organic phase of low polarity. 
According to their one-layer model of solvation in 
less polar solvents, an ion is surrounded by an organ- 
ized solvent layer the thickness of which is set equal 
to the solvent radius calculated from the bulk molar 
volume; beyond this organized layer there is only the 
bulk solvent. The calculations lead to values which 
are in good agreement with the free-energy for parti- 
tion of the ions, AG:, determined for the water- 
polychloroalkane systems among others.’ 

In solvents of low polarity the mode of salvation is 
presumably affected by extensive ion-pairing, the 
anion-cation interaction being an additional factor 
influencing the order of extractability of the anions. 
Although there is an ample literature on the partition 
of typical onium salts, little is known about the solva- 
tion of ion-pairs in polychloroalkanes. As far as we 

are aware, the only papers related to this problem are 
those of Higuchi and co-workers9 and of Okazaki et 
al.iO The former authors studied the effect of various 
anions on the extraction of dextromorphan as a func- 
tion of chloroform concentration in cyclohexane and 
in carbon tetrachloride. They postulated stoichio- 
metric complexes between the ion-pair and the solvat- 
ing species in the organic phase and showed that the 
bromide, chloride and nitrate species are extracted as 
complexes associated with four or five molecules of 
chloroform. The iodide species appeared to require 
only four molecules of the solvating agent whereas the 
species obtained with less hydrophilic organic anions 
associated with 24 molecules of the solvating agent. 
Comparable results were reached by the latter 

authors” who suggested, on the basis of their 
infrared studies of several surfactants in chloroform, 
concentration-dependent solvation numbers varying 
in the range 2-5. According to Higuchi’s simplified 
models of solvated ion-pairs,’ the dextromorphan 
salts fall into the class of compounds with a large and 

lipophilic cation and a small anion carrying a rela- 
tively high negative charge per unit area. It thus 
seemed interesting to study the influence of the 
structure of the cationic co-ion on the solvation 
of the ion-pair. Tetra-alkylammonium bromides were 
chosen as mode1 compounds for this purpose, and an 
attempt is made in this paper to estimate the solva- 
tion numbers for the salts in 1,2-dichloroethane 
through partition measurements in water-1,2-di- 
chloroethane + n-alkane systems. In the presence of 
an apolar hydrocarbon diluent, the ammonium salt in 
the organic phase should exist predominantly in the 
form of ion-pairs and thus, following Higuchi’sg 
assumption of stoichiometric salvation of the ion- 
pairs. the extraction of the ammonium salt into mix- 
tures of 1,2-dichloroethane and diluent may be 
expressed by the overall reaction: 

Q’ + A- + nDCE = [QA(DCE),],,, (2) 
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128 ANALYTICAL DATA 

Table 1. Partition data for decyltriethylammonium bromide; K, = 1.0 x 10m4 

CDCEI M E 

12.58* 10.3 
11.46 9.0 
10.43 8.1 
9.48 7.2 
8.59 6.4 
7.17 5.7 
5.74 4.1 
4.85 3.6 

Organic phase-O.lM aqueous Organic phaseO.05M aqueous 
NaBr NaBr 

c,“i, = 1 x 10-3M c,,i, = 0.5 x 10-3M 
Organic phase-water 

C,“,, = 5 x 10-3M 

C’, PM h”CLW n 

650 
480 7.5 5.9 
335 6.4 5.6 
215 6.4 5.1 
129 6.2 5.7 
76 5.9 5.1 
15 5.6 5.6 
6 5.5 5.5 

C’, W nuncorr n 

294 
194 8.7 6.8 
121 1.3 6.1 
71 6.9 5.8 
42 6.0 5.3 
25 5.6 5.1 

C’, PM nuncorr ” 

600 
340 7.3 6.0 
190 6.85 6.15 
105 6.6 5.8 
56 6.6 6.0 
30 6.35 5.9 

*Neat DCE. 

where Q’ and A- are the hydrated quaternary am- 
monium cation and the anion in the aqueous phase 
and [QA(DCE),],,, is the ion-pair solvated by n mol- 
ecules of DCE in the organic phase. It follows that for 
high values of n the partition ratio of the salt should 
strongly depend on the concentration of DCE in the 
organic phase. Although the partition of ammonium 
salts in the water-DCE system has been studied in 
detail and it is well known that the solubility of such 
salts in alkanes is negligible, no quantitative predic- 
tion of the influence of hydrocarbon diluents on the 
extraction efficiency of the organic phase could be 
made. The results of Tribalat et al.,” who used kero- 

sene to suppress the extraction of hexadecyltrimethyl- 
ammonium bromide into chloroform, indicate that 
the effect is marked indeed. 

EXPERIMENTAL 

The preparation and purification of the quaternary am- 
monium bromides was described earlier.‘* n-Hexane, n- 
heptane, n-octane, n-decane and n-dodecane, were used as 
supplied. The DCE was washed several times with water, 
then dried over anhydrous calcium chloride and finally 
distilled. Analytical grade sodium bromide was oven-dried 

and then stored over phosphorus pentoxide. The partition 
technique has also been described.i3 The equilibrium con- 
centration of the quaternary ammonium bromides was de- 
termined calorimetrically by adapting the Orange II 
method,i4.i5 the phase chosen for analysis always being 
that which had the lower content of the quaternary am- 
monium salt. The concentration in the second phase was 
calculated from the mass balance. The total content of the 
salt in the two-phase system was checked occasionally 
when the partition ratio was close to unity. In the case of 
mixed organic solvents an aliquot was evaporated under 
reduced pressure, the residue was dissolved in water and 
the routine analytical procedure was then applied. 

The partition experiments for the DCE/n-alkane-water 
systems could not be extended to concentrations of the 
diluent exceeding cc. 0.25 mole-fraction because the 
densities of both phases then tended to equalize, which 
rendered their separation difficult. On the alkane-rich side. 
where the phases were separable, the equilibrium concen- 
trations of the partitioned salts in the organic phase were 
almost always at the limits of detection but this difficulty 
was overcome to some extent in the DCE/n-alkane- 
aqueous sodium bromide systems. for which a constant 
ionic strength was maintained. The concentration of 
sodium bromide was always at least two orders of magni- 
tude higher than that of the partitioned quaternary am- 
monium bromide. 

The two phases were not pre-equilibrated, it being 
assumed that their mutual solubility was low enough to 
have negligible effect on the initial composition of the sol- 

Table 2. Partition data for tetra-amylammonium bromide, TAABr, K, = 2.14 x 10e4 and tetradecyltrimethylammonium 
bromide, Ci4TMABr, K, = 2.1 x lo-’ 

CDCE, M 

Organic phaseO.l M aqueous 
NaBr Organic phase-water Organic phase-water 

TAABr Cini, = 1 x 10m3M TAABr Gin,, = 1 x lO_jM C,,TMABr Cinit = 1 x 10m3M 

C’, PM %neorr n C’, PM %ne.rr ?I C’s iuM %ncorr n 

12.58* 10.3 991 490 315 
11.46 9.0 982 7.5 5.2 360 82 5.65 225 625 5.0 
10.43 8.1 260 6.5 5.3 156 5.8 5.1 
9.48 7.2 944 6.2 5.3 180 6.0 4.7 103 5.6 5.2 
8.59 6.4 908 5.4 5.0 118 5.8 5.0 68 5.0 4.8 
7.77 5.7 14 5.6 5.1 43 5.1 5.0 
5.74 4.1 561 5.1 5.1 16 5.45 5.45 
4.42 3.5 241 5.3 5.3 4 5.0 5.0 
2.96 2.7 365 5.3 5.3 
2.22 2.5 9 5.0 5.0 

*Neat DCE. 
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Table 3. Partition data for tetradecyltriethylammonium bromide, K, = 1.0 x 10m4 

Organic phase-water 
C ,“,, = 0.5 x 10-3M 

Organic phase-water 
c ,n,t = 1.04 x lo-J/VI 

Organic phase-0.05M aqueous 
NaBr 

c ,n,t = 0.5 x lo-3M 

12.58* 10.3 
11.46 9.0 
10.43 8.1 
10.37 8.0 
9.48 7.2 
9.35 7.1 
8.66 6.4 
8.59 6.4 
7.77 5.7 

305 
248 
197 

148 

106 
73 

7.7 5.2 
6.4 5.0 

6.1 5.2 

5.7 5.15 
5.4 5.1 

707 
616 
507 

391 

336 
285 

6.7 
6.9 

6.8 

3.2 
3.0 

calculation 497 calculation 
not not 

attempted attempted 
491 6.7 

486 4.4 
482 3.5 

*Neat DCE. 

vent mixtures. The dielectric constants (6) of the mixtures 
were measured with a Hungarian precision dielectrometer. 

RESULTS AND DlSClJSSlON 

Preliminary tests with hexane, heptane, octane, 
decane and dodecane as the n-alkane diluents have 
shown that for a given salt, the partition ratio as a 
function of the molar DCE concentration is indepen- 
dent of the type of hydrocarbon. Further studies were 
therefore made only with n-heptane as diluent, and 
the results are given in Tables l-3, where C’ is the 
molar equilibrium concentration of quaternary am- 
monium bromide in the organic phase and C,,,, is the 
initial DCE concentration in the aqueous phase; the 
final DCE concentration in the aqueous phase will be 
called C”. According to equation (2) the relation 

log CQAPWnI/CQ+I CA-1 = log K + nlog Cm 
(3) 

should hold, where K is the equilibrium constant of 
the extraction process, and CDCE is the molar equilib- 
rium concentration of DCE, the activity coefficients of 
the ions and ion-pairs being assumed to be unity. For 
systems where [Q’] = [A-] = C” and side-reactions 
such as dissociation of the ion-pairs or their polym- 
erization in the organic phase or micellization in the 
aqueous phase may be neglected, the slope of the 

linear plot of log [Ci/(Cii)i] VS. log CocE should thus 
represent n, the solvation number of the ion-pair. 
When excess of bromide ions is used, i.e., [A-] is 
constant, the value of n should be arrived at from 
log (C’/C”) vs. log CDCE. Least-squares analysis of the 
partition data leads in almost all cases to values of n 
in the range of 5-6 with an apparently high corre- 
lation coefficient. A more careful analysis of the data 
indicates that in the DCE-rich concentration range 
the values of n are distinctly higher, and tend to fall to 
around 5 and exceptionally to lower values for sys- 
tems with higher concentrations of the hydrocarbon 

diluent. The crude values of nuncarr,, representing 
Alog [C’/C”)2]/Alog C,,, or Alog (C’/C”)/Alog C,,, 
are given in the tables. An examination of the pattern 
of changes in nvncorr indicates that account should be 
taken of iontpair dissociation in the DCE-rich phases. 
The concentration dissociation constants of the salts 

in the DCE + alkane solvents were estimated on the 
basis of the known K, values” by applying the sim- 
plified Denison and Ramsey” equation 

PK,IEI = PK,s, (4) 

where pKdl and pK,,* are the negative logarithms of 
the dissociation constants of a salt in media of dielec- 
tric constants l 1 and l Z, respectively. Assuming that 
the mean ionic activity coefficient in the organic 
phase is equal to unity, the degree of dissociation, t(, 
of the quaternary ammonium bromides in the organic 
phases was calculated and hence the concentration of 
the ion-pairs could be estimated. The values obtained 
served for the calculation of the solvation numbers, n, 
deemed to represent more closely the number of DCE 
molecules solvating the tetra-alkylammonium bro- 
mide ion-pair. The corrections were negligible at 
CI < 0.01. No corrections were attempted for the data 
in Table 3, where a sharp change in the values of 
n uncorr is observed at comparatively high concen- 
trations of tetradecyltriethylammonium bromide in 
the alkane-rich phases. This discrepancy is most prob- 
ably due to aggregation of the long-chain electrolyte 
in the low dielectric-constant medium, leading to low 
effective values of nuncorr. 

The corrected solvation numbers, n, do not seem to 
depend on the structure of the tetra-alkylammonium 
cation and correspond fairly well to the number of 
DCE molecules forming a one-layer sheath around 
the bromide anion. Thus, as Abraham” has pointed 
out, his theory predicts that the bromide ion, with a 
radius of 1.95 & should be surrounded by a layer of 
DCE molecules with a volume of 350 A3, if the sol- 
vent molecule radius is 2.546 A. The volume of the 
layer corresponds to 350/69 or 5.1 times the volume 
of a solvent molecule. Taking into account that the 
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bromide anion is presumably more strongly solvated 
than the tetra-alkylammonium cation (in a recent 

paper Krumgalz’ 9 even suggests that such hydro- 
phobic cations are not solvated at all in organic sol- 
vents), it seems plausible to assume that upon ion- 
pairing the bromide ion retains its unimolecular sol- 
vation sheath. An octahedral arrangement of DCE 
molecules around the bromide anion might equally 
well be postulated. Upon ion-pairing one of the sites 
of the octahedron might be occupied by the polar end 
of the quaternary ammonium cation, leading to a 
tight ion-pair. An equilibrium between solvent-separ- 
ated and tight ion-pairs would thus account for the 
observed n values. 

Our preliminary studies on the effect of inert sol- 
vent on the partition of quaternary ammonium bro- 
mides in water-chloroform/diluent systems support 
the findings here reported. Assuming that the model 
of an ion-pair with the anion solvated by a one-layer 
sheath of the organic solvent is true for any solvent of 
low polarity, the influence of a diluent on the parti- 
tion ratio of the quaternary ammonium salt may be 
predicted from the knowledge of the radius of the 
anion and the molar volume of the solvating agent. 
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Summary-From the precipitation borderline in the pM’-pCu diagram, determined experimentally 
under CO,-free conditions, stability constants for the mononuclear species of erbium hydroxide have 
been established. The values found were log *r!l, = -6.3, log *b2 = - 14.5, log */?s = -23.1, 
log */14 = -36.8 and log *K,, = 18.0. The data refer to precipitates prepared at room temperature 
(21.5 f 0.5”) in sodium perchlorate medium with an ionic strength of 1. The formation of polynuclear 
hydroxide complexes has been considered and rejected as unlikely to occur. 

We have previously described the determination of plexes are not formed. [Er,(OH):+ is unlikely for 
the hydrolysis constants of cerium(III),’ samarium- stereochemical and statistical reasons and so are 
(III),2 gadolinium(III)3 and ytterbium(III).4 In this ErJ(OH), and higher species.“] We consider 
paper the hydrolysis of erbium(II1) will be discussed. Er(OH)2+ to be the major species “in equilibrium” 

The reported hydrolysis constants of erbium(II1) with the precipitate below p&s 
(Table 1), like those of the other rare earths studied, According to the theory outlined before,14 in 
show a fair diversity; moreover the set of constants is which straight-line segments (see Table 2) determine 
not completely known, so any description of its be- the borderline of precipitation, we can assign the fol- 
haviour at pH > 7 is impossible. 

Our experiments were done in sodium perchlorate 
medium (I = 1.0, temperature 21.5 + 0.5’) and gave a 
reproducible results when fresh precipitates were 
formed under nitrogen in a glove-box. All the mani- 7 
pulations in preparation of stock solutions and pre- 
cipitate formation had to be standardized, as dis- 

6 

cussed before.3s4 The pH-meter was calibrated in PC, 5 
units.j The precipitate was formed by a procedure 
similar to that described for ytterbium.4 

PET’ 4 

3 

RESULTS AND CONCLUSIONS 2 

The experimental results are shown in Fig. 1. No 
1 

experiments were done at pEr’ < 1 as it would then 0 
be impossible to correct adequately for ionic strength 5 6 7 6 9 10 11 12 13 14 15 

> 1. The borderline of the precipitation region for Er PCH 

consists of two nearly straight parts connected by a 
curve from PC, 8.0 (pEr’ 4.4) to PC, 9.0. Regression 

Fig. 1. The solid curve [the borderline of precipitation of 

analysis of the steep part up to pEr = 4.4 shows that 
Er (OH),] was constructed with the values given in Table 
3. The numbers -1, 0, 1, 2 and 3 near the straight lines 

the slope can be estimated as 1.94 f 0.15. This leads correspond to the slopes of the straight-line segments 

to the conclusion that polynuclear hydroxide com- [equations (2aH2e) in Table 23 approximating the exact 
envelope curve. The circles denote the experimental results. 
The vertical lines separate the regions where Er”+, 
Er(OH)‘+, Er(OH), and Er(OH),, respectively, are the 

*Part IV: Talanta, 1982, 29, 219. major species present. 
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Table 1 

Ref. log *A Polycomplex log *&, log *KS0 Medium Method 

5 -5.5 

6 Er,OH 

ErAOH), 
I -9.0 Er,(OHh 

8 - 7.85 15.0 I=0 
-8.2 I = 0.05 
-9.4 I=3 

9 -8.26 NaCIO,, 0.3M 

(H,Li)CI04. 
r = 0.1, 25” 

-17.2 LiCIOa, 3M 

- 13.72 
- 13.72 

25” 
2 days aging 
NaCIOI, 3M 
25” 

solvent extraction 
and radiochemical 
mdtcation 
coulometry and 
pH determination 

potentiometric 
titration at 
various pH values 
empirical relation 
empirical relation 
emptrical relation 
potentiometric 
titration 

lowing equation to the steep part giving the best fit to 
the experimental points up to pEr’ = 4.4: 

pEr’ = 2pCn - (11.70 f 0.10) (1) 

Hence [according to equation (2b) in Table 21 

log *I&o + log */?r = 11.70 * 0.10 (3) 

Equation (2d) can be assigned to the horizontal part 
of the borderline. The best fit corresponds to 

pEr’ = 5.13 k 0.05 (4) 

from which follows 

log *K, + log *j?j = - 5.13 f 0.05 (5) 

At high PC, the solubility increases again. Some 
values have been determined at pC, > 13.5, although 
the ionic strength than exceeds 1.0 and the medium 
can no longer be regarded as only sodium perchlor- 
ate. So conclusions from this region (log */&) should 
be considered with some reserve. For the straight-line 
segment we deduce 

pEr’ = - PC, + 18.8 

so by comparison with equation (2~) 

(6) 

log *K, + log */?4 = - 18.8 (7) 

From equations (3), (5) and (7) the following equation 
can be deduced,lm4 and this gives a good fit of the 

borderline of the precipitation region to the experi- 
mental points: 

[&‘I,,, = 1()-2&t+ 11.70 + 10-S 13 + ~()PCH - 18 8 

(8) 

Addition of more terms does not improve the fit, 
which leads us to the following conclusions. 

(a) The position of the straight-line segments corre- 
sponding to equation (2a) lies to the left of the experi- 
mental points. Thus p*Kr < 6.5. On the other hand, 
in view of the radius of rare-earth ions (-0.84 A) it is 
not likely* that hydrolysis becomes appreciable below 
PC, 6, and there is no reason to believe that erbium 
deviates in its behaviour from the other rare earths. 
Therefore we have chosen to make the region in 
which Er(OH)2+ predominates as small as possible. 
The furthest right position of the straight-line segment 
leading to the negligible contribution to the envelope 
curve is then given by 

pEr’ = 3pCn - 18.0 (9) 

As equation (9) is equivalent to equation (2a), 

log *KS0 = 18.0 (10) 

From equations (3) and (lo), it follows that 
p*K, = 6.3. 

(b) The straight-line segment corresponding to 
equation (2~) should not lie above the point of inter- 

Table 2 

Equation p 
Slope Equation for the 

4 (V - 4) borderline segment 

2a 1 0 3 pEr’ = 3pCu - log *KS,, 
2b 1 1 2 pEr’ = 2pCn - (log *KS0 + log *j?,) 
2c 1 2 1 pEr’ = pCn - (log *KS,, + log *j&) 
2d 1 3 0 pEr’ = -(log *KS, + log *pa) 
2e 1 4 -1 pEr’ = -pCn - (log *K,, + log *p4) 

*B = CWOW,ICH+I 
[Er3’] 



log *PI = -6.3 
log *fi2 = - 14.5 
log *j3 = -23.1 

Table 3 

log */& = -36.8 
log *I&,, = + 18.0 
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It is difficult to discuss the accuracy of the individ- 
ual constants. If the envelope curve is constructed, the 
position of the actual pEr’,,, value is uncertain within 
0.3 log unit, and this offers a measure for the spread 
around the line. This holds for both the steep parts 
and the horizontal part, assuming a “fresh precipi- 
tate” and CO,-free. conditions. 

section of lines (2b) and (2d), in order to prevent a 
reverse sequence in the magnitudes of log *Ki, as 
explained before. l4 If the line lies lower, the corre- 

Acknowledgements-We are indebted to Mr. RenC Sepers 
and Mr. Alex Woldhuis for their valuable contributions to 

sponding term can no longer be omitted from equa- the experimental work. 
tion (8) and the line segment will give a contribution 
to the envelope curve. 

Unfortunately the positions of the experimental 
points near this intersection point are not known as 
accurately as for the other rare earths. With the other 
lanthanides there was a slight tendency for the points 
to shift to lower pCH with aging, but for these the shift 
could be kept within reasonable limits. In the case of 
erbium, there was much more uncertainty in the real 
position of the experimental points, making the pos- 
ition of line (2~) less conclusively determined. We 
chose to position the line slightly below the intersec- 
tion-point, as that leads to a more regular sequence in 
the stepwise constants (p*K1 < p*K2 < p*K3, which 
is more likely than p*K, < p*K2 = p*K& Hence 
p*K, = 8.2 and p*K3 = 8.6. 

This completes the set of hydrolysis constants 
(Table 3), which can be regarded as useful for analyti- 
cal practice. 

2. 
3. 
4. 
5. 

6. 

I. 

8. 

9. 

10. 
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Summary-Experiments performed previously with cerium(III), samarium and gadolinium have been 
extended to conditions of high pCH in order to discover any amphoteric character. Up to PC,, 14.6, the 
solubility of gadolinium hydroxide and of cerium(II1) hydroxide does not increase, so the previously 
reported constants hold up to this pCH. The solubility of samarium hydroxide increases at high pCa, and 
the value log *pl = -36.7 can be deduced. This should be added to the previously reported set, now 
applicable up to pCH 14.5. 

In previous experiments on the hydrolysis constants 
of cerium(III), samarium and gadolinium1-3 the PC, 
was restricted to values up to 12. At that time we used 
a glass-calomel electrode system in a glove box and 
we were unable to determine higher PC, values accu- 
rately enough. 

These PC, values are now determined acidimetri- 
tally with potentiometric end-point detection.4 The 
PC, is found from the titration result “CoH” and the 
autoprotolysis constant (concentration product, pQ,) 
of water for sodium perchlorate medium at I = 1.0 
and temperature 21.5” (pQw = 13.92 + 0.10). The 
pCH can be reproduced very well, but its accuracy 
only to kO.10. However, there is no need for greater 
accuracy, since above pCH 13, pQw changes continu- 
ously as the medium changes into a hydroxide one, 
and above PC,, 14 the ionic strength will even increase. 

The titrimetric pCH determination has already been 
used to establish the amphoteric character of ytter- 
bium4 and erbium.5 Recently experiments with 
cerium(III), gadolinium and samarium have been 
extended to high pCH. 

*Part V: Talanta, 1983, 30, 131. 

Up to PC, 14.6, both for gadolinium hydroxide and 
for cerium(II1) hydroxide the solubility remains con- 
stant within experimental error. Thus, the two sets of 
constants published before’s3 can be regarded as 
giving a complete description of the borderline of the 
precipitation region. 

The solubility of samarium hydroxide increases at 
pCH above 13.8, however. The measurements have 
been continued to PC, 14.5. Fitting of the envelope 
curve to the experimental points was found to be 
satisfactory with p*K4 = 14.0, so the value 

log */I4 = -36.7 

can be added to the set of constants given before.* 
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The Romanian chemist Nicolae Teclu was one of the 
pioneers of the systematic study of flames. Born in 
Brasov on 7 October 1839, he entered secondary 
school in his native city, but graduated from high 

school in Vienna. Subsequently he matriculated at the 
Polytechnic in Vienna and then, undecided as to his 
future career, went to Munich to study architecture at 
the Academy of Fine Arts. After graduation with a 
BSc. he returned to Romania and tried unsuccessfully 
to practice architecture before returning to Vienna 
and attending chemistry classes at the University. 

As a young scientist he began his activity in chemis- 

try in Vienna as assistant to Professor Ernest Ludwig. 
He distinguished himself as a skilled investigator and 
soon became Professor of Chemistry at the Technical 
Chemistry Department of the Vienna Trade Aca- 
demy; at the same time he lectured on the chemistry 
of colours at the Academy of Fine Arts. It is worth 
noting that among other investigations he was always 

preoccupied with the construction of laboratory 
equipment. some of which is still in use. 

Teclu ventured into a tremendous variety of investi- 
gations, e.g.. the burning process of combustible gases, 
the analysis of natural products, studies on the com- 
position of paper, etc. However, this note will deal 
with only one of his most important contributions: 
the study of flames. He studied these with devices 
which he designed for the purpose and found that the 
combustion rate (for coal gas) depends on the oxygen 
content of the gaseous mixture. The position of a 
flame burning in a vertical tube (Fig. 1)’ is the result 
of the descending movement of the flame in the tube, 
and of the ascending movement of the combustible 
mixture. Using this simple device, Teclu investigated 
flames with various compositions and found that any 
flame consists in fact of two parts-one burning on 
the outside and the other inside the tube; the former 
has a blue colour, points upward and is supplied with 
oxygen by the surrounding medium; the latter, very 
hot, has a green colour, points downward and burns 
on account of the oxygen contained in the gaseous 

mixture. 

a b C d 

Fig. I. Device used by Teclu’ to study the sphtting of a 
flame. 

Section AB 

Fig. 2. The Teclu burner.2 

By modification of the geometry of this simple 
device, the inner flame may be raised and placed on 
top of the tube, with its tip pointing upward. In this 
way a single flame is obtained, similar to the flame of 
a Bunsen burner. 

As a result of these experiments, Teclu succeeded in 
improving the Bunsen burner and designed the 
almost perfect burner-now known as the Teclu bur- 
ner-which is still used in laboratories the world over 
(Fig. 2)’ This burner achieves virtually perfect control 
of gas mixing-previously the major problem with 
burner devices. 

His first publication on the gas burner, “Ein neuer 
Laboratoriums Brenner,“z,3 was issued in the Journnl 

fir praktische Chemie in 1892. The original burner 
was made of brass and patented by W. J. Rohrbeck’s 
Nachfolger company in Vienna and the Franz Hugers- 

hoff company in Leipzig. 
Teclu also demonstrated the presence of solid par- 

ticles in flames,4 using a photographic technique, and 
studied the spectra of various elements by using the 
spectral method discovered some twenty years earlier 
by Bunsen and Kirchhoff. He noticed and reported in 
his papers the stable position of the lines in a spec- 
trum.5 

In the same line of the study of flames, Teclu also 
investigated their shape and size3 as a function of the 
flow of gases supplied and of burner geometry. From 
these experiments, Teclu obtained a series of results 
concerning the flame pressure. 

Teclu’s studies on flames, especially those on their 
transparency, represented outstanding achievements 
that have placed him, together with Kirchhoff and 
Bunsen, among the pioneers of modern analytical 
spectroscopic techniques such as flame-emission pho- 
tometry and atomic-absorption spectrometry. 

The major initial requirement for the determination 
of elements by flame techniques is to use an adequate 
burner and it is here that Teclu’s pioneering work on 
burner design and flame transparency laid some of 
the foundations of the laboratory techniques of ana- 
lytical atomic spectrometry. 
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Flame photometry was the first flame technique 
employed in analytical chemistry and its inception 
completely revolutionized the determination of the 
alkali and alkaline-earth metals. As an emission tech- 
nique, it depends on excitation by energetic species in 
the flame. To make it suitable for determination of a 
larger number of elements, the flame temperature had 
to be high enough to provide more energetic species 
that could excite atoms other than those of the alkali 
metals, etc. Many studies have been dedicated 
throughout the years to improving excitation con- 
ditions, e.g., by the use of various mixtures of fuel and 
support gases. In this field, too, Teclu did pioneering 
work; he estimated the heats of combustion of 
various mixtures of gases6 and contributed signifi- 
cantly to the theoretical study of combustion rates. 
The studies continued in Romania by Radu Mav- 
rodineanu, one of Teclu’s eminent followers, are par- 
ticularly worthy of mention. At that time theoretical 
knowledge was fairly advanced and, therefore, it 
became possible to envisage how a technically simple 
emission technique such as flame photometry could 
be applied to a considerably wider range of elements. 
Utilization of a hotter and more reducing flame, 
based on nitrous oxide as a support gas in place of 
air, extended the capability of the technique, but with- 
out solving many of its other problems. 

In 1954/55 Walsh and, independently, Alkemade 
and Milatz worked out the principles and apparatus 
necessary for the evolution of a laboratory technique 
of flame atomic-absorption spectrometry. This has 
now extended the use of flames in analytical chemis- 
try to the determination of traces of more than sixty 
elements. This technique, based on the idea of using 
the atoms in their ground state in an optically trans- 
parent flame, can be achieved (with a few exceptions) 
with conventional flames. 

The evolution of atomic-absorption spectrometry 
represents an improvement of the analytical process 

itself, especially in terms of operational parameters. It 
is tempting to speculate whether Teclu could have 
imagined what an invaluable analytical tool would 
eventually be evolved from his studies of flames. 

Whilst Teclu in his time succeeded in designing and 
building the equipment he needed for his own studies, 
nowadays advances result mainly from open competi- 
tion between researchers and eventual collaboration 
between researchers and the manufacturers of scien- 
tific apparatus. 

As a consequence of continuous progress in the 
perfection and design of laboratory equipment it is no 
surprise to note that flame atomic-emission spectro- 
metry has already grown obsolete apart from its use 
(as originally) for the alkali metals. Some would even 
argue that atomic-absorption spectrometry may in 
due course be rendered obsolescent by the introduc- 
tion of new and more sensitive emission techniques 
that do not use chemical flames. It is important to 
remember, however, that these new techniques arise 
as a logical result of studies with conventional flame 
equipment going back to the time of Teclu and 
others. 

This brief historical outline underlines that progress 
in scientific research results from a process of continu- 
ous evolution arising initially from the discoveries 
and work of a few originators. It is our contention 
that the Transylvanian scientist Nicolae Teclu was 
one of the best of these in respect of modern analyti- 
cal atomic spectroscopy. 
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Summary-A review 1s given of the utilization m analytIca chemistry of the rate of fluorescence reac- 
tlons of inorganic species. These methods are of recent development and suggest the possibility of further 
analytIca procedures. Two main types of methods, enzymatic and non-enzymatic, are distinguished. and 
their applications to inorganic analysis are dlscussed. 

Fluorimetric methods of analysis can be divided into 
two large groups: equilibrium methods and kinetic 
methods. Within th6 latter group, four types of 
methods, with a wide variety of techniques and foun- 
dations, may be distinguished. 

1. The first group, despite being inherently kinetic 
in nature (measurements are made before equilibrium 
is reached), is not normally distinguished from non- 
kinetic methods. The same methodology and instru- 

mentation are employed, but measurements are made 
at various time intervals, the reaction being halted 
(for measurement purposes) by rapid cooling, pH- 
change, etc. Traces of Cu(I1) and Hg(I1) have been 
determined in this way by their catalysis of the self- 
oxidation of 2,2’-dipyridyl ketone hydrazone in neutral 
or slightly basic media, to give a product which shows 
maximum fluorescence in acid medium: acidification 
increases the fluorescence and halts the reaction.’ 
When the reaction is slow, measurements can also be 
made after a time long enough for the reaction to be 
approaching completion and for the signal not to 
change rapidly with time. Au(III),’ C0(11)~ and 
Ti(IV),4 cations that catalyse the aerobic oxidation of 
the reagents dipyridylglyoxal diphenylhydrazone, 
phenyl 2-pyridyl ketone hydrazone and picolinalde- 
hyde nicotinoylhydrazone, respectively, producing 
intensely fluorescent products, have been determined 

in this way. Occasionally, from a purely formal view- 
point, this type of method may be considered to be 
non-kinetic. 

2. The second group is of methods based on chemi- 
luminescent reactions. In these, the analytical signal is 
the light emitted while the reaction is taking place. 
These methods generally record the intensity of 
emitted light as a function of time, and the maximum 
intensity is usually proportional to the concentration 
of the analyte. Occasionally the area under the inten- 
sity us. time curve is integrated. This group of 
methods has been reviewed, and many inorganic spe- 
cies that act as catalysts for these reactions have been 
determined.5-7 In these methods the kinetics of the 
reaction were not investigated and the time vari- 

able was not directly involved except in the following 
few cases. Thus, Musha et al.’ determine cyanide, 
using the fact that this ion suppresses the chemilumin- 
escence reaction of luminol with hydrogen peroxide; 

the incubation period is proportional to the cyanide 
concentration. Bovalini et ~1.’ find that both the 
intensity and the duration of the light emitted by 
luminol with hydrogen peroxide and iron-haemin 
complexes are dependent on the concentration of 
both these substances. Pantel and Weisz’O determine 

copper(I1) by means of its catalysis of the chemilumin- 
escent reaction between luminol and hydrogen per- 
oxide. The intensity of the luminescence is used, 
through a photomultiplier and a current-voltage 
transducer, to regulate the addition of hydrogen per- 
oxide from an automatic burette. The rate of addition 
needed to keep the luminescence constant is a 
measure of the copper(I1) concentration. 

3. The third group of methods is based on measur- 
ing the lifetime of the excited state of a chemical spe- 

cies. The decay curves are recorded, so the analytical 
measurement is made as the molecules pass from the 
excited state to the ground state, i.e., under non- 
equilibrium conditions. This kind of technique has 
been applied to the analysis of mixtures of organic 
products with nearly identical excitation and emission 

spectra. Few applications to inorganic chemistry have 
been reported. Only the S-quinolinolates of Ca2’, 
Sc3+, Zn2+, Ga3+ and Ge4+,’ ’ the 5-sulpho-8-quino- 
linolates of A13+, Ga3+, Mg2+ and Cd”‘,12 and the 
salicylidene-o-aminophenol complexes of In3+, Ga3+ 
and A13+,13 seem to have been used. 

4. The fourth group is based on measuring the rate 
of a chemical reaction in which one or more of the 
molecular species involved exhibits fluorescence. In 
these reaction-rate methods the “tangent”, “fixed 
time” and “fixed fluorescence” methods are used.14 If 
there is an induction period (e.g., in the Landolt reac- 
tion), a fourth method, based on measurement of this 
period, can be applied. ’ 5 

In this review we shall con‘sider only the fluori- 
metric reaction-rate methods of inorganic analysis 



140 M. VALCARCEL and F. GRASES 

and summarize the information published between 
1960 and 1981. For kinetic methods in general, many 
reviews have been published. That of Mottola,16 in 
which 39 reviews on this subject appeared before 1976 
are listed, should be especially mentioned. After 1975 
information referring to these publications is given 
m the biennial reviews of Analytzca! Chemistry.‘7-‘9 
It is important to reiterate here that the number of 
fluorimetric reaction-rate methods for determination 
of inorganic species is relatively limited, because few 
reactions are known in which inorganic compounds 
take part and fluorescent substances are formed or 
destroyed. It is for this reason that this area has 
become an important field of investigation in recent 
years. 

FLUORIMETRIC REACUON-RATE METHODS 

Fluorimetric reaction-rate measurements have pri- 
marily been applied to enzymatic reactions,20~2’ and 

in the field of organic and biochemical analysis the 
number of applications for these methods is quite 
large because of the inherent fluorescence of many of 
the compounds concerned. Several papers summarize 
the data in this field.22-25 The general principles and 
practice of fluorimetric reaction-rate methods of 
analysis have been reviewed by Ingle and Ryanz6 
Most of the advantages of the reaction-rate methods 
lie in the selectivity and sensitivity of catalysis 

methods, the possibility of utilization of reactions 
which have unfavourable equilibrium constants 
and/or undergo side-reactions, the simultaneous in 
situ analysis of mixtures of closely related substances, 
saving of time, etc. However, there has been consider- 
able resistance to use of the methods because of the 
obvious problem of adding time as an experimental 
variable. 

Fluorimetric reaction-rate methods in inorganic 
analysis can be classified according to the nature of 
the substrates, into enzymatic and non-enzymatic 

reaction-rate methods. 

Enzymatic methods 

In these methods, the determination of the in- 
organic species is based on its action on the activity of 
an enzyme, the degree of inhibition or enhancement 

of the activity being proportional to the analyte con- 
centration. More than 15 inorganic species have been 
determined in this way. Thus, a method for magne- 
sium in plasma, based on the activation of isocitric 
dehydrogenase, was described by Baum and Czok.” 
With a constant amount of enzyme the rate is depen- 
dent on the magnesium concentration, down to 
10e6M. A thorough study of this reaction was made 
by Adler et a!.‘* and by Blaedel and HickaZg who 
found that only Mg2+ and Mn” efficiently activate 
this enzyme. The useful analytical range extends to 
about lOOng/ml for Mn2+ and 2 x 10m4M for 
Mg’+; lo-‘M Hg2+ or Ag+ and 10e4M Ca2+ com- 
pletely inhibit the activation by Mn’+. 

The specific requirement for Mn2 + in the peroxidase- 
catalysed oxidation of 2,3_diketogulonate is utilized 
to produce hydrogen peroxide, and the signal ob- 
served in the fluorimetric “fixed time” procedure can 
be related to the Mn2+ concentration by using a modi- 
fied standard-addition method.30 The detection limit 
is 8pM Mn2+, and the calibration range is up to 
- 50 PM Mn2 +. The analysis time is less than 30 min. 

The enzyme glyceraldehyde-3-phosphate dehydro- 
genase is used for an oxidative arsenolysis of D-glycer- 
aldehyde-3-phosphate.31 The rate of reaction, 
measured by fluorescence, is first-order with respect 
to arsenic(V). The method gives a linear calibration 
plot for arsenic in the range 0.02-2.0 /*g/ml. Samples 
of drinking water and river water can be analysed by 
this technique. 

The inhibition of enzyme activity is the basis of a 
method for Cu2+ (0.2-0.6 fig/ml), Fez+ (0.2-12 pg/ml) 
and CN- (0.14 pg/ml), 32 which can be determined 

in the micromolar range with a relative precision of 
2.3%. The method employs hyaluronidase-catalysed 
hydrolysis of indoxyl acetate to the highly fluorescent 
indigo white, and can also be used for the sensitive 
and precise determination of the enzyme itself. 

Fluorescence methods have been described for the 
assay of the oxidative enzymes peroxidase. glucose 
oxidase and xanthine oxidase, based on the conver- 
sion of the non-fluorescent homovanillic acid into the 
highly fluroescent 2,2’-dihydroxy-3,3’-dimethoxybi- 
phenyl-5,5’-diacetic acid. 33 Methods are given for 
various inorganic substances which inhibit these en- 
zyme systems: CN- (0.9-12 pg/ml), S2- (0.3-3 pg/ml), 
Cr,O:-, SO:-, Cu’+. Fe2+, Fe3+ (5-60 pg/ml), 

Mn2+ (0.612 pg/ml), Pb2+, Co2+ (0.5-12 pg/ml), and 
Cd2+. These ions can be determined with an average 
relative error of about 2%. 

A fluorimetric method is described34 for the deter- 
mination of bismuth (l-70 pg/ml) and beryllium 
(0.01-0.30 pg/ml), with an average relative error of 
about 1.5% based on their inhibition of the activity of 
acid and alkalline phosphatase. The substrate umbel- 
liferone phosphate is used, which is cleaved by phos- 
phatase to the highly fluorescent umbelliferone. 

Non-enzymatic methods 

These methods include those in which the concen- 
tration of analyte is related to the rate of the reaction 
which takes place between a substrate and an in- 
organic species, or of one that is catalysed by this 
species. The reactions employed are generally redox 
reactions. The following species have been determined 
by this procedure: Co2+. Cu2+, V(V), Mn2+, Ir4’, 
A13+. Ag+, Hg2+, Pt4+, Au3+. Ti4+, Ce4+, Fe3+ and 
T13+ 

Bozhevol’nov and Kreingol’d35 have determined 
cobalt at the 0.1 ng/ml level. In this method 9-(2- 
hydroxyphenyl)-2,6-7-trihydroxyfluorone is oxidized 
by hydrogen peroxide, with cobalt as catalyst. Boz- 
hevol’nov et a1.36 later examined three compounds in 
a comparative study of the kinetic determination of 
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traces of copper, and found benzamido(p-diethyl- 
aminobenzylidene)acetic acid the most sensitive. It is 
thought that the Cu’+ acts as catalyst in the forma- 
tion of the fluorescent dimer of the reagent. Addition 
of sodium diethyldithiocarbamate further increases 
the sensitivity to 0.2-0.4 ng/ml. 

The induction period of the bromatebromide- 
ascorbic acid system is shortened by the catalytic 
action of vanadium. The bromine then liberated can 
be detected at pH 5 by its quenching action on the 
fluorescence of Rhodamine B, Cresyl Violet or trypa- 
flavine. Vanadium in the concentration range 0.02-20 
pg/ml can be determined in this way.37 

Morgen et al. 38 developed a method for determin- 
ing microamounts of manganese. The method is 
based on the ability to accelerate kinetically the aerial 
oxidation of the morin complex of beryllium. Cu’+, 
Cr3+ Fe*+ Fe3+, Co*+, Ni*+ and Ag+ also catalyse > 1 
this reaction. The sensitivity of the method under the 
conditions chosen is 0.5 ng/ml. 

Shcherbov et a1.39 described a method for fluori- 
metric determination of 0.4-32 pg/ml Ir by its cata- 
lytic action on the reduction of cerium(IV) with 
arsenic(II1) and antimony(II1). OS and Ru interfere. 

Silver can be determined by means of its enhance- 
ment of the reaction between 5-sulpho-8-quinolinol 
and persulphate. 4o The method gives a linear re- 
sponse to silver from 6 ng/ml to 3 pg/ml; extraction 
with dithizone is needed to eliminate interferences. 
The exact nature of the indicator reaction is not 
known, but the evidence suggests that the product is 
an oxidized form of the substrate (possibly a quinone) 
and that silver acts as a catalyst, probably through 
the usual Ag(I)/Ag(II) cycle. Aluminium interferes at 
very low levels, reacting slowly with the 5-sulpho-8- 
quinolinol to form a fluorescent product. This system 
was used in a kinetic procedure for trace aluminium 
in the range from 0.4 ng/ml to 10 pg/m1.41 Again the 
nature of the reaction is not known. 

A reaction-rate method for Hg*+, with thiamine as 
reagent, has been developed;42 the reaction is pseudo 
first-order in thiamine. It is assumed that Hg*+ is the 
oxidant in two reaction pathways. 

In recent studies we have found that unsubstituted 
hydrazones and azines of 2,2’-dipyridyl ketone, phenyl 
2-pyridyl ketone, and dipyridylglyoxal undergo aerial 
oxidation that is catalysed by Cu’+, Co”, Hg*+, 
Au3* and Pt 4+, forming products that are intensely 
fluorescent at the appropriate pH. This fact allows the 
establishment of fluorimetric reaction-rate methods 
for determination of these cations.3,43-45 The cata- 
lytic action of Cu* + on the autoxidation (in neutral or 
slightly basic media) of the hydrazone of 2,2’-dipyridyl 
ketone had been exhaustively studied.’ and the fluor- 
escent product has been isolated and characterized. 
Picolinaldehyde nicotinoylhydrazone has been used 
for the kinetic fluorimetric determination of Ti4+,4 
based on its catalytic effect on aerial oxidation of the 
reagent. The catalytic action of Mn*+ on the oxida- 
tion of salicylaldehyde thiosemicarbazone by hydro- 

gen peroxide has been utilized for its determination.46 
The reaction product has been isolated and character- 
ized. The characteristics of these and the following 
methods are given in Table 1. 

Anthraquinones with hydroxy and/or amino 
groups in appropriate positions react with oxidants 
such as V(V) and Ce4+ to produce intensely fluor- 
escent products which can be used for kinetic fluori- 
metric determination of these oxidants.47-50 In one 
case the product obtained has been isolated.48 

1,4-Diamino-2,3_dihydroanthraquinone hydrolyses 
to give an intensely fluorescent product, which itself is 
oxidizable by Fe3+ and T13+ to another substance of 
identical fluorescence characteristics. This allows the 
determination of these species by fluorimetric reac- 
tion-rate methods. ” The hydrolysis product has been 
isolated and characterized. 

Instrumentation 

The instrumentation suitable for this work can be 
classified into two groups according to whether it is 
used for fast reactions (15 set or less) or slow ones 
which sometimes require several minutes for comple- 
tion after the solutions have been mixed. In the first 
case, the use of most standard fluorimeters is unsatis- 
factory because of the time required for manual mix- 
ing of the solutions, and because of the generally slow 
response of the photodetector amplifiers. In general, 
the mixing cannot be completed in less than 5 set, so 
reactions occurring in 15 set or less cannot be accu- 
rately studied with such apparatus. For this reason it 
is necessary to employ special instrumentation, gener- 
ally in association with stopped-flow systems.52 In 
the second case, the normal instrumentation used in 
equilibrium-based measurements can be employed. 
However. the fluorimeter must have an independent 
signal-recorder to record the fluorescence intensity us. 
time curves. To take full advantage of the specificity 
and sensitivity of fluorimetric kinetic measurements, 
the instrumentation must measure accurately and pre- 
cisely very small changes in the fluorescence signal. 
The factors which affect the precision and signal-to- 
noise ratio (S/N) must also be well understood. The 
construction and operation of a fluorimetric reaction- 
rate instrument has been described by Wilson and 
Ingle.53 This instrument was designed for maximum 
versatility and ease of operation in measuring initial 
reaction-rates of reactions involving the formation or 
disappearance of fluorescent species. The instrument 
consists basically of a molecular-fluorescence spec- 
trometer, a ratemeter, and associated electronics to 
provide a digital read-out of the measured rate. The 
instrument’s S/N characteristics for steady-state and 
reaction-rate measurements have been evaluated, and 
procedures presented for determining the precision of 
rate measurements under noise-limited conditions, 
and assessing the contribution of imprecision of 
sample-introduction to the total precision. In the rate- 
meter54 the monitoring period is divided into two 
equal integration intervals. The difference between the 
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Table 1. Characteristics of various fluorimetric non-enzymatic reaction-rate methods 

Cation 
determined Reagent 

pH or Range of applicability, I,,, AL,,,, 
acidity Ppm nmnm Ref. 

Pt(IV) 

Au(II1) 

Cu(I1) 

Cu(I1) 

Cu(I1) 

Co(I1) 

Co(I1) 

Ti(IV) 

Mn(I1) 

V(V) 

V(V) 

Ce(IV) 

Ce(IV) 

Fe(II1) 

Tl(II1) 

2,2’-dipyridyl 
ketone hydrazone 
2,2’-dipyridyl 
ketone azine 
2,2’-dipyridyl 
ketone azine 
2,2’-dipyridyl 
ketone hydrazone 
phenyl 2-pyridyl 
ketone hydrazone 
phenyl 2-pyridyl 
ketone hydrazone 
dipyridylglyoxal 
hydrazone 
picohnaldehyde 
mcotinoylhydrazone 
salicylaldehyde 
thiosemicarbazone 
1-amino-Chydroxy 
anthraquinone 
sodium 4,&diamino 
1,5-dihydroxy 
anthraquinone-2,6- 
disulphonate 
1-amino-4-hydroxy 
anthraquinone 
sodmm 4&diammo- 
1.5-dihydroxy 
anthraquinone-2,6- 
disulphonate 
1,4-diamino-2,3- 
dihydroanthraquinone 
1.4-diamino-2,3- 
dihydroanthraquinone 

2.6 

2.5 

4.0 

6.3 

9.0 

9.0 

12.0 

6.5 

NH, 

0.5M 
HCl 
0.4M 
HCI 

0.6M 
HCl 
0.2M 

H2gG4 

3.4 

3.4 

0.2-0.6 359435 43 

0.05-0.25 347-435 44 

0.2-0.5 347-435 45 

0.1-1.0 3599430 45 

0.1-0.6 308-435 45 

0.1-2.4 308-435 3 

0.08-0.24 340-454 3 

0.0&0.4 365-445 4 

0.002-0.008 360-440 46 

0.1-0.5 480-575 47 

0.040.5 524582 48 

0.1-0.9 

0.02-0.37 

0.05-0.6 

0.05-0.4 

4Lw-575 

525-585 

40&470 

4OcL470 

49 

50 

51 

51 

two integrals is directly proportional to the initial rate 
of the reaction. 

Conclusion 

Generally, the principal advantages of kinetic 
methods (to be exact, those based on the initial-rate 
method) over non-kinetic methods are the greater 
speed and selectivity of the former, because there is 
less time for the effects of the various interferences to 
become significant. Furthermore the kinetic methods 
have the advantage of easy adaptation to automation 
processes. 

Many of the characteristics of fluorescence are ideal 
for kinetic methods. The principal reason for using 
fluorescence monitoring in place of absorbance moni- 
toring is the greater sensitivity. Since only small con- 
centration changes are measured in reaction-rate 
methods, the well-known sensitivity of fluorescence is 
especially important. A second advantage of fluor- 
escence monitoring is greater specificity. This arises 
because only relatively few compounds exhibit signifi- 
cant fluorescence and because both the excitation and 
emission wavelengths can be chosen. In some cases 
interaction between the fluorescence and kinetic 
characteristics helps to annul an undesirable effect. 

For example, an increase in temperature generally in- 

creases the reaction rate, but decreases the fluor- 
escence quantum efficiency, so there is partial com- 
pensation for temperature fluctuations. However, 

photolysis may place a constraint on reaction con- 
ditions or measurement times for equilibrium or 
kinetic fluorescence methods. 

Examination of the historical development of fluor- 
escence methods and reaction rate methods shows 

that it is only relatively recently that the two have 
been combined. Consequently fluorimetric reaction- 
rate methods have scarcely been applied up till now 
to inorganic analysis, the reason for this being the 
scarcity of reactions involving at least one inorganic 
component and showing appearance or disappear- 
ance of fluorescent products. In the field of organic 
and biochemical analysis, the number of applications 
for these methods is quite large, because of the inher- 
ent fluorescence of many of the compounds con- 
cerned. 

Fluorescence instrumentation is more expensive 
and complex than absorbance instrumentation, 
because both excitation and emission optics must be 
incorporated. However, in some cases a simple filter 
fluorometer may be adequate if only low wavelength 
resolution is needed. As with any kinetic instrument, 
the added cost of the ratemeter circuitry and sample 
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and reagent delivery systems must be considered. 27. 

Although rates may be obtained from chart recorder 28. 

tracings, the use of electronic timing and rate-compu- 29. 
tation is more rapid, accurate, and precise. 
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Summary-A new titration technique is described in which the end-point is determined by measuring the 
relative reaction rate of the titration reaction. This technique is adequate for rather slow reactions where 
conventional direct titrations are not applicable. The titrations are done automatically under micro- 
computer control. The efficiency of this technique is demonstrated with direct titrations of certain 
polyhydroxy-compounds with standard periodate solution. Ethylene glycol and propylene glycol 
(0.05-0.3 mmole), glycerol (0.06-0.17 mmole) and mannitol (0.01-0.03 mmole) were determined with 
average relative errors of 0.1-0.3x. 

A common requirement for direct titration is that the 
reaction should be fast, especially when automatic 
titrators are used. If the reaction is slow, it is custom- 
ary to add excess of titrant, and back-titrate, but this 
increases the overall .analysis time and decreases the 
accuracy. 

The end-point is generally detected by observing a 
change in an indicator colour or some other param- 
eter such as potential, polarization current or conduc- 
tivity. During the last decade titration techniques 
have been developed in which kinetic parameters are 
used indirectly to locate end-points. In these tech- 
niques, known as catalytic titrations, the titrant and 
the titrand react stoichiometrically and the first excess 
of the former catalyses an indicating reaction that is 
used to locate the end-point of the titration.’ 

In this paper, we describe a titration technique 
which is applicable when rather slow but stoichiomet- 
ric reactions take place between the titrant and 
titrand. This technique requires microcomputer con- 
trol and the end-point is automatically detected when 
certain preselected requirements of a kinetic nature 
have been fulfilled. As a practical application of this 
technique, organic polyhydroxy-compounds have 
been directly titrated with a standard periodate solu- 
tion. 

PRINCIPLE OF THE METHOD 

Compound C reacts rather slowly but stoichiomet- 
rically with compound T and is to be titrated with it 
according to the reaction 

C + T 2 products (1) 

Suppose there is a transducer, with sufficiently fast 
response, capable of monitoring the concentration of 

T in the titrated solution. The following sequence of 
events (illustrated in Fig. 1) will take place: 

(i) An initial volume, V.,,, of solvent or buffer is 
transferred into the titration cell. 

(ii) A predetermined volume, V,, of titrant of 
concentration ml0 is delivered automatically to form 
a “base” titrant, with concentration [Tl, which is 
given by 

[Tie = vo [TM vw + f’o) (2) 

(iii) The corresponding “base” signal of the trans- 
ducer, S,, is measured and stored in the computer 
memory. 

(iv) A sample volume, V,, containing the whole 
amount of C to be titrated, is transferred into the 
reaction cell, to give an initial concentration [Cl,. 

(u) The computer continuously receives the signal 
S from the transducer, and from it calculates and 
stores in memory the initial reaction rate, R,, 
(= 1 dS/dt I), in arbitrary units, which is proportional 
to -dm/dt: 

-d[Tlldt = k[ClJ% (3) 

(vi) The burette is then actuated, and automatically 

delivers titrant until the signal from the transducer 
returns to the base signal S,. Reaction (1) takes place 
during this addition, consuming T until the delivery 
rate surpasses the consumption rate and the concen- 
tration of T returns to [T],. The total volume of 
titrant delivered, V,, is stored in memory. To avoid 
excessive overshoot of S,, the delivery rate becomes 
progressively smaller as the signal S approaches &. 

(vii) The computer, as in step (v), calculates the 
new reaction rate, R,, which will be less than the 
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: 

I -v,- 

+i 
-addrtlons of tltrant- 

A 
TIME V 

Fig. 1. Graphical presentation of the sequence of events taking place during a titration with kinetic 
detection of the end-point. The scale of the time axis is not uniform along its length. VO, V,, . . . V, denote 
the time periods during which the titrant is delivered. R,,, R,, . R,, denote the time periods during which 

measurements of reaction rate are taking place. 

I 
measurements of reaction rate -, 

initial rate &, because part of the titrand C has been 
consumed. 

Apparatus 
Steps (ui) and (vii) are repeated with addition of 

volumes V2, V,, . . . , V, and calculation of the corre- 
sponding reaction rates R,, R3, . . . , R.. The titration is 
terminated when the measured reaction rate R, after 
the n th delivery of titrant is equal to or less than a 
predetermined fraction of R,,, typically O.OOl&, 
which denotes that 99.9% of the titrand originally 
present has reacted, i.e., practically quantitative ti- 
tration. 

A microcomputer-controlled potentiometric analysis sys- 
tem consisting of the following commercially available units 
was used: (a) an ALTAIR 88OOB microcomputer equipped 
with a 32-kbyte RAM and the necessary peripherals (CRT, 
teletypewriter, cassette recorder), (b) an Orion 801 digital 
pH/mV-meter and (c) a Sargent-Welch S-11120-12 multi- 
speed burette driven by a stepper motor. 

Calculation of the corrected (equivalent) volume of 

titrant 

The total volume of t&rant delivered for the ti- 
tration of C, VF, is equal to V, + V2 + . . . + V,. V, is 
not included since it is delivered solely to form the 
base titrant concentration [T], which is restored after 
the termination of the titration sequence. The equiv- 
alence volume, V,, has to be calculated from VF, 
allowance being made for the fact that dilution due 
to the sample volume and the additions of titrant will 
require addition of further titrant to restore its con- 
centration in the final solution to [Tl,. 

The timing-control circuit of the digital pH/mV-meter 
was modified (by substitution of components of smaller 
values for a resistor and a capacitor), to make the range of 
display time 0.09-0.6 set instead of the of original 0.65 sec. 
The internal square-wave clock of the burette, which con- 
trols the delivery rate, was disconnected and software- 
generated pulses from the computer, through an opto- 
isolator circuit, were directly fed to the driving circuit of the 
stepper motor, thus allowing direct control of the burette by 
the microcomputer; 4500 pulses (maximum frequency 
120 Hz) corresponded to delivery of 1.000 ml of titrant. 
Homemade parallel interface circuits were used to transfer 
potentials to the microcomputer from the BCD output lines 
of the digital pH/mV-meter. 

An Orion 92-81 perchlorate ion-selective electrode in 
conjunction with a double-junction silver/silver chloride 
reference electrode was used as a periodate-concentration 
transducer. The characteristics of this electrode have been 
described elsewhere.* 

A double-walled SO-ml beaker kept at 33 + 0.1” was used 
Hence at the end-point as titration cell. 

EXPERIMENTAL 

[T] 
B 

= (total equivalents of T added) - (equivalents of T consumed by C) 

total volume in the titration cell 

= 0’0 + VF) [Tl,, - KITI, (4) _~ __ . 
VW + v, + vs + VF 

Combining equations (2) and (4) 

J 
gives Software 

Control programs were written in BASIC except for the 
(5) pqtential-sampling routines, which were written in the 8080 

nucroprocessor machine language. 
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OVERALL PROGRAM SUBROUTINES 

I 1 

DELIVER 
v. (ml) 

YES. 

I 

WAIT 30 set 

END-POINT DE- 

CALCULATE * 
TECTION/CAL- 

RATE R 
CULATE Vc 

I 

R, = R 

VF = 0 

I- 

w 
b END 

YES 

+ 

J=Jtl 

READ POTEN- 
TIAL E 

V=E-E. 
(mV) 

I 
SELECT INCREMENT 

Lb15 + F=80 
15>hlO -t F=50 
10&U> 6 + F=30 
6 >U> 3 + F=20 
3 &lb 2 + F=lO 
2 X70> 1 + F=5 
1 Zb 0 + F=2 

Fig. 2. Flow-charts of the overall control program and of two main subroutines “CALCULATE RATE 
R” (*) and “DELIVER V” (**). 

A flowchart of the overall control program is shown in 
Fig. 2. In the same figure the flow-charts of two main 
subroutines (CALCULATE RATE R and DELIVER V) 
are also shown. 

This program is suited for titrations monitored by poten- 
tiometric transducers. The operator tells the computer the 
sizes of VW, V, and V, and the initial amount V, ml of the 
titrant is delivered to form the “base” titrant (periodate) 
concentration. The “base” signal (potential E,) is read after 
the delay period of 30 set necessary to obtain a reasonably 
stable potential reading (within kO.1 mV). The sample is 
inserted manually and after a short mixing period (about 
5 set) the initial reaction rate (R,) is measured by the 
CALCULATE RATE R subroutine and the incremental 
additions of titrant are started. The criterion for end-point 
detection is basically the kinetic condition R/R, < 0.001. 
Occasionally the quantization error of the potential mea- 
surement, combined with a low value of the initial rate 
(slowly reacting compounds--low sample concentrations) 
never allows this condition to be met. This case is dealt with 
(see Fig. 2) by examining the size of the last titrant 
increment and regarding the titration as completed if this is 
found to be zero. 

Once the end-point has been detected the corrected 
volume of titrant (V,) is calculated and printed. 

In the CALCULATE RATE R subroutine at least 15 
sequential potential readings are collected. This collection is 
terminated when 50 potential readings have been collected 
or the potential exceeds E, by 40 mV, whichever comes first. 
A least-squares fit is made and the reaction rate is calculated 
in terms of rate of increase of the perchlorate-electrode 
potential, in units of mV per display time period. 

The DELIVER V subroutine undertakes the delivery of 
titrant in increments of sizes which always depend on the 
difference, D, between the actual potential, E, and the 
“base” potential E,. The progressively diminishing size of 
each increment, as E approaches E,,, prevents an excessive 
overshoot of the “base” signal, E,. 

Reagents 

Analytical-grade materials and demineralized distilled 
water were used throughout. 

Sodium metaperiodate, 0.1544. Sodium periodate 
(NaIO,, 32 g) is dissolved in water and the solution diluted 
to 1 litre. The solution is standardized iodometrically 
weekly. 

Acetate buffer, pH 4.5. The pH of O.lOM acetic acid is 
adjusted to 4.5 k 0.1 with 5M sodium hydroxide. 

Polyhydroxy-compounds. Stock solutions of ethylene gly- 
col, propylene glycol, glycerol and mannitol are dissolved in 
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Table 1. Effect of V, on the precision, accuracy and duration of the 
titration of 2.00 ml of 0.0779M propylene glycol with 0.1471M sodium 

metaperiodate 

VO, ml 
Approximate duration, 

min Error, % 

0.100 1.061, k 0.007, 13 
0.200 1.060, & 0.003, 7 
0.500 1.065, + 0.002, 5 
1.000 1.093, + 0.007, 3 

*Mean and standard deviation of three replicates. 

+0.2 
+0.1 
+0.6 
+3.2 

water and standardized titrimetrically.’ Working solutions 
are made by appropriate dilution of the stock solutions. 

Procedure 

The display time of the digital pH/mV-meter is adjusted 
to about 0.2 sec. Acetate buffer (30.00 ml) is transferred into 
the titration cell and the control program is initiated. The 
following parameters are given to the microcomputer: 
VW = 30.00 ml, V, = 2.00 ml, V0 = 0.200 ml. The sample 
solution (2.00 ml) is pipetted into the titration cell and the 
titration IS started and terminated automatically. The cor- 
rected titrant volume is computed and presented by the 
microcomputer. 

RESULTS AND DISCUSSION 

Selection of volume V, 

Volume V0 determines the base concentration level 
of periodate, [IO;ls. The duration of the titration will 
depend on [IO,], and will be short if [IO;]s is large 
enough. Unfortunately, in that case an overshoot of 
the base potential by even as little as 0.1-0.2 mV will 
cause a large positive analytical error. On the other 
hand, a smaller [IO;]s will increase the duration of 
the titration and cause unstable potential readings, 
which may, in turn, cause large analytical errors in 
either direction. In Table 1 the effect of the selected 
V. on the precision, accuracy and duration of the 
titration of 2.00 ml of 0.0779M propylene glycol with 
0.147lM sodium periodate is shown. 

Analytical results 

Table 2 gives typical analytical results for the 
titration of the polyhydroxy-compounds, with kinetic 
end-point detection. 

The duration of these titrations was in the range 
7-10 min for ethylene glycol, 5-9 min for propylene 
glycol, 5-7 min for glycerol and 7-9 min for man- 
nitol. In most cases 5-10 titrant additions were 
needed. 

Conclusions 

The kinetic detection of the end-point in titrations 
involving rather slow reactions yields sufficiently ac- 
curate results, at least comparable with those ob- 
tained by back-titration. The necessity for computer 
control is no longer a problem since the advent of 
microcomputers. 

A prerequisite for this type of titration is constant 
stoichiometry of the reaction. Titrations of tartrate 
and certain carbohydrates with periodate under the 
same conditions failed because of variable reaction 
stoichiometry. Such titrations took 3&40 min and 
gave non-reproducible results. 

Another prerequisite of utmost importance is the 
reliability of the transducer used to monitor the 
concentration of the titrant. 

The technique is in some degree complementary to 
the well-known technique of titration to a preset 

Table 2. Results of the titration of polyhydroxy-compounds with kinetic 
detection of the end-point 

Concentration, m M 

Polyhydroxy-compound Taken Found* f s Error, “/, 

Ethylene glycol 25.0, 25.1, * 0.1, +0.2 
50.1, 49.9, * 0.1, -0.4 

100.2 100.0 * 0.2 -0.2 
150.4 150.3 f 0.4 +0.1 

Propylene glycol 25.9, 
51.9, 

103.9 
155.8 

Glycerol 28.0, 
56.1, 
84.2, 

Mannitol 4.8, 
9.6, 

14.e 

26.1, k 0.0, 
51.9, f 0.2” 
103.6 f 0.1- 
155.5 * 0.2 

28.l,fO.l, 
55.9, f 0.1, 
84.1, f 0.3, 

4.8, + 0.01 
9.6, k 0.02 

14.4, + 0.02 

Av. 0.2, 
+0.6 
-0.0 
-0.3 
-0.2 

Av. 0.2, 
+0.3 
-0.3 
-0.1 

Av. 0.2, 

+0.3 

_~ 
Av. 0.1, 

*Mean and standard deviation of three replicates. 



Titrations involving slow reactions 149 

end-point, for which slow reactions are rather unsuit- 
able because of premature (false) end-point detection. 
Some preset end-point titrators overcome this prob- 
lem by means of a delay circuit which slows down the 
response time of the electronic switch controlling the 
burette.4 This delay is adjustable and some experi- 
mentation in needed to find the optimum setting. In 
essence this is a kinetic end-point detection. In the 
present work, such an adjustment is not necessary 
and the computer is left to decide when the pre- 
selected degree of reaction has been reached. 

The applicability of this technique to certain Karl 
Fischer titrations which proceed rather slowly and to 

direct titrations of certain easily hydrolysed esters 
and alkyl halides with ethanolic potassium hydroxide 
solutions is under investigation. 
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Summary--The species and reactions involved in the determination of uranium by the Davies and Gray 
method have been investigated through the behaviour of the various species when present alone or in 
various combinations in the reaction medium. The studies indicate the formation of Fe(II) and V(II1) in 
the titration system. These two species appear easily prone to oxidation by the titration medium. Probable 
reasons for the negative bias found when the titration is not completed in the stipulated time period, and 
for the sharpening of the end-point by the presence of vanadium(IV), are discussed. 

For the determination of uranium in nuclear fuels, 
nuclear material accounting, laboratory-evaluation 
programmes etc., the Davies and Gray method,’ in 
the modified and improved form given by Eberle et 
al.,’ is widely used. In the modified procedure U(W) 
is reduced to U(IV) with Fe(I1) in phosphoric acid 
medium, the excess of Fe(I1) is oxidized by nitric acid 
in the presence of Mo(V1) as catalyst, and after 
dilution with 1M sulphuric acid the solution is 
titrated with potassium dichromate poten- 
tiometrically in the presence of V(IV), which helps to 
sharpen the end-point. The usefulness and applica- 
bility of this method have been reaffirmed.3A 

In spite of the importance of this method, little is 
known about the nature of the reactions involved 
and the species ultimately titrated with the dichro- 
mate. Eberle et al.,* on the basis of some qualitative 
spectrophotometric studies and spot-tests, concluded 
that U(IVkFe(III) and Fe(II)-V(IV) reactions occur 
and that V(II1) is probably involved in the titration. 
To get a better understanding, we have attempted to 
probe the behaviour of the species involved and the 
nature of various redox reactions in the titration 
medium, and give a plausible explanation of the role 
of V(IV) in sharpening the potentiometric end-point. 

EXPERIMENTAL 

From consideration of the various redox couples involved 
in the procedure,2 the oxidizable species are expected to he 
one or more of the species U(W), Fe(I1) and V(II1). Since 
it is known2 that negative errors arise if the titration takes 
more than 7min, we resorted to studies of the effect of 
deliberate delay on the titration results obtained for ura- 
nium (in the analysis procedure) and for the individual 
species U(IV), Fe(I1) and V(II1) titrated in the titration 
medium, which consists of sulphamic acid, phosphoric acid, 
sulphuric acid, nitric acid and molybdenum(V1) as catalyst. 
A similar technique was used for studying possible reactions 

between various combinations of two species in the titration 
medium, namely U(IVkV(IV), U(IVFFe(III), Fe(IIFV(IV) 
and Fe(III)-V(II1). 

For the potentiometric titrations, a known time was 
allowed to elapse between completion of addition of all the 
reagents and the start of titration. To study some reactions 
it was necessary to use a spectrophotometric technique, in 
which the concentration of a species was monitored by 
means of the change in absorbance as a function of time. 

Reagents 

Ferrous sulphate solutions (1M and O.lM) were prepared 
by dissolving FeSO,. 7H20 (G.R. grade, Sarabhai Merck) in 
1 M sulphuric acid. Vanadyl sulphate solution (1 mg/ml) was 
made by dissolving VOSO,. 5H,O (Merck) in 1M sulphuric 
acid. Potassium dichromate solutions (~0.05 and 0.001 
meq/g) were prepared by dissolving appropriate quantities 
of G.R. grade K,Cr,O, (Sarabhai Merck) in doubly distilled 
water. Silphamic acid solution (Koch-iight) was made in 
distilled water. Analytical-reagent grade phosphoric, nitric 
and sulphuric acids were used. 

U(IV) and V(II1) solutions were prepared5s6 by passing 
1M sulphuric acid solutions of U(W) and V(W) re- 
spectively through a Jones reductor and allowing aerial 
oxidation of the U(II1) and V(II) formed. The absorption 
spectrum of the V(II1) solution was used to assess its purity.’ 

Apparatus 

For the potentiometric titrations, an EMCO digital 
voltmeter was used, with a saturated calomel reference 
electrode and a platinum indicator electrode. For all spec- 
trophotometric work, a Cary-14 spectrophotometer was 
used. 

RESULTS AND DISCUSSION 

Studies with the total uranium determination system 

The decrease in the amount of uranium found with 
increase in elapsed time is shown by curve A in 
Fig. 1. The decrease is calculated as a fraction of the 
actual uranium content (as found by use of the usual 
procedure, with no waiting period after addition of 
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” 

TIME (mm) 

Fig. I. (A) Decrease in uranium estimated, with time 
elapsed before titration; (B)-(D) oxidation of single species 
m the titration medium; (B) U(N); (C) Fe(H); (D) V(II1). 

the vanadyl sulphate). The effect of elapsed time is 
considerable. 

Studies with single species in the titration medium 

Curve B in Fig. 1 shows that there is practically no 
interaction of the titration medium with U(IV). Al- 
though the potentiometric end-point was sluggish in 
these titrations the reproducibility was within + 1%. 
Curves C and D show the behaviour of Fe(I1) and 
V(II1) respectively in the titration medium [contain- 
ing nearly the same quantities of Fe(II1) and V(IV), 
respectively, as would be present in the determination 
of uranium]. These two curves show there is consid- 
erable interaction with the titration medium, proba- 
bly due to molybdenum(VI)-catalysed oxidation by 
the nitric acid present in the medium. The con- 
tribution of aerial oxidation of Fe(I1) and V(II1) was 
studied and found to be less than 1% of the total 
oxidation. 

Studies on the reactions between two species 

U(W) and V(ZV). Several solutions containing 
these species in the titration medium [but no Fe(I1) or 
Fe(III)] were prepared and titrated with dichromate 
after various elapsed times. The observed decrease in 
the concentration of titratable species with time is 
shown by curve A in Fig. 2; there is practically no 
decrease in U(IV) concentration with time. 

If reaction had taken place between these two 
species, formation and subsequent partial reoxidation 
of V(II1) in the medium would have been expected, 
with an accompanying decrease in apparent uranium 
concentration, the decrease becoming larger with 
increase in elapsed time. Hence this reaction does not 
occur. This was confirmed by monitoring the absorp- 
tion spectra as a function of time and examining the 
U(IV) and V(IV) absorption maxima [at 660 and 
800 nm respectively: V(IV) has its absorption maxi- 
mum at 760 nm in sulphuric acid medium but at 
800nm in the titration medium]. No change in the 
absorbance at these maxima was observed even after 
150 min standing time. 
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Fig. 2. Reactions between two species in the titration 
medium: (A) U(N) + V(N); (B) U(IV) + Fe(II1); (C) 

U(IV) + Fe(II1) in presence of V(N). 

U(ZV) and Fe(ZZZ). The reaction between these two 
species was studied by making solutions of U(IV) and 
Fe(II1) in the titration medium and titrating with 
dichromate after known elapsed times. Curve B in 
Fig. 2 shows a decrease in concentration of titratable 
species with time, indicating the formation and par- 
tial reoxidation of Fe(I1). The reaction was also 
studied in the presence of V(IV), and the rate of 
decrease observed was greater (Curve C). 

Spectrophotometric experiments confirmed the oc- 
currence of reaction between U(IV) and Fe(III), there 
being a decrease in the absorbance of U(IV) with 
time. 

Fe(ZZ) and V’(ZV). As already mentioned, both 
Fe(I1) and V(II1) are slowly oxidized in the titration 
medium. The oxidation of V(II1) is only a bit faster 
than that of Fe(I1). Hence if reaction between Fe(I1) 
and V(IV) takes place in the reaction medium, the 
V(II1) generated will be partially oxidized by the 
medium and the consumption of dichromate will be 
much the same (for a given elapsed time) whether 
reaction takes place or not, and potentiometric study 
of this reaction is not useful. 

The reaction was therefore studied spectro- 
photometrically. A decrease in the original V(IV) 
concentration as well as formation of V(II1) was 
observed at 410 and 650nm (Fig. 3), showing that 
reaction between Fe(I1) and V(IV) takes place. 

It is worth noting that the reverse reaction between 
Fe(II1) and V(II1) could also be established by means 
of the appearance of the absorbance maximum of 
V(IV) and the decrease in absorbance of V(II1). 

Although the behaviour of the various species and 
their reactions was studied only when they were 
reacting in the titration medium, and not in situ 
during the titration with dichromate, we can form a 
qualitative idea of the species and reactions involved 
in the analysis procedure. 

Curve A in Fig. 1 shows that the negative bias in 
the uranium determination increases with elapsed 
time, which explains the requirement2 that the tit- 
ration must be completed within 7 min from the 
addition of the vanadyl sulphate if the result is to be 
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correct within +O.l%. From curve B it is seen that 
U(N) itself is stable in the titration medium. It 
follows that in the complete titration system there 
cannot be only U(IV) titrated with the dichromate. 
Comparison of the curves A, C and D in Fig. 1 
shows that the behaviour of the overall system is 
similar to that of the Fe(I1) and V(II1) systems. The 
species Fe(II) and V(III) are not present at the 
dilution step, but are probably slowly generated 
thereafter from Fe(II1) and V(IV) through redox 
reactions. Oxidation of any Fe(I1) and/or V(II1) by 
the titration medium instead of dichromate will 
obviously lead to negative bias. 

As pointed out above, no reaction between U(IV) 
and V(IV) seems to occur in the titration medium, 
whereas there is a definite reaction between U(IV) 
and Fe(M), especially in the presence of V(IV) (curve 
C in Fig. 2). This indirectly indicates the occurrence 
of an Fe(II)-V(N) reaction, and corroborates the 
spectrophotometric observation (Fig. 3). The higher 
oxidation rate in the presence of V(IV) may be 
explained in two ways, based on the rates of the two 
reactions U(N)-Fe(II1) and Fe(E)-V(IV). We have 
not determined the rates of these reactions. If both 
reactions possess nearly the same rates, then because 
of the latter reaction and subsequent oxidation of 
V(II1) along with Fe(I1) by dichromate, one more 
channel is opened for the U(IV)-Fe(II1) reaction to 
proceed in the forward direction. However, if the 
V(IV)-Fe(II1) reaction is slow and the other is fast, 
then any Fe(E) produced will be quickly oxidized by 
V(IV) and the species oxidized by dichromate will be 
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Fig. 3. Reaction between Fe(II) and V(IV) in the titration 
medium: (A-A) V(N) in medium; (B-B) V(III)-gener- 

ation due to reaction of V(IV) with Fe(I1). 

mainly V(M). The net effect will be to produce a 
catalytic cycle for the U(IVbFe(II1) reaction, caus- 
ing it to proceed faster. 

These observations indicate that the following 
reactions take place in the medium: 

U(IV) + 2Fe(III)$U(VI) + 2Fe(II) 

Fe(H) + V(IV)$Fe(III) + V(II1) 

as suggested by Eberle et d2 The reverse reaction 
in the second equilibrium seems to be significant, 
according to the spectrophotometric observations. 

It is known that the conditional potential of the 
Fe(III)/Fe(II) couple is lowered in phosphoric acid 
medium but the potentials for the U(VI)/U(IV) and 
V(IV)/V(III) couples are increased. Although the 
exact values of the potentials of these couples in the 
titration medium are not known, on the basis of 
available data* for phosphoric acid medium they 
seem to approach close to one another. The results 
of our studies also indicate that the conditional redox 
potentials (in the titration medium) of the various 
couples involved are close to each other so that either 
forward or backward reaction between the iron and 
vanadium couples is possible, depending on the 
relative concentrations of the species. The absence of 
reaction between U(IV) and V(IV) may be attributed 
to a high activation energy for formation and rupture 
of various metal-oxygen bonds. 

Curves representing the behaviour of all the 
species and reactions studied are grouped together in 
Fig. 4 for ready comparison. Curves A and G 
represent similar species but the rates are different, 
because the starting species for curve A is U(V1) 
whereas that for curve G is U(IV), the consequence 
being that more Fe(I1) remains unused in the latter 
case, necessitating consumption of nitric acid in its 

TIME (min) 

Fig. 4. Decrease in concentration of species with time in 
the titration medium. (A) Total system; (B) Fe(I1); (C) 
V(II1); (D) U(IV); (E) U(IV) + V(IV); (F) U(IV) + Fe(II1); 
(G) U(IV) + Fe(II1) in presence of V(W); (H) Fe(I1) and 

V(II1) in absence of Fe(II1) and V(IV) respectively. 
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oxidation, In effect the resulting lower nitric acid 
concentration leads to a lower rate of oxidation of 
the Fe(I1) and/or V(II1) produced during the ti- 
tration, and hence to a smaller negative bias than for 
curve A. 

The decrease in the concentration of Fe(I1) and 
V(II1) in the titration medium, as shown in curves B 
and C respectively, is that observed in the presence 
of relatively large amounts of Fe(II1) or V(IV), which 
control the oxidation rates. Therefore, it was thought 
worth studying the effect of the medium in the 
absence of Fe(II1) or V(IV). Curve H shows the rates 
of oxidation (decrease in concentrations) of Fe(H) or 
V(II1) when the corresponding oxidized species is not 
initially present. In this experiment care was taken to 
see that the concentrations of Mo(V1) and nitric acid 
available for oxidation of Fe(I1) or V(II1) were of the 
same order as in the earlier experiments. The ox- 
idation rates appear to be significantly high and 
nearly equal for both species, showing that both 
species are equally prone to oxidation by the me- 
dium. This can cause simultaneous consumption of 
both Fe(I1) and V(II1) during the titration with the 
dichromate. The oxidation of both species together 
would help in two ways: (i) acceleration of the main 
reaction U(IV)-Fe(II1) in the forward direction and 
(ii) increase in the conditional potential in a shorter 

time. The latter effect will be mainly responsible for 
sharpening the end-point. 

An alternative explanation can be given for the 
role of V(IV) in sharpening the end-point. It is 
well-known that platinum electrodes may give anom- 
alous response owing to formation of oxide films, 
mixed potentials etc. It is possible that in the rather 
complex system used in the Davies and Gray 
method, the fastest electrode response is obtained 
through the mediation of the vanadium couple. 

It is worth noting that Reeder and Delmastro’ 
were able to obtain high precision and an error of 
less than 0.05% by lowering the temperature of the 
system to 18” before the titration. This may be 
attributed to the corresponding decrease in the rate 
of reaction of Fe(I1) and V(II1) with the reaction 
medium. 

CONCLUSIONS 

These studies on the reactions and species involved 
in the modified Davies and Gray procedure for 
uranium determination lead to the following conclu- 
sions. 

(i) U(IV) appears to be stable in the titration 
medium. 

(ii) Fe(I1) and V(II1) are produced and are slowly 
oxidized by the titration medium and thus can cause 
a negative bias in uranium determination if the 
titration is not completed within the specified 7 min. 

(iii) The conditional potentials of the V(IV)/V(III) 
and Fe(III)/Fe(II) couples in the titration medium 
appear to be close. 

(iv) The role of vanadyl ion in sharpening the 
end-point appears to be due either to the simulta- 
neous consumption of both Fe(I1) and V(II1) species, 
thus accelerating the rate of main reaction and caus- 
ing a quick rise in the conditional potential or to the 
dominance of the electrode response by the 
V(IV)/V(III) couple. 

Acknowledgements-The authors thank Dr. P. R. Na- 
tarajan, Head of the Radiochemistry Division for his keen 
interest in the work and valuable suggestions. They also 
thank Dr. S. K. Patil for his encouragement during the 
course of thts work. They wish to express their sincere 
thanks to Dr. R. A. Chalmers (University of Aberdeen) for 
his valuable comments and suggestions. 

REFERENCES 

5. 

6. 

I. 
8. 

9. 

W. Davies and W. Gray, Talanta, 1964, 11, 1203. 
A. R. Eberle. M. W. Lemer, C. G. Goldbeck and C. J. 
Rodden, NBi Rept. No. 252, 1970. 
1980 Annual Book of ASTM Standards, Part 45, Nuclear 
Standards, p. 213. ” 
F. B. Stephens, R. G. Gutmacher, K. Ernst and J. E. 
Harrar, Rept. NUREG-02S6, 1977, p. 450; Rept. 
NUREG-75/010, 1975. 
C. J. Rodden (ed.), Analysis of Essential Nuclear Reac- 
tor Materials, p. 16. USAEC, 1964. 
G. Jones and J. H. Colvin, J. Am. Chem. Sot., 1944,66, 
1573. 
S. C. Furman and C. S. Gamer, ibid., 1950, 72, 1785. 
J. A. Dean (ed.), Lange’s Handbook of Chemistry. 
McGraw-Hill, New York, 1979. 
S. D. Reeder and J. R. Delmastro, ANS Topical Meet- 
ing, Williamsburg, VA, 1978 (CONF-780522). 



Talanra, Vol. 30, No. 3, pp. M-159, 1983 
Printed in Great Britain. All rights reserved 

0039-9140/83/030155-05$03.00/O 
Copyright 0 1983 Pergamon Press Ltd 

EXTRACTION AND DETERMINATION OF ANIONIC 
SURFACTANTS WITH COPPER(ETHYLENEDIAMINE 

DERIVATIVE COMPLEXES 

KIYOSHI SAWADA,* SHIGEHIRO INOMATA, BUIUCHI GOBARA 

and TOSHIO SUZUKI 

Laboratory of Analytical Chemistry, Faculty of Science, Niigata University, 
Niigata 950-21, Japan 

(Received 14 December 1981. Revised 27 September 1982. Accepted 3 October 1982) 

SmnmPry-Anionic surfactants, S- [where S- is dodecyl sulphate (DS) or dodecylbenzenesulphonate 
(DBS)] were extracted with a series of copper (II~thylenediamine derivative complexes, Cu(R-en): + , 
where R-en is ethylenediamine (en), N,N’-dimethylethylenediamine (NN’Me,en), N,N-dimethylethyl- 
enediamine (NNMe,en), N,N-diethylethylenediamine (NNE,en) or 1,2-cyclohexanediamine (Cyen). The 
extractton constant of the ion-pair is K,, = [Cu(R-en), r+ ‘2s -]a/[Cu(R-en): ‘1 [S -]r. The constants for 
extraction of the DS complexes with en, NN’Me,en, NNMe,en, NNEt,en and Cyen into chloroform were 
found to be log K,, = 7.93, 9.19, 8.88, 8.74 and 11.45 (+O.OS at 25”C), respectively. The extractability of 
the ion-pair Cu(en);+ .2S- gave a linear correlation with the acidity of the solvent. The Cu(Cyen)i+ 
extraction system was applied to the determination of some anionic surfactants. With use of graphite- 
furnace atomic-absorption spectrophotometry, a limit of detection of 5 pg/l. was obtained with a 20-ml 
sample of river water or sea-water. 

Ion-pair extraction methods for the determination of 
anionic surfactants have been extensively in- 
vestigated.‘z2 The most commonly used and accepted 
method is the Methylene Blue method developed by 
Longwell and Maniece, which has been improved 
and applied to the determination of anionic surfac- 
tants in many kinds of water.‘,* Derivatives of Meth- 
ylene Blue4s5 and other cationic dyes such as Rho- 
damine B,6 Crystal Violet,’ and Remacryl Blue* have 
also been used as cationic extractants. 

Cationic metal complexes such as tris( 1, IO-phenan- 

throline) iron(II),g tris( 1, lo-phenanthroline) cop- 

per(II),rO~” and bis (ethylenediamine) copper (11)‘2-‘4 
have also been used for ion-pair extraction pro- 
cedures. The analysis can be completed by deter- 
mination of the extracted metal ion by radiometry or 
atomic-absorption spectrophotometry. With 
graphite-furnace atomic-absorption spectropho- 
tometry it is possible to determine pg/l. levels of 
surfactant. 

In spite of its frequent use. the extraction of anionic 
surfactants with cationic metal complexes has not 
been studied in detail. In the present paper the 
extraction of the ion-pair of an anionic surfactant 
with a copper (IIbthylenediamine derivative com- 
plex has been investigated. and the effects of the 
solvent and particular substituted ethylenediamine 

have been examined. The copper(II)cyclohexane- 
diamine complex has been applied to the deter- 
mination of surfactants in natural waters. 

*To whom correspondence should be addressed. 

EXPERIMENTAL 

Reagents 

The sodium dodecyl sulphate (DS) and sodium 
dodecylbenzenesulphonate (DBS) used were of guaranteed 
reagent grade (> 99.9% pure). Other reagents used were of 
analytical reagent grade. 

Extraction procedure 

Mix 20 ml of aqueous phase containing copper(H) sul- 
phate, ethylenediamine derivative and surfactant with 20 ml 
of organic phase in a SO-ml stoppered centrifuge tube, at 
25.0 + 0.2”, and adjust the ionic strength to 0.1 with sodium 
sulphate. Shake the tube for 10 min (which is sufficient for 
complete equilibration). After separating the phases, deter- 
mine the concentration of copper(I1) in the aqueous phase 
by atomic-absorption spectrophotometry (AAS); alterna- 
tively, determine copper in the organic phase by AAS after 
stripping with 0.0144 nitric acid. 

Recommended analytical procedure 
Add 1 ml of 0.02M copper(I1) sulphate and 1 ml of 

freshly prepared 0.05M cyclohexanediamine solution to 20 
ml of water sample in a 50-ml stoppered centrifuge tube. If 
necessary, neutralize the sample before adding the reagents. 
Add 20 ml of chloroform and shake the mixture for 10 min. 
Centrifuge the mixture, then draw off the aqueous phase 
with an aspirator. Transfer 10 ml of the chloroform phase 
to a 15-ml test-tube and shake with 1 ml of 0.01 M nitric acid 
for 10 min. Let stand for 30 min, then determine the 
concentration of copper in the nitric acid phase by graphite- 
furnace AAS. If the surfactant concentration is very high, 
use a larger volume of nitric acid for the stripping, to 
optimize the copper concentration for the subsequent AAS 
measurements. 

RESULTS AND DISCUSSION 

Extraction equilibrium 

Because of the large equilibrium constant for equa- 
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(A) 

a= 
H 

Fig. 1. The effects of pH (A) and ethylenediamine derivative concentration (B) on the extraction of DBS 
with metal-en and metal-Cyen complexes. Ethylenediarnine complex: 0, Cu(I1); 0, Cd(I1); A, Ni(I1). 
(A) C,,, = 10-4M; C, = 5 x 10e5M; C,, = IO-*M. (B) pH = 9.0. Cyclohexanediamine complex: 0, 

Cu(I1). (A) C,,, = 10-5M; C, = 6 x 10-6M; C,,, = 2 x 10-4M. (B) pH = 9.0. 

tion (1),i5 the presence of excess of R-en results in 
quantitative formation of the complex Cu(R-en):+ in 
the alkaline aqueous solution: 

Cu2 + + 2 R-en $ Cu (R-en): + (1) 

where R-en is ethylenediamine (en), NJ’-dimethyl- 
ethylenediamine (NN’Me,en), iV,N-dimethylethyl- 
enediamine (NNMe,en), iV,N-diethylethylenediamine 
(NNEt,en) and cyclohexanediamine (Cyen). Thus, 
the equilibrium for extraction of the surfactant (S-) 
with the Cu(R-en):+ complex can be written as 

Cu(R-en):+ + 2S + [Cu(R-en):+ .2S-1, (2) 

where the subscript o denotes that the species is in the 
organic phase. 

The extraction constant for the ion-pair, K,, is 
defined as: 

[Cu(R-en):+ .2S-1, 

&’ = [Cu(R-en)~+][S-12 

and the distribution ratio of copper( D,, as: 

D 
M 

= [Cu(R-en):+ .2S-1, 

[Cu(R-en):+] 

(3) 

(4) 

Substitution of equation (3) into equation (4) leads to 

logD,=logK,,+21og[S-] 

The distribution ratio of the surfactant is 

(5) 

or 

D 
s 

= 2[Cu(R-en):+ .2S-1, 

E-1 
(6) 

log Ds = log 2Kk;, + log [Cu(R-en):+] 

+ log[S-] (7) 

Effects of pH and ethylenediamine concentration 

Dodecylbenzenesulphonate (DBS) was extracted 
with the Cu(II)-en and Cu(IItCyen complexes into 
chloroform at various pH values and ethyl- 
enediamine concentrations. The plot of log D, as a 
function of pH is shown in Fig. 1 (A). Because of 
dissociation of the Cu-(R-en) complex caused by the 
protonation of R-en in the aqueous phase, the distri- 
bution ratio shows a steep decrease in the low pH 
region (pH < 6). When no acid or base is added, the 
pH of the solution after the addition of R-en is about 
9. Thus the optimum extraction pH is obtained 
without any adjustment. 

J I I 
4 -3 -I 

log CR__ 

Table 1. Extraction constants of anionic surfactants with various copper (IIbthylenediamine deriva- 
tive complexes 

R-en en NN’Me,en NNMe,en NNEt,en Cyen 

log x;, DS 7.93 9.19 8.88 8.47 11.45 f 0.05 

DBS 9.12 11.70 f 0.05 
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r (A) 

-4.5 -4 -3.5 -4.5 -4 -3.5 

log CDS3 log CDBSI 

Fig. 2. The effect of organic solvents on the extraction of DS (A) and DBS (B) with cop- 
per(II)ethylenediamine complex. 0 0, chloroform; 8, chloroform-1,2dichloroethane (1: 1 v/v mix- 
ture); 0 n , 1,2-dichloroethane; Q, 1,2-dichloroethane-carbon tetrachloride (1: 1 v/v mixture); $, methyl 
isobutyl ketone; A A, carbon tetrachloride; 0 0, benzene; 0, toluene; 0, chlorobenzene; 0, 

odichlorobenzene. pH = 9.0; C,, = lo-‘M; Co, = 10e4M. 

In Fig. 1 (B), log Du is plotted as a function of 

log C&V where CRcn is the initial concentration of 
ethylenediamine derivatives added in the aqueous 
phase. Although the distribution ratio decreases 
slightly at very high CRcn, it is almost constant when 
the concentration of ethylenediamine derivative is 
sufficient to form the complex Cu(R-en):+, i.e., 

G&en ’ 2Gu. 

Extraction constant 

Dodecyl sulphate and dodecylbenzenesulphonate 
were extracted into chloroform with various cop- 
per(I1) R-en complexes. Log DM is a linear function 
of log [S-l, the value of [S-l being calculated from 
[S-l = Cs - 2[Cu(R-en):+ .2S-I,, where C, is the 
total surfactant concentration, The plots all had a 
slope of 2, and thus the extraction equilibrium (2) was 
confirmed. The extraction constants K& obtained 
from the intercepts of the plots are listed in Table 1. 
Although increase in the molecular weight or molar 

volume of R-en tends to increase K&, there is not a 
good correlation; in particular, Kk;, for the NNEt,en 
complex is smaller than that for the NN’Me,en and 
NNMe,en complexes. 

The extraction constant for DBS is larger than that 
for DS with both the Cu(en):+ and Cu(Cyen):+ 
systems. The difference between the log 4, values for 
the Cu-Cyen complexes of DBS and DS is smaller 
than that for the Cu-en complexes. The volume of 
Cu (Cyen): + is considerably larger than that of 
Cu (en): + . Thus, the extraction constant of the 
Cu-Cyen complex is less sensitive to change in the 
volume of surfactant. 

Eflect of the organic solvents 

DS and DBS were extracted with the cop- 
per(II)-e.thylenediamine complex into various sol- 
vents and their mixtures. Log DM is plotted as a 
function of log [DS] (A) and log [DBS] (B) in Fig. 2. 
The plots were all linear, with slopes (except for the 

Solvent 

log K, 

Table 2. Extraction constants of Cu(en)i+ complexes, for various solvents and their mixtures 

CHCl, CHCl,-DCEt* DCE DCE-Ccl,? MIBKg cc14 Bz# 

DS 7.93 7.39 6.89 6.43 6.06 5.54$ - 
DBS 9.12 7.86 6.50 6.6 

* 1,2_Dichloroethane. 
tl: 1 v/v mixture. 
§Methyl isobutyl ketone. 
$Tentative value estimated from data in the region of log [DS] from -4.4 to - 3.8. 
#Mean value for benzene and its derivatives. 
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DS-carbon tetrachloride and DS-benzene systems) 
of 2.0 + 0.1. The extraction constants are listed in 
Table 2. The distribution ratio for n-hexane as sol- 
vent was too small for reliable data to be obtained. 
Thus, the efficiency of the extractants for the 
ion-pair Cu(R-en):+ .2S- is in the order 
chloroform > 1,Zdichloroethane (DCE) > methyl 
isobutyl ketone (MIBK) > carbon tetrachloride N 
benzene and its derivatives (Bz)>>n-hexane for both 
surfactants. The D, values for the benzene deriva- 
tives are of the same order of magnitude as that for 
benzene (Table 2) and show poor correlation with the 
polarity (e.g., the ET valueI and 2 value”) and 
dielectric constant of the solvents. The correlation of 
log KX with the solubility parameter” is also not very 
good, which is consistent with the poor correlation 
with the molar volume of the complex cation. 

A plot of log &, as a function of the acceptor 
number, which is an indicator of the acidity of the 
solvent,‘8 shows a good linear correlation, and the &, 
of n-hexane, which has an acceptor number of zero, 
is very small. Hence, the change in interaction of the 
acidic part of the ion-pair, i.e., the complex cation 
Cu (R-en): + , with the solvent may not contribute 
very significantly to the change in the extractability of 
the ion-pair, whereas the interaction between the 
solvent and the basic part of the ion-pair, i.e., the 
surfactant anion, may have the predominating effect 
on the change in extractability with change of sol- 
vent. 

Extraction with cadmium and nickel complexes 

DBS was also extracted into chloroform with the 
cadmium and nickel ethylenediamine complexes. 
Log D, is plotted as a function of pH for the 
cadmium and nickel systems in Fig. 1 (A). The pH 
region for maximum extraction of these complexes is 
narrower than that for the Cu(I1) complex. 

The effect of the ethylenediamine concentration is 
shown in Fig. 1 (B). As the formation constants of the 
ethylenediamine complexes of Cd(I1) and Ni(I1) are 
smaller than that for Cu(II),” a higher ethyl- 
enediamine concentration is required to obtain the 
maximum distribution ratio. At high concentrations 
of ethylenediamine, there is a steep decrease in D, for 
the cadmium and nickel systems, possibly because of 
formation of the larger tris-ethylenediamine com- 
plexes. The log K,, values found for DBS were 9.12, 
9.58 and 8.28 for the copper, cadmium and nickel 
ethylenediamine systems respectively. 

ANALYTICAL APPLICATION 

Recovery and calibration curve 

The extraction constants for the anionic surfac- 

tants are much larger with the copper(II)cyclo- 
hexanediamine complex than with copper(II)-ethyl- 
enediamine complex (Table 1). As can be seen from 
equation (7), the distribution ratio of the surfactant, 
D,, decreases with decrease in the equilibrium con- 
centration of surfactant in the aqueous phase, [S-l, 
when the concentration of Cu(R-en);+ is kept con- 
stant. It follows that a fairly large value of KX is 
required for the determination of low concentrations 
of surfactant. For example, in the copper(II)-ethyl- 
enediamine method, the distribution ratio of a 
lo-pg/l. DS sample is 0.059 (i.e., the degree of 
extraction of DS is about 5.6%) for equal volumes 
of the aqueous [lo-‘M Cu(R-en):+] and organic 
(chloroform) phases. On the other hand, in the 
copper(II)-cyclohexanediamine method, D, is about 
13 (i.e., - 93% extraction of the surfactant) under the 
same conditions. Thus, the latter method is advan- 
tageous for the determination of low surfactant con- 
centrations. 

Over the DS concentration range of 10~10,000 
pg/l. the recommended procedure gave an apparent 
100 f 3% extraction at high concentrations and over 
90% at low, in agreement (within 5%) with that 
calculated by using the K,, values shown in Table 1. 

Limit of detection 

It might be possible to lower the limit of detection 
by using a large volume of sample, but tests with 
surfactant-free water give blank values of several 
tenths of a pg of copper per litre, corresponding to 
a DS concentration of several pg/l. Thus, the limit of 
detection is taken as 5pg/l. (as DS). 

Interferences 

The effect of inorganic anions, which may be 
extracted as Cu(Cyen)i+ ion-association complexes, 
on the detection limit, has been examined by use of 
extraction tests in the absence of surfactant. The 
concentrations of anions listed in Table 3 produce 
contributions below the detection limit for DS (< 5 
pg/l.). A large ion such as I- or ClO, is extracted 
at relatively low concentration levels, but the concen- 
trations of these ions in natural waters are much less 
than those listed in Table 3. 

The concentrations listed in Table 4 cause an error 
of less than +5% in the determination of DS at the 
100~pg/l. level. Sulphide ion up to the 5 mg/l. level 
does not interfere if iron(I1) is added to give 
[Fe* +] = 50 mg/l. When the concentration of sulphide 
ion is less than 0.5 mg/l., it is not necessary to add the 
iron(I1). The cations and anions cause negative and 
positive interferences, respectively. The allowable 
concentrations of foreign ions listed in Tables 3 and 

Table 3. Concentrations of anions giving a signal below the limit of detection for 
DS (5 pg/l.) 

Anion SOi- Cl- Br- I- NO; CIO; 
Concn., M 1 0.5 3 x 10-j 10-j 10-s 10-d 
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Table 4. Concentration of foreign ions causing < kS% error for 
extraction of DS at the 100~pg/l. level 

Concentration Ion 

0.75M SO:-, Cl-, Na+ 
1000 mg/l. ClO,, NO;, Br-, K+, Ca*+, M$+, NH: 
500 ma/l. Ni*+ Zn2+ Mn2+, I- 1 7 
100 mg/l. 
50 mg/l. 

5 ma/l. 

Co’+, Al’+ 
Fe2+, Fe’+ 
CN-, S2-* 

*With 50mg/l. Fez+ added; 0.5 mg/l. in the absence of added Fe2 + . 

4 are higher than those present in sea-water. As can 
be seen from Tables 1 and 2, the extraction constants 
for DBS larger than those for DS. Consequently, the 

interference of foreign ions is less significant in deter- 

mination of DBS than of DS. 
The concentrations of anionic surfactant found in 

some natural waters by the recommended procedure 
were as follows: sea-water (off-shore, Japan Sea, 
Niigata Prefecture), not detected; river water (Shin 
river, Niigata, Japan), 310 pg/l., expressed as DS; 
lake water (Toyano lake, Niigata, Japan), 590 pg/l., 
expressed as DS. 
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Summary-An analysis has been made of the nationalities of the members of advisory and editorial boards 
of analytical chemistry journals. Correlations were sought between their number and citation rates and 
between their number and the number of analytical papers published by scientists from the country in 
question. A comparison is given for the gatekeepers of organic and inorganic chemistry journals. 

The invention of a mechanism for the systematic 
publication of scientific work may well have been the 
key event in the history of modern science.’ The main 
channel through which this publication flows is pro- 
vided by the scientific journals. 

Thus Gordon2 states: “Publication of papers in 
primary research journals is widely accepted as hav- 
ing a central role to play in the continuance of science 
as an intellectual and social activity. In particular it 
is recognised as being both a means by which re- 
searchers are able to establish and advance them- 
selves professionally, and the medium through which 
contributions are made to a discipline’s body of 
ratified knowledge. Consequently, journal editors, in 
controlling systems of manuscript evaluation and 
selection, occupy powerful strategic positions in the 
collective activity of their discipline. The practices 
and preferences which they adopt in their roles as 
editors are therefore of considerable significance.“2 

In an earlier paper3 the same author had said 
“editors and referees who control the access to the 
coveted pages of scientific journals, particularly those 
who ‘gatekeep’ for the more prestigious publications, 
hold vital strategic positions in the orchestration of 
science.” 

There are three main groups of questions we 
consider of paramount importance in the whole 
complex problem of editorial gatekeeping in journals. 

1. How does this gatekeeping system function and 
on what criteria do journal editorial board members 
base their decisions? 

*The term “gatekeeping” is due to D. Crane, American 
Sociologist, 1967, 2, 195. 

2. What is the structure of the powerful body of 
journal gatekeepers? In other words, who are chosen 
to perform gatekeeping tasks, and to which countries 
do they belong? 

3. How can the evaluators be evaluated? In other 
words, what special characteristics give these individ- 
uals the right to sit in judgement? 

In the present paper we concentrate on gatekeeping 
in analytical chemistry publications, to try to find 
answers to the last two questions. 

We are not dealing with the first question, as we 
think that there is no answer to it that is specific to 
analytical chemistry. The gatekeepers of analytical 
chemistry journals use criteria similar to those used 
by science journal gatekeepers4 in general, and these 
criteria have been quite thoroughly investigated.2 

To find answers to the other two questions we have 
analysed the national composition of gatekeeping 
boards of analytical chemistry journals, and sought 
correlations between the number of gatekeepers, their 
citation rates and the number of analytical papers 
published by scientists from the country in question. 
A comparison has been made of the citation rates of 
the gatekeepers of organic chemistry, inorganic 
chemistry and analytical chemistry journals, and the 
citation data for the gatekeepers of analytical chem- 
istry journals have been scrutinized. 

EXPERIMENTAL 

As a data-base, 14 anaiytical chemistry, 9 organic 
chemistry and 4 inorganic chemistry journals- 
considered among the most significant in their re- 
spective fields-were chosen.’ The group of analytical 
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chemistry journals was further divided into a sub- 
group of 7 broad-based analytical journals that deal 
with all branches of analytical chemistry6 and 7 
specialty journals. The inter-relationships between 
these two groups of journals were discussed in our 
previous paper dealing with the information flows in 
analytical chemistry.’ 

The broad-based journals were Analytical Chem- 
istry, Analytical Letters A and B, Analusis, Analyst, 
Analytica Chimica Acta, Microchimica Acta and 
Talanta. The specialty journals were Chro- 
matography, Journal of Chromatography, Journal of 
Radioanalytical Chemistry, Journal of Thermal 
Analysis, Radiochemical and Radioanalytical Let- 
ters, Spectrochimica Acta, Part A and Spectro- 
chimica Acta, Part B. 

These journals were examined with respect to the 
nationality of their gatekeepers. We considered as 
gatekeepers the editor(s)-in-chief, the editor(s), the 
managing editor, and the members of the editorial 
and advisory boards, but not the technical editor(s).4 
For the characterization of publication activities of 
the various countries in the field of analytical chem- 
istry, papers published in the 14 analytical chemistry 
journals in 1978 were counted and grouped according 
to countries. In that year 1560 papers were published 
in the 7 broad-based journals and 3610 in the whole 
group of 14 analytical chemistry journals considered. 

As a measure of “effectiveness”, “eminence”, 
“impact”, “importance”, “influence”, “quality”, 
“significance” or “utilization” of the scientific work 
of the gatekeepers, 8.9 the number of citations was 
considered. As a data-base the 1970-1974 cumulative 
volumes of the Science Citation Index” published by 
the Institute for Scientific Information (ISI), Philadel- 
phia were chosen, and the citations under the gate- 
keepers’ names were counted. 

RESULTS AND DISCUSSION 

National distribution of gatekeepers of analytical 
chemistry journals 

Table 1 shows the national distribution and cita- 
tion counts of the gatekeepers for the chosen analy- 
tical journals. The number of gatekeepers from vari- 
ous countries and their specific citation rates vary 
between wide limits. About half of the gatekeepers 
for analytical chemistry journals originate from only 
four countries (U.S.A., U.K., France and F.R.G.). 

In co-opting scientists for journal gatekeeping 
functions, many points of view are probably taken 
into account. Here we would limit attention to only 
two factors affecting the “visibility” of an individual 
with regard to selection as a potential gatekeeper, 

*The impact factor is the number of citations in a given year 
to the papers published in the journal m question during 
the preceding two years divided by the number of those 
papers. 

namely publication productivity in some broad-based 
or specialized analytical field, and the impact of the 
research. 

Accordingly correlations were sought, on the one 
hand between the number of gatekeepers from a 
given country and the numoer of papers published 
yearly in the two groups of journals (broad-based and 
specialty) from that country, and on the other be- 
tween the number of gatekeepers and their citation 
rates. The results are shown in Fig. 1 as log-log plots; 
r and m represent the correlation coefficient and the 
slope, respectively. The overall correlation coefficient 
is r = 0.8. It appears that the two factors examined 
have an equal effect upon the selection of the gate- 
keepers. 

The value of m in the relationship y = axm, i.e., the 
exponent of publication productivity of quality, is 
usually below 1.0, its mean value being 0.71. This 
shows that the relationship is non-linear, in other 
words, to increase the number of gatekeepers from a 
given country, a progressively larger effort is neces- 
sary. 

Along with the regression lines the standard devi- 
ation limits are also shown. Those cases that fall 
outside these limits are regarded as deviating 
significantly from the general group behaviour. For 
instance, taking the broad-based analytical journals 
as an example (Fig. lb), the U.S.A., U.K., France, 
Belgium, Switzerland and Denmark give more gate- 
keepers than would be expected from their publica- 
tion activity. In the citation rates of the gatekeepers 
of the same journals it is again the U.S.A., U.K., 
France and Belgium that figure foremost, along with 
Canada, the Netherlands and Italy. On the editorial 
boards of the broad-based analytical chemistry jour- 
nals, India, South Africa and Israel are relatively 
under-represented. 

Journals and gatekeepers in other subfields of 
chemistry 

The impact factors*” of chemistry journals differ 
over about the same relative range as the citation 
rates of their gatekeepers. Do the scientific quality 
and distinction of the gatekeepers have a repercussion 
upon their gatekeeping activities? 

We have tried to provide an answer to this question 
by comparing the impact factors of the journals with 
the citation rates of their gatekeepers. The data were 
taken from a previous paper.” Tables 24 contain 
data for organic, inorganic and analytical chemistry 
journals, respectively. 

The citation frequencies of the gatekeepers are 
roughly in ratio 3:2: 1 for the organic, inorganic and 
analytical chemistry journals, whereas the average 
impact factors are almost the same for the organic 
and inorganic journals, and that for the analy- 
tical journals is only about 25% lower (Table 5). 
These differences in impact factor are not significant. 
Figure 2 shows a plot of the data. Between the 
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Table 1. National distribution and citation rates of gatekeepers of broad-based and specialty analytical chemistry journals: 
citation rates are given as the average number of citations per gatekeeper over a 5-yr period (1970-1974) and were rounded 

off by the program used 

Analytical chemistry Broad-based analytical Specialty analytical 
journals chemistry journals chemistry journals 

No. of Citation No. of Citation No. of Citation 
Rank* Country gatekeepers rate gatekeepers rate gatekeepers rate 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12eq 

14 
15 
16 
17 
18 

19eq 

23 eq 

26 eq 

28 eq 

31 eq 

USA 
UK 
France 
FRG 
Hungary 
Czechoslovakia 
USSR 
Japan 
Canada 
Belgium 
Italy 

{ 
Switzerland 
Austria 
The Netherlands 
Sweden 
Australia 
Poland 
Denmark 

1 

GDR 
Israel 
South-Africa 
Yugoslavia 
Brazil 
India 
Roumania 
Mexico 
Norway 

{ 

Greece 
New Zealand 
Spain 
Egypt 
Argentina 

Other 
Total 
Average 

154 220 
75 240 
59 90 
31 230 
30 120 
24 120 
23 375 
19 325 
19 220 
18 75 
17 95 
15 165 
15 120 
14 90 
12 300 
9 290 
8 150 
7 345 
6 
6 3;: 
6 330 
6 140 
5 65 
5 260 
5 300 
3 1 
3 67 
2 36 
2 123 
2 15 
1 
1 7 
6 15 

608 
193 

81 260 
49 165 
40 85 
13 120 
5 415 
2 310 
6 685 
9 285 

10 105 
12 80 
4 30 
8 170 
6 115 
6 50 
8 320 
7 345 
4 235 
6 345 
2 120 
2 495 
2 845 
2 50 
2 55 
1 140 
3 200 
2 1 
1 35 
2 35 
1 110 

- 
1 

- 
5 20 

302 
200 

73 180 
26 370 
19 90 
18 305 
25 65 
22 95 
17 255 
10 360 
9 360 
6 60 

13 115 
7 160 
9 130 
8 120 
4 260 
2 120 
4 65 
1 345 
4 70 
4 345 
4 70 
4 180 
3 90 
4 290 
2 440 
1 1 
2 85 

- 
1 135 
2 15 

- - 
1 7 
1 2 

306 
162 

*According to the number connected with all 14 analytical chemical journals. 

specific citation rates of the gatekeepers and the 
impact factors of their journals there is a significant 
correlation (r = 0.6). The slope of the regression line 
is 0.4, which means that the prestige of journals is 
only slightly raised by increasing the prestige of the 
gatekeepers. 

The distribution of the gatekeepers of various 
countries and their citation rates is uneven, just as is 
the distribution of the scientific productivity,‘3 area 
and national wealth of these countries. The Lorenz 
curve is a graphical presentation of the concentration, 
i.e., the inequality of distribution, of various items 
over a population. A point on the Lorenz curve 
shows what percentage of the countries examined are 
endowed with a given percentage of the item plotted 

*Forty-two countries are represented in the editorial boards 
of the international chemistry journals.” Our data are 
also referred to 42 countries in the case of analytical, 
inorganic and organic chemistry journals. 

on the vertical axis. For example, in Fig. 3a we see 
that 25 (i.e., 60%) of the 42 countries* dealt with can 
muster between them only 8% of the gatekeepers of 
broad-based analytical journals, the remaining coun- 
tries having the other 92% of the gatekeepers. In this 
way Fig. 3 tells us that 72, 80 and 83% of the editors, 
and 74, 90 and 96% of the gatekeeper citations of 
analytical, inorganic and organic chemistry journals, 
respectively, stem from only 8 countries. 

In the Lorenz-type graphs an even distribution is 
represented by the diagonal. The divergence of the 
Lorenz curve from the diagnonal is reflected in the 
Gini index, which is a measure of the normalized area 
between the diagonal and the Lorenz curve. It 
ranges from zero, i.e., complete equality, to unity, i.e., 
total inequality. 

Upon comparing the Gini indices shown in Fig. 3 
it becomes clear that the greatest inequality in the 
distribution of the citation rates of the gatekeepers 
appears for the inorganic and organic chemistry 
journals, G = 0.81 and 0.86, respectively. On the 
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Fig. 1. Relationships between the number of gatekeepers and the number of pulications for a given country 
(a-c), and between the number of gatekeepers and their citation rates (d-f) for 14 analytical chemistry 
journals (a and d), 7 analytical chemistry journals of broad-based character (b and e) and 7 specialty 

analytical chemistry journals (c and f). 

other hand, the national distribution of the gate- The natekeepers of analvtical chemistrv iournals 
keepers of specialty analytical chemistry journals is : - - 

. _I 

the most even (G = 0.62). For comparison, the Gini- 
Participation in gatekeeping for some scientific 

index of world scientific publication productivity is 
journal represents a form of reward for the person 

G = 0.91; the indices for the distribution of total 
involved. Participation in many journals is naturally 

national production and of population are G = 0.85 
a cumulated reward, and in such cases no doubt the 

and 0.75, respectively.‘3 
‘IvIatthew_effect,, is at work 

.14* It has been shown 
that scientists who are alreadv known. i.e.. more 

*“For unto every one that hath shall be given, and he shall 
“visible”, are given more reward than others who 

have abundance: but from him that hath not shall be may have similar scientific achievements but are less 

taken away even that which he bath” (Gospel according “visible” and/or less widely known. 
to St. Matthew). Among the 608 gatekeepers of the 14 analytical 
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Table 2. Imnact factors of organic chemistry ioumals and citation data for their Patekeeners 
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Journal 
Impact 
factor No. 

Gatekeepers 

Total Citations 
citations Der catdta 

Carbohydrate Research 1.431 53 6638 125 
Journal of Organometallic Chemistry 2.331 7 9888 1413 
Monatshefte fur Chemie 0.831 38 13584 357 
Organic Magnetic Resonance 1.379 39 16553 424 
Organic Mass Spectrometry 1.253 37 15178 410 
Synthesis 1.758 24 27026 1126 
Synthetic Communications 1.178 30 18360 612 
Tetrahedron 1.745 71 60285 849 
Tetrahedron Letters 2.114 65 60097 925 

Table 3. Impact factors of inorganic chemistry journals and citation data for their gatekeepers 

Gatekeepers 

Journal 
Impact Total Citations 
factor No. citations per caDita 

Inorganica Chimica Acta 2.859 79 42130 533 
Inorganic and Nuclear Chemistry Letters 1.141 26 14441 555 
Journal of Inorganic and Nuclear Chemistry 1.017 73 28635 392 
Zeitschrift fiir anorganische und 

allgemeine Chemie 1.333 38 15220 400 

chemistry journals considered, 61 are members of two 
editorial boards, and 19 participate in three or more. 

The citation rate of gatekeepers of analytical chem- 
istry journals can be well described by a logarithmic 
normal distribution curve (Fig. 4). The median corre- 
sponds to M = 100 citations per 5 yr; in other words, 
50% of the gatekeepers receive over 20 citations per 
year, whereas 68% of them get between 3 and 100 
yearly citations (A4 f a). 

CONCLUSIONS 

The results of our study can be summarized as 
follows. 

1. In the case of analytical chemistry journals, 
whether broad-based or specialized in character, a 

correlation has been shown to exist between the num- 
ber of gatekeepers of a given nationality, and the 
number of analytical papers published in these groups 
of journals by scientists in the country concerned. 

2. For the journals of analytical chemistry a cor- 
relation also exists between the number of gatekeepers 
and their citation rate. This correlation is of about the 
same strength for broad-based and specialized analy- 
tical chemistry. 

3. The relationship between the number of gate- 
keepers (n) and their publication productivity, (i.e., 
their citedness rate, N) is n - aN*, where m shows 
values between 0.6 and 0.8. In other words, for the 
journals mentioned so far, the effort needed for a 
country to increase its number of gatekeepers by one, 
say from 50 to 51 or from 100 to 101, would be twice 

Table 4. Impact factors of analytical chemistry journals and citation data for their gatekeepers 

Journal factor - 
Analytical Chemistry 2.803 
Analytical Letters Parts A and B 0.884 
Analusis 0.774 
The Analyst 1.702 
Analytica Chimica Acta 1.488 
Chromatographia 1.394 
Journal of Chromatography 1.846 
Journal of Radioanalytical Chemistry 0.890 
Journal of Thermal Analysis 0.506 
Mikrochimica Acta 0.779 
Radiochemical and Radioanalytical Letters 0.515 
Spectrochimica Acta, Part A 1.023 
Spectrochimica Acta, Part B 1.621 

No. 

17 
62 
50 
42 
40 
33 
46 
49 
34 
42 
74 
34 
33 

Gatekeepers 

Total Citations 
citations per capita 

3193 188 
15471 250 
6169 123 
8664 206 
7795 195 
8978 272 

11543 251 
4535 93 
3625 107 
8830 210 
6546 88 
5589 164 

15527 471 
Talanta 0.907 51 10831 212 
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Table 5. Comparison of organic, inorganic and analytical chemistry journals (mean and standard 
deviation) 

Characteristics 
Organic Inorganic Analytical 

chemistry chemistry chemistry 

Average impact factor 1.56 k 0.47 1.59 k 0.85 1.22 k 0.62 
Average number of gatekeepers per journal 40 + 20 54 k 26 43 * 14 
Average citations per gatekeeper 693 f 415 470 + 85 202 * 97 

m =0.36 

0. 

4’ ’ 1” ” I I111111 I I) 

IO 5676 IO* 2 3 4 5676103 2 3 

No. of citotions/gofekeeper/5 years 

Fig. 2. Correlation between the citation rate of gatekeepers Fig. 4. Distribution of the number of citations for gate- 
and journal impact factors: l analytical chemistry, 0 keepers of journals in analytical chemistry, plotted on Gauss 

organic chemistry, + inorganic chemistry. paper with logarithmic abscissa. 

and thrice, respectively, as large as that necessary to 
effect an increase from 10 to 11. 

4. There is yet another correlation between the im- 
pact factors (IF.) of the journals and the citation rates 
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Fig. 3. Lorenz curves for the national distribution of 
gatekeepers of various groups of analytical chemistry jour- 
nals (a and b), and of their citation rate (c and d): ... 
broad-based; -.-.- specialty; - analytical chemistry (the 
sum of the first two groups); - organic chemistry; --- 
inorganic chemistry. The corresponding Gini indices are 

also shown. 
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of their gatekeepers. In the relationship n N b (IF.)“, 
the exponent m = 0.4 is smaller than in the corre- 
sponding relationship involving the number of gate- 
keepers. The citation rate of the gatekeepers is there- 
fore reflected in the impact factors of the journals. 

5. The citation rates of the gatekeepers of organic 
and inorganic chemistry journals are 3 and 2.5 times 
(respectively) those for the gatekeepers of the analy- 
tical chemistry journals, and the impact factor of the 
latter journals is about 0.3 below that for the other two 
types of journal. 

6. Of the 608 gatekeepers of analytical chemistry 
journals, 237 have an average citation rate of more 
than 20 per year, 113 have over 50 citations per year, 
and 58 are cited more than 100 times a year. The 
quality or impact of their research has an immediate 
effect on the prestige (impact factor) of the journals. 
Among the 608 editors, 61 are members of more than 
one, 19 of more than two, and 9 of more than three 
boards of analytical chemistry journals. 

Our results show that 75% of the positions of 
power influencing the publication of new results in 
almost all areas of analytical chemistry are concen- 
trated into the hands of scientists from no more than 
ten countries of the world. 
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Summary-Traces of zmc, lead, copper and cadmmm are determined simultaneously by anodic-strtp- 
ping voltammetry (ASV) combined with a preconcentratton technique uttlizing Cl,-bonded glass beads. 
The metals are collected as their 2-(2-pyridylazoJ-5-dtethylaminophenol (PADAP) complexes on a 
column of the beads and the complexes are eluted with a small volume of ethanol-hydrochlorrc acid- 
chloroform mixture. The eluate is evaporated to dryness m the presence of hydrogen peroxide and the 
residue dtssolved in a small volume of acettc acid-sodium acetate buffer. The concentratrons of the 
metals are measured by ASV. Quantitative recoveries are obtained for O.Ol-ng/ml levels of the metals. 
Many ions which interfere in the direct ASV procedure do not interfere m the present method. 

Numerous preconcentration techniques for trace-ele- 
ment analysis of aqueous samples have been proposed 
and reviewed by many authors. The surface adsorp- 
tion technique is one of the most versatile methods 
for the concentration and/or separation of trace el- 
ements from a variety of matrices.1p’4 In this tech- 
nique, the trace element is adsorbed as a complex on 
an adsorbent such as a hydrophobic resin2~5,8-‘4 or 
activated carbon.‘,’ 

We have proposed C,s-bonded glass beads and 
polypropylene wool’ ’ as the adsorbent, on which 
traces of cobalt8 iron” and phosphorus9-‘i were 
collected as coloured complexes and eluted with a 
small volume of eluent, then determined spectro- 
nhotometricallv. Since these adsorbents have no inner 
1 , 

surfaces, adsorption and desorption of the complexes 
are very fast. and more than 100-fold concentration 
can easily be achieved. 

Similar applications have been reported by Wata- 
nabe et aLi and Sturgeon et al.,14 in which 
Cis-bonded silica gel was used for the preconcentra- 

tion of several heavy metals in sea-water samples, and 
the concentrates were analysed by inductively- 
coupled plasma atomic-emission spectrometry 

(ICP-AES) or graphite-furnace atomic-absorption 
spectrophotometry. 

In the present study, zinc, lead, copper and cad- 
mium were collected as their 2-(2-pyridylazo)-5-di- 
ethylaminophenol (PADAP) complexes on a column 
of C1 a-bonded glass beads and determined by anodic- 
stripping voltammetry (ASV). ASV is one of the most 
sensitive methods for trace analysis, and the instru- 
mentation is generally inexpensive and often home- 

made, as in the present work. Simultaneous determi- 
nations can be done with a small volume of sample. 

PADAP was chosen as the complexing reagent 
since it forms highly coloured water-soluble com- 
plexes with the metals concerned under conditions in 

which calcium and magnesium do not form 
complexes.’ 5 

Reagents 

EXPERIMENTAL 

C,,-bonded glass beads. Prepared by treating 10&120 
mesh non-porous glass beads as reported prevtously.” 

PADAP. Synthesized as reported previously.rh and dis- 
solved in 0.05M hydrochloric acid to give a 0.05% solution. 

Buffer sohrtion, pH Y.5. Prepared by mixing equal 
volumes of 0.05M sodium tetraborate and 0.05M sodmm 
carbonate. The reagents were purified by recrystalhzatron. 

Eluent. A 7:2:1 v/v mixture of ethanol. O.lM hydro- 
chlortc acid and chloroform. 

Supporting electrolyte. Prepared by mixing equal 
volumes of 0.1 M sodium acetate and 0.1 M acetic acid. The 
sodium acetate was purified by recrystallizatron. 

Hydroxylammonium chloride solution, 30%. Prepared 
with recrystallized hydroxylammonium chloride. 

Standard metal solutions. Prepared by dissolving the 
nitrates or chlorides in hydrochloric acid, and standardized 
by complexometry. 

Other chemicals used were reagent-grade. The water was 
doubly dtstilled. 

Apparatus 

ASV mstrument. Constructed as described by Possley 
and Higgins.” 

Electrochemical cell. This was essentially of the same 
type as that described by Barendrecht.” A hanging mer- 
cury drop electrode and a saturated calomel electrode were 
used as the working and reference electrodes. respectively. 
The volume of the cell was 1 ml. 
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Pump. A Taiyo Kagaku model 150-N tubing pump was 
used The flow-rate could be controlled over the range 
from 0.5 to 10 ml/min. 

Column. The column was prepared in a glass tube. 
1Omm m diameter and 300mm in length, by addmg a 
slurry of the beads m ethanol until the height of the bed 
was 250 mm. Before use. it was washed with water to 
remove the ethanol. 

Procedure 
To a sample solution containing less than 0.1 pg of zmc, 

lead. copper and cadmium, add 1.0 ml of the PADAP sol- 
utlon and adjust the pH to about 9.5 with the buffer sol- 
utlon. Set aside for more than 30 but less than 120 min, 
then pump the solution through the column at a flow-rate 
of about 10 ml/min. Pump the eluent slowly through the 
column (< 1 ml/mm) and collect the coloured portion of 
the eluate in a beaker. Add 0.25 ml of 3036 hydrogen per- 
oxide. and heat slowly. When the solution has become 
colourless, add 3 ml of the hydroxylammonmm chloride 
solution. and evaporate to dryness. Cool to room tempera- 
ture and dissolve the residue with 2 ml of the supporting 
electrolyte. Transfer I ml of the solution into the electro- 
chemical cell and measure the concentration by ASV under 
the followmg conditions: deposition period 5-20 mm; de- 
position potential - 1.2 V 11s. SCE ; sweep-rate IO mV/sec 

RESULTS AND DISCUSSION 

Complesing reagent 

PADAP is proposed as the complexing reagent, 
because it forms highly coloured complexes with 
many heavy metals under conditions in which cal- 
cium and magnesium do not form complexes. and 
because the reagent and its complexes are rather 
water-soluble.‘5 4-(2-Pyridylazo)-resorcinol, a well- 
known water-soluble complexing reagent, was also 
examined, but the adsorbed complexes were not easily 
eluted. 

A large excess of PADAP does not affect the 
results. In this study, 1.0 ml of 0.05% PADAP sol- 

ution (more than 600-fold excess for 0.1 pg of copper) 
is added. 

Effect of pH 

Figure 1 shows that pH values higher than 9.2 give 
quantitative recovery for the individual metals. A pH 
of 9.5 was therefore chosen for complex formation. 
For pH adjustment, a sodium tetraboratesodium 
carbonate buffer was used, since these reagents can be 
easily purified by recrystallization. 

Standing time before adsorption 

Less than 30 min gives low recovery, since the 
complex formation is not complete. More than 2 hr 
also gives low recovery, owing to adsorption of the 
complexes on the beaker wall. 

EfSrct qfj7owrate 

Recoveries of the metals did not vary with sample 

flow-rate in the range of 0.5-10 ml/min. A flow-rate of 

lOml/min (the maximum attainable with the pump 

used) was selected for use. The adsorbed complexes 

were eluted at flow-rates lower than 1 ml/min. 

PH 

Fig. I. Effect of pH on recovery (lOO-fold concentration 
factor). Concentration of each metal in the sample solution 

IS 1 0 pgg/l. 

Adsorption capacity qf the adsorbent 

The adsorption capacity of the C,,-bonded glass 
beads used was found to be 0.2pmole/g, by the 
column “breakthrough” technique,” with the Cd- 
PADAP complex as the indicator species. The small 
capacity is due to the small surface area of the non- 
porous glass beads used, but causes no problem, since 
the heavy metals with which PADAP reacts under the 
conditions used are present only at trace level in 
natural waters. 

Ehent 

Hydrochloric acid and several organic solvents 

were tested. The complexes are decomposed by O.lM 
hydrochloric acid, but not completely eluted by it. 
Dimethylsulphoxide and dimethylformamide are 
effective eluents, but their low volatility makes it diffi- 
cult to remove them by evaporation before the ASV 
measurement. Chloroform is one of the most effective 
solvents, but its high density causes mixing at the 
water-chloroform boundary during the elution. 
Various mixtures of ethanol, O.lM hydrochloric acid 
and chloroform were studied. A 7:2: 1 v/v mixture 
proved excellent, the adsorbed complexes being eluted 
with less than 10 ml of the eluent, and the eluate 
easily evaporated to dryness. 

Treatment of the eluate before ASV measurement 

Since ASV measurement could not be done directly 
in the eluate medium, the solvent was removed by 
evaporation before the ASV measurement, but recov- 
ery was poor if the PADAP was not decomposed. 
because of re-formation of the complexes in the sup- 
porting electrolyte medium. Addition of hydrogen 
peroxide to the eluate before the evaporation gave 
excellent recoveries. 

Optimum conditions for ASV 

Several media, such as acetlc acid, sodium acetate, 
ammonium acetate, potassium nitrate. sodium potas- 
sium tartrate and sodium citrate were tested as SUP- 

porting electrolytes. A mixture of equal volumes of 
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Table 1. Recoveries of the metals at various concentrations in various volumes 

Metal concn., Volume, 

W/l. ml 
Deposition 
period, min 

Recovery, % 

Zn2+ Cd2+ Pb’+ CU*+ 

1.0 100 5 99 99 99 105 
4* 3* 3* 5* 

0.50 250 5 99 99 99 104 
4* 4* 4* 5* 

0.10 250 10 97 98 97 103 
7* 6* 6* 8* 

0.050 250 20 97 95 95 97 
6* 6* 6* 7* 

0.010 500 20 94 94 92 95 
8* I* 7* 9* 

Recoveries are mean values of 10 determinations. 
*Coefficient of variation, %. 

O.lM sodium acetate and 0.M acetic acid is pro- 
posed, because reproducible stripping potentials and 
peak currents were obtained with this medium. 

The stripping potentials for zinc, cadmium, lead 
and copper are -0.96, -0.59, -0.42 and -0.05 V vs. 
SCE, respectively, in this supporting electrolyte. A 
potential of - 1.2OV DS. SCE was chosen for depo- 

sition. 
The peak current increased in proportion to the 

deposition period over the range tX40min. Sweep- 
rates ranging from 1.6 to 53.2 mV/sec were tested. 
Higher sweep-rates do not give reproducible results, 
and 10 mV/sec is recommended. 

Recovery and precision 

Table 1 shows the recoveries of the metals at 
various concentrations from various volumes of dou- 
bly distilled water. Spiking with standard solution 
was used. Better than 95% recovery was obtained at 

the 0.05-ng/ml level, with satisfactory precision. Better 
than 90% recovery was obtained with 500-ml sample 
volumes containing 5 ng of the metal. 

EfSect I_$ diverse species 

Table 2 shows the effect of various species on the 
determination of the metals by the present method, as 
compared with that on direct ASV. It is clear that 

many ions which interfere with the direct ASV 
method do not interfere in the proposed method. 
Large amounts of potassium, sodium and chloride do 
not affect the determination, nor do 1OOOppm of 
magnesium or 500 ppm of calcium (because they do 
not form complexes with PADAP under the con- 
ditions used). 

Separation of the heavy metals from the matrices 
and from interfering ions in natural waters is a great 

advantage in this preconcentration technique. 

Cobalt(II), nickel, manganese(I1) and iron(W) form 

Table 2. Effect of diverse ions 

Ion Method 
Concn., 

@l/l. Zn2+ 

Recovery, % 

Cd2 + Pb*+ cu2+ 

A?+ direct ASV 1.0 29 97 95 71 
present method 10 98 98 98 101 

Fe3+ present method* 1 .o 50 65 67 70 
present method 5.0 97 97 99 96 

Sn2 + direct ASV 1.0 110 98 t t 
present method 10 96 98 98 98 

Br- direct ASV 10 93 96 97 70 
present method 10 99 99 99 100 

I- direct ASV 10 91 93 91 156 
present method 10 98 98 99 100 

SCN- direct ASV 1.0 91 83 89 61 
present method 10 97 98 99 101 

Gelatine direct ASV 1.0 89 85 83 55 
present method 10 100 99 99 102 

*In the absence of hydroxylammonium chloride. 
tCannot be measured. 
lOO-fold concentration was performed in the present method. 
Concentration of each metal was 0.1 mg/l. in the electrochemical cell. 
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reddish complexes with PADAP under the conditions 
used and are adsorbed on the glass beads. Of these, 
only iron(II1) interferes with the determination of the 
four metals of interest, and this interference can be 
eliminated by addition of hydroxylammonium chlor- 

ide, as shown in Table 2. 
Chromium(II1) slowly forms a PADAP complex. 

which is adsorbed on the glass beads, but large 
amounts of chromium(II1) do not affect the ASV 
measurement. 

In the presence of very high concentrations of these 
metals, large amounts of reagent and adsorbent 
should be used so that enough will be available for 
the complexation and adsorption of the metals to be 
determined. 

CONCLUSIONS 

Very high concentration factors are obtained by 
this simple preconcentration technique. A combi- 
nation of the preconcentration technique with ASV is 
very promising for simultaneous determination of 

traces of heavy metals. PADAP is especially advan- 
tageous as the complexing reagent, forming water- 
soluble complexes with the four metals, but not with 
calcium and magnesium which are matrix species in 
natural waters. 

Arsenic and tin, if present. seriously interfere with 
the determination of the four metals by direct ASV, 
but can be removed in the preconcentration step. 

Since PADAP reacts with many heavy metals. this 
preconcentration technique will be applicable to the 
determination of many other metals in natural waters, 
if this separation method is combined with other 

instrumental methods such as ICP-AES, graphite- 
furnace atomic-absorption spectrophotometry and 
differential-pulse anodic-stripping voltammetry. 
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Summary-To establish the mechanism of heteropoly anion extraction, the sorption of phosphomolyb- 
date by polyether-based polyurethane foam was investigated. The effect of several variables on the 
extraction was studied and the optimum conditions were ascertained. The results of this study indicate 
that the cation-chelation mechanism cannot account for the extraction of phosphomolybdate by 
polyether foam. 

The extraction of phosphomolybdate by diethyl ether 
was described as early as 1864.’ Later, Scroggie’ 
reported that oxygen-containing organic solvents, 
such as ethers, esters, ketones and aldehydes, are good 

extractants for phosphomolybdate, and since then 
many reports have appeared on the extraction and 
separation of heteropoly anions with various oxygen- 
containing organic solvents. Phosphomolybdic acid 
has been extracted with ethyl acetate,3 butyl acetate,4 
2-methyl-1-propanol,’ 3-methyl-l-butanol,6 l-octa- 
nol’ and a mixture of butanol and chloroform.* 
Recently. high molecular-weight amines have also 
been introduced for the extraction of heteropoly 
anions.’ The extraction and separation of heteropoly 
anions have been reviewed.“*’ ’ 

Nevertheless, the mechanism of the extraction has 
not yet been established. Although several mechan- 
isms have been proposed,” two in particular have 

been discussed most frequently. They are based on the 
assumption that a donor-acceptor interaction takes 
place between an oxygen atom of the organic solvent 
and the heteropoly complex. According to one of the 
mechanisms the oxygen atom of the solvent interacts 
with the molybdenum of the heteropolymolybdate 
and the changes in the absorption spectra of the 
extracts of heteropoly complexes are attributed to the 
increase in the co-ordination number of the molybde- 
num atom.10,14 According to the other, which is com- 
monly known as the hydrate-solvate mechanism, the 
extraction is due to interaction of the solvent with the 
cationic part of the heteropoly acid or salt.‘3,14 It is 
obvious that the two mechanisms differ only in one 
respect, namely the part (cationic or anionic) of the 
extracted species that interacts with the oxygen atom 
of the solvent. 

Since it has been observed that polyether foam 
extracts several metal anionic complexes through the 
cation chelation mechanism (CCM),” the extraction 
of phosphomolybdate by polyether foam was studied 
in the hope that the results would cast new light on 
the mechanism of heteropoly anion extraction and 

also extend the analytical value of polyether foam for 
the extraction of phosphorus, silicon, arsenic, germa- 
nium etc., as heteropoly anions. 

EXPERIMENTAL 

Apparatus 

A Varian 6348 spectrophotometer, Fisher Accumet 
model 520 pH-meter and a Packard Tri-Carb model 3320 
liquid scintillation spectrophotometer were used. A thermo- 
statically-controlled multiple automatic squeezer was used 
for squeezing the foam in sample solutions. 

Reagents 

Phosphorus-32 (t1,2 = 14.3 days) was obtained from 
New England Nuclear of Canada. Aqueous counting scin- 
tillant (ACS) was supplied by Amersham Ltd. All other 
chemicals used were of analytical grade. An acid-resistant 
polyether-type polyurethane foam was obtained from 
Union Carbide. Foam cubes, each weighing 70 & 5 mg 
were washed according to the procedure described 
earlier.16 

Stock solutions of sodium molybdate and sodium dihyd- 
rogen phosphate were prepared and stored in polyethylene 
bottles to avoid contamination from glass. 

Procedure 

Sample solutions were made by diluting the stock sol- 
utions to give the required concentrations. The solution 
containing the required amount of phosphate and other 
reagents was spiked with a sufficient amount of 
32P-labelled phosphate. The sample solution (100 ml) was 
then equilibrated with a foam cube in the extraction cell 
for 3-4 hr, which was found sufficient to establish equilib- 
rium. 

The degree of extraction (E) was determined by counting 
the radioactivity of a 2 ml aliquot of sample mixed with 
10 ml of ACS “scintillation cocktail”, before and after equi- 
librium with the foam: 

E = Activity,,,,,, - Activity,,,,, 

Activrtyt.,,,,, > 
x 100% 

The distribution coefficient (D) was calculated from the 
degree of extraction: 

D= 
EV 

(100 - E)W 
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where Vis the sample volume (I.) and Wthe weight of foam 
(kg); D is thus expressed in I./kg. 

RESULTS AND DISCUSSION 

The results of preliminary studies showed that the 
heteropolymolybdates of phosphorus, silicon, arsenic 
and germanium. both in the reduced and non-reduced 
forms, are effectively extracted by the polyurethane 
foam. It was also noticed that the foam does not 
extract any detectable amount of the hetero-atom spe- 
cies in the absence of molybdate. The sorption of the 

yellow phosphomolybdate by polyurethane foam was 
studied in detail because the analytical literature con- 

tains a large number of papers describing the most 
appropriate conditions for the formation of yellow 
phosphomolybdate and its extraction into various or- 
ganic solvents. In order to establish the optimum con- 
ditions for extraction of phosphomolybdate by 
polyurethane foam, the influence of various par- 
ameters was studied. 

Effect of acid concentration 

It has been reported” that the formation of phos- 
phomolybdate is maximal between pH 1 and 2.0. 
However, the acidity range for the extraction of hetero- 
poly anions has been found to depend on the nature 

of the organic solvent lo and for most solvents is wider 
than the acidity range for formation of a given hetero- 
poly anion. i7,18 The extraction curve for polyether 
foam is shown in Fig. 1. As can be seen. the distribu- 
tion ratio of phosphomolybdate increases with 

increasing acidity of the aqueous phase. The distribu- 
tion ratio reaches a maximum at about pH 2.5 and 
remains constant up to pH c 1.2. Further increase in 
the hydrogen-ion concentration results in a sharp de- 
cline in the distribution ratio. It is quite reasonable to 
assume that at higher acid concentration the sharp 
decrease in the extraction of phosphate results from 
the decomposition of the extractable species, i.e.. 

HaPMoiz040~ according to the equilibrium pro- 
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Fig. 1. EtTect of pH on the extraction of phosphomolyb- 
date. Conditions: 70 + 5 mg of foam, 150 ml of solution 
4 x 10m5M PO:-, 1 x lo--‘it4 MOO:-, pH adjusted with 

HCI. LiCl added to maintain 0.5M ionic strength. 

posed by Souchay. lg Similar extraction behaviour has 

been reported by other workers.‘7s18 On the other 
hand, our study showed that the formation of hetero- 
polymolybdate is maximal between pH 1.35 and 1.7. 

It is evident from these results that as with numerous 
solvent-extraction systems, the optimum acidity range 
for extraction of phosphomolybdate into polyether 
foam is wider than the acidity range for its formation. 

Effect of molybdate corzcentration 

The extraction of phosphomolybdate was studied 

as a function of molybdate concentration. The results 
of one such study are shown in Fig. 2. Curve a dis- 

100 

25 

0.2 

CMoO:-3: c PO:-1 

Fig. 2. Effect of molybdate on the formation and sorption of phosphomolybdate. Conditions: a, 
[PO:-] = 4 x 10-5M. pH = 2.0 k 0.1, i. = 420 nm; b, 70 + 5 mg of foam, 150 ml of solution 

4 x lo-‘M in PO:-, pH = 2.0 * 0.1, 0.5M ionic strength maintained with LiCI. 
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plays the absorbance of the aqueous solution as a 
function of molybdate to phosphate ratio; the shape 

of the curve indicates that the formation of yellow 
12-phosphomolybdate is not proportional to the 
amount of molybdate added. Similar results have 
been reported by Murata et al.,” who have suggested 
that a small amount of molybdate preferentially pro- 
duces the colourless intermediate phosphomolybdate 

complexes which, on further addition of molybdate, 
are converted into yellow 12-phosphomolybdate. On 
the basis of these studies, they have proposed the fol- 

lowing equilibria for the formation of lZphosphomo- 
lybdate: 

molybdate concentration (i.e., up to 750-fold excess of 

molybdate), above which the distribution ratio stead- 
ily decreases with increasing molybdate concen- 
tration. The decrease in the extraction of phosphomo- 
lybdate is most likely due to increase in the simul- 
taneous extraction of isopolymolybdate species into 
the polyether foam. 

Efict of phosphate concentration 

The extraction of phosphomolybdate was also stud- 

PO:- + MOO:- , ,“;_ ’ (intermediate)complexes ,“’ ‘,$“‘- \ PMo,,Oi; 

It can be seen that the absorbance does not reach its 
maximum even at 40-fold excess of molybdate. This 
confirms the earlier reports that a large excess of 

molybdate is required to ensure the complete forma- 
tion of 12-phosphomolybdate. 

Curve b, in Fig. 2, represents the degree of extrac- 
tion of phosphate as a function of molybdate concen- 
tration. As expected, the extraction increases with 
increasing molybdate concentration. The striking 
feature of this curve is that the extraction reaches a 
maximum at about 25-fold molar ratio of molybdate 

to phosphate. An excess of molybdate is used for the 
formation and subsequent extraction of phosphomo- 
lybdate into oxygen-containing organic solvents.20.21 

The results of other experiments with different 
amounts of phosphate and 25-fold molar ratio of 
molybdate confirm that this excess of molybdate is 
sufficient for extraction of more than 99% of phos- 
phate as phosphomolybdate into foam. 

In another study, phosphomolybdate was extracted 
from a series of solutions containing a fairly high con- 
centration of molybdate. It is clear from Fig. 3, where 
log D is plotted against log of initial concentration of 
molybdate, that extraction of 4 x lo-‘M phosphate 
remains practically constant up to 3 x lo-‘M initial 

ied as a function of phosphate concentration. Figure 4 
shows the plot of log D us. log initial concentration of 
phosphate. As can be seen, the D values are practi- 
cally constant up to a certain concentration of phos- 
phate, and then decrease at higher concentrations. All 
the distribution curves are similar except that the 

break in the curve is shifted towards lower phosphate 
concentration with increasing molybdate concen- 

tration. The drop in D values with increase in phos- 
phate concentration might be attributed to either the 
polymerization or the dissociation of 12-phosphomo- 
lybdate. On the other hand, it is equally reasonable to 
assume that the drop in D values, caused by the in- 
crease in phosphate concentration, indicates the ca- 
pacity of the foam. The capacity calculated from 

curve a (Fig. 2) is 0.75 meq/g. This capacity is slightly 
lower than that reported for other systems, e.g., 

c 1 meq/g.24 The lower foam capacity for phospho- 
molybdate is most likely due to the simultaneous 
extraction of isopolymolybdate species, which is 
further confirmed by the results in Fig. 4. which show 
a steady decrease in the foam capacity for phospho- 
molybate with increase in the initial concentration of 
molybdate. 

._._a _*-._ *A. 

55 

t 

- 3.0 -2.5 -2.0 

log C Na,MoO,l 

Fig. 3. Effect of varying the initial concentration of sodium molybdate on the extraction of phosphomo- 
lybdate. Conditions: 70 f 5 mg of foam, 150 ml of solution 4 x lo-‘A4 PO:-, pH = 2.0 k 0.1, OSM 

ionic strength maintained with LiCI. 
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I- 1 I I 

-4.6 -4.2 - 3.8 

log c PO:-1 

Fig. 4. Effect of varying initial concentration of phosphate 
on the extraction of phosphomolybdate. Conditions: 
70 + 5 mg of foam, 150 ml of solution, (m) 2 x 10m2M, 
(+) 1 x 10-ZM, (0) 6 x 10-3M MOO:-, pH = 2.0 + 0.1, 

0.5M ionic strength maintained with LiCl. 

Effect of alkali metal chlorides 

The effect of alkali-metal chlorides on the extrac- 
tion of phosphomolybdate can be useful in evaluating 
possible mechanisms for the process. 

It has been observed15 that for the systems where 
the cation chelation mechanism (CCM) is at work, the 
nature and concentration of the cations present play 
an important role in the extraction of anions into 
polyether foam. The influence of neutral salts on the 
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Fig. 5. Effect of varymg the lithium chlortde concentration 
on the sorption of phosphomolybdate. Conditions: 70 f 5 
ml of foam, 150 ml of solution. 4 x 10-5M PO:-, 
pH = 2.0 k 0.1, (0) 1 x 10-3M, (A) 5 x 10m3M, (+) 
1 x lo-*M, (D) 3 x lo-*M MOO:-, LiCl added to main- 

tain 0.5M ionic strength. 

extraction of phosphomolybdate was studied in the 
hope that it might help in understanding the mechan- 

ism of extraction. The effect of lithium chloride on the 
extraction of phosphomolybdate was studied at differ- 
ent initial molybdate concentrations. The results of 

these studies are displayed in Fig. 5 and are also sum- 
marized in Table 1. It is clear that for a given initial 
concentration of molybdate, the distribution ratio 
remains constant up to a certain concentration of lith- 

Table 1. Effect of lithium chloride on the extraction of phosphomolybdate 

Log distribution ratio (I./kg) at different 
concentrations of Na,MoO, 

Lithium chloride, M I x 10-3M 5 x 10-3M 1 x IO-‘M 3 x IO-‘M 

0.0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
1.2 
1.3 
1.4 
1.6 
2.0 
2.3 

5.62 
5.60 
5.62 

5.60 

5.61 

5.08 

4.78 
4.25 

3.46 

5.6 

5.62 
5.61 
5.61 
5.4 
5.22 

4.25 
3.58 

- 
5.60 
5.61 

5.63 
- 

5.62 
- 

5.61 
- 
- 

5.61 
- 

5.61 
5.32 
4.29 
3.16 

5.61 

5.61 
5.37 

4.95 
4.52 

3.81 
3.50 

Conditions: [PO:-] = 4 x lo-‘!vf, pH 2.0 f 0.1, foam weight 70 + 5 mg. 
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ium chloride, above which the extraction of phospho- 
molybdate deteriorates. On the other hand, for a 
given initial concentration of lithium chloride (e.g., 
0.8M), with increasing molybdate concentration the 
extraction increases to a maximum value and then 
declines. A similar effect in the extraction of 12-phos- 
phomolybdate into butanol, with increasing sodium 
chloride concentration, has been observed by Ander- 
son.” The decrease in the extraction of phosphomo- 
lybdate in the presence of sodium ions at concen- 
trations 20.3M has also been reported by Russian 
workers and has been attributed to the low stability 

of 1Zphosphomolybdate under these conditions.25 

Owing to the very complex chemistry of phosphomo- 
lybdate, it is very difficult to give any definite reason 
for the influence of lithium chloride on its extraction. 
However, the drop in D values with increasing con- 
centration of lithium chloride tends to suggest that 
the CCM cannot account for the extraction of phos- 
phomolybdate. This is further substantiated by the 

fact that phosphomolybdate is also extracted well by 
polyester-based polyurethane foam. The failure of 
polyether foam to extract the PMo,,O& anion by 
the CCM may be attributed to the fact that according 
to that mechanism the extraction of a triply charged 
anion would require three cation-containing helices of 
polyether chains to be arranged around it. The possi- 
bility of such an arrangement is lower in the poly- 
mer. Al-Baz? has observed that the extraction of the 

triply-charged Rh(SCN)z- complex anion cannot be 
explained on the basis of the CCM, although it has 
been proved that the extraction of several doubly 
charged metal thiocyanate complex anions 

[M(SCN):-] takes place through this mechanism. 
The oxonium type mechanism might be considered 

to account for the sorption of phosphomolybdate by 
polyether foam. According to this mechanism, the 
protonation of ethereal oxygen atoms of the polymer 
in acidic medium results in the formation of an oxo- 
nium type salt, which thus can extract the heteropoly 
anion (PMoi20z;) by an anion-exchange mechan- 
ism. Based on this, polyether foam may be regarded 
as a weak-base anion-exchanger. The high values of 
the distribution ratio (4 x 105) and of the foam ca- 
pacity (0.75 meq/g) observed for the present system 
further support this idea. This possibility has also 

been mentioned by other workers.24,27 In addition, 
sorption of the undissociated acid, H3PMoi204e, 
may be very competitive. or perhaps the interaction of 
ethereal oxygen atoms with molybdate, as suggested 
for solvent extraction systems, may be responsible for 
the observed extraction. 

Assuming that phosphomolybdate is extracted into 
polyether foam by any mechanism other than CCM, 
the decline in the D values with increase in concen- 
tration of lithium chloride may be attributed to the 
simultaneous extraction of Li+, along with MOO:- 
or any other suitable anion, into the polyether foam 
by the CCM. Since according to this mechanism, 
the extraction of Li+ will be accomplished by the 

formation of a helical pattern of inwardly directed 
oxygen atoms of polyether chains around the cation. 

the adoption of such a geometry by polyether chains 
to encage the cation will certainly limit the avail- 

ability of ethereal oxygen atoms for the extraction of 
phosphomolybdate, i.e., would lower the degree of 
extraction. The decrease in the degree of extraction at 

high molybdate concentration can be explained by 
using the same argument. Since sodium molybdate 
was used as the source of molybdate, the addition of 
more of it not only increases the formation and thus 
the extraction of phosphomolybdate, it also enhances 

formation of the helical structure in the polymer 
owing to the extraction of sodium molybdate and 
thus decreases the number of “free” ethereal oxygen 
atoms to interact with phosphomolybdate. 

In order to test this reasoning, the sorption of phos- 
phomolybdate from sodium and potassium chloride 
solutions was studied. Since according to the CCM 
extractive power of polyether foam for alkali-metal 
cations increases in the order Li + Na+ < Cs+ < 
Rb+ < K+, greater interference would be expected 
from the more extractable cations if the explanation 
above is correct. The formation of precipitates did not 
permit the study of the effect of rubidium and cae- 
sium. The effect of potassium was studied but only 
over a small range of concentration (again because of 
precipitation). However, the extraction of phospho- 
molybdate was studied over a wide range of concen- 
tration of sodium chloride. The results are shown in 

Fig. 6, where they are compared with those of a simi- 
lar study using lithium chloride. As expected the 
extraction of phosphomolybdate in the presence of 
equal concentrations of alkali-metal cations decreases 

-I- I I I I 

OS IO I5 20 

C Alkoll- metol chlorlde3 (Ml 

Fig. 6. Effect of varying initial concentration of alkali- 
metal chlorides on the extraction of phosphomolybdate. 
Conditions: 70 & 5 mg of foam, 150 ml solution, 
4 x 1W5M PO:-, 6 x 10-3M MOO:-, pH = 2.0 k 0.1, 

(0) LiCl, (m) NaCI, (a) KCl. 
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in the following order: Li $ Na+ > K+. These 11. E. N. Dorokhova and I. P. Alimarin, ibid., 1979, 48, 

results tend to suggest that the presence of a cation 
that can be chelated enhances formation of helical 
structure in the polymer and thus interferes with the 
sorption of species such as phosphomolybdate, which 
are not extracted through the CCM. 
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Summary-The system Hg(II)/Xylenol Orange/Amberlite LA-2 dissolved in 1: 1 v/v 3-methylbutan-1-ol/ 
chloroform medium has been studied. A 3:2:2 complex is formed, which is suitable for analytical 
measurements at temperatures ~18”. This complex allows the determination of mercury in the range 
0.19-5.5 ppm with a molar absorptivity of 2.12 x lo4 1 .mole-’ .cm-’ at 600 nm and extraction pH of 
7.4 (standard deviation 0.065 ppm). The proposed method has been applied to the determination of 
mercury in contaminated water with a high chloride content. 

In a previous paper’ a study of the reaction of Hg(I1) 
and Xylenol Orange (X0) in aqueous solution was 
reported. To improve this spectrophotometric deter- 
mination an attempt has been made to extract the 
ternary complex with Amberlite LA-2 as the second 
ligand, which is soluble in organic solvents. 

The liquid anion-exchanger Amberlite LA-2 
(N-lauryl-N-trialkylmethylamine) denoted here by 
LA-2 or HNR,R*, has been widely used in extraction 
processes,’ because of its property of ion-pair forma- 
tion. However, the nitrogen atom in LA-2 can provide 
an electron-pair to form a ternary co-ordination 
complex through the uncharged species HNR1R2, or 
can form ion-association complexes through the cati- 
onic species H2NR1Rl. In this paper a mechanism is 
suggested in which both species of LA-2 are involved 
in the extraction of the anionic Hg(II)/XO binary 
complex. 

EXPERIMENTAL 

Reagents 

Xylem1 Orange. Aqueous solution, 1.0 x 10m3M. 
Mercury(ll) nitrate. Aqueous solution, 1.0 x 10m3MM, in 

0.05M nitric acid. 
Citric acid. Aqueous solution, 0.2.M. 
Disodium hydrogen phosphate. Aqueous solution, 0.4M. 
Amberhte LA-,‘. Chloride form. 
All chemicals were of analytical-reagent grade. 

Procedure 

The sample solution containing Hg(I1) is mixed with 1.0 
ml of 10m3M X0 and 5.0 ml of pH-7.4 citrate/phosphate 
buffer. diluted with water to 25.0 ml and shaken with 4.5 

*Paper presented at Euroanalysis IV, Helsinki, 1981 

ml of LA-2 solution (0.6 ml of LA-2 and 3.9 ml of 1: 1 v/v 
mixture of isoamvl alcohol and chloroform). Shaking for 
30-60 set is enobgh to reach equilibrium. The organic 
phase is centrifuged and separated, dried with anhydrous 
sodium sulphate and measured at 600 nm in l-cm glass 
cells, against a spectrophotometric blank of X0, prepared 
in the same way. 

RESULTS AND DISCUSSION 

Selection of the solvent 

The anion-exchanger LA-2 is soluble in water- 
immiscible alcohols having 4 or 5 carbon atoms: 
butan-l-01, butan-2-01, pentan-2-01 and 3-methylbu- 

tan-l-01, were tested in the present work because 
these solvents have an oxygen donor-atom which can 
co-ordinate with mercury(I1) during the extraction. Of 
these, 3-methylbutan-l-01 (isoamyl alcohol) proved 
the best, owing to its lower solubility in water. How- 
ever, to keep the polarity of the solution as low as 
possible (dielectric constant z lo), with no substantial 
modification of the extractive power of the alcohol, 
the solvent should be mixed with chloroform, which 
increases the density of the mixture but takes no part 
in the earaction process. 

A spectrophotometric study at 590 nm on solutions 
containing Hg(I1) and X0 has indicated that a 1: 1 v/v 
mixture of alcohol and chloroform is optimal for the 
extraction. The optimal organic solvent:LA-2 ratio is 
8:l v/v. 

Absorption spectra 

The absorption spectra of the organic extracts of 
X0 and its Hg(I1) complex in the presence of LA-2 
show two absorption maxima at 460 and 590 nm, the 
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complex being hyperchromic at the longer wave- 
length. These maxima are shifted bathochromically by 
10 nm from those for aqueous solutions of X0 and its 
Hg(I1) complex, in the absence of an amine, such as 
hexamethylenetetramine, as the second ligand.1,3,4 

This behaviour may be attributed to the possible for- 
mation of a ternary complex in which LA-2 takes part 
as the second ligand, linked through its amine groups 
to the Hg(I1) and the binary Hg(II)/XO complex. It 
may also be attributed to the alcohol present because 
of the change in the dielectric constant of the medium. 
If an amine, such as LA-2, with suitable pK, value 
and solubility in organic media, is not present, there is 
no extraction. The difference spectrum indicates that 
600 nm is the most suitable wavelength for analytical 
measurements. 

more extractable at lower pH values because the X0 
is then more protonated, and is nearly completely 
extracted at pH <7. The complex shows slightly dif- 
ferent behaviour (Fig. 1, curve l), the extraction maxi- 
mum being reached near pH 7. The difference spec- 
trum in this figure shows that the optimum range of 
pH for the extraction (pH,,) is 7.2-7.5 (curve 3). 

Effect of the concentration of LA-2 

The degree of extraction 01 X0 increases with the 
LA-2 concentration, a constant absorbance value 
being reached when at least 0.5 ml of LA-2 per 4.0 ml 
of mixed organic solvent is used. It may be assumed 
that an outer-sphere (ion-association) complex is 
formed, which allows the extraction of X0. The coun- 
ter-ion for the X0 anion is thought to be H,NR,Ri. 

according to the equilibria: 

I H,XO”-(w) + nH,NR,R:(o) +[(H,XOn-)(HzNRIR;),],,, 

11 11 
nH,NR,R:b-d = C(H,XO”-)(H~NRIR:),I,,) 

Different absorption spectra are obtained if the pH 
of the X0 solution is changed before the extraction. 
The absorption maximum at 460 nm can be assigned 
to the ionic species H3X03- and its more acidic con- 
jugated species, and the maximum at 590 nm to 
H2X04- and its more basic conjugated species, if the 
ionic equilibria of X0, proposed by Rehak and 
KGrbl,’ apply to this non-aqueous medium. It may be 
assumed that this dissociation scheme will hold even 
when the pK, values are changed by the medium, and 
can at least be qualitatively applied to this system. 

Effect of pH 

The influence of pH on the extraction of X0 is 
shown in Fig. 1 (curve 2). As expected, the reagent is 

r 

6 7 

P”., 

Fig. 1. Effect of pH. 1, Hg(II)/XO; 2, X0; 3. difference 
curve (1 us. 2): I, 600 nm; CHtil,, = 2.0 x 10-5M; 

cxo = 4.0 x 1om5A4. 

where, if m = n = 3, the species of X0 is H3X03- 

and A,,, 460 nm, but if m = 2 and n = 4, the species 
is H,X04- and A,,,,, 590 nm. 

The Hg(II)/XO system in the presence of LA-2 
shows similar behaviour, but in the extraction process 
the mechanism may be different, since the water mol- 
ecules co-ordinated to the mercury ion in the complex 
in aqueous medium may be removed in the extraction 
and substituted by uncharged molecules of solvent or 
amine (or both together) to complete the co-ordina- 
tion number (synergistic effect). 

To allow a safety margin for the LA-2 concen- 
tration, a mixture of 0.60 ml of LA-2 and 3.9 ml of 
organic solvent mixture was chosen. 

Stability 

The complex was found to be stable for at least 80 
min at temperatures below 18”. and a temperature of 
15” was used for all further investigations. 

The thermal decomposition of the complex can be 
explained as due to the equilibrium: 

Hg(II)/XO/(HNR,R,),/(H,NR,R;), 

+ 2CC-MH,NR,R:II 

-“i, [(X0’q+2’-)(H2NR1R2+)q+2] 

+ CWHNR~Rd;+W)zl 

since the spectra eventually obtained (t-+ co) at > 18” 
are those of X0 under the same conditions. In 

any case, the complexes [Hg(II)LA-21 and 
[Hg(LA-2)z+(Cl-),I do not absorb at 600 nm. 

The presence of agar-agar, gelatin and gum arabic 
as stabilizing agents does not stop the decomposition 
of the complex at temperatures higher than 18’. nor 
does excess of X0 give stabilization. 
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Composition and formation constant of the complex 

The composition of the Hg(II)/XO complex was 
studied by the molar-ratio, continuous-variations and 
straight-line methods, in the presence of an excess of 
LA-2 (Fig. 2), since the ternary complex does not 
appear if a high concentration of LA-2 is not present. 
These methods gave evidence for a 3:2 Hg(II)/XO 
ratio in this complex. The combining ratio of LA-2 
was found by Babko’s equilibrium shift method.6 The 
slope obtained indicated that the complex contains 
two LA-2 molecules. Therefore, it can be assumed 
that a 3:2:2 Hg(II)/XO/LA-2 complex is extracted. 

The formation constant calculated from the con- 
tinuous-variations data (with excess of LA-2 present) 
was 5.0 x 10zo. 

Determination of the extraction constant and recovery 

The method of Likussar and Boltz’ was used to 
calculate the extraction constant from the expression 

log EMILzL, = 0.7625 - 4 log K + log Y,,,,, 

- 5 log (I - Y,,,) 

where Y is the normalized absorbance8 and 
4.0 x 10P5M the value of K from the normalized 
continuous-variations plot. A value of 2.2 x 10” was 
obtained for EM,L2LI. 

The influence of pH on the recovery of X0 and the 
complex is shown in Fig. 3. It can be observed that at 
pH,, < 6.85,99 f 1% of the X0 is extracted, whereas 
the complex is almost completely extracted in the 
range pH,, = 7.c7.3, but for determination of mer- 
cury it is best to use pH,, = 7.4 because there is then 
maximal difference between the absorbance for X0 
and the complex. 

Possible structure of the complex 

Since the stoichiometry found for the Hg(II)/XO/ 
LA-2 chelate is 3: 2:2 at pH,, 7.4, if Rehak and 
KGrbl’s equilibria5 for X0 are assumed, the forma- 
tion equilibrium of this complex can be expressed 
by: 

I I I I I I 
2 6 IO 

I/V” 

Fig. 2. Straight-line plot; i, 600 nm. 

lar aggregates. Kinetic studies showed that the 
complex is converted into the 1: 1: 1 complex when 
the temperature of the organic phase is higher than 

18” (this being the complex obtained in other media 
or with another amine’). The rate of decomposition of 
the 3 : 2: 2 complex increases with the mercury concen- 
tration, but in any case only the 1: 1: 1 complex is 
present after 17 min reaction time. 

The analytical measurement must be made immedi- 
ately after the extraction if the 3:2:2 complex is to be 
used; the higher molar absorptivity obtained indicates 
that it should. 

Calibration graph 

For pH,, 7.4 and measurement at 600nm Beer’s 
law is obeyed over the range 0.19-5.5 ppm Hg(II), the 
molar absorptivity (referred to monomeric mercury) 

being 2.12 x lo4 1. mole- ’ . cm- I. According to the 
method of Ringbom and Ayres, the range for minimal 
spectrophotometric error is 2.s5.5 ppm Hg(I1). 

Statislics 

The statistical parameters (for 4.0 ppm mercury, 14 

replicates) of the proposed analytical method are: 
arithmetic mean (X) 4.0 ppm; standard deviation (s) 

2H3XO&; + 3Hg(II),,, + 2HNR,R,(,, + 6H2NR,R;.Cl,, 

<II(‘_ [(2XO/3Hg(II)/2HNR,R~)6-//(H~NR~R:)&,~ + 6H:,, + 6Cl,, 

It is supposed, according to the theory of Bjerrum 
and Fuoss, that in this reaction, 6 monoprotonated 
LA-2 ions have reacted by ion-pair association with 

the anionic chelate to form an extractable neutral spe- 
cies. The release of 6 protons in the reaction has been 
verified from the slope of the plot of log 
DHg(Ilj = f(pH,,). The solvation by the alcohol in the 
extraction medium is not shown in the equilibrium 
above, but is included in the structure suggested in 
Fig. 4 for this complex. 

The proposed “superstoichiometry” could be 
explained on the basis of the low dieletric constant of 
the medmm, which favours the formation of molecu- 

0.065 ppm; confidence limit (X + st) 4.0 f 0.14 ppm 
(95% probability level). 

Interferences 

The interference due to the presence of other spe- 

cies was studied by mixing Hg(I1) solution, potential 
interferent, reagent and buffer, in that order, diluting 
and extracting. The species tested were added in 
molar concentration 100 and 10 times that of the 

Hg(lI). 
The following ions showed no interference at either 

concentration: F-, CO:-. SZOi-, SO:-. BO;, 
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60 
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I- - . not interfere at the lower concentration level. The fol- 
lowing ions interfered at lo-fold molar ratio to 

2 Hg(I1): SaO$-, CN-, II, Br-, HS-, EDTA, MnO;, 
PbzC, Hg(I), Cd’+, Cu2+ Bi3+, Sb(III), Sb(V), Fe3+, 
Ni’+, Co’+, Th4+, V(V) and Sr’+. 

Ii () 
NaClO,, NaNO, and KNO, have no effect at con- 

. centrations below 0.002&f, but higher concentrations 

\a 

cause incomplete extraction, especially NaCIO,. 

Application 

The method has been applied to determination of 

. 
mercury in contaminated water containing 200 ppm 
of chloride. A recovery test was done by making stan- 

I I 
6 7 8 9 dard additions. The results are shown in Table 1. The 

PH.* 
mercury was added in the form of its nitrate. 

The method is less sensitive than the dithizone 
Fig. 3. Extraction curves. 1, X0; 2, Hg(II)/XO/LA-2 

complex. 

C,O:-, IO;, CrO:-, PO:-, tartrate, citrate, Cl-, 
SCN-, BrO;, CH,COO-, NO;, ClO;, Agf, Tl+, 
As(V), Mo(VI), A13+, Mn*+, Ce3+, In3+, Be’+, Ba*+, 

Mg’+, Li+, Na+, K+, Rb+ and NHf. 
Fe(CN)i-, Fe(CN)z-, ClO;, W(VI), As(III), Cr3+, 

Zn2 +, Ce(IV), La3+, Zr 4+, V(IV), U(V1) and Ca2+ did 

method, but also less laborious and less sensitive to 
light, and does not require removal of excess of re- 
agent. The interferences are similar for both methods. 
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Summary-A method is described for determining NO, in workplace atmospheres, based on its reaction 
with bis(diethyldithiocarbamato)copper(II) in toluene. NO, is absorbed from an air sample by a toluene 
solution of Cu(dtc), and the decrease in the initial absorbance at 437 nm is measured. The method has 
been compared with the Saltzman method. The interference of NO, Cl,, O,, SO, and other gases has been 
studied. The NO, concentration range of the method is I-500 mg/m3. 

In an earlier paper’ we reported studies on the 
reaction of nitrogen dioxide with bis(diethyldithio- 
carbamato)copper(II), Cu(dtc),, in toluene. We 
found that Cu(dtc), is destroyed as a result of 
stoichiometric reaction of NOz with the ligand. The 
main product yielded at an NO,:Cu(dtc), ratio of 
2: 1 was found to be the mixed-ligand complex 
Cu(N0,) (dtc), which has an absorption maximum at 
400 nm. The final reaction products were, Cu(N0J2 
and thiuramdisulphide, obtained at an NO*: Cu(dtc), 
ratio of 4: 1.’ 

EXPERIMENTAL 

Reagents 

Copper(H) diethyldithiocarbamate was prepared by mix- 
ing equimolar aqueous solutions of sodium diethyl- 
dithiocarbamate and cupric chloride in 2:1 ratio. The 
precipitate was washed with water and dried at 60”. The 
crude product was recrystallized twice from chloroform.* 

Toluene was purified and dried before use. Toluene 
solutions of Cu(dtc), were found to be stable for several 
months. 

Nitrogen dioxide was obtained by thermal decomposition 
of dried reagent grade lead nitrate in a flow of 0xygen.j A 
Teflon permeation tube was filled with liquefied NO,. The 
permeation rate of the tube was determined gravimetrically 
and the tube was used to provide a working standard. 

Sal&man absorption solution was prepared and stored 
according to the procedure described by NIOSH.4.5 Solu- 
tions of sodium mtrite for the static calibration of the 

*Author to whom correspondence should be addressed. 

Saltzman method were prepared according to the same 
procedure.4.5 

Apparatus 

A dynamic mixing system6 was used to obtain an air flow 
with a known NO, concentration. A stream of dry cylinder 
air, brought to 3 1.5 + 0. lo and passed at a flow-rate of 82.5 
ml/min over the NO, permeation tube was diluted with a 
stream of dried purified air, regulated with a needle valve 
and measured with a glass rotameter. Both streams were 
thoroughly mixed, and two glass T-pieces downstream of 
the mixer served as sampling ports. Various concentrations 
of NO, in air (in the mg/m’ range) were obtained by varying 
the flow of dilution air. The system was kept running for 
about 20 hr before calibration, to achieve equilibration 
between adsorption and desorption of the contaminant on 
the walls of the system. 

The humidity of the air was changed by mixing the 
dilution air with an air-stream saturated with water vapour. 
Relative humidities of 40% and 60% were produced by 
varymg the flow-rates of both streams and were con- 
tinuously monitored with a wet/dry psychrometer. 

Procedure 

Two all-glass fritted bubblers, each containing 10.0 ml of 
the Saltzman absorption solution, were attached in series to 
one of the ports. A second pair of all-glass fritted bubblers, 
each containing 5.0 ml of the toluene solution of Cu(dtc),, 
was attached to the other sampling port. The split gas 
stream was passed through both pairs of bubblers at a 
constant flow-rate of 150 ml/min, obtained by use of a 
critical orifice. Sampling times were arranged so that the 
absorbance of the Saltzman solutions was not more than 0.7 
(m a 0.5-cm cell). The volume shrinkage caused by the 
volatility of toluene during the collection of the sample was 
corrected by addition of more toluene. 

185 
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The absorbance of the Saltzman solutions was measured 
at 550 nm, 15 min after collection of the sample. Calibration 
with mtrate solution was used.4 The absorbance of the 
Cu(dtc), toluene solution was measured at 437 nm before 
and after collection of the sample, and the difference AA was 
used in the calculations. 

Calculations 

The concentration of nitrogen dioxide in the sample is 
calculated as follows: 

Nitrogen dioxide, mg/m3 = 0.092 x lo6 u AA/&IV 

where AA is the difference in absorbance at 437 nm of the 
C~(dtc)~ solution before and after sampling, L’ the volume 
of Cu(dtc)z solution in the bubbler (ml), E the molar 
absorptivity of Cu(dtc), at 437 nm (1.30 x lo4 
I.mole ’ .cm- ‘), I the optical path-length (cm), V the 
volume of air sample, at 25” and 760 mmHg (litres). 

RESULTS AND DISCUSSION 

Cu (dtc)? concentration 

It was found that the concentration of the Cu(dtc), 
solution in toluene must be at least 1 x 10m4M to 
provide 2: 1 stoichiometry of the reaction, but must 
not exceed 6 x 10m4M or the initial absorbance of the 
Cu(dtc), solution measured in a O.l-cm optical cell 
will be more than 0.7. 

Collection ejicieny 

The collection efficiency experiments were per- 
formed to determine the amount of nitrogen dioxide 
absorbed in a single bubbler in a 15-min sampling 
period at a flow-rate of 150 ml/min. The experiment 
was performed over the NO2 concentration range of 
3-160 mg/m-’ and with the Cu(dtc)z concentration in 
the range l-6 x 10-4M. The nitrogen dioxide not 
collected in the first bubbler was trapped in the 
second. Collection efficiencies of 93-99x were found, 
suggesting that no recovery correction is necessary. 

Precision and accuracy 

The reproducibility of the method (sampling and 
analysis) was determined by measuring the amount of 
NO, in 40 samples, over the range l-500 mg/m3. The 
mean relative standard deviation was found to be 
14%. 

The overall accuracy of the sampling procedure 
and analysis was determined by comparison with the 

Table 1. Determination of nitrogen dioxide 

Nitrogen dioxide found 

Present method 
Actual Saltzman 

concentration Value,* Coefficient of method, 
of NO,, mg/m’ mg/m’ variation, y0 mglm’ 

3.5 3.9 14.3 3.2 
8.3 8.7 13.5 7.9 

12.1 11.5 11.4 12.5 
28.2 27.2 7.1 29.0 
35.1 33.9 8.2 35.9 
88.7 86.9 5.0 - 

155.2 159.3 6.2 - 

*Average of six determinations. 

Saltzman method and with the permeation rate of the 
NO* tube used as a standard. The results are shown 
in Table 1. The absence of a systematic error was 
proved by a t-test. 

Sensitivity and analysis range 

The method is suitable for the determination of 
nitrogen dioxide in the range l-500 mg/m3. It is 
suitable for monitoring industrial atmospheres (the 
American and British TLV is 9 mg/m’). 

Interferences 

Strong oxidizing agents such as ozone and chlorine 
produce a similar effect. The interferences from NO, 
Sot, CO*, 0, and air humidity (up to 60%) are 
negligible. 

1. 

2. 

3. 

4. 

5. 

6. 
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Summary-A thermal flow system for glucose determination is described, that utilizes a column of glucose 
oxidase immobilized on a cation-exchange resin (Amberlite CGSO). The response is linear for glucose 
concentrations in the range 0.01-0.4mM. Stability and the factors influencing the response have been 
examined. 

Many studies have been made of the immobilization 
of enzymes, 1,2 the simplest method of immobilization 
being adsorption on ion-exchange resins. The ad- 
sorption of glucose oxidase (EC 1.1.3.4) on cation- 
exchange resin (Amberlite CG50)3 and macroreticular 
anion-exchange resins (Amberlite IRA938, 910, 93)4 
has been reported. Such immobilized enzymes have 
not been used in analytical chemistry because, in 
principle, the adsorption of an enzyme on a surface is 
a reversible process. Changes in pH and ionic strength 
could cause the bound enzyme to be desorbed and 
released into solution. In practice, good adsorption 
and activity can be maintained if the correct condi- 
tions of pH, ionic strength and temperature are 
chosen. 

Enthalpimetric measurements based on immo- 
bilized enzymes have provided simple methods for the 
evaluation of the enzymes and for the determination 
of substrates and inhibitors.2,5 There have been many 
reports on the application of immobilized enzymes 
and enthalpimetric sensors to glucose determination. 
Hexokinase,6*7 glucose oxidase7sa’3 and glucose 
oxidasecatalase coupled enzyme systems’“‘6 have 
been used. 

The present paper describes the application of glu- 
cose oxidase immobilized on cation-exchange resin 
(Amberlite CG50) in a flow enthalpimetric system for 
the determination of glucose. 

Reagents 
EXPERIMENTAL 

Glucose oxidase (EC 1.1.3.4) (from p. amagasakiense, 102 
U/mu) was nurchased from Kanto Chemical Co., Japan. 
The %mymd activity was determined by the titration 
method.” Amberlite CG50 tvne I (H + form. 160-200 mesh) 
was purchased from Rohm‘and> Haas Co., U.S.A. The 
buffer used was KH,PO,/Na,HPO, @H 5.8). Stock solution 
of glucose (0. IM) was made by dissolving analytical grade 
n-glucose (Merck) in the buffer. The solutions were allowed 
to come to anomeric equilibrium and were then refrigerated. 
Working solutions were made by appropriate dilution of the 
stock solution with the buffer before use. 

187 
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Apparatus 

The apparatus included a thermal detector, a pumping 
system, an injector and a strip-chart recorder. The thermal 
detector was manufactured by Japan Electron Optics Lab- 
oratory Co. Ltd. and has been described by others.‘8,‘9 It 
consists of two thermistors sealed in glass tubes so that the 
beads extend into the columns. The reference column is 
filled with an inert material (glass beads, 20 mesh) and the 
detection column (bed dimensions: 0.8 cm diameter, 7 cm 
length) with Amberlite CG50. The thermistors form two 
arms of a Wheatstone bridge and respond to changes of 
temperature due to the heat of reaction, the bridge output 
being indicated on a chart recorder (at maximum sensitivity, 
full-scale deflection is equivalent to O.oOlO). The piston 
pump (model KHU-52) and the loop injector (model KHP 
Ul-130) were supplied by Kyowa Seimitsu Co. 

Enzyme immobilization 

A slurry of the resin (ca. 2.0 g), in the H+ form, was 
poured into the detection column. The phosphate buffer 
(O.lM) was pumped through the column for 20 min at a 
flow-rate of 0.1 ml/min. A sample of glucose oxidase 
solution (2 mg/ml) in O.lM buffer was circulated through 
the column at 25” for 8 hr at a flow-rate of 0.5 ml/min. The 
column was washed to remove any non-adsorbed enzyme by 
perfusion with the O.lM buffer for 4 hr at 2.0 ml/min, 
followed by 0.05M buffer (PH 5.8) at 1.0 ml/min. When the 
enzyme on the column was to be replaced, the column was 
perfused with O.lM hydrochloric acid for 20 min at a 
flow-rate of 1.0 ml/min, followed by water for 1 hr at 2 
ml/min. Then O.lM buffer was pumped through the column 
for 2 hr at a flow-rate of 1 ml/min, followed by enzyme 
solution circulated at 0.5 ml/min. An average activity of 
140 k 10 U/g of resin (10 runs) was obtained reproducibly. 

Procedure 

The buffer (0.05M) was passed through the system at 1.0 
ml/min. The sample (2.0 ml) was introduced through the 
injector. The height of the peak obtained on the recorder 
was directly proportional to the glucose concentration in the 
sample. 

RESULTS AND DISCUSSION 

Choice of ion-exchange resin 

It was found recently that the resistance of ion- 
exchange resins to oxidizing agents such as Cr(V1) is 
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Flow-rate (ml /mln 1 

Fig. 1. Effect of flow-rate on temperature change. A 
1.00 x 10m4!t4 glucose; B 0.401 x 10m4M glucose. Sample 
volume 2.0 ml, pH 5.8 in 0.0% phosphate, column tem- 

perature 35”. 

often poor.*O The resistance to hydrogen peroxide, 
which is formed in the enzyme reaction, was therefore 
studied for five ion-exchange resins, viz. Amberlite 
CG50, CG120, CGOO, IRA938 and IRA93. The last 
two were powdered in a mortar and all the resins were 
sieved to obtain the 160-200 mesh fractions. The resin 
(0.1 g) was added to 100 ml of 5 x 10m4M hydrogen 
peroxide solution in phosphate buffer (O.O5M, pH 5.8) 
and the mixture was shaken at 30” for 4 hr. The 
ion-exchange capacities were then measured by the 
conventional method.*’ It was found that the capaci- 
ties for CG50, CG120, CG400, IRA938 and IRA93 
had decreased by 0.08, 0.08, 1.2, 1.2 and l.O%, re- 
spectively. 

12 

E 
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P 
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0 I 2 3 4 

Somple volume t ml ) 
Fig. 2. Effect of sample volume on temperature change. 
1.00 x 10e4M glucose, flow-rate 1.0 ml/min, pH 5.8 in 

0.05M phosphate, column temperature 35”. 

Table 1. Determination of glucose 

Sample 
concn., 10-4M 

C.V., %’ 
AT, IO-’ dea hl = 5) 

0.100 0.105 
0.200 0.208 
0.401 0.425 
0.802 0.840 
1.00 1.05 
2.00 2.11 
4.01 4.20 

*C.V. = coefficient of variation. 

0.8 
0.7 
0.4 
0.4 
0.3 
0.4 
0.4 

Although an enzyme activity of about 300 units per 
g of resin was obtained by immobilization on the 
anion-exchange resins (CG400, IRA938 and IRA93), 
the activity was not maintained. The activities of the 
enzyme immobilized on CG50 (weak acid cation- 
exchanger) and CG120 (strong cation-exchanger) 
were about 140 and 60 units/g and stable enough for 
practical use. From these results, CG50 was chosen as 
the support for the glucose oxidase. 

Properties of the immobilized glucose oxidase 

The adsorption of the enzyme (2 mg/ml) on CG50 
was complete after 3 hr at a flow-rate of 0.5 ml/min 
but circulation was continued for 8 hr. Immobilized 
enzyme with a steady activity was obtained by wash- 
ing the resin with about 450 ml of O.lM phosphate 
buffer (pH 5.8). The effect of pH on the activity of the 
immobilized enzyme was examined in phosphate 
buffer in the pH range 5.4-6.4. The optimum pH was 
5.8 but similar activity was exhibited over the entire 
pH range. The effect of temperature was examined in 
the range 1540” and it was found that the activity 
increased linearly with temperature. Leakage of the 
enzyme from the resin was not initiated by these 
changes of pH and temperature. In operation with 
2-ml portions of 4 x 10e4M glucose at a flow-rate of 
1 .O ml/min (phosphate buffer O.O5M, pH 5.8), desorp- 
tion of the enzyme occurred with a decrease in activity 
at the rate of 2% per 100 runs. When stored at 4” and 
25” in buffer solution (0.05M) the immobilized en- 

Table 2. Determination of glucose in mixtures of sugars 

Present, Found, C.V., % 
10-4M 10-4M (n = 5) 

Mixture 1 Glucose 1.00 1.01 0.6 
Fructose 1.14 
Mannose 1.04 

Mixture 2 Glucose 0.802 0.804 0.6 
Xylose 1.12 
Galactose 1.03 

Table 3. Analysis of white wines 

Glucose, mM 
Certificate value, 

Sample n X C.V.,% mM 

A 6 1.29 1.1 1.3 
B 5 0.67 1.8 0.6 
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zyme was stable for at least 12 and 3 months, re- 
spectively. 

Properties of the glucose oxidase reactor 

The peak-height was independent of the pH of the 
buffer in the range 5.4-6.4. The dependence of peak- 
height on flow-rate was studied over the range 0.4-2.0 
ml/min with a sample volume of 2.0 ml. The results 
are shown in Fig. 1. The peak-height was constant 
between flow-rates of 0.6 and 1.2 ml/min, but de- 
creased rapidly at rates above 1.4 ml/min. Fall-off in 
peak-height was observed at flow-rates below 0.4 
ml/min. Glucose is thus instantly converted into glu- 
conic acid at flow-rates below 1.2 ml/min. Figure 2 
shows that the peak-height is almost independent of 
sample volume in the range 2.04.0 ml. Even a 4-ml 
sample did not give a saturation signal, but the larger 
samples gave an increase in peak-width and a decrease 
in sample throughput. A flow-rate of 1 .O ml/min and 
a sample volume of 2.0 ml were therefore chosen. 

The detection limit under these conditions was 
1 x 10-5M glucose (for a 2-cm peak-height). A 
throughput of 15 samples per hr was possible without 
overlap of peaks. No decrease in peak-height was 
observed during the course of 500 runs with 
4 x 10-4M glucose. Good linearity between peak- 
height and glucose concentration was obtained in 
the range 1 x lo-‘-4 x 10e4M. Table 1 summarizes 
the results obtained with solutions of known concen- 
tration, and those obtained in the presence of other 
sugars are given in Table 2. The method was also 
applied to the determination of glucose in white wine. 
The sample (5 ml) was boiled for 1 min in a tall beaker 
(30 ml), transferred to a 50-ml standard flask and 
made up to volume with 0.05M buffer. An aliquot (2 
ml) was analysed by the procedure described. The 
results (Table 3) are in agreement with the certified 
values. 
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Summary-A highly sensitive and selective procedure for spectrophotometric determination of silver 
has been developed. At pH 9.2, in the presence of Triton X-100, silver forms a dark red-violet complex 
with cadion 2B which has an absorption maximum at 565 nm. The molar absorptivity is 1.0 x lo5 
l.molee’.crni. Beer’s law is obeyed for silver in the range 0.02-0.8 pg/ml. The colour reaction, if EDTA 
is used as a masking agent, is free from interference by the 20 cations and 19 anions investigated. Only 
Cl-, Brr, II, Szm and CN- interfere and must be absent. This method has been used to determine silver 
in waste-water. 

Cadion 4’-(p-nitrophenyltriazeno)azobenzene and 
cadion 2B 4’-(4-nitronaphthyltriazeno)azobenzene 
have been used as spectrophotometric reagents for 
determination of cadmium, mercury and pal- 
ladium.lm3 The addition of the non-ionic surfactant 
Triton X-100 has been reported to increase the sensi- 
tivity for cadmium and mercury.” In our laboratory, 
extraction followed by spectrophotometry has been 
exploited for determination of silver, cadmium and 
nickel by means of the metal ion-l, IO-phen- 
anthrolinecadion ternary complexes.7-9 

Cadion 2B has not been used as a spec- 
trophotometric reagent for silver, but we have ob- 
served that it gives a sensitive colour reaction with 
silver in the presence of Triton X-100. This paper 
describes application of this reaction in a procedure 
for spectrophotometric determination of silver in 
waste-water. 

EXPERIMENTAL 

Reagents 

Standard silver solution. Dissolve 0.1580 g of silver nitrate 
in distilled water, add one drop of concentrated nitric acid 
and dilute to volume in a lOO-ml standard flask with distilled 
water. This solution contains 1.00 mg of silver per ml. 
Prepare a IO-pg/ml silver solution as a working standard. 

Cadion 2E solution. Dissolve 0.040 g of the reagent in 100 
ml of ethanol. 

Triton X-100, 5% aqueous solution. 
Sodium borate buffer, 5% solution (PH 9.2) 

General procedure 

Transfer a sample containing not more than 20 pg of 
silver into a 25-ml standard flask. Add, in the following 
order, 0.5 ml of 0.05M EDTA, 2 ml of sodium borate buffer, 
1 ml of Triton X-100 solution and 1.5 ml of cadion 2B 
solution. Dilute to the mark with distilled water and mix 
well. Measure the absorbance at 565 nm in a l-cm cell, using 
a reagent blank as reference. 

Determination of srlver in waste-water 

To 50 ml of water sample, add 2 ml of concentrated nitric 
acid and 5 drops of sulphuric actd, and evaporate almost to 
dryness. Add 2 ml of concentrated nitric acid and evaporate 

again. Cool to room temperature, add distilled water to 
dissolve the residue, and make up to exactly 50 ml. Pipette 
an aliquot of this solution into a 25-ml standard flask and 
continue according to the procedure above. 

RESULTS AND DISCUSSION 

Absorption spectra 

The absorption spectra of cadion 2B and its silver 
complex in the present of Triton X-100 at pH 9.2 are 
shown in Fig. 1. The absorbance maximum of the 
reagent is at 445 nm, and that of the dark red-violet 
complex at 565 nm. 

Effect of Triton X-100 concentration 

Cadion 2B is only slightly soluble in pH 9.2 aque- 
ous medium and does not form an intensely coloured 
silver complex. However, if more than 0.5 ml of 5% 
Triton X-100 solution is added per 25 ml of solution, 

0.50 r 

-o.,oI 
420 500 600 700 

Wavelength ( nm 1 

Fig. 1. Absorption spectra of cadion 2B and its silver 
complex (in presence of Triton X-100) 

I-Cadion 2B, 8 x 10m6M, against water (l-cm cell). 
II-Silver 5 pg and 0.04% cadion 2B (1.0 ml), against 

reagent blank. 
III-Silver 10 pg and 0.04% cadion 2B (1.0 ml), against 

reagent blank. 
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Fig. 2. Effect of pH. Absorbance of complex measured 
against corresponding reagent blank. 
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Fig. 3. Absorption spectra of the silver complex 
I--[Ag+] = [L] = 8.0 x lO-6&f. 

II+Ag+] = 8.0 x W6M, [L] = 1.6 x l0-5M. 
III+Ag+] = 4.0 x 10-6M, [L] = 1.6 x 10-5&f. 
IV+Ag+] = 4.0 x 10-6M, [L] = 2.4 x 10-5M. 
All measurements in l-cm cells, against water. 

a dark red-violet complex is formed within 1 min, and 
the coloured solution is stable at least for 24 hr. 
Addition of 1 ml of Triton X-100 solution is recom- 
mended. 

Effect of cadion 2B concentration 

The absorbance for 10 pg of silver at pH 9.2 in the 
presence of Triton X-100 and increasing amounts of 
cadion 2B is constant for use of 0.75-3.0 ml of the 
0.04% reagent solution. Hence, 1.5 ml of the reagent 
is recommended. 

Effect of pH 

The absorbance, as shown in Fig. 2, is maximal and 
constant in the pH range 8.8-9.8 (borate buffers). A 
pH of 9.2 is therefore used in the procedure. 

Fig. 4. Job’s method 
[Ag+]+[L]=1.6x10-5M.Measuredat500nminal-cm 

cell, against water. 

0 25 
r 

Fig. 5. Mole-ratio method; [Ag+] = 4.0 x 10m6A4. 
Measured at 500 nm in a l-cm cell against water. 

Beer’s law 

The absorbance is a linear function of silver con- 
centration from 0.02 to 0.8 pgg/ml. The molar absorp- 
tivity at 565 nm is 1.0 x 10’ l.mole-‘.cm-i. 

Effect of foreign ions 

In the determination of 10 pg of silver, the follow- 
ing ions (amounts given in milligrams) do not inter- 
fere: Li+ (l.O), Na+ (100) K+ (lo), NH: (lo), Be2+ 
(O.l), Mg2+ (lo), Ca2+ (1.0) Cr6+ (O.l), B,O:- (100) 

Table 1. Determination of silver in waste-water 

Sample Taken, Ag Recovery, 
No. ml Ag found, ng added, pg % 

1 1.0 8.6 8.9 8.6 8.3 
1.0 5.0 93 

2 5.0 6.1 6.5 6.7 
5.0 10.0 99 

3 10.0 4.6 4.1 4.4 
10.0 5.0 102 
10.0 10.0 98 

4 5.0 6.8 1.2 7.2 
7.1 7.1 6.9 

5.0 10.0 96 
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Table 2. Sensitivities of various methods for spectrophotometric determination of silver 

Reaeent 1. nm E. I.mole-‘.cm-’ Reference 

Dithizone 
p-Dimethylaminobenzylidenerhodanine 
Bromopyrogallol Red/phenanthroline 
Bromopyrogallol Red/phenanthroline/ 

nitrobenzene 
2,4,5,7-Tetrabromofluoresceine/phenanthrohne 
I-(2-Pyridylazo)-2-naphthol/C,H,/isoBuOH 
4-(2-Pyridylazo)/resorcinol 
Thiodibenzoylmethane/benzene 
4-Hydroxybenzalrhodanine 
Ethyl Violet/Br-/toluene 
Cadion/phenanthroline/chloroform 
Cadion 2B/Triton X-100 

462 3.05 x 104 
450 2.0 x 104 
635 5.1 x 104 
590 3.2 x lo4 

550 
540 
510 
420 
490 
615 
525 
565 

10 
10 
11 
12 

3.5 x 10 13 
2.14 x 104 14 
2.0 x 104 15 

1.07 x lo4 16 
1.47 x lo4 17 
1.03 x 105 18 
5.7 x 104 
1.0 x 105 present 

method 

EDTA (15), NO; (lo), SO;- (lo), PO:- (lo), PO; 
(100) As3+ (l.O), WO:- (l.O), MOO:- (l.O), SeO:- 
(O.l), TeO:- (O.l), VO; (O.l), BrO; (l.O), IO; (l.O), 
Cloy (l.O), S& (1.0) and citrate (10). 

To prevent hydrolysis or the colour reaction of the 
reagent with other heavy metal ions, EDTA is used as 
masking agent. If 0.5 ml of 0.05M EDTA is added 
before the cadion 2B, at least 1.0 mg each of Cd*+, 
Cu*+, Ni*+, Pb*+, Zn*+, Mn*+, La3+, Fe2+, Fe3+ and 
0.1 mgeach ofCo2+, Cr3+, A13+, Y3+, Hg2+, Pd*+ will 
not interfere. However, 10 pg of Cl-, Brr, II, S*- or 
CN- will cause negative interference, but the effect 
can easily be overcome by adding nitric acid and 
boiling to evaporate almost to dryness. 

Composition of the complex 

In the complexation reaction system, when the 
molar ratio of the reagent to silver is less than 4, an 
orange complex is formed, but when the ratio is more 
than 4, a dark red-violet complex is formed. The 
absorption spectra for some different M:L 
(metal:ligand) ratios are shown in Fig. 3. A Job plot 
(at 500 nm) shows two break-points (Fig. 4) corre- 
sponding to an ML, and an ML, complex. A mole- 
ratio plot also indicates the existence of the two 
complexes (Fig. 5). Therefore, a sufficient excess of 
reagent must be used to favour the formation of the 
ML, complex. 

Application to waste-water 

The results for four waste-water samples are given 
in Table 1. The recovery of added silver is in the range 
93.1-102.4x. The coefficient of variation for sample 
No. 4 is about 2% (six determinations). 

Comparison with other reagents 

Cadion 2B in the presence of Triton X-100 is one of 
the most sensitive reagents available for silver. The 
complex formed is very stable and has good select- 
ivity. The present method is simple, rapid and accu- 
rate. The sensitivities of various reagents for silver are 
listed in Table 2 for comparison. 
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ANALYTICAL DATA 

OXYDATION VANADIQUE DE LA paraCHLOROBENZYL-4 
DIMETHOXY-6,7 ISOQUINOLEINE EN 

MILIEU SULFURIQUE 5M 

E. POSTAIRE, M. TSITINI-TSAMIS, M. HAMON 

Laboratoire de Chimie Analytique II 

et 

C. VIEL 

Laboratoire de Pharmacie Chimique II, ERA 3 17 du CNRS 

Fact&C des Sciences Pharmaceutiques et Biologiques de Paris&d, 3, rue J. B. Clement, 
92290 Chatenay Malabry, France 

(ReCu le 4 mars 1982. AcceptP le 25 A&t 1982) 

Rkaum&L’oxydation vanadique de dimtthoxy-6,7 isoquinoltines substituees en 1 a montre le role 
essentiel que Jouent les carbones situ& en a dun heteroatome. La parachlorobenzyl-4 dimtthoxy-6,7 
isoquinokine libre de tout substituant en ces positions, est ainsi sujette a une oxydation beaucoup plus 
poussee par le pentoxyde de vanadium en milieu sulfurique 5M. En effet, la consommation molaire en 
ions vanadyle est, dans ce cas, nettement superieure a celle trouvde lors de l’oxydation des tsoquinoleines 
substitutes en 1. De plus, dans le milieu rtactionnel ont Cte isoles des produits tels que l’acide succinique 
et le dioxyde de carbone, ttmoins dune oxydation profonde de la molecule. 

L’etude de l’action du pentoxyde de vanadium sur 
divers derives de l’isoquinoltine a montre le caractere 
particulier de cet oxydant. Ainsi ont ttC oxydees un 
certain nombre de dihydro-3,4 isoquinokines phar- 
macologiquement actives, portant en position 1 des 

groupements phenyle, benzyle et Cventuellement des 
methoxyles en 6 et 7,1-3 ainsi que la papavCraldine.4 
Les rbsultats obtenus ont conduit a tmettre l’hy- 
pothese que seuls les atomes de carbone situ& au 
voisinage immediat dun hetirroatome (oxygtne car- 
bonyle) pouvaient subir une oxydation. Pour con- 
firmer cette hypothese, nous avons oxyde la para- 
chlorobenzyl-4 dimethoxy-6,7 isoquinoleine (I), une 
molecule a activite papavCrinique,5-g caracterisee par 
la presence dun groupe benzyle en position 4 et non 
plus en position 1 (Schema 1). 

PARTIE EXPERIMENTALE 

Riactif 

La solution sulfovanadique O,lM,” a une concentration 
finale en acide sulfurique voisine de 0,72M, et est Ctalonnee 
par titrage avec une solution de sulfate de fer et d’ammo- 
nium. 

Mode opPratoire d’oxydation 

Dans une fiole jaugee de 50 ml sont introduits 50 a 100 
pmole de l’isoquinoltine 1, 30 ml de la solution sulfovana- 
dique, 16 ml d’acide sulfurique, 13M, et le volume est 
complete a 50 ml avec l’acide sulfurique 5M. 

Le contenu de la fiole jaugee est transvase dans un erlen- 
meyer surmonte dun refrigerant, puis place dans un bain- 
marie a 100”. La cinetique de la reaction est suivie par 
dosage du pentoxyde de vanadium. Pour cela, une partie 
aliquote du melange rbactionnel est prelevee a temps 
determines jusqu’a oxydation complete de la molecule (Fig. 
l), et I’excts de VZOs est determine par titrage potentiome- 
trique avec du fer(II) (electrodes platine-calomel). 

Dosage du dioxyde de carbone 

Les gaz lib&es aprts reaction pendant 24 hr a 100” sont 
recueillis et analysts sur la cuve a mercure selon la tech- 
nique de Chaigneau. ii Le dioxyde de carbone est dose a 
I’aide dune solution concentree d’hydroxyde de potassium; 
les autres gaz d&gages sont determines par spectrometrie de 
masse aprts elimination du dioxyde de carbone. 

lsolement et dosage du formaldihyde 

Le formaldehyde est isolt par entrainement a la vapeur 
d’eau dans un appareil de Parnas et Wagner, puis identifie 
et dose par la reaction de Hantzsch (formation de dihydro- 
lutidine), selon la mtthode de Nash.12 Cette reaction col- 
or&e est tres specifique du formaldehyde. Nous I’avons util- 
is&e du fait de la presence de parachlorobenzaldehyde dans 
le milieu reactionnel, la methode par formation dune di- 
nitrophenylhydrazone I3 dosant globalement ces deux 
aldehydes. 

Identijication de l’acide et de l’alde’hyde parachlorobenzoi: 
ques 

Aprts extraction ether&e du milieu reactionnel, ces deux 
composes ont tte detect&s et identifies par chromatogra- 
phie en phase gazeuse couplte a la spectromttrie de masse. 
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Schema 1 

Identijkatlon de l’acide succinique 

Apres 24 hr d’oxydation puis refroidissement, une partie 
aliquote de la solution reactionnelle est dtposte sur plaque 
chromatographique de gel de silice GF 254 (solvant de 
migration: CH30H-NH,OH-H,O, 100:16: 12 v/v). Apres 
dtveloppement, la tache de R, nul est recuperte et eluee 
avec du methanol. Apres evaporation du solvant sous 
azote le spectre infrarouge du residu est enregistrt en pas- 
tille de bromure de potassium. 

Prkparation du complexe acide succinique-pentoxyde de 
vanadium 

A 100 ml d’eau bouillante, 10 mmoles d’acide succinique 
et 10 mmoles de pentoxyde de vanadium sont ajoutts. Le 
melange est abandonne 1 hr au bain-marie bouillant puis 
24 hr a l’obscuritt et sous azote (afin d’tviter la formation 
du complexe carbovanadique). Le complexe formi a tte 

isolt par chromatographie couche mince selon la methode 
d&rite au paragraphe precedent. 

RESULTATS ET DISCUSSION 

L’etude experimentale a comport& un certain 
nombre de points qui nous ont permis de proposer un 
schema reactionnel pour l’oxydation de la benzyl-4 
isoquinoleine Ctudite. Outre la determination de la 
quantite de reactif oxydant consomme, les points 
essentiels sont l’identification et le dosage tventuel des 
substances formees, soit lors dune phase interme- 
diaire, soit en fin de reaction. 
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Fig. 1. Cinktique de I’oxydation de la purachlorobenzyl-4 
dimkthoxy-6,7 isoquinokine (0.6 PM/ml), B 100°C en 
milieu acide sulfurique 5M (E/M = Cquivalents de V205 

par mole de substance de d&part). 

Pour I’oxydation complete (3 hr), 355 moles d’oxy- 
dant par mole de produit de depart sont necessaires. 

La comparaison avec les resultats obtenus3 lors de 
l’oxydation de la benzyl-1 dihydro-3,4 dimethoxy-6.7 
isoquinoleine en milieu acide sulfurique SM (consom- 
mation de 255 moles de reactif par mole de substance 
de depart) conduit a la conclusion que l’oxydation est 
ici beaucoup plus poussee. 

La cinetique d’apparition du formaldehyde montre 
que l’attaque initiale de l’oxydant s’effectue au niveau 
des groupements methoxyles comme cela est toujours 
le cas lors de l’oxydation en milieu sulfurique 5M. 
L’apparition et la disparition du formaldehyde sont 
plus rapides avec une isoquinoleine benzylte en 4 
qu’avec une benzyl- 1 isoquinoltine. 3 

Lors de l’oxydation, 7 molecules de dioxyde de car- 
bone sont form&es par molecule d’isoquinoleine. L’ou- 
verture de l’homocycle isoquinoleique conduit a la 
formation de quatre molecules de C02,2S3 les trois 
autres provenant dune degradation plus poussee de 
la molecule. 

La mise en evidence de l’aldthyde et de l’acide para- 
chlorobenzo’ique implique une coupure oxydative au 
niveau du carbone benzylique de la benzyl-4 isoqui- 
noleine Ctudite, ce type de coupure ayant deja CtC 
observe lors de l’oxydation de la benzyl-1 dihydro-3,4 
dimethoxy-6,7 isoquinoleine dans les memes con- 
ditions.3 

Des produits d’oxydation de la benzyl-4 isoquino- 

leine etudiee, nous avons isolt par chromatographie 

un compose organometallique dont le spectre infra- 
rouge presente une large bande centrte sur 3400 cm-’ 
qui indique la presence dun groupement hydroxyle. 
Quatre autres bandes sont Cgalement presentes, a 
1590, 1400, 1340 et 1100 cm-‘. Par suite de la conser- 
vation du squelette benzylique de la molecule et du 
nombre de molecules de dioxyde de carbone formtes 
au tours de la reaction, nous avons envisage la forma- 
tion d’acide succinique qui, selon Kharsan et ~1.‘~ 

donne un complexe vanadique que nous avons 
obtenu. Le spectre du complexe et celui du produit 
isole prectdemment sont identiques. Nous avons note 
la forte analogie entre le spectre du succinate de 
sodium et celui du complexe. Ce resultat conduit a 
penser que la formation du complexe met en jeu des 
liaisons ioniques faisant intervenir des fonctions car- 
boxylates. La bande la plus caracteristique du spectre 
du complexe se situe a 1590 cm- ‘. Ainsi, il est exclu 

que cette bande corresponde au CO dun carboxyle 
ou dun carboxylate libre. Ces bandes se situent res- 
pectivement a 1700 et 1660 cm- ’ pour l’acide succini- 
que et son se1 de sodium. 

11 existe neanmoins un deplacement de 60 cm- ’ 
vers les faibles nombres d’onde entre le succinate et le 
complexe isole. Cette difference peut s’expliquer par la 
diminution de la force de rappel du carboxylate lors- 
qu’il participe a une liaison avec le vanadium.” 

La recherche d’ions chlorure s’est averee negative. 
En outre, l’analyse des gaz n’a montre aucune trace de 
chlore gazeux. 

Proposition sun mkanisme rhactionnel 

Les resultats conduisent a envisager une attaque 
initiale par l’ion vanadyle de l’un des deux hetero- 
atomes: azote en 2 ou oxygene des mtthoxyles en 6 et 
7. Cependant, en milieu tres acide le doublet tlectro- 
nique de l’azote est l’objet dune competition entre la 
protonation et la complexation avec l’ion vanadyle, 
avec oxydation ulterieure. Ceci favorise l’attaque de 
l’oxydant au niveau de l’un des atomes d’oxygtne. 
L’attaque initiale Porte probablement sur le methox- 
yle en 7 car le doublet Clectronique de l’oxygene y est 
moins conjugue que dans le groupement methoxyle 
en 6. La formation de radicaux methyle est confirmee 

par l’analyse des gaz form& lors de la reaction, parmi 
lesquels ont CtC isolees des traces de methane. Ces 
radicaux methyle peuvent etre oxydts en formalde- 
hyde puis en dioxyde de carbone. 

La formation de deux moles de formaldehyde 
montre que l’attaque de l’htterocycle se poursuit au 
niveau du deuxieme groupement methoxyle pour 
donner probablement une orthoquinone qui, a son 
tour, s’oxyde et conduit a un diacide. Cependant, il 
n’a pas ete possible de mettre en evidence l’acide pyr- 
idine dicarboxylique substitue (2). 

Ainsi est-il plausible de supposer que la molecule 
initiale subit, simultanement ou non, une attaque au 
niveau de l’azote. Dans le cas oti l’oxydation porterait 
simultanement sur les differents heteroatomes, elle 
devrait avoir lieu sur les atomes de carbone 1 et 3 en 
tl de l’azote. 

La formation d’acide succinique conduit a emettre 

l’hypothese de mecanisme suivant : l’absence d’hyd- 
rogene sur le carbone 4 empeche toute nouvelle oxy- 
dation a ce niveau. 11 en resulte qu’un produit d’oxy- 
dation tel que l’acide dihydroxy-2,6 parachloroben- 
zyl-3 pyridine dicarboxylique-4,5 (3) peut se former 
intermediairement par oxydation de l’acide pyridine 
dicarboxylique (2). A partir de l’acide 3, la formation 
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d’acide succinique peut raisonnablement se concevoir 
en faisant intervenir une strie de decarboxylations et 
d’oxydations (schema 1). Dans le mecanisme reaction- 
nel propose, on peut done envisager la formation 
intermediaire d’un y ceto acide (5) porteur en /I dun 
groupement benzylidenique, cet acide resultant de la 
transposition de l’acide benzylique correspondant (4). 
A l’appui de cette proposition, on trouve mentionne 

dans la litttrature que I’acide phenyl-4 butene-2 o’ique 
n’est pas stable et se transpose rapidement en acide 
phtnyl-4 but&e-3 dique.’ 6 

La coupure de la liaison Cthylenique du groupement 
benzylidenique de l’acide 5 entraine dune part la for- 

mation d’aldehyde puis d’acide parachlorobenzo’ique 
et d’autre part, dun groupement cttonique en p de la 
fonction carboxylique restant; il y a done a nouveau 
decarboxylation de l’acide 6 ainsi forme puis rupture 
oxydative du cycle avec formation de l’acide succini- 
que 7, isole non a l’etat libre, mais sous forme de 
complexe vanadique. La consommation totale thtori- 
que en pentoxyde de vanadium est de 36 moles par 
mole d’isoquinoleine 1. En fait, il s’agit de 36 + x 

(0 < x < 2) moles par mole de produit, oti x corre- 
spond au pourcentage d’aldehyde parachlorobenzo’i- 
que oxyde en acide paruchlorobenzoique, multiplie 
par 2. La valeur de x dtterminte par un dosage pro- 
tomttrique de I’acide parachlorobenzo’ique en milieu 
non aqueux est de 1,6. Comme nos resultats nous 
donnent une consommation en oxydant de 35,5 moles 
par mole de substance, nous pouvons signaler que 
l’oxydation n’a pas lieu B 100x, et done qu’il reste des 

traces du produit de depart non oxyde. 

CONCLUSION 

La comparaison des resultats de l’oxydation de la 
parachlorobenzyl-4 dimethoxy-6,7 isoquinoleine (1) et 
de la benzyl-1 dihydro-3,4 dimethoxy-6,7 isoquino- 
leine3 en milieu sulfurique 5M est particulierement 
interessante. 

L’oxydation de 1 est beaucoup plus poussee que 
celle de la benzyl-1 dihydro-3,4 dimethoxy-6,7 isoqui- 
noleine car on ne trouve pas d’acide pyridinedicar- 
boxylique mais des composes temoignant dune oxy- 

dation plus intense de la molecule, tel que l’acide suc- 

cinique. Ceci est dfi certainement a la position du 
groupe benzylique en 4 car le chlore ne semble jouer 
qu’un role mineur, favorisant peut etre l’oxydation du 
CH, benzylique mais n’etant pas a l’origine de la for- 
mation d’acide succinique. 

Nos resultats confirment done le mecanisme deja 
etudie de l’oxydation des isoquinoleines par le pen- 
toxyde de vanadium et permet d’etablir un nouveau 
mecanisme resultant de la destruction du noyau 

pyridinique. 
11s permettent d’esperer la mise au point de 

methodes de dosage de ce type de produits a activite 
papavtrinique. 
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Summary-The oxidation, by vanadium pentoxide, of l-substituted 6,7-dimethoxyisoquinolines has 
shown the essential part played by the carbon atoms located G( to a hetero-atom. Thus 4-(p-chloroben- 
zyl)-6,7-dimethoxyisoquinoline is more readily oxidized by vanadium pentoxide in presence of 5M 
sulphuric acid than 1-benzyl-6,7-dimethoxyisoquinoline. Carbon dioxide and succinic acid have been 
identified amongst the oxidation products, and indicate more extensive oxidation of the molecule. 



Tulunta, Vol. 30. No 3, pp 197-200. 1983 
Prmted in Great Brltam All rights reserved 

0039-9140/83/030197-04$03.00/O 
CopyrIght 0 1983 Pergamon Press Ltd 

DETERMINATION OF THE DISSOCIATION CONSTANTS 
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Summary-The dissociation constants for oxalic acid m 3.OM sodium perchlorate medium at 25.0” have 
been determined by potentiometric and spectrophotometric titrations. The values for the concentration 
constants are K,, = (5.32 + 0.15) x lo-’ and KaZ = (1.53 + 0.02) x 10m4. The absorption spectra for 
the individual oxalate species are reported. 

As part of a systematic study of the solution chemis- 
try of molybdenum,’ the formation of complexes 

between oxalate and molybdenum(V1) is currently 

being investigated by potentiometric and spectro- 
photometric methods. For the interpretation of our 
results accurate values for the dissociation constants 
of oxalic acid at 25” in 3.OM sodium perchlorate as 
well as information about the ultraviolet spectra of 
oxalic acid and its ions are necessary. 

Although values for these dissociation constants are 
known for various ionic media and at different tem- 

peratures,2*3 only one set of values pertaining to 3.OM 
sodium perchlorate at 25” has been reported in the 
literature.4 Since these values were based on a very 
limited number of pH measurements it was felt that 
they could not be used without further verification. 
Further, the ultraviolet spectra of oxalic acid and its 
ions in the wavelength range 205230 nm were not 
available from the literature. In this investigation the 

dissociation constants of oxalic acid were determined 
by a series of potentiometric titrations and confirmed 
by an independent spectrophotometric experiment. 
The data of the latter experiment also yielded the 
required absorption spectra of the different oxalate 
species. 

EXPERIMENTAL 

Reagents 

All reagents were of analytical grade (Merck pa.) and 
solutions were prepared with demineralized distilled water. 
The sodium perchlorate solution was prepared from the 
twice recrystallized solid and standardized by evaporating 
known volumes to dryness and heating at 130” to constant 
weight. Before recrystallization a saturated solution of the 
salt was allowed to stand for a week and then filtered. 
Perchloric acid was standardized by titration with sodium 
hydroxide that had been standardized by titration with 
potassium hydrogen phthalate. Sodium oxalate solutions 
were prepared from the solid, and used without further 
purification. 

Potentiometric measurements 

Titrations were done at 25.0 k 0.1” (with the titration 
flask in a water-bath), starting with either 40.0 or 50.0 ml of 
0.018llM sodium oxalate and adding perchloric acid from 
a lo-ml burette. All solutions were made 3.OM with respect 
to perchlorate by addition of sodium perchlorate. To pre- 
vent precipitation of sodium oxalate in this medium the 
concentration of oxalate had to be kept below -0.019M. A 
stream of purified nitrogen was passed through 3.OM 
sodium perchlorate and then bubbled slowly through the 
titration solution, which both stirred the solution and ex- 
cluded carbon dioxide from the system. The free hydrogen- 
ion concentration, h, was determined by measuring the 
potential to k 0.2 mV with a Radiometer PHM64 
Research pH-meter. The following cell was used: 

Glass Test solution, 

(I 

0.1 M NaCl Hg,Cl,(s), 
electrode 3.OM ClO; 2.9M NaClO, Hg(s) 

The electrodes used were a Radiometer glass electrode 
(G202C) and calomel reference electrode (K201), modified’ 
as indicated in the cell. The advantage of this modification 
is that the internal solution of the electrode has the same 
ionic strength and nearly the same composition as the test 
solution. Before use and between experiments these elec- 
trodes were kept at 25”. the glass electrode in tap water 
and the calomel electrode in O.lM sodium chloridei2.9M 
sodium perchlorate. 

The relationship between the measured potential E (in 
mV) and the concentration of free hydrogen ions at 25” is 
given by 

E = E” - 59.151ogh + Ej (1) 

where E” includes the standard potentials of the electrodes, 
the asymmetry potential of the glass electrode, and the 
term 59.15 log 7” (which is assumed to be a constant in the 
3.OM sodium perchlorate medium used). 

E, is the liquid junction potential, which can be taken as 
proportional to the hydrogen-ion concentration6 Values 
for E” and E, were determined from titrations of 3.OM 
sodium perchlorate with perchloric acid as described by 
Rossotti.’ Ej was found to have the value 19h mV. E was 
corrected for E>.at h > O.O08M, i.e., when E, was signifi- 
cant. The equihbrium hydrogen-ion concentration was 
varied from lo-’ to 10-i ‘M by titrating with either 0.1 or 
0.5M perchloric acid. 

Spectrophotometric measurements 

The spectrophotometric measurements were made with 
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a Beckman Acta MVI spectrophotometer. The titration 
procedure was similar to that for the potentiometric 
measurements, but a peristaltic pump was used to circulate 
the test solution from the reaction vessel to a flow-through 
cuvette (with adjustable path-length) set at 0.5 cm (actual 
path-length 0.497 cm). 

A 50-ml portion of O.OOlM sodium oxalate was titrated 
imtially with O.lM and eventually with 0.5M perchloric 
acid, h being thereby varied from 1Om6 1 to 10-l ‘. The 
perchlorate concentration of these solutions was 3.OM. The 
value of h was calculated from the measured potential, E, 
as described above. The absorbance of the solution at a 
particular E value was measured, against air as reference, 
at 2-nm intervals in the range 202-226 nm. In a similar 
blank titration (i.e.. without oxalate) the blank absorbances 
at the different wavelengths as well as a value for E” were 
determined. 

RESULTS AND DISCUSSION 

Constantsfrom potentiometric data 

The equilibria for the successive protonations of 
oxalate are represented by the equations 

CaO:- + H + =HCsO; (2) 

H&04 + H+ +HzCz04 

The analytical concentrations of oxalate and acid, 
denoted by B and H, are given by 

B = 6 + b&3, + bh2fi2 (4) 

and 

H = h + b&II + 2bh2& (5) 

where b and h are the concentrations of free oxalate 
and hydrogen ions; and /?t and fi2 are the overall 
protonation constants of oxalate, related to the dis- 

I .c 

z 

0: 

sociation constants by 

K,, = BilPs; K,z = l/Pi 

The degree of protonation, Z, is defined by 

(6) 

Z = (H - h)/B (7) 

By substitution of equations (4) and (5) into (7), the 
following expression is obtained: 

z = M + 2@2 
1 + hj3, + h2B2. (8) 

Values for Z were calculated by means of equation (7) 
and are plotted in Fig. 1 as a function of -log h. 
With use of these Z values and the corresponding h 

values, equation (8) was solved by a non-linear least- 
squares method, in which the error mean square 

CE(Z,,,, - Z,,,,)‘]/(n - 2) is minimized by stepwise 

GaussNewton iterations on the protonation con- 
stants /?r and &, n being the number of data points. A 
package program, BMDX85,s has been adapted for 
this purpose. The values for the constants thus com- 
puted (error limits 20) were: 

/II = (6.54 + 0.10) x lo3 

/I2 = (1.23 f 0.03) x lo5 

The standard deviation of Z was 0.006 (for Z from 
0.100 to 1.650). The curve shown in Fig. 1 was calcu- 

lated from these constants and fits the experimental 
points well. 

Constants and ultraviolet spectra from spectrophoto- 
metric data 

The molar absorptivity, E, of a solution containing 

3.7 

0.5 

A 

03 

0.1 

3 2 I 

-log h 

Fig. 1. The degree of protonation, 2, and the absorbance A, as a function of -log h. A 1, A2 and A3 refer 
to wavelengths 208, 214 and 220nm. The curves are calculated from the constants given in the text. 

Many of the dots on the Z-curve represent two closely spaced data pomts. 
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the various species is given by 

A co + ElBlh + 4ZhZ 

E=z= 1 + Blh + P2h2 
(9) 

where A is the absorbance measured in a cuvette of 
path-length 1 cm, B is the total molar concentration, 

and co, l 1 and e2 are the molar absorptivities of 
CzO:-, HC,O; and HzC204 respectively at a par- 
ticular wavelength. Because of overlap of the dissoci- 
ation equilibria, e1 cannot be measured directly. To 
obtain a reliable value for Ed from direct absorbance 
measurements is also not feasible. For the practically 
complete protonation of HC20; to HzCz04, an acid 
concentration much higher than the ionic strength of 
the medium would be required, e.g., 10.8M for 99.5% 
protonation. Moreover, at such a high hydrogen-ion 
concentration possible further protonation of oxalic 
acid itself would have to be considered. Although a 
value for co can be obtained directly by measuring the 
absorbance of an oxalate solution with -log h 2 6.5, 
we preferred to regard co also as an unknown in the 
treatment of the data. To obtain the protonation con- 
stants from the spectrophotometric data, equation (9) 
must therefore be solved for five unknown par- 
ameters. 

At first sight the spectrum of a solution containing 
oxalic acid and its ions does not seem to be suitable 
for stringent equilibrium analysis. The species absorb 
in the ultraviolet region at wavelengths shorter than 

-235 nm and their absorption maxima occur at 
< 200 nm. Consequently only the tail of the band, a 
rather steep sloping curve, is accessible for measure- 

ment. However, quite a significant change in 
absorbance takes place when C20i- is successively 
protonated to HC20; and H2C20, (cf: Fig. 1). This 
observation and the fact that the overlap of the equili- 
bria is rather small, have led us to attempt the 
spectrophotometric determination of the constants by 
employing the very useful computer program 
SQUAD. 9,10 By means of this program, absorbance 
data at a number of wavelengths can be handled sim- 
ultaneously for the calculation of stability constants. 
In the present case the data consisted of 234 absorb- 
ance values measured at 13 wavelengths for 18 differ- 
ent hydrogen-ion concentrations. As typical results 
those for wavelengths 208, 214 and 220 nm are shown 
in Fig. 1. The following values for the overall proto- 
nation constants were computed from the spectro- 
photometric data (error limits 20): 

j& = (6.93 f 0.20) x lo3 

j& = (1.27 + 0.04) x lo5 

The standard deviation of the absorbance was 0.0039 
(for A from 0.016 to 1.027). 

As was to be expected these constants could not be 
determined with the same accuracy as those evaluated 
from the potentiometric data. The agreement between 
the two sets of constants, however, is quite satisfac- 

Wavelength (nm) 

Fig. 2. Calculated absorption spectra of H2C204, HC*O; 
and C20$- in 3M Na(H)ClO, medium. 

tory. The spectral curves for the various species (Fig. 
2) plotted from the molar absorptivities obtained in 
the calculation of the protonation constants can 
therefore be accepted as reliable. To the best of our 
knowledge complete ultraviolet spectra for the oxa- 
late species in solution have not been published 
before, possibly because a spectrophotometric deter- 
mination of the dissociation constants of oxalic acid 
has not previously been attempted. These spectra 
might be very useful for investigations of complex for- 

mation or kinetics of complex-formation involving 
oxalate as ligand. 

Alternative calculation of fi2 

In the computation of the constants from the po- 

tentiometric as well as the spectrophotometric data, 
the hydrogen-ion concentrations used were obtained 
from potential measurements with a glass electrode. It 

is, of course, possible to calculate a value for /3z from 
the absorbance data by using the analytical hydrogen- 
ion concentrations. Moreover, the equilibrium hydro- 
gen-ion concentrations calculated (by iteration) from 
the analytical concentrations in the region above 
O.OlM will be more accurate than those obtained 
from potential measurements. The absorbance data 
were therefore treated again with the program 
SQUAD, but with the analytical acid concentrations 
in the region above O.OlM. The previously determined 
value for b1 was used as a known constant to provide 
for the overlap of the equilibria. The new value for fi2 
thus calculated was (error limits 20): 

82 = (1.25 _t 0.04) x 105 

The good agreement between the two values for p2 
indirectly confirms the reliability of the potentio- 
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metric measurements, especially at high acid concen- 
trations where E had to be corrected for Ej 

As “best” values for the dissociation constants for 
oxalic acid we choose those determined by potentio- 
metric titration. The values obtained are (error limits 
24: 

K,, = (5.32 +_ 0.15) x 1O-2 

K,, = (1.53 + 0.02) x 10-4 

These values can be compared with those reported 
previously4 for the same ionic medium and tempera- 
ture (but each derived from only three pH-measure- 
ments) namely (5.5 f 0.8) x 10m2 for K,, and 
(1.58 + 0.02) x 10m4 for Ka2. 
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Summary-The response characteristics of freshly prepared membranes containing valinomycin are 
compared to those of membranes of identical composition prepared 2 and 10 years earlier. Independent 
melting point and infrared spectroscopy data on valinomycin of different ages are presented to substan- 
tiate its long-term stability. The separate-solution method was employed to establish selectivity coef- 
ficients for RbC, Csf, Lif, H+, Na+ and NH: relative to K+ for freshly prepared and aged membranes. 
The maximum values for Na+ ranged from lo- 4 69 for freshly prepared membranes to 10-4.27 for 
IO-year old membranes. The slope of the emf us. potassium ion activity over the range 10-4-10~‘m was 
58.5 mV/decade for freshly prepared membranes and 57.7 mV/decade for aged membranes. The time 
needed to reach 99% of the final emf was less than I min for freshly prepared and 2-year old membranes 
but 3-6 min for IO-year old membranes. Possible measures to increase the shelf life of these and similar 
membranes are suggested. 

Numerous studies have been performed with valino- 
mycin as an active agent in the selective transport of 
cations across membranes, since Moore and Press- 
man’s discovery’ of its ability to induce ion per- 
meation in mictochondria. The ion-carrier capability 
of valinomycin led to its incorporation into organic 
matrices to give ion-selective membranes with electro- 
chemical sensor applications (e.g., ion-selective elec- 
trodes). 

The stability of a 3-year-old membrane incorporat- 
ing a potassium-valinomycin-tetraphenylborate salt 

in a block copolymer of poly(bisphenol-A carbonate) 
and poly(dimethylsiloxane) has been reported,’ and 
Oesch and Simon3 have indicated a methodology for 
assessing the lifetime, under continuous use con- 
ditions, of various ion-selective liquid membranes, in- 
cluding a system incorporating valinomycin as neu- 
tral carrier. 

The purpose of this paper is to report the response 
characteristics of ion-selective valinomycin mem- 

branes prepared 2 and 10 years earlier and stored in 
conductance water. Melting point and infrared spec- 
troscopy data confirming the long-term stability of 
valinomycin are also presented. 

EXPERIMENTAL 

Apparatus 

A Health Digital Multimeter, Model IM-102, combined 
with a Heath Model EU 200-30 electrometer module. was 
used to measure cell emf values. All measurements were 
made with the membranes mounted on a snap-cap mem- 
brane electrode,4 and facmg silver-silver chloride elec- 

trodes (internal and external) prepared by the thermal de- 
composition method as described by Ives and Janz.’ The 
right-hand side of all cells described was connected to the 
positive lead on the electrometer. 

A Perkin-Elmer Model 710 infrared spectrophotometer 
was used to record the infrared spectra of the valinomycin 
samples. Melting points were determined with a Labora- 
tory Devices 200-W “Mel-Temp”. 

Reagents 

All reagents were of analytical grade except for “Ultra- 
pure” grade NaCI. RbCl and CsCl supplied by Ventron 
Corporation, Alpha Industries. The impurities in the 
“Ultrapure” NaCl included potassium, rubidium and cae- 
sium at 5, 1 and 5 ppm, respectively. All solutions were 
prepared with distilled demineralized water. Solutions were 
maintained at 25 + 1” and magnetically stlrred during 
measurements. 

Valinomycin prepared in 1968 was supplied by Eli Lilly 
and Company, and Calbiochem supplied valinomycin pre- 
pared in 1974 and 1979. Mixtures of 2.5% w/w valinomycin 
with potassium bromide (infrared quality, Harshaw Chemi- 
cal Company) were prepared and 70-mg quantities were 
compressed into pellets for infrared analysis. 

Diphenyl ether, cyclohexanone, and dipentyl phthalate 
were purchased from Eastman Kodak Company, and the 
PVC resin was supplied by Stauffer Chemical Company. 

Membrane preparation. Valinomycin, dissolved in diphe- 
nyl ether, was stirred into a 17% w/w solution of PVC in 
cyclohexanone, and then a 10% v/v quantity of dlpentyl 
phthalate was added. After any air-bubbles had escaped, 
the mixture was cast onto a glass plate, masked to contain 
the flmd within a fixed area, and allowed to air-dry for up 
to 24 hr at room temperature. The valinomycm concen- 
tration in the “dried” membranes was approximately 
4.5 x 10m4 and 5.1 x 10e4M for the membranes prepared 
in 1972 and 1980, respectively. Membranes (200 pm x 
3.6 cm) were cut and either immersed in O.lOm potassium 
chloride (for immediate use) or stored together in 30-40 ml 
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of conductrvity water within a sealed container (for future 
use). Before use, the latter membranes were cut, if necess- 
ary, to an appropriate size and conditioned for several 
hours in 0.10~1 potassium chloride. The 1972 membranes 
were prepared with valinomycin manufactured in 1968, 
and a 1979 sample of vahnomycin was used in the prep- 
aration of the 1980 membranes. The 1972 membranes had 
also been used in a separate impedance study. 

THEORETICAL 

The cell used in the separate-solution method6 of 
establishing selectivity coefficients can be described by 

Ag-AgCl’/O.lOm BCl//membrane// 
O.lOm KCl/Ag-AgCl” 

where BCl represents the chloride activity of a uni- 
valent cation. 

By use of silver-silver chloride electrodes exactly 
matched in potential, and equal chloride concen- 
trations on each side of the membrane, or correcting 
the cell emf for any differences, the selectivity coef- 
ficient of the membrane for the univalent cation rela- 
tive to the potassium ion can be readily determined 
from 

kE’B = E expW,,,b,,ne/W (1) + 

where y is the activity coefficient of the ion indicated 
by subscript. 

An attempt was made to establish the K+/Na+ 
selectivity coefficient by the recommended6 fixed- 
interference method, but the high selectivity of the 
membrane for potassium (as well as rubidium and 
caesium) relative to sodium, coupled with the very 
small but significant concentrations of potassium in 
the ultrapure sodium chloride, precluded this determi- 
nation. 

The cell used to establish the response time and the 
slope of the calibration graph is described by 
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Table 1. Selectivity of coefficients of freshly pre- 
pared and aged membranes (of approximately ident- 
ical composition) for different cations (chloride as 

the common anion) 

-log kpb 

B 10 Years* 

Rb+ -0.38 
cs+ 0.42 
Li+ 3.78 
H+ 3.55 
Na’ 4.27 
NH; 1.74 

*Age of membrane. 

2 Years* 0 Years* 

-0.40 -0.34 
0.40 0.43 
3.82 3.85 
4.40 4.43 
4.48 4.69 
1.82 1.83 

comparison, 2-year old and freshly prepared mem- 
branes exhibited a 99% change in less than 1 min. 

Measurements made in 1982 of the selectivity coef- 
ficients obtained for equimolal solutions of potas- 
sium and other univalent cations are shown in 
Table 1 for membranes prepared in 1972 and 1980, 
and are compared with those made in 1980 with 
freshly prepared membranes. 

Samples of valinomycin prepared in 1968 and 1979 
were analyzed by infrared spectroscopy in 1980 and 
1982, respectively. Little or no discernible difference 
in the spectra was observed, as shown in Fig. 1, 
although some differences were expected because of 
possible variations in purity and preparation by the 
two different laboratories. 

The melting points, determined in 1980, for the 
valinomycin samples prepared in 1968, 1974 and 1979 
were 187”, 187” and 186187”, respectively. 

DISCUSSION 

Evidence from potentiometric measurements, 
infrared spectroscopy, and the melting points strongly 

Ag-A&l 
lO_‘mC1l 

10-1-10-4mK+ 
//membrane//O. 1Om KCl/Ag-AgCl” 

The chloride activity was kept constant by addition of 
sodium chloride when necessary, when the potassium- 
ion concentration was changed from 1O-4 to lo-‘m. 

RESULTS 

The emf developed by lo-year old membranes was 
a linear function of potassium-ion activity over the 
range 10-4-10-‘m with a slope of 57.7 mV/decade. 

For freshly prepared or 2-year old membranes the 
slope was 58.5 mV/decade over the same range. The 
relative standard deviation for the slope measure- 
ments was 1.7%. 

For a thousandfold change in potassium-ion con- 
centration (from 10m4 to lo-‘m) the IO-year old 
membranes gave 90% of full response within 1 min 
and 99% (within 1 mV of the final emf) in 3-6 min. In 

suggests that valinomycin is stable when stored at 
room temperature in air or in an organic matrix im- 
mersed in conductivity water. 

Ion-selective membranes containing valinomycin as 
the neutral carrier have been shown to have a shelf- 
life of at least 10 years, though there is some deterior- 
ation in response time and selectivity. When the mem- 
branes described here are stored in the open air, their 
lifetime is reduced from years to days because of loss 
of the more volatile constituents such as cyclohexa- 
none. Repeated exposure to different test solutions 
can also result in the loss of one or more of the mem- 
brane components. Oesch and Simon3 have demon- 
strated the importance of the concentration of the 
ion-carriers, including valinomycin, in a liquid ion- 
selective membrane system. Their data show that 
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Fig. 1. Infrared spectra of valinomycin (2.5% w/w) in KBr. Upper spectrum-valinomycin prepared by 
Eli Lilly and Company in 1968. Lower spectrum-valinomycin prepared by Calbiochem in 1979. 

changes in selectivity and departure from Nernstian 
behaviour can be expected if there is loss of the ion- 
carrier from the membrane. 

Additional measures that can be taken to extend 
the shelf-life of this and similar membrane systems 
include addition of the water-soluble membrane com- 
ponents to the storage medium, to reduce the thermo- 
dynamic driving forces created by the concentration 
gradients between the membrane and the storage 
medium. 
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ANNOTATION 

FAST pH CALCULATIONS IN AQUEOUS SOLUTION CHEMISTRY 
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Summary-A technique for computation of the neutralization curves of acid-base solutions, based on 
an optimization search method, has been developed. The criterion function is the absolute value of the 
calculated difference between the numbers of positive and negative charges present in the solutions. This 
technique is generally applicable for solution chemistry, but because of its speed of resolution and its 
accuracy, it is particularly useful in the control of a real-time process by a computer. 

In analytical chemistry, reactions in solution can be 
described by the equilibria and material balances 
involved. However, difficulties arise during numerical 
calculations for mixtures of acids and bases. For 
example, the calculation of the hydrogen-ion activity 
generally requires a powerful electronic calculator.‘” 
The usual approach is to write a polynomial equation 
in terms of hydrogen-ion concentration and then find 
a positive root. 

We wished to control the pH in neutralization 
reactions taking place in a complex process requiring 
a sophisticated control system.4 Computation of the 
neutralization curve was a necessary step in our 
control scheme, but was just one among many tasks 
to be done by the computer. The usual procedure for 
calculation of neutralization curves proved to be too 
time-consuming for real-time process control. We 
therefore developed a less sophisticated but powerful 
and fast procedure, suitable for a small process 
computer (MITRA 115SEMS). Some attempts have 
been already made in this direction5 but we think 
that our simple technique could be a very valuable 
tool. 

FORMULATION OF THE PROBLEM 

A general equation for the dissociation of an 
n-protic acid with apparent dissociation constants 
K;,, . . . Kk and thermodynamic dissociation con- 
stants KA, . . . Kh is: 

K, =[AH::,I[H,O+l= K fAH._,+l 
A, [AH::,‘? ,] A’fAHn_lfH’ 

The concentrations of the species in solution are given 

by 
C[H30+l”-’ fi Kak 

[AH;: ,] = 
k=l 

[H,O+l” + t [H30+]n-k fi K;, 
k=l ,=l 

where C is the total (analytical) concentration of the 
acid. The mathematical expressions quickly become 
difficult to deal with when mixtures of many 
components are considered. 

The activity coefficients are a function of the ionic 
strength, and may be predicted by various equations.6 

pH computation 

The calculation of pH for mixtures of acids and 
bases requires knowledge of the equilibria involved, 
and the material and charge balances have to be 
evaluted. 

The resulting polynomial equation in [H,O+] is of- 
ten cumbersome to solve and requires great precision 
during the computation. The calculator we used first 
had a precision of only 1 in lo’, i.e., 1 + 10m6 = 1. We 
then started looking for a method that was not based 
on iteration involving high-precision calculation. This 
led us to an iterative method using an optimization 
search technique, the “golden section” method.’ 

This method is a single-variable elimination method 
used when there is no information available (at least 
easily) about the derivatives used in such techniques as 
the Newton-Raphson method. It involves deter- 
mining the optimum value of the independent variable 
by trial and error, with the search confined to 
progressively smaller intervals of size r, (j = 1, . . . J, 
and being finite) by elimination of unsuitable portions 
of the domain of search. The main characteristic of the 
method is that the intervals are successively decreased 
in geometric ratio T, given by 

z = L,- ,/L, = (1 + JJ)/2 

This method is similar to the Fibonacci search method 
used by McMillan et a1.,5 without requiring that the 
numbers of trials be known in advance. 

Let F, be the number of negative charges per unit 
volume of solution and F2 the corresponding number 
of positive charges. Charge balance gives F, = F2. If 
this equality is obtained for only one value in the 
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possible domain of the variable pH’ (= -log [H,O+], 
F, - F2 will take the value zero only once, so the 
absolute value 1 F, - F2 1, will have a unique minimum 
and therefore be a one-variable unimodal function. 
This is most important, and our discussion deals with 
this characteristic. 

Consider titration of a single triprotic acid, AH,, of 
total concentration C, with a strong monoprotic base, 
BOH. The species in solution are H30+, B+ and OH-, 
AH,, AH’- and A’-. Thus 

F, = [OH-] + [AH;] + 2[AH*-] + 3[A’-] 

F2 = [H,O+] + [B+]. 

Now, for a given titration data-point, consider how F, 
and F, will change as the value of [H,O+] is changed, 
in order to find where ) F, - F2 ) has its minimum. 
Since F, = [H,O+] + [B+], we have dF,/d[H,O+] = 1. 
That is, F2 increases when [H,O+] increases. 

F, can be written as 

GV 
FL = [H,o+1 

KA, [HjO+]* + 2 KA, K;\$-I30+1 
+ KA, K$,&3[H30+]’ 

+ ‘[H30+13 + KA, [H30+]* 
+ Kai KA,[H,O+] + KA, Ka2KA3 

= G, + CK;,G,. 

Thus 

dF, dG, dG2 
d = d + CK’l d[H,O+] 

and 
dG, KW -= -___ 

4H@+l W,O+l* 

which is strictly negative. 
Putting 

Y = [H30+]’ + K;, [H30+]* 

we have 

+K;, Ka2 [H,O+] + K;, Ka2 Ka3 

[H30+14 + 4K~,[H,O+]’ 

dGz + [K;, Ka2 + 9K;2K;3][H30+]2 ---= _ 
dF-W+l Y* 

4K;, Kk2Ka3 W,O+l + &.I K2)*G3 - 

Y* 

which is strictly negative. 
Therefore dF,/d[H,O+] is strictly negative and F, 

decreases when [H,O+] increases, i.e., when pH’ 
decreases. Hence F, and F2 change value in opposite 
directions when pH’ is changed, and the function 
1 F, - F2 1 will be equal to zero when pH’ corresponds 
to the value for electrical balance. Therefore 
( F, - F2 ( is unimodal. The pH’ corresponding to the 
data point is calculated by applying the golden 
section method, starting with the boundary condi- 
tions pH’ = 0 and pH’ = 14. The calculation is 
repeated for each data point required. 

Fig. 1. Search for the minimum of IF, - F,J. --- F,; 
“‘.. F2; - IF,---F,J. 

In this derivation, F, represents all the negative 
charges carried by the anions resulting from the 
dissociation of bases and/or acids existing in the 
mixture. For each dissociation sequence, we obtain a 
term G2. F2 represents all the positive charges carried 
by the cations resulting from the dissociation of bases 
and/or acids existing in the mixture. In the example 
taken the expression for F2 is very simple, but in a 
more complicated dissociation of the type 
Z&A”+. . . HA+. . . A, there would be an additional 
term G3 which increases as pH’ decreases (see Appen- 
dix), but a unimodal one-variable function IF, - F2 1 
is still obtained, and its minimum can be computed 
by means of the golden section method. 

The functions F, and F2 are plotted in Fig. 1, which 
also illustrates the progressive size reduction of the 
search interval. 

The true pH is calculated from pH’ by taking the 
activity coefficients into account, according to the 
procedure shown in Fig. 2. 

IMPLEMENTATION 

The computer used for the calculations presented 
in this paper was a MITRA 15 (SEMS) with 64 kbyte 
of memory with an 800-nsec machine cycle. The 
process computer MITRA 115 @EMS) has the same 
memory capacity, but is faster. 

The program was written in Fortran. The golden 
section technique subroutine, which can be found in 
most program libraries, requires 380 bytes of store. 
The user has to write his own subroutine to compute 
the function 1 F, - F, 1 for his particular problem. 

The MITRA 15 computer took 0.1 set to calculate 
one -log [H,O+] value (pH) with an accuracy of 0.01 
pH unit. Convergence was obtained within two iter- 
ations, the convergence criterion (a, the difference 
between two successive calculated pH values, see 
Fig. 2) being E = 0.01. 

Determination of neutralization curves 

The method described was compared with the 
Newton-Raphson method for the determination of a 



ANNOTATION 201 

Start > 6,-l. i=l,...,N 

PH o,d'lOO. 

1 

Kk=6(Kti,di) 

I 

N number of 

ionic species 

in solution 

the concentrations of the 

E precision adjustable by the user 

Fig. 2. Flow diagram for pH computation. 

neutralization curve for 50 ml of O.lM polyprotic 
acid (pK, = 0.85, pK, = 1.49, pK, = 5.77, pK, = 8.22) 
by 0.4M strong base. The calculation time was 5 sec. 
The golden section method used less core, and gave 
exactly the same results as the Newton-Raphson 
method. 

Titration curves and distribution diagrams were 
calculated for citric acid (pK, = 3.07, pK, = 4.15, 
pK, = 6.40). The curves obtained were similar to 
those published elsewhere.8 

The method was also used to determine the indi- 
vidual concentrations of hydrochloric, acetic and 
orthophosphoric acid in a mixture. The experimental 
curve for titration with O.lM sodium hydroxide was 
evaluated by means of a multivariable search 
technique.’ 

CONCLUSION 

A new method for determination of the pH of 
mixtures of acids and bases has been developed. It 
uses a “golden section” optimization technique, 
requires little computer memory and is relatively fast. 
It has been successfully implemented on a real-time 
process computer controlling a neutralization pro- 
cess. It could also be used on a microprocessor, 
because the golden section method is simple to pro- 
gram. The technique should be useful in other fields 
of the chemistry of solutions. 
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APPENDIX 

For dissociation sequences of the type H,A”+ . . HA+ . . . A, there is an additional term, G,, in I$: 
n-1 n-2 

[HrO+]n KAk+2[H,0+1217 K,+...+n[H,O+] 

G, = C 
k=l k=I 

R-&O+]“+ i [H,O+l”-k i K;, 
k=I ,=I 

For example, when n = 3 

dG Ka:K;;iKA,+4KA:KA2KA,[H,O+]+{~~,:,K62+9K;\,KA2K~,}[H,O+]2 
-= 
WP+l Y2 

+4Kk,K;,[H,O+]‘+ K;,[H30+14 

Yr 

with Y=[H30+13+ K~,[H30+]2+K;,K;,~I,0+]+ KA,KA2KA3; dG,/dv,O +] is strictly positive; G, is increasing when 
[H,O+] is increasing, i.e., when pH’ is decreasing. 
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ANALYSIS OF DRUGS BY MICROCALORIMETRY 
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Summary-Microcalorimetric analysis has been the subject of a few revie\$s in recent years, but these 
reviews have mainly dealt with the wide-ranging capabilities of calorimetric assay. This review, however, 
discusses the experimental basis and practical exploitation of the method in the particularly important 
area of pha~a~uti~~s, This field of analysis embraces both conventional chemical assays and bioassays 
which involve living microbial species. The review hi~lights the design of calorimetric inst~ents 
appropriate for study of microbial metabolism and interaction with drug substances. For comprehen- 
siveness, both microcalorimetric and thermometric assay systems are discussed and critically assessed. 

ISO~RMAL AWN-CONDU~ION 
MICBOCALORIMETRY 

The analysis of drugs entails, essentially, the follow- The methods currently available may be broadly 
ing: divided into two categories: 

(1) the quantitative, qualitative and relative bio- 
activity assay of pure and impure drugs in different 
matrices; 

(1) classical microbiological methods’ and modi- 
fications thereofi 

(2) physicochemical techniques.& 
(2) elucidation of the mechanism of action of drugs 

at the molecular level; 
(3) clinical evaluation, including assessment of site 

of action (in viva) and side-effects, and methods of 
assaying deveiopment of resistance of cells to drug 
action. 

Methods for quantitative and qualitative analysis 
of drugs are important in all three aspects. Quan- 
titative drug measurements require to be of high 
reproducibility, precision and accuracy and are often 
required quickly. In clinical laboratories there is 
usually a very large number of samples derived from 
different sources to be dealt with.’ Metabolic studies 
of drugs require detection at very low levels, often in 
the pg-ng range, in body fluids and tissues. Drug 
abuse also leads to a need for rapid qualitative and 
quantitative assay of drugs. The quantitative and 
qualitative analysis of drugs is aiso important in the 
pharmaceutical industry, but because dosage forms 
are of high purity and precisely known composition 
the limits of detection are not so demanding as in 
clinical medicine, and reasonably large quantities of 
sample are usuatly available. 

Microbiological assays may be considered as vari- 
ants of chemical assays in which a living organism or 
tissue is the reagent responding to the substance 
under investigation. The classical techniques are 
mainly based on i~ibition of microbial growth and 
can be classified into (a) diffusion methods and (6) 
dilution techniques. 

The diffusion methods are based on the uniform 
spread of an inhibitor into a solid medium from its 
point of application. As the inhibitor agent spreads, 
its concentration decreases. Organisms will grow only 
where the concentration of inhibitor is too low to 
stop growth. The diffusion methods are not well 
understood theoretically. The inhibition zone dia- 
meter is usually (but not always) proportional to the 
logarithm of the inhibitor concentration, and is 
affected by various experimental factors. 

Synergistic or antagonistic effects of drug mofe- 
cules on micro-organisms are also difficult, if not 
impossible, to assess by plate agar diffusion methods. 

Respirometric methods depend on the ability of a 
drug to inhibit formation of carbon dioxide by either 
direct or indirect action. Radioactively 1abeIled car- 
bon dioxide, and Warburg or indicator methods can 
be used, but the indicators should not interfere by 
complexing with the drug. 

- 

*Present address: Sterling Chemistry Laboratory, Yale 
University, 225 Prospect Street, New Haven, CT 06520, 
U.S.A. 

METHODS OF ANALYSIS OF ~~I~OBIAL 
AGENTS 

Turbidimetric methods measure the inhibition of 
growth photometrically. The growth is assumed to be 
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inversely proportional to the drug concentration. 
Errors can be caused by variation in inocula, inocu- 
lum volume errors and light-absorption by the drug. 

In dilution methods, several dilutions of the drug 
are incubated with an inoculum of test organisms, 
and the lowest concentration of drug producing 
complete inhibition of growth is taken as the in- 
hibitory concentration. 

Numerous variations of these techniques continue 
to be reported, and routinely practised in clinical and 
pharmaceutical laboratories. One of the primary 
reasons for this is that the structure of the drug need 
not be known. The methods are also usually cheap 
and simple and do not need elaborate apparatus, but 
are slow, have rather poor reproducibility and pre- 
cision, are open to subjective error, and cannot be 
used qualitatively. 

A wide variety of physicochemical methods have 
been employed, e.g., spectroscopic, electrochemical 
and chromatographic, but their applicability to qual- 
itative analysis of drugs is still problematic in certain 
cases. Antibiotics, for example, are usually non- 
homogeneous, and fermentation by-products present 
may affect the physicochemical qualitative assay. 
Nevertheless, these methods are the first choice for 
qualitative analysis of drugs.4 The limits of detection, 
reproducibility, accuracy, etc. are usually better than 
those for the classical methods, but these methods do 
not fulfil the obligatory legal requirements of testing 
antimicrobial drugs against metabolically viable 
cells,’ supply information on the susceptibility of 
organisms to drug molecules, or give ancillary infor- 
mation such as the kinetics of drug action. Moreover, 
a preliminary separation is often needed, making the 
methods slow. 

Calorimetric techniques may be used for both 
qualitative and quantitative assay by measurement of 
the enthalpy change of reactions, and as micro- 
organisms may be regarded as assemblages of inte- 
grated chemical reactions their metabolic activity can 
be registered with a suitably sensitive calorimeter. 
Hence inhibitors of this activity can also be deter- 
mined. This use of the calorimetric method has arisen 
only during the last ten years, and it is intended to 
give here a brief review of the developments in 
calorimetric instrumentation and experimental 
design’&” which have led to the use of isothermal 
power-conduction microcalorimetry for micro- 
organism-drug studies. 

Instrumentation and experimental design 

Calorimetric equipment has developed consid- 
erably since Black’s pioneer work and Lavoisier’s ice 
calorimeter’4 and modern instrumentation owes a 
large part of its success to the introduction of the 
thermistor,” which allows temperature changes as 
small as 10m5 deg to be detected with good accuracy. 
Thermistors have several other advantages: they are 
small, have a low heat capacity and respond rapidly 
to temperature changes. The thermistor gave great 

impetus to the development of the isoperibol” and 
adiabatic shield16.” “micro” calorimeters. Isoperibol 
calorimeters have a thermostatically controlled 
jacket. If the calorimeter vessel and the jacket differ 
in temperature, heat is transferred between them. 
This heat leakage can be calculated and allowed for, 
e.g., by using Newton’s law of cooling, and the 
enthalpy of the reaction calculated. 

In adiabatic shield calorimeters, the temperature of 
the surroundings follows that of the vessel and the- 
oretically no net heat exchange should take place with 
the environment. For exothermic processes this is 
achieved by inserting an adiabatic shield, consisting 
of a thin-walled metal envelope with a heater wound 
over its surface, between the calorimetric vessel and 
the thermostatic bath. 

These calorimeters are not suited for studies of 
micro-organisms, however, because they depend on 
measurement of temperature rises for their operation, 
and also are of the batch type, with its attendant 
disadvantages. 

Calorimeters operating on the basis of mea- 
surement of rate of heat transfer were developed in 
the 1940s and 195Os, and proved well suited for study 
of slow reactions, but still had rather large volumes 
and slow response time, and were still of the batch 

type. 
The present ability to study micro-organism-drug 

interactions by calorimetry has arisen from the devel- 
opment of modern isothermal differential micro- 
calorimeters designed to operate on small sample 
volumes (0.1-1.0 ml) and micromole quantities of 
reagents, and measure very low power output 
changes with high precision (0.1% at the 200~PW 
level). 

The development of such calorimeters awaited 
the introduction of, amongst other components, 
semiconductor thermopiles and high-performance 
amplifiers. 

Isothermal power-conduction microcalorimeters 

Most of the microcalorimeters currently used for 
observations of cell-drug interactions have the same 
design principles (Fig. 1). They are built as twin 
instruments, with each calorimeter vessel sandwiched 
between semiconductor thermocouple plates sur- 
rounded by small aluminium blocks, the “primary 
heat sinks”, the units being kept together by spring- 
loaded bolts and in good thermal contact with the 
main block through the primary heat sinks. The 
calorimetric block is enclosed in a steel container, 
positioned in a thermostatic air- or water-bath. The 
thermocouple plates surrounding each calorimetric 
vessel are arranged in series, and the two thermo- 
piles thus formed are connected in opposition. The 
differential voltage signal is amplified and recorded 
(integrated). Calibration constants are normally de- 
termined electrically. The sensitivity of most designs 
is lo-’ W and the baseline stability 1 pW/day. For 
steady-state processes, the thermopile voltage (V) is 



directly proportional to the rate of heat evolution 
[Le., the power, (W = dQ/dt)] in the calorimeter 
vessel. The calorimeter clearly acts as a wattmeter 
and the recorded voftage US. time curve is directly 
related to the kinetics of the process studied 
f tT =: const.dQ /d?). ~~~g~t~on of this equation leads 
to Q = const. Vf. The quantity of heat evolved (Q) is 
thus proportional to the area under the voltage-time 
curve. 

L?&c& rea~~tion ~~~~~~~~~~ (F&y. 2). The ma&ion 
vessel consists of re&tngular or square cans divided 
into two compartments by a partition connected by 
an air gap. The compartment volumes are usually 2 

and 4 ml. The cans are made from steel, glass or gold. 
After the vessels have been charged and the block 
temperature adjusted, the calorimeter is allowed to 
equilibrate for about If hr. The reaction components 
are then mixed by station of the ~o~rnet~~ b&k, 
one turn and back. 

Amp&e drop calorimeter (Fig. 3). The sample is 
put in a steel ampoule, volume I-10 ml, which is then 
brought (in a thermostat) to about the operating 
temperature of the calorimeter, and is transferred to 
the ~e~osta~~a~~y controlfed copper constriction 
(B) for a few mirtrztes. It b then lowered to the 
aluminium block (0) for further temperature equi- 
libration, and finally lowered into the thermopile 
zone (N). The calorimeter will reach equilibrium 
about 20 min after the ampoule is introduced into the 
heat-exchange system, depending on the size of the 
ampoule and its contents The power-time (p-t) 
curve obtained with the reaction amp&e containing 
only the micro-organisms (no test sample) serves as 
the reference. 

The great disadvantages of batch calorimeters are 
that the contents of the vessef are not easily acces- 
sible, and manip~ia~ons are d~~eu~t to perform feg., 
drugs can be added only at the canning of the 
experiment) and always cause thermal disturbance of 
the system. Batch techniques do not allow sampling 
or the use of physicochemical probes (for measuring 
pM, absorbance, etc.) during the experiment. Exact 
control of gaseous conditions, p~~~~~~~~ aerobic 
atmospheres, is d%icult to mamtain. This means that 
obligate aerobes will not yield a usable p-t curve in 

a batch calorimeter unless a device permitting aer- 
ation of incubations is used. Beezer et a/.‘* have 

Fig. 2. Black diagram of a Erat& microcalorimeter: a-thennostatticmbath sensor; b--heat&k in 
cylindrical, rot,rting casing; e-detectors; d-thermopiles; e--reaction vessels; f--calibration heaters; 

g-reactian-vessel filling ports; b-heat-sink heater; i-heat-sink sensor; j-circulation pump. 
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N N 

Fig. 3. Block diagram of an ampoule calorimeter: A-steel tube; I&copper constriction; C-steel tube; 
IX-aluminium block; E-main heat-sink; F-air-space; G-aluminium block; H-thermocouple plate; 
I-air-space; K-steel container; M-water thermostat; N-aluminium plate with hole for ampoule. 

From reference 12, with permission. 

shown by isothermal power-conduction flow micro- 
calorimetry that the form of the p-t graphs for the 
growth and metabolism of micro-organisms varies 
with the nature of the atmosphere above the micro- 
bial incubation. Micro-organisms in unstirred sus- 
pensions in batch calorimeters settle out, and since 
their growth is normally followed over a period of 
7-20 hr, cells originally in suspension may sediment, 
leading to differential gradients of cell density, nutri- 
ents and dissolved gas. The metabolic processes may 
result in pH stratification in the calorimetric vessel, 
and this may have at least two effects; metabolism 
may vary as a function of pH, and the heat of 
reaction will depend on the degrees of protonation of 
substrates and metabolites. Physical effects such as 
adsorption on the walls of the cells, mechanical 
effects, ionization and other side-reactions, as well as 
incomplete mixing, may also pose problems. 

Experimental requirements for calorimetric studies of 
micro-organisms and their interactions with drugs 

These studies require certain experimental condi- 
tions to be fulfilled. A reaction vessel which can be 
repeatedly sterilized is required, and a device for 
taking samples for culture is advantageous. A stirrer 
for the vessel contents is necessary. Control of the cell 
atmosphere, aerobic or anaerobic, is essential for 
standardization of experiments, because the metabo- 
lism of micro-organisms may alter according to the 
nature of the atmosphere. Provisions for analysing 
the cell suspension, e.g., for monitoring the com- 
position of the medium, are often required, and 
incubation media of defined chemical composition 
are therefore preferred. Measurement of temperature, 
pH, etc. of the cell suspension during the experiment 
is essential. Temperature control of the incubation 
vessel contents must be precise because variations in 
temperature will affect the kinetics of micro- 
organism-drug interactions. 

The incubation vessel must therefore be designed 
with gas inlets and outlets, accommodation for sen- 

sors, and a means of easy and rapid addition of 
materials to the incubation vessel without altering the 
physical conditions of the system. Contamination of 
the incubation vessel with other micro-organisms 
must be avoided, especially in view of the long 
time-span of some experiments. 

The test organism used must be susceptible to the 
drug under investigation, grow reasonably quickly in 
the assay medium, be non-virulent to man for reasons 
of safety, and be easy to maintain. Its susceptibility 
to the drug should not change with successive subcul- 
tivation. Whenever possible the same organism 
should be used. For example E. coli from one source 
may not give the same p-t curve as E. coli from 
another. The inoculum density and method of prep- 
aration require to be the same in each experiment. 

The calorimetric instruments used should have 
high power sensitivity, allowing both large (lo’-10’ 
cells/ml) and small cell concentrations (ideally 
102-lo3 cells/ml) to be studied and subtle changes in 
properties (i.e., cell metabolism) to be detected, and 
have long-term stability, high precision and good 
reproducibility. Since the different types of inocula 
studied may require different temperatures for opti- 
mal growth, the calorimeter should be able to operate 
isothermally at different temperatures. This is also 
important for monitoring temperature effects on the 
interactions. The microcalorimeter must also have 
low thermal inertia in order to detect kinetic phenom- 
ena. It is advantageous if the technique is non- 

. mvasive, I.e., does not alter the properties of the 
system or introduce artefacts during the experiments. 
Removable microcalorimetric vessels of different in- 
ternal design and dimensions are advantageous. 
Physical effects such as condensation, evaporation 
and surface adsorption phenomena must not occur in 
the calorimetric vesels. The microcalorimeter should 
be able to handle all types of cultures. The suspension 
employed should be homogeneous, but any stirring 
mechanism used should cause only negligible heat 
effects. 
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Fig. 4. Schematic diagram of flow microcalorimeter: a-flow-through vessel; b-mixing vessel; c- 
thermopile plates; d-heat-sink; e-heat-exchange unit; f-air-bath; g-air-bath heater; h-air-bath fan; 
j--external water-bath; k-primary heat-exchanger; l-amplifier; m-recorder; nAigita1 voltmeter; 
p-printer driver and timer; q-print-out; r-control-unit; s-peristaltic pumps; t-calibration heaters; 

u-temperature indicator; v-thermistor; w-heater; x-air-thermostat control; y-culture vessel. 

An instrument with fast equilibration can consid- 
erably reduce the cycle time for repetitive assays. 
Simplicity of operation and calibration should be 
incorporated in the design. Multichannel instruments 
are preferable for industrial and clinical use, and 
computerized data-acquisition and treatment is de- 
sirable. Finally, it is advantageous if other analytical 
techniques can be used simultaneously with the cal- 
orimeter without disturbing its measurements. These 
criteria are met to a large extent by the flow micro- 
calorimeter designed by Spink and Wads6.‘o 

The isothermal power-leak flow microcalorimeter 
shown in Fig. 4 is the one most commonly used for 
these studies. It contains a mixing vessel and a 
flow-through vessel. When the latter is used, the 
reaction mixture, e.g., micro-organisms plus drug(s), 
is pumped through it from an incubation (reaction) 
vessel outside the calorimeter, by peristaltic pumps, 
and returned to the reaction vessel, to form a closed 
loop system. The instrument measures the power 
generation by the reaction process within the 
flow-through vessel, relative to power changes in the 
empty mixing vessel. The power output is amplified 
and recorded as a p-t curve. 

Advantages and disadvantages of Jrow micro- 
calorimeters for cell-drug studies 

The advantages are as follows. 

(1) Because of its sensitivity and the fact that the 
effect of drug(s) on the whole metabolism of the 
organism may be examined, microcalorimetry may 
reveal more and even new detail of micro- 

organism-drug interactions than extant methods can, 
especially those which use a specific reaction property 
for analysis. 

(2) The calorimetric method requires only an ob- 
servable difference between the power production in . 
the treated and untreated (control) incubations, and 
unlike many other procedures does not require a 
transparent solution. Furthermore, measurements 
may be made directly without further addition of 
reagents. Coloured or turbid solutions or even sus- 
pensions can be put through the calorimeter. This is 
particularly important when examining certain phar- 
maceutical formulations. 

(3) The system can be automated. This is of 
particular relevance for industrial and clinical appli- 
cations. 

(4) The kinetics of the action of antimicrobial 
drugs (or other cytotoxic agents) can be studied 
conveniently by means of the power-time curve. 

(5) The mechanism of the drug action is imma- 
terial; both antibacterial and antifungal drugs can be 
examined. 

(6) Many of the problems with batch micro- 
calorimeters are avoided. The flow microcalorimeter 
is connected to an external fermenter in which the 
culture grows. All manipulations are performed in 
the fermenter, so the thermal equilibrium of the 
calorimeter is not disturbed. Simultaneous mea- 
surements on the culture (for instance continuous 
determination of turbidity, pH, temperature, oxygen 
concentration, substrate consumption and viable cell 
counts) are readily made since the volume of the flow 
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Table 1. Methods for recording growth and metabolism in microbial cultures 

Turbidity Slow, low sensitivity, responds slowly 
to sudden changes in energy metabolism 

Cell mass Same as for turbidity 
Production of acid Directly related to growth and metabolism 

only in special cases, in aerobic cultures 
variable and depending on oxygen availability 

Measurement of redox potential Same as for production of acid 
Drssolved oxygen tension Rapid, but limited to aerobic cultures 

(galvanic) with oxygen in excess 
Oxygen consumption Fairly rapid, but limited to aerobic 

(paramagnetic) cultures 
Carbon dioxide Variable under different metabolic conditions 

(formation, infrared) 
Heat production Rapid (half-time responses -2 mm), directly 

dependent on catabolic reactions 

(Reprinted from R. Eriksson and T. Holme, LKB Application Note 267, 1977 with permission). 

lines is only a small fraction of the culture volume. 
Moreover, addition of special substances, such as 
additional drugs, is facilitated. 

(7) The flow system is more akin to the in vivo state 
than are, for example, the systems used in diffusion 
assays. 

(8) The flow systems represent the effect of drugs 
on the total metabolism of the micro-organisms. This 
again more closely approximates the in vivo state than 
do techniques which measure a single parameter of 
cell metabolism for analytical purposes. 

(9) The appearance of cytoplasmic cell com- 
ponents, due to interaction of cells with drug(s), may 
also be monitored (providing suitable probes are 
available) to elucidate the mechanism of action of a 
drug or provide insight into the nature of the 
power-time curve. 

(10) Table 1 shows that microcalorimetry does not 
possess the disadvantages shown by other methods 
for recording growth in microbial cultures. 

The disadvantages of the microcalorimeters of this 
type currently available include the following. 

(1) The calorimeters are not sufficiently sensitive to 
measure the power output from cell concentrations of 
lo*-103/ml. The present detection limit is cu. 104-lo5 
cells/ml. Moreover the metabolic process followed is 
catabolism; as yet anabolic processes cannot be ex- 
amined microcalorimetrically. 

(2) The lag time between the initiation and de- 
tection of a reaction. This means that very fast 
reactions (complete in 2-3 min) cannot be examined. 

(3) Some difficulties, especially with respiring cul- 
tures with high cell density, arise because of the time 
taken for transfer from fermenter to calorimeter, 
during which a substrate of the medium, often oxy- 
gen, can change sufficiently in concentration for the 
metabolic conditions in the calorimeter to be different 
from those in the fermenter. 

(4) Care has to be taken to avoid the presence 
of gas bubbles or the clumping of cells in the flow 
lines and microcalorimetric vessel, and the growth 
of micro-organisms on the microcalorimeter wall 
(otherwise, erroneous signals may be obtained). 

(5) It is as yet very seldom that the signals from 
thermopile conduction calorimeters are corrected to 
give the true kinetic curves.” However, the biological 
processes are often so slow that the distortion is 
negligible. 

Power-time curves 

The simplest case of microbial metabolism to de- 
scribe in terms of heat production is catabolism not 
coupled with anabolism, i.e., metabolism without 
growth. Microbial cells, when washed, suspended in 
buffer and supplied with glucose, will establish a 
constant rate of glycolysis under anaerobic condi- 
tions. No work is done by the cells in increasing 
biomass or accumulating reserve material. A small 
amount of energy is expended in the translocation of 
glucose from the medium to the cell cytoplasm and 
in keeping the correct ionic balance between the cell 
and its environment. Therefore under conditions of 
respiratory metabolism a sigmoidal p-t curve is ob- 
tained by flow microcalorimetry. This curve is similar 
to those produced from an enzyme-substrate reaction 
or other chemical reactions exhibiting zero-order 
kinetics.20*2’ 

When placed in a nutritionally adequate medium 
with glucose as the energy-supplying substrate, 
micro-organisms will grow, but still essentially con- 
vert all the glucose into metabolic products and build 
the cell mass from other compounds in the medium. 
In growing, the micro-organisms perform work in 
transporting and synthesizing materials and or- 
ganizing the structure of the new biomass. The 
synthesis of biomass would be expected to reduce the 
amount of heat produced by catabolism, but this 
anabolic effect on the measured heat production is 
negligible. The rate of synthesis of new cell material, 
the degradation of carbon sources, and the power 
production are known to be described by the same 
type of exponential function. Therefore the kinetics 
of the effect of substances on the metabolism of 
growing cells can be examined. 

The exact nature of the p-t curves for growing 
cells, obtained by isothermal power-conduction mi- 
crocalorimeters, depends on the following factors. 
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hr 

Fig. 5. Interaction of streptomycin with E. coli (Calvet batch instrument used). Reproduced with 
permission.22 

(1) The microcalorimetric technique used (batch 
or flow). If a flow instrument is used then the 
microcalorimeter-incubation vessel assembly will 
also be a factor of importance. 

(2) The constituents and pH of the medium, p02, 
temperature, homogeneity of the cell suspension, rate 
of stirring. 

(3) Nature and prehistory of the micro-organisms 
and apparatus used for their preparation, and the 
inoculum density. 

QUALITATIVE STUDIES 

The earliest recorded calorimetric experiments on 
the effects of drugs on the metabolism of micro- 
organisms were conducted by Prat.22 A batch Calvet 
instrument was used to demonstrate that the addition 
of 30.0 mg of streptomycin (in 1.0 ml) to 4.0 ml of 
a broth culture of E. coli (26-hr culture; mid- 
exponential growth phase) at 24.4” resulted in a 
marked fall in the power output, to one-tenth of the 
original value after 6.0 hr (Fig. 5). The cellular 
metabolism was found to be much more rapidly 
inhibited if the culture was stirred. Thus a limiting 
factor in the antimicrobial action of the antibiotic 

was its rate of diffusion through the medium in a 
static culture. The medium and atmospheric condi- 
tions were not specified. 

The induction period for action of penicillin on E. 
coli (initial concentration 6 x lo6 cells/ml) was 
found,23 by modified isoperibolic calorimetry,24 to 
depend on the phase of growth at which the antibiotic 
was added to the culture. At 25” the p-t curves for 
E. coli-penicillin interaction indicated that the in- 
duction period decreased with increase in the time 
spent by the cells in the logarithmic phase before the 
antibiotic was added (Fig. 6). The effects of strep- 
tomycin, chlortetracycline and oxytetracycline on E. 
cob were also studied. The p-t curves for strep- 
tomycin added to a culture in the logarithmic growth 
phase indicated an induction period of 15 min, that 
for oxytetracycline and chlortetracycline being only 
“a few minutes” (Fig. 7). In the same study it was also 
demonstrated that oxytetracycline added during the 
logarithmic phase of S. typhi (initial concentration 
1.4 x lo6 cells/ml) under the conditions used in the E. 
coli studies produced a similar change in the p-t 
curves of S. &hi as for E. cofi, except that the 
induction period was longer (45 min). The concen- 
tration of antibiotics, the growth medium for prepa- 
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Fig. 6. Addition of penicillin to E. coli at different times during cell growth. Continuous curves denote 
experiment in which antibiotic was added, and the broken curves represent control experiments. 

Reproduced with permission.23 
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Fig. 7. Effects of streptomycin (A), oxytetracycline (B), and 
chlortetracycline (C) on a culture of E. coli in the loga- 

rithmic phase. Reproduced with permission.r3 

ration of the micro-organisms, and the atmospheric 
conditions of incubation were not specified. 

Micro-organism-drug interactions monitored by 
an isothermal power-leak flow microcalorimeter were 
first reported by Wads6.2s Qualitative differences 
between the p-t curves for E. co/i-ampicillin cultures 
and E. coli alone were observed to occur 1 hr after 
addition of the antibiotic (Fig. 8); the tests were 
conducted in a complex medium at 28”. 

Mardh et ~1.~~ have examined the biological activity 
of the tetracyclines minocycline, doxycycline, tet- 
racycline and oxytetracycline on E. coli (source: 
infected urine, initial concentration lo4 cells/ml). A 
temperature of 37” and trypticase soy broth (BBL), 
pH 7.2, as test medium were employed. The effect of 
the antibiotics on cells in the lag phase was examined 
with a batch microcalorimeter (with 1.0 ml of air as 

the initial gas phase). A flow microcalorimeter was 
used to study cell-drug interactions in the logarithmic 
phase of cell growth under aerated conditions (Figs. 
9 and 10). The viable-cell count and minimum in- 
hibitory concentration (MIC) for the cell cultures 
were also determined. The addition of half the MIC 
of minocycline and tetracycline (0.8 pgg/ml) pro- 
longed the lag phase of the cells by 8 hr. All four 
antibiotics decreased the power output immediately 
they were added to cells in the logarithmic growth 
phase but the extent and duration of the effect varied 
with the biological activity of the drugs. Although the 
antibiotics had the same MIC values, at levels above 
and below this they showed differences in ability to 
suppress the metabolism of the test organisms, 
the order being minocycline > doxycycline > oxy- 
tetracycline > tetracycline for both lag-phase and 
logarithmic-phase cells. It was suggested that the 
extent and duration of the inhibitory effect on the 
overall metabolism of E. coli could be combined with 
pharmokinetic information to establish dose intervals 
during antibiotic therapy. These experiments may be 
criticised because the experiments in the batch cal- 
orimeter started with aerobic conditions, but a shift 
to anaerobic metabolism of the bacteria may have 
occurred. It would have been advantageous to exam- 
ine the effect of the tetracyclines on lag-phase cells by 
flow microcalorimetry to obtain a better comparison 
of the bioactivity of the drugs at different phases of 
the cell cycle. 

Similar experiments on tetracycline hydrochloride, 
demethylchlortetracycline, doxycycline and mino- 
cycline have been reported by Semenitz and 
Tiefenbrunner2’ (Table 2). A flow microcalorimeter 
with a l.O-ml steel ampoule measuring cell operated 
at 3.5” was used; the initial concentration was lo6 
cells/ml. Addition of tetracycline hydrochloride to a 
resistant strain of S. aureur caused an initial cessation 
in power production followed by an increase in the 
p-t curve. The responses of sensitive and resistant 
strains to doxycycline and minocycline were identical, 
indicating no change in the mechanism of action. The 
immediate inhibition, by the tetracyclines, of power 
output from bacteria, observed by Mardh et al., was 
verified in these experiments (Fig. 11). 

l”“l”“l”““‘~” 
0 5 IO I5 

hr 

Fig. 8. Power-time curves of E. coli alone (A) and in the presence of ampicillin (B). The ampicillin was 
added at the point marked. Reproduced with permission.25 
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Fig. 9. Heat effects produced by E. coli cultured in the presence of tetracycline (----) and doxycycline 
(-). For comparison, the thermogram of a non-antibiotic-containing culture is shown (. .). 

Reproduced with permission.26 

Flow microcalorimetric experiments on E. coli 
(0 119, H 19) in the logarithmic growth phase 
indicated that cinoxacin (3.4 pg/ml) caused a de- 
crease and delay in the power output of the micro- 
organisms, followed by an increase in power output 
due to selection of cinoxacin-resistant mutant cells 
(Fig. 12).28 The cells were examined at 37” in tryp- 
ticase soy broth (pH 7.1) constantly aerated by sterile 
air bubbled through it. Exposure of the organism to 
the antibiotic also caused (1) a change of MIC from 
1.7 pg/ml at the beginning of the experiment to 400 
pg/ml after 17 hr; (2) appearance of elongated, 
filamentous bacterial forms within 1 hr; (3) lysis of a 
large percentage of the bacteria after 5 hr; (4) pres- 
ence of normal bacterial cells again at the end of the 
experimental period. 

The antibacterial activity of oleandomycin and 
erythromycin (both macrolide antibiotics) against 
Staphylococci and Enterococci has been compared 
by microdilution MIC tests and by flow micro- 
calorimetry; the initial cell concentrations were 
5.0 x 10’ cells/ml.29 The bacteria were grown in Col- 
umbia Broth (Difco). The p-t curves indicated that 
both antibiotics interfered with bacterial metabolism 
at concentrations significantly lower than their MICs 
(Fig. 13); the MIC of erythromycin for S. aureus 
strains was one-tenth and for Enterococci one-half 
that of oleandomycin. A 0.02WJ.84 pg/ml concen- 

tration of the antibiotics altered the p-t curves of 
S. aweus in an identical manner. Although their in 
vitro activity measured by MIC tests differs, the 
two antibiotics apparently show similar clinical 
effectiveness and bioactivity; this may be a result of 
either different pharmacokinetics or of interference 
with bacterial metabolism at sub-MIC levels. 

Beezer et al. have examined the effect of pH, metal 
ions (Ca2+, Mg’+) and sterols (ergosterol, chole- 
sterol) on the interaction of polyene antibiotics with 
respiring yeast cells, by flow microcalorimetry.rO The 
experiments were done at 30” with O.lM glucose 
(in phthalate buffer) as substrate under anaerobic 
conditions. Standardized inocula recovered from 
liquid-nitrogen storage were employed. The bio- 
activity of nystatin was found to be pH-dependent; it 
was maximal at pH 3.0 and decreased with increasing 
pH. Both sterols and metal ions reduced the bio- 
activity of nystatin, amphotericin B and candicidin. 
The reduction in bioactivity was a function of the 
nature and concentration of sterol or metal ion 
added. No observable changes in the p-t curves of 
pimaricin were detected in the presence of either 
sterols or metal ions. The bioactivity of filipin was 
reduced in the presence of sterols but remained 
unaltered in the presence of metal ions. Possible 
explanations were given for these observations. Al- 
though similar conclusions have been reached by use 
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Fig. 10. Heat effects produced by E. coli in the presence of oxytetracycline (A) and minocycline (B). The 
concentration of the antibiotics was 0.4 pg/ml (0.5 x MIC). The arrows Indicate point of addition. 

Reproduced with permission.” 
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Fig. 11. Interaction of tetracyclines with (A) E. coli H3579 BBSUA, (B) S. aweus BBSUA and (C) 
S. aureus A2953 BBSUA: 1, tetracycline hydrochloride; 2, demethylchlortetracyclme; 3. doxycycline; 

4, minocycline. Reproduced with permIssion.” 
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Table 2 

Source Growth medium MIC Power-time curves 

(1) E. coli H 3579 
BBSUA 

(2) Sraph. aureus huem 
A 3579 BBSU 

(3) Staph. aureus haem 
A 2953 

Urine, 
(cystitis 
patient) 

Pus 
samples 

Pus 
samples 

Purple Broth 1.5 fig/ml All antibiotics at 
+ culture medium concentrations of 3 and 

1% dextrose 40 ng/ml 
Columbia Broth 0.7 pg/ml All antibiotics at 

concentrations of 3 and 
30 pg/ml 

Columbia Broth 250 fig/ml (a) Antibiotics (a) (c) and (d) 
+ 70 pg/ml (b) at 30 ng/ml 

physiological NaCl 15 fig/ml (c) 
solution 15 pg/ml (d) 

(a) = tetracycline - HCI; (b) = demethyltetracycline; (c) = doxycycline; (d) = minocycline. 
*From reference 27, by permission. 

of other analytical techniques, previous experiments portance. The study also indicates the importance of 
suffered from the drawback that a range of polyene identification of micro-organisms so that optimal 
antibiotics was not used in the same experiments, and therapeutic doses of drugs can be prescribed if this 
only component reactions of cell-drug interactions phenomenon occurs in vivo. 

were used for monitoring purposes instead of the Measurements of the action of nystatin on yeast 
effect on the whole metabolic activity of the micro- cells by flow microcalorimetry, combined with mea- 
organisms. surements of oxygen consumption and percentage 

The kinetics of action of benzylpenicillin, ampi- colony formation, have been used to assess the effect 
cillin and dicloxacillin on /?-lactamase-producing of glucose and ethanol on the bioactivity of this 
(D349) and non-fi-lactamase-producing (483) strains antimycotic agent. ‘* Respiring (non-growing) cells 
of S. aurew and on E. coli (0 119; H 19) have been suspended in phthalate buffer (pH 4.5) were used 
investigated by flow microcalorimetry.3’ The bacteria (Fig. 15). It was concluded that at concentrations of 
were grown in trypticase soy broth at 37”; an initial nystatin between 0 and 2 pg/ml the effect of the 
concentration of lo4 CFU/ml of these cells was added additive on the bioactivity of the drug was in the 
to the incubation vessel (CFU = colony-forming order 2% glucose < 0.1 y0 glucose < 0.2% ethanol. 
unit). The exposure of certain micro-organisms to However, the use of unstandardized inocula may 
benzylpenicillin and ampicillin gave a phenomenon have been enough to account for the difference 
termed the paradoxical zone (Table 3; Fig. 14), i.e., between the bioactivity of nystatin in 0.1% and 2% 
the inhibitory effect of these agents on bacterial glucose. 
metabolism was smaller with intermediate concen- Semenitz33 has hypothesized that flow microcalori- 
trations than with low or high concentrations of the metry may be used to distinguish between drugs 
drugs. This phenomenon could have clinical im- which are inhibitors of protein synthesis and those 
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Fig. 12. Power-time curve produced in a flow microcalorimeter by E. coli exposed to 2 x MIC (3.4 rg/ml) 
of cinoxacin. Also shown are the number of colony-forming units, (CFU/ml, a---0); absorbance (A,), 
l ‘0; pH (a-.-@). The arrow marks the addition of drug. Reproduced with permission.*s 
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Table 3 

Micro-organism Drug 
Order of 

bioactivity 

Presence of 
paradoxical 

phenomenon 

Non-/?-lactamase 
S. aureus 

Non-p-lactamase 
S. aureus 

E. coli 

/?-lactamase 
S. aureus 

P-lactamase 
S. aureus 

Benzyl penicillin 10 pg/ml, 0.04 pg/ml + 
0.1-0.2 pg/ml 

Ampicillin 0.040.3 pg/ml + 
0.08 pg/ml 

Ampicillin 1.6 pg/ml, 4.0 pg/ml + 
8.0 pg/ml 

Benzylpenicillin - - 

Dicloxacillin _ _ 

which interfere with the synthesis of the microbial cell 13665, and E. coli haem 3529 grown at 35” on 
envelope. Oleandomycin, erythromycin, and doxy- Columbia Broth (Difco) plus 0.2% Tween 80, were 
cycline gave p-t curves which were qualitatively the employed as the test organisms. Continuous tur- 
same but differed from those obtained with penicillins bidimetric measurements supported the conclusion 
(epicillin, penicillin, ampicillin, oxacillin, carbenicillin reached. However the flow microcalorimetric p-t 
and azvocillin (Fig. 16). Staphylococcus aureus huem curves contained more detail than the corresponding 

Time 

Fig. 13. Power-time curves for S. aureus Al3665 alone (A) and in the presence of oleandomycin (B) and 
erythromycin (C). Concentration @g/ml) of drug added at point marked: i, 0.4; ii, 0.2; iii, 0.08; iv, 0.02. 

Reproduced with permission.29 
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Fig. 14. Power-time curves for the interaction of S. aureus (Oxford Strain 483) with ampicillin (A), and 
benzylpenicillin (C), and for interaction of E. coli with ampicillin (B). Concentrations of drugs added at 
point marked: (A) (. .) control; (p) 0.04 pg/ml = 1 x MIC; (---) 0.08 pg/ml = 2 x MIC; (.-.-.) 0.2 
pg/ml = 5 x MIC: (B), (. .) control; (---) 1.6 pg/ml = 2 x MIC; (---) 4.0 pg/ml = 5 x MIC; (0-O) 
8.0 pg/ml= IO x MIC: (C), (-) 0.04 pg/ml= 2 x MIC; (. ...) 0.1 pg/rnl= 5 x MIC; (----) 0.2 
pg/ml E 10 x MIC; (0.0) 10 pg/ml= 500 x MIC; (-.-.-.-) 200 pg/ml= 1000 x MIC. From 

reference 31 with permission. 
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Fig. 15. Degree of production, 0, consumption and colony- 
formation for respiration of S. cereoisiue in buffered glucose 
and its interaction with nystatin. From reference 32 with 

permission. 

turbidimetric curves. The results could prove useful 
for distinguishing between the mechanism of action 
of newly discovered antimicrobial agents quickly, 
easily and conveniently. 

QUANTITATIVE ANALYSIS OF DRUGS 
BY MICROCALORIMETRY 

A method for the quantitative assay of tetracycline 
hydrochloride, based on the alteration in power 
output by the antibiotic during the exponential phase 
of S. faecalis, has been proposed (Fig. 1 7).34 S. faecaks 
grown in rich medium at 37” was used. The Tronac 
isothermal calorimeter was also used for quantitative 
estimation of tetracycline hydrochloride in normal 
human serum (Fig. 18). No details of measurements 
of cell numbers or the composition of the atmosphere 
in the calorimeter were reported. Furthermore, no 
relationship between dose of antibiotic and calori- 
metric response was given and the method as de- 
scribed would be difficult to automate. 

The p-t curves for doxycycline (at concentrations 
of O-O.25 pg/ml) added to growing cultures of Myco- 
plasma hominis in a batch steel-ampoule power- 
leak calorimeter (Fig. 19) have been used for the 
determination of this antibiotic;35 the experiments 
were conducted at 37” under essentially anaerobic 
conditions. 

Though this batch technique may be valuable for 
studying the antibiotic susceptibility of organisms 
belonging to the order Mycoplasmatales the fact that 
the drugs may not be homogeneously mixed with the 
cell culture is of acute concern. The dose-response 
relationship between doxycycline concentration and 
instrument response was not reported. 

Flow and ampoule microcalorimetric methods 
have been used to study the antibacterial action of 
cephalexin and cephaloridine against E. coli (0 119; 
H 19) and S. aureus 483$ the antibiotics were added 
to logarithmic-phase cells growing in undefined me- 
dium at 37”. Cephalexin added at concentrations of 
5 MIC to S. aureus and 2 MIC to E. coli caused a 
decrease in power output (Fig. 20). Two-three hr 
after addition of the drug the power output became 
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Fig. 16. Power-time curves and turbidimetric curves show- 
ing similarities between the interactIon of penicillin and 
epicillin (both inhibitors of cell-wall synthesis); p-t curves 
for interaction of erythromycin and oleandomycin, both 
inhibitors of cell-wall synthesis. From reference 33 with 

permission. 
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Fig. 17. Power-time curves for the interaction of tetra- 
cycline HCI with S. faecalis: (A) control; (B) 120 pg of 
tetracycline HClj25 ml of broth; (C) 1180 ug of tetracycline 
HCl/25 ml. Reproduced from reference 34 with permission 
from the copyright holder, Elsevier Scientific Publishing 

Company, Amsterdam. 

zero for the next 68 hr and then increased. A direct 
relationship between drug concentration and instru- 
ment response was found for l-50 pg/ml added to 
cultures of S. aureus. The p-t curves obtained by 
ampoule microcalorimetry for the interaction of 
cephalexin and cephaloridine with E. coli indicated 
that the antibacterial activity of the two cepha- 
iosporins had similar kinetics. The power output in 
the cephaloridine-containing cultures occurred some- 
what later than that with cephalexin, however. 

was used in all experiments, which were conducted 
under anaerobic conditions. The experiments were 
the first to employ cells recovered from liquid- 
nitrogen storage3g for such studies. Furthermore they 
are the only example of studies of micro-organism- 
drug interactions using the same line of both non- 
growing but respiring mid-stationary phase cells and 
growing (mid-exponential phase) cells for studies of 
a series of structurally related compounds. 

The interaction of the polyene antibiotics nystatin, Cells recovered from liquid-nitrogen storage were 
filipin, pimaricin, amphotericin B, candicidin and used because the metabolic performance of inocula 
lucensomycin, and the synthetic antifungal imidazole (which depends on inoculum size, inoculum history 
drug clotrimazole with Saccharomyces cerevisiae and phase of growth) is one of the major sources of 
NCYC 239 yeast cells has been examined in a number variation in all microbiological assay methods. The 
of studies by Beezer et al. 20,2’*37,38 S. cerevisiae NCYC use of inocula stored at liquid-nitrogen temperature 
239 was used as the responsive organism because it instead of, for example, cultures grown overnight, 
did not aggregate under the experimental conditions minimizes these variations by allowing a standardized 
used, thus ensuring that maximal surface area of cells and highly reproducible inocululm to be used. Such 
was exposed to the drugs. A flow microcalorimeter inocula can be obtained by using a defined cell- 
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mln 

Fig. 18. Power-time curves for the interaction of tetra- 
cycline HCl with S. faecalis (A), control; (B), plus 200 ~1 
inactivated human serum; (C), plus 200 ~1 of normal human 
serum; (D), plus 200 pg of 0.28 pg of tetracycline HCl per 
~1 normal human serum. Reproduced from reference 34 
with permission from the copyright holder, Elsevier 

Scientific Publishing Company, Amsterdam. 

I,, I 0 20 40 60 00 IO 20 30 

hr hr 

Fig. 19. (A) Typical p-z curve of Mycoplasma hominis; (B)p-t curves for M. hominis grown in the presence 
of (a) 0.25 pg/ml, (b) 0.10 ,ug/ml doxycycline or (C) in its absence. Readings were taken sequentially; the 
continuous lines indicate when each sample was being measured. From reference 35 with permission. 
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hr 

Fig. 20. Power-time curves produced by growth of E. coli in the absence of antibiotics (. .) and when 
exposed to cephalexin (----; 9 pg/ml E 2 x MIC) and cephaloridine (-; 6.0 pg/ml = 2 x MIC). From 

reference 36 with permission from Acra Pad Microbial. Scand. 

growth regimen and rigorously standardizing the 
freezing and storage procedures. Liquid-nitrogen 
stored inocula can be regarded as bench reagents. 
Besides the advantage of allowing strict compar- 
ability between experiments, these inocula can be 
stored in bulk for long times (cells can be stored 
without significant changes in overall metabolism for 
periods in excess of 3 years). With frozen yeast-cell 
inocula the reproducibility ofp-t curves for yeast-cell 
respiratory activity was found to be +2.5% over a 
period of 3 years. The establishment of a *dose- 
function vs. response curve for a given batch of 
inocula could suffice for large numbers of assays 
without recalibration. The freezing and thawing pro- 

cedures for liquid-nitrogen frozen cells are simple and 
not time-consuming. 

Eight-hour yeast-cell preparations (8.4 x lo6 cells/ 
ml) suspended at 25” in phthalate buffer (pH 4.5) 
containing glucose at 1OmM concentration resulted 
in p-t curves which corresponded to simple zero- 
order kinetic processes (Fig. 21).20 The addition of 
nystatin raw material to yeast cells gave a power 
output rate which first exceeded the maximum 
of that of the control but eventually fell below 
it when concentrations of nystatin of ~5 units/ml 
were used. At higher concentrations of antibiotic 
(10-20 units/ml) this phenomenon was not observed 
(Fig. 21). 

0 IO 20 30 40 

mln 

Fig. 21. Typical p-f curves obtained for respiration of S. cereuisiue in buffered glucose in the presence 
and absence of nystatin. Reprinted with permission from Anal. Chem., 1977, 49, 34. Copyright 1977, 

American Chemical Society. 
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Table 4. Sensitivity of yeast cells of different ages to 
nystatin 

Age of cells, hr Sensitivity range, units/ml 

4.0 0.5-5.0 
8.0 3.g15.0 

12.0 10.0-75.0 

It was suggested that low concentrations of nys- 
tatin modified the yeast cell membrane in a way that 
permitted easier transport of glucose from the me- 
dium, thus giving rise to a temporary maximum 
power higher than that for yeast-cell controls. 

A linear relationship was found between log of the 
nystatin dose and the time required for the signal to 
rise and fall from the first calorimetric response to 
some arbitrary level (X%) above the baseline (e.g., 
“B,,“). 

Microcalorimetric investigations of the action of 
nystatin on cell preparations of different incubation 
age before liquid-nitrogen freezing indicated that 
yeast cells were more susceptible to nystatin as the 
preparation age of the cells decreased (Table 4). 

In the same study the potency of heat-treated 
nystatin samples was found to appear greater when 
determined by microcalorimetric techniques than by 
plate agar diffusion assay. This difference may possi- 
bly be attributed to the differing percentages of 
dimethylformamide used for solubilizing the nystatin 
in the two methods (0.3 and 10% respectively). Con- 
siderable differences in biological activity between 
heat-treated and non-heat-treated samples of nystatin 
were demonstrated. 

In a follow up-study employing identical experi- 
mental conditions, except for a change in the tem- 
perature of the assay (30” instead of 25”) various 
dose-response relationships were obtained between 
the antibiotic concentration and instrument re- 
sponse, *’ the nature of the relationships depending on 
the identity and concentration of the antimicrobial 
agent (e.g., Fig. 22). The microcalorimetric method 
showed distinct advantages over the agar diffusion 
test, in terms of lowest determinable concentration 
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Fig. 22. Instrument response US. dose curve for clotrimazole. 
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Fig. 23. Types of p-t curves obtained for the interaction of 
antifungal drugs with respiring cultures of S. cereuniae: a(i) 
represents the response of yeast cells alone, a(ii) the re- 
sponse of yeast cells in the presence of nystatin, filipin, 
candicidin, amphotericin B and lucensomycin (the latter at 
concentrations of 5 x 10m6-1 x 10-5M/107 yeast cells); b 
represents the types of p-r curves obtained with pimaracin, 
clotrimazole and lucensomycin (the latter at concentrations 

of l-5 x 10m6M). 

(0.120 unit/ml); usable concentration range (0.1-10 
unit/ml) and speed (1 hr for microcalorimetry, 15 hr 
for diffusion assay). 

The study indicated the importance of in- 
vestigating dose-response relationships as a function 
of temperature, for establishing the optimum test 
temperature. 

The order of bioactivity of the polyene anti- 
biotics against respiring yeast cells was found to 
be nystatin > filipin > lucensomycin > pimaracin > 
candicin > amphotericin B. 

It is interesting to note the concentration- 
dependence of the interaction of lucensomycin with 
respiring yeast cells between the two extremes of the 
observed microcalorimetric response (Fig. 23). Lu- 
censomycin differs from pimaracin only in the alkyl 
side-chain R [CH,(CH2)3- for the former and -CH, 
for the latter; Fig. 241 yet the two antibiotics show a 
completely different activity towards yeast cells in the 

OH 

OH 

Fig. 24. Lucensomycin [R = CH,(CH,),] and pimaricin 
(R = CH,). 
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concentration range 5 x 10-6-10-5M. Thep-t curves 
indicate that the mode of action of lucensomycin may 
differ as a function of the concentration of the drug. 

The experiments indicated that lucensomycin can 
act as both a fungistatic and fungicidal antibiotic, 
depending upon its concentration, whereas the other 
antifungals are either only fungicidal (nystatin, candi- 
tin, filipin, amphotericin B) or only fungistatic (pi- 
maracin, clotrimazole). Thus the observed p-t curves 
reveal some of the differences in the mode of action 
of the antibiotics. 

Comparisons of the p-t curves for interaction 
between respiring yeast cells and nystatin at 25” and 

30” suggested that the kinetics and hence the mech- 
anism of the interaction could not be dealt with by 
a simple mathematical treatment. However, the pro- 
cesses to which these p-t curves relate include at least 
adsorption, diffusion and enzyme inhibition, which 
are not, as yet, very clearly understood. 

Comparisons of the bioactivity of nystatin and 
N-acetylnystatin towards respiring yeast cells (in 
0. IM glucose in pH-4.5 phthalate buffer at 30” under 
anaerobic conditions) have been reported.37 N- 
Acetylnystatin has a modified mycosamine moiety 
(-H replaced by -COCH,). This small change in 
structure gives rise to a significant decrease in bio- 
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Fig. 25. Power-time for curves (a) S. cerevisiae in semi-defined medium at 30°C under anaerobic 
conditions, (b) S. cerevisiue in the presence of lucensomycin at concentrations of (i) 1 x 10-6M; (ii) 

6 x 10e6M; (iii) 5 x 10A6M); (iv) I x 10-5M. 
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Fig. 26. Dose-response graphs for nystatin (O-O), 
amphotericin B (n-n), candicidin (O-O), lu- 
censomycin ( x - x ) and pimaracin (A. A). The ordl- 
nate represents the immediate decrease of power upon 

addition of the antibiotics. 

activity. A linear dose-response relationship for N- 
acetylnystatin was obtained over the range between 
9 x lo-’ and 6 x 10m6M per 10’ yeast cells. 

The bioassay of other polyene antibiotic deriva- 
tives by flow microcalorimetry was recommended. 

The interaction of different concentrations of poly- 
ene antibiotic with S. cerevisae NCYC 239 growing 
in semidefined medium at 30” under anaerobic condi- 
tions has also been recently studied,3* the antibiotics 
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being added during the mid-exponential growth 
phase of the yeast cells. The p-t curves indicated that 
at concentrations of 1 x 10e6-1 x 10m5M per 10’ cells 
(initial cell numbers) the antibiotics have an almost 
immediate interaction with the cells. 

The potency ranking of the antibiotics was assessed 
as lucensomycin > nystatin > candicidin > ampho- 
tericin B > pimaracin. The most potent antibiotic was 
taken to be that which inhibited microbial metabo- 
lism the most in the shortest time. The order given 
was confirmed by parallel experiments using flow 
nephelometry and is different from that obtained with 
mid-stationary phase cells undergoing respiration 
only. The reproducibility of the results was about 
f 3%. 

Lucensomycin again showed a concentration- 
dependent behaviour towards mid-exponential phase 
cells, as it does with respiring yeast cells. In a growth 
medium a “biphasic activity” is shown by this anti- 
biotic at high concentration, e.g., 1 x lO-‘M per 10’ 
cells (initial number). This “biphasic” activity may be 
due to the fact that two processes or groups of 
processes occur during the interaction of yeast cells 
with lucensomycin (Fig. 25). 

The inhibition of growth of yeast cells by polyene 
antibiotics was found to be useful for determination 
of the drugs (Fig. 26). This dose-response re- 
lationship could be significant in assessing drug bio- 
availability in body fluids after clinical administration 
of the drugs. 

The addition of dicloxacillin at concentrations of 
0.025-12.5 pg/ml was found to cause a concen- 
tration-dependent reduction in power output of an 
aerated exponential-phase culture of P-lactamase 

5 IO 

hr 

15 28 

Fig. 27. Heat effects generated by a culture of a /34actamase S. aureus exposed to increasing concentrations 
of dicloxicillin (- 0.25, --- 0.63, . . 1.25, .-.- 12.5 pg/ml). Reproduced with permission from 

reference 3 1. 
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S. aureus (Fig. 27);3’ the micro-organisms were grown 
in trypticase soy broth and monitored with a flow 
microcalorimeter at 37”. No dose-response re- 
lationship was given. 

MICROCALORIMETRIC STUDIES OF 
MICRO-ORGANISM-DRUG COMBINATION 

INTERACTIONS 

Microcalorimetry, especially flow microcalori- 
metry, is a powerful tool for the study of the effect 
of mixtures of drugs on microbial metabolism (Table 
5, Figs. 28-30).W2 Classical microbiological assay 
techniques cannot deal with drug combinations ade- 
quately. Other methods of drug analysis also suffer 
from disadvantages for the study of such systems 
because more often than not they cannot measure the 
effect of drugs on microbial metabolism in a non- 
invasive manner or without also employing time- 
consuming ancillary techniques. 

Measurement of drug susceptibility of micro- 
organisms by microcalorimetry 

Binford et al. have reported results for sus- 
ceptibility testing of E. coli, y-Streptococcus and 

Pseudomonas sp to various antibacterial antibiotics, 
including (mg/ml) erythromycin (0. lo), ampicillin 
(0.20), kanamaycin (0.4), colistin (0.20), gentamicin 
(0.066), cephalothin (0.60), carbenicillin (2.0), gant- 
risin (4.0). 43 Bacteria isolated from infected urines 
were grown in rich medium at 37” under both aerobic 
and anaerobic conditions. A stopped-flow version of 
the Beckman power-leak microcalorimeter, employ- 
ing syringe pumps, was used. Different p-t curves 
were obtained for cultures grown at different oxygen 
concentrations. The experiments allowed distinction 
between bactericidal and bacteriostatic antibiotics 
(Fig. 31). Results were obtained 12-24 hr sooner than 
by the disc agar diffusion method for drug sus- 
ceptibility of micro-organisms. The correlation with 
results obtained by the disc agar diffusion method 
was 27 and 87% under anaerobic and aerobic condi- 
tions respectively. The method described by Binford 
et al. still has the drawbacks of being time-consuming 
(l-l.5 hr), laborious, subject to problems in con- 
trol of the pOz of the culture, and not easily auto- 
mated. 

The synthetic antifungal drug S-fluorocytosine has 

no effect on the p-t curve of S. cerevisae NCYC 239 

Table 5. Flow microcalorimetry studies on the effects of combinations of drugs on microbial metabolism 

Drugs Incubation conditions Conclusions 

(1) Amphotericin-B 

(2) Clotrimazole 
(3) 1+2 

(1) Doxycycline 

(2) Gentamicin 

(3) 1+ 2 

(1) Tetracycline 
(bacteriostatic) 

(2) Ampicillin 
(bactericidal) 

(3) 1+2 

- 
(1) Nystatin 

(2) Pharmaceutical 
formulation 
excipients 

(3) 1+2 

(1) Nystatin 
(2) Tetracycline 

hydrochloride 

Saccharomyces 
cerevisiae SQ 1600 
semi-defined media, 
30°C exponential 
phase cells. 
Buffered glucose. 
Anaerobic conditions. 

Drugs (1) and (2) show antagonism 
in both respiration and growth media” 
(Fig. 28). 

E. coli, S. aureus 
haem, 
Purple Broth + 1% 
dextrose. 
Log phase cells, 
35°C. 

E. coli log phase 

Purple Broth 
(Difco) + 1% dextrose, 
34°C. 

Drugs (1) and (2) show synergistic 
effect4i 
Cell metabolism altered by (3) in different 
way from individual inhibitory 
agents. 
(1) inhibits cell metabolism in doses lower 
by factors of l&100 than those found with MIC 
tests (Fig. 29). 

(1) at l-3 pg/ml gives immediate 
inhibition of power output. Bacterial 
density constant. 
(2) used at 3, 6 or 12 pg. Time of 
inhibition of microbial metabolism 
dependent on concentration of (2). 
Decrease in bacterial count. 
(3) lpg of (1) + 3 pg of (2) gives immediate 
inhibition of microbial metabolism. 
Unchanged bacterial density” (Fig. 30). 

Mid-stationary 
phase respiring 
Saccharomyces 
cerevisiae NCYC239. 

No synergistic effect 
for (1) + (2).21 

Anaerobic, 3O”C, 
glucose in phthalate 
buffer. 

Conditions as above.2’ (l)+(2) in ratio of 1:1+1:3 w/w 
same p-t curves as for nystatin alone.2’ 

(3) 1 f2 
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Fig. 28. Power-time curves for interaction of(i) 5 pg/ml amphotericin B, (ii) 5 pg/ml amphotericin B plus 
5 pg/ml clotrimazole and (iii) 5 pg/ml clotrimazole, with S. cereuisiae in growth medium.” Reproduced 

with permission from the copyright holder, University of Chicago. 

respiring in 0.1M glucoseI in pH-4.5 phthalate 
buffer, but it does show bioactivity against yeast cells 
growing in a special medium under anaerobic condi- 
tions at 30” (Fig. 32). That 5-fluorocytosine does not 
interact with respiring yeast cells is expected, since 
this antimycotic interferes with deoxyribonucleic acid 
metabolism and would therefore only demonstrate its 
effects in growth medium. 

This example illustrates the usefulness of micro- 
calorimetry to distinguish easily and quickly between 
drugs which affect the respiratory activity of cells and 
those which interfere with other aspects of cellular 
metabolism. 

The antibiotic sensitivity of two strains of E. cofi 
(isolated from urine specimens) towards ampicillin, 
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Fig. 29. Power-time curves for growth of E. coli 3579 in the 
presence of gentamycin and doxycycline and combinations 

of the two drugs. From reference 41 wtth permission. 

streptomycin, chloramphenicol, tetracycline and sul- 
phadimidine has been determined rapidly by flow 
microcalorimetry. The bacteria were grown in 
semidefined growth medium at 25”. The drug under 
test was added to the fermenter vessel 50 min after the 
addition of 2.0 x 10’ cells per ml. The exponential 
power-output of the bacteria altered on addition of 
the antibiotics, the change depending on the type and 
concentration of antibiotic. Sensitive organisms 
showed a rapid response (48 min) to antibiotics 
added in the concentration range l-2 MIC. Typical 
p-t curves from use of ampicillin are shown in 
Fig. 33. 

Similar results were obtained for the other anti- 
biotics. The antibiotics in half-MIC amounts had 
either no effect or only a marginal effect. MIC 
quantities prevented any further increase in power 
output or decreased it. Sulphadimidine was an excep- 
tion, however, and produced no effect even at 
29 x MIC levels. It was hypothesized that this could 
have been due to the high number of cells used in the 
microcalorimetric experiments (2 x 10’ cells/ml) com- 
pared to the 2 x 10’ cells/ml used in the classical MIC 
experiments, and also to the presence of sul- 
phadimidine inhibitors, e.g., p-aminobenzoic acid. 

Microcalorimetric studies of model systems 

The extreme complexity of biological phenomena 
often necessitates conducting experiments with model 
systems in order to help understand the system under 
investigation. Both batch and flow-leak isothermal 
microcalorimetry have been employed in this way. 

For example, isothermal batch microcalorimetry 
has been used to study the binding of 5-methoxy- 
tryptamine (an acridine dye) to calf thymus deoxy- 
ribonucleic acid (DNA) and single-stranded poly(A) 
(a polymer of adenine).45 The thermodynamic param- 
eters for the binding of the dye to DNA and poly(A) 
were obtained by mixing DNA or poly(A) (in a 1 mM 
sodium cacodylate, 1 mM sodium chloride, 0.2 mM 
EDTA mixture at pH 7.0) with the dye (Fig. 34; 
Table 6). No difference in “calorific capacity” for the 
binding to DNA to dye was found between 25” and 
40”. Thus it was inferred that the structure of the 
DNA-dye complex does not change between these 
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Fig. 30. Power-time curves for growth of E. coli H3579 BBSUA: (i) alone, and in the presence of (ii) 1 
pg of tetracycline; (iii) 3 pg of tetracycline; (iv) 3 pg of ampicillin; (v) 6 pg of ampicillin; (vi) 12 pg of 
ampicillin; (vii) 1 pg of tetracycline + 1 pg of ampicillin; (viii) lpg of tetracycline + 6 pg of ampicillin; 

(ix) 1 pg of tetracycline + 12 fig of ampicillin. From reference 42 with permission. 

two temperatures. The formation of DNA-dye and Certain ion-selective neutral carrier antibiotics 
poly(Akdye complexes corresponds to quite similar (ionophores) have been found to be able to trans- 
reaction enthalpies. Various hypotheses were put locate metal ions across cell membranes, including 
forward to account for the similarity in AH for single- both plasma and mitochondrial membranes.& Some 
and double-stranded nucleic acids and for the en- antibiotics, as well as certain synthetic carrier mole- 
tropy change being larger for interaction with cules, perform this function by forming complexes 
poly(A) than with DNA. 
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Fig. 3 1. Microcalorimetric antibiotic sensitivity tests. E. coli in the presence of gentamycin (GM), 
carbenicillin (CB), colistin (CL), kanamycin (K), ampicillin (AM). Reproduced with permission.43 
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Fig. 32. Effect of Muorocytosine on growth of S. cerevisiae. Reproduced with permission.” 

complex then diffuses to the other side of the mem- 
brane where the metal ion is released and the carrier 
molecule can diffuse back across the membrane to 
pick up more metal ions. 

A variety of techniques (including micro- 
calorimetry) can be used for the determination of 
complex-formation constants for carrier antibiotic- 
metal complexes or synthetic carrier molecule-metal 
complexes. The advantages of microcalorimetry for 
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60 120 

mm 

Fig. 33. Addition of ampicillin to a sensitive strain of E. coli 
(a, 1 pg/ml = to control; b, 2 pg/ml; c, 5 pg/ml). A resistant 
strain of E. coli when similarly examined showed no reac- 
tion toward 5000 pg/ml of ampicillin. Reproduced with 
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Fig. 34. Heat of binding (-4) of 5-methoxytryptamine to 
calf thymus DNA @al per mole of phosphate) (-); x 
is the final molar concentration ratio of amine to DNA. The 
concentration of DNA was constant and equal to 10m3M). 
Symbols (0 n A) correspond to different series of ex- 
periments. Heat of dilution of 5methoxytryptamine 
(a----n). Buffer; 1mM NaCl, 1mM sodium cacodylate, 
2 x 10m4M EDTA, pH 7.0; 298 K. Reproduced with permis- 

sion.45 

Table 6. Thermodynamic parameters for the binding of 
5-methoxtryptamine on calf thymus DNA and poly(A) 

(from reference 45, by permission) 

AH; AX 
T,“C K k//mole J. mole-‘. deg-’ 

DNA 25 2x104 -0.59 2.63 
40 1.6 x lo4 -0.59 2.63 

Poly(A) 25 0.5 x 104 -0.47 5.26 

such studies are that very small concentrations of the 
antibiotics can be used, and that the enthalpy (AH’), 
free-energy (AC’) and entropy (AS) changes of com- 
plex formation can be determined.48 The influence of 
solvents and ligand structure on the thermodynamics 
of complexation reactions between metal ions (e.g., 
K+ and Na+) and ionophores (e.g., nigericin and 
monensin) has been determined by Fruh and Simon4’ 
by batch isothermal power-leak microcalorimetry of 
mixtures of the ionophores with metal thiocyanates. 
The thermodynamic values obtained were in excellent 
agreement with those found by less direct and con- 
venient methods such as emf measurement and relax- 
ation techniques (Table 7). Furthermore the cation 
selectivity for nigericin (K+ > Na+) and monensin 
(Na+ > K+) agreed with that observed in biological 
systems. 

The enthalpy changes associated with lipid-protein 
interactions have also been examined by batch iso- 
thermal power-leak microcalorimetry.4* The enthalpy 
of binding may again be measured with very much 
smaller samples than by other physical methods; 
most microcalorimetric experiments require only 2 ml 
of protein solution at a concentration of about 
5 x lo-‘M and a ligand concentration of the same 
order of magnitude or greater, depending upon the 
complex stoichiometry. Microcalorimetry can also 
provide important information on the stability of 
lipid-protein complexes, which might be useful in the 
formulation of a mechanism for the formation of 
these complexes in vivo. Although the experiments 
reported did not investigate the interaction of mem- 
brane proteins with membrane lipids (plasma apo- 
lipoproteins and phospholipids were examined in- 
stead) it does, nevertheless, indicate the potential for 
doing so. Investigations of the thermodynamics of 
such interactions may give further understanding of 
cell membrane behaviour, which in turn may help in 
the elucidation or clarification of membrane-drug 
phenomena. 

The inhibition of power (heat) production associ- 
ated with protein biosynthesis in cell-free systems of 
yeast (Succharomyces) by antibiotics has been exam- 
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Table 7. Thermodynamic parameters for the interaction of nigericin and monensin with 
Na+ and K+ ions 

AH”, AC”, AS” 
Antibiotic Metal ion kJ/mole kJ/mole J.mole-‘.&g-l log K K 

Nigericin Na+ +6.9 f 11% -22.2 +9s 3.9 8 x 10’ 
K+ -9.7 * 7% - 32.0 +93 5.6 4 x lo5 

Monensin Na+ - 16.2 k 2% -39.3 +61 6.0 1 x 106 
K+ -15.6 f 2% - 26.0 +35 4.6 4 x lo4 

ined with a Calvet batch microcalorimeter; the 
object was to try to distinguish between the heat 
produced by protein biosynthesis and that produced 
by interfering reactions (Table 8), but owing to the 
complexity of the system no definite conclusions 
could be drawn. 

Perrin and co-workers50,5’ have estimated the bind- 
ing constants and thermodynamic parameters, and 
obtained structure-activity relationships for a variety 
of pharmaceutical complexes by isothermal flow 
power-leak microcalorimetry. The complexation of 
barbituric acids, prostaglandin E, and the antibiotic 
chloropromazine with B cyclodextr3” and the drugs 
salicylate, sulphaethidole, fenoprofen, indomethacin 
and flufenamic acid with human serum albumin were 
investigated.” The air-bath of the microcalorimeter 
was replaced by a water-bath giving a short-term 
temperature stability of +2 x 1O-4 deg. 

A titration procedure was used to obtain values of 
K, and thermodynamic parameters, i.e., the drug or 
the biopolymer concentration was kept constant and 
the concentration of the other was varied ex- 
ponentially. 

AH was obtained from the relationship 

1 1 
AH = V,,, x 

calibration ’ total flow 
J/mole 

constant rate 

where V,,,,, is the voltage obtained after completion 
of the reactions. 

KS was determined as the slope of a plot of l/V us. 
a/(b - c) (where a and b are the initial concentrations 
of the reactants and c is the concentration of complex 
formed). 

Data for the binding mechanism were obtained by 
measuring the enthalpy changes of complexation as 
a function of temperature. The method was found to 
be satisfactory for the study of complexation of 
molecules for which the residence time in the reaction 
vessel (1 min) is many orders of magnitude larger 
than the equilibration time for small molecules, and 
formation of complexes is diffusion-controlled. 

Microcalorimetric values for small binding con- 
stants were found to be more reliable than those 
obtained by ultraviolet and circular dichroism mea- 
surements (Table 9). 

Table 8. Incorporation of 14C-phenylalanine into the complete system of yeast, and resultant heat production 
(from reference 49, by permission) 

Conditions 

Inhibitor cont. and polypeptide formation 
as y0 of the complete system 

Data by the 
author@ 

Data by other 
authors 

Complete system 
Cycloheximide 1 

Puromycin 1 

Fusidic acid 1 

100 100 
mM 22 f 8 1.0 mM 1530 

0.01 mM 14 
mM 29+ 10 0.1 mM 0 

0.1 mM 38 
mM 17 + 10 1.0 mM 7 

Heat production, 
mJ 

Q +* Q-t 
404k84 361 + 84 
322 f 84 27 k29 ’ 

94k42 21*20 

No significant 
difference from 
complete system 

*Endothermal part of the p-1 curve. 
tExotherma1 part of the p-t curve. 

Table 9. Binding constants and derived thermodynamic parameters for 1: 1 com- 
plexes between the drug and HSA (from Otaaari et al..*’ bv nermission) 

Drug 
AH”, AC”, AS, 

K kJ/mole kJ/mole J.mole-‘.&g-l K,,, 

Salicyclic acid 2.1 x 10s 1.735 1.355 + 1.27 1.2 x 105 
Sulfaethidole 1.1 x 105 1.644 1.323 +1.08 1.2 x 105 
Fenoprofen 3.4 x 105 1.803 1.501 +1.00 (4) 1.9 x 105 
Indomethacin 7.5 x 105 1.915 1.269 +2.17 (5) 3.0 x 105 
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Fig. 35. Power-time curves showing the effects of 
variation in both glucose concentration and inocu- 
lum density (all inocula derived from Mitre growth). 
A, 1OmM glucose, 5 x lo8 cfujl50 ml; B, 1OmM 
glucose, 5 x 10’ cfu/l50 ml; C, 1mM glucose, 5 x lo8 
cfu/l50 ml; D, 1mM glucose, 5 x 10’ cfu/l50 ml. 

With permission.52 

It was concluded that cyclodextrins bind a wide 
range of both acidic and basic drugs equally well, but 
there appear to be differences in the mechanism of 
binding of cyclic barbiturates and linear barbiturates. 

The enthalpy and entropy changes for the reactions 
of drugs with human serum albumin (Table 9) were 
interpreted as primarily due to the changes in the 
behaviour of the solvent, water, on complex- 
formation. 

DISCUSSION 

Isothermal power-leak microcalorimetric tech- 
niques can be used, as these examples show, for a 
variety of purposes in the analysis of drugs, but not 
for identification of drugs or biotransformation and 
metabolic studies or determination of ratios of bound 
drug concentrations to free, in body fluids. 

Both batch and flow microcalorimetric methods 
are used with viable organisms, but the flow assays 
have distinct advantages. 

It is to be hoped that such studies will be extended 
to the many antimicrobial agents which have not 
hitherto been examined in this way, and that the 
information gained will be extensively compared with 
that from more conventional methods. 

These advantages may not always be apparent, 
however, and are in some ways dependent on the 
ingenuity of the experimentalist in design of the 
experiments; dosage-response relationships for bio- 
assays are a case in point. 

The quantitative analysis of drugs by micro- 
calorimetric techniques is sensitive down to micro- 
gram levels, but many of the methods have not yet 
been optimized and improvements in the sensitivity 
of microcalorimeters combined with good experi- 
mental design should allow detection limits for drugs 
down to 10-9-10-‘oM. Though certain physico- 
chemical methods already have such detection limits 
for drugs, they do not give determination of biolog- 
ically active drugs or the total bioactivity of pharma- 
ceutical formulations. 
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Fig. 36. As for Fig. 35. A, 2OmM glucose, 1 x lo8 
cfu/ 150 ml; B, 20,M glucose, 1 x 10’ cfu/ 150 ml; C, 
2mM glucose, 1 x lo8 cfu/l50 ml; D, 2mM glucose, 

1 x 10’ cfu/l50 ml. With permission.52 

Improvements in methodology, such as use of 
standardized inocula stored at liquid-nitrogen tem- 
perature, will also help in optimizing micro- 
organismdrug studies. It may be noted that drugs 
can also be stored in this way, without change in 
bioactivity, allowing strict comparisons of micro- 
organism-drug behaviour. 

At present there is a great diversity in the nature 
of the micro-organisms, environmental conditions, 
pH, temperature, pOZ, media etc., used for drug 
analysis, and such parameters need to be standard- 
ized so that comparisons can be made at the intra- 
and interlaboratory level. For example, defined 
growth media should be used. 

Using inocula stored at liquid-nitrogen tem- 
perature, Perry et al. 52 have shown that pronounced 
differences occur in the p-t curves when either the 
inoculum density or the substrate concentration is 
changed; inoculum variations, e.g., in size, history, 
phase of growth, cause alterations (of lag time, peaks, 
troughs, etc.) in the p-t curve. Variations in the p-t 
curve profiles were also found for liquid-nitrogen 
stored inocula prepared from growths in different 
batches of the same complex medium (Figs. 35-38). 
When a defined medium and liquid-nitrogen stored 
inocula are used, differences in design of the fer- 
menters employed in the inoculum preparation may 
cause differences in the p-t curves. Rigorous stan- 
dardization of all experimental parameters is there- 
fore essential for obtaining reproducible and analy- 
tically useful p-t curves. 

Flow power-leak microcalorimetry has been shown 
to be a simple and rapid method for the enumeration 
of micro-organisms in urine.53,54 The methods de- 
scribed can distinguish between 104, lo5 and lo6 
organisms/ml. By using multichannel flow instru- 
ments which could detect 102-lo5 organisms/ml it 
should be possible to conduct micro-organism enu- 
meration and drug-susceptibility testing simulta- 
neously. This is because there seems to be no reason 
why body fluids (such as serum) containing micro- 
organisms should not be examined by microcalori- 
metry for assessment of microbial susceptibility to 
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Fig. 37. Power-time curves showing the variations 
produced by inocula prepared from growth in two 
batches (A and B) of the same complex medium 
(modified Antibiotic Medium No. 3, Oxoid); cal- 
orimetric incubation medium in both cases modified 
Cutts and Rainbow medium: 1OmM glucose, 1 x lOa 

cfull50 ml. Reproduced with pertnission.~2 

drugs and for measurements of the number of 
microbes before and after drug treatment. This may 
be particularly useful when the susceptibility of the 
micro-organism to a certain drug is in doubt. This 
application would, of course, again require modifi- 
cation of present instrumentation. The sensitivity 
would have to be 10-20 times that of currently 
available calorimeters, without loss of stability or the 
ability to monitor the culture with other probes, e.g., 
miniature pOZ electrodes. Ideally, in such a calori- 
meter the calorimetric vessel would also be the cul- 
ture vessel, and designed to allow good atmospheric 
control for both anaerobic and aerobic cultures. 
Homogeneity of cell contents would also be essential. 

There have been many reports of the disagreement 
in the drug-susceptibility of micro-organisms as mea- 
sured by MIC methods and microcalorimetric meth- 
ods. The MIC specifies the minimum concentration 
of a drug which keeps the cell inoculum below an 
arbitrary absorbance threshold at the time of in- 
spection in the particular test environment. Semenitz 
et a1.,27 in tests with tetracycline antibiotics, have also 
high-lighted this problem. There is, then, a need to 
re-examine interpretations of the value and meaning 
of MIC tests. Furthermore, in our view a comparison 
of MIC values and microcalorimetric tests should be 
made with the same conditions of inoculum density, 
temperature, etc., in order to try to establish the 
significance, if any, of MIC tests. 

Future studies of interest in drug analysis by 
microcalorimetry could include the following: 

(1) the interaction of biopolymers and other bio- 
logically relevant molecules with drugs, for studies of 
mode of action and/or bioavailability of drugs in 
body fluids; 

(2) the investigation of the effect of raw drug 
materials, combinations of drugs or pharmaceutical 
formulations, on mixed microbial populations of 
clinical relevance; 
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Fig. 38. Power-time curves showing the effects of 
fermenter conditions (e.g., aeration efficiency, stir- 
ring rate, surface-to-volume ratio, etc.) on the de- 
rived inocula. Calorimetric incubations in modified 
Cutts and Rainbow medium: IOmM glucose, 1 x lo8 
cfu/l50 ml. A, inocula derived from 5-litre growth; B, 
inocula derived from I-litre growth. Reproduced 

with petmission.” 

(3) studies of the interaction of erythrocytes with 
drugs, which could be especially valuable in instances 
where it is known that a series of structurally related 
drugs may cause side-effects such as interference with 
red blood-cell metabolism (although such studies 
have not been reported to date, many investigations 
of erythrocytes by microcalorimetry have been con- 
ducted);” 

(4) investigation of the efficiency of protective 
agents in pharmaceutical formulations etc. [no such 
investigations have yet been made by micro- 
calorimetry; at present, a protective effect (i.e., no 
increase in microbial population) has to be demon- 
strated on an initial inoculum of lo’-lo6 
organisms/ml over a 28-day period;55 this is well 
within the detection limits of presently available 
calorimeters”‘]. 

Although this section has dealt with studies of 
micro-organism-drug interactions, it is, perhaps, im- 
portant to note that studies of the interaction of other 
substances with microbial populations by isothermal 
power-leak microcalorimetry may also be rewarding, 
disinfectants and detergents being two examples. 

THERMOMETRIC TITRIMETRY 

Three distinct, and fundamentally different, ana- 
lytical procedures may be considered under the 
general heading of “thermometric titrimetry”. 

(1) Conventional thermometric titrimetry, also 
known as thermometric enthalpy titration (TET).56 

(2) Catalymetric or catalytic-thermometric titri- 
metry (CTT).5’,5* 

(3) Direct injection enthalpimetry (DIE).j9 

In (l), the temperature of the titrand is monitored 
as titrant is added, and variations in the rate of 
temperature change, shown as inflections in the 
recorded temperaturetitrant volume graph, serve to 
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Fig. 39. Thermometric enthalpy titration (TET) of a mixture 
of three constituents (a, b and c). 

indicate the virtual completion of reactions between 
the titrant and titrand (Fig. 39). 

In (2), a thermometric-indicator reagent is included 
in the titrand solution, and when the first excess of 
titrant initiates an exothermic indicator reaction, the 
accompanying rise in temperature locates the end- 
point (Fig. 40). 

In (3), an excess of titrant is added rapidly to 
the titrand and the rise in temperature is measured 
(Fig. 41). No attempt is made to measure the amount 
of titrant required for a stoichiometric reaction with 
the sample substance. The temperature rise can be 
related to the reaction enthalpy, and therefore to the 
concentration of the determinand. The apparatus is 
very similar to that employed in (1) and (2) and it is 
convenient to consider the three procedures together, 

Tltront, ml - 

Fig. 40. Catalytic thermometric titration (CTT): A, deter- 
minative reaction; B, indicator reaction. 

although DIE more closely resembles conventional 
calorimetry in principle. 

In addition to these three “batch” titrimetric meth- 
ods, continuous-flow techniques are increasingly 
used, and are particularly suitable for routine analy- 
sis.60,6’ Three procedures are employed: (a), the con- 
tinuous mixing of the sample and titrant (Figs. 42 and 
43), (b), the intermittent addition of titrant to the 
sample, and (c), the injection of the sample in pulses 
to a continuous flow of titrant (Fig. 44). Both (a) and 
(b) are referred to as “continuous-flow enthalpi- 
metry”, while (c) is distinguished by the name of 
“peak enthalpimetry”. In all three the temperature 
rise is related to the sample concentration, so the 
methods can be considered an extension of DIE. 

TET and DIE can, in theory, be applied to any 
chemical reaction resulting from the mixing of two 
reagents, while CTT is applicable if an appropriate 
indicator reagent is available. 

An advantage of CTT is that large amounts of the 
indicator reagent can be used-often the indicator is 
itself a solvent-and the temperature change at the 
end-point is usually much greater than that possible 
in TET and DIE, particularly when the analyte 
concentration is low. Thus the effect of the environ- 
ment and heat of dilution of titrant with titrand is less 
important and the titration apparatus can be of 
simple design, as shown in Fig. 45, for example. 

Measurement of temperature change is in principle 
non-selective, and in thermometric titrimetry select- 
ivity has to be achieved by the use of selective 
reagents and masking reactions, the adjustment of 
reaction conditions (e.g., pH) and taking advantage 
of differences in solubility, stability constants and the 
rates of reaction of the analyte and interferents with 
the titrant.62 

TET, like potentiometric titrimetry, can be used for 
serial titration, i.e., for the selective consecutive deter- 
mination of several components in a mixture. In 
contrast, methods (2) and (3) would normally give the 

I 0 OIOC 

Fig. 41. Direct injection enthalpimetry (DIE). The excess of 
titrant is added over the first few seconds. 
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Fig. 42. Schematic diagram for flow enthalpimetry. Reprinted with permission from Anal. Chem., 1976, 
48, 427A. Copyright 1976 American Chemical Society. 

total functional-group content, although by manipu- 
lation of the chemistry it is sometimes possible to 
determine separately weak and very weak acidic 
functions in samples by CTT.63 

Instrumentation 

Apparatus for discrete, as distinct from contin- 
uous-flow, thermometric titrimetry, comprises a 
burette, preferably motor-driven, a titration vessel 
and a temperature-measuring device. It is usually 
designed to maximize the observable temperature 
changes resulting from the heat of the determination 
reaction or, in the case of CTT, the indicator reac- 
tion, and to minimize the effects of variations in the 
temperature of the immediate environment. The first 
requirement can be realized by the use of an insulated 
reaction vessel, e.g., a glass Dewar flask (Fig. 46) or 
a vessel insulated with polystyrene foam. Environ- 
mental effects on the temperature of the burette have 
been minimized in DIE by immersing the burette in 
a rather large titration beakera (Fig. 47), but in TET 
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the more general practice has been to carry out 
titrations with a well-insulated apparatus (Fig. 46) or 
in a temperature-controlled room. An alternative is 
to use an isoperibolic titration calorimeter in which 
the burette and insulated reaction vessel are im- 
mersed in a water-bath controlled to about 
+ 2 x 10e4 deg;65 a suitable vessel is shown in Fig. 48. 

Isothermal titration calorimeters are also used 
(Fig. 49). The reaction vessel is made of an inert metal 
with good heat conduction (Fig. 50). The vessel has 
an air-jacket and is immersed in a constant- 
temperature water-bath. The contents of the reaction 
vessel are kept at constant temperature by use of a 
Peltier thermoelectric cooler and a wafer control- 
heater.% The heat input under constant cooling con- 
ditions can be related to the heat of reaction and 
therefore to the content of the reactive species. 

The design of apparatus for continuous-flow ti- 
tration has been discussed by Jordan et aL6’ Details 
of apparatus used for thermometric titrimetry are 
given in the monographs by Vaugha@ and Barthel,68 

-M 
--G :: 

Fig. 43. Reaction vessel for continuous-flow enthalpimetry: (a) cross-section of front elevation; (b) 
cross-section of side elevation: A, perspex cylinder; B, perspex mixing tube; C, D and E, thermistors; F 
and G, inlet ports; H, outlet port; J and K, mixing jets; L, M, N, 0 and P, rubber seals; Q and R, rubber 

plugs; S, polythene base. Reproduced with permission.@’ 
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and more recent developments have been reviewed by 
Eatough, 69 Brandstetr” and Martin and Marini.” 

Applications 

Titrimetric methods are widely used in assays of 
pharmaceutical substances and formulations, includ- 
ing tablets and capsules. In Pharmacopoeias, many of 
the recommended procedures involve the titration of 
weakly acidic or basic functional groups, usually in 
non-aqueous media, with potentiometric or visual 
indication of the end-point. Aniline derivatives, par- 
ticularly sulpha drugs, are determined by the “dead- 
stop” method with aqueous sodium nitrite as the 
titrant. A few oxidation-reduction titrations are 
listed, e.g., the determination of isoniazid, antimony 
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44. Schematic diagram of peak enthalpimetry apparatus. Reprinted with permission from Anal. 
Chem., 1976, 48, 427A. Copyright 1976 American Chemical Society. 

sodium tartrate and ascorbic acid with bromine, 
iodine and cerium(IV) respectively.” 

Thermometric titrimetry has been evaluated for the 
determination of pharmaceutical products and in 
clinical analysis generally, but its advantages remain 
to be appreciated, especially for routine work. 

In clinical investigations, the analyst is concerned 
not only with drugs and their metabolites but also 
with substances occurring “naturally” in the body. 
Determinations of the latter are included in this 
review for completeness. 

Applications can conveniently be considered under 
two headings: 

(a) determination of pharmaceutical substances 
and formulations; (b) clinical and biochemical deter- 
minations. 

Fig. 45. Apparatus for catalytic thermometric titrimetry: A, synchronous motor; B, gear box; C, gear 
change; D, micrometer syringe; E, thermistor; F, Dewar beaker; G, magnetic stirrer. 
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Fig. 46. Diagram of circuitry and apparatus used in enthalpimetric analysis. Reprinted with permission 
from Anal. C/rem., 1976. 48, 427A. Copyright 1976 American Chemical Society. 

Pharmaceutical substances and formulations 

Thermometric enthalpy titrations. TET is generally 
more versatile than CTT, and has been used not 
only for acid-base titrations, but also for titrations 
involving reagents such as silver nitrate,73 sodium 

Fig. 47. Apparatus for direct injection enthalpimetry: A, 
Dewar flask; B, immersion pipette; C, thermistor; D, Wheat- 
stone bridge; E, stirrer; F, calibration heater; G, heater 

control. Reproduced with permission.@ 

hypochlorite,74 N-bromosuccinimide75 and iodine 
chloride.76 

DeLeo and Stern77 have discussed the titration of 
bases of pharmaceutical interest. They have shown 
that satisfactory results can be obtained in aqueous 
media for determination of nicotinamide, niacin- 
amide and chlorpheniramine maleate by titration 
with hydrochloric acid, of aminophylline, hydro- 
chlorothiazide and chlorpromazine hydrochloride by 
titration with sodium hydroxide, and of amino- 
phylline by titration with silver nitrate. Only in the 
analysis of chlorpheniramine maleate tablets was 
interference from excipients in solid dosage forms 

Tltrant tube Reactlon 
vessel mount 

Callbratlon 
heater Thermistor 

SlIvered 
glass &war 

Fig. 48. Isoperibolic rapid-response glass Dewar reaction 
vessel. Reproduced with permission of Tronac Inc. 
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Heat dissipation 
fins 

Fig. 49. Isothermal titration calorimeter. Reproduced with permission.66 

observed, but the results were generally less reliable 
for titrations of syrups and elixirs.” These authors 
claim that TET has advantages over the non-aqueous 
titrimetric procedures of the British and United 
States Pharmacopoeias. The relative standard devi- 
ations and recoveries, 0.254.8x and 98.6-100.2x, 
respectively, are claimed to be acceptable. 

More recently, promethazine hydrochloride, thio- 
properazine bis(methy1 sulphate), aminopromazine 
fumarate and alimemazine tartrate have been deter- 
mined by titration of their acidic functions with 
sodium hydroxide,79 and benzodiazapines” (ox- 
azepam, diazepam, nitrazepam and chloridiaz- 
epoxide) have been titrated as bases, with hydro- 
chloric acid. 

Ascorbic acid, pure and in tablets, has been deter- 
mined by titration with iodine chloride.76.8’ Appar- 
ently, excipients in the tablets do not interfere 
significantly, but it is necessary to add Hg(I1) to 
complex iodide or it will be oxidized to iodine and 

0-rmg seal 

/ _C#uad ring 

/ 
Heater 
cooler 

Platinum 
stainless 
reaction 
vessel 

or 
steel 

/ 
Peltier 
cooler 

\ Control heater 

Fig. 50. Metal isothermal reaction vessel. Reproduced with 
permission of Tronac Inc. 

influence the titration value. An aqueous solution of 
N-bromosuccinimide is also suitable as a reagent for 
the determination of ascorbic acid.” Physiologically 
active alkaloids, and vitamin B, in tablets and injec- 
tion dosage forms, can be determined without the 
usual separation procedures, by precipitation ti- 
tration with aqueous silicotungstic acid solution.” 
The common excipients-magnesium stearate, lac- 
tose, sucrose, starch and chalkdo not interfere, and 
titration errors are approximately + 1%. 

Sulphonamides have been determined by TET with 
silver nitrate,73 sodium nitrites3 and sodium 
hypochlorite74 as reagents. Excipients do not interfere 
in the titration with silver nitrate, and it is claimed 
that this reagent is superior to hypochlorite, which 
might be expected to oxidize excipients as well. 

Catalytic thermometric titrimetry. The assays of 
pharmaceutical substances by CTT so far in- 
vestigated have been done in non-aqueous solution, 
because the response of thermometric indicators 
currently used is adversely affected by water. Thus 
the solvent systems differ significantly from those 
favoured in the TET determinations. 

For titration of acidic functions, acetone,84 
acrylonitrile8’ and some acrylic esters have been 
evaluated. Acetone is suitable as both an indicator 
and a solvent, but when acrylonitrile is the indicator 
a co-solvent, usually dimethylformamide, is required. 
Acetone is suitable for the determination of very 
weak acids, such as phenols.84 The acrylonitrile indi- 
cator was found suitable for the determination of 
the catecholamines, adrenaline, noradrenaline, 
dopamine, dopa, methyldopa, and Corbasil,86 and 
twelve pharmaceutically-important sulphonamides 
(Fig. 51).87 Both acetone and acrylonitrile have been 
evaluated as indicators for the determination of 
barbiturates.88 The titration of tablet dosage forms of 
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Fig. 51. Catalytic thermometric titration curves for sul- 
phonamides in different solvent systems; 1, phthalyl- 
sulphathiazole; 2, succinylsulphathiazole; 3 and 4, sul- 
phadiazine; 5, sulphamerazine; 6, sulphamethizole; 7, 8 and 
9, sulphapyridine; 10, sulphaquinoxaline; 1 l-17, sul- 
phathiazole; 18, sulphaurea. Reprinted with permission 
from Anal. Chem., 1975,47,1384. Copyright 1975 American 

Chemical Society. 

catecholamines, sulphonamides and barbiturates 
(tablets) indicated that the excipients did not interfere 
in titrations for acidic functions, but acidic excipient 
material in capsule doses of t_-dopa gave rise to a high 
value for the content of active constituents6 

The thermometric-indicator reagents available at 
present for the titrimetric determination of bases are 
mixtures of acetic anhydride and water,s9 mixtures of 
acetic anhydride and alkanols,m a-methylstyrene” 
and vinyl alkyl ethers.” Perchloric acid in acetic acid 
is the preferred titrant with the first three indicators, 
but it is too active for use with the vinyl ethers, and 
a “milder” acid, boron trifluoride etherate in dioxan, 
is more suitable. 

Vajgand and co-workers used the acetic 
anhydride-water indicator in the determination of 
tertiary amines and metal carboxylates, including 
brucine, antipyrine, cinchonine, pyridoxine hydro- 
chloride, Flagyle, Intra-iodine, Inversal and sodium 
salicylate,89.92 and developed a non-aqueous coulo- 
metric method for generation of the titrant.92.93 

0 IM Perchlorlc ocld volume 

Fig. 53. Catalytic thermometric titration of the basic func- 
tions of catecholamines by a manual method: 1, L-dopa; 2, 
(-)-adrenaline; 3, L-noradrenaline; 4, dopamine hydro- 
chloride. Arrows indicate theoretical end-points. Re- 

produced with perrnission.86 

Greenhow has used mixtures of acetic anhydride 
and different alkanols to indicate the end-point in 
the determination of weak bases, including anti- 
pyrine, caffeine, theophylline and sodium salicylate 
(Fig. 52).W The mixture with alcohols is more 
effective than that with water for the determination 
of very weak bases, such as caffeine. 

The a-methylstyrene indicator has been used in the 
titration of ephedrine hydrochloride and sulphate, 
codeine phosphate, and the alkaloids atropine, 
caffeine, nicotine, papaverine, quinine and its hydro- 
chloride, strychnine and theophylline,94 and the cate- 
cholamines listed above (Fig. 53).86 Nicotine can be 
determined at the 8.5~pg level with O.OOlM perchloric 
acid as titrant. 

It is not necessary to add mercury(I1) acetate in the 
titration of the amine hydrochlorides, although this 
addition is necessary in non-aqueous potentiometric 
titrimetry. In the titration of dosage forms, the pres- 
ence of the excipient magnesium stearate can give rise 
to high titration values because, like other metal 
carboxylates, it is titrated as a base when it is soluble 
in the sample solvent.86 

The end-point in iodimetric titration of non- 
aqueous solutions can be detected thermometrically 

0 IM Perchloric acid volume 

‘vtic thermometric titration, in different indicator systems, of antipyrine, caffeine, theo- 
? with O.lM perchloric acid in acetic acid: 14, antipyrine (9.4 mg); 5-12, caffeine 

3, 14, theophylline (25.0 mg); 15, 16, urea (9.0 mg). Reproduced with permission.gO 
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Fig. 54. Catalytic thermometric titration of isoniazid with 
Iodine in dimethylformamide; 1, 0.85 mg, 0.05M titrant; 2, 

0.54 mg, O.OlM titrant. Arrows indicate end-points. 

with ethyl vinyl ether as the indicator reagent, be- 
cause the first excess of iodine catalyses the cationic 
polymerization of the indicator. This iodimetric 
method has been applied successfully to the deter- 
mination of primary, secondary and tertiary amines, 
which form iodine complexes, and isoniazid, which 
undergoes oxidation. g5 Typical titration curves for 
isoniazid are shown in Fig. 54. 

Thermometric enthalpy titrations 

The protein content of 1 ml of human serum has 
been determined with a precision of 0.5% by titration 
with 1Zphosphotungstic acid, which reacts stoichio- 
metrically with the protonated basic amino-acid resi- 
dues of the protein. lo’ Aqueous solutions containing 
1 g of bovine serum albumin per litre have been 
examined. 

Direct injection enthalpimetry. DIE is faster than 
TET or CTT because the excess of titrant is injected 
into the sample solution as quickly as possible. It 
lends itself well to “inverse” reactions, in which the 
sample is injected into an excess of reagent; this 
procedure should be useful for routine work because 
several samples can be injected into the same lot of 
reagent.g6 

Baldridge and Jesperson have used an enzymatic 
reaction to determine silver, which is a non- 
competitive inhibitor of the urease-catalysed hydro- 
lysis of urea.‘02 The inhibitor is pumped into the 
enzyme-substrate mixture, and its concentration is 
calculated from the kinetic data. 

A reduction reaction has been applied to the DIE 
determination of hydrogen peroxide in Hyperol tab- 
lets (a mixture of hydrogen peroxide and urea) with 
acidified potassium iodide in the presence of a molyb- 
date catalyst.g6 Amino-acids, urea, thioglycollic acid, 
salicylic acid, acetylsalicylic acid and ascorbic acid 
have been determined by oxidation reactions- 
ascorbic acid by reaction with hexacyanoferrate” and 
the other analytes by reaction with sodium hypo- 
bromite.” In the ascorbic acid determination, starch, 
calcium lactate and talc excipients are unaffected by 
the reagent.g7 

The TET method has been used to study the 
binding of ADP (adenosine diphosphate) to bovine 
liver glutamate dehydrogenase by injection of a solu- 
tion of the former into a buffered solution of the 
latter. From the temperature changes, the values of 
the standard enthalpy and free-energy changes are 
calculated.‘03 

Direct injection enthalpimetry 

Bark and Grime have determined organic nitrogen 
bases by titration with sodium tetraphenylborate.W 
An-excess of reagent is added and back-titrated with 
aqueous potassium chloride solution. The method 
has been applied to the determination of several 
primary, secondary and tertiary amines, quaternary 
ammonium salts and hexamethylenetetramine. 

McGlothlin and Jordan have used DIE for deter- 
mining glucose enzymatically in serum, plasma and 
whole blood by measuring the heat changes when 
glucose is phosphorylated by magnesium adenosine 
triphosphate [Mg(ATP)2-] reagent in the presence of 
hexokinase.‘04,‘05 The samples are injected se- 
quentially into an excess of the reagent, containing 
hexokinase and tris buffer. A precision and accuracy 
of 2% are claimed. The authors have used a similar 
procedure for determining the enzyme activity of 
hexokinase; here the limit of detection was 0.5 E.A. 
units.‘06 

Grime and Tan’” have determined some penicillins Grime et al. have used the DIE method to measure 
in “pure” form, and in tablets, capsules and vials the Michaelis constant for the hydrolysis of N-acetyl- 
without further purification, by an enzymatic pro- L-tyrosine ethyl ester (ATEE), catalysed by bovin 
cedure. The sample, in aqueous solution, is injected pancreas a-chymotrypsin.“’ The enzyme is rapid 

into a buffered solution of penicillinase and the 
temperature rise is measured. The enzymatic reaction 
takes only 80 set, and ten samples can be injected 
consecutively into one batch of enzyme. The relative 
standard deviations range from 0.6 to 4.0%. The limit 
of detection is 10e3A4. 

Clinical and biochemical determinations 

Clinical samples are complex mixtures, and to 
determine specific constituents by the thermometric 
method it is usually necessary to use specific or highly 
selective reagents. Enzymes come under the former 
heading, and enzyme-substrate reactions, in the ab- 
sence and presence of inhibitors, have been in- 
vestigated for the purpose of determining the concen- 
tration of substrate, the enzyme activity or the 
concentration of inhibitor. Another “specific” reac- 
tion that has not, as yet, received the same wide 
attention as enzymic processes, is that between anti- 
body and antigen. 
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Fig. 55. Apparatus for continuous-flow enthalpimetry with 
an immobilized enzyme in the reaction compartment (the 
“enzyme thermistor”): 1, reaction microcolumn; 2, ther- 
mistor; 3, heat-exchanger; 4, Perspex cylinder; 5, water- 
jacket; 6, air-gap; 7, O-rings to seal the lid. The entire unit 
is immer~d in a water-bath (Level shown by dotted line). 
Reproduced from reference 112 with permission from the 
copyright holder, ElsevierlNorth-Holland Biomedical Press, 

Amsterdam. 

injected into the titration cell containing ATEE, 
ethanol and buffer, the data are evaluated kinetically, 
and the effect of inhibition by ethanol is assessed. 

Continuous-jaw method9 

A number of workers have used flow micro- 
calorimetry to study protonation of proteins. Heats 

A 

Substrate 
on 

JI 

6mrn 
- 

Substrate 
off 

of protonation are measured and the AH values for 
different groups titrated are calculated from the AH 
vs. pH titration curves. Proteins examined include 
those of the chymotrypsinogen family,“’ lysozyme, lo9 
ribonuclease A and its complex with 3’-cytosine 
monophosphate,‘1o and a group of globular proteins, 
including lysozyme, chymotrypsinogen A and ox- 
idized Cytochrome C.“’ 

In recent years there has been considerable interest 
in the use of immobilized enzymes in flow en- 
thalpimetric analysis. The enzymes are usually 
bonded to controlled-porosity glass beads by reaction 
with a bifunctional silane reagent and glutaraldehyde. 

Mosbach et IZ~.“~ have used immobilized glucose 
oxidase, penicillinase, trypsin and urease as catalysts 
for the determination of glucose, penicillin G, 
benzoyl+arginine ethyl ester and urea, respectively, 
with appropriate reagents. The substrate and reagent 
solutions are allowed to flow through a column 
packed with immobilized enzyme and containing a 
thermistor (the “enzyme thermistor”) (Fig. 55). Fig- 
ure 56 shows titration curves for discrete and con- 
tinuous sample addition. 

Bowers and co-workers have used a similar system 
for the determination of urea in ser~.‘13,1’4 Bilirubin 
haemoglobin did not interfereii4 and the results com- 
pared well with those obtained by the biacetyl mon- 
oxime and ureaselindophenol methods. 

Bowers and Carr also determined glucose in serum 
by phosphorylation, using immobilized hexokinase as 
catalyst.“5 These authors have reviewed the analy- 
tical applications of immobilized enzymes in general, 
and have quoted these two determinations as exam- 
ples of the use of thermometric procedures.“3 They 
suggested that determinations at the rate of 60/hr are 
possible. 

Substrate off 

8 

Substrate 

3.132OC 

Fig. 56. Experimental curves obtained after injecting 1OmM penicillin through the enzyme thermistor: A, 
pulse of I .5 ml; B, continuous flow. Reproduced from reference 112 with permission from the copyright 

holder, Elsevier/North-Holland Biomedical Press. 



Conclusions 
All three titrimetric procedures, TET, CTT and 

DIE (including continuous-flow methods)_are suit- 
able for the analysis of pure compounds, formu- 
lations and complex mixtures, such as clinical sam- 
ples, provided that a suitable selective reaction is 
available (and with CTT an appropriate indicator 
reagent). Selectivity cannot be achieved instrumen- 
tally when the response is measured thermo- 
metrically, unless the kinetics are very favorabie, i.e., 

the reaction rates for the determinand(s) and inter- 
ferent(s) are very different. 

In theory, the time needed for a thermometric 
titration will depend only on the speed of the deter- 
mination reaction, In practice, DIE is the fastest 
method because it requires only measurement of the 
temperature rise, whereas in TET and CTT an accu- 
rate measuremeni of the &rant volume is necessary. 
Another advantage of DIE is that the large excess of 
reagent injected ensures the rapid completion of the 
reaction. A disadvantage of DIE is the need to 
construct a calibratian graph relating AT to sample 
concentration. 

According to Jordan and Carr,Ii6 TET is more 
precise than DIE, the relative standard deviations 
lying in the ranges 0.2-0.5% and 3-5%, respectively. 
The precision of CTT is generally of the same order 
as that of DIE when &rants of the same molarity are 
used. 

However, CIT. has the advantage of being applica- 
bte to the det~ina~on of much smaller sample 
concentrations, e.g., at the IO-pg/ml level, because 
the response of the indicator reagent is not influenced 
by sample size. Major disadvantages of CTT are (1) 
the lack of suitable indicators for the determination 
of organic compounds by oxidatio~reduct~on and 
precipitation reactions, and (2) the need to use non- 
aqueous solvents for the organic analyses. The latter 
disadvantage has been overcome to some extent in 
the determination of weak acids, by the introduction 
of acetafdehyde as a thermometric indicator.“7 With 
it, carboxylic acids, including amino-acids, can be 
determined in aqueous solution by titration with 
aqueous alkali. 

The rate of the determination reaction in thermo- 
metric titrimetry has same influence on the choice of 
instrument. Thus for reactions that are reasonably 
fast and can be initiated and stopped at will, pseudo- 
adiabatic, including isoperibolic, titration calori- 
meters are satisfactory, but for slow reactiom that 
may continue for hours, isothermal calorimeters are 
much to be preferred. 

To summarize: on the ground of sensitivity, sim- 
plicity, convenience, and iow cost and ease of trans- 
portation of the apparatus, CTT would probably be 
the thermomet~c method of choice, but its scope is 
limited by the availability of suitable thermometric 
indicators. Both DIE and TET have a wide range of 
applications, since any analyte for which there is a 
selective chemical reaction can be determined. Of 

these two methods, DIE would be chosen for rapid 
analyses, and also for multiple analyses by successive 
injection of several discrete samples into one lot of 
reagent or by use of one of the continuous-flow 
modiications. On the other hand, of the three tech- 
niques onfy TET is, at present, generally suitabIe for 
the determination of several constituents or reactive 
functions in the same sample. 

Acknowfedgemenf-‘% authors wish to thank the copy- 
rig& owners for permission to reproduce figures and tables 
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Summary-The synthesis, acid-base equilibria and metal-ion chelating tendencies of BAHP are reported. 
From potentiometric equilibrium measurements of hydrogen-ion concentration at 30” and ionic strength 
O.lOM (KNO,), in 75% dioxan-water medium, the values of the stability constants of some BAHP 
complexes with transition, non-transition and lanthanide ions have bee.n evaluated. Probable structures 
of the metal chelates are inferred from the electronic absorption spectra and infrared examination of the 
solid copper complex. The use of BAHP as an analytical reagent for the spectrophotometric determination 
of copper, nickel and cobalt ions is discussed. 

Azo-dyes form the largest group of synthetic 
dyestuffs and feature prominently in almost every 
type of application. /?-Diketones are a well-known 
class of ligand, capable of forming stable complexes 
with various metal ions.‘,2 Species containing both 
these types of functional group might be expected to 
combine the features of both classes of ligand. 

A condensation reaction between a hydrazino 
group and a /?-diketone species can take place 
through one of the carbonyl groups or the active 
methylene group to give ligands with the chromo- 
phoric groups I and II respectively. 

*To whom correspondence should be addressed. 

The metal-binding characteristics of a series of 

ligands with donor groups I or II have been studied. 
In some cases, auxiliary strong co-ordinating groups 
such as carboxylate or amino groups have been 
incorporated. In the present communication, the 
metal-binding characteristics of one of the represen- 
tative ketonic hydrazones, viz. benzoylacetone- 
monohydrazone-3-hydrazino-4-benzyl-6-phenylpyri- 
dazine (BAHP) (III), is described. 
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Both arrangements can be useful in explaining the 

different co-ordinating properties. Most of the studies 
reported on these systems are limited to isolation of 
the solid complexes3 or characterization of the ab- 
sorption spectra.4 
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EXPERIMENTAL 

Preparation of the solid ligand and its copper chelate 

BAHP was prs_ared as described in an earlier publi- 
cation.5 The copper chelate was prepared by adding a 
dioxan solution of the ligand (0.025 mole) to an aqueous 
solution of copper nitrate (0.025 mole). The pH of the 
solution was then increased to cu. 4 and the mixture was 
refluxed for 1 hr. The reddish brown precipitate obtained 
was filtered off, washed, recrystallized from ethanol and 
dried under vacuum. Found: C 64.8%; H 5.0%; N 11.2%; 
C,,H,,N,OCu.HzO requires C 64.93%; H 4.81%; N 11.22%. 

Determination of stability constants 

Reagent-grade metal nitrates were used for making stock 
solutions, which were standardized with EDTA.6 Carbon 
dioxide-free potassium hydroxide solution was prepared 
and standardized as recommended.’ Dioxan was purified by 
refluxing it with Na/LiAlH, for 8-10 hr, followed by 
distillation. The procedure was repeated twice to insure the 
disappearance of acetals. 

Appropriate aliquots of standard solutions of metal ni- 
trates and BAHP in 75% dioxan-water medium were titrated 
potentiometrically with 0.04M potassium hydroxide (Beck- 
man SSR 2 pH-meter fitted with a combined glass-calomel 
electrode). The correction for pH values in 75% 
dioxan-water was taken as 0.28.8 The temperature was 
maintained at 30” by use of jacketed cells with water 
circulated from a constant-temperature bath. Purified nitro- 
gen was passed through the solution during the mea- 
surements. The ionic strength of the medium was kept 
virtually constant at O.lOM with potassium nitrate as back- 
ground electrolyte. 

All the titrations were repeated at least twice and the 
titration curves agreed within kO.02 pH unit. 

Spectroscopy 

Infrared spectra (potassium bromide discs) were recorded 
on a Perkin-Elmer 437 spectrometer (4000-300 cm-‘). The 
electronic spectra were measured at 25” with a Prolabo 
UV-visible spectrometer, with I-cm matched quartz cells. 

Determination of Cu(ZZ), Ni(ZZ) and Co(ZZ) 

Copper, nickel and cobalt were determined spec- 
trophotometrically at 360,346 and 370 nm respectively, over 
the concentration range 0.9-8.0 pg/ml, in 75% dioxan-water 
medium. 

RESULTS AND DISCUSSION 

Potentiometric measurements 

The pH-titration curves for free and complexed 
BAHP are shown in Fig. 1. Between a = 0 and a = 1, 
and in the presence of different metal ions, only one 
proton dissociates (a = moles of base added per mole 
of ligand present). This suggests that under these 
conditions the ligand behaves as a monoprotic spe- 
cies, with the dissociation of either the hydrazo or the 
enolic OH-group proton. The acid dissociation con- 
stant, K”, was calculated by using the relationship; 

aC, - [H+] + [OH-] 
log KH = log (1 _ a) C, + [H+] _ [OH-] + pH’ (l) 

Since the ionic product, pK,, of water in 75% 
dioxan-water medium is approximately 18.7: both 
the hydrogen-ion and hydroxyl-ion concentration 
terms in equation (1) are negligible in the region of 
proton dissociation. 

The titration curves obtained in the presence of 

60 
Cd 

t4n 

Zn 

CO 

Fig. 1. Potentiometric titration curves of BAHP and its 
complexes with Mn(II), Co(II), Ni(II), Cu(II), Zn(I1) and 
Cd(I1) ions, at 30°C; O.lOM KNO,. L = Free ligand; 
a = moles of base added per mole of BAHP. [M] = O.OOlM; 

[L] = 0.002M. 

bivalent cations showed an inflection at m = 2 (where 
m = moles of base added per mole of metal), corre- 

sponding to formation of the bis-chelates, repre- 
sented by the equilibrium 

M2+ + 2HL=ML, + 2H+ 

but in the case of copper an additional inflection was 
observed at m = 1, corresponding to the formation of 
an ML species. 

Values of the stability constants fiML and /JML2 were 

obtained from the intercept and slope of the linear 
relationship 

ii 
=2-ii [LlPML,+BML. 

(1 -ii)[L] 1 --Ti (2) 

The best straight line was obtained by the method of 
least squares. 

The hydrolytic tendencies of the lanthanide 
chelates in moderately alkaline media and beyond 
a = 1 did not allow useful estimates of ii values in the 
region of formation of the bis-chelates. Accordingly, 
only the values of /IML were considered. A summary 
of the constants obtained is given in Table 1. 

Spectroscopy 

The electronic absorption spectrum of the free 
ligand (in 75% dioxan-water mixture) displays two 
absorption bands, with &,,,, 220 and 291 nm, and 
molar absorptivities of 4.5 x lo4 and 1.8 x lo4 
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Table 1. Stability constants of BAHP-metal complexes 
(30°C. 7% dioxan-water, O.lOM KNO,) 

Cation log /hiI. log BML2 &L/&,L~ 

MT+ 11.98 7.95 1.5.31 4 

2:: 11.03 11.76 20.38 22.00 48 33 
CUZf 12.18 21.84 333 
Zn’+ 9.87 18.37 23 
Cd2+ 7.35 14.13 4 

Cation 
La3+ 

log B&ii, 
7.64 

Cation 
Tb3’ 

log BML 
8.43 

Ce3+ 7.52 Dy3+ 8.50 
Prs+ 7.68 

;;: 
8.64 

Nd3+ 7.82 8.75 
;;:: 8.10 8.36 Tm3+ Yb3+ 8.74 8.82 

Gd’+ 8.40 Lu’+ 8.84 

I. mole-‘. cm-’ respectively. Like those reported for 
the pyridazine ring at 245 and 295 nm,‘O these two 
bands are attributed to an enhanced ‘I~-WZ * transition 
(K-band) over the whole conjugated system and an 
enhanced n+n* transition (R-band) respectively. In 
the presence of copper, nickel or cobalt, the latter 
band shows a bathochromic shift, with the appear- 
ance of additional bands (c$ Figs. 2 and 3). The 
intensities of the peaks observed are a function of 
both the pH of the medium and the molar ratio of 
metal to ligand. In the case of the copper complex, a 

I 
200 

I 1 I 

300 400 500 

Wavelength (Xl t nm 

Fig. 2. Electronic absorption spectra of Cu-BAHP (A) 
Spectra of the bis-chelates at pH (a) 2.70; (b) 3.50; (c) 6.55; 
(d) 9.40. (B) Job’s plot for 0.4SmM Cu(I1) in 75% 
dioxan-water, measured at 420 nm. (C) Absorption-pH and 

mole-fraction-pH relationships for the copper chelates. 

2.0- 

1.5- 

0.5- 

Wavelength CA), nm 

Fig. 3. Electronic absorption spectra in 75% dioxan-water 
for Ni (a, b and c) and Co (d, e and f) chelates at molar 
ratios 1: 1 (a and d), I :2 (b and e) and 1:3 (c and f), at 25°C. 

maximum is reached at an M:L molar ratio of 1:2 
(see Fig. 2B), whereas, in the case of cobalt and nickel 
the maximum is observed at a molar ratio of 1:3. 

The infrared spectra of the ligand and of the solid 
copper complex are presented in Table 2. The assign- 
ments reported were made by comparison with 
known systems.‘G’2 

Conclusions 

BAHP is a monobasic ligand with a structure 
which can be considered as consisting of a pyridazine- 
hydrazo group condensed with benzoylacetone. The 
structure can be represented in different tautomeric 
forms, among which are structures III and IV. An 
important feature of species IV is the existence 
(and strength) of the intramol~ular hydrogen-bond 
between the enolic OH group and the aliphatic 
azomethine ( ;C=N-) group. The enolic form is 
further stabilized by the extension of the conjugated 
system. Evidence for this assignment is gained from 
both the infrared and ultraviolet spectroscopy. 

In both the dissolved and solid states, the enol form 
is predominant. The absence of a strong carbonyl 
stretching band in the region of cu. 1700 cm-’ and the 
presence of a broad band at 3470 cm-’ (tentatively 
assigned to an intramolecular hydrogen-bonded OH 
stretching band) in the spectrum of the free ligand 
agrees with the proposed structure IV, but it was 
difficult to decide from the infrared spectrum alone 
whether the hydrazo hydrogen atom is mainly lo- 
cated on the hydrazo group or on the pyridazine 
nitrogen atom. The ultraviolet spectrum shows the 
presence of two intense bands assigned to a x-+x* 
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Table 2. Some important infrared spectral bands of BAHP and its 
couuer comnlex 

Assignment 
BAHP, 
cm-’ 

Cu-BAHP, 
cm-’ 

van, intramoi~ular H-bond 
‘HOH 

%H 

b 

r,oz& (structure IV)* 
v C_Nf2), (structure III)* 

“ccl 
6 >o,++,: (structure IV)* 

Vi--N 
VW0 
‘M-N 

3470, mb 

3250, m 
3050, m 
2910, w 
1630, m 
1590, m 
1385, m 
1310, s 
1250, m 
1105, w 
975, s 
870, m 

‘M-N 

*The atoms are numbered in the structures. 
s = strong; m = medium; w = weak; b = broad. 

3350, sb 

3000, m 
2865, m 
1612, m 
1578, m 

1272, s 
1070, m 
990, m 

910-840, d 
500, w 
390, m 
340, m 

and an n-+x* transition. The molar absorptivity for 
the first transition is more than twice that reported’O 
for two aromatic rings conjugated as in structure III. 
This enhanced transition can be explained only in 
terms of further conjugation in the aliphatic chain 
linking the aromatic groups. The origin of the en- 
hanced n-n* transition is not known, Any of the 
nitrogen or oxygen lone pairs could contribute to 
such a transition. 

Titration of the ligand with alkali shows the pres- 
ence of only one ionizable proton. The value of log 
KH obtained (11.98 in 75% dioxan-water) is close to 
that reported for benzoylacetone under similar ex- 
perimental conditions (cu. 12.85, corrected for the 
differences in ionic strength13). In contrast, ligands 
containing the grouping Ar-NH-NrC:R are nor- 
mally ionized in moderately alkaline media, and have 
pK” values ranging’4.‘5 between 6 and 9. This suggests 
that in BAHP it is the BAHP enolic OH group that 
loses a proton. The ionization of the hydrazo proton 

P HQ 
A*A 

Fig. 4. Log &L as a function of ionic potential, Z’/r, for 
various rare-earth complexes. Radii from reference 16. 
HQ = I-hydroxyquinoline; IHQ = 8-hydroxy-5,7-di-iodo- 

quinoline. 

has been observed only under drastic conditions of 
reflux and in the presence of metal ions (see below). 
This extra basicity is supporting evidence that the 
hydrazo group is not present as such, but that its 
proton is more likely attached to the pyridazine ring 
nitrogen atom, where it is less ionizable. 

The metal-ligand interactions can be divided into 
three groups: those of copper, nickel and cobalt 
which have high affinities for nitrogen donor atoms; 
those of the rare-earth ions, which are normally 
considered to give purely electrostatic interactions, 
with high affinities for oxygen donor atoms; and 
those of manganese, zinc and cadmium, with inter- 
mediate affinities for both nitrogen and oxygen 
atoms. 

In Fig. 4, the values of log flML for the rare-earth 
complexes are plotted against the ionic potential, 
Z2/r. Instead of the expected linearity, a curve is 
obtained with a gradual increase in stability between 
lanthanum and europium followed by a plateau in 
the region of gadolinium-terbium, and a slight in- 
crease for the earlier heavy lanthanides, levelling off 
in the thulium-lutetium region. This kind of behav- 
iour has been observed before for a variety of ligands, 
among which are quoted here those of I-hydroxy- 
quinoline &IQ)” and 8-hydroxy-5,7&iodoquinoline 
(IHQ)18 (see Fig. 4). This deviation from linearity 
beyond gadolinium has been attributed by various 
authors to changes in hydration along the cationic 
series.‘+2’ 

BAHP is analogous to HQ and IHQ in that it is 
expected to form chelates with lanthanide ions by 
using the enolic OH group and the nitrogen atoms of 
the azomethine groups. A comparison of log pML for 
the complexes of a specific element with the three 
reagents shows that its value is in rough propor- 
tionality to I: log K”. The extra stability of the HQ 
chelates relative to the BAHP chelates can be attrib- 
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uted to the rigidity of the first group of chelates and 
the differences in the chelate ring sizes. 

In addition to their ability to form 1: 1 chelates with 
BAHP, manganese, cadmium and zinc are capable of 
forming 1:2 chelates. The most probable chelation 
sites in BAHP are shown in V: 

Ar’ Ar 

!r V 

Addition of a second ligand might lead to breakdown 
of the pyridazine-metal bond to relieve steric hin- 
drance. A comparison of the stepwise formation 
constants might even raise doubts about the extent of 
participation of this particular donor site in the 
bonding. The KMLIKML2 ratio (Table 1) is probably 
too small to be accounted for by appreciable steric 
hindrance effects,22 except in the case of the copper 
chelates. In addition, the spectral studies show that 
tris-chelates are formed with nickel and cobalt (see 
Fig. 3) which suggests that BAHP acts only as a 
bidentate ligand. 

The titration curve for copper shows the presence 
of two distinct buffer regions separated by a sharp 
inflection at m = 1. From the ratio KML/KhlL2, it is 
possible to suggest that in this particular case BAHP 
behaves as a terdentate ligand. In an attempt to study 
the 1: 1 chelate, the solid complex was prepared. 
Under the drastic conditions used, the ligand mole- 
cule loses two protons, and the species Cu(OH)L (or 
CuH_, L. H20) separates. The infrared spectrum of 
the solid shows a systematic shift of the vcc, vc+, and 
vc_o bands to a lower frequency with the simulta- 
neous disappearance of the v~_~ and voH bands. The 
new bands observed at 500, 390 and 340 cm-’ are 

assigned to v~_~, v~-~ and v~_~. respectively, with N 
and N’ being the nitrogen atoms of the azomethine 
and pyridazone groups, or vice versa. 

The ultraviolet spectrum of the copper complex 
shows the presence of two bands, with A,,,,, at 360 and 
410 nm. Also the spectrum shows the presence of a 
shoulder at 320-340 nm. The molar absorptivities of 
the bands are around 0.3-2.5 x lo4 l.molee’.cm-‘, 
implying allowed electron transitions. The intensities 
of these bands are also a function of the pH of the 
medium. As is clear from Fig. 2c, the absorbance has 
a maximum in the pH region 3.5-4.0 followed by a 
plateau in the pH region 5-9. In addition to the 
pH-absorbance plots, the distribution curves for CuL 
and CuL, are shown as a function of the pH of the 
solution. A comparison of the plots shows that at 
pH > 5 and in the region of formation of the ML, 
species, the absorbance is constant, indicating per- 
haps that both ML and ML, are absorbing to the 
same extent (Ed,. = ai,&. In strongly acidic media and 
in the region of very small fractions of the ML 
species, the copper-BAHP mixture still displays 
strong ultraviolet bands. These bands might be at- 
tributed to the presence of a significant proportion of 
the protonated complex, MHL. Similar spectra are 
also observed for the nickel and cobalt chelates, but 
slightly modified as a result of the differences in the 
mode of bonding between the ligand and the metal 
ions. 

The band located at ca. 310 nm may be due to the 
spin-allowed n-x* transitions. The other bands are 
relatively broad, indicating high oscillator strength, 
and are therefore perhaps charge-transfer in origin,23 
with the band at the lower frequency due to M-+L 
transitions and that at the higher frequency due to 
L-+M transitions. Copper(I1) being the most difficult 
of the three ions to oxidize further, is expected to 
absorb at the highest frequency, whereas the most 
readily oxidizable cobalt(I1) is expected to absorb at 
the lowest energy, with a high value of E. This is in 
good agreement with the order observed for the 
assigned d&m transitions. The same argument could 
also be used to account for the order observed in the 

Table 3. Ultraviolet absorption spectra of the ligand and metal chelates 
in 75% dioxan-water 

Species 

H(BAHP) 

I Inax, 

nm 

220 
291 

log & 

4.65 
4.26 

Assignment 

IL+Z * (K-band) 
n+~* (R-band) 

Cu-chelate 320-336 3.53-3.83 
360 4.04 
410 3.88 

Ni-chelate 323 3.80 
345 3.80 
412 3.66 

Co-chelate 320 5.03 
34&357 5.08-5.13 

370 5.20 
410-430 4.92 d-+n 
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n-+d transitions. Table 3 summarizes all the results 4. Y. Yagi, Bull. Chem. Sot. Japan, 1963,36,487,492,500, 

obtained. 506, 512. 

In the case of nickel, the enhanced n-+d transition 
at higher L:M ratio results in the apparent dis- 
appearance of the n-+rr* transition. However, the 
presence of the small shoulder in the region of 
325-350 nm is still indicative of this transition. 
Similar considerations may be applied to the two 
n-td transitions for the cobalt species. A summary of 
the results obtained is given in Table 3. 

5. H. Jahine, H. A. Zaher, A. Saved and M. Seada, Indian 
J. Chem., 1977,158, 352. 

6. T. S. West. ComXexometrv with EDTA and Related 
Reagents. Broglia’Press, London, 1969. 

7. A. I. Vogel, Qaant~fatiue Inorganic Analysis, 4th Ed. 
Longmans, London, 1966. 
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Chem., 1968, 30, 1215. 

9. D. E. Goldberg, J. Chem. Educ., 1963, 40, 341. 
10. R. M. Silverstein. G. C. Bassler and T. C. Morrill. 
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obey Beer’s law in the metal concentration range 
0.9-10.0 pgjml. Under optimum conditions, the rela- 
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Summary-Tripelennamine hydrochloride, thenyldiamine hydrochloride, and chlorothen citrate have 
been used as antihistamines and for the treatment of asthma and bronchitis. Toxicological evaluation 
of these drugs was scheduled as part of a structure-activity relationship study of antihistamines in rats 
and mice, because of the paucity of such information. Prerequisite for the evaluation was the development 
of analytical chemical procedures to certify the concentration, homogeneity, and stability of the drugs 
in dosed feed, to monitor the urine of laboratory personnel to signal their possible exposure to the drugs, 
and to monitor the wastewater to ensure that the test agents were not discharged into the environment. 
A high-pressure liquid chromatographic procedure with fluorescence detection was developed for 
determination of the three antihistamines in admixture in animal feed, human urine, and wastewater at 
levels of 500, 10 and 10 rig/g,, respectively. Data on the partition values and use of a silica gel column 
to aid in the clean-up of sample extracts from the three substrates are reported for the three test agents. 
Extraction efficiencies and data concerning the stability of tripelennamine hydrochloride and thenyl- 
diamine hydrochloride in animal feed are presented. Description of a new route for synthesis of 
chlorothen citrate and ancillary data concerning the gas chromatographic analysis for the three drugs 
in admixture in animal feed at levels as low as 10 pg/g are also reported. 

The antihistamines tripelennamine hydrochloride tial. However, no incidence or evidence of mutagenic 
(2-[benzyl(2-dimethylaminoethyl)amino]pyridine hy- or carcinogenic potential of antihistaminic drugs in 

drochloride), thenyldiamine hydrochloride (2-[(2-di- humans has been reported. In view of this informa- 

methylaminoethyl)-34henylaminolpyridine hydro- tion and the similarity of the structure of these drugs 
chloride), and chlorothen citrate (2-[(5-chloro-2-then- to that of other antihistamines currently used in the 

yl)(2-dimethylaminoethyl)amino]pyridine citrate), United States, toxicological evaluation of these anti- 

(formulae shown in Fig. l), are antihistaminic drugs histamines was scheduled at the National Center for 

that have been used for treatment of asthma, bron- Toxicological Research (NCTR) as part of the Na- 
chitis and bronchoconstriction.‘-5 tional Toxicology Program (NTP). 

As early as 1950, Haley and Andem reported 
toxicological studies of tripelennamine hydrochloride 
and thenyldiamine hydrochloride, which demon- 
strated the ability of these drugs to modify capillary 
blood flow and affect the mammalian capillary bed. 
More recently, Chaudhuri et al.’ demonstrated that 
tripelennamine is metabolized in man, identifying 
four metabolites in the urine; desmethyl- 
tripelennamine was not detected, however. Probst 
and Neal* reported that tripelennamine hydro- 
chloride could cause unscheduled DNA synthesis in 
primary cultures of adult rat hepatocytes, and sug- 
gested further mutagenic or carcinogenic potential 
test systems. Rao et ak9s” reported the in vitro and in 
vivo (rats) conditions necessary for formation of the 
chemically reactive metabolite, N-nitrosodesmethyl- 
tripelennamine, which has high carcinogenic poten- 

However, before such toxicological tests could 
begin, analytical procedures were required for en- 
suring proper concentration, homogeneity and sta- 
bility of the test chemicals in dosed animal feed used 
in animal feeding studies. Also, trace level procedures 
were required for determination of the test chemicals 
in the urine of laboratory personnel (to monitor their 
possible exposure to the drugs) and in the wastewater 
to ensure that the drugs had been adequately re- 
moved from the water before its discharge into the 
environment. 

Various thin-layer chromatographic (TLC) and 
ultraviolet spectrophotometric techniques for as- 
saying basic antihistaminic drugs have been re- 
ported.“-‘3 Wilson et ~1.‘~ based their method on the 
fluorescence and phosphorescence of antihistamines 
containing the 2-aminopyridine group. Moffat,” and 
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Fig. 1. Formulae of tripelennamine hydrochloride, thenyldiamine hydrochloride, and chlorothen citrate. 

McLinden and Stenhouse,‘6 reported gas chro- 
matographic methods for determination of the anti- 
histamine drugs in the absence of biological matrices. 
Pierce et a/.” reported a gas chromatographic pro- 
cedure for determining basic drugs (including anti- 
histamines) in blood. Massart and Detaevernierr8 
reported a high-pressure liquid chromatographic 
(HPLC) system for basic antihistamines. However, 
none of these methods was suitable for use in our 
proposed work. 

This paper describes an HPLC procedure (with 
fluorescence detection) for determination of the three 
antihistamines in admixture in animal feed, human 
urine, and wastewater after liquid-liquid partitioning 
and silica gel column clean-up at levels as low as 500, 
10 and 10 rig/g,, respectively. Data concerning the 
stability of two of the test compounds in animal feed, 
extraction efficiencies from animal feed into various 
solvents, the constants for partition of all three drugs 
between dichloromethane and aqueous solutions at 
various pH values, and ancillary data concerning 
determination of the three drugs in animal feed by gas 
chromatography using a nitrogen-phosphorus de- 
tector (N/P-GC) at levels as low as 10 pg/g are also 
reported. 

EXPERIMENTAL 

Reagents 

Tripelennamine hydrochloride (Ciba Pharmaceutical Co., 
Summit, N.J., U.S.A.) and thenyldiamine hydrochloride 
(Sterling Organics, Dudley, Cramlington, Northumberland, 
England) were used as received. Determination by HPLC 
and flame ionization-gas chromatography (FID/GC) indi- 
cated that both were essentially 1OO’A pure. The structures 
of tripelennamine and thenyldiamine were confirmed by 
mass spectrometry (MS). The antihistamine chlorothen 
citrate was unavailable commercially and was synthesized 
at this laboratory by a new route to N-substituted 
2-aminopyridines, as described below. Analysis by HPLC 
and FID/GC indicated it was 99% pure, and contained 1% 

of an impurity which was identified as methapyrilene. The 
structure-of the major component was confirmed by nuclear 
maanetic resonance (NMR) (Bruker WH-500 Sneetrometer 
‘H-probe operated at 500’ MHz) and mass spectrometry 
(Finnigan 4023 GC-MS Data System operated in the 
electron-impact mode). 

The silica gel (J. T. Baker Chemical Co., Phillipsburg, NJ) 
was heated overnight in an oven at 130” and cooled in a 
desiccator before use. All solvents were of “ultraviolet” 
grade and all other reagents were CP grade. 

Synthesis of chlorothen citrate 

Chlorothen (2-[(5-chloro-2-thenyl)(2-dimethylamino- 
ethyl)amino]pyridine) (Fig. 2, I) has been prepared before,” 
but the method described here reports a new route to the 
N-substituted 2-aminopyridines. A small crystal of p- 
toluenesulphonic acid was added to 2-aminopyridine 
(8 g, 0.025 mole) dissolved in 11 g (0.075 mole) of 
5-chloro-2-thiophenecarboxaldehyde, and the solution was 
stirred at ambient temperature until it solidified to a slightly 
yellow crystalline mass (about 2 hr being needed). Mass 
spectral analysis indicated the product to be the SchitT’s base 
(II, [N-(2-pyridyl)(S-chloro-2-thenylhminel) desired for im- 
mediate use in the next step without purification. The 
Schiff s base was dissolved in 100 ml of methanol containine 
4.5 g (0.075 mole) of acetic acid, and sodium cyan;- 
trihydridoborate (6 g. 0.1 mole) was added during a period 
of 1 hr. The solution was then stirred overnight, under a 
blanket of argon. Analysis of the mixture by high-pressure 
liquid chromatography (HPLC) indicated complete con- 
version into a new product, which was isolated as follows. 
Sufficient hydrochloric acid was added to destroy any 
remaining reducing agent and produce the hydrochloride of 
the product, followed by the evaporation of the bulk of the 
methanol, addition of water (150 ml), and extraction with 
chloroform to remove any neutral species (the starting 
aldehyde or benzyl alcohol) formed during reduction of the 
Schiff s base. The aqueous phase was adjusted to pH 9 with 
potassium hydroxide solution and extracted with two 
150-ml portions of chloroform. The combined chloroform 
extracts were dried with solid potassium carbonate, filtered, 
and evaporated. N-(2-Pyridyl)-N-(5-chloro-2-thenyl)amine 
(III) crystallized during the evaporation to a mass of 
off-white crystals, having a yield of 16.9 g (95.4% based on 
the starting aldehyde), m.p. 8688.6” (uncorrected), and 
yielding a molecular ion (35Cl) at m/z 224 (44%). 
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Fig. 2. Formulae of the synthesized test chemical, chlorothen (I), the Schiff’s base (II), and a residual 
product (III), [N-(2-pyridyl)-N-(%chloro-2-thenyl)amine]. 

The final product was obtained by the alkylation pro- 
cedure of Hunttrer et al.*O III (12.4 g, 0.55 mole), was heated 
under reflux in dry toluene (dried with sodium) with 5 g of 
sodamide under a blanket of argon for 2 hr, then 
NJ-dimethylaminoethyl chloride hydrochloride (10 g, 
0.069 mole) was added, and the heating and stirring under 
argon was continued for an additional 22 hr. HPLC of the 
mixture indicated about 60% conversion into a new sub- 
stance having chromatographic properties similar to those 
of methapyrilene. The reaction mixture was filtered and 
evaporated, then 100 ml of 2M hydrochloric acid were 
added, and the solution was extracted with three lOO-ml 
portions of dichloromethane, the organic phase being dis- 
carded. The acid solution was adjusted to pH 9 with 
potassium hydroxide solution and extracted with three 
lOO-ml portions of dichloromethane. The extracts were 
combined, dried with solid potassium carbonate, filtered 
and evauorated. vielding 13.0 e: of a dark oil, about 60”/, of 
which was the desired product. The oil was .distilled under 
reduced pressure and the fraction distilling at 15&l 55” (0.1 
mmHg) was redistilled, the same fraction being collected. 
This procedure yielded 6.5 g (N 40%) of the chlorothen. To 
this product a solution of 4.3 g of anhydrous citric acid in 
20 ml of methanol was added. The methanol was evapo- 
rated. Repeated evaporation, and addition of ethanol, fol- 
lowed by immersion of the flask in liquid nitrogen initiated 
crystallization, yielding 7.5 g of pure white citrate crystals 
with a purity of at least 99% as determined by HPLC; the 
impurity had the same chromatographic behavior as the 
authentic methapyrilene, and may have arisen from un- 
chlorinated aldehyde used in the production of the Schitl’s 
base. The free base liberated from the purified salt was 
examined soectroscooicallv. The ‘H NMR (CDCl,) snec- 

1 

trum at 500 MHz could- be interpreted as% a first-order 
spectrum indicating the presence of S-chlorothenylamino, 
2-aminopyridyl and NJ-dimethylethylamino functional 
groups. The mass spectrum yielded a molecular ion (%Jl) at 
m/z 295 (15%) and diagnostic fragment ions corresponding 
to the functional groups on the tertiary nitrogen atom. 

Preparation and operation of silica-gel clean-up column 

The silica-gel columns (12 mm bore) used for the clean-up 
of extracts from animal feed, human urine, and wastewater 
were prepared just before use by adding successively a plug 
of glass wool, 2 g of anhydrous sodium sulphate, 2 g of silica 
gel (activated at 130” overnight and cooled in a desiccator), 
and 2 g of anhydrous sodium sulphate. The columns were 
washed with four 5-ml portions of O.OlM triethylamine 
(TEA) in dichloromethane, which was discarded. [Note- 
the activated silica gel was evaluated before use to ensure 
that the three antihistamines (chlorothen, tripelennamine 
and thenyldiamine) would be eluted as indicated in the 
analytical method.] The residue (see next section) from the 
animal feed, human urine, or wastewater extract was dis- 
solved in 5 ml of O.OlM TEA in dichloromethane and 
transferred to the silica-gel column with three additional 

5-ml portions of the O.OlM TEA in dichloromethane, the 
resulting effluent from the column being discarded. The 
column was then eluted with 5 ml of O.OlM TEA in 
dichloromethane containing 5% v/v methanol, this eluate 
also being discarded. Finally, the mixture of the three 
antihistamine free bases was eluted with 20 ml of the same 
methanolic eluent and collected in a IOO-ml round- 
bottomed flask. The contents of the flask were evaporated 
to dryness with a rotary evaporator at ambient temperature 
and reduced pressure (water pump). The residue (from 1 g 
of animal feed or 50 g of human urine or wastewater) was 
dissolved in a known volume (1 ml or more) of the 
appropriate solvent for analysis by HPLC with fluorescence 
detection or by gas chromatography with a nitrogen- 
phosphorus detector. 

Extraction and clean-up of animal feed 
A 20-g sample of animal feed was weighed into a 250-ml 

Erlenmeyer flask fitted with a Teflon-lined screw cap and 
extracted for 1 hr with 100 ml of methanol/lM hydrochloric 
acid (4: 1 v/v) on a reciprocating shaker (Eberbach Corp., 
Ann Arbor, MI) operating at 200 excursions/min. The 
feed particles were then allowed to settle (cu. 10 min) and 
part of the extract was decanted into a 50-ml culture tube. 
The tube was sealed with a Teflon-lined screw cap and 
centrifuged for 5 min at 1000 rpm to remove any suspended 
particles. (Note-all culture tubes were made of borosilicate 
glass and fitted with Teflon-lined screw caps.) A 5-ml aliquot 
of the feed extract (equivalent to 1 g of sample) was pipetted 
into a 30-ml culture tube containing 10 ml of 1M hydro- 
chloric acid and 10 ml of dichloromethane, and the mixture 
was shaken vigorously, then centrifuged for 2 min at 1000 
rpm. The dichloromethane was removed with a syringe and 
cannula and discarded. The aqueous layer was extracted 
with two additional lo-ml portions of dichloromethane, 
which were also discarded. The mixture of antihistamines 
(tripelennamine, thenyldiamine and chlorothen as free 
bases) was removed from the aqueous phase after the 
addition of 1.2 ml of 10M sodium hydroxide, 2 ml of 1M 
dipotassium hydrogen phosphate solution (pH 9.4), and 10 
ml of dichloromethane. The dichloromethane phase was 
removed with a syringe and cannula and percolated through 
a plug of anhydrous sodium sulphate (cu. 18 mm 
diameter x 30 mm thick) into a loo-ml round-bottomed 
flask. The extraction was repeated with two further lo-ml 
portions of dichloromethane. The combined extract was 
evaporated to dryness with a rotary evaporator at ambient 
temperature and reduced pressure (water pump). The resi- 
due was reserved for clean-up on a column of silica gel as 
described above. 

High-pressure liquid chromatography 

The HPLC system consisted of a Waters Associates, Inc., 
Model 6000A solvent delivery system, a Rheodyne, Inc., 
Model 7120 septumless injector, a guard column 40 mm 
long, 3.2 mm bore, packed with 37-50 pm Corasil Si 
(Waters Associates, Inc.), an Altex 5-pm Si Ultrasphere 
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column, 25 cm long, 4.6 mm bore, and a Farrand HPLC 
fluorescence monitor. The mobile phase was 0.005M TEA 
in dichloromethane/2-propanol mixture (99: 1 v/v), flowin: 
at 2.0 ml/min. The fluorescence detector was set with 
I,, = 310 nm and I,, = 360 nm (O-52 emission filter) and 2 
lo-nm slit programme, for all three antihistamines. Under 
these conditions, the retention times (ta) for chlorothen 
citrate, tripelennamine hydrochloride and thenyldiamine 
hydrochloride were 6.5, 7.4 and 8.4 mitt, respectively. All 
sample injections were 50 ~1 in size.;Residues containing all 
three antihistamines (each at levels of 0.5, I .O, IO, 100 and 
1000 ppm), and derived from the equivalent of I g of animal 
feed, were analysed by HPLC after the silica-gel column 
clean-up. Residues from the silica-gel column clean-up were 
dissolved in I ml (for the 0.5 ppm level) or more of 
dichloromethane (accurately measured) for higher levels, as 
appropriate. The standard solutions were made by evapo- 
rating to dryness known volumes of a stock solution of the 
three antihistamine salts in methanol (each at a concen- 
tration equivalent to 1 mg of free base per ml), and taking 
up the residues in known volumes of dichloromethane. 

Gas chromatography 

A Tracer Model 560 instrument equipped with a Tracer 
Model 702 sensitized rubidium-bead nitrogen/phosphorus 
detector and a 6-ft glass column (2 mm bore) containing 5% 
w/w Dexsil 300 on Chromasorb W HP (SO-IO0 mesh), 
conditioned at 260” overnight before use, was operated at 
220” with a helium carrier-gas flow of 25 ml/min and 
hydrogen and air flows to the detector of 2 and 120 ml/min, 
respectively. The injection port and detector were operated 
at 230 and 280”. respectively. The retention times for 
tripelennamine, thenyldiamine and chlorothen were 4.2, 4.8 
and 8.0 min, respectively. Reference standards of atrazine 
dissolved in acetone, over the concentration range 0.1-10 
ng/ml, were used to test the linearity of response of the 
detector bead. Peak-heights were used for quantification. 
Appropriate dilutions of an acetone stock solution contain- 
ing the three antihistamine salts at concentrations equiv- 
alent to 1 mg/ml of each as the free amine, were used as the 
standards for calibration. A 2-~1 volume of sample or 
standard was Injected. 

Preparation of dosed feed for stability experiments 

Batches of animal feed (2 kg) (Laboratory Chow, Type 
5010 M, Ralston Purina Co., St. Louis, MO) spiked with 0, 
I14 or 2280 ppm of tripelennamine hydrochloride or the- 
nyldiamine hydrochloride to yield the equivalent of 0, 100 
or 2000 ppm of the free base, were prepared by adding the 
appropriate amount of test chemical dissolved in 50 ml of 
95% ethanol to the feed through the intensifier bar of the 
blender, followed by 50 ml of 95% ethanol added through 
the bar as a rinse.. The feed was mixed for 40 min in a Model 
LV Twin-Shell Lab Blender (Patterson-Kelly Co., East 
Stroudburg, PA) with the shell of the blender operated at 20 
rpm. The intensifier bar was operated at 3300 rpm during 
the first 35 min of mixing, then turned off. After blending, 
each batch was transferred to a stainless-steel pan and dried 
for 1 hr in an autoclave at reduced pressure (305 mmHg) 
and ambient temperature. Each batch was then divided into 
a 500-g and a 1500-g portion and reserved for the following 
stability experiments. 

Stability experiments 

The 500-g portion of the batch of dosed feed was placed 
in a crystallizing dish (ca. 19 cm in diameter x 10 cm deep) 
and allowed to stand in the open vessel in a fume hood 
under tungsten-lamp lighting at ambient temperature. These 
portions were used for short-term stability tests to stmulate 
animal test conditions. Duplicate 20-g samples were taken 
from each dish immediately, and 1, 2,4, 8 and 16 days later, 
for determination of tripelennamine or thenyldiamine by 
HPLC. The feed was thoroughly mixed just before the 

removal of each sample. The 1500-g portion of the batch 
was sealed in an amber bottle and stored in a light-free 
cabinet at ambient temperature, and used for long-term 
stability tests under simulated storage conditions. Duplicate 
$3-g samples weretaken from each bottle immediately, and 
y2; 4, 8 and 16 weeks later, and analysed by the HPLC 
method. Stability experiments for chlorothen citrate in feed 
were not performed, owing to the small amount of this 
chemical that was available. 

Extraction of human urine and wastewater 

Fifty ml of human urine or wastewater (the pH of both 
was 6.8) were pipetted into a 70-ml culture tube, 20 ml of 
dichloromethane were added, and the tube was gently 
shaken by hand for 1 min. (Note-if the pH of the sample 
is not near pH 7 or above, it must be adjusted by addition 
of sodium hydroxide solution.) The tube was then centri- 
fuged at 500 rpm for 2 mm, and the dichloromethane layer 
was removed with a syringe and cannula, percolated 
through a plug of anhydrous sodium sulphate, and collected 
in a lOO-ml round-bottomed flask. The extraction was 
repeated in the same manner with two additional 20-ml 
portions of dichloromethane and the combined extract (60 
ml) evaporated to dryness, as described above for extraction 
and clean-up of animal feed. The residue (equivalent to 50 
g of human urine or wastewater) was subjected to clean-up 
on the silica-gel column. 

Recovery experiments 

Triplicate 20-g samples of animal feed were spiked with 
I ml of methanol containing enough chlorothen citrate, 
tripelennamine hydrochloride and thenyldiamine hydro- 
chloride to give sample levels equivalent-to 0, 0.5, 1.0, 10, 
100 and 1000 ppm of each free amine. The samples were 
allowed to stand for I6 hr at ambient temperature before 
extraction, partitioning, silica-gel column- clean-up, and 
analysis by HPLC with fluorescence detection or by gas 
chromatography with nitrogen/phosphorus detection as al- 
ready described. 

Triplicate 50-ml samples of human urine or wastewater in 
70-ml culture tubes were similarly spiked at the 0, 10, 100, 
500 and 1000 ng/ml levels of each of the free bases. The 
tubes were sealed and the contents thoroughly mixed and 
allowed to stand for 16 hr in the refrigerator at 5” before 
extraction, clean-up on a column of silica gel, and analysis 
by HPLC as already described. 

RESULTS AND DISCUSSION 

Both gas chromatography with a rubidium- 
sensitized N/P detector and HPLC employing 
fluorescence detection were investigated as means of 
determining the three antihistamines. After the ap- 
propriate instrumental parameters for determination 
of the drugs by both techniques had been established, 
an efficient procedure for extracting the chemicals 
from animal feed was sought. When feed spiked at 
the lOO-ppm level with tripelennamine or thenyl- 
diamine was extracted with methanol the recovery 
varied inversely with the length of time that the drug 
was in contact with the feed. Extraction with chloro- 
form resulted in low recoveries, e.g., approximately 
50% after contact for 16 hr. However, when the feed 
was treated with 1M hydrochloric acid (to release test 
agent from potential binding sites on the feed) before 
extraction with methanol, good recoveries (96%) were 
obtained even after the drug(s) had been in contact 
with the feed for 96 hr. Data for recovery of tripel- 
ennamine and thenyldiamine with three different 
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Table 1. Tripelennamine hydrochloride and thenyldiamine hydrochloride recovered 
(as their free bases) from animal feed after various contact times* 

Recovery, %§ 

Solvent Contact time, h-t Tripelennamine Thenyldiamine 

Chloroform 16 50 52 
Methanol 0.25 84 87 
Methanol 90 70 72 
Methanol (80 ml)/lM 

HCI (20 ml)1 16 97 97 
Methanol (80 ml)/lM 

HCl$ (20 ml)$ 96 96 96 

*Twenty g of animal feed and 100 ml of solvent were used in all tests. 
tTime elapsed between spiking and addition of extraction solvent. 
gAssay performed by HPLC. 
ITwenty ml of acid were added to the animal feed sample, followed by the 80 ml 

of methanol. 

solvent systems from feed spiked at the lOO-ppm level 
are reported in Table 1. Since the acid treatment 
coupled with extraction into methanol gave good 
recoveries, this method was chosen for incorporation 
into the analytical procedure. 

The partition constants for distribution of tripel- 
ennamine and thenyldiamine between dichloro- 
methane and aqueous solutions at various pH values 
were investigated for possible use in liquid-liquid 
extraction clean-up of feed extracts (Table 2). This 
was necessary because these extracts contained ap- 
preciable amounts of components that interfered with 
both the GC and HPLC analyses, reducing the 
accuracy. For both tripelennamine and the- 
nyldiamine the partition constant for pH 1 or less was 
zero, and this property was useful in separating the 
drugs from feed and some of the co-extractives which 
otherwise interfered with the determination of the 
two drugs. 

GC analyses for the three antihistamines in animal 
feed extracts that had been subjected to liquid-liquid 
extraction indicated that further clean-up was neces- 
sary for assays below the IO-ppm level. Therefore, 
additional experiments were done with gravity-flow 
columns of silica-gel (activated at 130” overnight 
before use) and elution with O.OlM TEA in dichloro- 
methane containing 5% v/v methanol. From these 
columns there was essentially complete elution of all 
of the drugs applied at each level that was in- 

Table 2. Partition of the three antihistamines between di- 
chloromethane and aqueous solution at various pH values 

(1 .OO = 100% &traction into organic phase) 

Tripelennamine 
PH hydrochloride 

0 0.00 
1 0.00 
3 0.04 
5 0.64 
7 1 .oo 
9 1.00 

11 1.00 

Thenyldiamine 
hydrochloride 

0.00 
0.00 
0.02 
0.74 
1 .oo 
1.00 
1.00 

Chlorothen 
citrate 

0.00 
0.00 
0.02 
0.75 
1.00 
1.00 
1.00 

vestigated in feed, and the co-extractives were re- 
tained sufficiently to allow GC analysis for the drugs 
with a minimum detectable level (defined as twice the 
background noise) of about 2 ppm for each. How- 
ever, measurement below the IO-ppm level was not 
attempted because of loss of detector response, 
caused by the interaction of the antihistamines and 
co-extractives on the GC column, as already re- 
ported.2’ Although this phenomenon also occurs for 
these antihistamines at levels above 10 ppm, accept- 
able correction factors can be determined as follows 
and applied to the recovery data. 

Three portions of cleaned-up dry residues of con- 
trol feed-extracts corresponding to 0.1, 0.1 and 0.01 
g of feed were spiked with 1 ml of acetone solution 
containing the equivalent of 1 pg of each of the three 
antihistamine free bases (for the first portion) and the 
equivalent of 10 pg of each free base for the other two 
portions. These samples correspond to feed spiked 
with 10, 100 and 1000 ppm of each base, respectively. 
The ratio of the responses of 1, 10 and 10 pg/ml free 
base standards in acetone, to the responses obtained 
from each of the spiked extracts, served as the 
correction factors for obtaining recoveries from the 
amounts of the antihistamines detected (Table 3). An 
atrazine standard was used to monitor the per- 
formance of the rubidium-sensitized detector during 
the course of all experiments using this detector. 
Correction factors determined for antihistamine 
levels below 10 ppm were greater than 2.0 and 
considered unacceptable. 

Because the GC procedure for feed analysis was 
not adequate for levels below 10 ppm, the procedure 
employing HPLC with fluorescence detection was 
developed. Several solvent systems were examined for 
their efficiency in separation of the three anti- 
histamines, coupled with adequate fluorescence re- 
sponse (Table 4). Although dichloromethane gave the 
highest relative fluorescence intensity for each anti- 
histamine it did not provide adequate separation. The 
system consisting of 0.005M triethylamine in 
dichloromethane/2-propanol mixture (99: 1 v/v) gave 
the best separation and adequate sensitivity. After the 
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Table 3. Results of N-P/GC anaylsis of animal feed spiked with chlorothen citrate, tripelennamine hydrochloride and 
thenyldiamine hydrochloride* 

Amount of free base 
added, ppm * 

Chlorothen 
(control) 

10 
100 

1000 
Tripelennamine 

0 (control) 
10 

100 
1000 

Thenyldiamine 
0 (control) 

10 
100 

1000 

Antihistamine Correction factors 
Equivalent sample detected, for amines lost 

weight injected, mgt ppm (X k SD) on GC column 

2.0 
0.2 7.87 + 0.14 1.21 
0.2 91.5 + 1.6 1.07 
0.02 965k 11 1.01 

2.0 - 
0.2 1.62 + 0.24 1.27 
0.2 92.3 + 2.1 1.09 
0.02 912 k 21 1.01 

2.0 - 
0.2 7.33 k 0.25 1.29 
0.2 92.6 + 2.3 1.09 
0.02 977 + 29 1.01 

- 

0.050 f 0.01 
9.52 k 0.17 
97.9 + 1.7 
975+_ 11 

0.100 * 0.02 
9.68 f 0.3 

100.6 + 2.3 
982 + 21 

0.560 f 0.10 
9.46 + 0.32 

100.9 + 2.6 
987 k 29 

Antihistamine recovered, 
(Z + SD& 

% 

- 
95.2 f 1.7 
97.9 5 1.7 
97.5 * 1.1 

- 
96.8 f 3.0 

100.6 + 2.3 
98.2 + 2.1 

- 
94.6 k 3.2 

100.9 k 2.6 
98.7 &- 2.9 

*To 20 g of animal feed. 
ISamples assayed by N/P-GC were injected in 2 nl of acetone. 
&Mean and standard deviation for triolicate assavs: soiked samples are corrected for background of (control) samples and 

s 
< I * 

loss of amine on GC column. 

HPLC parameters for determination of the three 
antihistamines in animal feed had been determined, 
recovery experiments were performed to determine 
the accuracy and precision of the method (Table 5). 
The recoveries increased with concentration. The 
unspiked animal feed appeared to contain 0.25 ppm 
chlorothen and 0.10 ppm each of tripelennamine and 
thenyldiamine. Typical HPLC recordings of a mix- 
ture of the three antihistamine standards, for un- 
spiked animal feed extracts carried through the anal- 
ytical procedure, and for cleaned-up feed extract 
spiked at the 0.5 and 1.0 ppm levels with the three 
antihistamines are shown in Fig. 3. 

Recovery experiments were also performed on the 
analysis of wastewater and human urine by the 
HPLC procedure (Table 6). The recoveries again 
increased with concentration, but failed to reach 
100%. For the unspiked urine the apparent concen- 
trations of chlorothen, tripelennamine, and thenyl- 
diamine were 0.40, 0.60 and 0.60 ng/ml, respectively, 

and for the unspiked wastewater 0.40, 0.30 and 0.40 

ng/ml, respectively. Typical chromatograms are 
shown in Fig. 4. 

After development and validation of the analytical 
procedure, experiments were conducted to determine 
the stability of tripelennamine and thenyldiamine in 
animal feed. The stability of chlorothen citrate in feed 
was not determined because not enough of the drug 
was available. It was decided that synthesis of enough 
of this drug for the scheduled bioassay tests was too 
expensive, so the tests were cancelled. Results of the 
short- and long-term stability tests for the two anti- 
histamines in animal feed are presented in Table 7. 
The 100 and 2000 ppm tripelennamine preparations 
showed 12 and 11% reduction in the amount of 
recoverable drug after 16 days in the short-term 
study, whereas for thenyldiamine the reduction was 
only 5 and 9% for the same levels. In the long-term 
study, there was only a slight decrease in recoverable 
residues of both drugs at both levels after 16 weeks. 

Table 4. Spectrofluorometric investigation of the antihistamines, for determining optimum HPLC solvent system 
(I,, 310 nm, I,, 360 nm) 

Relative intensity of antihistamine solution (10 fig/ml) 

Solvent 

Dichloromethane 
2-Propanol 
Methanol 
Methanol-buffer 

(9/l; 0.01 M KH,PO,, pH 7) 
Dichloromethane/2-propanol (99: 1 v/v; 

0.005M triethylamine)* 
Acetonitrile 
1 N Sulohuric acid 

Chlorothen 

21 
8.6 
2.1 

2.6 4.2 2.1 

18 42 31 
1.5 18 25 
0.3 1.0 0.6 

Trinelennamine Thenvldiamine 

50 
14 
3.3 

45 
12 
2.1 

*This HPLC solvent system was selected for use as the mobile phase and afforded the best separation of the 
three antihistamines on an Altex Ultrasphere Si (5 ym) column. without excessive loss of fluorescence 
response. 
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Table 5. Results of HPLC fluorescence analysis of animal feed spiked with chlorothen citrate, tripelennamine hydro- 
chloride, and thenyldiamine hydrochloride 

Antihistamine recovered (i + SD)8 

Free amines 
added, rig/g’’ 

0 (control) 
0.5 
1.0 

10 
100 

1000 

Equivalent amount 
of sample injected,? 

mg 

50 
50 
50 

5 
5 
0.5 

Chlorothen Tripelennamine Thenyldiamine 

nglg % ngig % nglg % 
0.250 k 0.10 - 0.100 + 0.020 - 0.100 f 0.040 - 
0.305 + 0.015 61.0 k 3.0 0.407 f 0.013 81.4 k 2.6 0.393 f 0.007 78.6 + 1.4 
0.839 + 0.01 83.9 &- 1.0 0.853 k 0.01 85.3 f 1.0 0.866 k 0.0 86.6 + 0.0 

9.12ItO.25 91.2k2.5 9.32kO.21 93.2k2.1 9.42kO.4 94.2 + 4.0 
94.7 * 1.4 94.7 k 1.4 96.2 & 0.6 96.2 f 0.6 96.8 k 0.35 96.8 k 0.4 
996+4 99.6 + 0.4 999 + 7 99.9 + 0.7 1000 * 7 100.0 + 0.7 

*To 20 g of animal feed. 
tlnjected in 50 ~1 of dichloromethane. 
§Mean and standard deviation of triplicate samples; results for spiked samples are corrected for background of control 

samples. 

It was concluded that the two antihistamines were chloride and thenyldiamine hydrochloride in labora- 
sufficiently stable in feed for bioassay tests involving tory animals, which would otherwise not have been 
administration of the drugs in feed to be satisfactory. possible. 

The analytical methodology for determination of 
the three antihistamines was developed with mixtures 
rather than the individual drugs, to reduce the time 
required for methods development. The procedures 
and ancillary data reported here have allowed the 
toxicological evaluation of tripelennamine hydro- 
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n Standard B Animal Feed C Animal Feed 

Trlpelennamme 
(25 ng) 

/ 
/ 

Thenyldmmlne 

Chlorothen 

Tripelennomlne 
(05 ppm) 

/ 

Thenyldtamlne 
,(05 ppm) 
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- (I.0 ppm) 

Thenyldmmine 
, (I.0 ppm) 

Chlorothen 
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1 

0 IO 20 0 IO 20 0 IO 20 30 

MINUTES 

Fig. 3. High-pressure liquid chromatograms. A is a standard containing 0.5 pg/ml each of tripelennamine 
hydrochloride, thenyldiamine hydrochloride and chlorothen citrate. In B and C solid lines represent 
unspiked cleaned-up extracts of animal feed (each injection is equivalent to 50 mg of sample); broken lines 
(superimposed) illustrate responses for the three antihistamines in quantities equivalent to 0.5 and 1 .O pg/g 
(ppm) levels of their free bases (in the sample). Extracts were spiked with a mixture of the three 
antihistamines after the partitioning and silica-gel column clean-up steps. All injections were 50 ~1 of 
dichloromethane solution. In all chromatograms the fluorescence detector was set at 0.1 x full scale. 
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1 a Standard B Human Urine C Wastewater 

60 

(25 ng) 

/ 

Thenyldlamlne 
,‘25 ng) 

Chlorothen 

/------( 25”g1 

Tripelennam~ne 

/ 
I IO ppb) 

Thsnyldmmine 
,(I0 ppb) 

Chlorothen 

/ 
( IO ppbl 

+,h-+, I I “.:’ I I I 1 I ‘::’ I , 

1 
0 IO 20 0 IO 20 0 

MINUTES 

Trlpelennamlne 

/ 
(IO ppbl 

Thenyldiamlne 
,(I0 ppbl 

Chlorothen 
,(I0 ppb) 

i 

Fig. 4. High-pressure liquid chromatograms. A is a standard containing 0.5 pg/ml each of tripelennamine 
hydrochloride, thenyldiamine hydrochloride and chlorothen citrate. In B and C solid lines represent 
unspiked cleaned-up extracts of human urine and wastewater (each injection is equivalent to 2.5 mg of 
sample); broken lines (superimposed) illustrate responses for amounts of the three antihistamines 
equivalent to 10 ng/ml (ppb) levels of the free bases (in the sample). Extracts were spiked after the 
partitioning and silica gel column clean-up steps. All injections were 50 ~1 of dichloromethane solution. 

In all chromatograms the fluorescence detector was set at 0.1 x full scale. 

Table 7. Results from stability studies with tripelennamine hydrochloride and thenyldiamine hydrochloride in animal feed 
spiked at two levels’ 

Antihistamine recovered, pg/gt 

Thenvldiamine hvdrochloride6 

Sampling intervals 

Tripelennamine hydrochlorideg 

Control (0) 100 2000 

Short-term study1 
- Control (0) 100 2000 

Days 
0 

2 
4 
8 

16 

1 
2 
4 
8 

16 

0.400 f 0.10 101+2 2020 * 20 
0.400 * 0.20 102+2 2040+25 
0.440 * 0.10 99+4 1980+20 
0.730 * 0.20 100*2 2000+0 
0.400 f 0.10 96k 1 1930 f 15 
0.420 f 0.10 89+ 1 18OOkO 

Long-term study # 

0.770 f 0.10 102* 1 2030 + 10 
0.770 f 0.10 98 f 2 1960 f 10 
0.920 k 0.10 101 f 1 1980 + 40 
0.980 f 0.20 96k 1 1900 * 30 
0.800 + 0.10 98 f 1 1920 + 10 
0.600 * 0.20 97+ 1 1840 + 30 

0.400 f 0.10 10152 2020 * 20 0.770 f 0.10 102+ 1 2030 + 10 
0.610 f 0.10 10051 1990+20 0.700 f 0.10 99+0 1950 * 20 
0.420 f 0.10 99 + 0 1980+0 0.600 + 0.20 97+2 1890 + 0 
0.470 + 0.10 96 f 3 1970*70 1 .OO + 0.20 101 f 2 2020 + 40 
0.730 f 0.20 101 * 2 198Ok20 1 .OO f 0.20 99 f 1 198OIf:60 
0.620 + 0.20 95 f 2 1970 * 10 n.6On + 0.10 100+1 1970+0 

*Assays performed by reverse phase HPLC with UV detector set at 254 nm, and mobile phase of 90% methanol-10% buffer 
(O.OlM KH,PO,, pH 7) flowing at 1 ml/min. 

tMean and standard deviation from duplicate assays; corrected for background of control samples and recovery. 
§Based on the free amine content. 
SOpen container, incandescent lighting, and ambient temperature. 
# Sealed container, light-free cabinet, and ambient temperature. 
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Summary-A combined anion-exchangmpectrophotometric method has been developed for the determination 
of vanadium in silicate rocks. A rock sample weighing about 0.1 g is decomposed with a mixture of sulphuric 
and hydrofluoric acids and after removal of HF the residue is taken up with dilute sulphuric acid. This solution 
is adjusted to be O.OSM in sulphuric acid and contain 0.3% hydrogen peroxide, and is passed through a column 
of Amberlite CG 400 (sulphate form). The sorbed vanadium is eluted with 30 ml of 1M hydrochloric acid. The 
effluent is evaporated to dryness, made O.lM in hydrochloric acid and 3% in hydrogen peroxide content, and 
passed through a column of Amberlite CG 400 (chloride form) to get rid of accompanying thorium and zirconium. 
Vanadium is stripped by elution with 20 ml of 1M hydrochloric acid and subsequently determined spec- 
trophotometrlcally with 4-(2-pyridylazo)resorcinol. The detection limit is 0.4 ppm. 

A number of reagents have been reported for the 
spectrophotometric determination of vanadium.’ 
Among them, phosphotungstate,* N-benzoyl-o-tolyl- 
hydroxylamine,* diaminobenzidine: 4-(2-pyridyl- 
azo)resorcinol, ‘M N-phenylbenzohydroxamic acid,’ 
2-(3,5-dibromo-4-methyl-2-pyridylazo)-5-diethyl- 
aminophenol* and 2-nitroso-5dimethylaminophenol’ 
have been applied effectively to determine trace vana- 
dium in a variety of silicate rocks, owing to their 
sensitivity and/or selectivity. However, direct spec- 
trophotometric determination of vanadium in sil- 
icates is seldom possible, because of inadequate 
specificity. Separation or extensive use of masking 
agents (e.g., fluoride when N-benzoyl-o-tolylhy- 
droxylamine,* N-phenylbenzohydroxamic acid’ or 
pyridylazophenol’ is used) is necessary before the 
final determination of vanadium. 

Ion-exchange chromatography has already been 
used in systematic rock analysis for major and 
minor elements, including vanadium.4x5,‘0.” If deter- 
mination of vanadium is the primary objective, how- 
ever, these methods are often too tedious for routine 
use. Cation-exchange procedures for the isolation of 
vanadium in silicate rocks have been reported by 
Chan and Riley’* and Strelow and Victor.6 Because of 
the sorption of major rock elements on the cation- 
exchange resin in these methods, very large columns 
have to be used. Korkisch et a/.” developed analytical 
schemes for determining vanadium as well as several 
other metals in silicate rocks. For vanadium an 
aliquot of the sample solution, adjusted to 90% 
methanol-10% 6M hydrochloric acid, was passed 

through a column of the strongly basic resin Dowex 
1 x 8. Vanadium was then eluted together with other 
metals, including alkaline-earth metals, aluminium, 
nickel, chromium, manganese, etc.14 Accordingly, a 
specific or at least highly selective method was needed 
for the final determination of vanadium in the eluate. 

In this work we have developed a method for 
anion-exchange chromatographic separation and 
spectrophotometric determination of vanadium in 
silicate rocks. Anion-exchange sorption of vanadium 
first from sulphuric acid-hydrogen peroxide medium 
and then from hydrochloric acid-hydrogen peroxide 
medium provides a basis for the selective separation 
of vanadium before its spectrophotometric deter- 
mination with the highly sensitive, but unselective 
reagent 4-(2-pyridylazo)resorcinol (PAR). In the first 
anion-exchange system only a few of the trace metals 
found in silicate rocks are sorbed on the resin, and 
more of the major elements.‘j The second anion- 
exchange system removes thorium and zirconium, 
giving a wide choice for the final determination of the 
vanadium. 

EXPERIMENTAL 

Reagents and apparatus 

Vanadium (IV) and vanadium ( V) solutions. Dissolve vana- 
dium(IV) sulphate and ammonium metavanadate in dis- 
tilled water to give 2-mg/ml solutions of vanadium(IV) 
and vanadium(V), respectively. Standardize these solutions 
by titration with O.OlM EDTA, using copper-PAN as the 
indicator [i.e., a mixture of copper-EDTA and I-(2-pyri- 
dylazo)-2-naphthol]. 
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PAR-solution. Dissolve 0.25 g of 4-(2-pyridylazo)- 
resorcinol in 8.5 ml of 1% sodium hydroxide solution and 
dilute to 250 ml with distilled water. 

Bromine-sodium hydroxide solution. Mix 6 ml of satur- 
ated bromine water and 100 ml of 1M sodium hydroxide. 

Phosphate buffer solution @H 6.5). Prepare by mixing 25 
parts of 0.5M disodium hydrogen phosphate and 24 parts 
of OSM sodium dihydrogen phosphate (v/v). 

Table 1. Distribution coefficients of vanadium on Amberlite 
CG 400 in both H,SO$ and HCli media 

CG 400 (SO:-) CG4OO(Cl-) 

&SD,, M HCl, M 

0.0050 0.050 0.50 0.010 0.10 1.0 

Ion-exchange column A. A glass tube approximately 3.8 
cm in length and 1.5 cm in bore, containing a slurry of 3.0 
g of Amberlite CG 400 (100-200 mesh) in the sulphate form. 

V(v) 433 89 3 760 73 5 
V(N) 305 85 3 540 67 4 

Ion-exchange column B. A glass tube approximately 6 cm 
in length and 1 .O cm in bore containing a slurry of 2.0 g of 
Amberlite CG 400 (lo&200 mesh) in the chloride form. 

*0.3x H,O, present. 
t3% H,O, present. 

Determination of distribution coeficients RESULTS AND DISCUSSION 

The distribution coefficients, &, for vanadium(IV, V) on 
Amberlite CG 400 in the sulphate form were measured by 
a batch equilibrium method. Weighed portions of dried 
resin (1 .O g each) were placed in glass-stoppered Erlenmeyer 
flasks, to which 41-ml portions of 0.3% hydrogen peroxide 
solutions of varied sulphuric acid concentration were added. 
The mixed solutions contained either 0.0412 mmole of 
V(N) or 0.0430 mmole of V(V). After mechanical shaking 
for 6 hr at room temperature, the two phases were separated 
by filtration. Vanadium in the filtrate was determined 
spectrophotometrically with PAR as described below. Kd 
was calculated from: 

Kd = 
amount of vanadium in resin phase/g of resin 

amount of vanadium in solution phase/ml of solution’ 

Similarly, the Kd values for vanadium(IV, V) with Amberlite 
CG 400 in the chloride form in 3% hydrogen peroxide- 
hydrochloric acid media were measured as a function of 
hydrochloric acid concentration. 

The data for distribution of V(IV) and V(V) 
between Amberlite CG 400 in the sulphate form and 
sulphuric acid-0.3% hydrogen peroxide media as a 
function of the acid concentration, are listed in Table 
1. The magnitude of sorption of V(V) is in agreement 
with the data of Strelow and Bothma,16 and about the 
same as that of V(IV), increasing rapidly with de- 
creasing acid concentration. The presence of peroxide 
apparently increases the sorption of V(IV), which is 
reportedI to be low in the absence of peroxide. From 
a practical point of view, use of O.OSOM acid medium 
may be best for concentration of vanadium from a 
silicate sample solution. The vanadium can be eluted 
quantitatively with l.OM hydrochloric acid (Fig. 1). 

Spectrophotometric determination of vanadium 

Evaporate the sample solution to dryness. Take up the 
residue with 5 ml of distilled water and 2 ml of the 
bromine-sodium hydroxide solution and let it stand for 30 
min. To this solution add 0.5 ml of 1.2% aqueous phenol 
solution and 2.5 ml of the phosphate buffer solution @H 
6.5). Adjust the pH to 6.5 with 1M hydrochloric acid, 
if necessary. Add 2 ml of O.OlM frans-1,2-diaminocyclo- 
hexane tetra-acetic acid (DCTA) and mix. Add 1.0 ml of 
0.1% PAR solution, dilute to 25 ml with distilled water and 
let stand for 5 min. Measure the absorbance at 545 nm 
against a reagent blank. 

PAR is a highly sensitive calorimetric reagent for 
vanadium, but not selective. Results of an inter- 
ference study with this reagent are summarized in 
Table 2; only elements which both react with PAR 
and are likely to be present in common rocks were 
tested. As only a 0.1 -g sample is used, only zirconium 
and thorium seem likely to interfere with the deter- 
mination of vanadium in silicate rocks. Except for 
zirconium and thorium. none of the metals listed is 

Procedure 

Weigh N 0.1 g of rock sample into a platinum dish. Heat 
with 2 ml of sulphuric acid (1 + 1) and 2 ml of concentrated 
hydrofluoric acid. Repeat the decomposition with an addi- 
tional 1 ml of hydrofluoric acid and evaporate to dryness. 
Dissolve the residue with 1.0 ml of 2.5M sulphuric acid and 
20 ml of distilled water. Dilute to 50 ml with distilled water 
and add 0.5 ml of 30% hydrogen peroxide. Pass this solution 
through column A previously conditioned with 20 ml of 
0.05M sulphuric acid-0.3% hydrogen peroxide solution. 
Wash the column with 50 ml of the same solution. Elute 
vanadium with 30 ml of 1M hydrochloric acid. Evaporate 
the eluate to dryness. Moisten the residue with 0.5 ml of 6M 
hydrochloric acid and add 10 ml of water to dissolve the 
residue. Add 17 ml of water and 3 ml of 30% hydrogen 
peroxide and pass the solution through column B, pre- 
viously conditioned with 10 ml of 0.1M hydrochloric 
acid-3% hydrogen peroxide solution. Wash the column with 
25 ml of O.lM hydrochloric acid-3% hydrogen peroxide 
solution. Elute the vanadium with 20 ml of 1M hydrochloric 
acid. Determine the vanadium spectrophotometrically as 
described above. 
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Fig. 1. Sorption and elution of vanadium. S: sample solu- 
tion (50 ml), 0.05M H,S0,4.3% H,O,. W: wash solution 
(50 ml), 0.05M H,S0,&3% H,O,. E: eluent, IM HCI. 
Approximately 90 pg each of V(N) or V(V) loaded and 

chromatographed. --- V(N); ~ V(V). 
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Table 2. Effect of diverse ions 

Foreign ion 

Ce(IV) 
Cu(II) 

Ga(II1) 

La(II1) 
Mn(I1) 

Pb(I1) 
WIV) 

Y(II1) 
Zn(I1) 

Zr(IV) 

V(V), HI 
Added, Relative 

fig Added Found error, % 

338 7.00 6.97 -0.4 
133 7.53 7.6 
53.4 7.11 1.6 
75.9 8.17 16.7 
30.4 7.11 1.6 

266 7.00 0.0 
848 7.60 8.6 
424 7.22 3.1 
208 7.21 3.0 

15.6 6.48 -7.4 
7.8 6.70 -4.3 

160 7.26 3.7 
616 7.53 7.6 
308 7.08 1.1 
10.2 7.82 11.7 
2.0 7.26 3.7 

retained to any great extent by the resin in sulphuric 
acid-hydrogen peroxide medium. The zirconium and 
thorium are also stripped by 1M hydrochloric acid, 
so they should be separated before the spec- 
trophotometric determination of vanadium with 
PAR. For this purpose we incorporated the addi- 
tional anion-exchange system, with the hydrochloric 
acid-hydrogen peroxide medium. The distribution 
coefficients of V(IV) and V(V) on Amberlite CG 400 
(Cl-) in this system are shown in Table 1. There is 
moderate sorption of V(IV) and V(V) but none of 
thorium and zirconium. The vanadium can be eluted 
with 20 ml of 1M hydrochloric acid. Molybdenum is 

Table 3. Anion-exchange separation of vanadium in simu- 
lated solutions of rock sample 

Added, fig 

No. vm V(V) Found, pg 

1 6.72 6.65 6.90 7.10 
6.94 6.90 

2 7.00 7.04 6% 7.11 
7.40 av. 7.11 

3 0.30 0.41 0.19 
0.22 av. 0.28 

4 6.72 6.83 6.87 
5 7.00 7.19 7.04 
6 0.22 0.42 

*The solution consisted of 7.5 mg Al, 12 mg Fe(III), 2.6 mg 
Mg, 5.1 mg Ca, 2.8 mg Na, 1.8 mg K, 1.3 mg Ti(IV), 
5.3 mg Mn(II), 1.0 mg Th and 2.5 mg Zr in a total 
volume of 50 ml, 0.05M in H,SO, and 0.3% in H,O,. For 
Nos. 4-6, 663 mg of Na,SO, were also added. 

sorbed like vanadium in the sulphuric acid-hydrogen 
peroxide system but is not appreciably stripped dur- 
ing elution of the vanadium. The few ppm of molyb- 
denum in common silicate rocks will not affect the 
determination of vanadium. The proposed procedure 
gives selective determination of vanadium in silicate 
rocks. Table 3 lists the results obtained for deter- 
mination of known,amounts of vanadium added to 
a solution made up to simulate a 0.10-g sample of 
basalt rock BCR-1. To test the effect of thorium and 
zirconium 2.5 mg of zirconium and 1 mg of thorium 
were also added. The separation of vanadium is 
satisfactory. This is also the case even when much 
sodium sulphate is present, as would happen if 

Table 4. Determination of vanadium in typical igneous rocks 

Content in 
Rock Sample, Added, Found, original rock, 

(location) mg /@I Pg ppm 

Basalt 
(Tanegashima) 

Andesite 
(Sakurajima) 

Granite 
(Yakushima) 

Granite 
(Takakuma) 

95.10 0 16.5 
92.30 0 16.8 
97.98 0 16.3 
91.73 14.0 29.3 
98.76 28.0 44.5 

108.24 
102.28 
100.78 
102.21 
102.57 

0 
0 
0 
7.0 

14.0 

0 
0 
0 
7.0 

14.0 

10.8 
10.7 
10.0 
17.0 
23.5 

296.55 
290.83 
299.84 
292.00 
303.45 

9.71 
9.34 
9.94 

17.3 
24.2 

299.65 0 4.93 
311.49 0 5.04 
301.98 0 4.59 
326.39 3.5 8.85 
300.16 7.0 11.6 

174 
182 
166 
167 
167 

av. 171 +7 
99.8 

105 
99.2 
97.8 
92.6 

av. 98.9 f 4.4 
32.7 
32.1 
33.2 
35.3 
33.6 

av. 33.4 f 1.2 
16.5 
16.2 
15.2 
16.4 
15.3 

av. 15.9 f 0.6 
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Table 5. Determination of vanadium in standard rocks 

Vanadium, ppm 

Sample 

W-l (diabase) 
G-2 (granite) 
AGV- 1 (andesite) 
JG-1 (granite) 
JB-1 (basalt) 

Average Average 
This work (Flanagan)17 (Ando)” Reported values 

261,270 264 272,274”; 281 b; 273*: 272 & 1.6’; 284g; 265” 
37.1, 37.2 35.4 35.5, 35.5a; 34b; 36.3’; 35.7” 
125, 122 125 121, 122a: 121b; 121”; 121 + 0.7e; 123’; 123 + 4h; 124’ 

25.2.23.2 24 21b; 23.3 + l.lc; 24.8f; 23.6 + O.lh; 21’; 24.9’ 
201,211 211 215b: 178 f 7.4’; 198’; 2499; 224h; 225’; 215’ 

a. Donaldson;’ b. Terashima;19 c. Akaiwa Ed al.;’ d. Strelow et al.;* e. Strelow and Victor;6 f. Kiss;8 g. Uchida ef ~1.;~ 
h. Kojima et al.; ” i. Ohta and Suzuk?’ J, Uchida et ~1.‘~ 

sodium carbonate fusion were used for opening-out 
a rock sample. The results for three representative 
types of igneous rocks are shown in Table 4, along 
with results for samples spiked with known amounts 
of vanadium. The recoveries are again satisfactory. 
The method was also applied to the analysis of 
standard rocks of the U.S. Geological Survey and the 
Geological Survey of Japan, the results being listed in 
Table 5. The agreement with the reference values is 
generally excellent. The anion-exchange separations 
developed in this work may be combined with other 
determination methods, because of the effective and 
extensive removal of major elements as well as most 
minor or trace metals present in silicate rocks. 
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Summary-A novel procedure for determination of trace As(II1) and As(V), Sb(II1) and Sb(V), Se(IV) 
and Se(VI), Te(IV) and Te(V1) in water by atomic-absorption spectrophotometry after separation and 
enrichment with “thiol cotton” and hydride generation has been established. The sorption behaviour 
of various oxidation states of arsenic, antimony, selenium and tellurium, and the conditions of 
quantitative sorption and desorption of these species were studied. The procedures for reducing species 
from higher oxidation states were optimized. Interferences from other species and their elimination were 
investigated. The selectivity of the procedure for the determination of species in higher and lower 
oxidation states was examined. The procedure has been successfully used to determine arsenic, antimony, 
selenium and tellurium in water, in the range from pg/ml to ng/ml. The recoveries for added spikes were 
in the range 9lrllO%, with coefficients of variation in the range 3-8%. 

It has been shown by more and more facts that the 
transport and conversion processes as well as the 
biological toxic effects of a variety of trace elements, 
such as mercury, chromium, arsenic, antimony, sele- 
nium and tellurium, in the environment are closely 
related to the oxidation states and compounds 
present. It is obvious that ignoring this fact can lead 
to inadequate or even totally wrong evaluation of 
environmental quality. For this reason the in- 
vestigation of methods for specification of trace 
elements has been of interest for several years. 

Various methods for determining chromium,‘-’ 
arsenic,“” antimony,‘2-‘4 selenium’~*’ and 
tellurium22-24 in various oxidation states, after sepa- 
ration by co-precipitation, solvent extraction, ion- 
exchange, hydride generation and stepwise reduction, 
have been established, but most of them are limited 
in their application. 

It has been shown that the thiol group has very 
strong affinity for heavy-metal ions and that cotton 
impregnated with thioglycollic acid (“thiol cotton”) 
quantitatively adsorbs a variety of trace elements 
from water,25-27 but its adsorptive power depends 
significantly on the oxidation state of the element 
concerned. In general, the lower oxidation states are 
readily adsorbed whereas the higher states are not. It 

*To whom correspondence should be addressed. 

should therefore be possible to adsorb the lower 
states selectively, and then to reduce the higher states 
and adsorb the products. 

On the basis of investigations on the enrichment in 
this way of more than twenty trace species, including 
Pt(II), Pd(II), Au(III), Se(W), Te(IV), As(III), 
Hg(II), Sb(III), Bi(III), Sn(II), Ag(I), Cu(II), In(III), 
Pb(II), Cd(II), Zn(II), Co(I1) and Ni(II),2~28 we have 
established this procedure for determining trace 
As(III), As(V), Sb(III), Sb(V), Se(IV), Se(VI), Te(IV) 
and Te(V1) in water by hydride generation and 
atomic-absorption spectrophotometry after sepa- 
ration and enrichment with thiol cotton. 

EXPERIMENTAL 

Apparatus 
A Pye-Unicam SP 1900 atomic-absorption spectro- 

photometer and a home-made- hydride-generator (Fig. 1) 
were used, under the conditions listed in Table 1. 

A 250-ml (or 500-ml) Pyrex separatory funnel fitted with 
a thiol-cotton tube was used for separation and enrichment 
of various trace species. The thiol-cotton tube was a glass 
tube with about 0.1 g of thiol cotton in it. It was 8 mm in 
bore and 100 mm long, and one of the ends was narrowed. 

Reagents 
Suprapur-grade hydrochloric acid and nitric acid were 

used. All the other reagents were analytical-reagent grade. 
All water used was redistilled. 

Standard antimony(III) solution (loo0 ppm). Prepared 
from antimony potassium tartrate. 

265 
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I I I 

I 4 -- -- 

i_-J 

6 

Fig. 1. Eqmpment for hydride-generation determmation. 1, N, cylinder; 2, flowmeter; 3, hydride generator 
(25 mm bore, 80 mm long); 4, light durce; 5, quartz-tube atomizer (8 mm bore, 150 mm long); 6, detector; 

I, syringe. 

Standard antimonyp) solution (10 ppm). Prepared by 
oxidizing the standard antimony(II1) solution with per- 
manganate. 

Standard arsenic(III) solution (1000 ppm). Prepared from 
arsenious oxide. 

Standard arsenic(V) solution (la00 ppm). Prepared from 
sodium arsenate. 

Standard selenium(W) solution (1 OOOppm). Prepared from 
selenium dioxide. 

Standard tellurium(IV) solution (1000 ppm). Prepared 
from tellurium powder. 

Standard tellurium(W) solution (1000 ppm). Prepared 
from telluric acid. 

Potassium iodide (20x)-thiourea (2%) solution. 
Potassium iodide (20%)~ascorbic acid (4%) solution. 
Potassium borohydride solution (2%). Prepared in 0.5% 

sodium hydroxide solution. 
Titanium(III) chloride, 15-20x solution. 
Hydrogen peroxide, 30% solution. 
Thiol cotton. Thioglycollic acid (50 ml), acetic anhydride 

(35 ml), glacial acetic acid (16 ml), concentrated sulphuric 
acid (0.15 ml) and water (5 ml) were put in that order into 
a bottle and mixed well, and then 15 g of absorbent cotton 
were added. The bottle was closed, then left in an oven at 
4&50” for 4-5 days. The cotton was collected on a sintered- 
glass funnel and washed with water till the washings were 
neutral, then dried at 40-50” and kept in a brown bottle. 

Procedures 

Separation and enrichment. Put a selected volume of water 
sample into the separation assembly, adjust its acidity to the 

value indicated in Table 2 and then pass it through the 
thiol-cotton tube at a suitable flow-rate to extract the 
Sb(III), As(III), Se(IV) or Te(IV). Treat the effluent solution 
with the appropriate reagents (as indicated in Table 3) to 
reduce Sb(V), As(V), Se(V1) or Te(V1) to the next lower 
oxidation state, and collect the reduced species in another 
thiol-cotton tube. 

Desorb the As(III), Sb(III), Se(IV) or Te(IV) as follows. 

Arsenic. Elute slowly with 3 ml of hot concentrated 
hydrochloric acid. Collect the eluate in a lo-ml graduated 
tube. Add 0.2 ml of potassium iodide solution to the 
eluate and dilute to 10 ml with water. 
Antimony. Elute slowly with 3 ml of 5M hydrochloric acid 
into a lo-ml graduated tube. Add 0.2 ml of potassium 
iodide solution to the eluate and dilute to 10 ml with 
water. 
Selenium. Put the cotton into a lo-ml graduated tube. 
Add 2.5 ml of concentrated hydrochloric acid and 1 drop 
of concentrated nitric acid. Heat in a boiling water-bath 
for 3 min. Cool to room temperature and dilute to 10 ml 
with water. 
Tellurium. Place the cotton in a lo-ml graduated tube. 
Add 2.5 ml of concentrated hydrochloric acid. Heat in a 
boiling water-bath for 3 min. Cool to room temperature 
and dilute to 10 ml with water. 

Use a separate sample for each element, but if desired, 
antimony(II1) can be selectively eluted first. 

Determination. Set the AAS instrument according to 
Table 1. Place a known amount of sample solution in the 

Table 1. Conditions for hydride generation and AAS determination 

Parameter Sb As Se Te 

Light-source Pye hollow-cathode lamps 
Wavelength, nm 217.6 193.7 196.0 214.2 
Lamp current, mA 12 10 6 10 
Slit-width setting 0.2 0.2 0.2 0.2 
Temperature of quartz tube, “C 900 900 900 900 
Flow-rate of carrier-gas (NJ, l./min 0.6 0.6 0.6 0.6 
Acidity of solution analysed, N 1.5 3 3 3 
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Table 2. Acidity for enriching As(III), 
Sb(III), Se(W) and Te(IV) 

Species Acidity of water sample 

Sb(II1) pH 6-8 
As(III) 1M HCl 
Se(IV) 0.3M HCl 
Te(IV) 0.3M HCl 

hydride generator and make up to 5 ml with hydrochloric 
acid of the same concentration as the sample. Close the 
generator and with a syringe rapidly add 1.5 ml of potas- 
sium borohydride solution to the lower part of the solution. 
From the recorded absorbance calculate the content of the 
species in the sample. 

RESULTS AND DISCUSSION 

Adsorption behaviour of thiol cotton towards arsenic, 
antimony, selenium and tellurium 

It is clear from Figs. 2 and 3 that the adsorption 
behaviour of those elements depends greatly on the 
acidity of the solution and the oxidation state of the 
element. Thiol cotton efficiently adsorbs only As(III), 
Sb(III), Se(IV) and Te(IV), the ranges of acidity for 
quantitative adsorption being Sb(III), pH 8-2M HCl; 
As(III), 0.557M HCl; Te(IV) pH 8-9M HCl; Se(IV), 
pH 2-10M HCl. It was also noticed that within 
certain ranges of hydrochloric acid concentration, 
some species in higher oxidation states could be 

reduced by the thiol group and then adsorbed by the 
thiol cotton. The degree of reduction depends on the 
species concerned and the acidity but is never quan- 
titative. For example, Sb(V) is partly reduced to 
Sb(II1) in dilute hydrochloric acid. Therefore, this 
species can be adsorbed significantly (- 50% max- 
imum) at pH < 5, but Se(VI), Te(V1) and As(V) can 
only be slightly reduced and adsorbed at acidities 
below SM hydrochloric acid. 

The range of acidity for quantitative adsorption 
shown in Figs. 2 and 3 will change slightly with the 
composition of the solution, the concentration of the 
trace element and the quality of the thiol cotton. The 
conditions shown in Table 2 are recommended as 
optimal. 

Choice of desorption procedures 

The adsorptive power of thiol cotton for Sb(II1) is 
rather poor, and this species can be desorbed quan- 
titatively with SM hydrochloric acid. 

To desorb As(III), the thiol cotton should be 
dipped into concentrated hydrochloric acid for 
several minutes. 

Se(IV) and Te(IV) are adsorbed very firmly by thiol 
cotton, so it is necessary to heat the cotton with 
concentrated hydrochloric acid in a boiling water- 
bath to desorb these species quantitatively; this pro- 
cess also attacks the cotton itself. 

Table 3. Conditions for reducing As(V), Sb(V), Se(W) and Te(VI) 

Species Acidity 
Amount of reductant used, and reduction 

procedure 

SW’) 0.3M HCl 

As(V) 1M HCl 

Se(W) 0.3M HCl 

Te(VI) 0.3M HCl 

Add KI to 0.1% and ascorbic acid to 0.02%; let stand for 
10 min at room temperature 
Add KI to 0.2% and thiourea to 0.02%; heat for 3-5 min 
in a boiling water-bath (the temperature of the solution 
reaches 80”) 
Add TiCl, to 0.1%; after 30 min add H,O, to 0.1% and heat 
for 5 min in a boiling water-bath 
Add TiCl, to 0.1%; after 10 min add H,O, to 0.1% and let 
stand for 5 min at room temperature 

IO 6 6 4 2 OIN Acldlty 

I 3 5 7 PH 

The effects of acidity on the adsorption of As(M), As(V), Sb(III) and Sb(V) (all 
concentration) on thiol cotton. (0) As(M); (0) As(V); (A) Sb(III); (A) Sb(V). 

Fig 2. 10 ng/ml 
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IO 8 6 4 2 OIN Acldlty 

Fig. 3. The effects of acidity on the adsorption of Se(N), %@I), Te(IV) and Te(V1) (all 10 ng/ml 
concentration) on thiol cotton. (0) Se(N); (0) Se(V1); (A) Te(IV); (A) Te(VI). 

The procedure for determination of arsenic, anti- 
mony, selenium and tellurium by hydride-generation 
atomic-absorption spectrophotometry is also related 
to the oxidation state. Therefore, the oxidation state 
of the species to be determined in the desorbed 
solution should be consistent with the r~uirements 
of this technique. For this reason, a small amount of 
nitric acid is added when selenium is to be desorbed, 
to ensure the selenium is in the quadrivalent state. 

Choice of reduction procedures 

Since As(V), Sb(V), Se(VI) and TefVI) must be 
reduced to As(III), Sb(III), Se(IV) and Te(IV) before 
they can be quantitatively adsorbed by thiol cotton, 
the reduction procedure should be compatible 
with the enrichment technique. Those selected are 
as follows. 

SbfV) can be rapidly reduced by adding potassium 
iodide to the dilute hydrochloric acid sample solu- 
tion. 

As(V) is more difficult to reduce than Sb(V). It is 
necessary to add potassium iodide and thiourea to a 
sample solution that is 1M in hydrochloric acid and 
heat in a boiling water-bath for several minutes. 

Se(VI) and Te(V1) are diflicult to reduce selectively 
to Se(IV) and Te(IV) because they are very easily 
reduced to the elements in hydrochloric acid medium. 
We have found that if enough titanium trichloride to 
reduce Te(VI) to Te(IV) and Se(V1) to Se is added to 
a dilute hydrochloric acid solution followed by 
enough hydrogen peroxide to oxidize the excess of 
titanium trichloride and to form a complex with it, a 
stable Te(IV) solution is formed and the elemental 
selenium is oxidized to Se(N). The concentration of 
hydrochloric acid, the amounts of titanium tri- 
chloride and hydrogen peroxide used and the tem- 
perature and time of reduction all affect the efficiency 
of reduction. Table 3 shows the recommended reduo 
tion conditions. This reduction procedure is simple, 
rapid and easy to operate, and Se(V1) and Te(V1) can 
be converted into Se(IV) and Te(IV) simultaneously 
and quantitatively. 

Amount of thiol cotton to use andflow-rate of sample 
solution 

The adsorption capacity of thiol cotton for the 
species concerned and the flow-rates for quantitative 
adsorption are shown in Table 4. The operational 
adsorption capacities are between a third and a half 
of the corresponding saturation capacities. 

On the basis of the concentration ranges of these 
species that can be adsorbed by thiol cotton and 
those existing in practical environmental water sam- 
ples, about 0.1 g of thiol cotton is adequate for 
enrichment. 

Selectivity for higher or lower oxidation states 

The selectivity for enriching and determining spe- 
cies in their higher or lower oxidation states is quite 
good. The maximum ratios allowed between higher 
and lower oxidation-state species, for an error of 
lo%, are shown in Table 5. 

To obtain selective determination the following 
measures should be taken. 

1. The thiol-cotton tube should first be rinsed with 
water or with hydrochloric acid of appropriate con- 
centration to bring it to the optimum state for the 
adsorption. 

2. If the concentration ratio of lower to higher 
oxidation state species in the water sample is very 
high, to adsorb the lower-valence species the amount 
of thiol cotton used should be increased accordingly 
and the flow-rate should be reduced. 

3. If the higher to lower oxidation state concen- 
tration ratio is high, the lower-valence species ad- 

Table 4. Saturation adsorption capacity of thiol cotton and 
Row-rate of water sample 

As(W) SbfIII) Se(IV) Te(IV) 

Saturation capacity, 
rng/g of thiol cotton k-5 5-l 7-9 8-11 

Flow-rate, ml/min* G2 <lo 65 <lO 

*For 0.1 g of thiol cotton. 
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Table 5. Selectivity for determining As, Sb, Se and Te at 
higher or lower valence resnectivelv.* with X+ lo”/, error 

Maximum ratio of higher 
valence/lower valence species 
for determination of lower 
valence species 

Maximum ratio of lower 
valence/higher valence species 
for determination of higher 

As Sb Se Te 

30 20 40 50 

valence species 20 20 20 30 

*The volume of water sample enriched was 100-200 ml and 
the concentration of As, Sb. Se or Te was 24 ng/ml. 

sorbed on the thiol cotton should he washed with 
water or the appropriate concentration of hydro- 
chloric acid to remove any residual higher oxidation 
state species on it. 

Interference studies 

It has been shown that except for some slight 

interference in adsorption of Sb(II1) from higher 
concentrations of humic acid, the species usually 
found in environmental water, such as Cl-, Brr, 
SO:-, SO;-, CO:-, HCO;, NO;, NO;, HPO:-, K+, 
Na+, Ca*+, Md+, Fe’+, A13+ and various heavy 
metal ions, as well as fulvic acid, glycine, cysteine, 
citric acid and the like, do not interfere in the 
quantitative adsorption of As(III), Sb(III), Se(IV) 
and Te(IV) by thiol cotton. 

It has also been shown that the direct deter- 
mination of As, Sb, Se and Te by hydride-generation 
atomic-absorption spectrophotometry would suffer 
interferences from Co*+, Ni*+, Fe3+, Cu*+, Pb*+, 
Sn4+, Bi3+ and Ag+ ions, and between the four 
elements themselves, but after enrichment with thiol 
cotton and stepwise desorption these interferences are 

effectively eliminated. 

Co’+, Ni*+, Cu*+, Sn4+, Bi3+, Pb2+ and Ag+ 
adsorbed by thiol cotton can be removed quan- 
titatively by eluting with l-2M hydrochloric acid. 

Table 6. Analysis of real water samples and recovery of the procedure 

Found 

Standard added, ng/ml 

Lower Higher 
Element valency valency 

Arsenic Spring water 0 0 
4.00 4.00 

Natural river water 0 0 
2.00 2.00 

Polluted river water 0 0 
2.00 10.00 
6.00 6.00 

10.00 2.00 

Antimony Natural river water 0 0 
1 .oo 2.00 
2.00 1 .oo 

Polluted lake water 0 0 
1 .oo 3.00 
3.00 1.00 

Polluted river water 0 0 
1.00 2.00 
1.00 1.00 
2.00 1.00 

Selenium Well water 0 0 
0.50 0.50 

Natural river water 0 0 
1.00 1 .oo 

Polluted river water 0 0 
1.50 0.50 
1.00 1.00 
0.50 1.50 

Tellurium Natural river water 0 0 
2.00 1 .oo 
1.00 2.00 

Sea-water 0 0 
2.00 1 .oo 
1.00 2.00 

Polluted river water 0 0 
0.50 2.00 
1.00 1 .oo 
2.00 0.50 

Lower valency 

Recovery 
of added 

Total, standard,* 
nglml 

0’ 
/a 

3.05 
6.95 98 
0.40 
2.54 107 
6.58 
8.80 115 

12.3 97 
15.7 92 

Higher valency 

Recovery 
of added 

Total, standard,* 
nglml 9/, 

5.44 
9.90 117 
0.76 
2.60 92 
135 
22.0 85 
19.4 98 
15.4 95 

<O.Ol 0.26 
0.95 95 2.30 102 
1.75 88 1.30 104 
0.10 1.10 
1.00 90 4.25 98 
2.90 93 2.00 90 
1.05 0.65 
1.92 87 2.90 112 
2.00 95 1.68 103 
2.80 88 1.73 108 

0.04 0.64 
0.58 108 1.15 102 
0.10 <O.Ol 
1.18 108 0.95 95 
0.28 0.37 
1.66 92 0.92 110 
1.27 99 1.30 93 
0.77 98 1.66 86 

<O.Ol 
1.95 
1.05 

<O.Ol 
1.91 
1.12 
0.27 
0.83 
1.28 
2.25 

40.01 
98 0.98 98 

102 2.09 105 
0.06 

96 1.06 100 
112 2.16 105 

0.23 
110 2.15 96 
101 1.10 87 
99 0.75 104 

*Average of three replicates. 
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Table 7. Sensitivity and precision of the procedure 

As Sb Se Te 

Sensitivity (1% absorbance),* ng/ml 0.11 0.09 0.20 0.16 
Detection limit,? ng/ml 0.006 0.005 0.010 0.008 
Coefficient of Lower valency 3.5 7.9 2.8 2.7 

variation.6 ‘/, Higher valencv 5.4 5.0 3.2 3.4 

*The volume analysed was 5 ml. 
tThe volume of water sample enriched was 200 ml. 
§Based on 11 samples. 

To isolate antimony, the thiol cotton is eluted with 
5M hydrochloric acid. As, Se and Te are retained and 
the Sb desorbed. 

When selenium is being determined, any co- 
existing arsenic is oxidized to As(V) and so does not 
interfere. 

When arsenic is being determined, the only inter- 
ference is from selenium, but this can be eliminated 
by adding a small amount of potassium iodide. 

The interference from selenium and arsenic in 
determination of tellurium can be largely eliminated 
by enrichment with thiol cotton and desorption. 

Sensitivity and precision 

As, Sb, Se and Te in various oxidation states in 
various environmental water samples were deter- 
mined by this procedure. The recoveries were in the 
range 90-110x, as shown in Table 6. 

The sensitivity and the coefficient of variation (11 
replicates) for these elements in the range 2-4 ng/ml 
are shown in Table 7. 

Conclusions 

The procedure has the following characteristics. 
1. The enrichment efficiency is high, the enrichment 

factor ranging up to several hundred. The detection 
limit can be as low as a few rig/l.. 

2. The separation procedure is simple and the 
higher and lower oxidation-state species can be sepa- 
rated and enriched separately. Therefore the error 
introduced by the subtraction technique adopted in 
some other methods is avoided. 

3. The selectivity is good. There is no mutual 
interference between higher and lower valence species 
when their concentration ratio is not more than 
20-50, depending on the particular system. 

4. The accuracy is good. Interference from various 
concomitant species is eliminated and the method 
can be used to analyse various environmental water 
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Summary-A radiochemical procedure has been developed for the determination of alpha-emitting 
isotopes of uranium (“‘U, 235U and 214U) in soft tissues. Known amounts of sample are spiked with ‘% 
internal tracer and wet-ashed. Uranium is co-precipitated with iron hydroxide as carrier, and extracted 
into 20% trilaurylamine solution in xylene after dissolution of the precipitate in 10M hydrochloric acid. 
The uranium, after stripping into an aqueous phase, is electro-deposited onto a platinum disc and counted 
by alpha-spectrometry. The radiochemical recovery ranges from 60 to 85% for bovine liver samples. The 
average radlochemical recoveries for human tissues vary from 53 to 78%. 

Uranium is found in many varieties of rocks and 
soils. In addition, it may be distributed locally in the 
vicinity of uranium mining, milling, refining and fuel 
fabrication plant and occurs (from natural sources) 
at low levels in human tissues. Good analytical 
techniques are required to determine the normal low 
levels of uranium in human tissues. Earlier, fluoro- 
metry and neutron activation were used,‘v2 both of 
which are capable of detecting nanogram quantities 
of uranium but incapable of determining concen- 
trations of individual uranium isotopes. A know- 
ledge of relative isotopic content may be useful in 
establishing the origin of the uranium found in 
tissues (i.e., natural uranium or uranium enriched 
in 23sU). Methods have been reported for the deter- 
mination of isotopic composition in sediments, 
soil and bio-assay samples,3-6 but none has been 
described for determination of isotopes of uranium 
in soft tissues. 

A simple analytical procedure has now been devel- 
oped, based on solvent extraction and solid-state 
alpha-spectrometry. Trilaurylamine was chosen as 
the extracting agent because of its successful applica- 
tion in determination of thorium and plutonium in 
soft tissues and bone.7-9 

EXPERIMENTAL 

Reagents 

All the reagents used were of analytical grade. A 20% v/v 
trilaurylamine (TLA) solution was prepared in xylene and 
shaken with one third of its volume of 10M hydrochloric 
acid for 10 min. The mixture was centrifuged and the 
organic phase separated before use. Dilute acids were 
prepared with demineralized distilled water. Other reagents 
included 232U tracer, Thymol Blue indicator, 5% sodium 
bisulphate solution in 9M sulphuric acid, 1M ammonium 
sulphate adjusted to pH 3.5, ethyl alcohol, concentrated 
ammonia solution, and ferric chloride solution (10 mg/ml). 

Sample preparation 

Weigh the soft tissue (0.3-l 100 g depending on type), 
transfer it to a beaker of appropriate size and spike it with 
l-2 dpm of 232U tracer. Wet-ash with nitric acid followed by 
a mixture of nitric and sulphuric acids with occasional 
additions of nitric acid and hydrogen peroxide until all the 
organic material is destroyed, giving a clear colourless 
solution. Evaporate most of the sulphuric acid by con- 
tinuous heating, but do not heat to dryness. In the case of 
lung and lymph nodes, heat the tissues with hydrofluoric 
and nitric acid mixtures and remove surplus hydrofluoric 
acid by continuous heating. 

Add 100 ml of hydrochloric acid (1 + 3) to the clear 
solution of the tissues and 1 ml of iron carrier solution. Boil 
for several minutes and cool. Add concentrated ammonia 
solution very slowly until the pH is 10-l 1. Boil for lo-15 
min and let the precipitate settle. Transfer the whole to a 
250-m] centrifuge tube and centrifuge for 10 min. Discard 
the supematant liquid, dissolve the precipitate in 125-130 
ml of IM nitric acid and reprecipitate with ammonia, 
adjusting the pH to 9-10. Repeat twice more to ensure 
complete removal of sulphate. Finally, dissolve the precipi- 
tate in a known minimal volume (usually l&15 ml, de- 
pending on the sample) of concentrated hydrochloric acid 
and adjust the acidity to 10M (titrate 0.1 ml of the solution 
with O.lM sodium hydroxide and calculate how much 
concentrated acid to add). 

Solvent extraction 

Extract the uranium into an equal volume of 20% TLA 
solution in xylene @e-equilibrated with 10M hydrochloric 
acid) from the solution obtained in the sample preparation, 
shaking for 10 min. Centrifuge to separate the phases, then 
transfer the mixture to a 250-ml separatory funnel, run the 
aqueous phase back into the centrifuge tube, add an equal 
volume of 20”% TLA solution and repeat the extraction by 
shaking for 10 min. Centrifuge, then transfer the solution 
into the separatory funnel containing the organic phase 
from the first extraction. Remove the aqueous phase and 
discard it. Wash the organic phase twice by shaking it 
(10min each time) with an equal volume of 10M hydro- 
chloric acid, discarding the aqueous phases. Strip uranium 
from the organic phase by shaking it with an equal volume 
of O.lM hydrochloric acid for 10 min. Separate the aqueous 
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phase and transfer it to a beaker. Repeat the stripping and 
combine the aqueous phases. Remove any iron quan- 
titatively from the aqueous phase before electro-deposition, 
as follows. Evaporate the aqueous solution almost to dry- 
ness and add 45 ml of concentrated sulphuric acid. Heat 
strongly, with occasional addition of concentrated nitric 
acid to remove any traces of organic contaminants. Finally, 
remove the sulphuric acid by heating strongly. Cool, and 
dissolve the residue in S-10 ml of concentrated hydrochloric 
acid. Transfer the solution into a 50-ml polypropylene tube, 
add an equal volume of isopropyl ether, shake the tube for 
2 min and heat the tube for 2-3 min in a hot water-bath 
(95”). Transfer to a separating funneLseparate the aqueous 
phase and return it to the same polypropylene tube. Repeat 
the extraction with an equal volume of isopropyl ether, 
heating as before (the extraction of iron is then quan- 
titative). The organic phases contain all the iron, leaving 
uranmm in the aqueous phase. Evaporate the aqueous phase 
almost to dryness and add 5 ml of 5% sodium bisulphate 
solution in 9M sulphuric acid. Heat strongly with occasional 
additions of nitric acid to remove any traces of organic 
matter. Evaporate the solution to dryness without baking. 
Finally, dissolve the residue in 5 ml of 1M ammonium 
sulphate solution, warming if necessary. 

Uranium-232 tracer was added to beef liver, which 
was then decomposed and processed as described, 
except that the extraction of iron with isopropyl ether 
was omitted. The recoveries were very poor, rang- 
ing from 5 to 20%, owing to large amounts of iron 
being electrolytically co-deposited with uranium on 
the platinum discs and causing self-absorption of the 
emitted alpha-particles. However, when the iron was 
removed by extraction with isopropyl ether, the 
recoveries improved. 

Attempts to extract the iron with 0.2M 
thenoyltrifluoroacetone (TTA) in xylene gave only 
partial removal. Attempts to strip iron selectively 
from the TLA phase by shaking with an equal 
volume of a 3: 1 v/v mixture of 6M hydrochloric and 
concentrated hydriodic acids failed because results 
indicated that although removal of iron was com- 
plete, a large percentage of the uranium was also 
removed. The isopropyl ether extraction was the 
most suitable method. 

Electra-deposition 

Details of the apparatus used are given elsewhere.‘-” 
Transfer the ammonium sulphate solution of the residue 

into the plating cell, rinsing it with two I-ml portions of I M 
ammonium sulphate. Add one drop of Thymol Blue indi- 
cator and then concentrated ammonia solution dropwise 
until the solution just turns yellow (it is important not to 
add excess). Bring back to a salmon pink colour by adding 
2M sulphuric acid drop by drop. Deposit the uranium at a 
current of 1.2 A for 1 hr. Quench the electrolyte with an 
excess of 10% ammonia solution, letting the stirrer run for 
1 min more. Dismantle the cell and rinse the platinum disc 
with water and then alcohol. Heat the disc to red heat with 
a burner. Determine the recovery and the isotopic com- 
position of uranium by counting the disc in an 
a-spectrometer, using a surface-barrier silicon diode and a 
multichannel analyzer. 

Replicate experiments on different sample sizes of 
beef liver (50400 g) spiked with 232U tracer showed 
(Table 1) no effect of sample size (up to 400 g) on 
the percentage recovery of uranium. The overall 
recovery was found to be 13 &- 4% which is quite high 
and satisfactory for such large samples of biological 
tissues. 

Once the method had been established with beef 
liver it was applied to samples of human tissues, 
including lung, liver, lymph nodes, spleen, kidney, 
thyroid and gonads. The results of radiochemical 
recoveries are given in Table 2. The recoveries for all 
organs except liver were comparable to those ob- 

RESULTS AND DISCUSSION 
Table 1. Recovery of uranium from beef 

liver 

Uranium was extracted from 1-10M hydrochloric 
acid medium into equal volumes of 20% TLA solu- 
tion in xylene, pre-equilibrated with hydrochloric 
acid of the corresponding molarity. The extraction 
was almost quantitative from 6-10M hydrochloric 
acid, but in further experiments the 10M hydro- 
chloric acid medium was used, because it is optimal 
for decontamination from thorium. 

Recovery, % 
Sample, No. of 

g detns. Range Mean 

50 3 69-85 11 
100 6 65-75 71 
150 3 65-78 73 
200 4 66-82 76 
250 3 65-71 68 
400 3 60-80 70 

Table 2. Recovery of 232U added to human tissues and 238U and 234U concentrations found 

Concentrations of U isotopes 
human tissues, pCi/kg (wet wt.) 

Tissue 
tvve 

Recovery, % 2qJ 234~ 

Amount, No. of 
.c detns. Range Mean Range Mean Range Mean 

Lung 219-538 6 6619 68 0.19-0.82 0.59 0.27-2.14 0.58 
Liver 36&l 102 6 47-61 53 0.01-0.31 0.10 0.07-0.50 0.20 
Lymph nodes 0.3-6.4 6 59-78 72 2.07-14.75 7.30 0.84-31.2 12.5 
Spleen 54287 6 5990 73 0.04-0.33 0.14 0.02-1.40 0.36 
Kidney 69-174 6 61-91 78 0.04-0.57 0.21 0.060.92 0.33 
Thyroid 8-18 5 6681 74 -(1.80-0.95) -0.10 0.045.35 1.10 
Gonads 8-39 5 61-89 75 0.07-l .87 0.20 0.41-1.84 0.56 
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Fig. 1. Alpha-spectrum of human lung with added z32U 
tracer. 

tained for beef liver. The recoveries for human liver 
were lower, probably because of the larger sample 
size processed (>800 g). The overall recovery (ex- 
cluding liver) was 73 + 3%. The major loss of ura- 
nium occurs in the electro-deposition stage (10-l 5x), 
but some losses are observed in the precipitation, 
solvent extraction and back-extraction steps. 

The implications (for metabolism and radiological 
health hazards) of the concentrations of uranium 
found in different human organs are beyond the 
scope of this paper. However, mean values found for 
238U and 234U in some soft tissues from six persons 
not occupationally exposed to uranium are given in 
Table 2. The alpha-spectra of uranium in a human 
lung and kidney are given in Figs. 1 and 2 and 
demonstrate the applicability of this technique in 
determining the environmental level of uranium 
isotopes in human tissues. 

There are certain other radionuclides present in the 
environment which are accumulated in human organs 
either by inhalation or ingestion, and their alpha- 
energies are very close to the alpha-energies of the 
uranium isotopes of interest. For example, that of 
226Ra (4.78 MeV) is very close to those of 234U (4.77 
and 4.72 MeV), and the alpha-energies of *“PO 
(5.305 MeV) and 228Th (5.43 and 5.34 Mev) are very 
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Fig. 2. Alpha-spectrum of human kidney with added 232U 
tracer. 

close to the alpha-energies of 232U (5.32 and 5.27 
MeV), used as the internal tracer. It is therefore 
essential to separate uranium from radium, thorium, 
and polonium before the electro-deposition and 
counting by alpha-spectrometry, to avoid any inter- 
ferences due to *i”Po, 228Th and 226Ra. Under the 
present experimental conditions, radium is partially 
eliminated in the precipitation stage, with further 
elimination in the solvent extraction and electro- 
deposition stages. The extraction of polonium is poor 
with high molecular-weight amines and only about 
1.5% of the polonium present is electro-deposited in 
ammonium sulphate-sulphuric acid medium. Fur- 
ther, polonium, being highly volatile, is removed 
from the platinum disc when it is heated. In the 
method described the discrimination against polo- 
nium exceeds 5 x 10’. The decontamination from 
thorium is achieved in the solvent extraction step. In 
our method, when uranium is extracted from 10M 
hydrochloric acid, thorium is quantitatively left in 
the aqueous phase. The discrimination against tho- 
rium exceeds 3 x 104. 

Plutonium isotopes (239, 240 and 238) are distrib- 
uted in the environment, owing to fall-out from 
nuclear testing and burn-up of nuclear-powered 
satellites. They are accumulated in humans (mostly 
in the liver and skeleton) primarily through in- 
halation. The alpha-energies of 238Pu (5.50 and 5.46 
MeV) and 239,240Pu (5.11, 5.12, 5.16 and 5.17 MeV) 
are far from those of the naturally occurring isotopes 
of uranium (234U, “‘U and 238U, alpha-energies 4.72 
and 4.77 MeV, 4.5g4.40 and 4.37 MeV and 4.15 and 
4.20 MeV, respectively) and therefore do not inter- 
fere in the alpha-spectrometry. The alpha-energies of 
232U (5.27 and 5.32 MeV), used as internal tracer for 
radiochemical recoveries, are between those of 
239,240Pu and 23*Pu, but sufficiently different from them 
(> 100 keV) for there not to be any interference 
unless a particularly large mass of metal is deposited, 
in which case the resolution becomes poor and the 
alpha-spectra may overlap. Any interference by plu- 
tonium can be made negligible by increasing the 
concentration of 232U tracer, but if this is not 
satisfactory in certain circumstances, the plutonium 
can be separated from uranium before the latter is 
stripped from the TLA phase. An equal volume of 
8M hydrochloric acid containing 0.05M ammonium 
iodide is added to the organic phase and shaken with 
it for 10 min. Plutonium is reduced to the tervalent 
state and is brought into the aqueous phase, leaving 
the uranium quantitatively in the TLA phase. Ura- 
nium is then back-extracted into the aqueous phase 
by shaking with an equal volume of O.lM hydro- 
chloric acid as described earlier. 
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FOR DETERMINATION OF MICRO AMOUNTS 

OF ARSENIC 
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Summary-A highly sensitive spectrophotometric method for determination of arsenic, based on the 
formation of an ion-association complex between arsenoantimonomolybdenum blue and Malachite 
Green, has been developed. The ion-association complex is soluble in the presence of Triton X-305, so 
arsenic can be determined directly in aqueous solution. The apparent molar absorptivity for arsenic is 
1.13 x 10’ I .mole-’ .cm-’ at 640 nm. Beer’s law is obeyed for O-5 pg of arsenic. The lower limit of 
determination (absorbance = 0.01) is 4 ng/ml in the final solution. 

Arsenomolybdenum blue has long been used for 
spectrophotometric determination of arsenic.lm3 A 
later modification uses the reduced ternary hetero- 
poly acid arsenoantimonomolybdenum blue35 and is 
more sensitive than the methods based on the binary 
heteropoly acid. In recent years, the reaction of the 
arsenomolybdenum blue and triphenylmethane dyes 
has been exploited.6 

We now recommend a simple and highly sensitive 
colour reaction for the spectrophotometric deter- 
mination of arsenic by means of the arsenoanti- 
monomolybdenum blue- Malachite Green complex 
in presence of Triton X-350 as solubilizing agent. The 
arsenic can be determined directly in aqueous solu- 
tion, with no need for extraction into an organic 
solvent. 

The method is one of the most sensitive available 
and compares favourably with others for the spec- 
trophotometric determination of arsenic. 

EXPERIMENTAL 

Reagents 

Stock solution of arsenic (lOOpg/ml). Dissolve 0.0660 g of 
AslO, in 5 ml of 3% sodium hydroxide solution, adjust to 
pH 1.5 with 1M sulphuric acid and dilute to 500 ml with 
0.2% v/v sulphuric acid. 

Working solution of arsenic (l.Opgglml). Heat and oxidize 
5 ml of stock solution with 1 or 2 drops of 3% potassium 
permanganate solution, then add 1% sodium nitrite solution 
until the excess of oxidant has been destroyed. Cool, 
transfer the solution into a 500-ml standard flask and make 
up to the mark with water. 

Antimony solution (100 pggiml). Dissolve 0.05 g of pure 
antimony powder in 10 ml of concentrated sulphuric acid, 
heatmg until it is completely dissolved. Cool, then add 326 
ml of water and 164 ml of concentrated sulphuric acid (with 
coohng) to give a final acid concentration of 12.5N. 

Triton X-305/Malachite Green solution. Dissolve 0.1 g of 
Triton X-305 in lukewarm water, add 0.1 g of Malachite 
Green (MG) and dilute to 100 ml with water. 

All chemicals used were of analytical grade whenever 
possible. 

General procedure 

To the test solution, containing not more than 5 pg of 
arsenic, in a 25-ml standard flask, add 4 ml of 2% ammo- 
nium heptamolybdate solution, 2 ml of antimony solution, 
4 ml of 2% ascorbic acid solution and 3 ml of Triton 
X-305/MG solution. Dilute to volume with water and mix 
well. Measure the absorbance at 640 nm in a 2-cm cell 
against a reagent blank after 20 min. 

640 600 660 720 780 

Fig. 1. Absorption spectra. (A) Reagent blank with Triton 
X-305, measured against water; (B) ion-association complex 
with Triton X-305, measured against reagent blank; (C) ion- 
association complex measured against reagent blank in 

absence of Triton X-305; As taken, 5 pg; l-cm cells. 
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Table 1. Sensitivities of methods for the spectrophotometric determination of arsenic 

Method I, nin l.mole-.-’ .cm-’ Ref. 

Silver diethyldtthiocarbamate (AgDDC) 535 1.4 x 104 8 
Arsenomolybdenum blue 650 2.6 x IO4 132 
A~enoantimonomoly~enum blue 860 2.1 x IO4 4.5 
~Nitros~at~hol/Brilliant Green 637 1.09 x 105 I 
Present method 640 1.13 x 105 This paper 

Table 2 

Present method 

Found, Added, Total, Recovery, AgDDC method,8 
Sample nglm( rig/ml nglmf 0‘ 

/o ngimi - 
14.0 120 128 95 

I 14.4 120 132 98 10 
16.0 120 134 98 

41.8 40.0 83.4 104 
2 38.6 40.0 82.2 109 38 

39.6 40.0 82.8 108 

Average 102 
Std. devn. 6 

RESULTS AND DISCUSSION 

Absorption spectra 

The absorption spectra of the ion-association com- 

plex and the reagent blank in presence of Triton 
X-305 have been measured over the range 540-780 
nm. The absorption maximum of the complex is 
at 640 nm and that of the reagent blank at 610 nm 
(Fig. 1). The molar absorptivity of the complex is 
increased 35% by the presence of Triton X-305. 
Consequently, in further experiments, the absorbance 
was measured at 640 nm against a reagent blank in 
presence of Triton X-305. 

ESfeect of acidity 

The optimum acidity for formation of the complex 
was found to be 0%1.2N sulphuric acid. If the 
sulphuric acid concentration is less than 0.8N or more 
than 1.2N, the complex is less easily formed; the 
ant~mony~I1) will be hydrolysed at lower acidity. 
Hence 1 .ON sulphuric acid was chosen for the colour 
development. 

Effect of amounts of reagents 

In 25 ml of final solution, 2-5 ml of 0.1% Triton 
X-305,MG solution gives maximum and constant 
absorbance with 5 pg of arsenic, so use of 3 ml of the 
mixed reagent solution is recommended for the deter- 
mination, The amounts of other reagents given in the 
procedure are optimal. 

Characteristics of the complex 

At room tem~rature, the complex is completely 
formed in 20 min, and the absorbance remains stable 
for about 90 min. 

Beer’s law is obeyed over the range O-5 pg of 
arsenic in 25 ml of solution, at 640 nm. The apparent 

molar absorptivity (with respect to arsenic) is 
1.13 x 10’ I. mole-’ . cm-’ at 640 nm. For 10 parallel 
determinations of 5 pg of arsenic, the standard 
deviation found was 0.04 pg. 

Comparison with other methods 

The method described is one of the most sensitive 
available and compares favourably with others for 
the spectrophotometric determination of arsenic. The 
sensitivities of various methods are listed in Table 1, 
The method can be used for determining arsenic in 
waters, rocks and steels, if combined with separation 
of the arsenic by evolution as arsine, which is ab- 
sorbed in a solution of iodine in sodium bicarbonate 
solution; the arsenate thus produced is then deter- 
mined by the procedure described. Only the inorganic 
arsenic compounds in water samples are thus deter- 
mined.* The components of the absorption solution 
do not interfere. Some results for water analysis are 
given in Tabfe 2. 
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Summary-Gas-liquid chromatography cannot distinguish between octachloronaphthalene and 
decachloro-1,4_dihydronaphthalene, because of the dechlorination of the latter during the chro- 
matographic separation. High-pressure liquid chromatography on SSODS in the reverse-phase mode, with 
methanol as the solvent, has been successfully used in analytical (both qualitative and quantitative) and 
semi-preparative applications, involving the major products of the perchlorination of PCBs and PCNs: 
decachlorobiphenyl, octachloronaphthalene and decachloro-1,4_dihydronaphthalene. 

The discovery of polychlorinated biphenyls (PCBs) in 
environmental samples brought about investigations 
into their separation. Most industrial and environ- 
mental samples also contain various amounts of 
polychlorinated naphthalenes (PCNs), which them- 
selves have been recognized as serious environmental 
pollutants. The quantitative analysis of environ- 
mental samples is routinely based on a comparison of 
the gas-liquid chromatographic pattern of the sample 
with the GLC profiles of commercial products (e.g., 
Aroclors”) usually for one (or a few) prominent 
peak(s) in the chromatogram. The actual presence of 
PCNs is frequently either unnoticed or neglected, 
regardless of the fact that the relationship between 
the toxicity and degree of chlorination of PCNs does 
not follow the pattern for PCBs.’ 

To simplify the analysis of PCBs, PCNs and their 
mixtures, it has been suggested that all the members 
of a given series be converted into a single compound. 
This might be achieved either by complete dechlori- 
nation2 to naphthalene and biphenyl, or by per- 
chlorination3-6 to octachloronaphthalene (OCN) and 
decachlorobiphenyl (DCB), respectively. In the latter 
case, DCB is the final product of chlorination of 
PCBs, but PCNs could easily be overchlorinated to 
decachloro- 1,4-dihydronaphthalene (DCDHN).4.7 In 
this paper, some problems connected with both the 
qualitative and quantitative determination of DCB, 
OCN and DCDHN in their mixtures have been 
examined in detail. 

It was found that DCDHN easily loses chlorine 
during any analytical treatment involving higher tem- 
peratures. It is fully converted into OCN during 
GLC, which renders the GLC methods useless, as 
OCN and DCDHN then both give identical GLC 
traces. Similarly, DCDHN loses chlorine during 
mass-spectroscopic examination. However, in con- 
trast to Hutzinger et al,,4 we have been able to 
recognize the presence of DCDHN in the mass 

spectrum. Although the parent (molecular) ion of 
DCDHN is undetectable under normal conditions, 
the C&l, ion (i.e., the [M - Cl]+ ion) always gives 
a strong and detectable signal even at low concen- 
trations of DCDHN in the sample. However, it is 
difficult to confirm or exclude the presence of OCN 
in such a sample, as under electron impact DCDHN 
loses even more chlorine and the most predominant 
ion [M - 2CI]+ has the same m/z as the molecular ion 
of OCN. 

Because of the shortcomings found in the use of 
GLC, attention was turned to high-pressure liquid 
chromatography (HPLC), which does not require the 
use of high temperatures. By this means previous 
methods for the separation of OCN and DCB”’ have 
been improved and simultaneous separation of these 
two compounds from DCDHN and other minor 
components present in mixtures from the perchlori- 
nation of naphthalene or PCNs has been achieved. 

As an extension to the work, standard DCDHN 
was prepared by means of the BMC chlorination 
of naphthalene7.9 with subsequent semi-preparative 
HPLC separation of the DCDHN from the reaction 
products, which also contained substantial quantities 
of a C,,Cl,0H2 compound (which was not examined 
further) and smaller amounts of OCN and other 
compounds. 

A routine HPLC separation of all three com- 
pounds (DCB, DCDHN and OCN), together with 
C,,Cl,,H, and other impurities, is shown in Fig. 1. 
Any of these components may be determined by use 
of standard compounds. Changing the detection 
wavelength (see Fig. 1) may improve the accuracy 
and sensitivity. 

EXPERIMENTAL 

The reagents used and the standard DCB and OCN were 
commercially available. DCDHN was prepared by 
perchlorination of naphthalene by means of a modified 
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Fig. 1. HPLC separation of a mixture of standard DCB, 
standard OCN and crude DCDHN: (1) C,,Cl,,H,; (2) 
DCDHN (C,,&); (3) DCB (C&l,,); (4) OCN (C&l,); (a) 
270 nm, attenuation 64; (b) 230 nm, attenuation 128. 
Column 150 x 4.6 nm SSODS. Precolumn 50 x 4.6 mm 
SSODS. Solvent flow 1 ml/min MeOH. Injection 20 ~1. 
Sample: 50 ppm DCB, 30 ppm OCN and 90 ppm of the 
recrystallized product of naphthalene perchlorination, all 
dissolved in a mixture of equal volumes of MeOH and 

CHrCl,. 

BMC chlorination method.9 The reaction always yielded 
6&70x DCDHN together with other chlorination prod- 
ucts, e.g., the C,,Cl,,H, compound (product of simultaneous 
chlorination and hydrochlorination of naphthalene), OCN 
and minor impurities. The crude reaction product was 
recrystallized from diethyl ether and separated by prepara- 
tive HPLC. The resulting DCDHN was more than 99.8% 
pure. The melting point of 208” (DTA), ultraviolet spectrum 
(absorption maximum at 233 nm) and facile transition into 
OCN with loss of chlorine were in agreement with published 
data.4,7,9 

The analytical HPLC system consisted of an Altex lOOA 
pump, an Altex 210 injection valve with a 20-~1 injection 
loop, a Perkin-Elmer LC75 variable wavelength ultraviolet 
detector and a Perkin-Elmer Model 561 recorder. A 
150 x 4.6 mm column with a 50 x 4.6 mm precolumn, 
packed with SpherisorbR SSODS, was found most sunable. 
The column and precolumn were purchased from Chro- 
matographic Systems, Melbourne. Satisfactory separations 
were achteved with pure methanol at a flow-rate of I ml/min 
(see Fig. 1). Even better separations could be achieved with 
aqueous methanol, or longer columns, but the system 
described was preferred because of the conveniently short 
elution times. 

The semi-preparative HPLC system was similar to the 
analytical one, but the injection loop was increased to 50 ~1 
and the column to 245 x 10 mm with a 50 x 10 mm 
precolumn, again with SSODS packing. The flow-rate of 
methanol was 4 ml/min. The sample was injected as a 1.3% 
solution (in dichloromethane) of the recrystallized product 
from the chlonnation of naphthalene.’ Fractions were col- 
lected manually. The solvent was evaporated on a rotary 
evaporator under reduced pressure. Because of the sensi- 
tivity of DCDHN to changes during solvent evaporation, 
the use of aqueous methanol in preparative runs was 
avoided. 
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(~ec~~~ 5 &i& 1482. ~~c~#~~ 1 I%32> 

~~-~f~te diazotizee s~~pb~ni~~jde~ which then does not undergo 3,~d!~rorn~~a~~~* F&rife can 
therefore be determined by reaction with excess of sulphanilamide, the surplus of which is then titrated 
with o-iodosobenzoate or ehloramine-T in the presence of potassium bromide, with Methyl Red as 
indicator, Mixtures of iodide and bromide can be analysed by oxidation of the iodide with excess of 
o-iodosabenzoate at pi-I 4-6, followed by extraction d the iodine (which is then titrated with thiosulphatef 
and tberi oxidation of the bromide in d&&e s~~b~~ acid me&m in the gresenee of ~i~ban~e as 
bromine .scavenger~ the residual otidant being e-&rated j~~~~~= 

A number of analytical methcrds using o-iodoso- 
benzoate have been reported’ and this communi- 
cation dewibes some fisther appkxtdons. 

&agents 

o-lodosobenzoate solutions, 0.05 arzd O.&%i, Prepared as 
described previously. 

~~~~~~~~~ .r&#r&& ff@B$. Treat 0.43 g of sue 
phanilamide with 2 ml of gIaciat acetic acid and dilute to 250 
ml with water. 

Sulphanilomide solution, I”/ in 2% sulphuric acid. 
Methyl Red. A 0.04~ solution in ethanol. 
Sodirrrn ~~j~~~p~~ie soltrtion, W&W. 

Egk-prrritgi test matetiafs were d~~~~ in water and the 
solutions standardized, the nitrite soiutions by oxidation 
with chloramine-‘f,3 and the halide solutions by at-gene 
tometry. 

Dk&% ar ~~~~~~~~~ tig&e& ~~~~~ d 5sslq9e in 20 
ml of water, or take an a&mot of a ~~u~~n of it, add a 
measured (and excessive) voiume of 0.01&f sulphani~~~d~ 
and 2 ml of 5% aulphuric acid. Swirl for 30 set, add 0,5 g 
of potassium bromide, 5 ml of 5% sulphuric acid, 20 ml of 
methanol and 2 or 3 drops of Methyl Red indicator, and 
titrate the residual suiphanilamide with 0.02&f o- 
~~o~~n~t~ or ckfotamine-T @I the indicator is 
bkached. Run bt Mank ~t~na~o~ on the same vohrmo 
of a~~han~~arn~d~~ 

N0;(mg)=Il.5 mAV 

where A V is the difference between the two titration volumes 
(ml) of o-iodosobenzoate or chloramine-T (molanty PI), 

To an aZi4uot of sam@e ~~~~, add 5 mf of 1% 
s~~han~~~d~ sotu&n (in s~~h~~ acid), 5 mi af $7; 
suiphuric acid, and a measured (exwssive) volume of 0,05&f 
o-iodosobenzoate. Swirl for 30 see, add 1 g of potassium 
iodide and titrate the liberated iodine with 0.04M thio* 
sulphate. Do a blank determination on the same volume of 

Br-(mg) = 40 m”AY’ 

Take an aliquot of sample solution in a ISO-ml separtttory 
funnel, add 5 ml of acetate buffer (pN 4), 30 ml of water, 
10 ml of chloroform and a measured (excessive) volume of 
W&%? o-iodosobenzoate, If a precipitate of o- 
itihenzoic acid appeara at t&s stage* discard the sofu- 
tion and repeat the ~f~~~ti~~, Ei&%ng moFe w%&_?r 
before intro&&g the reagenb. Shake the cantents for i tni3-t 
and extract the liberated iodine with three IO-ml portions of 
chloroform (o-iodosobenzoic acid is not soluble in chloro- 
form or carbon tetrachloride.) To the combined chloroform 
extracts add 50 ml of water and 1 g of potassium iodide and 
titrate with 0.04hf thios~pha~e, 

where k” is the volume of th~o~~~bat~ (molar@ m”) used. 
Transfer the aqueous phase from the extraction to a 

250-ml Erlenmeyer flask, add 5 ml of 1% sulphanilamide 
solution (in sulphuric acid) and 5 ml of 5% sulphuric acid, 
Shake for 30 s&c, add 1 g of potassium iodide and titrate 
&th O&&W t~~~~~~e. Run a bfank ~t~na~o~ on the 
same volume of ~~~o~~zuate. 

Br-(mg) =40(&V - Vn)mV 

where AV” is the difference between the two titration 
volumes of thiosulphate (malarity m”) for the blank and 
residual o-iodosobenzoate. 

If desired, use 0.04M t~~su~~b~t~ (rarity rn3 far the 
imE& ~~~~~~~~~~ 8m-E O.#.%f (m&r&y m-j for the 
bromide. In that case 
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end-point. Alternatively, a &fold amplification Neither o-iodosobenzoate nor the iodine released in 
methodS,6 may be used, involving stripping the iodine the iodometric evaluation of the surplus oxidant re- 
by shaking with 2 ml of 1% ascorbic acid solution, acts with sulphanilamide. 
oxidizing the resuhing iodide to iodate with bromine, Nitrite diazotizes the amino-group of sulpbanil- 
and tjtrat~n~ it j~orne~~~~~~ after destroying the amide in acid medium, blocking the I$i,S-dibromi- 
surpfus bromine by reaction with formic acid. With nation reaction.’ Hence 
this amplification method the equations are ‘NO: z H,N. C6;Hd * SOrNH, 

I-(mg) = 21.17 V”m” z 2Br, 9 201: b CBH4. C02H 

Rr- (mg) = 40 (A Y’m II’ - v”ns “/6) The diazotized sulphanilamide does not interfere in 

Where the symboEs have the same mea&g as before, 
the bramometric titration of the residual sulpbanil- 

3ro~de is oxidized to bromine by a-iodoso- 
amide. 

benzoate in suiphuric acid medium, the liberated 
The most widely used method for the titrimetric 

bromine being immediately consumed in a substi- 
d etermination of nitrite involves oxidation with per- 

tution reaction with sulphanilamide: 
manganate,’ but the reaction is slow and suffers from 

t 

2XBr + 01 f C$$M, * C02H -* FJr2 + w,i3 f I- &,H, *Cog 

The bromide thus formed is a@%%~ oxidized by d~corn~os~~on and aerial oxidation of the nitrite. 
o-iodosobenwate and this reaction sequence con- Oxidation with chloramine-T is rapid and yields prea 
um.res till all the bromide has been used up in substi- cise results.3 Reduction of nitrite with ascorbic acid 
tution, Thus has also been used” but seems to have little value; it is 

a reverse filtration (with the sample sohrtiun in the 
Br- zz OT*C,H,=CO,H E 2&O;- burette), and nitrate interferes q~nt~tative~y. 

Table I. Dstwmination of nitrite, bromide and iodide 

Substance taken. mr? Substance found* 

NaNi& 
a.34 
0.42 
0.51 
0.59 
1.79 
3.59 
447 
5.3x 
6.28 

K&” 
0.69 
1.21 
3.68 
6.24 

IO.36 
15.66 
2OS8 
25.29 

KBr 
0.66 
I.24 
3.86 
6.52 
t2.39 
16.25 
20.66 
25.78 
30.63 

0.34 
0.43 
0.51 
0.59 
1.77 
3.56 
4.45 
5.34 
fi.25 

0.70 
1.18 
3.66 
6.26 

IO.32 
t5.68 
20.52 
25.34 

KI 
30.18 0.67 
25.76 1.25 
20.60 3.85 
15,2f 6.55 

8.37 12.2G 
3.14 16.12 
1.82 20.59 
0.60 25.59 

Q.3 
0.3 
0.2 
0.1 
0.1 
0.2 
0.2 
03 
0.3 

0.2 
0.2 

E 
a.l 
0.2 
0.3 
0.4 

0.4 
0.3 
0.2 
0.2 
0.1 
0.2 
0.3 
0.4 

30.06 
25.62 
20.52 
15.16 
8.30 
3.16 
I.83 
0.59 

0.2 
0.3 
0.3 
0.1 
0.1 
0.2 
0.3 
0.3 

n 57 Ill Rh 0.4 0.52 0.3 
-- 
*Average of 4 replicates; CV = coefficient of variation. 



The amplification method for iodide involving ox- 
idation with bromine5s6 naturally tolerates large quan- 
tities of bromide but that using periodate gives higher 
blank values if bromide is also present9*i0 Deter- 
~nation of bromide in the presence of iodide is 
troublesome, the best procedure perhaps being argen- 
tometric titration, with use of adsorption indicators.4 

The methods described here do not require any 
critical control of reaction conditions and the results 
are accurate and precise (Table 1). 

Any reducing species in the sample will cause a 
positive error. Sulphite, thiosulphate, sulphide, thio- 
cyanate, arsenic(III), antimony(II1) interfere severely. 
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PHOTOCHEMICAL THALLIMETRIC 
OXIDATIONS-ESTIMATION OF FORMIC ACID* 
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Summary-A simple, rapid and convenient redox method has been developed for the estimation of formic 
acid. Formic acid is photochemically oxidized with thallium(II1) in the presence of bromide as catalyst, 
and the thallium(I) formed is determined by titration with potassium bromate. The procedure can also 
be used for the estimation of thallium(II1) with formic acid as reductant. 

Den Boef and Polak’ have surveyed the oxidation of 
organic compounds by strong oxidants, and con- 
cluded that the main difficulty in use of moderately 
strong oxidants is that the reactions generally do not 
proceed to give the ultimate oxidation products, viz. 
carbon dioxide and water, and are not stoichiometric. 
This lack of stoichiometry does not arise with strong 
oxidizing agents, which usually give complete ox- 
idation to carbon dioxide and water, and is achieved 
by selecting the reaction medium, changing the pH of 
the medium at a particular stage of the reaction, or 
using a suitable catalyst. 

Many organic compounds are easily oxidized to 
formic acid, but further oxidation to carbon dioxide 
and water is very difficult, especially in acid medium. 
Hence, any method by which formic acid can be 
quantitatively oxidized to a definite oxidation stage 
should yield good results, with a definite stoichi- 
ometry. 

The redox methods available for the estimation of 
formic acid involve oxidation with mercuric chlor- 
ide,2-8 lead tetra-acetate? telluratoargentate(III),‘G’2 
telluratocuprate(III),‘“,‘2~‘3 periodatocuprate(III),“.” 
iodine,14 bromine, ‘W N-bromosuccinimide,” N- 
bromoacetamide,” iodine chloride,” potassium 
manganate,” potassium permanganate2’ and ce- 
rium(IV).22-24 Most of the methods are indirect deter- 
minations with tedious procedures and have various 
limitations. Hence there is a need for a simple, 
convenient, and direct method for the estimation of 
formic acid at room temperature. 

Following our successful use of thallium(II1) for 
photochemical oxidation of oxalic acid” we have 
applied the same technique to estimation of formic 
acid. 

EXPERIMENTAL 

Reagents 

Thallium(II1) hydroxide was prepared as reported 
earlier26 and dissolved in suitable amounts of perchloric or 

*This article is dedicated to the late Professor G. Gopala 
Rao, former Regional Editor, Tulanta, and pioneer in 
the utilization of photochemical reactions in analytical 
chemistry. 

sulphuric acid. The thallium content was estimated 
iodometrically2’ and verified by other methods.26.28 Formic 
acid solutions were prepared by appropriate dilution of the 
concentrated acid. They were standardized by the potassium 
permanganate method. 2’ All other reagents were of ana- 
lytical reagent grade. 

Though the photochemical reaction used takes place 
much faster under direct sunlight, the light-intensity is 
variable, so all the investigative work was done with a 
Phillips high-pressure mercury vapour lamp (200/250 V; 125 
W) as the light-source. The solutions were irradiated in 
colourless glass containers. 

To an aliquot containing 0.1-1.0 mmole of formic acid, 
m a 200-ml beaker, add 20 ml of 1M perchlonc acid, 0.75 
mmole of bromide, 3 mmole of thallium(II1) and dilute to 
100 ml. Stir and expose to light from a high-pressure 
mercury vapour lamp for 30 min (or keep in bright sunlight 
for 5 min). Add 25 ml of concentrated hydrochloric acid and 
0.1 ml of 0.1% Methyl Orange solution, heat to 60” and 
titrate with 0.05N potassium bromate (1.392 g/l.) until the 
indicator is destroyed. The blank correction is negligible. 
This method is also applicable in dilute sulphuric acid 
medium. 

Procedure for estimation of thallium(III) 

To an aliquot containing 0.14.5 mmole of thallium(II1) 
in a 200-ml beaker add 20 ml of 1M perchloric acid 0.025 
mmole of bromide, 1.5 mmole of formic acid and dilute to 
100 ml with water. Expose the reaction mixture to the light 
from the mercury vapour lamp for 90 min (or keep under 
bright sunlight for 15 min). Determine the thallium(I) 
formed, as already described. The results obtained are quite 
satisfactory. This method is also applicable in sulphuric acid 
medium. 

RESULTS AND DISCUSSION 

Efect of light on the redox reaction 

Nitric acid oxidizes organic material in the pres- 
ence of light,29,30 so only perchloric acid and sulphuric 
acid were used. Since the medium effects are minimal 
in perchloric acid, this acid was used first. It was 
found that in this medium formic acid is quan- 
titatively oxidized with thallium(II1) in about 5 hr at 
room temperature, under the direct light from the 
mercury vapour lamp. In the dark the oxidation is 
not complete at room temperature even after 
24 hr. 
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Fig. 1. Effect of [H+] and [Br-] on the rate of photochemical 
oxidation of formic acid by thallium(II1). Volume of reac- 
tion mixture, 100 ml; amount of thallium(III), 0.75 mmole; 

amount of formic acid, 0.125 mmole. 

Effect of halide 

Low concentrations of chloride and bromide cata- 
lyse the photochemical reaction of thallium(II1) with 
oxalic acid,” but only bromide catalyses the formic 
acid reactions. Chloride retards the reaction at all 
concentrations, bromide at low concentrations cata- 
lyses the reaction and fluoride has no effect. 

Formic acid does not interfere3’ in the titration of 
thallium(I) with bromate,32-34 so this titration was 
used for monitoring the progress of the photo- 
chemical reaction. In >2M perchloric acid medium 
the decolorization of Methyl Orange (as indicator) is 
slow, therefore Brilliant Ponceaux 5R was used in- 
stead. In the other media either indicator could be 
used. 

Thallium(II1) and formic acid were found to react 
in 1: 1 molar ratio and the rate of the reaction was 
found to increase with increase in thallium(II1) con- 
centration but become maximal and constant when 

Table 2. Estimation of formic acid 

Taken, mmole Found, mmole 

0.1071 0.1075 
0.1284 0.1285 
0.2550 0.2540 
0.3400 0.3405 
0.4250 0.4230 
0.5024 0.5020 
0.5874 0.5870 
0.8746 0.8760 

the concentration ratio of thallium(II1) to formic acid 
is >6. Hence this was taken as the initial ratio and 
the effect of acid and bromide concentration on the 
photochemical reaction was studied in perchloric acid 
medium. The results are presented in Fig. 1, from 
which it is clear that bromide at relatively low 
concentrations catalyses the reaction, the optimal 
concentration being a quarter of that of the thal- 
lium(II1). The effect of the acid concentration under 
these conditions was then examined, and gave the 
results summarized in Table 1. 

The results in Table 1 indicate that when the 
concentration of perchloric acid is about l.OM and 
the thallium(III)/formic acid ratio is at least 3, quan- 
titative photochemical oxidation takes place in about 
15 min. 

Typical results obtained by the recommended pro- 
cedure are given in Table 2. 

Interferences 

Chloride and nitrate interfere. Zn’+, Cu2+, Cd2+, 
Mg2+ and Na+ do not interfere. Fe3+, Mn2+ and 
Cr3+ drastically inhibit the reaction even when 
present in only small amounts. 
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Summary-A polystyrene-based zirconium oxide membrane has been used to determine the concentration 
of molybdate ions in the range 0.5-IO-‘M and pH range 7-l 1. The response time is about 20 set and 
the electrode remains usable for at least 6 months. It can also be used as an indicator electrode for 
titrations involving molybdate ions. Univalent anions interfere more strongly than bivalent and 
multivalent anions. 

Inorganic gels, besides being used for separatory pur- 
poses, have been tried as membrane electrodes.‘,’ 
Hydrous zirconium oxide exhibits anion-exchange 
properties.3,4 Investigations of the salt-rejection prop- 
erties of dynamically formed hydrous zirconium oxide 
membranes5,6 and of those formed on a microporous 
support’ have been reported. We have examined the 
utility of this compound as a sensor material for a 
membrane electrode and found that a polystyrene- 
based membrane containing this compound shows 
promising selectivity for molybdate ions. The charac- 
teristics of this are reported in this paper. 

EXPERIMENTAL 

Reagents 

All reagents used were analytical-grade. The hydrous 
zirconium oxide (HZO) gel was prepared and characterized 
by the method reported by Shor et aL6 

Preparation of the membrane 

Unsupported membranes of HZ0 could not be prepared. 
Membranes supported with a binder (polystyrene) were 
found to be quite stable and were therefore employed in 
these investigations. The following method* was used. 

Polystyrene granules were heated in a glass tube in an 
oil-bath. The molten mass was allowed to cool and then 
ground to yield a product of 50-mesh particle size. The 
minimum amount of polystyrene needed for a fairly stable 
membrane was determined by trial and error. Membranes 
were obtained by mixing polystyrene and HZ0 in 1:9 w/w 
ratio and heating the homogeneous mass in a die of 
diameter 2.5 cm in a metallurgical-specimen mounting press 
at 120” under a pressure of 650&7000 psi. By this method, 
membranes that were both mechanically and chemically 
fairly stable were obtained and were checked under a 
high-resolution microscope for any deformities or cracks. 

Equilibration of membranes and potential measurements 

Membranes thus obtained were equilibrated in O.OlM 
sodium molybdate for 2-3 days. The solution was changed 
four or five times at intervals during this period. Excess of 
the sodium molybdate solution was washed from the surface 
of the membrane. The equilibration time was determined in 
a preliminary investigation and it was observed that mem- 
branes equilibrated for shorter times did not give stable 
potentials. 

The electrode assembly used for potential measurements 
was the same as that reported earlier,l and the reference 
solution was O.OlM sodium molybdate. All emf mea- 
surements were made at 25 f 0.1” with a Radiometer (model 
PHM64) millivoltmeter coupled to a Servoscribe recorder. 
Ceramic-junction calomel reference electrodes were used. 

RESULTS AND DISCUSSION 

The potentials recorded with this membrane in 
contact with molybdate ions (concentration range 
0.5-10-‘M) are shown in Fig. l(a). The response is 
linear and practically Nernstian (slope -30 
mV/pMo) over the concentration range 0.5-10-3M. 

The electrode response is fast, stable potentials 
being obtained within a few seconds, and no devi- 
ations are observed within an hour, after which a slow 
drift in potential occurs. The response time (static) 
was found to be 20 set in dilute solutions ( 10m3M) and 
a little more (30 set) in more concentrated solution 
(O.lM). Repetition of the potential measurements 
gave a standard deviation of 0.5 mV in the higher 
concentration range and 0.6 mV in the low concen- 
tration range. It can be used for 6 months in a 
working range of two orders of magnitude of molyb- 
date ion activity without showing any drift. If some 
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Fig. 1. Potential us. log concentration of medium: (a) 
MOO:-; (b) Cl- + MOO:-; and (c) NO, + MOO:-. 
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PH 

Fig, 2. Variation of membrane potential with pH, for two 
concentrations of molybdate. 

contamination occurs, it can be removed by equi- 
librating the membrane with 0.01M sodium molyb- 
date for 2-3 days. If this treatment fails, it is advisable 
to discard the electrode and prepare a new one. 

The pH range in which this electrode can be used 
has also been determined (Fig. 2) at two molybdate 
concentrations and found to be 7-l 1. The sharp 
decrease in response slope on acidification, may be 
attributed to the formation of para-, tri- and tetra- 
molybdate ions.9 The electrode also appears to re- 
spond to protons at low pH. 

The electrode assembly can also be used to measure 
molybdate ion concentration in partially non- 
aqueous media, up to a maximum of 25% v/v non- 
aqueous content. The response in 25% v/v methanol, 
ethanol and acetone is linear but not quite Nemstian 
(slopes of - 32, - 3 1 and - 33 mV/pMo respectively). 
This, however, does not effect the functioning of the 
electrode system. The response time remains almost 
the same. If the non-aqueous content exceeds 30% 
there is an increase in response time and a drift in 
potential. 

The performance of the electrode has been assessed 
in the presence of other ions and reported in terms of 
the selec-tivity coefficients (kc;), determined by the 
fixed interference method.‘* The values obtained at 
two concentrations of the interfering ions are given in 
Table 1. 

Table 1. Selectivity coefficient (krh) values 
for the hydrous zirconium o&e mem- 
brane electrode at 10e4 and lo-?A4 con- 
centrations of interfering ions, as deter- 
mined by the fixed interference method 

kpt A.% 
Ion 10-4A4 lo-2M 

Cl- 
SCN - 
ClO,- 
NO; 
2%; 

SOi’ 
AsO:- 
PO:- 
Fe(CN)i- 

12 15 
14 18 
14 18 
12 13 
0.11 0.14 
0.21 0.23 
0.12 0.14 
0.029 0.034 
0.016 0.020 
0.021 0.023 

It is observed that the bivalent and multivalent 
anions have very low kff; values and would not 
interfere even if present at the same concentration as 
the molybdate. The selectivity coefficients for uni- 
valent anions are about 12-14. Normally a zero value 
of krpt, is ideal but the values obtained for univalent 
anions are negligibly small in comparison with the 
values corresponding to equal electrode response to 
primary and interfering ion, calculated from 
the expression:” aA = kk6 (a&“, where .z is the charge 
on the primary ion A (activity aA) and y is the charge 
on the interfering ion B (activity as). Thus the molyb- 
date electrode would exhibit equal response to molyb- 
date and a univalent interfering ion at lo-’ for 
kp; = lo’, and 10e4M for kfff, = 104. 

When mixed-solution rubs were made with 
c~lo~de-molybdate and nitrate-molybdate mixtures 
at a fixed interfering ion concentration of 10P3M and 
primary (molybdate) ion concentration varied from 
lo-’ to 0.5M, the potentials [Fig. l(b), (c)] were the 
same as those in the calibration plot for molybdate 
[Fig. l(a)] except at concentrations < 10m3M (where 
this electrode system is not usable anyway). At molyb- 
date concentrations < 10m3&f, the ratio of interfering 
ion to molybdate was > 1, and there was a slight 
increase in slope (relative to that for molybdate 
alone). 

The electrode has also been used as an end-point 
indicator in titrations involving molybdate ions. The 
titration of sodium molybdate with thorium nitrate is 
shown in Fig. 3. The break in the curve is quite sharp 
and reproducible, and corresponds to precipitation of 
Th(MoO,),. The standard deviation (ten replicates) of 
these particular titrations was 0.07 ml. 

The determination of molybdate ions with this 
membrane electrode is faster than the usual spec- 

trophotometric procedures,” and more convenient. 

0 

-5 

F 

z 
--Is 

I; 
Q 

-20 

b 

0 I 2 3 4 5 6 7 6 9 IO 
Volume of thorium nitrate 

added, ml 

Fig. 3. Curves for titration of (a) 20 ml of 0.005M sodium 
molybdate with O.OlM thorium nitrate at pH 8; (b) 20 ml 
of 0.002M sodium molybdate with 0.005M thorium nitrate 

at pH 7. 
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Summary-A method has been developed for determination of platinum in urine, after administration 
of cis-dichlorodiammineplatinum(I1). The diethyldithiocarbamate complex of the platinum(I1) is formed 
and extracted into chloroform, then mineralized with aqua regiu. After removal of nitric acid the platmum 
is complexed with ethylenediamine. This chelate yields a catalytic current at a dropping mercury 
electrode, which is measurable by differential pulse polarography. The detection limit is _ 10 ng/ml. The 
calibration graph is linear over the range 20-800 ng/ml. 

The discovery of the potent anti-tumour activity of 
cis-dichlorodiammineplatinum(I1) (cis-DDP) led to 
extensive development of methods for the detection 
and determination of platinum in biological materi- 
als. Several methods for routine determination of 
platinum in biological fluids have been published,‘-’ 
but the accuracy of most of them depends on the 
sample matrix. To eliminate matrix effects procedures 
have been based on wet or dry ashing of the 
sample4,9.‘0 or on formation of an extractable plat- 
inum complex and its determination by ultraviolet 
spectroscopy,’ liquid chromatographys,6 or atomic- 
absorption spectroscopy (AAS).’ Another AAS 
method overcomes the sample matrix effect by careful 
optimization of the instrument parameters.* Here 
we describe a procedure based on isolation of the 
platinum as its complex with sodium diethyl- 
dithiocarbamate (DDTC), and subsequent deter- 
mination by differential pulse polarography (DDP). 
DPP is comparable to AAS in sensitivity and pre- 
cision, but uses simpler instrumentation. 

EXPERIMENTAL 

Apparatus 

DPP was performed with a PA 2 polarographic analyser 
(Laboratory Instruments, Prague) with a three-electrode 
system comprising a dropping mercury electrode (DME), 
spectroscopic-grade graphite counter-electrode and a satur- 
ated calomel reference electrode. The DME had a mercury 
flow-rate of 0.927 mg/sec. Polarograms were obtained with 
a pulse amplitude of - 50 mV and a sweep-rate of 2 mV/sec. 
The drop-time control of the PA 2 analyser was set at 2.0 
sec. The initial potential was - 1.3 V. 

Materials 

The cis-DDP (Lachema, Czechoslovakia) was used with- 
out further purification. Standard platinum solution, 70 

*To whom correspondence and reprint requests should be 
directed. 

pg/ml, was prepared fresh each working day by dissolving 
cis-DDP in doublv distilled water. DDTC (Lachema) was 
dissolved in O.li sodium hydroxide, to’make a. 10% 
solution, prepared fresh each working day. Ethylenediamine 
and spectral grade chloroform were purchased from Fluka 
(Switzerland) and Lachema respectively. Human urine was 
obtained from volunteers not undergoing cis-DDP therapy, 
unless stated otherwise. All other chemicals were of ana- 
lytical grade. 

Preparation of calibration graph 

Six 9-ml portions of platinum-free urine from the subject, 
withdrawn before administration of the cis-DDP, are mixed 
with 0, 5, 10, 20, 50 and 100 ~1 of standard platinum 
solution in glass test-tubes, and allowed to stand for 30 min. 
Then 1 ml of DDTC solution is added to each and the 
test-tubes are sealed and heated in a steam-bath for 15 min. 
The tubes are allowed to cool to room temperature, then 
opened, and exactly 4 ml of water-saturated chloroform are 
added to each. The mixture is vigorously mixed with a 
vortex-mixer for approximately 5 min, then 1 ml of 0.1 M 
sodium hydrogen sulphide is added. After vigorous mixing 
for an additional 2-3 min, the mixture is centrifuged for 10 
min at 1200 g, and after a brief “vortex” mixing, is 
centrifuged for 5 min. Exactly 2 ml of the chloroform extract 
are placed in a 50-ml glass beaker and evaporated to dryness 
on a steam-bath. The residue is converted into the 
platinum-ethylenediamine complex by dissolution in 4 ml of 
freshly prepared aqua regia, evaporation to dryness, dis- 
solution in 2 ml of 12M hydrochloric acid, evaporation, 
dissolution in 2 ml of 0.025i ethylenediamine, evaporation, 
and dissolution in 2 ml of 0.01 M ethylenediamine and a final 
evaporation. The residue is dissolved in 2 ml of supporting 
electrolyte (0.4M ethylenediamine-O.1 M potassium chlo- 
ride). After 2-10 min the sample is deoxygenated for 5 min 
with nitrogen and analysed by DPP. The height of the DPP 
peak (I) is measured at - 1.65 V (Fig. 1) and a working 
graph of I vs. platinum concentration is plotted. 

Sample preparation 

A 9-ml sample of urine is placed in a glass test-tube, 1 ml 
of DDTC solution is added, and the mixture is then heated, 
etc., as described above. The concentration of platinum is 
obtained from the working graph. If the DPP peak is 
markedly higher than the DPP peak of the highest standard, 
the solution for polarography is diluted in known ratio with 
a solution obtained by taking platinum-free urine through 
the analysis scheme, and the polarography is repeated. 
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Fig. 1. Differential pulse polarogram of platinum-ethyl- 
enediamine complex in 0.1 M potassium chloride-0.4M 
ethylenediamine medium. The complex was formed from 
cis-dichlorodiammineplatinum(I1) in urine by the method 
outlined. The platinum concentration in the urine was 321 

ng/ml. The height of the peak was taken as y. 

RESULTS AND DISCUSSION 

In the initial work on this determination, we used 
urine that had either received no pretreatment or had 
been digested with various mixtures of nitric, 
perchloric, hydrochloric and sulphuric acids and hy- 
drogen peroxide, at various temperatures. However, 
no DPP response was obtained which could be ex- 
ploited for determination of platinum in urine. 

Recently a procedure for the determination of plat- 
inum in ores was proposed,” based on releasing plat- 
inum from the sample by successive treatment with 
aqua regia and hydrochloric acid, and subsequent 
formation of its ethylenediamine complex. This 
chelate was found to produce a well-defined DPP 
peak when polarographed in potassium chloride- 
ethylenediamine supporting electrolyte.“.‘* This peak 
has been supposed to correspond to a catalytic elec- 
trode reaction during which the platinum in the com- 
plex is reduced to a lower oxidation state which is 
highly reactive and reduces protons to hydrogen.“.12 
We tried, therefore, to exploit this procedure for 

Table I. DPP peak-heights for platinum standards in urine 
obtained from different volunteers 

DPP peak-height,* 
n.4 

Platinum, 
nglml Sample lt Sample 25 Sample 3$ 

39 1.81 1.97 1.69 
78 3.61 4.06 3.39 

155 7.2, 7.7, 6.7, 
387 18.5, 18.0, 16.9, 
769 36.5 39.1 33.7 

*Average of three determinations. 
tFrom a man 26 years old. 
§From a man 43 years old. 
$From a man 61 years old. 

determination of platinum in urine. The platinum- 
ethylenediamine chelate was first formed directly in 
the digest obtained by heating urine with aqua regia, 
evaporating to dryness and heating again with hydro- 
chloric acid. However, the DPP peak corresponding 
to this chelate was poorly reproducible. The results so 
far described thus indicate that analysis of urine for 
platinum by DPP is unfavourably influenced by the 
matrix even after the digestion with acids. 

Chemical treatment of platinum in urine, aimed at 
yielding an extractable product, has proved useful as 
an approach to eliminate the matrix effects. We there- 
fore decided to develop a method based on the initial 
formation of the platinum complex with DDTC,5,6 
but this complex proved to be DPP-inactive or to 
yield only a small, poorly reproducible peak at around 
-0.8 V in various supporting electrolytes. If, how- 
ever, the complex was further decomposed with aqua 
regia and hydrochloric acid, and the platinum sub- 
sequently converted into its ethylenediamine complex, 
a reproducible and well-defined DPP peak at - 1.65 
V (Fig. 1) was obtained which was suitable for quan- 
titative work. 

Table 1 contains the DPP peak-heights thus ob- 
tained from a typical calibration graph for platinum 
in urine: such graphs were linear over the platinum 
concentration range 20-800 ng/ml, with a correlation 
coefficients of 0.99. The detection limit of the pro- 
cedure is 10 ng/ml. To the best of our knowledge, a 
substantially better limit has not been reached by any 
method so far used for the determination of platinum 
in biological liquids. However, this concentration 
limit is valid only if the whole procedure is used 
without any modification. The method outlined here 
uses 9 ml of urine for each determination. During the 
procedure the platinum present is concentrated by a 
factor of 2.25. In some cases, however, insufficient 
urine may be available (for instance, in the case of 
some experimental animals). It is then necessary to 
take into consideration the changed concentration 
conditions resulting from the smaller initial volume of 
urine. 

DPP peaks for urine containing known amounts of 
platinum (3Cr.500 ng/ml) and treated as described in 
the procedure, were compared with those obtained for 
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Table 2. DPP peak-heights for urine samples (Pt added, 111 
ng/ml) obtained from one volunteer during 48 hr 

Time of withdrawal, DPP peak-height,? RecoveryJ 
hr PA % 

0 5.16 
0* 5.31 103 
8 5.16 100 

16 5.42 105 
24 5.06 98 
32 5.00 97 
48 5.26 102 

*Urine diluted tenfold with distilled water. 
tAverage of three determinations. 
§Platinum standards made with the sample withdrawn at the 

method based on formation of the platinum-DDTC 
complex would not be reliable. This problem has 
already been examined by Bannister et a1.,6 who 

concluded that cis-DDP is converted into species 

which react in urine with DDTC in a manner similar 
to that of cis-DDP. 

beginning of the experiment. 

similarly treated pure solutions of platinum in dis- 
tilled water or in 0.15M sodium chloride. The recov- 

eries ranged from 63 to 85%. Moreover, the DPP 
peak-heights obtained for urine samples from 
different volunteers, to which the same amount of 
cis-DDP was added and which were taken through 
the analysis scheme, differed by l&20%. These results 
demonstrate that the calibration graph cannot be 
prepared by use of standards made up with distilled 
water or a simple inorganic electrolyte or urine from 
different source. Table 2 gives the DPP peak-heights 
for a fixed amount of platinum added to urine samples 
obtained over a 48-hr period from a man 26 years old. 
The recoveries were in the range 101 + 4%. Thus in a 
pharmacokinetic investigation of a patient receiving 
cis-DDP the best results can be obtained if the cali- 
bration graph is prepared by use of platinum-free 
urine from the patient, taken just before the cis-DPP 
administration. The use of a calibration graph is 
suitable only when a sufficient amount of sample is 
available. When not much sample is available (for 
instance when urine is taken from small experimental 
animals) it is better to use the standard addition 
method. The highest precision is then obtained if the 
stock solution for the standard additions is prepared 
with platinum-free urine from the patient. 

The utility of the method was tested by adminis- 
tering cis-DDP (Platidiam, Lachema, Czech- 
oslovakia), by intravenous infusion into a 45-year old 
female patient with a liposarcoma, at a dose of 160 mg 
per m* of body surface, over a period of 4 hr. The 
platinum level found in the urine of this patient 
immediately after completion of the infusion was 
16.0 + 0.4 pgg/ml (average + standard deviation; four 
samples). The level in urine taken after a further 12 hr 
was 6.1 f 0.2 pgg/ml. Identical results were obtained if 
PtCl, was used instead of cis-DDP for preparing the 
standard curve. 

CONCLUSIONS 

This report describes a clinically useful method for 

determination of platinum in urine. The procedure 
has a high degree of specificity, circumventing any 
matrix effects, and also has the high sensitivity pro- 
vided by differential pulse polarography. As simple 
differential pulse polarographs are now available at 
reasonable prices the determination is inexpensive; it 
is also suitable for automation to accommodate large 
numbers of samples, but in that case the sample 
preparation may limit the sample throughput. 
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Summary-Aluminium reacts with Chlorophosphonazo I at pH 4-6 to form a water-soluble 1: 1 
red-violet complex. The absorption maximum is at 610 nm and the apparent molar absorptivity is 
1.96 x lo4 1. mole-’ cm-‘. The apparent instability constant has been calculated to be 1.8 x 10e4. The 
colour of the comolex is stable for 24 hr. Beer’s law is obeyed over the concentration range up to 0.8 
pg/ml. Titanium and zirconium interfere seriously. 

Chlorophosphonazo I (CPA I) has been used for the 
spectrophotometric determination of several ele- 
ments, including uranium, copper and yttrium, but 
not aluminium. We have therefore explored the anal- 
ytical value of this colour reaction. 

EXPERIMENTAL 

Reagents 

CPA I solutron (‘0. t;J. 
Sta~rd u~um~~i~m solution (100 ~gglml}. Dissolve 

1.759 g of KAl(SO,), . 12 H,O in water containing 3 ml of 
concentrated sulphuric acid, and dilute to volume with 
water in a I-litre standard flask. Prepare a IO-pg/ml solution 
by dilution. 

Acetate buffer solution &H 5. I). Dissolve 4 g of sodium 
acetate in 250 ml of water, add 0.8 ml of glacial acetic acid, 
and dilute with water to 500 ml. 

Procedure 
To the test solution containing not more than 40 pg of 

alumimum, in a 50-ml standard flask, add the following 
reagents in the order given, mixing between additions: cu. 13 
ml of water, 10 ml of acetate buffer solution and 7 ml of 
CPA I solution. Dilute to the mark with water and measure 
the absorbance at 610 nm in a M-cm cell against a reagent 
blank prepared under identical conditions. 

RESULTS AND DISCUSSION 

All experiments were done at room temperature 
(25 f 1”). 

Absorption spectra 

The absorption spectra of the aluminium-CPA I 
complex and the reagent blank were measured against 
water in the range 52&660 nm in 1 .O-cm cells and are 
shown in ‘Fig. 1. 

In the subsequent experiments, the absorbances 
were measured at 610 nm against a reagent blank. 

Maximum and constant absorbance was obtained 
in the pH range 4-6 by the procedure described (Fig. 
2). For further work a pH of 5.1 was selected. 

For 50 ml of final solution, 6.0-10.0 ml of 0.1% 
CPA I solution gave maximum and constant absorb- 
ance with 20 pg of aluminium, so 7.0 ml were added 
for determinations. Addition of up to 10 ml of the 
acetate buffer (pH 5.1) did not affect the absorbance 
of a Iixed amount of aluminium. 

At 25”, the complex was formed instantaneously 
and the absorbance remained stable for 24 hr. 

Composition of the complex 

The molar composition of the complex was studied 
by Iob’s method and the mole-ratio method and both 
indicated a 1: 1 ratio of aluminium and CPA I in the 
complex, which thus probably has the structure 

The apparent instability constant was determined by 
the Bent and French method, and found to be 
1.8 x 10-4. 

Beer’s law was found to be obeyed for aluminium 
concentrations up to 0.8 pg/ml in the final solution, 
and the apparent molar absorptivity was found to be 
1.96 x lo4 1. mole-’ . en-‘. 

Efect of other ions 

Synthetic solutions containing known amounts of 
aluminium and varying amounts of other ions were 
prepared and the aluminium was determined. The 
levels (in pg) at which various ions do not interfere in 
the determination of 20.0 pg of aluminium are given 
below (in parentheses). Co(I1) and V(V) (150), Ba(I1) 
and St(H) (1500), Mg(I1) (450), Ca(I1) (1200), Ni(I1) 
(70), Fe(II1) (masked with O.lM EDTA-Zn) (SOOO), 
Cu(I1) and Bi(II1) (350), Mn(I1) (loo), Cr(V1) (500), 
W(V1) (400), Sn(I1) and Sb(II1) (200), Mo(V1) (90) 
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Fig. 1. Absorption spectra oE I, reagent blank against water, and II, alu~inium-SPA I complex (Al taken, 
2Opg; l.O-cm cell). 
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Fig. 2. Effect of pH on Al-CPA I complex. 

and Ce(II1) (10). As expected, aluminium-complexing 
anions such as fluoride, tartrate, citrate and oxalate 
have a marked influence on the absorbance. 

The method was applied to dete~ination of alumi- 

nium in cobalt oxide. It was necessary to separate the 
bulk of the cobalt first. This was done by gentty 
heating the sample (cont~ning not more than 40 pg 
of aluminium) with 10 ml of concentrated hydro- 
chloric acid until dissolved, evaporating to dryness, 
taking up with 10 ml of 2M hydrochloric acid, adding 
20 ml of 50% ammonium thiocyanate solution and 
extracting the cobalt thiocyanate by shaking with 35 
ml of methyl isobutyl ketone (MIBK) for I min, 
discarding the organic phase and again extracting 
with I5 ml of MIBK. The aqueous phase was then 
treated as described in the general procedure. 

The results, together with those obtained by the 
Chrome Azurol S method, are given in Table 1, and 
indicate that the procedure is satisfactory. 

Comparison with other spectrophotometric methods for 
aluminium 

Table 2 shows a comparison between various meth- 
ods. The present method is simple and rapid, works 
over a wider range of pH and gives a complex that is 
stable for a long time. 

Table 1. Determination of aluminium in cobalt oxide 

Al found,* % 
-._. Relative standard 

Sample CPA I method CAS method deviation, % 

-- 1 0.045 0.043 7 
2 0.086 0.085 2 
3 0.10 0.11 7 
4 0.24 0.25 3 

*Mean of 5 determinations. 



Table 2. Comparison of methods 
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Method 
Optimum E, 

L arr nm PW i.mole-‘.cm-’ Reference 

Chrome Azuroi S 610 6.0 f 0.2 4.9 x IO4 1 
Eriochrome Cyan&e R 535 6.1 -6.2 -6.5 x IO4 2 

Stitbazo 496 5.6 1.8 x 104 Xylenol Orange 555 3.4 2.1 x IO4 : 
Methylthymol Blue 590 3-4 1.9 x 104 5 
CPA I 610 4-6 1.96 x 104 Present method 
Aluminon 525 4 - 4.9 1.4 x lo4 6 
OXhi? 390 9.0 7.3 x 103 7 
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ANALYTICAL DATA 
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Summary-Formation constants are reported for the levulinate complexes of manganese(H), cobalt(H), 
nickel(II), copper(I1) and zinc(I1) at 25” in O.lM chloride medium. In addition, results are presented for 
the corresponding acetate complexes for comparison. Protonation constants for the two ligands are also 
reported. 

In a current project on equilibria of metal ions in soil 
solutions, we require the formation constants for 
complexes formed between various metal ions and 
certain ligands that we postulate as models for the 
cation-binding sites on fulvic acid molecules. Though 
for many of the systems concerned the constants are 
available from the literature and, where necessary, 
ionic strength corrections can be applied,’ for the 
remaining systems we need to determine the con- 
stants. Metal complexes formed with the levulinate 
(Coxopentanoate) anion fall into the latter category 
and in this paper we report our findings for these 
systems together with a study of the corresponding 
acetate complexes, made for comparative purposes. 

EXPERIMENTAL 

Sodium hydroxide solutions (O.lM) were prepared freshly 
and frequently under nitrogen from BDH CVS ampoules 
and standardized with potassium hydrogen phthalate (BDH 
“AnalaR”). Stock solutions (ca. O.lM) of levulinic acid 
(Sigma) or acetic acid (BDH “AnalaR”) were standardized 
with the sodium hydroxide solutions by Gran’s method.2 To 
control the ionic strength, the sodium hydroxide, levulinic 
acid and acetic acid solutions were prepared with a chloride 
concentration of O.lM by the addition of dried sodium 
chloride (BDH “Aristar”). Metal(H) chloride solutions 
(O.OSM) were prepared from Merck GR reagents and 
standardized with EDTA (BDH AVS) which in turn had 
been standardized against zinc pellets (Merck GR). Since 
each of the metal(I1) chloride solutions was prepared with 
a concentration as close as possible to O.O5M, their chloride 
concentrations were also 0.1 M. 

Protonation constants for the ligands and the formation 
constants for the metal complexes were determined by 
potentiometric titrations, in a Metrohm EA876-20 titration 
vessel maintained at 25”. The electrodes were a Metrohm 
EA109 glass electrode and a Metrohm EA404 calomel 
electrode containing SM sodium chloride as electrolyte. 

During the titrations a purified nitrogen atmosphere was 
maintained in the titration vessel. 

In the determination of the protonation constants, solu- 
tions containing the acid and sodium chloride were titrated 
with the sodium chloride/hydroxide solution. added from a 
Metrohm Dosimat (E635) piston-burette controlled by a 
Metrohm Titroprocessor (E636) which also measured and 
recorded the emf of the cell. The pH-range covered was 
approximately 2.>11. The data obtained were used to 
calibrate the electrodes and determine the protonation 
constants simultaneously. 

For the complexation titrations, the acid plus sodium 
chloride was first titrated with sodium hydroxide as just 
described, but only until a preselected pH was approxi- 
mately reached. Immediately after this, metal chloride solu- 
tion was added to the solution from a 50-ml manual 
piston-burette (Metrohm EA274). In this second stage, emf 
readings were taken on a Radiometer PHM64 pH-meter. 
This two-stage procedure has two advantages. First, the 
initial titration of ligand with alkali provided data which 
were used for calibrating the electrodes specifically for each 
individual titration. Secondly, by use of the metal chloride 
as titrant, a considerably greater range of extent of complex- 
ation was attainable, without interference by precipitate 
formation, than by the more usual procedure of adding 
alkali to a solution containing ligand and metal. An ade- 
quate range of pH in the complexation measurements was 
obtained by doing a large number of titrations, covering a 
suitable range of starting pH-values. 

The electrode calibration parameters were determined by 
running the titration data (from titration of the acid with 
sodium hydroxide) on the MAGEC’ and MINIQUAD 
programs alternately, according to the procedure described 
by May et al.’ The complexation data were processed 
initially by ZPLOTS in order to obtain formation curves and 
subsequently by MINIQUAD in order to obtain best- 
fitting chemical models and refined formation constants. 
The formation constants were supphed to PSEUDOPLOT, 
which generated theoretical formation curves for com- 
parison with the experimental formation curves, thereby 
facilitating hypothesis-testing. The computational pro- 
cedure is he&&d in greateidetail in references 7 and 8. 

NMR spectra of D,O solutions of levulinic acid and 
levulinic acid plus copper(I1) chloride were obtained with a 
Varian XL100 spectrometer. 
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Fig. I. PSEUDOPLOT curve calculated from the 
levulinate-proton and +zopper(II) b values in Table 1, 
plotted on a selection of the experimental ZPLOT points 
from three of the titrations. Initial concentrations of levu- 
linate and -log (unbound proton concentration) values 
were 0 68.74 mM, 4.439; 0 93.7 mM, 3.460, A 57.39 mM, 

5.015. Tire titrant was 49.75 mM CuCI,. 

RESULTS AND DISCUSSION 

Four protonation titrations were done for each 
ligand. Processing of the data obtained by the 
MAGECIMINIQUAD cycling procedure3 gave con- 
verging values for the electrode parameters and the 
protonation constants. Satisfactory statistical fits be- 
tween the parameters and the data were indicated by 
reasonable values obtained for the MAGEC objective 
function and the MINIQUAD R-factor. Only the 
formation of the monomeric acid could be detected, 
for either ligand; no evidence for dimeric species9 
could be found. The values obtained for the pro- 
tonation constants are given in Table 1. The acetic 
acid constant agrees acceptably with the literature 
values, taking into account the variation in back- 
ground medium. 

The individual metal~omplexation titrations 
yielded overlapping formation curves, as computed 
by ZPLOT, for each system, indicating that under the 
conditions studied, only mononuclear binary com- 
plexes were formed.6 For each system, initial stepwise 
formation constants were inferred from the formation 
curves by Bjerrum’s method.‘a The corresponding 
overall constants were subsequently refined by MINI- 
QUAD. Series of chemical models incorporating 
metal hydrolysis reactions of the sort described by 
Baes and Mesmer” were tried but in no case could 
significant concentrations of hydrolysed metal species 
be detected; this is consistent with the overlapping 
character of the formation curves. The “best” con- 
stants found, as judged by the MINIQUAD R-factor, 
were tested for validity by using them in PSEUDO- 
PLOT to generate theoretical formation curves. In 
each case, the visual match obtained between the 
experimental and theoretical formation curve was 
excellent. As an example, the experimental ZPLOT 
points and corresponding PSEUDOPLOT curves for 
the levulinate-copper(II) system are shown in Fig. 1. 
Table 1 lists the complete set of “best” constants for 
all the systems studied, together with literature values 

for acetate-metal systems. The agreement of our val- 
ues with the literature is satisfactory, considering the 
variation in background conditions. 

No marked differences are apparent, amongst our 
results, between the levulinate and the corresponding 
acetate complex-fo~ation constants. In order to 
make suitable, though rough, comparisons, it is useful 
to consider ranges of values spanning three standard 
deviations on either side of each log &, value. (For 
the significance of &,, please refer to the footnote of 
Table 1.) On the basis of this criterion, significant 
differences are observed between levulinate and ace- 
tate complexes of manganese(I1) and nickel(H) (log 
fl,,J and of copper(I1) (log fill0 and log &J but the 
differences are very small, None of the other log flpqr 
values show significant differences between the levu- 
linate and acetate complexes. Thus these results indi- 
cate that, as might be expected, the binding of metal 
to levulinate is of the same type as to acetate, namely 
through the carboxylate group. The carbonyl group 
is evidently not involved. This conclusion was con- 
firmed by running NMR spectra; broadening as a 
result of addition of copper(H) chloride was observed 
for only the Z-methylene protons of levulinic acid. 

Our results suggest, further, that levulinate shows a 
greater propensity than acetate for &-complex for- 
mation. Moreover, log &,, is significantly greater for 
(levulinate),Cu than for (acetate&u in spite of the 
fact that (1evulinate)Cu has a significantly smaller 
formation constant than (acetate)Cu. This apparent 
ability of the first iigand co-ordinated to enhance the 
binding of a second is demonstrated more clearly in 
Table 2, in which the second stepwise constants for 
the levulinate- and acetate-copper systems are com- 
pared. The errors were estimated from the correlation 
coefficients determined by MINIQUAD, in the man- 
ner described by Micheloni et al.” The possible co- 
operative binding effect of levulinate is further indi- 
cated by the values of log flz10 for the manganese and 
cobalt complexes. These appear to be anomalously 
high (more than double the log p,,,, values) in com- 
parison with the statistically expected relationship 
between successive stepwise constants” and the ob- 
served ratios for the majority of normally behaved 
systemsi The co-operative effect observed is small, 
but we believe it to be significant. We have considered 
published data for other similar systems but are un- 
able to find a satisfactory explanation. 

Table 2. Logarithms of stepwise formation 
constants (K,) and the standard deviations 
(6) of log K?. for the reaction 

A + ACu$A,Cu 

(acetate&u (ievulinate)Fu 

log Kz 0.68 0.85 - 

$ 
-0.81 -0.79 

0.02 0.01 

A = levulinate or acetate; p = correlation 
coefficient between the standard devr- 
ations (d) of log pz,0 and log /?,,@ 



298 ANALYTICAL DATA 

Finally, it may be noted that the sequence of log Bl10 
values for each of the acetate and levulinate com- 
plexes is consistent with the Irving-Williams order. 11. 
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Summary-More than tlnrty years since the manufacture of the first commercial ferntes, research and 
deveiopment efforts continue to produce femtes wrth enhanced performance and new apphcatlons 
Analytrcal chemistry has mamtamed a substantial role in the ferrite Industry m the charactenzatlon of 
both raw materials and products, and the analytical hterature of ferntes has grown accorcbngly The 
contmuing Importance of ferntes to the electromc device industry requires further development of 
analytIca methods sultable for charactenzation of femtes so that their chemical composmon may be 
related to performance and to the manufact~ng processes used As modem analytrcal tecbnIques have 
been developed. thesr apphcatlon to the characterization of ferntes and the detectIon of heterogenaty m 
these materials IS mcreasmg 

Fe&es are magnetic oxrdes containing n-on oxide as 
a major constituent The ferrltes of greatest mdustnal 
Importance are members of three crystallographic 
classifications, the spmel ferrites, the orthofemtes or 
garnets, and the hexagonal ferntes or magneto- 
plumbltes.‘-3 Spine1 ferrltes have the general chemical 
composlbon MFe,O, where M IS a bivalent metal 
such as iron, manganese, cobalt, nickel, copper, zmc, 
magnesium or cadmmm. Orthofemtes are repre- 
sented by the general formula RFeO, where R is a 
tervalent metal such as alummmm or one of the 
lanthanid~, and the garnets are specificaliy deslg 
nated by the formula R3FeZ0,2 Hexagonal ferrites 
are structurally derived from the naturally-o~urring 
magnetoplumblte, PbFe,,O,,, with blvalent metals 
such as barium, n-on, cobalt or mckel subs~tutlng for 
lead 

The behaviour of magnetite, Fe,O.,, was recogmzed 
long before the special properties of natural ferrites 
were investigated me~odlcally ‘late m the nineteenth 
century, The first synthetic ferntes were prepared in 
1909, followed by theoretical studies spanning several 
decades. These provided the basis of the science and 
technology of ferrites and the preparation of the first 
usable modern ferrites m 1946.4 

The characteristics of femtes depend upon the 
crystal structure, chemical composition and condl- 
tions of manufacture, in particular any processes 
involving heat treatment Significant properties such 
as reststlvity, permeabdity, saturation, Curie tem- 
perature, magnetostnctlon and ferrlmagnetlc behav- 
iour m general are rouhnely measured m the charac- 
tenzation of ferrltes Varlatlons m chemical 
composltion and structure lead to a wide variety of 

~_ -__I -_ -.--. 
*For repnnts of this review, see Pubbsher’s announcement 

near the end of the issue 

magnetic and electrical proper&es and allow the 
formulation of ferrite matenals for specific applica- 
tlons. 

Magnetic performance properties lead to the 
class&cation of ferrltes mto five groups:’ soft, square- 
loop, hard, microwave and single-crystal, referrmg to 
the behaviour of the material on magnetlzatlon and 
subsequent demagnetlzatlon, the mode of apphca- 
tlon, or the form of the device Table 1 summarizes 
these categories by type, structural classification, 
examples and typical applications. 

The manufacture of ferrite materials and devices is 
necessarily a precisely controlled procedure, since 
reproducible electncal, magnetic and mechanical 
properties must be ensured.‘,2*6 Arst, high-purity raw 
materials must be weighed accurately to obtain the 
desired composition In a typical process, the metal 
oxides chosen are ~oroughly mixed, then presintered 
at high temperatures, typlcally lOOO”, and broken 
mto granules of uniform size. The granules are mixed 
with a binder or lubricant and formed into devices by 
pressing or extrusion Finally, the devices are smtered 
m a controlled atmosphere for several hours, fol- 
lowed by cooling at a controlled rate. Since ferrite 
devices come m a large variety of shapes, such as the 
torolds used m the memories of large computers, the 
small cyhndncal devices used as magnetsc cores m 
speakers or as posts in microwave gmdes, or as 
smgle-crystal thm garnet plates used m microwave 
circuits or magnetic bubbie devices, a variety of 
ceramic machmmg techniques such as grmdmg, ultra- 
sonic dnlling and diamond-saw cutting are used to 
shape the final product 

The composition of ferrltes prepared by the classic 
ceramic procedure described, at temperatures at 
which the raw material oxldes are not volatihzed. 
should not deviate agmficantly from the expected 

T&L 3015-A 
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Table 1 Examples of ferrtte composltlons and apphcatlons 

Type 
Crystal 

structure 

Soft 

Hard 

Square-loop 

MIcrowave 

Smgle crystal 

Spmel 

Hexagonal 

Spmel 

Garnet 

Spmel 

Spmel, garnet 

Typlcal 
composition 

MO Fe,O, 
M = MnZn, NIZn, 

LlZn or MgZn 

Ba-Fe 
Sr-Fe 

Mg-Mn-Zn-Fe 
LI-NI-Fe 

Y,Fe,O,, (YIG) with 
rare earth or Al 

substltutlon 

MFe,O, 
Sr, Nl, Co, Al substltutlon 

Y,Fe,O,, with 
rare earth substltutlon 

Apphcatlon 

Inductors for 
telecommumcatlons 
Inductors and 
transformers for 
television, 
transducers, 
radio antennas 

Generators, relays, 
small motors, permanent 
magnets, loudspeakers 

Computer memories, 
logic devices 

Phase shifters, switches, 
tunable devices, 
isolators 

Magnetic bubble 
devices, recording 
heads, mlcrowave filters, 
magneto-optical devices 

composttton based on the quantltles of oxides used 
m formulation Ferrltes prepared from complex 
compounds such as oxalates or acetates, or by 
crystalhzatlon from a melt, may exhibit greater 
deviation from the theoretical composltlon. 

The particular shape of the device may be of 
interest m the apphcatlon of instrumental analytical 
techniques The metal oxide raw matenals and the 
polycrystalhne ferrite products are usually soluble m 
mineral acids such as hydrochloric acid, but because 
of the crystalline nature of these materials, a con- 
siderable amount of time may be required to effect 
complete dissolution Much attention has therefore 
been gven to sample treatment Compounds that are 
particularly hard to dissolve, such as certain garnets 
or samples contammg chromium, may require a 
prehmmary fusion at high temperature Another 
approach 1s dlssolutlon m sealed ampoules at el- 
evated temperatures This method mmlmlzes the 
amount of acid required and results m an mitral 
solution of known acidity, an inert atmosphere may 
be used, and the procedure allows decomposltlon of 
a number of samples which may then be stored 
w_thout contammatlon for analysis later 

The relatlonshlp of the properties of ferrltes to 
their chemistry was documented early in their com- 
mercial development ’ Several reviews concerning the 
chemical analysis of ferrltes and metal oxide raw 
matenals have been publlshed,G’2 the most recent m 
1971 Their scope was limited almost entirely to 
complexometrlc tltnmetry, smce few other proce- 
dures had been used at the time of their pubhcatlon 

When consldermg the analysis of ferntes, five levels 
of detail can be dlstmgulshed 

(1) Stolchlometry 

(2) Venficatlon of the oxldatlon states of cations 
(3) Identlficatlon and measurement of trace 

elements 
(4) Measurement of differences m composltlon be- 

tween grams 
(5) Tests for the segregation of lmpuntles, or trace 

elements, to gram boundaries, etc 

Chemical techniques generally require homogen- 
ization of the sample by dlssolutlon m an appropnate 
medium, but they may offer high sensltlvlty and 
accuracy, good preclslon and the ability to determine 
oxldatlon states, and thus can be used for the first 
three types of analysis Instrumental techniques, on 
the other hand, usually have some degree of spatial 
resolution, but m some cases less senntlvlty and lower 
preaslon Chemical techniques are by their nature 
destructive, whereas the instrumental techniques de- 
scribed are generally non-destructive, and are often 
more suited to the last two types of analysis While 
this dlvlslon 1s not absolute, It does indicate that the 
property of interest and Its relationship to the mlcro- 
structure of the ferrite will usually decide which 1s the 
best technique to use The development of analytical 
methods for ferntes during the period 1967-1981 1s 
represented by a literature conslstmg largely of classl- 
cal wet analytical procedures m the early years, with 
a trend toward sophlstlcated instrumental techniques 
which offer speed of analysis or allow the detection 
of heterogeneity 

The sensltlvlty of fernte properties to chemical 
composltlon requires the contmumg development of 
better charactenzatlon procedures as their apphca- 
tlons and requirements continue to be more speafi- 
tally defined Descrlptlons of recent advances and the 
current status of the science and technology of 



Analysrs of ferntes 301 

ferrttes’““R have suggested a number of areas for 
future mvestrganon whtch impose mcreased demands 
on analytrcal capabdstres These areas mclude a 
detatled study of the influence of addmves or dopants 
such as CaO or SrO, m soft ferntes on the technology, 
structure and propertres of the product The coneen- 
tratton of addmves IS often crrtrcal, resulting m severe 
requirements for repr~uclblhty of chemtcal com- 
posmon Secondary structural parameters such as 
canon dlst~butlon must be examined to understand 
more thoroughly their effects on the magnetic proper- 
ttes of ferrttes 

SUMMARY OF APICAL ANALYSIS 
PROCEDURES 

Grammetry and tttrmetry 

Thn category includes the classical methods of 
gravrmetry and trtrrmetry, and any separation tech- 
mques requned to perform them, such as chro- 
matography and ton-exchange However, gravtmetrrc 
pr~dures for the analysrs of ferrnes are scarcely 
menttoned m the hterature The sensntvrty of the 
properties of ferrttes to tmpunttes and rn~~rost~ctu~ 
mdrcates that these factors must be constdered as 
stgmficant as the elemental stotchtometry of a mate- 
nal ConsequentIy the growing Importance of the 
characterrzatton of mtcrostructure and cation dtstn- 
button does not Justtfy lengthy analyttcal procedures, 
no matter how accurate they mrght be 

Tttrrmetry has been used extensively, partrcularly 
~omplexometri~ tltratlon wtth ethylenedlamlnetetra- 
acettc actd (EDTA), w&h a vanety of end-pomt 
detection methods, mcludmg electrometrrc and col- 
orrmetrrc techmques. The extensrve d~umentatlon of 
tnratlons mvolvmg EDTA for ferntes or metal tons 
in general9 +** provtdes a good source for planning 
the trtrtmetnc analysrs of new mater& The con- 
veniences of usmg EDTA, which forms stable 1 t 
complexes wtth a large number of metal Ions, as 
shown m Table 2,22 mclude speed combined wrth 
accuracy and considerable selectivtty attamable by 
use of separation and maskmg reactions 

Reports of tttrtmetrrc procedures generally deal 
with a smgie type of fernte The dtverstty of ferrrte 
and garnet composmons makes conctse summary of 
these procedures dtfhcult The drscusston here IS 
organized on the basrs of decreasmg complexrty of 
the ferrite and the extent of sample charactertzatton 
For purposes of thts revtew complex femtes are those 
contammg four or more dtfllcuit canons, and simple 
femtes are those contalnlng three or fewer In some 
cases every canon present 1s determmed, while m 
others, charactenzatton of the sample 1s less exhaus- 
tive, often mvolvmg dete~ination of only one con- 
strtuent 

Several procedures 2~30 for the characte~zatlon of a 
number of ferntes are summartzed m Table 3 The 
errors reported are more likely to anse from the 

Table 2 Stabrlrty constants of 
selected metal-EDTA com- 

plexes 

Metal log K 
----_ll 

Fe3 + -7 
Cr3+ 
CV+ 

;L+ 
Pb2 + 
Zn2+ 
co2+ 
Al3 + 
Fe2+ 
MnZ+ 
Mg2+ 
Ba2 + 

23 0 
188 
186 
18 1 
180 
165 
163 
16 1 
143 
140 
87 
87 

separation techniques than the trtrattons Other pro- 
cedures are s~rna~z~ m terms of the dete~lnatlon 
of mdtvtduai components Some lengthrer procedures 
whtch cannot be conveniently summanzed m Table 3 
are worth desc~blng m more detati for certam mate- 
nals Funke’ has published a collectron of complete 
anaiyt~cal procedures for the ~rnlrnl~o tltrlmet~c 
determmatron of canon m 2-, 3- and 4-component 
femtes 

iron Dete~lna~on of tron by EDTA t&anon ts 
relatively srmple, owmg to the htgh stab&y of the 
tron(III) EDTA complex Dlssolutlon m acrd, usually 
hydrochlonc acid, IS generally followed by oxtdatron 
(eg , wtth hydrogen peroxide) to uon(II1) Since 
tron(II1) may be trtrated at pH l-2 w&h httle or no 
mterference from cations formmg weaker complexes, 
no further treatment other than Qlutton 1s generally 
required The error can be as low as 0 2 or 0 3% m 
the anaiysts of Fe-Nt-Co-Zn23 and Fe-Mn-Zn-Mgl’ 
compounds respecttveiy Iron interferes m the deter- 
mmatron of other canons, and must therefore be 
masked or separated by extractton, prectpttatron, or 
ton-exchange before then tttratton For example, 
Pirbll and VeselyZ4J8 extract iron(II1) with cupferron 
mto 1 1 rsoamyl alcohol-benzene mtxture or from 
hydrochloric actd mto ether, before use of a series of 
mdtrect dete~lnatlons based on back-tltratton (see 
Table 3) The use of benzene is now conndered by 
some to be hazardous, and other solvents may be 
substituted for tt The further chemrcal treatment of 
the sample depends on the number and nature of the 
metal oxtdes used to prepare the fernte, but even a 
glance at Table 2 mdtcates that separatron or mask- 
mg will be necessary even for the simpler mater&s 

In the procedures outhned by Funke,g tron IS 
determmed as uon(I1) by tttratton wrth cenum(IV) 
sulphate, wrth a reiatrve error of ~0 5% Other met- 
als, mcludmg magnesmm, manganese, alummmm, 
zmc and cobalt, are determmed by EDTA tttratlons, 
usually after ton-exchange separatrons, with < 1 0% 
relative error for 2-component systems and < 2% for 
complex ferntes Iron may be separated by cupferron 
extraction or by ether extractton of the chioro- 
complex 
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Table 3 Tltrlmetnc procedures for analysis of selected ferrltes 

End-pomt Catlon Relative 
Procedure detectlon determmed error. “L 

Dissolve m 9M HCl PAN Fe3+ 

,” 

02 

Fe-Ba-BIJO 

Xylenol 
Orange 

Thymolphthalexone 

co2+ 31 
Mn2+ 30 
MgZ+ 58 

+ H,O, Separate 
by amon-exchange 
Adjust each fraction 
to pH 4 8 (acetate 
buffer), add excess 
of EDTA, back-titrate 
with Cu’+ 
Dissolve m aqua 
regza Extract Fe(II1) 
with HCI and ether 
Ahquot (1) add excess 
of EDTA, adJust to pH 
5 O-5 5 (hexamme), heat 
to 9@-95”, back-titrate 
with Pb2+, gves Mn + Co 
Ahquot (2) add excess 
of EDTA, add ascorbic aad, 
back-titrate wth Mg2+, 
gives Co + Mn + Mg Add 
KCN, heat to 40”. titrate 
with Mg2+, gves Co Mg 
by difference 
Dissolve m cone HCl 
Extract Fe@) with 
cupferron mto 1 1 v/v 
lsoamyl alcohol/benzene 
Titrate Mn + Zn + Mg at 
pH 10 (NH, buffer) with 
EDTA Add NH,F and titrate 
with Mn2+, gves Mg Add 
KCN, titrate with Mn’+, 
gves Zn Mn by difference 
Dissolve m 6M HCl, oxldlze 
with HNO,, extract Fe(II1) 
mto MIBK Adjust to pH 
6 5-8 5, extract with 
dlethyldlthlocarbamate and 
tnchloroethylene Titrate 
Mg m aqueous phase at pH 
9-10 (NH,) with EDTA Strip 
Mn and Zn from orgamc 
phase with methanol and NaOH 
Add KCN and ascorbic aad, 
titrate Mn with EDTA (PH 9-10) 
Demask Zn ullth formaldehyde, 
titrate \zrlth EDTA (pH 9-10) 
Dissolve m hot cone 
HCl + H,O, Extract 
Fe(II1) urlth isopropyl 
ether Stnp wth 
H,SO,, add excess of 
EDTA, back-t&rate 
with Fe3+ at pH 5 
(acetate buffer) 
Preclpltate BaSO, from 
extractlon aqueous phase, 
filter off, dissolve m 
excess of ammomacal 
EDTA, add Hg-EDTA and 
back-titrate with Zn2+ 
Adjust filtrate to pH 5 
(acetate buffer), add 
excess of EDTA and back- 
titrate with Fe3+ 
Dissolve m cone HCl, 
reduce Fe3+ (SnCl, 
procedure), titrate 
with K,Cr,O, 

co2+ 30 
NlZ+ 16 
Zn2+ 29 

Enochrome 
Black T 

Enochrome 
Black T 

Mn2+ 
Zn*+ 
Mg2+ 

Mn’+ 
Zn2+ 
MgZ+ 

Potentlometrlc Fe3+ 01 

Dlphenylamme 

Ba2+ 

Zn2+ 

Fe)+ 

02 

03 
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Type of fernte 
or garnet 

Table 3 (cant ) 

End-pomt Cation Relative 
Procedure detectlon determined error. % 

Fe-Mn-Mg2’ 

Fe-Mn-Mg-Zn*’ 

Fe-Mg-Nl-Pbz8 

Enochrome 
Black T 

Enochrome 
Black T 

Enochrome 
Black T 

Methylthymol 
Blue 

Dissolve m aqua regza, 
add ascorbic acid, 
titrate Hnth EDTA at 
pH about 1 
Dzssotve m aqua regza, 
neutrabze unth pH-10 
buffer, add NH,OH HCI to 
dissolve and reduce Fe(III), 
add KCN, and ascorbic acid 
pH-10 buffer, and titrate 
Dissolve m hot cone HCI, 
extract Fe(III) w& 
cupferron into 1 1 v/v 
lsoamyl alcohol/benzene 
Add NHzOH HCl to aqueous 
phase, titrate at 40” 
and pH 10 (NH, buffer), 
gves Mn + Mg Add NaF to 
decompose Mg complex, add 
excess of Mn2+ and back- 
t&rate wth EDTA, pves 
Mg 
Decompose, extract Fe 
and titrate as for F+Mn- 
Mg, @ves Mn + Zn + Mg 
Add KCN, then excess of 
Mnz+ and back-titrate w&h 
EDTA, @ves Zn Add NaF 
and determine Mg as for 
Fe-Mn-Mg 
Dissolve m aqua regza 
Evaporate to dryness, add 
HCl, extract Fe(II1) with 
ether Reduce to Fe(I1) 
and titrate w&h KMnO, 
Aqueous phase 
Procedure A To an abquot 
add excess of EDTA (a), 
alkaltze with NaOH, andlfy 
with HNO,, adjust to pH 5-6 
with hexamme, back-titrate 
with PbZ+ (b) Add excess 
of EDTA (c) and pH-IO buffer 
and back-titrate Hrlth Ca2+ 
(d) Add KCN and tttrate at 40” 
with Ca*+ (e) 
(a) - (b) = NI + Pb, 
(c) - (d) = Pb + Mg, (e) = NI 
Procedure 3 To an abquot 
add excess of EDTA (a) and 
pH-10 buffer Back-titrate wtth 
CaZ+ (b) Add sodmm 
thloglycollate and titrate 
with Ca2+ (c) Add KCN and 
titrate at 40” with Ca2+ (d) 
(a)-(b)=Nl+Pb+Mg, 
~~~~~(d) = Nl, Mg by 

Xylenol 
Orange 

Bl’+ 

Ba2+ 

MG+ 01 
Mg2+ 01 

Mn*+ 01 
Zn*+ 01 
Mg*+ 01 

Fe3+ 

N12+ 
Pb*+ 
MgZ+ 

Thymolphthalexone N?’ 
Pb2+ 
MgZ+ 

21nc The tttrtmetrlc procedures for zmc refer N 10% zmc Nickel, cobalt, manganese, tron(II), alu- 
almost exclusively to manganese-zmc ferntes Zinc 1s mmmm, chromium, calcmm, magnesntm, banum 
usually titrated m ammonia buffer, pH 9 O-10 0, with and s&on do not interfere 
Enochrome Black T (EBT) as mdtcator In one case32 Amon-exchange 1s useful for the separations re- 
the zlnc~lanttpy~nyImethane complex 1s extracted qmred for Mt+Zn ferntes Iron and manganese are 
wth dlchloroethane, followed by tttratlon m the typlcally eluted wtth 21% hydrochlortc acid and zmc 
organic phase, with a relative error of ~2% for with 0 1M mtrlc aad 33 Iron 1s reduced to Iron(H) 
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with ascorbic acid before complexatlon of zinc with 
dloctylmethylamme m either dlchloro- or tri- 
chloroethylene and extraction of the zmc 34 Caution 
should be exercised m the use of chlorinated solvents 
Another procedure35 mvolves the extraction of zmc 
with Azo-azoxy BN m 4 1 v/v carbon tetrachlonde- 
trlbutyl phosphate mixture and stripping with 0 1M 
hydrochloric acid The pH 1s then adJusted to 9-10 
for the EDTA titration (sulpharsene indicator) A 
relative error of <2 5% was reported 

Nickel Iron and zmc can both be extracted with 
dlantlpyrmylmethane m dlchloroethylene from 3M 
hydrochloric acid Titration of nickel after addition 
of ammonia buffer allows determination of = 12% 
N10 with a relative error of ~2% 36 Nickel-zmc 
ferrltes are not always completely dissolved by hydro- 
chloric acid, so decomposltlon under pressure’ or by 
fusion with pyrosulphate3’s3’ IS sometimes recommen- 
ded Nickel may be separated by preclpltatlon from 
ammoniacal solution with dlmethylglyoxlme 37 The 
precipitate 1s then dissolved m warm 1 1 mtnc acid, 
the solution neutralized with 1 1 ammonia solution 
and adJusted to pH 4 with acetate buffer Copper 1s 
masked with sodium thlosulphate, then excess of 
EDTA 1s added and the surplus back-titrated with a 
standard mdmm solution (PAN as indicator) 

Other metal zons Manganese m Mn-Zn ferrltes 
can be titrated wth EDTA after extraction of zmc 
and u-on with dlantlpyrmylmethane m dlchloro- 
ethane from 3M hydrochloric acid 38 Magnenum- 
manganese ferntes can be analysed after extraction 
of iron by this procedure, followed by the titration 
of manganese and magnesium 39 Magnesium oxide 
m ferrltes has been determined selectlvely4’B4’ with 
a relative error of <O 2% by precipitation of 
other metals with sodium dlethyldlthlocarbamate, 
Chromogene Black ET00 was used as the indicator 
Magnesium m Fe-Mg-Cr ferrltes has been titrated 
after extraction of dlchromate with benzylamme m 
dlchloroethane, then of the Iron-thlocyanate-dlantl- 
pyrylmethane complex 42 

Alummlum m multlcomponent ferntes has been 
determined by back-tltratlon of excess of EDTA with 
zmc sulphate (Xylenol Orange as indicator) after 
preclpltatlon of u-on and titanium with concentrated 
sodium hydroxide solution 43 Barium and lead in 
Fe-Ba-Pb ferrite can be titrated after the reduction 
of Fe(II1) to Fe(II), m addition of cyanide and 
adJustment to pH 10 with ammonia 3o Both metals 
are titrated together, then dlethyldlthlocarbamate 1s 
added and the EDTA released from the Pb-EDTA 
complex 1s titrated with magnesium solution, with 
EBT as indicator Barium m hard barium ferrites 
may be preclpltated as barium sulphate, which 1s then 
dissolved m alkaline EDTA solution, and the excess 
of EDTA 1s titrated m pH-10 ammonia buffer with 
magnesium solution (EBT indicator) 44 More com- 
plex ferntes such as Fe-Ba-Zn and Fe-Ba-Co 
compounds may be similarly analysed after extrac- 
tion of iron as its acetylacetonate and of zmc and 

cobalt as the dlthlzonates 45 Synthetic mixtures con- 
taming various quantities of iron, zmc and barium 
were analysed and average errors for these metals 
rangedfrom02to 17%,Oto lO%,andOl to 11% 
respectively 

The garnets contam tervalent metals, usually 
lanthamdes, alummmm or gallium If more than one 
lanthamde 1s present, ion-exchange separation will be 
necessary Since garnets are generally more difficult 
to dissolve, fusion of the sample may be required 

Yttrium and alummmm m YAG crystals46 are 
titrated wth EDTA after fusion with borax, dls- 
solution of the cooled melt m sulphunc acid and 
adJustment to pH 5.0-5.8 The yttnum content IS first 
determined by titrating with EDTA after the addition 
of sulphosahcyhc acid to mask alummmm, and 
Xylenol Orange as indicator The sum of alummmm 
and yttrium 1s found by addition of excess of EDTA 
and back-titration with zmc sulphate The absolute 
standard deviations reported for yttrium and aluml- 
mum were 0 16 and 0 02% respectively but the results 
were low by 0 9 and 0 4% absolute respectively 
Yttrium iron garnets containing gallium and gad- 
ohmum have been analysed4’ after separation of the 
components with a cation-exchange resin and step- 
wise elutlon of iron with 3M hydrochloric acid and 
of galhum with 4M hydrochlonc acid Yttrium and 
gadohmum remam on the column under these condo- 
ttons, but yttnum can be eluted with 0 1M ammo- 
mum hydroxylsobutyrate at pH 4 6 and gadohmum 
with a 0 SM concentration of this reagent at pH 6 A 
relative error of 4% was reported for titration of all 
four cations 

Galhum and gadohmum m Ga-Cd garnet crystals 
have been determined together by addition of excess 
EDTA and back-titration with zmc sulphate (EBT 
indicator), followed by addition of fluoride to liberate 
EDTA from the gadohmum complex, and further 
titration with zmc sulphate The reproduclblhty re- 
ported was 0 18% for gallium and 0 12% for gad- 
ohnium,48 but the results were about 1% absolute low 
for Ga and 1 0% high for Cd 

General remarks Some of the errors reported seem 
very large by the standards of classical tltnmetry, and 
further research to establish the causes of such errors 
seems called for 

Electroanalytlcal techmques 

Electroanalytical procedures for fernte analysis 
include polarography, voltammetry at solid elec- 
trodes, and coulometry, particularly constant-current 
coulometrlc titration Several conslderatlons deter- 
mme the apphcablhty of electrochemical methods 
Many metal ions exhibit well-defined polarographlc 
reduction waves m a variety of media, but others are 
either not polarographlcally active or gve a response 
only m a hmlted number of electrolytes This may 
impose hmltatlons on the chemical preparation of 
samples or preclude the complete analysis of a ferrite 
by a single procedure For ferntes contammg two or 
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more electroactlve cations, the condltlons may re- an electrolyte conslstmg of ammonium cyamde, 
quire adJustment to ensure selective determmatlon. 0 15M phosphoric acid and 0 02M sodium acetate 
Such adjustments include complexatlon to increase Nickel and zmc were determmed wth a relative error 
the separation of half-wave potentials, preclpltatlon of + 1 5%. Iron and zmc in zmc ferntes may be 
of one or more cations, or the use of more than one determined simultaneously m a 1M ammomum 
medium tartrate/ammoma medium at pH -9 7.” 

Nearly all research on polarographlc analysis of 
ferrltes was reported before 197 1. Techniques such as 
normal pulse and differential pulse polarography 
have much greater sensltlvlty and resolution than 
classical d c polarography49 so wth the conventional 
dropping mercury electrode Pulse polarography 
offers sensitivity two orders of magnitude better than 
d.c polarography In situations where the d c tech- 
nique might provide no analytically useful mforma- 
tion, e g , analysis of a solution containing several 
electroactlve cations, several distinct peaks may be 
obtained with the differential pulse technique These 
techniques may therefore offer a reasonably fast, 
and possibly simultaneous, cation analysis of ferrite 
products. 

The other electroanalytlcal technique most com- 
monly employed for fernte analysis 1s constant- 
current coulometnc tltnmetry, which can be very 
useful for accurate determmatlon of stotchlometry 

Coulometnc titrations require a suitable tltrant 
which can be generated electrolytically at 100% cur- 
rent efficiency and react rapidly, selectively and stol- 
chlometrlcally with the cation of interest, and also a 
suitable end-pomt detection method Separations or 
choice of solution condltlons may be required to 
ensure selective tltratlon Frequently used detection 
methods include amperometry, potentlometry and 
colonmetry, the first usually offering the greatest 
sensltlvlty and preclslon As little as a few micro- 
grams may be determined and the preclslon obtam- 
able for a few mllhgrams of sample 1s often m the 
parts per thousand range Determmatlon of both 
trace and major constituents 1s therefore possible 

A more comprehensive mvestlgatlon has consld- 
ered the determmatlon of iron, mckel, manganese, 
zinc, copper and other catlons m magnetic maten- 
als 55 Samples were dissolved by heating with concen- 
trated hydrochlonc acid m a sealed hard-glass tube at 
120-l 60” Various electrolytes were studed, though 
none gave perfect resolution and defimhon of the 
polarographlc waves, all had advantages, depending 
on the type of fernte to be analysed. A re- 
exammatlon of these by modem polarographlc tech- 
niques might be beneficial The pyndme-pyndmlum 
chlonde electrolyte tned IS interesting m that the 
polarographlc waves of cadmmm, mckel, zmc and 
lron(I1) can be resolved and might be used routmely 
for analysmg Fe-Ni-Zn ferntes Iron(II1) must first 
be reduced (with ascorbic acid) to prevent its preap- 
ltatlon m this medium Cobalt may also be deter- 
mined except when zmc 1s present (they are reduced 
at slmllar potentials) The procedures developed m 
this mvestlgatlon permit the analysis of as little as 20 
mg of sample, with an overall error estimated at 
f 0 3%, which mcludes welghmg, dllutlon, sampling 
and instrumental error However, the errors found 
experimentally were rather larger (coefficient of van- 
ation l-2% for iron, for example) 

Iron and nickel m nickel ferrltes have been amul- 
taneously determined polarographlcally with a pre- 
cision of + 2%, in supporting electrolytes containing 
an excess of sulphosahcyhc acid and either 1M 
ammoma/ammomum chloride or 0 5M pyndme/lM 
ammonium chloride buffer 5’ 

Nickel and zmc have been determined polaro- 
graphically m Mn-Zn and Nl-Zn ferntes,52 the sup- 
porting electrolyte being 0 1M potassium thlo- 
cyanate/O.O4M tartrate The tartrate complexes the 
iron and the thlocyanate allows sufficient separation 
of the half-wave potentials of nickel and zmc The 
method was compared with an EDTA procedure 
mvolvmg separation of zmc by anion-exchange and 
preclpltatlon of nickel wth dlmethylglyoxlme The 
tltrlmetrlc approach was more accurate with a re- 
ported relative error of 1 5% but the polarographlc 
procedure was faster, with a 2 5% relative error The 
same workers examined the use of tnethanolamme- 
potassmm hydroxide-sodium sulphate electrolytes 

Coulometnc titrations of total iron, manganese 
and chromium have been reported Iron(II1) m iron 
oxide and fimshed fernte products was determmed by 
titration with electrolytically generated copper(I) m 
an electrolyte conslstmg of 0 1M hydrochloric acid, 
0 36M sulphunc acid and 0 OlM copper sulphate, 
without interference from Mg, Co(II), Mn(II), Y, Zn 
or Ti(IV) 56 Samples welghmg 0.3-0.5 g were dls- 
solved m hydrochlonc or sulphunc aad, and lron(I1) 
was oxidized with hydrogen peroxlde A vanety 
of ferrltes were analysed, mcludmg Fe-V-Al, 
Fe-Mg-Cr-Cu, Fe-Mn-Mg-Co, Fe-Mn-Zn-Cr- 
Ca, Fe-Mn-Zn-Co-Tr, Fe-Nl-Zn-Co-Tl-Sl and 
Fe-LI-Na-Tl, with reproduclblhty rangmg from 0 08 
to 0 14% 

Manganese m ferntes can be oxtdlzed to Mn(VI1) 
with ammonium persulphate m the presence of silver 
Ions, before coulometnc tltratlon with electro- 
generated lron(II)57 with a reproduclblhty of 
f0 26% 

Spectrophotometry and colorlmetry 

Another procedures3 for nickel and zmc employed 

Spectrophotometry and colorlmetry were formerly 
more important m the analysis of ferrltes than they 
are now Their speed, sensltlvlty and relatively nm- 
phclty contnbute to their importance m routme ana- 
lysls The measurement time 1s relatively short, but 
sample preparation may be quite long Procedures for 
a mde vanety of species are avallable.58 These may be 
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used as gmdes for the development of an appropriate 
analytlcal procedure for a given fernte 

The sensltlvlty of spectrophotometrlc measure- 
ments generally permits determmatlon of species at 
concentrations of 10-4-10-5M, and sometimes even 
as low as lo-‘M Proper choice of condltlons may 
allow highly selective determinations The relative 
error 1s typically l-3%, but may be reduced by use of 
differential methods 

Spectrophotometnc methods for ferntes most 
often involve determination of iron or manganese 
Several procedures are concerned with the deter- 
mination of one oxldatlon state m the presence of 
another, and are included m the sectlon on vanable- 
valence analysis 

Iron and copper have been determined slmul- 
taneously m the analysis of copper ferrltes s9 After 
dlssolutlon of a lo-mg sample m concentrated sul- 
phurlc acid, the solution 1s diluted and ascorbic acid 
1s added to reduce lron(III) to lron(II) Syn-phenol 
a-pyndyi ketoxlme (HPPK) solution 1s added and the 
pH adjusted to 10 with sodium carbonate solution 
The n-on(II) and copper(I1) complexes of HPPK are 
extracted mto chloroform and the absorbances mea- 
sured at 475 and 550 nm respectively The two 
elements are determined by solving the appropnate 
simultaneous equations. Iron 1s determined with a 
relative error of 1 8% or less and a relative standard 
deviation of 0 7%, the corresponding values for cop- 
per bemg 1 5% and 1 1% 

Total manganese m Mn-Mg ferntes can be deter- 
mmed by dlssolvmg the sample m phosphonc acid, 
adding potassium pyrophosphate and potassium bro- 
mate, diluting and measurmg the absorbance of the 
Mn(III) at 520 nm against a reagent blank 6o Man- 
ganese levels of l-2 5% can be determined within 20 
mm with a relative error < 3% Manganese m garnets 
has been determined”’ with glucomc acid as a col- 
orlmetnc reagent The samples were fused with so- 
dium carbonate, followed by dlssolutlon of the melt 
m hot hydrochloric acid Glucomc acid was added to 
the manganese(I1) solution at pH > 11 5 to produce 
a complex having maximum absorption at 440 nm 
The cahbratlon plot for manganese(I1) was hnear 
over the range 9-47 pg/ml The maximum relative 
error for three series of measurements was 2 4% 
Manganese may also be determined after oxldatlon 
to manganese(VI1) with potassium penodate 62 

Copper may be determined photometrically at the 
0 1% level m Nl-Zn and Mn-Zn ferrltes with dlethyl- 
dlthlocarbamate at 440 nm with a relative error of 
~4% The metal may be also be determined with 
2,2-blcmchonmlc acid 63 Titanium m manganese-zmc 
ferntes may be measured quantltatlvely as the col- 
oured dlantlpyrmylmethane complex m 3M hydro- 
chlonc acid solution 64 Zinc, manganese, cobalt and 
lron(I1) do not interfere Iron(II1) 1s reduced before- 
hand with ascorbic acid The reported sensltlvity of 
the method was 0 5 pg/ml and the relative error 8% 
for a titanium content of 0 2% Lithium at the l-5% 

level m bismuth ferntes can be determined (after 
removal of iron and bismuth as the hydroxides) with 
a solution of 4-(5-mtrophenyl)-1-phenyl-3-methyl-5- 
pyrazolone m dlmethylformamlde 65 

Procedures for the colonmetnc determination of 
cobalt, nickel, copper, manganese and chromium as 
impunties m a variety of ferntes and starting maten- 
als have been described ” Impurity concentrations of 
OOl-0001% were measured as follows cobalt wth 
B-mtroso-a-naphthol at 530 nm, nickel with dl- 
methylglyoxlme at 460 nm, copper as copper(I) wth 
cuprom at 530 nm, manganese as permanganate at 
530 nm, and chromium with dlphenylcarbazlde at 
546 nm The relative error was < 10% 

Atomx-absorption and flame photometry 

Atomic-absorption and flame photometry provide 
a means of highly sensitive determination for most 
metals and both have become mcreasmgly important 
m the determmatlon of metals present as major and 
trace constituents of ferntes Detection hnuts for 
metals he m the range of 0 01-10 0 pg/l , and the 
relative error IS typically l-2%, which may be reduced 
to a few tenths of a per cent with optimization of the 
procedure Interferences may be encountered what- 
ever type of excitation 1s used Cation interferences 
are relatively rare, which 1s of course beneficial m 
ferrite analysis, but amon interferences are observed 
more frequently To avoid such interferences, consld- 
eratlon must be given to the chemical treatment and 
sample solution condltlons. 

The methods have several advantages over tl- 
tnmetnc and electroanalytlcal techniques, mcludmg 
selectlvlty, sensltlvlty and speed, and can offer rea- 
sonably good preaslon and accuracy with proper 
preparation of standards and sample solutions These 
techniques can be used for the determmatlon of 
several elements and are therefore valuable as control 
methods for both simple and complex ferntes once 
suitable procedures have been developed Atomic 
absorption has been used mainly for the deter- 
mination of a number of transltlon metal and rare- 
earth cations m a variety of ferntes and garnets, and 
flame photometry has been employed for alkali met- 
als and alkaline-earth metals (such as calcium) Both 
maJor constituents and trace lmpuntles may be deter- 
mmed by these techniques 

Several Mn-Zn, Mn-Cu, LI-NI and Cu ferrltes 
have been analysed for iron, hthmm, nickel, man- 
ganese, copper and zmc with an average relative error 
of + 3% or less and a precision of &- 1% 66 The pH of 
the analyte solution, a hydrochlonc acid medium, 
was m the range 2 3-2 5 An upper pH hmlt of -4 
was established, above which colloidal Fe(OH), was 
formed Traces of alummmm, chromium, copper, 
magnesium, manganese, sodium, nickel, lead, tm and 
zmc were detected by emlsslon spectrography and 
determined without difficulty m the presence of maJor 
constituents An air-acetylene flame was used for 
all elements except alummlum, for which an N,O- 
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acetylene flame was used A multrelement Cr-Cu- 
Mn-Co-N1 lamp and Ca-Mg and Zn-Ca lamps were 
employed for these elements and single-element 
hollow-cathode lamps were used for all others 

The copper and cobalt contents of Nt-Cu-Fe-Co 
ferntes, m the ranges 0 l-2 5% and 0 l-4% re- 
spectively, were determmed by using an an-acetylene 
flame, after dissolutron of the sample m hydrochloric 
acid 67 The Co 204 7-nm and Cu 324.7-nm lines were 
used Iron and nickel present at considerably higher 
concentrations did not interfere and no interference 
from the matrix acid was observed 

Rare-earth elements m garnet crystals have been 
determmed by various procedures A detailed study 
of the AA analysis of garnet single crystals containing 
ytterbium, europmm, gadohmum, dysprosmm, hol- 
mmm and erbmm has been made, to establish the 
optimum conditions for determmation 68 High- 
temperature flames such as mtrous oxide-acetylene 
are required to produce complete atomization In 
an-acetylene flames, rare-earth elements are not 
completely atomized, and the sensitivity is poor A 
further problem encountered with rare-earth ele- 
ments is that they are often easily ionized and also 
affected by other elements present Easily ionized 
elements such as alkali metals and lanthanum are 
usually added to suppress the ionization The garnets 
studied6* were dissolved m hydrochloric acid, which 
does not interfere, whereas nitrate and mtnc acid do 
Analytical lines used were Y 410 2 nm, Eu 459 4 nm, 
Gd 368 4 nm; Dy 421 2 nm, Ho 410 4 nm, Er 400 8 
nm Sample weights of 10-20 mg were used and 
relative errors ranged from 0 4 to 3 9% 

Neodymmm m YAG crystals has been determined 
with a nitrous oxide-acetylene flame 69 Samples 
weighing 250 mg were dissolved by fusion with 
hthmm carbonate m a platinum crucible at lOOO”, 
followed by dissolution m 1N sulphurrc acid and 
dilutron The 489 7-nm line from an Nd hollow- 
cathode lamp was used for analysis A relative error 
of < 1 75% was reported 

The major constituents iron, gallium, yttrmm, cop- 
per, gadohmum and erbmm, and any lead present as 
an impurity, m flux-grown magnetic garnets have 
been determined by atomic-absorptron ‘O Samples 
weighing 10-20 mg were dissolved m concentrated 
hydrochlonc acid and the solutions appropriately 
diluted Lanthanum chloride was added to eliminate 
mterference effects A nitrous oxide-acetylene flame 
and mdivtdual commercial hollow-cathode lamps 
were used for all elements determined Relative errors 
of l-2% were reported for rare earths, non, gallium 
and lead. The error for attempts to determine euro- 
plum m the absence of LaCl, was 5 2% 

A flame-photometric method has been reported for 
the determmanon of hthmm m Li-Fe, Li-Cr-Fe, 
Li-Ti-Fe and Li-Zn-Ni-Fe ferrites used m various 
mrcrowave devices ” An air-acetylene flame was 
used, and the samples were dissolved m a mixture of 
sulphurrc acid and orthophosphorrc acid, and di- 

luted A maximum relative error of 4 2% was re- 
ported 

Sodmm, magnesium and calcmm at the 10m3-0 2% 
level m various ferrrtes have been determined by 
atomic-absorption with use of the standard-addittons 
method ‘* Samples weighmg 0 5 g were dtssolved in 
hydrochloric acid and appropriate dilutions were 
made The resonance lines at 589.0, 285 2 and 422 7 
nm were employed The reported relative error was 
1 3% for sodmm, 1 1% for magnesmm and 2 0% for 
calcium Addition of acetone increased the sensitivrty 
for sodium, but reduced rt for magnesium and cal- 
cium Atomtc-absorption analysis has also been used 
for the determmatron of potassmm, sodium, calcium, 
magnesium, tttanmm, silicon and alummmm m 
manganese-iron garnets 73 

Emwsron spectrography 

Emission spectrography is not as well represented 
as other mstrumental techniques m the literature of 
ferrite analysis, but has several features that make it 
useful for certain aspects of fernte analysis. It is 
applicable to some 70 metal and metalloid elements, 
and 1s virtually unnvalled m its capability for qual- 
itative analysis Speed, specificity and high sensitivity, 
allowing detection hrmts m the range from rig/g to 
pg/g, with little or no prehmmary sample treatment, 
are further advantages However, quantitative apph- 
cations suffer from lack of precision. Relative errors 
of l&20% are not unusual although with great effort 
they may be reduced to l-2% The emisston tech- 
niques are relatrvely useless for determmation of 
major and minor components of ferrites, because of 
the demand for reproducible composition of prod- 
ucts, but for some apphcations such as screening tests 
for impurities (especially at low level in raw maten- 
als) may be useful on account of speed and con- 
venience 

Emission spectrography has been used m deter- 
mmmg major and trace impunties of rare earth and 
alummmm garnets.‘4 One procedure for the 
Fe-Y-Gd-Al system used powdered samples ho- 
mogenized with sodmm chloride and ethanol Five 
mg of the mixture and 10 mg of carbon powder were 
mixed and placed m the crater of a carbon electrode, 
and several elements, mcludmg yttrium, ytterbium, 
gadolmmm, galhum, cobalt, non, mdmm and alumi- 
mum were determined with coefficients of varration 
of 3-7%, except for alummmm for which the value 
was stated to be much greater 

Silicon, alummium, iron, magnesium, calcium, 
manganese, titamum and chromium have been deter- 
mmed m small particles of garnets weighing 0 0330 3 
mg,” by a c arc evaporation from the channel of a 
carbon electrode, with an exposure time of 150 set 
Garnet particles of known composrtion were used as 
internal standards for preparing cahbration curves, 
and a reproducibihty of 10% was obtained m most 
cases 

Nd present m Y-Al(YAG) and Y-Fe(YIG) gar- 
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nets at the 0 2-7x and 1O-3-O 3% levels respectively 
was determined after dllutlon of the sample with a 
large amount of carbon powder, by evaporation of 
the mixture m an a c or d c arc 76 Alummmm and 
iron were used as internal standards for the two 
garnets 

Another determination of neodymium and various 
impurities such as banum, iron, s&on, magnesium, 
manganese, copper, tm, antimony, lead and titanium 
in YAG has been reported 77 Standards were pre- 
pared by rmxmg the oxides of the impurity metals and 
aqueous copper and lead nitrate solution with YAG 
powder, followed by calcmatlon for one hour at 800 
Impunties were detected at various levels over the 
range 2 x 10m3-0 1% The relative standard deviation 
for neodymium was 5% and for impunties 8-18%. 

Silicon m YIG samples and m u-on oxide and 
yttrium oxide raw matenals was detected at levels 
of 0085-5, 8 x 10-4-10-3 and lO-3-lO-2% re- 
spectively, with a relative standard deviation of 
10-20x 78 Samples were ground, mixed with carbon 
powder and excited m an a c arc 

Yttrium alummmm garnets and the alumma raw 
materials as well as YAG alloyed wth Nd,O, have 
been analysed for a number of Impurity elements, 
mcludmg lead, manganese, tin, cobalt, bismuth and 
magnesium 79 Detection limits ranged from lo-’ to 
10 -4 %, with a relative standard deviation of 16-20x 
Samples were first mixed with silver chloride and 
carbon powder, and an a c arc was used 

A general method has been developed for the 
spectroscopic analysis of various morgamc com- 
pounds containing lanthamdes, including rare earth 
oxides and garnets So Samples, e g , YAG, are first 
dissolved m dilute mineral acid. The solution 1s 
delivered to a spark discharge through a porous 
electrode or by aerosol nebuhzatlon Rare earths 
present as additives at the 10-‘-10-3 % level, and as 
mam components, have been determined by this 
procedure, which was reported to give increased 
precision and efficiency as well as greater ease of 
standardization with solutions 

Banum, strontium, calaum and alummmm m hard 
ferntes have been determined by emlsslon spec- 
trography with an a.c arc, with a 34% error for each 
component 8’ Ferrite samples weighing 0 1 g were 
prepared by grmdmg with sodium chlonde Copper, 
cobalt, titanium and slhcon addltlves m Ni-Zn and 
magnetostrlctlve Nl-Cu-Co ferrltes were determined 
by a slmllar procedure, the samples bemg mixed with 
sodium chloride and carbon powder For Ni-Zn 
ferntes the relative standard deviations for titanium, 
cobalt and silicon were 6, 6 and 9% respectively 
Copper and cobalt m magnetostrlctlve ferrltes have 
been determined with relative standard devlatlons of 
15 and 7% respectively 

Detection and determmatlon of variable-valence 
cations 

The oxygen content of a particular ferrite, for 

example one with the spmel stolchlometry 
Me,Fe,_ r04r 1s a major factor influencing ferrite 
performance Measurements of oxygen partial pres- 
sure may be used to momtor ferrite composltlon 
during the heat-treatment steps of manufacture An 
oxygen deficiency manifests itself through the pres- 
ence of a lower oxldatlon state of one of the metallic 
components, eg., iron(I1) Conversely an oxygen 
excess 1s indicated by the presence of ions m higher 
oxldatlon states, e g , manganese(II1) 

A number of chermcal procedures have been de- 
scribed for the measurement of negative devlatlons 
from oxygen stolchiometry by determmatlon of 
iron(I1) and of positive deviations by determination 
of manganese(II1) In addition, procedures for the 
simultaneous determination of both these species 
have been developed m attempts to obtam structural 
mformation related to the oxldatlon state of the Ions 
as they exist m the ferrite matnx Techniques apphed 
to variable-valence analysis Include voltammetnc and 
coulometrlc titrations, with amperometnc, poten- 
tiometnc, and visual end-point detectlon with various 
indicators Spectrophotometrlc methods and electron 
paramagnetlc resonance (EPR) spectroscopy have 
also been employed A slgmficant problem encoun- 
tered m the chemical procedures 1s the development 
of dlssolutlon techniques which wdl ensure that ox- 
idation states of the metals m solution will be the 
same as m the ongmal sample Certain preparation 
procedures such as grmdmg may affect the result 
In the case of finished ferrite devices the sample 
to be analysed must be representative of the whole 
material Chemical preparation steps must avold 
the reaction of one species with another, eg , 
Fe(H) + Mn(III)-+Fe(III) + Mn(I1) 

The use of EPR and Mossbauer spectroscopy, 
where applicable, might avoid the sample treatment 
problems but would not provide quantitative ana- 
lytical results as accurate and precise as those from 
a technique such as coulometrlc titration Further- 
more, Mossbauer and EPR spectroscopy are rela- 
tively limited m apphcatlon The first depends on the 
existence of a nuclear configuration possessmg a 
quadrupole moment, and the second reqmres elec- 
trons with unpaired spins, and IS therefore not likely 
to be applicable to both oxldatlon states, whereas cer- 
tam tltrlmetrlc and electrometric techniques might be 

Magnetic-moment measurements for manganese 
ferntes, and theoretical conslderatlons, suggest that 
the ion-pan [Fe(II)-Mn(III)] 1s actually more stable 
than [Fe(III)-Mn(II)] m the octahedrally co- 
ordinated sites of spmel ferrltes,s2 which 1s the op- 
posite of the sltuatlon m aqueous solution. The 
amounts and dlstnbutlon of Fe(H), Fe(III), Mn(I1) 
and Mn(II1) depend on the smtermg condltlons It 
has been found that m smtered fernte torolds, the 
Fe(H) and Mn(III) content may vary radially around 
the sample,83 the variation m oxldatlon state de- 
pended on the gas flow and posltlomng m the sm- 
tering furnace 
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Several methods have been proposed for the deter- 
mmation of lron(I1) and manganese(II1) m 
manganese-zmc ferntes Nagato devised two pro- 
cedures, one a spectrophotometnc methodEU6 and 
the other based on potentlometnc tltratlon.*’ In the 
first procedure a fernte sample weighing about 0 2 g 
was dissolved rapidly m 30.1 phosphoric 
acid-perchlonc acid mixture at 265” and the absorp- 
tion of Mn(II1) was measured at 520 nm after 
dllutlon to 100 ml For the determination of Iron, 
another 0 2 g of sample was dissolved at the same 
temperature m 30 ml of phosphonc aad containing 
a known amount of Mn(II1) and the change m the 
absorption at 520 nm was measured The amount of 
Fe(I1) was then calculated from the two results A set 
of samples contammg 0.6-l 3% Fe(I1) and 2.6-2 0% 
Mn(II1) was analysed by this procedure and the 
results were related to the quenching temperatures 
employed The method satisfies two requirements, the 
first that the oxldatlon potential of the solvent be 
higher than that of the oxldlzmg cation Mn(III), and 
the second that the time required for dlssolutlon be 
very short At the high temperatures employed, phos- 
phoric acid 1s converted mto polyphosphonc acid and 
the ease of dissolution 1s so enhanced that ferntes 
which are hard to dissolve under ordinary conditions 
are completely dissolved m 10 set This procedure 
was used to determine the composltlon of smtered 
iron oxides, manganese oxides and Mn-Zn ferntes 
prepared under different smtermg condltlons Statls- 
tlcal analysis of the relatlonsbp between fernte com- 
posltlon and smtermg condltlons gave a re- 
produclblhty of 0 2% for Fe(H) and 0 8% for Mn(II1) 
at the 95% confidence level 

For the potentlometrlc titration methodE7 a sample 
was dissolved m condensed phosphoric acid (m a 
nitrogen atmosphere, and at 240’7 contammg 2 g of 
oxalic acid Manganese was reduced to Mn(I1) and 
the surplus oxalic acid destroyed m this process The 
Fe(U) present was titrated ullth potassmm per- 
manganate, and the difference m the amounts of 
Fe(I1) and Mn(II1) was determined by titration of a 
sample dissolved m phosphonc acid alone The 
author reported reproducrblhty to better than 0.2% 
for samples weighing 0 2-O 3 mg and analysed under 
carefully controlled condltlons Samples produced 
under vanous temperature and atmosphenc condl- 
tions contained 2 6-5 1% Fe(H) and 0 2-O 5% 
Mn(III) 

Other mvestlgators** have attempted to avoid the 
reaction of Fe(I1) and Mn(III) by &ssolvmg samples 
m the presence of dlchromate, which reacts with 
Fe(H) more readily than does Mn(II1) during dls- 
solution After dlssolutlon the Mn(II1) 1s reduced 
with sodium azlde, the excess of which 1s decomposed 
by boiling, and the surplus dlchromate 1s titrated with 
ferrous ammonium sulphate Blanks, run to allow 
correction for the reaction of ande with dlchromate, 
were found to increase wth increasing Mn(I1) con- 
tent Iron(H) and manganese(II1) were determmed 

with reproduclblhtles of 3 1 and 3 4% respectively 
(at the 99% confidence level) Other analysts83~89 
found that potassmm dlchromate was less stable m 
boiling solution than at room temperature, and also 
that the method was suitable only for ferntes contam- 
mg low concentrations of Fe(I1) and Mn(II1) As the 
content of these cations increases, Cr(II1) formed by 
the oxldatlon of Fe(H) wth dlchromate reacts with 
the Mn(II1) m solution It has been established that 
ferntes contammg more than 2 0% Mn(II1) cannot be 
analysed accurately by this method Problems due to 
the mstablhty of dlchromate are reportedly ehml- 
nated by dlssolvmg the sample at 80” 83 

A comparison of the effectiveness of sodium sul- 
phate and oxalic acid as reducing agents for Mn(III) 
showed that oxalic acid has certain advantages,” so 
a mixture of phosphoric and oxalic acids has been 
used to dissolve ferrite samples For samples contam- 
mg > 1 5% Mn(II1) the Mn(II1) was determined by 
spectrophotometry with a filter having maximum 
transmlsslon at 490 nm For Mn(III) content < 1 5% 
amperometnc titration with ferrous ammonium sul- 
phate was employed. The hmltmg amount of Fe(I1) 
which could be tolerated m the determmatlon of 
Mn(II1) was 1 3% 

A spectrophotometnc method for Mn(II1) m ferro- 
spmels has been reported,9’ which should be apphc- 
able to fernte analysis Powdered samples are da- 
solved m phosphonc acid containing lodlc acid 
Iron(H) reduces lodate to iodine, which may be 
removed by extraction with carbon tetrachlonde 
After removal of the lodme the Mn(II1) 1s determined 
by measuring the absorbance at 500-5 10 nm At least 
a 200-mg sample 1s required and the detection hmlt 
IS 1 5% Mn(II1) 

Another variable-valence combmatlon 1s found m 
cobalt-contammg ferntes, which have been analysed 
for Fe(I1) and Co(III) 92 The samples were dissolved 
m phosphonc acid containing oxalic acid The max- 
imum content of Co(II1) which does not interfere by 
reaction with Fe(I1) (m a 0 l-g sample) 1s 1 4% For 
higher Co(II1) levels the amount of sample 1s re- 
duced Ferrite samples weighing typically 0 1 g were 
dissolved m the phosphoric acid-oxahc aad mixture 
under a carbon dioxide atmosphere m a flask fitted 
with a reflux condenser The solution was diluted and 
sulphunc acid was added, followed by titration of 
iron(H) wth cent sulphate, with ferrom as indicator 
Cobalt(II1) was determined mdlrectly by dlssolvmg a 
sample of fernte together with a known quantity of 
iron oxide [contammg a known amount of Fe(II)] m 
6M hydrochlonc acid under carbon dloxlde After 
addition of a mixture of sulphurlc acid and phos- 
phoric acids and dllutlon the mixture was titrated 
with cent sulphate The excess of u-on remaining after 
reaction of Fe(I1) with Co(III) was titrated m this 
step and the Co(II1) content was calculated 

A procedure has been developedg3 for the deter- 
mination of several oxldlzmg and reducing cations by 
dlssolvmg the sample m dilute sulphunc acid contam- 
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mg vanadntm(V) and vanadmm(IV) sulphate 
Strongly oxtdizmg cattons such as Co(III), Mn(II1) 
and Mn(IV) oxtdtze V(IV), and reducing cations such 
as Fe(II), V(II1) and T1(111) reduce V(V) m such 
solutions The V(IV) produced may be titrated wtth 
potassmm permanganate The method was applied m 
stoichiometry studies of matenals such as Y,Fe,O,,, 
solid solutions such as Fe*GeO.,-ZnFe,O,, Fe,VO,- 
FeV,O and MgFe,O,-Mn,O, V,O,, Mn,O, and 
Co,O,, were reportedly determined wtth a relative 
error <O 6% and reproductbthty ~2 5% The stabt- 
hty of the vanadium soluttons 1s an advantage, since 
for some samples, eg., Y,Fe,O,,, several days are 
required for dlssolutton 

Several procedures involve dtssolutton of the fernte 
sample m a standard ferrous ammonmm sulphate 
solution m an inert atmosphere, followed by titration 
with cermm(IV) 94,95 This approach allows the m- 
direct determmanon of Mn(II1) and Mn(I1). 

Certain procedures describing the determination of 
oxidatton states of cations m ferrttes also use the 
terms “active” or “bound” oxygen determmation, 
since they are used for measuring the oxygen deficit 
or excess arising from varrattons m oxtdatton states 
Chemrcal analysis by cenmetnc titration and spec- 
trophotometrtc determmation of Fe(H) as the 
l,lO-phenanthrohne-iron complex has been used 
m conJunction with thermogravtmetnc studies and 
studtes of vananon m the atmosphere used m ferrite 
production 96 Bound oxygen m ferntes has also been 
determined mdnectly9’ after dissolution of the sample 
m a mixture (dehydrated with acetic anhydnde) of 
phosphortc acid, dtchloroacetrc acid and acetic acid 
Dunng dasolutton, water 1s hberated m a quanttty 
equivalent to the bound oxygen m the ferrite, and 1s 
determined by tttratton wtth Karl Fischer reagent, 
with a relative error of f 1% 

The use of a hot phosphatocerate solutton as 
solvent allows the determmatron of ferrous oxide m 
nickel ferrite and zmc germamum fernte with a 
relative error < 2%. 98 Excess of the phosphatocerate 
IS titrated with ferrous ammonmm sulphate, with 
ferrom as indicator 

Finely powdered samples of 3&100 mg reqmre 
15-30 mm for dtssolution Cttmg pulverization of the 
sample as a source of error, other workers99 have 
dissolved ferrite samples (as obtained) by heating 
them m sealed tubes containing 6M hydrochloric 
acid, a known quantity of tron(II), and nitrogen to 
give an inert atmosphere Iron(E) was titrated with 
certc sulphate with ferrom as mdicator “Active” 
oxygen, due to the presence of iron, manganese, 
chromium, nickel or lead m the tervalent or quad- 
nvalent state, oxtdtzes part of the iron(H) m solution 
As little as 2 pg of active oxygen of 10 pg of tron(I1) 
may be determmed A blank IS essential, since hydro- 
chloric acid 1s known to contam small amounts of 
Cl,, which reacts with tron(I1) 

Yttrmm-non garnets have been analysed’” for 
iron(E) content by Its btamperometrtc titration with 

ammonmm vanadate after dtssolutton of the sample 
with hydrochlortc acid Tnphcate determmattons of 
0 l-2% of tron(I1) had a relative error of 5-15x 

A coulometnc trtratton with potentiometnc end- 
point detection used for analysts of Mn-Zn or 
Nt-Zn-Co ferntes may also be used for either 
non(I1) or active-oxygen determmatlon lo1 Samples 
are dissolved m sealed tubes contammg hydrochlonc 
acid, followed by titration of tron(I1) with Cl, gener- 
ated from the solvent, at a platmum electrode Blanks 
are run and tf the presence of active oxygen 1s 
suspected, a known quantity of ferrous ammomum 
sulphate 1s added to the ferrite sample before drs- 
solution Iron(H) contents ranging from 0 07 to 
3.84% have been determined m Nt-Zn-Co ferrttes 
Since hydrochlonc acid is the solvent, Cl, is the most 
convenient electrogenerated tttrant. Samples pre- 
pared by dissolutton of 17 9 peq of non wire or 17 9 
peq of ferrous ammonium sulphate were titrated with 
average errors of 0 6 and 1 9% respectively Certain 
other coulometnc procedures described m the section 
on electrochemical analysis can be modified for 
oxtdatton-state analysis, e g , procedures mvolvmg 
tttratton of non with copper(I) 

Iron(I1) m magnesium-alummmm ferrttes has been 
determined spectrophotometrlcally1°2 by means of tts 
2,2’-btpyrtdyl complex As little as 2 5 mg of Fe(H) 
was determined Iron(II1) was extracted with acetyl- 
acetone m carbon tetrachlonde 

A senstttve and accurate method has been devel- 
oped for the determmatton of microgram quantities 
of Fe(I1) m single crystal samples weighing only a few 
mtlhgrams lo3 The iron(H) was complexed with 
4,7-dtphenyl- l,lO-phenanthrohne, followed by ex- 
traction mto a chloroform-ethanol medium The 
absorbance was measured at 540 nm agamst a solvent 
blank Iron(III) was masked with ammonmm dthy- 
drogen phosphate, and cobalt, copper and nickel dtd 
not interfere The lowest level determmed m ferrite 
samples was 0 02% Fe(I1) A prectslon better than 
10% was obtained for Fe(I1) standards Synthehc 
samples contammg uon(I1) m combmatton with co- 
balt, nickel, zmc, manganese or copper were analysed 
with average errors of 4% and 2% for samples 
containing 10 and 50 pg of Iron(H) respectively 

The EPR signal due to Pb(II1) has been used to 
detect thts ton as an Impurity m yttrium-galhum 
garnet ‘04 It was found that Pb(II1) tons occupy the 
dodecahedral sites m the garnet lattice 

SUMMARY OF INSTRUMENTAL 
ANALYSIS PROCEDURES 

Analyszs by X-ray or electron excztatzon 

Irradiation can excite an atom to a higher energy 
state by promotmg an electron to an orbital of higher 
energy or removing tt completely This excited state 
1s unstable, so the atom returns to its ground state by 
one of two de-excitatton processes In the first an 
outer-orbital electron fills the vacancy and loses 
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energy which IS emltted as a photon Alternatlvely an 
electron from an inner orbital fills the vacancy and 
another electron from the same orbital is eJected as 
an Auger electron carrying the energy released. These 
two processes are competltlve, so the probability of 
an excited atom emlttmg an X-ray (the fluorescence 
yield w) and the probablhty of Auger emlsslon sum 
to unity In general, atoms of low atomic number are 
de-excited by Auger emlsslon, whereas those of 
higher atomic number are de-exated by X-ray prod- 
uction Since m ather case the energy of the X-ray or 
the Auger electron represents the difference between 
the bmdmg energes of one inner-shell and another 
shell or the vacuum level, the energy is uniquely 
characterlstlc of a particular atom A measurement of 
this energy 1s therefore sufficient for ldentlficatlon of 
the element. When mdlvldual atoms are combined 
mto a solid the bmdmg energies can be changed by 
an amount depending on both the mner-shell m- 
volved and the nature of the valence bonds formed, 
so measurements of the energy shift can provide 
mformatlon on the chemical state of the atoms 
examined The mcldent radlatlon can be either pho- 
tons or electrons, the only reqmrement being that the 
beam has sufficient energy to eject an electron in one 
or more of the shells m all the atoms of interest Three 
combmatlons have been applied to ferrite studies and 
wdl be considered here 

(a) Fluorescent X-rays stimulated by X-rays 

(XRF) 
(b) Fluorescent X-rays stimulated by electrons, 

combined with electron probe microanalysis 
(EPMA) 

(c) Auger electrons stimulated by electrons (AES) 

X-Ray JIuorescence (XRF) 

XRF has been applied widely to the study of 
ferntes, because it can offer a useful combmatlon of 
advantages The conventional arrangement mvolves 
a suitable source of X-rays, such as a rotatmg-anode 
X-ray generator, the output of which 1s colhmated to 
produce an lllummatmg beam a few hundred pm or 
more m diameter The beam irradiates the sample, 
which can be m any convement form, and the 
fluorescence X-rays produced are collected and ana- 
lysed with either a crystal spectrometer or an energy- 
dispersive spectrometer. The crystal spectrometer 
functions by an apphcatlon of Bragg’s law, and offers 
high energy-resolution It can thus differentiate be- 
tween X-ray lines of similar energy, a factor which 1s 
important in multi-element systems, or accurately 
measure chemical shifts By appropnate choice of 
crystals all elements with atomic number 25 can be 
detected However, only one element at a time can be 
measured wth a single-crystal analyser and complex 
systems therefore require several crystals and several 
separate measurements per crystal to cover all the 
elements present While such a procedure can be 

employed to verify the presence of a given set of 
elements, the probability of an unsuspected element 
such as a contaminant being detected 1s very small 
unless a time-consummg angular sweep of each crys- 
tal 1s performed. 

The energy-dispersive X-ray spectrometers use a 
hthmm-doped slhcon detector interfaced with a 
multi-channel analyser In this approach all the ele- 
ments present are analysed for simultaneously, so it 
IS ensured that even unsuspected elements are found 
However, m general only elements with atomic num- 
ber greater than that of sodmm can be determmed 
directly Because relatively large numbers of counts 
can be accumulated quickly, this approach 1s par- 
ticularly suited to quality-control operations The 
sample spectrum can be compared with a previously 
stored control spectrum by a computer and any 
discrepancy outslde some preset limits used to start 
an alarm or terminate the process. Since the tech- 
nique 1s non-destructive, rapid and fully automated, 
it has obvious benefits 

For many detailed analyses, however, this qual- 
ltatlve comparison must be replaced by a quantitative 
technique Ideally, the composltlon of a fernte could 
be directly determined by comparmg the mtensltles of 
the X-ray line for a particular element m the un- 
known and m a smtable standard The ratio gives the 
atomic fraction of the element This simple scheme 1s 
upset by several factors First the radiation from an 
element can be absorbed by another element, so the 
intensity observed 1s reduced Secondly the radiation 
from one element can excite fluorescence from an- 
other, and thus increase the intensity of the X-ray hne 
of the latter element Lastly, smce the mcldent X-ray 
beam penetrates a substantial depth of material it 1s 
necessary to ensure that the beam 1s fully absorbed m 
both the unknown and the standard, which may be 
difficult d one or the other 1s thm or of vanable 
thickness An accurate quantitative analysis therefore 
requires either that matnx corrections be made for 
these effects, or that an expenmental technique be 
used which ehmmates the necessity for them The 
following examples, drawn from the extensive htera- 
ture, are lllustratlve of the commonly applied tech- 
niques 

A typical approach of the first type 1s that reported 
by Raevskaya et al lo5 for the detennmatlon of Fe,O,, 
MnO and MgO The manganese and magnesmm 
contents were obtained directly from measurements 
of pure mixed binary standards of the two oxldes, 
and shown to be hnear functions of the observed 
mtensltles, but the Intensity of the iron 4 and K, 
lines for varying Fe,O, content was found to depend 
on the relative concentrations of manganese and 
magnesium By using mixed pure oxide standards a 
senes of coupled linear equations, representing the 
matnx-correction cahbratlons, was obtained and 
then used for the analysis An error of 0 1% was 
claimed, although no actual count statlstlcs were 
supplied to Justify this claim A slmllar technique was 
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employed by Magathan et al ,lo6 who generated a 
table of mterelement correction coefficients based on 
data from mixed binary standards, to give a clalmed 
error of < 1% A variant of this approach 1s to use 
mtenslty ratios instead of absolute mtensltles for 
cahbratlon Thus Murata”’ studied Mn-Zn ferrltes 
by using a direct cahbratlon for ZnO against a 
standard, but measuring the intensity ratio of the iron 
K, and manganese Km lines to obtam the content of 
MnO and Fe,O, by comparison with the intensity 
ratios for mixed standards This approach reduces 
the number of variables m the equation and con- 
sequently slmphfies the numerical analysis This pro- 
cedure was claimed to produce an error of 0 2% A 
different normahzatlon was employed by Florestan”’ 
m a determmatlon of Nb, Dy, Mn and Al m garnets 
Here the scattered Compton radiation from stan- 
dards was recorded m addition to the chosen X-ray 
lines, and It was shown that when normalized by 
means of the Compton component a set of linear 
cahbratton plots was obtained Fmally, when only the 
variation of one element 1s of concern the process can 
be slmphfied still further, as was done by Bhawalkar 
et al lo9 m their study of calcium m Mn-Zn ferntes 
Ferrltes of the correct composltlon but contammg 
different amounts of calcium were used as standards 
A plot of the calcium K. intensity normalized by 
means of the iron KI, intensity gave a direct measure 
of the calcium content 

The alternative method mvolves putting the sample 
mto a form for which the matrix corrections are 
negligible The most convenient form IS fine powder, 
since for sufficiently small particle diameters neither 
absorption nor self-fluorescence will be significant 
However, smce the sample thickness 1s then small, 
only a fraction of the beam intensity, dependent on 
the thickness, IS absorbed. Instead of measuring 
absolute mtensltles it 1s therefore necessary to record 
the mtenslty ratio of chosen lines instead Barlow and 
Van Valkenburg”” used ion-exchange (for Gd-Fe 
systems) to produce powders supported on filter 
paper suitable for analysis, using the Fe/Gd intensity 
ratios for the measurement A benefit of this ap- 
proach 1s that, m addition to avoidance of the matnx 
correction, standards can be prepared by simple 
solution chemistry techniques An error of _+O 5% 
was claimed An alternative approach has been de- 
scribed by Luke,“’ who uses co-precipitation to 
obtain powders of Mn, Nl and Zn ferrites, with Cu 
or Fe as the co-precipitating ion Intensity ratios, 
compared with those for standards slmllarly pre- 
pared, gve a direct determination of each element 
present, with a clalmed error of 0 6% Though these 
techniques have been successfully applied, the sample 
preparation required 1s sufficiently lengthy to remove 
much of the advantage of speed and convenience that 
1s characterlstlc of the XRF method Most studies 
have therefore relied on either quahtatlve com- 
parisons with standards, or on computer-calculated 
matrix corrections 

Electron probe mcroanalym (EPMA) 

The electron probe mlcroanalyser uses an energetic 
beam of electrons to generate the fluorescent X-rays 
from the sample, rather than the X-ray flux used m 
XRF The most important single advantage of this IS 
that the electron beam can be focused to a fine probe 
to allow spatially resolved mlcroanalysls The degree 
of resolution obtained ~11 depend on the energy of 
the beam and on the sample, because the beam 
scatters as it travels through the specimen, but typl- 
tally a volume 5-10 pm m diameter can be selected 
and analysed In addltlon, since the penetration of the 
beam 1s much less than that of an X-ray beam, thin 
samples can be analysed without havmg to be re- 
moved from then- substrate. However the advantages 
are obtained at the cost of a rather poorer peak-to- 
background ratio m the spectra than for XRF, and 
by the additional comphcatlon of the good vacuum 
system needed for the electron beam The techniques 
for collectmg, detecting and analysmg the X-rays are 
identical to those for the XRF technique, and in 
general an electron probe will use both energy- 
dispersive and crystal spectrometers, the first for 
rapid analysis of major constituents, the second for 
trace elements or for cases where peak overlaps are 
a problem In addition provlslon 1s made to produce 
a two-dlmenslonal map mdlcatmg the relative con- 
centration of one or more chosen elements The 
accuracy of the analytical result will depend on the 
counting statlstlcs, and on the quality of the matnx 
corrections Since the electron beam penetrates only 
a relatively small distance the corrections are more 
straightforward than for XRF Most published stud- 
ies rely on the use of cahbratlon curves denved from 
suitable standards For example Van Hook and 
Guentert”’ studied Y-Gd-Ga-Fe-0 by using cah- 
bration curves denved from gadohmum and gallium 
YIG standards Relying on the limited electron beam 
penetration, they left the samples on their GGG 
(gallium gadohmum garnet) substrates The results 
demonstrated mmor variations m the Gd/Gd ratio, 
which it was possible to correlate with changes m the 
saturation magnetization A similar techmque was 
used by Szaplonczay”3 m a study of epltaxlally grown 
garnets Here bulk standards were employed, and 
films of different thickness were examined to show 
that the gadohmum concentration fell wth Increasing 
thickness No specific accuracy hmlts were claimed 
for these observations, but comparable studles”4 
have indicated probable error hmlts of about l-2% 
The alternative procedure using pure element stan- 
dards and “ZAF” routines, which compute the ma- 
trix corrections for atomic number (Z), absorption 
(A) and fluorescence (F) effects, has been widely 
applied A study by Kurosawa”’ of epltaxlal garnet 
films on GGG, slmdar to that discussed above, 
yielded data which showed devlatlons of up to 5% 
from figures obtained by plasma emlsslon spec- 
troscopy Because the computer corrections rely on 
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many fitted parameters and operate iteratively until 
convergence 1s obtained, such an error can easily 
occur under condltlons where the corrections re- 
quired are slgmficant In that event recalculation of 
some of the correction parameters 1s required Wels- 
weller,“6 m a study comparmg EPMA and wet 
analysis results for several ferntes, found it necessary 
to denve new lomzatlon cross-sections and mass- 
absorption correction factors by back-calculation m 
order to harmonize the data Once this has been 
done, however, good accuracy can be obtained from 
the EPMA technique alone for other similar spea- 
mens 

In addition to the elemental compontlon, the 
valence state can be determined, by a measurement of 
the change m energy of the X-ray peak The mag- 
nitude of the shift IS rather small (0 5-5 eV) because 
the transitions used m the X-ray analysis arise from 
inner-shell levels which are screened from the valence 
electrons However, using such a method Klrlchok 
and Karalmk”’ studied the relative concentration of 
Fe(U) and Fe(III) m ferntes and spmels It was found 
that Fe(I1) could be detected both m non- 
ferromagnetic spmels and at a low concentration m 
ferntes The potential of this technique 1s consld- 
erable, but it requires very accurate wavelength cah- 
bratlon and carefully optimized crystal spectrometers 
and this may limit its practical apphcatlon 

The fact that the electron beam can be focused to 
probe volumes of small diameter allows direct mea- 
surements of spatial mhomogeneltles m a material 
Thus, for example, Andrushchenko et al “* studied 
the dlstnbutlon of gallium across as-grown crystals of 
Y-Ga garnets m order to correlate changes m phys- 
ical properties urlth composltlonal gradients This 
measurement was made by observing the point to 
point variation m the ratio of a chosen gallium line 
with that from a standard, but a direct plot of such 
a dlstnbutlon can be obtained by dlsplaymg a signal 
(on the cathode-ray tube) proportional to the mstan- 
taneous count-rate of the line as the area of interest 
1s scanned by the probe The limit of spatial resolu- 
tion will be determined by the spreading of the 
electron beam wlthm the sample, and this 1s typically 
a few pm This hmlt can be removed by using 
material thm enough to be transparent to electrons, 
allowing mlcroanalysls at the level of a few hundred 
8, penetration but at the expense of much worse 
counting statlstlcs However, this ability to perform 
spatially resolved analysis rarely seems to be the 
reason for choosmg the EPMA m preference to some 
other technique Rather it seems that it 1s the con- 
venience and high degree of automation of the elec- 
tron probe that makes it attractive 

The third techmque 1s to measure the Auger elec- 
tron spectrum (AES) This 1s a surface-sensitive tech- 
nique because the escape depth for Auger electrons 1s 
only l-5 nm, and this fact 1s often used to obtain 
depth profiles of composltlon by performing Auger 
analysis m conJunction with ion sputtermg ‘I9 In 

addition, newer Auger systems can analyse, and 
image, sub-pm diameter regons, suggesting the ap- 
phcatlon of AES to study of gram boundanes m 
ferntes as a potentially worthwhile field Although 
the sensltlvlty of AES 1s high, the quantltation of the 
data 1s difficult and the technique would appear to be 
best suited as a research tool at the moment 

CONCLUSION 

The most suitable method of analysis for charac- 
tenzmg raw materials and fimshed fernte products 1s 
chosen after consldermg the ultimate use of the 
analytical mformatlon to be obtained Two distinct 
situations are encountered, the first mvolvmg analysis 
of materials subJect to fundamental investigations 
such as those seeking to relate precisely the nature of 
the product obtained to varymg condltlons of manu- 
facture m order to optimize the process, or studies m 
which physical and performance properties are cor- 
related with fernte composltlons The other apphca- 
tlon of analysis is, of course, the routme screening of 
raw matenals and ferrite products on an mdustnal 
production level The nature of the first apphcatlon 
requires more precise procedures and tolerates more 
time-consummg methods Methods can be selected 
on the basis of a knowledge of the qualitative com- 
posltlon of the fernte to be analysed, including 
mformatlon about the major and trace constituents, 
which could be obtained from more routme methods 
suitable for the second type of analytlcal apphcatlon 

The wide variety of analytical methods discussed 
here makes it possible to find a smtable technique 
optimized for any particular reqmrements. Among 
the conslderatlons leading to the selection of a 
method are homogeneity of the sample, the im- 
portance of major constituent stolchlometry, the 
presence of trace impunties, whether a qualitative, 
semi-quantitative or quantitative analysis 1s required, 
and the speed needed The chemical techmques de- 
scribed here offer a high degree of accuracy, precision 
and suitable speafiaty, but for many purposes their 
apphcatlon would be too time-consummg or costly 
In such situations it may be advantageous to use a 
suitable chemical technique for standardization and 
then rely on a secondary instrumental method for 
rapid, or routine, testing Techniques such as XRF or 
EPMA readily lend themselves to this type of apph- 
cation since they are inherently highly automated, 
rapid, require little sample preparation and are highly 
accurate when properly standardized Emlsslon spec- 
trography 1s certainly useful for screening raw mate- 
nals and ferntes to determine, at least quahtatlvely, 
the mqor and trace constituents For more detailed 
mvestlgatlons and for fundamental research, the 
conventional techniques of wet analysis, atonuc- 
absorption and electrochemistry remam Important 
tools, especially with the improvements m sensltlvlty 
and accuracy made possible by advances m mstru- 
mentation 
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Clearly no single technique 1s able to fully charac- 
terize a sample m all the aspects that might be 
required, and a combmatlon of methods chosen to 
mmlmlze problems from the confllctmg requirements 
of specimen preparation will be required Although 
the basic differences between techniques which as- 
sume homogeneity m the sample and those which 
have some spatial dlscnmmatlon are clear, it must 
also be realized that the volume sampled by different 
techniques can vary even more wdely than the lateral 
resolution Thus the volume sampled by a typical 
Auger analyser, 10 pm x 10 /*m x 1 nm 1s about 10e9 
of the volume sampled by a spark technique or a 
typical wet chemical analysis 

Microstructural charactenzatlon, using such tech- 
niques as electron microscopy and electron dlf- 
fraction, possibly combined wrth X-ray or electron 
spectroscopy, has not been exphcltly considered here 
However, as the gram-size of ferrltes 1s made smaller 
the importance of microstructure and particularly of 
the gram boundary region becomes even greater As 
a consequence, this type of mvestlgatlon 1s likely to 
be of value m fundamental studies of ferrite behav- 
iour, although its value for routme analysis 1s very 
limited because of the time required for sample 
preparation and exammatlon 

The hterature cited m this review 1s not necessanly 
exhaustive m its representation of the application of 
various techniques to ferrite analysis, but sufficient 
examples are included to provide a guide for those 
interested m developing analytical procedures for 
various apphcatlons Information concerning the 
most frequently encountered fernte composltlons IS 
certainly adequate for this purpose 
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Summary-The background and analytical responses of chfferentlal pulse voltammetry at carbon 
electrodes have been evaluated Transient currents associated ~th small potential steps have been 
examined and are attnbuted mainly to redox reactions of various groups on the electrode surface 
Instrumental parameters have been thoroughly mvestlgated and ophmrzed for lmprovmg the stgnai-to- 
background response Glassy-carbon and carbon-paste &sk electrodes have been compared, and the latter 
found to yield better response owmg to the lower background current Dopaxnme, epmephnne, 
chlorpromazme, ascorbic acid, homovamlhc acid and ferrocyamde were used as test systems 

DdYerentlal pulse voltammetry (DPV) ts the most 
sensltlve and widely used voltammetrlc techmque 
other than anodlc stnppmg voltammetry The tech- 
nique was designed for achieving a large differential 
between the analytical current and chargmg current 
at the end of the hfe of the mercury drop With the 
mcreasmg need for trace analyas for Important ox- 
idizable compounds (e.g., drugs, vitamins, carcmo- 
gens) the technique has been used with various solrd 
electrodes, such as carbon or platmum, which have a 
wder anodlc potential range than mercury elec- 
trodes ‘-’ Although for certain compounds detectlon 
hmits around the 10-sM con~ntratlon level have 
been reported,‘*3*7 m most cases the detection limits 
are around the 10d6M level.6~8J0 

The reason for the mfenor sensltlvlty of DPV at 
sohd electrodes (compared to that at mercury elec- 
trodes) IS the additional background current com- 
ponent due to redox reactions of the electrode sur- 
face Consider the surface of sohd carbon electrodes, 
for instance Studies of various carbon surfaces have 
indicated the existence of various functional groups 
such as carbonyl, carboxyl, phenohc and qumo- 
nold “J’ As the potential IS stepped (as m DPV), the 
oxldatlon states of these functional groups are 
changed, and a current flows The resultmg faradalc 
background current decays very slowly (over some 
minutes) m comparison wth the rapld (a few msec) 
decay of the accompanying double-layer chargmg 
current lo Most commercial polarographlc analysers, 
e g , the Prmceton Apphed Research Model 174, are 
designed for use wth a dropping mercury electrode 
and -50 msec pulse duration, which 1s sufficiently 
long for complete decay of the chargmg current. 
Thus, utlhnng carbon surfaces, the current sampled 
toward the end of the pulse contains a slgmficant 
contnbutlon from the surface transient background 
current 

This work was lrutlated m order to charactenze 
more fully the nature of the background current m 

DPV at carbon electrodes (to whrch httle attention 
has been g;lven). For thts purpose, small potential 
steps (AE = 10-100 mV) are apphed to the workmg 
electrode, immersed m the supporting electrolyte 
solution, from the magrutude and shape of the re- 
sultmg transtent currents important lnfo~atlon is 
obtamed about the DPV background current Larger 
potential steps (AE = 400 mV) were applted’6 to 
investigate the behavlour of carbon electrodes m 
normal pulse voltammetry In addition to the charac- 
tenzation of the background current, data have been 
obtained on the effects of pulse amplitude, repetltlon 
hme, scan-rate, and rotation speed on the analy- 
tIca response These data are used for optlmlzmg 
the expenmental parameters for DPV at carbon 
electrodes 

Apparatw 
EXPERIMENTAL 

A lC@-ml (6 5-cm diameter, 5 0 cm high) Pyrex glass cell 
with a S-hole “Plexiglas” cover was employed A 0 75-cm 
diameter glassy-carbon disk (Model DDI, Pme Instruments 
Co , Grove City, PA) and 0 75-cm diameter “homemade” 
carbon-paste disk seked as the worhng electrodes The 
workmg electrode was mounted on a rotatmg disk assembly 
{Model PIR, pine Instruments Co ) The workmg electrode, 
the Ag/AgCl(3~ NaCl) reference electrode, the spectro- 
scoplc-graphite auxlhary electrode, and the nitrogen dehv- 
ery tube entered the cell through the holes m Its cover The 
glassy-carbon face was pohshed wth a 5-pm alununa 
suspension The carbon paste was prepared by thoroughly 
mung 2 5 g of graphite powder (Acheson Grapbte, Grade 
38, Rsher) and 1 5 g of NUJO~ 011 The paste surface was 
smoothed mth a computer card A fresh electrode surface 
was used for each expenment All expenments were per- 
formed Hnth a Prmceton Apphed Research Model 174 
Polarographic Analyzer, m conJunctIon wth a Houston 
Ommscnbe stnp-chart recorder 

Reagents 

All solutions were prepared unth demmerabzed water 
The chemicals and reagents used were those described 
previously,” unless othewse stated Mxlbmolar and sub- 
mdhmolar stock solutfons of homovamlbc actd and chlor- 
promazme (Sigma Chermcal Co ), respectively, were pre- 
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Carbon paste I 

Glassy carbon 

d 5@ t 
IO set 

h e 

-I‘--- 
f 

Ftg I Current-time relatlonshlps after the apphcatzon of 
potential steps from 0 to 0 1 V (a, d), 0 3 to 0 4 V (b, e), and 
0 6 to 0 7 V (c, f) Carbon-paste (a-c) and glassy-carbon 
(d-r) stationary disk electrodes, 0 1M phosphate buffer (pH 

7 4) 

pared fresh every day The supporting electrolytes were 
0 1M potassium chloride, 0 IM phosphate buffer @H 7 4) 
and 0 5M sulphunc acid 

Procedure 
A IOO-ml portion of supportmg electrolyte solutton was 

deaerated wnh nitrogen for 10 mm, then the nitrogen 
delivery tube was raised above the solution The working 
electrode was pretreated by cycling the appbed potential 
between -1 1 and + 1 1 V for 12 mm, allowmg 2 mm at 
each potential and ending at the positive potential Then the 
electrode was held at the starting potential for the scan, and 
after decay of the transient currents a dlfferentral pulse ramp 
was mmated DPV measurements were performed under 
vanous expenmental condmons, as descrtbed later m the 
paper Potenttal steps were applied at the working electrode 
(with the supportmg electrolyte soluuon m the cell) by 
swltchmg between the HOLD and INITIAL settings of the 
polarographlc analyser 

RESULTS AND DISCUSSION 

Background current charactertzatlon 

In order to mvestlgate the nature of the back- 

ground current m DPV at carbon electrodes, small 
potential steps were applied to the workmg electrode 
m the supporting electrolyte solution Figure 1 shows 
the current-time relationships obtamed for the 
glassy~arbon and carbon-paste electrodes after the 
application of IOO-mV potential steps m different 
potential regons For both electrodes and at the 
various potential regions the potential steps yield 
large transient currents which settle down very 
slowly From the long time requtred to reach a steady 
state It 1s clear that the current (after -20 msec) 1s 
due to the slow faradalc reorgamzatlon of functlonal 
groups at the eIectrode surface and not to double- 
layer chargmg The absence of oxidizable impuntles 
m the supporting electrolyte solution was examined 
and verrfied by using sensitive stopped-rotation 
measurements” over the O-1 0 V regon Two mter- 
estmg points are nottced from Fig 1 Rrst, the 
current-time profile depends on the potential regon 
employed, possibly because of potential-dependent 
reactlons of different surface groups (surface reac- 
tlons of the quinone-hydroqulnone couple ( _ + 0 4 
V) and formation of carboxyl groups (- + 1 0 V) 
were identified by cychc voltammetry”) Secondly, 
although the two electrodes have the same surface 
area, much larger currents are observed at the glassy- 
carbon electrode (as indicated by the different current 
scales) Detalled exammatlon of the transient cur- 
rents m Fig 1 IS gtven m Table 1 In all cases, it takes 
more than a mmute to reach a steady-state current 
(the currents after 60 set range between 3 and 18% of 
the mltlal currents) The currents measured 5 set after 
the potential step correspond to 4&65x of the mltlal 
currents Though larger currents are observed at the 
glassy-carbon electrode, they decay faster than those 
at the carbon-paste electrode Finally, m most cases 
the currents decay faster as the potenual regon 
becomes less anodz 

A log-log plot of current against time can provide 
important mformation regardmg the rate of surface 
current decay followmg steps m the potential Such 
plots were made for the 0 3-O 4 V steps shown m 
Fig 1, over the S-30 see penod followmg the step 
The resulting plots (not shown) were linear with 
slopes of -0 47 and -0 69 for the carbon paste and 
glassy carbon electrodes, respectively. Thus, though 
the rate of decay 1s not umform, the slopes (around 
-0 5) are similar to that of the analytlcal 
dlffuslon-controlled faradalc current followmg a po- 
tentlal step In view of the slmdar decay rates of the 

Table 1 Current-hme profiles after lOO-mV potential steps at carbon electrodes (condmons as for Fig 1) 

Carbon paste Glassy carbon 
Potential 

Current ratto* step (kotv 03+04v 0&+07v t&-+01 v 03-+04v 06-+07v 

& 040 049 06.5 0 26 0 32 0 37 
Go 0 23 0 35 0 52 0 17 0 20 0 25 
130 /‘o 0 14 0 20 031 0 10 0 09 0 15 
%&I 0 10 0 13 0 18 0 07 003 0 10 

*The subscripts desIgnate the time elapsed (see) after the potential step, when the current IS measured 
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0 5j~A L IO -EC 
Fig 2 Current-time relatlonshps after the apphcabon of 
IO-mV (a). 50-mV (bj. and lOO-mV 6~1 notentlal stens to _ I. ~ I, 

0 4 V Carbon-paste stationary disk &&ode, 0 1M bhos- 
phate buffer 

analytical and background currents, httle advantage 
is expected from using longer DPV pulses and/or for 
measuring the difference between two currents sam- 
pled durmg the pulse I9 The latter approach was 
found profitable with platinum electrodes,* where the 
nature of the surface redox reactions is Qfferent from 
that for carbon electrodes. 

The current-time relationship depends on the mag- 
nitude of the potential step (Fig. 2) The greater the 
step the larger the current associated with it the 
transient surface currents measured 2 set after apph- 
cation of steps of 10, 50 and 100 mV, are 0.1, 0 5 and 
1 1 PA, respectively 

We exammed the effect of the electrode treatment 
on the current-time response associated with lOO-mV 
potential steps at the stationary glassy-carbon disk 
electrode This experiment yielded some surpnsmg 
data (not shown graphically) After recording of the 
current-time relationships m the same manner as for 
Fig 1, an additional lo-mm cathodic reduction of the 
surface (at - 1 1 V) was applied This resulted m 
increases of the nntial currents associated with the 
lOO-mV potential steps 95% increases for steps from 
0 to 0 1 V and from 0 3 to 0 4 V, and 50% increase 
for the step from 0.6 to 0 7 V Followmg this, an 
anodic treatment (10 mm at + 1 1 V) was applied, the 
resulting nutial currents for the potential steps were 
reduced by 25% for the MI 1 V step and by 30% for 
the 0 3-O 4 V and 0 60 7 V steps With an additional 
1 O-mm cathodic reduction of the surface at 1.1 V, the 
potential-step nutial currents increased again to the 
level they had before the anodic oxidation. The 
surpnsmg aspect of these data is the reduction of the 
potential-step currents followmg the anodic treat- 
ment of the surface It is known that additional 
surface functional groups become attached to the 
electrode surface during electrode treatment, mamly 
m anodic treatment 9 I2 Thus, we expected an increase 
of the potential-step transient currents followmg sur- 
face oxidation However, our data indicate that func- 
tional groups formed by cathodic treatment, or the 

reduced form of groups formed m anodic treatment, 
are mainly responsible for the potential-step transient 
currents. 

Another characteristic of DPV at carbon electrodes 
is the reproducibihty of the background current It 
has been claimed that the slow faradaic surface 
reactions make it difficult to obtain a reproducible 
surface state lo Figure 3 examines the stabihty of the 
background current m DPV at stationary glass- 
carbon and carbon-paste disk electrodes Eight repet- 
itive runs were performed on each electrode, within 
80 mm For both electrodes only negligible changes 
of the background current are observed over these 
prolonged series. Changes m the background current 
durmg DPV measurements at carbon electrodes may 
therefore be attributed to adsorption of the analyte (a 
common occurrence with orgamc compounds) and 
not to the redox reactions of surface groups Also 
shown m Fig. 3, and as already indicated m the 
potential-step experiments, the DPV background cur- 
rent of the carbon-paste electrode is much lower than 
that of the glassy-carbon electrode (notice the 
different current scales employed). Since the surface 
functional groups depend on the structure of the 
carbon material employed, glassy carbon from 
different sources or carbon paste prepared by a 
different procedure, may yield different DPV back- 
ground currents. For the same reason, the currents 
may be affected by the procedures used for pohshmg 
the glassy-carbon and surfacing the carbon-paste 
electrodes 

Analytzcal response 

The overall DPV response depends on the signal- 
to-background characteristics Figures 4 and 5 show 

Fig 3 Successive ddferentlal pulse voltampexograms for the 
0 1M phosphate buffer blank solution, at the stationary 
glassy-carbon and carbon-paste electrodes Volt- 
amperograms recorded at lo-mm Intervals, wth the number 
on each representmg the run number Condltlons scan-rate, 
5 mV/sec, amphtude, 50 mV, repetltlon time, 0 5 set The 
zero current of the mdwldual curves 1s displaced for clanty 
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Rg 4 Wfferenttal pulse voltamperograms for 5 x 10-SM 
ferrocyamde at glassy-carbon (a, b) and carbon-paste (c, d) 
disk electrodes Condltlons rotation speeds 2500 (a, c) and 
0 (b, d) rpm, amplitude, 50 mV, scan-rate, 5 mV/sec, 
repetltlon time, 1 set, supportmg electrolyte, 0 IA4 KC1 

differential pulse voltamperograms for 5 x 10e5M 
ferrocyamde and 5 x 10e6M epmephnne, re- 
spectively, recorded at the glassy-carbon and carbon- 
paste disk electrodes. Although electrode reactions 
on carbon paste are generally slower than at glassy- 
carbon electrodes,20*21 the slgmficantly lower back- 
ground current of the paste (dotted lines) makes It 
supenor to glassy carbon wrth respect to the overall 
slgnal-to-background characterlstlcs Thu, combined 
with its low price and easy preparation, makes carbon 
paste the electrode material of choice m many apph- 
cations However, m certain cases, such as use of 
organic solvents or cathodic reductions, glassy car- 
bon has the advantages of better solvent-resistance 
and wider negative-potential hmlt (the carbon-paste 
electrode IS affected by the oxygen mcorporated m 
1P) 

Glassy carbon 

IOpA 

I I I 
11 

0 04 08 
E(V) 

Fig 5 Dlfferentlal pulse voltamperograms for 5 x 10a6M 
epmephrme at glassy-carbon (a, b) and carbon-paste (c, d) 
disk electrodes Cond@ons as for Fig 4, except that the 
supporting electrolyte was 0 1 M phosphate buffer (pH 7 4) 

Also shown m Figs 4 and 5 IS the effect of electrode 
rotation on the DPV response Most DPV mea- 
surements at solid electrodes have been performed 
without forced convectlon (ze., with a stationary 
electrode and qutescent solutlon).‘-9 In a few cases 
pulse voltammetry has been employed m studies 
using the rotating-disk electrode23 or flow-through 
electrode 24 From the data of Figs 4 and 5 it IS clear 
that DPV w&h a rotatmg electrode (voi~m~ro- 
grams a and c) has an advantage over slnlar mea- 
surements at a stationary electrode (voltampero- 
grams b and d), giving about twice as large a peak 
current The ferrocyamde peak, which 1s detectable 
utlth the rotating glassy-carbon elmtrode (Fig 4a), IS 
totally masked by the background current at the 
stationary electrode (Fig. 4b) From the ngnal-to- 
background characterlstlcs of the voltamperograms 
at the rotating carbon-paste electrode, the detechon 
limits for epmephrme and ferrocyamde would be 
around 2 5 x lo-‘M and 4 x 10W6M, respectively 
Slmllar voltamperograms recorded for 5 x lo-‘A4 
ascorbic acid m O.&W sulphunc acid yielded a de- 
tection limit of about 2 x 10e6M (not shown, condl- 
tlons as m Fig 4c) The lower detection hmlts 
(- 10-*-10-9M) reported for some DPV/sohd- 
electrode studles’,3*7 are att~buted to adsorption or 
extra&on of the analyte, and do not reflect the 
detectability of solution-phase DPV Species m solu- 
tton can be measured down to the 10-&M level by use 
of various hydrodynamic rn~u~atlon voltammet~c 
procedures,25 which are not commercially available 

To check the dependence of the DPV peak current 
on rotation speed, three oxldlzable compounds, fer- 
rocyamde, dopamme, and chlorprom~ne, were em- 
ployed (Fig 6) Though for all compounds an m- 
crease m peak current with rotation speed IS 
obtamed, there are different relatlonshlps between the 
three On a log-log plot, the data of Fig 6 yield 
straight lines over the ~~36~ rpm range (not 

co 

15- 

IO - 

5- 

o- I I I I 
0 loco 2000 3000 

uhpm) 

Fig 6 Dependence of peak current on rotation speed for 
5 x lo-‘A4 ferrocyamde (a), 5 x 10e6M dopamme (b) and 
5 x IO-‘A4 chloropromazme (c) Carbon-paste electrode 
Dlfferentlal puke ramp, as m Fzg 4 Supporting electrolyte, 

0 1M phosphate buffer (pH 7 4) 
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Rg 7 Effect of mdlvldual parameters on DPV response 
Peak currents are for 5 x 10m4M ferrocyamde m 0 1M KC1 
Rotatmg (2500 rpm) carbon-paste electrode Scan-rate 
study I-see repetltlon time and 50-mV amplitude Ampb- 
tude study 5 mV/sec scan-rate and I-see repetition time 
Repehtlon time study, 50-mV ampbtude and 5-mV/sec 

scan-rate 

shown), wth slopes of 0.22, 0 36 and 0 40 for 
dopamme, chlorpromazme and ferrocyamde, re- 
spectively For reversible reactions, when longer 
pulse Hndths and high rotation speeds are used, 
“Levlch” behavlour (slope 0 5) 1s expected *’ For 
compounds known to interact with the electrode 
surface, such as chlorpromazme,26 devlatlon from the 
theoretlcal behavlour 1s obvious Notice also the 
larger currents observed m the case of chlor- 
promazme, due to its accumulation at the surface. 

The effects of the DPV ramp parameters (scan- 
rate, amphtude, and repetition time) on the response 
were also evaluated. Ferrocyamde oxldatlon at the 
rotating carbon-paste electrode was used as a model 
system The results summanzed m Fig. 7 demonstrate 
the effect of each mdlvldual parameter on the peak 
current. It can be seen that reductions of 31% and 
27% respectively m the peak current are obtamed by 
increasing the scan-rate from 2 to 20 mV/sec or the 
repetltlon time from 0 5 to 5 set At the same time, 
-40% increase of the peak half-width 1s obtained for 
the same changes of scan-rate or repetltlon time (not 
shown). In addltlon, the peak current increases ap- 
proximately directly, wth the pulse amphtude How- 
ever, it should be noted that the background surface 

L I I I 
0 05 IO 

E(V) 

Rg 8 Dlfferentlal pulse voltamperogram for 5 x 10W6M 
dopamme and 7 5 x 10m6M homovamlbc acid at rotatmg 
(2500 rpm) carbon-paste electrode Scan-rates, 5 (a) and 20 
(b) mV/sec Amplitude, repetltlon time and supportmg 

electrolyte as for Fig 3 

current increases m a similar way wth the amplitude, 
as was shown m Fig. 2 According to the treatment 
for reversible systems at rotated electrodes,23 the DPV 
peak current should be independent of repetition &me 
and scan-rate Ferrocyamde is known to behave 
quasi-reversibly at a carbon-paste electrode 6 Slmllar 
dependences were obtained when the oxldatlon of 
ascorbic acid was used as a representative lrreverslble 
reaction*’ (not shown) In this study (employmg 
5 x 10e4M ascorbic acid m 0.5M sulphunc aad, and 
a carbon-paste disk rotated at 2500 rpm), the peak 
currents were decreased by 22% and 27% when the 
scan-rate was increased from 2 to 20 mV/sec and the 
repetition time from 0.5 to 5 set, respectively Also, 
a &rect proportlonahty was obtamed between the 
peak current and the pulse amphtude Increasing the 
scan-rate from 2 to 20 mV/sec resulted m 120 and 
250-mV anodlc shifts of the ascorbic acid and ferro- 
cyanide peak potentials, respectively. For analytes 
that accumulate on the carbon surface, a different 
dependence on DPV parameters has been reported.3 

Most DPV measurements at solid electrodes have 
been made at a scan-rate of 5 mV/sec, I e., about 4 
mm are reqmred for recordmg the voltamperogram. 
The data of Fig 7 mdlcate that a compromise 
between speed and sensltlvlty may result m a 
slgmficant gain m time and only a slight loss m 
sensltlvlty Such a compromise 1s shown m Fig 8 A 
mixture of 5pM dopamme and 7 5pM homovamlhc 
acid was analysed at scan-rates of 5 (a) and 20 (b) 
mV/sec The slight losses m sensltlvlty and selectivity 
are compensated by the slgmficant (factor of 4) 
reduction m time Thus, mixtures of oxidizable com- 
pounds at the mlcromolar concentration level can be 
analysed within less than a minute 
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Summary-The solvent extraction separation of Pt(IV), Pd(II), Os(VIII), Ru(II1) and Au(II1) from one 
another and also from Rh(II1) and Ir(II1) Hrlth l-(2’-n~tro-4’-tolyl)-4,4,6-tnmethyl-(lH, 4H)-2-pynml- 
dmethlol has been investigated Photometnc procedures have been developed for the determmabon of 
Pd(II), Os(VII1) and Ru(lI1) ~th the same reagent The reagent allows the ennchment of Pd(II) and 
Au(II1) at the trace level from a large volume of aqueous mednun even m the presence of base metals 
The method can be used for the determmatlon of platinum metals and gold m alloys 

This commumcatton describes systematic stu&es 
on the use of l-(2’-mtro-4’-tolyl)-4,4,6-trimethyl-( lH, 
4H)-Zpynrmdmethlol m the solvent-extraction separ- 
atlon of platmum metals and gold, and the photo- 
metnc determmatlon of Pd(II), Os(VII1) and Ru(II1) 
Several l-substituted pynmrdinethlols have been re- 
ported by Singh et al. as selective spectrophotometrrc 
reagents for the determination of palladmm,‘~2 os- 
m1um,2-4 ruthenium4 and lrldlum 5 However, the use 
of such compounds as extractants for the platmum 
metals and gold has not been mvestlgated The 
present studies were made m order to extend the 
apphcatlon of pyrlmldmethlols to the solvent extrac- 
tion of all the platinum-group metals and gold. 

EXPERIMENTAL 

Reagents 

Standard solutzons Standard solutions of Pd(II), Pt(IV), 
Rh(III), Ir(III), Ru(II1) and Au(II1) were prepared separ- 
ately by dlssolvmg the correspondmg metal chlorides (John- 
son Matthey) m dilute hydrochloric acid, and were stan- 
dardlzed by standard methods The Os(VII1) solution was 
made by dlssolvmg osmmm tetroxlde (Johnson Matthey) in 
0 2M sodium hydroxide and standardized 6 

Pyrrmrdmetkol solutlon l-(2’-Nltro-4’-tolyl)-4,4,6-tn- 
methyl-( lH, 4H)-2-pyrimldmethloI was prepared by the 
method of Mathes 7 A 0 OlM stock solution was prepared 
by dlssolvmg the requlslte amount of the pynnudmethlol m 
chloroform Solutions of the pyrlmldmethlol m dlmethyl- 
formamlde (DMF) (0 04M) and in dloxan (0 08M) were 
also prepared All solutions were made up freshly and stored 
m amber-coloured bottles 

Procedures 

Dissolutzon of osmrndlum alloy The alloy is dissolved 
according to the procedures gven by Schoeller and Powell* 
or Beamish and Van Loon 9 This bnngs the elements present 
mto the proper oxldatlon states for reacting wth the 
pynmldmethlol A sample of the alloy (if available as coarse 
grams) IS fused with five times its weight of pure zmc m 
order to obtam It as a spongy mass It 1s then powdered, 
fused wth sodium peroxide, leached with water and 
acldlfied, the acid concentration being adJusted to 2M m 

hydrochlonc acid This gves the oxldatlon states Os(VIII), 
Ru(III), Au(IX1) and R(W) and the sample 1s ready for 
analysis 

Dlssolutlon ofJewellery and solder 8 An accurately weighed 
amount of sample (about 5Omg) 1s transferred mto a 
covered 100-ml beaker and heated Hrlth 5 ml of aqua regta 
The solution IS evaporated almost to dryness and treated 
with three successive 2-ml portlons of hydrochlonc acid 
(1 + l), the solution bemg evaporated almost to dryness 
between addltlons, m order to remove nitrogen oxides The 
resrdue 1s dissolved m dilute hydrochlonc aad, 0 1 g of 
sodium chlonde IS added and the solution evaporated on a 
steam-bath to a moist residue Ten ml of concentrated 
hydrochloric acid are added and the solution IS made up to 
volume m a 500-ml standard flask Hrlth dlstllled water 
Appropriate ahquots are used for the determmatlon of each 
of the noble metals separately 

Photometric determmatlon of Pd(I1) AdJust the acldlty of 
a Pd(I1) solutlon to 2M m hydrochloric acid Shake for 
10 mm Hrlth 5 ml of 0 01 M pynmldmetluol m chloroform 
(Table 1) Collect the orgamc phase and make up to a 
known volume Measure the absorbance at 430nm agamst 
a reagent blank Compute the metal content from a cah- 
bratlon graph 

Table 1 ExtractIon of 200 pg of Pd(I1) from 2M HCI with 
0 01 M pynmldmethlol m chloroform, as a function of time 

Extraction, Y0 
Shaking time, 

tTWl 27” 11’ 0 

01 00 00 00 
02 11 00 00 
03 70 00 00 
05 25 1 00 00 
10 41 3 00 00 
20 62 5 00 00 
30 67 3 18 8 00 
50 71 9 27 I 00 
70 93 8 37 5 00 

100 1000 62 5 00 
20 0 1000 1000 18 3 
40 0 1000 1000 75 0 
60 0 1000 1000 95 3 

1200 1000 1000 1000 
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Table 2 Characterlstlcs of metal complexes of pynrmdmethlol 

Characterlstlc Pd(I1) Os(VII1) Ru(II1) 

1 nm 
maxl 

430 500 620 
hX, I mole-’ cm-’ 42x 10’ 46x 10’ 46x 10’ 
Acldlc medium for 0 1-5M HCl 0 34 7M HCl 5 7-6 2M HCl 

maximum colour 0 l-ION H,SO, 
development 0 1-5MHCl0, 

0 1-3M HNO, 
Stability m 

chloroform, hr 24 24 >48 
Beer’s law range, ppm 2-12 8-64 340 
Molar composition 

(metal hgand) 12 23 
Standard devlatlon* 

(5 samples) 0006 0006 0 009 
Molar ratio of thlol 

to metal needed 
for complete 
complexation 16 10 200 

*For absorbance of 8, 20 and 20ppm of Pd(II), Os(VII1) and Ru(III), respectively 

Photometric determrnatlon of Os(VIII) and Ru(III) Ad- 
Just the acldlty of an Os(VII1) or Ru(II1) solution (Table 
2) m a total volume of 25 ml Add 5 ml of 0 04M pynm- 
ldmethlol m DMF for Os(VIII), or 10 ml of 0 08M pynm- 
Idmethlol m dloxan for Ru(III) Digest the mixture on a 
boding water-bath for 5 mm and cool Extract the reddlsh- 
brown complex of osmmm or the green complex of ruth- 
enium with two 5-ml portlons of chloroform Measure the 
absorbance of the Os(VII1) and Ru(II1) complexes at 500 
and 620nm, respectively, against a reagent blank 

Extractronprocedurefor Os( VIII) and Au(IZI) AdJust the 
acidity of an Os(VII1) solution to 1-5M or of an Au(II1) 
solution to 0 5-8M m hydrochlonc acid Extract for 2 mm 
urlth 10 ml of 0 OlM pynrmdmethlol m chloroform Collect 
the orgamc phase Stnp Os(VII1) by eqmhbratmg with 1M 
potassmm hydroxide (6ml) and determme as described 
above For the determmatlon of Au(III), evaporate the 
organic phase to dryness and destroy the complex by 
treatment with l-2 ml of concentrated perchlonc and hy- 
drochlonc acids Dissolve the residue m hydrochloric acid 
and a few drops of nitric aad Evaporate the solution with 
hydrochlonc acid to remove oxides of nitrogen, taking care 
not to evaporate to dryness, and so avoid loss of gold ” 

06 
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400 600 600 700 
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Rg 1 Absorption spectra of thlol complexes of I, Pd(II), 
10 ppm, II, Os(VIII), 24 ppm, III, Ru(III), 20 ppm 

Dissolve the residue m dilute hydrochlonc acid and deter- 
mme gold photometncally by the stannous chloride 
method ” 

Extractron procedure for Pt(IV) Add 5ml of 0 08M 
pyrumdmethlol solution m dloxan to the sample solution 
Adjust the hydrochlonc and concentration of the solution 
to be 3 5-4 5M after dilution to 25 ml wth dlstllled water 
Allow to stand at room temperature for 25 mm and extract 
with 10 ml of chloroform Destroy the orgamc matter m the 
extract as described for Au(II1) m the precedmg paragraph, 
then determme by the stannous chlonde method ” 

RESULTS AND DISCUSSION 

The absorption spectra of solutions of the com- 
plexes formed by Pd(II), Os(VII1) and Ru(II1) wtth 
the pyrlmtdtnethlol are shown m Fig 1 A chloro- 
form solution of the pyrlmldtnethlol 1s sltghtly yellow 
and absorbs m the vlslble region, so a reagent blank 
1s required A chloroform solution of the pynm- 
ldmethlol extracts Pd(I1) quantltatlvely from hydro- 
chlorlc acid medium with 10 mm of shaking, whereas 
the colourless complexes of Os(VII1) and Au(II1) are 
quantltatlvely extracted m a smgle extractlon m 
5-10sec Os(VII1) and Ru(II1) m hot solution form 
reddish-brown and green complexes m the presence 
of l&24’? DMF or more than 18% dloxan, re- 
spectlvely Pt(IV) reacts with the pynmldmethlol on 
standing for 25 mm at room temperature in the 
acidity range 3 5-4 5M hydrochlonc acid m the 
presence of dloxan (18% or more m the aqueous 
medium) All these complexes are soluble m chloro- 
form 

The extraction of Pd(II), Os(VII1) and Au(II1) 
from 2M hydrochlonc acid with 0 OlM pynm- 
ldmethlol m chloroform at 27”, 11” and 0” was 
studied as a function of time. The extraction of 
Os(VII1) and Au(II1) was quantltatlve and unaffected 
by both temperature and the period of shaking over 
the range from 5 set to 30 mm. Studies on the kinetics 
of extraction of Pd(I1) (Table 1) indicate that the suc- 
cessive separation and determmatlon of Pd(II) and 
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Table 3 Extractlon scheme for separation and determmatlon* of Pt(IV), W(H), Os(VIII), Ru(II1) and Rh(III) or Ir(III) 

Rhodmm/Indmm Platinum Palladmm Osmium Ruthenium Gold 

Taken, Recovery, Taken, Recovery, Taken, Recovery, Taken, Recovery, Taken, Recovery, Taken, Recovery, 
pi? % K? % i+? % IJg % H? % &? % 
- - 190 1000 200 995 200 1000 225 995 200 98 4 

Rh 200 997 400 99 8 225 995 300 99.8 200 994 300 98 5 
Ir 210 992 300 1002 200 98 9 250 1000 150 98 9 250 98 3 

- 
- - - 

250 99 7 275 1000 
99 7 220 98 8 

- - - - 100 99.0 350 99 7 :: 994 - - 
- - - - - - 400 1010 200 991 200 99 0 
- - - 180 1000 - - 225 993 200 99 2 
- - - 230 1000 500 1000 - - - 

- - - - - - - - 150 1000 250 1000 
- - - - - - - - 175 1000 250 99 1 

- - - - - - 450 101.0 175 1000 - - 
- - - - - - 300 1000 - - 275 99 0 

- - - - - - - - 200 1000 300 99 2 

*Analyses m tnphcate 

Au(II1) and also of Pd(I1) and Os(VII1) is possible, 
with quantitative recoveries. 

The characteristics of the metal complexes of the 
pynmtdmethiol are summarized m Table 2. 

Extraction scheme for the separation and deter- 
mznatlon of Pt(ZV), Pd(ZZ), Os(VZZZ), Ru(ZZZ), 
Au(ZZZ) and Rh(ZZZ) or Zr(ZZZ) 

The extraction study shows that it is possible to 
separate Pt(IV), Pd(II), Os(VIII), Ru(II1) and Au(II1) 
from one another and also from Rh(II1) or Ir(II1). 
The scheme is presented as a flow-chart on the next 
page, and the results are reported in Table 3 

Synthetic mixtures containing platinum metals and 
gold(II1) m amounts corresponding to jewellery alloy 
(95 5% palladium and 4.5% ruthenmm), solder (60% 
gold, 30% palladium, 10% platmum) and osmitldmm 
alloy were analysed for metal content by this separ- 
ation scheme. Triplicate analyses gave average rela- 
tive errors (without regard to sign) of Pd 0.3x, Ru 
1 3% for jewellery alloy, Au 1 lx, Pd 0.4x, Pt 0.6% 
for solder, OS 0 4%, Pt 0.4x, Ru 1.1X Au 1.8% for 
osmiridium alloy. 

Effect of foreign zons 

The effect of foreign ions commonly associated 
with the test metals was studied by the recommended 

Table 4 Effect of foreign ions on the determmatlon of Pd(II), R(W), Os(VIII), Ru(III) and Au(III) 
with pynmldmethlol 

Amount tolerated (mg) m the determmatlont of 
Foreign ion 

added W(H) Pt(IV) Os(VII1) Ru(III) Au(III) 

WV) 3 5 
c&+1) 
Mn(II) 
Fe(II1) 
Co(I1) 
N](H) 
Cu(I1) 
Zn(II) 
Ga(II1) 
MO(W) 
Ru(II1) 
Rh(III) 
W(H) 
Cd(H) 
WVI) 
Os(VIII) 
Ir(II1) or (IV) 
IWIV) 
Au(W) 
Hg(II) 
Pb(II) 
U(VI) 
Ag(I)* 
Zr(IV) 

1 
10 
20 
20 
20 
20 
15 
2 
5 
1 
5 

10 
15 
01 
5 

20 
1 

20 
5 

20 
02 
2 

25 
5 

10 
5 
3 
5 

10 
2 
2 
2 
5 

w-extracted 
2 
1 

co-extracted 
5 

- 
co-extracted 

10 
3 

10 
05 
2.5 

5 
1 
5 
1 
5 
5 
5 
04 
5 
4 
2 
2 

interferers 
5 
2 

- 
5 
2 
02 
2 
1 
5 
02 
1 

5 
5 
3 
1 

10 
1 

10 
10 
02 
2 

- 
5 
1 

2 
1 

10 
15 
15 
15 
20 
10 
15 
3 

2 
1 
02 
5 
1 
1 

10 
3 

10 
5 
1 

1 
5 

co-extracted 
10 
15 

w-extracted 
5 

20 
- 
15 
5 

20 
02 
25 

*Centnfuge AgCl 
tAmount bg) of platmum metal taken. W(H) 200, Pt(IV) 3OO,Os(VIII) 200, Ru(II1) 200, Au(III) 300 
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Table 5 Determmatlon of Pd(II) or Au(II1) at the ng/ml with 60 and 30mm shaking respectively, are shown 
level* m Table 5 

Pd(I1) Pd(I1) Au(II1) Au(II1) 
taken, found, taken, found, 
nglml nglml nglml nglml 

40 400 36 35 6 
60 594 70 69 1 
80 79 8 90 88 9 

*Sample was 2500ml of water adjusted to 2M m hydro- 
chlonc acid and extracted with pynmldmethlol solution 
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Summary-Lead at the pg/g level and cadmmm at rig/g--pg/g levels m high-punty tm have been 
determined by polarized Zeeman atomic-absorption spectrometry with direct atonuzatlon of the sohd 
sample pieces of tugh-punty tm wt?lghmg up to 5 mg for lead and 20 mg for cadmium were aualysed 
C~lbrat~on graphs were ~nst~ct~ by use of standard solutions of lead and cadmmm m the presence 
of pure tm havmg lead and cadmmm contents below the detection lmut The tm matnx remamed m the 
graplute-cup cuvette after atonnzatlon and chd not adhere to the wall of the cuvette, so It could be easdy 
removed and the same cuvette repeatedly used 

Atomic-absorptton spectrometry with direct atom- 
ization of a solid sample has the followmg advan- 
tages high senntlvlty, short analysis time and no 
contammatlon with (or loss of) determmand, since 
there 1s no chemical treatment, ~croamoun~ of 
sample can be analysed This technique has therefore 
been applied to a variety of samples.’ On the other 
hand, non-specific absorption (background absorp 
&on) has to be considered, and repeated use of a 
cuvette is h~tedz4 by change m Its charactenshcs 
through reactions wth samples 

High-purtty tm IS used as the startmg mate& for 
makmg certam semiconductors (PbSnTe, PbSnSe 
etc ) or superconductors (Nb,Sn etc.), and the advan- 
tages of atomic-absorption spectrometry wrth direct 
atomiza~on of sohd sample suggest It as a method of 
choice for its analysis Frech ef al 5 have reported that 
complete volatlhzatlon of traces of lead from tm 1s 
difficult because of the solublhty of lead m tm 
However, the lead content can be reduced to below 
the detection hmtt by selection of an appropnate 
atomlzatlon temperature and hme, amount of sam- 
ple, and concentration of lead m It. Cadmium 1s also 
soiubfe m tin, and traces of cadmrum m tin can be 
determined by a procedure slmllar to that for lead 
Any non-specific absorption signals should be cor- 
rected for by use of the Zeeman effect, &* a deutenum 
lamp or two hollow-cathode lamps In this study, 
correctton by means of the Zeeman effect was em- 
ployed Standard reference materials made from the 
matnx element are not always avadable, and stan- 
dard solutions of the analyte elements,4s5 *I2 standard 
solid samples made from other matnx components,* 
or senes of “home-made” solid samples of slmllar 
composition to the analytical samples, are used for 
standardlzatlon The analytical results obtamed by 

use of these standards should be checked by com- 
panson wrth those values obtained by other methods 
In this study, satisfactory results were obtained by 
standardlzatlon with standard solutions of lead or 
cadmium together with pure tm 

EXPERIMENTAL 

A Hltacht 180-W polarized Zeeman atomic-abso~~on 
spectrometer, Hltashl OS6 chart-recorder and Tokyo Ka- 
gaku D-202 d@al Integrator were used, with a graphlte- 
cup cuvette as el~~othe~al atormzer Sobd samples were 
waghed on a Shtmadzu LM-20 balance (standard devlahon 
5 pg) An EppendorR mlcropipette was used for placing 
standard soluttons (10 ~1) m the graphtte-cup cuvette 

Known amounts of lead and cadmmm were dissolved 1x1 

a small amount of mtnc acid, and the solutions dduted with 
redrstiiled water m polypropylene standard flasks Further 
ddutlon gave workmg solutions covermg the range O-500 
ngjml for lead and O-10 r&ml for cadmmm These were 
used wthm 5 hr for constructmg calibration graphs The 
concentratton of mtnc acid m these solutions was so low 
(below 3 5 x W5M) that a study of Its effect on the 
atomic-abso~tion stgnals was ConsIdered unnail 

Procedure 
A small sample (0 l-20 mg), of irregular form, was 

carefully cut off a tm mgot with a pair of mppers A smgle 
particle of sample was weighed, put mto a graphite-cup 
cuvette and atomized by electrothermal heatmg under the 
analytical con&Ions m Table 1 The profile and area of the 
atomic-abso~tion signal of lead or cadmmm were recorded 
Further sample partclcles were successively analysed m the 
same cuvette Ten )tl of standard lead or cadmium solution 
were slrmlarly atomized m the presence of the “pure” hn 
wluch remamed m the graphite-cup cuvette after analysis of 
the samples The atomic-abso~tlon signals were auto- 
mat&ly corrected for non-spectfic absorption, by the po- 
lanzed Zeeman atomic-absorption spectrometer 
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Table 1 Instrumental parameters 

Parameter Pb Cd 

Drymg temperature, “C 
current, A 
time, set 

Ashmg temperature, “C 
current, A 
time, xc 

Atomlzmg temperature, “C 
current, A 
time, xc 

Cleanmg temperature, “C 
current, A 
time, set 

Wavelength, ntn 
Spectral bandwidth, nm 
Lamp current, mA 
Argon flow, 1 jtmn 

sheath gas 
carrier gas 

400 
118 
15 

400 
118 
15 

2000 
261 
40 

2400 
308 

283 3 228 8 
13 13 
15 15 

3 3 
None None 

300 
102 
15 

300 
102 
15 

1500 
216 

30 
1800 
241 

RESULTS AND DISCUSSION 

Absorption stgnal 

The signals for lead from a standard solution, a tm 
sample, and a standard solution added to “pure” tm 
left m the cuvette, are shown m Fig 1 The tm metal 
remaining m the cuvette after the atomlzatlon of lead 
IS m spherical form, and gives no lead signal, it will 
henceforth be referred to as “pure” tm The absorp- 
tion signal for lead from a standard solution IS a 
sharp smgle peak (Fig 1A) whether the lead IS 
atomized m a fresh cuvette or m a used cuvette from 
which residual tm matrix has been removed, but the 
peak area IS l&15% larger when a fresh cuvette 1s 
used The area obtained with the used cuvette 1s equal 
to that for the same volume of standard solution 
added to “pure” tm m the cuvette, but the latter 
system results m a double peak, as shown m Fig 1C 
The greater the amount of “pure” tm m the cuvette, 
the smaller the area of the first peak and the larger 
IS the area of the second peak The two peaks arise 
because the lead m the standard solution 1s reduced 
to the metallic state by the graphite of the cuvette, 
and part IS atomized (first peak) while the rest IS 
dissolved m the tm m the cuvette, and only gradually 
atomized (giving the wide second peak) This mech- 
amsm was confirmed by experiments similar to those 
described earlier ” The slow volatlhzatlon from the 
solution of lead m molten tm also accounts for the 
broad peak obtained for the tm samples (Fig 1B) 

When the samples are analysed successively m the 
same cuvette without removal of the tm, the amount 
of “pure” tm m the cuvette increases so the signal 
peak should get broader For a fixed amount of lead, 
if the degree of atomlzatlon IS constant the peak-area 
should remam constant but the peak-height should 
decrease as the number of samples increases 

This hypothesis was tested by analysmg for lead 
after successive additions of small samples (0 25-O 45 
mg, accurately weighed) of BCS 192f (Pb 3 5 pg/g) 
The results (expressed as slgnal per 0 1 mg of tm 

Atomlzatlon time (se%) 

Rg 1 Profiles of atomic-absorption slgnal for lead A, lead 
standard solution (Pb 1 01 ng), B, tm metal (BCS 192f, Pb 
3 5 ppm) 0 245 mg, C, lead standard solution (Pb 1 01 ng) 
with 2 818 mg of “pure” tm Atomlzatlon temperature 

2000°C 

added, I e , as a specific signal) are shown in Fig 2 
The specific peak-area was constant m spite of m- 
crease m the amount of residual tm m the cuvette (the 
coefficient of vanatlon of peak-area m 10 deter- 
mmatlons was 7 6%), but the peak-height decreased 

z 0°18. 
x 
$ 0014. 

B 
0 
i 0010. 

p 

r0006. 

d P 
0 05 10 IS 20 25 30 35 40 

Tan (mg) 

Fig 2 Effect of the amount of “pure” tm m the graphlte- 
cup cuvette on peak-area and peak-height of absorption 
slgnal of lead m tm Atomlzatlon temperature 2000°C Each 
plotted value corresponds to the specific absorption sIgna 

of lead m 0 1 mg of tm (BCS 192f, Pb 3 5 ppm) 
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40 
zi 
6 

- -1 

x 20 
z 
a 

' I I 
0 1500 2000 2500 

Atomlzatlon temperature (‘Cl 

Fig 3 Effect of atomlzatlon temperature on the peak-area 
of lead and cadmmm A, lead standard solution (Pb 1 01 ng) 
with 4 50 mg of “pure” tm metal, B, cadmmm standard 
solution (Cd 0 050 ng) with 10 0 mg of “pure” tm metal 

and the peak-width mcreased Therefore, the absorb- 
ance of the lead was always evaluated from the 
peak-area and the amount of the tm remammg m the 
cuvette was kept below 5 mg The peak-area for 
cadmium was not affected by the amount of residual 
tm until this exceeded about 20 mg When the 
amount of tm m the cuvette exceeded these tolerable 
amounts (5 mg for lead, 20 mg for cadmmm), It was 
carefully removed, and the same cuvette could then 
agam be employed for atomlzatlon of tm samples 
Therefore, one cuvette could be used about 250-300 
times 

Drymg, ashmg and atomlzatlon condmons 

The effect of atomlzatlon temperature on the peak- 
area for the absorption signal from lead m tm 1s 
shown m Fig 3A 

To find the optimum condltlons for lead, atom- 
ization at 1500, 1750, 2000, 2250 and 2500” for 
penods of 60, 50, 50,40 and 20 set, respectively, was 
examined At temperatures below 1750”, the time for 
removing lead from tm was longer and the peak-area 
for lead was smaller than at 2000” At temperatures 
above 2250”, the instrument was contaminated by 
volatlhzed tm, and the peak-area for lead became 

smaller than that at 2000” Therefore an atomlzatlon 
temperature of 2000” was chosen because the peak- 
area was largest, the rate of volatlhzation of lead 
from tin was comparatively high, and practically no 
tin was volatlhzed When lead at the pg/g level m tm 
was determmed and there was < 5 mg of residual tm 
m the cuvette, an atormzatlon time of 40 set was 
sufficient at a temperature of 2000” When cadmium 
in tin was atomized at 2000” tt was rapidly volatlhzed, 
but the absorption signal was smaller than that at 
1500”, as shown m Fig 3B Further, if there was more 
than 10 mg of residual tm, it Jumped out of the 
cuvette durmg the heatmg at 2000” Therefore, cad- 
mium m tm was atomized at 1500” For cadmium at 
the pg/g level m tm, with <20 mg of “pure” tm m 
the cuvette, an atomlzatlon time of 30 set was 
sufficient at 1500” 

The absorption signal for lead was not affected by 
varymg the drying temperature from 100” to 400 
(15-see drying), or (mth drying for 15 set at 400”) by 
ashmg either for 5-60 set at 400” or for 15 set at 
500-1000” Slmllar mvestlgatlons were made for cad- 
mium The drying and ashmg procedures finally 
selected are shown m Table 1. The cleamng step was 
introduced to avoid contammatlon of the cuvette by 
condensation of sample vapours on the cooler parts 
(the connections to the instrument) 

Cahbratlon graphs for G5 ng of lead and O-O 1 ng 
of cadmmm were constructed with standard solutions 
of lead and cadmmm m the presence of “pure” tm as 
described m the procedure 

Determmatlon of lead and cadmwm 

Lead and cadmium m high-punty tins were deter- 
mined by the proposed method and the results ob- 
tamed are shown m Tables 2 and 3. They agree with 
the certified values or those obtained by flameless 
atomic-absorption spectrometry This suggests that 
standardlzatlon with standard solutions of lead and 
cadmium 1s suitable for use m analysis of tin In this 
method a sample of only 0 l-20 mg 1s needed, but m 
the check method (solutlon/flameless AAS), samples 
of 0 3-10 g were used, with a final solution volume 
of 50 ml 

Table 2 Determmatlon of lead m high-purity tm 

Sample 

Proposed method 
Pb found by Pb, certified 

Number of Pb found, Coefficient of other method*, value, 
determmatlons ixlg vanatlon, % I.%/&! /Knin 

Tm A 
(99 9999%) 
Tm B 
(99 999%) 
Tm C 
(BCS 192f) 
Tm D (speaal 
grade reagent) 

34 0 59 36 

28 2 3, 9 

59 3 6, 6 

7 16 2 16 

0 5, 
0 5; 
2 5, 
2 6, 
3 9, 
3 9, 
14 5 
147 

35 

- 
*Tm was removed as SnBr, after dlssolutlon m mtrlc aad, and determmed by flameless (graphite cuvette) 

atomic-absorption spectrometry 
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Table 3 Determmatlon of cadmmm m high-punty tm 

Sample 

Tm A 
(99 9999%) 
Tm B 
(99 999%) 
Tm C 
(BCS 192f) 
Tm D (speaal 
grade reagent) 
Tm E (fog 

Proposed method 
Cd found by Cd, ce.rtdied 

Number of Cd found, Coefficient of other method,* value, 
determmatlons %I&! variation, o/o %?lg &!lg 

9 0 0004, 30 Not detected - 

15 0 022, 95 0 023, 
0 023, 

9 00011 12 Not detected 
<05 

8 2 83t 21 2 6, - 
2 6, 

10 0 12, 5 0 12, - 
0 12, 

*See Table 2 
tWlth earner gas flowmg through cuvette 

The relative standard devtattons of the peak areas 
for lead and cadmmm standards wtth “pure” tm m 
a cuvette were 1 8% for lead (Pb 1 03 ng, 7 deter- 
mmauons) and 4 3% for cadmmm (Cd 50.5 pg, 8 
determmauons). The correspondmg values for anal- 
ysts of high-punty tms were 3 6-9x for lead and 
512% for cadmmm (Tables 2 and 3) These values 
were good enough for lead to be determmable at the 
pg/g level and cadmmm at the rig/g--pg/g level The 
large relative standard devrattons for tm sample D 
might be due to segregation of the lead and cadmmm 
The very large relative standard devtatron for cad- 
mium m tm sample A might be due to the very low 
absorption signal from the very small amount of 
cadmium m the sample 

The detection limits were 37 pg for lead and 1.5 pg 
for cadmmm. These values correspond to 7 4 x 10m3 
ppm of lead m 5 mg of tm and 7 5 x lo-’ ppm of 
cadmmm m 20 mg of tm. Here, the detectton hnut IS 
defined as the werght of element gtvmg a signal equal 
to twice the standard devtatton of the mstrumental 
noise signal 

By use of the polanzed Zeeman atomic-absorptton 
spectrometer, the atormc-absorptton signal at 283 3 
nm for lead and at 228 8 nm for cadrmum was 
automattcally corrected for non-specific absorption 
by any matrix tm volatthzed (absorbance CO 05 m 
thrs work) 

The cahbratton graphs constructed from the results 
for the lead and cadmmm standards made wrth the 
“pure tm” metal can, then, be apphed for the deter- 

mmatton of low levels of these elements m tm by 
direct atomrzatton with very small samples (0 l-2 mg 
for lead and 0 2-20 mg for cadmmm) Traces of zinc, 
bismuth, copper and silver m tm can similarly be 
determined Passage of earner gas (Ar, 200 ml/mm) 
mto the cuvette makes the absorptron lower by a 
factor of 15-20 than that with no flow of earner gas 
Therefore the comparatrvely large amount of cad- 
mium m tm D (Table 3) was determined wrth earner 
gas flowmg through the cuvette 

1 
2 

3 

4 

5 

6 
I 

8 

9 

10 

11 

12 

13 

REFERENCES 

F J Langmyhr, Analyst, 1979, 104, 993 
K Hlrokawa and K Takada, Bunsekr Kaguku, 1980, 
29, 675 
K Takada and K Hlrokawa, Z Anal Chem, 1982, 
312, 109 
T Kobayashl, K Ido and E Sudo, J Jap Inst Metals, 
1982, 46, 603 
W French, E Lundberg and M M Barbootl, Anal 
Chun ACM, 1981, 131, 45 
H Kolzuml, Ifltachz S I News, 1982, 25, 25 
H Kolzuml and K Yasuda, Spectrochrm Ada, 1976, 
31B, 523 
H Korzuml, K Yasuda and M Katayama, Anal 
Chem , 1911, 49, 1106 
A Goda, K Monyama and S Hanmaya, Tram Iron 
Steel Inst Japan, 1980, 20, B405 
W Ishlbashl, M Sato and M Hashlmoto, Bunsekl 
Kagaku, 1974, 23, 591 
W Ishlbashl, R Klkuchl and K Yamamoto, &xi, 
1979, UI, 394 
T Hadelshl and H Klmura, J Electrochem Sot , 1919, 
126, 1988 
K Takada and K Hlrokawa, Tulanta, 1982, 29, 849 



7’alnnta, Vol 30, No 5, pp 333-338, 1983 
Prmted m Great Brkun All nghts reserved 

0039-9140/83/050333-06$03 00/O 
Copynght 0 1983 Pergamon Press Ltd 

DETERMINATION OF TRACE AMOUNTS OF PHOSPHATE 
IN RIVER WATER BY FLOW-INJECTION ANALYSIS 

SHOJI MOTOMIZU, TOSHIAIU WAIUMOTO and KYOJI T~~EI 

Department of Chemistry, Faculty of Sctence, Okayama Umverslty, Tsushtma-naka, Okayama-shl, Japan 

(Recetved 29 March 1982 Reused 15 November 1982 Accepted 22 November 1982) 

Summary-A flow-inJectton analysts system for the determmatton of trace amounts of phosphate m nver 
water has been developed The phosphate IS reacted Hrlth molybdate and Malachite Green m actdtc 
medmm to form a green species, the absorbance of which IS measured at 650 nm Phosphorus (as morgamc 
phosphate) can be determmed at the level of several ng/ml m water Analyses can be done at a rate of 
up to 40 per hour 

Flow-inJectton analysis (FIA), a simple technique 
that allows the rapid and automated determmatlon of 
a wide range of species, 1s based on contmuous-flow 
measurements and has already proved very useful m 
many practical apphcatlons, m such fields as envlron- 
mental, chmcal and agncultural analysis.’ The FIA 
deterrnmatlon of phosphorus has been studied by 
several workers,*-” all these methods were based on 
formation of yellow molybdophosphate or molyb- 
denum blue Itaya et al ‘* have reported that the 
molybdophosphate formed m acidic medium ~111 
react with Malachite Green to form a coloured 
complex, which can be used for spectrophotometnc 
determmatlon of phosphorus The method was sub- 
sequently modified and applied to the determmatlon 
of phosphate m serum, plasma and urme.‘3-20 
Altmann et al *’ concluded that the Ion-assoaatlon 
complex (Malachite green),(PMo,,O,) was formed m 
acid medium. The spectrophotometnc method with 
Malachite Green IS very sensitive (the molar absorp- 
tlvlty at 650 nm 1s about 1 x lo5 1 mole-’ cm-‘, but 
the colour intensity 1s affected by temperature and 
reaction time The addltlon of non-lomc surfactant 
has an enhancement effect on the colour reactlon 
Belle22 adapted the method to automatic deter- 
mmatlon of morgamc phosphate (wth the Auto- 
Analyzer) but using Methyl Green as counter-ion and 
Bn~-35 as non-ionic surfactant, and apphed the 
method at the pg/ml level to serum analysis. In 
environmental analysis, however, a method suitable 
for ng/ml levels 1s required 

This paper describes a very sensitive FIA pro- 
cedure, operable at high samphng rate, for the deter- 
mination of trace amounts of phosphorus m nver 
water with molybdate and Malachite Green, without 
use of non-ionic surfactant. 

EXPERIMENTAL 

Reagents 
All chemtcals used were of analyhcal-reagent grade 
Standardphosphate solution Dtssolve potassmm dlhydro- 

gen phosphate m dtsttlled water to gwe a 2 x lo-‘M stock 
solution, dtlute it accurately before use 

Reagent solutron A Dissolve 19 4 g of ammomum hep 
tamolybdate tetrahydrate, 0 092 g of Malachtte Green (ox- 
alate) m about 500 ml of dtsttlled water, add 250 ml of 
ethanol and 70 ml of concentrated sulohurtc actd. and dilute 
to 1000 ml wtth dlstrlled water Tills solutton ts 0 11M m 
molybdenum and 2 2 x 10m4A4 m Malacmte Green Filter 
through a 0 45-pm membrane filter before use This solution 
IS stable for at least one month d stored m the dark 

Reagent solutron B Prepare m the same way as solution 
A, but wtthout the ethanol 

Carrier solutton Sulphurtc actd (0 35M) 

Apparatus 
The absorbance was measured wnh a Shlmadzu UV-140- 

02 double-beam spectrophotometer with a IO-mm mmro 
flow-cell (18 ~1) and recorded wtth a Toa Dempa FBR-251A 
recorder A double-plunger rmcropump (Kyowa Samltsu 
KHU-W-104) was used for the reagent solutton and the 
carrter solutton The sample was mJected by a dway 
mJectlon valve (Kyowa Selmltsu KMHdV) mto the earner 
stream (sample volume 240 ~1 for use of reagent A and 40 
~1 wtth reagent B) The flow hnes were made from Teflon 
tubmg The reactlon cods were 7 5 m long (1 mm bore) for 
use of reagent A and 5 m long (0 5 mm bore) for reagent 
B, and were wound on glass rods To cancel the pulse from 
the rectprocal pump, 10-m dampmg cods (0 5 mm bore) and 
an au damper (volume 24 ml) were used The back-pressure 
tubmg (0 25 mm bore) was 3 m long, to prevent formatton 
of au bubbles A dtagram of the flow system (wtth dtmen- 
stons) IS shown m Ftg 1 

RESULTS AND DISCUSSION 

ExperImental oartables m use of reagent B 

Flow-rate As shown m Fig 2, the signal (peak 
height) mcreased with flow-rate but was practically 
constant over the flow-rate range 1 25-l 7 ml/mm, a 
flow-rate of 1 3 ml/mm was selected 

Malachrte Green concentration It was found that 
the larger the concentration of Malachite Green, the 
poorer the stablhty of the base-hne As shown m 
Fig 3, the cahbratlon graphs were all linear up to 
the 200-ng/ml phosphorus level at a Malachite 
Green concentration of 1.1 x 10m4-4 4 x 10m4M A 
2.2 x 10m4M Malachite Green solution was found to 
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Fig 1 Schematic flow diagram P, and P?, pumps, DT, dampmg co11 (0 5 mm x 10 m), D, air damper, 
I, sample Injector, M, mlxmg Joint, RT, reactlon co11 (1 mm x 7 5 m or 0 5 mm x 5 m), SP, 

spectrophotometer with flow-cell, R, recorder, BPT, back-pressure co11 (0 25 mm x 3 m) 

give a good compromise between sensitivity and 
base-hne stability 

Molybdute concentratzon As shown m Fig 4, the 
peak height increased with increase of molybdate 
concentration, but again at the cost of increasing 
mstablhty of the base-line and decreasing hneanty of 
the cahbratlon graphs A concentration of 0.1 1M 
molybdate was chosen as a compromise 

Sulphurzc aczd concentratzon From the results 
shown m Fig 5, a concentration of 1 3M sulphuric 
acid was chosen 

Length of reactzon cozl As the reaction co11 was 
increased m length from 2 5 to 7 5 m, the peak height 
decreased, but the base-line became more stable A 
5-m coil (0 5 mm bore) was chosen from a consid- 
eration of peak height, base-line stability and reten- 
tion time 

Sample znJectzon volume (Fzg 6) Though the peak 
height increased with sample size, the tailing of the 
peak became larger A 20-cm sample loop (0 5 mm 
bore) was selected for use 

Calzbratzon graph With use of the flow system m 
Fig 1 (reaction coil 5 m long, 0 5 mm bore), the 
calibration graph was linear up to 200 ng of phos- 
phorus per ml 

Development of the methodfor > 200 ng of phosphorus 
per ml (reagent A) 

When reagent B is used for phosphorus concen- 
trations above 200 ng/ml, the complex becomes coag- 
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ulative and easily adsorbed on the surface of the 
Teflon tubing This effect can be prevented by addi- 
tion of ethanol to the reagent (givmg reagent A) The 
effect of varying the ethanol concentration is shown 
m Fig 7 The optimal ethanol content m the reagent 
solution is 25%, which gives a graph cahbratton that 
is linear up to 0 8 ppm of phosphorus In this case, 
the reaction coil (7.5 m long, 1 mm bore) is wound 
m a figure-of-eight on two parallel rods (diameter 
about 5 mm), as this is found to result m less tailing 
of the peaks The decrease m tathng allows a higher 
sampling rate and use of a larger volume of sample 
solution With reagent A, 240 ~1 of sample solutton 
can be used 

Exammation of the experimental variables gave the 
results summarized m Figs 8-l 1, from which the 
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Fig 3 Effect of Malachite Green (reagent B) A, 
1 1 x 10-4M, B, 22 x lo-.‘M, C, 3 3 x 10-4M, D, 

44 x lo-4M 



Trace amounts of phosphate m nver water by flowqectlon analysis 

Phosphorus ( ng /ml ) 

Fig 4 Effect of molybdate (reagent B) A, 0 llM, B, 
0 18M, C, 0 24M 

condlttons regarded as optimal were deduced, namely 
a flow-rate of 2.1 ml/mm and a reagent (A) contam- 
mg 250 ml of ethanol, 70 ml of concentrated sul- 
phurlc acid and 0 11 mole of molybdenum per htre. 

2 
F 
: 

Y 

z 
a 

0 50 100 I50 200 

Phosphorus (ng/ml 1 Phosphorus ( ppm 1 
Rg 8 Effect of flow-rate (reagent A) Flow-rate A, 2 0 and Rg 5 Effect of sulphunc acid (reagent B) A, 0 8M, B, 

13M, C, 17M, D, 2 1M 2 1 ml/mm, B, 2 2 ml/mm 
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6 Effect of sample volume (reagent B). Length of 
sampling loop (0.5 mm bore tubmg) A, 10 cm (20 PI), B, 
20 cm (40 PI), C, 30 cm (60 ~1) (phosphorus 75 ng/ml) 
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Fig 7 Effect of ethanol A, 20x, B, 25x, C, 30x, D, 40% 
(flow-rate 2 1 ml/mm) 
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Phosphorus ( ppm) 

Rg 9 Effect of molybdate (reagent A) A, 0 06M, B, 
0 IlM, c, 0 17M 

The Malachite Green concentration was again lm- 
portant The graphs (Fig. 10) were all hnear up to the 
800-ng/ml phosphorus level, but the higher the Mal- 
achite Green concentration the less stable the base- 
hne. The sensitivity first increased and then decreased 
urlth increasing dyestuff concentration 

Cuhbratron graph (reagent A) The flow system m 
Fig 1 (reaction co11 7 5 m long and 1 mm bore) was 
used for preparmg the cahbratlon graph. The sample 
solution was mJected from a sample loop of 30 cm of 
l-mm bore Teflon tubing (sample volume about 240 
~1) Typical signals are shown m Fig 12. The cah- 
bratlon graphs are linear up to 120 and 800 ng/ml (at 
different recorder sensltlvltles) 

Determrnutlon of phosphorus m river water 

Phosphorus at concentrations below 200 ng/ml can 
be determined with either reagent, but for higher 

0 
02 04 06 06 

Phosphorus ( ppm) 

Fig 10 Effect of Malachite Green (reagent A) A, 
1 1 x 10-4M, B, 2 2 x 10-4, C, 3 3 x 1O-4 

60 

02 04 06 06 

Phosphorus (ppm) 

Fig 11 Effect of sulphunc and concentratton m reagent A 
Concentrated sulphunc acid added (ml per htre of reagent 
solution) A, 45 ml, b, 70 ml, C, 75 ml, D, 93 ml, E, 115 ml 

Table 1 Tolerable concentrations of co-existing Ions 

Maximum tolerable 
Ion concentration, M 

Na+, Cl- 01 
Mg2+, Ca2+ 001 
A13+, K+, Fe)+, NO;, HCO, lo-‘* 
s10:- 10-d 
wo: - , vo; 10-S 
AsO: - 2 x 10-C 

Phosphorus taken 120 ng/ml 
*Maximum tested 

Table 2 Detemunatlon of phosphorus m nver water 

Phosphorus, Reference value,* 
Sample nglml nglml 

Zasu lver 
A 69 71 
B 80 79 

Takahashl Bver 
A 30 
B 16 
C 20 22 
D 14 

Yoshu hver 
A 25 
B 23 
C 38 38 
D 32 

Asahl Bver 
A 39 38 
B 17 
C 11 

The Takahashl, Yoshu and Asahl Bvers are the three 
largest nvers m Okayama Prefecture The waters were 
sampled on 10 September 1981 The Zasu Bver IS one 
of the branches of the Asahl kver Domestlc wastewater 
flows mto the Zasu kver Symbols A-D denote order of 
samphng down stream 

*Obtamed by the solvent extraction-spectrophotometnc 
method 23 
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Fzg 12 Flow-mJectlon signals for determznatzon of phosphorus Phosphorus @g/ml) A, 0, B, 0 01, C, 
002, D, 0 03, E, 004, F, 006, G, 0 12, H, 0, I, 0 1, J, 02, K, 04, L, 06, M, 0 8 

levels the reagent A 1s recommended because of the Acknowledgement-The authors express thezr thanks to 
wider linear span of the cahbratlon graph (larger Nissan Sczence Foundatzon for financial support 

sample volumes are then needed though). 
Interferences were examined mth the reagent A 

system, and the results are shown m Table 1 The 
amounts of these ions generally found m nver water 
are smaller than those hsted m Table 1 

Phosphorus occurs m natural waters as ortho- 
phosphate, condensed phosphates (pyro-, meta- and 
poly-phosphate) and organically bound phosphorus. 
By our method only orthophosphate can be deter- 
mined However, the condensed phosphates can be 
easily hydrolysed to orthophosphate by heating the 
aadlfied solution for 30 mm m a water-bath at about 
90” 23 In this work, the water samples were made 
0 35M m sulphunc acid m stoppered test-tubes, 
heated for about 45 mm m a water-bath at about 95”, 
cooled to room temperature, and injected into the 
earner stream The results are shown m Table 2. 
Phosphorus below the 100 ng/ml level m nver water 
was determined The results obtained by using the 
solvent extraction-spectrophotometnc method23 are 
almost the same as those obtained by FIA 
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Summary-An inductively-coupled plasma (ICP) with an extended-sleeve torch has been evaluated as an 
atomization cell for laser-excited fluorescence spectrometry Limits of detection for 20 lines are given The 
detection power is almost equivalent to that obtained by excitation with a hollow-cathode lamp 
Interelement effects and spectral interferences are discussed 

The inductively-coupled plasma (ICP) is the best 
source for simultaneous multielement excitation m 
emission spectrometry (ES) for the determmation of 
maJor, minor and trace elements m various matenals, 
because of the resultmg high sensttivmes (especially 
for refractory elements), wide dynamic ranges and 
freedom from chemical and tomzatton interferences 
In spite of these advantages, there are a number of 
difficulties associated with the use of ICP-ES systems, 
notably the occurrence of spectral interferences, the 
need for careful optimization to mmimize multi- 
phcative interferences, and the variatton m nebu- 
hzation efficiency caused by variation m solution 
viscostties ‘3’ Because of the high temperature m the 
ICP, the spectra are nch m hnes and even the use of 
a high-resolution monochromator does not enable all 
the analytically useful lines to be used m certain 
analyses 

In prmciple, fluorescence techniques, although re- 
quumg an intense primary excitation source, should 
be effective m avoidmg spectral interferences 
Atomic-fluorescence techniques based on use of a 
xenon arc lamp,3 electrodeless discharge lamps 
(EDL), hollow-cathode lamps (HCL),’ ICP 
emission6 or a pulsed tunable dye-laser’ as primary 
excitation sources have been employed with flame 
atomtzatton systems Laser excttatton has been found 
to result m an improvement of detection llmits,8 some 
of which were equivalent to or better than those 
obtained by flame atomic-absorption spectrometry 
(AAS) and ICP-ES However, chemical and iomz- 
ation interferences often occur m flames, and for 
refractory elements poor detection cannot be 
avoided The detection power should be improved by 
using the ICP as an atomization cell, because of its 
high temperature and the relatively long residence 

*On leave from Industrial Research Institute of Kanagawa 
Prefecture, Yokohama 236, Japan 

tAuthor to whom correspondence should be addressed 

time of the analyte The high volatihzatton efficiency 
achieved m the ICP should also mmtmize the scatter- 
mg of excitation radiation. Furthermore, quenchmg 
effects caused by molecular species should be less 
than those m combustion flames 

The frrst study using the ICP as an atomizatton cell 
for fluorescence was reported by Montaser and Fas- 
seL9 EDLs were used as excitation sources and special 
torches with extended sleeves were investigated 
Montaser and Fassel studied only cadrmum, zmc and 
mercury, for which intense EDLs were available 
Demers and Allemand’“~” investigated pulsed HCLs 
for excitation of atomic fluorescence m the ICP and 
reported detection limits for 32 elements (with linear 
dynamic ranges of 45 orders of magnitude) that 
were comparable to those obtainable by flame AAS 

For laser-excitation of atoms m the ICP, dye-lasers 
pumped by a contmuous-wave argon-ton laser,12 a 
pulsed flash-lamp pumped laserI and a pulsed mtro- 
gen laser I3 I4 have been investigated In addttton, the 
laser-excitation technique has also been applied to the 
measurement of relative analyte atom distrtbuttons m 
the ICP, without the need for Abel mverston I4315 The 
present paper describes the use of the combmation of 
a tunable dye-laser pumped with a pulsed mtrogen- 
laser (as the primary excitation source) and an ICP 
with an extended-sleeve torch (as an atomizatton 
and/or ionization cell) for fluorescence spectrometry 

EXPERIMENTAL 

Figure 1 gtves a schematic dragram of the system The 
orgamc dyes PBD, BBQ, DPS, Bts-MSB, C120, 7D4MC, 
CSOO and C495 (Molectron Corp ) were used m the dye- 
laser (Molectron Corp , DL-300) whtch was pumped by a 
mtrogen-laser (Molectron Corp , UV-14) The operating 
condtttons of thus laser system were stmrlar to those de- 
scribed by Weeks et al ,* except for the optical trigger The 
photoelectnc pulse from the photodtode arcurt was used as 
a tngger signal for the boxcar averager 

The ICP (Plasma Therm, HFP-1500D) was operated 
under the following condmons RF power 0 7, 1 0 or 1 2 
kW, plasma support-argon flow-rate 15 1 /mm, no auxiliary 
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N I t rogen Quartz plote Dye 
loser 

~)--~I 
Fig 1 SchematIc diagram 

argon, nebuhzmg-gas pressure 40 pslg, for a cross-flow type 
nebubzer (Nippon Jarrell-Ash) A long-sleeve torch (Baird 
Corp) was used, with a coolant tube extendmg 63 mm 
beyond the nozzle of the aerosol tube 

The chameter of the dye-laser beam m the plasma was 
about 3 mm for the exploratory studies and 10 mm for the 
mvestlgatlon of cahbratlon graphs and detectIon hrnlts The 
fluorescence was imaged on the entrance sht of the mono- 
chromator (Heath Co , EU-700, 350-mm focal length, gra- 
tmg with 1180 grooves/mm) The entrance and exit sht- 
widths were set to 1 mm, and the sht-height was 3 mm for 
the mltlal studies and 10 mm for determmatlon of the 
detectlon hnuts The output sIgna from the photomultlpher 
(Hamamatsu TV, R928) was connected to the boxcar 
averager (Prmceton Apphed Research, 162/164) through an 
amphfier wth a gam of 10 (Comhnear Corp , CLClOO) The 
photomultlpher base was modified for pulsed high-current 
operation I6 The output from the boxcar was Integrated for 
10 set with a laboratory-constructed Integrator and the 
output displayed on a ch@tal voltmeter (Fluke SOOOA) 

Stock solutions (1000 pg/ml) of alummmm, barium, 
calcium, gallium, molybdenum, scan&urn, strontmm, thal- 
hum, vanadium, lead, yttnum and zlrcomum were prepared 
and successively diluted with d&lled/demmerahzed water 
For the Interference studies, 20-mg/ml sodmm, alummmm 
and iron solutions were prepared, and commercially avad- 
able phosphonc acid (special grade) was used 

RESULTS AND DISCUSSION 

Fluorescence intensities m the ICP depend pnmar- 
lly on the followmg three factors (I) population 
density of the lower level in the laser-excitation 
process, (zz) output power of the laser, (nr) spontane- 
ous transrtion probability of the fluorescence hne 
Laser-excitation from the ground state and satur- 
ation of the spectral transition are both advan- 
tageous However, exated-state fluorescence and 
thermally-assisted fluorescence” are more useful than 
m flames, because of the higher temperature of the 
ICP I4 One of the most slgmficant differences between 
flames and the ICP 1s that the resonance fluorescence 
of Ionic hnes 1s strong In the latter I4 Hollow-cathode 

G Lens 
Slgnal 

\: 

Monochromator 

PMT HV 
suPPlY 

of laser-excited ICP-FS system 

lamps are not suitable for the excitation of ionic hnes, 
except for those of barium ‘O*” In this work, we did 
not consider the use of sensitive hnes at wavelengths 
shorter than 350 nm, because of poor laser energy in 
the frequency-doubled mode and difficulty m keeping 
the doubled hne tuned 

Extended-sleeve torch and carrier -argon flow -rate 

Basically, the temperature m the analytical region 
of the ICP (l&25 mm above the Induction coil) IS too 
high for analytical fluorescence measurements’2S’4 be- 
cause It decreases the ground-state population and 
causes strong background emlsslon Most of the 
sensitive fluorescence lines involve resonance transi- 
tlons with excltatlon from the ground state Three 
methods are available for decreasing the ICP tem- 
perature reducing the power, increasing the camer- 
argon flow-rate,‘s and using a higher observation 
point When 40 pslg nebuhzmg-gas pressure was used 
[at which the argon flow and solution uptake rates 
were 1 7 1 /mm and 2 2 ml/mm (water), respectively], 
the fluorescence intensity at the Ca II 393 4-nm line 
was about four times that obtamed at 30-pslg nebu- 
hzmg pressure A similar result was obtained for 
other lines, both atomic and Ionic At observation 
points above the mductlon coil, the analyte popu- 
lation 1s less dense than m lower positions, owing to 
dlffuslon mto the surrounding au-, as shown m emls- 
sion, I9 absorption” and fluorescence measurements ” 
An extended-sleeve torch’O*” was therefore used to 
mmlmlze the diffusion Furthermore, this torch 
should be more effective than a short one for transfer 
of colhslonal energy from the plasma to the analyte 
atoms 2o In addition, scattermg caused by water 
dropletsI should be decreased 

Horizontal dzstrzbutzon of the fIuOrescence rntensrty 

Figure 2 shows the horizontal distnbubon of the 
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Radlal posItIon (mm) 

Fig 2 Honzontal dlstnbutlon of resonance lomc 
fluorescence mtenslty for calcium Ions at 393 4 nm RF 
power 10 kW, observatton he&t 0 5 mm, 0 15 mm, A 
25 mm from top of torch (45 mm, 55 mm, 65 mm above 

mductlon cod) 

lonlc resonance-fluorescence intensity for the Ca II 
393 4-nm lines at three heights The heights of 5, 15 
and 25 mm above the top of the extended-sleeve torch 
correspond to 45, 55 and 65 mm above the mductlon 
co11 In this experiment, the dye-laser diameter at the 
ICP posltlon was about 3 mm, and the width and 
height of the monochromator slit were 0 5 and 3 mm 
respectively These dlstnbutlons indicate the spatially 
resolved relative population densities for calcium ions 
above the long torch All the distributions are sym- 
metrical, with the maximum on the central axis of the 
plasma The fluorescence intensity decreases and the 
dlstnbutlon profile becomes slightly wider with m- 
crease m observation height Comparison of these 
dlstrlbutlons with those obtained with a conventlonal 

!y@Jot, , , , , , 
w 07 09 09 IO , , 12 

RF power tkW) 

Rg 3 Effect of RF power on excitation temperature 
Observation he&t 5 mm above top of the torch (45 mm 

above the cod) 

RF power (kW1 

Fig 4 Effect of RF power on fluorescence mtenslty Obser- 
vation he&t 5 mm above top of the torch (45 mm above 
the cod) Fluorescence hne l Ga 1403 3 nm, 0 MO I 386 4 

nm, A Ca II 393 4 nm, A Y II 508 7/371 0 nm 

short torchI shows that the extended-sleeve torch 1s 
fairly effective m preventmg dlffuslon of analyte 
atoms mto the surrounding air For all further 
fluorescence measurements the central axis of the 
plasma was observed 

Effect of RF power on excltatlon temperatures and 
Jkorescence mtensltles 

The RF power of the ICP 1s one of the significant 
parameters affectmg plasma temperature and 
fluorescence intensity The excltatlon temperature 1s 
easdy obtained from relative emlsslon mtensltles and 
often used to describe plasmas I&*’ Figure 3 shows 
the effect of the RF power on the excltatlon tem- 
perature for iron at 5 mm above the top of the 
extended-sleeve torch (45 mm above the mductlon 
coil) The temperatures were obtained from the slope 
calculated from the iron atomic lmes at 382 0, 382 4 
and 382 6 nm Spectral data for these lines were 
summarized previously I8 As shown m the figure, the 
temperature increases with increase m RF power and 
1s close to that of some flames The excitation tem- 
perature measured m the same way 20 mm above the 
mductlon cod of a conventional torch (I 0 kW RF 
power and 22 pslg nebuhzmg-gas pressure) was found 
to be 4500 K 

Figure 4 indicates the effect of power on the 
resonance-fluorescence mtensltles for the Ga I 403 3 
nm, MO I 386 4 nm and Ca II 393 4 nm lines and the 
fluorescence intensity for the Y II 508 7/371 0 (&J&) 
transltlon, measured at 5 mm above the top of the 
extended-sleeve torch (45 mm above the ~011) The 
mtenslty of the atomic hne for gallium (a non- 
refractory element) decreases wth increase m RF 
power As can be seen from Fig 4, an even lower 
temperature might be optimal for gallium, but RF 
powers below 0 7 kW were not investigated The 
atomic line for molybdenum (a refractory element) 
gves a maximum fluorescence peak at 1 0 kW (3500 
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K), and for calcium the ionic fluorescence is mammal 
at about 0 9 kW (3300 K). Slmllar results were 
obtained for resonance ionic fluorescence for barmm 
at 455.4 nm and for strontium at 407.8 and 421.6 nm. 

In contrast, the yttnum ionic fluorescence at 
508 7/371.0 nm (anti-Stokes fluorescence”) should be 
measured at high power, as also shown m Fig 4. One 
of the reasons for this might be that the lower level 
of the laser excitation at 508.7 nm 1s fairly high above 
the ground state (8743 cm-‘). However, similar re- 
sults were also obtained for other yttnum lomc hnes, 
mvolvmg the line excited from the ground state (Y II 
363 3 nm), and also for Zr II 431 7/349 6 nm 

The background intensity level and Its re- 
produclblhty were about the same at each RF power 

120 

0 

I I I I I 

5 IO I5 20 25 

Observation hetght (mm) 

Fig 6 Vertical dlstnbutlon of the fluorescence intensity 
Fluorescence line* l Ga 1403 3 nm (0 7 kW), 0 MO I 386 4 

nm (10 kW), A Ca II 393 4 nm (10 kW) 

Vertical drstrlbutions of excltatron temperature and 
fluorescence mtensity 

Vertical distnbutlons of the iron excltatlon tem- 
peratures at 0 7 and 1 0 kW power, along the central 
axis of the ICP, are shown m Fig 5. For both powers, 
the temperature decreases wth increasing obser- 
vation height. At 0.7 kW, the temperature 1s roughly 
that of a nitrous oxide-acetylene combustion flame, 
especially at the higher positions 

The vertical dlstnbutlons of resonance-fluor- 
escence mtensltles along the central axis of the plasma 
for Ga 1403.3 nm (at 0 7 kW RF power), MO I 386.4 

Table 1 Llmlts of detectlon (LOD) by laser-ICP-FS and two other ICP methods 

Laser-ICP-FS Lase-ICP-FS’4 
(this work) (conventIona short torch) HCL-ICP-FS’O ICP-ESz2 

I exis.* LOD, I ez,R,* LOD I eX,RI LOD, &,,,ss>on LOD, 
Line nm nglml nm nglml nm nglml nm nglml 

AKI) 394 41396 2 5 309 2 20 396 2 1 
Ba(I) 553 5 2000 
Ba(II) 455 4 1 455 4 40 455 4 50 455 4 0 05 
Ca(I) 422 7 100 422 7 0 08 422 7 3 
Ca(II) 393 4 1 393 4 8 393 4 0 04 
Ga(I) 403 3 10 403 3 5 

403 3/417 2 4 417 2 3 
MO(I) 386 4 100 386 4 3000 313 3 30 386 4 2 
Pb(I) 405 8 70 405 8 6000 283 3 25 4058 20 

405 8/283 3 100 283 3 40 
SC(U) 3643 30 3643 0 13 
SrU) 460 1 7 460 7 07 460 7 2 
Sr(I1) 407 8 05 421 6 0 03 
TU) 377 6 8 3716 8000 377 6 7 377 6 11 

377 61535 0 10 535 0 9 
V(I) 4112 400 4112 9 
V(II) 390 31290 9 10,000 390 3/290 0 700 290 9 07 
Y(I) soot 
Y(II) 371 0 10 371 0 0 08 

508 7/371 0 70 508 7/371 0 30 
Zr(I1) 431 71349 6 6000 349 6 09 

*Excltatlon and fluorescence wavelengths, only the one IS gven if they are Identical 
tReported by Demers et al ,‘I wavelength not stated 
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nm (1 .O kW), and Ca II 393.4 nm (1 0 kW) are shown 
m Fig. 6 All three elements are affected by lateral 
diffusion to the same extent, but m the case of 
calcium, the decreasing temperature (see Fig. 5) 
would result m a depopulatron of the first iomc state. 
Furthermore, the molybdenum intensity decreases 
even more because of the formation of monoxides. 

The background mtensity level was slightly larger 
at 5 mm above the top of the extended-sleeve torch 
than at higher positions, but the noise level was 
almost the same at all heights examined. 

Llmrts of detectron and calrbratzon curves 

The use of an expanded dye-laser beam (about 10 
mm diameter at the ICP position) and IO-mm mono- 
chromator &t-height to improve the sensitivity was 
mvestigated Fluorescence mtensities were 3-5 times 
as large as those obtained with the 3-mm beam and 
3 mm slit-height The background intensity caused by 
scattering also increased, but the increase m noise was 
small As a result, the fluorescence signal-to-noise 
ratio (SNR) was improved appreciably, depending on 
the type of fluorescence line observed. The SNR was 
much better for non-resonance lines The centre of 
the expanded-dye laser-beam was located 10 mm 
from the top of the torch m order to avoid hitting the 
torch and mcreasmg the scatter signal 

Table 1 shows the limits of detection together with 
those obtained from laser-ICP-FS Vylth a con- 
ventional short torch,14 HCL-ICP-FS”*” and 
ICP-ES 22 For measurmg the hmits of detection 
(LOD), the boxcar output was integrated for 10 sec. 

LOD was taken to be the concentration corre- 

I I I 

0 IO too 1000 10000 

lnterferent concentration t pg /ml) 

Fig 7 Effect of phosphorus and alummmm on fluorescence 
mtenslty of Ca II 393 4 nm Interferent l phosphonc acid 
(1 0 kW), A alummmm (0 7 kW), 0 alummmm (1 0 kW) 

spondmg to a signal twice as large as the standard 
deviation of 16 consecutive, integrated blank read- 
mgs The RF powers used were 0 7 kW for the atomic 
lines of calcium, galhum, strontium, thallium and 
lead, and 1.0 kW for the atomic hnes of alummmm, 
molybdenum and vanadium and for all ionic lines, 
except for those of yttnum and znconmm, for which 
1 2 kW was used. 

With the present method, iornc fluorescence is 
generally more sensitive than atomic fluorescence for 
a given element, as shown for banum, calcmm and 
strontmm In the case of vanadium however, the iomc 
line is less sensitive, probably because the laser- 
excitation occurs from an excited state which is not 
well populated This might also be true of zncomum, 
although we have no data on the atomic fluorescence 
for this element 

Comparison of the LOD values for the present 
method with those obtained with a conventional 
short torch under the conditions of 1 0 kW RF 
power, 22 psig carrier-argon pressure and 20 mm 
observation heightI shows that the short torch pro- 
vided superior LOD values for ionic excited-state 
fluorescence and for the refractory elements, as is 
shown for vanadmm and yttnum For the other lines, 
the long torch gives limits of detectlon better by l-3 
orders of magnitude than those obtained with the 
short torch. There IS little to choose between laser and 
HCL excltatlon of fluorescence, for practlcai use The 
HCL system gives good limits of detection for atomic 
fluorescence’“.” but the laser excltatlon of lomc lines 
is useful 

Cahbratlon graphs were plotted for each hne and 
indicated hneanty over a range of 4 orders of mag- 
nitude from the LOD levels At higher concentrations 
the cahbratlon graphs levelled off because of satur- 
ation of the photomultlpher (anodlc current) and 
self-absorption of the fluorescence The linear range 
could be extended upwards by l-2 orders of mag- 
nitude by using neutral density filters to decrease the 
light intensity introduced mto the monochromator 

Interelement effects 

In low-temperature combustion flames, the pres- 
ence of phosphorus sometimes reduces the absorp- 
tion or fluorescence signal intensity because of the 
formation of refractory compounds Figure 7 mdi- 
cates the effect of phosphorus on the ionic 
fluorescence of calcium The intensity was slightly 
lowered by the presence of phosphorus, but this IS 
partly due to the increase m sample vlscoslty,‘p2 so 
chemical interference IS probably negligible A slmllar 
result was obtained at 0.7 kW power 

The effect of the presence of alummmm on calcium 
intensity at 0 7 and 1 0 kW RF power 1s also shown 
m Fig 7 At 0 7 kW power, the fluorescence intensity 
decreased with increase m the alummmm concen- 
tration, because of refractory compound formation 
between calcium and alummmm affecting the solute 
vaponzatlon process This reaction should occur to a 
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No concentrotton ( pg /ml 1 

Fig 8 Effect of sodmm on fluorescence mtenszty of Ca II 
3934nm RFpower l O7kW,O lOkW,AlZkW 

lesser extent at tigher temperatures, as 1s shown at 1 0 
kW power 

The effect of the presence of sodnnn on the calcmm 
lomc hne IS shown m Fig 8 The results are quite 
complicated At 0 7 kW, the calaum fluorescence 
intensity decreases rapidly with increase m sodium 
concentration, which seems to be due to an ionization 
Interference In contrast, at 1 0 and I 2 kW RF power 
the intensity increases to a maximum at about the 
lOO+g/ml sodium level and then falls agam This 
enhancement 1s not due to an ionization interference 
Slmllar enhancements were observed at higher 
carrier-gas flow-rates (> 1 0 1 /mm) and 15 mm above 
the cod, for use of a conventional torch with an ICP,” 
and also mth a capacltlvely-coupled microwave 
plasma 23 In the latter case, Murayamaz4 reported 
that the enhancement was caused by a change m the 

atom and Eon dlstnbutions m the pIasma The sup- 
presslon at high con~ntra~on of sodium 1s at least 
partly due to the change m sample solution viscosity 

These mterelement effects can probably be reduced 
by further optlmlzatlon of the power and carrier-gas 
flow-rate 

Spectral Interference 

One of the maJor disadvantages m the ICP-ES 
method 1s spectral interference, m the form of the 
change m background emlsslon caused by stray light 
and overlap of emlsslon spectra, The fluorescence 
technique should be considerably less susceptible to 
spectral interference since multiple excitation is mm- 
lmlzed (the laser excitation hne 1s only 0 03 nm 
wide’), and fluorescence spectra contam fewer lines 
than do spectra produced by colhs~onal excltatlon 

The fluorescence excltatlon and emission spectra 
(-37&372 nm) for a lOO-pg/ml yttrium solution 
containing 5000 pg of iron per ml as matrix, are 
shown m Fig 9 Emission measurements were made 
under condltlons of 1 0 kW RF power, 20 psag 
nebuhzmg-gas pressure and 15 mm observation 
height above the coil, with a conventional short 
torch, the monochromator entrance and exit sht- 
widths bemg 20 pm (bandpass 0 04 nm) The 
fluorescence spectrum was obtained vvlth a fixed 
monochromator wavelength and 1 -mm slit-wdth 
(bandpass 2 nm). Even with the 50-fold bandpass, the 
spectral profile for fluorescence shows no overlap 
between the Y 11371 030 nm hne and the Fe 370 925 
nm hne, m contrast to the emlsslon spectrum, as 
shown m the figure The yttrium emlswon at 371 030 
nm slightly overlaps the iron at 370 925 nm In 
ICP-ES such overlap becomes a slgmficant mter- 
ference when the analyte concentration IS low and 
especially when less sensltlve lines are being used 

Conchwon 

The limits of detection obtained with this system 
for 20 lines (12 elements) are practically equivalent to 

EXCI tatlon 

l9g 9 Emission and fluorescence excltatlon spectra for lOO-pg/ml yttrmm solution contammg 5000 /Ig 
of Iron per ml as matnx Sht-wdth of monochromator 1 mm (fluorescence), 002 mm (enusslon) 
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those obtained urlth the HCL-ICP-FS system Oper- 

ating parameters, such as RF power and carrier-gas 
flow-rate, should be optimized to mmlmlze mter- 
element effects At present, the detection limits are 
mfenor to those m ICP-ES, except for the atomic 
lines of non-refractory elements, but the relative 
freedom from spectral interference 1s useful for trace 
analysis. 
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INFLUENCE OF COLLOIDAL CHARGE 
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Summary-The pH measured m a charged sediment IS often very different from that of the supematant 
solution This effect has been studied to determme whether It IS caused by an anomalous Junction potential 
at the reference electrode, as commonly thought, or by Donnan parhtlomng of hydrogen Ions Electrical 
conductlvltles m sechments of a strong cation-exchange resm were much higher than predicted by the 
Junction artifact theory, electrode measurements of pH m sediments corresponded to tltratable 
H+-content, and pH-changes Induced by tltratlon and salt addltlon were m accord v&h partltiomng 
theory These findmgs suggest that most pH differences observed between colloidal sediments and 
supematants are real, not Junction artifacts Gmdehnes for mterpretatlon of pH measurements on collolds 
are suggested 

The use of Ion-selective electrodes to measure lomc 
concentration or actlvlty mthm collolds 1s inhibited 
by uncertainty regarding the effect of colloidal charge 
and mhomogenelty on the reading. Pallman and 
Wlegner observed that a colloidal suspension and its 
ultrafiltrate may differ m measured pH, termed this 
the “suspension effect,” and attributed It to hydrogen 
ions sorbed by the dispersed phase I-3 However, a 
difference m pH IS by itself inadequate to explain the 
effect because the pH reading depends on the posltlon 
of the reference electrode, not of the pH electrode 
(Fig 1) 4-6 Two maJor confllctmg explanations have 
been provided the Donnan explanation holds that 
there 1s unequal partltlomng of hydrogen ions be- 
tween the supernatant and the charged sediment, m 
response to a phase boundary potential,’ the refer- 
ence artifact explanation, proposed by Jenny et al, 
holds that the effect 1s a liquid-Junction anomaly 
caused by unequal dlffuslonal moblhty of K+ and 
Cl- wthm the charged sedlment.6 According to the 
former view the pH difference IS real, according to the 
latter view, it IS wholly artifact Consldermg that the 
pH shift may exceed 5 units in certam systems,6 the 
difference m mterpretatlon 1s of considerable con- 
sequence 

Subsequent debate has not resolved the issue 
Donnan advocates have pomted out that ion par- 
tltlomng IS central to colloidal theory and that voltalc 
expresslons denved from Meyer-Slever-Teorell 
(charged-membrane) or Guoy (double-layer) theory 
could provide a somewhat better fit to the data of 

*Address correspondence to 54798 CR653, Paw Paw, MI 
49079, US A 

Jenny et al 8-‘o Overbeek equated the Donnan emf 
and the suspension effect,” but ha calculation 
method seemzngly attributes the potential to the 
reference Junction interface, consequently, a bridge 
electrolyte of low potassium chlonde concentration 
(matching the collold) was recommended for accurate 
measurement I2 Marshall attributed the potential to 
the sedlment/supernatant interface, and recom- 
mended that the bndge electrolyte be much more 
concentrated than the colloidal electrolyte I3 Whde 
Donnan-type views seem favoured by colloidal chem- 
uts, the Jenny view seems to have gamed considerable 
Informal acceptance among analytical chemists, who 
typically cite the suspension effect as a drastic exam- 
ple of Junction error Reference texts mention both 
views, leavmg them unresolved.‘“‘6 Finally, the un- 
certainty regarding interpretation of pH readings for 
collolds has led to the oplmon that the pH value of 
neither the sediment nor the supernatant 1s very 
meamngful or useful for charactenzmg collolds I5317 

Presuming that sense can be made of pH readings 
for collolds, the current lack of consensus regarding 
the ongm and significance of the suspension effect IS 
highly unfortunate, as It may occasion improper 
methodology, incorrect interpretation, or unwar- 
ranted general avoidance of potentlometrlc methods 
m work on collolds Thus the purpose of this study 
IS to provide a clearer theoretical perspective and to 
support It by electrode measurement on a model 
collold The view proposed IS that the sediment effect 
arises from a true difference m pH induced by a 
Donnan potential at the sedlment/supernatant mter- 
face, but that significant uncertainty may be mtro- 
duced by conventional Junction errors and by m- 
homogeneity of colloidal charge 
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pH=302 

V=233mV 

@I=302 pH=O22 

V=233mV V=397mV 

A=2 6DH=l64mV 

pH=O22 

V=397mV 

Fig 1 Suspension effect III pH measurement of H&-washed H+-form catton-exchange resm (Blo-Rad 
AG 5OW-X8, ~&LOCI mesh, hydrogen form, 1 7 meq/ml nominal resm-bed capacity) Electrodes were 

cahbrated m standard pH 2 00 and 4 00 buffers 

THEORY 

According to Donnan theory, a phase boundary 
potentlat arises from the tendency of mobile counter- 
ion charge to diffuse from the charged sediment mto 
the supernatant Assuming a l-l electrolyte, let 
C: = C; = C, be the cation and amon concen- 
trations m the supernatant phase, C,+ and Cc be 
their respective concentrations m the sediment aque- 
ous phase, and CT be the concentration of fixed charge 
(of known sign and presumed to be uniform) m the 
sediment phase At the sediment boundary, where 
local equlhbnum can be assumed, the dlffuslonal and 
electrophoretlc fluxes for each lomc species are very 
large and must essentially cancel Equating these 
fluxes, solving for the electnc field, and lnte~a~ng 
through the interface, yields the potential dlgerence 
between the phases 

AU = U,, - U, = -(RT/F) In (C,“/C,) 

= -(RT/F) In (C,/C;) 

where RT/F IS the electrochemical slope factor 
Solvmg the sim~taneous equations C,$/C, = C,jC; 
and C+ + o = C; (electroneutraltt 

JT-e-i C, +(a/2) -a/2 and C; = eCd= C:+(a/2) + a/2. 
Thus the change m potential upon entering the 
sediment from the supernatant IS 

AU = U, - Vi 
= (RTIF) In (,/w + Q jZC,) 

which yields AU % &(RT/F)ln(+o/C,) for 
C,<< Ial, and z(RT/F)a/2C, for C,>>lol (A 
Nernst-like potential occurs across a se&ment mter- 
face mth a &lute solution, but this potential dlsap- 
pears for a concentrated solutron) The expresslon 
denved for AU 1s a ante-bounda~ eqluvalent of the 
Meyer-Bevers-Teorell membrane potential ‘8*19 If ac- 
tivity coefficients are not Ignored, the correspondmg 
activities give ao+/a, = a,/a; and C$ + D = Cc, 
which yield 

AU = (RTIF) In Cdl + (~~~/~,~~ + ~~~/2a,) 

wherey,=F y. y0 IS the mean activity coefficient for 
the mobile speaes within the collold 

At equlhbrmm, H+ should partltlon across the 
sedlmentjsupernatant mterface analagously to the 
maJor catjon species, so (~T~F) In ~~~~~~~ = 

U, - U,, Response of the pH electrode IS deduced by 
noting that the potential of the reference buffer 
wlthm the pH sensor 1s equal to the potential of the 
external phase plus the potential across the sensor 
membrane In moving from the supernatant mto a 
negatively charged sediment, the pH electrode expen- 
ences a decrease m phase potentd, U, - U,( -c 0), but 
the sensor membrane potenttal increases by the Ner- 
nstian response, (RT/F) In (Hi/H:) = U, - U,, for 
zero net change Thus, m an equilibrated system, the 
response of the pH electrode [which senses electro- 
chemical potential, U + (RT/F) In H+], IS tnvanant 
even though pH may change from phase to phase. In 
contrast, if the boundary potential between the refer- 
ence electrolyte and sediment 1s small (CT <<4&f), then 
the reference electrode expenences only the shift m 
electric potential (U, - U,) upon entenng the sedl- 
ment, thereby yleldmg the proper reference potential 
for pH measu~ment m that phase. The pas&on of 
the reference electrode, not that of the ion-sensor, 
would determine the phase measured 

The Junction artifact theory of Jenny et al 1s based 
on the following findmgs and concluslons.6 Fluld 
removed by rapld filtration of cation-exchange resin 
sediment was identical to the supernatant, hence, ion 
partltlontng does not occur The magmtude of the 
suspension effect varied greatly with the concen- 
tration of Junction electrolyte (Table l), thus, the 
suspension effect must anse at the Junction, rather 
than at the remote se&ment/supernatant interface 
The relative transference of K-+ and Cl- m the 
sediment varied greatly wrth the actlwty (a*} of 
potassium chlonde m the mterstltlal fluid. By as- 
suming aK = aa = a+ m the sediment and substltutmg 
an observed transference dependence of the form 
t_ w 0 4 kult/(l + ka,) into the dlffuslon potential 
expression 

AU = (RTIF) 
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Table 1 Junction potentials In colloidal sediment 

KC1 mean activity, A4 U,- U,, mV 

Calculated from Calculated from 
aI a2 Measured* artifact theory6 Donnan theory? 

0 00463 0 00902 180 17 7 168 
0 00463 00441 53 7 53 7 56 4 
0 00463 0 296 917 85 2 93 1 
0 00463 0 432 96 5 89 3 96 7 
0 00463 2 323 1130 1020 103 0 

*Data from Jenny et al 6 for Dow Ion-X catlon-exchanger (3 7 meq/g) in the followmg cell 

Reference Sediment 
Junction Interface 

Hg 1 Hg,Cl, I KC1 (satd) 1 KC1 (a = a2) 1 canon-exchanger I KC1 (a = a,) I KC1 (satd) I Hg,Cl, I Hg 
(U*) + KC1 (a,) (U,) 

4 4 
tValues denved from 
U, - U, = (59 mV) log [(,/m + d/2a,)/(,/m + a’/2a2)], where (r’ = 

yOo = -0 3 meq/ml 

the suspension effect could be roughly calculated The 
sediment effect was therefore attnbuted to an anom- 
alous Junction potential caused by alteration of the 
relative dlffuslonal moblhty of K+ and Cl- within 
the sediment, and the lomc actlvltles m the sediment 
and supernatant were claimed to be identical 

The two theories cannot be du-ectly dlstmgulshed 
potentlometncally even though the mterfaclal poten- 
tials predicted are ra&cally different The potential 
across a single colloidal Interface cannot be measured 
directly, because of additional phase boundanes with 
the measuring electrodes Reference electrodes im- 
pose an electrolyte boundary, ion-sensor electrodes 
impose an mterstltlal solution boundary where the 
actlvlty of the sensed ion 1s per se at issue. Therefore, 
potentlometnc evidence for a colloidal theory has to 
be Judged by the plauslblhty and consistency of the 
postulated mterfaclal contnbutlons to the total cell 
potential 

EXPERIMENTAL 

Electrlcal Impedances of colloidal phases were measured 
at 1 kHz frequency with an ES1 Impedance Bndge, Model 
250DA (Portland, OR) and a cell conslstmg of two stamless- 
steel rods (25 mm long, 3 mm diameter) protruding anally 
mto the ends of a 25-cm long 14-mm diameter glass tube 
The cell was filled with sediment by gravltatlonal settling of 
a slurry Interstltlal fluld m the sediment was changed by 
perfusion Contact impedance was compensated by sub- 
tractmg the results obtamed m a mmlmal-path cell havmg 
the rods parallel and 5 mm apart 

pH was measured with a Cornmg 130 meter, a Commg 
476022 pH electrode, and a Vycor-barner reference 
electrode” havmg a ceramic outer Junction with lO+l/hr 
outward flow of pure 4M potassmm chlonde Commg 
standard pH buffers were used for cahbratlon Other expen- 
mental detads are gven m the figure legends 

Ion-exchange resms were obtained from Blo-Rad Labora- 
tones, hchmond, CA 94804, and Fisher Scientific Com- 
pany, Pittsburgh, PA 15219 

RESULTS AND DISCUSSION 

The anomalous Junction-potential expresslon de- 
nved by Jenny et al IS based on their mterpretatlon 

that the observed transference imbalance IS not attn- 
butable to the known difference m K+ and Cl- 
concentrations mthm the sediment, but to a charge- 
induced difference m then relative moblhty This 
requires the seemingly paradoxical hypothesis that 
K+ counter-ions are rendered lmmoblle and inactive 
by the fixed charge, but Cl- 1s also rendered less 
mobile than the non-counter-lomc K+ This mter- 
pretatlon seems strained, particularly since their em- 
plncal expression for t_ would have similar form If 
surplus cations and amens were equally mobile, and 
counter-ions to the fixed charge made a constant 
contrlbutlon to the conductlvlty These alternatives 
could have been dlstmgulshed by use of sediment 
and supernatant conductlvlty data, which were not 
provided Table 2 gives the electrical conductlvlty 
observed m a sediment of K+-form cation-exchange 
resin at different values of mterstltlal potassmm 
chlonde concentration The conductlvlty of the sedl- 
ment was substantial even when mterstitlal conduc- 
tivity was negligible, showing that counter-lomc K+ 
m the resin was mobile The mterstltlal-fluid conduc- 
tlvlty had a strong indirect influence on the sediment 
conductlvlty, probably by governing the conduction 
between adJacent particles and the tortuoslty of the 
electrical path Sediment conductlvlty remained 
higher than supernatant conductlvlty up to a super- 
natant concentration of 0 4M potassmm chlonde 

Table 2 Relative conductwlty of supematant and K + -form 
catlon-exchanger sedmlent 

Supematant Supematant Sediment 
composltlon, conductlvlty, conductlvlty, 

Wk M who /cm ymho /cm 

H,O wash 0 015 31 
IO-’ 0 15 44 
IO-2 14 106 
IO-’ 13 28 
1 104 64 

Blo-Rad AG 5OW-X8 H+-form resm, 5(tlOO mesh, u 1 7 
meq/ml exchange capaaty, titrated with KOH and 
washed exhaustively with dIstIlled water 



350 DONALD P BREZINSKI 

(interpolated value) This 1s inconsistent wth the the measured pH was 0 16, which was wlthm half a 
artifact theory, which predicts that the sediment unit of the pH correspondmg to the actual H+ 
conductlvlty should always be lower, because the K+ content of the sediment, as mdlcated by the titration 
and Cl- activities are equal m the supernatant and with base (1 90M = pH - 0 28) and only 0 17 higher 
sediment, but the Cl- mob&y 1s reduced m the than the pH value of -0 01 measured for 1 9M 
latter The mechanism of the Donnan eqmhbrmm sulphurlc acid Compensation for a calculated re- 
pocentlal 1s not moblhty-dependent, but It 1s note- sldual Junction potential of roughly - 34 mV (consis- 
worthy that the equal conductance of the two phases tmg of a Donnan potential of -9 mV between 4M 
at 0 4M potassmm chlonde concentration implies potassium chlonde and the K+-exchanged surface of 
that the average specific lomc conductance of K+ and the resin partdes, plus an addltlonal Henderson 
Cl- m the resin was at least 30% of the free-solution dlffuslon potential” of -25 mV between the particle 
value Thus, the unfixed lomc charge m this resin was surface and its H+-exchanged mtenor) ylelded a 
very mobile corrected reading of pH -0 43 = 2 67M activity, 

According to the artifact theory, the Junction po- which agreed closely with the hydrogen-ion concen- 
tentlal must mcrease anomalously with potassium tratlon calculated for the mterlor of the close-packed 
chloride actlvlty m order to explain the data m Table spherical resin particles, 1 9M/O 7 = 2 7M A 34-mV 
1 However, the observed cell potential, U, - U,, Junction potential 1s large, but not drastically greater 
could also increase with Junction electrolyte actlvlty than the potential calculated for comparably concen- 
(a*) because reduction of a Donnan potential at the trated solutions of strong acid (e g , 20 mV for 2 7M 
reference mterface (X,) progressively reveals a Don- sulphunc acid) and should dlmmlsh nearly to the 
nan potential at the supernatant interface (X,) As Donnan eqmhbrmm value If H+ m the resin 1s 
shown m Table 1, a reasonable fit to the data of Jenny replaced by less mobile Ions, such as Na+ or K+ 
et al IS provided by an approximate Donnan expres- Thus, rather than being anomalous, the response of 
slon which assumes a fixed value of yOo = 0 3 A the electrodes m the sediment was analogous to that 
much closer fit (not shown) 1s possible If y,o 1s obtained for conventional strong acids with mobile 
presumed to mcrease from 0 4M to 0 7M as a, anions Why the pH reading may correspond to the 
increases to 0 4M This apparent Increase m y0 may mtrapartlcle H+ content rather than the mean H+ 
be the consequence of a heterogeneous dlstrlbutlon of content of the bed 1s discussed later 
fixed charge wlthm the resm bed, which would yield Addition of alkah or salt to the system gave pH 
a composite curve Enksson9 showed that a very good readings that reflected the changes m H+ dlstnbutlon 
fit to the data IS obtamed by assuming that the 
boundary potential varies as l/h, as derived m 

expected fram Donnan theory For example, the H+ 
content of the supernatant was largely determmed by 

double-layer theory Both of these theories provide a the concentration of free amon as shown m Fig 2, 
better fit to the mterfaclal potential data than does partial tltratlon of the sediment mth sodium hydrox- 
the Junction artifact theory Ide had negligible effect on the difference between the 

pH measurements were performed on catlon- pH of the sediment and supernatant, since Hf 1s 
exchange resin sediments and supernatants to deter- replaced by Na+ without mtroductlon of addltlonal 
mme which theoretical mterpretatlon of the data was ions After the eqmvalence pomt, however, the 
the more plausible pH measurements on H+-form 
resin exhIbited overshoot When the reference elec- 
trode was transferred to H+-form sediment from a 
low lomc-strength supernatant, the indicated pH 
dropped quickly to a broad mmlmum, then drifted 
slowly upward (N 0 04 pH/mm) Agltatmg the elec- 
trode m the sediment caused repetition of the tlme- 
dependent behavlour This effect 1s probably caused 
by a small adjustment of the Junction potential as 
potassium chloride penetrates beyond the nearest 
layer of resin particles When such drift occurred, pH 
readmgs were recorded as the preceding minimum 
value 

The followmg experiment showed that pH 
measurement of the resin bed, adJusted for a con- 
ventional residual Junction potential, corresponded 
closely to the hydrogen-Ion concentration In turn, a 
close correspondence between hydrogen-ion concen- 
tration and actlvlty within the resin can be expected 
because the sulphomc acid exchange groups are very 
concentrated and strongly acidic With the reference 
electrode Inserted m the Hc-form sediment (Fig 2), 

Fig 2 Effect of alkali addltlon on measured pH of super- 
natant and sediment of H+-form Blo-Rad catlon-exchange 
resm The pH was measured by placing the reference 
electrode m the supematant or sediment, respectively, with 
the pH electrode placed m either phase Imtlally equal 
volumes of sediment and supernatant, followed by addltlon 
of 10M NaOH Sediment values are peak readmgs which 

preceded a slow dnft 
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accumulation of sodium hydroxide m the supernatant 
caused progressive reductton of the parttttonmg of 
hydrogen tons Partitionmg was restored by washing 
the Na+-form resin with water, which removed the 
sodium hydroxide Just before the equivalence pomt, 
H+ m the resm had been almost entirely replaced by 
Na+, which 1s only one-seventh as mobile, yet the 
magnitude of the suspension effect remamed essen- 
tially the same This lack of dependence on catton 
mobihty 1s evidence that the suspension effect is due 
to a charge-dependent eqmhbrmm process, such as 
Donnan partittomng, rather than to a mobthty- 
dependent kinetic process, such as the dtffusion po- 
tential. The effect of adding solid potassmm chloride 
to H+-form resin is shown m Fig. 3. Adding small 
amounts of the salt caused a roughly equivalent 
amount of H+ to be liberated mto the supernatant, 
as expected from reduction of the Donnan potential, 
and ion-exchange. When equal volumes of super- 
natant and sediment were present, the sediment pH 
remained essentially constant as salt was added, while 
the supernatant pH decreased until the two values 
were equal The pH of the sediment rmght be ex- 
pected to increase by about 0.3 as H+ is liberated into 
the supernatant, but this change is probably compen- 
sated by the effect of potassium chlonde m decreasing 
the residual Junction potential When potassium 
chloride was added to a supernatant-free sediment, 
the measured pH decreased by about 0 5, yielding 
agreement with the H+ content determined by the 
titration 

Moving the reference electrode mto a sediment of 
strong anron-exchange resin (Fisher Rexyn 201 poly- 
styrene alkyl quaternary amme, hydroxyl form) 
caused a substantial zncrease m measured pH, as 
expected for fixed posittve charge 

Interpretation of the sediment data m terms of the 
Junction artifact theory seems strained The artifact 
theory proposes that the hydrogen-ion activity m 
water-washed H+-form strong cation-exchanger 1s 

-LOG IKCI ADDED/TOTAL VOLUME, Ml 

Fig 3 Effect of adding solid KC1 on measured pH of 
sediment and supematant of H+-form Bio-Rad resin 

the same as m the supernatant (very low), but 
hydrogen-ion activity is high for strong-acid solu- 
tions m which the amon 1s mobile, and the fixation 
of negative charge within the resm seems unlikely to 
curtail the activity drastically. For Fig 3, the artifact 
theory would Imply that the hydrogen-ton activity m 
the colloidal matrix is determmed pnmarily by the 
free amon (Cl-) concentration rather than the 
hydrogen-ion concentration, and that the mam- 
tenance of a constant, fairly correct mdication of 
sediment H+content during salt addttton is the fortu- 
itous result of compensatory changes m the pH- 
electrode potential and the anomalous Junctton 
potential 

The pH behaviour of supernatants, as shown m 
Figs. 2 and 3, 1s not m obvtous conflict with the 
Junction artifact theory, because the general features 
of the supernatant-pH dependence can be explained 
m terms of ton-exchange and mass action alone, 
without mvokmg a distinct phase boundary poten- 
tial. Bmilarly, the sediment tiltration experiment of 
Jenny et al was inherently incapable of detecting 
Donnan partmoning; a postttve result would require 
gross separation of the fixed resin charge from tts 
mobile counter-ionic charge. (Moreover, the mter- 
stttial fluid between macroscopic porous exchanger 
particles should be nearly identical to the super- 
natant.) The key question 1s the actual meaning of 
hydrogen-ton activity m the resin. In both theories, 
bmdmg of H+ to the resm is presumed to be electro- 
static The artifact theory must therefore postulate 
that counter-iomc H+ 1s confined to local potential 
wells around the SO; sites, and that these wells 
constttute a negligible fraction of the mtraresm aque- 
ous phase Then species such as neutral molecules 
entering the resm would not “experience” the H+ 
counter-ions, but only the H+ ions associated with 
Cl- co-ions, both of which have equal activtty m the 
resm aqueous phase and supernatant In the Donnan 
theory, however, these wells must effectively merge so 
that the resm aqueous fraction is generally character- 
ized by low potential and high H+ activity, and 
anions such as Cl- would be excluded Thus hydro- 
chloric acid liberated by adding small amounts of 
potassmm chloride to H+-form resm should be dis- 
tributed uniformly throughout the sample volume 
according to the Jenny theory, but be excluded from 
the resm particles according to Donnan theory 
Supernatant H+ concentrations did show some en- 
hancement m the experiment illustrated m Fig 3, but 
this is mconclusive because of uncertainty about the 
relative volume of the resm aqueous phase However, 
exclusion of hydrochloric acid at low tome strength 
has already been demonstrated for this resin, by 
ion-exclusion chromatography, which is based on the 
mabihty of dilute electrolytes to penetrate ton- 
exchange resins 22 Relative homogeneity of the poten- 
tial, contrary to the artifact hypothesis, is also sug- 
gested by the comparably small pore-size and charge 
spacing in this resin (- 10 A, calculated) 
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Even if electrolyte does slowly penetrate a hetero- 
geneous collordal matnx, the associated potential is 
not, strictly speakmg, a “diffusion” potential rf the 
imbalance m tome mobihty 1s due to purely electro- 
static rather than physical (e g , stenc) causes. on the 
microscopic level, it is not the low mobility of, say, 
Cl- that generates the potentral, but rather that the 
blockmg of conductance channels by Donnan-hke 
potentials reduces the apparent Cl- mobihty This 
distmctron is manifested by the response of a thm 
ion-exchange layer on a blocked Interface, VIZ a 
coated-wire electrode 23 such electrodes would not 
function stably if the membrane potential were a 
diffustonal phenomenon ceasing at equihbnum 

CONCLUSIONS 

The purpose of the foregomg has been to ehmmate 
the Junction artifact theory as a possible comprehen- 
sive explanation of the suspension effect The obser- 
vations of substantial counter-ion mobility, co-ton 
excluston, and close correspondence between pH 
measurements and expected H + activtties m a strong 
cation-exchanger, are all mcompatible with the arh- 
fact theory and m accord with eqmhbrmm par- 
tmonmg theories More basically, the existence of a 
phase boundary potential between a charged sedi- 
ment and dilute supernatant cannot be denied with- 
out abandoning the very foundatron of the present 
theory of electrolytes 

However, even with acceptance of the basic Don- 
nan view that the suspension effect largely corre- 
sponds to a real difference m pH, the mterpretation 
of the readmgs still remains problematic Ionic and 
potential profiles for a particular colloidal Interface at 
equihbrmm can be modelled m relative detail by 
double-layer theory 24 Uncertamty still arises, how- 
ever, at the non-equihbnum mterface where Junction 
electrolyte drffuses into the colloidal interior The key 
issue IS the relationship between the reference electro- 
lyte potential and the often non-uniform potential 
profile deep withm the collard Several cases can be 
drstmguished on the basis of colloidal charge 
homogeneity The following mterpretations are 
offered tentatively, but seem indicated by the evi- 
dence presented above and by earher mvestigators 

Homogeneous gel 

If the fixed charge 1s uniformly spaced by less than 
the double-layer thickness (the Debye length),25 the 
electrical potential and ionic activities wnhm the gel 
can be presumed to be spatially uniform. Measure- 
ment of ions wzthzn the gel should be obtainable by 
placing the ion-sensor and reference Junction on the 
gel surface, as is common practice The reference 
potential will be that of the gel mtenor, shifted by a 
residual Junction potential consistmg of a Donnan 
boundary potential plus a conventional diffusion 
potential between the surface and the mtenor of the 
gel This residual Junction potential can be a 
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significant source of error (e g., see Rg 3), and may 
reflect modtfications of iomc mobthty, however, such 
errors are not equivalent to the suspension effect and 
generally are mtmmlzed by a concentrated, eqm- 
transferent lunct:on electrolyte The result will be m 
error if the surface concentratton of the measured ion 
is not at electrochemical equihbnum wtth the gel 
mtenor (eg , steric exclusion from the gel). 

Sedzments of homogeneous, porous charged partzcles 

Here the aqueous component is mhomogeneous, 
consistmg of both fluid within the particles and 
mterstitial flmd between the partrcles. Simultaneous 
contact ofJunction electrolyte with phases of different 
potential makes the reference potential seem uncer- 
tam. From considermg the extreme cases, however, it 
is apparent that the resultant potential is determmed 
by the relative conductance of the two phases Figure 
4 shows the predictions made from a crude model m 
which the Junction/sediment mterface consists of a 
single porous particle generatmg a membrane poten- 
tial, shunted by a parallel volume of mterstitial fltud 
When the relative conductance. of the mterstitral flmd 
1s low (2C,/a c O.l), the reference level corresponds 
to the porous interior of the particles, but when the 
mterstitial conductance is hrgh (2CJo > l), the refer- 
ence potential corresponds to the average pH of the 

r 

-LOG ISUPERNATANT CONCENTRATION. C,l 

Fig 4 Model and predicted results for colloidal pH 
measurement with 4M KC1 reference electrode m slmulta- 
neous contact with a porous particle and surroundmg 
mterstltlal flmd Interstltlal flmd concentration C,, resm 
charge densrty CT = k 1, mtrapartrcle mean concentration 
C,, = C,+ + Cc and supematant boundary potential 
E, = U, - (I,, are related as described m text Resultant 
reference potential I?,, = E,C,/(C, + C,) where the relative 
conductances are the particle and flmd phases IS presumed 
proportional to their free Ionic content CO, C, If pH, IS the 
supematant (and mterstltlal) pH, then the wlthm-particle 
pH is pH, = pH, + E$/RT, the average pH of sediment IS 
pH, = -log [(H,,+ H,)/2], and the measured pH IS 

PH,,, = pH, + E,,#/RT 



Influence of colloidal charge on electrode response 353 

sediment bed, which is nearly the same as the pH 
wrthm the particles because of the lack of significant 
partitiomng. Maximum bras away from the value for 
the particles, about 0 2 pH unit, occurs when the 
observed sediment effect is moderate (0. l-l pH unit). 
The correspondmg steepenmg of the “measured” 
curve wrth concentration (Fig 4) would help to 
explam the apparent increase in you reqmred to fit the 
data m Table 1 Other evidence for this model is the 
correspondence between corrected sediment pH value 
and mtraresm H+ concentration discussed for Fig 2, 
and the constancy of the sediment pH value on 
addition of solid potassium chloride though the 
supernatant effect was greater than 1 pH unit (Fig 3) 
Thus, when the supernatant effect is large, readings 
taken with the reference electrode immersed m a 
sediment of macroscopic porous particles should 
indicate the ionic environment mside the particles, 
whereas readings taken with the reference electrode m 
the supernatant should indicate the interstitial fluid 
environment between particles. Extension of this 
model to a generally mhomogeneous conductive ma- 
trix suggests that the reference potential corresponds 

to a number-weighted mean pH [( -1 n, log H,)/X n,], 

where n, is the relative number of H’ ions at concen- 
tration H, However, the pH reading may be ill- 
defined if the colloidal charge is heterogeneous, with 
the measured ion differing m sign or size of charge 
from some major counter-ionic species (e g , m a 
mixed-resin bed) 

It is srgmficant for ion-exchange chromatography 
that the pH within the resin may differ from that of 
the runnmg eluent and depend on both its pH and 
iomc strength For example, cation-exchanger that 
had been titrated with sodium hydroxide was made 
markedly acidic by washing with distilled water (Fig 
2) Such mteractrons may affect the charge and 
stability of sorbed matenals and the dissociatron of 
weakly exchanging resms 

Charged solid part&es 

Improper boundary potentials seem likely rf the 
charged particles aggregate m the presence of Junc- 
tion potassium chloride Stable (viscous) dispersions 
and particulate sediments may yield vahd readings. If 
the Debye length IS comparable wrth the mean dis- 
tance between charged surfaces, the srtuation seems 
analogous to a gel However, if the Debye length is 
much smaller than that distance, the mterstitial fluid 
will typically be quite mhomogeneous m cornpositron 
and potential This case is illustrated by a surface- 
charged capillary connectmg reservoirs of dilute elec- 
trolyte and 4M potassium chloride, contammg, re- 
spectively, an electrode selective for the counter-ion 
and a reference electrode The reference potential 
relative to the external dilute electrolyte will be 
estabhshed somewhere between the axial and wall 
potentials at the dilute end of the capillary, dependmg 
on the relative conductances for these positions For 

this reason, Peech et al z and Marshal12’ concluded 
that electrode measurements cannot lead to charac- 
terization of any mtrmsic property of particulate 
suspensions. According to Overbeek, however, the 
reference potential for the capillary should be deter- 
rnmed pnmanly by the ratio of its specific surface 
conductance (due to counter-ions) drvrded by the 
conductance of the external dilute solutron ” It can 
be shown that if the ionic mobihtres are unchanged 
wrthm the capllary, then the capillary reference 
potential, if large, should correspond to the average 
concentration of counter-ions per capillary volume, 
even though those ions are pnmanly confined to the 
double layer Thus, a valid space-averaged concen- 
tration is obtained, and such space-averages rather 
than thermodynamrc quantrties are hkely to be of 
pnmary mterest to analytical chemists. Similar poten- 
tiometry of a parallel (shunt) assembly of capillaries 
of equal lengths and vanous constant radn would 
yield a number-weighted mean p1 mdrcation for the 
counter-ion withm the several capillanes Internal 
bulges or length vanauon m the section of the 
capillanes that contains drlute solution would make 
this correspondence obviously mvahd. Thus, the ob- 
taming of quantrtatrvely vahd space-averages re- 
quires a certam umformrty rather than stnct homo- 
geneity of physical structure and romc mobihty The 
requirement for physical uniformity seems hkely to 
be satisfied by having the Junction electrolyte make 
contact with a representative cross-section of hetero- 
geneous colloid The constraints on ioruc mohhty 
seem much more problematic. to yield a vahd result, 
the measured ion should partitron comparably to the 
major counter-ion species, which m turn may be 
requned to have a mobility similar to those m the 
connecting phases. According to Overbeek,” how- 
ever, double-layer mobihtres may be considerably 
altered or even reversed because of field-mduced 
compositional differences and electrical and hydro- 
dynamic mteractions. As these models are not free 
from assumptions and have not been thoroughly 
verified, the quantitative sigmficance of the predicted 
errors remains uncertain. However, Marshall crtes a 
number of studies showmg good correlation between 
potentiometnc and comparison methods of ion deter- 
mmatron m dilute particulate colloids I3 

On the basis of reduction of the Donnan cell emf 
for Vorclay and alumma suspensions, Pememann and 
Helmy recommended that a potassium chlonde 
bridge solution matching the concentration of the 
supematant should be used dunng ion-potentiometry 
in such colloids I2 This recommendation, un- 
substantiated by actual ionic measurements, is the 
result of then attnbutmg the Donnan potential seen 
at high bndge-concentrations to the bridge interface 
This mterpretation is suggested by use of Overbeek’s 
reference-ion expression for the cell emf, whrch m- 
volves only transference mtegrals at the supernatant 
and sediment reference Junctions However, it cannot 
be concluded that those interfaces are solely re- 
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sponsible for the potential, otherwise, the reference 
electrode m the supernatant would have to act as an 
ion-sensor to yield a Donnan dependence 

The measured pH of blood changes by about 
- 0 01 unit if red blood cells (erythrocytes) are admit- 
ted to the vicnuty of the reference Junction 28.29 This 
has been interpreted as a junction potential artifact, 
but m theory it could also correspond to a collordal 
pH difference between blood and plasma (its filtrate) 
The electrophoretic mob&y of human erythrocytes 
indicates a cellular surface charge3’ of approximately 
- 1 1 x 10e6 C/cm2, which yields a fixed-charge con- 
centration (a) of roughly -0 16mM with respect to 
the mterstitial fluid of 50% haematocrit blood At 
physiological salt concentrations (145mM) this 
should cause a pH shift of a/X % - 5 x 10e4, which 
is only about one twentieth of the observed effect 
Thus, the pH shaft does indeed seem to be an artifact, 
perhaps caused by electrical coupling of junction 
electrolyte to the cell interiors, which are biased 
about - 8 mV with respect to the external solution,3’ 
or by asymmetric reduction of the - 1 V surface 
potentials of erythrocytes embedded in the potassmm 
chloride gradient. 

Design deficiencies of the reference electrode can 
contribute to erroneous readings m collards When 
the flow of a reference electrode m ion-exchanger 
sediment was reversed so that mterstmal fluid was 
drawn mto the junction, the pH reading shifted to 
that of the supematant and the suspension effect 
disappeared This behavlour is attributable to dis- 
placement of 4M potassium chloride from the sedi- 
ment boundary Thus, m order to obtain accurate 
reference potentials m colloids, an adequate outward 
flux of potassium chloride to the junction surface 
must be provided by either diffuston or flow Use of 
non-flowing, gel-type reference electrodes with thick 
junctions for measurements on sediments will tend to 
give readings that are erroneously similar to the 
values for the supernatant 

These findings pertam to all colloidal measure- 
ments with ton-selective electrodes, not just measure- 
ments of pH If the junction artifact theory of the 
suspension effect is vahd, then the whole issue of 
potentiometry m colloids is rendered meaningless 
This study comes to the contrary conclusion that the 
effect is best explained by a Donnan-like potential at 
the sedlment/supernatant boundary Readings in 
homogeneous, gel-type colloids are likely to be use- 
ful, and the accuracy of H+ mdrcation as a function 
of fixed-charge density should be investigated 
Though the case of sohd particulate suspensions at 
present remains uncertain, more realistic models of 
the reference junction potential should be amenable 

to double-layer theory, and the actual utility of such 
readings can be determmed empirically In any case, 
colloidal potenttometry warrants further study rather 
than avoidance 
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SEPARATION OF METAL IONS ON AMBERLYST A-26 
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Summary-The possltnhty of using a sulphonated aromatlc organic complexmg agent-Xylenol Orange- 
for separation of metal ions on the macroreticular amon-exchanger Amberlyst A-26 has been investigated 
The dependence of retention on pH was determmed by the batch method for A13+, Cr3 +, Mn2+, Fe3 +, 
Co*+, Nl*+, Cu*+, Zn*+, Ga3+, Rh’+, Cd*+, In’+, Ir’+, and Pb*+ The selectivity differences make 
possible the separation of some of these metal Ions The followmg nnxtures, of practical importance, have 
been separated A13+-In3+, Ga3+-In’+, Zn*+-In3+, Cu*+-Mn*+, in various ratios The method has 
been applied to analysis of Ga-In alloy 

Aromatic complexmg agents contammg sulphomc 
actd groups are parttcularly useful m separation of 
metal ions on anion-exchange resms, as shown earlier 
by us’-’ and confirmed by others.&” The aim of this 
paper was to investigate the usefulness of Xylenol 
Orange (X0) (tetrasodmm salt) for modification of 
the macroretlcular exchange resm Amberlyst A-26. 

X0 forms complexes of different stability with a 
large number of metal ions,” which makes It es- 
pecially useful for separation of these ions The very 
large size of the X0 molecule increases its strength of 
interaction with a sorption matnx, and results in an 
increase of affinity of an anion-exchanger for X0 and 
its complexes wth metal ions It 1s thought that a 
macroretlcular amon-exchanger should be more con- 
venient for use with large aromatlc complexmg 
agents Partial exclusion of large molecules by sieve 
action and the swelling-pressure effect might occur if 
common anion-exchangers were used 

EXPERIMENTAL 

Ion -exchanger 

For static and dynamic mvestigatlons the macroporous 
strong-base anion-exchange resin Amberlyst A-26 (Rohm 
and Haas) was used m its chlonde form The exchange 
capacity determmed by titration was 3 46 meq/g Sample 
weights were calculated with allowance made for the mols- 
ture content of the exchanger (average, 20%) 

Metal-ion solullons 

These were generally prepared by drssolvmg appropnate 
waghts of the sulphates or mtrates of the metals m doubly 
distilled water, and standardlzed by EDTA tltratlon The 
Rh(II1) solution was prepared from RhCl, 3H,O dissolved 
m hydrochlonc acid (and standardized gravlmetncally with 
thonahde) The Ir(IV) solution was prepared from a 3 42% 

w/w solution of chlorolndlc acid The stock solutions were 
diluted as reqmred 

Solutions of X0 of the reqmred concentrations were 
made directly before the expenment by dlssolvmg appropn- 
ate weights m doubly chstllled water They were found to be 
stable for 34 days when stored m the dark The X0 was 
recrystallized before use 

Apparatus 

A Perkn-Elmer model 300A atomic-absorption spec- 
trophotometer with HGA-72 graphite furnace and a 
Hltacln/Perkm-Elmer model 159 recorder and Beckman 
model 1248 and Analog model 1272 spectrophotometers 
were used 

Deterrnrnallon of metal-ran retentron, by batch method 

The test solutions all had a 1 10 molar ratio of metal Ion 
to X0 For measurements a constant amount (equivalent to 
0 200 g dry we.&) of ion-exchanger (chlonde form) was 
mixed Hnth 20 ml of solution contammg 0 10 mg of metal 
Ion and the appropnate amount of X0 to gve the desired 
molar ratio (and adjusted to the dewred pH Hnth sodium 
hydroxide or sulphunc aad) and the nuxture was shaken for 
10 hr The eqmhbnum hydrogen-ion and metal-ion concen- 
trations were determined 12 hr later The metal ions were 
determined by AAS under the condltlons Bven m Table 1 

The retention of metal Ion was calculated as a fraction of 
the mitral quantity of metal ion m the solution 

Separation procedure 

Portions (equivalent to 2 00 g dry weight) of Amberlyst 
A-26 (chlonde form) were shaken with X0 (20 ml of 
aqueous solution, pH 6 5) and then placed m glass tubes 10 
cm long and 0 8 cm m bore A lO-ml volume of solution 
contammg a mixture of metal ions was then passed through 
the column of exchanger and the metal ions were eluted at 
a flow-rate of 1 ml/mm wth the eluents @ve.n m Table 2 

Analyw of Go-In alloy 

The sample of alloy (0 16 g) was dissolved m 10 ml of 
sulphunc acid (1 + l), then the solution was evaporated to 
low bulk, cooled and diluted wth doubly distilled water to 
10 ml m a standard flask. A l-ml ahquot was dduted to 10 
ml and adjusted to pH 2 0 and passed through the column 
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Table 1 AAS condltlons used for the metal determmatlons 

Wavelength, Band-pass, Sample volume, 
Method Metal nm A PI 

Flameless Al 
AAS 

Cr 
Mn 
Fe 

co 
NI 
cu 

Zn 
Ga 
Rh 
Cd 
In 
Ir 
Pb 

2319 
309 3 
358 0 
403 4 
306 0 
248 0 
304 4 
346 4 
223 0 
2170 
308,O 
2814 
350 4 
326 2 
303 9 
263 9 
283 3 

2 
2 
2 

IO,20 
10 
10 
10 
10 
10 
20 
20 
10 
10 
10,20 
10 
10 
5 

10 
20 

5, 10 

Gas pressure, bar 

CA ax 
Flame AAS Zn 213 9 4 040 2 10 

Ga 287 4 5 040 190 
In 303 9 5 040 1 90 

The galhum was eluted with 0 03M sodmm hydroxide, and 
the mdrum mth 0 2M sulphunc aad, for determmation by 
AAS 

RESULTS AND DISCUSSION 

The retention of metal tons (as a function of pH) 
on the Amberlyst A-26 m the presence of X0 1s 
presented m Fig 1, and the results suggest that this 
system can be used for separation of some of these 
metal Ions The amphotenc catlons such as A13+ 
can be eluted with alkah, glvmg greater scope for 
separation 

The posslbrhty of separation of metal Ions of 
similar properties was studled with three pairs of 
Ions, chosen for then practical Importance 

Al3 +-In3 + , Ga3+-In3+, Zn*+-In3+ and also with 
Cu’+-Mn*+ (Figs 2 and 3) Metal Ions not retained 
by the exchanger m the static system can be eluted 
with water, but It 1s better to use a slightly acid 
solution for alummmm to avoid hydrolysis problems 
In’+ 1s strongly held by the amon-exchanger m the 
presence of X0 over a wide range of pH, which 
makes It possible to separate it from a large excess of 
Ga3+ The double peak for gallium 1s attnbuted to 
formatlon of two complexes havmg different sorption 
characterlstlcs Mixtures of mdmm and gallium m 
molar ratios of 1 100, 1 500 and 1 1000 were success- 
fully separated (Table 2) Alummmm, galhum and 
zmc can all be separated from mdmm (Table 2) The 
method for separation of galhum and mdmm was 

Table 2 Separation of metal ions on Amberlyst A-26 (average for 6 determmatlons, each wth 
12 measurements) 

Amount of metal, 
m.e 

No Metal Elutlon agent Added Found Standard devlatlon, pg 

Al 0 00 I M HCl, 200 ml 100 100 19 
1 In 0 IOOM H,SO,, 210 ml 1 00 1 00 0 

Zn H,SO,,pH=40, lOOmi 100 1 00 18 
2 In 0 030M H$O,, 240 ml 1 00 1 00 0 

Ga 0 030M NaOH, 140 ml 1 00 0 99 45 
3 In 0 030M H,SO,, 240 ml 1 00 1 00 

Ga 0 030M NaOH, 200 ml 5 56 5 51 28 
4 In 0 IOOM H,SO,, 100 ml 0 09 0 09 

Ga 0 030M NaOH, 200 ml 13 9, 13 76 14 
5 In 0 200M HISO,, 100 ml 0 046 0 046 

Ga 0 030M NaOH. 400 ml 21 8, 27 5, 39 
6 In 0 200M H,SO,, 100 ml 0 046 0 046 0 

Mn H,SO,, pH = 4 0, 100 ml 1 00 100 23 
7 CU 1 OOM HCl, 100 ml 1 00 1 00 63 
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PH 

Fig 1 Retention of metal eons as a function of pH m the system Amherlyst A-26/metal-ion/X0 

applied to the analysis of a Ga-In alloy for mdmm eqmhbrated wth the exchanger and there was 
(found 0 614% In, standard deviation 0 002x, com- 78-92x uptake of the copper (0 100 mg taken) by 
posltlon 99 38% Ga, 0.615% In) 0 200 g dry weight of resm In the column expen- 

The behavlour of copper was particularly mter- ments, however, there was complete uptake of 1 00 
estmg In the batch expenments the copper(H) and mg of copper by 2 00 g dry weight of resin, but here 
Xylenol Orange solutions were mixed before bemg the Xylenol Orange was loaded onto the column 

25 

t AICIII) 

(a) 

30 

25 

5 IO 15 20 25 

n(lI) 
(b) 

25 

5 IO 15 20 25 

Fractions 

a(III) 

i 

In(llI) 

p 

I i \ 
I - 

i I,, *- N 

5 IO I5 20 25 

(c) 

Fig 2 Elutlon curves showing the separation of metal ions on Amherlyst A-26 with the reagents mchcated 
m Table 2 
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5 IO 15 20 

Fractlons 

Ftg 3 Elution curve showmg the separation of Cuz+ from 
Mn2+ on Amberlyst A-26 

before the copper was added We attnbute this 
difference m behaviour to the mert nature of the 
Cu-X0 complex (which 1s known” to be responsible 
for “blocking” of the indicator) and consider that m 
the batch expenments, where the X0 is added m 
lo-fold molar ratio to the copper( there will be 
competltlve uptake of the free X0 and of the Cu-X0 
complex by the resm, followed by slow exchange of 
copper between unsorbed Cu-X0 and sorbed but 
uncomplexed X0 In the column work, there 1s 
simply direct complexatlon by the X0 on the resin 
This view 1s supported by the fact that it was 
necessary to use 1M hydrochloric acid to elute the 
copper from the column 

These mvestlgatlons confirm the usefulness of this 
macroporous anion-exchanger for separation of 
metal ions m the presence of X0 X0 and Its 
complexes with metal Ions all have strong affinity for 
Amberlyst A-26, especially X0 Itself, since on elutlon 
of the metal ions from the column only traces of X0 
were found m the effluent 

No sieve action was observed for X0 On the 
contrary, the total exchange capacity of Amberlyst 
A-26 for X0 appeared to 116% of the theoretlcal 
capacity, probably because of adsorption as well as 
ion-exchange It 1s mterestmg that for large aromatic 
molecules such as Bromopyrogallol Red only 30% 
of the total exchange capacity 1s available l3 Such 
molecules are too large to enter most of the amon- 
exchanger pores 
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Summary-Ten orgamc aromatlc halosulphonanudes, both mono and &halo compounds, rangmg from 
chlorosulphonamldes to lodosulphonamldes, have been prepared and characterized by their Infrared and 
NMR spectra and successfully used for determmmg tluocyanate m Its metal salts and complexes The 
proposed procedures are simple, rapld and reprodunble, with an error of about *O 8% These procedures 
are also useful for computmg the number of tiocyanate hgands present m the complexes Companson 
of the present results with those from the argentometnc method shows excellent agreement The oxldatlon 
mvolves an I-electron change per thlocyanate Ion wth the chloro and bromosulphonanudes and a 
6-electron change with lodosulphonamldes 

Tluocyanates find a number of industrial apphca- 
tlons, m photography, pnntmg, textile dyemg, medl- 
cmes, freezmg mixtures, manufacture of synthetic 
dyestuffs, sulphocyamdes, thloureas and mustard 011, 
and as reagents m analytical chemistry. In view of the 
importance of this class of compounds, rapid and 
accurate analytical techniques are essential for their 
estimation m solution. Although there are a number 
of reports on the oxldatlon of thlocyanates, very few 
analytical procedures for their determmatlon m solu- 
tions are available Conventional methods mvolvmg 
the estimation of the -NCS group in thlocyanates 
have been developed, but these are laborious and 
have a number of experlmental restrlctlons ’ The 
methods reported so far include the use of hypo- 
hahte,* bromme,3 iodine,4 lodate, hydrogen per- 
oxlde,6 some aromatic halosulphonamldes’-‘* and 
lead tetra-acetate I3 Although we have used some of 
the aromatic halosulphonamldes mdlvldually for de- 
termmmg thlocyanates,“3’2 general procedures for 
their determination with halosulphonamldes are 
lackmg In the present mvestlgatlon the general be- 
havlour of halosulphonamldes as oxldrmetnc re- 
agents towards the NC% ion m Its metal salts and 
complexes has been crltlcally exammed and general 
procedures for its determmatlon have been devel- 
oped 

*To whom correspondence should be addressed Present 
address Department of Chemistry, Mangalore Umver- 
wty, Mangalagangothn 574152, Mangalore, Kamataka, 
India 

The chemistry of N-halo-N-sodlo (or potassio) 
and N,N-dlhaloaromatlc sulphonamldes 

0 
- II /M(or X) R=CH, or H 

M=Naor K 
X = Cl, Br or I 

has awakened conslderable interest as these com- 
pounds are sources of halomum cations, hypohahte 
species and N-amens which act both as bases and 
nucleophlles w’* They interact wrth a wide range of 
functional groups m aqueous, partially aqueous and 
non-aqueous media m presence of acids or alkalis, 
effecting an array of molecular transformations Gen- 
erally monohaloarnmes undergo a two-electron 
change while dlhaloammes are four-electron ox- 
idants The reduction products are the respective 
sulphonamlde and NaX or HX Although the halo- 
ammes denved from toluene are well known, there 1s 
little mformatlon about the denvatlves of benzene 

EXPERIMENTAL 

Potassium tluocyanate (Merck, analytlcal grade) was 
dned at 150” and Its punty was checked by the argen- 
tometnc method I9 The metal thlocyanates LINCS, NaNCS, 
Cd(NCS),, Zn(NCS),, Ni(NCS),O 5H,O, Pb(NCS)2 and 
UO*(NCS), 3H,O and complexes K,Cd(NCS), 2H,O, 
K,Zn(NCS), ~H,O,K,NI(NCS), 4H,0,KU02(NCS)j 2H,O, 
and K.,Pb(NCS), were prepared by standard methods re- 
ported elsewhere and their cornposItIon was checked by 
elemental analysis 

Preparatzon of oxrdants 

Chloramme-T (Merck) was punfied by the method of 
Morns et al I6 Dlchloramme-T (DCT) was prepared by the 
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chlormatlon of CAT solutions,‘” and brommatlon of CAT 
ylelded dlbromamme-T (DBT) *’ Partial debrommatlon of 
DBT by dlssolvmg it m 4M sodmm hydroxide gave 
bromamme-T (BAT) ** Chloramme-B (CAB) was prepared 
by the partial chlormatlon of benzenesulphonamlde23 m 4M 
sodturn hydroxide for 1 hr at 70” Further chlormatlon 
produced dlchloramme-B (DCB) 24 Dlbromamme-B (DBB) 
was prepared by adding liquid bromine to aqueous CAB 
solutlons25 and bromamme-B was obtained by the partial 
debrommatlon of DBB 26 Iodamme-T (IAT)*’ and 
lodamme-B (IAB)28 were prepared by the lodmatlon of 
p-toluenesulphonamlde and benzenesulphonamlde re- 
spectively 

The punty of all the oxidants was checked by estimating, 
lodometncally, the amounts of active halogen present m 
them They were further characterized by their infrared 
spectra (recorded on a Perkn-Elmer 298 grating infrared 
spectrophotometer) and Fourier transform ‘H and “C 
NMR spectra (obtained on a Bruker WH 270-MHz nuclear 
magnetic resonance spectrometer. with TMS as the internal 
standard) 

Approximately decmormal solutions of the monohalo- 
sulphonamldes (except IAT and IAB) were prepared by 
dlssolvmg the requisite quantities of the solids m tnply 
dlstdled water IAT and IAB were dissolved m 0 IM 
potassmm hydroxide solution Solutions of dlhalosulphon- 
amldes were prepared m water-free acetlc acid (glacial acetlc 
acid containing 10% v/v acetic anhydnde) All the solutions 
were standardized lodometncally and stored m amber- 
coloured bottles 

Solutions (N 2 mg/ml) of thlocyanates [except Pb(NCS),] 
m tnply dlstllled water, or acids of various concentrations, 
or buffer solutions (pH l-lo), or alkalis of different concen- 
trations were prepared Pb(NCS), was dissolved m dilute 
acetic acid 

Standard buffer systems were employed 29 All other re- 
agents used were of analytical-reagent grade 

Prelrmmary studies 

Known quantities of the reductant solutions were added 
to known excessive volumes of the oxidants m separate 
iodine flasks (only aqueous solutions of the reductants were 
used with the dlhalosulphonamldes) The reaction mixtures 
were set aside for various intervals of time at room tem- 
perature (- 300 K) with occasional shakmg The excess of 
oxidant left unconsumed m each flask was lodometncally 
determined by back-titration with sodium thlosulphate 

It was observed that with monochlorosulphonanudes 
(CAT and CAB) the oxldatlon of thlocyanates 1s fast m the 
pH range 1-6 (fastest at pH 4) and m acid solutions, but 
slow m alkaline solutions The eight-electron stolchlometnc 
oxldatlon (of the NCS ion) takes place m less than 15 mm 
with all the thlocyanates m acid solutions and buffer 
solutions of pH 1-6 The oxldatlon of thlocyanates by 
monobromosulphonamldes (BAT and BAB) IS sluggsh m 
acid solutions and m buffer solutions of pH l-10 but rapid 
m alkaline solutions The eight-electron stolchlometnc ox- 
ldatlon of NCS- takes 5-10 mm m 0 05-O 2M sodnnn 
hydroxide for all the thlocyanates with both the oxidants 
The same eight-electron stolchlometry was observed with 
the dlhalosulphonamldes m partially aqueous medium (ox- 
idant solutions m water-free acetic acid and thlocyanate 
solutions m water), the reaction taking 15-20 mm for all the 
thlocyanates These oxldatlon times refer to reaction mth 
about SOY0 excess of oxidant If a smaller excess IS used the 
stolchlometrlc oxldatlon takes longer 

Recommended procedures 

Wzth monochlorosulphonamldes (CAT and CAB) Adjust 
the pH of the thlocyanate solution to any value between 1 
and 6 Add ahquots of this solution to known excessive 
volumes (_ 50% excess) of 0 1 N oxidant (CAT or CAB) m 
iodine flasks and set aside the reaction mixtures for about 

15 mm with occasional shakmg Rmse down with about 20 
ml of water, add 20 ml of 1M sulphunc acid and 10 ml of 
20% potassium iodide solution and titrate the liberated 
iodine with 0 05M sodium ttiosulphate to a starch end- 
point (V, ml) Run blanks Hrlth the same volumes of the 
oxidant alone (CAT or CAB) ( V2) 

Wzth monobromosulphonamzdes (BAT and BAB) Add 
ahquots of the reductant solution to known excessive vol- 
umes (N 50% excess) of decmormal oxidant (BAT or BAB) 
m iodine flasks containing enough sodium hydroxide to 
mamtam an overall concentration of 0 05-O 20M alkali Set 
the reaction mixtures aslde for about 10 mm, shaking 
occasionally Complete the tltratlon as above after adding 
sufficient acid (20 ml of 2M sulphunc acid) 

Wzth d~halosulphonamldes (DCT, DBT, DCB and DBB) 
Add ahquots of thlocyanate solution to known volumes 
(+ 50% excess) of 0 1 N oxidant solution (DCT, DBT, DCB 
or DBB) m iodine flasks and set aside the reaction nuxtures 
for 20 mm Rmse down mth about 50 ml of water, add 10 
ml of 20% potaswum lodlde solution and complete the 
titration as before 

The amount of thlocyanate (X pmole) m the sample 
solution IS gwen by X = lO’M( V, - V,)/E, where h4 IS the 
molanty of the thlosulphate solution and E IS the number 
of electrons exchanged per molecule of thlocyanate E = 8 
for Ll, Na and K thlocyanates, 16 for Zn, Ch, NI, Ba, Pb 
and UO, thlocvanates. and 24. 32. 32. 48 and 48 for UO,. 
Zn. Cd,&Nj a& Pb complex thlocianates, respectively &’ 

Dwect tztratlons Andrews type titration of thlocyanates 
with most of the oxidants was found practicable m the 
presence of sodmm acetate and potassium bromide (and 
acetlc acid In tltratlons with monochlorosulphonamldes 
except BAT and BAB) Sodium acetate was found to 
catalyse the oxldatlons Add sodmm acetate (20% solution, 
3-5 ml), potassium bromide solution, (I M, 5 ml) and carbon 
tetrachlonde (1 ml) (and 5 ml of glacial acetic and with 
monochlorosulphonamldes) to ahquots of thlocyanate solu- 
tion and titrate vvlth the oxidant with stlrnng till the 
appearance of a faint yellow colour m the organic layer 

The blank correction 1s found to be about 0 05 ml of 0 1 N 
oxidant Alternatively a potentlometrlc method can be used 
for the detection of the end-point, a potential Jump of 
N 20&400 mV being obtained for addition of 0 1 ml of 0 1 N 
oxidant m the equivalence-point region 

The blank correction, addition of sodium acetate and 
plpettmg of poisonous thlocyanate solutions can be avolded 
by reversing the procedure above The reductant IS added to 
a suitable volume of the oxidant, containing potassium 
bromide and with 1 ml of carbon tetrachlorlde added The 
volatlhty of bromine IS the only source of error m this 
procedure, but can be mmlmlzed by a proper choice of the 
titration assembly 

Back-tltratlon gives more reproducible results than direct 
titrations do 

Tztratzons wzth zoakmzne-Tand rodamme-B The Pdlal and 
Indrasenan methodz7 1s used Take equal volumes of thlo- 
cyanate solution and saturated mercunc chlonde solution m 
a titration flask Add 10 ml of concentrated hydrochlonc 
aad and 5 ml of carbon tetrachlorlde Dilute the reaction 
mixture to 100 ml and titrate with IAT or IAB solution with 
vigorous shaking after each addition till a permanent faint 
pmk colour appears m the organic layer Run blanks under 
identical condltlons 

RESULTS AND DISCUSSION 

All the thlocyanates undergo stolchlometrlc ox- 
Idatlons, with an eight-electron change per NCS- 
ion, with all the oxidants except IAT and IAB, with 
which a six-electron stolchlometry was observed 

The results of typical analyses are shown m 
Table 1 It may be seen that the maximum error 1s 
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Table I Determmatlon of thlocyanate Ion m metal salts and complexes with aryl halosulphonamldes 

Ranges Maxlmum error m recovery, % 
studled, 

Thlocyanate pmole CAT DCT BAT DBT IAT CAB DCB BAB DBB IAB AgNO, 

LINCS 30 8-769 06 05 05 06 07 05 04 03 03 07 06 
NaNCS 24 7-617 05 05 05 05 07 05 08 04 04 06 03 
KNCS 20 6-515 02 05 05 04 06 02 08 05 05 04 06 
Zn(NCS), 11 O-2754 03 05 06 03 05 04 04 02 02 05 06 
Cd(NCS), 8 8-219 8 06 06 07 05 04 05 08 05 05 06 06 
Nj(NCS), 0 SH,O 10 9-271 9 05 05 03 02 03 06 08 05 05 05 04 
Ba(NCS), 2H,O 6 9-172 7 06 06 05 04 06 04 06 04 04 06 06 
Pb(NCS)> 62-1546 05 05 06 06 07 03 07 05 05 07 05 
UOI(NCS)2 3H>O 45-1136 05 05 05 05 06 05 08 04 04 05 08 
KUO,(NCS), 2H:O 3 9-96 3 04 05 04 06 05 05 08 04 05 04 08 
K?Zn(NCS), 4Hz0 45-111 6 04 04 01 01 02 06 05 05 05 02 08 
K,Cd(NCS), 2Hz0 4 4-108 9 05 04 04 04 03 07 09 05 05 03 07 
K,Nl(NCS), 4H20 32 787 05 05 05 00 01 05 06 05 05 01 08 
K,Pb(NCS), 2 8-70 2 05 05 05 07 04 06 07 05 04 06 07 

about f0 8% For comparison, the results of the Acknowledgements-One of us (B T G ) 1s grateful to the 
argentometrlc method are also included in Table 1 Government of India, New Delhi, for the award of a 

Metal salts of monohaloammes (RNXM, where Natlonal ScholarshIp for post-doctoral research abroad We 

R = C$H,SO, or P-CH,C~H,SO~, X = Cl, Br or I and 
thank the Bangalore NMR Facility, Indian Institute of 

M = Na or K) behave hke electrolytes I5 The possible 
Science, Bangalore, India, for the NMR spectra 

oxldlzmg species m acldlfied haloamme solutions are 
RNHX, RNX,, HOX and possibly H20X+ (and X, 
in presence of X-) In alkaline solutions the probable 
species are (RNX) - and OX- 

Hence the observed eight-electron stolchlometry 
can be shown by the followmg equations 

NCS- + 4RNHX (or 2RNXJ + SH,O-tSO:- + CNO- + 4RNHz (or 2RNHJ + 4X- + 6H+ 

NCS- + 4RNX- + 3H,O + 2OH-GO;- + CNO- + 4RNH, + 4X- 

When the six-electron stolchlometry occurs, cyanide 
will be produced instead of cyanate 

In the direct tltratlons, bromme formed from the 
oxidants interacts wrth the thlocyanate 

RNHX + 2Br- + H++RNH, + Br, + X- 

RNX, + 4Br- + 2H++RNH, + 2Br, + 2X- 

NCS- + 4Br, + 4H,O 

+SO:- + CNBr + 8H+ + 7Br- 

The bromine cyanide formed can be quantltatlvely 
estimated by the lodometnc method 3o 

The presence of sulphate, cyanide and cyanate m 
the reaction products was detected by standard 
tests 3’-33 Benzenesulphonamlde formed m the reac- 
tions wrth the benzene denvatlves was detected by 
TLC 34 

Common anions such as SO:-, PO:-, ClOr, NO;, 
F- and Cl- do not interfere, but Br-, I-, CN-, 
hydrazme, urea and thlourea all Interfere 

It can be concluded that the proposed analytical 
procedures are simple, rapid and reproducible and 
are useful for determining thlocyanates m solution 
and for computing the number of hgands present m 
the complexes 
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SPECTROFLUORIMETRIC DETERMINATION OF TRACES 
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Summary-A method for the spectrofluonmetnc determmatlon of perchlorate IS described,, tt IS based on 
extraction of the perchlorate-Rhodamme 6G ton-parr mto benzene The procedure IS sensrtrve, hrghly 
reproducrble and useful for the determmatron of 0 04-l 0 ppm of perchlorate The determmatron of traces 
of perchlorate m chlorate IS described 

Burns and Hanprasopwattana’ have listed the few 
spectrophotometrtc methods so far suggested for 
determmatlon of perchlorate. These procedures 
generally make use of Ion-pair extraction or redox or 
preclpltatlon reactions Tnphenylmethane dyes have 
mainly been exploited for ion-pair extraction, xan- 
thene dyes do not seem to have been tried The only 
spectrofluonmetrlc procedure reported IS based on 
extraction of the perchlorate-amllonde ion-pair at 
pH 4 mto lsobutyl methyl ketone,’ but 1s not entirely 
satisfactory as it depends cntlcally on pH (the 
fluorescence intensity increases by 20% per pH unit m 
the range 3-7) It therefore seemed worth while 
mvestlgatmg the use of xanthene dyes for a similar 
spectrofluonmetrlc determmatlon Rhodamme 6G 1s 
found to be superior to Rhodamme B and Pyromne 
G, and can be used for determmatlon of traces of 
perchlorate m chlorate 

EXPERIMENTAL 

Reagents 

Perchlorate solutzon Dtssolve 0 3482 g of pure potassmm 
perchlorate m water and dilute to 250 ml Dilute this 1000 
ppm solutron to obtain a 5 ppm solutton 

Rhodamme 6G solution, 0 1% 
&rate buffer, pH 4, 0 IM 

Apparatus 

A Carl Zeiss PMQ-II spectrophotometer with ZFM-4 
fluorescence attachment, IO-mm quartz cells and mercury 
lamp 

Procedure 

Transfer 2 5-25 pg of perchlorate mto a 60-ml separatory 
funnel Add 1 ml of curate buffer followed by 3 ml of 
Rhodamme 6G solutron and dilute to 10 ml with water 
Eqmhbrate wtth two lo-ml portrons of benzene, shakmg for 
1 mm Combme and centnfuge the organic extracts and 
transfer mto a 25-ml standard flask Make up to volume 

*Indian Institute of Scrence, Bangalore 560 012, India 
tManager, R & D, Purex Laboratones (Indra) Private Lim- 

tted, Bangalore 560 038. India, to whom correspondence 
should be addressed 

wrth benzene and measure the fluorescence m a IO-mm cell 
at 560 nm, excrte the fluorescence by rrradratron at 365 nm 
Read the perchlorate concentratton from a cahbratron 
graph srmtlarly prepared 

RESULTS AND DISCUSSION 

Effect of pH 

The optimum pH range for the extraction of 
perchlorate with Rhodamme 6G mto benzene was 
studied m the range from 0 to 9. The fluorescence 
intensity was found to be maximal m the pH range 
l-6 (Fig 1) Though the extractlon charactenstlcs of 
the dye or ion-pair are not affected by citrate, acetate 
or phosphate buffers, pH-4 citrate buffer was pre- 
ferred as it improves the selectlvlty 

Effect of Rhodamme 6G concentration 

Figure 2 shows that for maximum fluorescence 
intensity, the extraction should be done wth 5-8 ml 
of 0 05% Rhodamme 6G solution 

lL 

L 
\ 

0 

IO 05 ‘1 

CH+I PH 
Rg 1 Effect of pH on the extraction of perchlorate- 
Rhodamme 6G ton-parr mto 10 ml of benzene, 20 pg of 
perchlorate and 3 ml of 0 1% Rhodamme 6G solutron m 

10 ml of aqueous phase 
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Fig 2 Effect of Rhodamme 6G concentration on the 
extraction of the perchlorate ion-pan into 10 ml of benzene, 

20 pg of perchlorate, 10 ml of aqueous phase 

Choxe of solvent 

The solvents tested included representatives from 
most classes of organic solvent, such as alcohols, 
ketones, esters, ethers, and ahphatic, chlormated and 
aromatic hydrocarbons Chloroform and mtro- 
benzene extracted the free dye and ion-pair equally 
well The extraction behaviour of the other solvents 
is shown m Table 1, from which it is clear that only 
benzene is suitable 

Eqwbbratron ttme 

It was found that shaking 10 ml of the aqueous 
phase with 10 ml of benzene for penods ranging from 
30 set to 5 mm gave the same fluorescence intensity 
of the benzene extract, and extracted 90% of the 
perchlorate Extraction with two lo-ml portions of 
benzene, with shaking for 1 mm, gave at least 99% 
extractton, and reproducible results A third extrac- 
tion is unnecessary 

Calrbratzon graph 

The recommended procedure gives a calibration 
graph that is linear up to 25 pg of perchlorate m 25 
ml of benzene and passes through the ongm. The 
extract can also be used for the spectrophotometric 
determmation of 0 2-2 0 ppm of perchlorate, the 
molar absorptivity bemg 3 4 x lo4 1 mole-’ cm-’ at 
530 nm 

The coefficient of variation (10 determmations of 
10 pg of perchlorate) was found to be 1 2% 

Table 1 Choice of solvent 

Solvent Fluorescence intensity 

Benzene 
Toluene 
Cyclohexane 
Xylene 
Carbon tetrachlonde 

60 
14 

Nil 
2.5 

Nil 

Table 2 Determmation of perchlorate in chlorate samples 

KClO, Total KClO, KClO, in 
added, found, KClO,, 

Sample p&?/g Wig % 

Technical 0 61 2 0 00614 
grade 61 2 

61 8 
25 86 0 

86 6 0 00612 
87 2 

50 1106 
1112 0 00612 
111 8 

100 161 2 
161 2 0 00613 
161 5 

Riedel- 0 00 
de Haen 5 50 - 

10 100 
20 20 6 - 

Interference studtes 

Only anions commonly found m association wtth 
perchlorate were examined as potential mterferents, 
along with a few morgamc cations There was no 
interference from 200 mg of chloride or 10 mg each 
of sulphate, bromide, nitrate, citrate, acetate, todate, 
Mn*+ Ni*+ 
of Hit 

, Co*+, Zn*+, Cu*+ or Fe3+ Up to 10 mg 
can be masked with EDTA and the pro- 

cedure can tolerate a 50-fold w/w ratio of chlorate, 
IO-fold ratio of iodide or 1 1 ratio of thiocyanate to 
perchlorate 

Analysis of potassrum chlorate 

Perchlorate is often found associated with chlorate 
The presence of traces of perchlorate m chlorate is 
known to increase the combustion temperature and 
its presence m batches of potassium chlorate used for 
pyrotechnic purposes must be closely monitored 2 As 
more than 1 mg of chlorate interferes m the present 
determmation, it is necessary to remove or destroy it 
by evaporation with concentrated hydrochlortc acid3 
before the extraction of perchlorate 

For the analysis, weigh a 5-g sample into an 
evaporatmg dish and heat with 100 ml of concen- 
trated hydrochloric acid as described elsewhere 3 Dts- 
solve the residue m distilled water and make up to 
volume m a lOO-ml standard flask Apply the pro- 
cedure already described, to a 5-ml ahquot of this 
solution The results presented m Table 2 show that 
the method is satisfactory for determmatlon of 
perchlorate m chlorate samples 

The procedure is almost three times as sensitive as 
the one developed by Burns and Hanprasopwattana,’ 
and has the advantage of giving a constant signal 
over a wide range of pH 
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IODOMETRIC MICRODETERMINATION OF BORIC ACID 
AND BORAX SEPARATELY OR IN A MIXTURE 
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Summary-Bone acid IS detertntned by first treating tt w-&h mannltol and then ullth sohd potassnnn todate 
and potassium lodlde The lodme liberated IS titrated with thlosulphate Borax IS determmed by reactmg 
it wth a known and excessive volume of hydrochlonc acid and determmmg the surplus acid by lodometry 
From the amount of acid consumed, the quantity of borax IS calculated Mixtures of borax and bone 
acid are analysed by combmatlon of the two methods Borax IS determmed first, then the manmtol 
procedure IS applied to a second sample and the total bone and (ongmal plus that produced m the 
borax-HCl tea&on) 1s determmed mdometncally The bone acid content of the sample 1s obtamed by 
difference The procedures can be used for determmmg 0 01-O 1 mmole of these substances w&h an 
average deviation of 0 1-O 4”/, The end-points obtamed are sharper than those for potentiometnc 
aad-base tttratlons Furthermore, the procedures are apphcable at much lower concentrations 

Bone acid acts as a weak monobasic acid and can be 
titrated directly with alkali only at high concentration 
(N lM), with Tropeohn 0 or mtramme as indicator ’ 
Tltratlon with phenolphthalem as indicator IS very 
incomplete However, its complexahon reaction with 
certain ~lyhydroxy compo~ds, such as glycerol, 
manmtol or dextrose, releases protons and It then 
behaves as a relatively strong monobasic acid, and 
can be titrated with strong alkali to a phenolphtha- 
lem end-pomt,2 but with dilute sample and tltrant 
solutions there IS rapid fading of the phenolphthaleln 
coiour at the end-polnt,3 making Judgment of the 
end-point d&cult Potentiometnc titration 1s better, 
but at low concentrations the potential Jump near the 
end-point 1s too small to be of use Spectrophoto- 
metric titration 1s then supenor 

The present commumcatlon describes an apphca- 
&on of the lodometnc micropr~~ure already used 
for weak orgamc acids, based on the determination 
of acids by means of the lodate-iodide reaction 4 
Bone acid 1s determined by addmg manmtol and an 
excess of solid potassium iodide and potassium lo- 
date, and tltratmg the iodine liberated Borax IS 
determmed by adding a measured excessive volume 
of hydrochlo~c acid, and tltratmg the surplus by the 
todate-iodide procedure 

A mixture of borax and boric acid can be analysed 
by first determining borax as described above, calcu- 
lating how much boric aad tt would produce by 
stolchlometrlc reaction with hydrochlonc acid, and 
substracting this from the total bone acid found after 
treatment of a sample with the stolchlometrz amount 
of hydrochloric acid 

Reagents 

EXPERIMENTAL 

Analytical grade chemicals and conductlvlty water were 
used 

Oxulzc aczd, 0 1N solutzon Prepared by dlssolvmg the 
calculated amount of the acid m water Further chluted as 
reqmred, to obtam solutlons of lower concentratton 

Sodwm hydroxzde, 0 IM solutzon. Standardized with the 
0 1N oxahc acid, diluted to lower concentrations as re- 
qmred 

Sodzum thzosulphate, 0 1 M solutron Standardized Hrlth 
potassmm lodate: and diluted as required 

Pot~sz~ zodate sol~tzon, 5% 
Borzc aczd, 0 IM solutzon Standardzed by tttratlon w&h 

alkah after addition of manmtol z Suttablv dduted to obtam 
test solutions 

Borax, 0 IM solutzon Standardized by tltratlon Hrlth 
hydrochlonc acid ’ Test solutlons were obtamed by smtable 
ddutlon 

DetermznQtzon of borzc acrd 

Visual method Take 5 or 10 ml of sample solution 
(contammg 0 2-1 meq of bone acid) m a NO-ml todme flask, 
add I 5 g of manmtol and suplrl the flask for 2 mm Add 
1 g each of potassium lodate and potassium lodlde and 
again swnl for 5 mm Titrate the hberated Iodine wth 
0 02-O 1M thlosulphate, with starch as mdlcator 

i ml of 0 1M t~osulphate E 6 18 mg of bone acid 

Potentzometrzc tztratzon Take 5 or 10 ml of test solution 
(contammg 0 01-O 2 meq of bone acid) m a NO-ml beaker, 
add 1 5 g of manmtol and stir for 2 mm (magnetic stirrer) 
Add 1 g each of potassmm lodate and potassmm lodlde, stir 
for 2 mm, cover the beaker, and allow 5 mm for the 
reaction Insert platinum and calomei electrodes and titrate 
the hberated mdme ~t~tiornet~~ily w&h 0~1~01~ 
~osulphate Locate the end-pomt on a plot of dE/AV 
agamst volume (V) Standardize the thtosulphate soluhon 
potenhometncally wth oxahc acid solution by the same 
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procedure except for the addltlon of manmtol. (The oxahc 
acid concentration should be comparable to that of the 
bone acid m the sample solution ) 

1 ml of 0 OOlM thlosulphate = 61 8 pg of bone acid 

Deterrnmatlon of borax 

Vwal method Take 5 or 10 ml of sample solutlon 
(contammg 0 0254 1 mmole of borax) m a IOO-ml lodme 
flask Add a known and excessive volume of hydrochloric 
acid, followed by 0 5 g of potassmm lo&de and 5 ml of 5% 
potassium lodate solution Swirl the flask and titrate the 
hberated iodine with thlosulphate solution, usmg starch as 
indicator In the same way run a blank wth the same 
volume of hydrochlonc acid The difference. between the 
blank and the test titrations gves the amount of the aad 
equivalent to the borax m the test solution 

1 ml of 0 1N tluosulphate = 10 07 mg of Na,B,O, 

Potentlometrzc tttratlon Take 5 or 10 ml of test solution 
(containing 0 01-O 1 mmole of borax) m a lOO-ml beaker 
Treat with hydrochloric acid, lodate and lodlde as for the 
visual tltratlon (but use magnetic stirrmg) Insert plat- 
mum and calomel electrodes and titrate the liberated todme 
potentiometncally v&h 0 001-O OIM thlosulphate Plot 
AE/AV against volume of tltrant to locate the end-point 
Run a blank with the same volume of acid Standardize the 
thlosulphate solution potentlometrlcally with standard 
oxahc acid 

1 ml of 0 OOIM thlosulphate = 100 7 pg of Na,B,O, 

Analysts of a mzxture of borax and bortc acid 

Determine borax m a portion of sample, as already 
described Calculate the volume (X ml) of hydrochlonc aad 
consumed, the quantity of borax, and the amount (A) of 
boric acid produced durmg the reaction between borax and 
hydrochloric acid 

To an equal volume of sample add the volume (X ml) of 
hydrochlonc acid calculated as used m the first expenment 
Then determine the total bone acid (ongmal plus that 
produced from the borax) From this total amount (B) 
subtract the amount (A) hberated from the borax reaction, 
to obtain the quantity of bone acid present m the sample 
solution 

RESULTS AND DISCUSSION 

Boric acid cannot be titrated accurately urlth stan- 
dard alkali * Although satisfactory results are ob- 
tamed when mannltol IS added, the phenolphthalem 
end-pomt IS not sharp for dilute solutions, and 
carbon dioxide Interferes For these reasons there IS 

Table 1 Determmatlon of bone acid 

Bone acid, mg 

Method Taken 

61 84 61 9 
Visual 30 9 30 9 

1546 1548 
12 37 1239 

Potentlometnc 6 184 6 193 
3 092 3 100 
1 236 1 239 
0 773 0 776 
0 618 0 620 

Found* 

Relative 
standard 

devlatlon, 
% 

02 
02 
02 
02 
02 
03 
04 
04 
05 

*Average of SIX determmations 

Table 2 Determmatlon of borax 

Method 

Borax, mg Standard 
deviation, 

Taken Found* X 

1007 1007 02 
Visual 20 13 20 14 02 

1006 10 07 02 
5 03 5 04 02 
251 2 52 03 

Potentlometric 1007 10 07 02 
5 03 5 04 02 
1 677 1 680 02 
1 258 1 261 03 
1 006 1009 04 

*Average of SIX determmatlons 

a progressively mcreasmg posltlve error with m- 
creasing dllutlon of the tltrand and the tltrant Pre- 
hmmary experiments showed that addltlon of 1 5 g of 
mannltol and 1 g each of potassmm lodate and 
potassium lodlde m solid form to a bone acid sample 
solution would hberate lodme quantitatively wlthm 5 
mm These observations were used m developmg the 
methods described The results m Table 1 show that 
these procedures can be apphed to determme 0 01-l 
meq of boric acid wth an average devlatlon of 
0 1-o 4% 

Methyl Orange has been recommended as the 
indicator for tltratlon of borax mth O.lM hydro- 
chlorlc acid* but this method IS not satisfactory on the 
micro scale Addltlon of excess of hydrochlonc acid 
and back-titration with alkah falls because of mter- 
ference by the bone acid liberated durmg the reaction 
between borax and hydrochloric acid However, it 
was observed that If the surplus acid IS determmed 
lodometrlcally there 1s no interference due to bone 
acid This fact was used m working out the method 
gven here The method usmg starch as indicator can 
be applied to determme 0 025-O 1 mmole These 
procedures have an average devlatlon in the range 
0 1-O 4% (Table 2) 

The methods can be coupled for determining borax 
and boric acid, as already explained Consecutive 
titration of both components m the same solution 
(borax first, followed by total boric acid), though 

Table 3 Potentlometnc analysis of mixtures of borax and 
bone acid 

Taken, mg Found,* 

Bone 
Bone Borax, rsd,t acid, rsd,t 

Borax acid mg 0, mg 9’ .” in 

20 13 3 092 2015 02 3 10 03 
1007 6 184 1008 02 6 20 03 
10 07 12 37 1008 02 12 39 02 
6 04 0618 605 03 0 620 0 3 
2 013 1 854 2017 03 1 857 03 
1 006 0 618 1009 04 0 620 04 
1 006 0 927 1009 0 4 0930 03 

*Average of six determmatlons 
tRelative standard deviation 
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attractive m prmaple, is not fully satisfactory in 
practice If starch 1s used as mdlcator, it is present 
from the start of the titration, which is contrary to 
recommended practice If potentlometnc Wratlon 1s 
used, the first end-pomt must be overshot so that the 
equivalence point can be located, and the excess 
could perhaps mfluence the second tltratlon. 

The combined procedure can be applied to nux- 
tures contammg 0 01-O 1 mmole of the two sub- 
stances The results m Table 3 show that the average 
deviation 1s m the range 0 1-O 5% 
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HIGH-PRESSURE LIQUID CHROMATOGRAPHY 
COMBINED WITH FLUORESCENCE DETECTION 

AND SOLVENT EXTRACTION FOR SIMULTANEOUS 
DETERMINATION OF COPROPORPHYRINS I 

AND III IN HUMAN URINE 

YASUHISA HAYASHI and MISAKO UDAGAWA 
Department of Chemistry, Joetsu Umverstty of Educatton, Joetsu 943, Japan 

(Recezved 23 September 1982 Accepted 22 November 1982) 

Summary-A prectse and reproducible high-pressure liquid chromatography (HPLC) method for the 
determmatton of coproporphyrm I and III isomers (cp isomers) m unne was mvesttgated The cp tsomers 
were extracted mto drethyl ether, the solutton was evaporated and the residue dissolved pnor to HPLC 
The recovenes of both cp Isomers were 87 8 f 3 2 and 90 0 k 2 1% and detection hmtts (S/N = 3) were 
0 07 ng, respectively 

The separation and determmatlon of coproporphyrm 
I and III isomers (cp Isomers) are important both m 
chnlcal diagnosis and research on porphyrms A num- 
ber of methods have been mvestlgated for the deter- 
mination of cp isomers m blologlcal fluids The thm- 
layer’ ’ and paper-’ 4 chromatography methods are 
time-consummg, tedious and difficult to make quan- 
titative In recent years, HPLC has been developed as 
a most convenient method for the routme 
ldentlficatlon and determmatlon of porphyrms m blo- 
logical fluids 5-7 Recently, Englert et al ’ have reported 
a direct method for the determmatlon of cp isomers 
by use of HPLC and fluorometrlc detection Un- 
fortunately, their method IS not fully satisfactory for 
the determination of cp Isomers m urme, because of 
the complexity of the chromatographlc procedure and 
the poor precision The present paper describes a 
precise and reproducible HPLC procedure for the 
determination of both cp isomers in unne 

EXPERIMENTAL 

Reagents 

Cp I standard solutron (I 0 w/ml) Free cp I (5 pg/vtal, 
Smma Chemmal Co ) was dissolved and diluted to 5 ml with 
0 iM hydrochlortc acid 

Co III stock solution 05 0 ualml) CD III tetramethvl ester 
(15 mg, Sigma Chem& Co ,I &as hydrolysed oven&u m 
15 ml of 7M hydrochlortc actd at room temperature m the 
dark, and the reaction mixture was then dduted to 1000 ml 
wtth water The standard solution was prepared by dtlutmg 
the stock solutton wtth 0 1M hydrochlonc acid Just before 
use The concentration of free cp III was calculated from 
the absorbance and molar absorpttvtty 9 

All other reagents used were of reagent grade or better 

A Hitachi Model 635T HPLC apparatus was equipped 
with a Hitachi Model 204s fluorescence detector, operated 
at 392 nm for excttatton and 610 nm for emtsston, for 

fluorometnc detectton, and with a Httacht 056 dual-pen 
recorder The reversed-phase chromatographtc column was 
a Hitachi 3053, conststmg of octadecylstlane bonded to 
5-pm sthca m a stamless-steel tube, bore 4 mm and length 
150 mm 

Sample collectton and preparatron 

A 24hr urme sample IS collected and 3 g of EDTA 
(dtsodmm salt) are added as a preservative, the sample IS 
kept at 4” unttl analysed (which IS done as soon as posstble) 

The extraction method used IS a modtficatton of that 
developed by Anz et al ,I0 m whtch the organic solvent used 
was ethyl acetate In tms modtfied procedure the unne 
sample (10 ml) IS actdtfied with acetic actd to pH 4-5, and 
then shaken wtth 20 ml of dtethyl ether The phases are 
separated and the ether extraction repeated unttl the aque- 
ous phase no longer shows any red fluorescence under 
ultravtolet light The pooled extract ts evaporated to dryness 
m a rotary evaporator at about 30” The residue IS dissolved 
wtth 0 5 ml of 0 1M hydrochlonc actd and the solutton 
filtered through a 0 45-gm membrane filter, before the 
HPLC 

Chromatographrc procedure 

A IO-pi ahquot of sample contamtng up to 10 ng of cp 
I and 15 ng of cp III IS inJected into the column, and 
separated with a mobile phase composed of acetomtnle-2% 
v/v acetic acid-0 1% potassium dlhydrogen phosphate solu- 
tion (2 1 I v/v at a flow-rate of 1 3 ml/mm 

RESULTS AND DISCUSSION 

It was found experimentally that, as expected, the 
ratio of acetomtnle to buffer solution m the mobile 
phase had an important influence on the retention 
volume and resolution The resolution of the cp 
Isomers was found to increase with the acetomtrlle 
content of the mobile phase The effect of acetic acid 
and potassium dlhydrogen phosphate concentration 
m the mobile phase was also studied, and good 
separation was obtained with a concentration range 
of 0 2551% v/v acetic acid and 0 01-O 04% w/v 
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40- 
Table 1 Recovenes of cp Isomers (cp I 25 0 ng/ml, cp III 

37 5 ng/ml) added to a unne sample 
t 
z 30- Found, ng/ml Recovery, % 

? 
CPm 

CP I cp III CP I ep III 
,o 
g 20- CPI 22 1 32 8 88 4 87 5 
b 21 5 34 7 860 92 5 

23 2 33 4 92 8 89 1 
t 21 9 34 1 87 6 909 
,o IO- 21 1 c 33 2 844 88 5 

22 4 35 4 89 6 92 0 
b 
=I A 

214 33 6 85 6 89 6 
K I I I I I I 

0 246 6 IO 12 14 16 16 20 

Retention time (man) 

Fig 1 Chromatogram of cp Isomers m human unne, 
obtamed by the standard procedure 

potassium dlhydrogen phosphate m 1 1 v/v 
acetomtnle-water medium A mobile phase consis- 
tmg of acetomtnle-2% v/v acetic acid-0 1% potas- 
sium dlhydrogen phosphate solution (2 1.1 v/v) 1s 
therefore recommended A typlcal chromatogram of 
the cp isomers m a urine sample 1s shown m Ag 1 
The peaks were identified by adding authentic cp 
isomers to the sample 

Calzbratzon graphs and preczszon 

The relationship between the cp I and III concen- 
tration and fluorescence intensity was linear over the 
concentration range studied, O-l 0 ng/pl for cp I and 
0-l 5 ng/pl for cp III The detection limit (defined as 
the concentration giving a signal equal to 3 times the 
standard deviation of the blank signal) was found to 
he 0.007 ng/pl for each isomer To determine the 
extraction efficiency of the dlethyl ether-acetic acid 
method, a urine sample was spiked with known 
amounts of the pure isomers and then analysed by the 

Table 2 Values found for excretion of coproporphynns m unne from 12 volunteers 

Sample No cp I, pgglday* cp III, tig/day * cp III/total cp, % 

1 27 1 66 5 710 
2 176 41 1 70 0 
3 49 7 72 0 59 2 
4 30 0 50 6 62 8 
5 36 5 68 3 65 2 
6 25 2 120 1 82 7 
7 23 1 28 9 55 6 
8 25 8 774 75 0 
9 156 30 1 65 9 

10 69 45 7 86 9 
11 110 192 63 6 
12 30 2 27 8 47 9 

Mean + SD 249k 11 6 54Ok285 671+110 

*Mean of three deternunatlons on each sample 

Table 3 Values reported for cp isomers III normal unne 

Total cp* 
Number of (Mean f SD), Cp III/Total* 

subjects cLg Iday % Authors 
Analytical 
technique 

Anz et al ‘O 20 (Men, age 
18-36) 

11 (Women, 
age l&62) 

9 (Children, age 4-10) 

Femandez” 34 (Adult) 
Sobel et al 6 48 

Schermuly et al ’ 15 
Englert et aI8 14 

Ford et al’ 57 (Men and women) 

Present study 12 (Age 10-25) 

146 6 f 38 
(100-230) 
103+ 159 
(72-122) 
78* 19 
(60-120) 
(O-161) 

117 
(32-235) 

(l-4162) 
39 f 23 
(3-109) 
79 f 35 
(3&145) 

654&56 
(50-75) 

654+56 
(53-83) 
81&3 
(77-87) 

PC 

Spectrometry 
LC 

775k64 

(6&O) 

TLC 
HPLC 

HPLC 

67+11 
(48-87) 

HPLC 

*Range gven m parentheses 
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procedure given The concentrations were calculated 
from cahhration graphs prepared at the same time, 
and corrected for the amounts of each isomer already 
found present m the sample The results, summarized 
m Table 1, Indicate that each isomer was recovered 
with an efficiency of 88% for cp I (s d 2 8%) and 90% 
for cp III (s d 1 8%) 

Table 2 presents the results obtained for urmary 
excretion of the two cp isomers The cp III content 
seems generally stgmficantly higher than that of cp I 

The cp III values were generally higher than those 
for cp I, formmg 47 9-86 9% of the total cp (average 
67%) and thus preponderance of cp III appears to be 
Independent of the excretion level of total cp m 
healthy human urine As shown m Table 3, widely 
divergent values of the total cp have been reported, 
varying from 39 to 146 pg/day, but tt is generally 
agreed that the cp III is preponderant and forms an 
almost constant fraction of the total cp m normal 
urines 

The HPLC-solvent extraction method proposed 
here has sufficient precision and reproductbthty for 

the determmatron of urmary cp isomers, and IS useful 
for routme analysis m chmcal dragnosrs 
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SEPARATION OF ARSENIC(II1) AND ARSENIC(V) 
IN GROUND WATERS BY ION-EXCHANGE 

WALTER H FICKLIN 

U S Geological Survey, Box 25046, Denver, CO 80225, U S A 

(Recerved 17 August 1982 Accepted 5 November 1982) 

Summary-The predommant species of arsemc m ground water are probably arsemte and arsenate These 
can be separated wth a strong amon-exchange resin (Dowex 1 x 8, 100-200 mesh, acetate form) m a 10 
cm x 7 nun column Samples are filtered and acldlfied Hrlth concentrated hydrochlonc acid (1 ml per 100 
ml of sample) at the sample site Five ml of the acldlfied sample are used for the separation At this acldlty, 
As(II1) passes through the acetate-form resm, and As(V) IS retamed As(V) 1s eluted by passage of 0 12M 
hydrochloric acid through the column (resulting m conversion of the resin back mto the chlonde form) 
Samples are collected m 5-ml portlons up to a total of 20 ml The arsenic concentration m each portion 
1s determined by graphite-furnace atomic-absorption spectrophotometry The first two fractions gave the 
As(II1) concentration and the last two the As(V) concentration The detection hmlt for the concentration 
of each species IS 1 pg/l 

Arsenic m ground waters occurs m the oxidation 
states As(II1) and As(V) Recently Cherry et al ’ 
proposed that the concentrattons of As(III) and 
As(V) could be used to calculate the oxldatlon- 
reduction potential of a ground water sample. The 
redox potential 1s an important factor m the study of 
ground waters as a sample medmm for geochemlcal 
exploration 

A popular method 23 for determining low levels of 
As(II1) and As(V) mvolves generation of arsme, 
coupled with atomic-absorption detection Careful 
control of sample pH 1s required m order to generate 
arsme selectively from As(III) 23 The sample must 
also be analysed very soon after collection or sta- 
bilized m some way to prevent oxldatlon of As(II1) 
Acldlficatlon with hydrochlonc acid prevents the 
oxldatlon4 but the pH must then be carefully adJusted 
before the analysis Nakashlma’ added Zr(IV) and 
potassium iodide to the acidified sample to generate 
arsme selectively from As(II1) All the methods re- 
quire complex equipment and procedures 

A simple separation of As(III) and As(V) based on 
ion-exchange 1s presented here The sample can be 
stored m acidified solution or the separation can be 
performed at the sample site before any chemical 
change can take place The use of an amon-exchange 
resm for separation of arsenic species m water has 
been investigated by Henry and Thorpe,6 but they 
used separate portions of sample water for deter- 
mmaton of As(II1) and As(V) Pacey and Ford used 
a slmllar ion-exchange method to determine organic 
and morgamc arsenic species,’ with detection by 
graphite-furnace atomic-absorption spectropho- 
tometry (GFAAS) 

*Any use of trade names IS for descnptlve purposes only and 
does not imply endorsement by the US Geologcal 
Survey 

GFAAS determmatlon of arsenic, wtth addition of 

nickel, 1s well established 8 Small volumes of sample 
are required and a detection limit of 1 pg/l. is readily 
achieved GFAAS was therefore chosen for the deter- 
mmattons m the present work. 

EXPERIMENTAL 

Apparatus 

A Perkm-Elmer model 703 atormc-absorption 
spectrophotometer* equipped with a deutermm arc back- 
ground corrector and an HGA-2200 graphite furnace was 
used for arsenic determmatlon Glass “econo-columns” 
were obtained from Blo-Rad Laboratones (Richmond, 
California) The samples were injected manually by 
Eppendorff pipette or with a Perku-Elmer As-l auto 
sampler 

Reagents 

Hydrochlorrc acid, mtnc acid, acetic acid, sodmm arse- 
mte, dlsodmm hydrogen arsenate heptahydrate, sodmm 
hydroxide and nickel nitrate 6-hydrate were “Baker Ana- 
lyzed”, supplied by J T Baker Chemical Co Dowex 1 x 8 
anion-exchange resm (100-200 mesh) was supphed by Blo- 
Rad Laboratones Demmerahzed water was obtamed from 
a Mdhpore Mdh-Q water system 

Column preparation 

Glass “econo-columns” (10 cm x 7 mm) were used for all 
separations Enough resm (2 3 g) was slurry-packed mto the 
column to fill it to urlthm 1 or 2 mm of the top The resin 
was supplied m the chlonde form and required conversion 
into the acetate form through the hydroxide form as mter- 
mediate This was achieved by allowmg 3 ml of 1M sodium 
hydroxide to dram through the resin, followed by 15 ml of 
water and then 5 ml of 1M acetic and The resm was rmsed 
once more with water, leaving the resm m the acetate form 
A small amount of water was added to the columns to keep 
the resin moist The columns were capped to prevent 
contammatlon from dust 

Procedure 

At the sample site, 50 ml of water were filtered through 
a 0 45-pm membrane filter (to remove particulate matter 
that might contam soluble or acid-leachable arsenic), and 
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Table 1 Instrumental parameters for graphite-furnace then acldlfied with 0 5 ml of concentrated hydrochlonc acid 
atomic-absorption spectrometer Five ml of the acidified sample were allowed to pass through 

Drymg 60 set 100°C the resm m the column, followed by 15 ml of 0 12M 

Charrmg 20 set 950°C 
hydrochlonc acid as eluent, added m three separate 5-ml 

Atomlzmg 6 set 2700°C Interrupt mode portlons The successive 5-ml fractions of effluent (one from 

Purge gas Argon the sample, three from the eluent) were collected m 6-ml 

Source Electrodeless discharge lamp vlals, which were then capped The As(II1) from the sample 
was m the first two fractions and the As(V) m the last two 

Table 2 Results for arsemc speclatlon m ground waters and acid mme waters 

As(III), As(V), Total As, 
Sample /%I/ iGIl %gll 

MOO2* 23 7 30 
M021* <l 3 3 
M022* 2 5 7 
M027* 1 18 18 
M030* 2 6 8 
MO43 1 6 8 
MO45* 54 16 69 
BV-012* 8 6 14 
BV-020* 2 4 5 
BV-039* <l 5 5 
BV-041* <l 5 5 
BV-046* 1 10 11 
MS-02t 13 1 15 
MS-03P 5 2 7 
MS-04t 5 2 7 
MS-06t 5 1 6 
MS-08t 4 1 6 
Salt Sprmg, Utah 1400 1180 2450 

*Imgatlon well water, Beaver Area, Utah 
tAcld mme water, Colorado 

0 20- 

0 15 - 

010 - 

005 - hl 
5 

8 
6 
0 L-L 5 0 

: 
0 20 

0 15 

005 : 

010 

0 

Fi 

BV- 012 

A 
IO 

t:: 
d-002 

I 
020- 

0 15 - 

0lO- 

005- 

AslIE) and As IPI 100 pg/C 

,....a LA u” 
6 

I5 20: 0 5 

x 
a 

u-l 
ml 

(c) 

As UU) and As CL) 5/rg/L 

Fig 1 Separation of As(III) and As(V) a, b, d, 25-~1 samples, Interrupted mode, c, lo-$ sample, normal 
mode 
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Sample 

Table 3 Recovery of added arsemc 

As(III), As(V), As(III),* 
lrnll L&t1 wll 

As(V),* 
Mgll 

M-027 1 18 6 24 
BV-012 6 5 12 10 
BV-041 <l 5 11 
W-046 

: 
10 

: 
16 

VIrgnua Canyon Mme 1 6 
Lucama Mme 1 tl 

:: 
6 

*Spiked wth 5 pg of arsenic per litre 

Table 4 Sample-site separation compared to laboratory separation 

Sample sate Laboratory 

Rockford Tunnel 
Vlrgmla Canyon Mme 
Idaho Spnng Mine 
Lucama Mine 

The unused sample was brought back to the laboratory for 
further study by the same procedure 

Arsenic was determined m each portion of sample by 
graphite-furnace atormc-absorption spectrophotometry An 
equal volume of 200-mg/l nickel solution was added to the 
volume of sample m the graphite furnace (generally, 25 bl) 
The instrumental parameters are shown In Table 1 A 
calibration graph was constmcted by analysmg standards m 
the same way Totai arsenic for each sample was determined 
dxectly m the same manner, with an appropnate ahquot of 
the ongmal sample 

RESULTS 

Two hound-water samples and two laboratory 
standards vvlth measurable concentrations of both 
As(II1) and As(V) were mtroduced mto the columns 
described The effluent was collected m twenty succes- 
sive l-ml portions, each of which was analysed for 
arsenic Plots of absorption signals (peak-haghts) US 
eluate volume showed a defimte chromatographlc 
separation of two arsemc speaes (Fig I) All of the 
As(II1) IS eluted m the first 10 ml of effluent, there 
being little or no retention of As(III) by the acetate 
form of the resin As the eluent (hydrochloric acid) 
passes through the column, the resm 1s converted 
from the acetate form mto the chloride form, which 
has httle or no afiimty for As(V) m the acldlc 
medium, and the arsemc(V) IS eluted m the 13th and 
14th l-ml fractions The change from acetate form to 
chloride form 1s evidenced by an accompanymg slight 
colour change proceedmg down the column As(II1) 
and As(V) m 13 ground-water samples from Utah 
and 5 acid mme waters from Colorado, that had been 
filtered and acidified at the sample site, were sepa- 
rated m the laboratory The results are shown m 
Table 2 

Recovery studies involved adding As(II1) and 
As(V) (each at the 5-pg/l level) to each of six 
samples The results m Table 3 for the spiked and 
ongmal samples show that the recovenes of As(W) 
and As(V) ranged from 80 to 120% respectively, 
which 1s satisfactory at this level That all of the 

Table 5 Mean and standard devtatlon (S) for SIX sepa- 
rattons of two samples 

MOO2 BV012 

As(III), As(V), As(III), As(V), 
Pdl Itgil mtl KTLgll 

24 7 10 6 

24 6 8 
22 8 

:: 
23 8 i 7 
25 6 9 6 
21 7 8 6 

Mean = 23 3 70 87 65 
s=14 09 08 06 

arsemc IS recovered can also be seen from the data In 

Table 2 
Separations of the arsenic species m some acid 

mme waters collected m the front range area of 
Colorado were done at the sample site and later m the 
laboratory The values shown m Table 4 show satls- 
factory agreement between the two sets of results 

Two samples (M-002 and BV-012) were analysed 
SIX times each The values, means and standard 
deviations are listed m Table 5 

A separation m the field takes about 15 mm In the 
laboratory, several columns can be used simulta- 
neously for analysis of a number of samples The 
columns are mexpenslve and can be used several 
times before the resin must be replaced 
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SPECTROPHOTOMETRIC DETERMINATION OF MICRO 
AMOUNTS OF NITRITE IN WATER AND SOIL 

QIAN-FENG WV and F’ENG-FEI LIU 
Shaanxl Momtormg Statlon of EnvIronmental ProtectIon, 25 Chang An Road (N ), 

Xlan, People’s Republic of Chma 

(Recerved 20 Aprrl 1982 Rewed 10 October 1982 Accepted 29 October 1982) 

Summary-A spectrophotometnc method for determmatlon of micro amounts of mtnte m water and 
so11 ulth p-ammoacetophenone and resorcmol 1s described The interference of foragu Ions can be 
ellmmated by maskmg Hrlth complexmg agents Beer’s law 1s obeyed up to 20 pg of NO, m 60 ml of 
solution and the molar absorptlvlty at 435 nm 1s 5 27 x lo4 1 mole-’ on-’ The colour IS stable for 
10 hr Results obtamed by using the proposed method for water and sod samples agree well with those 
obtained by the Saltzman standard method 

As nitrite can react with secondary ammes present m 
the body it may form carcmogenlc mtrosammes, so 
determtnatlon of tntrlte IS important ‘3’ Numerous 
methods are available. The generally acknowledged 
methods are the Gness3 and Saltzman4 methods. The 
two most sensitive methods have been reported 
by Sawlckl et al ,5-6 m an extensive survey m which 
they mentioned various sensitive reactions based on 
dlazotlzatlon of p-ammoacetophenone and coupling 
with I-naphthylamme, I-amhnonaphthalene etc 
Celardm’ used phenyl-1-naphthylamme or phenyl-P- 

naphthylamtne as coupling agent, but these are car- 
cmogemc s Other coupling agents have been re- 
ported 9-I’ However, these methods are all limited by 
fairly rapid fading of the colour, and by interference 
by Cu(II), Fe(III), S2-, I- etc 

We present here a sensitive colour reactlon for 
nttnte, based on dlazotlzatlon of p-ammoaceto- 
phenone (AAP) followed by coupling with resorctnol 
(RSC) m sodium carbonate/sodmm acetate medium, 
to form a bright gold water-soluble azo-dye Foreign 
ions are masked with a composite EDTA-sodium 
hexametaphosphate reagent The interference of 
sulphlde can be eliminated by addition of mercuric 
chloride The method 1s simple, rapid and more 
sensltlve than the Saltzman procedure 

EXPERIMENTAL 

Reagents 

Colour developmg solution Dissolve 2 g of AAP and 1 g 
of RSC m 100 ml of hydrochloric acid (1 + 4) Keep the 
solution m a brown bottle, m the refngerator 

Complexmg agent solutzon Dissolve 10 g of sodium 
hexametaphosphate and 10 g of EDTA m 90 ml of water, 
heatmg untd completely dissolved, cool and ddute to 100 ml 
with water 

MIxed alkab solutron Dissolve 10 g of anhydrous sodium 
carbonate and 8 6 g of anhydrous sodmm acetate m 50 ml 
of water, add 17 ml of dlmethylformamlde and ddute to 100 
ml with water 

Standard mtrlte solutton Dissolve 0 1500 g of sodmm 
mtnte m water and ddute to 1000 ml Add 1 ml of 

chloroform to mhlblt bactenal growth Dilute lOO-fold to 
ave a 1.0~,ug/ml working standard solution 

All reagents used were of analytical grade, and demm- 
erahzed water was used throughout 

Procedure 

To a lOO-ml Nessler tube (graduated at 50 ml) add an 
appropriate volume of test solution, contaming <20 pg of 
mtnte, make up to the 50-ml mark wth water, add 2 0 ml 
of complexmg agent solution and 2 0 ml of colour devel- 
oping solution, and mix After 5 mm add 6 0 ml of mixed 
alkah solution Measure the absorbance at 435 nm m a 2-cm 
cell against a reagent blank prepared m the same manner 
but containing no mtnte 

Waters Place 100 ml of water sample m a beaker, and add 
2 ml of 5% mercuric chlonde solution Let stand for 5 mm, 
then filter to remove mercuric sulphldes and lo&de Analyse 
a known volume of the filtrate by the procedure above 

Sorls Weigh 1 0 g of fresh sod sample mto a loo-ml 
beaker Add 20 ml of water, let stand for 5 mm, add 0 5 ml 
of 5% mercuric chlonde solution and 1 ml of sodium 
sulphlde solution, filter mto a Nessler tube, dilute to the 
50-ml mark with water, and analyse for mtnte as already 
described Determine the water content of the sol1 wth a 
separate 20-g sample and calculate the mtnte content on a 
moisture-free basis 

Wavelength (nm) 

Fig 1 Absorption spectra of the azo dye m various alkahne 
media A, m Na,CO,-NaAc medmm at pH 9, B, m 
0 33-l 2M KOH, C, m 0 17M KOH, A’, reagent blank m 
Na,CO,-NaAc medmm at pH 9 (NO; 10 pg, 2-cm cell) 

374 
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RESULTS AND DISCUSSION 

Absorptzon spectra and reactzon mechanzsm 

When coupled with RSC at various degrees of 
alkahmty, the dtazonium salt gave dtfferent colours 
The absorption spectra of the products are shown m 
Fig 1 Curve A shows maxtmum absorption at 435 
nm for the product obtained m sodmm 
carbonate-sodium acetate medium (pH 9) The dye is 
bright golden, with apparent molar absorptivity 
&435 = 5 27 x lo4 1 melee’ cm-’ Curve B shows that 
absorption is maximal at 525 nm for the dye obtained 
m 0 33-l 2M potassium hydroxide medmm. This azo 
dye IS red, with aSZS = 407 x lo4 1 mole-’ cm-’ 
Curve C, for the product obtained m 0 17M potas- 
sium hydroxide medium, shows two absorption max- 
ima, at 450 and 520 nm This product is orange-red, 
with an apparent ad5,, = 3 56 x lo4 1 mole-’ cm-’ 
The preferred coupling medium is the pH 9 sodium 
carbonate-sodium acetate mixture The suggested 

(b) 

1 x--x--x-x--x--x- 

L I I I I I I I 

6 8 10 12 13 

PH a 17 a 50 083 12 

KOH (M 1 

Fig 2 Effect of alkalinity on the coupling reaction for 10 
pg of NO; (a) I = 435 nm, (b) 525 nm. 2-cm cell 

plmg reaction and decomposition of the diazomum 
salt m very alkahne medium and (b) the de- 
protonation and structural change of the product at 
high pH The absence of the isosbestic point m the 
spectra (Fig 1) expected from (b) 1s due to the effect 

of (a) 
reaction sequence is 

CH, -@j-N,,+ NO; + 2H + - W-@-kN + 2H,O 

0 0 

CH, --rj+$-:=N / + ‘&OH & CH, -,&--N=N+OH + Hi 

0 
KOH 

0 

I HO 

W-IeN-N&O + H,O 

0- 

Effect of colour reagent concentratzon Table 1 Effect of vanous Ions on determination of 10 pg of 
mtnte 

With resorcmol as couphng agent, sulphamhc acid 
and p-ammoacetophenone (AAP) were tested as the 
substrates for diazotization, but only AAP gave a 
water-soluble dyestuff The effect of AAP and RSC 
concentration on the colour intensity was studied by 
using a fixed mtrite concentratton and varymg the 
AAP and RX concentration The results showed 
that use of 2 ml of mixed reagent solution contalmng 
l-4% AAP and 0 5-3x RSC gave constant and 
maximal absorbance Therefore use of 2 ml of 2% 
AAP-1% RSC solution is recommended 

Taken, Ion/NO;, NO, found, 
Foreign ion rng w/w &r 

Zn(II) 20 200 98 
N1(11) 20 200 100 
Mn(I1) 20 200 100 
MO&~) 
Hg(II) 
Fe(II1) 
B1(111) 
Zr(IV) 
Pb(I1) 
Cu(I1) 
Ag(I) 
Se(IV) 
Ce(IV) 
V(V) 
.S- 

s,o:- 
s,o:- 
so:- 

I- 
F- 

20 200 100 
74 0 7400 100 
05 50 98 
05 50 100 
05 50 100 
0 25 25 100 
0 10 10 102 
0 10 10 100 
0 10 10 100 
0 05 5 100 
0 025 25 100 
70 700 10 1* 
33 330 9 8* 
25 250 9 8* 
10 100 100* 
50 500 10 2* 

Effect of pH 

The absorbance for a fixed amount of nitrite was 
determined at various pH values m the range 610 
and also m strongly alkaline solution (Fig 2) The 
highest absorbance was obtamed at pH 8-10, so pH 
9 is recommended, and is attamed by use of 6 ml of 
the mixed alkah solution. An alternative would be to 20 200 99 
use 0 5-l OM potassmm hydroxide medium, with 

rather lower sensltlvlty We attribute this pH effect to 
*After addltlon of 2 ml of 5% mercunc chlonde solution, 

a combmatlon of (a) competition between the cou- 
lettmg stand for 5 mm, tiltermg off and washmg with 
water 
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Table 2 Recovery of mtnte spikes from water and so11 samples 

Sample 

Well water 

hver water 1 

Lake water 

Sewage 

Red so11 
Alluvial so11 2 

Amount 
taken, 

ml or g 

40 0 

400 

40 0 

10 

10 
10 

Native 

0 87 

3 04 

6 40 

660 

0 92 
2 30 

Added 

50 
100 
20 
50 
20 
50 
20 
50 
50 
50 

Nltnte, pg 

Total 

60 
109 
54 
81 
81 

112 
88 

11 I 
57 
74 

Recovered* Error 

5 13 +o 13 
1002 +002 
2 36 +036 
5 06 +006 
1 70 -030 
4 80 -020 
2 20 +020 
5 10 +o 10 
4 78 -022 
5 10 +o 10 

*Recovered = total - native 

Table 3 Companson of mtrlte determmatlon m sample by 
proposed method and Saltzman method 

Proposed method,* Saltzman method, 
Sample ppm ppm 

Well water 0 022 0 024 
kver water 1 0 076 0 074 
River water 2 0 022 0 030 
Lake water 0 160 0 155 
Sewage 6 60 6 70 
Red so11 0 92 
Black so11 0 83 081 
Loess 1 60 1 60 
Alluvial sol1 1 1 96 1 92 

*Mean of 3-6 determmatlons 

S20:- and I- interfere but then effect can be mltl- 
gated by addmg 2 ml of 5% mercuric chlonde solu- 
tion before the determmatlon (Table 1) 

Determrnatron of nrtrlte m samples 

The nitrite contents of water and sol1 samples were 
determined by the proposed method The results 
shown m Tables 2 and 3 are m reasonable agreement 
wth those obtamed by the standard Saltzman 
method No volume correctton was apphed for the 
mercuric chloride solution added, but 1s easily made 
if desired 

Colour stab&y 1 

Under the optlmlzed condlhons, the bright gold 
azo dye develops mstantaneously and remains stable 
for 10 hr A temperature range of 15-30” gves the 
most useful results The hmlt of detection of nitrite by 
this method 1s 0 005 pg/ml. A statlstlcal study of 6 
water samples, each contammg 75 7 ng of mtnte per 
ml, gave a relative standard deviation of 2 3% 

Effect of forezgn zons 

The effect of various amounts of 20 foreign ions on 
the determination of mtrrte was examined The re- 
sults are listed m Table 1. Most of the cations and 
common anions do not mterfere, S2-, S,O:-, SO:-, 11 
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ANALYTICAL DATA 

A STUDY OF SOME NUCLEAR REACTION ~TERFERENCES IN 
DETERMINATION OF NITROGEN CONTENT OF PLANT 

MATERIALS BY 14-MeV NEUTRON-ACTIVATION 
ANALYSIS 

C!H L NDIOKWERE* and P JERABEK 
Chermstry Department, Umversjty of California, Irvme, CA 92717, U S A 

(Recewed 1 March 1982 Rewed 13 July 1982 Accepted 30 November 1982) 

Summary-The mtrogen content of 10 medIcma plant species has been determined by fast-neutron 
activation analysis (FNAA) Corretion factors for the effects of the ‘6o(p, a)“N knock-on proton- 
mduced reaction and the (n, 2n) reactions, winch produce mterfenng ~sitron-emitting radronuclides, have 
also been determmed The total relative Interference from the %(p, a)‘IN and (n, 2n) reactions of K, Cl, 
Fe and Br was found to be 5 l-32 1% for the plant samples 

In recent years much attention has been pald to the 
chemical composltlon and pharmacology of some 
Nlgenan medlcmal plant matenals,‘” but their ele- 
mental composition has not yet been reported This 
study was almed at determmmg the nitrogen content 
of these species by fast-neutron activation analysts 
(FNAA) based on the 14N (n, 2n)13N reaction Several 
authors have used nuclear methods for this pur- 
pose, M* since FNAA IS claimed to be better than the 
tradlhonal Kjeldahl method m terms of rapldrty, 
preclslon and accuracy A further disadvantage of the 
Kjeldahl method 1s that it cannot be used to determine 
nitrogen in nitrogen-oxygen groups satisfactorily 
The main problem encountered with FNAA for mtro- 
gen IS that m some complex samples a number of 
induced actlvltles, which are also positron emitters, 
contnbute to the Sll-keV activity measured m the 
analysts Corrections for these contrlbutlons are 
therefore very important Although a number of 
authors8,‘@‘3 have &cussed some of these mter- 
ferences, little or no comprehensive quantltatlve study 
of the mterfermg reactions has been made In this 
work correction factors have been determined to 
account for the contnbutton of the reaction 
160(p, LX)‘~N and the (n, 2n) reactions of K, Cl, P, Fe, 
Cu and Br, to the nitrogen found. The same FNAA 
method can be used to determine the oxygen content, 
w&hout any slgmficant mterference and wth good 
preclslon This lnfo~atlon 1s necessary to evaluate 
the contnbutlon due to the ‘6o(p, cl)13N reaction 

EXPERIMENTAL 

Samples and standards 

The parts of the plants analysed were mainly the roots, 

*Department of Chemistry, Umverslty of Bemn, Bemn C’ty, 
Nlgena 

bark and leaves, which were collected fresh from the plants, 
sponged bnefly m water and well rmsed. with demmerahzed 
water to remove any surface contammatlon All the samples 
were air-dried, crushed and pulverized to pass a 200-mesh 
sieve 

Benzolc acid (26 2% oxygen) and dlphenylamme (8 3% 
mtrogen) were used as standards for the determmatlon of 
oxygen and nitrogen respect’vely The samples and stan- 
dards (m the range 0 5-l Og) were accurately weighed by 
difference, firmly packed m spec’al polyethylene vials (vol- 
ume about 2 5 ml) to ensure a mmlmum of trapped air, and 
heat-sealed for I~adiat~on 

L)efermmation 0s oxygen 
Oxygen was determined on the baws of the ‘6o(n, p)16N 

reaction by counting the 6 13 and 7 12 MeV spectral rep;lon 
for gamma-rays emitted by 7 1-set half-life 16N ms high- 
energy gamma-radiation from the decay of 16N 1s almost free 
from other spectral Interferences The automated dual- 
act’vatIon facdlty (usmg the Kaman A-711 sealed-tube 
14-MeV neutron generator, connected pnth a single-tube 
pneumatic-transfer and counting system of the University of 
Cahforma, Irvine) used for the determmatlon of oxygen, 
which has been described m detail elsewhere,“’ IS shown m 
Rg 1 The multlscaler counting of the spectra1 reg’on was 
done with a 4 x 4 m NaI{Tl) detector and a Nuclear Data 
(ND 100) multichannel an&er The sample and standard 
paJr was lrradlated for 20 set, allowed to decay for 20 set, 
and counted for 20 see 

The pair was then reversed, ‘rradlated and counted under 
the same condltlons This process was repeated four times 
for each plant sample Average background counts were 
also determined for the sample and standard and appropn- 
ate corrections applied The calculated oxygen content of 
each sample was taken as the average of the four deter- 
minations 

Determmatron of nrtrogen 

The apparent nitrogen content was determmed by usmg 
the 14N(n, 2n)‘)N reaction induced by exposmg the sample 
and standard to 14-MeV neutrons produced by the Kaman 
A-711 sealed-tube neutron generator at a flux of about 
2 0 x 10” n/set The flux was-mon’tored with a BF, counter 
shielded unth a paraffin moderator The 51 I-keV posltron- 
anmhdatlon ga&na-rays associated wth the decay of “N 
were counted with a 3 x 3 m NaI(T1) scmtdlatlon counter, 
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6 7 6 9 IO II 

ORTEC ORTEC 
455 MOD 772 

I’ ,, 

H V DIV LINEAR TIMER PRINTER 

HARSHAW RATEMETER- ORTEC ORTEC 

CANBBgEgRRA 719 777 

1 

tfj ORTEC 460 H 455 ORTEC MOD t-j ORTEC 772 1 

I NF.yR ~TELETYPE] 

1 100 ] 

Fig 1 Dual-actlvatlon system for determmatlon of oxygen (Reactor Facility, Chemistry Department, 
Umverslty of Cahfomla) 1 Sealed-tube neutron generator 2 Target 3 Single-tube lrradlatlon port 
4 Dual-tube small sample lrradlatlon port and rotation 5 Path of “vial” 6 Sample-countmg ports 7 
4-m NaI(L1) crystals and photomultlpher tubes 8 Preamplifiers 9 Amphfiers 10 Smgle-channel tlmmg 

analysers 1 I Prmtmg scalers 

Table 1 Possible interferences m mtrogen determmatlon by the “‘N(n, 2n)‘jN reaction 

Reactlon 
Target nuchde 

abundance 
14-MeV neutron 

cross-section, mbarn 
Product 

half-life, MW 
Gamma-ray 

energy 

“‘N(n, 2n)“N 

:::6p, s’::N” 

lzC(p: ;)“N 
39K(n, 2n)38K 
“P(n, 2n))OP 
Wu(n, 2n)“‘Cu 
79Br (n, 2n)‘*Br 
“Br (n, 2n)*‘Br 
54Fe(n, 2n)S3Fe 
35C1 (n, 2n)34mC1 
27AI (n, p)*‘Mg 
**Sl(n, p)**AI 
3oSl(n, a)*‘Mg 
56Fe(n. vY6Mn 

99 63 57 9 96 
99 76 7 9 96 

111 7 9 96 
98 89 7 9 96 
93 09 4 7 71 

100 11 25 
69 1 550 9 76 
50 52 1141 6 46 
49 48 700 176 

5 84 15 85 
75 77 7 32 2 

100 80 95 
92 27 235 231 

3 12 46 95 
91 68 103 1546 

/?+(511 keV) 

i: 

IO+ 
p +, pair production 
B+ 
a+ 
;: 
;: 
pan production 
pair production 
pair productlon 
pair vroductlon 

Table 2 Some correction factors for nitrogen determmatlon 

Compound Element Reaction Counts/mg of element Correction factor* 

H2O 

Fe,% 
Ca,(PO,), 
NaCl 
WO4 

NaBr 
cuso, 

*Apparent mg of nitrogen per mg of element, average counts/mg of N = 471 f 5 

0 160(p, a)“N 32kOO3 (6 8 f 0 1) x 1O-3 
Fe “Fe(n, 2n)53Fe 146&04 (3 1 * 0 04) x lo-* 
P “P(n, 2n)“P 420+03 (9OkO 1) x lo-2 
Cl )%Zl(n, 2n)34mC1 920+02 02*002 
K 39K(n, 2n)‘*K 745*04 016kOOO2 
Br 79Br (n, 2n)‘*Br 3419 + 22 73+01 
cu 63Cu (n, 2n)62Cu 4481 + 12 95&01 

Table 3 Br, Cl, Fe and K concentrations m some Nigerian medlcmal plants by 
thermal-neutron actlvatlon analysis 

Sample Br, pglg* Cl, Wig’ Fe, pglg* K, mgig* 

Pl 34+01 007kOO2 17kO8 1 53 + 0 05 
P2 197+03 021*003 26+06 2 72 f 0 06 
P3 65&-02 064+005 61 f 10 99+02 
P4 162+02 046+005 113*15 85+01 
P5 13+02 189&007 114*34 64+0 1 
P6 85kO2 106kO3 52+04 299+06 
P7 295&l 5 68+02 69+42 379+07 
P8 182+1 285+0 12 81k24 226+02 
P9 207+14 500+02 99+26 175+04 
PlO 158+09 106+005 88kll 118kO2 

*Dry weight 
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Table 4 Interference (%) of 0, K, Cl, Fe and Br m mtrogen determmatlon under the specified condltlons 

Sample 160(p, a)13N 39K (n, 2n)38K 35C1 (n, 2n)MmCl “Fe (n, 2n)53Fe 79Br (n, 2n)‘*Br Total 

PI 22 6 16 0 09 0004 0 16 24 5 
P2 12 1 15 0 14 0003 0 50 143 
P3 32 17 0 14 0002 0 05 51 
P4 102 42 0 28 0010 0 37 15 1 
P5 22 6 65 24 0 023 061 32 1 
P6 45 75 33 0003 0 10 153 
P7 54 102 23 0004 0 36 18 3 
P8 49 60 0 94 0004 0 22 12 1 
P9 54 52 19 0006 0 28 127 
PI0 71 46 0 50 0006 0 29 12 5 

connected through a hnear amphfier to a single-channel 
analyser After lrradlatlon for 5 mm, the sample and 
standard were allowed to cool for 11 mm before bemg 
counted for 10 mm The contnbutlon of the 3”P (half- 
hfe = 2 5 mm) actlvlty from the 3’P(n, 2n)“P reaction, to the 
51 l-keV spectra1 regon, was slgmficantly reduced by allow- 
mg this decay time The sample and standard were reversed 
and agam Irradiated and counted The net photopeak 
counts for each sample and standard pair were normalized 
and summed to Bve the total counts for sample and 
standard respectively The calculated apparent mtrogen 
content of each plant sample was the average of two 
determmatlons 

The possible mterfermg positron-emitting actlvltles m- 
duced mamly by the (n, 2n), (p, a) and (n, p) reactions are 
summanzed m Table 1 I5 The determmatlon of the cor- 
rectlon factors for some of the reactions IS described m the 
followmg section 

Determmatton of correction factors for mtrogen 

To assess the mterferences m the nitrogen detenmnatlon, 
standard compounds contammg the elements of Interest 
were run under the same condltlons of Irradlatlon, decay 
and countmg as the plant matenals For each element of 
Interest two standard compounds were prepared Each pair 
was irradiated and counted, the pair was then reversed and 
the process repeated The net photopeak count for each run 
was lrradlated and counted, the pair was then reversed and 
the process repeated The net photopeak count for each run 
element m the sample to gve counts/mg of element Each 
pair was measured five times Slmdarly two samples each of 
various organic mtrogen compounds such as urea, plper- 
ldme, melamine, adenme, phenylenedlamme and dlphen- 
ylamme, were prepared and run as described above to 
determme counts/mg of nitrogen under the same Irra- 
dlatlon, decay and counting condltlons, each pair agam 
bemg measured five times Where appropnate, corrections 
were applied to allow for the contnbutlon of 13N actlvlty 
from oxygen The average for the SIX mtrogen compounds 
was taken as 471 + 5 counts/mg of mtrogen, and was used 

to evaluate the correctlon factor for a gven element This 
was arrived at by dlvldmg the counts/mg of mterfermg 
element by counts/mg of mtrogen, to gve apparent mg of 
N/mg of mterfermg element, as summanzed m Table 2 
Demmerahzed water was used to determme the correctlon 
factor from the ‘6o(p. a)13N knock-on proton-Induced reac- 
tlon Duphcate samples run under the same condltlons gave 
an average of 3 2 counts/mg of oxygen This Interference 
and those from the (n, 2n) reactlons were evaluated, and 
where necessary corrections were apphed to the apparent 
nitrogen values found 

The K, Cl, Br and Fe concentration levels m the plant 
materials, previously detenmned by Instrumental thermal- 
neutron activation analysis, are presented m Table 3 These 
concentrations were used for the evaluation of percentage 
mterference and corrected nitrogen concentrations 

RESULTS AND DISCUSSION 

The oxygen and corrected nitrogen concentrations 
obtained for the 10 plant species are presented in 
Table 5 The nitrogen concentration range of 
0 8-2 2% for the woody roots and bark IS urlthm the 
reported range for woody angosperms (1 2-3.8x), 
and that for the leaves (3 5-5 1%) compares satls- 
factorily with the range 3-7 5% reported for herba- 
ceous vegetables and 4 3% for Bowen’s kale I6 The 
oxygen concentration was m the range 41 6-51 5%, 
that reported for woody angiosperms and herbaceous 
vegetables IS 41% and for Bowen’s kale 39 7% I6 

The correction factors due to interference of the 
160(p, cc)“N and some (n, 2n) reactions are also given 
in Table 4 The predominant interferences m this 
study are the 160(p, cc)“N 39K (n, 2n)38K and 
‘5Cl(n, 2n)34”C1 reactions (Table 4) The correction 
factor for oxygen 6 8 x 10e3, 1s relatively high when 

Table 5 Nitrogen and oxygen content (% dry weight) of some Nlgenan plant species 

Plant samole Part used Oxveen Nltroeen 

PI Khaya Ivorensls 
P2 Syncalasla Scabralda 
P3 Nauclea Sp 
P4 Clausema Amsata 
P5 Dennetla Tnpetela 
P6 Ageratum Conzoldes 
P7 Boerhavla Dlffusa 

P8 Cassla Favamca 
P9 Ocimum Baclhcum 
PI0 Azadlrachlta Indlca 

bark 
root 
root 
root 
root 
leaves 
leaves and 
small tubers 
leaves 
leaves 
leaves 

496kO4 1 Ok002 
507*05 22+004 
418klO 21+007 
482+05 21&-005 
515+05 08kOO2 
416kO4 46+006 
462kO4 40*005 

424kO4 51*005 
416kO4 41+005 
42OkO4 35*004 
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compared with the values of 1 6 x 10e3 and 2 6 x 1O-3 
reported by Nargolwalla and Przybylowlczt5 and by 
Blbby and Champlon,8 and it 1s difficult to account 
for this discrepancy Since the samples were activated 
and counted m polyethylene vials, a blank correction 
for the small oxygen content of the polyethylene 
could be applied to the 3.2 counts/mg reported m 
Table 2, but it 1s most unlikely that It would be 
significant The ranges of Interference found in this 

study (oxygen 3 2-22 6% K 1 5-10 2% and Cl 
0 09-3 3%) compare quite favourably with the corre- 
sponding values 19, 1 15 and 0 8% obtained by Leach 
et al ‘* under similar irradiation, decay and counting 
condltlons. The contnbutlons from carbon through 
13C(p, n)“N and ‘*C(p, y)13N reactions were not de- 

termined They are presumably neghglble compared 
to the errors of the analysis Atmospheric nitrogen 
trapped m the irradiation vial could be a potential 
source of error, but since air was quantitatively 
displaced by the sample or standard, the error was 
likely to be neghglble 

Acknowledgements-The authors wish to express theu ap- 
preclatlon to the Chemistry Department, Umverslty of 
Cahforma, Irvme, for the provIsIon of uradlatlon and other 
faclhtles Fmanaal support to the first author for this work 
from the IAEA, Kenna, IS also gratefully acknowledged 

I 

2 
3 

4 

5 

6 

7 

8 

9 
IO 

11 

12 

13 

14 

IS 

16 

REFERENCES 

0 0 Ogunkoya, 0 0 OlubaJo and D S Sondha, 
Phytochemlstry, 1972, 11. 2361 
S 0 Fadulu,. J Med Plant Res, 1975, 27, 122 
A A Olamyl, E A Sofowara and B 0 Oguntlmehm, 
lbrd, 1975, 28, 186 
A A Prapuolenls and J M Bakes, Radrochem Radro- 
anal Lett, 1969. 1, 19 
W H Doty, D E Wood and E L Schneider, J Assoc 
OJJic Anal Chemrsts, 1969, 32, 953 
D E Wood, W H Doty and E L Schneider, Trans 
Am Nucl Sot , 1971, 14, 98 
D Brune and A Arrayo, Anal Chum Acta, 1971, 56, 
473 
P M Blbby and H M ChampIon, Radlochem Radzo- 
anal Lett , 1974, 18, 177 
C Segebade, Z Anal Chem, 1977, 2&i, 23 
L S Chuang, D A Mdler, W P Lay and W Y Chm, 
J Radroanal Chem. 1977. 38. 279 
W D James, W D Ehmann,‘C E Hamrm and L L 
Chyl, rbrd, 1976, 32, 195 
M 0 Leach, B J Thomas and D Vartsky, Intern J 
Appl Radn Isotopes, 1977, 28, 263 
C E Hamnn, W D Ehmann and L L Chyl, Fuel, 
1979, 58, 48 
A Volborth,G E MdlerandC K Garner, Proc Thzrd 
Conf Use of Small Accelerators, Denton, Texas, 1974 
S S Nareolwalla and E P Przvbvlowcz. Actloatron 
Analysrs &th Neutron Generator; hlley, New York, 
1973 
H J M Bowen, Envtronmental Chemistry of the Ele- 
ments, pp 92-93 Academic Press, New York, 1979 



Talanta. Vol 30, No 5, Pp 381-383, 1983 0039-9140/83/050381-03$03 OfJO 
Prrnted in Great Brltarn All nghts reserved CopyrIght 0 1983 Pergamon Press Ltd 

CELLULOSE: A BIOPOLYMERIC SORBENT 
HEAVY-METAL TRACES IN WATERS 

FOR 

P BIJRBA and P. G WILL- 
Instuut fur Spektrochemle und angewandte Spektroskople, Postfach 778, D-4600 Dortmund 1, 

Federal Repubhc of Germany 

(Recemed 17 November 1982 Accepted 14 December 1982) 

Snmmary-The sorption of dissolved heavy-metal traces on natural cellulose IS characterized for the lower 
pg/l range It proceeds relatwely rapldly, unth half-times of about 1.5 mm At neutral pH-values the 
dlstnbutlon coefficients (&) of many cations, of vanous tvoes. e P . A13+. Be* + . Cd* + . Cr3+. Fe3 + . Pb* + . 
Zn*+, between cellulo& a:d ele&lyte sol&ons (e.g , iaCi) & of the order lo’-iti Id alkaline sat; 
solutions Kd as high as lo5 can be attamed The role of cellulose as a sorbent for metal traces m natural 
waters IS &scussed 

Cellulose has a highly porous and hydrophlhc struc- 
ture Like other hydroxyl-contammg matenals (e g , 
A&O3 aq, SlO, aq), it tends to have manifold sorp- 
tion mteractlons This characterlstlc 1s mainly ex- 
ploited for the chromatographlc separation of organic 
macromolecules (e g , enzymes, hormones, protems),’ 
but to some extent also for the separation of Ions. 
However, there 1s little mformatlon on the sorption 
behavlour of cellulose towards dissolved trace ele- 
ments m the rig/l -pgg/l. range,” which 1s predom- 
inant for many heavy metals m natural waters Multl- 
farlous mteractlons (e g., ion-exchange, sorption) 
between the aqueous and the solid phase (e.g , sedl- 
ments, suspended matter) govern the solution concen- 
trations and the transport of toxic metals m the 
aquatic environment. A considerable fraction of the 
solid matter m the hydrosphere, particularly m sur- 
face waters, consists of many organic matenals,5*6 for 
example cellulose and its denvatlves In this respect, 
detailed mformatlon about possible sorption and en- 
richment of heavy metal traces on cellulose 1s im- 
portant The aim of the present mvestlgation was to 
characterize the sorption of metal traces on cellulose 
m the pg/l range 

Cellulose 

EXPERIMENTAL 

Standardized short-fibred celluloses (e g , Schlelcher & 
Schull 123/3. 124a and 180a. Merck Avlcel” and No 23511. 
already avhiable for hqmd chromatography, were used- b& 
punfication, each cellulose (10 g) was stirred m 2M hydro- 
chlonc acid (p a, 500 ml) for 5 hr at room temperature and 
then m acetone (p a , 500 ml) for 2 hr. After filtration it was 
ar-dned 

Reagents 

Stock solutzons of the elements Solutions contmmng 10 
elements (100 pg/l concentration of each) were. prepared 
from Merck Tltnsols@ 

Sodwm chloride solutrons Prepared by dlssolvmg the 
Merck “Suprapur” salt m tnply dlstdled water Possibly 
mterfenng heavy-metal traces could be removed by means 

of a selective ion-exchanger (Cellulose-Hyphan”, I(lede1 de 
Haen) 

Hydrochlorrc and, 2M Prepared by dllutlon of the Merck 
“Suprapur” acid Hrlth tnply dlstdled water 

All other reagents were of analytical grade 

Procedure 

The dlstnbutlon cc&iaents K,, (w/v) of metal traces 
between cellulose and saline solutions were determmed from 
the metal loadmg of the cellulose, by the batch method For 
this purpose, the trace elements, each at the 20-&l level, 
were shaken separately or together urlth 0 1 g of cellulose m 
500 ml of 0 5M sodmm chlonde for 1 hr The kmetlcs of the 
metal sorption could be determmed m a smular manner, the 
cellulose bemg separated by a fast filtration step at appropn- 
ate intervals of time The trace metals adsorbed on the 
cellulose were eluted v&h 2 ml of 2M hydrochlonc acid and 
subsequently determined m the eluate by a flame-AAS 
rmcromethod (the mJectlon method) ’ A PyeJJmcam SP 9 
mstrument was used under standard condltlons for 
flame-AAS 

RESULTS AND DJSCUSSION 

Figure 1 shows the kinetics of sorption of Fe3 + and 

10 b 

Fig 1 Sorption of lron(II1) and copper traces (20 pg/l ) 
on 0 1 g of cellulose as a function of time, from l-g/l NaCl, 
200-mg/l Ca2 + solution (100 ml, pH 9), --e-e- 

e (c - c~“d1bn”m)lcO 
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Rg 2 Dlstnbutlon coefficients (K,,) of metal Ion traces (each 20 pg/l ) between cellulose and 0 5M NaCl, 
as a fimctlon of pH 

Cuz + (each 20 pg/l ) on cellulose (0 1 g) m 100 ml of Some dlstnbutlon coefficients (&) of metal traces 
saline solution (contammg 0 1 g of sodium chloride between short-fibred cellulose and 0 5M sodium chlo- 
and 10 mg of Ca’+, pH 9 0) When the concentration ride are shown as functions of pH m Fig 2 These 
ratlo c/c0 (cO = tmtlal con~ntratlon) IS logar~thml- &-values are more or less dependent on the pH, with 
tally plotted as a function of time, half-times of about the exception of those for Ca2+, CrO:- and TI+, 
1 5 mm can be estabhshed for the sorption of Cu*+ which exist as free ions over a wide pH range Even 
and Fe3+ on short-fibred cellulose Other heavy- m neutral solutions (pH 5-8) many metals are en- 
metal traces are adsorbed on cellulose at slmdar rates nched on cellulose by a factor of lo’-104, among 
Thus, eqmhbrmm between cellulose and a saline them are the toxic species Be2+, Cd’+ and Pb2+ 
solution can be attained within a few minutes, even Therefore cellulose, as a component of the solid 
if only a small amount of the sohd matter IS dlstnb- phase m aquatic systems, can play an important role 
uted m a large volume of solution The trace sorption mth regard to the bmdmg and the remobilization of 
on cellulose proceeds considerably faster than on metal traces m waters On the other hand, the 
many morgamc sorbents (e g , A&O, aq, S10 aq, dlstrlbutlon coefficients of about lo5 that can be 
TIO, aq),8 9 which are substantial mineral com- reached on cellulose m alkaline solutions (pH 10-12) 
ponents of natural sediments and suspended matter are very interesting for analytical trace ennchment 4 
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Rg 3 influence of electrolyte solution ~ncentratlon (O-30 g/l NaCI) on heavy-metal sorptmn (Cd’+, 
Co2 + , CU* +, Fe3 + , Nzz + , Zn2+, each 20 @g/l ) on cellulose 
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Table 1 Dlstnbutlon coefficients (w/v) on different celluloses for metal Ions at the 2Oqg/l level (pH 11 0) 

Element 

Cellulose 
S&S* 
12313 

Cd2 + 3 73 
co2+ 4 99 
CL?+ 4 25 
Fe’+ 250 
Mn2+ 40 
Pb2+ 3 67 

Cellulose 
S&S* 
123ag 

3 58 
4 30 
4 12 

250 
3 95 
3 90 

log Ed 
Lmters Powder 
s&s* s&s* 

124a 180a 

351 3 80 
3 85 460 
4 10 4 50 

250 250 
3 72 4 05 
3 70 3 80 

Powder Native 
Avlcel@ cellulose 

Merck 2330 Merck 2351 

3 85 3 14 
4 57 4 98 
3 75 4 75 

250 250 
3 94 440 
3 85 3 85 

*Schlelcher & Schull 

Another remarkable result IS the very different sorp- 
tion of Cr(II1) and Cr(V1) species on cellulose For 
example, it makes possible their analytical separation 
and speclatlon m natural waters 

The &-values found for mdlvldual species, e g , 
Cu2+, Zn2+, at neutral pH (e g , pH 8) in 0 5M 
sodium chlonde prove to be nearly constant (e g , lo3 
for the two Just mentioned) over large concentration 
ranges (e g , from 200 ng to 1 mg per htre) However, 
m the presence of other trace metals [e g , lron(II1) at 
concentrations of some 100 pg/l], a considerable 
synergstic enhancement of the distribution 
coefficients occurs 

Figure 3 shows the influence of electrolyte concen- 
tratlon (sodium chloride, O-30 g/l ) on the heavy- 
metal sorption (Cd2+, Co2+, Cu2+, Fe3+, Nl*+, 
Zn2 + , each at the 20-~1 level), on cellulose at pH 11 
In the absence of sodium chloride, the dlstrlbutlon 
coefficients reach values of 500-2000, with the excep- 
tion of Fe3+ However, even a 1 5-2 g/l concen- 
tration of sodium chloride will enhance the &-values 
by a factor of about 30 At higher salt levels, the 
dlstrlbutlon equlhbna seem to be nearly constant 
Similar salt effects can be observed m neutral sus- 
pensions of cellulose In contrast to these results, 
other materials investigated as sorbents m natural 
waters’h’2 tend to give remoblhzatlon of fixed heavy- 
metal traces at higher salt concentrations 

Different kinds of cellulose (e g , wood and hnters 
cellulose, amorphous and mlcrocrystalhne cellulose) 
are compared m Table 1 m terms of the distribution 
coefficients of heavy metals at pH 11 As the com- 
parison estabhshes, the dlstrlbutlon coefficients for a 
given element are practically independent of the 
species of cellulose used 

In this paper we mdlcate the important role which 
can be attributed to cellulose (besides humlc sub- 
stances) m the various processes for distribution of 
essential and toxic metal traces between the solid and 
solution phase m the hydrosphere Presumably, the 
results of the mvestlgatlon can be transferred to 
native cellulose-species m waters Ion-exchange 
and/or chemlsorptlon are possible bmdmg mech- 
anisms for the metal traces The knowledge of such 
processes and the resulting bmdmg of heavy-metal 
traces m the aquatlc environment 1s of mcreasmg 
importance 
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Summary-The analytical use of particle- and photon-induced X-ray emission spectroscopy has become 
an important tool in trace element analysis, especially when only small amounts of sample material are 
available. The physical basis, experimental procedure and typical examples are reviewed. 

Moseley’s law was the starting point for the applica- 
tion of characteristic X-ray emission to elemental 
analysis. Since then there have been many devel- 
opments, culminating in the wide range of modern 
techniques. 

Matter can be analysed in two main ways, either by 
determination of the mean elemental composition or 
by examination of the local microstructure. Over the 

past ten years there has been a broad development of 
techniques based on characteristic X-ray emission for 
both types of analysis. This was assisted by the 
availability of particle accelerators and of semicon- 
ductor detectors with high energy-resolution. Ion 
beams from accelerators have been used as well as 
photons to induce characteristic X-rays. 

The physical principles of induced X-ray emission 
and examples of applications have been reviewed.lA 
Conferences have been devoted to this topics,6 and 
particle-beam analytical work and trace element anal- 
ysis have also been discussed. 

The aim of this paper is to review the use of 
induced X-ray emission for quantitative analytical 
purposes over a wide range of concentrations down 
to the ppm level. The main interest will be restricted 

to the determination of trace elements. 

INDUCED X-RAY EMISSION 

Characteristic X-ray emission 

Moseley’s law gives a relationship between the 
wavelength of the emitted radiation and the atomic 
number Z of the element. Characteristic X-rays are 
emitted whenever vacancies in inner atomic shells are 
filled by outer electrons. The wavelength is related to 
the difference in binding energy of the electronic 
shells participating in the transition and is therefore 

*For reprints of this review see Publisher’s announcement 
near the end of the issue. 

characteristic of the emitting atom. There are also 
radiationless processes in which the transition energy 
is used for the ejection of outer shell electrons (Auger 
effect) or to promote transitions between subshells 
(Coster-Kronig transitions). These processes reduce 
the probability of X-ray emission from lower shells. 

The ratio of vacancies filled by emission of X-ray 
quanta to the total number of vacancies in a shell is 
called the fluorescence yield w. The K- and L-shell 
fluorescence yields of the elements have been tabu- 
lated but yields from the M-shells are only poorly 
known.’ The dependence of K-shell fluorescence yield 
on atomic number is represented in Fig. 1. The 
L-shell fluorescence yield depends on the subshell 
under consideration, e.g., for lead,’ wL, = 0.1, 
W& = 0.4, WL) = 0.35. There are various types of 
electromagnetic transition but for elemental analysis 
only the electric dipole type is relevant. In Fig. 2 an 
energy-level scheme is given, showing the main X-ray 
transitions. Unfortunately, for historical reasons 
there is some confusion in labelling the different 
transitions and here we use that given by Bearden. 
The K-radiation consists of two groups, K, and K,j, 

which can be resolved by use of silicon solid-state 

I .o - 
0.9- 

3 OB- 
3? 
.g 0.7 - 

A 0.6- 

; a5- 

g 0.4 - 

E 
& 0.3- 

2 0.2 - 

0.1 - 

Atomic number 2 

Fig. I. Variation of K-shell fluorescence yield o with atomic 
number, Z. 
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-1 
I 

K 

Fig. 2. Energy level scheme for the most intense X-ray 
transitions. 

detectors. The L-radiation also consists of several 
groups which may be separated if the resolving power 
of the detector is high enough. 

Inner shell ionization 

The production of a vacancy in an inner atomic 
shell, by means of photons, electrons or ions, arises 
from the electromagnetic interaction between the 

bound electron and the incident particle. The neces- 
sary condition is that the energy of the projectile 
should exceed the binding energy E, of the electron 
under consideration. 

Whenever a vacancy is generated by ejection of an 
electron, characteristic X-ray quanta are emitted. The 
probability of emission is described by the cross- 

section for production of X-rays, gxr defined as 

(number of X-ray emitting reactions) 
x (target particle))’ . see-’ 

ox = 
(number of incident particles). set-’ . cm-’ 

The unit for the cross-section is 1 barn = 10~24cm2. 
We can describe crx as the product of the fluorescence 
yield w and the cross-section for producing vacancies 
in a certain inner shell cr,: 

crx = WrJ, 

The analytical aim is to find the number of emitting 
atoms and this may be expressed as the mass of these 
atoms per unit area of the sample surface penetrated 
by the beam, the so-called mass layer of the target 
(units g/cm2). From the known area under irradiation 
we can derive the mass of the substance (in g). In this 
way a measure of the amount of substance under 
investigation with respect to the total target speci- 
men, i.e., the concentration, is obtained. 

The excitation or ionization of inner shells has been 
investigated for many years”.” and cross-sections can 
now be fairly confidently predicted.“.‘2 

Excitation by incident ions. Ionization with high- 
velocity ions can be described in terms of the Cou- 
lombic interaction of the projectile (assumed to be a 
point charge) with an electron in the target atom. 
This is valid when the atomic number Z,, of the 
projectile is much smaller than that of the target 
atom, Z, e.g., for protons and Z > 12. 

For quantitative work based on the intensity of the 
experimentally detected X-rays, the ionization cross- 
sections must be known. These can be measured 
beforehand or theoretical predictions can be used. 
Both methods give results in good agreement when 
protons are used as the projectiles. Alternatively, 
standard samples can be used, a common procedure 
in analytical work. In any case it is useful to inspect 
the ionization cross-section for the electron shell 
considered, as a function of the projectile energy, 
mass and charge and of the atomic number of the 
atom to be ionized, since the sensitivity and the 
optimum experimental conditions can then be esti- 
mated. The cross-section rises with increasing 
projectile energy (EP),‘1 reaching a maximum when 
the projectile velocity equals the orbital velocity of 
the electron. At higher projectile velocities the cross- 
section decreases at a rate roughly proportional to 
l/E,. This relationship between cross-section and the 
energy of the projectile is represented in Fig. 3, where 
the energy is given in units of (m,/m,)&. For exam- 
ple, with proton-excitation the cross-section for K- 

shell ionization of iron (Z = 26, Es = 7.1 keV) rises as 
the energy of the protons is increased to 14 MeV. The 
ionization cross-section decreases drastically with in- 
crease in Z because of the increase in binding energy 
of the electrons. This is represented in Fig. 4, for K- 
and L-shell ionizations. 

There is also a relationship between the ionization 
cross-section and the atomic number of the projectile, 
which can be described by the scaling law 

g, (projectile p, E,) = Zk 0, (proton, &/A,) 

which relates 0, for any projectile with mass number 
A,, atomic number ZP and energy E, to (T, for a 
proton with energy E&A,. 

V I I I 

0 I 2 3 

EL/$- Ee 

Fig. 3. Schematic diagram of the ionization cross-section, 
6,, as a function of projectile energy [in units of (m,/m,)E,]. 
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Fig. 4. Variation of K- and L-shell ionization cross-sections 
with atomic number Z for protons and a-particles of 

different energies. 

E~~~~~~~o~ by proton. If the energy of a photon 
exceeds the binding energy of an electron in a given 
atomic shell, then in the energy of I-200 keV, absorp- 
tion takes place with the photoionization of inner- 
shell electrons. Figure 5 shows the dependence of 
some experimentally determined photoionization 
cross-sections of the K-shell on the exciting photon 
energy. Photoelectric absorption cross-sections have 
been tabulated by Veigele14 for photon energies rang- 
ing from 0.1 keV to 1 MeV. The error is said to be 
2-5x for energies higher than that corresponding to 
the K-absorption edge. 

10-l I o” IO' 

Photon energy ( MeV) 

I I I I I I 1 I j IO’ o IO 20 30 40 50 60 70 60 90 

Atomic number Z 

Fig. 5. K-shell photoionization cross-section of different Fig. 6. &-production cross-section t’s. atomic number for 
elements as a function of photon energy. different X-ray sources. 

From these numbers cross-sections cQIL, (E,, 2) 
for the production of K, or Z,= X-rays, can be 
obtained by using the formula 

where uphoto(EO, Z) is the total photoelectric absorp- 
tion cross-section, E0 is the photon energy,j,,,(Z) is 
the relative contribution of the K or L, shell to the 
total photoelectric absorption cross-section when the 
K, or L, radiation is analysed, tK,,& (Z) is the relative 
rate of emission of the K, or t, radiation compared 
to the K or L radiation, respectively, and oK,+ is the 
fluorescence yield for the K or L, shell. The values for 
jK,‘$ t,16 and cv have also been tabulated. 

The cross-sections for the production of & X-rays 
(which depend upon the atomic number of the trace 
element), calculated in this way, are shown in Fig. 6 
for the different excitation sources used in X-ray 
fluorescence. From Fig. 6 it is possible to identify the 
appropriate photon energy for the determination of 
an element, since this will be just above the K- 
absorption edge for the element. 

PRINCIPLES OF THE USE OF INDUCED X-RAY 
EMISSION FOR TRACE ELEMENT ANALYSIS 

Wavelength-dispersive methods are limited in ap 
plication and will not be discussed. In energy- 
dispersive X-ray spectrometry the gas proportional 
counter is a widely used and simple detector.‘7*‘8 It is 
relatively inexpensive but its usefulness is limited 
owing to its poor energy resolution, typically about 
15% FWHM [full (peak) width at half maximum] for 
5.9-keV (Mn) X-rays. This instrument is particularly 
handy when interest is centred on a small number of 
elements. 

The semiconductor (Si and Ge) detectors are more 
widely applicable and their rapid development has 
brought X-ray spectrometers widely into use for trace 
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Ld!l_ 20 keV X-rays 

‘1 h _ 20 keV electrons 
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Fig. 7. Background spectra obtained with the three different 
excitation mechanisms used in X-ray analysis. 

element analysis. This is true for ion-, photon- and 
electron-induced X-ray fluorescence. The last two 
methods have long been in use but the first applica- 
tion of particle-induced X-ray emission (PIXE) was 
not published until 1970.19 The energy resolution of 
semiconductor detectors is sufficient to resolve the Km 
or L, lines of neighbouring elements, rendering possi- 
ble the simultaneous determination of these elements. 
As can be seen from Fig. 4, either K or L radiation 
can be used for analysis, according to whether K- or 
L-shell ionization results in a higher yield in the 
detector. Although the energy resolution is generally 
adequate, problems may arise in certain cases, e.g., in 
determination of a trace element in the presence of 
large amounts of neighbouring elements. There are 
also interference problems when the K-line of one 
element falls close to the L-line of another, e.g., As 
K, and Pb L,. To arrive at a quantitative analysis, a 
relation between the intensity of the characteristic 
X-ray line and the amount of the trace element under 
investigation has to be established. 

The applicability and sensitivity of the method 
depend on the ratio of the characteristic X-ray yield 
to the amount of background radiation in the energy 
region of the X-ray line. Therefore an estimation of 
the sensitivities achievable requires not only a knowl- 
edge of the ionization cross-section and fluorescence 
yield, but also a consideration of the background 
contributions. The background spectra for the three 
different excitation methods are shown schematically 
in Fig. 7. The background in PIXE is dominated by 
bremsstrahlung created by the stepwise slowing down 
of energetic secondary electrons arising as a result of 
scattering of the ion-beam in the target, resulting in 
continuous spectrum. In excitation by electrons, the 
background is dominated by the slowing down of the 
primary electrons in the target. In a broad energy 
region this background is much higher than that 

obtained by excitation with ions or photons, and the 
sensitivity is lower by about two orders of magnitude. 
Finally, the background spectrum obtained by using 
photon excitation contains mainly the primary line of 
the exciting photons, arising from Rayleigh scattering 
in the target, and a continuous region at lower 
photon energies, due to Compton scattering in the 
target. The background contribution depends on the 
experimental conditions and an estimation of the 
sensitivity refers only to a given experiment since the 
sample matrix is the main source of the background. 

It has been shown in some fundamental 
investigations ‘.2.20 that in PIXE analysis, sensitivities 
in the ppm region can be achieved for all elements. 
Less than 1 mg of sample may be sufficient. The 
detection limits obtained depend on the sample area 
irradiated. With a beam of 5 mm’ cross-section, a 
sample density of 10 pg/cm’ and a sensitivity of 1 in 
lo’, quantities as low as 5 pg can be detected. 
Collimating the beam to a smaller diameter results in 
an even lower detection limit. With a beam diameter 
of 10 pm and a beam current of 1 nA, quantities of 
lo-” g become detectable. It has been demonstrated 
that well-collimated ion beams and PIXE can be used 
to investigate lateral trace element distributions with 
high spatial resolution and sensitivity.2’ 23 The sensi- 
tivity obtainable with photon excitation is only 
slightly smaller than that with proton excitation.‘.‘4 

Particle-induced X-ray emission (PIXE) 

The observed ion-induced X-ray spectra contain 
the characteristic spectral lines of the trace elements 
and a continuous background in the same energy 
range. Two processes mainly contribute to the back- 
ground: Compton scattering25 and production of 
bremsstrahlung by secondary electrons. Figure 8 
shows the bremsstrahlung background in the X-ray 

to5 L \ PB 

,$I -7---?L 
2 5 IO 20 50 

X-ray energy (E,/keV) 

Fig. 8. Differential bremsstrahhmg cross-section for 3-MeV 
proton irradiation of a carbon matrix. The background 
consists of secondary electron bremsstrahlung (SEB) for 
lower energies and of proton bremsstrahlung (PB) for higher 

energies, 
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energy region used for analysis, in the case of 3-MeV 
protons impinging on a carbon foil. The secondary 
electron bremsstrahlung (SEB) dominates at energies 
below and around EM, the highest amount of energy 
transferable to a free electron (mass m,) at rest by a 
projectile of mass mp and energy Ep (& N 4E,m,/m,). 
The cross-section for bremsstrahlung production de- 
creases with increasing X-ray energy, slowly at ener- 
gies <EM but rapidly at z EM. At higher energies 
production of projectile bremsstrahlung (PB) domi- 
nates and is almost independent of the X-ray energy. 

The Compton scattering increases with projectile 
mass and energy. 25 To suppress this background 
contribution, nuclei with low-energy nuclear levels, 
such as 19F and 23Na, should be absent from the target 
and environment. 

Yield qf characteristic X-rays. The measured X-ray 
yield is determined by physical quantities such as 
X-ray emission cross-section (which is dependent on 
projectile energy and atomic number, the 
fluorescence yield, the efficiency of the X-ray de- 
tector, the absorption in any material between sample 
and X-ray detector, and the solid angle of the X-ray 
detector. The relationship between the measured X- 
ray yield for a certain K or L spectral line and the 
mass of a specific element is thus given by the 
formula: 

Y, = 
o,wTM N,Ckn 

4nA sin B 

where Y, is the measured X-ray yield, 0, the ioniz- 
ation cross-section, o the fluorescence yield, TM the 
mass layer (g/cm’), NA Avogadro’s number, A the 
relative molar mass, fl the solid angle of the Si(Li) 
detector, L the efficiency (including all absorbing 
components of the set-up), n the total number of 
projectiles and 0 the target angle with respect to the 
beam axis. Depending on the atomic number Z of the 
element under consideration, the physical and instru- 
mental factors can be combined to give the so-called 
“yield factor” for characteristic X-rays, px, defined as 

and the experimentally determined mass layer is given 

by 

T =Y,A M 
PXn 

From these equations and the measured X-ray yield, 
the mass layer of the trace element under in- 
vestigation, i.e., the mass per unit area, can be 
determined by one of the following methods. By use 
of the theoretical ionization cross-sections,“.” the 
tabulated values of fluorescence yield’ and the mea- 
sured X-ray yield, the mass layer can be determined 
provided that the detector efficiency, detector solid 
angle, corrections for absorption and total number of 
projectiles are known. This is difficult and subject to 
error. 

The method of X-ray yield curves is recommended 
in those cases where a large number of analyses is to 
be performed with the same apparatus. The yield 
factors px can then be determined for a set of elements 
by using pure targets of known thickness. Since the 
yield factors include the properties of the detector 
system they are only valid for the same system. The 
smooth dependence on Z allows fitting of the experi- 
mental yield factors of different elements and the 
interpolation of the yield factors for all elements, 
resulting in the so-called “yield curves”. The deter- 
mination of the yield factors and the resulting yield 
curves has been described elsewhere.26 A similar 
method may be used for the routine determination of 
a few trace elements when standard samples are 
available. Quantitative analysis of the sample is then 
possible by direct comparison with the standard. The 
sample and standard must be similar in chemical 
composition, thickness and analyte concentration. 

Detection limits. These depend on the ratio of 
X-ray yield to background and hence on the nature 
and energy of the projectile. The detection limit can 
be defined as the ratio of X-ray peak to background 
radiation, both measured in the energy region given 
by the peak energy f FWHM. This ratio should be 
at least unity. This criterion for the detection limit is 
independent of experimental conditions such as mea- 
surement time or intensity of the exciting beam. A 
disadvantage of this definition arises from the re- 
lationship of certainty of identification to statistical 
accuracy of the measurement. It is more useful to 
define the detection limit as the mass layer for which 
the number of pulses in the peak, N,,,,,, is given by 
N,,,,,, = 3&, where Nb is the number of background 
pulses measured over the same energy range as the 
peak (peak maximum f FWHM). The detection limit 
derived in this manner depends on experimental 
parameters such as detector solid angle, detector 
resolution, number of projectiles and target thick- 
ness. 

To minimize the limit of detection, the support 
material for the sample has to be chosen so as to keep 
the background small. It should therefore have low 
atomic number, and also high thermal and electrical 
conductivity to give rapid dissipation of heat and 
charge arising from the impact of the particle beam 
on the target. Samples are therefore usually deposited 
on carbon or organic materials, e.g., “formvar”, 
“hostaphane”, “nuclepore”, and basic in- 
vestigations can be performed with thin carbon foils. 
In Fig. 9 minimum detectable concentrations are 
given as a function of the atomic number of the trace 
element under investigation, for protons of several 
energies and for ‘60-ions. Similar curves have been 
published by many authors.‘.2.20.27 These permit the 
following conclusions to be drawn. 

Concentrations of less than 1 pg/g can be detected 
in thin samples. 

Protons are preferable to heavy ions because of the 
lower background due to Compton scattering. 
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Fig. 9. Minimum detection limits US. atomic number for protons of four different energies between 1.5 
and 4 MeV and for I60 ions of 24 MeV, i.e., 1.5 MeV/amu. 

For elements with Z < 50, measurement of K 
X-rays gives the highest sensitivity. For elements with 
Z > 50 higher sensitivity is obtained by using the L 
X-rays (neglecting peak interference). 

The position of the minimum in the detection-limit 
curve depends upon the nature and energy of the 
projectile. 

The highest sensitivity is obtained for elements 
with Z between 20 and 30. 

Photon-excited X-ray fluorescence (XRF) 

Background radiation. Photon excitation also gen- 
erates background radiation from the matrix ma- 
terial, which limits the sensitivity of the method. The 
main contribution to this background is from scatter- 
ing of the primary photons. The primary photons can 
be scattered by the bound electrons (Rayleigh scatter- 
ing) without energy loss by ionization or excitation. 
This results in the so-called “coherent peak” in the 
X-ray spectrum, at the incident photon energy. There 
is also Compton scattering of the primary photons by 
free electrons. The scattered photon has an energy 
lower than the incident energy E,. This results in the 
Compton peak in the X-ray spectrum at the energy 

EC = E, 1 +$(l -cosc() 
e 1 

where m, is the electron mass, c the velocity of light 
and tl the angle between the incident and scattered 
photons. The photoelectric interaction of the primary 
photons with the atoms of the matrix results in the 
emission of photoelectrons. In many cases the matrix 
consists of material with low Z, and hence electrons 
with low binding energy. As a result the total energy 
of the incident photon can be transferred to the 
electron. The bremsstrahlung of these electrons forms 
a continuous background, up to the energy E,. 

The detection process can make further con- 
tributions to the background radiation. After the 

interaction of photons with the detector material, 
photoelectrons may escape from the surface layer and 
their energy be lost in the detection process. In a 
similar way bremsstrahlung and characteristic X-ray 
quanta may escape from the detector. All these 
processes give rise to escape lines and to a continuous 
background in the X-ray spectrum. 

Yield of characteristic X-rays. Information on the 
dependence of X-ray yield on the energy of the 
primary photons and the atomic number of the 
analyte elements is also of importance for XRF 
analysis, but not strictly necessary, since in practice 
the use of standards is more convenient. Never- 
theless, to define experimental conditions for highest 
sensitivity, information about the X-ray production 
cross-section and its energy-dependence is essential. 

The cross-section for production of K and L X-rays 
is derived from the photoelectric cross-section and 
the fluorescence yield and relates the mass layer of an 
element to the measured characteristic X-ray yield. 
Also included are experimental parameters such as 
efficiency and the solid angle of the detector, numbers 
of impinging photons and the geometry of the experi- 
ment. Assuming a fixed geometry and a given photon 
energy the mass layer (TM) may be expressed as: 

r,=Y”A 
PXI 

where I is the number of impinging photons and the 
yield factor pX combines various factors as before. 
For analytical work the yield factors can be deter- 
mined for a set of elements by using standard targets 
for calibration to determine the absolute amount of 
trace element(s) present. 

Detection limits. As in the case of ion-excitation, 
the detection of trace elements by their characteristic 
X-ray yield is limited by the interference of the 
background in the same spectral region. The de- 
tection limits depend on the photon source used. For 
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example Rhodes et al.** quote detection limits for the 
analysis of air samples (deposits on cellulose filters); 
with photon excitation and optimum experimental 
conditions’~24 a sensitivity close to that attainable with 
PIXE could be achieved. The lowest detectable con- 
centrations were 10-5-10-6 pg/g, compared with 
lo-’ by PIXE. 

Figure 10 shows a plot of detection limit us. Z for 
a general-purpose experimental set-up using 20 mCi 
of lo9Cd as photon source. 29 The detection limits 
quoted are based on a l-day measurement of a 5-flrn 
thick “nuclepore” filter. It is obvious that the de- 
tection limit falls off with increasing atomic number 
(corresponding to the curves in Fig. 2). 

Comparison between PIXE and XRF 

An exact comparison between PIXE and XRF is 
difficult (and not especially useful) because the experi- 
mental conditions are not necessarily the same for 
optimum sensitivity. In ion irradiation the sample 
must be resistant to heat so thin targets are advisable. 
On the other hand the energy loss of the ions in 
penetrating the sample allows the possibility of select- 
ing the depth of the layer being analysed by adjust- 
ment of the incident energy. Photon irradiation is to 
be preferred for thick targets, which deteriorate in an 
ion-beam. A further advantage of photon excitation 
is that trace element detection is possible at a greater 
depth of the sample material. Generally the selection 
of the method is determined by practical consid- 
erations such as the availability of an accelerator and 
the methods are complementary rather than com- 
petitive. 

EXPERIMENTAL ARRANGEMENTS 

A system for trace element analysis by emission of 
characteristic X-rays consists of an irradiation 
source, a holder for the sample target and an X-ray 
detector. 

IO3 r, 

Irradiation sources 

Irradiation with ions. The technical details of PIXE 
have been reviewed from the point of view of phys- 
ics.‘.2.4.3”32 Low-energy particle accelerators suitable 
as sources for trace analysis are available in laborato- 
ries devoted to nuclear, atomic and solid-state physics 
and materials science. The most useful sources are 
single-stage or tandem accelerators, producing pro- 
ton or a-particle beams of a few MeV energy. Beam 
currents range from 1 to 100 nA. The chamber 
containing the sample target is connected to the beam 
line from the accelerator and is normally under 
vacuum. This restricts the kind of samples to be 
investigated since the sample has to be stable under 
vacuum conditions and must not be destroyed by 
overheating during particle irradiation. Integral with 
this chamber is a target holder, which for the purpose 
of routine analysis should hold as many targets as 
possible, to allow rapid target change. The so-called 
“target ladders” or “target wheels” are most useful in 
this respect. The X-ray detector is mounted close to 
the irradiation chamber and separated from it by a 
thin beryllium window. To achieve high sensitivity, 
the solid angle of the target seen by the detector 
should be large; this means that the detector should 
be as close as possible to the target spot irradiated by 
the ion beam. The detector may be mounted at 90” 
to the beam axis, and the target surface inclined at 
45” to the beam and detector axes. Care must be 
taken to avoid background contributions from ions 
scattered in the neighbourhood of the target and in 
the irradiation chamber as a whole. It is advisable to 
use high-purity materials with low atomic number, 
e.g., aluminium, in the construction of the chamber. 
Some workers line the inner walls with carbon or 
plastics and also use these materials to construct the 
inner parts. The energy of the characteristic X-rays 
emitted from materials containing elements of low 
atomic number is low enough to permit their absorp- 
tion in the beryllium window in front of the detector. 
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Fig. 10. Minimum detection limits VS. atomic number for measurements with Ge(I) and Si(Li) detectors. 
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To confine the beam to a certain diameter collimators 
made from carbon are positioned at the target- 
chamber entrance. The beam spot at the target 
position is generally a few mm* in area, but highly 
focused microbeams a few pm in diameter are used 
for special purposes. 

When the elements in the sample target are not 
homogeneously distributed, care must be taken that 
a homogeneous intensity distribution of the beam is 
maintained across the irradiated surface. This can be 
achieved by deflecting the beam across the entrance 
collimator or inserting a thin diffuser foil into the 
beam. For measurement of absolute concentrations 
the beam current must be measured; for thin targets 
this can be done by counting the ions (e.g., protons) 
crossing the target, by measuring the charge accumu- 
lated in a Faraday cup mounted behind the target. 
With thick targets special measures are necessary to 
determine the beam current since the beam is stopped 
in the target.33-35 It must also be ensured that the 
charge accumulated in the target during irradiation is 
carried off through the target mount. In the case of 
non-conducting thick targets, such as biological sam- 

ples, special care must be taken and the external- 
beam technique may be preferred (see below). There 
must also be no modification of the sample, caused 
by evaporation or overheating, and this limits the 
applicability of the method in the case of organic 
samples, with their poor thermal conductivity (e.g., 
samples of biological or medical origin). To over- 
come this difficulty PIXE analysis has been used in 
combination with the external-beam technique.3”3” 
The particle beam leaves the vacuum system through 
a thin foil and impinges on the sample, located about 
IO mm away. Heating of the sample is reduced by air 
cooling. There is a small reduction in sensitivity, 
owing to a slight increase in background caused by 
interaction of the ions with the exit foil and any gases 

(e.g., air in the system). 
A powerful analytical tool for the investigation of 

microstructures is the nuclear microprobe. In some 
cases it is desirable to determine trace element distri- 
butions over small areas. For this, beams of acceler- 
ated protons with spot sizes as small as 1 pm in 
diameter have been produced, a series of quadrupole 
magnets being used to focus the particle beam. A 
series of collimators can also be used. Comprehensive 
reviews of this topic have been published.2’m23.3’4’ The 
electron microprobe is already a standard tool in 
many laboratories, but the limit of detection is 
greater by a factor of IO2 than that of the proton 
microprobe. This is due to the high bremsstrahlung 
background from the primary electrons. On the other 
hand, spot sizes of 0.1 pm can be achieved with an 
electron microprobe, but not with proton micro- 
probes. 

Irradiation by photons from radioactive sources. In 
XRF the scattering of the primary photons in the 
sample material is the main source of background 
and therefore a crucial factor for the sensitivity. For 

this reason the excitation sources used should prefer- 
ably have strong photon activity in the range of 
energies just greater than that of the K-absorption 
edge of the element under investigation and a negli- 
gible activity in the energy region where the charac- 
teristic X-rays are to be expected. There is thus a need 
for monochromatic photon sources, to permit simul- 
taneous analysis for several elements, which might 
otherwise be hindered partly by interference due to 
the primary photons. This can be achieved by the use 
of a set of radioactive sources with suitable excitation 
energies. X-Ray tubes with secondary targets may 
also be considered as monoenergetic sources. The use 
of radionuclide sources is advantageous in so far as 
they can be fabricated as point sources to provide 
experimental arrangements with narrow geometry. 
The decay time of the source should not be too short 
(typically about 1 yr). The minimum intensity to 
achieve an X-ray yield sufficient for an analysis in a 
suitable measuring time is 10’ photons/set. Source 
activities of around 10 Ci (3.7 x 10” photons/set) are 
required to detect trace element concentrations in the 
ppm region in a measuring time of a few minutes.’ 
LaBrecque42 describes the application of a lOO-mCi 
Am source, with typical measuring times of 100 sec. 
However, this is a case where higher concentrations 
were under investigation and therefore the sensitivity 
requirements were only moderate. XRF with radio- 
active sources is widely applicable.4347 Table I lists 
various radionuclides useful for this purpose, to- 
gether with their main properties.4x 

To obtain the highest sensitivities for certain ele- 
ments, secondary scatter systems are used. The pho- 
tons emitted from a primary source cause X-ray 
emission (of more suitable energy for the analysis) 
from a secondary target.’ The geometry of a ring 
source is usually chosen. The best sensitivities can be 
obtained with X-ray tubes and a secondary target. 
Using a pulsed X-ray tube can improve the yield still 

further. The tube is shut down whenever a detection 
pulse is registered. 4y In this way sensitivities close to 
those achieved with the PIXE technique can be 
obtained.‘,24 

Semiconductor-detector spectrometer 

The two main spectroscopic procedures based on 
characteristic X-rays, use either energy-dispersive or 
wavelength-dispersive detectors. With the older 
wavelength-dispersive procedure Bragg crystal spec- 
trometers are used to detect the spectral X-ray lines. 
These spectrometers offer excellent energy resolution, 
so that even chemical effects on the spectral lines, i.c~., 
the chemical states of the elements, can be deter- 
mined.50 However, unlike the energy-dispersive semi- 
conductor detectors, these crystal spectrometers have 
a low detection efficiency and the solid angle of 
acceptance is small. Also, since scanning through 
small wavelength intervals is necessary, the mea- 
surements are time-consuming. Therefore in trace- 
element analysis this method is almost exclusively 
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Table I. Radioactive sources for photon-induced X-ray 
fluorescence analvsis 

Nuclide Half-life 
Main emission 
energies, ke V 

Photons 
emitted 
per 100 
decays 

458 yr 

‘09Cd 453 d 

5’Co 270 d 

lS3Gd 242 d 

SSFe 2.7 yr 

60 d 

2iOPb 22 yr 

2-‘BPu 

(‘OTm. 

86 yr 

127 d 

?44Cm 17.6 y1 

Np-L-series 
11.9-22.2 
Gamma-emission 
59.5 
Ag-K-series 
22.1, 25.0 
Ag-L-series 
2.63-3.75 
Gamma~mission 
88.0 
Fe-K-series 
6.4, 7.1 
Gamma-emission 
14.4, 
121.9, 
136.3 
Eu-K-series 
41.3, 47.3 
Gamma-emission 
69.7, 
97.4, 
103.2 
Mn-K-series 
5.9, 6.5 
Te-K-series 
27.4, 31.1 
Gamma-emission 
35.4 
Bi-L -series 
9.4-16.4 
Gamma-emission 
46-5 
U-L-series 
11.6-21.7 
Yb-X-series 
52.0. 59.7 
Gamma-emission 
84.3 
Pu-L-series 
14.1, 21.4 

37 

36 

101 

10.8 

4.0 

48 

8 
85 
11 

110 

2.6 
30 
20 

25 

141 

7 

24 

4 

13 

4.5 

3.3 

13 

used in combination with high-power X-ray tubes. 
The increasing availability of energy-dispersive semi- 
conductor detectors in the 1960s stimulated the devel- 
opment of induced X-ray emission as an analytical 
method. Nowadays lithium-drifted silicon detectors 
[Si(Li)] are mainly in use, but germanium detectors 
[Ge(Li)] or the so-called “intrinsic germanium de- 
tectors” [Ge(I)] are also applied. A semiconductor- 
detector spectrometer consists of the detector system, 
the recording electronics and a data-handling system. 
Commercially-available detectors have an active de- 
tecting surface 10-80 mm* in area. Silicon detectors 
are mostly used at X-ray energies of ~20 keV 
whereas germanium detectors are most useful at 
higher X-ray energies. This is due to the atomic 
number of germanium being sufficiently high to give 
appreciable cross-sections for X-ray absorption in 
this energy region. The efficiency of a silicon detector 
decreases at energies >20 keV and is also limited at 
low energies owing to absorption of the X-rays by the 

beryllium window separating the detector system 
from the measuring chamber. The energy resolution 
of semiconductor detectors is limited by the statistical 
spread of energy losses during the detection process 
and is proportional to A; it is typically given by 
&E - 160 eV (FWH~) at E, = 5.9 keV. 

The strong absorption of low-energy X-rays can be 
utilized to suppress interfering radiation in this en- 
ergy region. This can be achieved by insertion of 
other absorbers. In this way problems associated with 
high counting rates can be obviated. The so-called 
“dead-time losses” due to overloading of the elec- 
tronics are thus avoided. As an example, an intense 
line at a low X-ray energy may be partly suppressed 
by use of an absorption foil with a small hole in it and 
low absorption for higher energy X-ray lines. 

The charge-carriers produced in the detector by the 
X-rays are collected and cause charge pulses which 
are converted into voltage pulses by a charge- 
sensitive preamplifier, followed by a main amplifier. 
Sophisticated electronics for X-ray spectrometry, in- 
cluding special units for pile-up rejection and dead- 
time correction, are commercially available. A dis- 
cussion of this development is given by Woldseth.” 
With modern equipment count-rates of up to 5000 
counts/set can be handled. 

The X-ray spectrum is identified by pulse-height 
analysis which determines the energies and measures 
the intensities of the X-ray peaks, with the aid of a 
multichannel analyser. Computer-based codes are 
used in the spectrum evaluation. This procedure 
combines energy calibration, separation of interfering 
peaks, peak identification for the element(s) of inter- 
est, peak integration and efficiency calibration. The 
final result is the amount of the element(s) sought. 

Many details of semiconductor spectrometers for 
X-ray analysis and data acquisition have been given 
explicitly in a number of review articles.‘-’ 

Target preparation 

The preparation of sample targets is one of the 
main problems in induced X-ray emission analysis. 
Whereas in the case of XRF any kind of target is 
suitable, the requirements and limitations are more 
severe in PIXE. This is especially the case for those 
targets which are not stable under vacuum conditions 
or which cannot be irradiated with particles without 
being destroyed by overheating. Thin targets are the 
simplest to investigate, i.e., those targets in which the 
energy loss of the incident particles in passing 
through the target is small compared with the initial 
energy. Aerosol or solution samples may be deposited 
on filters, e.g., “nuclepore” filters, and these sub- 
strates may be considered as thin films. Alternatively 
thin carbon foils may be used, but although strong 
they often contain unacceptably high amounts of 
impu~ties. 

Biological and medical specimens can be irradiated 
directly if prepared as microscopic sections. The same 
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procedure can be adopted for materials science or 
geological specimens. 

For some samples it is possible to improve the 
detection limit by some orders of magnitude by use 
of preconcentration procedures.38~s2~54 In that case 
large samples are required, but it must be emphasized 
that induced X-ray emission gives highly sensitive 
non-destructive analysis even with extremely small 
samples. 

APPLICATIONS 

Trace elements in water samples 

Water contains essential trace elements as well as 
toxic elements from industrial activities. More than 
60 trace elements are now regarded as essential, but 
many of them appear to be toxic if present in too 
large an amount. Generally there is a difference of 
some orders of magnitude between the essential and 
toxic levels of these elements, but for a few, such as 
selenium, the “gap” is rather narrow, and accurate 
methods of analysis are of considerable importance. 

Target preparation from water solutions is simple 
if only a knowledge of relative amounts of elements, 
or “fingerprinting”, is required. Carbon films, pre- 
pared by vacuum evaporation onto glass, can be 
floated in the water under investigation and used as 
supports. Addition of an internal standard to the 
solution permits the determination of approximate 
absolute concentrations. The carbon film can be 
picked up on a target frame. Since in most cases the 
water under investigation is available in large 
amounts this method is very often used. When this is 

not the case, drops of water can be dried on the 
carbon film. Alternatives to carbon film are “nucle- 
pore”, “formvar”, polystyrene or “hostaphane” 

membranes, etc. CampbellS has reviewed target- 
backing and specimen-preparation techniques in de- 
tail. Crystallization of a substance from solution 
often results in a non-uniform distribution,56 which is 

difficult to avoid even if insulin is added as recom- 
mended in the literature.’ 

Analysing for trace metals in water sometimes 
requires preconcentration techniques.38.52m54.57.58 One 
of the simplest methods is chelation of the trace 
metals and adsorption of the complexes on activated 
carbon. However, activated carbon is a natural prod- 
uct and contains large amounts of trace elements3* A 
different technique with lower blank values, described 
by Raith et al.,3X gives detection limits of 0.4 rig/g for 
Fe, 0.5 rig/g for Zn, 2 rig/g for Pb and 8 rig/g for Cd. 

Deconninck59 has described a method in which 
drops of a liquid are examined by use of an external 
beam. Good sensitivity is achieved without chemical 
preparation. 

Trace elements in body ,fluids 

Body fluids, such as blood or urine, have been 
extensively investigated. *62 In the case of whole 
blood, analysis for low concentrations of trace ele- 

ments, e.g., Pb, is difficult because of the high count- 
rate due to the iron peak. Serum does not present this 
problem, as the iron concentration is much lower, but 
there is the disadvantage that serum is not represen- 
tative of whole blood. Since this kind of investigation 
is used more and more in clinical work, automatic 
systems have been developed for determination of 
trace element concentrations.63 Kleimola et ~1.~~ have 
investigated trace elements in serum, with emphasis 
on the routine analysis of samples from healthy 
persons. No preconcentration steps were used. Fe, Zn 
and Cu were measured at the ppm level and com- 
parisons were made with the results obtained by other 
methods. Urine samples can be similarly investigated, 
with use of simple preconcentration techniques if 
required.65 

Trace elements in biological materials 

Owing to the role of trace elements in living 
organisms, especially in metabolic processes, there 
has been a great increase in the investigation of 
biological materials over the past few years. Normal 
biological behaviour depends on the presence of 
relatively narrow absolute concentration ranges of 
certain trace elements as well as on their relative 
amounts. It is therefore possible to determine the 
normal concentrations in biological material and 
detect any deviations from the normal. 

There has been much work on the normal trace 
element concentrations in different parts of the hu- 
man organism (Table 2). Nutritional requirements 

can also be identified by such analysis.66 Reviews of 
these aspects of the subject have recently been pub- 
lished.60.67 

There are many industrial diseases caused by ab- 
normal environmental exposure, in some cases re- 
sulting in an attack on the lungs. Weber et al.@’ have 
investigated lung tissue obtained by biopsy and re- 
ported the trace element concentrations and diag- 
noses for a number of patients. Dermatological stud- 
ies of microscopic sections of the human epidermis 
have been performed with a proton microprobe.” 
Lateral variations of S, Cu, Zn, Pb concentrations 
have been measured by scanning the sample with a 
6-pm diameter beam. 

Another field of investigation is the analysis of 
cancer tissue and the results have been compared with 
those obtained for normal tissue.“Y This work also 
made a careful study of the reproducibility of PIXE 
analysis and a comparison with neutron-activation 
analysis. A major criticism of many other analytical 
papers is the lack of information concerning the 
accuracy of the results and the precision of the 
methods used. Analytical results should always be 
related to standard reference materials. 

An extensive comparison of Cu/Zn ratios and of 
the concentrations of Cd, Se and Pb in normal and 
diseased tissue (taken from the same patient) was 
made by Guffey et al. ” by PIXE analysis. They 
investigated dried tissue samples (100 pg) from kid- 
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Sample 

Biologiml 
Human hair 

Proteins, liposomes, serum, 
broncho-alveolar lavages 
Kidney, serum, 
NBS bovine liver 

Elements 
investigated 

Zn, Cu, Ca 

Fe, Cu, Zn, Ni, Co, Br, Pb 

Many between K and Pb 

Cells and tissue of 
different biological and 
medical specimens 
Serum 

Serum 

Serum 

Between Na and Pb 23 

Ca, Fe, Cu, Zn, Br 

Serum, cerebrospinal 
Buid, hair, retina of 

eye 
Animal eye lenses 

Serum 

Whole blood, 
liver, kidney 

Bone, tissue 

z2 19 

P, S, Cl, K, Ca 85 

K, Ca, Fe, Cu, Zn, Br, Au 63 

Fe, Cu, Zn, Pb, Cd 86 

Sb, As, Cd, Cu, Pb, Hg, Se 
Ag, Sn, Zn 

Human blood, 
liver tissue 
Human blood, serum 

Fe, Cu, Zn 

Si, Ti, Cr, Mn, Ni, Cu, Zn, 
Ga, Se, Br, Pb, macroelements 

Human whole blood 

Liver 

Dental enamel 

Fe, Cu, Zn, Br, Rb, Pb, 
macroelements 
Mn, Fe, Cu, Zn, Se, Rb, MO, Cd, 
Pb 
F 

Human hair 

Human bone 

Blood, serum 
Organic and 
biological matrices 

Environmental 
Aerosols 

Ca, Cr, Fe, Co, Cu, Br, I, Pb, 
relative to Zn 
Cr, Mn, Fe, Ni, Cu, Zn, Br, 
Sr, Pb 
Br 
Se 

Epiphytic lichens 

River water 

Be, Cu. Se 97 

Pb, Br, F 140 

from Na to Fe 98 

Ambient aerosols S, other elements 

Sediments 
Leaves 
Water, aerosols, oil 

from Ti to Zr 
Pb 
S and from V to Pb 

Reference Comments 

80 

68 

69 

81 

82 

83 

84 

87 

88 

89 

90 

91 

92 

93 

94 

95 
96 

99 

100 
101 
102 

Correction factors for energy loss 
and self-absorption 
Biophysics, cancer therapy, lung 
pathology related 
Reproducibility determination, 
comparison with 
neutron-activation analysis, 
investigation of cancerous and 
normal tissue 
Scanning proton microprobe 

Rheumatoid polyarthritis treated 
chrysotherapeutically 
Low-temperature ashing as 
preconcentration method 

Trace elements in pregnancy, 
yttrium as internal standard; 
serum dried on Nuclepore 
polycarbonate filter membrane 
Clinical applications 

Cataracts, x-particle microbeam 

(200 pm) 
Automatic data aquisition and 
on-line analysis 
Freeze-dried, homogenized blood 
pressed into pellets, tissue section, 
comparison with other methods 
Industrially exposed workers 
combined use of AAS, NAA, 
PIXE in a microprobe 
PIXE 

PIXE, external beam, correlation 
between geographical area and 
trace element composition, 
sample freeze-dried 
PIXE, external beam, freeze-dried 
pellets, NBS standard used 
PIXE 

PIXE and resonance reaction 19F 
(p,ay) i60, microprobe, depth 
determination 
PIXE, target preparation 
described in detail 
PIXE, external beam, target 
preparation described in detail 
Comparison with NAA 

PIXE combined with proton 
elastic scattering analysis 
PIXE and nuclear reaction 
analysis 
Asbestos concentration in 
correlation with elemental 
concentrations 
Sampling by cascade impactor, 
chemical state of particulate S 
determined 
XRF 
X-ray tube 
XRF 
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Table 2-continued 

Sample 

Aerosols Zn, Pb 
Soil, milk from Ca to Pb 
Aerosols S 
Aerosols mainly Pb and Br 

Water 
Sea-water, urban 
particulates, also 
urine 

Se 
Ni, Mn, Zn, Cu, Pb 

Materials science 
Cadmium telluride 

Catalysts 
Aluminium 

Cr-Ni-Ti-alloys 

Copper 
Catalysts 
Cu blisters 
Geologicul 
Rock and ore 
Apatite 

Rock Rb, Sr II6 
Kaolin Ti, Fe 117 
Laterite Ti 118 
Crude oil s, Cl 119 
Laterite Ni 120 
Laterite Ba, La, Cl 121 
Rock U 122 
Laterite Sr, Y 123 

Geochemical 
Oil 

Deep-sea ferromanganese 
nodules 
Apatite minerals 

Arts and artefacts 
Obsidian, pottery, 
metal 
Archeological 
Obsidian 

main components 
K, Ca, Ti, V, Mn, Fe, 
Rb, Y, Sr, Zr, Nb, Ta, 
Pb 

Miscellaneous 
Al layer AK 131 

Pharmaceutical Br, Ag, I 132 
Gun residues S, Ba, Fe, Pb 133 
Aqueous solutions noble metals 134 
Glasses from Ca to Pb 135 

Standard targets 
Variable composition 
and thickness 

17<Z<82 
136 
137 

138 

Human hair Fe. Cu. Zn 139 

investigated 

Si, Cl, Ge, As 109 

Pb, Br, others 74 

Zn, Mg 110 

N, Ti Ill 

Pd 
Co, Ni, MO 

Ag, Pb 

112 
113 
114 

Th, U 76 
Y, La, Ce, Nd 115 

40 elements 
V, Fe, Ni, MO, Zn, 
As, Se 
ll<Z<82 

La, Ce, Pr, Nd 

z2 11 

Reference Comments 

103 
104 
105 
106 

107 
108 

124 
125 

126 

127 

128 

129 
130 

XRF 
PIXE 
XRF 
XRF, detection of air pollution 
sources 

Preconcentration by 
cation-exchange resin filters 

PIXE using heavy ions combined 
with secondary mass spectroscopy 
Catalyst poisoning 
Depth profile to 30 pm after 
annealing 
Combining nuclear reactions with 
PIXE, microprobe, N-Ti 
correlation 
PIXE 
XRF, computerized system 
XRF, annular sources 

Comparison with NAA 
18 MeV u-particles, dissolution 
of apatite in concentrated 
perchloric acid, extraction with 
di(2-ethylhexyl)phosphoric acid, 
comparison with other methods 
XRF 
XRF 
XRF 
XRF 
XRF, portable unit 
XRF 
XRF 
XRF, region of 100-1000 ppm, 
comparison with wavelength 
dispersive method 
XRF 

Thin sample targets on Nuclepore 
filter 
Preconcentration by 
anion-exchange extraction 

PIXE and proton-induced gamma 
rays 
XRF 
Thick targets 

Density of implanted Ar, 
heavy-ion beam 
XRF 
Forensic science, PIXE 
XRF 
Forensic science, PIXE and 
inelastic proton scattering 
Preparation of standard targets 
Absorption correction from 
scattered radiation 
Use of carbon foils for 
elimination of charging effects in 
PIXE 
Trace element profiles 
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ney, breast, liver, lung, colon and aorta. The intake 
of trace elements may also be of considerable im- 
portance in pharmaceutical medication. During in- 
vestigations by the external-beam technique with 
thick targets,” trace element concentrations of up to 
70 ppm of Ti, Mn, Cu, Zn, Br and Sr were measured. 

Trace elements in materials science 

Table 2 gives a number of examples of the use of 
trace element analysis by induced X-ray emission in 
materials science. In the fabrication of high- 
frequency and optoelectronic devices, impurities of 
low atomic number have been used extensively. Takai 
et a1.72 have investigated the lattice locations of such 
impurities in gallium arsenide. An undoped GaAs 
single crystal has been implanted with S and Mn ions 
and subsequently examined by ion-induced X-ray 
analysis. Protons, as well as 4He+ ions, were used for 
the irradiation. To assign the lattice location, the 
X-ray yield as well as back-scattering of the ions was 
measured in angular scans. A detailed analysis of the 
background radiation was made, by use of the chan- 
nelling effect. The atomic composition of bielemental 
thick targets has been investigated by Baeri et a/.,73 by 
ion-induced X-ray analysis. These authors deter- 
mined the angular dependence of the X-ray yield, 
using proton and helium-ion beams. The thick-target 
yields were analysed by computer, the depth de- 
pendence, i.e., energy dependence of the ionization 

cross-sections, X-ray absorption coefficients and sec- 
ondary fluorescence being included. A comparison 
of these results with those of theoretical calculations 
was also included. The method gave the atomic 
compositions of homogeneous bulk targets of GaAs, 
ZnTe and PbTe. 

The preparation and investigation of hetero- 
geneous catalysts is another interesting application of 
PIXE analysis, and Cairns et a1.74 have described its 
use in the development of new catalysts. A proton 
microprobe focused down to a IO-pm diameter spot 
was used, so that scans over narrowly restricted areas 
of the catalyst were possible. In this way the physical 
properties could also be monitored and changes 
during use studied, thus giving information about the 
process of catalyst poisoning. Catalysts designed for 
vehicle exhaust-emission control have been exam- 
ined. Hanson et al.,75 using a proton microprobe, 
investigated the migration of molybdenum in reactor- 
grade graphite at temperatures between 1800 and 
3100” in a study of the safety of high-temperature 
gas-cooled reactors. They observed the formation of 
molybdenum carbide as a result of nuclear fission. 
The presence of a microstructure in the MO distribu- 
tion, after the graphite had been heated together with 
molybdenum, was established. The authors discussed 
the probable migration processes and determined a 
diffusion coefficient. Chemical techniques cannot be 
used in this case since the MO distribution changes 
too rapidly after the heat treatment. The use of an 

electron microprobe is also excluded, since the con- 
centrations examined are too low. 

Miscellaneous applications 

Cohen et a1.76 have investigated thorium and ura- 

nium concentrations in ore samples. A variety of 
naturally occurring ores were studied, covering a 
broad range of concentrations between 10 and lo4 
pggig, L X-ray emissions being measured for elements 
with high Z. This work is a good example of careful 
analysis of background contributions. The spectra 
were related to those of standard samples and the 
problem of adjacent peak interferences was pains- 

takingly handled. Since thick targets were used the 
associated problems were examined in detail. A com- 
parison of the results from the PIXE measurements 
with those from delayed fission-neutron analysis and 
from neutron-activation analysis showed the intrinsic 
reliability of the methods used. 

Rowson and Hontzeas” have investigated uranium 

ores with a IO-mCi “Co point source for photon 
excitation. The aim of this type of X-ray analysis was 
the on-stream determination of elemental com- 
position in an industrial environment. The advantage 
of using photons for the excitation lay in their 
penetration ability, which made possible direct ex- 
citation through the walls of vessels or pipelines. 
Since thick samples were analysed, the influence of 

the thickness and matrix was evaluated by simul- 
taneously measuring the Compton scattering and 
peak intensities transmitted. The authors described 
the procedure in detail and discussed the results 
with respect to both precision and possible applica- 

tions. 
Investigations in the fields of fine arts and arche- 

ology may be conveniently made by the X-ray tech- 
nique because it is both sensitive and non-destructive. 
The PIXE technique using the external-beam method 
has been applied by Chen et al.78 to the study of the 
elemental composition of famous ancient swords. 
This method is especially useful for analysing large 
objects non-destructively. The authors were able to 
extract from their results information on the surface 
treatment technology used in ancient times. They also 
reported on measurements of human hair specimens 
and compared their results with those obtained by 
atomic-absorption spectrometry. The agreement was 
good but it must be emphasized that in applying 
PIXE analysis to hair samples the external-beam 
technique should be applied, since the cooling by 
convected air avoids destruction of the sample. In 
another study Tove et a1.79 combined X-ray in- 
vestigations with ion back-scattering to determine the 
elemental composition of the surface layers of violin 
varnish and wood. In this way the presence of trace 
elements can be established, which may aid in the 
identification of the methods and materials used by 
famous instrument makers. The method is also useful 
in authentication of instruments. 
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Conclusions 

PIXE and XRF are reliable trace-analysis methods 
for simultaneous determination of elements with 
Z > 12. A disadvantage is that interferences between 
the K and L X-rays from light and heavy elements 
may limit the number of elements detectable, at least 
near the detection limit of 0.1-l pgg/g. Very small 
amounts of a sample can be analysed non- 
destructively in a time of only 10 min. By use of a 
proton microprobe with the present lower limit of 
resolution, structures as small as 1 pm in diameter 
can be investigated. This corresponds to a minimum 
detectable amount of a trace of about lo-l6 g. 
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Summary-Some sulphur-containing ligands have been shown to inhibit the Hg(II)-catalysed substitution 
ofp-nitrosodiphenylamine (p-NDA) for cyanide in hexacyanoferrate(II), by binding the mercury(H). This 
effect is used for determination of microamounts of cysteine, thioglycollic acid and thiosulphate. The 
reactions are followed spectrophotometrically at 640 nm (A,,, of [Fe(CN),.p-NDA]‘-). The determination 
range depends on the amount of mercury(H) added and the stability of the Hg(IItligand complex. Under 
specified conditions, the detection limits are: thioglycollic acid 1 x IO-‘M, cysteine 1 x lo-“A4 and 
thiosulphate 4 x lo-‘M 

Trace amounts of many species have been determined 
by their catalytic effect on suitable indicator reac- 
tions.’ Addition of a complexing agent to such a 
system may either promote or inhibit the catalytic 
effect.2 A linear relationship between reaction rate 
and concentration of added ligand can often be 
obtained by simple empirical treatment of the rate 
data. This forms the basis of the so-called “kinetic 
method”. 

We reported earlier3 that Hg(I1) catalyses displace- 
ment of cyanide from hexacyanoferrate(I1) by p- 
nitrosodiphenylamine and can thus be determined in 
concentrations as low as 2 x lo-‘M. 

We now report use of the same indicator reaction 
for determination of ligands containing a nitrogen, 
oxygen or sulphur donor atom. The Hg(I1) com- 
plexes with sulphur-containing ligands are usually 
more stable than those containing nitrogen or oxygen 
donor atoms, even at low pH, and are thus better 
suited for the proposed method. We have, therefore, 
examined three such ligands, thioglycollic acid 
(TGA), cysteine and thiosulphate, all of which inhibit 
the indicator reaction. 

The concentrations of the other reactants are high 
compared with that of the catalyst. Because of the 
high molar absorptivity of the product it is easy to 
monitor the reaction-rate even in presence of an 
inhibitor. The reaction-rate method is satisfactory if 
a measurable change in rate is caused by a l&20% 
change in the catalyst concentration. For a typical 
concentration (Cc) of 4 x lo-‘M for a catalyst for- 
ming a 1: 1 complex with an inhibitor, the concen- 
tration of the inhibitor (C,) would need to be at least 
4 x lO-“M for detection. If the inhibitor is regarded 
as 99% complexed under these conditions, the condi- 
tional formation constant of the complex, K&, would 
be approximately 3 x 10-8M. It can likewise be cal- 

culated that for equal concentrations of catalyst and 
inhibitor (forming a 1: 1 complex) the catalytic reac- 

tion would effectively cease4 (99% complexation) 
under conditions where K& is > 104/Cc. 

If K& is too low, only partial complexation and 
hence partial inhibition will occur, so the pH will be 
a critical factor, since practically all inhibitors will be 
strong bases. It follows that the sensitivity towards 
inhibitors will be maximal if the optimum pH for the 
indicator reaction is higher than the pH at which the 
side-reaction coefficient for protonation of the in- 
hibitor species becomes significantly greater than 
unity. 

EXPERIMENTAL 

Reagents 

Stock solutions of potassium hexacyanoferrate(II), mer- 
curic chloride and p-nitrosodiphenylamine were prepared as 
reported earlier.’ Cysteine hydrochloride is readily oxidized 
by atmospheric oxygen at room temperatures so a stock 
solution was stored at low temperature and standardized 
with hexacyanoferrate(IIQ6 every time before use. The thio- 
glycollic acid was standardized with periodate, with iodide 
and starch as indicator.’ Thiosulphate was standardized 
iodometrically against standard dichromate solution.* The 
pH of the reaction mixture was kept constant as desired, 
with phthalate-sodium hydroxide buffer. All solutions were 
thermally equilibrated for half an hour in a thermostat at 
25 k 0.1” before the kinetic runs. 

Procedure 

To 1 ml of Hg(II) solution of fixed concentration, add 1 
ml of inhibitor (or complexing agent) and let stand for 10 
min to ensure formation of the mercury complex. Then add 
6 ml of buffer and 1 ml of p-nitrosodiphenylamine solution 
of fixed concentration. Initiate the reaction by adding 1 ml 
of hexacyanoferrate(II) solution. Shake the reaction mixture 
well and transfer it to a l-cm cuvette in a constant- 
temperature cell compartment (25 k 0.1’). Use the 
fixed-time procedure to find the initial rate of reaction. 

Use the reagent concentration given below, pH 5 f 0.2, 
and an ionic strength of 0.15M (obtained by adding an 
;;ge;y amount of potassium nitrate along with the 

*Author for correspondence. 
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Determinand (I) 
Thioglycollic acid 
Cysteine 
Thiosuluhate 

[Fe(CN)ikl, M 
9 x IO-’ 
I x 10-2 
9 X 10-3 

bNDA1, ~4 [Hgz+l, ~4 SI/Wg’+l 
2.5 x 10m4 4 x IO-’ 0.1-1.1 
2.5 x IO-4 5 x IO-7 0.1-6 
2.5 x IO-4 4 x IO-’ 0.1-5 

Sometimes a higher initial absorbance is observed for a 
kinetic run when the observation cell has been used for 
many runs. This is due to deposition of the highly absorbing 
green complex [Fe(CN),.p-NDA13- on the optical walls of 
the cuvette. The cell should, therefore, be cleaned with 
acetone after each run. 

RESULTS AND DISCUSSION 

The basic considerations concerning preparation of 
solutions, reagent concentrations and pH control are 
similar to those reported previously.3 Maintenance of 
the reaction mixture at pH 5 f 0.2 is critical, since 
TGA and cysteine will be present in various forms, 
the relative amounts of which are a function of pH. 
Because this pH is quite critical’ for the indicator 
reaction, it has to be used for determination of the 
inhibitor, though it results in a higher detection limit 

and poorer sensitivity. As reported earlier,” tem- 
perature does not appreciably affect the sensitivity of 
the reaction and 25” was chosen for convenience. 

The absorbance change over a short reaction time, 
denoted by A,, can be taken as a measure of the initial 
rate. For the inhibitors tested, plots of A, us. mole 
ratio are shown in Fig. 1, and are non-linear. Plotting 
A, vs. e my (where x = C,/Cc), as was done by 
Klockow et uI.,~ gives good linear relationships over 
a moderate range of concentrations, as shown in Fig. 
2. It can be seen (Fig. 1) that TGA has maximum 
inhibitory effect at x - 1.1 and that further addition 

o,100+$&--.jo.30 

I \ _ 0.26 

- 0.22 

- 0.16 
0.18 - 

I/C ratio 

Fig. 1. Plot of absorbance after fixed time us. (inhibitor)/ 
(catalyst) mole ratio. (A) TGA: [Fe(CN):-] = 9 x lO_‘M, 
[p-NDA] = 2.5 x 10 4M, [Hg”+] = 4 x IO-‘M, pH = 
5 + 0.2. time = 15 min. (B) Cysteine: [Fe(CN)i-] = 1 x 
lO-‘M, [p-NDA] = 2.5 x 10m4M, [Hg’+] = 5 x lO_‘M, 
pH = 5 f 0.2, time = 20min. (C) Thiosulphate: 
[Fe(CN)i-] = 9 x IO-‘M, [p-NDA] = 2.5 x 10e4M, 

[Hg’+] = 4 x IO-‘M, pH = 5 f 0.2, time = 20min. 

+- 025 

0.0 0.4 0.6 I2 

em" 

Fig. 2. Calibration curve for determination of TGA and 
cysteine-plot of absorbance after tixed time VS. P _‘. Con- 

ditions as for Fig. I, (A) and (B). 

of TGA has little or no more inhibitory effect. 
Cysteine has no appreciable inhibitory effect until x 
approaches 2. A linear plot is obtained between A, 
and em’ for x ranging from 2.0 to 6.0. Similarly 

Table 1. Determination of TGA 

Found,* 10-M 

Taken, 10-M A,, AIS 

4.60 4.40 4.4, 
3.97 3.8, 3.8, 
3.02 3.02 3.0, 
2.04 1.9, 2.0, 

1.42 I.40 I.40 
I.05 I.0 I .o< 

[Hg’+] = 4 x IO-‘M; [Fe(CN)i-] = 9 x 
10m3M; [p-NDA] = 2.5 x IO-‘M; pH 
= 5.0 * 0.2; n = 0. I5M; temperature = 
25 f 0.1 C; A,, and A,, refer to mea- 
surement after 10 and 15 min respectively. 

*Mean of three results; standard deviation 
0.1 x IO-‘M throughout. 

Table 2. Determination of cysteine 

Found,* 10mhM 

Taken, /Om6M A 211 A 25 

2.49 2.48 + 0.20 2.42 + 0.20 
2.21 2.09 i 0.05 2.20 + 0.03 
1.88 I .83 + 0.03 1.87 * 0.01 
1.63 1.66 * 0.01 1.66 rL_ 0.01 
1.38 1.39 * 0.03 1.38 k 0.01 
1.25 I .25 i 0.05 I .25 i 0.03 
1.00 0.96 k 0.03 0.98 + 0.01 

[Hg’+] = 5 x lO_‘M; [Fe(CN)i-] = I x IO-‘M: [p-NDA] 
= 2.5 x 10m4M: pH = 5.0 _t 0.2: j,t = 0.15M: temper- 
ature = 25 + O.I’C; Azu and AZ5 refer to measurement 
after 20 and 25 min respectively. 

*Mean of three determinations (+ = standard deviation). 
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Table 3. Determination of thiosulphate 

Found,* 10-M 

Taken, IO-M A,, ,420 

4.0 4.0 * 0.1, 3.7 f 0.1, 
6.0 6.4 k 0.1, 6.4kO.1, 
8.1 8.0 f 0.2, 1.9 * 0.2, 

10.0 ll.OfO.O, 9.9 * 0.1, 
12.5 12.9 + 0.0, 12.6 f 0.0, 
16.2 15.5 +0.1, 15.8 k 0.1, 

[Hg’+] = 4 x IO-‘M; [Fe(CN):-] = 9 x 10m3M; [p-NDA] 
= 2.5 x 10m4M; pH = 5.0 k 0.2; fi = 0.15M; temper- 
ature = 25 + O.l”C; A,, and A,, refer to measurement 
after 15 and 20 min respectively. 

*Mean of three determinations (k = standard deviation). 

thiosulphate has no perceptible effect for x < 1, and 
the linear relationship holds from x = 1 to x = 5 
when A, is plotted against [S,0:~]“2. Higher concen- 
tration ratios do not affect the rate further and it thus 
approaches a limiting value. 

Mercury(H) concentrations below 4 x lo-‘M were 
also tested but the catalytic effect was insufficient to 
give a measurable change in the reaction rate under 
the chosen experimental conditions. Increasing the 
catalyst concentration increases the sensitivity and 
extends the concentration range over which the in- 
hibitors can be determined. It also decreases the 
detection limit except for TGA. 

The relative standard deviations for triplicate de- 
terminations are given in Tables 1-3. The relevant 
equations for calibration curves can be obtained by 
a least-squares fit and they give a positive intercept on 
the ordinate. 

The kinetic role of sulphur-containing ligands as 
inhibitors for the reaction of Fe(CN)z- and p-NDA 
in the presence of Hg(I1) as catalyst can be under- 
stood if we assume that the inhibitor competitively 
forms a non-reactive complex with the catalyst. The 
inhibitor lowers the free catalyst concentration and 
hence the reaction rate. The reaction scheme pro- 
posed earlier,’ modified to include the role of the 
inhibitor (I), can be given in general form as: 

r CNHgl*- 

Fe(CN);f- + Hg*+ + H,O & 

(S] 

k, (slow) 

JI 1 

Fe(CN$ (present in large excess) is denoted by S 
(substrate) and its initial concentration by [S,]. C 
represents the catalyst, I the inhibitor, SC and CI the 
complexes of the catalyst with the substrate and 
inhibitor respectively, S’ the intermediate that gives 
the final product and C’ and D the species which 
regenerate the catalyst (D is usually H+, OH- or 
H,O). It is then a simple matter to derive the rate 
expression for the conditions that [St,] is large and 

M ’ D-k-II: 
&W&S v, = 

2(1+F)+1 

(1) 

0 CI 

where K,,, = (k, + kJk,. 
Here v,,, denotes the maximum attainable velocity 

when the rate becomes independent of substrate 
concentration but is dependent on the catalyst con- 
centration (in absence of the inhibitor); v, denotes the 
reaction velocity in the presence of inhibitor. K,,, (the 
equivalent of the Michaelis-Menton constant) is ap- 
proximately equal to the dissociation constant of the 
catalyst-substrate complex and K& the conditional 
dissociation constant of the catalyst-inhibitor com- 
plex. Expression (1) is derived in a manner similar to 
that for an enzyme-catalysed reaction of a single 
substrate in presence of an inhibitor. It is also 
formally similar to the rate equation for hetero- 
geneously catalysed unimolecular gas-phase reactions 
proceeding by the Langmuir mechanism. A passing 
reference to this similarity was made by Klockow et 
aL9 in deriving an expression for determination of F- 

by its inhibiting effect on the Zr-catalysed oxidation 
of I- by perborate, but was not dealt with by them 
in any detail. Equation (1) can be rearranged by the 
Lineweaver-Burk transformation” to yield 

1 1 _ K, K, 1101 

4 vmx urn,, [Sol + t’max [sol&, 
(2) 

The value of v,,,~~ is obtained from the intercept of the 
plot of l/v vs. l/[S,] for the system in the absence of 
the inhibitor. 

If equation (2) holds, a plot of the left-hand side vs. 
[I,] should give a straight line with intercept 
K,,,/v,,, [So] and slope K,,,/v,,,[S,]K& . Thus K,,, and 
K& can be obtained. The K,,, values obtained from 
such plots (not shown) are given in Table 4. The 
reciprocal of K,,, so obtained is approximately equal 
to the stability constant K, (= k,/k,; log 
K, = 2.42 f 0.02) of the catalyst-substrate complex 

Fe(CN),.H,O-‘- + HgCN 

(S’] (C’) 
reported by us earlier.-’ The average values of K,,, (this 

work), K, and k, (16.7 + 0.8)’ thus obtained enable us 

I 

to 
+p-NDA (fast) 

estimate k, = 6 x 10’ l.mole-‘.sec-’ and 

k, = 2.3 x lo3 sect’. Since the value of k, is quite 

[Fe(CN),.p-NDA13- 
green complex 

HgCN+ + H+eHg2+ + HCN 

CC’) (D) (C) (K] 

small compared to k,, the near equality of K;’ and K, 
is understandable. The stability constants (Kc,) of the 
three catalyst-inhibitor complexes (reciprocals of 
K&,), which are actually conditional equilibrium con- 
stants, are also given in Table 4. 

Hg-I 

PI] 
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Table 4. Conditional constants (under conditions given in 
experimental section) 

Inhibitor log Kc, tog K,w 

Thioglycollic acid 6.51 f 0.02 - 2.49 + 0.02 
Cysteine 5.92 k 0.1 -2.40 + 0.01 
Thiosulphate 6.19 + 0.01 -2.36 f 0.01 

Alternatively, the catalyst-inhibitor complex 

formed may dissociate appreciably, especially in the 

presence of a high concentration of the reactants or 

products of the indicator reaction (for example CN- 
in this case). In such cases the degree of inhibition will 
fall below the limit for giving l&20% change in 
catalyst concentration and it will be difficult to 
differentiate the inhibited part of the catalyst from the 
reactive part and with increase of time the reaction 
will follow the rate of the catalysed reaction only. 
This may be the reason why no perceptible change in 
rate is seen in the case of cysteine till a metal:inhibitor 
ratio of 1:2 is reached. The competitive, non- 
competitive and uncompetitive behaviour of in- 
hibiting ligands can also be differentiated but this has 
not been attempted here. Some observation is called 
for about the dependence of the indicator reaction 
rate on the concentration of thiosulphate. Unlike the 
case of TGA and cysteine there is a linear relationship 
between the square root of the thiosulphate concen- 
tration and A,, or A,,. This behaviour is not well 
understood at present. An attempt will be made to 
provide an explanation for this anomaly in future 
work. 

Intecferences 

The interferences for the indicator reaction have 
already been enumerated” and will be the same here. 
In addition, any complexing agents giving mercury 
complexes more stable than the one of analytical 
interest will also interfere. It is also reasonable to 
assume that the few metal ions which can complex 
more strongly than Hg(II) under the given conditions 
with the three ligands investigated, should be absent. 
Among the metals giving less stable complexes than 
the Hg(I1) complexes, Zn’+, Cd2+ and Bi3+ were 
tested for interference. None of them interferes until 
a metal:catalyst molar ratio of 2 is reached, and this 
is assumed to be the tolerance limit for such metals. 

The inhibitory effect of TGA starts at an [I]/[C] 
ratio of 0.1, while for cysteine and thiosulphate the 

effect starts at ratios of 1 and 2 respectively (Fig. 1). 
We have verified experimentally that there is no 
interference in the determination of TGA in presence 
of cysteine and thiosulphate up to [interferent]/[C] 
ratios of 1 and 2 respectively. Similarly cysteine can 
be determined in the presence of thiosulphate when 
the [S,O:-]/[C] ratio does not exceed 2. Neither 
cysteine nor thiosulphate can be determined in the 
presence of TGA, however. 

We have made the interesting observation’2 that 
some non-sulphur-containing amino-acids, uiz. his- 
tidine, isoleucine and iminodiacetic acid, accelerate 
the indicator reaction used. Such an acceleration has 
also been observed by previous workers.“m’5 The 
kinetic method discussed here can, therefore, also be 
used for a qualitative distinction between sulphur- 
containing and non-sulphur-containing amino-acids. 
The latter will obviously interfere in determination of 
the former. The activators can also be used to 
increase the sensitivity of an indicator reaction for a 
given analyte. 
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Summary-A systematic study of the solvent extraction of Zn, Cd and Hg salicylates is reported. Optimum 
conditions for extraction and separation of Zn, Cd and Hg are evaluated from a critical study of pH, 
sodium salicylate concentration, mesityl oxide concentration, period of equilibration, and effect of diverse 
ions. A separation scheme is described and results are reported for analysis of synthetic mixtures and 
commercial samples. 

Mesityl oxide has been used by Khopkar and Shinde 
for the extraction of transition elements from halide 
solutions.’ In this communication we propose a 
method for extraction of zinc, cadmium and mercury 
as their salicylates, with mesityl oxide as extractant. 
The extracted metal ions are stripped with either 
distilled water or 5M sodium hydroxide solution, and 
determined complexometrically.2,3 

Various methods for the solvent extraction of zinc, 
cadmium and mercury have been summarized and 
critically reviewed4,5 but a method for their extractive 
separation is lacking. The proposed method permits 
separation of mercury(H) from zinc, cadmium, cop- 
per(II), lead and thallium(II1) and that of zinc and 
cadmium from iron(III), molybdenum(VI), chro- 
mium(V1) and bismuth(II1). 

EXPERIMENTAL 

Reugents 

Analytical grade chemicals were used whenever possible. 
The stock solutions of mercury, zinc and cadmium were 
prepared by dissolving 1.67 g oimercuric chloride, 5.49 g of 
ZnSO, .7H,O and 2.85 E of 3CdS0,.8H,O in 250 ml of 
distillid water containing the mini&umL amount of the 
appropriate acid to prevent hydrolysis. The solutions were 
standardized by known methods3 and test solutions of lower 
concentration were prepared by suitable dilution. 

The mesityl oxide used was houbly distilled (b.p. 128”). 
Buffer solution of DH 10 was oreDared bv addine 142 ml of . . 
concentrated ammonia solution to 17.5 g of ammonium 
chloride and diluting to 250 ml with distilled water. The 
buffer solution (also pH 10) used for spectrophotometric 
determination of mercury was prepared from O.OlM sodium 
carbonate and O.OlM sodium bicarbonate. A 0.1% meth- 
anolic solution of 1-(2-pyridylazo)-2-naphthol (PAN) was 
used for the mercury determination. 

Procedure Jar mercury 

Take a portion of test solution containing 1 mg of 
mercury, dilute it to 25 ml, add 2 g of sodium salicylate, and 
adjust the pH to 7 with dilute hydrochloric acid and sodium 
hydroxide. Transfer the solution into a lOO-ml separatory 
funnel and shake it for 3 min with IO ml of mesityl oxide. 
Separate the phases and strip mercury from the mesityl 
oxide layer by shaking this with two lo-ml portions of SM 
sodium hydroxide. Determine mercury in the aqueous phase 

complexometrically.* For micro amounts (l&50 pg), deter- 
mine the mercury spectrophotometrically in the mesityl 
oxide phase as follows: add 5 ml of bicarbonate buffer 
solution (PH 10) and I ml of 0.1% PAN solution and shake 
for 1 min. Measure the absorbance at 555 nm against a 
reagent blank similarly prepared. 

Procedure for zinc and cadmium 
Take a portion of test solution containing 1 mg of zinc 

or cadmium, dilute it to 25 ml, add 1.6 g of sodium salicylate 
for Zn or 1.4 g for Cd, and adjust the pH to 5.2-5.8 for Zn 
or 6.5-7.5 for Cd, and shake it for 2 min with 10 ml of 
mesityl oxide in a IOO-ml separatory funnel. Separate the 
phases, strip the metal from the mesityl oxide phase with 
two IO-ml portions of distilled water, and determine it in the 
combined aqueous phase complexometrically.3 

RESULTS AND DISCUSSION 

Extraction conditions 

By varying the pH (4.5-lo), salicylate concen- 
tration (0.05%0.6M) and mesityl oxide concentration 
(lO_100x, with benzene as diluent), it was shown that 
a single extraction (2-3 min shaking) with 10 ml of 
undiluted mesityl oxide is adequate for quantitative 
extraction of zinc, cadmium and mercury. The opti- 

mum extraction conditions are given in Table 1 and 
in Figs. 1 and 2. 

Spectral characteristics 

The extracted mercury may be determined spec- 
trophotometrically in the mesityl oxide phase with 
PAN. The orange Hg-PAN complex in the organic 
phase has maximal absorption at 555 nm and obeys 
Beer’s law over the concentration range l-5 pg/ml in 
the organic phase. The colour is stable for 24 hr. The 
molar absorptivity is 1.21 x lo4 l.mole-‘.cm-‘. The 
coefficient of variation is 2% at the 5 pgg/ml level. 

Nature of the extracted species 

The log-log plots of distribution ratio vs. salicylate 
concentration (at fixed pH and mesityl oxide concen- 
tration) and vs. mesityl oxide concentration (at fixed 
pH and salicylate concentration) indicate a molar 
ratio of 1:2 with respect to both extractant and 
salicylate. Hence the extracted species is probably 

405 
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Table I. Optimum conditions for extraction of zinc, cad- 
mium or mercury with undiluted mesityl oxide 

Salicylate 
Metal ion concentrations, M pH 

Zinc(I1) I-5 mg 0.4 5.2-5.8 
Cadmium(I1) IL5 mg 0.35 6.5-7.5 
Mercury(H) l&50 /Lg 0.5 6.8-7.2 

l-5 mg 

MSal,. 2Me0, where M stands for either Zn(II), 

Cd(II) or Hg(II), Sal the salicylate ion and Me0 
mesityl oxide. The extraction is due to solvation of 
the metal salicylate and the solvation number for all 
three metal ions is 2. 

l$eect qf diverse ions 

An interference study showed that for the extrac- 
tion and complexometric determination of Zn, Cd 
and Hg by the proposed procedure, a large number 
of cations and anions did not interfere (as shown 
by less than 1% deviation in analyte recovery). The 
few cations and anions that do interfere are listed in 
Table 2. 

Separation of’ Hg(II) from CM(U), Pb(II), n(M), 
Zn(It) or Cd(U) 

Copper(I1) remains quantitatively in the aqueous 
phase when mercury(I1) is extracted into mesityl 
oxide from 0.5M sodium salicylate solution at pH 7. 
The unextracted copper can be estimated in the 
aqueous phase complexometrically,* and the mercury 
is stripped and determined as described above; zinc, 
cadmium, lead and thallium(II1) are partially extrac- 
ted with the mercury, but can be removed by washing 
the mesityl oxide phase with water (2 x IOml), and 
this extract is combined with the aqueous phase from 
the extraction, containing the rest of these metal ions. 

Zn 
- loo- 
W 

z 
- go- 

E ._ 
t 
e 60- 

5 

z 
:: 60- 

; 
0 

SO. I I I I I I I 
3 4 6 6 7 8 9 IO 

PH 
Fig. I. Extraction of Zn, Cd, Hg as a function of pH. 
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e 

S 
e 40- 

a” 
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1 I I I , ,A I 
0.1 0.2 0.3 0.4 0.5 0.6 

Sodium ralicylatr concrntration (M) 

Fig. 2. Extraction of Zn, Cd, Hg, Cu as a function 
of salicylate concentration. q -m, Hg; a-0, Cd; 

o---_O, Zn; A---A, Cu. 

Table 2. Effect of diverse ions on extraction of I mg of Zn(II), Cd(I1) or Hg(I1) 

Tolerance 
limit, mg Zinc Cadmium Mercury 

20 

I5 
10 

7.5 
5 

2.5 

Ions not Cd(II), Cu(II), Zn(II), Cu(II), 
tolerated Mn(I1) Mn(I1) 

Cr(V1) 

W(VI), Mo(V1) 

Ag(I), Hg(II)> 
Au(III), Fe(III), 
Bi(III), PO:- 
F-, Cl-, 
ascorbate, SCN- 

V(V) 
Ca(II), Sr(II), 
Ba(II), Ti(IV), 
citrate, oxalate, 
tartrate, NO;, SO:-, 
thiourea 

MI), Au(IW, 
Cr(V1) 
w(vIj 
Ca(II), Sr(II), 

Ba(II), Hg(II), 
Fe(III), Mo(VI), 
Bi(III), PO:-, F-, 
Cl-, ascorbate-, 
SCN- 

V(V) 
Ti(IV), citrate 
oxalate, tartrate, 
NO,, SO:-, 
thiourea 

- 

Cr(V1) 

Ag(I), Au(III), 
Fe(III), V(V), 
W(VI), Mo(VI), 
Cl-, tartrate, 

Ca(II), Sr(II), 
Ba(II), Ti(IV), 
citrate, oxalate, 
NO;, PO:-, SO: 
SCN-, ascorbate 
Bi(III), 
thiourea 
Zn(II), Cd(II), 
Mn(II), Pd(II), 
Pt(IV), Sn(I1) 
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Hg + Cu(II), Pb(II), Tl(III), Zn(I1) or Cd(I1) 

Sodium salicylate OSM; pH 7.0 

Extraction with 10’ml of 100% mesityl oxide 

Aqueou! phase (A) 
(Cu 99.8%, Zn, Cd, Pb, Tl > 70%) 

Mesityl Aide phase 
(Hg 99.8%, Zn, yd, Pb, T1-z 30%) 

Washing with water (2 x IO ml) 

1 
Aqueous phase (B) 

(Zn, Cd, Pb, TI) 
Mesityl bxide phase 

(Hg) 

I 

Stripping with SM 
NaOH (2 x 10 ml) 

Aqueous phase (Hg) 

Fig. 3. Flow-sheet for separation scheme. 

In the combined aqueous phase Zn, Cd, Pb and 
Tl(II1) are estimated complexometrically.2,3 The ex- 
tracted mercury is stripped from the mesityl oxide 
with 5M sodium hydroxide and estimated complex- 
ometrically as already described. The separation 
scheme is shown in Fig. 3. The separation of mercury 
is quantitative and results of analysis of some syn- 
thetic mixtures are reported in Table 3. 

Sepnrafion ofZn(ZZ) or Cd(ZZ)j-om Fe(ZZZ), Mo(VZ) 
and Cr (VZ) 

The quantitative extraction of zinc and cadmium 
into mesityl oxide from sodium salicylate solution 
(0.4M at pH 5.5 f 0.3 for Zn and 0.35M at pH 
7.0 + 0.5 for Cd) facilitates their separation from 
iron(III), molybdenum(V1) and chromium(VI), 
which remain quantitatively in the aqueous phase, 
where they can be estimated spectrophotometrically.6 
Zinc and cadmium are stripped from the mesityl 

Table 3. Analysis of synthetic mixtures containing mercury 

Recovery Recovery 
Composition, of mercury,* of added 

No. m&? % ion,* % 

1 Hg(II), I; Zn(II), I 99.8 99.7 
2 Hg(II), 1; Zn(II), 2 99.6 99.7 
3 Hg(II), 2; Zn(II), 1 99.4 99.8 
4 Hg(II), I; Cd(II), 1 99.8 99.9 
5 Hg(II), I; Cd(E), 2 99.8 99.9 
6 Hg(II), 2; Cd(E), 1 99.6 99.7 
7 Hg(II), 1; Pb(II), 1 99.8 99.6 
8 Hg(II), 1; Cu(II), 1 99.8 99.8 
9 Hg(II), 1; Tl(III), 1 99.8 99.5 

10 Hg(II), 1; Fe, 2; Cr, 2; 99.8 
MO, I; W, 1 

117 Hg(II), 1; Zn, 2; Cd, 2; 99.6 
Pb, 1; Mn, 1 

12 Hg(II), 1; Au, 2; Ag, 2; 99.7 
cu, 1 

*Mean of three results. 
tZn, Cd, Pb and Mn removed by scrubbing with distilled 

oxide phase and determined as already described. 
Iron and molybdenum are estimated calorimetrically 
with thiocyanate, and chromium with diphenyl- 
carbazide.6 The results for some separations are 
reported in Table 4. 

Table 4. Separation of zinc and cadmium from synthetic 
mixtures 

Recovery of Recovery of 
Compqsition, Zn or Cd,* added ion,* 

No. mg % % 

I Zn(II), 1; Fe(II), I 99.7 99.3 
2 Zn(II), 1; Fe(III), 2 99.7 99.0 
3 Cd(II), 1; Fe(III), 2 100.0 100.0 
4 Zn(II), I; Cr(VI), 1 99.8 99.7 
5 Zn(II), I; Cr(VI), 2 99.7 99.7 
6 Cd(II), I; Cr(VI), 2 99.7 99.8 
7 Zn(II), 1; Mo(VI), I 99.6 99.7 
8 Cd(II), I; Mo(VI), 1 99.5 99.5 
9 Zn(II), I; Bi(III), I 99.5 99.8 

IO Cd(II), 1; Bi(III), I 99.5 99.8 
11 Zn(II), I; Fe, I; Cr, 1; 99.4 - 

MO, 1; W, I 
12 Zn(II), 1; Au, 1; Ag, 1 99,7 
13 Zn(II), 1; Hg, 2; Bi, 1 99.3 
14 Cd(II),l;Fe,l;Cr,l; 99.4 

MO, 1; W, I 
15 Cd(II), I; Au, 1; Ag, 1 99.5 
16 Cd(B), I; Hg, 2; Bi. 1 99.6 

*Mean of three results. 

Table 5. Precision data (6 replicates) 

Taken, Found, Std. devn., 
mg mg pg 

Hg 1 0.991-1.003 4 
(mean 0.997) 

2 1.985-1.995 3 
(mean 1.990) 

Zn I 0.99&l ,002 5 
(mean 0.996) 

Cd 1 0.99&1.002 5 
(mean 0.996) 

Relative 
Std. devn., 

% 

0.4 

0.2 

0.5 

0.5 

water after extraction. 
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Separation of Zn(IZ) or Cd(H) from Bi(UI) 

Bismuth is co-extracted with zinc and cadmium but 
can be separated from them by selectively stripping 
them with water. The bismuth can be stripped from 
the mesityl oxide phase with two lo-ml portions of 
1M sodium hydroxide, and determined complexo- 
metrically with EDTA.’ Some results are reported in 
Table 4. 

Precision 

The results in Table 5 show that the relative 

standard deviation for determination of 1 mg of 
mercury, zinc or cadmium is O&0.5%. 

Analysis of commercial samples 

“Nycil” talc powder and “Siloderm” skin protec- 
tive ointment. The samples (2&50 mg) were treated 
with the minimum amount of concentrated sulphuric 
acid needed to dissolve the zinc oxide present. The 
solutions were diluted to 25 ml with distilled water 
and extracted with 10 ml of mesityl oxide after 
adjustment to the optimum extraction conditions for 
zinc. Zinc was stripped from the mesityl oxide phase 
with water and estimated complexometrically with 
EDTA.’ 

“Neko” medicated soap. A 200-mg sample was 
dissolved in 25 ml of water containing 2 or 3 drops 
of concentrated hydrochloric acid. The solution was 
heated for 5 min and extracted with mesityl oxide 

after adjustment to the optimum extraction condi- 
tions for mercury. Mercury was stripped from the 
organic phase with 5M sodium hydroxide and esti- 
mated complexometrically with EDTA.? 

The results were satisfactory and are reported in 
Table 6. 
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Sammary+,5,6-Triaminopyrimidine reacts in acidic aqueous media with selenium(IV) to give a 
piazselenol which has an absorption maximum at 362 nm with a molar absorptivity of 1.72 x lo4 
1 .m&-’ .cm-I. The compound is stable but not extractable into non-polar solvents. The calibration graph 
is linear up to 10 ppm of selenium, with a detection limit of 0.1 ppm in the sample solutions. Of the many 
different ions tested only iron(III) (in the presence of chloride) and tin(I1) interfere. The method has good 
reproducibility, with a relative standard deviation of 1.5% for pure solutions. The application of this 
method to analysis of water and electrolytic copper is described. 

The most frequently utilized spectrophotometric The present work describes the study of this reac- 
methods for the determination of selenium at trace tion and its application, to determination of selenium 
levels are those in which this element reacts with in electrolytic copper and in water. 
an aromatic o-diamine to yield the corresponding 
piazselenol.’ Hoste and Gillis2,3 introduced 3,3’-di- Reagents 

EXPERIMENTAL 

aminobenzidine as a selective calorimetric reagent for 

selenium(IV), which forms an intensely Yellow prod- 
4,5,6_Triaminopyrimidine (TAP) was obtained as the 

hvdrated sulnhate from Aldrich Chemical CO.. Inc. stock 
uct in acidic medium: 

“2N&4&NH2 + 2H2Se0, _ qy=Jr+ 6H20 

The piazselenol can be extracted4 and the quantity 
of selenium determined from the absorbance at 420 
nm. Several reagents with similar structural charac- 
teristics have since been studied,>’ but most of these 
reagents give a poor reproducibility when applied to 
samples of electrolytic copper;8 in addition, 3,3’-di- 
aminobenzidine is being banned as an analytical 
reagent in view of its reported toxicity. 

Since the reaction takes place with the o-diamino 
grouping, we considered it of interest to study the 
reaction of 4,5,6_triaminopyrimidine with sele- 
nium(W). 

yH2 

““‘2 

NH, 

4,5,6_Triaminopyrimidine 

This molecule has three vicinal amino groups so the 
reaction with selenium should be favoured. 

*Author for correspondence. 

solutions (O.OlM) in 1M hydrochloric acid and in 3.5M 
phosphoric acid were purified by stirring with activated 
charcoal for 15 min. The purified stock solutions were 
stored in the refrigerator, after saturation with nitrogen, and 
did not decompose appreciably for three weeks. 

The standard selenium(IV) solution was prepared by 
diluting the contents of a Merck “Titrisol” (containing 1000 
g of Se) to 500 ml with doubly distilled water. The 250-ppm 
stock solutions of selenium(IV) were prepared by dilution 
of this solution. Class A volumetric glassware was used for 
this purpose. 

The copper sulphate used in exploratory work was ana- 
lysed by neutron-activation analysis at the Chilean Nuclear 
Energy Commission and found to contain co.05 ppm 
selenium. 

All other chemicals used were reagent grade. 

Procedure for analysis of electrolytic copper 

Clean the sample with dilute nitric acid (1 + 9), wash it 
with distilled water and then acetone, and dry it. Dissolve 
10 g of the cleaned sample in 90 ml of nitric acid (1 + l), 
with mild heating. Add 10 ml of concentrated sulphuric acid 
and heat until the solution is evaporated almost to dryness. 
Take up the cooled residue in water, adjust to pH 3 with 
ammonia and dilute to about 200 ml. Add 2 ml of ferric 
nitrate solution (Fe 5 mg/ml). Adjust the pH to 4.0 with 
dilute ammonia solution. Stir for 1 hr, then filter off the iron 
precipitate with a porosity-4 sintered-glass crucible and 

409 
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Fig. I. Apparatus used to dissolve the ferric hydroxide 
precipitate with phosphoric acid and to collect the resulting 

solution in a lo-ml standard fiask. 

wash it with 10 ml of 0.5% ammonium nitrate solution. Add 
4 ml of 3.5M phosphoric acid to the crucible containing the 
precipitate and collect the resulting solution in a lo-ml 
standard flask placed inside a 2-litre filter flask, as shown in 
Fig. 1. Then add 5 ml of O.OlM TAP solution in 3.5M 
phosphoric acid and finally make up to volume with distilled 
&ate;. Measure the absoibance ai 360 nm after 13 hr at 
room temperature, or 2 hr at 40”. Run a blank with a 
selenium-free copper solution by the same procedure. 

To an appropriate volume of sample (e.g., 100 ml) add 2 
ml of ferric nitrate solution (Fe 5 mg/ml) and adjust to pH 
9 with dilute sodium hydroxide solution. Stir for 15 min, 
then filter off the precipitate, wash it, dissolve it and 
continue as described for analysis of copper samples. 

RESULTS AND DISCUSSION 

The reagent 4,5,6-triaminepyrimidine (TAP) reacts 
with selenium (IV), in aqueous acidic media, yielding 
a compound that shows an absorption maximum at 
362 nm. Figure 2 shows the spectrum obtained from 
0.3M hydrochloric acid containing 3 ppm of Se(W) 
and 484 ppm of TAP, after a reaction time of 13 hr 
at room temperature. 

The concentration of acid is an important variable 
of the reaction, and it has been found that the 
minimum concentration of hydrochloric acid re- 
quired to obtain a good result is between 0.2 and 

0.3M. 
In this case the reaction product is not extractable 

into the non-polar solvents normally used, such as 
toluene, chloroform, ether and carbon tetrachloride. 
Apparently this is due to the presence of the third 
amino group in TAP being protonated under the 
working conditions, and giving polar character to the 
piazselenol formed. 

If phosphoric acid is used instead of hydrochloric, 
the results illustrated in Fig. 3 are obtained, which 
indicate that the optimum concentration of phos- 

phoric acid is 3.5&f. The reason for using phosphoric 
acid instead of hydrochloric is that ferric hydroxide 
is known to be a very good collecting agent for 
selenium(IV)9 and we therefore chose this procedure 
to concentrate the selenium from the solutions. Dis- 
solution of this precipitate with hydrochloric acid 
produces iron(IIIjchloride complexes that interfere 
in the determination of selenium at 362 nm. The 

complex formed in phosphoric acid does not show 
this effect. 

Since the protonated species of the corresponding 
diamine is known to be the one reacting with sele- 
nium(IV),4 it is reasonable that a higher concen- 
tration of acid is needed when phosphoric acid is 
used, since it is weaker than hydrochloric acid. 

Another important variable is the TAP:Se(IV) 
concentration ratio in the solutions. Figure 4 illus- 
trates the dependence of the absorption maximum on 
this ratio, with 3.5M phosphoric acid and 2.5 ppm of 
selenium(IV) in the solutions, and 12 hr reaction 
time. The absorbance becomes constant for a 
TAP:Se(fV) molar ratio of 50 or more. 
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0.4 - 

T 0.3 - 

i 
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I 
0.2- ’ 

O.l- \ 
\ 
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I I I 
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Fig. 2. Absorption spectrum of 0.3M HCI containing 3 ppm 
of selenium (IV) and 484 ppm of TAP, after a reaction time 
of 13 hr at room temperature. -, Sample; ---, blank. 
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Fig. 3. Dependence of the absorban= of solution contain- 
ing 3.5 ppm of selenium(W) and 500 ppm of TAP, on the 

concentration of phosphoric acid. 
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Fig. 4. Effect of the TAP:Se molar concentration ratio on 
the absorbance of solutions containing 2.5 ppm of Se(IV) in 

3.5M H,PO,, after a reaction time of 12 hr. 

The last variable studied was the reaction time. It 
was found that in 1M hydrochloric acid the reaction 
goes to completion in 11 hr whereas in 3.5M phos- 
phoric acid the time needed is only 5.5 hr. These 
results confirm that the kinetics of the reaction 
involved strongly depend on the acid concentration. 

If the temperature of the system is increased the 
reaction time becomes shorter. Thus, at 40” the 
absorbance readings become constant after 90 min, 
which is more convenient for practical purposes. At 
higher temperature the reaction time becomes even 
shorter but, in turn, the reaction product decomposes 
very rapidly, making the analysis less reliable. 

The calibration graph obtained with 3.5M phos- 
phoric acid, 600 ppm of TAP and measurement of the 
absorbance at 360 nm after a reaction time of 2 hr at 

40” is linear up to 10 ppm of selenium and the molar 
absorptivity is 1.72 x lo4 l.molec’.cn-‘. The de- 
tection limit is 0.1 ppm of Se. A reproducibility study 
gave a relative standard deviation of 1.5% in a series 
of 10 determinations on pure solutions containing 3 
ppm of selenium. 

The reaction stoichiometry was found to be 1: 1 by 
the Job method,” so the reaction involved is one in 

Table 1. Analysis of spiked water samples 

Sample Selenium(IV), pg 
volume, ~ 
ml Added Found 

loo 3.0 2.9 
100 1.5 7.5 

1000 3.0 2.9 

absorbs strongly at 360 nm). Nitrate, sulphate and 
chloride do not interfere even at high concentration, 
but a very high concentration of chloride should be 
avoided when selenium(IV) is co-precipitated with 
ferric hydroxide. 

An attempt was made to apply the flotation tech- 
nique, described by Nakashima” and by Tzeng and 
Zeitlin,” for separation of selenium from sample 

solutions, but we found it impossible to reproduce 
their results because it was very difficult to stabilize the 
colloidal ferric hydroxide and consequently it did not 
float quantitatively. That was why we decided to 
co-precipitate the selenium(IV) with ferric hydroxide, 
collect the precipitate, and dissolve it in phosphoric 
acid. This step was necessary in order to separate 
selenium from the extremely high concentration of 
copper in the sample solutions and, at the same time, 
concentrate the selenium content of the samples to a 
level at which the spectrophotometric method is 
applicable. 

Ten simulated samples of electrolytic copper, made 
by dissolving high-purity copper sulphate and adding 
a known amount of selenium (0.30 ppm), were ana- 

lysed. The amounts of selenium found ranged from 
0.24 to 0.36 ppm, mean 0.295 ppm, standard devi- 
ation 0.036 ppm. In view of the low selenium concen- 
tration the reproducibility seems good and the 

method very suitable for the analysis of this kind of 
sample. Three commercial samples of electrolytic cop- 
per were also analysed by the TAP method, the 
results being 0.34 (0.36), 0.27 (0.30) and 0.30 (0.31) 
ppm, the values in brackets being obtained by 

II I t H2Se03 _ I II ;,Se + 3H,O + H 

K+Nki2 \‘,AN// 

which the TAP must be protonated to favour for- 
mation of the piazselenol. 

Of the ions normally present in the samples of 
interest it has been found that Cu*+ (100 ppm), Mn*+ 
(100 ppm), Sb3+ (50 ppm), Ag+ (100 ppm), Pb*+ (500 
ppm), As3+ (50 ppm), and Te4+ (100 ppm) do not 
interfere when present at the levels shown in brackets. 
However, Sn2+ interferes by reducing Se(IV) to Se, 
and Fe3+ causes interference if hydrochloric acid is 
used instead of phosphoric (its chloride complex 

1 

neutron-activation analysis. In addition three spiked 
samples of water were analysed, the selenium(IV) 
being co-precipitated with ferric hydroxide at pH 8-9, 
and the solutions allowed to stand for 15 min before 
filtration. The results shown in Table 1 indicate very 
good recovery. 

We conclude that this method has proved to be 
accurate and precise for analysis of electrolytic cop- 
per and water. 
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Summary-Ion-exchange distribution coefficients are reported for several transition and post-transition 
elements in solutions of hydrochloric acid (O.I-3.OM) and thiourea on AGSOW resins. Some typical 
elution curves illustrate use of the systems with special reference to the separation of small amounts of 
gold, palladium, platinum, rhodium and iridium from large amounts of numerous base metals by using 
1.5M hydrochloric acid-0.IM thiourea as eluent. Also illustrated is the use of a bromine-containing 
solution to strip thiourea complexes from a cation-exchange column. 

The first application of thiourea as a complexing 
agent for the separation of elements by cation- 
exchange chromatography was reported by Berg and 
Senn’ who separated rhodium as a cationic thiourea 
complex from iridium. Since then similar procedures 
have been employed by Bykov’ to separate copper 
from zinc, nickel, cobalt, iron and cadmium, by 
Skorokhod and Varavva’ to separate cadmium from 

zinc, and by Abrao4 to separate tellurium from 
iodide. Toerin and Levin’ included solutions contain- 
ing thiourea in a cation-exchange chromatographic 
separation scheme for rhodium (plus iridium), gold, 
silver, and palladium (plus platinum). Skorokhod 
and Varavva3v6 have shown that Na+, K+, Mg2+, 
Mn2+, Co2+, Ni2+ and Cr’+ do not form thiourea 
complexes on a strongly acidic cation-exchange resin 
(KU-2), but H+, Zn2+, Pb2+ and Cd2+ apparently 
do. Their measurements indicated that the complexes 
of Pb2+ and Cd’+ were significantly more stable in 
the resin phase than in the aqueous phase. Significant 
extra stabilization in the resin phase was also re- 
ported for the silver complex, AgTu + 
(Tu = thiourea).’ Several elements which are nor- 
mally present as anions in aqueous solution are 
known to form cationic complexes with thiourea 
which are strongly sorbed by cation-exchange resins. 

These include Te(IV): Ru(III),’ Tc(VII)~ and Re- 
(VII).‘0 

Thus, cation-exchange chromatography with 
thiourea-containing eluents offers several interesting 
separation possibilities. However, at present no sys- 

*This paper represents part of a D.Sc. Thesis by C. H.-S. 
W. Weinert to be submitted to the University of 
Pretoria, Republic of South Africa. 

tematic data seem to be available, and the present 
paper is an attempt to remedy the situation. 

EXPERIMENTAL 

Reagents 

The AG50W-X8 and AG50W-X4 sulphonated poly- 
styrene cation-exchangers marketed by Bio-Rad Laborato- 
ries (Richmond, Ca.) were used. Resins of 100-200 mesh 
particle size were employed for the determination of distri- 
bution coefficients. AG50W-X4 resin of 20&400 mesh 
particle size was used for column work. 

The water used was distilled, and for further purification, 
passed through an Elgastat demineralizer. 

Only analytical-grade reagents were used. Stock solu- 
tions, each 0.05M in a given metal, were prepared from 
suitable analytical grade salts [of Ag+, Tl+, Cu’+, Cd’+, 
ZnZ+, Co*+, Hg2+, Pb*+, Mo(VI), Sb(III), Sn4+], or from 
the pure (>99.9%) metals (Bi, Te, Au, Pd, Pt, Rh, Ir, Ru, 
OS). The metals were dissolved with a suitable combination 
of hydrochloric and nitric acids on a hot-plate (Bi, Te, Pd, 
Pt, Au), or in a Teflon (PTFE)-lined pressure bomb at about 
280” (Rh, Ir, OS, Ru). The salts were assumed to be 
stoichiometric within the limits of purity specified by the 
manufacturers. 

All stock solutions contained IM hydrochloric acid, in 
some cases with subordinate amounts of nitric acid 
(<O.lSM), except those of Ag+, Tl+ and Pb’+ which 
contained 0. I M nitric acid only. 

Apparatus 

Borosilicate glass tubes, 20 mm in internal diameter and 
about 400 mm in length, were used as columns. These were 
fitted with porosity-2 sintered-glass plates and burette taps 
at the bottoms and B19 ground-glass joints at the tops to 
receive 500-ml separating funnels to serve as reservoirs for 
the elements. The columns were filled with a slurry of 
AG50W-X4 resin (2OCk400 mesh, H+-form) until the settled 
resin bed volume was 43 ml, corresponding to 10 g of dry 
resin. Atomic-absorption (AA) measurements were made 
with a Varian-Techtron AA-5 instrument. A Zeiss PMQII 
instrument was used for spectrophotometric measurements. 
Matrix-matched standards were used. Copper nitrate was 
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Table 1. Cation-exchange distribution coefficients in aqueous hydrochloric acid solutions in the presence 
and absence of thiourea 

Species” 
Amount, [Tul. ~ 

mmole 

2.5 
2.5 
2.5 
2.5 
1.67 
1.67 
0.50 
2.5 
2.5 
0.50 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
0.50 
1.67 
0.50 
0.10 
0.50 
0.10 
0.50 
2.5 
0.50 
2.5 
0.50 

2.5 
0.50 
1.67 
0.50 
1.67 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 Os(IV)d 

Ru(III)* 0.50 

’ M” 0.1 

Nil 1.4 
0.2 1.5 x 104 
Nil 1.6 
0.2 2.5 x IO’ 
Nil <0.5 
0.2 1.7 x 104 
0.1 
Nil 990 
0.2 3.8 x 10’ 
0.1 2.7 x 10’ 
Nil 370 
0.2 6.1 x lo3 
Nil I.0 x 10’ 
0.2 900 
Nil 1.1 x 103 
0.2 800 
Nil 1.6 
0.2 > 10’ 
0. I >2 x 104 
Nil t 
0.1 3.3 x 104 
Nil t 
0.1 3.6 x 10’ 
Nil 386 
0.1 210 
Nil 39.3 
0.1 4.5 x 104 
Nil 0.9 
0.1 
Nil 

0.1 : 
Nil i 
0.1 620t 
Nil 4.2 
0.1 67 
0.1 225 
0.1 390 
0.1 2.7 x lo3 
0.1 11.8 
0.1 
0. I 3.5 
0.1 6 
0.1 

Pt(IV)b 
Pt (IV) 
Pd(IQb 
Pd (II) 
Au(III)~ 
Au(II1) 

Ag(I)* 
Cu(II)b 
Cu(I1) 
cu (1I)d 
Cd(II)b 
Cd (II) 
Zn(II)b 
Zn(I1) 
Co(II)b 
co (II) 

Hg(II)b 
Hg(II) 
Hg(IIY 
Bi(III)b 
Bi(III)d 
Pb(II)h 
Pb(II)* 
Tl (I)b 
TI(I)* 
Te(IV)b 
Te(IV)* 
MOM 
MOM 
Sn(IV)b 
Sn (IV)d 
Sb(III)b 
Sb(III)d 
Rh(III)b 
Rh(III)d 
Rh(III)d.f 
Rh(III)d.g 
Rh(III)“,” 
Rh(III)*,’ 
Rh(III)d,g,’ 
Ir (IV)* 

WA, M 

0.2 0.5 1.0 2.0 3.0 

1.1 1.2 
8.8 x lo3 3.5 x 10’ 

1.3 0.9 
3.5 x 103 3.2 x 10) 

<0.5 <0.5 
5.5 x 103 1.6 x IO3 

320 
1.9 x 10’ 
1.3 x 10’ 

84 
1.2 x 10’ 

336 
290 
340 
270 
0.9 

2 x lo4 
1.6 x lo4 

t 
9.4 x 10’ 

t 
720 
129 
81 

17.0 
3.3 x 10’ 

0.8 
117 

99 

: 
540 
2.0 

3.2 

64 
900 
440 
6.5 
142 
64 
62 
72 
60 
0.5 

6.2 x 10’ 
2.4 x lo3 

0.9 
370 

62 
42 

37.7 
26.1 

4.7 
1.5 x 103 

0.6 
31 

6.3 
1.4 
t 

124 
1.4 
54 

200 
220 

1.0 x 103 
2.8 
3.7 
2.7 

5 
150 

1.4 1.3 1.2 
1.5 x 10’ 340 210 

0.8 0.6 0.6 
1.1 x 103 440 345 

<0.5 <0.5 <0.5 
670 265 135 
203 160-F 23.3 
16.1 3.5 1.6 
370 160 91 
192 
1.6 0.6 <0.5 

29.3 7.9 7.5 
16.6 3.7 1.7 
15.3 3.2 1.7 
21.3 6.2 2.7 
17.0 5.5 2.8 
0.3 0.3 0.2 

1.2 x 10’ 285 t 
470 

<0.5 <0.5 <0.5 
18.1 
5.8 1.3 0.5 
4.6 

11.6 
15.o.t 

1.4 0.7 <0.5 
900 

<0.5 <0.5 <0.5 
6.7 2.3 
1.7 0.5 <0.5 
0.45 0.3 0.15 
t 2.8 1.3 

32.4 5.4 2.5 
0.9 0.7 0.8 
51 

180 150 
180 
615 170 
1.1 
8.4 
3.6 5.2 
4.5 
180 200 

“Oxidation state in stock solution. 
bReference 12. 
‘Hydrogen peroxide present. 
dAG50W-X4 resin. 
‘60-hr equilibration. 
‘7 days equilibration. 
gRh(II1) brought to dryness three times with cont. hydrochloric acid immediately before transfer to 

equilibration mixture. 
h70 (+ 1)“. 
‘5 (* 1)‘. 
iprecipitation. 

used as releasing agent in the AA determination (nitrous 
oxide-acetylene flame) of some of the noble metals (Rh, Ir, 
Ru, OS). 

Distribution coeficients 

The resin was dried at 80” in a ventilated drying oven, and 
stored in a desiccator over anhydrous silica gel. Residual 
water was determined by drying at 120”, and the weights of 
resin were corrected accordingly. 

Distribution coefficients were determined by shaking 
2.500 g of dry resin (AG50W-X8 unless indicated otherwise 

in Table l), in the H+-form, with 250 ml of solution for 24 
hr (unless indicated otherwise in Table 1) in a mechanical 
shaker, normally in a room maintained at 20”. Some 
equilibrations were done at 5” and 70” in a cold-room and 
a temperature-controlled water-bath respectively. 

When the resin could be ignited without loss of the 
element concerned, it was filtered off on paper and ashed at 
low temperature, and the ash was dissolved or weighed 
directly. Otherwise the resin was transferred to a short 
large-diameter column, and sorbed metal was eluted with 
some suitable eluent such as 3M HCl or 1.5M HCI-2% w/w 
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ml 

Fig. 1. El,ution curves for the pairs Af 3+ (1.0 g)-Pru(III) fZ.0 mg), Al’+ (1.0 g)-Pd(II) (U.I mg)+ Al”+ 
(1 .Q g)_PtjfV) (IO ms). Column: II) g (43 ml) af AG5OW-X4, 2oo-100 mesh, H *-form; internal diameter 

2.0 cm. Flow-rate 3.0 d_ 0.3 mljmin. 

Br,. The amounts of the elements ia the aqueous and resin 
phases were then determined by appropriate analytical 
methods. The d~str~~uti~~ ~~e~~jent~, D, Were calculated 
from{ i 

(amount of efement in resin) (ml of solution) 

u=r 
m_- _._. “--_-_____I...“~ 

amourtt of eIement in solution) (g of dry resin) 

and are presented in Table I. 

The cohlmns were first eqquilibrated by passing through 
them 100 rnt of I.584 ~C~~.~~~~. T&s was followed by: 

t%f 50 ml of I .SM HCl-O.SM “Tu cantaining the metal or 
metals af interest, 

(6) four rinses, with a total of 50 ml of 1.5M WGI-O,l~ 
Tu, 

(c) 750 ml of 11.5&f HCI-O.IM Tu, 
60 50 ml of 1SM H~~~~~~ Tu to displace most of the 

excess of thiourea from the column, 
(e) 5oQ ml of I.% HCI-2% w/w Br,, and 
tf) 2% ml of 1.5M HCI to remove bromine from the 

column, 

Step (j’) foltowed (e) without delay. Under these conditions 
the bromine did not seem to have any det~me~ta~ effect and 
the exchange capacity of the resin was not significantly 
altered even after at least 20 runs with the same elution 
sequence on a single co,lumn. 

The flow-rate was maintained at 3.0 kO.3 mljmin 
throughout. The column was allowed to drain completely 
after each addition of solution. Care was taken to minimize 
disturbance of the resin bed surface. 

Fractions (25 mt in volume) were taken with an a~torna~i~ 
fraction-coilector from the beginning of the sorption step, 
and the amounts of the elements in each Fraction were 
determined by an appropriate method. Some of the exxp~ri- 
mental curves are shown in Figs. t-3. 

The data presented in Table 1 show that the 
presence oF an excess of thiourea increases the distri- 

bution coe~cients of a number of &ments in hydro- 
chloric acid media by several orders of magnitude. 
For some other elements there is Iittte or no eff&% 
(The siight decrease in D-values in the presence of 
thiourea, under canditions which are otherwise simi- 
lar to those in its absence, can be attributed to 
batch-to-batch changes in the exact composition of 
the resin, or to the competitive sorption of thiourea, 
the possibility of which follows from o~ervatio~s 
recorded by Skorokbod and Varavva.“) Some prac- 
tical ~mpIi~t~o~s of the changes in distr~b~~o~ 
EoeRcients caused by the presence of thiourea, and 
their effects on separations are discussed by reference 
to Fig. 1. 

The NJ* ion may be taken to represent ;f large 
group of elements which have Iittle or no tendency’” 
to form complexes with thiourea. The chro- 
mat~grapb~c behaviour in the presence OF thiourea is 
similar to that in its absence, and can be predicted 
from the comprehensive lists of D-values in hydro- 
chEoric acid media already avaiIable.“+” included in 
this group are Li *) Na+, K*, Rb+, Cs+, Tl**, B$+, 

MgZ+, Cal+, sr2* (&I g), h”lnz+, Fe”” (I.0 g), CoZ’ 
(I.0 g)*+ Ni’+, Zn’” (1.0 &)*, Pb”’ (10 mg)*, V(W) 
(0.5 g), U(W) {Op.1 g) and Sn(IV)“, all of which are 
expected to be eluted approximately together with, or 
ahead of A13+ (14 g). This was experimentally 
verified for the species printed in bold type, in the 
amounts shown in brackets. The elements marked 
with an asterisk are included in Table 1. Ba’“, SC?, 
Y3*, La3+ . . . tu3*, Th4‘+, Hf4+ and Zr*+ are very 
strongly sorbed in the aqua-form, and can be eluted 
only partially or not at all with 758 ml of 1.5M WC1 
&4th or without 0.1M Tu). 

Alurnj~~~rn at low concentrations shows extended 
tailing, Zinc behaves similarly, but is eluted ahead of 
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1.5Mt 
n -0.01 M 

-1.5 MCC-0.1 M Tu 

ml 

jM HCC-2% Br,+ 

2) 

Fig. 2. Elution curves for Ir(lV, III) (50 mg). Column and flow-rate as for Fig. 1. Curve (I): solution 
transferred directly onto column; (2) solution heated for 24 hr before transfer to column. 

Al’+. None of the other elements examined showed 
this effect. Tl+ and Pb*+ are poorly soluble in 

hydrochloric acid (with or without Tu present), and 
any excess precipitated is eluted only gradually. Pro- 
vided no solution channels are formed in the precip- 
itates, elution seems to proceed roughly at a concen- 
tration level corresponding to the solubility of the 
precipitates in the eluent (cu. 200 pg/ml for Pb*+ in 
I .5M HCI-O.IM Tu at cu. 25”). 

Vanadium and iron were originally added in ox- 
idation states (V) and (III) respectively, but both are 
rapidly reduced by excess of thiourea (in the case of 
Fe’+ this occurs through transient red species which 

may beI FeTu3+ and/or FeTu:+), and are eluted well 

ahead of A13+, as the blue vanadium(IV) and pale 
greenish iron (II) aquo complexes respectively. 

Ti4+ (10 mg) hydrolyses slowly in 1.5M HCl-O.lM 
Tu, and cannot be eluted quantitatively. An attempt 
to keep it in solution with hydrogen peroxide failed 
because thiourea destroyed the peroxo-complex. 

According to Lederer,15 thiourea forms moderately 
to very stable complexes with Tc(IV), Re(IV), Ru- 
(III), Os(III), Rh(III), Pd(II), Pt(II), Au(I), Cu(I), 
Hg(II), Sb(III), Bi(III), Te(I1) and Po(I1). To this 
group may be added Cd*+,” Ag+,’ and, according to 
present evidence, Mo(V?) and Ir(II1). (Elements 
given in bold type are included in the present study.) 
Many of these elements are normally present in 
solution in a higher oxidation state, and then often as 
anionic complexes, e.g., ReOy, OsCIi-, IrCIi-, 
PtCIz-, AuCI,, TeO:- and MOO:- (polymeric). 
These, as well as Cu*+, are reduced by thiourea to the 

oxidation state indicated above, at rates which may 
vary greatly from species to species,‘3,‘6 and unlike the 
case of iron(II1) and vanadium(V), the reduced 
forms are strongly complexed by excess of thiourea.13 
The formation of the thiourea complexes (after re- 
duction, if this applies), and any subsequent exchange 

of ligands, may also take place at rates which can 
vary greatly from species to species. Thus, while the 
formation of cationic thiourea complexes is tolerably 
rapid for most of the species investigated, it is slow 
to extremely slow in the case of Rh(II1) and Ir(IV). 
In the latter case, reduction is extremely rapid,” as 
evidenced by a change in colour from deep red to 
light yellow or colourless, depending on the concen- 
tration of Ir(IV), but the initial product passes 
through the column practically unsorbed (Fig. 2). 
However, on heating with an excess of thiourea for 
24 hr on a steam-bath, this product is changed, 
apparently quantitatively, into a complex which is 
strongly retained by the column. Rh(II1) behaved on 
the column much like Ir(IV, III) except that the 
conversion into the strongly sorbed complex by heat- 
ing for 24 hr on the steam bath was less quantitative 
(Fig. 3). Distribution coefficients have been included 
in Table 1 to illustrate the effect of time, temperature, 
and pretreatment on the formation of the sorbable 
Rh(IIIkTu complex (or complexes). Evaporating an 
Rh(II1) solution three times with hydrochloric acid to 
displace water at least partially from the inner co- 
ordination sphere of Rh(II1) resulted in an increase 
in the distribution coefficients to a value commen- 
surate with that obtained after 7 days of equilibration 

without such pretreatment. 
It must be stressed that most of the D-values 

obtained for Rh(II1) in the presence of thiourea are 
not equilibrium values. They reflect essentially the 
formation of the most strongly sorbed complex 
which, as can be seen from Fig. 3, is very strongly 
sorbed indeed. The same applies to Ir(IV, III) (see 
Fig. 2), Os(IV, III) and Ru(II1). 

Osmium in its various oxidation states (> III) and 
Ru(IV, III) form well-known coloured complexes 
with thiourea (red in the case of OS, and blue in the 
case of Ru).” Column experiments (conditions as in 
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Fig. 3. Elution curves for Rh(II1) (5 mg). Column and flow-rate as for Fig. I. Curves (I) and (2): as for 
Fig. 2. 

Figs. l-3) showed that both these complexes are 
retained strongly and quantitatively, and are eluted 
together with Pd(I1) etc. The fraction of the sorbable 
species in the case of Os(IV) (0.1 PM) was found to 
increase at room temperature from about 5% after 24 
hr to about 30% after 30 days in OSM HClLO.OSM 
Tu. Both Os(IV) and Ru(II1) were found to be only 
partially converted into the strongly sorbed complex 
on heating in 1.5M HCI-0.5M Tu for 24 hr on the 
steam-bath. However, these are probably not the 
optimum conditions for forming the complexes.” 
Molybdenum(V1) is slowly reduced by thiourea to 
molybdenum blue, but it is not the latter which is 
sorbed. The sorbed species appears to be essentially 
colourless. Inspection of the solutions during equi- 
libration showed that the blue product is transient in 
nature, and disappears completely during 2; days of 
equilibration. 

Of the other elements investigated, Cd*+ is rapidly 
eluted with 1SM HCl-O.lM Tu, but the amount that 
can be tolerated is limited by its reduced solubility at 
relatively high concentrations of hydrochloric acid 
and thiourea (1.3 mg/ml and 4.5 mg/ml in 1.5M 
HCll0.5M Tu and 1.584 HCl-O.lM Tu respectively 
at 27”). Analysis showed the precipitate to corre- 
spond to CdTu, Cl,. 

More or less extensive precipitation was also ob- 
served with Ag+ (as AgTu,Cl), Pd(I1) {as PdTu,Cl,) 
and Pt (IV, II) (as PtTu,Cl,) in 1 SM HClLO.SM Tu. 
A solubility determination for Pt(IV, II) in 0.5M 
HCllO.1 M Tu gave 0.56 mg/ml at 23”. This was 
decreased by a factor of at least five for 2M 
HCl-O.lM Tu medium. In these cases, however, 
precipitation had no serious consequences during the 
~hromatographic procedure, because the metal com- 
plexes moved into the top of the column as elution 
proceeded, and in no case was an unexpectedly early 

breakthrough observed. The first traces of Ag+ (0.1 
g) appeared just after the main portion of A13+ had 
passed through the column, and Cu+ (0.1 g) followed 
about 150 ml later. No trace of platinum, palladium 
or gold could be detected in the eluate until after the 
change of eluent to 1.5M HCl-2% w/w Br, The latter 
elutes palladium (2 mg), gold (2 mg) and any strongly 
sorbed complexes of iridium, rhodium, ruthenium 
and osmium virtually quantitatively, but not plat- 
inum (1~100 mg), copper (100 mg> and silver (100 
mg). In the case of Pt(IV, II), incomplete recovery 
was associated with the formation of a thin dark red 
band close to the top of the column. The recovery 
was considerably improved by passing 50-ml quan- 
tities of 1.5M HCl, containing alternately O.lN Tu 
and 2% w/w Br,, through the column. Copper and 
silver were not investigated further. 

Analytical implications 

The results presented here show that excellent 
chromatographic separations of a number of the 
noble metals from large amounts of many matrix 
elements are possible on AGSOW-X4 resin, with 
1 SM HCI-O.lM Tu as eluent. Some care is needed in 
order not to exceed the solubility products of some of 
the rarer matrix elements such as Cd’+ and Pb2+. 
Several elements will accompany the noble metals at 
least partially. They include Ba*+ etc., as mentioned 
earlier, silver, copper and, according to their D- 
values, tellurium and mercury. Rhodium(II1) and 
Ir(IV, III) normally pass through the column almost 
quantitatively, but treatment with Tu at higher tem- 
peratures can result in almost quantitative retention. 
Osmium and ruthenium will occur in both fractions, 
but these two elements can easily be separated by 
distillation.‘7 
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Several additional separations can be predicted of the distribution coefficients by Mr. R. J. Rogers during 

from the D-values Dresented in Table 1. and D-values university v~c~tions~ 

available for pure hydrochloric acid media.“.12 For 

example it should be possible to separate Ag+ from 
large amounts of elements such as Sr*+ and Co2+ 
which do not show extensive tailing. 

Hydrochloric acid (1SM) containing bromine (2% 
w/w) was found to be an effective eluent for most of 
the noble metals retained. Platinum(IV, II) cannot be 
eluted satisfactorily with purely aqueous eluents. 
Quantitative elution can be obtained by using 0.87M 
HBr-O.OlM Tu in 90% acetone. 

Thiourea solutions almost always contain small 
amounts of finely dispersed sulphur. This, and any 
additional sulphur formed in the presence of various 
oxidizing agents, did not present serious problems in 
the separations. When an impervious sulphur layer 
formed at the top of a column and impeded the flow 
of the eluent, it could simply be broken up with the 
tip of a glass rod. 

Free sulphur and thiourea can be oxidized fairly 
effectively by bromine. The oxidation products (sul- 
phuric acid etc.) as well as thiourea itself may have 
to be taken into account in the subsequent analysis. 
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Summary-This paper reports a procedure for the accurate determination of sulphide, dithionite and 
thiosulphate and an estimation of sulphite in heterogeneous and/or inaccessible mixtures. 

A procedure for the analysis of certain mixtures of 
sulphur compounds, such as a mixture containing 

both sulphide and dithionite, has not hitherto been 
reported. There appear to be several reasons for this. 
(1) Sulphide and dithionite are both generally deter- 
mined by employing their strong reducing power to 
reduce salts of mercury, lead or silver. (2) Conditions 
under which both co-exist may be rare, or if they do 
co-exist, this may occur under conditions which make 
them inaccessible to convenient methods of analysis; 
separation by dissolution complicates matters since 
both sulphide and dithionite are unstable in aqueous 
solution, readily hydrolysing or undergoing aerial 
oxidation. (3) In mixtures, dithionite has been deter- 
mined in the presence of sulphite,’ thiosulphate2 and 
mixtures of both.3d Sulphide has also been deter- 
mined in a mixture containing sulphite and thio- 
sulphate by an iodometric method similar to that 
used for analysis of the corresponding dithionite 
mixture.’ However, in all the procedures reported, 
sulphide interferes with the dithionite determination 
and vice versa. 

This paper reports a method of analysing mixtures 
of soluble sulphides, thiosulphate, dithionite and 
sulphite. The selected method permits analysis of 
heterogeneous samples or samples not conveniently 
separated. The scheme combines several methods, 
including the iodometric procedure for analysis of 
inaccessible mixtures containing dithionite,’ 
modification of the dithionite determination with 
Methylene Blue,’ and the analysis of soluble sul- 
phides by the iodate method of Bethge.” 

EXPERIMENTAL 

Reagents 

A “purified” sample of J. T. Baker sodium dithionite, 
iodometrically analysed and found to be 89.9% dithionite, 
6.97” sulphite and 2.5% thiosulphate, was used throughout. 
Anhydrous reagent-grade sodium thiosulphate and ultra- 
pure lithium sulphide were analysed for purity under helium 
by the iodimetric and iodate methods”’ respectively. A 
standard aqueous 0.025M solution of Methylene Blue 
(99.9% purity, Matheson, Coleman and Bell) was prepared. 
The concentration was verified by titration of an oxygen- 
free aliquot of a solution of dithionite previously analysed 
by iodometric methods. Fresh zinc carbonate was prepared 
by mixing equal volumes of 1 .OM solutions of zinc sulphate 

and sodium carbonate just before use. The sodium 
acetate-acetic acid buffer was 3.5M in each constituent. 

The concentrations of the standard iodine solutions are 
expressed in moles of I, per litre. 

Solution preparation 

Argon (99.999% pure), after passing through acidic chro- 
mous chloride solution, was used to deaerate 500 ml of 0. I M 
sodium hydroxide in a 1-litre three-necked flask and main- 
tain it oxygen-free. The flask was kept in an ice bath. 
Sulphide was introduced into the alkali and dissolved, and 
an aliquot was withdrawn for analysis to verify the sulphide 
concentration. Known amounts of thiosulphate, dithionite 
and sulphite were then introduced into the remaining solu- 
tion. The apparatus is shown in Fig. 1. 

T = TVOON 

Fig. 1 

Analysis 

The solution was forced under argon into an argon-filled 
burette. Measured 5-20-ml portions of this solution, accu- 
rately measured, were added to rapidly swirled solutions of 
iodine, efc. as described below. 

Titration A. To a 250-m] filter flask containing a magnetic 
stirring bar, add a mixture of approximately 100 ml of O.lM 
sodium hydroxide and 100 ml of methanol. Deaerate the 
solution by bubbling oxygen-free argon through it for 20 
min. When the deaeration is complete, add the sample 
solution from the burette where it is kept under argon. Use 
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5 ml of sample solution for solutions -0.03M in dithionite, 
and IO ml for solutions -0.OlM in dithionite. Maintain the 
argon atmosphere in the filter flask, and replace the sample- 
solution burette with another containing standard Methy- 
lene Blue solution under argon. Titrate rapidly with the 
Methylene Blue, at room temperature. The end-point is 
characterized by a colour change from clear gold to a 
persistent purple. As the dithionite concentration decreases, 
the intensity of the gold colour decreases until the solution 
is nearly colourless, before the end-point change to a 
blue-violet. Let the number of mmoles of dithionite in 20 ml 
of the sample solution be A. 

Titration B. Add a IO or 20 ml portion of the sample 
solution (accurately measured) rapidly to a swirled flask 

dithionite is consumed. Consequently, the colour 
change at the end-point is dependent on the dithionite 
concentration in solution. The end-point is character- 
ized by the persistence of the intense Methylene Blue 
colour. The number of mmoles of dithionite con- 
sumed in titration A is equal to the number of 
mmoles of Methylene Blue used. 

Titration B 

A sample containing sulphide, dithionite, thio- 
sulphate and sulphite reacts with excess of iodine in 
acetic acid-acetate buffer as follows: _ _ 

containing approximately 12 ml of zinc carbonate sus- 
pension, 5 ml of water and four drops of 10M sodium 
hydroxide. Use a IO-ml sample for higher sulphide concen- 
trations (-0.03M) and the 20-ml sample for lower 
( - 0.01 M) concentrations. Immediately filter off the precip- 
itate on a medium porosity sintered-glass filter, into a flask 
containing a mixture of approximately 6-10 ml of 0.5M 
iodine, 5 ml of water and 4 ml of acetic acid-acetate buffer. 

s*- + I,+S + 21- (1) 

S,O;- + 31, + 4H20+2HS0, + 6HI (2) 

2s,o:- + I*+S@~ + 21~ (3) 

HSO, + I, + H,O+HSOy + 2HI (4) 

Wash with 0.1 M sodium hydroxide, then with several small If the sample is first added to a suspension of freshlv 
portions of water. (The precipitate should be stirred in the 
washings and many washings applied; the precipitate must 
be thoroughly washed, otherwise the sulphide result will be 
high.) Transfer the filtrate quantitatively to a standard flask; 
the pH should be between 4 and 5, and sufficient excess of 

iodine should be left for the solution to be dark brown. 
Remove the excess of iodine with 10% sodium sulphite 
solution and add an additional 7 or 8 ml of sulphite 
solution, Neutralize the solution to phenolphthalein by 
dropwise addition of IOM sodium hydroxide. Let stand for 
5 min, add 4 ml of 37% formaldehyde solution and dilute 
to the mark with 20”/, v/v acetic acid. Remove an ahquot, 
adjust the pH to 44.5 with 20% acetic acid, and titrate with 
0.005M iodine to a starch end-point. Let the number of 
mmoles of iodine consumed for 20 ml of the original sample 
solution be B. 

Titration C. Transfer the zinc sulphide precipitate (from 
the titration B procedure) to a flask containing N 15 ml of 
10M sodium hydroxide and a known excessive volume of 
standard 0.05M ootassium iodate. Boil eentlv for 10 min 

precipitated zinc carbonate, the sulphide is quan- 
titatively precipitated, and the filtrate reacts with an 
acidic iodine solution according to reactions (2) (3) 
and (4). Excess of sulphite is then added (a) to 
remove unreacted iodine and (b) after alkalization of 
the solution, to convert the tetrathionate, S,Oi -, 
formed from reaction (3), quantitatively into half the 

original amount of thiosulphate: 

s,o;- + so:+s@- + S&. (5) 

The unreacted sulphite is complexed by for- 
maldehyde in acetic acid, and the thiosulphate pro- 
duced by reaction (5) is titrated with standard iodine 
(B mmoles of I*). Then 4B = the number of mmoles 
of S,O:- originally present. 

Titration C 
after the solution is clear, then cool in& ice-bath. Add 
excess of potassium iodide solution and slowly acidify with 

Hot alkaline iodate (in excess) oxidizes sulphide 

4M sulnhuric acid. addine about 3 ml more once iodine has quantitatively according to the reaction 

appeared permanently. Titrate the iodine with O.lM thio- 
sulphate. The number of mmoles of sulphide is equal to 

3S*- + 410,+3SO:~ + 4II. (6) 

three-fourths of the number of mmoles of iodate consumed. 
Let the number of mmoles of sulphide from 20 ml of 

Addition of iodide followed by acidification converts 

original sample solution be C. 
the unreacted iodate into iodine, which is titrated 

Titration D. Add 20 ml of the samnle solution to a with standard thiosulphate solution. The number of 

partially evacuated flask fitted with a one-hole stopper and mmoles of sulphide is given by 
containing a well stirred solution of 10-25 ml of water, 3 ml 
of acetic aciddacetate buffer and a known volume of stan- c = a [(mmoles of iodate taken) 
dard iodine solution (in large excess). Let stand for 20 min 
in the stoppered flask. Titrate the remaining iodine with 
standard thiosulphate solution. Let the number of mmoles 
of iodine consumed by 20 ml of the sample solution be D. 

THEORY 

Titration A. 

When Methylene Blue is added to an oxygen-free 
alkaline methanol solution containing dithionite, sul- 
phide, thiosulphate, and sulphite, it reacts with only 
the dithionite (rapidly and quantitatively) at room 
temperature. The Methylene Blue is reduced from the 
intensely blue form to a solid leuco form that is 
soluble in the methanol. The colour intensity of the 
leuco form in the solution increases as more and more 

- i (mmoles of thiosulphate used)] 

Titration D 

The number of mmoles of I, consumed by the 
sample in titration D is the result of reactions (lt(4). 
Consequently, the number of mmoles of SOi- 
present is given by (D - 3A - 2B - C). 

DISCUSSION 

The effects of temperature, concentrations of re- 
agents, alkalinity, stability in solution, dilution, etc. 
were investigated to assess the procedure for the 
determination of each anion in the presence of the 
others. The procedure found most suitable is that 
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detailed in the experimental section. However, some 
of the variables cited above can influence the analysis 
and therefore some comments are appropriate. 

The anion stability and the possibility of anion 
interaction in the alkaline solution were investigated. 
A solution of each anion was prepared and analysed. 
In turn, each of the other anions was added and the 
solution re-analysed approximately 1 hr after each 
addition. Finally, a standard solution of all four 
anions (S*-, S,Oi-, S,O:-, SO:-) was prepared, and 
analysed immediately and again 6 hr later. No 
changes in concentration were observed. This was 
reconfirmed on several occasions during the course 
of the experiments. Interestingly, the yellow colour 

imparted to the solution by the sulphide slowly 
disappeared on addition of the dithionite. Analysis 
revealed that no change in either the sulphide or 
dithionite concentration had occurred. TO ensure 
stability of the solution, it should be kept oxygen-free 
and preferably at below 25”. The stability of dith- 
ionite in solution is a function of its concentration, 
temperature, and pH. I’ Analysis of higher concen- 

trations of dithionite may warrant a different concen- 
tration of alkali solution. 

Sulphide and thiosulphate. For the determination of 
these anions, the complete recovery, effective sepa- 
ration and decomposition or oxidation of dithionite 
were the primary problems studied. Sulphide solu- 
tions, 0.01 and O.O3M, were prepared. Aliquots were 
analysed by iodate titration and then re-analysed by 
precipitation with freshly prepared zinc carbonate 
suspension. Recovery was 100% efficient. However, 
smaller sample volumes, 10 ml instead of 20, ap- 
peared to give slightly better reproducibility for the 
0.03M solution when other anions were present. 
Other anions were added to the standard sulphide 
solution to determine their effect on the analysis. 
Thiosulphate had no effect on recovery of sulphide. 
Dithionite and sulphite increased the apparent sul- 
phide value by approximately 4% and 2% relative 
respectively. The problem with dithionite was elimi- 
nated by adding several drops of 10M sodium hy- 
droxide to the zinc carbonate suspension before 
adding the sulphideedithionite solution. Increasing 
the pH evidently stabilizes the dithionite sufficiently 
for it to be unaffected by the exposure to air for the 
1-2 min required for the filtration. The apparent 
increase in sulphide in the presence of sulphite seems 
to be due to formation of some zinc sulphite. Thor- 
ough washing, first with O.OlM sodium hydroxide 
and then with many small volumes of water, min- 
imizes the sulphite interference. 

No apparent interference by any of the other 
anions was observed in the thiosulphate deter- 
mination. In mixtures, the results were generally 
- 1.5% high, especially for the more dilute (O.OlM) 
thiosulphate solutions. 

Dithionite. The best method for determination of 
dithionite in the presence of thiosulphate and/or 
sulphite and absence of sulphide has already been 

reported.* Results from attempts to expand this 
method by adding an aliquot of sample solution to 
alkaline formaldehyde containing zinc carbonate or 
by adding the zinc carbonate later after permitting 
the formaldehyde mixture to stand for _ 15 min, 
followed by filtration of the sulphide, were generally 
-3% low and less reproducible. The use of Methy- 
lene Blue gives better results provided the analyst is 
familiar with the method. If the solution containing 
dithionite is used to titrate a standard solution of 
Methylene Blue in alkaline methanol, very erroneous 
and irreproducible results are obtained, especially 
with more concentrated dilthionite solutions. Instead, 
the sample solution must be added to a totally 
oxygen-free mixture of methanol and sodium hydrox- 
ide solution and this mixture titrated with Methylene 
Blue. 

The titration should be performed rapidly, under 
an inert gas and at room temperature. The same 
results are obtained if an additional 5 ml of 
O.lM sodium hydroxide are added to the methanol- 
hydroxide mixture or if the methanol is replaced by 
acetone. Large volumes of the methanol-hydroxide 
solution are recommended for two reasons. First, to 
solubilize the relatively insoluble leuco form pro- 

duced when Methylene Blue is reduced, because the 
insoluble leuco form appears to adsorb Methylene 
Blue and make the end-point more drawn-out and 
difficult to locate. Secondly, the larger volume de- 
creases the overall concentration of dithionite present 
and thereby enhances detection of the end-point. 
Best results are obtained by using a small sample 
volume, preferably 5 ml, large amounts of 

methanol-hydroxide mixture, and a preliminary 
titration to become familiar with the end-point. The 
end-point is remarkably sharp for dilute solutions of 
dithionite (-O.OOSM) but at concentrations of 
-O.O3M, the methanol-hydroxidedithionite solu- 
tion progressively becomes more deeply golden in 
colour as the Methylene Blue is added. Even under 
these latter conditions, however, the end-point, char- 
acterized by the persistence of a purple colour in the 
solution, due to unreacted Methylene Blue, is re- 
markably reproducible. 

Sulphite. Sulphite can be determined by difference 
provided all four anions can be quantitatively ox- 
idized. Two methods were examined; oxidation by 
hot alkaline iodate and oxidation by acidic iodine. 
Alkaline iodate was found unsuitable owing to slow 
oxidation of the dithionite (accompanied by some 
decomposition). If the solution containing the sul- 
phur anions is added to a rapidly stirred solution 
containing excess of iodine and a few ml of the acetic 
acid-acetate buffer, good agreement is consistently 
found between the amount of iodine consumed and 
the theoretical amount needed. However, if a large 
excess of iodine is not used or if too much water 
(_ 100 ml) is added along with the iodine, the anal- 
ysis is generally low by -2%. Analysis for the 
individual anions shows that the dithionite is re- 
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Table I. Determination of thiosulphate, sulphide, dithionite, and sulphite* 

S,O:-, mmole S2-, mmole S,O:- , mmole SO:-, mmole 

Runt Present Found Present Found Present Found Present Founds 

1 0.111 0.113 0.205 0.206 0.591 0.586 - 
2 0.205 0.207 0.214 0.215 0.200 0.198 - 
3 0.202 0.205 0.628 0.630 0.202 0.201 ~ 
4 0.210 0.212 0.198 0.196 0.627 0.637 - - 
5 0.596 0.602 0.625 0.631 0.604 0.599 
6 0.210 0.215 0.21 I 0.211 0.205 0.202 0.206 0.204 (0.197) 
7 0.224 0.228 0.614 0.605 0.624 0.628 0.251 0.233 (0.237) 
8 0.208 0.212 0.195 0.199 0.204 0.203 0.598 0.575 (0.578) 
9 0.612 0.615 0.209 0.206 0.614 0.624 0.251 0.239 (0.259) 

10 0.605 0.600 0.202 0.202 0.207 0.207 0.203 0.200 (0.198) 

*Expressed as mmoles per 20ml from the original 5OOml of solution. 
tRun S-the solution contained -0.5 g of carbon black; run l&the solution contained LiBr 

(0.02M). 
$The value in parentheses is the number of mmoles of sulphite found by using the original initial 

concentrations of S*-, S,@-, S,O:- (as opposed to those experimentally found). 

sponsible for this error, apparently undergoing some 
acidic decomposition. 

The procedure described for titration D consis- 
tently gives a consumption of iodine that agrees with 
the theoretical consumption within f 1%. Con- 
sequently, in theory, the determination of sulphite 
should be correct, but in practical analyses, of course, 
the sulphite result is affected by the errors in all four 
titrations, especially A and B [because of the stoichi- 
ometry of reactions (l)-(4)]. Careful analysis permits 
sulphite to be determined with a relative error below 

5%. 
High surface-area (60 m’/g) carbon black and the 

presence of 0.02M lithium bromide has no effect on 
either catalysing the solution interactions or 
influencing the analysis scheme. 

RESULTS 

Table 1 summarizes the analyses of solutions con- 
taining a variety of anion concentrations, corrected 
for the thiosulphate and sulphite present in the 
dithionite sample. The findings are reported as 
mmoles per 20 ml of the original 500 ml of test 
solution, corresponding to the sample volumes most 
frequently taken for analysis, Two analyses were 
performed for each constituent of each sample solu- 
tion. Excellent agreement was found and the average 

values are reported. The experimental conditions 
under which titration D gives successful analyses for 
sulphite were discovered during the later part of the 
analytical investigation. Consequently, the first part 
of Table I does not include sulphite in the test 
mixtures. Additional investigation of titration D was 
done with mixtures similar to those of runs 6 and 8. 
The experimental iodine titration volume used was 
found to be within 1% of the theoretical value 
predicted from the composition of a standard solu- 
tion of the four anions. Table 1 reports the sulphite 
values found by use of both the original concen- 
trations of the anions and those experimentally 
measured. 
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Summary-Molybdenum a-benzoin oximate is precipitated from homogeneous solution by hydrolysis 
of ethyl monochloroacetate to decrease the pH of an originally alkaline solution containing molybdenum 
and the oxime. The method can be used for assay of moly~enum compounds and ferromolybdenum. 

Precipitation from homogeneous solution (PFHS) is 
a well-known technique for obtaining precipitates 
that are dense, crystalline and, under certain condi- 
tions, practically free from contamination by co- 
precipitation.‘-” Among the various methods of 
PFHS, the most widely used is that involving change 
in pH, generally by increasing it. Monoethyl 
glycollate4 is perhaps the only reagent that has been 
used in situ for decreasing the pH, although acid 
vapour has been used for the same purpose.5 This is 
rather surprising as the pH can easily be decreased by 
the hydrolysis of various esters. The major problem 
in the use of esters is probably their insolubility in 
water, but this can be overcome by using 
alcohol-water mixtures. 

Here we describe the PFHS of molybdenum 
cr-benzoin oximate from aqueous alcohol medium by 
the decrease in pH resulting from hydrolysis of ethyl 
monochloroacetate. We also give some applications. 

EXPERIMENTAL 

Reagents 
Molybdenum solution (1 ml = 10.11 mg of MO) was 

prepared by dissolving 25.50 g of GR grade sodium molyb- 
date dihydrate in 400 ml of water and diluting to 1 litre, and 
was standardized. 

*MO tracer was prepared by irradiaking 5 mg of MOO, 
(Johnson and Matthey “Spec. Pure”) in the Apsara reactor, 
BARC, at a flux of about IO” n.cm-2.se-i for 20 hr. The 
product was dissolved in 2% sodium hydroxide solution and 
the solution was made 6M in hydrochloric acid. The molyb- 
denum was extracted into petroleum ether (b.p. 60”-80”), 
pre-equilibrated with 6M hydrochloric acid, then stripped 
into water and diluted to volume in a 50-ml standard flask. 

All other reagents used were of analytical grade. 

Procedure 

In a tall, clean scratchless 250 ml beaker, place 0.6 g of 
a-benzoin oxime and IO ml of 10% sodium hydroxide 
solution. After dissolution of the oxime, add the molyb- 
denum solution, containing up to 50 mg of MO, 25 ml of 
water and 50 ml of ethanol. Put the beaker in a thermostat 
at 50”. After 30 min, add IO ml of ethyl monochloroacetate 
to the beaker and leave in the thermostat for at least 4$ hr. 
Remove the beaker and cool it to room temperature. Filter 
off the precipitate with a tared sintered-glass crucible, 
porosity 4, wash thrice with ethanol. then twice with water 
and finally thrice with ethanol, dry at 110” for 1 hr and 

weigh. Make up the filtrate to volume in a 200-ml standard 
flask, with ethanol, and determine the residual MO by the 
thiocyanate method,6 using a 20-ml aliquot. Compute the 
total molybdenum. 

Determination of MO in ferromolybdenum 

Weigh 0.2-0.5 g of ferromolybdenum into a clean 250-ml 
beaker and add 5 ml of concentrated nitric acid and 15 ml 
of concentrated hydrochloric acid. After dissolution is com- 
plete, boil gently for 5 min, cool, and add 20 ml of water. 
Add 10% sodium hydroxide solution dropwise till a tur- 
bidity appears, and clear it by adding a few drops of 
concentrated hydrochloric acid. Add the solution dropwise 
to 40-45 ml of nearly boiling 10% sodium hydroxide 
solution, with stirring. Cool, then make up to volume in a 
2OO-ml standard flask and filter (dry paper) into a clean dry 
beaker, discarding the first few ml of filtrate. Transfer 50 ml 
of the filtrate into a tall scratchless beaker containing 0.6 g 
a-benzoin oxime in 65 ml of ethanol. Heat the beaker in the 
thermostat at 50” and follow the hydrolysis procedure given 
above. 

Assay of molybdic acid and sodium molybdate 

Transfer a suitable weight of sample (as the solid or in 
solution) into a tall scratchless 250-ml beaker, containing 
0.6 g of a-benzoin oxime in 10 ml of 10% sodium hydroxide 
solution. Add 20 ml of water and 50 ml of ethanol. Heat in 
the thermostat and follow the procedure already given. 

RESULTS AND DISCUSSION 

The choice of ester for decreasing the pH depends 
on the dissociation constant of the corresponding 
acid and the rate of hydrolysis of the ester. Three 
esters were chosen for test; ethyl acetate (acetic acid, 
pK = 4.76), monoethyl glycollate (glycollic acid 
pK = 3.88) and ethyl monochloroacetate (mono- 
chloroacetic acid, pK = 2.86). Preliminary experi- 
ments showed that alcohol is necessary to keep these 
esters in solution, except for monoethyl glycollate. At 
high alcohol concentrations (above 60% v/v) the rate 
of hydrolysis was found to be very slow. The rate was 
found to be optimum when the water to alcohol ratio 
was maintained at 4:5. However, although the pH 
dropped very rapidly in the first 3-4 min, further 
reaction was comparatively slow, and only ethyl 
monochloroacetate gave a sufhcient decrease in pH 
for the molybdenum to be precipitated (Fig. 1). 

423 



424 T. P. S. ASARI and C. S. P. IYER 

51 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 
0 5 IO 15 20 25 30 35 40 45 50 

Time ( min 1 

Fig. 1. Rate of hydrolysis of esters in presence of MO(W) 
and a-benzoin oxime. MO 50.6 mg, a-benzoin oxime 0.6 g, 
2.5M NaOH 10 ml, ester 10 ml, temperature 50°C. A- 
ethyl acetate, E-p-hydroxyethyl acetate, C-ethyl mono- 

chloroacetate. 

The concentrations of sodium hydroxide, molyb- 
denum, alcohol and oxime were then kept constant 
and the concentration of ethyl monochloroacetate 
was varied. The pH and time at which the precipitate 
just appeared were noted (Table 1). Similarly, the 
amount of oxime was varied from 300 to 1000 mg, 
with the other parameters kept constant, and the 
amount of molybdenum left in solution was deter- 
mined spectrophotometrically as the thiocyanate.h 
The results given in Fig. 2 show that a minimum of 
600 mg of the oxime is required for 50 mg of 
molybdenum. 

The effects of reaction temperature and solvent 
system were next examined. In aqueous ethanol 
medium the precipitation is rather slow at 50” (40 min 
for initiation) slightly faster at 70” (20 min) and very 
fast at 90-’ (10 min), but at 90” the solution turns blue 
owing to reduction of the molybdenum. At W, in 
aqueous methanol medium, a precipitate appeared 
after 20 min whereas in aqueous propan-2-01 medium 
the start of precipitation took 60 min. 

Table I. Rate of change in pH with different concentrations 
of ethyl monochloroacetate [600 mg of oxime, 10 ml of 2.5M 
sodium hydroxide, 5 ml of molybdenum solution (MO 50.6 
mg), 25 ml of water, 60 ml of ethanol + ester, total volume 

100 ml] 

Ester, Concn. of Time, 
ml ester, M min PH Observations 

3 0.28 180 
5 0.47 120 

7.0 > 
6.5 No precipitation 

7 
10 

0.66 
0.94 

60 
40 

5.9 
5.9 

Precipitation first 
appears 

The degree of precipitation was determined by 
using ““MO tracer, keeping the experimental par- 
ameters the same as in the recommended procedure, 
filtering aliquots of reaction mixture taken out at 
various intervals of time, and counting the activity of 
the filtrate. A funnel kept at 50” was used for the 
filtration. A reference activity was obtained by simul- 
taneous counting of the activity of the tracer in an 
identical test solution not subjected to hydrolysis. 
Hydrolysis for at least 4; hr was necessary to com- 
plete the precipitation. 

A known weight of the oximate was carefully 
ignited to MOO,, with slow heating to 520”, and 
keeping for 1 hr at that temperature, then collected 
and weighed. The molybdenum content of the ox- 
imate was found to be 16.56% which corresponds to 
the formula MoO,(C,,H,,O,N),. 

pH of precipitation 

It was found in our method that molybdenum 
starts to be precipitated at pH 5.9, whereas in the 
literature it is stated that molybdenum r-benzoin 
oximate does not precipitate at pH above 1, but that 
value referred to precipitation from aqueous acetone 
medium (acetone 20% v/v) by the conventional 
method.’ 

Nature of the product 

The precipitates obtained by PFHS and by the 
Hoenes and Stone method’ were examined by scan- 
ning electron microscopy. The PFHS products were 
all crystalline whereas that obtained by hetero- 
geneous precipitation was amorphous. 

In our work, the Hoenes and Stone method gave 
a precipitate that was difficult to collect and some 
tended to pass through the filter, whereas PFHS gave 
a precipitate that was easy to collect and wash. The 
conventional method’ gives a product contaminated 
with reagent, so it must be ignited to the oxide. In the 
Hoenes and Stone method the acetone keeps the 
oxime in solution. The alcohol serves the same pur- 
pose in the PFHS method. 

I I I 1 I I1 I 
DO200300400500600700600600iOOO 

mg of oxime 

Fig. 2. Amount of a-benzoin oxime required (MO 50.6 mg). 



Molybdenum a-benzoin oximate 425 

Table 2. Determination of molybdenum in ferromolybdenum (certified MO 
content 74.00%) 

Mo-oximate MO left in Total MO MO by PFHS 
obtained, MO, solution, found, method, 

Sample* w mg mg mg % 

A 226.8 37.5 0.13 37.6 74.0 
A 226.7 37.5 0.14 37.6 74.0 
B 446.5 73.9 0.14 74.0 73.9 
B 446.7 73.9 0.14 74.0 73.9 

*A: 0.2035 g in 200 ml; 50-ml aliquot taken. B: 0.5006 g in 250 ml; 50-ml 
aliquot taken. 

Rate of hydrolysis 

The three esters hydrolyse at different rates, as 
shown in Fig. I, and only the ethyl mono- 
chloroacetate gives a pH low enough for precipitation 

of the molybdenum (pH 5.9, reached in about 45 
min). Under the starting conditions used, 7 ml of the 
monochloroacetate ester are needed for pH 5.9 to be 
reached, and for convenience it is recommended to 
use IO ml (Table I). The precipitation then starts after 
40 min and is complete in about 4; hr, as is evident 
from experiments with 99Mo as tracer. 

Temperature affects the rate of hydrolysis and 
hence the rate of precipitation of the molybdenum. 
At 50” it takes 40 min for the first visible turbidity to 
appear, 20 min at 70” and IO min at 90”, but at this 
temperature the system rapidly turns blue owing to 
reduction. Hence the precipitation can be safely done 
at temperatures up to 70”, contrary to the accepted 
belief that the precipitation should be done only in 
the cold.’ 

The ratio of water to alcohol is also an important 
factor as it affects the dielectric strength of the 
medium and hence the rate of hydrolysis. At high 
ratios of alcohol to water, precipitation takes much 
longer whereas at low ratios the ester separates out. 
Conditions are ideal when the ratio of water to 
alcohol is kept at 4:5, though precipitation can be 
done at I:2 ratio over a longer period. 

The lower the dielectric constant of the alcohol, the 
slower the precipitation, which is fast in methanol 
medium, moderately slow in ethanol and slowest in 
propan-2-01 medium, though quantitative in all three. 

Accuracy 

The precision is good, and the accuracy is further 
improved by correcting for the amount of molyb- 

denum left in solution. For 50 mg of molybdenum the 
amount left in solution was 0.12-O. I6 mg (6 repli- 
cates) and the standard deviation for the amount 
precipitated was 0.02 mg and for the total recovered 
0.01 mg. 

The values found for BCS Ferromolybdenum 231 
by the PFHS method show good agreement with the 
certified value, as shown in Table 2. The recommen- 

ded method for certification uses precipitation as 
8-hydroxyquinolinate9 after separation of iron with 
sodium hydroxide. The advantage of the present 
method is the lower conversion factor, 0.1655 com- 
pared to 0.2307 for the oxinate method. Also, strict 
pH control is not needed. 

The values obtained by PFHS and by the standard 
redox method for molybdic acid and sodium molyb- 
date, given in Table 3, also show good agreement. 
The PFHS method is simpler and easier to handle 
than the Jones reductor method, though much 
slower. 

Interferences 

Vanadium(V) is completely precipitated along with 
molybdenum and could be corrected for. Tungsten is 
partially precipitated and must be removed before- 

hand. Chromium(V1) can be tolerated up to I mg and 
silicon and aluminium up to 5 mg. Iron(III), Cu(II), 
Cr(III) and Mn(I1) are precipitated by the alkali 
added in adjusting the initial conditions, and filtered 
off, so cannot interfere. Niobium and tantalum 
should be absent. Sulphate interferes by precipitation 
as sodium sulphate in the alcohol medium, but this 
can be washed out of the precipitate with water, after 
removal of the excess of oxime with alcohol. Fluoride 
and phosphate interfere by complex-formation with 
molybdenum, and must be absent. 

Table 3. Assay of molybdic acid and sodium molybdate 

PFHS method 

Jones reductor method9 Total Sodium 
MO left in MO 

MOO, found, 
molybdate, 

Sodium molybdate Mo-oximate solution, found, found, 
Sample* found, mg mg found, mg mg mg mg 

I 160.7 383.2 0.15 63.6 160.3 
2 160.3 383.3 0.14 63.6 160.3 
3 90.3 360.4 0.16 59.8 
4 90. I 360.3 0.17 59.8 

*1,2: sodium molybdate dihydrate 160.3 mg. 3,4: molybdic acid 100.0 mg (~90.0 mg of MOO,). 

MOO, 
found, 

mg 

89.7 
89.7 
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Summary-Several quaternary ammonium salts have been synthesized and comparisons made of their 
efficiency as exchange substrates in dicyanoargentate-sensitive electrodes. The electrode prepared from 
hexadecyltrioctylammonium dicyanoargentate shows the best performance characteristics and has been 
studied in more detail. Its Nernstian response range is 10-‘-10-4M, the optimum pH range is 10.6-12.6, 
and the detection limit is 3 x 10-5M. It is suggested that the detection limit of the electrode is controlled 
by interference from cyanide ions, and the difference between detection limits obtained with the various 
electrodes is discussed in the light of this. Selectivity coefficients for various interfering ions have been 
determined and related to the extractability of the ions. The electrode has been applied to determination 
of silver in cyanide-containing plating solutions. 

The determination of silver in cyanide media such as 
silver-plating solutions is time-consuming because of 
the need to destroy the cyanide ions before the 
determination. An electrode which could be used for 
direct determination of silver in such solutions is thus 
of considerable interest. The dicyanoargentate ion 
is relatively large and polarizable. The large and 
easily polarized positively-charged complexes of 
transition-metal ions and l,lO-phenanthroline deriv- 
atives have proved suitable for preparation of elec- 
trodes sensitive to polarizable ions such as nitrate,’ 
but unfortunately cannot be used for a dicyano- 
argentate-sensitive electrode, because cyanide ions 
preferentially complex the central metal ions in these 
complexes. Shavnya et aL2~’ tried tetraphenylarso- 
nium salts for construction of a dicyanoargentate- 
sensitive electrode. Various long-chain quaternary 
ammonium salts have been used in preparation of 
anionic ion-selective membrane electrodes. Recently 
it was shown4,s that better electrode characteristics 
for BF; and TaF; ions could be obtained when an 
unsymmetrical long-chain quaternary ammonium 
species such as the dodecyltriheptylammonium ion 
was used as counter-ion. We have synthesized and 
tested several such salts, including hexadecyltri- 
octylammonium iodide (HTOA-I), butyltrioctyl- 
ammonium iodide (BTOA-I), hexadecyltributyl- 
ammonium iodide (HTBA-I) and decyltrioctyl- 
ammonium iodide (DTOA-I). 

As the quaternary ammonium salts are more stable 
than tetraphenylarsonium salts, we have examined 
the use of these quaternary ammonium salts for 
preparing dicyanoargentate ion-selective electrodes 
for direct potentiometric determination of silver in 
cyanide-containing solutions. 

EXPERIMENTAL 

Apparatus 

Potential differences were measured with a PHS-2 pH- 
meter (Analytical Instruments, Shanghai) in conjunction 
with a UJ-25 d.c. potentiometer (Electric Meters, Shanghai). 
For automatic determinations of silver concentration by the 
known-addition method, an Orion 901 microprocessor “Ion- 
alyzer” was used. A PZ8 digital voltmeter and an LY4 
digital typewriter (Electric Meters, Shanghai) were used for 
response-time measurements. 

Reagents 

All reagents were of analytical grade except when stated 
otherwise. Demineralized water was used throughout. 

A standard solution of potassium dicyanoargentate was 
made by dissolving silver nitrate (G.R., dried at 110”) in 
0.3M potassium cyanide and diluting to a silver concen- 
tration of O.lM, and was further diluted with 0.1.W potas- 
sium cyanide as required. 

Synthesis of quaternary ammonium salts 

HTOA-I was prepared by refluxing 0.28 mole of hexa- 
decyl iodide and 0.25 mole of trioctylamine in 200 ml of 
ethanol at 90” for 65 hr. The product was dissolved in 
ethanol, reprecipitated by addition of ammonia, filtered off 
and dried (yield ca. 60 g). The crude product was redissolved 
in hot ethyl acetate (150 ml) then the beaker was immersed 
in a hot water bath and allowed to cool slowly. This 
recrystallization was done five times. After drying, a white 
product, m.p. 96.5-98.5”, was obtained. Analysis: C,H,IN 
requires I .9@A N, 18.0% I; found, 1.94 k 0.63% N,-“l7:6 + 
0.69/, I. The mincioal infrared bands were at 2925. 2865. 
1465, 1380, 745 and 715 cm-‘. 

BTOA-I was similarly prepared from trioctylamine and 
butyl iodide in ethanol. Substances with low b.p. were 
separated off under partial vacuum. The crude product was 
obtained by pouring the reaction mixture into water (yield 
ca. 80 g) and recrystallized five times from ethyl acetate. A 
white product (m.p. 103-105”) was obtained. Analysis: 
&H,IN requires 2.60% N, 23.6% I; found, 2.62 k 
0.16% N, 23.2 * 0.6% I. The principal infrared bands were 
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at 2940, 2865, 1468, 1439, 1415, 1378, 730 and 718cm-‘. 
HTBA-I was synthesized from 71 g of hexadecyl iodide 

and 33.3 8 of tributylamine in a similar way (yield ca. 74 g). 
The white product, recrystallized six times from ethyl ace- 
tate, had m.p. 94-96”. Analysis: C,,H,IN requires 2.60% N, 
23.6% I; found 2.63 f 0.17% N, 23.8 + 0.6% I. The principal 
infrared bands were at 2930, 2865, 1468, 1438, 1412, 1376, 
730 and 718cm-‘. 

The infrared spectra of the compounds synthesized were 
quite similar to those of authentic dodecyltriheptyl- 
ammonium iodide (DTHA-I, principal bands at 2930, 2865, 
1465, 1455, 1400, 1378, 760 and 715cm-‘) and trioctyl- 
propylammonium iodide.” 

Decyltrioctylammonium iodide was also synthesized, but 
the product was a viscid liquid difficult to refine. Of all the 
purified quaternary ammonium salts, BTOA-I was the 
simplest to synthesize and purify. 

Preparation of eleclroactiae material 

The quaternary ammonium iodide, dissolved in o- 
nitrotoluene (o-NT), was converted into the dicyano- 
argentate form by successive extractions with solutions of 
potassium dicyanoargentate, until the aqueous phase gave a 
negative test for iodide. The organic phase was dried with 
anhydrous sodium sulphate. 

o-Nitrotoluene is preferred to dialkyl phthalates as the 
solvent because the electroactive materials are more soluble 
in it. 

RESULTS 

Comparison of liquid and poly(viny1 chloride) (PVC) 

membrane electrodes 

Figure 1 shows the configuration of the liquid- 
membrane electrode with a thin porous poly(vinyl- 
idene fluoride) (PVF) membrane attached to the end 
of a PVF tube. The membrane holds a solution of the 
electroactive material, prepared by the method de- 
scribed above, to form the liquid membrane. The 
inner reference system consists of a silver/silver chlo- 
ride electrode inserted into a glass tube filled with a 
saturated solution of potassium and silver chlorides 
in 4% agar. 

The PVC membrane electrodes were prepared by 
the standard procedure,’ by dissolving 0.20 g of PVC 
powder and 0.58g of o-nitrotoluene solution of 
electroactive material in 3 ml of tetrahydrofuran, for 
casting an approximately 9-cm* membrane on a glass 
plate. 

The dicyanoargentate complex seemed readily re- 
ducible to silver metal in the PVC membrane phase. 
The rate of reduction decreased with decreasing 
concentration of the electroactive material. A PVC 
membrane electrode made with a lo-‘M solution of 

*A crude product with main component 
(C,H,,+ ,),CH,NCI, where n = 8-9. 

Fig. 1. Schematic diagram of the liquid-membrane elec- 
trode assembly. 1, PVF tube; 2, Ag/AgCl electrode; 3, 
saturated KCI-AgCI solution in 4% agar; 4, electroactive 
material dissolved in o-nitrotoluene; 5, porous PVF mem- 

brane. 

quaternary ammonium salt in o-nitrotoluene has a 
life-time of several days. The characteristics of such 
electrodes are listed in Table 1. Repeated experi- 
mental efforts were, unfortunately, unsuccessful in 
lengthening the life of the PVC dicyanoargentate 
electrodes. The liquid-membrane electrodes have a 
much longer life and greater reproducibility of poten- 
tial, probably because the fresh liquid electroactive 
material can always diffuse from the reservoir to the 
surface of the membrane to replace that which has 
deteriorated. As the internal reservoir of active mate- 
rial is large enough for virtually indefinite replen- 
ishment of the liquid material, the lifetime depends 
on the serviceable life of the microporous membrane. 
The liquid-membrane electrode was used for the rest 
of this work. 

Comparison of various quaternary ammonium counter- 

ions 

Five different quaternary ammonium salts in di- 
cyanoargentate form (denoted by the suffix CA: 
HTOA-CA, HTBA-CA, BTOA-CA, DTHA-CA 
and 7402-CA*) were incorporated into liquid- 
membrane electrodes. Potential measurements were 
made relative to a saturated calomel electrode. 

The electrode parameters are summarized in 

Table 2 and the calibration curves are shown in 
Fig. 2. The detection limits were calculated according 
to the IUPAC recommendation’ and the d.c. re- 
sistances of the membranes were determined by the 
method of Eckfeldt et al9 It can be seen that the limit 

Electrode 

Table I. Response characteristics of PVC dicyanoargentate electrodes (8810°C) 

Slope, m V/decade 
I x 10-1-l X IO-ZM 1 x 10~2-1 X lo-‘M 1 x 10-3-1 x 10-4M I x 10~4~1 x lo-5M 

I 56 54 52 53 
2 57 52 52 52 
3 55 54 47 49 
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Table 2. Comparison of various quaternary ammonium sites 

Electroactive material HTOA-CA DTHA-CA BTOA-CA HTBA-CA 7402~CA 
Detection limit, M 3 x lo-S 9 x 1o-5 1 x 10-4 1.2 x 10-a 1.6 x lo-* 
Electrode slope, m Y/decade 55 51 52 44 46 
Membrane d.c. resistance, k52 83.6 88.5 66.6 100 375 
K”‘. I _ AgUWz .I 6.39 4.29 4.29 3.13 0.945 
KF; -;, - 0.0158 0.019 0.0182 0.0182 0.0169 

of detection and the slope for the HTOA-CA electrode 
are slightly better than those obtained with other 
membranes. The lack of purity of the 7402-CA salt 
seems to have a pronounced effect on the resistivity 
of the membrane. 

ESfect of concentration of HTOA-CA in the liquid 
membrane 

The results of a study of effect of the concentration 
of HTOA-CA in the liquid-membrane phase on the 
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Fig. 2. Comparison of various quaternary ammonium 
counter-ions @., HTBA-CA; 0, HTOA-CA; &,, BTOA- 

CA; 0, 7402-CA; 0, DTHA-CA. 

Fig. 3. Effect of concentration of HTOA-CA in the liquid 
membrane. 0, lo-*kf HTOA-CA; A, 10m3M HTOA-CA; 

0, lo-‘M HTOA-CA. 

electrode properties are shown in Fig. 3. Better 
electrode characteristics are obtained with relatively 
higher (cu. 10W2M) HTOA-CA concentration., 
Above 10e2M, the quantitative conversion of the: 
HTOA-I into the HTOA-CA form requires unrea- 
sonably lengthy and repeated extraction with highly 
concentrated aqueous solutions of dicyanoargentate. 

&fleet qf ~oncentruti~n qf free eyafliiie ions in the 
sample solution 

Figure 4 shows the effect of free cyanide-ion con- 
centration on the electrode properties. The detection 
limit of the electrode improves with decreasing free 
cyanide concentration. However, solutions having a 
relatively high concentration of dicyanoargentate are 
unstable if the ~n~entration of free cyanide is too 
low. As the presence of free cyanide ions affects the 
electrode potential, it is essential to keep the free 
cyanide concentration in the standard and sample 
solutions at the same level. A cyanide concentration 
of 0.1 M is recommended as suitable for most prac- 
tical situations. 

Potential-pH curves 

The pH of a standard dicyanoargentate solution 
was adjusted to various values by addition of dilute 
sodium hydroxide or hydrochloric acid. Figure 5 
shows the potential as a function of pH for two 
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Fig. 4. Effect of concentration of CN- in sample sol- 
ution. A, 0.4M; 0.0.2M; l ,O.lM; @,O.OSM; & O.OlM; 

0, O.OOlM. 
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_ ‘OW- 12 13 

PH 

Fig. 5. Electrode response as a function of pH. A, 10m2M 
Ag(CN);; l , IO-‘M Ag(CN),. 

dicyanoargentate concentrations, 10e3 and 10m2M. 
Because cyanide is liberated as HCN at low pH, the 
electrode can be used only in basic solutions. The 
useful working pH-range is 10.6-12.6. In strongly 
alkaline medium a slight deterioration in electrode 
performance was noted. 

Temperature effect and response-time 

The effect of temperature was tested by recording 
calibration graphs at 8, 25 and 45” (Fig. 6). The 
response-time of the electrode under static conditions 
was determined by use of a PZ8 digital voltameter in 
conjunction with an LY4 digital typewriter. In 
10-5-10-‘M solutions of dicyanoargentate, stable 
readings were obtained within l-3 min. The response- 
time does not depend appreciably on the concen- 
tration of dicyanoargentate ion. A newly constructed 
electrode seems to respond slightly more slowly. For 
several weeks after construction of the electrode a 
steady reading should be obtained in less than 2 min 
after the dicyanoargentate concentration has been 
changed. 

Interferences 

The selectivity coefficients listed in Table 3 were 
determined by the mixed-solution method with a 

Fig. 
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6. Effect of temperature on electrode response. l ,8”; 
0, 25”; A, 45”. 

fixed level of interferent ion. Most common anions do 
not affect the electrode response. However, Au(CN), 
causes a large response and it seems possible that an 
excellent Au(CN); ion-selective electrode could be 
made. 

Stability and lifetime 

The electrode potentials were reproducible to 
f 1 mV over a day and +5 mV over 8 days 
(Table 4). Some electrodes lasted for 6 months before 
needing renewal. 

DISCUSSION 

There are currently two general models which 
account for the low-level responses of ion-selective 
electrodes. The first model assumes that the detection 
limit is controlled by dissolution of the membrane 
material. The other, an interference model, asserts 
that the electrode response in a dilute analyte solution 
is controlled by interference from ions in the sample 
solution. For the first model an equation describing 
the potential of a liquid-membrane electrode was 
derived by Kamo et ai.” 

E = E” - 7 ln[(C + J-)/2] (1) 

where C is the concentration of the primary ion that 
the electrode is designed to measure, and the de- 
tection limit of the electrode is dependent on A,. 

When the ion-exchanger dissociates completely in the 
membrane phase, A, is given by 4a*/b,, where G 
represents the concentration of ion-exchanger in the 
liquid membrane, and b, is a quantity related to the 

ion-selectivity. This model was verified by Kamo et 
al. with a Crystal Violet-iodide system and by Mathis 
et al.” with quaternary ammonium nitrate mem- 
branes. Our experimental results suggest that the 
detection limit with the dicyanoargentate electrode is 
probably controlled by cyanide ion interference. If 
the detection limit of the electrode were controlled 
by dissolution of the electroactive material in aque- 
ous solution, it should improve with decreasing con- 
centration of electroactive material in the membrane 
phase, but our results (Fig. 3) show the reverse. In 
addition, the amount of silver lost from the mem- 
brane into aqueous solution was determined spec- 
trophotometrically and found to be <c 10m6M, which 
was much lower than the experimentally determined 
detection limit of the electrode. Figure 4 also shows 
that a decrease of free cyanide concentration leads to 
improvement in the detection limit of the electrode, 
as expected for the interference mechanism. Also, for 
dissolution-controlled membrane electrodes, re- 
sponse times are generally longer at lower concen- 
trations, particularly in the region between the limit 
of linear response and the limit of detection. Again, 
this is not true for the dicyanoargentate electrode. 
Even at a concentration below the detection limit, the 
time needed to reach an emf within 1 mV of the final 
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Table 3. Selectivitv coefficients 

Interferent, 
N”_ 

Au(CN), 
Br 
CN- 
Cl- 
ClO; 
co:- 

K!?&,,;.,~ - 

58(1 x 10-5M)* 
3.64 x lo-‘(OSM) 
3.70 x 10~4(0.lM) 
5.00 x 10_4(0.5M) 

10.9(1 x lo-‘M) 
10_5(0.5M) 

Interferent, 
N”- 

Fe(CN)i- 
Fe(CN)z- 
I- 
NO; 
PO:- 
SO- 

KW 
AgKNl;.N” 

1.26 x 10-4(0.50M) 
10-5(0.5M) 

0.24(1 x lO_ZM) 
1.04 x lo-2(1 x 10_2M) 

I .66 x lo-4(0.5M) 
IO-5(0.5M) 

*Values in parentheses are interferent concentrations. 

equilibrium value is l-2 min. It seems that in this case 
the contribution of the activity of the ion, uAg(cN);, to 
the electrode potential in the modified Nernst equa- 
tion 

2.303RT 
E = Const. + ~ 

F 
log(c*,o,,; 

becomes negligible 

anide interference 

+ QkN)p-~CN- + . .) (2) 

and the contribution of the cy- 

term K!&N,;,,,-n,,- becomes 
dominant, the activity of the cyanide ion aCN- (ca. 
0.1 M) being in the typical range for fast response of 
ordinary electrodes. 

The differences between the detection limits for 
electrodes prepared from various quaternary ammo- 
nium counter-ions will depend on the differences in 
the relative affinities for the dicyanoargentate and 
cyanide ions. Dicyanoargentate is polarizable and 
larger than the cyanide ion. It seems that larger 

counter-ions with lower charge density prefer larger 
and polarizable ions. I2 The HTOA cation was the 
largest of the quaternary ammonium ions tested, so 
it would be expected to have the greatest affinity for 

the dicyanoargentate. Consider the competitive dis- 
tribution between dicyanoargentate and cyanide ions 

in the aqueous phase and the iodide ion in the organic 
membrane phase: 

(Q+> 1 -Jo + &W’J), = IQ+, AgCW,I, + 1, (3) 

and 

(Q+,I-),+CN, =(Q+,CN-),+I, (4) 

where Q + is the quaternary ammonium ion. The 

equilibrium constants for these processes are (activity 
coefficient effects being neglected): 

K’“’ KQ: &(W,M-I, 
Ag(CN)T”- = [(Q’, I-)],[Ag(CN),], 

(5) 

and 

KFxt_ ,_ = [(Q+> CNmM-lw 
KQ: I-)1&N-I, 

For the experimental determination of KyiicN);.,- and 
KFk-,,- the concentrations of the various species in 
the aqueous and organic phases were measured spec- 
trophotometrically. The competitive extraction con- 
stants calculated from equations (5) and (6) are listed 
in Table 2. The extractability of Ag(CN); by the 
quaternary ammonium counter-ions, as measured by 

Table 4. Reproducibility of electrode potential (mV) 

Day 

kWW;I 1 2 3 4 5 6 8 

IO-~‘44 -13 - 14 -12 -11 - 10 - 10 -10 
lO-*M -70 -70 -69 -69 -66 -67 -65 

Table 5. Determination of silver concentration in silver cyanide plating 
solutions 

Sample 

Silver 
added, 
mmole 

Silver found, mmole 

Electrode method Argentometry 

Synthesized 5.00 
Plating bath 1.00 

Nl 0 
N2 0 
N3 0 
N3 0.50 
N3 1 .oo 

5.10; 4.89; 4.82 
1.04; 1.03; 1.01 

30.3; 30.1; 30.0 
31.0; 31.2; 31.9 

3.01 
3.50 
3.98 

30.5 
32.6 

Recovery, % 
98 
97 
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K~&..,;,,~, generally increases with the number of 
carbon atoms in the cation, but the size of the cation 
has a smaller effect on the values of KFk_,,-. Thus the 
largest counter-ion (HTOA) has greater selectivity for 
Ag(CN), with respect to CN-. According to the 
interference model, the electrode prepared from 
HTOA-CA should have a lower detection limit for 
Ag(CN); in the presence of free cyanide (Table 2). 

James et ~1.‘~ related the selectivity coefficients of 
electrodes to ion-pair extractability. For the di- 
cyanoargentate electrode the following distribution 
should be considered: 

n (Q ‘3 MCNL 1, 

+ N:- + (nQ+, N”-), + nAg(CN)& (7) 

The equilibrium constant is: 

K”’ Pg(CN);lXnQ+, N”- )I<, 
A@(CN), .“‘- = ([a+, Ag(CN);]);[N”-1, 

(8) 

The equilibrium constants given by equation (8) were 
determined for a number of anions N”+ by spec- 

trophotometry. A plot of log Kz\CNji,N”m (X) vs. log 
K’“‘. 

Ag(CNI;.N” (Y) is approximately linear with cor- 

relation coefficient 0.9 1, the regression line being 

Y = - 1.08 + 0.92X (9) 

PRELIMINARY APPLICATIONS 

The silver concentration of cyanide-containing plat- 

ing solutions has for many years been determined by 
argentometric titrations, but time-consuming and 
potentially hazardous operations are required to de- 
stroy cyanide ions before the analysis. The dicyano- 
argentate electrode provides a faster and simpler alter- 

native method for this determination. The only sample 
pretreatment required is a tenfold dilution of the sam- 
ple with water. The method was validated by analysing 
synthesized and industrial samples of silver cyanide 
plating solutions by the standard-addition method. 
Table 5 shows that the results obtained by the elec- 
trode method are in reasonable agreement with those 
from the argentometric procedures. 

I. 

2. 

3. 

4. 
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SOME INVESTIGATIONS ON NEW POLYPHOSPHATES 
BY THE ANION-EXCHANGE METHOD 
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Summary-The structure of the pentamer (a new P-P bonded phosphate) produced by the 
hydrolysis of dodecaoxohexaphosphoric(II1) acid (ring hexamer) has been examined by an anion- 
exchange distribution method after complex formation with copper(E) and found to be 
HPO(OH)PO(OH)PO(OH)PO(OH)PO(OH)H. The hexamer and pentamer salts of these P-P bonded 
linear phosphorus anions have been prepared. The yield of each species was about 1 mole% of the parent 
material. 

New linear phosphorus oxo-acids (hexamer and pen- 
tamers) with P-P bonds can be prepared by the 
hydrolytic cleavage of their parent ring hexamer.’ 
Theoretical considerations of the hydrolysis predict 
that only one hexameric species exists but there may 
be three pentamers in which the oxidation numbers 
of the terminal phosphorus atoms are different. In 
order to make clear which component is predominant 
among these pentamers, the structures have been 
investigated by anion-exchange methods. Anion- 
exchange charge analysis is considered to be an 
effective method for the determination of the struc- 
ture of dissolved sample components.“’ In the 
present case, however, direct application to the oxo- 
anion itself may lead to ambiguous results because of 
uncertainties about the protonation of the terminal 
phosphorus units. Complexation of these oxo-anions 
with suitable metal ions expels bound protons, and 
more information may thus be obtained on the 
charge state of the original sample anion. Charge 
determination after complexation of the pentamer 
with a suitable metal ion is possible because labile 
protons bound to the anion should be released when 
the anion is strongly co-ordinated to a multivalent 
metal ion. Copper(H) was selected as a suitable metal 
ion because of its strong affinity for the terminal 
phosphate unit of the linear polymer. 

Although the hexamer and pentamers are fairly 
stable in aqueous solution, they are hydrolysed on 

standing for a long time. The best way of preserving 
these oxo-acids is by solidification as their salts. De- 
salting by a gel chromatographic separation, followed 
by concentration in vacuum, is not suitable for the 
hexamer because decomposition occurs on contact 
with a Sephadex gel. When a very small amount of 
the sample component is to be prepared from a large 

*Present address: Institut fur Chemische Technologie, 
Kernforschungsanlage Jiilich GmbH, 5170 Jiilich, 
F.R.G. 

amount of electrolyte solution, anion-exchange con- 
centration may be useful, since the decomposition of 
the polyphosphate anion is suppressed in the anion- 
exchange resin phase.6 However it is necessary to 
establish strictly the equilibration conditions such as 
solution volume, electrolyte concentration and 
amount of exchanger. 

EXPERIMENTAL 

Reagents 

Analytical grade copper(H) chloride dihydrate was 
used without purification. The potassium sodium salt of 
dodecaoxohexaphosphoric(II1) acid was prepared by the 
Blaser and Worms procedure.’ Commercial tetramethyl- 
ammonium chloride and 10% tetramethylammonium hy- 
droxide solution were used without purification. For 
preparation of [N(CH,)d,(PO,), solution, a solution of the 
potassium sodium salt of dodecaoxohexaphosphoric(II1) 
acid was passed through a column containing Dowex 
SOW-X4 resin (SCrlOO mesh) in the tetramethylammonium 
form. The conditions for hydrolysis of the parent hexamer 
and a method of separation of the decomposition products 
have already been described.’ 

Distribution measurements for the copper complex 

Ring hexamer. Distribution ratios of copper ions between 
the resin and the solution phase were measured by the 
normal batch equilibrium method. A series of 10-4M 
copper(I1) chloride/S.2 x 10-4M ring hexamer solutions 
(pH 7) containing different concentrations of tetramethyl- 
ammonium chloride were equilibrated with I g of Dowex 
l-X4 resin (100-200 mesh) in the chloride form at 20 f 1” 
for 1 hr. After settling, the mixture was filtered and the 
copper concentration in the filtrate determined with a 
Perkin-Elmer model 403 atomic-absorption spectrophoto- 
meter and a Hitachi 056 type recorder. The copper AAS 
signal was enhanced by about 10% by the presence of 

phosphorus atoms and the distribution ratio of coppe.r(II), 
D,-,, was corrected accordingly: 

[concentration of copper(I1) in 

DC, = 
the resin (air-dry weight)] 

[concentration of copper(I1) in solution] (1) 

The phosphorus concentration was determined as described 
by Hosokawa and Oshima.* 
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Pentamers. The solutions containing the pentamers sepa- 
rated by anion-exchange chromatography were diluted to 
250 ml with water and the absorbances at the characteristic 
peak (255 nm) were measured to estimate the amount of the 
species. The pentamer was then sorbed on I g of Dowex 
1 -X4 resin (I O&200 mesh) in the chloride form and eluted 
with 15 ml of l.OM tetramethylammonium chloride (to 
transform it into its tetramethylammonium salt) and the 
eluate was diluted to 50 ml with water. The chloride 
concentration in this stock solution was measured by Vol- 
hard titration. A fixed volume of tetramethylammonium 
chloride solution was put into a beaker containing 10 ml of 
the stock solution and 5 ml of 1 x IOm3M copper(H) chlo- 
ride and made up to 50 ml. The pH of the solution was 
adjusted to 8.5. No precipitation of copper hydroxide 
occurred at this pH in the presence of excess of phosphorus 
oxo-anion hgand. A series of such mixtures was shaken at 
20 f 1’ for 1 hr with 1 g of Dowex 1-X4 resin (100-200 
mesh) in the chloride form and the copper remaining in 
solution was determined as described above. 

Concentration and solidification 

The effluent fractions (containing 0.14 meq of the linear 
P-P hexamer and 15 meq of chloride from the eluent) 
separated by anion-exchange chromatography were col- 
lected, and the total concentration of the hexamer was 
measured spectrophotometrically. The solution was diluted 
to 500 ml with water and the hexamer sorbed on 0.1 g (0.2 
meq) of Dowex l-X4 resin (lo&200 mesh) in the chloride 
form: here 0.14 meq (total phosphate)/0.20 meq (resin 
used) = 0.7, so 70% of the sites available on the resin were 
occupied by phosphate anions at this stage. The resin 
sample containing the hexamer was filtered off and packed 
into a small column (bore 0.4 cm, length 1.0 cm). The 
hexamer was eluted with I ml of l.OM potassium chloride 
(degree of desalting at least 93x), and 1.0 ml of l.OM 
magnesium chloride was added to the eluate. A few ml of 
99.9% methanol were added to this solution, and the 
magnesium salt was precipitated, filtered off, washed with a 
small amount of methanol and dried in air. The yield was 
4 mg (1% of the parent compound in molar ratio). The 
pentamers were obtained as solids by the same method, the 
yield being 1.1% of the parent compound. 

Elemental analysis 

A portion of the magnesium salt of the pentamer was 
dissolved in 20 ml of water, then the solution was passed 
through a column of anion-exchange resin (Bio-Rad 
AGI-XI, nitrate form, IO&200 mesh, bore 1.2 cm, length 
3.0 cm) to elute the magnesium as nitrate. The magnesium 
was determined by EDTA titration. Potassium co- 
precipitated with the magnesium salt was determined poten- 
tiometrically. Then 20 ml of 1M sodium perchlorate were 
passed through the column to elute the anions. The chloride 
concentration in the effluent was determined poten- 
tiometrically.’ 

RESULTS AND DISCUSSION 

The distribution ratio, D,, of the metal ion, Mm+, 
in the presence of polyanion L’- between the anion- 

exchanger phase and aqueous phase may be written 
as 

D = Wfm+l,t 
M C[M”‘+] 

[ML”-“‘-], + [ML$z’-“‘-I, + . . . 

= [Mm+] + [ML+“)-] + [ML$2’-“‘-] + . . (2) 

Assuming the presence of only an ML complex for a 
ligand of high anionic charge, because the stability of 
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an ML, complex will be low on account of electro- 
static repulsion between the ligand anions, then, 

is identical with the slope of the log-log plot of the 
distribution ratio VS. the supporting anion concen- 
tration. The validity of this interpretation is sup- 
ported by the results obtained with the copper(H) 
complex of the ring hexamer having an anionic 
charge of 4 - . The slope of the log-log plot of D,, 
US. [Cl-]/[Cl-1, was -4.0 in agreement with the 
theoretical charge. Table 1 shows the anion-exchange 
dist~bution data after corrections (for invasion of 
cations into the resin, loading of sample species and 
resin volume change’) by computer iterative calcu- 
lation.‘,” The constancy of the selectivity coefficient, 
KEyP, was confirmed from the agreement between the 
theoretical and experimental values. The method was 
next applied to the copper(IItlinear pentamer 
sample. The slope of the log L& vs. log [Cl-]/[Cll], 
plot was - 3.18, indicating that the following process 
(A) is predominant in the formation of the linear 
pentamer, with a much smaller contribution from 
process (B). The low yields of hexamer and pentamer 

[ML”-‘“‘-], 
DM = [Mm+] + [ML’/-ml-] 

= [ML”-“‘-], KJL’- 1 
[ML”-“‘-] x 1 + K[L’-] (3) 

c 

where 

(4) 
[ML”-“‘-] 

K = [M”+][L’-] 

If the total concentration of ligand anion is much 
higher than that of the metal ion, K[L’- I>> 1 if K, is 
sufficiently high, and then equation (3) simplifies to 

D = [ML”-“‘-], 
M [ML”-+] (5) 

00000 0 

+ 2H20-- 
H-;-;-o’-;-;-” + HO-P-OH 

0 

\ 

HHHHH H 

00000 0 
H-P-P-P-P-P-OH + H-P-OH 

(Al 

(81 .-. 
00000 
HHHHH :: 

from the ring hexamer and the high solubilities of 
their salts in water necessitate extreme concentration 
of the sample component. In order to obtain as much 
of the polyphosphates as possible, information about 
the free anionic charge of the polyphosphates in 
aqueous solution, the ion-exchange selectivity 
coefficient K& and the absolute values of the distribu- 
tion ratios, D,, and D,,, is needed. These quantities 
may be obtained from previous work,’ to give the 
following equations. 

I- 

With use of the Donnan equations: 

[B+]“-“l[ML”-“‘-](y,)“-“‘y,, 

=[B+]~-“‘[ML”-“‘-f,(~,)“-“~,, (6) 

P+IWlw, = P+ldA-l~7~7, (7) 

where y and 7 represent the activity coefficients for the 
solution and resin phase respectively, and B+ and A- 
the singly-charged cation and anion, equation (5) can 
be rewritten in the form 

where K’fL represents the activity coefficient quotient: 

YML - 
jiML 

(9) The relationship between the resin weight to be used 
and the dilution volume for a given recovery of the 
desired polyanion from the aqueous phase can be 
established by use of these equations. A general 
recovery curve for differently charged polyanions can 
be constructed when the charge and the selectivity 
coefficient at neutral pH are known. Figures 1 and 2 
show the theoretical recovery curves for hexamer and 
pentamer, obtained by using equations (11) and (12). 
The ordinate is the logarithm of dilution volume (ml). 
The abscissa is the ratio of the resin capacity (meq) 
to the amount of sample (meq). The upper region of 

which is assumed to be constant when the variation 
of the ionic strength of the solution is not large. 
Differentiation of the logarithmic form of equation 
(8) gives 

d log (DM) d log (KyL) 

dlog([A-]/[A-],)=dlog([A-]/[A-],)-(’-m) 

= -(I-m) (10) 
This equation means that the charge on the complex 
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M2 1.0 
R/X 

Fig. 1. Theoretical recovery curve (99.5%) with Dowex 1-X4 
resin for the hexamer. R: Resin capacity used (meq); X: 

amount of hexamer (meq). 

I.0 2.0 3.0 4.0 5.0 

R/X 

Fig. 2. Theoretical recovery curve (99.0%) with Dowex l-X4 
resin for the pentamer. R: Resin capacity used (meq); X: 

amount of pentamer (meq). 

the line corresponds to more than 99% sorption of the 
hexamer and pentamer under the given conditions. In 
our experiments R/X is 1.43 and 2.43, and log V 2.7 
and 3.0 for the hexamer and pentamer, respectively. 
The solid hexamer was dissolved in water and con- 
verted into the potassium salt by ion-exchange. The 
ultraviolet absorption spectra of these solutions were 
identical with those of the original solutions, indi- 
cating that no decomposition had taken place during 
solidification. This technique may be useful for ob- 
taining in solid form unstable polyanion salts only 
available in small amounts. 

Stoichiometric analysis of the magnesium linear- 
pentamer salt produced was attempted. The ratio of 
magnesium to phosphate is 2.56 f 0.13, suggesting 
that route (A) is the major one in the formation of 

linear pentamer from the parent ring hexamer, be- 
cause theoretically 2.5 ions of magnesium should be 
bound to one anion of linear pentamer for charge 
balance. 
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DECOMPOSITION OF ORGANIC MATTER WITH 
MOLTEN ALKALI: DETERMINATION OF ARSENIC 

AND ANTIMONY IN ORGANIC COMPOUNDS 
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(Received 25 August 1982. Revised 11 November 1982. Accepted 6 January 1983) 

Summary-Decomposition of organic matter with molten alkali has been examined as a method of 
opening out organic matrices for elemental detection and/or dete~ination. The fusion product is readily 
soluble. Arsenic and antimony in organic compounds can be determined iodimetri~aily after mineral- 
ization by this fusion method. 

The methods commonly used for opening out organic 
samples usually involve total destruction of the or- 
ganic matter.’ Both wet oxidation and dry-ashing 
procedures are used.2 

The wet-way techniques use digestion with acids 
such as sulphuric, nitric and perchloric. The sulphuric 
acid methods are essentially modifications of the 
Kjeldahl method, which dates from 1883 and gener- 
ally needs an auxiliary oxidant; Kjeldahl originally 
used potassium permanganate, but there have been 
many modifications, including the use of catalysts.’ 
Hydrogen peroxide is particularly popular, and in 
association with sulphu~c acid produces rapid ox- 
idation of many substances4 

Hot concentrated nitric acid is a very good ox- 
idant, but because it tends to volatilize before de- 
struction of the sample is complete it is generally used 
together with sulphuric acid, small amounts of which 
aid the destruction and minimize the explosion haz- 
ards;’ other mixtures of nitric and sulphuric acids are 
also effectiveS Nitric acid or its mixture with 
hydrofluoric acid can be used under pressure in a 
Teflon tube to decompose biological materials for 
determination of volatile elements;’ a mixture of 
nitric, hydrofluoric and boric acids, used in a Teflon 
bomb, has been found an excellent medium for 
oxidation and dissolution of coa1.8 Refluxing with 
nitric acid alone in a Soxhlet extractor is also satis- 
factory, although ammonium bromide must be added 
to inhibit formation of alkali metal nitrates (ex- 
plosion hazard) or metal chlorides (more volatile).g 

Perchloric acid, when hot and concentrated, can 
cause explosive decomposition of organic matter, and 
is therefore generally used mixed with nitric acid;lWt3 

*Author for correspondence. 

automated systems have been designed for the pur- 
pose.‘” The oxidation potential of perchloric acid is a 
function of temperature and concentration, and can 
be controlled by suitable additions of nitric and/or 
sulphuric acid, the explosion hazards being de- 
creased.‘$ A decided advantage of wet oxidation with 
the sulphuric, nitric and perchloric acid mixture is 
that no explosion or ignition occurs; furthermore, the 
use of catalysts considerably diminishes both char- 
ring and foaming,16 though interferences can occur. 

Dry-ashing consists of oxidizing the organic matter 
with oxygen in either an open or a closed system, at 
a much higher temperature than that of wet-ashing. 
The dry-ashing procedures in open systems generally 
use ashing aids such as alkali-metal nitrates, to allow 
the recovery of elements such as arsenic.‘“” To avoid 
volatilization losses the dry-ashing can be done in a 
closed system, such as the SchSniger flask.20.2’ 

Fusion techniques have aiso been used for de- 
stroying organic matter, typical examples being ox- 
idizing fusion with sodium peroxide in a Parr bomb,22 
and reductive fusion with alkali metals23 and other 
metals.24 Bowen2’ proposed fusion with an equimolar 
mixture of sodium and potassium nitrates at 390”, 
which oxidizes many organic materials in a few 
minutes; enough of the mixture must be added to 
avoid pyrophoric or explosive effects;25 the explosion 
danger has been reported.26 

Fusion with sodium hydroxide has been but little 
used to destroy organic matrices. Kiimova and 
Vitalina” determined germanium after d~omposing 
“difficult” organoge~anium compounds by fusion 
with potassium or sodium hydroxide in a nickel 
bomb at 70&750” for 40-45 min; the method even 
allowed the destruction of polymers. For deter- 
mination of fluorine in vegetation BakerZa mixed the 

437 



438 SHORT COMMUNICATIONS 

sample with 10 ml of 67% sodium hydroxide solution 
in a nickel crucible and dried the mixture at 150” for 
2 hr, then heated the crucible in a muffle furnace at 
550” for 2 hr to fuse the alkali and destroy the sample. 

In our opinion fusion with alkalis has been far 
from fully exploited, and it should be particularly 
useful for retention of elements such as arsenic and 
antimony which can form stable oxy-anions but may 
otherwise be lost by volatilization. 

In the present work we propose a general method 
for destruction of organic matter through the action 
of molten alkali-metal hydroxides, together with aux- 
iliary oxidizing agents if necessary. The method 
simplifies the procedures described in the literature, 
and is simple, rapid and free from explosion hazards. 
Two methods for the destruction of organic arsenic 
or antimony compounds have been established; they 
are compared with a reference method based on 
digestion with a mixture of nitric and perchloric 
acids.‘2,” An iodimetric method for arsenic 
determination29 has been slightly modified for deter- 
mination of the arsenic and antimony. 

EXPERIMENTAL 

Procedure 

Alkaline fusion. In a 50-ml nickel or silver crucible, fuse 
2-3 g of sodium or potassium hydroxide or a eutectic 
mixture of the two (41: 59 w/w). When the alkali appears to 
have solidified on the bottom and lower side walls of the 
crucible, cool it to room temperature. Transfer a known 
weight of sample containing about 40 mg of arsenic or 60 
mg of antimony into the crucible. Heat gently with a Bunsen 
burner until the alkali begins to fuse, mixing in the sample 
by gentle swirling of the melt. If a more oxidizing medium 
is wanted in this first step, cautiously add small amounts of 
sodium peroxide. Then heat more strongly while continuing 
the swirling, until a clear melt is obtained. If necessary, add 
sodium or potassium nitrate, in small amounts at a time, as 
auxiliary oxidant. Cool the melt to room temperature, then 
dissolve it immediately with hot water, and transfer it 
quantitatively into a 250-ml beaker. Acidify the cold solu- 
tion to about 1M acid concentration, with 50% v/v hydro- 
chloric or sulphuric acid. Transfer to a loo-ml standard 
flask and dilute to the mark. Add 5 ml of 66% potassium 
iodide solution to a 20-ml aliquot, and keep at 100” for 30 
min. Cool, add a little starch solution and then O.OlM 
sodium thiosulphate solution until the starch-iodine colour 
is discharged. Then add 0.02N iodine until the indicator 
colour just reappears. Slowly neutralize with 2M sodium 
hydroxide, add excess of sodium bicarbonate and titrate 
with 0.02N iodine till the starch-iodine colour persists. For 

the antimony determination add 3 g of tartaric acid before 
the titration of antimony(III) with iodine. 

Acid digestion. For samples containing arsenic, weigh an 
appropriate amount of sample containing about 40 mg of 
arsenic and transfer it quantitatively into the bottom of a 
IOO-ml Kjeldahl flask. Add cautiously 5-6 ml of I:1 v/v 
mixture of nitric acid and perchloric acid, homogenize with 
the sample and heat carefully until expulsion of nitrogen 
dioxide is complete and white fumes appear (this takes 
several hours), and a clear colourless solution is obtained. 
Increase the amount of acid mixture and the time or 
temperature, if necessary. Dilute the resulting acid solution, 
once it is cold, and neutralize it with 2M sodium hydroxide. 
Acidify an aliquot and titrate as above. 

RESULTS AND DISCUSSION 

Destruction of organic matter 

The proposed method has been applied to destroy 
diverse organic samples. During the process three 
stages can be distinguished: (1) evaporation of mois- 
ture and homogenization of the alkali-organic 
material mixture; (2) dissolution or volatilization of 
pyrolysis or oxidation products; (3) progressive ox- 
idation until destruction of organic material or char- 
red residue is complete. This sequence occurs whether 
an auxiliary oxidant (nitrate or peroxide) is used 
(method A,,) or not (method A). 

Although the heating is normally done with a 
Bunsen burner, a muffle furnace can also be used (at 
a preset temperature from 350 to 650” according to 
sample type), but the decomposition then takes 
longer and the crucible has to be repeatedly taken out 
and put back, to allow observation and swirling of 
the melt and addition of oxidant. 

The minimum amount of alkali needed depends on 
the nature of the sample; for pure compounds 10-1.5 
times the sample weight is enough, and 15-20 times 
for vegetable or animal material. 

The melt quantitatively retains many important 
elements capable of forming volatile species, such as 
arsenic and antimony, and when cooled is easily 
soluble. 

The method is inapplicable if volatilization can 
take place at a lower temperature than that required 
for fusion of the alkali, but such samples will also 
cause difficulty if dry-ashing is used, and sometimes 
with wet oxidation. 

Table 1 

Phenylarsonic acid Arsenazo I Arsenazo III 

Decomposition As found, % As found, % As found, % 
Series method n z s n x s n x s 

I Method A* 10 36.81 0.06 10 9.92 0.20 IO 16.79 0.19 
II Method At 10 36.80 0.06 10 9.91 0.16 IO 16.82 0.20 

III Method A,,* 5 36.81 0.08 5 9.87 0.17 5 16.74 0.16 
IV Acid digestion* IO 36.77 0.06 10 9.91 0.19 10 16.71 0.21 

Method A: alkaline fusion without auxiliary oxidant. Method A,,: alkaline fusion with oxidant. 
*Iodimetric titration in HCI medium. 
tIodimetric titration in H,SO, medium. 
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The complete destruction of organic material in 
different matrices has been confirmed. Organic com- 
pounds tested which are destroyed by both methods 
include phenylarsonic acid, arsenazo I, arsenazo III, 
t~phenylantimony and tartar emetic, but glucose and 
mixtures of glucose with antimony(II1) oxide or 
tartar emetic require use of method A,,, because of 
production of an abundant charred residue which 
necessitates use of a more oxidizing medium. Natural 
samples destroyed include leaves, fruits, seeds, hair, 
skin and nails. Technical samples that have also been 
completely decomposed include fertilizers, detergents 
and plastics. 

Determination of arsenic and antimony 

The method was tested with arsenic(II1) oxide and 
tartar emetic as standards. The recoveries had a 
relative standard deviation of 0.03% for arsenic and 
0.15% for antimony with systematic errors of 0.05 
and 0.3% respectively; the iodimetric method 
modified for application after the alkaline fusion is 
thereby shown to give correct results. 

The determination of arsenic in phenylarsonic acid, 
arsenazo I and arsenazo III was extensively exam- 
ined, and the results obtained are shown in Table 1. 
There is excellent agreement between all the results, 
as shown by t-test and F-test. 

The experimental conditions were found not to be 
critical. The possible effect of chloride was examined 
by adding sodium chloride to the test samples, but no 
interference (e.g., by volatilization of antimony or 
arsenic chloride) was found. The average value ob- 
tained for ten arsenazo I samples was 9.89% of 
arsenic (standard deviation 0.13%). The serious loss 
of arsenic which could be caused by the presence of 
chloride in other procedures for mineralization of 
arsenic3*s3’ is evidently avoided. 

Antimony was dete~in~ in artificial samples 
formed by mixing tartar emetic and glucose; these 
also required method A,,. The antimony recovery in 
two series of five analyses was satisfactory. In hydro- 
chloric acid medium an average antimony recovery of 
99.8% (standard deviation 0.1%) was obtained and in 
sulphuric acid medium an average recovery of 99.7% 
(standard deviation 0.1%). The addition of excess of 
ammonium chloride to the sample had no effect, in 
contrast to dry oxidation.32 

Fusion with alkali-metal hydroxides is an accurate, 
effective and rapid method for the destruction of 

organic matter in different matrices: pure com- 
pounds, natural samples (vegetable and animal), 
technical materials, and so on. The easy mineral- 
ization and the retention of a large number of 
elements in the melt make it useful for elemental 
identification or dete~ination. 
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Summary-A titrimetric procedure is described for the microdetermination of some mercaptans and 
sulphur-containing amino-acids by oxidation with alkaline potassium permanganate at room temperature 
in presence of barium ions. The procedure can be applied to O.O02~.025M solutions with an average 
deviation of O.l-O.S%. The effect of variation in the amount of alkali and barium chloride and in the 
reaction period, on the stoichiometry of the oxidation reactions, has also been studied. 

Mercaptans and sulphur-containing amino-acids are 
important because of their high reactivity, and pres- 
ence in a large number of biological materials. 
Several oxidants have been utilized for quantitatively 
oxidizing mercaptans, usually to the corresponding 
disulphides, but there is sometimes irreproducible 
partial overoxidation of the disulphide.‘,’ 

This difficulty might be overcome by using stronger 

oxidants which would oxidize the mercaptans to a 
higher stable oxidation state, but this has rarely been 
exploited. 

According to Ashworth, potassium permanganate 
has not been much used for titration of sulphur- 
containing organic compounds, perhaps because of 
uncertainty in the stoichiometry of the reactions. 
Kalinowski et aL4 suggested an indirect deter- 
mination of methyl thiouracil with acidic per- 

manganate, and Willgerodt’ titrated p-nitro- 
thiophenol in sulphuric acid medium with potassium 

permanganate. 
The mechanism of oxidation with permanganate is 

complicated. Generally the titrations are done in 
acidic medium but with some nitrogen- or sulphur- 

containing compounds such as hydrazine, sulphide, 
sulphite, thiosulphate, the oxidation is more smooth 
and rapid in alkaline medium.6 In the present work 
this fact is utilized in the titration of some mer- 
captans, cystine and methionine. 

The reduction of permanganate in alkaline medium 

can take place in two steps? 

MnO; + e-+MnO:- (I) 

MnO:- + 2H,O + 2e-+MnO, + 4OH- (II) 

Reaction (II) makes the system unsuitable for 

quantitative analysis, but the reduction can be 
stopped at the end of step (I) by addition of barium 

*226, Napier Town, Jabalpur, M.P., India 482001. 

chloride to give insoluble barium manganate and 
consequent suppression of step (II). The precipitate 
settles well and its colour does not interfere with 
detection of the end-point.’ This technique has been 
used for determining some sulphur-containing or- 
ganic compounds. The various factors governing the 
stoichiometry of the reactions are the alkalinity of the 
reaction mixture, amount of barium chloride added 
and the duration of the reaction. These have been 
examined and suitable conditions found for titration 
of 2- and 3-mercaptopropionic acids, thioglycollic 
acid, thiomalic acid, cysteine, glutathione, cystine 
and methionine. 

EXPERIMENTAL 

Reagents 

Porassium permanganate solution, 0. I M. About 16.5-I I g 
of potassium permanganate was boiled with I litre of water 
for 15-30 min. The solution was cooled and filtered through 
a plug of glass wool. This solution was standardized with 
sodium oxalate.R 

Barium chloride. Saturated solution in water. 
Sodium hydroxide, I M. 
Sample solutions. Standardized by different procedures as 

shown in Table I. 

Procedure 

Take 25 ml of 0.1 M potassium permanganate and IO ml 
each of 1M sodium hydroxide and saturated barium chlo- 
ride solution in a 250-m] Erlenmeyer flask (for 5 or IO ml 
of 0.1~ permanganate use 5 ml each of the other two 
solutions). Heat the mixture to 70-80” and slowly titrate 
with the analyte solution, with constant shaking. This gives 
an approximate result which is slightly low because of the 
increased reduction of permanganate by water in alkaline 
medium at 80’. 

prepare a second permanganate solution in the same way, 
but do not heat it. Add (as rapidly as possible) the volume 
of titrant found as above. Let the mixture stand for 10 min, 
but swirl it frequently. Complete the titration dropwise, at 
room temperature, letting the green precipitate settle after 
each addition and inspecting the colour of the supematant 
liquid. Disappearance of the pink colour marks the end- 
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point. The molarity (M,) of the sample solution is calculated 
from 

M,=>; 
s 

where V = ml of permanganate solution taken for titration; 
M = molarity of the permanganate; V, = ml of the sample 
solution required; n = number of moles of electrons released 
per mole of compound oxidized (the values of n given in 
Table 1 were determined empirically). 

RESULTS AND DISCUSSION 

Results for 0.0024.025M solutions of some thiols, 
cystine and methionine are given in Table 1. The 
average deviation is O.l-OS%. 

A number of oxidants such as iodine,9 iodoso- 
compounds, lo lead(IV),” periodate,12 ferricyanide,13 
copper(II),‘4 tetrathionate,” N-iodosuccinimide,‘6 
chloramine-T and -B,” cerium(IV),‘8 interhalogens,19 
iodate,20 bromate2’ have been employed in the ox- 
idimetric determination of mercaptans. The ox- 
idation product is usually the corresponding disul- 
phide. The stoichiometry of the oxidation is greatly 
influenced by the nature of the mercapto compound, 
the nature of the oxidant, and the reaction condi- 
tions. Most iodometric methods employ iodine in 

acidic or neutral medium.3 Occasionally iodine is 
used in alkaline medium, but in concentrated alkali 
the extent of reaction depends on the order of reagent 
addition, the temperature and time, and the concen- 
tration of the a1kali.2’ Sometimes the overoxidation 
becomes more pronounced as the dilution of the 
sample increases.’ With o-iodosobenzoate, the ox- 
idation proceeds to the disulphide at pH 7 but at 
lower pH there is a tendency for overoxidation.” In 
the ferricyanide methods, the iodine or cerium(IV) 
used to titrate the ferrocyanide produced can further 
oxidize the disulphide. 22 The oxidative titrimetry of 
some mercaptans can therefore become erroneous as 
a result of partial oxidation of the disulphide formed. 

In the procedures proposed here, this problem is 
eliminated because oxidation beyond the disulphide 
stage is complete and reproducible. A further advan- 
tage of this is the larger consumption of per- 
manganate since its reduction is a l-electron reaction 
instead of the 5-electron reaction that occurs in acid 
medium, and the equivalent weights of the analytes 

are very small (see Table 1). The major disadvantage 
is that the burette has to be rinsed out with each 
sample solution in turn. To some extent this is offset 
by the advantage that the volume of sample solution 
needed in the titration increases with dilution of the 
sample, thus improving the precision. 
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SPECTROPHOTOMETRIC DETERMINATION 
OF FORMALDEHYDE IN AIR 
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Summary-A spectrophotometric method for the determination of formaldehyde in air is described, 
based on the colour reaction of formaldehyde, p-aminoazobenzene and sulphur dioxide in hydrochloric 
acid medium. Beer’s law is obeyed at 505 nm in the range 2-12 pg of formaldehyde per 25 ml of final 
solution (O.OW.48 ppm). Optimum conditions for colour development, and possible interferences, have 
been studied. 

Formaldehyde is one of the most important air 
pollutants, deriving from the partial oxidation of 
organic matter, particularly fuels, and is a normal 
constituent of automobile and aero-engine exhaust 
products.‘,’ It is also found in the waste gases from 
incinerators as well as in the effluents from plastic, 
textile and other industries.3 Formaldehyde irritates 
the mucous membrane and causes eye irritation.* The 
Threshold Limit Value is 3 mg/m3: but formaldehyde 
causes irritation at lower levels than this. 

A large number of reagents have been proposed for 
the spectrophotometric determination of for- 
maldehyde in air. S9 West and Gaeke’O developed a 
method using pararosaniline and formaldehyde for 
the estimation of sulphur dioxide, and this has been 
modified by several investigators for determination of 
formaldehyde.“,‘2 Kniseley and Throop” recommen- 
ded p-aminoazobenzene for the spectrophotometric 
determination of sulphur dioxide, as it is chemically 
similar to pararosaniline but contains only one amino 
group, gives better sensitivity and is readily available 
in higher purity. 

This paper describes a method based on the reac- 
tion between sulphur dioxide, p-aminoazobenzene 
and formaldehyde, modified for the determination of 
submicrogram amounts of formaldehyde in air. A 
pink dye is formed when formaldehyde reacts with 
p-aminoazobenzene and sulphur dioxide in acidic 
medium. The absorbance obeys Beer’s law over the 
range 2-12 pg of formaldehyde per 25 ml of final 

solution. The pink dye shows an absorbance max- 
imum at 505 nm, with a molar absorptivity of 
4.5 x lo4 l.mole~‘.cm-‘. The optimum reaction con- 
ditions for full colour development have been in- 
vestigated. 

Apparatus 

EXPERIMENTAL 

An ECIL model GS-685 spectrophotometer and a Carl 
Zeiss Spekol were used with I-cm matched glass cells. 

*To whom correspondence should be sent. 

Midget impingers of 35 ml capacity were used for air 
sampling, and calibrated rotameters were used for measur- 
ing the air flow-rates. 

Reagents 
p-Aminoazobenzene solution (0.07%). Prepared in aque- 

ous ethanol (25% v/v alcohol) from reagent recrystallized 
from alcohol. 

Standard formaldehyde solution. One ml of 30-40x for- 
maldehyde solution diluted to 100 ml and standardized 
titrimetrically14 and further diluted with 0.005M hydro- 
chloric acid to give a 6qg/ml working formaldehyde stan- 
dard. 

Sulphite solution (0.1%). Prepared from anhydrous 
sodium sulphite and double distilled water. 

All chemicals used were of analytical reagent grade. 

Procedure 

Two impingers, each containing 10 ml of 0.005M hydro- 
chloric acid were connected in series and then to a rotameter 
and a vacuum pump. Air was drawn through the system 
at ca. 1.5 l./min, then the solutions were quantitatively 
transferred to a 25-ml standard flask and 1 ml each of the 
p-aminoazobenzene and sulphite solutions were added. The 
solution was mixed and kept for 2(t25 min. The acidity was 
then adjusted to between 0.4 and 1.2M hydrochloric acid 
and the solution made up to the mark with doubly distilled 
water. The absorbance of the pink dye was measured at 505 
nm against distilled water and the amount of formaldehyde 
was computed from a calibration graph prepared in a 
similar manner after correction for the absorbance of a 
reagent blank measured at the same wavelength. 

RESULTS AND DISCUSSION 

The absorption spectra are shown in Fig. 1. The 
absorbance of the reagent blank was measured at the 
same wavelength and subtracted from all sample 

readings. 

Effect of varying the reaction condition 

The effect of acidity, both before and after addition 
of sulphite solution, was studied. It was found that a 
minimum acidity of 0.02M hydrochloric acid was 
essential before addition of sulphite solution, but up 
to 0.1M hydrochloric acid could be used without 
change in the absorbance. After addition of the 
sulphite solution the hydrochloric acid concentration 
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Fig. I. Absorption spectra: A, reagent blank; B, reagent plus 
7 pg of formaldehyde in 25 ml. 

needed to be increased to at least 0.4M for full colour 
development, and with 0.41.2M hydrochloric acid 
the absorbance was constant. 

The time necessary for full colour development was 
found to be 20 min, and the absorbance remained 
constant for a further 90 min. Varying the tem- 

perature between 20 and 35” had no serious effect on 
the results. 

It was observed that as the quantity of p- 
aminoazobenzene was increased the absorbance of 
both the reagent blank and the sample solutions 
increased by the same amount. The amount of sul- 
phur dioxide present should be at least ten times the 
stoichiometric amount needed for the level of for- 
maldehyde present. A large excess of sulphur dioxide 
does not affect the absorbance of the solutions. 

Beer’s law, molar absorptivity and reproducibility 

The colour system obeys Beer’s law over the range 
2-12 pg of formaldehyde per 25 ml of final solution. 
The molar absorptivity is 4.5 x lo4 1 .mole-‘.cm-‘. 

The reproducibility was checked by replicate deter- 
mination of 6 pg of formaldehyde over a period of 7 
days. The standard deviation found was kO.025 pg. 

Effect qf’jtireign species 

To assess the validity of the method, the effect of 
foreign species commonly found with formaldehyde 
was studied. The tolerance limits for several foreign 
species are shown in Table 1. Several common or- 
ganic species, viz. other aldehydes and hydrocarbons, 
do not interfere. The interference from nitrogen 
dioxide is removed by the addition of 1 ml of 3:/, 
sulphamic acid solution, and that of sulphide can be 
removed by passing the air sample through a tube 
containing lead acetate solution. 

Collection eflciency 

A modified Wilsons’ procedure15 was used to in- 
vestigate the collection efficiency of the absorbing 
solution.‘6 Purified air was passed through an evap- 
oration chamber preheated to 6&70’. Known 
amounts of formaldehyde were added from a micro- 
burette and evaporated from the chamber. The for- 
maldehyde borne on the air stream was collected in 
the absorbing solution. At a flow-rate of 1.5 I./min, 
approximately 85% absorption was achieved in the 
first impinger and 15% in the second when two 
impingers were used with 10 ml of absorption solu- 
tion in each. 

Comparison with other methods 

Since the method was specially devised for the 
determination of formaldehyde in air, a comparison 
with other commonly used methods5-9,‘6 was worth- 
while. Instability of the colour and interferences from 
co-pollutants are the main drawbacks of methods 
based on Schiff’s reagent,5 MBTH9 and phenyl- 
hydrazine.’ The comparison is summarized in 
Table 2. 
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Summary-The conditions for the reaction between phenylarsenazo (PAA) (2-[(2-arsonophenyl)azo]- 
7-(phenylazo)-1,8-dihydroxynaphthalene-3,6-disulphonic acid) and chromium(III) have been studied. A 
blue 1: 1 complex is formed at pH 2.2 on heating the reactants at 100‘ for I5 min. It has maximum 
absorption at 635 nm and is stable for at least 24 hr. The molar absorptivity is 3.3 x IO4 1. mole- ’ cm-‘. 
Beer’s law is obeyed in the chromium concentration range O-1.4 pgg/ml. The reaction has been successfully 
applied to determination of chromium in alloy steel. 

Diphenylcarbazide’,’ is an important reagent for the 
spectrophotometric determination of chromium, but 
it has some shortcomings. For example, its solution is 
unstable, and chromium(II1) must be oxidized to 
chromium(V1) for the determination. 

Several reagents for chromium(II1) have been de- 
veloped, such as TAR,’ Sunchromine Blue R,4 PAR5 
and Arsenazo III.6 The first two are sensitive enough 
but have poor selectivity. The PAR reaction requires 
heating for 45 min. Arsenazo III is considered the 
most sensitive reagent for chromium(II1). 

Savvin considers that the reactions of Arsenazo III 
with metal ions depend only on the radicals on one 
side of the chromotropic acid.’ We have therefore 
conceived the idea of synthesizing reagents where the 
Arsenazo I structure is retained but there is no arsenic 
acid group at the o-position of the azo radical on the 
other side of the chromotropic acid. We have syn- 
thesized a series of such reagents and found that 
several have higher sensitivity than Arsenazo III for 
chromium (III). Phenylarsenazo (PAA) is one of 
them. 

AsO, H, HO OH 

Phenylarsenazo 

EXPERIMENTAL 

Synthesis of PAA 

To 3.4 g (0.037 mole) of aminobenzene add 8 ml of 
concentrated hydrochloric acid and 20 ml of water. Cool to 
0” in an ice-bath. Add a solution of 2.8 g (0.041 mole) of 
sodium nitrite in 10 ml of water with constant stirring. 

Dissolve 19.1 g (0.03 mole) of arsenazo I in 70 ml of 10% 
lithium hydroxide solution and cool to 0”. Add to this, with 

*Present address: Chemical Engineering Department, Wuxi 
Institute of Light Industry, Wuxi, Jiangsu, People’s 
Republic of China. 

constant stirring, the solution of diazotized aminobenzene 
(at t&5”). The solution turns blue-violet. Stir for 1 hr and 
let stand overnight. 

Add 40 ml of concentrated hydrochloric acid to the 
mixture, and filter off after settling. Wash the residue with 
a little dilute hydrochloric acid and discard the filtrate. 
Immerse the residue in hydrochloric acid (1 + 1) for several 
hr, filter off the precipitate and wash it with dilute hydro- 
chloric acid. 

Dissolve the precipitate in 500 ml of 2% sodium hydrox- 
ide solution by heating on a water-bath, and filter immedi- 
ately. To the filtrate add 70 ml of concentrated hydrochloric 
acid with constant stirring. Let stand for several hr, and 
filter off the precipitate. Wash it successively with a little 
dilute hydrochloric acid, water, ethanol and acetone. Dry 
the product at 40” (yield 13.7 g). 

Reagents 

Standard chromium(III) solution. Dissolve 0.500 g of pure 
chromium in 20 ml of concentrated hydrochloric acid and 
a little water by heating gently. Cool, transfer into a 500-ml 
standard flask and dilute to the mark with water. Dilute 
IOO-fold to obtain a IO-pg/ml solution, adding 1 ml of 
concentrated hydrochloric acid per litre in the course of the 
dilution. 

Phenylarsenazo solution, 0. I%. 

Procedure 

To a solution containing < 35 pg of chromium(III), in a 
test-tube, add a drop of Thymol Blue solution and then 
0.5M sodium hydroxide dropwise until the colour turns to 
yellow. Then add 2 ml of 0.02M hydrochloric acid and 3 ml 
of 0. I % PAA solution and dilute to about 15 ml with water. 
Heat in a boiling water-bath for 15 min, cool, transfer to a 
25-ml standard flask, dilute to the mark with water, and 
mix. Measure the absorbance at 635 nm against a reagent 
blank treated similarly. 

RESULTS AND DISCUSSION 

Chromium(II1) forms a blue complex with PAA in 
acid medium. The absorption spectra of the reagent 
and the chromium(II1) complex at pH 2.7 are shown 
in Fig. 1. The reagent has maximum absorption at 550 
nm, and the complex at 630 nm. The absorbance is 
maximal (Fig. 2) in the pH range 2.0-2.8. Hence all 
further studies were made at pH 2.2. 
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Fig. 1. Absorption spectra of Cr(IIIkPAA complex and 
reagent blank. 1, Cr(III)-PAA, 1.92 x 10m5M; 2, PAA, 

1.92 x 10-5M. 
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Fig. 2. Effect of acidity on absorbance of complex. Cr(II1) 
20 pg. 

It is found that 1 ml of 0.1% PAA solution is 
sufficient for up to 20 pg of chromium(W), so 2 ml are 
recommended for the general procedure. 

The reaction is inconveniently slow at room tem- 
perature, but comes to completion within 12 min if the 
mixture is heated in a boiling water-bath. Hence 
heating for 15 min is recommended. The complex is 
stable at room temperature for at least 24 hr. 

Table 1. Effect of diverse ions [I5 pg of chromium(II1) in 
25 ml] 

Tolerance level, 
Foreign ion pg 

Fe(III), Cu(II), Sn(II), 15 
AI(III), Th(IV), Ga(III), 
La(III), Er(III), Cr(V1) 
Ti(IV), Zr(IV), V(V) 60 
Pb(II), Ca(I1) 75 
W(VI), Bi(II1) 150 
NH.,(I), AC-, EDTA 1500 
Mn(II), Zn(II), Co(II), 150 
Ni(II), Mo(VI), SiO:- 
SO:-, PO:-, NO, 1500 

Job’s method and the slope-ratio method both 
show the complex to have a 1: 1 mole-ratio. Beer’s law 
is obeyed up to 1.4 pg of chromium(II1) per ml at 635 
nm. The molar absorptivity is 3.3 x lo4 
1 .molec’ .cm-‘, which makes it more sensitive than 
the Arsenazo III method. 

Effect of other ions 

The effect of about 30 ions on the determination of 
15 pg of chromium(II1) was tested (Table 1). The 
selectivity of PAA is not high, but after the colour 
development the selectivity can be improved by in- 
creasing the acidity of the solution. If the hydrochloric 
acid concentration is raised to at least lM, the chro- 
mium(II1) complex is still stable for 24 hr but the 
interference of copper( tin(II), vanadium(IV), 
lead, calcium, gallium, erbium, tungsten(W), zir- 
conium and ammonium becomes negligible. 

Determination of chromium in alloy steels 

If the steel sample is dissolved in dilute nitric acid, 
the iron(II1) produced seriously interferes in the deter- 
mination of chromium(II1). To deal with this inter- 
ference we reduce the iron(II1) to iron(H) with hy- 
droxylamine hydrochloride, and increase the acidity 

Table 2. Determination of chromium in alloy steels 

Sample 

BISI 
No. 165-3 

BISI 
No. 609 

BAMI 
20 CrMo 

ISI, AISC 
No. 7136 

Composition of the Chromium Average, Error, 
alloy steel, % found, % % % 

C:O.52, Si:O.16 0.56 0.558 -2.1 
Mn:0.56, P:O.O20 0.56 
S:O.O056, Cr:0.57, 0.555 
Ni: 1.55, Mo:0.20 
C:O.16, Si:O.33, 1.09 1.09 +0.9 
Mn: 1.01, P:O.O20 1.08 
S:O.O07, Cr: 1.08, 1.09 
Ni:0.14, Ti:0.049 
C:O.205, S:O.O16 0.98 0.97 +2.1 
Si:O.295, Mn:0.54, 0.98 
P:O.O20, Cr:0.95, 0.96 
Mo:0.20 
C:O.lS, Si:O.29, 
Mn:2.06, Ci:O.O36 0.51 0.507 -0.6 
Ni:0.023, P:O.O15 0.51 
N:0.030, Mo:0.004, 0.50 
Co:O.O08, Cr:0.51, 
v:o.41 
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of the solution after the colour development. We have 
found that a minimum of 2.5 ml of 5% hydroxylamine 
hydrochloride solution is needed for a solution con- 
taining 2 mg of iron(III), and recommend use of 3.0 
ml. 

To prepare the calibration graph, standards are 
made by taking 0. l-g portions of chromium-free car- 
bon steel in 125-ml conical flasks and adding 0, 200, 
400, 600, 800, 1000 and 1200 pg of chromium(II1) 
(gl.2 ml of I-mg/ml standard solution). The samples 
are dissolved in 5 ml of nitric acid (1 + 3), and the 
solutions boiled to decompose carbides. The solutions 
are cooled to room temperature, transferred into 
lOO-ml standard flasks, diluted to the mark with 
water, and mixed. Then 2-ml portions of these solu- 
tions are treated as described in the procedure. Sam- 
ples are dissolved and analysed similarly (without 
addition of standard chromium solution). 

Results 

Chromium in four alloy steels were determined. 
The samples came from Beijing Iron and Steel Insti- 
tute (BISI), Beijing Accurate Mechanical Institute 
(BAMI), the Iron and Steel Institute, Ashan Iron and 
Steel Company (ISI, AISC). The results are given in 

Table 2. 
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Summary-From the position of the equilibrium Th + PdEDTA+Pd + ThEDTA, the stability constant 
of PdEDTA can be related to that for ThEDTA. If log KThEoTA = 25.3 is taken as the most reliable value 
currently available, log KPdEoTA = 25.6 k 0.2 is found (NaClO, medium, 21 & 1”). Repetition of the 
experiments at different chloride concentrations gives an ,estimated log K = 5.3 + 0. I for the equilibrium 
PdEDTA+ClFSPdEDTACI-. The stability constants of ThEDTA and PdEDTA are not very 
dependent on ionic strength in the range 0.1-1.0. 

In a previous communication’ it was established that 
the only value2 for the stability constant of 
Pd(II)EDTA known up to 1977 is obviously too low, 
and that the value log KPdEoTA = 26.4, although found 
by combining stability constants related to different 
ionic strengths, provisionally seemed more realistic. 
Also some preliminary data were reported for the 
ternary chloride complexes of PdEDTA. 

At the moment of publication we were unaware of 
results published by Anderegg and Malik shortly 
before.3.4 They examined the equilibrium 

PdBrj- + LuEDTA- + H+ 

+HPdEDTABr2- + Lu3+ + 3Br- (1) 

by measuring the Pd-Br absorption. Their value, 
log KPdEoTA = 26.4, corroborates ours although it is 
an approximation for the same reason. Their mea- 
surements were made at pH 2.8, 20”, I = 0.1 in 
sodium perchlorate medium.3.4 More accurate values 
are claimed for potassium bromide and sodium bro- 
mide media (I = 1, 20”) (log KPdEoTA = 25.5 and 24.5 
respectively). 

In order to establish the stability constant of 
PdEDTA more precisely, our investigations of the 
position of the equilibrium 

PdEDTA2- + Th4++ThEDTA + Pd2+ (2) 

have been extended and refined. 
The basic idea is that equilibrium (2), once at- 

tained, hardly shifts if the free thorium remaining in 

the mixture is determined quickly by titration. From 
the titration result and the known analytical concen- 
trations (C,,, C,,,, and CTL), the position of equi- 

librium (2) can be established. By combining reaction 
(2) with the protolytic side-reactions of the various 
species, the system is completed and the stability 
constant of PdEDTA can be related to that of 
ThEDTA. 

To establish ternary complex formation between 
PdEDTA and chloride ions some experiments have 
been done in perchlorate medium containing added 
chloride. The stability constant of PdH,EDTACl- 
has been determined from the results. 

THEORY 

In the following equations Y represents fully de- 
protonated EDTA. Conditional concentrations are 
indicated by primes, and charges are omitted for 
convenience. The mass-balance equations are: 

C,, = [Th’] + [Thy’] (3) 

C, = [Thy’] + [PdY’] + [Y’] (4) 

C, = [Pd’] + [PdY’]. (5) 

In practice, equimolar quantities of Pd and Th are 
used. EDTA is added in such an amount that always 
C,, < Cy < C,, + C,,. Under these conditions, and 
since the conditional constants of PdEDTA and 
ThEDTA are large (under our experimental condi- 
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tions both log K’ values are > lo), [y’] can be 
neglected in equation (4). 

The equilibrium equation related to equation (2) is 

v = j& = WY’l[Th’l 
K;,, [Thy’] [Pd’] 

(6) 

It is obvious from equations (3t(6) that when [Th’] 
has been determined, all concentrations are known, 
and so will V. 

EXPERIMENTAL 

In the first preliminary experiments, V was found to vary 
with C,. This was attributed to inaccuracy, probably arising 
from use of equation (5), where [Pd’] is found as the 
difference between two large quantities, and thus has a large 
relative error. Improvement of the accuracy seemed so 

crucial that all experiments were done with calibrated 
glassware. Reagents were added by weight, the correspond- 
ing volumes being found from densities determined in 
advance. During the experiments the ionic strength I was 
kept constant at 0.2M (sodium perchlorate). Reagent solu- 
tions and the equilibrating mixtures were stored in pre- 
treated polyethylene bottles. 

The stock solutions of palladium, thorium and EDTA 
had to be made very carefully in order to keep them stable. 
Both metal ions have a strong tendency to hydrolyse and 
their solutions should be kept fairly acidic; their concen- 
trations were determined with an error of about 0.3%. All 
water used was doubly distilled from quartz. 

Thorium solution. A 10m2A4 thorium(IV) solution was 
made by dissolving Th(NO,),.2H,O @.a., Merck) in IM 
perchloric acid. This solution was diluted to IO--‘M with 
IO-‘M perchloric acid. The concentration was determined 
by direct photometric titration with standardized EDTA 
and Semi-Xylenol Orange (SXO) as the indicator (wave- 
length 533 nm, pH 2.0). The SXO was purified by extrac- 
tion. Xylenol Orange should not be used, as it leads to 
systematic deviations which are not negligible.s 

Palladium solution. About 100 mg of metallic palladium, 
cut into pieces, was heated with nitric acid (I + I), washed 
with water and acetone, dried and weighed accurately. As 
chloride had to be absent in the first experiments, the metal 
could not be dissolved in aqua regia but was dissolved in 
5 ml of concentrated nitric acid to which 5 ml of 30% 
hydrogen peroxide was added in portions. It dissolves 
slowly. The necessary removal of excess acid had to be 
performed with care. The best way was to reduce the volume 
to a few ml by heating under an infrared lamp. The process 
had to be watched and controlled carefully; local over- 
heating was prevented by keeping the beaker walls moist- 
ened with the reflux, to prevent formation of metallic 
deposits. The solution was transferred quantitatively to 
some dilute nitric acid (PC, = 0.5) and diluted to 100 ml 
with the same dilute acid (to prevent manipulation error&‘). 
This solution (about lO-‘M in Pd) was diluted to lo-‘M 
with O.lM nitric acid and standardized by back-titrating the 
excess of EDTA with thorium, with SXO as indicator. It 
was verified that, within the titration time of some minutes, 
the equilibrium Pd + Y $PdY does not shift noticeably to 
the left. 

EDT,4 solutions. Dried EDTA (3.72 g, pa., Merck) was 
dissolved in water and diluted accurately to I litre. This 
solution was diluted tenfold (- lo-‘M; pH 5). For its 
standardization, metallic copper of spectrographic purity 
was cleaned with nitric acid (I + I) at room temperature, 
washed with water and acetone, dried under nitrogen, then 
weighed and dissolved in concentrated nitric acid. This 
solution was diluted to volume with 10m4M nitric acid and 
titrated with the EDTA photometrically, with TAR 
[4-(2-thiazolylazo)resorcinol] as indicator (5 15 nm, 1M ace- 
tate buffer, pH -5). 

The IO-‘M EDTA was used for the equilibrium in- 
vestigations. A IOe4M solution was prepared for titration of 
the free thorium ions in the equilibrated mixtures, 

It is known that in some cases the addition of EDTA of 
pH 5 to metal solutions of lower pH initiates hydrolysis 
which may influence the accuracy unfavourably. Because of 
the high accuracy wanted, several titrations were done with 
EDTA acidified to pH 2 2, but the results were not im- 
proved. Acidification of the EDTA stock led to a slow 
decrease in concentration, presumably because of the low 
solubility of EDTA in this pH region; pH 5 was selected 
finally for the stock solutions. 

The equilibrium mixture 

The reaction between thorium and EDTA is rapid; the 
reaction between palladium and EDTA is slow. Several 
experiments were done to find out whether equilibrium was 
attained. 

With the sequence of addition, palladium, EDTA, tho- 
rium, equilibrium was reached within 24 hr; with addition 
in the reverse order it took 12 days to obtain the same 
results. The first sequence was adopted throughout the 
definitive experiments, 

The reaction mixtures were prepared as follows. In 50-ml 
standard flasks, 0.1 ml of 2M nitric acid, 0.5 ml of IO-‘M 
palladium and either 0.6 ml (series A) or 0.75 ml (series B) 
of 10m3M EDTA were placed, the flask being weighed after 
each addition. After 15 min. 0.5 ml of lO_‘M thorium was 
added and weighed. After another 15 min the flask was filled 
up to the mark with a 0.2M sodium perchlorate/O.OlM 
nitric acid mixture. The solutions were then set aside for at 
least 2 days. 

The experimental conditions correspond to PC, = 1.70, 
I = 0.2 (sodium perchlorate) and T = 21 + I-. Finally, 
lo-ml ahquots were transferred into a 20-ml titration cell, 1 
ml of 10m4M SXO was added and the solutions were titrated 
spectrophotometrically (535 nm) with 10m4A4 EDTA from 
a microburette (Metrohm E457). 

RESULTS AND DISCUSSION 

The repeatability within the series A and B, each 
comprising 12 determinations, was fairly good (stan- 
dard deviation of log V = 0.08). Nevertheless the 
mean values differed significantly: log V = 2.04 for 
series A and log V’ = 1.53 for series B. Although the 
difference corresponds to only a l.So/, difference in 
the titration results, several attempts were made to 
explain this phenomenon. 

Modification of the model to postulate that only 
inert Pd*Y, or inert PdThY or a very thorium-labile 
PdThY is formed, is not satisfactory. The formation 
of only inert Th,Y can explain the phenomenon 
mathematically, but such a complex is very unlikely 
to exist, for physicochemical reasons.8m’0 

The limited solubility of EDTA near pH 2 should 
not interfere as the limit is never reached. Amine- 
containing impurities in EDTA having a great affinity 
for Pd and not for Th cannot explain the difference 
either. 

It is worthy of note that the difference between the 
series disappears when chloride is present at concen- 
tations > lO_*M, in which case palladium is present 
mainly as PdCl,. 

The mean value log V = I .8 ( f 0.2) was taken for 
the calculation of log KPdY. Although not altogether 
satisfactory, this suffices for our purposes, in view of 
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Table 1. log t+(u) VS. PC, for sodium perchlorate medium at 
various ionic strengths 

PC” = 

\ 

log aYCH) 

I 0 1.0 1.5 1.70 2.0 3.0 

0.01 23.22 18.13 15.85 15.02 13.86 10.87 
0.1 22.71 17.62 15.36 14.54 13.42 10.57 . 
0.2 22.55 17.46 15.20 14.39 13.28 10.48 
1.0 22.74 17.65 15.38 14.56 13.44 10.66 

the errors in log K’,,, and in the various side-reaction 
coefficients involved. 

For the calculation of Kpdy, we need the condi- 
tional constant for ThEDTA and the side-reaction 
coefficient my(n); both should refer to our experi- 
mental conditions (I = 0.2, sodium perchlorate me- 
dium and room temperature). These are not directly 
available in the literature and were evaluated 
as done previously for the chloro-complexes of 
palladium ” by using Guggenheim’s modifications 
of the Debye-Hiickel equation for ion-activity 
coefficients. In the Appendix the procedure is eluci- 
dated for the stepwise stability constants of EDTA. 
From these data, Table 1 was drawn up for ay(n) 
at various pCu and I. For ThEDTA the value 
log KThy = 23.2 is advocated in many data books.‘2-‘5 
From our own experience (because of the low concen- 
tration at which Th4+ at low pH can be titrated), it 
was evident that this value is too low. To explain their 
titration results Pijpers et ~1.‘~ adopted log K’ = 11.9 
for the conditional constant at pCn = 2.0 (I = 0.01, 
perchloric acid medium and room temperature), and 
this value is more consistent with our findings. 

From the reliable value” (independent of ionic 
strength) log KThYcHl = 1.98, whence log aThy = 0.3, 
the absence of hydroxide complex formation at low 
concentrations6 (log ~(r’,(~n) = 0.0) and log ayu,) = 
13.86 (Table l), the value log KThy = 25.5 can be 
deduced, which is probably a better estimate. This 
value also agrees with an earlier result 

(log Z&V = 25.3) obtained by Bottari and Anderegg” 
from equilibrium studies with iron(III) at room tem- 
perature and in sodium perchlorate medium 
(I = 0.1). Their value will be adopted as the most 
reliable available for the moment. 

For adaptation of this value to I = 0.2, the neces- 
sary values of z2 and B(Z) were estimated from Baes 
and Mesmer’s tablesI by using Pitzer and Mayorga’s 
monotonic function F(Z)19 for the higher ionic 
charges (Table 2). From Table 2, log KThy = 25.3 and 
equation (A6) (Appendix), it follows that at Z = 0.2 
we have log KThy = 25.1. It now remains to evaluate 

K rdy, which is found from equation (6) after taking 
into consideration all the side reactions. This leads to 
the equation 

log Z&V = log GI,V + log I’ - log %dY(H) 

+ log aPd(OH) 

+ loi? aThY(Hf - log aTh(OH). (7) 

Anderegg and Malik3 studied the protonation of PdY 
at Z = 1.0 and found the species PdHY, PdH,Y and 
PdH3Y with the stepwise protonation constants 
log Ql = 3.01, log Q2 = 2.31 and log Q, = 0.9. 

If the procedure in the Appendix is used to adapt 
these values to Z = 0.2, with the usual B values for 
uni-univalent and uni-bivalent interactions, it turns 
out that the values for log Q, are not very dependent 
on I: 

+ 0.5 z 

log Q2 = 2.5 - 1.0 

log Q, = 0.9. 

For our conditions, this leads to log apdy(n) = 1.9 and 
the distribution of PdY, PdHY, PdH2Y and PdH,Y 
being lx, 22x, 67% and 10% respectively under our 
experimental conditions. 

For the calculation of log aWcOHJ we follow Baes 
and Mesmer” in their conclusion that log */I’ = 
-2.3 + 0.1 and log *f12 = -4.8 f 0.2 are good esti- 
mates for the hydrolysis constants; thus 
log aWcOHj = 0.12. Although the log */I, values are 
rather uncertain, log aW~OH~ is fairly reliable; its value 
is small because of the low PC, and therefore it is 
rather insensitive to changes in log */?+ 

Application of equation (A6) (Appendix) to 

log KrhY(n, shows that because AZ’ = 0 and b _ 0, this 
constant hardly changes with I. Thus, for PC, = 1.70, 
log aThy = 0.46. It has already been noted that 
log aThcOHj = 0.0 at pCn 2. This will certainly hold at 
lower PC, so we eventually derive log Kpdy = 25.6 for 
the stability constant after substitution of the appro- 
priate values in equation (7). When equation (A6) is 
applied to PdY and reasonable values are taken for 
z2 and B, it turns out, that in the ionic strength range 
0.1-1.0, log Kpdy will change by not more than 0.2 
with Z (log Kpdy = 25.7 and 25.4 for Z 0.1 and 1.0). 
This behaviour has also been found for FeY and 
Thy.” These fluctuations with Z are of the same 

Table 2. The values of z* and B(1) that correspond to equation (A3) (Appendix) for 
calculating the ionic activity coefficient 

Ion I 2 B(0) B(a) B(O.1) B(0.2) logy(O.1) log Y(0.2) 

Th4+ 16 10.8 0.7 6.8 5.6 -1.28 -1.41 
ThY 0 - -0 -0 0 0 
Y4_ 4 - 0.48 0.48 -0.44 -0.54 
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Table 3. Experiments in chloride-containing media 

0.006 0.015 0.03 0.06 
2.22 1.82 1.52 1.22 

AJog Vf,, -0.86(+0.1) - 1.53 (+ 0.02) -2.16(+0.02) -2.80 (kO.02) 
Jog xPd(cII 3.85 4.98 5.91 6.91 
Jog %dH?Y(CI) 2.99 3.45 3.75 4.11 
Jog BI 5.21 5.27 5.27 5.33 

*The Alog V values are related to log V = 1.80. 
(Experimental conditions: I = 0.2, (NaCI + NaCIO,) medium, PC’, = 1.70, room temperature 

magnitude as the expected error in log KPdY, which 
arises mainly from the errors in log KThy and log V. 
At the moment we think that 0.2 is a realistic estimate 
of this error. 

3. 

4. 

The chloride complexes of PdEDTA 

Anderegg and Malik) determined the stability con- 
stants of the chloro complexes of PdEDTA and its 
protonated forms at I = 1.0 (sodium perchlorate 
medium). Their values are unexpectedly low. On 
calculation of the conditional constant related to 
these values, taking into account the strong tendency 
of palladium to form Pd-Cl compounds, it turns out 
that even in 10m3A4 chloride, titrations of palladium 
should be impossible. This does not agree with 
experiments; obviously our preliminary values’ are 
more reliable. 

5. 
6. 

7. 
8. 

9. 
10. 

11. 
12. 

13. 

14. 
In Table 3 the changes in log V’ found experi- 

mentally are presented, together with the relevant 
values of log c(rd(c,).” 

Neither thorium nor ThY has any affinity for 
chloride, so the change in log V with [Cl-] is caused 
by only the side-reactions described by the 
coefficients log t(pd(c,j and log clpdy~c,~. 

From the previous section we know that PdHrY 
predominates under our experimental conditions, 
which implies that t~~~v,c,,n) can be approximated by 

tlPdH2Y(CI) = 1 + htclml + f12[c1m12 f. . . (8) 

Then, since 

15. 

16. 

17. 

18 
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A log v = log tLPdH2Y(CI) - bit clPd(CI) (9) 

we can first try to explain the experimental results by 
only the second term in equation (8): 
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log C(PdH2Y(CI) = log b,icll (10) 

Table 3 shows that the values of log 8, do not differ 
significantly from each other, so it can be assumed 
that only one chloride ion is attached to the PdH2Y 
species; the constant for the equilibrium PdH,Y + 
Cl$PdH,YCl can be taken as log K = 5.3 + 0.1. 

APPENDIX 

For adapting the stability constants to other ionic 
strengths we used Guggenheim’s modifications of the 
Debye-Hlckel equation *O for ion activity coefficients 7. The 
general equations are 

pi2 

logy, = --AZ;- + C &,x,m,, 
(1 + I’.‘*) x 

(Al) 
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1’2 

logy,= -Aa+ +l,;z) a, + C Ba.xms (W 
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(A2), which means that these equations can be replaced by 

logy = -O.Sll__ (1 + [‘,2) + B(I)1 (A3) 

For many common electrolytes the interaction coefficients E 
have been estimated experimentally.” When localized high 
ionic charges are involved, as for instance in the case of Fe3+ 
and Th4+ ions, it is necessary to use the extended form of 
equation (A3) where B depends on 1.” For uni-univalent 
interactions B may be taken as constant and lying in the 
range 0.10.20; for bi-univalent interactions B will usually 
lie in the range 0.4-0.8. 

With EDTA, the electric charges of Y4-, HY’- and 
H,Y*- are spread out as unit charges over the nitrogen 
atoms and carboxyl groups. In the original derivation of the 
Debye-Hilckel equation, ” the total electric work W of all 
ions of the ith kind is proportional to N,zf, where N, is the 
number of ions with ionic charge z,. If EDTA is regarded 
asn, separate ionic unit charges, then I+‘,,,, u n,N,zf = n,N,, 
so 

lny,-k: 

is proportional to ni. This means that in equation (A3) z2 has 
to be replaced by n,. The values of E for the different EDTA 
species will be close to the value for uni-univalent inter- 
actions. 

For any chemical reaction the activity constant K and 
concentration constant Q are related through the activity 
coefficients y 

with, for EDTA: 

[H,Y”+] 

“= [H,_ ,Y”-5][H+] 
(AS) 

Substitution of equation (A3) in equation (A4) leads to the 
general formula for the stability constant 

logQ=logK+O.S11Az* (‘46) 

Table A 1. Values of z2(ni) and B, re- 
lated to equation (A3) for the ionic 
activity coefficients of the EDTA 
species in sodium perchlorate medium 

Ion 
Value of “z*“(nJ 

eqn. (A3) B 

H+ 
HBY2+ 
HSY+ 
H,Y 
H,Y- 
H,Y2- 
HY’- 
Y4- 

1 0.18 
2 0.34 
1 0.18 
0 0 
I 0.18 
2 0.10 
3 0.22 
4 0.48 

Table A2. The stability constants for stepwise 
protonation of EDTA in sodium perchlorate 
medium as a function of I (at 21 + 1”); log Q, 
and log Q6 are independent of I as both AZ’ 

and b are zero 

log Q, = 10.40 - 1.02 ~ 
1 + I”’ 

+ 0.44 I 

log Q2 = 
*I:* 

6.42 - 1.02 ~ 
I + II’2 

+ 0.30 I 

log Q, = 
p 

2.88 - 1.02 ~ 
I + I”2 

+0.101 

p/2 
loge,= 2.17- 1.02~ 

I + Ill2 
+ 0.36 I 

log Q, = 1.45 

logQ,= -0.10 

where Az2 is the algebraic sum of the values of z2 (or In]) 
of numerator and denominator [equation (AS)] and b 
analogously the sum of the B values. 

From equation (A5) it is obvious that log yu+ appears in 
every equation for Q, and that log ~n,~ generally appears in 
the equations for both log Q, and log Q,+ i, thus interrelating 
the six equations (A6) for EDTA. From the data in the 
literature’2~‘s.22 about the stability constants of EDTA in 
sodium perchlorate medium at different ionic strengths, a 
consistent set of values for z2 and B could be evaluated that 
satisfied the interrelationship between log Qi and the B 
values already knownn (Table Al). In Table A2 the formu- 
lae are given for the stability constants which follow from 
the data in Table Al, in combination with the literature 
datai2m’s (loge, and log Q, are from solubility mea- 
surements;22 their magnitude however, plays a minor role 
in our calculations of Kpdy). 

Table A3. The values of the stepwise and overall 
stability constants of EDTA for sodium 

perchlorate medium at different ionic strengths 

I = 0.01 0.1 0.2 1.0 

log Q, 10.31 10.20 10.17 10.33 
log Q2 6.33 6.20 6.16 6.21 
log Q3 2.79 2.64 2.58 2.47 
log Q4 2.08 1.96 1.93 2.02 
log Q, 1.45 1.45 1.45 1.45 
log 8, -0.1 -0.1 -0.1 -0.1 

l%B, 10.31 10.20 10.17 10.33 
log 82 16.64 16.40 16.33 16.54 
log 8, 19.43 19.04 18.91 19.01 
log 84 21.51 21.00 20.84 21.03 
log Bs 22.96 22.45 22.29 22.48 
log 8, 22.86 22.35 22.19 22.38 
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Summary-Azothiopyrine disulphonic acid (ATPS) has been shown to be terfunctional, namely it can 
form a selenotrisulphide by reaction of its thiol group with selenium(IV), bind to an anion-exchange resin 
by ion-exchange through its sulphonate group, and be strongly physically adsorbed on the ion-exchange 
resin. ATPS adsorbed on the resin does not bleed into solution even in the presence of sodium chloride 
and hydrochloric acid. The collection of selenium(IV) is practically complete when ATPS is added to a 
selenium(IV) solution and the reaction product is collected on the anion-exchange resin. Selenium(IV) is 
not satisfactorily collected, however, by reaction with anion-exchange resin loaded with ATPS. The sorbed 
selenium can be eluted [as Se(IV)] with 13M nitric acid and directly determined fluorometrically in the 
eluate 

The biological activity of selenium has been of inter- 
est since its recognition as a nutritionally essential 
element, in glutathione peroxidase.‘.’ In addition, 
selenium compounds decrease the toxic effect of 
mercury compounds, and the role of selenium as a 
biological protector against highly toxic metals has 
been suggested.3 The danger with this element, how- 
ever, stems from the comparatively narrow concen- 
tration gap between the essential level and the toxic 
level, and methods for accurate determination of low 
levels are still in demand. 

Co-precipitation4 and adsorption on XAD-resin’ 
or activated carbon6 have been reported as collection 
methods for selenium, but all are lacking in select- 
ivity. This paper deals with development of a method 
for the selective collection of selenium(IV) with a new 
chelating agent, azothiopyrine disulphonic acid 
(ATPS) (Fig. 1), which has already been used for the 
collection of mercury.‘.’ This reagent has three im- 
portant analytical properties: ion-exchange, chelate- 
formation and physical adsorption on an ion- 
exchange resin. Qualitative tests of ATPS with 
selenium indicated high selectivity and reactivity in 
an acidic medium, suggesting its application in a 
trapping system for selenium(N), especially if it is 
used with an anion-exchange resin. 

SO, Na 

iO,Na 

Fig. 1. ATPS. 

EXPERIMENTAL 
Apparatus 

Absorption spectra in the ultraviolet and visible regions 
were measured with a Hitachi 330 spectrophotometer. A 
Shimadzu RF-500 spectrofluorophotometer was used for 
the fluorometric determination of selenium(IV) with 
2,3_diaminonaphthalene (DAN). 

Reagents 

Disodium 4,4’-(4-diazenediyl-5-mercapto-3-methyl-1,2- 
diazacyclopenta - 2,4 -diene- 1 - yl)dibenzenesulphonate 
(ATPS) was prepared as previously reporred.9 A standard 
solution of selenium(IV) was prepared from selenious acid 
(Wako Pure Chemical Industries, Ltd.). Amberlite IRA-400 
(8% cross-linking) in the chloride form, lo&200 mesh, was 
used as the anion-exchange resin. All reagents used were of 
analytical-grade quality. 

Thin-layer chromatography 

Equivalent amounts of ATPS and selenium(IV) were 
added to 0.5M hydrochloric acid at 4”. After 12 hr, the pH 
was raised to 4 by dropwise addition of sodium hydroxide 
solution. Standard solutions of ATPS and its disulphide 
were prepared similarly. These three solutions were spotted 
on a cellulose-coated plate. Isoamyl alcohol-acetone-water 
mixture (5:6:5 v/v) was used as development solvent. 

Collection of selenium (IV) 

Bafch method. The efficiency of collection of selenium(IV) 
was examined by the following procedures. 

System A. One gram of the anion-exchange resin was 
stirred with 100 ml of aqueous solution containing 0.2 
mmole of ATPS, at 30”, until the supernatant became 
colourless. The resin thus loaded with ATPS was filtered off, 
washed with water and methanol, and dried in vacua. To 
portions of 2-mg/l. selenium(IV) solution in 0.1-l.OM hy- 
drochloric acid, 100 mg of the loaded resin were added. The 
mixture was shaken for about 5 hr at 50”, and the resin was 
then collected on a fritted-glass funnel. An appropriate 
volume of filtrate was taken and analysed fluorometrically”’ 
for selenium(IV) with DAN. 

System B. To 48 ml of hydrochloric acid of various 
concentrations, I ml of IOe2A4 ATPS solution and 1 ml of 
IOO-mg/l. selenium(IV) solution were added. This mixture 
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was stirred for 15 min at 50”, and then 100 mg of the 
anion-exchange resin in the chloride form were added. The 
mixture was shaken for 1 hr at 30”. and the resin was 

collected and analysed for selenium(N) for system A. 
Column merhod. Examination of the reaction conditions 

led to the following optimal procedure. The selenium(IV) 
sample (200 ml) solution was made 2Min hydrochloric acid 
and 2 ml of lO-‘M ATPS were added. The reaction was 
allowed to proceed at 0” (ice-bath) for 6 hr and then the 
mixture was applied to a column (1.0 cm bore, 5.0 cm 
length) of the anion-exchange resin. [If the concentration of 
selenium(W) was very low, 4 ml of 10m2M ATPS were 
added to 500 ml of sample acidified in the same way.] The 
flow-rate through the column was adjusted to 40 ml/hr 
with a peristaltic pump. The column was then washed with 
100 ml of distilled demineralized water. The selenium sorbed 
was eluted with l3M nitric acid (10 ml) at a flow-rate of 
20 ml/hr. The eluate was neutralized with ammonia solution 
and analysed fluorometrically with DAN. 

RESULTS AND DISCUSSION 

Two approaches to the collection of selenium(W) 
were tried, one (A) being sorption of the selenium on 
resin loaded with ATPS, and the other (B) being 
formation of the Se(IVtATPS complex in solution, 
followed by sorption on the non-loaded anion- 
exchange resin. 

First, the reaction of ATPS with selenium(N) was 
investigated. Some thiols have been proposed as 
r-gents for spectrophotometric determination of 
selenium(IV),“,‘2 and so have thiopyrine and its 
derivatives.13 ATPS is exceptionally stable even in 
10M hydrochloric acid’ so its reaction with sele- 
nium(N) was studied in O.l-10M hydrochloric acid 
media. A distinct colour change from red to yellow 
is observed in this reaction. The maximum absorp- 
tion band of ATPS occurs at 398 nm, whereas that 
of the reaction mixture is at 345 nm. The reaction of 
ATPS with selenium(IV) is found to be accelerated by 
increasing the concentration of hydrochloric acid and 
the temperature (Fig. 2). A slight red turbidity caused 
by release of elemental selenium is observed when the 
concentrations of ATPS and selenium(N) are raised 
and the reaction mixture is allowed to stand at 3&50” 
for about 3 hr. The rate of formation of elemental 
selenium is dependent on the temperature. At 90”, 
elemental selenium is generated in a matter of 
minutes. However, when the reaction is done at 0” the 
spectral change takes place in about 5 hr, and no red 
turbidity is observed. 

The molar ratio of ATPS to selenium(IV) in the 
complex formed in 0.5M hydrochloric acid at 50” has 
been found to be 4: I by the molar-ratio and 

continuous-variation methods, the absorbance being 
monitored at 345 nm. The reaction takes about 15 
min and there is no release of elemental selenium 
during this period. These results suggest that the 
reaction between selenium(IV) and ATPS in hydro- 
chloric acid proceeds according to equation (l), based 
on analogy with the reactions of selenite with some 
thiols, coenzyme A, cysteine,14 glutathione15 and 

IO (0) 

t 

---- after 5 mm 

t 

(b) --- after 5 mm 

- after Zhr - after I hr 

- after 15m1n after 15 ml” 

500 400 503 600 300 400 500 6cxl 

Wavelength ( nm) 

Fig. 2. Absorption spectra of the reaction products of 
ATPS with selenium(W). ATPS 4 x IO-‘M, Se(W) 
8 x lO_jM, (a) 0.2M He1 (at 30”); (b) OSM HCl (at 30”); 
(c) 1 .OM HCl (at 30”): Id) ‘0.5.M HCl Cat 0”). -. ~ 0.5M 
HCl (at 30”),‘ ~ ‘6:5k HCl (at 50”): --L’ATPS only, 

-..- ATPS + I,. 

thiopyrine16 to form selenotrisulphides: 

4RSH f H2Se03 + R-S-Se-S-R 

+ R-S-S-R + 3H,O (1) 

Some selenotrisulphides have been found to decom- 
pose and to release elemental selenium according to 
equation (2):14.16 

R-S-Se-S-R + R-S-S-R + Se (2) 

The shift of the absorption band from 398 nm to 345 
nm is attributed to the formation of the sele- 
notrisulphide and the disulphide. It is difficult to 
distinguish them spectrophotometrically, because 
their absorption spectra are so similar. In fact, the 
absorption spectrum of the reaction mixture was 
similar to that of the product of oxidation of ATPS 
with iodine, as shown in Fig. 2. In the case of 
thiopyrine, the absorption spectrum of the sele- 
notrisulphide is also very similar to that of the 
disulphide. 

The thin-layer chromatogram of this reaction mix- 
ture showed two spots with similar colour intensity. 
The R, value of the orange spot (0.75) was identi- 
cal to that of the product (R-S-S-R) from iodine 
oxidation of ATPS. The other spot (R,= 0.68) was 
yellowish orange in colour and considered to be that 
of the selenotrisulphide produced from ATPS. Al- 
though the R, values are not very different, the colour 
difference is distinct enough for the two spots to be 
distinguishable. 

These results indicate formation of the fairly stable 
selenotrisulphide in acid medium according to equa- 
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Fig. 3. Collection of selenium(IV) by systems A and B. 
ATPS 0.01 mmole, Se(W) 100 pg, resin 100 mg (Amberlite 
CG-400), -O- Se-ATPS + resin (system B), -A- 

Se + ATPS-resin (system A), -e- Se + resin. 

tion (l), but it is important to do the reaction at low 
temperature in order to avoid complete decom- 
position of the selenotrisulphide. 

Collection of selenium (IV) 

Selenium(W) was collected by a batch method (A) 
and a column method (B). 

Batch method. As shown in Fig. 3, with system A, 
uptake of selenium(IV) on the ATPS-resin increased 
with hydrochloric acid concentration. The ATPS- 
resin sorbed 10% of the selenium from the 0.1 M acid 
and 65% from the l.OM acid. Slight leakage of ATPS 
from the anion-exchange resin was found when the 
concentration of hydrochloric acid was higher than 
l.OM. No uptake of free selenium(IV) on the un- 
loaded anion-exchange resin was found when the 
concentration of hydrochloric acid was 0.2-l .OM. 

On the other hand, the product of reaction of 
ATPS with selenium(IV) was almost completely sor- 
bed on the anion-exchange resin in O.l-l.OM hydro- 
chloric acid when system B was used. When the 
reaction mixture was shaken with the anion-exchange 
resin there was no detectable production of elemental 
selenium. Hence system B was the method of choice 
for the collection of selenium(IV). Its capability for 
collecting selenium(IV) was therefore tested, 0.02 
mmole of ATPS in 0.5M hydrochloric acid being 
used, as shown in Fig. 4. The effect of increasing 
amounts of selenium(IV) was examined. The max- 
imum amount of selenium(IV) sorbed was about 
0.005 mmole and the binding ratio of selenium(IV) to 
ATPS on the resin was found to be about 1~4, which 
is supporting evidence that the reaction is as de- 
scribed in equation (1). Figure 4 shows that complete 
uptake of the selenium(IV) requires at least a 7-fold 
amount of ATPS. 

The effect of other ions, such as chloride, cop- 

per(I1) and cadmium(II), on the collection of sele- 
nium(IV) was examined (Fig. 5). Sodium chloride 
does not interfere, because of the strong physical 
adsorption of ATPS onto the ion-exchange resin. 
This can be contrasted with the behaviour of some 

6- 

I I I I I I I I, I 
0 12345678910 

Amovlt of SeWadded ( pmole ) 
Fig. 4. Amount of selenium(IV) collected on the anion- 
exchange resin by system B. ATPS 0.02 mmole, anion- 

exchange resin 100 mg (Amberlite CG-400). 

other chelating agents which bear ion-exchange 
groups but lack the capability for physical ad- 
sorption, and hence are readily displaced into the 
solution.‘6 Cadmium(I1) and copper( which are 
capable of chelate formation with ATPS, interfere 
when present in concentration five times that of the 
selenium(IV), in 0.2M hydrochloric acid medium, but 
not in 0.61 .OM hydrochloric acid. This indicates that 
in the presence of copper(I1) and cadmium(II), ATPS 
reacts selectively with selenium(IV) in strongly acid 
medium, where these cations cannot form their 
chelates with ATPS. 

Column method. Because of its success in batch 
operation, system B was tested for the column col- 
lection of selenium(IV). The results indicated that to 
form the selenotrisulphide completely and avoid its 
decomposition it is best to react ATPS with sele- 
nium(IV) at low temperature (0”) in 2M hydrochloric 
acid, and then apply the reaction product to a column 
packed with the anion-exchange resin. Nitric acid will 
elute selenium from the anion-exchange resin, to- 
gether with the disulphide of ATPS, and the eluate 
can be directly used for the fluorometric deter- 
mination of selenium with DAN, because the sele- 
nium is eluted in the quadrivalent state. In contrast, 
in other collection methods’ complicated treatments 
are necessary to convert the selenium into Se(IV) for 
the fluorometric determination. In the column pro- 
cedure, the anion-exchange resin can be regenerated 
but the ATPS is lost because of its oxidation to the 
disulphide by nitric acid. 

I 
500 

I I I I I 
02 04 06 08 IO 

Concentration of HCl (M) 

Fig. 5. Collection of selenium(W) from solutions contain- 
ing sodium chloride, copper(H) or cadmium, by system B. 
ATPS 0.01 mmole, Se(W) 100 pg, resin 100 mg, -O- 
O.SM NaCl, -A- 10 mg/l. Cd*+, -0- IO-mg/l. Cu*+ 
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Fig. 7. Recovery of selenium(IV) from solutions containing 
sodium chloride, copper(H) or cadmium. ATPS 0.02 mmole, 
Se(IV) 100 pg, -O- NaC1, -a- Cd*+, -a- CL?+, 

Fig. 6. Elution of selenium with nitric acid. ATPS 0.02 reactivity with selenium and forming a more stable 
mmole, Se 100 pg, anion-exchange column 10 x 50 mm. selenotrisulphide has therefore been begun. 

The elution of selenium with various concen- 
trations of nitric acid is shown in Fig. 6. More than 
90% of the selenium is eluted as Se(IV) with lG13M 
nitric acid. 

Interference by a few other ions was tested for (Fig. 
7). Sodium chloride (O.lLl.OM) did not interfere in 
the column method (or the batch method), owing to 
the strong physical sorption of ATPS on the anion- 
exchange resin. Cadmium (l-100 mg/l.) did not inter- 
fere. The interference of copper(H) was negligible at 
concentrations below 10 mg/l. In the absence of these 
foreign ions, the mean recovery of selenium(W) from 
a solution containing 1 mg/l. was 93.8% (relative 
standard deviation 1.9x, 6 determinations) and in the 
presence of sodium chloride (0.5M), copper(H) and 
cadmium (each at the 10 mg/l. level) was 91.6% 
(relative standard deviation 3.5’;/,, 6 determinations). 
However, when the concentration of copper(I1) was 
increased, the recovery of selenium decreased (to 60% 
at Cu/Se w/w ratio of 103); the spectrum of the 
reaction mixture was then similar to that of the 
disulphide of ATPS, obtained by oxidation with 
iodine. The copper(I1) interference was therefore 
presumably due to oxidation of the ATPS. Addition 
of 4 ml of O.OlM iodine to the reaction system 
decreased the recovery of selenium(W) to 44%. 
Hence, it can be concluded that the interference of 
low concentrations of copper(H) is not significant, 
but the presence of large amounts of oxidizing agents 
may decrease the recovery of selenium(W). Sele- 
nium(IV) was found not to cause any spectral change 
of ATPS under the conditions used for the collection 
of selenium(IV). 

The method presented here has the following ad- 
vantageous features for collection of selenium(W). 
The reagent has a thiol group and reacts with sele- 
nium(IV) to form a selenotrisulphide even in strongly 
acidic medium, and the product is separable by 

means of an ion-exchanger, which makes the method 
highly selective. In addition, the eluate containing 
selenium(W) can be used for the fluorometric deter- 
mination with DAN without further treatment. The 
anion-exchange resin can be used repeatedly. 
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Summary-Experimental parameters associated with the use of a square-wave potential waveform during 
the stripping procedure have been examined for their effect on the sensitivity of ASV. Voltamperograms 
for IO-ng/ml solutions of lead and of cadmium were recorded under the various experimental conditions. 
Peak heights obtained experimentally were compared with those calculated from an equation describing 
the rate of decay of the measured current. Calibration graphs were constructed for lead and cadmium 
over the range 0. l-l .6 ng/ml, and the two metals were determined in samples of the local water supply. 

Square-wave voltammetry has been demonstrated to 

be a highly sensitive technique for the measure- 
ment of trace metals in aqueous solutions.‘” The 
improvement in sensitivity is achieved through more 
efficient discrimination between the charging and 
the faradaic currents. When it is coupled with 
anodic stripping techniques, sensitivities as high as 
0.1-l ng/ml have been obtained.4 The potential- 
waveform utilized in this type of stripping procedure 
consists of a staircase voltage upon which is super- 
imposed a series of square-waves, as shown in Fig. 1. 
The use of this more complex waveform introduces a 
number of new experimental parameters into the 
stripping process. This paper reports an examination 
of the effects of these parameters and their interplay 
upon the overall sensitivity of the method. 

The parameters considered are those associated 
with the square-wave scanning potential and include 
(a) the square-wave amplitude, (b) the square-wave 
half-period and (c) the scan-rate of duration of each 
5-mV step. Additional parameters examined are 
those related to the current measurement, namely the 
transition-sample delay period and the sample aper- 

+ 5mV 

t 
1 

SQUARE 5rn” 

WA”E 1 
AMPLITUJE 

I 
t I 5mV 
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Fig. 1. Square-wave staircase-potential waveform. 

ture period. The conventional stripping parameters of 
deposition time and drop-size of the hanging mercury 
drop electrode (HMDE) were also studied. 

The total current, ir produced at the working 
electrode is the sum of the charging, iC, and faradaic, 
i,, currents: 

ir = ic + i, (1) 

The decays of the charging and faradaic currents are 
given by: 

ic, = A e(-‘iRO (2) 

i,, = Bt-‘12 (3) 

where A and B are proportionality constants, t is the 
time (in psec) after the square-wave transition, and R 
and C are the resistance and double-layer capacitance 
of the cell and electrode.s Combining these equations 
gives an expression for the total instantaneous cur- 
rent, iT, through the cell: 

iT, = Ae(-‘/RO + Bt-“2 (4) 

Thus, the shape of the current-time curve is indepen- 
dent of the repetition frequency of the square-wave, 
when viewed over the life of a single half-period of the 
square-wave. 

The enhancement in sensitivity attributable to 
square-wave voltammetry occurs because the two 
current components, charging current and faradaic 
current, are separable on the basis of time. Figure 2 
is a graphical representation of the time-dependence 
of the total current flow resulting from the applied 
potential. The total time during which current flows 
is divided into three sections, the transition-sample 
delay period, the sample aperture period and a slack 
period. The ratio of charging and faradaic currents 
during the complete cycle changes from mostly charg- 
ing, during the transition-sample delay period, to 
mostly faradaic, during the sample aperture period 

459 
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Fig. 2. Applied potential and resulting current flows. 

because the charging current decays faster than the 
faradaic current. 

The ratio of faradaic to charging current in the 
measured current flow is maximized by adjustment of 
the transition-sample delay period, during which no 
current is measured, and the sample aperture period, 
during which the current flow is measured. The slack 
period, although seldom employed, is available to 
make up the period in time between the closure of the 
sampling operation and the commencement of the 
next square-wave signal. 

EXPERIMENTAL 

The square-wave anodic stripping voltammetry (SWASV) 
instrument with mini flow-through cell has already been 
described.“ Voltamperograms were recorded on a Heath 
Servo-Recorder Model EU-20B. A Tektronix Type 535A 
Dual-Trace Oscilloscope was used to monitor the current 
decay signal. A silver/silver chloride reference electrode was 
used with an unfired Vycor tip as the solution-to-electrode 
interface. 

Reugents 

Distilled water passed through Barnstead “Ultrapure” 
and “Organic Removal” cartridges was used in the prepara- 
tion of all solutions. Stock solutions of cadmium and lead 

SQUARE-WAVE VOLTAMPEROGRAPH 

1 Sq.-wave amp. select (0.5,10, 25, 50) 
2. Sq.-wave half-period 
3. Deposition time 
4. Transition-sample delay 
5. Sample aperture 
6. Initial potential (< = +/-2000 mV) 
7. Final potential (< = +/-2000 mV) 
8. 5-mV step duration 
9. Sensitivity (1,2,3,4) 
A. Drop size (1,2. 3.4) 

mV 
jJ set 
set 

p set 
p set 
IllV 
IllV 
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Fig. 3. Menu display of operating parameters. 

were prepared from reagent-grade cadmium chloride and 
lead carbonate. Reagent-grade hydrochloric acid, ammo- 
nium chloride, potassium nitrate and nitric acid were used 
in preparing the stripping solution for the matrix exchange 
method. Nitrogen was employed to deaerate the stripping 
solution, and was freed from oxygen by bubbling it through 
an aqueous chromium(H) scrubber solution before use. 

Procedure 

A series of fourteen optimization studies was made. 
Figure 3 shows the operating parameters called the “Menu”, 
as displayed on the CRT of the SWASV instrument. Tables 
I and 2 list the values assigned to the particular Menu 
parameters for each of the optimization itudies indicated by 
the column heading. The parameters listed as variable in the 
tables are described below. The cadmmm ,and lead ion 
concentrations were IO ng/ml. The supportmg electrolyte 
for the cadmium solutions was O.OlM hydrochloric acid, 
and for the lead solutions was O.lM am’ onium chloride. 

Amplitude. The square-wave amplitud 

!n 

was varied be- 
tween 50 and IOmV peak-to-peak and i s effect on peak- 
height and baseline as well as on the resolution of adjacent 
peaks was studied. For lead the sensitivity was maintained 
at 4 (equivalent4 to a multiplication-factor of 440) in all 
cases except for the 50-mV amplitude, where it was reduced 
to 3 ( = x 220) in order to keep the trace on scale. 

Deposirion time. Measurements were made of peak- 
heights as a function of the deposition time, with cadmium 
and lead solutions of constant concentration. The deposi- 
tion time was varied between 30 and 120 sec. 

Drop-size. Peak-heights were examined as the drop-size 
was varied between the four available with the instrument 
used. The drop-sizes themselves were evaluated by collecting 
and weighing a number of drops. 

Transition-sample delay. Sample delays from 200 to 
700 nsec were employed. Preliminary experiments indicated 
that maximum sensitivity would be achieved when the 
aperture and sample delay periods were equal to the half- 
period of the square-wave. Accordingly, in these experi- 
ments the sample delay period and the aperture period were 
adjusted so that their sum was the square-wave half-period. 

Table I. “Menu” parameters for cadmium experiments 

Menu 
parameter 

number 
Half- 

period 

Parameter examined 
_______ 

Deposition 
Amplitude time Scan-rate Drop-size 

I, mV 
2, psec 
3, set 
4, psec 
5, psec 
6, mV 
7, mV 
8, msec 
9 

IO 

50 Var 50 50 50 
Var 2000 2000 2000 2000 

60 60 Var 60 60 
400 400 400 400 400 
Var 1600 1600 I600 1600 

- 700 -800 - 800 - 700 - 700 
-475 -400 -400 -450 -475 
2000 2000 2000 Var 2000 

2 2 l&2 2 3 
3 3 3 3 Var 
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Menu 
parameter 

number 

1, mv 
2, /Ltsec 
3, set 
4, psec 
5, psec 
6, mV 
I, mV 
8, m.rec 
9 
A 

Half- 
period 

50 
Var 

60 
400 
Var 

-550 
-150 
2000 

4 
3 

Table 2. “Menu” parameters for lead experiments 

Parameter examined 

Sample Deposition 
delay Amplitude time Aperture Sean-rate Drop-size 

50 Var 50 50 50 50 
2000 2000 2000 2000 2000 2000 

60 60 Var 60 60 60 
Var 400 400 400 400 400 
Var 1600 1600 Var 1600 1600 

- 550 -550 - 550 - 550 -550 -550 
-150 -150 -150 -150 -150 -150 
2000 20 00 2000 2000 Var 2000 

3 4 3 4 3 3 
3 3 3 3 3 Var 

Aperture. Peak-heights were observed as the sample aper- 
ture was varied between 200 and 1600psec. 

Scan-rare (5-m V step duration). The step durations were 
varied between 200 and 5000 msec. 

Square-wave half-period. For these studies the sample 
aperture period was made 400 psec shorter than the square- 
wave half-period. 

Decay rate. To evaluate the rate of decay of the instanta- 
neous faradaic current flow over a single half-period, a 
square-wave half-period of 6000psec was used. The 
transition-sample delay and sample aperture periods were 
adjusted so that the measured current flow was examined 
over nine different time intervals during the 6000~psec 
half-period. The peak-height on the voltamperogram for 
each time interval was taken as proportional to the average 
value of the instantaneous faradaic current for that interval 
of the 6000~psec half-period. 

Calibration graphs for cadmium and lead over the con- 
centration range from 0.1 to 1.6 ng/ml were prepared. The 
supporting electrolyte used was 0.05M potassium nitrate 
containing 4 drops of concentrated nitric acid per litre. 

Water samples collected in polypropylene containers were 
acidified with 1 ml of concentrated hydrochloric acid per 
gallon of sample. Samples were prepared for analysis by 
adding 3.Og of potassium nitrate and 4 drops of concen- 
trated nitric acid per litre of sample. 

RESULTS AND DISCUSSION 

The results of the optimization of the square-wave 
amplitude are shown in Fig. 4. When smaller square- 

Fig. 4. Voltamperograms for long/ml lead with different 
square-wave amplitudes. Direction of scan is from left to 

right. 

wave amplitudes were used, peak-heights became 
smaller, baselines became smoother, and resolution 
of adjacent peaks was improved. Figure 4 shows 
voltamperograms for the lo-ng/ml lead ion solution, 
obtained with square-wave amplitudes of 50, 25 and 
10mV. The improvement in resolution of the peak 
for the impurity in the lead solution, when smaller 
square-wave amplitudes are used, is obvious. Larger 
square-wave amplitudes provide greater sensitivity at 
the expense of poorer resolution of overlapping 
peaks. It should be noted that the 50-mV voltam- 
perogram was recorded with a sensitivity-setting half 
of that used for the other curves. 

The peak-height increases linearly with increase in 
deposition time, but the gain in sensitivity is achieved 
at the expense of longer analysis time. 

Figure 5 shows the experimental results for vari- 
ation of the size of the mercury drop. The instrument 
allows selection from four preset drop-sizes. The 
change in drop-size is obtained by doubling the time 
for which the mercury-flow control-value is held 
open. There should theoretically be a linear increase 
in current flow with increase in the surface area of the 
drop, but it is apparent from Fig. 5 that there is a 
second (and constant) factor partially controlling the 
surface area of the drop. This factor is an instrumen- 
tal artifact and though constant for a given electrode 
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6. Plot of peak-height vs. S-mV step duration. 

assembly may differ between assemblies. It is the 
result of the finite closure time of the mercury-flow 
valve, which is a significant fraction of the time that 
the valve is open. Stronger springs and higher volt- 
ages would materially shorten this closure time, if 
desired. Though the greatest sensitivity was obtained 
with the largest drop-size, the setting 3 (0.028 cm2 
surface area) was chosen, because the drops obtained 
with setting 4 did not remain attached to the HMDE 
for the longer analysis times. 

Figure 6 shows the results from the study of the 
5-mV step duration experiments. The increase in 
peak-height at longer step durations is caused by the 

A 

if A 
f 60 

& A 

9 so 
u 

A 

z 

A 

A 

Oh 
200 400 600 000 1000 1200 1400 leca 

SAMPLE APERTURE (/.~rec) 

Fig. 7. Plot of peak-height VS. sample aperture. 

increased number of square-wave transitions occur- 
ring during a single 5-mV step. A single response 
value is obtained for each 5-mV step. This response 
is derived from a gated integrator operating over the 
life of the 5-mV step duration. The gate on the 
integrator is open for integration only during the 
sample aperture period. An increase in the duration 
of the 5-mV step produces a corresponding increase 
in the number of sample aperture periods and accord- 
ingly increases the gate-open integration time, which 
hence produces an increase in response. If the current 
measured at each step is larger, the peak current will 
also be larger. This implies that the optimal condi- 
tions would use long 5-mV step durations. The 
disadvantage of this is that the single-analysis time 
would increase. A 500-mV scan would take 100 set if 
the 5-mV step duration was 1000 msec. The same 
scan would take 500 set with a 5-mV step duration of 
5000 msec. This argument does not take into consid- 
eration the fact that there would also be some 
depletion of the metal from within the drop if longer 
times were used. A 5-mV step duration of 2000 msec 
was chosen as suitable for the analysis of solutions 
containing metals at the ng/ml level. 

The results for optimization of the sample aperture 
period are shown in Fig. 7. The larger peak-heights 
at longer sample aperture periods are due to the 
increase in the time period over which the current 
flow is measured. The plot shows that for optimum 
measuring conditions the sample aperture period 
should be as long as possible. The practical optimum 
value of the sample aperture period is limited by the 

TRANSITION-SAMPLE DELAY (/.sec) 

Fig. 8. Voltamperograms for lead, with various transition- 
sample delay periods. Direction of scan is from left to right. 
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transition-sample delay period and the duration of 
the square-wave half-period. 

Figure 8 shows several voltamperograms of a 
IO-ng/ml lead solution, for various transition-sample 
delay periods. There is an increased peak-height and 
a more sloping baseline with decrease in the 
transition-sample delay period. A larger portion of 
the total current flow is measured at shorter 
transition-sample delay periods, resulting in an in- 
crease in the charging and faradaic currents com- 
posing the measured current flow. The increase in 
faradaic current in the measured current flow is 
desirable, and produces larger peak-heights when 
shorter transition-sample delay periods are used. 
However, the ratio of charging to faradaic current in 
the measured current flow increases at shorter 
transition-sample delay periods because of the faster 
decay of the charging current. This higher ratio of 
charging to faradaic current in the measured current 
flow produces the sloping baseline. The optimum 
transition-sample delay period is then one in which 
the slope of the baseline does not interfere with the 
measurement of the peak produced by the faradaic 
current. These criteria neglect the effects of ad- 
sorption on the current flow and select the minimum 
transition-sample delay period which will provide a 
reasonably flat baseline. A transition-sample delay 
period of 400 psec was considered the most appropri- 

ate. 
The results of the optimization study of the square- 

wave half-period are shown in Fig. 9. The data show 
the optimum square-wave half-period to be between 
1500 and 2000 psec. The occurrence of an optimum 
value indicated at least two opposing factors con- 
tributing to the shape of the curve. The data pro- 
duced by the decay-rate experiment were used to 
identify these factors. Table 3 shows the results of 
several voltamperograms obtained from the same 
solution with a constant aperture period and square- 
wave half-period but with an increasing transition- 
sample delay. These experiments had the effect of 
moving the measurement window along the current 
decay curve for a single square-wave half-period, and 
thus the peak-height obtained from each experiment 
was proportional to a current measured during that 
portion of the square-wave half-period. Taken to- 
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Fig. 9. Comparison of calculated and experimental peak- 
heights at various square-wave half-periods. A, Pb; 0, Cd; 
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gether and plotted as a function of the transition- 
sample delay period plus the mean of the sample 
aperture period, these peaks gave a curve representa- 
tive of the current decay curve, of the type shown in 
Fig. 2. A non-linear least-squares fit of equation (4) 
(by the method of successive approximation with 
residual sum of squares6), to the experimental peak- 
heights and their median time of measurement pro- 
duced numerical values for A, B, and RC in equation 
(4). These values are shown below in equation (5) 
which is the resulting expression for the measured 
current flow. A comparison of the experimental peak- 
heights for the nine time intervals, with those calcu- 
lated by using equation 5, is shown in Table 3. 

iT, = 23.9e- @I 10 + 1224.9t f/2 (5) 

An equation having been obtained that accurately 
described the current decay signal during the sam- 
pling time, it was then used to calculate the optimum 
square-wave half-period. When equation (5) is inte- 
grated over the sample aperture time, the value 
obtained will be the current produced for that time 
period during one square-wave half-period. Multi- 
plying the current for one half-period by the number 

Table 3. Comparison of experimental and calculated peak-heights based on 
decay-rate data 

Time interval, Median time, Exptl. peak-ht., Calc. peak-ht., 
fiusec wee chart unirs chart units 

500-750 625 66.0 
75GlOOO 875 58.0 
100ck1500 1250 48.6 
150&2000 1750 39.2 
2OOG2500 2250 33.6 
250&3000 2750 29.6 
30Oc4000 3500 25.4 
400&5000 4500 21.2 
5OOCk6000 5500 18.6 

66.7 
57.2 
47.8 
39.7 
34.0 
29.8 
25.3 
21.2 
18.3 
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Table 4. Analysis of water supply samples 

Sample Cadmium, q/ml Lead, ng /ml 

Well water 0.3 + 0.05 1.5 kO.1 
Municipal water 0 1.0 f 0.05 
Softened 0.1 0.5 f 0.05 
municipal water 

of half-periods occurring during a 5-mV step gives 
the total current for that step. This calculation was 
performed by a computer program that varied the 
value of the square-wave half-period. The 5-mV step 
duration period was set at 2000 msec and the 
transition-sample delay period at 400 psec. Starting 
with a square-wave half-period of 500 psec, equation 
(5) was integrated from 400 to 500 psec. The resulting 
value was multiplied by 4000, which is the number of 
500~psec half-periods that occur during a 2000-msec 
5-mV step to produce the peak-height value for a 
square-wave half-period of 500 psec. The calculation 
was repeated with the square-wave half-period in- 
creased in lOO-+ec steps until a value of 6000psec 
was reached, the multiplication factor being corre- 
spondingly reduced. Longer square-wave half- 
periods produced larger current values for one 
square-wave half-period, owing to the increase in the 
integration time of equation (5), but this was offset by 
the corresponding decrease in the number of half- 
periods occurring during a 2000-msec 5-mV step, i.e., 
in the current multiplication factor. These are the two 
opposing factors that produce the optimum value of 
the square-wave half-period. An optimum value of 
1600 psec was calculated by the computer program. 
The calculated peak-heights for square-wave half- 
periods ranging from 500 to 6OOOpsec are shown in 
Fig. 9, along with the experimentally determined 
values for lead and cadmium. 

Calibration graphs were prepared for cadmium 
and lead over the concentration range ranging from 

0. I to 1.6 ng/ml, with a 3-min deposition period. The 
cadmium and lead peaks occurred at - 515 mV and 
- 330 mV respectively vs. a silver/silver chloride ref- 
erence electrode. The data points for lead produced 
a line with a slope of 22.7 + 0.5 chart units per ng/ml 
and a correlation coefficient of 0.9987. For cadmium 
the slope was 48.1 + 0.6 chart units per ng/ml and the 
correlation coefficient 0.9997. 

Three local water supplies were analysed; well 
water, municipal water, and softened municipal wa- 
ter. The results of the analyses are shown in Table 4. 
The increase in the cadmium concentration in the 
softened water sample is probably due to cadmium 
present in the sodium chloride used in the water- 
softening process. 

The optimization experiments provided insight 
into the factors that produce the maximum response 
of the SWASV technique to trace metal ions. Adjust- 
ment of the square-wave, current measurement and 
drop-size parameters to their optimum settings prior 
to an analysis allows the analyst to obtain the 
maximum sensitivity from the SWASV instrument 
before resorting to increased deposition times to 
provide the required sensitivity. The result is faster 
sample through-put, owing to the shorter individual 
analysis time. 
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Summary-A group separation procedure for the determination of 33 elements has been developed and 
applied to the neutron-activation analysis of niobium. It is based on cation- and anion-exchange 
chromatography in HF media and separates the elements into five groups suitable for gamma 
spectrometry. The recoveries and their reproducibilities have been studied by the radiotracer technique. 
Recovery > 95”/, (mean deviation < 3%) was obtained for all the elements tested. For a l2-hr irradiation 
at a thermal neutron flux of 8 x lOi n.cm~*.secc’, the limits of detection for a niobium matrix vary 
between 0.6 pg (for Mn) and 0.6 pg (for Fe). 

In general, hydrofluoric acid is an excellent solvent 
for the elements of the fourth, fifth and sixth rows of 
the periodic table that tend to hydrolyse, polymerize 
or precipitate even at fairly low pH values. In 
hydrofluoric acid these elements form highly stable 
anionic complexes which are readily sorbed on strong 
anion-exchangers and extractable as ion-association 
complexes. On the other hand, hydrofluoric acid, 
being a moderately weak acid (pK, = 3.17), facilitates 
the sorption of a number of other elements in cationic 
form on cation-exchange resins, as well as solvent 
extraction of their chelates. 

In recent years, we have studied the behaviour 
of elements on anion- and cation-exchangers’,2 and 
in solvent extraction with diantipyrilmethane,3,4 di- 
thizone and diethyldithiocarbamate.’ These studies 
have permitted the development of separation pro- 
cedures based on extraction and ion-exchange from 
hydrofluoric acid media. These separations have been 
used in the analysis of niobium and other refractory 
metals by activation with neutron?.’ or charged 
particles,‘,’ and by X-ray fluorescence spectrometry 
after separation of the matrix, and precon- 
centration.” They have also been used in the analysis 
of plant materials by X-ray fluorescence spectrometry 
and neutron activation.“,‘2 

In the present paper, a new group separation is 
described, which is based on combined anion- and 
cation-exchange from hydrofluoric acid medium. It 
enables the rapid separation of at least 33 elements 
into 5 groups, application to neutron-activation anal- 
ysis of niobium being given as an example. 

EXPERIMENTAL 

Samples 

Samples of metallic niobium (cu. 100 mg) were cut with 
a diamond saw and etched in a mixture of hydrofluoric and 

nitric acids (9:l v/v). washed with doubly distilled water, 
and wrapped in aluminium foil for irradiation. After irra- 
diation, the samples were repeatedly etched, weighed and 
dissolved. 

Stanahrds 

Standardization was done by a single comparator method 
using zirconium and gold for the simultaneous deter- 
mination of the factors tl and f,13 and by a conventional 
method (involving simultaneous multielement standard- 
ization) for Co, Cu, Hf, Ir, La and U. 

Irradiation 

Samples and standards were irradiated simultaneously in 
the Karlsruhe FR-2 reactor at a thermal neutron flux of 
8 x 10” n.cm-*.sec-’ for 12 hr. The separation was per- 
formed about 4-5 hr after the end of the irradiation. 

Reagents 

All reagents were of “pro analysi” grade. Dowex-I x 8 
and Dowex-SOW x 8, both 100-200 mesh, were obtained 
from Fluka. The radiotracers used for investigation of the 
separation method were prepared by irradiating the pure 
metals or compounds in the Karlsruhe FR-2 reactor. The 
radiochemical purity of the tracers were checked by y-ray 
spectrometry; simultaneous group labelling with three or 
four radioisotopes and counting by y-ray spectrometry were 
used. 

Apparatus 

Plastic 2-ml syringes (without pistons) were used for 
making the columns, which had an active bed 45 mm in 
depth and 8 mm in diameter. The syringes were closed with 
polyethylene caps having a hole for in&connection of the 
columns. The columns filled with Dowex-1 resin had an 
active bed 100 x 8 mm and were made from plastic pipettes 
closed with Luer caps. The columns for the selective sepa- 
ration of copper had an active bed of 45 x 8 mm and were 
filled with Dowex-1 x 8 in the Cu(I)-form, made by reduc- 
ing copper(I1) chloride solution in 2M hydrochloric acid 
with sulphur dioxide and mixing it with Dowex-I (about 0.2 
meq per g of wet resin); the resin was then placed in the 
column, washed, and kept in distilled water. 

A peristaltic pump (Ismatec ip-4, Ziirich) was used in the 
elution, several column systems being operated simulta- 
neously. 
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The fractions obtained after group separation were coun- 
ted with a high-resolution y-ray spectrometer consisting of 
an Ortec Ge(Li)-detector and a Canberra “Series 80” 
multichannel analyser. The energy resolution of the system 
was 0.9 keV FWHM for the 1332 keV y-ray of @Co. The 
counting time varied from about 600 to IO4 set, depending 
on the activity of the sample. 

Chemical procedure 

Figure 1 gives the flow-chart of the radiochemical pro- 
cedure. After surface decontamination and weighing, the 
irradiated sample was placed in a 20-ml disposable syringe 
which was then closed with its piston. The sample was 
dissolved in 0.5 ml of 48% hydrofluoric acid and a minimum 
of 63% nitric acid (about 0.3 ml) as reported earlier.4 
Immediately after dissolution, for each indicator radio- 
nuclide S&100 pg of inactive element was added as carrier, 
the solution was diluted with distilled water to give 8-10 ml 
total volume (and hydrofluoric acid concentration -2M) 
and loaded into the column system. The elution was done 
with 15 ml of 2M hydrofluoric acid at a flow-rate of 0.X1.7 
ml/min. The columns were then decoupled and further 
eluted with 25 ml of concentrated hydrofluoric acid (for the 
Dowex-1 column) and IOM hydrofluoric acid (for the 
Dowex-50 column). For the separation of copper, the 
cation-exchange column was prewashed with water and a 
new Dowex-I column in the Cu(I)-form was connected to 
it in the sequence shown in Fig. 1. A volume of 25 ml of 2M 
hydrochloric acid was passed through these two columns, 
whereby copper (together with zinc and cadmium) was left 
on the lower column, while cobalt, manganese and nickel 
were eluted. 

RESULTS AND DISCUSSION 

Radiochemical procedure 

A survey of the sorption behaviour of the elements 
on Dowex-1 and Dowex-50 resins from hydrofluoric 
acid of various concentrations is given in Table I. 
This summary was compiled from previously pub- 
lished data;‘,2,‘“‘7 the behaviour of Np and Te was 
studied in the present work. As no element referred 
to in Table 1 is sorbed on both Dowex-1 and 
Dowex-50 from 2M hydrofluoric acid, a system con- 
sisting of coupled columns of the two exchangers can 
be used for the first separation, into three groups, as 
follows. 

(1) Elements which remain on the Dowex-1 This 
group comprises weakly hydrolysable elements which 
form stable negatively charged fluoride complexes. 

(2) Elements retained on the Dowex-50. This group 
includes the alkali, alkaline-earth and rare-earth met- 
als, yttrium and bivalent transition metals. 

(3) Elements passing through both columns. Many 
tervalent metal ions, Np(V), Se(IV) and PO:- ions 
belong to this group. 

The columns are then eluted for further separation. 
In the treatment of the Dowex-1 column with concen- 
trated hydrofluoric acid, all elements except Nb, Ta, 
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Table 1. Summary of ion-exchange behaviour of elements in hydrofluoric acid* 

Dowex-1 x 3 Dowex-50 x 8 

Group Element 2+IMHF 48% HF 2klMHF 10M HF 

A Nb, Ta, W, Sb(V), As(V)? 0 0 0 
B Be, SC, Zr, Hf, Ti, Sn(IV), Te(IV), : 0 0 0 

V(V), Pa, MO, Re(VI1) 
C Al, Cr, Fe(III), Ga, In,$ Bi(III),$ 0 0 0 0 

As(III), Sb(II1). V(IV), Se(IV), 
PO:-, Np(V) 

D Na, K, Rb, Cs, Mg, (Eu)§ 
E Ag, Cd, Co, Cu, Mn, Ni, Pb, Zn, : 

Ca. Sr. Ba. La. Y 

*Black circles indicate sorption; open circles indicate that the elements will be found in the eluate. 
tPartia1 elution (about 25-30x) of arsenic with 48% HF was found. 
tFor the elution of In and Bi 4M HF or lamer volumes of 2M HF must be used.r 
&bout 88% of europium is eluted with IOM-HF. 

W and Sb(V) are rapidly eluted. The alkali metals 
and magnesium can be separated from bivalent tran- 
sition elements by washing the Dowex-50 column 
with 10M hydrofluoric acid, the first group being 
eluted and the second remaining on the column. This 
further subdivision results in the five groups (A-E) 
shown in Fig. 1 and Table 1. 

The yield of each element in the complete sepa- 
ration procedure was determined by adding the nec- 
essary radiotracers during dissolution of the inactive 
niobium matrix. Only those elements detectable in 
refractory metals by neutron-activation analysis were 
tested. The results obtained from at least three repli- 
cate experiments are given in Table 2. 

Group A. The retention of Nb (matrix), Ta and W 
on Dowex-1 was quantitative; the decontamination 
factors measured for these elements, the radio- 
nuclides of which represent the main radioactivity of 
neutron-irradiated niobium, were higher than 106. 
None of these elements can be eluted with 25 ml of 
concentrated hydrofluoric acid. On further elution, 
traces of tungsten appear in the eluate. The elution of 
tungsten depends on the extent of saturation of the 
column, i.e., on the amount of sample. Antimony(V), 
mercury and gold are also retained on Dowex-1 when 
concentrated hydrofluoric acid is used as eluent, but 
because of the high activity of the long-lived radio- 
nuclides of Ta and W, their determination in niobium 
by direct counting of the Dowex-1 column (or after 
elution) is impossible. Arsenic(V) is also retained on 
Dowex-1 from dilute hydrofluoric acid, but about 
30% is eluted with the concentrated acid. 

Group B. The uptake of all the elements of this 
group on the anion-exchanger is quantitative 
(>99.5%). Elution with 25 ml of concentrated 
hydrofluoric acid results in 87-99.8x of the radio- 
activities being transferred to the eluate. The only 
elements which are not separated satisfactorily are 
molybdenum and rhenium. On further elution, tung- 
sten gradually appears in the eluate, making the 
determination of the elements of this group difficult. 
To avoid this, a stepwise elution with collection of 
l-ml fractions is recommended. For measurement, 
only those fractions free from tungsten activity are 

used. In this way, yields of 95 f 3% can be obtained 
for MO and Re. 

Group C. The elements of this group are sorbed on 
neither column. The yields for all the elements in this 
group were better than 95%. Anomalous ion- 
exchange behaviour was observed for chromium, 
which forms three different complexes in hydrofluoric 

Table 2. Yields and detection limits 

Element Yield, % 
Detection 
limit, trg 

Fraction A (Dowex-1) 
Nb (matrix) 
Ta 
W 
Sb 
Hg 
Au 

Fraction B (48% HF) 
Hf 
Zr 
Th (*r3Pa) 
MO 

Re 
Sn 
SC 
Te 

Fraction C (2M HF) 
Fe 
Se 
Cr 
U (*r9Np) 
Ga 

Fraction D (10M HF) 
Na 
K 
Rb 
cs 
EU 

Fraction E (Dowex-50) 
Ag 
Cd 
co 
cu 
La 
Mn 
Ni 
Zn 

299.9 
299.9 
.99.9 

96.2 f 1.2 
99.8 f 0.1 
99.9 f 0.1 

- 
* 
* 

- 
- 
- 

99.8 + 0.1 0.4 
99.8 + 0.1 10 
99.7 + 0.2 0.3 

90-95 25 
87-92 0.02 

95.7 f 2.1 10 
97.3 f 1.2 0.05 
98.1 k 0.8 - 

99.0 f 0.3 
99.2 f 0.3 
98.6 f 0.8 
96.1 f 1.7 
97.3 + 1.3 

10 
5 
3 
0.005 
- 

99.6 + 0.2 
99.5 f 0.3 
99.0 f 0.6 
98.5 f 1.2 

-88 

0.05 
0.5 

30 
10 
- 

99.9 f 0.1 
97.8 f 0.6 
99.5 f 0.3 
99.8 f 0.1 
95.6 f 2.2 
99.5 +_ 0.2 
98.3 k 1.1 
99.2 + 0.4 

0.05 
1 

i:f1 
0.02 
0.006 

10 
50 

Y 97.8 f 1.3 - 

*Determined by instrumental neutron-activation analysis. 
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acid.2 Since 98.6% of the chromium was found in the 
eluate, only non-sorbable species are formed under 
the given experimental conditions. However, pro- 
longed standing of the solute at room temperature 
before the separation causes a decrease in the yield. 
After the y-radioactivity of the eluate has been 
measured, phosphorus can be selectively separated. 
The application of substoichiometric extraction of 
molydophosphate with tetraphenylarsonium chloride 
for this purpose was reported earlier.” 

Group D. The elution of alkali metals from the 
cation-exchanger column with 10M hydrofluoric acid 
is nearly quantitative. This elution should be done 
only when relatively high radioactivity due to sodium 
or potassium is encountered. 

Group E. A nearly quantitative uptake was ex- 
hibited by all the elements of this group. If necessary, 
the elements can be eluted with hydrochloric or nitric 
acid.‘s*‘9 The elution of copper merits special atten- 
tion. The 5 1 1-keV radiation of 64Cu can interfere with 
the annihilation radiation of the other radionuclides, 
and the 1345-keV radiation has an intensity of only 
0.48%. Therefore, a selective separation of copper is 
required. The isotopic exchange between Cu(I1) in 
the 2M hydrochloric acid eluate and Cu(1) fixed on 
an anion-exchange resin (recommended by Malvano 
et aL2’) is used for this purpose. In addition to copper, 
any cadmium and zinc are also retained, while cobalt, 
manganese and nickel remain in solution. The total 
yield for copper is better than 97%. The separation of 
copper and cobalt on a Dowex-1 x 8 column (con- 
nected to the Dowex-50 column) by elution with 8M 
hydrochloric acid was not successful. 

The alkaline-earth and rare-earth metals and yt- 
trium were not studied in more detail, but can be 
quantitively sorbed on Dowex-50 from IOM 
hydrofluoric acid, as described previously.2 Only the 
heavier lanthanides are eluted (partially) with 10M 
hydrofluoric acid, e.g., about 88% of europium. 
Neirinckx et d2’ found that the lanthanides (La, Ce, 
Sm and Eu) are sorbed on Dowex-1 from 1M 
hydrofluoric acid and are not eluted even by 22M 
hydrofluoric acid. The discrepancy between their 
results and ours can be explained by assuming the 
precipitation of insoluble fluorides of rare earths and 
thorium, used as carriers by Neirinckx et al. (1 mg for 
each element in 15 ml of 1M hydrofluoric acid). 

The fact that Nb, Ta and W are strongly retained 
by an anion-exchanger even in concentrated 
hydrofluoric acid, while Hf, MO, Re, Pa (from Th), 
SC, Sn, Zr and almost all other cations are not, is the 
outstanding feature .of this separation technique 
when applied to the analysis of niobium (and prob- 
ably also of tantalum and tungsten). In the experi- 
ments described above, the solution to be separated 
was loaded onto a two-stage column with the anion- 
exchanger at the top. As is evident from the summary 
in Table I, the columns could also be used in reverse 
order, but in model experiments with irradiated nio- 
bium samples, it was found that if this arrangement 

is used, the decontamination factors for the radio- 
nuclides responsible for the main radioactivity (Nb, 
Ta and W) are decreased by a factor of up to 100. For 
analysis of some matrices, however, the sequence of 
Dowex-50 followed by Dowex-I could be advan- 
tageous. With this arrangement, gold, mercury, the 
platinum metals and some other elements remain 
sorbed on the first (cation-exchanger) column and 
can be determined. 

In the preliminary experiments with matrices la- 
belled in situ by irradiation, the sorption behaviour of 
some elements which occur in two or more oxidation 
states, e.g., As, Re, Ir, Sb, was found to differ from 
that obtained in experiments involving the con- 
ventional labelling by addition of radiotracers. In the 
irradiation experiments, up to 60% of As, 15% of RE, 
15% of IR and 10% of Sb were found along with 
group C. These apparent discrepancies are due to the 
formation of lower oxidation states of these elements 
during dissolution of the metals, in spite of the use of 
oxidative conditions. The stable higher oxidation 
states necessary for quantitative recovery can be 
achieved either by evaporation almost to dryness, or 
by oxidation (with hydrogen peroxide, chlorine or 
bromine). 

Strongly reducing conditions exist during the dis- 
solution of metals such as Al, Hf, Ti or Zr in pure 
hydrofluoric acid. Under these conditions, iron and 
tin are present in the bivalent form and are retained 
on cation-exchangers. Arsenic and a fraction of the 
antimony are in the tervalent form, pass through 
both columns, and are found along with group C. 
Under these conditions neptunium remains mainly 
on the anion-exchanger. Elements which are more 
electropositive than the matrix, and are present as 
impurities in the sample or are added as carriers, may 
be deposited in elemental form during the etching or 
dissolution. Some examples of this behaviour have 
already been discussed.4 From these results it can be 
concluded that in some cases model experiments 
using the conventional tracer technique (addition of 
a suitable radioisotope to the system investigated) do 
not provide accurate estimates of yields, and there- 
fore in-situ labelling of doped materials should be 
used. 

Analysis of niobium samples 

The procedures described was applied to the anal- 
ysis of niobium of various grades of purity. The 
results obtained are summarized in Table 3. Niobium 
types Nb-P, Nb-ES and Nb-WCT are commercially 
available. Niobium-WCT was prepared by remelting 
under vacuum in an electron-beam furnace and was 
used at the Max-Planck-Institut fur Metallforschung, 
Stuttgart, for further purification to yield Nb-R-I 
and Nb-R-2.22 The results obtained for Nb-P and 
Nb-P and Nb-WCT in this work are compared with 
those obtained by the technique developed earlier in 
our laboratory.’ The last three materials are of the 



Table 3. Contents of trace elements in niobium of different grades of purity (weight per g of sample) 

Element Nb-P* Nb-P Nb-WCT* Nb-WCT Nb-ES Nb-Rl Nb-R2 
-___________ 

co 42 * 1.5 /lg 33.2 & 0.5 pg CO.2 ng <1.8ng 5.9 * 0.2 ng <2ng 2.2 k 0.8 ng 
Cr 10.8 + 1.5 pg 15.8f0.5/~g 5.3 + 1.5/lg 6.0 + 0.5 ng 37.5 + 2.5 ng 30+8 ng 690 + 10 ng 
CU 0.54 + 0.06 pg 0.68 * 0.12 jig 55+ I1 ng 0.32 &- 0.01 pg 69 k 7 ng 180+25 ng 6*2 ng 
Fe 130 * 12 /lg 120 * 10 /Lg ~60 ng <0.7 /lg 0.92 k 0.08 pg 0.87 + 0.12 pg 8.15 f 0.78 peg 
Hf 0.4*0.1 /lg 0.4 f 0.05 /Lg 15.0 f 2.2 ng 12*2 ng 10.7 & 1.0 /Lg <5 ng <5 ng 
K <IO ng ~85 ng <4 ng cl0 ng 110 ng 215 + 76 ng 0.56 k 0.18 pg 

/ 192 k 35 ng§ 0.74 0.40 f /Lg§ 
Mn - 31+5 ng 18.5 k 4.0 ng 0.15+0.07 ng 0.28 f 0.09 ng 4.4 + 0.3 ng 

4.8 k 1.6 ng§ 
MO 191 + 5 pg 164* 11 /lg 2.4 + 0.4 ng 0.75 f 0.22 pg 2.9 + 0.4 pg 170f30 ng 32 + 8 ng 
Na 38 k 4 ng 20.2 + 0.4 ng 11.55 1.1 ng 15*3 ng 15.1 k 0.8 ng 29.7 f 2.3 ng 180+ 25 ng 

33.3 * 3.0 ng$ 171 f 48 ng§ 
Ni 66f6 pg 7Ozk4 pg <O.l /_Lg <O.l /Ig 140 ng <o.t fig <O.l /Lg 
Pt 46.6 + 5.8 pg 60.8 + 7.5 ng 1.8 + 0.2 23.8 k 15.2 ng 8.2 f 2.6 ng 
Re 7.9+ 1.1 /Ig 1.5 f 0.4 ng 30+5 ng ~0.3 ng CO.3 ng 
Se 0.32 + 0.08 pg 0.40 k 0.08 pg 8618 ng 53 + 8 ng 0.41 k 0.08 pg 43 + 12 ng 34*5 ng 
Sn 33.3 + 2.8 pg 34.3 + 1.8 peg 0.23 ) 0.04 peg 0.25 k 0.05 pg 85+ 15 ng - 

Ta 0.8% 3730 + 20 pg§ 163 pg 147 f 6 pg§ 900 k 28 ng§ 5.4 + 0.2 jLg§ 2.30 f 0.15 pg§ 
U 10.5 + 1.5 /Lg 0.17 * 0.03 ng 20.5 + 1.5 ng ~0.5 ng CO.5 ng 
W 980 pg 928 + IO pg!j 7+1 pg 6.8 + 0.3 pg$ 1t5*5 pg§ 122 * 15 ng§ 38 f 9 ng§ 
Zr 2.08 + 0.12 ,ug 2.2 _+ 0.3 pg <0.3 jig <t pg 21_+2pg <1 IJg <t pg 

*From reference 7. 
TFrom reference 17. 
PDetermined by instrumental neutron-activation analysis. 
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same origin as those used in that work,’ but from a 5. 
different batch. 6. 

The results given in Table 3 were obtained by using 
gold as the standard. Comparison with results ob- 
tained by using multielement standards shows that 
the difference is only *5x, which is less than the 
inhomogeneity of the samples analysed. Limits of 
detection which can be obtained in analysis of 100 mg 
of high-purity niobium are listed in Table 2. 

7. 

8. 

9. 

IO. 
II. 
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Summary-The use of glycine as complexing agent for chromatographic separation of palladium from 
platinum, or palladium from iridium, on cellulose anion-exchangers has been investigated and found 
possible over a wide range of concentration ratios. The method can be used for analysis of Pd-Ir alloys. 
The nature of the complexes taking part in the ion-exchange has been identified. 

The great similarity in the properties of certain 
platinum metals necessitates preliminary separation 
before their determination at trace levelq4 even if a 

highly selective method such as atomic-absorption 
spectrometry (AAS) with electrothermal excitation is 
used, especially when some of the metals are present 
in much larger amount than the others.%’ 

The present work establishes conditions for 
separating large amounts of palladium from small 
amounts of platinum or iridium by ion-exchange, 
before determination by AAS. 

The cellulose ion-exchangers, Cellex D and Cellex 
T, were used, since their low capacity and affinity for 
platinum-metal chloro-complexes are particularly 
useful for separation of platinum metals.*-‘0 Glycine 
is used as complexing agent to improve the selectivity. 

EXPERIMENTAL 

Exchangers 

The cellulose ion-exchangers DEAE (diethyl- 
aminoethylcellulose) and TEAE (triethylaminocellulose), 
supplied by Bio-Rad Laboratories as Cellex D and Cellex T, 
were used. The capacities were 0.88 meq/g for Cellex D and 
0.74 meq/g for Cellex T (elemental analysis indicated capac- 
ities of 0.80 and 0.69 meq/g, respectively). The ion- 
exchangers were used in the chloride or hydroxide form. The 
columns were 25 cm long, 9.8 mm in bore, and had Rotaflo 
TF 12/C]/ I3 stopcocks. 

The batch-type experiments showed that Cellex T gave 
slightly better differentiation between the platinum metals, 
so Cellex T was preferred for the column work. 

Solutions 

Solutions of Pt(IV) of definite concentration were ob- 
tained by diluting a solution of H2PtCI, containing 14.14% 
of platinum, and standardized by precipitation of the am- 
monium salt.‘* The palladium solution was prepared by 
dissolving PdCI, in IO ml of concentrated hydrochloric acid, 
evaporating to low bulk and diluting; it was standardized 
gravimetrically with dimethylg1yoxime.‘3 The iridium solu- 
tion was obtained by diluting a standard solution of HJrCI, 
containing 3.42% of iridium. Rhodium(II1) solution was 

obtained by dissolving RhCl,.3H,O in IO ml of concen- 
trated hydrochloric acid, evaporating to low bulk and 
diluting; it was standardized gravimetrically with thion- 
alide.14 

Determination of metal-ion retention (batch method) 

The ion-exchanger (200 mg) was mixed with 20 ml of 
metal ion solution (Pt 2.1 x 10d4M, Pd 2.3 x 10-4M, Ir 
2.1 x 10m4A4, Rh 2.5 x 10m4M), the test solution (metal 
ion + complexing agent) being adjusted to the desired pH 
with sodium hydroxide solution after addition of the ex- 
changer. The mixture was shaken for 24 hr, then the 
concentration of metal ion in the solution was measured by 
graphite-furnace AAS (Perkin-Elmer 300 spectrophoto- 
meter and HGA-72 furnace). The conditions of deter- 
mination are collected in Table I. To eliminate the effect of 
background on absorbance, blank tests were run. 

Column separation 

A 5-ml portion of solution containing similar amounts of 
the metal ions (as chloro-complexes) at pH l-2 was added 
to a column of I .2 g of Cellex T in chloride form (bed height 
12.5 cm), and the metal ions retained were eluted with the 
following eluents (at a flow-rate of 0.7 ml/min), IO-ml 
fractions being collected. 

For Pd-Pt separation: Pd-80 ml of O.OlM glycine (PH 
6.4); Pt-100 ml of O.OlM glycine (pH 13.0). 

For Pd-Ir separation: Pd-80 ml of O.OlM glycine (pH 
6.4); Ir-150 ml of I .5M hydrochloric acid/O.01 M hydroxyl- 
amine. 

Larger amounts of resin were used when the metals were 
present in very dissimilar amounts. 

Table I. Conditions for determination of Pt, Pd and Ir by 
AAS 

Wavelength, Band-width, 
Element 

Sample, 
nm A PI 

Pt 266.0 7 20 
273.4 2 10, 20 

Pd 244.7 2 10, 20 
340.4 2 20 

Ir 264.0 I 10, 20 
Rh 340.3 2 IO, 20 

351.0 2 IO, 20 
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When smaller amounts of resin were used (e.g., 0.60.8 g 
of’ Cellex T). Pd(II) could be eluted with 80 ml of O.OlM 
glycine (pH 6.4), and Pt(lV) with 50 ml of O.OlM glycine 
(pH 13.0), at a flow-rate of I ml/min. 

RESULTS AND DISCUSSION 

Analysis of Pd-Ir alloy 

A weighed sample of the alloy (0. I 159 g) was dissolved in 
aqua regia and the solution evaporated to dryness. The 
residue was dissolved in 5 ml of 0.1 M hydrochloric acid, 
transferred to a 50-ml standard flask and made up to 
volume; 5 ml of this solution were introduced into a colum 
filled with Cellex T in chloride form. Palladium and iridium 
were eluted as described above. 

Glycine is used in this work to alter the affinity of 

Pt(IV), Pd(II), WV), Ir(II1) and Rh(II1) for Cellex 
D and Cellex T in their chloride and hydroxide forms. 
Its effect is illustrated in Figs. 1 and 2. The results 
obtained earlier6 for W(H) and Pt(IV) are also used 
in Fig. I. In the batch experiments a constant 1: 100 
molar ratio of metal to ligand was maintained and 
the amount of metal ion was 3-S% of the ion- 
exchanger capacity. 

Cellex D COH-I Cellex D C Cl-1 

‘Ot-u-u-- 
Cellex T CPH-I 

L I 1 1 1 ’ 
2 6 IO 

PH 

Fig. 1. Retention of platinum-metal ions in absence of organic ligand, as a function of pH, 0 -- 0, Pt(IV); 
A.-.& Pd(I1); 0,.--O, Ir(IV); O...O, Ir(II1); v---v, Rh(II1). 

Cellex D C OH-1 Cellex D C Cl- 1 

Cellex T C OH-3 
6_..c- .-.w-~=~y~~-o 90 

‘n 

i 

-x :- \. 
: . \‘. 

: : 

“U.. . __$’ 
\‘. 

‘i. \ 
‘\ 

\. 
\b 50 
‘: 

‘vi.-. I 
. -.& .-._. ,+._q 

. 

Cellex T C Cl-3 

%ilm”p..__,._, 0 

--. ‘-cl., 

t 

‘y$-; 
‘\ 

~~~” _.,. ..o....=‘ J 
\ : b 

‘4 

“A B -i._, 
.,-A -.-.J.-._._.A_ 

2 6 IO 

PH 

Fig. 2. Retention of platinum-metal ions in presence of glycine, as a function of pH. Symbols as in 
Fig. 1. 



Separation of platinum metals 

The affinity is expressed in terms of the fraction of 
added metal that is retained on the resin. From Fig. 
1, the affinity of the chloro-complexes of Pd(II), 
Pt(IV), Ir(IV) and Ir(II1) is too similar for them to 
be separated. Figure 2 shows the effect of adding 
glycine, which considerably decreases the affinity of 
Pd(I1) for the exchangers, over a wide pH range. 

The retention of Pt(IV) and Ir(II1) is also lowered 
by the presence of hydroxylamine, especially at high 
pH, but not as much as that of Pd(I1). There is not 
much change in the retention of Ir(IV). These conclu- 
sions from the batch studies are confirmed by the 
column work. The batch studies show that the 
difference in retention between Pd(I1) and Ir(IV) or 
between Pd(I1) and Pt(IV) is the greatest at about pH 
6. A glycine solution at pH 6.4 gives quantitative 
column separation of Pd(I1) from Ir(IV) or Pt(IV); 
Figs. 3-5. This pH is chosen because it is the pH of 
O.OlM glycine solution. Iridium is eluted with a 
solution of hydrochloric acid, glycine and hydroxyl- 
amine [to reduce Ir(IV) to Ir(III)]. Alternatively 

t- 

6ornl I 
O.OlM 6Ly pH=6.4 --p-IWml OOIM Gty pH= 13 - 

I 
12.0 

20 50 

Pt 

loo 150 

i 

_I- 

V (ml) 

Fig. 3. Elution curves of Pd(II) and Pt(IV) on Cellex T in 
chloride form. 
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Fig. 4. Elution curves of Pd(I1) and Ir(IV) on Cellex T. Ir 
eluted with HCl/hydroxylamine solution. 

Fig. 5. 

I I 

0.01 MGly pH=6.4~OCJlM Gly pH = 12 

IO loo I50 

V (ml) 

Elution curves of Pd(I1) and Ir(IV) on Cellex 
eluted with O.OlM glycine at pH 12.0. 

T. Ir 

Ir(IV) can be eluted quantitatively with O.OlM gly- 
tine at pH 12.0. Both eluents gave the same shape of 
elution curve for iridium were observed (Figs 4 and 
5). Platinum is eluted with O.OlM glycine at pH 13.0. 
Some results for separation of these pairs of platinum 
metals are shown in Tables 2 and 3. 

These conditions were worked out for separation 
of approximately equal weights of the two metals, but 
were found to be equally suitable for much wider 
weight ratios, e.g., 300: 1 ratio of iridium to palladium 
or 75OO:l ratio of palladium to platinum. Hence it 
should be possible to determine as little as 0.013% of 

platinum in palladium. The Pd(IItIr(IV) separation 
has been applied to the analysis of a Pd-Ir alloy [Pd 
98x, Ir 2%; found: Pd 97.3 + l.l%, Ir 1.95 + 0.07% 
(95% confidence limits)]. 

Ion-exchange on the macro scale is rather time- 
consuming, so we decided to shorten the method by 

Table 2. Results of separation of Pd(I1) from 
Pt(IV) on Cellex T (Cl-) 

Taken, mg Found,* mg 

Pd Pt Pd Pt 

2.39 2.00 2.36-2.38 1.961.99 
2.39 3.14 2.33-2.39 3.61-3.13 
1.20 3.14 1.17-1.21 3.65-3.73 
0.10 5.61 0.097-0.100 5.57-5.60 

*Range of four determinations. 

Table 3. Results of separation of Pd(I1) from Ir(IV) on 
Cellex T (Cl-) 

Taken, mg Found.* mn 

Pd Ir 

2.39 1.85 
2.39 0.93 
5.99 0.93 
1.20 3.70 

Pd 

2.3fS2.38 
2.362.38 
5.89-5.94 
l.l&l.21 

Ir 

I .82-l .84 
0.88AX91 
0.89-0.92 
3.65-3.69 

12.0 0.16 11.79-11.86 

*Range of four determinations. 

0.16 
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Table 4. The effect of bed-height (weight of resin) on 
amount of Ir(IV) found in the Pd(II) fraction 

Taken, mg 
Cellex T, 

Pd Ir g 

30.0 0.16 1.2- 
1.4 
1.5 
1.6 

60.0 0.16 1.2 
1.4 
1.5 
1.6 
1.8 
1.9 

Bed-height, 
cm 

12.5 
15.0 
16.5 
19.0 
12.5 
15.0 
16.5 
19.0 
21.5 
23.0 

Ir in Pd, 

% 

2.9 
1.5 
0.5 
0 
4.8 
3.2 
2.4 
1.5 
0.8 
0 

Table 5. Results of separation of Pd(I1) from Pt(IV) on 
Cellex T (Cl-) 

Taken, mg Found,* mg 
Ion-exchanger, 

R Pd Pt Pd Pt 

1.4 30.0 0.18 28.9-29.4 0.1770.18 
1.7 60.0 0.18 59.1-59.8 0.17-0.18 
0.5 6.0 0.04 5.9-6.0 0.038-0.040 
0.6 30.0 0.04 29.029.6 0.0390.040 
0.6 60.0 0.04 58.9-59.8 0.03990.040 

0.8 300.0 0.04 289-297 0.039-0.040 

*Range for four determinations. 

operating on the micro scale. The amounts of plat- 
inum metals suitable for the work were limited by the 
sensitivity of AAS as the detection method. If only 
small amounts of the strongly retained platinum 
metals are present, a shorter column can be used. The 
results obtained are shown in Tables 4 and 5. It 
appears that the separation of 0.16 mg of iridium 
from over 300 times as much palladium needs a bed 
height of 23 cm. Separation of 0.04 mg of platinum 

from 300 mg of palladium needs a bed height of only 
about 8 cm (0.8 g of ion-exchanger). The analysis 
time is then less than 2 hr. 

An important limitation is set by the effect of 
palladium5,6 on the AAS signals for platinum and 
iridium (Fig. 6). 

From the results obtained, conclusions may be 
drawn as to the nature of the complexes taking part 
in the ion-exchange process. 

The linear relation (zero slope) found between log 
Kd and log [L] points to the presence of an uncharged 

palladium complex, most probably Pd(glyc),, already 
reported in the literature.15 On the other hand, the 
Ir(IV) and Pt(IV) complexes (slope - 1) are similarly 
found to have a single negative charge. This may 
suggest the presence of complexes such as 
[Pt(glyc),OH]- and [Ir(glyc),Cl]-, assuming there is 
reduction of Pt(IV) to Pt(I1) and of Ir(IV) to Ir(II1). 

Fig. 6. Effect of Pd on the AAS signals of Ir (0) and Pt ( x ); 
expressed as relative change in signal (A%). 

Such reductions have been reported16,” for Pt(IV). 
The batch studies showed that there was lower reten- 

tion of iridium in presence of glycine when hydroxyl- 
amine was added as a reducing agent to keep the 
iridium in the Ir(II1) oxidation state. This may possi- 
bly indicate formation of mixed-ligand complexes. 

We have also made spectral studies of solutions 
containing the platinum metals and glycine at various 
pH values, with compositions corresponding to those 
in the batch studies. The positions of the absorbance 
maxima, as compared with the corresponding litera- 
ture data, agreed with the chromatographic results 
concerning the charges and assumed compositions of 
the complexes. No kinetic problems seemed to arise, 
even with iridium, which is known to form inert 
complexes. Presumably this was because of the pH 
ranges used for the chromatography. 
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Summary-Diphenylpicrylhydrazyl (DPPH), a stable, intensely purple free radical, is used as a reagent 
in the quantitative determination of various aromatic and aliphatic thiols by indirect spectrophoto- 
metric analysis. Plots of degree of reaction us. time show that thiophenol and its derivatives react more 
quickly than ahphatic thiols with DPPH. Calibration plots are linear over the concentration range 
0.0>3.00 x 10m5M thiol. The average relative error is in the range l-2% and the absolute standard 
deviations range up to 0.50 x IO-“M. 

The stable free radical a,a-diphenyl-p-picrylhydrazyl 
(DPPH) has been used extensively in the past as a 
spectrophotometric analytical reagent.14 Its advan- 
tages are (1) its intense purple colour, (2) its ability 
to react quantitatively with compounds of interest, 
(3) a pronounced variation in the rates of such 
reactions, and (4) no observed tendency to dimerize. 

The DPPH radical is electron-deficient and under- 
goes reactions in which it functions as an oxidizing 
agent by gaining an electron. It abstracts a hy- 
drogen atom from various hydrogen-atom donors 
(e.g., =NH, -OH, -SH). Upon gaining a hydrogen 
atom, the intensely purple DPPH is reduced to the 
yellow compound cr,a -diphenyl-/I -picrylhydrazine 
(DPPH:H). 

The basis for use of DPPH in spectrophotometric 
analysis is that the decrease in absorbance at the 
520-nm absorption maximum of DPPH is a measure 
of the amount of hydrogen-atom donor present. 
Schenk and co-workers used DPPH to determine 
dihydric phenols,‘v2 and Papariello and Janish suc- 
cessfully determined phenols and amines with the 
DPPH method.3P These earlier works plus the simi- 
larity of thiols to amines and phenols encouraged us 
to investigate the determination of thiols with DPPH. 

A wide variety of analytical methods have been 
reported for the determination of thiols, including 
titrimetry with tetrathioate, iron(III), cystine, and 
hexacyanoferrate(III);5 thin-layer chromatography 
with use of Dragendorff’s reagent;” and atomic- 
absorption spectrometry of silver salts of thiols.’ 
However, other spectrophotometric methods for 

*Operated by Union Carbide Corporation under contract 
W-7405-eng-26 with the U.S Department of Energy. 

thiols are of most relevance to this paper. Aliphatic 
thiols have been determined by using the reaction 
between the thiol anion and 3-3’-dithiobis(6_nitro- 
benzoic acid) (Ellman’s reagent) at pH 8.0 to form the 
highly-coloured p-nitrothiophenol anion.8 The reac- 
tion of Ellman’s reagent with many thiols is rapid and 
sensitive, and lends itself to spectrophotometric anal- 
ysis? Novak et al. modified the method slightly by 
developing dithiodianil reagents that produce a col- 
our change more easily detected by visual observation 
than that produced by Ellman’s reagent.’ A method 
for the simultaneous determination of the oxidized 
and reduced forms of thiols in solution by using the 
reaction between ammonium tetrachloropalladate(I1) 
and thiols or disulphides to form complexes of uncer- 
tain structure but with unique spectra has been 
reported by Dupre and Aureli.” None of the methods 
above is based on indirect spectrophotometry, and 
none is focused on unifunctional thiols (i.e., organic 
compounds with -SH as the only functional group). 

Indirect spectrophotometry is of value when a 
strongly-absorbing reagent is available, as is the case 
with DPPH and thiols. The primary drawback to 
indirect spectrophotometry is that at low concen- 
trations of analyte the absorbance is high, and the 
error in reading the absorbance scale is greater.” 
Consequently, the method is best suited to systems 
that provide a linear plot of absorbance us. concen- 
tration of analyte at low to medium absorbance 
values. The past success of indirect spectrometry with 
DPPH3x4.12 is undoubtedly due to the existence of 
these conditions. 

The reaction between DPPH and thiols has also 
been studied in detail from a non-analytical stand- 
point. Russell reported that the abstraction of the 
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hydrogen atom from the thiol by DPPH, as illus- 
trated in Fig. 1, is the rate-determining step in the 
DPPH/thiol reaction mechanism.13 Consequently, 
aromatic thiols are more reactive than aliphatic be- 
cause once a hydrogen atom is abstracted from an 
aromatic compound by DPPH, a radical species is 
formed in which the unpaired electron can be de- 
localized throughout the aromatic system. Aliphatic 
thiols, on the other hand, have limited means of 
stabilizing the unpaired electron and are therefore 
less reactive. 

With the DPPH/thiol reaction, as with any free- 
radical system, secondary reactions can complicate 
the decolorization of DPPH; however, as Papariello 
and Janish point out, the assumption that the 
DPPH/thiol reaction occurs principally as shown in 
Fig. 1 is indeed valid. In other words, the side- 
reactions are thought to exert a small effect. 

Brook et al. have also stated that the DPPH/thiol 
reaction occurs as shown in Fig. 1, provided that 
dilute solutions are used, and that the DPPH is added 
to the thiol.14 Russell has shown that the DPPH/thiol 
reaction is second-order overall; he proposed the rate 
expression’” R,,,, = 2k[DPPH][RSH]. Ewald also 
reports that the DPPH/thiol reaction is second- 
order.15 

In the present work, aliquots of thiol solution are 
added to solutions of DPPH, and the resulting decol- 
orization is monitored by spectrophotometric mea- 
surement near the 520~nm absorption maximum of 
DPPH. Calibration graphs are prepared from thiol 
solutions of known concentrations. The degree of 
reaction occurring between DPPH and a particular 
thiol is calculated by comparing the absorbance of 
the DPPH/thiol solutions with that of a DPPH 
“blank” solution. The purities of the thiols are deter- 
mined by iodine titrimetry. This procedure allows for 
a precise, accurate determination of aromatic thiols. 
Aromatic compounds and multifunctional thiols con- 
taining other hydrogen-atom donors (e.g., -OH, 
=NH) are possible interferences; however, aliphatic 
hydrogen-atom donors should not interfere with the 
determination of aromatic thiols. 

NO 1’ 

Purple 

+ RI - 

X =N,O,S NO 
\p b 

/ 
NO, 

Yl4lOW 
Fig. I. Principal reaction thought to occur between DPPH 
and hydrogen-atom donor to form cc,cc-diphenyl-B-picryl- 
hydrazine. Note that Rz is not present when X is a sulphur 

or oxygen atom. 

EXPERIMENTAL 

Apparatus 

All the experimental data were obtained with a Beckman 
DB spectrophotometer. Selected analyses were repeated 
with a Cary 14 spectrophotometer and a Bausch and Lomb 
Spectronic 20 spectrophotometer. 

Reagents 

All the chemicals used were reagent grade or equivalent. 
The DPPH, thio-B-naphthol, and 2-mercapto-6-nitro- 
benzothiazole were obtained from Eastman Kodak. Aldrich 
supplied the thiobenzoic acid, benzyl mercaptan, p- 
bromothiophenol, p-chlorothiophenol, p-thiocresol, and 
tert.-butyl mercaptan. The thiophenol was obtained from 
Matheson, Coleman, and Bell, and the thioacetic acid from 
Evans. All solvents used were of spectroscopic quality. The 
principal solvent, “Gold Shield” ethyl alcohol (absolute 
ethanol), was dried over “Drierite” for at least 24 hr before 
use. 

Solutions of DPPH were prepared by weighing 100 mg of 
the compound into a 25ml standard flask, dissolving in 5.0 
ml of acetone, and diluting to volume with absolute ethanol. 
This solution was used to make 1.0 x 10e4 and 4.0 x IO-‘M 
stock solutions by appropriate dilution with absolute eth- 
anol. All DPPH solutions, including the stock solutions, 
were prepared fresh daily to minimize errors from in situ 
decomposition of DPPH; however, DPPH solutions kept in 
foil-covered tightly-stoppered flasks under a nitrogen atmo- 
sphere exhibit a loss of free radical activity not exceeding 
2_4%/week.” Thus, laboratories performing routine thiol 
analyses by this method could prepare stock solutions only 
as needed. 

Thiol solutions were prepared by weighing 0.3 mmole of 
thiol into a 25-m] standard flask, dissolving in acetone (if 
insoluble in alcohol), and diluting to volume with absolute 
ethanol. A 1 x 10m4M stock solution was then made by 
diluting 0.5 ml of the solution to volume in a 50-ml standard 
flask with absolute ethanol. All thiol solutions, including the 
stock solutions, were prepared fresh daily, and were stored 
in foil-covered tightly stoppered flasks until used. 

The 0.05N iodine solution was prepared by weighing 
about 7 g of iodine into a I-litre standard flask, and 
dissolving and diluting to the mark with 95% ethanol. The 
5% aqueous potassium iodide solution was prepared in 
I-litre quantities. The 0.1N sodium thiosulphate solution 
was prepared by dissolving 25 g of Na,S20,.5H,0, in I litre 
of freshly boiled and cooled distilled water, with addition of 
0. I g of sodium carbonate as stabilizer. The 0.1 N sulphuric 
acid-was prepared by pipetting 6.95 ml of the concentrated 
acid into 50 ml of distilled water in a 250-m] standard flask. 
and diluting to the mark with distilled water. 

Procedures 

Preparation of analytical ph. Because deviations from 
direct proportionality between absorbance and concen- 
tration are minimized in the 15-65% transmittance range,‘” 
the DPPH method was studied at each extreme of this 
range, two concentrations of DPPH being used in the 
preparation of two calibration plots for each thiol. The 
8.00 x lO-‘M DPPH blank gave a transmittance of about 
20:< and the 2.00 x 10m5M DPPH blank a transmittance of 
about 63%. Analytical plots in the 2.0-200 x IO-‘M thiol 
concentration range were prepared by adding 0.005-0.05 
pmole of thiol to 2.0 ml of 1.0 x 10m4M DPPH in a IO-ml 
standard flask, mixing, diluting to volume with absolute 
ethanol, tightly stoppcring the Bask, and measuring the 
absorbance at 540 mm with a high-precision spec- 
trophotometer after completion of the reaction. The DPPH 
and thiol were allowed to react in a light-proof container to 
avoid the slow photochemical reduction of DPPH to 
DPPH:H that occurs in sunlight and at 520 mm.’ A blank 



Determination of thiols with diphenylpicrylhydrazyl 477 

was prepared by pipetting 2.0 ml of 1.0 x 10m4A4 DPPH 
solution into a IO-ml standard flask and diluting to volume 
with absolute ethanol, and measured similarly to the stan- 
dards. Measurements were made at 540 nm, rather than at 
520 nm (the absorption maximum of DPPH) to avoid 
interference from the absorption of DPPH:H. [If a high- 
precision spectrophotometer is not available. per cent trans- 
mittance (OAT) can be measured and converted into absorb- 
ance.] The absorbance was plotted us. concentration of 
thiol. Calibration plots were prepared daily to minimize 
errors and interferences. Plots covering the 
2.00 x 10-6-6.00 x 10-5M range were similarly prepared, 
with 0.040.20 pmole of thiol added to 2.0 ml of 
4.0 x 10e4M DPPH in a lo-ml standard flask and the blank 
prepared with 2.0 ml of 4.0 x 10m4M DPPH in a lo-ml 
standard flask. 

Determination of reaction time. To determine the time 
needed for a particular series of DPPH/thiol solutions to 
react completely, the absorbances for the blank and the 
lowest thiol concentration in the series were measured as a 
function of time, the solutions being kept in the dark 
between readings. The reaction was assumed to be complete 
when the absorbance was constant for at least 4 min. The 
time elapsed from solution preparation to the mid-point of 
this region was taken as the reaction time for the particular 
series. 

Accuracy studies. A series of DPPH/thiol solutions of 
various thiol concentrations was prepared, covering the 
range for a given calibration plot. The solutions were 
allowed to react in the dark for the appropriate time and the 
absorbance of each was measured at 540 nm. The analytical 
calibration plot was used to determine the experimental 
thiol concentration of each solution. The accuracy of the 
method was determined by comparing the experimental 
thiol concentration with the expected thiol concentration. 
These studies served as a check on the calibration plots. 

Precision studies. To ascertain the precision of the 
method, a series of DPPH/thiol solutions, all of the same 
thiol concentration, was prepared. Each solution was al- 
lowed to react in the dark for the amount of time required 
for completion of reaction. Absorbance readings for each 
solution were taken, and were used to obtain the experi- 
mental concentrations from the standard plot, and the 
standard deviation was calculated. 

Determination of thiol purity. The purity of the thiols was 
determined by titration with iodine, as follows. A O.IN 
sodium thiosulphdte solution was prepared as described in 
Kolthoff et al.” and used to standardize the 0.05N solution 
of iodine in ethanol, as described in Stone.‘8 Various 
analytical procedures employing iodine titrations’7~2’ were 
tried in order to determine the purity of the thiols. Because 
these methods were not successful, the following procedure 
was developed. A 1.0-2.0 mg quantity of thiol was weighed 
into an iodine flask and dissolved in 50 ml of 95% ethanol. 

For liquid thiols, an ampoule was used to introduce the thiol 
into the flask; the ampoule was broken by shaking with glass 
beads after addition of the solvent. The dissolved thiol was 
titrated with the 0.05N iodine, with starch added as indi- 
cator near the end-point. 

RESULTS AND DISCUSSION 

Reaction-time measurements 

The amount of time for completion of the 
DPPH/thiol reaction varied significantly, depending 
on the thiol. As can be seen from Table 1, thiophenol 
and its derivatives, and thio-j?-naphthol, reacted very 
quickly (5.0 min). On the other hand, benzyl mer- 
captan required 15.0 min to react, and 2-mercapto- 
6-nitrobenzothiazole and tert.-butyl mercaptan re- 
quired 90 and 120 min respectively. Excluding benzyl 
mercaptan and tert.-butyl mercaptan, the average 
degree of reaction was 111% (absolute standard 
deviation + 5.6%). 

The stability of the radicals in the rate-determining 

step can be used to explain the observed differences 
in reaction time. Thiophenol and thio-/?-naphthol 
react most rapidly because they form the most stable 
radicals after the hydrogen atom has been abstracted 
from the SH group, the rate-determining step. At the 
other extreme, tert.-butyl mercaptan and 2-mercapto- 
6-nitrobenzothiazole react much more slowly because 
their radical intermediates are less stable. Further- 
more, steric factors are probably responsible for 
further slowing of the rate of the tert.-butyl 
mercaptan/DPPH reaction. Thioacetic acid reacts 
more rapidly than tert.-butyl mercaptan, probably 
because the radical intermediate gains stability from 
resonance involving the carbonyl group. 

The reaction times reported in Table 1 are for the 

most dilute thiol solutions and thus represent the 
slowest reaction rate measurable by this method at a 
given DPPH concentration (assuming a second-order 
reaction). Therefore, for a given series of thiol solu- 
tions, the more concentrated ones will react com- 
pletely in the time required for the most dilute 
solution to react. 

Figure 2 shows a plot of absorbance (A) US. time 
for a mixture of 2-mercapto-6-nitrobenzothiazole 

Table I. Reaction times and degree of reaction for selected thiols 

Thiol 

Thio-b-naphthol 
Thiobenzoic acid 
Benzyl mercaptan 
Thiophenol 
p-Chlorothiophenol 
p-Bromothiophenol 
p-Thiocresol 
2-Mercapto-6-nitrobenzothiazole 
Thioacetic acid 
tert.-Butyl mercaptan 

[DPPH] = 8.00 x lO-‘M. 

Reaction time, l-electron 
min reaction, o/o 

5.0 105 
5.0 111 

15.0 57 
5.0 113 
5.0 105 
5.0 111 
5.0 118 

90.0 120 
50.0 107 

120.0 2 
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has a benzyl radical as its intermediate; if, as a 
consequence, it does not react with DPPH stoichio- 
metrically, the use of equation (1) would not be valid. 
The value for tert.-butyl mercaptan was expected, 
because this compound did not furnish linear ana- 
lytical plots, possibly owing to radical instability and 
steric hindrance caused by the methyl groups. 

The degree of reaction can also be determined 
graphically from the linear analytical plot to serve as 
a check of the values obtained by calculation. The 
graphical method involves extrapolating the linear 
portion of the plot to intersect the abscissa. The 

I I I 
0 50 100 

Time lmin) 

resulting intercept theoretically represents the thiol 
concentration at which all of the DPPH has reacted. 
Hence, division of the initial DPPH concentration by 

Fig. 2. Plot of absorbance vs. time for a mixture of 
2-mercapto-6-nitrobenzothiazole (3.00 x lO_jM); [DPPH] 

this thiol concentration should give the degree of 
reaction. 

= 8.00 x 10-5M. 

(3.00 x lo-‘M) and DPPH (8.00 x lo-jM). As can 
be seen, the curve became asymptotic to A = 0.400, 
thus suggesting cessation of reaction when this ab- 
sorbance was reached. 

The values found by the graphical method agreed 
with those found by calculation. For the DPPH 
concentration of 2.00 x 10m5M, the average was 
113x, with an absolute standard deviation of + 7.1%. 
At a DPPH concentration of 8.00 x lo-‘M, the 

Degree of reaction 

average was 115x, with an absolute standard 
deviation of +7.5x. The benzyl mercaptan and 
tert.-butyl mercaptan data were excluded from the 
graphical analysis. 

The reaction time was taken as the mid-point of the 
4-min period within which the absorbance of the 
reaction mixture did not change measurably. Al- 
though such a criterion gives an indication of cessa- 
tion of the reaction, it does not provide a numerical 
estimate of the amount of DPPH that has reacted 
with the thiol. 

To ascertain the degree of reaction between the 
DPPH and thiol, the following equation was used: 

The data for degree of reaction can be used to 
represent graphically the relative rate of the 
DPPH/thiol reaction, by a plot of degree of reaction 
vs. time. Figure 3 shows the relative reaction rates for 
tert.-butyl mercaptan (2.64 x 10m4M), thioacetic 
acid (5.05 x 10m6M), p-bromothiophenol (9.00 x 
10e6M) and 2-mercapto-6-nitrobenzothiazole (1.50 
x 10m5M). The curve for the reaction between DPPH 
and tert.-butyl mercaptan is at the bottom of Fig. 3. 

Degree of reaction 
As can be seen, the reaction is indeed very slow, for 

=r+) x @PPH,[RSH]) x 100% (1) 
150 

where A, = DPPH blank absorbance, and A, = 
DPPH/thiol mixture absorbance. The equation as- 1 

sumes a one-electron DPPH/thiol reaction, as postu- 
lated in Fig. 1. All the data required are available 
from the spectrophotometric analysis. The thiol and 
DPPH concentrations used in the equation are the 
initial (total) concentrations in the solution mea- 
sured. 

If the DPPH/thiol reaction always exhibits 1: 1 
stoichiometry, ;he degrees of reaction should be 
comparable. The values listed in Table 1 exhibit a 
standard deviation of 5.6% (excluding benzyl mer- 
captan and tert.-butyl mercaptan), which is approxi- 
mately 5% of the mean value of 111’~. These results 
suggest that the stoichiometry is indeed 1: 1. 

Equation (1) was used to calculate the degrees of 
reaction listed in Table 1. The 57% reaction for 
benzyl mercaptan was puzzling, because very little 
error was expected in this determination. A possible 
explanation might be that this is the only thiol which 

.- 
0 50 100 150 

Time (min) 

Fig. 3. Relative rates of selected DPPH/thiol reactions. 
[DPPH] = 8.00 x 10e5M. (A) tert.-Butyl mercaptan. (B) 
2-Mercapto&nitrobenzothiazole. (C) Thioacetic acid. (D) 

p-Bromothiophenol. 



Determination of thiols with diphenylpicrylhydrazyl 479 

the reasons given above. At the other extreme is the 
curve for p-bromothiophenol, which reacts very 
rapidly with DPPH. Thioacetic acid and 2-mercapto- 
6-nitrobenzothiazole react at intermediate rates, as 
would be predicted from the reaction time data 
(Table 1). 

The degree of reaction studies serve to provide 
graphical representations of the DPPH/thiol reaction 
rates. These reaction rate curves could very well be 
used to “screen” classes of compounds to find those 
for which the method is useful. For example, all the 
par-a-substituted thiophenols would be expected to 
yield reaction rate curves very similar to the p- 
bromothiophenol plot, and hence would be very 
suitable for analysis by the method. The rate data 
also suggest that aromatic thiols could be easily 
determined in the presence of aliphatic thiols, with no 
interference. 

That the degree of one-electron reaction averaged 
over 100% for both the calculated values (111%) and 
the graphical values (115%) (excluding benzyl mer- 
captan and tert.-butyl mercaptan) may have been 
caused by self-dimerization, photochemical decom- 
position of DPPH, the reaction of impurities with the 
DPPH, or the DPPH/thiol reaction not occurring 
with 1: 1 stoichiometry. Self-dimerization of DPPH is 
not a likely cause, however, since it exhibits little 
tendency to dimerize (a trait that makes it a desirable 
analytical reagent). Photochemical decomposition is 
also not a very likely cause, because great care was 
taken that the solutions should react in the dark. 
Impurities are not likely to be the major cause either, 
because they would need to be capable of decol- 
orizing DPPH, and they would also need to be of 
lower equivalent weight than the thiols, to cause a 
positive deviation. The likelihood that both of these 
conditions were met for most of the thiols studied 
appears remote. A somewhat more likely explanation 
is that the DPPH/thiol reaction did not always occur 
with 1: 1 stoichiometry. In calculating the degree of 
one-electron reaction, it is assumed that one mole of 
DPPH is decolorized by one mole of thiol, and that 
the resulting thiol radical dimerizes to form a disul- 

phide. This is the mechanism postulated by Brook et 
al. for the reaction between DPPH and thiol in dilute 
solutions.r4 If, however, the thiol radical is in the 
presence of many DPPH molecules, it will react with 
the DPPH to form DPPH: SR, which means that two 
moles of DPPH have been consumed for one mole of 
thiol.14 The very nature of the method used in the 
present work, indirect spectrophotometry, requires 
that the reagent (DPPH) be present in at least a slight 
excess. Typically, a IO-fold molar excess was used, 
and thus it is possible that the DPPH/SR. reaction 
occurred to some extent. However, the solutions used 
were dilute enough for this mechanism not to be 
predominant in the DPPH/thiol reaction (or the 
degree of reaction would have approached 200%). 

Spectrophotometric calibration plots 

Linear analytical plots over various concentration 
ranges were obtained for all the thiols studied except 
tert-butyl mercaptan. Table 2 summarizes the thiols 
studied and the concentration ranges over which the 
plots were linear for studies with a DPPH concen- 
tration of 2 x 10-5M. 

The slopes of the analytical plots are also 
presented in Table 2; with the exception of benzyl 
mercaptan, the slopes are quite similar for the 
different thiols, indicating that the reaction stoichio- 
metries were all quite uniform, with the DPPH 
reacting only with the SH group of each thiol (as 
postulated in Fig. l), and that the structure of the 
thiol has very little effect on the degree of reaction. 
Of special interest are the values for thiophenol, 
p-chlorothiophenol, p-bromothiophenol, and p- 
thiocresol; the slopes indicate that the para- 
substitution has very little effect on the DPPH/thiol 
reaction. Papariello and Janish obtained similar 
results for amines. Because of the similarity of the 
plots, it is feasible to use a single calibration plot for 
determination of a series of para-substituted thiols. 

As already mentioned, the analytical plots were 
linear only over a certain concentration range. For 
all the thiols studied, deviation from linearity oc- 
curred as the concentration of thiol was increased; 

Table 2. Analytically useful concentration ranges and slopes of linear plots for selected 
thiols 

Thiol 

Slope of 
Concentration range for linear plot, 

linear plot, PM lo6 x A.l.mole-’ 

Thio-/?-naphthol 
Thiobenzoic acid 
Benzyl mercaptan 
Thiophenol 
p-Chlorothiophenol 
p-Bromothiophenol 
p-Thiocresol 
Thioacetic acid 
2-Mercapto-6-nitrobenzothiazole 
tert.-Butyl mercaptan 

0.0-1.50 
0.~1.50 
0.~7.00 
0.0-3.00 
0.0-5.00 
0.&3.00 
o.(r3.00 
O.W.00 
0.0-5.00 

- 

-0.014 
-0.010 
- 0.003 
-0.015 
-0.013 
-0.012 
-0.014 
-0.006 
-0.007 

[DPPH] = 2.00 x 10-5M. A = absorbance. 
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Table 3. Determination of selected thiols with DPPH 

Thiol Present, p M Found, PM -___ 
Thio-p-naphthol 0.505 0.505 
Thiobenzoic acid 
Benzyl mercaptan 
Thiophenol 
p-Chlorothiophenol 
p-Bromothiophenol 
p-Thiocresol 
Thioacetic acid 
2-Mercapto-6-nitrobenzothiazole 

[DPPH] = 2.00 x 10-5M. 

0.489 0.487 
3.00 3.00 
1.00 1.01 
3.00 2.92 
1.00 1.01 
1.00 1.01 
1.52 1.49 
3.03 3.00 

typically this deviation consisted of a concave trend 
in the calibration line at “high” thiol concentrations, 
indicating that the decrease in absorbance of the 
DPPH has been less than expected for direct propor- 
tionality to the thiol concentration. 

The observed non-linearity could be due to a 
number of factors acting singly or in unison. First, 
it could be a manifestation of incomplete reaction, as 
suggested by Reilley and Hildebrand;” however, the 
initial molar ratios of DPPH to thiol (approximately 
10: 1) should have ensured that sufficient DPPH was 
present to react completely with the thiol. A second 
possibility is that it is a result of the uncertainties 
associated with detecting low thiol concentrations at 
the end of the reaction. Third, it could have been 
caused by reaction products or by-products absorb- 
ing at 540 nm. The method is based on the assump- 
tion that the DPPH is the only species (in the mixture 
of DPPH and thiol) that is absorbing at 540 nm. If 
this assumption is invalid, because of other reaction 
species (e.g., RSSR, DPPH:H, or DPPH:RS) absorb- 
ing at this wavelength, then the calibration plots 
would have curved upward with increasing thiol 
concentration. Further research is needed to isolate 
and correct the cause of the non-linearity, thus 
extending the analytically useful range of the 
method. 

Analysis results 

Table 3 summarizes the statistical results of deter- 
mining selected thiols by the DPPH method. The 
relative error averaged about l%, and the absolute 
standard deviations ranged from 0 to 0.11 x 10m6M. 
When the analysis was repeated with a DPPH 
concentration of 8.0 x 10m5M, the average relative 
error was approximately 2% and the standard devi- 
ations ranged from 0 to 0.45 x 10e6M. 

These results indicate that for the particular thiols 
and concentrations used, interfering side-reactions 
exert minimal influence. Repeating the analyses with 
different spectrophotometers produced similar results 
for the accuracy and precision. 

Multifunctional thiols were not investigated in this 
study, but it can be predicted that the DPPH method 
is unlikely to allow selective determination of the SH 
group when the other hydrogen atom donors (-OH, 

=NH) are present in the same molecule. From the 
success of the DPPH method for amine and phenol 
determinations,3,4 the DPPH method would probably 
yield a determination of the total amount of 
hydrogen-atom donor present. Similarly, mixtures 
containing aromatic thiols, amines, and phenols 
could probably not be selectively analysed for only 
one of the hydrogen-atom donors; however, aro- 
matic species in the presence of aliphatic species 
could probably be determined, with minimal inter- 
ference, owing to the difference in reaction rates. 
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Summary-The application of low-pressure ring-discharge atomic-emission spectroscopy, combined with 
electro-deposition on copper and platinum, to the determination of trace mercury in water has been 
investigated. Distilled water, artificial Baltic Sea water, artificial sea-water, and various natural waters 
were examined. The results obtained show that the method is suitable for the intended purpose. 

The importance of mercury-assay at ultratrace levels 
(0.01-I pg/l) in environmental waters is well known, 
and several methods for that purpose have been 
developed. Their detection limits, accuracy, precision 
etc. are in general adequate for research as well as 
routine work but most of the methods have draw- 
backs such as very expensive equipment; need for 
highly qualified laboratory staff; radiation hazard to 
the operator; relatively high power consumption; 
time consumption in an analysis. Thus there is much 
interest in development of new analytical methods 
which will eliminate some of these disadvantages. 

Many recent studies have used electrolytic precon- 
centration (to lower the detection limits and eliminate 
matrix interferences) in conjunction with spec- 
troscopic methods of trace-metal analysis. Most of 
these methods are indirectly applied to assay for 
mercury, or seem easy to adopt for this purpose. 
Heavy metals can be electro-deposited on metallic 
wires’-” or on graphite.“4 Deposition on metallic 
wires is mainly combined with emission spectroscopy, 
and deposition on graphite seems to be mostly com- 
bined with absorption spectroscopy. 

The utility of low-pressure ring-discharge atomic- 
emission spectroscopy for the determination of ultra- 

traces of mercury in water has already been 
shown.‘5-‘9 In the present work it is combined with 
electrolytic preconcentration on copper and platinum 
mesh cathodes. 

EXPERIMENTAL 

Equipmeni 

The spectrometric instrumentation was a modified ver- 
sion of that used earlier. Is ” Several components were 
replaced by more suitable ones and some improvements 
were made in the analytical procedure, giving better sensi- 
tivity and lower detection limits. The apparatus used consis- 
ted essentially of: 

(i) the spectral lamp (laboratory made) with a discharge 
cell made from “Vitreosil” HPQ-quartz (Fig. 1): 

(ii) the photometric arrangement, made up of a mono- 
chromator with a 68“ silica prism (SPM-2, Carl Zeiss, Jena), 

a silica lens (50 mm in diameter, focal length 100 mm), and 
a photomultiplier tube (M I2 FVC 51, Werk fiir Fem- 
sehelektronik, East Berlin); 

(iii) the recording equipment, consisting of a chart- 
recorder (K-200, Carl Zeiss, Jena), an electrometer (219A, 
UNITRA ZRK, Warsaw) and a digital multimeter (V 543, 
MERATRONIK, Warsaw); 

(iv) a vacuum stage made up of a vacuum pump (BL-82 
UNITRA, Koszalin), oil separator (laboratory made) and a 
vacuum gauge (PSO-69, ZOPAP, Warsaw); 

(v) the power supply unit, made up of three power 
supplies (ES-131, ZALMED; ZWN-25, BUTJ; IZS-l/60, 
INCO, Warsaw), an oscillator (GM-2, INCO, Warsaw), 

Fig. 1. The spectral lamp; CF-onnection to the fill-gas 
reservoir, VF-fill-gas valve, MC-antimagnetic coating, 
DCaischarge cell, F-furnace, RC-radiofrequency coil, 
CN+onnector, CV+onnection with the vacuum com- 

partment, VS-vacuum valve. 
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FC 

VM 

Fig. 2. The flow-through cell assembly; P-pump, FC- 
flow-through cell. VM-voltmeter, R-reservoir. 

proportional amplifier (laboratory made), mixing stage 
(PPM-4A. ZOPAN, Warsaw) and frequency meter (PFL- 
21, ZOPAN, Warsaw). 

Procedure 

The mercury content of the water samples investigated 
was determined by measuring the intensity of the Hg I 
253.65-nm resonance line relative to the He I 388.86-nm 
line. The peak intensity of the mercury line should be a 
direct measure of the mercury concentration, but in general 
is not a reliable measure as it is affected by a number of 
factors such as the instrumental operating parameters, 
vacuum conditions, varying conditions in the excitation of 
the atomic gas, etc. It is therefore better to use the internal 
standard method, with measurement of the intensity relative 
to that for a known amount of reference element (helium in 
this case). 

In the low-pressure ring-discharge plasma the atomic lines 
of both mercury and helium are strongly excited. All the 
most sensitive lines (raies ultimes) of atomic mercury appear 
in the discharge even at very low concentrations ( IO6 
atoms/cm’) of mercury in the plasma. The Hg I 546.07 and 
578.97-nm lines and the He I 587.56-nm line in the plasma 
are also very intense and can be used as analytical lines, but 
the monochromator resolution is better for work in the 
ultraviolet than the visible region. The 253.65-nm mercury 
line is particularly intense and clearly isolated from the 
background.‘5.‘6 

The mercury in a given volume of sample is deposited 
electrolytically in the discharge cell of the spectral lamp in 
a manner similar to that described earlier.2” A flow-though 
cell is used for the electro-deposition, with copper or 
platinum mesh cathodes (total area about 9 cm’) and a 
platinum-wire anode (total area 4.5 cm?). 

To a 180-ml sample of water, 20 ml of concentrated nitric 
acid (mercury-free quality) and 0.02 g of potassium iodide 
are added, in a 250-ml PTFE container, from which the 
mixture is continuously circulated by pump at about 30 
ml/min through the flow-through cell for 35 min. The 
electrolysis is done at 3 V and a current of 0.01-0.5 A. The 
general layout is shown in Fig. 2. 

After the electrolysis the cathode is carefully dried with an 
air-stream and then placed inside the discharge cell of the 
lamp. The lamp is then pumped down to a pressure of about 
0.01 mmHg, flushed several times with helium, and finally 
filled to a pressure of 10 mmHg with this element. The 
vacuum system is switched off from the lamp and the 
discharge cell is preheated to about 525”, the working 
temperature of the lamp, by means of the external d.c. 
furnace. The low-pressure ring-discharge is then initiated. 

The image of about half the length of the plasma (i.e., the 
radiation passing through the window in the metal cylinder 
round the lamp) is projected by the silica lens onto the slit 
of the monochromator. With a slit-width of 20 pm the 
spectral resolution is sufficient to reduce most of the possible 
effects of line overlap (at 250 nm the spectral band-width is 
20 pm). The intensities of the Hg I 253.65-nm line and the 
He I 388.86-nm line are measured with the photomultiplier 
tube and electrometer system and their ratio is plotted 
against mercury content. 

The test samples (distilled water; artificial Baltic Sea 
water;“.‘* artificial sea-water$ some natural waters) are 
acidified to pH < 2 with mercury-free concentrated nitric 
acid and stored in PTFE containers or silica bottles after 
addition of 0.1 g of potassium iodide per litre. These 
containers, the discharge cell, and the glass parts of the 
spectral lamp are carefully cleaned with powerful metal-free 
detergent, then treated with nitric acid and rinsed with 
doubly distilled demineralized water. To avoid memory 
effects, after each series of measurements on a given sample 
of water the discharge cell is heated for several hours at a 
temperature of about 1130” and the glass parts of the lamp 
at a temperature of about 425”. Blank values are regularly 
determined. 

Plasma source 

The low-pressure ring-discharge plasma is formed inside 
the evacuated discharge cell of the spectral lamp by in- 
duction of an oscillating magnetic field. The discharge cell 
(12.8 mm internal diameter, 150 mm long) is manufactured 
of “Vitreosil” HPQ-quartz. The rest of the lamp is made of 
Pyrex glass. The discharge cell can be heated to about 525 ’ 
with an external d.c. furnace. The lamp is shielded from the 
influence of accidental electromagnetic fields by a coaxial 
metal cylinder (internal diameter 100 mm, with a 30 x 25 
mm window for passage of the discharge cell radiation). The 
general layout of the lamp is shown in Fig. I. 

The lamp is powered by a VHF oscillator with an applied 
field frequency of 60 MHz. The power input into the plasma 
area of the discharge cell is 1.3 W/cm3 (total power input 
efficiency approximately 30”/,). Under these conditions a 
bright plasma (with strong mercury and helium atomic 
lines) is obtained. The torch “strikes” immediately the 
oscillator power is turned on. 

RESULTS AND DISCUSSION 

QuantitatizJe analysis 

The calibration graph for low levels has the cus- 
tomary spectroanalytical equation: 

x,=aCh (1) 

which is easy to handle for computation purposes, 
since 

log C = i (log xj - log a) (2) 

where xi is the relative intensity of the Hg 253.65nm 
line [i.e. xi = x (Hg 253.65)/x (He 388.86)], C is the 

Table 1. Values of the experimental 
constants of the calibration function 
for mercury-contaminated distilled 
water, for electro-deposition on plat- 

inum and copper lattice cathodes 

Cathode a b 

Pt 6.3 x IO’ 1.112 
cu 6.1 x IO5 1.110 
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mercury concentration (in g/l.), and a and b are I 
constants which differ slightly (Table 1) according to 
which type of cathode is used. This last effect is due 
to several factors, mainly the efficiency of the deposi- 
tion (preconcentration) of mercury on the electrode, 
and the efficiency of evaporation of the mercury from 

o 

the cathode surface. 
z 

Limits of detection 

In the analytical spectroscopy of extremely small 
amounts of an element, the key problem is the limit 
of detection. Unfortunately the commonly used ter- 
minology is not uniform and various authors use 
different definitions.2s3’ In this work we use the 
definitions given by Boumans,)2 and estimate the 
detection limits from the blank xs and its standard 
deviation ss, by means of the equation 

xi = xs + kiSe (3) 

The limit of detection C, is then the concentration 
corresponding to the signal xL for ki = 3, the limit of 
identification C, corresponds to the signal for ki = 6, 
and the limit of determination CD is given by the 
signal for ki = 10. At the CL and CD values given by 
these definitions the relative standard deviations are 
50 and 10% respectively. The values obtained for 
mercury in distilled water are shown in Table 2. 

Table 2. The limits of CL (detection), C, (identification), and 
C, (determination) in mercury-contaminated distilled 

water, for electro-deposition on platinum and copper 

Cathode CL, Wil. c,, ngll. c,, ngll. 

Pt 0.004 0.02 0.5 
CU 0.006 0.03 0.5 

The applicability of the method to determination 
of mercury in various kinds of water was in- 
vestigated. The method proved useful for the pur- 
pose, but as in earlier work,‘7,‘9 in which freeze-drying 
was used as the preconcentration method, the limits 
obtained (Table 3) for the sea-waters were markedly 
higher than those for distilled water. 

Table 3. The limits of CL (detection), C, (identification), and 
C,, (determination) in various kinds of mercury- 
contaminated waters: D-distilled, B,-artificial Baltic Sea 
water, B,-natural Baltic Sea water, S,-artificial sea- 

water; electro-deposition on platinum 

Type of water CL, Wll. c,, Wll. CD, null. 

D 0.004 0.02 0.5 
B* 0.03 0.09 1.0 
BN 0.04 0.1 2.0 
sA 0.06 0.2 4.0 

Precision and accuracy 

The precision3’ is expressed as the relative standard 
deviation (RSD) for 10 replicate determinations on 
the same sample. In Figs. 3 and 4 the RSD is plotted 
against mercury concentration, for use of both kinds 

-.-.-._ (-” 

- Pt 

OOlI ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ c 
-12 -,, -10 -0 -8 -7 -6 -5 -4 -3 -2 -I 

c c c c c c c c c c c cc 

Hg concentration C,= IO/( g/l.) 

Fig. 3. The changes in the RSD (illustrating the precision of 
the method) as a function of the Hg concentration, for 
electro-deposition on: Pt-platinum, Cu-copper lattice 

cathode. 

of cathode with distilled water contaminated with 
mercury. 

The better precision was obtained with the plat- 
inum electrode, and was minimal (140/,) for mercury 
concentrations > 10 rig/l.. The precision was slightly 
worse for sea-water samples. 

The accuracy was estimated by means of a series of 
control determinations (Table 4). Slightly better accu- 
racy was achieved with the platinum electrode. The 
accuracy was further investigated with the sea-waters 
(and the platinum electrode). The natural Baltic Sea 
water was freed from mercury by reduction of mer- 
cury compounds to the elemental state and flushing 
the mercury out with a stream of argon.33s34 The 
calibration was then done in the same way as for the 
other kinds of water, by use of the multiple-addition 

Table 4. The results of control measurements with electro- 
deposition on copper and platinum-mesh cathodes, from 

distilled water contaminated with mercury 

Hg added, Hg found, 
Cathode nnil. null. RSD, % n 

cu 100.0 99.8 + 0.3 1.4 21 
Pt 100.0 99.1 + 0.3 1.5 21 

Note. The values of C given in Tables 4-8 were calculated 
from 

SD = standard deviation; -n = number of measurements. 

Table 5. The results of control measurements for electro- 
deposition on platinum, for t&distilled water, 
B,-artificial Baltic Sea water, B,-natural Baltic Sea 

water, SA-artificial sea-water 

Kind of Hg added, Hg found, 
water null. null. RSD. ‘X n 

D 100.0 99.8 & 0.3 1.4 21 
B A 100.0 99.4 + 0.6 2.6 21 
B, 100.0 98.9 0.6 2.9 
S, 

f 
100.0 99.2 + 0.7 

21 
3.1 21 
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Fig. 4. The changes in the RSD (with electro-deposition on 
platinum) as a function of the Hg concentration in several 
kinds of water: D-distilled water, B,-artificial Baltic Sea 
water, B,-natural Baltic Sea water, S,-artificial sea- 

water. 

method.3’ The accuracy was slightly lower than that 
obtained for the distilled water, especially in the case 
of the artificial sea-water. Table 5 gives the results. 

Interferences 

The analytical signal xj is affected by the matrix 
solutes in the water sample, as is generally the case 
with spectroanalytical methods. For saline waters x, 
is markedly decreased (especially for mercury lines in 
the ultraviolet) in comparison with the value for 
distilled water containing the same nominal amount 
of mercury, but the decrease is much smaller than 
that obtained when freeze-drying is used for precon- 
centration. The main effect was on the 253.65-nm 
mercury line. The decrease is attributed mainly to 
absorption of the emitted radiation by the microlayer 
of sodium chloride which gathers on the inner walls 
of the discharge cell. Supporting evidence for this was 
obtained by running a series of samples with the same 
mercury content, but containing only certain com- 
ponents of the artificial sea-water (Fig. 5). 

The method is also highly sensitive to the presence 
of water in the discharge cell of the lamp, because 

r% 0.70 u 
c_,oc_,c_,c_, c_, c-SC-4c-3 c-2c-I c-0 

Hg concentration C;=lO’(g/l.) 

Fig. 5. The relative signal intensity (normalized to that for 
distilled water) obtained for: S,-artificial sea-water, 
S,-solution of the chloride and sodium salts in SAT 
&-solution of the remaining salts in SA, S,-solution of the 
heavy-metal nitrates in SA, as a function of the Hg concen- 

tration. 

even small amounts of liquid water give a large 
volume of vapour, and this makes the discharge very 
unstable or even (in extreme cases) extinguishes it. 
Hence the electrode has to be very carefully dried. 
Unfortunately, it is possible for variable amounts of 
mercury to be lost from the cathode during the drying 
process, resulting in increased error. 

Applicutions 

The sensitivity and precision of the method show 
that it is generally applicable to assay for mercury in 
environmental waters, and results for various samples 
are given in Tables 68, and are in good agreement 
with those reported by various workers3sm4’ and ob- 
tained by several different methods. The rivers in- 

vestigated showed relatively high mercury concen- 
tration, especially the Odra, which is also strongly 
polluted with other species.4”.4’ 

Table 6. The average mercury concentration in natural 
precipitation 

Kind of 
precipitation C, null. RSD, Y, n 

Rain ~_ 190+7 50 185 
Snow 160 k 15 57 37 

Table 7. The mercury concentration in the waters of the 
Baltic 

Origin of the sample C. null. ~~~~~_~ ~~~~ RSD;l,;_- &’ 

Shore area 50 + 8 72 21 
Open sea area 40 * 5 68 30 
Stolp Bank 45 * 7 76 24 

Table 8. The mercury concentration in several rivers 

River 

Odra 
Shrpia 
Wish 

c. ngli. RSD, “,, n 
~_~~_~ 

485 k 65 67 25 
205 k 20 66 46 
385 k 45 64 30 
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Summary-The mechanism of sorption of the palladium(I1) thiocyanate complex by polyether-type 
polyurethane foam has been investigated. At low thiocyanate concentration, palladium is most likely 
extracted as Pd(SCN),. The results obtained in the presence of enough thiocyanate for formation of the 
Pd(SCN):- complex are in disagreement with several possible mechanisms for sorption of the anionic 
metal complex by the foam, such as adsorption, solvent extraction, ligand addition or exchange, and weak 
or strong base anion-exchange. The extraction of Pd(SCN):- at high pH increased in the order 
Li+ < Na+ < Cs+ < Rb+ (c K+ < NH: which is in good relation with the “cation-chelation” mechanism. 
This mechanism was also found predominant in the extraction of Pd(SCN)j- complex from hydrochloric 
acid solutions. 

For several solvent-extraction systems, the mech- 
anism through which palladium is extracted from the 
aqueous phase is mainly explained as due to for- 
mation of a neutral complex, with general formula 
PdX,L, ,I-’ for example, the extraction of 
Pdpy,(SCN), by methyl isobutyl ketone.’ 

The extraction of palladium as an ion-association 
complex of the type 2C+ .PdX:- has also been re- 
ported,*-” where C+ is a counter-ion. For instance, 
palladium is extracted as [H,O+].[HPd(SCN),] 
by butanol or isoamyl alcohol and as 2[H,O’] * 
[Pd(SCN):-] by cyclohexane in benzene.” 

The possible mechanisms by which polyether-type 
polyurethane foam could act in such systems are 
described later in the paper. The purpose of the 
present work was to investigate the mechanism of 
sorption of palladium as a thiocyanate complex from 
aqueous solutions by polyether-type polyurethane 
foam. 

EXPERIMENTAL 

A model 306 Perkin-Elmer atomic-absorption spec- 
trophotometer was used for the determination of palladium. 
Spectrophotometric measurements were made with a Varian 
model 6348 spectrophotometer and the pH values were 
determined with a Fisher Accumet model 520 pH-meter. An 
automatic controlled-temperature multiple squeezer was 
used for squeezing the foam in the sample solutions. 

Reagents 

Polyether-type polyurethane foam (No. 1338M) sheets 
were obtained locally and cut into small cubes of approxi- 
mately 1 g each. These foam cubes were washed and dried 
as previously described.” 

A stock solution of 4.7 x 10m3M (5OOng/ml) palladium 
was prepared from PdCl, in 0.1 M hydrochloric acid, and a 
5.OM stock solution of potassium thiocyanate was prepared 
in doubly distilled and demineralized water. 

Procedure 

The sample solution was prepared in a lOO-ml standard 
flask by diluting a known amount of the stock solutions of 
palladium, thiocyanate and any other reagents to volume 
with water. 

The extraction and calculation were done by the pro- 
cedures already described.” 

RESULTS AND DISCUSSION 

There are several possible mechanisms for the 
sorption of metal ions from aqueous solution by 
polyether-type polyurethane foam. The predominant 
one will depend upon the conditions of sorption and 
the species sorbed. In the “surface adsorption” mech- 
anism, the metal ion is adsorbed at some sites on the 
polymer surface. For palladium, the high foam ca- 
pacity (0.81 mole/kg) indicates that an absorption 
rather than an adsorption process is at work. Because 
of the high values of foam capacity obtained for 
the sorption of different metals, the surface adsorp- 
tion mechanism has also been rejected by other 
workers.‘*-I4 The absorption isotherm for the sorp- 
tion of palladium from acidic thiocyanate solutions 
by polyether-type polyurethane foam is plotted in 
Fig. 1. The amount of metal on the foam increases 
linearly with its concentration in the initial solution, 
up to 9.4 x 10m4M1. At higher concentrations the 
equilibrium amount of palladium on the foam is 
independent of the initial concentration in solution, 
which indicates saturation of the foam. 

In the “solvent extraction” mechanism, it is pro- 
posed that the polyether foam acts as a polymeric 
analogue of diethyl ether in solvating the sorbed 
species. According to this mechanism, the metal ions 
are extracted as a neutral complex of the type 

H+II MX, [M = metal (with charge m +), X = halide 
or pseudohalide] or an ion-association complex 
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Capdaty-0.81 mole/kg 

-6.0 -5.5 -5.0 -4.5 -4.0 -3.5 -3.0 - 2.5 
tog CPdl,, 

Fig. 1. Effect of initial palladium concentration on the 
sorption of palladium. Conditions: 50 f 1 mg of foam; 
95ml of solution 0.5M in HCl, 6 x 10-3-5.6 x 10-ZM in 
KSCN (the concentration of which is directly proportional 
to that of palladium, to minimize interference by thiocyanic 

acid). 

(n-m)[C+].[MX~‘+,“-“)-] where C+ is a bulky cation. 

The equilibrium between 49 f 1 mg of foam and 

95 ml of 1 x 10m4M palladium solution in 6 x 10e3M 

thiocyanate medium containing various amounts of 

hydrochloric acid was therefore studied. Figure 2 

shows that as the hydrochloric acid concentration 

was increased from 0.1 to 0.5M, the degree of pal- 

ladium extraction increased slowly from 95% (log 

D = 4.55) to 98% (log D = 4.99). At higher acidity 

the degree of extraction remained independent of acid 
concentration. The effect of lower acidities was stud- 
ied under the same conditions and is also shown in 
Fig. 2. The pH was varied from 1.0 to 10.7 by the 
addition of lithium hydroxide or hydrochloric acid. 
The degree of extraction decreased sharply from 95% 
at pH 1.0 to 54% (log D = 3.35) at pH 4.0 and then 
slowly to 42% (log D = 3.14) at pH 10.7. The absorp- 
tion spectra of the solutions, before the extraction, 
showed that the absorbance band at 308 nm, which 
is assigned to the Pd(SCN)i- complex,8.‘5-‘8 was not 
changed in either intensity or shape by change in the 
acidity of the solution. These results suggest that 
hydrochloric acid only influences the distribution of 
the palladium thiocyanate complex between foam 
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Fig. 2. Effect of acidity of solution on the sorption of 
palladium. Conditions: 49 & 1 mg of foam; 95 ml of solution 

I x 10e4M in W(H), 6 x IO-‘A4 in KSCN. 

Table 1. Effect of lithium chloride concen- 
tration on the extraction of palladium: 
[Pd(II)] 1 x 10m4M; pH 2.7; solution volume 
95 ml; foam weight 50 k 1 mg; temperature 

25.0 f O.l”C 

[LiCI], 
M Extraction, % log D 

0.0 24 2.79 
0.1 10 2.31 
0.5 7 2.13 
1.0 2 1.53 

and solution, and not formation of the extractable 
species. The results in Fig. 2 indicate that more than 
40% of the palladium is extracted from basic solu- 
tions where the formation of the neutral protonated 
species H2Pd(SCN), is not possible. It is also obvious 
that approximately 0.5M hydrochloric acid is 
sufficient for maximum extraction of palladium, a 
much lower concentration than that (3M) reported 
by Paria and Majumdar” for the extraction by ethyl 
acetate. These results, as well as the high distribution 
coefficients (N 10’) obtained in comparison to the 
value of 0.02 reported for the extraction of palladium 
from acidic thiocyanate solutions by diethyl ether,” 
indicate that it is difficult to treat the polyether 
polyurethane foam as an analogue of diethyl 
ether.2’.22 Furthermore, the Pd(SCN):- complex was 
completely recovered from the foam with acetone, 
which does not agree with the fact that the polarity 
of urethane polymers has been estimated to be very 
similar to that of acetone.23 From these results it can 
be concluded that factors other than a simple ether- 
like “solvent extraction” mechanism operate in the 
distribution of Pd(SCN$ between foam and aque- 
ous phase. 

The sorption of the metal ion through a “ligand 
addition or exchange” mechanism has also been 
suggestedI and is attributed to the fact that poly- 

urethane foam contains a large number of lone 
electron pairs on its nitrogen and oxygen atoms, these 
being supposed to be involved in co-ordinate bonding 
to the metal: 

MX;- + zL+MX,,,L,]‘““- + zX- 

MX;- + zL=$[MX,L,]“- 

where L represents the lone pair and its associated 
atom in the polyurethane. 

Several investigations were therefore made of the 
sorption of palladium from both chloride and thio- 
cyanate solutions. In one experiment, the effect of 
different chloride concentrations ranging from zero 
to IM was studied. The results given in Table 1 
indicate that the amount of palladium sorbed on the 
foam decreases with increasing chloride concen- 
tration. The ultraviolet-region spectrum of the solu- 
tion containing no lithium chloride showed two 
characteristic maxima at 204 and 234 nm. The addi- 
tion of lithium chloride resulted in a shift in these 
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absorption bands to 220 and 278 nm and these bands 
showed maximum absorbance at lithium chloride 
concentrations greater than OSM. The absorbance 
bands at 204 and 234nm most likely correspond to 
PdCl,, while those at 220 and 278 nm have been 
assigned to PdCl:- by various workers.‘5,24 These 
results indicate that the neutral PdCl, is extractable 
by the foam, whereas PdCl:- is not. The low degree 
of extraction from O.lit4 lithium chloride indicates 
that the affinity of polyether foam for palladium 
through the “ligand substitution” mechanism, i.e., 

PdCl:- + 2L+PdCl,L, + 2Cl- 

is very low in comparison to that of many solvent 
extractants’.2.s.6.25.26 which can give ligand substitution 
even at hydrochloric acid concentrations > 1M. Since 
most palladium complexes are square planar,” the 
species sorbed is probably PdC1,L2 [formed by the 
addition of 2L to PdCl,]. 

To determine the efficiency of polyurethane foam 
for palladium extraction from thiocyanate solutions 
at high pH, a series of solutions (95 ml) at pH 
5.8 + 0.4 with thiocyanate concentrations ranging 
from 4 x 1O-4 to 1 x lo-‘M was equilibrated for 
20 hr with foam cubes each weighing 50 + 1 mg. The 
results (Fig. 3) indicate that extraction increases 
with increasing thiocyanate concentration up to 
1.2 x 10e3M where 72% (log D = 3.68) of the pal- 
ladium is extracted, and then slowly decreases again, 
reaching 39% (log D = 3.09) at 1 x IO-*M thio- 
cyanate. The absorbance of these solutions at 308 nm 
is also shown in Fig. 3 and indicates that at thio- 
cyanate concentrations higher than 1.6 x lO-‘M the 
formation of the Pd(SCN):- complex is almost com- 
plete, and independent of thiocyanate concentration. 
Since the extraction decreases at thiocyanate concen- 
trations > 1.2 x 10e3M, it seems likely that Pd(SCN), 
is the species extracted, rather than Pd(SCN):-: 

SCN - 
PdCl, + 2SCN- $Pd(SCN)2 + Pd(SCN)j- 

- 
Pd(SCN), + 2L Z$ Pd(SCN)2L2 

where the bars indicate the foam phase. The extrac- 
tion of a neutral thiocyanate complex by polyether 
foam was reported by Abbas et a1.28 who indicated 
that Fe(SCN),L, was the species sorbed from solu- 
tions containing iron and thiocyanate in molar ratio 
1:3. 

When the effect of thiocyanate concentration was 
studied at pH 2.7 + 0.1, a higher degree of extraction 
was obtained (Fig. 3). Since the effect of thiocyanate 
concentration on the absorbance of these solutions 
at 308 nm was similar to that at pH 5.8 + 0.4 (Fig. 
3) the higher extraction for thiocyanate concen- 
trations < 1.2 x 10e3M is mainly due to the simul- 
taneous extraction of Pd(SCN), and Pd(SCN):-, 
whereas, for solutions containing more than 
1.2 x lo-‘M thiocyanate it is most likely due to the 
sorption of Pd(SCN):- complex. 
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Fig. 3. Effect of thiocyanate concentration on the formation 
and sorption of palladium(U) thiocyanate complex. Condi- 
tions for spectrophotometry (a): Ipd(II)] = 1 x 10e4M, 
oH = 5.8 + 0.4. A = 308 nm. oath-length = 1 mm. Condi- 
iions for extraction: 50 _+ 1 &g-of foamy95 ml of 1 x 10m4M 

Pd(I1); (0) pH = 5.8 + 0.4; (I-J) pH = 2.7 + 0.1. 

The decrease in extraction at thiocyanate 
concentrations > 1.2 x 10e3M suggests that sorption 
does not take place by either the ligand addition or 
exchange mechanisms: 

Pd(SCN):- + zLe[Pd(SCN)4L,]2- (z = 1 or 2) 

Pd(SCN):- + 2L=Pd(SCN),L2 + 2SCN- 

The first possibility is ruled out because the 
co-ordination number of the palladium would in- 
crease to five or six, which is rare for palladium(H) 
complexes and has not been observed in their solvent 
extraction.29,30 In the ligand substitution mechanism, 
the replacement of the strongly bound3’-34 sulphur 
atom by the nitrogen or oxygen atoms on the foam 
is unlikely and has not been reported even for 
strongly donating solvents.29,30 Therefore in the 
presence of excess of thiocyanate, palladium is 
extracted as Pd(SCN):-, which is the complex 
formed in the aqueous solution before extraction. 
This was further evidenced by the foam changing 
colour to the golden yellow (due to the Pd(SCN):- 
complex) of the solution before extraction. These 
results correlate with those reported by Hamon” 
which showed that the Co(SCN):- complex present 
in the initial solution was extracted by the foam. 

It was suggested by Bowen13 that the extraction of 
anionic metal complexes could be due to the poly- 
urethane foam acting as a weak or strong anion- 
exchanger. The feasibility of existence of anion- 
exchange sites arises from the tendency of both the 
nitrogen atoms of the urethane linkage and the ether 
oxygen atoms to accept protons to give 

-CH,- A-CH2- 
I 

or 
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and hence the polyether-type polyurethane foam will 
have anion-exchange sites of various strengths. This 
mechanism may contribute significantly to the sorp- 
tion of anionic metal complexes in the presence of 
high concentrations of strong acids. As mentioned in 
connection with the effect of pH on extraction of the 
Pd(SCN):- complex (Fig. 2), more than 40% was 
extracted from basic solutions, where protonation of 
the foam is improbable. Furthermore, 95% of the 
palladium was extracted at pH 1.0, which is unlikely 

to be acidic enough for protonation of the foam. 
Therefore, the sorption of Pd(SCN):- through the 
“anion-exchange” mechanism is considered improb- 
able. 

Recently Hamon et ~1.~~ suggested the “cation- 
chelation” mechanism (CCM) for the sorption of 
anionic metal complexes. According to this mech- 
anism, polyether-based polyurethane foam can 
chelate metal ions in a similar way to their chelation 
by cyclic and linear polyethers, most likely owing to 
the polyether chains adopting a helical configuration 
around the cations. Thus the sorption of ion- 
association complexes containing cations such as 
Na+,K+,NH:, H,O+, Rb+,Ag+,Tl+, Ba2+, Sr*+, 
Pb2+ by polyether foam is attributed to specific 
chelation of the cation by the polyether segment of 
the foam. It is further considered that the extent of 
sorption depends not only on the chelation affinity of 
the cation (which depends on its size and charge) but 
also on the nature and hydrophobicity of the anionic 
metal complex. To test whether the CCM is involved 

3.0 - L’ No K NH,Rb Cs 

I I I 1 I I I 
0.6 0.8 1.0 1.2 1.4 1.6 1.8 

Cation radius (8) 

Fig. 4. Effect of the size of various univalent cations on the 
distribution of the palladium thiocyanate complex between 
foam and aqueous solution. Conditions: 50 f 1 mg of foam; 
95 ml of solution I x 10-4M in W(U), 6 x 10e3M in KSCN; 
(0) O.lM, (a) O.ZM, (0) 0.5M salt concentration; 
pH = 6.0 k 0.2 except for NH&I solution (pH = 4.3 + 0.2). 

-6 -5 -4 -3 -2 

log CPdl,, 

Fig. 5. Plots of log D vs. log of equilibrium palladium 
concentration in the presence of hydrochloric acid or potas- 
sium chloride. Conditions: 50 f 1 mg of foam; 95 ml of 
solution, (0) 0.5M KCl, pH = 5.5 k 0.4; (0) 0.5M HCI; 
6 x lo-‘-5.6 x IO-‘M in KSCN (concentration of which is 
directly proportional to that of palladium to minimize 
interference by thiocyanic acid or potassium thiocyanate). 

in sorption of the Pd(SCN):- complex by polyether 
foam, the effect of the chlorides of Li + , Na + , K + and 
NH: was investigated, at pH 6.0 + 0.2 except for 
ammonium chloride, for which pH 4.3 k 0.2 was used 
in order to prevent formation of the Pd(NH$+ 
complex.3638 It was found that when the salt concen- 
tration rose from zero to 0.5M, the extraction in- 
creased from 50% (log D = 3.28) to 69% (log 
D = 3.28) for Li +, 85% (log D = 4.02) for Na+ and 
96% (log D = 4.68) for K + and NH:. The spectra of 
these solutions showed that the absorbance band of 
the Pd(SCN):- complex at 308 nm was the same for 
all the solutions. Thus the differences in the degree 
extraction from the different media must be due to 
differences in the distribution of Pd(SCN):- between 
foam and solution and not to differences in the degree 
of formation of the complex. When the results for a 

fixed salt concentration are plotted as a function of 
the cation size (Fig. 4), it is obvious that the effect of 
the cations on the efficiency of polyurethane foam for 
palladium extraction increases in the order 
Li+ <N+ < Cs+ < Rb+ <K+ +- NH;. This order 
corresponds to that obtained previously35.39 and indi- 
cates that the CCM is the major means of extraction 
of the Pd(SCN):- complex by polyether-type poly- 
urethane foam. 

Complexation of the hydronium ion, H,O+, by 
crown ether@” and cryptates4’ has been reported, and 
its behaviour as a counter-ion in the sorption of 
anionic metal complexes by the CCM has also been 
suggested.35 Therefore, the extraction of Pd(SCN)t- 
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Fig. 6. Comparison of palladium thiocyanate extraction as 
a function of potassium chloride or thiocyanate concen- 
tration. Conditions: 50 f 1 mg of foam; 95 ml of solution 
1 x IO-“A4 in Pd(II), 6 x lo-‘M in KSCN, pH = 6.1 f 0.1. 

from acidic solutions by the “cation-chelation” 
mechanism is also possible, and this would fit with 
the fact already noted, that the acid concentration 
needed for the palladium extraction is lower than that 
reported for extraction into ethyl acetate.” To 
confirm this, the effect of the metal-ion concentration 
on the sorption of palladium from 034 hydrochloric 
acid or potassium chloride solutions at pH 5.5 +_ 0.4 
was studied. The similarities in the capacity of the 
foam (0.8 1 mole/kg) and the equilibrium palladium 
concentration as a function of the amount of pal- 
ladium sorbed (Fig. 5) are strong evidence that the 
Pd(SCN):- complex is extracted through the CCM 
even from acidic solutions. 

To determine the effect of other anions on the 
extractability of the Pd(SCN):- complex, the degree 
of sorption from 1 x 10m4M palladium solution at 
pH 6.1 f 0.1 was studied as a function of chloride 
and thiocyanate concentrations. The results given in 
Fig. 6 indicate that in both series of solutions (i.e., 

chloride and thiocyanate), the extraction at first 
increases sharply with anion concentration and then 
levels off (and eventually decreases slightly in the 
thiocyanate system) and that at a given concen- 
tration, chloride gives better extraction than thio- 
cyanate. 

These results can be explained by assuming a 
competition between Pd(SCN):- and X- ions 
(X- = SCN- or Cl-) for the chelated potassium ions, 
and that this is highly dependent on the hydro- 
phobicity of the X- ions. The hydrophobicity is 
determined by size, charge density and the ability to 
form strong hydrogen bonds with water. This is 
illustrated in Fig. 7, which shows the sorption of the 
anionic metal complex as taking place through two 
steps. 

1. Extraction of the ion-association complex of the 
anionic metal complex and the cation through a 
simple mechanism which is highly dependent on the 
hydrophobicity of both ions and explains the fact 
that the extractability of Pd(SCN):- greatly exceeds 
that of PdCl:-. 

2. Dissociation of the ion-association complex, 
whereby the cation can occupy a cavity in the foam 
and the anionic metal complex will act as a counter- 
ion to neutralize the charge of the chelated cation. 

In the “cation-chelation” mechanism, the second 
step is the extraction-determining step and is highly 
dependent on how well the cation fits the cavity in the 
foam. This step in the mechanism explains why cation 
effect on the efficiency of extraction Pd(SCN):- de- 
creases in the order K+ > Rb+ > Cs+ (Fig. 4) which 
is the opposite of their ability for ion-association 
complex formation and is not what might be expected 
on the basis of simple ion-pair extraction into an 
organic solvent.42 However, it must be remembered 
that in the presence of Rb+ and Cs+, the extraction 
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of Pd(SCN$ through the “ion-association” mech- 
anism may play a significant role in the sorption 
process. For large cations such as Et,N+ and Bu,N+ 
the simple “ion-association” complex extraction 
may even be the predominant mechanism as indi- 
cated by Hamon” for extraction of the Co(SCN)j- 
complex. 

From the diagram it is also apparent that if 
considerable extraction of another ion-association 
complex containing the same cation as the anionic 
metal complex, MXi*,““)-, occurs either during or 
after the extraction of MXi’+““)-, then the latter may 
be desorbed by an “anion-exchange” mechanism. 
This is the reason why the sorption of Pd(SCN):- 
complex decreases with potassium thiocyanate con- 
centrations > IM (Fig. 6). The anion-exchange be- 
haviour of polyether foam differs from that of the 
solid and liquid anion-exchangers by the fact that the 
exchange mechanism operates efter the extraction of 
the ion-association complex. 

Finally, the sorption of Pd(SCN):- through the 
CCM explains the following results, obtained in other 
experiments. 

1. In the presence of 2M potassium chloride, an 
average of 99% (log D = 5.12) of the palladium was 
extracted at pH values ranging from 1.0 to 10.5, but 
in its absence, the extraction decreased with in- 
creasing basicity of the solution (Fig. 2). 

2. The metal could be recovered with high 
efficiency when the foam was treated with acetone, 
probably owing to swelling of the foam and resultant 
release of the chelated cation. 

3. The extraction of palladium from 6 x 10m3A4 
thiocyanate/O.Sn/l ammonium chloride medium 
dropped from 96% at pH 4.0 to 75% at pH 6.3 and 
to zero at pH 7.4, owing to the formation of 
Pd(NH,):+ in basic solution. 

Conclusions 

The relatively high extraction of palladium from 
solutions containing low thiocyanate and chloride 
concentrations is mainly due to the extraction of the 
neutral species PdX, (X = Cll or SCN-). On the 
other hand, in the presence of high thiocyanate 
concentration, the sorption of the anionic metal 
complex, Pd(SCN):- from highly acidic solutions 
and also from solutions at high pH and containing 
Li+, Na+, K+ or NH: ions is through the “cation- 
chelation” mechanism. 
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In the Rajpura Dariba Mines near the Udaipur 

district of Rajasthan, barium occurs as barite 

DETERMINATION OF BARIUM IN SULPHIDE 
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SPECTROMETRY 
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Summary-A rapid, precise and selective analytical method has been developed for estimation of barium 
in geological samples by flame atomic-absorption spectrometry. The method consists of precipitation of 
barium sulphate with ammonium sulphate, followed by dissolution of the sulphates in EDTA at pH 10. 
The barium in this solution is measured by AAS with a nitrous oxide-acetylene flame. Appreciable 
amounts of lead, calcium and strontium can be tolerated in the method, which has been applied for 
estimation of barium in sulphide ores and concentrates of lead, zinc and copper, and is feasible for 
estimation of barium from 20.0 ppm to the per cent level in such geological samples. 

(BaSO,) and witherite (BaCO,) along with lead-zinc 
ores. After removal of lead and zinc minerals by 
conventional froth flotation, efforts are made to 
separate barite concentrate, as this can be used’s* as 
a weighting agent in drilling fluids, owing to its high 
specific gravity. In the estimation of barium in such 
ore samples by conventional gravimetric and ti- 
trimetric methods, lead, calcium and strontium inter- 
fere as they also form insoluble sulphates. Heyn and 
Schupak3 have described a procedure for selective 
precipitation of barium sulphate by complexation of 
Ba, Ca and Sr at pH 10 with EDTA and then release 
of the barium by lowering the pH to 4.5-5.0 by 
hydrolysis of ammonium persulphate, which simulta- 
neously produced the sulphate required. 

Piibil and MariEovA proposed obtaining a pure 
barium sulphate precipitate by addition of ammo- 
nium sulphate to a solution in which heavy-metal 
ions were complexed with EDTA at pH 4.5-5.0. This 
method was tried in this laboratory, but was not 
found suitable for low concentrations of barium. 
Therefore, there still seemed a need for a method for 
rapid determination of barium in such samples. Other 
techniques such as neutron-activation analysis,5,6 
mass spectrometry’~’ and graphite-furnace atomic- 
absorption spectrometry’ are either expensive or 
time-consuming. A flame atomic-absorption method 
using a nitrous oxide-acetylene flame has therefore 
been developed and is reported in this commu- 
nication. This method has successfully been em- 
ployed for estimation of barium in sulphide ores and 
concentrates of lead, zinc and copper. 

Reagents 
EXPERIMENTAL 

All the chemicals used were of recognized analytical 
grade. Doubly distilled water was used throughout. A stock 

barium standard solution (Ba 1000 mg/l.) was prepared by 
dissolving 1.438 g of BaCO, in 20.0 ml of 1 .OM hydrochloric 
acid and diluting the solution to 1000 ml. 

Working standards (I-10 ppm) were prepared daily by 
diluting suitable aliquots of the stock standard solution, 2.0 
ml of 4% EDTA solution and 3.0 ml of 5% sodium 
hydroxide solution being added for each 100 ml of working 
standard. These solutions were used for the atomic- 
absorption spectrometry calibration graph, which is linear 
over the concentration range l-10 ppm barium. 

Apparatus 

A Pye Unicam SPl900 atomic-absorption spec- 
trophotometer was used, with a fuel-rich nitrous 
oxide-acetylene flame. A Pye Unicam barium hollow- 
cathode lamp was used and the absorbance readings at 
553.56 nm were integrated for 4 sec. The instrumental 
settings were those reported in the literature.‘O.” 

Procedures 

Barium in ores and zinc, copper and barium concentrates. 
To a weighed ore or concentrate sample containing 0.1-50 
mg of barium, add 15.0 ml of concentrated hydrochloric 
acid followed by 10.0 ml of concentrated nitric acid and heat 
till a syrupy state is achieved. Add 5.0 ml of concentrated 
hydrochloric acid, cool, dilute to 100 ml and add 10.0 ml of 
10% ammonium sulphate solution. Keep the solution on a 
hot water-bath for half an hour. Decant the supematant 
liquid through a Whatman No. 42 or equivalent filter paper, 
then transfer and wash the precipitate with 1% ammonium 
sulphate solution. Transfer the filter paper and precipitate 
to the original beaker, add 5-10 ml of 4”/, EDTA solution 
and 3.0 $ of 5% sodium hydroxide solution (or one pellet 
of solid sodium hydroxide) and dilute to about 50 ml. Heat 
on a hot-plate to dissolve the sulphates and finally filter 
through a small amount of filter-paper pulp into a suitable 
size of standard flask. Dilute to volume after addition of one 
pellet of sodium hydroxide per 100 ml of final volume and 
measure the barium by AAS. 

Barium in lead concentrate. Decompose a suitable amount 
of sample with aqua regia as above, then add 5.0 ml of 
concentrated nitric acid. Heat to evaporate the excess of 
nitric acid. Cool, dilute, precipitate the sulphates, wash the 
precipitate with two 10.0-ml portions of hot 10% ammonium 
acetate solution and continue as in the previous procedure. 

Titrimetric determination. To compare the results ob- 
tained for the barium in the geological samples with those 
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found by an independent method, the following procedure 
was used. 

Attack the sample as described above, add 5.0 ml of 
concentrated hydrochloric acid (or 5.0 ml of concentrated 
nitric acid, if the amount of lead in solution is expected to 
be more than 50 mg) and precipitate the sulphates. Wash the 
precipitate with two lO.O-ml portions of hot 10% ammo- 
nium acetate solution, transfer the precipitates to the origi- 
nal beaker and dissolve them in 4% EDTA solution as 
described above. Dilute the solution to about 200 ml and 
adjust the pH to 4.5-5.0 with ammonium acetate/acetic acid 
buffer. Heat to boiling and precipitate barium sulphate by 
adding two lO.O-ml portions of 10% cobalt sulphate solu- 
tion. Digest the barium sulphate precipitate on a hot 
water-bath, let it settle and filter it off on a Whatman No. 
42 paper. Wash the precipitate with hot 1% ammonium 
sulphate solution till the filtrate is free from cobalt and 
EDTA. Dissolve the precipitate in excess of 0.05M EDTA 
and back-titrate the surplus at pH 10 with 0.05M mag- 
nesium chloride, using Eriochrome Black T as indicator. 

RESULTS AND DISCUSSION 

In classical wet analysis ‘*-I4 barium is separated as 
the sulphate. It may then be determined gravimetri- 
tally, or titrimetrically after dissolution in standard 
EDTA solution. However, in the presence of lead, 
strontium or calcium, the barium must be separated 
before the precipitation, to avoid contamination with 
the sulphates of these elements. This can be achieved 
by masking4 with EDTA at pH 4.5-5.0 (the solu- 

bility products are 10-9.87 for BaSO,, 1O-7.79 for 
PbSO,, 10-6.49 for SrSO, and 10-5.62 for CaSO,). 
These methods are not very suitable for low concen- 
trations of barium, however, and are fairly time- 
consuming for routine analyses of geological samples. 
A flame atomic-absorption method has, therefore, 
been developed for estimation of barium in such 
samples. 

After decomposition of the sulphides with aqua 

regiu, ammonium sulphate is added to precipitate all 
the barium along with other sulphates. The precipi- 
tated sulphates are dissolved in EDTA at pH 10 and 
this solution is used for AAS measurement of the 
barium. To obtain comparison results a titrimetric 
method can be used. After decomposition of the 
sample, the sulphates are precipitated. The precip- 
itate is washed with ammonium acetate to remove 
most of the lead sulphate and then dissolved in 

Table 1. Effect of foreign ions on estimation of barium by 
flame atomic-absorption 

Foreign ion added, mg 
Barium Barium 

taken, wrg Pb Sr Ca found,* mg 

76.2 10 - 76.4 
76.2 20 - 76.7 
76.2 30 - 76.7 
76.2 50 - 76.7 

125 5 - 126.8 
125 - 10 127.3 
125 - 20 135.0 
76.2 50 - 25 75.4 
76.2 50 50 74.8 
76.2 50 - 75 76.7 
76.2 50 100 75.4 

124 50 10 100 123.3 

*Mean of 3 replicates. 

EDTA to mask the remaining calcium, strontium and 
lead at pH 4.5-5.0. Barium is released, and precip- 
itated as BaSO, at this pH by addition of cobalt 

sulphate. 
Large amounts of lead can be masked with EDTA 

at pH 4.5-5.0 owing to the high stability constant of 
the lead-EDTA complex (the logarithms of the sta- 
bility constants at 20” and O.lM ionic strength are:14 
lead-EDTA 18.2, calcium-EDTA 10.59, strontium- 
EDTA 8.63 and barium-EDTA 7.76). 

Table 1 shows the effect of cations that give 
insoluble sulphates, on the estimation of barium. 
Calcium and lead have no effect on the atomic- 
absorption signals due to barium. Up to 10 mg of 
strontium will cause less than 2% error, but larger 
amounts cause positive errors. Table 2 compares the 
barium values obtained by AAS and by the titrimetric 
method. Lower values for barium were obtained by 
the titrimetric method for samples containing less 
than 1% barium. Hence no comparison figures are 
reported for the copper concentrate sample. For the 
zinc tailing sample, where the barium content is only 
45 ppm, the titrimetric method could not be used at 
all. 

Lead and calcium are only partly precipitated 
along with the barium in the method developed. 
Table 3 gives the amount of lead and calcium precip- 
itated with barium in one experiment. There is no 

Table 2. Results for various samples 

Barium 
Ba in added,? Ba found 

Sample sample,* % mg Recovery, % by titrations % 

Barium ore 1 8.62 50 96 8.55 
Barium ore 2 8.05 100 92 7.95 
Barium concentrate 48.8 40 98 49.1 
Zinc concentrate 0.86 50 94 0.70 
Lead concentrate 1.25 50 95 1.12 
Copper concentrate 0.35 25 98 - 
Zinc tailings 0.0045 - - 

*Average of 5 or more estimations. 
tAdded as aliquots of standard barium solution to the solid samples before decomposition. 
gAverage of 3 estimations. 
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Sample 

Barium ore. I 
Barium ore 2 
Zinc concentrate 
Copper 

concentrate 
Lead 

concentrate 

Table 3. Extent of precipitation of lead and calcium in the AAS method 

Lead Calcium 

Barium in Total in Fraction Total in Fraction 
the sample sample, Precipitated, precipitated, sample, Precipitated, precipitated, 
taken, mg mg w % w w % 

43.1 10.0 0.70 7.0 7.5 0.03 0.4 
40.25 4.0 0.15 3.8 15.0 0.06 0.4 

8.6 19.0 0.5 2.6 6.0 0.03 0.5 
3.5 35.0 1.5 4.3 8.0 0.04 0.5 

12.5 678.0 50.0 7.4 10.0 0.06 0.6 

effect of calcium and lead on the AAS signal due to 
barium. However, most of the lead and calcium can 
be separated from barium by using the acid concen- 
trations given in the procedure, and washing the 
precipitate with ammonium acetate solution. 

The effect of the EDTA and sodium hydroxide 
concentration on the AAS readings was also studied. 

B I I I I I I I 
0.03 0.06 0.09 aI2 a15 0.16 0.21 

Cont. of sodium hydroxide (g/lOOml) 

Fig. I. Effect of sodium hydroxide concentration on absorb- 
ance reading for fixed amount of barium. 

Up to 2.0 g of EDTA per 100 ml of solution has no 
effect; larger amounts than this can cause frequent 
solid deposition in the burner slot. If the sodium 
hydroxide concentration is less than 0.12 g per 100 ml 
of solution, the absorbance readings are lowered 
because of barium ionization in the flame (Fig. 1). 
Hence a sodium hydroxide concentration of 0.15 g 
per 100 ml is recommended. 

The statistical analysis of several determinations of 
barium in the same sample is given in Table 4. The 
data show that the method is fairly precise. The 
reliability intervals for 95% and 99% confidence limits 
have been calculated by the method reported by Dean 
and Dixon.‘* Down to 100 pg of barium has been 
quantitatively precipitated and estimated by this 
method. Hence by use of a 5.0-g sample, a barium 
concentration as low as 20.0 ppm may be con- 
veniently estimated. The detection limit for barium in 
the solution to be used for the AAS measurement is 
0.16 ppm. The method is fairly rapid and 12 samples 

Table 4. Statistical analvsis of the results 

Sample 

Barium ore 

No. of Mean Ba Relative (95% confidence (99% confidence 
determinations found, % std. devn., % limit) limit) 

7 8.62 0.3 8.6 & 0.31 8.62 + 0.48 

Zinc concentrate 7 0.86 3.9 0.86 f 0.10 0.86 f 0.16 

Lead concentrate 7 1.25 3.6 1.25 +0.12 1.25kO.16 

Reliability interval Approximate 
composition 

of the 
sample 

Zn-6%, 
P&2%, 
Cud.5%, 
Fe--4%, 
SiOi-45%. 
Ca--1.5% 

Zn-54.0%, 
P&l .9%, 
cu-I .O%, 
Fe-S.O%, 
Ca--O.6%, 
S30.5% 

P&67.8%, 
Fe-l .7%, 
Zn-3.5%, 
Ca-I .O%, 
S--13.0% 

Copper concentrate 6 0.35 4.0 0.35 f 0.04 0.35 + 0.06 Cu-25.5%, 
Fe-22.5%, 
Zn-2.4%, 
P&3.5%, 
s-26.0% 

Barium concentrate 5 48.8 0.5 48.8 + 0.10 48.8 * 0.16 Ba48.8%, 
s-11.5% 
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can be conveniently analysed by a single analyst in a 
6-S hr working day. 

Applications 

Barium in sulphide ores and zinc, lead, copper and 
barium concentrates has been determined by this 
method. Amounts of barium added to the samples 
before the decomposition were recovered quan- 
titatively. The barium content found by the proposed 
method in a variety of samples is in good agreement 
with that obtained by the titrimetric method. The 
method is simple, rapid and precise and is recommen- 
ded for routine determination of barium in sulphide 
ores, concentrates and other such geological samples. 

Acknowledgements-The author is thankful to the manage- 
ment of Hindustan Zinc Limited for granting permission to 
publish the data. The assistance of colleagues from the 
analytical division, viz. Messrs. S. C. Bhanawat, M. P. Jain, 
R. L. Menaria and S. K. Rawariya is also acknowledged. 

REFERENCES 

1. N. Cornell, Engng. Mining J., 1978, 179, 208. 
2. A. R. D. Orr, Mining Annual Review, 198 1, 117. 

3. A. H. A. Heyn and E. Schupak, Anal. Chem., 1954, 26, 
1243. 

4. R. Piibil and D. Maricova, Chem. L&y, 1952, 46, 542. 
5. K. K. Turekian, Geochim. Cosmochim. Acta, 1968, 32, 

603. 
6. K. K. Turekian and D. G. Johnson, ibid., 1966, 30, 

1153. 
7. T. J. Chow, Science, 1976, 193, 57. 
8. T. J. Chow and E. D. Goldberg, Geochim. Cosmochim. 

Acta, 1960, 20, 192. 
9. M. S. Epstein and A. T. Zander, Ana/. Chem., 1979, 51, 

915. 
10. P. J. Whiteside, P_ve Unicam Atomic Absorption Data 

Book, p. 10. Pye Unicam Ltd., Cambridge, 1975. 
11. W. J. Price, Analytical Atomic Absorption Spectrometry, 

p. 187. Heydon, London, 1978. 
12. A. 1. Vogel, A Text Book of Quantitative Inorganic 

Analysis, 3rd Ed., p. 445. Longmans, London, 1975. 
13. N. H. Furman, Standard Methods of Chemical Analysis, 

6th Ed.. Vol. 1. DD. 138-l 52. Van Nostrand. New York, . 1 

1962. 
14. F. J. Welcher, The Analytical Uses of‘ Ethyl- 

enediaminetetracetic Acid. Van Nostrand, New York, 
1965. 

IS. R. B. Dean and W. J. Dixon, Anal. Chem., 1951, 23, 
636. 



Talanta, Vol. 30, No. 7, pp. 497-504, 1983 
Printed in Great Britain 

0039~9140/83 $3.00+0.00 
Pergamon Press Ltd 

SPECTROPHOTOMETRIC DETERMINATION OF 
TANTALUM IN ORES AND MILL PRODUCTS WITH 

BRILLIANT GREEN AFTER SEPARATION 
BY METHYL TSOBUTYL KETONE EXTRACTION 

OF TANTALUM FLUORIDE 

ELSIE M. DONALDSON 

Mineral Sciences Laboratories, Canada Centre for Mineral and Energy Technology, Energy, Mines and 
Resources Canada, Ottawa, Canada 

(Received 22 November 1982. Accepted 28 December 1982) 

Summary-A method for determining -0.001% or more of tantalum in ores and mill products is 
described. After fusion of the sample with sodium carbonate, the cooled melt is dissolved in dilute 
sulphuric-hydrofluoric acid mixture and tantalum is separated from niobium and other matrix elements 
by methyl isobutyl ketone extraction of its fluoride from IM hydrofluoric acid-0.5M sulphuric acid. The 
extract is washed with a hydrofluoric-sulphuric acid solution of the same composition to remove 
co-extracted niobium, and tantalum is stripped with dilute hydrogen peroxide. This solution is acidified 
with sulphuric and hydrofluoric acids and evaporated to dryness, and the residue is dissolved in 
oxalic-hydrofluoric acid solution. Tantalum is ultimately determined spectrophotometrically after extrac- 
tion of the blue hexafluorotantalate-Brilliant Green ion-association complex into benzene from a 0.05M 
sulphuric acid-0.5M hydrofluoric acid-0.2M oxalic acid medium. The apparent molar absorptivity of the 
complex is 1. I9 x IO4 I. mole- ’ mm- ’ at 640 nm, the wavelength of maximum absorption. Common ions, 
including iron, aluminium, manganese, zirconium, titanium, molybdenum, tungsten, vanadium, tin, 
arsenic and antimony, do not interfere. Results obtained by this method are compared with those obtained 
by an X-ray fluorescence method. 

The Canadian Certified Reference Materials Project 

(CCRMP) is involved in the certification of a tanta- 
lum ore for its tantalum content. As part of this 
project, and for use in routine work in the CANMET 
chemical laboratory, a reasonably simple and reliable 
spectrophotometric method was required for the 
determination of -0.001% or more of tantalum in 
diverse ores and mill products. The method should 
also be applicable to extracts and other solutions 
resulting from solvent extraction processes designed 
to recover tantalum from ores and concentrates and 
to separate it from niobium. Niobium is usually 
present in ores containing tantalum and it interferes 
to a certain extent in all known spectrophotometric 
methods for the determination of tantalum. Con- 
sequently, it was considered that a suitable method 
would involve the preliminary separation of tantalum 
from most of the niobium and from other matrix 
elements by extraction of tantalum fluoride from a 
hydrofluoric acid medium. 

Probably the most widely used methods currently 
employed for the spectrophotometric determination 
of tantalum are those based on solvent extraction of 
the ion-association complexes formed between 
hexafluorotantalate and basic-dye cations of the 
triphenylmethane type such as Methyl Violet, Crystal 

Crown Copyright reserved. 

Violet, Malachite Green and Brilliant Green.14 Other 
similar but less frequently employed methods involve 
the use of xanthene (Rhodamine 6G, Rhodamine 65 
and Butylrhodamine),2,3 oxazine (Capri Blue, Nile 
Blue and Melba Blue),5 triazine (Methylene Blue) and 
acridine (Acridine Orange) dyes.(’ These methods are 
characterized by high sensitivity, and are all consid- 
erably more selective and can tolerate much larger 
amounts of niobium, than those based on chelation 
systems involving chromogenic reagents such as 
pyrocatechol, pyrogallol, tribromopyrogallol, tiron, 
stilbazo, Alizarin Red S, quinalizarin, Pyrocatechol 
Violet, phenylfluorone,’ Bromopyrogallol Red’ and 
I-(2-pyridylazo)-2-resorcinol.’ Consequently, this 
type of spectrophotometric finish was considered to 
be the most promising for the present work, and 
because only triphenylmethane dyes were immedi- 
ately available, the applicability of a dye of this type 
was investigated. Early work showed that the extrac- 
tion of hexafluorotantalate-triphenylmethane com- 
plexes is greatly dependent on the concentration of 
sulphuric acid and that the optimum ranges of pH 
required for the extraction of the Methyl Violet and 
Crystal Violet complexes are very narrow. Those 
required for the Malachite Green and Brilliant Green 
complexes are somewhat broader.2 Malachite Green 
has been recommended for the determination of 
tantalum in iron, steel”,” and niobium metal”,” and 
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in silicon,‘4 boron, uranium, zirconium and 
uranium-zirconium alloys.‘5 However, some pre- 
liminary work with this dye yielded erratic and 
inconsistent results, possibly because the compound 
used was relatively old and of unknown purity. 
Brilliant Green (Basic Green 1) has also been used 
previously’“” but most of the methods based on this 
dye appear in obscure Soviet and other journals not 
readily accessible to Western readers. Furthermore, 
the abstracts of these papers do not provide much 
information on the optimum conditions required for 
the extraction and spectrophotometric determination 
of tantalum. Because initial tests with Brilliant Green 
yielded promising results, it was chosen for further 
study. 

The proposed method is based on the separation of 
tantalum from niobium and other matrix elements by 
methyl isobutyl ketone (MIBK) extraction of its 
fluoride complex from a 1M hydrofluoric acid-OSM 
sulphuric acid mixture. The tantalum is stripped into 
dilute hydrogen peroxide and ultimately determined 
spectrophotometrically after extraction of the 
hexafluorotantalate-Brilliant Green complex into 
benzene from a 0.05M sulphuric acid-0.5M 
hydrofluoric acid-0.2M oxalic acid medium. Results 
obtained for ores and mill products by this method 
have been compared with those obtained by an X-ray 
fluorescence (XRF) method. 

EXPERIMENTAL 

Apparatus 

Pear-shape 125 and 500-ml polypropylene separatory 
funnels, 50-, loo-, 200-, 500- and lOOO-ml plastic standard 
flasks and 15-ml plastic centrifuge tubes equipped with 
plastic stoppers were used. Graduated “Nalgene” pipettes 
were used for adding all the reagents. Glass pipettes were 
used for preparation of the dilute tantalum solutions and for 
taking aliquots of the sample solutions for the MIBK and 
benzene extractions. 

Reagents 

Standard tantalum solution, 100 pgglml. Transfer 0.1000 g 
of pure tantalum metal (Note 1) to a IOO-ml platinum dish 
and add - 8 ml of concentrated hydrofluoric acid and - 3 
ml of concentrated nitric acid. Cover the dish with a 
“Teflon” cover and warm gently until the metal has dis- 
solved. Remove the cover, add - 5 ml of 50% v/v sulphuric 
acid and evaporate the solution to dryness, then wash down 
the sides of the dish with water and evaporate the solution 
to dryness again. Add - 15 ml of water and 7 ml of 
concentrated hydrofluoric acid, warm gently, if necessary 
(Note 2), to dissolve the salts, then transfer the solution to 
a I-litre plastic standard flask (Note 3) and dilute to volume 
with water. Dissolve 6 g of oxalic acid in -70 ml of warm 
water contained in a 250-ml “Teflon” beaker (Note 4), then 
dilute this solution and 5 ml of the tantalum stock solution 
to volume with water in a lOO-ml plastic standard flask, to 
prepare a 5+g/ml tantalum solution in 0.5M oxalic acid. 

Brilliant Green, 0.2% solution. Transfer to a brown plastic 
bottle an amount of Brilliant Green sufficient for the 
number of extractions required. Add the required volume of 
water and shake to dissolve the dye. Allow the solution to 
stand for 1 hr, then use it within -30 min. (The Brilliant 
Green used in this work had a total dye content of 94%; it 

*An automatic or safety pipette should be used. 

was obtained from the Fisher Scientific Company, Fair 
Lawn, New Jersey, U.S.A., and was used without further 
purification.) 

Sulphuric acid (0.25M)-hydrojuoric acid (2.5M) solution. 
From a graduated pipette, add 7 ml of concentrated sul- 
phuric acid to -300 ml of water contained in a 500-ml 
plastic standard flask, mix and allow the solution to cool to 
room temperature, Add 45 ml of concentrated hydrofluoric 
acid and dilute to volume with water. 

HydroJuoric acid (I Mksulphuric acid (0.5M) solution. 
Add 55 ml of 50% v/v sulphuric acid and 36 ml of 
concentrated hydrofluoric acid to -500 ml of water con- 
tained in a I-litre plastic standard flask and dilute to volume 
with water. 

Oxalic acid, 6% solution. Dissolve 30 g of oxalic acid in 
500 ml of water contained in a 600-ml “Teflon” beaker, by 
heating gently. Allow the solution to cool to room tem- 
perature, then transfer it to a plastic bottle (Note 4). 

Hydrojluoric acid, 2M. Store in a plastic bottle. 
Sulphuric acid, 50% v/v. 
Hydrogen peroxide, 5% v/v. Dilute IO ml of 30% w/v 

hydrogen peroxide to 200 ml with water. 
Benzene. Add -0.5 g of quinol (Note 5) to -600 ml of 

reagent-grade benzene contained in a I-litre flask. Using a 
mechanical shaker, shake for - 1 hr, then, using phase- 
separating paper, fllter the solvent into a brown I-litre 
bottle. 

MIKB, equilibrated. Shake -200 ml each of reagent- 
erade MIBK and 1M hvdrofluoric acid-0.5M sulphuric acid 
solution for about 1 min in a 500-ml plastic ‘separatory 
funnel. After the layers have separated, drain the lower 
aqueous layer into a second 500-ml plastic separatory funnel 
(Note 6). 

Procedures 

Calibration curve. From a burette, add 1, 2, 3, 4, 5 and 
7 ml of 5+g/ml standard tantalum solution to six 125-ml 
polypropylene separatory funnels marked at 25 ml, then add 
9, 8,7,6, 5 and 3 ml, respectively, of 6% oxalic acid solution. 
Add 10 ml of 6% oxalic acid solution to two further 125ml 
separatory funnels for use as blanks (Note 7). Add 5 ml of 
0.25M sulphuric acid-2.5M hydrofluoric acid solution to 
each funnel (Note 8). Add 5 ml of 0.2% Brilliant Green 
solution (aged for 1 hr) to two of the flasks (Note 9) 
dilute to the 25-ml mark with water, then without delay, add 
by pipette* 25 ml of benzene, stopper the funnels and shake 
them for 2 min. Proceed in a similar manner with the 
extraction of the tantalum hexafluoride_Brilliant Green 
complex from the remaining solutions, taken in pairs, then 
drain off and discard the lower (aqueous) layers. Drain the 
benzene layers into 15-ml plastic centrifuge tubes (Note IO), 
stopper the tubes and allow the extracts to stand for at least 
30 min. Measure the absorbance of each extract at 640 nm 
against benzene as reference, using IO-mm cells (Note 11). 
Correct the absorbances by subtracting the mean of the 
absorbances obtained for the blanks (Note 12). Plot pg of 
tantalum vs. absorbance. 

Ores and mill products. Depending on the expected tanta- 
lum content, transfer 0.1-0.8 g of powdered sample, con- 
taining not more than 400 mg of niobium and 8 mg of 
tantalum, to a 30-ml platinum crucible containing 4.0 k 0. I 
g of sodium carbonate (Notes 13 and 14). Mix thoroughly, 
then cover the crucible with a platinum lid and fuse the 
mixture over a blast burner for - 8 min. Allow the crucible 
and cover to cool for several minutes, then transfer them to 
a covered 400-ml “Teflon” beaker containing -75 ml of 
water, 15 ml of 50% v/v sulphuric acid and 2 ml of 
concentrated hydrofluoric acid. When the melt has dis- 
solved, remove the crucible and cover after washing them 
thoroughly with water, then cover the beaker (Note 15) with 
a “Teflon” cover and evaporate the solution to - 75 ml to 
remove carbon dioxide and the excess of hydrofluoric acid. 
Allow the solution to cool to room temperature, then add 
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7 ml of concentrated hydrofluoric acid (Note 16) and mix 
thoroughly. Transfer the solution to a 200-ml plastic stan- 
dard flask, dilute to volume with water, mix and allow the 
solution to stand until any calcium sulphate or other 
insoluble material has settled. 

Transfer a suitable aliquot (10, 20 or 25 ml) of the 
solution to a 125ml polypropylene separatory funnel 
marked at 25 ml and, if necessary, dilute to the mark with 
1M hydrofluoric acid-O.5M sulphuric acid solution. Using 
a plastic graduated cylinder, add 25 ml of equilibrated 
MIBK, stopper the funnel and shake it for 2 min. Allow the 
layers to separate, then drain the lower (aqueous) layer into 
a second 125-ml separatory funnel and wash the ketone 
phase by shaking it for -30 set with 10 ml of IM 
hydrofluoric acid-O.5M sulphuric acid solution. Drain the 
aqueous layer into the second funnel and repeat the washing 
step. Add 25 ml of equilibrated MIBK to the second funnel 
containing the combined aqueous phase and wash solutions 
and extract the solution again by shaking for 1 min. After 
the layers have separated, drain off and discard the lower 
(aqueous) layer. Wash the ketone layer twice with IO-ml 
portions of 1M hydrofluoric acid-O.5M sulphuric acid solu- 
tion as described above, discarding each aqueous layer. Run 
the second extract into the first funnel and wash the second 
funnel with MIBK from a plastic squeeze-type wash-bottle. 

Add 20 ml of 5% hydrogen peroxide solution to the 
combined extracts, stopper the funnel and shake it for 1 
min. Allow the layers to separate, then drain the lower 
(aqueous) layer into a 100-ml platinum dish and wash the 
stem of the funnel with water. Repeat the stripping step 
twice more by shaking the extract for -30 set each time 
with first 10 ml and then 5 ml of 5% hydrogen peroxide 
solution. Wash the stem of the funnel with water each time 
and collect the washings in the platinum dish (Note 17). 
Cover the dish with a “Teflon” cover, heat the solution to 
destroy the hydrogen peroxide, then remove the cover, add 
1 ml of 50% v/v sulphuric acid and 3 or 4 drops of 
concentrated hydrofluoric acid (Note 18) and evaporate the 
solution to dryness. 

If the aliquot taken for the MIBK extraction contains 35 
pg or less of tantalum, add 10 ml of 6% oxalic acid solution 
to the platinum dish and evaporate the solution to _ 5 ml. 
Add 5 ml of 0.25M sulphuric acid-2.5M hydrofluoric acid 
solution, warm gently for _ 1 rnin (Note 2) to dissolve the 
salts, then transfer the solution to a 125-ml polypropylene 
separatory funnel marked at 25 ml, rinsing the dish with 
-3-ml portions of water, so that the total volume of 
solution in the separatory funnel does not exceed 20 ml. 
Prepare two blank solutions as described for the calibration, 
then proceed with the addition of Brilliant Green solution 
and the subsequent extraction and determination of tanta- 
lum as described above. 

If the aliquot taken for the MIBK extraction contains 
more than 35 pg of tantalum, then, depending on the 
expected tantalum content, add sufficient oxalic acid in 
crystalline form for 3 g to be present for each 50 ml of final 
solution. Add sufficient 2M hydrofluoric acid for 2.5 ml to 
be present for each 50 ml of final solution (Note 19), then 
heat the solution gently to dissolve the oxalic acid. To 
prevent crystallization of the oxalic acid, transfer the solu- 
tion (Note 3) while still warm, to a plastic standard flask 
of appropriate size (50-200 ml), cool to room temperature 
and-dilute to volume with water. Transfer a suitable aliquot 
(5 or 10 mi) of this solution (Note 20) to a 125-ml 
polypropylene separatory funnel. If necessary, add sufficient 
6% oxalic acid solution for the total volume of the solution 
to be 10 ml, then add 5 ml of 0.25M sulphuric acid-2.5M 
hydrofluoric acid solution. Prepare two blank solutions as 
described for the calibration, then proceed with the extrac- 
tion and determination of tantalum as described above. 

Notes 
1. If tantalum metal is not available, the standard solution 

(-0.2M in hydrofluoric acid) can be prepared by fusing 
0.1221 g of tantalum pentoxide with 3 g of sodium carbon- 
ate in a covered platinum crucible. The cooled melt should 
be dissolved in -250 ml of water containing 9.3 ml of 
concentrated hydrofluoric acid and the resulting solution 
diluted to volume with water in a I-litre plastic standard 
flask. 

2. The solution should not be heated too strongly, or 
hydrofluoric acid will be lost by volatilization. 

3. The transfer can be facilitated by using a plastic funnel 
in the neck of the flask. 

4. “Teflon” or plastic ware is recommended for the 
preparation and storage of solutions, to avoid boron con- 
tamination from borosilicate glass. 

5. Quinol is added to destroy any organic peroxides 
present in the benzene and to help prevent aerial oxidation 
of the dye in the tantalum-Brilliant Green extract. 

6. The acid layer can be used for a second equilibration 
of MIBK. 

7. Because of the ease with which the solutions can 
become contaminated with boron contained in the dust in 
the laboratory, it is recommended that two blank solutions 
should be prepared and that the mean of the two results 
should be used to correct the absorbances of the tantalum 
extracts. During the author’s experimental work, the ab- 
sorbance of the blank for different solutions prepared from 
the same batch of Brilliant Green varied from N 0.06 to 0.11 
(measured against benzene as reference). 

8. The funnels should not be left unstoppered for too 
long, or hydrofluoric acid will be lost by volatilization. 

9. Addition of the Brilliant Green solution to only two 
solutions at a time, followed by immediate extraction of the 
tantalum complex, is recommended because the dye is 
photosensitive. A low result will be obtained if the extrac- 
tion is not performed within 3 or 4 min after addition of the 
dye. The brown bottle containing the dye solution should 
also be capped or covered after each use to minimize the 
introduction of light, and the extracts should be kept out of 
direct sunlight. 

IO. Centrifuge tubes cleaned with nitric acid or previously 
employed for solutions containing nitric acid should not be 
used, because plastic absorbs oxides of nitrogen and these 
cause the blue extract to intensify in colour because of the 
reaction of nitrogen compounds with Brilliant Green.4*‘2.‘6 
After use the tubes should be washed with methanol and 
then water. 

11. The absorbance of the extract should be measured 
as quickly as possible after it has been transferred to the 
cell, to avoid aerial oxidation of the dye and minimize 
action of the fluoride on the glass cells (which could cause 
a high result for tantalum because of the formation of 
the tetrafluoroborate-Brilliant Green complex’4). The cell 
may also become coated with a film of tantalum oxide, 
which produces erratic results. It is recommended that 
after each series of tests the cells used for measurement of 
the extracts should be quickly dipped into -1% hydro- 
fluoric acid and then immediately washed thoroughly with 
water, followed by methanol. Although this is a rather 
drastic method for cleaning cells, the absorbance of a cell 
treated in this manner increased by only about 0.03 after 
constant use for about 5 months. It is possible that soaking 
the cells in an acidic hydrogen peroxide solution might also 
be effective. 

12. The benzene can be used again if the extracts are 
collected and the tantalum is stripped from about 500 ml of 
combined extract by shaking for m 1 min each time with 
four 100-ml portions of S-IO% sulphuric acid, then washing 
twice with N lOO-ml portions of water, and finally adding 
-0.5 g of quinol. 

13. It is not necessary to run a reagent blank. 
14. The amount of sodium carbonate used should be kept 

within the specified limits because the volume of 50% 
sulphuric acid subsequently added is that required to neu- 
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Fig. 1. Absorption spectrum (IO-mm cells) of the 
hexofluorotantalate_Brilhant Green complex in benzene. (a) 
Tantalum (35 pg) extracted into 25 ml of benzene and 
measured against a reagent blank; (b) reagent blank mea- 

sured against benzene. 

tralize 4 g of sodium carbonate and give a final sulphuric 
acid concentration of 0.5M. 

15. The solution should be kept almost completely cov- 
ered during the evaporation, to avoid loss by spray. 

16. The solution should not be allowed to stand for too 
long at this point, or hydrofluoric acid will be lost by 
volatilization. 

17. The MIBK can be washed with water and then used 
again after equilibration with I M hydrofluoric acid-0.5M 
sulphuric acid solution as described. 

18. Hydrofluoric acid is added (and the solution evapo- 
rated to dryness) to ensure that any boron present is 
removed by volatilization as boron trifluoride before the 
final extraction step. 

19. For final sample solution volumes of 50, 100 and 200 
ml, add 3, 6 and 12 g of oxalic acid and 2.5, 5 and 10 ml 
of 2M hydrofluoric acid, respectively. 

20. This step should be performed rapidly to minimize 
contamination of the solution with boron resulting from the 
reaction of hydrofluoric acid with the glass pipette. For the 
reason given in Note 7, it is recommended that two aliquots 
of the sample solution should be taken for the final extrac- 
tion step and the mean result used. 

RESULTS AND DISCUSSION 

Extraction and spectraI characteristics of the 
hexafluorotantalate-Brilliant Green complex 

Figure 1 shows the absorption spectrum of the blue 
hexafluorotantalate-Brilliant Green complex in ben- 
zene and that of a corresponding reagent blank. The 
apparent molar absorptivity of the complex is 
1.19 x lo4 l.molec’.mm-’ at 640 nm, the wavelength 
of maximum absorption. This is in good agreement 
with the value reported by several previous in- 
vestigators,16 viz. 1.2 x lo4 l.mole-‘.mm-‘. 

Benzene, toluene and chlorobenzene are the 
best extractants for hexafluorotantalate-triphenyl- 
methane dye complexes because they readily extract 
the complexes but not the dyes themselves.’ Because 
benzene is usually used, it was also chosen for this 
work, but the other two solvents could be used if 
preferred (though it would be necessary to investigate 
the conditions to be used). To avoid oxidation of the 
complex, the benzene was previously saturated with 
quinol to destroy the organic peroxides present. Up 
to at least 35 pg of tantalum can be extracted from 

25 ml of aqueous solution in one step with 25 ml of 
benzene when a 2-min shaking period is used. Tests 
showed that erratic and often high results, probably 
due to aerial oxidation of the leuco base of the dye 
(which is soluble in benzene’j), will be obtained if the 
extracts are centrifuged to remove water droplets. 
Reproducible results can be obtained if the extracts 
are allowed to stand for - 30 min before the absorb- 
ance measurements are made, and if the measure- 
ments are made as quickly as possible after the 
extracts have been transferred to the glass cells. High 
results will be obtained if the extracts are allowed to 
remain for too long in contact with the glass. This is 
probably due to the presence of traces of fluoride in 
the extract, which react with the glass and yield the 
tetrafluoroborate-Brilliant Green complex. Similar 
effects have been reported by other investigators.2,‘4.‘5 
Beer’s law is obeyed for up to at least 35 pg of 
tantalum and the absorbance of the complex remains 
constant for at least 24 hr if the extracts are kept out 
of direct sunlight (in the polypropylene separatory 
funnels used for the extraction or in tightly stoppered 
plastic centrifuge tubes). 

Factors influencing the formation and extraction of the 
tantalum complex 

Effect of Brilliant Green concentration and of time. 
In the initial work, the absorbance of extracts, derived 
from tantalum solutions to which freshly prepared 
Brilliant Green solution was added, decreased when 
the solutions were allowed to stand for 5-30 min 
before the extraction step, but the decrease in the 
absorbance of corresponding blanks, from - 0.16 to 
0.06, was smaller. Previous investigators have found 
that basic triphenylmethane dyes are photosensitive2 
and that the Brilliant Green-hexafluorotantalate 
complex is unstable in aqueous media and should be 
extracted immediately after addition of the dye.‘* It 
has also been reported that aqueous solutions of 
Brilliant Green” and other triphenylmethane and 
basic dyes such as Crystal Violet, Methyl Violet, 
Methylene Blue and Acridine Orange are unstable 
because of the formation of dimers.20 Consequently, 
it was considered that the behaviour described above 
was probably caused by a combination of these three 
effects. Ultimately, it was found that reproducible 
results and reasonably low and constant blanks could 
be obtained by preparing and keeping the Brilliant 
Green solution in an opaque brown plastic bottle, 
and letting it stand for - 1 hr before use. According 
to Fogg et al., I9 this is approximately the time 
required for the dimers formed in - 10m3M aqueous 
solution to dissociate into the monomer. Because 
absorbance values obtained when the Brilliant Green 
solution was used 2 hr after preparation were slightly 
low (by -0.02-0.03 at the 0.7 absorbance level), it is 
recommended that the solution should be used within 
-30 min after the I-hr standing period. The extrac- 
tion step should also be performed within 3 or 4 min 
after the addition of the dye solution. Although Fogg 
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et aZ.19 recommend the use, when possible, of eth- 
anolic solutions of Brilliant Green to avoid the 
formation of dimers, this was not feasible in this work 
because of the resulting co-extraction of the dye. The 
optimum concentration of Brilliant Green (2 94% 
pure) required for complex formation was found to 
be -0.04% (0.004M). If necessary, the dye can be 
purified by continuous extraction with anhydrous 
acetone.*‘.** 

Effect of oxalic, sulphuric and hydrojluoric acid con- 
centrations 

Most methods based on the extraction of 
hexafluorotantalate complexes with triphenyl- 
methane and other dyes involve the presence of oxalic 
acid during the extraction step. However, Tarayan et 
aL6 showed that up to - 1.5 times greater sensitivity 
can be obtained in the absence of this competitive 
complexing agent, because of the greater proportion 
of tantalum present in the reactive monomeric form. 
They recommend that oxalic acid should not be 

present during the extraction step. Although pre- 
liminary work confirmed that the molar absorptivity 
is N 1.3 times greater when tantalum is extracted 
from sulphuric-hydrofluoric acid media alone, the 
results obtained were very erratic and inconsistent. 
Further work showed that reproducible results can be 

obtained when tantalum is extracted in the presence 
of -0.15 to at least 0.2M oxalic acid. 

Table 1 shows the importance of the sulphuric acid 
concentration in the extraction of the tantalum com- 
plex under the proposed conditions. The extraction of 
the complex is constant from N 0.02-0.07M sulphuric 
acid. A concentration of 0.05M was chosen for 

further work. 
The optimum range of hydrofluoric acid concen- 

tration is -0.34.5M. A concentration of 0.5M was 
chosen. At higher concentrations, the magnitude of 

the blank increases because of the presence of traces 
of boron in the acid. The use of sodium, potassium 
or ammonium fluoride is not recommended, because 
they usually contain larger amounts of boron. 

The optimum concentrations of ammonium ox- 
alate, sulphuric and hydrofluoric acids found in an 
earlier investigationI have been reported (in the 

Table 1. Effect of sulphuric acid 
concentration on the extraction 
of the tantalum complex (25 pg 

of Ta) 

lH,SQI, M Absorbance 

0 0.610 
0.02 0.653 
0.04 0.650 
0.05 0.661 
0.06 0.664 
0.07 0.65 I 
0.08 0.643 
0.10 0.636 
0.20 0.590 

,*I. 3017 ” 

abstract) as 0.2,0.8 and 0.5M, respectively. Although 
these oxalate and hydrofluoric acid concentrations, as 
well as the apparent molar absorptivity (1.2 x lo4 
1. melee’ . mm-‘), are in good agreement with those 
found in the present work, the reported sulphuric 

acid concentration is considerably higher. Later in- 
vestigators recommend extraction from 0.5M sul- 
phuric acid.” Under the conditions used in this work, 
only about 85 and 50% of the tantalum present is 
extracted from 0.5 and 0.8M sulphuric acid, re- 
spectively. 

Separation of tantalum by MIBK extraction of tanta- 
lum juoride 

The extraction of tantalum fluoride into ketones, 
usually MIBK, from hydrofluoric acid-hydrochloric 
acid or hydrofluoric acid-sulphuric acid solutions, is 
the most widely used method for separating tantalum 
from the bulk of niobium and/or from other elements 
before its determination by spectrophotometric and 
other methods.23-27 Stevenson and Hicks23 found that 
the extraction of tantalum and niobium is more 
selective from hydrofluoric acid-sulphuric acid solu- 
tions, because the chloro-complexes of iron(III), mo- 
lybdenum(VI), tin(IV), antimony(V) and arsenic(II1) 
are co-extracted from hydrofluoric acid-hydrochloric 
acid media.27 Later, Nishimura et ~1.~’ showed that 
from - 1 M hydrofluoric acid-O.5 M sulphuric acid 
tantalum is N 95% extracted into an equal volume of 
MIBK, whereas niobium is only _ 2% extracted. This 
was confirmed in the present work. Consequently, 
because of its selectivity, the separation of tantalum 
from niobium by a double MIBK extraction from 
hydrofluoric-sulphuric acid medium, in conjunction 
with a suitable washing step to remove co-extracted 
niobium, was investigated. 

Preliminary tests, using MIBK pre-equilibrated as 
described in the proposed method, were made with 
solutions containing 50 mg of tantalum-free niobium 
and up to 1 mg of tantalum. The tantalum-free 
niobium was prepared by extracting 50 ml of 1M 
hydrofluoric acid-0.5M sulphuric acid solution con- 
taining 500 mg of niobium with three 50-ml portions 
of MIBK; the aqueous phase was washed with chlo- 
roform to remove residual MIBK, then evaporated to 
dryness in the presence of sulphuric acid, and the 
residue was dissolved in dilute hydrofluoric acid. 
Aliquots of this solution, to which suitable volumes 
of appropriate standard hydrofluoric acid solutions 
of tantalum were added, were evaporated to dryness 
and the residues were dissolved in 1M hydrofluoric 
acid-O.5M sulphuric acid solution before MIBK ex- 
traction. To remove co-extracted niobium, the MIBK 
extracts were shaken separately for -30 set with 10 
ml of hydrofluoric acid-sulphuric acid solution of the 
same composition as that used for the extraction. The 
tantalum lost in washing the first MIBK extract was 
recovered by adding the wash solution to the aqueous 
phase from the first extraction, and using this com- 
bined solution for the second MIBK extraction. The 
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Table 2. Effect of washing* on the separation of tantalum from niobium 
by MIBK extraction 

Ta found, pg 

Nb taken, Ta taken, One wash of each Two washes of each 

mg ng MIBK extract MIBK extract 

50 0 6.6 0.3 
50 5 9.5 4.9 
50 IO 15.3 11.0 
50 25 27.8 25.2 
50 100 101.7 101.5 
50 500 499 498 
50 1000 992 1008 

*With 10 ml of 1M hydroguoric acid-0.5M sulphuric acid solution. 

aqueous solution from the washing of the second 
MIBK extract was discarded. Because of the high 
distribution ratio of tantalum fluoride between 
MIBK and the aqueous phase under the chosen 
conditions of acidity, very little or none of the small 
amount of tantalum remaining in the aqueous phase 
after the first extraction step will be lost to the wash 
solution during the washing of the second MIBK 
extract. Table 2 shows that with a single wash of each 
MIBK extract, complete recovery of the added tanta- 
lum was obtained only for the test solutions contain- 
ing > 100 pg of tantalum, for which an aliquot of the 
final solution containing only part of the co-extracted 
niobium was taken for the determination of tanta- 
lum. High results, owing to the presence of all the 
co-extracted niobium during the final determination 
step, were obtained for the solution containing ~25 
pg of tantalum. Analysis of the final solutions for 
niobium (by an unpublished method developed by 
the author, with PAN as reagent) showed that a 
single wash of each extract (as described above) left 
- 350 pg of niobium in the combined MIBK extracts, 
out of 50 mg taken. Further tests showed that two 
washes of each extract with 10 ml of 1M hydrofluoric 
acid-O.%4 sulphuric acid solution will effectively 
reduce the residual niobium to a level ( - 1 10- 150 p g) 
at which it will not interfere in the determination of 
microgram quantities of tantalum. 

Efect of diverse ions 

Previous investigators23,24 found that only sele- 
nium(VI), tellurium(V1) and small amounts of 
titanium and molybdenum are co-extracted into 

ketones from 0.4M hydrofluoric acid-6M sulphuric 
acid solutions. Tests showed that under the proposed 
conditions up to at least 50 mg of iron(III), 40 mg 
of phosphate, 20 mg of aluminium, zirconium, 
titanium(IV), tin(W), manganese(II), tungsten(VI), 
molybdenum(VI), calcium, magnesium, arsenic(III), 
arsenic(V), antimony(III), antimony(V), chro- 
mium(II1) and copper(I1) and up to at least 10 mg of 
vanadium(V) can be present during the MIBK ex- 
traction step without causing error in the tantalum 
result. A small amount of chromium(V1) is co- 
extracted, which, during the stripping step with hy- 
drogen peroxide is reduced to blue perchromic acid 
which remains largely in the MIBK phase. However, 
the small amount that accompanies the tantalum can 
cause a low result. Interference from chromium(V1) 
can readily be avoided by reducing it with hydrogen 
peroxide after dissolution of the sodium carbonate 
melt, followed by vigorous boiling of the solution to 
destroy the excess of peroxide before the MIBK 
extraction step. Small amounts of residual hydrogen 
peroxide can be destroyed by the addition of potas- 
sium permanganate solution. 

Boron interferes seriously in the determination 
of tantalum with Brilliant Green and other tri- 
phenylmethane dyes because it forms extractable 
tetrafluoroborate ion-association complexes.4*‘2.‘5 In- 
terference from any boron present in the solution 
after the stripping step is avoided by treating the 
solution with sulphuric and hydrofluoric acids, fol- 
lowed by evaporation to dryness to remove boron 
as volatile boron trifluoride.4,‘2 Boron will not inter- 
fere if it is present in the initial sample solution, 

Table 3. Recoverv of tantalum from a synthetic niobium ore* 

Total 
Matrix and nominal composition, % Ta present, % Ta found, % 

Nb ore OKA- (31.3 Ca, 2.8 Fe, 0.0089 0.009, 
2.4 Si, 1.3 Mg, 1.1 Mn, 1.0 Sr, 0.0139 0.014, 
1.1 P, 0.9 Al, 0.4 Nb) 0.0539 0.052, 

0.1039 0.10, 
0.204 0.20, 
0.504 0.50, 
1.004 1.02, 

*The mean value for tantalum in OKA- found by the proposed method is 
0.0039% (cf. Table 5--calculated from % Ta,O,). 
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Table 4. Determination of tantalum in CCRMP ores and in diverse mill products 

Ta,O, found, % 

Sample Nominal composition, % XRF’ Proposed method 

CCRMP-TAN-l Tantalum ore 

CCRMP-HV-1 Copper-molybdenum 
ore 

CCRMP-PR- 1 Molybdenum ore 

CCRMP-BH-I Tungsten ore 

CCRMP-TLG-I Tungsten ore 

Pyrochlore feed-l 
-2 

Rougher tails-& 
-2§ 
-3§ 
* 

Mill heads-l 
-2 
-3 

Cleaner tails-l 
-2 

Rougher tails 
concentrate-l 

71.5 SiO,, 1.5 K, 0.5 Ca, 
0.2 Fe, 0.02 Nb 
33.9 Si, 6.6 Al, 1.9 Fe, 
1.4 Ca, 2.8 K, 0.2 Ti, 
0.5 cu, 0.3 s 
39.2 Si, 2.4 Al, 1.3 Fe, 
1.4 Ca, 2.0 K, 0.6 MO, 
0.8 S 
0.4 W, 38.0 Si, 3.5 Al, 
3.2 Fe, 0.5 Ca, 0.4 Mg, 

_ 1.7 K, 0.4 Ti, 0.8 S 
0.1 W. 21.5 Si. 3.0 Al. 
17.5 Fe, 16.6 Ca, 2.7 Mg, 
0.4 K, 0.1 Ti, 1.3 Mn, 
0.1 s 
-60 Nb,O, 
-60 Nb,O, 

0.257t 0.295, 0.303 

0.189 0.216, 0.217 
0.179 0.21 I 
0.035 # 0.040, 0.041 
0.071# 0.069, 0.067 
0.05# 0.038, 0.037 
0.062 # 0.045, 0.049, 0.042 
0.16# 0.140, 0.146 
0.25 # 0.235, 0.223 
0.19# 0.172, 0.157 
0.34# 0.357, 0.341 
0.47 # 0.508, 0.516 
3.72# 3.71, 3.75 

0.01 I,$ 

*XRF determinations done at CANMET and other organizations, with either sodium tetraborate or lithium 
metaborate for fusion. 

tMean of 5 results. 
$0.0122% Ta,O, present, i.e., 80 pg of tantalum added to a 0.8-g sample. 
@ample was very coarse and gritty and contained black particles and pieces of mica. 
#The approximate chemical composition of the sample is not known but it contains niobium, titanium and 

iron. 

because it is not co-extracted into MIBK. Nitrate 
causes a high result for tantalum because it also forms 
an ion-association complex with Brilliant Green4,16 
Although nitric acid and/or nitrates are not used in 
this method, they can readily be removed before the 
determination of tantalum by evaporating the solu- 
tion to dryness in the presence of sulphuric acid. The 
effects of selenium(V1) and tellurium(V1) were not 
investigated, because they are not usually present in 
tantalum- and niobium-bearing ores. However, if 
these elements were present, they would probably be 
in the quadrivalent state after fusion of the sample 
with sodium carbonate.” 

Applications 

Table 3 shows that the results obtained by the 
proposed method for a series of synthetic niobium 
ores, in which the added tantalum was varied from 
0.005 to lx, agree favourably with the calculated 
amount present. In these tests, the required volumes 

of appropriate standard hydrofluoric acid solutions 
of tantalum were added to the platinum crucibles and 
the solutions were evaporated to dryness before the 
addition of the ore and sodium carbonate. Table 4 
shows that the results obtained for four diverse 
CCRMP ores, to which a known amount of tantalum 

was added, agree with the amount added. The results 
obtained for a CCRMP ore, TAN-l, which is cur- 
rently undergoing certification for tantalum, and for 
various pyrochlore feed samples and mill products 
that had previously been analysed for tantalum by 
XRF, are in reasonably good agreement with the 
XRF values. However, those obtained for rougher 
tails sample 4 are not in good agreement with each 
other, because of the inhomogeneity of this sample. 
It is considered that the results obtained by the 
proposed method are probably more accurate than 
the XRF values because reliable XRF results necessi- 

tate careful corrections for interelement effects.30 The 
results shown in Tables 3 and 4 are, except for 
tantalum contents below -0.03x, the means of the 
results obtained for two aliquots of the final solution. 
All the results shown in Table 4 are for individual 
subsamples. 

Table 5 shows that the precision of the results for 
tantalum at the 0.005-0.5% level is reasonably good. 
Except for OKA-1, these results are the means of the 
results obtained for two aliquots of each final solu- 
tion. 

The proposed method is applicable to niobium 
metal if the solution or aliquot taken for the MIBK 
extraction step contains not more than 50 mg of 
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Table 5. Precision for tantalum in ores and mill products 

Ta,O, found, % 

OKA- TAN-l Cleaner tails-2 

0.0045, 
0.0051, 
0.0042, 
0.0047, 
0.0050, 

Mean 0.0047, 
Standard 0.00035 

deviation 
Relative standard 7.4 

deviation, % 

0.295 0.508 
0.303 0.516 
0.303 0.524 
0.305 0.521 
0.294 0.508 
0.300 0.515 
0.00510 0.00734 

1.7 1.4 

niobium. After decomposition of the sample with 
nitric and hydrofluoric acids, the solution should be 
evaporated to dryness in the presence of sulphuric 
acid, followed by the dissolution of the residue in 1 M 
hydrofluoric acid&SW sulphuric acid solution (or 
the required volumes of 50% v/v sulphuric acid and 
concentrated hydrofluoric acid) before the extraction 
step. Tantalum can also be determined in MIBK or 
tributylphosphate extracts and in strip and scrub 
solutions resulting from solvent-extraction recovery 
processes. After dilution of a suitable aliquot of the 
extract (depending on the niobium and expected 
tantalum content) with a threefold or greater volume 

of toluene to reduce the viscosity, tantalum can be 
stripped by shaking the extract 4 or 5 times, for - 1 
min each time, with an equal volume of 10% v/v 
hydrogen peroxide-2% v/v hydrofluoric acid solu- 
tion. Sufficient 50% sulphuric acid should be added to 
the resulting solution for the final concentration to be 
-0.5M, then 100 mg of iron(III), as sulphate, should 
be added to catalyse the decomposition of hydrogen 
peroxide and the solution should be boiled vigorously 
for 2CL-30 min to destroy the peroxide and remove 
most of the hydrofluoric acid. After cooling the 
solution, potassium permanganate should be added 
to destroy any residual hydrogen peroxide, then 
sufficient concentrated hydrofluoric acid should be 
added to give a final concentration of - 1M. After 
dilution of the solution to the required volume, a 
suitable aliquot can be taken for the MIBK extrac- 
tion step. Aliquots of strip and scrub solutions can be 
evaporated to dryness in the presence of sulphuric 
acid, followed by the addition of sufficient concen- 
trated hydrofluoric acid and 50% sulphuric acid for 
the final concentrations to be 1 and 0.5M, re- 
spectively. This solution, or a suitable aliquot, after 
dilution of the solution to a definite volume with 
water, can be taken for the MIBK extraction step. 

The proposed method is suitable for samples con- 
taining -0.001-l% of tantalum but samples contain- 
ing up to -4% can also be analysed with reasonable 

accuracy. It is emphasized that reliable results can 
only be obtained if care is taken to adhere strictly to 
the conditions recommended for the preparation and 

preliminary treatment of the photosensitive Brilliant 
Green solution, for the extraction of the complex as 
described in Note 9, and for the final spec- 
trophotometric measurement of the extracts as de- 
scribed in Note 11. 
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Summary-The laser atomic-ionization (AI) method has been developed for determination of caesium in 
flames. The limit of detection for caesium in pure aqueous solution is 4 pg/ml. The interference of Li, 
Na, K, Rb, Ca and Fe with the AI signal of caesium has been investigated and explained. The analytical 
potential of this method has been demonstrated by determination of caesium in water samples, in the 
concentration range 0. l-l ng/ml. 

It is known that the highly sensitive method of laser 
atomic-ionization* (AI) spectrometry is a valuable 
new analytical tool, possessing exciting potential for 
analytical chemistry.5$6 This method relies on de- 
tection of the changes in an electrical current (due to 
collisional ionization of laser-excited atoms) passed 
through a flame into which the analyte solution is 
sprayed. The dye lasers used are tuned to appropriate 
discrete atomic transitions. Despite its many attrac- 
tive features this method has not been widely used for 
analysis of complex real samples, mainly because of 
its susceptibility to severe matrix-ionization inter- 
ference, especially when the sample contains a large 
(cathode) detecting the ions formed is outside the 
amount of easily ionized elements and the electrode 
flame.7-g To reduce such interferences it has been 
suggested, for example, to use a cathode inside the 
flame, and direct the laser beam into the flame very 
close to the surface of the cathode.loJ’ 

This paper examines the conditions for laser 
atomic-ionization determination of caesium in a 
flame. The effect of easily ionized elements (Li, Na, 
K, Rb, Ca) and also of Fe on the AI signal was 
investigated for the 1, 10 and 100 ng/ml caesium 
levels. It should be mentioned that the traditional 
methods of flame atomic-emission and atomic- 
absorption (and also flameless atomic-absorption) 
give a detection limit above 1 ng/ml for caesium,‘* 
and it is known that the alkali and alkaline-earth 
metals give significant interference in AI deter- 
mination of caesium. Laser-induced atomic fluor- 
escence in combination with electrothermal atomiz- 
ation of the sample gives a detection limit of 0.02 
ng/ml (1.2 pg in 60 ~1 of sample”) for caesium in 
aqueous solution, but the reproducibility is not so 

*The name “atomic ionization” was suggested by Zorov et 
al.‘. We feel that this name is more generally descriptive 
than others used in the literature for the same effect, 
such as stepwise photoionization of atoms,* op- 
togalvanic spectroscopy,3 resonance ionization spec- 
troscopy,4 and laser-enhanced ionization (LEI) spcc- 
trometry.5 

good (14% at the 0.1 ng/ml level). Also the electro- 
thermal atomization method is rather slow and more 
complicated than determination in the flame. 

EXPERIMENTAL 

Reagents 

Aqueous alkali-metal standards were prepared from the 
reagent-grade metal chlorides and high-purity water. Cal- 
cium stock solution was prepared by dissolving the reagent 
grade carbonate in reagent-grade hydrochloric acid, and 
iron stock solution was prepared by dissolving iron metal in 
a mixture of hydrochloric and nitric acids. The stock 
solution concentrations were 1 and 10 mg/ml. The water 
used was distilled twice in a quartz still and then demin- 
eralized with the “Milli-Q” system (to give -20 MR.cm 
resistivity). 

Apparatus 

This is shown in Fig. 1. The laboratory-made 300-kW 
nitrogen laser (1) was operated at a frequency of 5 Hz and 
the laser pulse-duration was 12 nsec. This laser was used to 
pump a tunable dye laser (2). Instead of the HPnsch designI 
a grazing-incidence dye laser without beam expanderI was 
used first for atomic-ionization analysis. The laser power (20 
kW) was measured with an IMO-2 energy meter. The 
dye-laser pulse-duration was about 10 nsec and the line- 
width was about 0.005 nm. A 5 x lo-‘M solution of the 

I 1 , I 

F_.t 

Fig. 1. Block scheme of the experimental apparatus: 
l-nitrogen laser; Z-dye laser; &burner; bathode; 
samplifier; Ganalogue-to-digital converter; 7-oscillo- 
scope; I-digital display; %-photodiode; lO--high-voltage 

source. 
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organic dye Coumarin 47 in ethanol was used as the active 
material. The dye laser was tuned to excite the 62S,i,-72P& 
transition of atomic caesium at 455.5 nm by monito&g the 
fluorescence signal from an electrically heated electrodeless 
discharge caesium lamp. 

The laser beam (diameter about l-l.5 mm) was directed 
into the flame at a region on the axis of the circular 
Miker-type burner (3). In the present work we used the 
premix burner from a Carl Zeiss AAS-I atomic-absorption 
spectrophotometer (solution uptake rate 4 ml/min). The 
laser beam was centred in the flame under and parallel to 
the 0.6-mm diameter stainless-steel rod (4), which was used 
as a cathode and maintained at a negative high voltage 
(usually - 600 V) with respect to the burner head, which was 
used as the anode. 

The atomic-ionization signal was amplified by a 
laboratory-made broad-band amplifier (frequency response 
bandwidth 10 MHz, sensitivity 20 pV, gain 500) and 
processed with an analogue-to-digital converter (6). The RC 
high-pass fllter was on the input of an amplifier (R = 50 kQ, 
C = 300 pF) rejecting the d.c. background current and 
the associated low-frequency noise caused by normal 
fluctuations of the flame conductivity. The atomic- 
ionization signal pulse was displayed on the Sl-70 oscillo- 
scope (7) for visual monitoring of the shape and amplitude 
of the pulses. The analogue-to-digital converter integrated 
the gated part of the signal pulse, with a I psec gate-width. 
The output signal was the average response of 10 pulses and 
was read out on a digital display (8). The signal-registration 
system was triggered by a photodiode (9) which monitored 
the laser pulse. 

Procedure 
A propane-butane-air flame was used in the present work 

and the flow-rates were adjusted (0.6 and 6 I./min for fuel 
and support gas respectively) to maximize the AI signal. The 
optimum height of the cathode above the burner head was 
found to be 20-22 mm. 

For determination of very low concentrations of caesium 
it was found necessary to remove the memory effect from 
the previous sample by aspirating into the flame first O.OlM 
hydrochloric acid for 2530 set and then high-purity demin- 
eralized water until the caesium signal had decreased to the 
noise level of the registration system. 

RESULTS AND DISCUSSION 

Determination of caesium in aqueous CsCl solution 

Aqueous caesium standards were prepared in cali- 
brated transparent Teflon standard flasks from 1000 
pg/ml caesium stock solution by serial dilution, down 
to lo-’ pgg/ml. The total dilution error did not exceed 

3%. 
A linear calibration graph was obtained over four 

orders of magnitude of concentration (from 0.01 to 
400 ng/ml). The detection limit (4 pg/ml) for caesium 
in pure aqueous solutions was limited by the noise 
of the registration system, which was larger than the 
blank signal for caesium in the high-purity water. The 
detection limit was defined as the concentration of 

analyte which would give a signal equal to three times 
the standard deviation of the blank signal (calculated 
from 20 replicates of the blank). 

The relative standard deviation of 10 deter- 
minations of caesium at the 0.1 ng/ml level was 6%. 

The magnitude of the AI signal was essentially the 
same for any voltage between 600 and 1600 V applied 
to the electrode, indicating that the efficiency of 
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Fig. 2. Dependence of AI signal for caesium (% nominal 
signal A) on Cc,:C,, ratio for different caesium concen- 

trations: l-100; 2-10; 3-I ng/ml. 

ion-collection was close to 100% even at an applied 
voltage of 600 V. 

Interference of easily ionized elements 

The effect of various concentrations of such ele- 
ments as Li, Na, K, Rb, Ca and Fe on the AI signal 
of caesium was investigated. These elements usually 
accompany caesium in natural samples, and all of 
them except Fe are easily ionized. The effect was 
investigated for three caesium concentrations (1, 10 
and 100 ng/ml). 

Figure 2 shows that the effect of sodium on the 
signal depends only on the concentration of sodium, 
and not on the concentration ratio Ccs:CNa. For 

I IO IO’ IO4 

C (pg/ml) 

Fig. 3. Dependence of AI signal for caesium (% nominal 
signal A) (Cc, = 10 ng/ml) on concentration of added 

elements: I-K; 2-Na; 3-Li; &Ca; S-Fe; 6-Rb. 



Laser atomic-ionization determination of caesium 

Table 1. Determination of caesium in water samples (ng/ml) 

Calibration-graph 
method 

Standard-addition 
method 

Demineralized 
water 

Tap- Tap- Distilled (“Milli-Q” 
water I water II water installation) 

0.65-0.1 0.40 f 0.03 0.11 + 0.01 < 0.004 

1.0 0.6 0.10 

example, the signal is decreased by 50% at a sodium 
concentration of 1000 pgg/ml for all three concen- 

trations of caesium. 
This signal depression by the addition of easily 

ionized elements can be explained by the mechanism 
suggested by Green et al.’ With an increase in concen- 
tration of the easily ionized element the positive-ion 
space charge around the cathode, due to thermal 
ionization, increases in magnitude. This space charge 
shields the cathode, thus reducing the field at the 
measurement site, and the conditions for caesium ion 
collection are abruptly impaired. 

In contrast to the results reported by Havrilla and 
Green: who used a cathode outside the flame, in our 
experiments the AI signal magnitude did not essen- 
tially change with increasing applied voltage up to 
1600 V. Further, the tolerance of the AI signal to the 
concentration of sodium in the flame was improved 
by two orders of magnitude. The analyte signal was 
depressed by 50% by a sodium concentration of 10 
pgg/ml when the “external” cathode was used, com- 
pared to the 1000 pg/ml found in the present work. 
It should be noted that when Rb solutions with 
concentrations higher than 1000 pg/ml are aspirated 
(applied voltage 600 V) the conditions of signal 
detection are disturbed because of arcing in the flame. 
A similar effect arises at high concentrations of K, 
Na, Li or Ca with increasing applied voltage up to 

140&1600 V. 
Figure 3 shows the dependence of the caesium AI 

signal (Cc, = 10 ng/ml) on the concentration of added 
elements. As the concentration of easily ionized ele- 
ment increases, the AI signal is at first enhanced. This 
may be due to the added elements acting as ionization 
buffers (swamping method), the presence of the easily 
ionized element suppressing the ionization of the 
analyte, and thereby increasing the proportion of free 
caesium atoms in the flame. This enhancement was 
noticeable in the case of potassium (C, = 100 pgg/ml) 
and considerable in the case of rubidium (& = 100 
pg/ml). Another reason for the signal enhancement 
could be the presence of caesium as an impurity in the 
RbCl used. According to the analysis of the reagent- 
grade RbCl, this could amount to 1.3 x 10m3% Cs, 
and with increasing concentration of Rb the total 
concentration of Cs would also increase. The caesium 
content of the other alkali-metal salts used was 
considerably lower and did not effect the AI signal. 

It is also possible to transfer excitation energy 
between close atomic energy-levels of caesium and 

rubidium through the vibrational levels of some 
molecular species in the flame, followed by collisional 

ionization of the excited rubidium atom. The caesium 
atom provides the energy and can be excited again 
during the same laser pulse, and then may be ionized. 
In this manner signal enhancement should be pro- 
duced. To clarify the process of caesium signal en- 
hancement in the presence of potassium and rubid- 
ium more detailed experiments should be done. 

Once the concentration of easily ionized element 
has become high enough for formation of a consid- 
erable space charge, the AI signal of caesium abruptly 
decreases. It is interesting to see from Fig. 3 that the 
suppression effect is the greater, the lower the ioniz- 
ation potential of the matrix species. 

Hence to eliminate the effect of an easily ionized 
matrix species it is sufficient to dilute the sample 
solution so that the concentration of this matrix 
species in the flame is rather low. Naturally, this is 
only applicable if the detection limit of the analyte is 
very low. 

Determination of caesium in water samples 

To illustrate its possibilities, the AI method has 
been successfully applied to the determination of 
caesium in various samples of tap water, distilled 
water and demineralized water. The analysis was 
done by both the calibration-graph and standard- 
addition methods. The results are presented in 
Table 1. It was found by emission spectrometry that 
the total content of Na, K and Ca did not exceed 30 
pg/ml in tap-waters I and II, so the level of easily 
ionized elements was not sufficient to affect the 
determination of caesium. 
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Summary-A method is presented for determining cadmium in urine by flameless atomic-absorption 
spectrophotometry after extraction. The sample is dried, ashed in the presence of nitric acid, and then 
the residue is dissolved in hydrochloric acid. Cadmium is extracted as its tetrahexylammonium iodide 
complex into methyl isobutyl ketone. The organic phase is analysed for cadmium by atomic-absorption 
spectrophotometry with electrothermal atomization. The median urinary excretion of cadmium for 
smokers aged 50-64 has been found to be 0.7 and 0.75 c(g/l. for males and females respectively, the values 
for non-smokers being 0.25 and 0.4 pg/l. 

Urine is a readily accessible biological material which 
can be used for the assessment of environmental and 
occupational exposure to metals. The amount of 
cadmium excreted in the urine has been used to 
estimate the body burden of cadmium in various 
populations.’ Available data indicate that urinary 
excretion of cadmium reflects body or kidney burden, 
and to a lesser extent recent exposure.*’ The urinary 
concentration of cadmium in normal, non- 
occupationally exposed persons is low, often less than 
1 fig/l.,4 and therefore highly sensitive analytical 
methods are required. Atomic-absorption spec- 
trophotometry (AAS) with electrothermal atom- 
ization (ETA) meets this demand, but non-specific 
absorptions due to the complex matrix pose consid- 
erable problems,2 despite the use of background 
correction. 

Liquid-liquid extraction to separate the metal be- 
fore its determination by AAS provides a method of 
reducing the interference from the matrix, and im- 
proving the sensitivity by concentrating the metal in 
a small volume of an organic solvent. Most solvent- 
extraction systems demand stringent control to 
achieve selective and quantitative extraction of the 
metal into the organic phase and to leave the bulk of 
the matrix in aqueous solution. Pretreatment of the 
sample, to convert the element of interest into 
extractable form may involve loss in various steps’ 
and contamination from reagents (even “Suprapur” 
quality reagents are no exception)! 

Quaternary ammonium salts have been reported to 
be useful reagents for the extraction of metal ions 
from aqueous solutions. 7,8 Maeck et al.’ have shown 
that cadmium can be quantitatively extracted into 

methyl isobutyl ketone in the presence of tetra- 
hexylammonium iodide from a wide range of concen- 
trations of hydrochloric acid. Viets” used Aliquat 336 
(tricaprylmethylammonium chloride) and reported 
lOOo/, extraction of cadmium from 1-6M hydro- 
chloric acid. 

In the present paper a new extraction procedure for 
determination of cadmium in urine is described. The 
method does not demand stringent control of factors 
such as pH, and therefore is simpler and more rapid 
than an earlier method.3 It is based on extraction by 
the method of Maeck et aL9 followed by deter- 
mination of cadmium in the organic phase by AAS 
with electrothermal atomization. The method has 
been used to determine cadmium in urine collected 
from a small random sample of the general popu- 
lation of Sweden.” 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer atomic-absorption spectrophotometer, 
model 373, was used for cadmium measurements at 228.8 
nm (band-pass 0.7 nm), with a cadmium electrodeless 
discharge lamp or hollow-cathode lamp, and deuterium- 
lamp background correction. The Perkin-Elmer HGA 500 
ele&othe&al atomization unit was programmed as fol- 
lows. 

Temperature, Ramp time, Hold time, 
“C set set 

Drying 150 20 5 
Charring 450 6 30 
Atomization 2200 1 10 
Cleaning 2500 1 2 
Cooling 20 1 10 

509 
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The purging gas was 99.99% pure argon, at an internal 
flow-rate of 100 ml/min (atomization step). Injections (20 
~1) of standards or test solutions were done with a 
Perkin-Elmer AS-40 automatic sampler into standard 
graphite tubes. 

The areas under the atomization-signal peaks were inte- 
grated by the instrument, printed out on a Perkin-Elmer 
PRS-10 printer and used for evaluating the results. A 
Perkin-Elmer 56 two-pen recorder was utilized to check the 
electrothermal programme. One pen recorded the shape and 
peak-height of the deuterium-compensated cadmium sig- 
nals. The other recorded the non-specific absorption of the 
light emitted by the deuterium lamp. The interface between 
the instrument and the recorder was constructed at this 
Institute. 

Reagents 
The hydrochloric acid and nitric acid (Merck “Supra- 

pur”) were both delivered in glass containers. The methyl 
isobutyl ketone (MIBK) (Merck, pro analysi) was saturated 
with water. The tetrahexylammonium iodide (THAI), East- 
man Kodak purum, was used as a 2.5% (0.05M) solution in 
MIBK saturated with water. Cadmium standards were 
prepared by appropriate dilutions of a commercial “stan- 
dard” solution (BDH, 1 ml = 1 .OO f 0.005 mg of Cd). Fresh 
working standards were prepared each day immediately 
before use. Water was distilled and subsequently demin- 
eralized. All glassware was carefully washed with reagent 
grade nitric acid and rinsed many times with water. 

Urine samples 
Urine samples were obtained from 207 persons (99 males 

and 108 females) aged between 19 and 72, randomly selected 
from the general population of two major cities of Sweden, 
Stockholm and Viisterls. The urine samples were collected 
during the daytime at this Institute. For females, urine was 
collected in disposable paper cups and poured into acid- 
washed polyethylene flasks. These paper cups had been 
checked on several occasions to ensure that they would not 
contaminate the urine. In the case of males, urine samples 
were collected directly in the polyethylene flasks. A small 
amount, 10 mg, of sodium azide was added to each flask to 
prevent bacterial growth. The samples were then stored 
in a freezer at -20”. A portion (10 ml) from each urine 
sample was set aside for creatinine determination. The 
amount of creatinine in the urine was determined for all the 
samples (except one that was accidentally omitted), as 
follows. A filtered urine sample was diluted 400 times with 
an auto diluter (Hook and Tucker). Equal volumes (2 ml 
each) of the diluted sample and the picric acid reagent (150 
ml of saturated picric acid solution + 35 ml of 10% sodium 
hydroxide solution + 500 ml of distilled water) were mixed 
and the absorption was measured with a spectrophotometer 
(Vitatron). The calibration curves was prepared by running 
standards (t&4 g/l.) in exactly the same manner. The accu- 
racy of the method was continuously checked by analysing 
reference urine samples simultaneously with the sample 
batch. The specific gravity of the urine was determined with 
a Goldberg refractometer. 

Procedure 

A urine sample (_ 3 g) was accurately weighed in a clean 
(acid-washed) lo-ml borosilicate extraction tube, 0.5 ml of 
nitric acid (‘Suprapur”) was added, and after mixing, the 
tube was placed in an oven at 105” overnight to evaporate 
the sample to dryness and then in a muffle furnace at 450” 
for 12 hr to ash the sample.5 After cooling, the residue was 
dissolved in exactlv 3 ml (Gilson pipette) of 6M hydro- 
chloric acid (“Suprapur”), with mixing on a “Whirlimixer” 
(Fisons Scientific Apparatus, U.K.). The solution was then 
diluted with 3 ml of demineralized water (Gilson pipette) 
and 1 ml of 2.5% THAI solution in MIBK was added 
(Eppendorf pipette). The solution was shaken for about 30 

set on the “Whirlimixer” and centrifuged at 3000 rpm for 
about 3 min. About 0.5 ml of the clear transparent ketone 
phase was transferred to a sampling cup in the autosampler 
and 20 ~1 were injected into the graphite cuvette of the 
electrothermal analyser and analysed by AAS, according to 
the programme already given. Each sample solution was 
injected in triplicate and the mean was used to evaluate the 
signals. The calibration graph was prepared by running 
standards (and blanks) that were treated in exactly the same 
way as the samples, with omission of the dry-ashing step. 
Pooled and spiked human urines, checked by neutron- 
activation analysis, were run as quality-control samples to 
test the accuracy of the method. The routine analysis 
included two quality-control samples of each cadmium 
concentration and two blanks (empty tubes) run through the 
whole method. 

RESULTS AND DISCUSSION 

Sample treatment and extraction 

The extraction procedure was first tested on urine 
samples that had not been dry-ashed. The samples 
were acidified with 344 hydrochloric acid and cad- 
mium was extracted with the THAI-MIBK system. 
This procedure gave cadmium concentrations that 
were only 7585% of those obtained after dry-ashing. 
This is in accord with Sperling and Bahr,13 who 
extracted cadmium from urine into MIBK with am- 
monium pyrrolidine dithiocarbamate and concluded 
that it was not possible to extract all the cadmium 
without a complete digestion of the sample. Dry- 
ashing is necessary to destroy proteins and other 
organic ligands which can bind cadmium and inhibit 
complete extraction. Further, it has been observed 
that emulsions may form when a high-protein urine 
sample is shaken with MIBK, and that these emul- 
sions cannot be separated into two clear phases even 
by prolonged centrifuging. To obtain complete ox- 
idation, a small amount (0.5 ml per 3 g of urine) of 
nitric acid is added before drying and dry-ashing. 
This procedure gives a perfectly white amorphous ash 
which dissolves easily in hydrochloric acid. 

It has been suggested” that iodide should be added 
to the aqueous phase in order to achieve complete 
extraction of cadmium. This was tested in the system 
described above, but was found to be unnecessary 
since it did not result in a higher recovery of cad- 
mium. In agreement with Maeck et aL9 it was found 
that cadmium could be quantitatively extracted into 

Table 1. Effect of THAI and HCl concentration on extrac- 
tion 

Cadmium, rig/g 
THAI [Hell, 

Concentration Added Found* M 

0 10 <0.2 3 
0.01% (2 x 10_4M) 10 (0.2 3 
0.1% (2 x IO-‘M) 10 7.8 f 0.2 3 
1.0% (2 x lo-2ir4) 10 10.3 + 0.2 3 
2.5% (5 x IO-*MM) 10 10.0 * 0.1 3 
2.5% 10 9.9 * 0.1 1 
2.5% 10 10.3 * 0.1 5 

*Mean (of three determinations) f. standard deviation. 
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Table 2. Comparisons between the results (Cd, rig/g)) obtained with 2.5 and 5.0% 
THAI 

Urine APDC extraction* 2.5% THAI? 5.0% THAI? 

so:313 1.5 1.7kO.l 1.5 kO.1 
79:31 3.6 3.7kO.l 3.4 f 0.2 
78:19 4.6 4.7 * 0.3 4.5 * 0.5 

Detection limit - 0.1 0.1 

*Mean of two determinations by the method of Elinder et al.’ 
tMean (of 6 replicates) f standard deviation. 

MIBK from a wide range of hydrochloric acid con- 
centrations, and that the addition of iodide was not 
necessary if quaternary amines were used as extrac- 
tants. The following extraction mechanism is postu- 
lated: 

Cd*+ + 4Cl- - [CdCl’-] aq as - 4 =I 

2R,NI, + [CdCl:-I,, G [(R4 N), CdCl,], + 21, 

where the subscripts (aq and o) refer to the aqueous 
and organic phases, respectively, but there may also 
be an exchange reaction between CdCl:- and I- to 
give CdI:-, and extraction of more than one cad- 
mium species. This does not affect the amount of 
cadmium found, so long as the extraction is quan- 
titative. 

Table 1 demonstrates the influence of the THAI 
concentration on the extraction of a 10 rig/g cad- 
mium solution, from -3M hydrochloric acid me- 
dium. Quantitative extraction can be achieved with a 
reagent concentration of 1% or more (0.02M). Since 
a number of other metals present in urine, notably 
Cu, Hg, Pb and Zn, may also be partially extracted 
under these conditions, an extractant concentration 
of about 2.5% (0.05M) was used throughout to 
maintain a sufficient excess of reagent. 

Accuracy and precision 

Table 2 presents a comparison between the pro- 
posed method and an APDC extraction method 
previously used at this Institute.‘,3 There is no 
significant difference in the results obtained with 2.5% 
and 5% THAI solution. Thus the 2.5% reagent is 
sufficient for urines having a cadmium concentration 
up to 4.6 rig/g.. For higher concentrations it may be 
wise to dilute the urine before extraction. 

Table 3 presents results for spiked urine samples, 
analysed by the present method. The values are the 
means of six replicate determinations, a hollow- 
cathode lamp being used for one series and an 
electrodeless discharge lamp (EDL) for the other. 
There were no major differences in the results al- 
though the EDL gave a lower detection limit (0.1 
ng/g). Recovery of added cadmium averaged 96x, 
and the coefficient of variation was about 10%. The 
results also compare well with those of neutron- 
activation analysis (NAA). NAA cannot always be 
regarded as an exact method, however; the duplicate 
analysis of the urine samples spiked at the 2.0 rig/g 
cadmium level gave 2.7 and 1.9 rig/g.. 

Figure 1 shows a comparison between the results 
obtained by the proposed method and by an earlier 

Fig. 1. Comparison between urinary cadmium concen- 
trations found by the proposed method and by an 
AAS-ETA method formerly in use3 at this institute (0) as 

well as by neutron-activation analysis (NAA) (A). 

Table 3. Comparison between the cadmium results @g/g) obtained by the proposed method 
and by NAA 

Urine 

Proposed method* 

HCL EDL 

Amount recovered* 

HCL EDL NAAt 

Unspiked pooled urine 0.3 +0.1 0.3 f 0 - 0.3, 0.4 
Spiked with 1.0 rig/g 1.2kO.l 1.3+0.1 0.9*0.1 1.0+0.1 1.2, 1.1 
Spiked with 2.0 rig/g 2.5 + 0.2 2.2kO.l 2.2 f 0.2 1.9+0.1 2.7, 1.9 
Spiked with 4.0 rig/g 4.1 f 0.3 3.9 f 0.4 3.8 + 0.3 3.6 f 0.4 3.6, 3.6 
Reference urine (I) 2.7 +O.l - 2.8, 2.6 
Detection limit 0.2 0.1 

*Mean (of 6 replicates) f standard deviation: HCL = hollow-cathode lamp; EDL = electrode- 
less discharge lamp. 

+Neutron activation analysis, duplicate samples. 
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q Non -smokers 
q Former smokers 
. Smokers 

02 06 IO 14 IS 2.2 

Cd (pg /I.) Males 

Fig. 2. Frequency distribution of urinary cadmium concen- 
tration among males in different smoking categories. 

method described by Ehnder et al.’ Fifteen different 
samples of urine, with cadmium concentrations rang- 
ing from 0.2 to 4.2 rig/g,, were run independently on 
two different instruments by the two methods. It 
should be pointed out that the earlier method re- 
quires about 50 g of sample for duplicate analyses, 
and that careful adjustment of pH is necessary for the 
quantitative extraction of cadmium. The results were 
all in good agreement, the correlation coefficient 
being 0.985 (n = 15) for the two extraction methods 
and 0.995 (n = 5) for the present method and NAA. 

The whole procedure, from weighing to centrifu- 
gation, is carried out in the same extraction tube. The 
number of steps and reagents has been reduced to an 
absolute minimum, so the proposed method is much 
less prone to errors caused by loss of the metal in 

0 Non-smoke& 
80 El Former smckers 

70 l Smokers 

: 
‘- E 60 

2 50 

:: 40 

02 06 IO 14 20 

Cd ( pg / I. 1 Females 

Fig. 3. Frequency distribution of urinary cadmium concen- 
tration among females in different smoking categories. 

different steps’ or by contamination from the re- 
agents. 

Urinary excretion of cadmium 

Data on the urinary excretion of a substance can 
be presented in various ways, the most straight- 
forward being as pg/l. The drawback is that different 
urine samples frequently have a variable degree of 
dilution and a diluted sample cannot readily be 
compared with a concentrated one. A common way 
of making urine samples more comparable is to 
adjust the results to refer to a certain specific grav- 
ity,14 corresponding to a certain degree of dilution, or 
to use creatinine as a reference metabolite, quoting 
pg per g of creatinine. Adult males excrete about 
1.7 g of creatinine per 24 hr and females about 1 .O g.li 

Table 4. Urinary excretion of cadmium among n males (median), expressed as pg/g of 
creatinine and pg/l. of urine, adjusted to specific gravity of 1.016* 

Non-smokers Former smokers Current smokers 

Age L%cg/g I%cgll. n H/g /%I[. h Pglg /%I/. n 

19-34 0.2 0.2 18 0.3 0.3 6 0.25 0.35 12 
35549 0.2 0.2 I 0.4 0.4 7 0.4 0.4 9 
5G64 0.25 0.25 6 0.75 1.05 6 0.7 0.7 13 
65-72 0.3 0.4 1 0.55 0.65 6 1.0 1.05 8 
All 0.2 0.2 32 0.5 0.5 25 0.55 0.6 42 

*The results are usually given with one significant figure. In some cases, where the 
number of samples in the subgroup was even, the median value has been estimated 
as the average of the higher and the lower values, and given with a second decimal 
place. 

Table 5. Urinary excretion of cadmium among n females (median), expressed pg/g of 
creatinine and uall of urine. adjusted to specific gravity of 1.016* 

Non-smokers Former smokers Current smokers 
_______- ~_.. 

Age M/g Mcgll. n llglg Mll. n mlg PtTll. n 
19-34 0.25 0.2 8 0.2 0.25 6 0.3 0.3 18 
35-49 0.4 0.45 8 0.45 0.4 6 0.55 0.65 6 
5&64 0.4 0.4 17 0.55t 0.6 11 0.85 0.75 10 
6512 0.5 0.6 13 0.6 0.5 1 1.2 0.75 4 
All 0.4 0.4 46 0.55 0.5 24 0.5 0.5 38 

*See footnote to Table 4. 
tn = 10. 
&I = 23. 
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Fig. 4. Urinary excretion of cadmium in relation to age 
(pg/g of creatinine) for male non-smokers, former smokers 

and current smokers. 

This difference should be borne in mind when data 
for the two sexes are compared. In this study the 
results are presented either as pg/l., adjusted to a 
specific gravity of 1.016, or as pg per g of creatinine. 

There was considerable scatter in the excretion of 
cadmium by different individuals, the overall range 
being 0.1-1.9 pg/l. with a median of 0.4 pg/l. The 
frequency distributions (Figs. 2 and 3) were skewed 
and closer to a logarithmic than a normal distribu- 
tion. Therefore median values are given in Tables 4 
and 5, which present data on the urinary excretion of 
cadmium by males and females in different age and 
smoking categories. Smokers in all age groups had 
higher urinary excretion of cadmium than did non- 
smokers. On average, in Sweden the concentration of 
cadmium in the urine of a smoker is about twice that 
of a non-smoker of the same age. Former smokers 
usually give values intermediate between those of 
non-smokers and current smokers, but generally 
closer to those for non-smokers. Figures 4 and 5 
present the variation, with age, of the urinary excre- 
tion of cadmium among non-smokers, current and 

o Non- smokers 
. Former smokers 
. Smokers . 

20 30 40 50 60 70 

Age t years 1 
Fig. 5. Urinary excretion of cadmium in relation to age 
@g/g of creatinine) for female non-smokers, former smok- 

ers and current smokers. 

former smokers, for males and females. It is evident 
that age also has a significant influence on the urinary 
excretion of cadmium. Persons aged 5!&65 had a 
urinary excretion of cadmium about twice that of 
those aged below 35. These observations are not new, 
but confirm earlier reports.‘A,‘2 It has been noticed 
that urinary excretion of cadmium follows the same 
pattern as does the kidney or body burden of cad- 
mium, and suggested that it can be used as an 
indicator of the kidney or body burden of cad- 
mium,‘.3.4 especially since it is not correlated with the 
daily intake of this metal.3 The urinary excretion of 
cadmium appears to give a more reliable measure of 
the body burden than do measurements of blood 
cadmium. Blood cadmium levels among smokers are 
about 10 times those among non-smokers, whereas 
the body burden is about twice that of non-smokers.” 
Thus, blood cadmium among smokers reflects the 
degree of recent exposure to inhalation. On the other 
hand, the urinary excretion of cadmium by smokers 
is about twice that for non-smokers, which is in 
agreement with the ratio found for tissue cadmium. 
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Summary-In pulse voltammetry slow scan-rates (l-5 mV/sec) are generally used, so long scan-times are 
needed to cover reasonable potential ranges. Data are presented to show that fast pulse voltammetry with 
stationary electrodes and the dropping mercury electrode can provide useful analytical data which fit the 
theory of conventional pulse voltammetry. The possibility of reducing the capacitive currents and 
increasing the apparent faradaic current in cyclic pulse voltammetry is also shown. 

Since the introduction of pulse polarography’ and its 
evaluation for use in trace analysis,2 the pulse tech- 
niques have been used in a wide variety of analyses, 
and use made of their many and well-discussed 
advantages. However, one disadvantage of pulse 
techniques is that the scan-rates generally range from 
1 to 5 mV/sec, so relatively long times are needed to 
scan a reasonable potential range. 

To increase the scan-rate, the entire potential range 
can be applied to a single mercury drop, or stationary 
electrodes can be used [as in differential pulse volt- 
ammetry (DPV)] or square-wave voltammetry.~’ 
DPV has also been used with a single mercury drop6 
and reports of fast DPV have been presented,‘-I2 
besides at least one on differential pulse stripping 
voltammetry” and one on fast alternate-drop pulse 
polarography.14 Combination of rapid scanning with 
pulse techniques requires short drop-times or pulse 
repetition times. In all the works cited above, the 
instruments used were either home-made, or com- 
mercial models modified to provide drop or repeti- 
tion times down to 100 msec. 

Data are presented here to show the effects of 
rapid-scan differential pulse and alternate-drop volt- 
ammetry and polarography at scan-rates of up to 100 
and 900 mV/sec, respectively, with use of unmodified 
analogue instrumentation. It is also noted that cyclic 
pulse voltammetry can be used. A primary benefit of 
rapid-scan pulse voltammetry is the substantially 
reduced analysis time, an important factor when the 
scan constitutes a major fraction of the total analysis 
time. 

EXPERIMENTAL 

All voltamperograms were recorded with an IBM Instru- 
ments EC/225 Voltammetric Analyzer and 7424MT X-Y 

*Present address: IBM Corporation, 1701 North Street, 
Endicott, NY 13760, U.S.A. 

recorder. The differential pulse and alternate-drop pulse 
potential voltamperograms were recorded at rates from 5 
mV/sec to 1 V/set, with drop and pulse-repetition rates of 
l-10 per set and pulse amplitudes from 5 to 115 mV. 

An IBM Instruments voltammetric cell with an SCE 
reference and platinum-wire coil counter-electrode was 
used. The working electrodes used were a dropping mercury 
electrode (DME) with a drop-knocker (mercury flow-rate 
4.55 mg/sec for 0.1 set drop-time and 4.38 mg/sec for 1 .O set 
drop-time), an IBM Instruments Model A6011 glassy- 
carbon electrode and a Metrohm E410 hanging mercury- 
drop electrode (HMDE). The glassy-carbon electrode was 
used as received, and occasionally repolished with 0.2~pm 
alumina. 

Systems with well-understood electrode processes were 
studied to determine the effects of fast scanning, and all the 
solutions were prepared from reagent-grade or ultrahigh- 
nuritv chemicals. These included 0.2 mM solutions of ferro- 
&me -and IO-methylphenothiazine (K and K Laboratories) 
in a pH-4.8 methanolic acetate buffer prepared by dissolving 
13.6 g of sodium acetate trihydrate in 50 ml of water, 
adjusting the pH with glacial acetic acid (-5.8 ml) and 
diluting to 1 litre with methanol. Cadmium, lead and zinc 
solutions were prepared from either the pure metal dissolved 
in the appropriate acid (hydrochloric or nitric) or from J. T. 
Baker “Dilut-it” standards. The supporting electrolyte was 
0.1 h4 potassium nitrate. 

The nitrogen used for deoxygenation of solutions was 
piped to the laboratory from a reservoir of liquid nitrogen 
and used without further purification. It was passed through 
distilled water before the solution in the polarographic cell 
and was passed over the solution surface while the volt- 
amperograms were recorded. 

RESULTS AND DISCUSSION 

Figures la and lb show differential pulse volt- 
amperograms of ferrocene and IO-methylphenothi- 
azine scanned at 5 and 100 mV/sec respectively, the 
glassy-carbon electrode being used. In both cases, 
the peaks are well-defined and analytically usable, but 
the rapid scan was recorded in only 9 set, whereas the 
slow scan took 180 sec. With a pulse-repetition rate 
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Fig. 1. Vohamperograms of 0.2 mM ferrocene and IO-methylphenothiazine in methanolic acetate buffer 
(glassy-carbon electrode). a, DPV: scan-rate = 5 mV/sec; l.O/sec pulse-repetition. b, DPV: scan-rate = 100 

mV/sec; lO/sec pulse-repetition. c, ADV: scan-rate = 500 mV/sec; lO/sec pulse-repetition. 

of 10 per set, 100 mV/sec is the fastest scan-rate that 
can be used without distortion of the peaks. 

The theoretical relationships for conventional 
(slow) differential pulse polarography are also valid 
for this rapid scanning technique. Plots of current 
and peak-width at half peak-height as functions of 
pulse amplitude for fast scanning compare favour- 
ably with those for slow scanning, as shown in Figs. 
2 and 3, and in general with the theoretical plots.2 The 
similarity is further shown by comparing the fraction 
of maximum current obtainable (as a function of 
pulse amplitude) with that theoretically predicted 
from the (6 - 1)/(6 + 1) term of the equation for 
differential pulse current. 2~‘5 Table 1 shows these data 
normalized to a pulse amplitude of 100 mV for these 

i (pA) 

AE ( mV) 

Fig. 2. Current (i) US. pulse amplitude (AE). Rapid-scan 
DPV: scan-rate = 100 mV/sec; lO/sec pulse-repetition. Con- 
ventional DPV: scan-rate = 5 mV/sec; lO/sec pulse- 
repetition. a, Ferrocene (conventional); b, ferrocene (rapid- 
scan); c, IO-methylphenothiazine (conventional); d, 

IO-methylphenothiazine (rapid-scan). 

l-electron transfer reactions. All the peak potentials 
in the rapid scans were shifted from the half-wave 
potential by the predicted’ AE/2, within 2-3 mV. 

Alternate-drop pulse polarography is a relatively 
new technique designed to compensate completely for 
the capacitive backgrounds arising from extrusion of 
the mercury drop from the DME.16 In this technique, 
alternate drops are subjected to a constant-amplitude 
pulse superimposed on the ramp; intervening drops 
are held at the pulse potential for the life of the drop. 
The current output is the difference between the 
currents for the pulsed and non-pulsed drops. With 
the solid electrodes used in this portion of the work, 
the measurement is made on alternate pulses and the 
pulse is applied at alternate pulse-repetition times; 
hence the name alternate-pulse (AP) voltammetry. A 

0 20 40 60 80 100 

AE (mV) 

Fig. 3. Peak-width (W,,,) at half-height, as a function of 
pulse amplitude (AE). a, Ferrocene (conventional); b, ferro- 
cene (rapid-scan); c, lo-methylphenothiazine (con- 

ventional); d, IO-methylphenothiazine (rapid-scan). 
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Table 1. Fraction of maximum current obtainable, as a function of pulse amplitude (normalized to 100 mV) 

Ferrocene IO-Methylphenothiazine 
Pulse 

amplitude, Theoretical i, % i, % i, % i, % i, % 
mV i, % (Slow DP)* (Fast DP)t (Fast AD)$ (Slow DP) (Fast DP) 

10 12.9 16.1 14.8 15.3 15.6 
25 31.9 31.6 33.4 41.8 29.2 34.9 
50 60.4 - 61.0 60.4 59.1 
80 86.9 87.4 87.9 86.9 87.8 92.6 

100 100.0 100.0 100.0 100.0 100.0 100.0 
115 107.6 110.0 - 

*Drop-time 1.0 set; scan-rate 5 mV/sec. 
tDrop-time 0.1 set; scan-rate 100 mV/sec. 
§Drop-time 0.1 set; scan-rate 500 mV/sec. 

similar compensation is obtained for the capacitive 
contribution to the background currents. Figure lc 
shows an AP voltamperogram scanned at 500 
mV/sec, showing the well-defined peaks and some- 
what lower background current at the more positive 
potentials. This technique could be used at scan-rates 
up to 900 mV/sec before the peak distortion became 
large enough to make the curves unusuable. The 
distortion manifests itself as skewed, ill-defined 
peaks, because the current-follower and sample/hold 
circuitry is not fast enough to keep up at the higher 
scan-rates. All other effects were similar to those in 
fast-scan differential pulse work, as stated above. 

Reduction processes were followed by both slow 
and fast pulse polarography, with various concen- 
trations of the three metal ions and use of both the 
DME and HMDE. Polarograms obtained for 10m4M 
solutions of the three metal ions at lOO-mV/sec 
scan-rate and O.l-set drop-time and lO/sec pulse 
repetition were analytically usable, but the currents 
obtained were only 20-25% of those obtained from 
more conventional polarograms (5 mV/sec, l.O-set 
drop-time and l/set pulse repetition). The lower 
currents are due to the smaller electrode areas ob- 
tained with the short drop-times. With the HMDE, 
currents obtained for the slow and fast DPV scans 
were comparable; in the AP scans, the currents were 
smaller, as expected. 

The decrease in current due to the small drop areas 
limits the analytical sensitivities of fast scan with the 
DME to about 10-6M for these ions as opposed to 
about lo-‘M with slower scans. Figures 4a and b 
show typical fast DP scans with the DME; Fig. 3b 
was scanned with a 0.1 -set time-constant filter on the 
output. Although the curve is smoothed, there is also 
the expected shift in peak potentials. 

The DP and AP techniques are both designed to 
reduce the background, particularly the capacitive 
current, in d.c. polarography. Reducing this current 
should result in better defined peaks with a higher 
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Fig. 4. Polarograms of IO-“.&4Pb*+, Cd*+ and Zn2+ in 0.1M 
KNO, (DME). Conditions: AE = 50 mV; scan-rate = 100 
mV/sec; drop-time 0.1 set and pulse repetition lO/sec. a, No 

output filter; b; O.l-set time-constant output filter. 
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Fig. 5. Rapid-scan cyclic pulse voltamperograms of 0.2 mM ferrocene in methanolic acetate buffer 
(glassy-carbon electrode). a, d.c., scan-rate 100 mV/sec; b, AP, scan-rate 500 mV/sec, pulse repetition 

IO/set; c, DP, scan-rate 100 mV/sec, pulse repetition IO/WC. 
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apparent current in cyclic voltammetry. Cyclic DP 
and AP voltammetry at the faster scan-rates both 
proved feasible, as shown in Fig. 5 for ferrocene. The 
backgrounds for voltammetry of these organic com- 
pounds on the glassy-carbon electrode are lower than 
those obtained in conventional d.c. cyclic volta- 
mmetry. This should allow the use of lower analyte 
concentrations in cyclic voltammetry. 

The data presented indicate that rapid-scan pulse 
polarography and voltammetry show promise as 
time-saving tools; scans over reasonable potential 
ranges can be accomplished in seconds as opposed to 
a few minutes at the more conventional slower rates. 
However, the rapid scans require higher concen- 
trations than the slower scan-rates do. With the 
DME in particular, the practical detection limit is 
relatively high (10~4-10~6M) because of the increase 
in background and the smaller currents caused by the 
small drop areas obtained in rapid scans. 

With cyclic voltammetry, the background signal 
obtained with solid electrodes is lower than that of 
d.c. positive-potential cyclic scans with a glassy- 
carbon electrode. The pulsed cyclic scans give easier 
current measurements and lower detection limits. 
More work is necessary, however, to refine these 
techniques and utilize their advantages. 
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REAGENT FOR PALLADIUM, PLATINUM AND 

RHODIUM 
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Summary-Acetothioacetanilide, CH,CO CH, . CS . NH. C,H,, is found to be a very suitable gravimetric 
reagent for W(H), Pt(II) and Rh(III). The complexes [composition, M(C,,H,,NOS), for M = Pd(II) and 
Pt(II), and Rh(C,,H,,NOS),] are stable and can be weighed after drying at 105-l IO”. Separation from 
base metals has been studied, and a structural interpretation made from DTA, TG and infrared data. 

Much attention has been paid to sulphur as a ligand 
atom in determination and separation of platinum 
metals, but most of the complexes are unsuitable for 
gravimetric purposes, owing to their thermal in- 
stability. Few reagents are available for the separ- 
ation of these metal ions, but there are several for 
determination of individual members of the group.‘-9 
Thionalide’O and thiosalicylamide” have been studied 
but are not effective for the separation of the noble 
metals. 2-Mercaptobenzothiazole’2 precipitates only 
platinum and rhodium, and 2-mercaptobenzoxazole’3 
is suitable for only rhodium. Some semicarbazides 
and semicarbazones are used for palladium’4 and 
platinum. ‘w’ Though substituted thioureas” are 
gradually replacing other reagents because of their 
analytical potential, suitable gravimetric procedures 
still need to be developed. 

The conditions for the use of acetothioacetanilide 
as a gravimetric reagent for platinum, palladium and 
rhodium were studied in this investigation. The pro- 
cedure described below is not only very selective but 
also has high precision and accuracy. Separation 
from almost all other platinum metals, and of pal- 
ladium(I1) and platinum(I1) from one another, is 
possible. The use of the reagent for the determination 
of zinc, cadmium and mercury has already been 
reported.19 

EXPERIMENTAL 

Reagents 

Acetothioacetanilide. The reagent was prepared by the 
method due to Barnikow et uLzo Thiodiacetoacetanilide 
was first prepared from acetylacetone and phenylisothio- 
cyanate, and on hydrolysis produced acetothioacetanilide. 
This was recrystallized from 40% aqueous ethanol. The pale 
yellow product (m.p. 64”) is soluble in all common organic 
solvents, and appreciably soluble in water at about pH 7. It 
is a mild reducing agent (redox potential 0.64V). Its dis- 

sociation constant has been determined by Bjerrum titration 
and found to be 3.09 x 10e9. The reagent decomposes 
slowly after 2-3 months unless preserved in a dark cool 
place, preferably in a refrigerator. Three ethanolic solutions 
of the reagent were used [concentrations 5% (0.26M), 7.5% 
(0.39M) and 11% (057M)]. 

Palladium(Il), platinum(U) and rhodium(III) solutions. 
Palladium(H) chloride, platinum(H) chloride and rho- 
dium(II1) chloride (Johnson-Matthey) were dissolved sepa- 
rately in dilute hydrochloric acid and the solutions were 
standardized by conventional methodsi*~*i~** and diluted as 
desired. 

All chemicals used were of analytical reagent or guaran- 
teed reagent grade. 

Procedures 

Pulladium(II). A measured amount of the stock pal- 
ladium(H) solution containing 4.4-17.6 mg of the metal was 
diluted to about 200 ml with water, 2 g of potassium 
chloride were added and the pH was adjusted to 3.0 with 3M 
hydrochloric acid. The solution was heated to W-90” on a 
water-bath and 100°/O excess of 5% acetothioacetanilide 
solution was added dropwise with constant stirring. After 
digestion on the water-bath for about 30 min the granular 
dull red precipitate was filtered off on a sintered-glass 
crucible (porosity 4), washed with warm water (_ 60”), dried 
at 100” and weighed as Pd(C,,H,,NOS)2, containing 21.65% 
of the metal. 

Plutinum(II). A known amount of solution containing 
12-50 mg of platinum(H) was diluted to about 200 ml with 
water, 2 g of potassium chloride were added and the pH was 
adjusted to about 2.0 with 3M hydrochloric acid. The 
mixture was heated to 90-95” on a water-bath and 100% 
excess of 7.5% acetothioacetanilide solution was added 
dropwise with constant stirring. After digestion on the 
water-bath for 4560 min the granular dark red precipitate 
was collected and washed as for the palladium compound, 
dried at 10&l 10” and weighed as Pt(C,,H,,NOS),, contain- 
ing 33.69% of the metal. Platinum(IV) can be reduced with 
hydroxylamine hydrochloride before addition of the re- 
agent, or with the reagent itself if a large enough excess is 
used. 

Rhodium(III). A portion of solution containing 3.610.9 
mg of rhodium(III) was diluted to 150 ml after addition of 
1 g of ammonium chloride, and the pH was adjusted to 
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Table 1 

Required, % Found, % 

Complex M N S M N S 

PdLz 21.60 5.57 6.51 21.7 5.7 6.5 
PtL, 33.50 4.81 11.00 33.7 4.8 11.1 
RhL, 15.10 6.13 14.13 15.1 6.2 14.1 

about 6.0 with IM ammonia solution. The mixture was 
heated to 80-90” on a water-bath and 100% excess of 
reagent solution was added with constant stirring. After 
digestion for 45-60 min on the boiling water-bath the 
orange-yellow precipitate was collected and washed as for 
the palladium compound, dried at 120” and weighed as 
Rh(C,,H,,NOS),, containing 14.93% of rhodium. 

RESULTS AND DISCUSSION 

Nature of the complexes 

The complexes are fairly soluble in the common 
organic solvents. They were analysed for nitrogen by 
the Dumas method and for sulphur by its conversion 
into sulphate. The metal contents were determined by 
oxidative decomposition of the complex. The results 
in Table 1 indicate 1:2 complexation of palladium 
and 1: 3 complexation of rhodium. 

Thermogravimetric studies 

Appropriate weights of the complexes were mixed 
with aluminium oxide and heated at 12”/min. The 
thermogravimetric curves showed that the thermal 
stability of the complexes was in the order 
Pd < Pt < Rh. All three complexes can be weighed 
directly after drying at about 100”. The complexes are 

hygroscopic but the uptake of water over a 24-hr 
period is too slow to be of significance and the water 
is readily removed on heating at below loo”, with no 
decomposition of the complex, as the first decom- 
position temperatures are 110”, 120” and 220” for 
palladium, platinum and rhodium respectively; de- 
composition is complete at 820” for palladium and 

640” for platinum and rhodium under dynamic heat- 
ing conditions. The losses in weight are 79.8% for 
palladium, 66.3% for palladium and 70.0% for rho- 
dium, in agreement with expectation. Hence care 
must be taken in drying the palladium and platinum 
complexes. The decomposition patterns for pal- 
ladium and rhodium are the same but differ from that 
for platinum. 

Spectral information 

From the NMR spectrum of the ligand it appears 
that enolization similar to that of acetylacetone takes 
place. It is evident that the compound behaves as a 
bidentate ligand. 

The infrared spectra of the ligand and complexes 
indicate co-ordination through C=&+M and 
chelation through CX-M. The band at 1628 cm-’ is 
quite sharp and intense, indicating that the carbonyl 
group is not enolized, and this is further corroborated 

100 - 

60 - 

0 

I I I 
2 4 6 

PH 

Fig. I. Variation of degree of precipitation with pH. Pal- 
ladium -_O-; platinum -a--; rhodium -_O--. 

by the absence of any broad enol O-H stretching 
absorption at 270&2500 cm-‘. The displacement of 
this band is greatest for the Rh-complex, indicating2’ 
strong co-ordination of the type C=C+M. The C=O 
stretching frequency is shifted to 1610-1555 cm-’ in 
the complexes, and the C-S stretching frequency of 
the ligand at 1220 cm-’ is shifted to 1160-1250 cm-‘, 
suggesting a 6-membered ring. 

The rhodium complex is diamagnetic, indicating 
the octahedral low-spin arrangement of the electrons 
in the split d-orbitals. The orange-red colour of the 
complex suggests transition from the ‘A,% ground- 
state to the ’ Tlg and ’ T2, excited states. The magnetic- 

moment data for the palladium and platinum com- 
plexes indicate square-planar structures. 

Table 2. Tolerance limits 

Ion 

Ca*+ 
Mg’+ 
Sr2 + 
Ba2+ 

As(V) 
Cr’+ 
Cd2 + 
NiZ+ 
Zn’+ 
Fe”+* 
Al’+ 
Co’ + 
MO(W) 
Mn’+ 

V(IV) 
Os(VIII 
Ir(II1) 
Ru(III) 
Pt(II) 
W(H) 
Rh(III) 

U(VI) 

1 

Tolerated amount, mg, for 

Pd (9 mg) Pt (19 mg) Rh (7 mg) 

100 100 
100 100 
loo 100 
100 100 
100 100 
80 60 

80 
100 
IO0 
100 

80 
100 
100 
80 
80 
80 

60 
100 
100 
80 
60 
60 

100 
80 
30 
30 
30 

- 

15 
- 

90 100 

100 
100 
100 
100 
100 
100 
80 

100 
100 
100 
100 
100 
100 
100 
100 
60 
60 
60 
50 
30 

100 

*In presence of sodium potassium tartrate 
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Table 3. Individual determination of palladium, platinum 
and rhodium 

Taken, Weight of ppte, Metal found, 
me mg mg 

Pd(II) 8.8 40.8 40.8 8.8 8.8 
13.3 61.2 61.3 13.2 13.3 
17.7 81.6 81.7 17.7 17.7 

Pt(I1) 12.5 37.3 37.0 12.6 12.5 
19.2 57.3 57.0 19.3 19.2 
38.3 113.7 113.6 38.3 38.3 

Rh(II1) 3.6 24.3 24.3 3.6 3.6 
7.3 48.6 48.6 7.3 7.3 

10.9 72.9 72.9 10.9 10.9 

Effect of reagent concentration and pH 

Approximately 100% excess of reagent was found 
necessary for quantitative precipitation. Palladium 

starts to precipitate at pH 2.5 and platinum at 1 .O, the 
ranges for quantitative precipitation being 3.0-4.1 
and 1 X-2.6 respectively. At higher pH, precipitation 
is incomplete. For rhodium, the pH range for com- 
plete precipitation is 3.0-6.0. At lower pH there is a 
tendency towards incomplete precipitation. The effect 
of pH is shown in Fig. 1. The precipitation of 
platinum has a long induction period, and takes at 
least 45 min to begin, at a temperature of 80-90”. 

EfSect of sequestering agents 

Tartrate, acetate and citrate do not interfere, so 
they can be used as masking agents. EDTA cannot be 
used for masking in the determination of platinum, 
because of the low pH of precipitation. 

Effect of diverse ions 

The precipitation of platinum along with pal- 
ladium cannot be avoided when the procedure given 
above is used, but can be prevented by adding the 
potassium chloride 15 min after the reagent solution; 
this enhances the rate of coagulation of the palladium 
complex, which can then be filtered off after 25-30 
min (the platinum precipitates later). For the separ- 
ation of rhodium from other platinum metals it is 
best to precipitate it at the higher limit of the pH 
range (6.0). At lower pH there is risk of co- 
precipitation of the other metal ions. Tartrate masks 
iron(III), and prevents its interference. Mercury(I1) 
interferes, but small amounts can be removed by 
rapid precipitation with H,S at around pH 3.0. 
Fluoride, chloride, bromide, nitrate, nitrite and sul- 
phate do not interfere. Silver and gold(II1) interfere 
by forming complexes with the reagent, and which 
rapidly decompose to give the sulphides. 

Tolerance limits for other ions are given in 
Table 2. 

Determination of palladium, platinum and rhodium 

Results for determination of the metals in pure 
solutions are given in Table 3. Several synthetic 
mixtures were analysed under conditions correspond- 
ing to dissolution of alloys with aqua regia (4 parts 

Table 4. Determination of palladium, platinum and 
rhodium in complex mixtures 

Composition, Found, 
No. mg/lOO ml* mg/lOO ml* 

1 Pd 35, Pt 10, Rh 5, Pd 35.0, 34.9 
OS 10, Ir 15, Ru 5, 
Ni 20 

2 Pd 50, Pt 10, Rh 20, Pd 50.1, 50.2 
Ni 20 Pt 9.9, 9.9 

3 Pd 70, Rh 10, Ni 10, Pd 70.1, 70.0 
Fe 10 Rh 9.9, 10.0 

4 Pt 45, Rh 10, Ru 10, Pt 45.1, 45.2 
OS 5, Fe 20, Ni 20 

5 Pd 10, Rh 6, OS 15, Rh 6.0, 6.0 
Ir 15, Ru 10, Ni 24, Pd 10.0, 10.0 
Fe 20 

6 Pt 15, Rh 8, Ru 15, Rh 8.0, 8.0 
Fe 15, Ni 32, Co 15 Pt 15.0, 15.1 

*Of stock solution (see text). 

HCl, 1 part HNOJ, 1 part H,O) at 70” under reflux, 
following by fusion of the residue with sodium hy- 
droxide and peroxide24 and dilution of the combined 
solution to 100 ml. Suitable aliquots were analysed 
with acetothioacetanilide. In samples Nos. 1 and 4 
palladium and platinum were determined. In sample 
No. 2 palladium was precipitated first by controlling 
the pH, and filtered off after 25-30 min. The pal- 
ladium precipitate coagulates within 20 min, whereas 
the platinum precipitation does not start before the 
elapse of at least 45 min, otherwise these deter- 
minations would not be possible. The separation of 
palladium and rhodium in samples Nos. 3 and 5 by 
controlling the pH is not difficult. The results are all 
presented in Table 4. 

Precision and accuracy 

The relative standard deviations were 0.1, 0.2 and 
0.1% for palladium, platinum and rhodium re- 
spectively. Typical 95% confidence limits for the 
means are Pd 8.8 f 0.07 mg, Pt 19.2 If: 0.12 mg, and 
Rh 7.3 f 0.01 mg (10 determinations). 
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Summary-The chromium(V1) contents of two water samples, a river water and a sea-water, were 
determined by means of solvent extraction with APDC (ammonium pyrrolidinedithiocarbamate) into 
chloroform and by co-precipitation with iron(II1) hydroxide. The analytical results depended on the 
separation method used, possibly because of differences in the behaviour of the chemical species of 
chromium in natural waters. Various chromium species, including simple inorganic ions, organic 
complexes, Cr(II1) adsorbed on inorganic colloids and Cr(II1) combined with organic polymers, were 
prepared, and their analytical characteristics were investigated. 

Most of the separation methods used for the deter- 
mination of Cr(V1) in natural waters can be divided 
into two types: solvent extraction,‘-’ in which Cr(VI) 
is extracted with DDTC (diethyldithiocarbamate) or 
APDC (ammonium pyrrolidinedithiocarbamate) etc. 
into MIBK (4-methyl-2-pentanone) whereas Cr(III) 
is not, and co-precipitation,S8 in which Cr(II1) is 
collected with Fe(III) hydroxide, AI(II1) hydroxide, 
etc., which show little tendency to co-precipitate 
Cr(VI). It has been confirmed that Cr(VI) ions and 
Cr(IJ1) ions added as spikes to natural waters can be 
quantitatively separated by these methods. Although 
little is known about the chemical forms of chromium 
in natural waters, the existence of organic Cr(III) 
complexes can be inferred by analogy with other 
metals in natural waters9-” If the sample contains 
organic Cr(III) complexes which are extractable into 
the organic solvent used, the analytical value for 
Cr(V1) obtained by the solvent extraction methods 
will be higher than the true value. On the other hand, 
some of the organic Cr(II1) complexes, e.g., the 
Cr(III)-EDTA complex, are not co-precipitated with 
Fe(III) hydroxide. 

The chromium(W) contents of two samples, a river 
water and a sea-water, have been determined by both 
the solvent extraction and the co-precipitation 
method. The results for a given sample differed 
according to the method used, possibly because of 
differences in the chemical behaviour of the chro- 
mium species present. To study the effect of organic 
matter and colloidal particles on the determination, 

nine chromium species, including simple inorganic 
species, organic complexes, Cr(II1) adsorbed on inor- 
ganic colloids and Cr(III) combined with organic 
polymers, have been prepared and their behaviour in 
the separation procedures investigated. 

EXPERIMENTAL 

Preparation of chromium species 

Chromate ions. A 5’Cr-labelled sodium chromate solution 
with an activity of 140mCi per mg of Cr was purchased 
from Daiichi Radioisotope Laboratory. A chromate solu- 
tion was prepared by diluting the 5’Cr solution with distilled 
water. The purity of this chemical form was checked by 
solvent extraction with tetrabutylammonium hydroxide into 
chloroform and was above 98%. 

Chromium(III) ions. A labelled chromium(II1) solution in 
O.lM hydrochloric acid was prepared by reducing the “Cr 
solution with sodium sulphite. The excess of reducing agent 
was removed by boiling. 

Chromium(III) a&orbed on colloidal Fe(‘U) hydroxide. To 
500 ml of distilled water, 1 mg of ferric ions and an adequate 
amount of the labelled chromium(II1) solution were added. 
The solution was adjusted to pH 6 with 1M ammonia 
solution. The colloidal solution was centrifuged at 35000 
rpm for 60 min and the activity of the solid was measured. 
It corresponded to pratically 100% adsorption of the 5’Cr. 

Chromium(M) a&orbed on colloidal silica. A 3.5% sodium 
silicate solution was desalted on a column of cation- 
exchange resin, Bio-Rad AG 50 W x 8.” The effluent was 
ad_justed to pH 9 with 1.5% sodium hydroxide solution, and 
concentrated slowly to one-fifth of its original volume. The 
labelled chromium(II1) solution was added to the colloidal 
silica solution at pH -6. The chromium was about 100% 
adsorbed. 
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Chromium(III) adsorbed on colloidal ahnninosilicate. A 
0.01 M aluminium nitrate solution was mixed with an equal 
volume of IO-jM sodium silicate.13 The mixture was ad- 
justed to pH 9 with 0.1M sodium hydroxide and aged for 
24 hr. The labelled chromium(ll1) solution was added to the 
solution at pH 6. The degree of adsorption was about 95%. 

Chromium-EDTA complex. The labelled chromium(ll1) 
solution was added to IO-‘M EDTA and the pH was 
adjusted to 5 with 1M ammonia solution. The solution was 
heated for 10 min at 90”. The complex formed was assumed 
to be Cr(H,0)EDTAm.‘4 

Chromium glycinate complex. The labelled chromium(ll1) 
solution was added to 10m3M glycine and the solution was 
heated at 50” for 24 hr, then left standing for 1 week at room 
temperature.” The product seems to be a mixture of 
Cr(H,O),gly’+ and Cr(H,O),(gly)$. 

Chromium(II1) bound and/or adsorbed by tannic acid. The 
labelled chromium(ll1) solution was added to 1.5-mg/ml 
tannic acid solution prepared from reagent grade tannic acid 
and distilled water. The solution was adjusted to pH 5 and 
heated for I hr at 90”. A 2-ml portion of the solution was 
passed through a column of XAD-2 (volume 5 ml) to 
estimate the amount of chromium(ll1) bound to tannic 
acid. The column was washed with 10 ml of acetate buffer 
(pH 5), followed by 10 ml of methanol. About 23% of the 
initial activity was found in the initial effluent and the 
acetate effluent. The activity of the methanol effluent was 
measured and indicated that about 40% of the chro- 
mium(Il1) was bound by the tannic acid, the remainder 
being hydrolysed16 to species sorbed on XAD-2 resin but not 
eluted with methanol. 

Chromium(III) bound to and/or adsorbed on humic acid. 
The labelled chromium(ll1) solution was added to 34+g/mI 
humic acid solution prepared from reagent grade humic acid 
purified by the method described by Clem and Hodgson.” 
The solution was adjusted to pH 5 and heated for 1 hr at 
90’;. A 2-ml portion of the solution was passed through a 
cation-exchange (Biorad AG 50 W x 8) column (volume, 5 
ml) to estimate the degree of binding to the humic acid. The 
column was washed with IO ml of acetate buffer solution 
(pH 5) and the activity of the effluent was measured. 
Hydrolysed Cr(ll1) species were exchanged and/or sorbed 
by the cation-exchange resin under these conditions. 

Determination of’ Cr(VI) and total Cr by the solvent extrac- 
tion method 

The sample was filtered through a 0.45-pm membrane as 
soon as possible after collection, and stored at 5”. Chromate 
labelled with 5”Cr purchased from Oak Ridge National 
Laboratory was added as a spike to two IOO-ml portions of 
sample. Chromium(ll1) in one portion was oxidized with 
0.02M ceric ammonium nitrate to determine the total 
chromium content. Chromium(V1) was extracted with 
APDC into chloroform. The organic phase was evaporated 
and the residue ashed by ignition, The stable-isotope ratio 
of chromium in the residue was measured with a mass 
spectrometer (JEOL 05RB). This method has been de- 
scribed in detail by Osaki et a/.4 

Determination qf Cr(III) and total Cr by the co-precipitation 
method 

The method developed by Fukai and Vas’ was modified. 
Instead of the radioisotope, the stable isotope S°Cr was used. 
Chromium(ll1) labelled with %Cr was added as a spike to 
the filtered sample and mixed well with it. The solution was 
divided into two 500-ml portions. Chromium(VI) was re- 
duced with sodium sulphite in one portion to determine the 
total chromium content. Iron(ll1) hydroxide was formed in 
each solution, filtered off, and then dissolved in 1M sul- 
phuric acid. The Cr(ll1) in the solution was oxidized with 
0.02M ceric ammonium nitrate. Finally the chromium(V1) 
was extracted with APDC into chloroform and its stable- 
isotope ratio measured as above. 

Separation of chromium species spiked 

Solvent extraction. River water and sea-water were filtered 
through 0.45~pm membranes. Then 100 ml of the filtered 
sample and 1 ml of a solution containing both Cr(V1) and 
Cr(lI1) labelled with “Cr were mixed well in a separating 
funnel. The solution was adjusted to pH 2 with IM hydro- 
chloric acid and extracted with two 100 ml portions of 
chloroform after addition of 2 ml of 1% APDC solution. 
The organic phase was washed with distilled water and its 
activity measured with a well-type scintillation counter 
(Aloca SC-5). 

Co-precipitation. The filtered sample was divided into two 
500-m] portions which were transferred to flasks. To each 
flask, 1 ml of a solution containing both Cr(V1) and Cr(ll1) 
labelled with “Cr was added and mixed in well. To one 
flask, 2 ml of 6M hydrochloric acid and 100 mg of sodium 
sulphite were added and nitrogen was bubbled through the 
solution for 1 hr. Then to each flask 1 mg of iron(ll1) in 
O.lM hydrochloric acid was added and the solution was 
adjusted to pH 8 with 1M ammonia solution. The solutions 
were heated for 1 hr and finally boiled. After cooling, the 
precipitates were filtered off on 1.2~pm filters, washed, and 
dissolved with 30 ml of warm O.lM sulphuric acid. The 
activities of these solutions were then measured. 

RESULTS AND DISCUSSION 

The chromium(V1) contents of the river water and 
sea-water were determined by the solvent extraction 
method [Cr(Vl),] and the co-precipitation method 
[Cr(VI),]. The results are given in Table 1. For the 
river water, Cr(VI), is higher than Cr(VI),, but the 
reverse is the case for the sea-water. The results 
suggest that unidentified chromium species which 
contribute to the error of the analytical methods for 
Cr(V1) are present to a significant extent in these 
samples. 

Because of the high solubility of chromate ions and 
their high oxidizing power, Cr(VI) is unlikely to be 
bound to organic matter or adsorbed on colloidal 
particles. In contrast, because of the very low solu- 
bility of hydrolysed Cr(IlI) ions,‘* Cr(Il1) in natural 
waters is predominantly bound to organic matter or 
adsorbed on colloidal particles. We assume that these 
organic and/or colloidal Cr(II1) species contribute to 
the error in the analytical Cr(VI) value. 

Table 1. Determination of Cr(V1) and Cr(ll1) in natural 
waters by the solvent extraction and co-precipitation meth- 

ods 

_~ 
River water* 

Solvent extraction 
Coprecipitation 

Sea-waterf 
Solvent extraction 
Coorecipitation 

Total Cr. Cr(lll), Cr(Vl), 

pgsil. /%I[. !%I/. 

0.38 (o.o)t 0.38 
0.47 0.19 (0.28)$ 

0.33 (0.18)? 0.15 
0.32 0.02 (0.30)5 _ . 

*Collected from the Muromi River, Fukuoka, Japan. 
tThe values are the differences between the total Cr and 

Cr(V1) concentrations. 
fCollected from the shore of Shingu, Fukuoka, Japan. 
$The values are the differences between the total Cr and 

Cr(ll1) concentrations. 
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Table 2. Recovery of chromium spikes in sea-water 

52.5 

Species spiked 

Co-precipitation, % 

without with 
reduction reduction 

Solvent 
extraction, ‘A 

Chromate ions 4.8,4.1 100,87.7 
Chromic ions 91.1,97.3 96.7,95.5 
Cr-Fe hydroxide 100,100 98.9, 100 
Cr-silica 100,100 100,100 
Cr-aluminosilicate 94.0, 100 100,100 
Cr-glycine 95.2, 100 94.9,98.0 
Cr-EDTA 0.0,o.o 0.0,o.o 
Cr-tannic acid 100,85.1 100,92.8 
Cr-humic acid 94.8,96.7 94.8.94.7 

89.4,71.4 
1.3,0.2 
0.4,o.s 
0.0,o.o 
0.0,o.o 
0.0,o.o 
0.8, 1.4 
0.0,o.o 
0.0,o.o 

To verify this assumption, various Cr(II1) species 
were prepared and their behaviour in the separation 
procedures was observed. The results are shown in 
Tables 2 and 3. The first and second species in the 
tables are the simplest species of Cr(II1) and Cr(VI), 
respectively, which are normally used for studying 
analytical methods for these species. When chro- 
mium(II1) ions were added in neutral solution, they 
were immediately hydrolysed. About 4% of the chro- 
mate ions added as a spike to sea-water was co- 
precipitated on Fe(III) hydroxide. Partial adsorption 
of Cr(V1) in sea-water on Fe(III) hydroxide has been 
reported by Cranston and Murray.’ It is difficult to 
understand the mechanism of this adsorption. Chro- 
mate ions added as a spike to river water are rarely 
precipitated on Fe(II1) hydroxide. The degree of 
co-precipitation of chromium(II1) apparently ranged 
from 87 to loo%, perhaps because of incomplete 
recovery from the precipitate. The extraction of 
chromate ions was also incomplete. The isotope- 
dilution method or the standard-additions method 
has been used in practice to compensate for incom- 
plete recovery. If the chromium in natural waters 
were present only as these simple species, chro- 
mium(V1) should be determinable with error of < 5% 
by either the solvent extraction or the co- 
precipitation method. 

Chromium(III) adsorbed on inorganic colloids was 
completely co-precipitated with Fe(III) hydroxide. 
Since colloidal particles tend to accumulate at a phase 
interface, some of them are expected to be partially 
transferable into an organic phase. The experimental 

results, however, show that Cr(II1) adsorbed on 
inorganic colloids is scarcely transferred at all into 
the organic phase except that a small fraction of 
Cr(II1) adsorbed on aluminosilicate and added to the 
river water was transferred into the organic phase. 

The chromium glycinate complex was completely 
co-precipitated with Fe(III) hydroxide, whereas the 
Cr-EDTA complex was not. Neither complex was 
extracted with APDC into chloroform. 

Chromium(II1) bound to and/or adsorbed on the 
high molecular-weight organic substances humic 
acid and tannic acid was co-precipitated with Fe(III) 
hydroxide but not extracted with APDC into chloro- 
form. 

The chromium(II1) species which contribute to the 
error of the analytical method for Cr(VI) could not 
be identified in this study. Unless the main Cr(II1) 
species present in natural waters, and their character- 
istics, are known, it is difficult to rule out the 
possibility of a large error in the determination of 
Cr(VI). Recently, Nakayama et al.” improved the 
co-precipitation method for chromium speciation in 
natural waters, and classified the chromium in sea- 
water as inorganic Cr(III), organic Cr(III) and 
Cr(V1). This method, however, may also be subject to 
the possibility of the error described above. 
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Summary-Direct titration of nitrite with cerium(IV), with ferroin as indicator, is shown to give 
satisfactory results if the acidity is kept between 0.033 and 0.055M at the end-point. Loss of nitrous acid 
owing to volatilization and decomposition is discussed. From 10 to 60 mg of sodium nitrite can be 
estimated with a standard deviation of 5 ng and an average error of 0.2%. 

Titrimetric methods of determining nitrite have been 
critically reviewed by Cool and Yoe,’ and surveyed 
by Kolthoff et aL2 According to Alexeyev,’ only 
indirect methods are suitable, but a direct reduc- 
tometric titration with ascorbic acid in phosphoric 
acid medium has recently been reported.4 

From the literature it appears that the direct 
oxidimetric titration of nitrite is adversely affected by 
loss of nitrous acid by decomposition, which depends 
on the acidity, and by volatilization. The earlier 
procedures therefore relied largely on adding nitrite 
to an acidified solution of the oxidant, with adequate 
precautions in the addition step. Further, in the direct 
methods the titrand solutions seem not to have been 
diluted to more than 100 ml,’ and further dilution to 
minimize the loss due to volatalization does not 
appear to have been tried. 

There are also contradictory reports with regard to 
the error in the direct titration of permanganate with 
nitrite.5 

These aspects led us to investigate further the direct 
titration of nitrite with ceric sulphate. 

EXPERIMENTAL 

Ceric sulphate solution (0.05M) was prepared and stan- 
dardized.” Sodium nitrite solution (0.025M) was prepared 
and standardized with ceric sulphate by an indirect method.’ 
Analytical grade reagents and doubly distilled water were 
used. 

RESULTS AND DISCUSSION 

The effect of dilution of the titrand solution on loss 
of nitrous acid by volatilization was examined, the 
titrand acidity being kept constant at the 0.25M 
concentration used in the indirect determination.’ 

*Present address: Professor and Head, Department of 
Chemistry, A.U.P.G.E. Centre, Nuzvid 521201, India. 

From the results (Table 1) it can be seen that with 
increasing dilution there was greater recovery, and 
dilution to 300 ml seemed both convenient and 
adequate. However, the question of decomposition of 
nitrous acid remained open, and was examined as 
follows. So that a significant amount of nitric oxide 
(a product of the decomposition of nitrous acid in 
presence of acid) would be obtained, 25-ml portions 
of 2M nitrite were adjusted to give different acidities 
after dilution to a total volume of 300 ml and any gas 
liberated was flushed into a solution of acidified 
(0.05M) ferrous ammonium sulphate. The qualitative 
observations made are given in Table 2. 

It can be seen that the decomposition decreases 
with decrease in the acid concentration and is min- 
imal at acidity lower than 0.05M. 

The effect of varied acidity on the titration of 
nitrite (titrand solution volume 300 ml) with ceric 
sulphate was therefore examined, and the results are 
presented in Table 3. 

From Tables 1 and 3 it is obvious that the direct 
titration of nitrite with ceric sulphate is possible 
provided the solution is adequately diluted to min- 
imize the loss due to volatilization and the acidity is 
low enough for decomposition to be prevented. 

Table 1. Effect of dilution on the titration of 
25.00 mg of nitrite with cerium(IV); overall 

acidity 0.25M 

Total NaNO, Recovery, 
volume, ml found, tng % 

100 23.14 95.0 
150 23.92 95.1 
200 24.04 96.2 
250 24.19 96.8 
300 24.25 97.0 
350 24.25 97.0 
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Table 2. Effect of acidity on the decom- 
position of nitrous acid (25 ml of 2M nitrite 
at different acidities, diluted to 300 ml; the 
nitrous oxide formed by the decomposition of 
nitrous acid was flushed into 50 ml of O.lM 

ferrous ammonium sulphate) 

Overall 
acidity, Colour with 

M iron (II) 

0.500 Dark, brown, almost black 
0.300 Dark brown 
0.200 Brown 
0.150 Brownish yellow 
0.100 Yellow 
0.075 Light yellow 
0.050 Colourless 
0.025 Colourless 

Table 3. Effect of acidity on the titration of 
25.00 mg of sodium nitrite with cerium(IV) 

(total volume 300 ml) 

Acidity at the NaNO, Recovery, 
end-point, M found, mg % 

0.500 24.02 96.5 
0.250 24.25 97.0 
0.120 24.48 91.9 
0.090 24.72 98.9 
0.070 24.80 99.2 
0.060 24.88 99.5 
0.055 24.95 99.8 
0.050 25.00 100.0 
0.045 25.00 100.0 
0.040 25.00 100.0 
0.035 25.00 100.1 
0.030 25.09 100.4 
0.025 25.32 101.3 
0.020 26.08 104.3 
0.015 27.94 114.8 

Final acidities between 0.055 and 0.035M are 
found to be suitable. At acidities higher than 0.055M 
errors arise from the decomposition of nitrite. With 
acidities lower than 0.035M the results are erratic, the 
nitrite probably not being quantitatively oxidized, 
which is consistent with the observations made by 
Beckuts.’ 

Table 4. Results for determination of 
sodium nitrite with cerium(IV); total 
volume 300 ml, overall acidity 0.04M 

Amount Amount Standard 
taken, found,* deviation, 

mi? mg mg 

8.02 8.01 0.04 
16.04 16.07 0.03 
32.08 32.09 0.03 
48.12 48.09 0.02 
64.16 64.04 0.03 

*Average of four determinations. 

Recommended procedure 

A sample of nitrite solution (equivalent to l&-60 mg 
sodium nitrite) is treated with enough water and 0.5M 
sulphuric acid to give an overall acidity of 0.035-0.055M 
in a total volume of 300 ml at the end-point, including the 
acidity associated with the titrant. The solution is titrated 
with 0.05M cerium(IV) sulphate solution in 0.5M sulphuric 
acid, with 1 or 2 drops of 0.025M ferroin as indicator, to 
the colour change from light orange to colourless. The 
titration can be completed within 34 min. Results are 
presented in Table 4. 
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Summary-Optimum conditions have been established for the formation and extraction of the complex 
of methopromazine with platinum(IV) in hydrochloric acid and an extractive spectrophotometric method 
for the determination of platinum is described. 

In a previous paper it was reported that metho- 
promazine (MPM) is a suitable reagent for the extrac- 
tive spectrophotometric determination of palla- 
dium(II).’ The present paper deals with the applica- 
tion of MPM for the extraction of platinum(N). We 
have found that MPM complexes platinum(N) 
rapidly in the presence of copper(I1) as catalyst. The 
product can be quantitatively extracted into chloro- 
form. This property has been exploited for the devel- 
opment of an extractive spectrophotometric method 
for the determination of platinum(IV). The method is 
more selective than some earlier ones.24 

EXPERIMENTAL 

Reagents 

Platinum(W) solution, O.OlM. Prepared from potassium 
chloroplatinate, in 1M hydrochloric acid. Standardized 
gravimetrically by reduction to platinum metal.’ 

Methopromazine maleate [2-methoxy-lo-(3-dimethyl- 
aminopropyl)phenothiazine maleate, SPECIA, Paris] was 
used as a O.OlM solution in 0.2M hydrochloric acid. The 
solution was stored in an amber-coloured bottle in a 
refrigerator. 

Copper(U) sulphate solution, 0. IM. All chemicals used 
were of analytical purity. 

Extraction of platinum 

The coloured platinum complex formed with metho- 
promazine in hydrochloric acid in the presence of copper 
as catalyst can be extracted by chloroform-methanol mix- 
ture (1: 1 v/v) or chloroform-butanol (9: 1). The intensity of 
the colour depends on the acidity of the solution, the MPM 
and copper(H) concentrations, and the nature of the solvent 
used. Suitable amounts of potassium chloroplatinate solu- 
tion, SM hydrochloric acid, O.lM copper(I1) sulphate and 
O.OlM methopromazine maleate were mixed in a 50-ml 
separating funnel and diluted to 10 ml with water. The 
mixture was allowed to stand for 10 min. Then a 1: 1 v/v 
mixture of chloroform and methanol was added in small 
portions, each being shaken for 3 min with the aqueous 
phase. The extracts were combined in 15-ml standard flask. 
The absorbance was measured at once at 665 nm against a 
reagent blank as reference. 

RESULTS AND DISCUSSION 

Optimal conditions for extraction 

The blue complex has maximum absorption in the 
organic phase at 665 nm (Fig. 1). The molar absorp- 
tivity is 2.6 x lo4 1 .mole-‘.cm-‘. 

A study of the effect of the concentrations of the 
reagents (Fig. 2) showed that the optimal concen- 
trations are l-l.SM hydrochloric acid, 0.02-0.03M 
copper(I1) sulphate and O.OOS-O.OlM methopro- 
mazine maleate in the aqueous phase. The colour of 
the complex, in presence of copper(I1) as catalyst, 
is fully developed in 5 min after mixing the reagents. 
The aqueous solution can be left for about 10 min 
before the extraction, because the absorbance is con- 
stant for standing periods between 5 and 12 min. The 
absorbance of the extract is constant for at least 20 
min. The absorbance of the complex formed in sul- 
phuric, phosphoric or acetic acid medium is lower 
than that for reaction in hydrochloric acid. 

I I I 
I 

500 600 700 600 
X (nm) 

Fig. 1. Absorption spectra of the platinum(IVkMPM com- 
plexes in chloroform, 1, Pt + MPM; 2, Pt + CuSO, + 
MPM; 1M HCl, 7.5 x lo-‘M Pt, 9 x lo-‘M MPM, 

2.5 x lo-*M CuSO, in the aqueous solution. 
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Fig. 2. Dependence of absorbance of the platinum(IVtMPM complex on time and reagent concen- 
trations: (a) I, effect of [HCI]; 2, effect of [MPM]; 5 x 10-5M Pt, 2.5 x 10m2M CuSO,, 9 x IOm3M MPM 
(curve I); I M HCI (curve 2) 1 = 665 nm; (b) 1, effect of [CuSO,]; effect of time on colour development 
of platinum(IVtMPM complex with CuSO, (curve 2) and without CuSO, (curve 3) in the aqueous phase; 

1 = 665 nm. 

Extractive determination of platinum 

In a 50-ml separating funnel place a sample solu- 
tion containing lo-80 pg of platinum(IV), 2 ml of 5M 
hydrochloric acid, 2.5 ml of O.lM copper(I1) sulphate, 
4.5 ml of 0.02M methopromazine maleate and dilute 
to 10 ml with water. Then proceed according to the 
procedure outlined above. 

Beer’s law is obeyed over the platinum concen- 
tration range l-8 pg/ml in the organic solvent. The 
reproducibility of the measurements, expressed as a 
relative standard deviation, is 0.2-l .5%, depending on 
the platinum concentration. Job’s method and the 
equilibrium shift method both show the complex to be 
1:2 Pt:MPM. 

EfSect of diverse ions 

The metal ions Na+, K+, Mg2+, Ca2+, Ba*+, 
Zn2+, Nizf, Co’+, Mn’+, Cd*+, A13+, Cr3+ do not 

interfere. The tolerance limits &g/ml) for other ions 
in the determination of platinum(IV) at the 5-pgg/ml 
level are: Fe3+ (130), Ru3+ (loo), Rh3+ (350), Pd*+ 
(30), Os8+ (loo), Ir3+ (30), Au3+ (4.5), Ag+ (5), Br- 
(2000), I- (20). If a 9: 1 v/v mixture of chloroform and 
butanol is used for the extraction, platinum(IV) (l-8 

pg/ml, LX = 665 nm) and palladium(H) (5-20 pg/ml, 
I,,, = 477 nm) can be determined in the same sample 
solution by the procedure described above. The error 
of the determinations of these metals is about f 2%. 

Comparison with other methods 

The method is more sensitive than the method 
using diethazine hydrochloride as reagent.3 Many 
other methods involve either heating for a long 
time for maximum colour development (e.g., ace- 
naphthenequinone monoxime6 and o-aminophenol- 
p-sulphonic acid’ require about 2 hr). Reagents 
such as potassium iodide,8 dibenzyldithioxamide,9 
a-benzoinoxime” and 2,3-quinoxaline dithiol” re- 
quire 0.5-18 hr to give maximum colour development. 

1. 

2. 

3. 
4. 

5. 

6. 

I. 

8. 

9. 
10. 

11. 
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Summary-Chlorpromazine hydrochloride, promethazine hydrochloride, promazine hydrochloride, per- 
phenazine, thioridazine hydrochloride, chlorprothexine, opipramol hydrochloride, amitriptyline hydro- 
chloride, imipramine hydrochloride and hydroxyzine hydrochloride are estimated in their pure state and 
in pharmaceutical formulations by means of the reaction of the free bases with chloranil in dioxan+%hanol 
medium to give a coloured product with maxima1 absorbance at 550 nm. The method is precise, accurate 
and specific and recommended for routine analysis for the drugs mentioned. 

Chloranil has been used for determination of amino- 
acids,’ aliphatic and aromatic amines,* and tertiary 
amines (but not their salts).3 We now describe its use 
for the estimation of tranquillizers and anti- 
depressants. The most widely used methods for this 
currently in use involve non-aqueous titration,4 
two-phase titration,%’ or precipitation with 
tetraphenylborate*-” or ammonium reineckate.” Ti- 
tration with lead, copper, cadmium or zinc picrate,” 
potassium iodobismuthate’3 or the thiocyanate com- 
plex of chromium’4 or zinc” has been reported for the 
evaluation of many phenothiazine derivatives. Photo- 
metric titration with ceric sulphate has also been used 
for determination of phenothiazines.16 Titan Yellow 
forms complexes with phenothiazines, and these can 
be extracted with ethyl acetate and measured at 
405 nm.” Eriochrome Black T also forms complexes 
with phenothiazines, in chloroform, which can be 
measured at 510-520 nm.‘* Ferric chloride,” potas- 
sium bromate,*’ hydrogen peroxide*’ and p- 
benzoquinone ** have been applied for estimating 
phenothiazines calorimetrically. Phenothiazines have 
been determined calorimetrically with aconitic anhy- 
dride as reagent23 and titrimetrically with iodine 
monochloride. 

Opipramol and imipramine have been determined 
by precipitation with potassium hexacyanochro- 
mate (III) and back-titration of excess of reagent.*’ 
Imipramine and amitriptyline can be determined 
polarographically.26 Amitriptyline has been estimated 
in sulphuric acid medium at 238 nm,*’ and colori- 
metrically with potassium permanganate.** Hydroxy- 
zine forms a coloured complex with cobalt thio- 
cyanate, which can be measured at 620nm,29 and it 
can also be determined with sodium tetraphenyl- 

borate.30 Chloramine-T has been used as a reagent 
for the evaluation of phenothiazines and chlorpro- 
thexine.3’ Phenothiazines as well as imipramine, 
amitriptyline, hydroxyzine and chlorprothexine 
can be determined calorimetrically with Nitrazine 
Yellow.32 

EXPERIMENTAL 

Reagent 

A 0.5% solution of chloranil in dioxan. 

Procedure 

For drug salts. Dissolve about 50mg of the drug salt in 
10 ml of water in a separatory funnel. Alkalize the solution 
with sodium hydroxide solution and extract the drug base 
with four portions of chloroform (10, 10, 5 and 5 ml). Dry 
the combined extracts over anhydrous sodium sulphate, 
transfer the solution to a 50-ml standard flask and make up 
to volume with chloroform. Transfer an aliquot containing 
1-6mg of the drug base to a IO-ml standard flask and 
evaporate to dryness on a boiling water-bath. Dissolve the 
residue in 5 ml of ethanol, add 2 ml of chloranil reagent, 
dilute to volume with ethanol and let stand for 15 min. 
Measure the absorbance at 550 nm against a reagent blank. 

For drug buses. Treat a known volume of ethanolic 
solution containing 14mg of the drug base, in a lo-ml 
standard flask, with 2ml of chloranil reagent, dilute to 
volume and measure at 550 nm after 15 min, against a 
reagent blank. 

For tablets. Weigh and powder 20 tablets. Transfer a 
weighed portion, equivalent to about 50 mg of the drug, to 
a 50-ml glass-stoppered flask containing 15 ml of 1 M hydro- 
chloric acid. Shake the mixture for 20min and filter the 
solution into a 50-ml separatory funnel. Shake the residue 
for 5 min with an extra 5 ml of 1M hydrochloric acid and 
filter. Alkalize the combined filtrate with sodium hydroxide 
solution and proceed with the chloroform extraction etc., as 
for drug salts. 
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Table 1. Results obtained by the chloranil and B.P. 1980 methods 

Compound* 

1. Chlorpromazine. HCI 
Neurazine ampoule?’ 

(25 mgiml) 
Neurazine tabletsM 

(25 mg/tab.) 
2. Promethazine. HCI 

Promantine ampoulesM 
(25 mgiml) 

Laboratory-made tablets5 
3. Promazine HCI 

Sparine vialsW 
(50 mgiml) 

4. Perphenazine 
Trilafone tablet@ 

(8 mg/tab.) 
5. Thioridazine HCI 

Melleril tabletsso 
(100 mg/tab.) 

6. Imipramine.HCl 
Tofranil tablets” 

(25 mg/tab.) 
7. Amitriptyline.HCI 

Tryptizole tabletsK 
(25 mg/tab.) 

8. Chlorprothexine 
Taractan tablets’? 

(15 mg/tab.) 
9. Hydroxyzine.2HCI 

Atarax tabletsC 
(15 mg/tab.) 

10. Opipramol ‘2HCl 
Insidone tabletso 

(50 mg/tab.) 

Chloranil method 

Taken,t Recovery, % 
mg/1OOml 

2&40 100.9 _+ 0.9 
20-40 103.7 + 1.4 

20-40 97.1 + 1.5 

2+ul 100.0 f 1.0 
2&40 104.6 k 1 .O 

20-40 98.7 k 1.1 
2&40 100.9 k 0.8 
2&40 103.8 + 0.9 

2&50 99.5 f 1.0 
2G-50 98.8 + 1.4 

2&40 101.2 f 0.9 
20-40 104.0 &- 1.6 

2&40 99.5 * 0.9 
2&40 98.2 k 0.6 

2c-40 99.9 f 0.8 
2&40 103.1 * 1.2 

2&40 99.6 & 0.9 
20-40 97.2 k 1.0 

2&50 100.6 k 1.1 
2&50 99.1 + 1.6 

2&40 100.6 k 0.6 
20-40 102.6 f 1.2 

B.P. 1980 method 

Taken? Recovery, % 
mg/lOOml 

50.0 
0.5 

0.5 

50.0 
0.5 

- 
25.0 
0.5 

50.0 
0.5 

25.0 
0.25 

50.0 
0.5 

50.0 
I.0 

50.0 
45.0 

50.0 
50.0 

50.0 
50.0 

99.6 k 1.3 
104.1 * 1.5 

97.3 f 0.5 

98.7 + 0.7 
104.2 + 0.9 

101.0 * 0.4 
102.9 + 0.3 

99.2 f I.1 
102.2 * 0.9 

101.0 f 0.6 
103.4 k 0.8 

100.7 + 0.3 
99.2 f 0.9 

101.6 + 0.9 
102.4 + 0.6 

98.4 f 0.3 
97.1 * 0.2 

101.0 + 1.4 
101.3 + 0.5 

99.4 k 0.6 
103.0 + 0.2 

*M = Misr; W = Wyeth; SC = Schering; Sp = Swisspharma; G = Geigy; K = Kahira; R = Roche; 
C = CID. 

tRefers to concentration of solution used for final measurement. The recovery is given + standard 
deviation. 

§Tablets prepared with 10 mg of drug and tablet fillers composed of lactose 90, starch 7, talc 2.7 and 
magnesium stearate 0.3 parts. 

For ampoules and vials. Transfer a known volume of the 
sample, containing about 50mg of the drug, to a 50-ml 
separatory funnel. Alkalize, extract with chloroform etc., as 
already described. 

RESULTS AND DISCUSSION 

Attempts were made to use chloranil for deter- 
mination of tertiary-amino type tranquillizers and 
antidepressants by the procedure reported for pri- 
mary and secondary amines,‘. but failed. 

The procedure of Sass et al.’ for determination of 
simple tertiary amines by warming with chloranil in 
toluene as solvent also failed to give any colour. More 
polar solvents such as ethanol, methanol and water 
were therefore tried and found to give good colour 
development, but the chloranil is insoluble in these 
solvents, and precipitates. Chloranil solution in di- 
oxan was tried, but the reaction mixture had to be 
warmed to produce a colour. However, with a 
dioxan-ethanol mixture (I:4 v/v) as solvent, a violet 

colour was formed in the cold and reached its max- 
imum intensity in 15 min. 

Various authors have tried to explain the mech- 
anism of the interaction between chloranil and ter- 
tiary amines. Foster33 suggested the reaction gave a 
charge-transfer complex, with chloranil acting as 
electron acceptor and the base as electron donor. Sass 
et aL3 suggested it was a quaternization reaction, with 
liberation of chloride ions: 

0 0 

,“:I a l;:+R3N S 

0 0 

We therefore isolated the violet product by dis- 
tilling the solvent at reduced pressure, and found that 
the compound gave a violet solution in water, and 
that a white precipitate was formed when this solu- 
tion was treated with silver nitrate and nitric acid. 
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The dioxan-alcohol solution of the product also gave 
a white precipitate with silver nitrate, but a reagent 
blank test did not. We regard this as confirmation of 
the mechanism proposed by Sass et al.’ The colour 
developed in the dioxan-alcohol mixture was found 
to be stable for about 2 hr, after which it started to 
fade. 

The common tablet fillers such as lactose, talc, 
starch and magnesium stearate were found not to 
interfere. 

Beer’s law is valid over the concentration ranges 
listed in Table 1; the regression equations indicated a 
small positive intercept on the ordinate. The applica- 
bility of the chloranil method to some of the commer- 
cial preparations has been checked (Table 1). 
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Summary-The use of wet and dry ashing procedures to decompose marine biological tissues and to 
degrade organoarsenic compounds to inorganic arsenic for analysis by zinc-column arsine generation and 
atomic-absorption spectrophotometry was investigated. Wet ashing with nitric, sulphuric and perchloric 
acids (10:2:3 v/v) released the largest percentage of arsenic from fish tissue and quantitatively degraded 
methylated and other organoarsenic compounds to inorganic arsenic. The arsenic concentrations found 
when standard reference materials were ashed with this acid mixture were in agreement with the certified 
values. 

Most procedures used to determine total arsenic 
require it to be in inorganic form. To decompose 
biological tissues and to degrade organoarsenic com- 
pounds, wet- or dry-ashing is normally employed. 

Dry-ashing procedures involve heating samples to 
40&700” and may result in the loss of arsenic if an 
ashing aid is not used.’ Quantitative recoveries from 
inorganic and methylated arsenic compounds have 
been obtained when a magnesium oxide-magnesium 
nitrate ashing aid was used.2 However, loss of arsenic 
has been reported even when an ashing aid was used.’ 

For wet-ashing, it is usually recommended that a 
combination of nitric, sulphuric and perchloric acids 
be used, as most biological components are mineral- 
ized by this mixture and oxidizing conditions are 
maintained which minimize the loss of volatile 
arsenic compounds.4 Digestion with nitric acid is 
recommended to remove halides and prevent loss of 
arsenic as the volatile trichloride.5 Complete recovery 
of arsenic from fish tissues containing methylated 
arsenic compounds has been reported.2 In contrast, 
other investigator@’ suggest that normal wet-ashing 
procedures will not release arsenic from compounds 
such as dimethylarsenic salts and that wet-ashing 
with nitric and sulphuric acids in combination with a 
catalyst, for example, vanadium pentoxide, is re- 
quired.’ 

The conflicting results reported in the literature 
created uncertainty as to which ashing procedures 

would be suitable for decomposing marine biological 
tissues. In this study the efficiencies of several wet- 

*Present address: Department of Physical and Inorganic 
Chemistry, University of Adelaide, G.P.O. Box 498, 
Adelaide, S.A. 5001, Australia. 

and dry-ashing procedures for decomposing marine 
biological tissues and degrading organoarsenic com- 
pounds were investigated. 

The suitability of the extracts for the deter- 
mination of arsenic as inorganic arsenic by zinc- 
column arsine generation and atomic-absorption 
spectrophotometry8 was also examined. 

EXPERIMENTAL 

Apparatus 

The zinc-column arsine generator and atomic-absorption 
detection system have been described previously.* An alumi- 
nium heating block and 2.5~cm bore Pyrex test-tubes were 
used for all wet-ashings. Dry-ashing was performed in 
loo-ml Pyrex beakers covered with watch glasses. 

Reagents 

All reagents were of analytical grade. Arsenic(III) oxide 
and arsenic(V) oxide were dissolved in O.lM sodium hy- 
droxide to give 1000 ng/ml arsenic concentrations. Or- 
ganoarsenic standards (As 1000 pg/ml) were prepared by 
dissolving disodium methylarsonate, sodium dimethyl- 
arsinate, o-arsanilic acid and phenylarsine oxide, respect- 
ively, in 2M hydrochloric acid. The solutions were standard- 
ized by graphite-furnace atomic-absorption spectrophoto- 
metry, by comparison with standards made by dissolving 
the pure element in hydrochloric acid. 

Preparation ofjish tissue 

Muscle tissues from Merluccius merluccius was freeze- 
dried, ground to pass a 350~pm sieve and stored at -2” until 
required. 

Recommended decomposition procedure 

Weigh the sample into a Pyrex test-tube, add 5 ml of 
concentrated nitric acid, place a glass bulb on top and leave 
the mixture for at least 12 hr to allow some oxidation to take 
place, thus avoiding foaming on heating. Place the tube in 
the aluminium block and heat until the evolution of brown 
fumes ceases. Cool the tube, add 10 ml of a nitri- 
sulphuri-perchloric acid mixture (5:2:3 v/v) and raise the 
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Table 1. Comparison of sample decomposition procedures 

Arsenic 

Procedure 

Dry ashing 
Addition of Mg(NO,), 
Dry ashing 
HNO, predigestion 
Addition of MgO 
Dry ashing 
Addition of MgO/Mg(NO,), 
HNO,/H,SO, 
(IO:5 v/v) 
HNO,/H,SO, (10: 5 v/v) 
Addition of ammonium 
oxalate at end 

HNO,/H,SO,/H,OZ 
(10:5:10 v/v) 
HNO,/H,SO, (10: 5 v/v) 
Addition of V,O, 
HNO,/H,SO,/HClO, 
(10:2:3 v/v) 

Released, Recovery of spike,? 
&?lg/g* % Comments Reference 

Excessive foaming, not suitable 1 

16+ I 85 + 6 Foaming occurs on evaporation to 13 
dryness; hard to redissolve ash 

18.8 f 0.5 95+4 Slight foaming when ashed 2 

10.7 + 0.4 85 f 5 Interference in reduction to arsine 10 

10.7 f 0.4 88 f 5 Interference in reduction to arsine 

11.0+0.4 85 f 3 Interference in reduction to arsine 14 

9.1 f 0.2 83 + 3 Interference in reduction to arsine 3 
High blanks 

22.2 + 0.9 99 f 5 Complete dissolution; No interference 15 
(peak broadening) in reduction 
of arsenic to arsine by zinc column 

*Average of four replicates. 
tAverage of three replicates. 

temperature of the aluminium block to remove the nitric 
acid. After refluxing with the perchloric and sulphuric acids 
for 3-4 hr, remove the glass bulb and continue heating until 
dense fumes of sulphur trioxide appear. 

Determination qf arsenic 

Dissolve or dilute the sample with 2M hydrochloric acid, 
then add potassium iodide and ascorbic acid and leave for 
40 min for the inorganic arsenic present to be reduced to the 
tervalent form. Pass the solution through a zinc reductor 
column, and decompose the evolved arsine in a heated 
carbon-tube furnace, measuring the atomic absorption of 
the arsenic at 193.7 nm.* 

RESULTS AND DISCUSSION 

Evaluation of ashing procedures 

The efficiency of the ashing procedures was evalu- 
ated by measuring the release of arsenic as inorganic 
arsenic from the prepared fish tissue. The procedures 
tested and the amounts of arsenic obtained, together 
with the recoveries of an arsenic(II1) spike, are shown 
in Table 1. 

Dry-ashing with magnesium nitrate was un- 
satisfactory as foaming and charring of samples often 
occurred during heating. 

Most of the wet-ashing procedures tested were also 
unsatisfactory, because of interference in the deter- 
mination step. Peak broadening during the arsine 
generation suggested that not all the arsenic present 
had been degraded to inorganic arsenic. Any mono- 
methyl and dimethylarsenic compounds present in 
extracts will be reduced to the corresponding arsine 
in the zinc reductor column and evolved, but at 
slower rates,’ and cause peak broadening. 

Preliminary studies showed that the presence of 
nitric acid even at concentrations below 0.05M will 
suppress arsine generation. Therefore incomplete re- 

moval of nitrogen compounds from the extracts may 
have caused low recoveries of the inorganic 
arsenic(II1) spikes. The addition of ammonium ox- 
alate or vanadium pentoxide to remove nitrogen 
compounds 3~‘o did not produce any significant im- 
provement. The addition of perchloric acid removed 
all interferences, and gave quantitative recovery of 
the arsenic(II1) spike. The use of a nitric-sulphuric- 
perchloric acid mixture (10:2:3 v/v) for ashing 
samples was further investigated. 

Decomposition of inorganic and organoarsenic corn - 

poun& 

The efficiency of the nitric-sulphuric-perchloric 
acid mixture in converting organoarsenic compounds 
into inorganic arsenic was investigated (Table 2). The 
recommended sample decomposition procedure was 
used; each arsenic compound was added to 5 ml of 
concentrated nitric acid and refluxed before the addi- 
tion of the other acids. In all cases recoveries were 
greater than 93%, showing that this acid mixture is 

Table 2. Recovery of arsenic from 
inorganic and organoarsenic com- 
pounds after ashing with nitric, sul- 
phuric and perchloric acids (10:2: 3 

v/v) 

Compound* Recovery? 

As,O, 99.7 f 0.2 
As,05 99.8 k 0.3 
CH,AsOONa, 93.5 + 0.8 
(CH,),AsOOH 96 f 2 
NH,C,H,AsO(OH), 100+2 
C,H,AsO 96.4 f 0.5 

*Amount taken equivalent to 10 pg of 
arsenic. 

tMean of three replicates. 
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Table 3. Recovery of arsenic from NBS standard reference 
materials after ashing with nitric, sulphuric and perchloric 

acids (10:2:3 v/v) 

Material 
Found*, Certified, Recovery, 

/Q?g/g pgll: % 

Orchard Leaves 
NBS 1571 9.7 + 0.2 

Oyster Tissue 
NBS 1566 13.1 * 0.3 

*Mean of five determinations. 

10*2 97 * 2 

13.4 & 1.9 98 + 2 

suitable for converting organoarsenic compounds 
known to exist in marine organisms”,‘2 into inorganic 
arsenic. 

Accuracy and precision 

The accuracy of the recommended ashing pro- 
cedure was assessed by the analysis of standard 
reference materials. As shown in Table 3, the arsenic 
concentrations obtained were in agreement with the 
certified values. 

The precision of the recommended ashing pro- 
cedure was estimated from 9 replicate analyses of the 
freeze-dried fish muscle tissue. The relative standard 
deviation was 1.7% (As 22.9 + 0.4 pg/g). 

Conclusion 

The use of a nitric-sulphuric-perchloric acid mix- 
ture (10:2:3 v/v) for the ashing of marine organisms 

was found to produce extracts suitable for the deter- 
mination of arsenic as inorganic arsenic by zinc- 
column arsine generation and atomic-absorption 
spectrophotometry. 
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Sunnnary-The acid dissociation constants of I-methyl-4-mercaptopiperidine (pK, = 9.51, pK, = 11.33), 
the 1, I-dimethyl-4-mercaptopiperidinium ion (pK, = 9.59) and I-methyl-4(methylthio)piperidine 
(pKs = 10.18) have been determined potentiometrically in 3M sodium perchlorate (10% methanol) 
medium. The ultraviolet absorption of the mercaptide ion has been used to determine the relative proton 
affinity of the sulphur and nitrogen functions in 1-methyl-4-mercaptopiperidine under the same conditions, 
and its four microscopic constants @K, = 9.49, pK, = 10.23, pK, = 11.34, pK, = 10.60) have been 
calculated; pK, has also been determined spectrophotometrically. From the results obtained, it can bc 
concluded that the thiol group is more acidic than the amine group and that the Adams relation, 
K, + K,, = K, , holds very well when it is assumed that the spectrophotometric values for K, and Kb can 
be replaced by KA and K, respectively. 

The acid dissociation constants of several p-mer- 
captoamines have been reported’,2 but there is very 
little such information about y -mercaptoamines. This 
knowledge is fundamental for investigation of their 
complexation of metal ions3-’ and determination of 
the stability constants of the complexes. 

From our datati on solid metal complexes of 
I-methyl-4-mercaptopiperidine (I), we conclude that 
this compound behaves as a unidentate neutral 

ligand, in the zwitterionic form -SSC,H&(CH,)H. 
Thus, equilibrium solution studies should provide a 
model for the behaviour of simple thiol ligands, the 
metal complexes of which have not been extensively 
investigated, mainly because of their very slight 
solubility in aqueous solution. 

\ / 
N-R-34 

N-R-SH=HS 
-c 

N-CH, 

0) 

A study of the behaviour of l-methyl-C 

mercaptopiperidine in aqueous methanol (9: 1 v/v) 
solution, at constant ionic strength (3M NaClO,) and 
temperature (25”) is reported here. It includes deter- 
mination of the macroscopic dissociation constants 
(K, and K2) of the protonated cation and of the 
microscopic constants, K,, Kb, K, and Kd, corre- 
sponding to the equilibria shown above. 

The microscopic constants were evaluated by two 

methods. One is based on the assumption that K, and 
K,, are roughly equal to the dissociation constants of 

the 1,l -dimethyl-4-mercaptopiperidinium ion, KA, 
and the 1-methyl-4(methylthio)piperidinium ion, 
KBr respectively. The other uses direct spectro- 
photometric determination. The Adams equation,* 
K, = K, + Khr holds well if the spectroscopically 
determined K, and K,, values are replaced by KA and 

6. 

EXPERIMENTAL 

Syntheses 

I-Methyl-4-mercaptopiperidine hydrochloride. I-Methyl- 
4-mercaptopiperidine was synthesized’ and purified’0 until 
at least 99.5% pure. The product was converted into its 
hydrochloride with dry HCl gas and the white crystals, m.p. 
174-S”, were recrystallized from cyclohexane-chloroform 
(I:5 v/v). 

I-Methyl-4-(methylthio)piperidine hydrochloride. A meth- 
anolic solution of methyl iodide (106mmole in 30ml) was 
slowly added to a refluxing methanolic solution of 
I-methyl-4-mercaptopiperidine (97 mmole in 30 ml) and 
refluxing was continued for 30 min. After removal of most 
of the methanol under reduced pressure, 15 ml of water were 
added. The pH was raised to about 12 and the solution was 
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extracted with cyclohexane. The extract was dried over 
potassium carbonate and the cyclohexane removed under 
reduced pressure. The residue was distilled at 65” under 
nitrogen and at reduced pressure (14 mmHg). The colourless 
liquid produced was kept in the freezer under an inert 
atmosphere. Acidimetric determination of the amine group 
indicated 99.7 f 0.2% purity. The product was converted 
into its hydrochloride with dry HCI gas (hygroscopic white 
crystals, m.p. 1267”): C,H,,NSCI requires C 46.27x, 
H8.87%, N7.71%, Cl19.51%; found: C46.1%, H9.0%, 
N 7.7”/,, Cl 19.5%. 

I,l-Dimethyl-4-mercaptopiperidinium chloride. A mixture 
of 6.5 ml of 30% hydrogen peroxide and 1.5 ml of water was 
slowly added to I-methyl-4-mercaptopiperidine (76 mmole). 
The disulphide separated immediately and was filtered off. 
A solution of the disulphide and 282 mmole of methyl 
iodide in 50 ml of methanol was refluxed for 2 hr. After 
cooling, {bis[4-N-dimethylpiperidinium] disulphide} iodide 
(II, X = II) separated out. 

The iodide, dissolved in 20ml of water, was converted 
into the chloride (II, X = Cl-) by addition of 5 ml of 30% 
hydrogen peroxide and 6.5 ml of concentrated hydrochloric 
acid. Most of the iodine produced was filtered off and the 
rest extracted with carbon tetrachloride. The chloride was 
then reduced by refluxing for 2 hr with tin in 80 ml of 
2M hydrochloric acid. After cooling, l,l-dimethyl-C 

Stock perchloric acid was prepared from the 70% reagent. 
Stock solutions of the three compounds were prepared with 
a free hydrogen-ion concentration, h, of ca. 20 mM (the first 
two from the hydrochlorides); all of them kept for about 
two weeks without evidence of oxidation. Methanol @.a.) 
was used without further purification. 

The silver electrode (prepared according to Brown”) and 
a hydrogen electrode (prepared according to reference 13) 
were used in combination with a Crison Digilab 5 I7 poten- 
tiometer (precision k 0.1 mV). A “Wilhelm” glass apparatus 
was used for the salt bridge and reference half-cell.‘4 The 
titration vessel, salt bridge and last wash-bottle for the 
oxygen-free nitrogen used were submerged in an oil thermo- 
stat at 25.0 + 0.1”. The hydrogen electrode reached constant 
potential within 20 min for acidic solutions and 40 min for 
basic ones, the readings remaining constant for at least 
24 hr. 

Procedure. Solutions of different concentrations (L) of 
the test compounds in 10% v/v aqueous methanol and an 
excess of perchloric acid were titrated. The test solution 
in the titration vessel was composed of L + H + 3.OM 
ClO; + 10% v/v CH,OH, where L denotes the total concen- 
tration of test compound and H the analytical hydrogen-ion 
concentration in the test solution, which was varied by 
adding from the burette a certain volume of solution 5, or 
S,, which had the compositions: 

S, = H, + (3.0 - H,)M Na+ 

+ 3.OM Clod + 10% v/v CH,OH 

S, = -OH + 3.OM Na+ 

+ (3.0 - 0H)M C10; + loo/, v/v CH,OH 

The reversibility of the system was checked by back- 
titrations. The initial value of the free hydrogen-ion concen- 
tration, h, in the test solution was determined poten- 
tiometrically,” with the cell 

2.99M NaClO, I 3M NaCIO, I 

Ag, AgCl O.OlM NaCl 1 , Test H, electrode 

lo;/, v/v CH,OH I 10% v/v CH,OH I solution 

mercaptopiperidinium trichlorostannate(I1) (III) precipi- 
tated, m.p. 138-9”. 

Hydrogen sulphide was passed into a solution of 
26 mmole of III in 50 ml of 0.25M hydrochloric acid. Tin(I1) 
sulphide was filtered off. The filtrate was evaporated nearly 
to dryness and the residue dissolved in hot ethanol under 
nitrogen. After cooling, a white crystalline solid separated, 
m.p. 235-7”. C,H,,NSCl requires C 46.27%, H 8.87x, 
N7.71%, Cl 19.51%; found: C46.0%, H9.0%, N7.6%, 
Cl 19.5%. 

Potentiometric measurements 

Reagents and apparatus. The sodium perchlorate stock 
solution was prepared and analysed according to Bie- 
dermann.” Sodium hydroxide solution was prepared from 
a freshly filtered 50% solution and CO,-free water. Meth- 
anol and the perchlorate stock solution were boiled sepa- 
rately under nitrogen before addition of concentrated so- 
dium hydroxide solution to a suitable mixture of the two. 

the hydrogen electrode being calibrated in concentration 
unitsI Then h was calculated from 

E=E,,+59.16logh+E, (I) 

where E,, is the calibration constant determined before each 
titrationI (and checked at the end), and E, is the hquid- 
junction potential (always negligible under our experimental 
conditions). E,, was calculated at each titration point by use 
of the Gran functions.15 

Spectrophotometric measurements 

Reagents and apparatus. The methanol, perchloric acid, 
sodium dihydrogen phosphate and boric acid were of the 
best grade supplied by Merck, and used without further 
purification. Sodium hydroxide and sodium perchlorate 
solutions were prepared and analysed as before. Oxygen- 
free nitrogen was passed through the distilled water and the 
methanol for 1 hr before they were used for making solu- 
tions. A Beckman Acta- spectrophotometer equipped for 
measurement at constant temperature (25.0 + 0.1”) was used 
with matched I-cm quartz cells. All pH-measurements 
(Radiometer PHM-4 pH-meter) were made at the same 
temperature. 

Bugler solutions. These were prepared, under nitrogen, 
by adding different volumes of a 2M NaOH/O.O2M 
H,BO,/O.OZM NaH,POJ3M NaClO,/lO% v/v CH,OH 
solution to a 0.02M H,BO,/O.O2M NaH,P0,/3M 
NaCIO,/lO% v/v CH,OH solution. After each addition the 
free hydrogen-ion concentration, h, was determined and 
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3- 

3- 

-log h 
(I) 6.903 

1231 K% 
(4) 9:608 
(5) 10.021 
(6) 10.621 
(7) Il.067 
(8) 12.007 
(9) 13.329 

X (nm) 

Fig. 1. Absorption spectra of 1.6 x IO-“M l-methyl- 
4mercaptopiperidine in 3M NaClO,-10% v/v CH,OH 

solutions at 25”. 

25ml of the buffer were withdrawn; h was calculated by 
equation (1) from the emf of the cell 

H,(g)Pt 1 BS (13M NaClO,, 
10% v/v CH,OH ( Ag/AgCl electrode 

where BS denotes the buffer solution. 
Procedure. This was essentially that of Benesch and 

Benesch.” The absorption spectra of solutions made by 
diluting 100.0 ~1 of I-methyl-4-mercaptopiperidine solution 
(Agla microsyringe) to volume in a IO-ml standard flask 
with buffer solution were measured against the buffer as 
reference, and are shown in Fig. 1. The same procedure was 
used for I, I-dimethyl-4-mercaptopiperidinium chloride. 

CALCULATIONS AND RESULTS 

Potentiometry 

1-Methyl-4mercaptopiperidine hydrochloride. The 
species in solution were of the type BH,, where j is an 
integer, 0 <J’ < 2, and B denotes the completely 
deprotonated ligand. Values for log h and J (the 
average number of protons bound) were calculated 
from the primary data and the calculated value for K, 
(pK, = 14.16) in the medium used, by means of 

E=E0+59.1610gh 

i = (H - h + K,Jh)/L 

Plots ofjagainst (-log h) for the four titrations done 
are given in Fig. 2. By expressing J as a function of 
the macroscopic constants and by means of a graph- 
ical method, a first estimate for K, and K2 was 
obtained. Numerical treatment of the data with the 
program MINIQUAD 7518 in conjunction with a 
VAXjVMS computer gave the values shown in Table 
1. 

l,l-Dimethyl-4-mercaptopiperidinium chloride and 
l-methyl-4-(methylthio)piperidine hydrochloride. The 
same method was used. The only difference from the 
previous case is that the maximum value for j is 1. A 
plot ofjagainst (-log h) for one set of four titrations 
is given in Fig. 3. The other set was comparable in 
precision. The same numerical treatment of the data 
was based on estimating pK, and pK, as the -log h 
values for the correspondingf = 0.5. The best values 
are given in Table 1. 

-log h 

Fig. 2. Formation curve j’ vs. (-log h) for 1-methyl+mercaptopiperidine at various initial concen- 
trations. A, 3.05 mM; 0, 3.93 mM; A, 5.06mM; W, 7.OOmM. 
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Table 1. Acid dissociation constants at 25.0 + 0.10 in 3.OM NaClO, and 10% v/v 
CH,OH aqueous solution 

Acid dissociation constants* 
Potentiometric Spectrophotometric 

Compound method method 

I-Methyl-4- pK, = 9.51 + 0.01 pK, = 9.49 k 0.05 
mercaptopiperidine pK, = 11.33 + 0.01 pK, = 10.23 f 0.05 

U’(K) = 1.8 x lo-’ pK, = 11.34 + 0.05 
(I 08 points) pK, = 10.60 k 0.05 

0 = 1.0 x 10-4 

1, I -Dimethyl-4- pK, = 9.59 + 0.01 pK, = 9.62 k 0.05 
mercaptopiperidinium U’(K) = 2.5 x lO-6 
chloride? (113 points) 

0 = 1.0 x 1o-4 

I-Iwethyl-C pK, = 10.18 _+ 0.01 
(methylthio)piperidinet U’(K) = 1.0 x lO-6 

(108 points) 
0 = 6.8 x 10-5 

U’(K) given as c (j,,, -_&,)‘, n being the number of points 

*Mean k standard deviation 
tJ.V. Doctoral Thesis. 

Spectrophotometry 

The absorption spectra of the test solutions showed 
only one band, in the region 215-300 nm, for strongly 
alkaline but not strongly acid media (see Fig. 1). In 
both cases, the absorption maximum shifted from 
227 to 230 nm with increasing pH. These facts are in 
agreement with data reported for several amino- 
thiols” and allow the conclusion that the absorption 

at 227 nm is due to HERS and at 230 nm to NRS. 
The molar absorptivity of the latter form was calcu- 
lated as log E = 3.792 at 230 nm for both compounds 
(l-cm cells). 

Making the same assumptions as Benesch and 
Benesch,” we write 

A = c, Es + cs, Esn 

where A is the maximum absorbance at cu. 230 nm, 

C, = [HNRS-] + [NRS], 

C,, = [HNRSH] + [NRSH] 

(brackets indicate concentrations), and Ed and aSH 
denote the corresponding molar absorptivities, ob- 
tained from measurements of solutions at very high 
and very low pH respectively. 

-loa h 

Fig. 3. Formation curve j us. (-log h) for l,l-dimethyl-4-mercaptopiperidinium ion at various initial 
concentrations. A, 4.78 mM; 0, 9.55 mM; A, 14.32mM; n , 19.10 mM. 
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0 
0 

Fig. 4. Distribution curves for 1-methyl-4-mercaptopiperidine as a function of pH, calculated from the 
microscopic constants in Table 1. 

By substituting lim AcpH_,4J = A, = gs C, lim AtpH_Oj 
= A,, = .ssH C and C = C, + C,, the fraction of mol- 
ecules with the thiol group dissociated, as, can be 
calculated from 

Cs as=-= A -ASH 

C As---s, 

This variable, as, is related to three independent 
microscopic constants, e.g., K,, Kb and K,, by 

KfG + Kah 
“=h’+Kah+K,h+K,K, 

(2) 

and will depend only on K, and Kb if the following 
equality is introduced: 

K,K2 = KaK, 

To find the values of Ka and Kb that were most 
compatible with the experimental data, a minimizing 
program was written in BASIC and run on an 
HP-9830A calculator. This program searched for the 
values of K, and K,, that would minimize U(K), where 

U(K) = 1 (as.exp - as,cillc)2 
P 

n being the number of points. Final values for the 
constants (K,K2 = KaK, = KbK,,) for I-methyl-C 
mercaptopiperidine are given in Table 1. 

A simpler form of equation (2), as = K,/(h + KA), 
and analogous numerical treatment were used for 
l,l-dimethyl-4-mercaptopiperidinium chloride. The 
final value for KA is also given in Table 1. 

DISCUSSION 

The formation curve of the I-methyl-4- 
mercaptopiperidinium ion (Fig. 2) clearly indicates 
that the two deprotonation steps do not occur com- 
pletely separately. By plotting as vs. -log h it can be 
concluded that the degree of ionization of the -SH 
group when its proton is the first removed, is 85x, 
and consequently that the acidity of this group is 
greater than that of the protonated amine group 

(pK, = 9.49, pK, = 10.23). This result is in agreement 
with those reported for b-mercaptoamines.2J7 

The pK, value found for the l,l-dimethyl4- 
mercaptopiperidinium ion is practically independent 

of the method used, 9.62 (spectrophotometric), 9.59 
(potentiometric), supporting the view of Danehy and 
Parameswaran’ that for thiols neither method has an 
intrinsic advantage over the other. 

Comparison of pK,, and pK, with pK, and pK, 
(Table 1) suggests that either S-methyl or N-methyl 
substitution on the I-methyl-4-mercaptopiperidinium 
ion has very little influence on the acidity of the other 
group. This supports the view” that in certain cases 
this is a valid method for estimating microscopic 
constants. 

From the constants given in Table 1, the validity 
of the Adams relation, K, = Ka + Kb, can be checked: 

pK, = 9.51, -log(K, + KJ = 9.42; the agreement is 
better if pK, and pK, are used instead of pK, and 
pK,: -log(K, + KB) = 9.49, which may be attributed 
to the higher accuracy of the potentiometric method, 
or possibly to systematic errors in the determinations. 

From the microscopic constants, the distribution 

of the I-methyl-4-mercaptopiperidine species in the 
medium used can be calculated as a function of pH 
and is given in Fig. 4. The predominance of the 

zwitterionic form, HfiRS-, over the uncharged form, 
NRSH, at all pH values explains the behaviour of this 
y-mercaptoamine as a unidentate neutral ligandM 
and validates the assumptions made about the geom- 
etries of its soluble zinc(H) complexes.” 
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Summary--The cation-exchange behaviour of 43 elements in l-24M hydrofluoric acid has been 
investigated by means of the radiotracer technique. Under certain conditions the alkali, alkaline-earth, 
rare-earth and bivalent transition metal ions are retained on Dowex-SOW x 8, whereas ions forming stable 
anionic fluoro-complexes are not. 

Although the analytical usefulness of anion-exchange 
from hydrofluoric acid media is well known, and the 
data have been summarized in a number of mono- 
graphs and reviews, less information is available on 
the behavour of elements in systems consisting of a 
cation-exchange resin and hydrofluoric acid solution. 
The retention of 36 elements on Dowex-SOW x 8 
from O.lM hydrofluoric acid was studied under dy- 
namic conditions by Fritz et al.’ Strong sorption was 
observed for Ag, Be, Co, Cr, Cu, Fe(H), In, La, Mg, 
Ni, Pb, Th and Y, the other elements being eluted 
with either O.lM or 1M hydrofluoric acid. The same 
concentrations of hydrofluoric acid in the presence of 
equal concentrations of nitric or sulphuric acid have 
been used in a batch distribution study of 27 elements 
between Dowex SOW x 8 and the solution, by Dan- 
ielsson.2 Headridge and Dixon3 reported the distribu- 
tion of Al, Cr, Cu, Fe, Mn, Ni and V between 
Zeo-Karb 225 and 1M hydrofluoric acid. The sorp- 
tion of more than 30 elements on Dowex-SOW x 8 
from 6M hydrofluoric acid was studied by Girardi et 

uI.,~ and of Nb, Pa and Ta on the same resin from 
O.Ol-15M hydrofluoric acid by Keller.5 For a number 
of elements, sorption on Dowex-50 paper from 0.5M 
hydrofluoric acid was investigated by Lederer.6 

Cation-exchange from hydrofluoric acid media has 
been utilized in several separation procedures. Dan- 
ielsson and Ekstrom’~’ and De Wispelaere et ~1.~ used 
it for the separation and preconcentration of Ag, Co, 
Cu, In, Mg, Mn, Na, Ni, Pb, lanthanides and Zn at 
the ppm-level in pure iron. Hibbs and WilkinslO used 
cation- and anion-exchange columns in series for the 
separation of Al, Ni and Ti. A procedure for sepa- 
ration of rare earths and yttrium from high-purity 
zirconium on Dowex-50 from 3.5M hydrofluoric acid 
was reported by Hettel and Fassel.” Separation 
techniques reported by Kirk et al.‘* and Smet et al.r3 
are based on the retention of Ag, Co, Cs, Cu, Ga, K, 

Na, Pb, Rb and Zn on Dowex-50 from O.lM 
hydrofluoric acid. 

The incompleteness and inconsistency of the pub- 

lished data on cation-exchange from hydrofluoric 
acid solution have prompted the present work in 
which the sorbability of 43 elements on a strong 
cation-exchanger from l-24M hydrofluoric acid was 
systematically studied. 

EXPERIMENTAL 

The distribution data were obtained by the batch method 
with determinations done by the radiotracer technique, 
except for magnesium, for which atomic-absorption spec- 
trometry was used. 

Most of the radiotracers were prepared by irradiation of 
the pure metals or compounds in a nuclear reactor; *‘Y and 
203Pb were prepared by irradiation of strontium nitrate and 
thallium respectively in the isochronous cyclotron at 
Kemforschungszentrum, Karlsruhe. The radiotracer ‘Be 
was obtained from NEN Chemicals, GmbH. Stock solu- 
tions in 10M hydrofluoric acid were used. The radio- 
chemical purity of the tracers was checked by high- 
resolution y-ray spectrometry. 

The distribution ratio D, defined as the ratio of the total 
amount of a species per gram of dry resin to total amount 
per ml of solution, was measured at 20 k 1”. For this 
purpose, 2 ml of solution containing 1Opg of the labelled 
element (in the case of Ca. Eu. La. Sr. Tc and Y no carrier 
was added) were mixed with 50 mg of vacuum-dried Dowex- 
5OW x 8 (5CrlOO mesh, prewashed H+-form, Fluka prod- 
uct) for 24 hr. Because of the danger of adsorption of some 
species, e.g., Ag, Au(I), Ca, Eu, La, Y, on the walls of the 
plastic vessels, the solutions were prepared shortly before 
use. 

For experiments under dynamic conditions, columns with 
an active bed of IO&200 mesh resin, 45 mm in length and 
8 mm in diameter, were used. 

RESULTS AND DISCUSSION 

For those elements with measurable D-values, the 

results are illustrated in Fig. 1. The quoted values are 
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Fig. I. Distribution coefficients for the system Dowex-50W x 8-hydrofluoric acid solution; 
D = distribution coefficient (ml/g); C,, = concentration of hydrofluoric acid (M). 

averages of at least two determinations. No 
significant retention (D < 2) from hydrofluoric acid 
solutions of concentration from 1 to 24M was de- 
tected for As(III,V), Be, Hf, Ir(III,IV), MO, Nb, P(V), 
Re(VII), Sb(III,V), SC, Se(IV), Ta, Tc(VII), W and 
Zr. Gallium was sorbed only from dilute hydrofluoric 
acid; in the range O.l-2M hydrofluoric acid, the 
dependence of D on [HF] can be expressed as log 
D,, = 0.931 - 2.2941og[HF]. The highest distribution 
ratios were obtained for the alkaline-earth metal 

ions from dilute hydrofluoric acid, e.g., from 1M 
hydrofluoric acid, log DC9 = 4.28 and log D,, = 4.36. 
The D-values did not differ substantially when the 
following pairs of oxidation states were used: Au(1, 
III), Fe(II,III), Sn(II,IV) and Tl(I,III). This behav- 
iour can be attributed to the oxidation of Fe(I1) and 
Sn(I1) by atmospheric oxygen, and to the reduction 
of Au(II1) and Tl(II1) by the resin. It follows from the 
column experiments that Fe(I1) and Sn(I1) are 
strongly retained on the cation-exchanger from 2M 
hydrofluoric acid under dynamic conditions, since the 
oxidation to Fe(II1) and Sn(IV) then takes place only 
slowly. 

Peculiar behaviour was observed in the case of 
chromium(III), three species of which could be 
identified under dynamic conditions. Two of them 
were easily eluted with 2M hydrofluoric acid, but the 
third was retained on the column. The amount of the 
sorbable species decreased strongly when the solution 
was preheated (see Fig. 2). A similar observation was 
made by Danielsson’ for hydrofluoric acid solutions 
and by Nelson et al.14 for hydrochloric acid solutions. 

This behaviour is caused by the formation of hy- 
drated isomers of fluoride (or, presumably, chloride) 
complexes.‘5 

For most elements, our results are in accordance 
with those reported by other authors, the only excep- 
tions being the data on Be, Cd, Mn and Zn obtained 

Cr (a) 94.0% 

Cr(b) 22 5% 

Column : 

Q 

0 I6 32 40 

V 

Fig. 2. Elution of Bi, Cr, Ga and In from a Dowex-SOW x 8 
column with 2M HF. Column 45 x 8 mm, flow-rate 
0.5 ml/min, volume applied for separation 5 ml. Cr(a) at 
room temperature; Cr(b), heated under an infrared lamp for 
30min before separation. A, radioactivity of the eluate 

(arbitrary units); V. volume of the eluate (ml). 
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by Fritz et al.’ and those on Nb and Ta obtained by 
Kel1er.j Fritz et al. reported the elution of Cd and 
Zn + Mn with 0.1 and 1M hydrofluoric acid re- 
spectively, while Be was retained on the cation- 
exchanger column under dynamic conditions. Our 
results showed that Be could easily be eluted with 
2M hydrofluoric acid, and that Cd, Mn and Zn were 

retained on the Dowex-50 column even when IOM 
hydrofluoric acid was used for elution. For the 
sorption of Nb and Ta on Dowex-50, Keller found 
D-values between 10 and 30 for 1M hydrofluoric 
acid. In the present work, no significant retention 
(D < 2) could be found, and these results are in 
accordance with those obtained for dynamic condi- 
tions. Strong retention on Dowex-50 from 2-10M 
hydrofluoric acid under dynamic conditions was also 
observed for Ag, Co, Cu, Ni, Pb and Y. Bi and In can 
be eluted with 2M hydrofluoric acid (see Fig. 2) but 
the 4M acid is more suitable. Alkali metals and Mg 
are retained from 2M hydrofluoric acid, but can be 
eluted with the 10M acid. The individual separation 
of alkali metals was achieved with 8M hydrofluoric 
acid on a larger column (120 x 8 mm). In accordance 
with the batch work, lanthanum and yttrium are 
sorbed on the column from 10M hydrofluoric acid, 
but europium is 88% eluted. It can be assumed that 
precipitation of the insoluble fluorides of the alkaline 
earth metals, lanthanides and yttrium influences the 
behaviour of these elements when their concen- 
trations exceed those corresponding to the condi- 
tional solubility products at the acid concentrations 
used. 

From earlier studies on cation-exchange it can be 
concluded that the distribution ratios decrease with 
increasing concentration of a strong mineral acid also 
present in the solution. The sorption of cobalt from 
1M hydrofluoric acid in the presence of O.l-2M nitric 
acid was examined in greater detail. The behaviour 
can be described by the equation log D,, (1M 

HF) = 1.368-I .986 log[HNO,]. Ammonium fluoride 

also causes a decrease in the sorption of cobalt. For 
ammonium fluoride concentrations up to 1M in 1M 
hydrofluoric acid, the following linear dependence 

was observed: log[(D& - Dc,)/DcO] = 2.736 + 2.541 

log[NH,F], where D &, = 7 100. The competitive sorp- 
tion of ammonium ions and formation of fluoride 
complexes can be suggested as reasons for this behav- 
iour. The presence of up to 15M formic acid in the 
IM hydrofluoric acid medium does not have any 
significant influence on the D,, value. It can be 
assumed that the behaviour of other bivalent transi- 
tion element ions will be similar. 
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Summary-A potentiometric cell consisting of a bromide-selective electrode and a platinum redox 
electrode is sensitive to free residual chlorine (FRC) when the sample solution is treated before 
measurement with reagents to give pH 5 and a bromide content of 0. IM. The calibration graph of e.m.f. 
us. log [FRC] is linear over the [FRC] range from about 0.05 to 50 mg/l. (the highest level tested). Not 
all forms of bromide-selective electrode prove suitable, but one with a silver bromide single-crystal 
membrane has been found to give a theoretical calibration slope, whereas one with an Ag,SBr compressed 
pellet membrane gave a sub-Nernstian response. The response to combined residual chlorine (CRC) is 
negligible but if both FRC and CRC are present, the sample treatment is likely to cause a reduction in 
FRC concentration. Tests have shown that a similar bias can be found with the commonly used DPD 
calorimetric method. 

The concentration of free residual chloride (FRC) is 
a measure of the disinfecting power remaining in a 
solution that has been dosed with chlorine or sodium 
hypochlorite and is also an indicator of the toxicity 
of a chlorinated discharge. Chemically, FRC consists 
of chlorine, hypochlorous acid and hypochlorite ion. 
If bromide is present in the solution, bromine (and its 
complexes), hypobromous acid and hypobromite will 
also be formed, give positive results in tests for FRC 
and have powers of disinfection similar, but not 
identical, to those of the chlorine species. 

An EEC directive’ sets an upper limit of 5 pg/l. for 
chlorine in fresh waters “needing protection or im- 
provement in order to support fish life”. A method of 
monitoring specifically for FRC would be of use in 
biological research into the effect of chlorination on 
aquatic fauna, since FRC and other (combined) 
forms of residual chlorine are likely to differ in their 
toxicities towards any individual species. 

Methods for determining FRC have been 
reviewedz4 and one of the greatest difficulties is 
distinguishing FRC from combined residual chlorine 
(CRC), which consists of the chloramines, NH,Cl, 
NHCl, and NCl, and organic chloramines. Am- 
perometric titration is capable of high sensitivity and 
has good selectivity for FRC, but is relatively incon- 
venient to perform and is ill-suited to field work with 
portable apparatus or to continuous on-line meas- 
urement. Voltammetric and galvanic sensors are 
mainly used for on-line monitoring, but some port- 
able apparatus is available; the sensitivity and select- 
ivity of this equipment vary considerably between 
individual instruments and are generally not well 
characterized. A wide variety of calorimetric reagents 

has been used for the determination of FRC,Q with 
very mixed results with regard to selectivity. The 
most commonly used is DPD (N,N-diethyl-p- 
phenylenediamine), the method being suitable for 
field and laboratory measurements, but not particu- 
larly so for on-line monitoring. The limit of detection 
of the DPD method is about 20 pg/l. 

The characteristics required for a method of deter- 
mining FRC are, therefore, good selectivity with 
respect to CRC, ability to measure pg/l. levels, and 
suitability for use in portable and on-line apparatus. 
A combination of a platinum redox electrode and an 
iodide-selective membrane electrode has performed 
very well in the determination of TRC.>’ A similar 
system for FRC determination has been devised in 
which FRC oxidizes bromide to bromine and so 
controls the e.m.f. of a cell comprising a platinum 
electrode and a bromide-selective membrane elec- 
trode. The results of tests with this system are 
reported here. 

THEORY 

The potentiometric cell consists of a bromide- 
selective electrode and a platinum (redox) electrode 
immersed in a buffered FRC solution to which 
bromide has been added. The FRC components will 
oxidize bromide to bromine, hypobromous acid or 
hypobromite, the proportions of each product de- 
pending on pH. 

Cl* + 2Br + Br, + 2Cl- 
HOC1 + Br- + HOBr + Cl- 
OCl- + Br- * OBr- + Cl- 
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Any molecular bromine produced can also form 
complexes with bromide and chloride ions in solu- 
tion: 

Br, + Br- e Br; 
Br, + Cl- + Br,Cl- 

The bromide-selective electrode responds to the 
bromide concentration: 

EBr = E$, - k log [Br-] (1) 

The platinum electrode responds to the 
bromine-bromide redox equilibrium 

Ep,= E:,-ilogE 
r2 

(2) 

The slope factor, k, in equations (1) and (2) is 
theoretically equal to 2.303 RT/F, where R is the gas 
constant, T the absolute temperature and F the 
Faraday constant. 

The overall cell potential is given by the difference 
between equations (1) and (2) 

E = EOp, - Eir + 5 log [Br,] (3) 

Equation (3) shows that a cell of this type responds 
to the free bromine concentration independently of 
the bromide concentration. This could not be 
achieved with a cell using, for example, a platinum 
electrode and a saturated calomel reference electrode, 
which would have an e.m.f. proportional to log 
([Br-12/[Br,]). An arrangement of the type proposed 
also has the advantage of not having a liquid junction 
and thus avoids the systematic and random errors 
associated with it. A further practical advantage, 
particularly for continuous monitoring, is that the 
electrodes require very little maintenance. 

Although the response indicated by equation (3) 
may be useful in some applications, e.g., thermo- 
dynamic studies, for analytical purposes it is gener- 
ally desired to relate the e.m.f. to the FRC concen- 
tration. To achieve a calibration in terms of FRC, 
constraints on the pH and bromide concentration 
must be introduced because of the equilibria sum- 
marized in equation (4): 

[FRC] = [Br,] + [HOBr] + [OBr-] + [Br,] + [Br,Cl-] 

= a [BrJ (4) 

where K, is the dissociation constant of hypobromous 
acid, 8, and /?* are the formation constants of the 
bromide and chloride complexes of bromine and KH 

is the hydrolysis constant for the equilibrium 

Br, + H20 s HOBr + Br- + H+ (5) 

Substitution in equation (3) gives 

E = EEt- EO,,-;loga +$log[FRC] 

In the analytical procedure, the solution is buffered 
and bromide is added in such excess that its concen- 
tration is virtually constant. Under these conditions, 
CL is effectively constant and we can write the equation 
for the calibration in the familiar Nernstian form as 

E r constant + i log [FRC] (6) 

where constant z EEt - Ei, - ik log a. Activity co- 
efficients have been omitted from this treatment, since 
the excess of bromide makes the ionic strength 
virtually constant. 

EXPERIMENTAL 

Apparatus 

Most of the work was done with a Philips IS-SSO-Br 
bromide-selective electrode with an Ag,SBr membrane and 
an EIL type EF’T-23 platinum electrode. Other types of 
bromide-selective electrodes were also tried, namely the 
Radiometer F1022Br with a single-crystal AgBr membrane 
and the RdiiEka “Selectrode” (Radiometer F3012) impreg- 
nated with AgBr or Ag,S/AgBr mixtures. An EIL type 1380 
230 mercury-mercury(I) sulphate reference electrode with a 
IM sodium sulphate filling solution was used in tests with 
the bromide-selective electrodes. Potentials were measured 
with a Corning I10 digital pH-meter reading to 0. I mV. 

Spectroscopic measurements were made with Pye-Unicam 
SPl750 and SP6-500 spectrophotometers. 

Reagents 

Chemicals were of analytical reagent grade unless other- 
wise specified. 

FRC standard solutions. Sodium hypochlorite solution 
(BDH laboratory reagent, l&14% available chlorine) was 
diluted to make a suitable stock solution (Cl, N 1000 mg/l.) 
which was standardized iodometrically with sodium thio- 
sulphate. Further standards were prepared by dilution 
immediately before use. 

CRC (monochloramine) standard solutions. Mono- 
chloramine solutions were prepared by reaction of OSM 
sodium hypochlorite and 0.5M ammonia followed by ether 
extraction and then stripping into demineralized water.8 The 
solutions were standardized iodometrically with sodium 
thiosulphate. The ultraviolet spectra of such solutions indi- 
cated that no FRC was present. 

Mixed FRC and CRC solurions. Concentrated ammonia 
solution was added to sodium hypochlorite solution 
(Cl, 100 mg/l.) in molar ratios between 3 and 0.3. The ratio 
of monochloramine to hypochlorite was calculated from the 
absorbances at 245 nm and 294 nm. 

Acetate bu&r (PH 4). Prepared by dissolving 243 g of 
sodium acetate trihydrate and 480 g of glacial acetic acid in 
water and diluting to 1 litre. The pH-5 buffer was prepared 
by adding sodium hydroxide pellets to the pH-4 buffer until 
the correct pH was indicated by a glass electrode. 

Citrate buffer (pH 6). Citrate acid monohydrate (4.Og) 
and 23.8 g of trisodium citrate dihydrate were dissolved in 
water and made up to IOOml. 

Bromide solutions, I M and 0. I M. These were prepared 
using 119 g and 1 I .9 g KBr per litre of water. 
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DPD reagents. Commercial DPD (NJ-diethyl-p- 
phenylene diamine) reagents were used, either as tablets 
(BDH), or solutions (Wallace and Tieman Ltd., Tonbridge). 

Water. Water from a nuclear-grade mixed-bed demin- 
eralization unit (Elga Spectrum) was used for the prepara- 
tion of reagent and standard solutions. The chlorine de- 
mand of this water was found’ to be < 5 pg/l. (usually < 2 
pg/l.). 

Procedure Z 

Ten ml of bromide solution (0.1 or 1 .OM) were added to _ 
90 ml of sample solution, followed by I ml of buffer E 

solution. The electrodes were immersed in the treated ti 

sample solution, which was stirred gently and the e.m.f. was 
noted when it became steady. 

RESULTS -850 - 
1 I I I I 

The response predicted by equation (6) could be 
QOI 0.02 00s 0.1 0.2 0.5 I 

obtained only if certain types of bromide-selective 
Hypochkritr concentration (mg/l.Cl,) 

electrodes were used. Moreover, the choice of reac- Fig. 2. Effect of bromide concentration and pH on cali- 
tion conditions was critical if the response was to be bration. 0 O.lM KBr, pH 5; A O.OlM KBr, pH 5; l O.lM 

selective. KBr, pH 4; x O.OlM KBr, pH 4. 

Optimum reaction conditions 

Calibration curves at pH 4, 5 and 6 for the cell 
incorporating the Philips electrode are shown in Fig. 
1 for solutions containing 10 ml of O.lM potassium 
bromide per 90 ml of standard solution. At pH 6 the 
response was slow even with hypochlorite solutions 
and a linear response was not obtained. Although the 
response to hypochlorite had a longer linear range at 
pH 4 than at pH 5 (extending down to about 0.5 mg/l. 
FRC compared with about 2 mg/l.), interference by 
chloramines at the lower pH would have been severe, 
as shown by the proximity of the two calibration 
curves at pH 4. At pH 5, however, the response to 
chloramines was negligible. 

0.1 02 a5 I 2 5 IO 20 

Concentration ( mg Il. Cl, equivalent) 

Fig. 1. Calibration with hypochlorite (---) and chloramine 
(---) in presence of O.lM bromide. A, x , pH 4; 0, 0, 

pH 5; q , pH 6. 

The linear parts of the hypochlorite calibration 
graphs had slopes of 22_24mV/decade, which was 
considerably below the theoretically expected value 
of 29 mV/decade. The shift of e.m.f. between hypo- 
chlorite calibrations at pH 4 and pH 5 was in the 
direction expected from equation (5), i.e., at higher 
pH the proportion of bromine fell. The deviations 
from linearity at low concentrations indicated a 
deficiency of bromine in the test solution: this may 
have arisen from consumption of FRC by com- 
pounds in the water used to prepare the standards, or 
because at low concentration and in weakly acidic 
solution, bromine was produced so slowly that no 
change in e.m.f. was perceptible in the time 
(5-10 min) allowed for measurements. Previous 
work’ with water from the same source indicated a 
chlorine demand of less than 2 fig/l., which would 
have been insufficient to produce the curvature in Fig. 
1. In order to increase the rate of reaction and 
therefore extend the linear calibration range, the 
concentration of bromide added was increased ten- 
fold. Figure 2 shows that the linearity of calibration 
then extended to much lower concentrations 
(0.1 mg/l.). The linear sections of the calibrations 
were shifted to less negative e.m.f. values with the 
more concentrated bromide reagent, indicating a 
lower free bromine concentration. This shift arose 
from the increased tendency of the bromine to form 
the tribromide complex (Br,) at the higher bromide 
concentration. The observed shifts were, however, 
not as large as predicted from the stability constants. 

The optimum conditions for the reaction, there- 
fore, require O.lM bromide and pH 5 in the solution 
presented to the electrode and these were used in the 
subsequent work. It may be noted that the non- 
theoretical responses obtained in this part of the work 
arose from the properties of the Philips electrode (see 
below). When a single-crystal membrane electrode 
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was used, the response was almost Nernstian and the 
shifts due to changes in bromide concentration were 
almost theoretical. 

Bromide-selective electrodes 

The previous section revealed an unexpected non- 
Nernstian response, so four different types of 
bromide-selective electrodes were investigated. In 
these tests the e.m.f. of the platinum-bromide elec- 
trode pair was not measured directly. Instead each 
electrode potential was measured with respect to a 
common mercury-mercury(I) sulphate reference elec- 
trode, so that the origin of the non-Nernstian re- 
sponse could be traced. The response of the 
platinum-bromide electrode pair to FRC was ob- 
tained from the difference between the e.m.f. values 
for the bromide-reference and platinum-reference 
pairs. Measurements were made at pH 5, the opti- 
mum found in the previous section, and the bromide 
and FRC concentrations were varied independently. 
The response to bromide in the absence of FRC was 
satisfactory in three cases, but in the presence of FRC 
two of the bromide-selective electrodes were useless 
and one became non-Nernstian in response. The 
results for the two better electrodes in FRC/O.lM 
bromide solutions are shown in Table 1, together 
with calculated values allowing for tribromide for- 
mation and hydrolysis of bromine and hypobromous 
acid, but assuming no redox interference with the 
bromide-selective electrode. 

The Radiometer F1022Br single-crystal membrane 
electrode gave a Nernstian response in bromide solu- 
tions and nearly near-Nernstian response when used 
in conjunction with a platinum electrode to measure 
FRC. 

Its potential in bromine-containing solutions 
changed with FRC concentration according to theory 
(Table 1). This type of electrode does not respond to 
redox potentials and is most suitable for measure- 
ments of FRC concentration. 

In the absence of free residual chlorine the Philips 
IS-550-Br electrode gave theoretical responses to 
bromide (59-60mV per tenfold change in concen- 
tration), but the platinum-bromide electrode cell 

made with it had a non-Nernstian response to FRC 
(22-24mV per tenfold change in concentration). 
Table 1 shows that the potential of the platinum 
electrode changed almost as expected from theory, 
but that of the Philips IS-550-Br changed much more 
than expected. It was inferred, therefore, that the 
electrode had a response to the Br,-Br- redox couple 
in addition to the simple response to bromide. How- 
ever, since the calibration graph obtained with the 
Philips IS-550-Br and platinum pair did not change 
with time and showed good linearity in the range 
tested, the Philips electrode should be suitable even 
though the sensitivity is lower than theoretical. 
Similar results were obtained with another Philips 
IS-550-Br electrode. 

A RdiiEka “Selectrode” impregnated with a mix- 
ture of silver sulphide and silver bromide had a 
near-theoretical response in bromide solutions but on 
addition of FRC its potential increased by about 
800mV. This may be attributed to oxidative attack 
by FRC on the sulphide in the membrane, leading to 
a release of silver ions and a large positive shift in 
potential. No use could be made of the electrode for 
FRC determination. 

A RdiiEka “Selectrode” impregnated with silver 
bromide showed considerable drift in bromide solu- 
tions and on addition of FRC gave a fixed e.m.f. of 
+ 36 mV when coupled with the platinum electrode, 
i.e., it was responding only to the Br,-Br- redox 
couple and not as a bromide-selective electrode. This 
electrode was of no use for measuring FRC concen- 
trations. 

Selectivity 

Figure 1 shows that the Philips electrode had a 
negligible response to chloramine at pH 5, but in 
further tests with solutions containing both FRC and 
CRC, the results were all low. Two series of tests with 
the Philips IS-550-Br were performed to investigate 
this bias. In the first series chloramine was added to 
FRC solutions in which the electrode had already 
reached equilibrium, thus allowing the interactive 
effects of the two forms of residual chlorine to be 
investigated. In the second series the electrode was 

Table I. Observed and theoretical e.m.f. values for bromide and platinum electrodes (O.lM Brr/pH 5 
acetate buffer) 

FRC concentration, mg/l. 1 2 4 6 10 

Bromide-electrode Series I (Philips IS-550-Br) 0 1.8 4.6 5.9 8.1 
potential, Series II (Radiometer F1022Br) 0 0.1 0.3 0.5 0.8 
mV Theoretical 0 0.1 0.2 0.5 0.8 

Platinum-electrode 
potential,* 
mV 

Series I 0 10.1 19.4 24.4 30.9 

Series II 0 10.7 20.1 24.9 31.0 
Theoretical 0 9 18.1 23.5 30.5 

Cell Series I 0 -8.3 -14.8 - 18.5 -22.8 
e.m.f.,* Series II 0 -10.6 -19.8 -24.4 -30.2 
mV Theoretical 0 -8.9 -17.9 -23.0 -29.7 

*The values in each series are normalized with respect to that for I-mg/l. FRC. 
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Table 2. Effect of adding chloramine and ammonia solu- 
tions to test solutions containing FRC 

Apparent loss of FRC (%) on addition of 

Equivalent quantity Residual ammonia 
[FRCI, mail. of chloramine after extraction 

0.1 6 0 
1.0 83 26 

10.0 94 78 

immersed in solutions containing both FRC and 
CRC, which would correspond to practice, but at 
concentrations high enough for the proportions of 
FRC and CRC to be found from ultraviolet spec- 
trophotometry. After dilution, the solutions in this 
series were also analysed by the DPD calorimetric 

method. 
Addition of chloramine after measurement of FRC. 

Fixed volumes of 1M bromide and pH-5 buffer were 
added to standard FRC solutions and the e.m.f. 

values recorded. To each FRC solution, once a steady 
e.m.f. had been reached, an equivalent quantity (with 
respect to chlorine content) of concentrated chlor- 
amine solution was added and the change in e.m.f. 
was recorded. As shown in Table 2, the changes in 
e.m.f. represented a significant loss of FRC, indi- 
cating that the FRC had reacted with the chloramine 
itself or with residual ammonia from the chloramine 
preparation. 

To resolve the contributions made by chloramine 
and ammonia to the loss of FRC, the tests were 
repeated with the final aqueous extract from a mono- 
chloramine “preparation”’ in which no hypochlorite 
was added. Since no chloramine could be formed, any 
loss of FRC could only be caused by reaction with 
ammonia carried over in the extractions. Table 2 
shows that the loss of FRC was smaller than with 

5.0 
lmin 

-- 

1OmV 
+ 

Fig. 3. Response curves for free and combined residual 
chlorine (concentrations shown in mg/l., Cl,). 

addition of chloramine. Furthermore, the change in 
e.m.f. on addition of the ammonia solution was 
complete within about 10 set, compared with 2-3 min 
on addition of chloramine solutions. It can be in- 
ferred that the bromine or hypobromous acid in the 
test solution reacted mainly with the chloramine. 
Indications of a reaction between hypobromous acid 
and chloramine have also been found” by polar- 
ography and ultraviolet spectrophotometry. The di- 
lution of the FRC on addition of the chloramine or 
ammonia solution accounted for a fall in FRC con- 
centration of only O.Ol-loA, and was insignificant. 

The response-time of the electrode differed in FRC 
and CRC solutions. Figure 3 shows the results for 
two series of successive additions, one of FRC and 
one of CRC. The response to an increase in FRC was 
rapid, being complete in 10-30 set, depending on the 
concentration. The addition of CRC, however, first 
produced a positive shift in e.m.f. (indicating less 
residual chlorine) before the e.m.f. returned to a more 
negative e.m.f. over a period of 2-3 min. 

Premixed solutions containing both FRC and CRC. 
Mixtures of hypochlorite and ammonia at pH 11.5 
were analysed by ultraviolet spectrophotometry and 
by potentiometry with the Philips IS-550-Br elec- 
trode. In Fig. 4 the potentiometric results are plotted 
against the FRC concentrations determined from the 
absorbance at 294 nm (n,,,,, for the hypochlorite ion) 
for different FRC:CRC ratios. The CRC concen- 
tration was determined from the absorbance at 245 
nm (L,,, for monochloramine). No other absorbance 
peaks were detected in the range 19G350 nm. It is 
apparent that the potentiometric results were much 
lower than the spectrophotometric ones unless the 
FRC was present in considerable excess. In the mixed 
solutions the electrode took about 5 min to reach a 
steady potential, which was much slower than in 
solutions containing only FRC (Fig. 3). 

The FRC concentrations of the solutions used in 
obtaining Fig. 4 were much higher than are found in 
cooling water (except in the immediate vicinity of the 

Ideal correlotlon,’ 

20 40 60 

FRC concentrotnon from ultrawolet absorption 

c mg/l.) 

Fig. 4. Comparison of electrode and ultraviolet spec- 
trophotometry results at FRC:CRC ratios of 2.0 (A), 1.25 

(O), 1.0 (Cl), 0.63 ( x ), 0.36 (0). 
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Fig. 5. Comparison of electrode and ultraviolet spec- 
trophotometry results at FRC:CRC ratios of 1.35 (O), 0.92 
(Cl), 0.59 ( x ). Electrode measurements were made after, 
and absorbance measurements before, IOO-fold dilution. 

dosing point). A further series of tests was run in ous ratios of FRC to CRC (determined by ultraviolet 
which the solutions were diluted a hundredfold be- spectrophotometry as described above). The results 
fore measurement with the electrode but after mea- for the concentrated solutions, corresponding to Fig. 
surement of the absorbance at 294nm, absorbance 4, are shown in Fig. 6. The solutions were diluted a 
measurements being considered impracticable with hundredfold before analysis with DPD. The results 
the dilute solutions. The results in Fig. 5 again corresponding to Fig. 5 are shown in Fig. 7, the 
showed that the electrode gave a low reading in solutions being diluted a hundredfold before mea- 
mixtures of FRC and CRC. surement by both the electrode and DPD methods. 

Comparison with the DPD calorimetric method. 

Solutions were analysed by both the potentiometric 
method and the DPD calorimetric method” at vari- 

No consistent relationship between the DPD and 
electrode results can be seen, although both methods 
gave results lower than expected from ultraviolet 

spectrophotometry. The bias in the DPD method was 
smallest when the ratio of FRC to CRC was small, 
whereas the bias in the electrode results was smallest 
at high ratios of FRC to CRC. Neither method 
appeared to give reliable results for mixtures of FRC 
and CRC. 

IO 20 30 40 

FRC conwnhution by DPD (mg/\.) 

Fig. 6. Comparison of electrode and DPD results at 
FRC:CRC ratios of 2.0 (A), 1.25 (O), 1.0 ([7), 0.63 ( x ), 
0.36 (0). Electrode measurements were made before, and 

DPD results after, lOO-fold dilution. 

0 02 04 0.6 

FRC ccwentratiin by DPO 

I mg / 1.1 

Fig. 7. Comparison of electrode and DPD results at 
FRC:CRC ratios of 1.35 (0) 0.92 (0). 0.59 ( x ). 

DISCUSSION 

Analytical performance qf the potentiometric method 

The electrochemical cell gives a linear response to 
the logarithm of the FRC concentration and if a 
single-crystal membrane electrode for bromide is 
used, the slope of the response graph is almost 
theoretical (29 mV per decade). Other types of 
bromide-selective electrode, however, may yield a 
sub-Nernstian response because of redox inter- 
ference, or even no useful response at all. The choice 
of reaction conditions is critical, in that at pH 4 
combined residual chlorine will interfere and at pH 6 
the oxidation of bromide is incomplete: pH 5 is a 
good compromise, giving a linear calibration for 
FRC down to 0.05 mg/l. and no significant response 
to combined residual chlorine. A high bromide con- 
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centration also favours the rapid formation of bro- 
mine and a level of O.lM in the reaction mixture is 
recommends. 

The greatest failing of the method is its response 
when the test solutions contain both FRC and CRC. 
The reaction conditions necessary result in a shift in 
the eq~lib~um between the various species present, 
or enable irreversible reactions to proceed more 
rapidly: in either case the FRC concentration is 
considerably reduced. This problem is not unique to 
the potentiome~c method, since most methods in- 
volve at least a change in pH and it is possible that 
bias in the analysis of FRC-CRC solutions is more 
serious than is commonly thought. 

This bias with mixtures of FRC and CRC is likely 
to restrict the application of the potentiometric 
method in general analysis. It could be used for 
measurements of FRC when CRC is known to be 
absent, but there would be little advantage, if any, 
over the use of the total residual chlorine electrode.s7 
The method might also be used to detect the appear- 
ance of FRC in waters expected to contain only 
CRC, even though the bias prevents an accurate 
dete~ination. 

In circumstances where CRC is known to be 
absent, as in thermodynamic or kinetic laboratory 
studies of FRC reactions, the potentiometric method 
could find many uses. For instance, concern for the 
environment has prompted much work on the halo- 
genation of organic compounds in aqueous solu- 
tion,12 with possible consequences for the treatment 
of cooling water, sewage eflluent and drinking water. 

The advantages of the potentiometric method over 
other analytical methods are uncertain, because of 
the lack of results in the literature for mixtures of 
FRC and CRC. Direct amperometric methods for 
FRC are prone to interference by CRC?” and 
would, therefore, seem worse than the potentiometric 
method in this respect. Colorimetry with DPD was 
better than potentiometry at low FRC:CRC ratios 
but worse at high ratios; the number of tests in this 
study, however, was too small for the advantages of 
one method or the other to be definitely ascertained. 
One advantage of the potentiometric method is that 
the bias is also associated with an abno~ally slow 
response, as in Fig. 3 and therefore should be de- 
tectable, though not quantifiable. 

Performance of bromide-~eIective electrodes 

The differences in the results obtained with four 
different types of bromide-selective electrode show 
that the chemical composition and physical consti- 
tution of the membrane are critical factors in the 
performance of the method. An electrode with a 
membrane consisting of a single crystal of silver 
bromide, as in the Radiometer Fl022Br, has a nearly 
theoretical response to FRC, but all the other types 
showed the influence of redox reactions. A redox 
effect was not expected with the single-crystal elec- 

trode, because silver bromideI is exclusively an ionic 
conductor with tAg + = 1 .O. 

A membrane insisting of many crystals of silver 
bromide supported on a conducting substrate, how- 
ever, may show a very large redox effect, e.g., the 
AgBr-“Selectrode” gives a constant cell e.m.f. when 
coupled with a platinum electrode and is therefore 
useless for FRC determination. 

Most commercially produced bromide-selective 
electrodes have membranes comprising silver bro- 
mide and silver sulphide, sometimes as the compound 
Ag,SBr. The Radiometer S42415 Ag,S/AgBr mixture 
used for impregnating the “Selectrode” is believed to 
be co-precipitated:9 with this mixture, large shifts in 
e.m.f. occur, as if the sulphide in the membrane were 
being oxidized by the FRC in solution and the 
electrode is consequently of no use for FRC deter- 
mination. 

The Philips IS-550-Br has a compressed pellet 
membrane believed to be Ag,SBr, cf. van de Leest 
and Geven.17 The conductivity’* of Ag,SBr is not 
purely ionic, with tAe+ = 0.984.99, and redox inter- 
ference with the electrode is therefore possible. 
Although these electrodes give a non-ideal calibration 
graph in the potentiometric determination of FRC, 
their performance is acceptable. Most commercial 
bromide-selective electrodes are of the Ag,S/AgBr 
compressed pellet type and would be expected to 
behave roughly the same as the Philips type. 

The classical electrode of the second kind 
(silver-silver bromide) was not tested, since its poten- 
tial was expected to be dominated by redox effects in 
the conditions of FRC measurement,‘g unless a pore- 
free surface could be obtained. 
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Summary-l,3-Bis[(2-pyridyi)methyleneamino]thiourea (PMAT) and 1,3-bis[(2-pyridyl)methyleneamino]- 
guanidine (PMAG) have been prepared. They have been examined and characterized by infrared and 
ultraviolet spectroscopy. A spectrophotometric method has been used for determination of the pro- 
tonation constants of the reagents. Finaify. a s~ctrophotometric survey has been made of the reactions 
of various cations with PMAT and PMAG. 

Carbohydrazide and thiocarbohydrazide may be con- 
sidered the final members of the structural sequence 
urea/thiourea, semicarbazide/thiosemicarbazide and 
~rbohydra~de/thiocarbohydr~ide, and also to have 
close links with carbamic/thiocarbamic and 
carbazic/thiocarbazic acids, as well as the amino- 
guanidines. 

structures of the complexes.‘“*’ However, these re- 
agents are still little used in analytical chemistry, 
except for diphenylcarbazide and diphenyl- 
thiocarbazide, which are already classical photo- 
metric reagents, and it is interesting to consider the 
use of other carbohydrazide, thiocarbohydrazide and 
diaminoguanidine derivatives. 

Carbohydrazide, thiocarbohydrazide and their de- 
rivatives, are interesting substances with numerous 
biochemical, pharmacological, industrial and other 
uses. Diaminoguanidine derivatives are no less varied 
in their applications. 

In analytical chemistry, thiocarbohydrazide is use- 
ful for identification and estimation of both organic 
and inorganic compounds.‘-4 It precipitates al- 
dehydes and ketones quantitatively. With certain 
ions, including U(VI), Mo(VI), Ni, Bi and Cu(II), 
carbohydrazide and thiocarbohydrazide form char- 
acteristic precipitates, which have been examined 
thermogravimetrically. ‘s3 Numerous colour tests for 
anions and cations are based on the complexing 
power of these reagents.%’ More recent studies have 
included the reactions of carbohydrazide with Cu(II)* 
and FeN02+,‘.‘0 and of thiocarbohydrazide with 
Cd,“-L4 CU(II),“~‘~ Co(I1) and Ni,“,” and Cr(III), Pb, 
Mn(II), Zn and V(V).” The metal complexes of 
various thiocarbohydrazide derivatives have been 
used to identify the binding sites and the molecular 

During the last 10 years or more the possibilities 
for analytical use of pyridine thiosemicarbazones, 
semicarbazones and 4-phenylthiosemicarbazones 
have been reported from this department, and numer- 
ous reagents for the photometric determination of 
metal ions have been proposed.2”30 Attention is now 
focused on use of the 1,Sthiocarbohydrazide and 
1,Sdiaminoguanidine derivatives of pyridine (PMAT 
and PMAG respectively) for analogous purposes. 
The structural resemblance between thiosemicarba- 
zones and thiocarbohydrazones allows possible syn- 
theses to be envisaged and metal ion reactivity to be 
predicted. 

The diaminoguanidine derivatives do not seem to 
have been used analytically. 

EXPERIMENTAL 

Reagents 

Synthesis. The reagents were prepared in the usual 
way for Schiffs bases. Either thiocarbohvdrazide or 
diaminoguanidine hydrochloride (0.01 mold) was dis- 

CH=N-NH CH=N-NH 

CH=N-NH CH=N 

>=NH 

-NH 

PMAT PMAG 
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solved in 40 ml of distilled water, a solution of 
2-pyridinecarboxaldehyde in 10 ml of ethanol was slowly 
added, and the mixture was stirred for 1 hr at room 
temperature. For the diaminoguanidine derivatives, the 
aqueous solution of the dihydrazide was neutralized with 
potassium hydroxide before the condensation step. The 
yellow crystalline products were filtered off and re- 
crystallized from ethanol. The yields were about 80%. The 
microanalytical results were as follows 

PMAT (m.p. 2Ot&201“) C H N S 
Calculated for C,,H,2N,S, % 54.9 4.2 29.5 II.3 
Found, “/‘” 54.6 4.4 29.3 II.4 

PMAG (m.p. 208-209“) 
Calculated for C,,H,,N,, % 58.4 4.5 36.7 
Found, “4 57.2 4.9 35.6 

The results for PMAG were not very satisfactory. 
Other reagents. Salts and solvents of analytical-reagent 

grade purity or better were used throughout. All metal ion 
solutions were standardized. 

Procedures 

Determination of‘ acid-dissociation constants. A l-ml ali- 
quot of a solution of PMAT or PMAG (5 x 10-4M) in 
ethanol was placed in a 25ml standard flask and the pH was 
adjusted with buffers which also maintained the ionic 
strength at 0.1; solutions with extremely high pH were made 
by the procedure of Schwarzenbach and Sulzberger.)’ 
The solution was then made up to the mark with distilled 
water and mixed, and the absorbance measured at a suitable 
wavelength. Absorbance as. pH curves were plotted for each 
reagent and the pK, values were calculated from the 
inflexion points on graphs of AA/A pH us. pH. The stability 
of the ethanolic and aqueous reagent solutions at different 
pH values had previously been checked. 

Spectrophotometric study qf the reagent-metal ion reac- 

tions. The spectra of the chelates were recorded for samples 
with the reagent in excess (about IOO-fold). The general 
procedure was to mix I5 ml of 0.03% (w/v) ethanolic reagent 
solution, enough metal ion solution to give a suitable 
absorbance and 5 ml of buffer solution (pH 4.6) and dilute 
with water to known volume. The colour was allowed to 
develop to a maximum (a few minutes). The absorbance 
remained constant for at least 24 hr. 

To determine the effect of pH the absorbance was 
measured at suitable wavelengths from samples prepared as 
just described but without the buffer solution, and with their 
pH adjusted to different values with sodium hydroxide and 
hydrochloric acid. 

RESULTS AND DISCUSSION 

InfLared spectra 

The infrared spectra of the reagents are compli- 

cated because the aromatic portion of the molecules 

causes numerous bands and their overlap makes 

detailed assignments difficult. However, the assign- 
ments for the spectrum of pyridine are well estab- 
lished,32-34 and so are those for thiocarbohydrazide;35 
the infrared spectra of some dicarbohydrazones36 and 
dithiocarbohydrazones 37 have also been described 
and discussed and their similarity with those of 
secondary amides noted. 

PMA T. The principal bands and their assignments 
are given in Table 1. The well-defined band at 3050 
cm-’ is characteristic of aromatic C-H stretching 
frequencies. Coupled with this band are the expected 
aromatic C=C ring vibration frequencies at about 

1590, 1500 and 1450 cm-‘. The spectrum in the 
“double-bond” region (170&1450 cm ‘) is further 
complicated by the presence of the C=N frequency of 
the pyridine ring and that of the azomethine group at 
1610-1600 cm-‘, the peak at 1560-1550 cm-’ attrib- 
uted to CNH vibration, and a weak band at 1625 
cm-’ which may be due to an N-CN stretching 
vibration. The band at 3440 cm-’ is due to the N-H 

stretching frequency. 
A strong band observed in the 1300-1200 cm ’ 

region is probably due to the C=S stretching fre- 
quency. Complications in this region are the bands 
for the expected ring vibrations and CH defor- 
mation of the pyridine ring at about 1200 cm-‘. At 
lower frequencies in the range 1000-600 cm-‘, there 
are many strong absorptions that can also be attrib- 
uted to the CH deformation of the pyridine ring. 
The presence of two strong bands at 990 and 705 
cm-’ is indicative of the presence of the pyridine ring. 
Most of the other bands overlap to such an extent 
that assignment would be extremely speculative. 

PMAG. As expected, the spectrum of PMAG is 
similar in nature and complexity to that of PMAT 
(Table 1). The identification of individual bands is 
again difficult because of the high degree of overlap. 
The most important difference is the absence of the 
C=S stretching frequency. The C=N, C=C, CNH and 
N-C-N bands occur in the 1640-1400 cm-’ region 
and the pyridine C-H deformation bands at 
1200-900 cm-‘. 

Ultraviolet spectra 

The spectra of aqueous solutions of both reagents 
are pH-dependent (Fig. 1). The PMAT spectrum at 

pH 4.0-9.3 is attributed to the uncharged species 

(RH), with &,,,, = 327 nm, that at pH 1.8 

Table I. Infrared spectra 

Frequency, cm -’ 

PMAT PMAG 

Intensity 

PMAT PMAG Assignment 

3440 3440 m m N-H stretch 
3050 3030 

1625-1400 1640-1400 s (muiiplet) 
m aromatic C-H stretch 
S C=N, C=C, CNH, NCN stretch 

130&1200 S C=S stretch, pyridine C-H deformations 
I20&900 s (multiplet) pyridine C-H deformations 

900 990 S S pyridine deformation 
900-600 90&600 s (multiplet) s (multiplet) C-H in-plane deformations 
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X (nm) X (nm) 

Fig. 1. Absorption spectra of the reagents at different pH values: PMAT, (1) pH 1.80, (2) pH 5.30, (3) 
pH 10% B; &4G, (I) PH CO, (2) PH 4.5, (3) pH 10.6, (4) pH 15.0: C, = 4 X‘ iO-‘M. 

(L,,, = 360 nm) to the fully protonated species 
(RH:+), and that at pH 10.5 to the anion R-. The 
spectral shifts in the pH range 224 are more difficult 
to interpret, because the constants for protonation of 
the two pyridine nitrogen atoms are too close. 

The influence of pH on the spectra of PMAG in 
aqueous solution is still more marked. As can be seen 
from Fig. 1, the spectral curves can be ascribed to the 
four species that can be expected structurally (RH:+, 
RH:+, RH+ and R, with A,,. at 335,310,348 and 414 
nm respectively), therefore this reagent has three 
protonation constants, with no overlap. The pro- 
tonation of the second pyridine nitrogen atom occurs 
at higher pH for PMAG than for PMAT. This 
behaviour can be explained on the assumption that 
the basicities of the pyridine nitrogen atoms of 
PMAG are dissimilarly affected by the weak acid 

group >C=NH: (the imine group of PADAG is 
present as >C=NH$ because of its strong basic 
character). 

Reagent equilibria in the absence of metal ions 

Graphical analysis of protonation reactions. 

BudCSinskjr3* developed a technique based on com- 
puter calculation of the molar absorptivities (6,) and 
protonation constants (fi,) of individual protonated 
species of a reagent (R) from 2(N - i + 1) linear 
equations of the type 

2 (A - C,C~)[H]‘/?, = 0 

which result from the combination of the mass 
balance and total absorbance equations 

C, = [RI f D-VP,; 

A = [RI i 6, [Hl'Bi; 

O<i<N and p,,=l. 

However, a much simpler but quite satisfactory 
procedure3* was used in the present work. When only 
the fully protonated or deprotonated form is present 
in extremely acidic or alkaline medium respectively, 
the molar absorptivities of these forms may easily be 
calculated from co = A,/C, and cN = AN/C, where CR 
is the total concentration of the ligand and A,, or A, 
is the measured absorbance. At any range of acidity 
between both extremes, provided only two forms 
co-exist in significant amounts, the absorbance will be 
the sum of the individual absorbances, and the 
protonation constant K, = [H,R]/[H][H, ~, R] may be 
calculated from the condition that log K, will be 
equal to the pH at which [H,R] = [H,_ ,R] and hence 
at which An/c, = A,_ ,/c,_ ,. It follows that at 
pH = log K, the absorbance (which will be called A,,J 
is given by A,,, = (6, + t,_ ,) C,/2. The values of L,, 
and L, _ , for the wavelength of measurement must be 
obtained by measurements at pH values at which 
virtually only the form of interest exists. 
The use of this method requires fulfilment of two 
conditions: 

(i) the appearance of an isosbestic point in a set of 
spectral curves for different acidities; 

(ii) the presence of only the complexes H,R and 
H, _ , R as main species in solution in the acidity range 
concerned. 

It is then necessary to analyse graphically the absorb- 
ance vs. pH graph to find whether only one proton 
participates in the acid-base equilibrium reaction. 
The method involves the graphical transformation of 
the absorbance-pH plot into the incremental form 
[(A-A, _,) vs. pH] and substitution of the slope of this 
graph into the equation 

AA/ApH = -0.575a(A, - A,_,) 

where the value of a indicates the number of protons 
interchanged; hence the simplified method can be 
used only when a = 1. 
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Fig. 2. Effect of pH on the absorbance of the reagents. a and b: absorbance-pH plots for PMAT and 
PMAG. c and d: (A, - A,_,) pH graphs for PMAT and PMAG. a and c: 0 325 nm, 0 360 nm; b and 

d: l 310 nm, 0 335 nm, 0 350 nm. C, = 4 x 10m5M. 

The shape of several A vs. pH curves at different 
wavelengths for PMAT and PMAG can be seen from 
Figs. 2a and 2b, respectively, and of the incremental 
forms from Figs. 2c and 2d. 

The A vs. pH graphs for PMAT are plotted for 
measurements at 360 and 325 nm, and in both cases 
exhibit a break-point in acid medium and another in 
alkaline medium; in the acid region there is appar- 
ently an inflexion point which divides the steep part 
of the graph (especially for the 325-nm plot) into two 
sections with different slopes (Fig. 2a). This could be 
explained as due to consecutive deprotonation of the 
two pyridinium nitrogen atoms, as can be seen in 
Fig. 2c, since the values for a calculated from the 
(A - A,,_,) us. pH plot, for 325 nm, before and after 
the inflexion point, are close to 1. The change in the 
slope in the 360-nm plot is less marked and the results 
from the incremental plot disagree with what can be 
assumed from the structure of the reagent, since the 

u values (represented in Fig. 2c as a’) are 1 and 2 for 
the sections of curve either side of the inflexion point, 
which is not possible because only two protons are 
involved in the equilibrium, and if the inflexion point 
is treated as an artefact, a single a value (a” _ 1) is 
obtained. Therefore the measurements at 325 nm 
seem to give more reliable results. This wavelength 
was therefore used for determination of the 
protonation constants of the reagent; the log K, 
values obtained are rather close, however (log 
K, = 3.2, log K2 = 4.5), and consequently only ap- 
proximate. 

For PMAG, hydrogen-bonding is suggested as the 
reason for the greater difference between the pro- 
tonation constants for the pyridine nitrogen atoms, 
and the absorbance-pH plots (Fig. 2b) show three 
well-discernible breaks (for measurements at 310, 335 
and 350 nm), each corresponding to a deprotonation 
step, without the overlap exhibited for PMAT. This 
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Table 2. Stepwise stability constants of hydrogen complexes 

log K = log WnWWl” 1% oRI 
ll=l n=2 n=3 n=3 

Reagent a=1 a=1 a=1 a=2 

PMAT 9.1 3.6 
PMAG 13.6 6.4 2.8 

Table 3. Isosbestic points in absorption spectra of reagents 

Reagent Species PH 1 IpOI( nm 

PMAT R-, HR 10.0-7.0 348 
HR, HJR’+ 5.c2.0 340 

R, HR+ 1 S.&l 2.0 370 
PMAG HR+, HzR2+ 8.&5.0 326 

H,R’+, H,RZ+ 4.5-l .5 322 

Table 4. Maximum molar absorptivities of individual pro- 
tonated species* 

L x 10m4, l.mole~‘.cm~’ for I,,, (nm) 

Reagent R HR H2R H,R 

PMAT 2.25 3.85 3.90 

(356) (327) (360) 
PMAG 4.00 3.50 3.55 3.60 

(414) (348) (310) (335) 

*Charges are omitted. 

is in accordance with the results in Fig. 2d in which 
the consecutive values for a are all close to 1. 

The calculated protonation constants are collected 
in Table 2. Table 3 shows the wavelengths of the 
isosbestic points, and the corresponding pairs of 
complexes present in the solution. Table 4 shows the 
maximum molar absorptivity of individual complex 
species. 

COMPLEX FORMATION EQUILIBRIA 

Study of the spectra 

Comparison of the absorption spectra of 
(2-pyridinecarboxaldehyde)thiosemicarbazone(PAT) 
metal complexes26 with those of the PMAT com- 
plexes, and again those of the (2-pyridine carbox- 
aldehyde)aminoguanidine (PAG) complexes with 
those of the PMAG complexes supplies the data 
needed to deduce the differences in reactivity with 
metal-ions, caused by the additional 

- 

mNHpN=CH -(o) 

grouping. In addition the infl:zce of sulphur and 
nitrogen (in the >C=S and >C=NH: groupings, 
respectively) as co-ordinating atoms may be estab- 
lished. 

In Table 5 we summarize the results obtained in 
acetate-buffered medium. Several broad conclusions 
may be drawn. PMAT and PMAG are better photo- 
metric reagents than PAT and PAG since the absorp- 
tion bands are shifted to longer wavelengths and the 
molar absorptivities are generally increased. In addi- 
tion the PMAG-metal complexes are formed in more 
acidic medium. PMAT is more reactive than PMAG 
and gives greater sensitivities; on the other hand, the 
absorption band shift is greater for the PMAG 
complexes, which can increase the selectivity. 

Influence qf p H 

The absorbance of various reagent-metal ion sys- 
tems as a function of pH is shown in Figs. 3 and 4, 
for PMAT and PMAG respectively. Such diagrams 
allow the utility of a ligand to be rapidly discerned. 

For PMAT, the pH-absorbance curves have been 
plotted at the wavelength of maximum absorption 
and at a somewhat longer wavelength (420 nm) to 

Table 5. Photometric characteristics of the complexes in solution 

PMAT PAT* PMAG PAGt 

Cu(I1) 
Co(H) 
Ni(I1) 
Fe(II1) 
Fe(I1) 

< 

Zn(I1) 
Cd(I1) 

Hg(II) 
Hg(I) 
Pd(I1) 

Bi(II1) 
In(II1) 

400 16.5 360 
395 58.8 410 
410 21.1 385 
405 107.7 360 
384 34.4 

i56570 sh 3.3 360 
620 4.5 610 
394 11.2 

400 34.6 : 

396 57.7 

390 18.4 
392 23.4 i 

400 12.6 f. 
410 37.2 

22.0 430 15.2 
7.4 450 37.5 

19.0 435 16.4 
14.0 450 45.7 

16.8 420 31.3 
5.8 570 13.6 

380 13.0 (NaOH) 

390 9.9 (NH,/NH$) 
375 16.6 (NaOH) 

380 11.8 

405 28.7 

414 7.2 
480 5.9 440 3.4 (HAC/Ac-) 

*See reference 26. 
tSee reference 39, 
§1031.mol-‘.cm-‘. 
SColour reaction, but molar absorptivity not reported in reference 26. 
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Fig. 3. Complex-absorbance W. pH plots for PMAT. (a): 0, Co(I1) (395 nm); 0, Cu(I1) (400 nm); 0, 
Ni(II) (410 nm); A, Zn(I1) (430 nm). C, = 2 ppm Cu(II), Ni(I1) and Zn(J1); I ppm Co(I1). 

avoid the reagent background. All four metals stud- 
ied show similarities in their pH-absorbance curves: 
at the shorter wavelengths the reagent also absorbs. 
The absorbance is independent of pH only when the 
reagent is in the neutral form and its absorption 
maximum is shifted hypsochromically (see Fig. 1). 
The plots for 420 nm show two pH-independent 
zones which can be due to either uncharged (RH) or 

singly-protonated species participating in the com- 
plexation reaction. The cobalt reaction produces a 
spectrum different from the others, with the absorb- 
ance constant at pH lower than 1 .O, whereas the other 
curves show a sharp break in this region. 

The graphs for the PMAG complexes differ from 
those of the PMAT compounds, Fig. 4, and the 
measurements are made at about the wavelength of 

1.2 

1.0 

w 0.6 

M 
24 
8 0.6 

3 

0.4 

2 4 6 6 IO I2 

PH 

Fig. 4. Complex-absorbance us. pH plots for PMAG. 0 Co(I1) (450 nm, I ppm); l Cu(I1) (430 nm, 3 
ppm); 0 WJI) (435 nm, 2 ppm); A Cd(IJ) (405 nm, 3 ppm). 
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Fig. 5. Absorption spectra of the iron complexes at different pH values. (a) Fe(IIkPMAT: 1, pH 2.7; 
2, pH 8.4. (b) Fe(IItPMAG: 1, pH 5.4; 2, pH 9.2. C,, = 5 ppm. 

maximum absorption. Nickel and cadmium .behave 
differently from copper and cobalt. The first two 
show constant and maximal absorbance at pH 8-l 1 
where PMAG is in the singly-protonated form 
(RH+); therefore the formation of RH+-metal com- 
plexes can be postulated to explain the pH- 
dependence of the absorbance of these systems. 

The plot for the Cu(II)-PMAG system has two 
plateaus but the molar ratio of the components 
remains the same (Cu:L = 1:2), so the two pH- 
independent zones are presumably due to par- 
ticipation of two differently protonated forms of the 
reagent. The Co(II)-PMAG plot also exhibits two 
plateaus, but these are associated with two different 
molar ratios of the complex, corresponding to CoL, 
at low pH and to CoL at high. 

The pH-dependence of the iron(H) systems (Fig. 5) 
deserves separate consideration. First, Fe(IItPMAT 
forms a green complex in acetate buffer and at higher 
pH values, and a red complex in more acidic medium. 
Both types of solution show another absorption 

I (a) 

8 0.6 

3 

8 

g 0.4 

a 

maximum (at 385 and 410 nm respectively) due to the 
presence of a yellow complex of different molar ratio 
(see following section). The Fe(IItPMAG system 
forms only one complex, at about pH 4 (Fig. 5b) with 
A,,,,, at 570 and 420 nm, and its spectrum shifts 
bathochromically and hypochromically at higher pH 
values, to give A,,,,, 590 and 450 nm, and is destroyed 
in more acid medium. To keep the iron in the bivalent 
state it is necessary to add ascorbic acid. 

The pH-absorbance plots for Fe(II), Fig. 6, sup- 
port the conclusions reached concerning the number 
of complexes formed. The resemblance in shape of 
the 590 and 560 nm curves for PMAT and the 570 
and 590 nm curves for PMAG, confirms the anal- 
ogous nature of the complexes formed at -pH 4, 
which we call the red complex. However, the 620-nm 
curve for PMAT has a different shape, indicating a 
change in the nature of the species (the green com- 

plex). Absorbance-pH curves for PMAT and PMAG 
are included in Fig. 6 for reference, and suggest that 
the red complex is formed when one of the pyridine 

I (b) 

I J I I I I I I b.-, I I I I 
2 4 6 8 IO 2 4 6 6 IO 

PH 

Fig. 6. Absorbance-pH plots for iron(I1) complexes. (a) PMAT; (b) PMAG. Solid lines are 
absorbance-pH plots for the reagents alone: (a) is = 325 nm, (b) I = 350 nm. 
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nitrogen atoms is unprotonated, so the first narrow 
pH-independent region for Fe(II)-PMAT occurs at 
pH 2-3, i.e., when the reagent molecule loses the first 
proton; the same applies to Fe(II)-PMAG at pH 
34.5. The green complex is apparently formed by the 
reagent species which has both pyridine nitrogen 
atoms unprotonated (Fig. 6a). 

Nature qf the complexes 

Published results26.27.39-4’ on the composition of the 
transition metal complexes of pyridine thio- 
semicarbazones show that mononuclear ML, com- 
plexes are generally formed. Ablov and Belichuk,4’ 
however, assert that 2-pyridylmethylene thio- 
semicarbazone acts as a terdentate ligand forming 
octahedral complexes with transition metal ions as 
shown in the structure. 

/CH=N-N I 1 

- LII- 

2 

Other studies of the metal complexes of 
thiocarbohydrazide”.“,‘6,‘7 and its derivatives. 

I.C 

0.E 

0.E 

0.6 

PMAT-Fe(U) pH 2.2 

.380nm 
0560nm 

especially mono- and bis-(salicylmethylene)hydra- 
zone**-*’ and nicotinoyl and benzoylhydrazide’a20 
present data which enable the ligand atoms or group- 
ings to be identified. 

Thiocarbohydrazide forms 5-membered chelate 
rings with a sulphur atom and a nitrogen atom as 
donors, forming ML, complexes with Cu(II), Cd(II), 
Co(II), Ni(I1) and Zn(I1): 

HN 
‘1 lM2*12 

N"2 

However, the behaviour of substituted thio- 
carbohydrazides is variable, depending on whether 
unsymmetric or symmetric derivatives are consid- 

ered; the first can act (i) as unidentate S-donor 
ligands,‘*,*’ forming complexes of the type 
[M”+ R,Cl,], where M = Ni(I1) or Cu(1); (ii) bidentate 
ligands in which co-ordination occurs through the 
sulphur atom and the terminal nitrogen atom to give 

I I I 

PMAG-Fe (II) pH 4.2 

l 420nm 

I I I I I I I 
0.25 0.5 0.75 0.25 0.5 0.75 

PMAT-Fe(II) pH 7.6 

l 385nm 
0620nm 
q 590nm 

I I , 0 

PMAG-Fe(II) pH 8.3 

Fig. 7. Continuous-variation plots for equimolar solutions. X = C,/(C, + C,). 
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[NiRC1,].4H20,‘* or [M”+ (HR),Cl,] where 
M = Co(II),2’ Ni(IQt9 CU(I);~’ (iii) as terdentate 
ligands when the side-chain has an additional co- 
ordinating site, such as the phenolic oxygen atom in 
1-salicyloyl-4-phenylthiocarbohydrazide.25 The sym- 
metrical derivatives, such as bis-(salicylmethylene)- 
thiocarbohydrazone, 22,23 form 1:l complexes with 
quadridentate co-ordination through the two oxygen 
atoms and two azomethine nitrogen atoms. 

Job’s method was used for determining the molar 
ratio of the complexes under study. For the PMAT 
complexes, the wavelength and pH used for the 
measurements were chosen on the basis of the follow- 
ing considerations: (a) the unsymmetrical shape of 
the absorption spectra of the complexes, especially 
for cobalt(II), suggests that another complex besides 
the main one is present in the solution and causes an 
additional absorption on the right-hand side of the 
bands; (b) the two absorbance plateaus on the 
absorbance-pH plots for certain wavelengths. For 
these reasons, we applied the continuous-variations 
method at pH 4.5 and 7.6, and at two wavelengths. 
The measurements at A,,, for the cobalt(I1) and 
nickel complexes indicated a 1:2 molar ratio (cat- 
ion: reagent); measurements at 450 nm indicated exis- 
tence of a 1: 1 complex. Zinc also exhibits I:2 stoichi- 

Molar ratio I:2 
Co’+, Ni2+, ZnZt 

CH=N 

Molar ratio 1: 1 
(octahedral configuration) Co’+, N?+ 

Molar ratio I:1 
(tetrahedral configuration) 

ometry but there is also evidence of a 2:l complex. 
For copper(H) a 1: 1 molar ratio was found, with 
evidence for both a 1:2 and a 2:l (metal:ligand) 
complex. 

For the PMAG systems measurements were made 
at L,,,,,, and two pH values, 2.5 and 10.3. Nickel, 
copper(I1) and cadmium all gave 1:2 complexes but 
cobalt(I1) formed a 1: 1 complex at pH 10.3 and a 1:2 
complex at pH 2.5. 

The equilibria of iron(H) with PMAT and PMAG 
are considered separately for the reasons given above. 
For the Fe(II)-PMAT system Job’s method was 
applied at pH 7.6 and 2.2 and the measurements were 
made at 385 nm (yellow complex), 560 and 590 nm 
(red complex), and 620 nm (green complex). The 
results collected in Fig. 7 indicate a 1: 2 stoichiometry 
for the yellow complex and a 1: 1 for the red and 
green complexes. Fe(II)-PMAG was studied at pH 
8.3 and 4.2, and 420 and 570 nm; Fig. 7 shows that 
the yellow complex (at 420 nm) has the same 1:2 
molar ratio at both pH values but for the red complex 
(570 nm) the stoichiometry changes from 1: 1 at pH 
8.3 to 1:2 at pH 4.2. 

On the basis of the results of the various studies the 
following structures seem probable for the PMAT 
complexes. 

-HN s 

s- - 

NH-N=CH 
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We present no data to support these structures, Kolomiets and A. A. Shklyaev, Izv. Sib. Otd. Akad. 

and they can only be considered as a hypothesis. The Nauk. SSSR. Ser. Khim. Nauk, 1913, 5, 69; Chem. 

structures take into account only the co-ordination 
Abstr., 1973, 79, 152376~. 

sites of the ligands and previously reported 
16. F. Bigoli, M. A. Pellinghelli, A. Tiripicchio and M. 

Tiripicchio Camellini, Acta Crystallog., 1975, B3l; 
configurations of the complexes. The protonation Chem. Abstr., 1975, 82, 66702e. 

status of some of the co-ordinating atoms has been 17. B. Singh and K. P. Thakur, J. Inorg. Nucl. Chem., 1974, 

considered. Structures for the PMAG complexes are 36, 1735. 

not been proposed because no corresponding litera- 
18. K. N. Dutt and N. C. Chakder, ibid., 1970, 32, 2303. 

ture data have been found. 
19. Idem, Inorg. Chim. Acta, 1971, 5, 188. 
20. Idem, J. Inorg. Nucl. Chem., 1971, 33, 393. 
21. Idem, Inorg. Chim. Acta, 197 I, 5, 536. 
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Summary-The stability constants for a series of oxovanadium(IV) complexes of polyaminocarboxylic 
acids were determined by potentiometry. The values obtained are almost equal to those of the 
corresponding nickel(U) complexes. The complexes formed by terdentate and quadridentate ligands 
contain 2 and 1 co-ordinated water molecules, respectively. These dissociate at pH -4 in the first case, 
to give dimers-(VO),(OH),Lrand at about pH -7, in the second case, to give the mononuclear 
hydroxo species VO(OH)L. Hydrolysis of the 1: 1 aquo-complexes is preferred to the formation of 2: 1 
ligand: metal complexes even in the presence of a IO-fold molar excess of ligand. These results are of 
interest for better understanding of the behaviour of oxovanadium(IV) in biological systems. 

Vanadium is nowadays recognized as an essential 
element, at least for the development of certain 
laboratory animals; a deficiency of it leads to reduc- 
tion of growth, impairment of reproductive capabil- 
ity, altered blood-cell and blood-lipid levels, im- 
pairment of hard-tissue metabolism and other 
anomalies.’ 

In the case of the toadstool, it was reported that 
vanadium is distributed all over the plant in the form 
of an ML2 complex of V02+ with N-hydroxy- 
iminodi-a-propionic acid (“amavadin”) where the 
ligand is bidentate.6 The biological function of this 
complex and the reason why the ligand is selective for 
vanadium are unknown. 

The biological basis for the occurrence of these 
effects is still unknown, but it was found recently that 
vanadium is involved in certain enzymatic reactions, 
notably those of the ATPase, and the interest in the 
study of the role of this element received a new 
impetus.2 

Before this discovery, unusually high concen- 
trations of vanadium had been found in the blood of 
certain tunicates, such as the ascidean Phallusia mam - 
illuta (about 8 mg of vanadium in a 40-g adult 
animal),’ and in the toadstool Amanita muscaria (120 
ppm dry weight).4 In the first case, vanadium appears 
to be present as V(III) or V(II1) + V(IV) bound to 
water, and it is located in a special type of blood cells 
called vanadocytes, in sulphuric acid medium (1.8M). 
Neither the biological function of the vanadocytes 
nor the role of the vanadium has been un- 
ambiguously established.5 

The elucidation of these problems requires better 
knowledge of the complex equilibria of vanadium in 
aqueous solution, a field which has been rather 
neglected and for which very few reliable data exist. 
This is particularly true in the case of the complexes 
formed by the amino-acids and by the poly- 
aminocarboxylic acids, although these are relevant 
for the understanding of the possible interaction of 
vanadium with likely biological ligands. 

Since the oxovanadium(IV) ion V02+ seems to be 
directly or indirectly involved in all the cases referred 
to above, it seemed of interest to undertake the study 
of the formation of some of its complexes. In the 
present work we report the results obtained with a 
series of polyaminocarboxylic acids differing in num- 
ber of donor atoms and in geometry of chelation. 
They are represented by the general formulae I-III, 
explained by Table 1. 

/ 
CH,COOH 

“-“\,H COOH ’ 

HOOC-&NH-CH,-CH,-NH-&COOH 11 

2 

CH ,COOH 

/ 

/ 

N-X-N 

\ 
III 

HOOCCH, CH ,COOH 
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Table 1. Ligands used 

Type Substituents 

I 

II 

III 

R=-H 
R = -CH, 
R =-NH, 
R = -CH2CH20H 
R = -CH,COOH 
R = -CH(CH,)COOH 
R = -CH,CSH,N 
R = -C,H,(COOH) 
R=-CHNO , 2 2 3 

R,,R,,R,,R, =-H 
R,,R, = -CH, 
R,,R,,R,,R, = -CH, 

R, = -CH,COOH 
X = -CH2-CH,- 
R, = -CH,COOH 
X = -(CH,)2-O-(CH,),-O-(CH,),- 
R, = -(CH2)2-CH,COOH 
X = C,H,, 
RS = -CH$H,OH 
X = -CH,-CH,- 

Name Abbreviations 

Iminodiacetic acid 
Methyliminodiacetic acid 
Hydrazine-N,iV’-diacetic acid 
Hydroxyethyliminodiacetic acid 
Nitrilotriacetic acid 
2-Methylaceticiminodiacetic acid 
Pyridine 2-methyliminodiacetic acid 
o-Carboxyphenyliminodiacetic acid 
Uramildiacetic acid 

Ethylenediamine-N,N’-diacetic acid 
Ethylenediamine-N,N’-di-cc-propionic acid 
Ethylenediamine-N,N’-di-isobutyric acid 

Ethylenediaminetetra-acetic acid 

Ethyleneglycol bis(aminoethylether) 
tetra-acetic acid 

Trans-cyclohexanediaminetetra-acetic acid 

N-hydroxyethylethylenediaminetriacetic acid 

IDA 
MIDA 
HDA 

HEIDA 
NTA 

MNTA 
PMIDA 
CFIDA 

UDA 

EDDA 
EDDPA 

EDDIBA 

EDTA 

EGTA 
DCTA 

HEDTA 

Besides being of interest for the understanding of 
the role of vanadium in biology, the results are also 
of importance for analytical chemists, who are fre- 
quently confronted with the lack of data for vanadyl 
complexes. 

Some of the ligands have been studied before,‘-” 
but the conditions used were different and in certain 
cases the results presented raised doubts since they 
were obviously at variance with published literature 
values (e.g., NTA for which pk, is too low and log 
ZCCvojL too high) so they were repeated for the sake of 

consistency. 

The set of values established in this work allows the 

development of a series of general principles concern- 

ing the behaviour of VO*+ polyaminocarboxylate 

systems. 

EXPERIMENTAL 

Reagents 

Hydrazine-N,N’-diacetic acid (HDA), 2-methylacetic- 
iminodiacetic acid (MNTA), o-carboxyphenylimino- 
diacetic acid (CFIDA), pyridine-2-methyliminodiacetic 
acid (PMIDA), ethylenediamine-N,N’-di-isopropionic acid 
(EDDPA) and ethylenediamine-N,N’-di-isobutyric acid 
(EDDIBA) were synthesized in our laboratories by 
condensing the appropriate amines with chloroacetic, 
a-chloropropionic and a-chloroisobutyric acids, respect- 
ively, following standard procedures. 

The other ligands were commercial products available 
from various sources (BDH, K & K and Fluka). 

In all cases the products were recrystallized from 
water/ethanol mixtures until their purity was 99.5% or 
higher, as determined by titration with standard alkali. 

Oxovanadium(IV) sulphate solution. A standard 0.1 M 
solution of oxovanadium(IV) sulphate was prepared by 
dissolving the appropriate amount of VOSO,. 5H,O (BDH) 
in 1N sulphuric acid and determining the content of V02+ 
by permanganate titration. Contact with the atmosphere 
was reduced to a minimum. The solution was stable for 
several months. 

Dilutions from this standard were made when necessary, 
and the excess of acid was determined from titrations (with 
standard alkali) of 1: 1 mixtures of V02+ and EDTA (a 
well-defined end-point is obtained when EDTA is com- 
pletely titrated, and the excess of acid is easily calculated), 
avoiding the more complicated procedure based on ion- 
exchange. 

Carbonate-free potassium hydroxide, C, = 0.100 or 
1 .OOM. Prepared directly from Merck “Titrisol” vials, under 
nitrogen and in recently boiled-out demineralized water. 
This provided a satisfactory carbonate-free titrant, identical 
to that prepared by the more laborious procedure of 
Schwarzenbach and Biedermann.‘* 

Potassium nitrate. The ionic strength of the solutions was 
adjusted to 0. IOM by adding adequate amounts of a concen- 
trated potassium nitrate solution prepared from an 
analytical-grade product. 

Demineralized water was used throughout the work for 
preparation of solutions. 

Instruments 

The pH measurements and titrations were made with a 
Procyon digital pH-meter, using a combination electrode 
calibrated at low and high pH with appropriate acid solu- 
tions or buffers with ionic strength of approximately O.lM. 
Values were read to 0.001 pH units and the reproducibility 
was 0.003 pH units or better. 

Technique 

The ionization constants of the ligands and the stability 
constants of the oxovanadium(IV) complexes of the poly- 
aminocarboxyhc acids were determined by potentiotnetric 
(pH) titrations of mixtures of the ion and the ligands over 
a range of concentrations (5 x 10m4-5 x 10-j&4). Details of 
the experimental procedures have been given previously.” 

The measurements were made in media of ionic strength 
0. IM maintained with potassium nitrate; the temperature 
was controlled to 25.0 + 0.1” by circulating water through 
the double-walled titration cell. The ionic product of water 
at 25” in potassium nitrate medium was taken to be the same 
as in a potassium chloride medium.14 

Tables of experimental results are not given but will be 
made available upon request; some experimental titration 
curves are presented as examples. 
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Fig. 1. Titration curves of MIDA (I), EDDA (2) and 
HEDTA (3) in the presence of V02+; T = 25°C; I = O.lM 
(KNO,); “a” is the number of moles of titrant KOH added 

per mole of ligand. 

CALCULATIONS 

The expressions used to calculate the stability 
constants of the proton and vanadium complexes 
were derived in the usual manner by considering the 
mass-balances for the ligand and for the metal and 
introducing the electroneutrality condition.13 When 
hydroxo-complexes are formed (ionization of co- 
ordinated water in VO(H,O)L species), Sillen’s 
normalized-curves method’5.‘6 was employed. A more 
detailed account of these cases will be presented later. 

RESULTS AND DISCUSSION 

Typical titration curves of the ligands in the pres- 
ence of equimolar amounts of V02+ are shown in 
Fig. 1; for comparison, we have selected a terdentate, 

a quadridentate and a potentially sexidentate com- 
plexing agent (which actually acts as quinquedentate, 
see below). 

The curves show that oxovanadium(IV) forms 
quite stable complexes with these ligands [it will be 
shown later that their stability constants are almost 
equal to those of the corresponding nickel(H) com- 
plexes], and that in the cases of the terdentate 
and quadridentate ligands a further hydrogen ion is 
titrated, which can only come from hydrolysis of a 
co-ordinated water molecule, to give a hydroxo- 
species. 

In the case of the quadridentate ligands, the hydro- 
lysis is independent of the concentration of the aquo 
complex-see Fig. 2-showing that only a mono- 
nuclear species is formed. This contrasts with the 
situation found for the terdentate ligands,9,‘0 in which 
polynuclear hydroxo-complexes are formed by ola- 
tion, the dimers being predominant in the range of 
pH studied (Fig. 3). It should be noted that in both 
cases, at the pH values where hydrolysis occurs, the 
pH readings are rather unstable and decrease slowly; 
this is probably due to the competition for OH - ions 
to form oxovanadium(IV) hydroxide and its higher 
polymerization products. 

It is not obvious which co-ordination positions are 
occupied by the ligands and which by the water 
molecules, since there is, in principle, a choice of 
equatorial and axial sites and there is also the possi- 
bility of formation of square pyramidal structures in 
which a quadridentate ligand may occupy all the 
available sites. 

The problem has already been studied by NMR 
relaxation techniques and it was concluded that in the 
cases examined (which included the NTA and 
PMIDA complexes), whatever the structure of the 
VO(H,O)L complex, the resulting hydroxo-group 
occupied one of the equatorial positions in an ap- 
proximately octahedral configuration.” 

All these observations, and the fact that for the 
sexidentate ligands no hydrolysis is observed, are 
consistent with a co-ordination number of 6 for 

PH 
Fig. 2. Formation curve for the VO(OH)L complex of V02 + with EDDA; initial concentration of the 

1: 1 aquo-species VO(H,O)L: A 2.0 8 x IO-‘M; 0 1.00 x lO_‘M; + 5.00 x 10~2M. 
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vanadium(IV), which leaves a total of 5 co-ordination 
positions available for other ligands in the case of the 
oxovanadium(IV) cation V02+. 

Hence, for the complexes of the quadridentate 
ligands, only one co-ordination site remains with a 
co-ordinated water molecule, whereas for the com- 
plexes of terdentate ligands, two water molecules 
remain co-ordinated. Apparently the co-ordination 
sphere cannot be expanded, so the complexes of 
quadridentate ligands hydrolyse to give a mono- 
nuclear hydroxo complex-VO(OH)L-but the com- 
plexes of terdentate ligands can dimerize to form 
(V0)2(0H)2L2 species with two hydroxide bridges, as 
in IV (a) or (b) 

I 

k= 

0.5 

0 
5 6 7 

0 0 P” 

Titrations of solutions containing a considerable 
excess of ligand over metal (typically 1O:l molar 
ratio) show that the hydrolysis of the co-ordinated 
water molecule in the 1: 1 complex is still preferred to 
the formation of 2:1 complexes, which should not 

*After this paper was submitted for publication we obtained 
fairly pure samples of synthetic N-hydroxyiminodi-a- 
propionic acid (the natural ligand of “amavadin”). 
Preliminary studies show that the N-hydroxyl group 
lowers the basicity of the nitrogen atom of the ligand to 
such an extent (pk, = 5.6) that, at biological pH, the 
concentration of “free ligand” may compete effectively 
with OH-, and ML, complexes with VO*+ can be 
formed preferentially to the dimers. As will be reported 
in a future paper, this may be one reason why nature 
selected such an unusual ligand: to exclude the dimers 
which would otherwise form. In any case, the values 
obtained for the stability constants of N- 
hydroxyiminodi-a-propionic acid with the oxo- 
vanadium(IV) ion-log KML = 6.8 and log KML2 = 13. I 
-are higher than would be expected for bidentate 
behaviour of the ligand as suggested by Kneifel and 
Bayer.6 Thus the possibility of a co-ordinated water 
molecule in natural “amavadin” is open to question; it 
may well be the result of the process of extraction, but 
no evidence or argument can be presented against the 
structure proposed. 

Fig. 3. Formation curve for the VO(OH)L- complex of 
V02+ with IDA; initial concentration of the 1: 1 aquo- 
species VO(H,O)L. 0 5 x 10m4M; x 1 x IO-)M; 0 

2 x lo-)M; n 5 x lomJM. 

have any co-ordinated water molecules unless not 
fully co-ordinated. This is still more pronounced in 
the cases of the complexes of simple amino-acids, 
where the formation of hydroxo-species is predomi- 
nant even at pH values below 4 (unpublished results 
obtained by us). 

These facts are relevant in biological terms since it 
has been proposed that “amavadin’‘-the V02+ 
complex of N-hydroxyiminodi-cc-propionic acid said 
to be present in the toadstool Amanita muscaria-is 
a 2:1 complex where the ligand behaves as bidentate 
(like an amino-acid) and the fifth co-ordination pos- 
ition is occupied by one water molecule.’ This pro- 
posal is questionable in view of the observations 
above and the conditions prevalent in the plant. It is 
not unlikely that the species isolated has been 
modified by the process of extraction*. Table 2 
summarizes the values of the stability constants of the 
oxovanadium(IV) complexes of polyaminocarboxylic 
acids obtained in this work or available in the 
literature. The values of the acid dissociation con- 
stants of the ligands agree well with the literature 
values and are included in the table for quick refer- 
ence. The main exception is that of pk, and log &vo,L 
for NTA, for which other authors found, at T = 25” 
and I = 0.5M, pk, = 8.58 and log KC,,O,L = 7.15.” 

As expected, the stability of the complexes in- 
creases with the number of co-ordinating groups of 
the ligand, and for ligands of analogous co- 
ordinating capability it increases with the basicity of 
the ligand when steric effects are not operative (which 
is the case of the EDDIBA complex compared with 
that of EDDA). 

Curiously, when steric effects are absent, the values 
of the stability constants log KCvojL are mostly almost 
equal to the corresponding values for the nickel(I1) 
complexes [see Table 2 where these were included for 
comparison together with the corresponding values 
for the copper(I1) and lead(I1) complexes] and a 
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Fig. 4. Correlation between the stability constants of 
oxovanadium(IV) complexes (log qvojL) and those of the 
corresponding nickel(H) complexes I-HDA; 2-IDA; 
SMIDA; 4-HEIDA, 5--CFIDA; 6MNTA; 
7-PMIDA; 8-NTA; SEDDA; IO-HEDTA; 

1 I-EDTA; 12-DCTA. 

linear correlation with slope close to unity (0.95) and 
a small positive intercept (0.7) exists (Fig. 4). 

Similar correlations can be obtained between the 
stability constants (log KML) of the vanadyl and the 
copper or lead(H) complexes, but they are not so 
good. The slopes are close to 1 in both cases but the 
intercepts are higher for lead and lower for copper 
complexes, as expected from the values in Table 2. Of 
all the common metals, nickel gives the best cor- 
relations and closest similarity. 

This allows prediction of unknown values for 
oxovanadium(IV) complexes, particularly in cases 
when the superimposition of hydrolysis equilibria 
makes it impossible or difficult to determine them 
experimentally. 

For example, the values previously reported’s*‘9 for 
the complexes of the amino-acids are likely to be 
incorrect, because standard potentiometric titration 
techniques were used to measure the stability con- 
stants. The buffer regions of the titration curves used 
for the calculations correspond to the hydrolysis of 
co-ordinated water molecules rather than to the 
displacement of the protons bound to the nitrogen 
atoms of the ligands, which would occur at higher pH 
(see comments in reference 20). 

A single exception is the oxovana- 
dium(IV)-glycine system, which was studied by 
spectrophotometryZo but, even so, not completely (the 
formation of hydroxo-species was not considered). A 
recent potentiometric study does consider this possi- 
bility, and opens the way to a comprehensive study 
of these systems2’ 

It is interesting to note that the correlation shown 
in Fig. 4 also holds for ligands such as EDTA or 
DCTA, which are potentially sexidentate ligands. 
Since V02+ cannot accept more than five donor 
groups, the same must be true for nickel in these 
cases, as was indeed found in the solid state.22 
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Fig. 5. Correlation of the proton dissociation constants of 
co-ordinated water molecules and the basicity of (1) the 
terdentate and (2) the quadridentate complexing agents: 
I-HDA: 2-HEIDA: 3-IDA: 4-MIDA. 5-CFIDA: 
6PMItiA; 7-EDDA; 8-EDtiPA; %UtiA; IO-NTA; 

I I-MNTA. 

The values obtained for the dissociation constants 
of the co-ordinated water molecules-pk~oC,,,,, or 
log B,,t-show that this process becomes more 
difficult the higher the number of co-ordinated 
groups and the higher the basicity of the ligand 
[measured by the value of pk, for the corresponding 
ligand or pk,_ , in the case of protonated complexes 
VO(H,O)HL, as for the EGTA complex]. 

Figure 5 illustrates these observations and it can be 
seen that two straight lines are obtained for cor- 
relation of pk&OjCHZOjL with pk, for each group of 

complexing agents-terdentate and quadridentate. 
It would be expected that the ease of dissociation 

of a proton from the co-ordinated water would 
depend on the electron-withdrawing power of the 
vanadium atom and that this power would be de- 
creased both by the number of negatively charged 
co-ordinated carboxylate groups and by the degree of 
donation of electrons by the co-ordinated nitrogen 
atoms of the ligands. Hence, in the cases of EDDA 

and NTA the values of pk&,jCH,o),_ are almost equal, 
although the first ligand is co-ordinating through 2 
nitrogen atoms and 2 carboxylate groups, and the 
second through one nitrogen atom and 3 carboxylate 
groups. However, the effect of basicity is small 

(Fig. 5) and the value of pkgo,C,,o,, seems to be 
determined mainly by the total number of co- 
ordinating groups of the ligand, or, which is really the 
same thing, by the number (and position) of co- 
ordinated water molecules in the complexes. Since the 
location of the co-ordinated water is also relevant, in 
the cases of EDDA and NTA the donor groups seem 
to be co-ordinated to the same sites even though their 
structures, linear and branched, might allow different 
possibilities. 

The case of pyridine-2-methyliminodiacetic acid is 
anomalous, showing that either the geometry of 
chelation is not so favourable or that the pyridine 
nitrogen atom (apparently co-ordinated to the equa- 

tpk&,,,,,,, = log/r,, = [VO(HO)Ll [H + I/WW$W-I. 

torial position23) is less effective than the carboxylate 

group of NTA in decreasing the electron- 
withdrawing power of vanadium. 

Hydroxyliminodiacetic acid and EGTA apparently 
behave as terdentate towards VO’+; their neutral 

oxygen atoms are very weak donors and although 
they seem to be co-ordinated (the values of the 
stability constants of their respective complexes are 
higher than for correspondent terdentate ligands), 
they do not alter significantly the electron- 
withdrawing power of the vanadyl ion. 

A final remark concerns the EDDA, EDDPA and 

EDDIBA complexes, where the successive intro- 
duction of methyl groups in the acetic acid chains of 
the first ligand increases the basicity of the resulting 
ligand but not the stability of the corresponding 
complexes. This is due to steric factors, but the 
vanadyl ion seems to be less affected than other 
common transition-metal ions; the reason for this is 

not at present clear. 
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Summary-A method is described for the direct determination of copper in urine at normal (l&30 pg/l.) 
levels by carbon-furnace atomic-emission spectrometry. Wavelength modulation is used to achieve 
automatic background correction for scatter-signals produced by the furnace and matrix. The accuracy 
of the method has been assessed by comparison with continuum-source atomic-fluorescence and 
carbon-furnace atomic-absorption methods. Relative standard deviations of about 45% can be achieved 
for either the platform or probe atomization techniques. 

Relatively few applications of carbon-furnace 

atomic-emission spectrometry (CFAES) have been 
reported. This can be attributed, in part, to a lack of 
suitable instrumentation during the early devel- 
opment of the technique, particularly with regard to 
automatic background correction. Despite this, use- 
ful analytical procedures have been developed, using 
conventional atomic-absorption instruments for the 
determination of lithium in copper,’ trace metals in 
steels’ and barium in potable waters and sediments.3 
The introduction of wavelength modulation as a 
means of automatically correcting for background 
signals arising from the furnace has extended the 
range of analytical applications of CFAES, allowing 
the analysis of more complex samples.4-7 The devel- 

opment of a new instrument, incorporating an echelle 
monochromator and wavelength modulation, has 
resulted in a significant improvement in sensitivity.* 
Detection limits for many elements are comparable to 
or superior to those obtained by carbon-furnace 
atomic-absorption spectrometry (CFAAS), sug- 
gesting that CFAES may be useful for a wide range 
of analytical applications. 

The determination of urinary copper excretion is of 
established value in the diagnosis and treatment of 
Wilson’s disease.’ Elevated levels of copper in urine 
have been demonstrated for other conditions such as 
nephrotic syndrome,” copper intoxication” and burn 
injuries. I2 In general, the determination of increased 
levels of copper poses no great analytical problems 
and a number of calorimetric techniques have been 
successfully applied. However, when normal levels of 
copper (IO-30 ng/ml) in urine are to be determined, 
e.g., for metabolic balance studies, few methods offer 
the required sensitivity. Atomic spectrometric tech- 
niques have been employed since 1967, when Parker 
et ~1.‘~ described the determination of urinary copper 
by flame atomic-absorption spectrometry. In this 

method, the copper was preconcentrated by chelation 
and extraction, and similar methods have sub- 
sequently been described.‘4,‘5 For routine analytical 
application, however, it is desirable that a simple, 
rapid and accurate method is found which does not 
require elaborate sample pretreatment. A method 
based on flame atomic-absorption spectrometry has 
been proposed by Dawson et ~1.‘~ for the direct 
determination of copper in urine. High scale expan- 
sion ( x 15) was employed to achieve the required 
sensitivity with a single-beam instrument. Spector et 
al.” have reported that greater experimental stability 
is obtained by using a double-beam instrument, but 
in general, methods based on flame atomic- 
absorption spectrometry involve measurements close 
to the detection limit in the determination of normal 
levels of copper in urine. The reliability of such 
results could therefore be in doubt because of 
insufficient sensitivity and precision close to the de- 
tection limit. Recently, Halls et ~1.‘~ described a 
method for the direct determination of copper in 
urine by carbon-furnace atomic-absorption spec- 
trometry. The only sample pretreatment required 
involved a I:1 dilution of the urine with distilled 
water. The results showed good agreement with those 
obtained by extraction followed by CFAAS. The 
levels found were also in agreement with those estab- 
lished by flame methods.” 

It would appear that a CFAES method for the 
determination of copper in urine might prove a 
suitable alternative in view of the sensitivity problems 
encountered with other techniques. In this paper, the 
development of a CFAES method for the direct 
determination of copper in urine is described. The 
accuracy of the method was assessed by comparison 
with methods based on continuum-source atomic- 
fluorescence spectrometry” and carbon-furnace 
atomic-absorption spectrometry.‘* 

571 
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Table 1. Analvtical instrumentation 

Unit Spectrametrics SMI III echelle monochromator 
-focal length 0.75 m 

f/IO aperture 
reciprocal linear dispersion 0.062 nmjmm at 200 nm 

0.25 nmjmm at 800 nm 
slit-widths, vertical 0.2 mm 

horizontal 0.5 mm 
Detector Hamamatsu R292 photomultiplier tube 
Amplification Ortec Brookdeal 5002 current pm-amplifier 

Ortec Brookdeal 9503D lock-in amplifier 
Wavelength modulation Quartz mechanical chopper. Detection frequency 40 Hz. 

Unit and power supply made in the laboratoryR 
Recorder Servoscribe R541.20 potentiometric recorder 
Atomizer Perkin-Elmer HGA 72 carbon furnace 

Tubes and platforms coated with pyrolytic graphite in shzo 
Pure pyrolytic graphite for probe manufacture supplied by Philips*r 

Focusing lens S= 130 mm 

EXPERIMENTAL 

Inslrumentation 

All measurements were made with a Perkin-Elmer HGA 
72 electrothermal atomizer, and an echelle spectrometer 
incorporating a wavelength-modulation background- 
correction system. The application of this instrument to the 
measurement of furnace atomic-emission signals has been 
described e1sewhere.s The components which comprise this 
system are detailed in Table 1. Furnace-operating condi- 
tions employed in the determination of copper in urine are 
summarized in Table 2. The furnace was operated with 
tubes coated in situ with pyrolytic graphite, and platform20 
or probe” atomization as indicated in the text. Samples were 
dispensed manually from a micropipette of the appropriate 
volume. Atomic-emission signals for copper were measured 
at 324.75 nm and displayed on a chart-recorder. 

Reagents 

Standard copper solutions (&IO0 ng/ml copper) were 
prepared freshly, as required, from a IOOO-pg/ml stock 
solution and were acidified with nitric acid to a final acid 
concentration of 10-2M. 

Procedure 

Urine samples were collected in acid-washed polythene 
containers and acidified by addition of 5 ml of “Aristar” 
concentrated sulphuric acid to each 24-hr sample.‘” The 
sample was shaken thoroughly before measurement and was 
analysed by direct injection of the solution into the furnace, 
followed by calibration against aqueous standard solutions 
of copper. Apart from dilution of the sample in some cases 
to allow measurement within the linear calibration range of 
the method, no other sample pretreatment was used. Pipette 
tips were washed before the analysis, by pipetting distilled 
water, and normally the first sample was rejected to avoid 
any possible contamination. 

sulting in increased noise. The magnitude of the 
background signal observed will also be related to 
some extent to the design of the atomizer. 
Background-correction problems in atomic- 
absorption spectrometry result from non-specific at- 
tenuation of the light-sources by scatter from par- 
ticles, and from specific molecular absorptions. In 
CFAES, a continuum background signal is produced, 
which consists of tube-wall radiation scattered by 
particles and molecules into the monochromator.*’ 
When a sample is analysed, the scattering of tube- 
wall radiation will be increased and the extent of the 
background signal produced will be dependent on the 
concentration of matrix present in the sample. For 
this reason, it has proved difficult to use CFAES as 
an analytical technique for the determination of real 
samples without some method of correcting for large 
and variable background signals. It has been demon- 
strated that a system of wavelength modulation (such 
as that incorporated into the echelle spectrometer 
employed in the present study) can provide satis- 
factory correction for this type of background signal. 
The atomic-emission signal emanating from the fur- 
nace can be attenuated by matrix effects such as 
scatter and non-specific absorption. However, inter- 
ferences of this type can be corrected for in atomic 
emission by the use of a standard-addition procedure. 
The effect of the matrix on the signal from a urine 
sample of known copper concentration was studied. 
It is possible to monitor the uncorrected CFAES 
signal from the pre-amplifier output in the echelle 

RESULTS AND DISCUSSION 

Background correction Table 2. Temperature programme for HGA 72 atomizer* 

Halls et al.‘” have reported a CFAAS method for 

the direct determination of copper in urine. A 1:l 

dilution step was incorporated in the method to allow 

for high background signals resulting from complex 

matrices. A deuterium lamp was used for background 

correction. However, at the wavelength of 324.75 nm 
used for the copper determination, the intensity of the 
deuterium lamp is relatively weak, making correction 
for high background signals more difficult and re- 

Stage 
Temperature, 

“C 
Time, 

set 

Dry 
Ash 

300 (400) 30 - 
900 30 

Atomize 2500 8 (IO) (Gas stop) 

*Argon was used as the purge gas. Sample volumes of 50 
~1 for platform atomization, and 20 ~1 for probe atom- 
ization were employed. Modifications to the furnace 
programme required for probe atomization” are indi- 
cated in brackets. 
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Fig. I. CFAES signals obtained for (a) 50 nl of 40 ng/ml 
aqueous copper standard solution; (b) 50 nl of a urine 
sample containing -40 ng/ml copper. Measurements made 
at 324.75 nm without background correction. The base-line 

for curve (b) is at 30 arbitrary units. 

spectrometer system. The signal thus produced will 
have components from the normal tube background, 
matrix scatter of tube-wall radiation and the analyte 
atomic-emission signal. Signals for a 40-ng/ml aque- 
ous standard solution of copper and a urine sample 
containing a similar copper concentration are shown 
in Fig. 1. There is very little difference between the 
signals obtained, indicating that the intensity of 
scattered light reaching the detector at the wave- 
length of the atomic-emission line for copper is small 
in comparison to the atomic-emission signal in- 
tensity. In addition, it is clear that the time of 
appearance of the signals and the time of the peak 
emission intensities are the same for the aqueous 
standard solution and the urine sample. 

The scatter-signal from a urine sample was mea- 
sured at a series of wavelengths and compared to the 
background signal obtained from a blank firing of the 
tube at each of the points on the wavelength scale. 
The results are illustrated in Fig. 2. The scatter-signal 
is clearly larger than the tube-background signal, but 
is still small with respect to the atomic-emission 
signal. The total signal due to scatter at the wave- 
length of the copper atomic-emission line corre- 

sponds to a copper concentration of 2.3 ng/ml. It is 
probable that the use of the high-resolution echelle 
spectrometer reduces the total amount of continuum 
radiation falling on the detector. It has been 
confirmed, however, that a substantial scatter-signal 
is present at the wavelength of interest and that a 
method of background correction is required. 

A further wavelength scan was made at wave- 

lengths much closer to the copper atomic-emission 
line to ascertain whether any spectral interference was 
present resulting from, for example, molecular emis- 
sion from the urine sample. The modulation wave- 
form was displayed on an oscilloscope. No spectral 
overlaps were observed within the wavelength modu- 
lation interval, and the emission signal produced 
appeared to be due to copper present in the sample. 

The calibration graph obtained for copper by 

CFAES with platform atomization is shown in Fig. 
3. Above about 80 ng/ml the plot deviates from 
linearity and this was the upper limit of concentration 
used for direct calibration. It was possible to employ 
a direct calibration procedure because the slope of the 

graph was very close to that produced by standard 
additions of copper to urine sample. If a systematic 
error were present, e.g., as a result of chemical 
interference or scatter by matrix particles, the slope 
of the standard-addition plot would be expected to 
differ from that of the calibration graph. It would 
appear from the results shown in Fig. 3 that prac- 
tically no such interference was present. It was found, 
however, that the precision obtained for the CFAES 
determination of copper in urine was somewhat 
worse than that obtained for aqueous copper stan- 
dard solutions. This is to be expected, as a result of 
viscosity differences resulting from variations in the 
high dissolved solids content of urines. Additional 

error is also likely to result from noise (introduced by 
the matrix) on the analyte signal. A typical re- 
producibility for urine samples analysed directly by 

(b) 

A lnm) 

Fig. 2. Variation of background with respect to wavelength 
in the region of the CFAES analytical line for copper 
(324.75 nm). (a) Scattered background signal in the presence 
of a urine sample; (b) background signal obtained from a 

blank firing of the tube. 
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Fig. 3. Determination of copper in a pooled normal urine 
sample. (0) Calibration graph; (m) standard additions of 
copper to the urine sample. Measurements made at 

324.75 nm by CFAES with platform atomization. 

CFAES is given in Fig. 4. The noise in the CFAES 
signals is due in part to fluctuation in the background 
intensity transmitted, as a result of variation in the 
vapour-phase concentration of matrix particles dur- 
ing the emission measurement. There is also an 
increased shot-noise contribution which is propor- 
tional to the square root of the total intensity reach- 
ing the photomultiplier and resulting from scatter of 
continuum radiation from the tube wall into the 
monochromator by the matrix. The a.c. components 
of the background signal can be transmitted through 
the wavelength modulation detection system, re- 
sulting in noise which will affect the overall detection 
limit. The practical detection limit for copper by the 
method was 0.5 ng/ml. 

50 
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Fig. 4. Reproducibility of CFAES signals for copper in 
undiluted urine by platform atomization. R.S.D. 5.1% for 
50-~1 aliquots of a urine sample containing -20 pg/ml 

copper. 

Table 3. Comparison of results obtained by 
atomic-fluorescence spectrometry (AFS) and 
carbon-furnace atomic-emission spectrometry 

(CFAES) 

Urine 
sample 

Con;;tr;tion of copper, f~g/l. 
CFAES* 

I 35 31 
2 45 43.5 
3 37 33 
4 31 32 
5 33 27 
6 42 44 
7 37 35.5 
8 55 56.5 
9 54 52 

IO 27 27 

*Direct determination on undiluted urine 
samples. 

Comparison with AFS method 

A series of trials was undertaken to compare the 
accuracy of the furnace emission method with that of 
other methods used for the determination of copper 
in urine. The first of these was a comparison with a 
continuum-source flame atomic-fluorescence method 
described elsewhere.‘” The CFAES results shown in 
the second column of Table 3 were obtained by direct 
analysis of the undiluted urine samples. The re- 
gression equation was of the form Y = BX + A where 
Y is the dependent variable, in this case assumed to 
be the CFAES result, and X is the test result of the 
comparative method. The slope of the line was 
1.06 + 0.09 and the intercept -3.9 + 3.9. The cor- 
relation coefficient was 0.969. These results provide 
evidence that the CFAES method is suitable for the 
determination of copper in urine. It should be noted 
that the two techniques have fundamentally different 
theoretical bases, and hence are unlikely to suffer the 
same systematic bias. Since furnace and flame atom- 
ization mechanisms are also substantially different, it 
seems reasonable to assume that no systematic error 
is involved in the CFAES method. 

Comparison with CFAAS method 

To establish its accuracy the CFAES method was 
also compared in trials with the CFAAS method 
developed by Halls et al.” Each sample was divided 
into two portions which were separately analysed, 
one by each method. The results obtained for a set of 
urine samples are given in Table 4. Fair agreement 
was obtained between the CFAAS and CFAES 
results. Regression analysis (CFAES = Y, 
CFAAS = X) gave a correlation coefficient of 0.992, 
slope 0.986 k 0.04, intercept 2.4 f 2.5. Initially some 
problems were encountered in achieving 
contamination-free analysis. One of the reasons for 
using a direct method of analysis was to minimize 
sample-handling and hence the risk of con- 
tamination. The CFAES method described in this 
paper involves only the direct sampling of the urine 
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Table 4. Comparison of results obtained by 
carbon-furnace atomic-absorption spec- 
trometry (CFAAS) and carbon-furnace 

atomic-emission spectrometry (CFAES) 

Urine Concentration of copper, pg/l. 
sample CFAAS’s CFAES* 

I 27 31 
2 14.5 I5 
3 8.5 11 
4 161 165 
5 I5 14 
6 25 25 
I 19 21 
8 21 29 
9 16 30 

*Direct determination on undiluted urine 
samples. 

and its introduction into the furnace by micropipette. 
Contamination could only arise from the original 
separation of the sample into separate containers, 
during transport, or during the introduction of the 
sample into the furnace. However, copper is such a 
common element in a laboratory environment that it 
is very easy to contaminate samples with it. The 
results shown in Table 4 were obtained only by 
analysis of the same half of the sample analysed by 
CFAAS. The half of the sample analysed originally 
by CFAES showed considerably higher values, indic- 
ative of contamination. Halls et a/.‘* have indicated 
that co-precipitation of copper with insoluble materi- 
als can be a problem in the determination of copper 
in urine and that variable losses can occur which 
make comparative studies extremely difficult. In 
order to limit the co-precipitation of copper, samples 
were acidified to a concentration of 0.1 M sulphuric 
acid. It was found during the course of the present 
study that precipitation still occurred in some sam- 
ples. This indicates that problems in the deter- 
mination may be related to specific samples rather 
than to a systematic bias in a general method, and be 
due to variations in matrix composition. It is known 
that the matrix composition of urine varies widely 
from sample to sample and that for certain samples 
this may present specific analytical problems. The 
extent of precipitation in a given sample is likely to 
be related to the length of storage of the sample prior 
to analysis. This time may be critical in the deter- 
mination of copper in urine, since different degrees of 
precipitation may occur between sample sets and also 
from sample to sample prior to analysis. A further set 
of samples was analysed by the CFAES and CFAAS 
methods within 48 hr in order to avoid any problems 
which might arise as a result of storage. It should be 
noted that the samples analysed in the comparative 
study with the AAS method were analysed on the 
same day. The results obtained for the CFAAS and 
CFAES analyses are presented in Table 5. Although 
a small bias towards higher values is apparent in the 
CFAES results, it is clear that relatively good agree- 

1 23.5 
2 15.5 
3 47 
4 18 
5 11.5 
6 18.5 
7 19 
8 18 
9 25.5 

10 21 

Table 5. Comparison of results obtained by 
CFAAS and CFAES 

Urine 
samnle 

24 
18 
4-t 
22.5 
15 
21 
20 
24 
28 
30.5 

*Direct determination on undiluted urine 
samples. Correlation coefficient 0.956; 
slope of regression equation 
0.883 + 0.095; intercept 5.78 k 2.25. 

ment can be achieved by a direct method if the 
samples are analysed at the same time. 

Standard reference materials for clinical analysis 
for trace metals are less readily available than in other 
areas of analysis. It is difficult to produce a standard 
synthetic mixture representative of a clinical fluid, 
since each sample is unique to the individual patient. 
Furthermore, concentrations of both matrix com- 
ponents and analyte vary so widely from sample to 
sample that it is difficult to represent the analytical 
problem adequately by using a synthetic mixture. The 
problem is further complicated by a lack of suitable 
techniques which could accurately define the concen- 
tration present in the standard sample. For this 
reason, a range of values in which the analytical 
results should fall is often quoted. Urinary copper 
determinations are routinely performed as tests for 
Wilson’s disease, where elevated levels are normally 
evident. Standard urine samples therefore normally 
contain relatively high copper levels. Two samples 
were analysed by CFAES and CFAAS. The first was 
a standard urine (pooled human urine with copper 
added) of known composition and the second a urine 
sample from a patient with Wilson’s disease. The 
results are shown in Table 6. As the concentrations 
in the neat urine samples were outwith the linear 
calibration range of the CFAES method, dilutions of 
1:s and 1 :lO respectively were made. The CFAES 

Table 6. Analysis of urine samples of high copper content 
by CFAAS and CFAES 

Sample 

Standard 
urine sample? 

Wilson’s disease 
sampI@ 

Concentration of copper, pggll. 
CFAAS’s CFAES* Accepted range 

260 245+ 11 14G300 
(mean 220) 

500 520 + 23 

*50-~1 samples, platform atomization. 
tLypochek Quantitative Control Urine II, from Environ- 

mental Chemical Specialities, California. Diluted 1: 5 
with distilled water before CFAES analysis. 

§Diluted 1: 10 with distilled water before CFAES analysis. 
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results show reasonable agreement with the CFAAS 
values and fall within the accepted range of the 
standard certificate value, although this range is 
relatively wide. It is evident that with a dilution step 
the CFAES method can provide acceptable results. 
Indeed, it may be that the routine use of a dilution 
of 1: 5 or more would eliminate any possibility of 
matrix interference for particular samples, whilst 
retaining sufficient sensitivity for the analysis to be 
performed. 

Probe atomization 

Slavin et al.24 have reported that the use of a 
platform allows the atomization of the sample in a 
furnace tube close to isothermal conditions. The 
sample experiences a higher temperature in the va- 
pour phase when platform atomization is used than 
it does in atomization from the tube wall. This leads to 
an improvement in the dissociation of analyte species. 
However, for certain elements the peak free-atom 
concentration occurs some time before the maximum 
tube temperature has been reached, even when plat- 
form atomization is used.20 Thus in cases where 
complex matrices are present, the temperature of the 
furnace may not be sufficiently high at the time of 
sample vaporization to dissociate the sample com- 
pletely. Incomplete atomization might therefore be a 
contributory factor to the difficulty of analysing 
particular samples. Several authors have proposed 
that the sample could be introduced into the furnace 
on a probe made of tungsten or graphite, once the 
maximum tube temperature has definitely been estab- 
lished.2’.2s2R It has been shown that matrix inter- 
ferences can be greatly reduced by using this 
technique2’,28,29 and it was expected that the use of 
probe atomization could prove beneficial in the deter- 
mination of copper in urine. 

A set of urine samples was analysed directly with- 
out dilution, by CFAES with probe atomization2’ 
The results are compared in Table 7 with those 
obtained by CFAAS. The results obtained by probe 
atomization do not appear to give significantly better 
agreement than those obtained in previous trials 
using platform atomization. However, the fact that 

Table 7. Comparison of results obtained by CFAAS 
and CFAES using probe atomization 

Concentration of copper, pggll. 
Sample CFAAS18 CFAES with probe* 

1 27 20 
2 62 55 
3 36 36 
4 5 24 
5 20 19 
6 23 29 
7 104 85 
8 83 80 
9 20 23 
10 9 20 

*Direct analysis of undiluted urine samples (20 ~1). 
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Fig. 5. Reproducibility of probe-atomization CFAES sig- 
nals for copper in undiluted urine. R.S.D. I.OO/, for 20-~1 
aliquots of a urine sample containing -80 ng/ml copper. 

satisfactory agreement is achieved for some samples 
but not for others may indicate that a problem exists 
in the determination of particular samples. The pre- 

cision of the method was improved by using probe 
atomization. Replicate determinations of a urine 
sample containing 80 ng/ml copper are shown in Fig. 
5. It is probable that the degree of sample con- 
tamination limits the precision, since the r.s.d. values 
at lower concentrations (e.g., 20 ng/ml) were of the 
order of 4%. However, different sample volumes were 
employed for the platform and probe methods and 
therefore a comparison of the precision on this basis 
may not be exact. 

CONCLUSIONS 

CFAES appears to be a useful analytical tool for 
the determination of copper in urine. The major 
problems in the analysis appeared to result from the 
irreproducible nature of the sample, rather than any 
inherent error in the method of measurement em- 
ployed. As CFAES is an emission technique it is 
possible to utilize a standard-addition procedure to 
correct for scatter and molecular absorption inter- 
ferences where direct calibration against aqueous 
standard solutions is unsatisfactory. Alternatively, 
because of the high sensitivity afforded by the 
CFAES method, the sample could be diluted to 
minimize possible matrix interferences for particular 
samples. In the collaborative studies undertaken in 
this work sample stability and contamination con- 
tributed significantly to the difficulty in performing 
useful analytical comparisons. In view of the pre- 
cision of the CFAES and comparative methods, the 
agreement obtained is considered acceptable. Re- 
cently, CFAES has been successfully applied to the 
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determination of chromium, manganese and lead in 
clinical fluids.3” The technique would appear to have 
potential for application to a wide range of clinically 
important trace element determinations, particularly 
if utilized for simultaneous multi-element analysis.3’ 
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Summar-The ability of the computer program SQUAD to deduce a plausible equilibrium model, 
associated stability constants and spectra of individual species is described. The original version of 
SQUAD has been extensively modified and these changes are detailed. In particular a “user-friendly” 
method of data input has been implemented that simplifies familiarization with the program. Brevity 
of program code has been sacrificed in favour of the new data input and error-checking features of 
SQUAD, with beneficial results. The application of SQUAD to five non-aqueous metalloporphyrin-axial 
ligand interactions exemplifies the program’s ability to handle widely different types of equilibrium 
systems. 

The Benesi-Hildebrand method’ has been extensively 
used to evaluate the stability constants of 
metalloporphyrin-axial ligand complexes. For the 
general reaction 

M + L=ML (1) 

where M is any metal ion or metalloporphyrin and L 
is any ligand, the following equations may be written: 

C, = [M] + [ML] (2) 

C,. = [L] + [ML] (3) 

Blot = [MLIWIV-I (4) 

The subscripts for j refer to the number of metal 
ions, hydroxide or hydrogen ions, and ligand ions, 
respectively, associated with that stability constant. 
The studies are most often performed in a non- 
aqueous, non-donor solvent, in which case the middle 
subscript is then always zero. Making use of Beer’s 
law: 

A = +,,[M] + &JL] + cML[ML] 

it can be shown’ that 

(5) 

log (A - 4,) ~ = log CL + log j&o, 
(A, - A) 

(6) 

where A is the absorbance, at a preselected wave- 

*Author for correspondence. Present address: Dow Chem- 
ical USA, Texas Division, Freeport, TX 77541, U.S.A. 

length, of a solution having a known molarity of 
ligand, C, and known molarity of metal, C, , A, is the 
absorbance, measured at the same wavelength, of a 
solution where Cr = 0, and A, is the measured ab- 
sorbance of a solution for which CL>>&, so that the 
absorbance is constant with increasing CL. Thus a 
plot of the left-hand side of equation (6) against log 
CL should give a straight line which intersects the 
abscissa at -log CL, which will be equal to log fl,,,, . 

The Benesi-Hildebrand (B-H) method may be 
generalized to handle equilibrium systems in which 
the stoichiometry of the complex formed is unknown. 
In this situation equation (4) becomes 

BW = [MW[Ml[Ll 
and equation (6) becomes 

(7) 

log (A - 4) ~ = n log CL + log j&). 
W-A) 

(8) 

Thus the slope of the straight line in the log-log plot 
provides the stoichiometric coefficient for the com- 
plex. 

Inherent in this method is the assumption that only 
one complex is formed. This situation is not too 
frequently encountered and when there is more than 
one complex present the B-H plots of log 
[(A - A,)/(A, -A)] vs. log CL will show considerable 
curvature. It has been argued’ that the plots may still 
yield information concerning the stoichiometry and 
stability constants of the complexes, but except under 

579 
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the most favourable conditions, encountered when 
complexes of widely differing stability are formed, this 
claim is not valid. 

This method, and many similar approaches,3 have 
the common drawback that they are only applicable 
if one and only one complex exists under the condi- 
tions of measurement. However, in general, more 
than one complex will exist in solution unless C, >> Cr,, 
or C,>> Cr. Moreover, when several complexes are 
present, their nature may not be readily determinable 
from simple continuous-variation or molar-ratio ex- 
periments. Therefore, more sophisticated and rig- 
orous data-processing techniques need to be adopted. 

Several general computer programs are currently 
available4” that permit various equilibrium models to 
be fitted to the experimental data, by change of one 
or more data car&. This type of program is clearly 
more desirable than one where the program code 
needs to be rewritten for each new model tested. The 
majority of programs developed to date require po- 
tentiometric data as input, which may either be 
obtained from measurements of pH us. volume of 
base, or of ion-sensing electrode potentials. 

Spectrophotometry is a widely used technique for 
the study and determination of equilibrium constants 
but only a few programs are available to process the 
data.4.5 Spectrophotometric measurements are gener- 
ally less precise than potentiometric ones, both inher- 
ently and because of the need to prepare several 
separate solutions. A further complication arises 
from the fact that for fitting an equilibrium model to 
absorbance measurements, not only are the stability 
constants to be determined, but the molar absorp- 
tivities for each species, at each wavelength, are also 
to be evaluated. The situation is not as bad as it might 

seem, since the evaluation of molar absorptivities and 
stability constants is done at two levels within most 
programs, patterned after an approach suggested by 
Sillen 

The program used in the studies described here is 
SQUAD.‘,’ It is designed to calculate the best values 
for the stability constants of the proposed equi- 
librium model by employing a non-linear least- 
squares approach. The program is completely general 
in scope, having the capability to refine stability 
constants for the general complex M,M; H,L, L;, 
where m, 1, n, q 2 0 and j is positive (for protons), 
negative (for hydroxide ions) or zero. Therefore, the 
same program may be used to study acid-base equi- 
libria for ligands that are weak acids (or bases); 
metal-ion hydrolysis; complexes of the type ML,, or 
M,L,; mixed-ligand (or mixed-metal) complexes; 
protonated or hydroxo complexes. SQUAD was 
originally designed to process absorbance data from 
aqueous solutions. Recently extensive modifications 
have been made to the program that now permit the 
analysis of data from any type of solution. The 
algorithms employed in SQUAD and their re- 
lationships to each other are shown in Fig. 1. The 
overall modus operandi will be described briefly and 
then greater attention will be paid to the novel 
data-input method. 

The input data consist of: (a) the absorbance 
values A+, for each spectrum, giving a total of I for 
each wavelength, and a grand total of NW; (6) the 
total metal and ligand concentrations, C,,,, &, pH, 
(pH for aqueous and mixed solvents only) and path- 
length b,, for each spectrum; (c) any known or 
previously determined molar absorptivities (c,,~) for 
the jth species at the k th wavelength; (d) the stoichi- 

PREPRO 
‘-_____-__-___--_----~ 
I INPUT I 

User aliases 
converted to 
internal para- 

ERR meters - 

REFINE 

of GN 
1 

& 

Numerical Solve equations 
differentiation for shifts on 

I constants 

Calculate sum 

I 
ECOEF SIGMAE 

SOlW Standard 
A=E.C deviation 

I of E 

Fig. 1. Block diagram of SQUAD, showing the inter-relationships among the various algorithms. 
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ometry and stability constant for the jth species 
together with an indication of which constants are to 
be refined. The data are read in by subroutines 
PREPRO and INOUT. Once data input is complete 
the refinement process is commenced. The 
Gauss-Newton non-linear least-squares algorithm is 
used to minimize CJ, where 

Table 1 

A SUITABLE TITLE 
A SUITABLE SUBTITLE 
DICTIONARY: 

Section 1 

I NW 
u=CC(A$-A;,b”.)2 (9) 

I I 

END: 
SPECIES: 

Section 2 

Subroutine REFINE controls the minimization in 
two major steps. First the Jacobian and Hessian 
matrices are built up by numerical differentiation 
using Sterling’s central difference method. This in- 
volves, for the current set of stability constants, 
calculating the concentrations of all species con- 
tributing to each spectrum. In essence, the mass- 
balance equations are solved, given CM,i, CL,i and /Ii, 
yielding [speciesljj. These calculations are performed 
by subroutines CCSCC and COGSNR. The first of 
these performs “book-keeping” functions for the 
second, which solves the mass-balance equations by 
using a controlled Newton-Raphson algorithm. Once 
the [species]i,j values have been found, the set of linear 
equations, derived from Beer’s law, 

END: 
OTHER: 

Section 3 

DATA: 
Section 4 

MOL. ABS.: 
Section 5 

END: 

&+ = [species]i,,6j,k bi (10) 

is solved, within the subroutines ECOEF, SOLVE 
and/or NNLS, for the molar absorptivities of each 
species, j, wavelength by wavelength. ECOEF pro- 
vides the book-keeping for SOLVE. Two possible 
algorithms may be selected within SOLVE. Either a 
conventional multiple regression (MR) technique is 
used to solve the system of linear equations, or 
NNLS, a non-negative linear least-squares algorithm, 
is chosen. NNLS is employed when molar absorp- 
tivities are found to be negative when the MR 
algorithm is used. Full details of MR and NNLS have 
already been published.* Once the cj,k values have 
been calculated, the A$ matrix is evaluated for the 
current set of constants. Control returns to REFINE 
and then proceeds to subroutine SEARCH where the 
shifts for the refining constants are calculated. As- 
suming that the refinement process is working 
smoothly, the new values of the constants will pro- 
vide a better numerical fit to the data, i.e., lower U, 
than the previous set of constants. This is checked in 
the third step by repeating the sequence of calls, 
starting at subroutine RESID. If the changes in the 
refining constants are all less than 0.001, refinement 
is considered to be complete. Otherwise, a new 
refinement cycle is started. 

BASELINE: 
Section 6 

SPECTRA: 
Section 7 

-AMAX 

The data deck consists of seven major sections, 
some of which may be. omitted. Each section starts 
with a key word and most finish with the key word 
END. The basic layout of the data deck is shown in 
Table 1. The DICTIONARY section provides 
SQUAD with the “aliases” (4-character identification 
words) that the user will employ to identify the 
components of the complexes. Consider, as an 
example, a study involving the interactions between 
zinc, imidazole and a porphyrin, designated TBDH. 
To begin communication between SQUAD and the 
user, “aliases” must be supplied for the program- 
recognizable variables MTLl (first metal in complex), 
MTL2 (second metal), LIGl (first ligand in complex), 
LIG2 (second ligand), PROT (the proton as ligand), 
HYDR (hydroxide ion as ligand). 

It is most important with computer programs of The second section of the data deck is used to 
this size that the method of data-input should be as describe the model and to indicate whether stability 
straightforward as possible. This is particularly true constants are to be refined (VB) or held constant (FB) 
for first-time users and potential users with little or no and whether molar absorptivities are to be calculated 
programming experience. Considerable attention has (VE) or not (FE). SQUAD will use the dictionary to 
been devoted to achieving this end and the method of construct its internal vectors and arrays that describe 
data-input will now be described. the stoichiometry of each complex in the model being 
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Table 2. The set-up of the dictionary and species 
data for SQUAD 

DICTIONARY: 
MTLl = ZN; LIGI = IMID; LIG2 = TBDH: 
END: 
SPECIES: 
ZN(l) IMID( 3.30; FB; FE: 
ZN(1) IMID(2); 5.87; FB; FE: 
ZN(1) TBDH(l); 4.31; VB; VE: 
ZN(l) TBDH(2); 7.44; VB; VE: 
ZN(l) IMID(1) TBDH(I); 6.91; VB; VE: 
END: 

fitted to the data. For example, the interactions of 
zinc, imidazole and TBDH are believed to give rise to 
five complexes, Zn(Imid), Zn(Imid), , Zn (TBDH), 
Zn(TBDH), and Zn(Imid) (TBDH). The zinc- 
imidazole system has already been studied and 
the relevant stability constants and molar absorp- 
tivities are known. The first two sections of the data 
deck are shown in Table 2. Since the molar absorp- 
tivities of the zinc-imidazole system had been pre- 
viously determined they are included in the data deck 
at Section 5. The layout of these values is shown in 
Table 3. 

The examples given above of three of the sections 
of the data deck illustrate the simplicity by which 
models can be specified to SQUAD and also the ease 
with which a model description may be changed. 
Although the method of data input is straight- 
forward, key-punching errors can occur, such as 
mis-spelling TBDH or omitting a semicolon or paren- 
thesis. Extensive error checks are performed through- 
out the data-input phase and the conversion of 
user-specified descriptions into internal data for 
SQUAD. Thus, an incorrectly constructed data deck 
will be detected by the program rather than by the 
compiler. 

Section 3 (OTHER), which is optional, is used to 
indicate whether the molar absorptivity of any of the 
components is to be calculated, or whether the molar 
absorptivities of more than one species are the same. 
Section 4 (DATA) contains information such as the 
starting and finishing wavelengths and the wave- 
length increment; whether the p or the log p values 

Table 3. Section 5 for inputting molar 
absorptivities to SQUAD 

MOL.ABS.: 
ZN(l) IMID(1); ZN(l) IMID(2): 
END: 
6 ~“lrnKl 
6 &1d 

6 &d? 
~Z”llIlld2 

c;llim1d c &ll,d* 

tEnnlrnid and t~~,,,,ld2 are the molar 
absorptivities of Zn(Imid) and Zn(Imid), at 
the kth wavelength. 

are to be refined; whether the multiple regression or 
the non-negative linear least-squares method is to be 
used to solve the system of linear equations arising 
from Beer’s law; and so on. Section 5 (BASELINE), 
which is optional, allows for baseline corrections to 
be performed. Section 6 (SPECTRA) will contain the 
recipe concentrations used for each spectrum, the pH 
(if applicable) of each solution, the path-length for 
each spectral measurement and the absorbance read- 
ings at each incremental wavelength. The final card 
in the data deck is labelled minus one and is used to 
indicate the physical end of data to be processed. 

EXPERIMENTAL 

The various metalloporphyrins, discussed below, were 
purified by previously published procedures.’ Spectra of 
solutions containing various porphyrin:axial ligand ratios 
(C,:C,) were recorded with a Cary 14 spectrophotometer 
at 21.0 + 1 .O” or a Tracer Northern Rapid Scan Spec- 
trophotometer. In all instances non-bonding solvents were 
used, due precautions being taken to avoid evaporation 
throughout the solution preparation and data acquisition. 
The spectral traces were manually digitized at 1.25, 2.5 or 
5.0nm intervals, 20-45 absorbance readings per spectrum 
being taken. Absorbance values were read from the top of 
the trace, to within kO.003 absorbance units. Although it 
may be instructive to record several spectra, one on top of 
another, this practice is to be discouraged when obtaining 
data that will be processed by SQUAD. Difficulties in 
aligning the starting position of the pen on the paper, and 
possible confusion of traces, especially where cross-over 
points exist, far outweigh the benefits gained from being 
able to view trends in peak maxima shifts as a function of 
hgand concentration. The absorbance values, so obtained, 
are the major part of the data for SQUAD. Additional data 
required have been specified and described earlier. 

RESULTS 

The reactions of imidazole and pyridine with 
TPPMn(III)ClO,, TPPCd, TPPMg and TPP- 
Ru(C0); pyridine with TPPCu; and DMSO with 
TPPMn(III)ClO, and TPPRu(C0) will be used to 
illustrate the applicability of SQUAD and to unravel 

Fig. 2. Representative spectra obtained during the titration 
of 5.0 x lO~‘M TPPMn(III)CIO, with pyridine, in O.lM 
TBAP, C2H4CIZ. Arrows indicate spectral trends observed 

when changing C,,,:C, from I:0 to 1:4000. 
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Table 4. Stability constants for metalloporphyrin-axial ligand interactions 

1 start; 1 stop; number 
Equilibrium of wavelengths; number 

system log BlOl f clog B,o, log BlOZ * clog 8102 coata of spectra 

TPPMn(III)CIO, 
Imidazole 4.35 + 0.43, 7.45 * 0.04, 0.006 360; 500; 29; I2 
Pyridine 4.08 k 0.47, 6.99 f 0.07, 0.008 360; 500; 29; IO 
DMSO 3.49 f 0.01, 5.74 + 0.02, 0.003 360; 500; 29; I3 

TPPCd 
Imidazole 4.23 k 0.08, 0.009 555; 640; 18; I6 
Pyridine 3.37 f 0.06, 0.007 555; 640; 18; I6 

TPPMg 
Imidazole 4.98 + 0.03, 5.19 * 0.10, 0.003 555; 640; 18; I6 
Pyridine 3.63 k 0.04, 2.90 & 0.03, 0.006 555; 640; 18; I6 

TPPRu (CO) 
Imidazole 4.96 + 0.02, 0.004 510; 567; 5; 24; I4 
Pyridine 4.63 f 0.01, 0.003 510; 567; 5; 24; I4 
DMSO 4.53 f 0.02, 0.003 510; 567; 5; 24; I5 

TPPCu 
Pyridine - I .28 k 0.00, 0.002 525; 580; 45; 7 

equilibria that in several instances could not be 
interpreted by using conventional techniques. 

TPPMn(III)ClO, interactions with imidazole, pyri- 
dine and DMSO give rise to relatively small spectral 
changes,‘O Fig. 2. Previous studies on (p- 
CH,)TPPMnCl complexes with pyridine” noted the 
absence of clear isosbestic points, and attempts to 
determine the nature of the species in solution proved 
inconclusive. Our attempts to interpret the data in the 
manner suggested by Walker et af.* for iron por- 
phyrins did not alleviate the situation. A qualitative 
examination of the spectral changes over the Cu : C, 
range from 1:0 to 1:4000 indicated the formation of 
more than two species in equilibrium. No wavelength 
(in the 36&500 nm region) could be found that would 
provide the appropriate slopes for the B-H plots. 

In contrast, analysis of the absorbance data by 
SQUAD provided clear evidence of existence of the 
ML and ML, complexes. The difficulties encountered 
when using the B-H method are traceable to the close 
similarities of the spectra for M and ML, particularly 
for L = pyridine (Fig. 2) and the fact that overlapping 
equilibria exist. Table 4 lists the results of the 
refinement process for these three ligands. 

The TPPMg equilibrium systems with pyridine and 
imidizole’ illustrate a situation where reliable equi- 
librium constants were unobtainable without the use 
of SQUAD. The magnitudes of the stability con- 
stants, Table 4, and the observed spectral changes, 
together pose considerable problems. The addition of 
the first axial ligand, forming ML, is characterized by 
a very small red shift (-3 nm) and only a slight 
increase in absorbance, Fig. 3A, but /I, is about 
104-10’. In direct contrast, the formation of ML, is 
accompanied by large red shifts (N 25 nm), dramatic 
absorbance changes, Fig. 3B, but a very small K, 

( =&02/fl,o,). The equilibria for both ligands may be 
considered as two distinct steps. B-H analysis of the 
data, considering formation of ML and ML, sepa- 

rately, did not provide any useful answers. The 
minimal spectral changes associated with the for- 
mation of ML would not be expected to provide any 
suitable wavelength for such data assessment. How- 
ever, it is somewhat surprising that little conclusive 
evidence could be gleaned by the B-H method from 
the data relevant to the formation of ML*, other than 
that ML2 is a weak complex. Previous studies of 
TPPMg with pyridine and other axial ligands have 

(A) 
t 

540 560 580 600 620 640 

A (nm) 

Fig. 3A. Representative spectra obtained during the ti- 
tration of 5.0 x IO-‘M TPPMg with pyridine in O.lM 
TBAP, CH,C&. Arrows indicate spectral trends observed 

when changing C,:C, from I:0 to l:lOOO. 

Fig. 3B. As for Fig. 3A but illustrating spectral trends 
observed when changing C,:C, from I:4000 to I :223000. 
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I I 

550 600 650 
X tnm) 

fig. 4. Representative spectra obtained during the titration 
of 5 x 10-5M TPPCd with pyridine in O.lM TBAP, CHCI,. 
Arrows indicate spectral trends observed when changing 

C,:C, from I:0 to 1:lOO. 

reported only approximate values or a single value 
for M+ML+ML,.‘2.‘3 

Interactions of TPPCd with pyridine and imidazole 
were investigated by use of B-H plots and SQUAD. 
These two approaches provided values of log B,,,, that 
were in reasonable agreement for each equilibrium 
system. The results shown in Table 4 are taken from 
the SQUAD analysis of the data. These may be 
compared with, for example, log &,, = 3.28 and 4.3 1 
for TPPCd with pyridine and imidazole, respectively, 
obtained by using absorbance data at 625 nm and the 
B-H approach. Other selected wavelengths gave a 
spread of values for log plO, that spanned the values 
obtained from SQUAD. These systems are inherently 
amenable to the B-H methodology since only ML is 
formed and there are significant differences in the 
spectra of complexed and uncomplexed TPPCd, 
Fig. 4. 

The addition of DMSO, pyridine and imidazole to 
TPPRu(CO)‘~ results in spectral shifts of less than 
8 nm and absorbance changes of no more than 15x, 
Fig. 5. Although only ML is formed, B-H analysis of 
the data yielded slopes ranging from 0.8 to 1.2, 
leading to considerable uncertainty in the value of log 

B 101 as determined from B-H plots. However, analysis 
by SQUAD of the absorbance data from the inter- 
actions of the 20 ligands with TPPRu(C0) permitted 
meaningful deductions to be made concerning the 
nature of the bonding in TPPRu(C0) axial inter- 
actions with nitrogenous bases. 

The reaction of pyridine with TPPCu exemplifies 

I I I I I I 
490 510 530 550 570 

A (nm) 

Fig. 5. Representative spectra obtained during the titration 
of 5.0 x lo-‘M TPPRu(C0) with pyridine in O.lM TBAP, 
CH,Cl,. Arrows indicate spectral trends observed when 

changing CM : C, from 1:O to I : I. 

the ability of SQUAD to process data arising from 
extremely weak interactions. For this study the refer- 
ence cell contained the same molarity of ligand as was 
used in the sample cell, for each spectrum. This 
precaution was taken to minimize refractive index 
changes due to the high concentration of pyridine 
(l-8M) required to achieve any significant degree of 
complexation. Fig. 6. No evidence was found, during 
data processing, for any complexes other than ML. 
The stability constant found was in excellent agree- 
ment with previously reported results.12 

DISCUSSION 

The results presented above demonstrate that 
SQUAD is capable of providing reliable estimates of 
stability constants that best describe the available 

I I I I 

530 550 570 
A (nm) 

Fig. 6. Representative spectra obtained during the titration 
of 5 x 10-5M TPPCu with pyridine in 0.1M TBAP, 
CH,Cl,. Arrows indicate spectral trends observed when 

changing C, : C, from 1: 0 to 1: 200,000. 
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data. However the question “how do we know that 
the answers are correct?’ must be dealt with. Al- 
though the numerical reliability of SQUAD is not in 
doubt, the values of stability constants obtained from 
15 spectra and 20 absorbance values per spectrum, 
for example, can only be considered to be applicable 
to that set of data. Assuming that no gross errors have 
been made in solution preparation etc., it may be safe 
to assume that these refined values, from one set of 
data, are descriptive of the metal-ligand equilibrium 
system. It is wiser though, to repeat the experiment, 
making fresh stock solutions of metal and ligand and 
using different C, :C, for the spectra. Values of 
constants from different data sets that are in agree- 
ment, within experimental uncertainty, lend credence 
to the reliability of the numbers and the proposed 
model. 

Initial acceptance of the stability-constant values 
derived from any set of absorbance data, may be 
governed by a number of statistical parameters calcu- 
lated by SQUAD. The “standard deviation in the 
absorbance data” Q nATA, calculated from the set of 
stability constants’at the end of each refinement cycle 
is, in essence, an overall measure of the fit of the 
model to the data. Realistically, we may expect that 
any single absorbance value will be accurate to 
+0.003 (for a Cary 14 spectrophotometer). Con- 
sequently, we would expect that if the fit between 
data and model were perfect there would be a re- 
sidual, due to experimental error and uncertainty, of 
between about 4 0.003 and &- 0.005. Thus inspection 
ofa nATA, based on the refined stability constants, will 
indicate how closely we have come to a “perfect” fit. 
Although there is no hard and fast rule, values of 

uDATA > -0.01 indicate that a good fit has nor been 
obtained. SQUAD will also provide estimates of the 
standard deviation of each refined constant, cr,,,,. 
Generally, values of oCONST of the order of 1% of the 
particular constant are indicative of a good fit. 
Clearly the lower acoNsT is (below 1%) the better the 
fit. 

These remarks pose the question “what if gnATA 
and gcONST are greater than the recommended levels?’ 
Several answers are possible. If the equilibrium model 
being fitted to the data considers only ML but in 
reality both ML and ML, are formed, the fit may 
worsen as the concentration of hgand, relative to 
metal increases, i.e., as ML2 starts to predominate. 
This may result in high cIDATA and ~~~~~~~ The trend 
will be visible most clearly in the values of espECT (the 
standard deviation of each spectrum), increasingly 
bad fits being observed for higher ligand concen- 
trations. The reverse situation would be one where 
the model was ML and ML, but the data were 
representative of a system consisting of only ML. 
Again GnATA would be unacceptably high, but uSpEC. 
would not necessarily indicate bad fits for low ligand 
concentrations, relative to the metal, compared to 
higher concentrations. SQUAD would attempt to 
“remove” ML, from numerical consideration by 

successively reducing the value of log &Z until [ML,], 
for all spectra taken, was effectively zero. This would 
be shown by a rapidly increasing ~eorusr for log &M 
and te~ination of the refinement process if ~+~,.,~r 
became greater than 200. 

The second major cause for large values of vDATA 

and ~CONST arises from gross experimental error in 
making stock solutions or preparing solutions for a 
specific spectrum. The former error is sometimes 
difficult to detect until a new experiment is per- 
formed. The latter problem is readily seen from 
inspection of each rrSpECT value. An anomalously high 
value indicates a problem with that particular spec- 
trum. If the data for that spectrum are removed from 
the data-set, aDATAr ucoNSr and aspEcT should be 
reduced when the data are reprocessed but the values 
of the refined constants should no? be substantially 
different. Sloppy technique will cause random errors 
to be introduced at each stage of the experiment, with 
the result that all cr values will be high and the 
refinement will take a large number of cycles, if it can 
be achieved at all. Care should be taken, however, to 
distinguish poor manip~ative technique from im- 
purities in metal or ligand. Obviously, samples of 
metal and ligand should be purified as carefully as 
possible without resorting, in the first instance, to 
extreme measures. Nothing is to be gained by inor- 
dinate time spent on purifications followed by inade- 
quate precautions taken in preparing solutions. 

Assessment of the quality of the data and the 
model may also be obtained, indirectly, from in- 
spection of the calculated molar absorptivities. One 
particularly useful feature of SQUAD is the ability to 
calculate molar absorptivities of species even though 
the stability constant is not being refined. In the 
studies described earlier, irrespective of whether the 
model was ML alone or ML and ML,, the molar 
absorptivities for the complex(es) and the uncom- 
plexed metalloporphyrin were calculated. The values 
obtained for free metalloporphyrin were then com- 
pared with those obtained from absorbance studies of 
solutions containing various con~ntrations of only 
the porphyrin. Close agreement between the results 
from the simple Beer’s law calculations and from 
SQUAD provided extra assurance for the validity of 
the proposed model as well as the purity of the 
metalloporphyrin. 

A second diagnostic indicator arises from the 
calculated molar absorptivities for each species, 
which when plotted provide spectra for individual 
species. Clearly, within the ultraviolet-visible region, 
the shape of each species spectrum should be a 
smooth continuous curve bearing some resemblance 
to portions of the observed spectra for various C, : C, 
ratios. Severely disjointed plots are strongly indica- 
tive of a less than adequate fit of the model to the 
data. 

It is also possible that negative values for the molar 
absorptivities are returned. Although this situation 
may often be traced to poor quality data or an 
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incorrect model, there is another cause. Consider two 
species in solution, having concentrations of 
1.753 x 10m5 and 3.14 x lo-‘M. At some wavelength 
the absorbance is observed to be 0.141. By use of the 
multiple regression algorithm, values of 1.11 x lo4 
and - 1.73 x lo4 l.mole-‘.cm-’ are found for the 
molar absorptivities of these two species, at the 
wavelength concerned. However, solving the same 
linear equations by the non-negative linear least- 
squares algorithm yields values of 8.5 x lo3 and 
1.0 x lo2 l.molee’.cm-’ for the same species. It 
should be noted that within SQUAD, the linear 
equations arising from Beer’s law are solved wave- 
length by wavelength, from absorbance data and the 
appropriate species concentrations, for each spec- 
trum. Therefore, we are dealing with an over- 
determined set of simultaneous equations. Since a 
negative molar absorptivity has no chemical 
significance, the cause of these negative values must 
be sought. It is assumed that the equilibrium model 
is correct and the data are as reliable as the spec- 
trophotometer can produce, i.e., f 0.003 absorbance 
units. That a multiple regression treatment of the 
data gives rise to a negative molar absorptivity is 
attributable to the very small contribution (0.2%) of 
the second species to the observed absorbance at that 
wavelength. In this particular instance, the molar 
absorptivity is in fact close to zero. Non-negative 
linear least-squares analysis precludes the calculation 
of negative values for molar absorptivities and pro- 
vides numbers that are in agreement with the qual- 
itative observations-namely that the second species 
does not absorb radiation at this wavelength. A more 
detailed discussion of this point has already been 
published,’ where the validity and use of NNLS have 
been amply demonstrated. 

Clearly, there will be times when the multiple 
regression algorithm will calculate negative molar 
absorptivities, but the correctness of the model will 
still be in doubt. In these situations switching to the 
non-negative least squares algorithm should be done 
only as a last resort and efforts should be made to 
establish independently whether or not one species 
has negligible interaction with radiation at the partic- 
ular wavelength(s). 

Conclusions 

The usefulness of SQUAD for determining sta- 
bility constants from metalloporphyrin-axial ligand 

interactions has been clearly demonstrated. For most 
of the examples chosen the constants were not ob- 
tainable by conventional graphical or single- 
wavelength techniques. The program is completely 
general and no “simplifying” assumptions are re- 
quired such as [free ligand] = [total ligand] or selec- 
tion of “appropriate” wavelengths. In passing it 
should be noted that simplifying assumptions, used to 
obtain stability constant values, may well complicate 
theories that have been based on the values obtained 
from such methodologies. 

SQUAD also produces individual species spectra 
for each complex present in solution. Careful exam- 
ination of the output from SQUAD can act as a 
valuable guide to remedying shortcomings in experi- 
mental technique. The program is easy to use and 
requires no knowledge of FORTRAN. The arrange- 
ment of the data deck has been designed to be 
“user-friendly” and many instructive error messages 
are available to assist the user in rectifying any 
mistakes that may have occurred. Listings of 
SQUAD, user’s manual, sample data and outputs are 
available (from DJL) and specific arrangements can 
be made for obtaining a tape copy of program and 
data. 
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Summary-Lithium is determined in blood serum by reaction with thoron [l-(o-arseno- 
phenylazo)-2-naphthol-3,&disulphonic acid, sodium salt] in an alkaline acetone medium. A bathochromic 
shift in the thoron spectrum results and the change in absorbance at 480 nm is measured against the 
reagent as reference. Proteins are removed with trichloroacetic acid, and the effect of serum electrolyte 
is compensated for by adding a synthetic serum electrolyte to the reagent blank. Results of analysis of 
serum samples from manic depressive patients by this method agree with atomic-abso~tion spectroscopy 
results with an average error of - I. 1% for forty samples, with a correlation coefficient of 0.987. 

Lithium salts are administered to psychiatric patients 
diagnosed as manic depressive. The concentration of 
lithium ion in the blood is maintained at between 
approximately 0.5 and I.OmM. At slightly higher 
concentrations, however, lithium is toxic. Adverse 
side-effects appear at concentrations around 2.&2.5- 
mM.’ Higher levels can be fatal. It is therefore 
necessary that clinics administering lithium therapy 
should have available a method for determining 
lithium in blood. 

This determination is usually performed by flame 
photometry or atomic-absorption spectrophoto- 
metry,’ but the use of a flame and compressed gases 
is one which clinics, for reasons of safety or con- 
venience, may prefer to avoid and an alternative 
method would be desirable. 

Organic reagents having either an -AsO( or 
a -PO(OH), group ortho to an azo group have been 
reported as complexing agents for lithium. The 
complex formation results in a bathochromic shift of 
the reagent spectrum.2 It has been reported by 
Thomason and Lazarev and Lazareva’ that micro- 
gram amounts of lithium can be determined 
spectrophotometrically with thoron [l-(o-arseno- 
phenylazo)-2-naphthol-3,4-disulphonic acid, sodium 
salt] in alkaline aqueous acetone medium. The inter- 
ferences reported for sodium, calcium and mag- 
nesium are low enough to warrant investigation of 
this reagent for determination of lithium in blood. 
We report here a successful method based on this 
reaction. 

Instrumentation 

EXPERIMENTAL 

A Varian Superscan 3 ultraviolet-visible double-beam 
spectrophotometer was used for all absorbance mea- 
surements. The band-pass was IO nm and l-cm quartz cells 

*Author for correspondence. 

were used. A Beckman IS2 “microfuge” was used for 
centrifugation. A 50-~1 Beckman micropipette with dispos- 
able tips was used for dispensing small volumes. The lithium 
concentration of the blood serum samples was determined 
with a Perkin-Elmer 560 atomic-absorption spec- 
trophotometer. Sodium analyses were done with a 
Jarrel-Ash Model 955 “Atom Comp” inductively-coupled 
plasma spectrometer. 

Reagents 

All chemicals were reagent grade unless otherwise 
specified. The thoron was a product of ICN Pharma- 
ceuticals Inc.; the lithium chloride used for standards was 
from Fisher Scientific Co.; the potassium hydroxide pellets 
were from Mallin~krodt; the t~chloroaceti~ acid (TCA) was 
from J. T. Baker; the acetone was technical grade produced 
by Cascade. 

Thoron reagent. Separate stock solutions of thoron 
(0.27%) and potassium hydroxide (made by dissolving 4 g 
of pellets containing approximately 85% KOH, in 100 ml of 
water) were prepared in demineralized water. The thoron 
reagent solution was prepared by adding 10 ml of the stock 
thoron solution, 20 ml of the potassium hydroxide solution, 
60 ml of acetone and 10 ml of demineralized water to a 
100-ml flask and mixing. The final volume was somewhat 
less than 100 ml. For the best results, the thoron reagent 
solution should be prepared on the day of use. The individ- 
ual stock solutions are stable for several months. 

Serum preparation 

The serum proteins were precipitated with trichloroacetic 
acid (TCA). A IOO-~1 aliqu& of-blood serum was added to 
100 rtl of 15% TCA solution in a 250~ul disoosable Dlastic 
centiifuge tube. The mixture was centrifuged for 2-3 min 
and the supematant liquid was used for analysis. 

Serum electrolyte bfank 

A simulated solution of blood electrolytes for use as a 
compensatory blank was prepared by dissolving the follow- 
ing in demineralized water and diluting to 500 ml: NaCl4.01 
g. KH,PO,, 0.09 g, CaC12.2H@ O.O935g, ZnClz 0.006 g, 
KCI 0. IO5 g, MgClz 6H2 0 0. I24 g, FeCI, 6Hz 0 0.009 g. A 
I : I v/v mixture of this solution and the 15% TCA solution 
was used as a blank. 

Serum ana!vsis 

To determine the lithium content of a serum sample, 3 ml 
of thoron reagent were pipetted into each of two spec- 
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trophotometric cells. A difference spectrum was run to 
establish a baseline. The absorbance reading at 480 nm was 
adjusted to zero. Then 100 nl of serum supernatant were 
pipetted into the sample cell; the cell was shaken gently and 
the time noted. A 100-n I ahquot of the I : 1 TCA&ctrolyte 
blank solution was added to the reference cell. After 2 min, 
the absorbance at 480 nm was read. The time between the 
introduction of the serum sample into the cell and the 
recording of the response was kept constant from trial to 
trial, because though the reaction reaches about 90% com- 
pletion essentially instantaneously, the remainder of the 
reaction is slow. 

Calibration 

Aqueous lithium chloride standards were used for the 
calibration. A 50-p] aliquot of 1mM lithium standard was 
added to the sample cell containing 3 ml of thoron reagent, 
and 50 ~1 of demineralized water were pipetted into the 
reference cell, also containing 3 ml of thoron reagent. A 
difference reading was taken at 480 nm after 2 min. This 
standard corresponds to a OSmM lithium concentration in 
the sample supematant or ImM in the original sample. The 
calibration curve was slightly non-linear over the concen- 
tration range studied (Fig. l), but the use of a single ImM 
standard gives satisfactory results for serum values, as 
evidenced below. The standard should be run at the same 
time as the sample analysis, because there is a slight and 
gradual change in the thoron reagent during the day. 

RESULTS AND DISCUSSION 

Lithium response 

The probable structure for the complex of lithium 
ion with thoron. deduced from studies of the reaction 
of bisazo derivatives of 
alkaline-earth cations by 
shown below 

chromotropic acid with 
Savvin and Petrova,4 is 

4- 

“\\ 
As-O 

so; 

The reaction of thoron with lithium results in a 
bathochromic shift in the thoron absorption spec- 
trum (Fig. 2). The maximum absorption of the 
thoron reagent is at around 445 nm; that of the 
complex is shifted to a slightly longer wavelength. 
The greatest difference between the two spectra is at 
480 nm (Fig. 3). A 1mM lithium sample changes the 
reagent absorbance at 480 nm by about 4% (for the 
reagent concentration used). 

Reagent properties 

The thoron reagent solution proved to be unstable 
with time. The colour of the solution lightened 
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Fig. I. Calibration curve for lithium standards approxi- 
mating to the physiological concentration range for lithium- 

treated patients. 

noticeably and, more importantly, its effectiveness as 
a reagent for lithium was diminished. In a 24-hr 
period both the absorbance of the thoron reagent at 
445 nm and the difference response for a 1mM 
lithium sample were decreased by about 10%. How- 
ever, when kept separately as aqueous solutions, the 
components of the thoron reagent solution were 
found to be stable. 

The optimal concentrations of the reagent constit- 
uents were determined by the simplex optimization 
method.’ The recommended concentrations are not 
optimized in terms of magnitude of lithium response. 
It was found that there were advantages in reducing 
the acetone and the potassium hydroxide concen- 
trations; lowering the acetone content stabilized the 
reagent (i.e., it reduced the amount of aeration upon 
mixing, so readings could be made more quickly), 
and lowering the alkalinity decreased the intensity of 
the reagent colour, thus reducing the signal noise. 
Neither alteration was large enough, though, to have 
much effect on the lithium response. 

Sample properties and interferences 

Table 1 lists the difference responses for the reac- 
tion of some interfering substances with the thoron 
reagent at 480 nm. In lithium-spiked control blood 
samples, the interfering elements were successfully 
swamped out by preparing both the sample and the 

Table 1. Relative responses of interfering substances (each 
solution treated in the same way as the lithium standard) 

Interferent 

[Li+] 
equivalent to 

response, m M 

Na+ (3200 ppm) 0.6 
Ca2+ (103 ppm) 0.1 

Mg2+ (58 ppm) 0.1 
Blood electrolyte solution 0.5 
Albumin (7%) 0.2 
Serum 1.1 
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Fig. 2. Spectrum of (1) 3 ml of thoron reagent solution plus 50 ~1 of water, and (2) 3 ml of thoron reagent 
solution plus 50 ~1 of ImM lithium standard. 
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Fig. 3. Difference spectrum, obtained by the recommended procedure, for 1mM lithium standard. A, 
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Fig. 4. Correlation plot for serum lithium values deter- 
mined by the present method and by atomic-absorption 

spectrophotometry. 

reference solutions with thoron reagent containing a 
sodium concentration essentially the same as that of 
the serum supernatant. The lithium response was 
reduced by 50% by this environment, and the reaction 
proceeded more slowly, but accurate results were 
obtained. When other samples were analysed, how- 
ever, it became evident that different sera give 
significantly different absorbances with the same tho- 
ron reagent. The value given in the table for serum 
is an average response, and the variations from it 
proved to be large enough to cause as much as 100% 
error in some lithium determinations. Though the 
albumin response was relatively small, it became 
apparent that the individual serum fluctuations were 
due to protein interactions with the thoron. Perhaps 
globulin or other proteins exhibit significant re- 
sponse. 

Denaturation of the serum proteins with tetra- 
methylammonium hydroxide lessened the variations, 
but precipitation of the proteins was much more 
effective and essentially eliminated all protein re- 
sponse. Two precipitation methods were tested. Both 
the barium hydroxide/zinc sulphate and the tri- 
chloroacetic acid methods worked we116, but the use 
of TCA was more convenient and faster. The acid 
nature of the protein-free filtrate decreased the lith- 
ium response by about 5%, so the potassium hydrox- 
ide concentration was correspondingly increased (to 
the 4% recommended in the procedure) to correct for 
this. 

A solution of blood electrolytes was then made for 
addition to the reference cell. A 1: 1 v/v mixture of 
this solution and the TCA solution, when used as the 
reference for the 1: 1 TCA-serum supernatant mix- 
ture, gave zero difference reading at 480 nm, for a 
number of test sera. 

With this procedure, samples containing known 
amounts of lithium (determined by atomic absorp- 
tion) yielded responses comparable to those of corre- 

sponding aqueous lithium standards. For automation 
of the method it should be possible to use a dialysis 
system to separate the lithium from the serum pro- 
teins. 

Serum analyses 

Forty samples from manic depressive patients were 
analysed in groups of ten on four different days. A 
plot of values found by the thoron method vs. values 
found by atomic absorption for one set is shown in 
Fig. 4; the correlation coefficient was 0.986 and the 
least-squares slope (m) and intercept (b) were 0.964 
and 0.012, respectively. The corresponding averages 
of all four sets were r = 0.987, m = 0.988, b = 0.011, 
demonstrating consistent results. A Student t-test for 
the 40 samples resulted in a calculated t-value of 1 .OO, 
which is less than the tabulated r-value for even an 
infinite number of samples at the 90% confidence 
level, indicating no significant difference between the 
two methods.” 

Accuracy and precision 

There is a random but controllable error inherent 
in this system, which may be attributed to the me- 
chanics of pipetting micro volumes. Replicate mea- 
surements were made on a number of serum samples, 
each with a lithium concentration of about ImM. 
The relative difference between the thoron-method 
values for two separately prepared test solutions from 
each of 40 different sera averaged 5”/,, and the 
difference of either value for a given pair of samples 

from the atomic-absorption value for that serum was 
approximately 3%, i.e., the two thoron values strad- 
dled the atomic-absorption value. The pipetting pre- 
cision could obviously be improved by using a loo-p1 
pipette for the sample and TCA, rather than two 
50-~1 volumes for each. 

The only fundamental interference stems from the 
propensity for thoron to react with sodium. In sera 
sodium is present in concentrations some 140 times 
that of lithium. This quantity of sodium gives a 
response equivalent to a 0.6mM lithium concen- 
tration in the sample, and is corrected for in the 
procedure given. The sodium concentration does not 
vary much from one sample to another, but if 
abnormal will cause an error in the lithium deter- 
mination. For instance, the two data points for the 
samples at the tails of the arrows in Fig. 4 were 
redetermined by the thoron procedure, and both were 
again as shown. Likewise, the atomic-absorption 
values were corroborated by re-evaluation. Finally, 
the two samples were analysed for sodium by 
inductively-coupled plasma spectroscopy (ICP). 
From the sodium-thoron absorbance data and the 
ICP data for the deviations from the expected 3200 
ppm value for sodium, corrections for the sodium 
effect were made which placed the two points very 
nearly on the line (circled points in Fig. 4). For this 
set of measurements the thoron values were, on 
average, 2.30/, higher than the AAS values; applica- 
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tion of the sodium corrections reduced this difference are indebted to Dr. Robert Labbe and to Ann Melchior for 

to 1.2%. For the set of 40 sera the means of the providing lithium samples analysed by atomic-absorption. 

uncorrected thoron values were (on average) 1.1% 
lower than the AAS values. If sodium measurements 
are routinely made along with the lithium mea- 
surements, automatic corrections can be made to 
ensure highly accurate lithium measurements. 

The present method offers an alternative to flame 
1. 

methods for serum lithium measurements. Mea- 2. 
surement of a single sample requires only a few 
minutes. Automation would allow rapid and precise 3. 

4. 
measurements. 
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Summary-It is shown that species distribution curves with at least one minimum may be found in most 
equilibrium systems with three or more components. Whether such concentration minima are actually 
observed then depends on the values of the equilibrium constants and on the total (analytical) 
concentrations of the components. A general algorithm is given for the necessary and sufficient conditions 
for the appearance of extrema in multicomponent systems. Three-component systems are studied in more 
detail and special attention is given to the limiting case of a horizontal inflation, i.e., the point where 
the concentration minimum just disappears. Two well-studied chemical examples, the Cu’+-diethylene- 
triamine-OH- and HgZ+-C1--OH- systems are discussed, along with a simple model system showing as 
many as five extrema on a single distribution curve. 

Recently, a number of examples have been given of 
the existence of extrema on the concentration distri- 
bution curves of species formed in three- and multi- 
component complex equilibrium systems.‘-9 Some of 
the rules governing concentration distributions, the 
classification of three-component equilibrium sys- 
tems with special regard to concentration minima, 
and the definition of the thermodynamic and stoi- 
chiometric asymmet~ responsible for the minima 
have been discussed in earlier papers.‘0-‘2 Stoichio- 
metric asymmetry means that at least one species is 
missing from the set of stepwise equilibria or that the 
maximum number of ligands is different in the series 
of complexes with different components. Evidently, 
stoichiometric symmetry is a limiting case of ther- 
modynamic asymmetry.‘* 

Stoichiometric (and/or thermodynamic) asym- 
metry is therefore a necessary condition for the pres- 
ence of concentration minima. If the condition is 
fulfilled, then the total concentrations and the for- 
mation constants determine whether concentration 
minima are indeed exhibited or not. 

In this paper we wish to present a general method 
to determine the sufti‘cient conditions for the appear- 
ance of concentration minima. Specific attention is 
given to points of horizontal inflection where the 
minima just appear or disappear. The effect of the 
magnitude of the formation constants and the total 
concentrations on the manifestation of concentration 
minima is illustrated for two examples taken from the 
literature and also for a relatively simple model 
system in which one of the species can exhibit as 
many as five extrema along the distribution curve. 

MATHEMATICAL ANALYSIS 

Any ~uilib~um system is fully characterized by 
the system of equations (I) expressing the mass 
balance based on the law of mass action: 

where: 

k = number of components ci in the system; 
II = number of species Sj in the system, in- 

cluding the components; 
T, . . . Tk = total concentrations of the components; 

aji = stoichiometric numbers, giving the num- 
ber of components ci in the species Sj; 

pj = [Sj]/fi [cd” = formation constant of 
i=l 

species Sj (the formation constants of the 
components are unity by definition). 

The concentration distribution in terms of equa- 
tion (1) means that the total concentrations T, . . . T, 
are kept constant while the concentration of c, is 
changed and the species concentrations are calculated 
and plotted against -log[ccl]. Thus -log[c,] is the 
independent variable, the concentrations of the spe- 
cies are dependent variables and the values of 
T 2. . * Tk, B, . . .8” are the parameters of the system 
under consideration. The functions [S,] = If([c,]), 
however, can be expressed explicitly only in excep- 
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tionally simple cases, whereas equation (1) normally 
represents an implicit function system. 

The rules for obtaining the analytical derivatives of 
implicit function systems can be found in every 
textbook of mathematical analysis. In spite of this, 
the various derivatives necessary for the computer 
calculations based on equation (1) are almost exclu- 
sively calculated numerically.‘3-‘5 The use of anal- 
ytical derivatives of equation (1) has been discussed 
by Bugaevsky et a1.l6 and later by Nagypal et al.” It 
has been incorporated into recent computer pro- 
grams for the calculation of stability constants,,8J9 
and leads to the following system of equations: 

ai-, 
-= i U,~U~~~Sj]+~2(~,u*I,~~s~l)~=o 

a lnhl ,=, 

(2) 

Expression (2) is a system of k - 1 linear equations 
for the 8 ln[c,]/a ln[c,] derivatives. It can be used 
easily to study the distribution of any species S, as a 
function of [c,] or -log[c,]. This is achieved by 
selecting S, to be the component ck and by using the 
appropriate determinants for 8 In [c&a In [c,]. This 
selection of S, as the last component ck generally 
requires a suitable transformation of the stoichio- 
metric coefficients in equation (1). Examples of such 
transformations will be given later. 

As indicated by equation (2), the determinants 
needed to express the 8 In [cJ/a In [c,] derivatives are 
of order k - 1, and the elements of the determinants 
are the different sums of the species concentrations 
multiplied by the appropriate stoichiometric 
coefficients. Thus both the numerator and the denom- 
inator consist of (k - 1)-fold products of these con- 
centration sums. These products of the concentration 
sums may be rearranged to the corresponding sums 
of the concentration products. This rearrangement is 
given for the general three-component system 
(k = 3). First, equation (2) is transformed into (3): 

+ i uJ2c(j3[sjl - 
a W31 

i= I a WI1 

+ i u$ Pjl 
,=I 

s (3) 

from which the analytical expression for the species 

distribution [equation (4)] is directly obtained: 

a lnk31 -= - 
a WA 

- (j$, zj,%[sjl) (i, %%M) (4) 

(!, ub[sjl)($, G[‘jl) 

For the further transformation of (4) into the 
desired sum of concentration products, let us take 
two species, S, and S,, with stoichiometric numbers 
p,, p2, p3 and q,, q2, q3. Their role in the numerator 
and the denominator is given by equations (5) and 
(6), respectively. 

{(P*Y [S,l + M2 [SJI hP3 [S,l + w3[Sql~ 
- bv* RI1 + a42 R71) bv3 [S,l + 4243 Pq) 
= - (P142 - mmq3 - w3xyKq 

(5) 

~w[q + (d2L%$ {b,)‘[S,l + (q3j2 [S,lI 
- b.P3 RI1 + 4243 Lv2 
= (PSI3 - 4zP3)2 L%m,1 

(6) 

It is seen that the concentration products in the 
numerator are multiplied by the product of the 
determinants formed from the first two and the last 
two columns of the matrix composed of the stoichio- 
metric numbers of S, and S,: 

At the same time, the concentration products in the 
denominator are multiplied by the square of the 
determinant formed from the last two columns of the 
same matrix. Substituting this result into (4) easily 
gives the final equation (7) for the analytical deriva- 
tive: 

i i (PI& - %P2) (PSI3 - 92p3) [Spl P,l a ln[c31 p-l q=p -= 
a ln[cJ 

i i (PST3 - 42.P3)2 [Spl LYJ 

(7) 

p=lq=p 

A similar, although more tedious, analysis shows 
that this relation is generally true, i.e., all of the 
possible (k - 1)-fold concentration products are 
found in the numerator, each multiplied by the 
determinants of the first (k - 1) and of the last 
(k - 1) columns of the matrix formed from the 
stoichiometric numbers of the (k - 1) species in 
question. In the denominator the same concentration 
products are multiplied by the square of the latter 
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determinant, as indicated by equation (8): 

i i . . i det 
p=l q=p y=x 

p@*...p’k-” P2P3 . 
4lq2.'.4(k-l, q2q3 

det 

xIx2. . x(k- I) x2x3 . 

a lnbkl 
I Y,Yz...Y+,) I I YtiY,. 

a ln [cl1 
P#3...Pk 

4243 . qk 

x,x, . . . Xk 

YLY3...Yk 

2 

Pk 

qk 

[%I [%I . [Sxl FYI 

xk 

Yk 

[%I L%l. . [Sxl [%I 

It follows from equation (8) that the denominator 
is always positive, so only the numerator has to be 
studied in order to study the possibility of extrema on 
the distribution curves. If all the terms in the numer- 
ator have the same sign, then no extremum can exist, 
but in the opposite case there may be extrema on the 
distribution curve. The number and the positions of 
extrema for a given set of T, . . . Tk and /$ . . . fl,, may 
be determined if the equations for the mass balances 

Because we are looking for the sign of the second 
derivative at the zero point of the first, only the 
numerator of equation (8) has to be differentiated 
with respect to ln[c,], while the denominator remains 
unchanged. For the sake of simplicity, this is given 
here for the three-component system, but the consid- 
erations can easily be extended to the multi- 
component case. The partial derivative of equation 
(7) is given by equation (9): 

n n 

a 2 In [c3] ( > 
=E, ~~~~Pl~2-41p2~~P243-~qzp3~~~~1~~~1 

i 
gg+$g} 

a ln[cJ2 !!WIn[cll=o 
( > 

(9) 
aint4 i i (p2q3 - w3)2[spl[spl 

p=l q=p 

I 

Since a ln[c,]/a In[c,] = 0, equation (9) can be re- 

for T, . . . Tk are solved under the additional condi- arranged. First, from the definition of the equilibrium 

tion that the numerator of equation (8) vanishes. No 
constants we obtain 

general method is known, however, for finding the 
number of physically sensible roots, i.e., the number 

a ln[S,l a W21 

of roots for which the concentrations of all com- a WI1 =” +"a ln[c,] 

ponents ci are within the appropriate limits 0 < [ci] < 
T,, and the problem has to be solved by numerical 

a ln[S,l _ a W21 
- - 41 + 42 - 

trial and error methods. a WA a WI1 
(10) 

For our present purposes, however, it is satis- 
factory to see whether there may be a minimum on 

Secondly, the derivative a ln[c,]/a ln[c,] [equation 

the distribution curve or not. In other words, it is 
(1 I)] may be obtained directly from equation (3): 

enough to see whether the second derivative may or 
may not be positive at the zero point of the first 
derivative. Moreover, if both derivatives are zero, 
then there is a horizontal inflection on the distribu- 
tion curve. 

i a,~uf2[sjl 

> 

= _i=l 
(11) 

0 
,$, ui[sjl 

Substituting (10) and (11 ) into equation (9) we finally 
arrive at (12): 

a 2 In [c3] ( > 
= p$, q$p,$, (PI42 - qlP2)(PZq3 -%P3)(PI + 41) +i! - (P2 + 42) ~~I~~2)[spl[sql[sjl 

a ln[c,12 C!C&=o 
( > ,$, 5%$1 i i (p2q3 - 42P3)=[S,lBJ 

(12) 

p=I 4-p 
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We can see from equation (12) that the second 
derivative at the zero point of the first derivative may 
be given in the form of a table (e.g., Table 3). Its 
left-hand column contains the concentration prod- 

ucts P,lP,l, multiplied by Cm - mMm - m). 
The column headings of the table give the species Sj, 
for which a,2 # 0; the appropriate numbers (q, +p,) 

ai - (pz + q2)a,,afl are given in the table. The sum of 
the concentration products multiplied by the prod- 
ucts of the coefficients in the left-hand column and in 
the table gives the numerator of equation (12). Its 
sign describes the nature (maximum, minimum, point 
of horizontal inflection) of the extremum which has 
been found previously by using equation (7) or (8). 
Some examples of the use of these equations now 
follow. 

COPPER(DIETHYLENETRIAMINE SYSTEM 

This system has been studied by Kaden and 
Zuberbiihler;” the data given in their work are 
collected in Table 1. Charges are omitted for sim- 
plicity. In the Cu*+/dien system there are two species, 
H2L and MLH_,, which may actually exhibit concen- 
tration minima, depending on the choice of total 
concentrations; their distribution curves and the be- 
haviour of the other species will now be analysed in 
detail. The system is relatively complicated, but the 
equilibrium processes can be separated into those 
occurring in two pH regions. Below pH 7, the 
formation of ML is the only important complexation 
reaction and the system can be described simply in 
terms of the species H,L, H,L, HL, and ML. 

To illustrate the use of equation (7), Table 2 
contains the description of the system and the con- 
centration products in the numerator of the first 
derivatives, by using the various species as com- 
ponent cX. 

Table 1. Composition matrix and formation constants of 
the species formed in the system copper(II)-diethylenetri- 

amine*O 

Stoichiometric numbers 

Species c, = H c* = L c) = M logB 

H 1 0 0 0 
L 0 1 0 0 
M 0 0 I 0 
HL 1 I 0 10.06 

H,L 2 1 0 19.35 

H,L 3 1 0 24.04 
ML 0 1 1 15.94 

ML, 0 2 I 20.86 
ML,H 1 2 1 29.58 

MLH-, -1 1 1 6.55 

It is seen from Table 2 that the concentrations of 
M and H,L increase monotonically while those of L 
and ML decrease monotonically with increasing 
[H+]. Extrema are possible only in the concentrations 
of HL and H,L. The second derivatives at the 
extrema of [HL] and [H,L] are collected in Tables 3 
and 4. 

The left-hand column in each table contains the 
concentration products of the first derivative. To 
obtain the numerator of the second derivative at the 
zero point(s) of the first, these concentration products 
should be multiplied by the concentration in the 
column heading and the coefficient in the table. 
Finally these concentration products should be 
summed [see equation (12)]. Because the second 
derivatives given in the tables are valid only at the 
zero point(s) of the first, if any integer is added to the 
columns, the relation remains valid. On examination 
of the coefficients and signs of the concentration 
products given in Table 3, it can be seen that the only 
concentration product in the second derivative that is 
multiplied by a positive number is [M] [ML] [ML]. All 
the others are multiplied by negative numbers or 

Table 2. Composition matrices for the system copper(II)-diethylenetriamine at pH values up to 7 with the various different 
species taken as third components; concentration products of the numerator of the first derivatives of the distribution curves 

Stoichiometric coefficients 

Cl cz Cl Cl c2 Cl Cl c2 c3 Cl c2 c3 Cl c2 c3 Cl C2 Ci 

Species HLMHMLH M HL H M H,L H M H,L H M ML 

H 10 0 10 0 10 0 10 0 IO 0 10 0 
L 0 I 0 0 0 l-1 0 l-2 0 l-3 0 1 0 -I 1 
M 0 0 10 10 0 10 0 10 0 10 0 10 
HL 1 1 0 I 0 1 0 0 l-l 0 l-2 0 1 I -I I 
W- 2 10 2 0 110 10 0 l-l 0 12-I I 
H,‘- 3 10 3 0 12 0 I IO 10 0 13-l 1 
ML 0 1 1 0 1 l-l 1 1-2 1 1-3 1 I 0 0 1 

numerator* +[HL][ML] -MWl +Pfl[MLl +MW4 + 3bl WI -MW-1 
+2W,WW - 2Pfl W,Ll +[LIWl +W-ID41 + 31~1 [MU - WIWA 
+ W,Ll[MLl -~~MlW,Ll + WI [ML1 +WW-1 +2MWl - 3Wl [H,Ll 

-WLIPW - WI W-1 +[WWLl + WI [H,Ll 
- 2[H,Ll [ML1 -W,LlW-1 +WLIPW +WflPW 
- 3W-1 [ML1 - 2M FWI -MW,J-1 +2[HL][MLl 

-W,LlPfLl -[WI W-1 + W,J-1 [ML1 

*cf. equation (7). 



Extrema on con~ntration dist~bution curves 597 

Table 3. The numerator of the function 8 In[HL]/a ln[H]* 
at the zero no&(s) of the first derivative 

3 [Ml PW 
First derivative* 
+tMlW-1 

{(Pl “4;‘“~ - (Pt + qJc51aJls,l)f 

+ IL1 IMl -1 a . . . _ 
fILIW.1 -2 -1 
-M[H,Ll 1 2 

-FWI[MLl 0 -MW4 2 : 
-WV-IIW 1 2 

*(Pi% - q~~~)(~~q~ - ~~~)[S~l[S~l. 
tcf. equation (12). 

Table 4. The numerator of the function d* ln[N,L]/a lnm]’ 
at the zero point(s) of the first derivative 

s, 
First derivative* 
+W4W-1 
+WlMl 
+21LllMLl 

[Ml WI 

((PI +_421)a:i - (A + 4&,P,2J2[Sjlt 

-2 0 
-4 -2 . .- 

+[MIP-W- 
+W-IN-1 
-PWWl 
-I%MMJ-1 

-1 1 
-3 -1 

1 3 
-1 1 

*Gw2 - %P&P*43 - w,mJ[sql. 
tcf. equation (12). 

zero. However, if - 1 is added to the right-hand 
column of Table 3, the coefficients of all the concen- 
tration products will be negative or zero, which 
means that the second derivative will always be 
negative. Therefore only one extremum occurs on the 
distribution curve of HL and this is a maximum. 

If the data in Table 4 are analysed correspondingly, 
it can be seen that whatever number is added to any 
of the columns, there always remain concentration 
products of both signs. Therefore [H,L] may have 
more than one extremum and there may be a min- 
imum on the concentration distribution curve. 

An especially interesting point of the distribution 
curve [H,L] =f (pH) occurs when both the first and 
second derivatives are zero and there is a point of 
horizontal inflection. This point is represented by the 
following system of equations: 

mass-balance equations: 

7’,_ = [Ll 4 [HL] + [H,L] + [H,Ll + [ML] (13) 

TM = [Ml + [ML] (14) 

from the rearrangement of the numerator of the 
first derivative: 

@-WI - [HLI - 2fL1) (WI + PfLI) = 2~l[MLl 
(1% 

from the rearrangement of the numerator of the 
second derivative: 

(4[Ll+ [HLI + FWMMI + [MLl)* 

Equations (13Hl6) cause [HI, [L] and [M] to be 
overdetermined, so T,, or T, or one of the formation 
constants must be left to be calculated. Obviously, in 
a real chemical system, the formation constants are 
fixed. The “natural” parameter would be the ratio of 
the total concentrations, TJT,. For the further 
analysis of the system, however, we allow &_ to be 
freely calculated along with N, [L] and m]. 

Equations (14) and (15) may be transformed 
simply into (17) and (18): 

[M) = TM 
1+ BmL.[Y 

(17) 

(Bri,~fH]’ - pHL[H] - 2)(1 + &&]) = 2/3MLt.M1 (18) 

Substituting equation (18) into (17) and multiplying 
by [L] gives: 

(19) 

and combination of equations (15) and (16), after 
some rearrangement, leads to 

3P,,JH13 - MHI 
BMLtL1 = &t[H]’ - 3&[H] - 8 (20) 

Substituting this result into (19) gives 

(3BdH13 - PdW 

[L] = 2T, i&,~[Hl~ - 3fMHl- 8) 
U&IA. [HI3 - BHL WI - 2) 

c21j 

i4h.[H13 - 4BdHl- 8)’ 

Finally, substitution into (13) leads to 

3&,dH13 - BHLWI 

TL’TM = 4GL,JH13 - BHLD-U - 2) 

f3BdH13 - &L [HI) @~a IHI3 - 38~~ [HI - 8) 

+ 
(1 + P,,[H-l + &JH12 + Bw_W13) 

wHjL[w3 - BHLFU - 213 

(22) 

The surprising result is that the pH of the horizontal 
inflection unequivocally determines the T,/T, ratio. 
If the T,/T,,, ratios are calculated from equation (22) 
at different pH values, then all of the unknowns, [L], 

WI, @ML, can be calculated by means of the explicit 
formulae above. The relationship between T,/T, and 
log/$.,, at the point of horizontal inflection is shown 
in Fig. 1. A minimum in the distribution curve can 
occur only if the points dete~n~ by TL/TM and 
log&,,, are inside the area determined by the “border- 
lines” of the horizontal inflection. Some specific 
features of this area are as follows. 

(I) If log/?,, is less than 7.806 or if the ratio T,JT, 
is higher than 26.15, then no minimum is 
possible in the system. = 4PflPfLl(~MLl -WI) (16) 



598 ISTV~N NAGYP~L et al. 

C-4 

(3) 

(4) 

A 
I 

. 6.5 04 

\ 

I.1 I.125 1.2 1.3 1.4 

TLQI 

area of concentraGon minimum 

I 5 IO 15 20 25 26.15 

T. /TM 

Fig. 1. Interdependence of log&, and the ratio of total concentrations T&TM for the points of horizontal 
inflection on the dist~bution curves of H,L in the system Cu2++iien. Inset: same function with extended 
r,/TM scale. The points on the inset correspond to the distribution curves in Figs. 2 (l&6) and 3(a-hf. 

All b%, values above 7.806 will allow a 
minimum. 
At very high &L values TJT, = 1 is ap- 
proached asymptotically for the minimum con- 
dition. 
The experimental value logfl,, = 15.94 will 
lead to a minimum on the distribution curve, 
as long as TL/TM is between 1.0024 and 1.164. 
Thus a minimum on the dist~bution curve of 
H,L can easily be observed in the real system 
Cu2+-dien. 

The relationships illustrated in Fig. 1 are also 
shown on the distribution curves of H,L in Figs. 2 
and 3. The TJT, ratios and the log&, values 
corresponding to the distribution curves are shown in 
Fig. 1 by appropriate numbers or letters. Figure 2 
illustrates the appearance of the horzontal inflection, 
the development of a minimum and finally its disap- 
pearance through a second horizontal inflection, as 
can be predicted from the inset portion of Fig. 1 by 
using the experimental value of 15.94 for log &_. In 
a similar way, Fig. 3 shows the effect of changing 

logikil. for TL/TM = 1.2. 
The simplified model discussed so far is valid for 

the copper(diethylenetriamine system only up to 
pH 7. At higher pH values, the additional species 
CuL,H, CuL,, and CuL(OH) (= CuLH_,) are 

formed. In this pH range, however, there is no 
significant amount of H,L in the solution, so this 
species was not included in the analysis. The com- 
position matrix was used to get the first derivatives 
and the results are collected in Table 5. 

It is seen from the coefficients of the concentration 
products collected in Table 5 that only the concen- 
tration of H,L is a strictly monotonic function of pH, 
and that there may be extrema on the dist~bution 
curves of all the other species. 

We can now discuss the chemical meaning of the 
coefficients of the concentration products. It follows 
from equation (7) that the concentration products of 
a pair of species are found in the numerator only if 
neither of the determinants formed from the first and 
last two columns of the matrix 

is zero. This means that this matrix supplemented 
with the stoichiometric vector (l,O,O)(c,) or (O,O,l) 
(cJ will give a non-singular 3 x 3 matrix. In other 
words, a chemical equilibrium can always be written 
between c,, cj, and the two species forming the 
concentration product. If the species c, and cj are on 
the same side of the chemical equilibrium, then an 



Extrema on concentration distribution curves 599 

3 4 5 6 7 6 

PH 

Fig. 2. Concentration distribution of H,L in the system Cu2+-dien at various total ligand concentrations. 
TM = O.OOSM. TL/rM = 1.2 (l), 1.164 (2), 1.1 (3), 1.05 (4), 1.02 (5), 1.0024 (6). The points on curves 2 and 

6 denote the horizontal inflection. 

increase of [c,] decreases [c,], and the sign of the A detailed proof has been given earlier.12 As an 

concentration product is negative. If they are on example, the various equilibria (and the appropriate 
opposite sides, then an increase of [c,] increases [cJ, concentration product signs) corresponding to the 
and the sign of the concentration product is positive. concentration product [ML][ML,H] in Table 5 are 

2- 

0 
x 

“0 - 

I - l - 

1 I I I I I c 
3 4 5 6 7 

PH 

Fig. 3. Concentration distribution of H,L in a model system corresponding to Ct?dien with various 
logp,, values. TM = O.O05M, Tr = 0.006M. log&,, = 15.94 (a), 15.271 (b), 14.5 (c), 14.0(d), 13.5 (e). 13.0 

(f), 12.5 (g), 12.091 (h). The points on curves b and h denote the horizontal inflection. 
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given by 

+I 
c 
H+2ML +ML,H + M’ 

-1 

ML,H *ML+= 

+1 

ML +kzL 
\ 

+ML,H + H (23) 

-1 

ML,H( +OML)+m 

-1 

ML( +OML,H)+m 

The analysis of the second derivatives of the distri- 
bution curves showed that the stoichiometry by itself 
would permit the manifestation of a minimum on the 
distribution curves of the free metal ion, of the proton 
complex HL and of the metal complexes ML, 
MLH_, and ML,H. If, however, the stability con- 
stants of the real system Cu’+/dien are also consid- 
ered, it turns out that a minimum can occur only on 
the distribution curve of the mixed hydroxo complex 
MLH_,. The equilibria responsible for the concen- 
tration minimum of MLH_, are given by equations 
(24) and (25): 

ML$MLH_, + H (24) 

MLH_, + H,L+ML2 + H (25) 

In this system, ML is formed at a relatively low pH. 
The pK value for ML [equation (24)] is 9.49, so the 
formation of MLH_, begins at pH -8. The for- 
mation of ML, begins at the same pH, and causes the 
concentration of MLH_, to decrease with increasing 
pH [equation (25)]. As the pH is raised further the 
extent of this process diminishes because of the 
decrease in [H,L]. Thus [MLH_,] increases again. 

It is seen that the only positive concentration 
product in the numerator of the first derivative is 
[H,L][ML,], in accordance with the considerations 
above. The change of the concentration product 
[HL][ML,H] with negative coefficient is strictly paral- 
lel to the change of [H,L][ML,]. It follows from this 
that a minimum in the concentration distribution 

appears only if Pn&+ > /&J%w or P&?L > 

P%,. This relation is valid for the present system; 
the protonation constant for HL is higher than that 
for ML,. 

Because the presence of a minimum in [MLH_ ,] is 
a real possibility in the copper(II)diethylenetriamine 
system, the parameters of the horizontal inflection 
were also calculated at TM = 0.005M. This is a rather 
tedious calculation, because the mass-balance equa- 
tion for the metal ion contains five terms, equation (7) 
for the first derivative fourteen and equation (12) for 
the second derivative as many as 38 terms, with the 
unknowns [HI, [L] and [M] at different powers. The 
solution of the system of equations led to the follow- 
ing results: [L] = 1.38 x 10m4M, [M] = 2.47 x 10-16M, 
pH = 9.225. These data yield Z’, = 0.01167M. 

The concentration distribution of MLH_, in the 
copper(diethylenetriamine system at TM= 

Table 5. Coefficients of the concentration products in the numerator of the first derivatives of the 
distribution curves in the system copper(II)diethylenetriamine 

3rd component* 
Concentration 

product M L HL H,L ML ML, ML,H MLH_, 

[Y[ml- 0 0. 1 2 0 0 1 -1 
Ll W-1 0 0 1 2 0 0 I -1 
[Ll W-4 0 0 1 2 0 0 1 -1 
M [MWI -1 0 I 2 -1 -1 0 -2 
[Ll [MLH - ,I I 0 I 2 I 1 2 0 
[WWI 0 -I 0 I -1 -2 -1 -2 
WI [WI 0 -2 -I 0 -2 -4 -3 -3 
PWMLI 0 0 1 2 0 0 1 -1 
[Ml [ML,1 0 0 4 8 0 0 4 -4 
bflPfW1 0 -2 2 6 -2 -4 0 -6 
[NW-H-,1 0 I 2 3 1 -2 3 0 
WJ-IN-1 I -1 0 1 0 -1 0 -I 
[WP’U 2 -1 0 I 1 0 I 0 
WIPfWl 1 -1 0 1 0 -I 0 -1 
WLlPfLH-,I 2 -1 0 1 1 0 I 0 
FWIW-1 2 -2 -I 0 0 -2 -1 -1 
[WI [ML,1 4 -2 -I 0 2 0 -1 I 
WAPGHI 3 -2 -I 0 I -1 0 0 
W~UWLH-II 3 -2 -I 0 1 -1 0 0 
[MLIWU 0 0 I 2 0 0 I -1 
[WWWI I -1 0 1 0 -1 0 -I 
W-JWJ-,I 2 -I 0 I I 0 I 0 
[ML,Hl[MLX,I 3 -2 -1 0 I -I 0 0 

*The second component is L for M, and M for all other species; the first component is H throughout. 



Extrema on concentration distribution curves 601 

Fig. 4. Con~ntration distribution of MLH_, in the system 
Cuz+-dien. TM = O.OWM, TL = 0.008M (a), O.OlOM (b), 
0.01167M (c, point of horizontal inflection), 0.015M (d), 

0.02M (e). 

0.005M and different values for TL is given in Fig. 4. 
At low TL, no ~nimum is observed. For 
T,_ = 0.01167M we have a point of horizontal 
inflection (curve c) and at still higher TL a concen- 
tration minimum is formed. No second point of 
horizontal inflection is found on the distribution 
curve of MLH _ , as T,_ is increased up to TL = IOM. 

HYDROLYSIS IN THE Hg’+-CI- SYSTEM 

The concentration minima found in the real cop- 
per(II)-diethylenetriamine system and the minima 
which, in principle, may occur in similar systems are 
the consequence of stoichiometric asymmetry. It is 
not stoichiometric, but thermodynamic asymmetry 
that occurs in the Hg2+aH--Cl- system, studied by 
Sj6berg.5 A minimum occurs in the concentration of 
HgCl, as the pH is raised at constant T,-,/THg ratio. 
This is illustrated in Fig. 5. The first and second 
derivatives of the function [HgCl,] =f(pH) are given 
in Table 6. 

It follows from the concentration products of the 
first derivative that an extremum may occur only if 

)__ _ __ ---_-___ -___-_- _____ 

b 

Fig. 5. Concentration distribution of HgCI, in the system 
Hg2+-CI-OH-. T, = O.OOW; I’, = 0.005M (a), 0.007M 
(b), 0.00937M (c, point of horizontal inflection), 0.0096M 

(d), O.OlM (e). 

either of the following relations is valid (charges are 
omitted): 

[HgCll FWHI > WdOWCU P-k1 
or KrKy > 2j?,, (26) 

W-W11 P-WWJ ’ PMOWI [Hg(OH)Cll 
or 2KFKy’ > &, (27) 

The formation constants collected in Table 7 indicate 
that only the second relation is true in the present 
system, so the equilibrium 

2HgCl + 20H +HgClr + H&OH), (28) 

corresponding to the concentration product 
[HgCl][Hg(OH),] is responsible for the minimum. 
The solution of the equations for THg = O.OOSM and 

Table 6. Numerator of the first derivative of the function log[HgClJ =f[Iog(OH)] and the 
numerator of the second derivative at the zero point of the first 

3 [CU Wgl WgOHl [HGWJ F-WI P-WXWI -.-- 
First derivative* - D-W-4 P&OH1 1 4 I(P~_+tql)@t (~~bjP,212)sjlt 1 _2 

WbQl ~Hg(OH)~ 2 8 2 -4 2 -1 
- 2iHgl [H~OH~Il I 4 -2 -8 1 -2 
- IH@Hl FWWC~l 2 8 2 -4 2 -1 
- KN?WW 1 4 2 0 1 0 
- WU W&=hl 2 8 6 4 2 1 
- VI W&WCU 1 4 4 4 1 I 

*(w-h - w&mh - wJ&lISJ~ cf. equation (7). 
icf. equation (12). 
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Table 7. Formation con- 
stants of the species in the 
system Hg’+-Cl--OH- at 
low chloride concentration’ 

Species 

HgCl 

HgCI, 
HgOH 

Hg(OH), 
Hg(OH)CI 

*pK, = 14.22. 

W?* 
7.22 

14.00 
10.64 
22.20 
18.35 

the first and second derivatives gives the following 

data for the point of horizontal inflection: [Cl-] = 
3.963 x 10-6M, [Hg’+] = 2.792 x 10m6M, [OH-] = 
1.659 x lo-“M (pK, = 14.22, so pH = 3.44). These 
data determine the total chloride concentration: 
Tc, = 9.37 x 10e3M. In Fig. 5 we see the minimum of 
[HgCl,] for THp = 0.00% and Tc, = 0.005M or 
O.O07M, the point of horizontal inflection for 
Tc, = O.O0937M, and its disappearance at still higher 
chloride concentrations. Further calculations show 
that the minimum is present over the whole range 
0 < TL < 0.00937M. 

A MODEL SYSTEM WITH FIVE EXTREMA 

Although no more than one minimum in the 
concentration distribution of a given species has been 
described up to now for any real chemical system, the 
possibility of two or more minima cannot be ex- 
cluded. Probably the simplest model system with two 
minima and three maxima consists of the species HL, 
L, M, ML2 and M(OH),. The result of a model 
calculation on this extremely asymmetric system is 
illustrated in Fig. 6. 

The peculiar distribution of the species HL can be 
explained as follows: in the absence of metal ion the 

concentration of HL would increase with increasing 
pH up to (pK, + pK,)/2 (pH = 6 in the present exam- 
ple). The formation of ML,, however, decreases [HL] 
through the equilibrium 

M + 2HL+ML, + 2H (29) 

This process is completed at about pH 4, so [HL] 
increases again. As mentioned, [HL] would normally 
begin to decrease at pH > 6. In this pH range, 
however, the equilibrium 

ML, + 4H,O+M(OH), + 2H + 2HL (30) 

takes place, and this increases [HL] as the pH is 
raised. Finally [HL] decreases again because of its 
dissociation to free ligand L. 

AN ALGORITHM FOR THE ANALYSIS OF 
CONCENTRATION DISTRIBUTIONS 

From the considerations illustrated above, the 
following general procedure can be given for the 
analysis of concentration distributions of three- 
component systems. 

1. The composition matrix is transformed to make 
the species of interest the third component. 

2. The coefficients of all the possible concentration 
products are calculated according to the for- 
mula given in the numerator of equation (7). 

If all the coefficients are positive, the concen- 
tration of the given species always increases 
with the increase in [c,]. 

If all the coefficients are negative, then the 
concentration of the given species always de- 
creases with increase in [c,]. 

3. If there are products of both signs, then the 
second derivative should be collected in a table 

ML2 

* 

PH 

MIOH)4 

Fig. 6. Concentration distribution of the species HL in a model system. TL = 0.011 M, Thl = 0.005M, 
1ogp,,9.00, log&, = 12.00, log&,, = 8 50, log&,,,_, = -25.00. Dashed line indicates 5 times the 

concentration of HL for better illustration. 
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and it should be studied in order to find out in more complicated systems it is those species which 
whether a uniform sign of the concentration cannot show horizontal-inflection or concentration 
products could be generated by adding optional minima at suitable total concentrations and with 
positive or negative numbers to the columns of appropriate formation constants that are the excep- 
the table. tions. 

If uniform negative signs can be generated 
then the extremum may only be a maximum. 

If uniform positive signs can be generated, 
then the extremum may only be a minimum 
(only model systems of this type have been 
found until now). 
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Summary-A method is described in which phenols extracted from the condensate of automobile exhaust 
gases are determined directly by GLC. The quantities of various phenols found are calculated by using 
tridecane as an internal standard. The emission of phenols from cars running on fuels containing different 
concentrations of aromatics, and on leaded and lead-free fuels, has also been considered. The results show 
that the concentration of total phenols is dependent on the type of sample, and is strongly dependent on 
the concentration of aromatic hydrocarbons and of tetraethyl-lead in the fuel. 

Phenols are known to be present in automobile 
exhaust gases.le3 They are of interest because they 
indicate incomplete oxidation of the gasoline and 
more importantly because they have been shown to 
be promoters of the carcenogenicity of polynuclear 
aromatic hydrocarbons such as benzo(o:)pyrene.4,5 
However, a serious problem in the separation of such 
compounds is that of peak asymmetry, and deriva- 
tives of phenols have often been used in order to 
eliminate tailing.68 The ethers formed for use in these 
methods are not stable in the presence of water or 
traces of free acid, and sterically hindered phenols 
react slowly and incompletely. Therefore, a more 
quantitative and direct method for the gas chro- 
matographic determination of phenols extracted 
from automobile exhaust-gas condensate was consid- 
ered necessary. 

The present investigation concentrated on devising 
a direct GLC method for the determination of phe- 
nols extracted from automobile exhaust-gas conden- 
sate. In addition, the effect of the type of fuel on 
emission of phenols was examined. 

EXPERIMENTAL 

Apparatus 

A Beckman CC-45 gas chromatograph equipped with a 
flame-ionization detector was used, with a IO-mV recorder. 
The optimal carrier-gas (nitrogen) flow-rate of 30 ml/min at 
NTP was used. The columns were made of stainless-steel 
tubing (6 ft long and i in. o.d.) filled with 20% w/w liquid 
phase on Chromosorb W, (S&l00 mesh). The column 
temperature was controlled to within + 1”. 

Maferials 

The pure phenols and tridecane used were obtained from 
Fluka. No further purification was needed, as each of the 
compounds gave only one peak, with a stable base-line. 

Preparation of automobile exhaust-gas samples 

The sample volumes (2-3 m3) of raw automobile exhaust 
gas were measured by flowmeter. The phenols were trapped 
in a 500-ml round-bottomed flask fitted with a double-wall 
condenser (Fig. l), and containing 250 ml of IM sodium 
hydroxide at ice-water temperature. The free phenols were 
released from the trapping solution by acidification with 
hydrochloric acid and extraction with two 50-ml portions of 
chloroform. The combined chloroform extract was divided 
into two parts, which were treated as follows. 

Procedure A 

Half of the combined chloroform extract was evaporated 
to a final volume of 5 ml by passage of an air stream across 
the container at room temperature, and 1 ~1 was injected 
directly onto the column of the chromatograph, by means 
of a I-p1 Hamilton syringe. A typical chromatogram of the 
free phenols present in exhaust-gas condensate is shown in 
Fig. 2. 

The optimum experimental conditions for the analysis 
were selected according to the results of a previous study of 
phenolic compounds on a series of polysiloxane and poly- 
ester liquid phases.9 

Procedure B 

The rest of the combined chloroform extract was treated 
with 25 ml of 0.15% o-nitroaniline solution in 1M hydro- 
chloric acid, freshly diazotized at 0” with 0.75 ml of IO”/, 
sodium nitrite solution. After shaking, the mixture was 
made alkaline by the addition of 2 ml of 20% sodium 
carbonate solution,’ then acidified with hydrochloric acid; 
the azo-dyes were then completely extracted with successive 
portions of diethyl ether. The ethereal chloroform phase was 
dried over anhydrous magnesium sulphate and evaporated 
to dryness with a stream of cool air. The residue of azo-dyes 
was dissolved in chloroform and made up to a specific 
volume, then analysed by gas chromatography under the 
same conditions as for procedure A. A typical chro- 
matogram is shown in Fig. 3. 

The diazo-dyes of the individual phenols were also pre- 
pared ia and chromatographed (0.1~~1 samples) under the 
same conditions as for the analysis, in order to identify the 
phenols present in the exhaust-gas samples. 
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Fig. 1. Collection system for exhaust gas. 
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Fig. 2. Chromatograms of the phenolic fraction of the exhaust gas from combustion of premium and super 

gasoline. Peaks numbered as in Table 2. 
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Fig. 3. Chromatogram of azo-dyes derived from phenols in exhaust gas. 

Quantitative onolysis 

Synthetic mixtures of pure phenols (standard mixtures) 
were prepared by mixing 0.30 g of each of the eight phenols. 
Then 0.0213 g of tridecane was added as internal standard 
to 0.280 g of the phenol mixture, and this was diluted with 
2.30 g of acetone. From this mixture 0.1~yl portions were 
injected into the gas chromatograph, and the relative re- 
sponse factors (F,) were calculated according to the equa- 
tion: 

where Ai and A, are the areas of the chromatographic peaks 
of the tridecane and the phenol, and Wi and W, are the 
weights of tridecane and phenol, respectively. The values of 
the response factors in Table 2 are the means of five results. 

For the analysis of exhaust-gas condensates, 0.5-g por- 
tions were spiked with 0.4 mg of tridecane as internal 

Table 1. Conditions for chro- 
matography of free phenols 

Column type ov-101 
Column temperature 120°C 
Detector temperature 170°C 
Carrier gas-flow 30 ml/min 
Injected sample 1 pl 

standard, and l-p1 portions were injected into the gas 
chromatograph. The quantities of the various phenols found 
in the exhaust gas were calculated from the appropriate 
peak areas on the chromatograms. 

RESULTS AND DISCUSSION 

The results for the phenols found in the automobile 
exhaust-gas condensate are shown in Table 3. The 
value for each phenol is the mean of five results and 

Table 2. Analysis of the synthetic phenol mixture and the 
response factors relative to the internal standard (tridecane) 

Peak 
number 

Area, 
cm2 

Response 
factor, F 

1 Phenol 2.08 0.566 
2 o-Cresol 2.32 0.631 
3 m- and p-Cresol 3.38 0.459 
4 2,6-Xylenol 2.85 0.775 
5 2,4 and 2,5-Xylenol 4.20 0.571 
6 3,5-Xylenol 2.46 0.669 
7 2,3-Xylenol 3.80 1.033 
8 3,4_Xylenol 1.62 0.440 
9 Tridecane 2.80 1.000 

10 0 -Xylene 3.45 1.233 

TAL 30/8--E 
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Table 3. Levels of phenols in exhaust-gas condensate 

Premium gasoline Super gasoline 

Peak Area Yield,* Area, Yield,* 
number Compound cm2 mgil. cm’ mgll. 

1 o-Xylene 3.81 16.5 3.48 20.8 
2 Phenol 2.60 24.6 1.92 25.0 
3 oCreso1 0.76 6.4 0.72 8.3 
4 m- and p-Cresol 2.73 31.8 2.38 38.0 
5 2,6-Xylenol 1.12 7.7 0.91 8.5 
6 2,3-Xylenol 0.72 3.7 0.56 3.8 

Total 90.7 104.4 

*Yield is expressed as mg of phenol per litre of fuel burned. 

Table 4. Composition of the test fuels 

Super Premium 
Compound gasoline, % gasoline, % 

Benzene 3.1 1.8 
Toluene 12.2 5.2 
m- and p-Xylene 13.0 8.0 
o-Xylene 7.0 5.0 
Ethylbenzene 3.5 2.8 
n-Propylbenzene 0.5 
Diethylbenzene 1.5 1.4 
Aromatic C,, + 11.0 7.0 

Total aromatics 51.8 31.2 

Paraffins 48.2 68.8 
Tetraethyl lead, ml/l. 0.8 0.8 

is expressed as mg of phenol produced by combustion 
of 1 litre of fuel. 

The data obtained show that the concentration of 
total phenols differs for the various samples examined 

and is strongly dependent on the concentration of 
aromatic hydrocarbons in the fuel (Table 4). 

In addition, the presence of tetraethyl-lead (TEL) 
in the fuels causes a significant reduction in the 
phenol emission, which can be explained by the 
hypothesis that the lead produced when the TEL 
decomposes to form methyl radicals reacts with the 
OH’ free-radicals which arise” in the combustion 

processes, to form lead oxide and H ’ radicals accord- 

ing to the equation: 

Pb+OH’+PbO+H’ 

This reaction could reduce the number of OH 
radicals available for the formation of phenols. 

Acknowledgemenl-The authors are thankful to the College 
of Science, University of Baghdad, for providing every 
facility to accomplish the work. 

1. 

2. 

3. 

4. 

5. 
6. 

7. 
8. 

9. 

IO. 

11. 

REFERENCES 

E. D. Barber, E. Sawicki and S. Mepherson, Anal. 
Chem., 1964, 36, 2442. 
D. Hoffman and E. L. Wynder, J. Air Pollution Control 
Assoc., 1963, 13, 322. 
T. W. Stanley, E. Sawicki and H. Johnson, Microchim. 
Acta, 1965, 48. 
R. K. Boutwell and D. K. Bosch, Cancer Res., 1959,19, 
413. 
E. L. Wynder and D. Hoffman, Cancer, 1961,14, 1306. 
A. C. Bhattacharyya, A. Bhattachajee, 0. K. Guha and 
A. N. Basu, Anal. Chem., 1968, 40, 1873. 
G. B. Crump, J. Chromatog., 1963, 10, 21. 
M. Mattsson and G. Peterson, J. Chromatog. Sri., 1977, 
15, 546. 
Ala-Mahdi Al-Saeed, M.Sc. Thesis, University of 
Baghdad, 1980. 
F. Wild, Characterisation of Organic Compounds, 2nd 
Ed, p. 231. University Press, Cambridge, 1962. 
B. B. Chakraborty and R. Long, Combustion and Flame, 
1968, 12, 226. 



Talanra, Vol. 30, No. 8, PP. 609-610, 1983 
Printed in Great Britain 

0039-9140/83 s3.OO+o.OO 
Pergamon Press Ltd 

TITRIMETRIC MICRODETERMINATION OF 
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Summary-A simple amplification method for determination of 0.05-2 mg of uric acid or thioglycollic 
acid has been worked out. It depends on iodine oxidation of the uric acid or thioglycollic acid solutions, 
removal of the excess of iodine, oxidation of the resulting iodide with bromine, and iodometric titration 
of the resulting iodate. The coefficient of variation ranges from 0.7 to 2.4” for uric acid and from 0.5 
to 1.9% for thioglycollic acid, depending on the amount of the acid. 

In alkaline solution, 1 molecule of uric acid is readily 
oxidized by 2 equivalents of iodine, thioglycollic acid 
is quantitatively oxidized by iodine to dithioglycollic 
acid:’ 

C,H,0,N,+I,+C,Hz0,N,+2HI 

2CH, SHCOOH + I,+(SCH, COOH), + 2HI 

Mayr and Gebauer* showed that thioglycollic acid 
solutions are rapidly oxidized by air and therefore 
dissolved the acid in air-free water, for the deter- 
mination. 

A titrimetric determination of as little as 1 mg of 
uric acid has been reported by Raber and Dielacher,’ 
who used oxidation with bromate/bromide mixture 
or ceric sulphate. Various other titrimetric methods”* 
have been reported for determination of thioglycollic 
acid, but they vary in analysis time and sensitivity. 

In an attempt to develop a simple, reliable and 
sensitive method for determination of uric acid and 
thioglycollic acid, we have extended our use of iodine 
and the Leipert amplification procedure.9,‘0 

EXPERIMENTAL 

Reagents 

All chemicals used were of analytical-reagent grade. 
Thioglycollic acid solutions. Aqueous solutions (concen- 

trations 0.1 and 1 .O mg/ml) were prepared in air-free water. 
Uric acid solutions. Aqueous solutions (concentrations 0.1 

and 1 .O mg/ml) were prepared by dissolving the acid in a few 
drops of 1M sodium hydroxide and diluting with distilled 
water. 

Sodium thiosulphate solutions, 0.01 and O.OOlN. Standard- 
ized against potassium iodate solutions of similar normality. 

Iodine solution. Prepared by dissolving about 0.6 g of pure 
iodine in 500 ml of pure dry chloroform. 

Solutions of formic acid (SO%), hydrochloric acid (IM) 
and bromine water (saturated) were also used. 

Procedure 

In a 50-ml separating funnel, mix a suitable volume (up 
to 10 ml) of sample solution (containing 0.05-2 mg of uric 

acid or thioglycollic acid) and 5 ml of iodine solution and 
add water (if necessary) to give a total aqueous phase 
volume of 10 ml. Stopper the funnel and shake the contents 
vigorously. Separate the organic layer (for uric acid, acidify 
the aqueous phase by addition of 0.5 ml of 1M hydrochloric 
acid before the separation). Remove the last traces of iodine 
from the aqueous layer by extraction with two lo-ml 
portions of chloroform. Transfer the aqueous phase quan- 
titatively to a SO-ml conical flask. Add 3 ml of bromine and 
swirl or stir for 3 min. Destroy the excess of bromine by 
addition of 5 ml of formic acid, add about 0.5 g of 
potassium iodide, and titrate the liberated iodine with 0.01 N 
thiosulphate (for less than 0.5 mg of uric acid or thio- 
glycollic acid, use O.OOlN thiosulphate), using starch as 
indicator. Run a blank determination. 

I ml of O.OlN thiosulphate = 0.140 mg of uric acid 
I ml of O.OlN thiosulphate = 0.0767 mg of thioglycolhc 

acid 

RESULTS AND DISCUSSION 

Uric acid and thioglycollic acid are quantitatively 
oxidized when treated with iodine. The iodide formed 
can be dealt with by the Leipert amplification pro- 
cedure,” after extraction of the excess of iodine with 
chloroform. 

Preliminary studies confirmed that thioglycollic 
acid solutions are rapidly oxidized by air,* and that 
the sample must be dissolved in air-free water for 
analysis. It was found that 5 ml of 0.12% iodine 
solution oxidizes up to 2 mg of uric acid or thio- 
glycollic acid quantitatively. Any iodine left in sus- 
pension in the aqueous phase would cause high 
results, so must be removed by washing the aqueous 
phase with chloroform. 

In the determination of uric acid, the aqueous 
phase must be acidified before separation from the 
chloroform phase, in order to decompose any hypo- 
iodite formed by reaction of the alkaline sample 
solution with the iodine reagent. 

The present method gave satisfactory results 
(Table l), the recoveries ranging from 94.0 to 99.5% 
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Table 1. Microdetermination of uric acid and thioglycollic acid by the 6-fold 
amplification method 

Compound 

Uric acid 

Weight, mg 

Taken Found* 

0.050 0.047 
0.100 0.098 
0.500 0.496 
1 .ooo 0.995 
2.000 1.982 

Coefficient of 
variation, 

Recovery, % % 

94.0 2.4 
98.0 
99.2 1.7 
99.5 
99.1 0.7 

0.050 
0.100 

Thioglycollic 0.500 
acid 1.000 

2.000 

*Mean of 5 determinations. 

0.049 98.0 1.9 
0.099 99.0 
0.497 99.4 1.2 
1.000 100.0 
I .988 99.4 0.5 

for 0.05-2.0 mg of uric acid, and from 98.0 to lOOo/, 
for 0.05-2.0 mg of thioglycollic acid. The coefficients 
of variation were 2.4, 1.7 and 0.7% for 0.05, 0.5 and 
2 mg of uric acid, respectively (5 replicates), and 1.9, 
1.2 and 0.5% for 0.05, 0.5 and 2.0 mg of thioglycollic 
acid (5 replicates). The blank value was 0.05 ml of 

O.OlN thiosulphate. 
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Summary-A method is proposed for selective complexometric determination of mercury, thiocyanate 
being used as masking agent. An excess of EDTA is added and the surplus is back-titrated at pH S-6 
with lead nitrate, Xylenol Orange or ~ethylth~ol Blue being used as indicator. Thiocyanate is then 
added to decompose the mercury-EDTA complex and the liberated EDTA is titrated with lead nitrate. 
The interference of various cations has been studied. 

Direct EDTA titrations of mercury’ are of poor 
selectivity owing to co-titration of other metal ions. 
The usual practice is to determine the sum of mercury 
and associated cations and then to decompose the 
mercury_EDTA complex selectively with masking 
agents such as thiosemicarbazide* or cysteine) and 
titrate the liberated EDTA. In these methods, how- 
ever, copper causes serious interference. Potassium 
iodide4 was suggested by Ueno as masking agent in 
alkaline medium for estimating mercury in the pres- 
ence of copper, but then many other cations interfere. 
Thiosulphate’ has also been reported as masking 
agent for mercury in alkaline medium, but the effect 
of copper was not studied. Singh6 described deter- 
mination of mercury in presence of various cations, 
with thiourea as masking agent, the titration being 
done at pH 5-6, with Xylenol Orange or Methyl- 
thymol Blue as indicator, and this method is 
definitely superior to those referred to earlier. The 
interference of copper was avoided by controlling the 
pH at 5.5 and cooling the solution to 15”. Experience 
with this method, however, reveals that good results 
for mercury in presence of copper are obtained only 
when a minimal excess of thiourea is used, and this 
restriction causes problems in analysis of samples of 
completely unknown composition. 

The reagents mentioned above were also used 
earlier for masking of mercury’ to prevent it from 
reacting with EDTA during the complexometric esti- 
mation of other cations. Barcza and K6riis’ used 
thiocyanate to mask mercury during the titration of 
bismuth at pH 1. The mercury-thiocyanate complex 
could then be decomposed with silver ions and the 
liberated mercury(H) titrated with EDTA at pH 5-6 
in the same solution. However, thiocyanate does not 
seem to have been employed previously for selective 
decomposition of the mercury-EDTA complex. We 
found that mercury interfered seriously when thio- 
cyanate was used for decomposition of the 

palladium-EDTA complex,* so decided to investigate 
whether thiocyanate can decompose the 
mercury-EDTA complex quantitatively, leading to a 
selective method for mercury; results are presented 
here. After a combined titration, the mercury-EDTA 
complex is selectively decomposed with thiocyanate 
and the EDTA released is titrated with lead nitrate 
solution at pH S-6, to the Xylenol Orange or Methyl- 
thymol Blue end-point. The method tolerates a large 
number of cations, including copper, with no need for 
the manipulation of titration conditions that is neces- 
sary when thiourea is used. 

EXPERIMENTAL 

Reagents 

Mercuric nitrate solution. Prepared by dissolving I .O g of 
pure mercury in the minimum amount of nitric acid, making 
up to 1 litre and standardizing. 

EDTA solution, 0.01 M. 
Lead nitrate solution, 0.0iM. 
Xylenol Orange and Methyithyr~o~ Blue indicators, 0. I”/, 

aqueous solutions. 
Solutions of various cations (1 mg/ml) were prepared. 

Analytical-reagent grade chemicals were used whenever 
possible. 

Determination of mercury in presence of other ions 
To a solution containing S-50 mg of mercury and varying 

amounts of foreign metal ions, add excess of O.OlM EDTA 
and dilute to 100 ml with distilled water. Adjust the pH to 
5-6 with solid hexamine. Add a few drops of Xylenol 
Orange or Methylthymol Blue indicator and back-titrate the 
excess of EDTA with O.OlM lead nitrate. Add 2-10 ml of 
5% ammonium thiocyanate solution (2 ml for each 10 mg 
of mercury), shake and titrate the liberated EDTA with 
O.OlM lead nitrate to the same end-point as in the first 
titration. 

Application IO samples 
Dissolve 0.1-0.2 g of sample in the minimum amount of 

nitric acid by slow heating. If tin is present, filter off the 
precipitated metastannic acid. Dilute the solution or filtrate 
to volume in a IOO-ml standard flask. Transfer a suitable 
aliquot to a 250-ml conical flask, add excess of O.OlM 

611 



612 SHORT COMMUNICATIONS 

Table I. Determination of mercury in presence of foreign 
metal ions 

Mercury, mg 

Ion, mg Taken 

Ag+ 

Cdf 

Zn2+ 

Ni2+ 

Pb2+ 

Cd2+ 

co2+ 

Mn2+ 

Ca2+ 

Mg2+ 

Pd2+ 

Bi3+ 

AI’+ 

Fe’+ 

Y’+ 

La’+ 

Gd’+ 

Sm’+ 

Rh’+ 

I?+ 

RU)+ 

pt‘++ 

Ti4+ 

Oxalate 
Tartrate 
Borate 
Citrate 
Chloride 

40.0 15.0 
20.0 25.0 

5.0 50.0 
25.0 5.0 
25.0 20.0 
12.5 30.0 
20.0 5.0 
10.0 25.0 
20.7 8.0 
10.4 40.0 
20.0 6.0 

5.0 25.0 
25.5 8.0 
10.2 50.0 
5.0 15.0 
3.0 10.0 

25.0 10.0 
10.0 30.0 
35.0 15.0 
10.0 50.0 
15.0 8.0 
6.0 15.0 

24.0 10.0 
12.0 40.0 
15.0 8.0 
7.5 30.0 

25.5 5.0 
5.1 50.0 

21.0 12.0 
7.0 25.0 

24.0 9.0 
6.0 27.0 

18.0 6.0 
6.0 50.0 

18.9 15.0 
6.3 30.0 

12.0 12.0 
9.0 25.0 

12.9 15.0 
6.4 25.0 
3.6 12.0 
6.2 9.0 
8.0 20.0 

16.0 18.0 
10.0 25.0 
15.0 6.0 

500 20.0 
700 25.0 
400 20.0 
600 25.0 
195 20.0 
300 20.0 

Found 

14.89 
24.97 
50.25 

4.93 
20.06 
29.99 

4.91 
24.97 

7.98 
40.02 

6.02 
25.18 

7.98 
49.85 
15.13 
10.11 
9.95 

29.99 
14.85 
50.15 

7.98 
14.93 
10.03 
40.02 

7.98 
29.99 

5.02 
50.35 
11.92 
24.98 

9.07 
26.78 

5.98 
49.95 
14.93 
30.09 
14.04 
24.77 
15.01 
24.98 
11.96 
9.03 

20.06 
17.94 
25.18 

6.02 
19.96 
25.08 
20.06 
25.08 
20.16 
19.94 

14.93 
25.17 
50.05 

5.02 
19.86 
30.29 

5.06 
24.77 

8.06 
39.82 

5.94 
24.98 

7.94 
50.05 
15.17 
10.07 
9.91 

29.79 
14.97 
49.75 

8.06* 
14.93t 
9.95 

40.22 
8.06 

30.19 
5.02 

49.95 
II.96 
25.18 

8.90 
26.98 

6.06 
49.75 
14.89 
30.19 
12.085 
24.975 
15.099 
25.185 
11.925 
9.035 

19.86$ 
18.154 
25.18 

5.94 
20.16 
25.08 
19.86 
24.87 
20.16 
19.945 

*Dimethylglyoxime used to mask palladium. 
tPalladium masked with 1,2,3-benzotriazole. 
§Excess of chloride removed by precipitation with silver 

nitrate; 2-3-fold excess of thiocyanate added. 

EDTA, dilute to 100 ml with distilled water, adjust the pH 
to 5-6 with hexamine and complete the determination as 
described above. 

RESULTS AND DISCUSSION 

Chloride up to 200 mg is tolerated, but larger 
quantities result in drawn-out end-points. In that 
case, the chloride can be removed by adding excess of 
silver nitrate solution and filtering off the precipitated 
silver chloride. For titration of the filtrate, it is 
necessary to add enough thiocyanate to yield the 
soluble thiocyanate complex of silver. This approach 
can also be used when determining mercury in the 
presence of platinum group metals, which are usually 
present as chloro-complexes and accompanied by 
chloride. Results given in Table 1 show that for 
quantities of mercury varying from 5 to 50 mg the 
error did not exceed 1%. 

The decomposition of the mercury-EDTA com- The method has been employed for the estimation 
plex with thiocyanate is instantaneous and quan- of mercury in a dental amalgam sample and two 

Table 2. Determination of mercury in samples 

Mercury, m,g 

Sample Taken 

Dental amalgam* 32.0 

42% Hg-Zn alloyt 40.5 

15% Hg-Sn alloy? 21.5 

Found4 

31.9 
32.01 
40.5 
40.4 # 
21.6 
21.5 # 

*Dental alloy powder (67.0% Ag, 25.0% Sn, 4.0% Cu, 0.5% 
Zn) from Dental Products of India. Bombav. was mixed 
thoroughly with pure mercury in I : I ratio -and allowed 
to solidify. 

tAlloy prepared and checked for homogeneity. 
$Mean of 2 estimations. 
$Value of complexometric titration with thiourea as mask- 

ing agent. 
# Result by thiocyanate titration. 

titative at pH 5-6 at room temperature. There is no 
change in the pH of the solution on addition of the 
masking agent and hence no need to adjust the pH 
for the titration of the liberated EDTA, which can be 
performed immediately. Many cations can be toler- 
ated (Table 1). Copper, which either interfered or was 
tolerated only after manipulation of certain condi- 
tions in earlier methods, has no adverse effect at all 
on the present method. Small quantities of mercury 
can conveniently be estimated in the presence of large 
amounts of copper. An interesting feature of the 
present method is that not only does copper not 
interfere, but it can be determined after the mercury, 
by heating with ascorbic acid to release EDTA from 
the copper complex’ and then titrating it. Thio- 
cyanate releases EDTA quantitatively from the 
palladium-EDTA complex’ and thus palladium in- 
terferes seriously: however, this can be prevented by 
masking it with dimethylglyoxime” or benzo- 
triazole.” Manganese gives some trouble in the end- 
point detection, particularly when more than 5 mg of 
it is present. Calcium and magnesium, though known 
to complex only weakly with EDTA at pH 5-6, make 
the Xylenol Orange end-point protracted. Methyl- 
thymol Blue, however, gives a sharp end-point in the 
presence of these metal ions. 
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alloys (Table 2). The results by the present method 
are in close agreement with those obtained by the 
standard procedures. The method may also be found 
useful in the determination of mercury in pharma- 
ceutical and chemical preparations. 
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Summary-By Mannich condensation of o-Cresol Red, iminodiacetic acid and formaldehyde, Semi- 
Xylenol Orange (SXO) has been prepared in a IO-hr batch-procedure with a yield of about 30%. From 
the crude product SXO has been isolated by reversed-phase HPLC with perchloric acid-acetone mixtures 
as the mobile phase and &bonded silica as the stationary phase. The SXO fraction was freed from 
accompanying perchloric acid by a second separation on the same column, with water as eluent. After 
elution with acetone, the SXO was crystallized by evaporation. 

Semi-Xylenol Orange (SXO), a homologue of Xy- 
lenol Orange (X0) allows very accurate complexo- 
metric titrations of zirconium’ and thorium.233 Both 
SXO and X0 are triphenylmethane-type indicators, 
but with X0 large titration errors may occur, es- 
pecially with ter- and quadrivalent metals at concen- 
trations below 10m3M. The origin of these errors is 
the predominant formation of the binuclear M,(XO), 
(q = 1 or 2) complexes. 34 In this respect SXO is a 

more favourable indicator as it forms only the mono- 
nuclear complexes M(SXO), (q = 1 or 2). 

In order to establish unambiguously the com- 
position of the Th-SXO complexes, including their 

degree of protonation and stability, we needed SXO 
in a high degree of purity. SXO is not commercially 
available (though fairly pure X0 can be obtained), so 
we had to synthesize and purify SXO ourselves. 

Olson and Margerum’ described a procedure for 
the synthesis of X0 by Mannich condensation. This 
procedure has been adopted and optimized for SXO. 
After the Mannich condensation the reaction mixture 
mainly consists of SXO, X0, Cresol Red and im- 
inodiacetic acid. The by-products have to be re- 
moved, as they all tend to form metal complexes. 
Several investigators have attempted to purify SXO. 
Partition chromatography on a cellulose column8,9 
and preparative thin-layer chromatography,” both 
combined with ion-exchange chromatography, have 
been applied to obtain the pure dye in the free acid 
form, but the methods are laborious and time- 

consuming. As reversed-phase high-pressure liquid 
chromatography (HPLC), previously applied to the 
purification of X0, ‘I does not suffer from these 

*On leave from Chemistry Department, University of 
Hanoi. 

drawbacks, this separation method was adopted by 
us for the purification of SXO on a semi-preparative 
scale. By automation of the equipment, high-quality 
SXO could be obtained at a relatively high prod- 
uction rate. 

EXPERIMENTAL 

Synthesis of SXO 

The SXO is synthesized through Mannich condensation 
of o-Cresol Red, iminodiacetic acid and formaldehyde. The 
reaction scheme is as follows. 

H H ,+,CH,COO- H 
)C=O+ N 

\ _+,CHaCOC- 
Z=== ,C-N 

H H ’ ‘CH*C00- H ‘CHaCOO- 

The Mannich base produced reacts with ketones in the enol 
form: 

\/OH 

II CHaCOO- - 

IC\ 
H H H 

Thus with o-Cresol Red we get SXO: 

CHs CH3 

To stimulate the production of SXO, the o-Cresol Red 
should be present in excess. If the Mannich base predom- 
inates, the disubstituted product X0 will predominate. 

Procedure 

o-Cresol Red (Merck, p.a., 3.8 g, 10 mmole) was dissolved 
in 40 ml of acetic acid (96’/& Baker); 1.8 g (10 mmole) of 
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Fig. 1. Chromatograms of the reaction products: (a) after 11 hr of heating; (b) after 28 hr; (c) after 28 
hr and continuous addition of formaldehyde and iminodiacetic acid. Flow-rate 2 ml/min; injection volume 

20 /ll. 

disodium iminodiacetate (Fluka) was dissolved in 4 ml of 
water. Both solutions were mixed in a three-necked flask 
fitted with a condenser, and brought to 65”; then 1 ml of 33% 
formaldehyde solution (Merck) was added (= 10 mmole), 
with magnetic stirring. After 6 hr another 1 ml of the 
formaldehyde solution was added to compensate for losses 
due to polymerization. After 10 hr the acetic acid was 
removed by vacuum distillation at 65” in a rotary evapo- 
rator. The residue was dissolved in 150 ml of water and used 
as stock for purification. The optimum experimental condi- 
tions of the Mannich condensation with respect to yield, 
time and by-products were determined by following the 
progress of the reaction during 28 hr, by HPLC (Fig. 1). 
During the first 1 I hr only X0 and SXO are formed (Fig. 
la). After that time the production of other, partly 
unidentified, compounds increases sharply (Fig. lb), and the 
production of X0 is relatively favoured. The best compro- 
mise is to stop heating after about 10 hr; 28% of the initial 
o-Cresol Red has then been transformed into SXO. 

In order to minimize the formation of by-products we 
also investigated a slightly different procedure in which a 
formaldehyde-iminodiacetic acid mixture was added con- 
tinuously. Although less of the by-products is formed, only 
20% yield is obtained even after 28 hr of heating (Fig. lc); 
the first procedure is superior. 

Chromatographic conditions 

The liquid chromatograph was built from parts from 
various sources and consisted of two reciprocating pumps 
(Orhta, Giessen, GFR); a pneumatic high-pressure injection 
valve (Rheodyne, U.S.A.) fitted with a 20-~1 or IOOO-~1 
loop; a variable wavelength spectrophotometer (LC4, Pye, 
U.K.) set at 400 nm. The analytical and the preparative 
column were made of 3 16 stainless steel and had dimensions 
of 150 x 4.6 mm and 125 x 10 mm respectively. 

The columns were filled with octadecyl-modified silica 
(Hypersil ODS, Shandon, U.K.) by means of the slurry 
technique recommended by the manufacturer. 

The analytical separations were performed with a mixture 
of 0.06M perchloric acid and acetone (4: 1 v/v) as the mobile 
phase. For the preparative separations a slightly different 
composition (0.05M perchloric acid and acetone; 82: 18 v/v) 
was found to be a good compromise between rapid prod- 
uction of pure SXO and resolution of SXO from neigh- 
bouring peaks when the column was overloaded. 

The preparative purification of SXO was automated with 
a programmable timer. The complete set-up is schematically 
shown in Fig. 2. The lOOO-~1 sample loop is filled with the 
reaction mixture by means of a peristaltic pump. Then the 
mixture (containing about 40 mg of reaction products) is 
injected into the preparative column and a fixed fraction of 
the SXO peak (Fig. 3) is collected (about 8 mg). In order to 
remove the more strongly retained reaction products rap- 
idly, the column is flushed with 40 ml of pure acetone, 
delivered by a second pump (Fig. 2). Before the next 
injection of crude material the column is equilibrated again 
with the mobile phase. This method allows the production 
of 200 mg of SXO per day. 

The acetone is evaporated from the combined SXO 
fractions, leaving an aqueous solution of SXO and 
perchloric acid. To remove the perchloric acid the solution 
is pumped through the preparative column, which is pre- 
eluted with water. Under these conditions SXO is strongly 
sorbed on the reversed-phase column packing, in contrast to 

Peristaltic Pump 

Crude SXO 

Fig. 2. Schematic representation of the automated prepara- 
tive HPLC apparatus. 
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0 10 1 I I 
a b c d 

20 min 

Fig. 3. Preparative separation of SXO. At a the timer is 
switched to peak-height sensitivity, after which the SXO 
peak is separately collected between h and c. At d, acetone 
is running in to clean the column. After 20 min, the column 
is stabilized with the original eluent and is ready for the next 

run. Flow-rate II ml/min; injection volume 1000 ~1. 

the perchloric acid, which is not retained and can be 
removed by flushing with water. The SXO is desorbed from 
the column with pure acetone, giving a concentrated solu- 
tion from which very pure SXO is obtained by evaporation, 
and drying in a vacuum desiccator for 2 days at 60”. 

DISCUSSION 

For the elution of X0, Nakada et al.” used 5% 
aqueous acetic acid-methanol (80:20 v/v) as the 
mobile phase and &-bonded silica (Microbondapak 
C,,, Waters Associates, U.S.A.) as the stationary 
phase. With our column, this eluent gave very bad 
peak shapes and low efficiency. Replacing the acetic 
acid by perchloric acid improved the peak shapes 
remarkably, presumably because of better ion- 
association between SXO and perchloric acid. In 
order to avoid possible formation of methyl esters of 
SXO during the after-treatment at elevated tem- 

peratures, acetone was used as organic modifier 
instead of methanol. 

An NMR spectrum of the purified product 
confirmed that SXO was the component isolated. 
However, a small amount of acetone turned out to be 
occluded in the crystals. From the peak integrals a 0.3 
mole ratio of acetone to SXO was estimated, which 
corresponds to 97.1% w/w SXO. 

From multiparametric non-linear curve-fitting of 

Job curves of Th-SXO mixtures taken at 19 different 
wavelengths, I2 in which the SXO content is intro- 
duced as one of the unknown parameters to be 
adapted, a weight content of 96.1% was found, which 
would correspond to a mole ratio of acetone to SXO 
of 0.39 and is in good agreement with the results of 
elemental analysis: 59.4% C, 4.8% H, 27.7% 0, 2.3% 
N and 5.4% S (theory requires 59.4% C, 5.0% H, 
27.4% 0, 2.5% N and 5.7% S). 

An analysis of variance of the procedure for multi- 
parametric curve-fitting gave no evidence for the 
existence of other coloured ligand-forming products 

in the purified product. 

Conclusion 

Semi-Xylenol Orange can be prepared in a IO-hr 
batch-procedure with a minimum of by-products and 
a yield of about 30%. The SXO formed can be 
conveniently isolated from the crude reaction prod- 
ucts by preparative reversed-phase HPLC. The 
purified SXO is obtained in crystalline form from the 
acetone used as eluent, and though minor amounts of 
acetone remain occluded in the crystals, they do 
not interfere in investigations of the composition of 
the Th-SXO system. No species were detected that 
could interfere in the investigation either by giving 
side-reactions with Th or by absorbing at the wave- 
lengths used. 
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Summary-The potential of S-amino-erotic acid (AOA) for spectrophotometric determination of metal 
ions is explored. Only the reactions with copper( cobalt(I1) and osmium(VII1) are sensitive and suitable 
for this purpose. Ternary complexes of copper(I1) formed with AOA and ammonia or pyridine can also 
be used for photometric determination of the metal and given better sensitivity and selectivity than the 
binary complex. Optimum conditions for determination of all the three metal ions have been established. 

Orotic acid is a promising analytical reagent’,* for 
many metals, including alkali and alkaline-earth met- 
als. The main drawback is the comparatively low 
stability of its metal complexes, which is due to the 
poor co-ordinating tendency of ring nitrogen, the 
only available site for formation of a stable chelate 
ring with the carboxylic group. 

COOH 

HaN 
0 0 

H 

(AOA) 

This results in poor selectivity and sensitivity. The 
inclusion of a potent donor site at the 5-position 
could improve both these aspects. In view of this 
5-amino-erotic acid (AOA) has been studied and the 
results are reported in this communication. It has 
been already found the most suitable derivative of 
erotic acid for gravimetric determination of alkali 
metals.* Of the various species investigated, only 
Cu(II), Co(I1) and Os(VIII) form coloured complexes 
suitable for spectrophotometric determination. 

EXPERIMENTAL 

Reagents 

Pure AOA (Aldrich Chemicals) was converted into the 
ammonium salt,’ which was used for preparing a O.OlM 
stock solution, which was stable for 2-3 weeks. Standard 
solutions of Cu(II), Co(I1) and Os(VII1) were prepared from 
CuSO,.SH,O, CoS0,.7H,O and 0~0, respectively. The 
first two were dissolved in doubly-distilled water and the last 
in O.OlM sodium hydroxide, and the solutions were 
standardized4,s either volumetrically or gravimetrically. 

Dilute hydrochloric acid and sodium hydroxide solution 
were used for pH adjustments. Pyridine was always distilled 
before use. Solutions for interference studies were prepared 
by dissolving the analytical-grade chemicals in doubly dis- 
tilled water. 

Unicam SP600 and Perkin-Elmer 554 spectro- 
photometers, with matched IO-mm glass cells, were used for 
absorbance measurements. 

*To whom correspondence should be addressed. 

RESULTS AND DISCUSSION 

The light yellow AOA solution (&,,=, 320 nm, E,,, 
1.6 x 10’ l.mole-‘.cm-‘) reacts with group VIII 
metal ions and copper( forming coloured com- 
plexes, but many of these species are unsuitable for 
photometric determination because they are unstable 
or formed only in concentrated solutions. However, 
the reactions with copper(H), cobalt(I1) and osmi- 
um(VIII) are sensitive and suitable for the purpose. 
The ternary Cu(II)-AOA-NH, or pyridine com- 
plexes are found better than the binary complex. 
Optimum conditions for the determinations and 
effect of diverse ions are described below. 

Determination of copper 

Copper(H) forms a yellow complex (A,,, 370 nm, 
E,,, 1.48 x IO4 1. mole-’ .cm-‘) which is not extrac- 
table into organic solvents and has composition 1: 2 
(metal:ligand), as determined by Job’s method. The 
binary complex is used for the photometric deter- 
mination of the metal, the procedure being as follows. 
Adjust a suitable aliquot containing 9-24 pg of 
copper to pH 9-10.8 after addition of 2 ml of 
5 x 10m3M AOA. Dilute to 10 ml, measure the ab- 
sorbance at 370 nm against a reagent blank and 
deduce the metal content from a calibration curve. 
The relative standard deviation is 2% for 1.6~pg/ml 
copper concentration. At least a 30-fold molar ratio 
of ligand to metal is required for full colour devel- 
opment. The complex is stable for more than 24 hr. 

The tolerance limits for various ions (mg/ml) in 
determination of 1.6 p g/ml copper are: F-, Cl-, Br-, 
NO, (8); S20:-, SO:-, NO;, SCN- (0.1); C20:-, 
tartrate, citrate (0.2), I- (0.015): Ca*+, Ba*+, Sr*+, 
Pb*+, A13+, Zn*+ (0.5); Cd’+, Sn*+, Mn*+ (0.05); 
Hg*+ (0.01); Ag+ (0.025, masked with Cl-); Fe3+ 
(0.030, masked with F-); Ni2+ (0.025); Pd*+ (0.5); 
Pt4+ (0.7), Ir’+, Rh3+ or Ru’+ (1); Au’+ (0.04). 
Thiourea, cyanide, EDTA, cobalt(I1) and osmi- 
um(VII1) interfere seriously. 

On addition of ammonia or pyridine to the cop- 
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Table I. Characteristics of ternary copper complexes 

Complex 

Characteristic Cu-AOA-NH, Cu-AOA-nvridine 

Lx3 nm 
’ L,,,, 1. mole ’ cm 

pH for formation 
Stability, hr 
Accurate for range 

determination, pgcglml 
Molar ratio of AOA to Cu needed 

for full colour development 
Relative standard deviation 

for 0.63 fig/ml, % 

405 405 
5 X 104 4.8 x lo4 

9.5-10.5 9.5-10.5 
24 24 

0.2-l .4 0.2-1.2 

220 >20 

1.6 2 

per(IIkAOA system, the A,,,,, of the coloured species 
shifts towards longer wavelength by 35 nm and there 
is a more than threefold increase in the sensitivity, 
indicating the formation of a ternary complex with 
ammonia or pyridine. The ternary complex does not 
result if the bases are added at pH < 5.0. The 
metal:AOA:pyridine or NH3 ratio in these com- 
plexes has been found to be 1: 1:2 by Job’s method, 
and a test with Amberlite IR 120 cation-exchange 

resin shows they are cationic. The following struc- 

tartrate, citrate (200), I- (80); Ca*+, Ba2+, Sr2+, Pb2+, 
Pd2+ (500); A13+, Zn*+(400); Cd*+, Sn*+, Mn*+ (50); 
Fe3+ (130, masked with F-); Ag+ (20, masked with 
Cl-); Ni2+ (25); Hg2+ (10); Ru’+ (300); Pt4+ (700); 
Rh3+ Ir3+ (100) AuS+ (50) 

CukZZ)-AOA-byridine &tern. F-, Cl-, Br- (5000); 

NOy , SO:- (4000); NO;, S20:-, C20:- (500); SCN-, 
tartrate, citrate (200); I- (80); Ca*+, Sr2+, Ba2+ (500); 
Pb2+, A13+ (400); Zn2+ (300); Cd*+, Sn*+, Mn*+ (50); 
Fe3+ (140, masked with F-); Ag+ (25, masked with 

tures are tentatively proposed. 

~~o~$:~cU~~~o:+2L -1 oj$$ j 

Binary complex Ternary complex 

L = pyridine or NH, 

_I 
The ternary complexes can be used for the deter- 

mination of copper. Optical constants for these com- 
plexes and optimum conditions for determination are 
summarized in Table 1. 

The procedure is as follows. To a suitable aliquot 
add 1.5mlof2 x lO_‘MAOAand3mlof2 x 10e3M 
ammonia or pyridine solution. Bring the pH to 10, 
make up to volume in a lo-ml standard flask and 
measure the absorbance at 405 nm against a reagent 
blank. The order of addition of AOA and base is 
somewhat critical. The AOA must be added first, or 
low absorbances are obtained. For maximum colour 
development the ammonia or pyridine must be in at 
least 60-fold molar ratio to copper, but not more than 
150-fold (probably further replacement of AOA with 

the base molecules). 
Thiourea, cyanide, EDTA, cobalt(I1) and osmi- 

um(VII1) always interfere. Tolerance limits @g/ml) 
for other ions are given in parentheses below. 

Cu(ZZ)-AOA-NH, system. F-, Cl-, Br, SO:-, 
NO, (5000); NO,, S,O:-, SCN- (500); C,O:- (300); 

Cl-); Ni2+ (25); Hg*+ (15); Ru3+, Pt4+, Rh3+ (200); 
Ir3+, Pd2+ (100); Au’+ (50). 

Comparison with other reagent&’ for copper 

shows that AOA is more sensitive than most ligands, 
especially in the ternary systems, and more selective 
than most of the commonly used reagents such as 
dithizone, PAN, oximes, nitroso-R-salt, neocuproine, 
bathocuproine, cuprotest, rubeanic acid, various 
dyes, hydrazones and 8-hydroxyquinoline. The sim- 
plicity of the procedure is another advantage. 

Determination of copper in alloys 

The copper contents of brass, gunmetal and BCS 

18 l/2 alloy (4% Cu-Al alloy) have been estimated by 
means of the ternary systems. Results are reported in 
Table 2. 

Determination of cobalt 

Interaction of AOA with cobalt results in a yellow 
complex (A,,,,, 370 nm, c,,, 1.56 x IO4 l.moll’.cm-‘) 
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Table 2. Determination of copper in alloys 

Copper found,*% 

Alloy 
Copper Ammonia Std. Pyridine Std. 

present, % method devn. method devn. 

Brass 
Gunmetal 
BCS 181/2 
4% Cu-Al alloy 

65.0 64.9 1.3 65.0 1.3 
87.1 87.0 2.0 87.0 2.2 

4.0 3.98 0.01 3.96 0.01 

*Average of six determinations. 

having a metal: ligand ratio 1: 2, as determined by 

Job’s method. The complex is uncharged (it is not 
sorbed by either a cation- or an anion-exchange 
resin), and the structure tentatively assigned to it is 
the same as that for the binary copper complex. For 
maximum absorbance at least a 30-fold molar ratio 
of reagent to metal is needed, at pH 9-10. To a 
solution (containing 5-38 pg of cobalt(I1)) add 2 ml 
of 5 x 103M AOA, adjust to pH 9.5, dilute volume in 
a lo-ml standard flask and measure the absorbance 
at 370 nm against a reagent blank. Deduce the cobalt 
content from a calibration graph. The absorbance is 
constant for a week. The standard deviation of the 
absorbance is 0.005 (mean absorbance 0.39 for 1.5 

pg/ml Co). 
In the determination of 1.5 pgg/ml cobalt, the 

tolerance limits @g/ml) for various ions are: F-, Cl-, 
Br- (8000); I- (200); C,O:- (5000); SO:- (2000), 
NO;, NO,, S,O:- (1000); SCN-, citrate, tartrate 
(50); EDTA (400); thiourea (300); Ca*+, Sr*+, Ba*+ 
(400); Cd*+, Sn*+, A13+ (500); Mn*+, Pb*+ (200); 
Sn2+, Hg*+ (50); Fe3+ (25, masked with F-); Cu*+ 
(30, masked with thiourea); Ru3+, Rh3+ (50); Au3+, 
Ir3+ (30); Pt4+, Pd2+ (20); Ag+ (15, masked with Cl-), 
Ni*+ (10). Cyanide and osmium(VIII), however, in- 
terfere seriously. 

AOA is among the more sensitive and selective 
reagents for cobalt$,’ it is less sensitive but more 
specific than the azo-dyes and the procedure is sim- 
pler. 

The complex has been used for the photometric 
determination of cobalt in ‘K’ monel wire and nilo-K 
wire (Table 3). 

Determination of osmium 

Osmium reacts instantaneously at pH 4.5-6.5 with 
AOA, forming a 1: 2 M:L brownish red complex 

(A,,, 500 nm, cmax 2.6 x lo4 l.mole-’ .cm-‘) which is 
not extractable and is stable for 12 hr. At least 20-fold 
molar ratio of AOA to osmium is required for 
maximum colour development. The procedure for the 

Table 3. Determination of cobalt in alloys 

Cobalt, % 
Standard 

Alloy Certified Found deviation* 

‘K’ Monel wire 0.51 0.50 0.04 
Nilo-K wire 17.4 17.7 0.02 

*For six determinations. 

photometric determination is as follows. To a solu- 
tion containing 28-50 pg of osmium(VII1) add 1.5 ml 
of 5 x 103M AOA, adjust to pH 5, dilute to volume 
in a IO-ml standard flask and read the absorbance at 
500 nm against water. Determine the osmium content 
from a calibration graph. The standard deviation of 
the absorbance is 0.006 (mean absorbance 0.65 for 
4.8 pg/ml OS). 

The amounts of foreign ions @g/ml) tolerated in 
estimation of 4.8 pg of OS per ml are: F-, Cl-, Br-, 
I- (8000); C20:-, tartrate (5000); S,O:-, SCN- 
(1000); BO:-, PO:-, acetate (500); NO;, EDTA 
(2000); NO,, SO:-, SOi- (1500); thiourea (200); 
Ca*+, Sr*+, Ba’+, Ni2+ (5000); Sn*+, Hg’+, Mn*+ 
(100); Al’+, Pb*+ (200); Zn*+, Cd*+ (500), Sb3+, As3+, 
Bi3+ (150); Cu*+, Co*+ (50); Fe3+ (50, masked with 
F-); Ag+ (30, masked with Cl-); Au’+ (10); Ru3+ 
(50); Pt4+ (40); Pd2+ (25). Cyanide, Rh3+ and Ir3+ 
interfere seriously. 

From these observations it can be concluded that 
introduction of the amino group into the 5-position 
in erotic acid increases the sensitivity considerably. 
AOA is superior to many reagents for copper and 
cobalt. For osmium, the sensitivity is as good as that 
of most reagents,5,8 but rhodium(II1) and iridium(III), 
which are found associated with it in natural sources, 
interfere and prior separation of the osmium is then 
necessary. 
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Summary-Metal thiocyanate solutions were extracted with polyether-type polyurethane foam and the 
metal contents determined by X-ray fluorescence. Iron, cobalt and zinc were extracted individually and 
collectively from 3.OM NH&I and I .OM NH.$CN solutions. Similarly platinum and palladium could be 
simultaneously extracted from 0.12M NH,SCN and 5.OM NH&I for subsequent determination. The metal 
extractions were more than 95% complete and the determination of one metal was not affected by the 
presence of the others. 

The direct determination of preconcentrated metal 
complexes may offer the advantages of higher metal 
concentrations, lower amounts of matrix and inter- 
ferents, and faster analyses. Metal complexes ex- 
tracted into polyurethane foam can be determined 
non-destructively by use of neutron activation,’ 
radiochemical tracers,2m5 visual colorimetry,6,7 and by 
X-ray fluorescence.’ The extraction of several metal 
thiocyanates by polyurethane has been described,9m’7 
and it appears that multielement extractions and 
determinations might be possible for a variety of 
species. 

The present paper describes the extraction of plat- 
inum and palladium, or of iron, cobalt and zinc, from 
thiocyanate solutions with polyether-type poly- 
urethane foam, and the subsequent determination of 
these metals on the polymer by X-ray fluorescence. 

EXPERIMENTAL 

Apparatus 

Atomic-absorption spectrometry was used to evaluate the 
efficiency of metal extraction as reported previously.* An 
energy-dispersive X-ray fluorescence system* was used with 
a polyurethane-foam sample-holder held at a fixed distance 
from the source and detector by 4-pm thick Mylar film. 
Uniform foam discs (2.0 cm diameter, 1.6 cm thick) were cut 
from commercial, polyether-type polyurethane foam sheet 
by compressing it with a large brass block and rotating a 
sharpened brass tube (2.0 cm diameter) in a corresponding 
hole drilled through the block. The discs were thoroughly 
cleaned* before use. 

Cobalt and zinc solutions were made by dissolving the 
metals in hydrochloric acid and diluting to produce a 
lOOO-ppm standard in lo/, v/v acid. A lOOO-ppm iron 
solution was prepared similarly in 5% v/v nitric acid. 
Platinum and palladium solutions were prepared from PtCI, 
and PdCI, in 0.12M hydrochloric acid. Solutions (5.OM) of 
ammonium chloride and ammonium thiocyanate were pre- 
pared from the reagent-grade salts in water. Because it 
contained trace amounts of iron, the 5M thiocyanate solu- 
tion was filtered through polyurethane foam to remove this 
background contaminant. All water used was distilled and 
demineralized. 

Extraction of iron, cobalt and zinc 

Previous work with the thiocyanate system8 has shown 
that the extraction of cobalt is most efficient from high ionic 
strength solutions. For the present experiments, 50 ml of a 
solution of an appropriate amount of the test metal in 3.OM 
ammonium chloride/l.OM ammonium thiocyanate medium 
were extracted with a single 0.127 k 0.001 g foam disc, by 
manual squeezing with a flat-bottomed plunger in a glass 
cell. The extractions were repeated to establish the minimum 
extraction time for the individual complexes. For l-5 ppm 
solutions of iron, cobalt or zinc, 10 min were sufficient but 
for 5-10 ppm solutions 20 min were required. After the 
extraction the solutions contained less than 0.05 ppm of the 
metals, even though equilibrium was not obtained. This 
corresponds to an extraction coefficient of 8 x 103-8 x IO4 
for cobalt thiocyanate, which may be compared with the 
> IO6 reported previously. R” The use of non-equilibrium 
conditions makes this method more practical since only a 
small amount of the test element is left unextracted, and the 
time needed is far less than the minimum of 6 hr required 
to establish equilibrium. 

Extraction of platinum and palladium 

Low thiocyanate concentrations provide the most efficient 
extraction of platinum and palladium.‘6~‘7 For the present 
studies of the extraction of palladium alone, 0.006M ammo- 
nium thiocyanate/2M ammonium chloride medium was 
used, and for platinum alone or with palladium, 0.12M 
ammonium thiocyanate/5M ammonium chloride medium. 
The extraction of platinum with or without palladium 
required the samples to be heated at 90” for 10 min before 
extraction. Samples (100 ml) were extracted for 30 min with 
0.128 + 0.001 g foam discs, with an automatic squeezer.” 
The extraction efficiency for l-10 ppm platinum or pal- 
ladium solution was at least 95%. 

Analysis 

Before X-ray fluorescence analysis, the foams were 
squeezed dry and then air-dried overnight. The sample foam 
was placed in the hole cut in the polyurethane-foam sample- 
holder attached to the X-ray fluorescence exciter/detector 
unit. The fluorescence spectrum was accumulated for 100 
set and the peak areas for each metal were integrated 
individually. Each foam was counted at least three times on 
each side. The results indicate that repeated counting of the 
same side had a variation of less than & 3% and that the two 
sides agreed within + 5%. 

620 
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METAL CONCENTRATION (ppml 

Fig. I. X-Ray fluorescence intensity for iron, cobalt and 
zinc. Conditions: 50 ml of solution containing l-10 ppm of 
metal in 3.OM NH,CI and l.OM NH&N, extracted with 
0.127g of polyurethane foam; x---x iron; A-----n 

zinc; 0-O cobalt. 

Several variations in the sample-holder arrangement were 
evaluated such as distance of the sample above the detector, 
change in sample-holder design, and confinement of the 
sample to a smaller volume but none provided significantly 
better precision or sensitivity than the method outlined and 
all were less convenient. Regular commercial foam was 
adequate for use in the procedure, but Hypol’” foam 
appeared more free from metals than the others tested. 
Polyester foam does not give large distribution coefficients 
and does not provide rapid extraction. 

The average X-ray fluorescence values obtained for indi- 
vidual iron, cobalt and zinc samples were a reasonably 
linear function of the metal concentrations (Fig. 1). Mix- 
tures of iron, cobalt and zinc in concentration combinations 
ofl+l+l, l+l+O, 1+5+5,0+5+5and5+5+5 
ppm were also extracted, and the number of counts obtained 
by X-ray fluorescence were compared with those obtained 
for the corresponding concentrations of the individual ele- 
ments. The results indicated that there is little or no mutual 
interference between these elements in either the extraction 
or the X-ray fluorescence determination. The values for zinc 
and cobalt were within + 5% of those obtained in the 
absence of the other metals. The values for iron were not as 

0 
80 - 

60 - ; 
8 

Fig. 2. The effect of varying platinum concentration on the 
X-ray fluorescence of palladium. Conditions: 100 ml of 
solution containing 1 ppm of palladium and I-10 ppm of 
platinum in 5.OM NH&l and 0.12M NH,SCN, extracted 
with 0.128 g of polyurethane foam: 0 platinum; l 

palladium. 

PALLADIUM CONCENTRATION ,ppml 

Fig. 3. The effect of varying palladium concentration on the 
X-ray fluorescence of platinum. Conditions as for Fig. 2 
but 1 ppm of platinum and I-10 ppm of palladium: l 

palladium; 0 platinum. 

accurate, owing to some effect of the other elements on the 
X-ray fluorescence background for iron. This difficulty 
causes inaccuracy in determination of iron at the 1-ppm 
level, but reasonably correct values are obtained at the 
5-ppm level. A higher count rate would significantly increase 
the precision of the analysis and permit a more sensitive 
determination. 

The individual X-ray fluorescence calibration curves for 
platinum and palladium were linear up to at least 8 ppm. 
The extraction and determination of 1 ppm palladium in the 
presence of up to 10 ppm platinum and of 1 ppm platinum 
in the presence of up to IO ppm palladium are completely 
unaffected by the second metal. The fluorescence count rate 
for the metal determined remained constant within +4.5x 
in the presence of l-10 ppm of the other metal. The higher 
sensitivity for platinum and palladium than for iron, cobalt 
and zinc allows more precise determination. In addition the 
rapid equilibration with the polyurethane foam gives a more 
consistent and quantitative extraction of platinum and 
palladium. 

CONCLUSION 

The simultaneous determination of several el- 

ements at low concentrations is possible by com- 

bining polyurethane foam extraction with X-ray 
fluorescence analysis. Longer extraction times and 
larger sample volumes would extend the methods to 
lower concentrations and more sophisticated X-ray 
equipment could extend the lower limit of analysis by 
one or two orders of magnitude. The major limiting 
factor is the background which depends on freedom 
from overlap of the peaks for the extracted elements 
with each other or with those of the elements already 
present in the polyurethane foam. These procedures 
require the simultaneous quantitative extraction of 
the metal complexes and are therefore dependent on 
the solution chemistry of the system. The thiocyanate 
system is a particularly useful one, but many com- 
plexing agents can be used for the simultaneous 
extraction of a variety of metals. 
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ANALYTICAL DATA 
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Summary-From measurements of solubility as a function of PC,, the protonation constants of EDTA, 
DCTA_and DTPA for the first dissociation and addition steps have been determined. The following 
values were found: EDTA: log& = -0.10 + 0.05, log K, = 1.45 + 0.02, log K4 = 1.95 f 0.02 and 
log K, = 2.50 f 0.03;DCTA: log K, = 1.78 f 0.02, log K4 = 2.30 k 0.02 and log Kx = 3.50 + 0.03; DTF’A: 
log K, = 0.75 k 0.03, log Kb = 1.22 f 0.02 and log K, = 2.08 + 0.02. The experiments were done in acidic 
perchlorate medium (I = 1.0) at room temperature (21”). 

For the proton release steps of EDTA, DCTA and 
DTPA, fairly reliable stability constants are now 
available,‘-5 but the constants related to proton 
addition are denoted as tentative in IUPAC com- 
pilations3,5 or are not compiled at all because of 
the limited number of reliable data available in the 
literature. 

For the establishment of the stability constants of 
the palladium complexes6 and the titration conditions 
for thorium, zirconium and bismuth, reliable data 
were needed. Hence we decided to determine these 
protonation constants from the change of the solu- 
bility at low pCH ( = -log [H + 1) by making use of 
the straight-line adaptation technique successfully 
applied before to the protolysis of rare-earth 
metals.‘-‘* 

Since our experiments range down to PC,, 0, an 
ionic strength of 1.0 was selected. The medium 
chosen-(Na,H)ClO,-is the one least likely to take 
part in side-reactions with multiply charged metal 
ions. 

THEORY 

From the reaction scheme for protonation of the 
ligand H,Y in equilibrium with solid H,Y 

H Y*+=H;Y 6 +=H,Y=H;Y-+H2Y2-+HY3-+Y4- 

(1) 

we can write for the solubility equilibrium 

and for the overall protonation constant of H,Y 

[H,Y’- “1 
p,= [Y"-][H+]' (3) 

If the analytical concentration C, is the total amount 
of H,Y in solution, we get for the maximum value of 
C,, occurring when the solution is saturated, pcy= -log 2 1o~(i-4)PCH+(logP,-logS4+logK~) [ i ,=o II (4) 

In the PC,--pCH diagram each term in the summation 
corresponds to a straight line with a distinct slope. 
The set of lines with the equations 

PC ? = 2PC” + ( - log& + log/34 - log/?,), 

pCy = PC, + ( - log Kd + log/?, - log&), etc. 

surrounds the precipitation region. The actual bor- 
derline of the precipitation region which corresponds 
to equation (4) can be considered to be the smoothed 
line bounded by the lowest-lying straight-line 
segments7-9 (Fig. 1). 

To fit the actual line to the measured points an 
iterative calculation procedure is used. First, the 
straight-line segments are positioned approximately. 
From their points of intersection approximate values 
for the equilibrium constants can be found. These 
estimates are substituted in equation (4) and a curve 
is found, which usually does not fit exactlv. Its 

[H4Yjmax = KS4 (2) position can be improve2 by shifting the straigl&-line 
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segments and hence the actual line. The procedure is 
repeated until the actual curve has as good as possible 
a (least-squares) fit to the experimental points. 

An analogous procedure was used earlier for deter- 
mination of the protolysis constants of some rare- 
earth metals.‘-‘2 

For a pentabasic acid (DTPA) a formula similar to 
equation (4) can be developed 

pcs”x = 

-log ~{IO-(i~5)PC.H+(10s~,-lDDPr+IDgX1s) 

[ r=O 
I]. (5) 

The fitting procedure remains essentially the same. 

EXPERIMENTAL 

The solubility measurements were done for the pCH range 
O-3.8. To saturated solutions of EDTA, DCTA and DTPA 
in water, 1M perchloric acid was added to give approxi- 
mately the desired PC,. Solid sodium perchlorate was added 
to make the ionic strength 1.0. The solutions were shaken 
for 24 hr (room temperature, 21”). The equilibrated solu- 
tions were centrifuged. 

The PC, was measured in the supernatant solution, from 
which some 5-ml aliquots were taken in IOO-ml flasks and 
diluted to the mark. Depending on the pCy known from 
preliminary experiments, 0.050-10.00 ml were taken for 
microtitration with a bismuth solution (O.OOSM, PC, 1.0). 
The titrations were done at PC, 1.5 after adjustment with 
ammonia or perchloric acid. The end-point was detected 
photometrically (Zeiss PMQ II; 530 nm), with PAR as 
indicator.13 DCTA was also determined by titration with 
Ce(III) with hexamine buffer at pH 5.5 and Xylenol Orange 
as indicator (575 nm). 

The PC, measurements were made with a glass electrode. 
The calomel reference electrode was connected through a 
saturated ammonium nitrate bridge in order to prevent 
clogging of the junction with potassium perchlorate preci- 
pitate. The electrode system was calibrated directly in PC, 
units.‘“” For this purpose several solutions were prepared 
with known acidities ranging from O.lM perchloric acid to 
0.001 M perchloric acid and made up to I = 1 .O with sodium 
perchlorate. The PC, values were established through acidi- 
metric titration. It turned out that the measured and 
calculated PC, values showed a linear relationship down to 
PC, 1 .O. From the slope of E VS. PC,, an electrode efficiency 
of 98.3% was found, a common value for the type of glass 
electrode used.” 

At PC, below 1.0, a discrepancy arises between the 
measured values and the true PC, values (up to 0.15 at 
PC, = 0). The deviation can be attributed to the change in 
the liquid-junction potential at high acidity. Within experi- 
mental error, the deviation follows the Henderson equa- 
tion.20,2’ For PC, below I, corrections were applied to the 
measured values. 

RESULTS AND DISCUSSION 

Figures 1 and 2 show the experimental results, 
together with those of Anderegg22 for EDTA and 
DCTA. For EDTA the best fit to the experimental 
points is obtained with the equation 

PCEDTA = _log[10~2PCH~210+ lo_PcH-200 

+ 10 - 3.45 + l()PCH - 5.40 

+ 102PC” - 7.90 1 (6) 

Fig. 1. The solubility of EDTA US. PC,. The circles corre- 
spond to our own measurements; the dots are results 
obtained by Anderegg. 22 The vertical lines separate the 
regions of predominance of the various ionic species. The 
straight-line segments are related to the exponents of equa- 
tion (4) and play a role in the iterative curve-fitting pro- 

cedure. 

The stability constants pi are found by comparing the 

exponents of equations (6) and (4) (Table 1). The 
stepwise stability constants (log K, = logb, - lag/3_ ,) 
have been indicated in Fig. 1 (and Fig. 2); they follow 
from the intersection points of the straight-line seg- 
ments for which PC,, = IogK, (Fig. 1). 

For DCTA and DTPA the “best-fit” equations are 
respectively 

PCDCTA = -log [lo--pcH- 1.9 + I@‘30 

+lo~k5~)+ 102~~~-9101 

and 

pC,,,A = _log[~o-2~Gi+0.28+ ~o-PCH-O.~’ 

+10-‘.69+ lopCHm377 

+ 1 OZPC” 7.37 1 

(7) 

(8) 

PC, 

PC” 
Fig. 2. Solubility of DCTA and DTPA as. PC’,, with the 
corresponding log K, values positioning the vertical lines 
separating the regions of predominance. The circles corre- 
spond to our measurements; the dots are results obtained by 

Anderegg.” 
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The resulting stability constants are given in Table 1. 
The pCu regions in which the measurements could 

be made were 3.5 log units wide for EDTA and 
DCTA, but only 2.8 units for DTPA. The regions are 
restricted for different reasons. Dissolving DTPA in 
1M perchloric acid until the solution is saturated 
leads to a solution characterized by pCH = 0.5 and 
pCDTPA = 0.5 (hence CDTPA = 0.3M). The phenom- 
enon is caused by the fact that the 0.3 mole of 
DTPA consumes 0.6 mole of H + , producing H7Z2 + 
which predominates in accordance with our findings 
(Fig. 2). Since 1M perchloric acid is the highest 
acidity possible for I = 1.0, PC, = 0.5 is the lower 
limit of the experimental pCu region. 

For DCTA no experiments could be done at PC, 
below 0.4; a compound differing from DCTA precipi- 
tated at higher acidity. Elemental analysis and NMR 
confirmed that a DCTA-perchlorate salt was formed 
(Anderegg” proposed the same compound for pH 
below 0.2). 

At the high side of the PC, region, the solubility 
tended to give deviating results at pCL < 0.5 for all 
ligands. Presumably the ionic medium cannot then be 
regarded as solely sodium perchlorate. Anyway, it 
sets an upper limit to the regions. 

If the position of the experimental points on the 
PC, scale is considered, along with the expression 
PQrpection = log Ki, it will be obvious that in 
those regions where many experiments have been 
performed the precision of the relevant log K, values 
will be satisfactory. Consequently log KyTPA (= 3.6) 
obtained by extrapolation, can be regarded as ap- 
proximate; indeed, log KFTpA can be found more 
precisely from titration experiments. In this respect, 
Anderegg’s results, determined in a narrower pCr, 
region and obtained from fewer measurements, can 
be regarded as less accurate (especially log KFDTA, 
log KFDTA, log KdDCTA and log KyTA). From our least 
squares minimization it turned out that 
(log K, + log K4) can be established more accurately 
than (log K, - log KJ. In this respect, the sum value 
from Anderegg’s results for EDTA agrees remark- 
ably well with ours. The errors given in Table 1 are 
found from our least-squares fit. 

From the literature4,23 it is known that the tem- 
perature dependence of the protonation constants 
determined by us is fairly low (dlogK/dT < 0.03/So). 
This means that constants determined at different 
temperatures are comparable. 

Another consequence is that no precautions are 
necessary to stabilize the temperature. Our experi- 
ments were done at ambient temperature (21 + 1”). 

In the appendix of a previous paper6 it was shown 
that the stability constants of EDTA 

[H,Y+l w,y2+1 

Ks = [H,Yl[H+] and K6 = [H,Y+][H+] 

are independent of the ionic strength I and of the 
nature of the medium, because changes of the ionic 
activity coefficients in the numerator are balanced by 
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those in the denominator. The same arguments can 
be used for KS of DCTA and K6 and K, of DTPA; this 
implies that data obtained at different ionic strengths 
are comparable (Table 1). 

Mioduskiz3 determined stability constants of 
DCTA and DTPA by fitting titration curves. Since 
his experiments were restricted to pCn values above 
3.2 and 2.3 respectively, obviously because of solu- 
bility problems, comparison of his results with ours 
is hardly possible. 

Finally it is remarkable that the data for log K,, 
which reflect the (low) solubility of EDTA and 
DCTA, are so obviously absent in most data books. 
They should be introduced. 

CONCLUSION 

Solubility measurements can usefully be applied 
for establishing the stability constants of EDTA, 
DCTA and DTPA in a region where titration experi- 
ments can give only approximate values. Since our 
solubility curves are based on a large number of 
experiments by different technicians, the constants 
determined can be regarded as reliable and filling a 

gap in the literature. 
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ANNOTATION 

ELECTRO-DEPOSITION AS A PRECONCENTRATION 
STEP IN ANALYSIS OF MULTICOMPONENT 

SOLUTIONS OF METALLIC IONS 

JAMES L. ANDERSON and ROMAN E. SIODA 
Department of Chemistry, University of Georgia, Athens, GA 30602, U.S.A. 

(Received 27 October 1982. Accepted 3 February 1983) 

Summary-An explanation is given for the observation that in the preconcentration of trace metals by 
electro-deposition, the yield of deposited metal is lower if an oxidant is present. The effect is related to 
the competition between the deposition and dissolution kinetics of the metal. 

Achieving high sensitivity in analysis of solutions 
containing metal ions is generally no problem, when 
techniques such as atomic-absorption, neutron- 
activation or fluorescence analysis are applied. Prob- 
lems can arise, however, when the test solution 
contains many metal ions, especially when some are 
present at very high concentration and hinder the 
determination of the less abundant components. In 
addition, some of the components can initially be 
present in quantities below the detection limits of the 
analytical method employed.’ Problems of this type 
are frequently encountered in analysis for trace-metal 
components in sea, lake and other natural waters, 
industrial waste streams, blood and other phys- 
iological liquids.24 A technique which can help to 
remove some of these obstacles is the application of 
electro-deposition as a preconcentration step and a 
means of separation of electroactive from non- 
electroactive metals. This technique has been applied 
successfully in the above-cited works. 

However, the authors cited24 ran into the un- 
expected problem that in all cases of electro- 
deposition it was impossible to deposit all the electro- 
active metal present in solution, despite long 
electrolysis times, of many hours or even days. In- 
stead, it was observed that in each case an “equi- 
librium” concentration of the metal remained in 
solution, the limiting value of which decreased 
with decrease in the initial concentration of the metal 
ion in solution before the electro-deposition step. 
Another unexpected finding was that the apparent 
first-order rate constants of the deposition processes 
were not constant, but appreciably decreased with 
diminishing concentration of metal ions in the initial 
solution. These authors were not able to explain their 
unexpected but interesting findings. It should be 
strongly pointed out that interest in these phenomena 

is not only theoretical, but to an even larger extent 
practical, as they limit the efficiency and thus the 
applicability of electro-deposition as a precon- 
centration step. 

The explanation of these observations readily fol- 

lows, however, from much earlier work of many 
authors on the electro-deposition of radio-elements 
from solutions of very low concentration, 

10-6-10-‘6M.~‘0 These and other authors have found 
that the process of deposition from these low concen- 
trations reflects the competition between at least two 
opposing processes: simultaneous electro-deposition 
and dissolution. The differential kinetic equation 
which best describes the observed experimental re- 
sults at low initial concentrations is 

-g=k,c-k,(c,-c) (1) 

where c is the concentration of the metal ion in 
solution at time t, c, is the initial concentration at 
time t = 0, k, is the rate constant of deposition and 
k, the rate constant of dissolution.’ On integration of 
(I), the following equations are obtained: 

c =c, k,emCklfk2)‘+kz 

k, +k, 1 
or 

(2) 

(2’) 

At long electrolysis times (t-*co), the concentration 
predicted by equation (2) approaches a limiting value 

k, co 

ceq = k, 
where ceq is the long-time or steady-state equilibrium 
concentration of the metal ion in solution. Equation 

621 
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(3) shows that the limiting ratio of final to initial 
concentration, ces/co, should be a constant, indepen- 
dent of the initial concentration c,,, if the competitive 
electro-deposition/dissolution mechanism is taking 
place. The limiting ratio is determined solely by the 
ratio of the rate constant of dissolution to the sum of 
the rate constants of electro-deposition and dis- 
solution. This is an important result, indicating that 
the only means of reducing the final concentration 
ratio further is to enhance the rate of electro- 
deposition relative to dissolution, e.g., by adding 
protective reagents to inhibit the dissolution. 

Figure 1 illustrates the variation of In (c/co) with 
(k, + k,)t for a series of values of the dissolution/ 
electro-deposition rate constants ratio, k,/k, . When 
the dissolution step is much slower than the electro- 
deposition, the plot reduces to the linearity for simple 
first-order kinetic behaviour. As the relative im- 
portance of the dissolution kinetics increases, the 
curves deviate increasingly from those for simple 
first-order kinetics, eventually reaching constant val- 
ues of ln(c/c,) at long times, as predicted by equa- 
tions (2) and (3). Differentiation of equation (2) yields 
an instantaneous rate 

dc --_= dt k, c0 e-(kl + kz)r (4) 

which corresponds to simple first-order kinetics (line 
0.0 in Fig. 1) governed solely by the rate of electro- 
deposition at short times [deviation less than 5% for 
(k, + k,) t < 0.051. For (k, + k,)t > 0.05, the devi- 
ation from linear behaviour occurs earlier and its 
magnitude increases, as the rate of dissolution in- 
creases relative to the rate of electro-deposition (Le., 
as k,/k, increases). Such an outcome can be expected, 

provided that there is less than a monolayer of 
deposit present at the electrode surface, since the 
kinetics of electro-deposition and especially of dis- 
solution will be affected by the surface coverage for 
sub-monolayer deposition. Thus, for a given electrol- 
ysis started with known cO, by determining k, from 
kinetic measurements at the early stages of electroly- 
sis and use of equation (4), and determining c,s after 
a sufficiently long time of electrolysis, we can calcu- 
late both k, and k, by using equation (3). 

In our view, the dissolution term in equation (1) 
should also depend, especially in the case of metals 
having a positive standard reduction potential, on the 
presence and concentration of oxidizing agents in the 
deposition solution. It is a long-standing and com- 
mon practice, applied even in the very early studies 
of the electro-deposition of radio-elements,‘-” to 
have nitric acid present in the deposition solution. 
This practice was also applied in the cited works2A on 
use of electro-deposition as a preconcentration and 
separation step in the trace analysis of multi- 
component solutions. It seems probable to us that the 
nitric acid present in the solution could increase the 
dissolution rate of deposited metals by increasing k2, 
which to a first approximation can be considered 
proportional to the concentration of the oxidant 

ww): 

k, = k;[Ox] (5) 

where k; is a new constant. Equation (5) is based on 
the assumption that the dependence of k, on oxidant 
concentration is first-order, although it is fully possi- 
ble that it may be of higher or fractional order. From 
equation (5) it follows that increasing the oxidant 
concentration increases the rate constant of dis- 

Fig. 1. The calculated dependence of In(c/c,) on (k, + k,)f values for the various k,/k, ratios given in the 
plot. 
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solution k,, and according to equation (3) also in- 
creases the equilibrium concentration c,s in com- 
parison with that for a solution that does not contain 
oxidant. The apparent pseudo first-order rate con- 
stant of the overall deposition process should also be 
smaller in the presence than in the absence of the 
oxidant. 

The last conclusion has been borne out by our 
experiments in which 120 ml of 0.050M copper sul- 

phate solution in 0.30M sulphuric acid was electro- 
lysed on a platinum-foil electrode (total surface area 
approximately 22 cm’) at a constant current of 0.5 A. 
The anode was a piece of platinum wire. The electrol- 
ysis was done at room temperature, and the solution 
was mixed by a magnetic stirrer. After 3.5 hr of 
electrolysis the concentration of copper ions in solu- 
tion had decreased to 2.14 x lO_‘M, or 0.043% of the 
initial concentration, as determined by inductively- 
coupled plasma emission spectroscopy. In a second 
experiment under identical conditions, except that the 
solution was also made 0.185M in nitric acid, the final 
concentration of copper ions after the same electrol- 
ysis time was 7.62 x 10m4M, or 1.52% of the initial 
concentration, about 36 times that obtained in the 
absence of nitric acid. This seems to us a convincing 
proof that addition of an oxidant, in this case nitric 
acid, to the solution from which copper is electro- 
deposited, decreases the apparent rate of deposition. 

The apparent pseudo first-order rate constants calcu- 
lated from the initial and final concentrations were 
6.2 x 10e4 set-’ for the first experiment, and 
3.3 x 10m4 set-’ for the second. 
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Summary-A review is given of the collection of metal compounds in the atmosphere and their subsequent 
measurement by atomic spectroscopy. Collection is principally by filtration, impaction or electrostatic 
precipitation. Atomic absorption, emission and fluorescence have all been used for the analysis, atomic 
absorption being the most favoured. 

Air pollution is of ever-increasing concern. Solid by winds over considerable distances before returning 

airborne particles, varying widely in chemical com- to the earth’s surface by sedimentation. The harmful- 

position, size, shape, homogeneity and concentration, ness of dust depends not only on the chemical 

are often referred to as “dust”, regardless of origin. composition but also on the particle size.* It is 

Examples of size ranges of various particles are accepted that small particles are more dangerous than 

shown in Table 1.’ Particles more than 100 pm in larger ones because they are carried more efficiently 

diameter tend to settle out of the air by gravitation into the lungs. Airborne dust is generated naturally 

fairly rapidly, whereas smaller particles are dispersed by winds removing particulate matter from the 

Table I. Approximate size ranges of airborne particles* 

Diameter, tirn 

Substance Minimum Maximum 

Rain drops 
Human hair 
Stoker fly-ash 
Pollen 
Plant spores 
Red blood cells (adults) 
Cement dust 
Water vapour 

(natural mist, 60-500pm; natural fog 
and clouds, 2-60pm) 

Foundry dusts 
Pulverized-coal fly-ash 
Metallurgical dust 
Ground talc 
Insecticide dusts 
Sulphur trioxide mist 
Paint pigments 
Alkaline fume 
Ammonium chloride fume 
Oil smoke 
Salt nuclei (from sea-water) 
Colloidal silica 
Metallurgical fume 
Resin smoke 
Tobacco smoke 
Normal oxide fume 
Magnesium oxide fume 
Carbon black 
Combustion nuclei 

500 
35 
10 
10 
10 
7.5 
3 
2 

I 
1 
0.5 
0.5 
0.3 
0.3 
0.1 
0.5 
0.1 
0.1 
0.03 
0.02 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 

Viruses and proteins _ 

100 
500 

1000 
50 

100 
50 
35 

3 
5 
5 
3 
1 
0.5 

0.005 
2.2 
1 
1 
0.5 
0.4 
0.3 
0.1 
0.005 

Gas molecules 
0.003 ^ ^^^. 
USMJUI 0.0006 

5000 
200 
800 
100 
35 

*Data from ASTM D 1357-57 (Reference 1). 
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Table 2. Compounds frequently determined in polluted air 

Acrolem Hydrogen sulphide 
Aldehydes (aliphatic) Methanol 
Ammonia Metals 
Carbon disulphide Nitrates 
Chlorme Nitric oxide 
Chromium trioxide and Nitrogen dioxide 

salts of chromic Oxidants 
Fluorides (inorganic) Phenols 
Formaldehyde Sulphates (particulate) 
Hydrochloric acid and chlorides Sulphur dioxide 
Hydrogen cyanide Sulphurlc acid mist 

earth’s surface, but in industrial and domestic areas, 

dust is also generated by man or machinery under his 

control. 

The analysis of dust has long been the concern of 

the environmentalist, industrial hygienist and ana- 

lytical chemist. The introduction of legislation in the 
United Kingdom’ conferred new and wide-ranging 
responsibilities on employers, involving a legal obli- 
gation to be aware of hazards. particularly in pro- 
cesses used within their industry. Similar legislation 
in the United States is controlled by the Occupational 
Safety and Health Act. In addition, the United States 
Environmental Protection Agency (EPA) maintains 
some control over the introduction of new and 
potentially harmful substances into industrial use. 
For chemical substances in work-room air, the Amer- 

ican Conference of Governmental Industrial Hy- 
gienists (ACGIH) publishes a list of Threshold Limit 
Values (TLVS)~ based on experiments on animals, 
human volunteers, reports of medical cases and in- 
dustrial experience. A list of substances which are 
more frequently determined as particulate and gas- 
eous pollutants in air is given in Table 2.5 A recent 
publication by Moreton and Falla’ describes the state 
of the art in the determination of airborne pollutants 
in the welding and surface-coatings industry. The 
Alpha Intersociety Committee of the American Pub- 
lic Health Association7 has listed methods for sam- 
pling and analysing pollutants in the atmosphere. 

Of increasing interest is the study of the environ- 
mental and biological effects of atmospheric pollu- 
tion by metallic compounds. Several physical meth- 

Table 3. Comparison of techniques used to measure metals in the atmosphere 

Technique Advantages Disadvantages 

Atomic spectroscopy Over 70 elements can be determined at low Matrix and interelement interferences. Solid sam- 
levels. Modest cost and ready availability. pling can result in poor precision. Destructive. 
Aqueous samples give good precision and 
accuracy. Solid sampling may be possible. 
Analysis is fast, automated or computer- 
controlled. Good selectivity. Single or 
multi-element analysis. 

Mass spectrometry Overall elemental coverage with low de- Limited to elements or compounds which can be 
tection limits. Favourable speed of analy- volatilized. High cost. Poor reproducibility for 
sis. Gaseous samples give good precision solid samples. Difficult to automate. Destructive 
and accuracy. Good selectivity. 

Neutron-activation 
analysis 

Overall elemental coverage at low de- High cost and limited availability. Difficult to 
tection hmlts, if both fast and slow neu- automate. 
tron sources are available. Good precision 
and accuracy. Non-destructive. Good se- 
lectivity. 

X-Ray diffraction Polymorphic forms of one chemical spe- Mixtures may require prelimmary chemical sepa- 
ties may be identified. Solids (crystalline) ration. Identification of unknowns may be slow. 
are analysed directly. Non-destructive. 

Anodic-stripping 
voltammetry 

X-Ray fluorescence 
spectrometry 

Acceptable precision and accuracy with Limited to about 30 elements. Matrix and inter- 
low detection limits for samples in solu- element interferences. Speed of analysis limited 
tlon. Possible to automate determmatlon by deposition time. Selectivity may be poor for 
of three or four elements simultaneously. some combinations of elements. Liqmd samples 
Modest cost and good avallability. essential. 

Applicable normally to elements of atomic Particle size may affect results. Standardization 
number > 11. Sohd samples may be analy- difficult with solid samples. High cost. Matrix 
sed directly. Single-element and simulta- effects: chemical pretreatment usually needed. 
neous analyses. Automation and com- 
puter control commercially available. 
Non-destructive. 
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ods for the analysis of airborne particles for metals 
have been described,’ including X-ray fluorescence,‘*” 
neutron-activation analysis,” anodic-stripping 
voltammetry,‘2.‘3 mass spectrometry,14 X-ray 
diffraction” and atomic spectroscopic techniques,‘6’9 
each with its own merits and disadvantages. A com- 
parison of these techniques, shown in Table 3, shows 
that atomic spectroscopy offers many advantages 
over these other techniques in terms of speed, sensi- 
tivity, range of elements, precision, accuracy, possible 
automation and cost. However, for certain elements 
the other techniques may be better. 

This paper reviews the collection of metal com- 
pounds from the atmosphere, their dissolution and 
their dete~ination by atomic spectroscopy. 

SAMPLING 

Sampling systems for airborne pollutants generally 
consist of three parts: a means of collecting an air 
sample, a device to trap the pollutants and a means 
of measuring the amount of air sampled. 

The techniques used include sedimentation,20.2’ 
centrifugal collection in cyclones which trap particu- 
late matter,” condensation to separate fractions and 
thermal precipitation. 23 The particle size range col- 
lected will depend on the method of collection (Table 
4). Though these methods have been used with vary- 
ing degrees of success, the most suitable methods for 
collection are by filtration, impaction or electrostatic 
precipitation.” 

Filtration 

Filtration is the most frequently used method. 
particularly in industrial hygiene work, because of 
ease of operation, low cost and the availability of 
relatively pure filter materials. 

A filter assembly consists of a sampling head, the 
filter and a pump. The sampling head should be 
constructed of a material which will not contaminate 
the sample,25 e.g., stainless steel and/or Teflon. The 
filter and holder should also not contain trace metals 
which might influence the analytical results and com- 
plicate sample preparation. Even the pump, particu- 
larly the motor, can cause contamination with 
copper26 and lead. The physical size and porosity of 
the filter will influence the air flow: the flow-rate of 
air through a filter depends on the pressure 
differential and the temperature and will decrease as 
the pores in the filter get clogged up during sampling. 
Table 5 summarizes the different types of filters and 
their advantages and disadvantages. The pump 
should have a calibrated flow-rate indicator or total- 
volume gas meter. wood27 has described the require- 
ments to be met by an ideal sampling pump. 

Table 6, which gives a general survey of the field 
of analysis of air and gases for metals and their 
compounds, includes applications of the filters which 
have been used to collect particulate matter from the 
air. Because of their high mechanical strength, glass 
fibre filters have been used by a number of workers, 
despite their high chemical blanks. Cellulose and 
membrane filters have become increasingly popular 

0.01 

‘ 
‘ 

Table 4. Size ranges for collection of particles 

diameter in pm 
O.l- 1.~1~10~1000 

e- Sedimentation , 

* Centrifugation --M 

< Impaction , 

-~ Filtration ___, 

Thermal precipitation , 

Table 5. Filter types 

DepthJilrers-Random matrix of fibres giving tortuous channels of varymg size; particles are trapped at varying depths 
in the filter. 

&VQntffge& High loading capacity and cheapness. 
Disadounlages. No defined pore size. low strength. 
Materials. Cellulose: cheap, tough, widely available, resistant to dilute chemical solutions but easy to decompose by 

ashing or wet-oxidation; low metai content makes cellulose filters suitable for direct analysis of particles by XRF. 
Glussfihre: high mechanical strength, resistant to moderate chemical attack; high concentrations of metal ions present 

may Interfere m direct XRF work; good for organics. 

Membrunefi~fers-ngld continuous polymer wtth fine holes of uniform and defined size; particles are held on the surface. 
Adzwztages. Good separation of particles of different sizes; high pore density, so quicker filtration. 
~~u~5~~~uges. Low loading capacity, so clog quickly. 
Materials. pory(vinylzdmeJluoride) and Teflon: both chemically inert, hydrophobic, stable towards solvents; Teflon can 

be used at up to 250’ in air. 
Cellulose esters (acetate and n&ate): hydrophilic. readily combusted, giving ne~igible ash. 
Po@(Lw$ chiorrde): hydrophobic, low water uptake, so ideal for gravimetnc analysis. 
Sllr?er: convenient for determination of orgamcs and for X-ray diffractIon analysis of crystalline particles. 
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as they introduce fewer interferences into the chem- 
ical analysis. Other filters include nylon membranes, 
quartz fibre, polystyrene and silver membranes. 

Dissolution of solids on jilters 

The particulate matter collected on the filter has to 
be dissolved for chemical analysis (though for some 
physical methods such as X-ray fluorescence the 
whole filter may be used). In some cases the sample 
may be dissolved, leaving the filter (glass fibre) more 
or less untouched, in others (paper filters) everything 
will be dissolved. Decomposition procedures are 
mentioned briefly in Table 6. 

When glass-fibre filters are used, sample decom- 
position may be achieved with sulphuric and nitric 
acid.4°.72.‘08 heating at 150” for 1 hr followed by 
extraction with a mixture of hydrochloric and nitric 
acids,“.‘09 ignition at 500’ for 1 hr followed by 
extraction with 50% nitric acid,79,85 leaching with 
nitric acid,88.9’.‘40 fusion with alkali at 900” followed 
by extraction with nitric acid,” dissolution in hydro- 

chloric acid,‘14 or mixture of nitric and perchloric 
acids,‘26’3s or sodium hydroxide solution followed by 
addition of hydrochloric and oxalic acids to adjust 
the pH to 1 for conversion of some elements into their 
hydrides by sodium borohydride.‘33 

Cellulose filters have been decomposed with nitric 
acid 32~38~69~75~78~‘04~“3 in a mixture of hydrofluoric and 
nitric acids,40,72,‘08 or of nitric, perchlorjc and 
hydrofluoric acids,85,‘28 or have been ashed at 500”,“” 
or at 500” followed by fusion with sodium carbonate 
and dissolution of the residue with hydrochloric 
acid,‘36 or by direct volatilization in the furnace.14’ 

Membrane filters have been dissolved in ace- 
tone 74~“2~“7 decomposed with hot concentrated nitric 
acid,” or nitric acid and hydrogen peroxide followed 
by dissolution of the residue in 0.5% tartaric acid,92 
or in a mixture of hydrochloric and nitric acids,“’ or 
of nitric and perchloric acids,‘*’ or ashed at low 
temperature followed by dissolution of the residue in 
a mixture of hydrofluoric and nitric acids.‘28.‘4’ 

Nylon filters have been dissolved in acetone,29 
polystyrene filters ashed at 40&425’ for 12-16 hr 
(followed by dissolution of the residue with a mixture 
of hydrofluoric, hydrochloric and nitric acids)lZ5 and 
silver membranes in nitric acid.13’ 

Impactors and impingers 

A pump can be used to draw an air sample through 
a sampling device where the air stream impinges on 
a solid surface or a solution in such a way that the 
particles are deposited. 

A typical impinger bottle has a sampling tube 10 
mm in diameter, with an outlet orifice 1.5 mm in 
diameter and a gradual bend to prevent larger par- 
ticles from colliding with the tube wall. The impinger 
is operated at a flow-rate of about 2.4 l./min and a 
linear gas velocity of 1.2 mjsec by a filter pump. The 
dust particles are retained in the fluid into which the 
sampling tube dips. To ensure high collection 
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efficiency, three impingers can be used in series and 
the solutions combined. 

Robinson and Araktingi13’ collected mercury in a 
solution of nitric and sulphuric acids containing two 
drops of 5% potassium permanganate solution and 
cadmium in 1 it4 nitric acid. Gardner4’ collected mer- 
cury in a 4% solution of potassium permanganate in 
10% sulphuric acid. DelaughterSo used hydrochloric 
acid to collect mercury, whereas Hwang et ~1.~~ used 
Barnes’s reagent (3% potassium iodide/0.25% iodine) 
for mercury collection. Organic lead” and tetra-alkyl 
lead97,‘04 have been collected in iodine monochloride 
solution. Stibine has been collected in a 
pyridine-silver diethyldithiocarbamate solution.“’ 
However, absorption by a liquid-impinger is gener- 
ally regarded as unsatisfactory because it may be far 
from complete and many particles, particularly the 
smaller ones, may not be wetted and will pass 
through unabsorbed. 

Dry impinger methods with a cascade impactor are 
generally used when some information on particle 
size is desired.‘22,‘23 The theory of the cascade im- 
pactor and the first instrument were described by 
May: ‘44 it consisted of a system of four jets and 
sampling slides in series. The jets were progressively 
finer, so that the speed of the air stream increased and 
finer particles were impacted on the slides and thus 
removed from the air stream. A size-grading thereby 
resulted, which assisted in assessing the samples. In 
this system the last jet gave a linear velocity of 34 
mjsec and the whole system achieved good collection 
efficiency for particle sizes down to 1 pm and a 
density of 1 g/cm3. Since then, cascade impactors of 
various designs have been used.‘4s’50 The most widely 
used is the Anderson sampler14’ which has the 
tage of being simple and inexpensive. The particle sizes 
collected by this system are approximately the same 
as those for the May impactor, the 50% cut-off point 
at the last stage being at about 0.5 pm. By using a 
higher flow-rate Hu Iso has extended the range down 
to 0.1-0.2 pm. 

Impaction has been used by Woodriff and co- 
workers 33+.52.73.8’~‘32 who collected particulate matter 7 
by drawing an air sample through a porous graphite 
cup, which was then inserted between electrodes and 
used as the atom cell. Roques and Mathieus3 collected 
particles by impaction on a tantalum foil which was 
then transferred to a specially constructed atom cell. 
Seeley and Skogerboe’*’ collected particles on spec- 
troscopic graphite electrodes which were sub- 
sequently analysed by emission spectroscopy. Bezur 
et a1.‘43 collected solids from laboratory air by direct 
impaction on a graphite furnace. A number of work- 
ers have used impaction on absorbent material to 
collect particulate matter. Moffit and Kupa14’ col- 
lected mercury on impregnated charcoal. Mercury 
has also been collected on silver wo01,4~,~~ gold-plated 
quartz ~001,~~~~~ gold-platinum gauze,57 Hopcalite 
granules,68 manganese dioxide,M cellulose and acti- 
vated charcoaP4 and in sequential selective absorp- 

tion tubes containing gold, silver and copper.61362 The 
anti-knock component in petrol, methylcyclopenta- 
dienyl manganese tricarbonyl was collected in a 
small-loop gas-chromatographic sampling valve.67 
Brodie and MatouSek38,70 used a modified cup sam- 
pler to collect particles from 200 ml of air sample. 
The method was modified by Noller and Bloom” to 
correct for a blank. This sampling cup was the 
forerunner of a commercially available air micro- 
sampler.‘5’ An iodine monochloride solution has been 
used to collect tetramethyl and tetraethyl lead9’ and 
organic lead.lw Cold traps have been used to collect 
alkyl lead98 and tetra-alkyl lead.99’0’ Lead compounds 
in gaseous form have been collected on a carbon 
bed.“* 

Electrostatic precipitation 

The role of the corona discharge in the electrical 
separation of particles from gases has been recog- 
nized since the last century. Unlike solids or liquids, 
gases contain practically no free electrons or ions and 
are therefore almost perfect electrical insulators. 
However, when the potential difference between elec- 
trodes immersed in a gas is increased sufficiently, a 
point is reached at which the gas ionizes and the 
conductivity increases greatly. This transition from 
the insulating to the conducting state is called an 
electrical breakdown or gas discharge. The dominant 
ion-production mechanism in the corona is ionization 
by electron impact, in which free electrons in the gas 
acquire energy from an applied electric field and 
collide violently with gas molecules and literally 
knock electrons out of them. The net result is the 
creation of additional free electrons and positively 
charged gaseous ions. For this process to occur, the 
colliding electron must possess a minimum energy 
which is characteristic of the molecule or atom bom- 
barded and is known as the ionization potential. For 
most atoms and molecules the ionization energy is in 
the range 5-25 eV, e.g., 13.6 for hydrogen and 24.6 
for helium. Electrons are singularly effective ionizers 
since they gain relatively high energies from the 
electric field on account of the long mean-free path 
between their collisions with gas molecules and they 
retain virtually all their kinetic energy in elastic 
collisions with gas molecules and yet transfer virtu- 
ally all of it when they make inelastic (ionizing) 
collisions. 

The unipolar corona, used in electrostatic precip- 
itation, is a stable self-maintaining gas discharge 
between an emitting electrode, such as a fine wire and 
a receiving, or passive, electrode such as a cylinder or 
plate. The electrodes are normally a few inches apart 
and gas pressures of about 1 atmosphere are used. 

A negative corona is far superior to a positive one 
for electrical precipitation because in practice it is not 
unusual to find that the spark-over voltage for the 
negative corona is as much as twice that for the 
positive corona and, in addition, the positive corona 
often tends to be unstable and sporadic. For these 
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reasons the unipolar negative corona is used almost 
exclusively for industrial precipitation. Practically all 
industrial furnace and process gases as well as air 
contain appreciable proportions of electronegative 

gases such as oxygen, water vapour, carbon dioxide 
and frequently sulphur dioxide. The corona can be 
visualized as consisting of two primary zones. The 
first is the active or glow region around the discharge 
wire and is composed of a cloud of positive and 
negative ions, free electrons and both excited and 
normal molecules, all interacting with one another 

and with the discharge wire. The second zone con- 
tains neutral molecules plus a minute fraction of 
negative ions and free electrons which have been 
created in the active zone around the discharge wire 
and move toward the collecting electrode under the 
influence of the electric field. 

To date, electrostatic precipitation from air for 
analysis by atomic spectroscopy has been little used. 
Richards and Badamils2 estimated crysotile by X-ray 
diffraction after passing 1000 m3 of air through a 
20-kV corona discharge. They concluded that the 
sample flow-rate and the size distribution of the 
particles collected affected the collection efficiency. 
Torsi and co-workers48.87.88 used electrostatic precip- 
itation to collect particles from the laboratory atmo- 
sphere. The collecting electrode was subsequently 
transferred to an electrothermal atomizer for analy- 
sis. However, an adequate means of standardization 
was not achieved. Bezur et ~1.~’ collected aerosol 
particles, generated by a carbon-rod atomizer, by 
electrostatic precipitation on a tungsten rod and then 
fitted this rod into a graphite furnace for analysis. 

The method was extended to laboratory air samples. 
They concluded that the collection efficiency de- 
pended on particle size, applied voltage. geometry of 
the system and sampling flow-rate. Further work by 
Bezur et ~1.~~ combined electrostatic precipitation and 
impaction of particles in a graphite furnace. 

COMPARISON OF ATOMIC SPECTROSCOPIC 
METHODS OF ANALYSIS 

The most frequently used technique for deter- 
mining atmospheric trace metals is atomic absorp- 
tion. Instruments using flames are widely available at 
reasonable cost, and when samples are provided in 
solution the matrix effects are not serious. A disad- 
vantage of flame spectroscopy is that direct analysis 
of solids is difficult, though attempts have been made 
to introduce a particulate-contaminated air sample 
directly into the air supply of a burner.28,68 

An attractive alternative to a flame as source is an 
electrothermal atomizer, particularly for atomic ab- 
sorption. The greater sensitivity thus achieved has led 
to this often being the preferred atom cell. A major 
advantage of the electrothermal atomizer is that the 
direct analysis of metal compounds collected from 
the atmosphere by impaction’5’ or electrostatic 
precipitation41.48.71.87.88 is now feasible, and 

automation’53.‘54 a real possibility. A disadvantage is 
that multi-element analysis is not possible, although 
an electrothermal atomizer used as an emission 
source does offer this possibility.‘55 

The unique properties of mercury allow this ele- 
ment to be determined by the cold-vapour atomic- 
absorption method after release from the sample 
solution. 

Despite its inherent sensitivity, atomic 
fluorescence55.‘05.‘4’ has found little use as a means of 
analysing for metals and their compounds in the 
atmosphere, possibly because of the lack of commer- 
cially available systems. 

Atomic-emission spectroscopy, on account of its 
multi-element capability, has been used where a 
number of different metals have to be determined but 
has also been used for single-element analysis. A 
number of sources have been utilized, including 
flame,68 spark,77.88.'?5 p]asma35.36.96.'0'.'ll.138 and 

arc.“2.“9.‘42 Plasma emission-spectroscopy appears to 
offer the most serious competition to electrothermal- 
atomizatron atomic absorption. The detection limits 
are also low, but the linearity is much better, often 
extending over five or six orders of magnitude rather 
than the very limited range of one order for atomic 
absorption. The high temperature of the plasma, ca. 
800~16000”, ensures complete atomization, thus 
minimizing chemical matrix interferences, but ioniz- 
ation is prevalent, and the spectra contain many more 
lines than do those from flames. A further advantage 
of the plasma is that certain non-metals, including the 
halogens, phosphorus, sulphur and carbon, can also 
be determined, whereas they cannot easily be deter- 
mined by atomic absorption. The major drawback 
would appear to be that direct presentation of solid 
samples presents problems which have not yet been 
fully overcome. 

A more recent use of atomic spectroscopy has been 
the determination of volatile lead96,98m’03.‘05 and 
manganese6’ organometallic compounds by trapping 
and separation on a gas chromotographic column, 
and detection by use of an electrothermal atomizer or 
plasma. 

APPLICATIONS 

Table 6 also summarizes the determination of trace 
metals in atmospheric particulate matter. The metals 
which have been examined most closely are the toxic 
ones, lead,6S’05 closely followed by mercury43-65 and 
cadmium.37-40 Levels of lead of 0.3-8.6 pg/m3 have 
been found in Hobart,80.S’ 0.5-1.6 pg/rn’ in Berlin,85 
0.2-12.2 pg/m3 in 0sl0’~ and 0.613 pg/m3 in 
Budapest.” Surveys of lead levels have also been 
made in Texas94 and Ontario.” Levels of tetra-alkyl 
lead in Antwerp have been reported to vary from 0.3 
“g/m’ in a rural environment to 400 rig/m’’ near a 
gasoline station.99 Multi-element analysis for metals 
in the atmosphere in Rio de Janeiro,“’ New York.‘34 

Chicago, ‘36 New York City, ‘3X El Paso.“’ Naples14’ 

and Kobe City,‘42 has also been done. 
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Summary-Ultraviolet irradiation converts the antimalarial plasmocid into a highly fluorescent photo- 
product. The effect of pH, solvent composition and irradiation time on the photochemical enhancement 
of the fluorescence signal of plasmocid has been investigated in solution and on silica-gel1 thin layers. A 
significant increase in the fluorescence intensity in very acidic medium is explained by the formation of 
a triprotonated plasmocid species. The photochemical-fluorescence enhancement factors are particularly 
large, ranging between about 10 and 20 on silica-gel thin layers. Linear calibration plots are obtained over 
a concentration range of nearly three orders of magnitude. The photochemical-fluorimetric detection limit 
of plasmocid on thin layers is long. The results presented demonstrate the potential of thin-layer 
phototochemical fluorimetry as a sensitive analytical method. 

Photochemical kinetic analysis is a method based on 
the photodecomposition of the sample into a 
photoproduct which can be measured spec- 
trophotometrically, fluorimetrically or electro- 
chemically.’ Of particular interest is the recent use of 
photoreactions to increase the sensitivity of the 
fluorescence detection of organic compounds, in the 
ng/ml range.“” The possibility of combining photo- 
chemical processes and detection of fluorescent 
photoproducts with high-pressure liquid chro- 
matography (HPLC) or thin-layer chromatography 
(TLC) has also been investigated recently by several 
research groups.“-2’ 

Post-column photochemical reactors coupled with 
HPLC have been used to induce photoconversion 
into fluorescent photoproducts of pharmaceutically 
important compounds such as cannabinol,” diethyl- 
stilbestrol,‘* clobazam, phenothiazines,‘3-‘5,‘7,‘s and 
clomiphene.16 Detection limits were reported to be in 
the ng and pg range. 

Recent work from our group”*’ has been con- 
cerned with application of photochemical reactions 
to the improvement of fluorescence detection of 
antimalarial aminoquinoline derivatives in TLC. 

The effect of pH, alkali-metal halides, eluent com- 
position, and irradiation time on the fluorescence 
signal of chloroquine and its photoproduct on silica- 
gel thin layers was investigated.‘9,20 The influence of 
irradiation time and solvent composition in the 

*Part IV, J. J. Aaron, S. A. Ndiaye and J. Fidanza, 
Analusis. 1982, 10, 433. 

TAuthor to whom all correspondence should be addressed. 

photochemical-fluorimetric determination of prima- 
quine on silica-gel chromatoplates was also studied.*’ 

In the present paper, we report on plasmocid 
dihydriodide, an 8-aminoquinoline derivative (see 
structure in Table 1), which possesses well-known 
antimalarial properties2* related to its binding to 
deoxyribonucleic acid. 23 So far, only paper chro- 
matography has been used for its determination and 
separation. 24 It was the goal of this study to in- 
vestigate the effect of pH, solvent composition and 
irradiation time on the photochemical enhancement 
of the fluorescence signal of plasmocid, and to show 
the usefulness of photochemical fluorimetry as a 
sensitive analytical method for determination of the 
compound. 

EXPERIMENTAL 

Reagents 

Plasmocid [8-(3-diethylaminopropylamino)-6-methoxy- 
quinoline] dihydriodide was purchased from Aldrich 
(Beerse, Belgium). Solvents used were analytical-grade meth- 
anol, absolute ethanol, propan-2-01, acetone, acetonitrile, 
tetrahydrofuran and concentrated phosphoric acid. Dis- 
tilled water was used for solutions. 

Precoated 5 x 20 cm silica-gel 60 TLC plates (Merck) 
were used. 

Instrumentation 

Ultraviolet absorption spectra were obtained with a Beck- 
man model 3600 spectrophotometer, and a Perkin-Elmer 
model MPF-44B spectrophotofluonmeter was used for de- 
termining excitation and emission fluorescence spectra. 

Fluorimetric measurements were performed with a 
Turner model 1 I 1 filter fluorometer, with a 110-850 lamp 
(7-54 excitation and 2-A emission filters), equipped with a 
Camag model 1 IO-710 automatic TLC scanner, and a Kipp 
& Zonen model BD-12 recorder; 10% and 1% neutral 
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density filters were used according to the fluorescence Table I. Structure and fluorescence properties of plasmocld 
intensity. dihydriodide* 

For the photolysls, a 200-W Osram mercury arc lamp was 
used in an Oriel model 6137 housing and run by an Oriel 
model 8500 power supply. 

Photochemical-fluorimetric procedures 

Portions (20~1) of plasmocid solution were spotted on 
silica-gel TLC plates with a 5O-fil microsyringe. The plates 
were dried with a hot-air current, and put in an oven at 110” 
for about 5 min. The dried plates were placed on the Camag 
TLC scanner at about 6Ocm from the mercury arc lamp, 
and irradiated for a fixed time with the image of the mercury 
arc focused on the plasmocid spots. The fluorescence in- 
tensity of the spots was then recorded as a function of time 
by automatic scanning of the plates with the Turner 
fluorometer. 

CH,O 

-cr: 0 0 2H1 
N 

NH(CI-I2)3 N (C2 H5 j2 

Fluorescence properties 
Before irradiation After irradiation? 

A,, nm 321,355 355 
L,, nm 503 477 
I,6 7 50 

For the photochemical-fluorimetric measurements in 
liquid solution, 3 ml of plasmocid solution were put in a 
cylindrical quartz tube, and irradiated for a fixed time at 
about 60cm from the mercury arc lamp. The fluorescence 
intensity was then measured. The solution temperature was 
regularly checked, in order to avoid possible overheating 
by the mercury arc lamp, leading to losses of liquid by 
evaporation. 

*Experimental conditions: plasmocid concentration 10m4M 
in 0.66M aqueous H,PO, solution. 

tlrradiatlon time 53 min. 
5Relative fluorescence mtenslty at the maximum 

fluorescence emission band. 

RESULTS AND DISCUSSION 

Fluorescence and ultraviolet absorption characteristics 

Ultraviolet irradiation of plasmocid, which has 
weak native fluorescence, resulted in drastic changes 
of its fluorescence characteristics in phosphoric acid 
medium as well as on silica-gel thin layers. Excitation 
and emission fluorescence data are given in Table 1. 
It can be seen that there is a 26-nm blue-shift of the 
fluorescence emission maximum on irradiation. This 
is in contrast to the red-shift observed for 

chloroquineZo and primaquine.2’ There is a 7-fold 

increase in relative fluorescence intensity at the emis- 
sion maximum on irradiation of plasmocid. 

The absorption spectra of plasmocid in phosphoric 
acid solutions, after different irradiation times, are 
shown in Fig. 1. There are three main bands, with 
maxima at 405, 330 and 260 nm. On irradiation for 
10 min, the 405-nm and 330-nm bands disappear and 
the 260-nm band is decreased in intensity. This last 
band is still further decreased in intensity on further 
irradiation for 25 min. 

Our results suggest the formation of a highly 
fluorescent photoproduct, which is relatively weaker 
than plasmocid as an ultraviolet absorber. 

Injuence of pH 

The effect of pH on the fluorescence intensity of 
plasmocid was studied in solution and on silica-gel 
thin layers. Phosphoric acid solutions were used for 
the Hammett HO acidity scale*’ from - 1.6 to 1 .O and 

Y 
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Fig. 1. Ultraviolet absorption spectra of plasmocid at different stages of the photochemical reaction. 
Plasmocid concentration 54 ppm. Irradiation times: A. 0; B, 9 min; C. 24 min. Absorbance scale a 
corresponds to wavelengths < 305 nm and absorbance scale b corresponds to wavelengths > 305 nm. 
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Fig. 2. Effect of pH and Ho on the fluorescence intensity (I,) of plasmocid. (a) In solution; plasmocid 
concentration 54 ppm; A, no irradiation; B, irradiation time 10 min. (b) On silica-gel thin layers; plasmocid 

concentration 27 ppm; A, no irradiation; B, irradiation time 6 min. 

the pH range l-4, and sodium hydroxide was added 
for the pH range 6-13. 

The fluorescence intensity of plasmocid in solution 
is practically constant from pH 13 down to pH 4, 
decreases very slightly until pH 1.5 is reached, and 
increases strongly at an HO value of about zero (Fig. 
2a, curve A). This enhancement of the fluorescence 
signal in very acidic medium is probably due to 
addition of a third proton to the already doubly 
protonated plasmocid, according to the equilibrium 
shown below. We calculated a pK value of about 
- 0.8 for ground-state dissociation of the third pro- 
ton (on the basis of the inflection point on the graph 
of fluorescence intensity us. pH), which may be 
compared with the pK value of 3.0 previously re- 

diated on silica-gel thin layers (Fig. 2b) and can be 
explained in the same way. The decrease in 
fluorescence intensity at acidities greater than 
HO = - 1 is probably due to quenching by high 
concentrations of phosphate species adsorbed on the 
silica-gel substrate. 

Effect of the solvent composition 

The effect of solvent composition on the re- 
lationship between fluorescence signal and irradiation 
time was investigated for phosphoric acid alone and 
in binary mixture with acetone, methanol, ethanol, 
propan-2-01, acetonitrile or tetrahydrofuran. The 
time needed to reach maximum fluorescence depends 

/ / 
(CH2j3 

\ 
HN Et, 

+ 

( CH213 

\ 
HiJEt, 

+ 

ported for the ground-state dissociation of the second 
proton in this system.*’ 

Curve B (in Fig. 2a) shows the dramatic effect of 
irradiation on the fluorescence of plasmocid at high 
acidity. This effect can be attributed to photo- 
decomposition of the triply protonated plasmocid to 
give a highly fluorescent product. 

A similar effect is shown when nlasmocid is irra- 

on the organic solvent used and is longer for irra- 
diation of solutions than of thin layers (Figs. 3 and 
4). It also increases with increasing polarity of the 
organic solvent. 

This behaviour is the same as that of chloroquine 
and primaquine,20~2’,26 and confirms the usefulness of 

I ~~~ 
silica-gel as a substrate for the rapid 



652 JEAN-JACQUES AARON et al. 

300 

G 

2oc 

100 

C 
Irradlatlon time (min) 

Fig. 3. Photolysis of plasmocid (54 ppm) in 1:l v/v mixtures of organic solvent and 0.66M phosphoric 
acid, 0 acetone-H,PO.,; I iPrOH-HJPO,; 0 EtOH-H,PO,; A MeOH-H,PO,; A MeCN-H,POd; 0 

THF-H,PO,; 0 H,PO,, 0.66M 

photochemical-fluorimetric determination of these The photochemical fluorescence enhancement fac- 
antimalarial compounds. tom, defined as the ratio of the relative fluorescence 

Photochemical fluorescence enhancement 
signal for the irradiated sample and for the non- 
irradiated sample, were much larger than unity for all 

Tables 2 and 3 give the relative fluorescence signals the solvent systems studied, and, except for the 
and photochemical fluorescence enhancement factors acetone system, were greater for measurements on 
for plasmocid in various phosphoric acid-organic thin layers than in solutions, so silica-gel thin layers 
solvent mixtures. 

60 
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20 

are the preferred medium. 

I I I I I 

0 5 IO I5 20 25 
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Fig. 4. Photolysis of plasmocid (54 ppm) adsorbed on silica-gel thin layers from 0.66M phosphoric 
acid-organic solvent I:1 v/v mixtures. l acetone-H,PO,; 0 iPrOH-H,PO,; 0 EtOH-H,POd; A 

MeOH-H,PO, AMeCN-H,PO,; 0 THF-H,PO,; 0 H,PO,, 0.66M. 
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Table 2. Comparison of fluorescence intensity of plasmocid (27 ppm) before and after 
ultraviolet irradiation in solution 

Solvent system* 

Acetone-H,PO, 
iPrOH-H,PO, 
EtOH-H,PO, 
MeOH-H,PO, 
MeCN-H,PO, 
THF-H,PO, 
H,PO, 0.66M 

Relative fluorescence 
intensity 

Photochemical 

Non-irradiated 
enhancement 

factor6 

Irradiation 
time, 
min 

32 470 14.7 11 
21 81 3.8 15 
12 85 7.1 56 
24 50 2.1 53 
23 91 4.1 58 
20 190 9.5 55 
11 101 9.2 43 

*Mixtures of oraanic solvent and 0.66M aqueous H,PO,, 1: 1 v/v. 
TMaximum relaiive fluorescence intensity measured at .the optimal irradiation time 

(given in column 5). 
§See text for definition. 

Table 3. Comparison of fluorescence intensity of plasmocid (54 ppm) before and after 
ultraviolet irradiation on silica-gel thin layers 

Relative fluorescence Photochemieal 
intensity fluorescence Irradiation 

enhancement time, 
Solvent system Non-irradiated Irradiated? factor# min 

Acetone-H,PO, 4 39 9.7 5 
iPrOH-H,PO, 4 73 18.2 5 
EtOH-H,P04 3 51 17.3 7 

MeOH-H,PO, 2 35 17 MeCN-H,PO, 
: 

36 12 ! 
THF-H,PO, 59 19.6 5 
H,PO, 0.66M 3 36 12 6 

*Mixtures of organic solvent and 0.66M aqueous H,PO,, 1:l v/v. 
t&se corresponding footnotes in Table 2. 

The enhancement factors for plasmocid are much 
larger than those for chloroquine” (2.2-3.4) and 
primaquine2’ (1.3-5.4). 

Calibration graphs and detection limits 

Log-log plots of the fluorescence intensity vs. 
initial concentration of plasmocid in 0.66M phos- 
phoric acid medium were linear (r = 0.990) over a 
concentration range of nearly three orders of mag- 
nitude: 0.05-100 p g/ml for measurements in solution 
and 0.5-100 pgg/ml for the thin-layer measurements. 
The reproducibility was about 5%. The detection 
limits, defined as the concentration or amount of 
compound giving a signal-to-noise ratio of 3: 1, are 50 
ng/ml for the measurements in solution and 10 ng for 
the thin-layer measurements (which is much lower 
than the detection limit of 50 pg reported24 for paper 
chromatography). 

CONCLUSION 

The results given here and in our previous 
papers”.” show that the photolysis of 4- and 
8-aminoquinoline derivatives on silica-gel thin layers 
leads to the formation of more strongly fluorescent 
photoproducts. Under the optimal conditions, the 
fluorimetric detection limits for the photoproducts of 
chloroquine, primaquine and plasmocid are between 

0.9 and 10 ng. Optimal irradiation times are between 
30 set and 5 min for these compounds. 

These results clearly demonstrate the potential of 
the thin-layer photochemical-fluorimetric method for 
the sensitive, simple and rapid determination of these 
antimalarial compounds. 
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3. 
4. 

5. 

6. 
7. 

8. 

9. 
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POLAROGRAPHIC DETERMINATION OF PHOSPHORUS 
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Summary-A method has been developed for the determination of phosphorus, as phosphate, by means 
of the catalytic polarographic wave for the reduction of hydrogen peroxide in the presence of Mo(V1). 
This reduction is combined with the previous formation and extraction of l2-molybdophosphoric acid. 
Depending on the extractant chosen, ethyl acetate or methyl isobutyl ketone, the determination limit is 
2.3 or 3.1 rig/l.. respectively. The procedure has been applied to certified steel samples with good results. 

The formation of heteropolymolybdic acids has been 
widely used as the basis for indirect determination of 

the hetero-atom. Various methods have been re- 
ported for the determination of phosphorus, as phos- 
phate, after its conversion into 12-molybdophos- 
phoric acid (12-MPA). The sensitivity achieved varies 

according to the technique used to measure the 
molybdenum attached to the hetero-atom: 1 mg/l. by 
ASS,’ 2Opg/l. by X-ray fluorescence,* 5 mg/l. by 

spectrophotometry,3 and 0.1 mg/l. by differential 

pulse polarography.4 
The sensitivity can be enhanced by measurement of 

the polarographic waves or peaks resulting from the 
catalytic reduction of some oxidants, such as 
perchlorate or nitrate, in the presence of MO(W). 
Hight et al5 proposed the use of nitrate and evalu- 
ation of the catalytic wave by differential pulse 
polarography (DPP). A determination limit of 9 pg/l. 
was reported. 

In the present work we used a similar approach, 
with hydrogen peroxide as the oxidant, which also 
undergoes polarographic reduction catalysed by 
Mo(VI).~ In this case, DPP could not be used, but d.c. 
polarography was found to provide good results 
because of the high sensitivity of the catalytic reduc- 
tion. The proposed procedure combines this sensitive 
polarographic indicator reaction with the 12-fold 
multiplication provided by formation of 12-MPA, 
and gives a detection limit of 2.3 pg/l. Because of the 
nature of the reduction, it is necessary to separate the 
1ZMPA by extraction with an organic solvent. 

The procedure has been applied to the deter- 
mination of phosphorus in drinking water and in 
certified Cr-Ni steel samples. 

EXPERIMENTAL 

Apparatus 

The d.c. polarograms were recorded on a Radiometer 
PO4d polarographic analyser with a dropping mercury 

electrode and a saturated calomel reference electrode. A 
sweep-rate of lOOmV/mm was used. A Radiometer 
29 pH-meter was used with a Radiometer GK 24OlC com- 
bined electrode. The temperature was controlled by using a 
double-wall polarographic cell and a Selecta recirculation 
thermoregulator. Deaeration was not reqmred in the final 
procedure, but was done with nitrogen during the pre- 
liminary studies. 

Reagents 

Standard phosphate solution. Dissolve 1.099 g of dried 
sodium dihydrogen phosphate in I litre of demineralized 
water and store m polythene. This solution is 5.00 x lo-*M. 
Prepare less concentrated standard solutions by dilution. 

Standard molybdate solution. Dissolve 12.36 g of ammo- 
nium paramolybdate tetrahydrate in 1 litre of demineralized 
water and store in polythene. This solution is I .OO x 10m2M. 
Prepare less concentrated solutions by dilution. 

Molybdate solution, 2’/;. Prepare and store in polythene. 
All reagents were of analytical grade, and demineralized 
water was used throughout. 

Procedures 

Standardization of molybdate solution. Acidify the solu- 
tion with acetic acid (5 ml per 200 ml) and heat nearly to 
boihng. Add 49; lead acetate solution slowly until no further 
precipitation occurs and then about 5% excess. Let the 
precipitate settle for a few minutes, then filter off hot on 
ashless filter paper. Wash the precipitate with hot water 
until free from lead acetate. Dry and ignite it in a porcelain 
crucible at red heat for about 20mm, and weigh as 
PbMoO,. 

Amplification reaction. Transfer a known volume of sam- 
ple solution into a separating funnel. Add 2ml of 2% 
molybdate solution and dilute with water to 25 ml. Add I ml 
of 5M sulphuric acid and after 15 min I ml more of the acid 
and 15 ml of the orgamc solvent. Shake the mixture for 
3 min and then separate the organic phase. Wash the 
organic phase with two IO-ml portions of 0.8M sulphuric 
acid and then strip the molybdate with 25 ml of I M sodium 
hydroxide. Acidify this aqueous extract with 0.8M sulphuric 
acid to about pH 2.5. Add 4 ml of 5M sulphuric actd and 
10 ml of 0.2M hydrogen peroxide and dilute to volume in 
a IOO-ml standard flask. Transfer an aliquot of this solution 
mto the polarographtc cell and run a d.c. polarogram 
between 0.40 and 0.00 V (t’s, SCE). Deaeration is not 
required. but the temperature must be constant (25.0 f 
0. I’ ). Measure the current at 0.20 V. Run a blank solution. 

655 



656 R. PARDO et al. 

Find the phosphorus concentration of the sample from a 
calibration graph constructed by use of known phosphate 
solutions under the same conditions. 

Analysis of steel samples. Place a 0. l-g sample, accurately 
weighed, in a 250-ml Erlenmeyer flask. Add about 70 ml of 
hydrochloric acid (1 + 3) and a few drops of concentrated 
nitric acid (to ensure that all the phosphorus is in phosphate 
form). Heat until dissolution is complete, then add 2 ml of 
20% hydroxylamme hydrochloride solution, and heat to 
boiling. Cool the solution, transfer it into a 100-m] standard 
flask and dilute to the mark with demineralized water. 
Analyse an aliquot of this solution according to the recom- 
mended procedure, using ethyl acetate as extractant. 

RESULTS AND DISCUSSION 

The proposed procedure involves several steps: (1) 
formation of IZMPA in the aqueous phase, (2) 
extraction with an organic solvent and (3) and deter- 
mination of the Mo(V1) by means of the indicator 
reaction. The Mo(V1) is determined by measurement 
of the catalytic reduction of hydrogen peroxide in the 
presence of Mo(V1). The mechanism of the reaction 
was proposed by Kolthoff and Parry6 and can be 
briefly described as: 

vided the pH and the peroxide concentration are 
constant. 

A series of experiments with OSM sulphuric acid, 
5 x 10m6M molybdate and various hydrogen per- 
oxide concentrations was performed. Figure 2 shows 
the currents obtained, as well as the currents corre- 
sponding to the peroxide reduction. The latter be- 
came significant for peroxide concentrations higher 
than 0.02M. and therefore this value was chosen for 
use in the determination. The catalytic current is 
measured at 0.2OV (US. SCE) and therefore prior 
deaeration of the solutions is not necessary. 

An acidic medium is necessary for the catalytic 
current to be obtained. Nitric’ and perchloric” acid 
also give catalytic waves with molybdate, but they are 
different from those studied here, and hence sulphuric 
acid was used. Figure 3 shows the effects produced by 
changing the sulphuric acid concentration. As can be 
deduced from this figure, a 0.20M sulphuric acid 
medium is optimal. The apparent shift in intercept 
with change in acidity is probably due to a shift in the 
distribution of the various isopolymolybdate species 

MOO:- + Hz02- MOO:- + 2H+ + 2e- - MOO:- + H,O 
-Hz0 

t +W', 

Figure 1 shows the polarograms obtained for solu- 
tions which contain, respectively, Mo(VI), HzOz and 
Mo(V1) + H,Oz. In acidic media Mo(V1) gives three 
irreversible waves (curve a) between 0.10 and 
-0.90 V (US. SCE), which have no analytical applica- 
tions. Hydrogen peroxide is also reduced in acid 
media but at more positive potentials (curve b). When 
both species are present in the solution, a catalytic 
current appears at 0.20 V (curve c). If the current for 
the hydrogen peroxide reduction is subtracted from 
the catalytic current, a peak is obtained, the height of 
which depends on the Mo(VI) concentration, pro- 

E KS SCE (V) 

Fig. 1. Polarograms obtained for: (a) 5 x lO-‘M Mo(V1); 
(b) 0.02M HzOz; (c) 5 x lo-‘lci MO(W) + 0.02M H,OZ. 

formed, and hence in the reaction with hydrogen 
peroxide. 

Because of the catalytic nature of the process, the 
temperature is another important factor to take into 
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Fig. 2. Variation of wave height with H202 concentration, 
with [MO(W)] = 5 x 10m6M. [H$O,] = 0.5M (currents due 
to H,OZ alone are also given). [HzOz]: (a) O.OlM: (b) 0.02M: 

(c) 0.03M: (d) 0.04/W. 
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account. A temperature coefficient of S’/@eg was 
obtained, high enough to require all polarograms to 
be run at constant temperature (25.0 f 0.1”). 

With all the significant parameters fixed, a cali- 
bration line for Mo(V1) can be constructed. It is 
linear from 7 x lo-‘M to 1.3 x 10m5M molybdate. 
The presence of phosphate in the measurement me- 
dium affects neither the shape nor the height of the 
polarograms. 

For formation of the 12-MPA an acidic medium 
and an excess of MOM are required. This excess of 
molybdate is the reason for separation of the 
1ZMPA being necessary, so that only the molybdate 
present in the MPA is determined polarographically. 

The optimum pH for formation of the 1ZMPA is 
about 1 .O and is obtained with sulphuric acid. To find 
the optimum amount of Mo(V1) to form the hetero- 
poly acid quantitatively, several solutions containing 
the same phosphate concentration (5 x lo-‘M) and 
various excesses of Mo(V1) were extracted and 
stripped, and the aqueous extracts polarographed: 
use of more than 2 ml of 2% molybdate solution gave 
constant current. Therefore that amount was chosen, 
and provides a molybdate/phosphate ratio > 1000. 

The efficiency of various organic solvents for ex- 
traction of 12-MPA has been discussed by several 
authors.‘S’4 The main conclusion is that 1ZMPA is 
best extracted with oxygen-containing solvents such 
as ethers and ketones. Various solvents were studied 
by us and the best results were obtained with ethyl 
acetate and methyl isobutyl ketone (MIBK), which 
provided extraction efficiencies of 94.6% and 78.5% 
respectively. The use of isobutyl acetate was rejected 
because of the low extraction efficiency ( < 60%) and 
also because the results obtained varied very much 
with temperature. This last problem does not occur 
with ethyl acetate or MIBK. Only one extraction is 
used, and the pH is lowered after the formation of the 
1ZMPA but before its extraction, to provide the best 
efficiency.3 

It is necessary to wash the organic phase with 

Mo(PI) concentratson lx lo” M 1 

Fig. 3. Variation of the calibration graph for Mo(V1) with 
H,SO, concentration ([Hz02] = 0.02M) [H2S04]: (1) O.lOM; 
(2) 0.15M; (3) 0.20M; (4) 0.25M; (5) 0.35M; (6) 0.55M. 

15 

- 10, 
4 
P 

. 

P concentration ( x IO'M 1 

Fig. 4. Calibration graphs for phosphate. (1) MIBK as 
extractant; (2) ethyl acetate as extractant. 

sulphuric acid and also to run a blank (for the whole 
procedure) alongside the standard phosphate solu- 
tions and the samples, because of the molybdic acid 
extracted with the IZMPA. 

Before the polarographic analysis, the heteropoly 
acid is stripped into aqueous solution with sodium 
hydroxide solution. The pH of this extract is then 
adjusted to about 2.5 with sulphuric acid, which gives 
the correct conditions for the indicator reaction. 

Figure 4 shows the calibration graphs for pure 
phosphate solutions with MIBK (curve 1) and ethyl 
acetate (curve 2) as extractants. Ethyl acetate is 
preferred since it gives a lower determination limit 
and a higher recovery of phosphate, i.e., a greater 
slope of the calibration line. The “dip” at the lowest 
phosphorus concentrations is probably due to incom- 
plete formation of the heteropoly acid. Interference 
may be expected from all those elements which form 
heteropoly acids with molybdate, that are extracted 
along with the 1ZMPA and cause positive errors. To 
study this the recommended procedure was applied to 
solutions containing various concentrations of ger- 
manium, arsenic and silicon. More selective results 
were obtained by using ethyl acetate as extractant, 
and the concentrations of these elements at which 
no catalytic current was obtained (the tolerance 
limits), were respectively 5.5 x lo-‘, 9.6 x 1O-6 and 
6.0 x 10m6M. If the concentrations of the interferents 
are higher than these limits, the method can still be 
applied by diluting the sample, provided the original 
molar ratio of interferent to phosphorus does not 
exceed 4: 1 for Ge. 60: 1 for As and 40: 1 for Si. 

PRACTICAL APPLICATIONS 

Phosphate in drinking waters 

Owing to the low concentrations of the interfering 
elements in this type of sample, the recommended 
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Table 1. Analysis of two standard chromium-manganese Table I shows the results obtained when the 
steels by applying the recommended procedure (ethyl ace- method was applied to two standard samples, with 

tate as extractant) ethyl acetate as extractant. The interfering elements 
P found were at levels below their tolerance limits. The results 

Sample P certified. ‘(, Mean, “,, Std devn., qC, II agree very well with the certified values and confirm 

I 0.0215 0 0209 8 x 10m4 7 the validity of the proposed procedure, which pro- 

2 0.0 I74 0.0173 I x 1om4 7 vides greater sensitivity than previous methods. 

procedure can be applied directly, without 

modification. The result obtained (mean of 10 deter- 
minations) was 21.1 f 0.9 pg/l. of phosphorus as 

phosphate, at a confidence level of 95”/,. The samples 
were also analysed by a routine spectrophotometric 
procedure,” with preconcentration by evaporation of 
200 ml of sample to 10 ml in a polythene beaker. The 
result obtained was 24 f 3 pg/l. (6 determinations, 
confidence level of 95qJ. 

Phosphorus in steels 

When the recommended procedure was applied 
directly to solutions of steel samples, low results were 
obtained. The reason may be formation of a mixed 
molybdate-iron(III)-phosphate complex’h which is 
stable over a wide pH range. This complex can act in 

two ways: first by lowering the degree of formation 
of the 12-MPA (by competitive complex formation) 
and secondly by being less efficiently extracted than 
the 12-MPA.3 The problem can be dealt with by 
reducing the iron(II1) to iron(I1) with hydroxylamine 
hydrochloride, before the extraction. 
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Summary--The values of the individual diffusion coefficients of the complexes participating in a 
metal-ligand system of equilibria may be estimated when provislonal values of the formation constants 
have been calculated from diffusion currents. In this paper a new graphical method, involving average 
diffusion coefficients observed for metal-ligand systems, is described. The method is applied to four such 
systems, chosen for the particular characteristics shown by them. 

Once an approximate value for k, in the relation 
fi = kAi,, has been obtained and provisional values 
of formation constants established as described pre- 
viously,’ it is possible to obtain refined values by the 
use of mean diffusion coefficients of simultaneously 
diffusing complex and aquo ions. Graphs of log FiF] 
us. log [x] for the four systems reported on here are 
shown in Fig. 1. These give some indication of the 
variation in certainty of the value of k from system 
to system; some, such as the cadmium-thiourea and 
lead-thiourea systems, show quite clear linear lim- 
iting regions, while others, e.g., the cadmium- 
benzimidazole and cadmium-allylthiourea systems, 
do not. 

Although preliminary analysis, in terms of Aid 
data, may indicate the formation of (say) four com- 
plex species, it is by no means certain that this degree 
of co-ordination is developed, to the virtual exclusion 
of lower ones, in the region of the highest ligand 
concentrations used. However, a fair estimate may be 
made at this stage of the value of ii at one or more 
of the higher experimental values of ligand concen- 
tration. This is achieved by insertion of the pro- 
visional values of the various formation constants 
(fiMx,) into the relation 

I&L, [xl' 
fi= a 

N (1) 
; l&m, [xl’ 

This allows estimation of (A&)_ for the condition 
that ti approaches nmax, calculation of the limiting 
value of i,, at full co-ordination of the metal ion, and 
evaluation of DMxN. Since a linear relationship be- 
tween (D,,, )I’* and j has been established, all the 

D Mx, values now follow and, as a consequence, SO do 

*Part II-Tulanta, 1982, 29, 739. 

the values of the functions (b - D,,, ) for all com- 
plexes over the entire ligand concentration range. An 
example will make this clear: from the preliminary 
formation-constant data reported earlier for the 

lead-thiourea system, the value of ii at [thio- 
urea] = 1 .OM is 3.37. The value of Ai,, at this concen- 
tration is 2.59 PA. Thus, when ii = nmax =4, 

Aid = 3.07 PA. Since in the absence of thiourea 
id = 10.07 PA, the limiting value of the diffusion 
current at 7i = 4 must be 7.00 PA. Assuming that D, 

may be taken as the infinite dilution value of 
9.80 x 10m6 cm*/sec at 25”, the capillary constant of 
the dropping electrode is estimated to be 3.217 mg213. 

se@, and the limiting diffusion coefficient (Dhlxa) 

then becomes 4.74 x 10m6 cm2/sec. It is now a 
straightforward matter to obtain, by interpolation, 
the diffusion coefficients of the species with co- 
ordination numbers from 1 to 3 (Table 1). 

Once the individual values, DEx,, are known, it is 
possible to obtain values of (D - DMx,) over the 
experimental range of ligand concentration and to 
apply directly the relationship 

(D, - b) = (b - DMx)/3hlx[x] f.. . 

+ (b - DMXN )/Lx, [xl” (2) 

In a manner similar to that of Leden, the function G, 

may be defined as: 

G,=(DMpD)=(fj_~ )p 

[xl 
MX MX 

+... 

+ (b - DMXN )BMx, [xl”- ’ (3) 

Equation (3) implies that a graph of G, us. [x] should 
produce an intercept on the G, axis of (b - Dwx)/& 

as [x1+0. Now (b -D,,), in common with other 
such functions, varies very sharply with p] at low 

values of this variable. Consequently, for many sys- 
tems it is difficult to obtain a reliable value for the 
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Fig. 1. Graphs of log Fh[X] vs. log [xl: (i) 

cadmium-thiourea, (ii) lead-thiourca (iii) cadmium- 
bcnzimidazole, (iv) cadmium-allylthiourea. 

intercept. A graph showing less curvature is obtained 
by plotting values of G, against corresponding values 
of (D -II,,) appropriate to the ligand concen- 
trations used. In practice, the limiting region of this 
graph, near to the values of (D -&,x) where [x] 
approaches zero, is atmost linear and a small extra- 
polation to the value of (D - &x) at [x] = 0 gives 
a good assessment of the value of [G, /(b - 

&x )lpCj - 09 i.e., of BMX. 
It is usually found that there is good agreement 

between the values of Bhlx obtained by these means 
and by use of the pseudo-formation curve, even with 
a rather poor assessment of the constant, k, in the 
latter procedure. For example, in the case of the 
cadmium-thiourea system, the intercepts of the plots 
of F;[Xlk U.S. [thiourea] vary only from 15 for the 
lowest value of k = 3, to 25 for k = 4 (Table 2). It is 
in any case necessary to reconcile the values of pMX 
obtained by the two methods. If the method under 
discussion does not give a BMx value in essential 
agreement with that produced from the analysis of 
the pseudo-formation curve, it will almost certainly 
be necessary to revise the whole set of values of 
(D - &,x, ) functions. The case of the cadmium- 
allylthiourea system demonstrates this well. How- 
ever, for most systems so far studied by these means, 

Table 1. Values of diffusion coefficients of complexes present 
in the lead-thiourea system [607 nm2’3t’W = 
3.217 x 10-3mg2~3.sec’~6,mol.l-‘; i,,([X] = 0) = 10.07 yA] 

Species M MX MX, MX, MX, 

D. 10e6 cm2tsec 9.80 8,36 7.04 5.83 4.74 

Table 2. Variation of the intercepts of the F;[Xlk VS. 
[thiourea] plots for the cadmium-thiourea system 

k 3.0 3.4 3.5 3.63 3.7 4.0 

Intercept 15 18 20 20 22 25.- 
(&5x) 

the required agreement is met, a fact giving ground 
for confidence both in the values of (D - DMx,) used 
and in the means by which they are estimated. 

Values of a new function, Gz, at each ligand 
concentration may now be calculated; G, is defined as 

G 

2 
= G - @ - DMX)PMX 

m 
= @ - %4xzmlxz -c.. . 

+ @ - h,x,v MHX~ [xl”- ’ (4) 

It is perhaps worth stressing at this point that since 
values of the function (D -D,,) are now known 
with fair reliability over the whole range of Ix] values 
(either by confirmation through the PHX value ob- 
tained, or by reassessment by using the value of BMX 
derived from the pseudo-formation curve) it follows 
that (i) - DMx2). . . (D - DMxN ) are known with 
equal reliability. A graph may now be plotted of G2 
US. (b -D,,,); the intercept at the value of 
(B - D,,,) corresponding to [x] = 0 yields the value 
of &+,x2 directly. Also, a plot of G, us. p] gives, in 
principle, an intercept equal to (B - DHXI),$,,,X2 at 
&] = 0 zero. Again, the first graph, being approxi- 
mately linear in the important region, is preferable to 
the second, which may well show even steeper curva- 
ture than the G, plot. 

It should be noted that, in defining G, (and 
subsequentsimilarfunctions),itisthevalueofthevarying 

. - 
function (D - DHX)PHX, [or in subsequent functions, 

(D - &,x2 )BMx~ etc.] at each value of [X] that is 
subtracted from G1 before division by p]. In this 
respect the technique differs from that of Leden’ and 
introduces the advantage that the increased scatter of 
points for the higher derived functions, and the 
cumulative uncertainties, are of less significance than 
in that method. 

It can easily be seen that the final function, G,, is 
given by 

= @J - &iXN ML, (5) 

It clearly follows from equation (5) that 
GN/(D - DMx,) should be constant and equal to 

B MX,,t . 

EXPERIMENTAL 

Most of the data used in the present paper derive from 
experimental results reported or quoted earller.‘*3 For the 
cadmium-allylthiourea system (for which there appear to be 
no published formation-constant data) values of diffusion 
currents were obtained manually at 25” from individually 
plotted polarograms. The working solutions were 
5 x 10-4M in Cdz+, 0. IM m potassium nitrate and had 
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Ftg. 2. G, plots for the cadmium-thiourea system: (i) G, OS. 
[TU]; intercept N 8.5-9.5; (ii) G, us. (b - D,,); 

[G,Irm,=o ,n-D,,,=aJ=8.80~ 

allylthiourea concentrations varying from zero to l.OM; all 
solutes were of analytical grade. This system is the first 
showing irreversible electrode reactions that has been in- 
vestigated by means of B data according to the method 
described. 

RESULTS AND DISCUSSION 

Cadmium-thiourea 

Values of the (b - D,,,) functions, together with 

those of the functions G,-G,, are collected in Table 

*In this and subsequent ‘analyses, the factor of 10e6 IS 
omitted from G, b and (b - DMx,) data; this is a matter 
of convenience since the factor may be eliminated from 
both sides of equations (3)-(S). 

01 02 03 04 05 06 07 06 09 

[TU] (Ml 

/r 

d 
100 - 

60 - 

60 - 

40 - 

20 
-08 -06 -04 -02 00 02 04 06 06 

1 D-D& 

Fig. 3. G, plots for the cadmium-thiourea system: (i) Gr us. 
[TU]; intercept u 130-140; (ii) G, OS. (D -D,,,); 

3.* Graphs of significance in the analysis of the data 
are collected in Figs. 2-5. 

It is seen that the values of the first three overall 
formation constants agree favourably with those 
estimated previously; the value of the highest con- 
stant is, however, considerably lower than that ob- 
tained from the pseudo-formation curve, but agrees 
favourably with the value reported by Migal and 
Tsiplyakova4 for media of rather lower ionic strength 
than that used here. 

Constancy of the value of G4/(b - L&+,%4) was not 
obtained at ligand concentrations above 0.4h4, al- 
though the final graph appears to allow a fairly 
unambiguous assessment of /lhlx,. 

Table 3. Plotting functions and other data required for the calculation of the value of formation constants in the 
cadmium-thiourea system (G and D values have units of 10m6 cm*/sec) 

WI, 
M b, G, 

0.0 7.20 
0.05 6.85 7.00 
0.10 6.62 5.80 
0.15 6.45 5.00 
0.20 6.32 4.40 
0.25 6.21 3.96 
0.30 6.12 3.60 
0.40 5.98 3.05 
0.50 5.85 2.70 
0.60 5.76 2.40 
0.70 5.69 2.16 
0.80 5.64 1.95 
0.90 5.60 1.78 
1.00 5.57 1.63 

@ - 4d G2 @ -hod, 
0.44 0.85 
0.09 104.0 0.50 

-0.14 86.0 0.27 
-0.31 74.7 0.10 
-0.44 66.0 -0.03 
-0.55 59.8 -0.14 
-0.64 54.7 -0.23 
-0.78 46.6 -0.37 
-0.91 41.8 -0.50 
-1.00 37.3 -0.59 
-1.07 33.7 -0.66 
-1.12 30.4 -0.71 
-1.16 27.8 -0.75 
- 1.19 25.4 -0.78 

G3 

490 
431 
392 
354 
328 
304 
264 
243 
219 
198 
179 
163 
149 

(I) - 4,x,), 
1.25 
0.90 
0.67 
0.50 
0.37 
0.26 
0.17 
0.03 

-0.10 
-0.19 
-0.26 
-0.31 
-0.35 
-0.38 

1520 
1230 
1080 
920 
832 
753 
625 
578 
510 
454 
403 
360 
324 

1.65 
1.30 
1.07 
0.90 
0.77 
0.66 
0.57 
0.43 
0.30 
0.21 
0.14 
0.09 
0.05 
0.02 

1169 
1149 
1200 
1195 
1261 
1321 
1453 
1927 

j?Mx=2o+2: /&,= 159*30; &&=460* 100; &.&= 1164+200. 
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Fig. 4. G3 plots for the cadmium-thiourea system: (i) G, OS. 
[TU]; intercept w 55CMOO; (ii) G, vs. (D - I&,); 

F%UI=O 
,D-oM,.+125~=575~ 

Lead-thiourea 

The analysis was done in the same way as for 
cadmium with the same ligand. The results obtained 
are included with others for comparison purposes in 
Table 4. In this case an analysis using an alternative 
set of (b - Dwx,) data yielded values of 
G,/(b -D,%) which showed better constancy, the 

400 - 

I I I I I I I I I 
01 02 03 04 05 06 07 06 09 

[TUI (M) 

I I I I I I II 
00 02 04 06 06 10 12 14 16 

CO-D,,) 

Fig. 5. G, plots for the cadmium-thiourea system: (i)-G4 vs. 
[TU]; intercept _ 18W2000; (ii) G4 us (b - D,,,,, 

P%u,=~ 
(D_OMxl)=,65)=1920. 

limiting slope = 1160. 

variation being from 71 to 110 over the whole range 
of ligand concentration (0. l-l .OM). 

Cadmium-benzimidazole 

This is a case where to infer the value of the 
proportionality constant between Ai,, and E from the 
limiting slope of the log k’h[x] us. log [x] graph would 

Table 4. Overall and stepwise formatlon constants for the lead-thiourea system, 
obtained by five methods 

BI Bz P, 

t 6 6 30 13 40 90 

Li 7.1 7.3* 1 23 24 * 4 45 53* 10 
e 4 11 95 

k, k k, 

: 6 6 2.7 5 6.9 1.3 

: 7.3 7.1 3.3 3.2 2.2 2 
e 4 2.8 8.6 

W% Wz 

t 0.45 0.83 0.26 2.6 

: 0.45 0.45 0.63 0.66 
e 0.70 3.07 

a From pseudo-formation curve. 
b From pseudo-formation curve (alternative treatment). 
c From (b - D,,,) data. 
d From alternative (b - II,,,) data. 
e From the shift m half-wave potential. 

84 

109 100 

80 90 * 20 
110 

k, 

2.5 1.2 

1.8 1.7 
1.2 

Wk, 

0.17 1.92 

0.9 0.77 
0.14 
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Table 5. Comparison of the values of overall formation constants of complex species 
present in the cadmium-henzimidazole system at 25” 

Method 8, 82 Bj 

A.!& (DeFord and Hume) 85 2.8 x lo3 1.55 x lo4 
Pseudo-formation curve 85 2.8 x 10) 1.65 x lo4 
(b - Duu ) functions 94+ 10 2.8 f 0.2 x IO’ 1.59 f 0.04 x lo4 

be grossly misleading. There is nothing to tell us that 
three complexes are formed--except independently 
determined half-wave potential data-and it is the 
object of the present exercise not to depend upon 
these. 

Graphical treatment of the Fi[xlk, [x] data for a 
range of values of k, according to the method de- 
scribed in Part II, leads to the conclusion that k is 
-4.3. This value provided three formation-constant 
values agreeing well with those obtained previously 
from half-wave potentials. Calculation of the effective 
value of EJ for the highest benzimidazole concen- 
tration used (O.O8M), in terms of the /l values ob- 
tained from the pseudo-formation curve, gave fi as 
- 1.9. This figure, combined with Aid data, made it 
possible to generate values for the diffusion coefficients 
of the various species. Analysis in terms of 
(b - D,,, ) functions gave values for the formation 
constants which agreed favourably with those ob- 
tained earlier (Table 5). 

Cadmium-allylthiourea 

The apparent symmetry of the pseudo-formation 
curve might suggest that the maximum co-ordination 
number for this system is 2.5 Since for this case it 
seemed that a limiting value of b was clearly indi- 
cated, from the observed trend in diffusion currents, 
it was initially assumed that this (2.92 x 10m6 cm2/sec) 
approximated to DMx,; D,, was estimated accord- 
ingly, and analysis in terms of the supposed 
(b - D,,) and (b - DMX2) functions was attempted 

R I I I I I 
-10 -06 -06 -04 -02 00 

106 [ATU] 

Fig. 6. Pseudo-formation curve (0) and its derivative (a) 
for the system cadmium-allylthiourea. The apparent sym- 
metry of the curves masks the fact, shown by detailed 

analysis, that N = 4. 

without recourse to any manipulation of the pseudo- 
formation curve data. This approach proved to be 
quite incorrect on two counts; the maximum co- 
ordination number is, in fact, 4 and not 2, and the 
limiting value of b is not so obvious as it might 
appear. Consequently, the graph of G2 us. 
(b - DMX2), as initially conceived, showed no linear 
limit and nothing approaching constancy of values 
for the function G2/(B - DMX2) over the ligand con- 
centration range. 

Subsequent analysis of the data of the pseudo- 
formation curve, using a value of 1.69 for k, revealed 
the existence off&r complex species with the follow- 
ing provisional values for their overall formation 
constants: /I, = 10; /I2 = 40; b3 = 80; /$ = 360. Once 
again, the value of /Jr as obtained by this provisional 
assessment, is noticeably higher than would be ex- 
pected in terms of the preceding sequence of /I,-/?r 
values. Such an overestimate seems to be a fairly 
common feature of all analyses based on integration 
of formation curves. 

An initial analysis with (D - D,,, ) functions (and 
the following values for the diffusion coefficients: 
D,, = 6.25 x 10-6; DMX2 = 5.02 x 10-6; DMX3 = 
3.92 x 10-6; D,, = 2.92 x 10m6 cm2/sec) proved to 
be unsatisfactory. Formation-constant values 
p, = 15, p2 = 81, /I3 = 225 were generated, but the 
value of /I4 was quite indefinable. The apparent values 
of G,/(b - DMQ) varied from 426 at O.lM ligand 
concentration to 6043 at 1 .OM! The large discrepancy 
between the two values of /I, (one derived from the 
pseudo-formation curve and the other from the pre- 
liminary values of D,, - DMx,) given above), was a 
particularly obvious feature of this system. This 
discrepancy suggested that the value of (b - D,,) at 
[x] = 0 which had been used to generate /l, = 15, was 
significantly lower than its true value and implied that 
the whole range of values of (D - D,,, ) required 
reassessment. Fortunately, in this case it was fairly 
clear that the intercept of the plot of (B - DMx)/[x] 
us. [x] was 14.1, so if the value /I, = 10 obtained from 
the pseudo-formation curve is taken to be reliable 
(and there would now seem to be sufficient precedents 
for assuming this) then (b - DMx)~xl=o = 1.41. This 
value contrasts markedly with the initially assessed 
value of 0.95. The whole set of (b - D,,, ) functions 
was recalculated on this basis. A much more satis- 
factory analysis was now possible, which finally 
yielded the data /I, = 10; /I2 = 40; /I) = 89; /I4 = 110. 
The limiting region of the G,, US. (b - DMX4) graph 
was clearly linear with a slope of 110, the limiting 
value of G,/(b - D,,) at [x] = 0 was 109, and the 
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values of the function over the whole ligand concen- 
tration ranged varied only between 109 and 250. 

CONCLUSIONS 

In general there is a tendency for analysis by means 
of a pseudo-formation curve to give a value for the 
formation constant of the highest complex which is 
considerably higher than that obtained from mean 
diffusion coefficients. 

Uncertainty in assessing the value of the highest 
formation constant would seem to be considerably 
reduced by means of the graphical treatment de- 
scribed. Ideally, the value of GN/(B - DHXN ) should 
remain constant with variation in concentration of 
the ligand. The more nearly this is the case in 
practice, the more nearly correct the experimental 
and derived data may be considered to be. Thus, 
though for the cadmium-thiourea system there is a 
clear limiting slope and intercept, the values of 
G,/(b - DMx4) show a clear upward trend for ligand 
concentrations in excess of 0.4M (below which the 
values vary more randomly) and suggest that the 
experimental diffusion currents are too low. This 
could well be so since the values were estimated from 
a curve drawn through a comparatively small number 
of somewhat scattered points. For the lead-thiourea REFERENCES 

system the situation is improved, the values of 1. D. R. Crow, Talanfa, 1982. 29, 733, 739. 

G,/@ - DMxl) increasing regularly but over a small 2. I. Leden, Z. Phvs. Chem.. Leipzig, 1941, 188, 160. 

range. For the cadmium-benzimidazole system the 3. D. R. Crow, J. Electroanal. Chem. Interfac. Electro- 

overall trend of values of G,/(b - DMx,) is down- 
them., 1968, 16, 137. 

wards (from 15,900 to 11,660) with increase in concen- 
4. P. K. Migal and V. A. Tsiplyakova, Russ. J. Znorg. 

Chem., 1963, 8, 319; 1964, 9, 333. 

tration of benzimidazole, but the variation is random 5. L. G. Sillin, Acta Chem. Stand., 1956, 10, 186. 

in the lower half of the concentration range. The 
comparatively small overall decline suggests a small 
underestimate in the shifts of current. From the 
analysis described for the cadmium-allylthiourea 
system, it is clear that the smaller the variation m 
G,/(b - DMxl), the more realistic is the calculated 
value of /34 likely to be. Even in the most successful 
analyses, however, the departures from constancy 
occur in the region of ligand concentration where 
currents approaching the limiting value are encoun- 
tered; quite small errors in values of (b -D,,,) 
functions can induce large changes m the ratios 
considered. Fortunately the analysis described is able 
to include data for low ligand concentrations in its 
treatment of all derived G functions, and this pro- 
vides a tempering of the uncertainties. 

It is found that the method outlined produces a 
sequence of values of both overall and stepwise 
constants which is generally in line with expectation 
and there is found to be greater consistency in the 
values of kz/k, , k,/kz, etc. There remain problems 
associated with the production of the initial current 
data, an aspect to be considered in some detail in Part 
IV. 
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Summary-Modified drive-in piezometers provided quick and mexpensive probes to give access to the 
undiluted landfill gas below ground level. Samples collected on Tenax GC and Porapak Q adsorption 
tubes were thermally desorbed and injected into a gas chromatograph through a cold trap. Aqueous 
condensate samples were injected directly by syringe. Chromosorb 101, Tenax GC and Triton XlOOjKOH 
packed columns, and an SE30 capillary column were used, together with full-scan and selective-ion mass 
spectrometry. Limits of detection, all less than I mg/m3, and calibration correlation coefficients were 
determined for the least tractable components, i.e., free acids, amines and alcohols. A detection hmit of 
0.1 mg/m’, based on anisole as internal standard, was estimated for all other compounds. The standard 
deviation for the whole procedure, with full-scan mass spectrometry, was i 557” of the mean. A large part 
of this was due to an instrumental error, standard deviation = 33% of the mean, that was inherent in the 
manual operation of the mass-spectrum chart-recorder. These procedural errors were insignificant in 
comparison with the variattons caused by the type of site and the age of the fill. 

All wastes disposed of by landfill release decom- 
position products to the atmosphere. The production 
of the major components of landfill gas such as 
methane and carbon dioxide is now well documen- 
ted,‘,2 but there are very few data on the many other 
compounds released. Landfill odours are widespread 
and undesirable, and recent concern has been di- 
rected at possible long-term health risks associated 
with the gas. The object of this research, funded by 
the Department of the Environment, was an initial 
survey of the minor components in landfill gas, and 
to relate the results to the presence of odours and to 
the recommended limits for toxic vapours.3 This 
paper describes the gas chromatography-mass spec- 
trometry (GC/MS) methods that have been devel- 
oped to identify and determine the constituents in the 
gas, and the validation of their use. 

Sampling probes 

EXPERIMENTAL 

Methane production withm landfills has been studied for 
several years but the probes conventionally in use for 
extracting the gas have the following disadvantages for the 
monitormg of vapours. 

*To whom correspondence should be addressed. 

(a) The pipes are wide, > 100 mm, and their msertion 
requires the excavatton of pits or the preparation of bore- 
holes, which is time-consuming and expensive. 

(b) This process dtsturbs the fill adjacent to the pipe and 
may cause significant ingress of air below ground, and 
disturbance of the local microbiological fauna. Although 
reliable measurements of methane can be made within a few 
days of installation, it cannot be assumed that a representa- 
tive vapour sample will be obtained, even within the lifetime 
of the probe. 

To overcome these difficulties, “Casagrande” drive-in 
piezometers, from Soil Instruments Ltd., have been adapted 
for use as probes. Each one has a conical tip and a 
cadmium-plated mild steel pipe whtch IS perforated over a 
length of 300 mm. Further lengths of galvanized iron pope 
can be added and the whole hammered into the waste with 
a post-hammer. Before use the perforated tips are de- 
greased, rinsed with acetone, dried at 100”. cleaned with 
compressed air and sealed in polythene until required. The 
popes are also cleaned and sealed in polythene. The insertion 
of the probe is quick and inexpensive, and it 1s possible to 
dnve in several pipes on each site and check the evolution 
of gas from each before deciding which to sample. Probes 
can be inserted to depths up to 4.3 m. No problems of au 
ingress need be encountered even at depths of only 1 m 
below ground level. 

Sampling procedures 

Ftgure 1 shows a schematic dragram of the apparatus. 
The full trapping procedure employs three Tenax GC 
adsorption tubes, two Porapak Q adsorption tubes and a 
condensate trap. as summarized in Table I. The use of 
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Landfill 

6 

\ 

- 

methanol - 
solid CO, 

I-+ supply 

Fig. 1. Schematic diagram of sampling apparatus (not to scale); condensate trap shown in inset. 1. 
Piezometer probe. 2. Perforated aluminium sample line guard. 3. Threaded probe cap. 4. PVC seal coated 
with PTFE tape. 5. PTFE sampling tube (3 mm o.d. x 5 m). 6. Chemcon PTFE compression coupling. 
7. PTFE/glass T-tap. 8. Adsorption tube, either Porapak Q in solid CO, or Tenax CC at ambient 
temperature. 9. Glass syrmge. 10. Activated carbon adsorption tube. 11. Diaphragm pump. 12. Rotameter. 

13. Bubble flowmeter. 14. Position for insertion of grab samplers and condensate trap (inset). 

Trap 

Tenax GC at 
ambient 
temperature 

Porapak Q 
at -80°C 

Condensate trap 
at -80°C 

Table 1. A summary of the sampling and analytical techniques 

Gas volume, 
1. 

0.025 

0.1 

1.5 

Chromatography 
column 

SE30 Capillary 

Chromosorb 101 

(i) Chromosorb 101 

(ii) Tenax GC 

(iii) Triton XlOOjKOH 

Objective 

non-polar species and 
a general “fiingerprint” 

acid and neutral compounds 
and low molecular-weight 
compounds 

water-soluble acidic and 
neutral compounds 

water-soluble basic and 
neutral compounds 

water-soluble basic and 
neutral compounds 



Analysis of landfill gas 667 

Tenax GC as a general-purpose trapping medium has been 
widely reported.‘6 The tubes used here have 0.13 g of 60/80 
mesh beads packed in a 6-mm o.d. glass tube. The inlet is 
terminated with l-mm bore glass tubing to prevent back- 
diffusion during sampling. The Porapak Q tubes are made 
from 12 mm o.d. stainless steel, terminated with 6 mm o.d. 
inlets and outlets, and packed with 1 g of the 60/80 mesh 
beads. Adsorption tubes are purged before use with a flow 
of pure nitrogen at 170” for 1 hr. Tenax GC tubes are 
prestandardized by injection of 1 ~1 of methanol containing 
25 ng of anisole, according to the method of Brookes;’ most 
of the methanol is removed by purging with pure nitrogen 
at room temperature for 5 min at a flow-rate of 200 ml/min. 
Anisole is particularly suitable as an internal standard 
because it has a distinctive mass spectrum and middle of the 
range volatility, and is only rarely found in environmental 
samples. The Porapak Q tubes are not prestandardized. 

The condensate trap is of all-glass construction, with 
two limbs connected in series by conical joints (see inset in 
Fig. 1). The limbs are immersed m a bath of methanol 
and solid carbon dioxide (at -80”) during sampling. The 
total-liquefaction procedure developed by Rasmussen* and 
Penkett’ for sampling normal atmospheres by total con- 
densation of a whole-air sample at liquid-nitrogen tem- 
perature was considered as an alternative to the condensate 
trap, but rejected because of the risk of producing an 
explosive mixture of liquid methane and oxygen. Such a 
technique could also encounter procedural difficulties with 
landfill gases containing hydrogen, which does not condense 
at liquid-nitrogen temperature. 

Traps and tubes are sealed with stainless-steel Swagelok 
closures fitted with PTFE ferrules. 

Bulk gas samples are collected in stainless-steel grab 
samplers for methane, carbon dioxide, hydrogen, oxygen, 
nitrogen and hydrogen sulphide analysis. 

The following sampling procedures have been adopted. 
The best probe with respect to gas generation and 

location is selected. The PTFE tube, with the alummium 
guard in place, is lowered into position and the probe 
sealed with the screw cap. Throughout the samphng pro- 
cedure gas is drawn through the PTFE tube by means of the 
diaphragm pump. Small sample volumes are drawn from 
the main flow at the T-tap, but large volumes, i.e., more 
than 500 ml, are sampled by connecting the trap into the 
main flow line. 

Gus sampling. A preliminary methane measurement is 
made with a “Gascoseeker” or other portable thermal- 
conductivity instrument, and further measurements are 
made at regular intervals to ensure that all sampling oper- 
ations proceed at rates lower than the rate of gas production 
in the probe. A fall in the methane level indicates that the 
sample abstraction rate is too high. 

For chromatographic gas analysis, a grab sampler is 
connected in the main gas flow and suflicient gas is drawn 
through to displace the air completely. 

Tube sampling. A volume of 25 ml of gas is drawn through 
a Tenax GC tube at ambient temperature, with a syringe. 
When a Porapak Q tube is used for sampling, the second 
half of its length is covered with powdered solid carbon 
dioxide to cool it to - 80”, then 100 ml of gas are sampled. 

Condensate sampling. A volume of 7.5 litres of gas is 
drawn through the trap (which is kept at - 80”) at flow-rates 
of up to 250 ml/min. 

Analysis 

No adverse effects have been observed from storage of 
samples at room temperature, but it is better to store the 
samples in solid carbon dioxide until needed for analysis. 

Samples are recovered from the Tenax GC tubes by 
desorption at 160” for 13 min, and transferred with a helium 
flow of 10 ml/min into a 3 mm o.d. stainless-steel trap at 
liquid-nitrogen temperature (in this work an automated 
instrument supplied by GN Instrumentation Consultancy 

Ltd. was used). The sample is flash-vaporized at 200”. and 
passes through a IO:1 splitter into a 50 m x 0.3 mm i.d. 
SE30 capillary column programmed for heating from 0 to 
120” at 4”/min. The sub-ambient temperatures are achieved 
initially by pouring liquid nitrogen into a tray of the GC 
oven. When the nitrogen has evaporated, the subsequent 
nse in temperature can be controlled in the usual way by the 
temperature programmer. The column used in this work 
had a high phase-loading on a deactivated glass capillary 
and was supplied by GC2 Chromatography Ltd., Cheshire. 
The eluate from the column is passed directly into a VG 
Micromass MM 16F mass spectrometer, operated in the full- 
scan mode from m/z = 34 to m/z = 230, at 1 scan/set. The 
mass spectra are recorded on an SE Laboratories Ltd. UV 
chart-recorder with manual push-button control, but this 
operation interrupts the chromatograph record for 5 set and 
frequently cuts off the top of a GC peak. This is referred to 
as “peak chopping”. 

The Porapak Q tubes are cooled to - 80” before removal 
of the closures, to prevent the pressure inside the tube from 
expelling the contents. The samples are desorbed as from the 
Tenax GC tubes but with a helium flow of 20 ml/min, and 
are flash-vaporized directly into a 1 m x 2 mm i.d. 80/100 
mesh Chromosorb 101 column at 50”. The temperature is 
programmed to rise at lO”/min to 230”, starting 2 min after 
the injection. The column is connected to the mass spec- 
trometer through a jet separator, and initially the instru- 
ment scans from m/z 22 to 220 every 1.5 sec. The scan range 
IS adjusted to m/z = 34230 after 5 min, by which time the 
very low molecular-weight compounds have been eluted. 

The condensate trap should be stored in solid carbon 
dioxide. Before its analysis, the sample is condensed into the 
bottom of the first limb. A I-$ injection of the aqueous 
condensate is analysed on the Chromosorb 101 column, by 
the same operating procedure as for the Porapak Q ad- 
sorption tube samples. 

Basic compounds are determined by direct injection of 1 
~1 into a I m x 2 mm id. 60/80 mesh Tenax GC column 
at 50”, programmed to rise in temperature to 200“ at 
ltY/min, starting 2 min after the injection. The mass spec- 
trometer is operated in the same way as for the analyses on 
the Chromosorb 101 column. After these analyses, the 
volume of condensate may be determined gravimetrically. 

All of these analyses were terminated at elution of 
naphthalene. 

Selective ion-monitorzng. Isothermal chromatography, 
with sample injection at higher temperatures, gives im- 
proved sensitivity and reproducibility for polar compounds, 
but results in a crowded chromatogram, and selective 
ion-monitoring is required to distinguish the compounds of 
interest. Some procedures which can be used are given 
below. 

(a) Carboxylic acids are analysed on the Chromosorb 101 
column by momtoring (I-set cycle) the fragment ions with 
m/z 45, 46 and 60. The tube sample, or 2 ~1 of condensate, 
is injected at 160”. 

(b) Most low molecular-weight amines can be analysed on 
a Triton XlOO/KOH column by monitoring (l-set cycle) the 
ions with m/z = 31, 30, 45 and 44. One ~1 of condensate is 
injected at 110”. The column used in this work is a 
modification of that described by Keay and HardylO and 
contains two packing materials with the following com- 
positions: (I) Silocell C22 (S&l00 mesh), 40 g; Triton X100, 
10 g; potassium hydroxide (analytical grade), 1.4 g; (2) 
Silocell C22 (S&l00 mesh), 20 g; Triton X100, 5 g; potas- 
sium hydroxide (analytical grade), 4.2 g. A I m x 3 mm 1.d. 
column is filled to within 9 cm of the inlet with packing (1). 
and the remainder is filled with packing (2). 

Calibration procedures 

All peak heights from the analysis of a Tenax GC tube 
sample are recorded relative to the peak height for the 
anisole internal standard. Specific response factors relative 
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to amsole are determined etther by sampling and analysing 
standard atmospheres produced in the atmosphere gener- 
ator described by Brookes,” or by direct injection of 
standard solutions. The second method is not suitable for 
compounds givmg peaks which would he obscured by a 
solvent peak. For analysis of other samples separate stan- 
dards are injected and analysed before each sample. 

All of the non-polar compounds listed in Table 6 have 
been shown to have response factors similar to that of 
anisole, and approximate concentrations (pg/m3) for such 
compounds are calculated by usmg the expression 25 h/h, V, 
where h and h, are the peak heights for the compound and 
anisole, respectively, V is the sample volume (in litres) and 
25 ng of anisole are used as internal standard. 

For compounds for which this expression is unlikely to be 
satisfactory, and for all selective ion-monitoring analyses, 
calibration is done with the most approprrate standards 
available-usually the compounds themselves. 

RESULTS AND DISCUSSION 

Reproducibility 

The reproducibility of the technique and the regu- 
larity of the gas emission was examined during the 
study of the first site in the survey. Three complete 
sampling runs were carried out in succession with the 
same probe, so giving three sets of samples, taken at 
I-hr intervals. A comparison of the analyses of the 
Tenax samples on the SE30 capillary column is given 
in Table 2. The compounds were selected so that a 
minimum of five measurements was summed in each 
case. (The errors affecting individual measurements 
are discussed separately below.) The largest standard 
deviation for any group was 27% of the mean and a 
paired comparison of the data gave an overall stan- 
dard deviation of 15%. These variations were similar 
to those normally encountered with emissions from 
more tractable sources, for example solids in flue 
gases.12 

The deviations observed in these results were be- 
lieved to be due to the sampling techniques, since the 
random analytical errors would be smoothed by the 
process of summing the results into compound 
groups. The relative standard deviation for repeated 
measurements of a compound at the same probe was 
5S”j0, but a large part of this resulted from an 
instrumental error (r.s.d. 33%) due to the peak- 
chopping effect caused by the manual operation of 
the UV chart recorder. This instrumental error was 
avoided in the latter part of the survey by analysing 
one tube without acquisition of spectra and using this 
result for the quantitative assessment. Two other 
tubes from the same probe were analysed with data- 
acquisition to give the identifications. 

In the final assessment the errors for individual 
compound concentrations were smaller than those 
reported above, because the results reported from 
each site were based on not one but at least two 
sample analyses. 

The analyses of the Porapak Q and condensate 
samples on packed columns produced similar, though 
much less detailed, results. The first site studied did 
not yield any of the highly polar compounds for 

which the packed column analyses were intended, 
although high concentrations of C,-C, alcohols were 
observed at some of the other sites. The use of 
Porapak Q adsorption tubes for the atmospheric 
sampling of alcohols has been studied by Hall- 
iday. I3314 That work was carried out in association 
with one of the present authors (BIB.) and the 
adsorption tubes and analytical procedures were es- 
sentially similar to those used here. Procedural cali- 
brations, in which simulated air samples were pre- 
pared by injecting standard solutions of alcohols into 
tubes and drawing clean air through them before 
analysis, yielded linear calibration graphs for ethanol 
and propan-2-01, as the following data show: 

Number of points 
Correlation coefficient 
Y intercept (relative to 

Ethanol Propan-2-01 

6 7 
0.998 0.998 

maximum peak height), “/, I 1 

The analyses of Porapak Q samples for alcohols were 
sometimes impaired by interference from co-eluted 
hydrocarbons. This could have been overcome by 
selective ion-monitoring, but a more elegant pro- 
cedure made use of the aqueous condensate sample. 
By injection of only the aqueous phase, the inter- 
ference of these hydrocarbons could be avoided. 

A typical chromatogram for the analysis of car- 
boxylic acids with full-scan monitoring is shown in 

Fig. 2a. Tests showed that the MS response to formic 
and acetic acids in a moist sample was subject to large 
variation when injections were made with the chro- 
matography column at 50”. Although water vapour 
has an adverse effect on MS response, we believe the 
primary problem is caused by the partial condens- 
ation of the water at the head of the column, which 
introduces a third phase into the chromatography. 
The alternative procedures, whereby moist samples 
were injected onto a hot column, avoided this prob- 
lem, but because of the crowded chromatogram 
obtained at high operating temperatures, selective 
ion-monitoring was necessary to distinguish the com- 
pounds of interest. Figure 2b shows the chro- 
matogram for the analysis of an aqueous solution 
containing 16 mg/l. each of formic, acetic, propionic 
and n-butyric acids. A calibration plot of peak height 
against concentration for a series of injections cov- 
ering the range l&200 mg/l. exhibited good linearity, 
as indicated by the statistical data in Table 3. Most 
chromatographic procedures for polar compounds 
require preconditioning of the column with the sam- 
ple to be analysed before a final determination is 
made. However, for the analysis illustrated in Fig. 2b 
and Table 3 this was not necessary, as is shown by the 
data in Table 4 for a series of consecutive injections 
of carboxylic acids in aqueous solution. There is no 
significant variation in the results between the 1st and 
7th, and the 2nd and 6th injections despite 3 inter- 
mediate injections of a much more concentrated 
solution. Figure 2c shows the chromatogram for the 
blank injection. 
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Fig. 2. Analysis of carboxylic acids. (a) A Porapak Q sample of a standard atmosphere containing 5 mg/m’ 
of formic, acetic and propionic acids, analysed on Chromosorb 101, injection at 50°C temperature 
programmed heating at lO”C/min, with integrated ion-monitoring. (b) An aqueous standard containing 
16 mg/l. of formic, acetic, propionic and n-butyric acids (equivalent to a condensate of a standard 
atmosphere containing 0.4 mg/m3 of each) analysed on Chromosorb 101, injection at 160°C. isothermal 
chromatography with selective ion-monitoring. (c) An aqueous blank analysed by the same procedure as 

(b). Key: W, water; F, formic acid; A, acetic acid; P, propionic acid; B, n-butyric acid. 

Total vapours 

Methane 
(2O”C, 1 atm) 

Table 2. Variations between Tenax GC samples taken from the same site 

Relative Dilution 
Probe samples standard factor, 

deviation, Vent probe to 
A B C Mean % sample vent 

670 mg/m-’ 614 mg/m3 966 mg/m’ 750 mg/m3 25 186 mg/m3 4.0 

66.8% 66.3% 66.6% 0.5 19.8% 3.4 
v/v viv v/v v/v 

Relative concentration 
of each group 

C,C, alkane 
C& alkane 
C,C,, alkane 
C,,-C,, alkane 
C-C, alkene* 
CsC, alkene 
C,, alkene 
C,,C,, alkene 
alkylbenzenes 
other 

% % % 

0.44 0.63 0.4 
1.6 2.1 2.3 

12 18 17 
5.6 9.1 7.8 
1.2 0.9 1.0 
2.5 2.2 2.6 
5.8 8.2 10 
4.9 4.6 5.0 

40 28 35 
27 21 19 

% % 

0.49 25 0.75 
2.0 18 1.8 

15 20 26 
7.5 24 5.0 
1.0 15 1.4 
2.4 9 4.2 
8.0 27 16 
4.8 4 7.4 

34 18 22 
22 18 16 

2.5 
4.6 
2.3 
5.9 
2.9 
2.3 
2.2 
2.7 
6.3 
5.7 

*“Alkene” is used here to include all unsaturated non-aromatic hydrocarbons. 
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Table 3. Calibration data for carboxylic acids on Chromosorb 101 with 
selective ion-monitonng of aqueous standards ranging from 16 to 200 

mn/l. 

Formic 
acid 

Acetic 
acid 

Propionic 
acid 

n-Butyric 
acid 

Number of data 
Correlation 

coefficient 
Y intercept 

(relative to 
largest peak 
height) 

II 12 12 11 
0.992 0.998 0.9996 0.9997 

- 0.05 -0.01 -0.01 -0.03 

Similar sensitivity and reproducibility have been 
obtained for amines on the Triton XlOO/KOH col- 
umn, as shown by the statistical data in Table 5 for 
methylamine, isopropylamine, tert.-butylamine and 
n-butylamine. Alcohols were considered as possible 
interferents in this analysis since they have similar 
volatility, polarity and fragment ions, but the chro- 
matograms in Fig. 3 show that even large concen- 
trations are separated from these amines on the 
Triton XlOO/KOH column. Figure 3c shows a typical 
blank chromatogram for the injection of pure water. 
The small peak corresponding to methanol is prob- 
ably derived from the methanol used as solvent in the 
preparation of the column packing. 

Figure 3a illustrates the detection of isopropyl- 
amine and tert.-butylamine at the 5 mg/m3 level in a 
standard atmosphere sample analysed on the Tenax 
GC column with full-scan monitoring. As with 
carboxylic acids, this type of analysis gave poorer 
chromatography and reproducibility. The full-scan 
methods for polar compounds were included in the 
preliminary survey because they avoided any re- 
striction on the compounds that could be observed. 
A data-acquisition system would allow re-analysis of 
the acquired data with a variety of SIM procedures 
to cover all compounds of interest. The full-scan 
procedures for polar compounds, as illustrated in 
Figs. 2a and 3a were used in the absence of such a 
system. 

This discussion of reproducibility can be placed in 
perspective by considering that a comparison of all 
results for all six sites in the survey showed that only 
3% of them exhibited site-to-site variations of less 
than 1 order of magnitude, 39% had variations of l-2 

orders of magnitude and 47% had variations of 2-3 
orders of magnitude. In this context the variation 
found in the data from one site, including that 
introduced by instrumental errors, can be considered 
insignificant. 

Systematic errors 

In addition to the random errors there are possible 
sources of biased error which cannot be quantified by 
repetition. 

Sampling errors. The site discussed above, where 
three samples were taken from the same probe (see 
Table 2) also provided an opportunity to test whether 
the probe and sample line had any effect on the 
constituents of the sample. Subsidence had opened an 
80-mm diameter vent above refuse of similar age to 
that at the probe and, eight weeks after the earlier 
probe samples, Tenax GC samples of the gases 
issuing from the vent were taken at a position 150 
mm above the surface of the fill. A comparison of the 
ratios of the various components in the two sets of 
samples gives a partial measure of the accuracy of the 
technique. In the right-hand column of Table 2 the 
relative concentrations of the compounds measured 
in the probe sample are compared with those mea- 
sured at the vent. The methane analysis indicated that 
the landfill gas coming from the vent had been diluted 
by a factor of 3.4 by the surrounding air. This 
compares with a dilution factor of 4.0 calculated from 
the total vapour concentrations. For each group of 
compounds the difference between the two mea- 
surements is within a factor of 2, and a paired 
comparison of the two sets of data gives the overall 
standard deviation as 57% of the mean. 

Table 4. Reproducibility of consecutive injections of carboxylic acids on Chromosorb 
101, with selective ion-monitoring 

Peak height, mm 

Injection Concentration, Formic Acetic Propionic n-Butyric 

seauence m%? Il. acid acid acid acid _, 
1 0.0 2.5 IO 1 1 
2 16 18 34 24 39 

3 400 804 835 690 1120 

4 400 - 865 685 1095 

5 400 815 830 670 1068 

6 16 13 29 24 42 

7 0.0 2.8 4.5 1.2 3.4 
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Table 5. Calibration data for amines on the Triton XlOO/KOH column with selective 
ion-monitoring of aqueous standards ranging from 20 to 200 mg/l. 

Methylamine Isopropylamine tert.-Butylamine n-Butylamine 

Number of data 9 9 9 9 
Correlation 0.990 0.998 0.999 0.999 

coefficient 
Y interceot -0.05 -0.05 +0.01 -0.03 

(relative to 
largest peak 
heieht) 

The use of the PTFE sample line to conduct the tact with the solid and liquid materials in the fill. The 
gases and vapours to the surface of the landfill was continuous flow of at least 50 ml/min of landfill gas 
preferred to a procedure in which sample tubes were through the sample line throughout the sampling 
lowered into the tip, since this had been shown to period helped to overcome any problems from ad- 
carry considerable risk of errors resulting from con- sorption on the wall of the tubing. 

I-P, t-B 

n-B 

(b) 1-P 
I\ 

1 

(d) 

I I I I 

3 5 7 9 

M EE min 

‘E 

IV \ m/130/ 
m/z 451 304 I 

m/z L 
3 5 7 9 

m’z45z 
min min 

Fig. 3. Analysis for amines. (a) A condensate sample of a standard atmosphere containing 5 mg/m’ of 
methylamine, isopropylamine, and tert.-butylamine analysed on Tenax GC, injection at 50°C temperature 
programmed heating at lO”C/min, with integrated ion-monitoring. (b) An aqueous standard containing 
20 mg/l. of methylamine, isopropylamine, tert-butylamme and n-butylamine (equivalent to a condensate 
of a standard atmosphere containing 1.0 mg/m’ of each) analysed on Triton XlOO/KOH, injection at 
110°C isothermal chromatography with selective ion-monitoring. (c) An aqueous blank analysed by the 
same procedure as (b). (d) An aqueous solution, containing 400 mg/l. of methanol and ethanol, analysed 
by the same procedure as (b). Key: W, water; MA, methylamine; i-P, isopropylamine; t-B, tert-butyl- 

amine; n-B, n-butylamine; M, methanol; E, ethanol. 
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Most of the compounds were present at concen- 
trations below that of their saturated vapours at 
ambient temperature and so sample loss by conden- 
sation would not be a problem. However, moisture 
did condense in the sample line above ground at some 
sites and losses of water-soluble compounds to the 
liquid phase may have occurred. It is arguable that 
such effects would be an acceptable part of the 
procedure since they must also occur for the natural 
emission of the landfill gases as they reach the 
surface. However, cold-trap condensate samples were 
collected during the survey to ensure the recovery of 
all the water-soluble species. 

Calibration factors. In the analysis of the Tenax 
GC samples, anisole was used as the initial cali- 
bration standard for all the compounds, and the 
difference between the true calibration and that based 
on anisole constituted a systematic error. This would 
not interfere with comparative assessment of vari- 
ations between sites but would affect the accuracy of 
individual measurements. Table 6 lists the calibration 
factors for a number of volatile compounds with 
respect to anisole. Except for the markedly polar 
compounds, in the second half of the table, all the 
factors are below 2. Since this was similar to the 
random errors discussed above, anisole was adopted 
as a general calibrant for such compounds. 

The polar compounds in Table 6 all gave poor 
peak shape in the SE30 chromatograms, and most of 

them were completely miscible with water. For such 
compounds individual calibrations were performed 
with the most appropriate standards available- 
usually the compounds themselves. 

Instrumental error. GC peak-chopping, caused by 
manual operation of the UV chart recorder, intro- 
duces a reduction in the peak height displayed on the 
recorder. A comparison of the chromatograms of the 
two samples referred to above, of which one was 
recorded without acquisition of mass spectra, showed 
that the peak-chopping reduced the peak height by an 
average of 27%. No correction factor was introduced 
into the calculations to allow for this effect, but the 
full peak height of the internal standard, anisole, was 
recorded. 

Chromatographic performance. The injection of a 
sample containing pl-quantities of water, or other 
polar compound, into a GC column at a temperature 
below the boiling point of the compound can lead to 
loss of chromatographic performance for all or part 
of the subsequent analysis. This phenomenon seri- 
ously reduces the GC peak heights and also affects 
the limit of detection. However, it is readily recog- 
nizable because of the impairment of peak shape, and 
it was not a major problem in any of the survey 
analyses. 

Artefacts from the trapping media. Significant peaks 
for various compounds are often observed in “blank” 
chromatograms run for both Porapak Q and Tenax 

Table 6. Calibration factors relative to anisole 

Anisole peak height 

Compound Medium* Compound peak height+ 

For the SE30 capillary column: 
chloroform L 
trichloroethylene A 
tetrachloroethylene A 
n-butyl acetate A 
n-heptane A 
n-decane A 
1-octene A 
benzene A 
toluene A 
ethylbenzene A 
p-xylene A 
o-xylene A 
1,3,5-trimethylbenzene A 
1,2,4-tnmethylbenzene A 
methylstyrene A 
naphthalene A 
I-methylnaphthalene A 
phenol L 
For the chromosorb 101 column with integrated ion-monitoring: 
ethanol L 
acetrc acid L 
2-methylpropan- l-01 L 
butan- l-01 L 
ethanethrol L 
dimethyl sulphide L 
tetrahydrothiophene L 
n-butylamine L 

1.0 
1.4 
0.63 
1.0 
1.3 
1.2 
0.56 
1.1 
0.91 
0.83 
0.77 
0.71 
0.56 
0.67 
0.63 
0.71 
0.83 

11 

24 
21 

4.3 
5.2 

17 
4.1 
2.0 

32 

*L = standard solution; A = standard atmosphere. 
tFor equal weights of anisole and compound. 
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Table 7. List of compounds detected, and the results for one of the sites 

Results for one site 

Compound 
Number of Concentration, 
GC peaks wlm’ 

Alkanes 
Propane 
Butanes 
Pentanes 
Hexanes 
Heptanes 
Octanes 
Nonanes 
Decanes 
Undecanes 

Alkenes 
Butadiene 
Butenes 
Pentadienes 
Pentenes 
Hexenes 
Heptadienes 
Heptenes 
Octenes 
Nonadienes 
Nonenes 
Decenes 
Undecenes 

Cycloalkanes 
Cyclopentane 
Cyclohexane 
Methylcyclopentane 
Dimethylcyclopentanes 
Ethylcyclopentane 
Methylcyclohexane 
Trimethylcyclopentanes 
Dimethylcyclohexanes 
Trrmethylcyclohexanes 
Propylcyclohexanes 
Butylcyclohexanes 

Terpenes 
Limonene 
Other terpenes 
? Menthene 

Aromatic hydrocarbons 
Benzene 
Toluene 
Styrene 
Xylenes 
Ethylbenzene 
Methylstyrene 
C,-Alkylbenzenes 
C,-Alkylbenzenes 
C,-Alkylbenzenes 

Halogenated compounds 
Chloromethane 
Chlorofluoromethane 
Dichloromethane 
Chlorodithtoromethane 
Dichlorofluoromethane 
Chloroform 
Dichlorodifluoromethane 
Trichlorofluoromethane 
Chloroethane 
I, I -Dichloroethane 
I ,2-Dichloroethane 
Vinyl chloride 
I, 1, I -Trichloroethane 
l,2-Dichloroethylenes 

0 <2 
I 14 
2 I05 
2 100 
3 99 
2 I7 
6 I47 
6 I25 
2 I2 

0 
2 
0 
I 
I 
0 
0 
5 
I 
2 
7 
0 

0 
I 
0 
I 
0 
I 
0 
0 
0 
0 
0 

I 
5 
I 

I 
I 
I 
2 
I 
0 
4 
3 
0 

I 
I 
1 
I 
1 
0 
I 
I 
I 
I 
0 
I 
I 
1 

<I 
I8 

<2 
0.5 

15 
<2 
<2 
21 

5 
22 
82 

t2 

<2 
33 

<2 
I 

12 
15 

<2 
<I 
<2 
<2 
<2 

240 
160 

14 

5 
15 
7 

34 
14 

<2 
36 

5.8 
<2 

I 
I 

I40 
4 
5 

<I 
IO 
20 
25 

120 
<2 

I6 
29 
68 

continued 
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Table l-continued 

Results for one site 

Compound 
Number of Concentration, 
GC peaks mglm’ 

Trichloroethylene 
Tetrachloroethylene 
1, I-Dichlorotetrafluoroethane 
1,2-Dichlorotetrafluoroethane 
I, 1, I -Trichlorotrifluoroethane 
Bromoethane 
Chloropropanes 
Dichlorobutenes 
Chlorobenzene 
Dichlorobenzenes 

Organosulphur compounds 
Carbonyl sulphide 
Carbon disulphide 
Methanethiol 
Ethanethiol 
Dimethyl sulphide 
Dimethyl disulphide 
Diethvl disulohide 
Butanethiols L 
Pentanethiols 

Alcohols 
Methanol 
Ethanol 
Propan- 1-01 
Propan-2-01 
Butan-l-01 
Isobutanoi 
Butan-2-01 

Esters 
Ethyl acetate 
Methyl butyrate 
Ethyl propionate 
Propyl acetate 
Isopropyl acetate 
Methyl pentanoate 
Ethyl butyrate 
Propyl propionate 
Butyl acetate 
Ethyl pentanoate 
Propyl butyrate 

Ethers 
Dimethyl ether 
Methyl ethyl ether 
Diethyl ether 
Dipropyl ethers 

Other oxygenated cornpour& 
Acetone 
1,3-Dioxolane 
Butan-Zone 
Tetrahydrofuran 
Pentan-2-one 
Methylfurans 
Dimethylfurans 
? Camphor/fenchone 

0 

0 

0 
0 
0 

0 

0 
0 

1 

0 
0 
0 
0 

0 

0 
0 
0 
0 
0 

10 
250 

1 
<2 
<2 
<2 
<2 
<2 
<2 
<2 

<l 
5 

60 
<l 

14 
10 

<2 
t2 
<2 

<2 
1810 

110 
122 

<2 
<O.l 
110 

60 
5 

50 
SO 
6 
1 

350 
200 

60 
20 

100 

<2 
<2 
<2 
<2 

<I 
5 

38 
tl 
12 
12 
12 
<2 

GC sorption tubes. Even with the low desorption have acknowledged that C, and C, alkylbenzenes can ._ 
temperatures employed in this work, Porapak Q gives be observed.” In the course of other studies the 

rise to alkylstyrene compounds, so these were ignored authors have observed production of a variety of 

in the analyses of the Porapak Q samples. Although compounds, including phenol, benzaldehyde and 

there are literature reports which maintain that benzyl alcohol. The production of artefacts from 

Tenax GC does not give rise to artefacts,5.‘5 others Tenax GC is variable-the same tube may give a 

have suggested this may occur’6.‘7 and the suppliers clean blank on one occasion and a highly con- 
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taminated one on another. The quantities of C, and 
C, alkylbenzenes which arise as artefacts are too 
small to interfere in the survey and the other com- 
pounds were not observed. Higher alkylbenzenes can 
be produced from Tenax GC sample tubes in very 
significant quantities (several pg), but in the authors’ 
experience they are always accompanied by benz- 
aldehyde, and so their observation and measurement 
in the survey (in which no benzaldehyde was found) 
was regarded as valid. Overall, therefore, there was 
no problem from artefacts. A new product, Tenax 
TA, which is claimed to suffer fewer problems than 
Tenax GC, has not yet been tested by the authors. No 
artefacts are produced on a Tenax GC chro- 
matographic column, however. 

Limits of detection 

The detection limit depended not only on the 
observation and resolution of a GC peak but on the 
ability to identify it from the mass spectrum. For 
non-polar compounds chromatographed on the SE30 
column this limit corresponded to a concentration of 
typically 0.1 mg/m3 in the original 25-ml sample. For 
compounds co-eluted with a much larger quantity of 
another substance, the detection limit was assessed as 
ten times the minimum, i.e., typically 1.0 mg/m3. 

Specific tests were made to determine the detection 
limits for polar compounds, using all the sampling 
techniques and the integrated ion-monitoring pro- 
cedures. Three sets of standard atmospheres contain- 
ing (a) formic, acetic and propionic acids; (b) methyl- 
amine, isopropylamine and tert.-butylamine; (c) 
pyridine, were generated by the dynamic technique 
developed by Brookes.” In order to simulate the 
conditions applying to landfill gas, the humidity of 
the atmospheres was raised by passing the inlet air 
through heated water in a bubbler before its admix- 
ture with the vapours of the test compounds. The 
water temperature was that calculated to give the 
equivalent of 100% humidity at 31”. The whole 
apparatus was warmed with heating tapes to prevent 
condensation, and sampling was done with the same 
PTFE sample line and other apparatus used for 
on-site sampling. A chromatogram for atmospheric 
samples containing carboxylic acids is shown in Fig. 
2a, and for amines in Fig. 3a. Methylamine was not 
detected in any of the analyses since the integrated ion 
analysis of the eluate from the SE30 column did not 
include the fragment ions of methylamine, and al- 
though methylamine can be chromatographed ade- 
quately on Tenax GC, under the conditions used its 
peak will be obscured by the water peak (Fig. 3a). 
For basic compounds in general, the limit of de- 
tection was assessed as 10 mg/m3. The Porapak Q 
samples permitted the detection of the acids at 5 
mg/m3. For determination none of these integrated 
ion procedures would have been reliable and further 
analysis by a selective ion-monitoring technique 
would have been required. The detection limits 
(mg/m’) estimated for a range of compounds ana- 

lysed by the SIM procedures (Figs. 2 and 3) were as 
follows: formic acid 0.6, acetic acid 0.6, propionic 
acid 0.3, n-butyric acid 0.2, methylamine 0.6, iso- 
propylamine 0.6, tert-butylamine 0.6, n-butylamine 
0.3. 

No individual measurements were made for finding 
the limits of detection for alcohols, but from the work 
of Halliday,‘3,‘4 which used procedures similar to 
those reported here, the limit of detection on Chro- 
mosorb 101 with full-scan MS was estimated to be 2 
mg/m3. A lower limit should be possible with selective 
ion-monitoring. 

Conclusions 

Table 7 shows the complete list of all the species 
observed in the survey, together with the analytical 
results obtained from one of the sites. The methods 
allowed the identification and determination of these 
compounds with sufficient accuracy and re- 
producibility to show up significant variations be- 
tween their source concentrations at six different 
sites. They also permitted the estimation of potential 
odour intensities and toxicity levels.3 Limits of de- 
tection have also been assessed for important com- 
pounds not yet observed in the survey. 

The analyses for polar compounds by selective 
ion-monitoring techniques and with sample injection 
at high temperatures, were found to give much better 
reproducibility and sensitivity than the alternative 
full-scan/cold-injection procedures did. 
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Summary-The analytical performance characteristics of a single-column ion chromatography system are 
reported. The data were obtained by using conductivity detection as well as by an indirect ultraviolet 
technique. The method has been applied to the determination of Cl -, NO, and SOi- in samples of rain, 
sewer water, and soil-pore water. Also described are two methods which allow ion chromatographic 
analysis of CaSO,-extractable nitrate in soils, and total sulphur in soils, marine sediments and plant tissue. 

Ion chromatography (IC) is a variant of high- 
pressure liquid chromatography, applicable to anal- 
ysis for inorganic ions. The instrument consists of an 
efficient ion-exchange column through which a suit- 
able eluent is pumped. A loop-type injection valve is 
used to introduce the sample into the eluent stream 
and onto the column. The ions are retained to 
varying degrees and therefore emerge from the col- 
umn after characteristic retention times. 

The first report of this technique was by Small et 
al.’ The method they developed uses a 
carbonate/bicarbonate buffer as eluent and incor- 
porates a second “suppressor” column in addition to 
the analytical column. The suppressor column-a 
cation-exchange column-serves to remove eluent 
metal cations so that the emerging solution contains 
protons, carbon dioxide and the analyte anions. The 
conductivity of the weak carbonic acid electrolyte is 
low, making it possible to detect the other anions 
with a conductivity flow cell and meter. It is necessary 
to regenerate the suppressor column regularly since it 
becomes saturated with cations from the eluent solu- 
tion. Recently, a hollow-fibre suppressor system has 
been developed which eliminates the need for a 
separate regeneration step. The eluent passes through 
a hollow fibre constructed of cation-exchange mem- 
brane material, while a counterflowing stream of very 
dilute acid outside the fibre continuously reconverts 
the resin into the hydrogen-ion form.2.3 

A second type of ion chromatography-non- 
suppressed, or single-column IC-is also possible. No 
suppressor column is used and the eluents are of 
relatively low conductivity. Two types of detectors 
are compatible with a single-column system. Most 
commonly used is a conductivity meter which elec- 
tronically compensates for background conductivity. 

An ultraviolet detector may also be used if the 
eluent buffer includes an organic acid which absorbs 

in an appropriate region of the ultraviolet. Inorganic 
anions which do not absorb in that region appear as 
troughs in the baseline, allowing indirect detection. 

Since conventional HPLC instrumentation is em- 
ployed in single-column IC, the equipment cost can 
be considerably lower than with the two-column 
instrument. Regeneration of a suppressor column is 
not required, and the analytical characteristics of the 
two techniques are comparable. This paper describes 
the performance of a single-column ion chromato- 
graph using both conductivity and ultraviolet de- 
tectors. 

Environmental samples 

Natural waters-rain, lake and soil-pore water- 
have traditionally been analysed for anions by spec- 
trophotometric methods, but these methods are sub- 
ject to interference from other species present, 
especially in soil solutions. For example, chloride 
and nitrite interfere with the widely-used nitro- 
phenoldisulphonic acid method for nitrate.4 Routine 
spectrophotometric anion analysis is time- 
consuming, and though it is possible to handle large 
numbers of samples efficiently by the use of an 
auto-analyser, a heavy investment in equipment and 
reagents is necessary for each species being deter- 
mined, and there must be sufficient sample to allow 
determination of all the anions of interest. 

Ion chromatography is gaining wide acceptance as 
a useful method for the determination of anions in 
environmental samples. Determinations of species 
such as F-, Cl-, Br-, NO,, NO;, SO:-, AsO:- 
and PO:- have all been reported, although most 
current literature is concerned with systems using 
eluent suppression.5,6 

Ion chromatography permits the simultaneous 
analysis of an aqueous solution for Cl-, NO, and 
SO:-. The method is well suited to analysis of lake, 
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stream, rain and soil-pore water. These water samples 
are, however, relatively clean and contain only low 
concentrations of additional organic and inorganic 
constituents. 

Analysis of environmental samples requiring dis- 

solution or extraction may present greater difficulties. 
The ion-exchange resin used in the IC system has low 

capacity (of the order of peq/g). and the detector 
measures a property of the bulk eluent solution, not 
just of the analyte (as would be the case with direct 
ultraviolet detection of organic compounds). As a 

result, any ionic species present in the sample at high 
concentration relative to the analyte may cause col- 
umn overloading, with loss of resolution, and severe 
baseline fluctuations at the detector. This has pre- 
cluded the use of IC for many samples with high 
levels of total ionic species, or requiring pretreatment 
with concentrated reagents. 

Such samples include the inorganic salt solutions 
used to extract “available” nutrient anions from soil. 
Also included are solutions prepared for total ele- 
mental analysis from solid samples such as soils and 
plant tissue. Pretreatment by wet ashing with strong 
acids or fusion at high temperature introduces large 
amounts of ionic material and so prevents direct ion 
chromatographic analysis. 

In addition to water analysis for Cl , NO;, and 
SO:-, this paper describes the use of ion chro- 
matography for two more difficult analyses, (a) for 
soil nitrate extractable mto aqueous calcium sulphate 
solution, and (b) for total sulphur in soils, sediments 
and plant tissue. 

EXPERIMENTAL 

Apparatus 
A Spectra-Physics Model 3500 HPLC instrument was 

used in conjunction with a Vydac 302 IC anion-exchange 
column, a Valco UHPa-N60 injection port and a Rheodyne 
Model 7302 2+m column inlet filter. Detection was by a 
Vydac Model 6000 CD conductivity cell and meter, or a 
Spectra-Physics Model 230 ultravtolet detector. The reten- 
tion times, heights and areas of peaks were recorded and 
measured with a Hewlett Packard 3390A integrating 
recorder. A block diagram of the system is given in Fig. 1. 

Reagents 
The eluent was 4.0 x IO-‘M aqueous phthahc acid buffer 

adjusted to pH 5.0 with sodium borate, when conductivity 
detection was used. A I.0 x IO-‘M phthalate buffer ad- 
justed to pH 4.0 was used with the ultravrolet detector. 
Mixed standards contaming Cl -, NO, and SO:- were 
prepared from the analytical-reagent grade potasstum salts. 

Procedure 
Samples htgh in suspended particulate matter were 

filtered through a 1.2~pm filter before analysrs. Most sam- 
ples, however, were injected directly. 

An eluent flow-rate of 2.0 ml/min was used wtth a pump 
pressure of 900 psig. For all samples a 250~~1 sample loop 
was used. 

The conducttvrty meter includes controls to offset the 
baseline conductivity and was adjusted to send a net zero 
baseline signal to the recorder. To achieve a zero baseline 
output from the ultraviolet detector. the reference cell was 
filled with eluent and the balance control adjusted to 
compensate for any minor differences in sample and refer- 

Fig. 1. Block diagram of single-column ion chromatograph. 

ence cells. Reversal of the recorder leads resulted m posrttve 
peaks for analyte species, which could be integrated by the 
recorder. A wavelength of 280 nm and a detector sensitivity 
of 0.08 AUFS (absorbance units full scale) were used, 
although higher absorbance range settings were necessary 
for ion concentrations greater than 25 pg/ml. 

RESULTS AND DISCUSSION 

Conductivity detection 

A typical chromatogram obtained with conduc- 
tivity detection is shown in Fig. 2. The first peak in 
the chromatogram (retention time t, = 95 set) was 
the pseudo-peak’ due to cations in the sample plus 
anions displaced from the column by analyte anions. 
The pseudo-peak was usually large and could be 
either positive or negative, depending on the total 
concentration of ions moving with the solvent front. 

Followmg the pseudo-peak, Cl-, NO, and SO:- 
were eluted at t, = 200, 280 and 430 set respectively. 

(A) 

a 

(B) ; 
C 

Fig. 2. Typical ion chromatogram of water samples: A, 
ultraviolet detector (1 pg/ml, 0.02 AUFS); B, conductrvtty 
detector (25 pg/ml); a. pseudo-peak; b. Cl-; c, NO,; d, 

so:-. 
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Eluent pH [NO;1 (pg/ml OS N) 

Fig. 3. Retention times of Cl -, NO; and SO:- as a 
function of pH for 2.0 x 10m3M phthalate eluent. 

Fig. 4. Nitrate calibration by peak-height and peak-area 
measurements, with conductivity detection. 

The retention times and resolution were dependent 
on the ionic strength of the eluent and its pH. 
Retention times, particularly for SOi- and other 
strongly retained anions, were markedly pH- 
dependent, with longer retention times at lower pH 
(Fig. 3). The eluent pH must therefore be adjusted 
carefully for good reproducibility to be obtained. 
Sample pH between 2 and 7 did not affect the 
position or size of the peaks. 

The ionic strength of the eluent was adjusted by 
varying the phthalic acid concentration. Although 
separation of the three anions of interest could be 
achieved at any phthalic acid concentration in the 
range l&4.0 x 10e3M, the shortest retention time 
possible for SO:- was desired, in order to speed up 
the analysis. The optimum combination of short 
retention time and resolution was obtained at 
4.0 x 10m3M. For the resolution, defined as 
R =(tRA - fRs)/( Y, + Y,), where Y = peak width, a 
value of 1.0 or greater is considered sufficient for 
quantitative analysis. For the NO; and Cl- peaks, 
values of R = 8.3 and 3.3 were obtained with 
2.0 x IO-‘M and 4.0 x 10e3A4 eluent solutions, re- 
spectively. 

Calibration lines for all three anions were curved 
when peak-height measurements were used, but were 
linear for peak-area measurements. Typical cali- 
bration lines for NO; are shown in Fig. 4. Linear 
ranges and sensitivities for all species are given in 
Table 1. The peaks broadened at higher concen- 
trations, and overlap of the Cl- and NO, signals, 
when both ions were present at concentrations above 
about 120 ~g/ml, began to cause small deviations 
from linearity. Calculated in terms of molar concen- 
trations, the sensitivity was about twice as great for 
SOi- as for Cl- and NO<. Over a 6-month period 
the sensitivities varied by less than f7%, but there 
was some loss of column efficiency, and this necessi- 
tated a decrease in the eluent pH to maintain the 
resolution and retention times reported. 

Detection limits are listed in Table 2 and are 
defined as twice the standard deviation of the baseline 
noise. 

Other anions can be detected by ion chro- 
matography. With the 4.0 x 10m3M pH-5.0 phthalate 
buffer, NO, gave a peak at t, = 240 set, Br- at 
t, = 245 set and S& at r, = 545 sec. None of these 
species was found in any of the water samples 

Table 1. Linear concentration ranges and sensitivities of ion chromatographic 
analysis, based on area measurements 

Linear range, pg/ml Sensitivity (area. COMES ml pg _ ‘) 

Anion Conductivity UV Conductrvity uv 

Cl- O-120 G25 1.50 x 104 4.45 x 104 
NO, (as N) &I20 G30 3.86 x IO4 1.17 x 105 
SO:- (as S) G140 (t50 3.77 x IO4 2.54 x IO5 

Table 2. Detection limits for anions in aqueous solution 
_ (250-~1 sample loop) 

Detection limit based on 
neak area. ualml 

Anion Conductivitv uv 

Cl- 0.6 0.2 
NO; (as N) 0.2 0.07 
SO:- (as S) 0.2 0.03 
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examined. When all three were added to standard 
samples containing Cl-, NO, and SO:-, however, 
all species except Br and NO; could be resolved. 
These last two species could be resolved with a 
2.0 x 10m3M pH-5.0 buffer, although at the expense 
of increased retention time for SO:-. A peak for 
SOi- was also obtained, but it had the same reten- 
tion time as the SOi- peak. Gjerde et al,’ using a 
variety of conditions, were also unable to resolve 
these two peaks. 

surement to avoid potential problems associated with 
the ultraviolet absorption of the organic species. 

Analysis qf water samples 

Subsequent analyses were obtained with conduc- 
tivity detection except where otherwise noted. 

Ultraviolet detection 

The use of an ultraviolet detector to monitor eluent 
absorbance as a means of detecting non-absorbing 
anions in ion chromatography is called indirect pho- 
tometric chromatography (IPC) and was reported by 
Small and Miller.* This detection system offers the 
advantages of single column IC as well as greater 
sensitivity and lower detection limits than are poss- 
ible with conductivity detection. Maximum versatility 
is obtained with a variable-wavelength detector, but 
since fixed-wavelength detectors are more common as 
standard HPLC equipment, the latter was used for 
the water analyses reported in this paper. 

Calibration line and standard-additions pro- 
cedures were used on a single soil-pore water sample 
as a means of determining whether or not matrix 
interferences occurred in the analysis. The calibration 
curve was constructed by use of five aqueous stan- 
dards with concentrations from 0 to 15 pg/ml. In the 
standard-additions method, the sample was spiked 
with four successive additions. up to a maximum 
added concentration of 12.8 pg/ml. The results and 
the calculated confidence intervals are given in Table 
3. The close agreement of the results indicates that for 
this sample there are no substantial matrix inter- 
ferences. All other analyses in this paper were 
obtained by use of the calibration curve procedure. 

The factors influencing optimum chromatographic 
resolution are identical for the two types of detector, 
but the fixed-wavelength detector places an addi- 
tional constraint on the eluent concentration. The 
absorbance of the eluent at the wavelength of the 
detector should be between 0.2 and 0.8 in the detector 
cell’ and the absorbance of a 4 x 10m3M phthalic acid 
solution is too high. For that reason a 1 x 10m3M 
solution was chosen as eluent. As a result, the peaks 
were broader, and retention times longer than with 

the higher concentration buffer. 

Comparative analyses of various soil-pore water, 
sewer water and rain samples are reported in Table 
4. Results for SO:- were obtained by IC as well as 
by a turbidimetric procedure’ and for NO< by IC 
and by the spectrophotometric procedure of Norman 
and Stucki.” Cl was determined by IC and by 
potentiometric titration. The results are comparable 
in accuracy and precision. 

Linear concentration ranges, and sensitivity for the 
eluent and wavelength used are given in Table 1, and 
detection limits in Table 2. The smaller linear concen- 
tration range obtained with ultraviolet detection is 
mainly due to the use of a lower eluent concentration. 
As the analyte concentration becomes significant 
relative to eluent concentration, peak resolution is 
lost. Overlap of the broader Cl and NO< peaks at 
concentrations above 25 pg/ml causes deviations 
from linearity. 

The soil-pore water samples analysed were ob- 

tained from field and laboratory studies on Canadian 
Shield podzols and brunisols. Many of the low-value 
samples were from B and C horizon material, and the 
high values usually occurred in samples taken from 
the L and H layers. Some of these latter samples were 
highly coloured with soluble humic materials but 
there is no evidence that this affected the results 
obtained by conductivity detection. 

Analysis of soils for extractable NO; 

The choice of detector depends on the intended 
use. For routine analysis of samples containing high 
concentrations of anions, conductivity detection is 
satisfactory in terms of speed and simplicity. The 
ultraviolet detector offers greater sensitivity and 
lower detection limits and thus is well suited to 
analysis of low concentration samples. 

Ion chromatography has been used in the deter- 
mination of NO; extractable from soil, but the 
extracting solutions are dilute (lo-‘M potassium 
chloride, for example).” Other more concentrated 
extracting solutions have also been recommended, 
such as saturated aqueous calcium sulphate solu- 
tion.” In this solution the equilibrium concentration 
of sulphate is sufficient to mask any peak due to 
extracted NO; if analysis by IC is attempted. A 
means of removing the sulphate after extraction, 
while quantitatively retaining the nitrate, was there- 
fore sought. 

Soil water samples that are coloured by organic Lead sulphate has a KSP of approx. 1 x lo-‘, or an 
matter should be analysed by conductivity mea- equilibrium sulphate concentration of less than 

Table 3. Analysis of soil-pore water [mean (95”; confidence interval)] 

NO,, pgglml SOi ~, fig/ml 
as N as S 

Calibration line method 1.2(0.1) 3.1 (0.5) 
Standard-additions method 1.2 (0.1) 3.1 (0.5) 
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Table 4. Mean values (959b confidence Intervals) for the analysis of water samples by ion chromatography and other 
methods, analyses performed in triplicate 

So&pore water Cl 
G2 

G3 

Sewer water Sl 
s2 

Rain water Rl 

R2 

Lake water Ll 

SO:-, pgglml as S 

IC Turbidimetrict 

22.30 (0.48) 23.02 (0.85) 
9.35 (0.26) 9.16 (0.42) 
9.28 (0.25)* 

12.59 (0.34) It.91 (0.60) 

7.63 (0.26) 7.42 (0.58) 
3.91 (0.30) 3.91 (0.27) 
4.01 (0.40)* 

0.20 (0.50) 0.44 (0.20) 
0.23 (0.30)* 
1.60 (0.30) 1.75 (0.36) 
1.74 (0.36)* 

NO;, pgglml as N Cl-, pglml 

IC uv IC Potentiometric 

2.89 (0.17) 2.91 (0.09) ND 
1.59 (0.18) 1.57 (0.09) ND 
1.52 (0.30)* ND* 
2.58 (0.17) 2.74 (0.30) ND 

3.57(0.16) 4.04 (0.08) 10.64 (0.30) 11.48 
3.21 (0.18) 3.49 (0.08) 3.80 (0.25) 3.97 
3.28 (0.23)* 4.83 (1.3)* 

ND ND ND - 

o.*;Ko) 0.91 (0.09) 
ND* 
ND 

0.87 (0.30)1 ND* 

9.13 (0.48) - ND 28.22 

ND = None detected. 
*Ion chromatography with ultravlolet detection. 
TStandard deviation based on 3 measurements-turbidimetry only. 
- = No analysis done. 

lOpgg/ml, which is low enough to permit the IC 
analysis. Adding a soluble lead salt to the extractant, 
however, merely replaces the sulphate with an equiv- 
alent amount of a second anion, which will give the 
same interfering effect. This problem can be over- 
come by charging a cation-exchange resin with lead, 
the resin acting as an insoluble counter-ion. When the 
sulphate-containing soil extract is passed through a 
column of such a lead-charged resin, PbS04 precip- 
itates and is trapped in the column. The NO, passes 
through and may be collected in the effluent. 

A OS-ml bed of Dowex 5OW-X8 (2Oo-400 mesh) 
hydrogen-form resin was prepared in a Bio-Rad 
disposable polypropylene column. The resin was 
flushed with 5 ml of 10% lead acetate solution, and 
rinsed with lOm1 of demineralized water. One ml of 
soil extract solution was introduced into the column, 
and after it had passed into the resin bed, was 
followed by a few ml of water. The lead sulphate 
precipitate was visible as it formed in the column. The 
first 0.25 ml of effluent immediately following sample 
introduction was discarded and the next 2.0 ml were 
collected in a graduated tube. An aliquot of this 
sample was then injected directly onto the ion chro- 
matograph for NO, determination. 

Table 5. Nitrate recovery during SOi- removal by a 
lead-charged cation-exchange column 

NO, added, NO, found, Recovery. 
Trial PgofN IcgofN % 

1 46.9 46.9 100.0 
2 46.9 46.2 98.5 
3 46.9 46.7 99.6 
4 46.9 46.7 99.5 
5 46.9 47.6 101.5 

A recovery study was performed to test for any loss 
of NO; during the clean-up of solutions containing 
added NO; in the presence of CaSO,. Results are 
listed in Table 5. 

The use of the lead-charged cation-exchange col- 
umn provides a means of removing the bulk of the 
sulphate, with essentially quantitative recovery of 
NO;, although a twofold dilution of the soil extract 
results. 

Other extracting solutions are also commonly em- 
ployed in the determination of available soil nutri- 
ents, for exampleI CaCl, or KC1 solutions for extrac- 
tion of NO, and NO;. A similar principle has been 
applied to the separation of Cl- and Br- from 
complex matrices by collection of the halides on a 
silver-charged resin, followed by elution and deter- 
mination.14 Resins charged with silver could also 
provide a means of removing excess of Cl ~, allowing 
analysis of CaCl, or KC1 soil extracts by ion chro- 
matography. 

Total sulphur determination 

Determination of total sulphur in plant and soil 
material by spectrophotometric methods requires 
conversion of all the sulphur into SOi- or S2-. 
Neither approach yields a sample suitable for ion 
chromatographic analysis if methods involving 
Na,CO, or Na,O, fusions are used. Other pre- 
treatments have been reported,15 but they also involve 
the use of concentrated reagents, so they too do not 
yield samples suitable for IC. 

The combustion of samples in an oxygen atmos- 
phere has been used for the clean oxidation of many 
types of samples. No excess of ionic material is 
introduced into the sample during oxidation, leaving 
it “clean” enough for analysis by ion chro- 
matography. 
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Table 6. Total sulphur analysis by ion chromatography 

Found, Certificate 
Sample % value, ‘! 

NBS- 157 1, Orchard Leaves 0.20 (0.03)* 0.19 

NRC-MESS-l, Marine Sediment 0.72 (0.03) 0.72 (0.05) 
NRC-BCSS-1, Marine Sediment 0.40 (0.03) 0.36 (0.05) 

Canmet SO-2, Soil 0.037 (0.02) 0.034 (0.01) 
Canmet SO-4, Soil 0.059 (0.02) 0.044 (0.04)t 

*Figures in parentheses are 95% confidence interval, based on SIX 
measurements. 

tlndividual certificate values obtained by combustion, XRF and SSMS 
range from 0.03 to 0.09% for soil SO-4. 

A study was undertaken to determine whether or 
not this technique would be effective for soils, marine 
sediments and plant tissue. 

The combustion was performed in a 250-ml 
Schiiniger flask with 40-60 mg of sample in the usual 
way.16 The absorption solution in the flask was 5 ml 
of demineralized water plus 3 drops of 50% H,O,. 
After the combustion the flask was shaken vigor- 
ously, then left for 1Omin. The contents were trans- 
ferred quantitatively to a 25ml standard flask and 
made up to volume with demineralized water. This 
sample was then analysed by ion chromatography as 
already described. 

To ensure a low blank, a sulphur-free flame was 
used to light the paper wick, not a match. In the case 
of soils and sediments, an insoluble inorganic residue 
remained after combustion. Filtration of the samples 
before injection was not necessary if the solids were 
allowed to settle out before the sample was with- 
drawn. 

Five standard reference materials were analysed by 
this method to test for completeness of oxidation of 
all sulphur to SO:-. Results are given in Table 6. 

For samples low in total sulphur, a large weight of 
sample may be used, but a larger flask should also be 
used to accommodate safely the greater volume of 
combustion gases. 

Cl- and NO; peaks were also found in the 
chromatograms of these samples. Simultaneous 
quantitative analysis was not possible, however. Re- 
coveries of total N as NO, were typically less than 
50% and variable. 

The Schijniger flask combustion of plant and soil 
samples followed by ion chromatographic analysis is 
a rapid, simple and accurate method of analysing for 
total sulphur content. Fusion at high temperature or 
treatment with concentrated reagents is not neces- 
sary, and recovery is quantitative. The high inorganic 
content of the soils and sediments presents no prob- 
lems in the combustion step. 

Conclusion 

Single-column ion chromatography is well suited 
to rapid, simultaneous analysis for anions in aqueous 
environmental samples. The relative simplicity and 
ease of operation are conducive to routine analysis, 

particularly with the availability of modern data- 
handling systems which can be directly interfaced 
with the detector. No interruption of operation is 
necessary to regenerate a suppressor column, and 
indirect ultraviolet detection provides lower detection 
limits than previously possible with conductivity 
measurements. 

Analyses by IC are not restricted to “clean” water 
samples only. Pretreatment with a lead-charged 
cation-exchange resin permits the analysis of samples 
high in SO:-, as in the determination of “available” 
soil NO;. 

Oxygen combustion of a solid environmental 
sample yields the total sulphur content as a sulphate- 
containing solution which can be analysed directly. 
The result is a simple and accurate method for total 
sulphur determination by ion chromatography. 
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Summary-The sorption of the chromium(III)-diphenylcarbazone complex (Cr-DPC) with XAD-2 has 
been investigated, for use in the separation of Cr(VI) from Cr(II1) species in natural waters. Cr-DPC is 
formed from the reaction of Cr(V1) with diphenylcarbazide. but Cr(II1) species give no reaction in aqueous 
solution. The addition of sodium chloride or sodium a-naphthalenesulphonate markedly enhances the 
sorption. The Cr-DPC sorbed on XAD-2 can be almost completely eluted with organic solvents, especially 
methanol, but about 57; of it is irreversibly sorbed and cannot be eluted. The excess of diphenylcarbazide 
and some of the organic matter in natural waters are also sorbed on XAD-2 but most of this can also 
be eluted with methanol. Organic matter which interferes with measurement of the absorbance of Cr-DPC 
can almost all be removed by extraction with chloroform. By use of these techniques, Cr(V1) in sea-water 
has been determined by the standard-addition method. Although about 50 litres of sea-water are necessary 
for the analysis, orgamc and colloidal Cr(II1) species do not Interfere. 

Solvent extraction and co-precipitation are generally 
used for the determination of Cr(II1) and Cr(VI) in 
natural waters. Part of the organically bound Cr(III), 
however, might be extracted with the solvent used for 

extraction of the Cr(V1) and part of any inert Cr(II1) 
complexes might not be co-precipitated with the 
iron(II1) hydroxide or other species used for the 
co-precipitation of Cr(II1). Such errors are discussed 
in a companion paper.’ The well-known diph- 
enylcarbazide method’ is one of the most suitable 
methods for the determination of ionic Cr(V1) 
in water. The magenta complex, Cr(III)-diphenyl- 
carbazone (Cr-DPC), is formed from the reaction of 
Cr(V1) with diphenylcarbazide, but Cr(II1) species do 
not react directly with diphenylcarbazide and diph- 
enylcarbazone in aqueous solution.3 The sensitivity, 
however, is too low for determination of Cr(V1) in 
natural waters. Yoshimura et aL4 improved the sensi- 
tivity by using an ion-exchange resin and applied the 
method to the determmation of total chromium in 
natural waters. XAD-2 resin is used for concentration 
and separation of many organic compounds,5,6 in- 
cluding organometallic complexes.’ In order to de- 
velop a new analytical method for Cr(V1) in natural 
waters, the sorption of Cr-DPC with XAD-2 resin 
has been investigated. 

EXPERIMENTAL 

Reagents and apparatus 

Analytical-grade reagents were used whenever possible. 
XAD-2 resin (purchased from the Rohm and Haas Corp.) 
was crushed in a ceramic mortar and sieved. The lo&200 
mesh fraction was washed successively with 4M hydro- 
chloric acid, dlstilled water, 4M sodium hydroxide, distilled 
water and methanol and then dried at room temperature. 

Cr(V1) stock solution was prepared by dissolving potas- 
sium dichromate m water, and further diluted as required. 
Diphenylcarbazide solution was prepared by dissolving 
250 mg of reagent in 100 ml of acetone. Sodium 
fl-naphthalenesulphonate solution was prepared by dis- 
solving 23 g of the reagent-grade material in I litre of water 
and filtered through a fine smtered-glass filter. Redistilled 
water was used throughout. 

Absorbances were measured with a Hitachi 200-10 
double-beam spectrophotometer, with IO-cm or l-cm cells. 

Stability of Cr-DPC 

In O.MM sulphuric acid. In a I-litre standard flask, ca. 600 
ml of water, 20 ml of 2.5M sulphuric acid, 4 ml of lOI-pg/ml 
Cr(V1) solution, 15 ml of diphenylcarbazlde solution and 10 
ml of sodium p-naphthalenesulphonate solution were mixed 
and the solution was diluted to volume with water and 
transferred into a polyethylene bottle. At given time inter- 
vals, small portions (10 ml) were removed and their absorb- 
ance measured at 542 nm against water. 

In methanol. An aliquot (100 ml) of the freshly prepared 
solution just described was passed through an XAD-2 
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column (column volume 10 ml ). The coioured complex was 
eluted from the XAD-2 with ea. 40 ml of methanol, the 
effluent being collected in a SO-ml standard Rask and diluted 
to volume with methanol. The absorbance of the methanol 
solution was measured at 542 nm at various times, agamst 
methanol. 

On XAD-2. In a 10%ml standard flask, ca. 60 ml of water, 
5 ml of IM sulphunc acid, 3 ml of 10.1~pgjml Cr(VI) 
solution, 2 ml of diphenylcarbazide solution and 1 ml of 
sodium p-naphthalenesulphonate solution were mlxed and 
the solutton was d&ted to 100 ml and passed through an 
XAD-2 column (column volume 10 ml). After a given time, 
the coloured complex was eluted with ca. 40 ml of methanol 
and the effluent diluted to 50 ml with methanol. The 
absorbance was measured at 542 nm against methanol 

Sorption of Cr-DPC on XAD-2 
Batch method. In a 250-ml standard flask, cu. 100 ml of 

water, 5 ml of 2SM sulphurlc acid, 5 ml of 5-pg/ml Cr(VI) 
solution, 4 ml of diphenylcarbazide solution and appropri- 
ate amounts of sodium ~-naphthalenesuiphonate solution 
or 3M sodium chloride were mixed and the solution was 
diluted to volume. In an Erlenmeyer flask, 500 mg of 
XAD-2 were placed and wetted with 5 ml of methanol. The 
solution was poured into the flask and stirred for 30 min by 
a magnetic stirrer. The XAD-2 was filtered off on a sintered- 
glass filter. The absorbance of the filtrate was measured at 
342 nm against water. 

Column method. Into nolvethvlene containers. 0.050. 1. 2. 
5 or IO-litre portions of distified water were’placed and 
5 ml of IO-yg/ml Cr(V1) solution were added to each. 
Appropriate amounts of concentrated sulphuric acid, 
diphenylcarbazide solution and sodium P-naphthalene- 
sulphonate solution were added to give overall concen- 
trations of 0.05M sulphuric acid, 0.1.5mM diphenyl- 
carbazide and 2mM sodium ~-naphthaienesulphonate. 
XAD-2 resin was wetted with 20 ml of methanol and then 
mixed with 500 ml of water. This slurry was poured into the 
column (diameter 20 mm, bed volume I5 ml). A supply tube 
leading from the sample bottle was attached to the top of 
the column. and the test solution was drawn through the 
column by suction. The flow-rate was about 200 ml/min at 
the start and became steadily slower owing to the packing 
of the resin m the column. When IO litres of sample solution 
had passed through the column. the flow-rate was only 
about 100 ml/mm. After passage of the sample, the resin was 
washed with 50 ml of water and eluted first with 30 ml of 
acetone and then with 20 ml of methanol. The eluate was 
placed m a loo-ml separating funnel with 25 ml of 0.05M 
sulphuric acid and extracted with three 2.5”ml portions of 
chloroform, being shaken for I min with each. The aque- 
ous phase was filtered through paper to remove dropiets of 
orgamc phase, and then diluted to volume m a .50-m] 
standard flask with water. The absorbance of the solution 
was measured at 440 and 542 nm agamst water 

To lo-litre portions of sample, Cr(V1) (0, 1, 2. 3 or 4 pg) 
was added, together with 26 ml of concentrated sulphurlc 
acid, 375 mg of diphenylcarbazide (d!ssolved in ca. 50 ml of 
acetone) and 4.5 g of sodium ~-naphthaienesulphonate 
(dissolved m ca. 200 ml of water). The mixture, in a 
polyethylene container. was well stirred by a magnetic 
stirrer. The procedures for the sorption on an XAD-2 
column, the elution with acetone and methanol, the 
pu~fication with chloroform and the measurement of the 
absorbance were the same as Just described in the sectlon on 
the column method. The concentration of Cr(VI) in the 
sample was determined graphlcally by the standard-addition 
method 

All experiments were done at room temperature. 

RESULTS AND DISCUSSION 

Stability qf Cr-DPC 

The spectrophotometric determination of Cr(VI) 
with diphenylcarbazide has been widely studied,‘.3 
and it has been shown that the absorbance of the 
coloured complex in aqueous solution decreases with 
standing time, at a rate which depends on the acidity, 
temperature and so on. The stabilities of Cr-DPC in 
aqueous solution, in methanol and on XAD-2 were 
investigated before the study on sorption of Cr-DPC 
by XAD-2. The results are shown in Table 1. Under 
the conditions used, the absorbance of Cr-DPC was 
little affected by standing times of a few hours. 

Sorption of Cr-DPC by XAD-2 resin 

The sorption of Cr-DPC by XAD-2 resin was 
investigated by the batch method (Fig. 1). Cr-DPC 
in aqueous solution is extracted into a suitable 
solvent if sodium chloride8 or sodium 
P-naphthalenesulphonate9 is added. As this suggests, 
the sorption of Cr-DPC on XAD-2 is also enhanced 
by the addition of sodium chloride or sodium 
P-naphthalenesulphonate, the latter being the more 
effective+ When the concentration of sodium 
~-naphthaienesulphonate is 1SmM or above, 
Cr-DPC is nearly quantitatively sorbed by XAD-2. 
Since the Cr(VI) concentrations of most natural 
waters are very low (0.01-0.5 @g/l.), more than 10 
litres of sample water will be necessary to give enough 
Cr(V1) for the Cr-DPC absorbance to be measurable, 
but sample volumes larger than about 2 litres make 
the batch method difficult to operate. 

As the results of the batch experiments suggested, 
Cr-DPC in 2mM sodium ~-naphthaienesulphonate 
solution is sorbed nearly at the top of the XAD-2 
column. When an XAD-2 column 20 mm in diameter 
and 1.5 ml in bed volume was used, at flow-rates up 
to. 200 ml/min, no Cr-DPC was detected in the 
effluent. 

Table 1. Effect of the standing time on the sta- 
bility of Cr-DPC in various media 

Decrease in absorbance 
.-...____ 

Standing 0.05M -- 
time, hr HW, methanol XAD-2 

-___ 
I 
? 

(lOOR -(loo)? - 

3 100 99.7 - 

3 99.2 99.7 
1 98.9 99.5 (I&’ 
2 98.9 99.5 100 
4 98.5 - 100 

24 95.1 - 97.6 
48 85.6 - 94.2 

*Cr-DPC on XAD-2 was efuted with methanol 
after a given standing time, and the absorb- 
ance of the eluate was measured at 542 nm 
against methanol. 

tThe absorbances obtained in these experiments 
were taken as reference (100)~;. 
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Fig. 1. Effect of the concentration of sodium chloride (0) 
and sodium j?-naphthalenesulphonate (0) on the sorption 

of Cr-DPC on XAD-2 resin. 

No aqueous solution could be found that would 
elute Cr-DPC from XAD-2. Preliminary experiments 
with organic solvents showed that methanol was 
most effective as an eluent. About 5% of the Cr-DPC, 
however, still remained on the XAD-2, even when a 
large amount (more than 10 column volumes) of 
methanol was used. The irreversible adsorption is 
possibly due to the change of Cr-DPC on XAD-2 
into an unidentified brown substance. The brown 
substance can be eluted with methanol after passage 
of 4M sodium hydroxide through the column. 

Measurement of the absorbance of CR-DPC 

As XAD-2 resin is an excellent sorbent for many 
organic compounds, most of the organic compounds 
in natural waters and the excess of diphenylcarbazide 
will also be sorbed on the XAD-2. Because 10 litres 
of natural water samples are needed, the excess of 
diphenylcarbazide and significant quantities of the 
organic compounds in the sample water are concen- 
trated in the eluate from the XAD-2 column. Some 
of these compounds give an intense brown colour 
which interferes in the measurement of the Cr-DPC 
absorbance. Therefore, most of these compounds 
should be separated. For this purpose, liquid-liquid 
extraction with chloroform from dilute sulphuric acid 
medium was used. The brown compounds are mainly 
transferred to the organic phase, and the Cr-DPC is 
left in the aqueous phase. The methanol remains 
mostly in the aqueous phase, which decreases the 
sensitivity of the analysis. Acetone can be used for the 
elution instead of methanol, and is mostly transferred 
to the organic phase in the extraction, but un- 
fortunately acetone is less effective than methanol in 
the elution. Therefore, successive elution with ace- 
tone and methanol was used. A large fraction of the 
Cr-DPC in the XAD-2 column was eluted with 30 ml 
of acetone and the remainder with 20 ml of methanol. 

It is impossible to separate the other organic 
compounds from the eluate completely by chloro- 

form extraction. When a IO-litre sample of sea-water 
was used, the absorption spectrum of the eluate 
purified by chloroform extraction was a composite of 
the spectra of Cr-DPC and other organic matter 
(Fig. 2). Because Cr-DPC in aqueous solution is 
rather unstable, the absorption of the Cr-DPC disap- 
pears on standing for about 10 days. Unfortunately, 
the absorbance of the other organic matter increases 
slightly with standing time, so the exact background 
spectrum cannot be obtained in this way. We can 
only assume that the shape of the background spec- 
trum, (c) in Fig. 2, will not change during the 10 days. 
The absorbance of the Cr-DPC at 542 nm 
[(Cr-DPC),,,] is then estimated from the absorbances 
of the purified eluate at 440 nm [(eluate)M] and 542 
nm [(eluate)s42] by means of the equation: 

(Cr-DPC),,* = 1.038 (eluate),,, - 0.215 (eluate),, 

This equation is based on the following data: 

(Cr-DPC),,/(Cr-DPC),,2 = 0.177 

(org)&org),,, = 4.83 
(eluate),, = (Cr-DPC),, + (org)440 

(eluate),,, = (Cr-DPC),, + (erg),,, 

where (Cr-DPC)M, (erg),, and (erg),,, are the ab- 
sorbances of Cr-DPC at 440 nm and those of the 
other organic matter in the purified eluate at 440 and 
542 nm, respectively. The (org)440/(org)542 ratio was 
obtained from a blank experiment with 10 litres of 
distilled water and was very similar to that for curve 
(c) in Fig. 2. Diphenylcarbazide, its degradation 
products, and fl-naphthalenesulphonate may be 
present in the purified eluate, and contribute strongly 
to the absorbance of the solution. Naturally the 
suggested ratio is probably somewhat variable, de- 
pending on which organic compounds are present. 

Determination of Cr(VI) in sea-water 

Chromium(V1) in various volumes (50 ml-10 litres) 
of distilled water was separated by means of the 
XAD-2 column, and the (Cr-DPC)S,2 values were 

I 
400 500 600‘ 700 

Wavelength ( nm ) 

Fig. 2. Absorption spectrum of the solution finally sepa- 
rated from 10 litres of sea-water by the XAD-2 column (a) 
and the estimated spectra of Cr-DPC (b) and other organic 

matter (c) in the solution. 
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Table 2. Effect of sample volume on the 
yield of Cr-DPC in the column separation 

Sample volume, Yield, 
litres % 

0.05 94.6,95.7 
1 93.1 
2 94.4 
5 87.5, 86.4 

10 84.1, 82.4 

measured as described above. The results are listed in 

Table 2. The yields decreased with increasing sample 
volume, possibly on account of an increase in the 
irreversible sorption of Cr-DPC on XAD-2. The 
reproducibility of duplicate runs was good, which 
suggests that these techniques can be applied to the 
determination of trace amounts of Cr(VI) by the 
standard-addition method. 

Chromium(V1) in sea-water from the shore of 
Shingu, Fukuoka, Japan was determined after 
filtration of the sample through a 0.45pm mem- 
brane. The result is shown in Fig. 3. To estimate the 
reagent blank, the procedure was applied to sample 
volumes of 5 and 10 litres. From Fig. 3, the amounts 
of Cr(VI) found were 0.83 and 1.50 pg in the S- and 
lo-litre samples respectively. The Cr(VI) concen- 
tration in the sample and the amount in the reagent 
blank are calculated to be 0.13 pg/l. and 0.16 pg, 
respectively. 

The average yields found were 72% for the IO-litre 
sample and 75% for the S-litre from the estimated 
slopes of the plots in Fig. 3 to the slope of a 
calibration graph for Cr-DPC. These values are 
about 10% lower than the corresponding values 
shown in Table 2. The lower concentration of Cr(V1) 
in the sample may have affected the rate of decom- 
position of Cr-DPC or the irreversible sorption of 

I I I 1 
0 I 2 3 4 

Cr added t pg) 

Fig. 3. Determination of Cr(VI) in 10 htres (0) and 5 htres 
(a) of sea-water by the standard-addttton method. 

It is difficult to determine Cr(VI) in natural waters 
accurately, without adequate knowledge about or- 
ganic and colloidal Cr(III). The method developed in 
this study may be one of the more suitable methods 
for determining ionic (reactive) Cr(VI) in natural 
waters, although a large sample volume is necessary. 
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Summary-A simple way of constructing an automatic titration system is proposed, based on combination 
of a digital pH-meter and an automatic burette with an HP-85 microcomputer. An inexpensive interface 
unit based on a MOTOROLA 6800 has been developed, which permits communication of the computer 
with the pH-meter and the burette. The system constructed is very flexible and can find wide application 
in potentiometric titration and direct potentiometry with different kinds of ion-selective electrodes. 

The reviews published by Betteridge and Goad’ and 
by the initiative of Talanta’ show unambiguously 
that the use of microprocessors enters widely into 
analytical chemistry and the modern analyst has to 
change his outlook in order to take advantage of this 
new technique. Microprocessors are of special inter- 
est to analytical chemistry, because of their possi- 
bilities for control and automation of analysis, es- 
pecially through utilization of digital instruments for 
measurements. In this connection potentiometric ti- 
tration is a method which can comparatively easily be 
automated. 

Two approaches are possible for the construction 
of microprocessor-controlled systems for poten- 
tiometric titration: (1) utilizing specialized 
microprocessor-controllers, and (2) adapting com- 
mercially available microcomputers. The first ap- 
proach has been used by several authors3” for the 
construction of automatic titrators; its main advan- 
tage is the low cost of the microprocessor chips. The 
essential disadvantage is the necessity to create the 
whole organization of the system control, which is 
usually hardware. This approach to creation of auto- 
matic titrators is preferable when serial analyses are 
performed or the instruments’ are multi-purpose and 
constructed for the determination of the inflection 
(equivalence) points on the titration curves. 

The second approach, using microcomputers such 
as the COMMODORE PET, APPLE II, HP-85, etc., 

has the great advantage of using high-level or- 
ganization of the microcomputer system and imple- 
mentation of algorithmic languages (mainly BASIC). 
The great possibilities of this approach were shown 

by Frazer et al.* A main disadvantage of this tactic 
is the need for interface modules to link the computer 
with the instruments, especially if the laboratory is 
equipped with instruments of different types that are 
not suitable for direct communication with the com- 

puters. 
In the present work a simple means is proposed for 

the creation of an automatic system for poten- 
tiometric titration, with use of the HP-85 micro- 
computer. An inexpensive interface unit has been 
developed which allows connection between the com- 
puter and different types of automatic burette and 
digital pH-meter. The system uses an adaptive algo- 
rithm to make the measurements as well as digital 

and graphical representation of the results. 

EXPERIMENTAL 

Apparatus 

Automatic titration system. The system was based on a 
digital OP-208 pH-meter with accuracy of kO.1 mV and 
BCD output, a Radiometer type ABU-12 automatic burette 
accurate to + 0.001 ml, and an HP-85 microcomputer, with 
HP-IB interface and I/O ROM memory extension. The 
system ensures direct transfer of data and control com- 
mands between the measuring instruments (the pH-meter 
and the burette) and the computer. Also, a special coupling 
has been developed which permits simultaneous mea- 
surements of the output of another instrument such as a 
spectrophotometer or an HPLC detector, along with that 
from the pH-meter. The functions of the system are shown 
in Fig. 1. The first stage of the system converts the data from 
the pH-meter into suitable form for acceptance by the 
computer. In the second stage the data are treated according 
to a definite algorithm, and then control commands are sent 
to the burette. 
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I HP-85 

INTERFACE 

UNIT 

d ’ . 

pH- METER AUTOBURETTE 

Fig. 1. Titration system with microcomputer HP-85. 

The construction of the computer permits communication 
with external devices working according to the IEEE 488 
(HP-IB) standard for data transfer. The pH-meter and the 
burette used have no controllers for data transfer according 
to this standard, so an interface unit for this purpose has 
been developed. 

The HP-IB interface module. The HP-85 works according 
to the HP-IB standard if it is connected with the interface 
module and the I/O ROM memory extension. A full descrip- 
tion of these modules is given in the computer manual. 

The HP-IB interface module has 8 lines for data transfer, 
3 protocol lines and 5 control lines. This imposes strict 
requirements with respect to the transfer and the use of 
“intelligent” controllers. In these conditions the system is 
flexible and has possibilities for extension. The functions of 
the separate lines are shown m Table 1. 

Description of the interface unit. The interface card of this 
unit is shown in Fig. 2. A MOTOROLA 6820 peripheral 
interface adapter (PIA) is used. The data transfer in this 
configuration is made according to another standard, re- 
quiring a combination of both software and hardware. The 
PIA has 6 internal registers, shown in the user’s manual. The 
initiation is performed by means of controlling bytes ac- 
cordmg to the HP-IB. The digital information entering 
from the pH-meter by the peripheral registers PRA and 
PRB is accepted. This information is transformed under 
program control and is then suitable for use according to the 
HP-IB transfer. The two control registers of the PIA (CRA 

and CRB) are used to transform the commands from HP-IB 
to the relays operating the burette and the switch for the 
entrance signals. Signal ATN dtrectly commands the duph- 
cate switch relay; signal SRQ accepts the highest digit from 
pH-meter. 

Software. The software consists of four subroutines and 
one main program to gave the data array for further 
treatment by the user. The subroutines perform: (1) im- 
tiation of the PIA, (2) data reading (mV) and translation 
from inverted BCD code mto decimal code, (3) running the 
burette for a definite time to give a defined increment 
of titrant (e.g., when a 2.5-ml burette is used. the 
INCREMENTS button is in the “ON” position and the 
speed of the piston is set at “20”. the program-set time of 
10.5 set gives a 0. loo-ml portion of titrant), and (4) graph- 
ical representation of the results as they are being obtained 
(an auto-scaling procedure chooses the scale for the graph). 

The programs are written in BASIC with some additional 
input-ouptut instructions for communication with the ex- 
ternal instruments. 

Experimental test of the system 

The system was tested by an acid-base titration 
with glass and calomel electrode. A very weak base- 
amidopyrine (p& = 9.0Fwas titrated in water with 
standard hydrochloric acid. This case was chosen in 
order to illustrate the possibilities of the system for 
giving good results under unfavourable conditions. 
The titration aims at quantitative determination and 
identification of the substance by means of precise 
determination of the equivalence point and the proto- 
lysis constant. 

The execution of the program involves the follow- 
ing stages: 

-data acquisition (ml, mV) after addition of equal 
portions of the titrant; 

division of the data into two groups: before and 
after neutralization; 

-treatment of the data after neutralization ac- 
cording to the Gran equation’ for strong protolytes 
and calibration of the galvanic cell as described 
elsewhere;” 

-treatment of the data before neutralization ac- 
cording to the extended Gran equation” adapted for 
bases; calculation of the equivalence point and the 
pK-value of the amidopyrine; 

Table 1. The function of the lines of the HP-IB interface module 

Function Coupling Remark 

DATA LINES 

CONTROL LINES 
ATN 
IFC 
SRQ 
EOI 
REN 

TRANSFER LINES 
NRFD 
NDAC 
DAV 

I. 2, 3, 4, 13. 
14. 15, 16 

DIOI-DIO8 

11 ATTENTION 
9 INTERFACE CLEAR 

10 SERVICE REQUEST 
5 END OR IDENTIFY 

17 REMOTE ENABLE 

7 NOT READY FOR DATA 
8 NO DATA ACCEPTED 
6 DATA VALID 

The HP-IB uses negative logic. 
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Fig. 2. Block diagram of the interface unit for communication of HP-85 with the pH-meter and the burette. 

-graphical presentation of the pH-curve and its The BASIC listing for data acquisition is given in 
linear plot on the CRT display of the computer; the Appendix. 

--copying of the curves and the final results on the The experimental test shows that communication 
thermal printer (see Fig. 3). between the computer and the instruments proceeds 
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Fig. 3. The final results for the titration of amidopyrine, 
presented on the CRT display of the HP-85 and copied on 
the thermal printer. Fl and F2 denote the non-exponential 

parts of the linear plot functions. 

according to the logic of the programme. The analysis 
takes 4-S min. The results have high reproducibility: 
the standard deviations are not greater than 0.001 ml 
for the equivalence volume, and 0.005 for the pK- 
value. The mean error in a series of determinations is 
not greater than +0.2Y0. 

In conclusion it must be stressed that the automatic 
system constructed is very flexible and “intelligent”, 
with great possibilities. It can be used successfully in 
research work, and in chemical and industrial labora- 
tories for potentiometric titrations and direct poten- 

tiometric measurements with different types of ion- 
selective electrodes. 
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APPENDIX 
Program for Data-Acquisition 

10 REM **DATA ACPIJISITION PROCEDURE 
20 GOSUB 560 
30 DISP "NUMBER OF MEASUREMENTS" 
40 BEEP 500,200 
50 INPUT NO 
60 DISP "PERIOD IN SECONDS" 
70 BEEP 500,200 
80 INPUT N1 
90 DISP "ACCURACY IN YILLIVOLTS" 
100 BEEP SOOr 
110 INPUT N2 
120 DISP "TINE FOR TITRATION IN SECONDS" 
130 BEEP 500,200 
140 INPUT N3 
150 DISP "INITIAL VOLUME" 
160 BEEP 500,200 
170 INPUT N4 
180 OPTION BASE 1 
190 DIM M(5013) 
200 REM COM OR SOMETHING ELSE 
210 FOR J=l TO NO 
220 GOSUB 620 
230 .?O=Y3 
240 WAIT lOOO+Nl 
250 GOSUB 620 
260 Zl=Y3 
270 IF ABS(ZO-Ll)>N2 THEN GOT0 220 
280 WAIT lOOO*Nl 
290 GOSUB 620 
300 Z2=Y3 
310 IF ABS(Z2-ZO)>NZ THEN GOT0 220 
320 IF ABS(ZZ-Zl)>NZ THEN GOT0 220 
330 Z=z2 
340 IF J=2 THEN GOSUB 910 
350 IF J>Z THEN GOSUB 1200 
360 LET M(J,~)=J 
370 LET M(J,Z)=Z 
380 LET M(J#3)=J*N3 
390 x5=203 
400 BEEP 200,150 
410 BEEP 100,150 
420 BEEP 200,150 
430 GOSuB 720 
440 WAIT N3+1000 
450 x5=195 
460 GOSUB 720 
470 BEEP 
480 NEXT J 
490 
500 

510 
520 

530 
540 
550 
560 
570 
580 
590 
600 
610 
620 

CLEAR 
DISP "NO";TAB(7);"MILLIVOLTS";TAB(19); 
” T " ; " ";"VOr.';N4 

FOR K=l TO NO 
DISP M(K1l);TA8(7);M(K,2);TAB(18); 
M(K13) 
NEXT K 
BEEP 20013000 
END 
RESET 7 
CONTROL 7r2 ; 80,195 
CONTROL 7r2 ; 84r195 
CONTROL 702 ; 160195 
CONTROL 782 ; 201195 
RETURN 
CONTROL 7r2 ; 88rO 

630 STATUS 7r3 ; X0 
640 CONTROL 7r2 ; 2480 
650 STATUS 7,2 ; X21x1 
660 X3=BIT(XZ,S) 
670 GOSUB 830 
680 RETURN 
690 CONTROL 7r2 ; 80,x4 
700 CONTROL 7r2 ; 84eX4 
710 RETURN 
720 CONTROL 7r2 ; 16rXS 
730 CONTROL 7r2 ; 20,X5 
740 RETURN 
750 REM INVBCD TO DEC CONV 
760 Y8=0 
770 r9=0 
780 FOR I=0 TO 3 
790 IF BIT(X,I)=O THEN Y8=Y8+2"1 
800 IF BITtX~1+4)=0 THEN YP=Y9+2"1 
810 NEXT I 
820 RETURN 
830 x=x0 
840 GOSUB 760 
850 ro=ya 
860 Yl=Y9 
870 X=X1 
880 GOSUB 760 
890 Y3=1000*X3*100*Y9+10*Y8+1*Y1+.1*Y0 
900 RETURN 
910 GCLEAR 
920 Y4=M(lr2) 
930 r5=400 
940 Y6=Y4-300 
950 IF Z-Y4>0 THEN Y6=Y4-10 
960 FOR 11~0 TO 2000 STEP 10 
970 IF Y6-Il<lO THEN GOT0 990 
980 NEXT 11 
990 SCALE lrNO,IlrY6+YS 
1000 XAXIS Ilrl 
1010 YAXIS lrl0 
1020 FOR X0=2 TO NO-l STEP 2 
1030 MOVE I0111 
1040 LABEL ""&VAL$(IO) 
1050 NEXT 10 
1060 MOVE 1~11 
1070 y7=100 
1080 IF YS<lOl THEN Y7=50 
1090 IF US<51 THEN Y7=10 
1100 FOR 12=X1 TO Y6+YS 
1110 
1120 
1130 
1140 
1150 
1160 
1170 
1180 
1190 
1200 
1210 
1220 

1230 

IF FP(IZ/Y7)=0 THEN GOSIJB 1170 
NEXT 12 
MOVE lrY4 
DRAU'lrY4 
DRAW 202 
RETURN 
MOVE lrI2 
LABEL w_w&vrL$(12) 
RETURN 
DRAW JIZ 
RETURN 
! ####end of data acquisition##### 
aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 
i ####beginning of calculationsaaa 
aaaaaaaaaaaaaaaaanaaaaaaaaa~aaaaaa 
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Summary-A direct titrimetric method has been developed for the determination of thiocarbonate in the 
presence of sulphite, thiosulphate and thiocyanate, by titration with o-hydroxymercuribenzoate, wtth 
sodium nitroprusstde as mdtcator. 

Potassium and sodium thiocarbonates have proved 

useful analytical reagents as an alternative to gaseous 
hydrogen sulphide in qualitative’ and quantitative2.3 
analysis. Thiocarbonate has been estimated gravi- 
metrically4 as Tl,CS,. Indirect titrimetric methods5-’ 
of determination of thiocarbonate with iodine, potas- 
sium iodate, chloramine-T, potassium ferricyanide, 
potassium permanganate and sodium vanadate have 
been reported, but suffer interference from sulphite, 
thiosulphate and thiocyanate, which are also ox- 
idized. No direct titrimetric method (with visual 
indication of the end-point) for determination of 
thiocarbonate when present together with sulphite. 
thiosulphate and/or thiocyanate has been described, 
though indirect methods are known,‘-” in which 
o-hydroxymercuribenzoate (HMB) is used as re- 
agent. 

This communication describes a direct method, 
based on titration with HMB, with sodium nitro- 
prusside as indicator. Thiocarbonate instantaneously 
develops a purple complex with sodium nitroprusside 
(stable over the pH range 8.0-l 1.5), whereas sulphite, 
thiosulphate and thiocyanate do not produce any 
colour; this colour is discharged by addition of excess 
of HMB, thus making visual end-point detection 
possible in the titration of thiocarbonate, selectively 
and directly, in the presence of sulphite, thiosulphate 
and thiocyanate. Any sulphide present is co-titrated, 
however, giving a 1 :l reaction with HMB when 
nitroprusside is used as indicator.” 

EXPERIMENTAL 

Reagents 

Standard HMB solution, 0.05M. Prepared by dissolving 
16.04 g of the anhydride, (Merck, analyttcal-reagent grade), 

in 100 ml of 0. I M sodium hydroxide and diluting with water 
to volume in a I-litre standard flask. 

Sodium nitroprusside indicator. Freshly prepared I”/;, aque- 
ous solution. 

Potassium thiocarbonate solution, 1M. Prepared and stan- 
dardized as reported earlier,4 and diluted as required. 

“Combined sulphur” solution. Solutions of sodium sul- 
phite, sodium thiosulphate and potassium thiocyanate (all 
analytical-reagent grade), about 0.2M with respect to sul- 
phur, were mixed m equal proportions (by volume). 

Procedure 

To a sample of thiocarbonate solution containing 15-75 
mg of thiocarbonate sulphur and a varied amount of 
“combined sulphur” solution, 5 ml of 1 M sodium hydroxide 
were added and the solution was dtluted to 100 ml. After 
addition of 1 ml of indicator the purple solution was 
immediately tttrated with 0.05M HMB till colourless or 
faint yellow. 

RESULTS AND DISCUSSION 

The determination of 14-101 mg of thiocarbonate 
sulphur in the presence of 32-96 mg of total sulphite, 

thiosulphate and thiocyanate sulphur with HMB 
solutions ranging in concentration from 0.03 to 
O.lOM gave excellent results with a standard devi- 
ation of only 0.02 mg. It is evident that thiocarbonate 
and HMB react in 1:l mole ratio. Two mechanisms 
are possible; either the thiocarbonate group replaces 
the OH-group of the HMB, or the thiocarbonate 
undergoes hydrolysis to give carbon disulphide and a 
sulphide ion which displaces the OH-group of HMB. 

The formation of carbon disulphide was confirmed 
by a positive response to a calorimetric test.12 In this 
test a drop of the reaction solution produced a stable 
pink colour when mixed with elemental sulphur 
dissolved in acetone. 
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The results obtained with samples containing more 
than 75 mg of thiocarbonate sulphur were high. This 
was attributed to the slow reaction between the 
carbon disulphide generated and the alkali present, 
resulting in the formation of thiocarbonate and car- 

bonate: 

3CS, + 60H- + 2CS;- + CO;- + 3H,O 

This reaction is favoured at about 40 ’ (a temperature 
attainable as room temperature in Zaria) but can 
easily be avoided by cooling the sample solution in ice 
for a while before titration. 
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Summary-The feasibility of constant-current potentiometric titration of orthophosphate with 
cetylpyridinium chloride has been studied. The phosphate solution is acidified with hydrochloric acid to 
pH 1.1-1.3 and an excess of molybdate solution added. For 1 mg of phosphorus (as phosphate) the 
optimum Mo:P ratio is about 40. Cetylpyridinium chloride reacts stoichiometrically with 
12-molybdophosphate, in 3: 1 ratio. The optimum cathodic polarizing current is 1.1 PA. The blanks for 
molybdate are relatively small, constant and non-stoichiometric. 

A vast amount of literature exists on the deter- 
mination of orthophosphate. A recent summary ap- 
peared in 1979.’ Most of the wet analytical methods 
are based on formation of the 12-molybdophosphate 
anion. In fact, according to Babko,2 for the deter- 
mination of small quantities of phosphorus or silicon, 
heteropoly acid formation is the only suitable chem- 
ical method. 

impress a constant polarizmg current of &lO PA (in either 
direction) on the electrodes. Potential differences were moni- 
tored with a single-Junction Ag/AgCl reference electrode 
(0.1 M sodium nitrate salt bridge) and a Beckman No. 39271 
platinum thimble, as well as other electrodes. 

Stirring was provided by a magnetic stirrer. The stirring 
motor was separated from the titration vessel by a water- 
cooled plate and an earthed (grounded) aluminium plate. 

Procedure 

MachdEek and Malit recently described some new 
spectrophotometric procedures for phosphate, based 
on extraction of the ion-association complexes of 
12-molybdophosphoric acid, its “molybdenum blue” 
reduction product, or 1 1-molybdovanadophosphoric 
acid, with a cationic detergent. We have already used 
quaternary ammonium halides (cationic detergents) 
for the determination of a variety of inorganic and 
organic anions,“” and now present a feasibility study 
on the use of cetylpyridinium chloride (CPC) for 
the direct titration of orthophosphate as the 
12-molybdophosphate. 

The solutions contained 1 mg of phosphorus (as sodium 
dihydrogen phosphate), 5ml of 2.5M hydrochloric acid, 
and 5 ml of molybdate solution, and were diluted to 25 ml 
with distilled water in a 50-m] beaker containing a 
Teflon-covered stirring bar. The platinum electrode was 
cathodically polarized at a constant current of 1.1 PA. The 
current source was turned on approximately 30 set before 
the start of a titration. The titrant was added at 0.33 ml/min. 
Titrations were performed at room temperature (23 f 1”). 

Titration end-points were calculated according to 
Savitsky and Golay,15 with 25 points used for obtaining the 
convolute for a third-order second derivative. The zero 
crossing was found by linear interpolation near the change 
in sign of the convolute. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Reagents 

The titrant was approximately 0.05M cetylpyridimum 
chloride (CPC), prepared by dissolving 17.9 g of the mono- 
hydrate in about 200ml of hot water, cooling to room 
temperature, and diluting to 1 litre with cold distilled water. 
It was standardized by titration of a known amount of 
sodium dihydrogen phosphate. The molybdate solution was 
prepared by dissolving 100 g of sodium molybdate dihydrate 
in 1 litre of distilled water and filtered through Whatman 
No. 541 paper. The phosphate solution contained approxi- 
mately 200 pg of phosphorus per ml and was prepared from 
ACS reagent-grade sodium dihydrogen phosphate mono- 
hydrate. 

The method for the determination of ortho- 
phosphate by precipitation as quinoline molyb- 
dophosphate, and subsequent acid-base titration,16 
has been regarded as the most promising method for 
the determination of this anion.” It has been com- 
pared with several other methods and indeed found 
superior.‘8 On the basis of the previous work”) on 
use of quaternary ammonium halides for poten- 
tiometric titration of various anions, we decided to 
explore the feasibility of direct titration of phosphate 
as lZmolybdophosphate, with CPC. 

Apparatus 

The titration system was controlled by a Tektronix 4051 
graphics system, as previously described.“’ This system can 

Initial experiments were based on a standard col- 
orimetric method” which specifies that not more than 
1 mg of phosphorus (as orthophosphate) in 5 ml of 

695 
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2.5M nitric or perchloric acid is reacted with 5 ml of 
10% sodium molybdate dihydrate solution. Because 
perchlorate is precipitated by CPC,4.7 nitric acid was 
chosen for the exploratory work. A poly(viny1 chlor- 
ide)/dioctylphthalate-coated spectroscopic graphite 
rod, which had previously been used as indicating 
electrode in titrations with CPC,” yielded poor 
titration curves and poor reproducibility. Somewhat 
better curves were obtained when a small amount of 
molybdophosphoric acid was incorporated in the 
plastic coating. as shown in Fig. I(a). but were still 
not considered good enough to be analytically useful. 
Poor curves were also obtained with an Orion No. 
93-05 fluoroborate ion-selective electrode. 

Consistent results were obtained with a platinum 
indicator electrode. as shown in Fig. l(b), but the 
curves were quite shallow and the magnitude of the 
break was small. Vinnikov and Kostareva” had 
reported the determination of non-ionic surfactants 
in the presence of barium ions by potentiometric 
titration with molybdophosphorlc acid. a cath- 
odically polarized platinum electrode being used, and 
this polarized electrode system was found to give 
greatly improved end-point breaks in the titration of 
molybdophosphate with CPC, as shown in Fig. I(c). 

The next step was to optimize the type and amount 
of acid, the polarizing current, and the amount of 

molybdate used. 
The acids investigated were nitric, sulphuric, and 

hydrochloric, at a concentration of 2.5M. Nitric acid 
yielded a small titration blank, which could be 
attributed to formation of its slightly soluble 
cetylpyridinium salt which, however, is soluble in hot 
water. Hydrochloric acid yielded the largest breaks 
and was thenceforth used. The optimum pH was 
between 1.05 and 1.30, although reasonable titration 

curves were obtained at any pH between 0.85 and 
1.75. A suitable pH can be ensured by using 3 ml of 
2.5M hydrochloric acid in a volume of 25 ml. 

The cathodic polarization current was varied over 
a wide range, and affected the shape and magnitude 
of the titration curves profoundly. The optimum 
current was 1.1 PA; good results were obtained with 
0.9-1.2 /LA. 

The blank due to the excess of molybdate is 

probably the only detrimental factor in the method. 
It arises from the moderate solubility of 
cetylpyridinium molybdate. However, at the high 
acidity used for the titration with CPC, this blank is 
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Fig. I. Titration curves of approximately I mg of P (as 
phosphate) WIII 0.05M CPC. (a) PVC/DOP-coated graphite 
sensor contammg 12-molybdophosphoric aad; (b) platinum 
sensor. unpolanzed; (c) platinum sensor. - 1.0 PA; (d) 
platinum sensor. -1.1 PA. 3ml of 2.5M HCI, 2ml of 

molybdate. 

small and quite reproducible. It can be estimated by 
the relationship 

blank = 0.155 x (ml of 10% sodium molybdate 
solution) - 0.098 ml of 0.05M CPC 

The blank corrections found for l-10 ml of molyb- 
date are listed in Table 1, which also gives the 
calculated values based on this equation. The cor- 
relation coefficient is 0.995. For 1 mg of phosphorus 

the best titration curves were obtained with 2-3 ml of 
molybdate, as shown in Fig. l(d). 

Table 2 presents statistics for the standardization 
of 0.05M CPC with 0.8002mg of phosphorus (as 
sodium dihydrogen phosphate). The steepest and 
most reproducible titration curves were obtained with 
3 ml of molybdate at an Mo:P ratio of 48. Smaller 

Table 1. Blank corrections for molybdate 

0.05M CPC required, ml 
Molybdate 
added, ml Found* Calculated 

I 0.05 (IO) 0.06 
2 0.21 (9) 0.21 
3 0.38 (3) 0.37 
4 0.55 (3) 0.52 
5 0.68 (6) 0.68 

IO 1.44(3) 1.45 

*Number of replicates is given in parentheses. 

Table 2. Standardization of apnrox. 0.05M CPC: effect of amount of molvbdate 

Molarity found 

Molybdate Standard Number of 
added. ml Mo:P Mean devlatlon replicates Remarks 

5 80 0.0553 0.001 I 4 
3 48 0.0549 0.0008 4 Best curves 
2 32 0.0474 0.0008 5 
1 I6 0.061 I 0.0012 5 Shallow curves 
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amounts of molybdate, according to the data, are 
insufficient for complete reaction, and larger amounts 
cause larger blank values. 

Attempts to use addition of excess of CPC and 
back-titration with sodium dodecyl sulphate,8 were 
unsuccessful. 

phosphomolybdic acid not being formed.23 This fea- 

ture may be used in the determination of silicate in 
the presence of phosphate, but a strict time schedule 
is necessary, since silicomolybdate is also destroyed 
by citric acid, though much more slowly than phos- 
phomolybdate.24 

We have isolated some of the precipitate obtained 
in the titration of the molybdate blanks. It was a very 
fine material which was difficult to filter. Its elemental 
analysis (C 42.5x, H 6.47& N 2.2%) corresponds 
to anhydrous cetylpyridinium tetramolybdate 

(C42H76Nz0,3M04r molecular weight 1200.8, requires 
C 42.01%, H 6.36%, N 2.33%). The sequence of reac- 
tions leading to the formation of this precipitate is 

probably 

According to Kauffman and Vartanianzs as many 
as 36 different elements have been reported to func- 
tion as central atoms in distinct heteropoly anions. It 
may thus be possible to determine about one third of 
all the elements in the periodic table, as heteropoly 
anions. 

4MoO:- + 6H + + Mo,O;; + 3H,O (1) 

Mo,O:, + 2CJ-W+ + G,H~N~Mo~O,~ (2) 

where CZ,H38N+ is the cetylpyridinium cation. 
We have also isolated some of the precipitate from 

the phosphomolybdate titrations. The small amount 
of cetylpyridinium tetramolybdate present, which is 
approximately 3% of the total, can be removed by 
washing the precipitate with hot water. The 
precipitate was filtered off, air-dried and analysed. 
The analysis gave C 28.2x, H 4.3x, N 1.7%; 
C63H,,4N3P040Mo,2 (m.w. 2735.9) requires C 27.66x, 
H 4.20x, N 1.70%. These results confirm that the 

reaction is 

Work is in progress exploring the lower limits of 
our method and examining the recovery of phosphate 
over a wide range. An expected difficulty is that for 
each quantity of phosphate there will probably be an 
optimum amount of molybdate. Other possible 
titrants such as quinoline, 2-methylpyridine,26 
2,4-dimethylquinoline,*’ etc., will be investigated. 
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3Cz,H,,NC1 + H,(PO,. 12Mo0,) 

+ (C>H,,N),PO,. 12Mo0, + 3HCl (3) 

The material was analysed thermogravimetrically 
on a Perkin-Elmer TGS-2 instrument with computer- 
controlled data-acquisition and plotting capability. 
The thermogram shown in Fig. 2 is similar to that 

reported for quinolinium phosphymolybdate** in 
almost all features, but cetylpyridinium phos- 
phomolybdate does not contain any water of 
hydration. 
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Preliminary experiments have shown that silicate, 
arsenate and germanate also form cetylpyridinium 
heteropolymolybdates and may react stoichiometri- 
tally. Addition of citric acid to the phosphate solu- 
tion before the addition of molybdate results in the 
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Summary-A thermal method of caesium determination is reported. The method is based on precipitation 
of Cs[Bi(SCN),], thermal decomposition of this compound at 500”, absorption of the evolved SO, in 
Na,HgCI, solution, and finally titration of the acid formed. The method can be. used to determine caesium 
in the presence of potassium, ammonium and rubidium. When rubidium is present, caesium and rubidium 
can be determined simultaneously on the basis of the weight of the precipitate and the amount of sulphur 
dioxide evolved. 

Determination of caesium in presence of the potas- 
sium group is very difficult.’ The methods used for 
this purpose can be divided according to whether a 
separation is used.2 The separation methods require 
another caesium determination after separation has 
been completed. There are only a few methods (of 
either type) for caesium determination in the presence 
of rubidium and potassium. The most noteworthy of 
the separation methods are Strecker and Diaz’s3 

precipitation of Cs, SbCl, . FeCI, (modified by Moser 
and Ritsche14 and applied by Fresenius,’ O’Leary and 
Papish’@ caesium precipitation with tungstosilicic 
acid, and the Wells and Stevens’ method based on the 
difference between the solubilities of the chlorides 
and sulphates of these metal ions in alcohol. The 
direct determination methods are precipitation of 

Cs, Bi,I,,X~‘o Cs,Na[La(NOJ,],” Cs[B(C,H,F),,” 

Cs,ZMg8[Fe(CN)6]7,‘3 and Cs[Cr(NH3),(SCN)4.‘4 and 
have low tolerance levels for rubidium. 

according to the reaction” 

6Cs[Bi(SCN),] + 450, = 3CszS0, 

+ 2Bi,S, + 2B1+ lSS0, + 24C0, + 12N, (1) 

The sulphur dioxide evolved is absorbed in sodium tetra- 
chloromercurate(I1) solution:‘8 

H&l:- + 2S0, + 2H,O = Hg(SO,);- + 4H+ + 4Cl- (2) 

The hydrochloric acid liberated is titrated with O.lM sodium 
hydroxide and the amount of caesium calculated according 
to equation (2). 

Determination of the sulphur dioxide evolved is the basic 
principle of the method, so the amount evolved was deter- 
mmed m relation to the temperature of the thermal decom- 
posltlon (Fig. 1) of Cs[Bi(SCN),]. 

Apparatus 

The equipment needed Includes a furnace fitted with 
temperature control, a rotameter, and bubblers to absorb 
the gases liberated. 

Reagents 

The subject of the present paper is the thermal 

method of caesium determination, by precipitation of 
caesium tetrathiocyanatobismuthate(III), followed 
by its thermal decomposition. Caesium tetra- 
thiocyanatobismuthate, reported only recently,15 
has been used for gravimetric and titrimetric deter- 
mination of caesium,” but these methods cannot be 
used in the presence of rubidium. The thermal 
method, on the other hand, can be used to determine 
caesium not only in the presence of potassium and 
ammonium ions, but also when rubidium is present. 
Moreover, caesium and rubidium can be determined 
simultaneously. 

Preclpitunf. A 0.5M H[Bi(SCN), solution, saturated with 
Cs[Bi(SCN),], prepared as follows. Distil ammonium thio- 
cyanate and sulphuric acid” to obtain an 18-20% thiocyanic 
acid solution. Dilute this to 14%,, and then react it with basic 
bismuth carbonate for 2-3 hr [add 100 ml of 14% HNCS 
solution to 20g of (BiO),CQ]. Filter off the undissolved 

EXPERIMENTAL 

Principle 

I I I I 

200 400 600 600 

Temperature (‘Cl 
The method of caesium determination is based on precip- Fig. 1. Relationship between amount of sulphur dioxide 

itation of caesium tetrathiocyanatobismuthate.ls When evolved and temperature of the thermal decomposition of 
heated to 500” the precipitate is thermally decomposed caeslum tetrathiocyanatoblsmuthate(II1). 
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carbonate. If the HNCS solution ts left to react with the 
(Bi0)2C0, for too long, crystals of Bi(SCN), are formed on 
the surface of the carbonate, whtch slows the reaction and 
decreases the concentratton of tetrathiocyanatobismuthic 
acid in the solution. Fmally add 0.6 g of caesium carbonate 
(for 100 ml of the solution) to the filtrate. Yellow crystals 
of Cs[Bi(SCN),] very soon precipitate. Stir the solution. 
cover the beaker with a watch-glass and leave it for 24 hr. 
Filter the solution just before use. The bismuth concen- 
tration should be about 0.5M, and the SCNm:Bi3+ ratio 
4.Gl.5. The reagent IS usable for about 2 weeks. After that, 
light yellow plates of Bi(SCN), separate out. 

Saturated Cs[Bi(SCN),] solution in 0.25M nitric ucrd. This 
solution must be prepared with special care since caesmm 
tetrathiocyanatobismuthate is fairly soluble in 0.25M nitric 
acid. Obtain Cs[Bi(SCN),] by adding, gradually, 2 g of 
caesium carbonate to 50 ml of 0.5M H[Bi(SCN),]. Filter off 
the precipitate after 2-3 hr. wash it two or three times with 
0.3M nitric acid, and again with a 3: 1 v/v mixture of 
benzene and absolute ethanol. Dry the crystals on filter 
paper, at room temperature. Shake 3 g of the crystals with 
40 ml of 0.25M nitric acid for 6 hr, filter, and leave the 
solution for crystallization to take place. When crystals of 
Cs[Bi(SCN),] have formed on the bottom of the beaker, the 
solution is ready for filtering (just before use for washing the 
precipitate). 

Absorbent for sulnhur dioxide. Dissolve 27.2 g of mercu- 
ry(H) chloride and ‘I I .7 g of sodium chloride in water and 
dilute to 1 litre. 

Standard solutions 

Caesium carbonare srandard solution. Dissolve about 50 g 
of CsJC03 * 2H,O in water and dilute to 1 litre. Standardize 
by precipitation of caesium as CSC~O,,~ or Cs3Bi,Ig.9 

Rubidium carbonate standard solution. Dissolve about 40 
g of Rb,CO, in water and dilute to I litre. Standardize by 
determination of rubidium as RbCIO,.S 

Sodium hydroxide solution, 0.1 M. 

Procedure 

Evaporate the caesmm solution (carbonate, mtrate or 
sulpha:e) almost to dryness, then add the precipitation 
reagent according to Table I. Stir the solution. cover the 
beaker wtth a watch-glass, and leave it for 8 hr. Yellow 
crystals are formed a few minutes after the reagent is added. 
Collect the coarsely crystalhne prectpitate on a porosity-3 
sintered-glass crucible. Use some of the filtrate to transfer 
the prectpttate quantttattvely, then remove the suction and 
add 34 ml of saturated Cs[Bi(SCN),] solution in 0.25M 
nitric acid to the precipitate. After the wash solution has 
percolated through the crucible, wash the precipttate several 
times (under suction) with small amounts (2-3 ml) of 3: I v/v 
mixture of benzene and absolute ethanol. Place the crucible 
and its contents in a fused-silica tube through which a 
current of air (IO l./hr] can be passed, and put the tube in 
the crucible furnace. Pass the air from the tube through 
three bubblers. each contammg 25 ml of 0 IM sodium 
tetrachloromercurate(I1) solution. Raise the temperature of 

Table I. Amount of precipttant solu- 
tion to be added for various amounts 

of caesium 

Caesium, 

mg 

Volume of 
precipitant, ml 

20 6 
40 6 
80 8 

I20 IO 
160 I2 
200 I4 
240 16 

Table 2. Determination of cae- 
sium by thermal procedure 

Taken. Found, Error. 

fiig mg 
0- 
‘” ~~ 

19.2 19.6 +2.1 
33.5 33.3 -0.6 
67.0 66.0 -1.5 

100.5 101.6 +1.1 
134.0 134.0 0 
167.5 166.0 -0.9 
268.0 264.2 - 1.4 

the furnace to 500’ while maintaining the flow of air. 
Transfer the solutions from the bubblers into a 250-ml 
conical flask and titrate with 0. IM sodium hydroxide, using 
Methyl Red as indicator. Table 2 gives some results for 
determination of caesium. 

Determination of caesium and rubidrum 

Rubidium also forms a precipitate with tetra- 
thiocyanatobismuthate(III), but it is more soluble than 
the caesium salt.” These compounds are isostructural and 
their thermal decompositions proceed in a similar way.” 
Rb[Bi(SCN),] is co-precipitated with Cs[Bi(SCN)& which 
makes the caesium determination by weighing or titration 
impossible. If the weight of precipitate and the amount of 
sulphur dioxide liberated from it by thermal decomposition 
are determined, both the caesium content and the amount 
of co-precipitated rubidium can be found. It is just as easy 
to determine the whole of the rubidium present, and this is 
done by using a larger excess of precipitant (which must be 
saturated with both the salts to be precipitated) and a wash 
solution saturated with both caesium and rubidium tetra- 
thiocyanatobismuthates. 

Precipitation and wash solutions. Make the precipitation 
solution by adding 0.6 g of caesium carbonate to 100 ml of 
0.5M H[Bi(SCN)J solution, as already described. Stir the 
solutton and leave it for 24 hr. Filter off the Cs[Bi(SCN),] 
precipitate and add 4 g of rubidium carbonate to 80 ml of 
the solution. Stir the solution and leave it for 24 hr. 

Falter off the large Rb[Bi(SCN)J crystals and use the 
solution for precipitatton. The volumes needed are gtven in 
Table 4. 

The wash solution is a saturated solution of Cs[Bi(SCN),] 
and Rb[Bt(SCN),] m 0.25M nitric acid. Shake 3 g of 
CS[BI(SCN),] with 40 ml of 0.25M nitric acid for 6 hr, filter. 
and leave the filtrate for crystallization of Cs[Bi(SCN),]. 
Filter and shake 25 ml of the filtrate for 6 hr with 5 g of 
Rb[Bt(SCN),]. Filter and leave the solutton for crys- 
tallization of Rb[Bi(SCN),]. Filter again before use. 

Procedure. This is the same as for caesium. except for the 
precipitation and wash solutions. 

The caesium content is calculated from the followmg 
equations. 

m =m,+m2 (3) 

5 ml 1112 

2 M,+z =M,, ( > 

msOq 
(4) 

where m IS the weight of the precipitate, m, the weight of 
Cs[Bi(SCN),] and m2 that of Rb[Bi(SCNj,], M, and A4, are 
the corresponding formula weights, mso2 is the weight of 
sulphur dioxide liberated and MsoZ is the formula weight of 
SO?. 

Solving equations (3) and (4) gives equation (5), for m, 

m, = 
0.00949 m - 0.0312 mSO, 

0.000784 
(5) 

The weight of caesium present 1s then 0.2314 m. and that of 
the rubidium IS 0.2003 (m - m, ). 
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Analysis of pollucite 

Treat a 0.2-g sample of powdered mineral with I5 ml of 
concentrated hydrochloric acid and evaporate, with fre- 
quent stirring, to dryness. Repeat the evaporation after 
addition of another 15 ml of concentrated hydrochloric 
aad. Heat the residue with 30 ml of distilled water at the 
boiling point for 20 min, then filter through a porosity-3 
crucible, and wash the precipitate several trmes with small 
portions of hot water. Evaporate the filtrate to dryness and 
add 7 ml of the caesium and rubidium precipitant to the 
residue. Stir the solution, cover the beaker with a watch- 
glass and set it aside for 8 hr. Filter off the precipitate, wash 
it with the solution saturated with Cs[Bi(SCN)a] and 
Rb[Bi(SCN)~] and finally with benzene-alcohol mixture, as 
already described. Complete the determination as described 
for caesium and rubidium determination. 

Determination of caesium and rubidium in a pollucite 
sample (from Auburn, Maine, U.S.A., by courtesy of the 
Mineralogy Museum, Instrtute of Geological Sciences, Uni- 
versity of WrocIaw) gave 2X60/, Cs,O and 1.7% Rb>O, in 
agreement with the results obtained by other methods 
(25.4% Cs,O by the iodobismuthate method, 1.6% Rb,O by 
flame photometry). 

RESULTS AND DISCUSSION 

The results obtained show that the method is 
sufficiently accurate. The thermal method is more 
rapid than gravimetric determination. The essential 
advantage is that caesium can be determined in the 
presence of rubidium, or both can be determined 
simultaneously. 

The method can be used to determine caesium in 
the presence of rubidium (with precipitant saturated 
with Cs[Bi(SCN)J) only if the ratio between Rb and 
Cs does not exceed 2: 1 (Table 3). When ~bidium is 
present in higher ratios than this, the caesium tetra- 
thiocyanatobismuthate is not completely precip- 
itated. This limitation on the applicability of the 
method is characteristic of methods for caesium 
determination in the presence of rubidium. For exam- 
ple, Tananajew and Harmasz’ claim that the Cs, Bi, I’ 
method can be used when the rubidium:caesium 
ratio is 10: 1, but Feldman*’ found that the results are 
too high even at 4: 1 ratio of Rb to Cs. Plyushchev 
and Korshunov9 suggested that the ratio should not 
be higher than 3: 1, and Tadashi” considers it should 
be 2: 1. 

When caesium is determined by the thermal 
method, however, this limitation does not apply if the 
precipitant and wash solution are both saturated with 

Table 3. Determination of caesium in presence of rubidium 

Caesium, mg Rubidium Error 
_____. taken, Ratio for 

Taken Found mg Cs : Rb caesium, % 

- 33.5 34.1 72.3 0.47 -1.8 
67.0 66.9 84.8 0.79 -0.2 

100.5 98.8 57.8 1.7 -1.7 
167.5 168.7 28.9 5.8 +0.7 
100.5 98.8 14.4 7 - 1.7 
167.5 166.9 14.4 II.6 -0.4 

Cs[Bi(SCN), and ~b[Bi(SCN)~], and in that case 
caesium and rubidium can both be determined even 
if the Rb:Cs ratio is 10: 1 (Table 4). 

The method is the first thermal method for simul- 
taneous dete~ination of caesium and rubidium. 
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Summary-An automated calorimetric procedure is described for the determination of aluminium, based 
on its complex with Xylenol Orange. Ethanol is used to accelerate the reaction and EDTA to mask iron. 
The procedure has been applied successfully to natural waters, soil extracts and plant digests. 

The determination of aluminium in natural waters, 
plant digests and soil extracts is currently attracting 
increasing attention through widespread interest in 
the effects of “acidic” rain. These sample solutions 
frequently contain 2 pg or less of the element per ml. 
At such levels the precision of flame atomic- 
absorption spectrometry is poor, and the very high 
dissolved-solids content of many of the soil extrac- 
tants can cause severe clogging of the burner slot. 
Calorimetric methods are therefore potentially at- 
tractive. Of the numerous calorimetric procedures 
which have been proposed, that of Pritchard,’ based 
on Xylenol Orange, is sensitive and reproducible. 
Selectivity is improved by masking iron with EDTA.’ 

Unfortunately the procedure is slow, requiring 90 
min heating at 40” for colour development and a 
further 60 min at room temperature for complete 
reaction of the iron-Xylenol Orange complex with 

EDTA. 
Dodson and Jennings* showed that the rate of 

reaction between aluminium and Xylenol Orange 
could be greatly increased by use of an ethanolic 
solution of the indicator. However, the advantage 
gained by reducing the colour development time and 
by use of semi-automation was offset by the necessity 
for prior removal of iron(W) by solvent extraction.’ 
The procedure described below obviates the need for 
separation of iron(II1) by reverting to the use of 
EDTA masking, but employs an ethanolic solution of 
the reagent and moderate heating (at 55”) to acceler- 
ate colour formation and bleaching of the iron com- 
plex. The procedure has been fully automated to 
allow aluminium determinations over the range 0-l 
or &I5 pg/ml at a rate of 40 per hr. 

Reagents 
EXPERIMENTAL 

Alumtnium stock solution (1000 pggiml). Dissolve 17.58 g 
of analytical-reagent grade potassium alummium sulphate 

[AlK(SO,)>. 12H,O] in 100 ml of 2M sulphuric acid and 
dilute to 1 litre. 

Acetate buffer. Dissolve 136 g of analytical-reagent grade 
hydrated sodium acetate in approximately 900 ml of demin- 
eialized water, adjust to pH j:8 with hydrochloric acid and 
dilute to 1 htre. Add 2 ml of 30% Tween 80 solution and mix 
thoroughly. 

Disodium EDTA solution (O.OIZsM). Dissolve 1.164 g of 
analytical-grade reagent in demineralized water, dilute to 
250 ml and add 1 ml of 30% Tween 80 solution. 

Tylenol Orange solution. Dissolve 0.0375 g of reagent in 
a small quantity of demineralized water, add 75 ml of 
ethanol and two drops of IM hydrochloric acid to give a 
clear orange solution. Dilute to 100 ml and add 1 ml of 
concentrated Tween 80. Leave to stand for one day before 
use to avoid problems from small bubbles. 

Note. The surfactant is added after dilution to standard 
volume, to avoid the inconvenience of the foaming caused 
if it IS added first. 

Apparatus 

For automated colorimetnc determinations, a Technicon 
AA11 AutoAnalyzer was used, with the manifold shown in 
Fig. I and 520 nm filters. Polyvinyl “solvent resistant” 
tubing (Sterilin Instruments, Alton, Hampshire) was used in 
all lines coming into contact with the ethanol. Manual 
spectrophotometric measurements were made with a Cecil 
Instruments CE 505 double-beam spectrophotometer, with 
lo-mm matched cells. 

Atomic-absorption determmations were done with a 
Baird A3400 Atomic Absorption Spectrometer, with a 
nitrous oxide-acetylene flame. Potassium was added (to 
give a 5000 pg/ml concentration) when necessary as an 
ionization buffer. 

Procedure 

Prepare calibration standards covering the range &I or 
O-1 5 @g/ml aluminium, as required. For analysis of potas- 
sium chloride extracts from soil, prepare standards with the 
extractant solution used. For acid digests of ashed plant 
material, prepare standards in acid of the appropriate 
concentration, and just before the determination adjust 
samples and standards to pH 34 with sodium hydroxide 
and dilute to fixed volume. “Free” alumimum in natural 
waters may be determined directly. with use of aqueous 
standards. 
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f Z EDTA (0.015) 

A IO injector 
5 -Turn coil 

(55°C) G coil IBuffer (o.6) 

5 -Turn coil Twin IO-turn 
Injector -Water wash (0 8) 

e From flow-cell ( 023)- 

1 = Xylenol Orange (0.16 ) 

I wa;te 

PI Colorlmeter with flow-cell 

Fig. 1. Manifold for automated determination of aluminium. Figures in parentheses are flow-rates in 
ml/min. 

RESULTS AND DISCUSSION 

Reagent solution 

Dodson and Jennings’ found it necessary to free 
their sample of Xylenol Orange from Semi-Xylenol 
Orange by cation-exchange, but this was found un- 
necessary for any of the three separate batches of 
commercial reagent (one from Hopkin & Williams, 
Chadwell Heath, Essex, two from BDH Chemicals 
Ltd., Poole, Dorset) used in this study. 

Use of ethanol to accelerate complex formation 

It has been stated that the colour-forming reaction 
is complete within 5 min if a 50% v/v ethanol medium 
is used.* A lower concentration of ethanol is found to 
be quite adequate for the automated procedure de- 
scribed here. The reason for the increased reaction 
rate is not known, but may be suppression of dis- 
sociation of the reagent. 

Masking of iron (III) 

An interfering iron(III) complex also forms rapidly 
in dilute ethanolic solution. However, as in purely 
aqueous systems,’ the iron complex reacts with 
EDTA much more rapidly than the aluminium com- 
plex does. The time required for complete destruction 
of the iron complex was investigated by preparing a 
series of lo-pg/ml iron(II1) standards, and com- 
pleting the analysis manually with a standard 
development time of 10 min and “bleaching” times of 

0, 2, 4, 6, 8, 10 and 20 min, the reaction flasks being 
shaken in a water-bath at 55” to speed up the process. 
A time of 8 min was adequate for quantitative 
decolorization. To avoid too high an ethanol vapour 
pressure, higher temperatures were not used. Some 
degree of heating is necessary, however, as the reac- 
tion is so slow at room temperature that a long delay 
coil would be necessary in the automated method. To 
confirm that the manifold shown in Fig. 1 gave 
adequate time for complete removal of iron inter- 
ference, a series of iron standards up to 100 pg/ml 
was analysed; the absorbance observed was in each 
case less than 0.002. 

Interference from phosphate and fluoride 

Phosphate, in 25fold w/w ratio to aluminium, 
caused no interference in the determination of alumi- 
nium at the 0.4+g/ml level, but at 125-fold ratio 
depressed the absorbance by 5.0%. This is a tolerable 
error for most environmental samples. Interference 
from fluoride was more severe: Table 1 shows the 
suppression caused by 0.540 pg/ml fluoride levels in 
the measurement of l-5 pg/ml aluminium solutions. 
In practice, fluoride will rarely be encountered at such 
high levels in environmental samples. 

Importance of pH control 

For acidic digests of plant material or acidic con- 
centrates of water samples,3 it was found necessary to 
adjust the sample pH to 3-4. Use of higher pH values 
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Table 1. Effect of increasing amounts of fluoride on the 
determination of aluminium at the 1, 3 and 5 peg/ml level 

Aluminium found, pgglml 

Fluoride (pg/ml) 
0.5 1.0 5 10 40 Aluminium, fig/ml 

I 0.95 0.98 0.52 0.25 0.03 
3 2.85 2.80 1.38 0.75 0.13 
5 4.90 4.78 2.43 1.38 0.25 

could in some instances cause low recoveries of 
aluminium if the neutralized samples were left to 
stand for more than a few minutes before analysis. 

Analysis of potassium chloride extracts of soils 

To check the accuracy of the method, seven 1M 
potassium chloride extracts from a range of peats 
were also analysed by atomic-absorption spec- 
trometry. Table 2 shows that the results from both 
procedures agreed within the limits of experimental 
error. No error was caused by the absorbance of 
dissolved organic matter from these samples. This 
was confirmed by running the manifold with aqueous 
ethanol (75 ml of ethanol + 25 ml of water + 1 ml of 
Tween 80) in the reagent line; samples then gave no 
measurable absorbance (i.e., absorbance < 0.002). 

Table 2. Results of duplicate determinations of aluminium 
in 1M potassium chloride extracts of peats by atomic- 

absorption spectrometry and the proposed procedure 

Alumimum concentration, pggltnl 

Sample No. 
Proposed 
procedure AAS 

96 0.94 0.94 0.96 0.90 
120 0.75 0.77 0.70 0.70 
158 0.70 0.70 0.68 0.74 
211 0.49 0.46 0.50 0.46 
229 0.30 0.27 0.24 0.35 
235 0.47 0.49 0.40 0.44 
236 0.61 0.60 0.64 0.56 

Table 3. Stability of acid digests (of ashed Sitka spruce 
needles) analysed by the proposed procedure 

Al concentration found, 

/G/g 
Sample 

No. Immediately After 1 month 

282 220 --230 
290 220 225 
385 150 165 
389 187 170 
400 120 125 

Reproducibility 

Table 2 demonstrates the reproducibility of the 
procedure for extracts from peat. Table 3 shows 
results for hydrochloric acid digests of five ashed 
samples of Sitka spruce needles, analysed both imme- 
diately after preparation and after storage for one 
month. The results show that the acid digests are 
stable and need not be analysed immediately. 

Analysis of waters 

The method has been successfully applied both to 
“free” aluminium in drainage water removed from 
organic soils by suction and to river water samples 
after preconcentration3 As expected, for some drain- 
age water samples the calorimetric procedure gave 
slightly but significantly lower results than flame 
atomic-absorption spectrometry, since the latter tech- 
nique, unlike calorimetry, will determine any alumi- 
nium present in polymerized ionic form as well as 
that present as monomeric aquo-ions. 
Acknowledgements-The authors are indebted to the Agri- 
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Summary-In the hydration of polysaccharides and glycoproteins a “glass transition effect” has been 
discovered, r.e., a phase transition, at certain critical values of the relative water-vapour pressure (p/p&,, 
of lyophilized preparations to a new state which is accompanied by a “glass transition” of the samples. 
The dependence of (p/p,), on the content of polysaccharide and glycoprotein has been shown. Conditions 
have been found which make it possible to measure the absolute value of the degree of hydration of such 
biopolymers at any values of p/p,, by means of Karl Ftscher titration. 

The moisture content of carbohydrates and 
carbohydrate-containing products can be reliably de- 
termined by many methods; gravimetric methods, 
azeotropic distillation and the Karl Fischer method 
are frequently used.‘,’ When drying methods are used, 
syrups, molasses, honey and other viscous products 
are first dispersed on pumice, quartz, or Filter-Gel.’ 

In using the Karl Fischer method for measuring the 
degree of hydration of polysaccharides and gly- 
coproteins containing more than 10% carbohydrate, 
over a wide range of relative water-vapour pressure 
(p/p,), we ran into certain difficulties connected with 
a phase transition of the hydrated samples-the 
“glass transition effect”-at high values of p/p, 

[which we will designate by (p/&,]: at p/p, > 0.8, 

only part of the hydration water is determined by the 
Karl Fischer method.3,4 

This paper presents the conditions which make it 
possible to measure the absolute values of hydration 
(H) of polysaccharides and glycoproteins at any p/p, 

ratio by means of a direct titration with the Karl 
Fischer reagent, defines the p/p, values at which the 
samples undergo phase transition [(p/ps)J, and 
shows the dependence of (p/p,),, on the composition 
of such biopolymers. 

EXPERIMENTAL 

Samples investigated 

Dextran T-20 (Fluka). rheopolyglucin, polyglucin, blood 
group substance (BGS) with activity factor (H + Ah5 immu- 
noglobulin M and egg albumin (Table I). 

Method of measuring the hydration level 

Samples of biopolymers with different degrees of hy- 
dration were obtained under dynamic condition@ at prede- 
termined p/p, values; the absolute value of hydration was 

determined by direct titration of a biopolymer sample (l-3 
mg) with the standard Karl Fischer reagent, by two meth- 
ods: (1) titration by the usual procedure’ at 20” in methanol 
medium; quantitative results were obtained only for prepa- 
rations hydrated at p/p, i 0.8; (2) titration in a water- 
tacketed cell kept at 50-70”. with a I:1 v/v mixture of 
himethylformamide and methanol as titration medium; in 
this case swelling of the “vitrified” samples was observed, 
and the water of hydration reacted with the Fischer reagent 
quantitatively, irrespective of the value of p/p,. 

RESULTS AND DISCUSSION 

In the course of obtaining isothermal curves with 
lyophilically dried preparations of dextrans and gly- 
coproteins at p/p, 2 0.8, it was observed that there 
was a sharp transition of the loose powder to a new 
state, accompanied by “vitrification” of the prepara- 
tions (Table 1). At p/p, 2 (p/~~)~~ the apparent level 
of hydration, as is determined by Karl Fischer ti- 
tration in methanol, stops rising and even decreases 
with increase in p/p,. At the same time, measurement 
of H by the weighing method shows that at 
p/p, > (p/p,),, the hydration of the preparations 
steadily continues to grow, and is accompanied by 
vitrification of the sample. 

The “glass transition effect” can apparently be 
explained by a co-operative recombination in the 
system of stable hydrogen bonds between water 
molecules and hydroxyl groups of carbohydrate 
chains in the biopolymer, when the water vapour 
reaches a critical pressure, given by (p/p&. After 
such a transition, Le., at p/p, 2 (p/p&, only a part of 
the water of hydration of the preparations of poly- 
saccharides and glycoproteins is titrated by the Karl 
Fischer reagent in methanol. 

705 
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Table I. The dependence of the “glass transition effect” and maxlmum hydration on the nature of a carbohydrate-containing 
biopolymer 

Carbohydrate 
Glass trans. effect 

Maximum 

Biopolymer Molecular weight 
content 

V ” @iI& ),, 
J%.t 

mmole Hz 0 /g 
H,.t 

mmole Hz 0 /g 

Dextran T-20 20 x 103 100 0.80 12.03 16.40 
Rheopolyglucm 35 X 103 100 0.80 14.44 
Polyglucm 70 x 10’ 100 0.80 12.22 
BGS: 30 x lo4 80 0.83 Il.50 14.20 
BGS: 27.5 x IO4 73 0.83 12.06 15.52 
BGS: 19 X 104 45 0.86 13.30 19.30 
Immunoglobulin M 93 x 104 12 3 0.92 28.15 40.00 
Egg albumm 44.5 X 103 1.8 17.01 

*BGS-Initial mucopolysaccharide sample of blood group substance with activity (H + A); BGS, and BGS,-preparations 
of BGS after partial splitting of carbohydrates from it, by acid9 and enzymic1° hydrolysis. 

tAverage of 4-6 determmations; relative standard deviation, S, = 0.12”/;. 

As can be seen from Table 1, the value of @/P~)~~ 
for dextran is independent of the polysaccharide 
molecular weight. Glycoproteins with varying carbo- 
hydrate content also undergo the transition at certain 
values of p/p,, and with decrease in the content of 
carbohydrates in the peparation (p/p,),, shifts to- 
wards higher p/p, values, i.e., the “glass transition 
effect” is observed at higher hydration values (Table 
1). The same relationship is also observed for maxi- 
mum hydration values at p/p, N 0.961.00 under 
stationary conditions (H,):H, rises with decrease in 
the carbohydrate content in the glycoprotein 
preparations. In the case of dextrans, H, decreases 

with increase in the molecular weight (Table 1). 
When the carbohydrate content is low, for instance 

in the case of egg albumin, the “glass transition 
effect” cannot be observed visually, but the processes 
causing it apparently still take place, since the quan- 
titative dehydration of egg albumin in a flow of dry 
nitrogen requires a temperature of 135-145’, i.e., 50” 
higher than that for dehydration of globular proteins 
containing no carbohydrates.R 

From Fig. 1 it appears that (p/p,),, for egg albumin 

095 

092 

E” 

9” 
\ 086 
P 

003 

080 

20 60 

Carbohydrates (%) 

Fig. 1. Graph showing the dependence of the “glass transi- 
tion effect”, Q/p&, on the content of carbohydrates and 

carbohydrate-containing biopolymers. 

should be given by p/p, N 0.95. However, staging the 
experiment at such a high water-vapour pressure may 
result in condensation of water vapour in the ad- 
sorption tube of the dynamic unit’ and this will 
certainly lead to higher H values. 

Therefore, the “glass transition effect” for immu- 
noglobulin M and the temperature effect for egg 
albumin, which are observed for glycoproteins with a 
low carbohydrate content, are also due to the posi- 
tions of the polar groups in the carbohydrate residues 
on the macromolecule surface. 

Figure 2 presents isotherms of water vapour ad- 
sorption by dextran T-20 under dynamic conditions. 
As can be seen from Table 1, the “glass transition 
effect” for this preparation is observed when the 
water-vapour pressure reaches the value given by 
p/p, = 0.80 f 0.02. 

The absolute degree of hydration of a dextran T-20 
preparation can only be quantitatively determined by 
Karl Fischer titration in methanol medium (method 
1) in the course of obtaining isothermal curves of 

P /Pr 

Fig. 2. Isotherms of sorption (0) and desorption (X ) of 
water vapour by dextran T-20 preparation under dynamic 

conditions in nitrogen flow at 25’ 
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Summary-The adsorption of water vapour on anion-exchangers of various degrees of cross-linking ( x 2, 
x 4, x 8, x 10) and in different ionic forms (Cl-, Br-, I-) was studied by the isopiestic technique. The 
calculated integral free-energy changes were independent of the degree of cross-linking of the resins. With 
increase in the number of adsorbed water molecules the free-energy functions approached limiting values 
which were characteristic for the counter-ions. The free-energy change was combined with the enthalpy 
of water sorption (obtained from direct calorimetric measurements) to obtain the entropy change due to 
the water uptake. Both the enthalpy and the entropy functions indicated the existence of several processes 
during the adsorption of water, among which the most relevant are hydration, swelling of the matrix, and 
dtlution of the internal electrolyte of the ion-exchanger. 

The most important property of ion-exchangers is the 
selectivity which, as a rule, is the result of manifold 
ionic and molecular interactions. The ion-exchange 
proper is always accompanied by a transfer of elec- 
trolyte and water. The adsorption of water molecules 
has been mostly studied for cation-exchangers.‘,2 In 
the present work the thermodynamic parameters AG, 
AH and AS for the sorption of water by strongly 
basic anion-exchange resins are reported. The results 
of such investigations are not only important for 
a better understanding of the selectivity of ion- 
exchangers but are also generally useful for inter- 
pretation of systems where water molecules are 
immobilized on polar surfaces such as protein mem- 
branes and other biological systems. In this respect 
ion-exchangers can be considered as reproducible 
model materials.3 

EXPERIMENTAL 

Dowex 1 (100-200 mesh) anion-exchange resins with var- 
ious degrees of cross-linking ( x 2, x 4, x 8 and x 10) were 
converted into their chloride, bromide and iodide forms. 
The capacities were determined by the usual methods4 and 
the values obtained are given in Table 1. 

The water-sorption equilibria of the resins were studied 
by the isopiestic technique described by Dickel and Hart- 
mann.’ The resin samples were first dried in a vacuum oven 
at 501 for 48 hr then transferred to small flat dishes and 
stored in the vapour atmosphere of desiccators containing 
various saturated salt solutions which gave the following 
water activities (a, =p/p”) at 2Y: 0.07, 0.333, 0.428, 0.577, 
0.807, 0.925 and 0.980.’ After 4 or 5 weeks of equilibration 
the water content of the resins was determined by drymg for 

*Present address: Department of Atomic Physics, Institute 
of Physics, Technical University of Budapest, Budafoki 
tit 8, H-1111 Budapest, Hungary. 

24 hr at 95” in a vacuum drying pistol containing phos- 
phorus pentoxide as desiccant. 

Dry resins for the calorimetric measurements (see below) 
were handled in a special dry-box filled with nitrogen that 
had been dried over phosphorus pentoxide. 

The integral heat of hydration of the dry and partially 
hydrated resins was determined by a direct calorimetric 
technique using an LKB-8700 solution calorimeter. The 
reaction vessel of the calorimeter was filled with 100 ml of 
distilled water and the dry or partially hydrated resin stored 
in the desiccators was weighed in thin glass ampoules of 
0.5 cm3 nominal volume. The overall performance of the 
calorimeter as well as the calibrations were made in the same 
way as described earlier [6]. 

For determination of the water content of the fully 
swollen resins the excess of water was removed by centrifu- 
ging the resin samples at 3000 rpm for 10 min. The water 
content was then determined by drying as described above. 

Table 1. Ion-exchange capacity (cd) of the 
resins 

Ionic form DVB,*% cd, meqlgt 

CI- 2 
4 
8 

10 

Br 2 3.80 
4 3.39 
8 3.15 

10 3.12 

I- 2 3.24 
4 2.94 
8 2.80 

10 2.74 

4.60 
4.06 
3.67 
3.56 

*Divinylbenzene 
tOf dry resin. 
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(b) er- 
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Fig. 1. Water-sorption isotherms of the chloride (a), bro- 
mide (b) and iodide (c) form resins with various degrees of 
cross-linking, at 298 K. + x 2; 0 x 4; A x 8; 0 x 10. 

RESULTS AND DISCUSSION 

Calculation of the free-enthalpy changes 

The water-vapour adsorption isotherms of the 
resins studied are shown in Fig. 1. In the low 
water-activity region the quantity of water adsorbed 
(w) is practically independent of the degree of cross- 
linking of the resin, but becomes very strongly de- 
pendent on the DVB content as a,,, is increased. 

The free-energy change of the adsorption process 
can be calculated from the data of the isotherms by 
the following equation:’ 

s % 
AG =zRTIna,-- RT zd In a, (1) 

0 

where R and T have their usual meanings; z is the 
number of moles of water per equivalent of active 
group and is calculated from 

The second term in equation (1) can be obtained by 
graphical integration of the isotherms plotted as z DS. 
a,. In Fig. 2 the calculated AG values are shown as 
a function of the z values. The points on the curves 
give the free-energy change when one equivalent of 
dry resin takes up z mole of water. As z increases, 
AG approaches a limit that depends only on the 
nature of the counter-ion, but not on the degree of 
cross-linking of the resin: AG(RC1) = -23.2 kJ/eq, 
AG(RBr) = - 17.7 kJ/eq, AG(RI) = - 11.3 kJ/eq. If 
these values are plotted against the reciprocal of the 
crystallographic radius of the counter-ions then a 
straight line is obtained (Fig. 3). 

This linear relationship can be interpreted in terms 
of the Born charging equation for the free-energy 
charge of hydration of the ions: 

where e is the charge of an electron, Ed is the 
permittivity of free space, E, is the relative permittivity 
of the medium (water), Z and r are the charge and 
radius of the ion. 

The adsorption of water molecules on ion- 
exchangers is simultaneously accompanied by hy- 
dration, dilution, swelling, etc. The linear relationship 
given above, however, seems to indicate the decisive 
role of the hydration. 

RCI 

RBr 

OY I I I I 

0 2 4 

I (mole H,O/eq) 

Fig. 2. Free-energy changes accompanying water ad- 
sorption by the ion-exchangers studied. 
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The enthalpy functions and their interpretation 

The reaction taking place in the calorimeter is 
either 

RX + (z + n)H,O=RX.(H,O)(:+.,AH,, (4) 

(when dry resin is used for the measurements) or 

RX. (H,O): + n HzO+RX . (Hz O),, + n) AH, (5) 

(when partially hydrated resins are investigated). 
From these measurable heat effects the enthalpy 
change sought: 

RX + zH,O$RX.(H,O),AH (6) 

can be obtained by the application of Hess’s law: 

AH = AH,, - AH, (7) 

The measured AH,, values were independent of 
the degree of cross-linking of the resin and were 
characteristic for the counter-ion: AH,(RCI) = 
-31.3 kJ/eq, AH,(RBr) = -23.5 kJ/eq, AH,(RT) = 
- 11.2 kJ/eq. 

When reaction (5) is studied at various values of z, 
an interesting change in the shape of the calorimetric 
curves can be observed (Fig. 4). 

As Fig. 4 clearly indicates, the overall process 
involves both exothermic and endothermic processes, 
as has been proposed by other authors.‘,* Experi- 
mental verification of this postulation, however, has 
not been presented. The exothermic process is cer- 
tainly hydration, whereas the endothermic con- 
tribution is due to the swelling of the resin matrix as 
well as to the dilution of the internal electrolyte. The 
changes of the calculated AH values as a function of 
z are given in Fig. 5. 

Similarly to the case in Fig. 2, the points of the AH 
function represent the enthalpy change of the process 
when one equivalent of dry resin absorbs z mole of 
water. No experimental data are available for small 
values of z but it can be supposed, to a good 
approximation, that in this region the course of the 
curves is independent of the degree of cross-linking. 

I 
+RCI 

40 5.0 

I/r (nm-‘1 

I 
5 

z (mole H,O/eq) 

Fig. 3. Change of the AC values for water adsorption by the 
chloride, bromide and iodide form resins as a function of the 

Rg. 5. Integral enthalpy changes accompanying the water 

reciprocal of the radius of the counter-ions. 
uptake of the chloride-form resins with various degrees of 

cross-linking. 

a, = 0.980 
AH, = t 0.9 kJ /eq 

0.807 

0 428 

1 +09 

0.333 
F- 

-72 

007 

AH,= -31.1 kJ/eq 

000 

L 

Time 

Fig. 4. Typical change in the calorimetric curves for the 
reaction (2% DVB)RCl. (H,O): + nH,O=(2% DVB)RCl . 

27H,O, for various values of z. 

At higher values of z, however, the curves diverge and 
after reaching a maximum they tend to the limiting 
AH,, values. The position of the maximum of the 
curves depends on the counter-ion: chloride (z = 5), 
bromide (z = 3.5) and iodide (z = 2.5). Curves simi- 

/ 

0 x 4 cl- 

A X 8 CI- 

0 x loci- 
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0 5 IO 

I (mole H,O /eq) 

Fig. 6. Differential free-energy changes for water uptake by 
the resins studied. 

lar to those presented for the chloride-form resins 
were obtained for the bromide and iodide forms, but 
are omitted for brevity. 

Calculation of the entropy functions 

Graphical differentiation of the AG vs. z and AH 
vs. z curves gives the values of these thermodynamic 
parameters for the uptake of one mole of water (AG’ 
and AH’). 

The differential free-energy curves for the resins 
studied and the enthalpy curves for the chloride-form 
resins are shown in Figs. 6 and 7. 

Apart from the initial (and uncertain) parts of the 
curves (drawn as dotted lines) the AG’ and AH’ 
functions both demonstrate that the energy con- 
tribution caused by the uptake of one mole of water 
decreases with increasing value of z. 

ztmole Ii,0 /eq) 

Fig. 7. Differential enthalpy changes for water uptake by 
the chloride-form resms with various degrees of cross- 

hnking. 

e 

_l Ii + x2 ci- 
i o x4 ci- 
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I” 
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0 x IO cl- 

% -10 - 
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Fig. 8. Differential entropy changes for water uptake by the 
chloride-form resins with various degrees of cross-linking. 

From the familiar AS’ = (AH’ - AG’)/T equation 
the differential entropy change of the water uptake 
can also be calculated (Fig. 8). 

The shape of the differential entropy curves can be 
interpreted in terms of the processes mentioned in the 
discussion of the AG and AH functions. The negative 
entropy changes are in accordance with orientation 
of the water molecules during hydration of the 
counter-ions [the standard hydration entropies of 
the ions are8 (J . mole-’ .deg-‘) A.S’(Cl-) = -86.9, 
AS”(Br-) = -74.8, ASo = -57.31. A negative 
entropy contribution is also caused by the stretching 
of the polymer network of the resin. As Fig. 8 shows, 
above a certain value of t the entropy change be- 
comes positive, which is a clear indication of the 
existence of further process(es). The positive entropy 
contribution is caused by the mixing effect due to 
dilution of the internal electrolyte of the ion- 
exchanger. 

1. 

2. 

3. 

4. 

5. 
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ANNOTATIONS 

LASER-EXCITED FLUORESCENCE LINE-NARROWING: 
AN ANALYTICAL STUDY 
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Summary-The limits of detection obtained by fluorescence line-narrowing spectroscopy for 6 polynuclear 
aromatrc hydrocarbons are compared with those obtained by low-temperature and room-temperature 
fluorescence, and the merits of the technique are discussed. 

The need to develop sensitive and selective techniques 
suitable for the detection of polynuclear aromatic 
hydrocarbons (PAHs) has led to considerable ad- 
vances in the past few years. Several techniques based 
on the optical luminescence of these compounds 
have been proposed. The optical luminescence spec- 
tra of these compounds are seen to consist of bonds 
with a full width at half maximum (FWHM) of 
100-300 cm-’ at room temperature. Room-tempera- 
ture luminescence is therefore relatively unsuitable 
for the analysis of complex mixtures, owing to the 
effects of inhomogeneous broadening. 

There are basically three approaches for reducing 
the effects of inhomogeneous broadening in mol- 
ecular luminescence spectroscopy. These are matrix 
isolation spectroscopy (MIS), Shpol’skii solvent spec- 
troscopy (SSS) and fluorescence line-narrowing 
spectroscopy (FLNS). 

First reported in the 1950s MIS attempts to reduce 
the energy of interaction of an analyte molecule with 
its surrounding environment by employing an inert 
host material such as argon.‘.* Recent work concern- 
ing the analytical application of MIS has been sur- 
veyed by Wehry and Mamantov.’ 

The Shpol’skii effect takes advantage of a phenom- 
enon first reported by Shpol’skii et al. in 1952.4 When 
certain organic species, such as PAHs, are placed in 
frozen polycrystalline snows consisting of n-alkane 
hosts, highly resolved absorption and emission spec- 
tra are observed. This is attributed to the incorpo- 
ration of analyte molecules into sites within the 
crystalline lattice, minimizing the heterogeneity of the 
environment of the analyte molecules5 This ap- 
proach for obtaining high-resolution absorption and 
emission spectral data has been the subject of exten- 

*Present address: Department of Chemistry, University of 
Denver, Denver, CO 80208, U.S.A. 

tAuthor to whom correspondence should be addressed. 

sive work, with regard to both the physical nature of 
the phenomenon and its application to chemical 
analysis. 

Wehry and Mamantov has reviewed the current 
status of SSS with particular emphasis on its poten- 
tial for the selective determination of PAHs.~ Only 
those aspects relevant to the ultimate analytical use 
of this technique are mentioned here. 

Some shortcomings of SSS have been discussed by 
Lukasiewicz and Winefordner.6 The effect is highly 
dependent upon selection of an appropriate host 
(solvent), precluding the use of a single solvent.’ The 
spectral resolution attainable improves as the sample 
temperature is lowered.* In addition, other factors 
such as freezing rate,“’ analyte concentration,‘0.‘3’4 
and matrix effects,‘.” can also affect the spectral 
resolution. 

There are some additional problems that have a 
direct bearing on the quantitative usefulness of the 
Shpol’skii effect. The linear dynamic range is gener- 
ally less than three orders of magnitude.‘62’ Further- 
more, since most compounds are less soluble at lower 
temperatures, solute aggregation can occur unless the 
freezing is rapid and the analyte concentration 
low 13.22-24 

Another approach for reducing the effects of in- 
homogeneous broadening, and one that serves as the 
basis for FLNS, was first suggested by Feld and 
Javan2’ and later demonstrated by Szabo.26,27 In this 
early work, FLNS was used to produce narrow line 
(AV _ 0.002 cm-‘) emission of the 6934 A Cr3+ tran- 
sition in ruby. The technique was extended to organic 
species by Personov et al. in 1972.‘*.‘9 More recent 
studies have established the physical nature of the 
phenomenon.2b3’ 

The fluorescence line-narrowing requires the selec- 
tive excitation of a subset of species occupying similar 
lattice sites in the solid state. The phenomenon can be 
observed in virtually any solvent medium. Assuming 
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Fig. 1. Block diagram of the experimental apparatus for 
FLNS measurements. 

that emission occurs from the same excited electronic 
state. the resulting emission spectrum is seen to 
consist of many well-resolved bands. 

Each band in the emission spectrum is seen to 
consist of two parts. a narrow zero-phonon line and 
a broader phonon wing.” This type of band structure 
is evidence that the effects of inhomogeneous band- 
broadening have been minimized. 

In order to observe line-narrowed fluorescence 
emission, the solute in question must be excited with 
a source having a band-width which is small com- 
pared with that of the absorbing species-” This 
implies that the limiting fraction of the species thus 
excited is small: 

where A,$, represents the line-width of the source, 
AI,,, the absorption line-width, and nex and nT are the 
number of excited analyte species and total number 
of analyte species, respectively. 

To render the effects of thermal broadening negli- 
gible, the use of sample-cooling equipment (e.g., an 
immersion helium-filled Dewar flask) is required. 
Although more convenient sample-cooling devices 
are commercially available, such as closed-cycle re- 
frigeration systems, such systems have not yet been 
successfully utilized for FLNS. 

The analyte must be excited in the vicinity of its 
t&O vibronic absorption band.” Since O-O transition 

wavelengths are not readily available for many or- 
ganic species, selection of an appropriate excitation 
wavelength is not as straightforward as in con- 
ventional fluorimetry. 

Assuming the criteria above are met, emission 
spectra can be measured in which the vibronic line- 

widths are limited by the line-width of the source of 
excitation. In practice, however, the observed spectral 
resolution is often limited by instrumental factors 
(such as monochromator band-pass). 

:?dss- 
Outer Plug* 4 

a, 

(a) 

Sample Tube 
Adapter (Teflon) 

LJ Sample Tube 
(Polystyrene) 

(b) 

Llquld Hellurn, Sample 

I 

Vacuum ----+I 
Jacket 

Llquld Nitrogen 

1 Optlcal 
Region 

Fig. 2. Schematic diagram of the sample cell support (a) 
and double-nested optical Dewar flask (b). 
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Nitrogen-laser 

Dye-laser 

Dewar flask 

Collection optics 

Monochromator 

Photomultiplier 

Energy meter 

Photodiode/trigger circuit 

Analogue delay line 

Boxcar averager 

Table 1. Experimental apparatus and operating conditions 

Model UV24, Molecton Corp. (Sunnyvale. CA); operated at repetition rate of 30 Hz. 

Model DLII. Molecton Corp. (Sunnyvale. CA); operated with PBD and BBQ dyes 

Model 30368, Pope Scientific, Inc. (Menomonee Falls, WI). 

Two 102-mm focal length, 51-mm diameter, fused silica planoconvex lenses. each placed 
51 mm from sample centre and monochromator entrance slits, respectively. Aperture 
between two lenses used to match f-number to that of monochromator. 

Model HlOOO, Instruments SA, Inc. (Metuchen. NJ); l-m Czerny-Turner mono- 
chromator; operated with a spectral band-pass of 1 A. 

Model 6256B. EM1 Electron Tubes (Middlesex, GB); operated at voltage of 1.3 kV. 

Model J3-05DW, Molectron Corp. (Sunnyvale. CA). 

Laboratory-constructed. 

Model V2552050, Allen Aviomcs. 

Model 162 gated integrator used with Model 164, Princeton Applied Research (Princeton, 
NJ); operated with 20nsec aperture time, 1 msec sampling time constant, and 1 set 
mainframe (low-pass filter) time-constant. 

Strip-chart recorder Model 5000, Fisher Scientific (Pittsburgh, PA). 

Probably the most unusual aspect of FLNS is that 
large changes in spectra may be produced by small 
changes in excitation wavelength. A change in ex- 
citation wavelength produces two effects. First, the 
entire emission spectrum is seen to shift with ex- 
citation wavelength in the vicinity of the O-0 vibronic 
absorption band.33 If the energy corresponding to the 
wavelength of excitation exceeds the CM absorptive 
transition by more than about 1500 cm-‘, significant 
band-broadening can occur.34,35 This is attributed to 
the rapid release, to the matrix, of the excess of 
energy accompanying vibrational relaxation, leading 
to rapid local site-melting. 

In this paper, we deal with some quantitative 
aspects of FLNS and report limits of detection 
(LODs) and emission band-widths for six PAHs. 

EXPERIMENTAL 

Instrumenlallon 

A block diagram of the experimental apparatus appears 
in Fig. 1. A nitrogen-pumped tunable dye-laser was used as 
the source of excitation. The dyes PBD [2-phenyl-5-(4- 
biphenyl)-1,3,4_oxadiazole] and BBQ [4,4”‘-bis(butyloctyl)- 
quaterphenyl] were used to cover the wavelength ranges 
36&380 and 38&400 nm. respectively. Part of the dye-laser 
output was directed toward a pyroelectric detector by means 
of a small quartz plate. This facilitated optimizatton of the 
laser system before preparation of the helium-filled Dewar 
flask. The laser beam was focused onto the sample cell, 
which consisted of a 13-mm o.d. polystyrene culture tube 
suspended within the inner section of a 2-litre double-nested 
Dewar helium flask. The tube was supported by a Teflon 
sleeve attached at one end to the culture tube cap and at the 
other to a 2-ft piece of 8-mm diameter glass rod supported 
at the top of the Dewar flask by a Teflon plug, as depicted in 
Fig. 2. This arrangement permitted mtroduction and re- 
moval of samples from the hquid-helium bath without 
requiring recharging of the Dewar flask with coolant. The 
lummescence excited was then collected by a quartz lens and 
focused onto the entrance slits of a l-m monochromator. In 
order to reduce stray light, an aperture was placed between 
the collimatmg and focusing lenses to match they-number 
of the collection optics to that of the monochromator. The 
output of the photomultiplier tube was connected to the 

boxcar-averager signal mput through an analogue delay line 
fitted with switch-selection of delays in the range O-255 nsec. 
The output of the boxcar was attenuated by a laboratory- 
constructed mstrumentatton amplifier/attenuator before 
being input to the strip-chart recorder. The experimental 
apparatus and operatmg conditions used are summarized in 
Table 1. 

Reagents 

All PAHs used m this study were supplied by Aldrich 
Chemical Co. and were used without further purification. 
The composition of the solvent from which all the glasses 
used were made was 2 : 1: 1 v/v glycerol : ethanol : water. The 
glycerol and ethanol were laboratory-reagent grade and 
used without further purification. 

Procedures 

Stock solutions of all compounds used m this study were 
prepared in ethanol and stored at 5’. These stock solutions 
were removed from the refrigerator and brought to room 
temperature before serial dilutions were made from them. A 
small volume (ca. 5 ml) was decanted into the corresponding 
culture tube, which was then Introduced into the Dewar 
flask in analogous fashion to a procedure reported by 
Brown et al..” after introduction of liquid nitrogen and 
hquid helium mto the Insulating and sample jackets of the 
Dewar flask, respectively. 

RESULTS AND DISCUSSION 

The emission spectrum of each PAH examined in 
this study was recorded in order to determine the 
optimum emission wavelength for quantitative mea- 
surement. The limits of detection (LODs) and relative 
standard deviations for each of these compounds are 
given in Table 2. The emission band-widths for all of 
the PAH studies were indistinguishable from the 
monochromator band-pass. The linear dynamic 
ranges for all compounds studied were less than 3 
orders of magnitude, similar to ranges reported in 
previous studies with Shpol’skii matrices.‘“” 

These data suggest that FLNS is as much as five 
orders of magnitude less sensitive than conven- 
tional room-temperature fluorimetry.37 It should be 
noted, however, that a similar comparison with 
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Table 2. Comparison of limits of detection for six PAHs by FLNS, low-temperature 
fluorescence (LTF), and room-temperature fluorescence (RTF) 

Compound 

FLNS LTF RTF 

A&> n&l> LODb, RSD’, LOD*. LODd. 

R R nglml “/‘, nglml nzlml 

Anthracene 3640 3803 200 6.8 90 0.002 
2-Methylanthracene 3845 3863 100 7.0 3 0.003 
9-Methylanthracene 3825 3906 100 5.9 2 0.003 
9,10-Dimethylanthracene 3940 4017 1000 5.2 20 0.006 
Perylene 4340 4412 100 6.3 90 0.001 
Pyrene 3640 3722 300 8.4 70 0.04 

‘Wavelengths are uncorrected for instrumental response and were determmed with a l-8, 
spectral band-pass. 

bFluorescence measurements were made with a l-8, spectral band-pass. The limit of 
detection is that concentration which gives a signal 3 times the standard deviation of 
8 blanks. 

‘Relative standard deviations based on 8 determinations of a 1000~ng/ml solution. 
dFluorescence analytical figure of merit measurements were made with an 80-A spectral 

band-pass. The limit of detection is that concentration which gives a signal 3 times the 
standard deviation of 16 blanks. 

conventional low-temperature fluorimetry is more 
favourable. 

The relatively high LODs obtained for the six 
PAHs studied can be attributed to the high back- 
ground signals observed. Two additional factors that 
contributed to the high LODs were irreproducible 
placement of the sample with respect to the incident 
beam, and the formation of small bubbles around the 
sample cell. The effect of the first of these was 
minimized by placing a small Teflon block at the 
bottom of the Dewar flask, with a cavity in which the 
sample tube could rest. This resulted in more re- 
producible placement of the lowered sample tube, 
although the problem was not completely eliminated. 
The second problem became worse after the lower 
section (tail) of the Dewar flask was damaged and 
had to be repaired. One way to circumvent such 
problems would be to utilize a closed-cycle refrig- 
eration system for sample-cooling, in place of an 
immersion Dewar flask; the evaluation of such a 
configuration is currently under way. 
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Summary-The end-point for the titration of EDTA with Cu(I1). as measured by a Cu(II)-selective 
electrode, varies with pH and temperature. Moreover, the effect of pH and temperature on the behaviour 
of this electrode differs according to whether fluoride is present. As a consequence, the determination of 
aluminium in zinc-aluminium alloys by the Freegarde and Allen method with use of a Cu(II)-selective 
electrode must be performed with close control of pH and temperature to maximize accuracy and 
repeatability 

In 1979, the Canadian Certified Reference Materials 
Project (CCRMP) initiated a programme to confirm 
that the homogeneity of a suite of seven 
zinc-aluminium alloys (Al 7-30%) was sufficient for 
their use as reference standards for emission and 
X-ray fluorescence spectrometry. The determination 
of aluminium was first attempted by use of a modified 
Freegarde and Allen method.‘,’ In this, an excess of 
ethylenediaminetetra-acetic acid (EDTA) is added to 
the sample and the mixture is boiled to form the 
Al-EDTA complex; the uncomplexed EDTA is ti- 
trated with a zinc solution in the presence of a small 
amount of copper( with Xylenol Orange as indi- 
cator. The EDTA complexed with the aluminium is 
released by adding fluoride and boiling, and is ti- 
trated with zinc in the same way. The second titration 
corresponds to the aluminium in the sample. The 
relative standard deviation of 46 results was 1.7% (for 
28.9% Al), which was too high to warrant any 
conclusions concerning homogeneity of the alloy. 
Some of this poor repeatability was attributed to 
errors arising from visual detection of the two end- 
points. 

The Cu(II)-selective electrode has been found 
effective in Cu(II)-EDTA titrations3.4 and also in the 
back-titration of uncomplexed 1,2-diaminocyclo- 
hexanetetra-acetic acid (DCTA) with copper(I1) in 
the indirect determination of aluminium.’ The appli- 
cation of this electrode to the determination of 
aluminium by the unmodified Freegarde and Allen 
method with copper(I1) as titrant ultimately gave a 

relative standard deviation of 0.4% for 47 deter- 
minations. This paper reports the differences 
observed in the behaviour of the Cu(II)-selective 

Crown Copyright reserved. 

electrode in fluoride-free and fluoride-bearing ti- 
tration media, as a result of which close control of pH 
and temperature is required if this repeatability is to 
be achieved. 

EXPERIMENTAL 

Reagents 

All solutions were prepared from analytical grade chem- 
icals and demineralized water. 

Apparatus and titration procedure 

A Mettler Automatic Titrater was used with an Orion 
94-29 Cu(II)-selective electrode and saturated calomel elec- 
trode. 

Samples were adjusted to and kept at the desired titration 
temperature in a thermostatically controlled water-bath. 
Between titrations, the electrodes were stored in 10m3M 
copper(I1) kept at the temperature of the water-bath. Over- 
night, the electrodes were stored in demineralized water. 

The samples were titrated as follows. The _ 0.1 A4 copper 
titrant was added at maximum rate to within 0.5 ml of the 
estimated end-point and the electrode was allowed to reach 
constant potential. Titrant was then added at the minimum 
rate possible, 0.003 ml/set (with the titrater operated man- 
ually), to 0.14. I5 ml beyond the end-point. This excess was, 
of course, considered in calculating the titrant volume 
equivalent to the EDTA released from its aluminium com- 
plex. A derivative plot (AE/AV) was used to find the 
end-point. 

General procedure 

The samples for titration consisted of solutions of various 
quantities of zmc-alummium alloy or other metals, a max- 
imum of 20 ml of 0.05M EDTA and sufficient water to give 
a volume of 70 ml. The pH was adjusted to 4.3-4.8 with 
sodium hydroxide (pH-meter). and then by addition of IO 
ml of acetate buffer of the required pH (for concentration, 
see discussion). The solution was boiled for 5 mitt, cooled 
and titrated. After addition of 30 ml of sodium fluoride 
solution (a 42 g/l.), the solution was again boiled for 5 min, 
cooled and titrated. Samples which did not contain alumi- 
nium were not boiled, but otherwise were handled as 
described. 

T*L 30/s--c 
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Fig. 1. The relationship between pH and V,, the volume of 
Cu(II) titrant equivalent to surplus EDTA after complex- 
ation of 10.00 mg of aluminium in fluoride-free medmm, 
and V2, the volume of Cu(I1) titrant equivalent to the EDTA 
liberated when 10.00 mg of aluminium are complexed with 

fluoride in fluoride-bearing medium. 

RESULTS AND DISCUSSION 

The initial attempts to determine aluminium with 
use of a Cu(II)-selective electrode were made by the 
Freegarde and Allen method with the recommended 
buffer of 1.5% sodium acetate-OS% acetic acid and 
the samples were cooled to approximately room 
temperature after boiling. The agreement obtained 
between equal aliquots of a given sample that were 
prepared and titrated in the same run was in general 
acceptable. However, the agreement between results 
from different runs was variable. For example, the 
mean value of four determinations in each of four 
consecutive runs was 29.16, 28.88, 28.37 and 29.16% 
Al for alloy No. 1. This poor repeatability was found 
to be due to a difference between the effect of small 
differences in the pH of replicate aliquots both in one 
run and in different runs, and between the tem- 
peratures of replicate aliquots in different runs, on the 
response of the Cu(II)-selective electrode in 
fluoride-free and fluoride-bearing media. The small 
differences in pH arose from a variable loss of acetic 
acid from the samples during boiling, as a result of 

which the pH could not be maintained at better than 
4.9 f 0.1 for the first back-titration and at 5.7 & 0.2 
for the second. Use of a buffer containing 7.5:” 
sodium acetate and 8”/: acetic acid gave better pH 
control, at 5.11 If: 0.03 and 5.45 k 0.06 respectively 
for the two titrations. Small differences in tem- 
perature were easily eliminated by cooling in a 
constant-temperature bath. The repeatability of re- 
sults was found to be independent of the time spent 
by the samples in the bath after they had reached 
bath-temperature. 

The volume of copper(I1) titrant needed to reach 
the end-point indicated by the Cu(II)-electrode in- 
creased slightly with pH in the range 4.2-5.6, regard- 
less of the composition of the titration medium. The 
pH was varied with buffers consisting of 7.51,, sodium 
acetate solution containing l-20% v/v acetic acid; 
and was measured before the titration. Figure I 
illustrates the results for the titration of 10 ml of 
I-mg/ml aluminium solution plus 20 ml of 0.05M 
EDTA. Table I reports the values of the slope and its 
95”” confidence intervals for V,, (the volume of 
titrant used in the back-titration after AI-EDTA 
complex formation). Vz, (the total volume of titrant 
used for both back-titrations), and V3, the volume of 
titrant correspondmg to the quantity of aluminium. 
which is given by If-V,, when these are plotted as a 
function of pH. Although the overlap of the 95”” 
confidence limits indicates that there is no statistical 
significance in the difference between the three slopes, 
the relative magnitudes of these slopes together with 
the difference between the slopes found for V, for 
EDTA alone in fluoride-free and fluoride-bearing 
media, imply a physical significance. The variation of 
0.4 in the pH after the decomposition of the 
AI-EDTA complex, observed for replicate samples 
when the 1.59; sodium acetate-O.%, acetic acid buffer 
is used, could therefore result in apparent differences 
of up to -0.008 ml m V,. 

This variation in the titrant volume used, with pH. 
can be explained as follows. After the equivalence- 
point in the titration of EDTA with Cu(II), the 
potential of the Cu(II)-selective electrode depends on 
the concentration of the excess of copper. and this 
potential is independent of pH in the range 3-6.“’ 
Before the equivalence-point, the potential of the 
electrode depends solely on the concentration of the 
excess of EDTA.7,9 A decrease in pH causes a shift in 
the potential of the electrode to more positive val- 
ues,‘.‘“.” in the same manner as does a decrease in the 

Table 1. Effect of pH on Cu(II)-electrode response 

Slope k 95% confidence interval, ml/pH 

Titration medium 6 VZ V3 

EDTA only, no F- 0.0356 f 0.0061 
EDTA only, F- 0.0614 + 0.0097 
EDTA, A13+ 0.033 * 0.012 0.057 * 0.017 0.024 &- 0.017 
EDTA, A13+, Zn*+ 0.014 f 0.008 0.039 * 0.010 0.021 + 0.013 
EDTA, Zn-Al alloy 0.025 f 0.015 0.046 + 0.020 0.020 & 0.013 
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Table 2. Effect of temperature on Cu(II)-electrode response 

Slope k 95% confidence interval, ml/pH 

Titration medium 6 v2 V, 
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EDTA only, no F- -0.00072 k 0.00054 
EDTA only, F- -0.00028 + 0.00028 
EDTA, A13+, Zn*+ -0.00093 k 0.00046 0.00041 + 0.00034 0.00078 + 0.00039 
EDTA, Zn-Al alloy -0.00068 + 0.00056 0.00038 + 0.00035 0.00102 k 0.00048 

concentration of EDTA.‘,” Consequently, differences 
between the pH values of the solutions titrated cause 
the electrode to indicate differences between the 
concentrations of free EDTA at the same point in the 
titration, and hence differences m the apparent 
equivalence-point volumes. It has been suggested that 
the dependence of the electrode response on pH is a 
result of the protonation equilibria of the complexing 
ligand.” If this is indeed so. it would appear that the 
Cu(II)-selective electrode is responsive to the 
HEDTA’- and possibly EDTAJm forms of the li- 
gand. 

The effect of temperature on the end-point was 
roughly linear in the range 15-35 as shown in Table 
2, but the effect is different for fluoride-free and 
fluoride-bearing media. Hence the apparent alumi- 
nium content of a given sample will increase with an 
increase in the temperature of titration. For example, 
a difference of 5” in the titration temperature of two 
aliquots from a given sample would give a difference 
of 5 0.005 ml between the apparent volumes of 0.1 M 
copper solution used. This difference is the same as 
the standard deviation calculated for the volume of 
titrant used for 24 replicate aliquots from a sample of 

alloy No. 1 (7.5Y0 sodium acetate&“,; acetic acid 
buffer and constant temperature). 

The variation in the end-point with temperature is 
due to two effects. Changes in sample volume with 
temperature need not be considered in potentiometric 
titrations. The standard potential and the slope of the 
Nernst equation 

E = E,, + $ log a, 

for behaviour of an electrode are both temperature- 
dependent.” Although this dependence can strongly 
affect the accuracy of potentiometric determination 

of concentrations by a single-measurement pro- 
cedure. it is generally only of minor consequence in 
a potentiometric titration. The titration of EDTA 
with Cu(I1) is an exception because the electrode 
responds to Cu(I1) with a slope of RT/2F after the 
equivalence-point but is thought to respond to Cu(I) 
(at the solution-electrode interface) with a slope of 
RT/F before the equivalence point.’ A change in 
temperature can also change the pH of a sample by 
altering the equilibrium of the acetate buffer.13 The 
effect of pH changes has been discussed above. 

*The electrode then becomes responsive to fluoride; this is 
supportive evidence for formatlon of a “fluoride” film. 

The effect of temperature on the end-point and so 
on the repeatability of titration would be more 
evident from comparison of the titrant volumes for 

replicates in different batches than from those within 
a batch. The between-batch repeatability observed in 
this study was poorer than the within-batch repeat- 
ability, and this can probably be attributed to 

differences in temperature between the various sets of 
experiments performed in the initial attempts to 
determine aluminium. 

Fluoride-free samples could be titrated con- 
secutively without any affect on the “sharpness” of 
the derivative plots. For fluoride-bearing media, how- 
ever, the “sharpness” of the successive plots degener- 
ated rapidly unless the electrode was treated in a 
special fashion. Figure 2 shows the AE/AP’ LX V 
curve obtained for fluoride-bearing media for (a) 
16-20, (b) 2g-24 and (c) >24 consecutive titrations. 
This degeneration was unchanged if an equal number 
of titrations in fluoride-free media were interspersed 
among those in fluoride-bearing media, as would be 
the procedure for the determination of aluminium. 
Interference by fluoride with the potential of a 
Cu(II)-selective electrode has been noted previously.‘4 

The shape of plots (b) and (c) in Fig. 2 suggests that 
the degeneration is due to the occurrence of more 
than one end-point for the titration. This suggests the 
formation of a sparingly-soluble film of a fluoride 
compound on the surface of the electrode*. Similar 
behaviour has been observed for chloride, which 
interferes with the Cu(lI)-selective electrode’“” and 
forms on the electrode surface a dark, dull tarnish 
which is readily removed by light polishing.‘5 Al- 
though no such film could be visually detected at any 
time in this study, it was found that a light polishing 
of the electrode surface restored the “sharpness” of 
the derivative end-point. The degeneration of re- 
sponse of the electrode on continuous use in 
fluoride-bearing medium could also be avoided by 
storage of the electrode overnight in demineralized 
water and in lo-‘M copper(I1) solution between 
batches of titrations. The cumulative formation of 
the suggested film is therefore prevented by its phys- 

ical removal or by dissolution in fluoride-free 
medium. This last procedure was used in this study, 
so the difference between the end-points obtained in 
fluoride-free and fluoride-bearing media is relevant to 
all the titrations, i.e., it is an ever-present effect which 
does not appear only after some critical film thicknesg 
on the electrode surface has been attained. 

Figure 3 depicts the effect of fluoride concentration 
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Fig. 2. The degeneratton of the sharpness of the AE/A V v.5. 
V curve with the number of tttrations performed. 
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Fig. 3. The relationship between the slope of the plot of the 
end-point against (a) T and (b) pH and the concentration 
of NaF. The solid hne represents the slope of the end-point 

for the fluoride-free solutton 

on the slopes of the plots of the equivalence-point 
volume of Cu(I1) titrant as a function of temperature 

or pH: [NaF] refers to the stock solution, of which 30 
ml were added to the sample; [F-l in the sample is 
therefore approximately 3[NaF]/I 1. Figure 3 shows 
that the extent of the change in the end-point in- 
creases with increasing [NaF] in the manner expected. 
The nature of this interference by fluoride is under- 
going further investigation. 

This study has demonstrated that the end-point 
obtained with the Cu(II)-selective electrode responds 
to changes in pH and temperature differently in 
fluoride-free and fluoride-bearing media. It is con- 
sequently important to control the pH and tem- 
perature closely in the determination of alummium in 
zinc-aluminium alloys by the Freegarde and Allen 
method. to maximize the accuracy and repeatabihty. 
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Summary-In the spectrophotometric determination of Ga(III) after extraction of its chloro-complex with 
Rhodamine B, addition of so&urn chloride has been found to be very effective for improving the sensitivity 
and broadening the operating conditions, e.g., a wider range of acid and dye concentration can be 
employed. The improvement is due to increased extraction of the gallium in the presence of sodium 
chloride. 

The determination of traces of gallium(II1) by mea- 
suring the absorbance of a benzene solution of the 
tetrachlorogallate-Rhodamine B ion-pair’12 has been 
regarded as one of the best methods for this element. 
However, the absorbance obtained is very dependent 
on the experimental conditions, such as concen- 
trations of hydrochloric acid and the dye, and the 
volume ratio of the organic and aqueous phases.2 As 
pointed out by Culkin and Riley,3 this is due to 
incomplete extraction of Ga(II1) under the condi- 
tions employed in the Onishi and Sandell method,’ 
and if suitable conditions for better extraction could 
be found, the sensitivity would be enhanced and the 
experimental conditions less critical. Culkin and 
Riley3 used a mixture of chlorobenzene and carbon 
tetrachloride as solvent, which was claimed to make 

the extraction quantitative, but still used a high 
hydrochloric acid concentration (6.5M), and the 
method suffered from various interferences. The 

present paper proposes an improvement by using 
extraction from 2.5M hydrochloric acid saturated 
with sodium chloride, instead of the 6M hydrochloric 
acid medium hitherto used. 

EXPERIMENTAL 

Gallium(II1) stock solution was made by dissolving gal- 
hum metal (99.99% pure) m nitric acid, evaporating the 
excess of acid and diluting to the desired volume. The 
solution was standardized by EDTA titration, with morin as 
indicator.4 

A simple procedure was developed to permit calculation 
of the distribution ratio, D, when only the absorbance (A) 
of the extracted species can be measured. The complex IS 
first equilibrated between equal volumes of the organic and 
aqueous phases. Then, 

where [Ga(III)], = [Rh+ GaCl;], = A/t, where t is the molar 
absorptivity of the complex. An aliquot of the equilbrated 

aqueous phase is shaken with an equal volume of pure 
organic solvent. Since the conditions of extraction are 
identical, the value of D is assumed to remain the same as 
in the first extraction, and 

where [Ga(III)], , = A,/c and [Ga(III)],,,, = A,,/c, the sub- 
scripts I and II indicating the first and second extractions, 
respectively. By suitable manipulation the equation 

can be derived. 

D = (A, - AnYA,, 

Recommended procedure 

In a stoppered glass tube take 5.0 ml of a gallium solution 
(concentration in the range 10-6-10-5M) in 2SM hydro- 
chloric acid containing 0.10% Rhodamine B and 0.6% 
titanium(W) chloride, saturate the solution with sodium 
chloride (about 1 g is needed) and add an equal volume of 
benzene. Shake the tube for 10 min, and then centrifuge it. 
Measure the absorbance of the benzene phase at 565 nm 
within 1 hr. Up to 7 x lO_‘M iron(III), 1.2 x 10e4M anti- 
mony(III), and 10m4M thallium(I) will not interfere. The 
apparent molar absorptivity of the tetrachlorogallate- 
Rhodamine B complex is 9.8 x lo4 1 .mole-‘.cm-‘. 

RESULTS AND DISCUSSION 

In the Onishi and Sandell method, the maximum 
absorbance is obtained by use of 6M hydrochloric 
acid concentration which must be maintained 
throughout because a small change in it causes a large 
decrease in the absorbance (cJ Fig. 49 in reference 2). 
This critical dependence of the absorbance on the 
hydrochloric acid concentration was confirmed in the 
present study. For example, when Ga(II1) was ex- 
tracted from 5.3,6.0 and 6.5M hydrochloric acid with 
the Rhodamine B concentration recommended by 
Onishi and Sandell, the absorbances found were 0.45, 
0.65, and 0.45, respectively. It was also observed that 
when sodium chloride was present in the aqueous 
phase, the absorbance was higher than when the 
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Fig. I. Absorbance of the benzene extract as a function of 
the acidity; (0) measured against pure benzene; (0) mea- 
sured against the reagent blank; initial aqueous solutions 
6 x 10m6M Ga(II1) and O.l”/, Rhodamine B. (A) Reagent 
blank measured against pure benzene; initial aqueous solu- 

tion 0.19, Rhodamme B. 

acidity was the same but the sodium chloride was 
absent. For example, when the 5.3M acid solution 
was saturated with sodium chloride, the absorbance 
of the extract increased to 1.1. The relative increase 
obtained by saturating the solution with sodium 
chloride is still larger when the acid concentration is 
lower. The absorbance is nearly independent of acid 
concentration in the range 1.5-3M when the solution 
is saturated with the salt (Fig. 1). 

Figure 2 shows the dependence of the absorbance 
on the dye concentration under the conditions of the 
Onishi and Sandell method and the present method. 
The absorbance of the conventional method is always 
dependent on the dye concentration, but is indepen- 
dent of it (at least in the range 0.07-0.187;) when the 
solution is saturated with sodium chloride. 

To find the molar ratio of metal to dye in the 
extract, the dependence of the distribution ratio on 
the dye concentration was examined, when the aque- 
ous phase was 2.5M hydrochloric acid saturated with 
sodium chloride. The logarithm of the distribution 

ratio was proportional to the logarithm of the dye 
concentration in the range from 1 x 1O-5 to 
1 x 10m3M (D ranged from 0.1 to 7), indicating that 
a 1 :l Ga(III)-Rhodamine B species is extracted. It 

Rh 8 We) 

Fig. 2. Absorbance of the benzene extract as a function of 
the dye concentration. Initial aqueous solution: (0) 
6 x 10e6M Ga(III) m 2.5M HCI saturated wtth NaCI; (A) 

1.2 x 10-5M Ga(II1) in 6M HCI. 

has been established by Culkin and Riley’ that the 

gallium is present as the tetrachlorogallate anion in 
the species extracted, so the extraction can be written 
as: 

GaCl; + Rh +eRh+ GaCli;“, 

K,, = [Rh+GaCI,],/[GaCI,][Rh+] (1) 

The difference in effect of the dye concentration on 
the absorbance for the present method and the Onishi 
and Sandell method, as shown in Fig. 2, may be 
explained as follows. The method is based on mea- 
surement of the tetrachlorogallateeRhodamine B ion- 
pair in the benzene phase and this absorbance de- 
pends on the degree of extraction, given by 

E = [Rh+GaClT], x 1000, _ D x 100 

[Ga(III)I,,,,, ‘“-(~Jv,,)+~ 
(2) 

where D is the distribution ratio and V,/V, the 
phase-volume ratio: D itself is dependent on the 
Rhodamine B concentration, but E is practically 

independent of it if D >> Va/Vo. For example, when 
the dye concentration is 2 x 10e3M, the aqueous 
phase is saturated with sodium chloride and 
V&/V, = 1, the distribution ratio is 13; doubling the 
dye concentration doubles the distribution ratio. 
However, the value of E changes only from 93 to 
96;;. On the other hand, under the conditions of the 
Onishi and Sandell method, D is 0.4 (at the phase- 
volume ratio of 0.65). and E is only 38”, when a dye 
concentration of 7.5 x 10mJM is employed. Doubling 
the dye concentration would increase the value of E 
to 554,;, which is still far from quantitative extraction. 

There are two main factors that decide the value of 
D. One is stoichiometric in character, depending on 
the effective concentration of Rhodamine B. and the 
other is non-stoichiometric, depending on the solvent 
system selected and the salting-out effect by CO- 

existing electrolytes. It is well known that Rhodamine 
B is readily protonated, and that the fraction in the 

smgly-charged form involved in the ion-pair for- 
mation is reduced when the acidity is increased. Our 
use of lower acidity and saturation with sodium 
chloride therefore serves several purposes. It in- 
creases the effective concentration of the dyestuff and 
also maintains the chloride concentration at the level 
used in the earlier methods. Further addition of 
sodium chloride gives a salting-out effect on the 
ion-pair between the Rhodamine B cation and tet- 
rachlorogallate. Of the series of alkali metal halides. 
sodium chloride improves the extraction of the ion- 
pair most effectively. Culkin and Riley found their 
mixed solvent to be more efficient than benzene as 
solvent for the ion-pair when a high hydrochloric acid 
concentration was used. Our work shows that the 
efficiency of benzene as the solvent is impaired by use 
of a high acidity. 

Though our method is more sensitive than the 
Onishi and Sandell method and less affected by 
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Summary-A review is given of the literature on the methods available for the detection of the 
organophosphonate compounds known as the “nerve gases”. 

THE HISTORY OF NERVE WEAPONS 

After the universal revulsion at the effects of gases 
used in the Great War, a conference met in 1925 at 
Geneva and debated prohibiting the use of dangerous 
gases in warfare. A treaty-the Geneva Protocol- 
was signed by 38 countries, including all the major 
powers (except the U.S.S.R., which signed later), to 
the effect that each would not use toxic gases or 
bacteriological weapons in warfare.14 To be binding, 
the Protocol had to be ratified by individual govern- 
ments: after the rest of Europe, Germany ratified 
in 1929, Britain in 1930 and the United States in 
1975. Britain and other countries appended limiting 
clauses, including the right to reply with chemical 
weapons if attacked with them. Research was not 
limited. The chief lethal war gases at the time of the 
Protocol included chlorine, phosgene, mustard gas, 
lewisite and hydrogen cyanide. 

Work in the 1930s in Germany on the properties 
of organophosphorus compounds as pesticides re- 
vealed a compound that was highly lethal to man.34 
Details were kept secret, but research was intensified 
and by the end of the Second World War it was 
discovered that German workers had discovered 
three highly toxic compounds, all of which were 
derivatives of phosphonic acid. These compounds 
were named and later given code letters, as below: 

lCH3$ CHO 0 
\f 

/\ 
(cH~)~CHO F 

DFP 

fatal effect on mammalian life. Toxicity increases 
from Tabun to Soman. 

Research in Britain had been devoted to im- 
provement of the First World War gases,4 but one 
discovery was the far less potent liquid nerve agent 
di-isopropyl fluorophosphate (DFP),‘,* though its 
development had not left the experimental stage. In 
Germany, however, by the end of the war a plant 

capable of producing 3000 tons of Tabun per month 
was available;4 12,000 tons had been prepared,3m6 and 
it was used to fill shells and bombs. The German 
leadership thought that the Allies had also developed 
nerve agents (in fact the then secret insecticide DDT 
was the cause of their concern). Although Germany 
had the research and production facilities to enable 

the use (with possibly devastating consequences) of 
nerve weapons, they were never deployed, partly 
through fear of retaliation, but mainly because their 
use was not expedient. British scientists were unaware 
of the massive enemy nerve-gas operation. 

At the end of the War, both the U.S.A. and the 
U.S.S.R. captured information on the German nerve 

(CH312 N 
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They are all volatile liquids, with faint, sweet smells gases, and research into chemical warfare has con- 
and in the right concentrations, all have rapid and tinued in both countries. Several new agents have 

been discovered: some are variants on the German 

*Present address: Department of Instrumentation and originals, such as cyclohexyl Sarin GF, or ethyl Sarin, 

Analytical Science, UMIST, P.O. Box 88. Manchester, with greater toxicity but otherwise similar properties. 
England. Others, such as agent VX (the formula of which was 
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secret until quite recently’) are involatile liquids 
which are used as aerosols and are far more toxic. 
Other and deadlier agents have possibly been syn- 
thesized, but still remain secret. 

phorylating agents and are powerful inhibitors of the 
enzymes involved in nerve function. 

A simplified description of nerve action is as 
follows.‘*-” Impulses are transmitted along nerve 

‘6 ‘Ilo 
\fO 

CzH5O 
\ do 
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Cyclohexyl Ethyl 
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cH3 
’ ‘SCH,CH,N[CH~CH,~,], 
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Nerve weapons have been stock-piled in both the 
U.S.A. and U.S.S.R.--each side supposing them 
necessary as a deterrent.2-5 In Great Britain, only 
experimental quantities are produced. 

Increasing opposition to chemical weapons and an 
accidental release of agent VX in Utah in March 
1968, which killed over 6000 sheep, resulted in the 
announcement in November 1969 that the U.S. gov- 
ernment was to order the cessation of production of 
nerve agents and the destruction of some stock- 
piles.‘-’ This “demilitarization” programme was one 
reason for the development of sensitive detection 
methods. 

Recent reports*-’ suggest that this policy will 
shortly be reversed, with massive budgets being as- 
signed to the development and production of nerve 
gases in the U.S.A. New concepts include the creation 
of “binary weapons”, in which two chemicals that 

fibres by changing electrical potentials. At the end of 
the fibres. release of the compound acetylcholine (in 
humans) is stimulated. This diffuses across the 
synapse (a gap of about lo-* m between nerve ending 
and muscle), after which it causes a change in elec- 
trical potential on the muscle and initiates muscular 
contraction. At this point, the acetylcholine is hydro- 
lysed by the enzyme acetylcholinesterase: the hy- 
drolysis products no longer activate the muscle, so it 
can relax. The impulses. each requiring the release 
and hydrolysis of acetylcholine, causing muscular 
contraction and relaxation. occur many thousands of 
times per second. A similar mechanism controls 
glandular functions. 

The hydrolysis of acetylcholine depends on the 
formation of an initial complex with the enzyme, with 
subsequent release of choline, and thence hydrolysis 
of the esterified enzyme: 

0 0 

AChE + -XMe NCH CH 3 2 2 O&Me e AChE. (Me,NCH,CH,O 8 MeX-) 
Acetylchohnesterase Acetylchohne 
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II 
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react to form the nerve agent are mixed in the gas 
projectile only after it has been fired, thus increasing 
safety of storage and transportation. 

Nerve gases are only one element of the extensive 
armoury of chemical and biological warfare. Other 
types of gas weapon are significant,3-5,9-‘2 but are not 
discussed here. Biological weaponry is also a matter 
of current concern. 

CHEMICAL AND BIOLOGICAL ACTIVITY 

All organophosphorus pesticide and chemical war- 

fare agents of general form R’R*P(O/S)X, where R’, 
R* are alkyl or alkoxy groups and X a good leaving 
group, are fairly good phosphorylating agents, be- 
cause of the group X. Such compounds can form 
stable complexes with a cholinesterase enzyme and 
then prevent enzyme function by phosphorylation. 

The phosphorylation is difficult to unblock, because 
the required hydrolysis is very slow. 

The simple agents DFP, GA, GB, GD, GF and 
ethyl Sarin can be easily synthesized by reaction of an R’ 0 
alkyl or alkylamido phosphonodichloridate with ap- 
propriate reagents.7.8,‘3,‘4 These and agent VX (no 

AChE +‘f” - AChE, ,‘P& (Complex) 

syntheses available), are moderately good phos- 
f’x - $ ‘, 
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erably from neutrality. VX is not quickly degraded 
naturally and can contaminate water and land for 

prolonged periods. 

(S may replace 0 for some pesticides.) As a result of 
this action, organophosphorus agents are often called 
“anticholinesterases”. 

The effectiveness of a nerve agent depends on the 
stability of the intermediate enzyme/agent complex 
and on the ease of hydrolysis of the agent. An easily 
hydrolysed (good phosphorylating) agent will be 
consumed before reaching the enzyme and the hydro- 
lysis products-phosphoric or phosphonic acids-are 

not toxic. 

Nerve agents are soluble and stable in most com- 
mon solvents. In water, the stability to hydrolysis 
depends strongly on pH. For laboratory work, or- 
ganophosphorus compounds are usually handled in 
solution in ethanol or propan-2-01, but water is 

sometimes used as the solvent. 

NATURE OF THE DETECTION METHODS 

Antidotes to these agents have been developed,2.‘2,‘3 
but their application in a case of nerve-gas poisoning 
is limited because of the very quick effectiveness of 
the toxins. Some antidotes are active by competition 
-they offer a site that is more readily phosphory- 
lated than the enzyme-such as atropine. Others, of 
pyridinium oxime type, attack the phosphorylated 
enzyme and release the free cholinesterase. 

Detection systems are available for use in the 

laboratory and, more importantly, in the field. They 
can be grouped as follows. 

General laboratory methods. These use standard 
analytical equipment, such as gas chromatography, 
mass spectrometry etc. Reports on their use usually 
include nerve agents as part of a wider study of 
organophosphorus compounds. 

Only very low concentrations of nerve agents are 
necessary to produce, rapidly, extremely unpleasant 
symptoms. Concentrations are usually expressed in 
mg/m3 for air contamination. For toxicity tests, ex- 
posure is expressed as the product of concentration 
and time (mg min. me3). 

Specific laboratory methods. These include specific 

detectors, but more commonly a chemical reaction 
between a nerve agent (usually in solution) and a 
substrate is followed by instrumental detection of the 
products. 

For Sarin, for example,12 a level of 15mg.min.m-3 

causes “mild” symptoms in man, whereas 70 mg. 
min.m-’ is rapidly fatal. Symptoms range from 
dramatic contraction of the eye pupil (miosis), 
through (with increasing concentrations) breathing 
difficulties, glandular over-function, such as sweating 
and salivation, twitching, nausea, involuntary uri- 
nation and defaecation, to severe convulsions, coma 
and death by respiratory failure, or heart failure in 
some animals. Fuller descriptions are given in the 
literature’3,‘5.‘6 and some workers have described the 
effects subjectively.‘,” 

Field portable instrumental monitors. These are 
usually small devices designed to give an alarm if the 
concentration of nerve agents in the atmosphere 
exceeds a certain level. They are often continuous 
monitors, designed for prolonged air sampling, with 
apparatus and reagents prepared for such use. Re- 
ports of these instruments -re scarce, because they are 
items of military equipment. 

Field-test systems. These are simple spot-tests to 
establish quickly whether the air or a water supply is 
contaminated with nerve agents, and involve simple, 
quick and definite calorimetric tests. Again, reports 
are rare. 

The concentrations of nerve agents that will prove 
lethal depend on both atmospheric conditions and 
the physical condition of those affected. Only approx- 
imate values can be found: it appears that for Sarin 
5(rlOO mg .min .mm3 is about the lethal breathing 
dose;12 the values are doubled for percutaneous ab- 
sorption. For VX, 0.4mg entering the body is 
sufficient to kill.2 As nerve agents are lethal both by 
inhalation of the vapour and by absorption of the 
liquid through the skin, there are serious con- 
sequences if the agents are ever released-overall 
body protection is required for safety, even at low 
concentrations. As such low levels of nerve agents are 
found to be detrimental, highly sensitive detection 
methods are necessary. 

The aim of this review is to describe developments 

since 1970 in these detection methods. Many older 
methods are often still in use, however, and as some 
of the newer ideas are basically improvements on 
older designs it is necessary in several cases to refer 
to the earlier methods. The detection methods will be 
dealt with according to the analytical technique used, 
and each section may encompass any of the system 
groups outlined above, though the more specific 
methods are considered before the general ones. 

The security considerations outlined previously 

may contribute to the report not being completely up 
to date. 

COLORIMETRIC DETECTION METHODS 

Under natural conditions, the compounds GA, Procedures involving calorimetry are probably the 

GB, GD and GF (the G-agents) are all degraded largest group of detection methods for nerve agents. 
fairly rapidly, being unstable in the presence of some They are subdivided below by the type of chemical 
metal cations” and at pH ranges differing consid- reaction required to give the coloured species. 



Cholinesterase methods 

The off-shore dumping of weapons containing 
nerve agents may lead to the contamination of sea- 
water. As the agents are potent even at low concen- 
trations, highly sensitive detection methods are re- 
quired. A system based on the reaction of agents with 
excess of cholinesterase, the surplus of which is 
determined calorimetrically, has been devised by the 
U.S. Army chemical warfare establishment, Edge- 
wood Arsenal, and is useful at the pg/l. level.” 

Acetylchohnesterase (from electric eels) is treated 
with the nerve agent sample solution, which partially 
phosphorylates the enzyme present. The amount of 
enzyme remaining will depend on the period of 
treatment and the concentrations of the reactants. 
Under specified conditions it can be related to the 
nerve agent concentratron. The enzyme activity 
before and after the reaction can be determined 
spectrophotometrically with a mixture of acetyl- 
thiocholine and 5,5’-dithiobis(2-nitrobenzoic acid) as 
reagent. 

I CI 0 
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The sensitivities and reaction rates for GB in the 
presence of various ions were determined and opti- 
mum conditions for reagent and sample storage were 
given. The use of other photometric reagents was 
studied. Many kinetic investigations were made, but 
no detection limits were quoted. 

A simple, quick field-test for contamination of 
drinking water by nerve agents has been reported.” 
It consists of a small plastic “ticket” enclosing two 
glass-fibre discs impregnated with butyrylchohn- 
esterase. One end of the ticket (one disc) is wetted 
with pH-8 buffer solution, and then with a solution 
of 2&dichloroindophenyl acetate in ligroin. The disc 
quickly turns blue. The other disc is dipped in the 
suspect water and then the colour reagent is applied. 
If the water contains a harmful level of nerve agent, 
this disc remains colourless. A blue colour like that 
of the “control” end indicates that the water is safe 
as regards anticholinesterase compounds, The con- 
trol disc is used to ensure that the “ticket” is func- 
tioning. The blue colour is a consequence of the 
reaction: 

Enzyme + 0 N-Q- ” 0 - C -CH3--- 00 N+O- + CH3.COO- 

CL 
Red-orange 

Since the chohnesterase cannot distinguish between 
the components of a mixture of inhibitors, a pro- 
cedure relying on the different stabilities of agents at 
various pH levels is used. For example, a sea-water 
sample contaminated with GB and VX is treated with 
a solution of eel acetylcholinesterase in pH-7.2 buffer 
at 25’ for 30 hr, then a portion is reacted with the 
spectrophotometric reagent for exactly 1 hr and the 
absorbance is measured at 412 nm against a blank 
prepared from uncontaminated sea-water, buffer and 
colour reagent. The whole procedure is applied to a 
set of standards for calibration and the total concen- 
tration of GB and VX is found. 

To determine the VX, the GB must be selectively 
hydrolysed by adjustment to pH 10 with sodium 
hydroxide solution. The solution is extracted with 
methylene chloride, which is then acidified with dilute 
hydrochloric acid and evaporated to dryness. The 
residue is dissolved in water and treated as for the 
combined GBjVX determination. Subtraction of the 
two results gives the GB concentration. 

The specificity for the highly toxic agents was 
demonstrated by testing with less toxic compounds of 
similar structure. The sensitivity towards such inter- 
ferents was so low that the concentrations needed to 
give a comparable response would be far higher than 
those likely to occur. Further resolution could be 
obtained by use of a different cholinesterase, such as 
butyrylcholinesterase. The characteristic rates of re- 
action of different organophosphorus compounds 
with cholinesterases were proposed as an identifi- 
cation method. 

Blue 

If a sufficient amount of anticholinesterase agent is 
present. the enzyme is inhibited, resulting in non- 
production of the blue colour. The system has been 
in use in the U.S. Army for many years. 

Gamson et al.” reported various tests of the 
method, in particular the reaction times for different 
agents (at IO.50 and 100 ng/ml concentrations) under 
various conditions of pH (6, 7 and 8) and tem- 
perature (0 or 20’). The contaminating agents tested 
were Sarm. VX and parathion, a potent insecticide. 

For both Sarm and VX it was found that exposure 
of the disc to a lOO-ng/ml solution for 5 min always 
gave complete inhibition, but for IO-ng/ml solutions 
complete inhibition required exposure for times from 
I5 to over 25 min. For VX, the rate of inhibition was 
greater at pH 6 than at pH 8, except for the IO-ng/ml 
level at 20 ‘, whereas for Sarin the rate was the same 
at all three pH values at low concentrations. but 
decreased with increasing pH at higher concen- 
trations. The rate of inhibition was generally greater 
at the higher temperature. The longer reaction times 
for detection of low concentrations were an incentive 
for modification of the system. 

More recently, a study2” has been made of indoxyl 
acetate as colour reagent, this having been found 
acceptable in tests in the earlier work.lR The effect of 
storage at elevated temperatures of papers impreg- 
nated with indoxyl acetate was examined. The com- 
pound was found to decompose appreciably under 
extreme conditions, but since these would not nor- 
mally be encountered, indoxyl acetate was considered 
a possible alternative reagent. 
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An automated analyser for calorimetric detection 
of inhibited acetylcholinesterase has been described.*’ 
The unit was required to detect GB at the 1 pg/m3 
level and VX at the 0.1 pg/m3 level in air. Samples 
could be fed in as solutions from a scrubber-concen- 
trator (for field work) or as solutions in dilute acid for 
laboratory testing. The samples were incubated with 
enzyme and then reacted with acetylthiocholine 
iodide (ATCI) to give thiocholine, which gives a 
coloured product with 5,5’-dithiobis(2-nitrobenzoic 
acid) (DTNB). The principal reactions are: 

0 

then aerially oxidized to indigo. Various indoxyl- 
phenols can be used in place of indoxyl acetate. If the 
enzyme on the paper has been inhibited by a nerve 
agent, no colour is produced. 

This straightforward field detection method gave 
reliable results, with a lower detection limit of 2 pg of 
GB. 

Peroxophosphonate calorimetric methocis 

One of the earliest works on detection methods for 

I-.(CH ) +XH 33 CH 2 2 SfiCH 3 cho,==z;rase ) (CH,)$CH2CH2SH + CH,COOH + I- 

ATCI Thmchohne 

COOH COOH 

o’N&s_s~oz+ KH&H2CH2SH - 
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COOH 

+ KH3)3 Li,cH,ss 
SH 

coloured-absorbs 
at 420 nm 
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In the laboratory procedure, automatic sampling 
was employed. Blank samples, consisting of dilute 
hydrochloric acid only, were included periodically for 
washing the apparatus. Pumps were used to deliver 
appropriate quantities of reactants. The sample solu- 
tion, an enzyme solution and air were mixed and 
incubated in a coil at 32”. The mixture passed on to 
another coil, where ATCI and buffered DTNB were 
added. Colour developed, and was measured in a 
single-channel cell, and recorded. The sampling rate 
was 20/hr. The absorbance decreased linearly with 
increasing concentration of agent present. The results 
were found to be reproducible and sensitive. There 
were no apparent interferents, and the signals were 
insensitive to sample pH. The method is thus con- 
venient and reliable. 

A method that is similar in principle,22 but not 
automated, is based on reaction for 30 min at 25” 
with a standard solution of horse serum butyryl- 
cholinesterase in aqueous buffer, followed by addi- 
tion of an aqueous solution of freshly synthesized 
2-azobenzene-1-naphthyl. After 10 min, a mixture of 
dilute hydrochloric acid and acetone is added, which 
gives an intense red colour due to the formation of 
2-azobenzene-2-naphthol. This colour is measured at 
about 500 nm. The results are reproducible but the 
reagent synthesis is complex, and similar modern 
methods are more sensitive (the detection limit is 
0.1-0.5 pg/ml for Sarin in water). 

A cholinesterase method has been developed for 
use as a field air-testZ3 Air is drawn through a paper 
filter impregnated with a cholinesterase solution in 
phosphate buffer and gelatine. The paper is then 
treated with a developing solution, comprising, for 
example, indoxyl acetate and potassium ferricyanide 
and ferrocyanide in a phosphate buffer. The enzyme 
hydrolyses the indoxyl acetate to indoxyl, which is 

Tabun and Sarin was the Schoenemann Report,24 
based on a lecture given in Berlin in 1944 by R. B. R. 
Schoenemann, while work on nerve agents was still 
secret. The fundamental report gave an account of 
both calorimetric and luminescence methods based 
on the same reaction. 

It was found that paper impregnated with copper 
sulphate, hydrogen cyanide and luminol gave a lumi- 
nescence with such agents as Tabun, hydrogen cy- 
anide and arsenicals. The papers served as good 
spot-test indicators. Sarin gave no reaction and also 
suppressed the blank value due to the cyanide. 

Further work showed that the copper sulphate and 
hydrogen cyanide could be replaced by hydrogen 
peroxide, and luminol by another easily oxidizable 
substrate, such as benzidine or o-tolidine. A paper 
spotted successively with H202, nerve agent, o- 
tolidine in acetic acid solution and 10% sodium 
hydroxide or ammonia solution gave a red-orange 
colour if the agent was active. The report proposed 
mechanisms for this reaction, with peroxophos- 
phonates acting as key intermediates. 

Over a hundred compounds of similar structure to 
Tabun and Sarin were tested. The results indicated 
that, in general, only compounds containing a labile 
metalloid-halogen (or pseudohalogen) bond gave a 
positive reaction. 

A modified spot-test was also described, which 
used a filter paper impregnated with hydrogen per- 
oxide, to which a solution of o-tolidine in benzene 
was added. A drop of warfare agent in solution was 
placed centrally on it, and the colour developed over 
ammonia. A six-stage colour chart was made for 
semiquantitative estimation of agent concentrations. 

Field tests were carried out, by releasing clouds of 
Tabun over watch-glasses containing benzene or 
toluene and the resulting solutions were tested. It was 
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also found that Tabun and Sarin could be readily 
adsorbed by silica gel and relevant tests were made. 
Nerve agents were introduced as solutions, or 
pumped in air through silica-gel columns, and solu- 
tions of H,Oz. o-tolidine and ammonia were added. 
After colour development, semiquantitative esti- 
mations could be made, or an electrical calorimeter 
used, with determination by comparison with stan- 
dards. The detection limit was found to be 2 ng/m3 
for Sarin and 4ng/m’ for Tabun. Chlorine and 
cyanogen interfered strongly with the detection, but 
since they also discoloured the gel. such measure- 
ments could be detected and disregarded. Use of 
large-size gel tubes facilitated greater sensitivity. 

The chemiluminescence reaction could be em- 
ployed in a similar way, by using silica gel impreg- 
nated with HzO, and luminol. Agents were pumped 
through the column, followed by an ammonia solu- 
tion. Detection limits and sensitivity were found to be 
the same as for the calorimetric method. 

In a calorimetric variation on the Schoenemann 
procedureZ5 the phosphonate to be detected is reacted 
with hydrogen peroxide or perborate to form a 
peroxophosphonate. This has much greater oxidative 
ability than HZOZ or BO,, and can be used to convert 
an amine group into a diazo species, which can be 
estimated calorimetrically. The reactions for Sarin 
(for example) are: 

SMITH 

of the hydrolysis reaction did not interfere, nor did 
ions commonly found in water, up to I-mg levels. 
Other possible interferents were removed during the 
reagent preparation. 

A successful field monitor based on this reaction 
was reported in 1958.16 It was based on detection of 
the red colour formed when a nerve agent reacts with 
a combined solution of o-dianisidine and sodium 
pyrophosphate peroxide (which acts in the same way 
as perborate). 

The mechanical system used pumped a drop of a 
mixture of sodium pyrophosphate, hydrogen per- 
oxide and o-dianisidine solutions onto a paper tape. 
A timing motor operated so that a fresh portion of 
tape was wetted every 5 min. The tape passed across 
a port, through which the air sample was pumped by 
a piston (through a paper prefilter). Light from a 
flashlight-bulb was reflected by the tape to two 
phototubes, one of which monitored the wetted paper 
before the air sample was blown through it, and the 
other monitored it after sampling. If a red colour 
developed on the tape, owing to the presence of 
G-agents in the air, the imbalance in the amount 
of light reaching the two phototubes was detected 
electronically. A 30% imbalance triggered both 
light and sound alarms. A reflectance method was 
preferred because of the large range of absorbance of 
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Various amines were tested, and an analytical 
procedure was developed. The method was simple- 
calibration graphs were obtained by adding benzidine 
in acetone solution to known solutions of nerve 
agent, followed by aqueous sodium perborate solu- 
tion (made daily). Absorbances were recorded after 
20min. Sodium perborate provides the correct pH 
(around 10) as well as the peroxo species for the 
reaction. The procedure was then applied to un- 
known agent solutions and concentrations deter- 
mined from the calibration plots. 

The time for colour development decreases with 
increasing alkalinity, but at pH > 1 I the organo- 
phosphorus compound is hydrolysed in preference to 
reaction with perborate, so colour intensity is lost. In 
the correct pH range, the reaction with perborate is 
100 times as fast as the hydrolysis. The detection limit 
was 1 pg of Tabun or Sarin. 

The method worked for many organophosphate 
and organophosphonate compounds. The products 

the product. The machine was designed to operate for 
up to 12 hr continuously. 

Some likely interferents were tested, such as screen- 
ing smoke, vapours from explosives and certain 
gases. Of these, the only interferents were an HCl/ 
H,S04 mixture, which inhibited the agent, and chlo- 
rine and nitrogen dioxide, which gave false positives 
(but the amounts needed to do this greatly exceeded 
any possible natural concentrations, and since these 
gases are themselves toxic, an alarm was desirable 
anyway). 

Some results for alarm times and reliability for 
Sarin were given: the alarm responded in an average 
of 5 set for Sarm concentrations over 2 ppm and in 
1 min for 0.1 ppm, all with 100% successful tests. At 
lower concentrations, the sampling time needed was 
longer and success rate lower: for 0.02 ppm, the 
average alarm time was 2 min (987: successes) and for 
0.01 ppm the average time was 5 min (589; successes). 
However, these levels are well below the lethal con- 
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centrations (at which the unit responded rapidly and 
reliably). 

The unit was tested under extreme climatic condi- 
tions, and “rough handling” tests were made. With 
some exceptions, the device was suitable for all 
service applications. It could be powered from a 
vehicle battery and required servicing every 12 hr 
with fresh solutions and tape. 

Two remarkably simple and quick spot-tests for 
nerve gases were described by Egyptian workers2’ 
They are based on the properties of the per- 
oxophosphonate species. 

For the first test, one drop of 3% thallous sulphate 
solution is placed on a spot-plate and a drop of 3% 
potassium sodium carbonate solution is added, fol- 
lowed by one drop of 5% urea peroxide solution. 
Addition of a drop of alkyl phosphonate solution 
gives an immediate brown precipitate, or colour, in 
comparison with a blank. The lower limit of detection 
is 5-15 pg of agent. 

To be suitable as a field test, this method would 
require some type of bubbler and concentrator to 
dissolve any aerial nerve agent, so the benefit of the 
speed of the test is lost. The test is based on per- 
oxophosphonate catalysing the oxidation of Tl(I) by 
peroxide in alkaline medium, with precipitation of 
TlO(OH). 

In the second test, one drop of a solution of 
o-dianisidine hydrochloride in acidified methanol 
and water, with hydrogen peroxide present, is mixed 
with a drop of 3% potassium sodium carbonate 
solution. Addition of one drop of a nerve agent 
solution causes a red colour to develop, compared 
with a blank. The lower limit of response is 0.1-5 pg. 

The reaction mechanism is identical to that for 
phosphonofluoridates and amines detailed above. 
These workers also repeated the calorimetry with 

CN 

Oximelcyanide calorimetric metho& 

There are a number of detection methods based on 

the reaction of organophosphonates with certain 
oximes to yield cyanide, which itself reacts with the 
oxime, eventually leading to more cyanide produc- 
tion than consumption. The use of specific reagents 
allows calorimetric detection. 

The chemistry behind one of the current systems 
has been reported.28 The oxime used is l-phenyl- 
1,2,3-butanetrione-2-oxime [isonitrosobenzoylace- 
tone (IBA)]. This reacts with an organophosphonate 
to liberate cyanide, by a Beckmann fragmentation. 
The cyanide then itself reacts with the oxime. 

‘OH 

Isonitrosobenzoyl acetone, IBA 

For an oxime of the R. CO.NOH .CO. R’ type the 

reaction is 

CN- + R.CO.NOH.CO.R’ 

+R.COCN + R’.COCN + OH-- 

The two organic products both react with OH- to 
give cyanide: 

R.COCN + 20H-+R.COO- + CN- + H,O 

R’.COCN + 20H-+R’.COO- + CN- + HZ0 

Thus the initial level of CN- is doubled. The OH- 
ions are provided by addition of alkali. The cyanide 
produced is reacted with p-nitrobenzaldehyde and 
o-dinitrobenzene to give a coloured product: 

+CN'E 0 0 - - 
NO2 NO2 
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o-dianisidine tested by Gehauf et aLz5 but with 
hydrogen peroxide and potassium sodium carbonate 
instead of perborate. The colour was found to form 
within 2mir-1, compared with the 20min for the 
perborate method; 0.1-5 pg of GB, DFP or dimethyl 
diaminophosphofluoridate could be detected. 

CN 

1 0 HC-0 

NO2 
COCN 

NO2 

-I- CN- + H20 

A simple qualitative detection procedure was 
described.28 One drop each of methylene chloride 
solutions of IBA, p-nitrobenzaldehyde and o-dinitro- 
benzene were applied to a small tube packed with 
silica gel and the solvent was removed by an air- 
stream. The air was then sucked through the tube and 
the addition of a drop of dilute sodium hydroxide 
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solution to the tube gave a blue colour if the air 
contained nerve agent; 0.12 and 0.3 pg of GB could 
be detected in 5 and 3 min respectively. In the absence 
of nerve agent, the tube packing changed colour in 
8-10 min, owing to base-initiated fragmentation of 
the oxime. Less than 0.1 pg of GB was undetectable. 

A modification to the sampling procedure has been 
published more recently.29 The same detection system 
is used, and an adaptation of an existing sampling 
device used for field detection3’ 

Air is drawn through a replaceable detection tube 
by compression and release of a rubber bulb. The 
detection tube, containing the reagents (as before) on 
silica gel, is then removed and to it is added one drop 
of 0.5M sodium hydroxide. The colour change is 
observed in about 5 min. 

Results for detection were reported for GA, GB 
and GD: for GB they were those already given.28 
Additional tests with GA and GD indicated that as 
little as 0.1 pg could be detected within 5 min. 

Other, earlier, reports on the oxime/cyanide pro- 
cedure have been found,3’m34 showing the evolution of 
reagents and methods to the present system. 

The U.S. Army’s “M8” nerve agent alarm depends 
on the estimation of cyanide produced by the reaction 
of phosphonates with IBA. Attempts have been made 
to find a better substrate than IBA.3S Thirty-three 
similar compounds were investigated, to find those 
superior in reactivity and stability. The approach 
adopted was (a) to maximize the rate of CN- prod- 
uction, by micellar catalysis or adjustment of rates 
and equilibria and (6) to minimize the rate of decom- 
position of keto-oxime by variations in structure to 
hinder nucleophilic attack. 

The report concentrated on the rate equations and 
their consequences, and on reaction profiles and 
mechanism for each stage. Several conclusions were 
reached. Brernsted catalysis holds for most of the 
oximes examined and the use of micelles to limit the 
reactivity of hydrophilic oximes with DFP is limited. 
The concentration of liberated cyanide, is, alone, no 
indication of the amount of oxime consumed; OH- 
and oximate are also important nucleophiles. Since 
all routes of decomposition of the oxime involve the 
protonated form, its stability is enhanced by alkaline 
conditions. In all the work done, no single oxime was 

found to better IBA. 
An abstract’6 describes the use of cards impreg- 

nated with 1,3,5trinitrobenzene solution for de- 
tection of VX. A deep stain is produced on the card. 
Photographing the cards with microfilm provides 
input for an automatic spot sizer and counter. The 
details of this report are contained in a U.S. Patent, 
which as been physically removed from, or covered 
up in, patent records. It was probably released by 
mistake for abstracting. 

LUMINESCENCE AND FLUOROMETRIC METHODS 

Nearly all these methods involve the per- 

oxophosphonate species, which react with a suitable 
compound to give a product that gives chemilumi- 
nescence or fluorescence. 

Luminescence methods 

The principle of this technique is the measurement 
of light emitted by the decay of excited species formed 
in a chemical reaction. The work by Schoenemann, 
detailed earlier,24 was the first report of application of 
the method to nerve agent detection. 

An early, but fundamental, chemiluminescence 
technique was described by Goldenson. It was based 
on the action of a nerve agent on luminol in the 
presence of peroxide. The reagent was a solution of 
luminol and sodium perborate (with trisodium phos- 
phate to increase the solubility of the luminol), aged 
for 3 days, as more reproducible results were thus 
obtained. 

A microphotometer was assembled in a light-tight 
box, with the photomultiplier tube fully exposed and 
a specially constructed cell positioned adjacent to it. 
For low levels of nerve agents, the luminescence from 
the reaction is very small, so the full sensitivity of the 
apparatus is required. Portions of nerve agent in 
propan-2-01 added to the luminol/perborate solution 
in the cell gave a blue-green luminescence which 
reached peak intensity in about 15 sec. The intensity 
varied linearly with agent concentration, giving a 
simple quantitative test. The detection limits were 
0.5pg of Tabun or Sarin. Strong apparent inter- 
ference by chloride was suppressed by adding thio- 
sulphate. 

This method is particularly suitable for continuous 
automatic monitoring of the atmosphere. Unlike 
fluorometric and calorimetric methods, no light 
supply is required, so a “clockwork” detector-using 
a spring-driven pump and a barrier photocell-was 
proposed. Continuous use of this apparatus would be 
difficult, however, because of the rates of reaction. 

A similar technique was recently reported by 
Fritsche,” who used luminol and chloride, which was 
found to promote the luminescence strongly. To 
suppress metal-ion interferences EDTA was also 
added. The apparatus consisted of a light-tight box 
with a photomultiplier inside connected to a recorder, 
and a closable aperture for the insertion of the 
reaction cell. The contents of the cell could be stirred 

mechanically. 
A sodium perborate solution and a luminol solu- 

tion (luminol, trisodium phosphate, EDTA and 
sodium chloride) were mixed in the cell and gave a 
background signal, due to oxidation of luminol by 
perborate, which decayed to a steady level in about 
4min. A dilute methanolic solution of organophos- 
phonate was added and the resultant increase in 
luminescence was recorded as a peak above the 
background. 

The peak-area was said to be linearly related to the 
amount of agent added, over three orders of mag- 
nitude. It was claimed that compounds could be 
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identified from the characteristic time interval needed mation of aluminium fluoride complexes) is propor- 
to reach maximum intensity. Detection limits were tional to the amount of organophosphorus agent. 
0.5 ng for DFP, Sarin and Soman, 1 ng for Tabun Detection limits are 13pg/m3 for GB and 10pg/m3 
and long for VX. for GD, well below the toxic levels. 

~l~o~o~etric methods 

Although reported over 25 years ago,39 the ELECI-ROCHEMICAL METHODS 
indole-perborate method is still in use. In the pres- 
ence of peroxide (sodium perborate), an alkylphos- Electrochemical methods are some of the more 
nhonate forms a neroxophosphonate as already de- sensitive techniques found. Two types have been 
scribed above. This can oxidize indole to fluorescent 
intermediates and thence to non-fluores~nt indigo. 

reported. 

02 
c 

H 

Indole I 

Indigo 
H H +H,O 

(non-fluorescent) IV III (highly fluorescent) 

OH +H,O 
I 

2 0 ,‘ or, 
H Indoxyl 

II 

I 

Or (highly fluorescent) 

(!?Lka9 Indigo 

+H,O H H 
White 

Compounds II and III are slightly coloured, and 
fluoresce intensely blue-green when excited at 
300400 nm. The transition from I to II requires the 
most oxidizing capacity. 

The procedure is to mix an acetone solution of 
indole with aqueous sodium perborate solution and 
add this to an anhydrous propan-2-01 solution of 
Sarin. The maximum fluorescence at 44~90 nm is 
measured after 30-60 set with an acidic quinine solu- 
tion as reference standard and corrected for the blank 
(fluorescence from reagents and solvents). The cali- 
bration graph is linear. Levels as low as 5 mg/m3 are 
detectable. 

The method is far more sensitive than the col- 
orimetric methods and it is suggested that it might 
detect as little as 1 ng of Sarin. The drawback of the 
technique is the short lifetime of the compound II, 
which necessitates almost immediate measurement. 
Some automatic systems for nerve gas analysis based 
on the indole-perborate reaction have been sur- 
veyed.40 

A fluorometric detection system based on release 
of fluoride ions by hydrolysis has been reported.41 
After alkaline hydrolysis of an organophosphoro- 
fluoridate (e.g., GB, GD), the product is dissolved in 
water and neutralized with dilute acid. An aliquot of 
this solution is then added to an ethanolic solution of 
the aluminium oxinate complex. The fluorescence of 
the solution is compared with that of a reagent blank 
solution. The decrease m fluorescence of the alumi- 
nium oxinate complex (caused by competitive for- 

Direct potentiometric measurement of cholin- 
esterase solutions reacting with nerve agents is highly 
sensitive. The first report based on this was a U.S. 
Patent in 1 962.42 Since details of more modern meth- 
ods will be provided below, only the essentials of this 
report are given. 

Platinum electrodes are immersed in a buffered 
aqueous solution containing the nerve agent and a 
substrate (e.g., acetyl- or butyrylthiocholine iodide) 
with a reference electrode. The potential between the 
reference electrode and the positive electrodes is 
monitored as a function of time. At a noted time, a 
solution of the appropriate cholinesterase is added, 
and the change in potential with time is observed. The 
change is caused by depolarization of the positive 
electrode by the action of the enzyme on the sub- 
strate, and is linearly related to the concentration of 
enzyme. Presence of an anticholinesterase reduces the 
enzyme activity and hence the potential change. 
Calibration plots give the concentration of anti- 
cholinesterase. 

The method is moderately sensitive (- g/m3 level, 
which is relatively poor for nerve agent studies) and 
fairly accurate. 

The chemistry behind the deveIopment and oper- 
ation of a bench detector for nerve agents was 
described in a report43 on part of the work in the 
“demilitarization” programme for U.S. chemical 
agents. The objective was detection of 0.1+g/m3 
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levels of GB in air, or 0.01 pg/tn’ VX in air, in 15 min 
or less. 

During the first 2 min of a 3-min detection cycle, 
the nerve agent dispersed in the air sample was 
collected in a concentrator. The aqueous agent solu- 
tion was pumped through an enzyme pad, which 
consisted of a cholinesterase distributed on a polymer 
support and inhibited an equivalent amount of the 
enzyme. During the last minute of the cycle, the 
change in activity of the enzyme pad was determined 
automatically by simultaneously passing a substrate 
stream, an and an electric current through the cell. 
The best substrate was acetylthiocholine iodide in tris 
buffer. The cell voltage was measured with a high- 
impedance voltmeter and was a function of the 
enzyme activity; inhibition of the enzyme by nerve 
agent increased the cell voltage. Thus Increases in the 
voltage were indicative of the presence of 
cholinesterase inhibitors in the air sampled. and were 
used to trigger alarms. The system has clear applica- 
tions as a field detector. 

With this system, it was possible to detect as little 
as 0.1 pg/m’ GB in air, in 6-9 min. and no inter- 
ference was found. For the objective of 0.01 pg/m’ 
for VX a higher an-sampling rate was required. 

The acetyl-type cholinesterases and thiocholines 
were found to give the best response. Different con- 
centrations of enzyme in the pads were tried, and 
various pad materials, such as urethane foam, in- 
vestigated. The electrochemi~l cell consisted of plat- 
mum electrodes in a plastic housing. Cup-shaped 
electrodes were found best; platinum black and grey 
were tried, and the conditioning of the electrodes was 
described. The apparatus was slightly modified for 
bench detection of the agents and a “Solutton Sam- 
pling Enzyme Alarm” (SSEA) described. 

A companion reportJJ describes an “Immobilized 
Enzyme Alarm” (IEA) which uses the same detection 
procedure as the SSEA, but the peripheral systems. in 
particular the air-sampling. were studied in detail 
and improved. Various concentrator designs were 
studied: the object of the concentrator was to dissolve 
the nerve agent, contained in a large volume of 
air, in a small volume of solvent, rapidly. Wire spiral 
and wet-wall concentrators were evaluated, but the 
design chosen was a “spin concentrator”, where 
water passes down a cylinder against a tangential 
air-flow. This was very efficient: 335 ml of water could 
absorb the agents from air flowing at 7~9Ol.~min, 
there was no need to separate air from water after the 
absorption and the first test cycle could give an alarm. 
Several other modifications to the SSEA procedure 
were made, such as doubling the cycle time and 
recirculating sample solutions, which enabled the 
easy detection at the desrred level of 0.01 pg/m” VX 
in air. 

Electrochemical measurement of an enzyme hydro- 
lysis product, thiocholine, is the basis of the British 
“NAIAD” nerve gas alarm.“5 In this system, air is 
drawn through a cholinesterase-impregnated pad, 

through which is pumped butyrylthiocholine. Nerve 
agent contamination in the air inhibits the enzyme 
activity, and the consequent reduction in the concen- 
tration of normal reaction product, thiocholine, is 
detected by a graphite electrode, initiating an alarm 
signal. This rugged, compact system operates auto- 
matically for up to 12 hr at a time and is suitable for 
use in harsh climatic and battle conditions. 

Ion-spec$e electrode method 

This procedure46 involves alkaline hydrolysis of an 
organophosphorofluo~date, such as Sarin, and 
potentiometric measurement of the resulting fluoride 
concentration. With alkali, Sarin undergoes S,2 
hydrolysis: 

The resulting acid is quite harmless. 
In a plastic vessel at controlled temperature, a 

small amount of concentrated sodium hydroxide 
solution is added to the sample Sarin solution (about 
400 ppm) in propan-2-01. A little glacial acetic acid is 
added, followed by some TISAB containing fluoride 
(90 ng/ml). A fluoride electrode and a standard cal- 
omel electrode are immersed in the solution. and the 
potential IS recorded after 10 min. A blank is run with 
water and a calibration graph made. The procedure 
can be automated. 

A differential method can be adopted to increase 
the sensitivity. The use of a buffer containing fluoride 
permits work at well above the detection limit of the 
electrode (which is about long/ml). The greatest 
sensitivity thus achievable was 20-30 ng/ml for Sarin. 
The results agreed with those found by an indepen- 
dent calorimetric method. 

Detection of fluoride from enzymic hydrolysis was 
attempted, but was unsuccessful, as fluoride is not 
liberated when an organophosphorotluoridate reacts 
with a cholinesterase. It was proposed that the 
method would be applicable to the detection of 
Soman, DFP and, with an appropriate electrode, 
Tabun. 

GAS CHROMATOGRAPHY 

Gas chromatography (GC) has proved to be one of 
the more versatile methods for determination of 
organophosphorus compounds. 

Various column support materials have been 
investigated” under identical conditions, by use of 
flame-ionization detection (FID), with three organo- 
phosphorus test compounds: parathion, dimethoate 
(both inse~ticides~ and VX. The supports were Chro- 
mosorb W HP; Chromosorb G AW-DMCS: Gas 
Chrom Q; Haloport F (Teflon) and Corning GLC 
110 (textured glass beads). The stationary phases 
used were OV- 1 and OV- 101. 
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With Gas Chrom Q and Chromosorb G, small 
quantities of dimethoate and VX gave prolonged 
retention with tailing of the peaks (which could not 
be prevented). Parathion gave a constant retention 
time for the microgram range used, but also exhibited 
tailing. 

Teflon was found useful for parathion and di- 
methoate, but adsorption of VX was very strong, and 
it could not be detected even when injected in only 
microgram quantities. A column containing glass 
beads gave good peaks for all compounds tested, 
down to the lowest levels detectable by FID. 

Further tests indicated that OV-101 was better 
overall than OV-1 as the stationary phase. The best 
combination found for the detection of VX-type 
compounds was OV-101 on glass beads, which gave 
good sensitivity, with sharp peaks and little or no 
tailing. 

Gas chromatography was important in the “demil- 
itarization” programme. The process for demili- 
tarization of Sarin involves its decomposition with 
strongly alkaline brines. It is thus necessary to detect 
any residual Sarin in the resulting solid salts and 
brine slurries. Methods were given for the recovery of 
the agent from these media. The processes developed 
were also suitable for detection of agents in air 
bubblers, soils and as exudates from munitions. 

Limits for detection of Sarin were set as 3pgg/m’ 
in demilitarization stack effluent, 0.3 “g/m’ as the 
maximum permissible ground-level concentration 
and < 1 ppm w/w in solids. Sarin in munitions 
contains a large proportion of tributylamine (TBA) 
as a stabilizing agent. Since this and decomposition 
products might interfere in the GC work, realistic 
tests were made with mixtures of Sarin, TBA, 
di-isopropylmethyl phosphonate (DIMP) and Sarin 
pyroester ([(iPrO)MeP(O)],O). the last two being 
possibly interfering decomposition products. 

Studies were made on columns of Gas Chrom Q 
support with a variety of moderately to highly polar 
stationary phases. The sensitivity (detection limit), 
resolution and interferences were the important fac- 
tors. Flame-photometric detection was used through- 
out. All the stationary phases tested gave a sensitivity 
of 0.5 ng of Sarin or better, except DC-LSX-3-0295 
(5 ng). Resolution was generally good, though that 
with QF-1 was poor for samples with high DIMP 
levels. Most stationary phases were free from inter- 
ference, except Carbowax 20M and QF- 1, which were 
subject to interference from TBA. Tenax gave good 
sensitivity even with high TBA levels, but was no 
good for testing brines or salts. The results of the tests 
indicated that EGSS-X and FFAP gave the most 
suitable columns, though only the latter was usable 
with electron-impact mass spectrometry (EIMS) 
combined with gas chromatography. In EIMS, Sarin 
gives a peak at m/z = 99; the EGSS-X column, while 
otherwise ideal, itself gives this signal. 

Each type of column was suitable in some way, but 
the best stationary phase for general use was EGSS- 

X, or FFAP for EIMS work. The minimum de- 
tectable level for Sarin was 0.3 ng. Accuracy at the 
IS-ng level was +2.2 ng and the standard deviation 
at the lOO-ng level was 1.3 ng. 

Further studies were made on the decomposition of 
Sarin, particularly the reaction mechanisms. The 
possibility of recombination of decomposition prod- 
ucts in the column was postulated, since certain 
results indicated this. Of particular note was the 
result that Sarin could be detected at low levels in the 
presence of similar compounds at a thousand times 

greater concentration. 
In a report on structure-response relationships in 

gas chromatography@ there was a thorough survey of 
the GC responses of 53 organophosphorus com- 
pounds. The results were examined to determine any 
relation between GC signal and the molecular struc- 
ture, particularly as regards substituents on the phos- 
phorus atom. 

All the compounds were chromatographed on a 

Gas Chrom Q column, with a flame-photometric 
detector (FPD), which measures the HP0 group 
concentration. Certain compounds were also run 
with a nitrogenphosphorus detector (NPD) in the 
phosphorus mode. which measures the species PO or 
PO; as intermediate radicals. For some others, a 
flame-ionization detector (FID) was used, which de- 
tects carbon and hydrogen species. Purities for some 
substances were checked independently, notably by a 
hydrolytic method for G-agents,“’ or a thioate pro- 
cedure for VX. Sample concentrations were in the 
range l-200 ng/pl (g/m3). 

For FPD, the signal recorded was proportional to 
the concentration of the HP0 species reaching the 
detector (similarly to PO’ and PO; for NPD), so the 
comparison of different compounds required the cal- 
culation of a molar response, as below: 

P= 
30.98 x 100 

molecular weight of compound 
“/,wlw 

Relative response = 
integrated area 

concentration injected 

Molar response = 
Relative response 

P(S’,w/w) 

DIMP was used as a standard to allow for day to 
day instrument variations. For some organophos- 
phate and phosphonate compounds. there was a 
narrow range of molar response, generally between 
19.6 and 20.6, for FPD. For compounds of the Tabun 
type, possessing the (CH,),NP group, there was a 
wide disparity in the molar responses: 17.1-39.4 
(FPD), with Tabun lowest of the group. It was found 
that phosphonofluoridates, such as Sarin, had higher 
molar responses than compounds containing 
alkyl-amino-alkyl groups, such as VX. For the 
former type, G-agents, the responses were almost 
directly proportional to the molecular weights of the 
compounds. Though it was not tested with many 
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nerve agents, NPD gave higher responses, which were 
again in rough proportion to the molecular weight. 
NPD is generally more sensitive than FPD to phos- 
phorus. 

As the sensitivity of FPD or NPD detection de- 
pends on how much sample reaches the detector, the 
throughput characteristics of the column, and the 
stability of substances in it are important. Tests were 
made with stationary phases of different polarities, 
increasing in the order SE-30 < OV-17 < QF- 1. Of 
the nerve agents, only Sarin and VX were tested: VX 
(like DIMP) gave greatest molar response on OV-17; 
the responses for Sarin varied only slightly-highest 
with SE-30 but only about 2.5% less than with the 
generally used QF-1. 

The throughput of the column is related to the 
retention time. Under similar conditions for each 
compound, the retention index was compared with 
the molar response. This index is related to the time 
spent in the heated column, in comparison with a 
standard series of hydrocarbons. The FPD response 
apparently had no direct correlation with molar 
response. 

Within a given homologous series, the FPD sensi- 
tivity was linear with respect to molar concentrations 
of phosphorus; this relationship did not hold for 
comparison of analogues. Alkyl-amino-alkyl com- 
pounds had a molar response pattern different from 
that of other compounds. It was found that structure 
had a bearing on FPD sensitivity and there was a 
linear relationship (of molar response to size of 
substituent) for most compounds. For FPD, NPD 
(and FID) the response obtained varied according to 
the species of ions reaching the detector-in particu- 
lar, the molar response pattern of VX type com- 
pounds was attributed to intramol~ular fission and 
intermol~ular reaction at the detector. 

A report on phosphorus-sensitive molecular- 
emission cavity analysis (MECA) concerned the 
adaptation of MECA to cope with a flowing sample 
stream, such as that from an HPLC column.5’ A 
wheel with 40 cavities punched in its circumference is 
rotated so that each cavity in turn (containing one 
drop of eluate) is heated to remove the solvent and 
then further heated to produce the molecular- 
emission signal. The detection limit for non-toxic 
organophosphorus compounds was 100 ng. Single- 
cavity MECA has also recently been described,52 in 
connection with measurement of HP0 species by 

FPD for the detection of nanogram amounts of 
phosphorus. 

An important study has been made of possible 
detection methods for use in continuous atmospheric 
monitoring in establishments for destruction of 
chemical weapons. ” Nearly 22,000 kits containing a 
variety of chemical weapons had been distributed 
throughout the U.S. for military training purposes 
and all were to be destroyed. 

Automated gas chromatography was found to be 
the best system. With the appropriate detector, GC 
was sensitive to nearly all possible agents, but re- 
quired a preconcentrator. With a cyclic system using 
two preconcentrators alternately, an approach to 
“real time” monitoring could be achieved. 

PLASMA CHROMATOGRAPHY AND MASS 
SPE~ROME~Y 

Reports of nerve agent detection by these methods 
are found as parts of wider surveys of organophos- 
phorus compounds. A number of organophosphorus 
compounds have been studied with a commercial 
BETA IV plasma chromatograph.54 The principle of 
plasma chromatography is as follows.“s 

A carrier gas (moist air or nitrogen) is subjected to 
a 60-keV electron discharge emitted from 63Ni foil. 
This generates ions such as (H:O)H +, (H]O)NO + 
and (from air) (H20)0,. A trace of the sample 
compound is added to the excited gas, and undergoes 
reactions forming dissociated species and quasi- 
molecular ions. The ions flow as a plasma down 
a tube with a potential gradient between its ends 
(Fig. 1). An ion pulse is sent through the injection 
grid to the electrometer detector. As these ions move 
through the nitrogen drift gas, their velocities are 
determined by interactions with the nitrogen mol- 
ecules, giving a “mobility spectrum” which can be 
detected and recorded, An elaborate electronic sys- 
tem is used to control the instrument and interpret 
the data, which are presented as mobility coefficients, 
K, defined as K = d/sE where d = drift length, 
t = drift time, E = electric field, and are converted 
into reduced mobility coefficients, Ko, for standard 
conditions, by means of 

273 KP 
K,= - 

760 T 

where P is the working pressure (mmHg) and T the 
working temperature (absolute). 

Fig. I. 
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Reduced mobility coefficients are calculated for 
each peak of interest in the spectrum. Usually, the 
spectra are complicated, and correlation of plasma- 
chromatography and mass-spectrometry data is re- 
quired for interpretation. General rules have been 
found, however: for a molecule M, the species MH+ 
is always likely; the chemistry of a compound as 
regards equilibrium in air is a useful guide to the 
species found and there is a roughly linear re- 
lationship between the mobility and the logarithm of 
the mass of the ion. There are several problems, 
however: for resolution, a mass difference of l&20% 
between a pair of ions is necessary; thermal decom- 
position at the inlet may occur, and the hydration or 
dehydration of molecule-ions leads to close peaks, 
which may obscure the data, but this is a minor 
problem with nerve agents. 

Results quoted for some nerve agents confirmed 
the general patterns given: the protonated molecule 
was a common species and usually gave the highest 
& values and largest peaks. Singly or multiply hy- 
drated protonated molecules were usually responsible 
for other peaks and the K, values decreased with 
increasing hydration. For GD, however, peaks with 
K,, values higher than for the simply protonated form 
were caused by molecule-ions which had lost parts of 
the pinacolyl carbon chain: the K,, values increased 
with the size of the fragment lost. VX was found to 
give a lower K,, value than those usual for G-agents. 
Anomalies were discussed, but no information rele- 
vant to nerve agents was given. K, values may prove 
useful for characterization of the agents. 

Mass spectrometry has been studied for the charac- 
terization and identification of a variety of organo- 
phosphorus compounds. 56 The electron impact and 
chemical ionization techniques were used. Amongst 
other compounds, the nerve agents GA, GB, GD, VX 
and the “lethal” SV (0 -ethyl-O-di-isopropylamino- 
ethylmethylphosphonothioate) were studied. Samples 
were introduced from a gas chromatograph into an 
evacuated chamber, where electron impact or chem- 
ical ionization took place. Electron-impact mass 
spectrometry was found to be satisfactory for all 
nerve agents, but certain expected peaks did not 
appear. For chemical ionization, methane, ethane 
and isobutane were used as the reactant. Methane 
and isobutane gave good results (strong well- 
defined peaks), with the latter giving simple spectra. 
The technique was not very suitable for nerve gas 
detection because of the lengthy interpretation of 
results. 

In contrast to this laboratory method, a portable 
quadrupole mass-spectrometer for the monitoring of 
organic vapours in the field has been found suitable 
for analysis of a wide range of organic vapours.” It 
fitted into two suitcases, had a special sampler and 
filter, used modern electronics, displayed the results 
on a television screen and was a compact and efficient 
system. The device had a great many commercial and 
military applications. 

OTHER METHODS 

Titrimetric methoak 

Two techniques have been found: both are quite 
old, but one” was reported as being a standard 
method for many organophosphorus compounds.49 
Both methods are for accurate determination of 
relatively high concentrations of alkylphosphorus 
halides (g/l. levels). 

One techmque5’ requires the reaction of excess of 
sodium pyrophosphate peroxide with an alcoholic 
solution of the sample, which generates the per- 
oxophosphonate from a phosphonate. Acidification 
of the solution destroys this species, but leaves the 
unreacted sodium pyrophosphate peroxide intact and 
this can then be determined iodometrically. Good 
results are obtained. 

A more important method is a hydrolytic esti- 
mation,” suitable for phosphate, phosphonate and 
pyrophosphate anhydride compounds. An aqueous 
sample solution, to which a mixed indicator (thy- 
molphthalein and Methyl Red) has been added, is 
titrated with sodium hydroxide first to a yellow 
end-point (of Methyl Red) and then to a blue end- 
point (of thymolphthalein). The first titration step 
liberates the phosphoric/phosphonic acid from the 
sample, and the second neutralizes it. 

Separation on a silica-gel column allows detection 
of the compounds in the presence of the pyroester. To 
the aqueous washings of the column eluate, indicator 
is added, followed by excess of hydroxide, and back- 
titration with dilute acid. 

Piezoelectric crystal studies 

The use of coated piezoelectric crystals as detectors 
is a relatively new development in analytical chem- 
istry. Results have been published for organophos- 
phorus pesticides, but not for nerve agents, so the 
utility of the method for this purpose is not yet 
publicly known. 

The theory and principles of piezoelectric detection 
have been given in a review.59 Most work is concerned 
with finding suitable coatings for the piezoelectric 
crystal. Initial tests for pesticides were made with 
inorganic metal salts (such as FeCl,) as coatings.60 
The chemisorption of DIMP under high vacuum 
conditions, to give a metal salt complex, was noted. 
Results were good for some pesticides, such as para- 
oxon. Oxime coatings, such as the cobalt complex of 
isonitrilobenzoylacetone, were later found to be satis- 
factory.6’ These gave good results for a number of 
potent pesticides, but air pollutants tended to inter- 
fere. 

The latest coatings tried are those of carboxylic 
acid salts of transition metals, their complexes with 
ethylenediamine, and similar polymer-bonded com- 
plexes.62 The polymer complex XAD-4-Cu2+ has 
been found to give the best reversibility and lifetime, 
but there is slight interference from vehicle exhaust 
gases. 
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The piezoelectrlc methods clearly have applications 
for future development in the field of nerve gas 
detection. 

O&actor): detection 

Unlike many other chemical warfare agents, nerve 
gases are almost totally undetectable by the senses 
until casualties occur. Although instrumental field- 
detection methods are well developed, a simple sys- 
tem to enable sensory detection would be desirable 
for “surprise situations”. 

The use of isocyanides as the means of olfactory 
detection has been proposed.6’ They can be formed 
simply by reaction of an electrophile with a for- 
mamide and are detectable by smell at very low 
concentrations. For example, methyl isocyanide has 
an olfactory detection threshold of 7pgjm3 and a 
recognition threshold ten times higher. Although they 
have a horrible smell, most isocyanides have low 
toxicity for mammals. 

Tests with Sarin indicated that it did not react 
directly with any formamides, but Tabun reacted 
with N-(tert.-butyl)formamide to give an isocyanide 
characte~zable by gas chromatography. 

The dehydration of a formamide required in this 
reaction depends on the nucleophilic strength of the 
formyl oxygen atom and on the electrophilic strength 
of the phosphorus compound. The nucleophilicity of 
oxygen can be increased by using the salt form of the 
amide. The lithium salt of ~-(tert.-butyl)formamide 
was found to react satisfactorily with nerve agents, 
but was too rapidly hydrolysed in air for general 

application. 
Metal-ion complexation also offers the possi- 

bility of increasing the nucleophilicity of oxygen. 
The mixed-ligand octahedral ~-methylformamide 
(NMF) complexes of magnesium, manganese, cobalt, 
nickel and zinc, the square-planar copper complexes 
and the tetrahedral zinc and cadmium complexes 
have been made and tested, in the solid state, with 
nerve agents. Only the tetrahedral zinc complexes 
were found to react, as the oxygen atoms in the 
octahedral complexes were too sterically hindered to 
be able to attack the phosphorus compounds. The 
complex Zn(NMF),Cl, was found to be best. Its 
other halide analogues were less effective, but some 
aqueous substitution complexes of the same form 
were almost as successful. Mechanistic studies indi- 
cated that the initial step involved attack by nerve 
agent on the metat. 

Field tests were carried out on the compounds, and 
some interferents (such as ammonia) found, which 
decreased the sensitivity. Ranges for the sensory 
detection of isocyanides were between 0.6 and 
6 fLg/m3. However, the applications of the complexes 
were limited. because a solvent was required for the 
formamide, and the reaction rate with Sarin was 
slow. The method could be used for other chemical 
hazards though, and p-toluenesulphonyl chloride was 
extensively tested. 

A detector based on the calorimetric detection 
of the isocyanide was devised, which utilized the 
oxidation of an aromatic amine by copper(H) in 
the presence of organophosphorus agents (like 
Schoenemann’s first testsz4). The absolute limit of 
detection was lo-’ g of agent. Other methods for the 
detection of isocyanides have been reported.30 

CONCLUSION 

The scope of this literature report was recently 
pub~shed detection methods for nerve gases. There 
has been a remarkable amount of effort and work put 
in by researchers all over the world in this highly 
specialized area. 

Unfortunately, no general summary or recommen- 
dation of detection methods can be given, because 
each technique, device or system has its individual 
merits or failures. In general, the fact that a descrip- 
tion of a method has been published indicates some 
use or possibilities for it. 

Of note is the large volume of matenal published 
by the U.S. Army’s research laboratories at Edge- 
wood Arsenal, Ma~land. The British equivalent, the 
Chemical Defence Establishment at Porton Down, 
appears to have published little about detection 
methods. 

The ethics of the creation, proliferation and use of 
nerve weapons are certainly of vital and current 
concern. Little is known about the possible effects of 
widespread use of these gases, but the results would 
probably be terrible and devastating. 

By the nature of the subject, this report cannot be 
complete. The security controls on developments 
associated with nerve weapons usually mean that 
accounts of detection methods are not published 
immediately on completion, or in full. 
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Summary-The construction of a liquid-membrane type permanganate ion-selective electrode and its 
application to potentiometric titrations are described. The benzylcetyldimethylammonium-permanganate 
ion-pair in the aqueous phase is easily extracted into nitrobenzene and the extract is employed as the liquid 
Ion-exchange membrane of the ion-selective electrode. The electrode gives Nemstian response to 
permanganate in the concentration range from 10e6 to IO-‘M, and the potential is almost independent 
of pH over the range from 3.0 to 10.5. The electrode can be used as indicator electrode m potentiometric 
titrations with permanganate. 

Potassium permanganate is widely used in redox 

titrations, including the measurement of chemical 

oxygen demand (COD).’ It also serves as the end- 

point indicator in such titrations, but for the highest 
accuracy a correction must be made to allow for the 
slight excess necessary. 

Potentiometric redox titrations with potassium 
permanganate can be done with a platinum or glassy- 
carbon indicator electrode. but these electrodes are 
not specific for permanganate, and the potential is 
not particularly stable. Baczuk and Dubois’ have 
suggested that the commercially available liquid- 
membrane type perchlorate ion-selective electrode is 
also sensitive to periodate, perrhenate and per- 
manganate, but have not pursued the idea. We have 
now prepared and used a permanganate-sensitive 
electrode of the liquid-membrane type. 

Reagents 

EXPERIMENTAL 

A 0.1 M stock solution of potassium permanganate was 

I 

Apparatus 

All emf measurements were made with an Orion micro- 
processor “Ionalyzer”, model 901, connected to a Hitachi 
model 056 recorder. A Toa HS-305D double-junction cal- 
omel electrode was employed as the reference electrode, with 
Its outer cell filled with 0.01 M potassium nitrate. 

Preparation of liqurd con-exchange membrane 

To 5 ml of 2mM potassium permanganate in a loo-ml 
separatory funnel were added 1 ml of O.OlM BCDMA+CI- 
solution and IO ml of nitrobenzene (NB). The mixture was 
shaken for 10 mm and allowed to stand for 10 min. then the 
organic phase was separated, and dried with anhydrous 
sodium sulphate. The liquid-membrane electrode barrel 
used was the same as that described previously.3.4 

The potential of the electrode in the presence of foreign 
anions is given by the Nikolskii-Eisenman equation? 

2.303 RT 
E=EO- ~ 

F 
log (a,,,; + i K,aJl’l) (1) 

,= I 

where aMnoi and a, are the activities of the permanganate 
ion and the jth foreign Ion, K, is the selectivity coefficient 
and Z, is the absolute value of the charge on the jth ion. 

The cell system includmg the Ion-selective electrode is 
shown by: 

Platinized 

zctrode ~ ~~~I,,, ~ giFE+- 1 $$!ng ~ !%m 1 z:gCI 

Ion-selective electrode 

prepared by dissolving 15.8 g of the reagent in 1 htre of 
demmeralized water, boiling the solution, letting It stand for 

RESULTS AND DISCUSSION 

1 day, and filtering. The solution was standardized against 
sodium oxalate, then stored in a dark bottle, in the dark in 

Selection of ion-exchange counter-ion 

a refrigerator. 
Benzylcetyldimethylammonium chloride (BCDMA+CI-) 

Four quaternary ammonium cations, viz. Cap- 

was obtained from Wako Pure Chemicals Co. and a 0.01 M 
riquat (methyltrioctylammonium chloride, Cq+Cl-), 

stock solution prepared by dissolving 3.96 g of reagent in 1 Zephiramine (benzyldimethyltetradecylammonium 
litre of water. chloride, Zeph+Cl-), Victoria Blue (C,,H,,N,Cl~, 

All chemicals used were of analytical reagent grade. VB+Cl-), and BCDMAT- were tested as counter- 
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L I I I 
0 2 4 6 

pMn0; 

Fig. I. Selection of ion-exchange counter-ion; -O- Ca- 
priquat. --A-- Zephiramine, -e- BCDMA+, ---A--- 
Victoria Blue. Concentration of ion-pair m nitrobenzene: 

0.2mM. Temperature 19.O”C. 

ions. The ion-pair concentration in the nitrobenzene 
ion-exchange membrane solution was kept to 0.2mM. 
As shown in Fig. 1, only the BCDMA electrode 
showed Nernstian response in the permanganate 
concentration range from 10m6 to 10-‘&f. 

Selection of the ion -pair concentration 

The effect of the ion-pair concentration in the 
ion-exchange membrane is shown in Fig. 2. When the 
concentration is higher than 0.2mM, the electrode 
exhibits good Nernstian response and high stability 
of potential. Since the permanganate in the nitro- 
benzene extract gradually decomposes to give man- 
ganese dioxide, the membrane must be prepared 
every two weeks. In view of this, we chose 1 .OmM for 
the ion-pair concentration in the membrane. A plat- 
inized platinum electrode is used as the internal 

600 . 

B u 0 

pMn0, 

Fig. 2. Selection of BCDMA+-MnO; ion-pair concen- 
tration in the ion-exchange membrane. Ion-pair concen- 
tration, mM; -O- 0.05, ---*--- 0.5, ---a--- 1.0, 
-A- 2.0. Internal reference solution: O.OlM KMnO,. 

Temperature 2O.O”C. 

; 750t ,.,.,. _._~._._.-~._*m~ 

a 

, 

0 4 a 12 

PH 

Fig. 3. Electrode response as a function of pH. Per- 
manganate ion concentration: -O- lo-‘M. PO- 

10m’M. Ionic strength 0.15 (sodium sulphate). 

reference electrode, because the silver-silver chloride 
electrode is not suitable, owing to oxidation of the 
chloride by permanganate. A O.OlM permanganate 
solution is used as the internal reference solution. 

Electrode response as a function of pH 

The effect of pH on the electrode-potential is 
shown in Fig. 3. The pH was adjusted with O.lM 
sulphuric acid and O.lM sodium hydroxide contam- 
ing an appropriate amount of permanganate. The 
total ionic strength of the test solution was kept at 
0.15M with potassium sulphate. The response of the 
electrode to lo-’ and lo-‘M permanganate was 
almost independent of pH in the range from 3.0 to 
10.5. 

Response time 

The electrode gives 95% of full response in about 
3 set when the concentration is changed by a factor 
of 10, and the electrode potential is stable for 40 min. 

Selectivity 

The selectivity coefficients for various anions were 
evaluated by the mixed-solution method of Sriniva- 
san and Rechnitz6 The permanganate concentration 
was varied from 1O-4 to lO_‘M, while the concen- 
tration of the competing anion was kept constant. 
The electrode shows good selectivity with respect to 
the most common anions. It is well known that 

Table I, Selectimty coetlic~ents 
K MnOiJ 

Anion -1~ &no,,, 

ClO,- -1 38 
10; -0.08 
10; 2.40 
BrO; 2.62 
CIO, 2.87 
HCO; 2.92 
CH,CO; 3 03 
BO; 3 11 
NO; 3.11 
Br- 3.23 
H,PO, 3.38 
Cl- 3.41 
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Fig. 4. Potentiometric titration of cu. O.OlM FeSO, with 
1.98mM KMnO,. FeSO, taken, ml; -O-- 5, --A- 10, 
-a- 15. Arrows show the colour change at the visual 

end-point. 

IO00 r 
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w :: 
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Slope 60 mV 

I 0 
pMn04 

Ftg. 5. Effect of temperature on calibration curve. 0.24.5”; 
0. 29.5”; 0, 34.8”; 0, 40.0”; A, 45.0”; A, 49.0”. 

chloride and bromide are gradually oxidized by per- 
manganate in neutral aqueous media, but the reac- 
tion is very slow. Since some anions, such as iodide 

and nitrite, are rapidly oxidized, their selectivity 
coefficients cannot be evaluated. The electrode shows 
poor selectivity for perchlorate, periodate and some 
anionic detergents. 

Potentiometric titrations 

The electrode can be successfully used in poten- 
tiometric permanganate titrations. Typical titration 
curves for O.OlM ferrous sulphate with 1.98mM 
permanganate at pH 2 are shown in Fig. 4. A slight 
excess of permanganate gives a sharp potential jump. 
The visual end-points, corrected for the blank, are 
also shown. 

Results for the determination of four reductants by 
the electrode method and the visual method are 
compared in Table 2. The F- and t-tests reveal that 
no significant difference between the means and 
variances of the two sets of results. 

Determination of COD 

In the Japanese Industrial Standards method,’ the 
solution temperature should be kept in the range 
55-60”. Figure 5 shows the temperature-dependence 
of the electrode response. The response is almost 
Nernstian at temperatures below about 40” but 
markedly non-Nernstian at higher temperatures. 

The procedure recommended for COD deter- 
mination is to dilute a suitable volume of sample to 
100 ml with water, add 10 ml of 6M sulphuric acid, 
ca. 1 g of silver sulphate and 10 ml of O.OOSM 
permanganate, heat in a boiling water-bath for 30 
min, then add 10 ml of 0.0125M sodium oxalate, cool 
to 40”. and titrate potentiometrically with 0.005M 
permanganate. A blank is run and the appropriate 
correction made. 

The method has been applied to several pure 
organic compounds, and the results are tabulated in 
Table 3. 

Table 2. Comparison of ootentlometric and visual tmatmns 

Volume of oermanaanate solution. ml’ 

Sample Potentlometric method Visual method Fat tOt 

Oxalate 10.21, f 0.027 10.21, * 0 030 1.234 0.138 
Iron(H) 9.77, f 0.026 9.79, f 0.036 1.930 I 486 
Ferrocyanide 9.93, + 0.007 9.93, f 0.010 2.333 0.447 
NItrIte 9.94, i_ 0.034 9.94, + 0.033 1.077 0.333 

*Mean and standard of five titrations of IO-ml porttons of ca. 1OmM sample wth 1.98m~ 
KMnO,. 

t&.wx) = 9.60; fwosr = 2 306. 

Table 3 COD of pure materials 

0.002M KMnO, required, ml 

SiUIlple Potentiometric method Visual method Fat r,t 

--~________-- Potassmm sodium tartrate 4.59 + 0.10 4.56 k 0.08 1.621 0.706 
Formic acid 8.62 k 0.01 8.57 * 0 03 7.154 2.750 
Soluble starch 3.53 f 0.25 3.58 + 0 23 1.154 0 163 
Ethyl acetate 7 06 k 0.26 7 12 k 0.27 0.964 2.240 
MIxed sampI@ 7 70 * 0 05 7 68 + 0.08 2.412 2.217 

*Mean and standard deviation of 5 titrations. 
tSee Table 1. 
QCompositlon: potassmm sodium tartrate, fonmc acid, soluble starch, ethyl acetate and glycerine. 
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Table 4. Comoanson of COD measurements 

Source of supply 

Shmkawa 
Toyohlra 
Fushiko 
Sdsel 

0.005M KMnO, required, ml* 

JIS method Potentmmetrlc method 

3.79 i 0.35 3 77 * 0 37 
47OkO21 4.69 i 0 18 
3.14 + 0.21 2.94 0 f 24 
2.00 + 0.24 I98fO I3 

&t t,t 
1.09 0055 
I I4 0 125 
I .67 I 480 
3.60 0 I87 

*Mean and standard devlatmn of 5 determinatmns (sample volume 50 ml) 
tSee Table I 

It has also been applied to some waste-water 
samples from Sapporo city (Table 4). 

2. 

3. 
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REFERENCES 5. 

1. JIS K 0102-1979. Testing Method for Industrial Waste 6. 
Wafer. 

R. J. Baczuk and R. J. Dubots, Anal. Chem.. 1968. 40. 
685. 
M. Kataoka and T. Kambara, J. Electroanal. Chem., 
1976. 73, 279. 
Idem, Denki Kagaku, 1976, 43, 654. 
G. Eisenman, Glass Electrodes for Hydrogen and Other 
Cations, Dekker, New York, 1969. 
K. Srinivasan and G. A. Rechnitz, Anal. Chem., 1969, 
41. 1203. 



Tahto, VoI 30, No. 10, pp. 745-749, 1983 ~39-9140~83~3.~ + 0.00 
Printed in Great Britain Pergamon Press Ltd 
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FOR DETERMINATION OF CHLORINE IN 

GEOLOGICAL MATERIALS 

P. J. ARUSCAVAGE and E. Y. CAMPBELL 

U.S. Geological Survey, Reston, VA 22092, U.S.A. 

(Reeeiued 26 August 1982. Revised 25 February 1983. Accepted 26 April 1983) 

Summary-A method is presented for the determination of chlorine in geological materials, in which a 
chloride-selective ion electrode is used after decomposition of the sample with hydrofluoric acid and 
separation of chlorine in a gas-diffusion cell. Data are presented for 30 geological standard materials. The 
relative standard deviation of the method is estimated to be better than 8% for amounts of chloride of 
10 pig and greater. 

The accurate determination of chlorine in geological 
materials is important to much current research at the 
U.S. Geological Survey in connection with evaluation 
of proposed mechanisms for the transport and depo- 
sition of metals in these materials, and its application 
for mineral exploration. 

The determination is generally done by spec- 
trophotometry, Id X-ray fluorescence analysis’-’ and 
neutron-activation analysis.‘&14 The chloride- 
selective electrode has also been used,‘5+‘6 but in order 
to obtain accurate determinations by this method, 
chlorine must be separated completely from the sam- 
ple matrix. This requirement normally adds consid- 
erably to the analysis time and results in poorer limits 
of detection because of increased volumes of sample 
and larger blanks. In this new procedure, distillation 
of the chlorine from the sample during its decom- 
position in a gas-diffusion cell solves these problems 
and permits advantage to be taken of the low cost 
and simplicity of operation of the ion-selective elec- 
trode. 

To assess the accuracy of the method, 30 geological 
standard materials from several sources have been 
analysed. In addition, a one-factor analysis of vari- 
ance was done on 11 U.S. Geological Survey stan- 
dard rocks to test for bottle-to-bottle differences as a 
possible source for the variation of chlorine contents 
publish~ in the literature. 

EXPERIMENTAL 

Reagents 

Oxidizing solution: 1 part of 5% KMnQ, in 15% wlv 
&SO, + 4 Parts of concentrated (48%) HF. Reducing solu- 
tion: 16% KOH and 0.8% anhydrous sodium sulphite. 

*The use of trade names in this publication is for descrip- 
tive use only and does not constitute endorsement by 
the U.S. Geological Survey. 

Apparatus 

Onon combination chloride-selective electrode model 
94-17.* Orion ion analyser, model 901. Oscillating plate. 
Gas-diffusion cells: illustrated in Fig. 1. 

Procedure 

For samples containing 253000 ppm of chloride, weigh 
200 mg of sample (100 mesh or finer) into the outer chamber 
of the diffusion cell. Measure 2.5 ml of the reducing solution 
into the centre chamber of the cell. Measure 3.0 ml of the 
oxidizing solution into the outer chamber and cap the cell 
immediately. Prepare a blank and several standards contain- 
ing from 2 to 600 mg of chloride by measuring standard 
sodium chloride solutions into the outer chambers of sepa- 
rate cells and treat them as described for the samples. Place 
the cells on a gently oscillating surface, at room tem- 
perature. After 16-20 hr (overnight) remove the cells from 
the oscillating surface. Open the blank, stir the centre 
chamber contents with a small Teflon rod and then insert 
the chloride electrode into the centre chamber. After condi- 
tioning the electrode in the blank solution for 30min, 
remove the electrode. Open the cells (one at a time), stir, and 
then read the potential differences for the standards and 
samples for a period of 10 min each or until the readings are 
stable. Plot the calibration graph &g of chloride us. mV, 
semi-log paper) and determine the chloride content of the 
samples. 

RESULTS AND DISCUSSION 

The calorimetric determination of chlorine after 
separation in a gas-diffusion cell has been de- 
scribed,‘7~‘* but this technique for the separation of 
chlorine has not been applied more universally, ap- 
parently because the design of the cell for decom- 
posing samples with hydrofluoric acid is inadequate. 
However, if the cells are fabricated from TPFE 
(Teflon), which is very easily worked by machine, the 
use of hydrofluo~c acid presents no problem. The 
details of the cells, which are totally machined from 
a solid cylinder of Teflon, 2.5 in. in diameter, are 
shown in Fig. 1. Thus, in one operation we are able 
to decompose the sample, distil the chlorine from the 
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Top v,ew 

Side view 

FLUID CONTAINER Teflon 

COVER Teflon 

Bottom view 

Fig. I. Gas-diffusion cell. 

rock matrix and collect the gas in a basic sulphite 
solution suitable for determination by the chloride- 
selective electrode. 

The amount of hydrofluoric acid added is the 
minimum necessary for complete decomposition of a 
200-mg sample of silicate rock, thus ensuring the 
lowest blank possible. The amount of potassium 
permanganate is in excess of that needed to oxidize 
most geological samples, but certain types of samples 
such as highly reducing sulphides may require addi- 
tional permanganate. However, these samples have 
not been investigated. The amount of potassium 
hydroxide is calculated from the amount of 
hydrofluoric acid added, so that the final solution has 

a pH of 4-5; this allows the electrode reading to be 
determined directly after the cells have been opened. 

Although in the past the distillation was done from 
a stationary cell,“~‘* we have obtained more consis- 
tent results by gently oscillating the sample to pro- 
duce more thorough decomposition and distillation 
of the sample. 

The calibration graph was linear from 20 to 500 Kg 
of chloride and had a slope of 59 mV/pCl. consistent 
with the theoretical Nernstian slope. Below 20 pg of 
chloride the slope deviates from Nernstian because of 
kinetic effects at the electrode interface. The 
distillation-extraction efficiency for both samples and 
standards was determined by using radioactive ‘“Cl 
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tracer. Approximately 90% of the chlorine was recov- 
ered in the inner chamber and less than 1% remained 
in the outer chamber after an overnight (16-hr) 
digestion. This implies that 10% of the chlorine 
remained in the vapour phase when the cells were 
opened. Because the percentage recovery is very 
consistent (f 2%). the losses do not prejudice the 
results significantly. 

We tested 500 and 1000 pg quantities of bromide 
and iodide under the same experimental conditions, 
to study their possible interference in the deter- 
mination. We found that the signal from 1 pg of 
bromine was equivalent to 0.66 pg of chlorine and 
that from 1 pg of iodine was equivalent to 0.011 pg 
of chlorine. Because the concentration of iodine and 
bromine in rocks is typically smaller than that of 
chlorine by a factor of 50-100, the error produced in 
the determination of chlorine would be only about 

lo/,. 
The results of a one-factor (bottle-to-bottle) anal- 

ysis of variance on 11 U.S. Geological Survey stan- 
dard rocks are shown in Table 1. From tables of 

F-values at 5% uncertainty, the value for significance 
is 5.4 for 2 degrees of freedom (bottles) and 6 degrees 
of freedom (determinations). Therefore, no 
significant differences was found in the chlorine con- 
tent from bottle to bottle for each of the standard 
rocks examined. The variations in the values pub- 
lished in the literature are thus probably due to errors 
in analytical technique or to contaminated samples. 
The precision of the method, expressed as relative 
standard deviation (RSD), is better than 8% for all 
samples except DTS- 1. 

Table 2 shows the results for chlorine determined 

in this work for 30 geological standard materials and 
also some values reported in the literature for the 
same samples. Also shown in Table 2 are estimated 
values from several compilations of data.‘“2’ A mean 
and standard deviation of all the literature values, 
including the mean from this procedure, were also 
calculated for those samples for which values have 
been obtained by at least four different procedures. 
To eliminate any outliers, those values more than two 
standard deviations from the mean were eliminated, 

Table 1. Chlorine (ppm) in 11 U.S. Geological Survey standard rocks 

Rock 

G-2 

GSP-1 

RGM-1 

QLO-I 

AGV- 1 

BCR-1 

BHVO-1 

DTS-I 

PCC- I 

SDC-1 

sco- 1 

Bottle No. 

1 51, 53.49 
2 45, 48,41 
3 53, 53.48 

1 340,330,325 
2 340,340,350 
3 350,340,340 

1 520.550.540 
2 520,535,515 
3 515.515,560 

I 253,270,260 
2 250,260,235 
3 233,260,270 

I 128. 113, 120 
2 115,115,122 
3 118, 115,123 

I 70,60,68 
2 65,63,69 
3 65,60,70 

I 105.95, 106 
2 102. 103,98 
3 103,108,95 

1 32,28,33 
2 39,21,32 
3 35, 30, 32 

1 75, 80,83 
2 83,81,78 
3 82,73,85 

1 42.45.43 
2 42.46.41 
3 41,45, 37 

1 65.68.68 
2 65,63,53 
3 61,69,62 

Individual 
results F (0.95) Mean +_ SD RSD, ‘8: 

4.16, NS 

3.26, NS 

0.425, NS 

0.605, NS 

0.229, NS 

0.037, NS 

0.034, NS 

0.073, NS 

0.064, NS 

0.566, NS 

1.59, NS 

50 * 3 

339 + 8 

530 f 17 

255 k 13 

119*5 

66 * 4 

102*5 

31 +5 

80 + 4 

42 k 3 

64*5 

6.0 

2.4 

3.2 

5.1 

4.2 

6.1 

4.9 

16 

5.0 

6.4 

7.6 

NS = not significant. 
SD = standard deviation. 
RSD = relative standard deviation. 
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and a new mean and standard deviation were calcu- 
lated. These data show that the samples GSP-1, 
AGV-1 and BCR-1 are the best characterized stan- 
dards; their relative standard deviations are less than 
7% for the pooled results by all the methods. These 
are followed by BHVO-1, STM-I, QLO-I, RGM-1 
and G-2, all of which have an RSD of less than 14%. 
The poorest agreement among the methods is for the 
ultramafic rocks, probably because of their generally 
lower chlorine content, and for the shales, possibly 
because of interference by the Iarge amounts of 
organic matter. 

The generally satisfactory agreement of our results 
with the literature values indicates that the proposed 
method is accurate for a wide variety of geological 
materials. Clearly there is a need for additional data 
obtained by independent methods for several samples 
where una~eeptable discrepancies remain, such as 
G-2, NIM D, NIM P and GH, and also for continued 
updating of compilation values, which are often used 
as the “true concentration’* by many laboratories. 
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Summary-The catjon-exchange behaviour of mrcro and trace quantities of thonum on Dowex 50-X8 in 
the presence of carbonate and phosphate has been studied. Carbonate causes loss of thorium to the column 
effluent at pH > 10. In the presence of phosphate, thorium 1s mcompletely sorbed m the pH range 2-4.5. 
the loss bemg maxlmum at pH 3.8. Outside this range. thorium IS quantitatively sorbed and recovered. 
A method that does not employ ion-exchange has been developed for the microdeterminatlon of thorium 
in phosphate solution. The phosphate is precipitated as bismuth phosphate and thorium is leached from 
the preciplrate with ammonium carbonate solution and determined wnh Arsenazo III. Uranium. 
molybdenum and vanadium are removed with Alamine 336. The results obtamed for a standard ore are 
m e&Sent agreement with the certified value. 

There is considerable interest in the behaviour of 
trace levels of the actinides in the environment. It is 
expected that thorium will be used as a nuclear fuel 
and this makes it important to determine it in the two 
phases of uranium process streams if it is to be 
stockpiled. Existing methods for thorium deter- 
mination require separation from the rare-earth and 
other interfering elements such as U, Zr, Hf, V and 
MO. 

Separation of thorium from solutions contaming 
significant amounts of phosphate can be incomplete.’ 
Carbonate also complexes thorium strongly. As car- 
bonate and phosphate are important constituents of 
ground-water and other natural water systems, these 
two anions may play an important role in the com- 

plexation, absorption and other reactIons of thorium 
in natural samples. Phosphate is also present in 
uranium process streams. 

Cation-exchange is frequently used to isolate tho- 
rium from interfering elements, but the published 
data do not lead to unambiguous predictions of the 
cation-exchange behaviour of thorium when carbon- 
ate and phosphate are present.‘,-’ We have therefore 
investigated the sorption and recovery of thorium in 

microgram and trace quantities as a function of pH. 
As the ion-exchange procedure is time-consuming, 
owing to the need to evaporate a considerable volume 
of sulphuric acid (the eluate), an alternative method 
of separating phosphate was developed. This was 
incorporated into a complete method for thorium 
determination. which was tested m the presence of 
uranium, molybdenum and vanadium. 

EXPERIMENTAL 

Apparatus 

Photometric readings were made with a Unlearn SP 1800 
spectrophotometet and zs4Th beta-counting was done with 
a Beckman 3 133P scintillation counter. 

Reagents 

Stundurd thorrunt solututn Th(N0,),.4Hz0 (Baker anal- 
yttcat grade) was used ds supplied. A stock solution contam- 
mg IOOppm Th was prepared by dlssolvmg the salt in 
doubly dIstilled water and addmg nrtrlc acid to gave a final 
acid concentration of I M, and standardized gravimetrlcally 
by evaporatmg ahquots to dryness m a crucible and igniting 
Working solutions (5 ppm Th) were freshly prepared by 
dilutmg the stock solution with IM mtrlc acid. 

Alamne 336 s~J~uf?on. Thrrty-five ml of reagent (General 
Mills, Ltd.) were dduted to 500 ml with a 3: I v/v mixture 
of petroleum ether (b.p. 40-50 ) and o-xylene. 

Carrwr-free 2’4Th trucer .’ Two g of U02(N0,)z 6H,O 
(Baker, A. R.) in 10 ml of water were converted mto the 
carbonate complex by addition of saturated ammonium 
carbonate solution until the mitral precipitate of carbonate 
dissolved; then 2 ml of freshly prepared 6”, aqueous cup- 
ferron solution were added. ‘>% was extracted at pH 8-8.5 
mto IO ml of chloroform. The extraction was repeated and 
the extracts were combmed. The ‘lJTh was stripped with 10 
ml of 3M nitric acid containmg 2-3 ml of saturated brommc 
water. The aqueous phase was washed twice with chloro- 
form and boiled for 2 mm to eliminate traces of chloroform. 
The volume was finaliy adjusted to 25 ml. 

~repar~ti#~ of tattim -e.x&unge c&mns. Dowex 50-X8 
(2&50 mesh) m the H+-form was prewashed with dilute 
sulphuric acid. followed by water. The height of the resin 
bed was IO cm and the diameter I.5 cm. A similar column 
was converted into the NH;-form by conditioning with 2M 
ammomum chloride. 

P~zf~t~tn~~trr~ deter~n~na~~u~. The sample solution was eva- 
porated to dryness, 5 ml of 70”” perchlonc acid were added 
and the solution was again taken to dryness, after which I 
ml of concentrated hydrochloric acid was added and the 
solution was agam evaporated to dryness. One ml of 
concentrated hydrochloric acid and 5 ml of water were 
added and the solutlon was transferred to a 25-ml standard 
flask. A 5-ml portion of 8”,, oxahc acid solution was added. 
followed by I ml of Arsenazo III solution. The solution was 
dtluted to Volume with water The absorbance was measured 
at 660 nm m a l-cm cell. A calibration curve was prepared 
as described by Abbey,’ for the concentration range O-l .2 
pg/ml Ammomum salts, when present, were destroyed with 
concentrated mtrrc and hydrochloric acids.h 
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Fig. I. Relation between sorption of thorium on Dowex 
50-X8 and carbonate concentration. 

Scmtillation counting. “4Th was used as carrier-free tracer. 
The sample solution was evaporated to dryness, 1 ml of 
concentrated hydrochloric acid was added and the solution 
transferred to a 20-ml scintillation vlal (Fisher). The volume 
was 12 + 1 ml at this pomt. A 3-ml portion of “Sentiverse” 
(Fisher) was added and the solution mixed and counted m 
an open channel of the counter. with the gain set at 280. The 
efficiency of the counter for “‘C (E,,,,, = 0.156 MeV) was 
954’. Since E 
effi;ency for %s 

for “4Th is 0.263 MeV. we assume the 
Isotope was greater than 959,:. 

Cation-exchange bebariour of thorium 

Microgram quantities and trace levels of thorium in 1M 
nitric acid were sorbed on Dowex 50-X8 and recovered by 
elution with 500 ml of 1.8M sulphuric acid. The amounts 
recovered were determined by the two procedures above. 

Eflect of carbonate Solutions containing 770 ppm of 
carbonate caused cation-exchange beds in the H+-form to 
break up owing to evolution of CO,. In the NH:-form the 
cation-exchanger behaved normally. The sorption of tho- 
rium from solutions of 1 ppm concentration was completely 
inhibited by the presence of carbonate at a concentration of 
1 mg/ml and pH = IO. The relation between percentage 
sorption and carbonate concentration is shown m Fig. I. 
This behaviour is similar to that of uranium and is attrib- 
uted to the formation of anionic carbonate-complexes, e.g., 
Th(CO,);-.’ 

Effect of phosphate. A study was made of the sorption of 
thorium on Dowex 50-X8 (H+-form) as a function of pH 
and at a phosphate concentration of 520 ppm. Thorium was 
lost to the effluent in the pH range 24.5; the maximum loss 
(- 30”~“) occurred at pH 3.8, as shown in Fig. 2. Outside this 
pH range. sorption of thorium was quantitative and the 

00 
PH 

Fig. 2. Relation between sorption of thorium on Dowex 
50-X8 and pH, in the presence of phosphate (520 ppm 

PO,;-) 

0’ dl I I I I 1 
IO 20 30 40 50 60 

Time (hrl 

Fig. 3. Effect of phosphate on the absorbance of 
thorium-Arsenazo II1 

element was quantitatively recovered by elution with 500 ml 
of 1.8M sulphurlc acid. 

The work of Langmmr et al. leads us to suggest that the 
following eqmlibrla are responsible for the behavlour ob- 
served.’ 

Th4+ + 2H,P0,$Th(HP0,)2 + 4H + 

OH 
Th(HPO,),=Th[Th(OH),]: +ml+ + 2PO3 

The species Th(H2P04)‘+ and Th(HPO,)‘+ are doubtless 
also formed at pH values <2. At low pH values, cations are 
favoured in the equlhbria. so there is sorption by the resm 
The neutral species Th(HPO,)? 1s Important at intermedlate 
pH values and this causes losses to occur At higher pH 
values, hydroxo polycatlons form and these too are sorbed 
and tightly bound.” Condensation polymerlzatlon 1s also 
observed for plutonium. Toth et al. report that poly- 
merization occurs very rapldly with this element m aqueous 
nitric acid.8 

Phosphate also interferes with the formation of the 
coloured Th-Arsenazo III complex.” We found that phos- 
phate at a concentration of 0.76 mg/ml delayed the appear- 
ance of the complex for a period of 7 hr. After this, the 
absorbance increased to a maxlmum after about 30 hr and 
then again decreased (Fig. 3). but never reached the value 
observed when phosphate was absent. 

Separation of phosphate 

An alternative method for the Isolation of thorium from 
samples contammg phosphate and uranium has been devel- 
oped. The phosphate is precipitated by the addltlon of 
bismuth nitrate. The solubility product of BIPO, IS reported 
to be 1.3 x lo-” at 20 .‘” The precipitate carries down much 
of the thorium. but this may be leached from the preclpltate 
with warm saturated ammonium carbonate solution. The 
carbonate added also causes precipltatlon of the excess of 
bismuth. 

If the quantity of phosphate 1s insufficient to ensure good 
nucleation of BiPO,. additional phosphate is added to bring 
its concentration to at least 0.5 mg/ml. A 0. IA4 solution of 
bismuth nitrate is added slowly until the preclpitatlon of 
BiPO, 1s complete. An equal volume of saturated ammo- 
nium carbonate solution is added and the mixture kept on 
a steam-bath for 40min. The precipitate IS removed on a 
medium porosity sintered-glass filter and washed with satur- 
ated ammomum carbonate solution. The ammomum car- 
bonate is then elimmated by addltlon of concentrated 
hydrochloric and nitric acids and bolling.h 

The efficiency of the separation was examined by treatmg 
solutions that contamed 0.5 mg of phosphate and 1 .O pg of 
thorium per ml. A trace of ““Th was also present. The p 
activity of both precipitate and solution was determined 
The results given in Fig. 4 show that the incorporatlon of 
thorium into the preclpltate Increased with time of standmg 
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Fig. 4. Incorporation of thorium into a precipitate of Fig. 5. Leaching of thorium from a precipitate of BiPO, by 

BiPO, heating with (NH&CO3 solution. 

and was complete within 50 min from the time of precip- 
itation. The effect of leaching is shown in Fig. 5 and it is seen 
that 98 rf: 2% of the thorium was recovered by digestion for 
40 min. 

A further step, a solvent extraction with a tertiary amine 
(Alamine 336), is necessary in the analysis of ores, concen- 
trates and mill liquors. Uranium mill raffinate normally 
contains phosphate, molybdate, vanadate and residual ura- 
nium. The following procedure is recommended. 

The sample solution should have a volume of ca. 25 ml. 
Its pH is adjusted to 1.G2.5 (but not higher) with dilute 
nitric acid. The sample is placed in a separatory funnel and 
shaken with an equal volume of Alamine 336 solution. The 
extraction is repeated after readjustment of the pH of the 
aqueous phase by addition of a further 2 ml of 6M nitric 
acid. The aqueous phase is subsequently boiled to expel 
traces of organic solvent, then cooled. The procedures for 
the elimination of phosphate and for the photometric 
determination are then applied. 

Effect of UOi+. In the absence of phosphate, neither U 
nor Th was extracted into a petroleum ether solution of 
Alamme 336. When various amounts of U02(N0,), and 
phosphate were added to aliquots of standard thorium 
solution, uranium entered the organic phase. It is recom- 
mended that the concentration of uranium be no greater 
than 0.1 mg/ml. 

Efict of molybdate. Molybdenum behaved in much the 
same manner as uranium. When both were added to 
solutions containing Th and 3 mg of phosphate per ml at 
a pH of l.tS2.5, both U and MO were quantitatively 
removed by solvent extraction and Th was quantitatively 
recovered in the aqueous phase. It is well known that 

molybdate condenses with phosphate in an acid medium 
and that the heteropoly species is extractable. 

E&t of vanudute. Both U and Th were quantitatively 
extracted in the presence of vanadate at an initial pH < 2. 
At pH > 2, only partial extraction of each element was 
observed. We believe that Th and U form extractable 
heteropoly species with vanadium at low pH. It has been 
reported” that at pH 2-8 the major species in vanadate 
solutions are V@-, V,O:;, HV,O$, HV,,O& and 
H,V,,O:; Some of these anions might combine with Th4+ 
and UO:+ to form neutral heteropoly groups. However, 
when phosphate was also present, V and U, but not Th, 
were extracted into the organic phase at pH l-2.5. In this 
situation, uranium may form a complex similar to phos- 
phomolybdovanadate,‘* which is extracted in the pro- 
tonated form. The thorium in the aqueous phase may be 
isolated and determined by applying the procedures for the 
elimination of phosphate and for photometric deter- 
mination. 

Results of the extraction experiments are shown in Table 
1. Thorium recoveries were quantitative except when large 
quantities of interfering elements resulted in the formation 
of precipitates. 

Analysis of a certified reference material 

The validity of the procedure was verified by analysing a 
certified ore, arkose sandstone, supplied by the Department 
of Energy, Mines and Resources, Ottawa (CANMET), 
catalogue number DL-la. The certified mean value for 
thorium was 0.00760/, and the 95% confidence limits were 
0.0072~.0079%. The material was reported to contain 
uraninite, brannerite and possibly monazite and ura- 

Table 1. Recovery of thorium in the presence of phosphate,* uranium, 
molybdenum and vanadium 

Th taken, Other elements present, mg Th recovered, 

&z U MO V /G 

25.0(3)t 
250.0(3) 

25.0(3) 
25.0( 1) 

600.0(l) 
25.0(4) 

250.0(3) 
250.0(l) 

25.0(3) 
250.0(3) 
250.0(l) 

0.25 
2.5 
3.0 

2.5 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 

25.0 + 0.2 
248.9 k 0.7 

- - 24.3 k 1.1 

- 

- 

: 
37.0 24.8 + 0.4 
42.0 247.9 + 2.3 

76.0 5 
- 20.0 25.0 k 0.5 

30.0 249.1 f 1.6 

40.0 P 

*In all cases IpO:-] = 3 mg/ml. Initial volume 25 ml. 
tThe number of replicate samples appears in brackets. 
$Precipitation occurred; solvent extraction was not possible. 
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Table 2. Recovery of thorium after 
removal of potassium as perchlorate 

K+ Th Th 
precipitated. added, recovered, 

nrg fig # 

0 25.0 25.0 
50.7 25 0 24.9 
72 5 25.0 25.0 

145.1 15.0 15.2 
217.7 15.0 15.0 
290.2 25.0 24.9 

The removal of potasstum by prectpitatton as perchlorate 
presented no dtfficulttes. We tested the recovery of thonum 
for a range of potassium concentrations and found all the 
thorium in the filtrate in all cases The results of these 
experiments are given in Table 2. 

The procedure developed in the present work for samples 
in solutton is more rapid than that involvmg the ton- 
exchange procedure and the effects of dissolutton of the 
ton-exchanger are avoided. The procedures are useful when 
a chemical method of determination IS to be used and this 
also apphes when tt is necessary to obtam a chemical yteld 
in a radiochemtcal assay. 

nothorite. As sodtum Interferes m the determination of 
Acknowledgement-The authors are grateful to the Govern- 

thorium with Arsenazo III, the sample was fused in a 
ment of India for a scholarship granted to C.J.K. 

mixture of potassium superoxide and potassium hydroxide. 
A 0.5-g portion of the finely powdered ore was mixed with 
1 g of potassium superoxide (Alpha, Ventron) and 0.5 g of 
potasstum hydroxide m a zirconium cructble.” The mixture 
was fused and heated to redness over an open flame for 3-5 
min. The cooled crucible was placed in a 250-ml beaker and 
the melt dissolved with 50 ml of 2M nitric actd. The solution 
was evaporated to dryness on a steam-bath. The residue was 
heated to dehydrate sthcic acid. and after addition of IM 
nitric acid, the sihca was collected on a Whatman No. 41 
paper. The filtrate was again evaporated to dryness m order 
to render msoluble a further small amount of SI~ICIC acid. 
The residue was treated wtth acid as before and the silica 
collected on a fresh filter. The two washed precipitates were 
combined and ignited at 7Otl in a platinum dish. The srhca 
was removed by heating wtth a mixture of sulphurrc and 
hydrofluortc acids. The platinum dish was washed with IM 
nitric acid and the washings added to the combined filtrates. 
The solution was made up accurately to 100 ml and a 50-ml 
aliquot taken. This was evaporated to 30 ml and then cooled 
in ice. Potassium was precipitated by addition of cold 207, 
perchlortc acid. The prectpttate was separated on a medium 
porosity sintered-glass filter and washed with more cold 
perchloric acid. The solution was evaporated to dryness and 
the salts were taken up m 30 ml of 1M mtrtc acid. The 
procedures for solvent extraction, removal of phosphate and 
photometric determmatton were then apphed. 

The thorium values obtained wtth four samples of the ore 
were 0.0074,0.0072, 0.0075 and 0.00759;. all within the 95”; 
confidence hmtts. 
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Summary-Ion-exchange distribution coefficients and elution curves are presented for copper(I), silver. 
gold(I). palladium, platinum(II), rhodmm(III), iridmm(III), ruthenium(III), osmium(II1). mercury(II). 
thallium(I). tellurium(I1). lead and bismuth m mixtures of thiourea. hydrobromic acid, acetone and water. 
with the cation-exchange resm AGW50W-X4. The system affords excellent separations of rhodium, 
mercury, silver (or copper), tellurium, gold. and palladium (or platinum) from each other. 

In a previous paper’ it was shown that the 
presence of thiourea (Tu) m hydrochloric acid media 
selectively enhances the sorption of some elements, 

including the platinum and copper-group metals, 
mercury and tellurium, on strongly acid sulphonated 
polystyrene (AGSOW) resins. The possibility of sepa- 
rating these metals from each other was not in- 
vestigated except for a suggestion that rhodium and 
iridium can be separated by exploiting the fact that 
their anionic chloro-(aquo-)complexes undergo 
ligand-exchange with thiourea only very slowly, to 
form cationic thiourea complexes. The distribution 
coefficients of most of the other elements mentioned 
above were too high to facilitate their stepwise elution 
with practicable volumes of aqueous thiourea and 
hydrohalic acid solutions even though some sepa- 
ration factors, for example those between silver and 
gold, were reasonably large. 

Reagents 
EXPERIMENTAL 

AG50W-X4 cation-exchange resm (100-200 and 200-400 
mesh particle size) in the hydrogen form was obtained from 
Bio-Rad laboratories, Richmond, Ca. 

Water was distilled. and for further purification. passed 
through an Elgastat demmerahzer. 

Preliminary work indicated that ((I) the distribu- 
tion coefficients decrease sharply and selectively with 
increasing concentration of the organic solvent 
present, and (h) hydrobromic acid is more 
effective than hydrochloric acid for the elution of 
thiourea complexes. An organic solvent&thiourea- 
hydrobromic acid system was therefore selected for 
further study. Acetone was chosen as the organic 
solvent because of its low dielectric constant, ready 
availability and complete miscibility with water. 
Some earlier work by Toerien and Levin2,3 had 
already given an indication of the usefulness of this 
system for the separation of small amounts (2 mg 

each) of rhodium (or iridium), silver, gold and plat- 

inum (or palladium). 

Only reagents of analytical-reagent quality were used. In 
the preparation of mixed solvents, volume changes on 
mixing were disregarded. For example, 0.50M HBr-O.lOM 
Tu in 80’; acetone was prepared by mixing 100 ml of 
aqueous 2SOM HBr-0.5OM Tu solution with 400 ml of 
acetone. Stock solutions each containing 0.050 mole of a 
given element per htre, were prepared from the pure 
(>99.99,J metals or salts. Thalhum(I), silver, mercury(H) 
and lead were used as analytlcal quality salts. The metals 
were dissolved by heating with a suitable combmation of 
hydrochloric acid and mtrlc acid (for Pd, Pt, Au, Cu. Te, 
Bi), or by heating with these acids in a Teflon(PTFE)-lined 
pressure bomb at temperatures up to 290. (for Rh. Ir, OS. 
Ru). The stock solutions contained hydrochloric acid (1 .OM 
concentration), and in most cases small amounts of mtrlc 
acid (<O.l5M), except for the thallium, silver and lead 
solutions, which contamed only nitnc acid (O.OlM). 

Apparatus 

Boroslhcate glass tubes of 20 mm internal diameter, and 
about 400 mm length. were used as columns. They were each 
fitted with a fused-m No. 2 porosity smtered-glass plate and 
a burette tap at the bottom. and a B19 ground-glass Jomt 
at the top to receive a separating funnel of 500 ml capacity 
which acted as a reservoir for eluting agents. The columns 
were filled with a slurry of AG50W-X4 resin (200400 mesh, 
H + -form) until the settled resin bed reached a mark indi- 
cating a volume of 43 ml (10 g of dry resin). 

Most analytical determinations were done by atomic- 
absorption spectrometry with a Varian Techtron AA-5 
instrument. Standards were made up with solution matrices 
closely matching those for the samples. Copper nitrate was 
used as a releasing agent (plus bromine to destroy thiourea) 
for the determination of some elements (Rh. Ir, OS, Ru). A 
nitrous oxide-acetylene flame was used whenever possible. 
to mmimize interferences from unsuspected contaminants. 

*This paper represents part of a D.Sc. Thesis by C.H.-SW. Some elements (Hg, Te) were determmed by well-known 

Weinert to be submitted to the University of Pretoria, spectrophotometric techmques,4 with measurements made 

Repubhc of South Africa. with a Zeiss PMQ II spectrophotometer. 
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Table 1. Distribution coefficients m 0.50M HBr-O. 10M thiourea at various acetone 
concentrations 

Acetone, 0d v/v 
Element 0 40 60 80 90 

Bi(III) 27.1 3.3 2.0 - 

Pt(II) - 107 39.5 
Pd(II) 79.0 26.1 
Te( II) 899 94.3 36.9 8.7 3.8 
Hg(II) 1040 18.0 <1 - - 
Pb(I1) 18.0 4.3 2.8 - 

Au(I) 925 79.3 32.4 17.9 9.3 
Cu(I) 354 13.7 4.7 - 
Ag(1) 151 8.9 4.9 - 
TI(I)* 21.2 PPt - - 

Ru(II1) 211 352 614 457 253 
Rh(II1) 18.8 31.2 25.4 16.0 14.0 
Ir(II1) 2.6 2.9 3.5 3.4 4.3 
Os(II1) 4 5 6 4 5 

*0.05 mmole. 

Distribution coe$icients 

The resin (AG50W-X4, lo&200 mesh, H +-form) was 
dried at 80” in a ventilated drying oven, and stored in a 
desiccator over anhydrous silica gel. Residual moisture was 
determined by drying at 1 lo”. The weight of the resm was 
corrected accordingly. 

Distribution coefficients, D, were determined by mixing 
2.500 g of dry resin with 250 ml of solution containing 0.50 
mmole of the element of interest, and equilibrating for 24 
hr (mechanical shaker) in a room thermostatically con- 
trolled at 20 f 2”. Before transfer to the equilibration 
mixture, each aliquot of stock solution (except in the case 
of Tl + , Ag+ and Pb? +) was evaporated to a moist residue 
on a steam-bath, and again after addition of about 10 ml of 
concentrated hydrobromic acid; this was done to ensure that 
at the start the elements were present mamly as bromide 
complexes. The salts resultmg from this procedure were 
dissolved in the correct amount of hydrobromtc acid for 
transfer. 

After equilibration, the resm and solution were separated 
by filtration, and the element examined was determined in 
both fractions. Distribution coefficients were calculated with 
the usual equation:’ 

(amount of element sorbed, g) 

D= 
x (amount of solution, ml) 

(amount of element not sorbed, g) 
(1) 

x (amount of dry resin, g) 

Some distrtbution coefficients were determined by the 
column (elution) method, and the equation:’ 

V - VII D=A . 
112, 

where V,,,_ is the volume (ml) of eluent at peak maximum, 
m, the weight (g) of dry resin in the column, and V0 the dead 
space m the column (assumed to be 15 ml for a 10-g 
column). 

A basic set of results is presented in Table 1. Some 
additional data are shown m Fig. 1, or mentioned in the 
discussion. 

Elution curves 

A mixture of 0.05 mmole of each element in 50 ml of 
aqueous 0.50M HCla.SOM Tu was sorbed on the column, 
with rinsing four times wtth a total volume of 50 ml of 
O.SOMHCl-O.lOM Tu, followed by elution with the agents 
described below. 

Elution of Ag(f), G(Z) and Hg(ZZ) (Fig. 2). (a) 950 ml 
of O.lOM HBr-O. 1OM Tu in 60% acetone to elute Ag(I) and 

Cu(1); (6) 250 ml of 0.20M HBr-O.OlM Tu in 60% acetone 
to elute Hg(I1). 

El&on of Te(ZZ) and Au(Z) (Fig. 3). 950 ml of O.lOM 
HBr-O.OlM Tu in 90% acetone. 

I I 1 I 

0 IO 02 05 IO 

[HB~] (MI 

Fig. 1. Logarithmic plots of the distribution coefficients of 
some elements as a function of HBr concentration at O.lOM 
thiourea and various acetone concentrations. Open circles 
refer to the batch equilibration method, closed circles to the 
column (elution) method. Percentages refer to acetone con- 

centration. 
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Ftg. 2. Elution curve for Ag(I), Cu(1) and Hg(II). Column: 10 g (43 ml) of AG50W-X4, 200-400 mesh. 
H +-form; internal diameter = 2.0 cm. Flow-rate 3.0 k 0.3 ml/mm. 

El&on of Au(l) and Pd(II) (Fig. 4). 950 ml of 0.25M 
HBr-O.OlM Tu in 90% acetone (Pd[II] only partially eluted). 

Elution of Pd(l1) and Pt(l1) (Fig. 5). 500 ml of OSOM 
HBr in 90% acetone. The resin was subsequently ashed. the 
ash dissolved after fusion with a mixture of potassium 
pyrosulphate (K,S,O,) and sodium chloride, and tested for 
pg-amounts of palladium and platinum (with negative 
results). 

Stepwise elution of Rh(III), Ag(l), Au(l) and Pt(l1) (Fig. 
s). A solution of 0.05 mmole of each element m 50 ml of 
0.50M hydrochloric acid was cooled to about 5” m an 
ice-bath. Solid thiourea (1.9 g) was added with thorough 
stirring, and the solution immediately transferred onto the 
column together with any undissolved thiourea. The solu- 
tion was allowed to pass through the column without delay. 
Fractions were collected from the beginnmg of this step 
(“sorptton”). Rinsing was done with cold (5’.) 0.5M 
HCM.lOM Tu (50 ml). This was followed by (a) 250 ml of 

075 

050 

025 

cold (5”) 0.5M HCIM.IOM Tu, which was allowed to 
approach room temperature as elution proceeded, and (b) 
200 ml of 0.5M HClLO.OIM Tu. The sequence up to this 
point served to elute Rh(III) as quantitatively as possible. 
Ag(1) was then eluted with 500 ml of O.lOM HBr-O.OlM Tu 
in 60% acetone, Au(I) wtth 500 ml of 0.25M HBr-O.OlM Tu 
in 90% acetone, and Pt(I1) with 400 ml of 0.87M 
HBr-O.OlM Tu in 90% acetone. Subsequent elution with 
250 ml of 2.OM HCl-2% Br, recovered a small residue, 
consisting only of gold (cu. 20 pg). The resin was finally 
ashed. and tested (after fusion with K&O,-NaCl) for 
fig-amounts of Rh. Ag, Au and Pt (with negative results). 

Eluting agents used solely for the determination of D- 
values are specified in Fig. I or in the discussion. The 
flow-rate was kept at 3.0 + 0.3 ml/min. Evaporation of 
acetone was minimized by inverting a small beaker over the 
mouth of the separating funnel. The column was allowed to 
drain completely after each addition of solution. Care was 

O.IOM HBr-OOlMTu_ 
in 90% acetone 

Au(I) 

ELUENT (ml ) 

Fig. 3. Elution curve for Te(II) and Au(I). Column and flow-rate as for Fig. 2. 
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Fig. 4. Elutron curve for Au(I) and Pd(II). Column and flow-rate as for Fig. 2. 

taken to minimize disturbance of the resin bed surface. 
Fractions (25 ml) were collected a~~~~~~x~~liy~ and each 
was an&se4 for each element present. The ex~r~~e~ta~ 
elution curves are shown in Figs. 24. 

DISCUSSION 

Tn the stock solutions, the elements were present in 
their most common oxidation states, as evidenced by 
their coiour or history. When thiourea was added, 
some of the elements were reduced, uiz. CL@)- 
Cu(l), Au(III)+Au(I), Pt(IV)-tPt(II), Ir(IV)+ 
Ir(III), Os(IV, VI)-+Os(III), and Te(IV)-+Te(II), and 
these oxidation states stabilized by complexation. 

The distribution coeffcients obtained for Rh(III), 
Ir(III), Os(III) and Ru(II1) were not equilibrium 
values. This could he verified, at least for RhfIII), 
Os(II1) and Ru(III), because they form characteristic 
deeply coloured complexes with thiourea. After the 
resin had been separated, a slow build-up of the 
deeply coloured complexes in the separated solutions 
could be observed. The coloured complexes were 
rapidly sorbed when a little extra resin was added. 
The process of separating the resin, allowing the 
colour to develop, and adding more resin could be 
repeated many times before all the metal ions were 
sorbed. The kinetic hgand-exchange behaviour of 
Ir(II1) could be assumed to be similar.’ By elution 
experiments with O.S--0.9M HBr-0.10M Tu in 90:< 
acetone it was established that the thiourea com- 
plexes of Pd(II), Pt(II), Ir(III), Rh(III), Ru(II1) and 
Os(II1) were retained very strongly, and eluted in that 
order. 

The results in Table 1 show that the distribution 
coefficients decreased sharply as the acetone concen- 
tration was increased, except for the four elements 
discussed above. 

HgGf), tiff), AgO), Au(f), TefII), PdfIf) and 
Pt(IXf showed substantially enhanced sorption in 
acetone-free solutions, and were studied in detail. 
Figure 1 shows loga.rithmic plots of the distribution 
coefficients as a function of hydrobromic acid con- 
centration at fixed acetone and Tu (O.lOM) concen- 
trations. It demonstrates that the distribnt~on 
coefficients for the bivatent metals decrease much 
more sharply with an increase in hydrobromic acid 

Pd(II) 

ELUENT (ml 1 

Fig. 5. Elution cww for Pd(II) and PI(R). Column and 
flow-rate as for Fig. 2. 
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Fig. 6. Elution of Rh(III), Ag(I), Au(I) and Pt(I1). Column and flow-rate as for Fig. 2. 

concentration than those for the univalent ones. A 
slope of about -2.5 seems to be typical for the 
former and one between about - 1.0 and - 1.5 
for the latter. At any fixed hydrobromic acid, Tu 
and acetone concentration the D-values for the 
univalent and bivalent metals increase in the 
order Ag(1) < Cu(I)<<Au(I), and Hg(II)<<Te(II)<< 
Pd(I1) < Pt(I1) respectively. Since the distance be- 
tween two curves in Fig. 1 may be taken as a direct 
measure of the separability of the respective elements, 
the figure shows that good separations should be 
possible between Cu(1) (or Ag[I]) and Au(I), Hg(I1) 
and Te(II), and Te(I1) and Pd(I1) (or Pt[II]), over a 
wide range of eluent compositions. The only condi- 
tion is that the D-value of the element to be eluted 
first must be approximately 10 to ensure (a) its 
elution with a reasonably small volume of eluent, and 
(b) adequate retention of the element to be eluted 
next.5 In principle, it seems to be possible to find a 
hydrobromic acid concentration at any given acetone 
concentration (or uice versa) which will satisfy this 
condition for any of the pairs of elements mentioned 
above. The choice is limited only by the fact that 
concentrated mixtures of hydrobromic acid, Tu and 
acetone tend to decompose. 

Figure 1 also illustrates that-in general terms- 
separation factors between univalent, M(I), and bi- 
valent metals, M(II), decrease with increasing hydro- 
bromic acid concentration [D,(,,, > D,J, and then 
increase again with a reversal in selectivity 

[D M(I,j < D,(,,]. A good separation of Cu(1) (or Ag[I]) 
from the most critical bivalent metal, Hg(II), was 
obtained with O.lOM HBr-O.lOMTu in 60% acetone 

[D Mfll) < DM,,,; Fig. 21. It should be possible to sepa- 
rate Au(I) from Hg(I1) with rapid elution of the latter 

P M(,,, < D,(,,] with e.g., 0.20M HBr-O.lOM Tu in 
60% acetone as eluent. 

Effect of thiourea concentration 

Further work showed that the D-values for Te(I1) 
(and Hg[II]) decreased much more sharply as the Tu 
concentration was decreased than did those for Au(I) 
(or Ag[I] or Cu[I]). This fact was utilized to elute 
Te(I1) well ahead of Au(I) with O.lOM HBr-O.OlM 
Tu in 90% acetone (Fig. 3). 

The D-values for Au(I) decreased slightly more 
sharply with a decrease in Tu concentration than did 
those for Pd(I1). This made possible the separation of 
Au(I) from Pd(I1) with a reasonably rapid elution of 
Au(I) (Fig. 4). 

The Ag(IkCu(1) and Pd(II)-Pt(I1) pairs showed 
only small differences in behaviour. Good sepa- 
rations of these pairs would require the use of 
impracticably large columns and elution volumes. 
The best separations that could be obtained with 10-g 
columns are illustrated in Figs. 2 and 5. The elution 
curve in Fig. 5 was obtained with a thiourea-free 
eluting agent, and illustrates the extraordinary sta- 
bility of the ?t(II) and Pd(I1) Tu complexes with 
respect to substitution by bromide ions. Their distri- 
bution coefficients were found to decrease only 
slightly when the Tu concentration was varied be- 
tween 0.10 and O.OlM Tu at HBr concentrations 
between 0.10 and 0.50M and from 80 to 90% acetone. 

The data presented here and in our previous paper 
indicate a variety of possible separations by stepwise 
elution which should be particularly useful in the 
analysis of certain sulphide-bearing ores. For exam- 
ple, it should be possible to elute Bi, Cu(I), Hg(II), 
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Te(II), Au(I) and Pt(I1) in that order, with appropri- 
ate amounts of l.OM HCI-O.lOM Tu (Bi), O.lOM 
HBr-O.IOM Tu in 60% acetone (Cu[I]), 0.20M 
HBr-O.OlM Tu in 60% acetone (Hg[II’J), O.lOM 
HBr-0.10~ Tu in 90% acetone (TefII]), 0.25&f 
HBr-O.OlM Tu iu 90% acetone (Au[I]), and 
0.8OMHBr in 90% acetone (Pt[II]). Another possi- 
bility is illustrated in Fig. 6. Development with 
thiourea and initial elution were done at low tem- 
perature in order to suppress the formation of cat- 
ionic Rh(III~Tu complexes.’ Some incipient reaction 
of Tu with one of a variety of possible 
Rh(III@hloride-aquo complexes which may be 
present in the stock solution is probably responsible 
for the sorption of a small amount of Rh(II1) which 
is eluted, after the main fraction, with OSOM 
HCI-O.OlM Tu. For accurate work, a correction may 
have to be applied for a small amount of Au(I) which 
is not eluted with the main Au(I)-fraction. Since 
similar amounts of gold tend to remain on the 
column during elution with thiourea-free solutions,6 
it is suspected that this small amount is sorbed as a 
relatively kinetically inert (aquo-?) complex. 

Small amounts of iridium can be eluted together 
with Rh(II1). Larger amounts (> 2 mg) rapidly give 
an insoluble precipitate with Pt(I1) or Pd(I1). This 
leads to mcomplete recoveries not only of Ir(III), but 
also of Pt(I1) and Pd(lI), which are lost in amounts 
related to the amount of iridium present. In the 
absence of Pt(I1) and Pd(II), Ir(II1) (10 mg) was 
found to accompany Rh(III~ quantitatively. 

The double peak for gold m the main 
Au(I)-fraction was found to be associated with ele- 
ments co-sorbed as thiourea complexes, e.g. Ag(I), 
Pd(I1) and Pt(I1). The amount of gold appearing in 
the second peak seemed to be roughly proportional 
to the amount of the other element(s) present. When 
no sorbable thiourea complexes other than those of 
gold were present in the sample solution. all the gold 
appeared at the position of the first peak. Further 
evidence suggested that the gold appearing in the 
second peak must have remained closer to the top of 
the column during the elution of Agft) than that 

appearing in the first peak. The presence of the 
additional complexes may have caused a localized 
decrease in the free bromide concentration at the top 
of the column. As a consequence, stronger retention 
of part of the gold could have occurred. 

Ruthenium(II1) and osmium(III) are best sepa- 
rated before the sorption step. They tend to be eluted 
as two major fractions, accompanying Rh(II1) and 
Pt(I1) respectively. Traces appear in the intermediate 
fractions. Some Ru(II1) tends to be sorbed almost 
irreversibly, possibly as a cationic aquo-complex, 
unless treated with concentrated hydrobromic acid 
(or hydrochloric acid) shortly before the addition of 
thiourea. 

Because of limited solubility some elements can be 
tolerated in amounts not much in excess of 0.05 
mmole each. We have, however, been able to demon- 
strate that a mixture containing 0.05 mmole of each 
of Rh(III), Ag(1) and Au(I), together with 0.50 
mmole each of Pt(I1) and Pd(I1) can be separated by 
the elution sequence shown in Fig. 6. Pd(I1) accom- 
panies Pt(I1) apparently quantitatively. Rapid trans- 
fer of the (cold) sample solution (100 ml) to the 
column ensures that Pt(II), which tends to precipitate 
as [PtTu,]Cl,,’ does so only on the column. Here it 
dissolves during the elution sequence, and seems to 
cause no further complications. Large amounts (100 
mg) of Cu(1) or Ag(1) are found to be soluble in the 
sorption medium, but form a precipitate within the 
column during elution with O.lOM HBr-0.01 M Tu in 
609,, acetone. This results in poor recoveries of Cu(1) 
or Ag(I), and appreciable amounts of these elements 
appear in the subsequent elution steps. 
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Summary--A chromatographic inert-gas fusion method using an Ni-Sn fusion bath and helium as carrier 
gas has been developed for determining micro amounts of oxygen in silicon. Wtth the Ni-Sn bath, the 
oxygen determination can be done at lower temperatures (165&l 700”) in a heated graphite crucible than 
in an empty crucible (with no molten metal bath) in which the sample is directly in contact with the carbon. 
Four samples can be analysed in succession in a single crucible with a relatively short time for oxygen 
extraction (5 min). Careful control of experimental conditions, and the use of a water-cooled quartz tube 
and a small unshielded graphite crucible have resulted in a lower blank (0.1 pg of oxygen), and better 
reproducibility, enabling oxygen in silicon to be determined down to 1 ppm. A calibration curve for 
determining oxygen in single crystals of silicon by measuring the infrared absorption at 9 pm has been 
constructed and gives results agreeing with those obtained by a-particle activation analysis. 

The development of large-scale integrated circuits has 
created an increasing demand for single-crystal 
silicon of ever higher purity. The physical parameters 
which have in the past been used as a measure of 
purity are now not sufficient to guarantee the quality 
of single-crystal silicon. Oxygen is one of the most 
important impurities which can affect the electrical 
performance and reliability of silicon devices. 

For the inert-gas fusion determination of oxygen in 
silicon, baths of molten platinum,’ iron,* copper,3 and 
tin3 have been used, or the molten-metal bath can be 
omitted,4 but a nickel-tin bath does not appear to 
have been used before for this determination. It offers 
some advantages, however: according to the phase 
diagram, the melting points of all Si-Ni alloys are 
lower than that of pure nickel, the solubility of 
carbon in nickel is moderate, and tin lowers the 
viscosity of the bath and prevents the absorption of 
gases. We have investigated the Ni-Sn bath technique 
for the determination of oxygen in silicon and com- 
pared it with the other metal-bath techniques: the 
results demonstrate that it is reliable. 

A calibration curve for determining interstitial 
oxygen in single-crystal silicon by measuring the 
infared absorption at 9 pm at room temperature has 

been constructed by use of the helium carrier inert- 
gas fusion/gas chromatographic method. Careful 
control of experimental conditions and im- 
provements in the preparation of specimens have 
resulted in a lower blank for inert-gas fusion analysis 
and in better reproducibility. The calibration curve 
obtained (the calibration constant is 
6.2 x 10m4 atom%/cm-‘) is better than those in the 
published literature.>* 

EXPERIMENTAL 

Specimen preparation 

Specimens were prepared as 0.7 x 0.7 x 0.5 cm dice cut 
from single-crystal silicon (111) of N type and P type (CZ. 
FZ) and weighing approximately 0.57 g. The six faces were 
polished with Syton (colloidal silica) and then the pieces 
were cleaned by sequential immersion in basic and acidic 
hydrogen peroxide before the inert-gas fusion analysis. 
According to Henderson,% an oxide film 13-l 5 A thick is left 
after such cleaning. In construction of the calibration curve 
of absorption at 9pm US. oxygen content determined by 
inert-gas fusion, the oxygen content in the surface film was 
deducted. As the surface area of each of our specimens was 
2.38 cm*, the average volume of the oxide film should have 
been 3.3 x IO-‘cm3 and the total oxygen 3.9 x lO-‘g 
(assuming an SiO, density of 2.2 g/cm3), so the oxygen 
content in the oxide film (average thickness 14A) corre- 
sponded to 1.2 x 10e4 atom% oxygen for each die (0.57 g). 

Specimens used for activation analysis were slices 1.8 cm 
in diameter and 0.2 cm thick, with both sides polished with 
Syton. For each slice, four infrared absorption readings at 
different spots were taken and the results averaged. 

Inert-gas fusion apparatus 

A schematic diagram of the inert-gas fusion and gas 
chromatographtc system is shown in Fig. 1. It consists of the 
gas-extraction, collection, and measurement units. The fur- 
nace is a 30-kW induction unit, operating at a frequency of 
300-500 kHz. The furnace assembly is shown in Fig. 2. The 
unshielded graphite crucible (50 mm long, bore 11 mm, wall 
thickness 3.5 mm) is placed in the transparent water-cooled 
quartz tube (volume about 250ml. including the sampling 
arm). 

The hehum is purified by passage through columns of 
molecular sieves 13X and 5A at - 196”. 

The gases liberated from the specimen are transferred 
from the extraction system by a stream of purified helium 
(at 250 ml/min) and trapped at - 196” in a concentratton 
column consistmg of a silica tube 20 cm long and 4 mm in 
diameter packed with molecular sieve 5A (10-20 mesh). The 
concentration of carbon monoxide in the gases IS measured 

761 



762 HE HUANNAN et al. 

Ftg. 1. Helium carrier-gas fusion gas chromatographic apparatus. 1, He tank; 2, gas regulator; 3, gas 
flowmeter; 4. 5A molecular sieve (- 196’C); 5, gas chromatograph; 6, concentration column; 7. standard 
gas sampling valve; 8, bubbler; 9. high-frequency reaction furnace; 10, CO standard gas tank; 11. 13X 

molecular sieve. 

by gas chromatography with a 2m x 4mm chro- 
matographic column packed with molecular sieve 13X 
(20-30 mesh) and mamtained at 75’ The helium flow-rate 
is 50 ml/min. The recorder sensitivity is 1 .O mV for full scale 
deflection. The bridge current of the gas-chromatograph 
katharometer is 195 mA. The sensitivtty of the gas chro- 
matographic method is 1 5 x 10-?~~g of oxygen per mm of 
peak-height. 

A standard CO gas mrwture (I”,, CO in hehum) and 
standard samples of low carbon steel are used for cali- 
bratton of the apparatus. 

The graphtte crumble is thoroughly outgassed m a stream 
of purified helium at approximately 2100.‘. The blank at the 
operatmg temperature can m this way be reduced to less 

He 

Rg. 2. Scheme of high-frequency reaction furnace. 1. Optr- 
cal flat; 2. ground-glass stopper: 3, sampling arm; 4. mlet for 
cooling water: 5, sampling tube; 6, graphrte crucible; 7, 
htgh-frequency inductton COIL 8. tungsten rod; 9, ground- 

sthca stopper; 10. outlet for cooling water. 

than 0.1 ng of oxygen. Before the first sample IS analysed, 
4g of nickel and 0.6g of tin are added to the crucible to 
prepare a molten metal bath. The bath IS outgassed at 
1750~’ for 10 mm, then the temperature is lowered to 
approximately 1700’ (operating temperature controlled at 
1690 k 30’ ) while samples are being analysed. The gas 
liberated IS analysed after a collection time of 5 min. Before 
each new sample IS analysed. a further 2 g of mckel and 0.3 g 
of tm are added to the cructble. Four samples are analysed 
m succession m a smgle crucible, the blank being checked 
before and after each sample. All the oxygen of the silicon 
sample is converted into carbon monoxide by reactron wtth 
carbon dtssolved in the bath. At the same time as the sample 
IS dropped into the crucrble, the helium line from the furnace 
IS connected to the concentratron column at - 196 for 
5 mm. at the end of whrch the valve IS turned to connect the 
chromatograph to the column. At the same Instant the 
Dewar vessel containing liquid mtrogen IS lowered and 
bothng water applied to the trap so that the flow of helium 
from the carrier supply carries the carbon monoxide mto the 
molecular Steve 13X column m the chromatograph. The 
amount of carbon monoxrde ts esttmated from the chro- 
matogram and the oxygen content of the specimen is then 
calculated. 

Infruredspectrophotomrtry und a-particle actit~ation-anai~sis 

Each specimen IS examined by infrared spec- 
trophotometry on a Perku-Elmer 577 Instrument and the 
absorptron coeffictent at 9 nm determmed by the dtfferentral 
absorptton method m order to elimmate lattice-band mter- 
ference. The area exposed 1s a crrcle 5 mm m diameter, and 
the full wtdth at the half maximum of the oxygen-in-srhcon 
band (AH) IS 32_35cm-‘. Five readmgs are taken and 
averaged for each die. The absorptron coeffictents are also 
corrected for multtple surface reflection. 

To mmrmrze effects artsmg from mhomogenetty m the 
oxygen drstributton. the spectmens are prepared as 
0.7 x 0.7 x 0.5 cm dice so that they Just fill the exposure area 
(diameter 0.5 cm) of the spectrophotometer. Each sample IS 
analysed first by the Infrared method and then by the 
Inert-gas fusron method, so that the infrared absorptton 
coefficient can be correlated exactly with the oxygen 
content. 

A beam of 3 1.2-MeV a-parttcles IS used for trradtatton m 
the acttvation analysis. Both surfaces of the Irradiated slice 
are deeply etched m order to ehmmate surface con- 
tammation. Determinatron of the oxygen content IS based 
on the nuclear reaction “Q(a pn)‘RF,” After the nuclear . 
reaction, two 3 x 3-in. Nal(T1) crystals and a y-;’ 
comctdence-counting umt are used for measurmg the lXF 
acttvity. The detectton hmrt of thts method IS 
0.07 x 10mJ atom”, oxygen content. 
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RESULTS AND DISCUSSION 

Blank of the inert-gas fusion method 

The detection limit of the reduction fusion method 
depends on the blank for the gas analysis system. In 
this method, as a water-cooled quartz tube and a 
small graphite crucible were used, the amount of 
graphite was minimized and it was not necessary to 
use graphite powder for insulation. Under these 
conditions, after the graphite crucible had been out- 
gassed sufficiently at approximately 2100”, the blank 
for the gas analysis system remained at a value lower 
than 0.1 pg of oxygen, one order of magnitude 
smaller than those reported in the literature.8,9 The 
quality of the graphite crucible is very important and 
it is preferable to use crucibles made from graphite of 
high purity, compactness and density. The purity of 
the helium is also of utmost importance. To minimize 
the blank from the furnace system it is necessary to 
connect the helium purification unit to the water- 
cooled furnace with stainless-steel or copper tubing. 
Plastic or rubber tubing is not suitable at all because 
of its high permeability to gases. 

If the outgassing temperature of the graphite cru- 
cible is lower than 2000” or if the outgassing time is 
not sufficient, the residual oxides in the crucible wall 
will be reduced to carbon monoxide, thus increasing 
the blank and giving high results. However, the 
outgassing temperature should not be too high 
either-if heated above 2200”, the graphite will be 
extensively vaporized and the vapour wili condense 
on the cooler part of the silica tube to form an active 
sublimate which will absorb a certain amount of the 
carbon monoxide from the specimen. In this case, the 
result of the analysis will be low. 

Conlpar~son of the Ni-Sn bath with other baths 

Results obtained from different baths are listed in 
Table 1. The dimensions of all the specimens were 
0.1 x 0.7 x 0.5 cm. 

It can be seen from Table 1 that the Ni-Sn bath 
gives more reproducible results and more nearly com- 
plete recovery of oxygen in silicon. As a fresh bath 
was prepared for each successive sample, the fluidity 
of the bath was maintained, and the reaction was 
both rapid and quantitative. The preliminary experi- 
ments demonstrated that the results obtained with 
the Ni-Sn bath were in agreement with those for the 

Table 2. Parallel analysis by inert-gas fusion and infrared 
spectrophotometry 

Absorption coefficient, Oxygen content. 
Date cm-’ 10-4aiom70 

7.3.80 2.44 15.3 
7.3.80 2.47 14.8 
3.5.80 2.49 15.8 

23.5.80 2.50 15.0 
15.4.81 2.46 14.8 
18.4.81 2.41 14.6 
18.4.8 1 2.45 14.6 

Pt-Sn bath (lSOOO). Because of the high cost of 
platinum the Ni-Sn bath is preferred. 

Results of inert -gas fusion and infrared spec- 
trophotometry 

On different days, 7 samples were measured by the 
infrared absorption method and by the inert-gas 
fusion method. The results are shown in Table 2. 

The reproducibility is good, as shown in Table 2. 
In the Ni-Sn bath technique, the temperature of 
analysis is low, but the viscosity of the bath is also 
tow, so the gases are released easily. In the empty 
crucible method (with no molten-metal bath), during 
the consecutive additions of single-crystal silicon 
samples, silicon carbide forms continuously, the vis- 
cosity of the bath increases and complete extraction 
of the carbon monoxide formed in the reduction 
process becomes more difficult. In order to obtain a 
stable operating temperature, it is necessary to keep 
the position of the graphite crucible constant relative 
to the induction coil. When the temperature is con- 
trolled in the range 1690 f 30”, this can be done more 
reproducibly than at higher temperatures. 

infrared spectro~hotometr~ for oxygen determination 

in single-crystal silicon, as eazibrated by inert-gas 
fusion analysis 

The infrared absorption, a-particle activation and 
reduction fusion methods are the three main possi- 
bilities for measuring the oxygen content of single- 
crystal silicon, and of these the 9-pm infrared absorp- 
tion method is the quickest, most convenient and 
cheapest, and is also non-destructive. However, the 
absorption coefficient is only a relative value and the 
reduction fusion method or the activation method 
must be used for calibration. Owing to the inherent 

Table 1. Comparison of results obtained with an Ni-Sn bath and other baths 

Oxygen content of single-crystal Si A, 10m4atomY< 

With no molten 

Analysis 
No. 

I 
2 
3 
4 

metal bath 
Cu bath Pt bath Ni-Sn bath 

1900” 1700” 1500” 1800” 1700 
--- 

15.7 15.8 21.5 .17.8 22.4 
16.4 20.2 12.3 17.4 20.2 
6.2 12.8 13.0 13.4 22.0 
7.6 - - 12.1 22.2 
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Fig. 3. The calibration curve for gas fusion results us. 
infrared absorption coefficient (300 K). 

difficulties of these reference methods for calibration, 
there are several different calibration curves in the 
literature. The range of calibration coefficient values 
is 4.9-9.63 x 10e4 atom”~/cm-‘.~9 Since 1971, in the 
ASTM Standard Test Method, Baker’s data* have 
been adopted. In 1977, a standard method (DIN) has 
been proposed in West Germany on the basis of 
GralYs data.’ Because of these differences, we have 
attempted to establish a more accurate calibration 
curve. 

Sixty-seven pairs of data points from gas fusion 
analysis and infrared spectrophotometry were fitted 
to the regression line y = a + bx, where u = - 1.15, 
b = 6.7 x 10~4atom%/cm-‘, with correlation 
coefficient r = 0.965. If the intercept is made zero, we 
have y = b’x. The calculated value of 
6’ = 6.2 x 10m4 atom%/cm-’ (calibration constant). 
The calibration curve is shown in Fig. 3. The stan- 
dard deviation of the residuals is 
sY = 1.2 x 10m4 atom%. 

Seven pairs of data points from activation analysis 
and infrared spectrophotometry were treated in the 
same way and yielded a = -0.16, b = 6.2, x 
10M4 atom%/cm-‘, r = 0.988, b’ = 6.1, x 10m4 atom 
%/cm - ’ , sy = 1.5 x 1O-4 atom%. The calibration 
curve is shown in Fig. 4. 

As the blank for inert-gas fusion analysis can be 
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Fig. 4. The relationship between activation analysis and 
infrared absorption coefficient (300 K). 

lowered to less than 0.1 pg of oxygen, the lower limit 
of oxygen content which can be determined is some- 
where below 2 x 10m4 atom%. Earlier values were not 
so low.“9 

Owing to the improvements in specimen prepara- 
tion and the fact that the infrared absorption 
coefficients of the dice were measured individually, 
there was no influence of inhomogeneous distribution 
of oxygen content. In addition, because of the higher 
precision of the inert-gas fusion analysis, the cor- 
relation coefficient for our calibration curve (0.972) 
was better than that of Baker’s.* 

The standard deviation of the residuals can be used 
as the criterion for the accuracy of the .v value: it is 
1.2 x 10m4 atom% in our experiment and about 
9.5 x 10e4 atom% in Baker’s (calculated from his 
data). 

The calibration constants obtained by Baker,* 
GrafP and in our work are shown in Table 3. The 
calibration graphs shown in Figs. 3 and 4 are more 
accurate than those of Baker and Graff and the 
agreement between the two calibration curves ob- 
tained in this work is better than for others in the 
literature.8,9 

Table 3. Comparison of the calibration constants (10-4af~mo~/cm -‘) for the two 
methods 

Reference 

Baker’ 
Graff 

Calibration constant 
Infrared 

Gas fusion absorption 
analysis coefficient 

9.63 f 2.29 
4.9 * 0.2 

Calibration constant 
Infrared 

Activation absorption 
analysis coefficient 

8.1 
5.9 

This paper 6.2 f 0.1 6.2 + 0.4 
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According to our calibration graph (300 K), the REFERENCES 

calibration equation is 1. A. Colombo, Anal. Chim. Acta. 1976, 81, 397. 
2. P. D. Donovan, J. L. Evans and G. H. Bush, Analyst, 

No = 3.1 x 10” c( atoms/cm3 

1963, 88, 771. 
3. J. J. Engelsman, A. Meyer and J. Visser, Talanta, 1966, 

13, 409. 

or 

N, = 6.2 x 10m4 u atoms% 

4. G. G. Devyatykh, V. V. Balabanov, N. V. Latin and 
Yu. V. Revin. Zh. Analit. Khim.. 1973. 28. 2254. 

5. R. C. Henderson, J. Electrochem. SOL,’ 19j2, 119, 775. 
6. W. Kaiser, P. H. Keck and C. F. Lange, Phys. Rev., 

1956, 101, 1264. 

where CI is the infrared absorption coefficient. 
7. W. Kaiser and P. H. Keck, J. Appl. Phys.. 1957,28,882. 
8. J. A. Baker, Solid-State Electronics, 1970, 13, 1431. 
9. K. Graff, E. Grallath, S. Ades, G. Goldbach and G. 

Tolg, ibid., 1973, 16, 887. 
10. Annual Book of ASTM Standards, Part 43. F 121-71, 
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Summary-A gas-chromatographic method has been developed for determination of the sodium 
borohydrtde and methanol content of alkahne aqueous solutions of NaBH,. From the ratio between 
NaBH, and CH,OH the product distributton in NaBH, synthesis from NaH and B(OCH,), in mineral 
oil can be calculated and the amount of the by-product NaBH(OCH,h formed can be estimated. A 
separation and extractton procedure for the mineral oil dispersion must precede the gas-chromatographtc 
analysis. Sodium borohydride is determined by measurement of the 2-propanol formed after treatment 
of the solution with acetone. whereas methanol can be determmed directly by gas chromatography, with 
I-propanol as internal standard. The analysis of the synthesis products is thus the separatton and detection 
of simple alcohols. 

Sodium borohydride is extensively used in the pulp 

and textile industries as a storable raw material for 
production of the bleaching chemical, dithionite, 
which is easily obtained from alkaline NaBH, solu- 
tions and sulphur dioxide. The commercial synthesis 
method most used for the production of sodium 
borohydride is the reaction between sodium hydride 
and trimethyl borate:‘.’ 

4NaH,,, + BtOCH,ho, 

+ NaBH,,,, + 3NaOCH,,,, (1) 

Reaction (1) is performed at temperatures > 250” in 

a high-boiling inert mineral oil, in which the NaH is 
dispersed and B(OCH,), is added as a liquid. The 
reactions can be done industrially in continuous 
reactors.’ Sodium borohydride is often used as an 
alkaline solution, which is stable for several years.’ 
An alkaline solution is easily obtained from the 
mineral oil dispersions by treatment with water: 

NaBH, + 3NaOCH, + H,O 

+ NaBH,,,,, + 3CH,OH + 3NaOH,,,, (2) 

When reaction (1) is performed at temperatures lower 
than 25Cr, NaBH, is not the only reaction product; 
methoxy-containing borohydrides begin to appear as 
by-products4 The best known of these compounds is 
sodium trimethoxyborohydride, NaBH(OCH,),, 
which also can be synthesized selectively from NaH 
and B(OCH,), at lower temperatures ( >60”):4 

NaH,,, + B(OCH1)3(1)‘NaBH(OCH,),,,, (3) 

The methoxy-containing by-products will be de- 
stroyed during the water treatment of mineral oil 
dispersions: 

NaBH(OCH,), + 2Hz0 

+ NaBOZfaq, + 3CH,OH + H, (4) 

In studying the synthesis of NaBH, over a broad 
temperature range, it is of great interest to determine 
both the degree of conversion of sodium hydride and 
the product distribution between NaBH, and 
NaBH(OCH,),. Although several analytical methods 
for the determination of NaBH, are reported in the 
literature’,“’ little attention has been paid to the 
distribution of the synthesis products. As far as we 
know, the only method reported for the deter- 
mination of the reaction products is a gas volumetric 
procedure, where the hydride content is measured as 
the volume of hydrogen liberated when borohydrides 
are treated with an acidic water solution and the 
boron content is measured by titration with sodium 
hydroxide in the presence of mannitol.‘.4.x It is quite 
clear that this method is tedious and impractical, 
particularly when water solutions of borohydride are 
the final goal of the synthesis. The solid compounds 
must first be separated from the dispersion by wash- 
ing with a suitable hydrocarbon solvent, e.g., hexane, 
and then the borohydrides must be extracted with a 
selective solvent, e.g., isopropylamine. In the work 
with aqueous solutions of NaBH, there 1s thus a need 
for a more straightforward analytical procedure. 

THEORY 

From reactions (2) and (4) it can be seen that the 
ratio between methanol and NaBH, gives informa- 
tion about the amount of by-product formed, so 
analysis for both the NaBH, and the methanol 
content of the aqueous solutions is desirable. 

The reducing properties of NaBH, are used in an 
indirect spectrophotometric method proposed by 
Lichtenstein and Mras.’ Acetone reacts with NaBH, 

767 
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to give 2-propanol according to the reaction 

4(CHr)JO + BH; -I- 3H,O 

--+ 4(CH,),CHOH + H,BO; (5) 

Lichtenstein and Mras base their method on a spec- 
trophotometric measurement of acetone. The absorb- 
ance of the solution is compared with that of a 
standard solution with the same initial concentration 
of acetone. The difference AA between the absorb- 
ance values yieids the borohydride concentration: 

where E is the molar absorptivity of acetone and I is 
the path-length of the cell. The sodium borohydride 
content of the solution can, however, also be related 
to the 2-propanol formed according to reaction (5). 
After addition of acetone the NaBH, and CH,OH 
contents of the solution can be determined by gas 
chromatography. The NaBH, concentration is simply 
given by 

c N&H4 = 
C(CH,)lCHOH 

4 
(7) 

If it is further assumed that the only by-product is 
trimethoxyborohydride, the methanol comes from 
two sources and the stoichiometric equations (2) and 
(4) give the expression 

which also can be written as 

where n is the number of moles of compound indi- 
cated by subscript. 

From (8’) it can easily be seen that a ratio 

IZCH30H In NaBH4 > 3 indicates that some by-product is 
formed. The yields of NaBH, and NaBH(OCH,), can 
then be calculated: 

where n,, is the initial number of moles of compound 
used. It should be mentioned that equation (9) as- 
sumes that stoichiometric quantities of sodium hy- 
dride and trimethyl borate were used in the synthesis. 

EXPERIMENTAL 

Apparatus 
A Varian 1400 gas chromato~aph with FI-detector and 

a capillary column was used. The stationary phase was 
SE-30 (0.3 pm film thickness). The column temperature was 
30” and the detector temperature 150”. 

Chemicals 

The acetone, I-propanol, 2-propanol and methanol used 

were of analytical grade. They were used without further 
purification, with the exception of the acetone, which was 
dried over anhydrous sodium sulphate and then fractionally 
distilled. NaBH, was synthesized from NaH and B(OCH,), 
of synthesis quality (> 98% purity). The methods used for 
synthesizing NaH and NaBH, are described elsewhere.“~‘” 

Procedures 

A 4-5 g sample of oil dispersion, corresponding to a 
theoretical amount of approximately 0.004 mole of NaBH,, 
is placed m a separatory-funnel, l&l5 ml of hexane are 
added and the dispersion is stirred for 5 min. The sample is 
then centrifuged for 20 min at 700 t-pm, whereby complete 
~dimentation of the sohd particles IS achieved. The hquid 
phase containing mineral oif, hexane and possibly small 
amounts of unreacted trimethyl borate is sucked away. This 
washing procedure with hexane is repeated 2 or 3 times 
After the last centrifugation and removal of hexane phase, 
10 ml of an aqueous sodium hydroxide solution (pH = 12.3) 
are added. The solid phase dissolves in the aqueous phase 
according to equations (2) and (4). Some liberation of 
hydrogen is observed, from the hydrolysis of NaH and 
methoxyborohydrides. The samples are so small that no 
appreciable temperature increase is observed. When the 
degree of conversion of NaH is very low, however, the 
reaction can become hazardous because of hydrogen evo- 
lution. 

Because the mmeral oil is washed away, the hexane and 
water phases are easily separated and no ~ntrifugation IS 
necessary. The aqueous phase is transferred from the 
separatory-funnel to a .50-ml standard flask. The separatory- 
funnel is further shaken with three lo-ml portions of sodium 
hydroxide solution (pH = 12.3) and the aqueous phases are 
added to the SO-ml flask. After this procedure it may be 
assumed that all the NaBH, and CH,OH from the original 
product dispersion is quantitatively collected m the flask. 
Then 2-3 ml of acetone are added, which corresponds to 
100% excess. After 30 min the reaction between borohydride 
and acetone is complete’ and the solution can be diluted 
with distilled water to 50ml. Then 2.00ml of the resulting 
solution and 5.00 ml of a standard I-propanol solution 
containing 8.40 g/l, are added to a 50-ml standard flask and 
diluted to volume with disttlled water. The solution is now 
ready for a gas-chromatographic analysis, with injection of 
a 2-3 ~1 sample. The separation and analysts procedure IS 
illustrated in Fig. 1. A typical chromatogram is presented in 
Fig. 2. 

The 2-propanol and methanol contents of the solution are 
calculated by Integrating the peak areas in the chro- 
matogram and taking into account the calibration factors 
according to the formula 

4/m,, = ~{~,I~~,) (11) 

where m, and m, are the weights of determinand in the 
sample and standard respectively,f, is the calibration factor, 
and A, and A,, are the corresponding peak areas. 

The calibration factors of 2-propanol and methanol with 
respect to I-propanol were determined by injectton of 
standard solutions. Several solutions of known composition 
were prepared and the calibration factors were calculated 
according to equation (11) by linear regression. The cah- 
bration factor determined for methanol was 1.73 and for 
2-propanol 1.15. 

RESULTS AND DISCUSSION 

The reaction between acetone and NaBH, was 
tested by Lichtenstein and Mras’ and the comparison 
with several other analytical methods showed that 
results from the spectrophotometric determination 
agreed well with the results obtained by other tech- 
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NaBH 
4 

NaBH(OCH313 

NaH 
I 

washmq 
centr1fuqat1on 

I 

hexane hexane 

solid phase oil and BlOCH3)3 

H20 (PH 12) 

(CH3)2CO 

CH30H 

KH3j2CHOH + (CH3)2C0 

NaBO 
2 

NaOH 

-I 

123 4 

I CH30H 

2 KH3j2C0 

3 KH3j2CHOH 

4 CH3CH2CH20H (standard) 

‘h 
3 4 

Fig. 2. Chromatogram for analysis of an NaBH, synthesis. 
1 = CH,OH; 2 = (CH,),CO; 3 = (CH,),CHOH; 4 = 

CH,(CH,),OH. 

chromatographically. The photometric measurement 
was made at 265 nm, where the molar absorptivity of 
acetone is 17.63 l.mole-‘.cm-‘.‘The results from the 
gas chromatographic determination can be found in 
Table 1. Six GC determinations of NaBH, gave 
0.21648 NaBH, as the mean, whereas the photo- 
metric determinations gave 0.2147 g. This indicates 
that the two methods give comparable results. The 
possibility of determining the acetone content of the 
solution has not been studied, because it is more 
natural to calculate the borohydride content of the 
solution directly from the 2-propanol formed. Chro- 
matograms obtained from the sample solution and 
the reference solution used in the spectrophotometric 
analysis can be seen in Fig. 3. In analysis of the 
synthesis products a fourth peak appears in the 
chromatogram, namely a methanol peak (Fig. 2). 

The proposed separation and analysis procedure is 
simpler and less time-consuming than the procedures 
used previously,‘,4*8 especially when it is essential to 
study the synthesis products. In particular, the gas- 
chromatographic method is preferred to the spec- 
trophotometric one if the synthesis of NaBH, has 
been done in a mineral oil, because some colloidal 
impurities will contaminate the aqueous phase during 
the water extraction of the product dispersion. 

Fig. 1, Separation scheme for determmation of NaBH, and 
by-products in a mineral oil dispersion. 

niques. Therefore it was not necessary here to test the 
suitability of reaction (5) but only to compare the 
results from a spectrophotometric analysis with the 
results obtained from a gas-chromatographic one. 

For this purpose a sample containing about 0.2 g 
of NaBH, of purum quality was dissolved in 20 ml of 
an aqueous sodium hydroxide solution (pH = 12.3) 
and 3.00ml of purified acetone were added. After 
half an hour the solution was diluted accurately with 
distilled water to 50 ml. Then 2.00 ml of this solution 
were mixed with 5 ml of the standard solution 

(cCH~~CH*)*OH = 8.40 g/l.) in a 50-ml standard flask and 
diluted to volume. A reference solution for the spec- 
trophotometric analysis was prepared in the same 
way but without acetone. These solutions were then 
analysed both spectrophotometrically and gas- 

Table I. Determination of NaBH, by 
GC 

Sample 

1 

2 
3 
4 
5 
6 

A IAx %aBH,rg 

1.1477 0.2195 
1.1522 0.2204 
1.1439 0.2188 
I. 1058 0.2115 
1.1422 0.2184 
1.0972 0.2098 

m = 0.2164 
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A 
The proposed method could further be tested, for 

example, by analysing only for NaBH(OCH,),. No 
2-propanol should be formed, because methoxy- 
containing borohydrides are unstable in aqueous 
solution. A more suitable stationary phase for sepa- 
ration of alcohols (e.g. Carbowax) could be used; 
ethanol could then be used as the internal standard, 

instead of I-propanol, but it is not suitable with the 

SE 30 used in the present work, because of low 

resolution. 
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Summary-A review is given of the principles, instrumentation and applications of catalytic thermometric 
titrations. 

Homogeneous catalysed reactions were first applied 
as identification reactions in qualitative analysis’” 
and for acceleration of titration reactions in quan- 
titative analysis. 4-8 Later , these reactions were used 
for the determination of numerous substances9-” by 
means of the rate of reaction, which is directly 
proportional to the catalyst concentration to be 
measured. 

In the last decade they have been employed for 
indication of the end-point in titrimetric anal- 
ysis.‘2.‘4.‘5 In a direct titration the determinand must 
be an inhibitor of the cataiysed reaction (the indicator 
reaction) to be used for end-point detection and a 
high concentration of the indicator reagents is added 
to the inhibitor, which is then titrated with a standard 
solution of the catalyst. Before the end-point, the 
inhibitor reduces the catalyst concentration (and 
hence its activity) practically to zero by precipitation, 
complex formation or neutralization. At the end- 
point the first excess of the catalyst immediately 
accelerates the catalytic reaction. In a very short time 
a Iarge amount of the indicator-reagent mixture 
reacts and the resultant concentration changes can be 
detected by visual,‘“” photometric,‘4.2’t28 poten- 
tiometric,23,28*29 biamperometric’4,‘9 or thermometric 
means,‘9.30-32 thus indicating the end-point. Here we 
review thermometric detection with exothermic indi- 
cator reactions, and the related catalytic thermo- 
metric titrations. 

METHODS 

The methods can be classified according to the type 
of titration or type of reaction, etc. 

Type of titration 

Direct titration is done as described above. Reverse 
titration is done similarly but in this case it is the 
catalyst that is to be determined, and a known 
volume of standard inhibitor solution (plus indicator 
reagents) is titrated with the sample solution contain- 
ing the catalyst. In back-titration the catalyst is 
determined by addition of a standard solution of 
inhibitor in excess to the sample, followed by addi- 
tion of the indicator reagents and back-titration of 

the surplus inhibitor with a standard solution of the 
catalyst. In a displacement titration I8 the determinand 
is titrated with a suitable standard solution (or vice 

uersa) in the presence of the indicator reagents. The 
catalyst is added to the sample solution before the 
titration and must be “blocked” by formation of a 
sufficiently stable compound with a inhibitor. It must 
also be capable of release from this compound by 
displa~ment caused by a small excess of titrant, so 
that it starts the indicator reaction. 

Instead of titration of the inhibitor with the cata- 
lyst, as in ail the methods above, the catalyst can be 
titrated with the inhibitor.23 In this case one com- 
ponent of the indicator-reaction system is added to 
the inhibitor solution and the other to the catalyst 
solution. The end-point is indicated by cessation of 
the indicator reaction (which takes place only until 
the catalyst has been removed by reaction with the 
inhibitor). 

Enzyme-caralysed reuctionsz4 are also used as indi- 
cator reactions for determination of metal ions that 
can activate or inhibit the enzyme. In this method a 
very low concentration ( 10-4M) of an activator or an 
inhibitor or a mixture of both is titrated with EDTA. 
The titration is very tedious, however, as the reaction 
rate of the indicator system has to be determined 
spectrophotometrically after each addition of titrant. 

Type of reaction 

Catalytic thermometric titrations can be classified 
as acid-base, complexometric, and precipitation, the 
principles of which are well known. The inhibition of 
the catalyst could also be achieved by oxidation or 
reduction, but such methods have not yet been 
developed, because the indicator reactions are mostly 
redox reactlons themselves, which could cause inter- 
ference in the determination reaction. The titrations 
can be done in aqueous or non-aqueous media, 
according to the system used. 

End-joint iocation 

The reaction rate can be measured accurately.“22 
A series of solutions is prepared, each having the 
same concentration of inhibitor to be determined, 
and the same concentration of indicator-reagent 
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mixture. To each solution a known volume of stan- 
dard catalyst solution is added, increasing from zero 
to - 100% excess. The indicator-reaction rate is 
determined photometrically for each solution. The 
slopes of the graphs of log absorbance us. time are 
plotted against the concentration of catalyst. Before 
the end-point the slopes (tan a) are constant and 
practically zero, but increase linearly with catalyst 
concentration after it. The end-point is given by the 
intersection of the extrapolated straight lines. So far 
only photometric measurement of the rate has been 
used, but thermometric measurement could also be 
used. 

The temperature can be monitored during the titra- 
tion.“.‘4 This is a simplified form of the method just 
mentioned. The titrand is added at constant rate from 
a motor-driven syringe burette to the vigorously 
stirred sample solution and the temperature-volume 
curve is registered with a chart-recorder. The end- 
point is again the intersection of two extrapolated 
straight lines. 

In comparatitle titration 33 two identical indicator 
reagent mixtures of high concentration are prepared 
and brought to the same temperature. The sample 
solution containing the catalyst to be determined is 
added to one, and the other is titrated with a standard 
solution of the catalyst until the reaction rates of both 
solutions (as shown by the rates of temperature 
change) are the same. 

In the simultaneous indication method34.‘5 a series of 
sample solutions is prepared, each containing the 
same (but unknown) concentration of the inhibitor 
and the same concentration of one component of the 
indicator-reaction mixture. To each solution is added 
a known volume of standard catalyst solution, in- 
creasing from zero to 100’4 excess. Then to each is 
added the same quantity of the second component of 
the indicator reaction. The time t needed for the 
indicator reaction to proceed to the same preselected 
extent for each sample solution is measured. Then I/t 
is proportional to the concentration of the catalyst, 
and the end-point is given by the intersection of the 
two straight lines in a plot of I/t vs. volume. Colour 
indicator-reactions have been used so far, with visual 
observation, but thermometry could be used for 
exothermic indicator-reaction. 

For the indicator reaction numerous homogeneous 
catalysed redox reactions and one enzyme-catalysed 
reactionz4 have been used, of pseudo-zero, first, 
second or higher order. Exchange reactions of 
unidentate and multidentate ligand complexes, 
heterogeneous, micro-heterogeneous and most 
enzyme-catalysed reactions have not yet been ap- 
plied, although they are very sensitive and specific. 

The determinations can be done on all scales from 
macro down to ultramicro. A very small excess of 
catalyst causes consumption of a large amount of the 
indicator reagent mixture in a very short time, so the 
end-point is remarkably sensitive and very easily seen 
even in ultramicro determinations. 

THEORY 

Although the theory of thermometric titrations is 
well established,3”38 that of the catalytic thermo- 
metric methods also involves the kinetics and mech- 
anisms of the reactions and these have so far been 
incompletely investigated. For example, Mottola’2,‘4 
and Goizman” have described mathematically the 
temperature us. volume curve for direct continuous 
catalytic thermometric titration with first or second 
order indicator reactions but the dependence of the 
kinetic constants on various factors and side- 
reactions has not been considered. 

To sum up, the sensitivity and accuracy are pro- 
portional to the change in catalyst concentration at 
the end-point, the inhibition effect, the rate of the 
titration reaction, the difference between the con- 
stants of the catalysed and non-catalysed indicator 
reaction and the thermometric effect of the indicator 
reaction, and inversely proportional to the induction 
period of the catalysed reaction, the temperature 
effect of the titration reaction, and the rate of the 
non-catalysed indicator reaction. These effects de- 
pend on many different factors, including the solvents 
used and the influence of foreign substances. Cata- 
lytic action is usually rather specific, so few foreign 
ions interfere with the indicator reaction by catalysis. 
Naturally, foreign ions reacting with substances 
present in the titrand must be absent. or must be 
masked.40,4’ 

Before the end-point, the heats of mixing of titrant 

and titrand, of stirring and of volatilization produce 
a linear increase in temperature. This effect can be 
diminished by decreasing the sensitivity of the 
recorder, but the temperature jump at the end-point 
will usually be sufficiently large and sharp for precise 
end-point indication.4’ Alternatively, the heat of mix- 
ing of the titrant can be compensated for by addition 
of a non-reacting species to give an equal and op- 
posite heat of dilution.42 

APPLICATIONS 

Neutralization titrations in non -aqueous solution 

Determination of acids.3S32,4’45.52 The hydroxide- 
catalysed dimerization of acetone has been used as 
indicator reaction for the direct and continuous 
titration of acids, hydroxy-acids, phenols, phenolic 
acids, keto-enols, imides and aromatic nitro com- 
pounds with potassium hydroxide, in acetone me- 
dium. Various acids have similarly been determined 
by coulometric generation of the base at a platinum 
cathode in acetone or a mixture of acetone and 
diacetone alcohol as solvent.47 

Determination of bases.3”32,4S50 The proton- 
catalysed indicator reaction between acetic or pro- 
pionic anhydride and water, various alcohols or 
hydroquinone, in acetic acid, acetic anhydride, pro- 
pionic anhydride or nitromethane as solvent, has 
been used for titration of many bases (antipyrine, 
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brucine, cinchonine, flagyle, inversal, caffeine) and 
salts, with perchloric acid or coulometrically gener- 
ated hydrogen ions. 

The dehydration of formic acid and the acetic 
anhydride-hydroquinone indicator reaction-both 
catalysed by hydrogen ions-serve for titration of 
tertiary amines with internally generated hydrogen 
ions in formic acid or acetic anhydride medium. 

The proton-catalysed polymerization of monomers 
such as methylstyrene and isobutyl vinyl ether has 
been used as indicator reaction, and the monomers as 
solvents, for the titration of amines, amides and some 
basic sulphur and phosphorus compounds, either 
with perchloric acid in acetic acid or with boron 
trifluoride etherate in dioxan. The polymerization of 
ethyl vinyl ether has been used for end-point de- 
tection in the iodine titration of hydrazines, organic 
bases and water.52 

Precipitation titrations in aqueous solution 3’~3240~4’~53~55 

The iodide-catalysed Ce(IV)-As(III) and 
Ce(IV)-Sb(III) indicator reactions have used for di- 
rect and reverse titration of Ag + , Hg2 + and Pd2+ 
with I and for determination of several anions [Cl ~, 
Brr, I-, SCN-, CN-, Fe(CN)i-, S2-] by addition 
of excess of Ag + , Hg2 + or Pd2+ and back-titration 
with I -, and for the displacement titration of Ag+, 
Hg’+. Pd’+ and SCN- with SCN - in presence of 
AgI, Hg12 or PdI, as the blocked form of the catalyst. 

The same indicator reactions have also been used 
in titration with externally coulometrically generated 
Il, both for direct titration of Ag+ and Hg2+ and 
back-titration of excess of Ag+ (in the determination 
of II, Br and SCN-). 

Complexometric titrations’9,24,40.5Ss7 

The decomposition of H202 (catalysed by Mn’+, 
Cu’ + and Pb2 + ), the reactions between H,O, and 
resorcinol (catalysed by Mn2+, Cu2+ and Fe3 + ), 
hydroquinone (catalysed by Fe’+, Cu2 + ), dimethyl- 
p-phenylenediamine (catalysed by Cu’+ and Fe’+ ), 
catechol (catalysed by Cu2 + ) or hydrazine (catalysed 
by Cu2 + ) have been used as indicator reactions for 
the direct titration of EDTA, DCTA and NTA, for 
reverse titrations of the catalysts with the chelating 
agents, for the determination of cations by back- 
titration of excess of chelating agent with catalyst 
cations, and for the displacement titration of EDTA 
and various cations in presence of Mn-EDTA as the 
blocked form of the catalyst. 

The Co2+ -catalysed H,O,-tartaric acid indicator 
reaction has been used for the determination of Co2 + 
by the comparative titration procedure. 

Complexometric titrations in non-aqueous solu- 
tions have some advantages over the corresponding 
titrations in aqueous medium, the end-point tem- 
perature break being bigger and sharper, mainly 
because of the increased chelate stability and catalytic 
activity. Typical examples are the use of the 
Mn2+-catalysed decomposition of H,O, in etha- 

nolamine, dimethylsulphoxide (DMSO) or 
DMSO-formamide mixture, and the Mn2 +-catalysed 
reaction between H20z and resorcinol in DMSO as 
indicator reactions for the direct titration of EDTA, 
DCTA and NTA, the reverse titration of Mn2+ with 
these chelating agents, and the determination of 
several metals by back-titration of excess of DCTA 
or EDTA with Mn2+. 

The reactions available for masking interfering 
ions in non-aqueous (DMSO) solvents are the same 
as those for aqueous media, e.g., Al’+ can be masked 
with triethanolamine in determination of alkaline- 
earth metals or with fluoride in titrations of Cu2+, 

Ni2+ and Zn2+. Cd’+ , cl?+, Ni2+, Co’+, Zn2+, 
Cd*+ can be masked with cyanide in the deter- 
mination of alkaline-earth metals. 

INTRUMENTATION 

The apparatus is similar to that used in thermo- 
metric titrations, and consists of the titration vessel, 
stirrer, means of adding the titrant, and means of 
locating the end-point. 

The titration vessel 

In titrations with a catalytic end-point, a high 
degree of adiabaticity of the titration system is un- 
necessary, so the titration vessels used can be simpler 
than those for non-catalytic thermometric titrations. 
If the heat of the indicator reaction is high, the 
titration can be performed in a simple beaker, or in 
a beaker fitted into a block of polystyrene or even 
filter paper. For precise work a Dewar vessel can be 
used. The titration vessel has a lid with apertures to 
admit the thermistor, the inlet tube for titrant, etc. 

The stirrer 

A local excess of titrant must be avoided, because 
it would initiate the irreversible indicator reaction 

and cause a premature end-point, so efficient stirring 
of the titration solution is required. Rotary-paddle, 

magnetic and vibratory stirrers are all used. 

Addition of the titrant 

For incremental addition of the titrant, any con- 
venient burette (micro or semimicro, classical, piston 
or micrometer-syringe) can be used, with or without 
thermostatic control. As the rate of the indicator 
reaction and the change in temperature of the titrant 
are functions of time, the temperature is measured at 
a fixed interval, usually 1 min, after addition of an 
increment of titrant. 

Continuous addition of the titrant eliminates the 
main disadvantage of incremental addition, its slow- 
ness. Macro, micro or ultramicro motor-driven 
micrometer-syringe burettes can be used. 

Constant current coulometric generation of titrant 
can also be used. For example, in acetic or propionic 
anhydride medium hydrogen ions can be internally 
generated at a mercury (sodium perchlorate support- 
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ing electrolyte) and/or platinum (hydroquinone sup- 
porting electrolyte) anode. 3’,47 Hydroxide ions can be 
generated at a platinum cathode,47 with sodium 
perchlorate (in acetone or a mixture of acetone and 
diacetone alcohol) as supporting electrolyte. Iodide 
can be externally generated by cathodic polarization 
of a silver-silver iodide electrode and used as titrant 
for determination of Ag + Strychnine has been ti- 
trated with hydrogen ions externally generated with 
sodium perchlorate and hydroquinone as supporting 
electrolyte in acetic anhydride-acetic acid mixture. 

End-point location 

With continuous addition of titrant and use of a 
thermistor for temperature measurement, various 
Wheatstone bridge circuits have been used43,46.53.s7 for 
plotting the temperature-volume curve, either di- 
rectly or as a first or second derivative curve.3’ The 
differential technique can be used to improve the 
sensitivity of detection of the end-point. In this the 
temperature is measured with two thermistors which 
have the same resistance but different response times, 
connected in opposition and immersed in the titrand. 
When the temperature changes, the response of one 
of the thermistors is slower than that of the other, 
and the difference in response is greatest when the 
temperature change is at Its fastest, i.e.. at the end- 
point. The titration end-point can thus be determined 
very easily, especially with small quantities of sub- 
stances.” 

Automatic apparatus 

The automation of thermometric or catalytic ther- 
mometric titration apparatus began with the con- 
tinuous addition of titrant from a flow-burette and 
later with the use of the syringe-burette, and con- 
tinued with the introduction of electrical temperature 
detection and recording of the titration curve. Full 
automation was achieved” by use of a digital timer 
and constant rate of titrant addition, together with 
use of a transistor circuit to convert the temperature 
change into a linearly decreasing voltage which was 
differentiated to give a square-wave voltage with 
amplitude proportional to the rate of temperature 

change, and period equal to the duration of the 
change. This signal was amplified and fed to the 
end-point detector. Stern et aLs9 amplified the out-of- 
balance potential from the Wheatstone bridge. The 
potential was then filtered, differentiated and applied 
to the control unit of a Sargent-Malmstadt auto- 

matic titrator, which amplified the signal and 

differentiated it twice; the abrupt signal-change at the 
end-point then triggered a relay system to stop the 
titration. 

DISCUSSION 

The advantages and disadvantages can con- 
veniently be discussed with reference to other cata- 
lytic techniques and means of end-point detection. 

Comparison with other catalytic end-point indicators 

Thermometric monitoring of the indicator reaction 
has certain advantages over potentiometric. visual, 
photometric and biamperometric detectron. Not all 
indicator reactions can be followed poten- 
tiometrically, smce a suitable electrode with fast 
enough response time may not be available. Only 
colour-change, gas-producing and precipitate- 
forming indicator reactions can be monitored visu- 
ally, and there may be interference from the presence 
of suspensions or coloured foreign substances. The 
biamperometric, conductometric and similar electro- 
metric methods are also limited by numerous factors. 
In contrast, the thermometric method 1s generally 
applicable because all the indicator reactions have a 
large thermal effect which can be precisely measured 
with a thermistor and simple equipment. This de- 
tection method is usable for coloured suspensrons 
and can be fully automated. Further, it is applicable 
on the macro, micro and ultramicro scale, and can be 
used in aqueous and non-aqueous media. The end- 
point break 1s often so sharp that no extrapolation is 

needed. Finally. it is possible to locate back-titration 
end-points that cannot be determined wrth other 
catalytic or non-catalytic methods. For example. 
when the back-titration product is more stable or 
insoluble (e.g.. AgI) than the compounds to be 
determmed (e.g., AgBr). the normal indicator meth- 
ods will not work. because of the exchange reaction 
of excess of titrant with the product (in this case, of 
I- with AgBr). The catalytic thermometric back- 
titrations can be realized, however, because at the 
end-point the first excess of the catalyst starts the 
indicator reaction-which is registered immediately 
by the thermistor-before the catalyst can react in the 
slow exchange (displacement) reaction. The rate of 
addition of the catalyst has to be optimized, of 
course: if it is too slow the displacement reaction can 
predominate; if it is too fast a premature end-point 
will be observed. 

Comparison wrth non-catalytic end-point indication 

When the concentration of the determinand de- 
creases, the end-point jump also decreases when 
non-catalytic methods are used. In contrast, with 
catalytic end-point detection the first small excess of 
catalyst at the end-point causes reactron of a large 
amount of indicator-reagent mixture in a very short 
time. This high concentration change is easily de- 
tected because of the large accompanying physical 
effect. Hence catalytic titrations are generally more 
sensitive and accurate than those using non-catalytic 
end-point indication. The catalysed indicator reac- 
tion, and therefore the corresponding end-point indi- 
cation, is generally more specific than the non- 
catalytic methods. 

Comparison with direct catalytic determination 

Continuous catalytic titration has the advantage 
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that tt is not necessary to keep the experimental 21. Idem, Zh. Analit. Khim., 1963, 18, 1300. 

conditions constant, and the titration gives more 22. T. I. Fedorova and K. B. Yatsimirskii, ibid., 1967, 22, 

precise results than the direct catalytic determination. 
It is also much faster, since no calibration graph is 

needed. 
The main disadvantage is that the indicator reagent 

mixture has to be added in high concentration, so the 
products of the indication reaction will be produced 
in high concentration, and components of the indi- 
cator system may react with substances present in the 
titrand, e.g., sulphide or ferrocyanide cannot be 
determined by back-titration of an excesss of Ag + , or 

Pd2+ with iodide in presence of Ce(IV) + As(III) 
Indicator-reagent mixture. because the Ce(IV) oxi- 
dizes these anions. 

It is also necessary to add the titrant at constant 
and optimal rate, which is sometimes rather slow. 
This disadvantage can be overcome by adding most 
of the required volume of titrant to the sample before 

addition of the indicator reagent mixture, and then 
titrating the remainder of the determinand. 

A further disadvantage is that the titration reaction 
must give a titrand concentration jump at the end- 
point. Therefore, the concentrations that can be 
determined are not as low as is possible with the 
direct catalytic determinations. 
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Summary-A calculation procedure for diagrams of log C, =f(pL) at various values of the ratio of 
analytical concentrations, CJC,, in polynuclear binary systems is described. The diagrams are useful in 
the resolution of analytical problems of practical interest involving acid-base equilibria (such as the 
preparation of buffer solutions) and complex equilibria. The presence of a solid phase is also considered. 

In a previous work,’ a calculation procedure was 
developed for determination of the concentration of 
the species in equilibrium in binary systems involving 
the formation of polynuclear complexes. In that 
work, a numerical and a graphical method, based on 
the resolution of the system of simultaneous equa- 
tions of the mass balances for the central ion and for 
the ligand (in analytical concentrations C, and C,), 
were proposed. The numerical method requires the 
resolution of the system by iterating simultaneously 
with respect to the two variables, viz. the free concen- 
trations of central ion and ligand. On the other hand, 
in the graphical method, the two balances are drawn 
independently; each of the two equations is iterated 
with respect to a single variable. 

In this work, a method for rapid representation of 
the diagram for log C, =S(pL) at different concen- 
tration ratios q = CJC, is proposed. The mass 
balances are transformed so that only one of the 
equations requires iterative calculation with respect 
to a single variable. It is noteworthy that there is 
always a single diagram for each system, in contrast 
to the distribution and logarithmic concentration 
diagrams, which are different at different values of C, 
in the presence of polynuclear species. 

When only mononuclear species are present, it is 
not necessary to make use of iterative procedures to 
construct the diagrams, as some authors indicate for 
complex formation equilibria.2,3 

It may be considered that the treatment of 
acid-base systems is more general than the treatment 
of complex-ion systems, since the former involves the 
additional equilibrium of dissociation of water. Also, 
polynuclear species are frequently found in acid-base 
equilibria (including the hydrolysis of metal ions). 
For these reasons, the present paper deals with 
acid-base systems. It is necessary only to omit the 
dissociation of water to make the treatment appli- 
cable to any complex equilibrium. 

For simplicity, in this paper the diagrams are 
drawn by taking equilibrium constants at zero ionic 

strength, with the exception of the diagram for boric 
acid, which has been constructed for 0.5M ionic 
strength, in order to make experimental verification 
possible. 

CALCULATION AND DIAGRAMS 

In an aqueous solution, where a central ion, M, 
and a ligand, L, react to form mononuclear and 
polynuclear complexes, the concentration of the spe- 
cies M,L, is given by &m/l’, where m = [M] and 
1 = [L] and /3, is the formation constant of M,L, at the 
working ionic strength. 

In order to define the system completely, it is 
necessary to solve the mass-balance equations for M 
and for L. In acid-base equilibria, the balance for L 
includes the term K,/Z, which takes account of the 
hydrogen ions or hydroxide ions from the dis- 
sociation of water. When I= [H+], the total concen- 
tration of hydrogen ion will be C, + K,,,/[H+ 1, where 
C, is the concentration of strong acid dissolved; for 
a strong base with concentration Co,, the proton 
concentration will be [OH-] - Co, = K,/[H+] - Co, 
(equivalent to C,, + K,/[H+], if CH = -Co,). Similar 
expressions are obtained when I = [OH-]. For other 
ligands the term K,/l is omitted. 

Thus, the general mass-balance equations are: 

C, = m + Cj&mJl’ (1) 

C, + F = I+ 1 i&mJl’ (2) 

Mononuclear systems 

When only mononuclear species are present, the 
curves for log C, =f(pL) at various q values are 
given by: 
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PH 

-6 

Fig. 1. Log CM =f(pH) for phosphoric acid. The numbers on the lines are the q values. The cumulative 
protonation constants at 25°C and zero Ionic strength are. log 0, = 12.38. log f12 = 19.59, log& = 21.71 

and p& = 14.0qJ 

Figure 1 shows log C, =f(pH) for phosphoric 
acid. The values 9 = 0, 1, 2 and 3 represent solutions 

of PO:-. HPO$-. H2P0i and H,PO,, respectively, 
and the values in the range 0 < y < 3 correspond to 
various buffer solutions. The values q > 3 correspond 
to mixtures of H,PO, with a strong acid, and negative 
values of q correspond to solutions of phosphate in 
excess of strong base. 

On dilution (CM + 0), all the lines on the diagram 
converge to pH = $ pK, _ When L is other than the 
proton or hydroxide, pL always increases with dilu- 
tion, giving rise to diagrams of different appearance.’ 

Analytical problems of practical interest can be 
solved readily with such diagrams. Thus, the pH of 
a mixture of 10 ml of 0.45M KH,PO, and 5 ml of 
O.lM H,PO,. diluted to 250 ml (C, = 0.2, q = 2.1) 
may be directly obtained from Fig. 1; viz. pH = 3.25. 
If the usual logarithmic diagram is used, it is not easy 
to establish the proton condition, as there is not a 
suitable reference level. 

Vertical lines are observed at high values of C,, 
corresponding to buffer solutions for which the pH 
does not change on dilution. To find the correspond- 
ing pH, it may be assumed that the vertical segments 
coincide with the vertical asymptotes of the curves, 
which can be obtained by setting the denominator of 
equation (3) equal to zero: 

q + (q - r)fi,r+ (q - 2)W 

+...f(q-n)p,I”=O (4) 

This equation only has positive real roots when 
0 < q < n. Outside of this range, there are no vertical 

asymptotes. For a single-proton system, the asymp- 
totes appear at 

I--Y 
pH=logK+log- 

4 
(5) 

This expression is eqmvalent to the Henderson equa- 
tion. 

Polynuclear systems 

When polynuclear species are present, it is not 
possible to express C, explicitly in terms of 1. In this 
case, from (1) and (2): 

kq _l+~)+~(q~-i)P,m’l’=o (6) 

This equation allows the calculation of m as a 
function of 1 for any q value by means of an iterative 
procedure. If m and I are known, CM can immediately 
be calculated from (1). 

The diagram for boric acid is shown in Fig. 2. The 
curves are similar to those for mononuclear systems, 
except when the concentration of the polynuclear 
species 1s significant (at high CM values). In this 
particular diagram, deviations occur when 
CM > 0.03M (log CM > - 1.5). Thus, for a solution 
containing 0.125M Na,B,O, and 0.2M NaOH 
(C, = 0.5. q = 0.1). a value of 10.45 can be read for 
-log h. If polynuclear species were not considered, 
-1ogh would be 9.85. 

The solution of equation (6) leads in some cases 

(e.g., q = 0.9) to two real roots, both with a chemical 
meaning, indicating that in the presence of poly- 
nuclear species, the pH of the solution may increase 
and then decrease on dilution. In addition, it may be 
observed that at high values of CM, a tenfold dilution 
changes the pH by more than one unit; this is higher 
than the change produced by tenfold dilution of a 
strong acid, and it occurs mainly as a result of 

depolymerization with production of free central 
ions (H,[B(OH),], +2H[B(OH),] + B(OH);). These 
B(OH), ions have a much greater affinity for protons 
(boric acid is a very weak acid) than have the 
HZIB(OH)I]c ions, so protons are removed from 
solution, causing the pH to increase. 

A direct application of the diagram is the calcu- 
lation of the composition of buffer solutions of 
known ionic strength. A horizontal line represents a 
series of solutions with constant concentration of the 
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Fig. 2. Boric acid. Upper part: pM =f(-log h) diagram at various log C, values. Lower part: 
log C, =f( - log h) diagram at different 4 values. The cumulative protonation constants (I = 0.5, 25°C) 
are: log 8, = 8.89, log /?,,* = 8.74, log & = 19.95, log & = 20.46. (jB(OH); + iH+ +H,[B(OH)$‘I-. 

log /?,,,, and pK, = 13.74.’ 
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buffer system. The diagram indicates in which ratios 
the reagents must be mixed in order to get the desired 
values of -log h. For the preparation of these solu- 
tions, the contribution of the system to the ionic 
strength must be known, i.e., pM must be known. 
Therefore plots of pM =f(-logh) at various C, 
values may be used [equation (l)]. Such a diagram is 
plotted in the upper part of Fig. 2 for various values 

of c,. 
The diagram for various q values could also easily 

be plotted, since the corresponding points have been 
obtained by solving equation (6). Nevertheless, the 
lines of this diagram have zones of high slopes, where 
the reading of pM becomes imprecise. Therefore, the 
representation shown in Fig. 2 is preferable. 

For the preparation of the buffers, the pM value 
should be read from the upper part of Fig. 2 so that 
the concentration of the various species in solution 
can be calculated. Thus, for a solution containing 
5.367 g of boric acid in 100 ml of 0.434M KOH 
(C, = 0.868, q = 0.50). it may be found from the 
diagrams that -log h = 9.33 and pM = 0.75, whence 
the ionic strength is 0.50M. We have prepared this 
solution, measured its pH with a Crison Digilab 517 
pH-meter, and found it to be 9.38. This value, 
accepting the Davies equation and 9 w for the ionic 
parameter of the proton, corresponds to: 

-log h = pH + logf,, = 9.3 1 

which agrees satisfactorily with the value obtained 
from the diagram. 

Two other solutions were prepared from the one 
mentioned, by dilution of 50 and 25 ml to 100 ml and 
addition of 1.954 and 2.878 g of KCl, respectively, in 
order to keep the ionic strength at 0.50M. The 

measured pH values were 9.23 and 9.12, correspond- 
ing to the -log h values 9.16 and 9.05. The values of 
-log h read from the diagram are 9.19 and 9.07. If 
the concentrations of polynuclear species had not 
been significant, the pH of the buffer solution would 
scarcely have changed on dilution. 

This behaviour was also checked for q = 0.9, where 
the variation of -log h on the diagram is more 
important. Four solutions of 0.5M ionic strength 
were prepared with decreasing C, (0.487M, 0.347M, 
0.241M and 0.153M). The values of -log h corre- 
sponding to the experimental pH values were 6.90. 
7.16,7.38 and 7.59, verifying the high variation of pH 
on dilution. 

Presence of solid phase 

When a sparingly soluble substance, M, L,, , precip- 

itates, a direct relationship exists between m and 1 
through the solubility product, KS. The solubility, S, 
in terms of the central ion in solution, is given by: 

C, = as = K:‘” 1-h’” + cjj,,K{/” [[l-(hia)/l (7) 

In Fig. 3, the solubility curve corresponding to the 

hydrolysis of chromium(II1) is plotted together with 
the log C, =f (pH) curves. The value of q at each 
point of the solubility curve can be obtained from (1) 
and (2) by substituting for m in terms of I: 

In the case of chromium(III) hydroxide, it may be 
observed that the limiting value of q for no precip- 
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Fig. 3. Log CM =f(pOH) diagram and solubihty curve for the hydrolysis of chromium(III). Formation 
constants of the hydroxo-complexes are: log B, = 10.0, log /Iz = 18.3, log & = 24.0, log P4 = 28.6. 

log j&Z = 22.94, log j4,3 = 47.85; pK, = 30 and pK, = 14.00 (I = 0, 25°C)’ 
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Fig. 4. Log&, =f(pOH) diagram and solubility curve for the hydrolysis of zinc(II). Formation constants 
of the hydroxo-complexes are: log 8, = 5.04, log /Iz = 11.1, log & = 13.6, log p4 = 14.8, log 8,,2 = 5. 

log Be.2 = 26.2; pK, = 16.86 and pK, = 14.00 (I = 0, 25”Q5 
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Fig. 5. Log CM =f@OH) diagram and solubility curve for the hydrolysis of mercury(U). Formation 
constants of the hydroxo-complexes are: log 8, = 10.6. log p2 = 21.83, log /T,,2 = 10.67, log @3,J = 35.58; 

pK, = 25.44 and pK, = 14.00 (I = 0, 25°C).5 
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itation in basic medium corresponds to the asymptote where the maximum value of (i - 2j) is zero (1:2 
to the solubility curve. complex). 

In the calculation of the limit of equation (8) as 
I-* co, three different cases may be distinguished, 
depending on the maximum value of i - bj/u, which 
may be equal to, bigger than or smaller than unity. 

Chromium(II1) hydroxide, where the maximum 
value of (i - 3j) (corresponding to the 1:4 complex) 
is unity, is representative of the first case. The limit 
of q is: 

In a similar way, it is possible to study the behav- 
iour of the systems in acid medium, and to determine 
the limit of expression (8) when l+ 0. The various 
cases that may be distinguished depend on the min- 
imum value of (i - bj/a), which may be equal to, 
bigger than or smaller than -b/a or - 1. 

In the examples above, the minimum values of 
(i - bj/a) are - 5 (3:4 complex of chromium) and - 3 
(2: 1 complex of zinc, and 2: 1 and 3:3 complexes of 
mercury). In these three cases (i - bjja) < -b/a 

< - 1 and the asymptotes appear at q = 4/3 for 
chromium, q = l/2 for zinc and 

1 + 4B& = 3O 

q= 8&S 

This value represents the minimum ratio of the 
analytical concentrations of strong base and chro- 
mium(II1) for the hydroxide not to precipitate in 
basic medium. 

A representative example of the second case is 
given by the precipitation of zinc hydroxide (Fig. 4) 
where the maximum value of (i - 2j) is 2 because of 
the presence of the 1:4 and 2:6 complexes. The 
asymptote exists for: 

In this case the asymptote extends into the region 
representing the solid phase, indicating that the 
curves for q values bigger than 4 will intercept the 
solubility curve at two points, until a maximum q 

value corresponding to the tangent of the curve is 
reached. This value, along the solubility curve, can be 
obtained by equating to zero the derivative of expres- 
sion (8) with respect to pL. For zinc this value is 
q = 1260. At higher values of q no solid phase 
appears. Thus, in a strong base solution with q = 500, 

the hydroxide first precipitates and then redissolves 
on further dilution. 

When the maximum value of i - bj/a is smaller 
than unity, the limit of q is 03 and all the curves 
extend into the “solid phase region” for basic me- 
dium, and no redissolution of the precipitate is 
possible. This is the case with mercury(I1) (Fig. 5), 

8~ K: + 3&J: = o 65 

’ = 2/3,,, K: + 3l%& ’ 

for mercury. The tangent to the solubility curve, 
calculated by equating to zero the derivative of 
equation (8), exists at q = 8 x 10m4 (pH = 5.55) for 
zinc and at q = -0.62 (pH = 2.75) for mercury. 

In Fig. 5 the curves for q values between + 0.65 and 
-0.62 correspond to solutions which precipitate and 
redissolve by dilution. For other cases (e.g., zinc 
hydroxide), the upper intercepts of the solubility 
curve appear at CM values that are too high to possess 
any analytical meaning. 
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SHORT COMMUNICATIONS 

TRACE METAL ASSAY OF U,O, POWDER BY 
ELECTROTHERMAL AAS 
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S. S. SHELAR* and B. D. JOSHI 

Radrochemistry Division, Bhabha Atomic Research Centre, Trombay, Bombay 400085, India 

(Received 25 January 1983. Accepted I5 Aprrl 1983) 

Suck-Methods have been developed for the direct dete~inatlon of Ag, Ca, K, Li, Mg, Na, Pb. Sn 
and Zn in U,O, powder samples by electrothe~ai AAS. Nanogram and lower amounts of these elements 
have been determined with a relative standard deviation of 6-16?; in mg amounts of sample (either alone 
or mixed with an equal weight of graphite). The results for NBL reference samples were in reasonable 
agreement with the certified values. X-Ray dtffraction studtes on the residues left from the graphite 
mixtures after the atomization cycle, confirmed the formation of uranium carbide (UC?). 

Atomic-absorption spectrometry (AAS) with electro- 
thermal atomization has recently been applied to the 
determination of trace metals in nuclear fuel materi- 
als and uranium solutions.“’ Electrothermal atom- 
ization offers scope for AAS analysis of solid sam- 
ples. &* The refractory nature of U,O, makes it 
particularly suitable for trace metal assay by atom- 
ization of powder samples, as shown by our earlier 
studies on the estimation of Cd and Li9 and of Co, 
Cr, Cu, Mn and Ni.‘O We also found that addition of 
graphite to the U,O, sample had a beneficial effect on 
the atomization of some of these trace metals. Fur- 
ther work has therefore been done on the direct 
determination of nanogram amounts of Ag, Ca, Li, 
Mg, Pb and Sn in U,O, samples with use of samples 
and standards mixed in 1: 1 proportion with pure 
graphite. Owing to the significant amounts of K, Na 
and Zn in the graphite used, it was omitted in the 
dete~ination of these elements. The methods devel- 
oped have been used for analysis of a set of seven 
U,O, standards obtained from the New Brunswick 
Laboratory, and the nature of the effect of the 
addition of graphite has been studied. 

EXPERIMENTAL 

Apparatus 

A Varian Techtron AA-6 atomtc-absorptton spectrometer 
with CRA-63 carbon cup atomizer with BC-6 hydrogen- 
continuum background corrector was used. The graphite 
cups used for atomization of the powder samples had a 
pyrolytic coating to reduce sample losses. The carbon cup 
atomizer can be enclosed m a glove box for analysis of 
radioactive samples. 

*Present address: Toshniwal Bros. Pvt, Ltd., Bombay, 
India. 

A specially destgned Perspex funnel was used for quan- 
titative transfer of the wetghed sample into the graphite cup 
Small quartz crucibles were used for weighing 1-5 mg 
amounts of samples. High-purity argon at a flow-rate of 
4.5 l./min was used to provide the inert-gas sheath round the 
atomizer to prevent oxidation of the cup. Single element 
holiow-cathode lamps were used and operated at the pre- 
scrtbed optimum currents. 

Preparation of standards and samples 

A homogeneous mrxture contammg a large number of the 
metallic elements determined in quality-control analysis of 
uranium was made by grinding together their htgh-purity 
oxides, nitrates or carbonates, as approprtate, for 1 hr. No 
halides were used, as these had earher been found” to cause 
methcient atomization and produce non-specific absorption. 
A fraction of the mixture was mixed with hrgh-purity 
analysed U,O, powder to make a master standard. Two sets 
of seven graded trace-metal standards (5 g of each standard) 
were then prepared by dtluting the master standard wtth (I) 
U,O, powder and (n) a 1: I w/w mrxture of U#, and 
high-punty graphite powder. The trace-metal concentration 
ratio between successive standards in both series was 
2-2.5. Bulk amounts of finely ground U,O, and U,O, -t-C 
standards were also prepared for specific X-ray studies on 
the uranium compounds formed at different atomizatton 
temperatures. 

Porttons of seven NBL standards (98-l to 98-7) for 
trace-metal impunties m l_J,Oll were mixed with an equal 
weight of graphrte. These mixtures and the undiluted stan- 
dards were then used as samples. along with the syn- 
thetmally prepared samples, to check the standardtzatton 
procedure for each element. Some of the NBL standards, 
particularly 98-l to 98-5, were further drluted wtth analysed 
pure U,Os when necessary to brmg the amount of element 
to be determined mto the calibratton range. 

The sample weight for U,O,-based standards and samples 
was 5mg and that for the graphite-mtxed standards was 
I mg. Because graphite is less dense than U,O, powder. the 
I mg of U,O, + C standard occupied nearly the same vol- 
ume as the 5mg of U,O, standard. The losses during 

783 
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Table I Experimental conditrons for analysrs of U,O, powder 

Atomtzatton 

Bandwidth Voltage 
Analytrcal for monochromator, settmg Time, 

Element line, run nm (Temp , “CT} SK 
Ag 328.07 05 (24800) 3 

Ca 422.67 0.5 (2:00, 4 

K 766.5 0.5 $20) 4 

Li 670.78 05 7 4 
(2lW 

Mg 285.2 0.2 (17620, 4 

Na 330 2 0.5 (221;:) 4 
330 3 

Pb 217 00 1.0 (19%) 3 

Sn 235.48 0.5 (25% 4 

Zn 213.86 0.5 6.1 3 
(176Q) 

transfer of sample into the graphite cup were less than 5% 
in both cases. 

Because sohd samples were used, the temperature used for 
the drying step was kept at about 120” to remove any 
motsture in the samples. The ashing step used a temperature 
of about 160” for 5-10 sec. The atomization temperatures 
and times were optimized for each element. Since the 
maximum permissib!: amounts of these elements in uranium 
were not too low, no special efforts were made to improve 
the detection limits. The optimized working conditions are 
given in Table 1. The graphite cup was emptied and replaced 
between successive firings, a fresh cup being used for each 
element. The precision was determined by repeated analysis 
of a synthetrc sample containing the trace elements at 
concentrations m the middle of the ranges. The NBL 
reference samples were then analysed and the deter- 
minations for the analyte elements were made from the 
working curves. The U,O, and U,O, + C standards (S-mg 
and I-mg portions separately) were atomized at different 
temperatures in the range 100&2540”, the procedure being 
repeated several times at each temperature so that enough 
residue could be collected for X-ray diffraction examination. 
A fresh graphite cup was used for each atomization tem- 
perature and type of sample. 

RESULTS AND DISCUSSION 

The earlier studies on the addition of graphite to 
the W30s powder had indicated two advantages: an 

increase in analytical signal because of increased rate 
of reduction of oxide to metal, and a longer life of the 
graphite cup because of the free carbon in the sample 
itself. There was also improved precision. Hence it 
seemed sensible to extend the use of this method. The 
optimum proportion of graphite to U30, was found 
to be generally 1: 1. For the determination of K, Na 
and Zn the high absorbance signals for these elements 
from the graphite used, and the poor reproducibility, 
made the use of graphite inadvisable, and for these 
elements the U308 powder was analysed directly. 

Absorbance measurements made with the uranium 
358.49-nm line showed that the signals for an empty 
cup and for cups carrying U,08 or U30, + C charges 
were the same at any of the atomization temperatures 
used for the trace analysis, indicating that there was 
no detectable vaporization of uranium from either 
type of sample. 

The calibration data are summarized in Table 2. 
The absolute detection signal is improved consid- 
erably by the graphite addition and just 0.5mg of 
U30, sample is sufficient to give the high sensitivity 
required in trace analysis. The precision (r.s.d.) 
ranges between 6 and 160/,, so a sufficient number of 
replicates should be run. The optimized atomization 

Element Matrix 

Table 2. Analytical results for U,O, powder 

Esttmation 
range”, Detectton hmitt, Senstttvity$. 

PPm wf ~~sorbancein~~ 

Rel. std dew . 
0, 
I, 

4s u,o, + c OTi-IO 0.026 0.348 11.3 
Ca u,o, + c 5-100 3.7 0.038 12.7 
K U,Ds 2.5-50 1 0.0074 10.0 
L1 u,o, + c 0 5-10 0.043 0.368 15.5 

Mg u,o, + c I-50 1.94 0.006 12.3 
Na U,O* 2 -100 80 00018 74 
Pb U@s + C 0 5-10 0.15 0.209 61 
Sn u,o, + c 0 5-50 0.14 0 055 16.4 
Zn Us% 0.5-10 4.0 0.046 11.1 

‘Values expressed m ppm on U,O, basts for 5-mg amount of U,O, matnx or 1 mg amount of 1: 1 U,O, + C matrtx 
tconcentration corresponding to absorbance (X,) obtained by using the relation X, = K,, + 3Ss, where Rs, = mean 

absorbance for the standard blank, S,, = standard deviation for these measurements 
@lope of the analyttcal curve. 
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temperature for Mg was 1700” in these studies, much 
lower than the 2700” found optimal5 for analysis of 
uranium solutions. The considerably lower atom- 
ization temperature for the determination of Mg in 
powder samples mixed with graphite indicates that 
the solid state reduction of oxide to metal has a lower 
threshold than the corresponding reaction in uranyl 
nitrate solutions. The lower atomization temperature 
reduces the rate of deterioration of the cup and 
increases its life. 

Analysis of NBL standards 

The NBL standards used here contain 30 elements 
in graded proportions and have been analysed for the 
trace metals by one or more of the following meth- 
ods: (1) atomic-absorption spectrometry, (2) emission 
spectroscopy, (3) polarography, (4) spark-source 
mass-spectrometry, (5) spectrophotometry. The re- 
sults obtained for the 9 elements examined in the 
present work, together with the certified values, are 
given in Table 3. For some elements it was necessary 
to dilute the sample with analysed pure U,O, to bring 
the concentration into the linear range of the cali- 
bration graph. The results are in reasonable agree- 
ment with the certified values except for NBL 98- 1 in 
the case of Ca, K, Li, Mg, Na, Sn and Zn. This is 
probably due to dilution errors involved in making 
suitable dilutions with pure U,O, for the respective 
standards. Interelement interferences appear to be 
negligible. 

Role of the added graphite 

The X-ray diffraction studies on the residues left in 
the graphite cup after the atomization cycle indicate 
that in the absence of added graphite most of the 
UjO, remain unchanged at temperatures up to 1400” 
but it is then increasingly reduced to U02 at higher 
temperatures, with total conversion into U02 as 
2200”. When graphite is added to the sample, how- 
ever, UOz formation is complete even at 1700” and 
formation of UC2 begins at 1900”. The proportion of 
uranium carbide increases with atomization tem- 
perature, and at 2400” most of the charge is reduced 
to UC2. A very small proportion of UC was also 
found. Such carbide species have also been found in 
high-temperature mass-spectrometry studies.” 

The absence of uranium in the vapour phase can 
thus be ascribed to the stability of UO, and UC2 
in an argon atmosphere. Further, as the sample 
temperatures are often lower than the set atom- 
ization temperatures, the higher thermal con- 
ductivity of graphite is likely to decrease this 
temperature difference, thereby increasing the 
efficiency of volatilization and dissociation of the 
analyte. 

These studies show that AAS with electrothermal 
atomization is suitable for the direct determination of 
a number of trace metals in U,O, with only a few mg 
of sample. 
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A NEW COLORIMETRIC METHOD FOR THE 
DETERMINATION OF CARBON DISULPHIDE 
AND ITS APPLICATION TO THE ANALYSIS 

OF SOME DITHIOCARBAMATE FUNGICIDES 

BALBIR CHAND VERMA,* R. K. SOOD and H. S. SIDHU 

Department of Chemistry, Himachal Pradesh University, Simla 171005, India 

Summary-A new and convenient calorimetric method for determination of carbon disulphide. based on 
its transformation into bright yellow potassium benzyl trithiocarbonate through reaction with benzyl 
mercaptan and potassium hydroxide in tert.-butyl alcohol, has been successfully applied to determination 
of some dithiocarbamate fungicides in their formulations. The method possesses a distinct advantage in 
that it is free from all sources of errors/problems which are associated with the xanthate method for the 
analysis of these materials. The proposed method is precise and accurate and hence recommended for 
routine analysis of technical formulations containmg dithiocarbamate fungicides. 

The use ol’ dithiocarbamates as agricultural fungi- 
cides has necessitated methods for their deter- 
mination. A variety of techniques have been used for 
the determination of these materials but the method 
based on evolution of carbon disulphide from these 
fungicides by digestion with dilute sulphuric acid is 
generally applicable. The gas is absorbed in alcoholic 
potassium hydroxide solution and the xanthate 
formed titrated with iodine in neutral solution. The 
method is subject to two significant sources of error.’ 
The first is due to hydrogen sulphide, which may be 
formed from sulphide impurities and/or degradation 
products in the acid hydrolysis of dithiocarbamates. 
To eliminate or at least minimize this error, the 
carbon disulphide evolved is washed with lead acetate 
solution before it is absorbed in the alcoholic potas- 
sium hydroxide solution. The second error arises 
from the susceptibility of xanthate solutions to hy- 

drolysis: 

CH,OCS,K + H,O ---* CH,OH + COS + KSH 

KSH + KOH + K2S + H,O 

COS + KOH + CO2 + KSH 

The production of sulphide causes the results to be 
high, because the sulphide produced consumes twice 
as much iodine as would the xanthate hydrolysed. 

In addition to these sources of error, difficulties are 
experienced in detection of the starch end-point. 
Matuszak,’ on the basis of exhaustive work on the 
establishment of suitable conditions for the iodi- 
metric titrations of xanthate formed from carbon 
disulphide, pointed out that the alcoholic potassium 
hydroxide solution used as absorber must always be 
fresh and the xanthate solution should be cooled to 
0’ and neutralized to the phenolphthalein end-point 
with acetic acid before the titration with aqueous 

*Author for correspondence. 

iodine, in order to increase the permanency of the 
starch end-point. Making the starch end-point 
sharper by cooling of the xanthate solution before 
titration has also been recommended by other work- 
ers.3.4 

These sources of error and other problems associ- 

ated with the xanthate method arise from the ox- 
idimetric nature of the method. A new calorimetric 
method free from these errors and problems has now 
been developed for the determination of carbon 
disulphide, and adapted to the analysis of dithio- 
carbamate fungicides such as ziram, ferbam and 
thiram, in their technical formulations. 

The method consists in absorbing the evolved 
carbon disulphide in a solution of benzyl mercaptan 
and potassium hydroxide in 80% tert.-butyl alcohol, 
to form the bright yellow potassium benzyl tri- 
thiocarbonate (I): 

C,H,CH,SH + CS, + KOH 

---* C,H,CH,S-C-SK + H,O 

II 
S 

(I) 

The absorbance of I is measured at 430 nm against a 
reagent blank. Tertiary butyl alcohol, besides serving 
as the medium for the quantitative transformation of 
carbon disulphide into potassium benzyl trithio- 
carbonate, also stabilizes the yellow colour. Beer’s 
law is followed in the concentration range 
14-150pg/ml in the solution measured. The pro- 
posed method is simple, accurate and precise and is 

recommended for routine analysis of carbon disul- 
phide samples and dithiocarbamate fungicides in 
their formulations. The method possesses distinct 
advantages over the xanthate method in that there is 
no interference from hydrogen sulphide, an impurity 
that is generally associated with carbon disulphide 
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Table I. Assay of some commercial dithiocarbamate fungi- 
cides 

Active ingredient found,* % 

Active Present Xanthate 
ingredient method method 

&ram I 26.9 (0.3) 26.8 (0.2) 
II 29.7 (0.3) 29.4 (0.3) 

Ferbam I 75.2 (0.3) 74.9 (0.3) 

Thiram I 74.5 (0.3) 74.5 (0.2) 
II 74.7 (0.2) 74.3 (0.3) 

*Values are means of five determinations, with standard 
deviations in brackets. 

samples and evolved as a gas during acidic decom- 
position in the analysis of dithiocarbamates. The 
apparatus employed for the analysis is essentially the 
same as that described by Lowen and Pease,5 with the 
difference that the hydrogen sulphide absorber is 
eliminated and the carbon disulphide absorber is the 
solution of benzyl mercaptan and potassium hydrox- 
ide in tert.-butyl alcohol. 

EXPERIMENTAL 

Reagents 

Carbon disulphide (“Baker analyzed” 100x, estimated 
chromatographically) was used as received. Benzyl mer- 
captan was distilled before use. Tertiary butyl alcohol 
(“Baker analyzed”) was used as such for preparing its 
8O%v/v solution in water. Ziram and ferbam required for 
preparing calibration curves were prepared and purified in 
the laboratory by reported methods.6 Thiram (Fluka) was 
recrystallized before use. 

Carbon disulphide absorber solution: Benzyl mercaptan 
(0.2M) and potassium hydroxide (O.lM) in 80% tert.-butyl 
alcohol. 

Procedures 

Calibration graph for carbon disulphide. To 8 ml of ab- 
sorber solution various volumes (O.l-l.Oml) of carbon 
disulphtde solutions in ethanol, acetonitnle, isopropyl alco- 
hol or tert.-butyl alcohol were added slowly and wtth 
shaking. The volume of the solutton was then made up to 
10 ml with absorber solution. The absorbance of the bright 
yellow solution thus obtained was measured at 430nm 
against a reagent blank. 

Calibration graphs for ziram, ferbam and thiram. Aliquots 
(l-5 ml) in chloroform of ziram, ferbam and thiram were 
introduced into the reaction flask of the apparatus. The 
experimental details of digestion and absorption are the 
same as those described by Lowen and Pease.’ The analysis 
was concluded by measuring the absorbance of the absorber 
solutton (10 ml) at 430 nm against a reagent blank. The 
results of analysis of some technical formulations containing 
ziram, ferbam and thiram are given in Table 1. 

RESULTS AND DISCUSSION 

The absorption spectrum of the yellow potassium 
benzyl trithiocarbonate solution is shown in Fig. 1. 
The molar absorptivity at 430 nm is 2.10 x 10’1. 
melee’ .cm-‘. Hydrogen sulphide, even when present 
in up to tenfold ratio to carbon disulphide, does not 
cause any interference. 

08 r 
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Fig. 1. 

That carbon disulphide is quantitatively trans- 
formed into potassium benzyl trithiocarbonate has 
been established’ by performing the absorption in the 
absence of potassium hydroxide and titrating the 
potassium benzyl trithiocarbonic acid with potassium 
hydroxide, with phenolphthalein as indicator (trithio- 
carbonic acids are strong acids,’ K for ethyl trithio- 
carbonic acid being 2.8 x 10m2). During the titration, 
the solution becomes yellow, and the colour changes 
sharply to yellow pink at the end-point. The excess of 
mercaptan does not interfere under the conditions 
used (a pink colour appears immediately on addition 
of the first drop of potassium hydroxide in the blank 
titration). The volume of potassium hydroxide used 
corresponds to the amount of potassium benzyl 
trithiocarbonic acid and consequently of carbon di- 
sulphide. 

The method for determination of carbon disul- 
phide has been successfully adapted to analysis of 
some dithiocarbamate fungicide formulations. The 
standard deviation is in the range 0.2-0.3x (Table 1). 
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Smnmary-The application of a mercury anode for the quantitative generatson of H + ions in anhydrous 
acetone has been Investigated. From the changes of anode potential with current density in 0.25M sodium 
perchlorate in anhydrous acetone it has been established that in this solvent mercury is oxidized at a 
potential which is much more negative than the oxidation potentials of the bases to be titrated, the 
indicator used and the solvent. Protons generated in this way have been used for titration of some organic 
bases, with either visual or potentiometric end-point detection. The oxidation of mercury in anhydrous 
acetone and the reaction of mercury ions with acetone have been found to proceed with 100% current 
efficiency. 

Anhydrous acetone is a very suitable solvent for the 
determination of weak organic acids and bases, either 
individually or in mixtures. Fritz and Yamamura’ 
have used it as the medium for potentiometric ti- 
tration of weak organic acids; Cundiff and 
Markunas’ have titrated mixtures of mineral and 
carboxylic acids in it, and Malmstadt and Vassallo 
have used it for titration of acid mixtures with 
tri-n-butylammonium hydroxide, with either poten- 
tiometric or visual end-point detection. For titration 
of organic acid mixtures Malyshev4 has used potas- 
sium hydroxide in methanol as titrant. 

Fritz and Burgett’ have titrated organic bases in 
acetone, individually or in mixtures, with perchloric 
acid in dioxan, with visual or potentiometric end- 
point detection. 

Streuli ef aL6 titrated organic acids by generating 
hydroxide ions in acetone containing 1% of water, 
tetraethylammonium bromide and sodium 
perchlorate; Fritz and Grainner used a lower concen- 
tration of water (0.279.7 Christian has titrated weak 
organic bases in acetone containing 10% of water and 
a high concentration of lithium perchlorate (3&Q8 

Coulometric titration of organic bases in acetone 
by generation of protons from the oxidation of water 
is unsuitable since in this solvent the bases are 
oxidized at the platinum electrode at potentials which 
are significantly more negative than the oxidation 
potential of water; it is known that the presence of 
water in an organic solvent interferes with the deter- 
mination of organic bases. 

Hence, coulometric generation of protons in ace- 
tone requires the presence of an anode depolarizer, 
the oxidation potential of which is more negative 

than that of the base to be titrated or of other species 
in the solution. 

In this paper, we describe the quantitative pro- 
duction of protons in anhydrous acetone by electro- 
lytic oxidation of mercury. 

EXPERIMENTAL 

Reagents 

All chemicals used were of p.a. purity (Merck). Before use 
the acetone was purified according to Kreshkov et aL9 

Liquid bases (butylamine, pyridine, piperidine and iso- 
butylamme) were first dried over fused potassium hydroxide 
and then fractionally distilled under reduced pressure. Suit- 
able amounts of the bases were weighed into standard flasks, 
dissolved in anhydrous acetone and diluted to the mark. The 
base concentration was checked by coulometric titration in 
acetonitrile.‘* Portions (0.8-1.5 ml) of the base solutions 
were delivered from a microburette fitted with a Teflon 
stop-cock. 

As supporting electrolyte 0.25M sodium perchlorate in 
acetone was used and a 0.1% solution of Methyl Red in 
acetone for photometric end-point detection. 

Apparatus 

The apparatus for photometric end-point detection (Fig. 
1) consisted of a current source and an electroiytic vessel. 
The current source was a current stablhzer (“VinEa”, 
Belgrade), and the generating current was measured with a 
precise milliammeter (“Iskra”, Kranj). 

The anolyte was separated from the catholyte by a 
porosity-4 sintered-glass disc. The anolyte volume was 2-3 
ml; a platinum spiral of 28 mm* area was used as the 
cathode, and a mercury pool with a surface area of 2 cm” as 
the anode. 

The apparatus for potentiometric trtration is shown in 
Fig. 2. The catholyte and anolyte were again separated by 
a sintered-glass disc. The volume of catholyte was about 5 
ml, and of the anolyte about 15 ml. The cathode was a 
platinum spiral and the anode a mercury pool with surface 
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Fig. 1. Schemattc diagram of the apparatus for coulometnc 
titration of bases with visual end-point detection. I, 
Current-stabilizer; 2, electrolytic vessel: 3, Pt-cathode; 4, 

Hg-anode. 

area of 7 cm’. The indicator electrode was an HJPd-wire 
spiral electrode (14.3 mm2 area),” and the reference elec- 
trode a modified calomel electrode containing methanolic 
potassium chloride solution. Potential changes were mea- 
sured with a Radiometer pHM-26 pH-meter. 

Procedures 

Photometric end-pomt detection. Put enough mercury mto 
the anode compartment just to cover the bottom, and then 
0.25M sodium perchlorate solution in anhydrous acetone to 
the same level into the anode and cathode compartments; 
add a drop of indicator and a known volume of the base to 
be determined, to the anolyte. Insert the platinum spiral into 
the catholyte, turn on the stirrer, then simultaneously switch 
on the chronometer and the current source and electrolyse 
till the colour of the solution changes from yellow to violet. 
To the same solution add the next sample and analyse it in 
the same way. In this manner 3 or 4 samples can be analysed 
in the same supportmg electrolyte. The current efficiency can 
be determined from the coulometric titration of a known 
amount of base. 

Potentiometric end-point determination. Put electrolyte in 
the cathode and anode compartments, insert the platinum 

Fig. 2. Schemattc diagram of the apparatus for coulometric 
titration of bases with potentiometric end-point detection. 1. 
pH-meter; 2, current stabilizer; 3, indicator electrode; 4, 
calomel electrode; 5, Hg-anode; 6, Pt-cathode; 7, magnetic 

stirrer. 

spiral into the catholyte and in the anode compartment put 
mercury, the H,/Pd electrode, the modified calomel elec- 
trode and a known volume of solution of the base bemg 
determined. Switch on the current source for a known time 
to generate a known amount of protons, and then measure 
the potential. and repeat the procedure for each tttratton 
point. Make the generation periods shorter m the 
equivalence-pomt region. Find the titration end-point by the 
classical method from a derivative plot. 

RESULTS AND DISCUSSION 

It is known’* that mercury(H) ions react with 

acetone to give protons: 

Hg’ + + 2CH3COCH3+Hg(CH2COCH,)2 + 2H + 

(1) 

Mercury(I) reacts similarly: 

Hg; + + 2CH~COCH,+Hg,(CH,COCH,), + 2H + 

(2) 

All our preliminary investigations. as well as the 
results obtained in quantitative determination of 
bases, are consistent with these equations. The mer- 
cury salts formed are soluble in acetone, but some 
other ketones with an a-methylene group which we 
have investigated form precipitates. producing pro- 
tons as well. 

The validity of the reactions above was confirmed 
coulometrically by generating protons in the absence 
of bases and then titrating the liberated acid with 
acetone solutions of bases. 

In order to avoid the preparation of standard 
solutions of mercury salts for the generation of 
protons according to equations (1) and (2), we have 
investigated the possibility of coulometric generation 
of mercury ions by oxidation of mercury in 0.25M 
sodium perchlorate solution in acetone. Therefore the 
changes of anode potential at different current densi- 
ties were measured, for various electrolyte com- 
positions. Plots of current us. voltage were obtained 
under experimental conditions similar to those used 
for the coulometric titrations. From the curves given 
in Fig. 3 we conclude that in anhydrous acetone 

dp/ I 
I 2 3 4 

V vs. SCE 

Fig. 3. Change of anode potential (US SCE) with current 
density in 0.25M sodium perchlorate solution in anhydrous 
acetone: 1. solvent; 2. Methyl Red; 3. triethylamine; 4. 

mercury. 
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Table I. Coulometric titration of bases 

Base 

a,a’-Bipyridyl 
Triethanolamine 
Butylamine 
Isobutylamine 
Pyridine 
Pineridine 

Photometric end-point 

No. of Taken, Recovery,* 
detns. mg % 

7 3.687 100.0 * 0.4 
6 5.709 100.0 f 0.3 
7 2.527 99.9 &- 0.4 

10 3.149 100.0 * 0.2 
8 5.475 100.0 + 0.1 

Potentiometric end-point 

No. of Taken, Recovery* 
detns. mg % 

5 17.127 100.1 +_O.lT 
6 7.578 100.0 + 0.2t 
5 7.813 100.1 * 0.4ts 
4 9.447 99.9 * 0.2t 

* k Standard deviation. 
tH,/Pd indicator electrode. 
§Glass indicator electrode. 

mercury is oxidized at a potential which is more 

negative than that of the titrated base, the indicator 
or the supporting electrolyte. Small amounts of water 
(0.050,;) affect neither the curves nor the results 
obtained. The water content of the solvent was 
determined by a Karl Fischer titration. 

In order to establish whether the oxidation of 
mercury and the reaction of its ions with acetone are 
quantitative, we have titrated some organic bases 
with protons generated according to equations (1) 
and (2). The titration end-points were detected either 
photometrically, with a Methyl Red as indicator, or 
potentiometrically with a calomel reference electrode 
and a glass or H,/Pd indicator electrode. 

Since the reaction of mercury ions with acetone 
gives rise to the formation of slightly ionized com- 
pounds which are very soluble in acetone 

[Hg2(CH,COCH2), and Hg(CH,COCH,),], the 
change of indicator colour at the titration end-point 
is very sharp and the results obtained are very 
reproducible. Eight titrations of 5.475-mg amounts of 

200 I 

200 400 600 600 10001200 

t (set) 

Fig. 4. Coulometric titration of plperidine with protons 
generated by mercury oxidation m anhydrous acetone. 

piperidine gave a mean recovery of lOO.O%, standard 
deviation 0.07%. 

The results obtained in the determination of some 
organic bases with either photometric or poten- 
tiometric end-point detection are given in Table 1. In 
the potentiometric titrations with the H,/Pd indicator 
electrode, the potential is instantaneously established 
throughout. Figure 4 shows a typical titration plot 
for piperidine, and shows that the potential jump at 
the equivalence end-point is higher than 300 mV. For 
bases of medium strength the potential jump ranges 
from 200 to 250 mV, and even for very weak bases 
it is not less than 60 mV. Both the photometric and 
potentiometric titrations give good reproducibility. 

From the results obtained in Table 1 it is seen that 
the current efficiency is loo%, from which it may be 
concluded that mercury in anhydrous acetone can be 
successfully applied for the quantitative coulometric 
generation of protons. 
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Summary-A spectrophotometric method for the determination of some tetracyclines as well as some 
cephalosporins is described. The drug is boiled with ammonium vanadate solution in sulphuric acid 
medium for IO min and the absorbance of the colour developed is measured at 750 nm. The proposed 
method can be successfully applied to the determination of tetracychne hydrochloride, oxytetracycline 
hydrochloride, doxycychne hyclate, demeclocycline hydrochloride, chlortetracycline hydrochloride, ceph- 
alothin sodium, cephaloridine and cephapirin sodium. These drugs can be determined either in pure form 
or in pharmaceutical preparations. 

Several methods have been reported for the quan- 
titative determination of tetracyclines. These include 
fluorimetric,‘-3 chromatographic4.’ and titrimetric6 
methods. Cephalosporins have been determined 

iodometrically after hydrolysis with alkali’,” and 
titrimetrically with N-bromosuccinimide’ or potas- 

sium iodate.” Spectrophotometric methods based on 
the use of hydroxamic acid,” hydroxylamine hydro- 
chloride,‘* and acetone-sodium hydroxideI have also 
been reported. Other methods use fluorimetry,‘“‘6 
high-pressure liquid chromatography”,‘” and polar- 

ography.‘q,20 
This paper describes the spectrophotometric deter- 

mination of some tetracyclines and cephalosporins 
with ammonium vanadate in sulphuric acid medium. 
The method is applied to the analysis of various 

pharmaceutical preparations for these drugs. 

EXPERIMENTAL 

Apparatus 

A Perkm-Elmer Model 550 S spectrophotometer with 
matched l.OO-cm quartz cells was used for absorbance 
measurements. 

Reagents 

Ammonium vanadate solution, 10JO. Prepared by dis- 
solvmg IO g of ammomum vanadate in boiling 50% v/v 
sulphurlc acid and diluting to 100 ml with SO”,; v/v sulphunc 
acid. This solution is stable for 3 days. 

Test solutions. Freshly prepared I-mg/ml solutions of 
tetracyclins and cephalosporins m water. Laboratory refer- 
ence standards were used for cahbration. 

General procedure 

Transfer 5 ml of an aqueous solution containmg from 1.0 
to 5.0 mg of the drug mto a SO-ml conical flask. Add IO ml 
of ammomum vanadate solution and 10 ml of concentrated 
sulphuric aad, mix well and boil gently for IOmin on a 
sand-bath. Cool, transfer to a 50-ml standard flask and 
dilute to volume with water. Cool thoroughly for 5 min, and 
then measure the absorbance at 750 nm agamst a blank 
treated similarly. 

For injecfions. Transfer an accurately known weight of the 
sample, equivalent to 30mg of the drug, mto a 50-ml 
standard flask. and dissolve It in water, then make up to 
volume with water. Transfer 5 ml of this solution into a 
50-ml conical flask and complete the assay as described 
above. 

For capsules and tablets. Weigh accurately a quantity of 
the mlxed contents of 20 capsules or of 20 powdered tablets, 
equivalent to 30 mg of the drug, and transfer it mto a 50-ml 
standard flask. Add 30 ml of methanol, shake for 10 mm 
and make up to volume with methanol. Filter, then transfer 
5 ml of the filtrate into a 50-ml conical flask and evaporate 
to dryness. To the residue, add 5 ml of water and complete 
the assay as described under the general procedure. 

RESULTS AND DISCUSSION 

The proposed method has been used for the quan- 
titative estimation of various tetracyclines and ceph- 
alosporins by oxidation with ammonium vanadate m 
sulphuric acid medium. The effect of varying the 
heating period was studied and it was found that 
gentle boiling for 10 min is sufficient. The blue colour 
developed is measured 5 min after dilution and 
mixing. It is stable for 3 hr. 

The blue colour is attributed to the vanadium (IV) 
produced by reduction of vanadium(V) by tet- 

Table 1. Regression equations for the cahbratlon graphs 
(range 0.02--O. 10 mg/ml) 

Compound Regression equation* 

Tetracycline. HCI A =0.000+6.11C 
Oxytetracycline. HCI A = 0.000 + 5.4OC 
Doxvcvcline hyclate A = 0.006 + 9 90C 
Deieciocyclink. HCI 
Chlortetracvcline. HCI 
Cephalothin sodium 
Cephaloridine 
Cephamrm sodium 

A = 0.002 + 6.32C 
A = 0.002 + 5.58C 
A=O002+7.15C 
A = 0.000 + 5.93C 
A = 0.002 + 4.7OC 

*A = absorbance at 750 nm (l-cm cells); C = concentration 

@g/ml). 
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Table 2. Determination of tetracychnes and cephalosphorins by the ammonium vanadate 
procedure, compared with the official method 

793 

Found* + SD. % 

Compound 

Tetracycline. HCI 
powder 

Tetracycline 
capsules (Adwic) 

Micycline 
capsules (Misr) 

Oxytetracycline. HCl 
powder 

Oxytetrm 
capsules (Memphis) 

Doxycycline hyclate 
powder 

Vibramycin 
capsules (Pfizer) 

Demeclocycline. HCl 
powder 

Demeclocycline. HCI 
tablet@ 

Chlortetracycline. HCl 
powder 

Chlortetracycline. HCl 
tablets5 

Cephalothin sodium 
powder 

Keflin 
injectrons (Lilly) 

Cephaloridine 
powder 

Keflodin 
injections (Lilly) 

Cephapirin sodmm 
powder 

Cephatrexyl 
injections (Bristol) 

Proposed Official 
method method (ref.) 

100.0 f 0.4 

102.3 f 0.8 

91.2 f 0.9 

100.1 f 0.7 

101.6 + 1.2 

99.6 + 0.6 

102.5 f 0.8 

99.9 k 0.6 

98.6 f 0.7 

100.7 + 0.5 

98.9 + 0.7 

99.7 + 0.5 

101.3 + 0.8 

100.7 * 0.4 

101.4 f 1.0 

99.7 + 0.2 

100.7 f 0.6 

rca1, t 

100.1 f 0.7 (21) 0.40 

101.7 f 0.6(21) 2.00 

97.5 f 0.5 (21) 0.95 

99.9 f 0.4 (21) 0.54 

101.3 k 0.5 (21) 0.82 

- 

99.9 * 1.0 (21) 

99.0 * 0.3 (21) 

99.7 * 0.4 (7) 

101.2 * 0.2 (7) 

100.7 * 0.3 (7) 

101.2 + 0.2 (7) 

- 

0.05 

1.99 

- 

0.31 

1.09 

0.40 

1.77 

Fca,, $ 
3.79 

1.36 

1.57 

1.95 

4.54 

3.53 

4.80 

1.20 

1.47 

1.47 

5.00 

*Average of 6 determinations. 
tTheoretica1 value 2.23 (p = 0.05). 
ITheoretical value 5.34 (p = 0.05). 
SLaboratory-prepared tablets containing the drug, lactose, talc, starch and magnesium 

stearate. 

racyclines or cephalosporins. Beer’s law is valid for 
tetracyclines and cephalosporins in the range of 
2&100 pg/ml in the final solution. The regression 

equations in Table 1 were calculated from the cali- 
bration graphs. 

Extraction of tetracyclines from powdered tablets 
or the contents of capsules with methanol, eliminates 
any interference by the excipients usually added, such 
as lactose, glucose and starch. 

Table 2 gives the results obtained by application of 
the suggested method and an official method7,2’ to the 
determination of tetracyclines and cephalosporins in 
pure form and in pharmaceutical preparations. Both 
sets of results are compared statistically by the Stu- 
dent t-test and the variance ratio.22 The calculated 
values oft did not exceed the theoretical value, which 
indicates that there is no significant difference be- 
tween the two mean recoveries. The variance ratio, F, 

also shows there is no significant difference between 
the precision of the two methods. 

REFERENCES 

1. H. Poiger and C. Schlatter, Analysr, 1967, 101, 808. 
2. E. Ragazzi and G. Veronese, J. Chromarog., 1977, 132, 

105. 
3. A. Regosz, Pharmazie, 1977, 32, 681. 
4. E. Ragazzi and G. Veronese, J. Chromatog., 1977, 134, 

223. 
5. K. Tsujr and J. Robertson, J. Pharm. Sci., 1976,65,400. 
6. I. Haroun and F. Khattab, Indian J. Pharm., 1978, 40, 

12. 
1. British Pharmacopoera 1980, H.M. Stationery Office, 

London, 1980. 
8. S. Okada, K. Hattori and T. Takano, Bull. Chem. Sot. 

Japan, 1965, 38, 2186. 
9. J. F. Alicmo, J. Pharm. Sci., 1976, 65, 300. 

10. J. R. Grime and B. Tan, Anal. Chum. AC&, 1979, 105, 
369. 

Il. W. W. Hall, M. O’Brien, J. Filan, T. R. Mazeika, A. 
Post, D. Pitkin and P. Actor, J. Pharm. Sci.. 1975, 64, 
1232. 

12. D. L. Mays, F. K. Bangert, W. C. Cantrell and W. G. 
Evans, Anal. Chem., 1975. 47, 2229. 

13. L. P. Marrelli, J. Pharm. Sci., 1972, 61, 1647 



794 SHORT COMMUNlCATlONS 

14. R. Aikawa, M. Nakano and T. Arita, Chem. Pharm. 19. J. A. Squella, L. Nunez-Vergara and E. M. Gonzalez. 
BUN., 1976. 24, 2350. J. Pharm. Sci., 1978. 67, 1466. 

15. R. H. Barbhaiya and P. Turner, J. Pharm. Pharmacol., 20. Idem, J. Assoc. 08 Anal. Gem., 1979. 62, 556. 
1916. 28, 791. 21. U.S. Pharmacopoeia 1980. 20th Revtsion. Mack Pub- 

16. A. F. Heald. C. E. Ita and E. C. Schreiber, J. Pharm. lishing Company, Easton. Pa.. 1980. 
Sri., 1976, 65, 768. 22. L Saunders and R. Fleming, Mathematics and Sturis- 

17 V. Hartmann and M. Roedtger, Chromatographza, fits, 2nd Ed., pp. 192-197. Phannaceuttcal Press, Lon- 
1976. 9, 266. don, 1971 

18. J. S. Wold and S. A. Turmpseed, J. Chromatog., 1977, 
136, 170. 



Talanm. Vol. 30, No 10, pp. 795-797, 1983 0039-9140/83 $3 00 + 0.00 
Prmted m Great Britain ~ergamon Press Ltd 

INDIRECT SPECTROPHOTOMETRIC DETERMINATION 

OF CYANIDE BY MEANS OF THE COLOUR REACTION 

OF SILVER WITH CADION 2B IN PRESENCE 
OF TRITON X-100 

ZHU Yu-RUI, WEI Fu-SHENG* and YIN FANG 

Department of Chemistry, China University of Science and Technology, Hefei, Chma 

(Receioed 21 January 1983. Accepted 15 April 1983) 

Summary-Silver gives a colour reaction with cadion 2B in the presence of the non-ionic surfactant Triton 
X-100, and the suppression of the colour by competitive complexation of the silver can be used for the 
spectrophotometric determination of cyanide. Cyanide in waste water can be separated by distillation from 
other ions that also interfere, and then determined. 

Cadion 2B reacts with silver at pH 9.2 in the presence 
of the non-ionic surfactant Triton X-100 to form a 
red-violet complex with a molar absorptivity of 
1.0 x lo5 l.mole-‘.cm-’ at 565 nm.’ This sensitive 

colour reaction is suppressed by cyanide. This paper 
reports how the suppression can be utilized in analy- 
sis of industrial waste water for cyanide. 

The method developed is more sensitive than the 
other indirect spectrophotometric determinations of 
cyanide, such as those based on the Ag+-phen- 
BPR,2A Ni2+-55Br-PADAP,5 and Cu*+-CAS-CPC 
systems6 Compared with the pyridineepyrazolone,’ 
isonicotinic acid-pyrazolone* and pyridine-barbi- 
turic acid systems,’ the colour system and reagents 
used here are rather stable, non-toxic and odourless. 

EXPERIMENTAL 

Reagents 

Standard silver solution (l.OOmg/ml). Dissolve 0.1580 g of 
analyttcal-reagent grade silver nitrate in distilled water and 
make up to volume in a IOO-ml standard flask. Dilute to a 
final concentration of 20 ng/ml as a working standard. 

Standard cyanide solution. Dtssolve 1.000 g of analytical 
grade potassium cyanide in distilled water and make up 
accurately to 1000 ml. Standardize with O.OlM silver nitrate. 
Dilute to gave a final cyanide concentration of 2.00 ng/ml, 
as a working standard. 

Cadion ZE solufion. Dissolve 0.04 g of the reagent in 100 
ml of ethanol. 

Triton X-100, y< aqueous solution. 
Sodium tetraborate, 506 aqueous solution. 

Procedure 

To a 25-ml standard flask, add 20 pg of silver, 2 ml of 5% 
sodium tetraborate solution, 1 ml of 5% Triton X-100 
solutton, not more than 10 ng of cyanide and mix well. Then 
add 1.5 ml of cadion 2B solution, dilute to the mark with 
drstrlled water and mix well. Measure the absorbance at 565 
nm m a l-cm cell against a reference blank solutton contain- 
ing no cyanide or sihver. 

*Present address: China National Environmental Moni- 
toring Center, Beiyuan, Beijing, China. 

Separation of cyanide by distillation 

Place the cyanide-containing sample in a 500-ml all-glass 
distillation apparatus (if necessary, dilute to 250 ml with 
distilled water). Add 2 g of tartaric acid and 2 ml of 10% 
zinc acetate solution, connect up the disttllation apparatus, 
and distil rapidly. Collect the distillate in an absorption flask 
containing 5 ml of 0.1 M sodmm hydroxide. Stop distilling 
when the dtsttllate volume reaches 45 ml. and dilute it to 
volume in a 50-ml standard flask with distilled water. 
Determine the cyanide in an ahquot according to the 
procedure above. 

RESULTS AND DISCUSSION 

Mechanism of the determination 

In sodium tetraborate solution, in the presence of 

Triton X-100, cyanide complexes silver and thus 
suppresses the colour reaction of the silver with 
cadion 2B. The effect is shown in Fig. 1. A molar 
ratio plot indicates that the complex anion Ag(CN); 
is formed. 

Efect of pH 

The absorbance obtained in the presence of 4.0 pg 

of cyanide was determined by the general procedure, 
at various pH values. Constant absorbance (Fig. 2) 
was obtained at pH 8.8-9.8, so a pH of 9.2 was 
selected for determination of cyanide. 

Effect of cadion 2B concentration 

Figure 3 shows that the difference, AA, between the 
absorbances for the silver complex with and without 
cyanide present is dependent on the amount of cadion 
2B added. If less than 0.6 ml of 0.04% cadion 2B 

solution is added, AA is zero because there is not 
sufficient cadion 2B to combine with all 20 pg of 
silver ion. If 1.2-3.0 ml of 0.04’% cadion 2B solution 
is added, AA is maximal and constant. Hence 1.5 ml 
of the reagent is recommended in the procedure. 
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Fig. 1. Absorption curves: 1, 0.0024% cadion 2B solution 
against water; 2, 20 pg of Ag+ + 0.0024% cadion 2B 
solution against reagent blank; 3, 20 pg of Ag+ + 2.0 pg of 
CN- + 0.0024% cadion 2B solution against reagent blank; 
4, 20 pg of Ag+ + 4.0 pg of CN- + 0.0024% cadion 2B 

solution against reagent blank. 

Effect of temperature 

Cyanide reacts with the silver instantaneously. A 
temperature of l&40” for colour development does 
not affect the stability of the silver complex or the 
absorbance difference. The development of colour is 
complete within 3 min and AA remains constant for 
at least 24 hr. 

Table 1. Recovery of cyanide by distillanon 

CN- taken, pg Form taken Found, pg 

10.0 KCN 10.1 
20.0 KCN 20.0 
40.0 KCN 41.6 

100.0 KCN 98.4 
200.0 KCN 192.2 
100.0 Zn(CN)$- 99.5 
100.0 Cd (CN)$- 93.3 
100.0 Fe(CN)i- 3.9 
100.0 Fe (CN)i- 3.9 
100.0 Co (CN)2- 0.0 

I I I I I 
8.0 65 so 95 100 10.5 

PH 

Fig. 2. Effect of pH: 1, 20 pg of Ag+ + 0.0024”,/, cadion 2B 
solution against reagent blank, 2, 20 pg of Ag+ + 4.0 pg of 
CN- + 0.0024% cadion 2B solution against reagent blank. 

040 
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: 

/ 
x_x-x-x--.*-x_ 

x 
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I 

0 IO 
i 

k-k) 1’0 1: 2’0 215 310 
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Fig. 3. Effect of cadion 2B concentration in determination 
of 4,ucg of CN-. 

Effect of order of addition of reagents 

It does not matter whether the cyanide is added 

before or after formation of the silver-cadion 2B 
complex. 

Adherence to Beer’s IaM 

A series of standard cyanide solutions was pre- 
pared and the absorbance of each was measured. AA 

was a linear function of amount of cyanide from 0.5 
to 10 /Lg. 

Precision 

Ten replicate determinations of 4.0 pg of cyanide 

gave a mean absorbance of 0.306 with a relative 
standard deviation of 2.9%. The recoveries of cyanide 
by distillation of HCN and collection in alkali are 
listed in Table 1. Of the complex cyanides, only those 
that are labile give reasonable recovery. 

Table 2. Analysis of waste water 

No. of Average [CN-1, RSD, Isonicotinic acid-pyrazolone 

Sample* detns. ppm % method, ppm 

1 13 24.4 2.1 24.0 
2 8 51.9 2.5 50.0 
3 10 20.0 3.0 21.8 

4 9 82.2 2.3 80.0 
5 5 0.017 5.9 0.018 

*1,2: From an electroplating works. 
3.4: From coking coal. 
5: From domestic sewage. 
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Determination of cyanide in waste water 3. 

Sulphide, chloride, bromide and iodide interfere 4, 
unless separated. Sulphide can be removed at pH 11 
by adding small portions of powdered lead carbon- 5. 
ate.’ The distillation procedure eliminates the effect of 
Cl-, Br- and I-. 6. 

The results for five samples are given in Table 2. 
7. 
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Summary-The reaction between chloramphenicol and chloramine-T, chloramine-B. bromamine-B or 
bromamine-T has been found to proceed quantitatively over a wide range of experimental conditions, 
Simple trtrrmetrrc procedures for the estimation of chloramphemcol with N-haloamines have been 
developed. Oxidation of the antibiotic mvolves a four-electron change and the products of oxidation have 
been identified. The methods are useful for the estimation of this antibiotic in medicinal formulations. 

Chloramphemcol. the first of the broad-spectrum 
antibiotics, has been assayed by spec- 

trophotometric,‘,’ polarographic,’ GLC4 and HPLC’ 
techniques, but some of the methods described are 
rather tedious. Titrimetric procedures include ox- 
idation with periodate, the excess of which is deter- 
mined by arsenite-iodine titration6 an argentometric 

titration,’ acid hydrolysis followed by dichromate 
titration of the base produced.8 and an iodometric 
procedure.’ Titrimetric estimations of CP have been 
reported by Yalcindag’” and Eremina et al.,” but we 
have been unable to obtain details. 

Aromatic sulphonyl monohaloamines have been 
used as versatile oxidizing agents”m’4 for assay of 
organic and inorganic compounds. Here we describe 
their use for estimation of chloramphenicol by back- 
titration methods which are elegant, simple, fairly 
rapid and suitable for the assay of medicinal formu- 
lations. 

EXPERIMENTAL 

Chloramphemcol was purified by extraction from water 
with ethyl acetate. Colortmetric assay’ of the sample showed 
the purity to be 99.9”;. A standard solution (1 mg/ml) was 
prepared in doubly distilled water or buffer solution.” 
Chloramine-T (CAT) was punfied by the method of Morris 
rf cl/.” Chloramme-B” (CAB), bromamme-T’X (BAT) and 
bromamme-B” (BAB) were prepared and purified by stan- 

dard procedures. Approximately 0.05N solutions of the 
oxidants were prepared in distilled water and standardized 
iodometrtcally. All other reagents used were of analytical 
grade. 

Preliminary studies 

Direct titration at room temperature (26 k 2”) was found 
impracticable, because the oxidation is not instantaneous. 
so a back-titration procedure was developed. 

In preliminary experiments 5ml of 10e3A4 chlor- 
amphenicol solution were added to a known and excessive 
(4&60%) volume of oxidant (O.OOSiv) containing various 
amounts of actd, base or buffer (and copper sulphate m the 
case of CAT and CAB) in an iodine flask. The reaction 
mixture was set aside and occasionally shaken. Then 20 ml 
of 3M sulphurtc acid and 10 ml of IO’? potassium iodide 
were added and the liberated todme was titrated to a starch 
end-point, with O.OlM sodium thtosulphate. A blank 
titration was performed under identical conditions. 

The extent of oxidation of chloramphenicol in various 
media in 30 mm is given in Table 1. Oxtdatton with CAT 
and CAB is not feasible at pH I-10. but is complete m 
0.05-O. IOM sodium hydroxide containing copper sulphate 
(at the 5-20 x 10mSM level). With BAT and BAB, oxidation 
1s slow at pH < 6, and incomplete in 30 min at pH 610. The 
reaction is complete with both oxidants, m 0.05-0.01M 
sodium hydroxide medium even in the absence of cop- 
per(I1). At least 40 min reaction time must be allowed, to 
ensure completion of the oxidation at room temperature 
(26 k 2”) but only 20 min will be needed at 40”. From 
statistical evaluation of the results (coefficients of vartance) 
tt appears that the prectstons given by the four oxidants are 
m the order CAT > CAB > BAT > BAB. 

Table I. Extent of oxidation of chloramphenicol with N-haloamines m various 
media 

m~~l~~~~n~~~o~~~~~~d) ( 

Medium CAT CAB BAT BAB 

0.05M NaOH 0.0 0.0 2.00 1.98 
O.lOM NaOH 0.0 0.0 2.00 2.00 
0.05M NaOH + 5 x 10mSM Cu’+ 2.00 2.01 
0.05M NaOH + 2 x 10m4M Cu’+ 2.00 2.00 
O.lM NaOH + 5 x 10e5M Cu2+ 1.99 1.99 
0.5M NaOH + 5 x IO-‘M Cu’+ 1.35 1.78 

Time 30 mm: temperature 26 & 2°C: [oxidant] = 5 x IO-‘N: [anttbiotic] = 
I x 10-xM. 
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Fig. 1. Variation of % oxidation of chloramphenicol by 
N-haloamines with time. 1, 2-O.lM NaOH + 5 x IOm5M 
CuSO,; 3, 4-Q.lM NaOH; [CP] = 1 x IO-jM; [ox- 

idant] = 1 x lo-IM. 

recommended procedure 

Pipette a suitable volume (e.g., 5 ml) of a solution 
containing between 0.5 and I5 mg of chloramphenicol into 
an iodine flask. Add 50 ml of O.OOSiV oxidant. Add enough 
sodium hydroxide and copper sulphate solutions to give the 
required concentrations (O.Ol-O.OSM NaOH and 
5-20 x IOeSh4 CuSO, for CAT and CAB; 0.05-O. I M NaOH 
for BAT and BAB). After about 40 min (30 mitt with CAT). 
add 20 ml of 3M sulphuric acid and 10 ml of lo”/, potassium 
iodide solution and titrate the liberated iodme with thio- 

Table 2. Estimation of chloramphenicol in authentic sam- 
ples with N-haloamines 

Antibiotic found, mg Antibiotic - - 

taken, mg CAT CAB BAT BAB 
____- --. 

0.5 ?l.s 0.51 0.5 0.5 
1.0 I.01 (0.99)* 0.99 1.00 1.01 
1.5 I .48 1.49 1.51 1.51 
2.0 2.0 (1.95)* 2.01 2.02 2.01 
3.0 3.02 3.01 2.98 3.02 
4.0 3.97 3.98 4.02 3.98 
5.0 5.03 (s.ol)* 4.97 5.03 5.04 
7.5 7.48 7.53 7.47 7.46 

10.0 9.97 (lo.ol)* 10.02 10.03 9.94 

*Calorimetric values’ are given in parentheses. 

sulphate solution to a starch end-point (V, ml). Run a blank 
under identical conditions ( V2 ml). The amount of chlor- 
amphenicol (x mg) in the sample is given by the equation 

.Y = 80.75 Y( VZ - Vi) (1) 

where Y is the molarity of the th~osulphate solutton. 

Analysis of medicinal preparations 

In medicinal formulations, CP 1s generally associated with 
excipients such as benzocame, propylene glycoi, phenyl 
mercuric nitrate, phenol and ointment base, all of which 
have been found to interfere in the method Just given. The 
excipients must therefore be removed’,‘O.” before the assay 
for chloramphenicol. The methods are given below. 

Capsules. Grind the contents of IO capsules to a fine 
powder. Weigh about 50 mg of this and transfer it to a 
beaker contaming IO ml of disttlled water. Adjust the pH to 
8.3 and transfer the mixture into a separatory funnel. 
Extract wtth three 25ml portions of ethyl acetate, transfer- 
ring the aqueous layer to a clean dry separatory funnel each 
time. Collect the ethyl acetate layers in a dry beaker, and 
evaporate to dryness. Dissolve the residue tn $0 ml of 
distilled water and take 5 ml of the solution for titration. 

Ttlblets. Grmd about 10 tablets to a fine powder. Weigh 
out 500 mg and transfer to a beaker contaming 100 ml of 
benzene, stu for 5 mm, then filter off the residue and wash 
it with benzene. Dry the residue, wetgh 100 mg of it into a 
beaker, and add 100 ml of distilled water. Adjust the pH of 
the solution to 8.3 and transfer it tnto a separatory funnel. 
Extract wtth ethyl acetate (3 x 25 ml) and complete the 
determination as for capsules. 

Eye drops. Add I ml of sample to a beaker contammg 
about 50 ml of distilled water, adjust the pH to 8.3 and 
transfer to a separatory funnel. Extract with ethyl acetate 
(3 x 25 ml) as for capsules. Evaporate the combined extracts 
to dryness, dissolve the residue in 10 ml of water and titrate. 

Ear drops wd 1niec~tQtt. Take 1 ml of sample and about 
IO ml of distilled water in a separatory funnel. Extract with 
diethyl ether (3 x 25 ml). Extract the aqueous layer with 
ethyl acetate (3 x 25 ml) as for capsules. Evaporate the 
combmed extracts to dryness. Dissolve the residue m 100 ml 
of distilled water and take 5 ml for the estimation. 

E_re ointment. Weigh about 1 g of ointment and dissolve 
it in about IO ml of cyclohexane. Precipitate the ointment 
base by addition of ethyl alcohol (+ 50 ml). Fdter off on a 
dry filter paper and wash with ethyl alcohol. Evaporate the 
filtrate and washings to dryness under reduced pressure. 
Dissolve the residue in 50 ml of water and take 4 ml for 
titration. 

Table 3. Estimation of chlo~mphenicoi in various medicinal formulations with N- 
haloam~nes 

Medicmal 
formulation 

Tablet 

Capsule 

Eye drops 

Ear drops 

Eye ointment 

Injection 

Antibiotic Antibiotic found, mg 
Excipients present, ~____~ 

present mg CAT CAB BAT BAB __.-- ___ ____._~_____.. 
Approved 3.37* 3.35 3.35 3.38 3.34 

colour (3.36) 
- 4.57* 6.53 6.53 6.53 6.52 

(6.55) 
Phenyl 5.01 4.96 4.90 4.90 5.16 

mercunc (4.98) 
nitrate 

Benzocaine 5% 4.97 4.99 4.96 4.98 
+ propylene (4.96) 

glycol 
Ointment IO.O$ 9.94 9.95 9.98 9‘97 

base (9.97) 
Phenol + 1z.g 12.32 12.34 12.42 12.54 

propylene (12.38) 
glycol 

*mg/IO mg. tmg/ml. $mg/g. §mg/O. I ml. Colorimetnc values’ in parentheses. 
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RESULTS AND DISCUSSIONS 

The recovery was determined with samples con- 
taining known amounts of chloramphenicol (Table 2) 
and medicinal formulations (Table 3), and compared 
with the results obtained colo~met~~lly.’ The 
methods of sample preparation are designed to 
remove interfering compounds; benzene extraction 
removes colouring matter, ether extraction removes 
phenol, propylene glycol and benzocaine, and the 
alcohol treatment precipitates ointment base. The 
error is generally lo/, or less. The reactions can be 
represented by: 

Van Nostrand Reinhold, New York. 1971. (c) Brrtull 
Pharmacooeia-?f. Vol. II, D. 525. DHSS. Universitv 
Printing House, Cambridge; 1980. 

2. Kirk-Othmer, Encyclopaedia of Chemical Technology, 
3rd Ed., Vol. 2, 926. Interscience, New York, p. 1978. 

3. (of K. Fossdaf and E. Jackson, Anai. Chim. Acfa, 197 1. 
56, 10.5. (6) G. B. Hess, Anal. Chem., 1950, 22, 649. 

4. Encyclopaedia of Industrial Chemical Analysis, F. D. 
Snell and C. L. Hilton (eds.),‘Vol. 5, p. 496. Interscience, 
New York, 1967. 

5. H. A. Ruessel, Chromntographia, 1978, 11, 341. - _ 
6. A. Valseth and A. Wickstrerm, Medd. Norsk Farm. 

Selskaa. 1955. 17. 345: Chem. Abstr., 1956. 50. 5979a. 
7. Analytical Projiiei of Drug ~abstan~e~, K. @lo&y fed.), 

Vol. 4, p. 77. Academic Press, New York, 1975. 

+ ZRNXNa(2R’NXN.d + NaOH - OzN+!- r:i;: + 2RNH&2R’NH21 + 2NoX 

OH H OH H 

where R = p -CHSC6H4S0, -, R ‘ = C6H,S0, - and 
X = Cl or Br. The oxidants undergo four-electron 8. U. M. Chandra and P. Pandey, LABDEV (Kanpur), 

reduction to the sulphonamides. 1967, 5, 338. 

The presence of foreign ions such as Na + , K + , 
9. I. P. Koka, Mater. S’ezda Farm. B. SSR, 3rd., 1977, 

Ba2+, Cl-, SO:-, CIO;, PO- (up to an ionic 
132; Chem. Abstr., 1980, 92, 47268h. 

10. 0. N. Yaleindag. Eblia Pharm. ~Isra~buI). 1962, 4. 536; 

The oxidation stoichiometry is unaffected by reversal 

strength of 0.2M) had no influence on the rate of 

of the order of addition of the reagents. 

oxidation, but wi;h CAT and CAB, higher concen- 
trations of copper has a considerable catalytic effect. 1975, 2, 59; Rej. Zh..Khim., 1576, 2Oj49. 

Chem. Absrr., g62, 57, 47623. 

M. M. Campbell and G. Johnson, Chem. Rea., 1978,78, 
65. 

1 I. Z. I. Eremina, N. S. Astakhina, K. V. Emel’yanenko 
and R. A. Protsenko. Farmatszva Resu. Mezhaed. Sb., 

12. 

13. 

14. 
15. 
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ANNOTATIONS 

UNEXPECTED DEPENDENCE OF THE PROTONATION 
CONSTANT OF 2,2’-BIPYRIDYL ON IONIC STRENGTH 

Institute of Chemistry, Janus Pannonius University, H-7644 P&s, Hungary 

ISTVAN NAGYP.&L and ISTV.&N FABIAN 

Institute of Inorganic and Analytical Chemistry, Lajos Kossuth University, H-4010 Debrecen, Hungary 

(Received 23 March 1983. Accepted 26 Aprii 1983) 

Summary-The protonation constants of 2,2’-bipyridyl and ammonia have been determined by pH 
titration at 25”, at ionic strengths of 0. I, 0.2, 0.5, 1.0, 1.5 and 2.OM obtained by using LiNO,, NaNO,, 
KNO,, LiCIO, and NaCIQ as background electrolytes. The protonation constants generally change by 
about 0.3-0.4 log unrts for both ligands in nitrate media. A similar change in the protonation constant 
of ammonia was observed in perchlorate media. There is, however, a change of about 0.8-0.9 log units 
in the protonation constant of bipyridyl in the perchlorate media. This phenomenon is interpreted by 
postulating ion-pair formation between perchlorate and the protonated form of bipyridyl, 
HBp+ + ClO;eHBp+ . CIG~ with formation constants of 0.54 in 2M lithium nitrate and 0.45 in 2M 
sodium mtrate. 

The transition-metal complexes of 2,2’-bipyridyl have 
been studied by many authors. A critical review of the 
equilibrium data has recently appeared under the 
auspices of the IUPAC Commission on Equilibrium 
Data.’ This review includes values for the pro- 
tonation constants, with the critical comment “to be 
rejected” for a value of pK = 4.62, found by Davies 
and Dunning’ for 1M KNO, medium at 30.3”. The 
reason for this comment was that the protonation 
constant was expected to have no significant de- 
pendence on ionic strength, and all the values deter- 
mined at ionic strength 0.1 and 25” were in agree- 
ment, with a mean of 4.42 + 0.05. 

In a recent work on the kinetics of equilibria in the 
copper(bipyridyl-glycine system, the protonation 
constant was determined in 1M potassium chloride at 
25” and found to be 4.63.3 This value should also be 
evaluated as “to be rejected” if the criterion above is 
correct. Repeated experiments and efforts to find any 
systematic error were unsuccesful. We therefore de- 
cided to make a systematic study of the effect of ionic 
strength on the protonation constant of bipyridyl at 
25”, using ionic strengths of 0.1, 0.2,0.5, 1.0, I.5 and 
2.0&f, obtained with LiNO,. NaNO,, KNO,, LiCIO, 
and NaCIO, as background electrolytes. For com- 
parison, the protonation constant of ammonia was 
also determined in the same solutions. Some mea- 

surements were done in the mixed electrolytes 
LiNO,-LiClO, and NaNO]-NaClO,. 

The salts used to maintain the ionic strength were purified 
by recrystallization, until regular V-shaped Gran-functions4 
were found for the strong acid-strong base titration curves. 
“Reanal” bipyridyl and ammonia were used; no acid-base 
impurity could be detected; the concentrations of their 
solutions agreed to within O.l-O.20/, with the expected 
values. Carbonate-free solutions of base were used for the 
potentiometric titrations. 

A Radiometer PHM-52 pH-meter, with GK-2301B elec- 
trode (filled with saturated sodium chloride solution), was 
used for the pH measurements. The ligand concentration in 
all solutions to be titrated was O.OlM. The hgand stock 
solutions contained about a 60% excess of the appropriate 
acids, so the first part of each titration curve was a strong 
acid-strong base titration, followed by the tttration of the 
protonated Iigand. 

EVALUATION OF THE 
TITRATION CURVES 

The first part of the titration curve may be used to 
calibrate the electrode system for -log[H+] on the 
basis of the method proposed by Irving et ~1.~ This 
part of the titration curve may also serve for the 
determination of the concentration of the excess of 
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Table I. The logartthm of the protonation constants of 2.2’-bipyridyl and ammonia as a function of 
tome strength m various background electrolytes 

Test Ionic 
substance strength, M LiNO, NaNO, KNO, LICIO, N aC10, _ 

- 2,YBtpyridyl 0.1 4.41, 4.40, 4.39, 4.44, 4.42, 
0.2 4.46, 4.43, 4.43, 4.50, 4.49, 
0.5 4.53, 4.54, 4.53> 4.61, 4.65, 
1.0 4.64, 4.68, 4.64, 4.78, 4.89: 
1.5 4.73, 4.81, 4.74, 4.93, 5.10,, 
2.0 4.83, 4.92, 4.81, 5.08, 5.33, 

Ammonia 0.1 9.30, 9.22, 9.20, 9.28, 9.22, 
0.2 9.30, 9.272 9.222 9.29, 9.26, 
0.5 9.35, 9.31, 9.302 9.36, 9.32, 
1.0 9.42, 9.41, 9.40, 9.43, 9.39, 
1.5 9.48, 9.50, 9.48, 9.49, 9.49, 
2.0 9.53, 9.55, 9.57, 9.58, 9.59, 

acid. From that part of the curve where the de- 
protonation takes place, the protonation constant 
and the total ligand concentration can be determined. 
Finally, from the section at pH above - 11, where the 
deprotonation is practically completed, the pKC, value 
defined by the concentrations can be calculated. 

Taking into account the mass-balances, the dilu- 
tion of the solution during the titration, 
equations 

and the 

-log[H+] = p(H) - I 

pK; = p(H) - I - log[OH-] 

which represent the curves at pH below -3 and 
above - 11 respectively, the volume of titrant can be 

n 
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5- 
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Fig. 1. Log Km for 2,2’-bipyridyl as a function of tonic 
strength in vartous background electrolytes. 

explicitly expressed as a function of (H) = IOmp’H) 
with the parameters I, pK”,, q,, T: and log K,,: 

T”H - (H)B + K;/[(H)B] 

v= v. 
- TOLKrn(H)BIV + WBKHLI 

C, + (H)B - K: /[(H)B] 

where p(H) is the pH-reading, I is a calibration term 
to convert p(H) into -log[Hf],5 B = IO’, T\ is the 
total proton concentration in the initial solution, Ty_ 

is the total ligand concentration in the initial solution, 
KHL is the protonation constant of the ligand, 
[HL]/[H] [L], V0 is the volume of the initial solution. 
and Cb is the concentratton of the basic titrant. 

A program was written to calculate T”, , T:, pK:. 
I and log K,, , or UIZJ’ combination of them if some of 
them have fixed predetermined values. by minimizing 
the sum of the squares of the differences between the 
measured and back-calculated volumes. For thts 
work, the I and log KHL values were calculated and 
Tf,, FL and pKL were predetermined and fixed. The 
titration curves were used for evaluation up to 
pH - 7 with bipyridyl, and up to pH - 9.7 with 
ammonia. Up to these pH values, pK’, has no 
influence on the parameters calculated. so pK’, = 13.8 
was used throughout the calculations. 

RESULTS AND DISCUSSION 

The log KHL values calculated in the various salt 
solutions are given in Table 1. The dependence of log 
KHL on ionic strength in the presence of various 
background electrolytes is shown in Figs. 1 and 2. 

Figure 2 shows that the dependence of log KHL. for 
ammonia on ionic strength is roughly the same in all 
electrolytes. For bipyridyl, however, the dependence 
of log KHL on ionic strength is quote different in 
solutions of different electrolytes. In lithium nitrate 
or in potassium nitrate, the increase in log KHL_ with 
increasing ionic strength IS roughly the same as for 
ammonia. The change in log KHL between ionic 
strength 0.1 and 2.OM is about 0.1 htgher when the 
background electrolyte IS sodium nitrate. A sur- 
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Fig. 2. Log I&,_ for ammonia as a function of Ionic strength 
in various background electrolytes. 

prisingly large change in the protonation constant is 
observed in perchlorate media. 

A possible explanation of the peculiar ionic- 

strength dependence of log Ku,_ for bipyridyl in 
perchlorate media is the formation of ion-pairs by the 
protonated bipyridyl and the perchlorate ions. 

To get evidence for ion-pair formation in these 
systems, the dependence of log KHL for bipyridyl and 
ammonia was studied in 2M (NaNO, + NaClO,) and 
in 2M (LiNO, + LiClO,) in the concentration range 
2.0-1.5M nitrate and &0.5M perchlorate. The results 
are given in Table 2. For interpretation of the results, 
it is assumed that the measured protonation con- 
stants are apparent constants defined by: 

K,,, = WBP+I + WP+CWI 
HL 

W+l [BP] 

= KOHL (1 + K,p [CIO;]) 

where K& is the measured protonation constant in 
presence of perchlorate, K\,_ is the protonation 
constant in 2M nitrate and K,p = [HBp+ClO;]/ 

(WP+I WXI). 
Since the total perchlorate concentration was at 

least ten times that of protonated bipyridyl, the 
relationship Tc,, E [Cl041 is valid, i.e., 

The straight lines defined by these equations are 
shown in Fig. 3. It is seen that the slope is practically 
zero for ammonia (i.e., there is no significant ion-pair 
formation), but there is a definite positive slope in the 
case of bipyridyl. The formation constant of the 
ion-pair is 0.54 in 2M lithium nitrate and 0.45 in 2M 
sodium nitrate. It is seen, moreover, that log KHL 
values for ammonia in 2M lithium nitrate and in 2M 
sodium nitrate are the same, whereas there is a 
considerable difference between the log KHL values for 
bipyridyl in the presence of these two electrolytes. 

Table 2. The logarithm of the protonation constant for 
2,2’-bipyridyl and ammonia in mixed NaNO,-NaClO, and 

LiNO,-LiClO, electrolvtes 

Csa,, 3 M 
LiNO, LiClO, 2,2’-Bipyridyl Ammonia 

2.0 0.0 
1.9 0.1 
1.8 0.2 
1.7 0.3 
1.6 0.4 
1.5 0.5 

NaNO, NaClO, 

2.0 0.0 
1.9 0.1 
1.8 0.2 
1.7 0.3 
1.6 0.4 

4.83, 9.53, 
4.84, 9.53, 
4.87, 9.54, 
4.89, 9.54, 
4.91, 9.53, 
4.93, 9.53, 

4.92, 9.55, 
4.94, 9.55, 
4.96, 9.54, 
4.98, 9.54, 
4.99, 9.54, 

1.5 0.5 5.00; 9.56; 

It should be stressed that the ion-pair formation 
constants given are valid in 2M nitrate media, where 
the ion-pairs HBp+NO; may also be formed. The 
data given represent the d@ierence between the abili- 
ties for ion-pair formation in perchlorate and nitrate 
media. Moreover, this interpretation of the un- 
expected dependence of the protonation constant of 
bipyridyl on ionic strength is only a possible and 
plausible assumption. Further work is in progress to 
attempt to prove it. 

On the subject of critical evaluation of equilibrium 
data, the results of the work described here serve to 

40 - 
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9 ’ 0 . cl . 

&y 30- 

- NoNO, + N&IO, 

20 - l -• LINO, + LvZlO, 

f 
Q 

h 
k 

/I 
NaN03 + NoC104 

Fig. 3. Upper part: the logarithm of the protonation con- 
stant of ammonia as a function of perchlorate concentration 
in 2M (LiNO, + LiClO,) and in 2M (NaNO, + NaClO,). 

Lower part: the same function for 2,2’-bipyridyl. 
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act as a warning that qualification notes should be 
used with extreme care. An unexpected result is not 
necessarily wrong, and extrapolation by using well- 
known general formulae may be completely mis- 
leading. 

2. 

Acknowledgements-We are indebted to Dr. L. D. Pettit, 
Prof. G. Anderegg and Prof. E. Hijgfeldt for reading the 
manuscript and for their critical comments. We are also 
Indebted to Mrs. Katalin Bir6 for her skilful technical 
assistance. 

3. 

4. 
5. 

REFERENCES 

W. A. E. McBryde, A Critical Review of Equilibrium 
Data for Proton and Metal Complexes of 
I,lO-Phenanthroline, 2,2’-Bipyridyl and Related Com- 
pounds, IUPAC, Chemical Data Series, No. 17. Per- 
gamon Press, Oxford, 1978. 
R. L. Davies and K. W. Dunning, J. Chem. Sot., 1965, 
4168. 
F. Debreczeni and I. NagypLI, Znorg. Chim. Acta, 198 1, 
57, 135. 
G. Gran, Acta Gem. Sand., 1950, 4, 559. 
H. M. Irving, M. G. Miles and L. D. Pettit, Anal. Chim. 
Acta, 1967, 38, 475. 



Talankz. Vol. 30, No. 10, pP 805-809. 1983 0039-9140/83$3.00/O + 0.00 
Printed in Great Bntain All rights reserved Copyright 0 1983 Pergamon Press Ltd 

LABORATORY DATA-ACQUISITION CAPABILITIES 
OF MICROCOMPUTER HIGH-LEVEL LANGUAGES 

R. L. A. SING, S. W. MCGEORGE and E. D. SALIN* 

Department of Chemistry, McGill University, Montreal, Quebec, Canada 

(Received 16 March 1983. Accepted 25 March 1983) 

Summary-A comparison is made of the efficiency and precision of various high-level languages in 
data-acquisition programs for microcomputers. 

Microprocessors have become increasingly important 
in the laboratory. Automated experiments can pro- 
vide rapid sample throughput, minimize operator 
errors, provide immediate calculation of results and 
allow the convenient storage of data for later retrieval 
and report-writing. In a scientific laboratory it is most 
efficient if programming is done in a high-level lan- 
guage such as BASIC, FORTRAN or PASCAL 
rather than directly in assembler, the language of the 
processor. The scientific laboratory is computation- 
intensive and a few lines of a high-level language can 
do what might require hundreds of lines of assembly- 
level coding. Therefore, most laboratory require- 
ments can be met more rapidly by using high-level 
languages. Development, debugging and mainte- 
nance of high-level language programs are also much 
easier, since the statements are more “English” and 
“algebraic” in appearance and meaning. Scientists 
and technicians have often received training in a 
high-level language, traditionally FORTRAN. The 
input/output features of high-level languages allow 
programmers to develop visually appealing, “user 
friendly” programs with greater ease than is possible 
with assembly-level programming. Finally, high-level 
language programs are machine-independent, 
thereby providing a high degree of portability. 

A major application of laboratory computers is 
data-acquisition, so the capabilities of high-level lan- 
guages for this are of considerable interest. 

In the recording of wave-forms, it is often essential 
that the acquisition interval be extremely precise, 
particularly with such techniques as the Fourier 
transform. Programmers often rely on the software to 
provide the time interval for the acquisition, and, if 
assembler programming is used, it is possible to 
ensure that all possible paths through the software or 
hardware result in the same time interval. The price 
paid for the convenience of high-level language pro- 
gramming is a certain loss of control over the internal 
operations of the program. These internal operations 
are designed for rapid execution, which may entail 
by-passing sections of code in one case and not in 

*Author for correspondence. 

another. The structure of the languages is a propri- 
etary secret, so the packages must be evaluated 
experimentally to determine their limitations for real- 
time use. 

The two main ways of translating high-level lan- 
guages into machine code involve the use of inter- 
preters and compilers. For interpreter languages, of 
which BASIC is the most common example, high- 
level statements are converted into some executable 
form one line at a time and then immediately exe- 
cuted before the next statement in the program is 
dealt with. The end result is usually slower execution; 
however, program development is enhanced by the 
ability to execute programs immediately. Interpreters 
are often quite compact and can easily be run from 
read only memory (ROM). Compiler languages such 
as FORTRAN and PASCAL are completely con- 
verted into machine code before execution. They are 
therefore faster, but require disk-based systems, since 
large amounts of storage are required for the source 
code, the object code, the compiler, the linker and the 
associated libraries. While compiler programs execute 
rapidly, their development is more tedious and time 
consuming. 

Previous work by Salin et al.’ has indicated that 
acquisition rates can vary significantly between CPUs 
and languages. In this study, four high-level lan- 
guages, Interpreter BASIC, Compiler BASIC, PAS- 
CAL and FORTRAN, have been run on a ~-MHZ 
Z-80 CPU S-100 bus-based system and compared 
with a program written in optimized assembler code. 
In addition, several other manufacturers’ versions of 
Interpreter BASIC have been compared by running 
on a variety of popular microprocessor-based com- 
puters (APPLE II, IBM PC, AIM-65). Table 1 lists 
the versions of the languages which were compared, 
along with their manufacturers. 

BASIC (Beginners All Purpose Symbolic In- 
struction Code) is traditionally an interpreter lan- 
guage, popular for microprocessor systems because 
the interpreter can be conveniently put into ROM 
and used without expensive mass-storage devices. 
BASIC is also relatively easy to learn. This has led to 
much development and to the appearance of compiler 
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Table I. High-level language versions 

CPU/Language Manufacturer Size, kbytes 
_ 

Z-80 (4 MHz) 
-Interpreter BASIC-80 Microsoft, 24 

(MBASIC) 10800 N.E. Eighth, 
Suite 819, 
Bellevue. WA 98004 

-Compiler BASIC-SO Microsoft * 

-FORTRAN-80 Microsoft * 

-PASCAL MT+ Digital Research, * 

P.O. Box 579, 
Pacific Grove, 
CA 93950 

6502 (1 MHz) 
-AIM-65 BASIC Microsoft 8 
-APPLESOFT Apple Computer Inc., 10 

10260 Bandley Drive, 
Cupertino, CA 95014 

8088 (6 MHz) 
--IBM Personal Computer IBM Corp., 16 

Advanced BASIC Personal Computer, 
P.O. Box 1328, 
Boca Raton, FL 33432 

*Variable, dependmg on program library subroutine reqmrements. 

versions of BASIC for microcomputers. Programs 
can be developed quickly with the interpreter and can 
then be compiled to give a faster-running program. 

PASCAL is a highly structured ianguage favoured 
by professional programmers. It is a compiler lan- 
guage, the power of which lies in its ability to 
manipulate varied and complex data types and struc- 
tures. For evaluation, the PASCAL MT+ version was 
selected since it has a number of features which make 
it particularly useful for real-time data-acquisition. 
The foremost of these is its ability to utilize “in-line” 
assembly-level instructions. 

FORTRAN (FORmula TRANslator) is an older, 
widely taught, compiler language, the strength of 
which lies in its ability to perform extensive calcu- 
lations. A number of versions of FORTRAN exist for 
microcomputers though these are not so successful as 
the PASCAL versions. 

EXPERIMENTAL 

For this evaluation, the problem of the acquisition and 
storage of 9-16 bit (2 byte) data from an analogue-to-digital 
converter has been selected as an appropriate benchmark. 
Data points of 9-16 bits were selected since they represent 
resolutions ranging from 0.2 to O.OOl%, which would prove 
adequate for most instrumental acquisitions. The following 
assumptions were made in order to ensure that the evalu- 
ation was free from hardware constraints. The analogue-to- 
digital converter was assumed to have a conversion time 
short enough for the conversion to be complete before the 
software was ready to read the next data value, thereby 
ehminating the need to check for the “End of Conversion” 
signal. Further, it was assumed that the converter would be 
triggered by a “Start Conversion” signal provided by the 
computer and that this signal would be automatically 
generated by a parallel input/output port. These assump- 
tions are valid for most modern equipment. To provide 
accurate information about the acquisition processes, the 
“Start of Conversion” stgnal was monitored with an oscil- 
loscope. This allowed the observation of any irregularities 
in the acquisition interval. 

For all the evaluations, the routine shown in Fig. I was 
followed. Figure 2 shows the BASIC version of this routine, 
on which all the other routines were modelled. In all cases, 
standard, straightforward programming appropriate to the 
languages in general and not Just to the specific versions 
studied was used, and optimization through the use of 
programming “tricks” was avoided. Such optimizatton can 
always be applied to any of the programming languages, but 
will sertously detract from the ease of programming and 
maintenance, and the portability that are so desirable m 
high-level languages. 

RESULTS AND DISCUSSION 

The experimental results are summarized in Table 
2, which characterizes three different aspects of data- 
acquisition routines written in high-level languages: 
rate, timing, and size. These aspects will be treated 
separately. 

I 
ACQUIRE DATA 

(Automatic Wagger of 
next conversion) 

I 
STORE DATA 

I 

ADJUST POINTERS AND 
COUNTERS 

I 

Fig. 1 Data acqmsition flow diagram. 
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BASIC Acquisition Routine 
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REM ALL VARIABLES INTEGER 

DEFINT A-Z 

REM INPUT START AND END MEMORY LOCATIONS 

INPUT ST.EN 

FOR I = ST TO EN STEP 2 

REM READ AND STORE LOW BYTE THEN HIGH BYTE 

POKE I.INP(24) 

POKE I+l,INP(36) 

NEXT I 

STOP 

Note: All REM (Remark) statenents are removed for experiments. 

Fig. 2. BASIC acquisition routine. 

Acquisition rate 

Table 2 confirms that the order of acquisition rate 
is assembler > compiler > interpreter, as expected. 

The surprising revelation is that compiler BASIC, 
using integer indexes, can yield rates which are as 
high as 30% of the highest obtained (with the opti- 
mized assembler version). Therefore, with compiler 
BASIC, all but very high rate (> 15 kHz) acquisition 
problems can be accommodated. Examination of the 
machine code generated by the compiler indicates 
that it does indeed optimize as claimed by the manu- 
facturer. The FORTRAN and PASCAL programs 
are slower than the BASIC compiler program using 
integers, though by only an order of magnitude. This 
is because the FORTRAN program implements the 
POKE (direct memory modification) command as a 
subroutine and PASCAL has no direct equivalent 
of the POKE command. For both these languages, 
the acquisition rate can be increased by using 
version-specific programming elements; for example, 
PASCAL can acquire data at 10 kHz if pointers are 
used. Furthermore, PASCAL MT+ allows in-line 

assembly-code insertion and can thereby acquire data 
at the same rate as the assembler routine. 

The interpreter versions of the programs are com- 
paratively quite slow, but would still be sufficiently 
fast for many applications such as gas chro- 
matography, liquid chromatography, electrothermal 
atomic-absorption, differential scanning calorimetry, 
polarography and anodic-stripping voltammetry. 
Transients as short as 0.1-0.02 set could be accu- 
rately recorded, given the 50-200 Hz acquisition 
rates. This represents a considerable improvement 
over the strip-chart recorders which are often used to 
record transient signals. 

Common to the interpreter and compiler languages 
is the substantial increase in acquisition speed pro- 
vided by the use of integer indexes rather than real 
indexes in the loops, as dramatically demonstrated by 
the real and integer versions of the compiler BASIC 
program. Since calculations using real numbers re- 
quire floating point algorithms and multi-word stor- 
age, their execution is much slower than integer 
calculations. With the Z-80 in particular, integer 

Table 2. Maximum acquisition frequencies and program sizes for various 
high-level programming languages 

Acquisition Acquisition 
frequency, Size, interval 

Language HZ bytes description 

Z-80 assembler 51.0 x 103 20 
PASCAL MT+ 3.50 x 103 4862 
FORTRAN-80 4.73 x 103 6595 
MBASIC integer 220 177 
MBASIC real 152 175 
COMPILER BASIC integer 15.4 x 10’ 6144 
COMPILER BASIC real 368 6656 
6502 assembler 27.8 x lo3 63 
AIM-65 BASIC normal 56.7 204 
AIM-65 BASIC optimized 122 199 
APPLESOFT 53.4 248 
IBM BASIC integer 178 165 
IBM BASIC real 130 163 

Regular 
Regular 
Regular 
Regular 
Regular 
Regular 
Irregular 
Regular 
Irregular 
Irregular 
Irregular 

* 

*Not recorded. 
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arithmetic is quite rapid, since it is implemented by 
using the 16-bit register pairs. When the interpreter is 
used, much of the execution time is spent in the 
interpretation process and the arithmetic processes 
represent a substantially smaller fraction of the total 
execution time. Therefore, the difference in execution 
speeds between the real and integer versions of the 
interpreter programs (45%) is less dramatic than for 
the compiler programs (4000%). 

The 6502 assembler data-acquisition routine is 
about half as fast as the Z-80 routine. This is mainly 
because the Z-80 has 16-bit register pairs which can 
be used for counting and memory indexing, whereas 
the 6502 has only g-bit index registers and hence 
requires page-turning procedures. The 6502-based 
BASICS (AIM BASIC and APPLESOFT) had about 
half the speed of interpreter BASIC-80 and the two 
did not differ substantially. AIM BASIC performs all 
calculations with real numbers, so the possibility of 
increasing speed by use of integers is not available. 
The APPLE offers two paths for the use of integers, 
APPLESOFT and APPLE INTEGER BASIC, but 
neither accepted a simple FOR loop with integer 

variables. 
AIM BASIC demonstrated the increase of acquisi- 

tion speed available by applying certain speed hints 
suggested by the manufacturers. The speed could be 
doubled by (1) using variables instead of constants, 
(2) declaring frequently used variables early in the 
program, (3) using names of only 1 or 2 characters for 
variables, (4) reusing variables and using multi- 
statement lines. These speed hints apply generally to 
all interpreter languages, but must be used carefully. 
For example, interpreting short constants (l-3 digits) 
may be faster than locating the variable in the 
variable list if it is lower down on the list than 3rd or 

4th. 

Program timing 

As mentioned above, maintaining a constant time 
interval between acquisitions is always possible when 
programming in assembler. For the Z-80 assembler 
acquisition routine, uniform acquisition intervals 
were easy to obtain since the use of the 16-bit register 
pairs for counting and memory indexing resulted in 
single-path execution. For the 6502 assembler rou- 
tine, the page-turning needed every 128 points neces- 
sitated careful adjustment of the different program 
branch lengths if a constant time interval was to be 
maintained. Nonetheless, it was possible to obtain 
uniform acquisition intervals. 

The three compiler languages maintained constant 

time intervals when integer indexes were used for 
loops. This was determined in all cases by using an 
oscilloscope and a digital frequency/period meter. 
For compiler BASIC, it was possible to verify the 
precision by analyzing the assembler code generated 
by the compiler. For PASCAL and FORTRAN this 
verification was not possible because the code con- 
tained calls to library subroutines. The interpreter 

BASIC (MBASIC) routine maintained a constant 
time interval with integer indexes because integer 
arithmetic can be implemented as single-precision 
arithmetic through the use of the 2-80’s 16-bit 
register pairs. 

For all the BASICS, interpreter and compiler, use 
of real numbers rather than integer numbers resulted 
in irregular acquisition intervals. The irregularity 
manifested itself as a sudden shift in the acquisition 
interval. The shift occurred at varying stages in the 
acquisition routine, depending on the number of 
points acquired. Shifts as large as 3% were observed 
for compiler BASIC, in which arithmetic occupies a 
larger portion of the total execution time. Irregu- 
larities in the acquisition interval are expected since 
the floating-point arithmetic routines were designed 
by the manufacturers to execute as fast as possible. 
This often involves by-passing certain portions of the 
multiple-precision arithmetic not necessary for a 
given calculation. As a result, the acquisition interval 
may “jitter”, though it may not be possible to observe 
this with the oscilloscope. 

The irregularity in the acquisition interval is of 
great concern for any work based on precise fre- 
qucncy and requiring accurate recording of wave- 
forms. In addition, any use of the cumulative time 
interval of the acquisition routine may suffer from the 
effects of the irregular time interval. This may not be 
a serious problem in laboratories which always make 
measurements relative to standards; at least self- 
consistent results could be expected, but absolute 
measurements made with software in which the ac- 
quisition interval is irregular may be subject to rather 
serious errors. All BASICS using real indexes for 
looping, and all the ROM-based 6502 BASICS 
(APPLE. COMMODORE, AIM-65), are subject to 
irregular acquisition intervals and the problems asso- 
ciated with them. 

To ensure regular timing intervals while working 
with high-level languages which cannot benefit from 
the regular time intervals provided by integer arith- 
metic, hardware timing procedures should be used, so 
timing hardware is needed. Many computer systems 
have available a clock or timer-integrated circuit 
which is accessible to the high-level program. The 
software must wait for the end of the timing interval 
before proceeding with the actual acquisition. In this 
case, the maximum acquisition rate would be some- 
what less than that obtained in the evaluation. 

Program size 

The size of the acquisition software is of great 
importance since it limits the available memory and 
consequently the number of data points which can be 
acquired at high data-rates. The assembler routines 
studied are quite compact, but they would be sub- 
stantially larger if they were to include the additional 
software required for interaction with the user and to 
perform any real-time calculations. Furthermore, 
such programs would require major programming 
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effort. The interpreter BASIC programs themselves 
are quite compact, requiring about 150-200 bytes, 
but size of the interpreters must also be taken into 
account in calculation of the actual amount of 
memory used by interpreter programs. For ROM- 
based BASICS (APPLE and AIM-65), no additional 
RAM space is consumed by the interpreter itself, so 
the programs are indeed space-efficient. However, 
disk-based BASIC interpreters occupy a substantial 
amount of RAM memory, and also, many of these 
require that the operating system remain resident for 
proper operation, thereby further reducing the 
memory available for data storage. In a 64-kbyte 
system as much as 32 kbytes may be taken up by the 
BASIC and the operating system, leaving only the 
other 32 kbytes for the program and data storage. 
The apparently excessively large size of the compiler 
programs, for the brief sections of code written, 
results from the need for linkage of a core of library 
routines for initial operation, mathematical oper- 
ations and user interaction. Large portions of the 
software are not executed, but the library structure 
requires that they still be linked. As a result, larger 
source programs would probably not lead to propor- 
tionately larger object code. Generally, compiler pro- 
grams are less memory-consuming than their inter- 
preter counterparts, because of the size of the 
interpreter itself. 

In cases where real-time calculations are not re- 
quired, memory constraints can be alleviated by 
having two separate routines, one for data acquisi- 
tion and the other for calculations. Once the acquisi- 
tion is complete, the calculation routine can replace 

the acquisition routine and continue processing. All 
of the disk-based high-level languages allow the 
chaining or overlaying of routines. Storage of data on 
secondary storage devices with post-acquisition pro- 
cessing is an alternative for low-speed acquisition 
problems. 

CONCLUSIONS 

It is important that the laboratory computer-user 
be acutely aware of the limitations of and errors 
introduced by the data-acquisition system. The data 
given here clearly indicate that irregularities in acqui- 
sition rate can occur when certain types of computer 
language are used. The error will generally not be 
important at low frequencies, but will increase in 
significance as the maximum acquisition-frequency 
is approached. It should also be noted that slight 
changes in the use of certain languages can produce 
regular acquisition intervals. It is especially im- 
portant to note that very high data-acquisition rates 
are possible with some high-level languages, so the 
laboratory scientist can probably avoid having to 
program in assembler to gain a significant speed 
advantage, We find it very interesting that the newer 
16-bit ~-MHZ 8088 did not perform significantly 
differently from the ~-MHZ Z-80 for comparable 
programs. 
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Summary-An electron-impact gas chromatography/mass spectrometry method using selected ion 
monitoring for the determination of incidental polychlorinated biphenyls m complex chlorinated- 
hydrocarbon samples is described. Ions in the molecular-ion cluster for each degree of chlorination (from 
monochloro- to decachlorobiphenyl) are monitored. Individual PCB isomers are used as standards. 
Validation data collected for several complex chlorinated-hydrocarbon matrices in three different 
laboratories had a relative precision (20) of 20% with a limit of detectlon (3 x standard deviation of 
base-line noise) of 5 ppm for a single isomer at any degree of chlorination. The method has been used 
for the determination of incidental PCBs in more than 1000 samples from more than 30 different 
chlorinated-hydrocarbon sample matrices. 

The manufacture. processing, distribution and use of 
any substance containing polychlorinated biphenyls 
(PCBs) at a concentration of 50 ppm or greater were 
prohibited by Environmental Protection Agency 
(EPA) ruling 40 CRF 761.’ As a result of a court 
ruling, the EPA has recently published new concen- 
tration limits for the ban.* The new limits are 
10pgg/m3 in air, lOOpg/l. in water, and 2pg/g in 
products or wastes. PCBs are defined in the ruling as 
“any chemical substance or combination of sub- 
stances that is limited to the biphenyl molecule that 
has been chlorinated to varying degrees.” Under this 
definition, there are 209 isomeric PCBs (including the 
three monochlorobiphenyls). 

Most of the PCBs that have been manufactured 
and distributed were specific groups of isomers, e.g., 
the heat-transfer fluids, and these classical fluids have 
long been considered synonymous with the name 
PCBs. The ruling, however, controls all 209 isomers 
regardless of their source or the distribution of the 
isomers. As a result, numerous chlorinated- 
hydrocarbon process and plant wastes which contain 
non-classical PCBs have come under the ruling. 
These streams do not contain the classical PCB fluids 
produced as a result of the direct chlorination of 
biphenyl. Instead, a host of processes, reactants and 
conditions lead to the formation of various PCBs as 
undesired by-products. For example, Hutzinger et 

uL3 list more than 40 different chemical reactions 
which produce PCBs. To differentiate them from the 
classical PCB fluids, these by-product PCBs are re- 
ferred to as incidental PCBs. 

*Author for correspondence. 

The determination of incidental PCBs (some of 
which contain more than 70% Cl) in complex 
chlorinated-hydrocarbon streams presents an entirely 
different set of analytical problems from those en- 
countered with classical PCBs. The classical PCB 
fluids have been well characterized4.5 and can be 
completely analysed by determining only those 60 or 
so PCB isomers the fluids contain. The PCB content 
and isomer distribution of most chlorinated- 
hydrocarbon process and waste streams have not 
been characterized, however. Further, the isomer 
distribution is subject to change with variation in 
process. Therefore, analysis of these streams requires 
a method which can determine each of the 209 
isomeric PCBs.* 

The methods for determining classical PCBS,~,~’ 
e.g., electron-capture gas chromatography (ECD), 
require the analyst to recognize on the chromatogram 
the isomer pattern of a particular classical PCB fluid 
or mixture of fluids and then to compare one or more 
peaks with a standard taken through the procedure. 
Pattern recognition is necessary because the usual 
chromatographic technique of peak for peak com- 
parison cannot be used, since not all isomers are 
available as standards. Pattern-recognition tech- 
niques are satisfactory for determining the PCB 
content of classical PCB fluids because these fluids 
were prcduced by the controlled chlorination of 
biphenyl to give a consistent distribution or pattern 
of isomers, and standards of these fluids are readily 
available. Pattern-recognition techniques cannot be 
used for the determination of incidental PCBs which 
may form in chlorinated-hydrocarbon process and 
waste streams, because the isomer distribution in 
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such systems is unknown and is subject to change 
with variations in process. Unfortunately, standard- 
ization of the ECD methods for the determination of 
incidental PCBs in complex chlorinated-hydrocarbon 
matrices is not possible with the approximately 80 
commercially available PCB isomers. It is not possi- 
ble to use just a few isomers as ECD standards for 
all 209 isomers, since there is such a wide variation 
in response factor both between isomers with 
different degrees of chlorination and between isomers 
with the same degree of chlorination.3,8 The lack of 
availability of all 209 isomers would also require the 
analyst to treat all peaks within the entire PCB 
retention-time range as belonging to authentic PCBs. 
Even with a good sample clean-up, ECD deter- 
minations would give erroneously high results for 
complex chlorinated-hydrocarbon process and waste 
streams. 

Perchlorination has also been suggested as a tech- 
nique for determination of PCBS,~ but is completely 
non-specific with respect to degree of chlorination. In 
chlorinated-hydrocarbon process and waste stream 
samples. for which the isomer distribution is un- 
known, use of the perchlorination technique would 
require the yield of decachlorobiphenyl from each 
isomer to be the same. However, the yield has been 
found to depend on both degree of chlorination and 
structure.3.9 Also, biphenyl and some non-PCB spe- 
cies are converted into decachlorobiphenyl by the 
perchlorination procedure and would interfere.’ It is 
necessary, therefore, to find a method which can be 
used to determine all 209 isomeric PCBs. In order to 
prove that a stream contained less than 50 ppm, the 
original EPA-ban limit, a method would be necessary 
which could determine each of the 209 PCB isomers 
individually with a sensitivity such that the limit of 
detection for the sum of all 209 isomers would be 50 
ppm. There is currently no method which has been 
validated for all complex chlorinated-hydrocarbon 
samples at the originally mandatory 50-ppm total 
PCBs limit or at the new limit of 2 ppm for the PCBs 
forming any particular peak. 

Gas chromatography/mass spectrometry (GC/MS) 
has been used successfully to determine poly- 
chlorinated biphenyls in non-classical samples.” 
GC/MS is the only method found which can 
specifically determine incidental PCBs in complex 

Table I. Masses of loos monitored for deter- 
mining incidental PCBs 

Degree of 
chlorination Ion masses 

Cl, 188 (M), 190 (M + 2) 
Cl, 222 (M), 224 (M + 2) 
Cl, 256 (M), 258 (M + 2) 
Cl, 290 (M), 292 (M + 2) 
Cl, 324 (M). 326 (M + 2) 
Cl, 358 (M). 360 (M + 2) 
Cl, 392 (M), 394 (M + 2) 
Cl, 428 (M + 2). 430 (M + 4) 
Cl, 462 (M + 2), 464 (M + 4) 
Cl,, 498 (M + 4), 500 (M + 6) 

chlorinated-hydrocarbon process and waste streams. 
The electron-impact (EI) GC/MS method described 
here uses selected ion monitoring (SIM) to monitor 
several ions for each degree of chlorination. Mixtures 
of individual PCB isomers of each degree of chlo- 
rination are used to standardize the method. The 
validated method described below was supplied to the 
EPA and its contractor by Dow as the suggested 
screening method for the analysis of incidental PCBs 
in complex chlorinated-hydrocarbon matrices.” 

EXPERIMENTAL 

This method was used on several hundred samples m 
three Dow facilities to determine inctdental PCBs in several 
different chlorinated-hydrocarbon process and waste 
streams. In addition to the Finnigan 1020-OWA GUMS 
described here, a Hewlett-Packard 5985A and a Finn’igan 
4000 were used to perform analyses in the other laborato- 
ries. The analyses were essentially identical. with minor 
variations due to individual limitations and capabllities of 
the GC/MS systems. 

Apparatus 

A Finnigan 1020-OWA quadrupole GC/MS was used m 
the SIM-EI mode for analvses. The signals for the selected 
ions (see Table 1) were Integrated at 66 msec/amu (1.5 set 
repetition rate). A 6-ft long 2-mm bore glass column packed 
with 396 OV-210 on Chromosorb WHP (100-120 mesh) 
and designed for on-column injection was used. The column 
was temperature programmed for heating from 90- to 230 
at 8’/min. The injector temperature was 230’ and the 
separator temperature 240”. Helium was used as the carrier 
gas, at a flow-rate of 25 ml/min. 

Reagents 
Standards of mdivldual PCB isomers were obtained from 

Analabs (North Haven, Connecticut) and Ultra Scientific 
(Hope, Rhode Island). Dilute solutions of standards and 
samples were prepared in o-xylene (“Distilled-in-Glass” 
grade, Burdick & Jackson Labs., Muskegon, Michigan) and 
refrigerated. 

Procedure 

The samples were weighed (0.50-2.00 g) and diluted to 
10 ml with o-xylene. Ahquots (4 ~1) were Injected. and the 
volatilized solvent was diverted for 2 min, after which the 
components eluted were admitted mto the mass spec- 
trometer. Incidental PCBs were detected by monitoring 
selected ions specific for each degree of chlormation, as 
components were eluted from the chromatographic column. 
Integrated peak-height measurements were recorded. A 
calibration for each set of analyses was made dally, with at 
least three concentrations of mixtures of pure PCB Isomers 
for each degree of chlorination. 

RESULTS AND DISCUSSION 

The data presented here were obtained with a 
Finnigan 1020-OWA GC/MS system. The other 
GC/MS systems used gave similar results. 

The PCBs were first identified by determining 
whether or not coincident peaks at all of the masses 
monitored for a particular degree of chlorination had 
the correct ion-intensity ratios, within experimental 
error. Figure 1 shows a set of ion chromatograms 
obtained from a mixture of PCB isomer standards. 
When authentic PCBs were found in a sample, the 
peak height for the ion giving the highest signal was 
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used for quantification in order to maximize the least interference was calculated (Fig. 2). In Fig. 2, 
sensitivity. For chlorinated-hydrocarbon samples for the peak heights for peaks A, A’, C and C’ were used 
which the peak-height ratios were incorrect or when to authenticate and measure incidental PCBs. Since 
one or more of the masses monitored did not corre- peak B was too high for the expected isotope ratio, 
spond to a peak, the maximum amount of PCBs the peak height of B’ was used to calculate the 
which could be hidden under the peak showing the maximum amount of PCB that could be hidden 

A+B 

Twenty Ion 
Comwslte 

A 
Degreeof 

Chlormatnn M/e ~- 

188 

C', 

324 61% -Id' 
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-----"+; : ' : ' pqz 392 

C', 
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I I I I I 
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498 100% - 
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Fig. 1. Composite and individual selected-ion chromatograms of several PCB isomers. 
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6 5 % - 

M+2+ 

224 

7 00 7 30 800 8 30 9 00 9 30 

Minutes 

Fig. 2. Selected-ion chromatograms of a chlorinated-hydrocarbon sample. Peaks A,A’ and C,C’ in each 
chromatogram are of authentic PCBs and peaks B,B’ are due to interference(s). 

under the peak for the mass with the least inter- 
ference. Peak heights were used, rather than the 
integrated areas calculated by the data system. 

Automatic area integrations such as those made by 
the Finnigan 1020-OWA or the HP 5992 were found 
to be less than satisfactory for these complex samples, 
as illustrated in Fig. 3. Although only peaks B and C 
contained authentic PCBs as indicated from isotope- 
ratio measurement, the data system automatically 
integrated the area for peaks A + B + C at one mass 
and peaks B’ + C’ + D’ at the other mass. The peak 
heights reported by the data system for the peaks C 
and C’ must, therefore, be used for quantification. 
When using such systems, which prevent the analyst 
from manually defining the area to be integrated for 

complex samples, it is necessary to sum the peak- 
height measurements manually to quantify the inci- 
dental PCBs. In this manner, the ratio of the peak 
heights for B and B’ to those reported by the data 
system for C and C’ would be evaluated manually. 
The sums for B + C and B’ + C’ would then be used 
to calculate the total amount of PCBs. Considerable 
effort is needed and care must be taken when using 
this technique for chlorinated-hydrocarbon process 
and waste streams. The manual area-calculations 
possible with the more sophisticated GC/MS data 
systems are preferable. 

Since not all of the PCB standards were available, 
exact retention-time windows could not be set for 
each degree of chlorination. Broad windows were set, 
equal in width to the retention window for the first 
and last isomer eluted for each degree of chlorination, 
plus or minus 10% of the total analysis time. When 
the number of standard isomers available was ex- 

tremely limited, the window set in this way was too 
small, so the window was set wide enough to include 
the signals for the adjacent degrees of chlorination. In 
no case have PCBs been detected outside these reten- 
tion windows. 

The lack of all 209 isomers also prevented the 
determination of a response factor for each. It was 
thus necessary to use a mixture of a few isomers to 
determine an average response factor to be used for 

loor 

256 

97% r tvI+2+ ii 

258 

Fig. 3. 

Minutes 

Selected-ion chromatograms illustrating the limi- 
tations of automated area calculations. 
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188 

256 

258 

Mt2+ 

Mtnutes 

Fig. 4. Molecular and (M - 70)+ selected-ion chromatograms for a sample containing trichlorobiphenyls. 

a particular degree of chlorination. A limited in- 
vestigation of the variation in response factors among 
some of the commercially available PCB isomers was 
made for the principal ions from isomers of several 
degrees of chlorination. The values reported in Table 
2 for the M + (molecular), (M - 70)+ (loss of 2 Cl) 
and (M - 35)+ (loss of Cl) ions of several tetra- 
chlorobiphenyl isomers are representative of the 
isomers studied. The response factors for the tetra- 
chlorobiphenyl isomers studied varied by at most a 
factor of 2 for both the M+ and the (M - 70)+ ions. 
Recent work by Martelli et al. confirms this range for 
45 PCB isomers.” They found that the response 
factors for groups of chlorobiphenyls, from mono- to 
octa-, varied by a factor of about two or less for a 
given degree of chlorination. The (M - 35)+ ion 
signals were very weak and their relative responses 
ranged from 1 to 78. The molecular ions and the 
(M - 70)+ ions gave the most intense response and 

Table 2. Relative GC/MS response factors for several tetra- Table 3. Relative PCB GC/MS response factors for various degrees 
chlorobiohenvls of chlorination 

Isomer M+ (M - 35)+ (M - 70)+ 

2, 2, 4, 4 1.4 29 1.6 
2, 2’, 3, 3’ 1.0 78 1.7 
2,3,5,6 2.0 10 I8 
2,2’,4,5’ 1.3 36 1.6 
2,X4,5 1.6 3.5 1.3 
2,2’,3,5’ 1 .o* 48 1.4 
2,2’,6,6 1.6 20 1.6 
2,3’,4’,5 1.5 1.5 1.2 
3,3’,4,4 15 1.02 1.0s 
Average 1.4 25 1.4 
Relative standard 

deviatron, y0 22 102 18 

*Value used as reference. 

had only relatively small response differences, so were 
chosen for monitoring the incidental PCBs (Fig. 4). 
The particular ions listed in Table 1 were chosen to 
minimize interferences for the samples being deter- 
mined and to obtain the maximum sensitivity. Other 
or additional ions, or even full scans when the 
incidental PCB levels are sufficiently high, could be 
used for other types of samples. Quantification, how- 
ever, should be done with ions in the molecular ion 
cluster whenever possible. As can be seen from Table 
2, the use of an individual isomer for calibration 
purposes could lead to significant error. For this 
reason the method was standardized with mixtures of 
individual isomers and an average response factor for 
each degree of chlorination was used for deter- 
mination of the incidental PCBs in samples. 

Table 3 illustrates the significant variation in the 
response factors for various degrees of chlorination, 
The response for each degree of chlorination was a 

Relative Relative 
Degree of M/e used for response precision 

chlonnation quantification factor (95% confidence), y0 

Cl, 188 9.42 
Cl, 222 6 79 
Cl, 256 5.17 
Cl, 292 4.25 
Cl, 326 2.92 
Cl, 360 3.12 
CL 394 2.38 
Cl, 430 
Cl, 464 

2.21 
1 .oo* 

44 
5.3 
4.9 
1.7 
74 
6.2 
6.4 
7.1 
58 

CL 498 

*Value used as reference. 

1 79 5.8 
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Table 4. Relative precwon of mcidental PCB measurements (Sample 1) 

Found. ng Relatwe 
Degree of ~~~ preuslon 

chlonnation 1 2 3 4 5 6 7 8 9 10 Mean (95:;). ?, 

CI, 1.1 1.2 1.3 1.1 1.2 1.6 I5 16 16 16 1.4 31 
Cl, 51 5.7 5.9 5.5 5.5 5.3 4.6 5.9 5.1 5.6 5.5 15 
Cl, 6.9 1.2 6.8 7.0 7.0 6.5 6.1 1.2 6.9 1.2 6.9 10 
Cl, 33 3.4 3.6 34 3.4 2.9 2.1 3.2 2.9 3.2 3.2 17 
Cl, 18 17 17 1.7 1.7 15 1.4 14 1.5 1.5 16 18 
CI, 1.2 1.2 12 11 12 0.9 09 10 10 10 11 23 

Cl, ND* ND ND ND ND ND ND ND ND ND ~ 

CIs ND ND ND ND ND ND ND ND ND ND - 

Cl, ND ND ND ND ND ND ND ND ND ND ~ 
Cl,, 1.1 1.0 10 1.0 1.0 1.1 1.1 1.0 1.1 1.0 1.0 10 

*ND = none detected; LOD I ng 

linear function of concentration. Generally, the mo- 
lar response decreases with increasing degree of chlo- 
rination, but this loss in sensitivity is offset by the 
smaller number of interferences at higher degrees of 
chlorination. Thus the actual limits of detection for 
real samples spiked with standards were very nearly 
the same for each degree of chlorination. The average 
relative precision at the 95% confidence level 
(RP = 20) for replicate standards was 6% (Table 3). 
The precision of the method was established by 
analysing two samples five times each on two 
different days. The data shown in Tables 4 and 5 
give an average RP of 18%. Thus compounds which 
gave peak-height ratios within 20% of the correct 
values for ions monitored for that degree of chlo- 
rination were taken to be authentic PCBs. 

The types of matrices analysed by the method in 
our laboratories contained mixtures of a wide range 
of aliphatic, aromatic and polymeric (tar) chlorinated 
hydrocarbons. The chlorine content of the samples 
varied from about 10% to more than 70%. Solutions 
of a “PCB-free” chlorinated-hydrocarbon sample 
were spiked with individual PCB isomers at concen- 
trations equivalent to l-10 ng of PCB in the volume 
injected, to determine recoveries. Recoveries in this 
sample matrix ranged from 95 to 1030,/, for the ten 
degrees of chlorination (Table 6). Recoveries for the 
method are actually a measure of the matrix effect, 
which usually decreases the response. Although the 
recovery for this sample averaged 100’4, values from 
other samples were as low as 65%. Consequently the 
recovery must be determined for each type of matrix. 

Table 5. Relative precision of Incidental PCB measurements (Sample 2) 

Found, II~ Relative 
Degree of ~~ preclslon 

chlorination I 2 3 4 5 6 7 8 9 10 Mean (95:/J, “’ 0 

Cl, 6.8 6.6 1.2 69 7.0 7.5 7.6 8.3 7.3 1.7 7 3 14 
Cl* 37.3 36 3 38.0 37.4 35.9 314 32.2 34. I 31 0 32.3 34.6 16 
Cl, 45.5 41.7 46.1 46.2 45.8 39 5 39.0 42.8 39 4 41.8 43.4 15 
Cl, 24.8 25.4 25 6 25.9 25.7 21.2 21.1 23.3 21 3 23 2 23.8 17 
CI, 12.8 12.4 12.6 13.4 13.0 10.8 10.8 117 10.7 11.1 11.9 18 
CI, 9.4 9.4 9.6 96 98 7.8 7.9 8.1 78 8.3 8.8 19 
Cl, 6.0 6.0 5 9 5 9 6.4 4.5 4.9 4 9 4.8 48 54 25 
CI, 46 5.3 5.2 5.5 5.4 43 4.3 4.6 46 4.6 4 8 19 
Cl, 5.3 5.1 5.8 59 5.8 43 4.4 4.8 47 4.9 5.2 24 
CI,, 5.7 59 5.8 60 6.0 4.9 5 1 5.7 5.1 5.5 5.6 14 

Table 6. Recoveries of Incidental PCB from a soiked chlonnated-hvdrocarbon matrix 

Run 1 Run 2 Run 3 
Mean 

Degree of Added, Found, Std. dew., Added, Found, Std. devn.. Added, Found, Std. devn., recovery, 
chlorination ng w* ng ng wt ng w w§ fig 0, 

CI, 2.0 1.9 0.05- 10.0 9.1 02 20 0 19 0 1 1 96 
CI, 3.0 3.0 0.08 15.0 14.8 0.4 30 0 28 1 13 98 
Cl, 4.0 41 0 09 20.0 19 7 07 40 0 38.1 16 99 
Cl, 30 2.8 021 15.0 15.3 0.9 30.0 27.9 0.8 96 
CI, 2.0 1.8 0.12 10.0 10.0 0.3 20.0 18.6 08 95 
Cl, 3.0 2.8 0.15 15.0 15.2 06 30 0 28 9 10 97 
CI, 1.0 10 0 15 5.0 52 02 10.0 98 0.3 103 
Cl, 20 20 0.08 10.0 10.3 0.2 20.0 20 0 02 100 
Cl, 1.0 1.0 0.06 50 51 0.3 100 10.1 0.2 99 
Cl,, 1.0 09 0 10 5.0 5.0 0.3 100 97 01 96 

*Mean value of 5 determinations 
tMean value of 3 determinations 
IMean value of 2 determmations. 



GC/MS determination of incidental PCBs 317 

The limit of detection (LOD = 3 x standard devi- 
ation of base-line noise) for this method was 1.0 ng 
of a single PCB isomer injected, when twenty ions 
were monitored simultaneously. This represents an 
LOD of 5 ppm for each chromatographic peak for a 
4.0~~1 injection of a 0.5-g sample dissolved in 10 ml 
of o-xylene. Owing to sample matrix effects, this is 
slightly higher than the specification limits for the 
instrument performance and slightly higher than 
LODs found for standard mixtures in pure o-xylene. 
Limiting effects were the presence of components 
having ion fragments with the same masses as those 
monitored for the PCBs, limited sample solubility, 
and components of sufficiently high concentration to 
cause ion-molecule reactions or space-charge effects 
in the ion source. 

Several classical PCB clean-up techniques3 were 
tested as a means of decreasing levels of interferents 
but none significantly improved the LOD. The LOD 
was not the same for all sample matrices, however. In 
some matrices, owing to lower interferent levels or 
higher solubility, the LOD was as low as 1 ppm for 
a single chromatographic peak. The 5-ppm LOD 
represents the LOD which could be achieved for all 
of the sample matrices analysed. In guidelines re- 
cently proposed for environmental monitoring, the 
lower limit of quantification (LOQ) was defined as 
10 x standard deviation of base-line noise (or 
3.3 x LOD).13 For the chlorinated-hydrocarbon ma- 
trices analysed, the LOQ was thus 3.3 ng (17 ppm) for 
a particular chromatographic peak. Values were 
found for PCB levels between the LOD and LOQ, 
however. As can be seen from the precisions reported 
in Tables 5 and 6, such values are much less precise 
than those that are greater than the LOQ. 

This LOQ of 17 ppm is significantly higher than the 
2-ppm limit for products and wastes mandatory in 
the revised EPA ruling. The EPA limit is predicated 
on the sensitivity of a capillary GC/electron-impact 
mass-spectrometer (CGC/EIMS) and on the use of 
an unspecified extraction and concentration of the 
incidental PCBs from a 50-g sample into 1 ml of 
solution, an aliquot of which is injected into the 
CGC/EIMS for analysis. Numerous extraction and 
concentration techniques were suggested in the EPA 
support documents,” and the setting of the 2-ppm 
limit in the light of matrix effects encountered in 
actual samples was discussed2 in the ruling: “How- 
ever, in the analysis of other (more complex) samples, 
interferences and matrix effects were significant, 
and resulted in a LOQ that was two orders of 
magnitude higher than the lower quantitation limit of 
the analytical instrument.” Despite these findings, the 
ruling then states: “EPA’s estimate of a reasonable 
allowance for interferences and matrix effects is one 
order of magnitude higher than the average lower 
quantitation limit of CGC/EIMS as estimated by 
EPA.” Thus the limit set was based on a 2-ppm LOQ 
even though a 20-ppm LOQ was the best that could 
be achieved for some complex samples. 

As stated earlier, extractions and concentrations of 
the type suggested by the EPA2s3 were attempted on 
several complex matrices previously analysed by the 
SIM GC/MS method. However, none of these tech- 
niques significantly improved the LOD of the method 
for very complex chlorinated-hydrocarbon waste 
samples. These samples contain up to 90% chlorine 
and the incidental PCBs are extremely difficult to 
separate from the wide variety of other highly chlo- 
rinated compounds present. Thus the SIM GC/MS 
method reported was developed without any extrac- 
tion and concentration step and the selected-ion 
monitoring technique was employed to obtain max- 
imum sensitivity. For complex chlorinated waste 
samples, no validated method has yet been reported 
which can provide the 2-ppm LOQ made mandatory 
by the EPA ruling. 

This method has also been successfully used to 
determine the level of classical PCB fluids in 
transformer-oil samples which gave very high ECD 
interference. Mixtures of individual PCB isomers 
were used as standards and no attempts were made 
to identify the fluids. Generally, however, an exten- 
sive clean-up such as one of those reviewed by 
Hutzinger, followed by ECD determination, is more 
satisfactory for such samples. 

CONCLUSION 

Classical electron-capture gas chromatography 
methods used for the determination of classical PCB 
fluids are not satisfactory for the determination of 
incidental PCBs in complex chlorinated-hydrocarbon 
matrices. EC methods rely upon pattern recognition 
since not all isomers are available as standards and 
there is such a wide variation in response factors 
among the PCBs. Even if all 209 standards were 
available, however, EC detection could not be used 
for the incidental PCBs in the matrices without a 
clean-up able to remove the wide variety of other 
chlorinated hydrocarbons from the sample. Further- 
more, any technique which cannot quantify inci- 
dental PCBs in the presence of other chlorinated 
hydrocarbons and which cannot use just a few iso- 
mers as standards for all 209 isomers is unacceptable 
for the determination of incidental PCBs in complex 
chlorinated-hydrocarbon matrices. Although less 
sensitive than EC detection, SIM GC/EIMS is the 
only technique developed to date which has the 
necessary selectivity to be used for accurately deter- 
mining chlorinated biphenyls in complex chlorinated- 
hydrocarbon process and waste streams. The method 
reported has been used for the determination of 
incidental PCBs in more than 1000 samples from 
more than 30 different chlorinated-hydrocarbon 
sample matrices. 

Acknowledgements-The authors wish to express their 
thanks to M. J. Phinney and K. L. Hodges for their 
suggestions during the preparation of this manuscript and 



818 RANDLE S. COLLARD and MORRIS M. IRWIN, JR. 

to The Dow Chemical Company USA for encouraging the 
publication of this work. 

7. 

8. 
9. 

REFERENCES 

1. 
2. 
3. 

4. 
5. 

6. 

Fe&rat Register, 44, 31514-31568, 31 May 1979. 
Ibid.. 41. 46980-46996. 21 October 1982. 10. 
0. J&&ger, S. Safe and V. Zitko, The Chemistry of 
PCB’s, Chapter 12. CRC Press, Boca Raton, Florida, 11. 
1974. 
D. Sissons and D. Welti, J. Chromatog., 1971, 60, 15. 
L. D. Sawyer, J. Assoc. Off. Anal. Chemists, 1978, 61, 
272. 12. 
R. G. Webb and A. C. McCall, J. Chromatog. Ski., 
1973, 11, 366. 13. 

L. D. Sawyer, J. AS.TOC. Ofl Anal. Chemists, 1978, 61, 
282. 
L. Fishbein, J. Chromatog., 1972, 68, 345. 
P. L. Levins, C. E. Rechsteiner and J. L. Stauffer, 
Report 1979, EPA/600/7-741047; Order No. PB-293360, 
90 pp., Avail. NTIS, from Govt. Rept. Announce Index 
(US), 1979, 79, No. 14, 81. 
G. W. Tindall and P. E. Wininger, J. Chromatog., 1980, 
I%, 109. 
USEPA, OPTS, EED, Methods of Analysis For 
Incidentally Generated PCBs, Literature Review and 
Preliminary Recommendations. Draft Interim Report, 
Review 2, I April 1982. 
G. P. Martelli, M. G. Castelli and R. Fauelli, Biomed. 
Mass Spec., 1981, 8, 347. 
W. Crummett et al., Anal. Chem., 1980, 52, 2242. 



Tahnta, Vol. 30, No. 11, pp. 819-823, 1983 
Printed in Great Britain. All rights reserved 

0039-9140/83$3.00 + 0.00 
Copyright 0 1983 Pergamon Press Ltd 

USE OF AN ELECTROSTATIC PRECONCENTRATION 
SYSTEM TO IDENTIFY INTERFERENCES IN 

ATOMIC-ABSORPTION SPECTROMETRY 
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Summary-Interference effects can be identified by deviations from ideality of the slopes of the 
concentration curves generated with an electrostatic trapping system. The technique is employed to detect 
spectral interferences in atomic-absorption measurements, due to the presence of sodium chloride, and 
caused by imperfect background correction. The electrostatic trap is found to be a particularly convenient 
means of obtaining the required concentration curves because the device gives a ready control of the 
concentration factor, reliable performance for a range of different solutions, and ease of use in dealing 
with the necessary number of samples. 

Electrostatic concentration methods have been used 
to collect airborne particles’” and to achieve precon- 
centration of aqueous solutions for chemical anal- 
ysis.46 The procedure employed in the latter applica- 
tion comprises initial conversion of the sample 
solution into an aerosol, followed by desolvation and 
collection of the dry particles in a fixed volume of 
water. This technique is effective for the concen- 
tration of samples with a low matrix content, but fails 
when large amounts of matrix salts are present, 
because of precipitation of matrix salts in the col- 
lecting solution. Under these circumstances the appa- 
ratus must be modified to permit the isolation of 
matrix salts which precipitate when the collector 
reaches saturation.6 

Although the performance of an electrostatic con- 
centrator is consistent over a wide range of condi- 
tions, matrix effects which influence it can still arise. 
This is particularly the case when there is precip- 
itation and isolation of matrix salts (because it is 
possible that some analyte will be retained within the 
precipitate). Furthermore, the risk of encountering 
matrix effects which influence the subsequent analysis 
is usually greater than that for the original solution, 
since the concentrated solution is saturated with the 
salts which precipitate during the concentration step. 
It has been found that, in addition to concentrating 
the sample, the electrostatic trap can be used to 
identify the occurrence of either type of matrix 
effects, i.e., those affecting the concentration process 
and those influencing the subsequent analysis. The 
procedure is to compare the concentration curve for 
the species of interest with an ideal curve. Differences 
between the two can then be used to determine the 
existence of matrix effects and, in favourable cases, to 
deduce their possible causes. 

*Author for correspondence. 

Matrix effects can be divided into classes which 
influence the concentration curve in different ways. 
One specific class is considered here, that of spectral 
interference in atomic-absorption spectrometry. 

If a solution is concentrated in an electrostatic trap 
and a small portion of the collecting solution is 
analysed at increasing time intervals, a concentration 
curve can be constructed by plotting the observed 
concentration in the collector against the concen- 
tration factor, defined as the trapping efficiency mul- 
tiplied by the volume of analyte solution and divided 
by the volume of the collector solution. The trapping 
efficiency is measured by the methods described 
previouslyti and is assumed to be constant in the 
absence of matrix effects. Comparison of such a 
concentration curve with a standard curve, prepared 
either by concentration of the pure analyte solution 
or directly by constructing a calibration graph by use 
of standards of the appropriate concentration, allows 
various types of matrix effects to be identified. Thus, 
for instance, any matrix effect which influences the 
method of analysis will cause the observed concen- 
tration curve to deviate from its ideal value over the 
concentration range which is affected, and also cause 
the observed curve to show a discontinuity at the 
point where matrix precipitation occurs (i.e., where 
the matrix concentration in the collector ceases to 
change with time). Some qualitative forms which are 
expected for various types of concentration curve are 
shown in Fig. 1; case C represents the type of 
interference discovered in the present work. 

To achieve the type of comparison illustrated in 
Fig. 1, the observed and ideal curves must be dis- 
played on the same scale. This is straightforward if 
the initial concentration of the test solution is known 
(since the concentration factor for a particular system 
can be measured). Deductions concerning the pres- 
ence or absence of matrix effects for that test solution 
then follow directly. That is the approach taken here. 

819 
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Fig. 1. Concentration curves illustrating possible matrix 
effects. The line P indicates the point of matrix precipitation. 
(---) Ideal curve determined with appropriate calibration 
standards. A-Ideal and standard curves coincide 
throughout their range, no matrix effects. B-(I) Con- 
tamination adds a fixed concentration to the collector; (II) 
adsorption loss at low collector concentrations. C-Prior to 
matrix precipitation, concentration curve deviates owing by 
an additive matrix effect. D-After precipitation of matrix, 
the curve deviates owing to a matrix effect which influences 

the preconcentration. 

However, if the procedure is applied to a solution of 
unknown concentration, the relation between the 
concentration axes for the ideal and test-solution 
curves is also unknown, and the two cannot be 
compared directly (since any measurement of concen- 
tration yields a value which has already been affected 
by any matrix effect present). Under these circum- 
stances it is necessary to modify the procedure. One 
possible modification is to construct two concen- 
tration curves, one for the unknown solution and the 
other for the unknown solution spiked with a known 
amount of analyte, both concentration steps being 
continued past the point of matrix precipitation. This 
variant of the method has not yet been examined in 
detail and will not be considered further at present. 

EXPERIMENTAL 

The apparatus was tested with cadmium, copper and lead, 
with sodium chloride as matrix salt. Solutions of each 
element were made up in demineralized distilled water as 
reference solutions, and in solutions containing 35, 3.5, 0.35 
and 0.035 g of sodium chloride per litre. All solutions were 
acidified to pH N 2 with Baker “Ultrex” hydrochloric acid. 
Concentration was done with an electrostatic trap, with a 
hquid collector and a cooled filter for matrix prectpitation, 
as previously described.6 Each point on each concentration 
curve was determined by means of a separate concentration 
step, in order to provide a sufficient volume of solution for 
replicate measurement by various methods. The concen- 
tration curves were extended beyond the point at which the 

collector solution became saturated with sodium chloride 
and precipitation of the matrix occurred. The concentrated 
collector solution was analysed by the method of standard 
additions, the techniques used being anodic-stripping volt- 
ammetry, flame atomic-absorption, and graphite-furnace 
atomic-absorption. The conditions used for the different 
methods of analysis are summarized below. 

Anodic-stripping coltammetry (ASV) 

The samples were analysed by differential pulse polar- 
ography with an EG & G (Princeton Applied Research) 
Model 174A polarographic analyser equipped with a glassy- 
carbon electrode. The mercury film was formed by plating 
from a 1 x 10e4M mercuric chloride solution for 6mm at 
-0.8 V. The deposition step for samples involved plating 
for 3 mm at - 1.0 V and the stripping involved scanning at 
2mV/sec over a range of 1 V. The initial concentration of 
cadmium and copper was 2pg/l.. and that of lead was 
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Fig. 2. Concentration curves determined by ASV. (a) Cd, 
(b) Cu, (c) Pb; 0, 0, 0, V, x , represent the ideal curve, 
and matrix dilution factors of 0, 1, 10, 100 and 1000. P 
marks matrix precipitation for the undiluted solutions. For 
lead the initial NaCl concentration was restricted to 

0.035 g/l., to ensure linearity of the calibration curve. 
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Fig. 3. Concentration curves for (a) Cd, (b) Cu, (c) Pb, determined by FAAS. 0, x , V show the ideal 
curve, and results with Zeeman and 2-line background-correction respectively, for an initial NaCl 

concentration of 35 g/l. 

governed by its level in the sodium chloride, which gave a 
concentration of N 2.5 fig/ml for a sodium chloride concen- 
tration of 35 g/l. 

Graphite-furnace atomic-absorption spectrometry (GFAAS) 

A Varian AA475 spectrometer equipped with a 
Perkin-Elmer HGA 2200 furnace assembly and a deuterium 
background-corrector was used. Because of the elevated salt 
concentrations in most samples, matrix modifiers were used 
with samples containing >0.35% sodium chloride. Cad- 
mium was determined by the method described by Guevre- 
mont et al.,’ with EDTA as matrix modifier. Ammonium 
nitrate was used as matrix modifier in the determination of 
copper, according to the method of Ediger et aL8 Initial 
concentrations were the same as those used with ASV. 

Flame atomic-absorption spectrometry (FAAS) 

The initial concentratron of cadmium was increased to 
2Opg/l. for all FAAS measurements. All results were ob- 
tained on a single-beam Varian AA5 spectrometer, with the 
standard g-cm air-acetylene burner. Background correction 
was effected by the two-line method, a second reading being 
taken at the appropriate correction line for each sample. 
The Sn 224.6, Ag 328.1 and Mg 285.2 nm lines respectively 
were used for background correctton of the Cd 228.8, Cu 
324.1 and Pb 283.3nm analytrcal lines. All measurements 
were repeated with a laboratory-built spectrometer with 
Zeeman background-correction at the source.’ 

RESULTS AND DISCUSSION 

The concentration curves obtained by the various 
methods of analysis are shown in Figs. 2-5. In each 
figure the ideal curve is that obtained with the 
standard solution of the corresponding element, and 
any deviations of the other curves are interpreted as 

presence of sodium chloride. The results obtained 
when ASV was used as the method of analysis 
(Fig. 2) show close agreement between the various 
curves. This demonstrates that neither the trapping 
procedure itself nor the subsequent analysis by ASV 
is greatly influenced by the presence of sodium chlo- 
ride. 

Greater deviations are seen in the case of FAAS 
measurements (Figs. 3 and 4). In view of the ASV 
results, and because the slopes of the various curves 

CONCENTRATION FACTOR 

Fig. 4. Concentration curves for Pb determined by FAAS 
without background correction. 0, x, l represent the 
ideal curve, and observed results for the 283.3 and 217.0 nm 

a measure of an interference associated with the Pb lines, respectively. NaCl concentration 35 g/l. 
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(a) 

CONCENTRATION FACTOR 

Fig. 5. Concentration curves determined by GFAAS. (a) Cd, (b) Cu; 0, 0, x , 0, V show the ideal 
curve. and the curves for initial NaCl concentrations of 35, 3.5, 0.35, 0.035 g/l., respectively. 

in Figs. 3 and 4 become parallel after precipitation of 
the sodium chloride matrix commences, it is assumed 
that the deviations are associated with interference in 
the analysis, primarily spectral interference. The rea- 
sons for this conclusion are given below. Thus when 
the more efficient Zeeman background-correction is 
employed, the interference is markedly reduced. 
When no background correction at all is employed 
(the curves for lead, in Fig. 4) the interference 
becomes appreciably greater for the shorter wave- 
length, suggesting that scatter by particles is con- 
tributing at least partly to the effect. 

The interference effects observed for GFAAS are 
shown by the deviations of the concentration curves 
in Fig. 5 to be greater than those for FAAS. How- 
ever, the fact that each curve essentially follows the 
ideal slope after precipitation of the matrix has 
occurred shows that the interference is again spectral, 
rather than caused by any uncompensated change in 
the atomization behaviour, caused by the presence of 
sodium chloride. This conclusion is unaffected by the 
fact that the deviations in Fig. 5 are in the opposite 
sense to those in Figs. 3 and 4, as discussed below. 

Influence of spectral interferences 

Let c be the initial solution concentration, f the 
concentration factor, and p the efficiency with which 

trapped material is released and converted into a 
form suitable for measurement. The absorbance of an 
atomic-line source, AA, is given by 

AA = (AKa~aca + AKbpdf 

where AK is the absorption coefficient and the sub- 
scripts a, b refer to absorption by atomic and back- 
ground absorbing species respectively. The corre- 
sponding expression for the background correction 
source is 

Aa = (BK,P,G + ,Kbpdf 

and the observed signal, s, is given by 

s = AA - Aa = (AKapaca + AKbpt,Cb)f (1) 

where AK = AK - B K. The determination of the con- 
centration in the collector by a standard-addition 
procedure is assumed to provide a satisfactory mea- 
sure of s. For the ideal solution 

c,=Q and s =AK,pic,f (2) 

where pp is the ideal value of p,. Thus if the slopes 
of the s us. f curves of equations (1) and (2) are equal 
beyond the point of matrix precipitation, then 
differentiating equations (1) and (2) shows that pa and 
pt are also equal. This does not automatically guar- 
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antee that matrix effects are absent, but only that, if This use of concentration curves to identify inter- 
present, they cancel. The absence of mutually cancel- ference effects can, in principle, be applied with any 
ling matrix effects contained in p (orf) in the present method of preconcentration. However, the electro- 
experiments is shown by the combination of the AAS static trap is especially convenient for the purpose 
results with the ASV data of Fig. 2. since the concentration proceeds uniformly and pre- 

Given that pa and pt are equal at the point of dictably with time, and provides a break at the point 
matrix precipitation, the difference between the ob- of matrix precipitation, which aids distinction be- 
served and ideal curves in Figs. 3-5 must arise tween different types of matrix effect. The automatic 
primarily from the A&J+,c,, term in equation (l), i.e., nature of the trap proves to be an additional advan- 
it is a spectral interference caused by incomplete tage here, since the necessarily large number of 
background correction (A& # 0). The direction of samples used can be concentrated with a minimum of 
the deviation between the observed and ideal curves effort. 
is given by the sign of AKb. Thus when A Kb > B Kb, 

AK,, is positive (undercorrection), and the observed Acknowledgements-The authors are indebted to the 
curve is higher than the ideal curve (Figs. 3, 4) and Natural Sciences and Engineering Research Council of 

vice versa when AKb < BKb (Fig. 5). Canada for support of this work. P.A.M. thanks the Walter 
C. Sumner Foundation for the award of a scholarship. 
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Summary-An infrared field-method has been developed which is capable of distinguishing between oils 
originating from natural seepage in the Santa Barbara (California) Channel region and closely similar oils 
from offshore drilling platforms. The technique involves a minimum of sample preparation and the use 
of simple infrared instrumentation which can be operated by non-technical personnel. Natural seep-oil 
samples were collected from the surface of the water, underwater, and from beaches in the area. The 
non-seep oils were obtained from production wells which were located in the same geographical areas as 
the seepage and were from several different well depths corresponding to different geological zones. 
Natural seep-oils are more aromatic than the production oils, and this difference is evidenced by observed 
differences in the spectra for both weathered and unweathered oils. These spectral differences between seep 
and non-seep oils have been found to persist after exposure to weathering for a week. 

Natural seepage of petroleum into the oceans is Natural seep-oil samples were collected from the 
estimated to be in the range from 0.2 to 1 million surface of ,the water, underwater, and from the 
metric tons per year. This constitutes a significant beaches. The non-seep oils were obtained from prod- 
contribution world-wide even though it appears to be uction wells in the same geographical areas as the 
less than that from tankers and ship bilge discharges.’ seepage and from several different well depths corre- 
In the Western hemisphere, significant natural seep- sponding to different geological zones. Samples ex- 
ages are found in Newfoundland, Alaska, the Gulf of amined in, the present study included 41 production 
Mexico, and California, especially off the coast near oils, 15 seep-oils and 13 beach-tar samples. Of the 
Santa Barbara.* The Santa Barbara area has an seep-oils, 13 were from surface oil-slicks and 2 were 
estimated natural seepage of at least 50-70 barrels underwater samples taken directly from the seeps, 
daily.3 The most important seepage occurs just one from Coal Oil Point and the other from nearby 
offshore of Coal Oil Point, which lies a few miles west Isla Vista. Figure 2 is an underwater photograph of 
of Santa Barbara proper (Fig. 1). This section of the natural oil seepage at a depth of 60 ft in the Isla 
California, with a history of chronic oil seepage, thus Vista area. The sand and turbidity of the ocean floor 
provides a unique problem from the standpoint of at this depth reduced visibility considerably, but a 
distinguishing natural seep-oil from man-made spills. section of an oil “pot” can be seen with one of its oil 

Earlier researchersM found infrared spectroscopy 
to be a useful method for categorizing natural seeps 
and asphalts. An infrared field-method has now been 

- 
SAMPLING 

SANTA BARBARA CHANNEL REGION 

developed which is capable of distinguishing oils due 
to natural seepage in the Santa Barbara (California) 
Channel region, from closely similar oils from 
offshore drilling platforms. This method is also 
capable of distinguishing between closely similar 
production oils and can provide information on the 
geological origin of the oil. An earlier version’ of this 
method was developed for classification of spilled oils 
according to type. : 
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Fig. 1. Map of Santa Barbara Channel region. Rectangles 
*Research done at the US. Coast Guard Research and represent offshore drilling platforms. Crosses represent 

Development Center, Groton, CT 06340, U.S.A. The places where natural seep or beach tar samples were col- 
opinions or assertions contained herein are the private lected. Abbreviations: SE. South Elwood; C.O.P. Coal Oil 
ones of the writers and are not to be construed as official Point; S.B. Santa Barbara; DC. DOS Cuadras; SUM. 
or reflecting the views of the Commandant or the Coast Summerland; Car. Carpenteria. The distance from S.E. to 
Guard at large. SUM. IS 18 miles. 
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Fig. 2. Underwater photograph of the natural oil seepage in the Ma Vista seepage area. 

droplets about to break away and float to the surface. 
The “pot” (approximately 4 ft in diameter) contained 
hundreds of droplets that gave the appearance of a 
boiling pot of oil. 

The major offshore oil fields are South Elwood, 
Carpenteria, Summerland and DOS Cuadras. The 
geology and geochemistry of the Santa Barbara area 
are discussed in reference 8. The DOS Cuadras oil field 
is the most productive. The range of oils (as measured 
by aromaticity) from the DOS Cuadras field appears 
representative of the range of oils found in the other 
fields, (as estimated from the aromaticity as shown in 
the infrared spectra); consequently, detailed dis- 
cussion will focus on oils from the DOS Cuadras field. 

One of the shallower zones in the DOS Cuadras 
field, the brown zone (average well depth 1000 ft), is 
the most productive within the DOS Cuadras field. 
Infrared spectra of the brown-zone oil most nearly 
resemble those of the natural seeps. Oil from this 
zone is highly aromatic; its API gravity ranges from 
18” to 22°.8 The oil from the deepest, “green”, zone 
(average well depth 3000 ft), is much less aromatic 
and has a higher API gravity (32”). These variations 
in aromaticity and API gravity with depth agree with 
what would be expected petrochemically.’ 

EXPERIMENTAL 

Sample preparation 
Samples were collected in pretreated glass jars fitted with 

Teflon-lined lids. Surface slicks were sampled with per- 
forated Teflon strips. The oils were refrigerated at 45°F. but 
not frozen, to avoid dewaxing or fractionation prior to 
analysis. 

Samples were dried by heating to 60°C in a water-bath, 
adding anhydrous magnesium sulphate, and centrifuging at 
2500 rpm for up to several hours. For the heaviest seep 
samples, complete removal of water was very difficult. 
Fortunately, this did not lead to interference in the spectral 
regions of interest.‘O 

Instrumentation 

Infrared specta were recorded in both the laboratory and 
the field. In the laboratory, a sealed demountable cell with 
silver bromide windows and a O.l-mm Teflon spacer was 
used with either a double-beam Perkin-Elmer 467 infrared 
spectrophotometer or a single-beam Wilks Miran I variable- 
filter infrared spectrophotometer. In the field, only the Wilks 
instrument was used, with a Wilks mim-cell (0.1 mm path- 
length and silver bromide wmdows). Since emphasis was 
placed on development of a field method, most of the 
spectra were run on the Wilks Miran spectrophotometer in 
both the absorbance and transmittance modes. Several 
double-beam spectra were recorded for companson. The 
transmittance mode was used because a large data-base of 
transmission spectra was available, and the absorbance 
mode because it had a scale-expansion facility. 

The Wilks Miran spectrophotometer has high photo- 
metric accuracy (+ 0.5%) for a single-beam field instrument. 
Although the resolution is relatively low (0.25 pm at 
11 pm), this instrument proved completely satisfactory for 
our purposes. 

Instrument settings for the Miran are listed in Table 1. In 
the “oil-fingerprint” region of the spectra (8-14pm), the 
absorbance scale from 0 to 1 was used between 8 and 11 pm, 
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Table 1. Instrument settings for Miran spectra oil identification 

Time constant 0.25 see 
Slit-width 0.50 mm 
Scale expansion 10 x = 1-2 absorbance (at I > 1 I am) 

1 x = %T or &I absorbance 
Variable gain 90% at 3.34pm (0.05 mm polystyrene) 
Cell (step A) Sealed demountable AgBr, 0.1 mm 

(step B) RIIC disposable, AgBr, 0.1 mm 
or Wilks mini-cell AgBr, 0.1 nun 

and the scale from 1 to 2 was used for the 11-14 pm region. 
The gain was adjusted at a wavelength of 3.34nm with 
reference to a standard 0.05-mm polystyrene film. To 
achieve satisfactory spectral overlays with the single-beam 
instrument, it was found necessary to use the same Teflon 
spacer, because there was _ 5 15% variation in thickness 
of the spacers. Five replicate measurements were made for 
each sample. 

RESULTS AND DISCUSSION 

Figure 3 shows a comparison between the double- 
beam spectra of unweathered green and brown (deep- 
est and shallowest) zone oils from the DOS Cuadras 
oil field. The spectra differ considerably in the region 
between 700 and 800 cm-‘, especially in the relative 
intensities of the 725 and 747 cm-’ peaks. These 
spectral differences reflect variations in the relative 
concentrations of aliphatics and aromatics, and show 
a higher percentage of aromatics in the brown-zone 
production oil. 

Figure 4 shows a similar comparison of double- 
beam spectra between the brown-zone oil and un- 
weathered natural seeps (collected underwater di- 
rectly from their sources). The unweathered natural 
seeps have strong carbonyl peaks at 1710cm-’ 
whereas the unweathered brown-zone oil does not. 
Mattson6 previously pointed out this distinction, 
which unfortunately disappears after two days of 
weathering. After this period, examination of the 
747/725 cm-’ (13.5/13.8 pm) ratio, which is an indi- 
cation of the relative aromatic-aliphatic content of 
the oil, is also required in order to distinguish the 
more aromatic seep-oils from non-seep-oils. 

A comparison of Miran single-beam transmission 
spectra of three DOS Cuadras production oils from 
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Fig. 3. Double-beam spectra of unweathered green and 
brown-zone oils from DOS Cuadras oil field. 
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Fig. 4. Double-beam spectra of brown-zone oil (DOS 
Cuadras) and two unweathered natural seeps. 

different depths (brown, purple and green zones, i.e., 
in order of increasing depth) with the spectrum of the 
Coal Oil Point natural seep, collected at source, is 
shown in Fig. 5. The carbonyl peak at 5.85 pm can 
be observed in the spectrum for the natural seep. At 
7.5 pm the differences in infrared absorption which 
correspond to differences in the API gravity or 
density of the oil’ are particularly distinct. 

Figure 6 shows absorption spectra obtained with 
the Miran instrument for the same oils. The oils can 
easily be distinguished by comparing the 13.5 and 
13.8 pm peaks. The more aromatic the oil, the larger 
is the 13.5/13.8pm peak ratio. This ratio technique 
shows that the natural seep is more aromatic than the 
most aromatic production oil (brown DOS Cuadras). 

A similar estimation of aromaticity can be made by 
comparing production oils from different fields, as 
shown in Fig. 7. The brown-zone (DOS Cuadras field) 
oil is the most aromatic, the Vacqueros oil (Sum- 
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Fig. 5. Miran single-beam transmission spectra of DOS 
Cuadras production oils (brown, purple and green zones m 
order of increasing depth) and Coal Oil Point natural seep. 



828 

2' 

I 

DOUGLAS F. GRANT and DELYLE EASTWOOD 

Comparison 

I I I 

-11 

I 

-c 

140 I2 0 100 80 

Wavelength (pm) 

Fig. 6. Miran single-beam absorption spectra of DOS 
Cuadras productton oils (brown, purple and green zones in 
order of increasing depth) and Coal Oil Point natural seep. 

Absorbance scale t&l for 8-11 pm, l-2 for ll-14pm. 

merland field) is intermediate, and the onshore Rin- 
con field oil is the most aliphatic. 

Figure 8 compares the Miran absorption spectra of 
two underwater seep samples and the brown-zone 
(DOS Cuadras) oil. These seeps can readily be dis- 
tinguished from the brown-zone oil by comparison of 
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Rg. 7. Miran single-beam absorption spectra of production Ftg. 9. Double-beam spectra of natural seep and brown 
oils from different fields. Scales as for Fig. 7. zone (DOS Cuadras) samples, each weathered for three days. 
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Fig. 8. Miran single-beam absorption spectra of two under- 
water natural seeps and brown-zone oil (DOS Cuadras). 

Scales as for Fig. 7. 

the 13.5 and 13.8 pm peaks (i.e., by the difference in 
aromaticity). All the natural seep samples from sur- 
face slicks and the beach-tar samples had similar 
infrared spectra. However, since their weathering 
histories and exact sources were unknown, their 
spectra are not included, though they were consistent 
with the results shown. The tars and slick samples 
showed a high aromaticity and quite low concen- 
tration of aliphatics. 

Weathering is an important variable in the problem 
of distinguishing between seep-oils and non-seep-oils. 
By the time the oils wash ashore, they have often been 
extensively weathered. Figure 9 compares the double- 
beam spectra of natural seep and brown-zone (Des 
Cuadras) samples, each weathered for three days in 
outside troughs with sea-water circulating at a con- 
stant water temperature of 20”. After the three days, 
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Fig. 10. Miran single-beam transmission spectra of brown-zone oil for neat sample and 3-day weathered 
sample. 

the spectrum of the brown-zone oil had developed a 
large carbonyl peak at N 1710 cm-‘, but it was still 
smaller than that for the natural seep; the differences 
in the 800-700 cm-’ region still persisted. Additional 
infrared studies on weathering seep and production 
oils indicated that these spectral differences between 
brown-zone oil and natural seep-oil persist on weath- 
ering for up to one week.” 

A comparison of Miran transmission spectra for 
neat and 3-day weathered brown-zone oil is shown 
in Fig. 10. The carbonyl peak has appeared in the 
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Fig. 11. Miran single-beam absorption spectra of brown- 
zone oil for neat sample and 3-day weathered sample. Scales 

as for Fig. 7. 
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weathered sample. Figure 11 shows the correspond- 
ing absorption spectra. The 13.5/13.8 pm peak ratio 
changes markedly on weathering, so the weathered 
brown-zone oil appears more aliphatic and there- 
fore spectrally less similar to a seep-oil than before 
weathering. Figure 12 shows the Miran absorption 
spectra of weathered and unweathered natural seep 
samples. Although the spectrum of a weathered 
natural seep-oil compares closely with that of an 
unweathered brown-zone oil in the 13513.8pm 
region, an unweathered brown-zone oil has no carbo- 
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Rg. 12. Miran single-beam absorption spectra of natural 
seep sample for neat sample and 3-day weathered sample. 

Scales as for Fig. 7. 
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nyl peak at 17 10 cm- ’ . Consequently, discrimination William A. Saner and Martha S. Hendrick for helpful 

between seep- and non-seep-oils is still possible. discussions. 

In this study, comparisons were made by using 
spectral overlays. Provided the precautions men- 
tioned were taken, good spectral overlays were al- 
ways obtained. Seep and production oils can also be 
differentiated quantitatively by means of the ratio of 
the 13.5 and 13.8 pm peaks but the sloping base-line 
of the single-beam instrument must be taken into 
account. A new computerized model of the Miran 
instrument makes an automatic correction to give a 
flat base-line similar to that for a double-beam instru- 
ment. 
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Summary-Procedures are described which permit mass spectrometric isotope-dilution analysis to be used 
to determine Ag, Te and Pd in rock samples at the rig/g level. The concentrations (ng/g) of Ag, Te and 
Pd were found to be 25.7 f 0.7, 1.2 f 0.6 and 0.08 f 0.05 respectively in BCR-1 and 3.5 + 0.2, 4.2 + 0.7 
and 2.9 f 1.7 respectively in PCC-1. 

Geochemical reference materials are available from a 
variety of sources.’ They are intended principally for 
instrument calibration and for developing and testing 
methods of rock analysis. Since the first detailed 
compilation of analytical data of the now famous G-l 
and W-l “standard rocks” in 1951 by Fairbairn et 
al.,’ there has been a large increase in the number and 
variety of reference materials available to analysts. 
The history of their development is interesting and 
has recently been reviewed briefly by Abbey3 and 
Date.4 

Although tremendous effort has been devoted to 
the preparation of these samples, their usefulness is 
significantly limited by the lack of accurate data on 
some chemical constituents, particularly those 
present in trace amounts. Roelandts’ has discussed 
this problem and has indicated that it is soluble with 
the aid of “new” analytical techniques having higher 
sensitivity, precision and accuracy than those nor- 
mally used for geoanalysis. Mass spectrometric 
isotope-dilution (MSID) is one such technique 
identified by Roelandts5 as having the required 
attributes. Unfortunately it is seldom used by 
analytical chemists, because it is relatively slow 
and costly. It is not new, however, and is routinely 
used in geochronology laboratories and in the 
standards laboratories of most nations. In view of 
the problems currently existing in geoanalysis and 
environmental analysis it is surprising that it is not 
more widely used. 

In this paper we outline the principles of MSID 
and describe the procedures we have developed for 
determining silver, tellurium and palladium in geo- 
chemical reference materials (GRMs) at the rig/g 
level. Analyses of the U.S. Geological Survey samples 
BCR-1 and PCC-1 have been used to illustrate the 
results which can be achieved. The technique offers 
good accuracy and sensitivity and can measure pico- 
gram quantities of these elements. 

EXPERIMENTAL 

Mass speclrometric isotope-dilution 

Details of the MSID technique have been given by 
Webster.6 Briefly, an accurately known amount of a highly 
enriched stable isotope (the tracer) of the element to be 
determined is allowed to equilibrate with the sample solu- 
tion. A compound of the element is then isolated in pure 
form by standard chemical techniques and its isotopic 
composition is measured by mass spectrometry. From the 
known isotopic composition of the natural element and the 
tracer, the amount of natural element present in the sample 
can be calculated. One of the principle advantages of the 
method is that quantitative separation of the element is not 
essential. 

Since the procedures used for tellurium and palladium 
differ substantially from those used in previous work7.8 they 
will be described in some detail. Silver is separated by an 
ion-exchange procedure similar to that developed by Kelly 
et al.’ 

Samples 

The samples are suppled as powders sealed in poly- 
ethylene bags or glass bottles. The spread of results from 
different laboratories is large enough for the packaging not 
to be a significant source of error, but if the precision 1s 
improved, packaging may pose a serious problem. In this 
study no attempt was made to detect differences between 
different batches of the same rock. 

Reagents 

The preliminary stages of reagent purification were per- 
formed in laboratories supplied with coarsely filtered air, 
and the final distillation stage was done in laminar-flow 
clean-air streams. 

High-purify water. Tap water was demineralized by ion- 
exchange and distilled in Pyrex. It was further purified by 
sub-boiling distillation in a quartz still, then stored in 
acid-leached high-density polyethylene (LPE) containers. 

Hydrochloric and nitric acids. The analytical grade re- 
agents were distilled first in a quartz sub-boiling still, then 
in a two-bottle Teflon still. 

ion-exchange resins. Bio-Rad AG50 X8 cation-exchanger 
and AGl X8 anion-exchanger (100-200 mesh) were stored 
in 4M and 2M hydrochloric acid respectively, and cleaned 
and conditioned immediately before use. 
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Apparatus 

Beakers machmed from Teflon (PTFE) rod were em- 
ployed for sample digestion and evaporation. They were 
cleaned pnor to each analysis by immersion in hot aqtia 
regia for 48 hr, then hot analytical grade hydrochloric acid 
for a further 48 hr. Immediately before use they were 
covered with Teflon lids and refluxed with high-purity dilute 
nitric acid for several hours. The ion-exchange resin was 
supported on acid-leached quartz wool m quartz or Vycor 
tubes. 

Procedures 
Preparation of the tracer. In this study a tracer solution 

containing the enriched stable isotopes “‘Ag, iZTe and ‘O’Pd 
was prepared from materials supplied by Oak Ridge 
National Laboratory, and standardized by the MSID 
method against fresh solutions of the metals (Johnson- 
Matthey “Spec-pure”), accurately prepared. Particular care 
was taken with the standardization, as it determined the 
ulttmate accuracy of the analyses. Tellurium and palladium 
were dissolved in dilute nitric acid and aqua regia re- 
spectively. Although some difficulty was experienced in 
keeping silver in solution, this was eventually achieved by 
dissolution in 2.5M mtric acid and dilution with OSM nitric 
acid, to give a final acid concentration of 1M. This solution 
was carefully shielded from light, and within a few hours the 
more dilute solution used for the standardization was 
prepared by dropwise addition of the concentrated solution 
to 6M hydrochloric acid. The concentrations of silver, 
tellurium and palladium in the tracer solution were 
found to be 108.7 + 0.9, 51.7 k 0.5 and 19.77 f. 0.07 rig/g,, 
respectively. 

Decomposztion. Samples (0.2-0.5 g) were digested in 
Teflon beakers together with an accurately weighed amount 
of tracer. Next 15 g of aqua regiu were added, and the 
mixture was left to stand for 24 hr, then refluxed for 2-3 
hr. The acid was evaporated and 10 g of concentrated 
hydrofluoric acid were added. After standing overnight the 
acid was gently evaporated, another 10 g of acid were added 
and the evaporation was repeated. After addition of 10 g of 
9M hydrochloric acid and evaporation to dryness the final 
residue was taken up in 15 g of 9M hydrochloric acid. 

Ion-exchange separation. The digested sample was loaded 
onto a 2-ml anion-exchange column in 9M hydrochloric 
acid and washed with 5 column-volumes (CV) of 9M 
hydrochloric acid. Under these conditions the silver is 
present in the effluent and the tellurium and palladium are 
strongly retained by the resin. The resin was then washed 
with 5 CV of 4M hvdrochloric acid followed bv 5 CV of 3M 
hydrochloric acid,.and tellurium was eluted with 8 CV of 
0.5M hydrochloric acid. After washing of the resin with 5 
CV of 1 M nitric acid and 20 CV of 0.1 M hydrochloric acid, 
palladium was eluted with 8 CV of 0.03M ammonium 
chloride/O.O3M ammoma solution. This eluate was then 
treated with aqua regia and evaporated to dryness, to 
remove ammonium salts. 

The silver fraction (in 9M hydrochloric acid) was evap- 
orated to dryness, taken up by heating with 3 g of 3M 
hydrochloric acid and diluted with water to three times its 
volume. This solution was transferred to a l-ml anion- 
exchange column. Cationic species were removed from the 
resin by washing with 4 CV of 1M hydrochloric acid 
followed by 20 CV of O.OlM hydrochloric acid. Silver was 
then eluted with 6 CV of 1M nitric acid. The residue 
obtained from the evaporation of this solution was 
sufficiently pure for isotopic analysis. 

Tellurium required a- further- two stages of cation- 
exchange processing. The 0.5M hvdrochloric acid solution 
from the Hurst column was transferred directly to a column 
containing 1.5 ml of cation-exchange resin. Under these 
conditions most constituents of the solution other than 
tellurium are retained by the resin. Any tellurium remaining 
on the resin was eluted with 6 CV of 0.5.W hydrochloric 

acid. The eluate contaimng the tellurium was evaporated to 
dryness with a few drops of nitric acid to avoid possible loss 
of tellurium and the residue was redissolved in a few ml of 
0.5M hydrochloric acid. The procedure was repeated on a 
column containing 1 ml of resin. The final residue was 
sufficiently pure for isotopic analysis. 

Although quantitative separation of the silver, tellurium 
and palladium is not essential, a relatively high yield ensures 
that maximum quantities of each element are available for 
isotopic analysis:The yields for complete extraction were 98, 
90. and 54Y for An. Te and Pd. respectivelv. Two blanks 
were carried thro;gh with each batch of 10 samples 
analysed. 

Mass spectrometry 

Isotopic-abundance measurements were made on an AEI 
MS12 mass spectrometer with a 31-cm radius 90” magnetic 
sector, fitted with an electron-multiplier and modified for 
thermal ionization of solid samples. The ion currents corre- 
sponding to each isotope were amplified, then digitized with 
the aid of a digital voltmeter. Data acquisition was per- 
formed under computer control, by a “peak-hopping” 
method. A Hall probe was employed to sense the magnetic 
field. The measurement system was calibrated to provide 
linearity of better than 2 parts in 10s down to 10% of 
full-scale reading or less. The ease with which ions are 
produced by thermal ionization is dependent on the iomz- 
ation potential of the element and the work function and 
temperature of the ionizing surface.” Because of the high 
ionization uotentials of Te (9.01 eV) and Pd (8.3 eV) these 
two elements normally produce ion’beams too weak to be 
measured. However, by transfer of the sample to the 
filament surface together with an ion-enhancing agent such 
as phosphoric acid-silica gel mixture,” measurable beams 
can be produced from nanogram samples. Samples were 
loaded onto rhenium filaments (0.76 x 0.03 mm) which were 
degassed at 1600” in a vacuum for 30 min before addition 
of the sample. 

Silver. The procedures developed by Kelly et al.” were 
followed with only minor changes. The silver sample, in 9M 
hydrochloric acid, was transferred to a rhenium filament 
and evaporated to dryness by passage of a current of 1 A. 
The activator was added to the filament and the mixture 
bonded on by evaporation of the solution and increase in 
the current to give red heat for 3-5 sec. A white fine-pored 
deposit was formed. The sample was heated under vacuum 
in the mass spectrometer to 85G900” for 10 min and then 
to a final temperature of 1000 & 5” over a 15-min interval. 
Ion currents of about lo-l3 A were produced for 60 min 
from 10 ng of natural Ag. Although Ag has no isobaric 
interferences, peaks due to residual hydrocarbon vapours, 
were occasionally detected on the high-mass side of ‘O’Ag+ 
and ‘09Ag+. The hydrocarbon interference was essentially 
eliminated by includmg a cold finger (cooled with liquid 
nitrogen) m the ion-source region and operating the mass 
spectrometer with a resolution of about 800. 

During any isotopic analysis the lighter tsotopes are 
preferenttally lost from the filament. For silver this leads to 
a time-dependent change in the 109/107 isotope abundance 
ratio which, if not carefully controlled, will result in small 
inaccuracies m the final result. By use of the procedures of 
Kelly et ~1.~ satisfactory control of the mass fractionatton 
was achieved for a wide range of sample sizes. The precision 
within and between analyses is indicated in Fig. l(a) where 
measured isotope abundance ratios for natural 
(Johnson-Matthey “Spec-pure”) samples of between 10 and 
700 ng are shown. Each point represents the mean of 6 sets 
of 12 ratios. The data show that no bias due to mass- 
fractionation effects is mtroduced as the size of the sample 
analysed decreases. 

Kelly er u[.~ have shown that ASS + ions can interfere with 
silver isotope abundance measurements. Since these ions 
cannot be resolved from the silver ions at the resolution 
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Fig. 1. Variation of isotope abundance ratio with sample 
size, showing the precision of the measurements and the 
absence of bias due to mass fractionation. The uncertainties 
shown are 95% confidence hmits. (a) Silver, (b) tellurium 

and (c) palladium. 

employed, this can lead to measurement errors. To obviate 
this possibility a number of precautions were taken. A 
second anion-extraction stage, incorporating nitric acid 
elution of the silver, minimized contamination by sulphur.9 
The choice of a silver-107 spike meant that the 107-isotope 
abundance was always greater than the 109-abundance, and 
thus the fractional error due to interference at m/z = 107 
was reduced. Also the ion currents were generally large and 
the ratios were monitored for at least 2 hr to ensure that they 
conformed to a standard time-dependent isotope fraction- 
ation pattern. In addition, numerous measurements made in 
a parallel study on natural silver from terrestrial rocks did 
not reveal any srgnificant contamination due to ASS+. 

Tellurium andpalladium. For most elements the efficiency 
of ionization depends on the purity of the sample. In the 
case of tellurium and palladium extracted from natural 
materials, where levels are frequently in the low rig/g range, 
high sample purity is essential. To achieve this, 
microelectro-deposition was used as a final purification step 
and as an aid in binding the sample to the filament. The 
sample was transferred in a drop of 9M hydrochloric acid 
to a rhenium filament and evaporated to dryness. A small 
drop of 2.5M ammonium chloride-2.5M ammonia mixture 
was added and the sample cathodically deposited onto the 
filament. A short strip of acid-leached (nitric acid) high- 
purity platinum nbbon was used as the second electrode. 
Electra-deposition efficiencies greater than 90% were 
achieved in 5 min at plating voltages of u 3.5 V for tellurium 
and -5 V for palladium. The deposits were insoluble in 
water, which permitted rinsing to remove impurities. The 
activator was then added and bonded to the filament by 
gentle evaporation of the liquid and increase in the filament 
current to give red heat for 3-5 sec. 

The mass spectrometric procedure used for tellurium is 
essentially that used by Smith et aZ.’ Samples were heated 
to 1000” for 10 min then to between 1250 and 1300” over 
a pertod of 15 mm. The 128/124 and 126/124 isotope 
abundance ratios were measured. The spectrum was 
scanned at regular intervals to check for contamination 
peaks which could lead to inaccuracies in the measured 
ratios. Since tin could interfere at m/z = 124, its presence 
was tested for at m/z = 118, but none was ever detected. 
Hydrocarbon peaks were generally present early in an 
analysis but were minimized by using the precautions de- 
scribed previously for silver. The achievable precision for a 
range of sample sizes is shown in Fig. I(b); 2-ng samples 
yielded ion currents of 10-‘5-10-‘4 A which lasted for 
about 60 min and gave precisions of about 1%. 

The mass spectrometric procedure for palladium is similar 
to that described by Mermelengas er a1.l2 Samples were 
heated to 1000” for 10 min then to 1150-1200” during the 
next 15 mm. The 104/102 and 106/102 isotope abundance 
ratios were measured. The mass spectrum was routinely 
scanned before analysis to check for interferences from 
cadmium and hydrocarbons. The presence of cadmium was 
tested for at m/z = 111, but was never observed. Con- 
tamination peaks were often initially present at m/z = 104 
and 106 but soon decayed to a negligible level. The 
achievable precision for a range of sample sizes is shown in 
Fig. l(c); 2-ng samples yielded ion currents of lo- I5 A for 
about 30 min and gave precisions of about 2% in the 
isotopic ratios. 

The inclusion of the electrodeposition step yielded a 
significant improvement in the precision of the isotope- 
abundance measurements that could be achieved on ng 
amounts of palladium and tellurium extracted from rocks. 
No detectable improvement occurred when samples of 
laboratory-reagent tellurium or palladium were treated in 
this way. 

RESULTS AND DISCUSSION 

Replicate analyses of GRMs BCR-I and PCC-I 
are given in Table 1. To provide the most likely 
concentrations for each GRM the data for each 
element have been averaged and the between-analyses 
variation is shown alongside the mean. The error 
given is at the 95% confidence limit. The errors 
indicate that fairly high accuracy is obtained even 
at the 1 rig/g level. The errors shown for individual 
analyses are 95% confidence limits. Uncertainties 
associated with calibration standards, weighing 
errors, isotopic abundance ratios and the analytical 
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Table 1. Ag, Te and Pd contents of geochemical reference materials 
BCR-I and PCC-I 

Concentration,* rig/g 

BCR-1 

Ag Te Pd 

21.1 f 0.4 0.6 f 0.5 0.1 * 0.8 
24.4 f 1.9 2.5 f 1.8 0.1 +0.4 
26.3 k 1.1 0.7 f 0.4 0.0 f 0.6 
25.4 + 0.9 1.5 f 0.3 0.09 f 0.05 
25.5 * 0.3 0.9 f 0.5 0.1 f0.2 
25.2 f 1.0 0.8 f 0.5 
25.1 f 1.2 1.2kO.3 
25.8 f 0.6 
25.3 f 0.5 - ___ 

Mean 25.7 0.7 + 1.2kO.6 0.08 0.05 k ___ - 
PCC-1 3.6 + 0.6 3.8 k 0.3 3.3 * 0.3 

3.6 
3.4 

+ 1.2 4.8 + 0.7 1.3 -I- 
; 0.9 3.9 IO.4 3.2 z 

0.5 
0.4 

3.4 f 0.2t 4.4 f 0.4t 3.7 * 1 .ot 
Mean 3.5 f 0.2 4.2 f 0.7 2.9 f 1.7 

‘The errors shown are 95% confidence limits. Errors given for 
individual analyses are indications of accwacy. The error of the 
mean is based on the between-analvses variation only. 

t1.9-g sample. See Results and Disc&on. 

blank have been taken into account. At low concen- 
trations the uncertainty in the blank is the main 
source of error, while at higher concentrations the 
uncertainties in the isotopic abundance ratios tend to 
dominate. Most replicate analyses show good agree- 
ment, although there is one exception for Ag in 
BCR-1, one for Te in BCR-1 and one for Pd in 
PCC-1. Since all known errors have been accounted 
for, these wide differences may be the result of 
heterogeneities in these rocks. 

In the initial stages of this work difficulties were 
experienced in achieving reproducible chemical ex- 
traction efficiencies for tellirium. This was overcome 
by treating the sample with hot 9M hydrochloric acid 
instead of 2M hydrochloric acid before transferring 
it to the ion-exchange column. This ensured that the 
tellurium was present in the quadrivalent state, which 
is strongly retained on anion-exchange resins. To 
remove a substantial amount of iron from the resin 
it must be washed with dilute hydrochloric acid 
(< 3M). To avoid loss of tellurium at this stage, only 
small volumes of reagent were used. The cation- 
exchange stages provide an effective means of iso- 
lating tellurium from the remaining elements. The 
bulk of these are retained on the resin during washing 
with 0.5M hydrochloric acid, and tellurium is quan- 
titatively eluted. Although these elements are more 
strongly retained at hydrochloric acid concentrations 
lower than OSM, significantly larger volumes are 
required to elute all the tellurium and there is risk of 
breakthrough by elements such as sodium and potas- 
sium. 

The chemical procedures for palladium described 
by Mermelengas et al.‘* have also been modified to 
improve the extraction efficiency of the ion-exchange 
separation. This has been achieved by eluting pal- 
ladium from the anion-exchange resin with a mixture 
of ammonium chloride and ammonia rather than 
ammonia alone. The cation-exchange stage has also 
been replaced by an electro-deposition stage. 

The analytical blank was determined by adding a 
known weight of tracer solution to a Teflon beaker 
and following the same chemical procedure as that 
used for the sample. Considerable care was taken to 
obtain an accurate estimate of the analytical blank. 
So that problems related to inadequate cleaning 
procedures could be detected, the blanks were run 
with the regular digestion beakers and columns, not 
with special ones reserved for blanks. Following some 
relatively large fluctuations in the earlier batches of 
samples, the blanks settled to 0.2 + 0.3 ng for Ag, 
0.15 + 0.10 ng for Te and 0.29 + 0.10 or 0.12 + 0.10 
ng for Pd (the values are the most likely + the 
calculated uncertainty). Fluctuations in the early Te 
blanks were accommodated by using the correspond- 
ing batch blank rather than the value given above. 
Two values are shown for Pd, since a substantial 
improvement was achieved when improved chemical 
cleaning procedures for the laboratory ware were 
adopted. In the digestion of PCC-1 a small residue 
remained undissolved after the normal digestion pro- 
cedure. To assess the error introduced by neglecting 
this residue, a 1.9-g sample was treated by the normal 
procedure and the residue was dissolved in a Teflon 
pressure bomb. The two solutions were spiked sep- 
arately and the results combined to give the total 
concentration (last value, Table 1). Only minor 
amounts of Ag, Pd and Te were present in the 
residue, indicating that the error incurred by neglect- 
ing its contribution was negligible. 

The published data for silver in BCR-1 and PCC-1 
are numerous, a representative set being given by 
Govindaraju et al.” The BCR-1 values, which were 
obtained by a variety of analytical techniques, range 
from 11 to 54 rig/g with a mean of about 30 rig/g.. A 
recent compilation by Abbey ’ gives values of 35(?) 
rig/g for BCR- 1 and lo(?) rig/g for PCC- 1. Our values 
are significantly lower than these. Relatively few 
measurements have been made for tellurium in 
GRMs. BCR-1 is the most commonly analysed and 
is frequently used as a reference sample for lunar and 
meteorite studies. The published values for tellurium 
in BCR-1 vary considerably (49 rig/g,, Hughes;14 
~90 rig/g,, Mignonsin and Roelandts;15 5.61 rig/g,, 
Hertogen et al.; I6 5.5 rig/g,, Keays et al.;” ~5 rig/g,, 
Greenland and Campbell;‘* ~4 rig/g,, Ebihara et 
al.). I9 The two lowest values are consistent with our 
value of 1.2 f 0.6 rig/g.. An earlier measurement from 
our laboratory’ indicated that the value for BCR-1 
was between 2 and 5 rig/g.. We believe that the present 
value is more accurate than the earlier value. Only a 
few determinations of tellurium in PCC-1 have been 
published. Beaty and Manuel” reported <8 rig/g,, 
while an earlier measurement in our laboratory6 
yielded a value between 0 and 3 rig/g.. We believe that 
the present value of 4.2 + 0.7 rig/g is more accurate 
than the earlier value. 

The isotopic analysis of palladium in GRMs is 
particularly difficult, owing to the small concen- 
trations involved. In the past 5 years we have refined 
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both the chemical and mass spectrometric procedures 
for handling palladium. The blank, which was 1.2 ng 
in 1978’ has now been reduced by almost an order of 
magnitude. Owing to the relatively low extraction 
efficiency at that time, the blank seems to have been 
underestimated in some cases, which led to artificially 
high concentrations. This is particularly true of 
BCR-1 and PCC-1 which gave values of 10 and 9 
rig/g respectively, compared with the present values 
of 0.08 + 0.05 and 2.9 + 1.7 rig/g.. Flanagan2’ gave 
preferred values of 12 and 13 rig/g for BCR-1 and 
PCC-1 respectively. The significantly lower value we 
now find for BCR-1 is supported by the recent values 
of x0.03 rig/g by Wolf et a1.22 and <2.2 rig/g by 
Ebihara et ~1.‘~ Comparisons of recent data are not 
possible for PCC-1 as no values have been reported 
since 197K8 In general it appears that reliable data on 
palladium in GRMs are rare and confined to the 
MSID and neutron-activation analysis techniques. 
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Mrs. C. Green and Mrs. J. Miller for assistina with the 
preparation of the manuscript. This project was-supported 
by The Australian Research Grants Scheme. 
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Summary-Subtractive differential pulse voltammetry following adsorptive preconcentration of organic 
compounds at solid electrodes is described. Different preconcentration periods are used, and the difference 
between the oxidation (stripping) currents is recorded. Background currents which are independent of the 
preconcentration period cancel out. Combinmg the enhanced peak current, due to the preconcentration 
step, with the background current correction of the subtractive mode, gives improved sensitivity and/or 
allows the use of shorter preconcentration penods. Chlorpromazine and dopamine have been used as test 
systems. A detection limit of around 1 x 10--9M has been obtained for chlorpromazine with a IO-min 
preconcentration period. Applicabdity to clinical samples 1s illustrated by the determination of chlor- 
promazine in whole blood and urine. 

Electrochemistry of electroactive reactants confined 
to electrode surfaces is under active study in a 
number of laboratories. The adsorption process has 
been utilized as a selective preconcentration step, 
which enhances the differential pulse voltammetric 
response subsequently recorded.lm6 The resulting 
differential pulse peak currents depend on the length 
of the preconcentration step and the rate of solution 
mass-transport to the surface of the electrode. While 
the adsorptive accumulation step enhances the ana- 
lytical peak current, the background current (due to 
surface redox reactions and solvent decomposition) 
controls the detectability in very dilute solutions. 

The adsorptive accumulation approach is anal- 
ogous to anodic stripping voltammetry (ASV) in 
which extremely low detection limits are achieved by 
electroplating metal ions onto mercury electrodes 
prior to the actual measurement step. On the basis of 
the similarity to ASV, we suggest incorporating a 
subtractive (differential) approach, commonly em- 
ployed in trace metal determination, for correcting 
the background current in pulse voltammetry of 
adsorbable organic compounds. Subtractive tech- 
niques have a long history in electroanalytical 
measurements. In subtractive ASV, different deposi- 
tion times on the working electrode (or on two 
matched electrodes) are used and the difference 
between the resulting stripping currents is used.‘-’ 
Better detectability than that of convent;onal ASV 
is obtained because the difference between the 
responses is free from most background current 
components (i.e., background currents which are 
independent of the deposition period cancel). 

The present work is aimed at adapting the sub- 
tractive stripping approach to measurement of or- 

*Author for correspondence. 

ganic analytes which can be accumulated by ad- 
sorption or extraction on carbon electrodes. 
Equation (1) describes the difference in currents 
obtained at different preconcentration periods, T, 
and T2. 

Ai = (&,, + 4 - (&cT~) + 6) = ip,T,) - ipcnl (1) 

where iPCn is the faradaic current due to the redox 
reaction of the surface-bound species and i,, the 
background current. As will be shown below, the 
differential pulse background current is usually inde- 
pendent of the preconcentration period and is thus 
compensated when one total current is subtracted 
from the other. In most cases (and as in ASV), T2 is 
made zero to maintain maximum speed of analysis. 
However, when a medium-exchange procedure is 
employed,4 a very short T2 (usually 15 set) is used. 
The characteristics and advantages of this meth- 
odology have been elucidated by application to the 
measurement of chloropromazine and dopamine at 
the nM concentration level: it is known that these 
compounds can be accumulated on carbon paste and 
platinum electrodes, respectively.‘*6 

EXPERIMENTAL 

Apparatus 

A 0.75-cm diameter home-made carbon paste electrode 
and a 0.2-cm diameter platinum electrode (Model PTE, 
Bioanalytical Systems) served as the working disk electrodes 
in the chlorpromazine and dopamine experiments, re- 
spectively. The carbon electrode was mounted on a rotating 
disk assembly (Model PIR, Pine Instruments Co.), but a 
magnetic stirrer was employed in conjunction with the 
platinum electrode. The carbon paste was prepared by 
thoroughly mixing 2.5 g of graphite powder (Acheson 
Graphite, Grade 38, Fisher) and 1.5 g of Nujol oil. The 
paste surface was smoothed on a deck of smooth-surfaced 
paper with a circular motion. A fresh carbon surface was 
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prepared every day. Pyrex glass cells (100 and 10 ml) were 
used in the chlorpromazine and dopamine studies, re- 
spectively. The working electrode, an Ag/AgCl reference 
electrode, and a spectroscopic graphite electrode were in- 
serted into the cells through holes in their covers. The blood 
experiments were performed at a microelectrode prepared 
by packing carbon paste in Teflon tubing (0.3 mm bore); a 
2-ml glass cell was used in these experiments. All experi- 
ments were done with a Princeton Applied Research Model 
364 polarbgraphic analyser (in conj&ction with a Houston 
Omniscribe strip-chart recorder), or with a Sargent-Welch 
Model 4001 polarograph. 

Reagents 

Chlorpromazine and dopamine sample solutions were 
prepared in demineralized water and ethanol, respectively. 
Stock solutions of chlorpromazine and dopamine (Sigma 
Chemical Co.), each 5 x 10e4M, were prepared fresh every 
day. Portions of these solutions were diluted as required for 
standard-addition experiments. Supporting electrolytes 
were 0.1 M phosphate buffer (PH 7.4j prepared from ahal- 
vtical arade KH,PO, and K,HPO. in 1: 4 molar ratio and 
b. 1 M Gydrochlohc aAd. Rhesus m&key whole blood sam- 
ples (from the NMSU Primate Center), were stored at 4”. 
Human urine samples from a healthy volunteer were used 
shortly after collection. 

Procedures 

Chlorpromazine measurements. A loo-ml aliquot of sup- 
porting electrolyte solution was introduced into the cell. The 
working electrode was pretreated by continuously changing 
the potential between -0.5 and + 1.0 V at 50 mV/sec for 
10 min. The “background” voltamperogram, to be sub- 
tracted from the “analytical” (with preconcentration) 
voltamperogram, was recorded first. It was obtained by 
applying the preconcentration potential (0 V) to the station- 
ary electrode, waiting 45 set for the current to decay, and 
then scanning the current us. potential curve from 0 to 
+ 1 .O V at the scan-rate chosen for the subsequent “ana- 
lytical” scan. The preconcentration potential was then ap- 
plied to the electrode for a time selected according to the 
analyte concentration, while the electrode was rotated. The 
rotation was then stopped, and after 45 set the “analytical” 
voltamperogram was recorded over the potential range from 
0 to + 1 .O V. The electrode was then kept at +0.8 V for a 
few minutes (3 and 5 at the lo-*M and lo-‘M levels 
respectively) to clean it by removal of the remaining ad- 
sorbed chlorpromazine; completeness of removal was indi- 
cated by the next “background” voltamperogram. 

Dopamine measurements. Dopamine was preconcentrated 
from ethanol onto an electrode disconnected from the 
potentiostat. The electrode was then transferred to a O.lM 
hydrochloric acid solution where the measurement was 
performed. The “background” and “analytical” volt- 
amperograms were obtained after 15 and 120 set precon- 
centration periods, respectively. After this the electrode was 
kept at +0.7 V for 1 min, then placed in ethanol in an 
ultrasonic bath for 2 min, to remove the remaining dopa- 
mme. 

The subtractive voltamperograms were obtained by using 
the Tektronix 4010 terminal of PROPHET (a time-sharing 
computer system operated by the National Institute of 
Health). The “background” and “analytical” curves were 
converted into digitized forms; subtraction of the “back- 
ground” scan from the “analytical” one yielded the digitized 
subtractive curve. The three curves were transformed into 
analogue form and displayed graphically by means of the 
Tektronix 4631 copy unit. 

RESULTS AND DISCUSSION 

Figure 1A compares differential pulse voltam- 
perograms for 2 x lO_sM chlorpromazine, these be- 
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Fig. 1. Differential pulse voltamperograms for 2 x 10e8M 
chlorpromazine (A) and 5 x 10m7M dopamine (B). (a) 
“Background” curve [T, = O(A) and 15 set (B)]. (b) “Anal- 
ytical”curve [r, = 5 (Aj and 2 min (B)]. (c) Thk subtractive 
response (b) - (a). Scan-rate, (A) 5 and (B) 10 mV/sec. 
Amplitude, (A) 50 and (B) 25 mV. Convection during 
preconcentration; 1600-rpm rotation (A) and 500-rpm 

stirring (B). 

ing obtained in the conventional mode with (b) and 

without (a) preconcentration, and in the subtractive 
mode (c). The curve without preconcentration was 
recorded before the “analytical” (with 5 min precon- 
centration) curve, and *as subtracted from it to 
obtain the desired subtractive curve. Conventional 
differential pulse voltammetry following the precon- 
centration period does not provide sufficient sensi- 
tivity for measurements in the vicinity of the limits of 
the useful potential range; the desorption/stripping 
peak (at +0.7 V) coalesces with the high differential 
pulse background due to solvent decomposition and 
surface redox reactions [curve (b)]. Therefore, a 5-min 
preconcentration is not sufficient for convenient de- 
terminations at the lo-‘M level. The subtractive 
mode discriminates against the background com- 
ponents (as indicated by its flat baseline), and permits 
the desired measurement; in view of the better de- 
tectability, the preconcentration period may be short- 
ened, as described later in this paper. Similar advan- 
tages are observed in Fig. lB, in which 5 x 10e7M 
dopamine was determined by preconcentrating it 
from ethanol. In this case, the “background” and 
“analytical” curves were recorded for precon- 
centration times of 15 and 120 set, respectively; 
measurements were performed after transfer of the 
electrode to a O.lM hydrochloric acid solution. The 
subtractive curve (c) shows a well-defined dopamine 
peak, free from interference by decomposition of the 
solvent. 

Experiments were done to establish the optimum 
conditions for the preconcentration. Figure 2 shows 
the effects of the preconcentration parameters (time 
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PRECONC. TIME 1 mm) 

hOTATlON SPEED trpm) 
Fig. 2. The effects of the preconcentration time (A) and 
rotation speed (B) on the subtractive differential pulse peak 
current. 2.5 x lo-‘M (A) and 5 x lo-‘M (B) chlor- 
promazine in O.lM phosphate buffer. Scan-rate and ampli- 
tude as for Fig. 1. Rotation speed (A) 1600 rpm. Deposition 

period (B) 2 min. 

and rotation speed) on the chlorpromazine peak 
current. A curvature is observed in the current us. 
preconcentration-time plot, in contrast to the linear 
dependence usually obtained in stripping analysis for 
trace metals; this is due to the different nature of the 
accumulation processes (adsorption/extraction in- 
stead of electrolytic plating). Similar curvatures have 
been reported by other workers.‘*’ As in stripping 
analysis of trace metals, the preconcentration period 
is chosen to achieve a balance between sensitivity and 
speed. For convenient determination of concen- 
trations ranging from 2 to 200 nM, the corresponding 
deposition times (at 1600 rpm) range from 10 to 1 
min. At concentrations higher than 200 and lOOOnA4, 
conventional differential pulse measurements with 1 
min preconcentration and without it, respectively, are 
sufficient. The dependence of current on rotation 
speed (during preconcentration) is also different from 
that observed in trace-metal stripping analysis. As the 
rotation speed increases, the peak current rises 
rapidly at first and then more slowly. The current 
obtained at 0 rpm is only 6% and 3% of the currents 
at 400 and 3600 rpm, respectively; this indicates that 
forced convection plays a major role in the accumu- 
lation process. When replotted on a log-log graph the 
data of Fig. 2B yield a straight line (not shown) with 
a slope of 0.27. The rate of accumulation depends on 
the rates of mass-transport to the surface and ad- 
sorption at the surface. In trace-metal stripping anal- 
ysis, a slope of 0.5 for such a log-log plot character- 
izes the mass-transport effect on electrolytic 
deposition at a rotating disk electrode. 

Quantitative evaluation is based on the linear 
correlation between the peak current and the solution 

Fig. 3. Subtractive differential pulse voltamperograms ob- 
tained after successive concentration increments of 
2 x lO_sM chlorpromazine (A-F). Preconcentration for 3 
min with 1600~rpm electrode rotation. Supporting electro- 

lyte, scan-rate and amplitude, as for Fig. 1. 

bulk concentration. Figure 3 shows subtractive volt- 
amperograms obtained after successive standard 
additions of chlorpromazine, each addition effecting 
a 2 x 10-8M increase in concentration; 3-min pre- 
concentration periods were employed. The peak 
current was proportional to the chlorpromazine con- 
centration; the successive 2 x 10e8M increments 
yielded subtractive peak current increments of 39,38, 
35, 30, 31 and 30 nA. Least-squares fitting yielded 
the equation A& = (16.3 f 0.4)C + (10.5 f 0.3) (cor- 
relation coefficient, 0.998) where Air, is in nA and 
the chlorpromazine concentration is C x 10m8M. 
This indicates that the amounts of chlorpromazine 
adsorbed (during the preconcentration step) are 
proportional to its bulk concentration. While 
2 x 10m8M chlorpromazine can easily be determined 
in the subtractive mode with a 3-min precon- 
centration (Fig. 3A), 5-min periods are not sufficient 
in the conventional mode [Fig. lA(b)]. 

To evaluate the detectability in the subtractive 
mode, differential pulse voltamperograms were 
recorded for 7.5 x 10m9M chlorpromazine following 
a IO-mm preconcentration (Fig. 4). The conventional 
differential pulse voltamperogram (recorded after the 
preconcentration period, curve B) does not show a 
detectable response. In contrast, the subtractive re- 
sponse (curve C) yields a deflnite peak. The bump in 
the background current (at around +0.55 V), which 
merges with the chlorpromazine peak, as well as the 
solvent decomposition current, is compensated. A 
detection limit of around 1 x 10e9M may be esti- 
mated from the signal-to-noise characteristics of the 
response. 

For effective background subtraction the adsorbed 



JOSEPH WANG and BASSAM A. FREIHA 

r-l/-----+ 
I I I I 

08 05 02 

E(V) 

Fig. 4. Differential pulse voltamperograms for 7.5 x 10-9M 
chlorpromazine in O.lM phosphate buffer. (A) “Back- 
ground” curve (no preconcentration). (B) “Analytical” 
curve (10 min preconcentration with 2500-rpm electrode 
rotation). (C) The subtractive response. Scan-rate and am- 

plitude as for Fig. 1. 

compound must not change the background current, 
i.e., identical background currents must be obtained 
in the “background” and “analytical” scans. In sub- 
tractive stripping analysis for trace metals with 
mercury-film electrodes, incomplete background cor- 
rection may be the result of changes in the film 
activity in the cycles with and without deposition.‘,” 
Although the adsorption process on bare carbon 
changes the electrode surface more than does electro- 
lytic plating into mercury electrodes, a relatively high 
degree of background correction is obtained. This is 
indicated by the flat baseline of all the subtractive 
voltamperograms shown in this paper. Some experi- 
ments performed over more than 3 hr of continuous 
operation yielded flat subtractive baselines through- 
out. 

The precision was estimated by 6 successive 
measurements of 1.2 x lo-‘M chlorpromazine, with 
the same electrode surface (conditions as for Fig. 3). 
The mean subtractive peak current found was 170 
nA, with a range of 153-194 nA and a relative 
standard deviation of 7.5%. These data indicate that 
cleaning the electrode (by holding it at f0.8 V) is 
effective and that relatively reproducible results are 
obtainable. The precision obtained in this study 
compares favourably with that (1530% relative stan- 
dard deviation) reported for other adsorbable com- 
pounds at submicromolar concentration levels2 

To demonstrate the applicability of the subtractive 
differential pulse method to real samples, blood and 
urine samples were spiked with chlorpromazine 
(Fig. 5). A 0.3-mm diameter carbon-paste micro- 
electrode, a 2-ml sample, and a miniature cell with 
tiny stirring bar were used in the blood experiment. 

Fig. 5. Differential pulse voltamperograms for chlor- 
promazine in blood (A) and urine (B). (a) “Background” 
curve [T2 = 0 (A) and 15 set (B)]. (b) “Analytical” curve 
[T, 3 (A) and 1 min (B)]. (c) The subtractive response. 
Samples: (A) rhesus monkey whole blood spiked with 
5 x 10-5M chlorpromazine; (B) human urine diluted by a 
factor of 4 and spiked with 5 x 10e6M chlorpromazine. 
Scan-rate 0.5, (A) and 0.6 V/min (B). Amplitude 50 (A) and 
25 mV (B). Convection during preconcentration: 500-rpm 

stirring (A) and 1600~rpm rotation (B). 

The medium-exchange procedure4 was employed in 
the urine study to minimize background currents due 
to electroactive urine constituents. In both cases, the 
advantage of using the subtractive mode (curves c) is 
obvious, as background currents are compensated. 

Applicability of the method to analyses of other 
reactants confined to the electrode surfaces is obvi- 
ous. Work is in progress to exploit the enhanced 
sensitivity and selectivity of this method for in viuo 

monitoring of drugs following their administration. 
The shorter preconcentration period of the sub- 
tractive method would be advantageous for obtaining 
rapid responses, as desired in such monitoring. It 
would also be advantageous in the development of 
rapid (clinical or quality control) flow-analysers. 
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Summary-A two-channel switching valve is incorporated m the flow-injection manifold for on-line 
control of the metal speciation of Fe(II)/Fe(III) and Cr(III)/Cr(VI). l,lO-Phenanthroline is used for the 
iron determinations and diphenylcarbazide for chromium. The absorbances are measured at 512 and 
540 nm, respectively. When a 30-~1 injection loop is used, the response is linear for 0.5-30.0 ppm Fe and 
0.5-40.0 ppm Cr. The relative standard deviation in each case is approximately 1%. The method allows 
at least 180 injections per hour. 

Flow-injection analysis (FIA) is a rapidly developing 
technique for the analysis of many clinical and en- 
vironmental samples. The method offers distinct ad- 
vantages in flexibility, reproducibility, and sample 
throughput over conventional methods. It can readily 
be adapted for the determination of metals. 

It has been widely shown that the relative toxicity 
of a metal is dependent on the oxidation state. For 
instance, Fe(I1) is required for proper transport and 
storage of oxygen in higher animals by means of 
haemoglobin and myoglobin. The oxidized forms, 
methaemoglobin and metmyoglobin, which contain 
Fe(III), will not bind oxygen.’ Another example is 
Cr(III)/Cr(VI). Cr(II1) has been hypothesized as act- 
ing as a co-factor with insulin at the cellular level, and 
Cr(V1) has been shown to induce dermatitis, ulcers, 
bronchitis and pulmonary carcinomas.* 

Flow-injection techniques for metal speciation in 
samples have yet to appear in the literature. Our 
objective in this project was to show that FIA can, 
indeed, be used to perform this task rapidly and 
sequentially. It is important, of course, to ensure that 
no change in the oxidation states of the metals in the 
sample can take place during the sample preparation, 
and FIA is again advantageous since in many in- 
stances this can be done directly in the flow stream. 

To allow determination of two oxidation states of 
a particular element, a two-channel flow-through 
switching valve was incorporated in the manifold of 
the FIA system. The properly timed addition of an 
appropriate oxidant or reductant through the valve 
allows complete conversion into a single oxidation 
state, so that a pair of measurements (one before and 
one after the reagent addition) will give the concen- 
tration of both species. 

Thus for Fe(II)/Fe(III), use of 1, lo-phenanthroline 
as the spectrophotometric reagent, with measurement 
at 5 12 nm, will give the concentration of Fe(I1) in the 
sample, and then addition of a reducing agent such 
as ascorbic acid to the flow-stream to reduce the 

Fe(II1) will give the total iron concentration. The 
concentration of Fe(M) is obtained by difference. 

EXPERIMENTAL 

Reagents 

Solutions were prepared as described in the literature.’ All 
chemicals were used without further purification. All water 
was prepared with a Bamstead “Nanopure” system. 

l,lO-Phenanthroline solution, 0.2577. 1, IO-Phenanthroline 
(0.500 g) was added to 100 ml of water heated to 60” to aid 
in dissolving the reagent. The solution was allowed to cool 
before dilution to 200ml with water. 

Acetate buffer solution pH 3. Z Ammonium acetate solu- 
tion (2M, 16ml) mixed with 184ml of 2M acetic acid. 

Ascorbic acid solution, l.oO/, 

Standard iron solutions. A stock solution containing 
500 ppm Fe(I1) was prepared by dissolving 3.5 1 g of ammo- 
nium iron(I1) sulphate hexahydrate in a mixture of 20 ml of 
concentrated sulphuric acid and 50 ml of water, then dilut- 
ing to 1 litre with water. A stock solution of 500 ppm Fe(II1) 
was prepared by making a 500ppm Fe(I1) stock solution, 
and adding 0.02M potassium permanganate until a persis- 
tent pink colour was obtained, before the dilution to 1 litre. 
Working solutions containing Fe(I1) and Fe(II1) were pre- 
pared in the range 0.50-30.0 ppm by proper dilution of the 
standard stock solutions. 

IS-Diphenylcarbazide solution, 0.14x, in acetone 

Ceric ammonium nitrate solution, 0.4%. Ceric ammonium 
nitrate (4.0 g) was dissolved in 0.50M nitric acid and the 
solution’ wa:diluted to 1 litre. 

Standard chromium solutions. A stock solution of Cr(II1) 
was prepared by dissolving 7.70 g of chromium nitrate in 
200 ml of water and diluting to 1 litre. A stock solution of 
Cr(V1) was prepared by dissolving 3.74g of potassium 
chromate in 200 ml of water and diluting to 1 litre. Working 
solutions containing Cr(II1) or Cr(V1) were prepared by 
proper dilution of the standard stock solutions. 

Procedure 

The flow system for the Fe(II)/Fe(III) and Cr(III)/Cr(VI) 
determinations are described in Figs. 1 and 2, respectively. 
The manifold, 30-~1 dual injector and a dual peristaltic 
pump were housed in a Tecator 5020 Flow Injection Ana- 
lyzer. An additional peristaltic pump (Gilson Minipuls 2) 
was used for both systems. Absorbances were measured at 
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Fig. 1. Flow diagram for Fe(II)/Fe(III) determinations. P, and P, represent the peristaltic pumps used, 
with the flow-rates of the reagents indicated (ml/min). C, indicates the carrier stream which passes through 
the flow-through valve; C, indicates the carrier stream which passes through the injector. Both C, and 
C, are 0.014M HNO,. A is the reducing agent, ascorbic acid. S is the sample solution which fills the sample 
loop. Inj is the 2-channel injection valve. At the time of injection, the sample loop replaces the carrier 
stream (segmented line) for the appropriate length of time before returning to its original postion. V 
represents the 2-channel flow-through valve, positioned to allow ascorbic acid to enter the flow stream. 
The complexing reagent, l,lO-phenanthroline, is indicated by CR. The pH-3.7 buffer is B. MC,, MC, and 
MC, corresponds to mixing coils of 30, 30 and 50 cm length, respectively. W indicates waste collection. 
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Fig. 2. Flow diagram for Cr(III)/Cr(VI) determinations. P, and P, represent the peristaltic pumps housed 
in the Tecator 5020 analyser, with the flow-rates of the reagents indicated (ml/min). P3 represents the 
additional peristaltic pump used to introduce DPC (1,5_diphenylcarbazide solution) the complexing 
reagent. OX represents the ceric ammonium nitrate solution, and H+ the l.OM H,SO,. V is the 2-channel 
flow-through valve, S the sample solution which fills the 30-~1 injection loop, and Inj the dual injector. 
MC, and MC, correspond to mixing coils of 60 and 9Ocm length, respectively. W indicates waste 

collection. 

512 and 540 nm with a Perkin-Elmer 124 double-beam 
spectrophotometer equipped with a Helma IO-mm flow- 
through cuvette. Recordings were made with a Fisher series 
5000 recorder. The two-channel switching valve (Fig. 3) was 
made of “Plexiglas” in our own laboratory. 

RESULTS AND DISCUSSION 

When a determination is done by FIA, it is essen- 
tial to know (a) how much the original sample 
solution is diluted on its way to the detector, and (b) 

0 65 

Fig. 3. Dimensions (cm) and design of switching valve, A 
denotes a tongue and groove system to hold the valve in 
correct position for channel switching, B is the locking screw 

holding the valve together. 

the time lapse between sample injection and read- 
out.4 The dispersion (D) is defined as the ratio of the 
analyte concentrations before and after the dispersion 
process has taken place in the element of fluid that 
yields the analytical read-out. For the manifolds 
described in Figs. 1 and 2, D was found to be 5.0 and 
7.0 respectively. The residence times (t), defined as 
the time elapsed between sample injection and ap- 
pearance of the peak maximum, were 7.5 and 8.0 sec. 
The axial dispersions (defined as half the peak-width 
at 62.5% of maximum peak height) were 2.0 and 
7.1 sec. 

Iron 

The method used the well-known phenanthroline 
method for determination of iron( with absorb- 
ance measurement at 512 nm. A 30-~1 sample was 
injected into the carrier stream and analysed for 
iron(H) with and without reduction of any iron(M) 
present, by introduction of ascorbic acid solution 
through the switching valve, as appropriate. As 
shown in Fig. 4, the corresponding peak heights for 
equal concentrations of Fe(H) and Fe(II1) were equal 
within experimental error. This allows use of a single 
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Fig. 4. Absorbance of equal concentrations of Fe(II)/ 
Fe(II1) injected into the system. From left to right: 30, 20 
and 10 ppm Fe(I1). Fe(II1) injections of 10, 20 and 30 ppm 
are then presented. Each standard was injected five times. 

calibration curve for both species, Fe(I1) directly, and 
Fe(II1) from the difference between the Fe(I1) and the 
total iron concentrations. Figure 5 shows a typical 
calibration curve. The linear range was 0.5-30.0 ppm 
Fe and the relative standard deviation was less than 
1.5% (calculated by the range method). Increasing the 
injection loop volume to 100 ~1 should lower the 
detection limit to -0.05 ppm Fe and the relative 
standard deviation to less than 1.0%. This value 
approaches the detection limit of 0.005 ppm obtain- 
able by conventional atomic-absorption spectro- 
photometry.5 Table 1 shows the accuracy and pre- 
cision of the method. All mean total Fe values were 
within 0.5ppm of the true value (standard error of 
the mean <2x). The concentrations at high poten- 
tially interfering elements affect the determination of 
iron at the lO.O-ppm level are 15 ppm for nickel, 
50ppm for zinc and 70ppm for copper. Nickel has 
the greatest potential as an interferent, but in envi- 
ronmental samples will rarely occur in high enough 
ratio to iron to cause difficulty. 
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Fig. 5. Linear dynamic range of Fe determinations; means 
of five 30-~1 injections of each sample (s.d. < 1%). 

Figure 6 depicts the reproducibility of the method. 
By using the flow-through switching valve we were 
able to determine both Fe(I1) and Fe(III), and ac- 
complish at least one speciation determination per 
minute. 

Chromium 

Chromium(W) was determined with 1,5-diphenyl- 
carbazide, the coloured species formed being a 
chelate of Cr(II1) [formed by reduction of Cr(V1) by 
the diphenylcarbazide] and the resulting diph- 
enylcarbazone. &’ The absorbance of the complex was 
measured at 540nm. Figure 2 depicts the manifold 

4 ml” 
I I 

TIME 

Fig. 6. Reproducibility of 2-channel flow-through valve 
control of the metal speciation of Fe(II)/Fe(III). Total Fe in 
all cases was 20ppm. From left to right the Fe(I1) con- 
centrations were 15, 10 and 5 ppm respectively (injection 

volume 30 p 1). 

Table 1. Accuracy of the method for Fe(II)/Fe(III) determinations; mean 
of triplicate analyses (values in parentheses are the true values) 

Fe(II), PP~ Fe(III), ppm Total Fe, ppm Error, % 

1 10.8 f 0.2 
(10.0) (Z) 

17.8 k 0.2 1.7 
(17.5) 

2 4.9 * 0.3 16.5 21.4 + 0.2 1.2 
(4.9) (17.0) (21.9) 

3 11.5+_0.2 18.7 f 0.2 1.2 
(11.0) (Z) (18.5) 



844 B. P. BUBNIS et al. 

Table 2. Accuracy of the method for Cr(III)/Cr(VI) determinations; 
means of triplicate analyses. The (values in parentheses are the true values) 

Cr(III), PP~ Cr(VU, ppm Total Cr, ppm Error, % 

1 5.4 19.8 + 0.1 25.2 f 0.3 0.6 
(5.0) (20.0) (25.0) 

2 9.2 15.3 + 0.1 24.5 + 0.2 2.0 
(10.0) (15.0) (25.0) 

3 9.8 5.2 +O.l 15.0 * 0.2 0.0 
(10.0) (5.0) (15.0) 

i 
I I I I 

I 5 IO 20 30 40 50 

CONCENTRATION TOTAL Cr (ppm I 

Fig. 7. Linear dynamic range for total Cr (means of five 
30-~1 injections, s.d. i 1%). 

used. The carrier stream was 1M sulphuric acid, and 
ceric ammonium nitrate was used to oxidize Cr(II1) 
to Cr(V1) for total Cr determination since the direct 
reaction of Cr(II1) with diphenylcarbazone in aque- 
ous solution was too slow for use. The calibration 
graph was linear from 0.5 to 20.0ppm Cr(V1). Fig- 
ure 7 shows the linearity of the calibration graph for 
total chromium. The use of peak-height measure- 
ments makes it necessary to use a constant concen- 
tration of oxidizing agent, since the oxidation of the 
Cr(II1) is incomplete (in the reaction time used) if the 
Ce(IV) concentration is too low (X3.5 x 10-3M), 
and the surplus oxidant also gives an absorbance 
signal at 540 nm. This oxidant absorbance results in 
a variable baseline signal for the Cr(V1) deter- 
mination, and in the apparent net signal for Cr(V1) 
decreasing (linearity) with increasing Ce(IV) concen- 
tration, since the Cr(V1) and total chromium deter- 
minations are run alternately (in that order). The 
Cr(II1) is taken as the difference. A further con- 
sequence is that full advantage cannot be taken of the 

rapid on-line switching capability of the two-channel 
flow-through valve, which has to be operated manu- 
ally under these circumstances. Use of a detector 
connected on-line to a computer would permit 
automatic switching, however, and increase the 
sampling rate. The error for total chromium does not 
exceed 2.0x, but is higher for Cr(II1) and Cr(V1) 
individually (Table 2). 

Conclusions 

Automated flow systems have greatly decreased the 
analysis time for clinical samples. Unfortunately, a 
given sample may need to be prepared in different 
ways for the necessary information to be acquired, 
and then more than one manifold will be required. 
The major advantage of the multiple valve described 
here is that it allows use of the same manifold for two 
different reactions. This allows true automation of 
the system. By use of the computer capacity available 
in many laboratories, it should be possible to arrange 
on-line switching so that a wide range of analyses can 
be run without changing the primary unit. 
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Summary-Arsenic can be determined by galvanostatic stripping analysis with a modified gold-film 
electrode, prepared by simultaneous electro-deposition of gold and arsenic on a glassy-carbon support. 
This initially deposited arsenic is stripped from the film before the electrode is used for the analysis, but 
its presence during the formation of the film apparently leads to uniformly distributed crystallization sites 
for the subsequent determination of arsenic, so that the precision of the determination is better than that 
obtained with an unmodified gold-film electrode. The pre-electrolysis is performed potentiostatically in 
a stirred solution of 7M hydrochloric acid, at a potential from -0.10 to -0.35 V (us. Ag/AgCl). If the 
galvanostatic stripping step is perfonned in quiescent solution after a 6-see rest-period, at a current of 
2-12 PA, then for a 100~set pre-electrolysis time the calibration curve is linear up to an arsenic 
concentration of about 2pg/ml and the limit of determination is 8 ng/ml. In the analysis of steel, the 
arsenic must first be separated by selective extraction of arsenic(III) bromide into toluene and 
back-extraction into the supporting electrolyte. A single extraction is virtually 100% quantitative. The 
relative error of the determination in steels is a few per cent and the results are in good agreement with 
the certified values for reference materials and with the results obtained by X-ray fluorescence analysis. 

Arsenic can be determined with high sensitivity by 
electrochemical stripping analysis (e.g., a deter- 
mination limit of 0.02 ng/ml has been reported for 
differential pulse voltammetry with a gold electrode,’ 
which is similar to that obtained with the AAS 
hydride method*). Gold metal or gold-film electrodes 
are most often used for the stripping determination 
of arsenic, because, as shown, e.g., by Kaplin et al.,’ 

interaction between arsenic and the gold of the 
electrode surface is weak and thus the reproducibility 
of the determination is good and the electrode surface 
need not be regenerated after each determination. 
However, these authors also observed two arsenic 
peaks during potentiostatic stripping from a gold 
electrode and ascribed the more negative one to the 
stripping of arsenic from a species produced by 
Au-As interaction and the more positive one to 
stripping of the pure arsenic phase.4 The favourable 
effect of Au3+ ions present in the supporting electro- 
lyte on the sensitivity of the determination of arsenic 
has been explained’ as due to simultaneous deposi- 
tion of gold and arsenic on the support; this prevents 
complete coverage of the support by elemental 
arsenic, which would decrease the efficiency of the 
pre-electrolysis on account of the low electrical con- 
ductance of arsenic. 

Most stripping determinations of arsenic with gold 
electrodes have involved a potentiostatic anodic strip- 

*Author for correspondence. 

ping step.‘*%‘O Only Jagner et al.” proposed a poten- 
tiometric stripping determination, employing chem- 
ical oxidation of elemental arsenic on the electrode 
surface by AU’ + ions present in the supporting 
electrolyte. This paper describes the galvanostatic 
stripping determination of arsenic with a gold-film 
electrode, which, to our knowledge, has not yet been 
used for this purpose but offers certain general ad- 
vantages. Galvanostatic stripping is readily auto- 
mated, the experimental data are often more easily 
handled than those from potentiostatic stripping, and 
the method is more universal than potentiometric 
stripping and places less stringent requirements on 
the choice of supporting electrolyte composition. 
(For details of galvanostatic stripping see, for exam- 
ple, references 13 and 14). 

The main problem in the analysis of metallic 
materials is selectivity. For steels, we have obtained 
very good results’* by extracting arsenic(II1) bromide 
into toluene and back-extracting the arsenic into an 
aqueous supporting electrolyte, so we have employed 
this principle in the present work. An additional 
advantage of the extraction is the simultaneous re- 
duction of As(V), obtained during the sample decom- 
position, to electroactive As(II1). 

EXPERIMENTAL 

Apparatus 

The measurements were performed on a semiautomatic 
instrument of our own construction,” permitting prepro- 
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Fig. 1. The electrolytic cell. l-working electrode, 2- 
counter electrode, 3-reference electrode, 4-tube for aspi- 
ration and outlet of the sample, %-tube connected to a 
peristaltic pump by means of which the pressure in the vessel 
can be decreased or increased, thus introducing or dis- 

carding the test solution. 

gramming of all the measuring stages and automatic display 
of the time needed to reach a given potential. The stripping 
curves were recorded on an RE 511.20 chart-recorder 
(Smiths, England). A three-electrode circuit was used, con- 
sisting of a stationary glassy-carbon disk electrode (GC20; 
Tokay Electrode Mfg., Nagoya, Japan), 5.27 mm in di- 
ameter, cemented into a glass tube with epoxy resin, a silver 
chloride reference electrode (1 h4 hydrochloric acid; poten- 
tial -0.020 V vs. SCE) and a platmum counter-electrode 
separated from the working electrode chamber by a porous 
glass plug. The working electrode was polished first with 
metallographic papers (4/O and 6/O, SIA, Switzerland) and 
then with a l-pm alumina suspension (Struers Scientific 
Instruments, Denmark), rinsed thoroughly with water, then 

degreased with acetone and prepolarized in 0.5M sulphuric 
acid for 50 set at + 1 .OO V and for 100 set at - 1 .OO V. The 
electrode was disconnected from the potentiostat at the 
latter potential, rinsed with water and immediately electro- 
lytically coated with gold. The procedure was repeated 
before each renewal of the gold film, with omission of only 
the polishing with the metallographic papers. 

The electrolysis vessel (Fig. 1)16 permits introduction and 
removal of the test solution through a single tube, by 
pressure variation. This cell has the advantage that it is 
possible to aspirate the (lower) aqueous phase after the 
extraction, without the need to separate the phases mechan- 
ically. Small solution volumes were measured with Ep- 
pendorf micropipettes (FRG). The extractions and back- 
extractions were performed in 25 and lo-ml standard flasks, 
respectively, closed with polyethylene stoppers. 

Reagents 

All chemicals used were of p.a. purity (Lachema, Czecho- 
slovakia and Merck, FRG) and were not further purified. 
A standard solution of AS’+ (0.1 mg/ml) was prepared by 
dissolving 0.1320 of arsenious oxide in 20 ml of 2M sodium 
hydroxide, diluting with water to about 100 ml, adding 10 
ml of dilute sulphuric acid (1 + 5) and diluting with water 
to 1000 ml. A standard solution of Au’+ (1 mgjml) was 
prepared by dissolving 0.1000 g of pure gold in a small 
amount of aqua regia, evaporating to dryness, dissolving the 
residue in 5 ml of concentrated hydrochloric acid and 
diluting with water to 100 ml. 

All measurements were made at room temperature and 
the potentials referred to the silver-silver chloride electrode 
(1M hydrochloric acid). 

The stripping curves for low arsenic concentrations (at 
a current of 2pA) were evaluated by the usual chrono- 
potentiometric technique (see, for example, reference 13). At 
higher arsenic concentrations (at a current of 12 PA). the 
stripping time was obtained by measuring the time (t_) 
from the beginning of the stripping step to the attainment 
of a potential of + 0.30 V, and subtracting the correspond- 
ing value for the blank. 

Procedure 

Weigh out 0.200 g of steel and dissolve it in 10 ml of 
hydrochloric/nitric acid mixture (3: 1 v/v) in a covered 100 
ml beaker. Then add 20 ml of sulphuric acid (1 + 1) and 
evaporate the solution to about half its initial volume. Rinse 
the walls of the beaker with a small amount of water, add 
2 ml of concentrated formic acid and again evaporate to 
about half the initial volume. Transfer the solution to a 
25-ml standard flask, rinse the beaker with 1 ml of 1M 
iron(H) sulphate into the flask, add 5.0 ml of 4M potassium 
bromide, cool the flask to room temperature, add 1.00 ml 
of toluene and make up to the mark with water. Shake the 
stoppered flask for 2 min then, after phase separation, 
pipette 0.500 ml of the organic phase into a lo-ml standard 
flask containing 10 ml of the supporting electrolyte (7M 
hydrochloric acid). Back-extract the arsenic by inverting 
the stoppered flask several times. After phase separation, 
aspirate part of the lower (aqueous) phase into the electrol- 
ysis vessel. Apply the pre-electrolysis/stripping cycle twice 
and find the arsemc content from the second stripping curve. 
Measure the time from the beginning of the stripping step 
to the instant when the electrode attains a potential of 
+ 0.300 V (I,,,,, = 12 PA) or +0.150 V (I,,,, = 2 PA). After 
each determination, rinse the electrolysis vessel with ethanol 
and then with water. 

RESULTS AND DISCUSSION 

Electrode preparation 

It has been found that the concentration of hydro- 
chloric acid in the solution for the preparation of the 



Determination of arsenic and its application to steels 847 

24 

I I I I I 

I 4 8 12 I6 20 

t ,,,h(min) 

Fig. 2. The effect of Eel,*” and &,.A” on the sensitivity and 
precision of the determination of arsenic. Electrode prepara- 
tion: 7M HC1+2.5 x 10v4M Au’+, ,QAU = -0.150 V (I), 
E d.A” = -0.300 V (2). Determination of arsenic: 7M 
HCl+ 1.00 pg/ml As; Ee,,As = -0.350 V, tel.*% = 100 set, 

I Stnp = 12 PA. 

gold-film electrode has little effect on the analytical 
properties of the electrode. Therefore, the same acid 
concentration was used as that of the electrolyte for 
the determination, i.e., 7A4, selected on the basis of 
the literature data.5s” The concentration of gold(II1) 
in the solution was 2.5 x 10m4M. 

The effect of the two important parameters, the 
pre-electrolysis potential Eel,*” and the electrolysis 

time tel,Au9 on the analytical properties of the gold film 
was studied by repeated determinations of arsenic 

at two &Au values and various electrolysis times 
(Fig. 2). Each stripping determination was repeated 
ten times in the same solution and Fig. 2 contains the 
average transition times, together with the confidence 
intervals for a significance level of CI = 0.05. The 
highest sensitivity is obtained for Ecl,Au = -0.150 V 
and t e,,Au > 8 min (Fig. 2, curve 1). However, the 
curves exhibit two transition times, corresponding to 
potentials EC,* = + 0.05 and +O. 15 V, indicating in- 
homogeneity of the layers of elemental arsenic on the 
gold-film surface. Also the sensitivity of this deter- 
mination varies with time. Gold films prepared at 
E el Au < - 0.300 V and tel,Au 2 6 min (Fig. 2, curve 2) 
ha;e somewhat better properties and the first transi- 
tion time (here with ET,* = + 0.12 V) amounts to only 
about 5% of the sum of the two transition times. 

It has been observed that the presence of 
arsenic(II1) in the plating solution has a marked effect 
on the quality of the gold film and that film electrodes 
modified by simultaneous deposition of arsenic with 
the gold have much better analytical properties than 
do unmodified electrodes. This is demonstrated by 
the dependence of the arsenic transition time on the 
arsenic pre-electrolysis potential, Ee,,As, for modified 
and unmodified electrodes (Fig. 3) and by the shapes 
of the stripping curves (Fig. 4). Apparently the 
co-deposition of arsenic leads to formation of uni- 
formly distributed crystallization centres for arsenic 
in the surface layers of the gold film, even if the 
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Fig. 3. The effect of the pre-electrolysis potential on the 
transition time of arsenic for unmodified (1) and modified 
(2) gold film electrodes. Electrode preparation: 7M 
HCl+ 2.5 x 10m4M Au3+ + c,,; c,, = 0 fig/ml (l), c, = 2 
pg/ml (2); EclAu = -0.350 V; re,,Au = 100 sec. Determin- 
ation of arsenic: 7M HCl + 0.5 pg/ml As; fel,As = 100 set; 

I stnp = 12 PA. 

arsenic is electrochemically stripped from the elec- 
trode before it is used for the determinations. The 
sensitivity of the determination of arsenic depends on 
the surface area of the electrode, but is practically 
independent of the thickness of the gold film. If the 
pre-electrolysis potential is shifted to values more 
negative than the optimal value, the sensitivity of the 
determination decreases irreversibly. The gold-film 
electrode can be used for one working day without 
significant change in the sensitivity, but storage over- 
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Fig. 4. Galvanostatic stripping curves for arsenic with 
unmodified (1) and modified (2) gold film electrodes. Elec- 
trode preparation: 7M HCl + 2.5 x 10m4M Au’+ + c,,~ = 0 
pg/ml (l), c, = 0.2 jkg/ml (2); Eel,Au = -0.050 V, t,,.Au = 10 
min. Determination of arsenic: 7M HCl+ 1 pg/ml As; 

E CLAS = -0.350 V;r,,*, = 100 set; Z_ = 12 /IA. 
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night causes about 50% decrease in the sensitivity, 
and the film must be renewed. 

When the deposition-stripping cycle is repeated in 
the same solution, the precision of the arsenic deter- 
mination improves. The first stripping curve is poorly 
reproducible and thus the second curve was always 
used to determine the transition time. From the point 
of view of film-surface stability toward organic sol- 
vents (which is important because the practical appli- 
cation to steels requires solvent extraction) it is better 
to use longer gold plating times (te,,Au > 5 min) and 
lower concentrations of arsenic(II1) in the plating 
solution (chS x 0.2 pg/ml). If the supporting electro- 
lyte is saturated with toluene, the sensitivity of the 
arsenic determination decreases by about 10% for 
both unmodified and modified electrodes, but the 
precision of the determination with the modified 
electrode is better [for the determination of arsenic at 
a concentration of 1 pg/ml, the relative standard 
deviation (ten measurements) is 2.8% for the 
unmodified electrode and 1.4% for the modified 
electrode]. 

Therefore, the following procedure is used for the 
electrode preparation: the gold film is plated on 
the pretreated glassy carbon at a potential of 
E e,,Au = -0.050 V for 10 min from a solution that is 
7M in hydrochloric acid, 2.5 x 10e4M in Au’+ and 
2.7 x 10m6M (0.2 pg/ml) in As’+. Then the arsenic is 
galvanostatically stripped into the plating solution at 
a current of 12 PA until the electrode potential 
becomes + 0.300 V. The electrode is rinsed with water 
and transferred to the sample solution. 

Determination of arsenic 

It follows from the literature’*“-” that hydrochloric 
acid is the most suitable supporting electrolyte for the 
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Fig. 5. The effect of the hydrochloric acid concentration on Fig. 7. The effect of the pre-electrolysis potential on the 
the linearity of the calibration and on the stripping potential linearity of the calibration. 7M HCl, Ee,.Ar = -0.100 V (1); 
of arsenic. 1.4M (l), 3.5M (2), 7M (3); EFI.AS = -0.350 V; E c,,As = -0.350 V (2); te,.*$ = 100 set; I,,,, = 12 PA; modified 
t el.As = 100 set, I,,,, = 12 PA, modified gold film electrode. gold film electrode. 
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Fig. 6. The effect of the potential (1) and time (2) of 
pre-electrolysis on the arsenic transition time. 7M HCI; 
AS = 0.5 pg/ml (l), cAS = 0.1 pg/ml (2); &+ = -0.350 V 

= 100 set (1); Istnp = 12 PA; modified gold film 
electrode. 

electrochemical stripping determination of arsenic. It 
can be seen from Fig. 5 that the optimal hydrochloric 
acid concentration is about 7M, in agreement with 
earlier results5*” 

The dependence of the arsenic transition time on 
the pre-electrolysis potential and time in this solution 
are given in Fig. 6, and the effect of the arsenic 
pre-electrolysis potential on the linearity of the cali- 
bration curve is demonstrated in Fig. 7. It can be seen 

that QAs should be about -0.35 V for a linear cali- 
bration curve over a sufficiently wide arsenic concen- 
tration range to be obtained, and that the sensitivity 
of the determination increases with increasing pre- 
electrolysis times up to about 15 min. As it was found 
that rest periods greater than 4 set after the pre- 
electrolysis in stirred solutions have no effect on the 
shape of the stripping curves, a 6-set rest period was 
used in the determinations. 

Typical stripping curves recorded under these con- 
ditions are shown in Fig. 8 and the analytical param- 
eters for the determination are summarized in Table 
1. It can be seen from the table that a decrease in the 
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Fig. 8. Typical galvanostatic stripping curves of arsenic. 7M 
HCl; &,,*I = -0.350 V; te,,As= 100 sec., I,,,, = 12 PA; 
modified gold film electrode; c,, = 0 (l), 0.05 (2). 0.10 (3) 

and 0.20 (4) pg/ml. 

stripping current from 12 to 2 PA does not lead to 
a sixfold increase in the sensitivity of determination 
as might be expected from the theory, but that the 
increase is only about 3.5-fold. This is probably due 
to oxidation of the elemental arsenic during longer 
stripping times by atmospheric oxygen dissolved in 
the supporting electrolyte; this effect would also 
somewhat limit the possibilities for improving the 
measuring sensitivity by increasing the pre- 
electrolysis time. Some trial measurements in de- 
aerated solutions showed that the removal of oxygen 
does cause an increase in the measuring sensitivity. 

Extraction of arsenic 

To attain sufficient selectivity for the determination 
of arsenic in steels, the extraction method described 
previously’* was employed. We have found that the 
extraction of arsenic(II1) bromide from sulphuric 
acid medium into toluene permits the selective deter- 
mination of arsenic in pure antimony and tin by the 
present method, when cHzso4 < IM and es,_ > 0.5M. 
It is possible to determine 0.01% arsenic in common 
steels in the presence of 0.1% antimony with a 
relative error of ca. + lo%, with cHzsoI 2 8M and 
cBr- = 0.8M. When the steel is oxidatively decom- 

posed with a 3: 1 v/v mixture of hydrochloric and 
nitric acids, then 1% of selenium and 2% of germa- 
nium do not interfere. 

To decompose the small amount of bromine 
formed in the aqueous phase by the oxidation of 
hydrogen bromide by atmospheric oxygen, a small 
amount of ascorbic acid or ferrous sulphate is added. 
Ferrous sulphate is preferable because its acidic solu- 
tions are more stable. 

When 24 ml of aqueous phase are extracted with 
1 ml of toluene, equilibrium with virtually 100% 
extraction is attained within 1 min; to provide a 
safety margin, we subsequently used a 2-min extrac- 
tion time. The back-extraction into 7M hydrochloric 
acid is virtually instantaneous and quantitative recov- 
ery is attained simply by inverting the stoppered flask 
several times. However, to prevent loss of arsenic by 
back-extraction into water, the extract must be dro- 
tected against atmospheric moisture and the pipette 
must be thoroughly dried. To prevent deposition of 
toluene on the electrode, only part of the aqueous 
phase after back-extraction is aspirated into the 
electrolytic vessel and the vessel is rinsed with ethanol 
and then water after the measurement. 

Application to steels 

A 3: 1 v/v mixture of hydrochloric and nitric acids, 
which will dissolve all types of steel, with oxidation 
of arsenic to As(V) without formation of the volatile 
chloride, was used to decompose the samples. Most 
of the acid mixture was removed by evaporation with 
sulphuric acid and the residual nitric acid by addition 
of formic acid, to prevent precipitation of ferric 
sulphate on prolonged evaporation. To prevent pos- 
sible oxidation of As3+ by bromine formed during 
the extraction, ferrous sulphate was added to the 
aqueous phase before the extraction. 

The calibration curve was then linear from 1 to 200 
ppm As in the sample and the determination limit 
0.7 ppm. The parameters of the calibration curve are 
given in Table 2. They were obtained by analysing 
pure iron with an arsenic content of less than 0.7 
ppm, to which various amounts of arsenic were 

Table 1. Characteristics of the calibratmn regression lines for the direct deternkttion of arsemc in the 7M HCl 
base electrolvte 

I St”p, Number of b +s, o +s,, Correlation Limit of detection, 
PA measurements (sec.~g-‘.ml) set coefficient K?lml 

2 6 71+3 0.1 +02 0.997 0.008 
12 8 21.4 f 0.4 -0.’ 0.4 f 0.999 0.06 

cAs = 0.0054 150 and 0.05-2.00 pg/ml; Ec,,Ar = -0 350 V; fc,,A, = 100 set; modified gold film electrode; 3s criterion 
used for the linut of detection. Equation: 7 = bc,, + o 

Table 2. Characteristics of the calibration regression straight hnes for the determination of arsenic in steel 

I ltnpr Number of 6 fs, o +s,, Correlation Limit of detectlon, 
PA measurements (sec.~g-‘.m/) set coefficient PPm ~._ 

2 6 0.72 & 0.02 0. I 0.2 * 0.998 0.7 
12 8 0. I83 + 0.003 0.4 + 0.3 0.999 5.0 

Sample weight, 0.2 g; c,, = 0.5-15 and 5-200 ppm; I?~,,~~ = -0.100 V and -0 350 V; 
film electrode; 3s criterion used for the hmit of detection. Equation: 7 = bc,, + a 

r,,,,, = 100 set; modified gold 
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Table 3. Precision and accuracy of the determination of arsenic in steel (a = 0.05) 

Arsenic found (%) 
Certified 

Reference content of C, Si, Ni, Cr, Cu, MO, V, Co, Ti, W, GSA, 
material As, % %%%%%%%%%% RFA LI.2 n 

CKD 170 0.030 0.2 0.8 0.2 2.0 0.1 1.3 0.0 0.0 0.3 0.030 0.030 * 0.002 3 
CKD 171 0.015 0.1 0.0 1.9 2.8 0.0 0.0 0.3 0.0 0.0 0.015 0.015 f 0.001 3 
v 4108 0.008 10.0 18.0 0.5 0.007 0.007 * 0.001 3 
v4109 0.023 10.0 18.0 0.5 0.021 0.021 * 0.001 3 

E I:: 0.03 0.015 2.5 2.7 0.7 3.6 0.1 2.3 0.2 1.8 0.3 0.1 0.2 0.1 0.2 0.0 0.1 0.1 0.1 0.0 0.030 0.015 0.032 0.015 ? + 0.002 0.001 5 3 
(~KD 230 0.005 2.6 1.0 1.1 0.1 1.0 0.0 0.0 0.0 0.0 0.005 0.006 f 0.001 5 
v4103 0.010 3.7 12.5 0.3 0.010 0.010 * 0.001 3 

RFA-X-ray fluorescence analysis; GSA-galvanostatic stripping analysis; L,., = .? + sf,/Jn; n = number of parallel determinations. 

added. The method was verified by analysing eight 
reference materials (see Table 3). It can be seen that 
the agreement with the certified contents of arsenic 
and with the results of X-ray fluorescence analysis is 
satisfactory. 

As the method is highly selective, it is readily 
applicable to analysis of a great variety of materials. 
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Summary-A rapid titrimetric method for the determination of Zn (3 5%) in zinc, aluminium and copper 
alloys is proposed. It is based on the chelation of Zn(II) with HEDTA as titrant in an ethanolic aqueous 
medium. The end-point is detected with hydrazidazol, a new indicator developed in China. Up to at least 
6% Mn in the alloy does not interfere. Direct determination of Zn(II) is rendered possible by using 
a combination of masking agents. A separation is needed only if nickel is also present. A decided 
advantage of this method is its high selectivity. The standard deviation was found to be 0.07 mg and the 
coefficient of variation to vary from 0.2 to 0.5%. The method has been successfully used to determine Zn 
in different kinds of non-ferrous alloys, especially those containing Mn. 

The chelatometric titration of Zn(I1) is one of the 

widely used analytical methods. Unfortunately many 
metal ions interfere. Four titrations are required for 
the determination of Zn(I1) in the presence of Cu(II), 
Pb(I1) and Ni(I1) by the Piibil and Vesely method.’ 
The cumulative error of the four titrations may be 
appreciable. The methods recommended by ASTMZx3 
are accurate but time-consuming. Moreover, masking 
with cyanide followed by demasking is not now 
generally accepted as good practice. Hence in the case 
of copper alloys containing 25% of Zn, the Zn is 
usually determined by difference.4 

The interference caused by Mn(I1) is extremely 
difficult to eliminate. The literature on the masking of 
Mn is rather confusing5 and conflicting. All the 
masking agents used so far, including carboxy- 
methylmercaptosuccinic acid6 are found to be rather 
unsatisfactory. 

A selective titrimetric method for the deter- 
mination of Zn(I1) in the presence of other commonly 
encountered metal ions, especially Mn, which is 
highly desirable in practice, is still lacking and de- 
serves further study. In order to solve this difficult 
problem in analytical chemistry a selective titrant and 
a metallochromic indicator specific or nearly specific 
for Zn(I1) must be used. In this paper HEDTA, 
N-(2-hydroxyethyl)ethylenediamine-N,N‘,N’-triacetic 
acid, is suggested as the titrant instead of EDTA, and 
hydrazidazol as the indicator. Hydrazidazol is the 
trivial name proposed for 1-(2_butyrohydrazidonaph- 
thylazo)-2-hydroxy-4-nitrobenzene, which is an en- 

*To whom correspondence and requests for reprints should 
be sent. Present address: 999 Dong Chang Zhi Lu, 
Shanghai, People’s Republic of China 

tirely new reagent recently developed by us. Detailed 
information about this new reagent will be reported 
in the near future. This new approach makes possible 
a rapid and selective method for the determination 
of Zn(I1). It has been successfully applied to the 
determination of Zn (>5%) in different kinds of 
non-ferrous alloys, especially those containing Mn. 

EXPERIMENTAL 

Reagents 

Analytical-reagent grade chemicals were used unless 
otherwise specified. 

Hydrogen peroxide, 30%. 
Sodium hydroxide solution, 20%. 
Ethanol, 95% v/v. 
Saturated sodium bicarbonate solution. 
Sodium Juoride solution, 4%. 
Ascorbic acid solution, 5%. Freshly prepared before use. 
Thioureo solution. Dissolve 5 g of thiourea and 1 g of 

ascorbic acid in water and dilute to 100 ml. Freshly prepared 
before use. 

Barium chloride dihydrate solution, 1%. 
Potassium sulphate solution. Dissolve 15 g of potassium 

sulphate in water and dilute to 450 ml. 
l,IO-Phenanthroline solution in ethanol, 0.1%. 
Dimethylglyoxime solution in ethanol, 1%. 
Hexamine solutions, 15% and 30%. Freshly prepared 

before use. 
Naphthyl Red solution in ethanol, 0.05%. 
Hydrazidazol solution in acetone, 0.05%. 
Zinc standard solution, 0.02M. Dissolve 3.255 g of zinc 

oxide of SRM grade in 50 ml of 2M hydrochloric acid by 
warming. Cool and dilute to 500 ml. Add 2 drops of 
Naphthyl Red solution and 30% hexamine solution drop- 
wise till the appearance of a yellow colour. Transfer to a 
2-litre standard volumetric flask, dilute to volume and mix. 

HEDTA standard solution. Dissolve 11.13 g of anhydrous 
N-(2-hydroxyethyl)ethylenediamine-N,N’,N’-triacetic acid 
in 700 ml of water by warming, cool to room temperature 
and add 2 drops of Naphthyl Red solution and saturated 
sodium bicarbonate solution dropwise till the appearance of 
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a yellow colour. Transfer to a 2-litre standard flask, dilute 
to volume and mix. Standardize as follows. Pipette 25.00 ml 
of 0.02M standard zinc solution into a 400-ml Teflon 
beaker. Add 20 ml of water, 5 ml of ascorbic acid solution 
and 2 drops of l,lO-phenanthroline solution. Acidify to pH 
2 with hydrochloric acid (1 + 1). From a burette add 20 ml 
of HEDTA solution and stir thoroughly with a Teflon rod. 
Add 40 ml of ethanol, 2 or 3 drops of hydrazidazol solution 
and sodium bicarbonate solution dropwise till a purple 
colour appears. Then add 4 ml of 30% hexamine solution 
and titrate with the HEDTA solution to an abrupt colour 
change from blue to bright red. Add another 2 ml of 30% 
hexamine solution and titrate again with HEDTA, repeating 
this until the red colour of the indicator remains unchanged 
on further addition of hexamine. Calculate the titre T of the 
HEDTA as mg of Zn per ml, from: 

T = 0.02 x 65.38 x V, 1.3076 I’* 
=p 

V, V, 

where V, = volume of standard zinc solution used (ml) and 
Vz = volume of HEDTA solution used (ml). 

Procedures 

Determination of Zn in zinc-aluminium alloys. Transfer 
0.25 g of the sample, weighed to the nearest 0.1 mg, into a 
250-ml beaker. Add 10 ml of hydrochloric acid (1 + 1) 
followed by a few drops of hydrogen peroxide. Warm till 
dissolution is complete, then boil to destroy excess of 
hydrogen peroxide. Cool to room temperature, transfer to 
a 250-ml standard flask, dilute to volume and mix. Pipette 
50 ml of the sample solution into a 400-ml Teflon beaker. 
Add the following reagents in succession, stirring thor- 
oughly with a Teflon rod after each addition: 10 ml each of 
the sodium fluoride and thiourea solutions, 2 drops of 
l,lO-phenanthroline solution, 2.5 ml of HEDTA from a 
burette, 40 ml of ethanol, 2 or 3 drops of hydrazidazol 
solution, and saturated sodium bicarbonate solution drop- 
wise till a purple colour appears. Then add 4 ml of 15% 
hexamine solution and titrate with HEDTA to an abrupt 
colour change from blue to bright red. Complete the 
titration as in the HEDTA standardmation by repeated 
addition of hexamine and titration. Calculate the percentage 
of Zn from y0 Zn = 100 TV/G where G is the sample weight 
in the aliquot taken for titration, T = the titre (Zn, mg/ml) 
the standard HEDTA solution, V = the volume used (ml). 

Determination of Zn in aluminium alloys. Transfer 0.20 g 
of the sample, weighed to 0.1 mg, to a 250-ml beaker. Add 
10 ml of sodium hydroxide solution. When the reaction 
subsides, warm till decomposition of the sample is complete, 
adding a few drops of hydrogen peroxide if necessary. Add 
80 ml of water and 20 ml of hydrochloric acid (1 + I), stn 
vigorously to make the solution clear and boil gently to 
destroy excess of hydrogen peroxide. Cool to room tem- 
perature, transfer to a 200-ml standard flask, dilute to 
volume and mix. Pipette 50 ml of the sample solution into 
a 400-ml Teflon beaker. Add the same reagents and titrate 
as for zinc-aluminium alloys, but use 15 ml of the sodium 
fluoride solution. 

Determination of Zn in copper alloys containing no Ni. 
Transfer 0.20 g of the sample, weighed to 0.1 mg, to a 
250-ml beaker. Add 5 ml of hydrochloric acid followed by 
a few drops of hydrogen peroxide. Warm till dissolution is 
complete, adding 1 or 2 drops of hydrofluoric acid if 
necessary. Boil gently to destroy excess of hydrogen per- 
oxide. Cool to room temperature, transfer to a IOO-ml 
standard flask, dilute to volume and mix. Pipette 25 ml into 
a 400-ml Teflon beaker. Add the following reagents in 
succession and stir thoroughly with a Teflon rod after each 
addition: 10 ml of sodium fluoride solution, 40 ml of 
thtourea solution, 2 drops of phenanthroline solution, 3 ml 
each of the barium chloride and potassium sulphate solu- 
tions, 40 ml of ethanol, 5 ml of standard HEDTA solution 

from a burette, 2 or 3 drops of hydrazidazol solutton and 
saturated sodium bicarbonate solution dropwise till a purple 
colour appears. Then complete the titration as described 
above. 

Determination of Zn m copper alloys containing Ni. Weigh 
out, dissolve and dilute the sample as for other copper 
alloys, adding a few drops of nitric acid to complete the 
dissolution if necessary. Pipette 25 ml of the sample solution 
into a 400-ml beaker. Add the followmg reagents and mix 
thoroughly after each addition: 10 ml of sodium fluoride 
solution, 40 ml of thiourea solution, 2 drops of 
l,lO-phenanthroline solution, 3 ml each of the 30% hexa- 
mine, barium chloride and potassium sulphate solutions, 1 
drop of Naphthyl Red solution and saturated sodium 
bicarbonate solution dropwise until the colour changes from 
red to yellow. Then add 5 ml of dimethylglyoxime solution 
dropwise, stir vigorously for l-2 min and filter off the 
precipitate on a medium porosity filter paper. Wash the 
beaker and filter paper with water 3 or 4 times. Collect the 
combined filtrate and washings in a 400-ml Teflon beaker 
containing 5 drops of hydrochloric acid (1 + 1). Add 35 ml 
of ethanol and saturated sodium bicarbonate solution drop- 
wise till the disappearance of the red colour. Then add 
hexamine and complete the titration as described above. 

RESULTS AND DISCUSSION 

Choice of titrant 

Titrants other than EDTA, such as triethylene- 
tetramine’ and tetraethylenepentamine8 have been 
suggested, but the chelation of Zn(I1) with such 
polyamines requires a higher pH, at which un- 
favourable side-reactions of zinc may arise. 

The interference caused by Mn(II) may be ascribed 
to the formation constant of its EDTA-chelate not 
being sufficiently low. Theoretically speaking, the 
selective titrant to be searched for should fulfil the 
following requirements: (1) the lower the conditional 
formation constant of its Mn-chelate the better; (2) 
the conditional formation constant of its Zn-chelate 
must be sufficiently large (log K’ > 8); (3) the larger 
the difference between the conditional formation 
constants of its Zn- and Mn-chelates the better. Of 
these, (3) is the main criterion. 

The relevant data for six chelating agents are 
summarized in Table 1 for comparison. Though these 
values refer to aqueous medium, the effect of a given 
ethanol content should be essentially the same for all 
the chelates, so the differences between the constants 
for the zinc and manganese complexes should not be 
substantially changed. HEDTA is the logical choice. 
The conditional formation constant of its zinc chelate 
at pH 5-7 would be sufficiently high to permit a direct 
titration. It should be emphasized that for HEDTA 

(log Kz.L. - log K& is 3.8, so any interference 
caused by Mn(I1) may be assumed to be due to 
post-titration but not co-titration. 

Choice of indicator 

The indicators commonly used, such as Xylenol 
Orange, are unsuitable since they also react with 
Mn(I1) to form coloured chelates in the pH range 
5-7. Absolutely necessary is a selective metal- 
lochromic indicator which should meet the following 
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Table 1. Formation constants of some chelates of Zn(II) and Mn(11)9 

log G, 

Chelate log GL log KZ~L -log &.,,L PH 5 6 I 

EDTA Zn 16.5 2.5 10.0 11.8 13.2. 
Mn 

HEDTA Zn 
Mn 

NTA Zn 
Mn 

DCTA Zn 
Mn 

DTPA Zn 
Mn 

EGTA Zn 

14.5 
14.5 
10.7 
10.5 
74 

18’7 
16.8 
18.0 
15.5 
12 8 

75 9.3 10.7 
3.8 9.2 10.6 11.7 

5.4 6.8 7.9 
31 5.7 6.7 7.7 

2.6 3.6 4.5 
1.9 10.7 12.5 13.8 

8.8 10.6 11.9 
2.5 87 10.7 12.7 

6.2 8.2 10.2 
1.3 4.3 6.3 8.3 

Mn 11.5 3.0 5.0 7.0 

requirements under the conditions for titrating 
Zn(II): (1) it should not react with Mn(II) to form 
coloured chelates; (2) its colour change should take 
place before the post-titration of Mn(I1). Preliminary 
experiments showed that hydrazidazol, an entirely 
new indicator recently developed by us, serves the 
purpose. The indicator is prepared as an acetone 
solution, which is very stable. It should be pointed 
out that it does not react with Zn(I1) in aqueous 
solution, but does in an ethanolic aqueous medium. 
In such a medium the greenish blue colour of the 
zinc-indicator complex begins to appear at an appar- 
ent pH of 5.9-6.2, depending on the amount of Zn(I1) 
present. This colour reaction is very sensitive. In the 
absence of Zn(I1) the indicator remains bright red at 
pH < 8. Therefore a very sharp end-point can be 
obtained, indicated by the colour change from blue to 
bright red. This colour change is best observed if the 
titration is done in a translucent Teflon beaker. 

Hydrazidazol exhibits its absorption maximum at 
510 nm; that of the zinc chelate is at 640 nm. Within 
the pH range 5-7 its bright red colour remains 
unchanged in the presence of 43 cationic species, but 
it forms coloured chelates with Ti(IV) (orange), 
Fe(II1) (yellow), Fe(I1) (brown), Cu(I1) (purple), 
Ni(I1) and Co(I1) (green). The interferences caused by 
such coloured chelates can be readily eliminated by 
adding a combination of masking agents. as de- 
scribed below under “Effects of diverse ions and 
ligands”. Hence it is a very selective metallochromic 
indicator. 

Effect of ethanol 

The final volume of the titration system may vary 
from 50 to 200 ml. The optimum concentration of 
ethanol was found to be 20-40% v/v, but too much 
ethanol causes high results (Table 2). 

Table 2. Effect of ethanol on the tnratlon of Zn(II) at pH 6.5 

0 02M Zn(l1) 0.02M HEDTA 
Ethanol, % u/t) taken, ml used, ml 

_ .-__._ 
20 26.00 26.00 
25 24.00 24.05 
35 17.00 16.95 
40 23.00 23 00 

Effect of pH 

All the pH values of the ethanolic aqueous solu- 
tions reported in this paper are apparent values, 
because aqueous standard buffers were used for 
calibration. The optimum pH for determination of 
Zn(I1) was found to be 6-7, at which hydrazidazol 
functions very well. This range applies only in the 
absence of Mn(I1). In its presence the upper limit of 
pH was found to be 6.6. Therefore precise pH control 
is of prime importance. As metal-metallochromic 
indicator complexes function as narrow-range 
acid-base indicators, lo the Zn(II)-hydrazidazol com- 
plex can function as the indicator for the rough pH 
adjustment of an acidified sample solution with so- 
dium bicarbonate. In order to obtain the desired pH 
a definite amount of hexamine is then added. Zinc 
can be titrated selectively in the presence of man- 
ganese(I1) only if the complexation of the manganese 
does not begin before that of the zinc is practically 
complete. 

Unfortunately ordinary buffers were found to be 
unsuitable in such an ethanolic aqueous solution, and 
the addition of hexamine is repeated to remove the 
protons liberated during the titration. Generally 24 
additions suffice. In this way zinc can be selectively 
titrated in the presence of up to at least 6 mg of 
manganese without interference (Table 3). Therefore 
it should be possible to determine zinc directly in the 

Table 3. Effect of Ma(I1) on the titration of Zn(I1) 

Mn(I1) added, 

w 

Zn, w - 

Taken Found 

- 3.40 3.36 
4.05 4.01 

10.08 10.14 
13.87 13.80 

3 4.92 4.97 
13.25 13.34 
14.51 14.58 
15.18 15.10 
15.17 15.17 
15 28 1523 
16.40 16.35 
25 85 25.76 
34.59 34.65 
44.13 44.07 
44.77 44.85 

6 9.15 9.15 

Error, 

mg 

-0.04 
-0.04 
+0.06 
-0.07 
+0.05 
+0.09 
+0.07 
-0.08 

0.00 
-0.05 
-0.05 
-0.09 
+0.06 
-0.06 
+0.06 

0.00 
62 27 00 27.90 52.30 52.23 -0.07 
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Table 4. Effects of some reagents on the titration of 19.61 mg of 

Reagent added, 
w 

Ascorbx acid 
l,lO-Phenanthroline 
Thiourea 

Sodium fluoride 

Ammonium fluoride 
Dlmethylglyoxlme 
Sodium chloride 
Sodium acetate 
Sodium tartrate 
Barmm chloride 
Potassium suluhate 

500 
0.5 

6000 
3500 
2500 
1000 
500 

1000 
50 

3500 
1000 
500 

30 
100 

Zn found, 
w _ 
19.61 
19.59 
18.82 
18.82 
19.67 
19.60 
19.61 
19.67 
19.60 
19.69 
19.67 
19.59 
19.59 
19.63 

Error, 
w 

0.00 
-0.02 
-0.79 
-0.79 
+0.06 
-0.01 

0.00 
+0.06 
-0.01 
+0.08 
+0.06 
-0.02 
-0.02 
+0.02 

above-mentioned alloys, the manganese content of 
which rarely, if ever, exceeds 6%. Obviously this is a 
decided advantage. 

To minimize the number of additions of hexamine 
it is recommended to estimate in advance the con- 
sumption of titrant and add the bulk of it all at once 
to the solution to be titrated. If the same total 
amount of hexamine is added all at once, manganese 
does interfere. In the absence of manganese a 30% 
hexamine solution may be used instead of the 15% 
solution. 

Effects of diverse ions and ligands 

Effects of some reagents in common use were 
studied and the results obtained are shown in 
Table 4. 

It is obvious that many metal ions interfere, and 
must be masked. Be(H), Al(III), Fe(III), Ti(IV), 
Ge(IV), Si(IV), Zr(IV), Nb(V), Sb(V), Mo(VI), 
W(V1) and the lanthanides can be masked with 
sodium or ammonium fluoride. Potassium fluoride, 
as suggested by PIibil,” gives less satisfactory results 
in ethanolic aqueous medium. 

Pb(I1) is most conveniently co-precipitated with 
barium sulphate. The precipitate thus formed need 
not be filtered off, and its solubility is depressed by 
the addition of ethanol. Consequently it is possible to 
reduce the amounts of the co-precipitants used. Ten- 
ml aliquots of O.OlM Pb(I1) and 0.02M Zn(I1) stan- 
dard solutions were mixed in Teflon beakers, diluted 
to 70 ml and treated with different amounts of 
barium chloride and potassium sulphate at pH 2-3, 
then the zinc was titrated. The results are shown in 
Table 5, and show that up to 20 mg of Pb(I1) can be 
masked by co-precipitation with 30 mg of barium 
chloride and 100 mg of potassium sulphate. 

Cu(I1) is usually masked by thiourea, but the 
complex formed tends to make the solution turbid at 
the pH for the titration. In order to obtain a col- 
ourless and perfectly clear solution at this pH the 
mixture of ascorbic acid, thiourea and 
1, lo-phenanthroline, originally suggested as a 
chelate-decomposing agent,12 was used instead and 
proved to be very satisfactory. 

As is well known, both Ni(I1) and Co(H) interfere 
in the titration of Zn(I1). It was found that up to 1 
mg of Co(I1) can be effectively masked by 5 ml of 1% 
ethanolic solution of dimethylglyoxime at pH 6. The 
colour of the soluble chelate thus formed is not 
so deep as to obscure the colour change of the 
hydrazidazol indicator system at the end-point. The 
interference caused by up to 4 mg of Ni(II) can be 
eliminated by adding dropwise the same amount 
of dimethylglyoxime at the same pH, followed by 
vigorous stirring for l-2 min and filtration. Although 
precipitation is incomplete, the residual nickel in the 
nearly colourless filtrate remains masked and does no 
harm. If the dimethylglyoxime solution is added 
dropwise with vigorous stirring till no more pre- 
cipitate appears, and then 5 ml in excess, even 50 mg 
of nickel can be rendered harmless (Table 6). 

If the zinc is previously complexed with a suitable 
amount of hexamine, no loss is found after this 
precipitation and filtration. It should be borne in 
mind that the volume of dimethylglyoxime reagent 
added also contributes to the concentration of eth- 
anol in the titration solution. 

In practice the masking agents should be added 
before the ethanol, and they may be used in combina- 
tion for different purposes. As a general rule it is 
recommended to add successively (at pH 2-3): (1) 
fluoride, (2) thiourea mixed with ascorbic acid, (3) 
l,lO-phenanthroline, (4) barium chloride, (5) potas- 
sium sulphate. The interferences caused by 40 mg of 
Cu(II), 20 mg of Pb(II), 3 mg of Fe(III) and 3 mg of 
Mn(I1) can thus be eliminated. Pfibil reported that 
fluoride fails to mask Fe(II1) in the presence of 
Mn(II),” no such failure was observed in the mixed 
solvent medium used in our experiments. The only 
abnormality experienced due to the presence of 
Fe(II1) masked with sodium fluoride was that some- 
times, but not always, the blue colour of the 
Zn-hydrazidazol chelate became paler and was grad- 
ually bleached. This can be readily remedied, how- 
ever, by adding a further 2 drops of the indicator. 
Dimethylglyoxime should be added last since its 
reaction with Co(I1) and Ni(I1) needs a higher pH, 
which can be conveniently indicated by the colour 
change of Naphthyl Red. 

The effect of Cd(I1) was not studied since it can be 
readily eliminated with iodide, as suggested by Ring- 
bom.13 

Table 5. Effect of co-precipitation of PMII) on the titration of Zn(II); 
taken, Zn(I1) 13.08 mg, Pb(I1) 20.72 mg 

Co-precipitants added, mg 
Zn found, Error, 

BaCl, .2H,O WO, w? %? 

lo 
165 13.73 +065 
35 13.80 +0.72 

20 100 1295 -0.13 
20 140 12.88 -0.20 
30 100 13.08 0.00 
30 165 13.14 +0.06 

100 165 12.94 -0.14 
30 100 13.07* -0.01 

*Pb(II) absent. 
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Table 6. Titration of 19.61 mg of Zn(II) in the presence of diverse metal ions 

Metal ions added, Masking Zn found, Error, 
mg agents* w w 

Ca(II) 10 19.61 0.00 
Cr(III) 0 2 - 19.64 +0.03 
Mo(V1) 10 - 19.55 -0.06 
Mg(I1) 10 19.66 +0.05 
Ile(I1) 10 a 19.67 +0.06 
Ce(II1) 5 a 19.55 -0.06 
La(II1) 12 a 19.56 -0.05 
Sn(IV) 50 a 19.52 -0.09 
Ti(IV) 10 a 19.68 +0.07 
AI(II1) 50 a 19.50 -0.11 
Fe(II1) 5 a 19.55 -0.06 
Zr(IV) 10 a 19.53 -0.08 
Pr(II1) 5 a 19.57 -0.04 
Co(I1) 1 f 19.72 +0.11 
Ni(I1) 4 f 19.53 -0.08 

50 f 19.51 -0.10 
Cu(I1) 40 b+c 19.68 +0.07 
Cu(I1) 35, Fe(II1) 5 a+b+c 19.54 -0.07 
Cu(I1) 41, Ni(I1) 4 b+c+f 19.64 +0.03 
Cu(I1) 35, Pb(II) 10 b+c+d+e 19.57 -0.04 
Fe(II1) 3, Mn(I1) 3 a 19.66 +0.05 
Cu(I1) 40, Fe(II1) 3, Mn(I1) 3 a+b+c 19.67 +0.06 
Cu(I1) 40, Pb(I1) 20, Fe(II1) 3, a+b+c+d+e 19.52 -0.09 

Mn(I1) 3 
Sn(IV) 10, Sb(II1) I, P(V) 0.1, a 19.48 -0.13 

Si(IV) 2 

*(a) Sodium fluoride; (b) thiourea mixed with ascorbic acid; (c) I,lO-phenanthroline; (d) barimn chloride; 
(e) potassium sulphate; (f) dimethylglyoxime. 

Table 7. Determination of Zn in some non-ferrous alloys 

Sample 

Copper alloy, HNi 6>5 
ZHMn 55-3-l 

673-3 

601 

Aluminium alloy, 
ZL401 
Zinc alloy, ZZnAl IO-5 

Composition, 
% 

Cu 66, Ni 6.5 
Cu 55, Mn 3, Fe 1 
Cu 60, Ni 16.5, 
Mn 3 
Cu 62, Mn 3.5, 
Al 5, Fe 3 
Cu 58, Al 1, Fe 1, 
Mn 0.5, Sn 0.5 
Cu 82, Pb 5, Sn 3.5 
Ni 1 

Al 81, Si 8 
Al 10, cu 5 
Sn 14. Cu 6 

Zn found, % 

Proposed method Other methods* 

27.12 27.05’ 
37.53 37.44” 

20.15 20.04’ 

26.12 26.03” 

38.38 38.30b 

8.28 8.32b 

9.39 9.33’ 
83.11 82.97d 
79.34 79.2Sd 

Sn 75’ 24.78t 24.89d 

*(a) ASTM E478-76; (b) certified value; (c) ASTM E34-78; (d) with EDTA as titrant and Xylenol 
Orange as indicator. 

THEDTA not added in bulk in advance. 

The effects of diverse metal ions are summarized in hers of the Directorate of SRIM for encouragement in this 
Table 6. work and for Permission to publish this paper. 

The proposed method is highly selective and ver- 
satile in practical applications. Its standard deviation 
was found to be 0.07 mg (n = 18) and its coefficient 
of variation varies from 0.2 to 0.5%. 
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Summary-When the sample is vaporized from the wall of a graphite furnace it is not possible to determine 
thallium in cadmium and lead by AAS without matrix matching of the standards. In the case of a lead 
matrix and vaporization from the wall, the thallium signal is barely distinguishable from the base-line. 
When the sample is vaporized from a platform, and the peak area is used for measurement, pure aqueous 
standards may be used for instrument calibration. The peak heights and areas of the thallium signals are 
considerably enhanced by vaponzation from a platform (peak height 1.7-fold and peak area 2.6-fold in 
pure aqueous solutions as compared to vaporization from the wall). The enhancement factors are larger 
in presence of the cadmium or lead matrix since here the reduced interference also makes a contribution. 

Thallium is one of the less studied elements in both 
flame and graphite-furnace atomic-absorption spec- 
trometry (AAS). Recent interest in this element stems 
partly from its use in the semiconductor industry and 
partly from the high toxicity of some of its chemical 
forms. 

Thallium has been determined in cobalt and nickel 
alloys,’ nickel-base alloys,2.3 high-purity nickel,4 
cadmium’ and semiconductor silicon.6 The deter- 
mination of thallium in several geological standards 
has also been reported.‘,’ 

L’vov suggested 9~‘0 that sample vaporization from 
a platform may overcome many interferences. This 
was later proved, at least for lead.” Subsequent 
papers discussed the use of the platform technique for 
the direct analysis of bovine liver,‘* oyster tissue,” 
plasticsI and biological materials.15 Slavin and 
Manning’6 noted that the interference of sodium 
chloride and magnesium chloride in determination of 
thallium is lower when platform vaporization is used 
instead of wall vaporization. 

The purpose of the present work was to study the 
determination of thallium in cadmium and lead. 
Since no standard materials were available for instru- 
ment calibration it was decided to study the possi- 
bility of using pure aqueous standards. To the best of 
our knowledge the methods published in the litera- 

ture all made use of some form of matrix-matching 
of samples and standards. 

EXPERIMENTAL 

A Perkin-Elmer HGA-500 was used to atomize samples. 
With ramp setting 0 and at temperatures over cu. 800” this 
atomizer works in the temperature feed-back mode (heating 
rate cu. 2OOO”/sec). An AS-l autosampler was used for 
dispensing 20-yl samples into the graphite tube. Pyroly- 
tically coated graphite tubes and platforms made of 
pyrolytic graphite were used. Argon was used as purge gas, 
with “gas-stop” during atomization. Samples were dried at 
120” for 30 set with a ramp of 5 set when vaporizing from 
the wall and at 200” for 3Osec with a ramp of 1 set when 
vaporizing from a platform. Ashing was done at 400” in all 
cases. Ramp setting 0 was used in the atomization phase. 
Other details of the experimental system have been de- 
scribed elsewhere.” Temperatures quoted in this paper refer 
to the furnace wall. The platform temperature is usually 
lower. 

The thallium standards were obtained by diluting a 
commercially available stock solution. According to the 
manufacturer (Pierce Inorgamcs B.V.) the standard was 
prepared from thallous sulphate. The matrices were simu- 
lated by use of lOOO-mg/l. Cd and Pb solutions. According 
to the manufacturer (Merck) these were prepared from 
cadmium chloride and lead nitrate respectively. To prevent 
interference by chloride, the cadmium solution was made 
0.1 N in sulphuric acid. 

Absorbances were measured with a Perkin-Elmer 5000 
spectrometer. A deuterium-lamp background corrector was 

TAL 30/I I--D 
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Fig. 1. Peak heights for O.l-mg/l. thallium as a function 
of atomization temperature, for pure aqueous solutions and 
in’ presence of lOOO-mg/l. Cd. For working conditions 
see Experimental. 0, 0.1 ppm Tl (wall); A, 0.1 ppm 
Tl+ 1OOOppm Cd (wall); 0, 0.1 ppm Tl (platform); 0, 

0.1 ppm Tl + 1000 ppm Cd (platform). 

used in all measurements. A thallium hollow-cathode lamp 
was used as the light-source and operated at 8mA. The 
276.97-nm resonance line was used, with a band-pass of 
0.7 nm. The peak-monitoring time was fixed at 5 sec. 

RESULTS AND DISCUSSION 

Optimization of response 

Thallium in cadmium matrix (Tl,d). Vaporization 
from the wall gave considerably lower signals for Tlcd 
than for Tl. It is shown in Fig. 1 that the peak height 
for Tl, is only half that for the same amount of Tl. 
It is also to be noted that whereas the Tl signal 
reaches a plateau at around 1200”, for Tic, the 
plateau is reached only at 1400”. At > 1600” the peak 
heights decrease in both cases, but the relative sensi- 
tivity of the Tlcd signal does not improve. 

Vaporization from a platform remarkably im- 
proves the peak height for Tl. As noted in an earlier 

paper, I7 the heating rate of the platform used is lower 
than that of the furnace walls. However, because of 
the delay of vaporization, the convective losses are 
lower than those for wall vaporization. As a result the 
peak height for Tl is enhanced cu. 1.7-fold relative to 
vaporization from the wall. The enhancement factor 
for Tlca is even larger, 2.5fold, which certainly means 
that at least part of the interferences encountered in 
vaporization from the wall can be explained as due 
to a vapour-phase occlusion or dissociation mech- 
anism. The higher vapour temperature obtained with 
vaporization from the platform obviously improves 
the chances of efficient atomization. It is possible that 
the use of higher atomization temperatures would 
improve the peak heights even further. However, 
because of traces of oxygen present in the argon used, 
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Fig. 2. Peak areas of O.l-mg/l. thallium as a function of 
atomization temperature, for pure aqueous solutions and in 
presence of lOOO-mg/l. Cd. For working conditions see 

Experimental. Symbols as in Fig. 1. 

atomization temperatures > 2200” considerably 
shortened the useful life of the graphite tubes. 

Figure 2 shows that use of peak area with vapor- 
ization from the wall gives much better results for 
Tl, than peak height. Whereas for Tl the peak-area 
signal decreases steadily with increasing atomization 
temperature, for Tlo, the signal increases with tem- 
perature up to 1400”. As in the case of peak-height 
measurements this again points to a vapour phase 
interference mechanism. Figure 2 also shows that 
even at an atomization temperature of 2000” there is 
still a considerable difference between the Tl and Tl, 
signals. Moreover, at temperatures higher than 1400 
the relative sensitivity of the Tl,, signal does not 
increase further. 

Figure 2 also shows the peak-area results obtained 
with vaporization from a platform. It can be seen that 
for Tl the best sensitivity is achieved at 1600”. The 
sensitivity for Tl with vaporization from a platform 
at 1600” is 2.6 times better than that with vapor- 
ization from the wall at 1000”. Atomization tem- 

1000 1200 1400 1600 1800 2000 2200 2400 

Atomiratwn remp PC) 

Fig. 3. Peak areas of O.l-mg/l. thallium as a function of 
atomization temperature for pure aqueous solutions and in 
the presence of lOOO-mg/l. Pb. Vaporization from a plat- 
form. For working conditions see Experimental. Cl, 0.1 ppm 
Tl (platform); 0, 0.1 ppm Tl + 1OOOppm Pb (platform). 
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Fig. 4. Background absorption of a cadmium matrix 
(lOOO-mg/l.) as a function of atomization temperature. For 
working conditions see Experimental. 0, peak height, wall 
vaporization; 0, peak area, wall vaporization; A, peak 
height, platform vaporization; 0, peak area, platform 

vaporization. 

peratures > 1600” will reduce the peak area, probably 
because the increased diffusion rate of the atoms 
results in a shorter mean residence time. In the case 
of Tl, the peak area with platform vaporization is 
3.5 times that with vaporization from the wall. It can 
be seen from Fig. 2 that the Tic,, signal continues to 
increase with atomization temperature up to 2000” 
(that is, 400” higher than for Tl). It is remarkable that 
at 2200” the Tl and Tlcd curves cross. It may therefore 
be concluded that with vaporization from a platform, 
atomization at 2200” and measurement of peak areas, 
pure aqueous standards may be used for instrument 
calibration when determining T&. 

Thallium in a lead matrix (Tl&. Wall vaporization 
of thallium in a lead matrix (TIPi,) gives low signals 
at the O.l-mg/l. Tl level, for both peak height and 
area. In fact the TIPb signal is barely distinguishable 
from the base-line. Therefore Fig. 3 shows only 
results obtained with vaporization from a platform. 
Only peak area is shown in Fig. 3 since even with the 
highest atomization temperature used, the peak- 
height readings for TI, were rather low. It is to be 
noted that the peak area of Tl, is highest at 1800”, 
which is 200” higher than the temperature for the 
maximum Tl signal and 200” lower than that for the 
highest Tl,, signal (Fig. 2). The peak-area curves for 
Tl and Tl, cross at 2400”. It may therefore be 
concluded that with vaporization from a platform, 
atomization at 2400” and use of peak areas, pure 
aqueous standards may be used for instrument cali- 
bration when determining TIPb. 

Background absorption 

Figure 4 shows the background absorption as a 
function of atomization temperature. With vapor- 
ization from the wall, the background absorption 
decreases steadily with increasing atomization tem- 
perature. With vaporization from a platform the 
background absorption increases with temperature 
up to ea. 1800”, but decreases considerably at higher 
atomization temperatures. It is to be noted that in all 

Table 1. Thalhum content of some metals and compounds 

Thallium content, ppm 

Sample Standard addition Direct 

Cd metal A 18.2 18.3 
Cd metal B 30.8 29.9 
Pb(N0, )2 21 1 20.5 
CdSO, 18.7 19.0 

Peak-area results were used in all cases, with vaporization from a 
platform. Atomization at 2200” for the cadmium matnx and 
2400” for the lead matnx. Metal samples were dissolved in dilute 
nitric acid; salts were dissolved in demineralized water and 
shghtly acidified (up to 0.05% in HNO,). For other details see 
Experimental. 

cases the background absorption of the lead matrix 
(not shown in Fig. 4) is higher than that of the 
cadmium matrix. However, in all circumstances 
investigated by us, the background absorption is 
small enough to be efficiently compensated by the 
deuterium background-corrector of the instrument. 
The background absorption was contrary to our 
expectation that it would be lower for platform 
vaporization. We cannot advance any explanation 
for this apparently anomalous phenomenon. A 
similar behaviour was noted by Slavin and Manning” 
when determining lead in a chloride matrix. 

Analysis of real samples 

Since no reference materials were available to us, 
we have compared our results obtained by use of 
aqueous standards, with results obtained by the 
method of standard additions. The results show good 
agreement and are given in Table 1. 

CONCLUSION 

With vaporization from a platform, thallium may 
be determined in a cadmium or lead matrix, with 
pure aqueous standards for instrument calibration. 
The background absorption is small enough to be 
handled efficiently by the background-corrector of 
the instrument. The direct analysis of real samples 
compares favourably with results obtained by stan- 
dard additions. Interference by the cadmium and lead 
matrix seems to be due to a vapour phase occlusion 
mechanism, i.e., molecular aggregates of the matrix, 
containing some analyte, are ejected from the furnace 
before vaporization of the analyte can occur. 

It should be noted that since carbide coatings 
will prevent some matrix occlusion interferences,‘* 
recoveries could be even better with vaporization 
from the wall, but this approach has not been 
attempted for the time being. 

Based on our previous experience it would seem 
likely that thallium can also be determined directly 
in a zinc matrix. However, we were unable to 
determine thallium in a copper or nickel matrix, as 
recoveries barely exceeded 556% even with platform 
vaporization. 
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Summary-The feasibility of using homogeneous membrane-type halide ion-selective electrodes in 
solutions containing cationic surfactant compounds was examined. The results established the applica- 
bility of these electrodes for monitoring halide ions in solution without interference by the surfactants. 
The data also provided a basis for estimation of the surfactant in solution through the halide content. 
Two typical plating-bath compositions containing CTAB have been successfully analysed for their 
surfactant content by this procedure. 

Tetra-alkyl ammonium compounds having surface- 
active properties have a wide variety of industrial 
applications, e.g., as antistatic agents, textile soft- 
eners, foam depressants, flotation chemicals, asphalt 
and petroleum additives, corrosion inhibitors and 
pigment dispersion agents. The cationic surface- 
active agents with antibacterial properties are used as 
sanitizing and antiseptic agents, germicides, fungi- 
cides and components in cosmetic formulations.’ In 
plating and metal-finishing baths these compounds 
have been used as addition agents to improve the 
quality of deposits. Another application is as max- 
imum suppressors in polarographic analysis. Con- 
ventionally, these compounds are determined by ab- 
sorptiometric, titrimetric or gravimetric methods.2 
Cationic surfactants can be titrated poten- 
tiometrically with anionic surfactants, and vice versa.’ 

Quaternary ammonium halides can also be titrated 
argentometrically, with adsorption indicators or po- 
tentiometrically. The potentiometric method with 
silver metal electrodes may not be useful when ox- 
idizing species are present. The silver sulphide-silver 
halide solid-state ion-selective electrodes (ISEs), on 
the other hand, are generally immune to oxidizing 
and reducing components present in the solution,4 
and because they can be used in comparatively dilute, 
turbid and coloured solutions without difficulty, are 
useful for industrial analyses. However, very little is 
known about the effect of adsorption, which the 
quaternary ammonium ions exhibit, on the per- 
formance of the ion-selective electrodes. Studies on 
the performance of liquid-membrane calcium ISEs in 
the presence of surfactants5.6 indicate interference by 
these compounds, but another study’ shows that 
surfactants have no influence on the LaF, single- 
crystal fluoride ISE. No such studies have been made 
on silver sulphide-silver halide homogeneous solid- 
state ion-selective electrodes. Some ISEs sensitive to 

quaternary ammonium ions have been reported, but 
have short life, large response times and a change in 
slope with usage.@ 

In the present communication, we report the re- 
sponse of silver sulphide-silver halide homogeneous 
solid-membrane ion-selective electrodes in qua- 
ternary ammonium halide solutions. 

EXPERIMENTAL 

Reagents 

Doubly distilled water was used for preparing test solu- 
tions. Twice recrystallized analytical grade sodium nitrate 
was used as background electrolyte. BDH cetyltrimethyl- 
ammonium bromide (CTAB), tetramethylammonium 
chloride (TMAC) and tetramethylammonium iodide 
(TMAI), and HICO (India) cetyltrimethylammonium 
chloride (CTAC), tetramethylammonium bromide 
(TMAB), tetradecyltrimethylammonium bromide (TTAB) 
and octadecyltrimethylammonium bromide (OTAB) were 
used without further purification. Stock solutions of 
quaternary ammonium halides were prepared and the test 
solutions made by successive dilution. 

Apparatus 
Ag,S-AgBr, Ag,S-AgCl and Ag,S-AgI solid-membrane 

Br-, Cl- and I- ISEs developed in our laboratory were 
used. The potentials of the electrodes were measured against 
a double-junction calomel reference electrode (IM potas- 
sium chloride) with a high-impedance digital pH/mV-meter 
(Chemtrix Model 60A) having a sensitivity of +_ 1 mV, the 
solutions being stirred with a magnetic stirrer. When not in 
use, the electrodes were stored in doubly distilled water. 

Procedure 

In experiments on the response behaviour of the elec- 
trodes, their potentials in solutions with successively in- 
creasing concentrations of quatemary ammonium hahdes 
were measured. After each measurement the electrode was 
washed thoroughly with doubly distilled water and blotted 
dry before immersion in the next solution. 

For potentiometric titrations, 10 ml of quatemary ammo- 
nium halide test solution were diluted to 100 ml with sodium 
nitrate solution to make the final solution O.lM in sodium 
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nitrate, and the solution was titrated with O.lM silver 
nitrate, the potential being read 2 min after each addition. 
The readings were taken at 0.4-ml intervals. 

To Investigate the suitability of the Br- ISE for deter- 
mination of quaternary ammonium ions in solutions of 
industrial interest, two typical examples” of metal-plating 
baths were exammed. These were an acid copper-plating 
bath and an alkaline zinc-plating bath having the following 
compositions. 

Copper bath 
CuSO,. SH,O 
H,SO, 
CTAB 

Zinc bath 
ZnS0,.7H,O 
EDTA 
NaOH 
CTAB 

100 g/l. 
30 g/l. 

5 x 10-5-10-*M 

71 g/l. 
100 g/l. 
20 g/l. 

5 x 10-5-10-*M. 

RESULTS AND DISCUSSION 

The bromide ISE gave a linear response down to 
5 x lo-‘M bromide concentration in solutions of 
O.lOM ionic strength (adjusted with sodium nitrate) 
with a slope of 56 mV/decade at 25” for sodium 
bromide, TMAB, TTAB and OTAB, and 53 
mV/decade for CTAB (cJ Fig. 1). For CTAB the 
slope depended slightly on the pH of the solution. 
The slope was 56 mV/decade for acid solutions 
(e.g., the copper-plating bath) and 53 mV/decade for 
neutral and alkaline solutions (e.g., the zinc-plating 
bath). 

The chloride ISE gave a linear response (slope 58 
mV/decade at 25”) to chloride down to 10e4M con- 
centration. for sodium chloride or CTAC or TMAC 

\ 
-5 -4 -3 -2 

log CONCN. IM) 

Fig. 1. Response of Brr ISE. I-NaBr, 2-TMAB, 
3-TTAB, GCTAB, 5--OTAB in NaNO, background 
electrolyte; 6 and 7-CTAB in zinc-plating bath and copper- 

plating bath respectively. 

I I I I 

-5 -4 -3 -2 -I 

log CONCN (Ml 

Fig. 2. Response of Cl- ISE. I-NaCl, 2-CTAC, 
3--TMAC in NaNO, background electrolyte. 

in O.lOM ionic strength solutions (sodium nitrate) (cf 
Fig. 2). 

The iodide ISE gave linear response down to 
10e6M iodide concentration for TMAI or sodium 
iodide, with a slope of 60 mV/decade at 25”. 

It is therefore concluded that these electrodes can 
be used successfully to monitor halide ions in the 
presence of quaternary ammonium ions, irrespective 
of the length of the alkyl chains. If the only source 
of halide ion in the test solution is a quaternary 
ammonium compound, the halide ISEs can be used 
for indirect determination of the concentration of 
these compounds. These results aiso show the utility 
of the bromide ISE for monitoring the concentration 
of CTAB in typical plating baths where it is present 
at low levels, falling within the range of concen- 
trations reported here. In addition, the electrodes can 
be used as indicator electrodes in potentiometric 
titrations (which are known to give better analytical 
results than calibration curves, standard addition or 
analyte-addition methods). A representative set of 
results of analysis by visual (Mohr method) and 
potentiometric (ISE) titration with 0.1 M silver nitrate 
for the seven quaternary ammonium compounds 
studied is given in Table 1. The plot of AE/A V us the 
volume of O.lM AgNO, added for corresponding 
potentiometric titrations is shown in Fig. 3. From the 
results given in Table 1 it is seen that the results 
obtained by the two methods agree within about 1%. 
except in the case of TMAI where the deviation is 
higher (about 3%). The self-consistency of both the 
potentiometric and visual titration methods was 
found to be better than 0.5%. The results obtained by 
titrimetric methods are also in close agreement with 
the weights of compounds taken (incorporated in 
Table 1) except in the case of OTAB and CTAC 
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Table 1. Comparative results of estimation of quaternary ammo- 
nium hahdes by potentiometric and visual titration methods 

Found, g/l. 

Compound 

CTAB 
TMAB 
OTAB 
‘I-TAB 
TMAC 
CTAC 
TMAI 

Taken, Potentiometric Visual 
gll. titration titration 

35.56 35.5 35.1 
16.10 16.3 16.3 

* 45.4 45.9 
23.33 23.2 23.3 
10 96 10.9 10.9 

* 17.1 17.3 
15.42 15.8 15.3 

*Compounds are impure. Refer to text for comments on the 
impurities and their relevance to the observed analytical results. 

where large deviations have been noted (15.3% and 
41.4% respectively). Lack of purity in the case of the 
last two compounds was suspected to be responsible 
for the observed deviations and was confirmed by 

7 

4 1 

VOLUME 

Fig. 3. Plot of AE/AV vs. volume of O.lOM AgNO, added. 
I-CTAC, 2-TTAB, 3-TMAI, 4-CTAB, %-TMAC, 

6-TMAB, 7-OTAB. 

elemental analysis of these compounds (figures in 
brackets are the expected theoretical values): 

OTAB: C = 59.2% (64.24%); H = 11.4% (11.82%); 
N = 4.6% (3.56%); Br = 21.7% (20.37%) 

CTAC: C = 59.7% (71.3%); H = 12.7% (13.24%); 
N = 4.6% (4.38%); Cl = 11.5% (11.09%). 

No residue was obtained on ignition of the com- 
pounds, and only the one halogen was found in each. 
Direct determination of the halogen by dissolving the 
sample in water and titrating potentiometrically with 
silver nitrate gave the same halogen figures as those 
reported above. 

If the impurity is taken as water then correction for 
this would indicate that the “CTAC” had a number 
average formula of approximately CISH,,NCl. A 
similar calculation was impossible for the OTAB 
since the atomic ratio of nitrogen to halogen was 
about 1.2 instead of unity. 
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Summary-Separation factors for all the yttrium subgroup elements and yttrium, extracted with TBP from 
0.45M NH,SCN solution at 24-42” have been determined and found to be 2 1.9. Eight yttrium subgroup 
impurities in high-purity yttrium oxide have been concentrated by means of TBP-NH,SCN extraction 
chromatography at 32” before spectroscopic determination. Analysis of one real sample and two synthetic 
samples gave average recoveries of 80-100%. 

The rare-earth impurities in yttrium oxide are deter- 
mined by emission spectrometry, X-ray fluorescence, 
mass spectrometry and X-ray excited optical- 
fluorescence spectrometry.‘-3 For the analysis of high- 
purity yttrium oxide, however, it is necessary to 
concentrate the rare-earth impurities before deter- 
mination. 

The separation of yttrium from other rare-earth 
elements has been reviewed,14 but few of the methods 
are concerned with the analysis of high-purity 
yttrium oxide. Cation-exchange chromatography 
with u-hydroxyisobutyric acid5 or citric acid6 as 
eluent and extraction chromatography with 
2-ethylhexyl hydrogen 2-ethylhexylphosphonate, 
HEH(EHP), as stationary phase’ have been used for 
the separation of cerium subgroup impurities from 
high-purity yttrium oxide. Cation-exchange chro- 
matography with ammonium acetate as eluent can 
also be used for the separation of yttrium subgroup 
impurities in high-purity yttrium oxide.’ With 
HEH(EHP)9 or naphthenic acid” as the stationary 
phase, two methods of extraction chromatography, 
which can be used for concentration of both cerium 
subgroup and yttrium subgroup impurities in high- 
purity yttrium oxide, have been reported. Extraction 
chromatography with a column containing 
di(2-ethylhexyl) phosphoric acid (HDEHP) is fre- 
quently used for this purpose.“-‘3 

Several reports on the separation of rare-earth 
elements by solvent extraction of the thiocyanate 
complexes into tributyl phosphate (TBP) have been 
published, ‘k25 but application to the determination of 
yttrium subgroup impurities in pure yttrium oxide 
does not seem to have been described. In a previous 
work on the thermodynamic functions associated 
with solvent extraction of rare earths in the 
TBP-NH,SCN system it was observed that the distri- 
bution ratio for yttrium is smaller than that for other 
rare-earths. 26 This paper reports an extraction chro- 
matographic method for concentrating yttrium sub- 

group impurities in high-purity yttrium oxide before 
their determination by emission spectrometry. 

EXPERIMENTAL 

Reagents 

Tributyl phosphate. The chemical reagent grade material 
was washed successively with three volumes of 0.2M sodium 
hydroxide, three volumes of 0.2M hydrochloric acid and five 
volumes of water. 

Yttrium oxide, 99.999;: purity. 
Individual rare earths. About 99.95% purity. 
Ammonium thiocyanate. Analytical reagent grade. 
Diethylenetriaminepenta-acetic acid, DTPA. Analytical 

reagent grade. 

Preparation and operation of chromatographic column 

Silanized porous sihca spheres, 120-180 mesh (100 g) were 
slurried with 50 ml of TBP dissolved in 150 ml of diethyl 
ether. The solvent was evaporated by gentle stirring under 
an infrared lamp. Enough of the coated silica spheres were 
packed into a glass tube (20 mm bore, 700 mm long) with 
a smtered-glass plate at the bottom, to gve a bed height of 
650 mm. The column was evacuated and filled with water. 
Before use, It was washed with 2M hydrochloric acid and 
equilibrated with 0.45M ammomum thiocyanate. The col- 
umn was placed in a box kept at 32 + 1”. 

A suitable amount of the rare earths to be separated was 
dissolved in 4M hydrochloric acid and the solution evapo- 
rated. The residue was dissolved in 10-15 ml of 1M ammo- 
nium thiocyanate and the solution was fed into the column. 
The rare earths were eluted with 0.4SM ammonium 
thiocyanate at a linear flow-rate of 0.75 cm/min. 

Determination of separation factors 

Static method. Ten ml of a solution containing an individ- 
ual rare-earth element chloride (O.OOlM REd, m 0.45M 
ammonium thiocvanate, oH 5.2 + 0.2) and 10 ml of TBP 
@re-equilibrated with 0.4iM ammomum thiocyanate) were 
placed in a 25-ml stoppered Nessler tube and shaken for 5 
min. After centrifuging, 5 ml of the aqueous phase were 
transferred to a 50-ml crucible and titrated with 0.0002M or 
0.00005M DTPA with Xylenol Orange as Indicator. The 
concentration of rare earth in the organic phase at equi- 
librium was deduced from the difference between the Initial 
analytical concentration of rare earth in the aqueous phase 
and that at equilibrium. 

Dynamic method. One ml of rare-earth solution, corre- 
sponding to 10 mg of YzOz and 10 mg of a second rare-earth 
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oxide (RE,O,) in 0.45M ammonium thiocyanate was fed 
into the chromatographic column and the components were 
eluted with 0.45M ammonium thiocyanate. Each 5-ml frac- 
tion of effluent was titrated with O.OOlM or 0.0005M DTPA 
(indicator Xylenol Orange). Elution curves were plotted and 
the separation factors calculated as described previously.” 

The rare-earth determination was as described earlier** 
but DTPA was used instead of EDTA. 

Spectrography 

A 4-m grating spectrograph (Model DFS-13-2, made in 
the Soviet Union, reciprocal linear dispersion 2 &mm) was 
used under the following conditions. 

Lower electrode, 3 mm deep and 3 mm i.d. undercut cup. 
Upper electrode, tapered. 
Sample-to-buffer (graphite) ratio, 1: 1. 
Excitation chamber, dynamic atmosphere chamber. 
Gas composition, 0,:Ar = 1: 4 v/v. 
Gas flow-rate, 5 l./min. 
Arc current (d.c.), 10 A. 
Exposure time, 90 sec. 
Analytical line &/internal standard line (&/concen- 

tration range @pm): 

Gd (3422.46)/Y (3420.9)/5-300 
l-b (3324.4)/Y (3317)/10-300 
py (3645.4)/Y (3700.7)/5-300 
Ho (3398.98)/Y (3420.9)/S300 
Er (3906.32)/Y (3909)/>300 
Tm (3425.1)/Y (3420.9)/5-300 
Yb (3289.37)/Y (3317)/l-50 
Lu (3359.56)/Y (3420.9)/5-300 

RESULTS AND DISCUSSION 

Separation factors 

All the separation factors listed in Table 1 are at 
least 1.9. With increase in temperature, the separation 
factor So,,, decreases, Sywy and SLuiv increase and 
the others show only slight changes. 

Chromatographic separation 

Earlier results26 have shown that the ammonium 

Table 1. Effect of temperature on separation factors 

Separation factor,* Sa,, 

Static method Dynamic 
I.anth- methodt 
anide 23.8” 28.0” 32.0” 36.8” 42.0” 32 k 1”’ 

Gd 2.1 2.4 2.3 2.1 2.0 2.2 
Tb 24 2.3 2.4 2.2 2.2 2.3 
DY 2.3 2.3 2.2 2.1 2.1 2.1 
Hb 1.9 2.0 2.05 2.0 2.0 1.9$ 
Er 2.0 2.1 2.2 2.1 2.1 2.0 
Tm 2.2 2.4 2.4 2.4 2.5 2.2 
Yb 2.1 3.0 3.1 3.2 3.3 3.0 
LU 2.9 3.3 3.4§ 3.5 3.1 3.3$ 

*A solution containing 10 mg of yttrium oxide and 10 mg of an 
mdividual yttrium subgroup rare-earth oxide was fed into the 
column. Figures given are the mean of 2 determinations unless 
otherwise mdicated. 

tAqueous phase or eluent was 0.45M NH,SCN. 
fMean of 4 determinations, standard deviation 0.11 for SHOW and 

0.15 for S,,/,. 
§Mean of 5 determinations, standard deviation 0.12 for S,,, and 

0.15 and 0.25 for SLu,y. 

thiocyanate concentration has no appreciable effect 
on the separation factors. From Table 1 it can be seen 
that a temperature of 40” is satisfactory for the 
chromatographic separation of yttrium subgroup ele- 
ments from yttrium. However, for practical reasons 
the lower temperature of 32 +_ 1” and an ammonium 
thiocyanate concentration of 0.45M were adopted. 

The elution curves of yttrium and holmium are 
shown in Fig. 1. It can be seen that the chro- 
matographic peak corresponding to 600 mg of Y,O, 
is distorted, but the retention volume for holmium is 
almost independent of the amount of Y20,. It was 
found that 600 ml of eluent removed all but l-2 mg 
of the 600 mg of Y203 added. 

Procedure for analysis of samples 

Dissolve 600 mg of a sample of Y,O, in 10 ml of 4M 
hydrochloric acid, warm gently to evaporate excess of acid 

200 400 600 600 

ELUATE ( ml) 

Fig. 1. Elution curves for yttrium and holmium. Column, 20 x 620 mm (TBP/silica spheres = l/2). 
Column free volume, 103 ml. Eluent, 0.45M NH,SCN solution. Temperature, 32 + 1”. Flow-rate, 0.75 
ml.cm-2.min-i. Volume of RE solution fed to column, 10 ml. (rl0 mg of Y,O,+ 11 mg of Ho,O,; 

O-600 mg of Y,O, + 7 mg of Ho,O,. 
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Table. 2. Spectroscopic analysis of yttrium subgroup impurities in 
high-purity yttrium oxide 

Total Rel. 
Added, found, std. devn., Recovery, 

Sample RRxoy ppm ppm % % 

0.44. 13 
Nil 

0.99* 13 
0.60* 12 
0.68. 13 
Nil 

0.108 9 
Nil 

1.00 1.31 14 93 
2.00 2.00. 5 100 
1.00 1.88 13 89 
1.00 1.50 8 90 
1.00 1.48 8 80 
1.50 1.31 13 87 
0.12 0.206 I2 83 
1.50 1.46, 14 99 
1.40 1.61 7 83 
8.00 7.24’ 13 91 
2.00 2.78. 16 90 
1.40 1.72 9 80 
1.40 1.93 18 89 
2.00 1.65 14 83 
0.50 0.57 8 94 

*Mean of 5 results; values without au asterisk are tbe mean of 6 
results. 

tPre.pared by adding known amounts of impurities to Sample 1. 

and dissolve the residue in 10 ml of 0.45&f ammonium 
thiocyanate. The pH of the sample solution thus prepared 
is about 5. Transfer the solution to the chromatographic 
column, and elute the yttrium with 0.45M ammonium 
thiocyanate saturated with TBP, at a flow-rate of 0.75 
ml.cm-2.min-1. Discard the lirst 100 ml of eluate (column 
free volume), and collect the next 500 ml (fraction 1) in a 
500-ml standard flask for recovery of the yttrium. Elute the 
residual yttrium and yttrium subgroup impurities with 
O.lM hydrochloric acid, collecting 300 ml of eluate (frac- 
tion 2). Add 35 ml of fraction 1 (containing 42 mg of Y,O,) 
to fraction 2. Recover the rare-earths from this mixture by 
precipitation as hydroxides and oxalates (successively) and 
ignite the oxalates to the oxides. Mix the oxides with an 
equal amount of graphite powder, pack the mixture in two 
undercut electrodes and excite in a d.c. arc. 

One real sample and two synthetic samples (pre- 
pared by adding eight yttrium subgroup impurities to 
the real sample) were analysed repeatedly and the 
recoveries were found to be 80-100%. The results of 
these analyses are summarized in Table 2. 

Acknowledgements-The author is indebted to his colleague 
Huang Li&uang for the spectroscopic determination and 
to Xu Min-hang, at Central-South Institute of Mining and 
Metallurgy, China, for reading the manuscript. 

REFERENCES 

1. Chemistry Department, Wuhan University, Analytical 
Chemistry of Rare Earths, Science, Beijing, 1981. 

2. D. I. Ryabchikov and V. A. Ryabukhin, Analytical 
Chemistry of Yttrium and the Lanthanide Elements. Ann 
Arbor-Humphrey, Ann Arbor, 1970. 

3. 0. B. Michelsen. Analvsis and Aoohcation of Rare Earth 
Materials, Universite~forlaget, &lo, 1973.’ 

4. J. Korkisch, Modern Methods for the Separation of 
Rarer Metal Ions. Pereamon Press. Oxford. 1969. 

5. 

10. 

11. 

12. 

13. 

14. 
15. 

16. 

17. 

18. 
19. 

20. 
21. 
22. 

23. 

24. 

25. 

26. 
27. 

28. 

Laboratory of Analyt&al Chemistry, Wuhan Univer- 
sity, Wuhan Daxue Xuebao (Ziran Kexue), 1974, No. 2, 
5. 
V. A. Ryabukhin, N. G. Gatinskaya and A. N. 
Ermakov, Zh. Analit. Khim. 1977, 32, 909. 
Lu An-chiu, Cheng Ying-ke and Li Duan-lin, Penxi 
Huaxue, 1979, 7, 97. 
Changchun Institute of Applied Chemistry, Academia 
Yinica, ibid., (Trial Publication), 1972, 21. 
Han Cheng-kui, Jing Wei-min, Lu An-chiu, Li Duan- 
lin, Shang-guan Xin-xian, He Shi-wei, Ou Jing and Peng 
Chtm-lin, in Selected Papers of the Second National 
Conference on Analysis of Rare Earths, p. 273. Baotou 
Research Institute for Metallurgy, 1979. 
Peng Chun-lin, Pei Ai-li, Wu S&o-le, Ji Yong-yi, Yan 
Bai-zhen, Sui Xi-vun and Liu Chun-lan. Huaxue Xue- 
bao, 1979, 37, 267. 
E. Herrman, H. Grosse-Ruyken and V. A. Chalkin, J. 
Chromatog., 1973, 87, 351. 
E. Hemnan, in Analysis and Application of Rare Earth 
Materials, 0. B. Michelsen (ed.), p. 39. Universitiesfor- 
laget, Oslo, 1973. 
G. I. Shmanenkova, M. G. Zemskova, Sh. G. Melamed. 
G. P. Pleshakova and G. V. Sukhov, Zaoodsk. Lab., 
1969, 35, 897. 
H. Yoshida, J. Inorg. Nucl. Chem., 1962, 24, 1257. 
D. F. Peppard and G. W. Mason, U.S. Patent, 1963, 3 
110 556. 
W. Fischer, K. J. Bramekamp, M. Klinge and H. P. 
Pohlmann, Z. Anorg. Allg. Chem., 1964, 329, 44. 
A. M. Golub and M. I. Olevinskii, Ukr. Khim. Zh., 
1965, 31, 12. 
T. Sekine, Bull. Chem. Sot. Japan, 1965, 38, 1972. 
A. M. Golub and A. N. Borshch, Zh. Neorgan. Khim., 
1967, 12, 522. 
K. Naramura, J. Znorg. Nucl. Chem., 1969, 31, 455. 
I&m, ibid., 1970, 32, 2265. 
P. K. Khopkar and P. Narayanankutty, ibid., 1972,34, 
2617. 
W. Fischer and F. Schmitt, Japan Patent, 75-34000, 11 
November 1975. 
A. R. Eberle and M. W. Lcmer, U.S. At. Energy Comm. 
Rept., AECD-4286, 1957. 
B. Ceccaroli and J. Alstad, J. Inorg. Nucl. Chem., 1981, 
43, 1181. 
Zhang Tao, Unpublished work. 
T. Braun and G. Ghersini, Extraction Chromatography, 
Elsevier, Amsterdam, 1975. 
Hong Shui-jie and Ren Hong-de, Huuxue Xuebao, 1965, 
31, 91. 



Tahta, Vol. 30, No. 11, pp. 867-869, 1983 
Pmted in Great Britain. All rights reserved 

0039-9140/83$3.00 + 0.00 
Copyright 0 1983 Pergamon Press Ltd 

USE OF SODIUM DODECYL SULPHATE TO 
CLARIFY THE END-POINT OF 

ANODIC-STRIPPING COMPLEXOMETRIC 
TITRATIONS 
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Summary-It has been found that addition of sodium dodecyl sulphate will completely suppress the 
dissociation of the copper-EDTA complex at the electrode surface in the anodic-stripping complexometric 
titration of copper and make the end-point of the titration very clear. The addition of SDS also makes 
it possible to titrate traces of nitrilotriacetic acid, which forms a copper complex that is less stable than 
the EDTA complex. The effect of SDS is presumed to be due to electrostatic repulsion between the 
negative charges of adsorbed SDS and the metal complex at the electrode surface. 

The characterization of trace metals and estimation 
of organic ligands in natural waters are mainly 
investigated by electrochemical methods. Anodic- 
stripping voltammetry (ASV) is regarded as the most 
effective method and has been applied in many water 
analyses.lA This is because of the high sensitivity of 
the method and its ability to distinguish between free 
metal, labile metal complex and inert metal complex. 

However, problems in the use of ASV for the 
estimation of organic ligands have been pointed 
out.5,6 Shuman and Woodward reported that when 
ethylenediaminetetra-acetic acid (EDTA) is titrated 
with cadmium, dissociation of the metal complex 
takes place at the electrode surface during the depo- 
sition and it becomes difficult to locate the end-point 
on the titration curve.6 The validity of calculating 
conditional stability constants of metal complexes 
from the titration curves obtained by the ASV 
method has been disputed on the grounds of dis- 
sociation and electrolysis of the complexes during the 
deposition step.7,8 

To prevent this dissociation Hanck and Dillard 
tried making the measurements at low temperature9 
but it was impossible to inhibit the dissociation 
completely. 

It is well known that surfactants present in the 
supporting electrolyte solution are adsorbed on a 
mercury electrode surface and have various effects on 
the electrode reaction. Generally, a charged surfac- 
tant is known to inhibit the electrode reaction of a 
depolarizer having the same sign of charge as the 
surfactant and to accelerate the electrode reaction of 
a depolarizer with opposite charge.“,” It might be 
possible to utilize this surfactant property to control 
the electrode reaction, i.e., to suppress electrolysis of 
the metal complex and reduce only the free metal ion. 

In this paper, we report the effect of a surfactant 
such as sodium dodecyl sulphate (SDS) on the 

anodic-stripping complexometric titration of EDTA 
and nitrilotriacetic acid (NTA) with copper. 

EXPERIMENTAL 

Apparatus 

A PAR-174A polarographic analyser and a PAR-315A 
automated control unit were used to record the stripping 
voltammograms. The working electrode was a Metrohm 
Model E410 hanging mercury drop electrode (HMDE) and 
the counter-electrode was a platinum wire. A saturated 
calomel electrode was used as reference electrode. 

Reagents 

The standard copper solution was prepared by dissolving 
electrolytic coppe; 199.999% pure) in &c&ated nitrii 
acid and diluting to O.OlM. The EDTA solution was 
prepared from N&H,Y .2H,O and standardized complex- 
ometrically with I-(2-pyridylazo)-2-naphthol as indicator. 
The solution of NTA was standardized with Chrome Azurol 
S as indicator. The SDS was biochemical grade. Other 
reagents were of analytical reagent grade. 

Procedure 

Acetate buffer solution (O.lM, 20 ml) containing EDTA 
or NTA was placed in the electrolysis cell and nitrogen was 
passed through the solution for 15min. Deposition was 
performed at -0.5 V vs. SCE, with stirring, for 2min, 
followed by a 1%set rest period and an anodic potential 
scan at 5 mV/sec (in the differential pulse mode). The pulses 
were applied every 0.5 set; the pulse height was 50 mV. The 
copper titrant was added in 20-p] portions with an 
Eppendorf micropipette until 100% excess was present. The 
titration curve was obtained by plotting peak-height of the 
copper stripping wave against volume of titrant added. 

RESULTS AND DISCUSSION 

Titration curve for EDTA 

The ASV deposition potential can be selected from 
knowledge of the stripping polarography of the 
copper-EDTA complex. If the metal complex does 
not dissociate, only the free copper ion should be 
electrolytically reduced, and the metal complex 
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should not be electrolysed at potentials more positive 
than -0.7V vs. SCE. However, even when the 
deposition potential is -0.5 V vs. SCE and the 
amount of free copper ion is made negligible by the 
presence of excess of EDTA, a slight copper stripping 
peak is observed. As reported by Shuman and Wood- 
ward,6 this seems not to be associated with dis- 
sociation of the metal complex in the bulk solution, 
but with its dissociation at the electrode surface. 
Therefore the titration curve for EDTA has a small 
copper peak current before the equivalence point, as 
shown in Fig. la. 

The conditional formation constant can be calcu- 
lated from the slope of the line obtained from a plot 
of peak current against C,/(C, - C,,,), where C, is the 
concentration of added metal and C, is the concen- 
tration of ligand, and the slope of the titration curve 
after the equivalence point, as described by Shuman 
and Woodward.’ The value obtained from the ti- 
tration curve in Fig. la was log K’ = 7.46 at pH 4 and 
lower by about one order of magnitude than the 
literature valueI (log K’ = 8.7). Figure lb shows the 
titration curve obtained in the presence of 10m3% 
SDS; the peak current before the equivalence point is 
almost zero and the slope of the line after the 
equivalence point is equal to that in the absence of 
SDS. Moreover the end-point of this titration curve 
is very clear. It can be therefore presumed that SDS 
prevents dissociation of the metal complex but has 
little influence on reduction of free copper ion. 

The effect of other surfactants was also in- 
vestigated. The presence of lo-‘o/ Triton X-100 
suppressed not only the dissociation of metal com- 

Fig. 2. 

plex but also decreased the reduction of free copper 
ion by a factor of 2. The presence of 10-30A gelatine 
or poly(viny1 alcohol) did not completely prevent the 
dissociation. Laurylamine, a cationic surfactant, had 
little effect on the peak current before the equivalence 
point. 

It was confirmed from the electrocapillary curve in 
the supporting electrolyte solution containing 10e3% 
SDS that SDS is adsorbed on the mercury electrode 
surface over the range from - 0.4 to - 1 .O V vs. SCE. 

Consequently, the effect of SDS on dissociation of 
the metal complex at the electrode seems to be due to 
the adsorbed SDS on the electrode electrostatically or 
sterically preventing the metal complex from ap- 
proaching the electrode surface. In particular, it is 
presumed that electrostatic repulsion between the 
negative charges of the adsorbed SDS and the 
copper-EDTA complex is the main reason, because 
the anionic surfactants, such as SDS, are more 
effective in preventing electrolysis of the metal com- 
plex. 

Titration curve for NTA 

Since the formation constant of the copper-NTA 
complex is lower than that of copper-EDTA, it has 
hitherto seemed impossible to determine NTA by the 
anodic-stripping complexometric titration method. 
The titration curve obtained in our laboratory is 
shown in Fig. 2a. The end point is rather vague and 
cannot be improved by increasing the pH for the 
titration. Addition of SDS makes the end-point of the 
titration clear, as shown in Fig. 2b. However, it is 
impossible to eliminate the dissociation effect com- 
pletely, even by increasing the SDS concentration to 
3 x 10-3x. 

The conditional formation constant of the 
copper-NTA complex, determined from the titration 
curve, is log K’ = 5.66 in the absence of SDS, which 
is one order of magnitude lower than the literature 
valueI (log K’ = 6.9, but in the presence of 
3 x 10e3% SDS, the value is log K’ = 6.48, in agree- 
ment with the literature value. 

Determination of EDTA and NTA 

Analytical results for EDTA and NTA are given in 
Table 1. The determination of EDTA at pH 4.0 gave 
a small negative error, which increased with de- 
creasing EDTA concentration. The relative standard 

Table 1, Detemunation of EDTA and NTA (0.1 M acetate buffer, 
1 x 10m’Y/, SDS, depositmu for 2 min at -0.5 V vs. SCE) 

Relatwe 
Taken, Found, error, R.S.D., 

Sample PH IBM PM % 9, 
____~ 

EDTA 4.0 0.53 0.51 - 3.8 1.3 
40 0.21 0 19 -95 21 
4.0 0 11 0.09 -18.1 1.0 

NTA 5.0 I .02 1 03 f1.0 - 
4 o* 0.51 0 49 -3.9 4.1 
4.01 0.20 0.21 +50 4.9 

‘5 x lo-‘o/ SDS. 0 
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deviation (5 runs) was ~2%. The determination of 
0.2-l.OpM NTA had a relative error of <5x. 
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Summary-Anodic-stripping voltammetry is used to perform automatic complexometric titrations of 
metal ions, with high precision. The stripping peaks are converted into corresponding titrant volume 
increments which are added consecutively during stripping. In analysis of samples containing about 
1 mmole, each of lead, indium and gallium, relative standard deviations of 0.008-0.03% were attained. 

One of the most important factors governing the 
precision of a titration is the sensitivity of end-point 
detection. In most cases, end-point indication can 
be considered as the application of a trace- 
determination method to monitoring very small con- 
centration changes in the vicinity of the equivalence 
point. In the case of complexometry, trace concen- 
trations of free metal ion are to be monitored. For 
this purpose, stripping methods offer great advan- 
tages because of their superior sensitivity and very 
high signal-to-noise ratio. 

Anodic stripping has already been applied for bulk 
analysis by Besagni et al., who used the technique for 
determination of metal excess in non-stoichiometric 
solids. Their idea was to mask the stoichiometric 
metal content completely with a precisely weighed 
amount of EDTA. The small remaining excess metal 
concentration due to the non-stoichiometry was then 
determined by a single anodic-stripping analysis. 
Unfortunately, this simple procedure may give 
erroneous results if the complex formed does not 
fulfil the requirement of “complete masking”, i.e., if 
its conditional stability constant is not extremely 
high. Hence it has been found better to follow the 
titration curve point by point in a multicycle experi- 
ment. This has been applied to determination of 
gallium in non-stoichiometric gallium nitride.2%3 In 
the meantime, the “potentiometric stripping” method 
has been applied in complexometric titration by 
Jagner.4 Anodic-stripping voltammetry has also been 
used in titrations to find the “complexing capacity” 
of natural waters.5 

End-point determination by stripping is rather 
tedious, since each complete determination cycle will 
give only one point of the titration curve. An attempt 
has therefore been made to develop techniques which 
allow not only automatic performance of each deter- 
mination step, but also automation of the complete 
titration. 

In the method presented here, after deposition of 
the metal, stripping is performed by a voltage sweep. 
The resulting current peak is converted by an 
analogue-to-digital (A-D) converter into pulses with 
a pulse-rate proportional to the instantaneous strip- 
ping current. The pulses are fed to the stepping motor 
of a piston burette. Each pulse causes the burette to 
deliver a definite volume of titrant solution. Thus, in 
the next cycle, as a consequence of the smaller 
stripping peak area, the volume delivered will be 
smaller, and so on. As a result, more and more closely 
spaced points on the titration curve are produced as 
the end-point is approached. Moreover, every volume 
increment delivered by the burette represents a mea- 
sure of the peak signal. The titration curve can 
therefore be constructed very easily by plotting the 
consecutive volume increments against the cumu- 
lative volumes. The printed output from the burette 
system contains the complete titration information. 

EXPERIMENTAL 

Apparatus 

A Beckman “Electroscan” was used in the scanning 
mode. The instrument was equipped with a “Disk” integra- 
tor which delivers pulses with a frequency proportional to 
the recorder deflection. The pulses were formed and 
amplified in a comparator circuit to give them a rectangular 
profile. They were fed to the input of an OP-930 automatic 
burette (Radelkis, Budapest). A single pulse causes the 
burette to deliver a volume of 2 ~1. 

CeN and electrodes 

A 150-ml beaker equipped with a reference electrode 
(SCE), auxiliary electrode (platinum wire) and working 
electrodes was used in conjunction with a magnetic stirrer. 
The working electrode was a glassy carbon disc of 6 mm 
diameter for lead determination, and a commercial hanging 
mercury drop electrode (HMDE) with a drop volume of 1.5 
~1 for indium and gallium determination. The test solution 
was deaerated with pure argon before each measurement. 

Chemicals 

Lead nitrate stock solution was prepared from lead 
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Fig. 1. ASV peak signals for 8 x 10e5it4 free metal ion in presence of IO-*M metal-EDTA complex (0.8% 
uncomplexed metal). Conditions described in text. 

nitrate (analytical-reagent grade) and standardized by a 
complexometric weight titration with amperometric end- 
point. Gallium and indium solutions were prepared from the 
very pure (99.9999%) metals, weighed on a microbalance, 
dissolved in aqua regia (gallium) or hydrochloric acid (in- 
dium), approximately neutralized, and diluted with water to 
a definite weight. The concentration of the stock solutions 
was about 0.1 mole/kg. 

EDTA solutions were standardized coulometrically with 
zinc ions generated from zinc amalgam electrodes. The 
end-point was determined amperometrically with a lead 
dioxide electrode.’ 

Salicylic acid (pharmaceutical grade) was recrystallized 
twice from water. All other chemicals were reagent grade. 

Working conditions 
Lead determination. Electrolyte solution: 0. lM potassium 

bromide. O.OSM hexamine, adjusted to nH 5.1 with hydro- 
chloric acid. Deposition .for-2 min at - 1.0 V onto a 
glassy carbon electrode. Stripping Scan from -0.6 to 
+0.2 V at 10 mV/sec. Recorder sensitivity 140 pA full scale. 

Indium determination. Electrolyte solution: 0. lM potas- 
sium bromide, O.lM chloroacetate buffer, pH 3.0. Deposi- 
tion for 2 min at - 1.25 V on the HMDE. Stripping scan 
from -0.6 to 0 V at 10 mV/sec. Recorder sensitivity 70 PA 
full scale. 

Gallium determination. Electrolyte solution: 0.005M salic- 
ylate, O.lM acetate buffer, pH 5.0. Deposition for 5 mm at 
- 1.4 V on the HMDE. Stripping scan from - 1.0 to 0 V 
at 10 mV/sec. Recorder sensitivity 28 PA full scale. 

Titration procedure 
Portions of stock metal solutions were measured out by 

weight from a plastic syringe weighed in a metallic case. 
About 99% of the metal content to be titrated was com- 
plexed by addition of an exactly weighed amount of O.lM 
EDTA. The remaining 1% was determined precisely by the 
followina automatic titration. After addition of the buffer 
and oth\r constituents in appropriate amounts the pH 
was adjusted @H-meter) and the solution deaerated. The 
titration was then started with the deposition step, and was 
done with O.OOlM EDTA. In all cases the titration vessel 
contained about 1 mmole of determinable metal ion. 

XFSULTS AND DISCUSSION 

The deposition potentials were chosen from 
Fig. 2. Lead titration, ASV with glassy carbon electrode. 
AV, = &rant volume increments proportional to peak area; 

current-potential curves for small concentrations of 

free metal ion in the presence of a huge excess of their 
EDTA complexes. Thus it was ensured that there was 
no decomposition of the complex during deposition 
of the free metal ion. 

The conditions for titrant delivery were chosen so 
that each stripping run caused the burette to add an 
amount of EDTA sufficient to complex about 
25~33% of the free metal ion, so, in the vicinity of the 
end-point, the density of the points became very high. 
The pulse rate of the A-D converter, i.e., the number 
of pulses output per unit voltage input, could not 
be adjusted arbitrarily, so the proper conditions were 
realized by selecting the correct amplification of 
the peak signal. Typical stripping peaks are shown in 
Fig. 1. 

l- 

= 
E 
L.+ 
a 

0.5- 

V, = titrant volume (lo-‘M EDTA). 



872 SHORT COMMUNICATIONS 

Table 1. Results of lead, indmm and gallium determinations 

Content of Relative 
stock solution, g/kg standard 

Metal deviation. Number of 
titrated Calculated* Found 0 ,’ 

/U measurements 

Lead 24.886 24.884 0.03 11 
Indium 11.457 11.463 0.008 11 
Gallium 6.8833 6.886 0.01 24 

*From results of standardization titration (lead) or weight of metal sample in 
stock solutions (indium, gallium). 

Part of the error was attributable to improper 
functioning of the mechanical disc integrator which 
was used as an A-D converter. In some cases, at very 
low metal concentration, the peaks became very flat, 
and the integrator was not able to follow them 
exactly. It would be better to use an electronic A-D 
converter. 

Figure 2 shows a typical titration curve, from 
which it can be seen that the contribution of the 
end-point determination to the overall titration error 
should be rather small. Even in the worst case the 
end-point can be found with an uncertainty of not 
more than f0.2 ml of 10m3M EDTA. This corre- 
sponds to an overall error of 0.02% if 1 mmole of 
metal is to be titrated. Table 1 gives the results of 
some titrations of this type. The standard deviation 
data do not allow a clear distinction between the 
contributions of various weighing errors and the 
end-point uncertainty. It would be even more difficult 
to draw conclusions about systematic error, since two 
high-precision titrations are compared, one of them 
acting as a standardization. In the case of lead the 
titrant solution was used for standardization of the 
stock metal solution as well. The difference between 
the “calculated” and “found” values is then in effect 
a comparison of the two different end-point indi- 

cation procedures (amperometric and ASV). In the 
case of indium and gallium the weight of pure metal 
taken is used as the reference standard, which is 
compared with the result of the coulometric titration 
used for titrant standardization. 

It can be said that the method is applicable for 
high-precision titration. Another possible application 
would be the titration of very dilute metal ion 
solutions in the concentration range of 10-5-10-4M. 
With such solutions an error of only a few per cent 
is attainable, if the conditional stability constants are 
high enough. Under the conditions recommended in 
this paper, the conditional constants are 1 O9 6 for lead, 
1O’43 for indium and 10 lo3 for gallium. 
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DETERMINATION OF THALLIUM IN LEAD 
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Summary-The determination of trace levels of thallium in lead and lead salts by differential pulse 
anodic-stripping voltammetry has been made possible by using a surfactant as an electrochemical masking 
agent in addition to a complexing agent. In 0.2M EDTA at pH 4.5 as supporting electrolyte without 
surfactant, lead at concentrations below Urn&f does not give a peak. When the electrolyte also contains 
tetrabutylammonium chloride (TBAC) at O.OlM concentration, lead can be tolerated at concentrations 
up to O.O5M, while the height of the thallium peak is unaffected. It is thus possible to determine 5nM 
T&I) in the presence of O.OSM Pb(II), ie., Tl at the 1 x 10-y/, level in lead. The precision of the 
determination (l-4%) and the recovery are satisfactory. Neither an SOO-fold excess ratio of Cu(II) to Tl(I) 
nor a 107-fold ratio of Bi(II1) interferes in the determination. Thallium has been determined in a range 
of lead salts of various degrees of purity. 

Suppression of electrochemical activity by addition of 
a surfactant-known as electrochemical masking- 
can sometimes be used to permit the determination of 
a trace element in an otherwise difficult matrix by use 
of anodic-stripping voltammetry.’ One system which 
can present significant difficulties in electroanalysis is 
that of mixtures of Ti(I) and Pb(I1). These di~cuities 
may be minimized by suitable choice of supporting 
electrolyte, the complexing action of which shifts the 
reduction potential of lead, but not that of thallium, 
to more negative vah.tes.2-8 In most methods pub- 
lished, EDTA has been used.3.S7 In this way, the 
interference from a relatively small amount of Pb(II), 
up to some orders of magnitude greater than that of 
the thallium, may be eliminated. However, when the 
sample matrix is lead, a chemical separation step is 
normally necessary, for instance oxidation of T&I) to 
TI(III) and extraction into diethyl ether? 

The objective of this study was to examine the 
possibility of determining thallium, as Tl(I), in the 
presence of very much higher concentrations of 
Pb(II), by differential pulse anodic-stripping volta- 
mmetry, by adding both a complexing agent and a 
surfactant. A successful solution to this problem 
would permit the dete~ination of traces of thallium 
in lead without the need for a preliminary separation. 
The degree of suppression of the electrochemical 
activity of a metal ion by an inhibitor is associated 
with the ionic potential of the ion being deter- 
mined.‘@” The relatively small difference in the ionic 
potentials of Tl(1) (0.74) and Pb(II) (1.59) makes this 
approach difficult. 

- ~..__I__~ 

*Author for correspondence. 

Apparatus 

EXPERIMENTAL 

A Telpod (Poland) pulse polarograph model PP-04, de- 
signed by Kowalski et hi,, was used~V&amperograms were 
displayed on an Endim (GDR) 620.02 XY-recorder. The 
di#er&tial pulse amplitide was 10 or 50 mV and the 
scan-rate 11.1 mV/sec. The Radiometer controlled- 
temperature Kemula electrode equipment was used. The 
surFace area of the hanging mercury drop was 2.1 mm2. 

Reagents 

Tetrabutylammonium chloride (Merck), sodium dodecyl- 
sulphate (WCh), poly(ethylene glycol) of M.W. 2 x 104 
(Fluka), reagent-grade lead acetate and nitrate, analyytical- 
grade EDTA, lead acetate and nitrate, semiconductor-grade 
acetic acid and nitric acid, and spectral-grade lead nitrate, 
lead and thallium were used. Concentrated solutions of 
potassium hydroxide were purified by electrolysis at a 
mercury cathode.i2 

Water was doubly distilled in a Heraeus quartz still. The 
standard solutions of Tl(1) and Pb(II) were prepared by 
dissolving the metals in nitric acid or acetic acid. Solutions 
with concentrations below ImM were prepared just before 
use. 

The medium used was 0.2M EDTA, pH 4.5 rfr 0.1. The 
pH was adjusted with purified potassium hydroxide solu- 
tion. The solutions examined were deaerated by passage of 
purified nitrogen and were brought to 20 + 0.2” before 
measurement. 

Procedure 

~eter~lnat~on of th#l~i~ in met&e lead. Weigh out 
about 0.3 g of lead, dissolve it in a few ml of hot acetic acid 
of semiconductor-grade, then evaporate the excess of acid, 
Add 0.25 ml of IM tetrabutylammonium chloride and 20 ml 
of 0.2% EDTA. Adjust the pH to 4.5 + 0.1, by dropwise 
addition of lOc/, potassium hydroxide solution, transfer the 
solution to a 25ml standard Bask and make up to the mark 
with water. Transfer the solution into the electrochemical 
cell and pass purified nitrogen or argon through it for 15 
min. Perform the electrolytic deposition in stirred solution 
at - 0.70 V vs. SCE for 5-i 5 mini depending on the expected 
thallium content. After the derrosition. switch off the &TM 
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wait 20 set, then record the voltamperogram from -0.70 to 
0 V US. SCE. Repeat the measurement cycle twice more on 
the same solution, with a new mercury drop each time. 
Estimate the thallium according to the standard-addition 
method by three successive additions of a known volume of 
thallium(I) standard solution to the same solution, repeating 
the measurement cycle each time, beginning from the depo- 
sition stage. From the linear plot of peak height us. amount 
of thallium standard added read the amount of thallium in 
the sample. If the volume of added thallium standard 
solution is less than 0.25 ml, correction for dilution may be 
omitted. 

Determination of thallium in lead salts. Weigh out an 
amount of salt equivalent to about 0.3 g of lead, dissolve it 
in 20 ml of 0.25M EDTA, add 0.25 ml of IM tetra- 
butylammonium chloride, and adjust to pH 4.5 + 0.1 by 
dropwise addition of 10% electrochemically purified potas- 
sium hydroxide solution. Transfer the solution into the 
electrochemical cell and determine thallium as above. 

RESULTS AND DISCUSSION 

The use of 0.2M EDTA at pH 4.5 as supporting 
electrolyte causes a shift of the Pb(II) reduction 
potential from the value of about -0.5 V vs. SCE 
found for non-complexing electrolytes, to much more 
negative values. The lead deposited on an HMDE 
under these conditions gives a stripping peak at 
-0.49 V vs. SCE, i.e., very close to the thallium peak 
(-0.48 V). 

On the basis of the measurements plotted as curve 
a in Fig. 1, a deposition potential of - 0.70 V vs. SCE 
was selected for the determination of thallium. Under 
these conditions there is no lead stripping peak for 
concentrations below OSmM, but at higher concen- 
trations lead gives a stripping peak coinciding with 
the thallium peak, the peak-height increasing non- 
linearly with increasing concentration of Pb(II), 
(curve a, Fig. 2). The peak for 0.024lM lead is shown 
as curve a in Fig. 3. The dependence presented in 
curve a, Fig. 2, suggests that it would be difficult to 
determine thallium in the presence of high concen- 

-Fe, (V) 

;i 
I6 

c 

;: 
c 

9 

60 

2 
c 

30‘ 

Fig. 1. (a) Peak current for O.l@4 thallium us. deposition 
potential, and (6) peak current US. thallium concentration, 
in the absence (0) and presence (0) of TBAC. Deposition 
potential for (b) -0.70 V vs. SCE. Deposition time 5 min. 

Differential-pulse amplitude 10 mV. 

cpb,nl x10-' (M) 

Fig. 2. Variation in size of the lead peak in the absence (a) 
and in the presence (b,c) of TBAC. (a) Peak current us. 
[Pb(II)]; (b) peak current vs. FBAC]; (c) peak potential us. 
FBAC]. Concentration of Pb(II), (b) and (c) 0.05M. Depo- 
sition potential -0.70 V vs. SCE. Deposition time 5 min. 

Differential-pulse amplitude 10 mV. 

trations of lead, and impossible to determine traces of 
thallium in samples where the matrix is lead. 

An attempt was made to suppress the lead peak by 
the addition of surfactants. Preliminary experiments 
showed that poly(ethylene glycol) of M.W. 2 x lo4 or 
sodium dodecylsulphate did not have much effect on 
the height of the lead peak for 0.05M lead. Tetra- 
butylammonium chloride (TBAC) appeared to be 
more useful and was investigated more fully. 

The influence of TBAC concentration on sup- 
pression of the peak for 0.05M lead is illustrated by 
curve b in Fig. 2. Changes in the peak potential for 
lead were also recorded (curve c, Fig. 2). It is 
apparent that a concentration of O.OlM TBAC is 
sufficient to suppress the lead peak completely. This 
suppression is further shown in Fig. 3. If the lead 
concentration is substantially higher than O.O5M, 
however, the lead peak is not completely suppressed. 
The lead peak potential, which can be determined 
before the complete suppression of the peak, becomes 
less negative in the presence of TBAC at concen- 
trations higher than O.lmM. As was shown earlier,13 
in the two-stage anodic-stripping cycle the main effect 
of surfactant is at the deposition stage. 

The influence of O.OlM TBAC on the thallium 
peak was checked. Neither the height of the peak 
(curve a, Fig. 1) nor the potential (curve b, Fig. 1) was 
affected by the addition of TBAC. 

The complete suppression of the lead peak at a lead 
concentration of 0.05M without affecting the thal- 
lium peak makes possible the determination of traces 
of thallium in a lead matrix. An example of such a 
determination is presented in Fig. 3, curves c and d. 
The thallium added corresponded to a level of 
1.02 x lo-‘% in the lead. 
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Fig. 3. Differential pulse anodic-stripping voltamperograms 
for (a) 0.0241M W(H); (b) 5nM Tl(I); (c) 5nM 
Tl(I) + 0.0482M Pb(I1) + O.OlM TBAC; (d) 0.0241M 
Pb(I1) + O.OlM TBAC. Deposition potential -0.70 V 0s. 
SCE. Deposition time 15 min. Differential-pulse amplitude 

50 mV. 

Results showing the precision and recovery are 
collected in Table 1. They indicate satisfactory pre- 
cision and the absence of a systematic error. The 
method was tested by determining the thallium con- 
tent of lead salts of various degrees of purity. The 
results are summarized in Table 2. Assuming that 
5nM Tl(1) can be determined with a 15-min deposi- 
tion time and that the lead concentration should not 
exceed O.O5M, the lower limit of the determination is 
about 1 x 10m5% of thallium in metallic lead and 
67 x lo-(‘% in lead salts. 

Besides Pb(II), other ions reducible at potentials 
less negative than Tl(1) also interfere in the deter- 
mination of Tl(1) if they are present in substantial 
amounts. It would be expected that Cu(I1) and 
Bi(III), for which the reduction potentials are -0.27 
and - 0.55 V vs. SCE, respectively, would be reduced 
together with the thallium under the conditions of the 
thallium deposition (-0.70 V vs. SCE). Though the 
stripping peaks are quite far from the thallium peak 
(Cu -0.26 and Bi -0.14 V), if they are large, their 

Table 1. Determination of thallium in the presence of lead 
and TBAC 

Series 

I 
II 

Added Found 
Std. 

Number Pb, Tl, Tl, devn., 
of tests mg ng ng ng 

7 100 102 100 4.2 
7 100 406 410 5.7 

Table 2. Thallium content of lead salts 

Lead salt 

Sample Thallium 
weight, content, 

Grade g ppm 

Pb(CH,COO),.3H,O Reagent 0.300 72 (73)* 
Pb(CH,COO),.3H,O A.R. 0.350 2.8 
Pb(NG,), Reagent 0.250 20(18.5)* 
Pb(NG, )2 A.R. 0.400 0.25 
Pb(NG,), Spectral 0.400 0.06 - 

*Spectrophotometric determination.‘4 

tails will substantially increase the background cur- 
rent, thus causing an interference. In the presence of 
TBAC under the conditions described, an 800-fold 
ratio of Cu(I1) to Tl(1) and an amount of Bi(II1) 
similar to that of Pb(I1) do not interfere in the 
thallium determination. 

The investigations described in this paper were 
performed as part of the research programme MR-I- 
32. 
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Summary-I-g sample is decomposed with nitric and hydrofluorie acids, and after evaporation of the 
solution to dryness the residue is dissolved in concentrated hydrochloric acid. A clear aliquot is treated 
with stannous chloride to inhibit interferences. The blue tungsten dithiol complex is developed at a 
temperature of 85” over a half-hour period. The complex is extracted into 2 ml of heptane and the tungsten 
is determined spectrophotometricallv with a sensitivity of OSppm. Fifty samples per man-day can be 
analysed in this manner. 

Geochemical methods of analysis should be rapid, 
sensitive, and free from interferences. Atomic- 
absorption methods for the determination of tung- 
sten lack the desired sensitivity, owing to the refrac- 
tory nature of the oxides of the element. A method 
employing chemical preconcentration followed by 
emission spectroscopy’ provides sensitivity but not 
speed. Of the many dithiol coiorimetric procedures 
examined, several came close to fulfilling the above- 
mentioned criteria, but all were found wanting to 
some degree. 

The use of dithiol in the determination of tungsten 
was investigated as early as 1947.2 Since then a 
number of different methods have been published. 
Various sample decomposition procedures have been 
tried, ranging from fusions’.4 to various combinations 
of acidss7 Interference by molybdenum has been 
dealt with by control of acidity in the complexation 
step* or by extraction of the molybdenum dithiol 
complex in the presence of citric acid to mask the 
tungsten5 Molybdenum and tungsten can be com- 
plexed with dithiol and determined simultaneously,6 
but the simplest remedy is to suppress the 
molybden~~thiol reaction by reduction of the 
molybdenum (VI) with stannous chloride.4*8 

The procedure proposed here uses a mixture of 
nitric and hydrofluoric acids for sample decom- 
position, which allows flexibility in choice of sample 
size and avoids the use of perchloric acid. Molyb- 
denum interference is suppressed with stannous chlo- 
ride. It has been found that the dithiol solution can 
be prepared by simply acidifying the zinc complex 
and adding ethanol; this eliminates the need to use 
thioglycollic acid, which has an offensive odour. 
Heptane is used instead of isoamyl acetate to extract 
the complex because it separates better from the 
aqueous phase, is less volatile, and does not 

*Any use of trade names is for descriptive purposes only 
and does not imply endorsement by the U.S. Geological 
Survey. 

turn yellow on reaction with interfering sample 
constituents. 

This combination and modification of techniques, 
drawn from several accepted dithiol procedures for 
tungsten determination, provides a simple yet 
effective method for the purpose of geochemical 
exploration. 

EXPERIMENTAL 

Apparatus 

A Bausch and Lomb Spectronic 100 spectrophotometer* 
equipped with a micro flow-through system was used. The 
uptake volume was set at 0.5 ml. A Laboratory Supplies Inc. 
heating block for 16 x 150-mm test-tubes was used to 
maintain a constant temperature of 85’. 

Reagents 

The 1.5% dlthiol solution was made by acidifying 1.5 g of 
zinc dithiol complex with 2 ml of concentrated hydrochloric 
acid and adding 100 ml of ethanol (use of ultrasonic mixing 
facilitates the dissolution). The stannous chloride solution 
was made by dissolving 30 g of SnCl,.6H,O in 100 ml of 
concentrated hydr~hloric acid. A loo/, potassium fer- 
ricyanide soiution was used for high-copper samples. 

Tungsten stock solution (1000 pg/ml) was made by dis- 
solving 0.90 g of Na,WO,.2H,O in 500 ml of water. Work- 
ing standards were prepared (each in triplicate) by pipetting 
suitably diluted stock solution (e.g., 1 ml} equivalent to 0, 
0.5, 1, 5, 10, and 2.5 pg of W into 16 x 150mm test-tubes, 
followed by 1 ml of water, 4ml of concentrated hydro- 
chloric acid, 5 ml of stannous chloride solution and a boiling 
chip. The standards were placed m the heating block and 
treated in the same manner as the samples. 

Procedure 

Weigh 1.0-g sample of <80-mesh material into a 50-ml 
Teflon beaker. Add 5ml of concentrated nitrrc acid and 
20 ml of concentrated hydrofluoric actd. Evaporate to dry- 
ness and heat overnight at 125”. Moisten the residue with 
2 ml of warm water and transfer it to a 16 x ISO-mm 
test-tube with 8 ml of concentrated hydrochloric acid, mix 
and centrifuge. Transfer 5ml to a second test-tube along 
with 5 ml of stannous chloride solution and a boiling chip. 
Heat the test-tube m the heating block at 85O for 10 min, add 
1 ml of dithiol solution, and continue to heat at 85” for 
30 min. Cool, add 2 ml of heptane, cap the tube and shake 
it for 1 min. Read the absorbance of the extract at 630 nm 
and compare with the absorbances of the standards. If the 
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Table 1. A comparison of digestion methods 

Tungsten found, pg/g 

Sample 

GXR 1 
GXR 2 
GXR 3 
GXR 4 
GXR 5 

WK’, 
fusion 

200 
2.0 

12.0 x 103 
20 
0.4 

HClO,-HF aqua regia-HF HNO,-HF 

200 200 177 
1.2 1.2 2.1 

12.0 x 103 12.0 Y 103 11.9 x 10’ 
28 16 27 

2.8 0.4 1.2 

Sample 

GXR 1 
GXR 2 
GXR 3 
GXR 4 
GXR 5 
GXR 6 

Table 2. Replicate analyses of geochemical samples 

This work Other values, pg/g 

Range, Mean, R.S.D., 
Material pglg /Klg % Dithiol”’ NAA” 

Jasperold 174-179 176 1.2 191 
Soil 2.1-2.2 2.1 2.6 2.5 1.8*2 

Spring deposit 11.3-12.4 x lo-’ 11.9 x 10’ 3.9 12.7 x lo3 10.8 k 0.6 x lo3 
Coppermill head 25.7-28.2 27.0 3.9 35.7 28 + 5 

Soil 1.2-1.3 1.3 4.3 1.6 
Soil 2.4-2.6 2.5 3.3 1.4 0.88 f 18 

sample reading is greater than 25 pg of tungsten, repeat the 
colour development and measurement with a smaller vol- 
ume of the acid test solution. 

RESULTS AND DISCUSSION 

SampIe &composition 

Five U.S. Geological Survey geochemical ex- 
ploration reference samples9 were digested by four 
different methods. The results are listed in Table 1. 

Table 1 seems to indicate that all four methods 
work about equally well, though the 
perchloric/hydrofluoric acid and nitric/hydrofluoric 
acid methods do a better job on GXR 4 and 5. The 
nitric/hydrofluoric acid method was chosen because 
the evaporation is faster and does not require a 
special fume-hood. 

Sensitivity 

A 0.5~pg standard can be expected to give 0.038 
absorbance, allowing detection of 0.5 pg in a l-g 
sample, which is at or below the average crustal 
abundance of tungsten in rocks. 

Precision and accuracy 

Replicate analyses of the six U.S. Geological 
Survey geochemical exploration reference samples 
(Table 2) show fairly consistent and acceptably low 
relative standard deviations for the various sample 

types and tungsten levels, and give results in reason- 
ably good agreement with values obtained by a 
similar calorimetric methodlo and by neutron- 
activation analysis (NAA).” 

GXR 2 was roasted at 600” for 1 hr to drive off 
excess of organic material. GXR 4 was treated with 
potassium ferricyanide to precipitate copper (the 
sample contains about 0.7% copper). 

Interference 

Molybdenum interference was studied by spiking a 
set of tungsten-free samples with 1Opg of tungsten 
and increasing amounts of molybdenum from 0 to 
5OOOpg. The samples were then digested and the 
normal procedure was applied. The results indicated 
no interference by up to 200 pg of molybdenum and 
then gradual increase in signal until, with 1000 pg of 
molybdenum added, the normally sky-blue extract 
began to take on a greenish tinge indicative of the 
presence of the molybdenum dithiol complex, and the 
signal was high by 10%. The error increased smoothly 
with increasing molybdenum concentration, reaching 
100% when 5000 pg of molybdenum had been added. 
The effects of several other often-mentioned inter- 
fering elements2,6+8,‘2.‘3 were tested by adding 10, 100, 
and lOOO+g quantities of each to solutions contain- 
ing 1 and 10 pg of tungsten. The elements tested were 
Bi, Co, Cu, Cr, Pb, Mn, Ni and V. Of these, only 
bismuth and copper showed any appreciable effect at 

Table 3. Recovery of tungsten from spiked samples (average of 
triplicate analyses) 

Sample 

GXR 1 
GXR 2 
GXR 3 
GXR 4 

Present, 
W 

170 
1.8 

12.5 x lo3 
28.4 

Added, 
pg 

200 
1 

5.0 x 103 
15 

Found, Recovery, 
&I % 

350 90 
2.8 100 

17.4 x 103 98 
43.8 102 
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the lOOO-pg level, both causing a decrease in signal. 
Interference from copper can be avoided by precip- 
itating the copper with 1 ml of 10% potassium fer- 
ricyanide solution before centrifuging the sample 
solution. Otherwise its tolerance level is about 
200 ppm. Nearly 100% removal of copper is achieved 
with only about 7% loss of tungsten. Though not as 
often encountered in such high concentrations in 
geochemical samples, bismuth remains a problem. 
When it does cause a serious interference, complexing 
it with dithizone13 may be necessary before the tung- 
sten colour-development step. 
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Snmmary-The acid-base chemistry of tyrosine-containing peptides such as enkephalin, tyrosyl- 
glycylglycine, tyrosylglyeine and analogous peptides is described. For each peptide and tyrosine 
derivative, microscopic and macroscopic acid dissociation constants and the thermodynamic parameters 
for proton dissociations were determined from pH-titrations and ultraviolet absorption spectra. The 
relative concentrations of various ionic forms for the peptides were calculated from the microscopic 
constants. The concentration ratio, represented by the tautomeric equilibrium constant (K,), showed a 
definite relationship to structure. 

The role of structure as a determinant of the opiate 
activity of tyrosine-containing peptides has been rec- 
ognized and reported in several investigations-’ 
Study of the aqueous acid-base equilibria of the 
peptides seems likely to be of help in the elucidation 
of their mode of interaction with the opiate receptor. 

It has been suggested” that determination of the 
microscopic proton-dissociation phenomena of com- 
pounds such as tyrosylglycylglycine and tyrosyl- 
glycine is very important for the understanding of 
which active molecular species may be involved in the 
biological functions of tyrosylglycylglycylphenylal- 
anylmethionine (enkephalin). Enkephalin is the most 
important opiate peptide in the brain; it contains 

three functional groups (carboxy-, amino- and 
tyrosyl-) but its deprotonation has not been studied 
fully. For this reason, we have made a brief report on 
the structure-ionization relationships of enkephalin 
and related fragments in aqueous solution.6 

In earlier papers”’ we suggested that deter- 
mination of the microscopic proton dissociation con- 
stants (micro-constants) of a compound is extremely 
important for the understanding of the structure- 
ionization relationships of the compound. Recently, 
Jaureguiberry et al9 have reported a study of the 
conformational states of an enkephalin-related com- 
pound in different ionic conditions, by use of 15N 
NMR spectroscopy. The micro-constants reported in 
that paper provided a better model for the biological 
action of tyrosyl residues in proteins. 

In the present work, we studied the acid-base 
chemistry of various types of tyrosine-containing 
peptides in order to determine not only the 

structure-ionization properties of enkephalin in 
aqueous solution but also a possible proton- 
dissociation model for tyrosine-containing proteins. 
Both microscopic and macroscopic proton dis- 
sociation constants have been measured by means of 
potentiometric titrations and ultraviolet absorption 
spectra, and the species distribution has been calcu- 
lated from the micro-constants. 

EXPERIMENTAL 

Materials 

Enkephalin, tyrosylglycylglycine, tyrosylglycine, tyrosyl- 
tyrosine and N-acetyltyrosine were obtained from Sigma 
Chemical Co., glycyltyrosylglycine from Biochemical Co., 
glycylglycyltyrosine from ICN Pharmaceutical Co., tyrosine 
methyl ester, tyrosine ethyl ester and tyrosine amide from 
Nakarai Chemical Co., and glycyltyrosine from Wako 
Chemical Industries Ltd. The compounds were of analytical 
grade and used without further purification. 

Absorption spectra and pH-titrations 

The apparatus was as described previously.’ The spec- 
trum of each compound was measured at 25” (for 
2 x l0-4M concentration). The titrations were done with a 
Radiometer TIT 60 Titrator and an ABU 12 Autoburette 
fitted with a 0.25-ml burette. The solution (10 ml containing 
0.5 mmole of compound) was transferred to the 
temperature-controlled titration vessel. A slow stream of 
nitrogen was bubbled through the solution, which was 
stirred with a mechanically driven plastic stirrer. The pH- 
meter (Radiometer pHM64, G204OC glass electrode and 
K4040 reference electrode) was calibrated before each ti- 
tration with buffers of pH 4.01 and 9.18 at 25”. An interval 
of 10 min was allowed for thermal equilibration before 
starting the titration. The compounds were titrated with 
carbonate-free 0. 1M potassium hydroxide at temperatures 
of l”, IS”, 25”, 35” and 45” (all +O.lO). The ionic strength 
was adjusted to O.lM with sodium perchlorate. 
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Q” 
Fig. 1. Q&Q, plot for enkephalin. pH values: a, 3.03; 1, 
7.34; 2, 8.64; 3, 9.58; 4, 9.74; 5, 9.95; 6, 10.43; 7, 10.78; 8, 

12.07; b, 12.48. 

Determination of the proton-dissociation constants 

The proton-dissocration constants of each compound 
were determined by three methods: (a) by complementary 
tristimulus calorimetry (CTS method)$ (6) from the micro- 
constants described in the next paragraph;’ (c) by the 
potentiometric method of Schwarzenbach.” 

Determination of the micro-constants 

The acid dissociation of the tyrosine-containing peptides 
is shown in Chart 1. The micro-constants were obtained as 
follows. From the Q-Q,. plot (Fig. I), the mole fraction 
(qoH) of singly dissociated phenolate anions was calculated 
for the region between a and b by use of the CTS method. 
The MO,, value defined by Edsall’r is given by equation (5): 

which can be expressed as 

~,[H+l-~,“~,+~*~,,-~OH[H+l=O (6) 
From these three values (k,, Jr2 and k,,), the remaining k,, 
and the proton dissociation constants, pK, and pK,, were 
calculated from equations (l)-(3) (Chart 1). 

Thermodynamic parameters 

The values of the thermodynamic parameters were ob- 
tained in a manner simtlar to that reported earlier.8 Plots of 
pKB (i = 1,2) against reciprocal of the absolute temperature 
were linear or slightly curved. From the empirical equations, 

the values of the free-energy (AC, kcal/mole), enthalpy (AH, 
kcahmole) and entropy (AS, cal . mole - ’ . deg - ‘) changes for 
the proton dissociation were calculated. 

RESULTS AND DISCUSSION 

Proton-dissociation constants 

The values obtained for the proton-dissociation 
constants of enkephalin and related compounds are 
listed in Table 1. The proton-dissociation constant 
for the carboxyl group is denoted by pK,--n. Since 
the f&Q, plot, obtained from the change in absorb- 
ance caused by proton dissociation of the phenol 
group, was linear (Fig. l), the proton-dissocation 
constants of the phenol group of tyrosine-containing 
peptides were calculated both by the CTS method 
and from the micro-constants. The values obtained 
by the three methods agree well. From the data given 
in Table 1, it can be deduced that (1) the value of pK, 
depends on the sequence of tyrosine residues in the 
di- and tripeptide, (2) the pK, values for the tripep- 
tides are not as high as for the dipeptide, indicating 
the absence of intramolecular hydrogen-bonding be- 
tween phenol and C-terminal carboxylate groups, 
and (3) the pK, value for tyrosyltyrosine is not much 
higher than the value expected for deprotonation of 
the second phenol group of catechol,’ probably be- 
cause there is no intramolecular hydrogen bonding 
after deprotonation of the first phenol group. 

Thermodynamic parameters 

Thermodynamic parameters obtained for the de- 
protonation of the phenol and ammonium groups of 
the compounds are given in Table 2. Figure 2 shows 
the plots of AH vs.TAS for the ammonium group 
(AH, vs. TAS,) and for the first and second phenol 
groups (AH, vs. TAS,, AH, vs. TAS,). The parame- 
ters for the phenol group of the peptides correlate 
well with the thermodynamic parameters of mono- 
phenol derivatives, indicating that deprotonation of 
the first phenol group of tyrosine-containing peptides 
proceeds like that of the first phenol group of 
3,4-dihydroxyphenylpropionic acid and 3,4-dihy- 

Table 2. Thermodynamic parameters for iomzation of tyrosine-containing peptides at 25°C 

AC, AC, AG, AH, AH, AH, AS, AS2 AS, 
Compound kcal/mole kcal/mole cal.mole-‘.deg -’ - 

Enkephalin 10.6 13 5 1.5 50 - 10.4 -28.5 
Tyrosylglycylglycme 10.5 13.3 1.5 5.4 -10.3 -26.5 
Glycyltyrosylglycine 11.0 13.3 8.3 6.7 -9.0 -22.3 
Glycylglycyltyrosine 11.1 13.3 7.9 4.6 - 10.9 -29.1 
Tyrosylglycme 10.6 13 7 1.9 5.0 -9.0 -29.3 
Glycyltyrosine 11.2 14.4 87 5.3 -8.4 - 30.4 
Tyrosyltyrosine 10 3 13.5 14.7 7.9 5.0 6.0 -7.9 -28.9 -27.6 
Tyrosine amide 10.4 13.9 8.1 3.2 -7.7 -36.5 
Tyrosme methyl ester 10.0 13.5 79 4.7 -6.9 -29.7 
Tyrosine ethyl ester 10.0 13 5 83 3.6 - 5.7 -33.8 
N-Acetyltyrosme 14.2 37 -34.9 
N-Acetyltyrosine ethyl 13.6 4.2 -31.8 

ester 
Tyrosine* 

‘From Ishimitsu ef aL8 

12,3 13.9 10.0 5.4 -7.8 -28.5 
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/ 6 8 

3 “,I0 
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/2 
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TAS 

Fig. 2. Relationship between AH and TAS for tyrosine- 
containing peptides. 1, Enkephalin; 2, tyrosylglycylglycine; 
3, glycyltyrosylglycine; 4, glycylglycyltyrosine; 5, tyrosyl- 
glycine; 6, glycyltyrosine; 7, tyrosyltyrosine; 8, tyrosine 
amide; 9, tyrosine methyl ester; 10, tyrosine ethyl ester; 
11, N-acetyltyrosine, 12, N-acetyltyrosine ethyl ester; 13, 
tyrosine. 

0 First ionization (corresponds to pK,) 
0 First phenol ionization (corresponds to p&) 
0 Second phenol ionization (corresponds to pK,) 

droxyphenylalanine (DOPA).* The parameters for 
the second phenol group of tyrosyltyrosine gave a 
similar correlation (Fig. l), probably because of the 
absence of intramolecular hydrogen bonding after 
deprotonation of the first phenol group. 

Micro-constants 

Two pathways are possible for proton dissociation 
from enkephalin and tyrosine peptides, as shown in 
Chart 1. The micro-constants of the peptides (at 25”) 
are given in Table 3. The data also include the ratio 
of the number of molecules present in the 
phenolate-ammonium form to the number in the 
phenol-amino form. This ratio gives the tautomeric 
constant (KJ. By use of the micro-constants, the 
relative concentrations of the various ionic forms of 
the compounds were calculated as a function of pH, 
and the results for enkephalin and glycyltyrosyl- 
glycine are shown in Figs. 3 and 4, respectively. In 
N-terminal tyrosine-containing peptides such as 

PH 

Fig. 3. Relative concentrations of various ionic forms of 
methionine enkephalin. 

-O- 

-a- 

-o- --CH,yH-R 

NH: 

-.- 

R = CC&NHXH,--CSNH--CH,-NH 

CH>dH 
I 

CH,S-CH,--CH-NH&O 
I 
coo- 

enkephalin, tyrosylglycylglycine and tyrosylglycine, 
about l&20% of the first ionization occurs by way of 
the phenolate-ammonium form between pH 8 and 
10, similarly to that of tyrosine and its derivatives,’ 
while for the other three peptides (glycyltyrosyl- 
glycine, glycylglycyltyrosine and glycyltyrosine) the 
phenolate-ammonium form contributes as little as 
2-5x in the same pH range. The &values and 
Figs. 3 and 4 show that the concentration of 
phenolate-ammonium form is greater in the N- 

Table 3. Microscopic acid dissociation constants and tautomeric constants of tyrosme-contaming peptides 

Compound pk, pk, pk,, pk,, K,* 

Enkephaline 8.61 + 0.02 7 99 IO.03 9.63 f 0.04 10.30 f 0.04 42 
Tyrosylglycylglycine 8.18 f 0.03 7.71 + 0.02 9.47 f 0.03 10.00 * 0.03 30 
Glycyltyrosylglycine 9.80 + 0.03 8.49 i 0.03 8.85 f 0.04 9.98 f 0.04 20.4 
Glycylglycyltyrosine 9.55 + 0.02 8.36 5 0.04 8 79 f 0.04 10.01 f 0.03 15.5 
Tyrosylglycine 8.42 + 0.03 8.04 k 0.01 9 51 f 0.03 9.90 * 0.02 2.4 
Glycyltyrosine 9.32 + 0.02 8.41 * 0.02 9 52 f 0 04 10.43 _t 0.04 81 
Tyrosine amide 8.58 f 0.04 7 50 * 0.02 8.85 f 0.04 10.20 f 0.02 12.0 
Tyrosme methyl ester 9.15+0.02 7.44*003 8 52 + 0 02 10 13 + 0 03 51 3 
Tyrosine ethyl ester 9.18+0.01 737+002 8.20 f 0 03 10.08 f 0.01 64 6 
Tyrosinet 9.56 + 0.03 9.16+0.04 9.66 + 0.04 10.04 f 0 02 2.5 

*K, value calculated from k,/k, 
tFrom Ishimitsu et al ’ 
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1 50 

terminal tyrosine-containing peptides than in other 
types of peptides. Thus, alteration of a partial drug 
structure, especially the sequence of the tyrosine 
residues, may change the balance between the 
phenolate-ammonium and phenol-amino forms. The 
results presented here may be important not only for 
the understanding of the biological activity of en- 
kephalin but also for characterizing the sequence of 
tyrosine residues in other peptides and proteins. 
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ANNOTATIONS 

A COMMENT ON THE SIMULTANEOUS 
DETERMINATION OF GLASS ELECTRODE 

PARAMETERS AND PROTONATION CONSTANTS 

H. K. J. POWELL and M. C. TAYLOR 
Department of Chemistry, University of Canterbury, Christchurch, New Zealand 

(Received 8 November 1982. Accepted 13 May 1983) 

Summary-Recently published methods for calibration of the glass electrode as an [H+]-probe are 
examined. Problems arising from the pH-dependence of the reference electrode liquid-junction potential 
are noted. 

The determination of equilibrium quotients for pro- 
tonation reactions and for metal-ligand equilibria 
involving anions of weak acids as ligands, requires 
values of the equilibrium hydrogen-ion concentration 
in solution, [H+]. May et al.’ recently described two 
direct methods for determining [H+] in solution, 
which did not require reference to conventional stan- 
dard buffer solutions (e.g., NBS buffers). The first 
method involved direct calibration of the glass 
electrode-reference electrode pair against a family of 
solutions of known [H+] generated from titration of 
a strong acid with a strong base. Least-squares values 

of E,,,,, and S in equation (1) were derived from data 
in the pH ranges 2.3-2.9 and 10.8-11.3. 

E,,, = Econst + Slog[H+]. (1) 

This calibration was considered valid in the pH range 
2.3-l 1.3. 

A second method involved simultaneous deter- 
mination of EC,,,,, S, and the n protonation quotients 
/I,----& from a single direct titration of a weak acid 
with a strong base, followed by non-linear least- 
squares analysis of equation (1) and the mass-balance 
equations for total acid and total base (ligand), using 
all data points. 

These two methods were considered superior to 
these previously published which utilize titration- 
generated buffers such as acetic acid-sodium acetate 
(pH 3.8-5.0) and ethylenediamine-ethylenediamine 
dihydrochloride (pH 6510.3) for which concen- 
tration quotients are known accurately from mea- 
surements in cells without liquid junction or with 
matched liquid junctions.2 However, the method de- 
scribed by May et al.’ appears to overlook one 
fundamental problem associated with pH mea- 
surements in cells involving a liquid junction (e.g., 

with a calomel reference electrode). It is well 
documented3 that the liquid-junction potential is 
measurably dependent on pH at pH ~4.0 and pH 
~-9.2. This is readily established for the acid region 
by measurement of the pH of NBS standard buffers 
[for which pH(S) has been determined in cells with- 
out liquid junction]. Results from our measurements 
on NBS buffer solutions (pH 1.68-10.01) in cells with 
and without liquid junction illustrate this point 
(Table 1). A similar trend of negative deviations 
(relative to electrode response to buffers of inter- 
mediate pH) occurs at pH >9.2, but the limited 
number of standard buffers for this region permits a 
less well defined analysis. 

Thus in any calibration based on measurement of 
pH for solutions of known [H+], the measured emf 
will incorporate a liquid-junction term which is (ap- 
proximately) constant for pH 4.0-9.2 but becomes 
increasingly negative outside this range. A calibration 
interpolated from data at pH 2.3-2.9 and pH 
10.8-l 1.3 will introduce an error (of cu. 0.03 pH) into 
all data subsequently collected between pH 4 and 9.2 
(see Table 1). This situation will also arise in the 
second method of calibration when titration data 
outside the pH 4.0-9.2 range are used. (May et al.’ 

reported an electrode calibration and /3, values based 
on titration data for glycine, pH 1.8-I 1.1 but gave no 
information to indicate that the liquid-junction po- 
tential for their electrode system was constant in that 
range.) 

The magnitude of such errors is illustrated by 
calibration data for solutions of known [H+], with or 
without correction of the measured pH (pH,) for 
variation in liquid-junction potential. With the 
electrode system described in Table 1 we obtained 
the following calibration relationships, pH, = 
Mp[H+] + C, for Z = O.lOM (potassium chloride). 

885 
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Table 1. Measured pH values for standard buffers 

NBS buffer’ PH (8) 

0.0% Tetroxalate 1.679 
O.Olm Tetroxalate 2.157 
Hydrogen tartrate 3.557 
Hydrogen phthalate 4.005 
1: 1 Phosphate 6.863 
1: 3.5 Phosphate 7.415 
Borax 9.183 
Carbonate/bicarbonate 10.014 

pH (measured) values 

Cell with liquid Cell without 
junctiont hquid junction4 

1.639 + 0.006 (15)t 1.687 * 0.006 (2) 
2.123 f 0.003 (2) - 

3.550 + 0.003 (15) 3.559 + 0.006 (2) 
4.005 *0.004(15) 4.005 k 0.006 (2) 
6.868 + 0.006 (20) 6.868 + 0.006 (2) 
7.417 f 0.005 (3) - 
9.188 k 0.008 (19) - 

9.989 Jo 0.008 (10) 10.019 k 0.006 (2) 
Calcium hydroxide 12.454 12.438 + 0.010 (7)’ - 

*Prepared as in reference 3. 
tBeckman E-2 glass electrode (type 39004) and frit-junction calomel electrode (39071). 
SMean k standard deviation for number of measurements shown in parentheses. 
§Ag/AgCl reference electrode in buffer solution spiked with O.OOlM potassium chloride. 

(i) Solutions of HCl (PH 1.7-3.0) and KOH (pH 
10.9-l 1.9): pH, = l.O02p[H+] + 0.052. 

(ii) The same solutions as for (i) with correction 
for liquid-junction potential variation (using data 
from Table 1): pH, = l.OOlp[H+] + 0.079. 

The relationship in (ii) was consistent with that 
derived from phthalate buffers at pH 3.c5.5 (cor- 
rected at low PH);~ similar results were obtained at 
I = 0.04, 0.15 and 0.20M (potassium chloride). 

Conclusion 

In cells with a liquid junction, it is not possible to 
make an accurate determination of p[H+] values in 
the range pH ~4.0 and pH ~9.2 from pH (mea- 
sured) vs p[H+] calibrations in the intermediate pH 
range (or vice versa) unless allowance is made for the 
pH-dependence of the liquid-junction potential at 
low and high pH. 

If the pH (measured) vs. p[H+] calibration is for a 
wide pH range but is based on data at low and high 
pH only, then for reliable work all pH (measured) 
values (for standard and unknown solutions) must 
be corrected according to the pattern of liquid- 
junction potentials established from measurements 
on standard buffers (as in Table 1). 

This approach gives a linear calibration [although 
even without this correction a linear calibration may 
be achieved from a simple least-squares fit as used by 
May et al. with equation (l)]. Interpolation from the 
intermediate pH range is not justified, however, un- 
less co-linearity with [H+] standards in this pH range 
is also established, e.g., by use of titration-generated 
buffers formed from a weak acid and its conjugate 
base,‘,2 as described in (ii, above. 

We recommend the more comprehensive cali- 
bration involving a co -linearity check, especially 
because of the limited number of standard buffers 
available for liquid-junction potential corrections at 
high pH. 
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Summary-In the light of advances in structural gum-chemistry, the analytical data available from earlier 
analytical and structural studies of gum arabic (Acacia Senegal Willd.), and of the gum exudates from 
Acacia Iaeta, A. campylacantha and A. seyal, have been re-interpreted. The structures originally suggested 
were based on random arbitrary assignments of substituent sugars without an attempt to establish regular 
structures. Modelling considerations and recalculations show that the data can also be interpreted in terms 
of more ordered structures. These are consistent with almost all of the available experimental data and 
give a much clearer insight into the nature and extent of the structural differences shown by the two Acacia 
gums of commercial importance, Acacia Senegal (gum arabic, gum hashab) and Acacia seyal (gum talha). 

Gum arabic, defined’ as the “dried exudation from 
Acacia Senegal (L.) Willd. or the related species of 
Acacia”, has been assessed toxicologically as a safe 
foodstuffs additive, to which the “without limit” 
category of Acceptable Daily Intake (ADI) was 
assigned’ in 1982. Apart from its widespread uses as 
a foodstuffs additive, gum arabic is an important 
ingredient in confectionery, providing the possibility 
of creating different textures and other specialized 
effects. Trends towards automated processing require 
allowances for variations in the properties of natural 
ingredients to be preprogrammed; to allow this, a 
sound understanding of the structure of gum arabic 
and other Acacia gums, and of the reasons why they 
function uniquely in different applications, is re- 
quired. The best possible structural information will 
also be useful in helping to define the article approved 
for use in foodstuffs. The complex sequence of en- 
zymatic processes clearly involved in the biosynthesis 
of gum arabic suggests that its structure may contain 
a certain degree of order, a feature disregarded in 
previous structural interpretations3 

The analytical data published3” for some Acacia 
gums have therefore been re-interpreted structurally 
with the aid of models, taking into account the 
following advances published in the past 7 years. 
Churms and co-workers have presented evidence7-9 
that Acacia gums belonging to Bentham’s” series 
Phyllodineae and Botryocephalae have structures 
based on regular repeating subunits; there is similar 
evidence for galactans”~‘* and gums from Prosopis 
spp.13 For gum arabic, it has been shown’4 that all the 
rhamnose residues are attached to glucuronic acid 
and that some galactose units, to which glucuronic 

acid groups are attached, can also carry small num- 
bers of arabinofuranose units. 

At this early stage of reappraisal of all the experi- 
mental data available on gum structures, attention 
has been restricted to those Acacia gums, within 
Bentham’s” series Vulgares and Gummiferae, that are 
of greatest commercial importance. The series Vuf- 
gares includes gum arabic (Acacia Senegal’ syn. 
verek) and its close relatives A. Zaeta4 and A. 
polyacantha6 (syn. campylacantha). The series Gum- 
miferae includes Acacia seyal’ (gum talha). The large 
difference in the specific rotation of aqueous solutions 
of A. seyal gum, [CI Jo cu. + 60”, and A. Senegal gum, 
[c~]n ca. - 30”, indicates that their structures probably 
differ more significantly than is indicated by the 
structures proposed earlier.3s5 

The modelling approach 

In a previous study3 of gum arabic it was realized 
that the structural fragment proposed was only one 
of many possible interpretations. The fragment was 
built up in a retrospective modelling approachI in 
which a randomly branched structure was arbitrarily 
assigned3 to the essential core (i.e., the branched 
galactan “polysaccharide E”) of the complex highly- 
branched globular gum arabic molecules. It was 
recognized3 that polysaccharide E was not a simple 
linear /?-1,3-galactan, and that there was no evidence 
for the “main chain” or “backbone” model in terms 
of which the structure had hitherto been discussed. 

In this reappraisal of the data, the main change 
is to assign to polysaccharide E a structure which 
maximizes the regularity of structure that can sub- 
sequently be assigned to its precursor, polysaccharide 

887 
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Fig. 1. Acacia senegul gum: polysaccharide E comprising 
116 galactose residues. [ ] defines segment considered in 

Fig. 2-6. For key see end of paper. 

D, in terms of all the other analytical data available3 
for D and E, e.g., yields, molecular weights, 
sequential Smith-degradation data, sugar ratios etc. 
As before, this stepwise reconstruction of structures 
for precursors is repeated until eventually a possible 
structure for the whole gum, more regular than that 
suggested previously,3 is attained. Other data avail- 
able from autohydrolysis and other hydrolytic 
degradations help to allow comparisons to be made 
between the experimental values and those calculated 
from postulated structures at each stage of the model- 
building process. 

The same process can be applied to the gums from 
A. laeta: A. seyal’ and A. campylacantha6 (syn. 
polyacantha); for these gums some analytical data 
additional to those available for A. Senegal gum aid 
the reconstructional modelling. 

DISCUSSION 

Recalculation of the gel filtration data3 for poly- 
saccharide E of A. Senegal gum indicates a statistical- 

Table 1. Comparwn of observed and predlcted methanolyw products for 

average molecular weight of about 1.9 x 104, about 
10% higher than the single-peak value (1.7 x 104) 
originally reported. The amount of formic acid re- 
leased on periodate oxidation of polysaccharide E to 
give polysaccharide F, and of F to give the final 
product, polysaccharide G, indicates that F and G 
have 6 or 7 non-reducing end-groups. G also gave 
some 6-O -fi -D-galactopyranosyl galactose on partial 
hydrolysis, indicating some branching. These obser- 
vations suggest that polysaccharide E comprises 116 
galactose units, predominantly linked b-1,3- but with 
6 branches connected to the chain by p-1,6-links. 
Symmetry suggests the structure in Fig. 1, as the 
evidence indicates the branches to be at least 3 units 
long. 

Polysaccharide E was methylated and methan- 
olysed, and the methyl sugars were determined.3 
Calculated values for the proposed structure (Fig. 1) 
are compared with the experimental observations3 in 
Table 1. The agreement is well within experimental 
limits (i.e., * 10% error). 

Table 2 shows the degrees of polymerization for 
the precursors of polysaccharide E, deduced from the 
different pieces of experimental evidence.3 In each 
case there is good agreement between two of the 
estimates, and good reasons (see Table 2) for rejecting 
the third, enabling a value to be chosen from which 
the structural changes can be deduced. Correspond- 
ing possible structures are shown in Figs. 2-6. 

There is the possibility’6*‘7 that over-oxidation 
during degradation of polysaccharide A may result 
from incomplete removal of acidic fragments during 
hydrolysis in the first Smith-degradation of the whole 
gum. The presence of a high proportion of ruptured 

A. senegol polysaccharide E 

Predicted 
Methyl sugar from Rg. 1 Observed’ 

2,3,4,6&tramethylgalactose 101 1 
2,4,6-trimethylgalactose 15 12 
2,3,4_trimethylgalactose trace 
2,6-dimethylgalactose 3* 
2,4-dimethylgalactose 0.87 1 

*This is probably 2,4,6-trimethylgalactose under-methylated at posltmn 4. 

Table 2. Degree of polymerization (D.P.) and sugar composition of A. se-m-gal gum and Its Snuth-degradation 
products (values calculated on the basis of the value selected for the preceding polysaccharide) 

Polysaccharide 
~. 

E D C B A Whole gum _~~~__ 
D.P. from formic acid released - 128 185 275 20001 945 
D.P. from yield of polysaccharlde - 182t 220t 294t 517 75lf 
D.P. from gel filtration 116 141 187 280 527 975 
Selected value of D.P. 116 135 185 279 518 942 

Relative numbers of sugar residues 
Galactose 
Arabinose 
Glucuronic acid 
4-O-Methyl~lucuromc acid 

116 135 179 249 340 397 
6 30 160 2928 

18 123 
12 

Rhamnosd - 118 

*Value high, as result of over-oxidation. 
tValues lugh, as discussed in text. 
tValue requires less galactose than present m polysaccharide A. 
#Some arabinose residues (probably about 50) present as pyranose end-groups: remainder in furanose form. 
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890 ANNOTATIONS 

R+U+G 

kG-!-” 

Ap-A+ G U+R 
A-f 

I J 
G+UeR G*G-A-A G+G+U+R 

A-A-G Gc- GcG 
I 

G+G+U(tR 

EGG-G-G-G-G--G-G-G-G-G-G-G-G-G-G-G-&W- 

t f t $ t t t r r t f t 
G A G-A-AA, 

Fig. 6. Acacia Senegal gum. 

uranic acid residues in polysaccharide A would 
account for the otherwise theoretically anomalous 
yield in addition to the over-production of titratable 
acidity in the next degradation. Also the data6 for A. 
campylacantha gum show that the high value for 
formic acid is not accompanied by a correspondingly 
high value for the amount of periodate reduced. 
Over-oxidation could also explain this anomaly. A 
similar but less pronounced effect is observed for 
A. Zaeta gum? 

Figure 7 shows a plot of polysaccharide yield, 
expressed as a percentage of the theoretical value 

IO 30 50 70 

10+x MOLECULAR WEIGHT 

Fig. 7. Product recovery after dialysis as function of molec- 
ular weight. 

calculated from the proposed structures, against the 
average molecular weights found by gel filtration3 
after dialysis. This plot is interpreted as indicating 
that the dialysis membrane is permeable by the 
fragments of smaller size. This factor invalidates any 
deductions based on gel-filtration data when gums 
from the Gummijkae series are considered; in these, 
polysaccharide A is reduced to one tenth or less of its 
original size in one degradation step, through cleav- 
age of the main chain; this results in very low yields 
for all subsequent degradation products. 

Methylation of Acacia Senegal gum followed by 
methanolysis produces a range of methyl sugars 
which have been examined3 by GLC. 
2,4-Dimethylgalactose predominates, as required by 
the proposed structure. The original chromatogram 
revealed a high proportion of galactose end-groups 
and a deficiency of uranic acid relative to the initial 
analysis requirements; this may have resulted from 
incomplete separation of 2,3,4,6-tetramethylgalactose 
and 2,3,4-trimethylglucuronic acid, which appear as 
adjacent peaks in other chromatograms. The chro- 
matogram also indicated the presence of some 

G+G+U 

G-G-d 

b-+G+U 

4 
G-G-G-G-G-G-G-G 

f f 
G G t t 

8 5 t 5 

Fig. 8. Acacia Senegal degraded gum A. 
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3 
G-G-G-G-G-G-G 

Fig. 9. Acacia Senegal degraded gum B. 

2,3,4-trimethylarabinose but its quantity could not be 
determined because of incomplete resolution from 
2,3,4-trimethylrhamnose. 

Dividing the proposed gum structure (Fig. 6) into 
3 fragments (each of which is about an eighteenth of 
the whole molecule) and stripping off rhamnose and 
arabinose gives structures typified by Fig. 8, with a 
molecular weight of about 5.4 x 10’ (which may be 
compared with the 4.8 x lo3 observed3). Some 
smaller fragments lost during dialysis may account 
for the apparent loss of galactose and glucuronic 
acid. Smith-degradation of the structure in Fig. 8 
would give that shown in Fig. 9. The predicted and 
observed3 data for these polysaccharides, degraded 
Gums A and B, are compared in Table 3. The 
agreement is within reasonable experimental error. 

Applying the same approach to A. campylacantha 
gum in terms of the data available6 gives Table 4. The 
structure proposed for polysaccharide 5 has only one 
branch on the terminal reducing group and is less 
branched than is suggested by the methanolysis 
products6 of the methylated gum. However, as the 
structure is built up, good agreement between predic- 
tion and observation6 is obtained for polysaccharides 

Fig. 10. Type 1 repeat unit: R, is an arabinose chain of 
varying length; R, may be H, U, U, or Uw-R; at the end 

of a branch, the unit may be incomplete. 

4, 3 and 2, as shown in Table 5. Good agreement for 
the methylated sugars is also obtained for poly- 
saccharide 1, although the size of the molecule is in 
doubt. As explained above, the degree of poly- 
merization (D.P.) predicted from formic acid release 
is expected to be high as a result of incomplete 
removal of acidic fragments in the previous stage. 
The D.P. is also incompatible with the amount of 
periodate reduced and could only be explained struc- 
turally by very long chains of 1,6-linked galactose 
with some arabinose branches. Such a structure is not 
compatible with the methylation data. The practical 
yields of the 2nd-5th degradation products are ex- 
pected to be only 60-70x of theoretical because of 
losses during dialysis and hence are much closer to 
the values deduced from the amount of periodate 
reduced. As this is not consistent with the molecular 
weight obtained by gel filtration it appears that some 
cleavage of the molecule occurs, probably at a 
1,6-linkage. This may involve either division into two 
approximately equal parts, or removal of several 
side-chains of molecular weight about 5 x 103. The 

Table 3. Comparison of observed and predicted methanolysis products for A. senegal degraded gums A and B 

Degraded gum A Degraded gum B 

Predicted Predicted 
Methyl sugar (Fig. 8) Observed’ (Ptg. 9) Observed’ 

2,3,4,6-tetramethylgalactose 2 ++ 2 ++ 
2,4,6-trimethylgalactose 4 ++ 8 ++++ 
2,3,4-trimethylgalactose 8 +++ I trace 
2,4-dimetbylgalactos 8 ++++ I <+ 
2,3,4-tnmethylghrcuronic acid 7 +++ - 

Table 4. Degree of polymerization (D.P.) and sugar composttion of A campylacmrha gum and us 
Smith-degradation products 

Polysaccharrde 

D.P. from yteld of polysaccharide 
D.P. from gel liltration 
D.P. from formic acid released 
D.P. from periodate used 
Selected value of D.P. 

5 4 3 2 1 Whole gum 

- 81’ 90* 180* 455’ 505 
52 60 13 110 429t 818t 
- 110 85 122 491$ <483 
- 70 78 136 250 553 
55 63 81 134 214 432 

Relative numbers of sugar residues 
Galactose 55 63 81 130 161 220 
Arabinose 4 47 w 
Glucuronic acid 6 30 
CO-Methylglucuronic acid 8 
Rhamnose - - - - - 30 

*Yield expected to be less than 100’~ of theoreticai, hence these values are higher. 
tThese values suggest cleavage of the molecule during Smith-degradation. 
fThis value inconsistent with the estimate based on periodate reduced and hence probably high. 
§As some of these resrdues are in the pyranose form, the estimated degree of polymerization from formic 

actd assay is high. 
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Table 5. Comparison of predicted and observed methanolysis products from A. camp.v/acantha gum and its Snxth- 
degradation products 

Polysaccharide 5 4 3 2 1* Whole gumt 

Methyl sugar A B A B A B A B A B A 

2,3,4,6-tetramethylgalactose 2 2 8 9 15 15 41 36 17 16 23 
2,4,6-trimethylgalactose 52 20 47 38 49 45 38 40 66 65 4 
2,3,4_tnmethylgalactose tr - tr 3 3 8 8 8 8 33 
2,4-dimethylgalactose 1 tr 7 6 14 12 43 38 64 43 150 
2,3,5-trimethylarabinose ti- 4 4 43 33 toot 
2,5_dimethylarabinose tr 4 4 47 
2,3,4-trimethylglucuronic acid 6 5 30 
2,3-dimethylglucuronic xxd 8 
2,3,4-trimethylrhamnose 30 

A, Predicted from postulated model (Fig, 10). 
B, Reported.6 
*The molecule is probably twice the s.tze mdicated. 
tThe molecule is probably four times the size. mchcated. 
$17 of these will be 2,3,4&methylarabmose 

Tab!e 6. Degree of polymerization (D.P.) and sugar composition of A. laeta gum and its Snxth-degradation products 

D.P. from periodate used 
D.P from formic acid released 
D.P. from yield of polysaccharide 
D.P. from gel liltration 
Selected value of D P. 

Relatrve numbers of sugar residues 
Galactose 
Arabmose 
Glucuromc acid 
4-O-Methylglucuromc acid -. 

8 7 
_ 

h 5 4 

- 65 

- - 8:: 
58 16 
60 65 

74 82 94 
73 ;:: 94 
821: lll# 
79 - - 
73 81 92 

60 65 
- ~ 

Khamnose - - 

73 81 89 
3 

3 2 I* 

126 198 450 
116 189 378 
142f 200# 3581 

120 190 336 

114 170 218 
6 20 107 

11 
- - ~ 
- - _ 

Whole gumt 

709 
568 
561 

573 

246 
1945 
59 
15 
59 

*Gel filtration suggests twce the size indzated. 
tProbably 3 or more times the size indxated. 
$Values all expected to be high as yield less than 100%. 
gAbout 30 of these are in form of pyranose end-groups. 

second possibility would result in low yield after 
dialysis, as required by the experimental obser- 
vations. A further cleavage of the molecule appears 
to occur during the first degradation of the whole 
gum. 

The data4 for A. laeta gum lead to Table 6; the 
molecular weights observed for polysaccharides 1 and 
6 require the assumption of cleavage at some stage, 
as for A. cumpylucantha gum. Some of the molecular 
weight data derived by gel filtration may be inaccu- 
rate. 

From these deductions it can be suggested that 
repeat units of the form indicated in Figure 10 are 
involved in the structure of Acacia gums of the 
Vulgares series. While A. Senegal gum appears to 
consist entirely of these Type 1 units with few, if any, 
R, groups consisting of hydrogen, the data for A. 

-;rG- L ’ R, 1 n 

Fig. 11. Type 2 repeat unit; R, is an arabinose chain as in 
Fig. 10. 

laeta gum and A. campylacantha gum can best be 
explained in terms of the insertion of an occasional 
Type 2 unit of the form shown in Fig. 11. One or two 
such Type 2 units per molecule would be adequate, 
with at least some R, chains not more than one 
arabinose residue in length. A. campylacantha gum 
would have a slightly higher proportion of Type 2 
blocks although n is probably small in both cases. 
A. cumpylucantha gum also has a significant number 
of hydrogen atoms acting as R, groups in the 
Type 1 units. 

There is no substantive evidence for the Type 2 
units, but this may result from the ease with which 
arabinose is removed during hydrolysis, the difficulty 
of detecting very small amounts of 1,6-linked galac- 
totriose, and the possibility that 1,6-linked galac- 
tobiose may arise from hydrolysis of the Type 1 units. 
There are, however, significant amounts of 1,6-linked 
galactotriose in the partial hydrolysis products of 
gums from the Gummiferae series and their de- 
gradation products.5~‘s~‘9 

Deducing the structures of the gums from the 
Gummiferae series (e.g., Acacia seyal) from available 
data5 is extremely difficult as the gum molecules are 
degraded into ten or more fragments when poly- 
saccharide 2 is prepared from polysaccharide 1 and, 
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in some cases, when polysaccharide 3 is prepared 
from polysaccharide 2. The molecular weights and 
product yields available do not give reliable estimates 
of the degradations because of large losses during 
dialysis. In addition, more galactose and/or arabinose 
than is accounted for by the Smith-degradation data 
appears to be eliminated from the structure at some 
stage. It is suggested that the structure of A. seyal 
gum consists of small blocks of two or three modified 
Type 1 repeat units (Fig. 10) separated by significant 
blocks of Type 2 repeat units. 

The revised structure proposed for the gum3 
from A. senegal (Fig. 6) is considerably more regular 
than any previously proposed and similar regular 
structures can be proposed for the gums from 
A. polyacantha,6 A. laeta4 and A. seyal.’ They are 
consistent with almost all of the experimental data 
available, yet do not differ drastically from the basic 
structures suggested in the earlier studies. 

CONCLUSIONS 

More regular structures can be assigned to these 
gums if the regularity assigned to the ultimate 
branched galactan core of the molecules is max- 
imized. Such structures reveal more clearly the extent 
of the basic differences between A. Senegal and 
A. seyal and give much clearer explanations than 
available hitherto for the considerable differences in 
performance shown by these two gums in commercial 
applications. 

Should more precise structural detail be required it 
would be necessary to obtain improved analytical 
data, possibly by HPLC, and to reduce the in- 
accuracies arising from dialysis and other losses 
in clean-up stages, derivative formation etc. In 
particular, more detailed evidence concerning 
galactose-arabinose linkages would be required to 
augment the information available’8,‘9 concerning 
galactose linked to position 3 in arabinose; in gums 
of the Vu’ulgares series, only one such residue per 
molecule is possible unless arabinose occurs in the 
main galactan framework. This possibility has not 
been detected in gums of the Gummiferae series, 
where excess of arabinose is present. Even if better 

analytical data could be obtained, however, it would 
still be necessary to carry out modelling calculations 
and computer simulations before significantly more 
detailed structures could be assigned with confidence; 
the basic uncertainties arising from over-oxidation, 
under-methylation, and sugar degradation at various 
stages of the structural analysis w-uld probably 
continue to be limiting factors in the elucidation of 
such complex structures. 

KEY TO FIGURES 

G = D-galactopyranose; A = L-arabinofuranose; A,= 
L-arabinopyranose; U = o-glucuronic acid; U, = D-~-O- 
methylglucuronic acid; R = L-rhamnose; glycosidic bonds: 
~ = p-1,3-; + = j?-1,6-; + = a-1,4-. 
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Summary-Erratic results in the determination of the density of 4-aminopyridine have been traced to 
numerous tubular cavities, some traversing the entire length of the long, thin crystals formed by 
sublimation. The effect of the variability in density, as it affects the correction for the buoyancy of air 
in a high-precision weighing, is discussed with particular reference to the value of the Faraday. 

In the use of 4-aminopyridine as the primary stan- 
dard chemical for a high-precision determination’-3 
of the value of the Faraday, a value for the density 
of the 4-aminopyridine was necessary for the calcu- 
lation of the buoyancy correction for the weight of 
4-aminopyridine used. Considerable uncertainty was 
experienced in the determination of the density of 
4-aminopyridine during the work. This has now been 
traced to numerous tubular cavities in the crystals 
obtained by sublimation. The Caminopyridine had 
been sublimed in a stream of nitrogen to avoid 
inclusions of solvents, the bane of handling chemicals 
in high-precision work. 

The correction for buoyancy (C) is made by using 
the formula 

in which M,.,, and IV,,,,, are the mass in vacuum and 
the mass observed when weighing in air, respectively, 
d, is the density of air, d, the density of the object 
being weighed and 4 the density of the weights. 
The correction (C) is obtained by rearrangement of 
equation (1): 

1 

C2) 

Differentiation of equation (2) with respect to the 
density of the object yields: 

1 d, 
x (d,- d,) -(d, 1 (3) 

Evaluation of this differential coefficient for 
1.000000 g of 4-aminopyridine weighed in air of 
density d, = 0.00115 g/ml, with stainless-steel weights 
of density d, = 7.89 g/ml, gives 

a(C) 
~ = -0.000716 ml 
a (d,) 

The permissible uncertainty in C is the same as that 
in the measurement of the mass, and for an uncer- 
tainty of 1 ppm, the goal of present work on the 
Faraday, on a 1.000000-g sample of 4-aminopyridine, 
AC = 1 pg for which equation (4) yields a permissible 
uncertainty in the density of Caminopyridine of 

Ad, = 0.00140 g/ml (5) 

The determination of density to 1 part per thousand 
(ppt) would appear to be straightforward and simple 
but in actuality proved rather difficult. We list our 
successive misadventures with this problem so that 
others may know what to look for, given a similar 
problem. 

1. Pycnometric method using mineral oil. Density 
found, 1.2695 g/ml. Later measurements with mineral 
oil gave very unsatisfactory results; not only is the 
temperature coefficient high, but the liquid creeps, 
covers the outside walls of the pycnometer, and 
creates problems in cleaning and temperature adjust- 
ment. 

2. Pycnometric method using xylene saturated with 
kminopyridine. Density found, 1.2633 g/ml (pre- 
liminary; see 8, below). The results were badly scat- 
tered and proved much lower than the X-ray value 
and it was suspected that air remained trapped in the 
interstices of the bundles of the long needle- or 
lath-like crystals of the Caminopyridine in spite of 
shaking, and stirring with a platinum wire. 

3. X-Ray value. Density found, 1.2710 g/ml. This 
value was obtained by Professor Jon C. Clardy, then 
at Iowa State University, from a determination of the 
crystal structure, by a second refinement analysis. 
The uncertainty was estimated to be less than 
0.001 g/ml. 

4. Flotation. Experiments were made to determine 
the density by a flotation method using concentrated 
solutions of sodium perchlorate. Not only was 
temperature control difficult and the procedure 
tiresome to carry out with the accuracy needed, 
but the results were ambiguous. As the densities of 
the solutions approached 1.26 g/ml, the crystals of 
Caminopyridine both rose and fell in the sodium 
perchlorate solutions. 

894 
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5. Pycnometric method using xylene saturated with 
4-aminopyridine, and application of a vacuum. Density 
found, 1.2682 g/ml. The Caminopyridine, after 
weighing, was covered with xylene and then subjected 
to vacuum, and then the pycnometer was filled and 
weighed. Streams of fine bubbles were observed to 
rise from the mass of crystals, even on second and 
third evacuations. See Experimental for details, and 
Table 1, section 5. Although this value was used in 
our second, “Additional Results” paper,’ a nagging 
uncertainty remained as to its validity. This led to a 
more thorough examination of the sublimed crystals. 

6. Examination under the microscope. Unlike crys- 
tals of primary standard potassium dichromate, 
which have occasional cavities containing mother 
liquor,4 and unlike trishydroxymethylaminomethane, 
which has many cavities containing mother liquor,’ 
the very long, thin crystals of sublimed 
Caminopyridine are pierced by numerous tubular 
cavities, frequently running the entire length of the 
crystal and usually open at the ends, Fig. 1. More- 
over, it was observed that the immersion oil entered 
the tubular cavities, forming menisci, Fig. 1. 

It is apparent that the streams of bubbles observed 
during the evacuations in the xylenevacuum method 
were of air or nitrogen pulled from the tubular 
cavities. Presumably, on the release of the vacuum, 
xylene entered the cavities. The variation in the 
number and distribution of these air-filled cavities 

Fig. 1. Photomicrograph of crystals of Caminopyridine 
obtained by sublimation. 100x. Polarized analysed light. 
Note tubular cavities, 25 x 1000 pm in size. A meniscus is 
present in some of the cavities, the immersion oil (commer- 
cial refractive-index oil, ND, 1.5150) used for the micro- 

scopic examination, having entered them. 

Fig. 2. Photomicrograph of Caminopyridine obtained by 
melting the sublimed crystals and allowing the melt to cool 
and solidify. 100x. Polarized analysed light. Crystal is 
462 x 50 pm in size. The focal plane is 44 pm below the 
surface. The white spots are surface effects; dark areas are 

voids. 

accounts for the behaviour when the crystals were 
immersed in sodium perchlorate solutions (some 
crystals sinking, some rising). It accounts also for the 
great variation in the density as measured by the 
pycnometer-xylene method (2, above), 

A possible way around this problem is to melt the 
crystals of 4-aminopyridine, crush the solidified melt, 
determine the density, and use the melted, solidified 
and crushed material as the primary standard; the 
melting would do away with the cavities and the 
density should then approach the X-ray value. What 
was actually found (7, below) was a value much lower 
than the X-ray value. Examination under the micro- 
scope of the material so obtained showed the pres- 
ence of numerous voids, Fig. 2. 

7. Density of 4-aminopyridine obtained by melting 
and cooling; pycnometric method using xylene satur- 
ated with 4-aminopyridine. See Experimental, and 
Table 1, section 4. Found, 1.2597 g/ml. 

8. Repetition of pycnometer-xylene procedure to 
establish standard deviation. Of the various pro- 
cedures tried, the pycnometric procedure using xylene 
saturated with 4-aminopyridine and without a vac- 
uum being applied appeared to approach most nearly 
the conditions prevailing when the sublimed crystals 
were weighed in air for an analysis. This procedure 
was repeated, with care, to learn just how great the 
variation might be (12 determinations; see Experi- 
mental, and Table 1, section 3). Found 1.2607 g/ml. 

EXPERIMENTAL 

Sublimation of 4-aminopyridine 
The purification of 4aminopyridine and the sublimation 

under nitrogen are described in our first paper’ on the 
Faraday. 

Fusion of 4-aminopyridine 
Thirty-five g of sublimed crystals of Caminopyridine were 

melted under nitrogen in a glass tube immersed in a bath of 
mineral oil held at 165-170”. After the individual crystals 
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had fallen into the hot, liquid 4-aminopyndine, micro- 
bubbles continued to rise from the crystals until the whole 
was completely melted. After the melt had cooled and 
solichfied, the glass tube was broken away and the fused 
mass of 4-aminopyridine lightly crushed. 

Density measurements 

Xylene was saturated with eaminopyridine by stirring 
mechanically overnight at 25” and then filtered through a 
fine f&ted-glass filter. This liquid, and also demineralized 
and doubly-distilled water, was stored in glass in a constant- 
temperature bath of water held at 25.3 f 0.1”. 

The pycnometers used were 25-ml glass bottles with a 
single ground-in capillary plug. The capillary was left open 
at the top. pycnometers with built-in thermometers 
(ground-glass joints) and capillary plugs gave less re- 
producible results.] The pycnometers were cleaned with 
acetone, dried with a slight stream of air flowing to flush out 
acetone vapour, and reweighed after each operation; the 
weights generally returned to within 0.2mg of the initial 
weight. After filling, with water or xylene, or 
4-aminopyridine plus xylene, the pycnometers were lowered 
to the bottom of tall-form metal cans immersed in the 
water-bath. Thus the pycnometers did not make contact 
directly with the water in the constant-temperature bath. 
After 15-30 min, the pycnometers were withdrawn and the 
capillaries filled by inserting xylene saturated with 
4-aminopyridine through a microsyringe with a fine needle 
pushed into the capillary, and then weighed immediately. 
The pycnometers were handled with tongs or with fingers 
and absorbent, lint-free tissue. Three pycnometers were used 
as a batch, each step being applied to all three together. 
Several precautions were necessary in the handling. After 
weighing of the pycnometers plus 4-aminopyridine, the 
pycnometers were placed in the constant-temperature bath 
for 30 min before being filled with xylene; the pycnometers 
plus contents, and the xylene, were thus at the same 
temperature and the subsequent temperature equilibration 
was arrived at quickly, and the amount of xylene needed in 
the final filhng with the microsyringe was mimmal. Evapo- 
ration of xylene from the open ends of the capillary plugs 
was sufficiently rapid to require that the temperature equi- 

libration and weighing be made within about 30min after 
filling. 

The density was measured for crystals of Caminopyridine 
formed by sublimation and for Caminopyridine melted and 
solidified. The results are given in Table 1, sections 3 
and 4. 

In the modified, “xylene-vacuum” procedure, the 
weighed pcynometers containing the crystals of 
4-aminopyridine were partially filled with xylene saturated 
with 4-aminopyridine and the pycnometers were placed in 
a vacuum desiccator. The pressure was reduced to 
0.5mmHg. Very small bubbles rose from the crystals. The 
vacuum was continued until the xylene just began to boil. 
The pycnometers were then filled with xylene solution and 
weighed. The capillary plugs of the pycnometers were then 
removed and each pycnometer and its contents again subjec- 
ted to vacuum and the pycnometers again weighed and filled 
and weighed. This was repeated twice more. Even in the 
final evacuation, streams of microbubbles emerged from the 
mass of crystals. The results are given in Table 1, section 5. 

The solubility of 4-aminopyridine in xylene was deter- 
mined by extracting a weighed sample (56.3085 g) of the 
saturated solution with a large excess of standard hydro- 
chloric acid with mechanical intermixing, separating the 
layers, and back-titrating the excess of acid. Found, 
0.118’~ w/w of Caminopyridine. 

DISCUSSION 

For making the buoyancy correction, the X-ray 
value for the density of 4-aminopyridine is certainly 
not apposite because it applies only to a microscopic 
area of perfect crystal structure. The pycnometric 
methods are applied to masses of the size used in 
weighings for analysis and the heart of the matter lies 
in what is present in the voids, both during a weigh- 
ing in air and during a pycnometric measurement 
involving a transfer liquid. 

The relative standard deviations in the preliminary 
phases of the pycnometric measurements (0.36 ppt 

Table 1. Density of 4-aminopyridine by the pycnometric method (X = average; n = number of observations; 0 = standard 
deviation; 6 = relative standard deviation; r = range; temperature 25.3 + 0.1” throughout) 

Preliminary measurements 
1. Volume of pycnometers*, No. 38 X = 25.1627 ml; n = 4; 0 = 0.0127 ml; 6 = 0.51 ppt 

No. 75 X = 25.1461 ml; n = 4; 0 = 0.0032 ml; 6 = 0.13 ppt 
No. 82 X = 25.1140 ml; n = 4; 0 = 0.0109 ml; 6 = 0.43 ppt 

Average relative standard deviation: 0.36 ppt 
2. Density of xylene saturated with 4-aminopyridine 

X = 0.86048 g/ml; n = 12t; 0 = 0.00019 g/ml: 6 = 0.22 ppt 

Density of 4-aminopyridine 
3. Crystals formed by sublimation 

xl-+ g/ml: 1.2594, 1.2725. 1.2630, 1.2614, 
1.2644, 1.2562, 1.2396, 1.2604, 
1.2591, 1.2636, 1.2579, 1.2715 

i = 1.2607 g/ml; n = 12; (T = 0.00831 g/ml; 6 = 6.6 ppt; r = 0.0328 g/ml 
4. Material obtained by melting and solidifying 

xI-xIO, g/ml: 1.2624, 1.2604, 1.2590, 1.2496. 
1.2595, 1.2600. 1.2792. 1.2466. 
1.2632. 1.2570 

X = 1.2597 g/ml; n = 10; (r = 0.00869 g/ml; 6 = 6.9 ppt; r = 0.0296 g/ml 
5. Crystals obtained by sublimation, xylene-vacuum procedures 

x,-x8. g/ml: 1.2708, 1.2644, 1.2668, 1.2684 
1.2653. 1.2700. 1.2729. 1.2669 

X = 1.2682 g/ml; n = 8; g = 0.00290 &ml; 6 = 2.3 ppt; r = 0.0085 g/ml 

*By weighing filled with water. 
tFour determinations in each of three pycnometers. 
§Data from W. F. Koch; temperature 24 + 0.5’. 
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for the determination of volume; 0.22ppt for the 
density of xylene saturated with 4-aminopyridine) 
indicates the inherent precision of the procedure. 
Thus the large standard deviation of the values 
obtained for the density of 4-aminopyridine is real, 
and a true indication that the material is far from 
uniform. This non-uniformity is confirmed by exam- 
ination with the microscope, Fig. 1. The voids are 
scattered randomly throughout the crystals. Pre- 
sumably, because the crystals were formed in an 
atmosphere of nitrogen at atmospheric pressure and 
only slightly above room temperature, the closed 
voids contain nitrogen at essentially atmospheric 
pressure. The open-ended voids would permit later 
exchange with air, and presumably the gas content 
would also be at atmospheric pressure. During the 
pycnometric measurements, the xylene was probably 
slowly displacing the air in the voids, inasmuch as 
bubbles were observed to rise occasionally during the 
work. In the vacuum procedure, of course, the en- 
trance of the xylene was more or less complete and 
the density found was higher than that determined 
with no application of vacuum. 

What is really surprising is that voids are present 
in the material obtained by allowing the melted 
material to solidify, Fig. 2. This material consists of 
many quite large crystals and the voids are within 
individual crystals. Presumably, at the time of for- 
mation, these voids were filled with liquid 
4-aminopyridine or with 4-aminopyridine vapour at 
the vapour pressure of molten 4-aminopyridine and 
later at the vapour pressure at room temperature; i.e., 

at room temperature, these voids (being sealed) are 
essentially vacua, although solid 4-aminopyridine 
must have some vapour pressure inasmuch as it has 
a faint odour [to humans, and probably to birds (see 
Chem. Abstr., 1967, 66, 114905s for use as a bird 
repellent)]. Many of the voids would be exposed, of 
course, during the light crushing needed before trans- 
fer to the pycnometers. 

Quite surprisingly, however, essentially the same 
density was obtained for the melted and solidified 
material as for the sublimed crystals, and moreover, 
the standard deviations and the ranges (about 4 
standard deviations) were about the same for the two 
sets of results, Table 1, sections 3 and 4. 

Of the three pycnometric values, that obtained 
with xylene saturated with sublimed 4-aminopyridine 
crystals (no vacuum) appeared most pertinent to the 
weighing problem and the measurement was repeated 
a sufficient number of times to establish fairly well the 
standard deviation and the range, Table 1, section 3. 
Two consequences follow from these findings, one 
general, the other related to the existing value for the 
Faraday. 

Limitation on the validity of 4-aminopyridine as a 
primary chemical 

With the standard deviation in the pycnometer- 
xylene method, Table 1, section 3, taken as a measure 

of the uncertainty in the density of the sublimed 
crystals of 4-aminopyridine, Ad, = 0.0083 1 g/ml 
(6.59 ppt), equation (4) yields 

AC = (-0.000716) (0.00831) = -0.000006Og (6) 

Alternatively, taking the range, Table 1, section 3, as 
the worst possible case, Ad, = 0.0329 g/ml, and equa- 
tion (4) yields 

Ad, = - 0.0000236 g (7) 

These AC values represent, respectively, uncertainties 
of 6 ppm [at the 70% confidence level (f 1 standard 
deviation)] and 24 ppm [95x confidence level (f2 
standard deviations)] in the measurement of mass 
and also in the value for the Faraday. 

Thus, for determining the Faraday to 1 ppm, 
4-aminopyridine falls short of requirements and the 
disconcerting conclusion is that 4-aminopyridine, 
with the present techniques of weighing, simply can- 
not be used as the primary chemical for a deter- 
mination of the value of the Faraday to better than 
6, or perhaps 10, ppm error. Improving the precision 
of physical measurements in general, begins to be 
really difficult at the 1 in lo5 level. For 
4-aminopyridine, this density limitation appears at 
this very level, and comes from a surprising direction 
indeed. 

The most highly precise measurement of density 
ever made was that of elemental silicon, by Deslattes 
et a1.,6 made on zone-refined silicon, presumably on 
a single crystal. Could 4-aminopyridine be grown in 
a single crystal? That is doubtful; our attempts to 
zone-refine 4-aminopyridine have always failed be- 
cause the glass tubes invariably shattered from inter- 
nal strains after the liquified 4-aminopyridine had 
emerged from the heated zone and solidified; prob- 
ably polymorphs are present in the solid phase in the 
neighbourhood of the melting point and phase 
changes occur with cooling and time, with accom- 
panying changes in volume. 

Correction to the existing value for the Faraday 

In the evaluation of the Faraday with 
4-aminopyridine,‘x* the final result reported* was 
F = 96486.57 1972 NBS coulombs per gram- 
equivalent weight, the correction for buoyancy 
having been made by use of a density of 1.2682 g/ml. 
In view of the knowledge advanced above, the 
pycnometer-xylene (no vacuum) value for the 
crystals, 1.2607 g/ml, appears more appropriate, inas- 
much as during the pycnometric measurements with 
xylene the cavities were not filled with xylene, or were 
filling only slowly, and thus the situation resembled 
more closely the conditions prevailing during weigh- 
ing of the sublimed crystals for analysis. Re- 
calculation with a change in the density from 1.2682 
to 1.2607 g/ml changes the value for the Faraday to 

F = 96486.05 1972 NBS coulombs per 

gram-equivalent weight. (8) 
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The uncertainty assigned to the measurement of mass 
in our second, “Additional Results” papeti was 1, 
4ppm (measurements at I.S.U.) and 1 ppm (mea- 
surements at N.B.S.). In view of the findings reported 2. 
above, a more realistic figure [Equation (6)] is 7 ppm 
(70% confidence level). Combining this with the 

i 

assessments of the other systematic and random 
5: 

uncertainties by the root sum of squares method 6. 

yields a new uncertainty of 7.5 ppm for the value in 
equation (8). 
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LETTER TO THE EDITOR 

SIMULTANEOUS DETERMINATION OF GLASS ELECTRODE 

PARAMETERS AND PROTONATION CONSTANTS 

SIR, 

The comments of Powell and Taylor' on our procedure for calibrating the 

glass electrode as a hydrogen-ion concentration probe 
2 

suggest they have 

misread our paper in several places. For example, far from considering that 

calibrations obtained from titrations of strong acid with strong base are 

"valid in the pH range 2.3-11.3", we emphasised the undesirability of 

extrapolating from either of the -log[H+] ranges 2.3-2.9 or 10.8-11.3 into 

the intermediate pH region. Nor did we claim our approach to be superior to 

one in which free hydrogen-ion concentrations are calculated from accurately 

known concentration quotients; indeed, we noted that "Very precise calib- 

rations can be made in this way" provided that the necessary constants are 

available. 

More fundamentally, Powell and Taylor do not seem to appreciate the 

profound difficulties which are encountered whenever standard buffers are 

used to calibrate the glass electrode for the determination of formation 

constants. They have consequently misjudged the relative importance of the 

various errors involved. The main point of their remarks, that the liquid- 

junction potential depends on hydrogen-ion concentration, is, as they say, 

well documented in the literature: the data shown in their Table 2 are in 

accord with those of many other investigators. However, it is incorrect of 

them to suggest we have overlooked this problem, since our paper makes 

several references to it. What they surely mean to do is to query our stated 

assumption that, for formation constant determinations (at the present state 

of the art), it 'can be neglected. 

To justify such criticism, they must demonstrate not only that the effect 

on the formation constants really is significant, but also that it introduces 

greater error than their alternative procedure. They fail to do either. 

Whilst it is difficult to quantify the error arising from a neglect of 

liquid-junction potentials, its magnitude in terms of e.m.f. can be estimated 

in a variety of ways. Calculations based on Henderson's equation3 for the 

changes in liquid-junction potential that occur over either of the -log[H+] 

ranges 2.3-2.9 and 10.8-11.3 ( with respect to a saturated potassium chloride 

salt bridge) suggest that the error is less than 0.1 mV. A similar conclusion 

can be drawn from the plots over this pH region obtained from titrations of 

strong acid with a strong base. They are remarkably linear, as evidenced by 

a random distribution of residuals, and they have Nernstian slopes (within 

the limits of experimental error in the acid and base concentnations, 0.1%). 
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In contrast, the maximum error introduced by calibration with buffers 

probably lies in the range 2-8 mV, although it too cannot be determined 

exactly. Judging from the standard deviations shown by Powell and Taylor in 

their Table 1, this maximum error has a random component of about 1 mV 

arising out of the practical difficulty in reproducing the junction potential 

at all. There is, of course, also the systematic change in liquid-junction 

potential due to differences in composition between buffer and test solution 

which, under ideal circumstances, may amount to several millivolts. 
3 

In 

practice, even greater errors are probably generated by the transfer of 

reference electrodes between solutions of different electrolytes, as vividly 

exposed by Brezinski's recent investigation. 
4 

Finally, it is relevant to note that most of the formation constants that 

have been determined potentiometrically over the past decade have been 

refined by means of computer programs which take no account of changes in 

liquid-junction potential (e.g., MINIQUAD5). A new computer program is 

currently being developed at UWIST which, amongst other things, will deal 

with this effect. 
b 

We are finding that, except for titrations which begin 

with unusually acidic solutions, errors arising from other sources (such as 

typical changes in ionic strength) are more important. It may therefore be 

concluded that, by itself, neglecting liquid-junction potential changes in 

our procedure for determining formation constants has had no significant 

effect. 

Department of Applied Chemistry, 

UWTST, King Edward VII Avenue, 

Cardiff, Wales 

PETER M. MAY 

7 June 1983 
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Summary-A procedure based on differential pulse polarography is described for the determination of 
manganese at ng/ml levels in fresh, estuarine and sea-water buffered at pH 9.5 with a citrate-borate 
solution that also serves as supporting electrolyte. The procedure is unaffected by the potentially 
interfering compounds most likely to occur in natural waters. Furthermore, iron (in ascorbate-borate 
buffer, pH 9.5) or chromium (in ascorbate-ammonia-ammonium-chloride buffer, pH 9.8) can be 
determined together with manganese. Some results for the concentration of manganese, iron and 
chromium in tie River Amo ari reported. 

Manganese is an essential micronutrient’ both for 
plants and animal species. The level of this element 
in natural waters ranges from 0.001 to 1.0 I*g/ml. In 
contaminated waters concentrations as high as 
50 pgg/ml are possible. The maximum allowable con- 
centration (MAC) varies according to the use to be 
made, e.g., the MAC is 0.05 pg/ml for domestic water 
supplies and 2.0 pg/ml for irrigation water.’ 

Manganese in natural waters may be determined 
by electrochemical techniques that provide informa- 
tion about the concentrations at ng/ml levels. Such 
techniques, being quite simple to apply and not 
time-consuming, are to be preferred in trace analysis 
for metals. However, insufficient literature informa- 
tion is available regarding the determination of man- 
ganese in natural waters by these techniques, and all 
but one2 of the papers2-’ dealing with it do not take 
into account the possible interference by other ionic 
species which may be present in natural waters. In the 
one exception,2 which refers to an analytical method 
based on anodic-stripping voltammetry, some inter- 
fering elements are mentioned, but no general pro- 
cedure for dealing with them is reported. 

In this paper, an electrochemical procedure based 
on differential pulse polarography (DPP) is described 
for the determination of manganese at ng/ml levels. 
Chromium and iron can be also determined if the 
buffer system is changed. 

EXPERIMENTAL 

Apparatus 
A PAR model 174 Polarographic Analyzer was employed 

in the differential pulse mode, with a Hewlett-Packard 
model 7044 X-Y recorder. Except where otherwise specified, 
the instrumental parameters used were: pulse-amplitude 
25 mV; scan-rate 2mV/sec; drop-time 1 sec. The electro- 
chemical cell was equipped with a platinum wire counter- 

electrode, a saturated calomel electrode (SCE) as reference 
electrode and a dropping mercury electrode as working 
electrode. The nitrogen used for deaeration was first passed 
through a buffer solution of the same concentration as that 
in the cell. 

Containers 
Plastic containers were used for heavy-metal solutions 

and samples. To avoid analyte losses and sample con- 
tamination, it was found advisable to wash all containers by 
the procedure previously devised for glass bottles.* 

Reagents 
All the reagents were of analytical-reagent grade (Carlo 

Erba, Milan). Standard O.OlM solutions of Mn(II), Fe(II), 
Fe(III), Cr(II1) and Cr(V1) were prepared from 
MnSO, . H,O, (NH,),Fe(S03,. 6H20, NH,Fe(SO,),. 12H,O, 
CrK(SO,),. 12H,O and K,Cr,O, respectively. The Fe(I1) 
solution was freshly prepared daily because of instability 
with respect to oxidation. The Mn(II), Fe(I1) and Fe(II1) 
concentrations were checked by EDTA titration. The 
Cr(II1) concentration was checked by redox titration after 
oxidation to Cr(V1). Doubly distilled water was used 
throughout. 

Citrate solution. A 1M citric acid solution, adjusted to pH 
9 with concentrated sodium hydroxide solution. 

Ascorbate solution. A 1 M ascorbic acid solution adjusted 
to pH 9 with concentrated sodium hydroxide solution. 

Ammonia buffer solution. A 6M ammonia/3M ammonium 
chloride buffer solution (pH 9.8). 

Borate buffer solution. A 0.5M borax/O.34 M sodium 
hydroxide buffer solution (PH 9.5). 

Synthetic lake water. NaHCO, (0.16 g), MgSO,. 7H,O 
(0.03 g) and CaCl,. 6H,O (0.16 g) were dissolved in 1 litre of 
pure water. The concentration of nitrate ions was 1 ppm, 
except where otherwise specified. 

Synthetic sea-water. NaCl (30 g). MgSO,. 7H,O (3.5 g) 
and CaCl,. 6H,O (2.2 g) were dissolved in 1 litre of pure 
water. The concentration of nitrate ions was 1 ppm, except 
where otherwise specified. 

Nitrate solution, 0.01 M. 

Sample storage and pretreatment 
To avoid undesirable changes in chemical composition, 

the water sample, immediately after collection, was filtered 
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(Sartorius membrane filter, pore size 0.45 pm), acidified 
with concentrated hydrochloric acid to -pH 2 and stored 
at 4”. Before addition of the buffer selected for the analysis, 
solid sodium chloride to give a final concentration of 034, 
and ascorbate or citrate solution (in 2: 100 v/v ratio to the 
sample), were added to the acidified sample. The chloride 
was added in order to obtain the same slope of calibration 
plot for all types of natural water (N.B., for sea-water 
analysis this addition is not required). 

Reagent blank 
If pure reagents are used, the reagent blank for man- 

ganese and iron is significant only when ammonium per- 
sulphate is used for the oxidation of organic matter, and can 
then be determined by running a reagent blank through the 
procedure for the sample. 

RESULTS AND DISCUSSION 

The method for manganese was tested pre- 
liminarily with two different types of synthetic water 
samples (lake and sea-water9), without addition of 
buffer solution, in accordance with the procedures 
previously proposed.= As shown in Table 1, there 
was overlap of the manganese, iron and chromium 
reduction signals, the effect being greatest with the 
lake water. Nitrate could also be a cause of inter- 
ference as it strongly influences the electrochemical 
reduction of chromium(II1). Figure 1 shows the 
non-linear dependence of the differential-pulse peak 
current of the chromium signal (E, = - 1.50 V) on 
the chromium concentration in synthetic lake-water 
containing nitrate at the 1-pgg/ml level which can be 
present in natural waters. This effect of nitrate (which 
is catalytic in nature) on the reduction step of chro- 
mium(II1) has been noticed before’Os” and used for 
the determination of nitrate. As we were unable to 
obtain the Saito and Himeno paper,‘O investigations 
were performed on synthetic lake water by d.c. 
polarography. It was found that the diffusion current 
of the reduction wave of chromium(II1) 

(4 = - 1.45 V) was linearly dependent on concen- 

tration in the range 0.5-10 pgg/ml both in the absence 
and presence of nitrate, but when nitrate was present 
a very asymmetric maximum was observed on the 

300 
t 

I 
. 

0 0.1 0.3 

Cr (ppm) 

Fig. 1. Dependence of differential-pulse peak current of the 
signal at - 1.50 V on chromium concentration in synthetic 

lake-water containing 1 ppm of nitrate. 
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Fig. 2. Effect of increasing chromium concentration on the 
magnitude of the d.c. polarographic maximum in synthetic 
lake water containing (a) 1 ppm and (b) 3 ppm of nitrate. 
The current of the maximum was measured at about 

- 1.5 V. Sean-rate 2 mV/sec, drop-time 2 sec. 

reduction wave, its magnitude depending on both the 
chromium and the nitrate concentrations: this is 

shown in Fig. 2 for two different concentrations of 
nitrate and increasing chromium concentration. 

It may he concluded that if the earlier procedures 
for manganese determination are used, errors may 
arise not only from the overlap effect but also from 
the nitrate effect on the chromium signal. Such errors 
were found to be as great as +400% for deter- 
mination of manganese (0.1 pg/ml) with chromium 
and nitrate concentrations of 0.1 and 1 pg/ml re- 
spectively (such a chromium concentration can be 
found in catchment waters used for water supply’ as 
well as in polluted water). 

Different types of buffer solutions were then tested, 
with the aim of separating the signals of the various 
electroactive species and suppressing the nitrate 
effect. By the scheme shown in Fig. 3, it is possible 

L 

WATER SAMPLE 

Filter immediately after collection; 
acidify to pH 2 with HCl; 
store at 4OC 

RESIDUE 

Subject the filter and 
particulates 

____f digestion12 

4 

to wet 

4 

OXIDATION OF ORGANIC MATTER 
DETERMINATION OF Mn2+ 
(Ep = -1.56 V) 

80 ml of sample 
3 g of NaCl 
2 ml of 1M citrate 
20 ml of 0.5M borate buffer pH 9.5 

300 ml of sample 
1 g ammonium persulphate 

irradiation with ultraviolet light 
during reflux for 6 ht-12 

DETERMINATION OF Mn2+ (EP = -1.52 V), 

Fe2+ t Fe3+ (EP = -1.38 V) 

80 ml of sample 
3 g of NaCl 
2 ml of 1M ascorbate 

20 ml of 0.5M borate buffer pH 9.5 

l-l C 

DETERMINATION OF Mn2+ (EP = -1.52 V), 

Cr3+ t Cr6+ (Ep = -1.62 V), Cr6+ 

(EP = -0.31 V) 

95 ml of sample 
3 g of NaCl 
2 ml of 1M ascorbate 
5 ml of 6M NH3 - 3M NH4C1 buffer pH 9.8 

-I 

Fig. 3. Analytical procedure suggested for the determination of (A) manganese, (B) manganese and iron, 
(C) manganese and chromium in fresh water, estuarine water and sea-water. 
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to determine manganese without any interference. In 
particular, addition of the citrate-borate buffer to the 
acidified sample both shifts the peak potential for 
chromium (E, = - 1 .O V, very broad peak) and sup- 
presses the peak for iron, since the iron is then not 
reducible in the working potential range. Zn’+, Cd’+, 
Pb2+, Ni2+, CU*+, Sn4+ and Co2+ at a concentration 
as high as 1 pg/ml do not interfere. 

By use of the ascorbate-borate buffer, manganese 
and iron (as the sum of Fe2+ and Fe3+) may be 
determined simultaneously in concentration ratios 
ranging from 0.01 to 100. Figure 4 shows the 
differential-pulse polarogram of a buffered synthetic 
sea-water sample containing 450 ng of iron and 8 ng 
of manganese per ml. 

With the ascorbate-ammonia-ammonium chloride 
buffer, manganese and total chromium in concen- 
tration ratio ranging from 0.1 to 10 may be deter- 
mined, the total chromium from the peak current (for 
Cr’+/Cr) at - 1.62 V and the manganese from the 
peak current at - 1.52 V. The peak current is mea- 
sured from a notional base-line drawn between the 
troughs on either side of the peak. Because the 
positioning of the base-line will depend on the signals 
from other species present, it is necessary to use the 
standard-additions method. Figure 5 shows the 
differential pulse polarogram of a buffered synthetic 
sea-water sample containing 65 ng of chromium and 
70 ng of manganese per ml. The peaks at - 1.40, 
- 1.52 and - 1.62 V are due to the reductions 
Cr3+-+Cr2+, Mn’+--+Mn and Cr’+-*Cr respectively. 
If both chromium(II1) and chromium(V1) are 
present, the latter can be determined at -0.31 V, and 
the former calculated.12 

Table 1 gives the peak potentials used in the 
analytical determinations and the slopes of the cali- 
bration plots. All these plots are linear up to a 
concentration of 25 pg/ml. For the determination of 
iron with use of the ascorbate-borate buffer, how- 

1 nA I 
Fe23 Fe 

t I I I I 

-I. 2 -I .5 

I/ vs SCE 

Fig. 4. Differential-pulse polarogram of synthetic sea-water 
samples containing ascorbate-borate buffer, 450 ng/ml Fe*+ 
and 8 ng/ml Mn *+. The dashed lines refer to the polar- 
ograms obtained when only one of these species is present 

in the sample. 

I 1 I I I 

-I 3 -I 6 

Vvs.SCE 

Fig. 5. Differential-pulse polarogram of synthetic sea-water 
sample containing ascorbate-ammonia buffer, 65 ng/ml 
CP+ and 70ng/ml Mn *+. The dashed lines refer to the 
polarograms obtained when only one of the species is 

present in the sample. 

ever, the linearity holds only up to 1 pg/ml, as 
precipitation begins at higher concentration. 

The detection limit is 5 ng/ml for manganese and 
chromium and 30 ng/ml for iron, calculated’3 as the 
concentration corresponding to three times the peak- 
to-peak noise measured on the base-line close to the 
expected signal. 

The influence of the ascorbate-ammonia- 
ammonium chloride buffer on the effect of nitrate on 
the Cr3+/Cr2+ reduction peak (E, = - 1.50 V) is in- 
teresting. It has been found that the critical factor is 
the concentration of ammonia and ammonium chlo- 
ride, as shown in Fig. 6. 

a 
c \ 

9 
\ 
\ 

-\o_ ~~_~~~~~~~~~~_ 
I I 

0 0 IO 030 NH,OH (Ml 

005 0.15 NH,CI (Ml 

Fig. 6. Effect of the concentration of the ammonia buffer 
components on the differential-pulse peak current at 
- 1.50 V for 0.24ppm of Cr3+ in synthetic lake water 
containing 1.8 ppm of nitrate. The limiting value obtained 
for buffer concentrations higher than 0.25M NH, and 
0.125M NH,Cl is equal to that obtained in the absence of 

nitrate. 
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Table 2. Determination of manganese, iron and chromium (ng/ml) 
in water from the River Amo by the proposed procedure 

Spiked with Spiked with 
River Amo 60 ng/ml 120 ng/ml 

sample of each element of each element 

Element Found SD. Found SD. Found SD. 

Mn ii; : ::“2 83 2.3 140 1.2 

Fe 
(a) N.D. - 
(b) 50 5.2 115 2.9 165 2.3 

Cr 
(a) N.D. - 
(b) N.D. - 58 1.5 122 1.2 

(a) Untreated samples; (b) samples treated with ammonium per- 
sulnhate and ultraviolet light; N.D. = none detectable; 
S.D. = standard deviation (5 measurements). 

Concentrations higher than 0.25M ammonia and 
0.125M ammonium chloride suppress the effect com- 
pletely. It must be stressed that the buffer com- 
position (0. IM ammonia, O.lM ammonium chloride) 
proposed in the literature’ for manganese deter- 
mination in aqueous solution cannot be used in the 
analysis of natural waters containing chromium and 
nitrate. Further experiments are in progress to eluci- 
date this behaviour. 

The proposed procedure was tested with natural 
and polluted water samples taken from the River 
Arno and from the sea around its estuary. To deter- 
mine the total content of manganese, chromium and 
iron, an aliquot of acidified sample was refluxed for 
6 hr with ammonium persulphate (0.3 g per 100 ml of 
sample) and at the same time, irradiated with ultra- 
violet light from two 150-W mercury lamps.14 Table 
2 gives the results for the River Arno sample. The 
slopes of the calibration plots for treated and un- 
treated samples were obtained by the standard- 
additions method and were the same as those ob- 
tained for synthetic samples. This supports the 
conclusion that the organic and inorganic substances 
present in the samples do not interfere. 

Conclusions 

It has been shown that the polarographic deter- 
mination of manganese in unbuffered natural waters 
is subject to strong interference because the chro- 
mium and iron signals overlap the manganese signal. 
In addition, the presence of nitrate enhances the 
chromium interference. In the proposed procedure 
based on DPP, citrateborate, ascorbate-borate and 
ascorbate-ammonia-ammonium chloride buffers al- 
low the determination of ng/ml levels of manganese, 
manganese and iron, and manganese and chromium 
respectively, in natural waters, without interferences. 
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Summary-Commercial radiofrequency-excited electrodeless discharge lamps can be run from a square- 
wave modulated power supply so as to give a low level of continuous emission when modulated in the 
frequency range 3-10 kHz. Use of a different modulation frequency and lock-in amplifier for each lamp 
allows multielement non-dispersive atomic-fluorescence spectrometry to be performed. Very low detection 
limits have been obtained for arsenic, selenium, tin and mercury. The use of low-cost electronic 
components in the system largely offsets the high cost of the individual excitation power supplies and tuned 
a.c. detectors. 

Whenever several analytes have to be measured in a 
number of samples, as in the characterization of an 
eco-system in terms of the concentrations of various 
chemical components, an instrumental method which 
allows multicomponent analysis, performed auto- 
matically either in simultaneous or sequential mode, 
is particularly useful. 

For determination of elements, atomic spec- 
troscopy can be used successfully provided that: (1) 
well defined chemical and physical conditions can be 
obtained so that, for each element, the rate and yield 
of the formation and excitation of the atoms is not 
much lower in the multielement mode than in the 
single-element mode; (2) the detector system is able to 
distinguish and measure each individual signal with- 
out distortion. 

Non-dispersive atomic-fluorescence spectroscopy 
(NDAFS) suits simultaneous multielement analysis’” 
very well, and is often superior to atomic-absorption 
spectroscopy (AAS), flame atomic-emission spec- 
troscopy (FAES) and inductively-coupled plasma 
atomic-emission spectroscopy (ICPAES), as far as 
linear dynamic ranges and detection limits are con- 
cerned.‘-lo 

The applicability of NDAFS depends on the avail- 
ability of a line-source giving intense, low-noise spec- 
tral power, modulation of the source in the most 
favourable frequency range, high quantum efficiency 
for fluorescence of the atomic vapour, minimization 
of misleading optical and chemical effects, as well as 

of noise, in the optimized system which includes 
reactor, atomizer, light-traps, and electrical filters, 
and deconvolution and automatic allotment of each 
specific signal to the corresponding element. 

Different arrangements for multielement analysis 
by NDAFS may be found described elsewhere, but all 
but one, that proposed by Van Loon and co- 
workers,3 concern sequential, rather than simulta- 
neous, sampling of the different atomic-fluorescence 
signals, with little or no possibility of measuring 
discrete transient signals. 

Mitchell and Johansson,’ using a time-multiplexer 
approach, produced a system for multielement ana- 
lysis of up to six elements by use of hollow-cathode 
lamps (HCLs), each being excited in turn at 1 kHz for 
0.1 sec. Owing to the relatively low speed of syn- 
chronization of these lamps and the optical filters 
employed, the frequency of sampling of the signal for 
each element was 1 Hz. 

Palermo et al.,* and later Ip et a1.,5 also used a 
time-multiplexer approach, sequentially pulsing 
HCLs or electrodeless discharge lamps (EDLs) re- 
spectively. Under the experimental conditions used 
by Palermo, depending on the HCL used, the width 
of the pulse of emitted radiation was between 2 and 
10 msec with a delay time of between 6 and 30 msec. 
In this way, assuming four lamps were used, the 
frequency of sampling reached 25 Hz at most. 

A different time-multiplexer approach was used by 
Chester and Winefordner.4 In their investigation, 
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concerning the potential of multielement analysis by 
NDAFS, they used two EDLs mechanically chopped 
at 465 and 260 Hz, and sampled the fluorescence 
signals by a single lock-in amplifier sequentially tuned 
to the frequency of modulation of the two lamps. 

Van Loon et al.,’ by using individual lock-in 
amplifiers, were able to monitor continuously the 
atomic-fluorescence of Ni, Cu and Zn, and hence use 
the system as a detector in liquid chromatography. 
HCLs were used, at modulation frequencies of 325, 
285 and 80 Hz respectively. 

Here we describe a system for multielement 
NDAFS, based on exposure of the atomic vapour 
simultaneously to the radiation from four radio- 
frequency-excited EDLs (RF-EDLs) each being mod- 
ulated at a distinct frequency in the kHz range, and 
one photomultiplier (PM) having its output mon- 
itored continuously by four lock-in amplifiers, each 
tuned to the frequency of the relevant EDL. The 
output from each lock-in amplifier is fed to either an 
individual or a time-shared pen-recorder. All elec- 
tronic parts (RF power supplies, modulators and 
lock-in amplifiers) were assembled in our laboratory 
from high-quality low-cost components. RF-EDLs 
were chosen because they can accept 100% modu- 
lation over a wide range of frequencies (3-15 kHz, 
with a best performance at about 8 kHz) as found 
earlier.” In contrast, microwave-excited EDLs accept 
only a low percentage of modulation superimposed at 
a high d.c. leveli2~” with the best signal-to-noise ratio 
(SNR) at around 20 kHz.” HCLs, owing to their 
slow response both on switching on and switching off, 
give a high continuous power level which rises at 
increased modulation frequencies, becoming particu- 
larly significant at frequencies above a few hundred 
Hz.‘““Further, RF-EDLs exhibit higher spectral 
radiance than do the corresponding HCLS’~~“-~~ 
whenever volatile elements or thermally decom- 
posable iodides are present inside the lamp bulb, as 
in the present case. 

Low-power commercial RF-EDLs were preferred 
for this application since high-power pulsed RF- 
EDLs vary considerably in behaviour, depending on 
the element considered, as may be inferred from the 
papers of Novak and Browner.2’j22 

The system’s characteristics were carefully matched 
in view of its application to the separation of mixed, 
transient signals with life-times of a few seconds or 
less. 

FACTORS INFLUENCING SIGNAL-TO-NOISE 
RATIO IN MULTIELEMENT NDAFS 

Assuming that the spectral distribution of the 
source over a wide range of frequencies is not 
modified by the modulation or pulsing of the light- 
source, and than an ideal lock-in amplifier is used, 
with a time-constant of zero and tuned to the fre- 
quency f, then the instantaneous output voltage for 
a constant concentration C of analyte and peak 

radiance i?, of the source is 

F,,, = S + N,, + N, + N(B,) (1) 

where the right-hand terms, expressed in volts, are S, 
the fluorescence signal, Nd, the noise from the 
photomultiplier-amplifier chain, N,, the noise from 
flickering, background emission, turbulence effects 
etc., related to the atomizer configuration, and N(B,), 
the noise from the source, including source 
fluctuation as well as the radiation reflected or scat- 
tered onto the photodetector (all noise referred to the 
frequency band-pass of the lock-in amplifier). When 
the noise depends on the concentration of analyte, C, 
then N(B,,C) must be considered. Assuming that S 
depends linearly both on C and the peak radiance of 
the source (B,), then 

V,,,, = aCbB, + Nd + N, + N(B,,C) (2) 

where a is the slope of a plot of V,,, vs. B, at constant 
C, and b is the slope of Vou, vs. C at constant B,. 

From (2) it can be inferred that the quality of the 
output signal and the cause of the predominant noise 
depend strongly on all the chemical and instrumental 
steps involved in the measurement and on the work- 
ing modulation frequency J 

The parameter a is chemical in nature and is related 
to the overall efficiency of atom production from the 
analyte in the sample. It depends on the element, its 
oxidation state, the composition of the matrix and 
the conditions used. It is well known, for example, 
that to achieve reasonably high sensitivity, Se(VI) 
must be reduced to Se(IV) and Pb(I1) oxidized to 
Pb(IV) before conversion into the hydrides23x24 and 
that of the reagents available, sodium borohydride is 
particularly efficient.2s3’ 

The parameter b is instrumental in nature and is 
related to the efficiency of obtaining, collecting and 
detecting the fluorescence radiation emitted by the 
analyte atoms. By the use of non-dispersive tech- 
niques, a consistent enhancement of b is obtained, 
since the fluorescence radiation measured is inte- 
grated over the working wavelength range of the 
photomultiplier. 

It may sometimes be necessary to increase B,, 

particularly at low values of a, but it must be pointed 
out that if any real benefit is to be gained by 
increasing B, then Nd + N, must remain higher than, 
or of the same magnitude as, N(B,,C), since N(B,,C) 
increases almost linearly with B, and the SNR does 
not improve. 

In turn, at constant C, N(B,,C) depends on the 
efficiency of the light traps and on the geometry of the 
atomizer, as well as on the level of modulation of the 
light-source. 

This last point has not yet been sufficiently eluci- 
dated; indeed, high-intensity lamps with a low level of 
modulation have been tried but gave no effect other 
than a significant worsening of the SNR when com- 
pared with other lamps emitting a much lower light 
intensity but with 100% amplitude modulation. 
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If the maximum radiant power emitted by a modu- 
lated source is B,, and the level of modulation is a, 

(0 < a < l), then the modulated radiant power is ails. 

The fluorescence emitted by the atoms of the analyte 
will give a total signal S of which aS is the modulated 
component. The a.c. amplifier will reject the d.c. 
component (1 - a)S and will consider only aS as the 
signal. The noise levels Nd and N(B,,C) are related 
during each cycle to the magnitude of S and (1 - a)S 

respectively, and will be added to the signal aS at the 
lock-in amplifier output. It is clear that the SNR will 
reach its optimum value at a = 1, that is for 100% 
modulation. 

When several lamps are operating at their individ- 
ual modulation frequencies fi , f2, . . f; and the 
corresponding elements are present in the sample, the 

d.c. component of the signal will be the sum of the 
(1 - a)& contributions, and the noise at each fre- 
quencyJ will increase with lowering of the value of 
a. It must be noted that, at constant B,, the absolute 
value of the d.c. component of the fluorescence signal 
depends on the concentration of the analyte. Pro- 
vided that a = 1 for all the lamps, the N(B,,C) noise 
is ideally the same as in single-lamp operation, and 
Nd, as far as shot-noise is concerned, is proportional 
to the square root of the sum of the signals. 

In practice, shot-noise does not significantly affect 
the SNR when lock-in amplifiers are used. It is to be 
presumed, than, that the best approach in multi- 
element simultaneous NDAFS is to find the range of 
modulation frequencies where a can be set very close 
to unity, and the fraction of total noise which is 
combined with the signal is kept as low as possible. 

To make any improvement it would then be neces- 
sary to identify the main source of noise and to 
reduce it until another source of noise became pre- 
dominant. The most important parameter in judging 
the characteristics of a measuring system is the SNR 
or, correspondingly, the detection limit. Since the 
SNR also depends on the analyte, the performances 
of different instruments can be compared only when 
the same chemical procedure is followed. 

A ---r--d v ---f- 

Readout 

i 

Devices 

Fig. 1. Schematic diagram of the multielement non- 
dispersive atomic-fluorescence system. 

EXPERIMENTAL 

Figure 1 shows the general lay-out of the four-channel 
NDAFS excitationaetection system, the experimental com- 
ponents of which are listed in Table 1. 

EDL sources and RF generators 

EDLs produced by Perkin-Elmer were used. Each EDL 
was excited at 27 MHz and the mean power recommended 
by the manufacturer. Each RF generator supplied variable 
power up to a maximum of 45 W (expressed as the mean 
value) at the selected modulation frequency. The duty-cycle 
was always 0.5 (see Table 2). A resistive T-network was 
inserted between the generator and the EDL coil to achieve 
reasonable load-matching, on account of the considerable 
impedance variation in the firing transient, and the negative 
temperature coefficient of resistance of the lamp. This 
network was designed so as to dissipate about the same 
power as the EDL. 

Control unit 

Figure 2 shows a block-diagram of the control unit. A 
Colpitts oscillator supplied the 450-MHz driving-frequency 
to the frequency-dividers for the four channels, each divider 
being built round a 4029 CMOS integrated circuit coupled 
with a 4027 CMOS flip-flop. In this way square-waves were 
generated for each channel with frequencies of 7031, 7500, 
8036 and 8554 Hz. The square-wave output controlled both 
the modulation of the RF power and the switching of the 
phase-sensitive detector in the corresponding amplifier. The 
composite signal at the PM output was amplified by a 

Item 

Table 1. Experimental components 

Description and manufacturer 

Sources 

RF generators 
Control unit 
Photomultiplier 

Focusing lens 
Power supply 

Focusing lenses 
for EDLs 

Bllllle1s 

Flame 
Optical bench and 

accessories 

As, Se, Sn, Pb and Hg electrodeless discharge lamps, 
Perkin-Elmer 
27-MHz, 45-W, standard type, home-made 
Prototype, home-made 
R-759, solar-blind type, Hamamatsu TV 
f= 50 mm, d = 25 mm, Suprasil quartz, Melles-Griot 
Max. 1000 V, standard type, home-made 

(a) f = 75 mm, d = 25 mm, Suprasil quartz, Melles-Griot 
(b) quartz lens doublets, f= 90 mm, d = 25 mm, Galileo S.p.A. 
(a) according to Slevin ef al.” (fitted on a premix chamber, 

IL 25958), i.d. = 10 mm, home-made 
(b) Pyrex, i.d. = 4 mm, home-made 
Argon-hydrogen (entrained air) 

Ealing Beck Ltd. 
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Table 2. Experimental conditions for the simultaneous determination of arsenic, selenium, tin and 
mercury 

Radio-frequency power 
for EDLs 

Power modulation 
for EDLs 

Modulation frequencies 
Photomultiplier 

voltage 
Focusing height 
Gas flow-rates 

Sample size 
Aciditv 
Reductant -- 
KC ttme-constant 

As, 8 W, Se 6 W, Sn 8 W, Hg 5 W, (expressed as 
mean power) 

Square-wave, CrlOO% amplitude modulation 
As 8654 Hz, Se 8036 Hz, Hg 7500 Hz, Sn 7031 Hz 

750 v 
15 mm above the burner top 
Circular burner: hydrogen 2 l./min, argon (auxiliary gas) 2 I./min, 
argon (carrier gas) 2 I./min: Pyrex burner: hydrogen 0.35 l./min, 
argon 1.0 I./min 
1 ml 
0.6M HCI 
1 ml of 2% NaBH, solution 
2 set for circular burner; IO set for Pyrex burner 

pre-amplifier (an FET source-follower) and fed to a band- 
pass filter tuned to the frequency for each channel. The 
band-width of these filters was sufficiently large to minimize 
any phase-shift fortuitously caused by any slight frequency- 
drift of the driving oscillator and/or the band-pass filter. The 
amplifiers were A 739 integrated circuits (Fairchild) with a 
voltage gain of 103. Phase-sensitive detection was achieved 
by using two bilateral switches of a 4066 CMOS integrated 
circuit. The reference signal of each channel controlled these 
switches, which fed the d.c. signal to the RC low-pass filter. 
The time-constant of the low-pass filter could be switched 
to 0.5, 2 or 10 sec. The d.c. signals were further amplified 
by a factor of 10 by the TL 081 operational amplifier (Texas 
Instruments). 

This chain, of a.c. tuned-amplifier/phase-sensitive 
detector/d.c. amplifier, was equivalent to a dedicated lock-in 
amplifier. Its cost was about one tenth that of the general- 
purpose lock-in amplifier described by Caplan and Stern.33 

Burners 

Two different burners were tested; a circular one con- 
structed according to Slevin et aL3* and another constructed 
in Pyrex glass (i.d. 4 mm). An argon-hydrogen (entrained 
air) flame was used for both burners in conjunction with 
hydride evolution. The glass burner provided a mini- 
flame25,26 and the circular burner was fitted on an IL 25958 
premix chamber (for gas flow-rates see Table 2). 

Chemicals 

Stock solutions (500 ppm) of arsenic(III), selenium(IV), 
tin(IV) and mercury(I1) were prepared from pure Sn, Hg, 
As,O, and SeO,, adjusted to the desired pH with concen- 
trated hydrochloric acid (Erba), and diluted to give working 
standards just before use. 

A 2% sodium borohydride solution was prepared, 
stabilized34 by the addition of sodium hydroxide (0.1%) and 
then filtered. Erba RLE sodium borohydride was preferred, 
for its high purity and low cost. 

Procedure 

The NDAFS system was tested for the simultaneous 
determination of arsenic, selenium, tin and mercury with 

sodium borohydride reduction. One ml of 2% sodium 
borohydride solution was placed in the reaction vessel)j and 
a disposable micropipette (Pabisch) containing the sample 
(0.2-l ml) was placed in the injector port. Argon was then 
allowed to flow through the reaction vessel until stable 
base-lines were obtained. The sample was then injected, and 
the signals were recorded and peak heights measured. 

RESULTS AND DISCUSSION 

EDL source behaviour 

Oscilloscope traces of the light-intensity emitted by 
arsenic, selenium, tin, mercury and lead EDLs, mod- 
ulated at 7031 Hz, are shown in Figs 3,4 and 5. Lead 
was included in these experiments on account of its 
importance in future studies on organolead pollution. 
A monochromator was inserted in the light-path 
between the EDL and the PM so as to select the 
following spectral resonance lines: arsenic 193.7 nm, 
selenium 196.0 nm, tin 286.3 nm, mercury 253.6 nm 
and lead 283.3 nm. The control unit was disconnected 
and the oscilloscope connected directly to the PM 
output. 

The light intensities of the EDLs should follow 
exactly the waveform of the modulation signal ap- 
plied to the RF power supplies, but’a certain dis- 
tortion of the modulation waveform and depth was 
found, differing from one lamp to another. 

In our case, modulation depth was calculated as a 
percentage, by the equation: 

modulation depth = 1 -F x 100% 
( > max 

where Z,,,,, and I,,,,, are the highest and lowest in- 

Phase - 
sensitive 

d c. 

Detector 
Amplifier OUT 

I 

Fig. 2. Block diagram of the multichannel control unit. 



Multielement nondispersive atomic-fluorescence 

a b 

Fig. 3. oscilltrseope- traces of EDL light intensities. ~~uiation frequency 703 1 Hz. Uscilfoscope scan-rate 
50 ,~secjdiv. (a) Arsenic EDL, g W, 193.7 nm; (5) selenium EDL, 6 W, 196.0 nm, 
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Fig. 4. Oscilloscope traces of EDL light intensities. Modulation frequency 703 1 Hz. Osciilo~~ope scan-rate 
50 psec/div. (a) Lead EDL, 10 W, 283.3 urn; (b) tin EDL, 8 W, 286.3 nm. 

tensities of the light emitted, both being measured 
against the zero Level (see Figs 3-5). The best behav- 
iour was shown by the mercury EDL (Fig. 5) which 
exhibited 100% modulation depth and only a slight 
distortion of the waveform. The lead and tin EDLs 
also exhibited lOO:d modulation depth but with quite 
severe distortion of the waveform during the cycle 
on-time. 

The arsenic and selenium EDLs gave satisfactory 
on-time behaviour but quite strange behaviour dur- 
ing the cycle off-time (Fig. 3), their light intensity 
falling sharpIy then suddenly increasing, only to fade 
slowly and reach Imin at the end of the off-time. The 
modulation depth was 9O”i, for the arsenic EDL and 
75% for the selenium EDL. Similar results were 
obtained at a modulation frequency of 8654 Hz, and 
also when the monochromator was excluded, to give 
a non-dispersive apparatus. 

Fig. 5. Oscilloscope traces of light intensity of mercury EDL 
run at 5 W. Modulation frequency 7031 Hz, 253.6 nm line. 

Qscifloseope scan-rate 50 psec/div. 

Probably a better modulation waveform would be 
obtained for the lead and tin EDLs by using duty- 
cycle values respectively lower and higher than 0.5. 
However, the advantage of an improvement in SNR 
by adopting any duty-cycle value other than 0.5 
would probably not offset the difficulties arising from 
the more compfex control-unit circuitry required. 

Analytical results 

Experimental conditions for the multielement 
mode were a reasonable compromise of the best 
individuaf conditions for each element in terms of 
sample acidity and EDL focusing height above the 
burner top. All experimental conditions are reported 
in Table 2. 

The half-intensity width of the recorded peaks was 
found to range between 7 and 9 set when a Pyrex 
burner was used. This made it possible to work with 
the highest RC time-constant (10 see) available at the 
output Low-pass f%cr, with a consistent improvement 
in SNR. Figure 6 shows the effect of the RC time- 
constant on the recorded peak for arsenic. The 
relative standard deviation (10 replicates) was about 
5% at the nanogram level for aI elements tested. 
Reagent blanks were equivalent to 0.2, O-1, 0.3 and 
0.6 ng for arsenic, selenium, mercury and tin re- 
spectively. The upper limits of the linear calibration 
graphs were 0.3, 0.45, 0.3 and 0.4 hg for arsenic, 
selenium, mercury and tin respectively. Detection 
limits were calculated for a signal equal to twice the 
base-line noise, for the sake of comparison with those 
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b 

a 

d 
C 

1 
Fig. 6. Recorded peaks for arsenic. (a) Reagent blank, RC 
time-constant 10 set; (b), (c) and (d) 1 ng of arsenic for RC 

time-constant of 10, 2 and 0.5 set respectively. 

reported in the bibliography, and are presented in 
Table 3. 

A remarkable improvement in the detection limit 
was obtained for each element tested, in spite of the 
fact that the experimental conditions in the multi- 
element mode were not the best for each element. For 
arsenic and tin a direct comparison was possible since 
all but one of the same experimental conditions were 
used in both cases, the exception being that, for the 
single-element mode, Tsujii and Kuga25,26 excited the 
EDLs in the continuous mode and modulated them 
by chopper at 27 Hz. We found improvement by a 
factor of 6 for both detection limits (see Table 3). 

However, it must be considered that reagent 
blanks, rather than base-line noise levels, were the 
limiting factors for detection limits. It was more 
correct to calculate the detection limit as three times 
the standard deviation of a signal near blank level; 
the detection limits calculated in this way were 30, 60, 
90 and 180 pg for arsenic, selenium, mercury and tin 
respectively. 

The circular burner, working at higher gas 
flow-rates than the Pyrex burner, gave detection 
limits about one order of magnitude higher for all 
four elements, ranging from 0.2 ng for arsenic to 1 ng 
for tin (2 x base-line noise). 

Table 3. Absolute detection limits (pg) (2 x base-line noise) 

Present work Previous work 
Element (multielement mode) (single-element mode) 

_~ 
Arsenic 8”, 2OOb 50c, 2@OOd, 1ooe 
Selenium 2v 6oC 
Tin 100” 600( 
Mercury 15’ 508 

“Pyrex burner used. 
“Circular burner used. 
‘Reference 25; experimental conditions as in B but RF-EDL chopped 

at 27 Hz, 0.5-ml sample size. 
dReference 27; 20-ml sample, O.lM HCl. 
‘Reference 36; experimental conditions as in a but dispersive system, 

microwave EDLs run at 40 W (incident power), electronic 
modulation at 325 Hz. 

‘Reference 26; experimental conditions as in d but RF-EDL chopped 
at 27 Hz, 0.5-ml sample size. 

aReference 37; flameless technique, stannous chloride reduction, 
microwave EDL run at 25 W (incident power). 

Table 4. Cross-interference effect* 

Peak-height variation, % 

Interferent, ng/ml As se Sn Hg 

As 50 0 0 0 
500 0 -20 0 

Se 50 0 0 0 
500 0 0 0 

Sn 50 0 0 0 
500 + 10 0 0 

Hg 50 0 0 0 
500 0 0 0 

*All measurements performed in multielement mode. Concentration 
of analyte 5 ng/ml. Variation calculated as fraction of peak 
height for 5-ng/ml solution of analyte. 

Interferences 

Separately from chemical and optical effects, cross- 
talk was measured by the following procedure. Each 
lamp in turn was excited and part of its radiation 
reflected onto the photomultiplier in order to obtain 
a 500-mV signal at the relevant lock-in amplifier 
output. The output signals of the remaining lock-in 
amplifiers were measured under the same conditions 
(see Table 2). As a maximum peak to peak value of 
0.4 mV was found, i.e., twice the value obtained when 
all the lamps were unlit, the cross-talk was calculated 
to be, at most, 1:2500 (68 dB). 

Detailed information about the chemical and opti- 
cal cross-interferences will be given in a paper in 
preparation, together with the optimization pro- 
cedure. However, it is worth mentioning that no 
evidence was found of serious cross-interferences, 
their extent in the multielement mode being prac- 
tically the same as in the single-element procedure 
proposed in this paper, and very low compared to 
those in procedures described elsewhere.27~3’~3s 

Table 4 summarizes the overall cross-interference 
effects of each element in turn, at concentration levels 
of 50 and 500 ng/ml, with the remaining three 
elements present in concentrations of 5 ng/ml. The 
only serious effects were the + 10% change for arsenic 
in the presence of tin at 500 ng/ml, and the -20% 
change for tin in the presence of arsenic at 500 ng/ml. 

CONCLUSIONS 

From the findings above it is possible to conclude 
that: 

(a) low-power, radiofrequency-excited EDLs, com- 
mercially available, give lower d.c. light levels than 
HCLs or microwave-excited EDLs do when modu- 
lated in the range 3-10 kHz; 

(b) regardless of the differences in the shape of the 
light pulses, all the lamps tested, arsenic, selenium, tin 
and mercury, with a fixed duty-cycle of 0.5, proved 
to give a good SNR at around 8 kHz; 

(c) with a 0.5 duty-cycle, it was possible to use a 
peak-radiance twice that suggested by the manu- 
facturer for the continuous mode, without causing a 
noticeable decrease in the life of the lamp. 
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These features, together with the use of individual 
tuned a.c. detectors, have proved to be decisive in 
obtaining high noise-rejection and correspondingly 
low detection limits. For arsenic and tin, where 
comparison with the literature was possible because 
similar experimental conditions had been used (ex- 
cept for a modulation frequency of 27 Hz instead of 
8kHz), an improvement by a factor of 6 was found 
for both. 

The possible disadvantage of the high cost of 
individual a.c. detectors and modulated power sup- 
plies was overcome by using low-cost high-quality 
components in home-made apparatus. 
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Summary---The Cd-PAN system in the presence of non-ionic surfactants (polyoxyethylene nonylphenols), 
which dissolve the reagent and complex by formation of micelles, has been studied spectrophotometrically. 
The optimum conditions for Cd determination are pH 9 (Na,BdO,-HCIO,), 2% of surfactant and 
measurement at 555 nm. The complex is Cd(PAN), and its conditional formation constant is 3.5 x 10”. 
The system obeys the Lambert-Beer law, with an error of 0.9% over the Cd concentration range 
O&l-1.74ppm; the molar absorptivity is 4.94 x lo4 l.mole-‘.cn-’ at 555 nm. The relative standard 
deviation is 0.7% and the limit of detection 0.009 pg/ml. The selectivity with respect to species important 
in the ceramic industry is adequate for application of the method to determination of Cd in acetic acid 
extracts of ceramic enamels. 

One of the recent lines of spectrophotometric in- 
vestigation has been concerned with use of 
surfactants’*2 for improving sensitivity and selectivity 
by the formation of mixed species and/or micelles. 
The purpose of the present work was study of the 
Cd-PAN system in the presence of non-ionic surfac- 
tants (polyoxyethylene nonylphenols), which act as 
solubilizing agents by formation of micelles. 

The spectrophotometric determination of metals 
with PAN usually involves extraction with organic 
solvents because of the insolubility of the reagent and 
complexes in aqueous solution;3” this can be avoided 
if appropriate surfactants are added.“” 

EXPERIMENTAL 

Reagents 
Stock solution (1000 pg/ml) of Cd (NO,),.4H,O, stan- 

dardized gravimetrically with oxine. 
Stock 10e3M solution of o-PAN in methanol. 
Stock 25% w/v solutions of non-ionic surfactants (poly- 

oxyethylene nonylphenols) NEMOL K-36, K-1030 and 
K-2030 (Masso-Carol) with hydrophil+lipophile balano# 
of 12.6, 15.1 and 17.4 respectively. 

Determination of Cd in acetic acid extracts of ceramic 
enamels 

To eliminate interferences, extraction with sodium di- 
ethyldithiocarbamate and carbon tetrachloride is used. If a 
mixture of cadmium, zinc and lead is treated with 0.5% 
sodium diethyldithiocarbamate solution in l&f NH$/NH, 
buffer and then extracted with carbon tetrachloride, it can 
be shown by atomic-absorption spectrophotometry (AAS) 
that about 80X of the zinc stays in the aqueous phase, and 
the other 20% can be eliminated from the organ& phase by 
washing with 1M NHJ/NH, buffer solution. The cadmium 
and lead can be quantitatively stripped from the organic 

phase with 1M hydrochloric acid. The cadmium can be 
determined with PAN and surfactant in 0.025M citrate 
medium and up to 50 fig of Pb per ml will cause an error 
of not more than 3%. 

The relative standard deviation (7 independent samples) 
is 0.9% and the limit of detection (defined as the cadmium 
concentration giving a signal that is twice the standard 
deviation of the blank) is 0.013 pg/ml. The corresponding 
AAS figures are 1.2% and 0.012 pg/ml. 

Procedure 

Add 2 g of sample to 50 ml of 4% acetic acid and let the 
mixture stand for 24 hr at room temperature, then filter into 
a lOO-ml standard flask and dilute to volume with 4% acetic 
acid.” 

To 10 ml of this solution add 15 ml of demineralized 
water, 5 ml of 20% sodium citrate solution, 20 ml of 2.5M 
NH:/2.5MNH3 buffer, 5 ml of 0.5% sodium diethyl- 
dithiocarbamate solution and 10 ml of carbon tetrachloride, 
shake the mixture for 5 min, then separate the phases and 
shake the organic phase with 10 ml of 1M NH:/lM NH, 
solution for 5 min and discard the aqueous phase. Then strip 
cadmium by shaking the organic phase with 10 ml of 1M 
hydrochloric acid for 5 min, and separate the phases. Dilute 
the aqueous phase to volume in a 25-ml standard flask with 
demineralized water. To 5 ml of this solution add 1 ml of 
1M sodium hydroxide, 2.5 ml of 0.25M sodium citrate, 2 ml 
of 25% NEMOL K-1030 solution, 2.5 ml of 10e3M PAN 
and 10 ml of Na,B,O,-HClO, buffer, and dilute to the mark 
in a 25-ml standard flask with demineralized water. Measure 
the absorbance at 555 nm against a reagent blank prepared 
in the same way. 

RESULTS AND DISCUSSION 

Influence of pH on the PAN-surfactant system 

The presence of NEMOL K-1030 surfactant results 
in dissolution of the neutral form of PAN (PH 4-l 1); 
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Fig. 1. Absorption spectra of PAN. Influence of pH. 1, pH 1.23; 2, pH 1.83; 3, pH 2.96; 4, pH 12.48; 
5, pH 13.16; PAN 4 x 10-5M. 
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Fig. 2. Absorption spectra of PAN-NEMOL K-1030. Influence of pH.l, pH 1.26; 2, pH 1.93; 3, pH 3.21; 
4, pH 4.10; 5, pH 5.08; 6, pH 6.06; 7, pH 7.10; 8, pH 8.02; 9, pH 8.83; 10, pH 10.07; 11, pH 10.88; 12, 

pH 12.32; 13, pH 12.85; PAN 4 x WSM; NEMOL K-1030 2% w/v. 
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the solutions in this pH range have practically identi- 
cal spectra, with a well defined maximum at 470 nm. 
The spectra of the protonated and deprotonated 
forms of PAN are modified by the surfactant; at pH 
~3 there is a large bathochromic shift and at pH 
> 11 the maximum at about 465 nm disappears and 
a maximum appears at 475 nm (Figs. 1 and 2). By the 
Kwiatowsky methodI two isosbestic points are 
found at 370 and 458 nm, showing the existence of 
three absorbent species. 

By means of the Stenstrom and Goldsmith 

0.4 - 

g 

0.2 - 

1; 

8 IO 12 

PH 

methodI the PAN acid dissociation constants 
K, = 9.55 x lo-’ and K2 = 1.15 x lo-‘* at 1M ionic 

Fig. 4. Absorbance vs. pH for Cd-PAN-NEMOL K-1030 

strength (HCI-KCl, KCI-KOH) were obtained. 
at 555 nm. Reference reagent blank. 

These valuks are analogous to those obtained in other 
solvents.‘“*’ 

Spectrophotometric study of surfactant-Cd-PAN 
system 

Influence of PH. The spectra of Cd-PAN solutions 
in presence of NEMOL K-1030 at different acidities, 
ionic strength O.lM, and 25”, measured against 
PAN-surfactant blanks, show a well defined max- 
imum at 555 nm at pH >8 (Fig. 3). A graph of 
absorbance at this wavelength as a function of pH 
indicates that the optimum working range is pH 9-10 
(Fig. 4). 

Znjluence of surfactant. Examination of the 
influence of three nonylphenols (NEMOL K-36, K- 
1030 and K-2030) on the Cd-PAN system at pH 9 
(Na2B40,HC104), ionic strength O.lM and 25” 
shows that I,,,,,, is 555 nm in all three cases, but the 
absorptivity is greatest with NEMOL K-1030. 

As Cd-PAN is only slightly soluble at pH 4-l 1, 
the concentration of K-1030 needed to dissolve the 
compound has been studied. Concentrations 
<8 x 10m4M do not cause dissolution and concen- 
trations >2.4 x lo-*M enhance the PAN blank 
absorbance and decrease the sensitivity. 

i-2 

0.4 

T 

0.2 

500 550 600 

X (nml 

Fig. 3. Absorption spectra of Cd-PAN-NEMOL K-1030. 
Influence of pH. 1, pH 9.06; 2, pH 9.76; 3, pH 11.66; 4, pH 
12.44; 5, pH 8.24; 6, pH 12.92; 7, pH 7.31; Cd(H) 
0.96 x WsA4; PAN 10-4M; NEMOL K-1030 2% w/v. 

Reference reagent blank. 

Cd-PAN and PAN solutions in vresence of 
NEMOL K-1030 at pH 8-l 1 are stable- for at least 
24 hr. The order of addition of the reagents does not 
matter. 

Stoichiometry and stability constant. The molar- 
ratio, continuous-variations and slope-ratio methods 
all show the Cd/PAN ratio to be 1:2. The conditional 
stability constant is 3.47 x 10” at pH 9. 

Analytical characteristics. Beer’s law is obeyed over 
the cadmium concentration range 0.44-1.74 pgg/ml in 
the solution measured. The molar absorptivity is 
4.94 x lo4 l.mole-‘.cm-’ at 555 nm. The mean devi- 
ation of points from the line is 0.9%. The relative 
standard deviation S, for 11 independent tests is 0.7% 
and the limit of detection C, is 0.009 pg/ml. The 
selectivity with respect to important species in ce- 
ramics is shown in Table 1. 

Results 

Each test sample was analysed in triplicate. The 
results obtained by the proposed method and by AAS 
analysis of the initial acetic acid extracts are shown 
in Table 2. A single wash of the organic phase with 
NH: /NH, buffer is enough to remove all the zinc in 

Table I. Influence of foreign ions on the determination of cadmium. 
Cd(H) 1 ppm, Maximum tolerance 3% (4S,) of the original 

absorbance 0.434. Reference reagent blank. 

Concentration, 
Interferent Compound taken PPm 455 

Po- Na,HPO, 500 0.437 
F- NaF 500 0.446 
SiO:- Na$iO, .5H,O 200 0.425 
Ba(I1) Ba(NO,), 500 0.444 
Ca(I1) CaCO, 200 0.438 
Li(1) LiCO, 100 0.423 
WV/VI) Se(HCl-HN03* 40 0.453 
Mg(II) Mg(NO,),.6HzO 20 0.445 
AI(II1) AI(N0,),.9H20 10 0.425 
Hg(II) Hg(NO,),.H,O 2 0.433 
Zr(IV) ZrOCl, 8H,O 1 0.449 
Mn(I1) Mn(HCl)* 0.2 0.435 
Pb(I1) Pb(N0, )z 0.2 0.443 
Ti(IV) TiO,(KHSO, - H2SOI)* 0.2 0.444 
Co(W) Co(NO,),‘6H,O 0.05 0.445 
Cu(I1) Cu(HNO,)* 0.01 0.439 
Zn(I1) Zn(HCI)* 0.01 0.443 
Ni(I1) Ni(HNO,)* 0.01 0.445 

*Element dissolved with the species shown in parentheses. 
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Table 2. Ccmmarison of results 

Contents (AAS), 

PPm Cd 
found. 

Sample Cd Pb Zll PPm 

1 19.9 12.3 31.2 19.9 
2 10.4 26.1 9.5 10.1 

3 19.8 13.8 44.0 21.2 
4 42.2 50.0 92.5 40.5 
5 7.4, 8.3 24.6 7.5, 

the analysis of enamels with a Zn/Cd ratio not higher 
than 2; for higher ratios more than one washing is 
necessary (two for samples 4 and 5). Copper, nickel 
and cobalt remain in the organic phase; aluminium is 
not extracted from the original aqueous phase. 

The tolerances for cadmium in enamelled surfaces 
range from 0.1 to 2 pg/ml, depending on the country 
making the regulations. *’ The method proposed in 
this work can be applied to determination of cad- 
mium in the acetic acid extracts of these surfaces,” by 
virtue of its low limit of detection and other analytical 
characteristics. 
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Summary-The development of an electrochemical method for the selective sensing of ammonia gas, based 
on a modified bilayer lipid membrane, is described. Membrane selectivity for ammonium ion is achieved 
through incorporation of the antibiotic nonactin as ion-carrier. The detection limits compare favourably 
with those for conventional ammonia gas-sensing electrodes, but the selectivity is much superior. 
Theoretical evaluation of the potential sensitivity of the new gas-sensor with respect to design parameters 
is described. 

A number of gas-sensing electrodes based on con- 
ventional electrochemistry are commercially avail- 
able and are suitable for measurement of small 
inorganic gas molecules such as CO*, SO*, Hz S, NO, 
and NH,. Applications have been found in areas such 
as water, sewage, blood-gas and protein- 
concentration analysis. These systems are based on 
the hydrogen-ion selective electrode, the sensing tip 
of which is covered with a thin film of aqueous 
electrolyte solution. As gas diffuses into this solution 
to establish a partial-pressure equilibrium, associative 
reactions with the solvent occur, producing changes 
in pH. The pH of the aqueous film is directly 
proportional to the partial pressure of gas in the 
external aqueous solution or gas phase. There are 
three types of such gas sensors,’ classified according 
to whether they are constructed with microporous 
hydrophobic membranes, homogeneous dense- 
polymer membranes which are semipermeable to 
gases, or with an air gap a few mm wide. Selectivity 
for a particular gas is obtained by use of different 
semipermeable membranes and pH conditions. The 
detection limits for some common gases are 1Om8 A4 
for H,S, lo-‘M for NH, and NO,, and 10-6-10-5 M 
for CO, and SO, .’ These systems are often limited by 
contamination of the solvent or electrolyte, or by 
difficulties with the membranes used. 

The bilayer lipid membrane (BLM) has been in- 
vestigated as an electrochemical detection system for 
organic compounds, and offers substantial im- 
provements over conventional electrochemical sys- 
tems.* Chemically, this structure has a central non- 
polar hydrocarbon region, bounded on both sides by 
polar sheets of lipid head-groups which are hydrated 
in a supporting aqueous electrolyte.3 Application of 
a small direct electrical potential difference across this 
structure will result in passage of a finite ion-current 
through the membrane. It has been suggested that an 
interaction between a membrane-bound receptor and 
a stimulant, resulting in a transmembrane ionic flux, 

is a suitable model for the development of a sensitive 
and selective electrochemical sensor. The important 
physical/chemical factors governing control and al- 
teration of the transmembrane ion flux, as well as a 
number of successful receptor-based sensing systems, 
have already been studied:4 and indicate the fea- 
sibility of this concept. The BLM sensor is not subject 
to the competitive effects which limit the use of 
ion-selective electrodes, since the development of an 
equilibrium interfacial potential is not the primary 
source of the analytical signal. This work describes 
the construction and operation of a prototype BLM 
gas-sensor designed to be selective for ammonia. 

EXPERIMENTAL 

Apparatus 

Solution cell. The cell used for electrochemical in- 
vestigation of the selectivity of the BLM consisted of two 
identical machined Perspex blocks separated by a Teflon 
sheet (0.1 mm thick) with a l-mm diameter hole in it to 
support the BLM. An external d.c. voltage was applied 
across the membrane between two Ag/AgCl single-junction 
reference electrodes with agar salt bridges (Orion Research 
Inc., Cambridge, Mass). The external circuitry consisted of 
a d.c. power supply and a microprocessor-controlled multi- 
channel digital electrometer (Keithley System 1, Keithley 
Instruments, Cleveland, OH) for data acquisition. An opti- 
cal system consisting of a cold-light halogen-quartz 
fibre-optics illuminator and a wide-angle 20 x microscope 
was used to investigate and monitor formation of the BLM. 
The solution cell and all sensitive electronic equipment were 
isolated in a well grounded Faraday cage. 

Gas-sensor cell. The basic design of the gas-sensor electro- 
chemical cell retained the concept of two solution compart- 
ments separated by a BLM. The BLM was formed in a 
standard Teflon sheet, and supported at one face by a 
Perspex half-cell as described above. A Teflon semiper- 
meable membrane designed for use with an ammonia elec- 
trode (Ammonia Porous Membranes, Orion Research Inc.) 
was used to trap a thin layer of electrolyte at the other 
membrane face and act as the interface to the gas phase. The 
trapped aqueous layer was connected by means of a thin 
channel to an Ag/AgCl reference electrode, as shown in Fig. 
1. A specially constructed external clamp was used to 
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Perspex 

Clamp 

I 
Teflon Semi-Permeable 

Electrode Connection 

-Teflon ELM Support 

Light Source Microscope Optics 

Fig. 1. Schematic of BLM support system used in the gas detection cell. 

sandwich the Teflon sheet and semipermeable membrane to 
a central Perspex support; this made it easy to clean the 
apparatus and replace the Teflon. The external electro- 
chemical equipment was as described above. 

Reagents 

The antibiotics valinomycin, gramicidin and nonactin 
were obtained from the Sigma Chemical Company, St. 
Louis, MO. The lipid used for BLM formation was egg 
phosphatidyl choline, obtained as lyophilized powder from 
Avanti Polar Lipids, Inc., Birmingham, AL. Cholesterol 
(obtained from Sigma) was recrystallized from ethanol. 
Electrolyte solutions were prepared from the reagent-grade 
chlorides of potassium, lithium, magnesium and ammo- 
nium, and doubly distilled water scrubbed free from organic 
compounds with an “organic removal cartridge” incorpo- 
rated in the still. All other chemicals were also of reagent 
grade. 

Procedures 

The BLMs were formed from a 2% lipid, 2% cholesterol 
solution in n&cane that had been purified on an alumina 
column and dried with a molecular sieve. The lipid- 
containing solution was introduced into the aperture in-the 
Teflon by means of a fine sable-hair brush. to form a linid 
plug between the two 5-ml capacity compartments for ihe 
aqueous solution. The lipid plug spontaneously thinned to 
form a BLM, as observed optically and electrochemically. 
The membranes were formed under an applied d.c. potential 
difference of +25 mV, and were allowed to stabilize for a 
minimum of 10 min before any investigations were per- 
formed. Electrochemical observations involved the mon- 
itoring of transmembrane current as various reagents were 
added from a Gilson “Pinetman” adiustable-cauacitv ni- 
pette to the stirred aqueous supporting electrolyie. _ A 

The ion-selectivity of the BLM could be modified by 
incorporation of different antibiotics. Initial experiments 
were performed with the solution cell to determine which of 
the antibiotics giving substantial response to univalent 
cations were selective for ammonium ions. The change in 
transmembrane ion current with concentration of antibiotic 
added (as a solution in methanol) to the various O.lM salt 
solutions was employed as an indicator of ion-selectivity. 
The concentration-response curves of BLMs modified with 
the chosen antibiotics were then determined, for various 
electrolytes. This step gave the optimum operating condi- 
tions for the gas cell, which was then tested for response to 
gaseous ammonia by replacement of one solution compart- 
ment by the gas-phase interface. 

RESULTS AND DISCUSSION 

BLM response characteristics 

The design of the electrochemical cell and mem- 
brane support is similar to that for a conventional 
glass-electrode type gas-sensor.5*6 The operation of the 
system depends on using a membrane semipermeable 
to ammonia gas as an interface between the fragile 
free BLM and the gas sample. Though part of the 
selectivity is provided by the semipermeable mem- 
brane, most of it comes from the polypeptides incor- 
porated in the BLM. These compounds preferentially 
complex and transport ammonium ions across the 
membrane, so there is an increase in ion current in the 
presence of ammonia gas. The principle of operation 
is analogous to that of the diffusion-controlled Clark 
oxygen electrode,’ indicating sensitivity to thickness 
of the Teflon membrane and to the rate of sample- 
stirring since ammonium ion is continuously con- 
sumed during the measurement. It is important to 
note that the effect of pH on the ion conductance of 
these BLMs is minimal in the range 3-l 1. Direct 
contact of the BLM with sample solutions at pH > 11 
(as commonly employed with ammonia electrodes)8 
may cause destabilization of the membrane unless the 
mechanical strength is increased. 

Polypeptide antibiotics demonstrate a remarkable 
ability to distinguish between chemically similar ions, 
and complex such ions selectively for transport across 
BLMs.’ Four major groups of antibiotics have been 
applied to BLMs for electrochemical investigation. 
These are the valinomycin, polyether, nigericin and 
polyene groups, of which only the valinomycins and 
the polyethers are very selective to Group I cations 
and the ammonium ion. The selectivity is a function 
of the stability constant of the complex and directly 
related to the membrane permeability constants. A 
summary of such constants is presented in Table 1 
and contrasts the extreme selectivity differences be- 
tween gramicidin, valinomycin, nonactin (all from 
the valinomycin group) and a polyether. 
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Table 1. Relative antibiotic selectivities for univalent cations 

Log (permeability X+/permeability K+) 

Antibiotic Li+ Na+ Kf NH: 

Gramicidin’ -0.9 -0.2 0 +0.1 
Valinomycin”’ -6 -5 0 -2 
Nonactin’s -3 -2 0 +0.75 
*Crown ether” -2 -1.5 0 -0.5 

l Bis(tert.-butyl)dicyclohexyl-18crown-6. 

To reduce the background ion-current of the gas 
sensor and maximize the sensitivity and selectivity for 
the ammonium ion, the BLM is made with the 
antibiotic of greatest selectivity for ammonium ion, 
and the supporting electrolyte should have low con- 
centration and contain a cation for which the poly- 
peptide has minimum selectivity. Figure 2 shows the 
change in ion-current on addition of antibiotic to 
membranes bathed in various electrolytes. The results 
indicate that of the antibiotics tested, nonactin has 
the greatest selectivity for ammonium ion relative to 
potassium and lithium. It also has equally poor 
selectivity for lithium and magnesium, so use of salts 
of either of these as supporting electrolyte will max- 
imize analytical response to ammonium ion. The 
concentration-response curves for ammonium ion 
showed a marked increase in sensitivity as the lithium 
chloride concentration was reduced to a value slightly 
above the minimum required for stable BLM for- 
mation. Reduction of the electrolyte concentration 
reduces the competitive effect of lithium but may also 
lead to increased osmotic effects which can result in 
drift of background signal as the internal solution 
volume and electrolyte concentration vary. The mem- 
brane concentration of antibiotic also affects the 
overall analytical signal. The membranes used were 
loaded with nonactin (in equilibrium with a final 
aqueous solution concentration of 10e5M), but not 
to the point of saturation (a limit is set by membrane 
destabilization). The detection limit in this work was 
found to be approximately lO-‘jM, although 

Gramicidin Valinomycin Nonoctin 

Fig. 2. Comparison of analytical signals induced by addition 
of different antibiotics at 10e6M aqueous concentration, for 
a BLM immersed in O.lM electrolyte solutions at pH 5: 
A = KCI, l = LiCI, 0 = NH,Cl, x = MgCI,. The resid- 
ual current before addition of antibiotic was about IO-” A. 

Ventilate 

Ammonia 

0 30 60 

Time (min) 

Fig. 3. Results for sensing of concentrated ammonia gas 
with the nonactin/LiCl system and cell design as illustrated 

in Fig. 1. 

10-7-10-8 M may be achievable with optimization of 
appropriate conditions. Deviations from linearity are 
expected at high ammonium ion concentrations be- 
cause of ionic strength effects on the response. 

An attempt was made to use a sensor based on the 
nonactin/LiCl system to detect a high concentration 
of ammonia gas in an enclosed space. The results are 
shown in Fig. 3, and exhibit the expected time- 
dependence for diffusion-controlled gas permeation 
resulting in production of an ammonium ion popu- 
lation on one face of the BLM. The signal was small, 
owing to the l-mm aqueous layer thickness used. 

Model of BLM gas-sensor operation 

To evaluate the influence of various design param- 
eters on the BLM gas-sensor described, a mathe- 
matical model for diffusion of ammonia gas and 
ammonium ions in the experimental system has been 
developed. By use of the basic diffusion equation 
shown below, and the parameters summarized in 
Table 2, a measure of the ion current through a BLM 
can be obtained. 

M=DAt(Cz-C,)/H (1) 

where A4 = number of molecules, D = diffusion 
coefficient, A = area, t = time, H = thickness, 

Table 2. Parameters used in calculations 

Diffusion zone Parameter Value 

Teflon membrane Diffusion coefficient 0.2 cms/sec 
Area of membrane 0.005 cm* 
Membrane thickness 0.05401 cm 
Concentration of NH: 1.6 x IO”- 

1.5 x 109 
molecules/cm2 

Time 1 set 
Thin aqueous Diffusion coefficient I x lo-‘cm+ec 

film 
Area of film 0.005 cm2 
Zone thickness 0.14.01 cm 
Time 1seC 

(Calculated on basis of area of BLM and ratio NHt/NH, = 309 in 
aqueous phase.) 
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Table 3. Experimental BLM ion-flux data 

Aqueous ion Change in Ion flux, BLM interfacial 
concentration, M current, A ions/see ion density* 

I x 10-h 3.0 x 10-u 1.88 x 10’ 3.6 x 10’ 
I x 10-j 1.8 x lo-” 1.13 x 108 1.7 x 108 
I x 10-d 1.4 x 10-10 8.75 x IO* 7.7 x 10s 
1 x 10-j 1.0 x 10-s 6.25 x IO9 3.6 x lo9 

*Number of ions in the BLM. 

C, = number density of molecules outside the 
diffusion zone and C, = number density of molecules 
inside the diffusion zone. 

The diffusion problem has been simplified into a 
two-step time-dependent reiteration process which 

(al Distance 

initially involves gas permeation through the Teflon 
membrane into the internal aqueous phase, to estab- 
lish a localized high concentration of ammonium ion. 
This concentration is then used to calculate the 
diffusion to the BLM surface, and this combined with 
the active-ion transport rate [obtained from the 
experimental data (Table 3)] finally produces an 
estimate of the increase in transmembrane ion flux 
above the background level. The model is sum- 
marized in Fig. 4a, which shows the various diffusion 
zones. For simplicity, the area chosen for the calcu- 
lations was the area of the BLM used in this work. 
This implies that the calculated current represents a 
minimum analytical signal since lateral diffusion is 

,Teflon Membmnel [Internal Aqueous Phase 1 I BLM I 

MNH(sec =D,, , ,,&CNH,la-CNH,I, 1 .A 

’ HTef’o” M,,,H,/sec - MNH+/sec 
4 

Equation Developed 
from Fig. 4b 

(b) 

16 - 
17 IB 19 20 21 22 23 

Ln C.Molecules at BLM Interface7 

Fig. 4. (a) Schematic representation of the diffusion model employed for calculations. (b) Relationship 
of transmembrane ammonium ion flux to the ion number density at the BLM interface. 
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Fig. 5. (a) Calculated BLM ion current as influenced by 
the thickness of the thin aqueous film. l = 0.1 cm, 
x = 0.05 cm, + = 0.01 cm. (b) Calculated alteration in 
BLM ion current, caused by variation of the thickness 
of the Teflon semi-permeable membrane. l = 

0.05 cm, x = 0.03 cm, + = 0.01 cm. 

not considered. Table 3 gives a summary of the 
experimental data collected from the calibration 
curve. The data are further developed in Fig. 4b to 
illustrate the trend of observed ion current as a 
function of the interfacial concentration of ammo- 
nium ion. The ion-transport process apparently be- 
comes more efficient as the available interfacial am- 
monium ion concentration increases. This may be 
due to a concerted effect caused by reduction of the 
fluidity of the membrane by structure perturbation by 
the carrier complex, and a concurrent increase in 
ion-transport rate. An analysis of the influence of the 
thickness of the Teflon membrane and underlying 
aqueous thin film is provided in Fig. 5. Removal of 
the Teflon membrane and replacement of the aqueous 
phase with a hydrated gel-like layer was found to give 
little difference from the results presented in Fig. 5b. 
The aqueous phase is the diffusion rate-determining 
zone and controls the final BLM ion current. 

Analytical potential 

The sensitivity of the modified BLM towards am- 
monium ion compares favourably with that of com- 
mercial ammonia gas-sensors. Exposure of nonactin- 
loaded membranes to methylamine hydrochloride 
concentrations up to 0.005M did not produce any 

significant analytical signal, nor did it affect sub- 
sequent determination of ammonium ion concen- 
tration, indicating a substantial selectivity advantage 
for the BLM-based sensor. This is necessarily the 
case, owing to the origin of the selectivity of these 
membranes. Since nonactin traps the cation in the 
centre of a large pseudospherical structure, and the 
cavity at the interior of this structure determines the 
binding capability,3 complexation of the methyl- 
ammonium ion is physically less easy than that of the 
smaller Group I and ammonium ions. Table 4 
identifies common volatile amines which interfere 
with the conventional ammonia gas-sensor.’ Since 
methylamine is the most potent interferent, and is 
also physically the smallest molecule listed, it seems 
that the BLM sensor is effectively immune to inter- 
ference from such volatile amines. The selectivity of 
the modified BLM ammonia gas-sensor is therefore 
substantially greater than that of conventional sen- 
sors. 

The solution experiments indicated that the 99% 
response time for an order of magnitude change in 
ammonium ion concentration is l-2 min, which is 
fast enough for adequate routine laboratory use.8 
Calculations indicate that the same holds true for 
gas-phase sensing with the BLM electrode. 

The investigation of this prototype gas-sensing 
system revealed the following deficiencies in design 
and function. 

(1) The large volume of trapped aqueous electro- 
lyte must be reduced to minimize response time and 
maximize analyte ion concentration. 

(2) The electrochemical response should be mea- 
sured by integrating the transmembrane ion-current 
since equilibration of the gas-phase and bulk solution 
concentrations cannot be attained, because of the 
dynamic ion-transport system involved. 

(3) The BLM must be supported or altered in some 
manner to give it greater mechanical stability without 
impairing its electrochemical sensitivity. This would 
minimize difficulties from transmembrane pressure 
and osmotic pressure, and might allow elimination of 
the Teflon semipermeable membrane, which at 
present is required only for membrane support. 

These deficiencies do not preclude the further 
development of useful BLM-based selective gas- 
sensors, especially in the light of recent advances in 
thin-layer technology involving Langmuir-Blodgett 
production of stable polymerized lipid films.12 A 

Table 4. Common interfere& in use of the ammonia gas probe’ 

Estimate of apparent 
increase (q/l.) in ammonia 

concentration for 
Interferent [Interferent] = [NH,] = 1 mg/l. 

Methylamine 0.3 
Ethylamine 0.2 
Hydrazine 0.02 
Cyclohexylamine 0.03 
Octadecylamine 0.3 
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further area of interest involves the coupling of 
macroelectrode technology with the field-effect tran- 
sistor (FET). The production of an ammonium ion- 
selective FET based on a polymer membrane loaded 
with nonactin has already been reported,13 and a 
hybrid BLM/FET device will undoubtedly appear in 
the near future. 
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Summary-The formation and electrolytic reduction of molybdophosphate in aqueous solutions of 
various water-miscible organic solvents have been extensively investigated. Acetonitrile was found to be 
the most useful of these solvents. Two species of molybdophosphate are formed in aqueous acetonitrile, 
one of which changes spontaneously into the other, which is quite stable and undergoes a 2-electron 
electrolytic reduction. On the basis of these facts, a flow-coulometric method for orthophosphate has been 
developed, applicable to the range 5 x 10m6-1 x lo-‘M. It has been used for determination of ortho- 
phosphate in several phosphorus compounds, some of which are acid-labile. 

On the basis of the chemistry of molybdophosphate 
formed in aqueous and aqueous ethanol solutions, we 
have already developed a flow-coulometric deter- 
mination of phsophate by direct injection of 100 ~1 of 
sample into a steady flow of a mixed 0.05M 
molybdate-1.2N sulphuric acid reagent prepared in 
20% v/v ethanol medium.’ Molybdophosphate is 
formed rapidly and quantitatively and can then be 
electrolytically reduced. The ethanol is essential for 
complete formation of molybdophosphate at the high 
acidity needed to facilitate the electrolysis. The 
method has many advantages over others for phos- 
phate: (i) only a lOO-~1 sample is needed; (ii) the 
determination takes only 2 min, so there is practically 
no interference from hydrolysis of other phosphorus 
compounds to orthophosphate; (iii) unstable reduc- 
tants are replaced by electrolytic reduction; (iu) cou- 

lometric measurements have high reproducibility. 
The only problem is that the charging current at the 
working electrode in the flow-electrolysis cell is 
slightly perturbed by the injection of aqueous sample, 
which causes noise in the base-line, overlapping the 
true coulometric signal. This noise causes a negative 
error of about 5 x 10m6M in the phosphate concen- 
tration, but can be corrected for, since it is fairly 
reproducible when a fixed volume of sample is injec- 

*To whom all correspondence should be addressed and 
who wishes to dedicate his contribution to the work to 
his co-author in celebration of the award of the Talanta 
Gold Medal to Professor Fujinaga. 

ted. Fogg and Bsebsu2 have examined this and con- 
cluded that it can be avoided by injecting samples 
already mixed with acidic molybdate reagent. This 
lowers the determination limit to 10m6M phosphate. 
However, it entails giving up the most important 
advantage, that of use of an extremely small volume 
of phosphate sample. As a compromise, Fogg and 
Bsebsu proposed the use of molybdate reagent 
acidified with sulphuric acid to give the optimal 
composition,3 to which the direct injection was made. 

We have now investigated the use of mixtures of 
water and various water-miscible organic solvents as 
the reaction medium and found that acetonitrile is the 
best for flow-coulometry. In the improved method 
the sample is injected into a steady flow of water 
which is then mixed in 1: 1 ratio with a steady flow 
of a composite molybdate/hydrochloric acid/ace- 
tonitrile reagent. This allows quantitative conversion 
of phosphate into molybdophosphate (which is then 
electrolytically reduced) and minimizes the effect on 
the base-line for the charging current. Because of the 
conditions required for the coulometry a double- 
strength composite molybdate reagent is needed to 
compensate for the dilution by the sample-carrier 
stream, but fortunately the acetonitrile solution is 
stable enough for long-term storage, in contrast to an 
ethanol solution at the same concentration. 

Reagenfs 

EXPERIMENTAL 

Standard 0. IOOOM phosphate. Prepared from potassium 
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dihydrogen phosphate and kept in a polyethylene bottle. 
Working standards are made by dilution as required. 

System I 

Sodium molybdate solution 0.5M. Kept in a polyethylene 
bottle. 

Mixed molybdate reagent. Prepared by mixing 400 ml of 
OSM molybdate solution, 4OOml of concentrated hydro- 
chloric acid and 800ml of acetonitrile, and diluting to 2 
litres with water. The reagent [O.lM Mo(VI)-2.4M 
HC1-40% v/v acetonitrile] can be stored in a polyethylene 
bottle without appreciable deterioration for at least one 
month. The acetonitrile (Wake Pure Chemicals GR grade) 
could be used without further purification, since it was 
found that it gave practically the same results as those 
obtained with acetonitrile purified4 according to standard 
procedures. 

Tesr solutions. Molybdophosphate solutions for the pre- 
liminary coulometric study were prepared by mixing known 
amounts of O.lM phosphate solutions, OSM molybdate 
solution, concentrated hydrochloric acid and acetonitrile, 
and diluting to known volume (usually 200 ml) with water. 
The molybdophosphate started to form immediately after 
the dilution and the formation was reproducible and inde- 
pendent of the order of mixing, but the acetonitrile concen- 
tration had a remarkable effect on the course of formation. 
In solutions containing less than 20% v/v acetonitrile, 
formation of molybdophosphate reached equilibrium within 
a few minutes, whereas at higher acetonitrile concentrations 
a bright yellow species of molybdophosphate formed 
instantaneously and was then gradually converted into the 
ordinary species of molybdophosphate at a specific rate de- 
pending on the acetonitrile concentration. The final product 
was the same in both cases. The complexes can be easily 
distinguished by their difference in optical properties at 
about 420 nm, and will be referred to here as the “ordinary” 
and “extraordinary” forms (except that “ordinary” will be 
omitted when no confusion can arise). 

Fig. 1. Schematic representation of flow-electrolysis sys- 
tems; I, for the measurement of coulopotentiograms of 
preformed molybdophosphate; II, for the flow-coulometry 
of phosphate. PMo, W, MO, and KC1 denote molybdo- 
phosphate solution, water, mixed molybdate reagent, and 
saturated potassium chloride solution, respectively; P de- 
notes a peristaltic pump, D a damper, S an injection port 
for phosphate sample, M a mixer, DC a delay coil, PC a 
pressure column, TB a three-way tap, RC a reaction coil, E 

a flow-electrolytic cell, F a flowmeter. 

In addition to these mixtures, several phosphorus com- 
pounds were prepared as sample materials. Of these, 
Na,P& Na,HPO,, adenosine-5’-triphosphate disodium 
salt, and D-glucose-6-phosphate disodium salt were com- 
mercially available and used as received; monomethyl phos- 
phate and dimethyl phosphate were separated’ from a 
commercially available mixture; monomethyl phosphonate 
was synthesized6 from triphenyl phosphite and methyl io- 
dide. 

packed with 50-60 mesh glass beads; the sample injection 
port was T-shaped as already described.’ 

System I in Fig. 1 was used for measuring coulo- 
potentiograms of preformed molybdophosphate, and Sys- 
tem II for the flow-coulometry of phosphate. Up to the 
three-way tap (TB), the systems were independent, with the 
reaction coil, flow-through cell and detector common to 
both. To reduce flow pulsation, a damper (D) was included 
in each line, with its inlet upwards so that there was 
sufficient room left for air. Smooth and steady flows were 
thus attained by means of the compressibility of the air, 
combined with the liquid resistance given by the pressure 
column (PC). 

Measurements of coulopotentiograms 

Apparatus 

A Shimadzu UV-200 automatic recording spec- 
trophotometer equipped with a constant-temperature hous- 
ing for the cuvettes was used. Measurements were made at 
25 f 0.2” (unless otherwise indicated) in quartz cuvettes 
(path-lengths 1, 0.2 and 0.1 cm). 

In accordance with the principles of flow-electrolysis,’ a 
flow-through cell’ was constructed, combining a column 
electrode packed with 0.5 g of glassy-carbon fibre, a plat- 
inum counter-electrode, and a reference electrode of 
silver-silver chloride in saturated potassium chloride solu- 
tion. The applied e.m.f. was controlled by a Hokuto Denko 
HA-501 potentiostat and in some cases was varied by a 
programme from a Hokuto Denko HB-104 function gener- 
ator attached to the potentiostat. The currents were 
recorded on a Rika Denki R-20 recorder. 

System I was used to investigate the electrochemical 
behaviour of molybdophosphate under various conditions. 
The solution of preformed molybdophosphate was pumped 
at 5.0 ml/min from the reservoir (PMo) to the flow-cell, the 
e.m.f. applied to the cell was decreased from f0.7 V at a 
rate of 50mV/min and the current-voltage curve for the 
flow-electrolysis was recorded, resulting’ in a “coulo- 
potentiogram”7.8 for molybdophosphate. If the electro- 
lytic process is sufficiently rapid and practically 100% 
efficient, the limiting current, I, on the plateau of the 
coulopotentiogram, is given by Z = nfCF, where n is the 
number of electrons involved in the electrolytic reaction, C 
the concentration of the depolarizer, f the flow-rate of the 
sample- carrier, F the Faraday constant. On the basis of this 
equation, n was calculated from the known values off and 
C and the values of I from the coulopotentiograms. The 
electrolytic characteristics of molybdophosphate were de- 
duced by relating n to the applied potential. 

Flow-coulometry for phosphate determination 

The reaction system is shown in Fig. 1. Three Pharmacia System II was used for the flow-coulometry of phosphate. 
P-l peristaltic pumps were used, one for pumping the The phosphate sample (usually 100 ~1) was injected through 
sample-carrier of pure water and the mixed molybdate the injection port (S) by a calibrated microsyringe into the 
reagent, one for the solution of preformed molybdo- sample- carrier of pure water flowing at 2.5 ml/min from the 
phosphate, and one for the saturated potassium chloride reservoir (W). The sample stream, after passage through the 
solution circulating at 1 ml/min round the counter-electrode delay coil (DC), merged with the molybdate reagent stream 
of the cell. The flow-lines were 2-mm bore silicone rubber pumped at 2,5ml/min from the reservoir (MO), and was 
tubes. The dampers, reaction coil and delay coils were also immediately mixed with it in a small mixer (M) by magnetic 
silicone rubber tubes (1.3 cm bore x 30 cm, 3 mm bore x 30 stirring. The delay coil was incorporated so that any base- 
cm, and 3 mm bore x 15 cm, respectively). The pressure line noise caused by the sample injection would be separated 
column was a glass tube, 2 mm in bore and 3 cm long, in position from the “delayed” coulometric signal. The 
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Fig. 2. Formation curves for molybdophosphate as a func- 
tion of aciditv in solutions cornnosed of 1 x 10e3M nhos- 
phate, 0.05M MO(W), and varibus concentrations df (a) 
H,SO,, (b) HCI, and (c) HClO,. Curve (d) illustrates the 
taclhtation of formation by the presence of 17% v/v ace- 

tonitrile. 

length of the reaction coil (RC) was chosen to give a 
reaction time of 25 set so that formation of molybdo- 
phosphate was complete just before entry to the flow-cell. 
The molybdophosphate was preferentially reduced electro- 
lytically in the cell at a fixed potential of +0.35OV, in a 
2-electron reaction. The recorder response during the elec- 
trolysis gave a peak having an area proportional to the 
amount of phosphate present in the injected sample, in 
accordance with Faraday’s law of electrolysis. 

RESULTS AND DISCUSSION 

Formation of molybdophosphate 

The conditions for formation of molybdo- 
phosphate were preliminarily investigated by spec- 
trophotometry. The effect of acidity is shown in 
Fig. 2. The curves show that the formation in purely 
aqueous solution is maximal at a pH of about 1, 
depending on which acid is d. This creates prob- 
lems in the use of coulometry in the reduction, since 
this requires highly acidic conditions, as discussed 
below. 

Hal&z and Pungor’ account for this dependence 
on acidity in terms of the competitive protonation 
equilibria involving isopolymolybdate species such as 
H,Mo,O,, and the eventual production” of cationic 
HMo,O,+ and MOOS+ at high acidity. It has been 
pointed out” that the rapidity of formation of some 
heteropolymolybdates implies that a substantial por- 
tion of the structure must be already present in the 
particular isopolymolybdate present, which also 
helps to explain the pH effect, since the degree of 
condensation of the isopolymolybdate is a function 
of the acidity. A further complication is the sta- 
bilization of molybdate species in highly acidic solu- 
tions by association with the anions of the acid 
used.‘2B’3 These competitive equilibria always par- 
ticipate in the formation of molybdophosphate in 
strongly acidified solutions and result in a lower 

degree of formation at above a certain acidity. On the 
other hand, increasing the molybdate concentration 
will offset this effect to an appreciable extent, as 
reported by Hal&z and Pungor,’ and with a molyb- 
date concentration of about O.lM the formation of 
molybdophosphate is maximal in 0.8-2.4M 
perchloric acid. However, under these conditions a 
different species of molybdophosphate (the 
b-modification) is formed,14 in agreement with the 
supposition” that the isopolymolybdate species 
present is a decisive factor. As pointed out by Strick- 
land,15 the co-existence of more than one form of 
heteropolymolybdate accounts for the apparent dis- 
crepancies in the spectrochemical properties of these 
systems. 

In contrast, when an auxiliary solvent such as 
acetonitrile is added, the formation of molyb- 
dophosphate is markedly improved and the acidity 
range broadened. Addition of about 17% (v/v) of 
acetonitrile intensifies the yellow colour and gives a 
constant absorbance over an acidity range from pH 
2.3 to 2.1 N acid, irrespective of which acid is used 
(curve din Fig. 2). This increased tolerance range for 
the acid concentration is particularly favourable for 
the coulometric work. 

The amount of acetonitrile needed for maximal 
molybdophosphate formation was determined by 
spectrophotometry (Fig. 3). The absorbance of the 
molybdophosphate is constant for 10-20x v/v ace- 
tonitrile, and increases at higher concentrations, but 
the time factor is involved, and the colour at the 
higher acetonitrile concentrations gradually fades, 
eventually giving the same absorbance as that for 
solutions containing 10-20x of the solvent. The 
rapidly formed “extraordinary” complex is only 
slowly converted into the “ordinary” form, con- 
version being complete in approximately 2, 5, 14 and 
40 hr at 25” for acetonitrile concentrations of 30,40, 

0 10 20 *rc=&-c__r 40 50 60 70 

Concentra0on of acetonitrile ( % by vol.) 

Fig. 3. Formation curves for molybdophosphate as a func- 
tion of acetonitrile concentration in solutions composed of 
1 x 10-)&f phosphate, O.OSM Mo(VI), 1.2M HCl, and 
various amounts of acetonitrile. Absorbances measured 
after 10 min (dotted line, for the “extraordinary” complex) 
and 40 hr (solid line, for the “ordinarv” comnlex) are 
plotted in c&e (a), with those of the corresponding blank 

solutions in curve (b). 
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Fig. 4. Rate of formation of molybdophosphate in 20% v/v 
acetonitrile. A 2-ml aliquot of 6 x 10m4M phosphate was 
reacted with the same volume of O.lM MO(W)-2.4M 
HClAO% v/v acetonitrile reagent at temperatures of (a) IO”, 

(b) 15”, (c) 20”, (d) 25”, (e) 30”, and (f) 35”. 

50 and 60% v/v, respectively. The “extraordinary” 
molybdophosphate can be reduced electrolytically 
and determined coulometrically, but its electro- 
chemical behaviour is quite different from that of the 
“ordinary” molybdophosphate, so a mixture of the 
two cannot be analysed in this way. It was thought 
safer to use the ordinary form, so the presence of the 
other complex was avoided either by keeping the 
acetonitrile concentration below 20%, or by leaving 
the solutions long enough for only the ordinary form 
to be present. 

Rate of formation of “ordinary” molybdophosphate 

In properly acidified aqueous solutions, molyb- 
dophosphate forms practically instantaneously. 
Javier et a1.l6 measured the formation rate by the 
stopped-flow technique and confirmed that equi- 
librium was reached within a few seconds. We have 
already reported that the rate of formation is not 
much retarded by the presence of alcohol.’ 
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The rate of formation is important for deciding the 
length of reaction coil needed to allow molybdo- 
phosphate to be formed quantitatively. The rate in 
20% acetonitrile medium was therefore determined. 

A 2-ml portion of O.lM Mo(VI)/2.4M HCl/40% 
acetonitrile mixture was placed in a l-cm quartz 
cuvette and brought to the desired temperature, then 
2 ml of 6 x 10w4M phosphate (at the same tem- 
perature) were added and quickly mixed in, care 
being taken to avoid production of air-bubbles. At 
the same time a stop-watch was started, and the 
absorbance at 420 nm was recorded as a function of 
time, and corrected for the reagent blank. 

Figure 4 shows that at temperatures below -2o”, 
only the “ordinary” species is formed, but at higher 
temperatures a little “extraordinary” species is ini- 
tially formed but rapidly decays. The slight 
differences between the final absorbances are prob- 
ably due to the very short time span, and experi- 
mental error. Increasing the acetonitrile concen- 
tration decreases the rate of conversion of the “ex- 
traordinary” complex, and also results in its initial 
formation even at the lower temperatures. 

Coulometric study 

Suitable potentials for rapid and quantitative elec- 
trolytic reduction of molybdophosphate were found 
from the coulopotentiograms obtained by using flow 
system I. Typical coulopotentiograms for 2 x 10m4A4 
phosphate/O.O5M Mo(VI)/1.2M HCl are shown in 
Fig. 5. Curve (a), for purely aqueous medium, shows 
an ill-defined cathodic wave at around +0.35 V, in 
contrast to curve (b), for 20% acetonitrile medium, 
which gives a well-defined cathodic wave with a 
distinct plateau between +0.41 and f0.29 V. The 
limiting current of 3.22 mA at the plateau shows that 
n = 2, i.e., a 2-electron cathodic reaction is taking 
place. 

Curve (c) is for freshly prepared molybdo- 

b 

-! 
c 

/ 

Potential (Vlvs. Ag-AgCL 

Fig. 5. Coulopotentiograms for molybdophosphate formed in solutions composed of 2 x 10-4M phos- 
phate, 0.05M Mo(VI), 1.2M HCl, and the following amounts of acetonitrile: (a) nil, (b) 20% v/v, and 

(c) 40% v/v. 
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Fig. 6. Dependence of limiting current(s) of molybdo- 
phosphate on acetonitrile concentration. Molybdo- 
phosphate was formed in mixtures of 2 x 10e4M phosphate, 
O.OSM Mo(VI), 1.2M HCl, and various amounts of 
acetonitrile, and its coulopotentiogram was recorded 
W-25 min later. The limiting currents for the main wave (a) 
and the pre-wave (when it appeared) (b), are plotted against 

the aeetonitrile concentration. 

phosphate in 40% acetonitrile medium, measured 
within 30 min of preparation. There are two distinct 
cathodic waves, one at potentials around +0.4V, 
with n = 1, and the other at around +0.3 V, with 
n = 3. That is why it is essential to avoid formation 
of mixtures of the two molybdophosphates when the 
coulometric method is to be used. Coulo- 
potentiograms of type (c) are obtained whenever 
the acetonitrile content exceeds 30% v/v. 

This effect of the acetonitrile concentration is 
summarized in Fig. 6, which clearly confirms the 
interference by the “extraordinary” complex through 
the deviation from n = 2. 

The effect of acidity (hydrochloric acid) on the 
electrolysis was examined with a constant com- 
position of 2 x 10e4M phosphate and 0.05M Mo(V1) 
in the presence and absence of 20% acetonitrile. The 
results are shown in Fig. 7. If 20% acetronitrile 

a 
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Fig. 7. Dependence of the limiting current of molybdo- 
phosphate on HCI concentration in the presence (a) and in 
absence of acetonitrile (b). The complex was formed in 
mixtures of 2 x 10e4M phosphate and O.OSM MO(W) [with 

20% v/v acetonitrile for curve (a)]. 

medium is used, the limiting current is constant over 
the acidity range 1.2-2.1M hydrochloric acid. 

The electrolysis of molybdophosphate should be 
facilitated by high acidity because it proceeds with the 
consumption of hydrogen ions. However, acidities 
high enough to facilitate the electrolysis cause partial 
decomposition of the complex and correspondingly 
diminish the limiting current. Thus, the optimal 
acidity in the absence of acetonitrile is limited to a 
narrow range around 0.6M as shown by curve (6) in 
Fig. 7. These opposing effects of acidity can be 
mitigated by such use of acetonitrile as auxiliary 
solvent. 

Choice of auxiliary solvent 

The interaction between molybdophosphate and 
certain water-miscible organic solvents was first 
pointed out by Bernhart and Wreath,” who observed 
that acetone intensifies the yellow colour of aqueous 
molybdophosphate solutions, and proposed its use in 
the spectrophotometric determination of phosphate. 
Chalmers and Sinclair’* explained the effect as due to 
stabilization of the /I-form by solvation with acetone, 
since they thought that co-ordinated water molecules 
could play a significant role in conversion into the 
Keggin a-form from the /?-form postulated by 
Chalmers.” It is interesting that the B-structure pro- 
posed by Chalmers has been confirmed for tung- 
stosilicic acid.19 Utilizing the effect successfully, Chal- 
mers and Sinclair reported sensitive methods for the 
determination of silicate, phosphate, arsenate and 
germanate,‘* and later for mixtures of phosphate and 
silicate.20 Hal&z and Pungo?’ also used acetone in 
the spectrophotometric determination of phosphorus 
in mixtures with germanium or silicon. We reported22 
that tetrahydrofuran had a similar effect. Unlike 
acetone, tetrahydrofuran is transparent in the ultra- 
violet region, and this makes it possible to use the 
absorption band of molybdophosphate at about 310 
nm, which has a molar absorptivity about ten times 
that at 410 nm. 

Although these solvent effects are extremely 
favourable for phosphate determination, their appli- 
cation has been quite restricted, mainly because of 
spectral interference by isopolymolybdate species, 
and the determination limit for phosphate by the 
spectrophotometric method has remained at a level 
above 10e4M phosphate even with full use of the 
solvent effect. 

Fruchart and Souchay23 found in a voltammetric 
study that molybdophosphate in 50% aqueous di- 
oxan medium gives well-defined cathodic waves. We 
have also observed’ a similar electrolytic reduction in 
20% ethanol medium, resulting in rapid production 
of the corresponding “molybdenum blue”. These 
facts suggested two methods (coulometric, reported 
here, and spectrophotometric, to be reported else- 
where) of highly sensitive determination of phosphate 
by electrolytic reduction of molybdophosphate in 
aqueous organic media. Many organic solvents, such 
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as methanol, ethanol, tetrahydrofuran, dimethyl- 
formamide, dimethylsulphoxide, methoxyethanol 
(methyl cellosolve), dioxan, acetone and acetonitrile, 
are known to intensify the yellow colour of molyb- 
dophosphate solutions, so all of them could be 
proposed as auxiliary solvents for use in the cou- 
lometric method, but several of them are un- 
satisfactory, for various reasons. The first two give 
partial reduction of acidic molybdate solutions dur- 
ing storage; the third and fourth give yellow precip- 
itates when mixed with molybdophosphate at 
acidity > 1N; the fifth is unstable in acid solutions; 
the sixth, seventh, and eighth give slightly irreversible 
coulopotentiograms for molybdophosphate. Ace- 
tonitrile is therefore the best choice. 

It is interesting that 1,2-ethanediol gives neither 
colour enhancement nor improvement of the cou- 
lopotentiograms. This inertness is in striking contrast 
to the effect of methanol and ethanol, but no reason 
for it has yet been found. 

Species of molybdophosphate formed in aqueous and 
aqueous acetonitrile solutions 

Although compositional and structural analyses of 
the “ordinary” and “extraordinary” molybdo- 
phosphate have not yet been performed because of 
the difficulty in isolating them from aqueous ace- 
tonitrile solutions, there can be no doubt that two 
different species are formed. From the spectral char- 
acteristics it seems highly probable that the “ordi- 
nary” species is the so-called cr-modification, which 
has the Keggin structure. 24 It is also probable, from 
the spontaneous and non-reversible conversion of the 
“extraordinary” into the “ordinary” form, that the 
former is the /I-molybdophosphate postulated’8 in 
analogy with /I-molybdosilicate.” The two-step re- 
duction for this form, and the single-step reduction of 
the ordinary form, might also be taken as 
confirmation of the existence of two structures. 
Whether the “extraordinary” form has the 
B-structure postulated by Chalmers” or is a dimeric 

species or an 11-molybdophosphate is a matter for 
conjecture, however. Nevertheless the kinetic sta- 
bilization of the “extraordinary” form by acetonitrile 
resembles the stabilizing effect of acetone on 
fl-molybdosilicate reported by Chalmers and Sin- 
clair,” and may be evidence for existence of a b-form 
of molybdophosphate. 

Determination of orthophosphate in various phos- 
phorus compound 

When the system II is used, each injection of 
phosphate sample gives a current peak with a shape 
essentially the same as that described earlier,’ but 
with improved accuracy for low phosphate concen- 
trations. The present method is applicable to phos- 
phate concentrations ranging from 5 x low6 to 
1 x 10m3M. The coefficients of variation (ten deter- 
minations) for 5 x 10U6 and 1 x 10P4M phosphate 
standards are 3.0 and 0.7x, respectively. 

The method has been applied to the determination 
of orthophosphate present as impurity in several 
phosphorus compounds, and the results are listed in 
Table 1. The results show fair accuracy, with no 
interference from hydrolytic decomposition of the 
matrix phosphorus compounds in the short period 
needed for the analysis. The method is therefore 
particularly suitable for determination of phosphate 
in labile phosphorus compounds. 

The presence of high concentrations of electrolyte 
in the phosphate sample interferes with the cou- 
lometry, however. The interference is relatively seri- 
ous with alkali-metal and neutral salts, but not with 
acids. In practice, the presence of acids in the sample 
is tolerable up to around 3M concentration, whereas 
the concentration of salts should be less than O.lM. 
The mechanism of the interference is not fully under- 
stood, but it seems that the cations of the salts form 
insoluble compounds with the “molybdenum blue” 
which temporarily cover the electrode surface and 
inhibit further electrolysis. This interference, how- 
ever, will not often arise with ordinary phosphate 

Table I. Recovery of othophosphate present in solutions of various phosphorus compounds 

Orthophosphate, IOm5M 
Electrical 

Concentration, charge used,* Total Recovery, 
Compound mM mC Added found % 

Sodium phosphite 10 < 0.02 0 <O.l - 
10 0.96 5.0 5.0 100 

Sodium triphosphate 10 6.64 0 34.4 - 
10 7.68 5.0 39.8 108 
10 8.70 10.0 45.1 107 

Adenosine-5’-triphosphate 1 2.34 0 12.1 - 
1 3.51 5.0 18.2 122 

D-Glucose-6-phosphate 1 1.37 0 7.1 - 
1 2.36 5.0 12.0 98 

Sodium monomethylphosphate 6 0.39 0 2.0 
6 1.34 5.0 6.9 98 
6 2.26 10.0 11.7 97 

Sodium dimethylphosphate 4 < 0.02 0 < 0.1 
4 0.96 5.0 4.9 98 

Sodium monomethylphosphonate 4 < 0.02 0 <O.l - 
4 0.99 5.0 5.1 102 

*Mean of three replicates. 
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samples, and can be easily dealt with by removal of 
the cations by suitable pretreatments. 
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Summary-Two multichannel image detectors, a vidicon and a silicon photodiode array, were investigated 
for their performance as detectors in ultraviolet-visible absorption spectroelectrochemicl experiments. 
Their spectral band-pass, dispersion, dynamic range, and precision of absorbance measurements were 
compared. o-Tolidine was used as a model compound to study their performance in a spectro- 
potentiostatic experiment using an optically transparent thin-layer electrode. Both detectors performed 
well, but the silicon photodiode array had twice the spectral resolution and dynamic absorbance range 
of the vidicon detector. 

The combination of two different analytical tech- 
niques, electrocliemistry and spectroscopy, has 
proved to be an effective approach for studying the 
oxidation-reduction chemistry of many different 
types of molecules. This technique, “spectroelectro- 
chemistry,” was developed to obtain more informa- 
tion about the nature of processes occurring at the 
electrode surface. Since Kuwana et al.’ first demon- 
strated the feasibility of obtaining spectra at an 
optically transparent electrode, spectroelectro- 
chemistry has been used to study the redox chemistry 
of both inorganic and organic compounds, including 
biological molecules. The types of information that 
can be obtained include (1) the spectra of electro- 
generated species, (2) the formal potentials of electro- 
active species, (3) the number of electrons involved in 
the redox reaction, and (4) optical monitoring of 
preceding or subsequent chemical reactions. 

A variety of optical methods have been coupled 
with electrochemical techniques. The most commonly 
used is absorption spectroscopy.‘,’ The optical sys- 
tems used in ultraviolet-visible absorption spec- 
trophotometry range from fixed-wavelength systems 
to rapid-scanning systems designed to record an 
absorption spectrum over a broad wavelength region. 
The first rapid-scanning spectrometer employed in 
spectroelectrochemical experiments used a mechani- 
cally driven oscillating mirror to scan the spectrum 
past the exit slit to the photomultiplier tube.3 Another 
approach to monitoring a broad wavelength region is 
the use of multichannel detection systems. Multi- 
channel detectors which simultaneously monitor all 
the dispersed radiation offer either of two advantages 
over single-channel detection systems. They can pro- 
vide rapid data collection, or an improved signal-to- 
noise ratio proportional to the square root of the 
number of spectra taken.ti Multichannel detectors 
use multiple detectors to monitor spatially separated 

discrete channels. The photographic emulsion is one 
example. Another is an array of photomultiplier 
tubes (PMT). This provides good sensitivity and 
rapid response, but the number of channels is phys- 
ically limited by the size of the PMT. 

Two other types of multichannel detectors com- 
mercially available are the vidicon detector and the 
self-scanned linear silicon-photodiode array detector. 
The use of a vidicon detector in the spectro- 
electrochemical study of molten salts has been 
reported.’ Kadish and co-workers have reported the 
use of a silicon-photodiode array detector in the 
spectroelectrochemical study of metalloporphyrins.8~g 

The vidicon detector is a two-dimensional array of 
photodiodes spaced 8-l 5 pm apart on a single silicon 
wafer. A continuously scanning electron beam presets 
all the diodes to an equal reversed-bias potential. 
Absorption of photons creates electron-hole pairs in 
the diodes, and these pairs combine to deplete the 
surface charge. When the electron beam scans over a 
partially depleted area, a recharging current flows 
which is proportional to the number of electron-hole 
pairs and thus the number of photons incident on the 
diode. This “electrical” spectrum image is stored in a 
digital memory and can be quantitatively transmitted 
to a display monitor or processed further. The useful 
wavelength region of the vidicon detectors is about 
300-l 100 nm. For work in the ultraviolet, a scintil- 
lator coating is added to the vidicon face. This 
coating is transparent to visible light, but converts 
ultraviolet radiation into visible wavelengths which 
can be detected.‘O 

The silicon-photodiode array detector differs from 
the vidicon detector in two respects. First, it is a 
one-dimensional array of discrete reversed-bias pho- 
todiodes. Secondly, after being discharged by 
photon-generated electron-hole pairs the photo- 
diodes are recharged electronically rather than by a 
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Fig. 1. Diagram of spectroelectrochemistry instrumentation. 

scanning electron beam. The change in voltage on the 
video line is amplified, digitized, and transmitted as 
data for display or storage.” 

Two multichannel image detectors, a vidicon and 
a silicon-photodiode array detector were studied for 
their suitability as detectors for ultraviolet-visible 
absorption spectroelectrochemistry. The resolution, 
dispersion, precision, accuracy and dynamic range of 
each system were determined. o-Tolidine was used as 
a model compound to test each system’s performance 
and optimize the parameters for spectroelectro- 
chemical experiments. 

EXPERIMENTAL 

A block diagram of the instrumentation is shown in Fig. 
1. The potential of the electrochemical cell was controlled 
with a commercially available potentiostat. The two de- 
tectors used were a silicon intensified-target vidicon, Model 
1254, and a silicon-photodiode array, Model 1412, both 
manufactured by EG&G, Princeton Applied Research Cor- 
poration.* The data collection and storage were controlled 
with an OMA-2 PARC system processor. The components 
were secured on an optical bench to facilitate and maintain 
alignment. A xenon arc lamp was used for work in the 
ultraviolet and near ultraviolet, and a tungsten lamp for the 
visible region. 

The 0.25-m polychromator is designed to be used with 
multichannel detectors. Instead of an exit slit, the instru- 
ment has an exit port on which the detector is mounted. The 
range of dispersed radiation focused on the detector is 
varied by changing the grating. Four different gratings were 
used in the polychromator: 150, 300, 600, and 1200 
grooves/mm. 

After passing through a pinhole, the light-beam is col- 
limated with a 16-mm focal length S-mm diameter quartz 
lens. This beam impinges on the sample and the transmitted 
beam is then focused onto the entrance slit of the poly- 
chromator, with a 60-mm focal length 25mm diameter 
quartz lens. 

*In order to describe experimental procedures adequately, 
it is occasionally necessary to identify commercial 
products by manufacturer’s name or label. In no 
instance does such identification imply endorsement by 
the National Bureau of Standards nor does it imply that 
the particular products or equipment are necessarily the 
best available for that purpose. 

RESULTS AND DISCUSSION 

Detector characteristics 

Absorption measurements. The spectrophotometric 
system is a single-beam instrument. The data col- 
lected from the detector give the transmission spec- 
trum of the sample. Three measurements are made 
for calculation of the absorbance (A) by the equation 

where Z,, is the intensity of the incident radiation, Z is 
that of the transmitted radiation, and Id that of the 
dark current. Z, and Z are measured by recording the 
transmission spectra of the reference and sample 
solutions, respectively. The dark current is measured 
by blocking the source beam to the polychromator 
and recording a spectrum. These three spectra are 
taken in succession and recorded in floppy disk 
memory. The absorption spectrum calculated from 
the stored transmittance spectra is also stored in disk 
memory and can be displayed on the instrument’s 
CRT or plotted on an X-Y recorder. 

It is possible to vary the data-acquisition time of 
multichannel image detectors. Little improvement in 
the signal-to-noise ratio (SNR) of the absorption 
measurement can be achieved by signal-averaging 
many scans of the spectra. This is because the major 
source of noise is not white noise but rather drift in 
the source intensity and also some drift in the de- 
tector dark current. Therefore, the data-acquisition 
time was kept short to minimize errors due to 
drift.‘*l” For the silicon-photodiode array detector, 
the acquisition time was 16.5 msec for a single 
spectrum (1024 diodes). Ten scans were accumulated 
(0.165 set). The vidicon detector was set at 40 msec 
per 5 12 channels. One hundred scans were used, 
giving an acquisition time of 4.05 sec. 

Wavelength calibration. A 4% holmium oxide solu- 
tion in 1.4M perchloric acid was used to calibrate 
the wavelength scale. Matched quartz l.O-cm cells 
were used. The OMA-2 software has a function for 
calibrating the wavelength scale if at least four 
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Table 1. Spectral band-pass and dispersion for vidicon and silicon-photodiode array 
detectors 

Spectral Spectral 
Grating, band-pass, Dispersion, window, 
grimm ?lm nm/chamel nm 

Vidicon 150 2.4 0.6 300 
300 1.5 0.3 145 
600 0.7 0.14 70 

1200 0.5 0.07 33 
Silicon-photodiode array 300 1.2 0.3 300 

600 0.7 0.14 145 
1200 0.3 0.07 70 

known wavelengths are entered in it. The wavelength 
values for the absorption peaks of hohnium oxide 
solution are published by the American Society for 
Testing and Materials.14 

Spectral band-pass and dispersion. The spectral 
window, that is, the range of wavelengths simulta- 
neously viewed by the arrays, can be varied by using 
gratings of various dispersions. A low-pressure mer- 
cury lamp was used as a line source to measure the 
spectral band-pass and dispersion of the system with 
different gratings. The spectral band-pass values in 
Table 1 were obtained by measuring the peak width 
at half-height for several mercury lines.” The dis- 
persion values were determined by measuring the 
number of channels between the mercury lines. A 
25-pm entrance slit was used in all experiments. 

The vidicon detector face is 12.5 x 12.5 mm, with 
the data collected into a 5 12 x 5 12 array. The silicon- 
photodiode array detector (SPD) is 25 mm wide and 
2.5 mm high, with 1024 discrete photodiodes col- 
lecting the data. Since the SPD contains twice as 
many data-acquisition units for a given spectral 
window, it has twice the resolving power of the 
vidicon. This is graphically illustrated in Figs. 2 and 
3, where the small side peak on the 416.3-nm absorp- 
tion band of holmium oxide is better resolved by the 
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SPD detector than by the vidicon detector, with the 
same grating. 

The theoretical resolution of an optical system is 
given by the equationI 

A& = Rd( W, + W,) (2) 

where Ad, is the complete resolution for two slit 
functions, Rd is the reciprocal linear dispersion, and 
W, and W, are the entrance and exit slit-widths, 
respectively. For the array detectors, the exit slit- 
width has been taken to be that of one detector 
element, 25 pm for both detectors. From the experi- 
mentally determined linear dispersion, the theoretical 
resolution for both detectors, with the 1200 
grooves/mm grating, is 0.15 nm. The observed spec- 
tral band-pass of 0.3 nm for the SPD is the limiting 
resolution of the polychromator. 

Dynamic range. Cobalt(I1) nitrate solutions in 
O.lM perchloric acid were used to determine the 
absorbance range over which Beer’s law is obeyed. 
Absorbance measurements were made at the 512 nm 
absorption band maximum. Absorbance vs. concen- 
tration plots were linear from 0 to 1.0 absorbance for 
the vidicon detector and from 0 to 2.0 absorbance for 
the SPD. Talmi13 has reported linearity up to 4.0 
absorbance for the SPD detector. The range of O-2.0 
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Fig. 2. Absorption spectrum of 4% holmium oxide solution in perchloric acid (vidicon detector). 
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Fig. 3. Absorption spectrum of’ 4% holmium oxide solution in perchloric acid (silicon-photodiode array 
detector). 

determined is that for the combination of detector filters. Figure 4 shows the transmission spectrum of 
and polychromator; therefore, the dynamic range of a 410-nm band-pass filter for the visible region. On 
this system is presumably limited by the poly- subtraction of the dark-current signal from the trans- 
chromator. mission spectrum, no significant transmission is seen 

Stray radiation 
outside the band-pass region. These experiments were 
repeated with the xenon lamp source. Again, no 

A simple check for excessive amounts of stray measurable stray radiation in the visible region was 
radiation was made, with several different band-pas; observed. 

T ‘, + transmission + dark curr*nt 

[loooco”“+s 
c tronsmiasion-dark current 

WAVELENGTH (nm) 

Fig. 4. Transmission spectrum for 410-nm band-pass filter. 

5 7 
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Spectroelectrochemistry of o-tolidine 

o-Tolidine was used as a model compound to 
evaluate the system’s performance for spectro- 
electrochemical experiments. The electrochemical 
behaviour of o-tolidine is well definedI and its 
spectroelectrochemical behaviour in a thin-layer cell 
has also been reported.” o-Tolidine exhibits electro- 
chemically reversible behaviour at pH < 2, with a 
single oxidation product having an absorption max- 
imum at 437 nm. The reduced form does not absorb 
in the visible region. The formal potential and num- 
ber of electrons transferred for a redox reaction can 
be calculated from information obtained in a “spectro- 
potentiostatic” experiment. In this type of experi- 
ment, a potential is applied to the optically trans- 
parent thin-layer electrode (OTTLE). When equi- 
librium has been reached, the absorption spectrum is 
recorded. In an electrochemical cell, the ratio of 
oxidized to reduced form of a reversible electroactive 
species is controlled by the potential applied to the 
working electrode, as defined by the Nernst equation: 

E =E”‘+0.0591,-,g[Ol applled 
[RI ’ n (3) 

In the OTTLE, the potential applied to the working 
electrode controls the concentration ratio of the 
redox couple in the light-path, owing to the thin-layer 
configuration of the ce~ll.‘~ 

Figure 5 shows the absorption spectra of o-tolidine 
in a gold minigrid OTTLE at various applied poten- 
tials, recorded by use of the vidicon detector. At + 0.8 
V vs. an Ag/AgCl reference electrode (a), the solution 

in the OTTLE is completely oxidized ([O]/[R] > 
1000). At + 0.4 V (b), complete reduction is obtained 
([O]/[R] < 0.001). The intermediate spectra corre- 
spond to applied potentials between +0.8 and 
+ 0.4 V vs. Ag/AgCl. 

The absorbance at 437 nm reflects the concen- 
tration of the oxidized species in the OTTLE. By use 
of Beer’s law, the ratio of oxidized to reduced species 
at each applied potential can be calculated according 
to the equation” 

&l--A, PI p- 
A,-A,-[RI (4) 

where A, is the absorbance when the species is 
completely oxidized, A, is the absorbance when the 
species is completely reduced, and A,,, is the absorb- 
ance for a mixture of the oxidized and reduced forms 
(see Appendix). 

A plot of log [O]/[R] vs. Eamlid for o-tolidine, as 
calculated from the absorbance spectra shown in Fig. 
5, is linear as predicted by the Nemst equation. The 
slope of the plot is 29.5 mV, which corresponds to 
n = 2.0, and the intercept is 0.621 V vs. Ag/AgCl, the 
calculated formal potential of the redox system. 
These values agree well with previously reported 
data.” 

The electrochemical cell used is the same as that 
reported by Murray et al.= Spectra were recorded 
after complete electrolysis at each potential and, in a 
typical experiment, about eight different potentials 
were applied to the electrode. Stepwise conversion 
from oxidized into reduced form in this manner takes 
about 45 min, and in this time there is a shift in the 
base-line of the absorption spectra. This can clearly 

E Oppji*d vs* log ([Ol)/([Rl) 

Fig. 5. Absorption spectra of 0.2 mM o-tolidine, pH < 2, in an OTTLE at various applied potentials. 
Insert: Nemst plot of spectra shown. 
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Fig. 6. Absorption spectrum of a 0.3 absorbance neutral 
density filter (vidicon detector and tungsten light-source). 
Tungsten light-source maximum set at (a) 13,000 counts and 

(b) 9400 counts. 

be seen in Fig. 5 and is a result of drift in source 
intensity. Since Z, is recorded once, at the beginning 
of the experiment, no compensation is made for 
changes in source output during the experiment. To 
alleviate this problem, a cell holder was constructed 
which would hold two OTTLEs, one for a reference 
and the other for the sample solutions. By recording 
the transmission spectra of the sample and reference 
OTTLEs within 20 set of each other, it was possible 
to reduce the base-line drift (calculated as absorb- 
ance) from 0.02 to 0.005. 

Spectropotentiostatic experiments were made for 
o-tolidine concentrations ranging from 0.01 to 
2.0mM. Both the xenon and tungsten lamps were 
used as sources, and the vidicon and silicon- 
photodiode array as detectors. Table 2 is a summary 
of the results, which are in good agreement with 
previously published data.” 

One problem encountered with the vidicon de- 
tector is non-linearity of response of the photodiodes 
between very low and very high light-levels. The 
detector digitizes the light intensity detected in each 
channel, in units of “counts,” with light levels above 
16383 counts/channel saturating the detector. To 
obtain the largest dynamic range for the absorbance 
measurements, the source was set to give the max- 
imum number of counts without saturating the de- 
tector. The absorption spectra for concentrated o- 
tolidine solutions show that when the xenon emission 

Table 2. Values of E”’ and n for o-tolidine 

E”‘. V vs. SCE n + s.d. 

Xenon light-source 
Vidicon detector 
Tungsten light-source 
Vidicon detector 
Tungsten light-source 
Linear photodiode array 

0.618 * 0.009 1.9*0.1 

0.614 k 0.008 1.9*0.1 

0.611 k 0.008 1.9*0.1 

Previously reported values ” 
Spectroelectrochemistry 0.614 1.9 
Cyclic voltammetry 0.608 f 0.006 
Coulometry 2.0 * 0.11 

Table 3. Precision of absorbance measurements (o-tolidine, OTTLE 
cell) 

Concentration, Mean Standard 
Detector mM absorbance deviation 

Silicon-photodiode 1.0 0.244 0.002 
array 

Silicon-photodiode 0.1 0.023 0.002 
array 

Vidicon 0.1 0.0297 0.001 
Vidicon 1.0 0.3ooo 0.0004 

lines do not produce equal detector response in the 
spectra used for obtaining Z, and Z, the non-linear 
response results in appearance of feature lines in the 
calculated absorption spectrum. These are most pro- 
nounced at the highest absorbances. At low absorb- 
antes, where the absolute difference between Z, and Z 
is small and the detector response is more uniform, 
this effect disappears. 

To minimize this problem, a tungsten light-source 
was used for work in the visible region. The tungsten 
source has a smoother emission pattern than the 
xenon source, but has its own limitations. Figure 6 
shows absorption spectra obtained for a 0.3 absorb- 
ance neutral density (ND) filter. Curve b is the 
absorption spectrum when the maximum of the tung- 
sten source was set to 9400 counts. Curve a is the 
spectrum when the tungsten source maximum was set 
to 13000 counts. The profile of the dip in curve a 
corresponds to the inverse of the emission profile of 
the tungsten source. The effect is analogous to that of 
stray light. It was found that this behaviour was 
obtained for detector counts over 10000. At less than 
10,000 counts, an absorbance of 0.300 f 0.002 was 
obtained for the ND filter over the wavelength range 
404668 nm. This phenomenon was not observed for 
the SPD detector which gave a value of 0.302 k 0.002 
over the same wavelength region for any number of 
counts up to 14000. 

Precision of absorbance measurements 

o-Tolidine has a high molar absorptivity, making 
its study in a very short path-length cell 
(0.05-0.2 mm), such as the OTTLE, a relatively easy 
task. However, many compounds of interest have 
much more weakly absorbing oxidized or reduced 
species. It was, therefore, desirable to determine with 
what precision the absorption measurements could be 
made. 

There are several possible sources of uncertainty in 
the spectroelectrochemical absorption measurement. 
The final absorbance value is calculated from mea- 
surements of (1) the reference transmission spectrum, 
(2) the sample transmission spectrum, and (3) the 
dark current. Each of these measurements involves 
some inherent uncertainty. Drift in the source in- 
tensity and dark current are additional sources of 
uncertainty. Another major source of uncertainty is 
the reproducibility of placement of the sample and 
reference cells in the light-beam. Uncertainties re- 
sulting from source and dark-current drift were min- 
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imized by recording the two spectra and the dark 
current in as rapid succession as possible. The sample 
holder was secured to an optical stage and a guide bar 
and stops were used to ensure ~pr~u~ble placement 
of the sample and reference cells. 

The precision of the measurements with the vidicon 
and silicon-photodiode array detectors was deter- 
mined. A 0.1 mM solution of o-tolidine in 1M 
perchloric acid/024 acetic acid was placed in the 
OTTLE, and a potential of +0.8 V t)s. SCE was 
applied to the cell. After complete electrolysis, repet- 
itive absorption measurements were made. The re- 
sults are shown in Table 3. The precision of mea- 
surements with the vidicon is somewhat better than 
that with the silicon-photodiode array, especially for 
larger signals. 

CONCLUSIONS 

The vidicon and silicon-photodiode array detectors 
provide a rapid means of obtaining absorption spec- 
tra in the ultraviolet-visible region. The measurement 
precision of these detectors makes them suitable for 
use in spectroelectrochemical analysis. Errors due to 
source drift can be minimized by obtaining sample 
and reference spectra in rapid succession. One im- 
provement that could be made is to make the system 
double-beam. This could be accomplished by split- 
ting the source-beam to pass through both the sample 
and the reference cell and triggering the detector to 
record these spectra alternately. Both detectors per- 
form well in spectropotentiostatic experiments, with 
minimal differences. The vidicon detector has greater 
precision by a factor of two, but the silicon- 
photodiode array has twice the resolution for equal 
spectral windows. With the polychromator used in 
this system, the dynamic range of the silicon- 
photodiode array detector for absorbance mea- 
surements is twice that of the vidicon detector. The 
two-dimensional array of the vidicon detector will 
make it more useful for kinetic studies, where time- 
resolved spectra can be recorded in rapid succession 
on specific areas of the detector. 

APPENDIX 

Derivution of equation (4) 

Let 
4 =%&&I 
4, = @[RJ + @‘[oJ 
& = EOWJ 

where b is the path-length and E the molar absorptivity for 
the species indicated by subscript (t = total; m = measured); 
also let 

[RJ + lGJ = [&I = [Ql 

i.e., the sum of the concentrations of R and 0 at inter- 
mediate potentials must equal the total concentration of R 
or 0. 

Then 
4, - 4 _ @%I + %4GJ - +[R,I 
4-4, %W’,~-G@J-E~~PJ 

and cancelling b and rearranging gives 

4, -4 _ MLJ - [RJ) + EoIOJ 
4, - 4, dPJ - PJ) - dRJ 

SillCe 

fRJ-[RJ= -[OJ and PJ-PJ=RJ 

_ - E,PJ + d&J Am-4 
4-A, Eo[&nl- hi%1 

PJ 
=Ei 
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CATALYTIC DETERMINATION OF MOLYBDENUM(V1) 
BY MEANS OF AN IODIDE ION-SELECTIVE 

ELECTRODE AND A LANDOLT-TYPE HYDROGEN 
PEROXIDE-IODIDE REACTION 
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Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo, Japan 
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Summpry--A trace amount of molybdenum(W) can be determined by using its catalytic effect on the 
oxidation of iodide to iodine by hydrogen peroxide in acidic medium. Addition of ascorbic acid added 
to the reaction mixture produces the Landolt effect, i.e., the iodine produced by the indicator reaction 
is reduced immediately by the ascorbic acid. Hence the concentration of iodide begins to decrease once 
all the ascorbic acid has been consumed. The induction period is measured by monitoring the 
concentration of iodide ion with an iodide ion-selective electrode. The reciprocal of the induction period 
varies linearly with the concentration of molybdemun(V1). The most suitable pH and concentrations of 
hydrogen peroxide and potassium iodide are found to be 1.5, 5 and IOmM, respectively. An appropriate 
amount of ascorbic acid is added to the reaction mixture according to the concentration of molyb- 
denum(W) in the sample solution. A calibration graph with good proportionality is obtained for the 
molybdenum(V1) concentration range from 0.1 to 160pM. Iron(III), vanadium(IV), zirconium(IV), 
tungsten(VI), copper(I1) and chromium(V1) interfere, but iron(II1) and copper(I1) can be masked with 
EDTA. 

Many metal ions have been determined by catalytic 
methods, usually by calorimetric methods.‘-‘0 
Recently, polarography,“,‘* potentiometry,‘S’6 
amperometry’7-‘9 and ion-selective electrodes2h26 
have been used in measurement of the reaction rate. 
We have reported the use of ion-selective electrodes 
in the trace determination of molybdenum(VI),*’ 
tungsten(V1);’ iron(III)** and zirconium(N),** which 
all catalyse the oxidation of iodide to iodine by 
hydrogen peroxide. 

Many methods based on the Landolt reaction*’ 
have been developed, with use of colorimetry:“34 
fluorimetry, 30*35 photometry36 and potentiometry36 for 
determination of the induction period. 

The present paper describes the application of the 
Landolt reaction to the microdetermination of 
molybdenum(V1) by means of its catalytic effect on 
the hydrogen peroxide-iodide reaction, monitored 
with an iodide ion-selective electrode. 

THEORETICAL CONSIDERATIONS 

The indicator reaction used proceeds according to 
the stoichiometry 

H202+31- +2H+-+I; +2H20 (1) 

but by two paths, only one of which involves hydro- 
gen ions. In the presence of molybdenum the rate of 

*Present address: Hakodate Technical College, Tokura- 
cho, 226, Hakodate, Japan. 

consumption of hydrogen peroxide can be described 
by3’ 

- v = (k, + k2c,,)[H202][I -1 

+ @3 + kd%WI - IW + 1 (2) 
where cMO is the analytical concentration of molyb- 

denum, k, and k3 the rate coefficients of the un- 
catalysed reactions, and k2 and k4 those of the 
catalysed reactions. 

To achieve the Landolt effect, ascorbic acid is 
added to the reaction mixture. The &i-iodide ions 
produced in reaction (1) are immediately reduced by 
the ascorbic acid, with release of the same number of 
hydrogen ions as those consumed in reaction (1): 

C6H80, + I; -+ C,H,O, + 31- + 2H + (3) 

Thus, both the iodide and hydrogen-ion concen- 
trations remain constant so long as ascorbic acid is 
present. With the notation 

k,, = k,[I-]+ k3[1-][H+] 

and 

k,, = k,[I-I+ k,[I-][H+] 

the rate equation can be written as 

(4) 

(5) 

- v = (k,, + kcatcMo)[H20J (6) 

This rate equation can be integrated by considering 

941 
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that when the reagents are mixed (t = 0), 
[H,O,] = [H202],,, and at the end of the induction 
period (t = ti), [H202] = [H202],, - [C6H,0s],, (the sub- 
script zero indicates an initial concentration), and this 
leads to the expression: 

1 k,, + kca,cMo -= 

t In 
F-V% 

= a + bcMo (7) 

W,OA, - EJ-40~10 

Hence plotting the reciprocal of the reaction time 
against molybdenum concentration gives a straight- 
line calibration graph. 

The concentration of iodide begins to decrease 
when all the ascorbic acid has been consumed. The 
time required for the complete consumption of as- 
corbic acid (the induction period) is determined by 
recording the potential of the iodide-ion selective 
electrode as a function of time. 

EXPERIMENTAL 

Apparatus 

Potential measurements were made with a Toa HM-7A 
pH-meter, an I-125 iodide ion-selective electrode, and an 
HC-205C saturated calomel electrode, and a Hitachi 056 
recorder. 

Reagents 

Hydrogen peroxide solution, 0.1 M. Dilute 11.0 g of 30% 
H,O, solution to 1 litre with water, standardize io- 
dometrically and store in a dark bottle in a refrigerator. 

Potassium iodide stock solution, 1M. Dissolve 166.0 g of 
analytical-reagent grade potassium iodide in 1 litre of water, 
standardize by potentiometric titration with silver nitrate 
and store in a dark bottle. 

Ammonium molybdate stock solution, lO.OmM. Dissolve 
1.766 g of analytical-reagent grade (NHJ,Mo,O,.4H,O in 
1 litre of water, and standardize by adding excess of O.OlM 
EDTA and back-titrating with O.OlM lead nitrate, at pH 5 
(Xylenol Orange as indicator). 

Ascorbic acid solution, O.OlM. Dissolve 0.3523 g of 
analytical-reagent grade ascorbic acid in 200 ml of water, 
just before use. A O.lM solution is prepared analogously, if 
required. 

The water used in this study was demineralized and then 
distilled twice. 

Procedure 

To a 50-ml standard flask containing 5 ml of O.lM 
hydrogen peroxide add 4 ml of 1M hydrochloric acid and 
5 ml of 1M potassium chloride and dilute to the mark 
(solution A). To another 50-ml flask containing 0.5-770 pg 
of molybdenum(V1) (in the sample solution) add 10 ml of 
O.lM potassium iodide and 10 ml of 1OmM or 3 ml of 
1OOmM ascorbic acid solution and dilute to volume (solu- 
tion B). Bring both solutions to 25” in a thermostat, then 
transfer solution A into a 200-ml tall beaker in the thermo- 
stat, and insert the iodide ion-selective electrode and the 
SCE. When the e.m.f. of the electrode combination is stable, 
rapidly pour solution B into the beaker and at the same time 
switch on the recorder. The e.m.f. recorded will remain 
constant until all the ascorbic acid has been consumed, and 
then become more positive as the iodide concentration 
decreases. 

PH 

Fig. 1. Effect of pH on l/t. [H202] = 5.OmM, [KI] = 
lO.OmM, [Asc] = 1 .OmM, temperature = (25 + 0.5)“C. 
A: [Mo(VI)] = 5.0pM, B: blank, C: difference of the recip- 

rocal of induction period, (A - B). 

RESULTS AND DISCUSSION 

Effect of pH 

With fixed concentrations of potassium iodide, 
hydrogen peroxide, ascorbic acid and molyb- 
denum(VI), the pH of the reaction mixture was varied 
by addition of various volumes of 1M hydrochloric 
acid and 1M potassium chloride. As shown in Fig. 1, 
the reciprocal of the induction period increases with 
decreasing pH (curve A). As the indicator reaction 
also proceeds slowly without catalyst (curve B), the 
net value is obtained by difference (curve C). The 
most suitable pH is 1.5, because the blank value 
increases at pH lower than 1.4. 

Effect of hydrogen peroxide concentration 

The net value of the reciprocal of the induction 
period is constant over the peroxide concentration 
range 2-10mM (Fig. 2) so a concentration of 5mM 
is selected as convenient and giving wide tolerance. 

Eflect of iodide concentration 

As shown in Fig. 3, the net value of the reciprocal 
of the induction period increases with increasing 
iodide concentration, but the blank value increases 
rapidly when the concentration is higher than lOmM, 
and this is chosen as the most suitable concentration. . 
I$_, 

0.4 

i 
.; I 

.‘&I\ c 
0.2 

i 
. 

0 
+-\ o 

2 
-log CH,&l 

Fig. 2. Effect of the concentration of hydrogen peroxide on 
l/t. [KI] = lO.OmM, pH = 1.5, [Asc] = 1 .OmM, 
temperature = (25 + O.S)‘YZ. A: [Mo(VI)] = 5.O@f, B: 
blank. C: difference of the reciprocal of induction period, 

(A - I$. 
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Fig. 3. Effect of the concentration of potassium iodide on 
I/t. [H,O,J = 5.OmM, pH = 1.5, [Asc] = 1 .OmM, 
temperature = (25 k O.S)‘C. A: [Mo(VI)] = 5.O/rM, B: 
blank, C: difference of the reciprocal of induction period, 

(A - B). 

Eflect of ascorbic acid concentration 

The induction period is proportional to the as- 
corbic acid concentration in the range from 0 to 
3mM. The most suitable ascorbic acid concentration 
varies from 1 to 3mA4, depending on the molyb- 
denum(V1) concentration, because if too much is 
added, relative to the molybdenum(VI), the induction 
period is too long, but if too little is added the error 
is increased. 

Calibration graph 

The electrode potential us. time curves for various 
catalyst concentrations in the range from 5 to 1OOpM 
are shown in Fig. 4. The arrows indicate the ends of 
the induction periods. The calibration plots of recip- 
rocal of the induction period against concentration of 
molybdenum(VI) are linear over the concentration 
ranges (a) from 1 to 16OpLM, and (b) from 0.1 to 
2.0@ (with a lower ascorbic acid concentration in 
the reaction mixture). The regression equations (and 
the 95% confidence limits) are: 

(a) f = (6.64 f 0.07) x l@[Mo(VI)] 

+(5.61 + 0.07) x 1O-2 

Table 1. Effect of diverse ions 

IOll 

Concentration, 
MM 

Error in [Mo(VI)J 
found, 9/, II 

ww 0.05 +3.2 
VUV) 3 +5.1 
Cr(VI) 0.5 -4.4 
Cr(II1) 1000 +6.9 
Zr(IV) 10 +5.3 
Ca(II) 10000 -2.4 
Mg(II) 20000 0.0 
Fe(II1) 1 f9.2 
Fe(III)* I +0.5 
Fe(III)t 10 +1.6 
Zn(I1) 10000 +0.5 
Cu(I1) 10 + 5.2 
Cu(II)$ 10 +2.0 
Mn(I1) 5000 -3.2 

IMo(VI)] = l.OpM, [KI] = lO.OmM, [H,O,] = 5.0mM. [Asc] = 
I.OmM, temperature = (25 &- 0.5pC. 

*EDTA 3.0pM. 
tEDTA 100pM. 
BEDTA I .OmM. 

- 0 

t tmin) 

Fig. 4. Potential change of iodide ion-selective electrode 
with time. [H202] = 5.OmM, pH = 1.5, [Asc] = 3mM, 
temperature = (25 + 0.5)“C. [Mo(VI)]: A, 5; B, 10; C, 30; D, 
50; E, 100yM. Arrows show the appearance of the 

starch-iodine colour. 

(b) f = (2.01 + 0.01) x lti[Mo(VI)] 

+(9.7 _+ 6.3) x 1O-3 

where (a) is for 3.0mM ascorbic acid (b) for l.OmM 
ascorbic acid; t is in set, and [Mo(VI)] in mole/l. 

Alternatively, the tangent method2’-26 can be used, 
the rate of potential change after the induction period 
being plotted against the concentration of catalyst, 
but the rate of change for molybdenum(V1) concen- 
trations <2pM is too low to be useful. The induction 
period method is more than 20 times as sensitive as 
the tangent method. 

Interferences 

Since some other metal ions also catalyse the 
indicator reaction, their interference in the deter- 
mination of 1pM molybdenum(V1) was tested and is 
summarized in Table 1. Triplicate measurements 
were made in the presence and absence of inter- 
ferent. Iron(III), vanadium(IV), zirconium(IV), 
tungsten(VI), copper(I1) and chromium(V1) interfere, 
but the effect of iron(II1) and copper(I1) can be 
reduced by masking with EDTA. 
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LIQUID-STATE MEMBRANE ELECTRODE 
SENSITIVE TO BISMUTH(II1) 
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Summary-A liquid ion-exchange electrode containing a tetrachloraethane solution of the complex of 
bismuth(II1) with 5-mercapto-3-(naphthyl-1)-1,3,4-thiadiazol-2-thione is described. The electrode is 
sensitive to Bi3+. The slope of the calibration graph (electrode potential us. concentration) is 18.7 mV/pBi 
in the pBi range 6.5-9.5 in ammonium acetate buffer (pH = 4.0). Bivalent cations and Al(III), Fe(II1) and 
Th(IV) do not interfere (KBi,+,MZ+ < 10-q. The dissociation constant of bismuth acetate has been 
determined with the aid of the electrode. 

Ion-selective electrodes, with both solid and liquid 
membranes, have been shown to be satisfactory for 
univalent and bivalent cations as well as for some 
anions. Experience with electrodes sensitive to higher 
valency cations shows that the major difficulty lies in 
finding a suitable membrane material. Only a few 
attempts have been made to use liquid membrane 
systems in the preparation of electrodes sensitive to 
Fe(III),’ Cr(III), La(II1) and Th(IV).2 Several elec- 
trodes sensitive to anionic halide-complexes of the 
type MX;, e.g., FeCl; ,3-S A&l; ,M BiI; ,I0 have been 
described. 

In this paper, we describe an ion-selective electrode 
with liquid membrane, sensitive to bismuth cations. 
A solution of the complex of bismuth(III) with 
Bismuthiol III is used as liquid ion-exchanger in this 
electrode. Bismuthiol III [5-mercapto-3-(naphthyl-2)- 
1,3,4-thiadiazolthione-21, (HL), 

DN 00 I-c1 
~c\s/c\,, 

forms a bismuth complex of the type BiL,. This 

III is selective and does not form complexes with 
cations such as Co(I1) and Ni(I1); its complexes with 
Sn(II), Sb(III), Pb(II), Zn(II), Cd(I1) and Cu(I1) are 
not extracted. Other complexes, e.g., with La(III), 
Al(III), Th(IV), are extractable, but only very 
slightly. 

EXPERIMENTAL 

Liquid ion -exchanger 

Bismuthiol III was prepared as described earlier.i2 An 
aqueous solution of its potassium salt (10e2M) was mixed 
in 3: 1 volume ratio with lo-*M bismuth nitrate in ammo- 
nium acetate buffer at pH 4. The orange precipitate of BiL, 
was centrifuged and washed first with ammonium acetate 
buffer and then with water, then dried in UCICUD over 
anhydrous calcium chloride, and dissolved in 1,1’,2,2’- 
tetrachloroethane to give a 5 x lo-‘M solution. 

Measuring cell 

A Teflon ion-selective electrode,” in which the liquid 
membrane was stabilized in a porous, siliconed circular 
plate, was used. Alternatively a Sartorius membrane filter 
type SM-11306 (cellulose nitrate) was used to carry the 
complex. The composition of the inner solution of the 
electrode was lo-‘M bismuth nitrate and 10m2M potassium 
chloride in ammonium acetate buffer (pH 4). A silver/silver 
chloride electrode with salt bridge was used as the reference 
electrode. 

The measuring cell was 

AR AgCl 
Inner Liquid Test IM 1M 

solution membrane solution KNO, KC1 Ag A&l 

complex is insoluble in water but very soluble in 
organic solvents such as chloroform and The e.m.f. was measured with an N-512 pH-meter 
1,1’,2,2’-tetrachloroethane. It is orange-yellow in col- (ELPO, Poland) connected to a V-530 digital voltmeter 

our and has been used for the determination of (Meratronik, Poland) and a G,B, recorder (Carl Zeiss, Jena, 

bismuth by extraction spectrophotometry.” This 
G.D.R.) to within 0.1 mV. 

complex has been chosen as the active electrode 
substance because it has a very high extraction Reagents 

coefficient but dissociates to a sufficient extent to All reagents were of analytical grade. Doubly-distilled 

enable an ion-exchange reaction to take place be- 
water from a quartz still was used. The acetate buffer was 
0.2M ammonium acetate/0.7M acetic acid, adjusted to 

tween the aqueous and membrane phases. Bismuthiol pH 4. 

945 
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Fig. 1. 
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Calibration curves for electrode: pure C2H,CI, mem- 
Bi(bismuthiol), in tributylphosphate membrane, in 

nitrobenzene, in CHCI,, in ~H,CI,. 

RESULTS AND DfSCLJSSION 

Figure 1 presents calibration curves for electrodes 
in which 5 x 10m3A4 solutions of BiL, in four different 
solvents (chloroform, 1,1’,2,2’-tetrachloroethane, 
tributyl phosphate and nitrobenzene) were used as 
the membrane. A curve for an electrode made with 
pure tetrachloroethane without the active complex is 
also included. The solution investigated was bismuth 
nitrate in ammonium acetate buffer. The most prom- 
ising curves were those for the membranes made with 
chloroform and tetrachloroethane as solvents. Within 
the linear range, the slopes for these electrodes corre- 
spond to 18.7 mV/decade change in concentration, 
which is close to the theoretical value for an electrode 
sensitive to tervalent cations (19.3 mV/decade). 
Tetrachloroethane was preferred because of its lower 
volatility and lower solubility in water. Further, the 
electrode with the membrane made of tetrachloro- 
ethane alone showed no dependence of potential on 
Bi(III) concentration. 

Composition of solutions investigated 

The bismuth cation causes serious difficulties in 
ion-selective potentiometry because it hydrolyses in 
aqueous solution (hydrolysis constant pk, = 12.4). 
The slope of curve e in Fig. 1 suggests that the 

electrode is not sensitive to the hydrolysed ions such 
as Bi(OH)‘+ and Bi(OH)$ but responds only to the 
Bi3+ activity. Therefore, all test solutions must be at 
constant pH and ionic strength so that the ratio 
oai,+/Cai will be constant. 

The extraction of the Bismuthiol III complex of 
bismuth is pH-dependent and the best acidity range 
is pH 3-4. The supporting electrolyte should there- 
fore keep the pH constant in this range and thus 
prevent pre~pitation of basic salts. The acetate anion 
in the buffer forms weak complexes with Bi3+ at the 
pH used. 

Activity of Bi3+ in the ammonium acetate buffer 

There are no literature data on the stability of 
Bi3+-acetate complexes and this makes it impossible 
to calculate the true activity of Bi3+ ions in ammo- 
nium acetate buffer. This parameter is required for 
determination of the selectivity coefficients and for 
evaluation of the sensitivity range of the electrode. 
For this reason we have attempted to use our elec- 
trode to determine the conditional dissociation con- 
stant 

K = [Bi3+] [CH,COO-I3 

[Bi(CH,COO,] (1) 

for the reaction 

Bi(CH&OO),* Bi3+ + 3CII,COO- 

For this purpose four series (A,B,C,D) of Bi3+ solu- 
tions, each with bismuth concentrations of 10e6, 
10m5, 10v4, 10w3, 10-*M, were prepared in ammonium 
acetate buffer of different concentrations. In this way 
a series of solutions with differing pH and acetate ion 
con~ntrations was obtained (Table I). Calibration 
curves were determined for each series of solutions 
(Fig. 2). It was assumed that the electrode is sensitive 
to Bi3+ ions and that it has the same potential for the 
same Bi3+ activity in each series of solutions, i.e., if 
EA = E, then (aBi3+)A = (aBi3+)B. Hence 

f,]Bi3+], =~~[Bi3+]~ (2) 

In Bi(II1) solutions in ammonium acetate buffer 
(pH 4) Bi 3+ ions are lost by side-reactions such as 
hydrolysis and the formation of bismuth acetate 
complexes. The bismuth may be present in the follow- 
ing forms: Br “+, BiOH*+, Bi(OH)z, Bi(CH3C00)*+, 
Bi{CH~C~)~, Bi(CH,COO),. Because at pH 4 the 
concentration ratio [BiOH*+]:[Bi(OII)~] is 1: 10-6.6, 

Table 1. Characteristics of solutions used for the determination of the dissociation 
constant of Bi(CH,COO& 

Buffer comuosition 

A 0.4 1.4 4.1 0.45 1.11 x 10-e 

: 0.3 0.2 0.7 1.05 4.05 4.0 0.31 0.187 1.21 2.9 x x 10-G 10-s 
D 0.1 0.35 3.8 0.061 2.7 x 1O-4 
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Fig. 2. CSxatian curves of the elect&e in tke solution of 
Bi(II1) in ~~~i~rn acetate bulFer. A, 0.4M CH@OMI,, 
1.4M CH@OH; B, 0.3&f cI-I,COONH,, 1.55M 
CH,COOH; C, 0.2M CN~COONH,, 0.7M CH,COOH; D, 

O.lM CH,COQHN,, 0.3%&f CH,CQQH. 

only BiOH’+ need be taken into account. Likewise, 
because of the large excess of acetate relative to 
Bi(III), Si(CH,COO), is mainiy formed: evidence for 
this comes from the shift in the electrode calibration 
graphs when the ammonium acetate concentration is 
changed. The total Bi(III) concentration can there- 
fore he expressed as 

C,,,,, = [Eli”] + [BiOH”] + [Bi(CW$XO),] (3) 

Substitution for [BiOH2+] and [Bi(CH+ZOO),] in 
terms of the equilibrium constants etc., and re- 
arrangement, leads ta 

where [Bi3+] is the concentration of Bi’+, Csi(iii) the 
total concentration of Bi(II1) in solution, kBionZ+ the 
hydrolysis constant of BiOH’+, tlc-,cootnj the Ring- 
born side-reaction coefllcient for acetate and protons, 
K the conditional d~iatio~ constant of 
Bi(CH,COO),, C, the concentration of CH#XONH, 
and C, the concentrat,ion of CH,COOII. 

By substituting values of [Bi3+] calculated from 
equation (4) into equation (2), we can derive equation 
(5), from which the conditional dissociation constant 
K of the complex ~i(CH~C~)~ can be calculated. 

where subscripts A and B refer to the two series of 
measurements, and [CBi(III)]A, [Csi(llllJs are the total 
concentrations of Bi(II1) in series A and B, giving the 
same E value in the measurement cell (Fig. 2). The 
dissociation constant K for the complex 
Bi(CH3COO), was calculated from equation (5) for 
each pair of series, i.e., AB, AC, AD, BC, BD and 
CD (Table 2). The average value sa calculated is 
6.1 x lo-‘. With this value, it was possible to calcu- 
late [Bi3+] and as++ in solution by using equation 
(4). The values of eBi3+/CBi(iii> for each series are 
presented in Table 1. The activity coefficients can be 
calculated by the equation 

logf = -z’ O*Slfi -021 

1+1.5JI * 1 
(6) 

where Z is the charge on the ion and I is the ionic 
strength. The calculated values of a,i3+ were plotted 
against E, and as a result, a single calibration cnrve 
was obtained (Fig. 3). This is a confirmation of the 
validity of our assumptions and shows that the value 
for the conditional dissociation constant of the com- 
plex is substantially correct. 

The electrode gives correct response in the pH 
range 3-4, changes in electrode potential being due 
only to changes in anI+. On the other hand, in a very 
acidic medium (0.M nitric acid), the calibration is 
linear in the range 10-5-10-3M and the slope de- 
creases to 11 rnV/pC~~~~~_ This is a result of the 
d~mposi~on of the complex and its incomplete 
extraction, as well as the infiuence of hydrogen-ion 
concentration on the electrode behaviour. 

GWI, M 16 x K 

from calibration cures (calculated from pairs of the series) .I. 
E,mV A B C D AB AC‘- AD BC BD CD 

90 lo-’ 4.18 x lo-” 5.9 
95 1.96 x IO-’ 1.99 x IO-’ 4.5 

100 3.5 x 10-f I.49 x lo-’ 3.54 x lo-’ 1.77 x 10-s 7.8 4.0 7.8 
120 4.17 x Lo-3 1.99 x lo-’ 6.6 
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140 I- 

Fig. 3. Dependence of electrode potential on Bi’+ activity 
in Bi(III) solutions in ammonium acetate buffer with the 
following compositions: A, 0.4M CHJOONH,, 1.4M 
CH,COOH; B, 0.3M CH,COONH,, 1.05M CH,COOH; C, 
0.2M CH,COONH,, 0.7M CH,COOCH; D, O.lM 

CH,COONH,, 0.35M CH,COOH. 

Effect of interfering ions 

Sulphate, chloride and nitrate at a concentration of 
IO-‘M in pH-4 ammonium acetate buffer do not 
affect the calibration curve. To characterize the effect 
of cations on the potential of the electrode the 
selectivity coefficients were determined. For this pur- 
pose, electrode potentials for solutions containing 
Bi’+ ions alone and in the presence of interfering ions 
were measured.‘4,‘s The activities of Bi3+ in both 
solutions were the same. Selectivity coefficient values 
&3+/M: + are shown in Table 3. The activities of the 
Bi3+ ions and the interfering cations were used in 
calculations of the selectivity coefficients. These activ- 

Table 3. Values of the selectivity coefficients (IO-“M Bi(III), IO-‘M 
M’+) 

Selectivity coefficient 

Cation &3+p.G + &iwI),M~+ 

Th(IV) <5.3 x lo-’ 14.2 x lo-’ 
AI(III) <6.1 x IO-’ <I.3 x lo-’ 
MO(U) <2.8 x 1O-6 < 1.3 x 10-2 
Co(H) <2.9 x 1O-6 
Ca(I1) <6.9 x 1O-6 

Mg(I1) <7.5 x 10-6 
Ni(II) < 1.3 x 10-5 
Cd(I1) <2 x 10-S 
Zn(I1) <4.2 x lo-’ 
Pb(II)* 9.3 x 10-5 
Fe(II1) < 1.3 x 10-4 

Cu(II)t 0.2 

WII) >> 1 

Ag(I) >> 1 

“(10m4M Bi(III), lo-)M Pb(I1)). 
t(lO-*M Bi(III), lO-‘M Cu(I1)). 

< 1.3 x 10-I 
< 1.3 x 10-2 
< 1.3 x 10-2 
<I.3 x 10-z 
< 1.3 x 10-z 
<1.3x 10-2 

0.42 
< 1.3 x 10-j 

>I 
>> 1 
>> 1 

ities differ considerably from the total concentrations 
of the cations (e.g., n,il+/C,i(,,,, = 1.2 x lo-‘), because 
of complex formation between the cations and the 
acetate anions from the buffer. The “activity” select- 
ivity coefficients are inconvenient in analytical prac- 
tice because their use requires a knowledge of the 
stability constants of the cation-acetate complexes 
and calculation of the concentration ranges of the 
interfering cations lW+, for determination of Cei(,,,). 
To avoid this problem we introduce “concentration” 
selectivity coefficients KBi(lll),MI +, measured as activity 
values but calculated from the total concentrations of 
the metals. They are valid only under the conditions 
of pH and buffer concentration used in their deter- 
mination. Some “concentration” selectivity coeffi- 
cients, K~i(~~l)/Mz + are also shown in Table 3. 

Considerable differences between “activity” and 
“concentration” selectivity coefficients are caused by 
the apparently higher stability of the acetate-Bi(II1) 
complex than that of the acetate complexes of the 
interfering cations. It can be seen from the values of 
the selectivity coefficients that the electrode shows 
good selectivity for several bivalent cations and also 
for A13+, Fe3+ and Th4+. Hg’+, Ag+ and Cu2+ 
interfere. 

Time stability of the electrode 

The electrode is ready for use immediately after 
mounting and does not require conditioning in Bi-‘+ 
solution. The behaviour of the electrode was in- 
vestigated by determining the calibration curve every 
day for 20 days (Fig. 4). Small changes in potential 
were observed at low concentrations of Bi(III), i.e., 
lop6 and 10-5M. For 10-4-10-2M Bi(II1) the elec- 
trode potential was stable. The stability of the mem- 
brane solution was also investigated and the cali- 
bration curves for freshly prepared solutions and 
those left for 3 months were found to be identical. 

130 
-.-.-.-W-.-.-C 10-z 

I.20 

I IO 
5: I--- 

_CH 10-3 

i 
G loo 

t 

90 - ,-_--M-H---- IO” 

I I I I I 
I 5 IO I5 20 

DAY 

Fig. 4. Time stability of the electrode. 
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Ix)- d 
10-6-10-ZM Bi(II1) in only a few seconds and gives 

/ 

100% response in 3 ruin for 10m6M, 1 min for 10e5M 
and about 10 set for 10-4-10-2M solutions. 

lzo- 
Analytical applications of the electrode 

< IIO- 
E 

Bi(II1) in solution can be determined by direct 

G 

I d 

potentiometry in the concentration range 
100 - 

5.1 . 
10-5-10-2M. Figure 5 presents calibration curves for 
the electrode in the presence of various interfering 

go_ $L 

ions at constant concentration. The shape of the 
calibration curve is not affected by IO-*M Mg(II), 

80 Ca(III), Ni(II), Co(II), Zn(II), Mn(II), Cd(II), and 

2_./ Fe(II1). It is also possible to determine 10-4-10-2M 
70 I’ Bi(II1) in the presence of lo-‘M Pb(I1). 

I I I I 
to-6 10-5 10-e I65 10-Z Potentiometric titration 

CB,lnI, The application of the electrode for end-point 
Fig. 5. Dependence of electrode potential on Bi(III) concen- 
tration in solutions containing interfering ions with concen- 

detection in the titration of Bi(II1) has been studied. 

tration of lo-*M. 1, Bi(II1) and Bi(II1) + Zn(I1) or Ni(II), 
A suitable titrant is EDTA because of the very high 

Fe(II1); 2, Bi(II1) + Ca(I1) or Mg(II), Co(II), Mn(II), stability constant of the Bi-EDTA complex (log 

Th(IV); 3, Bi(II1) + Cd(I1); 4, Bi(II1) + 10e4M Cu(I1); 5, /l = 28.2). Some examples of the potentiometric 
Bi(II1) + lo-‘M Pb(I1). titration of Bi(II1) solutions (10m3, 10e4 and 

t 

5 x 10m5M) in ammonium acetate buffer (PH 4) with 

I IO EDTA (lo-*, lo-’ and 5 x 10e4M respectively) dis- 
solved in the same buffer solution are illustrated in 
Fig. 6. 

1. 

2. 

3. 
4. 
5. 
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Sununary-The stoichiometry of the oxidation of IDA or NTA with lead dioxide suspension was studied 
by polarographic measurement and by derivative polarographic titration. One mole and two moles of 
Pb(IV) are reduced per mole of IDA and NTA respectively, with moderate speed at room temperature 
in nitric acid solutions. One mole each of carbon dioxide, formaldehyde and glycine are produced from 
the oxidation of 1 mole of IDA, and two moles of carbon dioxide, two moles of formaldehyde and one 
mole of glycine from 1 mole of NTA. The overall reaction in each case may be written as follows: 

Pb(IV) + IDA + HrO-+ Pb(II) + CO, + HCHO + H,NCH,COOH + 2H + 

ZPb(IV) + NTA + 2H,O-+ ZPb(I1) + 2C0, + 2HCH0 + H,NCH,COOH + 4H + 

We have recently introduced lead dioxide suspension, 

prepared by hydrolysis of lead tetra-acetate, as an 
oxidizing agent. Studies of its redox reactions with 
sodium oxalate,’ chromium(III)* and EDTA3 have 
already been reported. The reactions proceed at room 
temperature with definite reacting ratios. The ox- 
idation of chromium(II1) has been applied to the 
standardization of chromium(II1) solution by poten- 
tiometric titration after prior oxidation to chro- 
mium(V1) with lead dioxide suspension.4 

The redox reactions of chelating agents such as 
EDTA with various oxidizing agents have been stud- 
ied in analytical and environmental chemistry, for 
various purposess9 

In a previous paper,3 the stoichiometry and mech- 
anism of the reaction between lead dioxide sus- 
pension and EDTA were studied by derivative polar- 
ographic titration (the DPT method) and 
determination of the products. Four moles of Pb(IV) 
are reduced per mole of EDTA, with moderate speed 
at room temperature in sulphuric acid solutions, and 
the products are four moles of carbon dioxide, three 
moles of formaldehyde and one mole of N- 
hydroxymethylethylenediamine. In the present paper, 
the reaction of lead dioxide suspension in nitric acid 
with iminodiacetic acid (IDA) and nitrilotriacetic 
acid (NTA), which have a simpler structure than 
EDTA, is investigated. 

EXPERIMENTAL 

Reagents and apparatus 

A 0.05M solution of lead tetra-acetate in glacial acetic 
acid was prepared and standardized as reported previously.3 
The iminodiacetic acid and the nitrilotriacetic acid were 
recrystallized twice from hot water and dried at 90”; 0.05M 
solutions of IDA and NTA were standardized by poten- 

tiometric titration with potassium hydroxide. A 0.005M 
solution of glycine was prepared from the analytical-reagent 
grade chemical. Solutions of o-phthalaldehyde and 
2-mercaptoethanol, used for the fluorometric deter- 
mination, were prepared according to Roth.‘” Other solu- 
tions were prepared as reported elsewhere.‘,’ The water used 
was demineralized water distilled in the presence of small 
amounts of potassium permanganate and sodium hydrox- 
ide, in a glass apparatus. 

The polarograph and potentiometer were those used 
previously.2.3 A Hitachi 650-10M fluorescence spec- 
trophotometer was used. Unless otherwise stated, all mea- 
surements and titrations were performed at 25 + 0.2”. 

Determination of the reaction stoichiometry 

The reacting ratio between Pb(IV) and IDA was deter- 
mined polarographically in a batchwise operation by use of 
a mole-ratio method as shown in Fig. 1. To each of a series 
of 200-ml Erlenmeyer flasks, containing 10 ml of 1M nitric 
acid and 10 ml of 1M potassium nitrate, diluted with 78-63 
ml of distilled water, 2.00 ml of O.OSM lead tetra-acetate 
were added dropwise and hydrolysed. Then O-15 ml of 
O.OlM IDA solution (to give constant total volume) were 
added. Each mixture was diluted to 100 ml and stirred for 
10 min, then the remaining lead dioxide was filtered off on 
a 0.45 nrn membrane filter (Toyo, type TM-2). The lead(I1) 
in the filtrate was then determined polarographically. When 
IDA was present in excess, the lead(H) in the mixture was 
directly determined polarographically. 

The reacting ratio between Pb(IV) and NTA was deter- 
mined by the DPT method, as shown in Fig. 2. To each of 
a series of loo-ml electrolytic cells, containing 5 ml of 1M 
nitric acid and 5 ml of IM potassium nitrate, diluted with 
38 ml of distilled water, 2.00 ml of 0.05M lead tetra-acetate 
solution were added dropwise and hydrolysed. The solution 
was then deaerated with nitrogen, and titrated with O.OlM 
NTA. The procedures for the titration and the treatment of 
the platinum electrode were the same as described pre- 
viously.3 

Analysis of the products 

Solutions (0.05M) of lead tetra-acetate and IDA or NTA 
were mixed in 1.5: 1 molar ratio for IDA and 3: 1 molar ratio 
for NTA, and diluted to 100 ml with O.lM nitric acid, and 
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Molar ratio of Pb(IWIDA 

2/l l/l 

VI I I I I I I II 
0 2 4 6 6 IO 12 14 16 

Volume of IDA solution (ml 1 

Fig. 1. Relation between the diffusion current of Pb(I1) 
produced and the volume of IDA solution added: 2.00 ml 
of 4.90 x 10-ZM lead tetra-acetate hydrolysed in 0.1 M nitric 
acid and 0.1 M potassium nitrate, and then reacted with O-l 5 

ml of 1.017 x 10-ZM IDA (total volume 100 ml). 

allowed to stand for 10-15 min at 25”. After the remaining 
lead dioxide had been collected on the membrane filter, the 
amounts of Pb(II), formaldehyde and glycine were deter- 
mined by the following procedures, a separate sample being 
analysed when necessary. 

Pb(I1) was determined directly by polarography, and 
formaldehyde was determined gravimetrically with dim- 
edone.’ 

Glycine was determined fluorimetrically’O by the 
standard-addition method with o-phthalaldehyde and 
2-merceptoethanol, as follows. Ten ml of 5M sulphuric acid 
were added to the filtrate to remove most of the lead(II), and 
the lead sulphate produced was filtered off. The filtrate was 
adjusted to pH 9 and diluted to 250 ml. Then 14 ml 

Molar ratlo of Pb(IF)/NTA 
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Fig. 2. Titration curve and potential changes of anode and 
cathode: 2.00 ml of 4.99 x 10W2M lead tetra-acetate hydro- 
lysed in O.lM nitric acid and O.lM potassium nitrate (total 
volume 50 ml), and then titrated with 1.036 x 10-2M NTA 

(0 anode potential; @ cathode potential; 0 AE). 

volumes of 5mM standard glycine solution were added to 
25ml aliquots of the solution, and the mixtures were diluted 
to 50 ml. Then 1 ml of this solution was mixed with a 
mixture of 0.5 ml of o-phthalaldehyde solution (10 mg/ml 
in ethanol), 0.5 ml of 2~mercaptoethanol solution (5 pT/rnl 
in ethanol) and 29 ml of 0.05M borate buffer (OH 9.0). and 
let stand for 25 min at room temperature. Th~fluore&ence 
was measured at 450 nm with an excitation wavelength of 
340 nm. The amount of glycine was calculated from the 
results (standard-addition method). 

Carbon dioxide was determined as follows. A cylindrical 
cell (40 mm in diameter and 150 mm in height) was used as 
the reaction vessel. It was closed by a rubber stopper fitted 
with a tube through which nitrogen could be introduced into 
the reaction solution, a 10 ml burette for addition of IDA 
or NTA solution, and a vertically mounted condenser 
connected to three absorption traps. During an experiment, 
the jacket of the condenser was maintained at about 15” by 
circulation of cold water, to minimize contamination with 
acetic acid. Solutions of lead tetra-acetate and IDA or NTA 
were mixed in the vessel in 0.7: 1 molar ratio for IDA and 
1.5: 1 molar ratio for NTA, and allowed to stand for 15 min 
at 25”. The vessel temperature was then raised to 90”. The 
carbon dioxide evolved was absorbed in the three traps, 
each containing 75 ml of 0.005M barium hydroxide, a 
stream of nitrogen being passed through the system for 4 hr 
at a flow-rate of 30-40 ml/min, as carrier gas. The excess of 
barium hydroxide in the traps was titrated with hydro- 
chloric acid. A blank was run to allow correction for the 
unavoidable carry-over-of acetic acid. 

RESULTS AND DISCUSSION 

Determination of reacting ratio between Pb(ZV) and 
IDA 

Figure 1 shows an example of the relation between 
the diffusion current of lead(I1) produced and the 
volume of standard IDA solution added. For each 
combination, equilibrium was reached within 5 min. 
The reacting ratio of Pb(IV) to IDA found for the 
reaction of 100 ml of 0.980 x 10e3M lead dioxide 
suspension in O.lM nitric acid with 1.017 x IO-*M 
IDA was 1.11 + 0.04 (7 replicates). The reacting ratio 
was also determined at two Pb(IV) concentrations 
(1 .OO and 4.00 ml of lead tetra-acetate solution), two 
levels of acidity (0.05 and 1M nitric acid) and two 
temperatures (25 and SO’). A reaction ratio of about 
1: 1 was found in all cases. 

Determination of the reacting ratio between Pb(ZV) 
and NTA 

Figure 2 shows a typical titration curve, giving the 
changes of potential difference (AE) between the 
anode and the cathode. After the end-point, the 
oxidation of NTA” is the electrode reaction at the 
anode. The optimum current density was obtained 
from the current-potential curve and the titration 
curve. Although a wide range of current density at 
the anode was suitable, the titration curve was liable 
to rise after the end-point when a current density 
below 19 nA/mm* was used. A sharp peak on the 
titration curve was obtained with a current density of 
19-25 nA/mm*. The reacting ratio of Pb(IV) to NTA 
obtained from the titration of 50 ml of 1.996 x 10m3 
M lead dioxide suspension in O.lM nitric acid with 
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Table 1. Determination of carbon dioxide 

Cooditions* 

WIV, IDA or NTA 
mmole mm& 

(A) IDA 
0.181 0.252 

(B) NTA 
0.229 0.153 

co,, mmole 

Calc. Found 

0.181 0.179 
0.171 
0.172 
0.173 
0.172 

0.229 0.240 
0.223 
0.236 

Molar ratio, 
COJIDA or NTA 

0.99 
0.95 
0.95 
0.96 
0.95 

2.11 
1.96 
2.06 

*Total volume 50 ml. 

Table 2. Determination of formaldehyde 

cooditions* 

I’b(IV, IDA or NTA, 
~01.5 mmole 

HCHO, mmole 

Calc. Found-t 
Molar ratio, 

HCHO/IDA or NTA 

(A) IDA 
0.170 0.126 0.126 0.126f0.001 1 .oo 

0.122 f 0.001 0.97 
0.121 * 0.001 0.96 
0.122 * 0.001 0.97 

(B) NTA 
0.689 0.254 0.508 0.500 + 0.008 1.97 

0.512 + 0.003 2.02 
0.501 IO.005 1.97 
0.501 * 0.003 I .97 

*Total volume 100 ml. 
tAverage and deviation are based on three replicates on the same solution. 

1.036 x 10p2M NTA was 2.06 + 0.01 (6 replicates). 
The reacting ratio determined at two Pb(IV) concen- 
trations (1 .OO and 5.00 ml of lead tetra-acetate solu- 
tion), two acidity levels (0.05 and 1M nitric acid) and 
two temperatures (35 and SO”) was 2:l in all cases. 

Products 

The determination of Pb(I1) in the reaction solu- 
tion confirmed the 1: 1 reacting ratio for IDA and 2: 1 
ratio for NTA. 

The results for determination of carbon dioxide are 
shown in Table 1. The calculated value is based on 
the assumption that one carboxyl group of IDA and 
two of NTA will be decarboxylated by the Pb(IV). 

The effect of the other substances present (nitric acid, 
acetic acid, lead nitrate, formaldehyde, glycine and 
surplus IDA or NTA) was studied first with a stan- 
dard sodium carbonate solution under the chosen 
conditions. The recovery of carbon dioxide was 
found to be 92 f 2% (4 replicates), and the experi- 
mental values listed in Table 1 have been corrected on 
this basis. The results in Table 1 indicate that one 
and two mole(s) of carbon dioxide are produced per 
mole of IDA and NTA respectively. 

The results for determination of formaldehyde are 
shown in Table 2. The effect of the other substances 
present (nitric acid, acetic acid, lead nitrate, glycine 
and lead dioxide) was studied beforehand with a 

Table 3. Determination of glycine 

Conditions’ 
Glycine, mmole 

Pb(IV, IDA or NTA, Molar ratio, 
mmOll? mmole Calc. Fouodt Glycine/IDA or NTA 

(A) IDA 
0.381 0.257 0.257 0.249 + 0.007 0.97 

(B) NTA 

0.261 z 0.005 I .02 
0.259 * 0.002 1.01 

~ I 

0.432 0.150 0.150 0.143+0.002 0.95 
0.148 k 0.001 0.99 
0.157 f 0.010 1.05 
0.153 *0.007 1.02 

*Total volume 100 ml. 
tAverage and deviation are based on two replicates on the same solution. 
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standard formaldehyde solution, and the recovery proceeds by the following process. IDA first loses one 
was found to be 98 + 2%. Table 2 shows that one and electron per molecule, with decarboxylation, and 
two mole(s) of formaldehyde are produced per mole then a second electron before the formation of for- 
of IDA and NTA respectively. maldehyde and glycine by hydrolysis: 

CH,COOH CH,COOH 
/ -e- / 

HN -HN +COz+H+ (1) 
\ 

CH,COOH 
\ 

CH1. 

CH,COOH CHzCOOH 
/ -e- / 

HN -----+HN (2) 
\ \ 

CH,. CH; 

CH,COOH 
/ 

HN +H20 HzNCHzCOOH + HCHO + H+ (3) 

In the determination of glycine, maximum 
fluorescence intensity was obtained with excitation at 
340 nm and measurement at 450 nm, both for the test 
samples and a synthetic solution with known concen- 
trations of nitric acid, acetic acid, lead nitrate, for- 
maldehyde, glycine and lead tetra-acetate. 

The products were also examined by thin-layer 
chromatography with a silica gel 60 plate (Merck, 
No. 5626) and a developing solution consisting of 
equal volumes of acetone and 0.1 M hydrochloric acid 
or sodium hydroxide. The chromatograms of the 
oxidation products of IDA and NTA showed only 
one spot, with R, value identical to that for glycine. 

The results for determination of glycine are shown 
in Table 3. The calculated value is based on the 
assumption that one mole of glycine will be produced 
per mole of IDA or NTA. The effect of other 
substances present was studied beforehand. The re- 
covery was found to be 94 f 4% for application of the 
whole procedure to standard glycine solutions. The 
results indicate that one mole of glycine is produced 
per mole of IDA or NTA. 

CONCLUSIONS 

From the results above, it can be assumed that the 
oxidation of IDA or NTA by lead dioxide suspension 

On the other hand, NTA loses two electrons per 
molecule in the first step, with formation of IDA. In 
the second step, glycine is produced from the IDA. 
Therefore, the overall reaction in each case may be 
written as follows: 

Pb(IV) + IDA + H,O-+ Pb(I1) 

+ CO2 + HCHO + HzNCHzCOOH + 2H+ 

2Pb(IV) + NTA + 2H20-+ 2Pb(II) 

+ 2C02 + 2HCH0 + H,NCH,COOH + 4H + (2) 

I. 

2. 
3. 
4. 

5. 

6. 
I. 
8. 

9. 

10. 
11. 
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Summar-The distribution of 27 metal ions between zirconium and titanium arsenophosphate and 
demineralized water, perchloric acid and nitric acid has been studied. On the basis of the results, several 
binary and ternary separations can be designed. The data have been used in application of these materials 
to the analysis of certain alloys and rocks. 

Inorganic ion-exchangers have an advantage over 
their organic counterparts because of their higher 
stability. They are also more selective. For example, 
tin(N) vanadophosphate,’ vanadoarsenate’ and 
tungstoarsenate3 are selective for alkaline-earth metal 
ions. Tin(IV) arsenophosphate4 shows good affinity 
for some quadrivalent metal ions such as Th4+ and 
Zfi+. However, practically all the work published on 
these materials has been on their preparation and 
properties, and none on applications other than to 
simple binary or ternary mixtures. The present work 
is aimed at remedying this situation, and illustrating 
the wider utility of these materials. 

Zirconium and titanium arsenophosphate, pre- 
pared by us earlier,5 were selected for the study. 

EXPERIMENTAL 

Reagents 

Zirconyl chloride (J. T. Baker), titanium(IV) chloride (s.g. 
1.73. BDH). trisodium orthoohosnhate IBDH). and dis- 
odium hydrogen arsenate (Merckj were‘ used.“Other re- 
agents and chemicals were of analytical grade. 

Synthesis of the ion-exchange materials 

Zirconium and titanium arsenophosphate (ZrAsP and 
TiAsP) were prepared as described earlier.5 It was observed 
that when the material was converted into the H+-form by 
the usual batch (equilibrium) process and washed in a 
column with demineralized water (DMW) or dilute nitric 
acid, the effluents were found (by atomic-absorption spec- 
troscopy) to contain Al, Mg, Ca, Si, Fe and Mn. These may 
have arisen from impurities present in the chemicals used for 
the synthesis. Before use, the exchangers were therefore 
thoroughly washed with l.OM nitric acid in a column until 
the effluent was free from the impurities mentioned. The 
material thus obtained had improved reproducibility and 
enhanced ion-exchange behaviour. 

Distribution studies 

All the metal ion solutions used were prepared in DMW 
except those of the tervalent and quadrivalent ions, to which 

*Present address: Chemical Laboratory, Atomic Minerals 
Div., Department of Atomic Energy, Bangalore, India. 

a few drops of the appropriate acid were added to prevent 
hydrolysis. The distribution coefficients were determined6 by 
equilibrating 250mg of exchanger with 25ml of solution 
containing an amount of metal ion equivalent to not more 
than 3% of the total ion-exchange capacity of the material 
and adjusted to the appropriate acidity etc. Titanium, 
uranium and cerium were determined colorimetrically7~9 and 
the other metal ions by EDTA titration,‘O before and after 
the equilibration. The results obtained are summarized in 
Table 1. 

Separations 

Synthetic mixtures. A few synthetic binary and tertiary 
mixtures were prepared by mixing the metal ion solutions in 
the required volume ratios. For column operation, the 
exchanger (6&100 mesh, 2 g, H+-form) was used in a glass 
tube of -0.6 cm bore. A known volume (~0.5 ml) of 
sample solution was loaded on the column at a very slow 
flow-rate (_ 334 drops/min) and recycled through the col- 
umn at least three times, with a 2-3 ml water wash between 
cycles, followed by elution with suitable solvents at a 
flow-rate of -0.5 ml/mitt. The effluent was monitored 
qualitatively by standard spot-tests” to determine the elut- 
ion behaviour, and then separate samples were analysed 
quantitatively by the methods used for the distribution 
studies. For brevity, the results, which were satisfactory, are 
omitted. Typical separations include V(IV)-Fe(III~Ti(IV); 
Zn-Pb-Fe(II1); Mn(II~Fe(II1); Al-Fe(II1); Y-Ti(IV); 
Ni-Fe(III); Hg(IIkPb; Cd-Pb; Y-Ce(IV); U(VI)-Ce(IV); 
LaCe(IV); Ni-Pb; V(IV)-Pb. 

Alloy and rock samples. Stock solutions of the alloys and 
rocks tested were prepared as follows. The alloy (- 30 mg, 
accurately weighed) was dissolved in N 5 ml of aqua regiu. 
The solution was evaporated to h 1 ml and then diluted to 
volume in a lOO-ml standard flask with DMW. For the rock 
analysis, 100 mg of sample were fused with sodium hydrox- 
ide in a nickel crucible at dull red heat, followed by the 
leaching of the cooled melt with DMW and dilution to 1 
litre (standard flask) with dilute hydrochloric acid. 

For the alloy analysis 1 ml of the stock solution was 
loaded on the column (2 g of exchanger) at a very slow rate 
as described above. All the metal ions except iron(III) were 
eluted with O.OlM nitric acid. The iron(II1) was then eluted 
with O.lM nitric acid. Table 2 gives the results. 

For the rock analysis 0.5 or 1 ml of the stock solution was 
evaporated to dryness to remove the excess of acid. The 
residue was taken up in DMW (N 2 ml) and the solution was 
loaded on the exchanger (2 g) in the column, the rest of the 
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Table 2. Quantitative separation of iron (with ZrAsP, from 1 ml of stock solution of iron-base 
allovsl 

Sample 

AISI-303 

Found, /q 

Composition of stock solution, ~/ml Eluent Eluent 
O.OlM HNO, IM HNO, 

Fe Cr Ni Mn Si (100 ml) (100 ml) 

222.8 56.5 26.1 4.1 1.6 Cr 55.1 Fe 225 
Ni 26.1 

AISI-347 

Mn 4.8 
Si 1.7 

219.4 56.5 31.4 4.1 1.6 Cr 55.5 Fe 221 
Ni 31.4 
Mn 4.8 
Si 1.7 

procedure being the same as for the alloys. All the metal ions ZrAsP and TiAsP inorganic ion-exchangers. As the 
except Al’+ and Fe3+ were eluted with DMW as usual. A13+ 
was removed from the column with O.lM perchloric acid, 

results show, the materials offer selectivity for a 

and Fe3+ with 0.5M hydrochloric acid/U4 ammonium 
number of metal ions in various media. Though both 

chloride mixture. Table 3 summarizes the results. exchangers generally show the same behaviour, in 

Reproducibililty of ion-exchange behaviour 
some cases they differ remarkably. For example, 

Ten batches of ZrAsP were prepared and the ion- 
Ti(IV) and Y (III) are found to be strongly sorbed by 

exchange capacity and & values determined as usual. The ZrAsP in O.OlM nitric acid, but not by TiAsP, 

values were essentially the same in all cases. whereas Pb(I1) is strongly sorbed by TiAsP in O.lM 
nitric acid, but not by ZrAsP. 

DISCUSSION The distribution studies indicate several possible 
separations, some of them useful for the analysis of 

The main purpose of this work was to study the alloys such as ferronickel and ferromanganese. Tan- 
distribution and separation of various metal ions on talum antimonate, reported earlier,” also gives some 

Table 3. Quantitative separation of various constituents in rocks, on ZrAsP 

Volume Elements eluted by eluent shown, pg 
of stock 
solution Elements present, pg 0.5M HCI + 

Rock loaded, 0.1 M HClOd IM NH,Cl 
samule ml Al Fe Si Ca 

- Mg 
0.37 

Mn DMW (50 ml) (50 mli 

G-2 

G-2 

AGV-1 

AGV- 1 

BHVO-I 

BHVO-1 

BCR-1 

BCR-1 

PCC-I 

PCC-I 

0.5 

1.0 

0.5 

1.0 

0.5 

1.0 

0.5 

1.0 

0.5 

I.0 

7.70 

15.4 

8.59 

17.2 

6.85 

13.7 

6.86 

13.7 

0.36 

0.73 

1.34 

2.69 

3.89 

6.78 

6.00 

12.0 

6.70 

13.4 

4.14 

8.28 

34.6 

69.2 

29.8 

59.6 

2.45 

4.90 

27.26 

54.5 

21.1 

42.1 

0.98 

1.96 

2.47 

4.94 

7.70 

11.4 

3.48 

6.97 

0.27 

0.55 

0.75 

0.76 

1.52 

3.60 

7.20 

1.74 

3.48 

21.7 

43.5 

0.01 

0.03 

0.05 

0.10 

0.08 

0.17 

0.09 

0.18 

0.06 

0.12 

Si 32.6 
Ca 1.12 
Mg 0.34 
Si 13.3 
Ca 1.96 
Mg 0.68 
Si 30.1 
Ca2.5 
Mg0.76 
Mn 0.04 
Si 51.7 
Ca 4.9 
Mg 1.53 
Mn 0.06 
Si 2.45 
Ca 7.5 
Mg 3.6 
Mn 0.06 
Si5.1 
Ca 11.3 
Mg 7.2 
Mn 0.14 
Si 27.0 
Ca 3.4 
Mg 1.8 
Mn 0.08 
Si 53.9 
Ca 6.7 
MB 3.3 
Mn 0.13 
Si 22.3 
Ca 0.29 
Mg 21.8 
Mn 0.05 
Si 43.3 
Ca 0.57 
Mg 42.0 
__ _^^ 
Mn WY 

AI 8.4 

Al 15.8 

Al 8.6 

Al 17.2 Fe 6.7 

Al 6.9 Fe 6.9 

Al 14.0 Fe 11.6 

A17.1 Fe 6.8 

Al 14.1 Fe 13.6 

Al 0.36 Fe4.1 

Al 0.72 Fe 8.2 

Fe 1.4 

Fe 2.7 

Fe 3.8 
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of these separations, but our methods cover a wider 
range of composition. Titanium arsenate13 and ti- 
tanium phosphateI do not give these separations. 
TiAsP is more selective than the simple titanium 
arsenate for lead. 

Because of its high affinity for iron and aluminium 
in certain media, ZrAsP has been tried for the 
analysis of alloys and rocks. Table 2 gives the results 
for the quantitative separation of iron from two 
standard steel samples. The error range was = 1% 
Analysis of rocks also gave satisfactory results (Table 

3). 
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Summary-The potential applicability of a pyrolytic carbon film electrode in the differential-pulse 
anodic-stripping voltammetric determination of cadmium and lead in sea-water is demonstrated. The 
performance at the lo-“M level is compared with that of a satisfactory glassy-carbon electrode. The two 
types of electrode display comparable behaviour in anodic-stripping voltammetry, but the pyrolytic 
carbon film electrode needs less pretreatment. 

Anodic-stripping voltammetry (ASV) is a widely used 
technique in environmental studies of several im- 
portant metallic trace elements. The mercury film 
electrode (MFE) is commonly employed for mea- 
surements at lower levels,’ normally with a glassy- 
carbon electrode (GCE) serving as a satisfactory 
substrate for the mercury film. However, the mainte- 
nance of the substrate surface in proper condition for 
adequate ASV performance of the MFE becomes a 
serious drawback when routine assays at sub-ng/ml 
levels are to be undertaken. Frequent repolishing is 
required for glassy-carbon material, which from the 
outset must be of proper quality. Several alternative 
materials have been proposed and evaluated in order 
to improve the situation (e.g., references 2-4). Vari- 
ous approaches for subtraction of the background 
current have also been considered.5 

We report in this paper on the potential use of a 
recently introduced pyrolytic carbon film electrode 
(PCFE) in ASV. The fundamental properties of this 
type of carbon material have been described else- 
where.6 Noteworthy are the favourable residual cur- 
rent characteristics,’ permitting measurements of 
sub-micromolar levels of oxidizable organic com- 
pounds by differential-pulse voltammetry.8~9 The util- 
ity of this electrode in the negative potential range is 
studied in the present work. It is demonstrated, in 
experimental comparison with a GCE, that this type 
of substrate for the mercury film shows great prom- 
ise, in that no repolishing is needed, and ASV per- 
formance is as good as that of the GCE. 

Apparatus 

EXPERIMENTAL 

Voltammetric measurements were made with a Princeton 
Applied Research 174A Polarographic Analyzer and char- 
ted with a Hewlett-Packard 7044A X-Y recorder. The time 

*Author for correspondence. 

interval for current sampling in the pulse modes of the 
polarograph was modified to 20 msec in order to minimize 
interference from the mains frequency (50H.z). The cell 
assembly is comprised of a quartz beaker of lOO-ml capacity 
placed in a ‘Plexiglas’ housing with a screw-in lid, a 
nitrogen-purging device. of conventional design, an Ag/AgCl 
reference electrode positioned in a quartz tube salt-bridge 
fitted at one end with a magnesia frit (Merck, catalogue No. 
5809), a platinum-wire auxiliary electrode and the working 
electrode. 

A Metrohm model 628-10 rotating electrode assembly 
was used with both a Metrohm glassy-carbon working 
electrode tip (model EA 289-l; electrode area 18.1 mm2) and 
the pyrolytic carbon film electrode (PCFE) of our own 
manufacture. The preparation of this carbon material has 
been described elsewheret8 but for this study well-polished 
glassy-carbon discs (quality EB-5-GC-A from Tokai Car- 
bon Ltd.; 3-mm thick discs cut from a 5-mm diameter rod) 
served as the substrate for the pyrolytic carbon film and the 
deposition time was reduced to 30min. The coated discs 
were mounted by means of heat-shrinkable Teflon tubing to 
a steel piece designed to fit the screw connection of the 
electrode rotor. The precaution* of using an inert atmo- 
sphere during the heat-shrinking process was found unnec- 
essary and hence dropped. Four PCFEs, each with an 
electrode area of 19.6mm2, were mounted for this study, 
different batches of prepared discs being used. 

Ultraviolet irradiation was done in an air-cooled device, 
locally built essentially according to the design by Sipos 
et uI.,‘~ in which quartz tubes of 50 ml capacity were placed 
around a 700-W ultraviolet lamp. The quartz tubes were 
rigidly closed with ground-in quartz stoppers fixed with 
Teflon-coated stainless-steel spring-clips. 

Reagents 

Hydrochloric acid, sodium chloride and hydrogen per- 
oxide were of suprapure grade (Merck). Commercially 
available standard stock solutions (BDH) of Cd(NO,),, 
Pb(NO,), and Hg(NO,), were used throughout. Adequate 
purity of the water used was arrived at by double distillation 
(quartz still) of water from a Mini-Q water purification 
system, to be followed by ultraviolet irradiation as described 
below. 

Procedure 

The sea-water samples were collected and stored accord- 
ing to recommended procedures,” i.e., made O.OlM in 
hydrochloric acid immediately after sampling. Approxi- 
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mately 50 ml of sample, contained in the type of quartz tube 
described above, was subjected to ultraviolet irradiation for 
at least 2 hr, after addition of 50 ~1 of 30% hydrogen 
peroxide. 

Before use, the PCFE was subjected only to a thorough 
wash in O.lM hydrochloric acid and subsequent rinses in 
water (repeated twice). A mercury film, if present, was wiped 
off with a wet Kleenex tissue before the-washing. _ 

The GCE received the followine initial treatment. The 
electrode was polished for 10 min w:th an aqueous slurry of 
l-pm alumina (BDH) on a filter paper, and then thoroughly 
rinsed with water. This was repeated twice. The same was 
then done with 0.3~pm and 0.05~nrn alumina. A soft 
polishing disc (Winter Pellon, W. Germany) was used for 
the 0.0%pm polish. Finally, the electrode received the same 
washing treatment as the PCFE. Between samples, re- 
polishing was done with only the 0.05-pm alumina. The 
electrodes were kept in the laboratory atmosphere under 
cover, even for long-term storage. 

The voltammetric analyses were done essentially as de- 
scribed by Mart. I2 An approximately 40-ml sample was 
accurately weighed out in the cell beaker and, to achieve 
simultaneous plating of the mercury film, 160 p I of the 
Hg(NO,), standard solution were added to give a concen- 
tration of 2 x 10m5M. The solution was deaerated by pas- 
sage (for 10min) of nitrogen that had been passed over a 
reduced copper catalyst” and through a wash-bottle. The 
deposition step was performed at - 1.00 V with rotation of 
the working electrode at 1500rpm, and nitrogen purging. 
Deposition times never exceeded 10 min. An equilibration 
time of 30 set was allowed before the positive sweep was 
initiated, starting from -0.8 V. Settings for the 
differential-pulse anodic-stripping voltamperograms were 
sweep rate lOmV/sec, pulse amplitude 50mV and clock 
period 0.5sec. The currents reported are the true 
differential-pulse currents, i.e., those obtained when the 
internal tenfold amplification factor of the polarograph in 
the dpv-mode is taken into account.r4 The first measurement 
on a new solution was considered a conditioning run and 
hence always rejected. Sample concentrations were evalu- 
ated by the standard-addition method. At least two mea- 
surements were made for each concentration level (besides 
the conditioning run). 

RESULTS AND DISCUSSION 

Representative voltamperograms obtained with 
the PCFE and the GCE are depicted in Fig. 1. The 
sample is near-shore Baltic Sea water and the ex- 
pected presence of cadmium, lead and copper is 
confirmed in both voltamperograms. As discussed in 
more detail below, the concentrations of cadmium 
and lead in this sample were determined by means of 
standard additions and found to be 0.073 pg/l. 
(6.5 x lo-“M) and 0.98pgg/l. (4.8 x 10e9M) re- 
spectively (see Table 1). In general, as can be seen 
from Fig. 1, the two electrodes display similar ASV 
behaviour, and well-developed stripping peaks ap- 
pear at essentially identical potentials. The peak- 
current responses are similar, but the residual-current 
characteristics of the PCFE are somewhat more 
favourable, with a lower magnitude and better posi- 
tive cut-off. Such behaviour of the two electrodes was 
observed throughout this brief study, including 
twenty samples not explicitly accounted for in Table 1. 

As estimated from eight successive measurements 
of cadmium and lead at the 0.5 pg/l. level, the 
coefficients of variation were 4.9% for cadmium and 

(a) 

Potentlol YS. Ag/AgCl (V) 

1 (b) 

Potential VS. Ag /AgCl (V) 

Fig. 1. Voltamperograms illustrating the typical behaviour 
of the two test electrodes with a Baltic Sea water sample. (a) 
PCFE, (b) GCE. Deposition time: 10min in both cases. 

2.5% for lead. Essentially the same figures were found 
for the GCE, namely 6.6% and 1.4% for cadmium 
and lead, respectively (five measurements only). The 
repeatability of the peak currents obtained with the 
PCFE is hence satisfactory, considering the metal 
concentrations under study. 

The negative potential limit for the PCFE in acid 
media, taken as a linear sweep voltammetry re- 
sidual current of 1 PA (10mM hydrochloric acid, 
sweep rate lOmV/sec, starting potential -0.5 V us. 
SCE and electrode area 19.6 mm2), is typically - 1.1 
V. Similar values were found for the GCE used. A 
detailed characterization of the residual current be- 
haviour of the PCFE is presented elsewhere.’ 

Table 1 summarizes the quantitative work included 
in this brief study. In the first sample, 0.5M sodium 
chloride, the levels of cadmium and lead determined 
represent impurities, presumably originating from the 
salt used. The second sample, analysed only with the 
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Table I. The quantitative determination* of cadmium and lead levels in three selected water samples with 
the two electrodes; see text for details 

Cadmium found, nggll. Lead found, pggll. 

Sample PCFE GCE PCFE GCE 

0.5M NaCl 0.0108 f 0.0007 0.0156 $- 0.0003 0.117~0.003 0.146*0.011 
Standard in 1OmM HCI 0.51 f 0.02 0.97 * 0.04 
Baltic Sea water 0.073 * 0.002 0.057 f 0.001 0.98 * 0.02 0.99 & 0.02 

*Values reported with a confidence interval (P = 0.90) for the intercept of the regression line on the abscissa, 
i.e.. the concentration axis. For method of calculation, see reference 19. 

PCFE, is a standard solution of cadmium and lead in 
1OmM hydrochloric acid. These two samples illus- 
trate that two prerequisites for successful sea-water 
analysis are fulfilled with the PCFE, namely com- 
patibility with high salt levels, and an adequate 
hydrogen overvoltage for a slightly acid medium. For 
the GCE, these are established characteristics. The 
final tests were done on an authentic Baltic Sea water 
sample, the third sample in Table 1. Since it was a 
near-shore sample (collected off the Forsmark nu- 
clear power plant), the levels found are quite reason- 
able considering recent investigations in the Bal- 
tic ‘N as well as a previous extensive study of this 
specific area. ‘* 

Each sample was analysed once, with three stan- 
dard additions (with duplicate measurements at each 
concentration level). The quantification of cadmium 
and lead in the Baltic Sea water sample, by use of the 
PCFE, is illustrated in Fig. 2. The confidence inter- 
vals (P = 0.90) for the intercept of the abscissaI are 
given in Table 1 and indicate quite satisfactory 
statistics of the regression lines fitted to the experi- 
mental data. Also, eonsidering the low concen- 
trations studied, the results with the two electrodes 
are in reasonable agreement. 

Cd 

I I I 1 

- 0.6 -0.5 -0.6 -0.3 

Potential vs. Ag/AgCI (VI 

Fig. 2. Use of the PCFE for determination of Cd and Pb 
in a Baltic Sea water sample. (1) Sample. (2, 3, 4) Three 
stepwise standard additions to give an increase in concen- 
tration of 0.05 pg/l. for Cd and 0.5 pg/l. for Pb after each 
addition. Only one measurement at each concentration level 

is shown. 

During the course of this study the type of elec- 
trode encasement relied on, i.e., heat-shrinkable 
Teflon tubing, proved to be inadequate for extended 
periods of time. As indicated by increasing residual 
currents, encountered typically one week after elec- 
trode mounting, solution slowly started to penetrate 
the Teflon-carbon seal. An electrode that had failed 
in this way could be completely restored if a new 
Teflon cover was mounted, the same pyrolytic 
carbon-coated disc being used. 

Hence the pyrolytic film material introduced ap- 
pears to be a useful alternative to the different types 
of electrode materials currently used in ASV. As 
judged from the voltammetric behaviour, this type of 
carbon material seems to have remarkable long-term 
surface stability. The stability on storage is very 
promising, with no decline in performance over a 
six-month period. The major advantage of the PCFE 
for ASV is clearly the minimal treatment required 
before analysis. As described in the experimental 
section, a thorough wash suffices for the PCFE, 
which may be compared with the more tedious 
polishing procedure necessary with the GCE. The 
number of specimens used for this study (four, all 
from different batches) is, however, too small to allow 
final conclusions to be drawn. The comparatively 
simple technique for manufacturing the PCFE in the 
laboratory should also be stressed. 

Conclusion 

It has been demonstrated that the PCFE described 
is well comparable to the GCE for ASV deter- 
minations of trace metals at subnanomolar levels in 
sea-water samples. Most noteworthy are the 
simplified pretreatment and the long-term stability of 
the electrode material. 
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R&um&La formation d’un chklate entre les ions cuivriques et la vancomycine, mokule g propriktks 
antibiotiques sur les bactbries Gram positif, est montrke par des methodes spectrales, polarographiques 
et potentiomktriques. En particulier, les valeurs des potentiels de demi-vague de rkduction et l’kwolution 
des courbes intensitk-potentiel permettent de mettre en Evidence la stoechiomktrie du compoie d’addition 
formC et d’apprkcier la stabilitk du complexe obtenu. Cette proprittk complexante est utiliste pour 
proposer une methode de dosage en flux continu, en utilisant une phase mobile contenant des ions 
cuivriques et une dbtection ampirometrique ?t l’aide d’une cellule tlectrochimique de type couche mince. 

La vancomycine prisente des propriMs antibiotiques 
trks actives contre une grande varittk de micro- 
organismes Gram positif. Cette moltcule est 
difficilement dosable klectivement par voie bactt- 
riologique, et quelques mCthodes physico-chimiques 
ont Ctk d&crites.‘-3 

Nous proposons, ici, une mtthode originale uti- 
lisant des ions mktalliques comme tra$eurs, et une 
cellule Clectrochimique de type couche mince en flux 
continu comme dktecteur. L’aptitude de cette mol& 
cule B former des complexes organomktalliques est 
d’ailleurs utiliske comme moyen de purification, au 
tours de sa priparation.4 

L’ensemble de cette Ctude est rkalisk dans un 
solvant mixte eau-acktonitrile (86: 14 v/v); la prksence 
de solvant organique limite les phtnom&es 
d’adsorption aux Clectrodes. 

L’utilisation d’un tra$eur est nkessaire pour 
effectuer une dktection Clectrochimique. En effet, 
dans le solvant seul, la detection klectrochimique 
directe de la vancomycine donne naissance B une 
courbe intensitbpotentiel presentant une vague ma1 
dtfinie zi proximitt de la ieduction du solvant lui- 
m&me, et A un potentiel de demi-vague voisin de 
-1,80 V vs. ECS. 

Le signal obtenu est inutilisable A des fins ana- 
lytiques quantitatives; en particulier, les courants 
limites ne suivent pas les lois de la diffusion en r&me 
stationnaire, empkhant, dans les conditions opkra- 
toires, un dosage polarographique. 

La formation et les conditions de stabilitk d’un 
complexe cuivre-vancomycine de type chklate, 
suffisamment stable pour utiliser le mCta1 comme 
traGeur, sont ktudikes par diffkrentes mkthodes 
physico-chimiques. L’utilisation de ces propri&tts au 
dosage de la vancomycine en flux continu est dis- 
cut&e. 

PARTIE EXPERIMENTALE 

Appareillage 

Les courbes intensitk/potentiel sont traqbes g l’aide d’un 
ensemble polarographique type Tacussel PRG S; l’klectrode 

Les courbes intensitt/potentiel sont tragkes ?I l’aide d’un 
ensemble polarographique type Tacussel PRG 5; l’klectrode 
de travail est, soit une Clectrode & goutte de mercure, soit 
une B&rode toumante au carbone vitreux type Tacussel 
EDI. La cellule tlectrochimique est thermostat&e g 
25 + 0,2”. 

Les mesures potentiomkiques $ courant nul sent 
effect&es sur un pH-m&e type Tacussel Isis 20.000. 
L’tlectrode spkcifique des ions cuivriques est de type 
Tacussel PCU 2 M. 

Le circuit en flux continu utilise un chromatographe 
moyenne pression type Jobin Yvon LC 50 comme 
gkntrateur de pression constante. La colonne est rernplie 
d’un support inerte cons&u& de microbilles de verre (Alltech 
40 pm). Le dttecteur est une cellule blectrochimique 
type couche mince (Fig. 1) fonctionnant en mode 
ampkromitrique. Le potentiel est impose g l’aide d’un 
potentiostat type Tacussel PRGE. 

RPU&iijS 

Soloant. Acktonitrile pour HPLC (Carlo Erba) et solution 
d’acktate de sodium 0,OSM (14:86 v/v). 

Phase mobile. Solution contenant Cu*+ $ la concentration 
2 x 10s6M, dans le solvant prkcirdent, prkparte $ partir de 
CuCl,.2H,O (Prolabo). 

Solution de vuncomycine. Vancocin HCl (Lilly) B la con- 
centration 2 x lo-‘A4 dans l’eau distill&e (= 29 mg/ml). Les 
injections sont de l’ordre de 1 B 5 ~1, c’est-&dire 29 B 150 
pg de vancomycine. 

Dosage de la vancomycine 

Le principe de la technique analytique que nous pro- 
posons ici, consiste $ utiliser une phase. mobile liquide 
circulant avec une vitesse linkaire constante, en utilisant une 
pompe d pression de gaz inerte, dans un circuit posddant 
un injecteur constituk. d’une membrane de type tkflon, d’une 
colonne remplie de billes de verre sans aucun pouvoir 
skparateur mais permettant de rkduire le volume mort au 
niveau du circuit, d’une cellule Clectrochimique type couche 
mince relit I un potentiostat permettant #imposer entre 
deux tlectrodes contenues dans la cellule un potentiel con- 

TAL 30, ,2--E 
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Electrode de rife’rence Ag /AgCI 

D&port de - 

I’$lectrolyte 

Electrode de travail au 
carbone vitreux 

Electrode ouxiliaire (Pt) 

Fig. 1. Disposition de la cellule pour la detection en couche mince. 

venable, et d’un enregistreur ampkrometrique ou poten- 
tiometrique. La phase mobile est constituee du melange 
eau-acktonitrile prealablement dkcrit contenant de l’acetate 
de sodium environ 0,05M afin d’amener la solution a un pH 
voisin de 7, et du chlorure cuivrique 2 x 10-6M. Cette 
solution circule a travers la cellule Blectrochimique couche 
mince (Fig. 1) oi il est impose entre l’tlectrode de travail au 
carbone vitreux et la micro electrode de reference un 
potentiel intermbdiaire entre la reduction Clectrochimique 
des ions Cu2+ en ions Cu+ et la reduction des ions Cu+ en 
Cu, soit d’apres l’etude preliminaire un potentiel compris 
entre +0,16 et -0,20 V. 

Au passage des ions cuivriques, il apparait entre les 
electrodes de travail et auxiliaire un courant qui est propor- 
tionnel a la concentration des ions Ct?+ et a la vitesse 
lineaire de la phase mobile. 

En sortie de colonne, la vancomycine a complex& les ions 
cuivriques selon la reaction chimique indiquee @-dessus, 
provoquant une diminution du courant proportionnelle a la 
concentration de vancomycine. 

Les quantitbs de vancomycine injectees sont de l’ordre de 
30 pg. La mtthode propoke presente un temps d’analyse de 
l’ordre de quelques dizaines de secondes, fonction de la 
vitesse lintaire de la phase mobile. Les dosages peuvent etre 
repetes sans limitation avec une frtquence d’environ deux 
par minute. La precision des dosages est de l’ordre de 5%, 
ce qui est suffisant pour les dosages de routine sur les 
mkdicaments termines. 

RESULTATS ET DISCUSSION 

Formation d’un complexe cuivre-vancomycine 

Le cuivre est choisi, preferentiellement a d’autres 
mttaux, en raison de ses proprietes complexantes 
avec les molecules de structure polypeptidique. Afin 
d’etudier la formation et les conditions de stabilite 
du chelate forme, trois mtthodes sont utilisees: la 
spectrophotometrie, la polarographie et voltampero- 
mttrie, enfin la potentiometrie a courant nul 
utilisant une electrode specifique. 

Etude spectrale. En fixant le pH de la solution au 
voisinage de la neutralite, l’addition d’ions cuivriques 

a une solution de vancomycine provoque l’apparition 
d’un maximum d’absorption vers 555 nm, attribui a 
la formation dun compose d’addition. En mainte- 
nant les concentrations de cuivre et de vancomycine 
constantes et identiques, la densiti optique atteint un 
maximum, a cette longueur d’onde, pour un pH 
compris entre 7 et 75, fixant ainsi la zone de pH od 
le complexe form& est stable. La formation du com- 
plexe peut itre suivie en mesurant la variation de 
densite optique lors d’addition croissante d’ions cui- 
vriques a une solution de vancomycine maintenue a 
pH 7 par addition da&ate de sodium. La densite 
optique a 555 nm suit la loi de Beer-Lambert, 
proportionnellement a la concentration en ions cui- 
vriques, puis reste constante lorsque les quantites 
d’ions cuivriques et de vancomycine sont identiques. 
Ce dernier resultat suggtre la formation dun com- 
plexe de type 1: 1. Le coefficient d’extinction molecu- 

3 
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=i2 
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3 

IdJ I 
0 -I 
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Fig. 2. Evolution des courbes intensite-potentiel au tours de 
la formation du complexe cuivm-vancomycine. l-Solution 
de chlorure cuivrique, 10-3M; 2-apres addition de van- 
comycine a la concentration finale de 0,s x 10m3M; 
>apres addition de vancomycine a la concentration finale 

de 10-3M. 
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laire est voisin de 218 l.mole-‘.cm-‘. Cette faible 
valeur empeche l’utilisation de ces prop&es spec- 
trales a des fins analytiques quantitatives 
suffisamment sensibles. 

Etude polarographique et voltampkomktrique. La 
formation du complexe peut etre suivie par les traces 
des courbes intensite-potentiel, a une electrode de 
mercure ou de carbone vitreux. Ces deux electrodes 
de travail donnent des resultats voisins. Nous 
presentons ici les voltamperogrammes obtenus en 
utilisant l’electrode de mercure. Une solution d’ions 
cuivriques, pure, presente deux vagues successives, en 
reduction, correspondant a la reduction des ions 
Cu2+ en deux Ctapes (Fig. 2, courbe 1), suivant les 
reactions electrochimiques: 

Cu2+ fe-+Cu+ Elj2= +0,16V. 

Cu+ + e- + Hg--+ Cu(Hg) E,,2 = -0,20 V. 

En presence de quantitts croissantes de van- 
comycine, amente a partir dune solution titree, la 
courbe intensitbpotentiel se modifie. Les courants 
limites correspondant aux deux vagues de reduction 
des ions cuivriques diminuent proportionnellement a 
l’ajout de vancomycine et il apparait paralltlement 
une nouvelle vague, sit&e a un potentiel plus reduc- 
teur (-0,75 V). Cette vague est attribuee a la for- 
mation, en solution, d’un compose d’addition entre 
les ions cuivriques et la vancomycine (Fig. 2, courbes 
2 et 3). 

Le courant observe a -0,75 V correspond a la 
reduction electrochimique du chelate cuivre 
vancomycine (CU-VAN). Une etude tlectrochimique 
plus fondamentale5 sur le mecanisme reactionnel de 
reduction electrochimique de ce chtlate montre que la 
reaction ilectrochimique correspond a un transfert 
bi-electronique selon la reaction: 

Cu-VAN + 2e - + Hg+ Cu(Hg) + VAN. 

Les valeurs trts differentes des courants limites, 
observies entre les vagues de reduction correspon- 
dant au cuivre libre et celles correspondant au cuivre 
complext s’expliquent facilement par la difference 
importante des coefficients de diffusion. Ces resultats 
tlectrochimiques peuvent &tre utilises pour confirmer 

-60 t-1 , c 
5 

ml Cu2+ 12. lo_3 Ml 
Fig. 3. Titrage dune solution de vancomycine 2 x 10e4M 
par une solution titree de chlorure cuivrique 2 x 10-3A4M. La 
reaction est suivie par la mesure du potentiel d’equilibre a 
courant nul dune electrode specifique des ions cuivriques. 

I 

ml c5u2+ ~2.10-3Yl 

Fig. 4. Variation du pH de la solution au tours du titrage 
dune solution de vancomycine par une solution titrke d’ions 
cuivriques, dans un solvant acktonitrile/d’acktate de Na 

0,05M. 

la stoechiometrie du complexe forme en solution. 11 
est en effet possible de realiser un titrage am- 
ptrometrique a un potentiel impose de -0.80 V, 
c’est-a-dire un potentiel legerement inferieur au po- 
tentiel de reduction du complexe Cu-VAN. Dans ces 
conditions expirimentales, le courant circulant dans 
le circuit electrode de mercure*lectrode auxiliaire de 
platine, est directement proportionnel a la concen- 
tration du complexe en solution. La courbe am- 
peromttrique correspondant au titrage d’une solution 
de cuivre par une solution tit&e de vancomycine, fait 
apparaitre un point equivalent correspondant a la 
formation d’un complexe 1: 1, confirmant ainsi les 
resultats spectrophotometriques. L’utilisation d’une 
electrode tournante de carbone vitreux a la place de 
l’electrode de mercure permet de suivre la disparition 
du cuivre libre lors de la formation du complexe, mais 
le domaine d’tlectroactivitt plus reduit ne permet pas 
d’observer le courant correspondant a la reduction 
Clectrochimique du compose d’addition forme. 

Etude potentiomttrique. La formation de ce com- 
plexe peut tgalement Ctre suivie par potentiomttrie a 
courant nul, en utilisant une electrode sptcifique des 
ions Cu2+ comme electrode indicatrice (cJ partie 
experimentale). La courbe potentiometrique corres- 
pondant au titrage dune solution de vancomycine 
par une solution titree d’ions cuivriques, fait appa- 
raitre (Fig. 3) un saut de potentiel correspondant a un 
equivalent de cuivre ajoutt, par rapport a la quantite 
de vancomycine initiale. Dans les conditions experi- 
mentales, la variation de pH en fonction de l’ajout 
d’ions cuivriques est enregistrie (Fig. 4). 11 apparait 
une diminution du pH au tours de la formation du 
complexe, qui cesse lorsqu’un equivalent de cuivre est 
ajoute, par rapport a la quantitt de vancomycine 
presente au depart. Ces resultats confirment que le 
compost d’addition form6 est un chelate. La reaction 
de formation du compose s’ecrit: 

Cu2+ + H,VAN$ Cu-VAN + 2H + . 

Une exploitation informatique de ces differentes 
courbes potentiomttriques est actuellement en tours, 
a partir de modtles mathtmatiques et doit permettre 
la determination precise de la constante de 
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complexation apparente. Notons que l’allure des 2. 
courbes potentiomCtriques et Clectrochimiques per- 
met de prtvoir un complexe de stabilitC importante, 
la rCaction d’addition Ctant quantitative. 

3 
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Summary-The formation of a metal-complex of copper (II) with vancomycin, an antibiotic active 
towards Gram-positive bacteria, has been proved by spectrophotometric, polarographic and poten- 
tiometric methods. In particular, the half-wave reduction potentials and voltamperograms indicate the 
stoichiometry of the addition compound and the equilibrium constant. This complex has been used for 
determination of vancomycin by a continuous flow method with copper (II) and amperometric detection 
in a polarographic cell of thin-layer type. 
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SHORT COMMUNICATIONS 

DETERMINATION OF ARSENIC IN GEOLOGICAL 
MATERIALS BY X-RAY FLUORESCENCE SPECTROMETRY 

AFTER SOLVENT EXTRACTION AND DEPOSITION 
ON A FILTER 

A. E. HUBERT 
U.S. Geological Survey, Box 25046, Denver, CO 80225, U.S.A. 

(Received 21 February 1983. Accepted 1 June 1983) 

Summary-Rock, soil, or sediment samples are decomposed with a mixture of nitric and sulphuric acids. 
After reduction from arsenic(V) with ammonium thiosulphate, arsenic(M) is extracted as the chloro- 
complex into benzene from a sulphuric-hydrochloric acid medium. The benzene solution is transferred 
onto a filter-paper disc impregnated with a solution of sodium bicarbonate and potassium sodium tartrate, 
and the benzene allowed to evaporate. The arsenic present is determined by X-ray fluorescence. In a 0.5-g 
sample, l-1000 ppm of arsenic can be determined. The close proximity of the lead La peak (20 48.739, 
to the arsenic Ka peak (20 48.83”) does not cause any interference, because lead is not extracted under 
the experimental conditions. Arsenic values obtained are in agreement with those reported for various 
reference samples. 

Arsenic is considered to be a pathfinder or indicator 
element in geochemical surveys.’ Because of the 
relative ease of dispersion by both physical and 
chemical processes, arsenic forms primary as well as 
secondary halos around ore deposits. The deter- 
mination of arsenic at or below the crustal abundance 
level (1.8 ppm) provides a useful geochemical pros- 
pecting guideline for detailed surveys. 

One of the early methods of arsenic determination 
was a calorimetric procedure involving the Gutzeit 
apparatus.* Attempts to replace the calorimetric 
procedure by direct determination by atomic- 
absorption spectrometry after sample dissolution 
have not been successful because of interferences 
caused by the light-scattering effects of other elements 
present, regardless of the method of atomization. 

Hydride generation has been used to isolate arsenic 
from possible ionic interferences and for precon- 
centration, but the generation of arsine and the final 
determination by flame or flameless methods may still 
be affected by various ions present in the sample 
solutions3” 

Direct determination of arsenic by X-ray 
fluorescence analysis of powder or pelleted samples 
does not provide satisfactory sensitivity at the level of 
crustal abundance. The usual matrix problems that 
arise in the determination of trace amounts of various 

*Any use of trade names is for descriptive purposes only 
and does not imply endorsement by the U.S. Geological 
survey. 

elements are compounded by the proximity of the 
lead La (2&48.73”) and arsenic Ku (28,48.83”) peaks. 
Secondary arsenic peaks are less sensitive, so provide 
a lower count-rate and decrease the sensitivity of any 
direct determination technique. 

The method proposed here makes use of a 
nitric-sulphuric acid digestion, after which ammo- 

nium thiosulphate, benzene, and hydrochloric acid 
are added, and arsenic(II1) is extracted as the chloride 
into the benzene layer according to the procedure of 
Jewett et al.’ The benzene layer is evaporated in 
contact with a filter-paper disc impregnated with a 
solution of sodium bicarbonate and potassium 
sodium tartrate, and the arsenic present on the disc 
is determined by X-ray fluorescence analysis. 

Apparatus 

EXPERIMENTAL 

A computer-controlled Siemens SRS* wavelength- 
dispersive X-ray spectrometer equipped with a tungsten 
source (set at 50 kV and 40 mA) and a lithium fluoride 110 
crystal was used. Each sample was counted for 100 set at the 
arsenic Ku peak (28, 48.83”) and the background was 
counted (2~9, 50”) for the same time. Each microgram of 
arsenic provided a 20-cps count-rate above background. 
Plastic sample cups (EC16, Chemiplex Industries) were used 
to hold the benzene extract and the Whatman No. 540 
filter-paper discs. 

Reagents 

All chemicals used were of analytical-reagent grade. 
Arsenic standard solution, 100Opg/ml. Dissolve 0.132 g of 

As,O, in 2 ml of 1M sodium hydroxide, acidify with 1 ml of 
10% (v/v) nitric acid and dilute to lOOm1 with water. 

967 
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Solution of sodium bicarbonate and potassium sodium 
tartrate. Dissolve 5 g of NaHCO, and 5 g of 
KO,C(CHOH),CONa~~H,O in 100ml 02 water. - 

Ammonium thiosulphate solution, 1%. Dissolve 1 g of 
(NH,),S,O, in 100 ml of water. 

Calibration graph 

Pipette aliquots of the arsenic standard solution contain- 
ing 0, 1, 2, 5, 10, 20, 50, 100, 200 and 500 pg of arsenic into 
50-ml Teflon beakers, each containing 0.5 g of rock or soil 
known to contain less than 0.1 pg of arsenic. Apply the 
digestion and extraction procedures as for the test samples. 
The calibration is linear over this range. The standards 
prepared in this manner correspond to arsenic concen- 
trations up to 1000 ppm in the samples. 

Procedure 

Weigh a 0.5-g sample of pulverized rock, soil, or sediment 
into a 50-ml Teflon beaker. Add 2 ml of water and 10 ml or 
more of concentrated nitric acid, depending on the organic 
content of the sample. Add 5 ml of sulphuric acid and heat 
on a hot-plate until copious white fumes of sulphur trioxide 
are evolved. Allow to cool and transfer the solution to a 
16 x 150 mm Pyrex test-tube fitted with a Teflon screw-cap. 
Add 1 ml of 1% ammonium thiosulphate solution and 5 ml 
of benzene and allow to cool. Teflon beakers are used 
because the product from the digestion can be transferred 
practically completely without rinsing. From a pipette add 
0.1 ml of concentrated hydrochloric acid on top of the 
benzene layer and immediately cap the’tube. Shake it for 
10 min and allow the two phases to separate. Add another 
0.1 ml of concentrated hydrochloric acid and shake again 
for lOmin, to obtain consistent results. Centrifuge the 
test-tube to separate the two phases. Remove the benzene 
layer with a pipette and place it in an EC16 sample cup. 
Immediately cover the benzene with a Whatman No. 540 
filter-paper disc impregnated with 0.2ml of the sodium 
bicarbonate-potassium sodium tartrate solution. Allow the 
benzene to evaporate and the filter-paper disc to dry in air, 
then cover the cap plug with a layer of Mylar film. Secure 
the Mylar film to the sample cup with a retaining ring, turn 
the sample cup over and shake the filter loose so that it 
comes to rest on the Mylar film, which is used as the support 
for the determination of arsenic by X-ray fluorescence. 

RESULTS AND DISCUSSION 

Sample digestion and solvent extraction 

The procedure for sample digestion and solvent 

Table 1. Replicate analyses (n = 6) of arsenic in seven reference 

Sample 

1. GXR 1 
Jasperoid 

2. GXR 2 
Soil 

3. GXR 3f 
Fe-Mn Deposit 

4. GXR 4 
Copper 
mill head 

5. GXR 5 
Soil 

6. GXR 6 
Soil 

7. Mag-1 
Marine mud 

Range Mean 
PPm PPm 

420-472 448 

RSD “/’ > 0 

4.0 

Reported 
values, ppm 

460 f 30t 

32-36 34 3.3 31 *st 

383&4360 4005 6.1 4000 * 450t 

96112 106 5.5 98 + lot 

12-14 13 5.5 12*3t 

292-320 309 3.8 340 * 30t 

6-8 7 10.5 65 

*Relative standard deviation. 
tReference 8. 
fO.lO-g sample. 
BReference 9. 

extraction is adapted from that of Jewett et al.,’ 

which involves the extraction of arsenic as the chloro- 
complex from sulphuric-hydrochloric acid. These 
authors reported a recovery of W-90% for arsenic in 
biological materials after digestion and extraction. 
Discs prepared by spiking a sample and following the 
procedure were compared with discs prepared by 
placing an equivalent amount of arsenic on a filter. 
The results confirmed that S&90% recovery is ob- 
tained. 

If a benzene extract containing arsenic is allowed 
to evaporate on a filter-paper disc without the sodium 
bicarbonate-potassium sodium tartrate solution 
present, the arsenic evaporates along with the ben- 
zene. Potassium sodium tartrate prevents this loss, 
and the sodium bicarbonate neutralizes any sulphuric 
acid left in the benzene layer and makes it easier to 
free the filter-paper disc from the bottom of the 
plastic cup. Any excess of sulphuric acid transferred 
to the plastic cup would destroy the filter paper and 
require the analysis to be repeated. 

It is necessary to carry arsenic-spiked samples 
through the procedure as standards to compensate 
for losses in the digestion and extraction steps. 

Interferences 

Samples were spiked with 1OOO~g of antimony, 
bismuth, cobalt, copper, nickel, and lead, and anal- 
ysed by the proposed procedure. Lead was not de- 
tected at the 48.73” La lead peak on the filter disc 
prepared from samples containing 1000 pg of lead. It 
therefore appears that lead is not extracted under the 
experimental conditions and does not interfere with 
the arsenic detection. Under similar conditions, co- 
balt, copper, and nickel are also not extracted and 
cannot be detected. Antimony and bismuth are par- 
tially extracted, but do not interfere with the arsenic 
determination. 

Analysis of samples 

Replicate analyses of seven geological reference 
samples with varying matrices gave the arsenic values 
presented in Table 1. The mean values found by the 
proposed method are in general agreement with 
values reported in the literature. 
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USE OF A MANGANESE DIOXIDE COLUMN IN 
THE FLOW ENTHALPIMETRIC DETERMINATION 

OF HYDROGEN PEROXIDE 
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(Received 15 March 1983. Accepted 24 May 1983) 

Summary-A method for flow enthalpimetric determination of H,O* is described. The method uses 
manganese dioxide to catalyse the decomposition of H,O,. The catalyst is stable enough to be used for 
at least 500 analyses. H,O, in the concentration range O.Ol-1OmM is determined with coefficients of 
variation < 2%. The method has been used for determination of glucose in a non-alcoholic beverage and 
wines, with glucose oxidase as the peroxide-producing enzyme. 

Since a continuous-flow enthalpimetric analyser was 
designed and constructed by Pristley et al.’ many 
such instruments have been described and a wide 
variety of reactions have been adapted for use with 
the instruments. Immobilized-enzyme flow en- 
thalpimeters (enzyme thermistors) have been devel- 
oped by Mosbach and Danielsson.‘” Immobilized 
catalase has been used for the determination of 
H202.@ The catalase was immobilized on controlled- 
pore glass beads by glutaraldehyde cross-linking4 and 
on Sepharose by antigen-antibody interaction.5.6 A 
practical drawback of the method is the lack of 
stability, because the catalase is irreversibly inac- 
tivated by the substrate (H,O,). In the reversible 
immobilization on Sepharose by antigen-antibody 
interaction, however, any catalase lost can easily be 
replaced on the support, but because of the low 
mechanical stability of Sepahrose a lower flow-rate 
must be used in the flow system. 

The decomposition of H,02 is also catalysed by 
heavy metal ions, metal oxides, hydroxides and sul- 
phides. Among the inorganic catalysts the metal 
oxides are the most active7-9 and are readily available 
in rigid granule form. The purpose of the present 
work was to demonstrate the use of manganese oxide 
as catalyst in a flow system for the determination of 

H202. 

EXPERIMENTAL 

Reagents 

Hydrogen peroxide (30x, Mitsubishi Gas Chemical Co.) 
was diluted with distilled water to give a 0.5M solution, 
which was standardized by iodometric titration. Manganese 
dioxide (granular, for elemental analysis, Merck) was 
washed &h 1M nitric acid for 20 min, fbllowed by &sing 
with distilled water. Tris-HCl buffers (0.1 and 0.2M. DH 
8.5) were used. 

_ 

*Present address: Department of Technology, Fujisangyo 
Co., Nirasaki-shi, 407, Japan. 

Preparation of catalyst. Sulphides and hydroxides [FeS, 
CuS, Cd(OH), and Zn(OH)d, which show fair catalytic 
activity, do not have high enough mechanical stability under 
pressure. Granular oxides (MnO,, CuO, Hopcalite I (50% 
MnO,, 30% CuO, 15% Co,O,, 5% Ag,O) and Hopcalite II 
(600/, MnO,, 40% CuO) show high activity, but are 
progressively inactivated during the catalytic reaction. 

A stable catalyst was obtained by heating MnO, at 
50&550” for 1 hr with air blowing through the furnace at 
a flow-rate of 100 ml/min. The treated oxide was sieved and 
the 6&80 mesh fraction used. 

Apparatus 

The enthalpimeter and components of the flow system 
were similar to those previously described. lo The two therm- 
istors (sealed in glass tubes) were placed one in the detection 
column (bed 0.8 cm in diameter, 2.0 cm in length) packed 
with the catalyst, and the other in the reference column 
(0.8 x 2.0 cm) packed with inert material (glass beads, 20 
mesh). The temperature of the thermistor unit was main- 
tained at 35”. The sample volume was 2.0 ml. 

Procedure 

Samples (10.0 ml) were diluted with 10.0 ml of the 0.2M 
buffer solution. The O.lM buffer was passed through the 
system at a flow-rate of 2.5 ml/min. An aliquot of diluted 
sample solution (2.0 ml) was introduced into the flow stream 
through the injector. The temperature peak was displayed 
on a chart-recorder and the peak-height was measured as 
the maximum deflection from the pre-peak base-line. 

RESULTS AND DISCUSSION 

The dependence of peak-height on pH of the buffer 
solution was studied over the pH range 7.2-10.0. 
Tris-HCl (PH 7.2-9.0) and Na,CO,-NaHCO, buffers 
(pH 9.elO.O) were used. The results are shown in 
Fig. 1. The peak-height was constant for pH above 
8.3, and almost independent of the buffer concen- 
tration in the range 0.02-0.2M. 

The peak-height was dependent on the flow-rate 
and the column length. Figure 2 shows the combined 
effect of the two factors. A flow-rate of 2.5 ml/min 
and a 2.0-cm column were chosen as optimal. 
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101 
7 

I I 1 
8 9 IO 

PH 

Fig. 1. Effect of pH on peak-height (1 .OmM H,O,, flow-rate 
2.5 ml/min). 

Flow-rate (ml/min) 

Fig. 2. Effect of flow-rate and column len%h on peak- 
height. (l.OmM H,O,, pH 8.5). Column length, cm: A 1.0, 

B 2.0, C 3.0), D 4.0. 

Phosphate inhibited the catalyst. The presence of 
O.OlM phosphate in the buffer approximately halved 
the peak-height, and the peak-height gradually de- 
creased during the catalytic reaction. The inhibition 

Table 1. Determination of H202 

Sample 
cow., mM AT, IO-’ deg C.V., % 

0.0102 0.172 1.8 
0.0510 0.855 1.2 
0.102 1.71 0.7 
0.510 5.51 0.4 
I .02 17.0 0.3 
5.10 85.0 0.3 

10.2 170 0.3 

*C.v. = coefficient of variation (n = 6). 

Table 2. Analysis of non-alcoholic beverage and wines 

Glucose, % 
Certificate 

Sample n zz C.V., % value % 

Beverage 6 2.50 0.3 2.5 - 
White wine 6 0.27 0.3 0.3 
Red wine 5 0.14 0.6 0.1 

was irreversible. The presence of O.OSM ammonium 
ion caused 30% decrease in the peak-height, but this 
inhibition effect was reversible. The presence of 
O.OlM EDTA or pyrophosphate caused fluctuations 
of the base-line. Acetate, nitrate, sulphate and chlo- 
rate had no significant influence. 

The catalyst has been used continuously for 500 
trials over a period of 10 days, with no decrease in 
peak-height for 5.0mM hydrogen peroxide. The anal- 
ysis rate was 40/hr. Linear calibration graphs were 
obtained for three ranges (0.01-o. 1, 0.1-1.0 and 
l.&lO.OmM). Table 1 shows the reproducibility for 
solutions of known concentration. 

The procedure has been applied to the deter- 
mination of glucose in a non-alcoholic beverage and 
two wines. The degassed beverage (2.0 ml) was added 
to Tri-HCl buffer (O.OlM, pH 7.5, 50 ml) containing 
about 2 mg of glucose oxidase (from P. ama- 
gasakiense, 100 Ujmg). After incubation at 30” for 20 
min with oxygen supplied at a flow-rate of 50 ml/min, 
the solution was diluted with Tris-HCl buffer (0.2M, 
pH 8.5) to 100 ml. A 2.0-ml portion was then 
analysed by the procedure give. The white wine (10.0 
ml) was boiled for 5 min and analysed in the same 
way as the beverage. The red wine was filtered 
through polyamide gel (Bio-gel P-300, 50-100 mesh) 
before test. The results (Table 2) agreed with the 
certified values. 
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DIOXIDE SUSPENSION IN NEUTRAL MEDIUM 

A. B. EL-SAYED and M. F. EL-SHAHAT 
Department of Chemistry, Faculty of Science, Ain Shams University, Cairo, Egypt 

(Received 26 October 1982. Revised 8 March 1983. Accepted 23 June 1983) 

Smnmary-The reaction between a suspension of lead dioxide and polyaminocarboxylic acids in neutral 
medium at 80” has been examined titrimetrically and found to involve decarboxylation in which 3 moles 
of PbO, oxidize 1 mole of the acid, the products being 3 moles of CO,, 3 moles of HCHO, 1 mole of 
ethylenediaminemonoacetic acid and 3 moles of Pb(II) followed by chelation of the 3 moles of Pb(I1) by 
an additional 3 moles of EDTA. 

The oxidation of the polyaminocarboxylic acids used 
as sequestering agents has found applications in 
analytical and environmental chemistry.‘s2 MacNevin 
et al.’ have studied the homogeneous precipitation of 
ferric hydroxide through release of iron(II1) from its 
EDTA-complex by destructive oxidation of the 
EDTA with hydrogen peroxide. Rao et aL4 used the 
same idea in precipitating lead smoothly as lead 
sulphate, and Cartwright precipitated bismuth phos- 
phate in a similar manner. 

Various reports have appeared on the oxidation of 
EDTA with potassium permanganate,6v7 ceric sul- 
phate,s-‘O manganese(II1)” and lead dioxide in sul- 
phuric acid medium.12 

The extent of oxidation varies with the conditions 
used. Thus Carroll et aL9 reported that at room 
temperature a 4-electron oxidation of EDTA took 
place but with increasing temperature and reaction 
time a ICelectron oxidation could be achieved. The 
last of these studies concluded that 4 moles of C02, 
3 moles of formaldehyde and 1 mole of N- 
hydroxymethylethylenediamine are the products of 
the oxidation of 1 mole of EDTA with 4 moles of 
Pb02, but these conclusions depended on certain 
assumptions. We have made an independent in- 
vestigation of the oxidative decarboxylation of some 
commonly used polyaminocarboxylic acids with a 
suspension of lead dioxide in neutral medium. We 
consider the study interesting, as representing use of 
a heterogeneous reaction in analytical chemistry, and 
also in connection with determination of poly- 
aminocarboxylic acids in waste-water treatment. 

EXPERIMENTAL 

Reagents 
Solid lead dioxide of general reagent grade was dried and 

used without further purification. Its purity was determined 

by a standard iodate method.13 Ethylenediaminetetra-acetic 
acid (H,EDTA), trans-1,2-diaminocyclohexane-N,N,N’,N’- 
tetra-acetic acid (H,DCTA) and ethyleneglycol bis(amino- 
ethyl ether) tetra-acetic acid (H,EGTA) were all reagent 
grade, and were checked by complexometric titrationi with 
0.02M manganese sulphate. A carbonate-free stock solution 
of barium hydroxide was prepared by dissolving 40 g of the 
pure solid in 1 litre of boiled-out doubly distilled water, and 
filtering off all carbonate deposits. The solution was stan- 
dardized with O.lM hydrochloric acid. 

Procedure 
Different known weights of the dried solid lead dioxide 

were thoroughly mixed with a constant weight of solid 
polyaminocarboxylic acid (the acid being in excess), the 
weights being chosen to provide a wide range of molar 
ratios. The mixture was introduced into a reaction cell (25 
cm long and 4 cm in diameter) connected in the middle of 
a series of ten CO,-traps, each containing 25 ml of standard 
barium hydroxide solution. The first five traps removed all 
CO, from the air drawn into the system, and the second five 
trapped all the CO, released in the oxidative decar- 
boxylation. The last trap was connected to a water pump, 
which was allowed to run for few minutes to remove all CO, 
from the system, then 50 ml of boiled-out doubly distilled 
water were introduced into the reaction cell, after which the 
temperature was slowly raised to 80”. The completion of the 
reaction was indicated by the complete disappearance of the 
dark brown lead dioxide. 

Determination of the unreacted H4 A 
At the end of the reaction the unreacted poly- 

aminocarboxylic acid was determined by complexometric 
titration with O.OSM manganese sulphate, at pH 10 in the 
presence of ascorbic acid and with Eriochrome Black T as 
indicator. A blank was run under the same conditions to 
check that there was no other decomposition of the acid. 
The amount of the acid reacting with the lead dioxide was 
determined from the difference between the two titrations. 

Determination of CO, 
The unreacted barium hydroxide solution in the last five 

traps was filtered to remove the barium carbonate, and 
titrated with O.lM hydrochloric acid, with Methyl Orange 
as indicator. A blank was run with the same initial volume 
of barium hydroxide solution, and the difference was used 
for calculation of the amount of CO, released. 

This amount was substantiated by gravimetric deter- 
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Table 1. Reacting ratio of PbO, and H,A 

Reaction mixture 

PbO,, H,A, 
Molar ratio PbO,/H,A 

H,A mm& mmole Taken Reacting ratio 

H, EDTA 0.029 0.342 0.085 0.729 
0.059 0.172 0.754 
0.085 0.251 0.748 
0.114 0.333 0.769 
0.163 0.476 0.751 
0.182 0.532 0.752 
0.969 3.023 0.320 0.765 
I.288 3.395 0.379 0.762 

Mean 0.754 
H,DCTA 1.051 3.057 0.343 0.736 

0.423 1.021 0.414 0.744 
0.525 1.216 0.432 0.762 

Mean 0.747 
H,EGTA 0.288 1.055 0.273 0.749 

0.354 1.121 0.316 0.741 
0.452 1.230 0.367 0.759 

Mean 0.750 

mination of the precipitated barium carbonate, by con- 
version into barium sulphate. 

Determination of formaldehyde 
The apparatus used for determination of CO, was also 

used for estimating the amount of formaldehyde released in 
the oxidative decarboxylation, the first five traps being filled 
with lo’/, sodium sulphite solution, to prevent oxygen from 
entering the system, and the last five traps with 0.1 N sodium 
sulphite to absorb the formaldehyde produced. 

The excess of sulphite was determined iodimetrically and 
compared with the value for a blank run, to give the amount 
of formaldehyde released. 

RESULTS AND DISCUSSION 

Stoichiometry 

Solid lead dioxide in suspension reacts mildly with 
polyaminocarboxylic acids in neutral aqueous me- 
dium at 80”. The reaction can be monitored by 
titrating the unreacted H,A with manganese(I1). The 
lead(H) present as PbEDTA*- in the solution does 
not affect the titration. 

The results (Table 1) indicate that 3 moles of PbOz 
react with 4 moles of polyaminotetracarboxylic acid, 
when the acid is present in large excess, 1 mole of the 
acid being oxidized, and the other three complexing 
the lead(I1) produced. 

However, when the reactants were mixed in molar 
ratio (Pb02/H4A) greater than 0.6 and both the 

Table 2. Reacting ratio of PbO, and H,EDTA in 0.5M H,SO, 

Reaction mixture 

PbG,, H,A, 
Molar ratio PbO,/H,A 

inmole mmole Taken Reacting ratio 

0.418 0.595 0.70 1.43 
0.944 1.59 2.29 
2.090 3.51 2.70 

10.40 1.504 6.94 2.90 

unreacted Pb02 and H,A were determined, the reac- 
tion was not complete even in OSM sulphuric acid 
medium, but approached a limiting molar ratio of 3 
(Table 2), in agreement with the redox reaction 
proposed below; in this case there is insufficient H,A 
to complex all the lead(I1). 

The results for the determination of lead(I1) by 
flame atomic-absorption spectrometry and for CO, 
and HCHO are collected in Table 3. They show that 
3 moles of CO2 and 3 moles of HCHO are liberated 
when 3 moles of Pb02 react with 4 moles of H,A. 
This suggests that one mole of H,A is destructively 
oxidized by reaction with 3 moles of Pb02 to give a 
less reactive species, presumably a non-chelating 
agent, such as ethylenediaminemonoacetic acid in the 
case of H,EDTA, and 3 moles of CO2 and 3 moles 
of HCHO. The three moles of lead(I1) produced are 
complexed by the other 3 moles of H,A. Hence the 
oxidutive reacting ratio is 1: 1 PbOz:H,A. 

Mechanism of the reaction 

The reaction mechanism suggested by Nagai et ~1.‘~ 
for the oxidation is adopted here, but under our 
conditions the decarboxylation process proceeds only 
up to its third step. The first decarboxylation step can 
be treated as a three-stage reaction, as shown in 
(l)-(3) below, and the same mechanism applies for 
further decarboxylation. 

The overall equation for complete decarboxylation 
of H,EDTA, in short, can be represented as follows: 

3Pb4+ + C H N 0 
+ 3H20 

IO 16 2 8 -3Pb*+ 

+ 3C0, + 3HCH0 + C4H,oN202 + 6H+ 

The difference between our results and those of 
Nagai et al.‘* can be attributed to the difference in 
experimental conditions and is supported by the fact 

Table 3. Molar ratios of Pb(I1) to H,A, CO, to H,A and HCHO to H,A 

Reaction mixture 

PbO,, H,A, ~_ 
Molar ratios 

H,A i?U?lOk i?VtlOk Pb’+/H,A CWH,A HCHO/H,A 

H,EDTA 0.163 0.342 0.751 0.748 0.755 
0.182 0.752 0.752 0.749 
0.969 3.023 0.765 0.739 0.738 
1.288 3.395 0.762 0.761 0.764 

H,DCTA 1.051 3.057 0.736 0.752 0.759 
0.423 1.021 0.744 0.758 0.760 
0.525 1.216 0.762 0.741 0.739 

H,EGTA 1.122 3.455 0.734 0.762 0.751 
0.474 1.234 0.755 0.743 0.749 
0.511 1.474 0.745 0.753 0.750 
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that the reacting ratio of cerium(IV) to EDTA varies 
considerably with the experimental conditions.’ 
Nagai et al. stressed that the fourth decarboxylation 
step was difficult and not completely achieved. We 
attempted to reproduce the conditions used by Nagai 
et al., with an initial molar ratio of 4: 1 (PbO,/HqA), 
but found that some PbOz was left unreacted and that 
the maximum reacting ratio was about 3.5: 1, instead 
of the 4: 1 reported by Nagai et al.‘* This indicates 
that the fourth decarboxylation step can take place, 
but not necessarily completely. 

Comparison of these results with those reported 
for oxidation with permanganate and cerium(IV) 
shows clearly that the reactions depend very strongly 
on the conditions used. 

Acknowledgemenrs-The authors wish to express their grat- 
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Summary-For determination of phosphorus in samples of vegetable origin (leaves and wheat flour) 
decomposition by means of molten alkali is proposed. Two procedures have been studied, one with dry 
reagents including an auxiliary oxidant, and the other with initially moist alkali with no extra oxidant. 
The fusion product is easily soluble and produces a solution suitable for elemental analysis. The 
phosphorus is determined by the molybdenum blue method. The suggested mineralization is rapid, 
accurate and precise. 

Phosphorus is an essential element, and is found in 
vegetable and animal specimens both in inorganic 
forms such as ortho- and pyrophosphate and also in 
organic forms, mainly in nucleoproteins, phos- 
pholipids, sugar-phosphates and enzymes. In most 
cases organic phosphorus is present as a phosphate 
group. 

Various procedures have been proposed for de- 
stroying the organic matrix and mineralizing the 
phosphorus. Wet-ashing uses mineral acids and their 
mixtures, together with other oxidants.14 Dry-ashing 
is done with and without ashing aids.5*6 Other tech- 
niques include oxidation with potassium per- 
manganate in a closed tube,’ sodium peroxide 
fusion,* and reduction by metal fusion.’ Oxygen-flask 
combustion is also frequently used.“,” 

Decomposition of organic samples by fusidn with 
sodium hydroxide has been little used except in 
determination of elements such as fluorine in vegeta- 
bles,‘2*‘3 or germanium in organic compounds.‘4 Re- 
cently, however,15 a thorough study has been made of 
this method, resulting in a set of simple working 
conditions for mineralizing several elements for sub- 
sequent determination. 

The present work describes fusion with molten 
sodium or potassium hydroxide (or a eutectic mixture 
of the two) to destroy the organic matrix of natural 
samples of vegetable origin such as leaves and wheat 
flour, for determination of phosphorus. 

The fusion is done in an open system in a silver 
crucible over a Bunsen burner. Two methods are 
suggested: one using dry reagents and an auxiliary 

*Jacobson and HallI decomposed organophosphate in- 
secticides with a fusion mixture of sodium hydroxide 
and potassium nitrate (4: 1) in a platinum crucible. 

oxidizing agent (method D,,), and the other with 
initially moist alkali and no auxiliary oxidant 
(method W). The phosphorus is determined by the 
molybdenum blue method with hydrazine as reduc- 
tant.16 

The results obtained by the suggested method are 
statistically compared with the certified content of the 
standards studied, analysed according to Pinta et al.” 

For the wheat flour samples a comparative study 
was made of the suggested method and the AOAC 
method,6 involving ashing of the samples with mag- 
nesium nitrate, and phosphorus determination by 
alkalimetric titration. The determination has also 
been done gravimetrically with ammonium phos- 
phomolybdate and phosphomolybdic oxide’* as the 
weighing forms. 

EXPERIMENTAL 

Alkaline fusion 

In a 50-ml silver crucible melt about 3 g of sodium or 
potassium hydroxide pellets or a eutectic mixture of the two, 
and during cooling keep the crucible swirling until the alkali 
has solidified, then leave it to reach room temperature. 
Weigh 0.15 g of dried sample (wheat flour dried for 6 hr at 
IOO”, leaves for 16 hr at 70-80’) and add it to the crucible. 

Method D,,. Warm the crucible with a burner and swirl 
it constantly until a homogeneous and half-liquid mixture of 
molten alkali and organic matter is obtained. Add a very 
small portion of solid sodium or potassium nitrate and heat 
the mixture strongly until the organic matter is destroyed. 
If a charred residue is left (usually the case), continue strong 
heating and addition of oxidant (not exceeding 0.1 g) with 
energetic mixing after each addition, repeated until ox- 
idation is complete and a transparent melt formed.* 

Method W. Add 0.5-l ml of water to the crucible, wetting 
the sample and the alkali. Warm cautiously with the burner 
flame and swirl vigorously to obtain at relatively low 
temperature a homogeneous mixture of alkali and organic 
matter. Continue warming and stirring until the moisture 
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has evaporated. Gradually increase the heating with con- 
stant swirling until the mixture fuses, and then heat strongly 
until the organic matter is destroyed. If a persistent residue 
is left, increase the heat until a transparent melt is obtained. 

Phosphorus determination 

When cold, the fusion product readily dissolves on addi- 
tion of small volumes of hot water (not more than 5 ml at 
a time). Transfer the solution to a plastic beaker and rinse 
out the crucible thoroughly. Neutralize the solution by 
adding sulphuric acid (1 + 1) dropwise with stirring, until 
the effervescence stops. Add slowly and with stirring 8-10 
ml more acid. Boil the solution for 30 mitt, cool and transfer 
it to a 50-ml standard flask, and dilute to the mark. Transfer 
a 5-ml (maize or orange samples) or lo-ml (wheat flour, 
olive tree or eucalyptus) aliquot to a 50-ml beaker, and 
neutralize with dilute sodium hydroxide solution. Prepare 
fresh hydrazine-molybdate reagentI by mixing 25 ml of 
ammonium molybdate solution IS.5 g of ammonium hep- 
tamolybdate tetrahydrate in 500 ml of sulphuric acid 
(1 + 4)] and 10 ml of 0.15% hydrazine sulphate solution, and 
diluting to 100 ml. Add 20 ml of this molybdate-hydrazine 
solution to the test solution, dilute with water to 40 ml, mix 
and place in a boiling water-bath for 7-8 min. Cool and 
transfer the blue solution to a 50-ml standard flask, and 
dilute to the mark. Measure the absorbance in a l-cm cell 
at 830 and 650 nm. Prepare a calibration graph covering the 
range 0.25-12.5 x lo-‘M phosphate. 

RESULTS AND DISCUSSION 

Both decomposition procedures mineralize the or- 
ganic phosphorus easily and rapidly (10-15 min), 
giving a clear melt. The fusion product gives a suit- 
able solution for determination of the phosphorus. 
The efficiency of method W is possibly due to the 
thorough mixing of the sample and alkali at low 
temperature assisting the degradation of the organic 

matter. The amount of hydroxide necessary is 15-20 
times the weight of sample used. 

Up to 0.2 g of sodium nitrate, added as auxiliary 
oxidant, does not interfere in the spectrophotometric 
determination. The amount usually used is less than 
0.1 g. 

The results obtained were analysed statistically 
(95% significance level). 

Wheat fIour 

The results in Table 1 show that the phosphorus 
content found varies slightly according to the method 
used, diminishing in the order alkalimetric titration, 
gravimetry as ammonium phosphomolybdate, gra- 
vimetry as phosphomolybdic oxide, spectropho- 
tometry, but the last gives the best agreement with the 
certified value. The standard deviation also dimin- 
ishes in the same order. 

The high results obtained by alkalimetry are 
probably due to adsorption of acid on the yellow 
precipitate, and those by weighing ammonium phos- 
phomolybdate are due to its hygroscopic nature; 
phosphomolybdic oxide is not very hygroscopic, 
however,‘* and the results obtained by this method 
are practically the same as those obtained by spec- 
trophotometry. 

The precision of the spectrophotometric deter- 
mination is comparable for both decomposition 
methods. The alkaline mineralization also gives re- 
sults comparable to those obtained with the reference 
decomposition (F-test); nevertheless, the precision of 
the alkaline fusion method is better than that of dry 
ashing, lower values and variances being obtained in 
all cases. 

Table 1. Analysis of wheat flour (series I and II, present method; series IV, AOAC method; series III, 
V and VI, other reference methods) 

Series 

I 

II 

III 

Destruction Relative 
of organic Phosphorus P found, % std. devn., 

matter determination P $95 % % 
Alkaline Spectrophotometric 

fusion (molybdenum blue) 0.0849* 0.00074 0.6 
(method D,,) 0.0839t 0.00074 0.6 

Alkaline 
fusion 0.0848” 0.00079 0.7 
(method W) 0.0843t 0.00067 0.6 

Ashing with 0.0848: 0.00132 1.1 
magnesium 0.0844t 0.00097 0.8 
nitrate 

IV Alkalimetric 
titration 

0.0894 0.00386 3.1 

V 
Gravimetric 

ammonium 
phosphomolybdate 

0.0878 0.00103 0.8 

VI 
Gravimetric 

phosphomolybdic 
oxide 

0.0860 0.00082 0.7 

*1 = 830 nm. 
tl = 650 nm. 
§n = 10. 
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Table 2. Analysis of leaf samples” 

Sample Relative 
(certified P Fusion P found, % std. devn., 
content, %) method z? s,B “/, “/, 

0.00365 2.1 
0.00342 2.0 

Maize 
(0.219) 0.00270 1.6 

0.00249 1.4 

Orange tree 
(0.15) 

0.215* 

D0X 0.214t 

0.216; 
W 0.216t 

0.150* 

D0X 0.149t 

0.150’ 
W 0.149t 

0.00152 
0.00084 

0.00195 
0.00158 

1.3 
0.7 

1.3 
1.3 

Olive tree 
(0.083) 

0.080’ 

D,, 0.08Ot 

0.080’ 
W 0.080t 

0.082* 

D0X 0.082t 

0.082’ 

0.00084 
0.00084 

0.00084 
0.00084 

Eucalyptus 
(0.085) 

0.00100 
0.00089 

1.3 
1.3 

1.3 
1.3 

1.3 
1.3 

1.3 0.00110 
W 0.082t 0.00055 1.3 

*l = 830 nm. 
tl = 650 nm. 
On = 10. 

Leaf samples (maize, orange tree, olive tree and euca - 

IYPtus) 

Table 2 compares the certified values for the stan- 
dards with the results obtained by the spec- 
trophometric method and both mineralization tech- 
niques. 

Method W gives a lower standard deviation than 
method D,,, and measurement at 650 nm is more 
precise than measurement at 830 nm. 

The accuracy of the proposed method is excellent 
for samples with high phosphorus content, and rea- 
sonable for those with lower phosphorus content. All 

the “Student’‘-t values are smaller than the tabulated 
values, indicating that the average results obtained 
are correct. 
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Summary-The method is based on the cathodic wave obtained for chlorhexidine and proguanil in 
buffered aqueous dimethylformamide media. Concentrations up to 8 x lo-’ and 6 x 10m4M, respectively, 
can be determined. The difference in behaviour at various pH values or in the presence of surface-active 
agents, is useful for characterization of both biguanides. 

Biguanides are found in several pharmaceutical for- 
mulations and their analytical reactivity with metallic 
ions has been studied.‘” The polarographic behav- 
iour of biguanide solutions has not previously been 
described, however, only the metal-ion complexes 
having been studied.“’ 

Aqueous and aqueous dimethylformamide solu- 
tions of chlorhexidine (I) and proguanil (II) exhibit 
characteristic cathodic waves at pH values at which 
the two compounds are monoprotonated.* The wave 
is due to heterogeneous saturative reduction of the 
azomethine bonds to amino groups.’ In the absence 
of the chlorophenyl group, the biguanides tested do 
not show this wave, and give only hydrogen evo- 

Apparatus 

A Radiometer Polariter PQ4g, with a 1250-R resistance 
SCE and a dropping mercury electrode (2.61 set drop-time, 
drop-rate 3.58 mg/sec) was used, at 20”, for the analytical 
procedures and examination of surfactants. 

A Metrohm Polarecord E-506, with an Ag/AgCl, KCI 
(satd.) reference and auxiliary electrodes was used for the 
d.c. and a.c. controlled drop-time techniques (drop-life 
0.6sec, drop-rate 2.31 mg/sec) at 20”. 

Procedures 

An appropriate amount of biguanide was dissolved in 
2 ml of dimethylformamide and accurately diluted with pH 
7.05 B&ton-Robinson buffer (0.5M) to 25 ml. The solution 
was deoxygenated by passage of nitrogen for 5 min and then 
the polarogram was recorded. 

H H 

(I) 

The present work deals with the polarographic 
differentiation of chlorhexidine and proguanil and 

their determination. There are few quantitative 
methods for biguanides. The standard method” is by 
titration with perchloric acid in acetic acid medium. 
A recent paperI deals with the HPLC separation of 
proguanil in serum samples. 

EXPERIMENTAL 

Chemicals 

Chlorhexidine dihydrochloride and proguanil hydro- 
chloride were donated by ICI Farma. Both were crystalline 
white powders, m.p. 249” and 237”, respectively. Thin-layer 
chromatograms showed only one spot (under ultraviolet 
radiation) for each substance. Perchloric acid titration (in 
acetic acid medium) gave 99.8% and 99.9% purity, re- 
spectively. All chemicals used were of analytical grade. 

*To whom all correspondence should be addressed. 

H c;n3 

(II1 

Chlorhexidine in “Hibitane” tablets. About 0.5 g (accu- 
rately weighed) of powdered sample was dissolved in 50 ml 
of a 1: 1 v/v mixture of pH 7.05 Britton-Robinson buffer 
and dimethylformamide. Four-ml portions were diluted 
accurately to 25ml with the same buffer. Various volumes 
(O-3 ml at 0.5-ml intervals) of a standard 3.68 x lo-‘M 
chlorhexidine solution in Britton-Robinson buffer (8% di- 
methylformamide solution) were added and the deoxy- 
genation and polarographic steps were applied. 

RESULTS AND DISCUSSION 

The polarographic waves of chlorhexidine and 
proguanil are shown in Fig. 1. Addition of dimethyl- 
formamide increases the solubility of the biguanides 
and shifts the half-wave potential to less negative 
values, improving the resolution with respect to the 
wave from the medium. 
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(a) 

E(V) 

Fig. 1. Typical a.c. and d.c. waves (drop-life 0.6 set; AE 30 mV, temperature 20”; 0.05M Britton-Robinson 
buffer, pH 6.52. (l) 0.015 PA (a.c.) and O.lOpA (d.c.). (a) Proguanil 4 x 10m4M; (b) chlorhexidine 

4 x 10m4M; 1 and 2, a.c.; 3 and 4 d.c.; 2 and 4, gelatine 4 x IO-*M. 

The pH-dependence of the half-wave potential was 
found to be linear in both cases (AE;/A pH N 
-60 mV and Q,, > 3 kcal/mole). Proguanil shows 
polarographic activity only at pH > 3, but chlor- 
hexidine gives a useful wave at pH > 1.7. These two 
biguanides can be differentiated at pH values below 
3; the wave obtained for 2 x 10p4M chlorhexidine 
solution at pH 2.25 is not disturbed by successive 
additions of proguanil up to a concentration of 
2 x 10-4M. 

Adsorption phenomena affect the characteristics of 
the waves, the half-wave potentials being shifted to 
slightly more negative values when gelatine or Triton 
X-100 is added to the biguanide solution. At pH 7.05 
and a proguanil concentration up to 5.7 x 10m4M, the 

wave disappears at a gelatine concentration of 
5.6 x 10m3%. The effect is less marked with chlor- 
hexidine, for which the wave at the same pH and a 
concentration of 8 x 10W5M is not affected by a 
6 x lo-*% concentration of gelatine. However, 
1.5 x 10p2% gelatine causes interference with the 
waves from 3.3 x 10m5M chlorhexidine and 
3.3 x 10-4M proguanil. 

Triton X-100 has a bigger effect than does gelatine. 
The limits of detection are 3.3 x 10p5M for chlor- 
hexidine and 3.3 x 10m4M for proguanil, with 
1.2 x 1O-2 and 8.6 x lo-‘% Triton X-100, re- 
spectively. 

The effect of the surfactants on the polarographic 
waves is shown in Table 1 and Fig. 1. 

Table I. Effect of surfactants on the half-wave potentials and diffusion currents 
G% - 1.20 V, pH 7.05 B&ton-Robinson buffer) 

[Biguanide], M Gelatine, % Triton X-100, % E?,V I,jL4 

-1.47 1.32 
Chlorhexidine 1.5 x 10-J -1.54 1.08 

0.8 x 1O-4 1.2 x 10-Z -1.52 0.96 
-1.57 5.10 

Proguanil 2.3 x lo-’ -1.51 3.04 
5.7 x 10-d 2.7 x 1O-4 -1.62 4.64 
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The analytical method is based on these results and 
uses d.c. polarography at the dropping mercury 
electrode. The polarogram is recorded over the 
range of applied potential from - 1.2 to - 1.6 V. The 
calibration graph is linear up 8 x 10m5M chlor- 
hexidine or 6 x 10m4M proguanil. The half-wave 
potentials do not vary significantly: - 1.57V for 
proguanil and - 1.47 V for chlorhexidine. 

The Lingane constants and na values calculated are 
3.2 and 0.80 for proguanil, and 6.0 and 1.64 for 
chlorhexidine. 

The relative standard deviations found were 2% for 
proguanil solutions and 0.4% for chlorhexidine (15 
replicates). 

Chlorhexidine in “Hibitane” tablets (from ICI 
Farma) was also determined by the standard- 
addition method (see procedure). The correlation 
coefficient was 0.999. Found 4.9 mg (declared 5 mg). 
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Summary-Simple methods are described for the analysis of sulphate, sulphite and dithionate mixtures 
by potentiometric titration with lead perchlorate (and use of a lead ion-selective electrode). The error and 
precision are both about 2-5x for the sulphate concentration range 3 x IO-‘-6 x 10s4M. The sulphur 
content in fuels derived from refuse was determined by potentiometric titration after bomb-combustion 
and the results compared favourably with those from the standard BaSO, gravimetric method. 

The environmental significance of sulphur is being 
increasingly recognized’ and the analytical chemistry 
of sulphur compounds has therefore received much 
attention.2’ Sulphur dioxide is one of the most 
ubiquitous pollutants in ambient air. Its oxidation in 
clean, dry air is slow, but certain transition metals 
such as iron, copper and manganese, which are quite 
common constituents of urban atmospheres, may 
enhance it.4 The oxidation of sulphur dioxide may 
lead to dithionate (S,O:-) or sulphate.5*6 Dasgupta et 
al. first proposed the existence of dithionate in atmo- 
spheric aerosols.6 

There are few satisfactory analytical techniques for 
determination of dithionates or mixtures of dith- 
ionates with other sulphur-containing anions2s3 Das- 
gupta et al. have proposed a method for the analysis 
of sulphate, sulphite and dithionate mixtures.6 In this, 
sulphite is titrated with tri-iodide in one aliquot of 
sample. In another aliquot, sulphite is oxidized to 
sulphate with hydrogen peroxide and the total sul- 
phate is titrated with barium perchlorate with Sul- 
phonazo III or Thorin as indicator. In a third aliquot, 
sulphite is oxidized to sulphate, and the total sulphate 
is precipitated as barium sulphate and filtered off. 
The filtrate, containing dithionate, is oxidized with 
concentrated nitric acid and the resulting sulphate is 
determined gravimetrically. The error of this pro- 
cedure for dithionate was about f3%, and the 
method is time-consuming and complicated. 

The present paper describes the analysis of mix- 
tures of sulphate, sulphite and dithionate, by poten- 

*Author for correspondence. 

tiometric titration with lead perchlorate. An aliquot 
of sample is titrated with lead perchlorate to obtain 
the sum of sulphate and sulphite. Another aliquot is 
acidified with perchloric acid, and the sulphur dioxide 
produced is removed from the solution by passage of 
nitrogen. The sulphate is then titrated with lead 
perchlorate. A third aliquot is oxidized with hydro- 
gen peroxide to convert sulphite into sulphate and 
then with concentrated nitric acid to oxidize dith- 
ionate to sulphate, and the total sulphate is titrated. 
All the titrations are done at pH 4 in 50% aqueous 
methanol. The error and precision of each titration 
are both 2-5% for the sulphate concentration range 
3 x 10-3-6 x 10-4M. 

The method is simple, fairly accurate and precise. 
It needs only one standard solution and may find 
application in the analysis of atmospheric and indus- 
trial particulates and aerosols for sulphite, sulphate 
and dithionate. It has been applied to the deter- 
mination of sulphur in some fuels derived from 
refuse. 

EXPERIMENTAL 

Apparatus 

An Orion model 94-82 lead electrode and model 90-02 
double-junction reference electrode were used with a Cor- 
ning model 12 pH/mV-meter. The salt-bridge compartment 
of the reference electrode was filled with IM sodium nitrate 
to prevent precipitation of potassium perchlorate. 

Reagents 
All solutions were prepared with demineralized distilled 

water and reagent-grade materials. 
Lead perchlorate solution, 0.1 M. Dissolve 46.0 g of 

Pb(CIO,),. 3H,O in water, dilute to 1 litre, and standardize 
by EDTA titration. Dilute further as needed. 
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Table 1. Results for the analysis of sulphate-sulphite mixtures 

Taken, mM 

[so:-1 + [so:-1 
2.000 + 0.500 
0.500 + 2.ooo 
1.ooo+2.ooo 
2.ooo + l.ooa 
1.ooc+ l.ooa 

Found, mM 

[SC%1 [So:-1 
2.030 0.440 
0.458 1.960 
1.000 1.980 
1.970 0.980 
1.010 0.960 

Error, % 

[So:-1 [So:-1 
+1.5 - 12.0 
-8.4 - 2.0 

0 - 1.0 
-1.5 - 2.0 
+1.0 - 4.0 

Sodium sulphate solution, 0. IM. Dissolve 14.20 g of anhy- 
drous Na,SO, in water and dilute to 1 litre. Dilute further 
as required. 

Sodium sulphite solution, O.lM. Dissolve 1.260 g of anhy- 
drous Na$O, in freshly boiled water and dilute to 100 ml. 
Prepare daily and standardize by iodometric titration. 
Dilute further with freshly boiled water, as needed. 

Sodium dithionate solution, 0. I M. Dissolve 24.20 g of 
dried Na,S,O, .2H,O (97.0%) in water and dilute to 1 litre. 
Standardize by oxidation with concentrated nitric acid, 
followed by titration with lead perchlorate as in procedure 
(a) below. Dilute further as required. 

Procedures 

(a) Determination ofsulphate and sulphite. Pipette a 20-ml 
sample into a lOO-ml beaker. Adjust the pH to 4 with 
sodium hydroxide solution or perchloric acid. Add 25 ml of 
methanol, immerse the electrodes in the solution, start 
stirring at the maximum speed at which air bubbles are not 
formed, and titrate with O.OlM lead perchlorate. 

(b) Determinafion ofsuiphate. Pipette a 20-ml sample into 
a 100-ml beaker. Add l.Oml of 3M perchloric acid and 
bubble nitrogen vigorously through the solution for 
15-20 min. Adjust the pH to 4 with 5M sodium hydroxide, 
add 25 ml of methanol and continue as in (n). 

(c) Determination of sulphate, sulphite and dithionate. 
Pipette a 20-ml sample into an Erlenmeyer flask. Add 2 or 
3 drops of 0.025M sodium hydroxide and 0.5 ml of 30% 
hydrogen peroxide. Allow 5 min for oxidation of sulphite to 
sulphate. Add 30 ml of concentrated nitric acid and put the 
loosely stoppered flask in a heated water-bath for 4 hr. The 
dithionate is quantitatively oxidized to sulphate. Evaporate 
the solution almost to dryness to remove the nitric acid, add 
20ml of water and adjust the pH to 4. Add 25 ml of 
methanol and continue as in (a). 

Calculations 

Plot the e.m.f. against volume of titrant and take the point 
of inflection as the end-point. Calculate the sulphite content 
from the difference between titrations (a) and (b). Calculate 
the dithionate content from titrations (a) and (c), remem- 
bering that 1 mole of dithionate is converted into 2 moles of 
sulphate. 

RESULTS AND DISCUSSION 

Potentiometric titration of sulphate 

Ross and Frant first described the potentiometric 
titration of sulphate with lead, with use of a lead 

ion-selective electrode.’ They used 50% aqueous 
dioxan medium to suppress the solubility of lead 
sulphate. The detection limit is 5 x 10m5M sulphate. 
Major interference is caused by cations which give an 
electrode response (Cu’+, Hg’+, Ag+), anions which 
form insoluble lead salts (PO:-) and high concen- 
trations of chloride and nitrate. Lokka used a 
water-acetone mixture to suppress the solubility of 
lead sulphate, *.9 but we use 50% aqueous methanol in 
accordance with the electrode manufacturer’s in- 
structions,” but no formaldehyde. The pH used (4) is 
the middle of the optimal range (4 f l).‘-lo 

When sodium sulphate solutions in the range 
4-20 x 10e3M were titrated with O.lM lead 
perchlorate as in procedure (a), the error and pre- 
cision were about 1%. The potential break at the 
equivalence point was about 85 mV. For 
4-20 x 10-4Msodium sulphate titrated with O.OlM 
lead perchiorate the error and precision were about 
l-2%, and the potential break about 45 mV. 

Determination of sulphite 

It was found that sulphite can also be titrated 
directly by the procedure for sulphate. Titration of 
2-10 x 10m3M sulphite with O.OlM lead perchlorate 
at pH4 [procedure (a)] gave an error and precision 
of about l-2%, and a potential break of about 
35 mV. The detection limit was 5 x 10d4M. An alter- 
native is to oxidize the sulphite to sulphate with 
hydrogen peroxide, heat to dryness to remove per- 
oxide, which interferes with the titration,” dissolve 
the sodium sulphate in water and titrate by procedure 

(a). 

Analysis of sulphate-sulphite mixtures 

The sum of the sulphate and sulphite is determined 
[procedure (a)] and then the sulphate alone [pro- 
cedure (b)] after decomposition of the sulphite. The 
accuracy for analysis of mixtures is shown in Table 
1. There is a small systematic negative error in the 
determination of the sum of sulphate and sulphite, 

Table 2. Results for the analysis of sulphate-sulphite-dithionate mixtures 

Taken, mM Found, mM Error, % 

[so:-] + [so:-] + [s,o;-] [So:-1 [So:-1 [%@-I [So:-1 E.o:-I 1%0:-l 
1.ooo+ 1.000+ 1.000 1.020 0.900 1.030 +2.0 - 10.0 +3.0 
1 .ooo + 3.000 + 1.000 1.007 2.960 1.034 -0.7 - 1.3 +3.4 
3.000 + 1.000 + 1.000 2.985 0.930 0.960 -0.5 - 7.0 -4.0 
1.000 + 1 BOO + 3.000 0.996 0.958 2.925 -0.4 - 4.2 -2.5 
2.000 + 2.000 + 2.000 2.060 1.894 1.954 +3.0 - 5.3 -2.3 
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Table 3. Results for the determination of sulphur in 
fuels derived from refuse 

Sulphur, %*t 

Sample Gravimetry (X) Titrimetry (Y) ~~_______ ~ 
1 0.250 0.220 
2 0.462 0.446 
3 0.238 0.234 
4 0.238 0.231 
5 0.095 0.100 
6 0.188 0.199 
1 0.463 0.478 

86 0.224 0.226 

*Referred to dry weight. 
tcorrelation equation Y =0.990X (r = 0.9934, 

N = 8). 
@Standard deviations (N = 5): gravimetry 0.012, ti- 

trimetry 0.008. 

tedious. We have compared the gravimetric finish 
with procedure (a), after decomposition of the sam- 
ple by bomb-combustion. Table 3 shows the results. 

The precision of the two methods was checked by 
burning five samples of the same material and 
analysing the resulting solutions by both methods. 
The means and standard deviations were 
0.224 + 0.012 and 0.226 + 0.008%, for the gravimet- 
ric and titrimetric methods, respectively. The agree- 
ment is good but the titrimetric method is more 
precise and takes only 30 min, whereas the gravimet- 
ric method needs 3 hr. 

which is possibly due to the greater solubility of the 
lead sulphite. 

Analysis of sulphate-sulphite-dithionate mixtures 

Dithionate is remarkably stable towards oxidizing 
agents, being attacked by only by a few strong 
oxidants, the most suitable of which is concentrated 
nitric acid, but prolonged heating is needed for 
complete oxidation.6 The sulphite present is oxidized 
first with peroxide, as otherwise there would be loss 
of sulphur dioxide during addition of the nitric acid. 
After the oxidation of dithionate the surplus nitric 
acid is expelled by heating almost to dryness, as 
nitrate interferes in the titration.” Table 2 shows the 
accuracy of the method. 

The proposed methods may find application in 
analysis of atmospheric and industrial particulates.‘* 

Determination of sulphur in fuel derived from refuse 

The bomb-combustion and classical gravimetric 
procedure for this analysisI is time-consuming and 

1. 

2. 

3. 
4. 

5. 

6. 

I. 

8. 
9. 

10. 

11. 

12. 

13. 
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Summary-Studies on the decomposition rates of the Mn(II1) complex of cyclohexanediaminetetra-acetate 
(DCTA) in light and in darkness have shown that this complex is more stable than the one derived from 
ethylenediaminetetra-acetate. The optimum pH range for the determination of dissolved oxygen by means 
of the Mn(III)-DCTA complex is found to be between 3 and 4. The absorbance of this complex is 
independent of the amount of DCTA used (in the range 0.2-l.Og) with water samples containing a 
maximum of 3.2ppm of dissolved oxygen. Significant interferences are caused by the presence of CO:-, 
HCO;, S,@-, PO:-, I-, NO;, SO:-, Ca*+, Fe*+ and Fe’+ at 500 times the oxygen concentration. 

Various methods have been proposed for the deter- 
mination of dissolved oxygen in solutions since the 
classical work of Winkler.’ Some are simply 
modifications of Winkler’s method. These have been 
reviewed by Caritt and Carpenter,z who concluded 
that the modified Winkler’s methods, though labori- 
ous, are quite reliable. Photometric methods appear 
to be most popular for determination of dissolved 
oxygen. Direct photometric methods involve the ox- 
idation of polyphenols and aminophenols3” or leuco 
dyes,’ and the indirect methods involve oxidation of 
manganese(I1) by the dissolved oxygen and reaction 
of the resulting manganese(II1) with iodide,’ O- 
toluidine9 or redox indicators.“,” In another set of 

methods, the manganese(II1) is complexed with 

EDTA12s13 or DCTA14 and the resultant colour in- 

tensity measured. 
During the course of studies on the determination 

of corrosion rates of mild steel in coal-water slurries, 
a reliable and accurate method for the determination 
of micro quantities of dissolved oxygen in the 
medium became essential. Preliminary work showed 
that the Mn(III)-EDTA and Mn(IIIbDCTA com- 
plexes are photosensitive even to laboratory lighting, 
and this factor seems to have been ignored in earlier 
studies.‘2-‘4 Hence, a brief study has been made of the 
relative stability of the Mn(II1) complexes of DCTA 
and EDTA. The results, as well as the influence of 
variables such as pH, DCTA concentration and 

interferences due to some cations and anions fre- 

*To whom correspondence should be addressed. 
Crown Copyrights reserved. 

quently found in coal-slurry waters, are reported in 
this paper. 

EXPERIMENTAL 

Reagents 

All reagent solutions were made from analytical-grade 
chemicals. “Baker-Grade” DCTA and EDTA were ob- 
tained from a local supplier. A 1 SM manganese(I1) chloride 
tetrahydrate solution was prepared. 

Procedure 

Samples with varying concentrations of dissolved oxygen 
were prepared by bubbling either oxygen or nitrogen (the 
latter to reduce the oxygen levels already present) through 
distilled water contained in 2-litre flasks. The dissolved 
oxygen in these stock solutions was determined by the 
modified Winkler’s method,’ and by using a Delta Scientific 
model 2010 oxygen-probe electrode. Before addition of the 
reagents, the dissolved oxygen content of aliquots of the 
stock solution was determined by the modified Winkler’s 
method and by the oxygen-probe method, and these values 
were taken as standard. 

For determination of the decomposition rates of Mn(II1) 
complexes, aliquots of the stock water samples containing 
a known amount of oxygen were taken in two sets of 250-ml 
standard flasks. To each solution 4ml of 1.5M man- 
ganese(II) solution were added, followed by 0.4 g of DCTA 
or EDTA and 4ml of 4M sodium hydroxide. The flasks 
were wrapped in aluminium foil to minimize photochemical 
decomposition. After vigorous shaking of the mixtures the 
precipitates were allowed to settle, and 1.4 ml of 5M sul- 
phuric acid were added to each flask. The mixtures were 
shaken and diluted to volume with water. 

One set of flasks was unwrapped, and exposed to the 
fluorescent lighting in the laboratory; the other set remained 
in the dark. The decomposition rates of the Mn(IIIkDCTA 
and Mn(IIIkEDTA complexes in solution were determined 
by measuring the absorbances at regular intervals (approx- 
imately 2-hr intervals for the exposed solutions and approx- 
imately 24-hr intervals for those kept in the dark) at 500 and 
495 nm respectively. 
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RESULTS AND DISCUSSION 

Stability of Mn(III] complexes 

The visible absorption spectra of the complexes are 
shown in Fig. 1. Mn(III~D~A has an intense 
absorption maximum at 500 nm, while 
Mn(II)-DCTA gives very little absorption in the 
400-600 nm region. Mn(III)-EDTA gives a spectrum 
similar to that of Mn(III)-DCTA, with a maximum 
at 495 nm. Typical first-order plots for the decom- 
position of Mn(III~DCTA at pH 2.4 are shown in 
Fig. 2. It is apparent that the decomposition of the 
complex is accelerated on exposure to light. Similar 
observations were made with the Mn(III)-EDTA 
complex. 

Data on the decomposition rates of Mn(III)- 
DCTA and ~n(III)-EDTA at pH 2.4 and 4.5 are 
given in Table 1. It is clear that Mn(III)-DCTA is 
more stable than Mn(III)-EDTA, which itself is 
more stable at pH 4.5 in sulphuric acid medium in the 
dark than in acetic acid medium under the same 
conditions. However, if 1 ml of 0.5’~ CTAB solution 
was added before fo~ation of the Mn(III~-EDTA 
complex, the half-life of the coloured complex was 
found to be about 25 times greater than that observed 
without the addition of CTAB as stabilizer. This 
finding is in agreement with the observations made by 
Rahim and Mohamed.13 In the case of 
Mn(III)-DCTA, however, addition of CTAB had no 
marked effect on the stability of the complex. This 
observation further substantiates the finding that 
Mn(III)-DCTA is more stable than Mn(III)-EDTA. 
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Fig. 1. Absorption spectrum of the Mn-DCTA complex. 

TIME thr) 

Fig. 2. Rate of photodecomposition of the Mn(IIIjDCTA 
complex. 

The effect of pH on the absorbance of the 
Mn(III)-DCTA complex at 500nm is shown in Fig. 
3. The absorbance increases quite sharply between 
pH 2.2 and 3.0, then remains constant at pH up to at 
least 4.1. Hence, further work was done at pH 
3.0-4.0. 

The effect of variation of DCTA concentration at 
two levels (2.4 and 3.2 ppm) of dissolved oxygen was 
studied and the absorbance was found to be indepen- 
dent of amount of DCTA added, from 0.2 to 1.0 g. 

The absorbance of the Mn(III)-DCTA complex 
(kept in the dark) was measured for four levels of 
dissolved oxygen content (each in triplicate) and used 
to construct a calibration curve. Least-squares anal- 
ysis gave a slope of 0.13 12 (absorbance unit per ppm 
oxygen) and an intercept of 0.0328 absorbance unit. 
Assuming the stoichiometric formation of four moles 
of Mn~III~-complex per mole of dissolved oxygen, the 
molar abso~ti~ty of the Mn(II1 jDCTA corn- 
plex was calculated to be 532 l.mole-‘.cm-I, which 
is higher than the 339 1. mole-’ .cn-’ reported in the 
literature.14 
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Fig. 3. Effect of pH on the absorbance of 
Mn(II1 jDCTA complex. 
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Table 1. Decomposition rates of Mn(II1) complexes 

System Medium PI-I Half-life, min 
Mn(III)-DCTA 

Dark 4.4 3240 
Light 

Hz SO, 
H,SO, 4.4 

Mn(IIItDCTA + CTAB 
570 

D&k 
Light 

Mn(IIWEDTA 

Hz SO, 4.14 3390 

H,SO, 4.14 732 

6ark 

Light 
Dark 

Light 
Dark 

Light 
Mn(IIItEDTA + CTAB 

Dark 

Light 

4.5 CH, COOH 145 
CH,COOH 4.5 118 

4.5 H,SO, 207 

HzSO, 4.5 114 
2.4 285 H,SO, 

H,SO, 2.4 1 
223 

4.07 355 CH,COOH 
CH, COOH 4.07 290 

A brief investigation was made of the influence of 
some inorganic ions usually encountered in mining 
waters, on the determination of dissolved oxygen 
with Mn(III)-DCTA. Serious interferences were ob- 
served with anions such as CO:-, HCO;, S,O:-, 
SO:-, PO:-, I-, NO;, NO; and cations such as 
Ca*+, Fe*+, Fe’+, when present in 500: 1 ratio to 
oxygen. These findings are similar to the observations 
made by Rahim and Mohamed for the Mn(III)- 
EDTA method.13 However, the method reported here 
is applicable to waters containing low levels of these 
ionic species and to coal-slurrying water containing 
sodium chloride at 3.5 g/l. concentration. 
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Summary-A new method is proposed for the determination of the total iron content of used lubricating 
oils. It is based on treatment of the samples with a mixture of hydrofluoric and nitric acids (without 
destruction of the organic matter) and emulsification, followed by atomic-absorption measurement. This 
allows the use of aqueous standards and provides a simple, rapid, inexpensive and accurate method, that 
is not affected by the particle size of the solids in the oil. 

The determination of wear metals in used lubricating 
oils is of great technological and analytical interest. 
These metals are present as suspensions with a large 
range of particle sizes, depending on the degree of 
engine wear. Because of this, the samples are remark- 
ably heterogeneous, and serious difficulties are cre- 
ated in atomizing them for atomic-absorption spec- 
troscopy (AAS). 

Iron is probably the element most commonly 
found among the wear metals in lubricating oils, so 
determination of this metal could act as a guide for 
testing some general methods for checking engine 

wear. 
Direct dilution methods’-’ do not allow deter- 

mination of the total iron content because the larger 
particles can pass through the flame without being 
converted into free atoms. The results obtained by 
these methods are strongly dependent on the particle 
size and much lower than those obtained by methods 
based on the destruction of the matrix. 

Methods based on the ashing of the sample and 
analysis of the ash allow determination of the total 
iron content, but require many manipulations with 
consequent long analysis time and risk of con- 
tamination or loss. 

To obtain a rapid and accurate method for deter- 
mining total iron in used oils, with aqueous stan- 
dards, we have examined the use of spraying 
emulsions6-9 obtained after chemical treatment of the 
samples with mineral acids, without destruction of 
the organic matter. 

Apparatus 

EXPERIMENTAL 

A Pye-Unicam SP 1900 atomic-absorption spectro- 
photometer was used, with an iron hollow-cathode lamp, 

*Author for correspondence. 

under the conditions for highest sensitivity. An 
air-acetylene flame was used. 

A Selecta Vibromatic 384 vibrator was used to mix the 
samples. 

Reagents 

Stock solution of iron (1000 ppm), prepared by dissolving 
1 .OOO g of pure iron in 8.5 ml of concentrated hydrochloric 
acid and 5 ml of concentrated nitric acid (both pure grades) 
and diluting to 1 litre with distilled demineralized water. 

Nemo1 K 39 (nonyl phenol polyethylene glycol ether, with 
9 ethylene oxide units) (Mass0 y Carol), Atlox 4853 B 
(mixture of anionic and non-ionic surfactants) (ICI), Emul- 
sogen LBH (mixture of surfactants with solvents), and 
Renex 690 (alkyl aryl polyethylene glycol ether, with 9 
ethylene oxide units) (ICI), were used as emulsifiers. 

Sampling 

To reduce as far as possible all error due to sampling, oil 
samples were stored in transparent glass bottles so that the 
appearance of any sludge could be detected and, before 
sampling, samples were heated at 60” on a hot-plate, with 
shaking, for about 30 min. To avoid any possible difference 
due to sampling, the samples for both the reference and the 
proposed method were drawn simultaneously. 

Reference method 

The modified ASTM spectrophotometric methodI was 
used after ashing and dissolution of the samples. 

Procedure. Weigh 2-6 g of oil into a porcelain crucible, 
then heat it with a Bunsen burner until dry and no more 
smoke appears. Transfer the crucible to a muffle furnace at 
550-600” and heat for 1 hr. Cool. add 1 e of potassium 
hydrogen sulphate per 2 g of sampie and fuie. Cool, add 5 
ml of hydrochloric acid (1 + l), cover the crucible and heat 
gently for 30 min to dissolve the residue. Filter (Whatman 
No. 42 paper). Dilute the filtrate to volume in a 50-ml 
standard flask with distilled water. Pipette 10 ml of this 
solution, add 4 drops of 2,4_dinitrophenol, 5 ml of 20% 
sodium acetate solution, 1 ml of 10% hydroxylamine hydro- 
chloride solution and 1 ml of 0.5% phenanthroline hydro- 
chloride solution and dilute to 25 ml. 

Prepare aqueous iron standards containing the same 
concentrations of reagents and measure the absorbance of 
samples and standards in l-cm cells at 510 nm. 

Analysis by AAS, using emulsions 
Use of emulsions stabilized with various commercial 
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surfactants has been tested, the emulsions being formed 
either directly or after treatment of the samples with acids 
or acid mixtures. The results have been compared with those 
obtained by the reference method. 

Among the procedures tested, the one based on the use 
of oil in water (o/w) emulsions stabilized with non-ionic 
surfactants after treatment of the samples with a mixture of 
nitric and hydrofluoric acids gave the best results. 

Procedure. Weigh approximately 1 g of oil into a poly- 
ethylene bottle, add 2.5 ml of a 1: 1 v/v mixture of concen- 
trated hydrofluoric and nitric acids by means of a poly- 
ethylene syringe, close the bottle and shake it for 5 min by 
means of a mechanical vibrator. Then add 3 ml of methyl 
isobutyl ketone (MIBK), 10 ml of 20% aqueous solution of 
Nemo1 K 39 and 25 ml of water, and shake manually to 
form an o/w emulsion. 

Prepare standards in the same way, but using new iron- 
free oil, and introducing known volumes of lOO-ppm iron 
solution into the aqueous phase. 

Introduce the samples and standards into an air-acetylene 
flame and measure their absorbance at 248.3 nm. 

It is important that all volumes are accurately measured, 
as the solutions are not diluted to a tlxed volume in standard 
flasks. 

RESULTS AND DISCUSSION 

Stability of the emulsions towards mineral acid 

The determination of the total iron content of used 
lubricating oils by direct emulsification of the samples 
after acid treatment requires that the emulsions be 
stable, and because of this it is necessary to use very 
different kinds of emulsions, depending on the 
amount and nature of the acids employed in the 
treatment of the samples. 

Stable water in oil emulsions containing 1 g of 
lubricating oil in a total volume of 50 or 25 ml can 
be obtained by use of the anionic surfactant Atlox 
4853 B or Emulsogen LBH (0.1 g per ml of total 
volume) respectively, 10% v/v of aqueous phase and 
MIBK as diluent, but their stability towards mineral 
acids is limited, so they cannot be used after an acid 
treatment of the sample. 

Water in oil emulsions containing 10 g of Nemo1 
K 39, 1 g of lubricating oil, 3 ml of water and 25 ml 
of MIBK are stable for several hours in the presence 
of 2.5 ml of mineral acid mixtures such as 
hydrochloric/hydrofluoric or nitric/hydrofluoric. 

Moreover, water in oil emulsions containing less 

surfactant (10 ml of 20% Nemo1 K 39 solution in 
MIBK) but the same quantities of oil, water and 
MIBK, are stable in the presence of the mineral acids. 

It is also possible, however, to obtain oil in water 
emulsions containing 1 g of lubricating oil in 50 ml, 
stabilized with 10 ml of 5% aqueous Renex 690 
solution and containing 4 ml of benzene. In the 
presence of 5 ml of hydrochloric acid (1 + 1) these 
emulsions are stable for only some minutes, but can 
be regenerated by simple manual shaking. In con- 
trast, oil in water emulsions containing 1 g of lubri- 
cating oil, 3 ml of MIBK, 10 ml of 20% aqueous 
Nemo1 K 39 solution and 25 ml of water are stable 
for several hours at temperatures below 25”, in the 
presence of 2.5 ml of various hydrofluoric/nitric acid 
mixtures. 

Direct determination of iron in lubricating oils by use 
of emulsions 

The concentration of iron in a sample of used 
lubricating oil was determined by the reference 
method and by atomic-absorption spectrometry ap- 
plied after emulsification of the samples with Atlox 
4853B or Emulsogen LBH as stabilizer. 

The results given in Table 1 show that AAS 
analyses of these emulsions are low by about 75% 
compared with those obtained by the reference 
method. This indicates that only a small fraction of 
the total iron present is atomized, corresponding to 
the iron either in solution in the oil or present in 
sufficiently small particles. The results obtained are 
independent of the surfactant employed. For deter- 
mination of the total iron content a previous treat- 
ment of the samples to dissolve all the particles is 
therefore necessary. 

Determination by formation of emulsions after acid 
treatment of the samples 

The simple way to avoid ashing is to attack the 
samnle with mineral acids to dissolve all the metallic 
particles present in the oil, then to emulsify the oil 
and acid solution for spraying into the AAS flame. 

Table 1. Determination of iron in used lubricating oils; comparison between the procedures employed 

Emulsion methods 

Direct determination Determination with previous acid treatments 
Reference 

a b HCI HF/HCl HF/HNO, method 

2, Pg 21 25 90.5 99 107 103 
n 11 7 17 1 5 5 
s, M! 2.6 1.8 1.8 1.8 1.6 2.6 
3,. % 10 1 2 2 1.5 2.5 
d, % -74 -76 -12 -4 4 - 

a, Emulsions stabilized with Atlox 4853 B. 
b, Emulsions stabilized with Emulsogen LBH. 
P, Average in 1 g of lubricating oil. 
n, Number of replicates. 
s, Standard deviation. 
s,, Relative standard deviation. 
d, Relative difference from reference method. 
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Hydrochloric acid dissolves and complexes iron 
and to dissolve the iron particles in the oil it should 
be sufficient to contact the sample with a small 
volume of the acid. However, the results obtained in 
this way are found to be low by about 12% (Table 1). 
Other acid systems have therefore been tested (Table 
1) and both the HF/HCl and HF/HNO, mixtures, 
stabilized with Nemo1 K39, seem suitable, but the 
HF/HNOr mixture is preferred because it dissolves all 
the metallic particles dispersed in the oil, including 
molybdenum species.” 

Choice of procedure 

Water in oil emulsions containing 10 g of Nemo1 
give only 90% of the sensitivity given by the o/w 
emulsions prepared by the procedure described in the 
experimental section, probably because of their 
higher viscosity, which is responsible for the low 
aspiration rate and some nebulization and clogging 
problems. However, when stabilized by 10 ml of 20% 
MIBK solution of Nemol, these emulsions provide 
twice the sensitivity of the o/w emulsions and a 
detection limit of 0.9 pg of iron in the emulsion. This 
is very useful for the analysis of samples with low iron 
content, but for routine analysis the o/w emulsions 
are preferable because of the greater stability of the 
absorbance readings. 

The total iron content of some used lubricating oil 
samples, of different origins, was determined by the 
nrocedure described in the exnerimental section. The 

The accuracy of the emulsion method was estab- 
lished by regression analysis of the values obtained by 
both the proposed and the reference methods.‘*li3 
Statistical tests of the slope and intercept show that 
the method is free from systematic error and requires 
no correction for the blank [t(intercept) = 0.3; 
t(slope) = 0.1; t(tabular) = 2.04 (P = 0.9511. The 
mean values obtained by both methods are in agree- 
ment according to the Fisher test.i4 

CONCLUSIONS 

The total iron content of used lubricating oils 
cannot be determined directly by AAS analysis of 
emulsions made from the oils, because any metallic 
iron present will not be atomized in the flame. Prior 
treatment of the sample with a mixture of 
hydrofluoric acid and hydrochloric or nitric acid 
dissolves the metallic iron without the need to ash the 
organic matter. Emulsification then disperses the iron 
species uniformly in the system. If the acid treatment 
and emulsification are done in the container into 
which the sample is weighed, risk of contamination or 
loss is minimized. 

The procedure allows rapid and accurate deter- 
mination of the total iron content and is unaffected 
by the particle size of the solids present. It has the 
advantage over the Saba and Eisentraut method,15 
that conventional aqueous standards can be used. 

I 1 

results are summarized in Table 2 along with those Acknowledgemenz-This work was done with the aid of a 

obtained by the reference method. 
grant from Excma. Diputacicn Provincial of Valencia to A. 

The figures of merit of the method are as follows. 
Salvador. 

The sensitivity, defined as the slope of the calibration 
curve, is an absorbance of 5.7 x 10e4 per pg of iron 
in the emulsion. The standard deviation of the ab- 
sorbance for the blank is 4.8 x 10e4, so if three times 
this absorbance is taken as the detection limit, the 
minimum amount of iron detectable is about 2 pg (2 
ppm in a l-g sample). 

The precision, taken as the relative standard devi- 
ation for repetitive analysis, is about 1.4% at the 
lOO+g level and is in general better than that ob- 
tained by the reference method (Table 1). 

,. 

2. 
3. 
4, 

5. 

‘. 

I. 

8. 

Table 2. Determination of the total iron content in used lubricating 
9. 

oils by AAS, using emulsions and prior treatment of the samples with 
10. 

HF/HNO, (for symbols see Table 1) 11. 

Emulsion method Reference method 12. 
Sample 

Aircraft 
Car 1 
Car 2 

.? n s s, x n s s, 
107 5 1.6 1.5 103 5 2.6 2.5 13. 
28 7 1.1 4 29 7 1.9 7 14. 
84 7 1.0 1 82 7 4.3 5 

Train 39 6 1.0 2.5 40 6 2.2 6 
Car 3 198 7 3.2 1.5 200 7 

15. 
2.0 10 
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ANNOTATIONS 

NANOGRAM DETECTION OF m-DINITROAROMATICS 
AND THEIR DERIVATIVES 

A RE-EVALUATION OF THE SPOT-TEST BASED ON 
THE JANOVSKY REACTION 

SYED ASHFAQ NABI, SEEMA HAQUE and PUSHKIN M. QURESHI 
Department of Chemistry, Aligarh Muslim University, Aligarh 202001, India 

(Received 11 May 1982. Revised 23 May 1983. Accepted 2 June 1983) 

Sommary-The spot-test for m-dinitroaromatics and their derivatives, based on the Janovsky reaction, 
is re-investigated. The sensitivity of the spot-test has been much enhanced by changing the solvent and 
using the novel “pellet” spot-test. With the “pellet” spot-test and dimethylsulphoxide, 4-50 ng of 
m-dinitroaromatic compounds and their derivatives can be detected. The change from acetone (used in 
the original spot-test) to dimethylsulphoxide changes the reaction product in most cases. 

The past few years have seen a considerable increase 
in study of the reactions of polynitroaromatics, but 
though most of these compounds are coloured, little 
use has been made of the reactions in organic anal- 
ytical chemistry, apart from the specific calorimetric 
detection of aliphatic amines.‘,’ These tests were 
based on anionic complexes, which have a much 
higher molar absorptivity than charge-transfer com- 
plexes. Four excellent reviews cover the field to 
1970.34 

The detection of m-dinitroaromatics and their 
derivatives is very important, as most of them show 
carcinogenic activity. 2,4_Dinitrotoluene, for exam- 
ple, has recently been shown to be an important 
hepatocarcinogen.’ Further, the reactions can be used 
for the determination of dinitrophenyl (DNP) deriva- 
tives of amino-acids, e.g., by means of their reaction 
with cyanide.’ 

Perhaps the oldest calorimetric reaction in this field 
is the interaction of m-dinitroaromatics and their 
derivatives with acetone in the presence of alkali, the 
so-called Janovsky reaction.’ This method was first 
successfully applied to the determination of m- 
dinitroaromatics by English,” who claimed 0.05% of 
these compounds could be detected in the mononitro 
compounds. A spot-test published 6 years later” 
showed the practical limit ranged from 0.5 pg for 
m-dinitrobenzene to 9 pg for 3,5_dinitrobenzoic acid. 
However, as shown in this paper, there is great scope 
for increasing the sensitivity of this reaction. 

A new technique, the “alkali pellet” spot-test, has 
been developed, which gives maximum sensitivity. It 
appears this will be a useful technique in those 
equilibrium reactions where the hydroxide ion is a 

reactant: 

A+OH-$AOH- 

and the equilibrium constant is favourable. 

EXPERIMENTAL 

Materials 

Most nitroaromatics used were guaranteed-reagent grade 
(Merck), and were not further purified. Some were labora- 
tory reagent grade (B.D.H. or Koch-Light) and were re- 
crystallized until the melting points were in agreement with 
the literature values. The dimethylsulphoxide (DMSO) was 
a Baker “Analyzed Reagent”, the dimethylformamide 
(DMF) was B.D.H. “Analar”. 

T’he micropipette used was precise to f3%. Amberlite 
IRA-400 (Cl- form) was used for the “resin spot-test”. 

Procedures 

(a) Place one drop (1 ~1) of a solution of the test 
substance in distilled ethanol in the depression of a white 
spot-plate, followed by one drop (u 50 ~1) of 30% sodium 
(or potassium) hydroxide solution (prepared with conduc- 
tivity water). Add one drop of acetone (_ 50 ~1) and note 
the colour. If the test is negative add 4 or 5 drops more 
acetone and again note any colour. Repeat this procedure, 
but replace the acetone first with DMF and then with 
DMSO. 

(b) Place a few resin beads (Amberlite IRA-400, Cl- 
form) in the depression of a white spot-plate. Add to the 
beads one drop (1 ~1) of the test solution in distilled ethanol, 
followed by the other reagents as described in (a). 

(c) Repeat procedure (b) with a clean pellet of sodium (or 
potassium) hydroxide instead of the resin beads. 

RESULTS 

The analytical results are tabulated in Table 1, 
together with a comparison with other methods. A 
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number of organic compounds were tested by pro- 
cedures (a), (b) and (c) and found not to interfere 
with the test. They include carbohydrates 
[L( +)-arabinose, lactose, D( +)-malezitose, glucose, 
rhamnose, sucrose]; acids (acetic, formic, tartaric, 
phthalic, pyrogallic, oxalic); alcohols (propan-2-01, 
ethyl, methyl, 2-methylpropan-2-01, amyl, isoamyl); 
heterocyclic bases (pyridine, piperidine); aldehydes 
(formaldehyde, acetaldehyde, benzaldehyde, paral- 
dehyde, p-chlorobenzaldehyde); ketones (aceto- 
phenone, cyclopentanone, cyclohexanone, propio- 
phenone, benzophenone); hydrocarbons and their 
derivatives (benzene, xylene, o-dichlorobenzene, 
bromobenzene, toluene); ethers (diethyl, anisole, 
1,4-dioxan); amino-acids (DL-tryptophan, L-lysine, 
DL-phenylalanine, L-histidine); anilides (acetanilide, 
benzanilide); nitriles (aceto, benzo); amides (ace- 
tamide, benzamide); amines (trimethyl, triethyl, 
methyl, diethyl, aniline, diphenyl); phenols (phenol, 
m-cresol, resorcinol); miscellaneous (chloroform, car- 
bon tetrachloride, urea, thiourea). 

DISCUSSION 

This spot-test is based on the general reaction 
involving a compound that contains an aromatic ring 
with two or three electron-attracting groups in the 
meta-positions, and an anion suitably activated to 
give highly coloured complexes.” 

A glance at Table 1 shows that the sensitivity can 
generally be improved by replacing the conventional 
spot-test by the resin spot-test and further improved 
by the novel “alkali pellet” spot-test. 

We have also changed the solvent, and in addition 
to acetone (used in the original spot-test), have used 
two polar aprotic solvents, DMF and DMSO, which 
increase the sensitivity, the order being 
DMSO > DMF > acetone, which is also the order of 
the dielectric constants. DMSO has a special ability 
to stabilize anionic speciesI 

Test substances (nitroaromatics) which gave yellow 
or orange colours were not considered. 
I-Fluoro-2,4_dinitrobenzene gives a violet colour 
with acetone, an orange-red colour with DMF and a 
blue-violet colour in the presence of DMSO. There- 
fore there is a potential for using these interactions to 
develop solvent polarity scales similar to those of Taft 
et a1.‘4,‘5 There is also scope for using these reactions 
as acidity indicators.‘6*‘7 

The colours produced in the alkaline solutions of 
polynitroaromatics can be due to a variety of inter- 
actions, which will be discussed individually below. 

m-Dinitrobenzene 

The coloured species proposed (Y = OH or OD) is 

11 _ 

NO2 

I,,, = 526 nm 

(1) 

which is stable, has La, = 526 nm, and is formed in 
>70 mole% DMF medium. 

Table 1. Limit of detection &/PI) 

Structure 
proposed 

Solvent for coloured Sensitivity 
species in relative 

Name of compound Acetone’ DMFb DMSO’ co1our* DMSO to other tests 

3.0 (C) 4.0 (C) 0.4 (C) ORa (2a) 25 (S) 
1-Chloro-2,4_dinitrobenzene 4.0 (R) 0.4 (R) 0.4 (R) ORb 2000 (T) 

0.4 (P) 0.04 (P) 0.04 (P) ORC 100 (V) 
0.4 (C) 0.4 (C) 0.4 (C) VU 

1-Fluoro-2,4_dinitrobenzene 0.4 (R) 4.0 (R) 4.0 (R) ORb (2b) 
0.4 (P) 0.04 (P) 0.04 (P) BV’ 
6.0 (C) 4.0 (C) 0.8 (C) 

2,4-Dinitroaniline 0.4 (R) 4.0 (R) 0.04 (R) P (3a) 
0.4 (P) 0.4 (P) 0.004 (P) 
0.120 (C) 0.080 (C) 0.060 (C) 650 (C) 

3,5-Dinitrobenzoic acid 0.04 (R) 0.032 (R) 0.028 (R) RV (5) 350 (T) 
0.032 (P) 0.028 (P) 0.014 (P) 75 (V) 
4.0 (C) 0.280 (C) 0.240 (C) 40 (S) 

2,CDinitrotoluene 0.320 (R) 0.080 (R) 0.040 (R) G (4) - (T) 
0.024 (P) 0.024 (P) 0.020 (P) 100 (V) 
1 .o (C) 2.0 (C) 0.100 (C) 250 (S) 

2,4-Dinitrophenylhydrazine 0.4 (R) 1 .O (R) 0.100 (R) BV (3b) -(T) 
0.4 (P) 0.100 (P) 0.050 (P) - (V) 
0.160(C) 0.080 (C) 0.040 (C) 125 (S) 

m-Dinitrobenzene 0.036 (R) 0.032 (R) 0.032 (R) RV (1) 2500 (T) 
0.024 (P) 0.008 (P) 0.004 (P) 250 (V) 

0.140 (C) 0.120(C) 0.095 (C) 25 (S) 
1,3,5_Trinitrotoluene 0.100 (R) 0.090 (R) 0.070 (R) R (6) 25 (T) 

0.080 (P) 0.060 (P) 0.040 (P) 25 (V) 

(C) Conventional spot-test. (P) “Pellet” spot-test. (R) Resin spot-test. (S) Seiichi.” (T) Tiwari ef al.*’ (V) Verma and D~bey.~~ 
*BV Blue violet, G Green, OR Orange red, P Pink, R Red, RV Red violet, V Violet. 
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1-Chloro-2&dinitrobenzene and 1 -juoro -2+dinitro - 
benzene 

These are thought5s6 to give the structures 

H&~” X=Cl,F &:i2 

i0, NO2 

A,,, = 500 nm 

(2a) 

A,,,,, = 600 nm 

(2b) 

2,4-Dinitroaniline’9 and 2,4dinitrophenylhydrazine’ 

N-H---O N- NH, 

NO2 

L,,,,,, = 380,400,515 nm 

(3a) 

i0; 

A,,, = 640 nm 

(3b) 

2,4_Dinihotoluene 

This reaction is fairly complicated as it can give rise 
to deprotonation and base addition as well as radical 
formation. The reaction of p-nitrotoluene with bases 
has been studied in detail*O and has similar spectral 
characteristics to that of 2,4-dinitrotoluene, so an 
analogous reaction sequence would predict the 
colour-forming species to be: 

I,,,,, = 630,650 nm 

(4) 

3,5_Dinitrobenzoic acid 

The colour in this reaction is most probably due to 
base attack on the conjugate base of the acid: 

co; 
t H 

co; 
I 

2 

Or o N&No. 
2 

H OH 

(5) 

1,3,5-Trinitrobenzene3” 

The colour is due to base addition: 

H OR 

O2N 

y 

NO2 

0 

NO2 

(6) 

Reactions involved 

The reactions on which this spot-test is based are 
rather different from those on which the original 
spot-test was based. This is because the presence or 
absence of acetone has a profound effect on the 
nature of the colour-forming reaction, and hence the 
colour produced. In the presence of acetone “Jan- 
ovsky” adducts are formed, e.g., from 1,3-dinitro- 
benzene: 

NO2 

H CH,COCH, 

In the absence of acetone the adducts will result from 
base attack:3-6 

NO2 

H OR 

2,4-Dinitrophenol and picric acid do not give a 
colour under the reaction conditions. The test can be 
used for virtually all dinitro and trinitro compounds 
having two nitro groups in the meta-position, and is 
expected to be extremely sensitive. 

A novel feature is the “pellet” spot-test, which 
gives maximum sensitivity, because of interfacial 
effects and the very high surface concentration of 
hydroxide ions. 
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Summary-In an attempt to resolve apparently conflicting statements in the literature, a study has been 
made of the action of various reductants on selenium(V1) and selenium(IV). Chloride in hot non-oxidizing 
acid medium will reduce Se(W) to Se(W) but not further. Sulphur dioxide will reduce Se(IV) to Se, but 
has no effect on Se(V1). Hydrazinium salts reduce both Se(V1) and Se(V1) to Se, but hydroxylammonium 
salts reduce only Se(IV) to Se. Hydrogen peroxide partially reduces Se(V1) to Se(IV) but not further. If 
chloride is also present [to reduce Se(V1) to Se(IV)], sulphur dioxide or hydroxylammonium salts can then 
reduce the Se(IV) to Se, and this combined effect has led to some confusion in interpretation of 
experimental observations. 

There is an increasing interest in determination of 
selenium in both organic and inorganic materials. 
The instrumental techniques usually employed have 
recently been reviewed.’ The techniques are often 
very different, with respect both to the analytical 
reactions and the physical principles of the measuring 
process, but usually have in common the demand that 
the selenium should be in one particular oxidation 
state. 

The oxidation numbers for selenium are -11, 0, 
+JV and +VI. Most techniques (but not all) require 
that the sample is brought into solution for analysis. 
This is usually achieved with oxidants, resulting in 
selenium(IV) or selenium(VI), or a mixture of the 
two. For a few techniques elemental selenium is 
preferable or necessary, for instance for gravimetric 
and some X-ray and neutron-activation methods, but 
for most instrumental techniques selenium(IV) is 
required. Hence, after decomposition of the sample 
under conditions resulting in the presence of sele- 
nium(VI), a reduction will be necessary. 

The choice of reductant is important and depends 
on the initial and final oxidation states obtaining in 
the system. The most frequently used reductants for 
production of selenium(IV) or elemental selenium are 
chloride, hydrazinium and hydroxylammonium 
compounds, sulphur dioxide and hydrogen peroxide. 
Sodium borohydride is used exclusively for produc- 
ing selenium( - II) and is not considered here. In the 
literature there seems to exist some confusion as to 
the effect of the various reductants, in terms of the 
initial and final oxidation states of the selenium. 
Moreover, the composition of the reaction medium is 
not always considered when the reducing property of 
a reductant is deduced. Thus the presence of other 
reducing species in the solution can easily lead to 
erroneous conclusions concerning the effect of the 

reductant under test. For instance, in a recent paper 
it is claimed that sulphur dioxide generated from in 
situ decomposition of dimethyl sulphite reduces sele- 
nium(V1) to the element, and that this would not be 
possible if sulphur dioxide gas were used.* However, 
the experiments were done with fairly concentrated 
hydrochloric acid media, and in such solutions ele- 
mental selenium will always be obtained by use of 
sulphur dioxide, no matter how it is generated, 
because the hydrochloric acid will reduce the Se(W) 
to Se(IV), which is then reduced by the sulphur 
dioxide. This is confirmed in the present work. In 
another work, chloride ions are claimed to reduce 
selenium(V1) to the element on prolonged boiling in 
hydrochloric acid.3 This statement will be discussed 
later in this paper. 

Quotations of results from other works can some- 
times cause confusion, usually because they are in- 
complete. For example, it was implied in a review’ 
that sulphur dioxide has been found capable of 
reducing selenium(V1) to selenium(IV) but this ap- 
parent contradiction of the known facts arose simply 
because the reviewers failed to mention that the work 
cited was done with solutions containing hy- 
drazinium ions and hydrochloric acid,4 both capable 
of reducing selenium(V1) to selenium(IV), which is 
reducible to selenium by sulphur dioxide. 

The oxidation-reduction properties of hydrogen 
peroxide when reacting with selenium species may 
also seem somewhat contradictory, as this reagent 
has often been used for reducing selenium(V1) to 
selenium(W), but the opposite process has also been 
claimed to occur.5.6 It seems remarkable that both 
processes should be possible, and reasons for this will 
be discussed below. 

The present work is hence a discussion of the 
oxidation-reduction properties of some common re- 
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Table I 
Experiment Reaction mixture Recovery, % 

1 Se(V1) + H,SO, + N,H, H,O 100.1 
2 Se(W) + H,SOI + N,H,. 2HCI 100.6 

4 
5 
6 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

_ _. 
Se(W) + HCI + N,H, H,O 99.3 
Se(W) + HCI + N,H,. 2HCI 99.8 
Se(V1) + H,SO, + (NH,OH), H,SO, 3.0 
Se(W) + H,SO, + NH,OH HCl 23.5 
Se(W) + HCI + (NH,OH), H,SO, 91.9 
Se(W) + HCl + NH,OH HCI 99.1 
Se(W) + H,SO, + SO, 0.7 
Se(W) + HCI + SO, 99.1 
Se(W) + H,SO., + MgCI, + SO, 101.2 
Se(W) + Se(W) (SO/SO) + H,SO, + SO, 48.4 
Se(VI) + H,SO, + HzOOZ (+ SO,) 61.4 
Se(W) + H,SO, + H,O, (+ SOJ 98.4 
Se(W) + H,SO, (+ SO,) 2.1 
Se(W) + H,SO, (+ SO,) 98.2 
Se(W) + H-SO. + H-0, (cold solution) 0.0 

ductants for selenium species: chloride, hydrazinium 
compounds, hydroxylammonium compounds, sul- 
phur dioxide and hydrogen peroxide. The reducing 
effects of these compounds on selenium(V1) and (IV) 
in various acidic media have been examined, and the 
results are discussed in view of the thermodynamic 
constants for the reacting compounds. 

EXPERIMENTAL 

Reagents 

Se(W) solution, 2 g/l. Sodium selenate (4.786g) was 

dissolved in water and the solution diluted to 1OOOml. 
Se(W) solution, 2 g/l. Selenious acid (3.267g) was dis- 

solved in water and the solution diluted to 1OOOml. 
Hydrazinium chloride solution, 1M. N,H,.2HCl (10.5 g) 

was dissolved in water and the solution diluted to 100ml. 
Hydrazinium hydrate solution, 1 M. N,H, H,O (100x, 

density 1.03 g/ml, 4.85 ml) was diluted to 100 ml with water. 
Hydroxylammonium chloride solution, 2M. NH,OH HCl 

(13.9 g) was dissolved in water and the solution diluted to 
100 ml. 

Hydroxylammonium sulphate solution, 1M. 
(NH,OH),.H,SO, (16.4 a) was dissolved in water and the 
sol&on diluted to ‘100 ml. 

Hydrogen peroxide, 30x, “pro analysi”. 
Sulphur dioxide. Anhydrous gas. 

Procedures 

Experiments l-8. To 50.0 ml of Se(V1) solution 

( = 100 mg of Se) 50 ml of 12M hydrochloric acid or 33 ml 
of 18M sulphuric acid and 20ml of hydrazinium or hy- 
droxylammonium solution were added. The solution was 
diluted to 150 ml with water and the beaker heated on a 
boiling water-bath for 2 hr. Thereafter the precipitated 
elemental selenium was filtered off on a porosity-4 sintered- 
glass crucible and washed with water and ethanol. After 
drying at 110” for 2 hr the crucible was cooled and weighed. 

Experiments 9 and 10. As for experiments 2 and 3 
respectively, but the reduction solution was replaced by 
20 ml of water and sulphur dioxide was passed through the 
solution for 2 hr, at room temperature. The mixture was 
then heated for 15 min on a boiling-water bath, and the 
selenium collected, etc., as before. 

Experiment 11. As for experiment 9, but 60 g of 
MgC1,.6H,O was added after the sulphuric acid. 

Experiment 12. As for experiment 9, but with 100mg of 
Se(VI) (as Na,SeO,) as well as the 100mg of Se(IV) (as 
H,SeO,). 

Experiments 13 and 14. To a solution of 100 mg of Se(IV) 
(13) or Se(VI) (14) in 10 ml of water, 65 ml of 18M sulphuric 

acid were added and the beaker was covered with a watch- 
glass and heated to 180” on a hot-plate. Then 20 ml of 30% 
hydrogen peroxide were added dropwise, with stirring of the 
solution. After cooling, the solution was diluted to 150ml 
with water, and sulphur dioxide was passed through the 
solution for 2 hr. The selenium was collected and weighed 
as before. 

Experiments 15 and 16. As for 13 and 14, but hydrogen 
peroxide was not added. 

Experiment 17. Se(W) (100 mg) was dissolved in 33 ml of 
18M sulphuric acid, and lOm1 of 30% hydrogenperoxide 
were added carefully, with cooling of the solution. The 
mixture was left for 3 hr at room temperature, and any 
product collected as before. 

RESULTS 

The results of experiments l-17 (means of three 
replicates) are shown in Table 1. 

For the discussion the standard electrode poten- 
tials shown in Table 2 will be considered. 

Hydrazinium compounds 

Solutions of hydrazinium salts reduce Se(V1) and 
Se(W) quantitatively to Se in agreement with the E” 
values for (l), (5) and (6) and with the experimental 
evidence from many earlier works. The presence or 
absence of chloride is of no importance. 

Hydroxylammonium compounds 

It seems reasonable to conclude that the hy- 
droxylammonium ion does not itself reduce Se(V1) to 

Reaction E”, V No. 

Nz+5H++4t-$N,Hf 
N,O + H,O + 4H+ + 4e - = ZNH,OH 
Cl, + 2e - * 2c1- 
SO:- + 4H+ + 2e - G= H,SO, + H,O 
SeO:- + 4H+ + 2e - z$ H&O, + H,O 
H,SeO, + 4H+ + 4~ e Se + 3H,O 
0,+2H++2e-+H,O, 
H,O, + 2H+ + 2e - =2H,O 
g0,+2H++2e-=H,O 

- 0.23 (1) 
- 0.05 (2) 

1.35 (3) 
0.17 (4) 
1.15 (5) 
0.74 (6) 
0.68 (7) 
1.77 (8) 
1.23 (9) 
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Se(IV) or Se to any great extent. The results show 
that the degree of reduction of Se(V1) increases with 
increasing concentration of chloride. It must there- 
fore be concluded that the chloride reduces Se(V1) to 
Se(IV), which is then reduced to Se by the hy- 
droxylammonium ion. In view of the E” value for 
reaction (2) the failure of hydroxylamine to reduce 
Se(V1) is difficult to understand. Hydroxylamine re- 
actions are often slow, however, and Latimer’ has 
pointed out that halides seem to given faster reduc- 
tion of selenate than other reductants do. It is also 
known that a mismatch of the electron requirements 
of the oxidant and reductant half-reactions can create 
mechanistic problems that affect the reaction kinetics. 

Sulphur dioxide and chloride 

Theoretically SO, should reduce both Se(VI) and 
Se(IV) to Se. However, it is generally accepted that 
Se(V1) is not reduced by S02,8~g though the contrary 
has been stated.6 Likewise, it is well known that 
chloride is able to reduce Se(v1) to Se(IV). This is, 
however, not evident from the E” values. Combina- 
tion of reactions (3) and (5) gives: 

H,SeO, + H,O + Cl,+SeO:- + 4H+ + 2Cl- (10) 

K,, = 106.8 

Because of the very high concentration of H+ and 
Cl- (usually above 6M) and the very low concen- 
tration of Cl*, the reaction will be forced to the left. 

As Se(IV) is easily reduced to Se by SO*, it should 
theoretically be possible to obtain 100% reduction of 
a mixture of Se(V1) and Se(IV) to Se with SOZ, 
because the Se first formed from the reduction of 
Se(IV) should be capable of reducing Se(v1) to 
Se(IV), according to a combination of reactions (5) 
and (6): 

Se + 2SeO:- + H,O + 4H++3H$eO, (11) 

K II = 1028 

However, experiment 12 revealed that this reaction is 
not feasible, as only about 50% recovery was ob- 
tained, indicating that only Se(IV) was reduced. 

It has also been claimed that chloride can reduce 
Se(IV) to Se on prolonged boiling with hydrochloric 
acid.3 If this were possible, the following reaction, 
which is a combination of reactions (3) and (6), 
should be displaced to the left: 

Se + 3H20 + 2C1,~4Cl- + H,SeO, + 4H + (12) 

K,2 = lO42 

From a thermodynamic point of view it is very 
difficult to understand how this could be possible. 
Loss of selenium from a solution of boiling concen- 
trated hydrochloric acid could perhaps be due to 
volatilization of Se(IV) as SeCl, (subl. 17&196”) or 
SeOCl, (b.p. 176”). 

All this seems to confirm the old fact that SO, 

reduces Se(IV) to Se and that Se(V1) is not reduced. 
However, if chloride ions are present in the acidic 
solution, these will reduce Se(V1) to Se(IV). Thus the 
sum of Se(V1) and Se(IV) can be determined. It 
should be noted that the chloride ions need not 
originate from hydrochloric acid, as might sometimes 
be the impression obtained from older textbooks. 
This is evident from experiment 11. 

Hydrogen peroxide 

Experiments 13 and 14 show that Se(V1) is partly 
reduced by H,Or. Reactions (7) and (8) illustrate the 
dual redox properties of H202, i.e., that it can act 
both as a reductant and an oxidant. Combination of 
reactions (5) and (7) gives 

H,O, + SeOj- + 2H + e H,SeO, + H,O + O2 (13) 

K,3 = lOI 

and of (5) and (8): 

H,SeO, + H202 e SeO:- + Hz0 + 2H+ (14) 

K,4 = 102’ 

Thus both (13) and (14) seem to be spontaneous 
reactions. Experiments 13 and 14 show that reaction 
(13) is favoured although K,, < K,,. The reason is 
probably that the high concentration of H+ will 
favour reaction (13) but force reaction (14) to the left. 

Combination of (7) and (8) gives: 

2H202 =s 2HrO + 02 (15) 

K,5 = lo-” 

This reaction can be catalysed by many substances, 
and probably also by Se(IV), because in experiments 
14 and 17 evolution of oxygen was observed. There 
could be two reasons for this. One is reaction (15), 
and the other is a combination of (7) + (6) giving: 

2H202 + H,SeO, Z$ Se + 3H,O + 202 (16) 

K= lo4 

As this reaction is theoretically feasible, an experi- 
ment was done to see whether it really takes place. In 
experiment 17 the solution was not heated, so that 
any possible oxidizing effect from the hot, concen- 
trated sulphuric acid would be avoided. After 3 hr at 
room temperature no precipitated selenium could be 
detected. With a lower concentration of acid and a 
higher one of peroxide, the result was still always 
negative. A possible explanation for the evolution of 
oxygen observed in experiments 14 and 17 could 
therefore be: 

2H202 - 2H,O + O2 (17) cat. 

Experiments 15 and 16 were “blanks” for 13 and 
14, i.e., with no peroxide present, so that any possible 
effect of the sulphuric acid could be detected. No 
significant effects were observed. 
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Procedures for oxidation of selenium(IV) to sele- compounds are preferred, as they reduce both Se(IV) 
nium(V1) by means of hydrogen peroxide have been and Se(VI) irrespective of the acid used (other than 
published, s.6 but these procedures utilized passage of nitric acid). If only Se(IV) is to be reduced, sulphur 
oxygen through the solution, and therefore reactions dioxide should be used, but chloride ions must be 
(5) and (9) must be considered, giving: absent. 

H,SeO, + so2 Z$ SeO:- + 2H+ 

K,, = 102.’ 

(18) 

As shown, this reaction is feasible if the solution is 
not too acidic. In the works cited the solutions were 
neutral, and the results claimed are reasonable. How- 
ever, in another paper, H,O, alone was supposed to 
oxidize Se(IV) to Se(VI), but this was not examined 
experimentally,‘O and there is doubt whether it could 
really be so. 

If selenium(V1) is to be reduced to selenium(VI), it 
seems that chloride is the most reliable reductant. 
Moreover, reduction by chloride can be done in both 
sulphuric and perchloric acid media. Chloride should 
also be more convenient than hydrogen peroxide, 
because the latter will result in evolution of gas, 
which can result in loss of material by spray. 

Finally it should be pointed out that the E”-values 
must not be used uncritically for the H202 equilibria, 
because these are in fact never true equilibria (on 
which the proper use of the thermodynamic constants 
is based), though the E”-values are useful in deducing 
which reactions can not take place. 

As to the reducing effect of hydrogen peroxide on 
Se(VI), the results seem somewhat ambiguous. In 
view of the dual oxidation-reduction properties of 
peroxide this is not very surprising. Complete reduc- 
tion of Se(V1) to Se(IV) by H202 could possibly be 
obtained by using other experimental conditions but, 
as mentioned above, for analytical purposes this 
reduction can most easily be achieved with chloride. 

The oxidation-reduction properties of hydrogen 
peroxide for reaction with selenium may be sum- 
marized as follows. REFERENCES 

H202 is capable of reducing Se(V1) to Se(IV) (at 
least partly) in hot, concentrated sulphuric acid. 
H202 does not oxidize Se(IV) to Se(V1) under such 
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Summary-In contrast to the earlier statement of one of the authors according to which conductimetric 
titration was invented by Kiister and Griiters in 1903, it is shown that Ostwald made use of this analytical 
method as early as the nineties of the past century. prior to Ostwald’s work, however, papers appeared 
in which conductimetric curves were shown, with statements about their different characteristics in the 
case of reaction between weak and strong acids and bases. The first of these seems to be due to Kohlrausch 
[together with one of his co-workers, Kreichgauer (188511. It does not seem to have occurred to them, 
however, to use this phenomenon for the purposes of analytical chemistry, namely for titrimetry. 

On the basis of his research up to that time, it was 
stated by one of us earlier I,* that Kiister and Griiters3 
were the first to suggest the application of conduc- 
tivity measurement for analytical purposes, and that 
they should be considered the inventors of conduc- 
timetric titrimetry. Their experimental work on the 
conductivity of the sodium salts of organic acids led 
them to the conclusion that the end-point of the 
titration of acids with bases and vice versa is indicated 
by a minimum in the conductivity. Their paper does 
not present the results graphically as is usual now- 
adays, but lists them in a table. The equipment used 
is not described in the paper; there is only a sentence 
noting that the determination can be performed with 
the simple equipment for conductivity measurement 
that is available in all laboratories. Presumably the 
authors meant the Kohlrausch equipment usual at 
the time, with a bridge circuit and a telephone for 
detecting the null-point for bridge balance.4 Kohl- 
rausch, from whose work conductivity measurements 
originate, is not mentioned in the paper, which does 
not mention any previous workers in the field or give 
any literature references. However, there is one sen- 
tence preceding the conclusions: “zum SchluD miigen 
die vorstehend erhaltenen, zum Teil nicht neuen, aber 
oft nicht beachteten Resultate nochmals 
zusammengefaDt werden . . . ” (“finally let us sum- 
marize the results, which are partially novel, but 
frequently not considered . . . “). 

Some time ago a copy of Ostwald and Luther’s 
book “Hand- und Hiilfsbuch zur Ausjiihrung physiko- 
chemischer Messungen” (1902) came into the hands 
of one of us (F.Sz.). It is in effect a laboratory 
text-book with an appendix listing the laboratory 

exercises performed by the students in Ostwald’s 
institute in Leipzig. It contains the following text: 
“Titration von Siiuren und Basen durch Leit- 
f5higkeitsbestimmung (Kohlrausch). Setzt man zu 
einer gel&ten Base portionsweise eine Siiure hinzu, so 
wird die spezifische Leitfihigkeit zuniichst abnehmen, 
weil die rasch wandernden Hydroxylionen durch das 
langsam wandernde Anion der zugesetzten SIure 
ersetzt wird. Wenn die Base neutralisiert ist, so 
bewirkt ein weiterer Zusatz von SIure wieder ein 
Ansteigen der Leitfiihigkeit. Im neutralen Punkt ist 
die Leitfihigkeit am geringsten. Das Minimum wird 
noch ausgesprochener, wenn man die Leitfiihigkeit 
des zugesetzten Sgurenanions in Abzug bringt. Dies 
ist bei der Titration schwacher Basen (resp. sch- 
wacher Sluren) sowie hydrolytisch gespaltener Salze 
unerlll3lich, ebenso die Beriicksichtigung der Volum- 
zunahme durch das Zusetzen der Slure.” [“Titration 
of acid and bases by measurement of conductivity 
(Kohlrausch). If an acid is added in portions to a 
dissolved base, the conductivity will first decrease, 
since the rapidly migrating hydroxyl ions will be 
replaced by the slowly migrating anions of the acid 
added. When the base has been neutralized, further 
addition of acid will result in an increase in the 
conductivity. At the neutral point there is a minimum 
in the conductivity. The minimum will be more 
pronounced if the conductivity of the added anions 
is subtracted. This is indispensable if weak bases, 
weak acids or hydrolysed salts are being titrated, and 
a correction must be applied for the volume change 
caused by the addition of the acid”.] 

This passage is a perfect description of conduc- 
timetric titration (the equipment used at the time for 
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conductivity measurement is presented in detail, with 
figures, in another chapter of the book). Some litera- 
ture references follow it, but with one exception there 
seems no reason for their being cited: they have 
nothing to do with titration, and mainly deal with the 
application of conductivity measurement for struc- 
ture determinations. The exception is a paper pub- 
lished in 1896 by Whitney,’ with the title “Un- 
tersuchungen iiber Chromsulphat-Verbindungen”. 
The author had obviously been working in Ostwald’s 
institute in Leipzig, since he closed the paper with 
acknowledgements to his professor, Wilhelm 
Ostwald. The paper is essentially concerned with 
inorganic chemistry, but it includes some conduc- 
tivity measurements, and in particular gives the fol- 
lowing information. “Eine Methode, welche von 
Prof. Ostwald zur Bestimmung der Menge der freien 
S&ire in der griinen Lijsung angegeben war, beruht 
auf den Veranderungen in der elektrolytischen Leit- 
Whigkeit von Liisungen, die durch successives 
Hinzuftigen gewisser Quantitaten eines bestimmten 
Elektrolyts hervorgebracht werden . . . Die einfachste 
Form dieser Erscheinung wird im Falle der Neutral- 
isation einer Saure und eines Alkalis beobachtet. Von 
den mijglichen Kombinationen der vorhandenen Io- 
nen bei der Neutralisation verlangt diejenige der 
Wasserbildung das Verschwinden des gr33ten Teils 
der OH- und H-Ionen aus der Liisung. . Wenn wir 
also einer Losung von Schwefelsaure Natriumhydrat 
zuftigen, so zeigt sich eine Verminderung der Leit- 
Ghigkeit. Diese Verminderung dauert fort, wenn 
nach und nach mehr von dem Alkali hinzugefiigt 
wird und zwar so lange, bis der Punkt erreicht ist, wo 
Siiure und Alkali in gleichwertigen Mengen vor- 
handen sei, iiber diesen hinaus resultiert aus dem 
weiteren Hinzufiigen von Alkali ein Steigen der Leit- 
fahigkeit. Dieses ist aus der nebenstehenden Kurve 
ersichtlich, wo die Abscissen die spezifische Leit- 
fahigkeiten der Mischungen darstellen und die Ordi- 
naten die ccm der gebrauchten 0,l norm. NaOH 
Losung, die mit 10 ccm 0,l norm. H,SO, auf ein 
Volumen von 100 ccm gebracht wurden”. (“A 
method given by Prof. Ostwald to determine the 
amount of free acid in the green solution relies on the 
changes of conductivity of solutions, resulting from 
successive addition of certain quantities of a certain 
electrolyte . . . The simplest form of this phenomenon 
is observed in the case of the neutralization of an acid 
and an alkali. Among the possible combinations of 
the ions present at the neutralization, that of water 
formation requires the disappearance of the major 
part of the OH- and H-ions from the solu- 
tion . . . Hence, if sodium hydroxide is added to a 
solution of sulphuric acid, the conductivity will de- 
crease. The decrease continues as more and more 
alkali is added, until the point is reached when the 
acid and alkali are present in equivalent quantities: 
after this, further addition of alkali will result in an 
increase of conductivity. This is evidenced by the 
curves in the figure, where the abscissae represent 

conductivity and the ordinates the ccm of 0.1 normal 
NaOH solution mixed with 10 ccm 0.1 normal H, SO, 
and made up to 100 ccm”.) 

Here, the paper-which otherwise is very con- 
scientious in citing references-does not give a refer- 
ence. It might be assumed that Ostwald gave this 
advice only verbally, and considered it so self-evident 
that he did not think it worth writing down. This is 
demonstrated by the reference in the laboratory 
text-book4 to Kohlrausch, hinting that what follows 
is a natural consequence of Kohlrausch’s work. To be 
sure, it is its consequence of Kohlrausch’s work. To 
be sure, it is its consequence, since in science every- 
thing follows from something, but Kohlrausch, a 
physicist, never thought of any applications in anal- 
ytical chemistry. It might therefore be concluded that 
Wilhelm Ostwald was the inventor of conductimetric 
titration. 

This is not necessarily so, however. During dis- 
cussion of this work we found a reference by 
Kolthoff6 to Dutoit,’ whose review paper led to a 
reference to a paper by Bertholet in 189 1,’ which gave 
a clear description of the abrupt change in conduc- 
tivity at the equivalence point when a strong acid and 
weak base (or weak acid and strong base) are mixed 
in various proportions. Bertholet showed graphs 
which are in effect conductimetric titration plots, but 
does not seem to have realized his results could be 
used for analytical purposes. 

Even this is not the end of the story, however. 
Reference to Davies9 and Brittoni” resulted in a 
number of references which appear to indicate that 
Kohlrausch did in fact invent the technique, and that 
Ostwald was making rather cryptic acknowledgement 
of this. Miolati”,” refers twice to Kohlrausch as 
having used the method for the first time (and also to 
Whitney). The relevant passage by Kohlrausch” 
reads: “Starke Basen und Sluren (KOH, NaOH, 
HCl, H, S04) zeigen ein Leitungsvermogen, welches 
bei der Neutralisation zuerst bis zu einem scharf 
markirten Punkte abnimmt, dann zunimmt. Dieser 
Punkt wird derjenige des neutralen Salzes sein. 
NaOH und H,PO, schien eine mehrfach geknickte 
Curve zu liefern. KOH oder NaOH gab dagegen mit 
Essigsiiure keine scharf geknickten Curven fur K, 
sondern allmahliche Ubergange. Es scheint hier also 
ein scharf bestimmter Punkt der Neutralisation nicht 
zu bestehen.” [“Strong bases and acids (KOH, 
NaOH, H,SO,) show a conductivity which on neu- 
tralization first decreases to a sharply marked point, 
then increases. This point is the same as that for the 
neutral salts. NaOH and H,PO, appeared to yield a 
curve with several breaks. However, KOH or NaOH 
reacting with acetic acid did not give a sharply broken 
curve for K, but only gradual transitions. Here there 
does not seem to exist a strictly determined point of 
neutralization”]. 

This passage occurs right at the very end of a long 
paper, almost as an afterthought. It is immediately 
followed by the statement that H. Kreichgauer did 
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Dart of the work described. Whether he was re- 4. W. Ostwald and R. Luther, Hand- und Hiilfsbuch zur 

sponsihle for the first use of conductimetric titration 
is not made clear, but his name should obviously he 
linked with that of Kohlrausch in this connection. 
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COLLAIUI and MORRIS M. IRWIN, JR. (28 March 1983) 
Titrhnetrlc detennlnation of some phenothlazlne derivatives with ferricyanide: A. S. 1s.~ and M. S. MAHROUS. (21 April 1983). 
Spectrophotometrlc deter&atlon of tranexamlc acid with cbloranll: ABDEL-AZIZ M. WAHBI, I&AM A. Lorm and HASSAN 
Y. ABOUL-ENEIN. (22 April 1983) 
A pyrolytic carbon llhn electrode for voltammetr-IIk Application to anodic-strlpplng voltanunetry: INGEMAR GIJSTAV~~~N 
and KENT LUNDSTR~~M. (22 April 1983) 
Selective cation-exchange separation of bismuth on a zirconium hexacyanoferrate(II1) column: AJAY K. JAIN, RAJ P. SINGH 
and CHAND BALA. (25 April 1983) 
Gel speciation studies-I: The intrlnoic dissociation constant of weakly acidic cation-exchange gels: YVES MERLE and JACOB 
A. MARINSKY. (25 April 1983) 
A comparative study of flame atomic-absorption metbods for zinc determination in serum and blood plasma: M. J. S~RIANO 
and M. DE LA GUARDIA. (26 April 1983) 
Analytical properties of pyridylhydrazones derived from cyclohexanone, 1,2+zyclobexanedione and 1,3_eyclohexanedlone: D. 
ROSALES, J. A. MUNOZ LEYVA and J. L. G~MEZ ARIZA. (26 April 1983) 
Investigation of two multichannel image detectors for use in spectroelectrochemistry: MARY Lou FULTZ and RICHARD A. 
DURST. (26 April 1983) 
Electrodeposition of Cu and Ag from solutions of w/ml concentration, monitored by inductively-coupled plasma spectrometry: 
ROMAN E. SIODA. (27 April 1983) 
Charge-transfer complexes of a new trlnltroanlsole-derlvatlve with organic electron-donors: G. HAESEN, B. LE GAFF and P. 
GLAUDE. (27 April 1983) 
Spectrophotometric determination of lron(II) after separation by adsorption of its ternary complex with 
3-(4-phenyl-2-pyridyl)-S,6dlphenyl-1,2,4-triazine and tetraphenylborate on mlcrocrystalllne naphthalene: TORU NAGAHIRO, 
KATSUYA UESUGI, M. C. MIXRA and MAWTADA SATAKE. (28 April 1983) 
Separation and concentration of molybdenum and tungsten with chelating ion-exchange resins containing sulphur ligandsz 
CHUEN-YING IU and PEZNG-JOUNG SUN. (29 April 1983) 
Volumetric microdetermlnatlon of antlhypertensive drugs with potassium hexacyanoferrate(III) and N&lorosuccinhnide: M. 
K. SRIVASTAVA, S. AHMAD, D. SINGH and I. C. SHIJKLA. (4 May 1983) 
Determination of isocyano groups on polymer supports by bromlnatlon: REZA AR.WADY and IVAR UGI. (4 May 1983) 
Hydrogen peroxide-iodide reaction of Landolt type applied to the catalytic determination of molybdenum(V1) by means of an 
iodide ion-selective electrode: M. KATAOKA, K. NISHIMURA and T. KAMBARA. (4 May 1983) 
Spectrophotometrlc determhmtion of iron with I-hydroxy_49ulpho&naphthoic acid in the presence of Mn(II), Cr(III) and 
Pb(I1): LAURI H. J. LAJUNEN, EERO AITTA and Vwo MK~~RAINEN. (5 May 1983) 
Sorptiotiesorptlon studies of malathion on activated charcoal in different waters: S. R. SHARMA, H. S. RATHORE, I. ALI and 
S. R. AHMED. (6 May 1983) 
Determination of cadmium(II) at a gold electrode ln the presence of selenlum(IV) by enhancement with iodide and 
anodic-strlpping voltammetry: GUI CHUNGUO. (6 May 1983) 
Detection limits and sample/surface interactions in quantitative NC1 mass spectrometry: Ultratrace analysis of derivatlzed 
metals and metal-derlvatized analytesz I. K. GREG~R and M. GUILHAUS. (6 May 1983) 
Structure-ionization relatlomhlp of tyroslne+!ontalnlng peptides: T. ISHIMI~U and H. SAKURAI. (6 May 1983) 
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THE LOUIS GORDON MEMORIAL AWARD 

The Editorial Board and Publisher of Tulunta take great pleasure in announcing that the Louis Gordon 
Memorial Award for 1982 (for the paper judged to be the best written of those appearing in Tulanta during 
the year) will be made to Mr. N. A. Dimmock and Dr. D. Midgley, of the Central Electricity Research 
Laboratories, Leatherhead, England, for their paper “Performance of the Orion 97-70 total residual chlorine 
electrode at low concentrations and its application to the analysis of cooling waters” (Takznta, 1982, 29, 557). 

THE PHARMACIA PRIZE 

Pharmacia AB (Uppsala, Sweden) and the Editorial Board and Publisher of Tulanta take great pleasure in 
announcing that the Pharmacia Prize for 1981-1982 (for the paper published in Talanta that was judged to 
be the best contributed from an industrial laboratory) has been awarded to Dr. Thomas R. Dulski, Carpenter 
Technology Corp., Reading, PA, U.S.A., for his paper “A rapid procedure for the simultaneous determination 
of zirconium and hafnium in high-temperature alloys by means of a spectrophotometric masking approach” 
(Tahta, 1982, 29, 467). 

I 
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Spectrophotometric studies on ion-pair extraction equilibria of iron(IIb and iron(III)-4+pyrIdyhuo)resorcinol chelates: 
HITOSHI HOSHINO and TAKAO YOTSUYANAGI. (8 March 1983) 
Subtractive differential pulse voltammetry folIowing adsorptive accumulation of organic compounds: JOSEPH WANG and BASSAM 
A. FREIHA. (9 March 1983) 
A new method of determination of the equivalence point, in application to potentiometric titration of trace amounts of halide 
and SCN- ions: TADEUSZ MICH~OWSKI. (9 March 1983) 
Comprehensive determination of precious metals in geological materials by flameless A. A. spectroscopy: G. P. SIGHINOLFI, 
C. C&RIXNI and A. H. MOHAMED. (9 March 1983) 
Determination of ultratrace concentrations of nit&e in polluted waters and soil: ABHA CHAUBE, ANIL K. BAVEJA and 
V. K. GUPTA. (11 March 1983) 
Liquid-liquid extraction of zinc(D) with potassium ethyl xanthate: A. K. CHAKRAVARTI, S. MUKHERJEE, H. K. SAHA and 
T. CHAKRABARTY. (11 March 1983) 
Determination of manganese in natural waters by differential pulse polarography: M. P. COLOMBINI and R. Fuoco. 
(11 March 1983) 
Fluorescence properties of wme Schiff bases derived from 3-hydtoxypyridine-2-aldehyde and their metal chelates. Fluorimetric 
determination of manganese based on its catalytic effects on the oxidation of these compounds with hydrogen peroxide: 
J. VAZQUEZ RUIZ, A. GARCIA DE TORRE.S and J. M. CANO-PAVON. (15 March 1983) 
Use of a manganese oxide column in the flow entbalpimetric determination of hydrogen peroxide: NOBUTOSHI KIBA, KAZUHITO 
SHIMIZU and MOTOHISA FURUSAWA. (15 March 1983) 
Modified normal pulse polatography of alkali-metal ions in acid solution: MINORU HARA and NOBORU NOMIJRA. 
(15 March 1983) 
Determination of thallium in cadmium and lead by graphite furnace-atomic absorption spectrometty with sample vaporization 
from a platform: J.&NOS FAZAKAS and DAN MARINESCU. (15 March 1983) 
Laboratory data-acquisition capabilities of microcomputer high-level languages: R. L. A. SING, S. W. MCGEORCE and 
E. D. SALON. (16 M&ch 1983). 

- - 

Study of l&Jihydroxyanthraquinone as an acid-base indicator in ptopan-24 medium: Evaluation of colout-change limits 
through complementary chtomaticity parameters: J. BARBOSA, J. SANCHEZ and E. BOSCH. (16 March 1983) 
High& selec&e deter&nation of t&e metal ions with 2,2’-dibydroxyazobenzene by ion-pair reverse&phase partition 
HPLC-specttophotomeMc detection system: HITOSHI HOSHINO and TAKAO YOTSUYANAGI. (18 March 1983) 
Differenzspektroskopische und pulspolatographische Untersucbungen zut Zusammensetzung der Kupfer-Alizarin S-Komplexe: 
TH. PRANGE, H. D. SOMMER and F. UMLAND. (21 March 1983) 
Refinement of structures proposed previously for gum arabic and other acacia gum exudates: C. A. STREET and 
D. M. W. ANDERSON. (21 March 1983) 
Evaluation of activity of magnetically treated water: VENCESLAV PATROVSK?. (21 March 1983) 
A new spectrophotometric method for the determination of citric acid in water: H. S. RATHOKE, S. K. SHARMA and KUSUM 
KUMARI. (21 March 1983) 
Formation d’un chblate cuivre-vancomycine: Application au dosage de I’antibiotique en flux continu et detection 
amp&rom&rique: CH. CHABENAT, D. ANDRE and P. BOUCLY. (22 March 1983) 
The determination of stability constants of ternary complexes with the isosbestic pointspectrophotometric method-k the 
coppet-bipyrIdyCEriochrome Cyanine R system: SHI-FU Zou and WEI-AN LIANG. (23 March 1983) 
Unexpected dependence of the protonation constant of 2,2’-bipyridyl on ionic strength: KL.&RA SZA~, ISTV~N NAGYPAL and 
ISTVAN FABIAN. (23 March 1983) 
Coulometric separation and titration of metal ions by means of controlled potential charge-pulse potentiometric technique: 
THEOL~G~S ANDRONIDIS, ANNA MARIA GHE, CE~ARE PAGURA and SERGIO VALCHER. (23 March 1983) 
Sieve effect on filtration through membrane filters: MANABU IGAWA, TOMOKO HIYORI and MASAO TANAKA. (24 March 1983) 
Anion-exchange detection of phenols and specific spectrophotomettic determination of catechol: MOHSIN QURESHI, 
K. M. SHAMSUDDIN, PUSHKIN M. QURE~HI and SYED ALI. (25 March 1983) 
Application of ICAP-AES for the determination of Dy, Eu, Gd, Sm and Th in uranium after chemical separation: 
T. K. SESHAGIRI, Y. BABU, M. L. JAYANTH KUMAR. A. G. I. DALVI, M. D. SASTRY and B. D. JOSHI. (25 March 1983) 
The use of an electrostatic preconcenttation system to identify interferences: PAULA A. MICHALIK and ROGER STEPHENS. 
(25 March 1983) 
The bilayet lipid membrane as a basis for a selective sensor for ammonia: MICHAEL THOMPSON, ULRICH J. KRULL and LEAH 
I. BENDELL-YOUNG. (28 March 1983) 
Kinetic-spectrophotometric determination of Cu(II) and pyridine by using aerial oxidation of dimedone bisguanylhydrazone: 
F. SALINAS LOPEZ, J. J. BERZAS NEVADO and A. ESPINOSA MANSILLA. (29 March 1983) 
Critical examination of the reducing properties of some common teductants for selenium species used in chemical analysis: 
RAGNAR BYE. (29 March 1983) 
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A simultaneous multielement non-dispersive atomic-fluorescence spectrometer using modulated sources and frequency- 
discrimination of flooresceoce signals: A D’ULIVO, C FE~TA and P PAP~FF (3 February 1983) 
Microdetermlnation of polysaccharide and glycoprotein hydration levels: F B SHERMAN (3 February 1983) 
A precise spectrophotometric determination of trace level xirconium: N S B SINGH, T PREM KUMAR and G R 
BALA~UBRAMANIAN (7 February 1983) 
Development of a matrix rank method for determining the number of optically absorbing species in solution: A A BUGAEVSKY, 
N A MARSHAL~VA and E Yu ZAKHAROVA (7 February 1983) 
Spectrophotometric determination of cadmium witb l-(2-pyridylazo)-2-naphthol and non-ionic surfactants: Application to acetic 
acid extracts of ceramic enamels: J MEDINA E~CRICHE, M LLOBAT E~TELLES and F Bosch REIG (7 February 1983) 
Polarographic behaviour of some arylaxopyrimidines and their metal complexes: RAJEW JAIN (8 February 1983) 
Laser-excited fluorescence line-narrowing: Analytical figures of meritz D BOLTON and J D WINEFORDNER (10 February 1983) 
Elektrochemlsche Untersuchung von bis(Diphenyklithiophosphln) Disulphidz ANGEL SCHIXHKOV, SHIVKO DENTXXEV and 
CHRISTINA MALAKOVA (11 February 1983) 
Determination of arsenic by galvanestatlc stripping analysis and its application to steels: JrRl LEXA and KAREL STUL~K 

(11 February 1983) 
The determination of chloride, nitrate, sulphate and total sulphur in environmental samples by single-column ion- 
chromatography: J A HERN, G K Ru THERFORD and G W VANL~~N (15 February 1983) 
sparation et identilieation des prod&s d’hydrelyse de la tetryzoline: A NICOLAS, J M ZIEGLER and M MIRJOLET 
(15 February 1983) 
Material consumption in spark-source mass-spectrometry: J VAN P~YMBROECK, J VERLINDEN and R GIJBELS (16 February 
1983) 
Complex formation of iron(II1) with triphosphate in an aqueous solution: A T ORKUN and AYCA (16 Feburary 1983) 
Photometric and fluorbuetric kinetic determination of manganese, based on the oxidation of an anthraquinone-type compound: 
A NAVAS DIAZ and F SANCHEZ ROJAS (16 February 1983) 
Application of personal microcomputers in the analytical laboratory-II. Long-term monitoring and control: Huco GIJTERMAN 
and SAM BEN-YAAKOV (16 February 1983) 
Extraction of Cateebel Violet, Chrome Azurol S and Eriochrome Cyanine R with chloroform solutions of liquid anion- 
exchangers: S PRZESZLAKOWSKI and H WYDRA (17 February 1983) 
Infrared field method for natural seep-oil identification: DOUGLAS F GRANT and DELYLE EASTWARD (17 February 1983) 
Copper(H) metformin hydrochloride complexes and theii utility for spectrophotometric determination of copper(H): FARAG 
AHMED ALY, MOHAMED A EL RYES and F EL-GHNDOUR (17 February 1982) 
The development of sampling and gas chromatography+nass spectrometry analytical procedures to identify and determine the 
minor components of landfill gas: B I BR~~KES and P J YOUNG (17 February 1983) 
Determination of arsenic ln geological materials by X-ray fluorescence spectrometry following solvent extraction and filter 
deposition: A E HUBERT (21 February 1983) 
Electrolytic reduction of molybdophosphate in aqueous acetonitrile and its application to a flow-coulometrlc determination of 
orthophosphate: T HORI and T FUJINAGA (21 February 1983) 
Indirect determination of cyanide in water by atomic-absorption spectrophotometry: Xv Bo-ZING, Xv TONGMING and FANG 
Yu-ZHI (21 February 1982) 
Spectrophotometric determination of Mn(II) with l-Q-quinolylaxo)-2,4,Wrihydroxybenxene: Microdetermination of Mn in 
foodstuffs: ISHWAR SINGH and Mrs PUTNAM (23 February 1983) 
Spectroscopic analysis of simultaneous protolysis equilibria: JURGEN POUTER (23 February 1983) 
Complexometric titrations controlled by anodic stripping methods-I: Voltanunetrlc stripping: P GRUNDLER (24 February 
1983) 
Determination of stability constants of complexes of H,XY type: TADEUSZ MICH (25 February 1983) 
Method of determination of stability constants of mixed complexes of Na,K,hL and Me(OH),B,4 type: TADEIJSZ 
MICH.UOWSKI (25 February 1983) 
Diffusion coefficients and complex equilibria in solutio~+III: Graphical evaluation of formation constants from diffusion 
coefficients: D R CROW (28 February 1983) 
The density of 4-aminopyridine, voids in crystals, and precision weighing: HARVEY DIEHL and DONALD L BIGGS (28 February 
1983) 
Cation-exchange behaviour of the platinum group and some other rare elements in hydrobromic acid-thlourea-acetone media: 
C H -SIEGFRIED W WE~NERT and FRANZ W E STRELOW (28 February 1983) 
lon-chromatographic determination of metal iolls in plating solutions and waste water: TAKA~HI TANAKA, KAZUO HIIRO, 
AKINORI KAWAHARA and SHINICHI WAKIDA (1 March 1983) 
Preeedures for isolation and determination of thorium: ALAN D WE~TLAND and CHIRAN J KANTIPULY (1 March 1983) 
Gas chromatographic determination of the product distribution in the synthesis of sodium borohydrlde: TAPIO SALMI (1 March 
1983) 
Logarithmic diagrams for redox titrations: CARLO MACCA and G GIORGIO B~MBI (2 March 1983) 
2-Tbio-orotic acid as a new spectrophotometric reagent for the estimation of nickel(B): MADHIJLIKA SHRIVA~TAVA and G S 
PANDEY (4 March 1983) 
Some remarks on the information power and selectivity of analytical processes: J INCZbY (7 March 1983) 
The use of emulsions in tbe preparation of samples and standards for analysis by atomic-absorption spectroscopy: Determination 
of Cu and Fe in extracts of their complexes with APDC in MIBK: M DE LA GUARDIA and M T VIDAL (7 March 1983) 
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Electrolytic separation of microquantities of lead: R. BULAJI~, V. VAJGAND and M. TODOROVI& (11 January 1983) 
A simple titrimetric method for the determination of antimony in white metal: K. SRIRAMAM, A. R. K. VARA PRASAD and 
P. RAVINDRANATH. (11 January 1983) 
Electrochemical behaviour of cobalt and nickel at the dropping mercury electrode with c+aprolactam: B. K. PURI and AH~~K 
KUMAR. (11 January 1983) 
Determination of water in ethanol and acetone by direct injection entbalpimetry using the heat of dilution: WALLACE A. DE 
OLIVEIRA and CELIO P~~NI. (12 January 1983) 
Extractive spectrophotometric determination of osmium with 1-phenyl-4,4,Ctrimethyl(lH, 4H)-Z-pyrimedinethiol into molten 
q aphthalene: A. WASEY, R. K. BANSAL, A. L. J. RAo and B. K. PURI. (13 January 1983) 
Solubility and protonation of EDTA, DCTA and DPTA in acidic perchlorate medium: J. KRAGTEN and L. G. 
DECNOP-WEEVER. ( 14 January 1983) 
Analysis of samples of vegetable origin for phosphorus by mineralization with molten alkali and spectrophotometric 
determination: J. V. GIMENO ADELANTADO, F. BEECH REIG, A. PASTOR GARCIA and V. PERIS MARTINEZ. (14 January 1983) 
Determination of micro amounts of oxygen in silicon: HE HUANNAN, LI YUEZHEN, ZHAO GUANDI, YAN RONGHUA, Lu 
QINGREN and QI MINGWEI. (14 January 1983) 
An improved, automated Xylenol Orange method for the colorhnetric determination of aluminimn: ANTHONY C. EDWARDS 
and MALCOLM C. CRESSER. (14 January 1983) 
Use of N-pbenyl-laurohydroxandc acid for selective absorptiometrlc determination of titanium(IV): H. D. GUNAWARDHANA 
and K. C. UDUMAN. (17 January 1983) 
Reinvestigation of a procedure for determining low levels of nitrate in natural waters: H. D. GUNAWARDHANA, A. M. 
KUMUDINI and R. ADIKARI. (I7 January 1983) 
Polarographic study on simple and mixed-ligand complex formation: P. H. TEDEX~ and J. MARTINEZ. (20 December 1982) 
A measuring stick for hydroxide: THOMAS GAROFF. (18 January 1983) 
Ein neues graphlschea Auswerteverfahren zur Ermitthmg stiichiometrischer Faktoren geliister Komplexe: TH. PRANGE, U. 
LECHNER-KNOBLAUCH and F. UWLAND. (18 January 1983) 
Kinetic determination of cobal@) by its catalytic effect on the atmospheric oxidation of l$cyclopentanedione 
bis(4-methylthiosemicarbazone) monohydrochloride: M. ROMAN CEBA, J. C. JIMENEZ SANCHEZ and T. GALEANO DIAZ. 
(19 January 1983) 
Paper chromatographic behaviour of some tertiary amine pollutants and an attempt at structure-activity-correlation: PUSHKIN 

M. QURESHI and AF%R N. SULAIMAN. (20 January 1983) 
Indirect spectrophotometric determination of cyanide by colour reaction of silver with Cadion 2B in presence of Triton X-100: 
ZHU Yu-Rur, WEI Fu-SHENG and YIN FANG. (21 January 1983) 
Stability constants and thermodynamic functions of cobalt(I1) and nickel(I1) chelates formed with flquinolinyl monoethyl 
orthophosphate: M. F. EL-SHAHAT, E. EL-SAWI, M. Z. MOSTAFA and M. MONSHI. (21 January 1983) 
Seasonal variations in groundwater quality: GEORGE W. HEUNI~CH and DAVID L. WARDER. (22 December 1982) 
Equilibrium and calorimetric study of the hydration of anion-exchange resins: A. MARTON, 8. KOCSIS and J. INCZ~DY. 
(25 January 1983) 
Separation of mercury(II), copper(I1) and silver(I) 
N. U. EZEKWE. (25 January 1983) 

as nitrite complexes by anion-exchange chromatography: S. 0. PUAYI and 

Trace metal assay of U,O, powder electrothermal AAS: S. S. SHELAR and B. D. JOSHI. (25 January 1983) 
Studies of the oxidation of iminodiacetic acid (IDA) and nitrilotriacetic acid (NTA) with lead dioxide suspension in nitric acid: 
TOSHIO MATSUDA and TOYOSHI NAGAI. (25 January 1983) 
A polarographic study of some qulnone derivatives: S. D. POPESCU. (26 January 1983) 
Synthesis, ion-exchange behaviour and analytical applications of Zr-EDTA-PO, anion-exchanger: S. Z. QURESHI, VINOD 
BANSAL and REETA BANSAL. (26 January 1983) 
Photochemical analysis studies-V: Photochemical enhancement of the fluorescence signal of antimalarial plasmocid in liquid 
solution and on silica-gel thin-layers: JEAN-JACQUES AARON, JOELLE FIDANZA and MAME DIAB~U GAYE. (28 January 1983) 
Flnorimetric kinetic studies and S&-FM determination of aluminium with 2-hydroxy-1-naphthaldehyde p-methoxy- 
benzoylhydrazone: P. C. IOANNOU and P. A. SISKOS. (31 January 1983) 
Separation and determination of phenylhydrazine_Nditbioearbamates of Ru(III), Rh(II1) and Pd(I1) from other group VIII 
metals by thin-layer chromatography and spectrophotometry: NEPAL SINGH, MEENA MEHROTRA, KALPNA RASTOGI and 
RAVINDRA KUMAR. (2 February 1983) 
Determination of thallium in lead salts by differential pulse anodic-stripping voltammetry: Z. LUKASZEWSKI. (2 February 1983) 
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Flnorimetric detenninntion of pyrhnethandne in tablet preparations of daraprim and famidarz PlARE PARIMOO. (6 December 
1982) 
A group separation -procedure based on anion- and cation-exchange from HP medium: Appbcation to mtdtielement 
neutron-activation determination of niobium: R. CALETKA and V. KRIVAN. (6 December 1982) 
Pulse polarograpbic study of zinc bis(0,f_I’dibutyldithiophosphate) in dimethylfonuamfde: J. L. DESPORTES, J. M. MARTIN 
and 0. VITTORI. (7 December 1982) 
A new method for the selective spectropbotometric determination of 2,64utidine and its possible use for specific determination 
of a physiologically important pollutant: PUSHKIN M. Q~RESHI, MOHSIN Qussn and APSAR M. SULAIMAN. (8 December 
1982) 
Necessary and sufficient conditions for the manifestation of several extrema on concentration distribution curves in complex 
equilibrium systems: ISTV.&N NAGYP~L, MI&LY T. BECK and ANDREAS D. ZUBERB~~LER. (9 December 1982) 
Synthesis and analytical properties of monobutyl eaters of a-(~%‘-benxylami~)salicylphosphonic acid and a+‘-p&low- 
henzylamino)salicylphosphonic acid: JERZY SI@PAK. (10 December 1982) 
A liquid-state membrane electrode sensitive to biiuth ions: WALEN~Y SZCZEPANIAK and MARIA REN. (10 December 1982) 
Spectrophotometric determination of zinc with 2-(3,5_dibromo_2+~dyl~o~~~hyla~no~~l in the presence of anionic 
surfactant: TAN ZHE and SHUI-SHENG WV. (20 December 1982) 
Determination of copper in urine by carbon-furnace atomic-emission spectrometry: J. MARSHALL and J. M. OTTAWAY. (20 
December 1982) 
Rapid and selective cbelatometric titration of zinc in non-ferrous alloys: ZHOU NAN, Lu ZHI-REN and Gu YUAN-XIANG. (20 
December 1982) 
Potentiometric titration for the estimation of isomeric xylidines and triethyhunine: SNEH BHATLA, M. M. RAI and S. S. SINGH. 
(20 December 1982) 
Semi-Xylenol Orange and its puritication by high-pressure liquid chromatography: F. SMEDES, L. G. DECNOP-WEEVER, NCUVEN 
TRONG UYEN, J. NIEMAN and J. KRAGTEN. (20 December 1982) 
Determination of tungstate by laser nephelometry: G. R~ISSIER, J. DREUX and 0. VIT~ORI. (20 December 1982) 
Spectrophotometric determination of iron@) after separation by extraction of its ternary complex with l,lO-phenantbroline 
and tetraphenylborate into molten q aphthalene: LIH-FEN CHANG, MA~ATADA SATAKE, T~~Ru KUWAMOTO and B. K. PURL 
(21 December 1982) 
Laser atomic-ionization determination of caesium in Ihues: V. I. CHAPLYGIN. N. B. ZOROV and Yu. YA. KUZYAKOV. (22 
December 1982) 
Potentiometric titration of suiphate, suiphite and dithionate mixtures, with use of a lead ion-selective electrode: P. A. SISKOS, 
E. P. DIAMANDIS, E. GILLIERON and JENNIFER C. COLBERT. (22 December 1982) 
Method of determination of free acid in presence of hydrolysfng salts of Me% &pe-L Essence of tbe method: TADEUSZ 
MICHALOWSKI. (23 December 1982) 
Spectrophotometric determination of tungsten in geological materials by complexing uith dithiol: E. P. WELSCH. (23 December 
1982) 
Determination of non-suiphide lead and zinc in lead-xinc ores: S. C. S~UNDAR RAJAN. (31 December 1982) 
Some observations about the atomic-absorption spectroscopy of antimony(fII) and (V) by solution nebulization and hydride 
generation: J. R. CASTILLO, C. MARTINEZ, J. PEREZ and M. A. B~LARRA. (31 December 1982) 
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TALANTA MEDAL 

PROFESSOR TAITIRO FUJINAGA 

The Publisher and Editorial Board of Talanru take pleasure in announcing that, with the approval of the 
Advisory Board, the Tenth Award of the Talanta Medal has been made to Professor Taitiro Fujinaga, of the 
Department of Analytical Chemistry, University of Kyoto. 

Professor Taitiro Fujinaga has made outstanding contributions to analytical chemistry through his scientific 
research and his participation at national and international level in analytical organizations. He is the author 
or co-author of some 200 papers and has originated or developed many analytical techniques. The fields to 
which he has made major contributions include: 

Differential polarography with square-wave pulses. 
Current-scanning polarography and galvanostatic voltammetry. 
Short-circuited amperometry with high or low potential reference-electrodes. 

Electrolytic chromatography and coulopotentiometry. 
Solvent extraction, especially with molten solids as solvents. 
Gas chromatographic separation of metal chelates with carrier gas containing ligand vapour. 
Oceanographic analysis, especially the use of co-precipitation for separation and preconcentration. 

He has served IUPAC for over 20 years, has organized three major international meetings on analytical 
chemistry, and has been a plenary lecturer at many national and international meetings. He has given unstint- 
ingly of his time and energy in the cause of analytical chemistry and analytical research, and is widely known 

and respected for his achievements. 
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TALANTA ADVISORY AND EDITORIAL BOARDS 

These guiding bodies have suffered a severe loss from the death of Professor Belcher, who had served continu- 
ously as Chairman of both since the inception of the journal (and more recently as Co-Chairman of the 
Advisory Board, with Professor Winefordner), and as a mark of respect, no attempt will be made to replace 
him. Professor Winefordner will become sole Chairman of the Advisory Board. A further loss to the Editorial 
Board was the decision of Professor Betteridge to resign from his post as Assistant Editor because of increased 
research commitments. He had been Assistant Editor for nearly twenty years, and his help will be greatly 
missed. He is not severing his connection with the journal completely, however, and will become a member of 
the Advisory Board. The Editorial Board and the Publisher of the journal express their sincerest gratitude to 
him for services rendered in the past, and expect that he will prove equally valuable in the future. 



TENTH TALANTA GOLD MEDAL 

Professor Taitiro Fujinaga responds - after receiving the Medal (see Talanta, 19 
30(2), facing page 75) from Dr M. Williams (on right) on behalf of the Editorial Bo 
and Pergamon Press. Professor J. R%iEka (Ninth Medal Winner) looks on. 
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Group photograph at presentation ceremony during the 32nd IUPAC General Assem 
in Lyngby, Denmark, 18-26 August 1983. Present in the group are: Mrs. Fujina 
Professor S. Nagakura (President of IUPAC - on her left), Professor F. Pelh 
(President of IUPAC’s Analytical Chemistry Division - on right 
Professor Fujinaga). 
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Tenth Talanta Gold Medal 

Professor K. Fukui (on right), President of the Chemical Society of Japan, congratulates 
Professor Fujinaga at the Talanta Prize Party, held in Miyako Hotel on 3 April 1983, 
during the Annual Meeting of the Society. 
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329 Determination of traces of lead and cadmium in high-purity tin by 
polarized Zeeman atomic-absorption spectrometry with direct atom- 
ization of solid sample in a graphite-cup cuvette 

333 Determination of trace amounts of phosphate in river water by 
flow-injection analysis 

339 Evaluation of an inductively-coupled plasma with an extended-sleeve 
torch as an atomization cell for laser-excited fluorescence spectrometry 

347 Influence of colloidal charge on response of pH and reference electrodes: 
the suspension effect 

355 Application of Xylenol Orange to the separation of metal ions on 
Amberlyst A-26 macroreticular anion-exchange resin 

359 Determination of thiocyanate with aromatic halosulphonamides in acid 
and alkaline media 

363 Spectrofluorimetric determination of traces of perchlorate by extraction 
with Rhodamine 6G 

365 Iodometric microdetermination of boric acid and borax separately or in 
a mixture 

368 High-pressure liquid chromatography combined with fluorescence 
detection and solvent extraction for simultaneous determination of 
coproporphyrins I and III in human urine 

371 Separation of arsenic(II1) and arsenic(V) in ground waters by ion- 
exchange 

374 Spectrophotometric determination of micro amounts of nitrite in water 
and soil 

377 A study of some nuclear reaction interferences in determination of 
nitrogen content of plant materials by I4-MeV neutron-activation analysis 

381 Cellulose: a biopolymeric sorbent for heavy-metal traces in waters 
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B. Gonsior and M. Roth 

Madhu Phull and P. C. Nigam 

Vasudha V. Mudshingikar and 
V. M. Shinde 

Mario E. Bodini and 
Omar Alzamora E. 

C. H.-Siegfried W. Weinert, 
Franz W. E. Strelow and 
Reinhard G. Biihmer 

William P. Kilroy 

T. P. S. Asari and C. S. P. lyer 

Ru-Qin Yu and Sha-Sheng Huang 

Toshio Nakashima and 
Hirohiko Waki 

Short Communications 

F. Bosch Reig and 
J. V. Gimeno Adelantado 

K. K. Tiwari and R. M. Verma 

Pratima Verma and V. K. Gupta 

Sun Fu-sheng 

Analytical Data 

J. Kragten and 
L. G. Decnop-Weever 

Papers Received 

Notices 

Morio Nakayama, 
Masahiko Chikuma, 
Hisashi Tanaka and 
Tomoo Tanaka 

E. B. Buchanan, Jr. and 
D. D. Soleta 

R. Caletka and V. Krivan 

Krystyna Brajter and 
Krystyna Shutawska 

Donald B. Hunsaker, Jr. 
and George H. Schenk 

JUNE 

I 

385 Talanta Review: Trace element analysis by particle and photon-induced 
X-ray emission spectroscopy 

401 Kinetic determination of microamounts of some sulphur-containing 
ligands 

405 Extraction of zinc, cadmium and mercury salicylates 

409 Spectrophotometric determination of trace amounts of selenium with 
4,5,6-triaminopyrimidine 

413 Cation-exchange in thiourea-hydrochloric acid solutions 

419 Analysis of mixtures of sulphide, thiosulphate, dithionite and sulphite 

423 Precipitation of molybdenum a-benzoin oximate from homogeneous 
solution 

427 Liquid-membrane dicyanoargentate-sensitive electrodes based on quat- 
emary ammonium salts 

433 Some investigations on new polyphosphates by the anion-exchange 
method 

437 Decomposition of organic matter with molten alkali: determination of 
arsenic and antimony in organic compounds 

440 Titrimetric microdetetmination of certain sulphur-containing organic 
compounds by oxidation with alkaline potassium pennanganate 

443 Spectrophotometric determination of formaldehyde in air 

446 The reaction of phenylarsenazo with chromium(III) 

449 The stability constants of PdEDTA and its chloride complexes 

Ill 

JULY 

455 Selective collection of selenium(IV) on anion-exchange resin with azo- 
thiopyrine disulphonic acid 

459 Optimization of instrumental parameters for square-wave anodic stripping 
voltammetry 

465 A group separation based on anion- and cation-exchange from 
hydrofluoric acid medium. Application to multielement neutron- 
activation analysis of niobium 

471 Application of cellulose anion-exchangers to separation of palladium from 
platinum or iridium with glycine as complexing agent and atomic- 
absorption spectrometry for detection 

475 The determination of thiols with diphenylpicrylhydrazyl as a spec- 
trophotometric reagent 



H. Z. Wrembel 

Sargon J. Al-Bazi and Arthur Chow 

K. D. Sharma 

Elsie M. Donaldson 

V. 1. Chaplygin, N. B. Zorov 
and Yu. Ya. Kuzyakov 

Mohammad Jawaid, Birger Lind 
and Carl Gustaf Elinder 

Leon Ashley and 
Solomon L. Levine 

Tarasankar Pal and 
Jyotirmoy Das 

Susumu Osaki, Tomoe Osaki, 
Nobuhiro Hirashima and 
Yoshimasa Takashima 

U. Muralikrishna, K. Subrahmanyam. 
M. V. S. Suryanarayana 
and Mannam Krishnamurthy 

Anatol KojLo and Helena 
Puzanowska-Tarasiewicz 

El-Sebai A. Ibrahim, 

A. S. Issa. M. A. Abdel Salam 
and M. S. Mahrous 

W. A. Maher 534 

Analytical Data 

H. Barrera, J. C. Bayon, 
P. Gonzalez-Duarte, 
J. Sola and J. Vives 

R. Caletka and V. Krivan 

Pupers Received 

Norice 

Editorial 

D. Midgley 

F. J. Barragan de la Rosa, 
J. L. Gomez Ariza and 

F. Pino 

Judith Felcman and 
J. J. R. Frausto da Silva 

481 Determination of mercury in water by electro-deposition and low-pressure 
ring-discharge emission spectroscopy 

487 Mechanism of extraction of the palladium(I1) thiocyanate complex by 
polyether foam 

493 Determination of barium in sulphide ores, concentrates and other geolog- 
ical samples by flame atomic-absorption spectrometry 

497 Spectrophotometric determination of tantalum in ores and mill products 
with Brilliant Green after separation by methyl isobutyl ketone extraction 
of tantalum fluoride 

505 Laser atomic-ionization determination of caesium in flames 

509 Determination of cadmium in urine by extraction and flameless atomic- 
absorption spectrophotometry. Comparison of urine from smokers and 
non-smokers of different sex and age 

515 Rapid-scan pulse voltammetry 

519 Acetothioacetanilide as a gravimetric reagent for palladium, platinum and 
rhodium 

523 The effect of organic matter and colloidal particles on the determination 
of chromium(V1) in natural waters 

527 Some observations concerning the direct titration of nitrite with 
cerium( IV) 

529 Application of methopromazine for the extractive spectrophotometric 
determination of platinum 

531 The use of chlordnil for spectrophotometric determination of some 
tranquillizers and antidepressants 

A decomposition procedure for the determination of arsenic in marine 
samples 

537 Macroscopic and microscopic ionization constants of the thiol and amine 
groups in I-methyl-4-mercaptopiperidine 

543 

i 

ii 

Cation-exchange of 43 elements from hydrofluoric acid solution 

AUGUST 

111 

547 A bromide-selective electrode-redox electrode ccl1 for the potentiometric 
determination of bromine and free residual chlorine 

555 Derivatives of carbohydrazide. thiocarbohydrazide and diaminoguanidine 
as photometric analytical reagents-I. I ,3-bis[(2_pyridyl)methylene- 

aminolthiourea and l.3-bis[(2-pyridyl)methyleneamino]guanidine 

565 Complexes of oxovanadium(lV) with polyaminocarboxylic acids 

vi 



J. Marshall and J. M. Ottaway 

D. J. Leggett, S. L. Kelly, 
L. R. Shiue. Y. T. Wu, D. Chang 
and K. M. Kadish 

Jay K. Trautman, 
Victor P. Y. Gadzekpo and 
Gary D. Christian 

lstvan NagypPI, MihPly T. Beck 
and Andreas D. Zuberbiihler 

Short Communrurion.~ 

Sabri M. Farroha, 
Albertine E. Hahhoush 
and Ala-Mahdi Al-Saeed 

F. A. Abeed. M. Jasim and 

D. Amin 

K. N. Raoot. Sarala Raoot 
and V. Lalitha Kumari 

F. Smedes, L. G. Decnop-Weever, 
Nguyen Trong Uyen, J. Nieman 

and J. Kragten 

B. Roy, Ajai K. Singh and 
R. P. Singh 

A. Chow and S. L. Ginsberg 

Anulyricnl Daru 

J. Kragten and 
L. G. Decnop-Weever 

Annoturion 

James L. Anderson and 
Roman E. Sioda 

Papers Received 

Publications Receiced 

Notes for Author3 

Professor 1. P. Alimarin 

Joseph Sneddon 

Jean-Jacques Aaron, Joelle Fidanza 
and Mame Diabou Gaye 

R. Pardo. E. Barrado, Y. Castrillejo 
and P. Sanchez Batanero 

D. R. Crow 

B. I. Brookes and P. J. Young 

571 Determination of copper in urine by carbon-furnace atomic-emission 
spectrometry 

579 A computational approach to the spectrophotometric determination of 
stability constants-II. Application to metalloporphyrin-axial ligand 
interactions in non-aqueous solvents 

587 Spectrophotometric determination of lithium in blood serum with thoron 

593 Necessary and sufficient conditions for the appearance of extrema on 
concentration distribution curves in complex equilibrium systems 

605 Investigation into the determination of phenols extracted from automobile 
exhaust gases 

609 Titrimetric microdetermination of uric acid and thioglycollic acid by 
amplification reactions 

61 I Selective complexometric determination of mercury with thiocyanate as 
masking agent 

614 Semi-Xylenol Orange and its purification by high-pressure liquid 
chromatography 

617 Analytical reactions of 5-amino-erotic acid 

620 The extraction and determination of thiocyanate complexes by use of 
polyurethane foam 

623 Solubility and protonation of EDTA. DCTA and DPTA in acidic 
perchiordte medium 

627 Electra-deposition as a preconcentration step in analysis of multi- 
component solutions of metallic ions 

ii 

III 

SEPTEMBER 

III 

631 Collection and atomic spectroscopic measurement of metal compounds in 
the atmosphere: a review 

649 Photochemical analysis studies-V. Photochemical enhancement of the 
fluorescence signal of the antimalarial plasmocid in liquid solution and on 
silica-gel thin layers 

655 Polarographic determination of phosphorus 

659 Diffusion coefficients and complex equilibria in solution-III. Graphical 
evaluation of formation constants from diffusion coefficients 

665 The development of sampling and gas chromatography-mass spec- 
trometry analytical procedures to identify and determine the minor 
organic components of landfill gas 

vii 



J. A. Hern, G. K. Rutherford and 

G. W. vanLoon 

Susumu Osaki. Tomoe Osaki and 
Yoshimasa Takashima 

Georgi Velinov. Nedko Todorov 
and Simeon Karamphilov 

Sllo~r (‘or?lt?tlrtlic~alion.t 
K. Singh and B. A. Fodeke 

Walter Selig 

Andrzej Cygahski and 
Tomasz Majewski 

Anthony C. Edwards and 
Malcolm S. Cresser 

F. B. Sherman 

Anolvricul Daru 

A. Marton, E. Kocsis and 
J. lnczedy 

D. Bolton and J. D. Winefordner 

Henry F. Steger 

Yuko Hasegawa, Tetsuya Inagake. 
Yuji Karasawa and 
Atsushi Fujita 

S. J. Smith 

Masamitsu Kataoka, 
Naoki Unjyo and 
Tondhito Kambara 

P. J. Aruscavage and 
E. Y. Campbell 

Alan D. We&laud and 
Chiran J. Kantipuly 

C. H.-Siegfried W. Weinert 
and Franz W. E. Strelow 

He Huannan, Li Yuezhen, 
Zhao Guandi, Yan Ronghua, 
Lu Qingren and 
Qi Mingwei 

Tapio Salmi 

Tibor F. A. Kiss 

677 Determination of chloride, nitrate, sulphate and total sulphur in 
environmental samples by single-column ion chromatography 

683 Determination of chromium(W) in natural waters by the sorption of 
chromiumdiphenylcarbazone with XAD-2 resin 

687 A simple automatic system using the HP-85 microcomputer for pro- 
grammed potentiometric titration 

693 Determination of thiocarbonate in the presence of sulphite, thiosulphate 
and thiocyanate by titration with o-hydroxymercuribenzoate 

695 Constant-current potentiometric titration of orthophosphate with ce- 
tylpyridinium chloride: a feasibility study 

699 A new method of caesium determination by thermal decomposition of 
caesium tetrathiocyanatobismuthate(lI1) 

702 An improved, automated Xylenol Orange method for the calorimetric 
determination of aluminium 

705 Microdetermination of the degree of hydration of polysaccharides and 
glycoproteins 

709 Equilibrium and calorimetric study of the hydration of anion-exchange 
resins 

7 I3 Laser-excited fluorescence line-narrowing: an analytical study 

717 Titrimetric determination of aluminium in zinc-aluminium alloys, with 
EDTA and a Cu(II)-selective electrode 

721 Spectrophotometric determination of gallium(III) after solvent extraction 
of its chloro-complex with Rhodamine B 

OCTOBER 

725 Detection methods for highly toxic organophosphonates. A literature 
survey 

741 Construction of a permanganate ion-selective electrode and its application 
to potentiometric titrations 

745 An ion-selective electrode method for determination of chlorine in geolog- 
ical materials 

751 Procedures for isolation and determination of thorium 

755 Cation-exchange behaviour of the platinum group and some other rare 
elements in hydrobromic acid-thiourea-acetone media 

761 Determination of micro amounts of oxygen in silicon by inert-gas fusion 

767 Gas-chromatographic determination of the product distribution in the 
synthesis of sodium borohydride 

771 Catalytic thermometric titrations 

VU1 



G. Ramis Ramos. 
M. C. Garcia Alvarez-Coque and 
C. Mongay Fernandez 

Short Cot?lf~lunic~nlior~s 
A. G. Page, S. V. Godbole. 

Madhuri J. Kulkarni, 
N. K. Porwal, S. S. Shelar 
and B. D. Joshi 

Balbir Chand Verma, R. K. Sood 
and H. S. Sidhu 

Randjel P. MihajloviC and 
Vilim J. Vajgand 

M. M. Abdel-Khalek and 
M. S. Mahrous 

Zhu Yu-rui, Wei Fu-sheng and 
Yin Fang 

B. Jayaram and S. M. Mayanna 

Armordons 

KlPra Szabr5, lstvhn NagypPl 
and Istvan Fabian 

R. L. A. Sing, S. W. McGeorge 
and E. D. Salin 

Notices 

Tenth Tufunte Gold Medal 

Randle S. Collard and 
Morris M. Irwin. Jr. 

Paula A. Michalik and 
Roger Stephens 

Douglas F. Grant and 
DeLyle Eastwood 

R. D. Loss, K. J. R. Rosman 
and J. R. de Laeter 

Joseph Wang and 
Bassam A. Freiba 

B. P. Bubnis, M. R. Straka 
and G. E. Pacey 

JiFi Lexa and Karel Stulik 

Zhou Nan, Lu Zhi-ren 
and Gu Yuaniiang 

Short Communicutions 

JLnos Faxakas and 
Dan M. Marinescu 

H. Gomathi, G. Subramanian, 
Navin Chandra and 
G. Prabhakara Rao 

777 Graphical representation of polynuclear acid-base and complex equilibria 

783 Trace metal assay of U,O, powder by electrothermal AAS 

787 A new calorimetric method for the determination of carbon disulphide 
and its application to the analysis of some dithiocarbamate fungicides 

789 Coulometric generation of hydrogen ions by oxidation of mercury in 
anhydrous acetone 

792 Spectrophotometric determination of tetracyclines and cephalosporins 
with ammonium vanadate 

795 Indirect spectrophotometric determination of cyanide by means of the 
colour reaction of silver with cadion 2B in presence of Triton X-100 

798 Oxidimetric estimation of chloramphenicol with aromatic sulphonyl 
monohaloamines 

801 Unexpected dependence of the protonation constant of 2.2’-bipyridyl on 
ionic strength 

805 Laboratory data-acquisition capabilities of microcomputer high-level 
languages 

111 

NOVEMBER 

81 I GC/MS determination of incidental PCBs in complex chlorinated- 
hydrocarbon process and waste streams 

819 Use of an electrostatic preconcentration system to identify interferences in 
atomic-absorption spectrometry 

825 Infrared spectrometry field-method for identification of natural seep-oils 

83 I Measurement of Ag, Te and Pd in geochemical reference materials by mass 
spectrometric isotope-dilution analysis 

837 Subtractive differential pulse voltammetry following adsorptive accumu- 
lation of organic compounds 

841 Metal speciation by flow-injection analysis 

845 Determination of arsenic by galvanostatic stripping analysis and its 
application to steels 

851 Rapid and selective chelatometric titration of zinc in non-ferrous alloys 

857 Determination of thallium in cadmium and lead by graphite-furnace 
atomic-absorption spectrometry with sample vaporization from a 
platform 

861 Solid-state halide ion-selective electrodes: studies of quaternary ammo- 
nium halide solutions and determination of surfactants 

ix 



Zhang Tao 

Shun-itu Tanaka, 
Yukihiro Morimoto, 
Mitsnhiko Taga and 
Hitoshi Yoshida 

P. Griindler 

A. Ciszewski and 
Z. Lukaszewski 

E. P. Welsch 
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T. lshimitsu and 

H. Sakurai 

Annoicrtions 
H. K. J. Powell and 

M. C. Taylor 

C. A. Street and 
D. M. W. Anderson 

Harvey Diehl and 
Donald L. Biggs 

Letter to the Editor 
Peter M. May 

864 Concentration of yttrium subgroup impurities in high-purity yttrium oxide 
by TBP-NH,SCN extraction chromatography 

867 Use of sodium dodecyl sulphate to clarify the end-point of anodic- 
stripping complexometric titrations 

870 Complexometric titrations controlled by anodic-stripping methods-l. 
Voltammetric stripping 

873 Dete~ination of thallium in lead salts by differential pulse anodic- 
stripping voltammetry 

876 A rapid geochemical spectrophotometric determination of tungsten with 
dithiol 

879 Structure-ionization relationship of tyrosine-containing peptides 

885 A comment on the simultaneous determination of glass electrode param- 
eters and protonation constants 

887 Refinement of structures previously proposed for gum arabic and other 
Acucici gum exudates 

894 The density of 4-aminopyridine, voids in crystals, and precision weighing 

899 Simultaneous determination of glass electrode parameters and pro- 
tonation constants 

Papers Received 

DECEMBER 

Louis Gordon Memorial Award 

M. P. Coiombini and R. Fuoco 

A. D’Ulivo, P. Papoff and 
C. Festn 

J. Medina Escriche, 
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and F. Bosch Reig 

Michael Thompson, 
Ulrich J. Krull and 
Leah I. Bendell-Young 

T. Hori and T. Fujinaga 

Mary Lou F&z and 
Richard A. Durst 

M. Kataoka, K. Nishimura 
and T. Kambara 

Walenty Szczepaniak and 
Maria Ren 

III 

901 Determination of manganese at ng/ml levels in natural waters by 
differential pulse polarography 

907 A simultaneous multielement non-dispersive atomic-fluorescence spec- 
trometer using modulated sources and frequency discrimination of 
fluorescence signals 

915 S~trophotomet~c dete~ination of cadmium with l-(Zpyridylazo)- 
2-naphthol and non-ionic surfactants. Application to acetic acid extracts 
of ceramic enamels 

919 The bilayer lipid membrane as a basis for a selective sensor for ammonia 

925 Electrolytic reduction of molybdophosphate in aqueous acetonitrile and 
its application to flow-coulometric determination of o~hophosphate 

933 Investigation of two multichannel image detectors for use in 
spectroelectrochemistry 

941 Catalytic determination of moly~en~(VI) by means of an iodide 
ion-selective electrode and a Landolt-type hydrogen peroxide-iodide 
reaction 

945 Liquid-state membrane electrode sensitive to bismuth(II1) 

X 



Tosbio Matsuda and 
Toyoshi Nagai 

K. G. Varshney, S. Agrawal, 
K. Varshney, A. Premedas, 
M. S, Ratbi and P. P. Khanna 

Iagemar Gustavason and 
Kent Landstr6m 

Ch. Cbabeaat, D. Andre 
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Nobutoshi Kiba, 
Kaauhito Shhaizu and 
Motohisa Furusawa 

A. B. EI-Sayed and 
M. F. El-Sbabat 
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J. Martinez Calatayud 
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P. A. Siskos, E. P. Diamandis, 
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M. Malaiyandi and V. S. Sastri 

A. Salvador, M. de ia Guardia 
and V. Berenguer 

Annotation 

Syed Ashfaq Nabi, Seems Haque 
and F’ashkin M. Quresbi 

Ragnar Bye 

F. Szabadvriry and 
Robert A. Chalmers 
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Publications received 

951 Studies of the oxidation of iminodiacetic acid (IDA) and nitrilotriacetic 
acid (NTA) with Iead dioxide suspension in nitric acid 

955 Analytical applications of Zr(IV) and Ti(IV) arsenophosphates as ion- 
exchangers 

959 A pyrolytic carbon film electrode for voltammetry-III. Application to 
anodic-stripping voltammetry 

963 Formation dun chelate cuiv~-vancomycine: application au dosage de 
l’antibiotique en flux continu et detection amperometrique 

967 Determination of arsenic in geological materials by X-ray fluorescence 
spectrometry after solvent extraction and deposition on a filter 

969 Use of a manganese dioxide column in the flow enthalpimetric deter- 
mination of hydrogen peroxide 

971 The oxidative d~r~xylation of ~lyaminocarboxylic acids with lead 
dioxide suspension in neutral medium 

974 Dete~nation of phosphorus in samples of vegetable origin, Mineral- 
ization with molten alkali and sp~trophotomet~c dete~ination 

977 Polarographic dete~ination of proguanil and ChIorhexidine 

980 Potentiometric titration of striphate, sulphite and dithionate mixtures, 
with use of a lead ion-selective electrode 

983 Studies on the determination of dissolved oxygen in water 

986 Determination of the total iron content of used lubricating oils by 
atomic-abso~tion with use of emulsions 

989 Nanogram detection of ~~initroaromati~ and their derivatives. A 
re-evaluation of the spot-test based on the Janovsky reaction 

993 Critical examination of some common reagents for reducing selenium 
species in chemical analysis 

997 On the invention of conductimetric titration 

. . . 
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PUBLICATIONS RECEIVED 

Wilson and Wilson’s Comprehensive Analytical Chemistry, Vol. XIV: G. SVEHLA (ed.). Ion Exchangers in Analytical 
Chemistry, Their Properties and Use in Inorganic Chemistry: M. MARHOL, Elsevier, Amsterdam, 1982. Pages 585. USS127.75, 
Dfl. 275.00 

Synthetic organic ion-exchange resins were first described by Adams and Holmes nearly 50 years ago. Their work heralded 
the development and subsequent applications of improved “universal” and selective exchangers mainly, but not exclusively, 
organic in framework structure. The volume under review is devoted to such exchangers applied to the analytical chemistry 
of inorganic systems. The text is divided into three parts. Part 1 has a chapter on basic concepts and properties and another 
on selectivity, plate theory and other quantitative treatments associated with the elution process; the last-mentioned includes 
a treatment of gradient (concentration, pH and temperature) elution chromatography. Part 2 begins with a chapter on 
physical, physico-chemical and chemical properties of exchangers and their determination. Instrumentation is next 
considered and is succeeded by a long chapter (pp. 160-399) on applications. There is a liberal sprinkling of procedures 
given for separation of individual ions or groups of ions from complex mixtures, and a number of these make use of mixed 
solvents. Part 3 deals with characteristic properties of commercially available exchangers and provides distribution 
coefficients (some tabulated but many graphically presented) for various ions in representative aqueous systems. An 
appendix lists 96 monographs published worldwide on ion-exchange. 

The important recent development, usually referred to as Ion Chromatography, introduced by Small, Stevens and 
Bauman in 1975, using a conductivity cell as detector, is merely included in a list with other detection techniques of relatively 
limited application (p. 155). This lack of coverage of a development which has contributed much to the improvement of 
common anion and some cation analysis is unfortunate because the previous volume (IIB) of the Treatise dealing with 
ion-exchange chromatography was published in 1968. However, a separate treatment of Ion Chromatography may be 
planned and could easily be justified. Apart from this omission, the present volume gives a well-balanced, informative and 
reasonably up-to-date account within the limits already noted and it can be highly recommended as a reference work on 
the subject in keeping with editorial intentions regarding the aim of the Treatise. 

S. J. LYLE 

Chromatography and Mass Spectrometry in Biomedical Sciences, 2: A. FRIGERIO (ed.), Elsevier, Amsterdam, 1983. Pages 
xii + 506. US $106.50; Dfl. 250.00. 

This is the proceedings of the International Conference on Chromatography and Mass Spectrometry in Biomedical Sciences 
which was held at Bordighera, Italy in 1982. The various papers are grouped under five main headings-Drug Studies, 
Developments in Methodology, Endogenous Compounds, Clinical Studies and Environmental Studies. Generally the 
standard of the camera-ready papers is high, but in one or two the English is rather poor-a fault which should have been 
rectified by the editor or publisher. 

In a review of this length it is not possible to comment on all of the papers contained in this book. Instead I have restricted 
my comments mainly to some of the papers with a clinical bias. Most of the papers are concerned with mass spectrometry 
(as the title suggests!), coupled with gas chromatography and high-pressure liquid chromatography. Two papers and a 
plenary lecture cover the analytical applications of ion-exchange thin-layer chromatography, in particular the detection of 
phenylketonuria and Maple-syrup urine disease. The technique is relatively simple and applicable as a screening technique, 
e.g., in plant breeding programmes (p. 141) and for inherited metabolic disease (p. 159). Some coverage is also given to 
different forms of electrophoresis. Nagy and colleagues (p. 421) employed a combination of affinity chromatography and 
different types of electrophoresis in the isolation and characterization of the anorexogenic glycoprotein, satietin. As part 
of a study of the diagnostic and anti-tumour properties of group IIIa metals, Shukla e/ al. (p. 179) describe the binding 
properties of aluminium, gallium, indium and thallium with ferritin and transferrin, as determined by paper and cellulose 
acetate electrophoresis. A criticism of this work is the simplistic interpretation of the electropherograms of ferritin from 
different suppliers and the lack of consideration given to isoferritins. 

Amongst the different liquid phases used in the various gas chromatographic separations described in this book, the use 
of nematic liquid crystals in the separation of polycyclic aromatic hydrocarbons is particularly noteworthy (p. 221) although 
the transition temperature of the particular liquid crystal and the relatively short operative life of liquid crystal columns 
does limit their routine application. 

Biological fluids are complex mixtures of many different substances (carbohydrates, peptides, proteins, steroids, metal 
ions, nitrogeneous compounds, elc). Analysis of such fluids by chromatographic methods often requires some form of 
sample extraction or clean-up and in some cases formation of derivatives to improve chromatographic properties or 
facilitate detection. Several papers in this book describe improvements to established chromatographic analyses. For 
example, Manrique and co-workers (p. 97) report a method for nitroglycerine in plasma, which involves a single extraction 
step followed by isothermal gas-liquid chromatography (electron-capture detector). 

Metabolic profiling is an approach to clinicochemical analysis which exploits the resolving power of chromatographic 
techniques. The study of propionic acidaemia in a neonate by Kuhara ef al. (p. 449) by use of gas chromatography-mass 
spectrometry exemplifies the use of this technique. Unfortunately, no experimental results are shown and the significance 
of the analytical findings at the various stages of this rare illness are not discussed at any length. 

Graeve and Delaval (p. 461) have contributed an excellent article on tandem mass spectrometry which explains the 
principle of the technique, illustrates its application and discusses its advantages, disadvantages and future prospects. 
Anyone unfamiliar with this technique would find this a very useful introduction to what appears to be an exciting analytical 
prospect. 

This book will be of interest to many scientists engaged in biomedical research, but at the price most will borrow a library 
copy rather than buy it. 

L. J. KRICKA 
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NOTICE 

IV BRAZILIAN SYMPOSIUM OF ELECTROCHEMISTRY AND 
ELECTROANALYTICAL CHEMISTRY 

SBo Carlos, Brazil, 15-18 April 1984 

This symposium will be held in SIo Carlos, State of SHo Paolo, Brazil. The deadline for submission of titles 
of papers offered is 5 November 1983; the deadline for submission of abstracts is 5 February 1984. Information 
can be obtained from 

Comissao Organizadora 
IV Simposio Brasileiro de Electroquimica e Eletroanalitica 
Caixa Postal-297 
13560-Slo Carlos. SP-Brasil 
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PUBLICATIONS RECEIVED 

Guide-Lines to Plamdng of Atomic Spectvometric Analysis: B. MAGYAR, Elsevier, Amsterdam, 1982. Pages x + 273. $76.75 

The author of this book says that the title was chosen to describe its contents “as well as possible in few words”. However, 
anyone buying the volume expecting a practical guide may well be surprised to find approximately half of the contents 
devoted to fundamental theory, generally with rather tenuous connections to routine analytical atomic spectroscopy. There 
is much useful information in the book, but the approach is very much an academic one. 

The introductory chapter contains an interesting but brief general discussion of quantitative assessment of the relative 
merits of instrumental methods, and a short historical survey with a strong hint of nostalgia. This is followed by chapters 
on electromagnetic radiation, line profiles and atomic spectra and electronic structure. Chapters 5 and 6, on characteristics 
of atom reservoirs and their influence on sensitivity in AAS and AES and on the measurement of atomic absorption and 
emission respectively are more obviously useful, as are the appendices on sensitivities and on alternative wavelengths. 

The price is rather high for a book produced directly from poor quality typescript, inundated with grammatical, spelling 
and typographic errors. The work would have benefited greatly from the services of a diligent and competent translation 
editor. 

M. g. CREssER 

Advances ia Chromatography, Vol. 19: J. C. GIDDINGS, E. GRUSHKA, J. CAZES and P. R. BROWN (editors), Dekker, New 
York, 1981. Pages XV + 312. S.Fr. 98. 

This volume follows the style set by its predecessors. There is no unifying theme and the six chapters are quite disparate 
in subject matter. Few will be of direct interest to the analyst and then only to the specialist wishing to determine, for 
example, 2,4-D herbicide products or aldosterone and its metabolites. Nevertheless, those with the preceding 18 volumes 
will surely wish this to be added to the collection. 

D. BETTERIDGE 

Standards ia Fluorescence Spectrometry: J. N. MILLER (editor), Chapman & Hall, 1981. Pages viii + 115. E8.50. 

This short book consists of about 80 pages of text, arranged into eight chapters, plus an appendix of sixteen 
excitation/emission spectra of common organic fluorophors. The book can be read in a few hours and gives a brief account 
of the method of operation and theoretical background of low-resolution solution-phase fluorescence spectroscopy. The 
book should be a useful introduction for research workers and clinical or industrial technicians using this kind of equipment 
for the first time. Those planning to specialize in this field will, of course, require a much greater depth of knowledge than 
this short book offers. 

For the most part the book stresses methods of conventional fluorimetry. There is no discussion of fluorescence decay 
or other time-resolved measurements, nor is there any mention of polarization phenomena (except as a potential source 
of error). There is no mention of sample forms other than room-temperature liquid solutions-no gases, solids or glassy 
solutions. No mention is made of the possible use of lasers as excitation sources. The use of double monochromators is 
considered, though, as are microprocessor-controlled instruments. 

I personally will find this book useful for introducing new graduate students in my laboratory to the principles and 
techniques of routine fluorescence measurements. 

R. F. BCIRKMAN 

ii 



Trrlo~ta. Vol. 30. No. I. p. ii, 1983 
Pergamon Press Ltd. Prlnted I” Great Brltaln 

PUBLICATIONS RECEIVED 

Marine Electrochemistry, A Practical Introduction: M. WHITFIELD and D. JAGNER (eds.), Wiley, Chichester, 198 1. Pages 
xiii + 529. f27.50. 

Marine Electroanalysis would have been a better title for this book, since it is concerned with oceanographic analysis and 
not at all with topics such as corrosion, desalination or any applied aspect of sea-water chemistry. A quarter of the book 
is taken up with “Fundamentals”: a long chapter on sea-water as an electrochemical medium draws much useful 
information together; short ones on the classification of techniques, instrumentation, and computing are less satisfactory 
in that the first is a luxury in a book of this type and the others too short to do justice to the material. The “Applications” 
section contains full and interesting chapters on conductometry, the determination of oxygen and a review of voltam- 
metric analysis of sea-water. The chapter “Direct Potentiometry” deals fairly well with pH, but very cursorily with 
ion-selective electrodes. This and the chapter on potentiometric titrations overlap more than they should, e.g., both deal 
with the known-addition method, and both suffer as a result. Some looseness of structure may be expected from a book 
with ten contributors, but considered as a whole it adds up to a substantial and useful volume. 

DEREK MIDGLEY 

Nonisotopic Alternatives to Radioimmunoassay: Principles and Applications: LAWRENCE A. KAPLAN and AMADEO J. PESCE 
(eds.), Dekker, New York, 1981. Pages 352. SW. Fr. 135. 

This is Volume 10 of the excellent Chical and Biochemical Analysis Series. It reviews current analytical methods capable 
of replacing the disadvantageous radioimmunoassay procedures with non-isotopic alternatives. 

Several leading experts outline alternative methodology which can replace RIA and its associated costs, hazards and 
waste-disposal problems. Basic principles for achieving sufficient sensitivity with techniques such as fluorescence-based 
Immunoassays, enzyme-coupled procedures, and nephelometry for monitoring a variety of molecules in clinical appli- 
cations are presented clearly. Concise histograms, diagrams and tables add to the overall readability of the chapters, 
making this volume acceptable as an advanced graduate textbook. The division of the book into chapters dealing with 
specific techniques in detail makes it equally acceptable for professional clinical scientists and all research investigators 
currently using immunologically-based assays. 

The chapter on diagnostic enzyme-labelled immunoassays (ELISA) exemplifies the book’s theme of contrasting new 
methods with radioisotopic assays, and presentmg problems in a clear manner. References are up-to-date and many 
chapters contain bibliographies which will be valuable to those wishing to become conversant with such a recently 
developed field. 

D. M. W. ANDERSON 

Thin-Layer Chromatography: Techniques and Applications (Chromatographic Science Series, Vol. 17): BERNARD FRIED and 
JOSEPH SHERMA, Dekker, New York, 1982. Pages 320. SW. Fr. 148. 

This volume is recommended to all those with more than a transient interest in TLC. Almed at those involved in teaching 
this important analytical technique, this book will be a useful reference text rather than a direct textbook for students. 

The book is divided into two parts-“General Practices of TLC” and “Applications of TLC to Different Compound 
Types”. There are clear, concise chapters on the history, mechanism and equipment of TLC, complementary sections on 
development techniques qualitative evaluation and quantification, and an excellent chapter on the reproducibility of 
results. All chapters end with good reference sections. From the viewpoint of the typical student, the book suffers from the 
extensive detail of some chapters, lists of equipment and materials for specific experiments, and the lengthy compilation of 
manufacturers’ addresses of interest largely to American readers. There is a useful Glossary and Index. This volume offers 
a good introduction to methods and applications of TLC and can be recommended for library acquisition. 

D. M. W. ANDERSON 
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LOUIS GORDON MEMORIAL AWARD 

Presentation of the Louis Gordon Memorial Award for 1982 to Dr. Lars Kryger, Aarhus 
University. Left to right: Professor J. Rtieka, Dr. L. Kryger, Professor N. Hofman-Bang. 
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EDITORIAL 

The first issue of Talanta appeared 25 years ago this month-in August 1958. Three editors, thirty volumes, 
several thousand papers and some millions of words later, the journal is flourishing, offers its contributors 
a first class publishing service, and its readers much better value for money than most of its commercial 
competitors. Authors and readers alike will be aware that acceptance of a paper for Tulunta is a guarantee 
of quality, and that no pains are spared to ensure continuation of the journal’s reputation, which has stood 
high from the very first issue. In many ways Tulanta is run like a club, with a good deal of camaraderie 
between staff, contributors and readers. Besides its full range of publishing services (papers, reviews, 
annotations, analytical data, letters) it has three awards-the Talanta Medal, the Louis Gordon Memorial 
Award, and the Pharmacia Prize-and these alone would distinguish it from other journals in the field. Talanta 
was established to meet the demand for publication created by the rapid expansion of research in analytical 
chemistry in the late 1950s. At the same time, the policy was established of accepting only work that was 
soundly done, likely to prove useful, and of general analytical interest. The same policy is followed today, 
and will continue. We look forward to the next 25 years and the developments they will bring in analytical 
chemistry, and wish our authors and readers many happy and rewarding years of research (and reading 
Talanta). 

R. A. CHALMERS 
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CORRIGENDA 

At the request of various parties concerned, the following corrections should be made to the paper by H. Ishii 
and K. Satoh, Talanta, 1982,29, 243. 
Page 243, column 1, lines 19-22 should be replaced by: 

approach for ICPES, combining the high-resolution 
spectrometer recently marketed by Yanoco Co. Ltd. 
(model UOE-1) with a commercially available ICP 

Page 244, Table 1, the last two lines should be replaced by: 

Optical measurement unit Model UM-1, Yanaco Ltd. (Japan) and Model RC-125 chart recorder, Japan Spectro- 
scopic Co., Ltd. 

Page 244, Figure 1, the caption should read: 

Block diagram of the optical measurement unit. 

Page 247, Acknowledgements, line 3 should read: 

advice in connection with use of the high-resolution 

. . . 
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The Interpretation of Analytical Chemical Data by the Use of Cluster Analysis: D. Luc MA.~.~ART and LEONARD KAUFMAN. 
Wiley, New York, 1983. 237 pages. $45.00. 

Within many areas of science, the methods of cluster analysis have proved valuable for the interpretation of multivariate 
information. During the past decade, analytical chemists have become increasingly aware of the potentialities of these 
techniques, but, so far, the majority of workers have focused on hierarchical clustering procedures and, occasionally, 
discovered some shortcomings. 

In their book, The Interpretation of Analytical Chemical Data by the Use of Cluster Analysis, D. Luc Massart and Leonard 
Kaufman point out that some of the difficulties encountered by workers within the field may be overcome by the use of 
non-hierarchical clustering techniques in combination with display methods. The authors foresee that analytical chemists, 
who have become acquainted with these more versatile techniques, are likely to adopt a systematic use of cluster analysis. 
To promote this development, the authors devote a fair proportion of their book to a thorough introduction to 
non-hierarchical clustering methods and to a number of demonstrations of the applications. But apart from this, the book 
presents the entire field of cluster analysis of chemical data in a well-organized and logical manner. 

The book is divided into eight chapters: Chapters I and 2 introduce the main concepts of cluster analysis and discuss 
the relations of clustering methods to mapping techniques, supervised pattern recognition and principal components 
analysis. Chapters 3-5 are devoted to hierarchical and non-hierarchical clustering methods, a comparison of the techniques 
and a discussion of possible ways of solving special problems, such as those due to incomplete data sets. Chapter 6 reviews 
a number of applications and, in Chapter 7, some of the available computer program packages are introduced. Finally, 
in Chapter 8, an illustrative problem concerning the classification, according to biosynthetic pathways, of fatty acids in 
goat milk is worked through in detail, and the results of the application of several clustering methods are compared and 
discussed. 

Some of the results which are presented in the book are quite impressive, but even so, the authors discuss the subject 
with an appealing critical sense. In particular, they emphasize that often the classifications which can be obtained with 
cluster analysis do not differ much from those developed by an expert in the scientific field from which the data originate. 
Furthermore, they warn the reader not to trust blindly in any single clustering procedure, and they point out that as a 
rule, the scientist must be prepared to investigate the performance of a number of clustering strategies in order to gain 
insight into the data. Thus, with no intelligent user-interaction, clustering methods cannot be expected to lead to an 
interpretation of multivariate data. However, to the experienced scientist, the techniques may be extremely useful and help 
him to take simultaneously into account considerably more multivariate data and correlations than he would normally be 
able to perceive. 

Since the book contains a thorough review of the field with many useful references, it can be recommended to chemists 
who are already acquainted with multivariate data analysis, but without doubt it will be of even more interest to those 
who want a good introduction which explains the practical details and points out the pitfalls. The text, which is accompanied 
by clear and explanatory illustrations, mainly uses a simplified description of the mathematics. This is adequate for readers 
who are chiefly interested in the correct applications. However, certain chapters are extended with mathematical sections 
to satisfy readers who want a deeper understanding of the mathematics. No computer programs or subroutines are listed 
in the book, but the text appears to contain sufficiently detailed and organized information for readers with some 
programming experience to use it as a basis for writing their own clustering programs. 

LARS KRYCER 

Progress in Analytical Atomic Spectroscopy, Vol. 4: C. L. CHAKRABARTI (editor). Pergamon Press, Oxford, 1982. v + 456 
pages. E53.00; USSlO6.00. 

The fourth volume in this useful series contains eight review articles. The first, by Delves, covers the analysis of biological 
and clinical materials, from sample preparation through to spectroscopic determination. It contains a wealth of practical 
detail from 259 references and much useful constructive criticism. Mills and Belcher present an account of the analysis of 
coal, coke, ash and mineral matter by atomic spectroscopy, including XRF, based upon 140 publications between 1973 
and 1980, again with a useful overview of techniques and possible pitfalls in sample preparation. The comprehensive 
contribution (479 references) from Noller, Bloom and Arnold discusses every aspect of the analysis of atmospheric 
particulates for metals by graphite-furnace AAS. The first chapter in particular is a very useful introduction to this field 
of analysis. La Breque reviews the progress made in radioisotope-induced XRF, emphasising the relative merits and 
problems associated with radioisotopes, compared with the conventional X-ray tube technique, while Cresser discusses the 
theoretical and practical advantages and disadvantages of nebulization of small, discrete samples into flames and plasmas, 
and looks at applications of this approach to analysis of small samples. Matousek has made a commendable effort to give 
a systematic account of interferences in electrothermal atomic absorption spectrometry, including in his treatment the 
approaches used for their elimination and control. Sullivan offers a timely review of developments in the design and 
construction of lamps and sources for analytical atomic spectroscopy. Finally the volume concludes with another useful 
and comprehensive applications review, this one by Sychra, Lang and Sebor on petroleum and related products. 

The quality of the production, like that of the articles the book contains, is generally good, the use of camera-ready copy 
in no way detracting from the value of the work. The series can be strongly recommended for providing authoritative 
accounts of value, both as updates of progress in selected fields, and also as comprehensive introductions for newcomers 
to specific areas of analytical atomic spectroscopy. 

M. S. CREEPER 

111 



iv PUBLICATIONS RECEIVED 

Ion Chromatography: J. S. FRITZ, D. T. GJERDE and C. POHLANDT, Hiithig, Heidelberg, 1982. x + 203 pages. DM66; $33.00. 

The title of this short monograph may well suggest to the prospective reader that it will be concerned with that particular 
brand of ion-exchange chromatography marketed by the Dionex Corporation. The book does indeed describe and discuss 
the ion-exchange processes that occur in that two-column system, and gives references to a number of applications to 
analysis for anions and cations in the environmental, industrial and clinical fields. 

However, the book also describes and discusses in some detail the newer single-column type of ion chromatography 
developed by the authors themselves. Since their work is fairly recent, most of the applications are proposed by them, and 
appear to be relatively untested. The authors obviously believe their single-column technique to be superior in many ways 
to the Dionex product, and they do produce considerable evidence to support this. 

The result is, however, that their book is rather peculiar. It would not be of much use to the average Dionex user, who 
is probably already familiar with the literature, although possibly a prospective user would benefit from its study before 
reaching a decision. 

It would be of rather more use to someone wanting to try single-column ion chromatography. Thus, methods for 
preparing the special ion-exchangers are given (but what is methylal, p. 102?), but the analyst wanting to set up his own 
system will still find a lot of information lacking. There is a discussion about detectors, but little guidance on how to set 
about making or buying one. Most disappointingly, there is no description at all of the sorts of pipes, fittings, pumps, etc. 
that are currently being used for the highly corrosive inorganic eluents used in ion chromatography. 

Overall, although this book does give a useful picture of the present state of ion chromatography, I feel it is premature 
and not altogether satisfactory. I am sure the authors could write a much better one in 5 years’ time. 

MARY MASON 
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NOTICES 

THIRD INTERNATIONAL WORKSHOP ON 
TRACE ELEMENT ANALYTICAL CHEMISTRY IN 

MEDICINE AND BIOLOGY 

GSF RESEARCH CENTRE, NEUHERBERG, F.R.G. 

The dates for this meeting have been changed. The Workshop will now be held 16-18 April 1984, not 4-6 April as previously 
advertised. 

SCIENTIFIC METHODOLOGIES APPLIED 

FLORENCE, ITALY, 2-5 MAY 

TO WORKS OF ART 

1984 

This symposium, under the auspices of the Opificio delle Pietre Dure e Laboratori di Restauro di Firenze, the Progetto 
Finalizzato Fine e Secondaria, and the Istituto Guido Donegani di Novara, will be held for the exchange of information 
on application of science in research on the study, restoration and conservation of works of art. The topics are: (1) 
techniques and materials used for the manufacture of works of art; (2) degradation processes and materials in works of 
art; (3) processes and materials employed in conservation; (4) dating methods, provenance studies, and authentication. 
Abstracts (in English, not more than 200 words) of papers offered (presentation time 20 minutes, English or Italian) should 
be sent before 31 October 1983. The registration fee is 200,000 Italian lire. Further details are obtainable from 

Istituto Guido Donegani S.p.A., 
Segreteria Tecnica, 
Via G. Fauser 4, 
28100 Novara NO, 
Italy 

SYMPOSIUM ON THE ROLE OF ANALYTICAL CHEMISTRY IN 
NATIONAL DEVELOPMENT 

CAIRO UNIVERSITY, 3-7 JANUARY 1984 

This symposium is organised by the Egyptian Chemical Society with the participation of some European societies of 
analytical chemistry. The topics are: 

l-Status and prospects of chemical education and research 
2-Implementatton of national strategies m chemical industries 
&Trends and perspectives in analytical chemistry 

(a) Product quality control 
(b) Analytical data quality 
(c) Trace analysis 
(d) Surface analysis 
(e) Information systems 
(f) Computers 

4-Analytical chemistry for national development 
(a) Life sciences 
(b) Materials science 
(c) Food production 
(d) Environmental studies 

Contributions relevant to these topics are invited. Titles and abstracts should arrive before 31 October 1983. The symposium 
fee for overseas participants is SlOO. Special air-fares are available (details from Dr. M. Khater, Cairo University, Giza, 
Egypt). Further information may be obtained from 
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Professor M. Grasserbauer. 
Institute of Analytical Chemtstry, 
TU Wien, 
Getreidemarkt 9, 
A- 1060 Wien, 
Austria 
(Telex 133000 tvfdwa; telephone 222-5~1-4857/4837) 

THE PITTSBURGH CONFERENCE ON ANALYTICAL CHEMISTRY 
AND APPLIED SPECTROSCOPY 

ATLANTIC CITY, U.S.A., 5-10 MARCH 1984 

The 35th Ptttsburgh Conference and Expositton on Analytical Chemistry and Apphed Spectroscopy will convene S-10 
March 1984 in Atlanttc City, New Jersey. U.S.A. The following symposra have been organized for the 1984 Techmcal 
Programme: 

I. 
2. 
3 
4: 
5. 
6. 
7. 
8. 
9. 

10. 
II. 
12. 
13. 
14. 
15. 
16. 
17. 

Spotlight on chromato~aphy 
Analyttcal techniques using supercritical flutds 
Advanced light sources 
Microprobe techniques as applied to organic materials 
New techniques in electroanalytical chemistry 
New opportunities in mass spectrometry 
Sample mtroduction for plasma and flames. how can we do it better? 
Integrating software into laboratory systems 
Polymer characterization 
Industrial hygiene monitormg 
New hortzons in nuclear magnettc resonance 
The really sensitive techniques 
ASTM E-42-Industrial applications of surface analysis 
Pittsburgh Analytical Chemistry Award 
Pittsburgh Spectroscopy Award 
Dal Nogare Award Symposium 
The W~il~ams-Wright Industrtal Spectrocoptst Award 

The symposium “Spotlight on chromatography” will feature three invited symposia and an evening discusston group 
sponsored by the Pittsburgh Conference and organized by the International Meeting on Capillary Chromatography: 

(a) Sample Preparatton and Introductton 
(b) Column Technology and Applicattons 
{c) Detectors and ~uitldlmens~onal Chromatography 
(d) High Resolution Chromatography Discussion Sesston 

Registration forms and further mformation may be obtained from 

Pittsburgh Conference 
437 Donald Road, Department CFP 
Pittsburgh, PA 15235. U.S.A. 
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PROFESSOR I. P. ALIMARIN 

On 11 September 1983 an outstanding analytical chemist, Ivan Pavlovich Alimarin, will be 80 years old and 
complete 60 years of scientific and pedagogical activity. 

In the 1920s he was a student at the Moscow Mining Academy and from 1923 till 1953 he worked at the 
Institute of Mineral Raw materials. In 1950 he received the degree of Doctor of Chemistry and was appointed 
to a Professorship, and in 1966 he was elected a full member of the USSR Academy of Sciences. For many 
years he has been in charge of important scientific bodies. He has been the head of the Department of 
Analytical Chemistry at the Moscow Institute of Fine Chemical Technology, since 1947 the head of the 
laboratory at the Vernadskii Institute of Geochemistry and Analytical Chemistry of the USSR Academy of 
Sciences, and since 1953 the head of the Department of Analytical Chemistry at the M.V. Lomonosov Moscow 
University. 

His investigations have been most diverse, ranging from the theoretical basis of analytical chemistry to the 
development of various methods of chemical analysis for use in raw materials processing, production of rare 
metals, metallurgy and the nuclear and semiconductor industries. 

Professor Alimarin’s interests were for long concentrated on the analytical chemistry of gallium, indium, 
thallium, germanium and other rare elements. Some of his methods for their concentration and determination 
are still used in analysis of geological and other samples. He has paid particular attention to micro and 
ultramicro methods of chemical analysis, and has contributed considerably to the application of organic 
reagents, the development of concentration methods based on co-precipitation, extraction, ion-exchange and 
partition chromatography, the improvement of instrumental methods of analysis, such as spectrophotometry, 
luminescence, electrochemical methods, spectroscopy and radiochemistry. He has also made contributions to 
the theoretical investigation of complex-formation mechanisms and of kinetics in aqueous and non-aqueous 
media. 

Professor Alimarin is the president of the Scientific Council on Analytical Chemistry of the USSR Academy 
of Sciences, the Editor-in-Chief of Zhurnal Analiticheskoi Khimii, a member of some other editorial boards, 
and a Regional Editor for Talanta, Journal of Radioanalytical Chemistry and Radiochemical and Radio- 
analytical Letters. He was a titular member of the IUPAC Analytical Chemistry Division. Professor Alimarin 
has also been elected an honarary member of the Society for Industrial Chemistry of France, the Society for 
Analytical Chemistry (now a division of the Royal Society of Chemistry), the Japan Society for Analytical 
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IV Professor I. P. Alimarin 

Chemistry, and the Chemical Society of the German Democratic Republic. He is a foreign member of the 
Academy of Sciences of Finland, and a Doctor honoris cnum of Budapest Technical University and the 
Universities of Giiteborg and Birmingham. In 1965 he was awarded the Talanta Gold Medal for his 
outstanding contributions to analytical chemistry. He has also been awarded the Purkyiie gold medal 
(Czechoslovakia), the Emich medal (Austria), the Hevesy medal (Hungary) and the medal of Helsinki 
University (Finland). 

Professor Alimarin’s friends and colleagues know and appreciate him not only as an outstanding scientist 
who has devoted many years of his life to the development of analytical chemistry but as a remarkable person 
and an excellent teacher for his younger co-workers. He is fond of photography and taking colour slides, 
collecting records, fishing and other practical and interesting hobbies. 

We heartily congratulate Professor Alimarin on this glorious anniversary and wish him good health and 
further success in the development of analytical chemistry. 

S. B. SAVVIN 
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Analysis of Complex Hydrocarbon Mixtures: Part A-Separation Methods, Part B-Group Analysis and Detailed Analysis, 
Volume XIII of Wilson and Wilson’s Comprehensive Analytical Chemistry: S. HALA, M. KURAS and M. POPL. Editor, G. 
SVEHLA. Elsevier, Amsterdam, 1981. Part A, pp. XIV + 382; $95.75. Part B. pp. 459; $95.75. 

Though not the first work to be published on the analysis of hydrocarbon mixtures, this is certamly the most 
comprehensive one that I have come across. It is well planned and deals with each topic systematically and evenly, resulting, 
no doubt, from close team-work from the authors. Each section gives an introduction to the principles and methodology, 
followed by a discussion of applications to hydrocarbon analysis, well illustrated by examples and with references. It is 
often difficult to make a true distinction between separation and analysis in this context, but If quantification is the key 
to analysis. then the technique will be covered in Part B. 

Part A deals with distillation and gel chromatography (together about half the book), as well as with liquid 
chromatography, adduct crystallization, molecular sieves, thermal methods and sundry chemical methods. I found the 
longer chapters both well written and very informative-students would find these accounts very helpful. 

Part B covers a multitude of quantitative analytical techniques, some perhaps included from a sense of completeness, 
but others because they are powerful and widely used tools common to many laboratories. Of these chapers, the substantial 
one on mass spectrometry is least successful, with a great deal of detailed information and yet sometimes still not enough 
to make the matter clear. The quality of the translation editing in this chapter does not match the high standard achieved 
in most other chapters, but I was impressed by the chapter on GLC, finding aspects very well explained. The survey of 
recommended procedures will be helpful and is well referenced: it is nicely complemented by the final chapter on trace 
analysis of hydrocarbons in water, air and food. 

These two books constitute a worthy addition to the well known series and will certainly prove valuable to a much wider 
readership than those engaged only in petroleum analysis. Strongly recommended, but expensive. 

IAIN L. MARR 

Analytical Techniques in Environmental Chemistry-2 Proceedings of the 2nd International Congress in Barcelona, 1981: 
edited by J. ALBAIGES. Pergamon Press, Oxford, 1982. pp x + 473. f37.50. 

The first congress was held three years earlier, in 1978. The contents of this volume provide an interesting reflection of shifts 
of interest and emphasis in environmental analysis over this period. There have been more environmental incidents for 
analysts to test their methods and skills on: Seveso was &cussed in the first volume, while in this volume the major spillage 
of several chemicals, including I2 tone of crude pentachlorophenol at New Orleans in 1980, is reported. Indeed, 
“Monitoring Strategies” IS the heading given to a group of seven contributions, and others could well have been included 
in this section, covering organics m air, inorganic dusts in air, organics in water, and heavy metals in ash and sediments. 

Another indication of a shift in emphasis is the increased number of papers dealing with the application of HPLC, perhaps 
a measure more of the increase in the use of this tool than in the development of the technique. There are, too, reports 
on the use of plasma sources for emission spectroscopy, describing some comparisons with older more widely established 
techniques. 

There is much illustrative material here which will not find its way into the usual analytical journals, and for this reason 
the publication of this volume is to be welcomed. It makes the material available to a much wider audience than was present 
at the congress, and one which will certainly find this book worth reading. 

IAIN L. MARR 

Membrane Electrodes in Drug-Substances Analysis: VASILE V. COSOFRET. Pergamon Press, 1982. Pages xvi + 362. f29.50. 

Although the title suggests a rather restricted readership. most users of ion-selective electrodes could find much of interest 
in this text. The book begins with a short theoretical chapter, followed by chapters on membrane-electrode characteristics. 
commercial membrane electrodes and analytical techniques. The next section covers general methods of analysis with 
electrodes, and covers determination of halogens, sulphur, phosphorus and inorganic cations. For all the species included, 
there IS a comprehensive and fully referenced discussion of the available electrodes and procedures for their use. The main 
section, on determmatlon of drug-substances, covers a very wide range of compounds. For each, the name, formula and 
action are given, along with, wherever possible, a detailed analytical procedure. The accompanying discussion and 
comments contribute significantly to the usefulness of the book. There are numerous cross-references. The text is remarkably 
clear and free from typographical errors for a book produced from a camera-ready typescript. References up to 1980 are 
included. 

Inorganic Chemistry and the Earth: J. E. FERGU~~ON. Pergamon Press, Oxford, 1982. pp. IX + 400. f20.00 (hard cover): f9.95 
(flexicover) 

It is my experience that if chemistry is taught in such a way as to balance the theory with the facts, the applications and 
the extensions to the outside world, it is more likely to awake interest m younger students than when it IS presented purely 
as a rigorous academic discipline. This opinion comes from teaching environmental analysis, but those who would like to 
rethink their teaching of inorganic chemistry should start by reading this book. 

iu 
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There is no shortage of factual material or of basic concepts in the book. Mineral Resources, for example. leads via 
extraction of metals through thermochemistry and Ellingham diagrams to completion of the cycle wtth corrosion processes, 
Inorganic Chemicals in Everyday Use goes through the common elements (including carbon) and makes frequent reference 
to thermochemical data to show why the processes used are indeed feasible. Environmental cycles are presented for carbon, 
nitrogen, oxygen, phosphorus and sulphur, and then the pollution of air and of water is considered, wtth mention of 
quantities, concentrations, speciation, incidents, and meteorological and physiological effects. Time and agam discourses 
on the phenomena of environmental chemistry bring us back to chemical eqmlibria, reaction kinetics and energetics, all 
put together to make a most readable account. The threat from lead gets its fair share of very balanced argument. as does 
that of mercury, cadmium and other toxic elements. 

The publishers apologize for the direct reproduction of the (very neat)typescrtpt: if it keeps the price withm the range 
of students, fine, but this book would deserve proper typesetting. The question of units is a vexed one. I suppose we have 
to tend towards SI units these days, but I do prefer small particles to be measured in pm. not m. large amounts in tonnes, 
not Tg, and industrial pressures in atmospheres, not kPa. I think the vertical scale in Fig. 9.7 should be “deaths per day” 
and not just “deaths”. In the chapter on analytical chemistry, the detection limits m Table 14.1 are very optimistic (I think 
I recognize the source, but it is not quoted) but the better summary in Table 14.4 puts that right. There is an extensive 
bibliography at the end of the book (mainly listing monographs, not journals) but I feel it would have been helpful, at 
least to teachers if not to students, to have indicated more often in the text where material had been taken from. But these 
are minor criticisms: the book should prove popular with students and staff alike, and should to a long way to make 
chemtstry appear more interesting to general science students. 

IAIN L. MARR 
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NOTICES 

EUROANALYSIS 

The 5th European Conference on Analytical Chemistry will be held in Cracow (Poland) on 26 August-l September 1984. 
On behalf of the Working Party on Analytical Chemistry of the Federation of European Chemical Societies this Conference 
will be organized by the Polish Chemical Society and the Committee for Analytical Chemistry of the Polish Academy of 
Sciences. The Conference will aim, as did the earlier conferences, at the broadest possible coverage of analytical chemistry. 
The programme is being planned to appeal both to those practising analytical chemistry in industrial and control 
laboratories and to those teaching and doing research on analytical chemistry at universities and research institutes. The 
topics of the Conference will encompass papers dealing with all classical and instrumental analytical techniques of 
dete~ination and separation. A special session will be devoted to Computer Based Analytical Chemistry (COBAC III) 
and to “Speciation in Trace and Environmental Analysis”. The official language of the Conference will be English. 

More details may be obtained from the Secretary General of the Conference: 

Professor Zygmunt Kowalski 
Academy of Mining and Metallurgy 
Mickiewicza 30, 30-059 Krakow 
Poland 

THIRD INTERNATIONAL WORKSHOP ON 
TRACE ELEMENT ANALYTICAL CHEMISTRY IN 

MEDICINE AND BIOLOGY 

The Third International Workshop on Trace Element Analytical Chemistry in Medicine and Biology will be held at the 
GSF research centre at Neuherberg, near Munich, 4-6 April 1984. 

We would like the 3rd Workshop to return to the character of a workshop in the way practised in the first held in 1980. 
Therefore joint discussion on definite problems in trace element research will be well to the fore. Only in this way can free 
and effective exchange of views between analytical specialists on the one hand and biomedical specialists (the users of the 
analytical data) on the other be guaranteed. It is hoped that the workshop will lead to a productive scientific dialogue 
between these two groups in regard to the biomedical applications of trace element analytical research. The international 
and multi-disciplinary character of the workshop should provide a good working forum for all those interested in this 
subject. The workshop will be repeated at two-year intervals. The aim of the meeting is to bring together experts in the 
analytical and biomedical fields. 

The third workshop will have “Se, Zn, Mn, metalloprnteins and other modern essential trace elements” as the scientific 
topic. The most important aspect will be to cover all the different problems of one element (for instance, nutrition, medicine, 
biochemistry, anaiytical chemistry), within a special session, so that all new points of view can be dealt with and discussed 
among experts in the different heids. The content of the invited papers will have modern developments in these special fields 
in the fore~ound. 

The workshop will consist of a series of invited papers on specific problem areas each followed by an extended discussion 
period in which all participants will be invited to take part. Short contributed papers (oral or poster presentation) are also 
solicited for the workshop. 

Participation is open to all interested in trace element studies in the biomedical field. The registration fee (DM 200) covers 
attendance at the workshop, the conference abstracts and the proceedings at reduced cost as well as activities of the 
workshop. 

All correspondence concerning the workshop should be addressed to: 

Dr. P. Schramel 
Gesellschaft fur Strahlen- und Umweltforschung 
Institut fiir Angewandte Physik 
Physikalisch-Technische Abteilung 
fngolstadter LandstraDe 1 
D-8042 Neuherberg 
F.R.G. 

. . 
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Socidte’ Beige des Sciences P~~~uce~ t~q~es 
Belgisch Genootschap uoor Pharmaceutische Wetenschappen 

ON DRUG ANALYSIS 

7-10 JUNE,1983 

Uuiversit~ Libre de Bruxelles, Belgium 

The Scientific Programme will cover the principal aspects of drug 
analysis, including bioanalytical techniques and therapeutic drug 
monitoring, ~~ytic~ toxicology, drug formulation analysis, phar- 
maceutical quality control, process control optimisation techniques, 
computer-aided methods of drug analysis, and recent advances in 
analytical technology. 

Plenary lectures will be presented by: E. Stahl, P. Buri, M. Pesez, 
J. Alary, M. Lesne, R.A. de Zeeuw and A.C. Moffat. Keynote Lecturers 
will be: S.L. Ali, P.M. Bersier, R. Bouch6, LG. Chatten, J. Crommen, 
A. David, A.F. Fell,S. GGriig,A. Hulshoff, J.N.Miller, G.J. Patriarche, 
L.A. Sternson and J. Volke, 

Oral and poster presentations will be integrated with Discussion 
Sessions in workshop style on: novel spectroscopic methods, electro- 
analytical techniques, progress in immunoassay methods and new 
perspectives for detection in HPLC. 

For full details of Social Programme, Commercial Exhibition and 
Registration contact: 

Dr. C. Van Kerchove, rue Archimedestraat 11, B-1040 BRUSSELS, 
Belgium Tel: (02)733.98.20 {ext. 33) 

The Proceedings will be published as part of the first (1983) volume 
of the JOURNAL OF PHA~A~E~I~AL AND BIOMEDICAL 
~ALYSIS, Full details available on request from your nearest 
Pergamon office. 
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Solving Problems in Analytical Chemistry: STEPHEN BREWER, Wdey, New York, 1980 Pages XVI + 538 f7 75 

This book alms to provide students Hrlth a detailed gmde to the calculations reqmred m begmnmg an analyhcal chemistry 
course It contams a large number of solved problems which show the author’s extensive expenence m the field This 1s 
not the first book of Its type but it includes a few topics not covered m its predecessors 

Simple approxlmatlon methods have been used throughout for solvmg problems which would otherwise have very 
comphcated and lengthy solutions It contams SIX chapters The first, which deals with useful statistics and stochlometry, 
covers the basic statistics and mathematics clearly, but has two very prominent typographical mistakes In the second 
chapter, on acid-base chemistry, an easy approach towards solving the problems of multiple buffer systems 1s presented 
This chapter could have been made more comprehenslve by mcludmg more graphical representations of acid-base 
eqmhbna Chapter 3 deals with solublhty and 1s very short In my view it would have been better to have put sectlon 5 12 
(on activities and activity coefficients) here Chapter 4, which contams a prmters’ error m the very first table, mcluc!es, after 
some basic analytical material, calculations of physical constants Though the next chapter on potentlometry gves wide 
coverage of the subJect, some important electrochemical techniques such as conductlmetry and polarography are omitted 
The mtroductlon of a section on ion-selective electrodes 1s very welcome, however The last chapter on separations not 
mvolvmg precrpltatlon IS the best wntten m the book It conveys clearly and precisely the fundamental prmclples of the 
techniques gven Realistic examples are used throughout this chapter, ulth detailed solutions, supported by appropnate 
graphs 

Unlike other books on analytical chemistry, however, this volume ignores complexometry almost completely, which seems 
a curious oversight m view of its importance The book could have been reduced m length by decreasing the number of 
detailed solutions to the problems It 1s surely not necessary to ave solutions for all the problems of the same type, some 
could be left (with slight hints) for the students 

However, this 1s a useful book for those who want quick gmdance to solving analytical problems without unduly 
complicated calculations 

M I FAROOQI 

Electroanalytical Chemistry: Basic Principles and Applications: J A PLAMBECK, Wiley, New York, 1982 Pages XIX + 404 
E27 30 

As regards the Basic Prmaples, It IS difficult to fault this book, except that it spans an uncomfortably wide range of levels, 
from the balancing of redox equations to advanced voltammetnc and chrono-methods It would be most at home m a 
library, where students at every stage could enJoy a chapter or so of Its lucid prose and clear layout There 1s a full treatment 
of fundamentals, compnsmg 143 pages on units, electromcs, computers, measurements, cells, ions, mobdlty, electrode 
surfaces and kinetics There follow about 70 pages on potentlometrlc analysis and about 150 pages on non-eqmhbnum 
electroanalysis The “Applications” m the title are slanted towards contemporary mstrumentatlon, presented with a 
palatable amount of mathematics and electronics There are useful classified references, appendices of data, definitions and 
abbrevlatlons, and interesting study problems (though, alas, mthout answers) The renewer would have liked a rather more 
generous treatment of the chemical aspects of Applications, perhaps m place of the photographs of equipment, which 
probably add more to the pnce of the book than to its value But this IS a personal, and minor, grumble about a work 
which wdl surely be used Hrlth much profit, and with pleasure 

H S RO~~OTT~ 

General Handbook of On-Line Process Analysers: D J HUSKINS, Ellis Horwood, Chichester, 1982 Pages 239 E30 00 

This book IS the first of a senes of five being wntten by the author, D J Huskms Books two to five are specifically devoted 
to descnptlons of the various methods available for process control and their apphcatlons Some apphcatlons are gven 
m this first volume, which also outlines the various abbrevlatlons and symbols used throughout the senes It does not, 
however, contam any detailed descrlptlons of the analysers Its intention is to @ve the reader a better understandmg of 
the proper and correct use of analysers In this aim It succeeds to a considerable degree 

As one has come to expect from the Horwood Pubhshmg House, this book 1s extremely well produced and presented 
m a very attractive cover That Its cost of f30 1s relatively high 1s more a reflection on the economics of scientific pubhcatlons 
on this scale than on the true value of this book 239 pages for f30 1s not a very attractive proposition to the scientist 
wishing to purchase his own copy of this text, but It IS at this level rather than as a library reference book that this volume 
has its real value 

The volume provides an ideal mtroductlon to the scientist embarking on a career m process mstrumentatlon It has a 
large section devoted to estimation of errors m cahbratlon and standardlsatlon Also stressed m some detail IS the need 
for a precise speclficatlon of the process requirement The similarity here between process mstrumentatlon and 
automatic analysers for laboratory or chmcal use IS noticeable since both need a reliable speaficatlon m detail of the analysis 
required and the objective of providing the data Perhaps the only improvement that I would like to see m this volume 
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IS a more detalled and explained se&on devoted to cost Justlficatlons In the small se&on devoted to costmg-there are 
only four pages-some of the costmgs seem extremely low It becomes more Important m today’s economic chmate to 
provide a true Justlficatlon of large capital expenditure 

On the whole the book IS a valuable addltlon to the sclentlfic hterature and sclentlsts are encouraged to purchase it 

PETER B STOCKWELL 
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Education and Teaching in Analytical Chemistry: G. E. BAIULESCU, C. PATROESCU and R. A. CHALMERS. Ellis Horwood, 
1982. Pages 190. f15.00. 

Despite indications to the contrary in the publisher’s blurb, this book is not concerned with the mechanics of teaching 
(except to a very minor extent) but with the authors’ philosophies concerning chemistry in a university environment, the 
main concern being to promote “the basic idea that analytical chemistry is an independent science”. There are no detailed 
recommendations for syllabus content, no suggested laboratory experiments, no hmts on lecture demonstrations etc. In 
some ways this is a disappointment, considering the considerable teaching expertise the authors have between them. The 
first short chapter concerns “teaching and education in chemistry” which spends as much time discussing the role of research 
as the role of the textbook. This chapter together with the 5-page introduction is the nearest the authors get to the 
“chalk-face”. The second chapter concerning “Teaching analytical chemistry” deals with the growth of the relevant 
literature, a potted history of analytical reaction chemistry, some general remarks about instruments, data processmg and 
the applications of computers. The whole philosophy of the book is encapsulated in two paragraphs in this chapter. 

“The study of chemical reactions is necessary for the future chemist to learn what chemistry is, in the same manner as 
learning about laboratory instruments shows him how to apply them. The use of properly chosen reactions in conjunction 
with an appropriate instrument gives perhaps an ideal connection of theory with practice. 

For these reasons, modern teaching of analytical chemistry should contain a Judicious mixture of reaction chemistry and 
instrumentation.” 

One could argue with the grammar but not with the sentiment. 
The third chapter is entitled “Education in analytical chemistry” and devotes considerable space to two usually neglected 

(but vital) topics; those of sampling and sample dissolution. The elegant way of teaching inorganic reaction chemistry 
through qualitative analytical chemistry and the need to understand the physical chemistry basis of reactions are stressed. 
The principles of some important instrumental methods are discussed. This forms the longest section in the book (some 
56 pages altogether) and is subdivided into two broad categories, “composition” and “structural analysis”. The chapter 
concludes with a discussion of the three C’s of the quality of the analystdapability. correctness and creativity. The book 
concludes with a short “Afterword” in which the authors peer into the future and amongst other conclusions, state “In 
order to develop analytical chemistry, all countries, at least in their large educational establishments, will have to develop 
independent departments of analytical chemistry. Whereever absent, research institutes of analytical chemistry will have 
to be created”. 

What else can one say? The book is well written, and highly readable; almost anecdotal in places (though always fully 
referenced) it provides a wealth of background information and stimulating ideas. It should be compulsory reading for all 
those involved in the teaching of chemistry in institutions of higher and further education. 

J. F. TYSDN 

Trace Organic Sample Handling: ERIC REID (ed.), Ellis Horwood, Chichester, 1981. Pages 383. f30.00. 

The publication of conference proceedings complete in book form is not always to be welcomed-the good material is 
diluted by the not so good and much is also published elsewhere. Having thus introduced this book-based on the material 
presented at a symposium (in 1979kand adding that the complex index numbers to papers are more of an irritation than 
an aid to the reader, I must go on to say that much valuable material is gathered here and arranged systematically to aid 
the reader. I have found the more general papers to be of greater interst, with some most readable contributions from 
workers at the Laboratory of the Government Chemist, among others. King’s rather light-hearted Eualuation of 
Occupational Exposure reminds us of many pertinent questions which we may find more convenient to forget when sampling 
air for trace organics. Foods and medical samples are also dealt with in later papers. I am sure that all workers in trace 
analysis can learn something useful from this book, and for many it could be the beginning of a new look their techniques 
and procedures. The book deserves to find a wide readership. 

IAIN L. MARR 

Applied Complexometry: RUDOLF P~IBIL, Pergamon Press, Oxford, 1982. Pages xv + 410, E37.50 

How often has the reader opted for an atomic-absorption determination of one or more metals in a mixture when the 
problem might have been solved quickly and cheaply by a complexometric titration? The advantages of the second 
choice-no lamp to buy, only one standard solution needed-are familiar to us all, but the selection of working 
conditions-of pH, indicator and masking reagents-has so often seemed fraught with obstacles and lack of information 
that the first choice has often been the instrumental one. Now, many such problems are solved at one go by Dr. Pfibil, 
a respected grand master of the art of complexometry. Aided by a close team of two translators and an editor who have 
also contributed much to the book, he presents a thorough survey of the literature, liberally sprinkled with comments and 
opinions based on his long practical experience, and finally recommends his preferred approach to the analysis of each 
combination of metals. 

The determinations are discussed element by element m one third of the book, while the last third deals with applications 
to the analysis of alloys (e.g., of aluminium, of lead and of copper), of rocks and minerals, of slags, glasses and ceramics, 
and of plating solutions. The introductory sections give a very clear account of the background theory of complexometric 
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titrations, always bearing in mind the practical applications. Even in the last section the author’s sense of humour holds 
out “evaporation with acid is not pleasant because of the HCN liberated. ..” 

It is to be hoped that this book has not arrived too late to win a few converts back to complexometry. The reviewer 
welcomes it wholeheartedly and recommends it to every practising analytical chemist. 

IAIN L. MARR 

Some Instrumental Methods for the Determination of Minor and Trace Elements in Iron, Steel and Nonferrous Metals and 
Alloys (Monograph 884): ELSIE M. DONALDSON, CANMET, Energy, Mines and Resources Canada, Ottawa, 1982. Pages 
v + 107. $15.00 (Canada), $18.00 (Other). 

Seldom in recent memory has so dense and practical a guide to the analysis of metal alloys appeared. The subject here 
is minor and trace constituents (ranging from a few per cent down to parts-per-million) and the techniques employed are 
a deft series of themes and variations based on solvent extraction and co-precipitation. In most instances, alternative final 
measurements-spectrophotometry and flame AAS-are described for the separated and concentrated analyte, and an 
abundance of appended tables documents the accuracy obtainable m each case. 

This monograph is clearly the distillate of a career at the bench and brims with practical lore, while showing excellent 
command of classical separation techniques. There are few in the field of metals analysis who would not find here some 
nugget of new information. Most of the book derives from Mrs. Donaldson’s contributions to this journal over the past 
two decades, but the material has been refined into a practical guide-in most respects, a laboratory manual. 

If there is a point of objection, it arises from the very thoroughness of the approach, which removes many of the 
procedures from consideration where the exigencies of an industrial setting make time a factor. For example, matrix- 
matching techniques in atomic-absorption work obviate the need for many of the Separations that the book describes and 
are certainly faster. The spectrophotometric arsenic method described in the book employs co-precipitation with iron and 
solvent extraction with potassium ethyl xanthate to isolate the analyte prior to measurement of the arsenomolybdate colour. 
While this represents an interesting alternative approach, there appears to be no time advantage over the more common 
halide distillation separation. 

Mrs. Donaldson appears to favour certain separation schemes over a more eclectic approach and some of the methods 
are lengthy indeed, but the book is both impressive and valuable. Anyone engaged in metals analysis should include a copy 
on their shelf of basic texts. 

THOMAS R. DULSKI 
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Manuel Pratique de Chromatogaphie en Phase Liquide: 2nd Ed., R. ROSSET, M. CAUDE and A. JARDY, Masson, Paris, 1982. 
Pages XXIV + 374. FF 280. 

This book deals with all major forms of column chromatography in which a liquid acts as mobile phase. Thus, solutes 
participating in adsorption (on a sohd), partition between immiscible liquids, ion-exchange (“ion-chromatography”), ion- 
pair formation, ligand-exchange and exclusion processes are covered. After some generalities, fundamental aspects of 
column operation such as selectivity, resolution, performance indices and optimization are considered. As expected of a 
handbook on chromatography, apparatus and materials for column packing are given a good deal of attention and 
commercial suppliers are listed in a final chapter. Good clear diagrams are provided and the bibhographies at the end of 
each chapter, whde not usually extensive, appear to be representative of the literature and to contain work published up 
to and mcludmg 1980. 

Much practical information suitable for beginners is provided in this manual, which could also serve as a useful 
mtroduction to more specialized monographs on column chromatography with liquid mobile phases. 

S. J. LYLE 

Manuel Pratique de Chromatographie en Phase Gazeuse: 3rd Ed., Edlted by J. TRANCHANT and written by J. F. GARDAIS, 
PH. GORIN, A. PRBvBT, J. SERPINET, J. TRANCHANT and G. UNTZ, Masson, Paris, 1982. Pages XXII f504. FF 350. 

Since its Introduction in 1952 by James and Martin, chromatography m which the mobile phase is a gas or vapour has 
become a major technique for the separation and determination of volatile components of simple and complex mixtures 
of substances. The technique has contmued to develop in many directions up to the present time and a text which sets out 
to provide a balanced account of theory and practice IS to be welcomed. This manual is the product of a collaborative 
exercise mvolvmg specialists in different aspects of gas chromatography. After a general introduction, there are chapters 
on “getting started”, detectors, columns, qualitative and quantitative analysis, theoretical aspects of separations and 
methodology. The work ends with chapters on applications of a physico-chemical nature and in chemical analysis. 

The chapter dealing with detectors serves as a useful introduction to the range of devices available today. These are 
illustrated by the use of clear diagrams; performance characteristics, symptoms and causes of malfunction are discussed. 
Other useful chapters are those dealing with conventlonal filled columns and capillary columns. The latter should provide 
a useful guide to anyone intending to set up for the first time a chromatograph using this type of column. These key 
chapters are adequately supported by the others m the manual, with the exception of that dealing with applications in 
chemical analysis. It is clearly impossible to deal adequately with such applications in 25 pages of tables. On the whole 
this is a useful manual providing information on practical and background theoretical matters relating to the current 
“state of the art” in gas chromatography. 

S. J. LYLE 

Ion Exchange and Solvent Extraction, Vol. 8: JACOB A. MARINSKY and YIZHAK MARCUS (eds.), Dekker, New York, 1981. 
Pages XI + 438. SFr 154. 

This latest volume in a continuing series contains some very useful articles, all in English. These reviews (with comments) 
are as follows: Chap. 1: Metal extraction with hydroxyoximes (Whewell and Hanson, U.K., 94 pp.) deals extensively with 
the solvent extraction of copper; Chap. 2: Electrical phenomena in solvent extraction (Scibona, Danesi and Fabiani, Italy, 
133 pp.) covers the theory well throughout with a lengthy section on liquid membrane potentials; Chap. 3: Extra&on 
with solvent-impregnated resins (Warshawsky, Israel, 82 pp.) includes applications of these resins in analytical, hydro- 
metallurgical and water-treatment processes; Chap. 4: Solvent extraction of elements of the platinum group (Gindin, 
USSR, 58 pp.) includes information on much work reported in less accessible Russian journals; Chap. 5: Solvent extrac- 
tion from aqueous-organic media (Hgla, Czechoslovakia, 42 pp.) gives a short but useful review of a relatively new branch 
of solvent extraction. 

Each chapter has an extensive reference list and the book contains author and subject indexes. The editors have selected 
their authors with care and all reviews are of an adequate standard. The first three articles are particularly recommended. 

J. B. HEADRIDGE 

L’Atomisation Electrothermique en Spectrom&rie d’Absorption Atomique et son Application dans les Etudes de l’Environne- 
ment: M. HOENIG, S. DUPIRE et R. WOLLAST, Cebedoc, Liirge, 1981. Pages v + 218. FF 180; BF 1260. 

Tlus is a useful little book written in French. It contains eight chapters with the following headings: Introduction and 
books of a general nature (a very short chapter), The atomization process, Perturbations to the atomization process, 
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Practrcal aspects of electrothermal atomization, Apparatus, Ashmg and dissolution of samples, Concentration and separ- 
ation of the analyte (a very short chapter) and Determination of individual elements. This last chapter occupies half the 
book and includes information on Sb, Ag, As. Be, Cd, Cr. Co, Cu, Mn, Ni, Pb. Se, V and Zn. At the end of most chapters 
and at the end of each section in the last chapter, there is a list of references to authors mentioned in the text. 
Biblio~aphies of well-selected papers are to be found at the end of Chapters 3 and 6, and throughout Chapter 8. These 
are particularly useful in this final chapter and includes some papers published in t981. The book IS recommended to 
those interested in determining trace elements in foods, blood, urine, bone, harr, biological tissues, plant materials, 
atmospheric particulates, dust, soils, coal, rocks and sediments, waters and sewage sludge. 

J. B. HEADRIDGE 
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NOTICES 

INTERNATIONAL SYMPOSIUM ON ELECTROANALYSIS IN 

BIOMEDICAL, ENVIRONMENTAL AND INDUSTRIAL SCIENCES 

5-8 April 1983, UWIST, Cardiff, Wales 

The Second Circular and Registration Forms for this Symposium, organized by the Electroanalytical Group 
and Western Region of the Analytical Division of the Royal Society of Chemistry, are now available from the 
Short Courses Section, UWIST, Cardiff CFl 3NU, Wales, United Kingdom. 

The scientific programme will consist of plenary and keynote lectures, the presentation of contributed papers 
and an exhibition of scientific equipment. Invited lectures include: 

B. J. Birch (UK) on “Interfaces for Electroanalysis in Industry” 
T. M. Florence (Australia) on “Electrochemical Approaches to Metal Speciation” 
I. Karube (Japan) on “Amperometric and Related Determinations with Immobilized Enzymes and Micro- 

organisms” 
J. Ladenson (USA) on “Ion-selective Electrodes in Clinical Chemistry and Medicine” 
A. L. Levin (USSR) on “Electroanalytical Approach to Acid-Base Balance and Gases in Blood” 
C. A. Marsden (UK) on “Electrochemical Detection of Amines and Other Compounds of Pharmacological and 

Neurochemical Interest” 
E. Pungor/K. Toth (Hungary) on “Environmental and Industrial Flow Analysis with Electrochemical Detec- 

tion” 
J. D. R. Thomas (UK) on “The Changing Scene in Electrochemical Analysis” 
M. Thompson (Canada) on “Biosensors and their Uses in Flow-Injection Systems” 

FIRST INTERNATIONAL SYMPOSIUM 

KINETICS IN ANALYTICAL CHEMISTRY 

CORDOBA, SPAIN, 27-30 SEPTEMBER 1983 

The scope and aims of the conference are intended to reflect the rapid development and increasing importance 
of kinetic methods of analysis during recent years. 

The scientific programme will include catalytic methods (including enzyme-catalysed applications), differen- 
tial reaction rate methods, and any aspect of kinetic nature with an impact on analytical methodology. 

The symposium will consist of plenary lectures, contributed papers, and posters. 

ORGANIZING COMMITTEE: 

Prof. H. A. Mottola (Stillwater, Oklahoma, USA) 
Prof. J. P. Schwing (Strasbourg, France) 
Prof. M. Valcarcel (Cordoba, Spain) 
Secretary: Prof. D. Perez-Bendito (Cordoba, Spain) 

An interesting social programme, including the get-together party, the conference dinner and several pictur- 
esque visits (Arabian Mezquita, Medina Azahara palace, Spanish wine bodega . . . ) will be arranged. 

A special sightseeing excursion to Sevilla and/or Granada is being planned for Saturday, 1 October, for those 
interested. 
Further information can be obtained from: 

Prof. D. Perez-Bendito 
Departamento de Qulmica Analitica 
Facultad de Ciencias 
Universidad de Cordoba 
CORDOBA, ESPANA. 
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ERRATUM 

In the paper by V S. Tnpatht (Tulanta, 1983,30,65), a line was accidentally transposed m the last paragraph 
on p. 67 The 9th hne should have been the 14th, and the paragraph should read as follows. 

The proposed algorithm requires two one-dimen- 
sional arrays of size n^ NC, one one-dtmensional 
array of size NC and two one-dimensional arrays of 
size MAXCOM (MAXCOM is rarely greater than 7 
or 8) The total array requirement for the scheme 1s 
(2ri + l)NC + 2MAXCOM The conventional 
method of usmg a two-dimensional array would have 
required an array of size NC NX It is evident that m 
the proposed scheme, the storage needed for stoichio- 
metric coefficients depends only on the number of 
complexes plus solids and on ri In other words, for 
fixed ri and NC, the required storage is independent 
of the number of components m the problem. For the 
conventional method, the size of the NX NC array 
depends on both the number of complexes and the 
number of components The total storage requne- 
ments of some programs (for solution phase compu- 
tations alone), mcludmg CHEMEQUIL (ii = 4), are 
shown m Table 3 
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NOTICES 

INTERNATIONAL SOLVENT EXTRACTION CONFERENCE 
DENVER, COLORADO, U.S.A. 

26 AUGUST-2 SEPTEMBER 1983 

SPONSORED BY: American Institute of Chemical Engineers 
CO-SPONSORS: American Chemical Society, Industrial Chemistry Division The Metallurgical Society of 

the American Institute of Mining Metallurgical and Petroleum Engineers 

International Solvent Extraction Conferences’ (under the aegis of the International Committee for Solvent 
Extraction Chemistry and Technology) are now being held at three-year intervals at central locations through- 
out the world. ISEC ‘77 in Toronto, Canada and ISEC ‘80 in Liege, Belgium each attracted some 500 delegates 
and 150 papers. The conferences offer a broad technical programme covering all phases of solvent extraction 
and related technologies and feature social activities geared to both conference delegates and their guests and 
spouses. 

The initial announcement of ISEC ‘83 generated 600 responses requesting future mailings and 350 offers of 
papers. This extremely positive reception insures an excellent conference with a diverse selection of papers. 
Additional details regarding ISEC ‘83 are now available. This update will help you plan for your attendance at 
ISEC ‘83 and provide information to members of the American Chemical Society (ACS) and The Metallurgical 
Society (TMS) of the American Institute of Mining, Metallurgical and Petroleum Engineers (AIME) who might 
not be familiar with ISEC meetings. 

The format for the technical programme will generally follow the pattern at past ISEC meetings. Plenary 

lectures by a leading authority will open each day of technical sessions (except Friday). These will be followed 
by oral paper presentations Saturday afternoon and Monday, Tuesday, Thursday and Friday mornings. Mon- 
day, Tuesday and Thursday afternoons will be devoted to poster sessions. We are attempting to schedule 
nineteen oral sessions of five papers each on the following topics: Novel Extractants, Physical Chemistry, 
Analytical Chemistry, Interfacial Kinetics (including Interphase Mass Transfer), Fluid Mechanics (including 
Phase Separation and Interfacial Phenomena), Modelling of Extractors (including Effects of Axial Mixing), 
Inorganic Processes, Metallurgical Processes, Nuclear Processes, Fuel and Chemical Processes, Pharmaceuti- 
cal/Biological Processes, Liquid Membranes (Emulsion), Solid Supported Liquid Membranes, Equipment, 
Field Performance, and Supercritical Extraction. 

Note: Two sessions each are at present scheduled for Physical Chemistry, Metallurgical Processes and Nuclear 
Processes. 

FINAL CALL FOR PAPERS 

All respondents to the first circular who indicated an interest in contributing a paper have been sent a 
proposal form. Sessions have already been identified on the basis of returned proposals. Anyone else interested 
in contributing a paper should promptly contact: 

Dean C. Judson King 
College of Chemistry 
University of California 
420 Latimer Hall 
Berkeley, CA 94720 USA 

ACCOMMODATION AND REGISTRATION 

Seven hundred rooms have been reserved at the Denver Hilton Hotel where the meeting is being held. There 
is frequent bus service from the Denver Airport. 

V 



vi NOTICES 

The registration fee will be $300. This fee will include the proceedings of the conference (in the form of 
two-page summaries or extending abstracts) but excluding tours and meals, etc. There will be a late registration 

charge. Send applications to: 

ISEC ‘83 
c/o Don Nowak, Registration Manager 
American Institute of Chemical Engineers 345 E. 47th St. 
New York, NY 10017 USA 

FACSS 
FEDERATION OF ANALYTICAL CHEMISTRY 

AND 
SPECTROSCOPY SOCIETIES 

The Tenth annual meeting of the Federation of Analytical Chemistry and Spectroscopy Societies (FACSS) 
convenes 25-30 September 1983, at the Franklin Plaza Hotel, Philadelphia, PA. The sponsoring organizations 
for the meeting are: the Society for Applied Spectroscopy; the Division of Analytical Chemistry of the 
American Chemical Society; the Association of Analytical Chemists, Inc. (Anachem); the Analysis Instrumenta- 

tion Division of the Instrument Society of America; and the Chromatography Forum of the Delaware Valley. 
Information can be obtained from: 

John 0. Lephart 

1983 Program Chairman 
Philip Morris R & D 
P.O. Box 26583 
Richmond, VA 23261 
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NOTICES 

35th G.A.M.S. CONGRESS 
35th ANALYTICAL CHEMISTRY CONGRESS 

PARIS, 5-9 DECEMBER 1983 

Thus Joint congress wdl be held m the Ecole Sup&neure des Techmques Avancees (ENSTA), Porte de Versadles B Pans 
It IS orgamzed by G A M S wth the active collaboration of the French Federation of Chemistry, the Analytical Chemistry 
Dlvlslon of the Chenucal Society of France, the AnalytIcal Chemistry Group of the Society of Industrial Chemistry, the 
Society of Blologlcal Chemistry, the Society of Therapeutic Chenustry, the Society of Physical Chemistry, and the 
Interprofessional Committee of Laboratory Suppliers It 1s a national meeting, wth foreign participation, conducted m 
French, but oral or poster communications m English may be accepted 

The topics include Fundamental problems of trace analysis, Particle analysis, Data acquisition and treatment, Pomt 
analysis (extended X-ray fine absorption structure, Rutherford back-scattering spectroscopy, energy-loss spectroscopy, 
resonance lomzatlon spectroscopy, optogalvamc spectrometry, optoacoustlc spectrometry), Recent progress m metallurgcal 
analysis, On-line analysis, Environmental and toxlcologlcal analysis, Pharmaceutlc analysis, Recent methods m non- 
destructive analysis and telernetnc analysis, Technical and economic problems m instrumentation. Analysis of heavy 
fractions of petroleum, Food and foodstuffs analysts 

Abstracts of papers offered should reach G A M S , 88 Boulevard Malesherbes, 75008 Pans, by 15 May Information 
may be obtained from the same address 

1984 WINTER CONFERENCE ON PLASMA SPECTROCHEMISTRY 

SAN DIEGO, CALIFORNIA 
2-6 JANUARY 1984 

The 1984 Winter Conference on Plasma Spectrochemlstry, sponsored by the ICP Znformatron Newsletter, will feature 
developments m atomic plasma spectrochermcal analysis by mductlvely coupled plasma (ICP), DC plasma (DCP), and 
mlcrowave plasma (MIP) excitation sources The meeting w111 be from Monday, January 2 to Fnday, January 6, at the 
Vacation Village Hotel and Convention Center m San Diego, California 

Papers descnbmg apphcatlons, fundamentals, and instrumental developments with atormc plasmas (ICP, DCP, MIP) will 
be presented m lecture and poster sessions General and speaal symposia organized and chared by mtematlonally 
recognized experts will include the followmg topics (1) automation m plasma spectroscopy, (2) apphcatlons to air, 
blolo@cals, chemicals, coal, food, metals, ores, plants, petroleum, sods, rocks, wastes, and waters, (3) combined plasma 
methods (chromatography, chenucal/electncal aerosol generation, mass spectrometry), (4) exatation mechanisms, (5) 
modern data treatment, (6) new Instrumentation, (7) sample mtroductlon and transport phenomena, and (8) quality 
assurance and control programmes Five plenary and five invited review lectures will feature leading international experts 
Afternoon sessions will be devoted to poster presentations, and three evening discussions will focus upon new cbrectlon 
and techniques m plasma mstrumentatlons, problem solving with plasma spectroscopy, and guidelines for selecting as 
plasma instrument 

Invited and submltted papers will be pubhshed, followmg the meeting and after peer review, m a leading spectroscopy 
Journal and m book form as the official conference proceedmgs 

The preregstratlon fee 1s $175 until 21 October 1983, after that it will be $250 No regstratlon fee 1s required for spouses 
For lnformatlon and registration forms contact the conference chaIrman 

Dr Ramon M Barnes, 
Department of Chemistry, 
GRC Towers, 
University of Massachusetts, 
Amherst, MA 01003, U S A 

THIRD INTERNATIONAL SYMPOSIUM ON 

ANALYTICAL APPLICATIONS OF BIOLUMINESCENCE 
AND CHEMILUMINESCENCE 

BIRMINGHAM, 17-19 APRIL 1984 

The Third InternatIonal Symposium on Analytical Apphcatlons of Biolummescence and Chemllummescence wdl be held 
from 17 to 19 Apnl 1984 m Bnmmgham, England TOPICS to be covered Include lummescence m immunoassay, lmmobrhzed 
luminescent reagents, enhanced lummescence, new lummescence reagents, cellular lummescence, phagocytosls, rapid 
mlcroblology and instrumentation 

If you wish to be placed on the conference mailing hst, please write to 
Dr L J Kricka, 
Department of Chmcal Chemistry, 
Wolfson Research Laboratories, 
Queen Elizabeth Medical Centre, 
Edgbaston, Bummgham B15 2TH, England 

Vl 
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