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Snnunary-‘The theory is presented for intralaboratory accuracy validation of a sample analysis technique, 
employing standard reference materials. The validation criteria and the corresponding probabilities of 
erroneous conclusions concerning accuracy are given. 

The most problematic part of metrological 
certification of a sample analysis technique is its 
accuracy validation, i.e., evaluation of accuracy 
of the analysis results received by this 
technique.* Interlaboratory experiment is a 
common method for accuracy validation,‘-” 
requiring, however, significant organization 
efforts, expenses and time.” In the absence of 
standard reference materials (SRM’s) adequate 
for the object being analysed this expenditure 
might be unavoidable. On the other hand, the 
use of SRM’s allows validation of the accuracy 
by means of an intralaboratory experiment, 
employing the SRM values as the result of 
convolution of data of previous interlaboratory 
experiments, carried out in the course of certifi- 
cation of the reference material. An intralabora- 
tory experiment consists of the SRM analysis 
according to a technique being certified, carried 
out K times in a single laboratory. Accuracy of 
the analysis results is characterized by the biaP 
of their mathematical expectation C, from the 
true value of the determined mass fraction of the 
element 6,,, i.e., by the magnitude C, - 6,,. 
Thus, it is possible to calculate, using the K 
results of the analysis, the sample average iT,, 
which, at the normal distribution of the analysis 
results, constitutes a sample estimate of C, and 
allows us to obtain the respective estimate of the 
bias magnitude Cr - 6,,. The sample estimate S, 
of the standard deviation a, of the analysis 
results from their mathematical expectation C, 
allows the construction of the confidence 
interval for C, - 6,,. This, in turn, permits us to 
infer whether the accuracy has been satisfactory 

*The techniques considered here do not include sampling. 

or not, provided the requirements on C, - 6,, 
have been specified in terms of CJ, fractions. 
This method has been introduced in ferrous 
metallurgy.‘4*” 

In these and later works the certified values 
C,, have been used for the true component 
contents’ in SRM’s, i.e., 6, and C, have been 
taken as identical ones. At the same time, it is 
known that the greater the uncertainty in the 
determination of the true value of the 
component mass fraction in a SRM, the greater 
the standard deviation Q,~ of C,,.‘* Nearly the 
same is true about the uncertainty of the analy- 
sis results, as far as the magnitude u, is 
concerned. Thus there is also uncertainty in the 
accuracy validation of the analytical technique 
using SRM’s.‘.* 

The present paper considers the relation of 
the interlaboratory experiment data on the 
reference material (RM) certification to the 
intralaboratory experiment results used for 
validation of the technique accuracy under 
conditions of the above-mentioned uncertainty, 
when distributions only are known and the 
certified value in the SRM is not being accepted 
as a true one. The criteria for intralaboratory 
validation of a technique accuracy has been 
formulated and the confidence indexes of such 
validation have been calculated. 

The relation between RM CertiJication data and 
results of experiment for validation of the 
technique accuracy 

Since the technique which is being studied 
could not be used in RM certification, the data 
of RM certification and results of experiment 
for validation of the technique accuracy are to 
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be considered as independent random events. 
Due to this independence, the correspondence 
of these data to the experimental results can be 
characterized by the total area P under their 
density function curves. The value P allows the 
determination of the degree of proximity of the 
results, obtained by the studied technique, to the 
results, obtained by the techniques used in RM 
certification. Taking into account that the 
accuracy of the techniques, used in the RM 
certification, has been proved previously, the 
correspondence will imply the acceptability of 
the studied technique as satisfying the accuracy 
requirements. The above-mentioned problem is 
similar to several known problems of math- 
ematical statistics, such as determination of 
the degree of connection between the observed 
and expected frequencies. Unfortunately, the 
common tools employed in this context-the 
so-called connection coefficientsI are quite cum- 
bersome and their physical meaning is less elu- 
cid compared to the magnitude P introduced 
below. 

Let, for the sake of simplicity, both 
distributions be normal with parameters C,,, 
acen and C,, 6, as shown in Fig. l(a). The area 
to be determined (probability) P has been 
shaded. To calculate the latter, let us find first 
the mass fraction of element C, and C,, 
corresponding to the density function curves 
crossings. As both density functions are equal at 
these values 

which yields the quadratic equation 

(&t - af)CZ - 2(af, c, - af C&C 

+ 
( 

C&Cf - OfC$, - 2oze,af In %E = 0, 
or > 

(2) 

Fig. 1. Density functions of the RM certification data and 
experiment results for the validation of the technique accu- 

racy: (a) at different 6, and a,,,; (b) at CT, = a,,, 

whose roots are the required values C, and C,: 

where 

P =(Ccert- Cr)‘+2(a3-a&)lnF. (4) 
EW, 

Then the probability is 

P=~~~~~~dc+~=~~dC+~~~~~dc 

= (y-c,,) + m(y) 

-q+#p--q+ 1; (5) 

where 4 stands for normalized normal distri- 
bution. 

Substituting C, and C, given by equation (3) 
into equation (5) we obtain, after some 
transformations 

If acert = ar = a, there is only one point of 
intersection of the curves of the density function 
[Fig. l(b)], the second point being shifted to 
infinity. In this connection, for acert = ar = a, it 
follows from (2) that C, = (C,,, + C,)/2, and 
also: 

P=2[1 +$(“r;;CJ)]. (7) 

In particular, since 4(O) = 0.5, for C,,,, = C,, 
P = 1. This is the only case when we can 
definitely say that the accuracy of the studied 
technique is satisfactory: the distributions 
coincide. At any other choice of distribution 
parameters, P < 1. For example, if C, = 3.20, 
ar = 0.04, C,,, = 3.25, acert = 0.03, the value 
P = 0.46. For more complicated distributions, 
the problem under consideration may be solved 
numerically, if the analytical methods are not 
available. 
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At the Grst sight, the received relationships 
seem to contradict to the “common sense” of 
accuracy validation, according to which the 
smaller the certification error of the SRM 
employed the better. I2 On the other hand, it has 
been concluded here that for the situation to be 
optimal, the certification errors and the SRM 
analysis errors according to the technique which 
is being studied, should be equal. The meaning 
of this becomes clear if one takes into account 
both uncertainty components in the validation 
of technique accuracy, i.e., if instead of identify- 
ing the true element content in SRM with Cefi, 
one remembers that each of the certification 
data may be equal to the true one, but with a 
different probability. In the same manner, is, is 
not the only value received in the experiment, 
the others must also be taken into account, al- 
though their probability is lower than that of cr. 

In particular, for C, = C, and 6, > a,, it is 
impossible to conclude definitely about the 
accuracy of the technique, as opposed to the 
case when all distribution parameters are equal. 

Thus, in formulating “yes-no” type sample 
criteria for accuracy validation of a technique 
the correctness of the neglection of the SRM 
certification error as well as the correctness of 
the null hypothesis concerning the bias insignifi- 
cance have to be established in each case. For 
example, let us consider the null hypothesis 

H0: IC,-Cc&0.3~ZGZt, (8) 

meaning that the systematic errors in the results 
of measurement performed are insignificant* as 
compared with the total of random errors of the 
analytical technique and the RM certification. 
Let us denote ~~~~~~ = y. Equations (6) and (7) 
show that such a null hypothesis at y = 0.4 
corresponds to P 2 0.56, at y = 0.7 - P 2 0.77, 
and at y = 1.0 to P 20.83. 

In comparison, a similar hypothesis 

H,,: I C, - C,, I < 0.3(a, + Q,,) (9) 

at y = 0.4 corresponds to P 3 0.54, at y = 0.7 to 
P 2 0.63, and at y = 1.0 to P 2 0.76, etc. 
Apparently, the hypothesis (8) is preferable as 
implying higher probability P for the same y 
value. The increase of the numerical coefficient 
in the right hand side of equations (8) and (9) 
yields a decrease of probability P, whereas 
for 1 C, - C,( > 2(0, + u,~) the distributions 

*The ratio l/3 (-0.3) used in equation (8) is commonly 
accepted in metrology as a condition for insignifi- 
callce.‘2J~ 

“diverge” that is P +O. In this case it is 
unbelievable that technique under consideration 
would be accurate. Almost the same is done for 
1 C, - C,, I> 2,/m, which suggests that 
the tradiational two sigma criterion, based on 
the hypothesis 

H,: I Cr - C,,I f U, -.12,/?%it, (10) 

at c1 = 0.05 is unacceptable (here U-quantile of 
normal distribution). The same applies to the 
t-criterion using quantile of Student’s distri- 
bution instead U, _ a,2 in equation (10) when 
population standard deviations (TV and cart are 
unknown, but their sample values S, and S, 
are known. 

It is necessary to keep in mind that the 
probability P as such is not an indicator of 
accuracy. For example, P --) 0 also if u, + 0 
(y + 0) which only means that, unlike the repro- 
duced values, the certified one is practically 
non-random. In this relation, the experimental 
results for the accuracy validation of a tech- 
nique do not match the RM certification data. 
In such a case (for y < 0.3), it is possible to 
neglect the uncertainty of the true element 
content in SRM. We should also take into 
consideration that the information about the 
distributions of both certified and experimental 
values are limited by small sample sizes of 
experimental data. Therefore, the discussed 
magnitude P can adequately characterize the 
technique only as long as the hypothesis con- 
cerning the certified and experimental value 
distributions fit the reality.” 

The practical importance of the above presen- 
tation lies in the fact that the P calculation may 
guide a search for a suitable null hypothesis for 
the construction of a sample criterion directed 
at the accuracy evaluation of a technique, 
through the results of an experiment of 
relatively small size. 

Confidence of accuracy validation 

Naturally, when it is necessary to validate the 
accuracy of an analytical technique through the 
results of an experiment limited by time and 
expense, the confidence of this validation is 
being questioned. 

The confidence is characterized by the proba- 
bilities of not rejecting the hypothesis about 
technique’s accuracy when it is true, and reject- 
ing it when it is untrue. ” It is known that these 
probabilities depend on how the hypotheses 
have been formulated as well as the criterion for 
their examination. 
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Let the null hypothesis H,, consist of the 
assumption that the systematic errors of the 
technique are negligible compared to the sum of 
random errors of the SRM analysis results 
(experiment results) and the RM certification 
errors. It corresponds to the formula (S), where 
standard deviation a,, approximately equal to 
half the semiwidth of confidence interval for 
c &, given in the SRM certificate. 

Alternative hypothesis H, assumes that 
systematic errors are significant, e.g., 

H,,: IC,- C&I =0.8,/m, (11) 

H,* : 1 C, - C,, I= 0.9 ,/m (12) 

etc. 
With the results of K analysis of SRM at our 

disposal, it is possible to view the accuracy of a 
technique as satisfactory, if 

l&C,,l +t,_,,,SJfi<O.3~~, 

(13) 

where the left hand side of this expression 
represents the upper bound of the confidence 
interval for I C, - C,, I ; 1 - a/2 is the prob- 
ability that the bias I C, - C&I does not exceed 
the upper bound of its confidence interval; S,, 
sample value of standard deviation of the SRM 
analysis results (sample estimate of er for the 
number of degrees of freedom K - 1, calculated 
from the same K results of analysis as the 
sample average cr). Substituting the ratio 

cart Ia, = y into expression (13), we obtain, after 
some simple transformations: 

IC-Gertl 
sr 

,0.3;Ji+ 
r 

3. (14) 

Let us introduce in equation (14) instead of 
Sr/ur the magnitude ,/m, where x2- 
quantile of chi-square distribution for the num- 
ber of degrees of freedom K - 1. Then we 
obtain the following accuracy criterion 

I c - Gt~l s, ,,.,/77L5s. 

(15) 

Table 1 gives the numerical values for the 
right hand side of the criterion at CI = 0.05. 
These tabulated values are the bias norms of the 
average analysis result from the value indicated 
in SRM (in S, units). 

For example, in silicon determination in 
samples of SRM No. 1721-79 (USSR) of tinless 
bronzes by the extractive photometric method 

Table 1. Bias norms of average analysis result 
from the value indicated in SRM (in S, units) 

by null hypothesis (8) 

K 

Y 20 30 40 50 

0.4 0.01 0.06 0.10 0.12 
0.7 0.07 0.12 0.16 0.17 
1.0 0.15 0.20 0.23 0.24 

according to the standard:‘9 C,, = 0.100, 
0 = 0.005, y = 1.0. If (?r will be derived from 
K”“= 30 analysis results, then the accuracy may 
be viewed as satisfactory, when ( CT - 0.100 I/ 
S,<O.20, i.e., (C,-O.lOOl~O.2OS,. 

Table 1 shows that for small size experiments 
the requirements on Cr are more strict since for 
the small size experiment Cr may deviate further 
from the population C, as compared to the large 
size experiment. 

The criterion obtained does not allow rejec- 
tion of hypothesis H,, with probability 1 - a/2, 
when it is true. The probability to reject H,,, 
when it is untrue, i.e., when the alternative 
hypotheses H, are correct (criterion power)20 is: 

pa = 4 , (‘6) 

n=Ic,-c,l-0.30;J’+y2 
7 (17) 

%IJK 
The magnitude 1 is being calculated by 
substituting into equation (17) instead of 
the expression I C, - &,I its value, corre- 
sponding to an alternative hypothesis. For 
example, for the hypothesis (11) this is 
0.8 ,/m. Thus for H,, given by (11) and 
(17) we have 1 = 0.5 dm and at 
H,2 - I = 0.6 Jm. Figure 2 shows the 
results of P, calculation for a = 0.05. 

In the accuracy validation procedure the 
probabilities of errors of the first and second 
type relate in a simple manner to the calculated 
confidence characteristics: the probability of an 
error of the first type (to reject the Ho hypothesis 
when it is correct) equals u/2; the probability 
of an error of the second type /l (not to reject 
the H,, when it is not correct) equals 1 - Pa 
(see Fig. 2). 

When y < 0.3 and it is possible to neglect the 
RM certification error, as compared with the 
random errors of analysis, a special case follows 
from the criterion (15).2’ In this case the null 
hypothesis consists of the statement that the 
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Fig. 2. Operational characteristics of criterion (15), i.e., 
power Pa and probability of the error of second type /? 
versus experiment size (K) with probability of the error of 
first type or/2 = 0.025. Solid curves correspond to alternative 
hypothesis H,, , dotted lines -H,,: 1 and I’-at y = 0.4; 2 

and 2’-at y = 1.0. 

accuracy of the analytical technique is satisfac- 
tory when the systematic errors of the analysis 
results are insignificant as compared to the 
random errors. 

At the first sight, it seems that the 
requirements obtained for the accuracy of the 
analytical techniques are excessively strict in 
comparison to those used, for example, in 
verification of routine measuring instruments by 
standard ones.22 However, the relation between 
the analytical technique and the SRM is 
basically different from that between the routine 
and standard measuring instruments, since the 
technique considered may be used further for 
certification of another (new) RM. 

So far as different null hypotheses lead to 
different criteria and, accordingly, to different 
confidences of accuracy validation of the ana- 
lytical technique, the experiment for accuracy 
validation can be executed only after a detailed 
discussion of the programme for the technique 
certification. Such a discussion should exclude 
incorrect problem formulations” and specify 
the limitations on applicability of the technique 
concerned. The characteristics of the used 
SRM’s should be taken into account, in particu- 
lar, in connection with possible composition 
variations in the samples analysed, compared 
with the SRM composition. 

Accuracy criterion for techniques of routine 
analysis 

Let us consider a technique which is not 
meant for the RM certification or similar 
purposes, but is only meant for the routine 
analysis of samples whose composition is 

compatible with the available SRM compo- 
sition. Then by analogy with the routine 
measuring instruments according to Ref. 22, we 
shall consider the accuracy of the analysis re- 
sults as satisfactory when their systematic errors 
exceed the standard deviation o,, by a magni- 
tude which is insignificant in comparison with 
random errors of the analysis. In this case the 
null hypothesis has the following form: 

H,: IC,-C,,I~J(0.3a,)2+o~, (18) 

In the course of a SRM analysis according to 
such a technique, the probability P to consider 
the obtained results of the analysis as belonging 
to the population of SRM is: P > 0.53 for 
y 2 0.4 (Fig. 1 shows it as a shaded area). 
Respectively, the right hand side of equation 
(18) reaches in this case the value of 1.250,~ . 

In comparison, the authors of Ref. 22 
recommend the errors of the routine measuring 
instruments, erroneously accepted as fit ones, to 
exceed the allowed values no more than 1.35 
times, and the probability to accept an actually 
defective instrument as fit to be no more 
than 0.5. 

Alternative hypotheses H, assume that sys- 
tematic errors of the analytical technique exceed 
significantly the RM certification errors, i.e., 

H,, : I C, - C,, 1 = 2.0&0.3~,)~ + c&, (19) 

H,,: I C, - C,, I = 2.1&0.30,)* + afn (20) 

etc. 
Considering, as in the previous case, the 

upper bound of the confidence intervals for 
) C, - &,_,I on the basis of a sample from K 
results of the SRM analysis, we get 

From here, after some transformations we ob- 
tain the criterion 

(22) 

Table 2 gives the numerical values of the right 
hand side of this criterion at a = 0.05. They 
are significantly “softer” than those given in 
Table 1. In particular for the given example of 
silicon in tinless bronzes, it is necessary that 
~~~-0.100~ G 1.03&s,. 
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Table 2. Bias norms of average analysis result 
from the value indicated in SRM (in S, units) 

by null hypothesis (18) 

K 

Y 20 30 40 50 

0.4 0.26 0.30 0.32 0.34 
0.7 0.64 0.65 0.66 0.67 
1.0 1.06 1.03 1.02 1.02 

According to the formula (22), the criterion 
like the previous one, allows us with probability 
1 - u/2 not to reject the hypothesis H,, [equation 
(18)], when it is correct. The criterion power can 
be calculated according to formula (16), where 

According to formulae (19) and (20), respect- 

results of P, and /3 calculated at a = 0.05 for the 
considered hypothesis. It is clear, that with 
increasing y the criterion power (22) increases 
faster than the criterion power (15), and at 
y = 1.0 they both approach unity. This is so 
because when y increases, criterion (22) reveals 
greater values of systematic errors [the right 
hand side of expression (18) increases more 
rapidly than the right hand side of (8) when y is 
increased]. Thus, accuracy validation of analyti- 
cal techniques for routine control of a sample 
composition may be performed under less 
stringent requirements than those applied for 
RM’s certification and other arbitration 
purposes. 

- 0.3 

- 0.4 

20 30 40 50 

K 

Fig. 3. Operational characteristics of criterion (22), i.e., 
power P. and probability of the error of second type /I 
versus experiment size (K) with probability of the error of 
first type a/2 = 0.025. Solid curves correspond to alternative 
hypothesis H,,, dotted lines -H,,: 1 and l’-at y = 0.4: 

2 and 2’-at y = 0.7. 

When a,, 4 a,, criteria (15) and (22) reduce 
to a simpler one introduced previously.2’ 

CONCLUSIONS 

It has been shown that intralaboratory 
accuracy validation of an analytical technique 
by SRM’s may be carried out by means of 
testing a statistical hypotheses about the 
relation between the systematic and random 
errors of analytical results under conditions of 
uncertainty due to errors of SRM’s used. 

In order to compare the systematic errors of 
a certificated technique with the random errors 
of another (“standard”) technique, as it is 
practised in ferrouP and non-ferrous18J’J4*25 
metallurgy, it is sufficient to introduce the value 
rrr for this “standard” technique into hypotheses 
(8) and (18). 

In cases when distribution of the analysis 
results differs from the normal one, and it is 
impossible to determine and remove the causes 
for this difference, similar criteria can be 
formulated by the nonparametric statistics 
methods.25,26 

The considerations presented have been used 
successfully for metrological certification of 
numerous analytical techniques, applied in 
secondary non-ferrous metallurgy.27~28 
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S, 
s tr 

C cm 

?I 

CtJ 

P 

HO 
H, W,, etc.1 
fJ, t, x2 

GLOSSARY 

RM Reference material a, B 
SRM Standard reference material p. 
Sample (them.) A finite portion of material for analysis Iz 

analysis 
Mathematical expectation of analysis 
I-WlltS 

Sample average of analysis results 
Number of analysis results (sire of the 
statistical sample) 
Standard deviation of analysis results 
from C, 
Sample estimate of u, 
True value of the mass fraction of the 
element in the sample 
Certified value of the mass fraction of the 
element in the RM 
Standard deviation of the C,, 
Probability equals the total area under 
two curves of density function 
The mass fractions of the element, at 
which the density function curves cross 
Respectively, density functions of RM 
certification data and experiment results 
for accuracy validation of a technique 
Constant (=3.14...) 
Function of normalized normal distri- 
bution 
See formula (4) 
Null hypotheses 
Alternative hypotheses 
Respectively, quantiles of normal, Stu- 
dent’s and &i-square distributions 

oecrt 1% 
Probabilities of errors 
Power of criterion for accuracy validation 
See formula (17) 
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Summary-A procedure for the determination of traces of rare earth elements by inductively coupled 
pIasma+ptical emission spectrometry (ICP-GES) and X-ray fluorescence spectrometry (XRF) is pre- 
sented. The samples are decomposed either by fusion with lithium tetraborate or by acid attack in a 
microwave oven. Separation of the rare earth elements from accompanying elements is achieved by anion 
exchange. For the determination by ICP-GES the samples are injected in hydrochloric acid solution, for 
the determination by XRF the rare earth element traces are co-precipitated with rhodiionate and tannin 
and measured as a thin film on a membrane filter. All preconcentration steps have been optimixed and 
tested using radiotracers. Furthermore the rare earth element contents of some international standard 
reference rocks have been determined; the results are compared to the certified values and other values 
given in the literature. The procedure is applied to a series of ~~o~ap~~y identical metabasites with 
different degrees of metamorphism to show the mobility of those ions under metamorphic conditions. 

In spite of their similar chemical behaviour the 
rare earth elements may be fractionated during 
mineralogical and petrological processes. This 
fractionation arises from different types and 
volumes of coordination polyhedra that can be 
formed and is also due to the fact that some of 
the elements, especially cerium and europium, 
occur in oxidation states other than +III, the 
main oxidation state of the group. The type and 
degree of fractionation can therefore be an 
indicator of the genesis of a rock and give hints 
for processes like partial melting, fractional 
~st~l~tion or mixing of magmas as far as 
igneous rocks are concerned.’ 

For many years most of the rare earth 
element determinations in geological samples 
have been carried out by neutron activation 
analysis. z3 This method offers low detection 
limits and can sometimes be applied ~thout 
sample preparation but the need for a suitable 
reactor and long cooling times prior to the 
determination are disadvantageous. Some other 
techniques usually applied to the determination 
of rare earth element traces are inductively 

coupled plasma optical emission s~trometry 
(ICP-OES),” stable isotope dilution-mass 
spectrometry’ and to a minor extent X-ray 
fluorescence spectrometry (XRF).8*g For each of 
these techniques at least a group separation of 
the rare earth elements from accompanying 
elements is required. 

The aim of this work was to develop a 
procedure that allows the determination of rare 
earth element traces by XRF and ICP-OES. 
Important characteristics of the new pre- 
concentration procedure are high reliability, 
corrections for too low recoveries are not 
necessary, and reproducibility. The elution vol- 
umes for preconcentration by anion exchange 
are smaller than those of comparable cation 
exchange procedures.” 

Reagents and reference materials 

For decomposition by fusion Spectromelt A 
10 (lithium tetraborate, Merck) is used. De- 
composition by microwave heating is done 

9 
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using HF (40%), HN03 (68%) and HCI (33%); 
in the separation procedure HCl, HNO,, acetic 
acid (100%) and propanol-2 are used. The ion 
exchange steps are carried out on strongly basic 
anion exchange resin Dowex 1 x 8, 100-200 
mesh. For the mixed solvent anion exchange the 
resin is in the nitrate form, for the separation of 
iron it is used in the chloride form. The pH for 
the co-precipitation is adjusted by addition of 
sodium hydroxide. Sodium rhodizonate and 
tannin are dissolved in water to give solutions 
of 2.5 and 2.0 mg/ml, respectively. The pre- 
cipitate is collected on Millipore membrane 
filters HVLP 01300. All reagents except tannin 
and rhodizonate are of analytical grade. Stock 
solutions of the rare earth elements are prepared 
from the oxides (99.99%, Johnson Matthey). 
The procedure has been optimized using the 
following radiotracers: 139Ce, ‘52E~, lS3Gd, ‘69Yb 
and 59Fe. 

The procedure has been tested by analyzing 
samples of the following standard reference 
rocks: NIM-G granite, NIM-S syenite, NIM-L 
lujavrite, NIM-N norite (National Institute 
of Metallurgy, South Africa), USGS AGV-1 
andesite (US Geological Survey). 

Apparatus 

Graz) is used. The beaker and the pressure 
containment are schematically shown in Fig. 1. 

The filtrations are carried out in a previously 
described vesseli that permits the simultaneous 
filtration of five solutions under nitrogen 
pressure. For the anion exchange procedure a 
peristaltic pump Ismatec ip-12 is used. 

A y-spectrometer (E 8z G Ortec) has been 
used to determine the count rates for the radio- 
tracer experiments. 

X-ray spectrometry. For nearly all measure- 
ments a wavelength dispersive spectrometer 
Philips PW 1410 with a gold tube operated at 
60 kV and 40 mA and a flow counter is used. 
This system is equipped with an automation 
unit (Dapple Inc., Sunnyvale) to drive the 
goniometer, set the discriminator and acquire 
the data. Further measurements are done using 
a wavelength dispersive spectrometer Philips 
PW 1140 with tandem operation of flow counter 
and scintilla~on counter and a tungsten tube. At 
an earlier stage some measurements with an 
energy dispersive spectrometer Philips EDAX 
Exam VI with zirconium secondary target and 
a Si(Li)-detector have been done. 

For the determination by ICP-OES a sequen- 
tial spectrometer Perkin Elmer Plasma II (range 
170-440 nm) with a cross flow nebulizer is used. 

Decomposition by fusion is done in platinum 
crucibles in a muffle furnace. For the decompo- Sample preparation 

sition assisted by microwave heating a micro- A schematic overview of the procedure 
wave system with pressure resistant vessels is given in Fig. 2. Each step of this sample 
and an optical pressure control (Anton Paar, preparation scheme has been optimized using 

Seallng 

--P 
Compnslllbk 
obc 

PI& 
BombJaeket 

Bma PIala 

Fig. 1. Pressure resistant beaker and pressure containment. 



Determination of traces of rare earth elements in geological samples II 

PROCEDURE “A’ PROCEDURE%” 

FuSlON E”APOR,TION 

I 
DlSSOLUnON , DECOMPOSlTlON 

COPRRCI,‘,TAT,ON 
WITH cm BY MICROWAYES 

“Cl, “NOa, HP 

WAPORAT,ON TO DRYNESS 

Fig. 2. Analytical procedure. 

radiotracers for some of the rare earth elements, 
those results will be given below. 

Decomposition 

During our work we tested two decompo- 
sition procedures; samples were decomposed by 
fusion or by microwave heating in a pressure 
resistant vessel. 

For the decomposition by fusion the samples 
are mixed with the five-fold mass of lithium 
tetraborate in platinum crucibles, which are put 
into a muffle furnace and kept at a temperature 
of 1000” for one hour. The melt is dissolved in 
HF and HN03. To volatilize silicium and part 
of the boron in the form of their fluorides 
around 30 ml of HF-added in five portions- 
and 10 ml of HNO, are used. Under these 
conditions the alkaline earth elements form 
fluoride precipitates, the rare earth elements are 
coprecipitated and a first separation can be 
achieved by centrifugation. Elements that tend 
to form fluoride complexes like zirconium and 
titanium can be separated at that stage. 

For decomposition by microwave heating 
the samples (approximately 0.25 g) are weighed 
into the beaker and taken to dryness with 2 ml 
of HF once to avoid deposits of silica near the 
plug during the decomposition. Then HNO, (1.5 
ml), HCl(0.5 ml) and HF (0.5 ml) are added, the 

beaker is closed, put into the pressure contain- 
ment and put into the oven. The samples are 
decomposed at a pressure of approximately 30 
bar for 10 min (setting #8 of 10 in the micro- 
wave oven). After cooling down the samples 
are transferred to teflon beakers and treated 
according to the preconcentration scheme. 

If the samples are decomposed by fusion with 
lithium tetraborate prior to preconcentration, 
the procedure is referred to as procedure A in 
the following text, if the samples are decom- 
posed by microwave heating, then they are 
referred to as procedure B. 

Preconcentration 

The volumes given in the following sections 
corresponds to procedure B and samples of 
0.25 g. 

To remove fluoride the samples are taken to 
dryness with hydrochloric acid (3 ml) and nitric 
acid (3 ml) several times and the residue is taken 
up in 10 ml of 5M hydrochloric acid. From this 
solution iron is removed in the form of its 
chloride complexes on anion exchange columns 
(10 mm in diameter, height: 6 mm; wash- 
ings: 20 ml of 5A4 hydrochloric acid. The 
solution containing the rare earth elements is 
taken to dryness, the residue is taken up in 
approximately 4 ml of 5.8iU nitric acid. 

The removal of alkaline earth elements and 
other accompanying elements is achieved by 
mixed solvent anion exchange” from acetic 
acid/nitric acid (90 + 10, v/v) media. The rare 
earth ions are retained on anion exchange 
columns while the alkaline earth ions pass 
through. The columns are washed with 40 ml of 
5.8M nitric acid propanol-2 (10 + 90 v/v) to 
remove residual alkaline earth elements, then 
the rare earth elements are eluted with 15 ml of 
5M hydrochloric acid. 

After heating for the removal of alcohol and 
cooling down again the solution is transferred to 
a standard flask. 

To produce a sample well suited for X-ray 
fluorescence measurements the rare earth 
elements are finally coprecipitated with rhodi- 
zonate and tannin at pH 13 (PH adjusted by 
addition of sodium hydroxide). The precipitate 
is collected on membrane filters which are 
mounted on Spectrocups for the measurement. 

Determination by X-ray fluorescence spec- 
trometry 

La,-lines are measured for all the rare earth 
elements with the exception of praseodymium 
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Table 1. Detection limits for 
the determination by wave- 

length dispersive XRF 

Element 

La 
Ce 

Detection 
limit @g) 

0.8 
0.7 

Pr 0.6 
Nd 0.6 
Sm 0.6 
EU 
Gd 

0.3 
0.3 

Tb 0.2 
DY 0.2 
Ho 0.2 
Er 0.2 
Tm 0.2 
Yb 0.2 
Lu 0.2 

Conditions: PW 1410, Au- 
tube, 60 kV, 40 mA, fine 
collimator, flow counter, 
vacuum. 

(LB,). For iron, manganese and nickel, where 
some blank values occurred, the Ka-lines are 
measured. A calibration set consisting of 20 
different compositions in the expected concen- 
tration range was prepared from stock solutions 
according to an experimental design by precipi- 
tation with rhodizonate. Overlap coefficients 
were derived from those samples, furthermore 
absorption corrections in the Delta-I mode were 
applied to samples with high concentrations of 
La, Ce and Nd. The detection limits (3 s) are 
listed in Table 1. 

Determination by ICP-OES 

First, single element standard solutions 
have been used to detect line interferences. The 
different concentration ranges of the rare earth 
elements in rock samples have been taken into 
account. The lines chosen for the determination 
and the corresponding limits of detection (3 s) 
are listed in Table 2. The values were estimated 
from data for a blank solution from pure 
lithium tetraborate treated according to pro- 
cedure A. The values for 5M hydrochloric acid 
are given there, too. For gadolinium the spectral 
line has to be changed to 358.496 nm when 
the samples are prepared according to scheme 
B, because titanium and zirconium are not 
removed and lead to a line interference of Ti at 
335.047 nm. 

RESULTS AND DISCUSSION 

As the rare earth elements can often be 
enriched in minerals that are hardly attacked by 

Table 2. Detection limits for the determination by ICP-GES 

(pg /ml) 
Procedure A 

Element Wavelength (nm) Blank 5M HCI 

La 398.852 0.016 0.011 
Ce 413.380 0.028 0.027 
Ce 413.765 0.033 0.030 
Ce 418.660 0.029 0.028 
Pr 422.535 0.046 0.042 
Nd 394.151 0.168 0.045 
Nd 430.358 0.030 0.029 
Sm 428.079 0.081 0.080 
Eu 412.967 0.003 0.003 
Gd 335.047 0.012 0.011 
Tb 350.917 0.013 0.013 
DY 353.602 0.014 0.014 
Ho 381.073 0.017 0.016 
Er 390.63 1 0.012 0.009 
Tm 313.126 0.033 0.033 
Yb 328.937 0.0005 0.0005 
Lu 261.542 0.0006 0.0006 

Experimental conditions: Power 1200 W, plasma flow 
15 I./mm, neublixer flow 1 I./mm, photomultiplier 
voltage 600 V, sampling time 50 msec. 

The blank solution contains some Li-tetraborate. 

acids at normal pressure (e.g., zircon) the com- 
plete decomposition of the samples is most 
important. We used two procedures, fusion with 
tetraborate of acid attack at 30 bars in a micro- 
wave oven. Both methods have been success- 
fully applied to zircon bearing granitic standard 
reference materials but there are still some 
differences that must be taken into account: 
there is no limitation of the sample mass if the 
sample is fused with lithium tetraborate but 
a large amount of “salt” is imported to the 
sample. Therefore solution volumes and time 
consumption in the following preconcentration 
steps are higher compared to the samples de- 
composed by microwave heating. On the other 
hand the decomposition by microwave heating 
is limited to sample masses of up to 0.3-0.4 g 
leading to detection problems if the rare earth 
element content of the samples is low. To reduce 
the problem due to the high salt content after 
decomposition by fusion coprecipitation with 
calcium fluoride has been introduced to the 
procedure. This coprecipitation is incomplete up 
to calcium concentrations of 0.7%, the recover- 
ies for higher calcium contents (that means 1% 
Ca in the test samples) have been determined in 
tracer experiments and are listed in Table 3, 
column 1. 

The group separation of the rare earth 
elements is achieved by mixed solvent anion 
exchange. Although the recoveries for 
propanol-2 (recovery: 96.8% for 90% organic 
phase in a batch experiment) are higher, acetic 
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Table 3. Recoveries for each preconcentration step 

Tracer Rl R2 R3 R4 RS 

Ce 99.6 f 0.8 100.2 f 1.6 97.6 f 0.8 101.1 f 1.5 97.8 f 3.8 
EU 99.3 f 0.5 99.6 f 2.8 97.8 f 2.0 99.8 f 2.4 98.3 f 2.0 
Gd 100.4 _+ 0.4 101.4 f 2.0 99.6 * 0.6 102.4 + 2.7 98.0 f 2.0 
Yb 98.7 k 0.6 97.8 f 3.8 - 101.1 f 1.7 97.2 + 3.8 
Fe - 18.3k3.2 - - - 
Number 24 10 10 10 5 

Definitions: Rl: Coprecipitation of rare earth elements with calcium fluoride. R2: 
Preconcentration by mixed solvent anion exchange from propanol-Z/HNO,. 
R3: Preconcentration by mixed solvent anion exchange (acetic acid/HNO,, 
washings: propanol-Z/HNO,; the recovery for Yb is missing because the 
activity of our standard was already too low when we started these exper- 
iments. R4: Separation of iron. RS: Coprecipitation with sodium rhodizonate 
and tannin. -: no data. Number: Number of experiments. 

acid (recovery 87.6% under similar conditions) 
was chosen for the preconcentration procedure 
because the residues of the former preconcentra- 
tion steps are more readily dissolved in this 
solution. In the washings propanol-2 was used 
as organic phase. Table 3, column 3 shows the 
recoveries for some of the rare earth elements 
for this preconcentration step. 

Iron could not be removed quantitatively 
by mixed solvent anion exchange, therefore a 
second ion exchange step has been introduced. 
Figure 3 shows the elution profile for Eu 
(fractions l-20, 5M hydrochloric acid) and 
Fe (fractions 21-27, 0.6M nitric acid), the 
recoveries for the rare earth elements are given 
in Table 3, column 4. 

It is advantageous to present samples in the 
solid form if small concentrations are to be 
determined by XRF. In addition, the geometry 
has to be kept constant. Therefore a coprecipi- 
tation of the rare earth element traces with 
an organic complexing agent was taken into 
consideration. Best results were achieved with 

- En 

0 

1 4 7 15 15 15 l5 a5 a5 a7 

Fraction Number 

Fig. 3. Separation of iron. Fractions l-20: 1 ml hydrochloric 
acid SM. Fractions 21-27:s ml HN03 0.6 mol/l. 

sodium rhodizonate and tannin at pH 13; the 
recoveries that have been determined from 
tracer experiments are given in Table 3, column 
5. For samples containing more than approxi- 
mately 100 ,ug rare earth elements in total an 
absorption correction was applied. 

Finally, procedure A has been tested with 
rock samples spiked with radiotracers to esti- 
mate an overall recovery which is given in 
Table 4. The variances given there are much 
smaller than the sum of the variances of the 
single preconcentration steps. One reason is that 
the measured standard deviation always in- 
cludes the counting statistics, in addition the 
activities used for spiking the rock samples 
have been higher than those used for the other 
experiments. To test the decomposition and 
preconcentration procedure as well as the model 
used for calculating the rare earth element con- 
centrations from X-ray intensities the rare earth 
element contents of some international standard 
reference rocks have been determined. Some of 
the results are listed in Tables 5-g. In general the 
agreement between certified and measured con- 
centrations appears to be satisfactory although 
there are some difficulties to take into account 
the influence of manganese on dysprosium when 
calculating the concentrations from X-ray inten- 
sities (e.g., for NIM-G, Table 5). 

Table 4. Recoveries for the complete procedure 

Element Recovery (%) Standard deviation (%) 

Ce 97.8 2.9 
Eu 95.1 1.7 
Cid 96.2 3.9 

Number of experiments: 5. 

TAL 40/l-B 
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Table 5. Data for standard reference materials: NIM-G, granite The concentrations are 
given in pg/g 

Concentrations 
given by NIM Procedure A Procedure A Procedure B 

Element (from ref. 16) XRF ICP-OES ICP-OES 

La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
DY 
Ho 
Er 
Tm 
Yb 
Lu 

109* 
1952 

12’ 
15.8* 
0.35* 

14 
3.0* 

17 

2 
14.2* 
2 

104+4 110*2 108&2 
182+9 190+4 183f2 
20 f 3 22*1 21 + 1 
69 f 6 

16.0 + 3 
0.3 f. 0.2 
15*2 

2.8 f 0.4 
11*2 

3.6 + 0.5 
13.0 + 0.5 

1.6 * 0.4 
10.4 f 2 
1.6kO.3 
N=3 

74&3 65 + 3 
13.4 f 0.8 13+ 1 
0.34 IO.03 0.37 z 0.06 
13.5 + 0.9 12.4 f 0.3 
2.6 + 0.2 2.1 f 0.4 

18.4 + 0.8 15.6 + 0.6 
3.2 & 0.1 3.3 f 0.2 

12.5 + 0.7 10.5 f 0.2 
1.6 f 0.2 1.6 f 0.2 

12.7 f 1.3 11.2kO.4 
1.9kO.2 1.62 f 0.04 
N=4 N=5 

Definition: *Certified value. NIM National Institute for Metallurgy (South Africa). 

Application 

The analytical procedure presented within the 
previous sections is applied to rock samples 
from the complex of the Saualpe in Carinthia 
(Austria). The metabasites of this crystalline 
massif show different degrees of metamorphism 
(from weakly metamorphic spilites to amphi- 
bole-eclogite). r4*15 Those rocks are well suited for 
studies of the mobility of ions under metamor- 
phic conditions. Some results presented in the 
literature indicate conservative metamorphosis 
but other results point to a progressive “hom- 

Table 6. Data for standard reference materials: NIM-S, 
syenite. The concentrations are given in pg/g, the presented 

values are means of three samples 

Concentrations 
given by NIM Procedure A Procedure A 

Element (from ref. 16) XRF ICP-GES 

La 5 5.8 & 0.4 5.5 f 0.3 
Ce 11.9* 12.0 & 2 9.5 f 0.9 
Pr 1.5*0.3 1.7 f 0.3 
Nd 6 5.4 f 0.2 6.3 1 
Sm 1 1.4 IO.2 

f 
1.5kO.l 

Eu 0.30* 0.5 f 0.2 
Gd 0.9 IO.3 

0.24 f 0.00 
0.87 z 0.1 

Tb <0.2 <0.19 
DY 0.4 0.4*0.1 0.37 + 0.03 
Ho <0.2 <0.25 
Er co.2 0.12 f 0.02 
Tm <0.2 <0.5 
Yb 0.07 <0.2 0.12 f 0.01 
Lu co.2 0.01t 

*Certified value. 
tJust slightly above detection limit. 

ogenization”. The determination of the rare 
earth element concentrations is supposed to give 
valuable further information. 

Our first results indicate that there is no single 
“rare earth element pattern” characterizing 
all the samples we analyzed but there are 
some groups of samples with similar rare earth 
element contents. Figure 4 shows the rare earth 
element pattern for two different samples to give 
an example; as usual in geochemistry they are 
presented as chondrite normalized plots, but we 
abstain at this place from any geochemical 
interpretation. 

By way of concluding it can be stated that 
both methodological variants described in 

Table 7. Data for standard reference materials: NIM-N, 
norite. The concentrations are given in ag/g 

Concentrations 
given by NIM Procedure A Procedure A 

Element (from ref. 16) XRF ICP-GES 

La 3 2.4 f 1 3.9 f 0.1 
Ce 6 7.3 f 3 5.0 f 0.7 
Pr 0.7 f 0.3 0.7*0.1 
Nd 3 2.0 f 0.6 3.1 *0.3 
Sm 0.8 0.8 k 0.2 <1.2 
Eu 0.63* 0.5 f 0.2 0.52 f 0.15 
Gd 0.6 k 0.2 0.98 f 0.1 
Tb co.2 <0.19 
DY 1.3 + 0.2 1.12*0.2 
Ho co.2 <0.25 
Er 0.5 * 0.2 0.71 f 0.08 
Tm co.2 co.5 
Yb 0.7 0.6 & 0.2 0.71 f 0.06 
Lu 0.2 0.3 kO.1 0.17 f 0.05 

Number of samples: XRF: 3. ICP-GES: 4. *Certified value. 



Determination of traces of rare earth elements in geological samples 

Table 8. Data for standard reference materials sample preparation: procedure B. 
Concentrations are given in fig/g 

NIM-L lujavrite AGV- 1 andesite 

Element ICP-GES From ref. 13 ICP-GES From ref. 13 

La 288 + 8 250 40*4 38 
Ce 257 f I 240 61&4 67 
Pr 16.8 f 0.7 8&l 1.6 
Nd 45+ 1 48 33& 1 33 
Sm 3.1 + 0.2 5 4.9 f 0.6 5.9 
Eu 1 .OO + 0.08 1.2 1.4kO.l 1.64 
Gd 4.4 f 0.5 5.6 k 0.7 5.0 
Tb <0.5 0.46* 
DY 2.6 f 0.3 3.1 If: 0.4 3.6 
Ho co.7 1.OkO.l 0.67 
Er 2.23 + 0.04 1.6kO.l 1.7 
Tm <I.3 <0.9 
Yb 2.7kO.l 3 1.6 0.2 f 1.72 
Lu 0.53 + 0.06 0.4 0.25 f 0.02 0.21 

*Just slightly above the detection limit. 
Number of samples: The presented concentrations are the means of three samples. 

ml0 t., I 

0.50 ’ i a a a 
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 

Atomic Number 

Fig. 4. Chondrite-normalized rare earth element concen- 
trations for two samples from the Saualpe. A, sample A; 

B, sample B. 

this work are feasible. Although the X-ray 
fluorescence procedure has proved reliable, the 
additional precipitation step and the higher 
detection limit at least on the currently used 
X-ray spectrometer have made this variant 
somewhat less desirable compared to ICP-OES 
measurements. 

Acknowledgements-This work has been supported in part 
by projects P 5200 and P 7115 from the Fonds zur 
Fiirderung der wissenschaftlichen Forschung, Vienna. 

15 

REFERENCES 

1. P. Henderson, General Geochemical Properties and 
Abundances of the Rare Earth Elemenis, in Rare 
Earth Element Geochemistry, P. Henderson (ed.), Devel- 
opments in Geochemistry 2, 1, Elsevier, Amsterdam, 
1984. 

2. P. Voldet, Trends in Anal. Chem. 1982, 1, 262. 
3. J. E. Whitley, Proc. Analyt. Div. Chem. Sot., 1982, 120. 
4. K. E. Jarvis and I. Jarvis, Geostand. Newsiett., 1988, 

12, 1. 
5. K. Govindaraju and G. Mevelle, J. Anal. Atom. Spec- 

trom., 1987, 2, 615. 
6. J. G. Crock and F. Lichte, Anal. Chem., 1982,54, 1329. 

7. P. J. Hooker, R. K. G’Nions and R. J. Pankhurst, 
Chem. Geol., 1975, 16, 189. 

8. Hou Qing-Lie, T. C. Hughes, Maunu Honkka and 
P. Hannaker, Talanta, 1985, 32, 495. 

9. I. Roelandts, Anal. Chem., 1981, 53, 676. 
10. J. Erzinger, in, Instrumentelle Multielementanalyse, 

B. Sansoni (ed.), VCH, Weinheim, 1985. 
11. J. Korkisch, Modern Method for the Separation of 

Rarer Mefal Ions, Pergamon Press, 1969. 
12. S. E. Raptis, W. Wegscheider, G. Knapp and G. Tolg, 

Anal. Chem., 1980, 52, 1292. 
13. K. Govindaraju, Geostand. Newslerf., 1989, 13, 1. 
14. C. K. W. Lodemann, N. Jb. Miner. Abh., 1973,118,134. 
15. Idem, ibid., 1970, 112, 188. 
16. R. G. Hansen and E. J. Ring, Geosmnd. Newslett., 1985, 

9, 233. 



Takznta, Vol. 40, No. I, pp. 17-20, 1993 
Printed in Great Britain. All rights reserved 

0039-9140/93 s6.00 + 0.00 
Copyri&t (13 1992 Pcrgamon Press Ltd 

SPECTR~FLUORIMETRIC DETERMINATION OF ZINC IN 
FOODS WITH 8-(p-TOLUENESULPHONAMIDO)QUINOLINE 

IN MICELLAR MEDIUM 

M. FALCON, J. GUITERAS, A. IZQIJIERDO and M. D. PRAT 

Departament de Quhnica Analitica, Universitat de Barcelona, Avda. Diagonal 647, 
Barcelona 08028, Spain 

(Received 10 February 1992. Revised 11 May 1992. Accepted I1 May 1992) 

Smnnwy-A new method for the spectrofluorimetric determination of zinc with IQ-tolwne- 
suiphona~do~~noline in a Brij-35 mice&u medium has been developed. This method allows the 
determination of 8-550 ng/ml Zn(II) and is relatively free from interferences. It has been applied to food 
samples with satisfactory results. 

The use of 8-(p-toluenesulphonamido)quinoline 
[Fig. l(a)] as a reagent for the s~~tro~uo~met- 
ric determination of Zn(II) and Cd(H) was first 
described in 1959 by Bozhevol’nov et al.’ in a 
paper stating that 0.1 pg of Zn(I1) could be 
detected in 5 ml of solution at pH 8.0-8.3, and 
that this sensitivity could be increased to 0.01 
pg/ml after extraction of the complex into 
CHCl,. Later papers confirmed these data and 
also indicated that Al(II1) had little interfer- 
ence.f3 In 1962, Shcherbov and Kolmogorova4 
used this reagent to determine zinc in iron ores, 
with an absolute error of 15-25%. The use of 
8-(~-toluen~ulphonamido)q~noline as a spec- 
trofluorimetric reagent was also reported by 
Bozhevol’nov and co-workers,5‘7 which gave a 
2: 1 stoichiometry for the TSQ: Zn complex 
[Fig. l(b)]. 

The use of surfactant agents can increase 
the stability and solubility of many organic 
compounds and metal complexes in water and, 
when these are fluorescent, a marked increase 
in fluorescence intensity can frequently be 
observed. For this reason the use of surfactant 
agents can improve many existing s~trofluori- 
metric methods by increasing their sensitivity 
and/or eliminating the need for extraction pro- 
cedures or the use of mixed hydroorganic 
solvents.a’2 

In this paper, the influence of several surfac- 
tant agents (anionic, cationic and non-ionic) on 
the fluorescence of the complex of Zn(I1) with 
8-(p -toluenesulphonamido)quinoline has been 
studied and a new method for the spectro- 
fluorimetric determination of zinc is proposed. 
This method has the advantage of a better 

detection limit than flame AAS and has been 
successfully used for the dete~ination of zinc 
in natural samples. 

EXPERIMENTAL 

Apparatus 

Perk&Elmer MPF-66 fluorescence spectro- 
photometer with 150 W Xenon lamp and 
lo-mm silica cells. Excitation and emission slits 
were both set at either 2 nrn or 4 nm, depending 
on the concentration of Zn(I1). All spectra and 
intensities were corrected against Rodamine B. 

Perkin Elmer 1lOOB atomic abso~tion 
spectrometer. 

Radiometer pHM64 pHMeter with Orion 
8102 SC combination electrode. It was stan- 
dardized against aqueous buffer solutions at 
pH 4.008 and pH 6.863 at 25°C (DIN 19266). 

90 00 
N 

I C”3 
C”, 

Fig. 1. Structures of (a) TSQ (b) TSQ-Zn complex. 
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All glassware was previously soaked in 10% 
nitric acid for 24 hours and rinsed with doubly 
distilled water (Culligan Ultrapure). 

Reagents 

8-(p-toluenesulphonamido)quinoline (TSQ) 
was synthesized following the method of Bill- 
man and Chernin,13 by reaction of &amino- 
quinoline with p-toluenesulphonylchloride in 
pyridine. The product was recrystallized from 
ethanol as white needles. The melting point 
(153-154”) was in good agreement with litera- 
ture values. Elementary analysis also agreed 
with theoretical values. (Calculated for 
C,,H,,N,OrS: C:64.41%; H:4.73%; N:9.39%; 
S:10.75%. Found: C:64.45%; H:4.68%; 
N:9.41%; S:10.80%.). 

TSQ stock solution (8.5 x 10m3M) in ethanol 
was used. 

Butfer solutions were prepared with R.A.- 
grade succinic acid-NaOH, Na, HPO,- 
KHz P04, tris(hydroxymethyl)amminomethane- 
HCl and glycine. After the optimum pH range 
was selected, all further work was carried out in 
a 0.4M tris-HCl buffer. 

Zinc stock solution, approximately 1 g/l., 
was prepared by dissolving about 4 g of 
Zn(NO,), .4H,O (Merck, p.a.) in 1 1. of water 
and was standardized against EDTA. 

Surfactant solutions. Stock solutions of the 
following surfactant agents were prepared: 
sodium dodecylsulphate (SDS) (Merck, 0.61M, 
75 cmc), polyoxyethylenedodecylether (Brij-35) 
(Scharlau, 1.8 x lo-‘M, 200 cmc), and hexa- 
decyltrimethylammonium bromide (HTAB) 
(Merck, 9.2 x IO-*M, 100 cmc). 

Organic solvents (ethanol, dimethylketone 
and dioxane) were Merck p.a. and were used 
without further purification. 

Doubly distilled water (Culligan Ultrapure GS) 
of 18.3 MR/cm resistivity was used in all cases. 

General procedure 

Into 25-ml standard flasks add 2 ml of buffer 
solution, the required volume of zinc solution, 
2.5 ml of surfactant solution, 0.5 ml of 
8 x 10m3M TSQ in ethanol and dilute to volume 
with distilled water. 

RESULTS AND DISCUSSION 

Eflect of surfactants 

In Fig. 2 the emission spectra of the Zn-TSQ 
complex in the presence of different surfac- 
tant agents (SDS, Brij-35 and HTAB) are 

A (nm) 

Fig. 2. Emission spectra of the Zn-TSQ complex in 
(a) 20 x cmc Brij-35 (b) 20 x cmc Sodium dodecylsulphate 
(c) 20 x cmc HTAB (d) 30% (v/v) ethanol/water (e) 30% 
(v/v) dimethylketone/water (f) 30% (v/v) dioxane/water. 

represented. For comparison purposes, the 
spectra of the same complex in ethanol-water, 
dimethylketone-water and dioxane-water mix- 
tures are also represented. Fluorescence intensi- 
ties are higher in solutions containing non-ionic 
(Brij-35) or anionic (SDS) surfactants than in 
those containing cationic surfactants (HTAB) 
or the mixed hydroorganic solutions. Wave- 
lengths for the excitation and emission maxima 
are similar in all tested media. 

The highest emission intensities are obtained 
in the presence of non-ionic surfactants, and for 
this reason all further research has been carried 
out in a Brij-35 micellar medium. 

Eflect of pH 

In Fig. 3 the fluorescence intensity of the 
Zn-TSQ complex as. pH in a Brij-35 micellar 
medium is plotted. Intensity does not depend on 
pH in the range 7.0-8.7. 

Eflect of surfactant concentration 

For solutions containing less than 100 ng/ml 
Zn(II), the intensity is independent of surfactant 
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Fig. 3. Effect of pH on the fluorescence intensity of the 
Zn-TSQ complex in a Brij-35 micellar medium. 
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concentration when this is higher than at 4 nm, [TSQ] = 3.8 x 10e5M, r = 0.9999) and 
9.0 x IO-‘M (about the critical micellar concen- 70-550 ng/ml Zn (excitation and emission slits 
tration). Wowever, surfactant concentration set at 2 nm, frSQf = 2.1 x 10m4M, r = 0.9991). 
should be higher than this value if zinc concen- These two ranges have been selected because a 
tration is relatively high, to prevent precipi- low TSQ concentration has the advantage of a 
tation of the Zn-TSQ complex, which has a lower reagent background blank, but it is 
low solubility in water. In further experiments necessary to increase reagent concentration at 
Brij-35 concentration has been 1.8 x 10-3M greater zinc concentrations in order to keep the 
(20-fold cmc). required TSQ/Zn molar ratio. 

E#ect of reagent ~o~~e~trat~o~ 

Fluorescence intensity increases with increas- 
ing TSQ concentration until the TSQ/Zn molar 
ratio reaches a value of 20. Higher TSQ concen- 
trations have no significant inguence. 

Efect af ethanol c~~centrut~o~ 

The influence of ethanol on the fluorescence 
intensity of the Zn-TSQ complex has been 
investigated because TSQ is used in ethanolic 
solution. Ftuorescence intensity decreases 
slightly when ethanol con~n~ation is increased 
from 0.4% v/v (minimum possible concen- 
tration, corresponding to 0.1 ml of ethanolic 
TSQ solution) to 12%. In further experiments, 
ethanol concentration has been 2% v/v. 

The detection limit, calculated from 3s (where 
s is the standard deviation of the blank) (n = 15) 
is 3 ng/ml Zn. Quantification limit, calculated 
from 10s (n f: 15) is 8.0 q/ml Zn. The precision 
of the method has been determined at two 
different zinc ~~ntratio~s. Relative standard 
deviations are 2.4% for 25 ng/ml Zn and 1.9% 
for 150 rig/ml Zn. 

Interferences 

~~~~~~~~~ of rf?tz copnpceX 

Fluorescence intensity reaches a maximum in 
a few seconds and remains constant for over two 
hours. 

The e&ct of several ions on the Auorescence 
intensity of the Zn-TSQ complex has been 
investigated. An ion is considered to be an 
interference if its presence produces greater than 
a 5% change in fluorescence intensity. The 
investigated ions and the maximum concen- 
tration at which they do not interfere are listed 
in Table 1. It should be mentioned that Al(IIX) 
and Fe(II1) have Iittle influence and can be 
tolerated in relatively high concentrations. 

The order in which reagent, surfactant, metal 
ion and bufIer solutions are mixed has no 
influence on fluorescence intensity. However, in 
some cases a precipitate may appear. It dissolves 
readily when the surfactant is added, but in 
order to avoid this the recommended order of 
mixing is as follows: buffer, zinc, surfactant and 
reagent solutions. 

Table I. ~~n~n~~~~ ratio of foreign ians that produce a 
greater t&n 5% ckange in the fluorescence intensity of 

Zn-TSQ wmplex 

[Zn2+] = 74 n&ml [Brij-35]= 20 x cmc pH = 8.5 
Interferina ion llnterfering ionl/IZnZfl 

Na” 
lc+ 
Ca2+ 
Ba2+ 

_ -.- ” 
> 20,000 
> 2wOO 
>l,OOO 
>I,000 

Optimum working conditions 

The conditions for the dete~ination of zinc 
with TSQ in Brij-35 micellar medium are as 
follows: 

‘900 
200 
iS0 
100 
SO 

excitation wavelength: 367.2 nm 
emission wavelength: 515.4 nm 
pH: 7.0-8.7 

50 
20 
15 
s(lOo)* 

0: f2.W 
WQ] > 2.3 x lO-+M 
[Brij-35]> 1.8 x 10-r&# (20 cmc), 

Analytical characteristics 

Calibration graphs are linear in the range 
8-200 ng/ml Zn (excitation and emission slits set 

*In a solution containing Na,S$& . 
th a solution containing Na,P& . 
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Table 2. 

Spectrofluorimetric AAS, Certified value, 
method, pglg pgig pglg 

Powdered milk 
(commercial brand) 43.4 f 1.0* 42.9 f 1.2’ - 

Powdered milk 
(NBS SRM-1549) 47.3 * 1.1* - 46.2 + 2.2 

Tinned clams 10.9 f 0.6’ 11.0* 1.2* - 

*Mean of six independent determinations. 

APPLICATION 

The proposed method has been used for the 
determination of zinc in two different samples of 
powdered milk (one of them of a commercial 
brand, the other a NBS standard) and in com- 
mercial tinned clams. In the commercial 
samples, results have been confirmed by atomic 
absorption spectroscopy. In all cases the 
method of standard addition was employed. 

either certified NBS values or those found by 
AAS, with the additional advantage that the 
spectrofluorimetric method has a detection limit 
of 3 ng/ml and a quantification limit of 8 ng/ml, 
which are much better than the limit for Zn by 
flame AAS. 

Procedure 

The required amount of sample (0.5 g of 
powdered milk or 2-3 g of drained, tritured 
clams) was mineralized in a Kjeldahl flask with 
a HzS04-HN03 mixture. Most of the acid was 
then neutralized with sodium hydroxide, the 
solution was transferred to a IOO-ml calibrated 
flask and diluted to volume with water. 

For spectrofluorimetric determinations, lo- 
ml aliquots of this sample solution were added 
into five 25ml calibrated flasks, which con- 
tained 2.5 ml of pH 8.2 tri-HCl buffer solution, 
2.5 ml of 200 cmc Brij-35 solution, 0.5 ml of 
4 x 10m3M TSQ solution, 2.5 ml of 0.5M 
sodium thiosulphate solution, 1.0 ml of 10m3M 
Na,P20, solution and different volumes of 
standard zinc solution, and diluted to volume. 
Fluorescence intensities were measured against 
blanks via the same procedure. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

For AAS, lo-ml aliquots of the sample sol- 
ution were added into five 25-ml calibrated 
flasks, which contained different volumes of 
standard zinc solution, and diluted to volume. 
Absorbances were measured against blanks run 
through the same procedure. 

Results are shown in Table 2. In all cases 
there is a very good agreement between values 
obtained by the spectrofluorimetric method and 13. 
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Smnmary-An overview of the advantages gained by using solid interfaces in flow injection analysis is 
presented. The enhancing effect on such basic analytical features as selectivity and sensitivity, diminished 
sample and reagent consumption, ease of automation of the preliminary steps of the analytical process 
and of implementation of multideterminations arising from the use of solid interfaces are discussed and 
illustrated by selected examples. 

The new problems of social concern with which 
analytical chemistry is confronted call for sol- 
utions relying on complex, expensive technol- 
ogies.’ Flow injection analysis (FIA) is one 
exception to this general rule as it is based 
on straightforward systems characterized by 
their flexibility to accommodate the specific 
demands of each situation or problem.2” The 
wide variety of FI methodologies developed in 
the last decade make FIA a firmly established 
analytical tool. However the high potential 
of this technique remains unknown to many 
analytical chemists who are therefore missing 
an advantageous alternative to other auto- 
matic and manual methods for a number of 
purposes. 

The aim of this paper is to illustrate the 
potential of solid interfaces as parts of FI 
systems through selected examples. The differ- 
ent nature of these interfaces and the versatility 
of FIA offer a host of opportunities to improve 
such analytical features as sensitivity, selectivity 
and sample and reagent consumption. 

Solid phases included or formed in FI mani- 
folds can be of very different nature, which in 
turn determines their function, performance and 
advantages derived from their use. 

Thus, the role of the solid phase can be played 
by the sample itself if it is inserted into the 
system in a solid state. Alternatively, the solid 
phase can be formed along the flow system as a 
result of a chemical reaction (e.g., precipitation), 
or on a solid surface by an electrochemical 
reaction (stripping techniques). Also, the solid 
phase can be a reactant that interacts with the 
analyte, its reaction product or undesirable 

components of the sample, as is the case with 
absorbent or ion-exchange material, immobi- 
lized catalysts or solid reagents. 

The material presented in this paper is orga- 
nized according to the analytical parameter or 
aspect that is improved as a result of using a 
solid interface. Thus, solid interfaces have been 
classified according to whether they provide 
enhancement of sensitivity; increased selectivity; 
decreased sample and reagent consumption; or 
allow one to automate the preliminary steps of 
the analytical process; develop multidetermi- 
nation methods; indirect determinations, and 
other methods. 

Increasing sensitivity by using solid interfaces 

The sensitivity of FI methods is usually lower 
than that of their manual and air-segmented 
counterparts as a result of measurements in an 
FI manifold being performed under non-steady 
state conditions and also owing to dispersion. 
The fact that the derivatizing reaction does not 
develop to completion results in decreased sensi- 
tivity to an extent dependent on the point of the 
kinetic curve at which measurements are per- 
formed. The dispersion of the sample plug, 
whether into the carrier stream or through 
mixing with streams of reagents, masking 
agents, etc., detracts from the sensitivity. Never- 
theless, the sensitivity of an FI method can be 
increased in two main ways4 by using solid 
interfaces, namely: 1) by on-line preconcentra- 
tion or in situ concentration, 2) by decreasing 
dilution using solid reagents. Micellar media 
and amplification reactions also provide in- 
creased sensitivity in this respect. 

21 
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Preconcentration. The use of a preconcentra- 
tion step is one of the more effective ways of 
increasing sensitivity. This operation can be 
performed in an FI system by: (a) coupling it 
on-line to a conventional separation unit such as 
a minicolumn packed with a suitable adsorbent 
or ion-exchange material, or a liquid-liquid 
extraction unit; (b) by implementing a precipi- 
tation reaction in the flowing injected plug and 
collecting the solid phase formed in situ by 
means of a suitable filter; and (c) by forming a 
solid phase in the detection cell or electrode 
surface, as in stripping techniques implemented 
in FI systems.$ 

(a) Minicolumns used for pr~on~ntration 
involve a chemical reaction between the analyte 
and the solid column packing if the active 
material is an ion exchanger rather than 
an adsorbent.6 The minicolumn can be placed 
Fig. l(A)] in the loop of the injection valve or 
between the injection and detections systems, 

A) 
4 

P Wt 

Cl 
wad Port 
Needle 

:‘=#=+l S\D 

A 
P 

C I D 

(AAS) 

PZ 

Pig. 1. A) Possible locations of separation units for pre- 
concentration. B) Arrangement for the measurement of 
mercaptans in gasoline (the insets show the conductivity 
probes connected to V,). C) M~ifoId for preconcentra- 
tion/dete~ination of lead with timed sample loading (VJ 
and injection of reagent and standard solutions (V, and V,, 
respectively) with saving purposes. S denotes sample, A 
eluent, C carrier, P pump, V valve, D detector, W waste, B 
buffer, R reagent, IEC ion-exchange column, STD standard 

and AAS atomic absorption spectrometer. 

Occasionally, it is also inserted into the sample 
stream prior to the injection point. Also, place- 
ment of the solid material in the flow-cell of a 
nondestructive optical detector provides a 
peculiar in situ concentration mode involving 
integrated reaction and detection7T8 or retention 
and detection.’ The performance and efficiency 
of minicolumns used for preconcentration can 
be boosted in various ways. Thus, performance 
can be improved by loading the column in the 
opposite direction to elution, thus avoiding the 
shortcomings derived from the increased com- 
pactness of the packed material and from the 
appearance of parasitic signals due to the 
sample matrix, which can be sent directly to 
waste. Higher efficiency can be achieved by 
using conical rather than cylindrical columns, 
which must be arranged in the FI manifold in 
such a way that sample loading takes place from 
the narrower to the broader end. Also, the 
retained analytes must be eluted in the opposite 
direction in order to minimize dispersion in the 
column,‘O which can be accomplished by using 
time-based injection techniques.” 

C,, bonded silica beads and, to a lesser extent, 
alumina and silica, are the most commonly used 
solid adsorptive materials for packing mini- 
columns. Sorbent extraction in flow injection 
system with AAS detection has been proposed 
by RtiiEka and Arndal for preconcentrating 
copper and lead by complexation with several 
chelating agents. ‘* A typical example of precon- 
centration by using a conical column packed 
with Cl8 is the method reported by Fang et al., 
in which lead is preconcentrated as a di- 
ethyldithiocarbamate chelate before determi- 
nation by graphite furnace atomic absorption 
spectrometry which a 26-fold increase in peak 
area for 60-set pr~on~ntration compared with 
direct introduction of 50 ,ul of sample,” acti- 
vated alumina has been used for adsorption of 
oxyanions13 and Mo’~ prior to their determi- 
nation by ICP/AES. 

Solid exchange materials used as packings for 
precon~ntration minicolumns can be commer- 
cially available ion-exchange resins or ion ex- 
changers prepared in the laboratory from an 
adsorbent material (e.g.,&, silica gel, con- 
trolled-pore glass) that is activated and bonded 
to a chelating molecule. The concentration step 
usually precedes introduction of the sample into 
an atomic detector for individual or multideter- 
minations by AES and ICP techniques. Such is 
the case with the determination of twenty el- 
ements by ICP/AES proposed by Wang and 
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Barnes,” who assessed the performance of two 
resins. Implementing the separation step prior 
to molecular spectroscopic detection is usually 
intended either for precon~ntration or for in- 
terference removal (e.g., in the photometric 
method for determination of sulphate after sep- 
aration by a strong anion-exchange resin mini- 
column located in the loop of the injection 
valve). By using adequate pr~oncentration 
times and a less sensitive method (displacement 
of the methylthymol blue/barium complex by 
the analyte) Karlsson et al. accomplished a 
determination range between 25 and 1000 
ng/m1.16 The decrease in the sampling frequency 
resulting from the precon~ntration step can be 
overcome by using a system of two columns that 
fnnction alternately for retention and elution. 
Wu and Qi achieved a sampling frequency of 30 
hr and a detection limit of 3 ng/ml in the 
photometric determination of uranium in geo- 
logical samples. I7 An unconventional method 
was developed by Lei er al. for the determi- 
nation of mercaptans in gasolines based on 
preconcentration of the analytes on ion- 
exchangers and elution with an immiscible elu- 
ent” in the manifold shown in Fig. l(B). The 
gasoline sample was circulated through an 
electropneumatically actuated rotary valve, V, 
(sample loop 60 pl), and a microcolumn packed 
with a strong anion-exchanger, and then 
through the load port of valve V, to waste. 
Valve V, is the same as V, but has a 15~1 loop 
volume. The loading loop and waste port of this 
valve accommodate a stainless-steel hypodermic 
needle inserted as shown in Fig. l(B). The 
conductivity between these two metal probes is 
monitored; when the loop is filled with a con- 
ductive aqueous eluent rather than gasoline 
carrier, the electrical resistance drops and valve 
V, is automatically switched to its injection 
position. 

S-Hydroxyquinoline has been the most fre- 
quently immobilized chelating agent used for 
pr~on~ntration purposes, It is usually sup- 
ported on silica and placed in the transport 
zone’gs2o or in the loop of the injection valve.21 
Occasionally, it has also been immobilized on 
controlled-pore glass22 and on Fractogel.23 Pre- 
concentration of lead was assayed by using 
various FI manifolds and chelating agents for 
the determination of this element by FAAS. 
Detection limits down to 1.4 ng/ml Pb were 
obtained by using an FI manifold with three 
serially arranged injection valves such as that 
shown in Fig, l(C), in which timed sample 

loading and matrix removal without the matrix 
reaching the nebulizer were achieved with a 
single valve. Reagent consumption and the cali- 
bration time were reduced by using two ad- 
ditional valves to introduce the eluting and 
standard solutions.” Inert columns such as SB- 
SRs (single beads string reactors*‘) also exert a 
sensitivity enhancing effect by avoiding dilution. 

(b) Such an old technique as p~cipitation 
has not been incorporated into flow systems 
other than FIA. In situ formation of a solid 
phase in a flow injection manifold and retention 
on an appropriate filter provides high precon- 
centration factors, in both direct and indirect 
methods for individ~l species or multidetermi- 
nations.25 

The filter used can be stainless-steel and lo- 
cated prior to an atomic absorption detector 
(e.g., in the direct determination of lead, where 
a preconcentration factor of 700 was achieved 
by precipitating the metal with ammonias), 
non-metallic (e.g., a disposable cellulose acetate 
membrane--that was also used for the direct 
AAS determination of copper by precipitation 
as hydroxide, and of calcium as oxalate.27) A 
special filter (Tygon tubing 7 cm long, 2.8 mm 
bore, tilled with l-9-mm diameter Pyrex glass 
beads) was used for the indirect determination 
of chloride and carbonate ions by AAS after 
preconcentration by precipitation as silver and 
calcium salts, respectively.28 A reagent injection 
manifold in which the dissolving and washing 
solutions were introduced through an injection 
valve was used. Detection limits of 3 x 10e7 and 
5 x lo-‘M were achieved for Cl- and CO:-, 
respectively, by using thiosulphate and hydro- 
chloric acid as dissolution agents. 

A procedure for co-precipitation of lead in 
the presence of high concentrations of iron and 
its subsequent determination by FAAS was 
reported by Fang et aL2’ Lead was co-precipi- 
tated quantitatively with an iron(I1) complex 
and collected in a knotted reactor made of 
Microline tubing without using a filter. The 
precipitate was dissolved in isobutyl methyl 
ketone and introduced directly into the 
nebulizer-burner of an AA detector. A precon- 
centration factor of 20 was obtained for a 
co-precipitation time of 30 set and a sampling 
frequency of 90 hr. The results obtained in the 
determination of lead in reference materials 
(blood and bovine liver) showed the procedure 
to be suitable for biological materials. 

(c) Stripping techniques30 are among the 
most frequently used enhancers of the key 
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analytical parameters, namely sensitivity 
and selectivity. Stripping techniques (whether 
voltammetric or potentiometric) and FIA have 
a synergistic effect,5 particularly for preconcen- 
trations; in fact, detection limits as low as a few 
pg/ml have been accomplished by using differ- 
ential pulse voltammetry for the determination 
of lead in blood with no sample deoxygena- 
tion.3’*32 Also, potentiometric stripping has pro- 
vided excellent determination methods for lead 
and cadmium in whole blood by using carbon 
fibre electrodes,33 and in acid digest of biological 
samples without further treatment.% A special 
chemical stripping and potentiometric hybrid 
method was developed by Nakayama et al. for 
the determination of iodine species in seawater 
by using a continuous flow system in which the 
iodide was electrochemically oxidized to iodine 
and quantitatively concentrated onto a carbon 
wool electrode in a preconcentration cell. After 
interfering ions were removed, the iodine was 
eluted with a reductant and subsequently 
measured at a polished Ag,SI electrode in the 
detection cell. Iodate was determined on re- 
duction to iodide.35 The new mode of perform- 
ing stripping voltammetry proposed by Wang 
(batch injection stripping36) is a very promising 
alternative in this field. 

Preconcentration as well as an efficient con- 
trol of the accuracy were provided with a dual 
detection system based on potentiometric strip- 
ping and atomic absorption spectrometry.37*38 

Increasing sensitivity by decreasing dilution. 
Flow injection system provides various means 
of introducing or bringing reagents and cata- 
lysts into contact with the sample in the mani- 
fold. Solid interfaces consisting of solid 
reactors, such as redox, enzymatic, passive 
and pressurized membrane releasers, decreasing 
dilution. 

(a) The earliest solid reactors used in FIA 
were redox in nature (e.g., those employed in the 
photometric determination of nitrate by its re- 
duction to nitrite prior to its reaction with the 
classical Griess reagents). The dilution arising 
from the use of an additional reductant was thus 
avoided.3g Configurations including internally 
coupled injection valves and a solid reactor in 
the loop of the injection valve allowed nitrogen 
speciation.“” Also, organic species have been 
oxidized by using solid reactors, as in the deter- 
mination of paracetamol with potassium hexa- 
cyanoferrate(II1) previously immobilized on an 
anion-exchange column for the oxidation of the 
analyte prior to its photometric determination 

based on its reaction with an imine reagent.4’ 
Other reagents have been assayed, whether im- 
mobilized and packed in microcolumns or as 
derivatizing agents. Mottola developed interest- 
ing strategies to optimizing their performance.” 
The reagent itself can also be packed in the 
microcolumn as in peroxyoxalate solid reactors, 
thereby avoiding mixing problems and facilitat- 
ing instrumental development.43 The features of 
chemiluminescence monitoring make it prefer- 
able to immobilize the reagent in the flow-cell in 
order to accomplish integration of reaction and 
detection. 

(b) Reagent-releaser membranes. Dasgupta 
et al. have used both passive membranes (ion- 
exchange membranes that release ammonia or 
sodium hydroxide) for conditioning the reaction 
medium, as well as pressurized membranes that 
are crossed by the derivatizing reagent or cata- 
lyst. Such is the case with the fluorometric 
determination of aqueous sulphite, sulphide and 
methanethiol after reaction with N-acridinyl- 
maleimide (introduced through a pressurized 
membrane) in an ammonia medium (introduced 
through a passive membrane),44 and that 
of peroxides based on the p-hydroxyphenyl 
acetate/peroxide/peroxidase system, in which a 
pressurized porous PTFE membrane reactor 
introduces the enzymes and the pH of the 
flow stream is altered by inserting NH, 
through a non-porous cation-exchange mem- 
brane reactor.4’ 

(c) Enzymes immobilized on suitable sup- 
ports have been widely used in on-line couplings 
to FI manifolds, both for determining sub- 
strates&,47 and for facilitating monitoring in the 
determination of the activities of other en- 
zymes.” Although the most commonly used 
support for immobilization of these catalysts is 
controlled-pore glass and to a lesser extent 
gels,* magnetic particles have also been used for 
this purpose. 4g Also catalysts have been en- 
trapped in tubular microporous membranes.% 
The efficiency of the catalytic effect involved 
depends on the number of molecules of catalyst 
that were immobilized (or entrapped) and on 
the ability of the analyte to reach the active sites. 
Two,” three,s2 fours3 and up to five” enzyme 
reactors have been used in serial arrangements 
to develop FI methods. 

In addition to the decreased dilution achieved 
by using immobilized catalysts other solid inter- 
faces included in FI manifolds can be used for 
different purposes. One case in point is the 
determination of serum-galactose, which calls 
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for on-line dialysis, activator, ion-exchange and 
enzyme reactors. 52 Immobilization on the walls 
of a cell placed in an ordinary photometer or 
fluorimeter enables reaction-rate measurements 
with decreased dilution.55 A further increase in 
sensitivity can be achieved by coupling an am- 
plification reaction for determining very small 
amounts of substrates. Thus, a substrate re- 
cyling system was developed by Hansen et aLs6 
by incorporating a small column reaction con- 
taining co-immobilized enzymes into the FI 
manifold in order to implement the degradation 
step and ensuing detection of a suitable reaction 
product to be individually optimized for assays 
of lactate or pyruvate in the micromolar range 
with an amplification factor of 40 for each of the 
substrates. 

to powerful separation techniques such as 
HPLC. 

Interference removal. One of the most typical 
ways of increasing selectivity is by interference 
removal, which can be accomplished in FI 
manifolds by coupling/forming solid interfaces 
such as ion-exchange or sorbent columns, mem- 
branes or precipitation processes. 

(d) Micellar media make special solid inter- 
faces that are used in FIA to increase sensitivity 
in different ways. Among major roles of micellar 
media are increasing the solubility of reagents 
and acting as concentration sites in order to 
shift the derivatizing reaction equilibrium.57-59 
But micellar media can also increase selectivity 
by acting as ideal interfaces in reaction between 
water-soluble reagents and non-aqueous 
samples, thus allowing the development of 
liquid-liquid extraction processes without phase 
separation. @v6’ A novel chemiluminescence sys- 
tem was reported for the flow injection determi- 
nation of phenylpyruvic acid (PPA) in which the 
presence of both ordered surfactant molecular 
assemblies and a metal ion catalyst was essential 
to the phosphorescence of benzaldehyde (emit- 
ter) produced by aerobic oxidation of PPA in 
alkaline solution. Dioctadecyldimethylammo- 
nium chloride bilayer aggregates and cobalt 
allowed PPA to be selectively determined down 
to 1 x lo-‘M. The bilayer aggregates were 
found to contribute favourably both to the 
production of key intermediates and to efficient 
phosphorescence emission.62 

(a) Separation on an ion-exchange or sorbent 
column involves retention of the analyte or the 
interferents. Thus, the interferences from cat- 
ions in the chemiluminescence determination of 
bromide was overcome by using a strong cation- 
exchange columnM Also, ammonia, the only 
interferent with the determination of biuret in 
fertilizers, was removed by using a Dowex ion- 
exchange column located prior to or after the 
injection valve. 65 When a reagent injection 
manifold is usedM or for the removal of reagents 
interferences when the normal FI mode is used, 
the matrix interference removal column must 
always be inserted into the main stream, as it 
must for the removal of reagents interferences 
when the normal FI mode is used.s2*67 Ab- 
sorbents such as C8 bonded silica beads have 
been used for retention of the sample matrix in 
the determination of bitterness in virgin olive 
oils by using a solid minicolumn located in the 
loop of the injection valve in order to avoid 
passage of the matrix through the detector in the 
eluting/washing step. 68 On the other hand, the 
amperometric determination of copper in com- 
plex matrices such as serum with high albumin 
content was carried out by using a chelating 
column to retain heavy metals while allowing 
albumin to run to waste.69 

Increasing selectivity by using solid interfaces 

Enhanced selectivity was accomplished to- 
gether with interference removal by using mask- 
ing agents such as triethanolamine, thiourea, 
fluoride and cyanide in the preconcentration of 
lead by using 8-hydroxyquinoline immobilized 
on silica,” and by on-line coupling of another 
separation technique such as hydride gener- 
ation.” 

Flow injection methods usually surpass their (b) Membranes have been widely used in FI 
manual and segmented-flow counterparts in manifolds as they allow selective passage of a 
selectivity as a result of measurements being great variety of substances (gases and low mol- 
made under non-steady state conditions which ecular weight, ionic, polar and non-polar com- 
avoids interferences from species reacting more pounds, etc.) depending on their nature. The 
slowly than the analyte.63 In addition to the low yield of these separation processes is a result 
characteristic fixed-time kinetic measurements of equilibrium not being reached in the very 
of FIA, selectivity can be enhanced by using short contact time between sample and mem- 
solid interfaces for, 1) interference removal; 2) brane. This sensitivity loss has been overcome in 
reaction-rate measurements based on immobi- different ways (Fig. 2), namely: by using ultra- 
lized enzymes; 3) and coupling of FI manifolds sounds on the separation unit72; by halting the 
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USP 

B) 

STREAM 

Fig. 2. Different ways of increasing sensitivity in membrane/separation processes. A) By use of an 
ultrasonic source acting on the separation unit. B) By halting the flow of the acceptor stream. C) By using 
a closed-loop system to recirculate the acceptor stream. USP denotes ultrasonic probe. The rest as in 

Fig. 1. 

flow of the acceptor stream, whether by using 
valve,73 or a time-based mode74; and by using a 
closed loop through which the acceptor stream 
is recirculated for the analyte to build up.” 

Dialysis is a very useful means of avoiding 
interferences from proteins and other macro- 
molecules occurring in biological samples, as 
was shown in the potentiometric determination 
of chloride in milk by using a selective electrode 
for this analyte. The interference from casein 
was thus overcome and a stable baseline was 
obtained.76 The determination of this analyte in 
serum calls for both interference removal and 
dilution, which was accomplished by using a 
dialysis membrane whose yield was accommo- 
dated within the linear range of the determi- 
nation method by employing an adequate ratio 
of acceptor to donor stream.” A dialysis step 
was also required to isolate low molecular- 
weight substances from samples obtained in a 
cellular permeation process in order to monitor 
the intracellular enzyme activity.” A particular 
method for extraction-preconcentration of phe- 
nol compounds from kerosene and naphtha was 
based on separation through a silicone mem- 
brane into a basic acceptor stream which con- 
tained 4-aminoantipyrine.79 The sensitivity of 
the method was also manipulated by modifying 
the size of the extraction cell and the preconcen- 
tration time. Ionomer membranes enhance 
the selectivity of electrode-based biosensors, 
thereby improving the quality of FI measure- 
ments, as shown by Rosario er aLgo in the 
determination of urea in blood serum and L- 

glutamine in hybridoma bioreactor media. A 
coil of cation-exchange tubing was used as a 
direct replacement for the injection loop of a 
conventional sample injector enabling Donnan 
dialysis to be performed under static conditions 
while allowing enriched samples to be injected 
into an FAA spectrometer.8’ On-line coupling 
of a dialyzer to another solid interface for 
separation or derivatization purposes results in 
improved features, as in the determination of 
galactose by use of up to three enzyme reactors 
and two separation minicolumns after the dia- 
lyzer in order to ensure a selective determination 
of this analyte in serum.*’ 

Membranes allowing gas-diffusion to take 
place across them have also been widely used in 
FI manifolds for the determination of either 
species occurring as gases in the samples (e.g., 
03, c10J,**a4 or others that can be converted 
into gases by an acid-base reactiongs3 or by 
heating. 93*94 A method that is 1500 times more 
selective towards chlorine dioxide than it is 
towards chlorine on a mole basis, and with a 
detection limit of 5 ng/ml, was developed by 
combining gas-diffusion and chemiluminescence 
detectionW The method avoided the interfer- 
ence from iron and manganese compounds, as 
well as those of other oxychlorinated com- 
pounds such as chloride ion and chlorate ion. 
Species that are readily converted into gases 
(e.g., cyanide and ammonium ions) have been 
determined in complex matrices by using an FI 
manifold including a gas-diffusion ce11.8H9 A 
method for the determination of cyanide based 
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on gas-permeation and reaction with a highly 
selective reagent has been recently proposed by 
Kuban.” It featured a detection limit of 3 ng/ml 
and most interferences, including those of SCN 
were eliminated by discrimination of mass 
transport through a non-porous silicone-rubber 
membrane. Urea has also been determined after 
enzymatic conversion into ammonia and diffu- 
sion of the generated gas as in the conductimet- 
tic determination involving a reactor packed 
with naturally immobilized urease in the donor 
stream and mixed bead ion-exchange mini- 
column in the acceptor stream for final purifi- 
cation of demineralized water prior to the 
separation unit in order to facilitate monitoring 
of conductivity changes involved.67 

Microporous membranes provide excellent 
results in the separation of hydrides generated 
prior to their introduction into an atomic detec- 
tor, whether AAS” or ICP/AES.95 Tubular de- 
signs are more efficient in this respect, and allow 
fast, quantitative release of the gas phase.96g97 
Also gas-diffusion separation and detection 
have been integrated. A porous gold layer, 
deposited on one side of a porous Teflon mem- 
brane, serves as an amperometric electrode 
which consumes volatile species transported 
from the flowing solution through the mem- 
brane. Thus, nitrite ion has been determined 
without interference from nonvolatile electroac- 
tive species by reaction to produce nitric oxide 
and iodine.g8 

Pervaporation, i.e., integrated evaporation 
and gas-diffusion, can be used to enhance selec- 
tivity dramatically, as shown in the determi- 
nation of ethanol and diacetyl in fermentation 
monitoring.93 A simple modification of the 
membrane (e.g., with silicone) allows the linear 
range for the determination of ethanol to be 
expanded to 0.0006-60% v/v.% 

On-line coupling of an FI manifold to a 
continuous liquid-liquid extractor including a 
membrane separator has been used for the 
selective determination of both organic and 
inorganic species. WV’oo This solid interface offers 
major advantages over separators based on 
density differences (i.e., smaller inner volume, 
possibility of using high flow-rates, no density 
differences between the aqueous and organic 
phase required, and a higher efficiency). One 
example of the enhanced selectivity inherent in 
liquid-liquid extraction is the method for the 
determination of lithium in biological fluids by 
using cryptand 211, which features a linear 
range for the analyte of 70 ng/ml to 2.1 pg/ml 

and tolerates up to 1000 pgg/ml sodium ion.‘O’ A 
higher selectivity can be achieved by coupling 
the liquid-liquid extraction process to another 
separation technique such as chromatography. 
The discriminating effect of GC allows the 
separation/determination of phenol compounds 
prior to simultaneous on-line derivatization- 
extraction into n-hexane of the esters formed 
with acetic anhydride.“’ 

Inert hydrophobic membranes103~‘04 as well as 
thin layers of organic solvent immobilized on 
microporous inert supports (liquid supported 
membranes) ‘oJ~‘06 have been used for sample 
clean up and preconcentration in FI systems 
even coupled to a gas chromatograph as an 
alternative to liquid-liquid extraction. Amines 
in urine and phenols, chlorinated aromatic com- 
pounds and pesticides are examples of non- 
polar compounds extracted by means of 
these devices, the advantages of which 
have been recently reviewed by Jonsson and 
Mathiasson.“’ 

(c) Precipitation allows the selective determi- 
nation of calcium at the pg/ml level in the 
presence of over 1000 fig/ml aluminium thereby 
avoiding its interference with the AAS determi- 
nation of this alkaline earth by use of an 
air-acetylene flame.‘* 

(d) Reaction-rate methods based on the use 
of immobilized enzymes combine the selectivity 
of the enzymatic processes with the advantages 
of reaction-rate monitoring, viz. avoidance of 
interferences from the matrix signal and from 
species that react faster or slower than the 
analyte. There are three main alternatives to 
performing these measurements which involve 
three different. FI approaches, namely: stopped- 
fl~w,**~ iterative change of the flow direction,‘08 
and open-closed configurations.‘09 

Enzymes immobilized on the walls of a 
photometric or fluorometric flow-cell enable 
reaction-rate measurements by halting the flow 
as the sample plug reaches the flow-cell. Pairs of 
signal-time data can be acquired during the stop 
interval, and related to the concentration of the 
analyte. Iterative passage of the sample plug 
through an ordinary photometer or fluorimeter 
can be accomplished either by changing the flow 
directionlo or by using an open-closed sys- 
tem.‘@’ In both cases, an enzyme reactor can be 
included in the FI manifold so the sample can 
be circulated through it between two consecu- 
tive passages through the detector, thereby 
providing additional development of the en- 
zyme reaction.“O 



28 M. D. LUQUE DE CASTRO and M. T. TENA 

Both selectivity and sensitivity can be im- 
proved through biochemical reactions, whether 
by using immobilized catalysts (e.g., enzymes, 
as described in section A) or reagents. Immuno- 
assay makes a very powerful means of enhanc- 
ing the selectivity of FI methods.“’ The 
FIA-ELISA coupling allows on-line monitoring 
of biological macromolecules. The operational 
principle is based on the competitive binding of 
an antibody and a native antigen in the sample 
to an enzyme-labelled antigen that is added in a 
preset amount. The antibodies are immobilized 
onto a solid support and placed in a small 
column inserted in the flow system. After one 
assay cycle, the system is rinsed and the column 
is re-used for the next assay. The total time for 
one assay cycle is 6-10 min.“* Fluorometric 
on-line monitoring of monoclonal antibodies in 
the course of a hybridoma cell fermentation has 
also been accomplished by using immunoreac- 
tors containing membranes for magnetic par- 
ticles as the solid phase for the bound 
antibodies.“3 

Multi&terminations based on FI systems involv- 
ing solid interfaces 

The development of multiparameter methods 
is one of the current goals of FIA as they may 
make this technique competitive with other 
automatic alternatives, whether continuous or 
batch.’ Multideterminations in FI/solid inter- 
face systems are made possible either by the 
presence of the solid interface itself, by the 
features of the detector (e.g., MS, ICP), by 
alterations to the detection zone [integration of 
reaction(retention) and detection], or by more 
than one of the previous choices (stripping 
techniques, use of derivative synchronous fluor- 
escence in integrated reaction-detection sys- 
tems). Solid interfaces used for discrimination 
purposes in FIA include the following: 

Precipitation. Precipitation of the analytes 
with further selective dissolution, as in the indi- 
rect sequential dete~nation of chloride and 
iodide by AAS after precipitation with silver 
ion, retention of the precipitated salt on a filter 
and dissolution of chloride and iodide by 
sequential injection of ammonia and cyanide 
solutions.’ l4 

~embr~es. Membranes a~o~o~t~ in 
liquid-liquid extractors, dialysers and gas- 
diffusers have been used for multidetermination 
purposes. Membranes for separation of immis- 
cible phases have been used in the simultaneous 
determination of diphenydramine and 8- 

chlorotheophylline in dramamine tablets.“” A 
porous membrane was used to isolate the cyclo- 
hexane phase and a paper membrane was em- 
ployed to separate the aqueous buffer phase 
after solvent extraction via a segmented flow. At 
pH 10, diphenydramine was quantitatively ex- 
tracted into the cyclohexane phase while 8 
chlorotheophylline remained in the buffer 
phase. Assays were performed at the rate of two 
per minute and with r.s.d. values of 1% . Speci- 
ation of calcium in milk (as total and free 
calcium) was accomplished by using a dialysis 
membrane which allows the photometric deter- 
mination of free calcium in the acceptor stream 
and that of total calcium on an undialysed 
sample by AAS.‘16 Inclusion of a further dialy- 
ser arranged in series with the previous one 
allows the potentiometric determination of 
chloride in milk in addition to calcium specia- 
tion. Three parallel detectors are required in this 
case.“’ Also, two serially arranged dialysers 
were used for the simultaneous dete~ination 
of sodium and potassium by flame emission 
spectrometry and of chloride by spectropho- 
tometry.” 

The use of diffusion membranes for simul- 
taneous dete~inations occasionally involves 
passing only one analyte through the mem- 
brane, as in the simultaneous determination of 
hydroxylamine and cyanide, where cyanide is 
amperometrically determined in the acceptor 
stream, while hydroxylamine remains in the 
donor stream and is oxidized by iodine, which 
is then determined photometrically.“9 However, 
sometimes both species are allowed to cross the 
porous membrane in order to be simultaneously 
determined in the acceptor stream by using two 
serial detectors, as in the dete~nation of CO, 
and SO2 with a potentiomet~c detector respon- 
sive to both analytes and a photometric detector 
for SO2 alone (p-rosaniline-formaldehyde 
method). ‘*’ If a single detector is used, discrimi- 
nation between analytes can be achieved 
sequentially by changing the pH of the 
acceptor stream, as in the determination of 
cyanide and thiocyanate, which react with 
pyridine/barbituric acid at pH 6.0, whereas only 
cyanide reacts at pH 8.1.‘*’ 

Microcolumns. Microcolumns packed with 
solid materials have been used to develop a 
number of multidete~ination methods. 

(a) Ion-exchange resins can selectively retain 
one analyte, thereby enabling discrimination, as 
in the resolution of V(V)-Ti(IV) mixtures by use 
of a modified injection valve to introduce two 
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samples sequentially into the reagent stream. 
One of the samples is passed through a cation 
exchanger minicolumn and the other through an 
empty column before reaching the detector. The 
former allows vanadium alone to be measured, 
and the latter vanadium plus titanium.‘** 

(b) Redox columns, particularly those of cad- 
mium and copperized cadmium have been em- 
ployed for nitrogen speciation as nitrite and 
nitrate on the basis of the Griess reaction. The 
complexity of FI manifolds used for this pur- 
pose has increased with time. Thus, Anderson123 
reported a fairly simple design in which, after 
injection, the sample was split and driven 
through two parallel configurations, one of 
which included a redox column, and then 
through a photometric detector. A more recent 
reversed FI system uses a valve to switch the 
cadmium column in and out of line so that 
nitrate plus nitrite or nitrite alone can be deter- 
mined.‘24 A configuration with internally 
coupled valves and a reductant column located 

in the loop of the secondary valve provided 
plugs with two distinct reaction zones, one of 
which was passed through the redox column 
while the other was not.33 A similar manifold 
using an MnO, solid reactor instead was used 
for the determination of hydrogen peroxide and 
organic peroxides.‘*’ 

(c) Immobilized catalysts, usually enzymes, 
have also been employed to determine one or 
more of the analytes in multideterminations. 

Thus, two types of contigurations were used 
for the simultaneous determination of two 
species, of which one required an enzymatic 
reaction: one of the manifolds included two 
injection valves coupled in parallel [Fig. 3(A)] or 
in series [Fig. 3(B)] in such a way that only one 
of the injected plugs passed through the enzy- 
matic reactor. This was the basis of the simul- 
taneous fluorometric determination of urea and 
ammonium with the o-phthalaldehyde/2-mer- 
captoethanol system and a reactor containing 
immobilized urease.‘26 The FI manifold to be 
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Fig. 3. Approaches to multideterminations based on immobilized reactors. A) and B) Only one of the 
determinations is based on enzyme reactions. C) and D) A different enzyme is required for each analyte. 
E) One analyte requires two enzymatic steps and the other only one, but common with the former. IMER 

denotes enzyme reactor, L an open reactor, the rest as in Fig. 1. 
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used when both analytes require an enzymatic 
derivatizing reaction is determined by whether 
or not one of the biocatalysts is common to both 
analytes. Thus, two solid interfaces were used 
for derivatization in the simultaneous determi- 
nation of L( + ) and L( - ) lactic acid, which 
require different enzymes, so an FI manifold 
with splitting and confluence points [Fig. 3(C)] 
and two channels including an enzymatic reac- 
tor each was used.‘27 By performing two-fold 
injections the splitting point can be dispensed 
with, as in the determination of ethanol and 
acetaldehyde in wines by using alcohol and 
aldehyde dehydrogenases and monitoring the 
formation of the reduced form of the coenzyme 
photometrically. Despite the rather different 
concentrations at which these analytes occur in 
wines, they required only a single dilution of 
the sample and appropriate choice of the 
injected volumes and length ratios of the 
IMER,-IMER,, and L,-L, reactors [Fig. 
3(D)].12* On the other hand, the simultaneous 
determination of species which call for a com- 
mon reagent and another specific to each, such 
as sucrose and glucose, can be developed in a 
manifold such as that shown in Fig. 3(E)].12’ 

Multideterminations involving separations by 
using two solid interfaces have been effected 
with, as in the photometric method for the 
determination of sodium and potassium by sep- 
aration on a silica column and liquid-liquid 
extraction into benzo- 1 &crown-6 and tetrabro- 
mophenylphthalein ethyl ester.13’ 

Two different solid interfaces were used for 
separation-discrimination and derivatization, 
respectively, in the determination of bile acids in 
serum by use of an enzymatic derivatizing reac- 
tion after chromatographic separation. The 
overall manifold allows the determination of 
total or individual analytes depending on 
whether or not the sample is injected via the 
FIA or the HPLC valve. Thus, the FIA plug 
does not pass through the chromatographic 
column, but only through the enzymatic reac- 
tor, while the HPLC plug calls for individual 

determination.‘3’ When the HPLC instrument is 
coupled to an open-closed FI manifold’09 in- 
cluding the enzymatic reactor, reaction-rate 
measurements can be performed in addition to 
separation and enzymatic derivatization. Such 
is the case with the overall determination of 
the activity of creatine kinase and its different 
isoenzymes.‘32 

Three solid interfaces were used in the 
sequential determination of NH,, NO2 and NO3 
in the manifold shown in Fig. 4. Ammonia was 
determined by merging the injected sample with 
an alkaline solution (NaOH/EDTA) and pass- 
ing the resulting mixture through a diffusion 
cell. Released ammonia was collected by a flow- 
ing stream of deionized water that was sub- 
sequently passed through a conductance flow 
cell. The nitrate and nitrite concentrations were 
determined after reduction to ammonia in an 
alkaline medium by using a column filled with 
metal zinc. The ammonia thus produced was 
then measured as described above. Speciation 
was accomplished by adding sulphanilic acid to 
remove nitrite from the sample and determine 
the ammonia without using the column.‘33 

Unconventional detectors. Some multidetermi- 
nations rely both on intrinsic features of uncon- 
ventional detectors and on the use of solid 
interfaces in the FI manifold which play a major 
role in the overall process. Such is the case with 
the on-line monitoring of acetic acid, acetoin 
and ethanol by membrane introduction tandem 
mass spectrometry proposed by Hayward 
et a1.,‘34 in which the analyte is directly inserted 
by a membrane probe that introduces aqueous 
solutions past a membrane place in the ion 
source of a mass spectometer,‘34 or in an ion- 
exchanger coupled to an ICP/AES instrument 
for the preconcentration and simultaneous de- 
termination of metalsI 

Mod$ed$ow-cells located in conventional or 
unconventional detectors. These arrangements 
have been used to integrate reaction (retention) 
and detection of analytes in mixtures. Any 
of the components of an analytical reaction 

Fig. 4. Manifold designed for nitrogen speciation (as ammonia/nitrate/nitrite) by using a redox column 
and conductimetric detection. RC denotes redox column and GD gas-diffuser. For more details, see text. 



Solid interfaces as analytical problem solvers in flow injection analysis 31 

(analytes, reagents, catalysts and products) can 
be permanently or temporarily retained on a 
support that is used to pack the flo~-cell.~-~ The 
rate difference of the derivatizing reactions of 
two analytes retained on the C,, packing of the 
flow-cell of an ordinary spectrophotometer was 
the basis for a simultaneous determination of 
phosphate and silicate. A kinetic optosensing 
method was developed in which the rate differ- 
ence in the reduction of the heteropoly com- 
plexes allowed the simultaneous determination 
of phosphate in the ng/ml range, and that of 
silicate at the ,ug/ml levels.‘35 By placing a 
flow-cell packed with C,, support in a diode 
array spectrophotometer (DAS), the retained 
analytes can be simultaneously monitored at 
various wavelengths provided their absorption 
spectra are fairly different, as is the case with the 
simultaneous triple determination of aromatic 
amines based on differences in their spectral 
features.‘36 The same type of cell and support, 
but placed in a spectrofluorimeter, were used for 
the determination of pyridoxal, pyridoxal-5- 
phosphate and pyridoxic acid based on deriva- 
tive synchronous fluorometric measurements.‘37 

Saving sample and reagent consumption by using 
solid interfaces in FIA: miniaturization 

Miniaturization. Miniaturization is one of the 
main trends in today’s analytical chemistry in 
response to social demands for assays involving 
increasingly smaller amounts of sample (par- 
ticularly in the clinical field) and expensive 
reagents that must be used sparingly (especially 
in routine analyses). Flow injection analysis is 
in itself a miniaturized technique that can be 
further improved in this respect. Integrated 
microconduits’ make the most promising ap- 
proaches to miniaturization. Their performance 
can be boosted by incorporating ion-exchange 
minicolumns and enzyme reactors’39 in the 
transport system, or by integrating reaction(re- 
tention) and detection. Flow-through sensors 
for penicillin““’ and ureat4’ microconduits have 
thus been developed. They consist of penicili- 
nase or urease that is cross-linked with bovine 
albumin into a cellulose pad, and an acid-base 
indicator dye covalently bound to the surface of 
the cellulose, the sensor pad being placed at the 
endface of fibre optic bundles. Another, more 
sophisticated approach to the determination 
of urea involved a flow-cell combining gas- 
diffusion and optosensing; the separating bar- 
rier between the donor and accepting stream is 
a sandwich of a hydrophobic gas-permeable 

membrane and a hydrophylic membrane be- 
tween which a gel of covalently immobilized 
urease is contained. The urea content in the 
sample is quantified by the colour change of an 
acid-base indicator contained in the acceptor 
stream. I42 

Another advantage of miniaturization is the 
possibility of performing in vivo monitoring. A 
rapid, specific measurement of the lactic acid 
content of extracellular fluid can be accom- 
plished by direct combination of intracerebral 
dialysis and flow injection analysis with enzy- 
matic fluorescence detection.‘43 

Integration of reaction (retention) and detec- 
tion. The integration of these two aspects is the 
central philosophy of one other of the most 
exciting trends in analytical chemistry: 
(bio)chemical sensors. Some (bio)chemical sen- 
sors were already commented on earlier (e.g., in 
dealing with immobilization in the flow-cell in 
section A, and with analyte/product immobiliz- 
ation for simultaneous determinations in section 
C. There are other interesting examples in the 
FIA literature that testify to the suitability of 
these approaches. One such example is the 
immobilization of a reagent on a support 
packed in a flow-cell (luminol on CPG or silica 
for peroxide determinations’44) and the attach- 
ment of antigens (IgG) to a membrane mounted 
in a flow-cell of 5-,ul dead volume.‘45 In this case, 
the analyte, in the form of mouse antibovine 
IgG, was injected into the flowing stream fol- 
lowed by a goat anti-mouse IgG horseradish 
peroxidase (HRP) conjugate. The HRP was 
used to catalyse the enhanced luminol reaction, 
which produced chemiluminescence that was 
detected directly within the immunoreactor. 
Other interesting biosensors for determination 
of ATP with bioluminescence detection,‘& that 
of ammonia with gas-diffusion/optosensing sys- 
tem,‘47 and for enzyme activity monitoring’4* 
have been reported. Also, a solid-surface 
room-temperature optosensor was developed 
for the determination of aluminium in clinical 
chemistry.‘49 

Automation of the preliminary steps of the ana- 
lytical process by use of solid interfaces 

One of the chief targets of automation is the 
preliminary steps of the analytical process, 
which involve a variety of tedious operations 
that are the source of major error in the overall 
process.’ Several attempts have been made at 
developing FI methods in which solid samples 
are directly introduced into the manifold, thus 
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avoiding the dissolution step by leaching the 
solid sample with a suitable agent and the aid of 
auxiliary external energy such as ultrasounds, 
electrical current or heat. 

Selective electrolytic dissolution. Selective 
electrolytic dissolution of some minor com- 
ponents in stainless-steels has been achieved by 
applying an adequate current intensity, whether 
for further simultaneous determination by 
ICP/AES”O or for a single determination by 
using FAAS”’ or a conventional spectropho- 
tometer after a derivatizing complex-formation 
reactions.15* 

Ultrasonic energy. This allows lixiviation of 
solid samples placed in a special cell through 
which the leaching solution is recirculated while 
the cell is subjected to ultrasonic cavitation. The 
photometric determination of boron in soilsu3 
and that of iron in plant material’54 testify to the 
high potential of this approach. 

The determination of total organic halogen in 
solid substances was addressed by sample com- 
bustion/FI conductimetry with on-line precon- 
centration.’ The sample was subjected to 
high-temperature combustion in an oxygen 
stream. Halogen-containing decomposition 
products were preconcentrated from the gas 
stream by absorption in a capillary denuder 
tube coated with an aqueous solution of hydra- 
zine monohydrohalide salt, whereas carbon-sul- 
phur- and nitrogen-containing combustion 
products were removed by the carrier gas. The 
hydrohalic acid formed in the liquid film was 
then eluted by a stream of the adsorbent circu- 
lated through an electrolytic conductivity mi- 
crodetector. 

Indirect determinations involving solid interfaces 

On-line couplings of continuous separation 
techniques such as ion-exchange, liquid-liquid 
extraction and precipitation to atomic absorp- 
tion spectrometric detection results in the 
above-described advantages, and also in the 
possibility of implementing indirect determi- 
nations and thus extend the scope of application 
of these detectors to organic and non-metal 
inorganic species. These determinations may 
involve dissolution of the retained precipitate,“‘j 
or ion-exchange processes. 

Precipitation. Chloride and oxalate were de- 
termined by continuous precipitation/filtration/ 
dissolution in the ranges 3-100 pg/ml and 5-90 
pg/ml, respectively. 15’ The precipitate was 
formed by injecting the anion (analyte) into a 
carrier containing a cation (reagent) and was 

retained on a stainless-steel filter. In the deter- 
mination of local anaesthetics (lidocaine, tetra- 
Caine and procaine) at the pg/ml level’58 and 
of sulphonamides in pharmaceutical prep- 
arations,‘5g the precipitate was formed by inject- 
ing cobalt, copper or silver ion into a carrier 
containing the sample and was subsequently 
retained on a filter. The difference between the 
signals obtained by injecting the cation into a 
blank carrier and by using the sample as carrier 
was related to the concentration of the drug. 

Zon -exchange processes. These also provide a 
means of performing indirect determinations. 
Thus, a Chelex-100 resin packed column was 
used to determine EDTA by FAAS. In a first 
step, a copper(I1) solution was injected to regen- 
erate the column. The excess copper ion not 
retained on the column was washed with an 
ammonia solution carrier. In the second step, an 
injected EDTA sample displaced an equivalent 
amount of copper(I1) from the chelating column 
which was subsequently determined by 
FAAS.‘@’ Petersson et al. reported an FI method 
that combines precipitation and ion-exchange 
for the indirect determination of sulphide by 
FAS. Sulphide was precipitated by cadmium(I1) 
and the precipitate was allowed to pass unhin- 
dered through the FI system for AAS detection, 
while excess cadmium was removed by the 
ion-exchange column and later eluted.“j’ Also, 
the overall concentration of anionic surfactants 
was determined indirectly by AAS measurement 
of the copper(I1) present in an organic layer 
after formation of a detergent/ 1, lo-phenanthro- 
line/copper(II) ion-pair and extraction into 
methyl isobutyl ketone.16* 

Other problems solved by using solid interfaces in 
FI systems 

In addition to the above-described advan- 
tages, solid interfaces provide a valuable means 
of circumventing some shortcoming and im- 
proving the features of given methods. Thus, 
by in situ formation of unstable reagents in 
FI systems using solid redox reactors, derivatiz- 
ing reaction can be improved by avoiding 
heat losses (thermochemical reactions) by allow- 
ing sequential development of multi-step dervia- 
tizing reactions, or enabling simultaneous 
measurements on matrix and sample, among 
others. 

Generation of unstable reagents. Shortcomings 
involved in the use of unstable reagents in batch 
systems (e.g., frequent standardization, storage 
difficulties, time consumption) are avoided by 
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in situ generation in the flow manifold as the 
time interval between production and use is 
quite short and reproducible.‘63 Strong reduc- 
tants such as chromium(II),‘“‘66 vanadiu- 
m(II)‘6s167 and molybdenum(III)‘68 can be 
generated in-line from stable Cr(III), V(IV) and 
MO(W), respectively, by using a Jones reductor 
column. 

Minimization of heat losses. A packed bed 
reactor was used instead of the ordinary 
narrow-bore in the thermochemical determi- 
nation of iodine based on its catalytic effect on 
the reaction between Ce(IV) and As(II1) in 
order to minimize heat losses. As a rule, thin 
tubes have a much larger surface area across 
which heat can leak than do packed beds of an 
equivalent volume.‘6g 

Simultaneous samples and matrix measure- 
ments. Two conductance cells and an enzyme 
reactor placed between them provide a simple 
means of performing simultaneous sample and 
matrix measurements. Figure 5(A) shows the FI 
manifold used for the determination of urea 
based on its urease-catalysed hydrolysis and 
conductimetric monitoring of the sample both 
before and after passage through the enzyme 
reactor.170 

Sequential development of diferent steps. 
Figure 5(B) makes an excellent example of the 
different steps involved in the pre-treatment and 
derivatizing reaction for complex samples. This 
manifold, which was used for the determination 
of galactose in serum samples, allows sequential 
development of the following items: a dialysis 
process for removing macromolecules, passage 
of the dialysate through a Bond-Elut-NH,Cu 
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Fig. 5. A) Simultaneous sample and matrix measurements. 
B) Sequential development of the different steps of a con- 

ditioning/derivatizing reaction. For details see text. 

column for interference removal and through a 
catalase reactor for withdrawal of hydrogen 
peroxide (not only that from the sample, but 
also that yielded in reactions taking place in the 
Cu reactor). On passing through the galactosi- 
dase reactor, galactose produces hydrogen per- 
oxide that is monitored through the colour 
formed in an oxidative coupling reaction in the 
peroxidase reactor. A column packed with ary- 
lamine-activated porous glass inserted in the 
reagent stream adsorbs the impurities.” 

CONCLUSIONS 

As shown above, solid interfaces endow flow 
injection analysis with an even higher potential 
that can be exploited for a wide variety of 
purposes only limited by the user’s ingenuity. 

Future developments in the use of solid inter- 
faces in FIA will presumably be concerned with: 

(a) The introduction of solid samples into FI 
manifolds in order to avoid or reduce the pre- 
liminary steps of the analytical process, 

(b) the miniaturization of experimental set- 
ups so as to decrease sample and reagent con- 
sumption, and 

(c) the development of new types of 
(bio)chemical sensors for on-line and in-line 
measurements in the industrial and clinical field. 

These three general trends of today’s analyti- 
cal chemistry are particularly outstanding in 
flow injection analysis, for which the use of solid 
interfaces is an irreplaceable means of imple- 
menting approaches that open up new prospects 
for solving past, present and future problems. 

Acknowledgement-Direcci6n General de Investigation 
Cientifica y Tecnica, DGITCyT, is thanked for financial 
support (Grant No. PB90-0925). 

REFERENCES 

1. M. Val&rcel and M. D. Luque de Castro, Auromatic 
Methods of Analysis, Elsevier, Amsterdam, 1988. 

2. Idem, Flow Injection Analysis: Principles and Appli- 
cations, Ellis Horwood, Chichester, 1987. 

3. J. RtiZiEka and E H. Hansen, Flow Injection Analysis 
2nd Ed., J. Wiley, New York, 1988. 

4. M. Valcrlrcel and M. D. Luque de Castro, Mcrochem. 
J., 1992, 45, 189. 

5. M. D. Luque de Castro and A. Izquierdo, Electroanal., 
1991, 3, 457. 

6. M. D. Luque de Castro, Trends Anal. Chem., 1992,11, 
149. 

7. M. Val&cel and M. D. Luque de Castro, Analysr, 
1990, 115, 699. 

8. M. D. Luque de Castro and M. Valcarcel, Lab. 
Robotics Autom., 1991, 3, 199. 



34 M. D. LUQUE DE CASTRO and M. T. TENA 

9. Ibid., Trenh Anal. Chem., 1991, 10, 114. 
10. Z. Fang, M. Sperling and B. Welz, J. Anal. Atom. 

Spectrom., 1990, 5, 639. 
11. M. Sperling, X. Xuefeng and B. Welz, ibid., 1991, 6, 

295. 
12. J. Ruzicka and A. Amdal, Anal. Chim. Acta, 1989, 

216, 243. 
13. I. G. Cook, C. W. McLeod and P. J. Worsfold, Anal. 

Proc., 1986, 23, 5. 
14. N. Furuta, K. R. Brushwyler and G. M. Hieftje, 

Spectrochim. Acta, 1989, 44B, 349. 
15. X. Wang and R. M. Barnes, J. Anal. Atom. Spectrom., 

1989, 4, 509. 
16. M. Karlsson, J. A. Persson and J. Miiller, Anal. Chim. 

Acta, 1991, 244, 109. 
17. X. Wu and W. Qi, ibid., 1988, 214, 279. 
18. W. Lei, P. K. Dasgupta, J. L. L6pez and D. C. Olson, 

Anal. Chem., 1989, 61, 496. 
19. M. A. Marshall and H. A. Mottola, ibid., 1985, 57, 

729. 
20. 0. R. Purohit and S. Devi, Anal. Chim. Acta, 1992, 

259, 53. 
21. T. Yamane, K. Watanabe and H. A. Mottola, ibid., 

1988, 207, 331. 
22. F. Malamas, M. Bengtsson and G. Johansson, ibid., 

1984, 160, 1. 
23. V. A. Elrod, K. S. Johnson and K. H. Coale, Anal. 

Chem., 1991, 63, 893. 
24. S. R. Bisouth, J. F. Tyson and P. B. Stockwell, Anal. 

Chim. Acta, 1988, 214, 329. 
25. M. Valc&rcel and M. Gallego, Trends Anal. Chem., 

1989, 8, 34. 
26. P. Martinez-Jimbnez, M. Gallego and M. ValcPrcel, 

Analyst, 1987, 112, 1233. 
27. E. Debrah, C. E. Adeeyinwo, S. R. Bysouth and J. F. 

Tyson, ibid., 1990, 115, 1543. 
28. F. T. Esmadi, M. A. Kharoaf and A. S. Attiyat, 

Talanta, 1990, 37, 1123. 
29. Z. Fang, M. Sperling and B. Welz, J. Anal. Atom. 

Spectrom., 1991, 6, 301. 
30. J. Wang, Stripping Analysis: Principles Instrumenta- 

tion, Applications, VCH Publishers, New York, 1985. 
3 1. J. Wang and H. D. Dewald, Anal. Chem., 1984,!%, 156. 
32. J. A. Wise and W. R. Heineman, Anal. Chim. Acta, 

1985, 172, 1. 
33. L. Almestrand, D. Jagner and L. Renman, ibid., 1987, 

193, 71. 
34. W. Frenzel and P. Britter, ibid., 1986, 179, 389. 
35. E. Nakayama, T. Kimoto and S. Okazaki, Anal. 

Chem., 1985, 57, 1160. 
36. J. Wang, J. Lu and L. Chen, Anal. Chim. Acta, 1992, 

259, 123. 
37. G. Schulze, M. Koschany and 0. Elsholz, ibid., 1987, 

196, 153. 
38. G. Schulze, 0. Elsholz and W. Frenzel, Z. Anal. 

Chem., 1985, 320, 650. 
39. J. F. van Staden, A. E. Joubert and H. R. Vliet, ibid., 

1986, 325, 150. 
40. B. Bermtidez, A. Rios, M. D. Luque de Castro and M. 

Valcticel, Talanta, 1988, 35, 810. 
41. J. Martinez Calatayud and S. Sagrado Vives, J. Pharm. 

Biomed. Anal., 1989, 10, 1165. 
42. H. A. Mottola, Quim. Anal., 1989, 8, 119. 
43. P. van Zoonen, D. A. Kamminga, C. Gooijer, N. H. 

Velthorst and R. W. Frei, Anal. Chim. Acta, 1985,167, 
249. 

44. P. K. Dasgupta and H. C. Yang, Anal. Chem., 1986, 
58, 2839. 

45. H. Hwang and P. K. Dasgupta, ibid., 1986, Ss, 1521. 
46. J. Ruz, L&aro and M. D. Luque de Castro, J. Autom. 

Chem., 1988, 10, 15. 
47. E. H. Hansen, Anal. Chim. Acta, 1989, 216, 257. 
48. J. M. Fembndez-Romero and M. D. Luque de Castro, 

Chim. Oggi, 1988, November, 17. 
49. R. Kindervater, W. Kiinnecke and R. D. Schmid, 

Anal. Chim. Acta, 1990, 234, 113. 
50. H. Hwang and P. K. Dasgupta, Anal. Chem., 1987,59, 

1356. 
51. I. Ogbomo, R. Kittsteiner-Eberle, U. Englbrecht, U. 

Prinzing, J. Danzer and H. L. Schmidt, Anal. Chim. 
Acta, 1991, 249, 137. 

52. B. Olsson, H. Lundbgck and G. Johansson, ibid., 1985, 
167, 123. 

53. K. Zaitsu, K. Jamagishi and Y. Ohkura, Chem. Pharm. 
Bull, 1988, 36, 4488. 

54. Y. Hayashi, K. Zasitsu and Y. Ohkura, Anal. Chim. 
Acta, 1986, 186, 131. 

55. P. Linares, M. D. Luque de Castro and M. Valtircel, 
ibid., 1990, 230, 199. 

56. E. H. Hansen, A. Amdal and L. Nogaard, Anal. L&t., 
1990, 23, 225. 

57. M. Yamada and S. Suzuki, ibid., 1984, 17, 251. 
58. I&m, Anal. Chim. Acta, 1987, 193, 337. 
59. J. Hayashi, M. Yamada and T. Hobo, ibid., 1992,259, 

67. 
60. M. H. Memon and P. J. Worsfold, ibid., 1986, 183, 

179. 
61. I&m, ibid., 1987, 201, 345. 
62. M. Kishida, Y. Makita, T. Suzuki, M. Yamada and T. 

Hobo, Anal. Chem., 1991. 63, 2301. 
63. M. ValcPrcel and A. Rios, Analusis, 1990, 18, 469. 
64. I. M. A. Shakir and A. T. Faizullah, Analyst, 1989, 

114, 951. 
65. J. Szpunar-Lobinska and M. Trojanowicz, ibid., 1990, 

115, 319. 
66. M. E. L&n-Gontilez, M. HJ. Santos-Delgado and 

L. M. Polo-Diez, ibid., 1990, 115, 609. 
67. L. C. de Faria, C. Pasquini and G. de Oliveira Neto, 

ibid., 1991, 116, 357. 
68. J. A. Garcia-Mesa, M. D. Luque de Castro and M. 

Valclrcel, Anal. Chim. Acta, 1991, in the press. 
69. M. Noufi, Ch. Yamitzky and M. Ariel, &id., 1990,228, 

117. 
70. S. R. Bysouth, J. F. Tyson and P. B. Stockwell, 

Analyst, 1990, 115, 571. 
71. S. G. Offley, N. J. Seare, J. F. Tyson and H. A. B. 

Kibble, Anal. Proc., 1991, 3, 18. 
72. R. Nakata, T. Kawamura, H. Sakashita and A. Nitta, 

Anal. Chim. Acta, 1988, u)8, 81. 
73. H. Gunasingham, K. P. Ang, P. Y. T. Teo, C. B. Tan 

and B. T. Tay, ibid., 1989, 221, 205. 
74. R. Appelqvist and E. H. Hansen, ibid., 1990, 235, 

265. 
75. E. B. Milosavljevic, L. Solujic, J. L. Hendrix and J. H. 

Nelson, Anal. Chem., 1988, 60, 2791. 
76. J. F. van Staden, Anal. Lett., 1986, 19, 1407. 
77. E. H. Hansen and J. Rwicka, Anal. Chim. Acta, 1976, 

87, 353. 
78. G. Blankenstein and M. R. Kusa, ibid., 1991, 24& 

371. 
79. E. Rodriguez, J. L. P&ez Pavbn, J. Ruzicka, G. D. 

Christian and D. C. Olson, ibid., 1992, 259, 37. 



Solid interfaces as analytical problen n solvers in flow injection analysis 

80. S. A. Rosario, G. S. Cha and M. E. Meyerhoff, Anal. 
Chem, 1990, 62, 2418. 

81. J. A. Koropchak and L. Allen, ibid., 1989, 61, 
1410. 

82. M. R. Straka, G. Gordon and G. E. Pacey, ibid., 1985, 
57, 1799. 

118. J. F. van Staden, Talanta, 1991, 38, 1033. 
119. D. Utley, Analyst, 1990, 115, 1239. 
120. P. Linares, M. D. Luque de Castro and M. Valcarcel, 

Anal. Chim. Acta, 1989, 225, 443. 
121. A. Tanaka, K. Mashiba and T. Deguchi, ibid., 1988, 

214, 259. 
83. D. A. Hollowell, J. R. Gord, G. Gordon and G. E. 

Pacey, ibid., 1986, 58, 1524. 
84. J. R. Gord, G. Gordon and G. E. Pacey, ibid., 1988, 

60, 2. 
85. 2. Zhu and Z. Fang, Anal. Chim. Acta, 1987, 198, 25. 
86. G. Svensson and T. AnWlt, Clin. Chim. Ada, 1982, 

119, 7. 

122. A. M. Almuaibed and A. Townshend, J. Anal. Chem., 
1989, 335, 905. 

123. L. Anderson, Anal. Chim. Acta, 1979, 110, 123. 
‘$4. K. S. Johnson and R. L. Petty, Limmol. Oceanogr., 

1983, 28, 1260. 
125. P. K. Dasgupta and H. Hwang, Anal. Chem., 1985, S7, 

1009. 
87. S. Alegret, J. Alonso, J. Bartroli and E. Martinez- 

Fbbregas, Analyst, 1989, 114, 1443. 
88. T. L. Spinks and G. E. Pacey, Anal. Chim. Acta, 1990, 

237, 503. 

126. A. Jzquierdo, P. Linares, M. D. Luque de Castro and 
M. Valdrcel, J. Anal. Chem., 1990, 336, 490. 

127. T. Yao and T. Wasa, Anal. Chim. Acta, 1985, 175, 
301. 

89. M. Garn, M. Gisin, Ch. Thommen and P. Cevey, 
Biotechnol. Bioengineering, 1989, 34, 423. 

90. W. R. van der Linden, Anal. Chim. Acta, 1983, 151, 
359. 

91. G. Schulze, C. Y. Liu, M. Brodowski, 0. Elsholz, W. 
Frenzel and J. Miiller, ibid., 1988, 214, 121. 

92. W. Frenzel, Z. Anal. Chem., 1990, 336, 21. 
93. U. Prinzing, I. Ogbomo, C. Lehn and H. L. Schmidt, 

Sensors & Actuators, 1990, Bl, 542. 
94. W. Kiinnecke and R. D. Schmid, J. Biotechnol., 1990, 

14, 127. 
95. V. Kuban, Anal. Chim. Acta, 1992, 259, 45. 
96. M. Yasuda, K. Takada, T. Kumamaru, M. Yasuda, S. 

Yokoyama and Y. Yamamoto, Anal. Chem., 1987,59, 
2446. 

128. F. Lbzaro, M. D. Luque de Castro and M. Valc&el, 
Anal. Chem., 1987, 59, 1859. 

129. M. Masoom and A. Townshend, Anal. Chim. Acta, 
1985, 171, 185. 

130. S. Motomizu and M. Gnoda, ibid., 1988, 214, 289. 
131. A. Membiela, F. L&zaro, M. D. Luque de Castro and 

M. Valc&el, ibid., 1991, 249, 461. 
132. M. D. Luque de Castro and J. M. Femandez-Romero. 

ibid., in the press. 
133. L. C. de Faria and C. Pasquini, ibid., 1991, 245, 183. 
134. M. J. Hayward, T. Kotiaho, A. K. Lister, R. G. 

Cooks, G. D. Austin, R. Narayan and G. T. Tsao, 
Anal. Chem., 1990, 62, 1798. 

135. N. Lacy, G. D. Christian and J. RfuXka, ibid., 1990, 
62, 1482. 

97. F. Nakata, H. Sunahara, H. Fujimoto, M. Yamamoto 
and T. Kumamaru, J. Anal. Atom. Spectrom, 1988, 3, 
579. 

136. B. Femandez-Band, F. Lazaro, M. D. Luque de 
Castro and M. ValcPrcel, Anal. Chim. Acta, 1990,229, 
177. 

98. A. Trojanek and S. Bruckenstein, Anal. Chem., 1986, 
58, 866. 

99. M. D. Luque de Castro, J. Autom. Chem., 1986,8, 56. 
100. B. Karlberg, Anal. Chim. Acta, 1988, 214, 29. 
101. G. E. Pacey, Y. P. Wu and K. Sasaki, Anal. Biochem., 

1987, 160, 243. 

137. D. Chen, M. D. Luque de Castro and M. Val&cel, 
ibid., 1992, 261, 269. 

138. J. Ruzicka, Anal. Chem., 1983, 55, 1040A. 
139. B. A. Petersson, E. H. Hansen and J. Rii?iEka, Anal. 

Lett., 1986, 19, 649. 

102. E. Ballesteros, M. Gallego and M. Valclrcel, Anal. 
Chem., 1990, 62, 1587. 

103. R. G. Melcher, Anal. Chim. Acta, 1988, 214, 299. 
104. R. G. Melcher and P. L. Morabito, Anal. Chem., 1990, 

62, 2183. 
105. G. Audunsson, ibid., 1986, 58, 2714. 
106. G. Audunsson, Anal. Chem., 1988, 60, 1340. 
107. J. A. Jijnsson and L. Mathiasson, Trenak Anal. Chem., 

1992, 3, 106. 

140. T. D. Yerian, G. D. Christian and J. RbiiEka, Anal. 
Chem., 1988, 60, 1250. 

141. Idem, Anal. Chim. Acta, 1988, 204, 7. 
142. B. A. Petersson, H. B. Andersen and E. H. Hansen, 

Anal. Lett., 1987, 20, 1977. 
143. W. G. Kuhr and J. Korf, Anal. Chim. Acta, 1988, 2OS, 

53. 
144. K. Ho01 and T. A. Nieman, Anal. Chem., 1987, 59, 

869. 

108. A. Rios, M. D. Luque de Castro and M. Valcarcel, 
Anal. Chem., 1988, 60, 1540. 

109. Idem, ibid., 1985, 57, 1803. 
110. J. M. Ferniindez-Romero, M. D. Luque de Castro and 

M. Valcarcel, Anal. Chim. Acta, in the press. 
111. R. D. Schmid and W. Ktinnecke, J. Biotechnol., 1990, 

14, 3. 

145. H. Liu, J. C. Yu, D. S. Bindra, R. S. Givens and G. S. 
Wilson, ibid., 1991, 63, 666. 

146. P. J. Worsfold and A. Nabi, Anal. Chim. Acta, 1986, 
179, 307. 

147. J. REeka and G. D. Christian, ibid., 1990, 234, 31. 
148. K. A. Defillipo and M. L. Grayeski, ibid., 1991, 249, 

155. 

112. M. Nilson, H. Hakanson and B. Mattiasson, Anal. 
Chim. Acta, 1991, 249, 163. 

113. W. Stocklein and R. D. Schmid, ibid., 1990, 234, 83. 
114. P. Martinez-JimCnez, M. Gallego and M. Val&rcel, 

Anal. Chem., 1987, 59, 69. 
115. L. Fossey and F. F. Cantwell, ibid., 1983, 55, 1882. 
116. J. F. van Staden, Analyst, 1990, 115, 605. 
117. J. F. van Staden and A. van Rensburg, J. Anal. Chem., 

1990, 337, 393. 

149. R. Pereiro Garcia, Y. M. Liu, M. E. Diaz Garcia and 
A. Sam+Medel, Anal. Chem., 1991, 63, 1759. 

150. I. G. Sousa, H. Bergamin F”, F. J. Krug, J. A. 
Nobrega, P. V. Oliveira, B. F. Reis and M. F. Gin&, 
Anal. Chim. Acta, 1991, 241, 211. 

151. D. Yuan, Z. Wang, P. Yang and B. Huang, ibid., 1991, 
243, 65. 

152. H. Bergamin F”, F. J. Krug, B. F. Reis, J. A. 
Nobmga, M. Mesquita and I. G. Sousa, ibid., 1988, 
214, 397. 

35 



36 M. D. LLJQUE DE CASTRO and M. T. TENA 

153. D. Chen, F. L&aro, M. D. Luque de Castro and M. 
Val&rcel, ibid., 1989, 226, 221. 

154. F. Lbro, M. D. Luque de Castro and M. ValcBrcel, 
ibid., 1991, 242, 283. 

155. I. G&c.s and K. Payer, ibid., 1990, 241, 71. 
156. P. Martinez-Jimknez, M. Gallego and M. Valdrcel, 

Anal. Chem., 1987, 57, 69. 
157. R. Montero, M. Gallego and M. Vabrcel, Anal. 

Chim. Acra, 1988, 215, 241. 
158. Idem, J. Anal. Atom. Spectrom., 1988, 3, 725. ** 
159. E. B. Milosavkqljevic, L. Solojic, J. L. Hendrix and 

J. H. Nelson, Analyst, 1989, 114, 805. 
160. B. A. Petersson, Z. Fang, J. RG*ka and E. H. 

Hansen, Anal. Chim. Acfa, 1986, 184, 165. 

161. M. Gallego, M. Silva and M. Valcbcel, Anal. &em., 
1986, 58, 2265. 

162. G. den Boe.f, Anal. Chim. Acta, 1989, 216, 289. 
163. R. C. Shothorst and G. den Boef, ibid., 1983,153, 133. 
164. Idem, ibid., 1985, 175, 305. 
165. R. C. Schothorst, J. M. Reijn, H. Poppe and G. den 

Boef, Anal. Chim. Acta, 1983, 145, 197. 
166. R. C. Shothorst, J. J. F. van Veen and G. den Boef, 

ibid., 1984, 161, 27. 
167. W. T. Kok, D. T. Thuy, T. V. Nghi and G. den Boef, 

ibid., 1987, 200, 533. 
168. J. M. Elvecrog and P. W. Carr, ibid., 1980, 121, 135. 
169. D. Taylor and T. A. Nieman, ibid., 1986, 186, 91. 
170. I&m, ibid., 1986, 186, 91. 



T&ma, Vol. 40, No. 1, pp. 3742, 1993 
Printed in Great Britain. All rights reserved 

0039-9140/93 $6.00 + 0.00 
Copyright 0 1992 Pergamon Press Ltd 

DETERMINATION OF SULFUR SPECIES BY 
CATHODIC SQUARE WAVE STRIPPING VOLTAMMETRY; 

COMPOUNDS RELEVANT TO NATURAL 
SULFUR MINERALIZATION 

R. VON WANDRUSZKA* and X. YUAN 

Department of Chemistry, University of Idaho, Moscow, ID 83843, U.S.A. 

M. J. MORRA 

Division of Soil Science, University of Idaho, Moscow, ID 83843, U.S.A. 

(Received 11 March 1992. Revised 7 May 1992. Accepted 13 May 1992) 

Snnunar-The feasibility of rapid analysis of a number of environmentally important sulfur compounds 
by cathodic square wave stripping voltammetry at a mercury electrode has been investigated. For 
cysteine/cystine a relatively anodic peak was identified, which is ascribed to the stripping of a mercurous 
species. The dependence of the peak currents on pH was found to be different for cysteine and cystine. 
Methionine and thioproline gave similar stripping peaks to those for cysteine. It is proposed that they 
arise from species deposited by oxidative hydrolysis. A complex ion is proposed to cause the stripping 
peak of thiosulfate and tetrathionate, while polysulfides give both a HgS stripping peak and a 
non-adsorptive reduction peak. Limits of detection are in the 10-*-10-9,V range. 

A number of analytical techniques have 
been used to investigate the mineralization pro- 
cesses of L-cysteine, HSCHzCH(NH2)COOH, 
[CySH], and L-cystine, HOOC(NH,)CHCH,S- 
SCHzCH2CH(NH2)COOH, [CySSCy], in soils 
and other matrices.‘-8 A general shortcoming 
of the various determinations is the analytical 
speed, which is often too slow to resolve the 
rapid chemical changes that occur during the 
incubation of the compounds with soil, especially 
in the early stages. Square wave voltammetry 
provides a fairly comprehensive analysis in a 
matter of seconds, without sample pretreatment. 
Its high sensitivity and wide range of application 
for S-compounds allow the use of small sample 
sizes, minimizing the disturbance of the system. 

Many of the major sulfur containing anions 
other than sulfate react with the mercury elec- 
trode according to the reactions in Table 1.9*‘o 
The anodic reactions of sulfide, sulfite, and thio- 
sulfate have been much studied, and in general 
their E,,* values depend on the pH and the 
composition of the supporting electrolyte. Some 
compounds give double voltammetric waves, 
of which the first (least negative &) is usually 
the best defined. Recently, adsorptive stripping 

*Author for correspondence. 

voltammetry has been developed to determine 
organic S-compounds at the mercury elec- 
trode.‘““j Florence” explained the adsorption 
in terms of the formation of a mercury-thiol 
complex. Forsman’4 observed that in the 
presence of copper ion, the stripping current 
of cysteine and cystine is enhanced due to the 
adsorption of their Cu(1) complexes. In this 
investigation, a number of species relevant to 
natural mineralization has been determined. 
The present study focuses on the mechanism 
of the electrode reactions involved. 

EXPERIMENTAL 

Instrumentation and procedure 

Voltammetric measurements were taken with 
a Sargent-Welch 7001 voltammetric analyzer. 
The working electrode was a Metrohm 335 
hanging mercury drop electrode (HMDE), with 
an electrode surface of 1.4 mm*. A platinum 
wire auxiliary electrode and a saturated calomel 
reference electrode were used to complete the 
cell, which was closed, deaerated, and blanketed 
with oxygen-free nitrogen. The assembly was 
connected to a Sargent-Welch Model-VES 
electrode stand. For mechanistic studies, 60-set 
anodic accumulation times and stirred solutions 
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Table 1. Reactions of S-species at the mercury electrode 

1. 2 S,O:- + Hg = Hg(&O&- + 2e- E,,z= -0.12v 
2. 2 SC)- + Hg = Hg(SO&- + ‘2e - E,@ = -0.60 v 
3. SH-+Hg=HgS+H+ +2e- E,, = -0.68 v 
4. S:-+Hg=HgS+(x-l)S+2e El,* = -0.68 V 
5. S:- + 2(x - I)e - + xH,O = xOH- + xSH Eln = -0.68 V 
6. 2 CySH + Hg = (CySXHg + 2H+ + 2e - E,,* = -0.52 V 
7. CySSCy + Hg = (CyS),Hg E,,2 = -0.52 V 

were used, unless stated otherwise. Each deter- 
mination was carried out on a fresh mercury 
drop. Square wave voltammograms were run at 
a frequency of 150 Hz, with 5-mV step size and 
5-mV pulse amplitude. Cyclic voltammetry was 
conducted in the staircase mode, with a step 
width of 5 msec and a scan rate of 100 mV/sec. 

Chemicals 

The sulfur containing organic and inorganic 
compounds used in the experiments: L-cysteine, 
L-cystine, thioproline (~t~~o~din~ar~xy~c 
acid), DL-methionine, L-cysteic acid (cysteine 
sulfonic acid), cysteamine, sodium sulfate, 
sodium thiosulfate, sodium sulfite, sodium 
sulfide, sodium tetrathionate, sodium dithionite, 
and sodium meta-disulfite were of reagent 
grade, supplied by Sigma, Baker, and Aldrich. 
The purity of organic reagents was checked by 
thin-layer chromatography, using silica gel plates 
and 1: 1 ethanol: water eluent. All stock solutions 
were prepared in deaerated demineralized water, 
treated with a Millipore purification system to 
18 MO cm resistivity. The buffer solutions used 
were 0.0134 NaB20, + O.OlM Na,HPO, (pH 
8.9, O.lM KH,P04 f 0.017M NaOH (pH 6.2), 
and O.OlM Na0Ac-tO.OlM HOAc (pH 4.5). 
They were purged with oxygen-free nitrogen 
to remove dissolved oxygen, before being 
used for the dete~ination of easily oxidized 
S-compounds. 

RESULTS AND DISCUSSION 

Cysteine and cystine 

It is generally agreed that the anodic 
voltammetric behavior of cysteine is a result 
of the reaction: 

Hg + 2CySH ---, Hg(CyS), + 2H + + 2e - [l] 

It has been observed, however, that the 
reduction of mercury cysteinate sometimes 
results in two waves, separated by 0.1 V, usually 
at relatively high cysteine con~entrations.‘“,i7-‘9 
Miller” attributes the double wave to the 
presence of both Hg:(CyS), and Hgll(CyS)z 
deposited on the surface, the more positive peak 
being due to the Hg(1) compound. Stankovich” 
explains the split as a result of “compacting” 
of the mercury cysteinate film, while Florence’* 
ascribes it to a surface impurity. In the pres- 
ent study, cathodic square wave voltammetry 
(CSWV) was found to produce a narrow, well 
defined peak at - 0.55 V (SCE) for low concen- 
trations (nM level) of both cysteine and cystine. 
The wave is split somewhat unpr~ic~bly, with 
a separation of 0.05-0.1 V, but the peak areas 
are complimentary (Fig. 1). The split may be 
due to the formation of an adsorbed Cu(I)- 
cysteinate complex, 14*15 the Cu(1) arising from 
a copper impurity and producing the more 
positive peak. The possible influence of other 

-04 -06 

Potential/V 

Fig. 1. CSWV of cysteine; [CySH] = 1.0 x 10w5M, pH = 8.5, 
accumulation at for one minute 0.0 V. 

1 Cysteine) x IO’ M 

Fig. 2. Calibration curve for cysteine using current peak at 
-0.5 V, conditions as in Fig. I. 
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Collection time/min 

Fig. 3. Plot of combined cysteine stripping peak heights 
(-0.15 V and -0.55 V) w. collection time; [CySH] = 1.0 

x IO-‘M; pH = 8.5; deposition potential 0.0 V. 

adventitious metal ions requires further investi- 
gation. The CSWV peak current at -0.55 V 
was found to be proportional to the cysteine 
concentration up to 5 x lo-‘M with measure- 
ment possible down to 5 x 10P9M (Fig. 2) 
when a -0.2 V deposition potential was used. 
This is an improvement over results obtained 
with differential pulse cathodic stripping voltam- 
metry.” When a 0.0 V deposition potential, or 
open circuit conditions are used, the calibration 
curve loses its linearity at concentrations greater 
than 5 x lo-‘M. 

Besides the peak at -0.55 V, a broad wave 
around -0.15 V was found for both cysteine 
and cystine (Fig. 1). The peak height increases 
with concentration in the range 8 x lo-* to 
1 x 10P6M, but this variation is not linear, since 
the peak heights at -0.15 V and at -0.55 V 
were found to be complementary. Their sum 
varies linearly with concentration, as well as 
with deposition time up to about 10 min 
(Fig. 3). The loss of linearity at longer times may 
be due to eventual surface saturation. The cyclic 
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Fig. 4. Cyclic voltammogram of cysteine; [CySH] = 1.0 
x IO-SM. 

voltammogram (taken after 60 set deposition 
at 0.0 V; Fig. 4) shows only an anodic peak, 
corresponding to the -0.55 V cathodic peak. 

In view of these observations it may be 
proposed that both Hgi(CyS), and Hg”(CyS), 
are formed, and that the former can be stripped 
over a fairly wide potential range around - 0.15 
V. Cysteine is therefore present in two adsorbed 
forms, resulting in the complementary nature 
of the two stripping peaks. Once stripped, the 
mercurous species does not reform at the elec- 
trode in the reverse (anodic) sweep of the cyclic 
voltammogram. This seeming irreversibility, in- 
dicated by the absence of the anodic peak at 
- 0.15 V, may be due to a disproportionate re- 
oxidation of the stripped species to the mercuric 
complex during the reverse sweep. 

To provide further evidence for the origin 
of the peak at -0.15 V, cathodic scans were 
taken from a deposition potential of +0.20 V, 
at a relatively high cysteine concentration of 
1.0 x 10m6M. The only peak observed was the 
one at -0.55 V, corresponding to Hg”(CyS), . 
This is consistent with the proposed process, 
since H&+-and hence the mercurous complex 
-cannot exist at such an anodic potential. 

The solubility product of Hg:(CyS), can be 
estimated from the peak potential, EP, of the 
complex and the dissociation constant of the 
amino acid: lo 

Ep = E”(H&+/Hg) + 0.060(0.5 log KsP 

+ log & - pH - log[CySH]) (2) 

With a buffer solution of pH 8.5, [CySH] = 1.0 
x lo-‘, Ep = -0.15 V (SCE), E”(Hg:+/Hg) = 
0.556 V, and pK, = 8.36 (thiol group), p&,, for 
Hg:(CyS), is 29.2. In view of the much smaller 
solubility of Hg”(CyS), (pK,, = 56.7), the loss of 
linearity of the calibration curve can be explained. 
When the cysteine concentration is low (< 5 x 
lo-‘M), only Hg”(CyS), is produced, because 
of the larger solubility of Hg:(CyS),, which 
shifts its decomposition potential in an anodic 
direction [equation (211, precluding the formation 
of the complex at a deposition potential of 0.0 V. 
At higher cysteine concentrations both species 
can be formed, and a deposition potential of 
-0.2 V (more cathodic than the first stripping 
peak) is necessary to avoid formation of Hgi 
(CyS)*. The occurrence of Hg:(CyS), is there- 
fore limited to potentials that lie roughly between 
0.2 V and -0.2 V. Cystine behaves similarly, 

Equation (2) indicates that a lowering of the 
pH should cause an anodic shift of the cathodic 
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2or----l 

0 -02 -04 -06 08 -10 

Potential/V 

Fig. 5. Effect of pH on CSWV of cysteine. - pH=8.5; 
--- pH = 6.2; . . . pH = 4.5. 

stripping peak for the cyst&e-mercury complex. 
This is borne out by the data presented in Fig. 5. 
A lowering of the pH also causes a decrease in 
peak heights due to proton competition [a shift 
to the left in the amino acid dissociation, 
equation (l)]. At pH 8.5 the sensitivities of the 
peaks are nearly the same for cysteine and 
cystine. However, the sensitivity for cysteine is 
much greater than that for cystine at pH 6.2 and 
4.5, i.e., cystine is more strongly affected by pH 
change. At a total amino acid concentration 
of 5 x lo-‘M and a pH of 6.2, the peak for 
cysteine reduces to about 80% of its size at pH 
8.5, but the cystine peak reduces to about 20% 
under similar conditions. At pH 4.5 the peak 
corresponding to the cystine reaction disappears, 
while the one for cysteine remains (Fig. 5). The 
different effect of pH on cysteine and cystine 
could provide a way to distinguish the two 
compounds by CSWV. 

The peak due to the mercurous cysteine 
complex, Hg’, (CYS)~, also disappears at pH 4.5. 

Table 2. CSWV of Scompounds. pH 8.5 buffer, 1 min 
deposition time, aean range 0.0 to - 1.2 V us. SCE 

Compound Peak potential 
(5 x lo-‘M) El E2* 

Cysteine -0.55 -0.15 
Cystine -0.55 -0.15 
Cysteamine -0.53 -0.09 
Metbionine -0.47 -0.05 
Tbioproline -0.53 -0.09 
Carbon disulfide -0.70 
Tbiosulfate -0.2 to -0.35 
Tetratbionate -0.2 to -0.27 
PolysuKdes -0.67 

*Peak appears at relatively bigb concentration. 
tPeak may be split. 

E3t 

-0.50 
-0.48 
-0.65 
-0.62 
-0.48 

cycling in soil are listed in Table 2. Thioproline 
and methionine give voltammograms that are 
similar to those of cysteine/cystine, with only 
slight shifts in the three peaks. In view of the 
fact that these compounds give strong stripping 
peaks that are proportional to the bulk concen- 
tration, and that thin layer chromatography 
shows the absence of detectable cysteine/cystine 
impurities, it must be concluded that the simi- 
larity of the stripping peaks of cysteine, cystine, 
methionine, and thioproline indicates that the 
anodically adsorbed species of these four com- 
pounds are alike. This calls for an adsorption 
mechanism involving the methylated sulkydryl 
group. In order to lead to similar stripping 
behavior, this interaction probably also involves 
oxidative compound formation, as shown in 
cysteine in Table 1. It may be suggested that 
the following anodic accumulation reactions 
take place with methionine and thioproline, 
respectively: 

2HOOC(NHJCHCH2CH,SCHS + Hg + 2Hz0 

+ (HOOC(NH,)CHCH,CH,S),Hg + 2CH,OH + 2H+ + 2e - 

c! “\ COOH 
N2 CH2 

L 
H_AH + Hg + 2HzO + Hg(SCHp L HNHCH,OH), + 2H+ + 2e - 

I c: OOH 

This may be due to increased solubility of the The stripping of these compounds produces 
complex at lower pH values, or to the anodic the observed cathodic peaks. The stripping 
shift of EP, that moves it beneath the large behavior of cysteamine, HSCH, CH, NH, is also 
mercury oxidation wave at 0.2-0.3 V. similar to that of cysteine, which is expected in 

Other sulfur compounds 
view of its chemical similarity. 

Cathodic stripping voltammetry of inorganic 
The cathodic square wave stripping peaks sulfide has been extensively studied.‘2*“-23 In 

of a number of compounds important for sulfur the present work, a sharp stripping peak was 
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-0.18V 

-008V 
Potential/V 

Fig. 6. Cyclic voltammogram of thiosulfate (5.0 x 10-5M). 

observed at -0.72 V by CSWV. An accumula- 
tion potential of 0.0 V was applied for 60 set 
prior to stripping, and analytical results were 
similar to those obtained by other workers.21 

The anodic electrode reaction of thiosulfate 
has been used for analytical purposes for many 
years.g*24*2s Wienhold and Sohr26 have described 
a catalytic hydrogen wave, useful for the deter- 
mination of thiosulfate in the concentration 
range 5 x lo-*-5 x lo-‘M. No information is 
available in the literature on the determination 
of thiosulfate by cathodic scan voltammetry. In 
the present investigation, a reductive stripping 
peak was found at -0.18 V, which is linearly 
related to the thiosulfate concentration over the 
range 8 x 10d9 to 5 x lo-‘M. The peak height 
and potential are virtually unaffected by pH in 
the range 2.5-9.2 and by deposition time. The 
latter indicates that the electrode process is not 
an adsorptive one. The cyclic voltammogram 
shows both cathodic and anodic peaks (Fig. 6). 

A mechanism for the production of the thio- 
sulfate peak by CSWV may be proposed, which 
is the reverse of the anodic mechanism described 
by Renard et ~1.‘~ These authors suggest that the 
anodic peak is due to the following reactions: 

Hg+Hg*+ +2e- [31 

Hg2+ + 2 S20:--b [Hg(S20,)2]2- [41 

The El12 value for this process (Table 1) is 
-0.12 V, and it will therefore occur significantly 
in the early parts of the cathodic scan starting 
in 0.0 V. A surface equilibrium of the ionic 
species is quickly established, and extended 
accumulation does not substantially alter its 
concentration near the electrode, as it is sub- 
ject to diffusion. During the cathodic scan, the 
reverse of reactions 3 and 4 takes place, leading 

I 
0 

I 
-0.2 -04 -06 -06 IO 
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Fig. 7. CSWV of polysulfide (1.0 x 10e6M). 

to the observed current peak. The cathodic 
process has a limit of detection of 8 x 10bgM, 
which is almost 4 orders of magnitude lower 
than the reported value for the anodic process. 
This may be partially due to the inherent re- 
sponse of the fast square wave scan, and par- 
tially to a relatively high surface concentration 
of [Hg(S20,)2]2-, enhanced by some degree of 
electrostatically induced adsorption of the ion. 

Polysutides, synthesized as described by 
Rosen and Tegmann gave cathodic square wave 
voltammograms that were very similar to those 
of sulfide, showing a large HgS stripping peak 
at -0.72 V (Fig. 7). In addition, some smaller 
peaks are shown, that probably arise from other 
adsorbed sulfide species. However, the peak at 
-0.62 V is independent of accumulation time 
and may be due to the reaction: 

S;- + 2e - + 2H,O + 2SH- + 20H- [5] 

Reaction (5) involves no anodically adsorbed 
species and depends on bulk concentrations 
only. 

Tetrathionate gives cathodic scan peaks that 
are similar to those observed for thiosulfate, and 
probably arise through a similar mechanism. 
Sulfite gives no peaks in CSWV. 

CONCLUSION 

CSWV of environmentally important sulfur 
compounds is a sensitive and widely applicable 
analytical technique that provides the speed of 
analysis needed for natural samples that are 
subject to rapid chemical changes. A series 
of applications to the mineralization study in 
natural samples will be communicated in a subse- 
quent publication. A number of the analytically 
useful current peaks observed require mechan- 
istic interpretation, and anodic compound 
formation is proposed in most instances. 
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Summary-Chemical species present in reducing waters have the potential to produce severe negative 
interferences by consuming the chloramine T (CT) which is used as the oxidising agent in the phenol 
red-based calorimetric method for trace bromide analysis. Mn2+ and Fe2+ were found not to interfere 
at concentrations up to 2OO@f. However, hydroxylamine (NH,OH), which can be present in both ground- 
and s~fa~wate~, exerts a strong negative interference. A method invol~g p~tr~~~t with 
permanganate and hydrogen peroxide has been deveioped for the destruction of NHzOII prior to adding 
the colour reagents. The procedure is not only compatible with the chemistry of the calorimetric method, 
but is also robust and technically easy to implement. 

The reaction of hypobromite with phenol red to 
produce bromophenol blue afTords a very sensi- 
tive method for the determination of bromide 
in solution.’ Previous work by the author has 
been directed towards optim~ng this method 
for the analysis of bromide in aerobic surface 
waters.2*3 

However, there are many cases in which 
naturally or anthropogenically produced waters 
of low redox potential may need to be analysed 
for bromide. The Chlom~ne T (CT) used in the 
calorimetric method for the oxidation of Br- to 
reactive OBr- can be consumed by competitive 
reactions with the reduced chemical species that 
are present under such circumstances. Signifi- 
cant depletion of CT by this route would result 
in a negative interference in the formation of 
bromophenol blue. 

Iron and manganese oxides dissolve under 
mildly reducing conditions to produce Mn2+ 
and Fez+. The electrochemical half cell poten- 
tials for reactions involving these ions indicate 
they should be oxidized by CT.4*s Elevated 
levels of Mn*+ and Fe2+ are typically found in 
groundwaters and in surface water draining 
areas such as marshes where decay processes 
have lowered the redox potential. The reduced 
nitrogen compound hy~oxylamine (NH,OH) is 
an intermediate both in nit&cation reactions 
and in the reduction of oxidized nitrogen to 
ammonia.6*7 This compound is therefore likely 
to be found in mildly reducing waters. Concen- 
trations up to 10OpM have been measured in 

water draining marshlands in Ethiopia.’ It has 
also been detected, at much lower concen- 
trations, in coastal marine systems.8 Anthropo- 
genie sources of hydroxylamine include boiler 
water to which it is added as a corrosion 
inhibitor. 

Previous work by the author has shown 
that hydroxylamine produces a severe negative 
interference in the bromide method since it 
reacts stoic~omet~~ly with CT, with a rate 
constant that is ~mp~able with the oxidation 
of bromides2 Although both Mn2+ and Fe*+ 
have the potential to interfere with the method, 
little work has been published on quantifying 
the extent of such interferences.gJO 

There were two major objectives for the work 
reported in this paper. Firstly, to establish the 
extent to which hydroxylamine, Mn2+ and Fe*+ 
interfere with the calorimetric method for 
bromide analysis. Secondly, to develop a robust 
and technically practical method to overcome 
the identified interferences. The essential cri- 
terion for such a method was that it must be 
compatible with the chemistry of the CT-phenol 
red procedure. 

EXPERIMENTAL 

Reagents 

All chemicals used were of analytical reagent 
grade or better. The Chloramine T (sodium 
Nchloro-4-toluenesulphonamide), CT, was re- 
crystallised from hot water and freeze dried 

43 
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prior to use. ‘I Stock solutions of hydrogen 
peroxide were prepared by dilution of 100 vol- 
ume hydrogen peroxide, and standardized by 
titration with potassium permanganate. The 
stock solutions of hydroxylammonium chloride 
(NH,OHCl), potassium permanganate, hydro- 
gen peroxide, CT, and sodium thiosulphate used 
for this work were stored in amber glass bottles 
at 4” between experiments to minim&e degra- 
dation. Fresh working solutions of the KMnO,, 
H,O*, and CT were prepared daily by dilution. 
The preparation of the reagent solutions (acet- 
ate buffer, phenol red, and CT) required for the 
calorimetric bromide method has been reported 
previously.‘*’ 

All experiments were carried out in 20-ml 
capacity screw-cap polyethylene scintillation 
vials. These vials had been precleaned by 
sequential soaking with detergent and dilute 
nitric acid. They were rinsed three times with 
distilled, demineralized water and oven dried 
prior to use. 

Eflect of Fe 2+, Mn2+, NH,OH and H202 on 
colour development 

A separate series of vials was prepared for 
each of the four test species. For each series 0.5 
ml of acetate buffer (final pH on dilution = 4.6) 
and 0.5 ml of a 5 x 10e3M potassium bromide 
stock solution (to produce a final concentration 
of 25pA4 Br- in a volume of 10 ml) was added 
to each vial. Increasing volumes of working 
solutions of Fe’+, Mn’+, NH,OH, or H,Oz , as 
appropriate, plus the required volume of dis- 
tilled water to make up a lo-ml total volume, 
were then added to each successive vial in the 
series so that a range of concentrations from 0 
to 2OOpM was spanned. The bromide colorimet- 
ric procedure was then applied to each of the 
test series, and the extent of bromophenol blue 
formation measured at 590 nm.’ 

Reaction of Fe’+ with CT 

The rate of this reaction was studied by 
measuring the residual concentration of Fe*+. 
The reaction was initiated by adding CT to a 
solution of iron(I1) sulphate in pH 4.6 acetate 
buffer such that the initial concentrations of CT 
and Fe*+ were 40 and lOOpLM, respectively. 
Aliquots of solution were withdrawn at 30-set 
intervals, and quenched by the addition of 
100pLM NH20H. A solution of 2,2’-bipyridyl 
was added after 2 min to form the extremely 
stable and intensely red coloured Fe*+-bipyridyl 
complex. I* The colour produced was measured 

at 470 nm, and the concentration of Fe*+ deter- 
mined by comparison with a standard curve. 

The NH,OH was added to destroy residual 
CT, whilst preserving the redox speciation of 
the iron. Although NH,OH will reduce Fe3+ to 
Fe*+, a preliminary control experiment showed 
that, under the conditions of this experiment, 
the rate of this process was sufficiently slow that 
it would not complicate interpretation of the 
results from the above experiment. 

Screening of reagents to decompose hydroxyl- 
amine 

To vials containing 25&V potassium bromide 
and 1OOpM NH,OH buffered at pH 4.6 were 
added stoichiometric excesses of NaClO, , 
Fe,(SO,), , KMnO, , K2 CrO,, or H202. After 20 
min the bromide calorimetric reagents were 
added. The developed colour was measured at 
590 nm after a further 20 min. 

Stoichiometry of the MnO; INH,OH reaction 

The optimum MnO; to NH20H ratio was 
found by measuring the extent of colour for- 
mation following the addition of the phenol red 
and CT reagents to solutions containing fixed 
concentrations of Br- and NH20H that had 
been treated with different amounts of MnO; . 
The MnO; to NH20H ratios studied ranged 
from 0 to 0.67. 

The required volume of potassium permanga- 
nate stock solution plus sufficient distilled water 
to make up 1 ml was rapidly mixed with 10 ml 
of a premixed solution containing 25/.&i Br-, 
llOpA4 NH,OH, and 0.5 ml of acetate buffer 
concentrate. The initial concentration of 
NH20H in the total volume of 11 ml was 
therefore lOO@. The phenol red and CT 
reagents were added after 20 min since spec- 
trophotometric kinetic experiments showed that 
the reaction between the MnO; and NH20H 
was complete within 10 min in the temperature 
range 20-25”. A second experiment was carried 
out in order to measure the extent of MnO, 
production as a function of the amount of 
MnO; added. In this case the procedure was 
terminated after 20 min when the absorbance of 
the solution was measured at 425 nm. This 
wavelength, although not corresponding to the 
maximum in absorbance for the colloidal sus- 
pension of MnO,, was found to be the least 
susceptible to overlap from chromophores of 
the other reagents used in this investigation. 

The first experiment detailed above was 
repeated with the addition of 250pM hydrogen 
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peroxide prior to the calorimetric reagents. The 
H,Oz was added to decompose the excess MnO; 
that would otherwise negatively interfere with 
the subsequent colour development. Kinetic 
experiments showed that the reaction with 
hydrogen peroxide was complete in less than 
5 min. A time of 10 min was therefore allowed 
for this step. 

Reaction between Mn2+ and MnO; 

The reaction between these two species was 
monitored at both 425 and 542 nm. The former 
wavelength provides a measure of the pro- 
duction of MnO, (see above) whilst the latter 
corresponds to the absorbance maximum of 
MnO; . Appropriate volumes of dilute solutions 
of MnCl, and KMnO, were rapidly mixed to 
obtain the required initial concentrations of 
reactants. 

Measurement of NO ; production 

The NO, produced in the reaction between 
NH,OH and MnO; was measured by using 
a calorimetric diazotization procedure.13 Trial 
experiments showed that the pH for the NO; 
method must be below 2 to ensure full colour 
development. This necessitated preparing the 
sulphanilamide reagent in a 36% (v/v) solution 
(36 ml of concentrated acid in 100 ml total 
volume) of hydrochloric acid in order to over- 
come the buffering capacity of the acetate buffer 
solution in which the reaction between NH,OH 
and MnO; was carried out. 

It was also found that the presence of MnO, 
(generated when the MnO; to NHzOH ratio 
exceeded 0.5) resulted in a severe negative inter- 
ference. This was overcome by reducing the 
MnO, to Mn2+ with 130pM hydrogen peroxide 
prior to adding the nitrite reagents. A standard 
curve prepared in the presence of 130pM hydro- 
gen peroxide was used to convert absorbance 
values to concentrations. 

Evaluation of the method 

All of the experiments described above were 
done in a reaction medium based on distilled 
water. However, in evaluating the robustness 
and precision of the coupled NH20H decom- 
position-bromide calorimetric procedure a syn- 
thetic medium of initial ionic composition likely 
to be more typical of a real sample was used. 
This contained 3mM NaCl, 1mM NaHC03, 
1.5mM MgC12, and 0.3mM MgSO, . 

Four standard curves (0, 5, 10, 15, 20, 30pM 
Br- ) were prepared using 0, 20, 50 or 1OOpM 

TAL 40,1--o 

NH20H. Each point on each of the standard 
curves was run in triplicate. The generic 
procedure used is detailed below: 

(1) Prepare a vial containing the required 
volume of 5OOpM potassium bromide standard, 
the required volume of 2OOOpM NH,OHCl 
standard, and sufficient synthetic ionic medium 
to make up a total of 10 ml. 

(2) Add 0.5 ml of acetate buffer, and mix. 
(3) Add 0.5 ml of a 2mM potassium per- 

manganate solution, and mix. Then stand for 20 
min. 

(4) Add 0.5 ml of a 6mM hydrogen peroxide 
solution, and mix. React for 10 min. 

(5) Add 0.5 ml of phenol red solution. 
(6) Add 0.5 ml of CT and immediately mix 

well. React for 20 min. 
(7) Add 0.1 ml of sodium thiosulphate re- 

agent, and mix. Stand for at least 10 min before 
measuring the absorbance of the solution at 
590 nm. 

RESULTS AND DISCWSION 

An initial set of experiments was carried out 
to determine the ability of hydroxylamine, 
Mn2+ and Fe2+ to interfere with colour develop 
ment. The calorimetric procedure developed by 
the author was applied to solutions containing 
25,~M Br- and varying concentrations of the 
three test solutes (Table 1).2 The hydroxylamine 
(NH,OH) would be predominantly in its pro- 
tonated hydroxylammonium form (NH30H+, 
pK, = 5.98) at the prevailing pH of 4.6.14 The 
results in Table 1 show that NH,OH is by far 
the most potent inhibitor of bromophenol blue 
formation. Fe’+ exhibits a slight interference 
at 2OOpM, whilst Mn2+ has no significant effect 
up to 200pM. This result was surprising since 
electrochemical potentials indicate that Fe2+ 
and Mn2+ should be readily oxidized by CT.4 
The reaction between Fe’+ and CT was there- 
fore investigated in more detail to determine 

Table 1. Effect of inhibitor concentration on colour develop 
ment 

Percent colour development 
Concentration of at 590 nm 
inhibitor, PM NH,OH Fez+ Mn2+ 

0 100 100 100 
20 61 100 - 
40 101 101 
80 : 101 - 

100 0 100 103 
200 _* 95 103 

*This concentration of potential inhibitor was not used. 
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Fig. 1. Kinetics of oxidation of Fez+ by CT (0-O) 
compared with kinetics of bromophenol blue (BPB) for- 
mation ( x - x ) in the bromide method. The generation 
of BPB is expressed as a percentage of the maximum 
absorbance at 590 nm attained by applying the calorimetric 

method to a 25pM Br- standard solution. 

why the above results differed from the outcome 
predicted by thermochemical considerations. 

Reactivity of Fe’+ 

The data from the experiment to measure the 
rate of reaction between Fe’+ and CT are 
plotted in Fig. 1. They show that the rate of this 
reaction is at least an order of magnitude slower 
than the series of reactions leading to the for- 
mation of bromophenol blue. In this case the 
extent of interference is limited by kinetic rather 
than thermodynamic constraints. It is probable 
that the reaction with Mn2+ is similarly rate 
limiting. 

Removal of interference by hydroxylamine 

The starting point for this investigation was 
the selection of reagents that could oxidize 
NH20H. There are several possible oxidation 
products of this compound that could be 
formed.r5 However, published work indicates 
that Nr, N,O, NO; and NO; (nitrogen oxi- 
dation states of 0, + 1, + 3, and + 5, respect- 
ively) are the most likely ones in this case.16-18 
The half cell reactions for each of these potential 
products are shown in equations (1) to (4). The 
half cell potentials were obtained directly from 
the literature or were derived from published 
thermodynamic data. 4~19 It should be noted 
that a number of sequential fundamental steps 
could be involved in the multiple electron trans- 
fer half cell reactions described by equations (1) 
to (4). 

N2+4H+ +2H,0+2eW+2NH,0H+ 

E”= -1.87 V (1) 

N,O(aq) + 6H+ + Hz0 + 4e--+ 2NH10H+ 

E” = -0.03 V (2) 

NO;+6H++4e--+NJ-I,OH++H,O 

E” = 0.66 V (3) 

NO; + 8H+ + 6e- + NH,OH+ + 2Hz0 

E” = 0.72 V (4) 

Based on purely thermodynamic consider- 
ations, there are a number of common inorganic 
oxidizing agents that could oxidize the hy- 
droxylamine. Organic reagents were not con- 
sidered to be suitable since they could 
potentially compete with phenol red as sub- 
strates for reaction with hypobromite in the 
subsequent production of bromophenol blue.220 

Potential inorganic oxidizing agents were 
tested for their ability to decompose hydroxyl- 
amine to a non-interfering form. The species 
studied were MnO,- , Fe3+, H202, HCrO; and 
ClO; . Solutions containing stoichiometric 
ratios of hydroxylamine and the test reagents 
were prepared, and the interference by 
hydroxylamine measured after 20 min and 3 hr. 
The criterion for success was that the reaction 
should be complete within 20 min at pH 4.6 in 
the temperature range 20-25”. These boundary 
conditions were selected for both chemical com- 
patibility (with the calorimetric method) and 
technical (an acceptable time) reasons. Of the 
reagents tested only permanganate passed this 
initial screening test. 

Permanganate was then subjected to a much 
more rigorous evaluation. The optimum con- 
ditions for reaction needed to be determined, 
and its compatibility with the calorimetric 
method rigorously evaluated. 

The mechanism of the NH,OH-iUn0; reaction 

There are a number of potential products 
[equations (1) to (411 of the MnO; oxidation of 
NH,OH and each of these will have its own 
stoichiometric requirements. Since there are two 
possible half reactions involving the MnO;, 
this makes a total of eight possible overall 
reactions that initially needed to be considered. 
These reactions, together with their respective 
NH,OH: MnO; ratios are listed in Table 2. 
Since the oxidation of NO; to NO; occurs 
readily only under strongly acidic conditions,2’ 
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Table 2. Potential reactions between NH,OH and MnOi* 

Reaction NHJOH+/MnOi 

(A) 4MnOi + lONH,OH+ + 2H+ + 4Mn2+ + 5N,O + 2H,O 2.5 
(B) 4MnOi + SNH,OH+ + 2H+-~4Mn~+ + 5N0, + llH,O 1.25 
(C) MnOi + SNH,OH+ + Mn2+ + 2.5N2 + 9H,O + 2H+ 5 
(D) 6MnOi + 5NHjOH+ + 8H++ 6Mn2+ + 5NOr + 14H,O 0.83 
(E) 4MnOi + 6NH30H+ + 4Mn0, + 3N20 + 1 lH,O + 2H+ 1.5 
(F) 4MnOi + 3NH30H+ + 4Mn0, + 3NO; + 5H20 + 2H+ 0.75 
(G) MnO: + 3NH,OH+ + MnO, + 1.5N, + 5H,O + 2H+ 3 
(H) 2Mndi + NH;OH+ + 2Mnb), + NO: + 2fi20 

*At pH4.6 the NH,OH will be in its protonated form. 

0.5 

it was considered that the overall reactions 
represented by equations D and H (which un- 
doubtedly would involve NO; as an intermedi- 
ate) were not likely to be of relevance to this 
work. This was confirmed by measuring the rate 
of reaction between MnO; and NO; at pH 4.6. 
The half time was found to be of the order of 
several hours. 

The effect of the MnO; to NH*OH ratio was 
determined by measuring the extent of colour 
development in a series of solutions containing 
fixed concentrations of NH,OH and bromide, 
and increasing levels of MnO; (Fig. 2). The 
initial rise in the percentage of colour (bromo- 
phenol blue) formed indicates that the interfer- 
ence from NI-IrOH is being removed. However, 
a maximum of only 80% colour development is 
attained at 4OpM MnO; . Above 60pM MnOi 
there is a steep decline in colour yield. 

During the 20 min reaction period following 
the addition of the MnO; to the reaction vials 
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Fig. 2. Production of BPB (0-O) and MnO, (x---x) 
as a function of [MnOi]; [Brl,= 25/rM, [NH,OHl,= 

lOOfiA4, pH = 4.6. 

(and prior to the addition of PR and CT) it 
was noted that a marked brown coloration 
(presumably due to colloidal manganese oxide, 
MnO,) developed in the vials containing greater 
than 40@4 added MnO; . A surrogate measure 
of the amount of MnO, produced was provided 
by measuring the absorbance of the solutions at 
425 nm after 20 min. These data have been 
plotted in Fig. 2 for comparison with the 
bromophenol blue colour development profile. 

The above result suggested that manganese 
oxide, or a residual excess of MnO; was inhibit- 
ing colour development. Two control exper- 
iments were carried out to test the effects of 
these species. In the first experiment, the colori- 
metric reagents were added to a bromide stan- 
dard solution containing a pre-formed colloidal 
suspension of manganese oxide. This suspension 
was produced by stoichiometric reaction be- 
tween Mn2+ and MnO; according to equation 
(5).2’ Complete development of colour occurred 
in this case. 

2MnO; + 3Mn2+ + 2H20+5Mn02 + 4H+ (5) 

In contrast, the addition of MnO; resulted in 
a substantial diminution of colour. More de- 
tailed testing showed that the MnOi destroyed 
the bromophenol blue after it was formed 
(Fig. 3). [The solid line in Fig. 3(b) shows the 
effect of adding MnO,- after colour develop- 
ment was complete, whilst the broken line 
shows the effect of added MnO; on a standard 
solution of bromophenol blue.] 

The data in Fig. 2 provide a firm foundation 
for deciding which of the possible reactions 
listed in Table 2 make a significant contribution. 
Reactions D and H have already been elimi- 
nated from consideration for the reasons given 
above. Reactions C and G are inconsistent with 
the stoichiometry revealed in Fig. 2 (maximum 
BPB production occurs for a NH20H to MnO; 
ratio close to 2.5). The reactions described by 
equations E and F are also unlikely, both for 
stoichiometric reasons and for the fact that no 
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Fig. 3. (a) Kinetics of BPB formation in a 25@4 Br- 
standard solution in the presence (---) and absence (-) 
of lOO/A4 MnO, (b) Decay of BPB absorbance following 
the addition of 6OpM MnO; to a 25pcM Br- solution in 
which the colour had initially been fully developed (-); 
reduction of colour in a solution of reagent grade BPB dye 

after 6OyM MnOh was added (---). 

MnO, is produced until the NHIOH has been 
largely destroyed. As a result of this process of 
elimination, one is left with equations A and B. 
The results in Fig. 2 are consistent with the 
stoichiometry of equation A. However, only 
80% of the expected colour development in the 
bromide method occurs at this equivalence 
point, where there should be no residual 
NH,OH or excess MnO; (inhibitors). 

The possible products of the oxidation of the 
NH,OH in this system are NO; and N,O 
(equations A and B, respectively). If the concen- 
tration of one of these species is measured 
directly, the yield of the other product can be 
obtained by difference. In this case the amount 
of NO; produced was measured.” The results 
in Fig. 4 show that NO, is a minor, albeit 
significant, product with a peak solution con- 
centration of 14,uM at 40pM MnO; . 

This is a very important finding since NO; is 
the one oxidation product of NH*OH that will 
rapidly react with, and consume CT. 

[Mn047 pM 

Fig. 4. Production of NO, as a function of fMnO,-1; 
[NH,OH] = 100/&f. 

The less than 100% colour yield of bro- 
mophenol blue at 40pM MnO; is therefore 
explained by the production of a small amount 
of NO;. This problem with residual NO, can 
be overcome by increasing the concentration of 
MnO; to 8OpM. However, as seen in Fig. 2, the 
excess MnOi causes serious problems. 

The remaining unanswered question is the 
origin of the colloidal manganese oxide pro- 
duced in appreciable amounts at MnO; concen- 
trations greater than 4OpM. The distribution of 
the initial products of the reaction between 
MnO; and NHzOH can be calculated for each 
concentration of MnO; by using the yield of 
NO; (Fig. 4), coupled with the stoichiometries 
specified by equations A and B in Table 2. This 
method for calculating the initial distribution of 
products is a valid one since kinetic measure- 
ments show that the MnO; is consumed before 
MnO, is produced (Fig. 5). For 60pM MnO; 
the absorbance measured at 542 nm (the MnO; 
chromophore) does not decay to zero owing to 
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Fig. 5. Reaction between lOO@ NH,OH and 6O$f 
MnO;; decay of MnO; (0-O) and production of 

MnO, (O---O). 
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Fig. 6. Production of MnO, from the reaction between 
MnO; and Mn*+ . The initial reactant concentrations corre- 
sponded to those calculated in Table 4 for the primary 
distribution of products arising from initial MnO; concen- 

trations of 50yM (O---O) and 80pM (O-0). 

spectral overlap from the broad absorbance 
band of colloidal MnO, that develops after 
1 min. 

The initial calculated concentration balances 
for the reaction products are shown in Table 3. 
These results show there will be an excess of 
MnO; for initial MnO; concentrations greater 
than 40@4. It has already been mentioned 
above that Mn2+ and MnO; can react at pH 4.6 
to produce MnO, [equation (5)]. The results 
of kinetic experiments (Fig. 6) using Mn2+ 
and MnO; concentrations corresponding to 
[MnO; I,, concentrations of 50 and 80@4 in 
Table 3 showed that the profile of MnO, pro- 
duction in Fig. 2 could be accounted for by this 
reaction. This also explains why the yield of 
MnO, plateaus above WnO;] = 80pM. The 
concentration of Mn2+ reaches a constant value, 

and hence imposes an upper limit on the 
amount of Mn02 that can be produced by its 
reaction with MnO; [equation (5)]. 

Destruction of residual MnO; 

The above investigation showed that residual 
MnO; must be decomposed before the bromide 
calorimetric reagents are added. Hydrogen 
peroxide was initially chosen for this purpose 
since not only do mildly acidic solutions of this 
reagent reduce MnO; to Mn2+ [equation (611 
but it has also been shown that the Mn2+ 
product of this reaction would not adversely 
affect the bromide method. 

2MnO; + 5H,O, + 6H+ 

-+ 2Mn2+ + 8H2O + 502 (6) 

The effect of hydrogen peroxide itself on the 
calorimetric method was evaluated by measur- 
ing the extent of colour production in solutions 
containing hydrogen peroxide. It was found 
that colour yield was not decreased by con- 
centrations of hydrogen peroxide as high as 
300pM. Trial experiments that involved the 
mixing of a slight stoichiometric excess of 
hydrogen peroxide with pH 4.6 solutions con- 
taining 80pM MnO; or suspensions of manga- 
nese oxides (generated by reaction between 
1OOpM solutions of MnO; and NH,OH) 
showed that reduction to Mn2+ was complete in 
less than 10 rein (T = 20-25”). 

The experiment shown in Fig. 2 was repeated 
with a hydrogen peroxide reduction step 
between the initial MnO; treatment and the 
addition of the calorimetric reagents (Fig. 7). 
The results from Fig. 2 are included for com- 
parison. The yield of bromophenol blue is seen 
to be 100% (relative to a bromide standard 
solution) for MnO; concentrations greater than 
70pM ([NH,OH], = 1OOpM). 

Although a maximum of 1OOpM NH20H 
was used in the above optimization exper- 
iments, higher concentrations could be readily 

Table 3. Calculated initial product distribution for reaction between NH,OH 
and MnO; ([NH,OH], = IOO~M) 

[MnO,-1, /.A4 NnOi], PM Mn*+, ph4 NH,OH, @4 NO;, pM 
Initial Residual PKKlUC%i Residual ROdUCXXl 

40 0 40 14 14 
50 6 44 0 10 
60 18 42 0 5 
IO 29 41 0 3 
80 40 40 0 0 
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Fig. 7. Effect of 250nM H,O, in removing the negative 
interference due to residual MnOr as a function of the 
initial concentration of MnO,- (O-O), [NH,OH] = 
lOO@f. The yield of colour obtained in the absence of the 
HrO, (data from Fig. 2) is shown for comparison ( x --- x ). 

accommodated by proportional scaling of the 
amounts of MnO; and hydrogen peroxide. 

Implementation and testing of the method 

The robustness of the method was evaluated 
by producing a series of standard curves in the 
presence of 0,20,50, and lOOjA4 NH20H. Each 
measurement was made in triplicate. It should 
be noted that, in contrast to the mechanistic 
investigations described above, a reaction 
medium containing Na+, Mg2+, Cl-, and SO:- 
ions was used to simulate the ionic composition 
likely to be found in real freshwater samples. 
The blank-corrected absorbances for the 
standard curves corresponding to each concen- 
tration of NH,OH are listed in Table 4. The 
coefficient of variation between replicate 

Table 4. Bromide standard curves as a function of 

[NH@Hl* 

Br-. Br-. 
NH,OH, PM 

UM mnli 0 20 50 100 

0 0 0 0 0 0 
5 0.4 0.029 0.028 0.030 0.027 

10 0.8 0.070 0.070 0.071 0.070 
15 1.2 0.118 0.118 - - 
20 1.6 0.169 0.168 0.171 0.169 
30 2.4 0.277 0.284 0.287 0.281 

*Absorbance measured at 590nm. Standard deviation for 
triplicate determinations was less than 3% for [Br-] = 5 
to 30 FM. 

absorbance values was always better than 3% 
for bromide concentrations spanning the range 
5530jA!f. 

The data in Table 4 show that the colorimet- 
ric method incorporating the NH20H decompo- 
sition step is capable of yielding excellent 
results. However, a potential problem could 
arise if the MnO; is consumed in competing 
side reactions with other dissolved species, at a 
rate which is comparable with its reaction with 
NH,OH. It has already been noted above that 
Fe2+ could be present at significant concen- 
trations in water that contains NH,OH. Whilst 
Fe2+ does not cause problems with the colori- 
metric method itself (see above), it does react 
quite rapidly with MnO; at pH 4.6. The poten- 
tial for Fe2+ to interfere with the decomposition 
of NH20H by MnO; was evaluated by measur- 
ing the response of the integrated MnO;-colori- 
metric method to increasing concentrations of 
Fe2+. The results showed that a maximum of 
300&V Fe2+ could be tolerated in the presence 
of lOOpA NH20H. Higher levels would require 
an additional amount of MnO; to be added. 
For this reason it is recommended that the 
approximate concentration of Fe” be measured 
in samples collected from reducing environ- 
ments. 
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Summary-Simple inexpensive high performance optical absorption detectors are possible using light 
emitting diodes (LEDs) as light sources. The designs presented in the literature are reviewed. Designs used 
by the investigators are described in detail with respect to construction, electronic design, performance 
and cost; these have not previously been described in the literature. Characteristics of commercially 
available LEDs are tabulated. At the simple end, a single beam, dc driven, transmittance output detector 
can be constructed within the body of a LED. At the high performance end, fully referenced, computer 
interfaced detectors are described that are uulsed at high speeds to attain measurement standard deviations 
in the range of 2-3 x 10m6 absorbance. 

Light-emitting diodes (LEDs) are small, inex- 
pensive, power-efficient light sources that are 
widely used as indicator lamps. These electrolu- 
minescent devices first became commercially 
available in the late 1960’s. Today, it would be 
difficult to find an electronic instrument that 
does not sport an LED. Of special interest to the 
analytical chemist is that LEDs cover much of 
the visible and some near infrared (NIR) wave- 
lengths of interest (470-l 300 nm; 630-l 550 nm 
for laser diodes) with acceptable monochro- 
maticity for most applications. Further, without 
abuse, the expected lifetimes for LEDs are 
orders of magnitude greater than incandescent 
or discharge sources; mean time between failure 
for operation at 25” is typically 5 x lo4 hr or 
approximately 6 yrs’ of continuous service for 
typical LEDs; for some infrared LEDs, expected 
lifetimes are more than lo6 hrs.2 The short term 
spatial and intensity stability of a typical LED 
is respectively 30-200 and 50 times better than 
a H+Ne laser.3 With a battery operated power 
source, the intensity noise is stated to be about 
2 x 10e3% of the total amplitude (throughout 
the present paper noise levels cited are the peak 
to peak values). If this were the only noise 
source in a complete detector, absolute noise 
levels of the order of 9 x 1 0e6 in absorbance and 
a detection limit (LOD) of 3 x 10ms absorbance 
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(based on a S/N = 3 criterion) would be poss- 
ible; this can be favorably compared with noise 
specifications of present day state-of-the-art 
commercial flow-through absorption detectors 
(1 x lo-’ absorbance with a rise time of 1 .O set). 

LED based optical absorption detectors 

LED-based photometers were first proposed 
by Barnes in 1970 (as stated by Flaschka et ~1.4) 
and the concept of an LED-phototransistor 
(PT) photometer with a 30-cm pathlength flow- 
through cell was realized in 1973.4 Three years 
later, Anfalt et al.’ described a dual beam 
LED-based photometric titration probe for the 
measurement of total alkalinity in seawater. The 
LED was powered by a symmetrical square 
wave and both reference and principal detector 
photodiode (PD) outputs were processed by 
synchronized demodulators tuned to the LED 
chopping frequency, thus providing immunity 
against ambient light. However, such measures 
are largely unnecessary in flow-through 
photodetectors which are easily protected from 
ambient light by their design. The first practical 
LED-based flow-through photodetector of this 
type was described by Betteridge et ~1.~ This was 
a single beam instrument utilizing an u-geome- 
try and a path-length of 3 cm with a reported 
LOD (S/N = 2) corresponding to 6 x 10e4 ab- 
sorbance for a l-cm cells, from which a noise 
level of 9 x 10e4 absorbance can be calcu- 
lated. The development of this detector was of 
particular help to the facile practice of flow 
injection analysis (FIA).’ Several papers have 
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since appeared that utilize this basic detector 
design; particularly notable are the applications 
reported by Johnson ef ~1.‘~ who report on the 
seaworthiness of such inst~men~ for continu- 
ous shipboard analysis of seawater, including 
submerged applications. For a nitrate/nitrite 
determination system> noise levels of 8 x 10e4 
absorbance were reported (2-cm cell). A vari- 
ation of this cell design was reported by Tro- 
zanowicz et aLto to permit facile replacement of 
the LED and the photodetector. Since the orig- 
inal work,6 a different design was reported by 
Betteridge et a1.;7p”-‘3 the LED and the PT were 
located on the radially opposite sides of a 
transparent tubular flow conduit (0.3-2.0 mm 
dia), thus facilitating construction. Sufficient 
data are not available to judge if any meaningful 
changes in S/N performance resulted over the 
previous design. Schmidt and Scotti reported 
the design and construction of a Z-geometry 
flow cell of 4-mm pathlength as an LED-based 
dedicated detector for metal ion chromatog- 
raphy utilizing postcolumn reaction with 4-(2- 
pyridylazo)resorcinol. A PD was used as the 
detecting transducer in this single beam design 
and the signal processing circuitry included a 
simple but effective second-order Butte~o~h 
filter (50% cut-off at 10 Hz) to reduce noise. 
From the reported data on the LOD of the 
various metals, their known molar absorptivi- 
ties, injected and observed peak volumes, we 
estimate that the absorbance noise level of this 
detector was about 5 x 10w4. This was a particu- 
larly small aperture microvolume detector (0.74 
mm bore, 1.7 ~1) and this performance in a post 
column reaction system, where mixing noise is 
always a factor, is noteworthy. 

Since this time, several papers have reported 
the utilization of LED-based absorbance detec- 
tors but few details appear in regard to either 
design or performance characteristics. Imasaka 
et al.1s appear to hold the record on the lowest 
noise performance, albeit this was based on 
static measu~ments. With an ~trab~ght 814 
nm emitter operated from batteries and produc- 
ing an optical output of 36 mW, it was report- 
edly possible to attain a noise level of 7.5 x lo-’ 
absorbance using a dual beam arrangement, 
conversion of the PD outputs using 
voltage~frequency converter and an inte- 
gration time of 50 sec. More recently, Worsfold 
et a1.‘620 have championed the use of LED- 
based photometric detectors in field monitors 
for various water quality parameters and have 
also provided an overview of their use in flow 

injection analysis. 21 The detector design involves 
two individual LEDs and radial beam path flow 
cells; the two individual PD outputs were fed 
into a ~~erential amplifier. The dual cell ar- 
rangement was used to compensate for turbidity 
in unfiltered river water samples and performed 
acceptably in that regard. However, it is not 
strictly a double beam arrangement as stated;16 
it was not intended for com~nsating source 
fluctuations. A computer-addressable single 
beam photometer with multiple LED sources 
and a **-geometry flow cell is reportedly com- 
mercially available;22 no performance details 
have been given. Fluorometric applications of 
LEDs as excitation sources have also been 
described.“*24 

In this laboratory, LED-based optical ab- 
sorbance detectors have been used for several 
years now, with many different cell designs. We 
have used them with and without coupling to 
optical fibers, in referenced and ~referen~ 
source configurations, with transmittance or 
absorbance as the primary output, in stand- 
alone or computer-controlled configuration, in 
dc and in pulsed mode. They have been 
configured as part of both laboratory and field- 
deployable inst~ents. The use of such detec- 
tors was mentioned in several publications’“’ 
but no details were cited. A detailed consider- 
ation of their design, both in the form where the 
ultimate in performance is not necessary and 
also where the latter is desirable, is presented 
here. 

Sources 

Light emitting diodes and laser diodes. Several 
excellent volumes are available for more de- 
tailed info~ation on LEDs and laser diodes 
(LDs).~‘-~~ Briefly, when charge carriers are in- 
jected across a forward-biased p-n junction, the 
current is largely due to hole-electron recombi- 
nation in the transition region and in the neutral 
regions near the junction. In indirect band gap 
~iconductors like Si or Ge, the energy is 
released as heat. In a semiconductor permitting 
direct recombination, a considerable amount of 
the energy is released as light, the effect being 
known as injection electroluminescence. The 
wavelength of the light emitted is related to the 
band gap of the ~miconductor. Some common 
semiconductor materials are listed below with 
the corresponding photon wavelengths in nm 
given in parenthesis: ZnS (349, Sic (434), ZnSe 
(460), AlP (507), CdS (513), GaP (550), AlAs 
(575) CdSe (718), GaAs (868), Si (1120), Ge 
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(1850), PbSe (4600) and InSb (6900). Virtually 
all can be configured into some type of photode- 
tector where they respond to light of wavelength 
equal to or less than that corresponding to the 
bandgap. Only some semiconductors show 
practical injection electroluminescence. The en- 
ergy distribution of the emitted photons corre- 
sponds approximately to a skewed normal 
distribution, the typical peak wavelength being 
somewhat higher than the wavelength corre- 
sponding to the cited band gap energy. How- 
ever, the photon wavelength can be varied by 
making compound semiconductors. Thus, while 
GaAs emits in the NIR and GaP in the green, 
various amounts of As can be introduced into 
Gap. The resulting material is often written as 
GaAs, _ ,P, (or simply GaAsP) and the resulting 
light can range from green to far red, depending 
on the degree of As content. From one pro- 
duction batch to another, the composition can 
vary sufficiently for the peak wavelength to 
change by 5-10 nm (typically the uncertainty is 
1% of the stated wavelength in nm) for the same 
device designation; this should be borne in mind 
before a search is mounted to find an emitter 
that precisely matches some wavelength. More- 
over, the exact peak wavelength depends on the 
junction temperature; at a fixed ambient tem- 
perature the junction temperature is a function 
of the drive current. Leidecker and Powers3’j 
report that for a common “660 nm” LED, the 
peak wavelength changed linearly from 663 nm 
to 671 nm as the case temperature was varied 
from 20 to 75”. 

Commercially available LEDs. Most commer- 
cial LEDs are made from GaAs or GaP sub- 
strates. An epitaxial layer is grown thereon to 
form the light emitting p-n junction. Common 
red LEDs are based on an GaAsP epitaxial layer 
grown on GaAs. GaAsP epitaxi are grown on 
GaP to produce high efficiency yellow and red 
LEDs. GaP epitaxi are grown on GaP to pro- 
duce green LEDs. More recently, Al is being 
doped into the epitaxial layer to produce a 
double heterojunction AlGaAs structure that 
produces a very intense red light at modest 
currents. Blue LEDs, with peak emission at 490 
nm were originally introduced in late 1984 by 
Panasonic Industrial Co. and were based on 
GaN. These multijunction devices required a 
forward bias of 7.5 V. The present generation of 
blue LEDs are based on Sic and are more 
power-efficient but the optical output is still 
small compared to longer wavelength emitters. 
very recently high output GaN LED, have been 

reintroduced, these emit in the green-blue (482 
nm). Infrared LEDs in the 886950 nm region 
are based on GaAs or AlGaAs and those in the 
1200-l 300 nm region are based on AlInGaAsP. 
Very high output orange LEDs based on the 
AlInGaP structure have been realized and are 
expected to be commercially available soon.37 

Most LEDs are made starting with slicing the 
base crystals into thin wafers. The epitaxial 
layer is then grown. The wafers are next scribed 
and broken into individual LED chips, typically 
0.25 mm square. The crystal base is the cathode 
and the epitaxi side is the anode. The chips are 
then attached to a lead frame. The cathode is 
usually shaped like a cup to reflect the emitted 
light forward and the chip is connected to it by 
conductive silver epoxy. The anode is then wire 
bonded (typically 25 pm in diameter gold wire, 
ending in a ball) to the top of the chip and the 
whole is packaged in epoxy. Tie-bars that hold 
cathode and anode leads together during the 
above operations are finally sheared, resulting in 
the familiar device of Fig. 1. 

Performance characteristics of available 
LEDs. The use of a bright, narrowly focused 
source is preferred for all detector applications 
to obtain the best S/N. Table 1 lists several 
commercially available LEDs with their charac- 
teristics; based on our experience, they are par- 
ticularly well suited for detector applications. 
With a few exceptions (such as a device that can 
provide an optical output of 100 mW and can 
handle peak currents up to 10 amperes) we have 
considered here only LEDs in the most common 
size (T l-3/4,5 mm). It should be noted that the 
values cited are typical values, considerable 
variations may be encountered for the optical 
power output of individual LEDs. For example, 
in a lot of 1000 LEDs supplied to us by a 

Fig. 1. Cutaway view of a typical T-1-3/4 epoxy bodied 
LED. 
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Table I. Characteristics of some commercially available LEDs well suited for detector applications@) 

Device 

type 

Intensity/ Maximum Maximum 
Peak Power Half-intensity continuous Pulse 

wavelength, Device (at rated wavelen~h current, current, 
nm Manufacturer designation current, mA ) bounds, nm mA mA@ 

Sic 470 
GaN 482, 435 
GaP 555 
GaP 560 
GaP 565 
Gap 570 
GaAsP/GaP 580 
GaAsP/GaP 583 
GaAsP/GaP 58.5 
AlInGaP 590 
GaAsP/GaP 605 
GaAsP/GaP 610 
AlInGaP 630 
GaAsP/GaP 635 
AlGaAs/GaAs 645 
AlGaAs 650 
GaAsP 655 
AlGa As 660 
AlGaAs 660 
GaP 700 
AlGaAs 818 
AlGaAs 840(” 
AlGaAs 850 
AlGaAs 880 
AlGaAs 880 
AlGaAs 880 
GaAs 92s 
GaAs 940 
GaAs 950 
InGaAsP 1300 

L(d) 

L 
8”) 

s 
H” 
S 
S 
H 
L 
H 
S 
L 
H 
H 
H 
H 
H 
S 
L 
S 
@I, 
M”, 

S 
L 
S 
0 
S 
L 
S 
M 

L2OOCWBS 20 mcd (20) 
L20OCWGB6 75 mcd (20) 
HBGS566X 150 mcd (20) 
HPGSS66X 200 mcd (20) 
HLMP39SO 120 mcd (20) 
HPYSS66X 300 mcd (20) 
HAYSS66X 150 mcd (20) 
HLMP38SO 140 mcd (20) 
LZOOCY.SA 66 mcd (20) 

HLMACLOO”’ 1300 mcd (20) 
HAASS66X 250 mcd (20) 
L2OOCG4D 45 mcd (20) 

HLMADG~~ 650 mcd (20) 
HLMP37SO 125 mcd (20) 
HLMWIOI IO00 mcd (20) 

HLMP8104”) 4000 mcd (20) 
HLMP30SO 2.5 mcd (20) 

H-3000 3000 mcd (20) 
L209CWRSK 4100 mcd (2s) 

SPRSSOI 6 mcd (70) 
OD-820Wk) 6 mW(lOtl) 

ME1504 1.5 mW (SO) 
DN30S 80 mW/sr (50) 

L2OOCWIR880 2 mW/cm2 (20) 
CN305 30 mW/sr (SO) 

OD-loo”) 100 mW (500) 
BN301 7 mW/sr (20) 

L2OOCWIR940 10 mW (200) 
AN305 25 mW/sr (SO) 

ME702 I’O’ 1 mW (100) 

435-510 so 
418-510 30 
538-568 50 
552-582 50 
448-576 30 
556587 so 
569601 so 
565-601 20 
572-607 20 
584-598 30 
591-622 so 
602632 20 
620-637 30 
616658 30 
637-658 30 
637-659 so 
643667 50 
646671 50 
64.5670 50 
658-706 30 
793-847 100 
812-857 7s 
825-875 100 
858-907 50 
840-920 100 
872-974 so 
835-915 SO0 
929-978 100 
922-972 100 

123@1370 120 

N;;b’ 
100 
100 
90 

100 
100 
60 
80 

100 
100 

N/A 
100 
90 

300 
300 

1000 
300 
300 
100 

3000 
120 

1000 
3000 
1000 

10000 
1000 
3000 
1000 

N/A 

“‘At 25”. 
(b)Speci8ed for visible LEDs in lumens per unit solid angle (lm/sr = Candela) and for NIR LEDs in mW/sr or in terms of 

aperture incidence power mW~~2, or total power, mW. Note that intensity s~ificatio~ depend on the focusing ability 
of the &vice; when much of the dome is removed and a fiber is coupled to it, the total power output specification is 
the more relevant parameter. 

@The specified value is generally allowable only at very low duty cycles, manufacterer’s data sheets should be consulted 
for exact conditions. 

(d)LEDTRONICS Inc., Torrance, CA. 
Stanley Electric Co. Inc., Tokyo, Japan. 
(~Hewlett-Packard, San Jose, CA. 
(@These devices will be available in bulk quantities in 1993, design samples are available now. 
ch)Data not available. 
(“An even higher output (15000 mcd) device is available in a larger package (T-4, 13.3 mm), HLMP-8150. 
u)Opto Diode Corp., Newbury Park, CA. 
“IS.3 mm TO-46 metal cam. 
@Can range from 780 to 880 in depending on production lot; 5.5 mm dia. metal case. 
(m)Mi~ubis~ Electric Co., Tokyo, Japan. 
@)9.1 mm To-39 metal case. 
““5.4 mm dia. metal case. 

manufacturer, the brightest 10% averaged 4x Worsfold et al,“**’ observed. Cited peak wave- 
greater luminous intensity than the dimmest lengths are somewhat dependent on the operat- 
10%. We have recorded the emission spectra of ing temperature as well as the total output. 
some LEDs and have generally found them to Some NIR LEDs are known to show a negative 
correspond closely to manufacturer’s data, wavelength shift in the location of the peak 
within the 1% tolerance limit previously stated. maximum with increasing output power, the 
With the exception of the GaN emitter, in direction of shift is reversed at still higher 
no case were distinct doublets as reported by powers.2 Operating LEDs at excessive currents 
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(short of catastrophic failure) for prolonged 
periods can permanently reduce the luminous 
output and change the peak wavelength. One 
astute observation has been made: “. . . like 
trai?lc lights, all turn yellow before they go”.38 

Laser diodes. Laser diodes are 2-2.5 orders of 
magnitude more expensive than their LED 
counterparts. Nevertheless, on an absolute 
scale, this cost is modest for many applications. 
Based on several different layered structures 
(GaAs, AlGaAs, InGaAsP), LDs presently span 
a wavelength of 630-1550 nm with continuous 
power levels ranging from a few mW to several 
watts. Experimental ZnSe LDs, emitting in the 
blue-green, have been made.3g Many LDs oper- 
ate with a multimode pattern that involves 
emission over a large wavelength range (as 
much as 80-90 nm) with emission bands equally 
spaced, 1 to several mu apart. The intensity, 
spacing and the location of the principal emis- 
sion band change with the temperature and the 
operating power; often, single mode emission 
results at higher powers. The half bandwidth of 
an LD emission band can range from I-10 nm 
depending on the device. The use of LDs in 
analytical chemistry has been reviewed.” If used 
in a conventional mode to perform absorption 
measurements, they offer no significant advan- 
tage over LEDs. Still, it is possible to operate 
with LDs in the laser intracavity absorption 
spectroscopic mode where the sample is placed 
in an optical feedback path between the LD and 
a mirror; absorbance noise levels of 1 x 10m5 
are reportedly routinely attained with very 
simple apparatus.41*42 Practical applications, 
ruggedness, and immunity from mechanical 
perturbations are still to be unequivocally 
demonstrated and further discussion of the use 
of LDs is best deferred until such time. 

Use of optical fibers in constructing a detector 
cell. Some of the cell designs reported here use 
optical fibers for light transmission. Relative to 
directly locating the LED and the photodetec- 
tor(s) within the cell, such an arrangement 
unavoidably involves some light loss. However, 
the cell itself can be made very small and located 
in a region remote from any electronic com- 
ponents. Longer wavelength high optical output 
LEDs, used for optical communication pur- 
poses, are often available with attached fiber 
pigtails. But the fiber core diameter is rarely 
larger than 250 ,um; this is generally too small 
for typical detector applications. Several manu- 
facturers (e.g., Sanyo Inc., Stanley Electric, 
Telefunken AG) also market specially molded 

LEDs with optical fiber connectors. In our 
experience, the best permanent fiber connection 
to a 5-mm LED is made by cutting off most of 
the dome material, getting down to within 0.5 
mm of the chip using fine sand paper and finally 
polishing the surface by rubbing it on smooth 
paper. If a plastic optical fiber is used, its end 
can be polished in the same manner or by using 
a wet polishing stone. With both components 
held in place (the fiber being positioned to cover 
the chip), the two are glued together using 
UV-cure optical adhesive (Norland Optical 
Products, New Brunswick, NJ) and then epoxy 
is applied around the fiber to make the connec- 
tion more secure. Fibers can be coupled to the 
sensing chip of a photodetector in the same 
manner. Figure 2 shows the relative amounts of 
light reaching a photodetector under different 
coupling conditions, at identical LED drive 
currents. 

Detectors-photodiodes or phototransistors? 

Both photodiodes and phototransistors can 
be used as detectors. The difference is that the 
latter typically provide 1.5-2 orders of magni- 
tude greater current output albeit the response 
is slower.43 This does not necessarily mean that 
the use of phototransistors results in better S/N. 
If the detector cell and the connecting cables are 
appropriately shielded, extraneous noise can be 
minimized. Even with blue LEDs, the photocur- 
rent from a detector photodiode is in the several 
nA range and can be directly handled by pre- 
sent-day log-ratio amplifier chips (vi& infra). 
Under such circumstances, we have observed 
that phototransistors are typically more noisy 
than photodiodes. But if a single beam arrange- 
ment is used with a low output source and if the 
photodetector in the cell is coupled to an exter- 
nal low-cost photocurrent-+voltage converter, a 
phototransistor may be worthy of consider- 
ation. Phototransistors, and especially the even 
higher gain photodarlingtons, are generally not 
desirable for high speed pulsed detector appli- 
cations because of their slower response speed. 
Excellent descriptions of the different strategies 
of monitoring photodiode outputs with oper- 
ational amplifiers are available.44,4s 

Major suppliers of photodetectors include 
EG&G Optoelectronics, Hamamatsu Corp., 
United Detector Technologies, among others. 
For the detector applications at hand, very in- 
expensive small silicon photodiodes (active area 
3 x 3 mm, polymer encapsulated) commonly 
available from surplus houses (e.g., type S2007, 
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L D 

(a) m 15,000 nA 

0)) 200 nA 

L 

-@=====k (dm@=--=------------------_ 800 nA 

Fig. 2. Light throughput with different test configurations, 560 nm LED, 50 mA drive current. (a) LED 
(L) and lens end photodiode (D) coupled face to face; (b) 1.5 mm fiber optic coupled to drilled hole in 
L, intervening cell is air filled &ss tube (1.6 mm id. x 10 mm), 1.5 mm fiber optic coupled to lens end 
of D; (c) as in b except fiber coupled directly to chip on D: and (d) as in c except fiber coupled to L after 

dome removal. 

Electronic Goldmine, Phoenix, AZ) produce 
results that are indistinguishable from their 
more expensive counterparts. Because of a 
greater illuminated area, the total photocurrent 
obtained is larger than the small profile photodi- 
odes. But the signal gain with increasing active 
area of the detector is also associated with 

IO 

Fig. 3. Typical response profiles of solid state photodeteo 
tors as a function of wavelength. (A) Silicon, e.g., type 
S2386; (B) silicon, with visible light cutoff, e.g., type S2506; 
(C) GaAsP, standard, e.g., type G1115; (D) GaAsP, ex- 
tended red sensitivity, e.g., type G1735; and (E) GaP, e.g., 
type G1961; device numbers refer to products from the 
Hamamatsu Corp. The ordinate scale is approximately 
equal to photocurrent in amperes per watt of incident 

power. 

increasing noise; a detector with an active area 
much larger than the transmitted beam cross 
section is undesirable. The relative response 
profiles of a few detector types, of importance to 
the present discussion are shown in Fig. 3 as a 
function of the wavelength of light. NIR detec- 
tors that do not respond to visible light are also 
commonly available. This makes it possible to 
have simple DC dual wavelength detectors using 
a bifurcated optical fiber (e.g., from Dolan 
Jenner Industries, Woburn, MA). This is sche- 
matically shown in Fig. 4(a); independent elec- 
tronics can serve each source-detector 
combination. As shown, each emitter can be 
individually referenced. Alternatively the sim- 
pler design of Fig. 4(b) can be used with any pair 
of LEDs. An appropriate electronic strategy is 
used to alternately turn on each LED (cu. 100 
Hz) through a clock and a flip-flop circuit, take 
the log ratio of the reference and the signal 
detectors and provide individual outputs via 
appropriately enabled sample/hold (S/H) am- 
plifiers (Fig. 5). To achieve good S/N in this type 
of design, it is vital to reduce external noise and 
the (log) amplifier circuitry is preferably located 
within the same metal housing as the flow cell 
itself. The cell body is used as the common 
ground. This approach is easily extended to a 
multiplicity of LEDs. If the capability to set 
each of the final outputs individually to zero is 
desired, a final offset stage not shown in Fig. 5 
is, in general, necessary after each S/H amplifier. 
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Dl 

Fig. 4. (a) Dual wavelength photodetector using wavelength selective detectors. Ll: visible LED; L2: 
infrared LED; BFO: bifurcated fiber optic; C: coupler; RI, R2: reference detectors responding to Ll and 
L2 respectively; Dl, D2: signal detectors responding to Ll and L2, respectively. (b) Dual wavelength 
photodetector using single reference and signal detectors and the time-multiplexing circuitry in Fig. 5 to 

provide individual outputs. 
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The offset capability provided to the S/H 
amplifiers themselves is not adequate for this 
task. 

In this connection, it is interesting that like 
any other pn junction, LEDs respond to light, 
i.e., they are photodiodes as well. This bidirec- 
tional transducer behavior (see Table 2) can be 
used to construct dual wavelength detectors of 
adjacent wavelengths, with an LED mounted on 
each side of the cell and functioning alternately 
as a source and a detector. However, such an 
approach should be regarded more as a curios- 
ity than a practical method; LEDs are photodi- 
odes, but pretty poor ones! 

Cell design 

Poppee has provided an outline on the basic 
characterization and design of liquid phase 

Table 2. Photocurrents (nA) with LEDS as detectors* 

Emitter Detector LED 
LED 555 nm 570 nm 605 nm 660 nm 

555 nm 1.2 3.6 3.0 2.4 
570 nm 2.5 9.0 22 52 
605 nm 0.02 0.2 6.4 105 
660 nm 0.01 0.02 0.27 200 

*All are Stanley 5566x series LEDs (see Table l), emitter 
drive current 50 mA, emitter and detector separated by 
1 cm, intervening medium is air. 

TN. 40,1--E 

flow-through detector systems and in a sub- 
sequent paper47 has specially considered minia- 
turization of such detectors. Stone and Tyson4* 
have shown that the design of flow cells can 
significantly affect the peak profile observed in 
FIA. Stewart4g*50 has specially considered the 
optics of flow cells used in liquid chromatog- 
raphy (LC). Optical acceptance of a flow cell is 
inversely related to the optical path length, by as 
much as the fourth power of the latter. Most 
typical present-day flow cells for conventional 
LC are designed with pathlengths of 4-8 mm. 
By appropriately imaging the source at the exit 
window and using a tapered cell construction, 
Stewart4’ showed that it is possible to reduce 
refractive index (RI) effects greatly. The RI 
effect was reduced to the limit where it was 
solely due to the change in reflectivity at the 
interface of two media with different RI. The 
original detector of Betteridge et ~1.~ was suffi- 
ciently sensitive to changes in RI to function as 
an RI detector. The role of the flow cell in 
influencing the apparent effect from changing 
RI has recently received more attention.$’ The 
full importance of the flow cell is rarely appreci- 
ated, however. Figure 6(A) shows the detector 
response when 50% methanol is injected into a 
water carrier in a FIA system (shpwn in inset) 



P. K. DAXWPTA et al. 

-15V Qnd. +lSV 

INPUT BOARD 

Fig. 5. Schematic for performing dual wavelength absorbance measurement with a time-shared reference 
and signal detector. Rl and R2 are chosen to obtain the desired value of the current pulse; 33 ohms provide 
a pulse of ca. 100 n~4 for most LEDs. The input board is integrated with the flow cell. This concept can 

be extended to use a greater number of LED sources. 

using an 8-~1 and a 40-~1 volume black wall 
flow cell installed in a Perkin-Elmer 559 spec- 
trophotometer. The reflectivity of the wall also 
entirely changes the qualitative behavior of the 
artifact signal. Figure 6(B) shows the appear- 
ance of the signal upon 50% methanol injection 
when a flow cell with integral LED-photodiode 
detectors (1.5 x 10 mm path) is used; in one case 
the exterior of the glass tube constituting the 
flow path has been painted black, in the other 
case it has been silvered to increase reflectivity. 
Note that in one case a peak appears before a 
dip and in the other case the peak follows the 
dip. 

Radial path flow cells. The simplest flow-cell 
construction undoubtedly involves using the 
radial dimension of a tube as the optical path. 
The original design of Betteridge et al.“-” has 
already been cited; a filter photometric detector 
in which the detector body can slide along a 
glass tube was also described earlier.S2 Presently, 
this type of radial optical path detection strategy 

is obligatorily used in capillary electrophoresis 
and capillary LC where dispersion induced by 
connections to external detectors cannot be 
tolerated. For conventional bore LC, tubes of 
l-l.5 mm bore are the largest that can be used 
as radial path detectors without causing major 
dispersion; this often causes a larger sacrifice in 
detection sensitivity (due to the small optical 
path length) than can be tolerated. The sensi- 
tivity requirements are often less stringent in 
FIA or similar analytical systems and this type 
of cell may be ideally suited for such appli- 
cations. This is particularly true if the emitter 
used is of low optical output (e.g., a blue LED) 
because the S/N in an absorbance detector 
based on such a source quickly becomes limited 
by the decreasing amount of light reaching the 
light detector with increasing path length. Strat- 
egies and considerations of designing small bore 
radial optical path detectors using optical fibers 
have been recently outlined.s3s” The radial path 
design we favor for FIA applications is shown 
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R$ &33eseetor ~~~~t zqou in$?c!tion af 50% metIiam9 &a B water carrier t&g the th3w aeon 
manifold depicts2d in the iset. (A) Ihtmtor: P~i~39~~ SSBA dual mon~~r#matur s~botome~r 

equipped with M&C walled cells of volume (1) 8 ptl am9 (2) 90 gI; (B) detector: LED based, S mm path 
length, 16.5 p9 volume, (3) black ~19s and (4) reflective witlls. In all cases light is incident on the window 

next to the fluid eutrance point. 

Fig. 7. Radial path detector. (A) Crows sectional view. N: m&fitting; B: li4-28 thr~ded unior~ with rx?nbr 
partition; L: flat faced LED; LL: LED leads soldered to miniature lugs held in place by screws S; R,D: 
reference and dgrtal photodiodes; SC: shielded cable to photodiode: G: opaque glue. (3) Front view of 
the union 3. $92 slot cut on opposing sides to fold over LED lea&~ P: ‘to~tion of center partitioa; T: 
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in Fig. 7. Opaque l/4-28 threaded polymeric 
unions with a center partition containing a small 
connecting hole are inexpensively available 
(e.g., from Dionex Corp., Sunnyvale, CA and 
Upchurch Scientific, Oak Harbor, WA). An 
appropriately centered hole is drilled through 
the wall of the fitting immediately adjacent to 
the partition, to snugly fit the glass tube used as 
the flow conduit. The LED (dome removed, flat 
faced) is then put on the other side of the 
partition with the leads extending through slits 
cut on the sides of the union, as shown. The 
LED termini and connecting leads are held 
firmly in place by O-80 threaded miniature 
screws, The reference PD is immediately behind 
the LED and receives light reflected off the front 
plane. It is held in place by a threaded male 
fitting, with (shielded) leads exiting through the 
l/S in. bore of the fitting; the bore is then filled 
with opaque adhesive. If a single beam arrange- 
ment is used (no reference), the LED can be held 
in place directly by the male fitting with its leads 
exiting through the bore of the fitting; it is not 
necessary to make slits in the union. The hole in 
the partition may be drilled out to the extent 
desired to define the optical aperture (prefer- 
ably 5 tube radius). The glass tube and poly- 
meric inlet/outlet tubes connected to it (inserted 
within it) are affixed in place with opaque 
heat-shrunk polyolefin tubing. The detector PD 
is cemented to the end of a threaded male plug, 
with a hole drilled in it for the connecting leads. 

Tl 

12 

P 

The optical path using the radial dimension of 
a tube actually involves a multiplicity of path 
lengths. *z-54 For the purist, this problem is 
solved and the response linearity over a large 
range is improved by replacing the circular tube 
with one of square (or rectangular) cross sec- 
tion. Such tubes are available (both in glass and 
silica) from many sources (e.g., Wilmad Glass 
Co., Buena, NJ; Vitro Dynamics Inc., Rock- 
away, NJ). The great virtue of the straight flow 
path design with the optical probe traversing it 
at a right angle is that when it is deployed in a 
vertical configuration, stray bubbles are never 
trapped in the cell.” 

Z-path flow cells. The biggest shortcoming of 
the radial path design is the limited optical path 
lengths that can be attained without excessive 
dispersion. The small bore Z-geometry flow cell 
is widely used in commercial detectors and 
represents a good combination of reasonable 
optical path length, low volume, low dispersion 
and fast washout profile (minimum unswept 
volume). Some commercial cells also utilize a 
bore that is tapered, rather than uniform, to 
minimize artifact signals from RI changes.4g 
Making such a cell requires skilled machining; 
the design is also patent-protected. Figure 8(a) 
shows a design that is fabricated very simply. 
The choice of the material is largely governed by 
the intended application. If the application is 
compatible with acrylic polymers (used for 
many inexpensive polymeric optical fibers, 

Fig. 8. Two simple flow cell designs. (A) Z-configuration flow cell with direct connection to fiber optic. 
L: LED; R: reference PD; F: fiber optic; G: flow conduit; Tl, T2: flow in/out tubes; P: PVC pump tubing 
(used when conduit G is of glass); D: detector photodiode. (B) Flow cell built within the body of an LED. 
C: emitting chip; H: entrance/exit apertures; P: opaque PEEK sleeve; F: fiber optic leading to signal 

photodiode; a reference photodiode can be placed under the LED. 



Light emitting diode based flow-through optical absorption detectors 63 

e.g., ESKA fibers from Edmund Scientific, 
Barrington, NJ), 1 .O or 1.5 mm dia. optical 
fibers (F) can be placed 6-10 mm apart at the 
termini of the main flow conduit (G), their 
spacing defining the optical path length. The 
conduit G itself is a 15-20 mm segment of a 
6.3-mm diameter rod, drilled out to accommo- 
date snugly the optical fibers. The conduit can 
be of any polymer that accepts an adhesive and 
is compatible with the application. Inlet/outlet 
holes are drilled at a N 45” angle and inlet/outlet 
tubes (stainless steel hypodermic needle tubing, 
Small Parts Inc., Miami, FL or small o.d. PEEK 
tubing, Upchurch Scientific) are cemented in 
place with epoxy adhesive, without protrusion 
in the main flow conduit. The fiber optic ends, 
already connected to an LED (L) or PD (D) by 
a short length, are then inserted to the measured 
depth and cemented in place. If the application 
involves solvent media that are compatible with 
epoxy resin and any reactants or products 
formed do not absorb strongly thereon, many 
LEDs are available already terminated in a 
2-mm diameter cylindrical protrusion (“chim- 
ney shaped”) and can be directly used, with the 
corresponding end of the conduit G being 
drilled to accept the LED terminus. If a refer- 
ence detector (R) is used, it is cemented on the 
bottom of the LED, using optical adhesive. For 
additional strength and protection from ambi- 
ent light, the whole assembly can now be en- 
cased in an opaque material. Black silicone 
sealant is particularly useful for this purpose 
since it is removed easily if necessary. 

For some applications, polymeric optical 
fibers are simply not suitable. Essentially the 
same design can be attained with a l-mm i.d. 
glass tube as the flow conduit and l-mm single 
strand silica optical fibers (available, e.g., from 
Ensign-Bickford Optics Co., Avon, CT). To 
maintain good S/N with the limited optical 
aperture, the pathlength should not be greater 
than 6 mm. The difficult part about using a glass 
conduit is to provide the inlet/outlet apertures. 
Even for a skilled machinist using diamond- 
tipped bits, it is difficult to drill holes in small 
bore thin wall glass tubes. But it is possible to 
create a slanted cut into the wall of a glass tube 
with a thin motorized cutting wheel (as with a 
DREMEL Moto-Tool@, available in most hard- 
ware and hobby stores) without much difficulty. 
Once the apertures have been made, the glass 
tube is coated with a thin layer of epoxy ad- 
hesive. While the adhesive is still tacky, the 
coated tube is slipped inside a plasticized 

poly(vinyl chloride) tubing P (commonly used 
with peristaltic pumps, a great variety of such 
tubing, of varying i.d. are available from Elkay 
Products, Shrewsbury, MA). Connecting in- 
let/outlet tubing are then put in and cemented in 
place after first puncturing the protective tubing 
P at the appropriate locations with a hypoder- 
mic needle. 

Flow cells within an LED. If the application is 
compatible with epoxy, very simple detectors 
are possible where the flow cell is built wholly 
within the body of the original LED, as shown 
in Fig. 8(b). With 5-mm LEDs, a maximum 
path length of 3 mm is possible, larger path- 
lengths are possible with a 13-mm (T-4) size 
LED. A hole of desired size, typically 1.5 mm, 
is drilled from the top of the LED to within 1 
(preferably 0.5) mm of the chip C. Careful 
manual drilling under a low magnification 
microscope is recommended. The bottom of the 
hole is then made flat with an appropriate 
bottoming tool. Angled entrance and exit 
holes (H) of desired diameters are now drilled. 
However, the bottom surface is still rough and 
light transmission through this surface will be 
very poor if it is used in this state. Polishing 
compounds cannot be used since it is not poss- 
ible to remove them from the surface. Rather, 
it is best to use some slow curing transparent 
epoxy and coat the drilled rough surface with it, 
using the bottom of a suitably sized drill bit for 
even distribution. When the adhesive cures, an 
even and transparent surface is left. An optical 
fiber F is then cemented in at the distal end and 
terminates in the detector PD. Again, if desired, 
a reference PD can be placed at the bottom of 
L. Beyond a compact design, this configuration 
results in some interesting properties. When the 
bottom of the flow path is very close to the 
chip, the flowing fluid actually helps to cool 
the chip; the light output is measurably higher 
when the chip is cooled (de infia) by the 
flowing fluid. (Conceivably, this may be used 
as the basis of a flow transducer, albeit such 
use is likely to be complicated by variations 
in the ambient and the fluid temperature and 
heat capacity of the fluid.) The response of 
such a detector is not linear over a large 
range of absorbance; stray light is conducted 
to the detector fiber through the body of the 
LED. The linear range can be extended by 
drilling the initial flow path to accommodate a 
small segment of an opaque PEEK tube P 
(1 .O mm i.d./l.S mm o.d.) as an optical isolation 
sleeve. 
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(A) (B) 
Fig. 9. Demountable cell shown in horizontal cross section in (A) and the top view and vertical cross 
section of the middle section B appears in (B). A, C: aluminum end-blocks; B: central polymer block 
housing the flow cell; N: knurled male nuts; Q: socket; BD, SD: reference and signal PD, L: LED, LW: 
lens window; W: flat window; P: flow-path; 0: O-rings; D: opaque disc; H: threaded apertures for fluid 

inlet/outlet. 

DemountableJzow cells. The above designs call 
for little machining but sacrifice versatility. Two 
robust designs in which the various components 
of the cell are readily changed are shown in Figs. 
9 and 10 respectively. The flow cell of Fig. 9 is 
shown in horizontal cross section in (A). It is 
composed of two aluminum parts (A and C) 
sandwiching a central part B made from an inert 
plastic. (Most of our cells were made from 
translucent Kel-F@. While this material is very 
inert and machines well, all exposed surfaces 
need to be covered up by an opaque tape to 
prevent intrusion of light. We have also used 

Fig. 10. Fiber optic based demountable cell. H: I-72 
threaded aperture communicating to the 1 .O x 6 mm illumi- 
nated flow path, S: Machine screws (4), holding blocks A, 
B and C together; K, M: aperture for optical fibers; W: flat 

optical windows. 

glass filled Ryton@; this is highly opaque and 
reasonably inert but requires carbide faced tools 
for machining. More recent experience shows 
that PEEK may be the best choice; opaque 
Kel-F is also available.) The three parts are held 
together by two g-32 screws (not shown in the 
figure) placed at opposite corners; one endplate 
contains recessed holes and the other contains a 
threaded aperture with through holes in block B 
to complete the assembly. A top view of block 
B and a vertical cross-section is shown in (B). 
Threaded (l/4--28) Inlet/outlet apertures (H) are 
provided in B. These terminate in 0.5-mm bore 
passages that open on the optical windows LW 
and W. It is important to note that the termini 
of the entrance/exit passages break out partially 
into the surface facing the windows, if these 
termini are completely contained within the flow 
path, the cell will be more prone to occasional 
bubbles being trapped in the cell. The optical 
path P is 1.5 x 6 mm. A circular recess, 1.6 mm 
deep and 9 mm in diameter, is machined on each 
face of block B. These recesses hold the window 
W and lens L, each surrounded by a No. 009 
O-ring 0. The latter are thick enough to pro- 
trude slightly out of the recess and when the 
three blocks are assembled, a seal is formed by 
compression. If machining is not sufficiently 
precise to accomplish this, circular gaskets can 
be punched out of folded-over Teflon tape and 
used between the optical windows and the 
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aluminum faceplates. Window W is a 6.3-mm 
diameter 1.5~mm thick optically flat glass disc 
and LW is a 6-mm diameter, 9-mm focal length 
piano convex lens (center thickness 1.75 mm), 
both inexpensively available from Edmund Sci- 
entific. The use of the lens instead of a flat 
window (cost difference cu. $5) is not essential 
but results in at least 25% better light through- 
put through the cell. Blocks A and B are similar 
and both contain l/2-20 threaded holes, termi- 
nating in 3 mm diameter apertures. Hollow 
knurled aluminum male fittings N are machined 
to fit into these threads. On the detector side, 
disc D, cu. 1.5 mm thick, machined from non- 
conductive opaque plastics like phenolic resins, 
sits atop of N and appropriate small holes are 
drilled in D to allow passage of the leads of the 
signal detector SD (3 x 3 mm silicon PD, Elec- 
tronic Goldmine) that end in a shielded cable S 
and a BNC connector. On the source side, 
below N sits an &pin socket Q (ECG 407, only 
4 pins are used) and reference detector RD 
(same as SD) straddles two opposite holes. The 
leads of the LED L (dome removed, face pol- 
ished) are carefully bent and excess lengths cut 
off such that it will fit tightly over R and into the 
two unused holes in Q. At the bottom of Q (the 
pin end), unused pins are removed and the 
cathode ends of RD and L are combined into a 
single lead (constituting a common ground in a 
shielded cable; the center conductor carries the 
anode signal from RD, the whole terminating in 
a coaxial connector). The anode lead from L is 
connected to a current limiting resistor that will 
limit the current to ca. 80% of the maximum 
value continuously allowable for the LED when 
connected to the positive power supply of the 
signal processing electronics (typically + 12 or 
+ 15 V) and thus terminates in a lead going to 
the power supply. Such a detector allows rapid 
change of the emitter and thus the wavelength. 

Demountable J~OW cells with optical jibers. 
There are certain advantages if signal communi- 
cations to the flow cell are solely by optical 
fibers, in particular regarding noise caused by 
the environment around the detector. The de- 
sign in Fig. 9 is easily modified to accept optical 
fibers, especially jacketed fiber bundles termi- 
nating in polished, metal-colleted ends. Simpler 
and substantially smaller designs are possible, 
however. Figure 10 shows such a design, com- 
posed of three individual blocks, machined from 
PEEK. The central block B is 6.3 mm in diam- 
eter and 6 mm long, containing a l-mm bore 
central flow path. Angled holes H terminating in 

0.5-mm apertures provide liquid inlet/outlet 
paths and are provided with l-72 threads and a 
flat seat. PEEK chromatography tubing, 1.5 
mm in o.d. are threaded on the exterior with a 
l-72 die and can then be screwed into holes H 
to form leakproof connections that will with- 
stand considerable pressure.% The top block A 
contains a 0.135 inch diameter drilled aperture 
K to house snugly a 0.130 inch o.d. jacketed, 
0.08 inch core plastic optical fiber, held in place 
by a set screw not shown in the drawing (per- 
pendicular to the plane of the paper). The 
polished end of the fiber butts directly against 
the cell window W (same as that in Fig. 9) and 
the latter is housed within an appropriately 
sized recess machined into block A. The depth 
of the recess is marginally less than the thickness 
of W; the compression on the window itself 
provides the necessary sealing. The bottom 
block C is similar to A except that hole M is 
larger (cu. 0.190 inch) to accommodate one leg 
of a standard bifurcated fiber optic bundle 
(Dolan-Jenner type E624, terminal o.d. 0.187 
inch) held in place with a set screw not shown 
in the drawing. The common arm goes to an 
LED. The fiber end and the LED are essentially 
of the same diameter, they are put face to face 
in an aluminum sleeve and held in place by set 
screws. The second bifurcated leg goes to the 
reference photodetector, typically placed di- 
rectly on the detector electronics board and the 
fiber optic end put thereon with appropriate 
protection from adventitious light. The fiber 
from A also returns to the detector electronics 
board, to communicate with the signal photode- 
tector on the electronics board. The three blocks 
are held together by four 2-56 x 3/4 inch screws 
between blocks A and C, two of the screws (S) 
are shown in Fig. 10. 

Unreferenced vs. referenced detectors. Transmit- 
tance or absorbance output? 

For most analytical applications, absorbance 
is the parameter directly related to the analyte 
concentration and is therefore of the most im- 
mediate interest. That the choice of a transmit- 
tance output is considered at all is because the 
output of the detector phototransducer is typi- 
cally linearly related to the intensity of light 
falling on it, i.e., it is linear with transmittance. 
The simplest designs (which includes virtually 
all of the LED-based detectors described in the 
literature thus far), contain an unreferenced 
LED source and the photodetector output sig- 
nal is typically processed by some amplifying 
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and noise filtering circuitry and provided with a 
variable offset capability. The final output signal 
remains linearly related to the transmittance. It 
is possible to convert the transmittance signal 
into absorbance via the logarithmic transfer 
function of a device, e.g., a transistor43 or 
better, a dedicated logarithmic amplifier (e.g., 
AD755N, Analog Devices, Norwood, MA). 
However, in our judgment, the additional effort 
is better spent by providing a reference detector 
to the LED source and a log ratio amplifier 
(LRA) integrated circuit (IC) that then directly 
provides an absorbance output (vi& infu). At 
the very least, before log conversion circuitry is 
added to an unreferenced detector (which are 
really best suited for the less demanding appli- 
cations), it should be recognized (especially in 
defense of the many previous designs that have 
utilized transmittance outputs) that at low ab- 
sorbance levels (jO.3), essentially a linear re- 
lationship exists between transmittance and 
absorbance. This is graphically illustrated in 
Fig. 11. 

Of course, if the output of an (unreferenced) 
detector is acquired by a computer, all trans- 
formations can be made in the software. One 
caveat is necessary, if the effective resolution of 
the data acquisition process is not high enough, 
this may become the determining factor govern- 
ing noise as well as the accuracy of any sub- 
sequent mathematical transformations. 

The major shortcoming of an unreferenced 
detector is its temporal drift at high sensitivities. 
Although an LED is a substantially more stable 
source than any incandescent lamp, the lumines- 
cence efficiency does still depend on tempera- 
ture. Consequently, even if constant current 
sources are used to drive it, ambient tempera- 
ture fluctuations lead to changes in the junction 
temperature that translate to variations in light 

Absorbance 

Fig. Il. The relationship between absorbance and Transmit- 
tance is linear at low absorbance values. 

output. There is little or no difference in short- 
term noise between single-beam and referenced 
designs but a vast difference exists in long term 
drifts. The differences in initial stabilization time 
are also substantial. In our opinion, the ad- 
ditional energy and investment required to fab- 
ricate a referenced detector compared to an 
unreferenced detector is minor and it is difficult 
to justify continued fabrication of unreferenced 
detectors. When a referenced source design is 
used, it is most convenient to use a log-ratio 
amplifier IC as previously mentioned. Such a 
device can directly accept the signal and refer- 
ence photocurrent inputs (from 1 nA to 1 mA) 
and provide an output linearly related to log is/i, 

with user selectable gain per decade (i.e., volts 
per absorbance unit), with very large offset 
capabilities to set the initial zero. These ICs are 
not inexpensive ($60-160) but their perform- 
ance and convenience make it well worth the 
investment. These include for example, 
AD757N (Analog Devices) and its less expens- 
ive counterparts 4127KG, 412750, LOGlOOJP, 
etc. (Burr-Brown Corp.). For most LED-based 
detector applications, there is no significant 
performance difference among these devices. 
Few additional components are necessary with 
these devices; necessary circuits are very simple 
and are detailed in the literature from the 
manufacturer. Experimentally we find that a 
plot of log is OS. log i, has a slope of 1.00 & 0.01 
(tested over 5 orders of magnitude for all of the 
above amplifiers, the manufacturers claim “less 
than 1% deviation of linearity over six orders of 
magnitude”). One additional note of caution is 
in order, our experience indicates that the last 
device, the least expensive among the choices 
above, is best used with an additional final 
buffer amplifier stage to avoid spurious noise 
caused by feedback. 

Radiant output from LEDs. Eflect of temperature 
and device type 

The optical output of an LED is temperature 
dependent; the efficiency of injection electrolu- 
minescence increases with decreasing junction 
temperature. This is shown in Fig. 12 for a 
560~nm LED (HPG5566X). The light output 
was measured by coupling a fiber optic to the 
LED and connecting a photo diode at the other 
end. Relative to the standard mold, removing 
most of the encapsulating epoxy from the stan- 
dard LED (“modified LED”) improves coup- 
ling to the fiber. When the device is surrounded 
with dry ice, the junction is cooled and the 
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Fig. 12. Temperature dependence of LED light output. 
Modified LED connotes removal of most of the dome 
plastic material and coupling of the fiber optic to the 

polished, flat faced LED. 

optical output increases by 30-200%, depend- 
ing on the drive current level. Based on these 
data, if we assume a nominal figure of 100% 
increase in light output for a temperature 
change of lOO”, the temperature coefficient of 
the light output is ca. 0.7%/C. An absorbance 
change of 10m3 is equal to a change in the light 
level of 0.23%; it should be obvious why refer- 
enced beam designs are vital to a practical 
detector that does not drift excessively. 

The optical output is greatly dependent on the 
nature of the LEDs. In Table 1, a deliberate 
effort has been made to choose the brightest 
LEDs available in their class, because higher 
light levels reaching the detector typically trans- 
lates into a better signal to noise ratio. The light 
output of several high brightness LEDs was 
measured using 50-psec wide constant current 
pulses with a 1% duty cycle, supplied by the 
pulsed emitter photodetector electronics (aide 
infra), the light output measurement being 
made after the initial 10 ,~sec of the pulse (to 
avoid jitter) by a fast photodiode. The light 
output is presented in terms of detector pho- 
tocurrent in Fig. 13. The sensitivity of the 
detector increases with increasing wavelength in 
the range studied, the sensitivity at 850 nm being 
about twice that at 470 nm. This difference is, 
however, insignificant relative to the orders of 
magnitude differences observed in photocurrent 
output. The longer wavelength LEDs can 
handle much greater currents before they satu- 
rate and it is remarkable that at high drive 
currents they elicit photocurrents exceeding 
1 mA in a coupled photodiode. It is interesting 
that the LEDs shown in Fig. 13 clearly fall 
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Fig. 13. Light output of various LEDs as a function of drive 
current, 100 psec pulses, 1% duty cycle,. 

in three groups of output intensities that 
are characteristic of the substrates, with the 
AlGaAs pair at the top and Sic at the bottom 
and the GaP (or GaAsP/GaP) group in the 
middle. 

Performance, DC excitation 

Representative examples are given below for 
the performance of some of the flow cell de- 
signs/electronic arrangements. The flow cell of 
Fig. 8(a) operated with a typical midwavelength 
LED (HAA5566X @30 mA, 605 nm) in the 
single beam mode (transmittance output) with a 
constant current source and a high quality 
commercial current+voltage converter (Keith- 
ley model 427) exhibited a noise level of 
7 x lo-’ absorbance (0.3 set rise time, water 
flowing through the cell under gravity, no pulsa- 
tions). This S/N performance was degraded by 
a factor of 2-3 with a low offset error FET-input 
operational amplifier based current-+voltage 
converter. More importantly, the output drift 
rate of this configuration was high, often higher 
than 10m3 absorbance/hr. A plot of the logar- 
ithm of the output signal was linearly correlated 
with the concentration of indigotrisulfonate 
over two orders of magnitude, with a linear 
correlation coefficient of 0.9998 and an uncer- 
tainty of slope of 0.42%. 

When the same LED was used as the light 
source in a referenced beam design in the cell of 
Fig. 10, output drift improved substantially, to 
I 10m4 absorbance/hr and a noise level of 
7 x lo-’ absorbance was observed. (LOGlOOJP 
log-ratio amplifier with an output buffer was 
used and only modest capacitive damping was 
utilized, permitting 10+90% and 90+10% re- 
spective rise and fall times of 420 and 190 msec.) 
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With a lower output LED, both the noise and 
the drift increased, e.g., to 10m4 absorbance 
and 3 x 10e4 absorbance/hr respectively with 
a 470 nm (L2OOCWB5) source. However, this 
performance is respectable considering this is 
the lowest output emitter in Table 1. Linearity 
of response for the above detectors was tested 
with indigotrisulfonate and acidic dichromate 
solutions respectively for the two above detec- 
tors, in a FIA configuration with each analyte 
spanning a two orders of magnitude range in 
concentration. Typical chart outputs indicating 
attainable S/N are shown in Fig. 14. It is 
interesting to note that the nature of the noise 
changes considerably between the two detectors, 
this is caused by a loss of effective bandwidth of 
the LRA at low input currents as with the 470 
nm source. In a duplicate series of tests, the 
respective linear coefficients of determination 
(r’) for the peak height VS. injected concen- 
tration data were respectively 0.9998 and 1 JO00 
with y-intercepts statistically indistinguishable 
from zero. The uncertainty of the linear slope 
was 0.91 and 1.00% for the 605 nm detector 
data and 0.40 and 0.42% for the 470 nm 
detector calibration. This performance is better 
than many commercial detectors using a contin- 
uum source and a monochromator where stray 
light degrades linearity. Similar experiments 
conducted with the cell design of Fig. 9 and an 
AD757N LRA produced essentially the same 
results with regard to linearity. In this case, a 

W5 nm 

Fig. 14. Typical FIA chart output from detector of Figure 
10 operated in the referenced beam absorbance output 

configuration. 

rise time of 0.5 set was used and a marginal 
improvement in the noise level of the 605 nm 
detector was observed, to 5 x lo-’ absorbance. 
It should be noted that this appears to be the 
performance limit of this basic design approach, 
it is not further improved with longer wave- 
length higher power emitters. It has also been 
our experience that the best results are not 
necessarily obtained by driving the emitters at 
their maximum rated current to obtain the 
maximum amount of light possible. No refer- 
encing scheme is perfect and excessive heat 
generated degrades the relative stability of the 
LED output and S/N performance actually 
deteriorates. 

It may therefore appear that the performance 
difference between low output and high output 
sources is not very great after all. This is true, 
but only if considerable trouble is taken to 
shield the detector and the electronics from 
external noise, e.g., by using heavy gauge met- 
allic enclosures, etc. The detectors with higher 
output sources are simply much more immune 
to extrinsic noise and the limiting level of per- 
formance, e.g., that cited above, can be reached 
without extraordinary shielding needs. A con- 
sideration of the absolute current levels involved 
with the lowest output LED should be illustra- 
tive of the need for good shielding. Figure 13 
indicates that the 470 nm LED L200CWB5, 
when driven at 50 mA, produces about 200 nA 
in a PD coupled head on to it. When installed 
in a flow cell, the reference PD on the back of 
the LED generates about 20 nA and the signal 
PD, separated from the source by several mm 
and a small aperture, generates a current only 
marginally greater than this. An absorbance 
change of low4 is equal to an induced noise 
current of <5 pA under these conditions! 

The results observed with the radial path flow 
cell (AD757N LRA) of Fig. 7 conforms to the 
criterion of < 1% deviation from linearity (with 
the 470 nm LED and acidic dichromate as test 
solution) over a 1.7 order of magnitude range of 
concentration. The exact design of this detector 
strictly involves a multiplicity of pathlengths 
because the optical aperture is not infinitesi- 
mally small compared to the tube diameter. The 
simplicity of the design makes it nevertheless an 
attractive candidate where detector induced dis- 
persion is to be avoided. For the other designs, 
it should be noted that the intrinsic linearity of 
response (electronic linearity) is much greater, 
as previously mentioned, than the two orders of 
magnitude cited above. The half bandwidths 
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of LED sources are obviously not negli- 
gible (Table l), the concentration-absorbance 
linearity observed in any given situation is more 
dependent on the degree of match between the 
emission band of the LED and the absorption 
band of the LED than any other factor. The 
broadly centered absorption band of the dye 
methylene blue at 666 nm matches closely the 
660 nm emission band of an AlGaAs LED, with 
such a source the observed absorbance showed 
excellent linearity with the concentration of 
methylene blue over a 3.5order of magnitude 
range of concentrations (r2 = 0.9997, uncer- 
tainty of linear slope 0.6%, flow cell of Fig. 9, 
AD757N LRA). 

Pulsed detector operation 

Especially for low output LEDs it is possible 
to enhance performance by increasing the out- 
put in a transient fashion, i.e., by pulsing it for 
brief periods at high current. A modest degree 
of sophistication is necessary to accomplish this; 
a suitable schematic is shown in Fig. 15. A 
programmable crystal oscillator (U7) provides 
the time base and synchronization for all oper- 
ations. The width of the emitter pulse is gov- 
erned by U9A while U 11, its associated circuitry 
and a driver transistor hold the current pulse 
constant at some desired adjustable value. The 
signal and reference photodiode outputs are 
processed respectively by input amplifiers Ul 
and U3; these signals are sampled and held by 
U2 and U4, respectively. The sampling is de- 
layed from the initiation of the emitter pulse to 
avoid problems associated with jitter and allow 
emitter stabilization; this delay is selected by 
U8A and the duration of the sample period is 
set by U8B. The outputs of U2 and U4 are 
processed by the log-ratio amplifier U5 and the 
final output is provided through the buffer and 
offset amplifier U6. This arrangement permits 
attainment of’ noise levels of 2-3 x 10V5 ab- 
sorbance with a rise time less than 0.3 set for all 
the LEDs other than the 470 nm; for the latter, 
a noise level of 5 x 10e5 absorbance is attainable 
under the same conditions. The linearity per- 
formance is the same as that with the DC 
detectors described in the foregoing section. 

Automated zeroing of detector output 

For all detectors described above, the output 
is offset (or adjusted to zero) by a manually 
operated potentiometer. The schematic in Fig. 
16 allows one to zero the output with 12-bit 
precision by a reset button (or by a logic signal 

from a remote source) and is particularly con- 
venient when the determination system shows a 
systematic drift; auto-zeroing can be carried out 
every time the injection valve is switched. Ap- 
proximate component cost is $100; essentially 
identical commercial units are offered for $1200 
(e.g., from Systec Inc., Minneapolis, MN). Of 
course, the use of such a device is not limited to 
the present detector applications. 

Computer interfaced operation of pulsed detec- 
tors. Performance 

The ultimate in flexibility and performance is 
achieved with computer-interfaced pulsed oper- 
ation of the detector and acquisition and pro- 
cessing of the resulting data. The photodetector 
of Fig. 9 (560 nm LED, HPG5566X) was used 
with the arrangement in Fig. 17. The interface 
board and associated components were located 
inside a 0.1 inch thick wall Al box to provide 
improved shielding. The information content of 
FIA or liquid chromatography systems are in a 
very low frequency domain, typically well below 
1 Hz. The operation of the LED at a modest 
frequency (< 100 Hz) and the use of a low-pass 
filter as shown in Fig. 17 results in a system with 
significant immunity to high frequency noise (an 
appreciable amount can be contributed by video 
monitors in their usual location atop the CPU 
unit housing the interface board). 

In operation, during the LED-off period 
(typ. 20-70 msec), after an initial brief wait 
period of 3 msec, the dark current levels from 
both the signal and reference photodetectors 
are alternatively and repeatedly sampled. At a 
sampling rate of 33 kHz, ca. 280 individual A/D 
conversions are made for reference and signal 
currents each within 20 msec, including the wait 
period. The reference and signal current values 
are then individually summed. The digital inte- 
gration procedure thus results in a large and 
necessary increase in the effective resolution of 
the 1Zbit interface board used (DAS-16G1, 
Metrabyte Corp., Taunton, MA). The average 
values of the reference and signal dark currents 
are then stored. The LED is then turned on (for 
a period of typically 20-70 msec) using the 
digital to analog output function of the interface 
board as a square wave generator. Generally the 
LED is driven at the maximum current at which 
it is rated for continuous duty (typically 50 mA). 
Again following a brief wait period (3 msec) 
for any ringing to subside (typically s 1 msec), 
the signal and reference detector currents are 
alternately and repeatedly sampled. Software 
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Fig. 16. Auto Zero Schematic. 

(written in machine language) permit data 
acquisition rates up to 66.7 kH2 on a 80386 
processor based computer, close to the maxi- 
mum sampling rate achievable by the A/D 
converter. The average dark current from the 
previous cycle is then subtracted from the corre- 
sponding average ~hot~~~nts from the LED- 
on period. The lagarithm of the dark current 
corrected ratio value of the signal to the refer- 
ence photodetector current is computed. The 
standard deviation (SD) of a number of such 
successive values (typically 30-50 are used) pro- 
vides an index of the measurement stability for 
precision). The peak to peak noise levels used in 
the rest of this paper are comparable to approxi- 
mately twice this value. Figure 18 shows the 
improvement in measurement precision of 
measuring a blank solution (water) with increas- 
ing number of samples averaged (the effective 
integration period is indicated in the figure, a 
sampling rate of 22 kHz was used to generate 
these data). Little is gained beyond a sampling 
period of 500 msec but by this time the standard 

deviation of absorbance reaches < 2 x 10e5 ab- 
sorbance; this is well beyond the performance 
capabilities of presently available commercial 
detectors. Note also that the slope of the best fit 
line in the log-log plot of Fig. 18 is -0.5, 
indicating correspondence to the theorem that 
the un~~inty of the me~~ent is reduced 
in direct proportion to the square root of the 
number of measurements, within the limits of 
the study. The measurement precision is also 
excellent with an absorbing solution in the cell, 
for 30 successive 66.7 msec measurements of a 
dye solution with a mean absorbance value of 
0.430, the relative standard deviation was only 
0.0026%. Note that the noise levels generated in 
FIA systems operated with peristaltic pumps are 
significantly greater than the intrinsic perform- 
ance level of such a detector, the overall per- 
formance is limited by the flow/mixing noise in 
such systems. 

Detector linearity was tested with a 605 run 
LED and alkaline bromothymol blue as the 
test solution. Over a range of concentrations 
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Fig. 17. Arrangement for computer interfaced pulsed detector. 

Fig. 18. Measurement precision as a function of the inte- 
gration period for the computer-interfaced pulsed detector, 

sampling rate 22 kHz. 

spanning two orders of magnitude, the 
absorbance-concentration relationship exhib- 
ited good linearity (r2 = 0.9997, uncertainty of 
slope 0.78%). 

CONCLUSIONS 

LED-based optical detectors provide inex- 
pensive high performance long life alternatives 
to continuum source detectors. For applications 
in which a reasonable match can be obtained 
between an LED wavelength and the analyte 
absorption, such detectors will generally outper- 
form other available designs. If the chemical 
system can be so designed, a longer absorp- 
tion wavelength is desirable because of the 
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availability of very high output sources. It is 15. T. Imasaka, T. Kamikubo, Y. Kawabata and N. 

almost certain that the lower limit of the avail- Ishibashi, Anal. Chim. Acta, 1983, 153, 261. 

able LED wavelengths will continue to decrease 
16. P. J. Worsfold, J. R. Clinch and H. Casey, ibid., 1987, 

for SOme time 10 come and thus broaden the 
197,43. 

17. J. R. Clinch, P. R. Worsfold and H. Casey, ibid., 1987, 
scope of application of LED based optical loo, 523. 

detectors. Clearly, multiwavelength detectors 18. J. R. Clinch, P. J. Worsfold and F. W. Sweeting, ibid., 

containing a multiplicity of emitter LEDs can be 1988, 214, 401. 

made easily and may constitute a high light 
19. H. Casey, R. T. Clarke, S. M. Smith, J. R. Clinch and 

throughput &%-native 10 continuum SOurcea 
P. J. Worsfold, ibid., 1989, 227, 329. 

20. R. L. Benson, P. J. Wotsfold and F. w. Sweeting, ibid., 
coupled to a diode array detector. Several 1990, 238, 177. 

sequentially turned on LEDs can be serially 21. M. Trojanowicz, P. J. Worsfold and J. R. Clinch, 

placed along a tube opposite correspondingly Trends Anal. Chem., 1988, 7, 301. 

placed PDs, constituting a series of radial path 
22. M. Trozanowicz and J. Szpunar-Lobinska, Anal. Chim. 

detectors with unusual flexibility in making 
Acta, 1990, 238, 125. 

23. 0. 8, wolhis, B. p. H, &bffar and E. Ka&,,i&, 

kinetic measurements. In essence, the low cost, 
small size and ease of fabrication of LED-based 
detectors hold unusual promise for those willing 
to experiment with them in unconventional 
ways. 
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Summary-A flow injection method is proposed for the determination of nanogram amounts of 
chromium(II1) using a pyrogallol chemiluminescence system. It is based on its catalytic effect on the 
oxidation of pyrogallol with periodate at a neutral medium. The addition of 3-(N-mor- 
pholino)propanesulphonic acid to the reaction system increased the chemiluminesccnce signal for 
chromium(II1). The present method allows the determination of 54Ong/ml of chromium(II1). The 
relative standard deviation of 2.2% (n = 10) was obtained at 20 ng/ml of chromium(II1) and the detection 
limit (signal-to-noise ratio = 2) was 1 ng/ml with the sampling frequency of 25/hr. 

Kinetic methods of analysis using catalyzed 
reactions are powerful techniques for the deter- 
mination of trace amounts of catalysts because 
they participate in the indicator reactions in a 
cyclic manner. ‘p2 Further, the introduction of 
flow injection analysis makes kinetic-catalytic 
methods more attractive; the rapid and repro- 
ducible mixing of sample and reagents can be 
achieved.3 

Some applications of chromium-catalyzed 
reactions including colour development and 
chemiluminescence (CL) for the determination 
of this element have been reported by several 
authors.“” Table 1 shows the pertinent results 
of kinetic-catalytic methods for the determi- 
nation of chromium at trace levels. Most of 
these methods required a separation step prior 
to analysis because co-existing ions interfered 
with the determination. The main problem in 
utilizing the catalyzed reactions for the assay of 
chromium lies in the selectivity. 

The oxidation of pyrogallol (1,2,3-trioxy- 
benzene) with molecular oxygen or hydrogen 
peroxide is accompanied by CL in aqueous 
alkali solutions;18~‘g the light emission was 
thought to be due to the excited singlet oxygen 
molecules. The reaction of pyrogallol with 
hydrogen peroxide has been applied to the assay 
of peroxidase activity20v2’ and cobalt(II).22 Little 
attention have been paid to pyrogallol as a CL 
reagent and few papers have dealt with the CL 

oxidation of pyrogallol with other oxidants. The 
CL oxidation of gallic acid with hydrogen per- 
oxide is thought to give similar results to the 
pyrogallol-hydrogen peroxide system and has 
been utilized for the determination of proteins,23 
formaldehyde,” silver(I) and cobalt(II).24 

Recently, Evmiridis2”’ has reported the CL 
flow injection determination of pyrogallol and 
periodate with a pyrogallol-periodate system. 
We found that chromium(II1) enhanced the CL 
intensity resulting from the reaction of pyro- 
gall01 with periodate in a neutral pH region. 
Furthermore, the presence of 3-(N-morpho- 
1ino)propanesulphonic acid (MOPS) in the reac- 
tion system markedly increased the CL signal 
for chromium(II1). This paper describes the flow 
injection determination of nanogram levels of 
chromium(II1) based on its catalytic effect on 
the CL oxidation of pyrogallol with periodiate 
in the presence of MOPS. As low as IO-*M 
chromium(II1) can be easily determined by 
measuring the intensity of the light produced. 
Total chromium can be determined by reducing 
chromium(V1) to chromium(II1) with sulphite. 

EXPERIMENTAL 

Reagents 

All chemicals used were of analytical-reagent 
grade and Millipore (Milli-Q) reagent grade 
demineralized water was used throughout. 
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Table 1. Kinetic-catalvtic methods for the determination of chromium 

Reaction 
system 

Detection 
technique Response 

o-Dianisidine/H,O, CrNI) 1.0 

Detection 
limit, ng/ml Additive Ref. 

Ion exchange 
DMF* - 
Rotating Pt electrode 

4 
5 
6 
I 
8 
9 

10 
11 
12 
12 
13 
14 
15 
16 
17 

I-/BrO, 
As(III)/IO,- 
MBTHt/DMA$/H,O, 
o-Tolidine/H,O, 
Luminol/H,O, 

Lophine/H,O, 

Lucigenin/H,O, 
BSF+/H,Oz 
FMN**/HrO* 
Pyrogallol/IO; 

Amperometric 

Photometric 
Photometric 
CL 

CL 

CL 
CL 
CL 
CL 

Cr(VIj 
CW) 
Cr(II1) 
Cr(II1) 
Cr(vI) 
Cr(II1) 
Cr(II1) 
Cr(II1) 
Cr(VI) II 
CrW) 
Cr(V1) 
Cr(II1) 
Cr(II1) 
Cr(II1) + 
Cr(II1) 

WW 

0.049 
5.0 

100 
0.4 

40 
0.025 
0.2 
0.1 
0.3 
0.3 

20 
5.0 
1.6 
2.6 
1.0 

EDTA 
Ion exchange 
EDTA 
Br- 
IC5 
IC§ 
Ion exchange 
Activated almina 
CH,OH 
CH,CN 
TDBCtt 
MOPSj$/EDTA This work 

*Dimethylformamide; t3-Methyl-2benxothiazolinone hydraxone; #N,N-Dimethylaniline; $Ion chromatography; llCr(VI) 
was reduced with sulphite; #Brilliant sulphoflavine; **Flavin mononucleotide; ttTetradecyldimethylammonium 
chloride; #$3-(N-Morpholino)propanesulphonic acid. 

A chromium(V1) stock solution (1.00 mg/ml) Co.) and diluting to 500 ml with water. A 
was prepared by dissolving 1.414 g of potassium MOPS (Dojin Kagaku Co.) buffer solution 
dichromate (primary standard, Wako Junyaku (8.0 x lo-rM) involving ammonia (0.3M) and 
Co.) in 500 ml of water. A chromium(II1) stock EDTA (6.0 x 10-3M) was also prepared; the pH 
solution (0.50 mg/ml) in O.lM hydrochloric acid of the solution was adjusted to about 7.0 with 
was prepared by mixing the chromium(V1) stock 3 and/or O.lM hydrochloric acid when 
solution, 6M hydrochloric acid and ethanol. The 1.0 x 10T3M hydrochloric acid was used as a 
excess of ethanol was removed by boiling. carrier solution. 

Pyrogallol from Kanto Kagaku was used 
without further purification. A pyrogallol stock 
solution (0.1 M) was prepared by dissolving 1.26 
g of the compound in 10T3M hydrochloric acid, 
diluting to 100 ml with the same acid and filtering 
through a 0.45~pm Millipore filter. The stock 
solution was stable for at least a week if it was 
stored in a refrigerator. Generally, 250 ml of 
working solutions (1 .O x 10m4M) were prepared 
daily from the stock solution. A periodate sol- 
ution (6.0 x 10m3M) was prepared by dissolving 
0.690 g of potassium periodate (Nakarai Kagaku 

Fig. 1. Flow system for the CL determination of chromiu- 
m(II1). Rl, HCl (1.0 x 10e3 or O.lM); R2, MOPS 
(8.0 x IO-*M)/EDTA (6.0 x 10-3M)/NH, (0.3M); R3, py- 
rogallol (1.0 x lo-‘M); R4, periodate (6.0 x lo-‘M); P, 
micropump (0.7 ml/mm); S, chromium(II1) sample (321 ~1); 
T, thermostated bath (30.0 f 0.1’); HC, heating coil (1 m); 

D, CL detector; Ret, recorder; W, waste @H 6.9). 

Wavelength / nm 

Fig. 2. CL spectrum of pyrogallol-periodatcchro- 
mium(II1) system. Conditions: Ccrcno, 10 ng/ml, C,,*, , 
1.0 x lo-3M; C,&_, 2.0 x lo-%; cuors, 5.0 x lo-%; 
flow rate, 2.0 ml/min, pH 7.2, at room temperature. The 
chromium(II1) solution was propelled from reservoir 
Rl and the spectrum was obtained by an integrating 

mode. 
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Fig. 3. Effect of pH on the CL intensity. 1, baseline; 2, 20 
ng/ml chromium(II1). Other conditions as in Fig. 1. 

Apparatus 

The flow system is shown in Fig. 1. It consists 
of two double-plunger micropumps (Kurahashi 
G&en DLP-2000), a six-way injection valve 
(Sam&i Kogyo SVM-6M2) with variable 
sample volume, a circulating thermostated 
bath (Toyo LH-lOOOC), a CL detector (Soma 
Kogaku S-3400) equipped with a spiral type 
flow cell and a recorder (Rika Denki R-01). The 
flow cell was a 5%cm coil of Teflon tubing. All 
coils in the manifold are made from Teflon 
tubing (0.5 mm i.d.). Chemiluminescence spec- 
tra of the reaction system were obtained with a 
JASCO FP-777 spectrofluorometer installed 
with a Soma S-3400 CL flow cell over the 
wavelength range from 300 to 700 nm. A Toa 
Denpa Model HM-55 pH meter was also used. 

Procedure 

The carrier (Rl, 1.0 x 10e3 or O.lM hydro- 
chloric acid), MOPS buffer (R2), pyrogallol 
(R3) and periodate (R4) solutions were pro- 
pelled at a flow-rate of 0.7 ml/mm. A 321+1 
aliquot of sample solution was injected into the 
carrier stream, which was then mixed with the 
buffer solution. The mixed solution was sent to 
a heating coil (one metre) immersed in a water- 
bath at 30.0 f 0.1”. Pyrogallol and periodate 
solutions heated at 30” were merged with the 

I I I ’ 
0 4 8 12 

lo 

ct,v&lo-?w 

Fig. 4. Effect of MOPS concentration on the CL intensity. 
1, baseline; 2,20 ng/ml chromium(II1). Other conditions as 

in Fig. 1. 

C pF)grll0, / IQ4~ 

Fig. 5. Effect of pyrogallol concentration on the CL 
intensity. 1, baseline; 2, 20 ng/ml chromium(III). Other 

conditions as in Fig. 1. 

carrier stream in front of the flow cell. The 
emission light from the CL reaction was moni- 
tored with the detector without wavelength dis- 
crimination. 

RESULTS AND DISCUSSION 

Chemiluminescence spectra 

The CL intensity from the reaction of pyro- 
gall01 with periodate was relatively weak com- 
pared with those produced by other CL 
reagents. Chromium(II1) has a pronounced cat- 
alytic effect on this reaction at a neutral 
medium. Figure 2 shows the CL spectrum of the 
pyrogallol-periodate-chromium(III) system; an 
emission maximal peak exists at 507 nm. The 
rapid decrease in the CL emission light was 
observed; the CL emitting species with a high 
rate of formation had short lives. 

E$ect of reaction variables 

The CL reaction of pyrogallol with periodate 
was studied as a fast assay method of chrom- 
ium(II1) with the flow injection technique. From 
the results of preliminary studies, the highly 
sensitive flow injection system shown in Fig. 1 
was adopted and used in optimizing the vari- 
ables such as flow-rate, the sampling loop, 

Fig. 6. Effect of periodate concentration on the CL 
intensity. 1, baseline; 2, q/ml chromium(II1). Other 

conditions as in Fig. 1. 
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Fig. 7. Working curve for chromium(II1). Other conditions 
as in Fig. 1. 

temperature and reagent concentrations that 
i~u~nc~d the c~omi~(III)-enhan~ and 
background CL intensity. 

The effect of flow-rates of the carrier and 
reagent streams on the heights of peak and 
baseline was examined in the range 0.2-1.0 
mlfmin. With the increase in flow-rate up to 0.5 
mllmin, the peak height increased; an almost 
constant peak remained at higher flow-rates. 
While the height of baseline was almost con- 
stant. A flow-rate of 0.7 ml/min was selected for 
the procedure. 

The effect of the temperature on the CL 
intensity was studied by keeping the heating 
coils (1 m) at 20-50”. A constant and maximal 
peak height was obtained at 30-40”; the height 
of baseline increased with increasing tempera- 
ture. A temperature of 30” was selected for 
further studies. Sample volumes varying from 
110 to 460 ~1 of 20 ng/ml chromi~(II1) sol- 
ution were injected into the system. The peak 
height increased with increasing injected sample 
volume up to 310 ~1; at larger volumes it slightly 
increased. A 321ql sample volume was 
adopted. 

Preliminary experiments revealed that the cat- 
alytic effect of chromium(II1) on the CL reac- 
tion was observed at a neutral medium and the 
optimum pH region was slightly shifted with the 

Table 2. Determination of Cr(II1) and Cr(VI) in the syn- 
thetic mixtures with and without sulphite 

Taken, Cr(II1) found* 
nglml ng/ml 

Ct.@) CrtvI) mt WH 
0 30 0.0 30.1 
5 25 

1612 
29.8 

10 20 
15:2 

30.0 
15 15 30.2 
20 10 20.2 30.4 
25 
30 

: 25.4 30.0 
30.0 30.1 

*Average value (n = 3); lWithout sulphite; #With sulphite 
(1.0 x lO_‘M). 

buffer agent used. For example, the maximal 
peak height was obtained at pH 7.3 and 7.7 in 
the presence of ~,~-bis(2-hydroxyethyl)-2- 
aminoethanesulphonic acid (BES) and 2,4,6- 
trimethylpyridine (TMP), respectively, Thus, 
the effect of pH and buffer concentrations 
including imidazole, BES, MOPS, TMP, 
~-t~s~hydroxylmethyl)methyl-2-aminoethane- 
sulphonic acid (TES), N-2-hydroxyethylpiper- 
azine-N’-2-ethanesulphonic acid (HEPES) and 
triethanolamine was examined by adding a con- 
stant concentration of ammonia and various 
amounts of hydrochloric acid. Of these, the 
maximal peak height was obtained in the pres- 
ence of MOPS at pH 6.9 as shown in Fig. 3. The 
height of baseline was maximal at pH around 7. 
Figure 4 shows the effect of MOPS concen- 
tration on the heights of peak and baseline; 
they increased with increasing con~ntration of 
MOPS. This phenomenon cannot be explained 
at present and requires further investigation. On 
the other hand, the higher concentrations of the 
other buffers decreased the CL signal for 
chromium(II1). From these results, the CL reac- 
tion was carried out at pH 6.9 in the presence 
of MOPS (8.0 x 10e2M). In order to optimize 
the concentration of ammonia, its initial con- 
centration was varied in the range 0.01-0.8M, 
while keeping the concentrations of all other 

Table 3. Maximum tolerance limits for diverse ions in the determi- 
nation of 20 ng/ml chromium(II1) 

Tolerance limit, ng/ml Ion added 

10,000. . . AIOII), As(v), Ba(II), Ca(II), Cd(H), 
Cu(II), Hg(II), MgUI), Ni(II), Pb(II), 
se(Iv), Sr(II), V(IV), V(V), @II), 
m-, Br-, ClO;, CO:-, F-, NO?, PO:-, 
SO;-, Citrate, Oxalate, Tartrate 

l,ooo... As(III), Te(IV), NO;, I- 
lOO... Ag(I), Ce(III), Ce(IV), Fe(II), Fe(III), 

Mn(II), Mo(VI), Ti(IV), Sn(II), W(VI) 
50 * . . Bi(III), Sn(IV) 
25... Co/II) 
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ingredients constant. An ammonia concen- 
tration of 0.3M was chosen as optimal because 
it was maximal and a constant peak height was 
observed in the range 0.2-0.4M ammonia. 

Figures 5 and 6 show the effect of the pyro- 
gall01 and periodate concentrations, respect- 
ively. The peak height was constant at 
pyrogallol concentrations above 0.8 x 10T4M; 
the baseline height increased gradually. Thus, a 
1.0 x 10e4M pyrogallol solution was used. As 
the heights of peak and baseline increased 
with increasing concentration of periodate, 
6.0 x 10-3M periodate was selected taking ac- 
count of the baseline stability. 

Calibration graph 

Calibration graphs were prepared by using 
the flow system shown in Fig. 1. The dynamic 
range for the chromium(II1) determination was 
from 5 to 100 ng/ml at a sampling rate of 25/hr. 
Figure 7 shows a typical calibration graph for 
chromium(II1) in the concentration range 5-50 
ng/ml. Though the graphs were slightly curved, 
the reproducibility of the method was satisfac- 
tory; the relative standard deviations for 10 
replicate determinations of 10, 20 and 50 ng/ml 
chromium(II1) were 3.1, 2.2 and 1.9%, respect- 
ively. The detection limit (signal-to-noise 
ratio = 2) was 1 ng/ml. 

Chromium(W) at concentrations below 
50 ng/ml was not detected by the present 
procedure. The method was tested for several 
synthetic mixtures of chromium(II1) and 
chromium(W) in the absence and presence of 
sulphite (1.0 x 10m4M) which hardly affected 
the chromium(III)-catalyzed reaction. The ana- 
lytical results are given in Table 2. As can be 
seen, total chromium concentration can be 
determined by reducing chromium(W) with 
sulphite; the chromium(W) content is obtained 
by subtracting the chromium(II1) content from 
total concentration of chromium. 

Interferences 

From preliminary experiments, some metal 
ions such as aluminum(III), iron(II1) and 
zinc(I1) at 100 ng/ml levels gave a negative error 
in the absence of a masking agent because of 
formation of their hydrolyzed species at the 
neutral medium; it was necessary to add a 
masking agent to the reaction system. It was 
expected that EDTA acted as an activator for 
chromium(III)* and could effectively suppress 
the interferences of diverse ions. Therefore, the 
effect of EDTA concentration on the chrom- 

ium(III)catalyzed reaction was examined over 
the range O-l.0 x lo-*M. The peak height 
slightly increased with increasing concentration 
of EDTA up to 1.0 x lo-‘M; at higher concen- 
trations, it was almost constant. Thus, a 
6.0 x 10e3M EDTA solution was used. 

The selectivity was tested by analyzing stan- 
dard solutions containing 20 ng/ml chrom- 
ium(II1) and various amounts of diverse ions in 
the presence of EDTA. The tolerance limit was 
estimated with a 5% relative error. The results 
are summarized in Table 3. Most diverse ions 
did not interfere, at least at concentrations of 
100 ng/ml. Negative interferences were observed 
from bismuth(II1) and tin(W) at concentrations 
higher than 100 ng/ml. But 50 ng/ml concen- 
trations of these ions did not interfere. 
Cobalt(I1) showed positive interference with a 
maximum tolerable concentration of 25 ng/ml 
because of its catalytic action on the CL 
reaction. 

CONCLUSION 

The proposed method, based on the catalysis 
of the CL oxidation of pyrogallol with peroxide 
in the presence of MOPS, provides a simple and 
sensitive approach for the determination of 
chromium(II1) at nanogram levels. The dynamic 
range of the method is 5-100 ng/ml chromium- 
(III) with the sampling frequency of 25/hr. The 
reproducibility of the method is satisfactory 
with the relative standard deviation of 2.2% 
(n = 10) at 20 ng/ml chromium(II1) and the 
detection limit (signal-to-noise ratio = 2) is 
1 ng/ml. The total chromium content can be 
determined by reducing Cr(V1) with sulphite. 
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Snmrnar-A non-segmented flow method is used to automate an analysis which involves five different 
reagents. The fluorometric assay for factor thirteen (FXIII) is performed by the sequential injection 
analysis (SIA) technique. Two reactions take place in a single line MA system to produce the final 
fluorescing product. Because of its mechanical simplicity and versatility, the sequential injection (SI) 
technique is shown to be an attractive tool for automation of a complex analytical procedure. In addition 
to collecting quantitative and kinetic information, the SI system is illustratively used for optimization of 
the analysis and for obtaining validation information. 

The sequential injection (SI) technique was de- 
veloped to satisfy the demands for mechanically 
simple and robust, yet versatile, flow injection 
(FI) methodology. i-O The heart of a SI system is 
a selector valve which, in the simplest case, is 
used to connect a detector with the system and 
to introduce a wash solution, sample solution, 
and reagent(s) into a holding coil (Fig. 1). 
Sequential aspiration of solutions from specific 
ports of the selector valve leads to the formation 
of well-defined zones in the holding coil. Upon 
flow reversal, the entire contents of the holding 
coil are propelled towards a detector, and the 
zones penetrate each other due to combined 
axial and radial dispersion. The overlap of the 
reagent and sample zones triggers the formation 
of a reaction product. Propelling the product 
zone through an appropriate detector provides 
a signal similar to that obtained by conventional 
flow-injection analysis.s 

The versatility of the SI manifold is a major 
advantage of the technique since each port of 
the selector valve allows a different operation to 
be performed. Although Fig. 1 illustrates a SI 
set-up for a simple one reagent analysis, the very 
same manifold (single pump, single valve) may 
be utilized for far more complex analytical 
procedures. This is achieved by assigning 
specific functions to free ports on a multiport 
valve and by designing an appropriate flow 
program. Thus, specific free ports are dedicated 
for introduction of different reagent solutions, 

while others allow introduction of a standard 
solution to the holding coil or connect a mixing 
chamber or a dilution coil to the SI system into 
which an aspirated sample may be introduced 
from the holding coil.6 Computer control of the 
SI system is an essential prerequisite since an 
analytical procedure often requires a complex 
and highly reproducible flow pattern. Under the 
computer control, the flow rate and the direc- 
tion of the flow can be varied at will and stopped 
flow often becomes an integral part of the 
analysis for monitoring slow reactions. 

In contrast to conventional flow injection 
systems, the increasing complexity of the analy- 
sis will not sacrifice the mechanical simplicity of 
the SI manifold. In fact, most analyses per- 
formed in the SI mode can be applied to a single 
line, one pump, one valve configuration. Besides 
its versatility and mechanical simplicity, the SI 
technique offers additional advantages, namely 
the ability to change experimental parameters 
without physical restructuring of the manifold 
and the ability to control reaction time and the 
degree of zone dispersion.2 

The significance of the two major disadvan- 
tages of the SI technique quoted in previous 
publications,‘-3 the lower sampling frequency 
and a requirement for a computer controlled 
system, will vary for different applications. For 
many applications, the positive aspects of the 
technique make, however, the SIA an attractive 
tool for development of automated analyses. To 
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Fig. 1. Sequential injection analysis @IA) system: zones are 
stacked sequentially in the holding coil. Substantial overlap 

of the zones occurs when the flow is reversed. 

test this claim, SIA was used in this study for the 
development of an automated fluorometric 
assay of factor thirteen (FXIII), an analysis 
which involves a complex procedure and which, 
to date, has been performed exclusively in a 
manual model. 

FXIII is an enzyme which plays an important 
role during the final stages of blood coagulation. 
A fluorometric assay’ is used to determine its 
quality after it is produced by a fermentation 
process and after various stages of its purifi- 
cation. The fluorometric assay of FXIII is based 
on activation of the enzyme by thrombine 
followed by the active FXIII catalyzed conden- 
sation reaction between monodansyl cadaverine 
and N,N-dimethyl casein to form a fluorescing 
compound (Fig. 2). The amount of fluorescing 
product is directly related to the amount of the 
active FXIII formed during the activation 
period. 

Two routinely performed assays include 
a single point measurement and a kinetic 
measurement of the FXIII activation.’ In 
currently used methods, both measurements 
involve manual operations such as sample 
dilution, thermal equilibration of the reaction 

1. Activation of FXlll 
Inactive FXlll + Ca*+ + hv 

Thrombine 
Peptide 

* + 
hydrolysis, 37% 10 min Active FXIII 

1. Formation of the Fluorescing 
Monodansylcadaverine 

MDC 
+ N.N - dimethylated casein Fluorescing Product 

DMC 

Fig. 2. Chemistry of the fluorometric assay for FXIII. 

Mixing chamber 

Bicine cocktail Thrombine 

FXIII 

Fig. 3. System design for SIA of FXIII. 

mixture, addition of reagents at specific times, 
monitoring of the reaction time and transpor- 
tation of sample cuvets to the detection com- 
partment. Each sample is run in duplicate to 
validate the results of the assay. The more 
concentrated samples require extensive dilution 
in order to bring the absorbance signal into the 
linear calibration range. As a result, some 
samples do not fall into the calibration range 
after the first dilution step and must be re- 
analysed. 

Clearly, these manual operations and the 
inability to select the appropriate dilution factor 
for all samples on the first attempt make the 
analysis labor-intensive and time-consuming. 
This in turn prevents thorough investigation of 
the FXIII production. The automation of the 
assay by means of SI technology leads to signifi- 
cant improvement because the crucial oper- 
ations are no longer performed manually, 
human bias is largely eliminated from the pro- 
cess, and the whole procedure is simpler. 

The following studies describe the auto- 
mation of the fluorometric assay by the SI 
technique. The experimental SI manifold and 
typical signal outputs resulting from the auto- 
mated analysis of FXIII are shown and the 
ability of the SI system to provide a validation 
and diagnostic information is investigated. 

EXPERIMENTAL 

Chemicals 

The concentration of standard FXIII sol- 
utions ranged from 0 to 50 pug/ml. The solutions 
employed included 0.05M bicine buffer at pH 
10, 0.05M Tris buffer at pH 7.4, 0.4M calcium 
chloride in bicine buffer, 2% N,N-dimethyl 
casein (DMC), 100 NIHU/ml and 500 
NIHU/ml thrombine, 0.2M dithriothreitol 
(DDT), and 4mM monodansyl cadaverine 
(MDC). In addition, a stock solution of bicine 
cocktail was prepared by mixing the bicine 
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buffer with MDC and calcium chloride in a 
60 : 1: 2.4 ratio. 

Hardware 

The SIA set-up consisted of an Alitea (S-2) 
piston pump (cam driven, sinusoidal flow) 
equipped with a l-ml syringe, a Valco 8 port 
selector valve, an HP 1046A fluorescence spec- 
trometer, an IBM personal computer, a water 
bath, a mixing chamber (0.75 ml internal vol- 
ume), a stirring plate and PTFE (Teflon) tubing 
(0.5 mm internal diameter). Figure 3 shows the 
SI configuration. Ports 1 through 3 were used 
for introduction of bicine cocktail, FXIII, and 
thrombine solutions into the holding coil, re- 
spectively. Port 4 was connected to a mixing 
chamber by a IO-cm length of PTFE tubing of 
OS-mm internal diameter (20 ~1 volume). Ports 
5 through 7 were used for injection of bicine 
wash, DTT (a component which quenches the 
FXIII activation), and DMC solutions into the 
holding coil, respectively. Port 8 was connected 
to the detector. 

The pump, the valve and the detector were 
computer interfaced using a real time devices 
(RTD) board. A program written in Matlab 
software was used for controlling the pump and 
the valve, as well as for collecting, displaying 
and storing the signal output from the detector. 

Procedure 

The FXIII fluorescence assay requires injec- 
tion of six different zones into the holding coil 
and then to the mixing chamber at specific 
stages of the analysis, using the SI configuration 
as depicted in Fig. 3. In the absence of a mixing 
chamber it would have been a difficult and 
impractical task to stack so many reaction zones 
in the holding coil and still ensure proper mixing 
with the sample. Obviously, a different ap- 
proach is required. Connecting a mixing 
chamber to one of the ports is the most direct 
solution to the problem. The wash, sample and 
appropriate reagent solutions are sequentially 
aspirated in a specified order into the holding 
coil and then transferred into the mixing 
chamber at times selected suitable for the analy- 
sis. The contents of the mixing chamber are 
gently mixed, so that the reaction can take 
place. After the fluorescent product begins to 
form, a number of aliquots are withdrawn at 
selected times from the chamber and propelled 
through the detector thus providing both quan- 
titative and kinetic information of the rate of 
fluorescing product formation, as well as allow- 

ing a wide dynamic range for analysis offered by 
measurements made at different reaction times 
of the fluorescing product formation. 

The automated procedure consists of four 
stages: 1) sequential introduction of the bicine 
cocktail, FXIII sample and thrombine solutions 
into the mixing chamber which results in FXIII 
activation, 2) addition of DMC and DTT sol- 
utions into the mixing chamber which quenches 
FXIII activation and initiates formation of the 
fluorescing component, 3) a sampling cycle 
comprising aspiration of a sample aliquot from 
the mixing chamber and propelling the aliquot 
zone into the detector, and 4) washing out the 
system with bicine buffer. Although minor 
modifications accompanied the experimental 
procedure, this general outline was followed 
throughout the test period. 

System preparation 

First, all the solutions used in the assay were 
placed in a water bath and equilibrated to 37” 
and the syringe was filled with the wash sol- 
ution. After 10 min, lines from ports 1, 2, 3, 5, 
6 and 7 were filled with the appropriate sol- 
utions by selecting an appropriate port and 
aspirating 50 ~1 into the system for each sol- 
ution. Since smaller volumes were required to 
fill the connecting lines, an excess of solutions 
was introduced into the holding coil. After all 
lines were filled, the excess solutions in the 
holding coil were propelled to waste. The mix- 
ing chamber and its connecting line remained 
empty at the beginning of each analysis. Next, 
the line connecting port 8 and the detector was 
flushed with bicine buffer and the spectrometer 
was set up for the measurement. The excitation 
wavelength was set to 350 nm and the emission 
wavelength was set to 500 nm. The lamp re- 
mained, however, off and was turned on only 
during the sampling stage to prevent excessive 
heating of the detector. A sinusoidal flow pat- 
tern provided an average flow rate of 21 pl/min 
over the working range of the pump and all 
volumes were approximated using this value. 

Stage 1. Active FXIII was formed during the 
first stage of the analysis. After inputting two 
delay times (one for the hydrolysis activation of 
the FXIII and one for the development of the 
fluorescent product prior to the sampling stage 
cycle) and the number of sampling cycles into 
the computer, the analysis began by sequential 
aspiration of 210 ~1 of the bicine wash (port 5) 
and 210 ~1 of the bicine cocktail (port 1) into the 
holding coil. With flow reversal, 119 ~1 of the 
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Fig. 4. Signals resulting from measurements of 50 pg/ml 
FXIII standard. Five aliquots were withdrawn from the 
mixing chamber in 67-set sequences. Aliquot A provides the 
smallest signal because the fluorescence producing reaction 
time is shortest for this aliquot and the sample is, in 
addition, diluted by the dead volume of the line connecting 

the chamber and the valve. 

holding coil content was expelled to the mixing 
chamber (port 4). The volumes are determined 
by the average flow rate and the time of aspira- 
tion. Bicine cocktail provided calcium ions used 
during the FXIII activation and MDC which 
was used later for the second reaction. Next, 42 
~1 of FXIII (port 2), and 10.5 ~1 of thrombine 
(port 3) were aspirated into the holding coil and 
115 ~1 of the holding coil content was expelled 
to the chamber and mixed gently with the whole 
content. The hydrolysis of FXIII began and the 
length of the reaction was determined by delay 
time 1 which was selected prior the analysis. 

Stage 2. At this stage the fluorescing product 
was formed in the mixing chamber. After the 
expiration of the delay time 1, 10.5 ~1 of DTT 
(port 6) and 42 ~1 of DMC (port 7) were 
sequentially aspirated into the holding coil and 
115.5 ~1 of the holding coil content was injected 
into the mixing chamber and the valve was 
turned to port 8. At this stage, the mixing 
chamber was nearly filled to its capacity. The 
introduction of DTT quenched the activation 
process and the presence of DMC, MDT and 
active FXIII in the reaction mixture initiated the 
formation of the fluorescing product. The delay 
time 2 determined the time elapsed between 
introdution of DTT and DMC into the mixing 
chamber and first sample aliquot aspiration. 

Stages 3 and 4. Following the delay time 2, the 
first sampling cycle was performed by sequential 
aspiration of 525 ~1 of the bicine wash (port 5) 
and a 63 ~1 aliquot from the mixing chamber 
(port 4) into the holding coil and expulsion of 
588 ~1 of the holding coil content through the 

detector line (port 8) into waste. Signal collec- 
tion was initiated at the time the liquid began to 
flow through the detector line. A signal in a 
form of a peak was obtained and the data were 
stored in the computer. The sampling cycle was 
then repeated with successive aspiration of 
equal aliquots from the mixing chamber, de- 
pending on the number of cycles selected prior 
to the analysis. Data for a total of three of five 
sample aliquots were collected and stored in 
presented experiments. Finally, all flow lines 
and the chamber were thoroughly flushed with 
the bicine wash and the system was prepared for 
injection of a new sample. 

RESULTS AND DISCUSSION 

Signal output profile 

Figure 4 shows a typical signal output result- 
ing from analysis of a 50+g/ml FXIII standard 
sample. Five sampling cycles were selected for 
analysis of the sample, providing five peaks 
which, in Fig. 4, are shown overlapped to 
facilitate the graphical presentation. For each 
analysis, the first aliquot (aliquot A) provided 
the lowest peak and the last aliquot (aliquot E 
in this case) provided the highest peak, assum- 
ing the continuous formation of the fluorescing 
compound. Two features influence the changes 
in signal intensity: 1) for each consecutive ali- 
quot the reaction time for formation of the 
fluorescent product increased by 67 set, corre- 
sponding to a higher intensity signal and 2) 
aliquot A is diluted by the dead volume of the 
tube which connects the mixing chamber and 
the valve, which is reflected by proportionately 
lower signal for aliquot A. Using 150 set for 
delay time 1, 194 set for delay time 2 and five 
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Fig. 5. Calibration curves constructed from measurement of 
four standards using two aliquots: A-aliquot B and q - 

aliquot C. 
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Fig. 6. The trend in the signal for aliquot C with successive 
doubling of the sample volume of a 50 pg/ml FXIII 

standard. 

sampling cycles, the analysis of each sample 
took about 8 min. 

Calibration curves 

In the next experiment, four standards of 
FXIII in the concentration range from 0 to 50 
pg/ml were measured in order to construct a 
calibration curve. Signal intensities of the peak 
heights resulting from monitoring aliquots B 
and C for each calibration sample are plotted 
against the concentration of the calibration 
samples (Fig. 5). A linear response was obtained 
with correlation coefficients of 0.98 and 0.99 for 
aliquots B and C, respectively. The importance 
of selecting the proper time for the measurement 
is illustrated by measuring the Qg/ml sample. 
For this sample, aliquot B does not provide a 
detectable signal but aliquot C, which was with- 
drawn 67 set later, provides a readily detectable 
signal. 

FXIII volume variation 

The sample volume parameter was investi- 
gated. Only one stock solution, 50 pg/ml of 
FXIII, was used for generating data shown in 
Fig. 6. The concentration of inactive FXIII in 
the mixing chamber varied from sample to 
sample since the volume of FXIII sample was 
doubled for each consecutive injection of the 
analyte into the mixing chamber, starting with 
21 ~1 and continuing with 42 ~1, 84 ~1 and 168 
~1 while the total volume of reaction mixture in 
the mixing chamber was kept constant by de- 
creasing the volume of bicine cocktail. The 
volumes of thrombine, DTT and DMC were 
kept constant throughout. Thus, the variables 
included concentration of FXIII, which was 
increasing, and concentrations of calcium ions 

and monodansyl cadaverin (MDC), which were 
decreasing. An increase of the signal can be 
observed for the first three samples, an expected 
trend since all the reagents are in excess and 
FXIII is the limiting reactant. The signal inten- 
sity is, however, increasing by only 15-20%, 
although the FXIII concentration was actually 
doubled. There are three primary reasons for 
this trend: 1) The blank (bicine buffer) provides 
a substantial background signal. The maximum 
signal intensities for the five aliquots of the 
blank are 0.68, 1.23, 1.35, 1.30 and 1.32 for 
corresponding sample aliquots A-E, respect- 
ively. 2) The decrease in MDC concentration 
affects the formation of the fluorescing com- 
pound. This is a known trend shown previously 
on manually performed assays, where measure- 
ments of the same FXIII sample using bicine 
cocktail solutions containing different MDC 
concentrations provided decreasing signal with 
decreasing MDC concentrations. 3) Similar ex- 
periments showed that decrease of calcium ion 
concentration also affects the kinetics of FXIII 
activation, but not as significantly as the MDC 
concentration if the molar concentration re- 
mains higher than the molar concentration of 
FXIII. The signal intensity for the fourth vol- 
ume of analyte is actually slightly lower than for 
the previous volume, although the total FXIII 
concentration in the mixing chamber increased. 
Most likely, the MDC began to limit the reac- 
tion kinetics significantly. 

Influence of delay times 

The value of the delay time (1) selected for the 
SI procedure determines the success of the 
analysis. Too short a time results in too low a 
signal because the activation is not allowed to 

:A 
B C 0 E 

Sample aliquot 

Fig. 7. Effect of variation in delay time (1): e-60 set, 
blank, a-60 set, 50 fig/ml FXIII standard, +-300 set, 
50 pi/ml FXIII standard, and m--450 set, 50 pi/ml FXIII 

standard. 
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Fig. 8. Effect of variation in delay time (2): D-60 set, 
O-194 sec. 

proceed to the desired degree, while too long a 
time will limit the sample throughput. Proper 
selection of the delay time (2) is easier since it 
determines the time for the aliquot sampling but 
does not influence the reaction process. In ad- 
dition, the ~pling occurs over a time period 
which is long enough for selection of an appro- 
priate delay time (2) for all subsequent runs. 

In one experiment, delay time (1) was varied 
from 60 to 450 set while delay time (2) was kept 
at 194 set for all samples. The results for 
aliquots B, C, D and E are presented in Fig. 7. 
For a given aliquot on the x-axis, the variation 
along the y-axis shows the effect of the increas- 
ing reaction time of protein activation. The 
lowest signal corresponds to the blank which 
was measured with delay time (1) set to 60 set, 
while the other signals correspond to measure- 
ments of 50 pg/ml FXIII standard with varying 
delay (1) time. As important as an increase in 
absolute signal with increased delay time (1) is 
the relative signal intensity increase from ali- 
quot to aliquot for each sample, because this 
parameter determines the sensitivity of the 
analysis. As Fig. 7 shows, the slope of the 
kinetic curve increases steadily over this time 
range, from a value of 0.38 for a 60”see delay 
time to values of 0.45 and 0.52 for delay times 
of 300 and 450 set, respectively. The delay time 
(1) was then set to 150 set for subsequent 
experiments, a good compromise between the 
sensitivity factor and sampling frequency con- 
sideration. 

The delay time (2) is less crucial since the 
second reaction is monitored over a certain time 
range and, therefore, the collected data provide 
more information about its kinetics. As a result, 
the appropriate sampling time can be easily 
selected. In one experiment, the same sample 
was injected twice, but with two different delay 

(2) times, 60 set for the first injection and 194 
set for the second injection. Since all the other 
variables were kept constant and the first reac- 
tion was actually quenched by the addition of 
DTT solution, the signal intensity changes 
reflect the kinetics of the second reaction. In 
Fig. 8 the signal maximum for each aliquot from 
the two injections are plotted against the actual 
reaction time of the second reaction (time 
elapsed from the introd~tion of DMC and 
DTT into the chamber to the detection of an 
aliquot). As expected, the results suggest that 
the variation in delay time (2) has no effect on 
the activation process. 

Temperature e&xt 

Another important aspect of the assay is the 
temperature. In one experiment, all solutions 
were kept in the water bath at 37” for 9 hr. To 
investigate the effect of extended exposure to 
higher temperatures, the same sample was ana- 
lyzed repeatedly during this period. The col- 
lected signals for a 50 pg/ml FXIII solution 
analyzed two hours apart provided comparable 
results and, therefore, indicated a reasonable 
stability of reagents and the sample over this 
time period. This was not the same, however, 
for extended periods. Figure 9 shows results 
for the sample containing 121 fig/ml FXIII 
which was analyzed at 1, 7, 8 and 9 hr after the 
reagents were immersed into the water bath. A 
definite steady decrease in the signal intensity is 
obvious. Thrombine, DMC and FXIII are likely 
to be most affected by the extended exposure to 
higher temperature. Thus, for process control 
applications it will be necessary to limit the time 
during which all the solutions are equilibrated. 
One possible solution is to thermostat the SI 
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Fig. 9. Temperature effect on the analysis. Peak heights of 
aliquots E for a sample analyzed at 0, 1, 7, 8 and 9 hr after 
it was immersed together with all other solutions into a 37” 

water bath. 
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system and the bicine wash solution while the 
other solutions are kept at lower temperatures 
and perform thermal equilibration of them in 
the SI system. Considering small volumes of 
reagents and samples aspirated into the system 
and significant dilution in the bicine wash, it is 
likely that the resulting mixtures will require a 
short time for equilibration. 

CONCLUSION 

For the first time, a complex analytical assay 
was performed in the SIA mode. In the past, 
mentioned drawbacks of non-segmented flow 
systems often included the inability to perform 
an analysis involving a large number of reagents 
and extended reaction times. Furthermore, the 
mechanical complexity of the flow system was 
directly proportional to the increase in complex- 
ity of the analysis. Clearly, these objections are 
not valid for sequential injection methodology. 
In the presented example of FXIII assay, six 
different solution zones were introduced into the 
system at various times, two different reactions 
took place, appropriate dilutions were achieved 
and both quantitative and kinetic information 
was obtained. All this was performed with a 
single line, one pump, one valve system 
configuration. 

When a SI method is being optimized, the 
parameters can be varied without physical re- 
structuring of the system. The volumes of re- 
agents and samples, the sequence of zones 
aspirated, the flow pattern and reaction times 
are varied interactively through the computer 
keyboard without a need to modify the system. 
Thus, once the SI system is properly assembled, 
an analyst can concentrate on the method devel- 
opment without involving hardware changes. 

Collecting signal output for several sample 
aliquots from each sample provides both kinetic 
information (assuming the reaction takes place 
during the sampling period) and single point 
information (i.e., the quantitative value for a 
particular reaction time). The concentration 
range of the analyte is extended since any of the 
aliquots can be used for calculating the quanti- 
tative values. Thus, for samples with high ana- 
lyte concentration, an aliquot corresponding to 

shorter reaction time (aliquots A, B or C) can be 
used for quantitative prediction, while aliquots 
D and E are used for samples with very low 
analyte concentration. Of course, there is no 
objection to using all aliquots for the calcu- 
lations if their signals fall within the calibration 
range. 

As illustrated by the experiments, the SI 
system can be effectively used for method op- 
timization, validation and diagnosis. Auto- 
mation of an assay eliminates errors associated 
with manual manipulation, but one must exer- 
cise caution during the computer interfacing 
process to minimize other sources of errors. 
Precise timing and reproducibility of parameters 
such as flow rates, zone volumes and time delay 
will be crucial for successful analysis. For 
example, a sinusoidal flow piston pump (1) was 
used in these experiments to ensure pulse free 
flow and the flow was always stopped when the 
valve changed its position in order to avoid 
problems associated with back up pressure 
created if the flow continues during the valve 
rotation sequence. Clearly, for each hardware 
setup, it is important to identify the potential 
sources of errors and either eliminate or mini- 
mize them. Then the SI system can provide a 
powerful sample handling and sample pretreat- 
ment tool suitable for research, and clinical and 
process control applications. 
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Summary-A method has been developed for the determination of Ibuprofen (2-[44sobutylphenyl]- 
propionic acid) in pharmaceuticals by FT-IR, using the carbonyl band which this compound presents at 
1710 cm-’ in carbon tetrachloride solutions. Samples are dissolved in carbon tetrachloride. In this solvent 
the excipients are not soluble and so the drug can be directly determined without any additional treatment. 
The use of a simple FIA manifold permits one to carry out this analysis with a low consumption of reagent 
and the FT-IR provides a continuous monitoring of the spectral base-line which permits an accurate 
determination of the maximum in the absorbance band. Also, the FIA system permits easy and fast 
sampling and cleaning of the measurement cell. The method has a dynamic range between 0.5 and 20 
mg/ml with a sensitivity of 0.366 f 0.004 au. mg-’ . ml. mn-’ and a variation coethcient of 0.8% for 5 
independent measurements of a real sample containing 200 mg of Ibuprofen per capsule. The developed 
procedure provides concentration values comparable with those found by UV spectrophotometry in the 
analysis of real samples but is free from matrix interferences. 

Infrared spectrometry (IR) provides a useful 
way for the identification of drugs.lA However, 
the traditional techniques employed to obtain 
the IR spectra, such as alkali halide disks, mulls 
and thin films, are not adequate for quantitative 
analysis, and because of this, ultraviolet spec- 
tromet$ is usually employed in the analysis of 
pharmaceuticals rather than IR. 

The use of flow cells for handling appropriate 
solvents and with spacers opens the possibility 
of carrying out quantitative IR determinations 
of drugs in pharmaceuticals, especially for the 
development of automated procedures based on 
flow injection analysis (FIA).&’ There are few 
precedents in the use of FIA in infrared analy- 
sis’&l’ and until now only two papers have been 
applied to pharmaceutical analysis.‘4s’5 

Ibuprofen (2-[4-isobutylphenyl]-propionic 
acid) is a non-steroidal anti-inflammatory anal- 
gesic’*’ commercialized under different propi- 
etary names, such as Amersol, Brufen, Ebufac, 
Fembil, Inabrin, Inflam, Librofem, Motrin, 
Nurofen, Poxofen, Proflex, Relcofen, Seclodin 
and Uniprofen. Ibuprofen is determined by 
chromatography,‘7-22 spectrometry2*23-2s and also 
titrimetric methods.26 However, only one paper 
has been published concerning the determi- 

*Author for correspondence. 

nation of Ibuprofen by infrared spectrometry,” 
and this is a time consuming procedure. 

In the present paper, a FIA-Fourier trans- 
form infrared procedure has been developed in 
order to determine Ibuprofen in capsules of 
ALTIORTM. 

EXPERIMENTAL 

Apparatus 

A Perkin Elmer Fourier transform infrared 
spectrometer 1750 equipped with a temperature 
stabilized coated detector FR-DTGS was em- 
ployed to carry out the absorbance measure- 
ments, with a resolution of 4 cm-‘. 

The spectrometer is controlled by a 7700 data 
station and the absorbance continuously 
measured using a series of computer programs 
written in OBEY and BASIC, which permits us 
to obtain and store the FT-IR spectra as a 
function of time with a frequency of 17 set, 
search the exact position of the absorbance 
maximum peak and correct the peak height 
absorbances from the base-line values, and 
record the FIA peaks. All these programs have 
been developed in our laboratory and can be 
supplied on request. 

The scanning of a full interferogram is car- 
ried out in only two seconds and the soft- 
ware permits the storage on a micro floppy 
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Fig. 1. Manifold. 

disk in 15 sec. This process takes place dur- 
ing the FIA run and, after that, the cor- 
rected absorbance peak height values are 
established, the FIA recording obtained, and 
the calculations carried out. 

The manifold employed (see Fig. 1) is a 
monochannel assembly with: a Gilson P-2 
Minipulse peristaltic pump with solvent resist- 
ant Viton (Iso-versinic) 0.1 cm internal diameter 
pump tubes, a Rheodyne injection valve, type 
50, with various fixed volume loops, PTFE 
connecting tubes with 0.8 mm internal diam- 

eter and a Spectra-Tech (Warrington, U.K.) 
microdemountable flow through cell. 

Reagents 

Ibuprofen (2-[4-isobutylphenyll-propionic 
acid) standards were prepared from the crys- 
talline compound (ESTEVE, Barcelona, Spain). 

Analytical grade carbon tetrachloride 
(Panreac, Barcelona, Spain) was employed as 
carrier and also for the preparation of standards 
and samples. 

IR spectroscopy grade potassium bromide 
(Merck, Darmstadt, Germany) was employed to 
obtain the FT-IR spectrum of Ibuprofen in 
pellet disks. 

RESULTS AND DISCUSSION 

FT-IR spectrum of Ibuprofen 

The FT-IR spectrum of disks of Ibuprofen 
standards diluted in potassium bromide exhibits 
acid bands around 3000 cm-’ [see Fig. 2(A)], the 
transmittance band of the carbonyl group at 
1710 cm-‘, and also the characteristic finger 
printing of the disubstituted aromatic hydrocar- 
bons. Ibuprofen is very soluble in carbon tetra- 
chloride and it has been confirmed that in the 
treatment of ALTIORTM formulations with this 
solvent the drug is completely dissolved and the 
excipients remain undissolved. So, the transmit- 
tance IR spectra of standards and samples 

(b) 

Fig. 2. FT-IR transmittance spectra of Ibuprofen in KBr disks (2A) and in Ccl, solution (2B). 
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Fig. 3. FT-IR absorbance in the carbonyl region of blank 
solutions, sample and standard of Ibuprofen in CC&. 

treated with carbon tetrachloride are identical 
and provide a way for the direct determination 
of Ibuprofen in pharmaceuticals [Fig. 2(B)]. 

In the present study the carbonyl band at 
1710 cm-’ was selected for the quantitative 
determination of Ibuprofen because this band is 
very strong and appears in a transparent region 
of the Ccl_, (as can be seen in Fig. 3). The 
base-line of the absorbance spectrum was estab- 
lished between 1785 and 1650 cn-‘. 

Eflect of the FIA parameters on the absorbance 
of Ibuprofen 

For a fixed concentration of 10 mg/ml 
Ibuprofen using a 0. l-mm cell (which provides 
a measurement volume of 1~1) the effect of both 
the injection volume and the carrier flow were 
studied, in a univariate mode. Figure 4 indicates 
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Fig. 4. Effect of the sample injection volume on the ab- 
sorbance of Ibuprofen at 1710 cm-‘. Carrier flow: 0.28 

ml/min. 

that an increase in the injected volume of sample 
provides an increase in the absorbance. How- 
ever, this also increases the time required to 
carry out the analysis due to an increasing peak 
width. On the other hand (see Fig. 5), an 
increase in the carrier flow reduces drastically 
the absorbance readings and affects the pre- 
cision of the measurements because, at the faster 
flow rates the sample does not remain in the cell 
at its maximum concentration for a long enough 
time to measure a full interferogram. 

From these experiments a compromise value 
of 320 ~1 injection volume and 0.28 ml/mm 
carrier flow were selected in order to obtain the 
highest sensitivity with good repeatability in the 
fastest experimental conditions. 

Calibration of the system 

Under the experimental conditions, pre- 
viously selected, the absorbance of a series of 11 
Ibuprofen standards dissolved in carbon tetra- 
chloride was measured. A typical calibration 
equation of A = -0.012 + 0.0358C (in mg/ml) 
was obtained with a regression coefficient R of 
0.99959 [Fig. 6(B)]. 

Figure 6(A) shows the FIA recordings ob- 
tained by plotting the corrected absorbance 
peak height values found as a function of time, 
after the computer treatment of the monitored 
spectra. 

Preparation of samples 

As previously indicated, water soluble excipi- 
ents are not solubilised in carbon tetrachloride 
and so Ibuprofen can be directly determined 
in pharmaceuticals, such as ALTIORW, 
which does not contain other active ingredients. 
ALTIORm has a nominal content of 200 mg of 

2 iom- a 
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Fig. 5. Effect of the carrier flow on the absorbance of 320 
~1 of Ibuprofen. Concentration of Ibuprofen: 10 mg/ml. 
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Fig. 6. FIA recording obtained from Ccl, solutions of 
Ibuprofen (6A) for the IT-IR absorbance data of Ibuprofen 

solutions. 

Ibuprofen per capsule and in order to obtain a 
good absorbance value, the following procedure 
is recommended. 

Take five capsules of the pharmaceutical and 
grind to obtain a fine powder. Weigh accurately 
the amount of sample necessary to provide 
approximately 100 mg of Ibuprofen and extract 
with 10 ml of carbon tetrachloride. Filter to 
retain the excipient and inject 320 ~1 of the 
sample solution in the FIA manifold, using a 
carrier flow of 0.28 ml/min, and select the 
FT-IR spectrum between 1900 and 1500 cm-‘. 
Establish the spectral base-line from 1785 to 
1650 cm-’ and record the absorbance, at the 
maximum of the carbonyl band, as a function of 
time. Interpolate the peak height of the FIA 
recording in the calibration graph, previously 
established from carbon tetrachloride solutions 
of pure Ibuprofen. 

Analytical performance of the akveloped pro- 
cedure 

The sensitivity of the direct FIA-FT-IR 
analysis of Ibuprofen corresponds to a 
0.366 _+ 0.004 absorbance units mg-' . ml. mm-’ 
and this value could be increased using higher 

injection volumes or working in the stop flow 
mode. However these latter strategies diminish 
the sample frequency. 

Using the recommended conditions, the limit 
of detection of the method (for a probability 
level of 95%) corresponds to a concentration of 
0.08 mg/ml. 

As compared with the method previously 
published for batch IR analysis of Ibuprofen in 
tablets,27 the dynamic range obtained by us 
(from 0.5 to 20 mg/ml) is of the same order as 
that reported and the coefficients of variation, 
obtained for 5 independent measurements of a 
sample containing 10 mg of Ibuprofen per ml, 
is 0.8% in our case, five-fold lower than that 
reported by Husain et aI.” The developed pro- 
cedure could also be applied using a dispersive 
instrument working at a fixed wavenumber. 
However in this latter case the spectral base-line 
cannot be monitored and it produces a poorer 
linearity of the calibration lines and lower re- 
producibility. 

The FIA-FT-IR method proposed has the 
inherent advantages of automated methods, 
such as speed, reproducibility and low con- 
sumption of reagents. Using the instrument 
described, it is possible to carry out 20 measure- 
ments per hour, which is a throughput 20-fold 
higher than that of the batch method of Husain 
et a1.27 

Compared with the W reference method2 the 
methodology developed provides matrix effect 
free measurements, because the excipient is not 
soluble in carbon tetrachloride and a higher 
dynamic range. 

Analysis of real samples 

Different lots of ALTIORTM pharmaceutical, 
with a nominal content of 200 mg per capsule, 
have been analysed spectrophotometrically at 
265 nm by a pharmaceutical laboratory and by 
the proposed FIA-FT-IR procedure. As can be 
seen in Table 1 results found are of the same 
order as those previously reported and compare 
well with the theoretical content. 

The differences found with the W analysis in 
terms of the t-test, could be due to the lack of 
information about the standard deviation of the 
spectrophotometric values, which avoids a more 
rigorous comparison. In this sense Table 1 
shows that differences between values found by 
two different laboratories, using the same W 
method, are higher than those between FT-IR 
and W. 



FIA-FT-IR determination of ibuprofen in pharmaceuticals 93 

Table 1. Analysis of different lots of ALTIORTM pharma- 
ceutical 

Ibuprofen found (mg/capsule) 

FIA-FT-IR UV Analysis 

Lab 1 
Sample x*sec rup Reference Lap 2 

1 204+3 1.10 201.3 196.2 
2 209.0 + 0.6 1.83 201.9 202.4 
3 200.4 f 1.5 0.47 201.1 213.6 
4 206.7 f 0.9 3.44 209.8 188.5 
5 200.9 : 0.7 9.57 194.2 204.1 
6 201.0 f 0.6 6.17 197.3 199.8 
7 199.3 * 0.9 4.89 203.7 215.7 
8 202.8 f. 0.6 11.0 196.2 208.3 
9 206.2 f 0.3 15.33 201.6 190.8 

10 195.6 + 0.6 4.17 198.1 186.4 

*Theoretical content: 200 mg per capsule. 
t_ values have been obtained from (X - x)/xc, Xbeing the 

value obtained by the reference laboratory (Lab I), r 
our average value for each sample and set the standard 
deviation of three independent measurements. For a 
probability level of 0.95% and n = 2 and t,,, corre- 
spond to 4.303. 

CONCLUSIONS 

The FIA-FT-IR quantitative analysis of 
Ibuprofen in ALTIORTM capsules can be car- 
ried out directly on carbon tetrachloride sol- 
utions of the pharmaceutical. In this solvent the 
excipient remains undissolved and so the only 
sample treatment is the dissolution of the drug 
and the filtration of the excipient. The injection 
of sample solutions in a carbon tetrachloride 
carrier stream provides very precise and accu- 
rate analysis of Ibuprofen with a good limit of 
detection and a sample throughput of 20/hr. 
The method requires low consumption of re- 
agents and can be applied over a wide dynamic 
range. Results obtained in the analysis of 
real samples agree with those found by two 
independent laboratories using a UV reference 
method. 
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Summary-A spectrophotometric and a potentiometric FIA method were used to determine calcium in 
samples of back water from paper mills. The spectrophotometric method used the complexation reaction 
between calcium and o~olph~lein complexon. Optimum pH for the method was calculated 
theoretically. An ion-selective calcium electrode based on neutral carrier was used in the potentiometric 
method. The spectrophotometric method had a linear range between 10 and 250 ppm calcium and the 
potentiometric method between 10 and 300 ppm. Samples were acidified to pH 4 either before or after 
filtration. Total calcium was determined by a d.c. plasma emission method. Significant amounts of calcium 
were found to be bound both to the solid matter and to soluble complexes in the samples. The 
spectrophotometric method gave higher values than the potentiometric method but both of them gave 
lower values than the d.c. plasma emission method. Calcmm #n~tra~ons m the range 30-250 ppm were 
found in the samples. 

Paper machine back water contains a wide 
variety of dissolved and colloidally dispersed 
detrimental inorganic and organic substances. 
The concentration of these substances, includ- 
ing calcium, is dependent on the degree to which 
the wet end of the paper machine is closed.‘” 
Fillers containing calcium, such as calcium 
carbonate are the main source of calcium in the 
circulating water in paper machines. Also reuse 
of discarded paper, containing gypsum (CaSO,) 
as coater, from other stages in the manufactur- 
ing process and returned for reprocessing is a 
considerable source of calcium.3 

Free ionized calcium can react in the back 
water with anions of fatty acids resulting in 
insoluble and sticky soaps. These soaps, form- 
ing pitch deposits, have negative effects on both 
the quality of the paper and running of the 
paper machine> Due to these effects mo~to~ng 
of calcium levels in the back water of paper 
machines has begun to gain interest in the paper 
industry. Calcium concentrations up to 300 ppm 
are usually of interest. 

Various color forming reagents, e.g., Erio- 
chrome Black T,’ ~hlorophosphon~o III,6 
calmagite’ and o-cresolphthalein complexon 
(CPC),’ have been used in the spectrophoto- 
metric determination of calcium by flow 

*Author for correspondence. 

injection analysis (FIA). Among these, CPC is 
the most fluently used and will be studied in 
more detail in this work. 

There are several ways of performing 
potentiometric calcium determination by the 
FIA technique. Calcium can be determined 
indirectly by using a copper wire electrode 
where the excess of EDTA in the carrier sol- 
ution is measured.9 Ion-selective electrodes 
(ISE), based on neutral carriers, e.g., the ETH 
1001 ionophore, are often based in direct 
determination of calcium in FIA.” Similar 
measurements have also been done with 
ISFETs.” 

EXPERIMENTAL 

Instrumentation 

The central unit in the spectrophotometric and 
the po~ntiomet~c FIA system was a FIAstar@ 
5010 Analyser (TECATOR), featuring two 
4-channel peristaltic pumps and injection valve. 
Appropriate reaction coil combinations were 
achieved with Chemifolds. 

A FIAstar* 5023 Spectrophotometer 
(TECATOR), connected to the 5010 Analyser, 
was used in the spectrophotometric measure- 
ments. Absorbances were measured at 570 nm. 
A Schneider 386 PC was used to control the 
FIA system and to do data acquisition and 
evaluation. 
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Potentiometric determination of calcium by 
FIA was done with a small volume (20~pl), 
flow-through cell equipped with a Ca-selective 
electrode based on a neutral carrier. Potentials 
were measured against a flow-through Ag/AgCl 
reference electrode. Both electrodes were 
obtained from KONE Instruments, Finland. 
The 5010 Analyser was used as the pumping, 
injection and mixing unit. Data was gathered 
with a Perkin-Elmer strip chart recorder and the 
FIA system was operated manually. 

Total calcium in samples was determined with 
dc-plasma emission spectroscopy (DCP). The 
instrument used was a SpectraSpan III B plasma 
emission spectrophotometer. 

Chemicals 

Calcium carbonate (CaCO,) supra pure 
(Merck), NaNO, p.a. (Merck), NaOH p.a. 
(Merck), sulphuric acid p.a. (Merck), o-cresolph- 
thalein complexon p.a. (Fluka), 2-amino-2- 
methylpropan- l-01 for synthesis (Merck), 
8hydroxyquinoline p.a. (Analar) and nitrilo- 
triacetic acid (NTA) p.a. (Fluka) were used as 
received. Millipore water was used through the 
whole work. 

Standardr and samples 

Standard solutions in the range lo-300 ppm 
Ca*+ were used and prepared by successive 
dilution of a 500 ppm Ca*+ stock solution 
prepared as described in the literature.8 Slurries 
of back water from Finnish paper mills were 
used as samples. They were filtered through a 
paper fllter prior to the analysis. Standards and 
samples were injected in triplicates. 

RESULTS AND DISCUSSION 

Spectrophotometric determination 

Back water contains a large number of differ- 
ent inorganic compounds that may interfere 
in the spectrophotometric determination of 
calcium. Magnesium is the most severely inter- 
fering species due to its strong complexation 
with CPC: 

Ca + L + CaL; KcsL = lo’.’ 

Ca + CaL + Ca,L; KcazL = 10”’ (1) 

Mg + L + MgL; KMBL = lO*.’ 

Mg + MgL + Mg,L; KMgzi_ = 105.* (2) 

where L represents CPC. Notations in this 
paper will follow the principles introduced by 

Ringbom. ‘* Values of the stability constants are 
taken from Ref. 13, p. 340. 

Interference of magnesium can be diminished 
by masking it with %hydroxyquinoline, 8-HQ: 

Mg + X + MgX, KM6 = 104.’ (3) 

where X stands for 8-HQ. The value of the 
stability constant, KMgx, is taken from Ref. 13, 
p. 408. The masking reaction (3) can be 
considered by calculating the side reaction 
coefficient fxMecx, : 

QS~X) = 1 + [xl %.&x~,, (4) 

where [xl stands for the total concentration 
of 8-HQ not bound to magnesium. In our 
application it is approximately 0.02M. The 
protonation reaction of 8-HQ can be considered 
by introducing the side reaction coefficient ax(,.,) . 

Values for ax(u) can be found in Ref. 13, p. 424. 
Concentrations of calcium and magnesium at 
the color transition point with CPC are denoted 

by [Cal,, and D%lmns and their values can also 
be found in Ref. 13, pp. 426, 428. Effect of 
the masking reaction (3) on [Mg],,, can be 
calculated in the following way (Ref. 13, p. 233) 

pMg&,, = pMg,, - log aMgfx) (5) 

Values of PC&,,, pMg,,,, log EMdX) and 

@Wms between pH 9 and 11 are given in 
Table 1. Values of log aMtix) and pMg&, 
are calculated by using equations (4) and (5), 
respectively. The last row, ApM,,,,, is the 
difference between pCatrans and pMghns and is 
a measure of the interference of magnesium on 
determination of calcium. The difference should 
be as large as possible in order to have minimum 
interference of magnesium. As can be seen in 
Table 1, pH lo-lo.5 gives the maximum separ- 
ation between the color transition points of the 
two metals. On the other hand the value of 

pCatrans should be as large as possible in order 
to give a clear colour transition for calcium. 
Therefore, pH 10.5 is recommended. This is 
also the value used earlier by other workers* for 

Table 1. Effect of pH and magnesium on the color transition 
point of the Ca-CPC complex. Magnesium is masked with 

IO-“M I-bydroxyquinoline 

PH 9 10 10.5 11 

pCalrPna 3.4 4.5 5.1 6.2 

PM&~, 3.6 4.7 5.7 7.3 

log aX(H) 1.0 0.3 0 0 

log aMtix) 2.0 2.7 3.0 3.0 

PM&,, 1.6 2.0 2.1 4.3 

AP%., 1.8 2.5 2.4 1.9 
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CPC 24 

- 

Fig. 1. The FIA manifold used in the ~trophotome~c method with CPC. Flow rates are given in 
ml/min and the values for the coiis are length/id. 

the same determination. Their recommendation 
was obviously based on experimental results. The 
effect of soluble Ca-complexes, e.g., sulphates, 
can be taken into consideration by introducing 
the side reaction coefficient log aGfso,). This 
would slightly lower the pChn, values in 
Table 1, and give pCa&, when calculated 
according to equation (5). This effect, however, 
is only marginal at ~n~ntrations generally 
found in back waters and therefore is not 
considered here. 

The FIA manifold used in the spectrophoto- 
metric determination is shown in Fig. 1 and 
is a modification of the one given in Ref. 8. 
Absorban~ of the Ca-CPC complex was 
measured at 570 nm. Millipore water was used 
as the carrier solution. The masking solution for 
Mgz+ was 0.02N 8-hydroxyquinoline (8-HQ) 
bu&red with 2-amino-2-methylpropan-l-01 to 
pH 10.5. 

In order to find the optimum ex~~mental 
parameters, the concentration of CPC was 
varied between 0.119 and 0.200mM while keep- 
ing the length of the second coil at 60 cm. When 
using a 0.119mM CPC solution, a linear cali- 
bration curve was found up to 100 ppm Cat+, 
whereafter the curve started to bend down. 
Concentrations of 0.15mM and higher gave a 
colour intensity which exceeded the working 
range of the spectrophotometer. By changing 

the length of the second coil to 30 cm and still 
keeping the reagent concentration of 0.15mM 
the dispersion was ~~i~sh~ to such a degree 
that the intensity of the color of the formed 
complex did not exceed the dynamic range 
of the spectrophotometer. When the reagent 
concentration was further increased to 0.2OmM 
in this configuration the working range of the 
s~~ophotometer was again exceeded. Based 
on these studies, a coil length of 30 cm and a 
CPC concentration of 0.15mN were used in this 
work. With these parameters the calibration 
curve was linear from 10 to 250 ppm Ca2+ 
(r = 0.996). The rsd was cu. 0.5% through the 
entire linear range. 

Potentiometric &termination by a calcium 
selective electrode 

The manifold used in the potentiometric 
determination of calcium by FIA is shown in 
Fig. 2. A reagent stream of 0.28&f NaNO, was 
used to give a constant ionic strength required 
for the potentiometric detection. 

Interferences from the streaming potential 
were eliminated by grounding the inlet and out- 
let of the flow through electrode. The electrode 
showed linear response (r = 0.997) over the 
entire concentration range studied, lo-300 ppm 
Ca2+. The slope of the line was 30 mV/pCa 
and the relative standard deviations were 0.6 

IS 

90 cmlO.5 mm 

ISE c 

R 0.S 

Fig. 2 The FIA manifold used in the potentiometric determination of calcium. Flow rates 
ml/min and the vaiues for the coils are length/id. 

are given in 
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and 0.4% at the lower and the higher end of 
the curve, respectively. 

Stability of the electrode response was tested 
by injecting 15 different back water samples in 
triplicate. During this process the slope of the 
calibration line decreased by 1 mV/pCa. This 
change in the slope was not irreversible and falls 
within variations of the slope when determined 
with standards on a daily basis. 

Samples from paper mills 

The spectrophotometric and the potentio- 
metric methods were compared by determining 
calcium in two samples from paper mills. The 
results are given in Table 2. The spectrophoto- 
metric method had earlier been used in analysis 
of two samples from other mills. These results, 
# 3 and # 4, are also included in Table 2. All the 
samples were acidified to pH 4 by hydrochloric 
acid either (a) prior or (b) after filtering the 
solid matter. The purpose of acidification was to 
release the complex bound calcium. Acidifica- 
tion prior to filtering would release calcium 
bound both to solid matter and in soluble 
complexes. That procedure would therefore give 
the total calcium in the sample. Acidification 
after filtering effects only the soluble complexes. 
Calcium was also determined by a DCP 
method. Those results are included in Table 2 as 
well. 

As can be seen in Table 2, higher calcium con- 
centrations are found in the samples acidified 
prior to filtering indicating that significant 
amount of calcium is bound to the solid matter 
in the samples. The difference in the measuring 
principles of the DCP and ISE methods is that 
ISE gives the free, ionized amount of calcium, 
and DCP the total amount of calcium in the 

Table 2. Calcium concentration in back water samples from 
paper mills determined by dc-plasma emission (DCP), 
potentiometric (ISE) and spectrophotometric methods. 
Samples were acidified to pH 4 with HCl (a) before and 

(b) after filtering 

Method 
DCP ISE Spectroph. 

r.s.d., r.s.d., r.s.d., 
Sample % % % 

no. ppm n=3 ppm tl=3 ppm n=3 

l(a) 102 1.2 69.1 0.2 71.5 0.6 
2(a) 100 0.2 60.2 0.2 13.1 0.4 

2@) 65.5 1.5 30.2 0.3 43.5 0.1 

3(a) 225 0.3 

3(b) 170 0.3 

2:; 
182 0.2 
78.2 0.4 

samples. The reason that higher calcium con- 
centrations are found by the DCP method than 
by the ISE method, even after acidification of 
the samples, indicate that pH 4 is not acidic 
enough to break all calcium complexes in the 
samples, e.g., sulfate complex or colloidal cal- 
cium oxalate. Due to the operating conditions 
of a paper machine pH values below 4 are not 
relevant in paper production and therefore were 
not used in this work. 

Results in Table 2 show that the spectro- 
photometric method gives a higher calcium 
concentration than the ISE method. This 
discrepancy can be explained by considering 
how the principles of determination of these two 
methods differ. The ISE-method, as explained 
earlier, “senses” only the ionized calcium. 
The spectrophotometric method, however, uses 
a complexation reaction where calcium forms 
a stable complex with the reagent. There- 
fore calcium still bound to weaker complexes 
in the sample will be available to the 
spectrophotometric method. 

CONCLUSIONS 

With further development of the methods pre- 
sented in this paper, i.e., introducing a sampling 
and sample pretreatment system it would be 
possible to use the FIA methods in on-line 
applications for continuous analysis of back 
water. This would, in real time, give the con- 
centrations of calcium in free form and also in 
weak, labile complexes to the process engineers 
running the paper machines and responsible of 
production and quality of the product. 

As the results in this paper indicate, the ISE 
and the spectrophotometric methods give slightly 
different results due to the different principles 
of the two methods. By employing different 
sample pretreatment procedures in combination 
of different methods of determination it would 
also be possible to gain information of calcium 
speciation in the samples, if that is sought. 
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NORIO TFSHIMA, HIDEYUKI ITABASHI and TAKUJI KAWASHIMA* 

Laboratory of Analytical Chemistry, Department of Chemistry, University of Tsukuba, 
Tsukuba 305, Japan 

(Received 1 May 1992. Accepted 22 May 1992) 

Summary-A redox reaction of copper with iron(I1) proceeds slowly in the presence of neocuproine, 
although the reaction would not take place in its absence. This reaction is accelerated by the presence of 
complexing agents such as EDTA, DTPA, CyDTA, EDTA-OH, NTA, citrate, pyrophosphate, producing 
a copper(I)-neocuproine complex (A, = 454 run). A reverse flow injection analysis (r-FIA) method is 
presented for the determination of trace amounts of complexing agents by measuring the increase in 
absorbance at 454 nm. Complexing agents at the 10m6M level can be determined at a rate of 120 
sample@. By using this r-FIA system, a new procedure for the measurement of complexing capacity 
with metal ions such as Al(III), Cu(II), Zn(II), Cd(I1) and Pb(II) has been developed. Complexing capacity 
for each metal ion can be measured at a rate of 120 samples/hr. 

The effect of complexing agents such as 
aminopolycarboxylic acids and inorganic 
polyphosphates on environmental and bio- 
logical cycles has been considered since these 
agents have been widely used in various indus- 
trial fields.’ On the other hand, toxicity and 
bioavailability of trace metals in natural waters 
depend on the concentrations of various com- 
plexing agents because such metals form com- 
plexes with these complexing agents.” From 
this point of view, a concept of complexing 
capacity with metal ions was introduced for 
environmental assessment.2*5 Several exper- 
imental procedures have been proposed for 
the measurement of complexing capacity of 
natural waters and have been reviewed by 
Florence4 and Neubecker and Allen.6 These 
methods can be classified into the following 
groups:4*6 solubilization,’ biological response,2 
ion-exchange,8 voltammetric,‘” and ion selective 
electrode.‘O*l’ Recently, Akaiwa et ~1.‘~ reported 
a method for the measurement of copper(II)- 
complexing capacity of natural waters by a 
back-extraction technique using bis(4,4,4-tri- 
fluoro- 1 -phenyl- 1,3-butanedionato)copper(II). 
Taga et al. I3 also proposed a method for the 
complexing capacity of humic acids with cop- 
per by using a macroreticular weak-base anion 

*Author for correspondence. 

exchanger, diethylaminoethyl Sephadex A-25 
resin which can adsorb the metal-humic acids 
complex, but not the free metal ions. However, 
most of the methods are laborious and time 
consuming, and also no consistent relation can 
be found among the complexing capacity values 
obtained by these techniques.’ Thus, reliable 
methods are still needed for measurements of 
complexing capacity in natural waters. 

Recently, we showed that the redox reaction 
of copper(I1) with iron(I1) takes place in the 
presence of neocuproine.‘4 In addition, this 
reaction was greatly accelerated by the pres- 
ence of various complexing agents together 
with neocuproine, and a copper(I)--neocuproine 
complex (L_ = 454 nm) was then produced. 
We have reported the flow injection analysis 
(FIA) of complexing agents such as EDTA, 
DTPA, CyDTA, EDTA-OH, NTA, citrate, 
pyrophosphate (diphosphate) by using this 
redox reaction.” The reverse flow injection 
analysis (r-FIA) method is known to be very 
valuable when a large volume of sample is 
available and reagent consumption should be 
minimized.‘6 Thus, the present paper describes 
an indirect photometric determination of com- 
plexing agents by r-FIA based on the same 
reaction. By using this r-FIA system, a new 
procedure for the measurement of complex- 
ing capacity with metal ions such as Al(III), 
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Cu(II), Zn(II), Cd(I1) and Pb(I1) is also 
presented. 

EXPERIMENTAL 

Reagents 

Stock solutions of iron(I1) (1 .O x IO-*&f), 
copper(I1) (1.0 x 10b2M) and zinc(I1) (O.lM) 
were the same as described previously.‘4*‘5 An 
aluminum(II1) solution (0.1 M ) was prepared 
by dissolving aluminum potassium sulfate 
dodecahydrate (potassium alum) in water. A 
cadmium(I1) solution was prepared by dilut- 
ing a stock standard solution for atomic 
absorption spectrophotometry with water. A 
lead(I1) solution (O.lM) was prepared by 
dissolving lead(I1) acetate trihydrate in 
water. Working solutions of metal ions were 
prepared by suitably diluting each stock 
solution with water and/or buffer solution. 
Neocuproine, ethylenediamine-N,N,N’,N’- 
tetraacetic acid (EDTA), diethylenetriamine- 
N,N,N’,N”,N”-pentaacetic acid (DTPA), 
trans-1,2-cyclohexanediamine-N,N,N’,N’-tetra- 
acetic acid (CyDTA), N-hydroxyethylethylene- 
diamine-N,N’,N’-triacetic acid (EDTA-OH), 
nitrilotriacetic acid (NTA), citrate and 
pyrophosphate solutions were the same as 
described previously. “~‘5 Triphosphate solution 
(O.lM) was also prepared by dissolving an 
appropriate amount of sodium triphosphate in 
water. 

All reagents used were of analytical reagent 
grade, Water used to prepare the solutions was 
purified by a Mini-Q water purification system 
(Millipore). 

Apparatus 

A schematic r-FIA diagram for the deter- 
mination of complexing agents and of com- 
plexing capacity is shown in Fig. 1. Four 
double-plunger micro pumps (Sanuki Kogyo, 
DM2M-1026) and a six-way injection valve 
(Sam&i Kogyo, SVM-6M2) with a loop were 
used to assemble the system. The flow lines 
were made from Teflon tubing (0.5 mm i.d.). 
The absorbance change was monitored at 
454 nm with a Soma Kogaku S-3250 spec- 
trophotometer with a IO-mm micro flow cell 
(8 ~1) and recorded on a Hitachi Model 056 
recorder. A Corning Model 12 pH/mV meter 
was also used to monitor the pH of waste 
solution. 

Fig. 1. Flow diagram of r-FIA for complexing agent 
and complexing capacity. Measurement of complexing 
agent; C, carrier solution (0.05M acetate, pH 5.6); R,, 
iron(H) (1 x 10m4M); R,, Rr, sample solution (complex- 
ing agent); V, mixed solution of copper(H) (1 x 10-4M) 
and neocuproine (5 x l0-4M). Estimation of complex- 
ing capacity; C, carrier solution (O.OSM acetate, pH 5.6); 
R, , sample solution (complexing agent); R,, iron(I1) (1 x 
10m4M); R,, mixed solution of copper (1 x 10e4M) 
and neocuproine (5 x 10m4M); V, metal ion solution 
[Al(III), Cu(II), Zn(II), Cd(I1) and Pb(II), 2 x 10-SM]. The 
symbols P, RC, D, Ret and W are pump, reaction coil 
(0.5 mm i.d.), spectrophotometer (454 nm), recorder and 

waste, respectively. 

Procedure for the measurement of complexing 
agent 

In the flow system (Fig. l), a buffer carrier 
solution (C), an iron(I1) solution in reservoir 
R, and a complexing agent solution in reser- 
voirs R, and R, were pumped at a flow rate 
of 2.3 ml/mm. An aliquot (80 ~1) of mixed 
solution of copper(I1) and neocuproine was 
injected into the carrier stream. The reduc- 
tion rate of copper(I1) with iron(I1) was accel- 
erated by the presence of complexing agent 
and the copper(I)--neocuproine complex was 
produced in a reaction coil (0.7 m long) at 
room temperature. The absorbance of the 
complex produced was monitored continuously 
at 454 nm. 

Procedure for the measurement 
capacity 

of complexing 

In the flow system (Fig. l), a buffer car- 
rier solution (C), a complexing agent solution 
in reservoir R,, an iron(I1) solution in reser- 
voir R, and a mixture of copper(I1) and 
neocuproine in reservoir R, were pumped at 
a flow rate of 2.0 ml/min. An aliquot (200 ~1) 
of metal ion such as Al(III), Cu(II), Zn(II), 
Cd(I1) and Pb(I1) was injected into the car- 
rier stream. The metal ion reacts with the 
complexing agent to form a complex in a 
reaction coil RC, (0.5 m long): a decrease in 
absorbance at 454 nm was observed and 
monitored. 
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Table 1. Features of the calibration curves 

Complexing 
agents 

EDTA 
NTA 
Citrate 
Pyrophosphate 

Intercept Slope 

-0.0060 0.0052 
-0.0011 0.0037 
-0.0003 0.0016 
-0.0041 0.0076 

Regression r.s.d. (%) 
coeflicient (n = 10) 

0.999 1.2 
0.997 2.8 
0.996 2.5 
0.999 1.7 

RESULTS AND DISCUSSION 

Eflect of reaction variables for the measurement 
of complexing agent 

The optimum conditions for r-FIA were 
studied by propelling 1 x 10W5M EDTA sol- 
ution in reservoirs R, and R3. All measure- 
ments were carried out at room temperature. 

The absorbance at 454 nm increased rapidly 
with increasing pH up to 5.1, and remained 
constant in the pH range 5.1-6.1. A pH value of 
5.6 was used for the procedure. 

The effect of iron(I1) concentration was 
examined over the range 2 x 1O-5-1 x 10e3M. 
The absorbance increased with increasing 
concentration up to 7 x IO-‘M, and remained 
constant in the concentration range 7 x lo-‘- 
1 x 10p4M. At concentrations more than 
1 x 10-4M the absorbance decreased gradually. 
A 1 x 10e4M iron(I1) concentration was chosen 
for the procedure. 

The effect of copper(I1) concentration was 
examined over the range 2 x 1O-s-7.5 x 
10e4M. The reproducibility of the flow signals 
became poorer at copper(I1) concentrations 
more than 1 x 10M4M, although maximum 
absorbance was obtained around 2 x 10e4M. 
Hence, a 1 x 10e4M copper(I1) concentration 
was chosen. 

Maximum and constant absorbance was 
obtained over the concentration range 5 x 
10F4-1 x 10e3M neocuproine. A 5 x 10e4M 
neocuproine concentration was selected. 

The effect of reaction coil length was exam- 
ined by varying coil length (RC,, 0.1-5 m). The 
absorbance increased with increasing coil length 
and the absorbance showed maximum at 0.7 m, 

decreasing gradually beyond this length due to 
an increase in the degree of dispersion. A coil 
length of 0.7 m was used for the procedure. 

Calibration graphs 

The linear calibration graphs were obtained 
over the range 2 x 10V6-1 x 10e5M EDTA, 
NTA, citrate and pyrophosphate. The sampling 
rate of 120/hr is attained for the proposed 
method. The reproducibility of the method is 
satisfactory with low r.s.v. %. The features of 
the calibration graphs for each complexing 
agent are summarized in Table 1. 

Interferences 

The effect of foreign ions on the determi- 
nation of 1 x 10msM EDTA was studied. The 
tolerance limits for foreign ions are summarized 
in Table 2; a 5% error was considered to be 
tolerable. As can be seen from Table 2, Li(I), 
Na(I), K(I), Cl-, NO;, SO:- and CH3COO- 
(O.O2M), BO:- (O.OlM), C@- (5 x 10-3M), 
Mg(I1) and Sr(I1) (2 x 10m3M), Ca(I1) and F- 
(1 x 10M3M) showed no influence. However, 
Al(III), Co(II), Ni(II), Cu(I1) and Zn(I1) 
(1 x lo-‘M) caused serious negative interfer- 
ences because these ions reacted with EDTA to 
form stable complexes. Similar masking effects 
for these metal ions were also observed for 
DTPA, CyDTA, EDTA-OH and NTA. 

Eflect of reaction variables for the measurement 
of complexing capacity 

In the flow system as shown in Fig. 1, a 
1 x 10e5M EDTA and/or pyrophosphate sol- 
ution was pumped as a model ligand and a 

Tolerance ratio 
[ionl/IEDTAl 

Table 2. Effect of foreign ions on the determination of 1 x l0-sM EDTA 

Ion added 

2000 Li(I), Na(I), K(I), Cl-, NO,, S@-, CH,COO- 
1000 BO:- 
500 CG- 
200 Mg(II), Sr(II) 
100 Ca(II), F- 

<l Al(III), V(Iv,V), Mn(II), Fe(II), Co(II), Ni(II), Cu(II), Zn(II), Cd(II), Hg(II), Pb(II), Bi(II1) 
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15 

r Al r cu 

RC, /m RC,/m 

Fig. 2. Effect of reaction coil length (RC,) for the measure- 
ment of complexing capacity. Complexing agents 
(1 x 10-5M): (O), EDTA; (a), pyrophosphate. Other con- 

ditions as in Fig. 1. 

2 x IO-‘M metal ion concentration such as 
Al(III), Cu(II), Zn(II), Cd(I1) and Pb(I1) was 
injected into the carrier stream. The accelerating 
effect of complexing agents on the reduction of 
copper(I1) with iron(I1) is retarded by adding 
such metal ions. A decrease in absorbance at 
454 nm corresponded to the concentration of 
each ligand in the presence of metal ion. By 
this phenomenon, a measurement of complex- 
ing capacity in natural water is also possible. 
The concentration of each model ligand sol- 
ution was measured as a function of each metal 
ion such as Al(III), Cu(II), Zn(II), Cd(I1) and 
Pb(I1). Complexing capacities measured by 
using Al(III), Cu(II), Zn(II), Cd(I1) and Pb(I1) 
solutions are abbreviated as AlCC, CuCC, 
ZnCC, CdCC and PbCC. The concentrations of 
iron(I1) (1 x 10e4M), copper(I1) (1 x 10m4M), 
neocuproine (5 x 10m4M) and the reaction pH 
5.6 were selected for the measurement of com- 
plexing capacity based on the above results. The 
reaction coil (RC,) length of 0.7 m was also 
used. 

The effect of reaction coil length of RC, was 
examined over the range 0.1-2 m (Fig. 2). Zn, 
Cd and Pb exhibited curves similar to those 

-5 -4 

lwh (,I) I 5 
r Pb 

-4 

l”~~Cd~ll, 

~ogcmllll 

Fig. 3. Effect of metal ion concentration for the measure- 
ment of complexing capacity with each metal ion. Complex- 
ing agents (1 x 10-5M): (O), EDTA; (O), pyrophosphate. 

Other conditions as in Fig. 1. 

for Cu. In the case of EDTA, maximum and 
constant values for CuCC, ZnCC, CdCC and 
PbCC were obtained at the reaction coil length 
greater than 0.3 m. The AlCC value increased 
gradually with increasing the reaction coil 
length and a lower CC value than the others 
was obtained. This is attributable to the fact 
that the rate of complex formation of Al(II1) 
with EDTA is much slower than those of other 
metal ions.” In the case of pyrophosphate, the 
AlCC value increased with increasing reaction 

2 mln Scan 
-- 

AI Zn Cu Cd Pb AI Zn Cu Cd Pb AI Zn Cu Cd Pb Al Zn Cu Cd Pb Al Zn Cu Cd Pb 

EDTA IOx IO-% 

Fig. 4. Flow signals for complexing capacity with each metal ion at various concentrations of EDTA. 
Other conditions as in Fig. 1. 
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Table 3. Measurement of complexing capacity in river and lake waters 

Complexing capacity*/lO-‘A4 

Extn method Proposed method 
Sample cucc Alec ZnCC Cdcc PbCC 

River watefl 
A 3(<1) 5(< 1) 5(J) 7(l) 4(l) 
B 4(x1) o(1) 4(l) o(l) 
C 7(<1) 4(2) 3(l) 4(l) “;I;; 
D lO(< 1) h(2) 5(2) S(2) 8(3) 

Lake water? 
A 3(<1) 4(<1) 3(l) 6(l) l(< 1) 
B 4(<1) 4(<1) 4(l) 2(< 1) 
C 3(<1) 7(<1) 21;‘) 3(2) 
D 3(<1) 5(l) “;lt; 

;t; 
l(1) 

E 3(< 1) 5(2) 2(l) 5(<1) 

*Values determined in triplicate. ( ) = standard deviation. 
tcollected at Tsukuba. _ 

coil length. A maximum and constant AlCC 
value was obtained at a reaction coil length 
greater than 0.3 m, while CuCC, ZnCC, CdCC 
and PbCC values were very low. 

The effect of metal ion concentration was 
examined at a constant concentration (1 x 
10”M) of EDTA and/or pyrophosphate. The 
results are shown in Fig. 3. In the case of 
EDTA, maximum and constant CuCC, ZnCC, 
CdCC and PbCC values were obtained at con- 
centrations higher than 2 x 10p5M. The AlCC 
value increased gradually with increasing con- 
centration of aluminum(II1) and the value was 
lower than those obtained for other metal ions. 
In the case of pyrophosphate, the maximum and 
constant AlCC value was obtained at greater 
than 5 x lo-‘M. The CuCC, ZnCC, CdCC and 
PbCC values were not obtainable over the range 
1 x 10-5-3 x IO-SM. 

The effects of EDTA and pyrophosphate 
concentrations were examined by injecting 
2 x 10b5M of each metal ion solution. The 
results for EDTA are shown in Fig. 4. The 
CuCC, ZnCC, CdCC and PbCC values were the 
same and the values increased linearly with 
increasing concentration of EDTA, while the 
AlCC value was not obtained. In the case 
of pyrophosphate, the AlCC value increased 
linearly with increasing concentration of 
pyrophosphate, while the CuCC, ZnCC, 
CdCC and PbCC values could not be ob- 
tained. Similar situations as for pyrophosphate 
were observed for triphosphate. From these 
results, a characterization of complexing agents 
in natural waters should be possible. Complex- 
ing capacity corresponding to the pyrophos- 
phate type ligands would be obtained by 
injecting Al(III) solution. On the other hand, 
the CC value obtained by injecting other 

metal ions corresponds to the concentration 
of aminopolycarboxylic type ligands. Com- 
plexing capacities for each metal ion in natu- 
ral waters at the 10-7-10-6M level were 
determined at a rate of 120 times/hr by the 
proposed method. 

Application to water samples 

The applicability of the proposed method 
was evaluated by measuring complexing 
capacities of both river and lake waters. After 
the samples were filtrated with a 0.45pm 
membrane filter, the measurement of complex- 
ing capacity was performed by the proposed 
method. The results, given in Table 3, are 
compared with those obtained by the extrac- 
tion method.lZ Complexing capacities of the 
samples collected at the Tsukuba area were 
in the lo-‘M range. The values obtained by 
the proposed method were in the same order 
as those obtained by the extraction method. 
The ZnCC, CdCC and PbCC values should 
correlate with CuCC values obtained by the 
extraction method, corresponding to amino- 
polycarboxylic type ligands, while the AlCC 
values represent pyrophosphate type ligands. 
Although the proposed method was not 
evaluated in full detail, it can be seen from 
the results in Table 3 that it is useful for 
estimating two types of complexing capacity 
in natural waters. 
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Summary-A direct procedure has been developed for the flame atomic determination of potassium and 
magnesium in cement samples. A 50-mg sample is dispersed in 25 ml of 0.13M nitric acid, 100 pl of this 
slurry is injected in a double channel HA manifold simultaneously with 100 pl of a 10% (w/v) lanthanum 
solution. This procedure allows the rapid extraction of potassium and magnesium by leaching of the 
sample; nitric acid is not necessary if only potassium must be determined and the sample can be diluted 
with only distilled water. Aqueous standards are used. The manifold employed includes a well-stirred 
mixing chamber, which provides an adequate on-line dilution of the sample, in order to obtain emission 
or absorbance. measurements in the dynamic range of the elements to be determined. The results obtained 
in the analysis of real samples agree with those found by game atomic spectrometry after a previous 
alkaline fusion with lithium carbonate, and exhibit better precision. The limit of detection of the procedure 
is 0.007% for KrO and 0.01% for MgO and the precision of the entire procedure corresponds to a relative 
standard deviation of 1%. 

The analysis of cements by atomic spectrometry 
requires the dissolution of samples after a pre- 
vious wet ashing or fusion procedure.‘*2 This is 
usually the most time consuming step and may 
introduce contamination or interelemental in- 
terferences, the latter caused by the total dissol- 
ution of all the sample components. 

An alternative to the dissolution of solid 
samples for their analysis by atomic spec- 
trometry is the direct introduction of slurries. 
Slurries are fine dispersions of powdered solids 
in water or other solvents. Previous work 
has shown that the use of slurries can be a 
convenient way to introduce solids into 
flames,3-5 plasmas6v7 and electrothermal atom- 
ization systems.“12 

The direct determination of mineral elements 
in slurries requires the use of solid particles of 
small diameter? moreover, in some cases, prob- 
lems related to inefficient volatilization of the 
elements from the solid phase may produce low 
results. In these cases, it is more suitable to treat 
the slurries in order to dissolve the elements to 
be determined. When the elements under study 
can be extracted from the suspended solid by a 
fast and easy way, direct analysis of the slurry 

*Author for correspondence. 

by atomic spectrometry can be carried out 
without matrix separation.i4si5 So, losses or 
interelemental interferences can be avoided. The 
slurry sample introduction method has been 
applied to the determination of Na in standard 
reference cements using glycerol as a stabilizer 
for the dispersion and nitric acid as extractant 
agent.16 

Recent studies in our laboratory have shown 
that slurries can be injected in flow systems and 
so Cu, Mn and Pb were determined in sewage 
sludge samples.” 

In the present paper, the direct introduction 
of cement slurries has been carried out in a flow 
system for the determination of potassium and 
magnesium in real cement samples, with on-line 
dilution of the samples. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer 5000 atomic spectropho- 
tometer equipped with a magnesium hollow- 
cathode lamp was used for absorbance 
measurements. Potassium was determined by 
flame emission spectrometry using a Varian 
SpectrAA- 10 atomic absorption spectropho- 
tometer. An air-acetylene flame was used in 
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both cases. All measurements were carried out 
without background correction. 

A flow injection procedure was used to carry 
out the analysis, using the manifold indicated in 
Fig. 1. A Gilson P-2 Minipuls peristaltic pump 
with two 2.79 mm internal diameter 
polyvinylchloride tubes was employed to trans- 
port the aqueous carrier streams. Samples and 
lanthanum solutions were introduced using a 
double simultaneous injector constructed with 
two Rheodyne injection valves type 50 with 
fixed loops. A three way Y-shaped connector 
Gmnifit, with an internal diameter of 0.8 mm, 
provides the merging point. A mixing chamber 
is connected after the merging point and before 
the nebulizer in order to obtain adequate di- 
lutions of the samples. This chamber has a 
volume of 1 ml and the escape of any air bubbles 
can be assured by a slight dome in the upper 
part. A Teflon covered magnetic stirring bar 
assures an appropriate mixing in the dilution 
chamber. All the connecting tubes used were 
made of Teflon and with 0.8-mm internal diam- 
eter (Omnifit). 

The dispersion coefficient provided by the 
manifold was 22. It was preferred to carry out 
the on-line dilutions of the samples than to use 
less sensitive instrumental conditions because 
FIA provides fast and reproducible dilutions 
and moreover, the analysis of real samples 
under conditions different than those providing 
the best sensitivity can be affected by matrix 
interferences. 

Instrumental and flow injection parameters 
used in the analysis are given in Table 1. 

Reagents 

A magnesium stock solution of 1000 ppm 
was prepared by dissolving 1 g of magnesium 
metal (Merk) in 50 ml of 5M hydrochloric acid 
and diluting to one litre with demineralized 
water. 

Potassium stock solution of 1000 ppm was 
prepared from 1.9070 g of dry potassium chlor- 

Fig. 1. FIA manifold employment in the analysis of potass- 
ium and magnesium in cement samples. P: peristaltic pump, 
I: injection valves, C: three-way connector, M: dilution 

chamber, S: magnetic stirrer and R: recorder. 

Table 1. Instrumental and FIA parameters used in the 
determination of K and Mg in cement samples 

Parameter K Mg 

Wavelength/nm 766.5 285.2 
Technique FE AA 
Burner height* 0.5 cm 1.3 cm 
Burner angle (“) 180 20 
Qair/l/min 3.5 21 
Qacetylene/l/min 1.5 1.3 
LooPIp 100 
Total flow rate/ml/min 8.4 
Mixing chamber volume/ml 1 

*The burner height being the distance below the focal point 
of the optical system. 

FE: flame emission; AA: atomic absorption. 
A Perkin-Elmer 5000 and a Varian SpectrAA- atomic 

spectrophometer were used for the measurement of 
absorbance of magnesium and emission of potassium 
respectively. 

ide (Panreac) dissolved in one litre of demineral- 
ized water. 

A 10% (w/v) lanthanum solution, prepared 
from lanthanum chloride (LaCl, - 7HrO) (Pan- 
reac), was used as a buffer solution to avoid 
anionic and ionization interferences. 

Real cement samples were obtained from 
different Spanish and North African producers. 
Before the analysis, samples were ground in 
an agate ball mortar for half an hour in order 
to obtain a fine powder which was carefully 
homogenized. 

All the reagents employed were analytical 
grade. 

Procedures 

Recommended procedure 

Preparation of slurries. The SO-mg sample was 
weighed into a standard flask and diluted up to 
25 ml with 0.13M nitric acid. Homogenization 
of this dispersion can be achieved by introduc- 
tion into an ultrasonic bath for 5 min. This 
procedure allows the rapid extraction of potass- 
ium and magnesium by leaching of the sample. 
If only potassium is to be determined, nitric acid 
is not necessary and distilled water is sufficient 
to extract it from the dispersed solids into the 
aqueous phase. 

The size of 100% of the suspended par- 
ticles determined by a laser diffraction system 
(Malvern Instruments, model 2600) was lower 
than 70 pm in all cases. 

Flow injection analysis. Direct introduction of 
the dispersed sample is carried out without 
separation of the two phases, as follows: 

One hundred microlitres of the slurry of the 
sample was injected in the double channel flow 
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injection system (Fig. 1) at the same time as one 
hundred microlitres of a 10% (w/v) lanthanum 
solution. Aqueous standards of K and Mg 
containing lanthanum and nitric acid were 
employed. 

Reference method. Weigh 0.1 g of sample into 
a platinum crucible and add 1.5 g of lithium 
carbonate and 0.3 g of boric acid. Introduce the 
crucible into a muffle furnace, at 1100”; after 40 
min, allow to cool to 700-800”. Transfer the 
molten contents of the crucible into a 250-ml 
porcelain evaporating basin. After cooling to 
room temperature, add 50 ml of hydrochloric 
acid (1 + 1 v/v) and stir until the solids are 
completely dissolved. Place the basin under 
an infrared lamp and evaporate to dryness at 
130”. Add 5 ml of concentrated hydrochloric 
acid to re-suspend the silica and then dilute to 
100 ml with hydrochloric acid (1 + 1 v/v). Filter 
using red-band (medium-textured) ashless 
Schuller filter-paper and dilute to 250 ml. Pot- 
assium and magnesium were determined by 
atomic spectrometric analysis of the filtered 
solution. 

RESULTS AND DISCUSSION 

Influence of the acidity of the medium 

Preliminary experiments proved that atomic 
spectrometry determination of potassium in ce- 
ment by direct injection of a discrete volume of 
a slurry containing 50 mg of sample dispersed in 
25 ml of water in the FIA manifold provides 
results comparable to those found by analysis of 
samples using a previous alkaline fusion. How- 
ever, the use of a 0.13M nitric acid medium for 
slurry preparation is necessary to obtain accu- 
rate results in the magnesium determinations as 

Table 2. Effect of the concentration of nitric acid on the 
determination of Mg in cement samples 

% MgO 
HNO, M Sensitivity/au mg- ’ 1. a b 

0 0.015 0.05 f 0.01 0.03 f 0.01 
0.13 0.014 1.7kO.1 1.67kO.02 
0.66 0.014 1.81 f 0.03 1.73 f 0.01 
1.31 0.014 1.69 f 0.03 1.73 f 0.02 
6.57 0.015 1.64 f 0.05 1.68 f 0.02 
Real % MgO 1.72 f 0.02%’ 

Note: Percentage of MgO is expressed by the mean concen- 
tration of three analyses of each sample f the standard 
deviation of the entire procedure. 

a The appropriate volume of concentrated nitric acid was 
added directly to the solid sample and after that diluted 
with distilled water. 

b Nitric acid was added in the concentration indicated. 
*Data found after alkaline fusion. 

(4 I 

I 1 I I 
2 6 IO 

0 /ml/mm 

09 

ISi, , ( 
2 8 

QD 

I I I I 
2 6 

Q,/ml/mE 

Fig. 2. Effect of the carrier flow on the sensitivity and 
accuracy of the determination of potassium (a) and mag- 
nesium (b) in cement. S: emission signal in mm; A: ab- 
sorbance units. The horizontal lines in the insert correspond 
in both cases to the average value obtained for the analysis 
of these samples after an alkaline fusion f the standard 

deviation. 

can be seen in Table 2. The difference between 
the two analytes could be due to the high 
solubility in water of potassium salts that is 
sufficient to obtain complete extraction from the 
solid phase into the slurry, whereas an acid 
medium is required for the solubilization of 
magnesium. On the other hand, Table 2 shows 
that the analytical sensitivity for magnesium 
is not affected by the acid addition and that 
high concentrations of nitric acid are not 
required. The form of addition of nitric acid 
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(concentrated or diluted) is not important ent carrier flows, and the analytical measure- 
whereas the final concentration in the slurry is. ments are shown in Fig. 2 (a and b). 

Ejg*ect of the FIA parameters 

In order to study the influence of the FIA 
parameters on the analytical sensitivity and 
accuracy of the direct analysis of potassium and 
magnesium in cement, aqueous and acid slurries 
of 50 mg of a sample containing 0.4% (w/w) 
K,O and 2.0% (w/w) MgO were prepared in a 
25-ml volume. One hundred micolitres of slurry 
was injected in an aqueous carrier using differ- 

The sensitivity of both determinations in- 
creases when the carrier flow rate increases. A 
carrier flow of 8.4 ml/min was selected for both 
cases because it provides an adequate sensitivity 
and also accurate values for both elements. 

The inserts in Fig. 2 (a and b) represent 
the average values found for the direct analysis 
of the sample slurry at different values of 
the carrier flow. The average concentration 
values of samples, obtained after an alkaline 

9mt /mm 

7 2 ml /mm 

5 4 ml/min 

3.?ml/mm 

A Standard 

A , Standard 

A 
, Standard 

A Standard 

A 
I Standard 

2 ml/min 
0211LuLT& 

IO min 

I I 

Fig. 3. FIA recording obtained for a standard of 10 pg/ml of magnesium and a sample containing 2.06% 
MgO as a function of the carrier flow. 
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fusion f the standard deviation are represented 
by the horizontal lines. The comparison be- 
tween these values provides an idea about the 
accuracy that could be obtained working at each 
carrier flow. 

Flow injection recordings obtained from 
a magnesium standard of 10 pg/ml and a 
sample containing 2.06% MgO for different 
carrier flows, are shown in Fig. 3. The use 

Loop/$ 

I I I I 
loo 300 500 

Loop~cI~ 

Fig. 4. Effect of the sample volume injected on the sensitivity 
and accuracy of the determination of potassium (a) and 
magnesium (b) in cement. S: emission signal in mm; A: 

absorbance units. 

Table 3. Analysis of real cement samples 

K,O % MgO% 
Sample Fusion Slurry Fusion Slurry 

1 0.82 f 0.05 0.78 f 0.01 1.41 f 0.07 1.39 f 0.03 
2 040~0.04 0.4lkO.01 1.7kO.l 1.67+0.07 
3 0.80&0.04 0.80*0.01 - - 
4 0.54*0.04 0.59*0.01 2.0fO.l 2.06f0.05 
5 - - 1.7 f 0.1 1.71 f 0.02 
6 0.19*0.09 0.11*0.01 1.0*0.2 0.93kO.03 

Note: Percentage of K,O and MgO are expressed by the 
mean concentration of three analysis of each 
sample + the standard deviation of the entire procedure. 

of high carrier flows provides a higher 
sensitivity and sample throughput with fast 
return to baseline. Samples may be injected 
at the rate of 48/hour compared with 10 
samples/hour provided by dilution and continu- 
ous aspirations. 

Figure 4 shows the effect of the sample vol- 
ume injected on the sensitivity and accuracy of 
the determinations of potassium and mag- 
nesium. A 100~~1 loop was selected (using the 
selected carrier flow rate) in order to obtain the 
best accuracy, although it provides a poorer 
sensitivity. The analytical sensitivity of the 
atomic spectrometric analysis of these elements 
is very high, and the content of K and Mg in 
cement samples is of the order of 0.5 to 1% 
(w/w). So, the use of low injection volume at 
high carrier flow rate provides a compromise 
between sensitivity and dynamic range of the 
potassium and magnesium determination with a 
high sample frequency. 

Analysis of real samples 

A series of real samples of cement were 
analysed by both the recommended and a refer- 
ence method and Table 3 shows the results 
obtained for % K,O and MgO. Results are 
comparable for both methods, as can be seen 
from the mean concentration data, taking into 
account the standard deviation values. The pre- 
cision of the measurements by the proposed 
method is higher than the fusion procedure for 
both potassium and magnesium determinations; 
this could be due to the fact that the proposed 
method using slurries is direct, whereas the 
classical method requires several experimental 
operations. 

Figure 5 shows a flow injection recording 
obtained from the injection of magnesium 
standards (from 4.8 to 30 pg/ml) and four 
acidified samples of cement. As can be seen, 
more than 48 injections can be carried out per 
hour. 
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Fig. 5. FIA recording obtained for the injection of magnesium standards and acidified samples of cement. 

Analytical performance of the developed pro- 
cedure 

Sensitivity is established from the slope of the 
calibration line. In the case of potassium, sensi- 
tivity has been determined for peak height val- 
ues measured in cm, and is of the order of 0.20 
cmsmg-’ 1. The sensitivity for magnesium corre- 
sponds to 0.015 units of absorbance*mg-’ 1. 
The regression coefficient of the calibration lines 
is 0.99995 for magnesium and 0.9994 for potass- 
ium, for a dynamic range up to 30 and 20 ,ug/ml 
respectively. 

The limit of detection has been determined 
from ten measurements of the emission (potass- 
ium) or absorbance (magnesium) of a blank 
solution containing acid and lanthanum and it 
corresponds to the concentration of the element 
which provides an emission or absorbance value 
equal to twice the standard deviation of ten 
blank readings. A limit of detection of 0.15 
mg/l. was obtained for potassium and 0.29 mg/l. 
for magnesium. These are concentrations of the 
elements in the slurry, corresponding to 0.007 
K20 and 0.01 MgO%, respectively, in the ce- 
ment sample. 

Precision has been derived from the relative 
standard deviation of ten analyses of a sample 
containing 0.54% of KzO and 1.72% of MgO, 
respectively, and is of the order of 1% in both 
cases. 

CONCLUSIONS 

Using the recommended procedure, it is poss- 
ible to take advantage of direct introduction of 
slurries in the flame flow injection analysis of 

solid samples, permitting an increase in the 
speed of the method, especially concerning the 
dilution of samples, and making possible the 
on-line addition of buffer solutions (as lan- 
thanum) or other reagents, and decreasing the 
cost of the analysis. 
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Summary-A flow injection analysis (FIA) method for the determination of hydrogen peroxide in reactor 
moderator water has been developed and installed at the Savannah River Site (SRS) Water Quality 
Laboratory. The mode of detection is amperometric and the technique has an analytical range of 0.10-2.50 
&ml with a sampling rate of 40 samples/hour. The calibration curve is linear with a correlation coefficient 
of 0.999 and the relative standard deviation is at the 0.50% level for both O.lO- and 2.50~&ml standards. 
When the FIA procedure is compared to the manual method previously used at the SRS Water Quality 
Laboratory for hydrogen peroxide analysis, it demonstrates a minimum twenty minute reduction in 
analysis time per sample and the total liquid waste generated per sample analyzed is reduced by 95%. 

The moderator water used in the reactor at SRS 
is heavy water. For the reactor to function at an 
optimum, it is important that contaminants and 
radiolysis products be removed from the sol- 
ution. Hydrogen peroxide is generated as an 
unwanted radiolysis product during normal 
reactor operations. Because of its corrosive 
nature it is imperative that the hydrogen per- 
oxide be removed from the heavy water solution 
so that the delicate balance of this pristine 
system not be upset. Therefore, to ensure that 
the removal system is functioning properly, a 
variety of analyses are performed several times 
daily, of which, hydrogen peroxide is one. 

This research project focused on the 
implementation of an automated analysis sys- 
tem for the determination of hydrogen peroxide 
in reactor moderator water. Flow injection 
analysis was selected as the technique of choice. 
Four major areas of development were inves- 
tigated to improve the analysis of hydrogen 
peroxide over the existing methodology; (1) 
reduce the analysis time, (2) reduce the amount 
of radioactive waste, (3) reduce the analyst’s 
length of contact and exposure time with the 
sample and, (4) develop a simple automated 
system and integrate it into the existing analyzer 
at the SRS Water Quality Laboratory. 

The reduction in analysis time and total toxic 
liquid waste are extremely important issues in 
any analytical research or production labora- 
tory. But, the importance of these particular 

issues takes on a much more significant role 
when the sample matrix is reactor moderator 
water and the sample is radioactive. For that 
reason, a great deal of effort was taken to reduce 
the analysis time and the amount of total radio- 
active liquid waste generated per sample analy- 
sis. The FIA method has reduced the analysis 
time per sample by a minimum of 20 min and 
the total radioactive sample waste by 95%. By 
accomplishing the first two objectives, 90% 
reduction of contact and exposure time of the 
analyst was also achieved. 

To fulfill the final objective, the first step was 
to evaluate the various modes of detection that 
were available for hydrogen peroxide determi- 
nation.‘-’ The criteria used in selecting a detec- 
tor were that it must be simple and easy to 
operate, capable of measuring 0.10 p g/ml, small 
and compact, reliable, and reasonably priced. 
Reactor moderator water is extremely clean in 
terms of matrix interferences and hydrogen 
peroxide is the only electrochemically active 
species in the solution, thus it was determined 
that amperometric detection would be ideal for 
this particular application. The amperometric 
detector manufactured by FiatrorP for their 
modular FIA system was selected because it met 
all the criteria mentioned above. 

The hydrogen peroxide procedure described 
in this paper is the second FIA method to be 
installed at the SRS Water Quality laboratory, 
the first of which was for the determination of 
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boron. To satisfy the objective of integrating the 
hydrogen peroxide system into the existing ana- 
lyzer and to simplify the total system, the two 
FIA ma~folds (boron and hydrogen peroxide) 
were integrated in such a way that switching 
from one method to the other would be a simple 
task and accomplished within a matter of a few 
minutes. 

EXPERIMENTAL 

Reagents and standards 

All reagents and standards were of analytical- 
reagent grade quality and prepared in distilled, 
de~nera~~ water from a Nanopure system 
(Barnstead/Thermolyne). 

A 1% solution of sodium chloride in deion- 
ized water was used as the carrier and the 
electrolyte for the FI electrochemical (EC) 
detection system. 

Stock and working standards were prepared 
from a 3% solution of hydrogen peroxide 
(Fisher Scientific CAS #7722-84-l) by adding 
the appropriate volume to each standard volu- 
metric container and diluting to volume with 
de~neral~ water. Once stock standards were 
prepared, all solutions were refrigerated when 
not in use to reduce degradation. The working 
range of 0.10-2.50 hg/ml hydrogen peroxide 
were prepared daily to ensure accurate results. 

The flow injection analyzers used for this 
study were the Fiatron modular units. Each 

system includes a Fiatron SC-l 10 autosampler 
with a capacity of 120 samples, a FIA-Valve 
2000 eight port sample injection valve equipped 
with a 58-~1 sample loop, a FIA-up six 
channel peristaltic pump, and a master control 
module with a FIA-Zyme amperometric detec- 
tion drawer. The FIA peaks were collected on a 
Cole-Parmer 100 millimeter strip chart recorder 
and a hard copy of the data results was printed 
on a Brother M-1109 dot matrix printer. A 
schematic diagram for the hydrogen peroxide FI 
manifold is shown in Fig. 1. 

The master module unit of the Fiatron FI 
analyzer is the microprocessor controller where 
various ping parameters, sample and standard 
information, etc. are programmed and stored 
for each methodology. The unit is designed so 
it will accommodate several different detection 
techniques. Each technique is built into an 
individual detection drawer and only one detec- 
tion device is functional at a time. The ampero- 
metric probe of the FIA-Zyme detector is a 
single constructed unit with a platinum working 
electrode and a silver/silver chloride reference 
electrode. It was determined when the probe 
was allowed to soak in 1% sodium chloride 
solution (carrier solution) overnight before use, 
it demonstrated better stability and reduced 
equilibration time at initial start-up. 

This detection device is actually designed to 
analyze for various types of sugars. The sugar 
molecules react with a specific enzyme immobi- 
lized on the surface of a membrane to produce 
hydrogen peroxide as a reaction product, which 
is subsequently measured by the amperometric 

q 0.7mm x 15cm 

Detector 

Injection 
Valve 

+-‘I 
Autosampler 

Fig. 1. Flow injection manifold for hydrogen peroxide. 
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Table 1. Experimental results of flow rate study using a 2.00-rg/ml hydrogen peroxide standard 

F-Pspebd Flow rate Analysis rate Sample rate Response 
(W @Win) @in/Sam) (samlhr) (Rel. Units) 

14 0.70 3~36 17.00 109,000 
18 0.90 3:05 19.00 107,700 
22 1.10 2:30 24.00 100,900 
24 1.20 2:15 27.00 96,400 
26 1.30 1:59 30.00 95,200 
28 1.40 1:51 32.00 85,700 

E 1.50 1.60 1:44 1:40 35.00 36.00 85,000 82,200 
34 1.70 1:35 38.00 81,200 
36 1.80 1:30 40.00 78,600 
38 1.90 1:21 44.00 75,500 
40 2.00 1:16 47.00 73,600 

probe. The potential of the probe is preset at 
the factory at 0.70 V. Hydrogen peroxide is a 
radiolysis by-product in reactor moderator 
water, therefore, it can be measured directly in 
the collected samples. Obviously, then, it was 
not necessary to utilize the immobilized enzyme 
membranes to generate hydrogen peroxide, so 
they were removed from the probe and only an 
o-ring remained to prevent leakage. Also, it was 
determined when using only a blank membrane 
(polycarbonate membrane without immobilized 
enzyme) sensitivity varied dramatically, prob- 
ably due to variation in the thickness from one 
membrane to the next. Sensitivity and stability 
in the signal and the baseline improved con- 
siderably once the polycarbonate membrane 
material was removed. 

RESULTS AND DISCUSSION 

Flow rate study 

A constant flow rate is a key parameter in 
the flow injection analysis technique and is 
determined by the size of the pump tubing 
used and the speed of the peristaltic pump. 
The pump tubing utilized for both the sample 
and carrier stream was Tygon tubing of 1.02 
mm i.d., color coded as white/white. 

The pump speed and size of pump tubing 
also a&t the analysis rate, sample rate, and 
response factor of the sample or standard 
analyzed. Table 1 lists the data for a series of 
experiments in which the pump speed was 
increased from 14 to 40% of maximum vel- 
ocity, giving the changes observed in flow rate, 
analysis rate, sample rate, and the response of 
a freshly prepared 2.00 pg/ml standard. 

The flow rate ranged from 0.70 ml/min to 
2.00 ml/min, with the corresponding responses 
ranging from 109,000 to 73,600 relative units. 
When the flow rate increases, the amperometric 

response decreases. A fixed sample loop of 0.7 
mm x 15 cm dimensions was used to deliver a 
volume of 58 ~1 of standard into the FIA system 
for all flow rates studied in this series of exper- 
iments. The analysis time per sample includes 
loading of the sample loop, injection of sample, 
response, and return of signal to the baseline at 
a preset threshold, which decreases substantially 
with increased flow rate. The number of samples 
analyzed in one hour increases accordingly. 

There are many reasons for automating 
sample analysis. One of the most obvious is 
reduction in man hours needed to accomplish 
the same job done manually. A much more 
important effect and impact when the samples 
are radioactive is reduction in exposure. To 
analyze one sample by the manual procedure 
at the SRS Water Quality Laboratory requires 
20-30 min. Results of the time savings using the 
FIA method at different flow rates compared 
to an average 25 min for the manual method 
are illustrated in Fig. 2. The minimum time 
saved by the flow injection analysis technique 
at a flow rate of 0.70 ml/min is 21.40 min and 
the maximum time saved is 23.73 min when the 
flow rate is 2.00 ml/min. Of course, what is 

1450 
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Fig. 2. Time savings per sample analyzed when using the 
FIA method at different flow rates, compared to an average 

25 min analysis time for the manual method. 
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much more important here is that we have 
reduced the contact and exposure time of the 
analyst to the radioactive sample by more than 
20 min, to l-3 min per sample, a very significant 
improvement. 

Sample volume study 

The sample injection volume was varied by 
changing the length of the sample loops which 
were constructed from l/16 inch Teflon tubing 
that had a 0.7 mm I.D., with the flow rate set 
at 1.80 ml/min. The results of analyzing various 
sample injection volumes of the upper limit 
standard of 2.50 ,ug/ml hydrogen peroxide are 
listed in Table 2. As expected, when the vol- 
ume increases the response increases with each 
incremental enlargement in volume. It is 
important to realize that as the sample volume 
increases, so does the analysis rate (amount of 
time to analyze one sample), therefore a trade- 
off between sensitivity and analysis rate is 
created. The increased analysis rate is due to 
longer periods of time required to flush out the 
larger volumes of standard/sample introduced 
into the flow cell, plus the increase in response 
time with each volume enlargement. Because of 
the improved sensitivity achieved by removing 
the probe membrane, it was not necessary to use 
large volumes of standards/samples in this pro- 
cedure. As a result, the 0.7 mm x 15 cm sample 
loop provided sufficient volume for analysis and 
was used for the remaining work. 

pH Efsects 

The ideal operating pH range for reactor 
moderator water is 4.604.80. To determine the 
pH effects on the procedure described in this 
report a pH study was conducted. A 1.44 pg/ 
ml hydrogen peroxide standard, prepared as 
described, has a measured pH of 4.45 and the 
carrier solution (1% sodium chloride) has a pH 

Table 2. Experimental results of sample volume study using 
a 2.50~rg/ml hydrogen peroxide standard 

Sample loop Sample volume Response 
(cm) W) (Rel. Units) 

15 58 201,000 
20 II 213,400 
25 96 261,600 
30 115 286,200 
35 135 312,900 
40 154 347,600 
45 173 406,500 
50 192 418,900 
55 212 432,300 
60 231 452,400 

Table 3. Experimental results of pH effects 

Response Cont. 
PH (Rel. Units) &g/ml) 

4.45 202,900 1.44 
5.00 204,300 1.45 
5.90 296,500 1.46 
6.50 209,800 1.48 

of 6.57. The pH of the 1.44 pg/ml standard was 
adjusted from 4.45 to 6.50 and analyzed after 
each adjustment to monitor the effects it might 
have on the FIA signal. The results of the pH 
experiments are listed in Table 3. 

It is noted that the difference in response 
from pH 4.45 to 6.50 is 6,900 relative units, 
in the order of 3%. It was therefore con- 
cluded, in the pH range studied, that pH has 
little effect on the amperometric detection of 
hydrogen peroxide when determined by this 
FIA methodology. 

Calibration and reproducibility 

The flow rate was set at 1.30 ml/min and the 
surface of the probe was freshly cleaned and 
prepared when calibration results were gener- 
ated. The data are recorded in Table 4, demon- 
strating the linearity of the calibration curve 
which has a correlation coefficient of 0.999. 

The precision of this procedure is excellent 
with relative standard deviations of 0.52% for 
0.10 pgg/ml and 0.34% for 2.50 pgg/ml standards 
(n = 5). 

Integration with the boron analyzer 

A schematic diagram of the combined hydro- 
gen peroxide and boron manifold is shown in 
Fig. 3. The combination manifold incorpor- 
ates the two methods by adding four additional 
components to the hydrogen peroxide mani- 
fold to accommodate the boron method. These 
include a mixing coil, a 3-way valve to allow 
reagent to be added to the sample, a pump 
tube to deliver the reagent, and a colorometric 
detection drawer to replace the amperometric 

Table 4. Calibration data with 
flow rate set at 1.30 ml/mm 

Cont. Response 
@p/ml) (Rel. Units) 

0.10 19,200 
0.25 40,450 
0.50 72,600 
1.00 138,900 
1.50 212,400 
2.00 271,100 
2.50 325,100 
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SPACE-AGE ANALYSIS: 
A GUIDE FOR AUTHORS AND REVIEWERS 

The lead article in this issue by Professor R. A. Chalmers, retired Editor-in-Chief of Tufunfu, is 
taken from his invited lecture in the symposium on “The Status of Analytical Chemistry in the 
World” held at the 1992 Pittsburgh Conference. It reflects on his editorial experiences for over 
twenty years, and includes many words of wisdom that young and not so young researchers ought 
to take to heart. We, as his replacement editors-it takes two to do his job-asked him to publish 
it in Tduntu because our readers should all benefit from and enjoy reading his comments. Our jobs 
as Editors-in-Chief and those of our referees would be made much easier if his guidelines for 
originality, usefulness and correctness were followed. Likewise, if referees would keep these 
guidelines in mind when evaluating manuscripts it would help assure the quality of publications 
we strive to maintain. Professor Chalmers addresses concerns about sources of error, use of 
statistics, basic chemical knowledge, and reference accuracy. We particularly direct readers to the 
section “Plug a Change . . .“. All too few researchers fail to really justify why their work is 
important and ought to be published. It is easy to sweep dozens or hundreds of published methods 
under the rug with a broad claim that they are laborious, insensitive or non-selective, and then 
proceed to develop a presumably improved method where the real improvement is marginal or not 
made apparent. Often a work is presented with no attempt to even justify why it was done or what 
its advantages are, or only old or relatively inaccessible literature is cited. 

We invite you to read Professor Chalmers’ article. All should benefit from his words of wisdom. 

Gary D. Christian 
Elo H. Hansen 
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SPACE-AGE ANALYSIS* 

ROBERT A. CHALMERS 

Department of Chemistry, University of Aberdeen, Old Aberdeen, Scotland 

(Received 26 June 1992. Accepted 26 June 1992) 

Sunuuary-A survey is given of present-day analysis, from an editorial point of view, and suggests that 
though techniques have changed in order to meet the challenges of modem technological advances and 
materials, the fundamental character of analytical research and its publication has not. 

The first task in any research project is to look 
at the history of the problem. If we do this in a 
survey of analytical chemistry as a whole, we 
find that in the past people sometimes knew 
what needed to be done, but did not have the 
equipment to do it, and sometimes had the 
equipment but did not see what to use it for. An 
example of the first is Faraday’s testing of the 
pollution in the River Thames by dropping in 
pieces of white card and observing the depth at 
which they disappeared from view;’ this was 
usually less than an inch, and the bottom of a 
card inserted vertically disappeared from sight 
before the top entered. The second is optoacous- 
tics, examined by Alexander Graham Bell, 
John Tyndall’ and others, around 1880 (though 
Tyndall did indicate that the technique might be 
used for detecting methane in coalmines). 

These two examples have one thing in com- 
mon-technology-either as lack of it for use, 
or lack of technical problems to which to apply 
it. As the use of new materials and inventions 
increased, so did the problems and the technol- 
ogy and instrumentation needed to deal with 
them. Ideas that are often considered to be 
“modern” (which many regard as meaning post- 
World War II) appeared surprisingly early. An 
automatic carbon monoxide monitor had been 
reported by 1925,4 and by 1928 no fewer than 
fourteen of them were in use for checking air 
quality in the Holland Tunnel in New York.5 
A quick look through the first twelve or so 
volumes of Znd. Eng. Chem., Anal. Ed. is very 
instructive and shows the shape of things to 

*This contribution is based on the opening lecture “Space- 
Age Analysis” in the Symposium on “The Status of 
Analytical Chemistry in the World” at the 1992 Pitts- 
burg Conference, held in New Orleans, which in turn 
was partly based on earlier lectures. 

come. A thermal conductivity method for con- 
tinuous recording of the carbon dioxide and 
oxygen levels in air was described in 1930,6 for 
example, and so was an automatic photometric 
titrator.7 A paper on what would now be called 
library searching or spectra matching appeared 
in 1938, with data for the X-ray diffraction 
patterns for 1000 substances.* A review by 
Ralph Miller in 1940 showed the very wide 
range of instrumentation even then available in 
the United States.g 

THE INSTRUMENT REVOLUTION 

It was evident that the main thrust in develop- 
ment of instrumentation arose in the USA, 
though there were notable contributions from 
Europe, such as polarography, which gave rise 
to an entire sub-discipline, electroanalytical 
chemistry, with its own specialist journals. All 
this is well described in the excellent A.C.S. 
publication “A History of Analytical Chem- 
istry”,‘O along with many other aspects of mod- 
em analytical chemistry. Some of these, such as 
Raman spectroscopy, were before their time and 
had to await the development of suitable instru- 
ments. FT-IR was another. Its principles were 
known to Michelson in 1891 ,‘I and he developed 
a mechanical harmonic analyser in 1898,” but 
the calculations were still extremely laborious, 
even with the aids developed later by Beevers 
and Lipson,’ and the method really came into 
its own only with the arrival of the computer 
age, information theory and instrument science. 
An excellent account of this is given in a recent 
book.14 

During the last two or three decades there has 
been an unprecedented display of ingenuity in 
devising instrumentation and computational 
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methods for use in research and industrial 
analysis, catalysed by cross-fertilization of ideas 
between different disciplines. In particular, once 
a technique has been devised, a good deal of 
effort has gone into exploiting it to the full. 
Perhaps the prize examples are electrochemical 
stripping methods and flow-injection analysis, 
which are still being expanded in scope and 
versatility. These techniques also show well that 
the same idea may arise almost simultaneously 
in several different places. 

As a result of the development of computers, 
microprocessors, robotics, chemometrics and so 
on, we now have the possibility of operating 
with very small quantities of material, with 
numerous data-points from a given experiment, 
and of exploring structure, structur*behaviour 
relationships, speciation, spatial distribution 
and so forth, to an extent never previously 
attainable. 

“PLUS CA CHANGE . . .” 

All this is very exciting and full of promise, 
and it is all too easy to take the attitude “isn’t 
science wonderful”, without questioning its val- 
idity. As happens with almost all new tech- 
niques, however, we are carried along by the 
first flush of enthusiasm to believe that here at 
last we have the means to solve all problems, 
until further work begins to show up any short- 
comings of the techniques and we find that the 
answers may be incomplete or even wrong. 

If we survey the current literature, we quickly 
see that we have substantial dedicated groups of 
leading thinkers and innovators, working to 
extend the frontiers in their particular fields. 
Then we have a larger group of workers we 
might call “implementers”, who apply these new 
techniques along with others to solving specific 
problems in industry or in research projects. 
Finally we have a possibly even larger group of 
those who, whether from choice or because of 
economic restrictions, continue to tread well- 
worn paths in analytical research, operating a 
kind of cottage industry to turn out methods 
that, though “new”, are devoid of much orig- 
inality and are hardly ever likely to be used. 
Take organic reagents for spectrophotometric 
determinations, for instance. Until about twenty 
years ago, research in this field involved finding 
fairly non-selective reagents and applying them 
to as much of the Periodic Table as possible, or 
finding reasonably selective (or even specific) 
reagents and then shunting various harmless 

substituents around the parent molecule to cre- 
ate “novel” reagents. The result was thousands 
of reagents, mainly for copper, cobalt, the palla- 
dium metals, iron and vanadium, that very 
seldom had any real advantages. The substi- 
tuted hydroxamic acids developed as reagents 
for vanadium are a good example, and an entire 
booki has been devoted to reagents for copper. 
Then came the advent of micellar systems, so all 
these reagents were given a new lease of life as 
sources of “research” papers, and this was 
further extended by use of derivative spec- 
trometry, solvent extraction and combinations 
of these and other ancillary techniques. Most of 
these authors were doubtless driven by the 
“publish or perish” syndrome, and perhaps did 
not realize that they could publish and perish.i6 

The resulting clutter in the literature could 
have been reduced if reviewers and editors had 
been far more critical in judging the value of 
such papers, as has been pointed out in various 
editorials.‘7-‘9 After all, such reseach projects are 
quite suitable for training students in research 
methodology and to think analytically, but the 
results do not have to be published. Ph.D. 
examiners are usually asked whether the work is 
publishable, but not where, so may safely 
answer “yes”. My plan for financing retirement 
would be to start a new journal called Jourrzal 
of Useless New Knowledge (JUNK), with a 
page-charge and circulation only to authors 
(with one copy of the issue in which their paper 
appeared). 

“A LITTLE LEARNING . . .” 

There is an unfortunate by-product of the 
computer/microprocessor age, however. Be- 
cause the results are obtained automatically, the 
experimenter may come to believe they must 
automatically be correct, and take no thought 
about errors that may arise from the chemistry 
and methodology involved. Worse, the exper- 
imenter may run only a single experiment to 
obtain a large number of data points for in- 
terpretation, and forget that any mistake in 
setting up the experiment will invalidate the 
results. 

The experimenter may be expected to be 
aware of the obvious sources of error, such as 
sample inhomogeneity, too small a sample, use 
of impure materials, failure to calibrate equip- 
ment or check commercial standards, non-linear 
instrumental response, noise, and so on, but 
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may well be unaware of some of the more subtle 
sources of error. 

Adjustment of pH may seem a simple and 
trouble-free operation, but many factors can 
atfect the relationship between the pH-meter 
reading and the effect of the hydrogen-ion con- 
centration. As Kragten has pointed out,zo if the 
adjustment is not done in the correct manner, 
and kinetically inert hydroxo-complexes are 
formed during it, the results obtained may not 
be as true as the operator thinks. 

Some species used as buffering agents, or as 
auxiliary masking agents, may cause interfer- 
ence for totally unexpected reasons. Tartrate 
and citrate, for example, can form binuclear 
ligand-bridged kinetically inert complexes with 
two different metal ions, and if one of these is 
the ion of interest, it can be partially or even 
completely lost in the analysis.2’ If partial loss 
occurs, an analytical result will be obtained, but 
it will not be the correct one. On the other hand, 
as so often happens in analytical chemistry, 
what is a disadvantage in one situation can be 
turned into an advantage in another, and for- 
mation of such complexes can be used for 
masking purposes or even for determination of 
the bridging ligand. A further complication, 
however, is formation of mixed-ligand com- 
plexes of this type. zz Another example is the 
effect of zirconium or hafnium on the hydrolysis 
of niobium and tantalum, where in certain 
pH-ranges the hydrolysis is inhibited by for- 
mation of soluble hydroxo-bridged polymeric 
mixed-metal species.” 

Even established decomposition procedures 
may be suspect. It is well known that volatile 
compounds may be lost, or contamination oc- 
cur, but there may be unsuspected problems. 
For example, prolonged heating of mixtures 
containing alkali-metal, ahnninium, iron and 
sulphate ions can lead to insoluble jarosites-a 
fact well known to rock analysts, but probably 
not to analysts wet-ashing foodstuffs or other 
organic matter. Again, in many researches on 
determination of platinum metals, all the work 
is done with mixtures of solutions of pure salts 
in defined oxidation states, and no indication is 
given of how to get a real sample into solution 
with all the components in the desired oxidation 
states, and without formation of polymeric or 
kinetically inert species. 

Interference tests are often too simplistic, 
being run with one species at a time, without 
regard to the compatibility of the oxidation 
states of different species, or the likelihood of 

appearance of these states. Interactive effects are 
hardly ever looked at, though they are known to 
occur in atomic-absorption spectrometry24 and 
electrochemical stripping,= for example. 

In equilibrium constant and speciation stud- 
ies, some compounds used as background elec- 
trolytes may be significantly incompletely 
dissociated if used at too high a concentration, 
so ionic strength corrections may not be com- 
pletely valid. Also, the anions of such electro- 
lytes (notably nitrate) may form weak 
complexes with the metal ions of interest, and 
this can cause significant error if a high electro- 
lyte concentration is uSed.26 

A more subtle error may arise in computation 
of stability constants and speciation. The usual 
approach is to find the set of components which 
will give the lowest sum of the squares of the 
differences between the experimental and calcu- 
lated data. Various combinations of com- 
ponents, with more added as the search 
progresses, are tested until the apparently best 
fit is obtained. Quite often a very similar fit is 
yielded by more than one set of components. It 
is then necessary to decide on chemical rather 
than statistical grounds which should be taken 
as “correct”, and in such circumstances it would 
seem prudent to remember Occam’s razor and 
employ it. Sometimes a major new species may 
be postulated on the basis of such calculations, 
but not independently verified or substantiated 
by repetition of the work or by other methods. 
It may, however, enter the literature compil- 
ations and be taken as gospel. Any subsequent 
work based on it will be in error if the species 
is in fact a bogus one. In this connection, utmost 
care in proof-reading papers on new species is of 
vital importance. In a recent case, the accidental 
omission of a subscript 2 from a chemical 
formula (one of eighteen listed in the source 
paper) led to a completely false set of results in 
a different work based on that erroneous for- 
mula.27 The error was not easy to trace. 

Editorial experience suggests that today’s re- 
searchers may sometimes be unaware of the 
“hidden” sources of error such as those outlined 
above. This may be due to the fact that the 
increasing complexity of chemistry, together 
with the expectation that a chemist will be 
skilled in physics, statistics, computing science, 
electronics, economics, etc., means that unless 
the student’s course is lengthened, less will be 
taught about each topic. For graduate students 
this can be at least partly remedied by further 
instruction, but this is all too often restricted to 
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advanced material in the field of the research 
topic, and the student may remain only partly 
educated in other areas. This may seem a pessi- 
mistic outlook, but an editor sees not only the 
published papers, written by those whose work 
is scientifically sound, but also the papers which 
are rejected for some reason or other, and which 
raise such questions as “if this is how they do 
research, what do they teach their students?’ 
Readers see only the papers that are accepted; 
reviewers will see some that are unacceptable, 
but only the editor will see the whole lot in both 
categories. Two examples of “question-raisers” 
may suffice as illustration. In one paper sodium 
was said to interfere when present at the 50-pg 
level, but in an application 1 ml of 1M sodium 
fluoride was added as a masking agent. In 
another it was stated that a chromium(V1) 
solution was used at pH O-5.5, and that the 
chromium would be present in the tervalent 
state. This was supported by a reference to a 
well-known textbook, which actually said noth- 
ing of the sort-the passage referred to dealt 
with the equilibrium constants for the 
Cr,O:-/HCrO;/CrO:- system. It is quite com- 
mon to see references to use of buffers at 
pH-values where their capacity is practically 
zero, or of masking agents at pH-values where 
practically no free ligand would be present. 

“STATISTICS MAY BE USED AS A DRUNK USES 
A LAMP-POST-MORE FOR SUPPORT THAN 

ENLIGHTENMENT” 

Authors often quote more significant figures 
than can be justified by the experimentation or 
statistical needs, or produce a standard devi- 
ation on the basis of only two or three results. 
Sometimes the standard deviation is greater 
than the mean, but no comment is made on 
possible skewness of the distribution. Nowadays 
relative standard deviations of 2% are common- 
place, and values of 10, 15 and even 20% seem 
acceptable to some authors, reviewers and edi- 
tors. Papers on instrumental methods often 
compare the results with those of classical 
methods, usually claiming superiority. To any- 
one with long experience of the classical method 
used, such claims often seem untrue and to 
reflect only lack of classical experimental skill by 
the operator. Poor performers should practise 
and learn to do better! A typical case was a 
claim that a thermometric method (error & 3%) 
was better than manual titration for iodometric 
determination of copper. Even a freshman can 

do better than that. An early robotics paper 
reported 0.6% relative standard deviation for 
titration of 144 hydrochloric acid. 

Results are often compared by t and F tests 
and said to be equally as good, but it would 
sometimes be more correct to say “equally as 
bad”. The precision of both the “new” and 
“standard method” results sometimes leaves 
much to be desired, and this can frequently be 
ascribed to the use of small samples and vol- 
umes, and an apparent lack of calibration of 
glassware. 

Much is made of clinical tests as an aid to 
diagnosis of illness, but though these tests are 
undoubtedly useful when properly used, back- 
up by diagnostic skills is at least equally import- 
ant, especially if the tests happen to have a high 
incidence of false positive or negative results. As 
some young physicians may never have seen 
clinical cases of certain illnesses and so be 
unable to recognize them, an inaccurate test 
result could have unfortunate consequences. 
This is perhaps even more the case with tests 
used in criminal investigation, where recent 
work on some old tests and development of new 
ones has shown that some prisoners have been 
convicted on the basis of highly questionable or 
at least equivocal evidence. 

“ALTHOUGH THEY WROTE JT ALL BY ROTE, 
THEY DID NOT WRITE IT RIGHT . . .” 

The foregoing may be thought a rather jaun- 
diced outlook, but editorial assessment of some 
8000 papers has left the impression that a 
surprisingly large number of authors were ap- 
parently ignorant of some basic chemical facts 
or had not read the literature very carefully. It 
has also revealed that a great many authors fail 
to understand that language is a precise tool, 
and if misused can result in ambiguous or even 
erroneous information being conveyed. Some 
papers are so badly written that the reviewer is 
obliged to edit them before being able to assess 
them. Reading other journals in the course of 
checking manuscripts has shown that the stan- 
dards of editing vary widely, and that some 
editors even manage to introduce errors them- 
selves (to protect the guilty, no examples will be 
given). A frequent cause of annoyance in editing 
is error in references, and finding the correct 
version can take a great deal of time. Sometimes 
a reference may have nothing to do with the 
topic concerned (usually because the author has 
pulled out the wrong file card, or copied some- 
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one else’s erroneous reference, having never 
tried to use it). In 23 manuscripts looked at early 
in 1991, there were 55 errors in authors’ names, 
3 in journal names, 2 in journal year, 5 in 
volume number, 3 in issue number (where this 
was necessary) and 5 in page number; 2 refer- 
ences were completely wrong and one was un- 
traceable. There is no real excuse for such 
errors28 (although even Chemical Abstracts can 
very occasionally be blamed). There are those 
who insist that editors do not need to check 
references and that the responsibility for cor- 
rectness lies not just primarily, but absolutely, 
with the author. But how does the editor know 
references are correct, without checking them? 
It is, of course, always possible to blame the 
printer, but such errors can be corrected by 
means of a list of errata. 

BACK TO THE FUTURE? 

The thoughts above represent one person’s 
view of the current scene in analytical chemistry. 
It would appear that the scene has changed only 
in range and technology since Lundell wrote his 
classic paper “The Chemical Analysis of Things 
as They Are” nearly sixty years ago,*’ but the 
chemistry sometimes seems only incidental in 
comparison with the instrumentation, and if the 
chemistry happens to be wrong . . . 

So what should we look for in the future? I 
would like to see an overhaul of teaching, with 
stronger emphasis on the chemical properties of 
elements and compounds, and preferably longer 
courses. Next I would like to see organization 
and co-ordination of research with a view to 
solving important and hitherto unresolved 
problems as a priority. This could not apply to 
all workers, of course, and I would like to see 
the cottage industry workers turning away from 
trivialities and achieving satisfaction by work 
such as obtaining more precise values for the 
equilibrium constants and other data that are 
basic to our understanding of chemistry and are 
needed for computerized speciation studies etc. 
Other useful pursuits for them might be in- 
depth studies of decomposition processes, ex- 
planation of anomalous results obtained in 
established methods, or critical comparison of 
alternative methods. Finally, a concerted effort 
by reviewers, publication committees and man- 
aging editors to raise the standard of published 
work by refusal to accept work that is frag- 
mented, or offers no significant improvement 
over existing methods, or is based on inadequate 

Table 1. Research guideline papers 

Topic 

Spectrophotometry 

Gravimetry 

Ion-selective electrodes 

Titrimetry 

Kinetic methods 

Atomic-absorption 
spectrometry 

Stability constants 

Solvent extraction 

Polarography 

Ion-exchange 
(chromatography) 

Talanta reference 

G. F. Kirkbright, 1966, 
13, 1 

L. Erdey, L. Poles, R. A. 
Chalmers, 1970, 17, 
1134 

G. J. Moody, J. D. R. 
Thomas, 1972, 19, 623 

A. Berka, J. SevEik, R. A. 
Chalmers, 1972, 19, 747 

H. B. Mark, Jr, 1973, 20, 
705 

J. Ramirez-Murioz, 1973, 
20, 705 

H. S. Rossotti, 1974, 21, 
809 

Y. Marcus, 1976, 23, 203 

L. Meites, B. H. 
Campbell, P. Zuman, 
1977, 24, 709 

J. Inc&dy, 1980, 27, 143 

experimentation. Aid with the last point might 
be achieved by publication of more guideline 
papers of the type pioneered by Talanta 
(Table 1). What is needed is better quality 
control. 

What I expect to see is much the same scene 
as now, with a vanguard of innovators and 
explorers, and the main body of troops consol- 
idating the ground won. There are still problems 
to be solved and advances to be made, however, 
and the programmes at meetings such as the 
Pittsburgh Conference always generate great 
hopes for the future. 
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Summary-Adapted bacteria used in heat conduction calorimetry may be developed as ‘analytical 
reagents’ for compounds that can be metabolized by such bacteria. Adaption can be done by growing 
cells such as E. coli on the analyte of interest, for example a sugar. Samples to be analyzed are mixed 
with adapted cells which aerobically metabolize the sought-for analyte, producing heat. The method is 
called microbial calorimetric analysis, MCA. Average requirements are 2-200 nanomoles of analyte, 
“carbon”, an excess of cells cu. 2-5 mg of cells, and l-2 ml of air to maintain aerobic&y. Heat production 
is usually completed in 300-600 set at 25”. The combination of bacteria and heat conduction calorimetry 
is a sensor system having a sensitivity and selectivity dependent on bacterial adaption. The system is useful 
in analytical problems when analytes are in turbid suspension, are poor chromogens or not even 
prochromogenic. MCA takes advantage of the large aerobic heats usually generated by bacteria in active 
utilization of organic analytes. Typically from 20 to 70 kcal exothermic heat per mole of carbon atoms 
is generated, e.g., ( -)300 kcal/mole glucose. Heat conduction calorimeters, batch mixing instruments, 
measure 2-100 millicalorie heat with &3% error in each run. Bacteria can be grown on many different 
kinds of compounds. Accordingly it is fairly easy to create diverse, specific ‘analytical reagents’ which 
function in MCA much as they function in their usual environment, in soils, etc. Intact, adapted bacteria 
have decided advantages over isolated enzymes as ‘biosensors’ for a number of practical reasons. 

When bacterial cells are grown on carbon 
sources such as sugars or alcohols they adapt to 
metabolize the compounds on which they were 
grown. They become selective in their uptake of 
particular compounds, often quite narrowly se- 
lective. For example some bacteria metabolize 
ethanol but not methanol, yet others metabolize 
methanol but not ethanol.’ Bacterial metab- 
olism of organic carbon using oxygen, aerobic 
metabolism, tends to produce considerable heat. 
Bacterial aerobic metabolism of aqueous carbon 
commonly generates half or more of the heat 
generated by oxygen bomb calorimetric com- 
bustion of the dry compounds.* Such microbial 
metabolism (biological combustion) in a simple 
batch mixing calorimeter provides a means for 
analysis which is called microbial calorimetric 
analysis, MCA. Bacteria or yeast cells are the 
‘analytical reagents’. Dissolved oxygen is the 
main reactant in addition to the organic com- 
pounds in the aqueous sample. Figure 1 is an 
outline of the essentials of MCA. 

Bacteria as reagents may seem odd as a basis 
for analysis. However bacterial cells together 
with heat conduction calorimetry have a few 

advantages that may be useful. For example 
MCA can accommodate turbid, even opaque 
samples such as a food slurry, not acceptable for 
direct spectrophotometric analysis. Bacteria can 
often continue to function under quite severe 
conditions that quickly denature isolated en- 
zymes. This point is discussed more below. 

Bacteria able to adapt and become selective 
are quite easily grown using the simplest equip- 
ment, shake-flasks. Several different kinds of 
bacteria effective in MCA may be’stored in a 
frozen state to be used when wanted. Three of 
the most studied bacteria are Pseudomonas,3 
Escherichia coli’ and Salmonella.’ Hundreds of 
individual strains exist in each genus. Several 
Pseudomonads can metabolize and combust 
myriad carbon sources including petroleum and 
lignin fragment compounds. E. coli are enteric 
(intestinal) bacteria able to metabolize common 
sugars in foods and several fatty acid anions 
including acetate. It is not always necessary to 
use carefully identified bacteria as MCA re- 
agents however. If one wants to analyze 
methanol in water a few milligrams of soil may 
be started with. The soil is added to a simple 
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Fig. 1. Principal steps of MCA technique. 

enrichment apparatus5 through which air is 
bubbled. Small amounts of glucose are added to 
increase cell populations. Then glucose is with- 
drawn and methanol is added to ca. 0.246% 
methanol concentration. The surviving ‘methyl- 
otrophs’ although not identified, usually can 
combust a few dozen nanomoles of methanol, in 
3-5 min. The resultant heats are proportional to 
the amount of methanol. Such an adaptive tech- 
nique is not new; it is routine in several older 
analytical methods such as in measurement of 
biological oxygen demand, the B.0.D.6 In order 
to take advantage of microbial biodegradative 
capacities, applying them to analysis, some 
points concerning bacteria may be reviewed. 

Adapted bacteria develop quantities of en- 
zymes, also porins and transport particles, to 
quickly absorb targeted compounds and metab- 
olize them to get ‘energy’. Adaption commonly 
raises concentrations of key enzymes 10X to 
1000X’ above concentrations seen under non- 
adapted conditions, ‘constitutive enzymes’.8 
Bacterial adaption for MCA is simply use of 
processes occurring on a large scale in the 
environment and agriculture, biodegradation in 
soil, sewage, fermentation and silage making. 

Of equal importance in MCA is the self- 
protection and self-maintenance which bacterial 
cells are able to do. Commonly it is suggested 
that biosensors can be devised using simply 
isolated enzymes in ‘enzyme electrodes’ to focus 
on reactions wanted to be transduced or 
biosensed such as an oxidation or a reduction. 
These biosensors frequently rely on an oxygen 
electrode for transduction to an electric signal. 

Although such ‘enzyme electrodes’ are popu- 
lar for research projects, they engender difficult 
practical problems. Many bacterial enzymes 
but especially those in redox (electron transfer) 
pathways are notably unstable when taken out 
of their protective cellular environment. Several 
prooxidative enzymes are destabilized on con- 

tacting dissolved oxygen.g*‘O These enzymes re- 
quire intermediates, NADH, NADPH, etc. 
Therefore such biosensors have to be kept sup- 
plied with NADPH etc., which may not be a 
trivial task. In contrast intact bacteria protect 
such enzymes, plus supply necessary flavin, 
NADPH intermediates. How bacteria do this, 
protect their enzymes, and also supply necessary 
intermediates, is not always well understood. E. 
coli bacteria for example, maintain about 2 mM 
reduced glutathione inside (intracellular GSH), 
to protect themselves against internal oxidative 
damage.” Many bacteria are endowed with 
rather remarkable survival capacities. But iso- 
lated or ‘biosensor attached’ enzymes usually 
are not so equipped. 

When biosensors are constructed around oxy- 
gen electrodes the rough, fluctuating environ- 
ments in real samples such as in fermenters 
knocks oxygen concentrations around so much 
that the baseline oxygen levels are hard to 
control. Oxygen electrodes can detect very small 
differences in oxygen concentrations, of the 
order of 5~44 O,/minute.‘* However in indus- 
trial environments the sensitivity of oxygen elec- 
trodes or enzyme-coupled oxygen electrodes are 
of little help when dissolved oxygen concen- 
tration fluctuations in baselines are larger than 
analyte concentrations. In contrast, MCA is 
‘carbon limited’. MCA is rather insensitive to 
oxygen concentration fluctuations so long as 
there is enough oxygen present to maintain 
aerobicity. Hence roughly fluctuating oxygen 
concentrations matter little, so long as there is 
enough to keep the system aerobic. 

Bacterial response to ‘carbon’ is convention- 
ally thought of as bacterial growth, which can 
be counted or otherwise measured. The MCA 
method is not based on cell growth, but 
avoids it. Not enough carbon as analyte is 
used to promote bacterial growth in the 
calorimeters. Bacterial doubling times-one 
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cycle of growth-usually require 20-60 min 
depending on the kind of cell and the tempera- 
ture. Much more carbon has to be provided to 
obtain bacterial growth, than amounts of car- 
bon needed to get an initial ‘priming’ pulse of 
heat in MCA’s mode of operation, by a factor 
of about 10. When cells are adapted and in 
excess, their aerobic uptake and utilization of 
carbon is usually completed in a few minutes. 
No new cells are made nor wanted. The MCA 
method measures a burst of heat, proportional 
to the cells initial metabolism of the compound 
in question. 

Summarizing so far, MCA or bacterial 
calorimetry uses cu. 0.5-l ml of sample contain- 
ing 10-6-10-4M analyte. Measurement times 
after mixing cells and sample are 310 min. 
Oxygen concentrations usually need not be kept 
within narrow limits if there is enough oxygen 
available to keep the system aerobic through the 
analytical run. Namely lO-50% air saturation, 
equivalent to 10-3-10-4M dissolved oxygen. 
Specificity is determined by the specificity with 
which cells can be adapted to absorb and metab- 
olize the analyte. Microbial calorimetry takes 
advantage of microbial behaviour of a kind, 
that isolated enzymes coupled to sensors have 
considerable difficulty with. Namely enzyme 
protection, generation of needed intermediates, 
imperviousness to foreign compounds destruc- 
tive to enzymes. Microbial calorimetry is quite 
like conventional wet chemistry analysis, in that 
the principal reagent or catalyst is discarded 
after each run. Bacteria in quantities needed for 
MCA are relatively inexpensive. About an hour’s 
labour is sufficient to provide enough cells from 
sub-culture, for two to three days of use. 

EXPERIMENTAL 

Seebeck thermopile sensors and reaction vessels 

The central parts for a batch mixing calorime- 
ter are shown in Fig. 2. Thermoelectric devices 
which generate the Seebeck effect also exhibit 
the Peltier effect. Thermoelectrics used by us are 
sold primarily as Peltier pumps, e.g., by the 
Melcor Company. They function with about 
35% power efficiency, transducing heat to elec- 
tric current and so are called Seebeck ther- 
mopiles when used in the Seebeck mode. Two 
Seebeck thermopiles are placed in good contact 
with the two faces of the mixing vessels and in 
contact with the aluminum metal heat sink as 
shown in Fig. 2. The heat sink which surrounds 
the assembly and contacts the outer faces of the 

TAL &V--B 

Fig. 2. Twin heat conduction batch mixing calorimeter using 
Seebeck thermoelectric sensors. Partition P divides the 
internal space in the lower part of both mixing vessels into 
two compartments, keeping reactants from mixing until the 
whole is inverted. Seebeck sensors are connected so a 
(= add) causes addition of voltages from the sensors within 
each pair. Connection o (= oppose) causes subtraction of 
the pairs of summed voltages from each other giving a net 
voltage (arrows) for transmittal to an external dc amplifier. 
Net voltage output is directly proportional to net power 
from the two vessels, reference and sample, with a figure of 
merit 7 PWatts net power (as heat) per PVolt net output 
signal. Al =altinum heat sink, for promoting thermal 
equilibrium throughout before mixing and absorption of 

any heat from samples; H = headspace, air. 

thermopiles weighs ca. 0.5 kg. Seebeck ther- 
mopiles are made mostly of metal, with thin 
ceramic face plates for electric insulation. Thus 
the path from the sample chamber is a good 
heat conduction path able to pass heat from the 
sample to the heat sink in a few seconds. About 
one third of such heat is transduced to electric 
power, a signal, by the Seebeck units. Ther- 
mopile resistances are ca. l-2 ohms. Therefore 
signal source impedance is low, a distant advan- 
tage in low level dc amplification. 

The mixing vessels are round in shape-short 
cylinders-about 35 mm in diameter and 4-6 
mm thick, small versions of the 1927 design by 
Lipsett, Johnson and Maas.13 A partition inside, 
about 20 mm long, keeps the reactants separ- 
ated while the vessel is upright. Reactants (e.g., 
microorganisms, and carbon analyte) are loaded 
in through a common port, using a syringe. 
After loading, each port is closed with a plastic 
screw. From 3 to 5 ml of air is left in the 
headspace of each mixing vessel. The system is 
left for 5-15 min to reach internal thermal 
equilibrium and disperse the thermal shock of 
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loading. Good thermal equilibrium-no heat portional to the overall heat of metabolic com- 
being transmitted through any thermopile-ap- bustion of the analyte. 
pears as a flat baseline on the recorder or Seebeck calorimeters of this kind may be 
monitor. Net signal output is zero volts at that constructed with more than two mixing vessels, 
point. Then the assembly is inverted, mixing the to make simultaneous measurements for two or 
reactants and also mixing in additional air from more samples, referenced against a common 
the headspaces. control. Each mixing vessel requires its own pair 

The reference vessel is usually loaded with 2 of thermopiles and its own dc amplifier. 
ml of bacteria suspension on one side of the 
partition P indicated in Fig. 2, and 0.5-l ml of Precuufions 
solvent without carbon on the other side of the The principal precaution in MCA, in 
partition. The sample vessel is similarly loaded solution-solution mixing calorimetry in general, 
except the smaller aliquot contains the analyte, pertains to H+ transfer and H+ titration 
the compound or carbon source of interest. The heats. If solutions when first mixed have a pH 
method can thus be represented: mismatch, and considerable buffering capacity, 

Heat of 
Microorganisms Buffer, no Air aerating 

REFERENCE (2-5 mg, 2 ml) + added carbon ++ bacteria, (1) 
VESSEL Excess cells (1 ml) Mix no added 

carbon 

SAMPLE 
VESSEL 

Microorganisms Buffer, include Air Heat of 
(2-5 mg, 2 ml) + carbon, the + metabolism 
Excess cells analyte Mix of carbon 

(2) 

The two Seebeck thermopiles belonging to the 
sample vessel are connected in series so their 
voltages add. Likewise, the two thermopiles 
interfacing the reference vessel are connected in 
series. However as Fig. 2 indicates, the common 
connection between the two pairs of thermopiles 
is chosen so these two sums oppose one another; 
subtract from each other. In effect the power 
from the reference is continuously subtracted 
from the sample’s power, giving a net overall 
signal. The arrangement is similar to other 
‘differential’ instruments such as spectropho- 
tometers in which the signal from the reference 
subtracted from that of the principal sample. 
The net power, the difference signal between 
reactions (1) and (2) above is detected by the dc 
amplifier as a voltage. The amplifier is a ‘single 
ended’ amplifier that we construct, based on an 
Analogic Co. MP-221 chopper integrated cir- 
cuit. It is fitted with gains from Xl00 to X3000 
to cover various ranges of heat production. 
Amplifier outputs are displayed on a chart 
recorder or with a data logger-computer-moni- 
tor. The signal from the amplifier at any instant 
is proportional to net power from the sample 
and reference. Power is a rate of heat gener- 
ation. Integrated over time, the area of the 
envelope under each curve (Fig. 3) is pro- 

hydrogen ions are shifted about. Considerable 
heat might be generated simply from mixing 
different buffers having different pHs. Most 
carboxylic and phosphate buffers have small 
ionization enthalpies, only one or two 
kcal/mole, or less. For example acetic acid 
ionization is ( - )0.02 kcal/mole,‘4 and H,PG; 
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Fig. 3. Microbial calorimetry of metabolism by bacteria 
adapted to oxidize phenol, and glucose; calorimetric re- 
sponse to tris neutralization of H+ in calibration of the 
instrument. The amplified voltages, the ordinate values are 
proportional to net power as heat generated by the sample 
at each instant. Integrated over time, the area under each 
envelope is proportional to the overall heat. Tempera- 

ture = 25”, l-2 ml reactant volumes. 
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ionization is ( + )0.80 kcal/mole.” However 
amine buffers, tris, imidazole, and ammonium 
have large protonation and ionization en- 
thalpies, from 5-15 kcal/mole magnitude. El- 
ementary calculations based on volumes, buffer 
capacities, and ApH mismatches of from 0.2 to 
2 pH units show that several dozen millicalories 
of heat can be generated from H + exchange. 
There are two means for dealing with this 
problem. (i) Use 0.15M sodium chloride or 
similar electrolyte as the solvent in which to 
suspend the bacteria after centrifuging them out 
of culture. The salt does not titrate so that if 
acids or H + sources are carried in by the sample 
upon mixing, they generate little if any neutral- 
ization heat. (ii) Heat generation of this kind is 
clearly seen because it is produced far more 
quickly (in a few seconds) than metabolism of 
any carbon compound. Figure 3 shows an 
example. H+ titration heats can be subtracted 
out in effect, by deconvoluting them. 

A second precaution pertains to sealing the 
reaction vessels. Port closers have to be gas 
tight. If they are not tight, water vapor may leak 
out. Water has a large, endothermic heat of 
vaporization, ( + )540 Cal/g HzO. Even a few 
micrograms of water effusion causes severe 
drifting, and hence inability to reach a stable 
baseline. Heat conduction calorimeters respond 
to endothermic (cooling) heats with the same 
sensitivity as in exothermic heating, except with 
opposite signal polarity. 

In some applications one may need to study 
anaerobic utilization of carbon us. aerobic 
metabolism, particularly in fermentation analy- 
sis. Accordingly the vessels may be purged with 
nitrogen gas, so fairly rigorous anaerobicity can 
be maintained inside. Considerably less heat is 
usually produced in anaerobic utilization,16 and 
more slowly than in aerobicity. Hence for 
MCA, aerobic conditions are used for three 
reasons: (i) convenience, only air is included, (ii) 
speed and (iii) sensitivity; heats of aerobic 
metabolism are large, often from 3&80 
kcal/mole of carbon atom in various analytes 
studied so far.” 

Dissolved oxygen for maintenance of aerobicity 
during h4CA 

Only limited amounts of analyte, ca. 2-200 
nanomoles, are used in MCA. In case of glu- 
cose, probably nearly all bacteria for which 
careful measurements exist, produce close to 
( - )305 kcal/mole heat of glucose under MCA’s 
conditions. That is, with an excess of cells and 

excess oxygen. About 15 millicalories of heat 
(exothermic) are expected from 50 nanomoles of 
glucose. Is there actually enough oxygen to 
maintain aerobicity? 

If the sample and bacterial suspension were 
preequilibrated with air by simple exposure to 
air, usually they are 80-90% air saturated. Since 
air is 20% oxygen and its aqueous solubility is 
ca. 1.3 x lo-’ (25”), then 3 ml of solution has 
roughly 7004300 nanomoles of oxygen. Aerobic 
metabolism of hexoses usually requires ca. 
3 moles O,/mole hexose. Hence 150-200 
nanomoles of 0, are required for 50 nanomoles 
of a hexose such as glucose. Headspace oxygen 
is also available from the 3-4 ml of volume 
above the solutions in the mixing vessel. This 
provides several thousand additional nanomoles 
of OZ. Hence maintenance of aerobicity is 
ensured over nearly any reasonable range of 
carbon concentration, micromolar to submil- 
limolar concentrations. As in more conven- 
tional analysis wherein reagents are kept in 
excess to drive consumption of the analyte, 
MCA likewise is suited to keep its two 
main reactants in excess; bacteria, and dissolved 
oxygen. 

Rates of carbon utilization 

Rates of carbon utilization and of heat pro- 
duction by bacteria are important because they 
govern the time needed for analysis. One might 
first expect that the many existing papers about 
carbon utilization should indicate the magni- 
tudes of uptake rates in commonly studied cells 
such as E. coli, and thereby heat production 
rates. The two principal means for measuring 
carbon utilization rates have been developed 
over many years by observing microbial growth 
(the ‘growth curve’) and by oxygen uptake 
(Warburg manometry, later by the oxygen elec- 
trode). Several other means have been used; 
radioisotopes and trapping 14C02, and H+ ex- 
trusion rates. The common ground under all 
these traditional means including heat pro- 
duction is metabolism. But large differences are 
seen in velocities so measured, from method to 
method when the same cells and carbon source 
are compared. Reasons for such differences 
cannot be reviewed here in detail, except for 
two points. (i) Microbial growth rates and 
their oxygen utilization rates depend on times 
necessary to entirely complete each microbial 
cell growth cycle for making new cells. Many 
bacteria have doubling times of 30-90 min even 
at optimum temperatures. (ii) In contrast, 
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velocities of initial carbon uptake and carbon 
metabolism by cells adapted to the targeted 
compound, are much larger than velocities or 
rates of growth. Priming metabolism heat gener- 
ation mostly finishes in several seconds to a few 
minutes under conditions used for MCA. 
Namely, with excess cells, oxygen in excess, 
limited carbon. 

Adapted bacteria take nutrient carbon com- 
pounds first into pathways variously called fuel- 
ing reactions’* and anaplerotic pathways. These 
are the Embden-Meyerhof-Parnas, the tricar- 
boxylic acid, and the pentose phosphate cycles. 
It is in these early sectors of metabolism when 
carbon enters bacteria, that most of the heat 
and byproducts like CO2 are produced. How 
exothermic they actually are depends on how 
well incoming compounds are fitted to the cell’s 
pathways.lg They make intermediates and cofac- 
tors, NADPH, carbon skeletons, several com- 
pounds necessary for the next tasks. Namely 
biosynthesis of cell material, provision of pro- 
tecting compounds like GSH, etc. However this 
next tier of tasks is 10 to 100 times slower than 
priming metabolism, hardly exothermic, and 
not very heat productive. Priming metabolism 
heat production, being oxidative, is analogous 
to ordinary chemical reactions in one respect. 
Oxidative reactions in chemistry usually are 
much larger, roughly by a factor of 10, than 
heats of most other classes of reactions in water, 
molecular rearrangements, chelation, H+ ioniz- 
ation, etc. Likewise, the kinds of aerobic metab- 
olism and oxidation on which MCA hinges, are 
outstandingly exothermic. Commonly these 
metabolic molar heats are 50-70% as large as 
oxygen bomb combustion calorimetric heats 
taking compounds all the way to carbon dioxide 
and water. Thus heat production in the way 
MCA is carried out is generated with consider- 
ably larger magnitudes than those predicted by 
“indirect calorimetry” when it relies on cell 
growth, or on a mixture of cell growth and 
oxygen uptake. 

A table of glucose uptake rates for aerobic 
Escherichia coli using data from our laboratory 
and a number of others was published in 1990.*’ 
Under MCA’s conditions glucose is assimilated 
by E. coli at rates from about 2 to 20 x lo-” 
mole glucose/bacterial cell/second. Using an 
average of 10 x 10-l’ mole glucose/cell/second, 
2 mg of cells (ca. 5 x 10’ cells) might consume 
20 nanomoles of glucose in about 5 sec. But this 
estimate is based on maintenance of the glucose 
concentration, whereas in fact it falls off rapidly 

under the normal conditions for using MCA; an 
excess of cells, carbon (glucose) is limited. 
Hence the rates seen after the initial burst of 
heat production fall off because the analyte 
depletes to concentrations below the K,,, values 
for such cells which usually are approximately 
0.1-l@. Thus Fig. 3 represents average rate of 
heat production seen from many analytes, sug- 
ars, phenols, lower fatty acids and alcohols. In 
practice, when cells are adapted and in excess 
they usually oxidize limited amounts of carbon 
in 100-500 set at 25”. All our work so far has 
been carried out at 25”, laboratory temperature. 
It is likely that 30-40” temperatures for assay 
would hasten microbial consumption of ana- 
lytes, perhaps several fold. This aspect of MCA 
has not been investigated. 

The figure of merit for Seebeck sensors of the 
kind we use (e.g., Melcor C. P. 1.4-71-10 Peltier 
units) is close to a 7-PWatt power input/pVolt 
signal output. The sensor figure of merit enables 
estimation of the amplified signal one expects. 
For example, using 20 nanomoles of glucose, 
( - )300 kcal heat/mole, a 200~second combus- 
tion time to use all the sugar, an amplifier gain 
by a factor of 2000 and that there are 4.18 
joules/calorie, an average amplified signal out- 
put of 36 mV is calculated. 

RESULTS AND DISCUSSION 

In order to compare microbial calorimetric 
analysis with a conventional analytic technique, 
Fig. 4 shows the behavior of phenol in MCA, 
and in Folin reagent spectrophotometry. Pseu- 
domonas putida ATCC 11172 were adapted to 
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Fig. 4. Production of raw data under average condition8 for 
the lower practical ranges for phenol analysis, in spectro- 
photometry (FolinXiocalteau reagent), and in microbial 

calorimetry using a bacteria adapted to phenol. 
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phenol by growing them on phenol, similar to 
growth on a series of lignin related fragments 
and cresols.‘” The vertical axes in Fig. 4 plot the 
minimal practical ranges of data production for 
both methods: zero-30 millicalories of heat in 
MCA, absorbance range 0.03-0.30 in spec- 
trophotometric Folin analysis for a l-cm path- 
length and a 3-ml assay volume. Approximately 
5-30 nanomoles of phenol suffices for MCA to 
span this heat production. A range of 30-100 
nanomoles of phenol is required for such a 
spectrophotometric analysis. Thus in lower 
ranges of analytic capability for the two 
methods, MCA competes well with Folin spec- 
trophotometry in the amount of phenol analyte 
required. 

The slopes of such plots equal the parameters 
that characterize microbial calorimetry, and 
spectrophotometry. Namely the aerobic 
molar metabolic heat, AH,,,, = ( - )551 & 30 
kcal/mole, and the molar absorbance coefficient 
for Folin color, E,~ = 8460M-‘cm-’ for phenol, 
respectively. Several cresol isomers and cogeners 
produce similar parameters in both methods, 
Folin spectrophotometry, and MCA technique 
using P. putida.” 

Likewise several spectrophotometric analytic 
methods in which the analyte is a prochro- 
mogen, have value of cimax, -4000 to lO,OOOM-’ 
cm-’ when developed. Nelson-Somogyi analy- 
sis of reducing sugars*’ and ninhydrin analysis 
of amino acids are examples. Their four to seven 
carbon analytes give aerobic heat productions 
from a few hundred to several hundred kcal 
heat/mole of compound. Lower molecular 
weight analytes which are mostly not good 
prochromogens such as acetate, Cl-C3 com- 
pounds like methanol, ethanol, glycerol, acet- 
ate, propanol yield from ( - )102 to ( - )250 
kcal heat/mole in the MCA technique.22 
Therefore the relationship between conven- 
tional spectrophotometric analysis, where spec- 
trophotometry can be used, and the MCA 
technique, illustrated in Fig 3, is expected to 
hold in many examples. 

Microbial calorimetry is not expected to com- 
pete in sheer sensitivity with some modem tech- 
niques based on electrochemical detectors, or 
gas chromatography. However these techniques 
have requirements that make them labor inten- 
sive to use, despite the power of their instrumen- 
tation. For example it is possible to use gas 
chromatography of carbohydrates as a basis for 
analysis, but samples must be completely dry, 
derivatized, and extracted for G.C.‘s purposes. 

A number of spectrophotometric and fluorimet- 
ric techniques are quite powerful in their way, 
but do not accept optically bad samples such as 
food or tissue slurries, very turbid solutions, nor 
analytes that are unreactive toward the reagent 
on which they rely to develop color. The MCA 
method is only of intermediate sensitivity. How- 
ever MCA efficiently works with analytes in 
water that are poor chromogens or are not 
derivatizable to make color. Compounds that 
seriously interfere in other methods, foreign 
pigments and particles, are usually of little 
consequence in MCA, if a bacteria is available 
that can combust the sought-for analyte. If such 
a bacteria is not immediately at hand, usually 
one can be raised, adapted, by simply growing 
it on the sought for analyte. The MCA tech- 
nique uses simple, inexpensive instrumentation. 
It allows the analyst to easily ‘manufacture’ as 
if it were, the necessary reagents by simply 
growing them via conventional microbiologic 
practice. 
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DETER~INATIUN OF VANADIUM: AN OPTIMIZATION 
OF THE GALLIC ACID PER~~~~AT~ METHOD 

L. DARBHA and J. ARUNAC~ALAM 
Analytical Chemistry Division, Bhabha Atomic Research Centre, Trombay, Bombay 400 085, India 

Summary-An optimization procedure for the gallic acid-persuiphate method for the ultratrace determi- 
nation of vanadium is reported. The optimization step has improved the sensitivity by a factor of three. 
The linearity range of the calibration graph is also extended. 

The catalytic-photometric method involving the 
catalytic effect of vanadium (V) on the oxidation 
of gallic acid by ammonium persulphate re- 
ported by Fishman and Skougstad,’ is accepted 
as a standard method for the detc~ination of 
vanadium in water samples2 Qiang weiguo3 had 
suggested some improvements in the analytical 
parameters to give better reproducibility. We 
report an optimization procedure which gives 
an improved sensitivity for the determination of 
vanadium. 

caption of ex~~rn~tal parameters can 
be done by non-parametric as well as parametric 
methods. One of the popular non-parametric 
methods of optimizing experimental conditions 
is the simplex approach.’ In the simplex method, 
a regular geometric figure known as simplex 
having n + 1 vertices is chosen, where n is the 
number of variables. The experiment is per- 
formed at the values of the parameters repre- 
senting the vertices, and the process is continued 
until the desired optimum (maximum) is 
reached. 

In the parametric approach, a set of exper- 
iments is carried out, usually based on factorial 
designs, to obtain an analytical expression (a 
function) relating the response with the exper- 
imental parameters. Among the parametric ap- 
proaches, the Response Surface Method, 
coupled with the Method of Steepest Ascent, 
developed by Box,~*~ is the most popular. in this 
method the response function is approximated, 
in a certain region of the factor space, by a 
polynomial, usually a second degree, in the 
form, 

where, R is the response, p are the coefhcients 
and X are the experimental factors (variables). 

The computation of the slope of the function 
reveals the variables that influence the response 
the greatest. At various new levels of this vari- 
able, the equation is solved for the others and 
the experiment is repeated at new values to 
locate the optimum in steps. 

Assuming that the functional dependence of 
the response with the factors does not vary with 
the approach to the optimum, the coefficients of 
the parameters in the analytical function, ob- 
tained using the first set of experiments, can be 
examined to reveal the existence of a maximum 
or minimum. In such cases, it will be possible to 
obtain the values of the parameters that corre- 
spond to the maximum or minimum response. 

fn the present investigation a 3 x 3 (32) facto- 
rial design was used, with the concentrations of 
gallic acid and persulphate as the two variables, 
to obtain an analytical expression relating the 
concentration of the reactants to absorbance, 

Reagents and apparatus 

All the reagents were prepared as suggested 
by Qiang weiguo. 3 Demineralized water was 
used in all the experimental steps. Gallic acid 
was recrystallized from hot water after the 
removal of any oxidized products by adding 
activated charcoal. A Hitachi 330 Model spec- 
trophotometer was used for obtaining the ab- 
sorbance. All the measurements were carried 
with LO-mm cehs. 

All the glassware used in the experiments was 
kept for a week in 10% nitric acid, and rinsed 
several times with demineralized water before 
use. Class A glassware was used throughout+ 
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Procedure 

32 Factorial design and optimization. The com- 
plete 2 variable at 3-level design used in the 
experiment is given in Table 1. The base level is 
denoted as 1 ml of 1% gallic acid and 1 ml of 
5% persulphate. The upper and lower levels 
were obtained using a difference of f0.5 ml 
from the base level. 

An aliquot of 20 ng of vanadium was pipetted 
into nine lo-ml standard flasks. Ammonium 
persulphate solution was pipetted into each of 
these bottles as given in the design. Required 
volumes of gallic acid solution were pipetted as 
given in Table 1, leaving an interval of 2 min 
between addition to each flask and the volumes 
were made up to the mark. Corresponding 
blanks were also run as per the design without 
the addition of vanadium. Maintaining a con- 
stant duration of one hour for the reaction to 
proceed at each level, the absorbances were 
measured for all the solutions. The increased 
absorbance due to the catalytic effect of 
vanadium for each experimental solution was 
obtained by subtracting the absorbance re- 
corded for the corresponding blank. The values 
are given in Table 1. 

RESULTS AND DISCUSSION 

Optimal conditions 

A second order polynomial function 
[equation (2)], 

-0.008X2 - 0.052 Y2 - 0.007XY 

+ 0.076X + 0.134 Y - 0.077 = 0 (2) 

(where X is the volume of 1% gallic acid and Y 
is the volume of 5% persulphate), was derived 
using the procedure (relative to the base point 
1,l) discussed in Beveridge and Schechter,4 re- 
lating the absorbance to the amounts of gallic 
acid and persulphate. The fitted response values 

Table 1. Factorial design used in the experiment 

Volume of 1% Volume of 5% Absorbance 
Exp. Gallic acid persulphate 
No. in ml in ml Experiment Fitted 

1 1.0 1.0 0.066 0.067 
2 1.5 1.5 0.090 0.088 
3 1.5 0.5 0.068 0.069 
4 0.5 1.5 0.039 0.039 
5 0.5 0.5 0.010 0.012 
6 1.0 1.5 0.060 0.066 
7 1.0 0.5 0.043 0.042 
8 1.5 I.0 0.087 0.092 
9 0.5 1.0 0.038 0.038 

Table 2. 2 x 2 Factorial design around the maximum 

Volume of 1% Volume of 5% 
Exp. Gallic acid persulphate 
No. in ml in ml Absorbance 

1 3.7 0.5 0.058 
2 3.7 1.5 0.074 
3 4.7 0.5 0.068 
4 4.7 1.5 0.057 
5 4.2 1.0 0.106 

are also given in Table 1 which show a very 
good agreement with the experimentally ob- 
tained responses. 

The Lagrange’s criteria for the existence of a 
maximum, minimum and a saddle point of the 
function are as follows. 

If D,>O and D,>O 

a minimum exists, and, 

If D,<O and D,>O 

a maximum exists, where, 

D, = Ixx,,xzI and D2 = xx’~x’xx’~xz 
I I Xx2..rlXx2,x2 

where x is the partial derivative of the function 
with respect to variables X, and X2. By applying 
these criteria, it is seen that a maximum exists 
for this function. This maximum was found 
algebraically, using the partial derivatives with 
respect to the two variables, and corresponds to 
4.2 ml of 1% gallic acid and 1 ml of 5% 
persulphate. 

Since the region of experimentation is far 
removed from the suggested maximum position, 
i.e., 4.2 ml of (1%) gallic acid and 1 ml of (5%) 
persulphate, confirmatory experiments were 
carried out using 2 levels-2 factor experimental 
design using the same step size of 0.5 ml, around 
this optimum. The results are given in Table 2, 
confirming the suggested optium is the 
maximum. 

Degree of enhancement 

A set of experiments was performed with the 
suggested optimum quantities of gallic acid and 
persulphate with different amounts of va- 
nadium. For comparison, the experiments were 
also performed with the quantities of the 
reagents suggested by Qiang weiguo,2 for the 
same quantities of vanadium. The absorbances 
obtained in the two cases are given in Fig. 1. It 
is seen that the optimization has improved the 
sensitivity by a factor of 3. The response is also 
linear up to 70 ng of vanadium. Qiang wieguo2 
has indicated linearity only up to 35 ng of V (in 
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Fig. 1. Comparison of sensitivities of the present (optimized) 
method to the reported method. Curve 1. Absorbance 
obtained with the optimum values (4.2 ml of 1% gallic acid 
and 1 ml of 5% persulphate). Curve 2. Absorbance obtained 
with 1 ml of 1% gallic acid and 1 ml of 5% persulphate. 
Absorbances in both cases were measured with a IO-mm 

cell. 

13 ml total solution) which might have been due 
to the use of 50-mm cells for the measurement 
of absorbance in his experiments. 

The optimum volume of 4.2 ml of 1% gallic 
acid and 1 ml of 5% persulphate corresponds to 
equimolar concentrations of gallic acid and 
persulphate (0.022M for both gallic acid and 
ammonium persulphate, whereas the quantities 
of gallic acid suggested by other authors have 
been much lower (0.009M and 0.0045M in Ref. 
1 and Ref. 2, respectively). Independent exper- 
iments carried out on different days showed that 
the absorbances are reproducible within _+8% 
at 2 ng/ml V. 

1. 

2. 

3. 
4. 

5. 
6. 
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DWIGHT W. UNDERHILL 

Department of Environmental Health Sciences, School of Public Health, University of South Carolina, 
Columbia, SC 29208, U.S.A. 

(Received 16 July 1991. Revbed 18 May 1992. Accepted 18 May 1992) 

Summary-Some commercially available diffusive samplers use two layers of adsorbent placed in series. 
After sampling is completed, the time weighted average concentration of analyte is estimated from the 
weighted sum of the uptake of analyte on these two layers. It is known that such a division into layers 
can increase the permissible sampling time. Here the principles underlying this sampling procedure are 
analyzed through a fundamental application of the theory of diffusion. Using a trial and error procedure, 
the optimal division of adsorbent was calculated, and the increase in sampling time that such a division 
can give was confirmed theoretically. Also, should the uptake in the backup layer exceed a predetermined 
fraction of the total uptake, this will indicate misuse of the diffusive sampler. 

Diffusive samplers are commonly used to deter- 
mine the time weighted average concentrations 
of gases and vapors in both the workplace and 
the environment. Many such samplers contain 
two layers of adsorbent, and the concentration 
of analyte is determined from a weighted aver- 
age of the uptakes on these two layers.‘-3 This 
paper develops a calculation for the optimal 
design of such diffusive samplers, and shows 
that an optimal use of the uptakes on these two 
layers can lead to a very significant increase in 
the useful sampling time for a diffusive sampler 
over what would be possible if only the total 
residue in the sampler were to be considered. 

Mathematical analysis 

Figure 1 gives a schematic diagram of the type 
of diffusive sampler considered here. In this 
sampler, the analyte diffuses into the sampler 
from the left, across the windscreen and air gap, 
to the adsorbent. The absorbent, which may be 
divided into two or more sections, serves as a 
sink for the analyte. The following are needed to 
describe the mass transfer in this diffusive sam- 
pler: 1) the sampler geometry, 2) the adsorp- 
tion coefficient, 3) the diffusion coefficient of 
the analyte in air and in the sorbent, and 4) the 
ambient concentration of analyte as a function 
of time. These factors are accounted for in the 
following partial differential equations: 
Transfer of analyte across the air gap: 

i ac 
--=c0-c(,_-0) aax,,=+, (1) 

Zero flux of analyte at the unexposed surface of 
adsorbate (an impervious backing) 

ac 0 -= 
a+ = 1) 

Diffusion within the adsorbent 

a% ac 
jp=ax 

(2) 

(3) 

where the above dimensionless factors are 
defined as follows: 
Reduced Distance, 

Geometric Factor,: 

W 
a=- 

CYL 
(9 

Reduced Time, T: 

(6) 

Reduced Concentrations: 

c = c/c, (7) 

C(X= -0) = C,, _o)/c, (8) 

co = CO/C, (9) 

The factors used in the above definitions are: 

C = concentration of analyte in the inter- 
particle void of sorbent pad, g/m3 

C,= -0) = airborne concentration of analyte at 
the exposed surface of sorbent, g/m3 

139 



140 D. W. UNDERHILL 

Concentration gradient 
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2 After sampling for an 
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sorbate In bulk adsorbent 

:>G 
Ll 

\Concentration of sorbate 
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t 
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Fig. 1. Schematic diagram of a diffusive sampler. 

C, = ambient concentration of analyte, 

g/m3 
C, = hypothetical unit concentration of 

analyte, 1 g/m’ 
D = molecular diffusion coefficient for 

analyte in air, m2/sec 
K = partition coefficient for analyte-sor- 

bent, defined as 
= (g analyte/m3 compacted sorbent) 

(g analyte/m3 ambient air) 
L = width of air gap, m 
t = sampling time, set 

W = thickness of the sorbent pad, m 
X= distance into sorbent pad, m 
y = tortuosity factor for interparticle 

diffusion, dimensionless 
c = fractional interparticle void volume, 

dimensionless 

The reduced time is the actual sampling time 
divided by the time it would take the sampler to 
become saturated with analyte if exposed to a 
constant unit concentration of analyte (C, ), and 
the rate of uptake remained at the initial rate of 
input (C, D/L). The above equations can be 
solved to give analytical solutions that allow the 
relationship between exposure and uptake to be 
found in closed form. 

The following two equations can be derived 
from Crank’s4 equation 4.50 by: 1) differen- 

tiation with respect to time to obtain the re- 
sponse from a pulse input; 2) integration with 
respect to bed depth to determine the amount of 
analyte in a layer of a given thickness. Because 
of the linearity of these equations, the order of 
these operations is immaterial. Then m(t), the 
reduced uptake of analyte remaining in the 
sampler at a reduced time, 7, following a unit 
pulse input at z = 0, is 

+)=C 
a exp(-z/a) 

Sf(Sf + 9i + 01) (10) 

The reduced uptake, m,(~), of the original 
analyte contained within the back-up section at 
a reduced time, t, is: 

m2(t) = c 
a exp( - T /a)sin(ax) 

$f(9f + 9i + a)cos(a) 
(11) 

where: 

9i = the positive roots of 9i tan(&) = a 

The reduced uptakes are defined as the actual 
uptake divided by the equilibrium uptake of 
analyte in the sampler exposed to a unit concen- 
tration of analyte (C,). The quantity of analyte 
in the primary layer is the difference between the 
total residual uptake and the residue in the 
back-up layer. 
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Fig. 2. Residue following a pulse input. A = Total residual analyte following a unit pulse input; 
B = Residue in primary layer; C = residue in secondary layer. 

Also because of the linearity of the equations 
considered here, the solutions are additive. Thus 
equations (10) and (11) can be generalized to 
characterize the uptake from any possible ex- 
posure: any other input can be constructed as a 
series of pulses, so that the response to a pulse 
input can be generalized to include all other 
exposure scenarios. 

RESULTS AND DISCUSSION 

To demonstrate the applicability of this 
analysis to diffusive sampling, the residual ana- 
lyte in a diffusive sampler was calculated assum- 
ing a geometric factor (a) of 0.7, a value that 
was chosen because it seems representative of 
commercially available diffusive samplers. In 
Fig. 2, lines “A”, “B” and “C” show, respect- 

ively, the total amount of analyte, the analyte in 
the primary layer, and the analyte remaining in 
the back-up section of the sampler at a reduced 
time, 2, following a unit pulse input at a reduced 
time, t = 0. The treatment that follows, how- 
ever, is independent of any particular value 
chosen for the geometric factor. 

Here the “best” estimate of exposure is as- 
sumed to be the estimate that permits the sam- 
pler to sampler for the longest period of time 
within the error bounds cited for its accuracy. 
Figure 3 gives the results of using the residues 
shown in Fig. 2 to estimate within an absolute 
error of 5% the TWA exposure of the sampler. 
In this figure, the Y-axis gives the ratio of the 
estimated TWA to the true TWA. The X-axis 
gives (in units of the reduced time) the interval 
between the pulse input and time at which the 

Upper Limit (1.05) 

Lower Limit (0.95) 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.0 2.0 

Fig. 3. Estimated uptake as a function of reduced time. A = calculated from total residue; B = calculated 
from the weighted sum of residues in the two layers of adsorbent. 
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residue in the sampler was determined. Line 
“A”, which gives the “best” i.e., longest satis- 
factory, estimate of the TWA exposure from the 
total residue in the sampler, is the total residue 
multipli~ by a factor of 1.05. Thus a pulse 
input sampled just before the sampling period 
ended would be overestimated by 5%, and a 
pulse applied to a diffusive sampler given a unit 
pulse input at a reduced time oft = 0.069 before 
the sampling period ended, would be underesti- 
mated by a factor of 5%. Furthermore, any 
input sampled between these times would give 
an estimated TWA that lay between +5% of 
the true TWA exposure of the diffusive sampler. 
Therefore for the criterion given above, the 
effective use time of the diffusive sampler, if only 
total uptake is considered, is for a reduced time 
of 0.069. 

This effective use time can be extended con- 
siderably if adsorbent is divided into layers and 
a weighting factor applied to the uptake in each 
layer. In Fig. 3, line “B” shows the linear 
combination of primary and back-up layers 
giving the longest sampling time for which the 
estimated uptake remains within rf5% of the 
original input. The calculation giving the best 
division of the adsorbent bed into primary and 
back-up layers required ~quential division of 
the adsorbent bed into hypothetical primary 
and back-up layers, and for each possible 
division, finding the maximum permissible 
sampling time. This process was continued until 
the optimal division and the weighting factors 
consistent with that division, were located. It 
was found for the sampler under consideration 
here (with a geometric factor of 0.7), that the 
longest sampling time consistent with a maxi- 
mum absolute error of +5%, was obtained if 
the primary layer comprised 50.6 per cent of the 
total adsorbent, and further, if the residue on 
the primary layer was multiplied by a factor of 
1.049 and added to the residue in the back-up 
layer multiplied by a weighting factor of 1.942. 
This gives a very significant extension of the 
permissible sampling time. The increase in the 
permissible sampling time, consistent with a 
maximum estimation error of f5%, is from a 
maximum value of the reduced time of 
1: = 0.069 for the estimate from the total uptake, 
to a reduced time of T = 1.91, a factor of 28, for 
the estimate from the weighted sum of the 
uptakes on the primary and the backup layer. 

These results are highly dependent on the 
value of the geometric factor, GI. For example if 
the geometric factor has a value of 0.5 or less, 
then the adsorbent is so thin that equilibrium is 
rapidly es~b~sh~ across the adsorbent as 
sampling progresses. With essentially the same 
concentration of analyte across the adsorbent, 
then very little is gained from dividing the 
adsorbent into primary and back-up layers and 
attempting to extract additional information 
from their linear combina~on. It was found that 
with a geometric factor of 0.2, the optimal 
division into primary and back-up layers was 
obtained if the primary layer contained 99.8% 
of the adsorbent, The increase in sampling time 
(still assuming a ma~mum absolute error of 
f5%) was only 19%. 

Finally, the uptake on the back-up layer can 
serve as a warning of sampling error. After the 
sampling is concluded, there is an upper limit to 
the ratio of the residue in the back-up layer to 
the residue in the primary layer. For the first 
example considered here (cl = 0.7), if the ratio of 
the residue in the back-up layer exceeds 1.089 of 
the residue in the primary layer, this proves an 
error in either the design or the employment of 
the diffusive sampler. 

CONCLUSION 

A substantial increase in the effective use time 
of a diffusive sampler is possible through the 
selection of an appropriate sampler geometry, 
i.e., the width of the air gap, the thickness of the 
adsorbent, and an optimal division of the adsor- 
bent into primary and back-up layers. As shown 
here, the effect of these design parameters on the 
use time can be determined directly-and the 
use time of the sampler opti~z~-trough 
equations derived from Fick’s second law of 
diffusion. 
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!Summary-Ditfusive samplers are commonly used in the work place for compliance monitoring of gases 
and vapors. Because the workplace concentrations of analyte are not constant, the usual procedure of 
calibration of a diffusive monitor by exposure to a known constant concentration of analyte may lead 
to an unacceptable error. By considering the maximum possible error in the time weighted average (TWA) 
concentration, with no restrictions regarding the concentration as a function of time, a permissible 
sampling time is defined that is consistent with any possible concentration fluctuation. 

Diffusive samplers are commonly used to 
determine the levels of toxic gases and vapors 
in the workplace. In the near future, most of 
what we think we know about worker exposure 
to noxious gases will probably be through the 
use of these devices. The National Institute of 
Occupational Safety and Health (NIOSH) is in 
the process of defining calibration procedures 
for diffusive samplers.’ It is presumed that 
eventually the Occupational Safety and Health 
Administration (OSHA) will adopt these or 
similar procedures. It is important that the 
fundamental basis for the accuracy of diffusive 
sampling be established now so that future work 
with diffusive samplers will have an assured 
validity. 

Many diffusive samplers currently used to 
monitor the time weighted average (TWA) 
exposure to gases and vapors in the work place 
have been calibrated using a constant concen- 
tration of contaminant.” Several theoretical 
analyses of the error in diffusive sampling also 
considered the uptake following exposure to a 
constant concentration of analyte.5*6 Fluctuating 
concentrations of analyte have been considered 
in calculations of the effect of mass transport in 
the air gap in a diffusive sampler, but these 
analyses neglected the effect of a fluctuating 
concentration on the retention of analyte in the 
adsorbent, which is the area of primary concern 
in most diffusive samplers.7*8 

Experience has shown that controlled con- 
stant exposures may reflect poorly the actual 
work place experience. In industry, there is 

the possibility of short duration, highly intense 
exposures that may occur, inter da, during 
equipment failure. A calibration based on a 
constant exposure of contaminant may be sig- 
nificantly inaccurate when applied to the short 
duration, intense exposures that may occur 
anytime in a work shift. 

This paper defines a procedure for deter- 
mining the maximum effect of a fluctuating 
concentration of analyte on its measurement by 
a diffusive monitor. Using this procedure a 
“use time” for a diffusive sampler is defined 
such that the error in the TWA must be 
equal to or less than some predetermined value. 
The only general restriction on the calculations 
that follow is that the adsorption and diffusion 
coefficients are constant, thereby giving linear 
partial differential equations for mass transfer. 
This is not as severe a restriction as might first 
appear. Although at high concentrations, most 
adsorption isotherms are nonlinear, the adsorp- 
tion of low airborne concentrations of many 
organic compounds, including chloroform, 
1 , 1, I-trichloroethane, carbon tetrachloride, and 
benzene, on adsorbents such as Tenax can be 
described by linear adsorption isotherms. Under 
these conditions the adsorption is reversible, 
and, further, the mass transfer equations can be 
solved by standard methods. 

Analytical solution to the transport equations 

Figure 1 shows schematically the essential 
components of the diffusive sampler considered 
here. Ideally the rate of mass transport across 
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Fig. I. Schematic diagram of a diffusive sampler. The anal@ diffuses into the sampler from the leti, acres 
the windshield and the air gap, to the adsorbent. The adsorbent, which may be divided into tw5 or more 
sections, serves as a sink for the anaiyte. The purpose of the ~~~ is to prevent any conyective air 

cm-rents from passing into the air gap and afbting the transport of anaiyte across the air gap. 

the stir gap is controlled by diffusion, and the 
overall uptake by the adsorbent is: 

ADCt 
M=L (1) 

where: 

A = exposed surface of the diffusive sampler* 
cn? 

C = ambient concentration of analyte, g/cm3 
D = molecular diffusion coefficient for 

analyte in air, cm2/sec 
L = width of air gap between adsorbent bed 

and ambient atmosphere, cm 
M = mass of samples analyte, g 

t = sampling time, set 

Because physical adsorption is a reversible pro- 
cess, diffusive samplers that rely on physical 
adsorption are subject to loss of analyte by 
desorption and diffusion back to the atmos- 
phere, and the overall uptake will be less than 
that given by equation (1). 

The starting point for this analysis is to ask 
how long a diffusive sampler can remain open, 
adsorbing and desorbing analyte into the 
atmosphere until an unacceptable error occurs. 
This requires twa steps, the first of which is 
to define what is meant by “an unaccept- 
able error”. The most common definition of 

exposure is the time weighted average exposure, 
dehned as: 

C *Cdr/t twa = 
s 

(2) 
0 

where 

C -= the the weighted average (TWA) 
ambient ~n~n~tio~ of analyte, 
g/Qn3* 

To show that this standard is met, a 
“successful= measurement must be within 
some predetermined value of the true TWA 
concz3&r&ion. 

Our objective is to determine the TWA 
within a predetermined error band for any 
fluctuating concentration of airborne analyte. 
&ure 2 shows the basic approach applied 
here. In this figure, the hypothetic& concen- 
tration-time curve can be considered as a 
series of pulses, of equal duration but variable 
intensity. The residual analyte in the diffusion 
sampler can then be looked upon as the residue 
from each pulse. Because of the linearity of 
the d~~ion equation, each pulse can be con- 
sidered ind~dent~y. The basic point is that 
as long as the error in estimating the magnitude 
of a pulse from its residue is within some 
predetermined v&e, then the TWA ambient 
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Fig. 2. Representation of a continuous input by a series of pulses. A = Continuous input; B = Pulse 
representation. 

concentration of analyte can also be determined 
within this predetermined error. 

The next step is to determine how long a 
diffusive sampler can be used to determine the 
TWA within a predetermined error band. The 
maximum high side error (overestimation) will 
occur for uptake at the end of the sampling 
period, and the maximum low side error (under- 
estimation) will occur for the analyte sampled 
at the start of the sampling period. If the 
acceptable high side error in the estimate of the 
concentration is X%, and the corresponding 
acceptable low side error in the estimate in the 
concentration is Y%, then this standard can be 
met if the maximum percent loss of analyte 
during the sampling time is: 

Z=lOO 1-;::;;;;} 
I 

(3) 
0 

To give specific examples, if it is desired to 
determine the TWA within an error band of 
f5%, then sampling can continue until the 
residual analyte from a pulse is reduced by 
9.53%, and for an error band of f25%, the 
loss can be 40%. 

Before determining the maximum time before 
an unacceptable loss of analyte by desorption 
can occur, it is necessary to estimate the rate at 
which the loss of analyte occurs. The required 
equations are well known, having been pre- 
viously used to model surface diffusion from a 
she&-” before being applied to diffusive sam- 
plers. 4J Accordingly, the fraction of analyte re- 
maining in the sampler following a pulse input is: 

M)=C 
a exp(-r/a) 

9f(9;+9i+a) (4 

where: 

$i = the positive roots of 9i tan(9i) = a 

and the two dimensionless parameters used in 
this calculation, a and t, are defined as: 

W 
c(=- 

VL 

W = thickness of the sorbent bed, cm 
y = tortuosity factor for interparticle diffu- 

sion, dimensionless 
6 = fractional interparticle void volume in 

the sorbent bed, dimensionless 

tD 

z = (1 - E)LWK 

K = equilibrium partition coefficient for 
analyte-sorbent, dimensionless, defined 
as 

(g analyte/m’ compacted sorbent) 

(g analyte/m3 ambient air) 

Equations (3)-(6) permit the maximum use 
time, consistent with a predetermined error 
band, to be calculated. Figure 3 gives this 
same information graphically. There, the x-axis 
characterizes the geometry of the diffusive 
sampler (in terms of the geometric factor, a, and 
the y-axis gives the maximum sampling time, 
in terms of the reduced time, 7. Notice the very 
strong loss of sampling time as the error band 
is reduced from + 25 to f 5%, especially at high 
values of the geometric factor. 

Application to laboratory validation of d@ksive 
samplers 

Laboratory validation of diffusive samplers, 
using the theory developed here, requires 

0 0.1 0.2 0.3 0.4 0.6 0.6 0.7 0.3 03 1 

Geometric Factor 

Fig. 3. Sampling time. Error bounds: (1) = f 5%; 
(2) = f 10%; (3) = f 15%; (4) = *20%; (5) = &25%. 
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measuring the retention of a pulse input by a 
diffusive sampler. One possible procedure is 
to expose a set of diffusive samplers to a high 
concentration of analyte for a short period of 
time, and then to analyze the retention in the 
samplers after various periods of time follow- 
ing this exposure. In a similar approach, the 
analyte lost from the sampler by desorption is 
collected and measured.” This latter procedure 
is better suited to determining small losses of 
analyte. In any case, the usual “validation” of 
diffusive samplers by exposure to a constant 
concentration of analyte does not seem appro- 
priate if the criterion is that the estimated 
TWA be within a known error band follow- 
ing exposure to a variable concentration of 
analyte. 

These results show what is ideally possible. 
Outside the laboratory, non-ideal effects from 
uneven packing, temperature fluctuations, co- 
adsorption of additional compounds (including 
water vapor), will reduce the performance calcu- 
lated here. Because of the importance of diffu- 
sive sampling in monitoring worker exposures, 
it is important to determine how closely this 
idealized performance can be attained in the 
workplace. 
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Summary-Supercritical fluid extraction (SFE) with CO,, a clean and rapid alternative to conventional 
organic solvent extraction techniques, was investigated for the extraction of 24-D from soils using a 
variety of pre-extraction soil treatments to enhance extraction recoveries. Initial experiments with 
silylation, ion-pairing, methyl esterification, and ionic displacement are reported. Methyl esterilktion and 
ionic displacement during SFE proved to be the most promising approaches for quantitative extraction. 
Although the SFE procedures were not fully optimized, comparison between SFE and a standard 
Soxhlet extraction method demonstrated the potential for improving analytical measurement for highly 
polar pesticides in soil by modifying SFE-CO, extraction with derivatizing reagents and ionic solutions. 

The herbicide 24-D (2,4-dichlorophenoxyacetic 
acid) is applied widely in the US and Canada, 
as well as in other countries, for the control of 
broadleaf weeds.‘” It is considered by the EPA 
to be a herbicide of heavy use which marginally 
leaches out of the root zone. It has been found 
in groundwater wells of at least two states in the 
US.’ 

Because of its polar nature, 2,4-D is difficult 
to extract from soils. One method used for the 
extraction of chlorinated hydrocarbons is 
Soxhlet extraction (EPA method 3540).4 This 
method requires an 8-24hr extraction with an 
acetone/hexane or methanol/toluene solution, 
followed by concentration in a Kuderna- 
Danish apparatus and a derivatization process 
before gas chromatographic analysis. This is a 
slow and organic solvent-consumptive method. 
An alternative method for chlorinated herbicides 
(EPA method 8150) involves acidifying the 
soil to pH 2 with HCI, shaking with acetone and 
then diethyl ether (each 3 times), placing the 
extract in a separating funnel, adding acidified 
sodium sulfate, readjusting the pH to 2, 
separating aqueous and organic layers, re- 
extracting the aqueous layer with diethyl ether, 
and evaporating the final extract in a Kudema- 
Danish apparatus.4 The final step, as in the 
Soxhlet method, is derivatization before gas 
chromatography. 

A relatively new, solvent-efficient and rapid 
analytical extraction method is supercritical fluid 
extraction.5 In this method, gases, such as COZ 
and NzO, are heated and pressurized above 
their critical pressures and temperatures to pro- 
duce supercritical extracting fluids. These fluids 
have densities intermediate to those of liquids 
and gases, with many solvating characteristics 
similar to liquids and diffusivities similar to 
gases. 

To date, CO1 is the supercritical extracting 
fluid of choice. It is non-toxic, relatively 
inexpensive and has conveniently low critical 
parameters. Unfortunately, while supercritical 
fluid CO2 is a good solvent for nonpolar com- 
pounds: it does not extract polar compounds 
well. Extraction recoveries of moderately polar 
pesticides such as diuron and linuron have been 
improved by modifying the CO* with a small 
amount of a polar additive such as methanol 
or ethanol.6 

For highly polar compounds, modification of 
the extraction solvent with derivatizing reagents 
can be used to enhance extraction either by 
reaction with the solute or the matrix.’ 
Hawthorne et al., have investigated in situ 
chemical derivatization for the extraction of 
such polar analytes as fatty acids from whole 
cells, phenols from Clt, sorbent disks, and 24-D 
from soils.8 These promising results obtained 
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for the SFE extraction of 2,4-D from soil 
and sediment encourages further investigation. 
In this paper we report initial results on the 
development of sample derivatization and 
matrix modification methods for the SFE of 
2,4-D from soil. 

ExPERDlENTAL 

Soil samples were spiked with 10 and 40 ppm 
of 2,4-D acid and extracted by SFE with CO, 
as the extracting fluid. Comparison of various 
sample treatments prior to extraction were made 
to determine relative extraction efficiencies of 
the various methods. These sample treatments 
included (1) silylation, (2) methyl esterification, 
(3) ion pairing and (4) ionic displacement. 
Finally, Soxhlet extraction was compared with 
SFE using an organic-rich soil containing 4.2% 
organic carbon. 

Soils 

One soil used for supercritical fluid extraction 
was from the 2C horizon of a Hoypus sandy 
loam collected in Island County, Washington. 
This soil had a pH of 6.6, electrolytic con- 
ductivity (EC) of 0.9 dS/m (saturation extract), 
and total organic carbon content of 0.3% as 
determined by wet combustion.g 

Injection loop 

1 

Temperature controller 

The other soil was an organic-rich soil, the 
Ap horizon of the Coupeville soil also from 
Island County, Washington, which had a pH of 
8.2, an EC of 0.05 dS/m, and an organic carbon 
content of 4.2% by weight. 

All analyses were performed on air-dried soil. 

Spiking procedure 

Stocks of 2,4-D acid (purity 98.6%) and 2,4-D 
methyl ester (purity 97%) (Sigma Chemical 
Company, St Louis, Missouri) were prepared in 
acetone. Soils were spiked with 2,4-D acid in all 
cases, using acetone solutions of the herbicide 
and allowing the acetone to evaporate under an 
operating fume hood at laboratory conditions 
after application to the soil. Spike levels of 
40 ppm 2,4-D on soil were achieved by applying 
20 ml of a 5.6 x lo-’ g/l. solution of 2,4-D acid 
in acetone to 28 g of soil. The acetone-soil slurry 
was stirred and the acetone was allowed to 
evaporate. Spike levels of 10 ppm were achieved 
by applying 50 ml of a 1.2 x lo-* g/l. solution 
of 2,4-D in acetone to 60 g of soil. 

Supercritical fluid extractor 

The supercritical fluid extractor is shown in 
Fig. 1. It was constructed by mounting 2 Valco 
HPLC/SFC valves (one 8-port and one 6-port) 
on a stainless steel block (17.5 cm x 7.5 cm x 

6-Port valve 

Extraction chamber 

valve 
I 

‘Heating rode 
Fluid 

.:: 

6ampLe 
coLLection 
flask 

Pump 

Fig. 1. Schematic of the supercritical 5uid extractor. 
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2.5 cm). The stainless steel block, containing 
a trough (13.5 cm x 2.9 cm) to house the 
extraction cell, was heated with two 120 V 
Watlow heating rods (E4J30) controlled by an 
OMEGA CN 9000 temperature controller. 

The &port valve was attached to an Altex 
Model 1OOA liquid chromatography pump, and 
precedes the extraction cell. The Altex pump 
could be set for specific pressures, though the 
pressure display showed some oscillation as 
the pistons alternated strokes. These pressure 
oscillations were typically from 5 atmospheres 
below the set pressure to 5 atmospheres above 
the set pressure. The flow rate of the pump was 
set at its maximum capability (9.99 ml/min). 
The 8-port valve was set up to allow injection 
of derivatizing reagents and solvents through an 
injection port and calibrated loop into the cell 
during extraction. The extractor was pressurized 
to roughly 85 atmospheres and heated to 80”. 
Injections of reagents were made with a glass 
syringe into the injection port of the 8-port valve 
while it was in the load position; the pressure 
was then raised to the desired level and the valve 
toggled to inject the solution. Meanwhile, the 
6-port valve was in the closed position, stopping 
flow to the collection vessel. 

Flow of CO* through a heated (80 to 90’) 
60-pm fused-silica restrictor (roughly 0.5 m) 
was turned on or off with the 6-port valve. 
Static extractions (extractions in which the 
supercritical fluid is in contact with the matrix 
without fluid flow) were performed with the 
6-port valve in a closed position. Dynamic ex- 
tractions (extractions in which the supercritical 
fluid continuously flows through the matrix) 
were performed with the 6-port valve in an open 
position. 

The extraction cell used was a Keystone 
Scientific 0.8-ml SFE cell made of stainless steel 
and sealed on each end with PEEK-rimmed, 
2-pm stainless steel frits. PEEK unions were 
situated before and after the extraction cell to 
allow for easy removal and replacement of the 
extraction cell during sample loading and un- 
loading. PEEK ferrules are replaceable and the 
wear problems of stainless steel are avoided. 

For all methanol-based reagents added to the 
extractor, the SFE cell, 8-port valve, and tubing 
to the cell were rinsed with demineralized water 
and methanol as soon as possible after use; for 
the valve this involved making several injections 
of demineralized water followed by methanol. 
Hexane was used instead of methanol when Tri- 
Sil Concentrate was the additive. We believe that, 

with the possible exception of BF,/methanol, 
this procedure has prevented degradation of the 
extractor. 

Silylation 

Silylations were performed using Tri-Sil 
Concentrate (Pierce, Rockford, IL, U.S.A.), 
which is a 2: 1 mixture of hexamethyldisilazane 
(HMDS) and trimethylchlorosilane (TMCS). 
A volume of 200 ~1 was injected on to 1.2 g of 
soil, unless indicated otherwise. Samples treated 
with phosphate and hydrochloric acid, to be 
described, underwent SFE in situ silylation. 
Silylation extraction conditions were 380 atmos- 
pheres, 80”, in static mode for 15 min, followed 
by dynamic mode for 60 min at 340 atmos- 
pheres, unless stated otherwise. Extracts from 
silylation experiments were collected in 2 ml of 
hexane, and were injected directly into the GC 
after volume adjustments with hexane. 

Extracts from extractions in which in situ 
silylation was not performed were derivatixed in 
solution with 200 ~1 of Tri-Sil concentrate to 
2 ml of solution, and a reaction time of at least 
5 min at room temperature as recommended by 
the manufacturer. This procedure was followed 
for standards of 24-D acid to convert them to 
2,4-D silyl esters. 

Methyl ester$cation 

Methyl esterification was performed using a 
BF, (14%)/methanol solution (Alltech Associ- 
ates, Deerfield, IL, USA); this was used during 
extraction with SFE as well as for post-extraction 
derivatization as needed. Extraction conditions 
for methyl esterification were 300 atmospheres, 
80”, for 10 min in the static mode, followed by 
dynamic extraction for 20 min at 300 atmos- 
pheres, 80”. Extracts were collected in 2 ml of 
methanol. Post-extraction treatment after in situ 
methyl esterification involved treatment of the 
extract with 1M aqueous sodium chloride solu- 
tion and partitioning of the methyl ester into 
benzene before gas chromatographic analysis (1 
extract : 1 BF,/methanol : 1M sodium chloride : 1 
benzene, v: v: v : v). A standard, prepared from 
2,4-D methyl ester powder, was dissolved in 
methanol and underwent the same treatment as 
the extract. The 24-D methyl ester powder was 
stored in a refrigerated (4’) desiccator; its low 
melting point (38”) precludes oven drying. Also, 
a standard prepared from 2,4-D acid powder 
was dissolved in methanol, underwent BF,/ 
methanol derivatization in solution for at least 
5 min at roughly 60” in a sealed derivatization 
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vial, and then underwent the same treatment 
as the supercritical fluid extract (1 extract: 1 
BFS /methanol : 1 M sodium chloride : 1 benzene, 
v:v:v:v). 

Ion pairing extraction 

A 0.2N methanolic solution of m-trifluoro- 
methylphenyl trimethylammonium hydroxide 
(TFTMFA) (Meth Prep 2, Alltech Associates, 
Deerfield, IL, USA) used for gas chromato- 
graphic on-column derivatization, was added 
during SFE. A volume of 300 ~1 of this solution 
was injected into the extraction cell and allowed 
to react with 1.1 g of soil under supercritical 
fluid conditions of 300 atmospheres, 80”, in 
static mode for 10 min, followed by dynamic 
mode for 20 min. The extracts were collected in 
2 ml of methanol and were injected directly into 
the GC for analysis. Standards of 2,4-D methyl 
ester powder were prepared in methanol. Also, 
standards of 24-D acid powder were prepared 
in a 0.2N TFTMPA/methanol mixture (300 ~1 
0.2N TFTMPA to 2 ml of solution) and directly 
injected into the GC for analysis. 

roughly 2. The acetone was allowed to evaporate 
prior to silylation and extraction. Extraction 
conditions were 380 atmospheres, 80”, 15 min in 
static mode, followed by 40 min in dynamic 
mode, at 340 atmospheres, 80”. The hydro- 
chloric acid-treated sample was treated in situ 
with 200 ~1 of Tri-Sil concentrate during 
extraction. The extract was collected in 2 ml of 
hexane, and injected directly into the GC for 
analysis after volume adjustments with hexane, 
as were extracts from silylation experiments. 

Methanol-modified extraction was identical 
to the TFTMPA extraction, except that 300 ~1 
of methanol was injected onto the sample rather 
than TFTMPA. After the methanol-modified 
extraction, 300 ,ul of TFTMPA was added to 
the extract and the volume was adjusted to 2 ml. 

Calcium chloride treatment involved adding 
CaCl,. 2H,O dissolved in methanol (0.2M) to 
the extraction cell (300 ~1 to 1.1 g of soil) under 
supercritical fluid conditions. Extraction condi- 
tions were 300 atmospheres, 80”, 10 min in static 
mode, followed by 20 min in dynamic mode at 
300 atmospheres, 80”. Extracts were collected in 
2 ml of methanol. The extracts underwent BFS/ 
methanol derivatization in solution, and other- 
wise the same treatment (1M sodium chloride 
addition, partitioning into benzene) as that de- 
scribed for methyl esterification extracts. Like- 
wise, the same 24-D methyl ester and 
2,4-D acid standard preparation was performed 
as that of the methyl esterification experiment. 

Ionic displacement 

Soil phosphate treatment involved addition of 
0.2 ml of an aqueous solution of 1mM phos- 
phate as phosphoric acid, adjusted to pH 4 with 
potassium hydroxide, to 1.2 g of soil. Addition 
of the phosphate solution was made to the soil 
in the SFE cell; the solution was allowed to 
evaporate for 7 hr under an operating fume 
hood, until the soil appeared dry by visual 
inspection. The coarse-grained nature of the soil 
allowed for relatively rapid drying. Extraction 
conditions were 380 atmospheres, 80”, 60 min in 
dynamic mode. The extract was treated in solu- 
tion with Tri-Sil concentrate as was described 
in the silylation section. After 200 ~1 of Tri-Sil 
was added, the extraction conditions were 380 
atmospheres, 80”, 15 min in static mode, 
followed by 45 min in dynamic mode at 340 
atmospheres, 80”. Extracts were collected in 2 ml 
of hexane. 

Some concern might be expressed regarding 
the use of chloride and its potentially corrosive 
effects on the high pressure stainless steel 
extractor and fittings. To date we have noticed 
no corrosive effects of methanolic calcium 
chloride treatment. The extractor, of course, 
was thoroughly cleaned after each use. 

SFE collection e@ciency 

Lindane (y-1,2,3,4,5,6 chlorocyclohexane) 
was used as a check on collection efficiency by 
placing 3 ~1 of a 1-ppm acetone solution onto 
the filter frit on the outlet end of the extraction 
cell, and allowing the acetone to evaporate 
before cell closure. Extraction conditions were 
300 atmospheres, 80”, 10 min in static mode, 
followed by 20 min in dynamic mode under the 
same conditions. The lindane was collected in 
2 ml of methanol. The recoveries obtained were 
104, 94, 101 and 99% for four identical trials. 
Since lindane is more volatile (m-p. 112O) than 
2,4-D (m.p. 138”), high collection efficiencies 
were assumed for 2,4-D. 

Soxhlet extraction 

Soil hydrochloric acid treatment involved Soxhlet extractions (EPA method 3540), 
the addition of 0.2 ml of a O.OlN solution were performed using 6 g of soil placed in an 
of hydrochloric acid in acetone to 1.2 g of soil acid-washed glass extraction thimble. The thim- 
to reduce the soil-acetone solution to a pH of ble was placed in the upper portion of an acid- 
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washed standard Soxhlet extractor with 300 ml 
of acetone/hexane (1: 1) in the lower flask, 
heated in a heating mantle, and allowed to cycle 
for 24 hr. The extract was evaporated to 10 ml 
using an acid-washed 500-ml Kuderna-Danish 
apparatus and Snyder column, passed though 
2 g of baked Na,SO,, which was further rinsed 
with 3 x 2-ml portions of acetone into the 
collection flask; the collected extract was quanti- 
tatively transferred using acetone to an acid- 
washed 40-ml Kudema-Danish apparatus with 
a Snyder column, and further evaporated to 
a volume of approximately 0.5 ml. Soxhlet 
extracts, and standards of 2,4-D acid prepared 
in 0.5 ml of acetone/hexane (3: 1) underwent 
BF,/methanol derivatization (1 ml BF, /meth- 
anol), 1M aqueous sodium chloride addition 
(1 ml), and partitioning into 5 ml of benzene. 
Standards of 24-D methyl ester were prepared 
in 0.5 ml of acetone/hexane (3 : l), were mixed 
with 1 ml of methanol, 1 ml of 1M aqueous 
sodium chloride, and were partitioned into 5 ml 
of benzene. 

This Soxhlet procedure gave recoveries of 98 
and 96% of the 24-D acid added directly to the 
Soxhlet without a soil matrix. 

Chromatography 

Analyses were performed with a Tracer gas 
chromatograph equipped with an l&meter 
DB-5 capillary column, a split-mode injection 
system, and an electron capture detector (ECD). 
Analyses for silyl esters of 2,4-D were per- 
formed using a column temperature set at 190”, 
injector at 250”, column flow of 0.8 ml/mm, and 
an ECD temperature set at 325”. For methyl 
esters of 2,4-D, the column temperature used 
was 180”, while all other conditions are the same 
as for silyl esters. 

RESULTS AND DISCUSSION 

Silyl esteri@cation 

Silylation of 24-D under supercritical fluid 
conditions was successful when a known amount 
of 24-D was placed in the cell in the absence of 
soil. Figure 2B shows a chromatogram of 24-D 
silylated under SFE conditions, and Fig. 2C 
shows a chromatogram of a standard of 2,4-D 
derivatized under laboratory conditions. This 
extraction without matrix recovered 91% of the 
24-D as 24-D silyl ester. 

When 1.2 g of Z&D-spiked soil (40 ppm) 
were placed in the extraction cell with no deriv- 

2,4- DSE 

2,4- DSE 

st 
L L 

A 6 C 

Fig. 2. Chromatograms of supercritical fluid extracts of 
2,4-D silyl esters. A. SFE procedural blank prior to extrac- 
tion B. B. Silylation in the SFE cell during extraction 
without soil present. C. Silylation under laboratory con- 

ditions using the same 2,4-D mass as B. 

using supercritical CO, (Fig. 3B). Addition of 
200 ~1 of Tri-Sil Concentrate (which fills the soil 
pores with solution) recovered approximately 
18% of the 24-D (Fig. 3C) from the spiked soil. 
Second and third subsequent additions of Tri- 
Sil concentrate recovered approximately 7 and 
6%, respectively, of the original 2,4-D in the 
sample (Fig. 3D and 3E). 

The average recovery for 6 independent 
extractions was 31% with a standard deviation 
of 9% (Table 1). For soils containing more 
moisture than the 0.4% of this sample, the use 
of silylating reagents is likely to be even more 
of a problem since water may interfere with 
silylation. Another disadvantage of making 
2,4-D silyl esters is that these esters are not 
commercially available, making standard prep- 
aration a source of uncertainty in the results. 
However, 2,4-D methyl esters are commercially 
available and can be used to test recoveries from 
supercritical fluid extractions. 

Methyl ester$cation 

The methyl ester of 24-D was formed in the 
extraction cell using BFJmethanol in soil spiked 
at the 10 ppm level. BF,-catalyzed/methanol 

atizing reagent added, no 24-D was extracted derivatization is commonly used for esterifying 
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Fig. 3. Chromatograms of supercritical fluid extracts resulting from successive additions of Tri-Sil 
concentrate to 2,4-D-spiked soil in the extraction cell. A. Procedural blank prior to extraction B. B. Soil 
with no Tri-Sil added. C, D, E. First, second, and third increments (200 ~1 each) of Tri-Sil added to the 

soil, respectively. 

24-D in solutions for gas chromatography,“-I6 
and has been used by Hawthorne et al., to 
recover 2,4-D from spiked and agricultural soil 
by supercritical fluid extraction.* 

For solutions, BFJmethanol is normally used 
at elevated temperatures (above the boiling point 
of methanol), and takes roughly 5 to 10 min. 
These conditions were met during SFE in the 
work of Hawthorne et al.,’ and in ours; how- 
ever, we found it necessary to destroy the BF3 
after extraction with an aqueous solution (such 
as 1M sodium chloride), and to partition the 
24-D methyl ester into a non-polar solvent such 
as benzene for gas chromatography to prevent 
deterioration of the GC column. Initially when 

Table 1. SFE recoveries of 2,4-D from Hoypus sandy loam 
using various modifiers 

No. 
CO1 Modifier trials Recovery Form of 2,4-D 

No modifier added 5 0 Acid 
Tri-Sil cont. 6 31*9% Silyl ester 
0.2M CaCl,/MeOH 2 86%, 87% Acid 
BFJMeOH 1 90% Methyl ester 
MeOH 2 6%, 6% Acid 
0.2h’ TFTMPA/MeOH 2 19%, 14% Undetermined 

extracts and standards with BFJmethanol were 
injected into our GC with a glass injector, 2,4-D 
methyl ester peaks were normal. However, use 
of the GC twenty-four hours later gave sub- 
stantially broadened peaks. Peak widths at half 
maximum of 24-D methyl ester standards (not 
containing BFJ were 2.3 times greater than 
before BFj injections. After the subsequent 
replacement of the glass injector and removal of 
roughly 0.3 m of the column, chromatographic 
efficiency was restored. 

Another problem experienced with BF, /meth- 
anol in the SFE was the development of holes 
at unions made of PEEK during the second 
extraction. This prevented multiple extractions 
and would make the routine use of BF3 difficult 
and prompted us to abandon BFX as an in situ 
derivatizing reagent. During the tlrst extraction, 
however, a recovery of 90% of the 2,4-D as its 
methyl ester was obtained (Table 1). 

Ion pairing 

When an ion-pairing reagent, m-trifluoro- 
methlphenyl trimethylammonium hydroxide 
(TFTMPA) was added to the soil sample during 
extraction, improved recoveries of 2,4-D were 
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Fig. 4. Chromatograms of samples from supercritical fluid extractions using A. CaClJmethanol with 
post-extraction derivatization with BFJmethanol, and B. BFJmethanol derivatization during extraction 
(Hoypus zc). C. CaCl,/methanol with post-extraction derivatization from the soil containing 4.2% organic 

carbon. Lindane was used as an internal standard. 

obtained over those when the sample was 
extracted with methanol alone (Table 1). Appar- 
ently, TFTMPA extracts the 2,4-D acid by 
forming the trifluoromethylphenyl trimethyl- 
ammonium salt, which dissolves into the super- 
critical fluid as an ion pair. Upon introduction 
into the hot gas chromatographic injector, the 
ion pair is thermally decomposed to form 
the methyl ester. ~OJ The use of TFTMPA or 
other quatemary ammonium additives provides 
an attractive alternative to BFJmethanol treat- 

Table 2. Comparison of standard Soxhlet extraction to 
CaClr-modified CO2 SFE for the extraction of 24-D from 

organic-rich Coupeville Ap soil 

No. Form of 
Method trials Recoverv 2.4-D 

0.2M CaCl,/MeOH on 
organic-rich soil 2 52%, 42% Acid 
Soxhlet on 
organic-rich soil 2 23%, 26% Acid 

ment because the extracts require no post- 
extraction treatment. Unfortunately, the overall 
2,4-D recoveries from SFE experiments in 
which TFTMPA was the additive were low 
compared to standards of 24-D methyl ester 
(14-19%). 

Ionic displacement 

In addition to ion pairing, TFTMPA may 
have been serving as an ion displacement reagent. 
Either the quatemary ammonium cation and/or 
its counterion may have displaced the acid or 
its conjugate base from active sites on the soil. 
To investigate this possibility in more detail, 
experiments with phosphate, hydrochloric acid 
and calcium chloride were made. 

Because 24-D is a weak acid it may be 
dissociated and adsorbed by the soil as an 
anion. Thus, phosphate at a pH of 4 was chosen 
as an anion exchanging reagent. Under acidic 
conditions, phosphate is known to form inner- 
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sphere complexes with metal hydroxides by 
exchanging with anions in the soil to become 
irreversibly adsorbed.” The phosphate-treated 
soil was supercritically extracted with carbon di- 
oxide. This extract was silylated after collection 
and analyzed for the 2,4-D silyl ester. 

Unfortunately, the phosphate treatment pro- 
duced an extraction of only about 19% of the 
adsorbed 24-D in the soil. However, remember 
that no 2,4-D can be extracted from this soil 
without some treatment, even though the acid 
form is soluble in supercritical carbon dioxide. 
After this extraction, 200 ~1 of the silylating 
reagent was added to the sample but only about 
7% more of the original 2,4-D was recovered in 
this step for a total recovery of 26%. This was 
about the same as that observed for silylation 
alone. The addition of phosphate had little 
improvement on extraction efficiency from that 
of simple silylation. 

The partial success of phosphate treatment 
indicated that perhaps some of the 2,4-D was 
adsorbed in the free acid form. Treatment with 
hydrochloric acid and silylation prior to extrac- 
tion produced an enhanced recovery of 42%. 
We speculate that this was due to competitive 
displacement of hydrogen-bonded acid to 
hydroxy and/or anionic sites with protons to 
release the free acid which then formed the silyl 
ester. 

Encouraged by these results, a strong cation 
displacing reagent, calcium chloride, was added 
to the soil during extraction. In this case the 
2,4-D was extracted as the free acid and con- 
verted to the methyl ester for GC analysis after 
collection (Fig. 4). For two independent but 
identical experiments, extraction yields were 86 
and 87%. Remember that when methanol with- 
out calcium chloride was used under the same 
conditions, only 6% yields of 2,4-D were ob- 
tained. The choice of calcium chloride was in 
part based on work by Cheng19 in which a 
combination of methanol and calcium chloride 
was notably more efficient at extracting atrazine 
from soil than was methanol alone. This work 
was done using liquids only (not supercritical 
fluids). 

Organic-rich soil 

After these encouraging results, experiments 
with various soils were initiated. An example of 
these experiments is that of an organic-rich soil 
(4.2% organic carbon by weight). This soil was 
spiked with 24-D at the 10 ppm level. The 
results of duplicate experiments are shown in 

Table 1, including the results of comparative 
Soxhlet extractions. The recovery from this 
soil was 52 and 42% (Table 2). The Soxhlet 
extraction technique was notably less efficient, 
giving only 25 and 26% recovery of the 2,4-D. 
A lower Soxhlet recovery was also seen for 
the sandy soil, which gave a Soxhlet recovery 
of 47%. 

Critique of methyl ester standard preparation 

For experiments in which GC analyses 
involved methyl esters, the standard was 
prepared from 24-D methyl ester powder. For 
comparison, standards were also prepared from 
2,4-D acid powder and then converted to the 
methyl ester as described in the experimental 
section. When 24-D acid standards derivatized 
with BFJmethanol were used recoveries for the 
methanolic calcium chloride displacement ex- 
periment were 72 and 72%, rather than the 86 
and 87% recoveries reported in Table 1 for the 
methyl ester powder standard. Similarly, the 
2,4-D acid standard gave an 80% recovery 
compared to the 90% recovery determined with 
the methyl ester standard and reported in Table 1 
for the BF,/methanol modified extraction. The 
lower recoveries calculated using the 2,4-D acid 
standard relative to the 2,4-D methyl ester 
standard may have been due to partial hydroly- 
sis of the methyl ester powder. 

In contrast, recoveries determined using 
standards prepared from the methyl ester powder 
were substantially lower for the ion-pairing 
and methanol-modified experiments than those 
determined using standards prepared from the 
acid powder. For the methanol-modified exper- 
iment, SFE recoveries of 24-D determined with 
the 2,4-D acid standards were 11 and 15%, 
compared to the 6 and 6% reported in Table 1 
based on the methyl ester standards. For the 
0.2N TFTMPA-modified experiment, SFE 
recoveries determined with the 24-D acid 
standards were 69 and 71%, compared to the 19 
and 14% reported in Table 1 based on the 
methyl ester standards. We attributed this to 
the low derivatization yield of 0.2N TFTMPA. 
Under the conditions used in this study, 0.2N 
TFTMPA converted only 24 to 33% of the 
2,4-D acid standards in solution to the ester 
form. Thus, it is possible that the low extraction 
yields reported in Table 1 for the TFTMPA 
modifier may have been due to insufficient 
derivatization. 

Hawthorne et al., who obtained a recovery 
of 2,4-D >90% with TMPA (trimethylphenyl- 
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ammonium hydroxide), used a relatively high 
concentration of TMPA (about 20% in 
methanol) with a 15-min derivatization step and 
multiple extractions. Thus, with optimization of 
the esterification process in the GC, ion-pairing 
extraction followed by thermal decomposition 
esterification appears promising as an approach 
for the extraction and quantification of 2,4-D 
from soils. 

CONCLUSIONS 

This is the first report of the use of a salt 
solution to increase extraction efficiencies of 
polar compounds during SFE. The possibilities 
for salt-modified SFE look promising for the 
extraction of polar compounds. However, con- 
siderable optimization with respect to salt type, 
concentration and extraction time is needed 
before a final recommendation concerning this 
approach can be made. 

Acknowledgements-The activities on which this report 
is based were financed in part by the Department of 
the Interior, U.S. Geological Survey, through the State 
of Washington Water Research Center. The contents of 
this publication do not necessarily reflect the views and 
policies of the Department of the Interior, nor does mention 
of trade names or commercial products constitute their 
endorsement by the United States Government. The 
SFE described was designed by R. Mark Worthington, 
who also contributed valuable technical advice for GC 
and SFE analyses. Several useful technical suggestions 
were provided by Michael Gallagher and Jeffrey Boyle. 
Editorial contributions were made by Andrew V. Ogram 
and Jeffrey L. Smith. 

1. 

2. 
3. 
4. 

5. 
6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 
14. 

15. 

16. 

17. 

18. 

19. 

REFERENCES 

J. A. Goodrich, B. W. Lykins and R. M. Clark, 
J. Environ. Qual., 1991, 20, 707. 
A. E. Smith, Weed Res., 1980, 20, 355. 
I&m, ibid., 1978, 18, 275. 
U.S. EPA, Test Methods for Lbaluating Solid Wastes: 
SW-846, Vol. I, U.S. Environmental Protection Agency, 
Office of Solid Waste and Emergency Response, 
Washington, D.C., 1986. 
S. B. Hawthorne, Anal. Chem., 1990, 62, 633A. 
M. E. P. McNally and J. R. Wheeler, J. Chrom., 1988, 
447, 53. 
J. W. Hills, H. H. Hill, Jr and T. Maeda, Anal. Chem., 
1991, 19, 2152. 
S. B. Hawthorne, D. J. Miller, D. E. Nivens and D. C. 
White, ibid., 1992, 64, 405. 
D. W. Nelson and L. E. Sommers, Indiana Acad. Sci. 
Proc., 1975, 84, 456. 
A. Darbre, In Handbook of Derivatives for Chromatog- 
raphy, K. Blau and G. S. King (eds.), Heyden and Sons, 
London, 1978. 
J. Homer, S. S. Que Hee and R. G. Sutherland, 
Anal. Chem., 1974, 46, 110. 
M. A. Bairn and H. H. Hill, Jr., J. Chrom., 1983, 270, 
631. 
W. P. Cochrane, J. Chrom. Sci., 1979, 17, 124. 
B. A. Olson, T. C. Sneath and N. C. Jain, J. Agric. Food 
Chem., 1978, 26, 640. 
Y. Emer and C. W. Coggins, Jr., J. Am. Sot. Hort. Sci., 
1989, 114, 846. 
C. R. Sell and J. C. Maitlen, J. Agric. Food Chem., 1983, 
31, 572. 
D. K. McCreary, W. C. Kossa, S. Ramachandran and 
R. R. Kurtx, J. Chrom. Sci., 1978, 8, 329-331. 
G. Sposito, The Chemistry of Soils, Oxford University 
Press, New York, 1989. 
H. H. Cheng, Intern. J. Environ. Anal. Chem., 1990,39, 
165. 



Tahnta, Vol. 40, No. 2, pp. 157-165, 1993 0039-9140/93 $6.00 + 0.00 
Printed in Great Britain. All rights mcmcd copyright 0 1993 Pexgamon Pm8 Ltd 

ACID-BASE AND DISTRIBUTION EQUILIBRIA OF 
5,7-DICHLORO-2-METHYL-WIYDROXYQUINOLINE IN 

BRIJ-35 MICELLAR MEDIA SOLUTIONS 

J. L. BELTR,&N,* R. CODONY, M. GRANAWS, A. IZQUERJX and M. D. PRAT 

Departatnent de Qufmica Analitica, Universitat de Barcelona, Diagonal 647, 08028 Barcelona, Spain 

(Received 2 August 1991. Revised 25 May 1992. Accepted 25 May 1992) 

Summar-The acid-base equilibria of 5,7-dichloro-2-methyl-8-hydroxyquinoline (HQ) have been 
examined spectrophotometrically in aqueous micellar solution of the non-ionic surfactant Brij-35. 
The differences between apparent pK, values at different surfactant concentrations can be quantitatively 
explained in terms of the extraction constants of the neutral species HQ and the ion-pair Na+Q-. 
Calculations have been performed by means of SPDIS program, developed in this work to handle 
multiwavelength spectrophotometric data in micellar systems. 

Aqueous micellar media are widely used in 
different areas of analytical chemistry and several 
reviews concerning their analytical applications 
have been published.‘-4 One important property 
of micelles is their ability to solubilixe a wide 
variety of compounds which are insoluble or 
slightly soluble in water. The incorporation of 
a solute into micellar systems can lead to 
important changes in its molecular properties. 
Surfactants usually affect spectral parameters: 
the intensity of the absorption bands can be 
increased and shifts in the absorption maxima 
of reagents and complexes are ~bserved.~*~ More- 
over, the acid-base and complexation equilibria 
involved in these systems are also influenced by 
surfactants.‘** 

Several theories have been proposed to 
account for the changes in spectral parameters 
and equilibria.“” One of the most successful is 
the partition model,‘“r5 in which it is assumed 
that micelles act as a separate phase uniformly 
distributed throughout the solution, and distri- 
bution of neutral species and ion associates 
between the aqueous phase and micelles can 
occur. 

In this work the effect of the non-ionic 
surfactant polyoxyethylenlaurylether (Brij-35) 
on the apparent dissociation constants of 5,7- 
dichloro-2-methyl-&hydroxyquinoline or chlor- 
quinaldol @IQ) was studied by spectrophotom- 

*Author for correspondence. 

etry. Interest in chlorquinaldol is related to 
its chelating ability towards metal ions and the 
enhancement of the fluorescence of some metal- 
chlorquinaldol complexes observed in non-ionic 
surfactant media.i6,” 

Although studies of equilibria in micellar 
media are usually carried out by means of 
uv-visible spectrophotometry,5*8~18*19 to date no 
program has been able to calculate extraction 
and distribution constants from multiwavelength 
spectrophotometric data in these systems, where 
there is no physical separation between the two 
phases. Therefore, the constants were determined 
from data obtained at one wavelength and it 
was impossible to obtain the spectra of the 
species extracted into the micellar phase. 

In order to improve the data treatment of 
this kind of system, the SPDIS program has 
been developed. It has been designed to handle 
spectrophotometric data taking into account 
the presence of distribution processes between 
aqueous and micellar phases. 

By using SPDIS a quantitative assessment 
of the equilibria involved in the system 
studied has been obtained. The proposed model 
explains the differences observed between the 
apparent acid-base constants and the aqueous 
acid-base constants. Additionally, the effect of 
Brij-35 media on the fluorescence of chlor- 
quinaldol has been studied and the variations 
in fluorescence intensity have been related with 
distribution equilibria between micellar and 
aqueous phases. 

157 
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EXPERIMENTAL 

Apparatus 

The spectrophotometric measurements were 
carried out on a Beckman DU-7 instrument, 
using a l.OO-cm quartz cuvette. The spectro- 
photometer was connected to an IBM personal 
computer for data collection. 

For fluorimetric measurements a Perkin Elmer 
LS-SO spectrofluorimeter, with a 1 .OO-cm quartz 
cuvette, was used. 

The pH values were measured on a Radi- 
ometer PHM84 pH-meter, equipped with a 
Ross combined pH-electrode (Orion 8 l-02). The 
potentiometric system was calibrated prior to 
use with 4.008,6.863 and 9.185 buffer solutions, 
prepared from Merck salts according to DIN 
19266. 

All spectrophotometric, fluorimetric and 
potentiometric measurements were made at 
25.0 f 0.1”. 

Reagents 

5,7 - Dichloro - 2 -methyl - 8 - hydroxyquinoline 
(Supro, Troponwerke, Koln) was recrystallized 
twice from ethanol solution. Fresh lo-‘M 
solutions were prepared daily by dissolving the 
reagent in 0.02M hydrochloric acid. Brij-35 
(Fluka) was used without further purification. 
All other chemicals were of analytical grade. 
Buffer solutions were prepared according to 
Perrin and DempseyX from formic acid and 
sodium hydroxide, sodium dihydrogenphosphate 
and sodium hydroxide, and tris(hydroxymethyl)- 
aminomethane and hydrochloric acid. Ionic 
strength of the working solutions was kept 
constant at O.lM by addition of sodium 
chloride. 

Procedures 

In order to determine the dissociation 
constants of chlorquinaldol, several series of 
solutions were prepared by adding hydrochloric 
solution of the reagent to 50-ml standard flasks, 
containing the buffer (2 x 10e3M), the ionic 
medium and the surfactant. Final concentration 
of chlorquinaldol was about 2 x 10-5M. After 
thermic equilibration, spectra of the solutions 
were recorded, from 220 to 450 nm, at 5-nm 
increments, and finally the pH of the solutions 
was measured and converted into hydrogen 
ion concentration, according to the Davies 
equation.” (The activity coefficient calculated 
for the hydrogen ion was 0.771 at 25” and 
0.1 A4 ionic strength). Fluorimetric measurements 

were carried out at h, = 350 nm and 1, = 
530 nm, using excitation and emission slit 
widths of 5 and 10 run, respectively. 

Data treatment 

Dissociation constants. The dissociation con- 
stants of chlorquinaldol and the molar absorp- 
tivities of its pure species were determined using 
the program STAR. *’ This program was also 
used in the determination of “apparent” 
dissociation constants in micellar media, at 
different concentrations of surfactant. The 
apparent dissociation constants (Kz and Kz) 
are defined as: 

K,: = [HQl** IN+1 Kz = [Q-l*- [H+l 

lWQl* [HQl* 

(1) 

where FbQ+l*, lYQl* and [Q-l* are the total 
concentration of the cationic, neutral and 
anionic species of chlorquinaldol, regardless 
of whether they are in the aqueous or micellar 
phase. 

Taking into account that in micellar media 
the dissociation constants calculated by STAR 
are apparent, the molar absorptivities obtained 
with the program are also apparent. From the 
variation in the apparent dissociation constants 
and molar absorptivities, at different surfactant 
concentrations, the species that participate in 
distribution processes between the aqueous and 
micellar phases can be inferred. 

Distribution equilibria. For the treatment of 
the extraction equilibria in micellar phases, the 
SPDIS program, based on the program STAR, 
was developed. As SPDIS is written in Turbo- 
PASCAL (5.0) for personal computers (IBM- 
PC/AT or compatible). The program was used 
for the determination of the extraction and 
distribution constants from absorbance data of 
micelle-containing solutions. The mathematical 
background is as follows: in a micellar medium, 
the volume of the micellar pseudophase (Vm) 
is given by: 

Vm =(Cs-cmc)*V*Vr$ (2) 

where Cs is the total concentration of surfactant, 
cmc the critical micelle concentration (both in 
mole .1-i), V~#J the partial molar volume of 
micellar phase (l./mole), and V the total volume 
of the solution (Y = Vm + VW, VW: volume of 
the aqueous phase). The ratio R, of the micellar 
volume to the total volume can be written as: 

R = Vm/V=(Cs-cmc).V+ (3) 
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The absorbance of a solution at aj determined r-component), its total concentration (C,), is 
wavelength (Aj) will be: equal to: 

Aj=Aj(*)+Aj(@ (4) 

where AXWj and AKmj are the absorbances of 
the aqueous and micellar phases, respectively, 
Assuming a pathlength equal to 1.00 cm, these 
absorbances can be written as: 

where sc(i,r) is the stoichiometric coefficient 
of the r-component in the i-species. 

Substituting the values (~w/~) = 1 and 
(Ym/ V) = R the following equation is obtained: 

(5) 

i=1 

where ni is the number of absorbing species, 
CicW) and Ci(,,,) are the concentrations of the 
i-species in aqueous and micellar phases, and 
tj,(w) and Ej,ern) the molar absorptivities at the 
j-wavelength of the i-species in aqueous and 
micellar phases. 

In this work, the values of R varied from 
1.83 x 10e5 to 1.96 x 10m3, thus the factor 
(1 - R) in equation (5) can be assumed equal 
to unity (V = VW). 

If we consider that an extraction equilibrium 
takes place between aqueous and micellar 
phases we can write: 

Km being the dist~bution constant of the 
i-species. 

The program SPDIS was used for the deter- 
mination of these distribution constants and 
the molar absorptivities of the species extracted 
in micellar phase, from absorbance data. For 
these calculations, previous knowl~gement of 
the formation constants of the species in aqueous 
phase, and their molar absorptivities, are 
advisable. 

The algorithms used for the refinement of 
equilibrium constants, and for the calculation 
of molar abso~ti~ties, are the same as used 
in STAR. However, there is a minor change 
in the description of solution equilibria to 
take into account the extracted species. For 
each component of the solution (e.g., the 

C,= 2 sc(i,r).Cic,,,,+ t sc(i,r).t&,,,.R (9) 
I=1 i=t 

And, taking into account equation (7): 

C, = jJ sc(i,r) . Cicw, 
i=l 

+ fJ sc(i,r).Cq,,,.&i.R (IO) 

On the other hand, the concentration of each 
species in aqueous phase is defined as: 

Where nk is the number of components, 
&Wj the formation constant of the i-species in 
aqueous solution, and &,) the free concen- 
tration of the k-component in aqueous phase. 
Rearranging equations (IO) and (I 1) we obtain: 

i-1 k=l 

i=l k=l 

In order to simplify computation, the second 
term on the right side of equation (12) can 
be treated as the definition of a system with 
nk + 1 components, where R is considered as 
the nk + 1 component, and &,1.Kai is the 
extraction constant of the extracted i-species. 
Therefore equation (12) can be written as: 

(13) 

where nl is the total number of species in 
aqueous phase and micellar phase. 

The stoichiometric coefficient of R for the 
l-species, sc(Z, nk -t I), can only take two values: 
0, for species present in the aqueous phase, 
and 1, for species present in micellar phase. 
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For any species the formation or extraction 
constant will be given by: 

B, = B/W. &I ifsc(l, nk + 1) = 1 

BI = Bl(w) if sc(l, nk + 1) = 0 

The R value is used as a “free concentration”, 
but it is calculated directly after equation (3). 
Furthermore, as the hydrogen ion concentration 

a 

is known (as the pH of solution is measured), 
only nk - 1 mass balance equations have to be 
solved. 

Once the mass balance equations have been 
solved, the program calculates the unknown 
molar absorptivities by multiple regression,** 
and the constants can be refined by the Gauss- 
Newton method.23 As in STAR program, the 
minimized function is the sum of squared 

(a) 

06 

220 270 320 370 420 

X hm) 

I b (bl 

220 270 320 370 420 

Xhm) 

Fig. 1. Absorption spectra of chlorquinaldol (HQ) in aqueous solution as a function of pH. A: pH = 1.06 
(a), 2.29, 2.95, 3.10, 3.24, 3.40, 3.54, 3.71, 3.90,4.15,4.54, 5.34 and 6.02 (II). B: pH = 6.02 (a), 7.24, 7.59, 
7.85, 8.03, 8.21, 8.58, 8.81, 9.14 and 11.71 (b). CHQ= 1.98 x IO-‘&f. Arrows indicate the spectral trends 

in changing the PH. 
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residuals of the absorbance of n solutions 
(a maximum of 200 in the SPDIS program) at 
nj wavelengths (up to 12). 

RESULTS AND DISCUSSION 

Dissociation constants in water 

Chlorquinaldol shows two acid-base equi- 
libria: the first is that of the heterocyclic nitro- 
gen protonation, and the second corresponds 
to the dissociation of the hydroxyl group. 

Chlorquinaldol absorption spectra in aqueous 
solution, in the absence of Brij-35, at several pH 
values are shown in Fig. 1. The protonated 
species exhibits an absorption maximum at 260 
nm, the neutral species shows two absorption 
maxima, at 250 and 280 nm, and for the anionic 
form the absorption maximum is located at 
265 nm. On the other hand all species shows 
broad bands at visible range, these bands being 
less sensitive than those in the UV range. The 
calculated pK, constants are pK,, = 3.44 f 0.01 
and pK,, = 7.84 + 0.02. 

Apparent dissociation constants in the presence 

of Brij-35 

In order to determine the influence of the non- 
ionic surfactant Brij-35, a series of experiments 
were run at different Brij-35 concentrations, 
above the cmc. The apparent pK, values of 
the reagent for each Brij-35 concentration are 
given in Table 1. These results shows that as 
the surfactant concentration increases, from 
1.1 x 10p4A4 to 1.9 x 10m3M, the apparent pK,, 
decreases from 3.34 to 2.37, whereas the pK, 
increases from 7.92 to 8.53. 

The apparent spectra of the protonated form 
are independent of the surfactant concentration. 
Nevertheless, apparent spectra of the neutral 
form are strongly dependent on Brij-35 con- 
centration. As its concentration increases, the 
intensity of absorption maximum at 280 nm 

Table 1. Apparent dissociation constants of chlorquinaldol 
in aqueous Brij-35 solutions 

GfiJ-11 (W PK.,* P&+ sigma 

3.44 (0.01) 7.84 (0.02) 0.0055 
1.07 x lo-’ 3.34 (0.02) 7.92 (0.03) 0.0065 
1.53 x lo-’ 3.3 1 (0.02) 7.96 (0.02) 0.0044 
1.92 x 10-4 3.24 (0.02) 7.97 (0.03) 0.0071 
3.21 x lo-’ 3.15 (0.02) 8.07 (0.02) 0.0052 
6.50 x lo-’ 2.90 (0.02) 8.23 (0.02) 0.0049 
1.07 x lo-” 2.68 (0.02) 8.35 (0.02) 0.0053 
1.91 x lo-’ 2.37 (0.02) 8.53 (0.02) 0.0051 

*Values in ( ) are three times the estimated standard 
deviation of pk; as given by the program. 

decreases, and the intensity of the 250 nm maxi- 
mum increases and shows a slight bathochromic 
shift. At high surfactant concentrations the 
apparent spectra of the neutral form show the 
same shape as those obtained when chlorquin- 
aldol is dissolved in organic solvents like chloro- 
form, benzene or isoamyl alcohol.24 On the 
other hand, apparent spectra of the anionic 
species show a bathochromic shift of the maxi- 
mum at 265 nm, and the band intensity slightly 
decreases as Brij-35 concentration increases. 
In Fig. 2 the apparent molar absorptivities, 
for each Brij-35 concentration, of the species 
HQ and Q-, calculated by means of STAR 
program, are displayed. 

Distribution equilibria in water-Brij-35 systems 

According to the partition model, distribution 
of neutral species and ion associates between the 
aqueous solution and the micellar phase can take 
place. Since Brij-35 is a non-ionic surfactant, in 
this system ion-pairing can only occur between 
the charged species of the reagent, Q- and 
H2Qf, and sodium and chloride ions, from the 
ionic medium. The effect of ions from buffers 
was neglected because their concentrations are 
much lower than those of the sodium chloride 
used to adjust the ionic strength. 

Several equilibria models were checked with 
the SPDIS program. These models were chosen 
according to the variations observed in the 
spectral parameters and acid-base behaviour 
with the surfactant concentration. Thus, the 
variations observed in the apparent spectra of 
the neutral species, and in the apparent pK, 
values (pK,, decreases and pK,, increases as 
Brij-35 concentration increases) suggest that 
HQ distributes between aqueous and micellar 
phases, as can be expected. On the other hand 
some variation in the apparent spectra of the 
anionic species was detected. In addition the 
extraction of ionic associates between the anionic 
form of oxine and derivatives and alkaline ions 
have been reported in several systems, including 
micellar solutions of non-ionic surfactants.‘4*24 
Finally, from the apparent spectra of cationic 
species obtained at different Brij-35 concen- 
trations no inference can be made about the 
extraction into the micellar phase of an ion-pair 
of H2Q+. Nevertheless the extraction of this 
kind of ion-pair of oxine and derivatives into 
some organic solvents and micellar systems has 
been detected.‘4~u 

In Table 2 the models assayed are listed. 
The models include, besides the dissociation 

TA‘ 40,2-D 
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Fig. 2. Apparent molar absorptivities of the species HQ (a) and Q- (b) as a function of Csrit,l. 
Arrows indicate the spectrals trends in changing Cs,,, from 1.07 x lo-’ to 1.91 x lo-‘M. 

Table 2. Model testing of chlorquinaldol distribution in 
aqueous Brij-35 solutions 

Equilibria: 
(A) H2Q+ = HQ + H+ 4, 
(B) HQG=H+ +Q- K* 
(C) HQ = HQ, KD 
(D) Na+ + Q- s Na+ .Q&) KEI 
(E) HzQ+ + Cl- e HzQ+ .C& KE2 

Equilibria 
Model considered U siama D 

1 A,B,C 0.461 0.0171 
2 A,B,C,D 0.095 0.0078 
3 A,B,C,D,E 0.085 0.0074 

equilibria of the reagent in the aqueous phase, 
distribution equilibria of HQ, and of the ion 
associates HzQ+ . Cl- and Na+ . Q-. The fitting 
parameters obtained for each model are also 
given in Table 2. Calculations were carried out 
over 131 spectra, corresponding to Brij-35 
concentrations between 1.53 x 10e4 and 1.91 x 
10e3it4. Absorbance values were taken from 240 
to 295 nm. This wavelength range includes the 
most characteristic bands of the different species. 
In the SPDIS data input surfactant partial 
molar volume and c.m.c. values are needed 



5,7dichloro-2-methyI-8-hydroxyquinoline in Brij-35 163 

Table 3. Survey of the equilibrium constants for the 
dissociation and extraction of chlorquinaldol in aqueous 

Brii-35 solutions 

Eauilibrium LQQK LOQD 

H2Q+ = HQ + H+ 

%=&+Q- * cm) 
Na++Q-=Na+.Q,:, 

- 3.44 (0.01) 
- 7.84 (0.01) 

3.64 (0.01) 
3.77 (0.05) :::* 

+[Na+] = O.lM. 

-log (HI 

Fig. 3. Species distribution of chlorquinaldol (2 x lo-‘M) 
as a function of pH, at C,,,, = 1.9 x 10m3M. 

and they were taken as 1.070 l./mole25 and 
10-4M,426 respectively. 

If only distribution of the neutral species was 
considered (model 1) the standard deviation 
obtained was high (sigmaD = 0.0171) since large 
differences between experimental and calculated 
values were obtained, especially in the basic 
pH-range. When the extraction of the Na+ . Q- 
ion-pair was also taken into account (model 2) 

the fit with the experimental data was clearly 
improved (sigmaD = 0.0078). Finally model 3, 
which includes, besides the species of model 2, 
the extraction of H2Q+ .Cl-, was checked. 
Although a slight improvement of the fitting 
was obtained (sigmaD = 0.0074), the extraction 
constant of this ion-pair was ill-defined, and this 
species was found to be formed only to a 
maximum of 2%. Therefore the extraction 
of H2Q+ . Cl- was not considered further and 
model 2 was adopted for this system. The 
calculated values of the constants and the 
distribution ratio D, defined as ratio of total 
concentration of chlorquinaldol in the micellar 
phase to that in aqueous phase, are given in 
Table 3. Figure 3 shows the species distribution 
as a function of pH, calculated from the 
obtained constants (by using a modified version 
of SOL1 programn), for a Brij-35 concentration 
equal to 1.91 x 10e3M. Despite the high values 
obtained for the distribution ratios (log D = 
3.65 and log D = 2.77 for HQ and Q-, respect- 
ively), the mass of chlorquinaldol in the micellar 
phase does not exceed 90% because of the low 
volume of the micellar phase, only 0.2% of the 
total volume. 

The extraction of neutral and anionic species 
explains the observed differences in the spectra 
with increasing Brij-35 concentration. The 
calculated molar absorptivities of the species 
in micellar phases (A= 252 nm; log E = 4.63 for 
HQ and 1= 263 nm; log E = 4.50 for Q-) agree 
with those observed in organic solvents in which 
the extraction of the anionic species takes place, 
like isoamyl alcohol (A = 253 nm; log L = 4.65 

25 - 

l A- 

I I I 
. 

0.5 I.0 1.5 

CW+lJ-35mM 

Fig. 4. Apparemt dissociation constants as a function of Cw3, . (a): cxpelrimental vahes. (-): calculated 
curves using the constants given id Table 3. 
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Fig. 5. Relative fluorescence intensities (0) of chlorquinaldol (4 x 10eSM) as a function of pH, at 
C,, = 1.8 x 10-‘&f. Solid line corresponds to molar fraction of Na+Qh) 

for HQ and A = 260 nm; log L = 4.51 for Q-). 
On the other hand, the fact that the ion-pair of 
the anionic form distributes between the two 
phases, but the cationic form does not, explains 
the finding that the shifting observed in p& 
values is greater than that observed in pK, 
values. 

From constant values given in Table 3, 
the apparent dissociation constants of the 
reagent, as a function of Brij-35 concentration, 
were determined. Theoretical and experimental 
apparent dissociation constant values are dis- 
played together in Fig. 4. The good agreement 
between experimental and calculated “apparent” 
pK, values shows that the proposed model 
provides a complete description of the effect of 
Brij-35 on the apparent dissociation constants 
of the reagent. 

Fluorescence of chlorquinaldol in Brij-35micellar 
solutions 

It is well known that micellar media very 
often enhance fluorescence. This has been 
attributed to the solubilization of the fluoro- 
phore into the micelles. Preliminary experiments 
showed that chlorquinaldol does not fluoresce 
in aqueous solution in the whole pH range, but 
it does so when dissolved in basic aqueous 
micellar solutions of Brij-35 surfactant. In order 
to find a relationship between solubilization of 
chlorquinaldol into micelles and its fluorescence 
properties, the influence of pH and surfactant 
concentration on chlorquinaldol fluorescence 
was studied. 

The pH dependence of the fluorescence in- 
tensity, at constant chlorquinaldol(4 x 10d5M) 
and Brij-35 (1.8 x lo-)M) concentrations is 
shown in Fig. 5. Points are the experimental 
relative fluorescence values whereas the solid 
line corresponds to mole fraction of Na+Q& 
species in this micellar medium. This behaviour 

clearly indicates that the anionic form in the 
micellar phase is the only fluorescent species. 

The influence of Brij-35 concentration (be- 
tween 2 x lop4 and 2 x 10m3M) on fluorescence 
intensity was studied at constant pH (about 11) 
and chlorquinaldol concentration (4 x lo-‘M). 
It was found that the relative fluorescence inten- 
sity is a linear function of the mole fraction of 

Na+Q,&(&,o). 
The good correlation between observed 

fluorescence and calculated x,.&o shows that 
solubilization of anionic form of chlorquinaldol 
into the micelles is a determining factor for fluor- 
escence enhancement. Furthermore, the agree- 
ment between measured fluorescence intensity 
values and the proposed model for the equilibria 
of chlorquinaldol in Brij-35 micellar solutions 
confirms its validity. 
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CHEMILUMINESCENCE DURING THE OXIDATION OF 
ALCOHOLS BY PERMANGANATE: APPLICATION TO THE 
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Smmmuy-Chemiluminescence is observed during the oxidation of ethanol with potassium permanganate 
under very acidic conditions. Factors affecting the chemilumineacence signal are discussed. Based on this 
chemiluminescence reaction, a method for the determination of alcohol in gin was developed. The method, 
which has a detection limit of 0.3% (v/v) and a relative standard deviation of about 1% at 40.0% (v/v), 
was used in the determination of ethanol in three different brands of gin with no sample preparation. 

The oxidation of ethanol in acidic solutions by 
potassium permanganate is well known. This 
reaction is a two-electron process, which eventu- 
ally gives acetic acid.’ According to Bane@,* the 
permanganate-ethanol reaction stoichiometry is 
4 to 5. With a large excess of the alcohol, the 
reaction kinetics are first order in permanganate 
and ethanol, and the rate of oxidation increases 
linearly with acid concentration. 

Marino and Ingle3 demonstrated that chemi- 
luminescence (CL) is produced during the oxi- 
dation of humic material and polyphenols by 
permanganate ion in basic solutions. In our 
laboratory, it was discovered that oxidation of 
ethanol by permanganate ion produces weak 
CL and that the CL intensity is greater at very 
low pHs. Hence, the classic oxidation of simple 
aliphatic alcohols by acidic permanganate is a 
CL reaction. 

Determination of ethanol (proof) in liquors is 
mandated by the Department of the Treasury 
(Bureau of Alcohols, Tobacco and Firearms).“’ 
The specified method, which is also rec- 
ommended by the AOAC,6 is based on hydrom- 
eter readings which are normalized to 60°F. 
Ethanol in other types of samples has been 
determined with many different methods includ- 
ing amperometry,’ automated densitometry,’ 
gas chromatography>” and titrimetry.” 

This paper is concerned with using this new 
CL reaction for the determination of ethanol in 

*Present address: Jefferson State Junior College, Brewton, 
AL 36426, U.S.A. 

TAuthor for correspondence. 

gin. Spectral, optimization, and calibration data 
are discussed. 

EXPERIMENTAL 

Instrumentation 

A discrete-sampling CL photometer 
described elsewhere’*~” was used for all 
quantitative CL measurements. Briefly, it con- 
sists of a l-cm pathlength spectrophotometer 
sample cell housed in an aluminum sample 
chamber. A brass temperature-controlled jacket 
around the same cell is connected to a ther- 
mostated water bath. The contents of the 
sample cell are mixed with a magnetic stirrer 
and a stirbar. The final reagent is delivered to 
the cell by means of an automatic pnetmtati- 
tally-activated syringe to initiate the reaction. 
A portion of the light emitted during the reac- 
tion is impingent on the photomultiplier tube 
(PMT). The resulting photoanodic current is 
converted to a voltage, electronically filtered, 
and displayed on a recorder. 

Spectrophotometric data were obtained with 
a HP 8451A diode array spectrophotometer. 
Chemiluminescence spectra were acquired with 
a spectrometer based on an intensified diode 
array detector.‘4 

Solution preparation 

The water used for dilution of all aqueous 
solutions and rinsing was deionized water 
from a Millipore Milli-Q system connected to 
the house deionized water. All chemicals were 
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reagent grade. Potassium permanganate sol- 
utions (3OmM and lower) were stored in 
black Teflon bottles in the dark. These bottles 
were washed and soaked with 1% (v/v) hydro- 
chloric acid and then water to ensure the 
removal from the bottle walls of manganese 
dioxide formed during storage of previous 
permanganate solutions. 

Measurement procedure 

The general procedure followed for CL analy- 
sis involved the addition of 1.0 ml of sample, 
standard, or blank (water) and then 0.5 ml of 
acid to the sample cell with Eppendorf pipets. 
With the sample chamber lid closed and the 
PMT shutter open, 0.81 ml of the final CL 
reagent (KMnO,) was injected into the sample 
cell using the pneumatic injector. CL peaks 
for the blank were negligible unless otherwise 
stated. Between runs the reaction cell was 
cleaned by adding 50% (v/v) hydrochloric 
acid, letting it stand for 2-3 min, and then 
rinsing ten times with water. Reaction mix- 
tures and rinsing solutions were removed by 
vacuum aspiration. 

All CL signals were reported as the maxi- 
mum in the peak-shaped signal in Volts. 
Generally, the mean and the standard devi- 
ation of the CL signal from three or more 
repetitive runs are reported. The noise filter 
cut-off frequency was 0.5 or 1.0 Hz, and the 
cell temperature was controlled to 25”. 

RESULTS AND DISCUSSION 

Type of acid 

The effect of the type of acid on the ethanol 
CL reaction was studied by using 0.5 ml of 50% 
(w/v) nitric, phosphoric, acetic, perchloric, or 
sulfuric acids or concentrated hydrochloric acid 
in the reaction mixture. Calibration curves over 
a concentration range of l-50.0% (v/v) ethanol 

were obtained. No CL was observed with phos- 
phoric or acetic acid. Apparently the pH of 
reaction mixture is too high with these acids for 
the reaction to proceed at a significant rate. The 
results for the other acids are summarized in 
Table 1. Hydrochloric acid provides the greatest 
signal and has the advantage of dissolving the 
MnOz formed during the reaction. However, the 
precision and linearity are poor. The detection 
limit with sulfuric acid is worse than that with 
some of the other acids. Also the reaction rate 
is slow and there is a potential explosion hazard 
of this acid when combined with potassium 
permanganate. The use of perchloric acid has 
two disadvantages, an imprecise blank signal 
and a potential explosion hazard when mixed 
with organic compounds. Nitric acid was finally 
chosen as the best acid because it yields a 
relatively high CL intensity, a relatively fast 
reaction rate, a reasonable detection limit, good 
precision, no blank signal, and a more linear 
response at lower ethanol concentrations. 

Absorption and chemiluminescence spectral. 

A time sequence of the absorption spectra 
of a reaction mixture with ethanol in molar 
excess relative to permanganate revealed that 
in the visible wavelength range, MnO; absorbs 
strongly from about 450 to 600 nm with a 
tail that extends to longer wavelengths and 
that most of the potassium permanganate is 
consumed in 30 sec. With Fe(I1) added before 
injection of the oxidant, the CL signal is 
enhanced, and the absorbance due to MnO; 
decreases much more rapidly than that with- 
out Fe(I1) added due to the reduction of 
permanganate by this species. 

To obtain a crude CL spectra, the CL sig- 
nal was recorded with different cut-on filters 
between the reaction cell and the PMT in the 
CL photometer sample compartment. From 
the signal attenuations observed, it was esti- 

Table 1. Effect of different mineral acids 

y RSD,t ta,t DL§ 
Acid* % mill % (v/v) Fit11 

HNO, 0.13 0.8 1 2nd 
HCl 0.32 28 ;: 

0:9 
1 2nd 

HClO, 0.21 2.8 1 2nd 
H,SQ 0.033 0.9 4.4 3 No correlation 

*All 50% (w/v) except cont. HCI; 1OmM MnO; . 
tCL signal and RSD with 50% (w/v) ethanol. 
SDuration of CL (base width of CL peak). 
$Approximate detection limit, smallest concentration tested that yielded a 

detectable peak. 
lIThe order of the polynomial yielding the best fit. 
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Fig. 1. Chemiluminescence spectra from the oxidation reaction of ethanol with KMnO,. Spectra taken 
1 set apart with a I-see integration time and the numbers indicating the order. Reaction mixture: 2 ml 

of absolute ethanol, 0.5 ml of 95% (v/v) HNO,, 0.81 ml of 1OmM KMnO,. 

mated that the broad emission band begins at 
about 500 nm with an apparent maximum at 
about 660 nm. 

For fast CL reactions, the intensified diode 
array provides a better means to obtain spec- 
tral information.‘4*‘5 The successive CL spec- 
tra in Fig. 1 show that it takes about 4 set 
for the reaction to reach its maximum inten- 
sity and the CL spectrum is quite broad. 
Note that the wavelength of maximum CL 
intensity (1,) shifts to shorter wavelengths 
as the reaction proceeds. After 1 set, 1, x 
650 nm, while 1, GZ 580 nm after 4 sec. At 4 
set, the CL emission occurs over the 450-750 
nm region. This apparent shift is attributed to 
the absorption of a fraction of the CL pho- 
tons by permanganate whose absorption spec- 
trum overlaps the CL spectrum. The strongest 
absorption occurs in the shorter wavelength 
region of the CL spectrum. As the reaction 
proceeds, the permanganate is consumed and 

the degree of absorption of CL photons of 
shorter wavelength decreases. 

In the presence of Fe(II), the CL reaction 
proceeds about three times faster (i.e., 1.5 set to 
reach maximum intensity) as shown in Fig. 2. 
Note that 1, is about 530 nm and emission 
occurs from about 380 to 800 nm. We postulate 
that this spectrum represents a truer picture of 
the CL spectrum. In this case, the Fe(I1) reduces 
all the MnO; almost immediately to lower Mn 
oxidation states [Mn(III) and Mn(IV)] which do 
not absorb the CL radiation as strongly but 
which we believe are responsible for oxidizing 
the ethano1.16 

Optimization 

In discussing the optimization of the KMnO, 
and HN03 concentrations, the stoichiometry 
and absorption of CL radiation by KMnO, 
should be kept in mind. If the oxidation pro- 
ceeds to acetic acid it takes 0.8 moles of 

a 

300 400 500 600 700 800 900 

Wavelength (nm) 

Fig. 2. Chemiluminescence spectra from the oxidation reaction of ethanol with KMnO, in the presence 
of Fe(R). Spectra taken 1.5 set (a) and 3.5 set (b) after injection. Reaction mixture: 1 ml of absolute 

ethanol, I ml of O.lM Fe(H), 0.5 ml of 95% (v/v) HNO,, 0.81 ml of IOmM KMnO,. 
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permanganate to oxidize 1 mole of ethanol. If 
acetaldehyde is the oxidation product, 0.4 moles 
of permanganate is required to oxidize 1 mole of 
ethanol. The lowest concentration of ethanol 
used in the optimization studies was 1% (v/v) or 
171mM. With 1OmM permanganate, ethanol is 
in molar excess relative to permanganate in the 
reaction mixture by a factor of 21 or greater. 
Thus, it might be expected that the rate of 
oxidation and the CL signal would be pro- 
portional to the permanganate and ethanol con- 
centrations. Because of the absorption of the CL 
photons by permanganate caused by the overlap 
between the CL spectrum and MnO; absorp- 
tion spectrum, it is also expected that attenu- 
ation effects will be more pronounced at higher 
permanganate concentrations. 

The effect of nitric acid concentration on the 
CL signal for 12.5% (v/v) ethanol with differ- 
ent potassium permanganate concentrations is 
shown in Fig. 3. In all cases, the CL signal 
increases with higher acid concentrations. For 
a given nitric acid concentration, the CL sig- 
nal increases as the potassium permanganate 
concentration increases from 1 to lOmM, 
but decreases when the oxidant concentration 
increases to 30mM. The potassium permanga- 
nate concentration yielding the highest CL 
signal depends upon the nitric acid concen- 
tration. Only for the case of a potassium per- 
manganate concentration of l.OmM, the 
dependence of the CL signal on the nitric acid 
concentration is approximately linear (pseudo- 
first order). However, at higher concen- 
trations of potassium permanganate, a pro- 
nounced positive deviation is observed and is 
most obvious at 30mM potassium permanga- 
nate. The above behavior is attributed to the 
absorption of some of the CL radiation by 
unreacted potassium permanganate which is 

Nltrlc acid cont. W(wA9) 

Fig. 3. Dependence of the CL signal on HN03 and KMnO, 
concentrations. KMnO, concentration: a, 1mM; b, 3.3mA4; 

c, 1OmM; d, 3OmM; ethanol concentration, 12.5%. 

50 r 

0 5 IO 15 20 25 30 

Ethanolmmz(%Wv)l 

Fig. 4. Effect of KMnO, concentration on the shape of the 
calibration curve. a, 1mM; b, 3.3mM; c, 1OmM; d, 3OmM; 
HNO, concentration, 50% (v/v); ethanol concentration, 

12.5%. 

more significant at higher potassium per- 
manganate concentrations and at lower nit- 
ric acid concentrations where the rate of 
consumption of potassium permanganate is 
slower. Note that the CL signal is largest 
with 30mM MnO; only with 95% (w/v) nit- 
ric acid where the rate of reaction and the rate 
of disappearance of MnO; is greatest. 

Figure 4 shows calibration curves with differ- 
ent permanganate concentrations at a fixed 
nitric acid concentration of 50% (w/v). The 
slope of the calibration curve increases as the 
permanganate concentration increases from 
1 to 1OmM. However, the slope decreases 
when the permanganate concentration is fur- 
ther increased to 3OmM. With 30mM 
MnO;, nonlinearity is quite obvious and the 
calibration slope is less than that obtained 
with 3.3 or lOmA MnO; due to greater 
absorption by the oxidant. At low ethanol 
concentrations, this attenuation effect is 
enhanced because the rate of disappearance 
of MnO; is less. For example, for the 
lowest ethanol concentration tested [l % 
(v/v)], the CL signal with 1OmM MnO; is 
smaller than that observed with 1mM 
MnO;. At higher ethanol concentrations, the 
opposite is true. 

With 1OmM potassium permanganate and 
50% (w/v) nitric acid as a starting point, a 
three-dimensional simplex optimization was 
performed for a 1.0% (v/v) ethanol solution to 
find the nitric acid and potassium permanganate 
concentrations yielding the maximum CL sig- 
nal. The optimum concentrations were found to 
be 1OmM potassium permanganate and 95.0% 
(w/v) nitric acid. These conditions yielded a 
signal improvement of a factor of 12 relative to 
the starting vertex. The detection limit is 0.3% 
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600 r 

Ethanol cone. FYdv/v)l 

Fig. 5. Ethanol calibration curve with optimized reagent 
concentrations. 

(v/v) based on twice the standard deviation of 
the blank (dark) signal. 

Calibration data 

Figure 5 shows a typical ethanol calibration 
curve under the optimized conditions. Least 
squares fitting of the data with first, second, and 
third order polynomials revealed that the sec- 
ond order fit was the best (i.e., minimum stan- 
dard error). Over a small range of ethanol 
concentration (k 5%), a linear fit may be used. 

Figure 6 shows the typical peaks obtained 
from the ethanol CL reaction. At greater 
ethanol concentrations, the CL reaction is faster 
and the peak maximum is higher. 

Ethanol &termination in gin 

Samples of three different brands of gin 
were analyzed without dilution. Standards with 
ethanol concentrations of 35.0, 40.0, 45.0, and 
50.0% (v/v) were also run. The ethanol concen- 
tration in each sample was determined with a 
two-point calibration curve [two standards that 
bracketed the concentration in the sample and 
that differed by 5% (v/v) ethanol] and a three- 
point calibration curve over a range of 10% 
(v/v) ethanol. A linear fit was used in both cases. 

25% 

Time (mid 

Fig. 6. Typical peak shapes. Numbers above the 
indicate the “/“(v/v) ethanol. 

The results are summarized in Table 2. 
The bracketing technique yielded excellent 
results as did the unweighted three-point 
calibration curve. The results with weighted 
calibration curves were more in error than 
the unweighted ones. The RSD in the CL 
signal for the standards and samples was 
about 1%. 

The standard addition method was also 
attempted with dilution of the samples to 
work in the region where the calibration 
curve is more linear. The standard addition 
procedure is not recommended because it 
yielded poorer results because the calibration 
curve is not perfectly linear. 

Wine and beer were briefly studied and their 
alcohol content determined. The alcohol con- 
centrations found by CL were approximately 
two-fold that of the expected ones. Apparently 
other species in these samples were oxidized and 
contributed to the CL signal. Chemilumines- 
cence is observed under similar conditions with 
polyphenols.‘6 

It was also confirmed that the CL signal 
from 10% (v/v) ethanol was depressed by about 
a factor of 2 with 0.01% (w/v) glucose present. 
Apparently the permanganate concentration is 

Table 2. Determination of ethanol in ain 

Two-point calibration Three-point calibration 
Expected determined determined 

cont.; cont.;* error, cont.,? error, 
Sample % (v/v) % (v/v) % % (v/v) % 

Gordons 40.0 39.6 (1.3) 1.1 39.6 0.9 
39.6 I.0 

Beefeater 47.0 47.1 (1.2) 0.2 47.0 <O.l 
47.5 1.0 

Tanqueray 47.3 47.4 (0.8) 0.2 47.3 <O.l 
47.8 1.0 

*RSD in parentheses based on RSD in sample signal. 
tFirst value without weighting; second value with weighting. 
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reduced by reaction with the glucose and indi- 
cates that sugar would be a serious interferent 
for the determination of ethanol. The CL detec- 
tion limit for glucose is about 0.5% (w/v) and 
the calibration curve is quite nonlinear. 

CONCLUSIONS 

The discovery of the chemiluminescence pro- 
duced during the oxidation of ethanol by per- 
manganate at low pH has lead to a new method 
to determine ethanol. This CL method is unique 
compared to most solution CL reactions in that 
the analyte is a necessary reagent for the CL 
reaction rather than an activator or acceptor 
that enhances the CL signal observed without 
the analyte. Although the CL reaction is class 
selective for hydroxide-containing compounds, 
it does not differentiate between many alcohols 
and phenols. Thus, it is best suited for samples 
in which the hydroxy-containing analyte is in 
sufIicient excess with respect to other hydroxy- 
containing compounds or other species that 
react with permanganate. In this regard the 
CL determination of ethanol in gin proved to 
be a near ideal application of the technique. 
The accuracy was 1% or better with no 
sample preparation, even dilution, required. 
The method is rapid because the CL signal is 
obtained within 2 set of adding the sample to 
the sample cell. The new CL reaction has the 
potential for use in determination of other 
alcohols or phenols. Some form of sample 
cleanup or prior oxidation of weaker reductants 
would be required in many cases. The CL 
reaction may also be suited for a post-column 
CL detection in HPLC. 
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Snnunary-Thorium and the lanthanides are extracted by a-(sym-dibenxo-16-crown-S-oxy)acetic acid and 
its analogues in different pH ranges. At pH 4.5, Th is quantitatively extracted by the crown ether 
carboxylic acids into chloroform whereas the extraction of the lanthanides is negligible. Separation of Th 
from the lanthanides can be achieved by solvent extraction under this condition. The extraction does not 
require specific counteranions and is reversible with respect to pH. Trace amounts of Th in water can be 
quantitatively recovered using this extraction system for neutron activation analysis. The nature of the 
extracted Th complex and the mechanism of extraction are discussed. 

Thorium and the rare earth elements (REE) 
usually coexist naturally, e.g., thorium is a 
common component of monazite and REE are 
generally present in thorite.’ Separation of tho- 
rium from REE is therefore important for the 
analysis and production of these elements. 
Recent reports indicate that macrocyclic 
polyethers with a suitable cavity size and an 
attached ionizable functional group such as 
CL -(sym-dibenzo- 16-crown-5-oxy)acetic acid are 
selective for the extraction of trivalent lan- 
thanide ions.’ The extraction does not require 
specific counteranions and is reversible with 
respect to pH. In slightly acidic and neutral 
solutions, the extraction efficiencies of sym- 
dibenzo- 16-crown-5-oxyacetic acid for the lan- 
thanides are 2 to 3 orders of magnitude greater 
than the alkali metal and alkaline earth metal 
ions of similar size.3 The crown ether carboxylic 
acid appears to behave like a bifunctional ligand 
which chelates with cations according to their 
size as well as their chemical nature. Chelation 
of ionizable crown ethers with thorium has not 
been reported in the literature. This paper com- 
pares the extraction behaviours of Th4+ and 
the two end members of the lanthanide 
series, La3+ and Lu3+, with a -(sym-dibenzo- 16- 
crownS-oxy)acetic acid (I) and its phenyl sub- 
stituted analogue a -(sym-dibenzo- 16-crown-5- 
oxy)phenyl acetic acid (II) (Fig. 1). The nature 
of the extracted complexes and the conditions 
for the separation of Th from the lanthanide 

*Author for correspondence. 

ions by solvent extraction with the crown ether 
carboxylic acids are discussed. 

EXPERIMENTAL 

a -(Sym-dibenzo- 16-crown-5-oxy)acetic acid 
(I) was synthesized in our laboratory according 
to the procedure reported in the literature.4*5 
a-(Sym-dibenzo- 16-crown-5-oxy)phenylacetic 
acid (II) was prepared from a-sym-hydroxy- 
dibenzo-16-crown-5 by reaction with a-bromo- 
phenylacetic acid in THF in the presence of 
sodium hydride as a base at room temperature 
for 24 hr. After that, water was added to destroy 
unconsumed sodium hydride and THF was 
evaporated in vacua. The residue was dissolved 
in 100 ml of water and extracted with ether to 
remove unreacted crown alcohol. The water 
phase was acidified with 6M hydrochloric acid 
and extracted with methylene chloride. The 
methylene chloride phase was washed with 
water, dried with magnesium sulphate, and 
evaporated in vacua to obtain the crown ether 
carboxylic acid (II). After recrystallization in 
ethylacetate-hexane, the final product is a white 
solid with a melting point range of 127-128.5”. 
Elemental analysis gave C, 67.46% and H, 
5.67%, in good agreement with the calculated 
values for CZ7HZ808 (C, 67.49%; H, 5.87%). 

The nitrates of La3+ and Ld+ were obtained 
from Alfa Chemical Company and that of Th4+ 
was from Mallinckrodt, Inc. All other chemicals 
used in the experiments were Baker Analyzed 
reagents. Demineralized water was prepared by 
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I. R=H a_(Syn-dibenzo-1 S-crowrM-oxybcetic acid 
II. R=GHs a_(Symdibenz~l6crowrr50xy)phenyl acetic acid 

Fig. 1. Stuctures of the crown ether carboxylic acids: 
(I) a-(sym-dibenzo-M-crown+oxy)acetic acid and (II) u- 

(sym-dibenzo-16-crown-5-oxy)phenyl acetic acid. 

passing distilled water through an ion exchange 
column (Barnsted Ultrapure Water Purification 
Cartridge) and a 0.2~pm filter assembly (Pall 
Corporation Utipor DFA). 

Neutron activation analysis (NAA) was used 
to determine the concentrations of Th in the 
extraction experiments. Samples were generally 
irradiated for two hours in a TRIGA nuclear 
reactor with a steady flux of 6 x lOI n/cm2 sec. 
Neutron activation of 232Th produces a short 
lived radioisotope 233Th with a half life of 22.2 
minutes. Its daughter product, 233Pa (fl12 = 27 
days) further decays to 233U with the emission of 
a 311 keV gamma which was used for quantitat- 
ive determination of thorium. Radioisotope 
tracer techniques were used to measure the 
distribution of La’+ and Lu3+ in the extraction 
experiments. The nuclides lmLa (tl12 = 1.68 
days) and “‘Lu (fl12 = 6.74 days) were produced 
by irradiation of La and Lu nitrates in the 
nuclear reactor. The 1596 keV gamma from 
lwLa and the 133 keV gamma from “‘Lu were 
used for quantitation. All samples were counted 
with a large volume ORTEC Ge(Li) detector 
with a resolution of 2.3 keV at 1332 keV gamma 
from @‘Co. The detector output was fed into an 
EG&G ORTEC ADCAM (Model 950A) multi- 
channel analyzer and an IBM-XT computer was 
used for data processing. Details of the NAA 
procedures are given elsewhere.6 

Extraction experiments usually involved 10 
ml of a chloroform solution with a known 
concentration of the ligand and 10 ml of an 
aqueous solution containing the metal ions 
placed in a 30-ml Beckman polyvial with a 
fast-turn cap. The La and Lu solutions were 
spiked with the radioisotopes lmLa and “‘Lu, 

respectively. The mixture was shaken vigorously 
for 30 min with a wrist action mechanical shaker 
(Burrell model 75) at room temperature 
(22 +_ 1”). Dilute nitric acid and lithium hydrox- 
ide solutions were used for pH adjustment. The 
equilibrium pH of the aqueous phase was 
measured by an Orion model 701 pH meter with 
an Orion model 91-03 semimicro combination 
glass electrode. The distribution coefficients of 
La and Lu were determined by gamms counting 
4-ml aliquots of the aqueous and organic phase 
which had been pipetted into lo-ml Beckmann 
polyvials. For NAA of Th in the aqueous phase, 
1 ml of the aqueous solution was pipetted into 
a 2/5 dram polyethylene vial and heat sealed for 
neutron irradiation. A back-extraction pro- 
cedure was used to remove Th from the organic 
phase into an acid solution prior to neutron 
activation. In this procedure, 4 ml of the organic 
phase was mixed with 4 ml of 1M nitric acid, 
and the mixture was shaken for 10 min to 
back-extract Th. Only 1 ml of the acid solution 
was placed in a 215 dram polyvial and heat 
sealed for neutron irradiation. 

RESULTS AND DISCUSSION 

The efficiency of extraction of Th4+, La3+, 
and Lu3+ from aqueous phase with a-(sym- 
dibenzo- 16-crown-5-oxy)acetic acid in chloro- 
form as a function of the equilibrium pH of the 
solution are given in Fig. 2(a). In these exper- 
iments, the concentration of the ionizable crown 
ether in the organic phase was fixed at 
3 x 10e3M, while that of Th4+ or trivalent lan- 
thanide ions in the aqueous phase was 
1 x 10v4M. Sodium acetate at a concentration 
of 1 x 10e3M was used as a buffer in the 
aqueous solution. As shown in Fig. 2, the 
extraction of Th4+ occurs at a much lower pH 
than those of La3+ and Lu3+. At pH c 2, Th4+ 
was not appreciably extracted, but the extrac- 
tion efficiency increases rapidly at pH above 2. 
The extraction efficiency of Th4+ exceeds 95% 
at pH around 4 and is virtually quantitative at 
pH above 4.5. At pH above 7, however, the 
extraction efficiency for Th4+ tends to decrease. 
The extraction efficiencies of Las+ and Lu3+, on 
the other hand, become appreciable at pH 
above 5 and reach a plateau around pH 6.5. The 
pH range for the extraction of trivalent lan- 
thanide ions is shifted by approximately 3 pH 
units relative to that of Th4+. This difference in 
pH constitutes a basis for their separation. 
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Fig. 2. pH dependence of the extraction of Th4+, La’+, and 
Lu3+ with (a) a-(symdibenzo-16-crown-5-oxy)acetic acid 
and (b) a-(q-m-dibenzo-lbcrown-S-oxy)phenyl acetic acid. 

The cation to ligand ratio of the extracted 
species can be estimated from the variation of 
log D zu. log HL of the extraction experiments 
at a fixed pH, where D is the distribution 
coefficient and HL is the concentration of the 
ligand in the organic phase. Figure 3 shows the 
log D vs. log HL plots for Th4+ at pH 5 and for 
Lu3+ at pH 6.3. The slope for the Th4+ plot is 
2.1 and that for the Lu3+ is 2.2, indicating that 
the ratio of cation to ligand of the extracted 
complexes is most likely 1: 2 in both cases. Since 
the ligand carries one negative charge, the cat- 
ionic species extracted into the organic phase 
must be doubly charged in order to satisfy the 
charge neutralization requirement. In the case 
of Th, it is known that hydrolysis of Th4+ occurs 
at pH around 3 leading to the formation of 
Th(OH)3+ and Th(OH):+ species, with the latter 
being the major species in the pH range 35.’ 
The extraction curve of Th corresponds to the 
pH range of the formation of Th(OH):+ species 
in the aqueous phase. The correlation suggests 
that the extracted form of Th is probably 

Th(OH),L,. Hydrolysis of Lu3+ occurs at pH 
around 5-6 with the formation of Lu(OH)*+ 
which also appears to be in the pH range for the 
extraction of Lu3+. The extracted form of Lu is 
likely to be Lu(OH)Lr. The similarity in the 
extraction curves of Lu’+ and La3+ shown in 
Fig. 1 suggests that the trivalent lanthanide ions 
are probably all extracted by the ionizable 
crown ether via the same form. 

The extraction curves for Th4+, Lu3+ and 
La’+ with crown ether carboxylic acid (II) are 
given in Fig. 2(b). The results were obtained 
under experimental conditions similar to those 
described above for (I). Addition of phenyl 
group to the side arm of (I) changes the pK, 
value and the solubility of the crown ether 
carboxylic acid in water. According to our 
measurements, the p& values for the crown 
ether carboxylic acids (I) and (II) are 4.7 and 
5.2, respectively. Substitution of a phenyl group 
to acetic acid is known to lower the pK, value 
from 4.77 to 4.31 because of the electron with- 
drawing of the phenyl group. The increase in 
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Fig. 3. Plot of log D vs. log HL for the extraction of (a) Th4+ 
(at pH 5) and (b) Lu3+ (at pH 6.3) with u-(sym-dibenzo-ld 

crown-S-oxy)acetic acid. 
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pK, from (I) to (II) is opposite to the effect of 
a-substitution on the observed pK, of acetic 
acid. It is possible that a-substitution in (II) 
tends to push the carboxylic acid group towards 
the cavity resulting in enhanced intramolecular 
hydrogen bonding with the cavity oxygen, thus 
increasing the strength of the Q-H bond. This 
intramolecular hydrogen bonding must be 
stronger than the inductive effect of phenyl on 
the carboxylic acid. Substitution of phenyl in 
the side arm of (I) reduces the solubility of the 
macrocycle in water slightly. The solubility of 
(I) and (II) in distilled demineralized water at 
room temperature (22 * 1”) are 1.1 x 10V4M 
and 8.9 x 10P5M, respectively, according to our 
experiments. 

The extraction curve for Th4+ shifted slightly 
to higher pH from (I) to (II) and those for Ld+ 
and La’+ showed little difference. At pH around 
3-4 where Th4+ is extracted, the crown ether 
carboxylic acids should be present primarily in 
the organic phase. Thus, the extraction of Th4+ 
can be described by the following equation: 

Th(OH):+ + 2HL,,, = Th(OH), L2 + 2H+ (1) 

The extraction constant (&) according to 
equation (1) is given by 

& = ]Th(QH)2LJ,rJH+ I*/ 

[Th(QH):+ I[HLl:, (2) 
The concentration of Th(OH):+ is determined 
by the total Th species and the fraction of 
Th(OH)$+ present in the aqueous phase. The 
fraction of Th(OH):+ can be calculated from the 
hydrolysis species of Th4+, i.e., 

f = Th(OH):+/ETh(OH);4-“‘+ (3) 

with n = O-4. In terms of stepwise hydrolysis 
constants (K,,) of Th4+, f can also be expressed 
as 

f= W,~21P3+12Y(1 + 41 

[H+l+K,K,/[H+]*+ . . .) (4) 

The distribution coefficient D, which is the ratio 
of [Th(OH), L,],, /XlTh(OH)f - “) + laq, is related 
to pH and [HL],,, by equation (5). 

log D =log K+logf 

- 2log[H+ I+ %d?Wo, (5) 
According to equation (5), a plot of log D versus 
log [HL],, at a fixed pH should yield a straight 
line with a slope n which equals the ligand to Th 
ratio. 

Both ionizable crown ethers (I) and (II) can 
be used for the separation of Th from the 

trivalent lanthanides. The difference in pH 
range for the extraction of Th and the lan- 
thanides is slightly longer for (I). A suitable pH 
range for the separation of Th from the lan- 
thanide ions using sym-dibenzo- 16-crown-5- 
oxyacetic acid appears to be between 3-5 where 
Th is almost quantitatively extracted and the 
lanthanide ions are virtually not extractable. 
The best pH value for the separation is around 
4.5 which can be easily controlled by means of 
an acetate buffer. To evaluate the separation 
efficiency under this condition, an experiment 
was performed with 50 ml of an aqueous sol- 
ution at pH 4.5 containing 1 x 10e4M each of 
Th4+, La3+ and Lu3+. The aqueous solution 
was extracted with 20 ml of chloroform contain- 
ing 3 x 10e3M a-(sym-dibenzo-16-crown-5- 
oxy)acetic acid in a separatory funnel. After 
phase separation, the organic phase was re- 
moved and washed with 10 ml of a pH 4.5 
aqueous solution containing the acetate buffer. 
Both of the separated phases were analyzed 
for Th, Lu, and La by NAA. The purity of 
Th in the organic phase was found to be better 
than 99.9%. Only less than 0.1% of the lan- 
thanides were found in the organic phase indi- 
cating essentially complete separation after one 
cycle of extraction. The Th extracted into the 
organic phase can be quantitatively stripped 
into a nitric acid solution, e.g., O.l-1M. For 
rapid back-extraction of Th from the organic 
phase for NAA, a lit4 nitric acid solution was 
used. 

The crown ether carboxylic acids can be used 
to preconcentrate trace amounts of Th from 
water for analytical purposes. To demonstrate 
this, between 100 and 400 pg of Th were spiked 
into lOO-ml aliquots of a distilled water sample 
at pH 4.8. The solutions were extracted with 10 
ml of chloroform containing 3 x 10e3M of a- 
(sym-dibenzo-16-crown-5-oxy)acetic acid. After 
shaking for 15 min, the organic phase was re- 
moved and washed. Thorium in the organic 
phase was back-extracted with 2 ml of a 1M 
nitric acid solution for NAA. The average re- 
covery of Th was found to be 99.6 &- 3.5% based 
on the results of 5 samples. A preconcentration 
factor of 50 was obtained from this process. 
Higher preconcentration factors can be ob- 
tained by using a larger aqueous to organic 
phase ratio. Quantitative extraction of trace 
amounts of Th can be achieved if the aqueous 
to organic ratio does not exceed 20. The back- 
extraction step can provide further preconcen- 
tration. A total preconcentration factor of 
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4 x 10r can be easily achieved using the two- 
step extraction procedure. 

This study demonstrates that crown ether 
carboxylic acids are capable of forming 
stable complexes with an actinide such as Th. 
The complexation depends on the oxidation 
state and hydrolysis species of the actinide 
present in the aqueous phase. The extraction 
efficiency thus is a strong function of pH which 
may be used as a basis for their separation. 
These types of ionizable crown ethers are po- 
tential selective chelating agents for solvent 
extraction separation of actinides and lan- 
thanides. 
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Summary-Inductively coupled Argon Plasma Spectrometry is used for the indirect determination of 
sulphate in iron(III) chloride leach solution of Elliot Lake uranium ores via addition of a known amount 
of barium ions and analyzing for excess of barium. The ore contains m 7 wt% pyrite, Fe&, as the major 
mineral which oxidizes to generate sulphate during leaching with Fe(III). The effects of pH, the 
concentrations of Fe(III) and chloride ions and for presence of ethanol in the test samples on the accuracy 
of analysis are studied. It is found that unlike the Bhodizonate method, removal of iron(II1) from or 
addition of ethanol to the test sample prior to analysis are not required. Linear calibration curves are 

For obtaining environmentally acceptable non- 
radiotoxic uranium mill tailings, aqueous sol- 
utions of iron(II1) chloride acidified with the 
same concentration of hydrochloric acid have 
proved effective in the simultaneous leaching of 
radium-226 along with uranium from the ores.’ 
These solutions contain nearly 5500 to 27,200 
mg/l Fe(II1) and 14,000 to 71,000 mg/l chloride. 
However, some ores contain high concen- 
trations (- 7 wt%) of sulphidic minerals, mostly 
pyrite, which are oxidized to sulphate by the 
Fe(II1) present in the leach solution and concen- 
tration of sulphate in the solution gradually 
builds up upon repeated recycling of the sol- 
ution for leaching of fresh ore.’ This increase in 
the sulphate concentration causes the precipi- 
tation of radium sulphate or the coprecipitation 
of barium radium sulphate during leaching. The 
precipitate deposits on the finely divided solids 
whereby the mill tailings acquire low levels of 
radiotoxicity due to radium-226 and become 
environmentally hazardous, defeating the 
main purpose of leaching the ore with iron(II1) 
chloride. 

Nirdosh et al.* studied the removal of sul- 
phate from iron(II1) chloride leach solutions of 
Elliot Lake uranium ores using anion exchange. 

*Author for correspondence. 
TPresent Address: Environment Canada, 25 St Clair 

Avenue E., Toronto, Ontario, Canada M4T lM2. 
$Present address: Petronas, Technical Services Department, 

PCSB, Petronas O&e Complex, Kerteh 24300, 
Terengganu, Malaysia. 

During this study sulphate was analyzed by the 
spectrophotometric method described by Vogel3 
wherein a known amount of barium is added to 
the test sample as aqueous barium chloride in 
quantities larger than that stoichiometrically 
needed for precipitating with sulphate. An 
ethanol matrix is maintained for the stability of 
the barium sulphate and sodium rhodizonate 
solution is added to give a coloured complex 
with the excess barium not precipitated with 
sulphate. The colour intensity is measured spec- 
trophotometrically as 520 nm and the amount 
of the residual barium is determined from a 
calibration curve. The amount, and hence the 
concentration, of sulphate is then back calcu- 
lated by difference. The calibration curve can 
also be plotted directly in terms of sulphate 
concentration, 

Although straight forward, the method is 
tedious in that it requires complete removal of 
Fe(II1) and other cations by ion-exchange prior 
to analysis in order to eliminate any possible 
interference by their coloured complexes such as 
the iron(II1) rhodizonate. 

Because this analytical method is primarily 
based on the quantitative measurement of bar- 
ium ions in solution, it was thought worthwhile 
to explore if another simpler method of barium 
analysis by the Inductively Coupled Plasma 
Atomic Emission Spectrometry (ICP-AES) may 
be used without the need for the separation of 
interfering ions, such as Fe(III), from the test 
sample prior to analysis. 
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This paper presents investigations leading to 
a standardized analytical procedure for the 
quantitative determination of sulphate by 
ICP-AES in the presence of Fe(II1) and chloride 
ions. The possible interference in analysis by 
only these ions was studied because of their 
usually high concentrations in the iron(II1) 
chloride leach solutions of the Elliot Lake 
uranium ores, as noted above. 

EXPERIMENTAL 

A standard solution of barium containing 
500 mg/l barium was prepared by dissolving 
barium chloride bihydrate in demineralized 
water. From this stock solution, samples were 
prepared containing varying amounts of barium 
by dilution with demineralized water. To some 
of these samples, a known (less than stoichio- 
metric) quantity of ammonium sulphate was 
added to precipitate some barium as barium 
sulphate leaving a known residual barium con- 
centration in solution. This was done to check 
if barium precipitated quantitatively. An Ash- 
land unit model Jarrell Ash ICAP 9000 Induc- 
tively Coupled Argon plasma Spectrometer was 
used for analyzing barium in solution. The unit 
had an Argon purge of the optical path with 
other specifications as: forward power = 1000 
watts; reflected power ~5 watts; plasma argon 
flow = 10 ml/min; auxiliary argon flow = 1.2 
l/min; nebulizer argon flow = 0.6 l/min; sample 
uptake = 0.6 ml/min; and observation 
height = 15 mm above work coil. The analytical 
wavelength and detection limit for barium were 
respectively 493.41 nm and 10 pg/l (10 ppb). 
Calibration curves were prepared by plotting 
concentration of barium in the solution versus 
intensity ratio which is defined as the ratio of the 
intensity of light produced by the emission 
spectra to the instrument constant. The instru- 
ment constant is given by lOOO/exposure time 
which is usually less than 10 sec. The effects of 
the addition of 95% ethanol, sample pH and the 
concentration of the Fe(II1) or chloride ions in 
the sample were investigated by the methods 
outlined below. The concentration of Fe(II1) 
and chloride were varied by adding iron(II1) 
chloride hexahydrate or sodium chloride, 
respectively, to the standard barium solutions. 
All chemicals were Fisher Brand Analytical 
Reagent grade. The solid symbols in all the 
diagrams represent identical duplicate samples 
analyzed to check the reproducibility of results. 
Although many duplicate samples were pre- 

pared and analyzed, only a few have been added 
in the figures for the sake of clarity. In all the 
equations in the following sections the con- 
centration of barium is expressed in the units 
of mg/l. 

RESULTS AND DISCUSSION 

The eflect of ethanol addition 

Varying amounts of the 500 mg/l barium 
standard solution in demineralized water were 
taken in 50 ml standard flasks so as to obtain 
barium concentrations between 0 to 100 mg/l in 
the final 50-ml solution. A 19-ml volume of 95% 
ethanol was added to each flask. This is the 
usual amount of ethanol added to samples 
for analysis via the rhodizonate method.3 The 
volume was then made up to 50 ml with de- 
mineralized water. The flasks were repeatedly 
inverted to mix the contents and the samples 
were analyzed for barium. 

The results are plotted in Fig. 1 and indicate 
a considerable scatter with no linear region in 
the calibration curve. During the course of 
analysis it was observed that ethanol caused a 
drift in the instrument which is considered to be 
due to the “memory effect”, i.e., the game 
indicated the presence of ethanol (bright yellow 
flame) even up to 5 minutes after the sample had 
been analyzed. These results show that the 
presence of ethanol leads to interference and 
should be avoided. 

The eflect of pH 

The suitability of the method was investigated 
at pH values 1 and 4. These pH values were 
selected because the iron(II1) chloride leaching 
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Fig. 1. Variation of intensity ratio with barium concen- 
tration in the presence of ethanol. 
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Fig. 2. Effect of Fe(II1) concentration on the intensity ratio. 

solutions of uranium ores are usually at pH I 1 
and the rhodizonate method of sulphate analy- 
sis works best at pH 4.2 In each case, eleven test 
samples were prepared. Aliquots of the standard 
sulphate solution were taken in 50-ml standard 
flasks. Known excess amounts of the standard 
barium solution were then added to precipitate 
all the sulphate and leave free residual barium 
in solution. The volume was then made up with 
pH 1 or pH 4 solution of hydrochloric acid. The 
contents were thoroughly mixed by shaking the 
flasks. The precipitate was left to settle and then 
vacuum filtered using a Millipore unit with a 
0.45pm filter medium. The filtrate was then 
analyzed for barium. The results indicated that 
corresponding samples for both pH 1 and pH 4 
gave intensity ratios of within +2-4 units of 
each other and, in the barium concentration 
range of 20-100 mg/l, the calibration curves 
could be described by the following linear 
equation: 

Intensity Ratio = 4.51 [Ba2+]. (1) 

This indicates that pH 5 4 has little effect on the 
analysis. 

The effect of Fe(7II) 

Samples 5 ml of a 50 mg/l standard sulphate 
solution were taken in 50-ml flasks. Aliquots 
of 1M iron(II1) chloride solution were added 
to give varying amounts of Fe(II1) in the 50- 
ml solutions obtained. A 5-ml volume of the 
500 mg/l barium standard solution was then 
added to each flask and the total volume was 
made up with demineralized water. The con- 
tents were mixed and the filtrates analyzed for 
barium. The results are plotted in Fig. 2. These 
results indicate that the intensity ratio is not 
significantly affected by the presence of Fe(II1) 
in concentrations 3350-27,200 mg/l in the test 
samples. 

Another set of calibration data were obtained 
by analyzing barium in two sets of standard 
samples. In one set, varying amounts of barium 
were used whereas in the second set, a fixed 
amount of 0.02M Fe(II1) was added to the 
standard barium solutions of the same barium 
concentrations as in the first set. The results 
indicated that the intensity ratios for all the 
samples in both the sets were nearly the same 
and the calibration curves could be given by 
mutually superimposing linear lines given by the 
equation 

Intensity Ratio = 1.08 [Ba’+]. (2) 

These results confirm the findings obtained from 
Fig. 2 that between 3350-27,200 mg/l concen- 
tration range, the Fe(III) ions do not interfere 
with the analysis of barium. 

The eflect of chloride 

The method was the same as described in 
Section 3.3 except that instead of the Fe(II1) 
solution, varying amounts of a 3.9M standard 
sodium chloride solution were added to the 
flasks so as to give samples of chloride concen- 
trations of 0 to 70,000 mg/l. The results are 
plotted in Fig. 3. A duplicate set of samples was 
prepared in an identical manner and barium was 
analyzed with the ICP-AES unit fitted with a 
high-solids’ nebulizer instead of the usual cross- 
flow nebulizer. The results are included in Fig. 3 
for comparison. 

The results indicate that chloride ions showed 
a significant effect on the intensity ratio in the 
range of 0 to 20,000 mg/l for both types of 
nebulizers. The results with the cross-flow nebu- 
lizer indicate that the effect was more predomi- 
nant up to a chloride concentration of 20,000 

0 Normalcross-flow nebulizer 
A High salids’ nebuliier 

0 A Duplicate samples 

0 24ooo ‘WmJ ~,@yJ 6Qmo 

[Cl-!, mg/l. 

Fig. 3. Effect of chloride concentration on the intensity 
ratio. 
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Table 1. Comparison of [S@-]uuIW and the initially known [Sq-]- values in 
demineralized water and aqueous solutions of 0.1 M FeCl, 

W- L&zed 9 4dl % Deviation 

[SW lhmvn 1 
WI1 

Demineralized FeCl, 
water solution 

Demineralized 
water 

FeCl, 
solution 

40 39 - 2.5 - 
60 59 57 1.7 5.0 
80 81 - -1.3 - 

100 100 104 0.0 -4.0 
200 211 213 -5.5 -6.0 

z 412 315 412 311 -5.0 -3.0 -3.7 -3.0 
500 497 492 0.6 1.6 

-= not done. 

ml/l, after which there was a gradual tapering 
of the interference. However, with the high- 
solids’ nebulizer, the interference was signifi- 
cantly reduced at chloride concentrations 20,000 
mg/l, as is indicated by the lower curve in 
Fig. 3. 

A separate set of calibration data were 
obtained with the cross-flow nebulizer by 
preparing samples that all had a chloride con- 
centration of 30,000 mg/l. In this set of analyses, 
the instrument was flushed thoroughly after 
testing each sample. The results gave a linear 
calibration curve which could be described by 
the equation 

Intensity Ratio = 1.3 1 [Ba’+ 1. (3) 

These results indicate that high concentrations 
of chloride ions do not interfere with barium 
analysis provided a high-solids’ nebulizer is used 
or with the cross-flow nebulizer, the instrument 
is flushed thoroughly after each test. 

Sulphate analysis by the addition of barium ions 

A lo-ml volume of a 1430 mg/l stock barium 
solution was taken in lOO-ml standard flasks. To 
these, varying amounts of a 500 mg/l standard 
sulphate solution were added so as to obtain 
40-500 mg/l sulphate. Two identical sets were 
prepared. The volumes were then made up with 
either demineralized water (first set) or a sol- 
ution of 0.M iron(II1) chloride (second set). 
The barium sulphate was allowed to precipitate 
and the contents were filtered through a 0.45 pm 
filter medium. The filtrates were analyzed for 
barium by ICP-AES and barium concentrations 
were obtained from appropriate calibration 
curves. The concentration of sulphate was then 
calculated and the values, [SO:-laoalyled, are 
given in Table 1 along with the initial known 
sulphate concentrations, [SO:- lImown, of the 

corresponding samples, and the percentage 
deviations. 

These results indicate that (i) in general there 
is good agreement between the known and the 
calculated sulphate concentration values; and 
(ii) except for one sample containing 200 mg/l 
sulphate, the deviation is < f 5%. Within the 
experimental errors, these deviations also 
indicate that barium sulphate precipitated 
quantitatively in the samples tested. 

CONCLUSIONS 

ICP-AES can be used for the quantitative 
determination of sulphate in iron(II1) chloride 
leach solutions of uranium ores by precipitating 
the sulphate in the presence of known excess 
quantity of barium, analyzing for free 
barium and back calculating the sulphate 
concentration. 

Interference by Fe(II1) ions in concentrations 
of 3350-27,200 mg/l is insignificant and removal 
of Fe(II1) from solution prior to analysis is not 
needed rendering the sample preparation much 
simpler than in the rhodizonate method. 

Interference by chloride ions is insignificant 
at chloride concentrations 20,000 mg/l with a 
high-solids’ nebulizer. When using a cross-flow 
nebulizer, flushing the instrument between each 
test is important to prevent interference by 
chloride. 

Presence of ethanol in the test solution causes 
interference and should be avoided. 

The reproducibility of results is within *2-4 
intensity units and the accuracy is &5%. 

The method can be used for aqueous sol- 
utions of pH < 4 and containing high concen- 
trations of Fe(II1) (~27,200 mg/l) and chloride 
( x 7 1,000 mg/l) usually encountered in commer- 
cial oxidative iron(II1) leach solutions of 
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DETERMrNATION OF URINARY ARSENIC AND IMPACT 
OF DIETARY ARSENIC INTAKE 
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Summary-An analytical method based on microwave decomposition and flow injection analysis (FIA) 
coupled to hydride generation atomic absorption spectrometry (HGAAS) is described. This is used to 
differentiate arsenite [As(III)], arsenate [As(V)], monomethylarsonic acid (MMA) and dimethylarsinic acid 
(DMA) from organoarsenic compounds usually present in seafood. Without microwave digestion, direct 
analysis of urine by HGAAS gives the total concentration of As(III), As(V), MMA and DMA because 
organoar~nic compounds such as arsenobetaine, usually found in most seafood, are not reducible upon 
treatment with borohydride and therefore cannot be determined by using the hydride generation 
technique. The microwave oven digestion procedure with potassium persulfate and sodium hydroxide as 
decomposition reagents completely decomposes all arsenicals to arsenate and this can be measured by 
HGAAS. Microwave decomposition parameters were studied to achieve efficient decomposition and 
quantitative recovery of arsenobetaine spiked into urine samples. The method is applied to the 
determination of urinary arsenic and is useful for the assessment of occupational exposure to arsenic 
without intereference from excess organoa~~cals due to the cons~ption of seafood. Analysis of urine 
samples collected from an individual who ingested some seafood revealed that organoarsenicals were 
rapidly excreted in urine. After the ingestion of a 500-g crab, a IO-fold increase of total urinary arsenic 
was observed, due to the excretion of organoarsenicals. The maximum arsenic concentration was found 
in the urine samples collected approximately between 4 to 17 hr after eating seafood. However, the 
ingestion of organoarsenic-containing seafoods such as crab, shrimp and salmon showed no effect on the 
urinary excretion of inorganic arsenic, MMA and DMA. 

Arsenite [As(III)], arsenate [As(V)], mono- 
methylarsonic acid (MMA), and dimethyl- 
arsinic acid (DMA) are widely present in the 
natural environment1 and their relative toxicities 
are As(III) > As(V) > MMA > DMA.2,3 Many 
organoarsenic compounds present in the bio- 
logical system, however, are much less toxic. 
For example, arsenobetaine is found in many 
seafoods as the major arsenic compound and it 
is essentially non-toxic.4ss The ubiquitous pres- 
ence of arsenic compounds in biological systems 
results in a need for methods that can accurately 
and easily assess their environmental impact. 

A convenient approach to assess occupational 
exposure is through chemical analysis of urine 
because urine samples are readily obtained non- 
invasively. Such an analysis can provide import- 
ant information about exposure to many 
chemical species and information about many 
of the body’s metabolic functions. As early as 
400 B.C., the Greek physician, Hippocrates, 
pointed out the importance of urine examin- 
ations in health and disease.- Diagnosing dis- 

*Author for correspondence. 

ease by visual examination of urine-referred to 
as uroscopy-was very popular among ancient 
medical practitioners. Although they lacked 
sophisticated equipment, they were able to ob- 
tain diagnostic information from such basic 
observations as color, volume, turbidity, vis- 
cosity, odor, and even sweetness. Interestingly, 
these same urine characteristics are still reported 
in today’s clinical laboratories, although mod- 
ern urinalysis includes not only the physical 
examination of urine, but also chemical analy- 
sis. In addition to routine chemical analysis, the 
determination of trace elements in urine has 
gained much attentiotP’ and has become a 
useful tool for health assessment. 

Urinary excretion is the major pathway for 
the elimination of arsenic compounds from the 
body. 12-17 Therefore, urinary arsenic determi- 
nation is important for assessing occupational 
exposure. igzo Excess exposure to arsenic can 
occur in occupations such as mining, smelting, 
glass making, and pesticide manufacture. In the 
work environment, the exposure to As(II1) is 
mainly from As203 in non-ferrous smelters and 
in glass making. Exposure to arsenate arises 

18.5 
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from its use in insecticides, cotton desiccants, 
and wood preservatives. Exposure to MMA and 
DMA is due to their use as selective herbicides. 
Rapid urine excretion of these arsenic com- 
pounds from humans,13~14~17~2~z2 monkeys,is 
dogs,23 and hamsters” has been reported. The 
biotransformation of inorganic arsenic in the 
body, to DMA and MMA, has also been stud- 
ied extensively.‘3~21*2629 

Unlike those from occupational exposure, 
dietary sources of arsenic, particularly from 
seafood, generally contain more complex 
organoarsenicals such as arsenobetaine, 
(CH3)3As+ CH,COO-. Arsenic ingested in this 
form is not metabolized and is excreted un- 
changed with a very short half-time.s~‘2~‘6~‘7 Since 
arsenic compounds ingested from both occu- 
pational exposure and dietary sources contrib- 
ute to the urinary arsenic excretion, the 
determination of total arsenic concentration in 
urine cannot be used to assess oocupational 
exposure to arsenic. In fact, it has been re- 
ported’* that the total arsenic concentration in 
urine increased by a factor of 20-30 after inges- 
tion of 100 g of shrimp. Because the two groups 
of arsenic species, from occupational exposure 
and from dietary intake of arsenic, are different, 
it should be possible to develop an appropriate 
analytical method to distinguish the contri- 
butions to urinary arsenic from these two 
sources. This was the objective of the present 
study. 

In a previous publication,30 we described a 
rapid method for arsenic determination based 
on the decomposition of organoarsenicals by 
potassium persulfate and sodium hydroxide 
with the aid of a microwave oven and sub- 
sequent determination by hydride generation 
atomic absorption spectrometry (HGAAS). The 
organoarsenicals were completely decomposed 
to arsenate. When the microwave oven was off, 
only As(III), As(V), MMA, and DMA were 
measured because organoarsenicals such as 
arsenobetaine are “hidden” and do not form 
hydrides upon treatment of borohydride under 
the commonly used analytical conditions. The 
difference between the two measurements with 
microwave power on or off accounts for the 
hidden organoarsenicals. This method is simple 
and rapid, with a sample throughput of ap- 
proximately 100-120 analysis per hour and can 
be successfully applied to the decomposition of 
organoarsenicals in demineralized water and 
seawater. However, when arsenobetaine was 
spiked into a urine sample the recovery was 

approximately 40% due to incomplete de- 
composition. To solve this problem, we investi- 
gated simple approaches to achieve the 
complete decomposition of arsenic compounds 
in a complex matrix such as urine. Longer 
decomposition times and higher concentrations 
of decomposition reagents were found to be 
necessary. Therefore, a batch type digestion 
prior to the determination was developed to 
completely decompose the arsenic compounds 
in urine. Quantitative recoveries of organo- 
arsenic and inorganic arsenic spiked into urine 
are achieved. The method developed here is 
successfully applied to the analysis of urinary 
arsenic. Urine samples from a research worker 
who ingested crab meat are analyzed and the 
excretion patterns of inorganic arsenic and 
organoarsenic compounds are compared. 

EXPERIMENTAL 

Znstrumentation 

A Varian Model AA-1275 atomic absorption 
spectrophotometer equipped with an air-acety- 
lene flame atomizer, an open-ended T-shaped 
quartz tube (11.5 cm x 0.8 cm i.d.) mounted 
in the AA flame, a domestic microwave 
oven (Toshiba, Japan), and a lab-made new 
hydride generator as described previously3’ were 
used throughout this work. (Safety precaution: 
two holes drilled on one side of the micro- 
wave oven for sample inlet and outlet should 
be shielded with proper metal fittings to 
prevent any possible microwave leakage.) The 
experimental layout for flow injection analysis 
(FIA)/on-line microwave digestion coupled 
to HG AAS measurement is the same as dis- 
cussed previously.3o For most of the present 
work, however, a batch type microwave 
digestion was used, and the microwave oven 
was used off-line. Both the undigested and 
the digested samples were analyzed by using 
FIA/HGAAS. 

Samples 

Urine samples were collected from a 30-year 
old, healthy male working in an analytical 
chemistry research laboratory. Live crabs 
were purchased from a local fish market in 
Vancouver (Canada) and were steam cooked. 
After the cooked crab meat was eaten, urine 
samples were collected for the following 2-3 
days. The samples were stored at 4” and were 
analyzed within 48 hr. No preservative was 
added. 
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Table 1. Experimental conditions for microwave digestion and hydride 
generation 

Batch type 
FIA/HGAAS microwave digestion 

Direct Analysis FIA/HGAAS 

Digestion no microwave digestion 
Urine Samples 100 pl 40ml 
WzG, none 4.5 g 
NaOH none 2.7 g 

Digestion time none 5 x 3 min (for 6 samples) 
HCl Cont. 0.70M 3.olu 
HCl Flow Rate 3.4 ml/min 3.4 ml/min 
NaBH, Cont. 0.65M in O.lM NaOH 0.65M in O.lM NaOH 
NaBH, Flow Rate 3.4 ml/min 3.4 ml/min 
Carrier Gas Flow 160 ml/min 160 ml/min 
Cysteine 1.0% “Otll? 

Reagents 

Standard solutions of As(III), As(V), MMA, 
DMA and arsenobetaine were prepared as de- 
scribed previously.3o Sodium borohydride 
(Aldrich) solutions in 0. 1M sodium hydroxide 
(BDH) were prepared fresh and filtered prior to 
use. Potassium persulfate (BDH) solutions in 
various concentrations of sodium hydroxide 
were prepared fresh daily for the FIA/ 
microwave digestion/HGAAS determination. 
For the batch type microwave digestion, appro- 
priate amounts of potassium persulfate and 
sodium hydroxide were directly added in their 
solid form into digestion vessels (Erlenmeyer 
flasks) containing sample solutions. Appropri- 
ate amounts of L-cysteine (Aldrich) were 
directly added and dissolved into the test 
solution when needed. 

Procedures 

FIA /HGAAS. A 100~~1 sample was injected 
into a carrier stream (H,O) by means of a 
Rheodyne six-port sample injection valve fitted 
with a lOO+l sample loop. The injected sample 
along with the carrier subsequently met with a 
continuously introduced hydrochloric acid 
stream and sodium borohydride stream. Upon 
mixing with sodium borohydride, hydride 
generation takes place and continues in the 
gas/liquid separator apparatus as discussed pre- 
viouslym in detail. Inside this apparatus, a con- 
tinuous flow of carrier gas assists mixing and 
reaction and subsequently carries hydrides to 
the quartz tube mounted in the air-acetylene 
flame for the AA measurement. A peak signal 
was recorded by using an integrator (Hewlett- 
Packard 3390A) capable of both peak height 
and peak area measurements. It was found that 
the peak height measurement gave better repro- 

ducibility and lower standard deviation. Thus 
the peak height of the signal was measured for 
quantitation unless stated otherwise. 

As(III), As(?$ MMA, and DMA have been 
reported to have different sensitivities upon 
hydride generation;3’93 and their maximum 
sensitivities appear at very different acid concen- 
trations as reaction media. Although compro- 
mised acid conditions have often been used, 
considerable error was present particularly 
when one standard was used to represent the 
four species.32*33 We have found that the use of 
cysteine in the reaction media shifts the opti- 
mum acid concentration to a much lower 
leve1;w36 and that under the same optimum acid 
concentration all the four arsenic species give 
the same maximum sensitivity.37 Thus the deter- 
mination error which otherwise arises from the 
use of compromised condition is eliminated. 
Upon optimization, 0.1 g of cysteine was added 
to every lo-ml of urine sample for the determi- 
nation of As(III), As(V), MMA, and DMA in 
the urine. For the determination of total arsenic, 
the microwave decomposition was applied, and 
arsenic compounds were all converted to arsen- 
ate as confirmed previouslygo by using the 
molybdenum blue calorimetric method. There- 
fore there is no need to add cysteine in this case, 
and the optimum acid concentration for deter- 
mining arsenate was chosen. 

The experimental conditions are summarized 
in Table 1. 

FIA /On -line microwave decomposition / 
HGAAS. A 100~~1 sample was injected into the 
decomposition reagent stream containing pot- 
assium persulfate and sodium hydroxide. The 
stream carries the sample into a 3-m knotted 
Teflon coil (0.5 mm i.d.) located in the micro- 
wave oven which operates at full power (500 W). 
After microwave decomposition, the solution 
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Fig. 1. Effect of K,S,O, concentration on recovery of 
arsenobetaine in urine by FIA/continuous microwave de- 

composition/HGAAS measurement. 

flow mixes with the continuous acid and boro- 
hydride feeds. Hydride generation and gas/ 
liquid separation take place and the evolved 
hydrides are introduced into the flame-heated 
quartz tube for AA measurement. The exper- 
imental conditions for this mode of operation 
are the same as described previously.3o 

Batch type microwave decomposition. A urine 
sample or standard solution (40 ml) and the 
appropriate amounts of potassium persulfate 
and sodium hydroxide (Table 1) were combined 
in a 125ml Erlenmeyer flask. Six of such 
sample-containing flasks were placed in the 
microwave oven at one time. The microwave 
oven was then operated at full power for 
3 min followed by a 2-3 min cooling period. 
This heating and cooling sequence was 
repeated for another four cycles. After the 
samples were cooled to room temperature, 
they were each diluted to 50 ml with demineral- 
ized water. The determination of arsenic was 
carried out by using FIA/HGAAS as described 
above. Note that excess potassium persulfate 
is used. This is not completely soluble in the 
urine sample prior to the digestion, however, 
the excess potassium persulfate decomposes 
in the presence of sodium hydroxide under 
microwave heating and there is no solid 
residue present after the decomposition is 
complete. 

sition reagents, potassium persulfate and 
sodium hydroxide. Figures 1 and 2 show recov- 
eries of spiked arsenobetaine (AB) into a urine 
sample, determined by HGAAS after on-line 
microwave decomposition using persulfate and 
sodium hydroxide of various concentrations. 
Recovery values were obtained by comparing 
signals from spiked AB with those of the same 
amount of an As(V) standard solution. As 
demonstrated in Fig. 1, increasing the concen- 
tration of potassium persulfate from 0.1 to 4% 
results in continuous improvement of recoveries 
with a maximum recovery of 45% when the 
potassium persulfate concentration is 4%. Fur- 
ther increase of persulfate concentration was 
not studied because of the limited solubility of 
potassium persulfate in water. Similarly, in- 
creasing the sodium hydroxide concentration 
from 0.1 to 2M also leads to higher recoveries 
in the determination of the spiked AB in the 
urine sample as shown in Fig. 2. Although 
recoveries are improved at these higher reagent 
concentrations, the desired quantitative recover- 
ies are not achieved due to incomplete de- 
composition of AB. Therefore, in addition to 
higher concentrations of decomposition re- 
agents, a longer decomposition time appears to 
be necessary in order to achieve complete de- 
composition of AB and thereby a quantitative 
recovery. Use of longer decomposition coils 
(5 m and 12 m as compared to 3 m used in the 
previous work) were studied in an attempt to 
achieve complete decomposition; and recoveries 
of spiked AB into urine were improved. How- 
ever, with longer decomposition coils, a higher 
noise level and poorer signal stability were 
shown. To solve this problem, a batch mode 

RESULTS AND DISCUSSION 

By using the on-line microwave decompo- 
sition system described previously,30 initial 
attempts to completely decompose organo- 
arsenicals in a urine sample matrix were made 
by optimizing concentrations of the decompo- 

0.0 0.5 1.0 1.5 2.0 

NaOH Concentration, M 
2.5 

Fig. 2. Effect of NaOH concentration on recovery of 
arsenobetaine in urine by FIA/continuous microwave de- 

composition/HGAAS measurement. 
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Fig. 3. Effect of microwave digestion time and K,S,O, concentration on recovery of arsenobetaine in urine 
by batch type microwave digestion and FIA/HGAAS determination. 

microwave oven digestion followed by the deter- 
mination by using FIA/HGAAS was chosen for 
the rest of this work. 

E#ect of &composition time and concentrations 
of potassium per-sulfate and sodium hydroxide 

Arsenobetaine (AB) is the major arsenic com- 
pound found in most seafood, it is excreted 
unchanged in urine after ingesting seafood, and 
it is one of the organoarsenic compounds that is 
most difficult to decompose to a form amenable 
to hydride generation. AB was chosen as a 
model compound in order to study the de- 
composition of organoarsenicals in urine. A 
measured amount of AB was spiked into a urine 
sample and the arsenic concentration was 
measured by using FIA/HGAAS after batch 
type microwave digestion in open vessels. Re- 
covery was measured by comparing signals ob- 
tained from the spiked AB with those of the 
same amounts of an As(V) standard solution. 
For this optimization study, two samples at a 
time were placed in the microwave oven. 

The effect of decomposition time and the 
amount of potassium persulfate on the recovery 

of AB spiked into a urine sample is shown in 
Fig. 3. By studying these two factors together, 
a possible dependence on each other would be 
revealed. In the present situation, increasing 
both the digestion time and the concentration of 
persulfate is beneficial to a quantitative recov- 
ery. As the decomposition time and the concen- 
tration of potassium persulfate increase, 
recoveries of AB approach unity. This is be- 
cause a longer decomposition time and a higher 
concentration are useful for complete decompo- 
sition of AB in the urine sample. The decom- 
posed arsenic product was confirmed to be 
arsenate,30 an arsenic compound that readily 
forms arsine on treatment with borohydride. 
A contour diagram clearly showed that quanti- 
tative recoveries of AB are achieved when the 
amount of potassium persulfate added is in 
the range of 10-16 g per 100 ml of urine and the 
decomposition time is longer than 5 min. 

The effect of the concentration of sodium 
hydroxide and the decomposition time was also 
studied by varying both of these factors, and the 
recovery results of AB are presented in Fig. 4. 
Similarly, recovery of spiked AB improves with 
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Fig. 4. Effect of microwave digestion time and NaOH cencentration on recovery of arsenobetaine in urine 
by batch type microwave digestion and FIA/HGAAS determination. 

an increase of the sodium hydroxide concen- 
tration from 0.1 to 1 SM and the decomposition 
time from 0.5 to 4 min. Complete recovery is 
achieved with a sodium hydroxide concen- 
tration of above 1.5M and a microwave de- 
composition of longer than 4 min. 

A six minute microwave decomposition time, 
1.7M sodium hydroxide and 11% potassium 
persulfate were chosen as optimum for digesting 
two samples at one time to ensure complete 
decomposition and quantitative recoveries of 
organoarsenicals in urine samples. For a batch 
of 6 samples a total of 15 min proved to be 
sufficient and was adopted for further appli- 
cations. 

Calibration and standard addition 

For comparison, both As(V) and AB were 
used as standards in obtaining calibration 
curves. As shown in Fig. 5, calibration curves 
obtained from As(V) and AB are superimpos- 
able, indicating that AB is completely decom- 
posed to arsenate which forms at-sine upon 
treatment with borohydride in the same way as 

does As(V). Therefore, either one of them can 
be used as standard for quantitative analysis. 
For convenience, As(V) was chosen. 

To estimate any possible interference from 
the sample matrix, a standard addition study 

-I 
-100 -50 0 so loo 150 200 250 

Arsenic Concentration, ppb 
Fig. 5. Comparison of calibration curves of As(V) (0) and 
AB (A) and standard addition curves of As(V) (0) and AB 
(A) spiked into a urine sample. For AB determination, both 
standards and spiked samples underwent microwave diges- 
tion; whereas no digestion was needed for As(V) determi- 

nation. 
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Fig. 6. Concentration of arsenic in urine samples collected 
from a person at various times with respect to his consump- 
tion of crab meat. (m) sum of As(III), As(V), MMA and 
DMA, obtained directly by using FIA/HGAAS, without 
digestion of urine samples (m) total arsenic concentration 
obtained by using microwave digestion and FIA/HGAAS 

determination. 

was conducted by separately spiking standard 
As(V) and AB of various concentrations into a 
urine sample. Samples spiked with As(V) were 
directly analyzed for arsenic by FIA/HGAAS, 
whereas the samples spiked with AB underwent 
microwave decomposition before being ana- 
lyzed by the same FIA/HGAAS method. The 
two standard addition curves are also shown in 
Fig. 5 and they are essentially parallel to the 
calibration curves. These results demonstrate 
that there is no interference from the urine 
sample matrix in the determination of Asm 
and AB. When As(III), MMA, DMA, and 
arsenocholine were spiked into the urine sample, 
quantitative recoveries were also obtained, indi- 
cating that there is no interference in the deter- 
mination of these arsenic species in urine. 

Analysis of a reference urine sample, 
UriChem (Urine Chemistry Control Level 1, 
Fisher Scientific), gives arsenic concentrations 
of 16.2 f 1.0 ng/ml in the absence of microwave 
digestion and 26.4 + 1.3 ng/ml after microwave 
digestion. No information on the arsenic species 
is available for comparison although the refer- 
ence value for total arsenic concentration is 
25 f 19 ng/ml. Our results for total arsenic, 
26.4 f 1.3 ng/ml, is in good agreement with this 
value. 

Standard a&Cation 

Eleven aliquots (40 ml each) of a urine sample 
(collected approximately 5 hr after the ingestion 
of some crab meat) were analyzed for the sum 
of As(III), As(V), MMA, and DMA before 
microwave digestion and total arsenic concen- 
tration after microwave decomposition. Each 

decomposed sample was measured three times. 
The relative standard deviation (RSD) from the 
11 replicate determinations of arsenic in the 
urine sample (mean arsenic concentration of 
63.4 ng/ml) is 3.0% with peak height measure- 
ment and 4.9% with peak area measurement. 
The sum of As(III), As(V), MMA, and DMA 
measured before the microwave digestion of the 
same urine sample is 10.1 ng/ml. 

Application 

The method described above shows simplic- 
ity, accuracy, and is free from interference. Since 
the ingestion of seafood results in urinary ex- 
cretion of increased levels of organoarsenic 
compounds, and the method developed is 
capable of differentiating these marine 
organoarsenicals from As(III), As(V), MMA 
and DMA, the method was used to analyze 
urine samples collected from a person before 
and after the consumption of some seafood. 

Figure 6 shows the arsenic concentration in 
urine samples collected at various times encom- 
passing the ingestion of crab meat from a 500-g 
steam cooked crab. The sum of As(III), As(V), 
MMA and DMA concentrations measured di- 
rectly by FIA/HGAAS without digestion and 
the total arsenic concentration measured after 
microwave decomposition of the sample are 
compared. The difference corresponds to the 
organoarsenicals that normally do not form 
hydrides upon treatment with borohydride. As 
shown in Fig. 6, the ingestion of crab meat 
has very little effect on the concentration of 
As(III), As(V), MMA and DMA in urine. How- 
ever, up to a IO-fold increase of total arsenic 
concentration is observed in urine samples col- 
lected after the ingestion of crab meat. This is 
expected as high concentrations of organo- 
arsenicals such as arsenobetaine have been 
found in much seafood including crab,16*25*38 and 
these organoarsenic compounds are eliminated 
by kidneys and excreted in urine. Obviously, 
measuring total urinary arsenic concentration is 
not acceptable for assessing occupational ex- 
posure when the subject has eaten seafood prior 
to the sampling. Ro~‘~ stated that the ingestion 
of seafood at 48-72 hours prior to the sampling 
would invalidate the use of urinary arsenic as a 
measure of occupational exposure if the dietary 
arsenic was not taken into account. In studies by 
Buchet et aLz’” the subjects were restricted from 
eating any seafood before their urine samples 
were collected. Foa et al.” and Chana and 
Smithi have further discussed the interference 
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from dietary arsenic on the biological monitor- 
ing of occupational exposure to arsenic. By 
using the analytical method developed here, 
however, we are able to differentiate the 
organoarsenicals due to dietary intake from 
As(III), As(V), MMA and DMA. Therefore, 
occupational exposure to inorganic arsenic can 
be easily assessed by measuring urinary arsenic 
concentration without interference from the 
consumption of seafood. 

Figure 6 also shows that rapid urine excretion 
of these organoarsenicals occurs as early as one 
hour after eating seafood. The excretion of 
arsenic continues and maximum arsenic concen- 
tration appears between 4 and 17 hours after 
eating seafood. Reproducible excretion patterns 
were obtained from several replicate feeding 
experiments including the ingestion of some 
other seafood such as shrimp and salmon fish. 
Our results showing rapid urine excretion of 
organoarsenic compounds are in good agree- 
ment with Buchet et al.*’ who calculated that the 
half-time for urinary excretion following crab 
meat consumption was 18 hours. Freeman 
et al.” and Charbonneau et al.” have also 
reported that most of the arsenic ingested is 
excreted in the urine from both men” and 
monkeys” within two days of eating arsenic- 
containing fish. The urinary arsenic excretion 
pattern and the excretion rate vary with the 
different arsenic compounds ingested. While the 
excretion of organoarsenicals present in marine 
organisms is very fast as can be seen from this 
work and that of others,‘sT’7*40 the elimination of 
inorganic arsenic by the kidney is relatively 
slow. Buchet et al.*’ calculated a biological 
half-time of 30 hr for the urinary excretion of 
arsenic following a single ingestion of 3000 pg 
of arsenic as sodium arsenite. They also re- 
ported*’ that after the ingestion of 500 pg of 
arsenic in the form of arsenite, 45% of the dose 
was excreted within 4 days, of which 24% was 
as DMA, 10% as MMA and 11% as inorganic 
arsenic. Following ingestion of the same 
amounts of arsenic as MMA or DMA, however, 
approximately 75% of the dose was excreted in 
the urine within 4 days. Tam et aLI reported 
that in six human subjects who ingested 0.01 pg 
of arsenic as 74As labelled arsenic acid, 38% of 
the dose was excreted in the urine within 48 
hours and 58% within 5 days, of the latter 
excreted amount 30% was as DMA, 12% as 
MMA and 16% as inorganic arsenic. The differ- 
ence in excretion rate between inorganic arsenic 
and seafood organoarsenic may be due to the 

fact that inorganic arsenic is metabolized by 
the human organism’3”‘*25~26~28 whereas organo- 
arsenic such as arsenobetaine is excreted un- 
changed in urine.16 

It is also interesting to point out that a trace 
amount of organoarsenic is found in urine 
samples collected before the ingestion of 
seafood as shown in Fig. 6. In another set of 
experiments where urine samples were collected 
for 60 hr from the same person under a regular 
diet which did not include seafood, the arsenic 
concentration in every urine sample measured 
after the microwave digestion is higher than or 
at least equal to that obtained without the 
digestion. Therefore, this confirms the presence 
of organoarsenic compounds in the urine of 
people who do not regularly eat seafood. These 
results support the findings of Foa et ~1.” who 
reported that unknown organoarsenicals rep- 
resented up to 70% of the total arsenic in urine 
samples of a reference population that does not 
have occupational exposure or does not ingest 
large amounts of seafood. 

CONCLUSION 

The present FIA/HGAAS method is rapid, 
sensitive and easy to use. In addition to the 
determination of As(III), As(V), MMA and 
DMA in urine samples described here, the 
method could be expanded to the analysis of 
other biological and environmental samples. 
The addition of cysteine into the sample enables 
As(III), As(V), MMA and DMA to give the 
same maximum sensitivity under the same con- 
dition. This eliminates the determination errors 
due to the choice of a compromised acid con- 
centration for the four arsenic species; the opti- 
mum acid concentration for DMA is usually 
much lower than those for As(III), As(V) and 
MMA. The beneficial effect of cysteine is under 
further investigation. 

Microwave oven decomposition is rapid and 
efficient. In the presence of potassium persulfate 
and sodium hydroxide, all arsenic species are 
converted to arsenate and therefore the total 
arsenic concentration is easily determined by 
using the hydride generation technique. The 
difference in arsenic concentrations obtained 
after the microwave decomposition and before 
the decomposition is a measure of the presence 
of complex organoarsenicals such as arseno- 
betaine. 

Urinary arsenic due to occupational exposure 
usually consists of As(III), As(V), MMA and 
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DMA. Ingestion of seafood results in urinary 
excretion of organoarsenicals unchanged from 
their original forms present in the seafood. 
These two pools of arsenic compounds do not 
interchange. The present method is capable of 
differentiating these two pools of arsenic com- 
pounds and therefore can be used to distinguish 
the sources of urinary arsenic, occupational 
exposure or dietary intake. 
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Summary-In the present paper, solid-liquid extraction behaviour of RE(II1) (RE = La, Ce, Pr, Nd, Sm, 
Gd, Dy and Yb) by the use of I-(2-pyridylazo)-2-naphthol (PAN, HL) as an extractant in parathn (m.p. 
48 _ 50”) has been investigated at 80 f 0.07”. The effect of equilibrium time, pH of aqueous phase, 
concentration of extractant in paraffin and solid diluent as well as buffer solution used on the extraction 
efficiency of RE(II1) have been discussed. The extraction reacton is 

RE’+ + 2HL,,, + Cl- S RELrCl,,, +2H+ 

As a powerful chelant, l-(2-pyridylazo)-2- 
naphthol (abbreviated as PAN or HL) can react 
with the majority of metal ions in the periodic 
table to form water-insoluble, coloured chelate 
complexes and has been applied widely to 
liquid-liquid extraction separation and extrac- 
tion-photometric analysis in analytical chem- 
istry.lm3 Liquid-liquid extraction of RE(II1) with 
PAN is reported in the literature.4s5 Solid-liquid 
extraction by the use of molten paraffin as 
diluent has been paid close attention to because 
this method has some main merits such as no 
emulsification phenomenon and rapid phase 
separation and so on. 6,7 In this paper, a study on 
solid-liquid extraction behaviour of RE(II1) 
(RE = La, Ce, Pr, Nd, Sm, Gd, Dy and Yb) 
with PAN in molten paraffin was described. The 
effect of equilibrium time, pH of aqueous phase 
and concentration of extractant in organic 
phase as well as solid solvent on the extraction 
efficiency of RE(II1) has been observed. 

EXPERIMENTAL 

Reagents and apparatus 

Preparation of I-(2-pyridylazo)-2-naphthol 
(PAN) solution. A calculated amount of PAN 
(AR) was dissolved in pure acetone and stored 
in an amber bottle. 

Paraffin with ceresin (PC, m.p. 48 N 50”) was 

*Project supported by the National Natural science Foun- 
dation of China. 

purified according to the method in Ref. 8. 
Specific gravity is 0.772 g/ml at 80”. 

Dibenyl (m.p. 68 N 70”) was of chemically 
pure grade without further purification. 

Buffer solution (triethanolamine-hydro- 
chloric acid) was used for pH adjustment. The 
ionic strength was maintained at 0.1 f 0.01 with 
buffer. 

Stock solutions of rare earth metals 
(1.0 x lo-*M) were prepared by dissolving cal- 
culated amounts of the pure oxide (99.99%) in 
an appropriate amount of 1 M hydrochloric acid 
and diluting to the desired volume and then 
diluted to 1.0 x 10m4M when they were used. 

All other chemicals used were of analytical 
grade. 

All solid-liquid extraction experiments were 
carried out with the aid of the device below (see 
Fig. 1). 

A Model DF-101 B magnetic stirrer (Zheji- 
ang, China), a super thermostat (Chongqing, 
China), model CS501, with an accuracy 
f 0.07”, a model 72 1 spectrophotometer 
(Shanghai, China), a model U-3400 Hitachi 
spectrophotometer and a model PHS-1OA digi- 
tal acidity/ionometer (Xiaoshan, China) were 
also used. 

Procedure 

The solid-liquid extraction was carried out at 
80 f 0.07” as follows: an aliquot of the slightly 
acid solution containing definite amounts of 

195 
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A: Water Jacket 
8: Extmctlcm vessel 
C: Magrdc stwer 

Fig. 1. Solid-liquid extraction device. A: water jacket; 
B: extraction vessel; C: magnetic stirrer. 

rare earth ion was placed in the 30-ml extraction 
vessel and appropriate amount of PAN sol- 
ution, buffer solution and solid solvent were 
added. The ionic strength of the aqueous phase 
was kept at 0.1 + 0.01 and the phase ratio was 
0.5 v/v. High temperature circulating water was 
then introduced into water jacket with a super 
thermostat. When the desired temperature 
was obtained, the magnetic stirrer was started. 
After 12 min, the stirring was stopped and 
the extraction vessel was allowed to cool 
to room temperature. Finally, the solidified 
solvent containing the complex extracted was 
separated. 

The pH of the aqueous phase was measured 
on a pHS-1OA digital acidity/ionometer. The 
amount of RE3+ contained in the aqueous phase 
was measured by Arsenzo III spectropho- 
tometry. The amount of individual RE3+ in the 
organic phase was determined by means of the 
back-extraction method. Some preliminary 
results show that single back-extraction with 

10 ml of O.lM perchloric acid at 80” for 30 min 
can transfer completely the RE(II1) to the 
aqueous phase. 

RESULTS AND DISCUSSION 

Determination of optimum conditions of solid- 
liquid extraction 

E&ct of PH. The effect of the pH of aqueous 
phase on the percentage extraction was exam- 
ined in the pH range of 6.5 - 9.5 and the results 
are shown in Fig. 2. The extraction conditions 
were: PC as solid diluent; (CH2 CH20H),N- 
HCl as buffer; ionic strength 0.1 f 0.01; extrac- 
tion time 15 min; CsE = 2.0 x 10e5M and 
CPAN(,,) = 2.5 x 10e3M. Single solid-liquid ex- 
traction of La3+ and Ce’+ with PAN-PC per- 
forms quantitatively, and the pH ranges of 
quantitative extraction are 9.0 N 9.5 and 
8.9 - 9.2 for La3+ and Ce3+ respectively. When 
pH > 9.25, percentage extraction of Ce3+, de- 
creases rapidly. The percentage extraction of 
Pr3+, Nd3+, Sm3+, Gd3+ and Yb3+ reaches the 
maximum at pH - 8.75, 8.20, 8.50, 7.90 and 
7.70, respectively. When the pH of the aqueous 
phase in equilibrium is over the pH of maximum 
extraction, extraction efficiency of RE(II1) 
(RE = Pr, Nd, Sm, Gd and Yb) decreases 
gradually. The percentage extraction of Dy3+ 
reaches the maximum at pH - 8.25 and de- 
creases within the pH range 8.25 N 9.20 with pH 
increasing due to the hydrolysis of Dy3+ in the 
aqueous phase. When pH > 9.20 the amount of 
Dy3+ in the organic phase increases again due 
to part adsorption of water-insoluble, neutral 

PH 

Fig. 2. Plots of %E vs pH of aqueous phase. PC as diluent, (CH,CH,OH),N-HCl as buffer, 
CRE = 2.0 x 10m5 molfl, C,,,,, = 2.5 x lo-’ mol/l. (m) La, (V) Ce, (A) Pr, (Cl) Nd, (* ) Sm. (+) Gd, 

(*) DY, (0) n. 
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hydrolysate onto the surface of PC. The de- 
crease in the percentage extraction when the pH 
of aqueous phase is over optimum pH is a direct 
consequence of hydrolysis and turbid phenom- 
enon can be observed in the aqueous phase. 
Solubility products of RE(OH)s (RE = La, 
Ce, Pr, Nd, Sm, Cd, Dy and Yb) are 
4.3 x 10-lq, 1.5 x 1O-2o, 2.7 x 1O-2o, 3.2 x 
10-22, 6.8 x 10-22, 2.1 x 1o-u, 1.4 x 1o-22 
and 2.9 x 10-24, respectively.%” Thus at 
C,, = 2.0 x 10e5M, precipitation of the hydrox- 
ides, without any complexing factors, should 
take place at pH N 9.40, 9.00, 8.40, 8.50, 8.34, 
8.28 and 7.72, respectively. They are in essential 
agreement with the pH at which the percentage 
of the solid-liquid extraction of individual 
RE(II1) with PAN-PC reaches the maximum, 
respectively. 

Efict of stirring time. The effect of stirring 
time on the percentage extraction is shown in 
Fig, 3. In this series of experiments the pH of the 
aqueous phase was kept at 8.10 with 
(CH, CH, OH), N-HCI buffer solution and 
the solid-liquid extraction was carried out 
at C,,,+ = 2.0 x lo-‘M and CPAN(,,) = 2.5 x 
10m3M. The equilibrium was established after 8 
min. In the further tests 12 min was accepted as 
the equilibrium time for the extraction. 

Eflect of PAN concentration in PC. When the 
amount of 2.5 x lo-‘M PAN-acetone solution 
was varied from 0.5 to 5.0 ml, at a constant pH 
of 8.20 and 3.86 g of PC (the volume of 3.86 g 
of PC is 5.00 ml at 80”), the percentage extrac- 
tion increased, i.e., the higher the initial amount 
of PAN, the higher the percentage extraction 
(Fig. 4). The initial concentration of PAN in PC 
was accepted as 2.5 x 10m3M in the further 

I00 
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Fig. 3. Plot of %E vs stirring time. PC as diluent, 
(CH,CH,OH),N-HCl as buffer, pH = 8.10, C,,, = 2.0 x 

10e5 mol/l, CPAN(Oj = 2.5 x 10m3 mol/l 

loo - 

iz 9c - 

E 
8 .- 

f 
60- 

;40 - 

I 2O-- 

o- 
v (ml) 

Fig. 4. Plot of the percentage of extraction (%E) vs 
amount of 2.5 x lo-’ PAN solution. PC as diluent, 
(CH,CH,OH),N-HCl as buffer, C,,, = 2.0 x 10e5 mol/l, 

pH = 8.20 

experiments (except in the experiments dis- 
cussed on the effect of Cr.AN(o) on the distribution 
ratio). 

EApct of solid diluent. Paraffin with ceresin, 
naphthalene or diphenyl was used as solid dilu- 
ent respectively and (CH2CH20H)SN-HCl 
buffer was used for the adjustment of the pH of 
aqueous phase. Figure 5 presents the relation- 
ships of the extraction percentage of Yb3+ in 
relation to the pH of the aqueous phase in the 
presence of different solid diluents. There is no 
emulsification phenomenon and phase separ- 
ation is rapid when PC is used as diluent in 
solid-liquid extraction. Moreover, the extrac- 
tion efficiency of Yb3+ with PAN-PC is higher 
than that in the presence of naphthalene or 
diphenyl due to the larger solubility of 

I I 
8.5 95 

PH 

Fig. 5. Plots of %E vs pH of aqueous phase in the presence 
of different solid diluents. (CH,CH,OH),N-HCl as buffer, 

CYM+ = 2.0 x 10eS mol/l, CpAN(sj = 2.5 x 10-l mol/l. 
Paraffin, (A) diphenyl, ( I) ) naphthalene. 

(0) 
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Yb’+-PAN complex in molten PC. In the 
presence of naphthalene or diphenyl, 
solid-liquid extraction, however, has several 
drawbacks: naphthalene or diphenyl adheres to 
the extraction vessel after cooling and solidifica- 
tion and naphthalene solidified includes a part 
of aqueous phase. Hence, paraffin with ceresin 
was accepted as solid diluent in further 
experiments. 

Effect of the used bufir. Finally, the effect 
of buffer solution on the percentage extraction 
of Dy3+ was investigated at PC as diluent, 
C ny3+ = 2.0 x lo-‘M and CPAN(,,) = 2.5 x 10e3M 
for an extraction time of 12 min. Buffer sol- 
utions used for the adjustment of aqueous 
phase were NH,-NH, Cl, (CHZ CH, OH)3 N- 
HCl and (CH,),N,-HCl, respectively. The re- 
sults are shown in Fig. 6. The extraction 
efficiency was found to depend on the buffer 
that was employed in the following order: hexa- 
methylenetetramine < triethanolamine < am- 
monia, this result is in agreement with 
liquid-liquid extraction.‘* The probable reason 
is that only smaller molecules can partake of 
coordination for steric hindrance of the big 
PAN anion. However, the rapid volatilization 
of ammonia under the experimental conditions 
decreases the buffer capacity of NH,-NH,Cl 
solution, thus causing difficulties in operation. 
Therefore, (CH2 CH, OH), N-HCl buffer sol- 
ution was accepted to adjust the pH of aqueous 
phase in our experiments. Furthermore, the use 
of (CH, CH, OH), N-HCl buffer solution can 
inhibit some ions such as Fe3+, Al’+ and Mn*+ 
from extracting into organic phase because 

PH 

Fig. 6. Plots of %E vs pH of aqueous phase in the presence 
of diierent buffers. PC as diluent, C,,, = 2.0 x low5 mol/l, 
CPANcOj = 2.5 x 10e3 mol/l. (0) 

(CH,CH,OH),N-HCl, 

triethanolamine can form very stable water- 
soluble complexes with Fe’+, AP+ and Mn*+. 

Mechanism of solid-liquid extraction of 
RE(II) with PAN-PC 

Determination of the composition of the ex- 
tracted complex. Busev and Ivanov” had 
pointed out that, under various conditions of 
pH, ionic strength and concentration, PAN 
shows no intermolecular association. The con- 
centration of RE(II1) in the aqueous phase 
was always 2.0 x 10e5M in our experiments. 
Such concentrations of RE(II1) in this phase 
can eliminate the possibility of polymerization 
of the RE(III)-PAN complex in the or- 
ganic phase. I4 Hence, in RE’+ (2.0 x 10-5M/ 
CH2CH20H)3N-HCl (/J = 0.1 + O.Ol)/PAN-PC 
system, the extraction process may be described 
by the following equation: 

RE3+ + (x + y)HL,, + zCl- 

$ REL,(HL),(Cl),,, + xH+ (1) 

where RE = La, Ce, Pr, Nd, Sm, Gd, Dy or Yb 
and (0) denotes organic phase. 

The extraction constant (KJ is given by: 

K, = [REL,(HL),(Cl),lJH+l”/ 

[RE3+][HL](“+“)[C1-1’ (2) 0 

Based on the reported data,i5 the influence of 
ions and molecules present in the aqueous 
solution which can form non-extractable 
complexes with RE(II1) can be neglected 
and thereby [HL], is equal to the initial 

06 

Fig. 7. Effect of pH on RE (m) distribution between the 
aqueous phase and PAN-PC. (CH,CH,OH),N-HCI as 
buffer, C,, = 2.0 x IO-’ mol/l, CT,,,,,,, = 2.5 x IO-’ mol/l. 
(*) La, (W Ce, (A) h, (e) Nd, (0) Sm. (A) Gd 

(0) DY, (0) Yb. 
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-04 

-08 

-1.2 

Fig. 8. Effect of the initial concentration of PAN on RE (W) 
distribution between the aqueous phase and PAN-PC. 
(CH,CH,OH),N-HCl as buffer; Ca, = 2.0 x lo-’ mol/l; 
La3+:pH = 8.54; Ce’+ :pH = 8.30; Pr’+ :pH = 8.20; 
Nd’+ : pH = 8.05; Sm3+.pH=7W Gd’+ :pH = 7.86; 
Dy3+:pH=7.64,Yb3+:pH=7.50.‘(d)La,(A)Ce,(M)Pr, 

(A) Nd, (V) Sm, (*I Gd, (* 1 DY, (0) Yb. 

concentration of PAN in the organic phase 
C HUoj. Equation (2) can be simplified: 

(3) 

or 

log D = log &, + x pH 

+ (x + y)log G(o) + r log[c1-l (4) 

where D denotes the distribution ratio of 
RE(II1). From equation (4) the slope of a log D 

curve us. pH at constant CHUO) and [Cl-] gives 
the number of protons released on chelation, 
and the slope of log D vs. log CHL(,,) at constant 
pH and [Cl-] gives the number of reagent 
molecules involved in the complex. 

Figure 7 indicates the dependence of RE(II1) 
extraction with PAN-PC on the pH of aqueous 
phase. The slope of log D vs. pH is approxi- 
mately 2.0. This fact means that the distribution 
ratio of RE(II1) is proportional to the minus 
second power of hydrogen ion concentration of 
the aqueous phase. 

Scheme 1 
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Figure 8 shows the experimental results 
for extraction of RE(II1) with various 
PAN concentrations in PC (from 6.0 x 10e4M 
to 8.0 x 10mZM) at fixed pH values and 
[Cl-]. log D vs. log CHLcO) give straight lines 
of slope 2.0. This indicates that two 
ligand molecules partake in the extraction 
process. 

Within experimental error the results 
obtained suggest that 1:2 complexes of the 
rare earth metals with the reagent were formed. 
This is in accordance with the conclusion 
obtained in liquid-liquid extraction of RE(II1) 
by Shibata.4 Assume that only the neutral 
complexes can be extracted into PC since 
PC belongs to inert solvent and the affinity 
of PC is extreme small.’ However, neutral 
complex REL*(OH) cannot be extracted into 
PC because of the hydrophilicity of REL*(OH) 
caused by a hydrogen bond between hydroxy 
in RELl(OH) and water molecule. Hence, 
the composition of the extracted species is 
proposed to be REL*Cl. We believe that 
PAN is a tridentate ligand when PAN forms 
a complex with RE(II1). The probable 
structure of the complex RELzC1 is shown 
above. 

The above results indicate that the mechan- 
ism of solid-liquid extraction reaction of 
RE(II1) with PAN-PC may be expressed by the 
equation: 

RE’+ + 2HL, 0 ,+Cl- + REL,C1,,+2H+ (5) 

Table 1. Extraction parameters for the formation of REbCl complexes (at 80 f 0.07”, c = 0.1 f 0.01) 

Rare earth ions 
Parameter La3+ Ce3+ Pr’+ Nd3+ Sm3+ Gd3+ Dr” Yb3+ 

log KX -9.98 -9.85 -9.69 -9.58 -9.47 -9.32 -9.08 -8.72 

PHI/Z 
at CPAN(oj = 2.5 x 10-3M 8.10 8.03 7.95 7.89 7.84 7.76 7.64 7.46 
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Calculation of the values of PH,/~ and ex- 
traction constant (l&J. Equation (4) can be 
simplified from equation (5): 

IogD = log& -tZpH 

+ 2 log C,, + log[Cl-1 (6) 

pH,,r values are defined as the pH at which the 
distribution ratio (D) of the metal ion is equal 
to 1. Thus PH,,~ is equal to the intercept of the 
abscissa axis of log D vs. pH (Fig. 6). With the 
aid of relation (6) the average log &, values 
were calculated by the least-squares method. 
The constants and pH,,, values at CrAN(o) = 2.5 
x 10m3M are given in Table 1. 

The comparison between ~oiid-livid extrac- 
tion of PETRI) with PAN-PC and piqued-liqu~ 
extraction of RE(III) with PAN. The 
liquid-liquid extraction behaviour of RE(II1) 
with PAN-Ccl, or PAN-CHCl, has been re- 
ported in Ref. 5. The results show that under the 
same conditions and within the studied pH 
range, the RE(II1) extraction efficiency de- 
creases from the heavy RE to the light RE. 
Particular marked differences in the extraction 
efficiency of the light and the heavy RE occur 
when a solution of PAN in Ccl., is applied to 
extraction. The light RE(La3+, Ce3+ and I’?+) 
cannot be extracted into the organic phase, 
Nd3+, Sm3+, Gd3+ and Dy3+ can be partly 
extracted, while Yb(II1) is extracted almost 
completely. PAN-CCl., can be used as the group 
reagent for the separation of RE(II1) by the 
~q~~liq~d extraction method. Regarding the 
RE(II1) studied, a PAN solution in CHCl, is less 
efficient an extractant than a PAN solution in 
Ccl,. In the system of solid-liquid extraction, 
La’+ and Ce3+ can be extracted quantitatively at 
higher pH ranges because pH at the beginning 

of precipitation for La’+ and Ce3+ are more 
than those for the other RE(II1). The solid- 
liquid extraction efficiency of RE(II1) with 
PAN-PC is higher than that of liquid-iiq~d 
extraction with PAN-CC& (except Yb3+). Fur- 
thermore, extraction efficiency decreases slightly 
from the light RE to the heavy RE. The use of 
(CH2CH,0H),N-HCl buffer solution for pH 
adjustment can eliminate interference from 
Fe3+, A13+ or Mn2+. Therefore, the solid-liquid 
extraction method with PAN-PC can be used 
for separation and purification of rare earth 
elements. 
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Summary-A rapid, sensitive, simple and selective spectrophotometric method has been developed for 
the determination of micro-quantities of maneb (manganese ethylenebisdithiocarbamate) after extraction 
of the manganese-PAN complex in isobutyl methyl ketone (MIBK). The complex absorbs strongly at 
550 nm. Beer’s law is obeyed over the concentration range 0.37-3.75 &ml. The molar absorptivity was 
found to be 4.1 x 104 1. mole-‘.cm-‘. The developed method has been applied to the determination of 
maneb in commercial formulations, synthetic mixtures, grain and in the presence of various other 
dithiocarbamates. 

Metallic salts of dithiocarbamic acid, such as 
nabam, ziram, zineb, ferbam and maneb are 
used as agricultural fungicides because of their 
low phytotoxicity and are applied in the rubber 
industry as vulcanization accelerators and 
antioxidants. Although several methods have 
been reported in the literature for estimating 
these fungicides, the method reported by 
Clarke’ is of practical importance which is based 
on carbon disulphide evolution after decompos- 
ing these dithiocarbamates in acidic medium.” 
Hall has reported on a collaborative study of 
determination of maneb using modified versions 
of the methods of Clarke et al.’ The results 
obtained from both the methods were inconsist- 
ent. Maneb was also determined by spectropho- 
tometric methods,5 a volumetric method with 
electrogenerated iodine6 and by high perform- 
ance liquid chromatography.’ However all of 
the above mentioned methods are time consum- 
ing or have low sensitivity. This method is 
simple, sensitive and selective for the determi- 
nation of maneb based on the extraction of the 
Mn-PAN complex into isobutyl methyl ketone. 
PAN has also been used to determine manga- 
nese in high purity Nb, Ta, MO and W metals.8 

EXPERIMENTAL Procedure 

Equipment 

An SP-20 Spectrophotometer for absorption 
measurement and a digital pH meter were used. 

To an aliquot containing 37.5 pg of maneb, 
2 ml of boric acid buffer (pH 9.2) and 0.7 ml of 
PAN were added and the total volume was 
made up to 10 ml with doubly distilled water. 
The solution was allowed to stand for 2 min, 
then shaken exactly with 10 ml of isobutyl *Author for correspondence. 

Reagents 

Pure maneb was prepared by adding a 
solution of manganese(I1) to a solution of 
disodium ethylenebisdithiocarbamate (Wilson 
Laboratories, Bombay). The precipitates so 
formed were filtered and dried over silica gel. 
The purity of maneb was checked by elemental 
analysis and by complexometric titration of 
manganese after decomposition using Thy- 
molphthalexone as an indicator.9 A O.l-mg/ml 
solution of maneb was prepared in dimethyl 
sulphoxide (DMSO). 

PAN solution, 0.1 mglml. PAN (LOBA) 
(10 mg) was dissolved in 100 ml of methanol. 

Zsobutyl methyl ketone. The purity of the 
isobutyl methyl ketone was checked spectropho- 
tometrically before use. 

Bufer solution. Boric acid and potassium 
chloride solutions (0.2M, 100 ml of each) were 
mixed, pH adjusted 9.2 with 0.2M sodium hy- 
droxide and diluted to 500 ml. 

Stock solutions. Stock solutions for interfer- 
ence studies were prepared by dissolving suit- 
able salts in water. Synthetic samples were 
prepared by mixing suitable salts to give the 
required composition. 
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methyl ketone. A second extract with another 
10 ml of isobutyl methyl ketone gave negligible 
absorbance, so the absorbance of the first ex- 
tract was measured at 550 nm against a reagent 
blank prepared under similar conditions. 

RESULTS AND DISCUSSION 

The absorption spectra of manganesePAN 
complex in isobutyl methyl ketone were 
recorded against a reagent blank. The complex 
absorbs strongly at 550 nm whereas the reagent 
shows negligible absorbance. The absorbance of 
the complex was maximum when the pH of 
the aqueous phase was 8.0-l 1 .O and 0.7 ml of 
0.01% PAN was used. The complex was ex- 
tracted into isobutyl alcohol, chloroform, car- 
bon tetrachloride, ethyl acetate, isobutyl methyl 
ketone, amyl alcohol and n-butyl acetate. Maxi- 
mum absorbance was observed with isobutyi 
methyl ketone and hence this solvent was 
selected for the extraction of manganese-PAN 
complex. The absorbance of the complex 
remains practically constant for 24 hr. 

The Job’s method of continuous variation 
and mole-ratio methods indicated the formation 
of 1: 2 (M : L) complex. 

Analytical characteristics 

Under the optimum conditions described 
above the calibration graph was linear over the 
concentration range 0.37-3.75 pg/ml of maneb 
at 550 nm. The molar absorptivity was found to 
be 4.1 x lo4 1 *mole-‘. cm-‘. Aliquots contain- 
ing 37.5 p g of maneb gave a mean absorbance 
of 0.58 with a relative standard deviation of 
&0.3%. 

Interferences 

Sample solutions containing 37.5 pg of 
maneb, the interferences of various anions (as 
alkali-metal salts) and metal ions were studied 
after applying the general procedure. Of the 
anions examined, the amounts (mg) shown in 
parentheses are tolerable ( f 2% error) for thio- 
cyanate (4), orthophosphate (0.37), citrate (47), 
acetate (450), chloride (18), bromide (16), fluor- 
ide (120), sulphate (50), metabisulphite (5), but 
tartrate and EDTA interfered strongly. Of the 
metal ions examined Co(I1) (0.03), Ni(I1) (0.09), 
Bi (0.15), V(V) (0.2), Th(IV) (0.23), MO(W) 
(0.02) did not interfere. Cu(II), Pb(II), Hg(II), 
Zn(I1) and Fe(I1) interfered strongly but could 
be masked with 1.0 ml of 5% sodium fluoride 
solution. 

Of the dithiocarbamates examined, nabam 
(sodium ethylenebisdithiocarbamate), dibam 
(sodium dimethyldithiocarbamate), vapam 
(sodium monomethyldithiocarbamate), sodium 
N-methylanilinecarbodithioate, i.e., which do 
not contain any metal ion did not interfere in 
the determination of maneb. Ferbam, ziram and 
zineb could be masked with 1.0 ml of 5% 
sodium fluoride solution. 

Simultaneous &termination of ziram and maneb, 
or zineb and maneb 

Ziram and maneb, zineb and maneb were 
taken in various proportions. Equal aliquots of 
the solution were analysed in the presence and 
absence of 1.0 ml of 5% sodium fluoride sol- 
ution. The difference in the absorbance corre- 
sponded to the amount of zineb/ziram. The 
results are given in Table 1. 

Applications 

The proposed method is one of the most 
sensitive and selective methods for the determi- 
nation of maneb and was applied to the determi- 
nation of maneb in commercial formulations 
“Dithane M-45” (Indofil Chemicals) with pure 
samples taken as reference. Five dilutions of the 
stock solutions were prepared and in all cases 
the recoveries were between 72.5 and 72.9% by 
this method, where as the value reported was 
73%. 

Determination of maneb in grain 

This procedure was applied for the determi- 
nation of maneb in grain. A known amount of 
maneb was finely crushed with 20 g of grain and 
was shaken with 100 ml of acetonitrile for an 
hour. The mixture was filtered and residue was 
washed with three lo-ml portions of aceto- 
nitrile. The extract was evaporated at room 
temperature by a current of dry air. The residue 
was dissolved in dimethyl sulphoxide and the 
maneb content was analysed by general pro- 
cedure. Untreated samples were taken as refer- 
ence. The results are given in Table 2. 

Table 1. Recovery of maneb from synthetic mixtures 

Composition Amount of Maneb bg) 
and Recovery 
percentage Taken Found (%) 

Maneb: 50 40.0 40.1 100.25 
Ziram : 50 45.0 44.9 99.7 

42.0 42.3 100.7 
Maneb : SO 30.0 30.2 100.6 
Zineb : 50 20.0 19.8 99.0 

35.0 35.0 100.0 
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Table 2. Recovery of maneb from grain 

Amount of Amount of 
maneb added maneb found Recoverv 
ocg) @&Y) (%) - 

10 9.85 98.5 
20 19.6 98.0 
30 29.7 99.0 
40 39.0 97.5 
50 49.0 98.0 

Comparison of sensitivity 

The sensitivity of this method is better than 
that of the Lowen,‘O Cullen” and Chmiel” 
methods which are based on the determination 
of liberated C!$. It is also more sensitive than 
the Rao et aI.l3 method. According to the latter 
method a minimum of 2 pg/ml maneb could be 
determined but according to the present method 
a minimum of% 0.37 pg/ml maneb could be 
determined. Moreover, this method is more 
selective since other pesticides like ziram, 
zineb, ferbam which usually interfere in other 

methods do not interfere in this method under 
the experimental conditions. 

1. 

2. 

3. 

4. 
5. 
6. 
7. 

8. 

9. 

10. 
11. 
12. 
13. 
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Summar-A striking gas technique employed made a direct Zn determination possible at extremely low 
pH in commercial acid solutions when a stationary impregnated graphite-based mercury 6hn electrode 
was used. The original Zn(I1) concentrations were determined quantitatively by differential pulse anodic 
stripping voltammetry on 0.5M and IM sulphuric acid solutions by standard addition and were found to 
be 2 x 10~*M and 4.1 x 10-sM, respectively. The influence of mercury ion concentration, pulse amplitude, 
potential step and pulse repetition time on analytical data was studied and optimized. A rotating disc 
graphite electrode was also used as a working electrode and was found unreliable for this purpose as 
hydrogen bubbles were not removed effectively and blocked the working electrode surface. 

Stripping analysis, like many forms of ultratrace 
analytical techniques, is subject to interferences 
that atIe& accuracy and precision. The reliability 
and validity of the analytical data strongly 
depend on the degree to which contamination 
and/or loss of the analyte can be minimized. 
In this respect, the simplification of sample 
pretreatment steps and the restriction of their 
number is significant. It is desirable to operate 
at low pH as the rate of adsorption of metals 
onto the container and electrode surfaces is 
very pH-dependent, increasing considerably at 
high PH.’ Robertson studied the adsorption of 
11 elements in seawater onto various containers 
and indicated that optimum conditions for 
storing seawater were achieved by acidifying to 
pH 1.5 immediately after collection and storing 
in polyethylene containers.2 Mart recommended 
deep-freeze (-20”) storage of the acidified 
sample to avoid leaching metals from the surface 
of a containter.3 Scarponi et al. found,4 investi- 
gating the contamination of seawater samples 
by cadmium, lead and copper during storage 
of samples, that conventional polyethylene con- 
tainers can be used for long-term storage of 
samples at their natural pH (about 8) at 4”, but 
must be cleaned with acid for at least 1 week 
and conditioned with pre8ltered seawater for at 

*Author for correspondence. 
New postal address: Univ. of the Witwatersrand, J3ept of 

Chemistry, P.O. Wits 2050, Johannesburg, South Africa. 

least 2 weeks. At the natural pH, samples were 
analyzed for labile heavy metals,5 but the total 
concentration of metals was determined on rain 
and seawater samples acidified with concentrated 
hydrochloric acid to pH 1.F6 or pH 2.’ The 
increase in the peak currents observed upon 
acidification was explained as a result of the 
release of the metals from complexes* or labile 
complex formation that are “electrochemically 
available”.g In addition, the presence of sur- 
factants at low pH values did not affect peak 
current.8 

It can be concluded from the above that for 
various environmental and industrial applica- 
tions, the acidification of collected samples and 
direct determination was found to be the best 
procedure for minimizing contamination or loss 
of the trace metals. But in the case of the 
stripping Zn determination at solid electrodes 
the acidification results in a strong hydrogen 
evolution which can disable quantitative analysis. 
To overcome this problem, samples were 
buffered and Zn was measured at pH 5.8’O 
or 4.6” while for most metals, seawater was 
acidified to pH 1.9.” DPASV at a GC rotating 
electrode was employed for Zn determination in 
Antarctic snow samples at pH 2.9 but further 
acidification resulted in steeper voltammetric 
baseline currents and loss of sensitivity for Zn.r2 
SWV was found to be more sensitive in com- 
parison with DPASV for Zn determination 
at SDME in strongly acidic media and for 
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the determination of Zn lower than 10 pg/l. 
A O.OlM acid solution was recommended, 
but the highest SWV peak was obtained at 
pH 1.4.13 

To acidify the real sample which is to be 
studied for zinc content one must know what 
the concentration of zinc is in a commercial 
acid. In our previous work we have presented 
the direct quantitative Zn determination at pH 2 
by ASV at the epoxy-resin-impregnated graphite 
electrode (IGE).14 In this paper, the extension 
to the DPASV technique with and without a 
background current correction is reported. The 
instrumental and analytical parameters were 
studied and optimized so that a direct Zn deter- 
mination can be performed at pH r 0, or even 
higher acid concentration (a calibration curve 
for Zn in 1 M sulphuric acid is discussed) despite 
the solid and stationary electrode used. For com- 
parison, some results of DPASV measurements 
at a rotating IGE will also be presented. 

EXPERIMENTAL 

Instrumentation and reagents 

Analyses were done with a Polarecord E 506 
in the differential mode with a polarography 
stand E 505 (both Metrohm). The voltammetric 
cell was a Metrohm universal measuring and 
titration vessel (6.1415.220) with a vessel lid 
(6.1414.010-five electrode apertures). The work- 
ing electrode (4 mm in diameter) was an epoxy- 
resin-impregnated graphite electrode for which 
production and preparation were described else- 
where.15*16 From this electrode a tip was made 
which is of the exact shape and size required by 
Metrohm (6.1204) to fit a Metrohm E 628-50 
rotating disc electrode (RDE) which was used in 
this paper as a RDE drive for a home made IGE 
disc. Once the working electrode was made no 
additional chemical, electrochemical or mechan- 
ical treatment was done during the whole study 
presented in this paper. The working electrode 
was used in two modes during the deposition 
step of a DPASV measurement: firstly, as a 
rotating disc (2100 rpm) and secondly, as a 
stationary one with the aid of the striking gas 
(SG) technique. ” SG serves as the source of a 
metered stream of neutral gas which is used to 
deoxygenate the sample and stir the solution 
during the deposition stage. To achieve the 
latter an additional, two tubes holder was made 
and fixed in one of the vessel lid apertures. One 
tube was used to direct the metered gas stream 
towards the active surface area of the working 

electrode (the distance between a gas outlet 
and the electrode working surface was about 
10 mm), and the second tube maintained an inert 
atmosphere over the solution being analyzed. 
A gas purge tube (Metrohm 6.1443.000) was 
used only when IGE worked in a rotating mode. 
Pure argon was used to deaerate and stir the 
solutions. All measurements were carried out in 
the three electrode system using a platinum wire 
counter electrode (Metrohm EA 285) and an 
Ag/AgCl saturated potassium chloride reference 
electrode (Metrohm EA 441/5) placed on the 
electrolyte vessel with a ceramic plug (Metrohm 
6.1225.010). Solutions were prepared with 
analytical reagent grade chemicals and doubly 
distilled water. Standard solutions of sulphuric 
acid and metal ion concentrations were prepared 
by diluting stock solutions and were stored in 
polyethylene bottles rinsed with acid. Standard 
additions were made from lix Transferpettes and 
digital Transferpettors (Rudolf Brand GMBH, 
Germany). All experiments were done at room 
temperature 22 & 2”. 

Standard procedure 

Except where specified, the experimental 
parameters and analytical procedure were as 
follows. A 50-ml volume of the solution to be 
studied was prepared directly in the voltam- 
metric vessel by mixing appropriate volumes 
of doubly distilled water with the sulphuric acid, 
mercury nitrate and zinc nitrate solutions 
metered from 2.5A4, 1 x lO-2M and 1 x 10d4M 
standard solutions, respectively. Samples were 
deaerated for 300 set after which - 1.4 V poten- 
tial was applied to the IGE in the stirred solution 
for 180 sec. Then the potential was changed 
from - 1.4 to 1.2 V and after 5 set a rest period 
of 15 set began during which sensitivity was 
adjusted from the pre-electrolysis position to a 
desired one. Scanning was from - 1.2 to -0.85 

V (&,I, = 40 mV, EItcp = 3 mV, pulse repetition 
time 0.4 set) followed by stripping of any trace 
metal at 0.00 V for 30 set in the stirred solution. 
Three consecutive curves were recorded in one 
sample and the last one was taken into consider- 
ation. The mercury film was removed by wiping 
the electrode gently with wet filter paper. Prior 
to the next measurement in a different sample 
the vessel and electrode system were rinsed with 
O.lM sulphuric acid and water several times. 
If only the stirring solution mode was changed 
from RDE to SG only the mercury film was 
removed but the solution was unchanged in the 
vessel. A RDE rotation speed of 2100 rpm and 
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a gas outflow efficiency” of 2 I./min were the 
same for all experiments. 

RESULTS AND DISCUSSION 

Preliminary study 

The primary aim at this stage was to find out 
whether any of the studied techniques, RDE 
and SG, are suitable for a direct Zn determin- 
ation at extremely low pH using standard exper- 
imental parameters. A series of measurements 
was performed in which the concentration of 
Zn was kept constant, mainly 1 x lo-‘M, but 
mercury ion and sulphuric acid concentrations 
varied in the range of 5 x lo-’ to 5 x 10V4M 
and 0.005-234, respectively. The results 
obtained are presented in Fig. 1 in the form of 
the bar graph and some selected voltammetric 
curves in Fig. 2. Despite the complexity of the 
system studied and the lack of obvious and clear 

(a) 

(b) 

(cl 
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(dl 
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Fig. 1. The influence of solution composition and solution 
stirring technique on zinc peak height. Blank bar-RDE; 
filled bar-SG. Zinc concentration: 1 x IO-‘M. Mercury con- 
centrations: (a) 5 x lo-‘M; (b) 5 x 10v5M; (c) 5 x 10m6M; 
(d) 5 x 10-7M. For standard procedure parameters see text. 
Question mark-no reproducible peak height (see text for 

(at the first view) relations presented in Fig. 1, 
some important conclusions and trends can be 
drawn up. It is seen that 2.5M sulphuric acid is 
not the one for the direct Zn determination for 
both techniques examined. On the other hand, 
the fact that with SG small peaks of zinc were 
recorded might suggest the possibility of quan- 
titative analysis, but no attempt was made to do 
it. It is evident (see Fig. 2) that the Zn peaks 
recorded using SG are several times higher than 
those when the RDE mode was used. This fact 
can be explained by the IGE active electrode 
surface observations made during the deposition 
and rest stages. One may easily notice hydrogen 
bubbles which are not effectively removed during 
the electrode rotation. The amount of the gas 
increases with the acid concentration increase, 
the mercury ion concentration decrease and 
with a consecutive number of measurements of 
the same sample or for longer deposition times. 
Initially, many of these small bubbles are formed, 
but after several minutes they form a single big 
hydrogen bubble (rotating together with the 
electrode) which may cover the working surface 
of IGE even entirely. The fact of insufficient gas 
removal makes the RDE system uncertain and 
unreliable for quantitative analysis of Zn at very 
low pH. In the case of SG, the above described 
phenomenon does not take place. Only in 2.544 
sulphuric acid during a rest stage, were small 

(a) (b) 

I 

1 
1OOmV 

- 

RDE SG 

Fig. 2. DPASV peaks of zinc for selected measurements 
in 034 sulphuric acid. Zinc concentration: 1 x lo-‘M. 
Mercury concentrations: (a) 5 x lo-“M; (b) 5 x IO-‘M. 

Standard parameters. full explanation). 
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hydrogen bubbles observed. These were removed 
from the surface during the next deposition 
step. Even in 0.5M sulphuric acid and at the 
lowest mercury ion concentration studied no gas 
bubbles were observed during the rest step. For 
both stirring systems, the lower the pH, the lower 
the Zn peak height recorded for all mercury ion 
concentrations except 5 x 10w4M, and the higher 
the mercury ion concentration the higher the Zn 
peak recorded for all sulphuric acid concen- 
trations. In the solutions of 5 x 10e4M mercury 
ion and 5 x 10w3M acid, noise and the lack of 
reproducibility in peak height were observed 
when curves were recorded. The arrow and the 
question mark in Fig. 1 indicate a very low 
accuracy and uncertainty of the measurement 
performed in that solution, because the mercury 
nitrate partially played a role of a supporting 
electrolyte. Its concentration was only 10 times 
lower than that of the acid and any small 
vibration or shaking of solution caused the 
change of the current recorded from a diffusion 
to a diffusion-migration one. In addition, the 
superimposed hydrogen reduction and zinc 
oxidation currents made the system even more 
sensitive and unstable. The mercury ion con- 
centration of 5 x 10p4A4 seems to be the best as 
not only the highest Zn peaks were recorded, 
but also the Zn peak in the 0.5M acid solution 
is higher than that in the 0.05M solution. This 
might suggest that the observed increase is 
caused by the Zn content present in the acid 
appearing as contamination. Furthermore, one 
may suppose that at such high mercury ion 
concentration levels, the amount of Hg(I1) is a 
decisive factor when the sensitivity of a measure- 
ment is concerned. As a confirmation, the equal 
Zn peak heights, recorded by SG, in solutions of 
5 x 10e3M sulphuric acid + 5 x 10-SM Hg2+ 
and 5 x lo-‘M sulphuric acid + 5 x 10m4M 
Hg2+ may be used. This indicates that in both 
solutions the main source of Zn was the stan- 
dard zinc solution added and not impurities in 
the sulphuric acid or the mercury nitrate stan- 
dard solutions. For all other mercury concen- 
trations studied, the pH of the solution (hence 
the acid concentration) limits the height of Zn 
peak-the lower pH, the lower peak recorded. 
It was also observed that Zn peaks recorded on 
acid solutions containing 5 x 10M4M Hg2+ are 
higher and narrower than those obtained at 
5 x 10m5M Hg2+ or lower mercury ion concen- 
tration levels and at the same Zn and acid 
concentrations-compare two SG curve in 
Fig. 2. 

Peak height assessment 

An evaluation of voltammetric data when 
measurements of Zn content were performed at 
very low pH is not an easy task. The shape and 
size of the peak is strongly affected by a steep 
voltammetric baseline current from hydrogen 
evolution. In addition, the steepness of the base- 
line current depends on the acid and mercury 
ion concentrations, thickness of a mercury film 
as well as the sensitivity value pre-set before the 
curve is recorded, which very often must be 
changed when a standard addition technique is 
used, We found that at very low Zn(I1) levels 
reliable results could be obtained only when 
the background current is recorded (without 
deposition step) just after each voltammetric 
measurement of Zn. A subtractive DPASV peak 
is not only much easier for interpretation but 
also higher, sometimes twice as high as that 
obtained using the tangent. The following 
demonstrates how substantial error can arise 
(the lower peak of metal, the more significant 
discrepancy) by tangent assessment of a DPASV 
peak height of zinc. Two experiments were per- 
formed on 0.5M sulphuric acid with 5 x 10e5M 
Hg*+ at the stationary IGE. The first one was 
the standard addition of zinc solution and the 
second one was the study of the height of zinc 
peak as a function of the deposition time, at 
7 x lo-‘A4 Zn2+ content. For both relationships 
straight lines were obtained but with negative 
values of y-axis interceptions. When corrected 
by taking the background current as baseline 
peak it results in curves that have positive y-axis 
intercepts, better correlation coefficients and 
larger gradients. For illustration purposes the 
interception, correlation coefficient and slope of 
calibration curves for tangent and background 
current correction were found to be -0.65; 
0.975; 0.77 + 0.06 and 0.10; 0.996; 0.89 + 0.03, 
respectively. A tangent approximation of a 
hypothetical baseline is commonly used in a 
computerized equipment as it is an easy and 
quick way of peak height measurement.‘3~‘* One 
must realize that this method may often lead to 
large determination errors, which can be avoided 
by a subtractive method, or background current 
correction, or highly-developed mathematical 
analysis of the peak region.” In all further 
measurements backgrond current is taken into 
account for data evaluation. 

Quantitative Zn determination 

For zinc determination only the SG mode 
was used. The original Zn concentrations in 1M 
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sulphuric acid solution with 5 x 10W4M HgZ+, 
a deposition time of 10 min (sample A) and 
two 0.5M sulphuric acid solutions for 5-min 
deposition times and at different mercury con- 
centration levels, mainly 5 x 10e4M (sample B) 
and 5 x 10-5M (sample C) were determined by 
the standard addition technique. In all cases, the 
relationships between the peak heights and the 
added Zn standards were linear but had differ- 
ent slopes. For samples A, B and C slopes were 
found to be 2.78, 4.48 and 3.81, respectively. 
The original concentrations of Zn in studied 
samples were in very good agreement; Zn 
contents in IM and two 0.5M sulphuric acid 
solutions were found to be 4.1 x 10m8M and 
2.0 x 10e8M, respectively. The producer specifi- 
cation says that the maximum amount of Zn 
can be 5 x lo-‘% which corresponds to 3 x 
lo-‘M Zn*+ in a 0.5M acid solution and is one 
order of magnitude more than the value found. 
One must notice the difference in the deposition 
times which were 5 and 10 min for the 0.5 
and lit4 acid solutions, respectively. From the 
analytical point of view, data obtained for both 
sulphuric acid solution concentrations, even 
when a lo-min deposition time had to be used 
in 1M acid to record peaks sufficiently high, well- 
shaped and suitable for quantitative determin- 
ation of Zn, are regarded as fully satisfactory. 
This experiment also confirms that the higher 
the acid concentration, the lower the Zn peak 
recorded and the higher the mercury concen- 
tration, the higher the Zn peak recorded in the 
solution of the same pH, which results in a 
different slope of the calibration curve. 

The efect of extremely low pH 

The results of the preliminary study, especially 
the lack of a Zn peak in 2.5M sulphuric acid as 
well as a significant decrease in peak height in 
the 1M acid (sample A in quantitative Zn deter- 
mination) suggested the need for a more detailed 
examination. A series of measurements was 
performed on one sample containing 2 x lo-‘M 
Zn*+ and 1 x 10e4M Hg*+ with a stepwise 
standard sulphuric acid addition. After each acid 
addition the voltammetric curve was recorded 
and results obtained are presented in Fig. 3, 
where two curves are seen. The first one (lower 
curve) represents the real values of the peaks 
recorded and the second one (upper curve) was 
obtained when the dilution of Zn was taken 
into account. From this relation and the data 
presented in Fig. 1, where no decrease of Zn 
peak is observed in 0.5&f acid solution with 

I. 

0.1 0.2 0.3 0.4 

D+SO4l/ M 

Fig. 3. The effect of acid concentration on zinc peak height. 
Mercury concentration: 1 x IO-‘M. Zinc concentration: 
2 x IO-‘M. Standard instrumental parameters. (0) Zn peak 

recorded, (m) Zn peak recalculated (see text). 

5 x 10b4M Hg*+ addition it is clear, that there 
is no specific pH range at which the Zn peak 
height dramatically decreases. It depends not 
only on the acid to mercury ion concentration 
ratio but also on the working electrode or mode 
of solution stirring used and must be found 
experimentally for each system studied. For 
example, when the quantitative Zn determination 

Fig. 4. Comparison of RDE (0) and SG (m) calibration 
curves for zinc, 0.5M sulphuric acid + 5 x lo-‘M H$+. 
Deposition time 5 min. Standard instrumental parameters. 
Dashed tine = a real relationship for RDE (for explanation 

see text). 

xu. an-o 
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was performed using the RDE or SG modes in 
the same sample, two different relations were 
obtained even when the optimum composition 
of the solution for SG was chosen, mainly 
5 x 10F4M Hg2+ in 0.5M acid (Fig. 4). One may 
see, that the original concentration of Zn in 
the acid solution estimated from RDE curve, 
presented as a solid line (e), is far too high- 
compare this result with those discussed in the 
previous section, e.g., quantitative zinc deter- 
mination. To explain this result, one must recall 
the hydrogen evolution phenomenon at RDE 
discussed earlier and under the circumstances 
the proper relationships for RDE is presented 
by a dashed line (0) in Fig. 4. 

The eflect of instrumental parameters 

The influence of the DPASV parameters on 
the analytical data was studied in 2.5 x IO-‘M 
sulphuric acid (pH z 1.6) containing 2 x 10e4M 
Hg2+. It is not such a critical medium that pH 
must equal 0 but a very low pH is required 
and due to the striking gas technique employed 
we could record very well shaped Zn peaks. 
The estimated value of the Zn concentration 
in 2.5 x 10e2M sulphuric acid was found to be 
1.07 x 10m9M. This is in very good agreement 
with the results collected for 1 and 0.5M sul- 
phuric acid but it was inconvenient, although 
possible, to study the effect of the instrumental 
parameters at such a low Zn level. By addition 
of 2 x lo-‘M Zn2+ (about 200 times more than 
the original content) it was possible to obtain a 
high Zn peak (about 8 PA) at a deposition time 
of just 60 sec. 

Under these conditions, e.g., relatively low 
pH and relatively high mercury and zinc ions 
concentrations, one could expect a fairly stable 

Pulse repetition time / set 
Fig. 5. The effect of pulse repetition time on Zn peak height 
in sulphuric acid solution. pH P I .6; mercury concentration 
2 x IO-‘M; zinc concentration 2 x lo-‘M; deposition time 

60 sec. For other instrumental parameters see text. 

? 
Potential step I mV 

Fig. 6. The effect of potential step on Zn peak height. 
For details see Fig. 6. 

and reliable performance of IGE in a SG mode, 
so all observed changes could be related to the 
instrumental parameter change. The influence 
of pulse amplitude, potential step and pulse 
repetition time on the peak height was studied. 
In each experiment, one parameter was varied 
while the others were kept constant. All measure- 
ments were performed in one sample solution. 
Prior to the series of measurements, a mercury 
film was plated in 180~set steps followed by 60- 
set steps (for total time of 16 min) to ensure that 
the electrode was reproducible. For all measure- 
ments, deposition potential, start potential and 
deposition time were - 1.4 V, - 1.2 V and 60 
set, respectively. The results are presented in 
Figs. 5-7. From data in Figs. 5 and 6 it is seen 
that the higher the scan rate the higher the peak 
recorded which is exactly opposite to the observ- 
ation reported by Vos et al.’ The pulse repetition 
time does not influence the peak height up to 

20 40 80 80 loo 

Pulse amplitude / mV 

Fig. 7. The effect of pulse amplitude on Zn peak height. 
For details see Fig. 6. 
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3 sec. This is a very convenient relationship Using optimized instrumental parameters, 
from the analytical point of view and allows the several hydrochloric and nitric acids solutions 
use of the shortest time available which makes were analyzed for zinc at pH 2 0 by standard 
the single measurement a relatively quick one. addition. For all samples studied the Zn content 
From the shape of the Zn peak recorded, when was below the level specified by the producer. 
the influence of the potential step was studied The detection limit of 1M acid solution and 10 
and from the relation in Fig. 6, we recommend min deposition time was estimated to be about 
the use of 6 or 8 mV steps. This results in a 15 1 x 10w9M. The results presented confirm that 
or 20-mV/sec scan rate at O.Csec repetition IGE combined with SG may be used successfully 
times. At these scan rate values the peak de- for this purpose and on the other hand, made 
creases only very slightly but its shape is much it obvious that commercially available rotating 
better than for 10 mV or higher steps because disc electrodes are not suitable. Bearing in mind 
for a single Zn peak more points are recorded. the results presented it is easy to explain why the 
In Fig. 7 three regions one may select and from loss of sensitivity for Zn at a pH lower than 2.9 
them B-C one, e.g., for pulse amplitude between was reported when GC as the working RDE was 
40 and 80 mV, which is the most suitable for use used (1500 rpm) at a 5 x lo-‘M mercury ion 
as the peak height does not depend on a pulse concentration level.12 
value and is the highest one. With the pulse 
amplitude increase, the DPASV zinc peak shifts 
towards more negative values, we recommend REFERENCES 

use of 50- or 60-mV pulse amplitudes (for 10 1. R. Salim and B. Cooksey, J. Electroanaf. Chem., 1980, 

and 100 mV pulse amplitudes Zn peak poten- 106,251. 
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Summary-A simple and fast but sensitive and precise gas chromatographic method is described for the 
quantitative determination of 4, N,, CO, CO*, Cl and CZ-hydrocarbons for coal research. Gas analyses 
are necessary to obtain parameters for modelling spontaneous combustion and to predict long term coal 
behaviour. The method is based on a single PLOT-type capillary column in a single channel gas 
chromatograph. Using a micro-volume TCD coupled in series with a PID detector containing a capillary 
methanizer it is possible to determine high and trace level gases simultaneously. Trace quantities of CO 
and CO, can be determined with a single analysis and the detection Limits are. improved significantly using 
the capillary methanizer. The detection limit of the described method is approximately ten parts per million 
CO2 and one part per million CO. Using the same instrument conliguration the Oflr ratios (major 
components), as parameter for coal reactivity, are also determined. The proposed approach is restricted 
to the determination of gases evolved during coal studies and the application to other gas mixtures is not 
considered. 

Spontaneous combustion of coal is always un- 
desirable as it can lead to atmospheric pollution 
and the loss of a valuable commodity or even 
life. The oxidation of coal (adsorption of 
oxygen) in which oxygen reacts with the coal to 
form what is termed an “oxycoal”,l is the major 
source of heat in a heap. The oxycoal contains 
oxidation products such as carboxylic acids, 
humic acids, peroxides and hydroxides. These 
products decompose with time to release 
product gases such as CO and COz. Inherent 
CH, is released mainly due to desorption. These 
gases are released in relatively small concen- 
trations compared to the total amount of 
oxygen adsorbed, and are expected to be present 
in trace levels at low temperatures. 

The gas concentrations and temperatures in 
waste heaps is monitored to investigate the coal 
reactivity, toxic gas evolution and trace gas 
distribution in order to implement safety pre- 
cautions and to make long term predictions. 
The release of CO is of particular importance as 
it is very toxic, has no smell and its emission 
from smouldering or burning heaps is a major 
hazard. Laboratory research programmes ex- 
ploring the self-heating potential of coal’ 
provide the latest information needed for the 
safe stockpiling, transportation and disposal 
of coal or waste material. A typical test is 
the determination of low temperature coal 

reactivity as well as the amounts of evolved 
gases. Typical gas concentrations, as found 
during laboratory experiments or in waste 
heaps, are indicated in Table 1. 

The gases depicted in Table 1 are traditionally 
determined using two columns, namely a mol- 
ecular sieve type packed column for 02, N,, CO 
and CH, and a Porapak Q for CO, and C2-C4 
hydrocarbons. Mindrup3 summarized most of 
the methods used for permanent gas and light 
hydrocarbon analyses. Single column appli- 
cations, using temperature programming from 
sub-ambient temperatures’ and dual column5 or 
dual channel operation with column valving,6” 
have been reported, but they are all complex or 
have long analysis times. All the above- 
mentioned techniques are based on thermal 
conductivity detection (TCD) for CO and CO* 
and therefore also lack the necessary sensitivity. 
Simplicity, efficiency, precision, sensitivity and 
ease of operation and ease of troubleshooting 
were considered important standards in devel- 
oping an analytical technique for modelling of 
coal behaviour. Efficiency and resolution can be 
improved significantly using a capillary column. 

The Carboplot 007 carbon molecular sieve 
type capillary column was employed in this 
investigation. Inorganic and light hydrocarbon 
gases can be separated and determined using 
this column and it was deemed possible to 
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Table 1. Typical expected gas concentrations 

Laboratory 
low 

Non-reactive Smouldering temperature 
Component waste heaps heaps experiments 

CO I-25 ppm 0.0540% 10&500@ ppm 
CO2 0.0545% 0.1~20% 0.05-2% 
CH, <I O.OOI-3% 10-5000 ppm 
c2H4 <I l-1000 ppm <I 
C,H, cl 1 ppm-1% <l 

configure a system around a single column to 
suit the needs for coal research. This would 
eradicate the complications involved with dual 
column systems. A capillary methanizer, based 
on the principles described by Volman,9 was 
used to improve the sensitivity for carbon 
monoxide and carbon dioxide. The efliciency, 
sensitivity and precision of this method, as well 
as its application to gas analysis in coal studies, 
was investigated. 

Instrument configuration 

A Siemens Sichromat II gas chromatograph 
with a FID, a TCD with an internal cell volume 
of 20 pl and a gas sampling valve was used 
in this inv~tigation. The TCD outlet was 
connected to the FID inlet using a 0.3-mm 
diameter fused silica capillary. The system was 
configured as illustrated in Fig. 1 and the FID 
capillary insert was packed with a cobalt 
catalyst as shown in Fig. 2. A CarboPLOT 007 

capillary column (25 m x OS3 mm), operated 
from ambient to 115”, and a helium carrier gas 
flow of 15 cm3/min were employed. 

A cobalt catalyst with a high surface area was 
prepared by soaking Chromosorb M (120 mesh) 
in a saturated cobalt nitrate solution. The excess 
liquid was removed by filtering under vacuum. 
The solid phase was dried overnight at 110” and 
then heated in air for 5 hours at 350” to obtain 
cobalt oxide with a high surface area. The 
catalyst was then packed into the quartz tube, 
as illustrated in Fig. 2, and installed in the FID 
of the gas chromato~ph. The FID was heated 
overnight at 350” under a stream of helium gas 
to activate the catalyst. 

Gas monitoring in experimental coal heaps 

Gas samples are taken from heaps using 
gas sampling bulbs (250 cm3), through probes 
installed at various points. The samples are 
introduced into the GC using the gas sampling 
valve with a fixed 0.25~cm3 sample loop and 
analyzed for CO, CO,, CH,, C2H4 and C& 

FLOW CONTROLLER 

OUTLEI- 

GAS CHROMATOGRAPH 

Fig. 1. Instrument configuration. 
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\ / 

’ Flametip 

Quark wool 

Fig. 2. Cross section of the glass insert in the FID. 

The concentration of these gases may vary 
from trace levels to major components, depend- 
ing on the temperature in the heap. The FID 
detector signal is used to quantify low concen- 
tration gases and the TCD detector signal for 
gas concentrations exceeding 1%. The results 
are expressed as parts per million or percent 
component present in a specific location in the 
heap. 

Laboratory tests exploring the serf heating 
potential of coal 

Sample preparation. The air-dry samples were 
crushed to 25 mm, mixed, sieved and divided by 
means of a Jones-riffler to produce four kilo- 
gram samples of 1.0-6.3 mm coal particles. 
These samples were allowed to equilibrate with 
air at 35” in open trays for twenty four hours. 

Apparatus. Reactivity determinations are 
based on the determination of the rate of 
oxygen adsorption. For this purpose high 
density PVC reaction vessels of cu. ten litre 
capacity are used. Each vessel is sealed by a 
polyurethane gasket located in a machined 
groove on the flange. The bolt-on lid contains 
a gas sampling port with a silicone rubber 
septum and an airtight stop-cock for pressure 
equalization. Experiments are carried out in a 
constant temperature room at 35 + 1” and 
cu. 30% relative humidity. 

Method. The coal sample of known mass and 
density is placed in a reaction vessel of known 
volume, sealed, and placed in a rotator. The 
barometric pressure is recorded. Gas samples 
are removed at intervals through the septum 
and analyzed by the proposed gas chromatog- 
raphy method to determine the change of 02/Nz 
ratios with time and trace gas levels CO, CO* 
and CH4 evolved. The test is continued until the 
O2 level drops below 15%. 

Calculation. The reaction constant of the 
material with oxygen is calculated from the 
change in gaseous oxygen content of the sealed 
container. The formula used is: 

ln$ 
k=+ (1) 

where O,i and Ozr are respectively the initial and 
final Oz/N, mole ratio in the reaction vessel, t 
the time in days and k the rate constant 
of oxygen depletion (day-‘), assuming first 
order reaction. The reactivity of the material is 
expressed as normal cm3 oxygen consumed per 
kilogram material per day. The formula used is: 

Reactivity = k * V~i (2) 

where Yo, is the initial normal cm3 volume of O2 
available per kilogram coal in the reaction 
vessel. 
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RESULTS AND DI!XUSSION ferred above a parallel arrangement. The latter 

System configuration 
arrangement would reduce the already low flow 
rate through the TCD with a simultaneous 

As indicated by Porter all the necessary decrease in resolution and sensitivity. It would 
conditions for conversion, except the catalyst, also require the installation of a reliable outlet 
are present in the flame ionization detector. splitter with a very constant split ratio. In the 
Complete conversion of CO and CO1 to CH4 is case of the series arrangement it is necessary to 
obtained at a FID operating temperature of use a micro volume TCD to eliminate the 
350”. Results obtained in this manner are found possibility of band broadening and resulting 
to be approximately 120 times more sensitive loss of resolution of the peaks detected with the 
than those obtained employing a TCD. This FID. 
methanizer configuration is only suitable for 
conversion of micro-quantities of gases and is The application of the method to the monitoring 

therefore only applicable to capillary gas of gas concentrations in experimental coal heaps 

chromatography. The advantage of this Gas concentrations in coal waste heaps de- 
method is improved efficiency when compared pend on factors such as the coal type, reactivity, 
to traditional packed columns. Simultaneous age, moisture content (weather conditions), 
determination of CO and CO2 concentrations is heap geometry and particle size. The concen- 
also possible. tration of these gases increase as a function of 

For simultaneous FID and TCD detection, temperature. In burning heaps CO2 concen- 
the series coupling of the detectors was pre- tration will typically increase to approximately 

(a) TCD DETECTION (b) FKD DETECTION 

Fig. 3. Separation of gases from a smouldering heap. Column-Carboplot 007, 25 m x 0.53 mm; Oven 
temperature90’; Carrier Gas-Helium, flow of 15 cm”/min; Sample size-&x. 0.25 cm); Detection- 
TCD coupled in series with the FID, fitted with a capillary methanker. 1 = 1.01% CO, 2 = 0.95% CH,, 

3 = 15.5% COz, 4 = 3.5 ppm C,H,, 5 = 43 ppm C,H,. 
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20 percent, methane to 2.5 percent and the 
CZ-hydrocarbons to between 0.001 and 0.15 
percent. 

Using the Carboplot 007 column, base line 
separation of CO, CO* and CH, is achieved at 
an isothermal column temperature of 90” within 
an analysis time of 3 min. Ethylene and ethane 
can also be separated and detected using 
an extended analysis time of ten minutes, but 
these components are not normally present in 
samples and only occur in burning heaps or 
in high temperature experiments. A typical 
chromatogram of a sample collected from a 
waste heap at the Grootegeluk Coal Mine, is 
illustrated in Fig. 3. 

As evident from Fig. 3(a) there is considerable 
interference (overlap) from the Nz peak with the 
CO peak using TCD detection. This problem 
is solved when CO is converted to methane 
because the FID is insensitive to Nz [Fig. 3(b)]. 
The relative signal intensity differences between 
Figs. 3(a) and (b) are also illustrated. 

The application of the method to determine 
gas concentrations during controlled laboratory 
experiments 

The low temperature adsorption of oxygen by 
coal is the main heat-generating step during the 

oxidation process of coal. The rate of oxygen 
adsorption, as a measure of coal reactivity, is 
determined by the gas chromatographic method 
and calculated according to equations (1) and 
(2). The reactivity is also used as a parameter for 
mathematical models used to predict the self- 
heating potential of coal. A reliable method for 
determining OJNz ratios during an experiment 
is therefore invaluable. For reliable reactivity 
calculations, the assumption of first order re- 
action must also be valid. Although a first order 
reaction is generally assumed for mathematical 
models of spontaneous combustion in coal 
stockpiles, ‘OJ’ this is not necessarily the case. 
Stott” described the oxidation by a 0.5 power of 
the oxygen in the gas stream. SchmaP3 used an 
experimentally determined order of reaction (n) 
of 0.7 in the calculations with his moist coal 
model, and assumed n = 1 (as obtained from 
literature) for calculations with the dry coal 
model. The order of reaction was also investi- 
gated in our laboratory by plotting log Ozf 
versus time. The graphs were constructed from 
experimental data obtained for various coals 
and found to be linear. Under our experimental 
conditions we therefore accepted that chemi- 
sorption of oxygen by the coal particle surface 
proceeds according to a first-order reaction. 

(a) TCD DETECTION 
(0,/N, ratios) 

(b) FID DETECTION (with metha&& 
(Trace gases) 

Fig. 4. Separation of gases during a controlled laboratory experiment. Column~boplot 007 column, 
25 m x 0.53 mm; Carrier gas-helium with flow of 15 cm’/min; Sample h-(a) 10 ~1, (b) 250 pl; Oven 
temp-(a) 30” (b) 90”; Coal sampl&btained from the Syferfontein Coal Mine in the eastern Transvaal. 

1 = 20.9% 4, 2 = 79.0% N2, 3 = 17 ppm CO, 4 = 27 ppm CH,, 5 = 1448 ppm CO,. 
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Table 2. Precision of reactivity and gas determinations during a typical 
laboratory experiment on a Syferfontein coal sample 

Average coefficient 
value X Standard of 
(?I = 11) deviation variation 

Or/N, ratios (O& 0.2562 - - 
OJNr ratios (O,)* 0.2080 - - 
Reactivity 415 cm’/kg/day 10.9 2.63 
co 17.8 ppm 0.44 2.49 
CH4 27.3 ppm 0.31 1.13 
CGZ 1448 ppm 16 1.10 

*Time elapsed = 0.177 days; Vo, = 352.4 cm3. 

Gas chromatographic results obtained on 
coal from the Syferfontein Mine in the eastern 
Transvaal, are illustrated in this paper. The 
O2 : Nz ratios were determined using a Carboplot 
007 column at ambient temperature and TCD 
detection. Almost baseline separation of O2 and 
N, was achieved within an analysis time of 
under 1.5 minutes. A typical chromatogram is 
shown in Fig. 4(a). 

Trace amounts of gases evolved during this 
experiment were also determined. A typical 
chromatogram of trace level gases is illustrated 
in Fig. 4(b). The final results of this experiment 
are given in Table 2. 

Precision of the method 

Data on precision studies was obtained by 
repeatedly analyzing the gases in the reaction 
vessel containing the Syferfontein coal 
(Table 2), as well as the gas sample collected 
from the Grootegeluk waste heap (Table 3). 

As evident from Table 2, variation coefficients 
better than 2.5 percent were obtained in the case 
of the controlled laboratory experiment. As 
evident from the two sets of results obtained for 
the waste heap sample in Table 3, a considerable 
improvement is noticed in the case of FID 
detection. The CO peak could not be integrated 
on the TCD chromatogram due to overlap with 
the nitrogen peak. Furthermore the ethane and 
ethylene concentrations were too low for TCD 

detection. However, in the case of CO1 present 
at a high concentration, the TCD results were 
found to be more precise. The lower value 
obtained on the FID could be due to the 
flattening out of the calibration curve at 
high gas levels. The combined results indicate 
that the precision is acceptable for the intended 
use of the method. Acceptable variation 
coefficients were obtained for all the trace 
gases, including the very low carbon monoxide 
concentration. 

Linearity and detection limits 

Multipoint calibration curves for each com- 
ponent were determined on the Carboplot 007 
column using primary and secondary standards 
of different component concentrations. Relative 
response factors were calculated for each gas 
and were found to be linear over the con- 
centration ranged indicated in Table 1. Other 
concentration ranges were not considered in this 
paper. The analytical working ranges for the 
FID and TCD, as well as the method detection 
limits (MDL) which can be expected for the 
trace gases, are indicated in Table 4. 

The MDL is defined as the minimum con- 
centration that could be measured with 99% 
confidence that the analyte concentration is 
greater than zero. The measurements were 
based on a maximum sample size of 250 ~1 that 
could be used to determine the trace gases with 

Table 3. Precision of a gas determination on a reactive heap gas sample from Grootegeluk 

Results obtained on the FID Results obtained on the TCD 

Average 
concentration 

Standard 
deviation 

Coefficient of 
variation 

Average 
concentration 

Standard 
deviation 

Coefficient of 
variation 

:: 

CH: 

1.01% 15.5% 0.003 0.06 

0.95% 0.003 
GH4 3.5 ppm 0.83 
C,H, 43.5 ppm 0.79 

p.o.-Peak overlap, not integratable. 
n.d.-Not detected. 

0.31 0.39 lK% 0.05 - 0.30 - 

0.28 0.94% 0.005 0.54 
23.7 n.d. - - 
1.82 n.d. - - 
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Table 4. Suggested analytical working ranges for the TCD and FID 

Component 

02/N2 ratios 
co 

CH, 

CO, 

CzH, 

CzH, 

Analytical 
working 
ranges 

0.1-0.26 
O-l% 
l-10% 
O-l% 

O.l-3% 
O-l% 
l-20% 
O-l% 

O.l-3% 
O-l% 

O.l-3% 

Type of 
detector 

TCD 
FID (Me&mixed) 
TCD 
FID 
TCD 
FID (Methanixed) 
TCD 
FID 
TCD 
FID 
TCD 

Method 
detection 

limits 

- 

1 ppm 
100 ppm 

1 ppm 
100 ppm 
10 ppm 

1000 ppm 
2.5 ppm 
250 ppm 
2.5 ppm 
250 ppm 

this column, before observing the effects of for the most important gases, by making in- 
overloading. Low enough detection limits were expensive modifications. The method is particu- 
obtained with FID detection to allow reliable- larly suitable for the monitoring of coal 
results. Unacceptable detection limits were reactivity. 
found on the TCD, thus illustrating the advan- 
tage of the FID and methanizer for reliable Acknowledgements-The authors wish to thank the 

determination of evolved gases in coal research. 
management of Iscor for permission to publish this paper. 
Professor E. R. Rohwer is acknowledaed for his exnert 
advise during the project. 

CONCLUSIONS 

The Carboplot 007 capillary column used in 
the proposed configuration was found to exhibit 
superior performance compared to traditional 
methods. Separation and determination of 02, 
N,, CO, COZ, CH4, C2H, and C2H6, as major or 
trace components, can be achieved with a single 
channel system built around a single column. 
Combining the efficiency and simplicity of the 
single capillary column with the detection capa- 
bility of a capillary methanizer the following is 
achieved: 

Separation of all the gases involved 
Short analysis turnover time 
Improved sensitivity for CO and CO2 
Wide linear working range of all the involved 
gases 
Simplicity, ensuring ease of operation and 
ease of trouble shooting 

The method can be applied to various investi- 
gations, covering a wide range of concentrations 

1. 

2. 

3. 
4. 

5. 

6. 
7. 
8. 
9. 

10. 
11. 

12. 

13. 
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DETERMINATION OF PLATINUM IN PLANTS BY 
EMISSION SPECTROMETRY AFTER 

PRECONCENTRATION ON MODIFIED SILICAGEL 

Vitizs~v OTRUBA,* MARTA STRNADOV.~ and BLANKA SrcALNiKov~ 
Department of Analytical Chemistry, Masaryk University, 611 37 Bmo, Czech Republic 

(Received 19 February 1992. Revised 10 June 1992. Accepted 10 June 1992) 

Summary-Silicagel Separon SGX Cl8 (particle size 7 pm) was suitable for the preconcentration of 
2-20 pg of Rt from 0. 1M hydrochloric acid in the presence of cationic surfactants especially dimethyllau- 
rylbenxylammonium bromide, with subsequent elution with 96% ethanol. The recovery was 86-l 10% for 
2 pg of Pt. The sample matrix corresponding to 2.5 g of average plant ash does not interfere. The 6nal 
emission spectrometry of platinum was carried out in 15 A dc-arc at Pt I 265.942 nm in the presence of 
Au as internal standard (Au I 267.595 nm). RSD was 6.3% in average. 

The environmental platinum is often due 
to platinum dust coming from industrial and 
vehicles’ catalyzers. Platinum contents of 
37-680 ,ug Pt/kg were detected in roadside 
dust on dried plants.’ Isolated samples of 
dried plants contained platinum levels of 
100-830 pg/kg.’ Among suitable methods for 
the determination of platinum the classical 
emission spectrometry,2” the flame AAS, 
ETA-AAS or ICP-ES5 were commonly 
used.5 The absolute detection limits are reported 
to be usually 100 ng of Pt for the classical 
emission spectrometry3 and the flame AAS, 
0.75 ng of Pt for ETA-AAS or 30 ng of Pt for 
ICP-OES.5 Thus, a preconcentration of plati- 
num and its separation from the matrix is 
necessary when biologic samples are analysed. 

Sufficiently low limits of detection can be 
achieved by using classical emission spec- 
troscopy. 

In this paper the simple preconcentration 
of platinum in the form of platinum(Iw 
chlorocomplexes’ with cationic surfactant on 
Separon SGX Cl8 column is used in combi- 
nation with dc-arc-emission spectroscopy as 
detection. In this way the detection limit 
dropped to lo-‘% Pt for model samples. 

Instruments 

EXPERIMENTAL 

Spectrograph PGS-2 of Carl Zeiss, Jena, sup- 
plied by two gratings, i.e., with 651 lines/mm, 

*Author for correspondence. 

blaze angle at 320 mn and reciprocal linear 
dispersion 0.737 nm/mm in the 1st order, or 
1302 lines/mm, blaze angle 265 nm and recipro- 
cate linear dispersion 0.184 nm/mm respectively 
if used in the 2nd order. A three-lens system 
with a 5-mm intermediate projection diaphragm 
was used, the entrance slit was 0.020 mm, the 
distance between carbon electrodes was 3 mm. 

A UBI-1 generator of RFT supplying 15 A 
dc-arc was used. Carbon electrodes SU 326, SU 
304 or SW 304 (carrier), SU 202 (counter elec- 
trode as cathode) and graphite powder SU 602 
were used, all of Elektrokarbon Topolciany, 
CSFR. 

Exposed photographic plates ORWO WU 2 
and WU 3 (Germany) were evaluated on micro- 
photometer MD-100, Zeiss with slit area 
0.1 x 15 mm and under 20 times magnification 
using the P-transformation of characteristic 
curve and filters with 10% T(interna1 standard) 
or 100% T(platinum line). 

AAS spectrometer Perkin-Elmer 306 with 10 
cm burner, acetylene-air flames with flow rates 
22.5 l./min for air and 1.4 l./min for acetylene. 
Hollow cathode lamp with Pt line 265.942 mn at 
30 mA. 

Membrane pump MP 2501 was from 
Laborinstruments Prague with stainless and 
teflon@ fittings. 

Chemicals 

Standard solutions. Platinum solution 
(0.326 mg/ml) was prepared by dissolving the 
metal in aqua regia (1 + 9). AuCl, was prepared 
with 5.3 mg/ml Au in hydrochloric acid 
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(1 + 9). ZrGCLz was prepared in 1M hydro- 
chloric acid with 3.0 mg/ml Zr and GeO, in 
water with 1.075 mg of Ge. 

Brg 35 (Merck, Darmstadt). A 2.5% stock 
solution was used. 

Butyltriphenylphosphonium bromide (BTPP). 
Recrystallized from ethanol. 

Cetyltrimethylammonium bromide (CTMA) 
(Lachema Co., Brno). 

Cetylpyridinium bromide (CPB) (Lachema, 
Brno). 

Dimethyllaurylbenzylammonium bromide 
(Sterinol). 10% Aqueous solution (Galenius 
Co., Warsaw). 

All other chemicals were of analytical grade 
quality. Matrix model solution: 2.6 g/l. Na 
(NaCl), 12.0 g/l. Ca (CaCl,), 19.2 g/l. K (KCl), 
3.6 g/l. Mg (MgC&), 1.0 g/l. Fe (FeCl,) and 
0.5 g/l. Al (AlCl,) in O.lM HCl. A l-ml aliquot 
of such solutions corresponds to 0.1 g of average 
plant ash or 6.7 g of average plant material.* 

Glass chromatographic columns 3 x 30 mm 
of Tessek Co., Prague filled with Separon SGX 
C18, particle size 7 pm. 

RESULTS AND DISCUSSION 

Determination of platinum with emission 
spectroscopy 

For determination of platinum the line Pt I 
265.942 nm and internal standards with Au I 
267.595 nm, Ge I 265.1178 nm and Zr I 
267.8636 nm were tested. Sodium carbonate was 
used as spectral buffer and Brij 35R as wetting 
agent. 

Procedure for calibration. A 2-ml portion of 
2.5% Brij 35R, 1 ml of 2.5% sodium carbonate 
and solutions containing O-100 pg of Pt, 25c(g 
of Au or 300 pg of Ge or 1000 pg of Zr were 

pipetted into 1 g of graphite powder in a 
Teflon@ dish, the solution evaporated under an 
infra-red lamp, the residue thoroughly mixed 
and filled into carbon electrodes. Excited in 
15 A dc-arc and exposed for 120 set through the 
graduated gray filter onto plates WU 3 (grating 
65 1 lines/mm) or WU 2 (grating 1302 lines/mm). 

Sample procedure. Pipette 0.5 ml of 2.5% Brij 
35R, solutions with 6.25 pg of Au, 75 pg of Ge 
or 250 pg of Zr, 0.25 ml of 2.5% sodium 
carbonate and a portion of the sample eluate in 
aqua regia into 0.25 g graphite powder in a 
Teflon@ crucible and continue as above. 

Best results were obtained when Au was 
used as internal standard. Using increased 
spectral resolution, one component of the 
structured background lies under the platinum 
line and interferes. Thus, in spite of steeper 
calibration plots for larger spectral resolution, 
the detection limit of 0.8 pg Pt/g graphite 
powder (0.1 pg of Pt in the electrode for deter- 
mination) was identical in both cases and the 
grating with 651 lines/mm was observed as fully 
satisfactory. Some resulting data are collected in 
Table 1. 

Preconcentration of platinum on dynamically 
modtfied Separon SGX Cl8 

The column was initially washed with 30 ml 
of 70% ethanol and 100 ml of water and treated 
with 5 ml of aqueous solution of quarternary 
salt (0.33 ml/min) containing 1mM BTPP, 1mM 
CPB, 12.5mM CTMA or 2.7mM Sterinol. A 
50-ml solution containing 20 pg of Pt in 0. IM 
hydrochloric acid and 1mM BTPP, 1mM CPB, 
12.5mM CTMA or 2.7mM Sterinol passed 
through the column. The elution from the 
column followed with 70, 85 or 96% ethanol. 
The flow rate for the sorption and desorption 

Table 1. Some parameters of the emission spectroscopy of platinum (Pt I 265.942 nm) 

Reciprocal 
linear Slops of 

Internal dispersion calibration Cormlationt RSD$ 
standard @m/mm) plot* coefficient % 

Au I 267.595 nm 0.74 0.57 0.984 6.3 
Ge 1265.118 nm 0.74 0.61 0.982 6.8 
Zr I 267.863 nm 0.74 0.51 0.959 11.9 
Au I 267.595 nm 0.18 0.89 0.989 7.8 
Ge I 265.118 nm 0.18 0.95 0.98 1 8.1 
Zr I 267.863 nm 0.18 0.83 0.975 9.8 

*P =f(log c) in Pg Pt/g graphite powder. 
tcalibration plot between 2-100 peg Pt/g graphite powder. 
#Relative standard deviation for 30 pg pt/g graphite powder and reciprocal linear 

dispersion 0.742 mn/mm or 10 peg ptlg graphite powder and reciprocal linear 
dispersion 0.18 nm/mm. 
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Table 2. Effect of surfactants on the retention of platinum (20 pg) on Separon SGX Cl8 
from O.lM hydrochloric acid. 
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Surfactant 

Surfactant 
concentration 

used, mM 
Retained Pt Recovery 

(%) (%) 
Ethanol as 

eluent 

BTPP 1 53 40 75% 
CTAB 12.5 80 80-90 75, 85% 
CPB 1 >> 95 86100 85, 96% 
Sterinol 2.7 >>95 90400 85, 96% 

being limited by the available column pressure 
was 0.33 ml/min. 

The behaviour of platinum on the sorbents 
was followed by AAS at Pt 265.942 nm in 
acetylene-air flames with flow rates 22.5 I./mm 
for air and 1.4 l./min for acetylene respectively 
(Perkin-Elmer AAS, model 306). The determi- 
nation limit was 3 pg Pt/ml. 

In the presence of BTPP the sorption of 
platinum (20 pg of Pt) from 50 ml was poor and 
took place from 53% only and 40% of the total 
platinum amount was eluted with the first 5-ml 
fraction of 75% ethanol. 

With CTMA the last three lo-ml fractions 
contained an average of 1.3 pg of Pt which is 
6.5% of the total amount applied onto the 
column. The platinum elution resulted in the 
first two 5-ml fractions of 75% ethanol. 

The sorbent was most effective in the presence 
of 1mM CPB or 2.7mM Sterinol and sorbed 20 
pg of Pt from 50 ml of O.lM hydrochloric acid 
quantitatively. Unfortunately 10-15 ml of 85 or 
96% ethanol was necessary for the elution of 
platinum from the column covered by CPB, 
whereas in the presence of Sterinol the quanti- 
tative elution of Pt was already in the first ml of 
96% ethanol and the recovery for 20 ,ug of Pt 
was 86100%. Identical results were also ob- 
tained from O.OlM hydrochloric acid and 
2.7mM Sterinol. Some results are given in 
Table 2. 

Matrix effects were examined similarly but 
the solution with 20 ,ug of platinum in O.lM 
hydrochloric acid and the quarternary salt in 
concentrations as above contained 5 or 25 ml of 
matrix model solution corresponding to 33.5 or 
167.5 g of dry average plant material in the total 
volume of 50 ml. The eluate was evaporated 
with 0.25 g of powdered graphite. This rep- 
resents approximately lo-‘% Pt in solution 
corresponding to 167.5 g of dry plant material, 
if the detection limit of 0.2 pg of Pt for 0.25 g 
of graphite is assumed. 

From the 12.5mM CTMA solution with 5 ml 
of matrix model solution the recovery of plati- 

num was 70-80% but 40% only in the presence 
of 25 ml of model matrix solution if eluted with 
10 ml of 85% ethanol. Moreover the recovery of 
2 ,ug of Pt in 50 ml was 20% only. For 1mM 
CPB and 20 pg of Pt in 50 ml the recoveries 
were 70-80% in the presence of 5 ml or 65% 
respectively in the presence of 25 ml of matrix 
model solution. The recovery of 2 pg of Pt was 
50% only. A IO-15 ml amount of 85 or 96% 
ethanol was necessary for the elution of plati- 
num from the column. Most suitable results 
were again observed with Sterinol (2.7mM). 
The recovery of even 2 pg of Pt in 50 ml was 
100% in the presence of 25 ml of matrix model 
solution and the elution with 1 ml of 96% 
ethanol was satisfactory. Results are collected in 
Table 3. 

Glycole-polymethacrylate gels such as 
Spheron DEAE 1000 (particle size 0.063-0.1 
mm, Lachema INC, Brno) as anion exchanger 
showed no advantage against modified silicagel. 
Under similar conditions platinum was sorbed 
in more than 95% (flow rate 0.5 ml/min) from 
O.lM hydrochloric acid but the recovery of 
platinum with 3 ml of O.lM hydrochloric acid 
and 2iU perchloric acid was 85% only. 

The advantage of proposed method is in its 
high separation selectivity for platinum from 
accompanying main components of biological 
material. From the sample matrix, platinum(IV) 
chloro-complexes are retained only. The sorp- 
tion of matrix macrocomponents such as 
ahnninium or iron on Separon SGX Cl 8 was 

Table 3. Recoveries of minor platinum concentration from 
matrix model solution 

Recovery 

2OpgPt 2 fig Pt 20 pg Pt 
Surfactant for 5 ml* for 25 ml? for 25 ml? 

CTAB 70% 20% 40% 
CPB 7040% 50% 65% 
Sterinol 100% 100% 100% 

*In the presence of 5 ml of matrix model solution (see the 
text). 

tin the presence of 25 ml of matrix model solution. 
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not observed in contrast to anion exchanger 
Spheron DEAE 1000. The retention of plati- 
num by Separon SGX Cl8 takes place from 
non-aggressive media of 0.1 M hydrochloric 
acid and its elution with 85 or 96% ethanol 
respectively into small (1 ml) volumes of eluent 
is fast and quantitative. In this way the cor- 
rosion of stainless parts of membrane pumps 
is hindered which is not the case when using 
2h4 perchloric acid as eluent from Spheron 
DEAE 1000. 

Acknowledgement-Thanks are due to Professor 8. N. G. Zirin, A. I. Obuchov, Emission Spectroscopy of 
L. Sommer for his deep interest and valuable Soils, Plants and Other Biological Objects pp. 184-185. 
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Summary-By using second derivative synchronous fluorescence spectrometry the simple resolution of 
mixtures of the anticoagulant rodenticides warfarin and bromadiolone in the presence of jkyclodextrin 
is accomplished, which causes a differential effect on the fluorescence intensity of these compounds. The 
determination method developed is simple, fast and inexpensive; in addition, measurements are performed 
in a single scan. Mixtures of warfarin and bromadiolone in ratios between 4: 1 and 1: 10 were satisfactorily 
resolved. 

Warfarin[3-(3-oxo-1-phenylbutyl)-4-hydroxy- 
coumarin] and bromadiolone{3-[3-(4-bro- 
modiphenyl-4-yl)-3-hydroxy- I-phenylpropyl]4- 
hydroxycoumarin} are two coumarin-based 
anticoagulants used as rodenticides. They 
impair blood coagulation, leading to hemor- 
rhage as the ultimate cause of death. Warfarin 
is also extensively used as a clinically effective 
oral anticoagulant in man; on the other hand, 
bromadiolone has a much higher acute oral 
toxicity, so it is only used as a rodenticide. 
The interest on the determination of these 
compounds lies in the poisoning hazards for 
no-target animals owing to their toxicity to all 
mammals. 

Because of their similar spectral features, the 
determination of these compounds in mixtures 
has so far been carried out by liquid chromatog- 
raphy’” with fluorimetric detection. However, 
there are other approaches which allow the 
simple determination of compounds with over- 
lapped spectra without prior separation. Syn- 
chronous spectrofluorimetry offers improved 
selectivity over conventional spectrofluorimetry 
thanks to the narrower spectral bandwidth, 
which in turn depends on the chosen AIZ value 
(viz. the wavelength difference between emission 
and excitation monochromators). Also, deriva- 
tive synthronous fluorescence spectrometry’ has 
proved a highly useful analytical techniquese6 for 
the direct resolution of mixtures of different 
compounds of clinical, biochemical and phar- 
maceutical interest. 

Because the emission spectra of warfarin and 
bromadiolone are completely overlapped, direct 
use of derivative synchronous fluorescence spec- 
trometry for their simultaneous determination is 
obviously precluded. We were thus to seek an 
alternative way of distinguishing the two com- 
pounds and found j?-cyclodextrin to increase 
their fluorescence intensity to a different extent. 

Cyclodextrins are reportedly interesting orga- 
nized systems in terms of fluorescence and 
room-temperature phosphorescence of use for 
the determination of organic compounds.7-‘0 
Because of the internal cavity of these com- 
pounds, luminescent molecules can form stable 
inclusion complexes provided they fit in the 
cavities. The formation of these complexes 
is thus reliant on chemical and geometrical 
factors. The chief practical consequence of this 
association is that the luminescent molecules are 
isolated from the environment, so any quench- 
ing effects are avoided and their luminescence is 
enhanced. The inclusion complex of /3-cyclo- 
dextrin with a coumarin (coumarin C54OA) was 
previously studied” and /?-cyclodextrin was 
used to improve the determination of warfarin 
by circular dichroism’* and fluorimetry.‘O How- 
ever, the differential effect of /3cyclodextrin on 
the fluorescent features of warfarin and broma- 
diolone is dealt with for the first time in this 
paper. The combination of this effect and de- 
rivative synchronous fluorescence spectrometry 
allowed the simple resolution of mixtures of 
these two compounds. 
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EXPERIMENTAL 

Reagents 

Stock warfarin and bromadiolone solutions 
(0.1 mg/ml) were prepared from warfarin 
(Aldrich) and bromadiolone (Chem. Ser.), 
respectively, in 0.1 N sodium hydroxide, and 
stored at O-4”. More dilute solutions of both 
were prepared daily by dilution with distilled 
water. A /3-cyclodextrin solution, lo-‘M, was 
prepared by dissolving /?-cyclodextrin (Aldrich) 
in distilled water. A borate buffer of pH 9.5 was 
made from O.lM boric acid and 0.4M sodium 
hydroxide. Reagent-grade chemicals and pure 
solvents were used throughout. 

Apparatus 

A Perkin-Elmer MPF-43A fluorescence 
spectrometer furnished with l-cm quartz cells 
and a xenon source was used for fluorescence 
measurements. The cell compartment was ther- 
mostated by circulating water at 25” through it. 
A spectral band-pass of 8 nm was set for the 
excitation and emission monochromators. For 
synchronous fluorescence mesurements, both 
monochromators were interlocked and scanned 
simultaneously at 2 nm/sec. Derivative spectra 
were recorded by electronic differentiation of 
the signal from a Perkin-Elmer H 200-0507 
derivative accessory. Of the six differential time 
constants available through the mode switch, 
position 6 was selected for all measurements. 
The spectrofluorimeter response (time constant) 
was set to 3 sec. A series of fluorescence polymer 
samples was used daily to adjust the spectro- 
fluorimeter to compensate for changes in source 
intensity. A Perkin-Elmer LS-50 luminescence 
spectrometer controlled via a Hewlett-Packard 
Vectra computer, running the “Galactic” appli- 
cation program was used to obtain the contour 
plots. 

Procedure 

To a sample solution containing warfarin and 
bromadiolone in a final concentration range 
between 0.2 and 3.5 pg/ml of each were added 
7 ml of IO-*M /I-cyclodextrin and 1 ml of 
O.lM borate buffer (pH 9.5). The mixture 
was made up to 10 ml in a standard flask 
with distilled water. The second-derivative syn- 
chronous fluorescence spectrum was recorded 
by scanning both monochromators simul- 
taneously while keeping an 85-nm constant 
difference between their wavelengths (Ad). The 
excitation monochromator was scanned from 

2 15 to 375 nm and the emission monochromator 
from 300 to 460 nm. The instrumental par- 
ameters were set as stated above. The second 
derivative peak-to-peak measurementsI are 
given as the relative fluorescence intensity and 
expressed as AZ. The derivative signal obtained 
at 348 nm (AZ,) was directly proportional to the 
bromadiolone concentration and the measure- 
ment obtained between 403 and 430 nm (AZ2 + 3) 
resulted from the contribution of both warfarin 
and bromadiolone. The difference between the 
total AZ, + 3 and AZ,, which can be ascribed to the 
bromadiolone concentration and was deter- 
mined from a previously constructed calibration 
plot (AZ, vs. bromadiolone concentration) is 
thus directly related to the warfarin concen- 
tration (AZ,). 

RESULTS AND DISCUSSION 

Optimization of variables 

The emission spectra obtained in the absence 
of P-cyclodextrin are completely overlapped 
and have equal fluorescence intensity (Fig. 1). 
However, in the presence of /I-cyclodextrin, the 
fluorescence of both compounds substantially 
enhanced and that of warfarin is higher than the 
fluorescence of bromadiolone. Both spectra 
remained stable for at least two hours, but they 
were also strongly overlapped, so that simul- 
taneous determination of these compounds 
by conventional spectrofluorimetry was clearly 

htnm) 

Fig. I. Emission spectra of warfarin (A, 289 nm) (curves 
1.1’) and bromadiolone (I, 278 nm) (curves 2,2’) in the 
absence (curves 1,2) and presence (curves 1,2’) of fi-cy- 

clodextrin. [warfarin] = [bromadiolone] = I fig/ml. 
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Fig. 2. Contour plots of warfarin (A), bromadiolone (B) and a mixture of both (C). Analyte concentrations 
as Fig. 1. 

unfeasible and a different approach, such as 
synchronous spectrofluorimetry, was required 
for this purpose. 

A simple way of determining the best ArZ 
value for the resolution of a mixture by syn- 
chronous spectrofluorimetry involves obtaining 
the contour plots of the individual components 
and the mixture. These graphs allow one to 
choose the best synchronous trajectory to follow 
in order to avoid spectral overlap. Figure 2 
shows these spectra for warfarin, bromadiolone 
and a mixture of both. As can be seen, warfarin 
yields a peak that overlaps with one of the two 
peaks of bromadiolone, so the resolution of this 
mixture by synchronous spectrofluorimetry is 
also unfeasible. This is quite apparent from 
Fig. 3, which shows the overlapped synchronous 
spectra obtained for the two compounds at 
AL = 85 nm, which according to the contour 
plots appears to be an appropriate path to use 

r 

340 380 420 460 5C 

A (nml 

Fig. 3. Synchronous flourescence spectra of warfarin (curve 
1) and bromadiolone (curve 2). M = 85 nm. Analyte con- 

centrations as Fig. 1. 

as it passes near the maxima of both compounds 
with no loss of sensitivity. 

In the event of strongly overlapped syn- 
chronous fluorescence spectra, as is the case 
with warfarin and bromadiolone, the technique 
calls for the additional resolution capability 
offered by derivative fluorescence spectrometry. 
Figure 4(A) shows the first-derivative syn- 
chronous fluorescence spectra obtained for war- 
farin, bromadiolone and a mixture of both. The 
signal obtained between the minimum at 390 nm 
and the maximum at 418 mn corresponds to 
the additive contribution of warfarin and bro- 
madiolone, while the small shoulder at 356 nm 
is due to bromadiolone only. Although this 
approach could be used to resolve the mixture, 
the measurements at 356 nm might be inade- 
quately precise. The second-derivative syn- 
chronous fluorescence spectra obtained for 
these compounds and a mixture of both 
[Fig. 4(B)] show that the bromadiolone concen- 
tration is correlated with the signal obtained 
at 348 nm (AZ,) and that the signal between 
the minimum at 403 nm and the maximum at 
430 run (peak-to-peak measurements) (AZ,,,) 
corresponds to the additive contribution of both 
compounds. 

Because the signal-to-noise ratio (SNR) de- 
grades as the derivative order is increased, 
we compared the SNR values obtained from 
the first- and second-derivative synchronous 
spectra. When electronic differentiation was 
used, the signal was derived with respect to time 
rather than the wavelength (dZ/dl = dZ/dt x 
l/c, c being the wavelength scanning speed, 
which was kept constant during the scan), 
so all variables including the time factor 
markedly affected the SNR obtained. It was 
experimentally found that, in using electronic 
differentiation, the signal obtained from the 
second-derivative spectrum was higher than that 
from the first-derivative spectrum, the difference 
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Fig. 4. First- (A) and second-derivative synchronous fluorescence spectra (B) of bromadiolone (curve a), 
warfarin (curve b) and a mixture of both (curve c). A1 = 85 mn. Wavelength scanning speed = 2 nm/sec. 

Analyte concentrations as Fig. 1. 

increasing with increasing wavelength scanning 
speed. l4 At a scanning speed of 2 nm/sec noise 
increased from the first- to the second-derivative 
spectrum by about 30%, however, as the signal 
obtained from this spectrum was higher, the 
resulting SNR was only about 10% smaller. 
This led us to choose the second- instead of 
the first-derivative spectrum to resolve the 
warfarin-bromadiolone mixture, thus avoiding 
the potentially poor precision of the measure- 
ments made at 356 nm on the first-derivative 
spectrum. 

Experimental variables were optimized 
according to the following criteria: 1) the fluor- 
escent signal AZ, should not depend on the 
warfarin concentration, 2) the fluorescence 
signal AZ* + 3 should be additive for the warfarin 
and bromadiolone concentrations, and 3) the 
fluorescence signal of each compound should be 
as tall as possible. 

Instrumental variables (An, wavelength scan- 
ning speed, differentiation constant, spectro- 
fluorimeter time constant and slit widths) 
have a critical effect on the sensitivity and 
selectivity of the determination as they a&t 
both the resolution and the signal because 
they modify the wavelength ranges and the 
number and relative intensity of the peaks mak- 
ing up the derivative synchronous fluorescence 
spectrum. 

Figure 5 reflects the marked dependence of 
the second-derivative synchronous fluorescence 
spectra on the chosen A12 value. This variable 
affects the shape of these spectra, which show 
bathochromic shifts as AL increases, and the AZ 
value obtained. The resolution of the warfarin- 
bromadiolone mixture is only possible when Al 
is in the range 80-90 nm, where AZ, only 
depends on the bromadiolone concentration 
and AZz+s is additive for the warfarin and 
bromadiolone concentrations. A?lrl value of 85 
nm was thus chosen. 

The shape of the derivative synchronous 
fluorescence spectra is also affected by the wave- 
length scanning rate, as it determines the dZ/dt 
value obtained from the electronic differen- 
tiation accessory. This variable was studied in 
the range OS-8 nm/sec, and SNR was found to 
increase with increase in the scanning speed. 
However, it was impossible to use a high scan- 
ning speed because the signal AZ2+3 was not 
additive for the warfarin and bromadiolone 
concentrations, so that a speed of 2 nm/sec 
was eventually chosen. The study of the effect of 
the differentiation constant showed that the 
optimization criteria were met at the minimum 
response speed (mode 6). The shape of the 
spectra did not change appreciably with the 
spectrofluorimeter time constant (0.3, 1.5 and 
3.0 set), but the spectra were cleaner when 3 set 
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Fig. 5. Effect of M on the second-derivative synchronous fluorescence spectra of warfarin (A), 
bromadiolone (B) and a mixture of both (C). (1) 120 nm, (2) 100 mn, (3) 80 nm. 
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was used. From the different slit widths of 
the excitation and emission monochromators 
tested, a width of 8 nm for both monochroma- 
tors was found to provide acceptable results. 

The chemical and physico-chemical variables 
only affect the sensitivity of the method as they 
only alter the analytical signal (AI). The study 
of the effect of c1- and /I-cyclodextrin on the 
fluorescence of warfarin and bromadiolone 
showed this compound to raise the fluorescence 
of both compounds. On increasing the /I- 
cyclodextrin concentration between 10e3 and 
10m2M the fluorescence intensity of both 
warfarin and bromadiolone increased; however, 
the effect was virtually negligible above a 
8 x 10T3M concentration. 

As shown elsewhere,‘O the fluorescence inten- 
sity of warfarin in the presence of fi-cyclo- 
dextrin is constant over the pH range 6.8-l 1 .O. 
We found the fluorescence intensity of bromadi- 
olone in the presence of j?-cyclodextrin to 
behave similarly towards pH, so we assayed 
two different buffers (boric acid-borate and 
ammonium-ammonia) and obtained the same 

fluorescence intensities. Also, the borate buffer 
concentrations assayed (5.0 x lo-‘-23 x 
10m2M) were found to have no effect on this 
parameter. Decreasing the dielectric constant 
of the solutions by adding ethanol had no effect 
on the A12+3 signal, but resulted in a loss of 
correlation between AI, and the bromadiolone 
concentration. The spectra were virtually 
independent of the temperature over the range 
25-50”, so this was not a critical factor in 
choosing the best experimental conditions. 

Features of the proposed methods 

The main analytical features of the individual 
methods developed for warfarin and bromadi- 
olone by using second-derivative synchronous 
fluorescence spectrometry are summarized in 
Table 1. The detection limits were calculated 
according to the IUPAC recommendation.‘5 
The detection limit for warfarin is similar to that 
achieved by conventional spectrofluorimetry.9 
This can be ascribed to the fact that even though 
the noise in the second-derivative synchronous 
spectrum is higher than that in the conventional 
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Table 1. Features of the individual determination of 
warfarin and bromadiolone 

Bromadiolone Warfarin 
MI &+3 AZ*+, 

Linear range (j4gglml) 
Pearson correlation 
coe.%icient (r) 
Detection limit 
Precision* 

0.5-6.0 0.2-3.5 0.2-3.5 
0.999 0.999 0.999 

0.1 0.05 0.05 

;: ;$$ 
2.8 2.7 2.7 
1.3 1.7 1.8 

l % RSD (P =0.05, n = 11). 

spectrum, the signal obtained in the former by 
using electronic differentiation and the optimum 
instrumental variables is higher than that 
obtained in the conventional spectrum, so a 
small degradation of the SNR is the sole loss to 
be expected from using the second-derivative 
synchronous spectrum. The relative standard 
deviation obtained at two different concen- 
trations (1 and 3 ,ug/ml) of both analytes was 
less than 3%. A brief study of the selectivity of 
these methods showed that other rodenticides 
such as dicoumarol and diphacinone are toler- 
ated at the same concentration levels as warfarin 
and bromadiolone. 

Simultaneous determination of warfarin and bro- 
madiolone 

Table 2 summarizes the results obtained in 
the resolution of synthetic mixtures of warfarin 
and bromadiolone by second-derivative syn- 
chronous fluorescence spectrometry. The deter- 
mination was carried out in a single scan by 
using the calibration graphs obtained for each 
component. Mixtures of warfarin and bromadi- 
olone in ratios between 4: 1 and 1: 10 were 
resolved. 

Table 2. Determination of warfarin and bromadiolone in 
their mixtures 

Warfarm/ Warfarin, pgglml Bromadiolone, pgglml 
bromadiolone 
ratio Taken Found* Taken Found* 

4:1 0.80 0.76 0.20 0.18 
2:l 2.00 1.90 1.00 1.04 
2:1 1.00 0.95 0.50 0.50 
1:l 0.96 1.00 1.05 
1:2 E 0.25 0.50 0.48 
1:2 0.50 0.54 1.00 1.00 
1:2 1.00 0.94 2.00 1.95 
1:3 1.00 1.04 3.00 2.88 
1:4 0.50 0.48 2.00 2.00 
1:8 0.50 0.50 1.60 1.64 
1:lO 0.20 0.21 2.00 2.00 

*Average of three determinations. 

The proposed method described could be 
applied to the analysis of animal tissues in cases 
of suspected poisoning. Liver is usually the most 
useful sample for diagnostic analysis; however, 
as it is a very complex matrix, previous extrac- 
tion and clean-up processes would be required. 
Using liquid chromatography for the resolution 
of mixtures of coumarin anticoagulant rodenti- 
tides including warfarin and bromadiolone in 
animal tissues,‘” entails extraction into a chlo- 
roform-acetone mixture of ethanol and clear-up 
of the extracts by gel permeation chromatog- 
raphy or solid-phase extraction with silica 
columns. Similar separation procedures could 
be used before the derivative synchronous 
fluorimetric technique is applied for mixture 
resolution. The main advantages of the pro- 
posed method compared to chromatographic 
procedures, which call for dedicated and ex- 
pensive instrumentation as well as, usually, 
elution gradient, are its great simplicity and 
low cost. All the synchronous technique re- 
quires is a simple switch for simultaneously 
scanning both monochromators, while the de- 
rivative technique can be implemented by incor- 
porating a straightforward electronic accessory 
(electronic differentiation) or using computer 
software (numerical differentiation) to obtain 
derivative spectra. 
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Summary-Effect of various phenols (ArOH) on the solvent extraction of iron(M) with 8-quinolinol (I-IQ) 
has been investigated. Greatly enhanced extraction is found in the presence of ArOH, e.g., the distribution 
ratio of iron(II1) with HQ in carbon tetrachloride is increased 200,000-fold by O.lOM 3,%dichlorophenol. 
From extraction equilibrium analysis, the enhanced extraction has been ascribed to the formation of 
association complexes of neutral iron(II1) 8-quinolinolate (FeQ,) with ArOH as FeQ3 . nArOH (n = 1, 
2, 3) in the organic phase, and the association constants (/?_) have been determined. A linear relation 
is observed between logarithmic values of p,, and the acid-dissociation constant of ArOH. Existence of 
the hydrogen bond between FeQl and ArOH is clearly shown by infrared spectroscopy. 

While chelate extraction has been studied in 
depth, little attention has been paid to the role 
of hydrogen bond interaction between organic 
proton donors and metal chelates. The authors 
have recently discovered that halogenated phe- 
nols strongly interact with metal acetylaceto- 
nates through hydrogen bonding in organic 
solvents, and enhance the extraction of various 
metal ions with acetylacetone.1-6 This novel 
enhancement effect of phenols as proton donors 
on the chelate extraction should be analytically 
important because it is expected to show quite 
different selectivity from the well-known syner- 
gistic enhancement effect of electron donors 
such as tributyl phosphate and trioctylphos- 
phine oxide.4-6 However, the effect of phenols 
has only been examined for the systems using 
acetylacetone and trifluoroacetylacetone’j as 
chelating extractants. Further investigations 
concerning other chelating extractants are 
desired. 

8-Quinolinol is one of the most familiar and 
widely used chelating extractants. In this paper, 
the effect of phenols on the extraction of 
iron(II1) with 8-quinolinol is investigated. The 
extraction equilibria are analysed in detail, and 
the interaction between iron(II1) 8-quinolinolate 
[tris(8-quinolinolato)iron(III)] and phenols is 
quantitatively evaluated. The existence of 
hydrogen bonding is examined by means of 
infrared (IR) spectroscopy. 

*Author for correspondence. 

EXPERIMENTAL 

Reagents 

The radioactive iron(II1) solution labelled 
with SgFe was prepared as described previously.4 
8-Quinolinol (Wake Pure Chemical) was recrys- 
tallized from ethanol and dried in vacua. 3,5- 
Dichlorophenol (Wake Pure Chemical) was 
purified by vacuum sublimation at 35”. CFluo- 
rophenol, 4-chlorophenol, 2,3-dichlorophenol, 
2,6-dichlorophenol, 2,3-dimethylphenol, and 
3,Sdimethylphenol (more than 97-99% purity, 
Aldrich or Tokyo Kasei) were used as obtained. 
Tris(8-quinolinolato)iron(III) was synthesied in 
the usual way, recrystallized from benzene- 
hexane and dried in vacua, and its identity was 
established by elemental analysis. The organic 
solvents used were of spectroscopic grade. 
Water was doubly distilled. Other reagents used 
were of analytical grade. 

Procedure 

An aqueous solution of 1.0 x lO-‘j-l .O x 
lo-‘M radioactive iron(II1) (5 ml) was placed in 
a 30-ml extraction vial together with an equal 
volume of an organic solution of 1 .O x lo-‘M 8- 
quinolinol and 1.5 x 10m4 - 2.0 x lo-‘M phe- 
nol. The vial was mechanically shaken for 5-60 
min at 330 strokes/min at 25”. After centrifu- 
gation, the equal-volume aliquots of both 
phases were pipetted out and their y-activity 
was measured separately with an NaI(Tl) well- 
type scintillation counter. The distribution ratio 
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of iron(II1) (D) was calculated as the radioac- 
tivity ratio. The pH of the aqueous phase was 
adjusted with 0.04-O.lOM perchloric acid and 
measured with a glass electrode immediately 
after shaking. The ionic strength was main- 
tained at 0.10 with perchloric acid and sodium 
perchlorate. 

The distribution of 8-quinolinol, rl-fluorophe- 
no1 and Cchlorophenol between carbon tetra- 
chloride and O.lOM sodium perchlorate was 
also investigated. The organic phase containing 
these compounds (1.0 x 10e4-8.3 x IO-‘M) was 
shaken with the aqueous phase for 15 min at 
25”. The distribution ratio was determined by 
measuring the absorbance of the organic phase 
at 320 nm (&quinolinol) or 289 nm (phenols) 
before and after shaking. 

IR spectra of O.lOM 3,Sdichlorophenol and 
a mixture of O.lOM 3,5-dichlorophenol and 
0.0 16M tris (8-quinolinolato)iron(III) in carbon 
tetrachloride were measured with Jasco IR-810 
spectrophotometer using a cell with potassium 
bromide windows (layer thickness 0.1 mm) 
against air. 

RESULTS AND DISCUSSION 

The distribution ratio of iron(II1) was inde- 
pendent of the shaking time (5-60 min) and 
the initial metal concentration (1.0 x 10m6- 
1.0 x 10eSM). The recovery of radioactivity 
from the two phases was always confirmed to be 
quantitative. 

In Fig. 1, the extraction of iron(II1) with a 
mixture of 8-quinolinol (O.OlOM) and 3,5- 

-4 I- i I 
I 1 
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0 I 2 3 

PH 

Fig. 1. Extraction of iron(W) with 8-quinolinol in carbon 
tetrachloride in the presence of 3,5-dichlorophenol. Initial 
phenol concentration in the organic phase (C,,/M): (0) 
0; (S) 0.050; (0) 0.10. Initial Squinolinol concentration in 

the organic phase (C,,/M): 0.010. 

Table 1. Effect of various phenols (0.05OM) on the extras- 
tion of iron(II1) with Squinolinol (O.OlOM) in carbon 

tetrachloride at pH 1.40 

Phenol log D hdD/Dd+ 

4-Fluorophenol -1.89 1.53 
4-Chlorophenol -0.12 2.70 
2,3-Dichlorophenol -2.06 1.36 
2,6-Dichlorophenol -2.86 0.56 
3,5-Dichlorophenol 0.87 4.29 
2,3_Dimethylphenol - 2.42 1.00 
3,5-Dimethylphenol - 1.76 1.66 

l D,,: Distribution ratio of iron(III) with 8-quinolinol alone; 
log D, = -3.42. 

dichlorophenol (0.050 or O.lOM) in carbon te- 
trachloride is shown as plots of log D vs. pH 
together with the extraction with 8-quinolinol 
alone. Greatly enhanced extraction is found in 
the presence of 3,5dichlorophenol: in the whole 
pH region studied, the distribution ratio is 
increased 20,000- and 200,000-fold by 0.050 and 
0. 10M 3,5-dichlorophenol, respectively. This 
enhancement effect is much larger than that of 
the phenol on the extraction of iron(II1) with 
acetylacetone previously reporWL4 The syner- 
gistic effect of the electron donor, tributyl phos- 
phate (O.OSOM), was also examined on the 
extraction of iron(II1) with 8-quinolinol, but no 
effect was observed. 

Table 1 shows the effect of various phenols 
(O.OSOM) on the extraction of iron(II1) with 
8-quinolinol (O.OlOM) in carbon tetrachloride 
at pH 1.40. All the phenols exert the enhance- 
ment effect, which increases in the following 
order: 2,6-dichlorophenol ~ 2,3-dimethylphenol 
< 2,3-dichlorophenol ~ 4-fluorophenol < 3,5- 
dimethylphenol < 4 - chlorophenol < 3,5 - di - 
chlorophenol. The effect of 3,5-dichloro- 
phenol is conspicuously large in the investigated 
phenols. The enhancement effect seems to be 
smaller when a chlorine atom or methyl group 
is present at the orrho-position of the phenol. 

Table 2 shows the enhancement effect of 
3,5-dichlorophenol (O.OSOM) on the extraction 
of iron(II1) with 8-quinolinol (O.OlOM) in sev- 
eral organic solvents. The enhancement effect is 
remarkably influenced by the solvents and in- 
creases in the following order: chloroform 
c carbon tetrachloride < heptane. This solvent 
order is the same as that observed in the con- 
ventional synergistic extraction systems, e.g., 
Zn(II)-thenoyltrifluoroacetone-tributyl phos- 
phate system. ‘.* The solvent effect in the 
chelate extraction including the synergistic ex- 
traction has been throughly investigated.‘-” It is 
striking that the inert solvents such as carbon 
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Table 2. Enhancement effect of 3,Sdichlorophenol 
(O.OSOM) on the extraction of iron(II1) with 8-quinolinol 

(O.OlOM) in several organic solvents 

Solvent pH log D,z log D lodD/Dd 

Chloroform 1.15 -2.05 -0.28 1.17 
1.25 -1.45 0.31 1.76 
1.40 -0.68 1.01 1.69 

Carbon 1.14 t -0.66 
tetrachloride 1.26 -4.2 0.08 4.3 

1.40 -3.42 0.87 4.29 
1.60 -2.28 1.99 4.27 

Heptane 1.37 : 0.02 
1.60 1.08 
1.76 -4.2 1.58 5.8 

‘4: Distribution ratio of iron(II1) with 8-quinolinol alone. 
tThe distribution ratio was too low to determine. 

tetrachloride and heptane, which barely extract 
iron(II1) with 8-quinolinol alone, can quantitat- 
ively extract iron(II1) in the presence of 35 
dichlorophenol. 

Equilibrium analysis 

Equilibrium analysis was carried out for the 
extraction of iron(II1) with 8-quinolinol in car- 
bon tetrachloride in the presence of 4-fluorophe- 
nol, 4-chlorophenol, and 3,Sdichlorophenol. 
The distribution ratio (Do) of iron(II1) with 
8-quinolinol (HQ) alone can be expressed as 

[FeQ3 1 
Do= [Fe3+] + Z[FeQy-a+] 

W?,~[Q-13 
= K&(1 + z Bj[Q-y) 

(1) 

where the bar over the species denotes the 
organic phase, K, is the extraction constant 
defined as [FeQJ [H+]3[Fe3+]-‘[HQ]-3, /Ii is the 
overall stability constant of FeQ,!3-fi+ in the 
aqueous phase, and P,, and KHQ are the par- 
tition coefficient and acid-dissociation constant 
of the neutral 8-quinolinol, respectively. In a 
region where the concentration of Q- is low 
enough, the chelate species in the aqueous phase 
can be neglected, and equation (1) is then 
rewritten as 

D =~~WLdQ-13 
’ [Fe’+] K& * 

(2) 

The equilibrium concentration of 8-quinoli- 
nolate anion Q- in the aqueous phase is calcu- 
lated from the following equation: 

[Q-l 
CHQ &IQ 

= W+l V’HQ + 1+ W+]/&,Q + &Q/[H+]) ’ 

(3) 

where &Q represents the initial concentration 
of 8-quinolinol, and KHzQ the acid-dissociation 
constant of the protonated 8-quinolinol 

H,Q+. 
The PHQ, KH2Q and KHQ values were deter- 

mined in the present study by investigating the 
distribution ratio of 8-quinolinol as a function 
of pH, i.e., log PHQ = 2.02, ~K,,Q = 5.03, and 
PKHQ = 9.66. These values are in good agree- 
ment with the literature values.‘2*‘3 

In Fig. 2, a plot of log Do vs. log[Q-] is shown. 
The plot gives a straight line with a slope of 
3.0 as is expected from equation (2). The log 
k;, value was determined to be 3.25 by a 
linear least-squares method, on the basis of 
equation (2). 

In the presence of phenols (ArQH), if 
the association of tris(8-quinolinolato)iron(III) 
(FeQ3) with ArQH in the organic phase is 
assumed, the distribution ratio (D) can be ex- 
pressed as follows: 

D = [FeQ3 I+ C [FeQ3 * n AfiHl 
[Fe3+] 

= K, P$rQ-13 (1 + Z /.I.,, [ArQHl”), 
HO 

(4) 

where FeQ3 * n At-OH denotes the association 
complex, and /I_ the overall association 
constant in the organic phase defined as 
[FeQ3 - n ArOH] [FeQ,]-‘[ArQH]-“. 

3 

2 

I 

0 

iTo 

b 
0 -1 

i_ 2 

-3 

-4 

Fig. 2. Distribution ratio of iron(II1) as a function of the 
equilibrium concentration of I-quinolinolate anion in the 
aqueous phase. Organic solvent: carbon tetrachloride. 
C,,/M: (0) 0; (e) 0.050; (0) 0.10. C&U: 0.010. pH: 
1. l-l .6. The broken line indicates the calculated values from 

equation (2) and the solid lines from equation (4). 
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Figure 2 also shows plots of log D vs. log[Q-] 
under the constant concentration of 3,5- 
dichlorophenol (0.050 and O.lOM). Each plot 
gives a straight line with a slope of 2.9, 
which is very close to the theoretical value 3 
according to equation (4). This result indicates 
that the assumption leading to equation (4) is 
reasonable. 

Dividing equation (4) by equation (2) gives 

D/DO = 1+ Z &,,,[ArOH]“. (5) 

Therefore, the enhancement of the extraction by 
phenols is quantitatively evaluated by the as- 
sociation constant. The association constants as 
well as the number of phenols in the association 
complexes can be obtained by analyzing the 
log(D/D,) vs. log[ArQH] plot according to 
equation (5). 

The equilibrium concentration of phenols in 
the organic phase is calculated from the follow- 
ing equation: 

where CArOH, PArOH and KArOH denote the initial 
concentration, partition coefficient and acid-dis- 
sociation constant of phenols, respectively. The 
P ArOH values of 4-fluorophenol and 4_chlorophe- 
no1 were determined in the present paper to be 
0.555 f 0.000 and 2.26 f 0.06, respectively, 
given as the averages of data measured at 
3 different phenol concentrations in the range 
3.3 x 10e4-8.3 x IO-*M; that of 3,5-dichloro- 
phenol was previously determined6 to be 11.6. 
The pKM, values were reported to be 9.89 for 
4-fluorophenol, I4 9.37 for 4chloropheno1, and 
8.25 for 3,5-dichlorophenol.‘S The term KArOH/ 
[H+] in equation (6) was practically negligible 
under the present pH conditions. 

It should be pointed out that the equilibrium 
concentrations, [Q-] and [ArQH], can be 
affected if the mutual association between 8- 
quinolinol and phenols occurs. Previously, the 
association of acetylacetone with 3,5-dichloro- 
phenol in the organic phase has been observed 
and quantitatively evaluated by the solvent ex- 
traction technique.4v6 Therefore, the association 

of 8-quinolinol with the phenols was investi- 
gated in a similar manner, i.e., by determining 
the distribution ratio of 8-quinolinol as a func- 
tion of the phenol concentration in the organic 
phase. The distribution ratio of 8-quinolinol did 
not change in the presence of 4-fluorophenol 
and 4chloropheno1, which indicates no associ- 
ation of 8-quinolinol with these phenols. On the 
other hand, 3,5-dichlorophenol somewhat en- 
hanced the distribution ratio of 8-quinolinol, 
and the formation of 1: 1 association complex of 
8-quinolinol with 3,5-dichlorophenol in carbon 
tetrachloride was indicated. However, its associ- 
ation constant, determined to be 5.01, was 
relatively small. Consequently, the HQ-ArQH 
association could be neglected in the calculation 
of [Q-l and [ArQH] under the present pH 
conditions, 1. l-l .6, where most of 8-quinolinol 
exists in the aqueous phase as the protonated 
species. 

In each phenol system, the D/DO was rapidly 
increased with an increase in IArQHl. The 
log(D/D,) vs. log[ArQI-Ij plot fo; 3,5- 
dichlorophenol was an almost straight line 
with a slope of 3 in the higher concentration 
region of the phenol. In other phenol systems, 
although no such limiting slope could be 
observed, the slopes of the plots went up 
to higher than 2 at high concentrations of 
the phenols. These results indicate that the 
maximum number of phenol molecules able to 
associate with one molecule of tris(&quinolino- 
lato)iron(III) is 3, which is the same as that 
observed for the association of tris(acetyl- 
acetonato) complexes of scandium(II1)’ and 
iron(III)4 with 3,5-dichlorophenol. The associ- 
ation constants were determined by a nonlinear 
least-squares method (SALS program, Univer- 
sity of Tokyo) on the basis of equation (5) 
and are summarized in Table 3. Calculated 
D/D,, values using these association constants 
were in good agreement with experimental 
values. 

Very large association constants are obtained 
in the 3,5-dichlorophenol system. These 
values are larger than those of the association 
of tris(acetylacetonato)iron(III) with 3,5- 

Table 3. Association constants of tris(8-quinolinolato)iron(III) with phenols in 
carbon tetrachloride at 25” 

Phenol lot3uL., /M - ‘) lo&&L.,W-3 lot3(/L,J lM - )) 
CFluorophenol 2.78 4.90 5.97 
4-Chlorophenol 3.00 5.14 6.96 
3.5Dichlorophenol 3.55 6.00 8.32 
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I 4oco 

Wave number/cm-’ 

Fig. 3. IR absorption spectra in the O-H stretching 
vibration region of O.lOM 3,5dichlorophenol (broken 
line) and a mixture of O.lOM 3,5dichlorophenol and 
0.016M tris(8-quinolinolato)iron(III) (solid line) in carbon 

tetrachloride. 

dichlorophenol in carbon tetrachloride,16 i.e., 

log /%s,1 = 2.64, log L,z = 4.52 and log Bass,3 = 
5.73. 

The association constant is expected to corre- 
late with the acid-dissociation constant of the 
phenols if the association is caused by hydrogen 
bonding of hydroxyl hydrogen of the phenols.2*3 
In a plot of the #I,,, (n = l-3) values against the 
K Are,., value of the phenols, either log /I,,. value 
linearly increases with an increase in the 
log KArOH value as expected, which supports the 
existence of hydrogen bonding. Additionally, 
these linear relations will allow us to estimate 
the association constants of other various phe- 
nols from their KAloH values, except for ortho- 
substituted phenols. The o&o-substituted 
phenols should have the smaller association 
constants than expected from the linear plots 
because the substituents such as chlorine and 
methyl groups adjacent to the hydroxyl group 
may bring out the steric hindrance for the 
hydrogen bonding of the phenols to the 
chelate.2*3 

More direct evidence for the hydrogen bond- 
ing can be obtained by IR spectroscopy. Figure 
3 shows the IR absorption spectra in the O-H 
stretching vibration region of 3,5-di- 
chlorophenol and a mixture of 3,5dichlorophe- 
no1 and tris(B-quinolinolato)iron (III) in carbon 
tetrachloride. By the addition of the chelate, the 
sharp band at 3600 cm-’ due to a free O-H of 

the phenol is reduced in intensity, and the broad 
band in the 3000-3500 cm-’ region due to a 
hydrogen-bonded O-H appears.i7 This is the 
first and definitive evidence for the hydrogen- 
bond acceptor ability of the 8-quinolinolato 
chelate. Since the only oxygen atom has a lone 
pair of electrons in the chelate, the hydroxyl 
hydrogen atom of the phenols probably inter- 
acts with the oxygen atom of the chelate. The 
maximum association number of the phenols, 3, 
is in agreement with the number of oxygen 
atoms in the chelate. 

In conclusion, it was found that phenols form 
highly stable association complexes with 
iron(II1) 8-quinolinolate through hydrogen 
bonding, and greatly enhance the extraction 
of iron(II1) with 8-quinolinol. This study 
strongly suggests such the enhancement effect 
of phenols via chelat+phenol hydrogen bond- 
ing should be applicable to various chelate 
extraction systems. 
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Summary-The chromatographic behaviour of nitrilotriacetatocomplexes of the rare earth elements (SC, Y 
and lanthanides) on a reversed phase ODS column has been investigated in the presence of l-octane- 
sulphonate. There is a great difference in selectivity for the ODS among the rare earth nitrilotriacetato- 
complexes. Concentration gradient elution with nitrilotriacetic acid (0.005-0.050M, pH 3.0) that contains 
0.0144 I-cctanesulphonate allows the rare earth elements to be separated from each other within 30 mitt 
at room temperature, except a Gd-Eu pair which is eluted together. Yttrium elutes at about 10 min 
between samarium and neodymium. Detection and quantitation of the rare earth elements can be achieved 
by post-column reaction with Chlorophosphonaxo III in acid media at 700 mn. 

Methods of separating the rare earth elements 
have been targets of investigation since their 
discovery. Increasing industrial utilization of 
the individual rare earth elements and their 
interest in geochemical roles have enhanced the 
development of methods for rapid, sensitive, 
selective determination of individual rare earth 
elements. Recent advances in the analytical 
methods for geological materials’ and in ana- 
lytical chromatography*” have been reviewed. 
High performance liquid chromatography 
(HPLC) with polymer-based cation-exchange 
resinsb9 and silica-based ion-exchangers’“‘6 has 
been extensively used for the separation of 
individual rare earth elements with post-column 
reaction detectors. On account of the adjustable 
low ion-exchange capacity nature of ion-inter- 
action chromatography (IIC) it gives more 
rapid, high resolution separation of the rare 
earths with gradient elution techniques.‘7~25 a- 
Hydroxyisobutyric acid (HIBA) and lactic acid 
have been used most frequently as the complex- 
ing agent in the chromatographic modes above. 
One of the disadvantages of using HIBA or 
lactic acid is that the elution position of yttrium 
is very near to that of dysprosium or coincides 
with that of dysprosium. 

Goetze and Bialkowski% separated the rare 
earth elements as anionic complexes with 
EDTA on a reversed phase C,, column with 
tetrahexylammonium chloride for the heavy 

rare earth group and tetrabutylammonium 
chloride for La, Nd, Pr and Sm. In this system 
independent runs are necessary for the heavy 
(Lu-Eu) and light (LaSm) rare earth groups 
and lb and Gd eluted together. Nitrilotriacetic 
acid has not been used as the complexing agent 
in conjunction with HPLC, although it received 
fairly wide acceptance as an eluting agent for 
rare earth separation. 27 However, its use was 
confined to production of large amounts of rare 
earth compounds. 

In this work we report that on-column 
formation of nitrilotriacetatocomplexes of the 
rare earth elements in a reversed phase ODS 
column in the presence of I-octanesulphonate 
will provide a high resolution chromatographic 
system for the separation of individual rare 
earth elements at room temperature. 

EXPERIMENTAL 

Apparatus 

HPLC system consisted of a Hitachi L-6200 
intelligent pump, a Rheodyne Model 7125 
syringe loading valve with a 20-4 sample loop 
and a Hitachi L-4200 W-VIS detector. Sample 
injection was made by a lo-p1 microsyringe 
wSR25, Ito Co., Ltd., Shizuoka, Japan]. The 
detector output signal was fed into a Hitachi 
D-2500 Chromato-Integrator. For pumping the 
post-column reaction detection reagent, 

231 
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Chlorophosphonazo III solution, a double 
plunger type of reciprocating pump [DMX- 
2300T, Sanuki Industry Co., Ltd., Tokyo] was 
used. The effluent and the post-column reagent 
were mixed via a low dead volume tee. The 
column was packed with ODS silica of 5+m 
diameter (Hitachi ODS # 3056, 150 x 4 mm 
id.) operated at 20”. 

Reagents 

All the chemicals used were of analytical 
reagent grade purity. Stock solutions of the rare 
earth elements were prepared from their oxides 
(99.9% purity, Wako Pure Chemical Industries 
Ltd., Osaka, Japan) to yield O.lM metal sol- 
utions in 3M hydrochloric acid. These stock 
solutions were standardized by titration with 
EDTA-2Na using Xylenol Orange as a metal 
indicator. A mixed rare earth stock solution was 
0.002M in each metal and 3M in hydrochloric 
acid. Sodium I-octanesulphonate was obtained 
from Tokyo Kasei Kogyo Co., Ltd., Tokyo. 
Nitrilotriacetic acid (NTA, Dojindo Labora- 
tories Co., Ltd., Kumamoto, purity >99%) was 
used for the preparation of eluent (0.005 to 
0.05M). Chlorophosphonazo III [2,7-bis- 
(4-chloro-2-phosphonopheylazo)romotropic 
acid, disodium salt] was used as post-column 
reaction detection reagent. A O.OOOlM reagent 
solution in 0.05M hydrochloric acid was pre- 
pared and filtered through a 0.45~pm membrane 
filter before use. 

Chromatographic separation and quantitation 

Prior to the sample loading, the column was 
conditioned by passing 0.005M NTA-O.OlM 
octanesulphonate solution (pH 3.0) for one 
hour. The mixed rare earths sample solution 
was prepared so that it contained 0.00005M of 
each rare earth and O.OlM octanesulphonate, 
the pH being adjusted to 3.0 with dilute am- 
monium hydroxide. A lo-$ volume of the 
prepared solution is loaded onto the column. A 
linear solvent program was run for the elution 
from 0.005-0.05M NTA(pH 3.0) usually over 
25 min with the octanesulphonate concentration 
of O.OlM at a flow rate of 1 ml/min. A O.OOOlM 
Chlorophosphonazo III-0.05M hydrochloric 
acid solution was delivered at a flow rate of 1 
ml/min to join the effluent to achieve the post- 
column reaction detection at 700 nm. The 
calibration curves were constructed for each 
rare earth by plotting their concentrations 
against the peak area up to ca. 0.20, 0.23 and 
0.26 mg/ml for La, Sm and Yb, respectively. 

RESULTS AND DISCUSSION 

In Fig. I the relationship between the reten- 
tion time and NTA concentration is shown for 
La, Ce, Pr, Nd, Y, Dy, Lu and SC, where 
1-octanesulphonate and pH are kept constant at 
O.OlM and 3.0, respectively. As can be seen, the 
retention of the rare earth elements depends 
greatly on the NTA concentration and selectivity 
differences increase significantly with decreasing 
concentration of NTA. If concentration gradient 
elution is conducted, high resolution separation 
will be expected with low k’ at higher NTA 
concentration, good separation factors (ratio of 
k’ for two rare earth elements) and high plate 
number reflected by rapid mass transfer in IIC 
system. Hence, a linear NTA concentration 
gradient elution was attempted from 0.005 to 
0.05M NTA with the gradient time of 15,25 and 
35 min. The chromatograms obtained for mix- 
tures of La, Ce, Pr, Nd, Y, Sm, Eu, Gd, Tb, Dy, 
Ho, Er, Tm, Yb, Lu and Sc are illustrated in 
Fig. 2 for respective times. The SC-NTA com- 
plex is not retained on the ODS coated with 
1-octanesulphonate in this system, and exists as 
an anionic or neutral species, and its retention 
time coincides exactly with that of nitrate 
anion detected at the 301 nm characteristic 
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Fig. 1. Retention time of several rare earths as a function 
of NTA concentration (PH 3.0). Concentration of each rare 
earth: 5 x 10m5M, I-cctanesulphonate concentration: 

O.OlM. Conducted at 20”. 
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Fig. 2. Gradient elution runs. Concentration gradient elution nm over 15.25 and 35 min with 0.00.5-0.05M 
NTA (PH 3.01, 20”. Each rare earth concentration: 5 x 10T5M. a: 15 min, ix 25 tin, c: 35 min. 

absorption band. With 2% and 35min elution is convenient for its detection and q~n~tation, 
the adjacent rare earth elements can be resolved because it usually behaves like heavy rare earth 
distinctly with the exception of the Eu-Gd pair. elements and often elutes together with Dy in 
Y elutes between Sm and Nd, and this position most cation-exchange chromatography. 
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In this work 25-min elution was used for 
further study. 

Since the hydrophobic ion, l-octane- 
sulphonate, interacts with the ODS, absorbs 
over its surface and controls the apparent ion- 
exchange capacity, its concentration in the 
mobile phase must affect the retention times of 
individual rare earth elements, i.e., the speed of 
the chromatographic separations concerned. 
The effect of concentration of l-octane- 
sulphonate (O-0.03M) was thus examined on 
the retention time during the NTA gradient 
elution run, when the pH was kept at 3.0. The 
retention time increased rapidly with increasing 
concentration of I-octanesulphonate, reaching a 
plateau at about O.OlM sulphonate for each rare 
earth. Its absence causes no retention of the rare 
earths on ODS. The concentration of l-octane- 
sulphonate exercises a great ion-exchange 
capacity function. Taking into consideration the 
selectivity differences, O.OlM concentration of 
1 -octanesulphonate was used. 

The effect of pH of the eluent on retention 
was then tested. The retention times of some 
representative rare earth elements examined 
decreased with increasing pH values in the range 
2.5-5.0. However, since lighter rare earth el- 
ements exhibit high retention times at pH 5 and 
selectivity differences are not profound as com- 
pared to those caused by NTA concentration 
changes, pH gradient elution would yield in- 
ferior results to concentration gradients both in 
terms of separation time and peak resolution, if 
it were tried. We used pH 3.0 as a safe value for 
use of ODS. 

One of the factors which control the concen- 
tration of hydrophobic ion on the ODS surface 
is the presence of nonionic molecules such as 
methanol and acetonitrile in the mobile phase, 
which compete for the absorption sites on the 
ODS. The effect of methanol concentration on 
the retention time of NTA complexes was such 
that the retention of the complexes decreases 
with increasing methanol concentration. 
Methanol concentration gradient elution may 
be feasible, but increased viscosity of the 
methanolic mixed solvent media requires 
increasing the pressure applied to the chromato- 
graphic system. Therefore, only anaqueouseluent 
system was examined in the present study. 

The present system provides an excellent 
medium particularly for the separation of 
adjacent La-Ce-Pr-Nd-Y-Sm-(Eu,Gd)-Tb- 
Dy-Ho-Er-Tm-YbLu on a single run at room 
temperature; Eu-Gd pair is eluted together. 

The mobile phase typically includes a 
complexing agent that can interfere with the 
post-column reaction detection of the rare earth 
elements. Commonly used calorimetric reagents 
for the rare earths are 4-(2-pyridylazo)-resor- 
cinol, Xylenol Orange, Alizarin Red S, 
Arsenazo I and Arsenazo III,2 but these re- 
agents are not satisfactory to use in the presence 
of NTA, because of high stabilities of rare 
earth-NTA complexes with the conditions for 
their color development. Hence, Chlorophos- 
phonazo 111% was selected as the post-column 
reaction reagent, since it reacts with the rare 
earth elements in acid media. To avoid the 
reagent blank contributing to base line drift, 
detection was made at 700 nm where the detec- 
tion sensitivity was somewhat lowered, but a 
stable constant base line level was guaranteed, 
as seen in Fig. 2. 

The calibration curves were constructed for 
La, Sm and Tb by plotting the peak area against 
their concentration. The curves for La, Sm and 
Yb were linear up to 0.20,0.23 and 0.26 mg/ml, 
respectively. Detection limits taken as corre- 
sponding to S/N ratio 3 are 77, 18 and 80 ng/ml, 
respectively, for La, Sm and Yb. 

In the present IIC system the rare earth 
elements are introduced into the ODS column 
as simple ions, not the NTA complexes; the 
complexes are formed on the column from NTA 
in the eluent. If prepared complexes are loaded, 
peaks of early eluted heavy rare earths broaden, 
split (for Tb) and deteriorate the resolution, 
depending highly on the excess concentration of 
NTA. The system may provide an on-column 
derivatization ion-interaction chromatography 
for the rare earth elements. 
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Sunnnary-The inert salts used for the investigations of complex formation are briefly discussed in relation 
to the effects of their ions on the equilibria studied. In general, some association with the inert salt ions 
cannot be completely avoided. In case of very stable complexes measured at low ionic strength, their effects 
can be quantified even though they are not caused by the anion if NO, or Clog are used. In the case 
of weak complexes, when ionic strengths I L 1 are used, the concentration of the complex of interest can 
be 1000 times lower than that of the associates of the same cation with the anion of the inert salt causing 
difficulties with the investigation of the latter systems. If the experimental results for K, of the 
alkaline-earth metal ions with fluoride in sodium perchlorate and sodium nitrate are correct, as their 
equilibrium constants have very similar values, it follows that the behavior of two anions is very similar, 
However, if NO, associates with the above cations, as found, the same behavior is expected for ClO,- . 
A more accurate analysis can only be done if activity coefficients in these solutions are known. 

The large vohnne of stability constant data of 
metal complexes ML, in aqueous solution, 
expressed here for simplicity as K, and JI,, 
reported in the last 40 years were obtained using 
a constant ionic medium in which an inert salt, 
i.e., a supporting background electrolyte,’ was 
introduced to adjust the ionic strength of the 
medium. This procedure was sometimes 
criticized because the components of the salt 
used (AX) are not inert but intervene in the 
investigated processes as reacting species. This 
was recently observed by &ulikova.’ As the 
cation and the anion of the inert salt and the 
species studied M and L are charged species, 
electrostatic interactions with the ions of the 
inert salt with formation of associates are 
always possible, these can be either ion-pairs or 
complexes such as MX, AL and MLX. In a 
similar way the associate AX could be formed 
from the components of the inert salt especially 
at I2 1 as discussed, for sodium nitrate 
solutions. These interactions are particularly 
important in the investigation of weak com- 
plexes because the concentrations of the 
associates with the anion of the inert salt can be 
equal to or larger than those of the complexes 
inv~tigat~. The ~~lib~~ constants ob- 
tained in the presence of an inert salt are 
concentration quotients as the corresponding 
activity coefficients are given the value one. 
With respect to the thermodynamic constants, 

the concentration quotients can also be 
considered as being thermodynamic, where the 
standard state is not pure water but the solution 
of the inert salt. The ionic strength I is calcu- 
lated with the expression I = l/ZZc$~, in which 
the sum is extended to all ions ci present in 
solution, the concentration normally expressed 
in molarity (M) or molality (mol/Kg = m) and 
zi is the electrical charge of the corresponding 
species. In the latter case this should be 
mentioned in order to avoid confusion 
(see Table 1). The most suitable salts for this 
purpose are those of univalent cations and 
anions since the above interactions are much 
weaker with respect to the case of ions of higher 
charge. Alkali metal cations and anions such as 
ClO;, NO;, ClO,, etc. and the halide ions, 
whose conjugate acid should be strong, are 
used. If the hydrolysis of a metal ion is investi- 
gated, sodium perchlorate seems, for instance, 
to be the inert salt of first choice, because 
generally ClO; is among the anions forming the 
weakest complexes. Nevertheless, the list of 
cations which interact with this anion is quite 
considerable. Thus, in the case of 
polyaminopolycarboxylates such as EDTA the 
above salt is not appropriate because of the 
formation of the sodium EDTA complexS3 For 
this reason a potassium salt was used, but not 
the perchlorate because of its low solubility. 
Potassium chloride and nitrate were used and 
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Table 1. Log K, values for the equilibrium: M*+ + F-+MF+ at 25”, obtained with fluoride electrode measurements. The 
K,* values at I in molarity scale* are in dm’/mol or else in Kg/mol 

Medium + 1 Fr WU.l Mg*+ Ca*+ sz+ Ba*+ Ref. 

1 M (NaClO,) 0.09-0.3 1.318 (kO.020) 0.633 (kO.030) 0.146 (kO.035) -0.222 (kO.230) 7 
1 M (NaClO.,) 0.03-O. 15 1.380(&0.019) 0.531 (+o.lOO) 0.114(f0.050) -0.155 (f0.155) 8 

1 m(NaN0,) 0.03-0.6 1.318 (f0.004) 0.568 (*O.Oll) -0.027 (kO.025) -0.377 (*o.oso) 1 m (NaNO,) 0.15-0.9 1.352(&0.035) 0.682 ( f 0.023) 0.137 (kO.024) -0.174(&0.053) 1: 
1 M (Na)NO, 0.03-0.3 1.31 (kO.03) 11 

*The conversion of log K, from the molarity to the molality scale’* is done by substracting either 0.021 (NaCIO,) or 0.014 
(NaNO,) from each value in 1M medium and, for the opposite conversion, (NaNO,) 0.020 is added to the data in 
molar&y scale. 

TParentheses are used if the measurements are made at the given ionic strength reached by addition of the inert salt stated. 
The constant concentration of the substance or ion stated is given without parentheses. 

the preference for the latter is due to its ability 
to form complexes which are weaker than those 
with Cl-. The use of potassium chloride 
between 1940-1950 can be explained by the fact 
that its aqueous solution is normally present in 
the reference calomel (or AgCl) electrode. By 
using the same solution in the test cell it is 
possible to eliminate the diffusion potential, 
which is often the origin of erroneous potentio- 
metric measurements. Perchlorate solutions 
during the measurements, in the presence of 
ligands such as 2,2’-bipyridyl, 1 ,lO-phenanthro- 
line or pyridine derivatives, cause the precipi- 
tation of insoluble (complex) salts. In the case of 
Pd(I1) and the above ligands nitrate or chlorate 
were then preferred. The equilibria with TP+ 
had to be investigated potentiometrically in 1M 
perchloric acid and, in order to avoid the diffu- 
sion potential, a bridge with the same acid was 
prepared. A calomel reference electrode in 
0.99M perchloric acid and O.OlM hydrochloric 
acid can be used. 

In recent years inert salts containing organic 
cations with a very low tendency for complex 
formation were introduced: N(CH,),Cl, 
N(CH,),NO,, N(C,H,),ClO,, . . . , but we have 
no corresponding substitutes for the anions. It 
is evident that the choice of a given salt is always 
the result of a compromise among several possi- 
bilities in relation to the system investigated. By 
using a given inert salt the equilibrium constants 
obtained refer to the standard state chosen and 
the species studied such as M, L, and ML, can 
contain a variable number of medium 
components. Their relative concentrations are 
not affected by the equilibrium investigated and 
only their sum can be determined. For instance, 
the concentration of ML, obtained at a given Z 
value attained with AX, is the sum of concen- 
trations of all species 

containing M and L in the ratio 1: 1 and variable 
quantities of other components of the medium. 
Similar sums are valid for all complexes as well 
as for M and L. In order to obtain exact values 
for the equilibrium constants it is important that 
the concentrations of the species investigated 
are negligible with respect to those of the inert 
salt thus causing a minimal variation of the 
ionic strength I. This ensures that, when titrat- 
ing the solution, the activity coefficients of the 
species studied remain practically constant. The 
value of the concentration quotient 4 normally 
given in the literature corresponds to that 
obtained directly without corrections for the 
different species appearing in the three sums for 
ML, M and L. If K, has to be corrected for the 
presence of an A+ complex, we have to obtain 
the corresponding constant in the same 
medium. The trivial case of different ML species 
with n = m = 0 in the above sum differing in the 
number of coordinated Hz0 molecules and in 
the structure of ML in equilibrium is also 
possible and the concentrations of the ML 
species cannot be separately determined by 
potentiometric measurements.4 In principle for 
a given ligand, for instance EDTA, we have the 
possible formation of species between A+ and 
L4-, HL3-, etc. Among such species only those 
with the unprotonated ligand seem to be 
normally important as expected for electrostatic 
reasons because of its larger negative charge. 
Complex formation by a ligand is often 
accompanied by a pH decrease in the solution 
of the protonated ligand in the presence of a 
cation under study such as A+. This is shown3 
by the decrease of the pK of HL3- from 10.44 
in 0.1 [(CH,),NCl] to 10.24 in 0.1 (KNO,), 
whereas the pK of H,L*- is the same in both 
media. While discussing this change, we have to 
realize that two different effects are operative 
and causing the variation of the pK of HL3-: (a) 
change in the complexing cation of the inert salt 
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and (b) change in the activity coefficients of the 
ions and of water. If the Z value is low, for 
instance 0.1, the ionic activity coefficients in the 
two salt solutions will have very similar values 
and the variation of the pK can be explained by 
the complex formation of A + . In this way it is 
possible to estimate the value of K, for AL3-. In 
the case of potassium as component of the inert 
salt, the constant K, for the EDTA complex on 
the basis of the above pK values is estimated3 to 
be loo8 = 6.3. This value can be used to estimate 
the reduction in the concentration of the 
unprotonated ligand [L4-lo to [L4-] using a 
potassium salt as the inert salt: [L4-lo = [L4-] + 
[KL3-] = [L4-](l + 6.3[K ‘1) = [L4-]A. For in- 
stance inserting [K+] = 0.1 one obtains: 
[L4-] = [L4-I,/( 1 + 0.63) = [L4-]o/100~2’. This im- 
plies that the equilibrium constants 
corrected for potassium complex formation at 
Z = 0. l(KN03) are calculated multiplying their 
values by A = 1.63 = 1Oo.21 which takes into 
consideration the effective ligand concentration 
in the presence of the complexing metal ion of 
the inert salt. Clearly this estimate can be done 
more exactly if the constant in question has been 
evaluated more carefully. The effect of nitrate 
association in O.l(KNO,) for the EDTA com- 
plexes can be estimated using published data for 
their association with alkaline earth cations’ 
and for the divalent first-row transition metal 
cations.6 As the values of K, are close to 1, in 
view of the low nitrate concentration, one finds 
that the metal ion concentration should be 
divided by A values ranging from 1.07 ( = 10°03) 
to 1.146 (= 100,06), i.e., the corrected stability 
constant is to be multiplied by these values. 
Definitively one has an increase of the decimal 
logarithmic value of the stability constant KML 
from 0.03 to 0.06, an amount similar to the error 
of KML. Thus the association of nitrate in this 
case has no significant influence on the stability 
constants. 

In the case of formation of alkaline-earth 
metal complexes with fluoride and chloride, 
investigated using sodium nitrate as inert salt, 
there can be no doubt that one can have a 
preference for a given medium but, as 
mentioned by Stulikov6,2 erroneous values for 
stability constants are obtained. An exact judge- 
ment of the situation is only possible if one 
knows the equilibrium constants for all species 
appearing in solutions of inert salts used and 
introduces them in equations like the sum given 
above, which allow one to quantify the interfer- 
ence of the different salt media. The results 

reported in references 7-l 1 at Z = 1 for the 
fluorides are given in Table 1 and seem to be of 
the expected precision. One has two (or three) 
values available for log K, at Z = 1M (NaClO,) 
or 1M (NaNO,) medium as well as 1 m 
(NaNO,) [z 0.97M (NaNO,)]. However, 
although these values are quite close it is not 
possible to find the same trend for each metal, 
which would be expected if NO; forms more 
stable associates than Clot. It seems that the 
effects of side-reactions in the two media 
compensate one another and similar values of 
K, are obtained, although the activity 
coefficients in the two media are different. The 
large discrepancy of log K, of Mg2+ in 1M 
(NaClO,) is commented on in the more recent 
reference 8 as “good agreement” Some doubts 
about the accuracy of the results of the first two 
references in sodium nitrate can be proposed 
because the concentrations of the reacting metal 
nitrates9*‘0 are changed from values between 
0.03 and 0.05 m to 0.2 and 0.3 m, respectively, 
by a corresponding decrease of the sodium 
nitrate concentration maintaining Z = 1 m. The 
large changes in the concentration of the 
reacting metal nitrate, and consequently in the 
concentration of sodium nitrate, cannot ensure 
a constancy of the activity coefficients of the 
reacting species within the solutions used for the 
determination of the same constant K,. A much 
lower medium change occurs using solutions 
with Z = 1M (Na)NO, in which, in accordance 
with this abbreviation, from 0.01 to O.lM 
magnesium nitrate solutions sodium nitrate is 
added to reach 1M NO; “maintaining the 
activity coefficients constant”.” Among the 
values of Table 1 in sodium nitrate solutions the 
most accurate seems to be the last one for Mg2+ 
at Z = 1M (Na)NO, taking into consideration 
that in this case constant potential values with 
the fluoride electrode are obtained whereas at 
Z = 1 m (NaNO,) a potential drift is mentioned. 
This drift influences the values of the constants 
obtained. As Ba2+ forms fluoride complexes 
which are thirty times weaker than those of 

Mg2+, in order to have the same concentration 
of BaF + as for MgF+ , one would need a 3M 
Ba(NO,), solution at the same free fluoride 
concentration Further, the above replacement 
of NaNO, with M(N03)2 at Z = 1 m (NaNO,) 
occurs with decrease of the concentration of the 
nitrate ion from 1 in 1 m NaNO, to 0.7 in 0.3 
m M(N03)2 + 0.1 m NaNO,. This could have 
some effects on the concentrations of the species 
in equilibrium if nitrate acts as ligand. On the 
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basis of recent investigations this seems to be the 
case, M(NOJ + and M(NO,), have been 
detected in NaClO, solutions.’ Also the sodium 
ion seems to associate with nitrate (K3 = 0.389 
dm3/mol) and fluoride (-K_I = 0.162 dm3fmoQ. 13*14 
Considering these equilibria, it is possible to 
calculate: (a) the concentration of the reacting 
species M*+ and F- after equilibration with 
NO; and Na+. In this calculation the for- 
mation of ternary or mixed complexes has not 
been considered because of the lack of reliable 
data. A correction factor A is then calculated for 
the published value for K,; (b) the: corrected 
ionic strength, after formation of the species 
NaNOS M(N03)+ and M(NO&, NaF being 
negligible. These calculations have been done 
for Ba2+ because of the more effective nitrate 
association (K,[M(NO,) ‘1 = 1.45 dm3/mol; 
&[1M(NO3)J = 0.93 dm6 mol-*} in the presence 
of the lowest and largest quantities of Ba(N03)2 
in the measurements. The following results were 
obtained: (1) &OS m Ba(NO& ENa+ J = 0.66 m, 
[F-J = 0.72 x lQ--’ m giving A = 10*.27, 
{BaNO:] z 0.02 m and I = 0.74 m, (2) 0.3 m 
Ba(N03)*: pa+] = 0.086 m, [F-J = 0.99 x 10W3 
m giving A = 10*.‘J, [BaNO,+] % 0.1 m and 
I =0&S m, The con~ntration of barium 
fiuoride not exceeding 1 x 10e4 m, it seems 
evident that in these mixtures the side reactions 
are the more important. Of course the 
calculated concentrations are only estimates as 
they were obtained using the published values 
without correction for the different conditions, 
but they show that the inv~~ga~on of weak 
association is very difficult and very often 
accompanied by large ionic strength changes as 
the inert salts form associates. The correction of 
K1 is carried out multiplying the corresponding 
value of Table 1 by A. In general, it is expected 
that the actual value of K1 is lower in presence 
of salts which associate with the components 

being investigated as long as the activity 
coefficients in the media are the same. In sodium 
nitrate one obtains K, values which are similar 
to those obtained in sodium perchlorate: it 
follows that in this latter medium an ahnost 
equally significant ClOc association has to be 
considered. In conclusion, it is obvious that the 
investigation of weak complexes cannot be done 
in a reasonable way without taking into account 
the effects of the inert salt on the eq~~b~a and 
on the ionic strength. 
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?Sammaq--A Fourier transform spectrometer is used to record the infrared emission from chlorinated 
hydrocarbons cornbusted in an ~r~~ty~~e Same. In this manner, the chlorinated hydrocarbons are 
determined by rnonito~~~ tbe infrared emission of hydrogen chloride at 2653 cm-‘. Discussion is 
presented of the air/acetylene &me background, and the potential spectral interference from the emission 
of deuterated species. Practical detection limits for chloroform, carbon tetrachloride and methylene 
chloride in acetone, methanal, and ethanol arc solvent independent and are found to be 1.1, 0.80, and 
LO%, respectively. Calibration curves for these three analytes are linear from their detection limits to 
approximately 55% (v/v). In addition, evidence is presented that flame Bicker-noise does not lead to a 
multiplex disadvantage when the Fourier transform islet is used for data acquisition. 

The acquisition of low-temperature infrared 
emission spectra from thermally excited 
materials is ex~~mentally diEcult due to 
low spectral emittance at low temperature. 
Because of this low emittance, Fourier trans- 
form spectrometers (FTSs) are generally used 
to increase the signal-to-noise ratios of the 
obtained spectra over conventional dispersive 
instruments. The throughput and multiplex 
advantages of the FTS allow a larger solid 
angle of collection and an increase in the 
detector irradiance, respectively, over disper- 
sive instruments. Of course, these advantages 
are enjoyed in the infrared because it is 
assumed that detection noise, which is inde- 
pendent of the detector-irradiance, dominates 
over source (flicker) and photon noise. 

In a recent paper, Tilotta et al. showed that 
a conventional FTS could be used to detect 
the infrared emission from the combustion 
products of organic molecules introduced into 
flames.’ In their work, organic compounds were 
introduced into a hydrogen/air flame via a 
nebulizer for combustion and vibrational exci- 
tation. Since the hydro~niair flame has &n 
reported to have a temperature of 2380 K,2 a 
commercially available FTS equipped with a 

*Author for correspondence. 

room temperature tryglycine sulfate (TOS) 
detector proved to be satisfactory in recording 
the infrared emission from the &me_ Cooled 
inst~e~tation, detectors, or special sample 
heat-transfer devices were not required. 

Combustion flames, however, are atypical 
infrared sources and may be expected to have 
noise characteristics different from inventions 
infrared emission sources such as globars or 
Nernst glowers. It is well known from atomic 
spectroscopy, for example, that the spectral 
noise arising from combustion flames and nebu- 
lizers is multiplicative, is., the noise is car- 
ried by the signaL fn terms of the appli~tio~ 
of Fourier transform spectrometry to atomic 
emission spectroscopy, there is evidence that 
flame-flicker noise effectively distributes itself 
across the transformed spectrum and leads to 
a multiplex disadvantage.‘.’ (It should be 
pointed out, however> that under some cir- 
cumstances, an emission multiplex advantage 
can exist?) 

To a large extent, organic compounds are 
detected indirectly in flames by the infrared 
emission from their combustion products. Of 
course for applications in chromato~aphy or 
for screening methods for general non-metallic 
species, this operational principle is satisfac- 
tory. Previous studies of the analytical appli- 
cations of infrared emission from combustion 
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flames have employed a miniature hydrogen/ 
air capillary-head burner for combustion and 
vibrational excitation.‘-” The hydrogen/air 
combustion flame was chosen in order to elimin- 
ate the spectral interference of CO, emission 
from hydrocarbon fuel gases. However for 
analysis by infrared emission from a combus- 
tion flame in which carbon or CO2 is not 
the analyte, such as chlorine from a chlori- 
nated hydrocarbon, a combustion mixture 
based upon a hydr~r~n fuel should be 
feasible. 

The subject of this paper is the investi- 
gation of the application of Fourier trans- 
form spectrometry to the determination of 
chlorinated hydr~rbons by infrared emission 
from an air/acetylene flame. A commercially 
available Fourier transform spectrometer is 
optically coupled to a conventional atomic 
absorption laminar-flow slot-burner. Chlori- 
nated hydrocarbons are introduced into the 
flame by a conventional concentric nebulizer 
and are monitored via their hydrogen chloride 
infrared emission signal. In addition, this 
paper investigates the Fellgett (multiplex) 
advantage when the infrared emissions of 
the flame are multiplexed by the Fourier 
transform inst~m~t. 

EXPERIMENTAL 

Fourier transform spectrometer 

All infrared emission measurements were 
conducted with a Nicolet Model S-MX FTIR 
(Nicolet Instruments, Madison, WI., U.S.A.) 
The FTIR was modified for infrared emission 
spectroscopy by removing the conventional 
infrared source and installing a 4.34zm diam- 
eter, f/IS, ahuninum concave re5ecting mir- 
ror 13.0 cm from the original source location. 
Figure 1 shows the experimental design. 
Although the collection mirror was used off- 
axis, no significant aberrational defects were 
observed. The FTIR was operated at room 
temperature with its cover removed in order 
to admit the infrared emission from the flame 
into the optical path. In addition, the air 
circulation fan of the FTIR was disconnected 
so as not to cause flame turbulence. 

A room temperature tryglycine sulfate 
(TGS) detector was used in the FTIR. All 
spectra, unless otherwise noted, are the result 
of 100 co-added scans and required a total 
scanning time of 3.75 min. Although this 
FTIR has a theoretically fixed resolution of 
4 cm-‘, the experimentally observed resol- 
ution was approximately 6 cm-‘. A triangular 

L 

ELEcTRoNics INTERFEROMEtER 

L 

Fig. 1. schematic diagram of instrumental set-up used to collect infrared emission from the air/acetykne 
flame. The old source was removed, and concave focusing mirror M1 was added to the optical bench in 
order to admit the infrared radiation into the interferometer. Mirrors M2, M3, M5 and h46 am concave 

mirrors and mirror M4 is planar. A I-cm aperture was added to the sample compartment. 
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lar apodization function was employed and 
zero-filling was not utilized. All spectra were 
acquired with a l-cm diameter aperture 
placed in the normal sample compartment. 
The spectra presented in this paper have 
not been corrected for the instrument response 
function. 

Burner 

A lo-cm long, laminar flow slot burner was 
obtained from a Perkin-Elmer model 403 
atomic-absorption spectrometer (Perkin-Elmer 
Corporation, Norwalk, CT, U.S.A.) and posi- 
tioned 30 cm from the FTIR collection mir- 
ror. Since the adjusting micrometers were 
retained, the slot burner could be precisely 
positioned along three axes. The infrared 
emissions were viewed over a 1.0~cm verti- 
cal section centered at a height of 4.0 cm 
above the slot-burner top. 

The slot-burner utilized air and acetylene 
as its fuel and oxidant, respectively. Stoichio- 
metric flame conditions were employed with an 
acetylene flow rate of 1000 ml/min. In order to 
increase flame stability, triple-stage regulation 
was utilized for both air and acetylene, and the 
acetylene tank was replaced when the pressure 
dropped to three-quarters its initial value. The 
aspirator uptake rate was 1.0 ml/min. 

Reagents 

All chemicals, with exception of acetone- 
de, were reagent grade (Fisher Scientific, 
Fairlawn, NJ, U.S.A.) and were used with- 
out further purification. The acetone-d, was 

99.9% isotopically pure and was obtained from 
MSD Isotopes (Division of Merck-Frosst 
Canada Inc., Montreal, Canada). Calibration 
standards of chloroform were prepared to 
have concentrations of 5, 10, 20, 30, 50, 70 
and 100 percent (v/v) by diluting the appro- 
priate volume of chloroform with either 
ethanol, methanol, or acetone. 

RESULTS AND DISCUSSION 

Flame background 

Figure 2 shows an infrared emission speo 
trum of the flame background in the region 
from 4200400 cm-‘. As can be seen from 
Fig. 2, the major emission bands in the back- 
ground spectrum are due to the asymmetric 
stretching vibration of CO* at 2261 cm-’ and 
the bending motion of CO2 at 671 cm-‘. The 
infrared emission bands of water are signifi- 
cantly less intense than the CO, emission 
bands and occur in the 4075-3200 cm-’ and 
2 100-400 cm-’ spectral regions correspond- 
ing to stretching and bending motions, respect- 
ively. It should be noted, however, that this 
spectrum has not been corrected for the 
instrument response function and interspectral 
comparisons based on emission intensity are 
difficult. However from an experimental stand- 
point, the most intense emission band in any 
spectrum acquired from the air/acetylene flame 
is generally the asymmetric stretching vibration 
of CO* at 2261 cm-‘. During the course of 
these investigations, no other band was found 
with a greater intensity. 

4200 3300 2400 1850 1400 975 750 525 400 

WAVENUMBERS 

Fig. 2. Infrared emission spectrmn of air/acetylene time background. 
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It has been reported in the literature that the 
infrared absorption bands of CO,, correspond- 
ing to the asymmetric stretching vibration and 
bending vibration occur at 2349 and 667 cm-‘, 
respectively. I’ In addition, a previous study on 
the infrared emission of CO, from a hydrogen/ 
air flame reported the asymmetric stretching 
vibration to occur at 2262 cm-‘; the bending 
vibration was not observed.’ The differences 
between the absorption and emission frequen- 
cies for the asymmetric stretching vibration of 
COz have been accounted for by anharmonic 
distortion in the vibration, and absorption of 
the emitted radiation by atmospheric C02.‘*‘2 
The presence of the bending vibration in the 
spectra from the ~r~a~tylene flame (at 661 
cm-‘) reflects the higher concentration of CO, 
over the hydrogen/air flame. The frequency 
shifts of the COz bands in the air/acetylene 
flame (versus the hydrogen/air flame) may be 
due to a slight red shift because of anharmonic- 
ity in the bonds, and adoption of the radi- 
ation by atmospheric CO2 (for the bending 
vibration at 667 cm-‘). However, exact con- 
clusions are difficult to draw because of 
instrumental resolution considerations. 

Fhne and burner parameters 

The air/acetylene burner may be oriented 
with its slot parallel to the optical axis or 

perpendicular to it. With the burner-slot ori- 
ented parallel to the optical axis, it may be 
anticipated that a larger signal would be 
observed because a larger number of emitting 
species would be in the optical path. In fact, 
with the slot burner oriented parallel to the 
optical axis, the emission intensities (measured 
by peak heights) were approximately 20% 
greater. This small improvement is expected 
because of the ditIiculty in collecting and imag- 
ing such a large amount of radiation from the 
source. No significant resolution loss due to 
off-axis radiation was observed. 

The fuel/oxidant ratios are critical in 
flame infrared emission spectroscopy because 
the flame not only supplies vibrational energy 
but also thermally decomposes the organic 
analytes. Since a large number of analyses 
by flame infrared emission spectroscopy are 
based on the formation of an analyte deriva- 
tized for detection, the choice of flame con- 
ditions will depend on the emitting species. For 
example, the determination of Cl,, Cl-, or a 
chlorine-containing organic compound relies 
on the formation and emission of hydrogen 
chloride.8 Thus, it is anticipated that fuel-rich 
flame conditions will promote the formation 
of hydrogen chloride. 

It is well-known, however, that organic 
solvents introduced into air/acetylene flames 
may cause soot formation due to incomplete 

0-l t , 
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Fig. 3. Infrared emission spectrum of hydrogen chloride obtained when pure chloroform is aspirated into 
the air/acetylene flame. The baseline offset, to a relative value of 7.5, is due to blackbody radiation from 

soot particles in the flame. 
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combustion. In turn, the presence of soot 
particles in a flame may lead to blackbody 
radiation. Thus, a fuel-rich flame may inter- 
fere with calibration of the emission intensity 
because of the blackbody radiation from soot 
particles. 

The effect of the fuel/oxidant ratio on the 
hydrogen chloride emission signal obtained 
from chloroform was studied by aspirating pure 
chloroform into the flame. Figure 3 shows 
the infrared emission spectrum from hydrogen 
chloride in the region 3600-2400 cm-‘. 
The baseline offset, at a relative value of about 
7.5, is due to blackbody radiation from hot 
soot particles. The blackbody radiation does 
not affect the magnitude of the analytical 
calibration signal and can be removed by 
subtraction. However, it should be pointed 
out that the amount of blackbody radiation 
in each spectrum changes with respect to 
analyte/solvent composition, and it can affect 
the precision of the measurements because of 
associated noise. 

The intensity of the hydrogen chloride emis- 
sion line at 2653 cm-’ was observed as the 
air/acetylene ratio was varied. The intensity 
of this line was corrected for blackbody emis- 
sion by subtracting the average background 
obtained from each side of the emission line 
(approximately ten wavenumbers from the 
2653 cm-’ line). The most intense hydrogen 
chloride emission occurs at a fuel/oxidant ratio 
of 1: 1.98 (acetylene : air) and reflects a fuel-rich 
flame, as expected. However, the adjustment 
of the air/acetylene ratio is not critical and 
the optimum ratio affords an hydrogen 
chloride emission intensity that is only 20% 
larger than at other ratios. 

Noise studies 

It is well known from statistical arguments 
that co-adding spectra leads to signal-to-noise 
ratio improvements dependent upon the square 
root of the number co-added, providing the 
noise is random. Conversely, deviation from 
this relationship is strong evidence of non-ran- 
dom noise properties. In order to establish the 
nature of the noise in the background emis- 
sion bands of CO* and H20, a graph of the 
logarithm of the baseline noise (ordinate) versus 
the logarithm of the number of co-added scans 
(abscissa) was constructed for the case of 1, 10, 
25, 81, and 100 co-added scans of the COZ 
emission band at 2261 cm-‘. If the noise is 

random, it can be shown that the slope of this 
graph should be equal to -l/2. Since, in fact, 
the slope of the experimentally determined 
graph was equal to -0.508 (r = 0.99), it can be 
inferred that the noise in the background emis- 
sion band of CO2 appears to be random over the 
range of instrumental parameters used in these 
experiments. Based on this result, it can be 
anticipated that the noise in all of the infrared 
emission bands from the flame is essentially 
random. 

Since the flame utilizes acetylene as its fuel 
gas, the dominant emission bands in all spectra 
(even in the presence of analyte bands) are from 
CO* and H,O. For example, when pure chloro- 
form is aspirated into the flame, the intense 
emission line of hydrogen chloride at 2653 cm-’ 
is 1/20th the intensity of the CO* emission band 
at 2261 cm-’ (although the hydrogen chloride 
band is broader due to its rotational fine struc- 
ture). From an experimental standpoint, the 
noise in the intense COZ emission bands signi- 
ficantly impairs the determination of carbon 
(as CO& However, the determination of chlori- 
nated hydrocarbons may still be accomplished 
providing spectral interferences are negligible 
and the baseline noise in the spectral region of 
the analyte emission band is small. In Fourier 
transform spectrometry, however, the latter 
criterion may be influenced by the distribution 
noise of the multiplexing process. Since the 
air/acetylene flame background is spectrally rich 
(in fact, nearly continuous), noise localized 
around the bands and lines may effectively 
appear “white”. Consequently, the noise in the 
background bands may influence the noise in 
the analyte bands. 

In order to determine if the noise in the major 
emission bands distributes into the baseline, an 
experiment was conducted in which the amount 
of flame radiation reaching the detector was 
varied by the use of an aperture-stop placed 
immediately after the beamsplitter. The inten- 
sity of the background emission bands were 
monitored simultaneously with the magnitude 
of the baseline noise in a region considered 
to be free of spectral interferences. Since the 
baseline noise in that region should not directly 
arise from an infrared emission band, corre- 
lation of the signal-to-noise ratio (SNR) of 
the background emission bands with the opti- 
cal throughput is strong evidence of detector 
noise-limited measurements. 

The plot in Fig. 4 shows the relationship 
between the SNR of the CO2 emission band and 
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Fig. 4. Dependence of SNR of the CO, emission band 
(noise in the 4200-4300 cm-’ region) and peak-to-peak 
baseline noise on optical throughput. The line denoted by 
0 is the SNR of the CO, emission band and the line 
denoted by A is the peak-to-peak baseline noise in the 
4200-4300 cn-’ region. The optical throughput axis has 
been normalized, and best-fit lines have been drawn through 

the data points. 

the optical throughput of the FT-IR spec- 
trometer. For completeness, Fig. 4 also shows 
the absolute baseline noise (peak-to-peak) as a 
function of the optical throughput. The signal of 
the predominant background emission band at 
2261 cm-’ was used as a measure of the inten- 
sities of all background emission bands, and the 
flame parameters were adjusted until this band 
had a relative standard deviation of 25% (con- 
stant for all measurements). The peak-to-peak 
noise in the region from 4300-4200 cm-’ was 
used because no discernible emission bands 
could be observed, even when 100 spectra were 
co-added. The SNR values in Fig. 4 are aver- 
ages from ten single-scan spectra, and the opti- 
cal throughput values were normalized to the 
largest value. It should be pointed out that the 
dynamic range of the CO2 emission signals was 
limited by the maximum-attainable through- 
put of the infrared signal and the minimum 
detectable signal. 

The plot of SNR versus throughput shown 
in Fig. 4 is quite linear (I = 0.99) and exhibits 
the kind of relationship between the SNR and 
throughput expected for the case of detector- 
noise limited measurements.13 If substantial 
flicker noise were being distributed to the base- 
line, then an increase in the optical throughput 
would lead to virtually no change in the SNR, 
and, as a result, the slope of the line would 
decrease (ideally, to zero) at some point in this 
plot. Thus, it is believed that the dominant 
noise-source in this system is most likely the 
FT-IR spectrometer (TGS detector and/or elec- 
tronics). Of course, other noise sources may also 

be present in this system and cannot be entirely 
ruled out. However, it is difficult to speculate on 
“other” noise sources because of the statistical 
uncertainty in the measurements. Nonetheless, 
Fig. 4 clearly shows that a true “multiplex 
disadvantage” is not present in this system using 
a TGS detector and f/3 collection optics. 

Spectral observation windows and spectral inter- 

f erences 

As stated in a previous section, the air/ 
acetylene flame has a number of emission bands 
due to excited CO2 and HrO. Furthermore, 
these bands are noisy to some degree because of 
flame turbulence. Thus, it is anticipated that 
some spectral regions of the air/acetylene flame 
will be more stable and noiseless than other 
spectral regions. Of course, those spectral “win- 
dows” with lower noise will yield superior detec- 
tion limits over those windows with greater 
noise. Thus, an examination of the analytically 
useful wavelength regions in the air/acetylene 
flame is worthwhile. 

As shown in Fig. 2, the flame background 
bands cover the entire mid-infrared region. 
However, clearly there exists certain wavelength 
regions in the background emission which are 
reasonably “clean” and can be used for analyti- 
cal purposes. Based on the criterion of the 
absence of flame background emission bands, 
the useful infrared window in the air/acetylene 
flame occurs in the region of 3133-2400 cm-‘. 
Noise from either Hz0 or CO* emission (pro- 
duced by the flame) contributes to the wave- 
length regions outside of this window. In 
addition, absorption of radiation by atmos- 
pheric Hz0 and CO, significantly reduce the 
intensity of emitting species in some regions. 
However based on experimentally determined 
results, analytical measurements can be ac- 
quired in the regions from 1700-l 560 cm-’ and 
112O-g60 cm-‘. Of course, higher spectral resol- 
ution may be used to resolve the rotational fine 
structure. 

The only species which has been found to 
give rise to infrared emission bands which 
overlaps those of the hydrogen chloride emis- 
sion band are due to D20 and HDO. As 
shown in Fig. 5, the infrared emission from 
DzO and HDO (obtained by aspirating pure 
acetone-d, into the flame) is easily detected in 
the 3100-2420 cm-’ region. Because of the 
poor instrument resolution (6 cm-‘), assign- 
ment of the bands to either HDO or D20 is 



Determination of chlorinated hydrocarbons 253 

o-’ t 

4000 3800 3200 2800 2400 

WAVENUMBERS (cm-‘) 

Fig. 5. Spectra showing location of D,O and HDO infrared emission. Spectrum a is of the air/acetylene 
game background and spectrum b is of the air/acetylene flame background when acetone-d, is aspirated 
into the flame (the emittance of spectrum b has been offset 5 arbitrary units). Infrared emission from D,O 

and HDO is in the region of 31W2420 cm-‘. 

difficult. However, both molecular species are 
expected to exist at these flame temperatures 
because of hydrogen exchange. 

As will be seen in the proceeding section, 
the hydrogen chloride infrared emission occurs 
in the 3 100-2420 spectral region in the air/ 
acetylene flame. Thus, the emission signals from 
D,O and HDO potentially may spectrally inter- 
fere with the hydrogen chloride emission signal. 
Since elevated levels of deuterated species are 
generally not found with chlorinated species, 
this spectral interference should be minor. How- 
ever, the interfering emission signal may be 
removed by subtraction as long as the noise in 
the signal does not significantly impair the 
precision of the measurement. 

Matrix eflects and calibration 

Although it has been established that the 
intensity of an analytical emission band (e.g., 
HCl, HF, CO*, etc.) is directly proportional to 
analyte concentration, the use of infrared emis- 
sion from flames as an analytical tool has been 
confined to detectors for gas chromatography 
and purge-and-trap analytical methods.“rO 
Since both these techniques isolate the analyte 
in an inert gas stream, the effect of differ- 
ent sample matrices on the analyte emission 
signal has not been studied. Figure 6 shows 

calibration curves for chloroform in ethanol, 
methanol, and acetone. The concentration axis 
has been expressed in terms of the percentage 
of solute in the total volume (percent v/v). 
Since a number of solvents were available, 
ethanol, methanol, and acetone were chosen as 
representative solvents. 

The calibration curves of chloroform shown 
in Fig. 6 were background corrected for black- 
body radiation (as described in a previous 
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Fig. 6. Calibration curves of chloroform in acetone (A), 
methanol (A), and ethanol (w). 
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section) and are linear from their detection 
limits to about 55%. Downward curvature at 
concentrations exceeding 55% is due to either 
self-reversal of the radiation by cooler hydrogen 
chloride molecules surrounding the flame, a 
loss of the hydrogen chloride emission signal 
from incomplete combustion from a lack of 02, 
or a change in the flame conditions due to the 
introduction of large amounts of analyte. In 
addition, it is important to note that all curves 
have nearly the same slope at low concen- 
trations. Thus for these three solvents, the signal 
from the chloroform (as hydrogen chloride) is 
approximately independent of solvent in dilute 
solutions. The detection limits of chloroform in 
all three solvents were statistically identical and 
were 1 .lO% (v/v). In addition, similar results 
were obtained for carbon tetrachloride and 
methylene chloride. The detection limits of Ccl, 
and CH,Cl, in these three solvents were 0.80 
and l.O%, respectively. Calibration curves for 
Ccl, and CHzClz were linear from their detec- 
tion limits to 52% concentration and 60% 
concentration, respectively. 

The detection limits of these chlorinated 
species in the air/acetylene flame are poor and 
are believed to be governed by the noise in 
the FT-IR spectrometer (most likely the TGS 
detector). A study of the SNR of the CO2 
emission band versus the optical throughput 
using the baseline noise in the 3000-2420 cm-’ 
region shows a dependence similar to that 
shown in Fig. 4. The poor detection limits may 
also be due to the noise present in the infrared 
emission band of water which slightly overlaps 
the emission of the HCl and the noise in the 
background blackbody emission. Further work 
is needed in order to gain a better understand- 
ing of the noise present in this system. Some 
improvements in the detection limits might be 
obtained by using a different burner or using a 
mercury cadmium telluride (MCT) detector. Of 
course, as shown above, spectral scans may be 
co-added to improve the detection limits. How- 
ever, increasing the number of co-added scans 
increases the total scanning time. 

CONCLUSIONS 

It has been shown that a conventional 
Fourier transform infrared spectrometer 
coupled to an air/acetylene slot burner is 
suitable for determining chlorinated organic 
compounds in a variety of sample matrices. 
The organic compounds may be determined 
by the infrared emission from hydrogen 
chloride obtained upon combustion in the 
flame. The air/acetylene flame background, 
although spectrally rich, has several optical 
windows and does not interfere with the deter- 
mination of the compounds. In addition, it has 
been shown that the Fourier transform instru- 
ment using a TGS detector does not lead to a 
multiplex disadvantage from flame flicker- 
noise. Although the detection limits for these 
chlorinated compounds are poor, it is 
believed that a better understanding of the 
noise aspects of this system could improve 
them. 
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Summary-Polystyrene and polya-methylstyrene are thermally decomposed, and the products are 
measured by fluorescence spectrometry and multiphoton ionization spectrometry. The monomers are 
found to be major products from both the polymers, but many other chemical species, including dimers 
and trimers, are also observed. The present instrument is applied to a mixture sample containing these 
two polymers, and the components included are selectively determined using this hyphenated technique. 

Constituents of polymers are currently deter- 
mined by mass spectrometry after pyrolysis of 
the sample using a heated insertion probe. Such 
an instrument is already commercially available 
and has been applied to many polymers, e.g., 
polystyrene, polycarbonate, polyimide, etc.’ 
More recently, a laser ablation technique has 
been used for vaporization of the sample,2 which 
is especially useful for a polymer being easily 
carbonized at an elevated temperature. How- 
ever, mass spectrometry has limited perform- 
ance in differentiation of isomers, though some 
additional information is obtained from the 
mass fragment pattern, from the excess kinetic 
energy of ions, and from the daughter-ion mass 
spectrum obtained by mass spectrometry/mass 
spectrometry. 

In order to overcome this problem, mass 
spectrometry is usually combined with a separ- 
ation technique such as gas chromatography. 
However, standard chemicals are necessary for 
calibration of each column used. It is noted that 
each polymer has different characteristics, so 
that a few polymers are mixed to improve 
performance; e.g., polya-methylstyrene is added 
to polystyrene to improve the thermal proper- 
ties of the polymer material. Thus a more 
selective analytical means is required, in order to 
clarify the constituents of the polymer. 

Supersonic jet expansion cools a sample mol- 
ecule and provides sharp spectral lines. Thus 
very high spectral selectivity is given by a com- 
bination with laser spectrometry.= This tech- 

*Author for correspondence. 

nique allows differentiation of even isomers and 
isotopes. However, only an analytical appli- 
cation has been reported so far for a polymer 
sample; polystyrene is measured by laser abla- 
tion/supersonic jet/fluorescence spectrometry.’ 
In the laser ablation technique, two independent 
lasers are required, i.e., ablation and excitation 
lasers, which makes the analytical’system more 
complicated. Moreover, only fluorescence spec- 
trometry has been applied, and therefore infor- 
mation available for assignment of the chemical 
species is quite limited. 

In this study we describe supersonic jet 
spectrometry combined with fluorescence 
spectrometry and multiphoton ionization spec- 
trometry. This hyphenated technique is applied 
to polystyrene, polya-methylstyrene, and the 
mixture of these polymers. 

Apparatus 

EXPERIMENTAL 

The supersonic jet spectrometer used in this 
study is reported in detail elsewhere, and is 
briefly described here.’ The polymer sample 
was heated in a gas chromatograph chamber 
(Shimadzu, GC3A). The thermally decom- 
posed products were introduced into the vac- 
uum system from a pulsed nozzle.g In the first 
chamber, the chemical species in a supersonic jet 
was excited by a dye laser (Quantel, YG581- 
C20, TDL-50, UVX-2). Fluorescence was 
measured by using a monochromator (Jasco, 
CT-25CP) equipped with a photomultiplier 
(Hamamatsu, R1477). A boxcar integrator 
(Stanford, SR-250) was used for measurement 
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of the signal. The second chamber is separated 
from the first chamber by a skimmer (Beam 
Dynamics, I mm i.d.). The chemical species in 
a molecular beam was multiphoton ionized by 
the same dye laser described above. The ion 
induced was extracted into the third chamber, 
i.e., a time-of-flight tube, by a repulsive poten- 
tial. The ion was detected by an assembly of 
three microchannel plates; this high-gain detec- 
tor has a narrow pulse height distribution for a 
single ion and also removes an external am- 
plifier. The transient signal, i.e., the mass spec- 
trum, was recorded by a waveform digitizer 
(Iwatsu, DM901). The signal was accumulated 
1024 or 2048 times to improve the signal-to- 
noise ratio. A mass-selected multiphoton ioniz- 
ation spectrum was measured using the boxcar 
integrator by adjusting the delay time to moni- 
tor a specific ion. 

Reagent 

Styrene and polystyrene were obtained from 
Wako Pure Chemicals. Other chemicals such as 
a-methylstyrene and fi-methylstyrene were sup- 
plied from Tokyo Kasei. Polya-methylstyrene 
was purchased from Polyscience. Laser dyes 
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Fig. I. Dependence of excitation spectrum on temperature 
for thermally decomposed products from polystyreue; the 

monitoring wavelength is indicated in the figure. 
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Fig. 2. Fluorescence spectrum for (a) styrene monomer (b) 
polystyrene; the exciting wavelength is indicated in the 

figure. 

were supplied from Lambda Physik and Exci- 
ton. 

Polystyrene 

The excitation spectrum for thermally decom- 
posed products from polystyrene were measured 
at various temperatures. The results are shown 
in Fig. 1. A sharp peak appears at 287.65 mn, 
which is readily assigned to the O-O transition 
of the styrene monomer from the database 
constructed by accumulating the data of O-O 
transition for many aromatic hydrocarbons.‘O It 
is noted that the signal is observed even below 
100”. The ceiling temperature, at which the rate 
of thermal decomposition is equal to that of 
thermal polymerization, is 220” for poly- 
styrene.” The lowest temperature at which the 
signal appears (lOOa) is much less than this 
ceiling tem~rat~. Thus the styrene monomer 
observed might occur from the monomer in- 
cluded (or dissolved) in the polymer under 
reduced stagnation pressures (200 Torr). Pres- 
ence of the styrene monomer in the thermally 
decomposed product is further confirmed by 
rne~~ng the fluorescence spectrum, as shown 
in Fig. 2. The spectrum for polystyrene is iden- 
tical to that for the styrene monomer. The signal 
intensity was rather small for a polymer sample, 
but it became almost identical to that for the 
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monomer at 350”. This is due to efficient gener- 
ation of the monomer by thermal decompo- 
sition above the ceiling temperature. 

Polya -methylstyrene 

The excitation spectrum for polya-methyl- 
styrene is shown in Fig. 3. The peak correspond- 
ing to the O-O transition is very weak and three 
characteristic progressions are observed in the 
spectrum, as reported. I2 These results are as- 
cribed to the facts that there is a low-energy 
torsional motion of the methyl group, and that 
the conflguration of the excited state is quite 
different from that of the ground state. The 
spectrum observed for the polymer is almost 
identical to that for the monomer. Thus a major 
component of the thermally decomposed 
product is a monomer of a-methylstyrene. The 
excitation spectrum recorded for /I-methyl- 
styrene in the similar spectral region is shown in 

A l m = 300nm 

c 

79 280 281 282 233 284 285 

Wavelength (nm) 

(b) 
I A .m = 300nm I 

, 1 

79 280 281 282 283 204 286 

Waveler@h(nm) 

Fig. 3. Excitation spectrum for (a) polya-methylstyrene (b) 
K-methyhtpe monomer; the monitoring wavelength is 

indicatad in the figure, 

281.0 281.5 282.0 2825 283.0 283.5 284.0 

Wavelength Cnn$ 

Fig. 4. Excitation spectrum for /?-methylstyrene; the moni- 
toring wavelength is indicated in the figure. 

Fig. 4. Since the band origin is located at longer 
wavelengths, many irregular peaks are observed 
in this spectral region, due to the transitions to 
high vibrational levels in the excited state. Thus 
the isomer is readily differentiated by the pre- 
sent instrument. The multiphoton ionization 
spectrum observed for polya -methylstyrene is 
shown in Fig. 5, in which a parent ion is 
monitored. Spectral feature observed is almost 

282.0 282.5 283CI 283.5 284.0 
Wavelength (nm) 

2- 

1 

Ai’ 

O- 

2816 282.0 282.8 263.0 283.5 284.0 
Wavelength km) 

Fig. 5. Multiphoton ionization specbm for (a) polya- 
methylstyrene @) a-methylstyrene monomer. 

TAL 40,.7--1 
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A em= 300nm ,Styrene 

Q -methylstyrene 

YI 

\ 

280.5 281.0 281.5 282.0 282.5 

Wavelength (nm) 

Fig. 6. Excitation spectrum for mixture sample containing 
polystyrene and polya-methylstyrene. 

identical to that observed in the spectrum for 
a-methylstyrene. Again, it indicates that a- 
methylstyrene occurs as a major product from 
polyo!-methylstyrene. It is noted that the spec- 
tral shape is almost identical to that obtained in 
the excitation spectrum. This implies that the 
efficiency of multiphoton ionization is deter- 
mined by the excitation step rather than the 
ionization step. 

Mixture sample 

In order to demonstrate the figure of merit of 
the present analytical instrument, a mixture 
sample containing polystyrene and polycl- 
methylstyrene was measured. The excitation 
spectrum obtained is shown in Fig. 6. Several 
peaks corresponding to the progressions for 
a-methylstyrene and a single peak correspond- 
ing to a transition to a high vibrational level for 
styrene are clearly observed. Thus the styrene 
and cr-methylstyrene monomers are easily as- 
signed. This assignment is further confirmed by 
measuring the multiphoton ionization spectrum 
by monitoring the parent ions at different delay 
times. As shown in Fig. 7, a sharp peak is 
observed at 281.55 nm when the ion is moni- 
tored between 10.2 N 10.6 psec, corresponding 
to the parent ion of the styrene monomer 
(M.Wt. = 104). On the other hand several peaks 
(progression band) are observed, when the ion 
is monitored between 11 .O N 11.4 psec, corre- 
sponding to the parent ion for the a-methyl- 

styrene monomer (M.Wt. = 118). Thus each 
component is differentiated on the mass-selected 
multiphoton ionization spectrum. It is noted 
that a dip signal observed at 281.55 nm in Fig. 
7(b) is attributed to a space charge effect (many 
styrene monomers are ionized and their charges 
scatter non-resonantly-ionized a-methylstyrene 
observed as a background signal) or to over- 
loading the microchannel plate induced by a 
large number of styrene ions (a millisecond time 
interval is necessary to recover after the strong 
saturated signal). In order to avoid these effects, 
either the concentration of the styrene monomer 
or the laser power must be reduced. However, 
they decrease the signal intensity, and therefore 
the accumulation time should be increased to 
retain a sufficient signal-to-noise ratio. 

A mass spectrum was measured by adjusting 
the laser wavelength to different values. The 
result is shown in Fig. 8. When the mixture 
sample is ionized at 282.04 nm under off- 
resonance conditions, many peaks appear in the 
spectrum. The largest peak, corresponding to 
M.Wt. = 104, is ascribed to the parent ion of the 
styrene monomer. However, many other peaks 
appear in the mass regions corresponding to 
dimers and trimers. When polystyrene is vapor- 
ized and ionized by a KrF laser (248 nm) and a 
ps-UV laser (290 nm),i3 an ArF laser (193 nm) 

1 (a) 10.2-10.8 (~sec) 
2 

41 

xi 
5 1 

s 

1L 0 
I I 

281.5 282.0 282.5 283.0 
Wavelength (nm) 

2 (b) 11.0-11.4 (psec) 

E 

c!i l- 
I 

si 
J 

o- L 
281.5 282.0 282.5 283.0 

Wavelength (nm) 

Fig. 7. Multiphoton ionization spectrum for mixture sample 
containing polystyrene and polya-methylstyrene; the delay 
time specified in the figure is adjusted to monitor the parent 

ion of (a) styrene (b) a-methylstyrene. 
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C 
m/e 

1 50100 200 

Flight Time (psec) Flight Time (pet) 

(a) A=281.87 nm (b) A=282.04 nm 

mle 
) 50100 200 C 0 

m/e 
50100 200 

0 10 20 
Flight Time (peed 
(c) A=28155 nm 

Fig. 8. Mass spectrum for mixture sample containing polystyrene and polya-methylstyrene; the wave- 
length of the laser is indicated at the bottom of the figure; (a) on-resonance to a-methylstyrene (b) 

off-resonance (c) on-resonance to styrene; figure (c) is not presented to scale. 

and a vacuum-UV laser (118 nm)14 and Ar-ion 
sputtering and a vacuum-UV laser (118 nm),” a 
series of fragments, CnHx (n = 4,6,. . ., 16), is 
clearly observed. Thus thermal vaporization/ 
supersonic jet/multiphoton ionization is more 
suitable for soft vaporization and ionization. 
When the mass spectrum is measured at 281.55 
nm, which corresponds to the O-O transition 
for a styrene monomer, the peak at 
M.Wt. = 104 is strongly enhanced; almost a 
single peak is observed when this peak is pre- 
sented not to scale out. Thus the strongest peak 
observed in Fig. 8(b) is confirmed to be due to 
a styrene monomer. When the laser wavelength 
is adjusted to 281.87 mn corresponding to one 
of the progression band for a-methylstyrene, the 
signal at M.Wt. = 118 becomes strongest among 
these signal peaks. This fact indicates that the 
peak at M.Wt. = 118 in Fig. 8(b) originates 
from a ct-methylstyrene monomer. No other 
peak assignable to fragment species from polya - 
methylstyrene is found in this spectrum. This is 
in contrast to the results obtained by a laser 
ablation/ionization technique (266 nm/248 nm, 
266 nm/193 nm, 248 nm/266 nm); many frag- 
ment species are observed in these cases.r6 This 
result indicates soft vaporization/ionization in 
the present method, again. 

CONCLUSION 

As demonstrated in this study, supersonic jet 
spectrometry combined with a hyphenated spec- 
trometric method is quite useful for determi- 
nation of thermally decomposed products from 
polymers, especially for differentiation of the 

isomers. From the mass spectrum measured 
under non-resonant conditions, many candi- 
dates of the thermally decomposed products are 
proposed and can be ensured spectrometrically 
by measuring the mass-selected multi-photon 
ionization spectrum and excitation/fluorescence 
spectra. Unfortunately, many fragment species 
are remained unassigned in this study. In order 
to assign these chemical species, standard 
chemicals must be synthesized, since most of the 
candidates are not commercially available, now. 
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!Summary--A multivariate calibration method based on principal component regression analysis is 
applied to the ~lution of mixtures by kinetic rne~~olo~. ~~~~ and Al(I11) were determined 
in mixtures on the basis of their different rate of reaction with ~(2-p~dyI~o)~o~noi in a slightly 
basic medium by using a stopped-flow injection procedure. Mixtures containing l-5 mg/l. Ga(II1) and 
20-100 mgjl. Al(III) were successfully resolved with errors less than 10%. 

Flow-injection analysis (FIA) is currently one 
of the most interesting analytical techniques 
on account of its potential for solving real 
problems in a variety of fields.‘” Even though 
all FIA methods are kinetic in nature, this 
adjective is only customarily employed in 
relation to those procedures relying on reac- 
tion rate measurements.Z A host of kinetic 
methodologies are implemented by FIA. 
That of stopped flow is of special interest on 
account of its high potential3 However, such 
a potential has scarcely been exploited to date 
except for analytical determinations of a single 
analyte. 

Mixtures of analytes have been resolved on 
the basis of their difTerent rate of reaction by 
using the pro~~ional~~tion method” or, 
more recently, by least-squares fitting of kinetic 
curve8 or by using the Kalman filter.” The 
inception of diode array spe-ctrophotometers 
opened up new prospects in this context as they 
allow full IN-visible spectra to be recorded in 
a few-tenths of a second, an interval over which 
few kinetic reactions are bound to develop to a 
significant extent, so the net result is a simul- 
taneous absorbance measurement at a number 
of different wavelengths. Rather than the typical 
(A,, rl) data pairs provided by conv~tion~ 
procedures, diode array spectrophotometers 

*Author for correspondence. 

yield three-dimensional matrices of the form 
(A,,,, rJ, A,) and hence allow wealthier inform- 
ation to be obtained and complex mixtures 
unaiTordable by conventional systems to be 
readily res01ved.‘~~ 

Every kinetic method entails a prior calibra- 
tion. In the above-mentioned mixture resolution 
methods, such as calibration involves determin- 
ing the reaction rate of each analyte in the 
mixture in order to subsequently determine its 
inundation in the mixture on the a~umption 
that the experimental conditions are preserved, 
which may not hold inasmuch as the presence of 
a given analyte may influence the reaction rate 
of another and the analytelreagent concentra- 
tion ratio will not be the same for the analytes 
alone and in mixtures. 

A general kinetic method for mixture resolu- 
tion thus requires calibration to be carried out 
on mixtures concerned rather than the individual 
analytes. This type of calibration is frequently 
employed with timeind~ndent chemical sys- 
tems by using one of several procedures that are 
collectively known as ‘multivariate calibration 
procedures” (MCP)? Such procedures, how- 
ever, have scarcely been used in connection with 
time-dependent reactions.Lo 

In this work we used an MCP based on 
principal component regression (PCR) for the 
resolution of Ga(III)-AI(III) mixtures by com- 
plexation with 4(2-pyridylazo)resorcinol in a 
basic medium. 

261 
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THEORETICAL BACKGROUND 

The absorbance of the product of a pseudo first- 
order reaction as a function of time is given by 

A,, = u,,,bC”(l - e-“) + B,,, (1) 

where a, is the absorptivity coefficient at 
wavelength w, Co the initial concentration of 
the analyte, B,,.C the absorbance when t = 0, 
(it includes the absorbance independent of the 
analytical reaction and the absorbance produced 
by the analytical reaction before the measure- 
ment starting point, consequently it depends 
both on the wavelength and on the analyte 
concentrations), b the lightpath and k the rate 
constant. 

For a mixture of two analytes with additive 
absorbances in the absence of mutual inter- 
actions, equation (1) takes the form 

A,, = a,,,bCy(l - e-kl’) 

+ a,,$C!(l - eek2’) + B,,, (2) 

which simplifies to 

A,, = &i,,&‘+ &,c (3) 
i 

Application of principal component regres- 
sion (PCR) involves using principal component 
analysis (PCA) methodology” to draw analytic- 
ally relevant information from the calibration 
data matrix obtained by recording the absorb- 
ance of m mixtures of known composition at n 
different wavelengths. For this purpose, the data 
matrix A(m,n) is broken down as follows: 

A=PT.+E (4) 

where P(m,a) is the score matrix, T(u,n) the 
loading matrix, and E(m,n) the residual matrix, 
a being the number of principal components 
[a s min(m,n)]. This procedure provides a 
calibration matrix, B, by linear regression from 
the score matrix. 

C=PB (5) 

B = (PIP)-‘P’C (6) 

The unknown mixture concerned is quantified 
by determining its scores, px, from its spectrum 
(a,) and using the loading matrix obtained from 
the calibration samples. From the scores and 
matrix B the different mixture components are 
subsequently quantified by using the following 
equations: 

a, = pxT (7) 

u,T’ = p,TT’ = px (8) 

G=pxB (9) 

COMPUTER 

C 

D 

w w 

Fig. 1. Flow injection manifold. A: Borax buffer O.lM, 
pH = 8.5. B: Bi-distilled water. C: unknown sample. E: PAR 
10-3M. V,=2CKI pk L, =2 m, 0.5 mm i.d, &=0.8 m, 
0.5 mm i.d, L, = 2 m, 0.3 mm i.d, D: spectrophotometric 

detector, W = waste. 

EXPERIMENTAL 

Reugen ts 

Stock solutions of Ga(II1) and Al(II1) con- 
taining 1 g/l. of either in 1M hydrochloric acid 
were prepared from their nitrates (Merck p.a. 
grade chemicals) and standardized titrimetrically 
with EDTAr*. 

A lo-‘M 4-(2-pyridylazo)resorcinol (PAR) 
solution was also prepared from its monohydrate 
monosodium salt (Merck, metallochromic 
indicator). 

Finally, a O.lM decahydrate disodium tetra- 
borate buffer of pH 8.5 adjusted with nitric acid 
was made from Borax (Merck pa. grade) and 
recrystallized twice in bi-distilled water. 

Apparatus and manifold 

The FIA manifold used (Fig. 1) consisted of 
a Gilson Minipuls 2 HP4 peristaltic pump; 
a Tecator V-200 variable-volume, two-channel 
injection valve; a quartz flow-cell of 18 ~1 inner 
volume and 10 mm lightpath that was thermo- 
stated at 25 4 0.1’; and a Hewlett-Packard HP 
845 1 A spectrophotometer. The peristaltic pump 
was connected to a relay and, together with 
the injection valve, was controlled via a GP-IO 
interface connected to the switch of an HP 85 
computer. 

All tubes used and the injection loop were 
made of Teflon tubing of 0.5 mm bore. 

Procedure 

We recently developed a FIA-stopped flow 
system which allows samples to be injected and 
the flow to be halted by means of a commer- 
cially available Tecator V-200 injection valve.13 
Both the valve and the peristaltic pump were 
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Table 1. Composition (m&l.) of the mixtures used for 
calibration and quantitation 

Calibration samples 
Mixture no. 

1 2 3 4 5 6 7 

[Gal 2.47 0.00 1.48 2.47 3.45 3.94 4.93 
[Al] 0.00 53.00 127.20 79.50 53.00 26.50 10.60 

Quantitation samples 
Mixture no. 

8 9 10 11 12 13 14 

[Gal 0.99 1.23 1.48 1.97 2.96 4.44 4.44 
[Al] 5.30 106.00 63.60 21.20 5.30 42.40 74.20 

controlled by the computer of the spectro- 
photometer running a BASIC programme. 
On switching the valve, the metal solution was 
injected into the carrier which merged with 
the buffer and reagent stream solutions, and, 
once the plug had reached the detector cell, 
the flow was stopped and the spectra began to 
be recorded. Reference was recorded on the 
reagent stream solution, prior to the metal 
solution injection. In order to avoid wasting 
reagent, the peristaltic pump was also stopped. 

The absorption spectra of the mixture were 
recorded over the wavelength range 490-540 nm 
at 2-set intervals for 60 set by using an inte- 
gration time of 0.3 sec. Data were transferred to 
an IBM PC-XT computer via an HP/829339A 
RS232C interface for its mathematical treatment. 

Fourteen solutions containing variable 
amounts of Ga(II1) and Al(II1) in the ranges 
O-5 and O-130 mg/l., respectively (Table l), 
were injected in duplicate and the variation of the 

(a) 

90 

absorbance with time was monitored as de- 
scribed above. In order to simplify the calcula- 
tions involved, the original data matrix was 
reduced to a representative portion, viz. that 
comprising the data corresponding to six wave- 
lengths (500, 510, 518, 526, 532 and 540 nm) at 
five different times (6, 10, 14,20 and 30 set). The 
absorbances measured under these conditions 
were sorted as a function of time for each mix- 
ture and injection, and were processed by a prin- 
cipal component regression programme written 
by the authors that uses the NIPALS algorithm 
to break down the absorbance matrix.14 

The values obtained for the five mixtures and 
the two solutions or pure metal ion were used 
to construct the calibration matrix, whereas 
those yielded by the other seven mixtures were 
employed for validation. Both calibration and 
validation were done by using the recordings 
obtained for the two injections. 

RESULTS AND DISCUSSION 

The kinetics of formation of the Ga(III)- 
PAR complex in an acid medium is well kn~wn.‘~ 
However, the proposed mechanism does not 
hold for a basic medium owing to the presence 
of hydroxo complexes, which occur as the major 
species above pH 3.16 In earlier work we derived 
the rate equation for this reaction in a slightly 
basic medium:” 

u = k[Ga] [H+]i[PAR] (10) 

At pH 8.5 (Borax buffer) and a PAR concen- 
tration of 10e3M, the reaction can be assumed 

Fig. 2. (a) Kinetic curves of Ga-PAR complex obtained over the wavelength range 490-540 mn. (b) Kinetic 
curves of Al-PAR complex obtained over the same range. 
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Fig. 3. Kinetic curves. Ga-PAR: 2.5 mgjl, Al-PAR: 100 mg/l. 
Dashed line: theoretical curve calculated using equation 1. 

to be of pseudo first-order in the metal concen- 
tration, v = k&Gal, so the corresponding rate 
constant is k,, = (2.45 + 0.08) x 10m2 set-‘. 

Under these conditions, the formation of the 
Al(III)-PAR complex is also of pseudo first- 
order in the metal concentration, and the 
rate constant is kAl = (9 f 1) x 10e2 set-I, as 
determined by using the programme STAT- 
GRAPHICS 5.0 to fit the curves of seven 
solutions over the Al(II1) concentration range 
10.6-127.2 mg/l. 

Figure 2 shows the variation with time and 
the wavelength of the absorbance of solutions 
containing 2.5 mg/l. Ga and 100 mg/l. Al. The 
corresponding kinetic curves obtained at 510 nm 
are shown in Fig. 3. The line is the theoretical 
curve corresponding to the model defined by 
equation (1) as fitted by STATGRAPHICS. As 

05 

01 

I ‘I 1, ,-, 

0 20 40 60 80 loo 120 140 

Fig. 4. Plot of measured data for Ga and Al solutions at 
5 times (a: 6, b: 10, c: 14, d: 20 and e: 30 s) in the wave- 
length range 490-W nm. The wavelengths chosen for the _. 
quantitation of the mixtures are marked with an arrow. 

Fig. 5. PCR score plot, showing the position of the 7 
calibration mixtures, two replicates of each one, on the 8rst 

Table 2. Variation of the residual variance with the number 
of principal components (a) 

Components 1 2 3 4 5 6 7 
P,(* l(r) 7500 89 105 10 137 68 73 
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can be seen, the fit is quite good for both 
ions and thus indicative of pseudo first-order 
kinetics for the concentration of the two metal 
ions. 

A plot of all the data recorded at the five 
times used in the calculations for pure solutions 
of Ga and Al is shown in Fig. 4., The wave- 
lengths chosen for the quantitation of the 
mixtures are marked with an arrow. It must 
be remarked the cyclic structure of the data 
corresponding to the different times. 

Determination of the number of principal 
components 

Correct estimation of the number of principal 
components is crucial to the application of a 
PCR procedure. In this work we selected the 
number of factors by means of the cross- 
validation method.‘* For each factor, the 
total residual variance of the concentrations 
predicted by the model, (I$), was calculated 

(11) 

where N and M are, respectively, the number of 
analytes and samples used in the calibration set; 
CciJ, denotes the experimental concentration of 
the analyte i in the sample j, and &, refers 
to the calculated value. The variation of the 
residual variance with the number of PC is 

Scores factor I 

two factors, PC1 us. PC2. 
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Fig. 6. Loading spectrum for factors PCl, pC2, PC3 and PC4. 

shown in Table 2. It is observed that the mini- 
mum was found when four components were 
considered, increasing the value when more 
factors were used in the model. 

Figure 5 shows the scores plot of the second 
PC versus the first PC; by comparison with data 
in Table 1, it is observed that PC1 scores 
increase with the concentration of Ga, whereas 
those of PC2 do it with the concentration of Al. 
The particular structure of the data in the cali- 
bration matrix, an ordered set of 6 measurements 
at each one of the 5 different times chosen, is 
reflected in the plot of the loadings of the four 
PC used to build the model, as is shown in Fig. 
6. PC3 is associated to this cyclic structure, and 

the plot of the loading values of the 30 variables 
used for PC3 versus those of PC2 and PCl, Fig. 
7, follows the same pattern as the original data. 
The relationship between PC4 and the data 
structure is more complex. Along the time, the 
absorbance recorded for a sample increases 
depending not only on the initial concentration 
of both metals but on the different values of the 
kinetic constants and the absorption coefficients 
of Ga-PAR and Al-PAR complexes as well. 
Figure 8 shows the loading values for PC4 at 
different wavelength versus each one of the 5 
times selected and comparing with Fig. 3, it is 
seen that the minimum appears when the ab 
sorbance of Ga-PAR and Al-PAR are similar. 

LOADING 2 

Fig. 7. Loading values of the 30 variables used for PC3 versus those of PC2 (Y axis) and PC1 (X axis). 
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Fig. 8. Loading values for PC4 at different wavelengths 
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versus each one of the 5 times selected. 

Quantitation of the samples 

Once the calibration model was established, 
analysis of the sample set was performed. 
The average values obtained are shown and 
compared with the added metal concentrations, 
Fig. 9. As can be seen, the mixtures were 
accurately resolved, with errors smaller than 
10% in every case except for Al at concen- 
trations below 20 mg/l., which can be attributed 
to the low sensitivity of its reaction with PAR 
under our experimental conditions. 

The reproducibility of the proposed method, 
expressed as the mean relative standard deviation 
(MRSD), was estimated from the differences 
between the calculated values for two injections 
of each mixture according to the following 
equation,ig 

%MRSD = 100 

x ;p $ (Ci.;L CiJ12)‘]i (12) 

where N and Z are, respectively, the number of 
analytes and samples used in the validation set; 
Cc,& denotes the calculated concentration of the 
analyte i in the sample j and the determination 
n and C the mean concentration. 

The MSRD was found to be 0.8% for Ga and 
1.6% for Al. 

We should emphasize that this procedure 
allows the highly accurate and precise simul- 
taneous determination of GA-Al mixtures in 
which the latter metal is in a large excess (100 : 1) 
over the former. 

The literature includes a few methods for the 
kinetic spectrophotometric resolution of Ga-In 
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Fig. 9. Mixtures resolution. n Added, 0 found. 

- 

mixtures,20J’ but none for Ga-Al mixtures, the 
resolution of which has so far been addressed 
by using spectrofluorimetric methods,“-24 which 
obviously afford lower detection limits, but are 
applicable over narrower Ga/Al concentration 
ratio ranges (1: 10). 

In conclusion, multivariate calibration opens 
up new prospects for the resolution of mixtures 
on the basis of time-dependent chemical reac- 
tions. The procedures involved can be readily 
implemented in stopped-flow injection mani- 
folds, which further increase the analytical 
potential of this technique. 
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Summary-Hybrid least-squares algorithm MINOPT for a nonlinear regression is introduced. MINOPT 
from CHEMSTAT package combines fast convergence of the Gauss-Newton method in a vicinity of 
minimum with good convergence of gradient methods for location far from a minimum. Quality of 
minimization and an accuracy of parameter estimates for six selected models are examined and compared 
with different derivative least-squares methods of five commercial regression packages. 

In literature many regression algorithms and 
program packages for non-linear regression are 
described and classified.’ According to their 
practical applicability in the chemical labora- 
tory the program’s modus operandi may be 
elucidated using a block structure classifi- 
cation:233 regression program may be divided 
into functional blocks as INPUT, RESIDUAL 
SUM OF SQUARES, MINIMIZATION, 
STATISTICAL ANALYSIS, DATA SIMU- 
LATION, ADDITIONAL SUBROUTINES, 
etc. An amount of useful information achieved 
from program application, efficiency and re- 
liability of results can be deduced from 

(i) a numerical point-of-view which concerns 
ability to reach a minimum of the regression 
criterion (subroutines of a MINIMIZATION 
block); 

(ii) a statistical point-of-view which concerns 
quality of statistical information (subroutines of 
STATISTICAL ANALYSIS block) . 

According to these two blocks the commonly 
used programs are not always reliable. Due to 
a great variability of regression models, re- 
gression criteria and data the effective algor- 
ithms enabling sufficiently fast convergence to a 
global extreme are not available. Some algor- 
ithms and programs often fail, i.e., converge 
very slow or diverge. 

*Part XIII, Talanta, 1988, 3!5, 981. 

In this paper we concentrate on procedures 
of derivative methods for the least-squares 
(LS) criterion which represents a very large 
group of methods today.4 Some numerical 
aspects of the algorithm MINOPT are pre- 
sented. Its numerical quality is examined and 
compared with other derivative methods on 
selected mathematical models usually found 
in problems of reaction kinetics and solution 
equilibria studies. 

RESIDUAL SUM OF SQUARES BLOCK 

In the classical setting the additive model of 
measurements is adopted 

ri=f(Xi;fi)+ci, i=l,...,n (1) 

In model (1) the yi is the response (experimental 
quantity), Xi are non-stochastic explanatory 
variables (without detriment to generality, x 
is supposed to be scalar), f(Xi, j3) is a 
regression model containing the (m x 1) 
parameter vector fi and Li is the so called 
(experimental) error. 

The main task of regression is to find estima- 
tors, 6, of an unknown parameter vector j?. A 
process of parameter estimation is based on 
assumptions about errors 6: classical presump- 
tion requires the errors e to be independent and 
identically distributed random variables having 
normal distribution N(0, a*) with zero mean 
and constant variance a2. Based on these 
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assumptions the sufhcient estimates 6 = 

@, 3 . . . , b,,,} can be obtained minimizing the 
least-squares criterion 

Ut6) = i [Yi - ftxi; 6)_129 n>m (2) 
i-1 

MINIMIZATION BLOCK 

For minimization of U(6) criterion a lot of 
various derivative and non-derivative algor- 
ithms exist.4-8 Derivative algorithms are useful 
for all model functions which are twice differen- 
tiable. In a sequel we concentrate on derivative 
methods and LS criterion only. 

The main disadvantage of derivative methods 
is a local convergence which depends on a 
choice of an initial guess 6(O). All algorithms of 
this group are of iterative nature. In the i-th 
iteration a procedure starts from the estimates 
6(‘) to which a suitable increment vector de) is 
added: 

&i+ 1) = J(i) + d(i) (3) 

The vector d(‘) is considered acceptable if 

v(&i) + d”‘) < u@i’) (4) 

Here, the increment vector can be expressed by 
relation 

d(‘) = fxi v (4a) 

where V is directional vector and a is scalar. 
Some algorithms admit equality or even a small 
increase of u(~U+ I)) against ~(b(‘)). Procedure 
of a search of minimum ~(6) consists of the 
following four steps: 

1. Determination of initial guess of parameters 
@x 

This step is decisive for many algorithms 
for successful minimization. From a good 
initial guess 6” the simple algorithms usually 
converge. For a very poor initial guess a mini- 
mum cannot be found by any methods of 
this group. 

2. Determination of direction vector V 

Derivative of a LS criterion function ~(6) 
in a point (6 + av) according a scalar a has 
form 

For a-+0 we get from equation (5) so called 
directional derivative 

s ~wu -- 
D- da a-+o 

= gv (6) 

where g is the gradient vector of ~(6) whose 
elements gj are equal to SU(6)/Sb,. The steepest 
decrease of a criterion function is in the direc- 
tion -g. The condition of acceptability of the 
directional vector V requests that the directional 
derivative is not positive. Any direction for 
which an inequality gTV > 0 holds is therefore 
inconvenient. Moreover, if the directional vec- 
tor V is acceptable the positive regular definite 
matrix R exists so that 

v=-Rg (7) 

The directional derivative S, is then equal to 

S,= -gTRg (8) 

For a positive definite matrix R their quadrative 
forms are always positive so that S, in equation 
(8) is negative. 

3. Calculation of minimization step aV 

For calculation of the minimization step (also 
called the optimal increment or the correction 
vector) d = a V in direction V the approximation 
of ~(6) by the Taylor series up to a quadratic 
term can be used. It leads to form 

U(6+aV)ssU(6)+agTV+gVTHV (9) 

where H is symmetric Hessian (matrix) having 
as elements the second derivatives of ~(6). 
Equation (9) assumes a to be approximately 
quadratic so that the optimal value of a may be 
estimated by putting the tirst derivative 
~(6 + av) according to a to zero. Solving this 
equation will give 

~(6) s2u(6) a*=_- 
I 

-= -gTV[VTHV]-’ (10) 
8a 6a2 

and after substitution from equation (8) we 
obtain the so called Raleigh coefficient 

a* =gTRg[gTRTHRg]-’ (11) 

The suitability of Raleigh coefficient a* is re- 
stricted for a region in which the approximation 
(9) can be used. 

For LS criterion ~(6) the gradient g can be 
expressed in the form 

g = 2JT&! (12) 

and the Hessian H in the form 

H = 2[JTJ - WTi] = 2[JTJ - B] (13) 

Here t? is the residual vector having components 

e, = yr -j-(x,; 6) (14) 
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J is the Jacobian (matrix) of dimension (n x m) 
with elements 

J. 6f(x,,6) j= 1 

zj=-9 
ah 

,***, n; 

criterion function U(6) may be used which also 
corresponds to equation (9) for b! = 1. From 

(19) 

k=l,...,m (15) the optimal direction vector V; = Ni in the form 

and W is a three-dimensional array of dimen- 
sion (n x m x m) which is composed from PI 
layers where the ith one is formed by the matrix 
Wj having elements 

Ni = -H-‘g = (J=J + B)-‘Jr& (20) 

is evaluated. Substituting into equation (11) we 
estimate that a* = 1. Therefore Nj is directly a 
minimization step d, and the method is called 
the Newton-Raphson method. It is obvious that 
when the criterion U(6) is a quadratic function 
(i.e., an elliptic paraboloid) the minimum 6 will 
be reached in one step, For other forms of 
criterion function U(6) and estimates 6”’ far 
from fl, this method does not converge too fast. 
Moreover it requires knowledge of an array of 
second derivatives Wi for a determination of a 
matrix B in equation (13). 

w, _s2f(xi,6) 
8th k) - 6b, 6bk 

(16) 

4. Termination of iteration process 

The natural criterion of an optimal estimate 
6 is a zero value of the gradient g. Many 
methods of a minimum search terminate the 
iterative process when the norm of gradient 

(17) 
j=l 

is sufficiently small. It is possible to select a 
critical value of this norm, for example, equal to 
lo-* i.e., the limit under which the point 6@ is 
considered as a local extreme. Often iterations 
terminate when too small changes of parameter 
estimates appear. None of these criteria enable 
a termination in a minimum. Minimization may 
terminate less heuristically. From the geometry 
of LS we get termination criterion as follows: 
the residual vector C is approximately perpen- 
dicular on columns of the matrix J. This is 
equal to condition Jr2 = 0. For cosines of 
angle u, between the residual vector t; and the 
j-th column Ji of a matrix J a simple relation is 
valid 

cos a, = 8r~[~;+?‘t+]-“2 (18) 

When a maximal value of cos aj is sufficiently 
small, e.g., smaller than lo-’ it is supposed that 
a minimum U(6) was reached. Some other 
termination criteria may be found in Ref. 7. 

The follo~ng derivative algo~thms seem to 
be dominant in nonlinear regression analysis 
today: 

(a) Gauss-Newton methods; 
(b) Marquardt methods; 
(c) dog-leg method. 

Gauss-Newton methods 

For determination of a convenient directional 
vector V the quadratic approximation of a 

Neglecting matrix B is equivalent to a lin- 
earization of regression model and is theoreti- 
cally acceptable for a case when a residual 
vector @ is negligible. The corresponding direc- 
tional vector Li has the form 

Li = (JrJ)-‘J& (21) 

and methods are called Gauss-Newton 
methods. They belong to the simple and the 
most frequently used procedures of nonlinear 
regression. When H x (J’J) is supplied into 
equation (11) it leads to a* = 1. From the 
practical point it is important that the 
Gauss-Newton method will work well, if some 
of the following conditions are fulfilled: 

I. Residuals CI = yi - f(x,, 6) are small. 
II. The model function f(x, 8) is nearly linear 

i.e., the Hessian H has a small norm and its 
elements are nearly zero. 

III. Residuals i& have alternate signs so that 
B is approximately a zero matrix. It is valid in 
a vicinity of optimum 6. 

Extending a region of convergence of this 
very simple method is possible to reach by 
different ways: 

(a) The technique of an inversion of the 
matrix JTJ and solution of a set of linear 
equations 

(JTJ)L = Jr& (22) 

(b) Improving a matrix (J’J) in order to be 
close to Hessian H. 

(c) Choice of a suitable length of the step a. 
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Marquardt methods A 

The natural selection of a directional vector 
V, is the direction of steepest descent -g. It 
corresponds to a matrix option R = E. For 
optimal coefficient ct * in this direction it is from 
equation ( 11) that 

a* =grg[g%g]-’ % grg[gr(JTJ)-‘g]-’ (23) 

The minimization step dj = --a *g corresponds 
to the gradient method. 

The gradient methods converge often slowly 
in a vicinity of an optimum. On the other hand, 
in cases when 6(‘) is far from /I it enables a 
direction leading to a minimum to be found. It 
is effective to use a combination of directions of 
the Newton method Ni or a direction of lin- 
earization L,. together with a direction -g to a 
construction of the more robust procedures 
which are also called the hybrid procedures. 
Known representative is here the Marquardt 
method which calculates the directional vector 
V,(n) by relation 

Fig. 1. Geometrical interpretation of dog-leg strategy. The 
circle shows admissible range of increments. Solid hy- 
potenuse is Vb) for IX, = 1 and dotted hypotenuse is V+) 

for a, = I. 

Dog-leg fathom 

Among the main disadvantages of the Mar- 
quardt method are: 

(a) a necessity of matrix inverse at change of 
parameter 2; 

V,(n) = (JrJ + IDTD)-‘Jr& (24) 

where 1 is the parameter and Di is the diagonal 
matrix which eliminates an influence of various 
magnitudes of components of the matrix J. 
Usually the diagonal elements D, are equal to 
diagonal elements of matrix (JrJ). Convenient 
selection of a parameter A: ensures: 

(1) positive definiteness of a matrix 
R = (JrJ + ID*D) which is necessary for its 
invertibility; 

(2) a shortening step Vi(n) moving from a 
direction of linearization L,; 

(3) a possibility of a selection between a 
direction Li and approximate direction -g. Step 
length in direction -g is however equal to zero; 

(4) a restriction of a magnitude of the incre- 
mental vector Vi to the certain “admissible” 
region in a vicinity of @I. 

(b) a small length of vector V(n) for a large 1. 

Both these disadvantages are removed in hybrid 
methods when the optimal directional vector 
V(p) is the convex combination of vectors L 
and the vector - cx *gi. It holds that 

V(p) = 6”’ + (1 - p)Liar - /&LcL *gi (25) 

Here a* is estimated from equation (23) and 
condition 0 < p g 1 is valid. The function V(p) 
for cases a, = 1 and a, < 1 on Fig. 1 hypotenuses 
of right angle triangles with dotted line for 
01~ < 1 and solid line for cr, = 1. Classical strategy 
of the Powell dog-leg method estimates an 
optimal vector V,(p) on the abscissa TB 
of a triangle defined by vertices 0 = 6”); 
T = @) + ,$; B -_ 6~‘) - ~1 *gi where ~1* is defined 
by equation (23). 

The necessity of repeated matrix inversion for 
each 1 is a disadvantage of this procedure which 
is rather time-consuming. Moreover a situation 
may happen that for large il a magnitude Vi is 
too small. Therefore the maximal magnitude of 
1 is limited. Individual modifications of the 
Marquardt method differ especially in strategy 
of the adaptive setting of parameter 1. 

It is obvious that for p = 0 the vector V(p) 
is identical with a linearization direction Li 
and for p = 1 with a direction of negative 
gradient -g. The magnitude of a total incre- 
ment in direction *-g correspond to the optimal 
value CL *. 

Dennis and Mei” used the “shorter” vector 
o?i L, instead of a vector Li. The parameter a, is 
determined that the increment in a linearization 
direction approximately corresponds to a 
Raleigh point, c$ Ref. 10. 

o$ = 0.2 + 0.8 ]]g# 
Generally it is valid that methods of Mar- 

quardt type are for their robustness a standard 
part of library programs of most computer 
packages. 

X [gT(JTJ)-‘giSf(JTJlg,l-’ (26) 
From Fig. 1 it is obvious that shortening L,cx, 

leads to a directional vector V:@) which is 
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closer to a linearization direction than the vec- 
tor V@) calculated at option a, = 1. MINOPT 
algorithm” uses V: (p) directional vector. For 
solution of matrix inverse problems a rational 
rank technique (i.e., special pseudoinversion) is 
adopted. A special heuristic strategy for con- 
straining a maximum step length based on 
quality of quadratic approximation of V(6) is 
used here. 

Other blocks as STATISTICAL ANALYSIS, 
GOODNESS-OF-FIT TEST, DATA SIMU- 
LATION, etc. will be described in the next 
contributions of this series. 

Software 

Program MINOPT from CHEMSTAT pack- 
age carries out the numerical and statistical 
analysis of a non-linear regression model f(x ; /3) 
with use of modified “double dog-leg” strategy. 
Input consists from the experimental data 
(Xi,ri), i=l,..., n, and the initial guess of 
parameters estimates 6 (O). The user supplies the 
regression model. All required derivatives are 
calculated numerically. 

Program CHEMSTAT is available from 
authors on request. 

Model I. 

RESULTS AND DlSCUSSION 

Comparison of some commercial packages for 
nonlinear regression 

In a study of reaction kinetics and solution 
equilibria, the regression analysis of frequently 
used nonlinear models requires an estimation of 
unknown parameters of exponentials or par- 
ameter powers. To examine the reliability of 
MINOPT algorithm six testing problems have 
been chosen. Models I, II, and III are selected 
from literature. Models IV and VI are based on 
simulated data and Model V is based on exper- 
imental data. Testing models with their data and 
available initial guess of parameters are sum- 
marized below. To compare parameter esti- 
mates 6 and V(6), no restart or repeated 
determination with new initial guess of par- 
ameters in divergence or failing were allowed. 
Commercial packages BMDP (i.e., BMDP PC- 
90), SAS (i.e., SAS version 6.03) SYSTAT (i.e., 
SYSTAT version 5.01) SPSS (i.e., SPSS PC+ 
version 3.1), ASYST (i.e., ASYSTANT+ 
version 1.5) STATGR (i.e., STATGRAPHICS 
version 5.0) and CHEMSTAT (i.e., CHEM- 
STAT version 1.25) were used,“*‘2 CJ Table 3. 

Six tested models with data: 

Y = PI + B2 ev(/-W 

x 1 5 10 15 20 25 30 35 40 50 

1 y 11 16.7 1 16.8 1 16.9 1 17.1 1 17.2 1 17.4 1 17.6 1 17.9 1 18.1 1 18.7 1 

Model II. Y = exp(b+) + exp(B2x) 

X 1 2 3 4 5 6 7 8 9 10 

y 4 6 8 10 12 14 16 18 20 22 

X 

Y 

Y = BI exp 
82 

Model III. [ 1 83+x 

50 55 60 65 70 75 80 85 

34780 28610 23650 19630 16370 13720 11540 9744 

1 
90 95 100 105 ; 110 115 120 125 

8261 7030 6005 5147 4427 3820 3307 2872 
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Model IV. y = B1 exp(/%x) + P2 ewW) 

x 7.448 7.448 7.969 8.176 9.284 9.439 7.552 

Y 57.544 53.546 19.498 16.444 4.305 3.006 45.290 

7.877 8.552 9.314 7.607 7.847 8.176 8.523 
I I I I I I 

27.952 11.803 4.764 51.286 31.623 21.777 13.996 

Model V. y = 81 xf13 + /&x@ 

X 12 13 14 15 16 17 18 19 20 

Y 7.31 7.55 7.80 8.05 8.31 8.57 8.84 9.12 9.40 

Model VI. Y = h [ev( - B2 xl ) + exp(8, x211 

XI 0 0.6 0.6 1.4 2.6 3.2 0.8 1.6 2.6 4.0 

X2 0 0.4 1.0 1.4 1.4 1.6 2.0 2.2 2.2 2.2 

Y 40 10 5.0 2.5 2.5 2.0 1.0 0.7 0.8 0.7 

1.2 2.0 4.6 3.2 1.6 4.2 4.2 3.2 2 !.8 

2.6 2.6 2.8 3.0 3.2 3.4 3.4 3.8 4.2 

0.4 0.4 0.3 0.22 0.22 0.1 0.05 0.07 0.03 

0.03 0.03 0.02 0.01 
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Table 1. Initial guess of parameters estimated for six tested models 

Model 

:I 
III 
IV 
V 

fi\O’ 6:p, Sf’ sy U(l3Q) 

0.3 1 1 
& 

- 1 - - 2.W 4.10’ 
0.02 250 - 1.7.109 
103 lo5 - 1.679 -1.31 1.12. l(r 
100 0.1 2 10 2.68 * lo’ 

VI 12 1.0 25 - 226.9 

Model 

I 

::I 
IV 
L 

Table 2. Best estimate of parameters of six various tested models 

6, 6, 6, 6, ~(6) 

15.67 0.994 0.0222 - 5.98.10-S 

0.005618 0.2578 0.2578 6180 3G2 q 124.34 87.9 
8.315. 10’ 5.088 . 10’ -1.95 -0.7786 134 

3.802 31.5 4.141.10-j 1.51 0.223 19.9 2.061 - 2.98. 1.25 lO-5 

Model 1 
Table 3. Results of six analyxed models 

PrOgWU 

BMPD 

SAS 

SPSS 

STATGR 
ASYST 

SYSTAT 

Method Solution 

3R-Gauss False 
AR(DUD) False 

Gauss-Newton False 
Marquardt o.k. 
Gradient False 
DUD False 

Marquardt o.k. 

Marquardt Aborted 
Gauss-Newton False 
Var. metric False 
Hybrid. method. Aborted 

Var. metric False 
Simplex False 

Note 

Local minimum 
Local minimum 

Local minimum 

Local minimum 
Local minimum 

Overflow 
Local minimum 
Divergence 
System error 

Local minimum 
Local minimum 

RSS 

3.68 
3.68 

1.903 
5.987E-03 
1.903 
2.036 

5.986E-03 

4.011 
67.76 

3.68 
3.68 

CHEMSTAT 
MINOPT 

o.k. 28 iterations 5.986E-03 

Model II 

Program 

BMDP 

Method Solution Note RSS 

3R-Gauss False Local minimum 259.28 

SAS 

AR(DUD) 

Gauss-Newton 
Marquardt 
Gradient 
DUD 

SPSS 

STATGR 

ASYST 

SYSTAT 

Marquardt 

Marquardt 

Gauss-Newton 
Var. metric 
Hybrid. method 

Var. metric 
Simplex 

False 

False 
o.k. 
False 
DUD 

o.k. 

o.k. 

False 
False 
o.k. 

False 
o.k. 

Local minimum 

Localminimum 
10 iterations 
Very slow converg. 
Nearly o.k. 

10 iterations 

Program error 
Program error 

Local minimum 
5 iterations 

1063.0 

‘3400 
124.36 
245.4 
127.0 

124.4 

124.36 

124.36 

2WO 
124.36 

CHEMSTAT 
MINOPT 

o.k. 10 iterations 124.36 

continued 
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Model III 
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Table 3-conthued 

ROgrilIll Method Solution Note RSS 

BMDP 

SAS 

SPSS 

STATGR 

ASYST 

SYSTAT 

CHEMSTAT 
MINOPT 

Model IV 

PrOpIll 

BMDP 

3R-Gauss 
AR(DUD) 

Gauss-Newton 
Marquardt 
Gradient 
DUD 

Marquardt 

Marquardt 

Gauss-Newton 
Var. metric 
Hybrid. method 

Var. metric 
Simplex 

o.k. 
o.k. 

False 
False 
False 
o.k. 

o.k. 

False 

False 
False 
False 

False 
o.k. 

o.k. 

11 iterations 
160 iterations 

No convergence 
No convergence 
No convergence 
2.66 iterations 

Local minimmn 

No convergence 
Program error 
Program error 

Slow converg. err. 
160 iterations 

47 iterations 

87.95 
87.95 

1.6E + 09 
6.9E + 06 
6.9E + 06 

87.95 

87.95 

9.OE + 04 

6.9E + 06 

1.7E + 03 
87.95 

87.95 

Method Solution Note RSS 

3R-Gauss False No converaence 1.8E+o4 

SAS 

AR(DUD) 

Gauss-Newton 
Marquardt 
Gradient 
DUD 

SPSS 

STATGR 

ASYST 

Marquardt 

Marquardt 

Gauss-Newton 
Var. metric 
Hybrid. method 

False 

False 
False 
False 
False 

o.k. 

o.k. 

False 
False 
False 

Stack oveGow 

Local minimum 
No convergence 
No convergence 
No convergence 

28 iterations 

No convergence 
Program error 
Program error 

9.59 
1.8E + 04 
1.3E+O4 
1.8E + 04 

3.18E -04 

3.179E-04 

6.9E + 06 

SYSTAT 

CHEMSTAT 
MINOPT 

Model V 

Program 

Var. metric o.k. 44 iterations 3.179E-04 

o.k. 37 iterations 3.179E-04 

Method Solution Note RSS 

SPSS 
CHEMSTAT 

MINOPT 

Marquardt False Underflow error 
o.k. 47 iterations 128.98 

Model VI 

PrOgClUll Method Solution Note RSS 

SPSS 
CHEMSTAT 

MINOPT 

Marquardt False Very slow converg. 97.8 
o.k. 5 1 iterations 2.98E - 05 

Table 4. Performance index PI for tested packages 

Package 

BMDP 

~~TAT 
STATGR 
ASYST 
SPSS 
CHEMSTAT 

PI[%] (tests l-4) 

;: 
37.5 
50 
8.3 

:: 

PI]%] (tests l-4) 

- 
- 
- 
- 
- 
66.6 

100 



Initial guess of parameters (Table l), par- U(b) function can often cause failure of the 
ameters estimates (Table 2) and results of whole regression analysis. 
convergence (Table 3) for six tested models 
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5. R. Schmidt, Advances in Nonlinear Parameter Optimb- 

ation, Springer, Berlin, 1982. 
cal viewpoint the greater value of PI indicates 6. A. R. Gallant, Nonlinear Statistical Mod& Wiley, New 

the better package. Performance index PI for all York, 1987. 

tested packages are summarized in Table 4. 
7. Y. Bard, Nonlinear Parameter Estimation, Academic 

Press, New York, 1974. 
8. D. M. Bates and D. G. Watts, J. Roy. Stat. Sot. 1980, 

CONCLUSION B24, 1. 
9. J. E. Dennis and H. H. W. Mei, J. Opt. Theor. Appf., 

From this comparative study it can be de- 1979, 2% 453. 

duced that the best results have been obtained 11. J. Militkjr and J. &p, Proc. Conf. CEF 87, Taormina, 

using MINOPT procedure. Even this compari- Sicilia, May 1987. 

son may disappoint some users of standard 
12. M. Meloun, J. Militky and M. Forma. Chemotnetrics in 

statistical packages as it indicates that errors 
Instrmental Analysis, Vol. 1, Solved Problems by IBM 
PC, Vol. 2. Interactive Model Building on IBM PC, 

due to a false optimum, saddle points or a flat Ellis Honvood, Chichester, 1992. 
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Summary-Estimation of nonlinear regression quality leads to examination of quality of parameter 
estimates, a degree of fit, a prediction ability of model proposed and quality of experimental data. 
Statistical analysis serves for computation of confidence intervals of parameters and confidence bands, 
the bias of parameters and bias of residuals. Goodness-of-fit test examines classical residuals using various 
diagnostics and identifies influential points. Mentioned topics of nonlinear model building and testing 
contained in MINOPT program from CHEMSTAT package are illustrated. 

Practical applicability of regression algorithms 
and program packages for non-linear regression 
can be deduced from an ability to reach a 
minimum of a sum of squared residuals and 
from a quality and amount of statistical infor- 
mation. Structural classification of regression 
programs in blocks already introduced in 
ABLET programs of solution equilibria’v2 and 
instrumental methods of analytical and physical 
chemistry concerns blocks INPUT, RE- 
SIDUAL SUM OF SQUARES, MINIMIZ- 
ATION, STATISTICAL ANALYSIS, 
GOODNESS-OF-FIT TEST, DATA SIMU- 
LATION, etc. was also used here. 

While a previous paper3 of this series de- 
scribes RESIDUAL SUM OF SQUARES and 
MINIMIZATION blocks, this paper brings a 
description of two other blocks of MINOPT 
structure, i.e., STATISTICAL ANALYSIS 
and GOODNESS-OF-FIT TEST. Procedure of 
regression model testing4 is illustrated. 

THEORY 

Statistical analysis block 

Statistical analysis in nonlinear regression 
depends on an actual model used, measurement 
errors and a criterion function. Let us concen- 
trate here on the method of maximum likeli- 
hood when the searched estimates 6 maximize 

the logarithm of the likelihood function 
1(/I) = In L(p). If for the additive model of 
measurement (c$ Ref. 3) the independent errors 
c have the probability density function p(c) then 
likelihood function L(b) is defined as 

L(b)= fiP(Yi-f(x,;b) 
r=l 

(1) 

In construction of confidence intervals of 
parameters fi or in statistical hypotheses testing 
the linearization, Lagrange multipliers and 
likelihood ratio methods may be used.’ 

The least-squares (LS) method is the best 
case of an additive model of measurement and 
independent normally distributed measurement 
errors having constant variance. Gallant’ shows 
that the least squares estimator 6 of true value 
of parameters j? in the regression model has 
asymptotically m-dimensional normal distri- 
bution 

6 = N[B, 02(J’J)-‘1 (2) 

Here a2 is error variance ‘and J is the Jacobi 
matrix (definition, cf. ref. 3). The asymptotic 
normality of estimates 6 determined by the 
least-squares method does not require a normal- 
ity of errors L, Ref. 5. 

For real experimental data the estimates 6 
and other statistical characteristics are biased 
and therefore application of equation (2) is 

279 
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limited. Statistical analysis of nonlinear re- 
gression models by the least-squares methods 
then depends on a magnitude of bias which 
describes a degree of nonlinearity of regression 
model. 

Covariance matrix of parameter estimates. 
From equation (2) it follows that the asymptotic 
covariance matrix of estimate 6 is expressed by 
the relation 

D(6) = 02(J=J) -’ (3) 

where s* is estimator of 0’. There exist many 
more accurate expressions,6 but for practical 
calculations the asymptotic formula [equation 
(3)] is quite acceptable. 

On the base of knowledge of a covariance 
matrix D(6) either the variance of indi~du~ 
parameters D&) or ihe cor_relation coefficients 
rii between estimates b, and bj may be estimated. 

Bias of parameter estimates. The bias is given 

by 

k =E(&-flP*) (4) 

For the sake of simplicity we use an expression 
of parameter bias in the form7 

h = (JrJ)-‘J’ d (5) 

where d is the (n x 1) vector with components 

d, = -a2 WJTJ)-‘W1 
, 2 (6) 

where tr[ - ] denotes a trace of matrix and W, 
is the matrix of second derivatives of model 
function in the i-th point. The vector d is 
an expected value of difference between the 
linear and quadratic approximation of a model 
function. 

Similarly the bias of residuals 

6?{ = y1 - f(x,; 6) (7) 

can be defined. When E(c) =O, the bias of 
residuals is equal to their mean value E(C). The 
mean value of residuals vector 

E = E(C) 

can be rewritten7 as 

(8) 

E=(E-P)d (9) 

where P = J(J’J)-‘Jr is the projection matrix 
and E is the unit matrix of order n. 

For practical calculation the relative bias of 
parameter estimates is often used 

h,=$lOO [%] 
4 

(10) 

The bias of estimates is considered significant 
if h, > 1% holds.’ For such biased estimates 
the statistical analysis based on linearization of 
regression model cannot be correctly used. 

For expressing the total bias of parameter 
estimates Box* proposed the scalar character- 
istic 

U = h r(JrJ)h 
_- (11) 
“L \ , 

The bias of paramete~ay be affected by a 
reparametrization9 

Interval estimates of parameters. Points esti- 
mates b of regression parameters /I are, in the 
statistical view, worthless as they do not men- 
tion intervals in which 5 true value p may be 
expected. The estimates b are random quantities 
estimated on base of sample, (Yi, xi>9 
i= ,...,n. 1 

In nonlinear regression models for a construc- 
tion of confidence regions and intervals a lin- 
earization is often used for which confidence 
regions are elliptic. However, a linearization is 
useful only in cases when a model is not strongly 
nonlinear and nonlinearity measures, for 
example, the parameter bias, are small. The 
more accurate confidence region calculated 
on the base of Lagrange multipliers or the 
likelihood ratio can also be constructed. They 
are generally non-elliptic and are not continu- 
ous. 

For asymptotic normality of maximum likeli- 
hood estimates 6 it follows that the quadratic 
form 

Q = (/I - 6)rD(6)-‘(fi - b) (12) 

has x2(m) distribution. The corresponding 
lOO(l-OS)% confidence region of parameters fl 
forms a m-dimensional ellipsoid with bound- 
aries expressed by 

(/?* - 6)rD(6)-‘(fl* - i) = x:_,(m) (13) 

where x:_,(m) is the 100(1 - cw)%th quantile of 
x2(m) with m degrees of freedom. The center of 
this ellipsoid is in the point 6. 

For the least-squares method the application 
of equation (13) leads to definition of confidence 
ellipsoid having the boundary 

Abr(JrJ)-‘Ab =mcf2F,_,(m,n -m) (14) 

where Ab =/I -6and F,_,(m,n -m) is quan- 
tile of Fisher-Snedecor distribution. 

When a bias of parameters h is c$culated, 
instead of Ab the correction Ab, = b -h - fi 
may be used. 



Multiparametric curve fitting 281 

For expressing a geometry of confidence ellip- 
soids the decomposition of the matrix (JrJ)-’ to 
eigenvalues Li and eigenvectors Zi may be intro- 
duced 

(J=J)-’ = ZLZr (15) 

where Z is a matrix containing eigenvectors in 
columns and diagonal matrix L contains eigen- 
values L, 2 L2 2 . - - 2 L,,, on a diagonal. Using 
this decomposition the new orthogonal set of 
coordinates y = Z Ab can be defined. This set 
has an important property that the axes of 
confidence ellipsoid are identical with the axes 
of the coordinate system. Introducing notation 

p2=mB2F,_,(m,n -m) (16) 

the confidence ellipsoid can be expressed by 
simple formula 

!,z=P2 (17) 

The lengths of half-axes of the ellipsoid are 
equal to p&. For a projection Ajk of the j-th 
half-axis into the axis of parameter & it holds 
that 

Ajk=PIZkjJLil (18) 

where Z,,. is the k-th elements of the vector Z, 
which is thej-th column of matrix Z. 

When dimension of a parameter vector is 
m > 2, a partial confidence ellipsoid can be 
constructed.5 

For building the confidence region the 
Lagrange multipliers or a likelihood ratio may 
also be used. For example, from properties of 
likelihood ratio the bound of lOO(l-cl)% confi- 
dence region can be defined by relation 

2[ln L(6) -In L(B)] = x:_,(m) (19) 

For a least-squares criterion the relation (19) 
leads to the relation 

U(B) - U(b) = mrJ2F, _ ,(m, n - m) (20) 

The confidence region defined by this equation 
is not generally elliptical or continuous. 

With the use of equation (13) the 
lOO(1 - a)%th confidence interval of parameter 
pj in the form 

6,-~?&t,-,,~(n -m)</3,<gj 

+d&t,_,,,(n -m) (21) 

is direct analogy of confidence intervals of the 
parameters of linear models. An influence of 
other parameters is neglected. When all diag- 

onal-off elements of the matrix C = (JrJ)-’ are 
zero the relation (21) may be used. However, 
elements of the vector b are often mutually 
correlated so that intervals of equation (21) are 
under-estimated. 

More suitable determination of the confi- 
dence interval of parameter fik is based on the 
maximal length Ak of a projection Ak, into the 
parameter axis &. The confidence interval of a 
parameter & is then estimated by 

&A~~fik&~k~dk (22) 

Instead of projections it is simpler to search 
directly coordinates of extreme points on the 
confidence ellipsoid in directions of individual 
parameter axes.2 The corresponding con- 
fidence interval of a parameter fik is defined by 
inequality 

holds. For m = 1 all confidence intervals2’-23 are 
identical. Increasing the number of regression 
parameters m the confidence intervals (22) and 
(23) are broader than those of (21). All confi- 
dence intervals are symmetrical. Using lineariza- 
tion the confidence intervals of prediction 
f(x*; b) and confidence bands can be simply 
derived.4 The more accurate confidence bands 
may be constructed with the use of convenient 
reparametrization.’ 

Goodness-of-@ tests block 

In many regression programs the statistical 
analysis of residuals represents the main diag- 
nostic tool and a resolution criterion in a search 
of the “best” model when more than one are 
possible or proposed. The goodness-of-fit test 
(which is also called the fitness test) analyses 
the residual set and examines statistical charac- 
teristics. 

To application of statistical analysis of classi- 
cal residuals C, it should be critically noted that 
the diagnostic use of classical residuals is not 
rigorous but of a rather approximate character. 
The classical residuals do not exhibit a zero 
mean, they are biased and they are a combi- 
nation of errors E. Moreover, they are depen- 
dent on true values of parameters /3 which are 
unknown. 

Statistical analysis of classical residuals. 
Classical residuals are defined as the differences 
C bet_ween observation yi and prediction pi = 
f(x,; 6) by equation (7). Graphical and analyti- 
cal examining residuals check the quality of a 
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nonlinear model.4 The following plots are often where L(6) is the likelihood function. The 
used in nonlinear models examination: “best” model is considered to be a model for 

(1) The overall diagram gives a first view of 
residuals. If the model is correct these residuals 
should resemble observations from a normal 
distribution with zero mean. 

(2) Plot type I (also called the index plot) is 
a scatter plot of residuals B, against an index i in 
the time order as occurred. 

(3) Plot type II (also called the plot against 
an independent variable) is a scatter plot of 
residuals Ci against the independent variable xi, 
j=l,...,m. 

which this criterion reaches a minimal value. 
Using the least-squares criterion the AIC may 
be expressed 

m AIC=nln - 
[ 1 +2m (27) n 

(5) The prediction ability of a model pro- 
posed may be examined by the mean quadratic 
error of prediction MEP being defined by the 
relation 

(4) Plot type III (also called the plot against 
a prediction) is a scatter plot of residuals against 
the prediction gi. 

MEP = ; .i ( yi - f(x,; &,)* 
r-l 

(28) 

The following statistics are used in nonlinear 
models examination: 

(1) The arithmetic mean of residuals known 
as the estimate of residuals bias, E(t), should be 
equal to zero; 

The symbol &, denotes the estimator of par- 
ameter /.I computed without the point <xi, y,). 
Here instead of the parameter estimate 6,,,, the 
one-step approximation 6t, defined by follow- 
ing equation (29) may be used. Lower values of 
MEP criterion give better prediction ability of 
the model proposed. 

(2) The residual variance is calculated from 
the residual sum of squares 

8* = U(6)/@ - m) (24) 

The square-root of a residual variance known 
as an estimate of the residual standard devi- 
ation, s(C), should be of the same magnitude as 
the (instrumental) error Sin,,(y), of dependent 
variable (observation, measured quantity y), 
i.e., S(b) X Sin,,(y); 

(3) The determination coefficient D* is com- 
puted from the relation 

IdentiJication of influential points. Influential 
points can strongly affect some regression 
characteristics. The points affecting prediction 
fi, for example, may not be influential from the 
point of view of parameter variance. The degree 
of influence of individual points should be 
classified regarding which characteristics are 
affected.4 While for linear models all the charac- 
teristics for identification of influential points 
are a function of residuals & and diagonal 
elements Pii of the projection matrix 
P = X(x%)-‘XT For nonlinear regression 
models the parameter estimates and residuals 
cannot be expressed so simply as a linear com- 
bination of experimental data. When the Taylor 
type linearization of original nonlinear model is 
used, all methods of identification of influential 
points in linear models can be used here. Then 
in the nonlinear case the matrix J has the same 
role as X in the linear case. For a one-step 
approximation of the parameter estimate b,,, 
computed without point (xi, yi) is valid 

D*=l- n U(Q 
c (Vi - PI2 

r=l 

where jj = l/n Z;=, yi is the arithmetic mean of 
response variable. The determination coefficient 
is for linear models equal to the square of the 
multiple correlation coefficient. When the deter- 
mination coefficient is multiplied by 100% 
we receive the regression rabat in percents, 
lOOD*[%]. Determination coefficient D* is an 
increasing function of a number of parameters, 
therefore, it is not convenient to use as a 
resolution diagnostic for search of models of 
different numbers of parameters. 

(4) To distinguish between various models 
proposed the Akaike information criterion AIC 
is more suitable to apply being defined by the 
relation 

AIC = -lnL(6)+2m (26) 

1 

6li, = 6 - (J’J)-‘Ji &. 
II 

Here Pii are elements of a projection matrix 
P = J(JTJ)-‘JT. With use of equation (29) the 
variance estimate s&, when leaving out the ith 
point is defined by 

s$, = 
U(6) - g-g 

l, 

n-m-l (30) 
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Some characteristics of influential points 
based on linearization and used in program 
MINOPT are in Table 1. Interpretation of these 
characteristics may be found in Ref. 4. 

To express an influence of individual points 
on parameter estimates the quadratic expansion 
of a regression model may be used, too.‘O 

Nonlinear measure of an influence of the ith 
point on the parameter estimates is also rep- 
resented by the likelihood distance 

LD, = 2[ln L (5) - In L (6)&l (31) 

In case of the least-squares the likelihood dis- 
tance is expressed by 

” 

W,,,) LD,=nln - 
[ 1 U(6) 

(32) 

In both equations (31) and (32) the estimate bCi, 
is calculated by a nonlinear regression when the 
ith point is left out or the one-step approxi- 
mation St,, of the parameter estimates is used. 
When inequality LD, > X:-~(Z) holds, the ith 
point is strongly influential. The significance 
level a is usually chosen to be equal to 0.05. 

Procedure of nonlinear model testing 

A quality of nonlinear model proposed is 
examined using following criteria. 

Quality of parameter estimates. Quality of 
parameter estimates 6, is considered according 
to their confidence intervals Aj, equation (18) 
and (21) and ARJ, equations (22) and (23) _or 
according to their standard deviations s(bj), 
equation (3), the absolute bias hi, equation (5) 
and the relative bias hRJ, equation (10). Often an 
empirical rule of thumb is used: the parameter 
/Ii is considered to be significant when its esti- 
mate ij is greater than its 2 standard deviations, 
2s(&) < 1 b,l. High values of parameter standard 
deviation ~(6) is caused by termination of a 
minimization process before reaching minimum. 
Therefore, also inaccuracy of calculation of 
matrix J appears or a high nonlinearity of 

Table 1. Three characteristics of influential points based on 
linearization. Critical level is the value of characteristic 
exceed this level, the corresponding point is denoted as 

Name 

Cook 
distance D, 

highly outlying 

Form Critical level 

(6 - 6,)‘~3(6 - A,) 1 

Jackknife 
residual i,, 

1 

e, 
$,JI-p, 

Regraasion model: model 1 

18 

V 

17 

1800 20 30 40 60 
X 

xl - residual: model 1 

30 0 10 20 30 49 99 99 
xl 

Fig. 1. Non-linear regression of data for Mode1 I: (a) a 
curve-fitting, and (b) a scatter plot of type II of classical 

residuals. 

regression model exists. The test of statistical 
significance of each parameter fii, the null hy- 
pothesis @, = 0 OS. the alternative one /Ii # 0, is 
carried out. 

Inter-dependence between parameters. Matrix 
of paired correlation coefficients of parameters, 
rii, expresses a measure of correlation or inter- 
dependence between two parameters fii and /Ii. 
If ru in absolute value is close to one, two 
parameters /3, and j?/ are linearly dependent. 

Quality of achieved model fitness. Agreement 
of proposed model with experimental data is 
examined by (i) the statistical analysis, and (ii) 
the goodness-of-fit test. 

The statistical analysis of nonlinear regression 
contains following characteristics: the residual 
sum of squares U(6), the regression rabat in 
percents 100 D*[%], equation (25), the mean 
quadratic error of prediction MEP, equation 
(28), the Akaike information criterion AIC, 
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Table 2. Illustration of shortened output of MINOPT analysis of {x,,~,} data for Model I 

Quality of parameter estimates 
Point and interval estimates of parameters 

Point Standard Absolute Relative Half-length of 
Parameter estimate deviation bias bias confidence interval 

fi, 4 s(b,) h, h/l.&/;;; Aj 
15673E + 01 1.726lE-01 -0.0161 
9.9925E - 01 1.5625E - 01 0.0160 1.5977 
2.2222E - 02 2.1017E - 03 3.9E - 06 0.0176 

Correlation (inter-dependence) between parameters 
Matrix of paired correlation coefficient of parameters, rV 

kO.6232 +&33 
kO.5637 f 0.5642 
*0.0075 kO.0076 

BI 82 B3 
8, l.OOOOE+OO -9.968lE - 01 9.8629E - 01 
2 -9.968lE 98629E - - 01 01 -9.9523E l.OOOOE+OO - 01 -9.9523E l.OOOOE+0l - 01 

Independ. 
variable 

i X 

1 1 
2 5 
3 10 
4 15 
5 20 
6 25 
7 30 
8 35 
9 40 

10 50 

Quality of achieved curve-fitting 
Statistical analysis and goodness-of-fit test of classical residuals 

Response Prediction Standard 
measured calculated deviation Bias 

1.670&+01 1.669&+01 
1.6800E + 01 1.6790E + 01 
1.69OOE + 01 1.692lE + 01 
1.7lOOE+Ol 1.7068E + 01 
1.7200E + 01 1.7232E + 01 
1.74OOE + 01 1.7415E + 01 
1.7600E + 01 1.7619E+Ol 
1.7900E + 01 1.7848E + 01 
1.8lOOE + 01 1.8104E+Ol 
1.8700E + 01 1.8709E + 01 

49) h(3) 
1.9847E - 0 - 1.2022E - 04 
1.5842E - 0 - 1.7692E - 05 
1.2380E - 0 6.41318 -05 
l.l210E-0 9.6718E-05 
l.l897E-0 8.5504E - 05 
1.3105E - 0 4.0018E - 05 
1.3837E - 0 - 2.4973E - 05 
1.386lE-0 -8.8089E - 05 
1.4192E - 0 -l.l967E-04 
2.7266E - 0 8.4264E - 05 

Classical 
residual 

5.06;E - 03 
1.0093E - 02 

-2.1134E-02 
3.2219E - 02 

-3.1663E - 02 
- 1.4804E - 02 
- 1.9465E - 02 

5.182lE-02 
- 3.7685E - 03 
-8.5853E - 03 

Statistical analysis 

Residual sum of squares, U(6): 
Regression rabat, lOOD’, [%I: 
Akaike information criterion, AIC: 
Estimate of standard deviation of prediction, s(P/x): 

5.986lE - 03 
9.9838E + 01 

-64642E + 01 
2.9243E - 02 

Point 
i 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Goodness-of-fit test 

Estimate of residual variance, s’(g): 8.5516E-04 
Estimate of residual standard deviation, s(P): 2.9243E - 02 

Quality of experimental data 
Indication of influential points (outliers and leverages): 

Jackknife Cook Diagonal Normalized 
residual distance elements distance 

7.09;iE - 01 
D Ht., FDA 

1.5852E - 02 4.6060E - 01 1.3469E - 03 
7.9083E - 01 2.3346E - 02 2.9349E - 01 5.8963E - 03 

-7.8569E - 01 4.6314E - 02 1.7922E - 01 2.0878E - 02 
l.l740E+OO 8.1704E - 02 1.4695E - 01 4.416lE -02 

-9.9223E - 01 9.2870E - 02 1.6550E - 01 39056E - 02 
-6.3466E - 01 2.6862E - 02 2.0083E - 01 9.4246E - 03 
-7.5215E - 01 5.489OE - 02 2.2387E - 01 1.523lE - 02 

1.4315E + 00 3.9119E - 01 2.2466E - 01 2.6786E - 01 
-2.4752E - 01 2.23lOE - 03 2.3554E - 01 7.5113E-04 
-5.3222E - 01 1.4630E + 00 8.6934E - 01 4.1484E-04 

Map of parameter sensitivity in model 

Relative Relative 
change Total change 

Parameter CjR(-5%) sensitivity CjR(+S%) 
j WI Ci WI 
1 -l.l930E-08 l.OOOOE+OO 2.8004E - 08 
2 -7.0302E + 00 3.4946E + 00 7.67OOE + 00 
3 - 1.7824E + 01 4.5182E + 03 2.1104E+01 

Likelihood 
distance 

LDA 
8.8043E - 03 
9.4152E - 03 
1.4915E - 02 
4.7807E - 02 
4.2378E - 02 
94039E - 03 
1.13298-02 
9.9158E - 01 
8.9988E - 03 
6.90488 - 03 
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equations (26) and (27), the standard deviation 
of prediction s(y/x), the total bias of parameter 
estimates M, equation (1 l), a graph of the 
confidence interval of prediction. 

The goodness-of-fit contains: the table of the 
prediction calculated 9, the standard deviation 
of prediction s(g), the residual bias h(P), 
equation (9), and classical residuals t, equation 
(7). Statistical characteristics describe classical 
residuals: the residual bias E(t), equation (8), 
the norm of residual bias 11 E 11, the mean of 
absolute residuals E( I Z I), the mean of absolute 
values of relative residuals lOOE( I C,, I ) in per- 
cents, the estimate of residual variance s2(C), 
equation (24) and its square-root the residual 
standard deviation s(C). 

Prediction ability of model proposed. Predic- 
tion ability of model can be classified by the 
following procedure: data are divided on two 
groups, M, with indices i = 1, . . . , n/2 and A4, 
with indices i = n/2 + 1, . . . , n. Denote esti- 
mates of parameters made from points of sub- 
croup M, as 6(M,) and from subgroup M2 as 
b(A4,). Prediction ability of the model is 
expressed by criterion 

K= 
U(6) 

,~,[Yi-f(xi;b(M,)12+,~~Yi-f(~i;b(M~)12 

(33) 

The prediction ability of the model is higher 
when the criterion K is close to one. The mean 
quadratic error of prediction MEP, equation 
(28), can also be calculated. The lower the value 
of MEP the better is the prediction ability of the 
proposed model. 

Quality of experimental data. For examin- 
ation of quality experimental data an identifi- 
cation of influential points by regression 
diagnostics is applied: the Jackknife residuals GJJ, 
the Cook distance D, the diagonal elements of 
projection (hat) matrix Hii, the test criterion 
DSF, the normalized distance FDA, and the 
likelihood distance LD, equations (3 1) and (32). 

Map of parameter sensitivity in model. The 
total sensitivity C, for all parameters /Ii and the 
relative changes caused by 5% change of par- 
ameters /?, are computed. Characteristics C, 
and their interpretation are described in a forth- 
coming book.4 

Graph of regression curve. A graph of re- 
gression curve fitted through given experimental 
points with the 95% confidence bands and two 

plots of classical residuals give a graphical 
overview of fitness achieved: the plot of type II 
and the plot of type III. 

Physical meaning of parameter estimates. In 
proposed models some restrictions of physical 
meaning are given on parameter estimates. For 
example, concentrations or molar absorption 
coefficients are defined in a range of positive 
numbers only. 

Software 

Program MINOPT from CHEMSTAT pack- 
age carries out the numerical and statistical 
analysis of a non-linear regression model f(x; /?) 
with use of modified “double dog-leg” strategy. 
This program contains all the above mentioned 
criteria of nonlinear model quality. 

Program MINOPT is a part of CHEMSTAT 
package and is available from authors on 
request. 

Illustrative examples 

For illustration of MINOPT statistical 
characteristics the example of Model 1 from 
paper3 was recomputed. Selected outputs are 
shown in Table 2. 

CONCLUSION 

Many problems in the chemical laboratory 
can be reduced to the problem of finding a 
correct mathematical model and its unknown 
parameters. It may be carried out by minimizing 
a difference between experimental and calcu- 
lated data. The variety of regression diagnostics 
introduced here serves as an efficient tool in 
search of true model. 
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Summary-The spectrophotometric detennination of the substance dibenzo j&f]-Woxazepine (CR) the 
form of an ionic associate with the ~io~ctive dyes of the type of azo dyes, s~phon~h~~~ns and 
anthraquinones after extraction with chloroform was worked out. Conditional extraction constants K& 

were calculated and equilibrium ratios D and extraction yields E of ionic associates were determined. On 
the basis of detection limit Lo, the dyes Alizarine Black S (0.7 pg/ml) and Orange II (0.8 &ml) were 
recommended for extractive spectrophotometric determination of the substance CR, 

Dibenzo[b,f l_ 1 ,Coxazepine (CR) represents a 
qualitatively higher degree in the development 
of substances with strongly irritating effects.‘*2 

The substance CR was identified by W 
s~trophotomet~,3,4 NMR,’ gas chromatog- 
raphy,6 mass spectrometry,7~8~‘0 HPLC9 and-in 
the case of its metabolites-also by TLC. For 
the determination of CR, calorimetry and 
spectrophotometry” based on its diazotation 
splitting in an inorganic acid and organic sol- 
vent was used. On the same principle, a detector 
tube for the detection of CR in the air was 
designed.12 

Dibenzo[b, S]- 1,4-oxazepine is an organic 
heterocyclic base with a protonable nitrogen 
atom (p&+ = 3.0). So its cationic form can 
associate the anions of the dyes in acid sol- 
utions. Up to now, no attention has been given 
to this property of the substance CR. 

The aim of this work is to investigate the 
formation of ionic associates of dibenzo[b,f]- 
1 &oxazepine with some a~onactive dyes13-‘5 
which may be extracted into chloroform and to 
elaborate a method of its determination by 
extraction spectrophotometry. 

Reagents and apparatus 

Dibenzo[b, f ]- 1,4-oxazepine was 
in the army factory VOZ 072 at 

synthesized 
ZemiansktS 

Kostolany.‘6 The azo dyes used [Calcon (C.I. 15 
705) (I), Eriochrome Black T (C.I. 14 645) (II) 
and Orange II (C.I. 15510) (III)], the sul- 
phonephthaleins [Bromothymol Blue (IV) and 
Bromophenol Blue (V)] and a dye of the an- 
th~quinone type [Alizarine Black S (C.I. 67 
430) (VI)] were from Merck. The buffers (pH 
range 1.0-6.0, increments of 0.2 pH) were 
prepared according to the literature” and 
checked by means of an MV 870 pH-meter. 
(Priicitronic, Dresden). Chloroform was shaken 
three times with r~istilled water and then 
distilled as an azeotropic mixture at 60”. 
The single-beam spectrophotometer Spekol 11 
(Zeiss, Jena) was used for spectrophotometric 
measurements. 

The absorbance curves of the ionic associates 
obtained from measurements of the function 
A = f(n) were measured. A 1 &ml portion of the 
pH 2.0 buffer, 0.2 ml of a methanolic solution 
of the dye (cL = 5mM) and a methanolic sol- 
ution of the substance CR (ccR = 5mM: 100 ~1 
for IV, V, 70 ~1 for VI, 50 ~1 for II, 30 ,ul for 
III and 20 ~1 for I) were pipetted into test tubes. 

The extractions were performed by shaking 
the two phases {2 ml each) in glass test tubes at 
20 + 1” in the hand. The extraction time, which 
was 2 min, was chosen based on the study of the 
kinetic curves of extraction. The organic phase 
was measured spectrophotometrically against 
the blank. 
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Table 1. Parameters of the ionic associates of the substance CR with Calcon (I), Eriochrome Black T (II), 
Orange II (III), Bromothymol Blue (IV), Bromophenol Blue (V) and Alizarine Black S (VI) 

Parameter* 

A mxI nm 
PH,,, 
cL, mhf 
h/n L 
E, l.mole-‘.cm-i 
E’, 1. mole-’ cm-’ 

;, 
E, % 

k K:, 
b, &ml 
L. Iris/ml 

Dye 
I II III IV V VI 

531 513 480 410 413 500 
2.0 1.2 1.2 1.5 1.0 t 
0.3 0.3 0.4 0.075 0.4 0.5 
1 1 1 1 1 1 

6600 4 100 18 100 9600 26 700 
5600 3400 5400 4200 

;z 
6300 

0.997 0.991 0.997 0.998 0.996 0.996 
5.60 4.86 0.43 0.78 0.18 0.31 

84.8 82.9 29.8 43.8 15.3 23.6 
6.09 5.98 4.19 4.28 3.73 3.91 
0.6 0.9 0.6 1.2 1.1 0.4 
1.1 2.5 0.8 1.4 1.5 0.7 

*An&x- Absorption maximum of the ionic associate in chloroform, pH,--optimum pH for the extraction 
of the ionic associate into chloroform (thydrochloric acid, cut, = 0.8M),cL--optimum concentration 
of the dye in the aqueous phase, n&r-mole ratio of the substance CR to the dye, corresponding 
to the composition of the ionic associate, o-molar absorption coefficient under the conditions of 
quantitative extraction of the ionic associate, l ‘-molar absorption coefficient of the ionic associate, 
r-correlation coefficient, D-distribution ratio, E--extraction yield, Km--conditional extraction 
constant, Lo-detection limit, h-limit of determination.” 

The effect of the pH of the water phase was RESULTS AND DISCUSSION 

arranged similarly to the absorbance curves. 
The absorbance of the chloroform extracts of 
the ionic associates was measured for A,,,, of 
each dye (see Table 1). 

The composition of the ionic associates in 
the organic phase was determined by measure- 
ment of the dependence A =f&), where xL is 
the molar ratio of the dye. Volumes ranging 
from 20 to 180 ~1 (in steps of 20 ~1) of 5mM 
CR were pipetted and then completed to 200 ,ul 
with the 5mM solution of the dye; 2 ml of 
the buffer with pH,, (see Table 1) were then 
added. 

The optimum concentration of the dye in the 
water phase was determined from the depen- 
dence A =j(c,), cL = 0.5 to lO.OmM. For the 
calculation of the molar coefficient E, the 
dependence A =f(ct) was determined. The 
amounts of 0.1-l ml of the aqueous dye solution 

(CL = 50pM) were pipetted into the test tubes, 
the volume was completed to 1 ml with PH.,,, 
buffer and 1 ml of the solution of the substance 
CR (ccR = 5mM) with pH,, value was added. 
The calibration curves were determined by 
measurement of the dependence A =f(c&. The 
volumes of 1.8 ml of buffer solutions with pHop, 
and 0.2 ml of methanolic dye solutions were 
pipetted into the test tubes. Then IO-100 ~1 of 
methanolic solution of the substance CR 

(GR = 2.5mM for I, III, VI or 5mM for II, IV, 
V)--by steps of 10 PI-were added by means of 
the micropipette. 

The substance CR forms in the medium of a 
buffer with study dyes coloured ionic associate 
which may be extracted into chloroform. Their 
absorption curves are presented in Fig. I. 

The effect of the pH value of the aqueous 
solutions on the formation and the extraction of 
the substance CR is evident from Fig. 2. In 
dependence on the absorbance of the blank, the 
optimum pH values of the citrate buffers were 

A 
4 

5 

0377 570 

X, nm 

Fig. 1. Absorption curves for the determination of the 
substance CR with Bromophenol Blue (1) [ecu = 0.25mM], 
Bromothymol Blue (2) [0.25mM], Aliirine Black S (3) 
[O. 175mM], Calcon (4) [O.OSmM], Eriochrome Black T (5) 
[O.l25mM] and Orange II (6) [O.O75mM]; cL = O.SmM, 

organic phase chloroform. 
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0 I 2 3 

PH 

Fig. 2. Dependence of the absorbance of the ionic associate 
of the substance CR with Orange II (0) [cck = O.O75mM, 
4, Bromothymol Blue (0) [0.25mM, Aa,,,], Aliirine 
Black S (0) [O.l75mM, Ad, Eriochrome Black T (a) 
[O.l25mM, A,,,], Calcon (0) [O.OSmM, A,,,] and Bro- 
mophenol Blue (8) [0.25mM, A,,,], on the pH of the 

reaction medium; cL = 0.5mM. 

determined for the dyes I-V, the optimum 
medium for VI was 0.8M hydrochloric acid 
(Table 1). It was found from the dependence of 
the absorbance variation on the molar ratio xL 
of the dye that the substance CR forms ionic 
associates with all the other investigated dyes in 
the ratio 1: 1. 

The optimum concentration of the dye cL in 
the reaction mixture is given in Table 1. 

The ionic associates of the substance CR 
with the investigated dyes were extracted into 
chloroform in the surplus of the base. The 
molar absorption coefficients E of the dyes 
(which may be considered constant at the maxi- 
mum obtainable yield of the extraction) were 
determined by a simple linear regression. On the 
other hand, with a surplus of the dye a maxi- 
mum yield of the extraction is not attained (in 
dependence on the conditions of the determi- 
nation) in all cases. The resulting slope is not 
necessarily identical with the molar absorption 
coefficient E. It could be considered as the 
conditional molar absorption coefficient and 
indicated as E’. 

The conditional extraction constants K&, 
equilibrium ratios D and yields of the extraction 
were calculated according to Soueek et aLI 

In the investigated concentration range 
25-250pM all measurements comply with the 
Lambert-Beer law. The extractive spectrophoto- 
metric method enables to determine 0.7 or 0.8 
pg of substance CR in 1 ml of sample when 
using the dye III or VI. 

1. 

2. 

3. 

4. 
5. 

6. 

7. 

8. 
9. 

10. 
11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 
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Handbook of Jnductively Coupled Plasma Mass Spectrometry: K. E. JARVIS, A. L. GRAY and R. S. HOUK, Blackie, Glasgow 
and London, and Chapman and Hall, New York, 1991. Pages xi + 380. E75.00. 

It is a pleasant, if rare, experience to review a scientific text written by enthusiastic and knowledgeable authors who still 
manage to present an easy-to-read, informative and unbiased account of an analytical technique. Jarvis, Gray and Houk, 
assisted by inputs from I. Jarvis, J. W. McLaren and J. G. Williams, have managed to produce just such a book. A concise 
introductory chapter on the origins of ICP-MS sets the scene admirably, though it tends to assume a reasonable knowledge 
of various aspects of atomic spectrometry. This is followed by detailed and fully referenced chapters on instrumentation 
and on some of the options available to those ambitious enough to engage in development work. John Williams’ chapter 
on sample introduction (other than by pneumatic nebulization) deserves wider readership than just those using ICP-MS, 
and includes a concise but useful summary of chromatography/plasma interfacing. The following chapter on interferences 
is up to date and commendably honest. Together with chapter 6 on calibration and data handling, and chapter 7 on sample 
preparation for ICP-MS, it provides excellent insight for existing or intending users. It is interesting to note that the authors 
have chosen to collect geological, environmental, nuclear, industrial and biological applications together in chapter 8, but 
dedicate a separate 22-page chapter to natural water analysis. This very fairly reflects the impact of ICP-MS in this field, 
where the full detection power, capacity for multi-element analysis and selectivity may be readily exploited. The final 
chapters are on solids analysis and isotope ratio determinations, the latter being especially valuable to anyone considering 
employing stable isotope tracer techniques. Some might think this is an expensive book, but if you buy an ICP-MS, this 
volume may prove to be the accessory providing best value for money. If you’re still contemplating purchase, it may prove 
an even better investment! 

M. S. Cttasana 

Atomic Absorption Spectroscopy-Theory, Design and Application: S. J. HASWELL (editor), Elsevier, Amsterdam, 1991. 
Pages: xx + 529. Dfl 345.00. 

Volume 5 in the Analytical Spectroscopy Library (a series of books devoted to the application of spectroscopic techniques 
to chemical analysis) is a well-produced, comprehensive text which should become a standard handbook for practitioners 
in AAS. It is essentially a collection of 14 reviews preceded by 3 introductory chapters which deal with basic principles, 
instrumentation and practical techniques. The editor has not just compiled the reviews from the mainly UK and USA 
authors but has also written chapters 2 and 3. The close involvement of the editor has resulted in a text with only a minimum 
of repetition between contributors. 

Areas of application covered are: waters, sewage and effluents (45 pages); marine analysis (33 pages); airborne particles 
(32 pages); food analysis (36 pages); ferrous metals (48 pages); non-ferrous metals (12 pages); geochemical (32 pages); 
petroleum (20 pages); glasses and ceramics (17 pages); clinical (flame techniques-21 pages, ETA-58 pages); forensic (24 
pages); fine, industrial and other chemicals (52 pages) and polluted soils (12 pages). 

All of the reviews contain numerous references (up to the year 1989) and a footnote appears on each odd-numbered 
page of the application chapters directing the reader to where the references are listed. I found this feature surprisingly 
useful. A subject index is included but it does not do justice to the comprehensive range of topics discusssd in the text, 
nor does it adequately refer the reader to all occurrences of a single topic. For example, ETA-AAS has advanced 
tremendously over the last decade and this text extols its virtues in almost every chapter but the index gives only 6 different 
page numbers for this topic. Another very minor gripe would be that the diagrams in chapter 1 are very small and Table 
I refers to mysterious I-rays. 

A common feature of the book is that it is full of practical details, some reviews such as that on elemental analysis of 
body fluids and tissues by ETA-AAS (Delves and Shuttler) are excellent, selective and critical. Others, e.g., on forensic 
science (Dale) and polluted soils (Cresser) are characterized by the ease at which the authors disseminate their extensive 
knowledge in the subject areas. The ubiquitous nature of samples and elements requiring analysis is shown in the chapter 
on food analysis (Rains) and extensive sample digestion methods for geochemical samples are given by Thompson and 
Banajee. Indeed, there is something here to interest all those involved with AAS. It is a text to be highly recommended. 

P. J. Cox 

Glycerine--A Key Cosmetic Ingredient: E. JUNGERMANN and N. 0. V. SONNTAG (editors), Dekker, New York, 1991. 
Pages xi + 460. $125.00 (U.S. and Canada), $143.75 (Elsewhere). 

This book is the eleventh in Dekker’s Cosmetic Science and Technology series and could well be sub-titled ‘all you could 
possibly want to know about glycerine’! It presents a very comprehensive compilation of information about glycerine, 
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suitable substitutes and related materials. Such a broad spread is to be commended, but also has its drawbacks. One 
wonders, for example, if a cosmetic scientist requires 80 pages of detail on glycerine manufacture. 

The book is well presented in 17 chapters written by a total of 13 authors. As may be expected with such a text, the 
style of writing varies and there are some minor overlaps of material. 

After the introductory chapters, there are two chapters giving very detailed analysis of manufacturing methods and 
phmts, especialty in the USA. There follows chapters dealing with the chemical reactions of glycerine, its phonic 
properties, analysis and safety. General&, these are comprehensive although it is surprising that no JR spectrum is inclwfed. 
Chapter 9 on economics may have sat more easily in the section on production. There follows 6 chapters dealing with aspects 
of the use and evaluation of glycerine in cosmetics. These are comprehensive, many taking the form of reviews of pubhshed 
work, although in chapter 13 the words ‘speculate’ and ‘surmise’ occur too frequently. The least successful chapter is the 
one dealing with monoglycerides where there are several mistakes, a tendency to repeat material and only 2 references 
post-19X3. The book concludes with two chapters dealing with a&natives to glycerine and its non-cosmetic uses. 

~rou~ou~ the book is well referenced, enabling the interested reader to delve further into the subject The editors 
have done a commendable job in producing such a text whiih will be a valuable resource for cosmetic, and other, 
scientists. 

A. J. WINFIELD 

Stunpllag: G. E. BAIU~ESCU, P. DUM~~RIXXJ and P. GH. Zt.r~~vmcu, Ellis Horwood, Chichester, 1991. Pages 184.E45.50. 

Short, snappy titles may be eye-catching but they are not necessarily informative and can even be misleading. This is such 
a case. The authors state quite clearly that they consider the word sampling to apply to all the procedures prior to the 
measurement step, that is to include sample collection, handling, storage and preparation for analysis. That is acceptable, 
but the authors then all but ignore that very operation which most people would consider as “sampling’‘-the taking of 
a sample. This is admitted in a one paragraph appendix which gives a few references where readers will find relevant 
information. 

Ar&ysts seeking guidance on how to collect particular samples or even how to undertake the analysis will not fmd it 
in this book. Indeed it is neither practical nor a reference book but more of a phi~o~ph~~l discussion on the importance 
of correct sampling in the overall scheme of analysis. Them are just five chapters with a few sub-divisions and as a 
consequence there are large blocks of unbroken text with few figures or tables. The philosophical approach means that 
there are no sub-divisions for types of analyis or instrumentation, or of an overall consideration of the requirements. 
Although one could not expect such a book to be comprehensive there are some surprising omissions, Spark source mass 
spectrometry appears in a list of eight techniques which the authors consider to be the only ones applicable to trace element 
analysis but there is no mention, here or elsewhere in the book, of other more modern techniques, for exampk TCP-mass 
spectrometry which is becoming widely used in multilement analysis. The tendency to simplicity can lead to misleading 
statements such as the “potted history of mass spectrometry” which appears in one sentence. There is no statistical treatment 
of the requirements for representative sampling. 

In summary, this is a disappointing book. That is not to say it is not worth reading. It is written in a very easy style 
and would be a useful bed-time book for all analytical chemists because the authors hammer home the importance of 
sampling within the whole analyticat scheme. There is a lot of background information, much of which will be in areas 
of study other than the reader% own. It will probably make the reader think about their own approach to carrying out 
analysis and it emphasises the importance of the role of the analyst. The authors repeatedly make the statement that ‘“no 
analysis is better than the sample itself”. If this comes across to the reader then the book is successful but the problem 
is that the process starts at the sample collection stage and if that is not done properly the test is meaningless. 

J. ]BXCaN 

Teckaiqaes for ~~ of EIee&adea and ~ m R. V~KM~ and J. R. SEL~+QLX (editors), 
Wiley-~nte~en~, New York, f991, Pages xii + 780. E89.70. 

This volume collects together fifteen reviews, varying in size between 16 and 96 pages. The techniques covered are 
ellipsometry, photothermal deflection spectroscopy, surface x-ray absorption spectroscopy, surface enhanced Raman 
spectroscopy, neutron scattering, Mdssbauer spectroscopy and laser interFerometry as applied to electrode surfaces. 
Mounts in s&u are stressed whenever poasibfe. There are also two reviews on electrochemical impedance spectroscopy, 
two on modelling techniques~ two general surveys &ohd electrolytes and molten salts) and a short review on dit&action 
techniques for determining the structure of liquid electrolytes. To take the reader from fundamentals to applications in an 
average of some SO pages is a tall order and I generally found it heavy going in style and content. I found myself wishing 
for a mom elementary approach and an earlier appreciation of the relationship beween the electrochemical phenomena and 
the measured characteristic. Perhaps lack of space enforced a formal approach. As a whole, however, this volume has value 
as a substantial source-book for those interested in electrodes, but one would need more extensive texts before adopting 
these techniques. The electrochemistry is directed towards corrosion and electrode processes rather than analysis. Analytical 
interest, in a narrow sense, will thus tend to be in the applications of the techniques rather than the electrochemical results 
presented. The book will clearly have its uses in a farge electrochemical research laboratory, but probably not in many 
analyticai laboratories. I doubt if anybody who could use a library would think it necessary to have these reviews bound 
together. 
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Liquid Cbron~atograplty Cohmm Theory: R. P. W. SCOTT, Wiley, Chichester, 1992. Pages: xi + 279. E34.95. 

Liquid Chromatographic Column Theory by R. P. W. Scott is a valuable addition to the Separation Science Series in that 
it deals at an essentially theoretical level with the quantitative relationships governing liquid chromatographic column 
performance. This is a welcome departure from many previous liquid chromatography texts which concentrate on particular 
applications of separations with no theoretical basis or even rationale for a given chromatographic analysis. 

The main volume is free from typographical errors such as the incorrect spelling of theory in the Preface but the typeface 
used is not easy to read, particularly in terms of the interspersed algebra. 

After an introductory chapter which briefly covers factors controlling retention, the physical nature of the column and 
nomenclature, subsequent chapters give complete coverage of the Plate and Rate Theories of chromatography together with 
extensions to these as proposed by several leading chromatographers. Chapters 3 and 10 are of particular interest in 
addressing the important variables of column dead volume and extra column band broadening. 

The final four chapters deal with column design. Firstly, a genera1 design protocol is suggested and this is followed by 
detailed consideration of the design requirements for packed columns, open tubular columns and columns for preparative 
liquid chromatography. In these chapters, previously derived relationships are applied to ascertain optimum column 
dimensions, stationary phase diameter and operating conditions. Listings of interactive BASIC computer programs are 
provided for the calculation of such optimised conditions for specified equipment. 

This is not a book to be read but rather to be studied as required. It deals with the fundamental aspects of liquid 
chromatographic separations that many analysts, who rely heavily on this technique, largely ignore. It will be most useful 
to those working in analytical method development and may go some way to encouraging individual preparation of columns 
and to minimising acceptance of commercially offered components. 

R.B. TAYLOR 

Interfacial Phenomena in Biological Systems: M. BENDER, Dekker, New York, 1991. Pages xiv + 429. $135.00 (U.S. and 
Canada), $155.25 (Elsewhere). 

This book covers some of the rather complicated interfacial aspects encountered in biological systems. The text is divided 
into five parts with further subdivision within each part. As the editor explains in the preface some physical and chemical 
principles are shared by more than one of these areas, and the arrangement of various chapters within the specific parts 
of the text is not always easy to follow. 

The first part is titled “Biological surfaces” and includes chapters on the skin, the oral cavity, biomaterials, and plasma 
proteins. Each chapter reviews some of the current aspects of research within these areas and as throughout there are many 
useful and up-to-date references given at the end of each chapter to allow further reading and clarification of points where 
required. 

The second part covers membranes, with the first two chapters on water stabilization and electromagnetic field influence 
being concise and easy to follow. The third chapter dealing with the “non-specific” adsorption of plasma proteins to 
erythrocytes is rather lengthy and may prove to be rather mathematical for most readers. 

The two chapters in part three are covered under the heading “corpuscular” but they do appear to be rather isolated 
and could perhaps have been included in other parts of the text. Part four covers interactions, where the second chapter 
on supercomputer simulations again may be rather too specialized for most readers. 

The final chapter on transport has two well written chapters, with the second in keeping with the title of the book covering 
many biological systems. The fact that proteins are covered extensively throughout the text emphasizes the important role 
they have in the structure of biological systems and also their involvement in transport and adhesion as well. 

The text is rather specialized and as such will be of most benefit to researchers in the life sciences. It could also be useful 
for extended reading as part of certain undergraduate courses including medicine and dentistry. There is detailed coverage 
of the areas mentioned above but for those requiring even more information there are over 850 references, a large number 
being recent and published in the eighties. 

K. I. GUMMING 

Chemistry and Physica of Carbon: P. A. THROWER (editor), Dekker, New York, 1991. Pages xiii + 366. S165.00 (U.S. and 
Canada), $189.75 (Elsewhere). 

Clearly, this well established series is set to “run” well into the future with the recent advances in Buckminster Fullerene 
and allied molecular carbon chemistry. The current volume 23 comprises four diverse topics in carbon science. This diversity 
may well appeal to carbon specialists, it will certainly not encourage those from outside this field to purchase this volume. 

The first section addresses the characterization of structure and microstructure by magneto-resistance in various carbon 
materials including highly orientated graphites, cokes, carbon fibres and carbon/carbon composites. The second section 
reviews the electrochemical carbonization of fluoropolymers documenting chemical and electrochemical reduction of 
polytetrafluoroethane, and other fluoropolymers. The properties of the resulting electrochemical carbon, which is often 
electronically doped or contains electrolyte crystals, are discussed and its use in power sources and separation described. 
In the next section the methods of protection of carbon from oxidation at high temperatures are described. The limitations 
of the various coatings/incorporations are reported and the possibility of extending significant protection to temperatures 
above 1500” discussed. The final section addresses methods for assesssing the effectiveness for removing radioactive iodine 
from accidental nuclear emissions. In particular, the degradation in activity with weathering and/or ageing is considered. 
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Overall, this volume contains a lot of useful information and is, generally, well presented. The sections on fluoropolymer 
reduction and oxidative protection contain a good deal of interesting science for the more general reader, whereas the other 
two sections are much more specialized. 

J.T. S. IRVINE 

Foarlar Transform Raman S~py-~ tion and ChemkaI AppIicatiims: P. HENDRA, C. Jo- and G. WARNER, 
Ellis Horwood, 1991. Pages 311. E53.00. 

The yellow plastic duck on the cover is not merely to catch the eye. The illustration has been chosen for a very good 
reason-it sums up many of the advantages of FT Raman spectroscopy discussed in this book: for example, ease of 
sampling, and the ability to obtain spectra from coloured and fluorescent materials. 

The contents fall into two distinct sections. The lint third covers the backg~~d to vibrational spectroscopy, 
conventional laser Raman spectroscopy and the development of FT Raman instrum~tation. The second two-thirds are 
used to discuss a large number of applications, stressing those areas where the FT method is superior to conventional laser 
Raman spectroscopy. Finally there is a fascinating appendix “the processing history of a spectrum-from ADC to VDU” 
which should be essential reading for anyone who uses FT IR spectroscopy seriously as well as users or potential users 
of FT Raman instrumentation. 

The “applications” chapter covers a very wide range: organic chemistry (alkaloids, explosives, dyestuffs, pharmaceutical 
materials), polymers (including the duck!), biological samples (memb~n~, polypeptides, animal, wood and plant tissue), 
surfaces and catalysts, and inorganic compounds. The treatment, though didactic, is honest and the authors do not avoid 
the two negative aspects of the present FT Raman systems-sample heating leading to black-body emission and the difficulty 
of obtaining spectra from aqueous solutions. The chosen examples are well illustrated by spectra and I for one believe that 
the case is made for FT Raman as a routine analytical technique with wide applicability. 

The introductory chapters are also excellent. “The vibration behaviour of molecules” is a good readable account (at senior 
undergraduate level) of IR and Raman spectroscopy while the chapter on conventional laser Raman spectroscopy contains 
very useful sections on such practical aspects of the technique as spectral band~dth and signal-to-noise levels. The chapter 
on FT vibrational spectroscopy could be read with advantage by all students who use FT IR spectrometers. 

I have only two complaints. The quality of the photographs is rather poor and some of them are unnecessary. The 
diagrams, on the other hand, are universally good-in many cases, however, they are over the page from the text. The 
publishers could well consider arranging the text so that diagrams and text could be read together without having to turn 
over the page. 

In summary this is a very useful book, not only for those who are contemplating the purchase of an FT Raman instrument 
but for all users of ~b~tional spectroscopy. It should certainly be in all Chemistry Department libraries and many 
vibrational spectroscopists will want their own copy. 

R. D. PEACOCK 

Adeaoslne and Adenoshe Receptors: M. WILLIAMS, Humana Press, Chichester, 1991. Pages xii + 512. E79.70. 

This extremely competent volume edited by Michael Williams comprises five sections and thirteen chapters. The first section 
written by Michael Williams, himself, is a historical perspective starting with the paper by Drury and Szent~yo~yi 
published in The Journal of Physiology in 1929 first describing the physiological actions of adenosine compounds, continuing 
with the discovery of cyclic AMP in 1960’s, nonadrenergic, noncholinergic transmission and ATP in the 1970’s and further 
to the receptor classification of the 1980’s. This is a short chapter but provides the reader with a simple introduction to 
the subject and to the more complicated information which follows in subsequent chapters. The second section is concerned 
with characterization of the receptor and its binding site. Michael Williams joins with Kenneth Jacobson in the first chapter 
in this section which is entitled “Radioligand Binding Assays for Adenosine Receptors”. Following a brief description of 
the principles of radioligand binding, the chapter then becomes very technical. They catalogue the many agonist and 
antagonist radioligands which have been used and this is followed by a section on species differences, receptor 
autoradiography and the labeling of other adenosine recognition sites. I found this a difficult chapter to read, though the 
information is there for those who are interested. The second chapter in this section is by Bharat Trivedi, Alexander Bridges, 
and Robert Bruns and is entitled “Structure-Activity Relationships of Adenosine A, and A, Receptors”. There is a short 
discussion on the two types of receptors and the chapter provides a copious list of adenosine analogues and their structure 
activity re~tionships. 

Section three is called “Biochemical Mechanisms of Receptor Action” and contains four chapters. The first chapter in 
this section is by Dermot Cooper and Kevin Caldwell and is concerned with signal transduction mechanisms for adenosine. 
This is a long chapter of some thirty-seven pages covering a very large selection of topics. However, it is eminently readable 
and for this chapter alone, the whole volume is worth having. Thomas Dunwiddie writes a chapter on electrophysiological 
aspects of adenosine receptor function. The author points out that the physiological basis of responses to adenosine is much 
more complex than had first been suggested. He points out that there now seems to be several well established models in 
which adenosine can modulate ionic conductance, reduce calcium currents in some cells and activate potassium ~nductan~ 
in others. He states that at present there appear to be at least three or perhaps more receptors requiring to be postulated 
to account for the pharmacology observed in different systems. He then suggests how the answers to these questions can 
be provided. Adenosine release is discussed by Trevor Stone, Andrew Newby and Hilary Lloyd. The authors discuss the 
results of studies from various tissues in the body which have been shown to release adenosine and to differentiate between 
neuronal and non-neuronat release. This chapter also discusses the source of adenosine and the mechanisms thought to 
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discussion on the two types of receptors and the chapter provides a copious list of adenosine analogues and their structure 
activity re~tionships. 

Section three is called “Biochemical Mechanisms of Receptor Action” and contains four chapters. The first chapter in 
this section is by Dermot Cooper and Kevin Caldwell and is concerned with signal transduction mechanisms for adenosine. 
This is a long chapter of some thirty-seven pages covering a very large selection of topics. However, it is eminently readable 
and for this chapter alone, the whole volume is worth having. Thomas Dunwiddie writes a chapter on electrophysiological 
aspects of adenosine receptor function. The author points out that the physiological basis of responses to adenosine is much 
more complex than had first been suggested. He points out that there now seems to be several well established models in 
which adenosine can modulate ionic conductance, reduce calcium currents in some cells and activate potassium ~nductan~ 
in others. He states that at present there appear to be at least three or perhaps more receptors requiring to be postulated 
to account for the pharmacology observed in different systems. He then suggests how the answers to these questions can 
be provided. Adenosine release is discussed by Trevor Stone, Andrew Newby and Hilary Lloyd. The authors discuss the 
results of studies from various tissues in the body which have been shown to release adenosine and to differentiate between 
neuronal and non-neuronat release. This chapter also discusses the source of adenosine and the mechanisms thought to 
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be involved in its synthesis and release. Concluding this chapter, the authors state “the diverse aspects of adenosine’s 
properties allow it to be viewed in many different ways and to be classified variously as hormone, neuromodulator, 
protective, or retaliatory metabolite. The overall concept must be that of an ubiquitous, arguably primitive molecule, 
importantly involved in homeostasis and the control of tissue function and integration”. The last chapter in this section 
is by Jonathan Gieger and James Nagy, “Adenosine Deaminase and [3H] Nitrobenxylthioinosine as Markers of Adenosine 
Metabolism and Transport in Central Purinergic Systems”. This chapter is extremely long, comprising some sixty-four 
pages. This is a really comprehensive chapter dealing with such different things as sites and control of adenosin’s actions 
in the central nervous system, metabolism of adenosines, its disposition within cells and cytotoxicity. The authors then deal 
with adenosine deaminase and suggest a possible role for this enzyme in the central nervous system and in the context of 
this enzyme, they also deal with its inhibition. This is followed with discussion on its cellular and ultrastructural localization 
and its species differences. The final part of the chapter is concerned with adenosine uptake and transport. Section Four 
is entitled “Physiological Functions of Adenosine Receptors” and concerns the effects of adenosine on the various systems 
of the body. This section is the heart of the volume and in a way it can be said that all the preceding sections have been 
leading up to this section. 

Kevin Mullane and Michael Williams discuss the role of adenosine and cardiovascular function, both the direct effects 
on contractability and cardio arrhythmias and the indirect actions, such as inhibiting adrenergic responses and histamine 
H, mediated effects. The final section of this chapter deals with adenosine and pathophysiology of the cardiovascular system 
relating to hypertension and ischaemia. The chapter by Paul Churchill and Anil Bidani is concerned with adenosine and 
renal function and this chapter comprehensively deals with such topics as renal haemodynamics, with a discussion on the 
effects of adenosine on renal blood flow and glomerular filtration rate. Of particular interest are the sections on the 
interactions of adenosine with angiotensin II, and the prostaglandins and its involvement with renal secretion. The role 
of adenosine in respiratory physiology is in the chapter by Timothy Griffiths and Stephen Holgate and they detail the role 
of adenosine in the immune system with particular reference to the bronchial tree, the effects of adenosine on the central 
control of respiration, peripheral chemoreccptors and the pulmonary vascular responses. A very comprehensive chapter 
indeed. Michael Jarvis and Michael Williams have written the chapter on adenosine in central nervous system function. 
This is a chapter of over fifty pages long, is far ranging and very comprehensive. It covers too many topics to describe 
briefly here, however, it should be said that as with all the other chapters Michael Williams has had a hand in, this is an 
extremely lucid and well-written contribution. 

In chapter twelve which is the only chapter in Section 5, Receptor Regulation, Bruce Cronstein and Rochelle Hirschhom 
discuss adenosine and host defence. The chapter is primarily concerned with the adenosine receptors present in the immune 
system, and deals with these receptors on such cells as lymphocytes, monocytes and leucocytes and with the role of adenosine 
receptors in autoimmune disorders. In the final part of the chapter, the authors postulate that adenosine is a modulator 
on inflammation. The final section again consists of just one chapter, “Adenosine Receptors Future Vistas” is just three 
and a half pages of text and is another chapter written by Michael Williams. He points the finger forward to the possible 
development of adenosine and its derivatives in the clinic. 

In summary, we have in this volume a very comprehensive coverage of the physiology, pharmacology, biochemistry and 
pathology of adenosine and its receptors. It is a book to delve into, not one to read all in one go. Some chapters are easy 
to read and are for a wide audience, others need a specialized background. The amount of information in this book is 
enormous and with a very comprehensive list of references at the end of each chapter. Anyone interested in the field has 
everything at their fingertips. Michael Williams must be congratulated for editing such a book. The effort which he must 
have put into this publication, particularly with his own several contributions, must have been considerable. A book for 
every University and Research Library and for the desk of those working with adenosine and adenosine receptors. 

A. S. MILTON 

Cbemicd Analysis in Complex Matrices: M. R. Shlyrt-r, Ellis Horwood, Chichester, 1992. Pages 295. E50.00. ISBN 
O-13-127671-9. 

Many texts on chemical analysis minimize the importance of the analyte matrix and, as a result, overemphasize specialist 
determination techniques. In contrast, this book takes full account of the importance of the matrix in any analytical 
procedure. This is fully discussed in the initial short chapter describing general analytical strategy and the theme is carried 
through the subsequent chapters dealing with particular subject areas. These include bioanalysis of drugs, analysis in the 
brewing and adhesive industries and trace analysis of the atmosphere and of human and animal food. 

It is a general rather than a specialist text on chemical analysis and as such it is a welcome addition to the chemical 
literature. This book may be read to obtain background information on the analytical requirements of various industries 
including the applications of bioanalysis and the source of atmospheric trace impurities. It also contains considerable 
analytical information appropriate to the specialist fields and industries included. 

In some of the chapters very full accounts are given of the spectroscopic and chromatographic methods which are of 
general application and in others descriptions are given of more specialist techniques appropriate to the particular industry. 
While chromatography features strongly in many of the chapters there is no repetition throughout the book and each 
chapter provides complementary information on particular analytical problems. 

The literary style of the book is uniform and clear and it is well produced. It provides a very readable source for a wide 
range of analytical information. It should be a very useful undergraduate text as well as one which could be profitably read 
by any analyst with a view to appreciating what is going on in adjacent gelds of activity. 

R. B. TAYLXX 



BOOK REVIEWS 295 

be involved in its synthesis and release. Concluding this chapter, the authors state “the diverse aspects of adenosine’s 
properties allow it to be viewed in many different ways and to be classified variously as hormone, neuromodulator, 
protective, or retaliatory metabolite. The overall concept must be that of an ubiquitous, arguably primitive molecule, 
importantly involved in homeostasis and the control of tissue function and integration”. The last chapter in this section 
is by Jonathan Gieger and James Nagy, “Adenosine Deaminase and [3H] Nitrobenxylthioinosine as Markers of Adenosine 
Metabolism and Transport in Central Purinergic Systems”. This chapter is extremely long, comprising some sixty-four 
pages. This is a really comprehensive chapter dealing with such different things as sites and control of adenosin’s actions 
in the central nervous system, metabolism of adenosines, its disposition within cells and cytotoxicity. The authors then deal 
with adenosine deaminase and suggest a possible role for this enzyme in the central nervous system and in the context of 
this enzyme, they also deal with its inhibition. This is followed with discussion on its cellular and ultrastructural localization 
and its species differences. The final part of the chapter is concerned with adenosine uptake and transport. Section Four 
is entitled “Physiological Functions of Adenosine Receptors” and concerns the effects of adenosine on the various systems 
of the body. This section is the heart of the volume and in a way it can be said that all the preceding sections have been 
leading up to this section. 

Kevin Mullane and Michael Williams discuss the role of adenosine and cardiovascular function, both the direct effects 
on contractability and cardio arrhythmias and the indirect actions, such as inhibiting adrenergic responses and histamine 
H, mediated effects. The final section of this chapter deals with adenosine and pathophysiology of the cardiovascular system 
relating to hypertension and ischaemia. The chapter by Paul Churchill and Anil Bidani is concerned with adenosine and 
renal function and this chapter comprehensively deals with such topics as renal haemodynamics, with a discussion on the 
effects of adenosine on renal blood flow and glomerular filtration rate. Of particular interest are the sections on the 
interactions of adenosine with angiotensin II, and the prostaglandins and its involvement with renal secretion. The role 
of adenosine in respiratory physiology is in the chapter by Timothy Griffiths and Stephen Holgate and they detail the role 
of adenosine in the immune system with particular reference to the bronchial tree, the effects of adenosine on the central 
control of respiration, peripheral chemoreccptors and the pulmonary vascular responses. A very comprehensive chapter 
indeed. Michael Jarvis and Michael Williams have written the chapter on adenosine in central nervous system function. 
This is a chapter of over fifty pages long, is far ranging and very comprehensive. It covers too many topics to describe 
briefly here, however, it should be said that as with all the other chapters Michael Williams has had a hand in, this is an 
extremely lucid and well-written contribution. 

In chapter twelve which is the only chapter in Section 5, Receptor Regulation, Bruce Cronstein and Rochelle Hirschhom 
discuss adenosine and host defence. The chapter is primarily concerned with the adenosine receptors present in the immune 
system, and deals with these receptors on such cells as lymphocytes, monocytes and leucocytes and with the role of adenosine 
receptors in autoimmune disorders. In the final part of the chapter, the authors postulate that adenosine is a modulator 
on inflammation. The final section again consists of just one chapter, “Adenosine Receptors Future Vistas” is just three 
and a half pages of text and is another chapter written by Michael Williams. He points the finger forward to the possible 
development of adenosine and its derivatives in the clinic. 

In summary, we have in this volume a very comprehensive coverage of the physiology, pharmacology, biochemistry and 
pathology of adenosine and its receptors. It is a book to delve into, not one to read all in one go. Some chapters are easy 
to read and are for a wide audience, others need a specialized background. The amount of information in this book is 
enormous and with a very comprehensive list of references at the end of each chapter. Anyone interested in the field has 
everything at their fingertips. Michael Williams must be congratulated for editing such a book. The effort which he must 
have put into this publication, particularly with his own several contributions, must have been considerable. A book for 
every University and Research Library and for the desk of those working with adenosine and adenosine receptors. 

A. S. MILTON 

Cbemicd Analysis in Complex Matrices: M. R. Shlyrt-r, Ellis Horwood, Chichester, 1992. Pages 295. E50.00. ISBN 
O-13-127671-9. 

Many texts on chemical analysis minimize the importance of the analyte matrix and, as a result, overemphasize specialist 
determination techniques. In contrast, this book takes full account of the importance of the matrix in any analytical 
procedure. This is fully discussed in the initial short chapter describing general analytical strategy and the theme is carried 
through the subsequent chapters dealing with particular subject areas. These include bioanalysis of drugs, analysis in the 
brewing and adhesive industries and trace analysis of the atmosphere and of human and animal food. 

It is a general rather than a specialist text on chemical analysis and as such it is a welcome addition to the chemical 
literature. This book may be read to obtain background information on the analytical requirements of various industries 
including the applications of bioanalysis and the source of atmospheric trace impurities. It also contains considerable 
analytical information appropriate to the specialist fields and industries included. 

In some of the chapters very full accounts are given of the spectroscopic and chromatographic methods which are of 
general application and in others descriptions are given of more specialist techniques appropriate to the particular industry. 
While chromatography features strongly in many of the chapters there is no repetition throughout the book and each 
chapter provides complementary information on particular analytical problems. 

The literary style of the book is uniform and clear and it is well produced. It provides a very readable source for a wide 
range of analytical information. It should be a very useful undergraduate text as well as one which could be profitably read 
by any analyst with a view to appreciating what is going on in adjacent gelds of activity. 

R. B. TAYLXX 



296 BOOK REVIEWS 

The Periodic Table for Chromabgraphers: M. LEDERER, Wiley, Chichester, 1992. Pages v + 129. E60.00. 

Although chromatography is often regarded as primarily a separation method for organic compounds, over the years it 
has played an important role in many inorganic separations. In this reference book Michael Lederer has brought together 
a collection of over 100 tables containing some 60,000 data values. These are usually presented in the format of the periodic 
table to illustrate the differences and similarities between the elements. 

The values are principally drawn from previously published reports of extractions, ion-exchange separations, paper 
chromatography, electrophoresis and TLC, almost entirely from the 1960’s and 1970’s. There are sections on the distribution 
constants of the elements as undissociated molecules and as chelates with a range of reagents. The ion-exchange data are 
based on different resin columns and papers and eluent acids. The TLC values come from impregnated cellulose, silica and 
ion-exchanger phases and different liquid ion-exchange coatings. Finally there is one set of data from electrophoretic 
separations. 

The author admits that the book is a result of a hobby of collecting chromatographic data. However, the problem with 
this book is that like many hobbies it represents material almost entirely for the specialist. The advent of ion 
chromatography, conductivity detection and specialised AED, ICP and AAS detection methods means that the separation 
of ions has advanced considerably over the last 10 years away from these traditional methods. Very few analysts would 
now contemplate separation of metal ions by TLC as a routine method and even less would think of paper chromatography. 
This book would therefore mainly appear to be valuable as a compilation of physical data of distribution and separation 
properties of the elements and their chelates and complexes. However, as the author notes in the Introduction, the values 
were collected under conditions that might be kinetically controlled rather than under equilibrium conditions. 

R. M. SMITH 

The Kirk-Othmer EncyclopedIa of ChemIcaI Technology: Volume 2, Fourth Edition. Alkanolamines to Antibiotics 
(Glycopeptides). J. I. KROSCHWITZ, M. HOWE-GRANT, L. C. HUMPHREYS and L. GRAY (editors), Wiley-Interscience, 
Chichester, 1992 Pages: xxviii + 1018. f135.00. 

Inevitably, encyclopedias arc referred to for specific items of interest rather than read from cover to cover. The easiest 
method of locating a desired topic in such a reference work is a simple search amongst items arranged in alphabetical order. 
Hence this volume, together with volume 1, covers topics beginning with the letter “A”. Overall there are 27 volumes to 
be published, at the rate of one volume every 3 months, to extend coverage to the whole alphabet. A subscription price 
of 10% discount on individual volume list price is available. If information on a chemical substance is desired then here 
it is the most common correct name of the substance that is given (followed by its Chemical Abstracts Service Registry 
Number). 

There are numerous topics in volume 2 involving contributions from several authors. Those topics covered at most length 
include aluminium and its alloys/compounds, amines, and various pharmaceutical agents such as analgesics, antiasthmatic 
agents and antibacterial agents. There are also extensive sections on amino acids and, ammonia and its compounds. Where 
appropriate methods of manufacture are covered and process diagrams are presented. 

There is a small section on analytical methods which includes a survey followed by current trends and details of 
hyphenated instruments. This survey informs the reader of analytical techniques that are covered on other volumes of the 
encyclopedia (the names of the techniques appear in upper case to indicate a separate inclusion in the encyclopedia). The 
final section on antibiotics starts with a survey and then continues with various classes of antibiotics starting with 
aminoglycosides and continuing to the glycopeptides. The proposed volume 3 must, presumably, start with the lincomycin 
antibiotics. 

I found browsing through this work and reading sections in depth to bc both informative and enjoyable. These volumes 
will certainly enhance libraries in research, academic, industrial and other public institutions. 

P. J. Cox 

Wii & Win’s Comprehensive Analytical Chemistry Vol. XXVII-Analytical Voltammetry: G. SVEHLA (editor), M. R. 
SMYTH and J. G. VOS (volume editors), Elsevier, Amsterdam, 1992. Pages xxv + 578. US%254.99. Dfl. 495.00. ISBN 
O-444-88938. 

This book is handsomely bound and properly printed, which is all too rare these days, and has contributions from 14 
authors. A chapter by J. F. Cassidy on theory is well-judged for analytical users, with equations set at the right level for 
understanding without being too intimidating in number. The chapter on instrumentation is short (42 pp) and rather 
general, avoiding mention of any specific commercial instrumentation that an analyst might use. More space is devoted 
to modified electrodes than to computer software. I wonder if generalized circuit diagrams are really of any use to the 
average analyst and I also wish that suspended mercury reservoirs were seen as rarely in books as they are in the laboratory. 
There follows a chapter (37 pp, 241 references) devoted to “biological” molecules, i.e., largely immunoassay, nucleic acids 
and proteins. Pharmacy (Bersier and Bersier) gets 184 pages of information on specfic molecules arranged by drug type: 
a very useful analytical compilation with 514 references. Environmental analysis is divided into inorganic (35 pp, 146 
references) and organic and oganometallic (84 pp. 275 references). The former includes speciation, titration and stability 
constants; in fact there is rather little on direct analysis and that organized by neither sample type nor determinand. Two 
pages on metals in body fluids seem out of place here. The organics chapter covers air, water and (very briefly) soil analysis, 
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mainly by literature reference. There is also a section on foodstuffs. Future developments are represented by a timely, but 
not immediately encouraging, review of modified electrodes by Forster and Vos (65 pp, 398 references) and a chapter on 
amperometric biosensors (40 pp, 207 references). References extend into 1988. The index is inadequate. This is undoubtedly 
a very useful volume for those concerned with organic analysis. Inorganic analysts will find it interesting, but not essential. 

D. MIDGLEY 

Tmce MetaI Analysis and Specilication: I. S. KRULL (editor), Elsevier, Amsterdam, 1991. Pages: xvi + 302. Dfl. 240.00. 

Although most analysts would first think of atomic-absorption spectroscopy or inductively-coupled plasma emission 
spectrometry when asked to analyse metal ions, these methods are non-species specific and only give total concentrations. 
However, in recent years there has been a greater realization of the importance of the form in which a metal is present 
in the sample. This has led to the rise of a range of coupled techniques in which a chromatographic separation, such as 
HPLC or GLC has been linked to an element specific detector and these form the backbone of this collection of reviews 
edited. Despite a larger number of research papers on this field little has been done previously to bring together inorganic 
chromatographic methods since Schwcdt in 1981 and MacDonald in 1985. 

The most important advances have been in the general application of plasma detectors, which have provided much greater 
sensitivity and specificity than ultraviolet spectroscopic detection. The book starts with a review of microwave induced 
plasma detection for GC by Uden with small sections on LC and SFC. Three chapters on environmental samples by Irgolic 
and interfacing by Heitkemper and Caruso and also by Houk and Jiang comprehensively cover coupled-LC and GC systems 
and although there is some overlap it is mainly in the samples being examined. Bilhom, Pomery and Denton discuss the 
details of the instrumentation of plasma emission detectors and coupled direct current plasma instruments are described 
by Krull and Childress. 

Alternative approaches are given in a review by Karcher and Krull on the use of complexation and derivatisation 
techniques and by Bond on electrochemical detection of metal ions. The more specific technique of ion chromatography 
is reviewed by Gjerde and Mehra. 

Overall the book reflects the modem practice in metal ion analysis and emphasises the importance of coupling the more 
traditional spectroscopic and electrochemical methods with separation techniques. Each section includes numerous relevant 
examples of the applications of the techniques. 

R.M. SMITH 

Principles of Environmental Toxicology: S. F. ZAKRZEWSKI (editor), American Chemical Society, Washington, D.C., 1991. 
Pages xiii + 270. US$59.95 (Hardback) ISBN 0-8412-2125-l. US% 44.95 (Softback). ISBN O-8412-2170-7. 

There is much more to this book than toxicology. Indeed, the amount of toxicology is disappointingly limited. The author 
starts by setting the scene in a chapter on world and environmental trends, and then looks at some basics of pharmacological 
concepts, metabolism of xenobiotics, factors that influence toxicity and chemical carcinogenesis and mutagenesis. As 
someone with little direct knowledge of toxicology I found these latter chapters quite interesting and useful, although 
without a background in biochemistry, some of the context is a little obscure. What disappointed me was that the book 
then went on to deal rather cursorily with air pollution, water and land pollution, pollution control, radioactive pollution, 
occupational toxicology and regulatory policies. As a specialist in some of these areas I found the treatment sadly limited. 
For example, the subjects of stratospheric ozone depletion and climate change are covered in a few pages each, without 
any real indication of toxicological consequences, be there any. The book, therefore, might more properly be called 
Principles of Environmental Pollution and Toxicology, being about 50% on each topic. The style is relatively light and 
easy to read and I can commend the book to the beginner in this field as providing a rather shallow but useful introduction 
to the subject. The book was derived from lectures given by the author and its primary use is likely to be as a teaching 
text. In this context, the shallowness of treatment of some areas will limit its value, and the discussion of regulatory policies 
purely in the context of United States law will severely limit the value of this chapter to those in other countries. In summary, 
a useful introductory level book, but do not be misled by the title. 

R. M. HARRISON 

Preparative and PmeaScale Liquid Chromatography: G. SLJBRAMANIAN (editor), Ellis Honvood, I99 1. Pages 286. E55.00. 

If you take the papers presented at a short course on Preparative Chromatography and put them together do you get a 
book on Preparative Chromatography? All that you really obtain are the notes of speakers. As such, you have a very nice 
set of course notes, but not a book for others to read. 

This book, Preparative and Process Scale Liquid Chromatography, is such a collection of course notes, and so, falls short 
of any target group of readers that would be interested in the subject, either as a novice, user or expert wanting to gain 
more knowledge of Preparative Liquid Chromatography. 

Fourteen authors of different papers are gathered together. They cover a wide variety of subject matter from the design 
of preparative columns and preparative systems to the media used in the columns to the type of applications that arc now 
being developed and run on preparative systems. 
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As such, there is a great deal of overlap from section to section. Sections written by manufacturers of equipment or 
packing materials are very biased to their equipment and materials. And in general, the data presented in these sections 
can be found in other journals, procedings of other conferences or even promotional material supplied by the manufacturers. 

For me, the most interesting sections were those by industrial presenters who appear to be real users of preparative 
systems. Sections by Derek Hill, Kevin Connelly and Christopher Goward are well worth reading, as they give a real feel 
for Preparative ~romato~phy from real users of the systems, as opposed to people selling equipment or packing 
materials. In the sections from these presenters you can tell some of the major practical problems they have in Preparative 
Chromatography. 

Overall, a nice set of course notes, but as a book it is lacking a target and so much material is repeated between different 
authors of different sections. It could also have done with another proof-read before being committed to print. 

I’. MYERS 
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Surmnary-An extraction method for butyl-, cyclohexyl-, octyl- and phenyltin compounds from edible oils 
was developed using 0.05% tropolone in 0.04M HCl/methanol. Cooling the methanol extracts in a dry 
ice/methanol bath removed approximately 64% of nonvolatile coextractives without affecting recoveries. 
Methyl derivatives formed by Grignard reaction were quantitated by gas chromatography-atomic 
absorption spectrometry. Edible oils sold in poly(viny1 chloride) containers had rig/g levels of dioctyl- and 
monooctyltin. GC-MS confirmed the presence of octyltin and did not detect any other organotin 
compounds in the extracts. 

Organotin compounds are used in numerous 
applications including biocides, poly(viny1 
chloride) (PVC) stabilizers and catalysts. Global 
consumption of PVC stabilizers accounted for 
6675% of all organotin production during 
the 1970s.’ Currently, annual consumption is 
estimated to be 35 x lo6 kg world wide.* 

Dibutyltin is typically added as a heat stabil- 
izer to rigid and semi-rigid PVC products used 
in industrial applications. 

Dioctyltin compounds have low mammalian 
toxicity3 and several are used by many countries 
as stabilizers in PVC drink containers and food 
packaging.4 The monoalkyltin analogue is fre- 
quently blended with the dialkyltin to produce 
a synergistic effect in stabilizer performanceP 

Recent analyses of Canadian wines for 
organotins 5,6 found butyltins in blended wine 
products containing imported wines which had 
been transported in containers constructed of 
butyltin-stabilized PVC. As edible oils are also 
shipped in these containers a survey was con- 
ducted to determine what alkytins were pres- 
ent in edible oils available to the consumer. 
Existing methods for determination of alkyltins 
in edible oil are primarily designed for migration 
studies using radiolabelled organotin stabil- 
izers7-9 of known composition or total tin deter- 
minations.‘O*” However, the methods found 
in the literature could not speciate unknown 
alkyltins in edible oils. 

The purpose of this study was to develop a 
method capable of speciating a variety of 

alkyltins in edible oils using gas chromatog- 
raphy-atomic absorption spectrometry and to 
conduct a limited survey of edible oils available 
from retail outlets. 

EXPERIMENTAL 

Reagents and standardr 

Distilled-in-glass grade solvents (Caledon 
Laboratories Ltd., Georgetown, Ontario) and 
ACS reagent grade chemicals were used. The 
methylmagnesium chloride and tropolone were 
purchased from Aldrich Chemical Co., Inc. 
(Milwaukee, Wisconsin, U.S.A.). Dioctyltin 
dichloride (Oc,SnCl,) was obtained from 
MTM Research Chemicals (P.O. Box 1000, 
Windham, NH). 

Dioctyldimethyltin was prepared from 
Gc,SnCl, using the following procedure. 
Dioctyltin dichloride (10-20 mg) was weighed 
into a lo-ml screw cap centrifuge tube; tetrahy- 
drofuran (1 ml) and lOO-fold excess (molar 
basis) of methylmagnesium chloride were .added 
under nitrogen. The reaction mixture was rotary 
tumbled at 25 rpm for 15 min and then cooled 
in ice. Hexane (3 ml) and prechilled 0.5M nitric 
acid were slowly added up to a lo-ml total 
sample volume. The aqueous layer was removed 
after tumbling (25 rpm, 2 min) and centrifu- 
gation (2000 t-pm, 2 min). The organic layer was 
then tumbled (25 rpm, 2 min) once with approx. 
8 ml of deionized (18 megohm/cm) water. The 
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pooled aqueous washings were extracted twice 
with 2-ml portions of hexane, The pooled 
organic extracts were then dried over anhydrous 
sodium sulphate. The di~tyldimethyltin was 
97% pure (Sn basis). The source and purity 
of the other organotin standards have been 
described elsewheres~‘* 

Details of the gas ehromat~~~aph (GC)- 
atomic absorption spectrometer (AAS) system 
used in this study have been reported else- 
where.‘3*‘4 GC operating conditions in the 
current study were as follows: glass column 
(1.8 m x 6 mm o.d,, 2 mm i.d,), packed with 
3% (W-7 on Chromosorb W, HP 100/120 mesh 
(Chromatographic Specialties Ltd., Brockville, 
Ont.); carrier gas, helium, 20 ml/mini transfer 
line, 0.8 m x 0.25 mm i.d. deactivated fused 
silica; transfer line temperature, 2X”, column 
temperature program, 75” (0.5 min hold) to 
130” (no hold) at 25”/min then to 155” (no hold) 
at 1 S”/min, then increased at 25”lmin to 310” 
(5.0 min hold); injector temperature, 225”. 

AAS operating conditions were: Hamamatsu 
Sn hollow cathode lamp (I-Iamamatsu Photon- 
its K.K.); current, 15 mA; wavelength, 224.6 
nm; bandpass, 0.5 nm; quartz T tube furnace 
temperature, 900”; furnace support gas flow 
rates, Hz 45 ml/min, air, 45 ml/min. 

A Varian VISTA 6000 GC interfaced to a VG 
Analytical 7070EQ mass spectrometer with 
EBQQ configuration was used for GC-MS 
analysis. Using the conventional magnetic sec- 
tor only, the system was operated in the elec- 
tron impact mode (70 eV) at a mass resolution 
of 1000. GC operating conditions have been 
previously reported. l2 Selected ion monitoring 
was at m/z 205 and 207 for butylt~methyltin 
(BuMe,Sn), 225 and 227 for phenyltrimethyltin 
(PhMe,Sn), 205 and 207 for dibutyldimethyltin 
(BuzMe2Sn), 261 and 263 for octyltrimethyltin 
(QcMe,Sn), 247 and 249 for t~butylmethyltin 
(Bu,MeSn), 231 and 233 for dicyclo- 
hexyldimethyltin (Cy,Me2Sn>, 261 and 243 for 
dioctyldimethyltin (Qc,Me,Sn), 299 and 301 for 
tricyclohexylmethyltin (Cy,MeSn), and 349 and 
351 for triphenylmethyltin (Ph,MeSn). 

Sample collection. A variety of edible oils 
were purchased from local supermarkets and 
stored at room temperature until analysis. 

Extraction. Five grams of oil were weighed 
into a 50-ml centrifuge tube. Each sample was 
then tumbled for 20 min (65 rpm) with 10 ml 
of 0.05% tropolone in 0.04N hydrochloric 
a~d~methanol. Following ~nt~fugation (2~ 
rpm, 4 min), the sample was placed in a dry 
ice/methanol bath for 2 min and then briefly 
centrifuged (3000 rpm, 2 min). The methanol 
layer was collected with a Pasteur pipette. After 
the sample had warmed to room temperature, 
the extraction was repeated. The pooled extract 
was evaporated at 35” (Brinkmann RotoVapor- 
R, Brinkmann Instruments) to 1 ml over ap- 
prox. 4 min. Chloroform (10 ml) was added and 
the volume reduced to 1 ml over 2-3 min. 
Hexane (15 ml) was then added and used to 
wash down the sides of the round bottom Aask, 
and evaporated to 2 ml over approx. 3 min. 
Solvents were removed at these slow rates to 
prevent sample bumping and to ensure removal 
of the methanol, hydrochloric acid and chloro- 
form during the transition to apolar solvent. 
The hexane was transferred to a lo-ml screw cap 
centrifuge tube with one 2-ml tetrahydrofuran 
rinse followed by two 2-ml rinses of hexane. The 
sample was placed in a water bath at 30” and the 
solvent volume reduced to 1 ml under a nitrogen 
stream. Pentane (5 ml) was then added and the 
sample evaporated to 1 ml. 

Deriuatization. Tetrahydrofuran (0.9 ml) and 
methylmagnesium chloride (0.7 ml) were added 
and the sample capped under nitrogen. After 
brief vortexing, the sample was rotary tumbled 
(10 min, 25 rpm). The sample was then cooled 
in ice and the volume adjusted to 10 ml with 
prechilled 0.5M nitric acid (added slowly in- 
itially). Isooctane (0.9 ml) was added, and the 
sample was tumbled (2 min, 25 rpm), and 
centrifuged briefly (up to 2500 rpm). The 
aqueous layer was removed and discarded and 
the acid wash repeated once. After discarding 
the aqueous layer, the organic volume was 
adjusted to 2.0 ml. Residual acid and water were 
removed by the addition of sodium bicarbonate 
and anhydrous sodium sulfate (approx. 300 mg 
each). The sample extract was then transferred 
to an autoinjector vial. 

Analysis. Sample quantitation was by com- 
parison to external standards using GC-AAS. 
A lo-,& sample volume was injected by 
autosampler. As a monoctyltin standard was 
unavailable, a Sn response factor determined 
from Bu,MeSn standards was used to quanti- 
tate monooctyltin levels. Monooctyltin was 
identified in the samples by GC-MS. Reagent 
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blanks were run with each sample series. 
Method detection limits were 0.2 to 0.4 ng Sri/// 
(Table 1). 

Recovery experiments. Samples of peanut 
or corn oil were spiked at 2 levels (3.2-5.6 
or 16.2-28 rig/g)) with BuSnCl,, Bu,SnBr,, 
Bu,SnBr, Oc$nCl,, Cy,SnBr,, Cy,SnBr and 
Ph,SnCl. The percent recovery of each analyte 
was determined by dividing the mean peak 
area of the compound found in the spiked 
peanut or corn oil extracts by the mean 
peak area of the compound in blank peanut 
or corn oil extracts spiked just prior to 
derivatization. 

Method development 

Tropolone study. The effects of tropolone 
were evaluated by comparing recoveries from 
corn oil using (1) two lo-ml methanol extrac- 
tions or (2) a methanol followed with 0.05% 
tropolone in methanol (10 ml each) extrac- 
tion. No hydrochloric acid was added to 
these samples. Extraction conditions (minus 
methanol cooling with dry ice bath) were as 
given in the Extraction section. No chloroform 
was used during rotary evaporation. A 0.05% 
tropolone in hexane solution was used to rinse 
the round bottom flasks. Derivatization was as 
reported in the derivatization section except 
18 megohm/cm water was used instead of 
the second OSM nitric acid wash and no 
sodium bicarbonate was added. 

Hydrochloric acid addition. Spiked corn oil 
samples were extracted (minus methanol cool- 
ing step), and rotary evaporated as reported 
in the Extraction section. Derivatization was 
as reported in the tropolone study section. 
The hydrochloric acid content of the 0.05% 

tropolone/methanol solution was varied from 0 
to 0.04M. 

Sample cleanup. NaOH extraction. a) Non- 
volatile Removal. Duplicate sample extracts 
from spiked peanut oil were taken to a constant 
volume under a nitrogen stream, desiccated 
under vacuum for 1 hr and then weighed. 
Hexane was added to obtain the original 2-ml 
volume and the sample extracted twice with 5 
ml portions of 3% sodium hydroxide (tumbled 
20 min, 65 rpm). After centrifugation, the 
aqueous layer was discarded. The hexane layer 
was dried over anhydrous sodium sulfate and 
transferred (with two 2-ml hexane washings) 
to a preweighed 125-ml round bottom flask, 
rotary evaporated, dessicated under vacuum 
and then weighed for comparison to the 
preextraction weight. 

b) Chromatography. Two spiked 5-g peanut 
oil samples were extracted (minus methanol 
cooling) as reported in the extraction section. 
The samples were derivatized as described in 
the derivatization section with the following 
modifications. After removing the 0.5M nitric 
acid wash, the samples were extracted twice 
with 5-ml portions of 3% sodium hydroxide 
(tumbled 20 min, 65 t-pm) followed by a 
18 megohm/cm water wash (tumbling time 30 
set). The organic sample volume was adjusted 
to 2.0 ml, dried over anhydrous sodium sulfate 
and transferred to autoinjector vials to await 
analysis. 

Dry ice-methanol cooling. Nonvolatile 
removal. Four 5-g samples of spiked peanut 
oil were extracted with 0.05% tropolone in 
0.04M hydrochloric acid/methanol as described 
in the extraction section. Methanol extracts 
from two samples were cooled in dry ice/ 
methanol. The pooled methanol extracts of 

Table 1. Method detection limit (MDL) 

Mean Npp Response 
Analyte (m V)* N&r P)t factor1 LDD§ MDLII 

BuMe,Sn 0.00854 0.00216 370.9 5.6 0.2 # 0.3** 
Bu,Me,Sn 0.00850 0.00378 472.6 9.4 0.4 0.7 
Bu,MeSn 0.00935 0.00312 452.7 8.5 0.3 0.8 
Cy,Me,Sn 0.00873 0.00314 388.8 7.1 0.3 0.7 
Oc,Me,Sn 0.01069 0.00339 404.6 8.4 0.3 1.0 
Cy,MeSn 0.00912 0.00369 451.2 9.1 0.4 1.1 
Ph,MeSn 0.0090 0.00292 425.9 7.6 0.3 0.9 

*Mean peak to peak baseline noise. 
TStandard deviation of Npp. 
tInverse of slope from linear regression (pg Sn/mV). 
#Limit of dectection, (mean Npp + 3N,o)*response factor (pg Sn). 
]]Method detection limit, [((LOD inj./vol.)*extract vol.)/sample wgt.]* 10-j. 
#as ng Sri/g. 
**as ng R,Sn W- ‘)+/g, R = butyl, cyclohexyl or phenyl. 



each sample were rotary evaporated, desic- 
cated under vacuum and then weighed. The 
weights of the cooled sample extract residues 
were compared against those of the noncooled 
extracts. 

RESULTS AND DISCUSSION 

The method isolated the organotins with 
minimal coextractives without the expense and 
equipment requirements of gel permeation or 
other column chromatography. Recoveries of 
the organotins (excluding Cy,SnBr results) from 
peanut and olive oil averaged 93 and 88% 
respectively (Table 2). The method also pro- 
vided qualitative screening for tricyclohexyltin 
as recoveries were low but consistent (2632%). 
Coextractives from the oil matrix did not affect 
derivatization yields. 

The precision of the method, estimated from 
duplicate determinations of edible oil samples 
(Table 3), averaged 4.3% relative standard 
deviation (range 0.9-l 1.9%). 

Initial work indicated the use of tropolone 
and hydrochloric acid were importltnt factors 
affecting recovery efficiency, Tropolone (Fig. 1) 
improved the recoveries of monobutyltin and 
dicyclohexyltin from 36 to 96% and 29 to 46% 

Table 2. Mean recoveries of organotins from oils 

Spiking Meall’ 
level recovery 

Anafyte Matrix (&r/g) (W f SD) 

BuSnC!, Peanut oil 22.5 Q7&3 
Peanut oil Q4*5 
Olive oil *:: 95&-2 
Olive oil 415 88*4 

Bu,SnBr, Peanut oil 16.2 97*2 
Peanut oil 3.2 98+3 
Olive oil 16.2 97&Z 
Olive oil 32 8551 

BlJ,%Br Peanut oil 28.0 91&6 
Peanut oil 93+3 
Olive oil 2::: 92&2 
Olive oil 5.6 89 + 3 

Cy,SnBr, Peanut oil 21.8 85+3 
Peanut oil 4.4 88 f 1 
Olive oil 21.8 X8&2 
Olive oil 4.4 74 f 2 

Oc,SnCl, Peanut oil 22.8 Qlk6 
Peanut oil 4.6 95+ 1 
Olive oil 22.8 91+2 
Olive oil 4.6 83 f 3 

Cy,SnBr Peanut oil 21.9 29+3 
Peanut oif 4.4 32*2 
Olive oil 21.9 3252 
Olive oil 4.4 26+2 

Ph,SllCl Peanut oil 25.4 93 f 3 
Peanut oil 5.1 9622 
Olive oil 25.4 94+2 
Olive oil 5.1 86+4 

*N=5 

Table 3. Alkyltin levels in edible oils 
._ 

Oil type 

Sunflower 

Analyte cortcentration @g/g) 
Container 

Brand material? OcW+ 0czSn2+ 

A PVC lO.l$ 32.9$ 
(10.0-10.2) (32.5-33.2) 

Peanut 
Peanut 
Corn 
C0rll 

Corn 

Canola 

soya 
Soya 

Sunflower 
Canala 
Olive 
Olive 

PVC 

glass 
PET 
PET 
PET 
PVC 

PVC 

PVC 
PVC 

PVC 
PET 
glass 
glass 

5.7% 
(5.5-5.8) 

ndg 
nd 
nd 

2& 
(26.3-27.6) 

6.1% 
(6.1-6.2) 

nd 
12.93 

(12.4-13.5) 
nd 
nd 
nd 
nd 

32.45 
(3 1.9-32.9) 

<I.0 
c: 1.0 
<I.0 
<I.0 
118.4$ 

(I 13.3-123.4) 
30.8f 

(29.6-32. I) 
<I.0 
23.2% 

(21.3-25.2) 
<I.0 
t1.0 
<I.0 
cI.0 

Olive I PET rid <l.O 

*Uncorrected for recovery efficiencies. 
tPVC- polyvinyl chloride; PET- polyethylene terephthalate. 
@Jot detected. 
SAverage of duplicate determinations (raa8e in brackets). 
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Fig. 3. GC-AAS chromatograms of oil samples containing (1) BuMe,Sn; (2) Bu,Me,Sn; (3) Bu,MeSn; (4) 
Cy,Me,Sn; (5) Oc,Me,Sn; (6) Cy,MeSn; (7) Ph,MeSn after (a) no sample cleanup (b) NaOH extraction 

and (c) MeOH extract cooling procedure. 
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Fig. 4. GC-MS confirmation of sunfiower oil containing 
monooctyltin (as OcMe,Sn @n/z 263 [M-CH,]+)), and 

dioctyltin (as OczMe,Sn (m/z 263 [M-C,H,,]+)). 

respectively. The presence of hydrochloric acid 
(Fig. 2) increased recoveries of dicyclohexyltin 
and triphenyltin from 67 to 82% and from 
48 to 85% respectively. Further improvements 
resulted from optimizing rotary evaporation 
and sample transfer steps in the procedure. 

The derivatization method used previously6 
was modified by replacing 18 megohm/cm water 
with 0.5M nitric acid for the final sample wash 
to eliminate emulsion formation which occurred 
in some sample extracts. 

Sample cleanup 

GC column performance degraded rapidly 
during chromato~aphy of initial (uncleaned) 
extracts, resulting in peak broadening of 
dioctyltin and tailing of triphenyltin [Fig. 3(a)]. 
The sodium hydroxide cleanup procedure, 
adapted from Martin-Landa et aLI removed 
only 1.2% of total nonvolatile coextractives and 
only slightly improved column performance 
{Fig. 3(b)]. However, cooling the methanol 
extract resulted in 63.6% reduction of non- 
volatile coextractives present and improved the 
peak area/height ratio of both dioctyl- and 
triphenyltin [Fig. 3(c)]. Column ~rfo~an~ 
could be easily maintained by silylation (using 
SilyW) followed by a bake-out period (30 min) 
after every 20-30 injections with samples that 
had been prepared using the methanol extract 
cooling procedure. 

Edible oil analyses 

Monooctyl- and dioctyltin were found in 5 
of the 15 oil samples with levels ranging from 

5.7-26.9 rig/g and 23.2-l 18.4 rig/g respectively 
(Table 3). Canadian food regulations permit 
no more than 1 lag total octyltin/g.16 No other 
alkyltins were found at levels exceeding the 
GC-AAS method detection limits. 

W-MS analysis of four oil samples 
confirmed the presence of monooctyltin [as 
OcMe,Sn (m/z 263 [M-CH,]+)], and dioctyltin 
[as Oc,Me,Sn (m/z 263 EM-C$,H,,]+)] (Fig. 4). 
No other alkyltins were detected by GC-MS. 

None of the oil samples purchased in glass 
or polyethylene terephthalate containers con- 
tained octyltins (Table 3). However, octyltins 
were present in most of the oils packaged in 
poly(viny1 chloride) containers (Table 3), 
indicating the octyltin source was probably the 
PVC container material. The absence of 
butyltins in the oil samples indicates that 
either the oil samples have not been in con- 
tact with PVC formulated with butyltin stabil- 
izers or that the oils do not extract these 
organotin compounds from the PVC shipping 
containers efficiently. 

CONCLUSIONS 

Most of the tested organotins were quanti- 
tatively recovered from oil by extraction using 
0.05% tropolone in 0.04M hydrochloric acid/ 
methanol. Edible oil samples sold in PVC con- 
tainers had monooctyl- and dioctyltin present. 
No other organotins were detected in the oil 
samples by GC-AAS or GC-MS. 

I. 

2. 

3. 

4. 
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Summary-Separation of mixtures containing hypophosphite, phosphite, orthophosphate, chloride, 
nitrate and sulphate ions has been achieved using a Vydac 300 IC 405 column, refractive index detection 
and eluents which were 2mM in p-hydroxy benzoic acid or 4mM in p-amino benzoic acid (adjusted to 
pH 5.5). Calibration curves were linear over the concentration range 3 to 30 mg P/l.; and the precision 
(RSD for peak heights in mixtures) was < f 10%. Usingp-hydroxy benzoic acid, detection of eluted peaks 
by indirect UV absorption was equally satisfactory. In an initial survey, the elution behaviour of nine 
oxyanions of phosphorus (simple ions and condensed species) was examined, using eluents containing 
different organic carboxylic acids (six aliphatic and nine aromatic), present at levels of 1 to 5mM; with 
the pH adjusted to values between 3 and 8.6. No suitable conditions for separating mixtures containing 
condensed phosphates were identified. 

A number of industrial processes produce 
wastes that contain mixtures of the oxyanions of 
phosphorus and many of the combinations have 
been analysed successfully using a dual column 
ion chromatograph and alkaline eluents, with 
detection of the eluted species being based 
(in most cases) on conductivity measurements. 
The mixtures of H,PO;, H2PO; and H,PO; 
found in plating baths have been analysed, for 
example, using eluents such as 3mM sodium 
carbonate (adjusted to pH 12 with sodium 
hydroxide’ or a 3mM solution in sodium hydro- 
gen carbonate; 2.4mM in sodium carbonate’ 
(pH 10.3). To identify the different types of 
condensed phosphates found in foods elution 
with 80mM sodium hydroxide has been used.3 
Detection based on UV absorption by deriva- 
tives formed in post column reactions [e.g., with 
Fe(III)] has been used in river water analysis 
(where the eluent was 1.5 to 8mM in sodium 
carbonate; 90mM in sodium hydroxide4) and in 
food analysis.5 

Single column HPLC procedures have not 
become as well established. In this technique the 
eluents used are usually weak organic acid 
solutions and in these acidic conditions many 
phosphorus species, e.g., hypophosphite, phos- 
phite and orthophosphate, exist predominantly 
as monovalent ions. Separation of mixtures of 
these three oxyanions has been achieved using 
a Vydac 302 column, a conductivity detector 
and 20mM succinic acid (adjusted to pH 3) as 
the eluent;6 and using a Hamilton PRP x 100 

column, 4-amino-2 hydroxybenzoic acid (4mM, 
pH 5.5-6.5) as eluent and indirect ultraviolet 
absorption detection.’ Mixtures of phosphoric, 
pyrophosphoric and tripolyphosphoric acids 
have been separated on a single column unit 
using an eluent composed of trimesic acid 
(pH 3.4) loaded with a chelating agent, e.g., 
CyDTA.* For the determination of pyro- 
phosphate and tripolyphosphate and detergent 
granules, an indirect UV detection method was 
found to be more sensitive than conductometric 
detection.’ 

Detection based on refractive index measure- 
ments appears to be an unexplored variant, 
hence in our single column ion chromatography 
study we elected to combine this detection sys- 
tem with separation on a short Vydac column. 
The eluents tested were a series of carboxylic 
acids which varied in structure, pKa, and pH 
(range 3-9). 

EXPERIMENTAL 

HPLC equipment 

The unit used contained an ETP Kortech 
solvent pump (model K35M); a separating 
column (Vydac 300 IC 405); a sample loop 
(50 ~1); a Refractive Index Detector (model 
ERC-7510); and a fast speed recorder (FSD 
10 mV, operating at a paper speed of 1 cm/ 
min). The eluent flow rate was adjusted to l-2 
ml/min. The room temperature was maintained 
at 22”. 
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For comparison studies using indirect UV 
absorbance detection, the column was con- 
nected into a Waters Associates Liquid Chro- 
matograph fitted with a Lambda-Max Model 
481 LC Spectra-photometer. The sample loop 
size in this unit was 10 ~1. 

Anion solutions 

Stock solutions (1mM) of a series of 
phosphorus oxyanions [NaH,PO,; Na,HPO,; 
Na,HPO,; NaHzP04; HPO,; (NaPO,),; 
Na,P,O,,; Na,H,P,O,; and Na,P,O,] were pre- 
pared from A. R. grade chemicals dissolved 
in purified water obtained from a Millipore, 
Mini-Q reverse osmosis system. 

Eluent solutions 

The weak organic acid solutions listed below 
were pH adjusted before being filtered through 
a 0.45-pm membrane filter and degassed under 
vacuum. Each eluent was run at three pH values 
(3.5, 5.5 and 8.6), and where additional tests 
were warranted, solutions having intermediate 
pH values were prepared. The concentration of 
acid in the eluting solution was initially 1mM; 
but with some systems the levels were varied; 
and the additional concentrations (mM) tested 
are shown in brackets for (a) aliphatic car- 
boxylic acids: acetic acid; succinic acid (0.5, 5, 
20); adipic acid (5); maleic acid (5); fumaric acid 
(3); tartaric acid (2) and (b) aromatic carboxylic 
acids: benzoic acid (2); phenylacetic acid (5); 
o-hydroxy benzoic acid (5, 7.5, 10); p-hydroxy 
benzoic acid (2, 3, 4, 5); p-amino benzoic acid 
(2, 4); o-toluic acid (3); sulphosalicyclic acid 
(0.5, 4); phthalic acid (0.5, 2); and terephthalic 
acid (0.5). 

RESULTS AND DISCUSSION 

Eluent survey 

The eluent strength of weak organic acid 
solutions tends to be a function of the molecular 
structure; the relative strength of the acid func- 
tional groups; and the system pH. Aliphatic 
acids have proved useful in some applications, 
but more widely used are aromatic mono- or 
di-carboxylic acids. The presence of substituent 
groups modifies the eluting power of these acids. 
For example, in a recent study” the effect of 
substituents on the separation of mixtures of 
monovalent (Cl -, NO;, Br -, NO;) and diva- 
lent (SO:-, SeO,Z-, SZO:-, S,O:-) inorganic ions 
was examined. For the pH range 5-7, it was 
found that the mobile phase eluent strength 

followed the order: 

o -sulfa > o-h ydroxy > p -nitro > p-amino 

> o-amino > m-amino = benzoic acid. 

A change in pH can alter the affinity of 
the analyte species for the exchange sites on 
the column packing (by altering the degree 
of protonation) while simultaneously altering 
the level of displacing anion present in the 
eluent solution, hence in our investigation, 
we sought to utilise both effects by varying 
the pH of the acid eluent systems over a wide 
range (3-9). 

Prediction of the effect of pH on elution 
patterns is difficult, due to the many competing 
equilibria involved, but many of the trends 
observed were as expected. For example, the 
elution times decreased on raising the system 
pH (or by increasing the eluent concentration) 
and when the level of displacing anions in the 
eluent became too high, the analyte species were 
swept through the column so rapidly that their 
detector signal became lost in the system peak 
observed on all chromatograms. 

In the preliminary survey, the different oxy- 
anions of P were introduced into the column as 
single component samples in order to confirm 
that the various species were being detected 
by the refractive index measurement unit. 
Systems or conditions worthy of more detailed 
study were then selected by comparing oxyanion 
elution times. A majority of the eluents tested 
proved to be unsuitable, due to P anions being 
eluted with the solvent front, or several oxy- 
anions eluted at similar rates, or an analyte 
yielded multiple peaks. Only three of the 
organic acids (para substituted hydroxy- or 
amino benzoic acid; and o-phthalic acid) could 
be classified as potentially useful (e.g., for separ- 
ating mixtures containing H, PO;, Hz PO; 
and H,PO, ) and these were then studied in 
more detail. Succinic acid was also subjected to 
further examination because it had been used 
successfully in an earlier study.6 No suitable 
conditions for separating mixtures containing 
condensed phosphates were identified. 

Separation of hypophosphite, phosphite and 
orthophosphate 

Using p-amino benzoic acid or p-hydroxy 
benzoic acid. As shown on Fig. 1, separation of 
mixtures containing hypophosphite, phosphite, 
orthophosphate, chloride, nitrate and sulphate 
ions has been achieved using a Vydac 300 IC 



Separation of oxyanions of phosphor 309 

405 column, refractive index detection and elu- 
ents which were 2mlM in p-hydroxy benzoic acid 
or 4mM in p-amino benzoic acid (adjusted to 
pH 5.5). Using p-hydroxy benzoic acid, detec- 
tion of eluted peaks by indirect W abso~tion 
was equally satisfactory. Calibration curves 
(Fig, 2) were linear over the concentration range 
3-30 mg P/l.; but the column was overloaded if 
mixtures contained more than 15 mg/l. of each 
component. Repeated analysis of this type of 
mixture was used to calculate the standard 
deviation of the various peak heights, and the 
precision was found to vary with the oxyanion 
involved. For example, the RSD values ob- 
tained using refractive index detection ranged 
from +2% (hypophosphite) to & 10% (phos- 
phite); with indirect W detection (and p-hy- 
droxy benzoic acid as eluent) the RSD values 
increased to < + 12%. 

8 

tl 2 

I I I I I I I 

0 2 4 6 8 10 12 

Time(m.ins) 

Fig. 1. Chromatograms showing the separation of mix- 
tures containing 1. hypophosphite (250/1M); 2. chloride 
(125/tM); 3. orthophosphate (250pM); 4. nitrate (125pM); 
5. phosphite (25O@Q and 6. sulfate (12S~M). s = system 
peak. Eluents used were (a). 4mM +amino benxoic acid 
@H 5.5); (b). 2mM Chydroxy benxoic acid (PH 5.5). Flow 
rate 1.5 ml/mitt, Vydac 300 IC 405 column, column tempera- 
ture 22”, refractive index detector. with the instrument 
settings used, a peak height of 10 ems corresponds to 

1 x 10m6 RI units]. 

The acid dissociation profiles of p-amino and 
p-hydroxy benzoic acid are somewhat similar 
(pK, 4.6,4.9), with both being weaker acids than 
the 4-amino-2-hydroxybenzoic acid (pKa 4.3) 
used by Mehra and Pelletier? for separating 
mixtures of a similar group of anions. The top 
phosphorus anion concentration studied by 
these investigators was 20 mg/l., and the pre- 
cision achieved with this eluent (expressed as 
RSD values) was a little better than that 
achieved in our study. 

Effective separation of phosphorous oxy- 
anions by aromatic monocarboxylic acids 
appears to be influenced more by the type 
and position of substituents, than by the pKa 
value of the acid group. For example, benzoic 
acid has a pKa value similar to that of 4-amino- 
2-hydroxybenzoic acid but it did not selectively 
elute the various oxyanion species. Equally 
unsatisfactory as eluents were o-toluic acid, 
salicylic acid (pKa 3) and sulphosalicylic acid. 

using u-p~~~alic acid. Elution with o-phthalic 
acid has been reported6 to yield poor separ- 
ations of P oxyanions and most of the results 
obtained in our study were consistent with this 
opinion. For example, at pH 3.5 the P species 
signals tended to overlap and/or give dual 
peaks for a single species. At higher pH the 
H2PO; ion travelled close to the solvent 
peak. It was found, however, that over a 
narrow pH range (5-5.5) there was separation 
of phosphite and orthophosphate ions, and with 
careful control of operating conditions (e.g., 
1mM eluent, being pumped through the column 
at 1.5 or 1.0 m/min) separation of the hypo- 
phosphite ion from the system peak was some- 
times achieved, yielding a separation of the 
three anions. The sensitivity to operating par- 
ameters and overlap of the phosphorous peaks 
with chloride and nitrate ion signals led to 
curtailment of further studies on this eluent. 

No suitable conditions for separating mix- 
tures of P oxyanions were detected using the 1,4 
isomer, terephthalic acid, as eluent. 

Eiution behaviour using a~ip~a~ic carboxylic acids 

Succinic acid. Separation of H, PO;, H2 PO; 
and H,PO; has been achieved6 using 20mM 
succinic acid (adjusted to pH 3) as eluent, but 
small changes in pH were found to have a 
marked influence (e.g., at pH 3.5 the three peaks 
totally overlapped). Since at pH 3, only about 
8% of the diprotic acid would be ionized it was 
predicted that more dilute solutions (e.g., 0.5, 
1.0 or 2.0mM), adjusted to a slightly higher 
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Fig. 2. Calibration curves for hypophosphite (O), orthophosphate (m) and phosphite (A) ions; eluted 
at pH 5.5 from a Vydac column (300 IC 405) using an eluent flow rate of 2 ml/min. (a). Eluent, 4hydroxy 
benzoic acid (2mM), refractive index detector; (indirect UV absorbance detection, dotted lines). (b). 
Eluent, 4-amino benzoic acid (4mM), refractive index detector. pith the instrument settings used, a peak 

height of IO cm corresponds to 1 x lOA RI units or 2 x 10e3 absorbance units]. 

pH (e.g., 3.5), could be equally effective. This 
proved to be a faulty premise, since in our study 
where we used these different conditions, the 
h~phosphite ion tended to come out with 
the solvent peak and the other oxyanions of 
phosphorus tested were rarely resolved. 

Adipic, male& fumaric and tartaric acids. 
These four di-carboxylic acids showed no 
tendency to selectively elute the various phos- 
phorous oxyanions, but the varied responses 
again showed the influence of molecular struc- 
ture effects. For example, the dissociation con- 
stants for the two acid groups on adipic acid 
are reasonably similar to those of o-phthalic 
acid, but the absence of the aromatic ring 
resulted in greatly different elution behaviour. 
Tartaric acid has a species distribution pattern 
(as a function of pH) which is similar to 
fumaric acid, but these two acids yielded 
different (but equally unsatisfactory) elution 
patterns. Maleic acid and fumaric acid are the 
cis and tram isomers of the same basic molecule 
(HOOOC . CH = CH . COOH) but the pKa of 
the acid groups varies between the isomeric 
forms, and this was reflected in the eluting 
power. 

Mono-carboxylic acid. The pKa value for 
acetic acid is similar to that of the two aromatic 
acids found to yield satisfactory separation of 
some P anions but the difference in size and 
chemical nature of the displacing ion led to 
completely different results. The introduction of 
a phenyl group into the base molecule altered 
elution behaviour, but did not facilitate 
separations. 

In the survey of single analyte behaviour the 
refractive index detector yielded peaks for each 
of the anions tested, but those from condensed 
phosphates tended to be broad or distorted. 
The calibration graphs shown on Fig. 2 indicate 
the different responses observed for H,PO$-‘, 
H,PO’,-) and H,PO$-) ions and it can be seen 
that for these three oxyanions, the peak heights 
for 1mM (i.e., 31 mg P/l.) solutions ranged from 
0.5 to 2.0 x low6 RI units. Detector responses of 
similar magnitude were obtained using indirect 
UV detection (cjY Fig. 2). A similar type of 
calibration plot was obtained in an earlier 
study’ which also used indirect UV absorbance 
as the detection mode, but where the eluent was 
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4-amino-2 hydroxy benzoic acid. As expected, Acknowledgements-This project was supported by funds 

peak width varied with the retention time, which 
made available by the Australian Research Committee, 

in turn varied with system pH and nature of the 
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eluent. There were occasions when an oxyanion 
of phosphorus yielded more than one peak, and 
no satisfactory explanation for this behaviour 
has been found. 

2. 

General comments 

Examination of the effect of pH on species 
distribution patterns for the various organic 
acids studied provided only limited guidance 
with respect to selecting operating conditions 
suitable for separating mixtures containing 
oxyanions of phosphorus. Despite the wide 
range of eluents tested and pH values used, this 
investigation did not find any system which 
effectively separated mixtures of condensed 
phosphate anions but it did discover two 
alternative reagent systems for separating hypo- 
phosphite, phosphite and orthophosphate mix- 
tures. It also demonstrated that refractive index 
detection could be used in analyses of this type. 
The same detector mode proved useful in an 
earlier study of the separation of sulfite, sulfate 
and thiosulfate.” 
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Summary-The electrochemical properties of zopiclone, an anxiolytic and hypnotic drug, have been 
investigated by different techniques. The compound is reduced in two 2-electron steps in the pH range 
O-12. The first step, which corresponds to the reduction of the pyrazine ring, is reversible in acidic and 
neutral solutions. Strong adsorption phenomena accompany the reduction process in acidic and neutral 
media. Zopiclone can be quantitatively measured over the entire pH range using DC polarography. 
However, the use of differential pulse and square-wave modes for quantitative measurements is more 
limited due to a slope modification in the current-concentration relationship. Adsorptive stripping voltam- 
metry can be applied to the determination of low levels of the drug at pH 9, but only short deposition 
times may be used because large amounts of material accumulated under stirring conditions due to fast 
adsorption kinetics are rapidly released from the electrode surface. Detection limits are 1 x lo-‘M and 
2 x 10-‘“M for polarography and adsorptive stripping voltammetry, respectively. only the first wave is 
of analytical interest for both techniques. 

Zopiclone (4methyl- 1 -piperazine carboxylic 
acid, 6-(5-chloro-2-pyridy1)-7-oxo-6,7-dihydro- 
5H-[3,4b]pyrrolo-5-pyrazinyl ester) is a new 
derivative of the cyclopyrrolone family. This 
compound has a chemical structure quite differ- 
ent from that of benzodiazepines but exhibits 
similar pharmacological effects, mainly anxio- 
lytic and hypnotic properties,‘-3 which have 
often been compared with those of triazolam.“6 
The piperazinyl carbamate moiety is important 
for the interaction of the drug at the receptor 
sites.’ 

A polarographic investigation of zopiclone 
has been carried out using direct current, differ- 
ential pulse and square-wave techniques and 
cyclic and adsorptive stripping voltammetry. 
The electrochemical properties of the pyrazine 
ring, which is to be considered as a probable 
electroactive site of zopiclone, is well docu- 
menteda’4 but only the marked infhtence of small 
substituents has been investigated. The aim of 
this work is to determine the redox behavior 
of this more substituted pyrazine derivative in 
aqueous solutions and to compare the results 
with those presented in the literature. 

From a pharmacological point of view, the 
knowledge of the electroanalytical properties of 
a drug is always of interest for further applica- 
tions, in raw material or in biological fluids. The 
optimal conditions for its quantitative deter- 
mination have also been developed. To our 
knowledge, only gas’5.16 and liquid” chromato- 
graphic techniques have been applied to the 
determination of zopiclone. 

EXPERIMENTAL 

Apparatus 

DC polarographic analysis was performed 
using a PRG 34 Tacussel instrument equipped 
with a three electrode cell. The potentials are 
referred to the saturated calomel electrode 
(SCE), and unless otherwise stated, the follow- 
ing parameters were applied: drop time: 1.1 set; 
scan rate: 5 mV/sec. 

DP, SW and adsorptive stripping measure- 
ments were performed using a PAR 3&4B Polaro- 
graphic analyzer equipped with an SMDE 303A 
stand and a Houston DMP 40 plotter, the 
following parameters being employed: DP 
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Cl 

Fig. 1. Structures of Compounds Studied. I. Zopiclone (27.267 RP). II. 6-(Whloro-2-pyridyl)+hydroxy- 
7-oxo-6,7-dihydro-SH-[3,4b]pyrrolopyrazine (29.307 RP). III. 6-(5-Chloro-2-pyridyl)-7-oxo-6,7-dihydro- 

SH-[3,4b]pyrrolopyrazine (48.497 RP). IV. 2-Amino-S-chloropyridine (26.695 RP). 

polarography: scan rate: 5 mV/sec, pulse 
height: 25 mV; SW voltammetry: pulse height 20 
mV, frequency: 100 Hz, scan rate 200 mV/sec. 
Cyclic voltamperograms were recorded with a 
PAR 174A polarograph coupled with a PAR 
175 programmer for scan rates up to 500 
mV/sec and with a PAR 273 potentiostat mon- 
itored by an IBM XT computer for higher scan 
rates. These instruments were coupled with a 
PAR 303 and 303A stand, respectively. DP, 
SW and cyclic voltamperograms were plotted 
against a Ag/AgCl/saturated KC1 reference 
electrode. 

Reagents 

Zopiclone and its precursors were graciously 
provided by Rhone-Poulenc, Brussels, Belgium. 
These compounds (Fig. 1) were used without 
further purification. A 0. 1M Britton-Robinson 
buffer adjusted with sulfuric acid or sodium 
hydroxide was used, the absence of interaction 
between the investigated compound and each 
component of the buffer having been verified. A 
stock 2 x 10e3M solution, renewed daily, was 
prepared in 2-propanol. The working solutions 
were prepared by dilution of the stock solution 
and contained 10% 2-propanol. 

RESULTS AND DISCUSSION 

Influence of pH 

Zopiclone was studied in the pH range 1-12. 
The drug is reduced at the dropping mercury 
electrode in two waves of about the same height 
(Fig. 2). Intensities of both waves decrease to 

about half of their initial values between pH 9.5 
and 10.5 and recover their initial heights above 
pH 10.5. The first wave decreases slowly with a 
further increase in the pH. Between pH 9.5 and 
10.5, three small additional waves appear before, 
between and after the main waves (Fig. 2). 

First wave 

The first wave corresponds to a two-electron 
transfer as indicated by controlled potential 
coulometry performed in both neutral and 
very alkaline solutions. Its half-wave potential 
is shifted towards more negative values with 
increasing pH up to pH 10, by 57 mV/pH unit 
(Fig. 3). A small break appears at this pH value 
and the slope becomes equal to 36 mV/pH unit 
at higher pH’s. 

Electrode mechanism. Logarithmic analysis 
of the wave in acidic medium exhibits two 
segments with slopes very close to 30 mV. This 
slope increases to 39 mV in neutral solution and 
48 mV at pH 12.5, indicating that the process 
is reversible in acidic medium, becomes quasi- 
reversible at pH 7.0 and irreversible above 
pH 10. This behavior is confirmed by cyclic 
voltarnmetry (Fig. 4). In very acidic medium 
(1 M perchloric acid), the well defined reduction 
peak gives rise to a re-oxidation peak but only 
at high scan rates, even when the scan is 
reversed after the first peak. The ratio ipa/ipc 
remains lower than unity, indicating an EC 
mechanism. 

The linear increase of the reduction peak 
current with the square root of the scan rate and 
the independence of i,,/v”* as a function of log 
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V vs SCE -0.8V 

Fig. 2. DC Polarograms of 2 x lo-‘M zopiclone in O.lM B&ton-Robinson buffer. pH = (1) 2.0; (2) 5.0; 
(3) 7.0; (4) 8.2; (5) 9.2; (6) 9.8; (7) 10.0; (8) 10.6; (9) 11.0; (10) 0.2M NaOH. 
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v shows the diffusion control of the process. 
However, adsorption appears at high scan rates 
(10 V/set). Reversibility is confirmed by the 
independence of the peak potential against the 
scan rate. 

Conducting similar experiments with solutions 
of increased pH shows that adsorption phen- 
omena become more important and result from 
the adsorption of the reduced species. An adsorp- 
tion peak precedes the reduction peak at pH 7 

while the reoxidation peak becomes sharper 
[Fig. 4(B)]. The influence of adsorption can be 
minimized, but not eliminated, by addition of 
40% ethanol to the solution [Fig. 4(C)]. The 
process remains reversible at pH 7 [Fig. 4(B),(C)] 
but the rate of the chemical reaction involved in 
the EC mechanism decreases with increasing pH 
and the i,,.Ji, ratio is equal to unity at slow scan 
rates (< 50 mV/sec) and reaches 1.5 at higher 
scan rates (see below: second wave). 

-1.5 

I 

Fig. 3. 

PH 

Half-wave potentials as a function of PH. Zopiclone I, 2 x IO-‘M -. Compound II, 
2 x lo-‘M . . . . Compound III, 2 x lo-‘M ---. A: Wave 1; B: Wave 2; C: Wave 3. 
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Potential V vs. Ag/AgCI 

Fig. 4. Cyclic voltamperograms of 2 x 10m4M zopiclone. A: IM HCIO,, (I) 500 mV/sec, (2) 100 mV/sec; 
B: pH 7, (1) 200 mV/sec, (2) 50 mV/sec; C: pH 7 and 40% ethanol, (1) 200 mV/sec, (2) 50 mV/sec; 

D: pH 12.5, (1) 200 mV/sec, (2) 50 mV/sec. 

inverse situation occurs at pH 12.5 
[Fig. 4(D)]. The disappearance of the reoxidation 
peak and the negative shift of the reduction peak 
potential with increasing scan rate confirms the 
irreversibility established by the logarithmic 
analysis. The decrease of ip vs. v ‘D and of i,/v ‘j2 
VS. log v with increasing scan rate shows a kinetic 
complication and the appearance of a CE mech- 
anism. This corresponds to the reduction of the 
unprotonated form. Protonation takes place at 
the electrode surface before the electron transfer, 
as has been demonstrated elsewhere,89 the pK 
value determination for zopiclone (pK = 10.25) 
being similar to those established by these 
authors for substituted pyrazines. 

Reduction mechanism. The above described 
results indicate that the first wave can be attrib- 
uted to the reduction of the pyrazine ring, giving 
rise to the corresponding 1 ,4-dihydropyrazine 
derivative, according to a reversible two-electron 
process.‘o-‘3 It has been previously established 
that such a process is followed by a hydrolysis 
reaction of the formed 1 ,Cdihydropyrazine into 
an amino-aldehyde in acidic medium’3*‘4 which 
cannot be reoxidized [see disappearance of the 
reoxidation peak at slow scan rates, Fig. 4(A)]. 
By increasing the pH, the kinetics of the 
chemical reaction are decreased and reoxidation 
may occur, even at slow scan rates [ipa& = 1, 

Fig. 4(B),(C)]. In alkaline solution, the process 
becomes irreversible due to a tautomerization 
reaction of the 1,Cdihydropyrazine into a less 
oxidizable 1,2- or 1 ,6-dihydropyrazine.‘0*‘4 

Both the stability of the l&dihydropyrazine 
and hence the reversibility of the process highly 
depend on the substituent on the pyrazine 
ring.“‘3 Electron-withdrawing substituents (pyr- 
azinamide, pyrazine carboxylic acid) enhance 
the lifetime, while electron-releasing substitu- 
ents (methylpyrazines) decrease this lifetime. 
Reversibility of this last group thus appears 
in a more restricted range of pH and/or scan 
rates. 

In zopiclone, the pyrazine ring is substituted 
by a hydropyrrolone moiety which is itself sub- 
stituted at the C5 and N6 atoms. Considering 
the extended reversibility of the reduction of 
zopiclone, as well as its reduction potential 
(intercept of the E-pH relationship at -0.300 
V us. SCE), which are similar to those of the 
unsubstituted pyrazine,” the behavior of zopi- 
clone can be regarded as intermediate between 
pyrazinamide and methylpyrazine.13 In fact, the 
hydropyrrolone substituent can be considered 
as an amido group on C3 and a methyl group 
on C4 of the pyrazine ring. This explains the 
stability and hence the wide pH range in which 
reversibility is observed for zopiclone. 
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It should be noted that substitution of the 
hydropyrrolone ring by the Cmethyl-l-piper- 
azine carboxylate moiety does not modify the 
behavior of the first wave. This has been demon- 
strated by performing similar experiments on 
compounds II and III (E-pH relationships 
in Fig. 3). The main difference is in a more 
pronounced decrease of the first wave of com- 
pound II above pH 10.5 and its disappearance 
at pH 11.5. 

at pH 9.5. Its half-wave potential shifts nega- 
tively by 100 mV/pH with increasing pH [Fig. 
3(C)]. In the presence of 40% ethanol, this third 
wave is completely removed and the second 
wave becomes better defined and of the same 
height as the first one. 

Although most of the electrochemical charac- 
teristics of substituted pyrazines are encountered 
with zopiclone, two different behaviors are 
unusual. Pyrazine derivatives generally involve 
a protonation step before the 2e-2H transfer 
occurs.“‘3 This appears in the E-pH relation- 
ship, the slope of which is about 90 mV/pH 
between pH 2 and 7. This preprotonation step 
does not occur or else it occurs in the bulk 
solution rather than at the electrode during 
reduction of zopiclone, since a slope of 57 mV/ 
pH is observed between pH 0 and 10, indicating 
a classical 2e-2H exchange. On the other hand, 
pyrazine compounds are often reduced in 
two one-electron steps in very acidic solutions, 
i.e., the first wave splits into two separated 
one-electron waves.‘0q’2*‘3 This never occurs with 
zopiclone, even in 1M perchloric acid. 

Electrode mechanism. Logarithmic analysis 
of the second wave exhibits two slopes: 44 and 
74 mV/log unit in acidic solutions and 50 and 68 
mV/log unit in alkaline medium, demonstrating 
the irreversibility of the process at all pH values. 
Cyclic voltammetry confirms these results but 
brings some additional information. In acidic 
solutions, the second wave appears as a shoulder 
to the supporting electrolyte discharge current 
[Fig. 4(A)], but only at high scan rates (>0.5 
V/set in 1M perchloric acid, >0.2 V/set at pH 
3.25). No reoxidation peak can be seen before 
that of the first process. At pH 7, a flat peak 
corresponding to the second wave is followed by 
a sharp peak corresponding to the third wave 
[Fig. 4(B)]. This last peak disappears in the 
presence of 40% ethanol and the second wave 
becomes more defined and has the same intensity 
as the first one [Fig. 4(C)]. 

Second wave 

Zopiclone exhibits a second wave over the 
entire pH range (Figs. 2 and 3). This ill-defined 
wave appears near the discharge of the support- 
ing electrolyte. It becomes inhibited at pH 8 
and exhibits a maximum between pH 8.5 and 
10.0. Its intensity is somewhat higher than that 
of the first wave in acid and neutral medium and 
it decreases between pH 9.5 and 10.5, as does 
the first wave, and regains its initial value above 
pH 10.5. Its height remains constant when the 
pH is further increased. The half-wave potential 
of this wave is also shifted negatively with 
increasing pH [Fig. 3(B)] but the relationship 
exhibits two slopes, 67 and 41 mV/pH succes- 
sively, with a break at pH 5. The potential 
becomes somewhat less negative above pH 10 
(pK of the pyrazine ring) and then shifts by 52 
mV/pH when pH is again increased. 

This means that the second process, developed 
in this last case with low interference from 
adsorption phenomena, also involves a two- 
electron transfer and that the higher intensity 
of the second wave as well as the presence of the 
third wave in the absence of ethanol result from 
adsorption phenomena. In fact, the third wave 
corresponds to the same process as the second 
one but from an adsorbed state. When the poten- 
tial of the third wave is reached, the adsorbed 
molecules are desorbed and immediately 
reduced. 

A study performed as a function of concentra- 
tion shows that, if both the first and the second 
waves increase linearly with this parameter, 
the third wave appears only for relatively high 
concentrations. The lowest limit for which this 
third wave appears depends on the pH since 
adsorption increases with increased pH and the 
higher the pH, the lower will be the critical 
concentrations. Two peaks of similar height are 
recorded at pH 12.0 where adsorption problems 
are very low [Fig. 4(D)]. 

Between pH 5 and 9 the second wave is The negative shift of the peak potential with 
immediately followed by a very steep third wave increasing scan rate confirms the irreversible 
situated very closely to the supporting electro- character of the process. Analysis involving the 
lyte discharge. (not represented in Fig. 2). The peak current is not possible in acidic medium 
height of this third wave is similar to that of the due to the disappearance of the peak at low 
second wave and is constant between pH 5 and scan rates. At pH 7, both the ip vs. v and ip/v vs. 
8. It strongly decreases at pH 9 and disappears log v relationships show that strong adsorption 
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phenomena are involved but are lowered by 
ethanol additions. As with the first peak, the 
second peak exhibits a kinetic character at pH 
12 due to a protonation reaction preceding the 
electron transfer. 

Reduction mechanism. Very little information 
can be found about the second wave, whenever 
present, of pyrazine derivatives. Volke et al.” 
evoke a “probable” further reduction of the 
l,~d~ydropyr~ne ring leading to the tetra- 
hydro derivative. Armand et a1.,14 working 
in alkaline medium, demonstrated that some 
2,3-disubstituted pyrazines undergo a first 
reversible two-electron transfer giving rise to 
the 1,4-dihydro derivative, which is further 
irreversibly reduced to the 1,2,3,4-tetrahydro 
compound. Nevertheless, the phenomenon 
with zopiclone allows us to make some observ- 
ations of the behavior of the second process, 
but the reduction site cannot be defined 
definitively. 

The fact that the second peak only appears at 
high scan rates in acidic medium [Fig. 4(A)], 
meaning that time is too short to allow hydro- 
lysis of the 1,Cdihydro derivative, shows that 
the second process is related to the pyrazine 
ring; a further reduction of 1,4-dihydropyrazine, 
or the reduction of another site (i.e., the hydro- 
pyrrolone ring) is possible only when it is next 
to the intact 1,4-dihydropyrazine ring, but 
impossible when that ring has been hydrolyzed 
to the aminoaldehyde structure (in acid solution). 
A further reduction of the 1,4-dihydropyr~ne 
is doubtful since such a process is irreversible 
and the reoxidation peak of the first process 
should be absent. This would mean that another 
site should be involved. 

The structure of zopiclone allows consider- 
ation of only the cleavage of the hydropyrrolone 
ring. Such a reductive cleavage should occur 
between the C5 and N6 atoms, this bond having 
reduced stability in the hydro-pyrrolone ring, 
mainly when next to a rigid cycle (dihydropy- 
razine) instead of two separated groups (amino 
aldehyde). Such a behavior has been previously 
pointed out with piroxicam.“*i9 In such a case, 
the nature of the substituent at the C5 position 
should influence the reduction potential of the 
second wave. 

In fact, the removal of the ester group (com- 
pound II) or its replacement by a hydroxy group 
(compound III) modifies the E-pH relationship 
[Fig. 3(B)]. Compound III remains more easily 
reduced than zopiclone up to pH 9.5, while com- 
pound II is reduced at less negative potentials 

in acidic solutions but at more negative values 
between pH 7 and 10.5. The wave disappears 
between pH 5 and 7, but the third wave remains. 
The third wave of the three compounds are 
su~~rn~~ [Fig. 3(C)], indicating that their 
reduction potentials are governed by the desorp 
tion process and that adsorption results from 
an identical part of the molecules, i.e., the 
pyrrolopyrazine moiety. 

The situation becomes more complex in 
alkaline medium where the second wave of each 
compound (I, II and III) appears at similar 
potentials and is shifted in the same manner 
with pH [Fig. 3(B)]. The first hypothesis which 
comes to mind is that zopiclone undergoes a 
hydrolysis of the ester function in alkaline 
solution, giving rise to compound III. This would 
mean that the hydroxy group has no more 
influence on the reduction potential between pH 
10.5 and 12, in opposition to the marked influ- 
ence exhibited between pH 7 and 10 [Fig. 3(B), 
compounds II and IIQ While this hydrolysis 
of the ester function probably occurs, another 
chemical reaction would take place as indicated 
by the following experiments. Two samples of 
zopiclone were treated, respectively, with a pH 9 
Button-Robinson buffer and with 0.05M sodium 
hydroxide. Their ~chloromethane extracts were 
submitted to thin layer chromatographic separ- 
ation. Both samples show that zopiclone has 
completely disappeared. Neither compound II 
nor compound III can be detected, invalidating 
the above hypothesis, but amin~hloropy~dine 
(Arnold IV) has been formed. Chloropy~dine 
is not detected. 

A zopiclone solution treated with 0.05M 
sodium hydroxide has also been investigated 
polarographically as a function of PI-I. Two to 
four waves were recorded, depending on the pH, 
but they cannot be correlated to any wave of 
compounds I to III, of pyrazine carboxylic acid, 
nor those of pyrazinamide recorded under the 
same conditions, However, the first wave splits 
into two waves in very acidic solution and the 
reduction potential of this wave is shifted by 100 
mV/pH up to pH 7, meaning that one or more 
simpler derivatives of pyrazine (Le., hydroxy- 
methylpyrazine carboxylate) have heen formed 
by a complex reaction involving the hydro- 
pyrrolone ring. In such a case, the second wave 
can no longer be attributed to the cleavage of 
this ring but to a further reduction of the di- 
hydropyrazine resulting from the first electron 
transfer.“*i4 This would also explain the unusual 
positive shift in the potential of the second wave 
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at pH 9.5 as the pH is increased when this 
chemical modification occurs [Fig. 3(B)]. 

Influence of concentration 

The influence of zopiclone concentration on 
the polarographic response was investigated 
between 1 x 10e6M and 2 x 10e4M. The drug 
can be determined quantitatively, but the results 
which are summarized in Table 1 depend highly 
on the pH and on the applied wave form. It can 
be deduced from Table 1 that DC polarography 
exhibits a better linearity for each investigated 
pH and over a wider concentration range, 
except at pH 11. DP and SW modes generally 
exhibit a slope modification in this relationship 
due to the adsorption phenomenon occurring 
with zopiclone. The higher concentrations offer 
higher slopes in acidic media, the opposite 
situation occurring at pH 11. The concentration 
at which this break in the slope appears depends 
on the applied wave form. 

When it can be used, the SW mode provides 
a higher sensitivity. Except at pH 11, only the 
first wave is to be considered for analytical 
purposes, the second one giving rise in most 
cases to a non-linear increase of the current with 
increasing concentration. This is to be attributed 
to the strong adsorption of the compound pro- 
duced in the first reduction step in acidic and 
neutral solutions. 

Adsorptive stripping voltammetry 

Adsorptive stripping measurements have been 
performed on the first reduction wave. Prelimin- 
ary studies have demonstrated the usefulness 
of the square-wave mode which provides a 
hundred-fold enhancement in the response. 

Influence of PH. An adsorptive study per- 
formed as a function of pH shows that the peak 
intensity remains very low below pH 6 and does 
not increase linearly with either the concentra- 
tion or the deposition time. Above pH 6, a well 
defined peak is recorded, its intensity increasing 
regularly up to pH 9.5. It decreases abruptly 
above this value due to the degradation process 
which takes place. The degradation product of 
zopiclone is not accumulated in very alkaline 
medium. Since the solutions are stable enough 

at pH 9.0 (several hours) to perform adsorptive 
measurements, this pH value has been selected 
as providing the highest sensitivity. However, in 
order to verify that these results are not affected 
by the degradation process, the experiments on 
deposition and concentration were repeated at 
pH 7 where the compound is stable (see below). 

Influence of the supporting electrolyte. The 
nature and the concentration of the supporting 
electrolyte may strongly influence the voltam- 
metric response. Table 2 summarizes the peak 
potential and intensity and the half-peak width 
for seven buffered or unbuffered media. Com- 
pared with the values obtained with sodium 
sulfate or perchlorate from which low adsorption 
interference is expected, borate and acetate 
buffers partially inhibit the accumulation process 
while tris-HCl buffer enhances the peak height. 
The latter was selected for further investigations. 

The highest sensitivity is provided by a 
O.lM tris-HCl concentration. The peak height 
decreases below 0.05M and above 0.3M. The 
same experiment repeated using a constant 
ionic strength demonstrates that the addition of 
as low as 1 x 10m4M tris-HCl in a 0.1 it4 sodium 
sulfate solution enhances the peak current by 
a factor of two, the intensity becoming stable 
above 1 x lo-‘M. However, reproducibility is 
not as good as that observed with 0.1 M tris-HCl 
alone. 

This behavior may be attributed to a co- 
adsorption of the buffer molecules which 
increases the amount of accumulated zopiclone. 
At high tris-HCl concentrations (above 0.3M), 
the adsorption of the buffer becomes competitive 
and inhibits accumulation of the drug. 

Znjuence of the operating parameters. Maxi- 
mum accumulation occurs between -0.4 and 
-0.6 V vs. Ag/AgCl for both pH 7 and 9 
solutions. A deposition potential of -0.6 V has 
been selected for both pH values. 

Unusual behavior has been observed from 
studying the influence of the deposition time 
(Fig. 5)._ At each investigated concentration, 
ranging from 1 x 10e9 to 1 x 10e7M, at pH 9 
a linear relationship exists between the peak 
current and the deposition time up to 30 set 
only, the maximum response being obtained 

Table 2. Adsorptive stripping voltammetry of I x lo-‘M zopiclone. Influence of the nature of the supporting electrolyte 
(O.IM), pH = 7.0, E, = -0.6 V us. Ag/AgCI, r,, = 30 set 

Acetate Phosphate Borate Tris-HCl NaClO, KC1 Na,SO, 

Ep 0’) -0.854 -0.860 -0.790 -0.814 -0.924 -0.920 -0.926 
(nA) 

wf(mV) i,, 
601 1365 435 2872 1446 1179 1296 

55 54 90 50 75 88 85 
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Deposition time, see 

Fig. 5. Adsorptive stripping voltammetry of zopiclone. Peak 
current as a function of the deposition time. 0. 1M tris-HCI 
buffer, E, = -0.60 V vs. Ag/AgCl, zopiclone wncentra- 
tion = (1) 1 x 10vgM, (2) 3 x 10-‘&f, (3) 1 x IO-*M, (4) 
3 x IO-W, (5) 1 x IO-‘Af, (6) 3 x lo-rM, (7) 1 x IO-‘M. 
l-5: accumulation under stirring; 6,7: accumulation without 

stirring. 

between 30 and 45 sec. The current decreases 
rapidly above 45 set to become negligible 
after 120 sec. A similar situation occurs at 
pH 7 using the same buffer; the maximum 
current is recorded between 30 and 45 set and 
decreases after 45 set as rapidly as observed 
at pH 9. 

The fact that the current increases with the 
concentration but decreases with time indicates 
that the behavior is to be attributed to a release 
of the adsorbed material with time, not to a 
saturation of the electrode surface. 

The same experiments repeated with a 
deposition step performed without stirring show 
that linearity is extended up to 120 set (Fig. 5). 
With further accumulation time, the current 
levels off and does not decrease. This means that 
accumulation performed under stirring condi- 
tions gives rise to a metastable adsorbed layer, 
with a subsequent slow equilibrium provoking 
the release of a significant portion of the 
molecules instead of their rearrangement at the 
electrode surface to give a more stable adsorbed 
layer. The slower accumulation occurring in 
quiescent solution gives rise to a stable configur- 
ation of the adsorbed molecules. This behavior 
is observed at both pH 7 and 9. 

The same experiment has been performed 
using three different supporting electrolytes: 
acetate buffer, sodium sulfate and sodium per- 
chlorate. Again, the voltammetric response in 
stirred solution exhibits a maximum between 
30 and 60 set, depending on the nature of the 
supporting electrolyte, but lower currents are 
recorded (Table 2). This means that this unusual 
behavior must be attributed to zopiclone itself, 
not to a surface interaction of the tris-HCl 
buffer. 

E$ect of concentration. The above described 
behavior is also reflected in the plots of the peak 
current as a function of the concentration for 
different accumulation times. Tables 3 and 4 
compare the characteristics of the calibration 
curves established at pH 7 and 9. It can be 
deduced that the neutral pH provides enhanced 
sensitivity (slope) but with lower precision. For 
each applied deposition time, a break appears 
in the linearity range with stirred solutions at 
1 x 10m9it4 at pH 7 and at 1 x IO-‘M at pH 9. 

Table 3. Adsorptfve stripping voltammetry of zopiclone. Calibration curves. O.lM 
tris-HCI bulfer, pH = 7.0, E, = -0.6 V vs. Ag/AgCl 

2% 
15 

30 

30* 
45 

60 

60’ 
120 

120* 

Linearity range 
(W 

Equation 
(slope in ~uA/IO-~M) 

1 x lo-‘O-1 x 10-r y = 15.5 x + 2.3 
1 x 10-9-l x IO-’ y=ll.lx-7.9 
I x lo-‘0-l x 10-g y=25.8x+l.l 
1 x lo-g-1 x lo-’ y = 15.2 x - 12.9 
1 x 10-9-l x IO-’ y = 5.5 x + 5.5 
1 x lo-‘O-1 x 10-g y = 27.6 x + 2.4 
1 x 10-9-l x 10-7 y = 13.1 x - 15.3 
1 x lo-‘O-1 x 10-9 y = 26.7 x - 0.8 
1 x 1o-9-1 x 10-7 y=8.lx-8.8 
1 x 1o-g-1 x 10-7 y = 7.7 x + 8.3 
1 x 1o-9-1 x lo-’ y-2.7x+1.1 
1 x lo-*-l x 10-7 y = 2.2 x - 4.4 
1 x 1o-g-1 x lo-’ y = 10.9x -2.1 

Correl. COCK 

0.998 

Z:Z 

:Z 
0:945 
0.999 
0.969 
0.997 
0.998 
0.999 
0.997 
0.100 

2.7 
2.0 
2.4 
4.1 
0.7 

*Accumulation performed without stirring. 
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Table 4. Adsorptive stripping voltammetry of zopiclone. Calibration curves. O.lM 
tris-HCl buffer, pH = 9.0, Eti = -0.6 V us. Ag/AgCl 

&) 
Linearity range Equation 

W) (slope in nA/10-9~) Co&. coeff. (a) 

15 1 x lo-9-l x 10-s y = 13.6 x + 0.2 0.100 1.2 
1 x lo-6-8 x 10-a y = 18.0 x + 4.2 0.993 5.8 

30 2 x lo-‘O-1 x 10-s y = 21.3 x + 6.4 1.4 
1 x 10-s-8 x 10-8 y = 33.9 x + 8.1 

8:E 
2.8 

30* 1 x lo-9-l x lo-8 y = 3.5 x - 0.8 0.998 2.8 
1 x lo-8-8 x 10-s y = 6.3 x - 3.4 0.996 

45 4 x lo-‘O-1 x 10-n y =29.6x +O.l 0.991 E 
1 x 10-s-8 x 10-s y = 35.0 x + 9.8 0.100 1:3 

60 2 x lo-‘O-1 x 10-s y = 17.7 x - 2.4 0.999 1.4 
1 x 10-s-8 x 10-s y = 19.5 x - 6.7 0.100 0.4 

602 1 x 10-9-l x 10-s y =7.0x -4.3 0.999 2.5 
1 x 10-s-8 x 10-s y = 9.8 x - 8.9 0.999 1.6 

120 1 x 10-9-l x lo-8 y = 3.6 x - 0.8 0.994 5.3 
1 x 10-s-6 x 10-n y = 3.2 x + 1.7 0.999 1.3 

1205 1 x lo-9-l x lo-8 y = 17.4 x - 8.4 0.999 1.9 
1 x 10-r-6 x 10-r y = 19.1 x - 17.3 1.000 0.1 

*Accumulation performed without stirring. 

The slopes at the two pH values are similar 
before the break, but pH 9 provides a higher 
slope after the break, giving rise to a better 
sensitivity. This is attributed to a modification 
of the adsorption pathway which is strongly 
inlhtenced by pH, as demonstrated above by 
polarography and cyclic voltammetry. 

Despite the particular adsorptive behavior of 
zopiclone, the optimal analytical conditions can 
be summarized as follows: 0.1 M tris-HCl buffer 
at pH 9 with an accumulation step of 30 set 
performed at -0.6 V OS. Ag/AgCl under stirring 
conditions and a rest period of 5 sec. A 120~set 
collection time without stirring provides a lower 
sensitivity but a higher precision. If it is required 
by the analysis conditions, a pH 7 tris-HCl 
bulfer can be utilized with the same conditions 
but the lower limit is fixed at 1 x lo-‘M. 

It is to be noted that the kinetics of the 
accumulation process are very fast at both 
pH values since very low concentrations (1 or 
2 x lo-I’M) can be investigated using a short 
deposition time (30 set). Most adsorptive 
procedures using similar convection conditions 
require longer times (120-300 set) for measure- 
ments at these concentrations.“-22 This fast 
kinetic behavior could be used to advantage to 
perform adsorptive voltammetric detection in 
flow injection analysis, as well as for the analysis 
of complex media (biological or environmental) 
in which an interfering compound is more 
slowly adsorbed. 
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Summary-The electrooxidation of mitoxantrone (MXT) on carbon paste electrodes was studied using 
voltammetric techniques in adsorption conditions. The analyte was accumulated at the working electrode 
(a carbon paste electrode) under precisely controlled mass-transport conditions and stripped electrochem- 
ically in the same solution. An electrode pretreatment is proposed which shows good reproducibility of 
the analytical signal (0.81%). The stripping step was studied with alternating current voltammetry 
providing a linear response in the concentration range 5 x lo-” to 7 x 10-‘“M in aqueous samples. 
Finally, a method using the medium exchange and AC phase-selective adsorptive stripping voltammetry 
technique was proposed for MXT analysis in urine samples. 

Mitoxantrone [Fig. 1, 1,4-dihydroxy-5,&bis (2- 
(Zhydroxyethl) aminolethyl amino) 9, lo-an- 
thracenedione dihydrochloride] belongs to a 
new structural class of antineoplastic agents, the 
anthracenediones. A large series of analogues 
have been synthesized with structural features 
predicted to favour intercalation with DNA. 
After initial studies, MXT was selected for 
clinical trials on the basis of its potency and 
excellent antitumour activity in mice.lq 

Due to the continued use of MXT in clinical 
trials several analytical methods have been 
developed for its determination. The main 
emphasis has been on chromatographic5-I5 and 
immunoassay methods ‘w’ of analysis. However, 
some fundamental electrochemical studies deal- 
ing with the polarographic behaviour of MXT 
in the presence of cuprous and cupric salts have 
been carried out, and a probable explanation of 
its antitumour activity was put forward.18 Both 
electron spin resonance spectroscopy and elec- 
trochemical studies have been applied to obtain 
a better understanding of the metabolism of 
MXT.19 

The use of carbon paste electrodes for electro- 
analysis has gained popularity. One of the pri- 
mary reasons for this is their applicability to 
anodic oxidations and the lower charge current 
involved. Such electrodes thus permit important 
analytical applications which are not available 
to the HMDE. On the other hand, the effective 

*Author for correspondence. 

utility of solid electrodes is generally hampered 
by a gradual fouling of the electrode surface. 
Such loss of electrode activity is usually at- 
tributed to the adsorption of reaction products, 
the analyte itself, or a large variety of electroin- 
active organic surfactants. A slow decrease in 
peak current or in extreme cases complete inhi- 
bition of the electron transfer may be observed. 
In these cases the method cannot be used for 
analysis. To overcome these negative effects, the 
electrode surface can be treated before the 
measurement step to obtain a reproducible sur- 
face and therefore a reproducible peak current 
similar to that obtained by the HMDE.s24 

In this paper, the electroactivity of MXT on 
carbon paste electrodes (CPE) was studied using 
adsorptive stripping voltammetry (ADSV). As 
far as we know this is the first fundamental work 
in which the adsorptive stripping signal at a 
carbon paste electrode is recorded using the 
alternating current technique. In previous 
works, other authors2”* have reported the 
differential pulse adsorptive stripping voltam- 
metry of some selected molecules but a poor 
reproducibility between each measurement and 
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Fig. I. Mitoxantrone structure. 
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higher detection limits were found (above 
1 x IO-9M). 

As is well known, the advantage of ADSV on 
CPE’s is that this technique is readily coupled 
with the “medium exchange” procedure as the 
accumulated species are rarely air sensitive. 
Using this procedure, after accumulation the 
working electrode can be easily transferred into 
a blank solution of appropriate composition, 
where the stripping step is carried out and the 
voltamperogram is recorded without interfer- 
ence from other non-accumulated electroactive 
species present in the original sample. There- 
fore, accumulation and stripping steps may take 
place under the optimum conditions for each pro- 
cess.29*M In this study the above procedure was 
applied to the analysis of MXT in urine samples 
to avoid interferences from uric acid. The results 
obtained showed that the proposed method 
constituted a valid alternative to others pre- 
viously reported allowing meaningful physio- 
logical concentrations of MXT to be analysed. 

This work provided the basis for an FIA 
method applied to the determination of MXT in 
urine.3’ The full automatized procedure in- 
cluded a voltammetric detector using AC volt- 
ammetry after adsorption of the analyte on CPE 
and proves to be a fast, reproducible and selec- 
tive method of analysis. 

EXPERIMENTAL 

normally supplied as a sterile aqueous solution 
containing mitoxantrone free base, with sodium 
chloride, sodium acetate and acetic acid as 
mactive ingredients. The product does not con- 
tain anti-bacterial preservatives. Solutions of 
MXT were prepared daily by dilution of an 
ampoule in demineralized water. The samples 
were stored in the dark at room temperature to 
avoid photochemical decomposition. As MXT 
reacts with phosphate and borate ions, several 
buffers (pH 3-11) composed of acetic acid/ 
acetate, bicarbonate/carbonate were used. Al- 
ternatively perchloric acid and sodium hydrox- 
ide solutions were used when necessary. Carbon 
paste electrodes (geometric area 12.5 mm*) 
which consisted of a teflon tube with an inner 
core containing a contact with a twist action, 
were prepared by mixing 1.8 ml of paraffin oil 
(Uvasol, Merck) with 5 g of spectroscopic grade 
graphite powder (Ultracarbon, Dicoex, Bilbao, 
Spain). The carbon paste was packed into the 
well of the working electrode to a depth of 1 mm 
and the surface was polished on a white paper 
sheet placed over a flat glass stand. All solutions 
were prepared using water purified by distilla- 
tion and then passed through an ion exchanger. 
All chemical reagents employed were of analyti- 
cal grade. Urine samples consisted of aliquots of 
pooled urine (from at least 15 healthy individ- 
uals) to which increasing amounts of MXT were 
added to give the desired concentrations. 

Apparatus 

The experiments were carried out in an all- 
glass cell designed for a three electrode potentio- 
static circuit. Linear sweep voltammetry (LSV) 
and cyclic voltammetry (CV) experiments were 
performed using a Metrohm E-61 1 potentiostat 
coupled to a Metrohm E-612 scanner. Voltam- 
perograms were recorded on a Graph& WX- 
4421 X-Y recorder. Alternating current 
voltammetry (AC) stripping measurements were 
made using a Metrohm Polarecord E-506. A 
carbon paste electrode was used as working 
electrode. The three-electrode cell design was 
completed with a calomel reference electrode 
and a platinum wire as the auxiliary electrode. 
A magnetic stirrer (Agimatic Selecta) and a 
stirring bar (1 cm long, 2 mm thick) provided 
the convective transport during the preconcen- 
tration step. 

Cyclic voltamperograms were recorded from 
1 x 10m6A4 solutions of MXT in the pH range 
O-14 using a preconcentration step of 30 set and 
stirring in open circuit conditions. A fresh car- 
bon paste surface was used for each experiment. 

The preconcentration step was carried out as 
follows: 20 ml of buffer solution containing the 
desired amount of MXT and stirred at 1000 rpm 
until the solution was homogenous. The work- 
ing electrode was then immersed into the cell 
and a preconcentration time in open circuit con- 
ditions was implemented. A quiescent period of 
10 set was then allowed before commencing the 
potential scan (the last 5 set under electrolysis 
at the starting potential). Stripping voltammet- 
ric experiments in the AC mode were carried out 
using a fixed frequency of 75 Hz and a scan rate 
of 10 mV/sec, while in CV it was 100 mV/sec. 

RESULTS AND DISCUSSION 

Reagents and procedure Cyclic voltammetry experiments 

MXT was kindly supplied by Lederle Labora- Cyclic voltamperograms were recorded in the 
tories Division. It is a hygroscopic dark solid pH range O-14 using the conditions outlined 
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above. A typical voltamperogram obtained in 
O.lM perchloric acid is shown in Fig. 2, where 
two anodic peaks can be observed. When the 
cyclic scan is reversed before the second anodic 
peak potential is reached one can see a re- 
duction peak corresponding to a reversible 
process. 

The oxidation peak potentials shift to more 
negative values as the pH increases, following 
the equations: 

1 st process: 

Ep/V = -5.87 x lO-2 pH + 0.80; T = 0.9991 
(pH = l-14) (n = 13) 

2nd process: 

Ep/V = -6.30 x lO-2 pH + 1.023; r = 0.9983 
(pH = l-13) (n = 12) 

The slope was seen to be similar for both 
processes (Fig. 3). The first process increases at 
a rate of 58 mV per unit of pH, in close 
agreement with a reversible reaction involving 
two protons and two electrons. 

The effect of the electrolyte support on the 
peak intensity was studied in order to find out 
the best analytical characteristics. The oxidation 
peak intensity shows two maximum values: in 
acid pH an absolute maximum and around pH 
7 a relative maximum for both processes. At 
very alkaline pHs MXT undergoes a decompo- 
sition and all processes disappear, at pH 14 in 
5 min. The relative signal improvement in acid 
pH was better than at other pHs (after 30 set of 
preconcentration), an enhancement factor of 9.4 
was obtained. Also, the difference between 
anodic and cathodic peak potentials is smaller 

Fig. 2. Cyclic voltamperograms of 1 x 10-6M MXT in O.lM 
perchloric acid. 

PH 

Fig. 3. Effect of pH on peak potential of the first (a) and 
the second(O) anodic process for a 1 x 10e6M MXT con- 

centration. Scan rate 100 mV/sec. 

than in other pHs (55 mv). Therefore, for all 
subsequent experiments 0. 1M perchloric acid 
was chosen, as at this pH the intensity and 
morphology of both peaks were at an optimum. 

There was no great effect on peak intensity if 
the preconcentration step was carried out in 
closed circuit conditions for a wide range of 
potentials assayed between -0.3 and +0.5 V. 

The peak intensity of the first anodic peak 
increases linearly with the scan rate potential 
between 10 and 60 mV/sec following the 
equation: 

Z/PA = 0.012v/mV.sec-’ + 0.175; 

r = 0.992 (n = 5) 

Due to the short range of scan rates where the 
linear dependence is found, no definitive con- 
clusion about the effective control processes by 
adsorption can be made. Since from an analyti- 
cal point of view it is necessary to prove that the 
molecule is effectively adsorbed on the elec- 
trode, the following medium exchange exper- 
iments were carried out. The CPE was immersed 
in a 4.5 x lo-‘M solution of MXT for 30 set 
while stirring in an open circuit. Then, the 
electrode was carefully cleaned and transferred 
to another cell containing only the background 
electrolyte. A cyclic voltamperogram recorded 
in the positive direction showed the same anodic 
processes as those observed when the analyte 
was in the cell, indicating that the drug had been 
adsorbed and transported to the new cell on the 
CPE. 

When the analyte preconcentration step was 
carried out at a more positive potential than 

TAL 60/s-c 
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that of the first oxidation peak, the subsequent 
scan in the negative direction in the blank cell 
produced a reduction peak which resembled 
that which had been obtained originally. From 
this it can be concluded that the product of the 
oxidation process is insoluble and that it is also 
adsorbed and transported on the electrode sur- 
face. Finally, a third experiment consisted of 
carrying out the preconcentration step in an 
open circuit and scanning in the negative direc- 
tion. The observed reduction peak is similar, 
once more, to the one obtained in the presence 
of the analyte, but in this case the intensity of 
the peak was higher than in the last experiment, 
showing that the first product of electrooxida- 
tion is more soluble than MXT. 

Electrode mechanism 

In the pH ranges studied, the voltampero- 
grams recorded show two anodic processes, the 
first almost reversible (E, - J!& = 55 mV in 
0.1 M pechloric acid) when the scan was reversed 
before the second anodic process. So, one can 
expect that the two -OH groups are oxidized to 
produce the quinone which is in agreement with 
the 2 H + and 2 e - transferred as shown by the 
cyclic voltammetric study and the consulted 
bibliography. 32*33 At higher potentials the amino 

Skdihydroxy- 
naphtoquinone 

(. - _) 

NHCH, 

I 

/I 

l.lO-sM 
t-’ 

I 
<-methylari line 

( 1 --- /’ 
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V 

Fig. 4. Voltamperograms of 6.3 x IO-‘M MXT, 1 x 10-5&f 
N-methylaniline and 1 x 10e6M 5,8-dihydroxy-l,Cnaph- 
toquinone solutions in O.lM perchloric acid. Scan rate 100 

mV/sec. 

aromatic groups are probably oxidized irre- 
versibly.“36 Other reactions which break the 
molecule may occur on the electrode surface 
resulting in a loss of the reduction peak on the 
reverse scan. In order to confirm the electrode 
mechanism proposed, some experiments were 
carried out with N-methylaniline and 5,8-dihy- 
droxy- 1 +naphtoquinone. Figure 4 shows three 
voltamperograms recorded using different sol- 
utions containing 6.3 x IO-‘A4 MXT, 1.10e5M 
N-methylaniline and 1 x 10m6M 5,8-dihydroxy- 
1 ,Cnaphtoquinone prepared in 0. 1M perchloric 
acid. In the case of 5,8-dihydroxyde-l,rl-naph- 
toquinone a preconcentration step of 60 set was 
carried out before starting the potential scan, 
since that a weak adsorption was observed 
previously in the study. N-methylaniline doesn’t 
show affinity for the electrode surface. 

Electrode pretreatment 

As previously mentioned, activation of car- 
bon paste electrodes is an essential and funda- 
mental part in any CPE study for analytical 
purposes. In our case, the analyte itself shows a 
strong adsorption on the electrode which is 
similar in both open or closed circuit conditions. 
Consequently, it has been shown that an in situ 
pretreatment in the presence of MXT was 
difficult. To clean or activate the electrode sur- 
face the following procedure was used: after 
each measurement the CPE was taken and 
immersed in another cell containing O.IM 
perchloric acid. It was held for 30 set with 
stirring at - 1.5 V. Afterwards the CPE was 
dried carefully and was ready for the next 
measurement. 

Operating in this way provided excellent re- 
producibility of voltammetric data and a rela- 
tive standard deviation of 0.81% (n = 10) was 
obtained for the voltammetric signal. The fol- 
lowing experiments were carried out using this 
activation step before each measurement. 

Adsorptive stripping behaviour 

In general, increasing amounts of MXT ad- 
sorbed on CPE raise the peak current. For the 
first process, a plot of peak current vs. precon- 
centration time for several concentrations in the 
range from 5 x 10e9 to 1 x lo-‘M, scanning 
with LSV is shown in Fig. 5. It can be seen that 
for short preconcentration times the peak inten- 
sity grows linearly with preconcentration time 
and the slopes of the linear portions are pro- 
portional to the assayed concentrations. For 
longer accumulation times, peak current stabil- 
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Fig. 5. Effect of preconcentration time upon weak intensity 
of the first anodic process for different MXT concentrations. 
(0) 5 x 10-9, (0) 1 x 10-8, (A) 1.5 x 10-8, (V) 2.5 x 10-8, 

(0) 5 x lO-8 and (0) I x lo-‘M. 

ization was observed in all cases and for higher 
concentrations this decrease was directly pro- 
portional to the preconcentration time. This 
behaviour at low concentrations and low pre- 
concentration time might be explained in terms 
of a linearized Langmuir isotherm. In fact it can 
be assumed in these conditions that the elec- 
trode surface is homogenous and no inter- 
actions between the adsorbed MXT occur. 
However at high solution activities, a saturation 
coverage of the electrode by adsorbate (e.g., to 
form a monolayer) can occur. The decreasing 
peak intensity can be assumed as being due to 
the formation of a non-conducting layer of the 
analyte adsorbed on the electrode surface. 

As for the first process, Fig. 6 shows a plot of 
current intensity US. the product of accumu- 
lation time by MXT concentration. From this 
plot an increasing linear dependence between 
both parameters is found if the product assumes 
values less than 1 x lo-’ mol. 1-l. min showing 
that a wide range of concentrations and ac- 
cumulation times could be used for analytical 
purposes. Therefore, for the first process a 
reasonable preconcentration time of 4 min 
meant that a large linear calibration range with 
fairly good sensitivity could be obtained. 

Stripping with alternating current voltammetry 

The first MXT anodic process is almost re- 
versible and is of greater analytical interest. 
Therefore, the next experiment attempted was 
the stripping step on the CPE surface with 
alternating current voltammetry. Exploratory 
experiments were carried out to optimize the 
main parameter that controls alternating cur- 
rent voltammetry, that is the effect of the AC 
superimposed voltage. This was evaluated for a 

2.5 x lo-*M MXT solution using a preconcen- 
tration time of 30 set while stirring the solution 
in an open circuit. The same activation step was 
used as in the LSV technique. The results 
showed a linear dependence on the peak current 
in the range 5-20 mV following the equation: 

I/p A = 0.035 AE/mV + 0.15; 

r = 0.9980 (n = 4) 

At higher amplitude values the peak current 
remained constant. We also observed that the 
half-peak width was 55 mV for an amplitude of 
20 and 45 mV for an amplitude of 10 mV, so the 
selectivity losses were small at an amplitude of 
20 mV. 

Calibration plots 

The preconcentration of the drug by adsorp- 
tion onto the CPE for 1 and 4 mins, in an open 
circuit under stirring conditions, produced cali- 
bration graphs that followed the equations: 

1 min: Z/nA 

= 2.28 x IO” [MXT] - 255.0 (n = 6) 

r =0.9990 (1 x 10e9-1.5 x lo-*M) 

Detection limit 1 x 10m9M 

4 min: I/nA 

= 3.74 x 10” [MXT] + 50.4 (n = 5) 

r = 0.9990 

1st linear range (5 x lo-“-7 x lo-‘OM) 

Detection limit 5 x lo-“M 

r**\: 
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Fig. 6. Peak current us. the product of accumulation time by 
MXT concentration. 
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IlnA 

= 7.29 x 10” [MXT] + 262.3 (n = 4) 

r = 0.9980 

2nd linear range (7 x lo-‘O-2 x 10e9M 

Analytical interference 

In stripping voltammetry the preconcentra- 
tion of MXT by adsorption can be hampered by 
the presence of other surfactants competing for 
the adsorption sites on the electrode. The influ- 
ence of four different surfactants was studied 
using a preconcentration time of 60 set at 1000 
rpm, open circuit conditions and a MXT con- 
centration of 1 x lo-‘M (4.4 ppb). The strip- 
ping step was carried out with LSV. All of the 
surfactants suppressed the stripping signal of 
the drug. The anionic surfactant sodium lauryl 
sulphate (SLS) caused a greater decrease in the 
peak than a cationic surfactant such as 
cetyltrimethylammonium chloride (CTAC). A 
29-ppm solution of SLS decreased the MXT 
peak current by 82% while 32 ppm of CTAC 
only decreased it by 62%. On the other hand, 
Triton X-100 (non-ionic nature) showed a 
strong effect, so 25 ppm caused a peak decrease 
of 80%. Gelatin was chosen as a model of the 
surfactants that may occur in biological media 
since it consists of a mixture of soluble proteins. 
25 ppm of gelatin produced a 10% peak de- 
crease and a lOOO-fold excess (50 ppm), it being 

50 mV 

Fig. 7. Determination of MXT in urine samples. (a) Blank. 4. R. E. Wallace, K. C. Murdoek, R. B. Angier and F. E. 
(b) Addition of 20 pl of urine sample with MXT previously Durr, Cancer Res., 1979, 39, 1570. 
added. (c, d, e) Successive additions of 10 pl of 5 x lo-‘M 5. I. Peng, D. Ormberg, D. S. Alberts and T. P. Davis, 

MXT standard. J. Chrom. Biomed. Appl., 1982, 22, 235. 

necessary to reduce the stripping peak by 36%. 
This could be due to the large molar mass of 
gelatin leading to a lower diffusion rate from the 
MXT solution to the electrode surface. 

The effect of the molecules which interfere in 
biological fluids, might be reduced by adequate 
dilution of the sample providing samples in 
which the concentration of MXT is within the 
linear range of the method, whereas the concen- 
tration of interferents are below the threshold of 
interference. 

Determination of MXT in urine samples 

After optimization of the MXT adsorption 
and stripping steps, the method was applied to 
the determination of MXT in urine samples. 
The first experiment was carried out with blank 
urine sample, 100 ~1 of urine without any kind 
of pre-treatment was added to 20 ml of O.lM 
perchloric acid and then scanned anodically. 
The voltamperogram showed an anodic peak at 
the same potential as that of MXT and this was 
shown to be due to uric acid. The process was 
diffusion controlled and it was possible to avoid 
this interference by doing a “medium exchange” 
experiment, i.e., the adsorption step and the 
stripping step were carried out in different sol- 
utions, the latter being done in 0. 1M perchloric 
acid without the drug. Following this procedure 
the interference caused by uric acid was re- 
moved. (Fig. 7). In five consecutive determi- 
nations of urine samples to which an MXT 
concentration of 5 x IO-‘M had been added a 
mean concentration of 5.01 x lo-‘M was ob- 
tained with a standard deviation of 1.51%. This 
was achieved by injecting 20 ~1 of the sample 
into the cell and by using a standard addition 
method. The estimated detection limit for a 
ratio s/n = 3 in urine samples following this 
procedure was 5 x lo-*M. 
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Summary-The electrochemical behaviour of mitoxantrone (MXT), an important antineoplastic agent, 
has been studied at mercury electrodes. The nature of the process taking place at the hanging mercury 
drop electrode (HMDE) was clarified. The electrochemical behaviour observed was in close agreement 
with theoretical predictions for an adsorbed molecule which is reversibly reduced. Both the molecule 
and its reduced product appeared to be adsorbed at the surface of the electrode. Adsorptive stripping 
voltammetry has been proven to be advantageous over any other assay technique, allowing 5 x lo-” M 
MXT to be detected. The interference arising from surfactants competing for the adsorption sites at the 
electrode have been studied and the possibility of MXT determination in dilute urine samples has been 
shown. Some interesting data, such as the MXT adsorbing surface area and the kinetic constant of the 
associated coupled chemistry reaction were also determined. 

Mitoxantrone, 1,4-dihidroxy-5,8-bis({2-[(2- 
hidroxyethyl)amino]ethyl} amino)-9,10-anthra- 
cenedione (Fig. 1) is a substituted anthraquinone 
with strong DNA binding properties similar 
to the anthracycline antibiotics.’ The drug has 
shown activity in vitro and in vivo against solid 
tumours and leukaemia.2-4 

As far as we know the elemental electro- 
chemical study of MXT at mercury electrodes 
reported in previous work does not exist.5 Since 
the MXT structure has important electroactive 
functional groups, we have previously reported 
its oxidation behaviour at the carbon paste 
electrode’ and this work is devoted mainly to its 
reduction behaviour using mercury electrodes. 
The effect of some parameters such as accumu- 
lation time, potential, ionic strength, etc., on the 
MXT adsorption process was evaluated. The 
influence of different models of scanning poten- 
tial were also studied, which included linear 
sweep voltammetry (LSV), alternating current 
voltammetry (ACV) and square wave voltam- 
metry (SWV). The AC mode applied to the 
stripping of the MXT adsorbed gave the most 
sensitive analytical response, and the preconcen- 
tration of the drug in open circuit allowed 
extended linear calibration plots to be drawn. 
Finally, two electroanalytical methods applied 
to the analysis of MXT in ampoules or urine 

*Author for correspondence. 

samples have been proposed. In the case of 
urine samples, a reliable clean up sample pro- 
cedure is necessary to avoid the interference 
arising from naturally occurring substances in 
urine. 

EXPERIMENTAL 

Apparatus 

Linear sweep and cyclic voltammetric 
experiments were carried out using a Metrohm 
E-61 1 potentiostat coupled to a Metrohm E-612 
scanner. Voltamperograms were recorded on a 
graphtech WX-4421 X-Y recorder. Alternating 
current stripping measurements were made using 
a Metrohm Polarecord E-506. The square wave 
voltammetric measurements were obtained using 
an Inelesca PDC 1212 potentiostat coupled to 
an Inelesca GOT 1018 scanner assisted by a 
computer model Acer 500+. As working elec- 
trodes for the stripping experiments, a Metrohm 
EA-410 hanging mercury drop electrode 

HO 
I 

NHCH,CH,NHCH,OH 

l 2HCI 

HO 0 NHCH,CH,NHCH,OH 

Fig. 1. Mitoxantrone structure. 
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(HMDE) and a Metrohm 663 static mercury 
drop electrode (SMDE) were used as indicated 
below. Unless otherwise stated, drop areas of 
2.20 and 0.57 mm* were used with the HMDE 
and SMDE respectively. The three-electrode cell 
design was completed with a calomel saturated 
reference electrode and a platinum wire auxiliary 
electrode. 

Reagents and procedure 

The MXT in solid form (84% pure) as well as 
ampoule form was a generous gift from Lederle 
Division Laboratories, Cyanamid Iberica, and 
used as supplied. MXT is a hygroscopic dark 
blue solid supplied for clinical purposes as a 
sterile, aqueous solution containing mitoxan- 
trone hydrochloride equivalent to 2 mg/ml (4.5 
x 10m3M) mitoxantrone free base, with sodium 

chloride, sodium acetate and acetic acid as in- 
active ingredients. Stock solutions (4.5 x 10e3M) 
were prepared by dissolving the necessary 
amount of the solid product in water, and 
were kept at room temperature in the dark to 
avoid its crystallization and photochemical 
decomposition. 

Several buffers composed of acetic acid, 
phosphoric acid and sodium hydroxide solutions 
were used. Also perchloric acid and sodium 
hydroxide solutions were used when necessary 
(pH below 3 and above 11). Buffers containing 
borate ions were excluded because they react 
chemically with the reduction product of MXT 
in such a way that the formation of the reversible 
pair is not allowed. 

All reagents were of analytical-reagent grade 
and demineralized water was obtained by passing 
distilled water through an ion exchanger. 

The background electrolyte (20 ml) was added 
to the cell and the dissolved oxygen was removed 
by passing oxygen free argon for 15 min. The 
stirring applied during the preconcentration 
step was the maximum allowed which did not 
produce oscillations of the HMDE or 3000 rpm 
in the case of the SMDE. A quiescent period 
of 10 set was allowed before commencing the 
potential scan (the last 5 set under electrolysis 
at the starting potential when the preconcen- 
tration step was done in the open circuit). 
Stripping voltammetric experiments in the AC 
mode were carried out using a fixed frequency 
of 75 Hz, a phase angle 4 = 0” and a scan rate 
of 10 mV/sec. 

The urine samples examined consisted of mix- 
tures of human urine from healthy individuals. 
Samples consisted of aliquots of 10 ml of pooled 

urine to which appropriate amounts of MXT 
were added on order to achieve the desired final 
concentration. 

Sample purification was accomplished by 
liquid-solid extraction according to the follow- 
ing procedure: 5 ml of urine with the desired 
amount of MXT previously added was passed 
through a reversed phase disposable Cl8 car- 
tridge (Sep-Pak, Waters) previously activated by 
washing with pure methanol (10 ml) and water 
(20ml). The effuent was disposed of, the car- 
tridge washed with 20 ml of water containing 
10% methanol, and the retained materials were 
eluted with 5 ml of acetonitrile:O. 1M sodium 
hydroxide (50%). 

RESULTS AND DISCUSSION 

Cyclic voltammetry and nature of the electrode 
process 

Cyclic voltamperograms were recorded from 
a 1 x lo-‘M solution in the pH range O-14. 
A typical voltamperogram obtained in O.lM 
perchloric acid is shown in Fig. 2, where two 
cathodic peaks were observed; the first one, 
which is more useful from an analytical point of 
view, is found to be reversible over all pH ranges 
studied, when the cyclic scan is reversed before 
the second cathodic peak potential. 

The reduction peak potential shifts to more 
negative values as the pH increases with different 
slopes and following the equations: 

1st linear range: 

Ep/V=-0.3-0.0844xpH (n=4) 

pH=O-3 r = 0.999 

200 mV 

Fig. 2. Cyclic voltamperogram of 1 x IO-‘M MXT solution 
in 0.1M pcrchloric acid. 
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Fig. 4. Voltamperograms of 1 x 10e4M S,%dihydroxyde 
1 ,4-naphtoquinone and 5 x lo-‘M MXT solutions in 0.1 M 

perchloric acid. Scan rate 100 mV/sec. 

Fig. 3. Medium exchange experiments with a solution 5 x 
lo-‘M of MXT in O.lM perchloric acid. Voltamperograms 
before (a) and after (b) medium exchange. (c) Voltampero- 
grams recorded in the new medium with a fress mercury 

drop. 

2nd linear range: 

Ep/I’ = -0.4 - 0.048 x pH (n = 8) 

pH=3-12 r = 0.997 

3rd linear range: 

Ep/V = -0.985 (n = 3) 

pH = 12 - 14 I = 0.999 

It can be seen that the slopes rate between 
the second and the first linear range is 1.75 
(almost 2) indicating that in the first linear range 
two protons are implicated whereas in the second 
linear range only one proton is implicated. 
Similar behaviour was observed for the second 
process although a displacement of the potential 
of about 0.4V is shown. 

No strong influence of the pH on the current 
intensity of the first peak was found for a pH 
range from 0 to 6. In general, at higher pHs 
the peak current decreases slightly, and for this 
reason O.lM perchloric acid was chosen for 
subsequent experiments. 

Although the shape of the cyclic voltampero- 
grams (CV) allows the prediction of an adsorp- 
tion control of the electrode process, the 
effective adsorption of both MXT and its 
product of the electrode reaction on the HMDE 
was proven by carrying out two different 

keep the HMDE in contact with a solution 
5 x lo-‘M in MXT for 30 set under stirring 
conditions and in an open circuit. Then, the 
medium exchange procedure was similar to that 
followed in previous work5 and the CV which 
was started in the positive direction was 
recorded. The same experiment was carried out 
after preconcentration at a potential which was 
more negative than the first cathodic peak. The 
CV recorded after medium exchange in both 
cases showed identical peaks to those obtained 
in the MXT solutions under the same exper- 
imental conditions (Fig. 3), indicating that not 
only MXT but also its reduction product are 
adsorbed and placed on the electrode surface. 

According to the experimental evidence de- 
scribed above, a linear dependence of the peak 
intensity upon the scan rate was found in the 
range lo-100 mV/sec and follows the equation: 

I/CIA = 0.53 x v/mV . set-’ + 3.5 (n = 10) 

r =0.998 

[MXT] = 5 x lo-‘M (SMDE) 

On the other hand, when the cyclic scan is 
reversed before the second cathodic peak poten- 
tial, it was found that the cathodic peak intensity 
(I,): anodic peak intensity (Zp) ratio decreases 
exponentially with the scan rate. A plot of Z,/Z, 
us. the time transcurred between both electro- 
chemical processes shows a linear dependence 
that follows the equation: 

Z,/Z, = - 1.61 x 10-2t/s + 0.9977 (n = 8) 

medium exchange experiments. These were to r = 0.997 
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So supposing a first order kinetic for the 
chemical reaction the corresponding kinetic 
equation is: 

u = 0.0161 x [MXT] 

in 0. 1M perchloric acid as background 
electrolyte. 

Electrode mechanism 

As reported previously, MXT shows two 
cathodic processes in the pH range studied. The 
first of these is reversible and at acid pHs 
corresponds to a transference of 2H+ and 2ee. 
The electrochemical reaction was attributed to 
the anthraquinone groups which are reduced to 
the dihydroxianthraquinone.6-8 A ECE mech- 
anism was found, i.e., the product of the first 
cathodic process undergoes a chemical reaction 
whose products are then reduced in the second 
cathodic process. Other reactions which break 
the molecule may occur on the electrode surface 
resulting in a loss of the oxidation peak in the 
reverse scan. 

In order to prove the main reduction peak of 
the MXT is due to the anthraquinone groups, 
the molecule 5,8dihydroxyde- 1 +napthoquinone 
containing similar quinonic groups has also been 
studied. Figure 4 shows the voltamperogram of 
a 1 x 10e4M solution of 5,8-dihydroxyde-1,4- 
naphthoquinone prepared in 0.1 M perchloric 
acid. In fact, the electrochemical process is 
similar but the displacement of the peak poten- 
tial to less negative values occurs. This differ- 
ence can be accounted for by having in mind 
that this molecule possesses one less aromatic 
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Fig. 5. Effect of preconcentration time upon fkst cathodic peak 
intensity for different MXT concentrations. (0) 1 x lo-*, 
(0) 23 x lo-*, (A) 5 x IO-*, (A) 7.5 x 10-‘(D) 1 x lo-‘, 

(W) 1,s x 10-7, (0) 2.5 x 10-7 y (e) 5 x lo-‘hf. 

ring. This results in a poorer adsorption and 
accordingly a higher energetic level that leads to 
an easier electrochemical reduction; and on the 
other hand, a concentration two orders of mag- 
nitude higher is necessary to obtain a similar 
peak intensity that comes to emphasize the 
better adsorption preconcentration of MXT. 

Parameters affecting the adsorptive stripping 
signal 

The peak current intensity of the first process 
is unaffected by changes in the concentration 
potential (range from -0.3 to +0.2 V) or 
by carrying out the preconcentration step in 
open circuit. So, the following experiments were 
carried out using a preconcentration step in an 
open circuit. 

No significant influence on the stripping 
current was observed when the ionic strength 
of the background electrolyte was studied in the 
range O.l-OSM. 

Accumulation curves 

As is well known, the mass transport from 
the bulk of the solution to the electrode surface 
controls the overall rate of adsorption. When 
the mass transport is made convectively, i.e., by 
stirring the solution, the rotation speed affects 
the magnitude of the stripping peak current. 
This effect was demonstrated for a 5 x lo-‘M 
MXT solution by varying the rotation speed in 
the range 90-900 rpm and using a preconcen- 
tration time of 60 sec. The stripping current 
shows a linear dependence on the rotation 
speed (w) according to the equation: 

I/nA = 4.2 x lo-* x w/rpm + 61.24 (n = 6) 

r = 0.996 

A plot of the peak current us. the pre- 
concentration time for eight different MXT 
concentrations, in which the preconcentration 
step was carried out in the open circuit under 
constant stirring conditions, is shown in Fig. 5. 
As expected, the peak intensity grows in direct 
proportion to increasing preconcentration time. 
At a certain peak current (about 200 nA), the 
cathodic stripping peak shifts a few millivolts to 
more negative potentials and becomes sharper. 
This sharper peak grows linearly with the pre- 
concentration time, as shown in Fig. 6. The 
appearance of this phenomenon can be explained 
by Laviron in terms of interactions among the 
adsorbed molecules,9 and has been described in 
other work also.” 
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Fig. 6. Effect of preconcentration time upon peak intensity 
using three different electrode areas. (1) 0.29mm2, 

(2) 0.44 mm* and (3) 0.57 mm* 

At longer preconcentration times, peak 
current stabilization was observed and we can 
assume that the electrode surface is saturated by 
the molecule adsorbed. So this stabilization was 
achieved at shorter preconcentration times for 
higher MXT concentrations. 

The area of an adsorbed MXT molecule 
was calculated using a series of preconcentration 
experiments. These consist of studying the pre- 
concentration time effect for three different drop 
sizes of the electrode ( 0.29, 0.44 and 0.57 mm2) 
and for a 5 x lo-‘M MXT concentration. The 
results showed that for a preconcentration time 
of 180 set a monolayer of adsorbed MXT was 

I 100 mV 20nA _ 
I 

(b) 

Fig. 7. Determination of MXT in urine samples. (a) Blank, 
(b) Addition of 1 ml of the organic extract, (c, d, e) 
Successive additions of 10 ~1 of 1 x lo-‘M MXT standard. 

obtained (Fig. 6). Using Faraday’s Law three 
values for the MXT adsorbed area were calcu- 
lated (1.53, 1.66 and 1.51 nm’). The mean value 
was 1.57 nm2 with a standard deviation of 5.2%, 
that is in agreement with others obtained for 
similar molecules using this method and reported 
in the literature” (folic acid 1.66 nm2, blue 
methylene 1.28 nmq. 

InJrunce of other surface active compounds 

The intluence of some surfactants of different 
nature on the preconcentration-stripping process 
of MXT was studied in order to determine the 
optimum experimental conditions for carrying 
out adsorptive stripping measurements in the 
presence of a large excess of surface active com- 
pounds. A preconcentration time of 60 set and 
a MXT concentration of 1 x lo-‘M (44.4 ppb) 
were used in all experiments. 

Competition for the adsorption sites of the 
electrode surface between MXT and gelatin 
(a known mixture of soluble proteins itself) is 
solved in favour of MXT; thus, the stripping 
response obtained in a lOOO-fold excess of gelatin 
is 68% of its original value. The effect of an 
anionic surfactant, sodium laurylsulphate 
(SLS), and a cationic surfactant, cetyltrimethyl- 
ammonium chloride (CTAC), was also studied. 
CTAC caused greater decreases in the peak than 
SLS, thus, a 2.6 ppm solution of CTAC or SLS 
decreased the MXT peak current to 84 and 70% 
of its original peak value, respectively. The 
cationic surfactant at bigger concentrations 
form a white precipitate and current peak 
increases. Finally, the effect of a non-ionic 
surfactant such as Triton X-100 was examined. 
A large excess of Triton X-100 (36 ppm) caused 
a peak increase of 32% of its original value. At 
the same time, a change in the peak width was 
observed. This sharper peak increases in direct 
proportion with the MXT concentration. 

In conclusion, preconcentration in the 
presence of a large excess or surface active 
compounds has proved feasible, and well-defined 
relationships exist between the transferred 
charge, the preconcentration time and the ana- 
lyte concentration in the background electrolyte. 

Stripping of the MXT a&orbed with d@erent 
voltammetric techniques 

In order to ascertain the most sensitive 
adsorptive stripping response, several potential 
scan modes were assayed. Initial experiments 
were carried out with linear sweep voltammetry 
(LSV) when the analyte is preconcentrated for 
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one or five min at a HMDE in open circuit 
under a stirring rate of 1000 rpm. The intensity 
follows the equations: 

Z/nA = 5.94 x 10’ [MXT] - 0.520 (n = 8) 

r = 0.9992 

tP = 1 min (5 x 1O-g-3.5 x lo-‘M) 

Z/nA = 2.76 x log [MXT] + 0.433 (n = 4) 

r = 0.9995 

t, = 5 min (1 x 1O-g-1 x lo-*M) 

The accuracy of this technique expressed 
terms of the relative standard deviation 

in 
is 

0.53% at a concentration of 1 x lo-‘M and 
using a preconcentration time of 1 min. 

Stripping with square wave voltammetry 

@WV) 

SWV for analytical purposes was applied 
in the determination of other quinones at low 
levels by adsorptive stripping voltammetry.” 
Irreversible systems are in general, less attractive 
than reversible ones for the application of 
WV, because of diminished sensitivity and 
resolution.” Therefore, it is possible to obtain 
good results with the first process of MXT. 

The purpose of the first series of experiments 
was to optimize the parameters of the wave- 
form, such as square-wave amplitude (Esw), 
potential step (Es) and frequency cf) for a MXT 
concentration of 1 x lo-*M and using 1 min 
as preconcentration time. Data obtained for 
different potential step, while maintaining other 
parameters of the waveform constant (Esw = 
25 mV, f = 150 Hz), showed that for a value of 
5 mV the peak intensity was the highest and that 
between 5 and 25 mV the intensity decreases and 
peak width increases. Then, voltamperograms 
for MXT were generated at seven different 
square-wave frequencies. A plot of peak current 
vs. frequency gave a maximum of between 
150 and 165 Hz. At smaller and higher values 
the current peak quickly decreases. Finally, 
the effect of the square-wave amplitude upon 
peak current was shown to have a maximum of 
25 mV. 

These optimum values of Es and Esw are 
in close agreement with a reversible 2 e-, 
2 H+ reduction to produce the corresponding 
hydroquinone. 

Using these last optimized parameters and a 
preconcentration time of 60 set, a calibration 
plot was carried out, providing a linear response 

between 1 x lo-’ and 1 x lo-*M that follows 
the equation: 

Z/PA = 9.01 x 10’ NXT] +0.187 (n = 5) 

r = 0.9996 

The estimated detection limit (s/n = 3) was 
3.2 x 10-gM 

Stripping with alternating current voltammetry 

(AC) 

As is well known, the enhancement of sensi- 
tivity when the voltamperogram is recorded 
with AC mode has been theoretically predicted 
by Laviron for reversible redox couples with the 
reactant and product strongly adsorbed under 
Langmuir isotherm conditions.” Therefore, AC 
voltammetry was applied to the MXT stripping. 

The peak current of the AC voltamperograms 
recorded from 5 x lo-*M MXT solutions, 
was found to be closely proportional to the 
superimposed voltage amplitude, AE, and no 
stabilization was observed, as expressed by the 
following equations: 

1st linear range: 

I/nA = 12.7 x AE/mV + 2.9 (n = 5) 

r = 0.9997 (1 - 7.5 mV) 

2nd linear range: 

I/nA = 7.1 x AE/mV + 44.8 (n = 9) 

r = 0.9990 (7.5 - 27.5 mV) 

Finally, the effect of MXT concentration 
upon the peak current was studied using a 
superimposed voltage amplitude of 25 mV. The 
conditions and equations can be seen below: 

ZlnA = 5.6 x 10” [MXTJ-39.7 r = 0.9999 

t, = 1 min (1 x 1O-g-7.1 x 10mgM) 

L.D. 1.5 x lo-‘M 

Z/nA = 1.1 x 10” [MXT] + 3.5 r = 0.9995 

t, = 5 min (5 x lo-” - 2 x 10egM) 

LD 63 x lo-“M . . . 

Analytical applications 

The first of these was the MXT determination 
in ampoules. A standard addition method using 
a stock solution 6.3 x IO-‘M MXT was used. 
No preconcentration step was carried out. In 
these conditions, a linear calibration was done 
between 7.87 x IO-’ and 7.87 x 10m6M, in which 
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the intensity us. MXT concentration follows the 
equation: 

I/nA = 5.9 x lo6 [MXT] + 0.2 (n = 7) 

r = 0.9997 

So, an adequate ampoule dilution was needed 
(5 ,~l in 20 ml O.lM perchloric acid) for to work 
in the above linear range. 

In five consecutive determinations, a mean 
concentration value of 5.04 x IO-‘it4 was 
obtained, with a standard deviation of 1.37%. 

The MXT determination in urine samples was 
carried out following the previously mentioned 
clean-up procedure and 1 ml of the organic 
extract was injected in 20 ml of 0.1 M perchloric 
acid. A standard addition method was used and 
the voltapermograms recorded are found in 
Fig. 7. The recovery of the method was estab- 
lished by processing five urine samples to which 
MXT had been added and established at 
94 + 12%. 

Acknowledgemem-The authors thank DGICYT (Spain) 
for economic aid (Project No. PB 87/1041). 

1. 

2. 
3. 

4. 

5. 

6. 

7. 

8. 

9. 
10. 

11. 

12. 

13. 

REFERENCES 

K. C. Murdock, R. G. Child, P. F. Fabio, R. B. Angier, 
R. E. Wallace, F. E. Durr and R. V. Citarella, J. Med. 
Chem., 1979, 22, 1024. 
I. E. Smith, Cancer Treat., Rev., 1983, 10, 103. 
R. Zee-Cheng and C. C. Cheng, J. Med. Gem., 1978, 
21, 291 
R. E. Wallace, K. C. Murdock, R. B. Angier and F. E. 
Durr, Cancer Res., 1979, 39, 1570. 
J. C. Cortina, A. Costa Garcia and P. Tuiion Blanco, 
Talanta, 1993, 40, 325. 
J. P. Hart, in Electrochemistry Sensors and Analysis, 
M. R. Smith and J. G. Vos (eds), p. 355. Elsevier, 
Amsterdam, 1986. 
J. C. Vire and G. J. Patriarche, Analysis, 1978, 6, 
395. 
G. J. Patriarche and J. C. Vire, in Electroanalysis in 
Hygiene, Environmental, Clinical and Pharmaceutical 
Chemistry, W. F. Smith (ed.), p. 209. Elsevier, 
Amsterdam, 1980. 
E. Laviron, J. Electroanal. Gem., 1975, 63, 245. 
J. M. Fernandes, A. Costa, A. J. Miranda and P. 
Tution, ibid., 1987, 255, 241. 
J. C. Vire, V. Lopez, G. J. Patriarche and G. D. 
Christian, Anal. Lett., 1988, 21, 2217. 
E. J. Zachowski, M. Wojciechowski and J. Gsteryoung, 
Anal. Chim. Acta, 1986, 183, 47. 
E. Laviron, J. Electroanal Chem., 1979, 97, 135. 



Talanfa, Vol. 40, No. 3, pp. 341-345, 1993 0039-9140/93 .s6.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright 0 1993 Pergamon Press Ltd 

SANDWICH-TYPE FLOW-THROUGH FIBER-OPTIC CELLS 
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Summary-The sandwich cell described by Pavon ef al.’ and a similar sandwich cell, except with angled 
(45”, confocal) single strand optical fibers and a conventional Z-type cell of 6-mm path length have been 
studied with respect to their performance for absorbance detection. Both sandwich cells show less 
susceptibility by one order of magnitude to artifact absorbance signals from RI changes than the Z-cell. 
The light throughput in the sandwich cells increase by an order of magnitude when an inert metallized 
reflector is used and this improves S/N. The overall light throughput is substantially greater for the angled 
entrance single strand fiber optic cell rather than the cell with the bifurcated fiber optic. Attainable limits 
of detection with these cells appear to be related to the pathlength for the cell dimensions studied. 

Pavon et al.’ have recently described in this 
journal a universal sandwich membrane flow- 
through cell which can be used for spectropho- 
tometric or chemiluminescence measurements. 
For absorption measurements, light conducted 
by one leg of a bifurcated fiber optic cable is 
brought into the cell through the common leg, 
passes through the test solution, is reflected by 
a TeflonR plate and is carried out back to a 
detector through the other leg of the fiber optic 
[Fig. l(a)]. In some applications, the Teflon 
plate may be replaced by a porous hydrophobic 
membrane that can be part of a gas diffusion or 
phase separation device integral to a flow injec- 
tion analyzer. 

The authors rightly point out that the great 
virtue of this cell is its simplicity. This results in 
turn in robustness, and ease of construction, 
cleaning and repair. They have also indicated its 
relative freedom from bubble entrapment prob- 
lems. The emphasis was placed on the versatility 
of the design in manifold applications rather 
than what performance limits can be expected. 
From a practical viewpoint of flow-through 
optical detection (whether for liquid chromatog- 
raphy or for flow injection analysis), the ma- 
jority of applications involve straightforward 
optical absorbance measurement without gas 
diffusion or phase separation. We believe that 
the cell design described by Pavon et al.’ is an 
important advance. Therefore we believe further 
that it is important to determine the perform- 

*Author for correspondence. 

ante limits of such a cell optimized for ab- 
sorbance measurements and compare the same 
to the performance of flow-through cells of 
more conventional design and dimensions. It is 
of considerable interest, for example, to deter- 
mine if the short path length of the cell results 
in a proportionate decrease in the attainable 
limit of detection (LOD, in terms of concen- 
tration), and the quantitative degree to which 
artifact signals from changes in refractive index 
may be reduced in this cell. 

The purpose of the present note is to address 
these issues. 

EXPERIMENTAL 

The universal sandwich cell of Pavon et al.’ 

was obtained in its commercial version from 
Alitea U.S.A. (Medina, WA, U.S.A.). This cell 
was used with a bifurcated fiber optic (common 
leg bundle diameter 1.6 mm, individual leg 
bundle diameter 1 .l mm; Dolan-Jenner Indus- 
tries, Woburn, MA, U.S.A.). Reflective Mylar 
film (175 pm thick, Marlin P. Jones and Associ- 
ates, Lake Park, FL, U.S.A.) and transparent 
Kel-F film (175 ,um thick, American Durafilm 
Co., Natick, MA, U.S.A.) were obtained as 
indicated. Metallic aluminum was deposited on 
one side of the Kel-F film by vacuum deposition 
to form a highly reflective flexible mirror with 
an inert surface. 

A variation of the Alitea sandwich cell was 
constructed by replacing the original cell front 
block FB (Fig. 1) with a different block in which 
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From light 
To detector 

To detector 
Fl Flow out 

(4 (b) 
Fig. 1. Reflective sandwich cells: (a) Perpendicular light entrance cell with bifurcated fiber optic, (b) Angled 
light entrance cell with single strand fiber optic. FB: Front block, S: Spacer, R: Metallii reflector, BB: 

Bottom block. 

two l.O-mm holes were drilled at oppositely 
inclined angles [see Fig. l(b)] to accommodate 
1 .O-mm diameter ESKA polymeric single strand 
optical fibers (Edmund Scientific, Barrington, 
NJ, U.S.A.) that were polished at the termini 
and ended flush at the interior surface of FB. 
The fibers were held in place by epoxy adhesive 
and jacketed outside with black heat-shrink 
poly(vinylchloride) tubing. The spacing between 
the fibers was such that they were confocal at 
the reflector surface. Experiments with both the 
original and the modified Alitea cell were con- 
ducted with the mylar/Kel-F reflector in place of 
the TeflonR reflector supplied with the cell, 
except as mentioned. A third cell, used for 
comparison, utilized the common Z-geometry 
with illuminated dimensions of 6 mm x 1.0 mm 
4. The cell was constructed of opaque 
poly(ether ether ketone) polymer with optically 
flat glass windows and also utilized fiber optic to 
transmit light back and forth from the cell. This 
latter cell has been described in more detail 
elsewhere.2 

The same electronic and optical arrangement 
was used to test all three cells (Fig. 2). Except 
as stated, the light source was a 605-nm high 
brightness light emitting diode (LED, Stanley 
HAA5566X, AC Interface, Los Angeles, CA) 
driven by a 40-mA constant current source. The 
LED was referenced on the backplane by a 
photodiode R (S2007, Electronic Goldmine, 
Phoenix, AZ, U.S.A.) and the reflected/ 
transmitted light was detected by photodiode D, 
identical to R. Both photodiodes were mounted 
on a circuit board containing a log ratio am- 
plifier integrated circuit chip (LOGlOOJP, Burr- 
Brown, Tucson, AZ, U.S.A.). The optical fibers 
were directly coupled to the photodiodes. The 
optoelectronic assembly was enclosed in a met- 

allic, essentially light tight enclosure. The cell 
and electronics were then further put in a 0.25” 
thick-walled brass box to minimize external 
electromagnetic noise. Power ( + 12 V) was sup- 
plied by a wall-mounted supply and the am- 
plifier was operated with a fixed gain of 5 
V/absorbance unit. 

The test arrangement consisted of a pneumat- 
ically pressurized reservoir pumping a carrier 
liquid at 1 .l ml/min through a loop injector 
(loop volume ca. 110 pl), a conduit (0.75 x 750 
mm) and the detector. Experiments with bro- 
mothymol blue (BTB) were conducted by inject- 
ing various concentrations of the alkaline test 
solute (0.12-100 pg/ml) into an alkaline carrier. 
Refractive index effects were studied by inject- 
ing 50% (v/v) aqueous ethanol into a water 
carrier. 

RESULTS AND DISCUSSION 

Increasing light throughput 

Replacing the white TeflonR backplate with a 
metallized reflector increases light throughput 
by a factor of 8-10 as evidenced from the 
detector photocurrent. This results in improved 
signal/noise, particularly when the incident light 
intensity is low. For example, for a blue LED 
emitting at 470 nm the light output is very low 
and the system noise level was observed to be 
inversely related to the detector photocurrent. 
For direct photometric measurements where a 
membrane is not required, we therefore rec- 
ommend the use of a metallized reflector. A 
Kel-F film (transparent down to ca. 210 nm) is 
to be preferred if aggressive reagents/solvents 
are to be used. Indeed, further use of such a film 
as the entrance window to the cell (placed 
between FB and S, Fig. 1, with appropriately 
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Fig. 2. Optoelectronic test arrangement. L: Light emitting diode; R, D: Reference and Signal Photodiodes. 

placed holes punched in the flow path) can serve 
to prevent direct contact of the fiber optic to the 
test solutions. 

Path length and detection limits 

With a l/32 in. (0.75 mm) spacer, the effective 
path length of the cell in Fig. l(a) was 1.5 mm. 
The computed or nominal path lengths of all 
three cells studied are listed in Table 1 along 
with the observed performance parameters. The 
linear slopes for calibration with BTB corre- 
spond reasonably well with the anticipated path 
lengths, as may be expected. The slightly lower 
value of linear r2 for the conventional geometry 
cell probably results from the higher absolute 
absorbance values measured by this cell and 
the lack of perfect correspondence between the 
relatively broadband emission of the LED and 
absorption by BTB. The absolute noise levels 
appear to be related to the overall light through- 
put for each cell rather than to the path length. 
In this respect, the angled entrance cell with the 
single strand fiber optics appears to do a much 
better job than the bifurcated fiber bundle. With 
water flowing through each cell, detector diode 
photocurrents were 45 nA and 360 nA for cells 
l(a) and l(b), respectively. Overall the angled 
cell thus results in a somewhat better LOD. The 
longer pathlength of the conventional cell al- 
lows it an LOD even lower. The absolute noise 

levels of the Z-cell and the angled entrance 
sandwich cell are the same, thus the detection 
limit is inversely related to the path length. 
However, quite respectable LODs are obtained 
by either sandwich cell. 

The illuminated volume of the Z-cell is 4.7 ,~l. 
In the sandwich cells, the distance to the reflec- 
tor is small, comparable to or less than the 
aperture of the light entrance/exit. Thus, if we 
presently ignore the lateral diffusion of light, the 
illuminated volumes are 1.5 and 1.3 ~1 for the 
straight and angled light entrance sandwich 
cells, respectively. Doubtless, the actual illumi- 
nated volume will be somewhat larger, but this 
is still very respectable. 

Both sandwich cells were found to be immune 
to bubble entrapment problems. 

Refractive index eflects 

When the injected fluid element has a differ- 
ent refractive index (RI) from that of the carrier 
stream, virtually all flow-through cells used for 
optical absorbance measurements produce an 
artifact signal not related to true absorption. 
Betteridge et aL3 were the first to clearly illus- 
trate that this occurs because the moving bolus 
of a fluid element of different RI forms a 
dynamically changing lens that affects the light 
transmitted through the illuminated volume. 
The degree to which a cell is susceptible to 
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Table 1. Performance comparison of cell designs 

Sandwich cell, 
perpendicular Sandwich cell, Z-geometry 
light entrance/ angled light conventional 

exit entrance/exit cell 

Nominal or 1.5 2.1 6.0 
calculated 
pathlength 
mm 

Sensitivity 4.3 6.2 17.0 
to alkaline 
BTB (mAU/ppm)* 

Linear r2 1.0000 0.9999 0.9997 
to injected 
BTB over 
2 orders of 
magnitude 

Absolute 46.3 k 4.6 35.5 f 5.3 35.5 f 2.7 
noise level 
@AU, &SW) 

Computed 32.0 17.0 6.3 
detection 
limit for 
BTB, ppb 

Refractive 9.5 14.0 176 
Index 
Artifact 
Signal (mAU)$ 

*Absorbance units per ppm bromothymol blue injected into FIA system. 
tPulseless, pressurized flow of water. 
t50% ethanol iniected into water carrier in a FIA system, amplitude of signal from 

positive to negative excursion. 

producing such artifact RI signals is dependent 
on the cell geometry-a large value for the ratio 
of the physical path length to the bore (called 
the aspect ratio) results in an increase in RI 
sensitivity. By imaging the source on the exit 
window with focusing optics and using tapered 
cell construction (light exit diameter < entrance 
diameter) it is possible to greatly reduce RI 
sensitivity,4 albeit it cannot be eliminated 
altogether. It is also possible to correct for the 
artifact RI signal by using a second wavelength 
as a referenuzs Nevertheless, it would be desir- 
able to reduce the intrinsic sensitivity of a cell to 
RI changes in the first place. Consideration of 
the principles laid out by Betteridge et al.’ 
clearly indicate that as long as the aspect ratio 
is not overly large (causing light loss to the cell 
wall), if the incident light goes not just through 
a single lens element but also through a second 
lens element oppositely placed, the RI effect can 
be largely cancelled. In previously unpublished 
work, we have observed that RI artifacts are 
indeed greatly reduced in a T-type cell geometry 
where the source and detector optical fibers are 
placed in the opposing arms of a tee. In this 
arrangement, the fluid enters through the short 
arms of the tee and flows at equal rates around 
and past the opposing fibers. Opposing lenses 

are thus created in the illuminated volume by a 
transient element of a different RI. The reflec- 
tive sandwich cell of Pavon et al.’ does this in a 
far simpler and elegant fashion, passing the light 
through the same optical element in two direc- 
tions. The great reduction in RI sensitivity 
compared to a conventional cell is illustrated in 
Fig. 3. Note that dispersion is very limited in 
these experiments and the effects are larger than 
what would be observed in a typical analytical 
system where the injected plug will undergo 
greater dispersion in the carrier. While the RI 
artifact signals appear complex, they are never- 
theless highly reproducible. Because alcohol has 
a refractive index closer to glass (or acrylate 
fiber) than does water and the overall dispersion 
in the system is low, the dominant feature is a 
negative absorbance signal because the presence 
of alcohol results in less reflection loss at the 
fluid-fiber or fluid/window interface. 

The response of the angled light entrance 
sandwich cell is particularly complicated appar- 
ently because the injected bolus sequentially 
affects the probe volume of each of the fibers. 
However, the overall amplitude of the response 
is essentially the same as that of the original 
sandwich cell when the greater path length of 
the angled entrance cell is taken into account. 
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Fig. 3. Artifact absorbance signal arising from the injection of 59% ethanol into a water carrier. (a) Angled 
light entrance sandwich c&I, (b) perpendicular light entrance sandwich cell, (c) Z-configuration cell. Note 

the order of magnitude different scale in (c). 

CONCLUSIONS 

In summary, the cell described by Pavon 
ef al.’ combined with a metalked reflective 
element provides attractive performance in 
terms of absolute concentration sensitivity, sus- 
ceptibility to bubble entrapment and RI arti- 
facts and ease of construction and cleaning. In 
its con~ptu~ly simplest eminent, a thin- 
walled transparent conduit of glass or silica can 
be provided with in/out connecting tubes and an 
opaque enclosure, metallized on one exterior 
half' with a bifurcated fiber optic probe from the 
other half. If measuring the exact dispersion 
patterns of a bolus without imposing the influ- 
ence of the cell itself is important, such a design 
is expected to produce minimum changes in the 
flow pattern. The original sandwich design is 
more robust, however, and may be modified to 
have flow entran~~e~~ through the sides of the 
spacer S to achieve a no-disruption flow geome- 
try. As to the single strand fiber optic pair angle 
light entrance/exit configuration, it is not a new 
concept. IX’ Construction is somewhat more 
involved than the perpendicular geometry sand- 
wich cell but otherwise it may be more attractive 

where source light levels are low or in uv 
applications where single strand l-mm core 
silica fibers not only directly provide an inert 
window but are substantially less expensive 
than the corresponding bifurcated fiber optic 
bundles. 

~~owfedge~~~-We thank Alitea U.S.A. for the gift of 
the sandwich cell. This work was supported by the OfBee of 
Basic Energy Sciences, U.S. Department of Energy through 
DE-FGO5-84ER13281. However, this manuscript has not 
been subject to review by the DGE and no endorsement 
should be inferred. 
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Summary-Influences of atomization temperatures on the characteristic mass and the atomic absorption 
coefhcient of chromium were studied. The experimental results show that the values of characteristic mass 
have appeared to be. stable to better than 10% when the analyte is atomized in the range of 2500-2800”. 

The standardless analysis was applied to the determination of chromium in standard sediment and 
geochemical reference samples and satisfactory results were obtained. 

The idea of standardless or absolute analysisid 
has attracted attention of spectroscopic workers 
ever since Walsh’s first paper on atomic absorp- 
tion spectroscopy.’ There are now several ap- 
proaches that have been proposed for providing 
graphite furnace conditions approximate to 
those that are theoretically required for absolute 
analysis. Typically, these devices have been 
called “constant temperature furnaces”, a name 
that seems to have been proposed by WoodriK6 
However, the Woodriff furnace was very 
difficult to use for real analysis. At present, in 
discussions of the development of graphite 
furnace atomic absorption spectrometry 
(GFAAS), it is worth while to speak of the 
method which is known as the stabilized tem- 
perature platform furnace.’ With this system, it 
has been demonstrated that it is possible to 
control the experimental conditions so tightly 
that a unique and constant calibration curve can 
be assumed as valid. However, any change of 
sample composition and the formation of stable 
molecules can be a source of larger errors for 
application of standardless analysis. Therefore, 
it is an important condition that a matrix 
modifier should be used to eliminate interfer- 
ences for application of standardless analysis in 
real samples. 

In atomic absorption spectrometry, the tran- 
sient atomic absorption signal of a spectral line 
is the result of the time-dependent density distri- 
bution of the analyte atoms in the analysis 

*Author for correspondence. 

volume. The equation which has been derived 
for GFAA!P is 

A(r) = xexPt-W~h’~!(~~ 0) j+qtj (1) 

m,c’Z(T)Av,s 

Here m, and e are the mass and the charge of the 
electron, c is the velocity of light in vacuum, f 
is the oscillator strength, gi and Ei are the 
statistical weight and the energy of the lower 
level for the analytical line, y ’ is a coefficient 
accounting for hyperfine splitting in the analyti- 
cal line and the Doppler line width in the light 
source, 6 is a correction factor for adjacent lines 
in the light source spectrum, Z(T) is the par- 
tition function at temperature T(K), k is the 
Boltzmann constant, H(a, o) is the Voigt inte- 
gral for the point of the absorption line centour 
distant from the line centre by cu = 0.72~ (here 
a is the damping constant of the Voigt profile), 
s is the cross section of the tube, N(t) is the total 
number of free analyte atoms in the analysis 
volume at time t. 

The atoms need not be distributed homoge- 
neously over the tube length, but they must 
maintain a homogeneous distribution in the 
plane perpendicular to the light beam, because 
otherwise the A(t) measured will not be linearly 
related to N(t). 89 The constant 

K = 0.432JSXS2gi exp(- Ei/kT)y ‘dfH(a, CD) 

m,c’Z( T) Av, 
(2) 

will be called the atomic absorption coefficient. 
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In graphite furnace atomic absorption spec- 
trometry, the sensitivity is usually expressed as 
the characteristic mass (mO), i.e., the mass of 
analyte in picogram corresponding to a peak 
area of 0.~ A - s. As long as the removal 
of free analyte atoms from the furnace is a 
first order process, we get for the peak area 
absorbance (Ai): 

Ai = KN,ra/s (3) 

here No is the total number of analyte atoms 
deposited in the furnace and rR is the average 
residence time of atoms in the optical path. 

We recall that 

No=m .iV,/M, (4) 

Here m is the analyte mass, NA is the Avogadro 
number, J4, is the molar mass of the analyte. 

Substituting equation (4) into equation (3), 
we come to 

Ai = K~~?~~/s~~ (5) 

For an absolute analysis, the constant 1y in 
equation (2) should be obtained from universal 
constants. However, it is possible to obtain rR 
experimentally if the process of atom generation 
is fast in comparison with the removal pro- 
cess.**‘**” Therefore, for all practical purposes it 
is more convenient to measure Kin equation (5) 
from a known quantity of analyte, as is done for 
the measurement of the molar absorptivity in 
W-Vis molecular spectroscopy. The character- 
istic mass (m& was calculated from the mean 
peak area from the following equation: 

m. = (0.0044tAi)m (6) 

Here m is the mass of analyte in picograms for 
the particular element. It can be seen from 
equation (5) that the relation between k: and m, 
can be expressed as 

K = 2.30 x 10-‘4iU,t2/morR (7) 

Here t is the tube radius. If we assume that the 
temperature in the furnace is constant and that 
the removal proceeds exclusively via diffusion 
through the graphite tube ends, the residence 
time can be expressed as: 

ra = 1*/8D 63) 

Here t is the tube length and D is the diffusion 
coefficient. 

Substituting equation (8) into equation Q, 
we come to 

K = 1.84 x 10-‘3M,Dr2/mo12 (9) 

In this paper, the influences of atomization 
temperatures on the characteristic mass and 
the atomic absorption coefficient of Cr were 
studied. The method of standardless analysis 
was applied to the dete~nation of chromium 
in standard sediment and geochemical reference 
samples; satisfactory results were obtained. 

EXPERIMENTAL 

Apparat~ 

A Hitachi 180-50 atomic absorption spec- 
trometer with a GA-3 graphite furnace was 
used. Pyrolytically coated graphite tubes (made 
in China) and solid pyrolytic L’vov platforms 
and pyrolytic V-shaped boatsi (made in our 
laboratory). The size of the graphite tubes used 
in our experiments is r = 2.35 mm and I= 30 
mm. The slit width was 1.3 nm. A Cr hollow 
cathode lamp (made in China) was used as a 
light source and operated at 10 mA. A deu- 
terium arc background system was used 
throughout. Nz was used as the purge gas, due 
to its lower cost than Ar at a flow rate of 150 
ml/mm and the purge gas was stopped during 
the atomization step. The 357.9 nm line of Cr 
was employed for all measurements. The ab- 
sorption signals were recorded with an XWT- 
164 (made in China) strip chart recorder. 
Sample solution was injected into graphite tube 
with a 20 ml Eppendorf micropipette. The tem- 
perature of the furnace was corrected using a 
MT-2 optical pyrometer (made in China). The 
graphite furnace operating parameters were as 
follows: dry 80-120”, 30 set; ashing 800”, 30 set; 
atomization 2700”, 7 set; cleaning 2800”, 3 sec. 

Reagents 

Chromium stock solution (1 mg/ml) was pre- 
pared by dissolving a suitable amount of 
K2Cr207 (analytical reagent grade) in quartz 
sub-boiling distilled water. The working stan- 
dards were prepared by appropriate dilution 
with water prepared in a sub-boiling still. 

A 5%(w/v) solution of the ammonium salt of 
EDTA was prepared by dissolving 5.00 g of 
EDTA (analytical reagent grade) in sub-boiling 
distilled water and adding 15 ml of 25% aqua 
ammonia (analytical reagent grade) and then 
diluting to 100 ml with water. 

Procedure 

Standard sediment and geochemical reference 
samples (made in China) were used in this study. 
Transfer a weighted amount of the sample into 
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Table 1. The experimental values of m, and K for Cr at various atomization tempera- 
tures 

m, 0 10” x K (cm? 

V-shaped V-shaped 
Temp. CC) Wall Platform boat Wall Platform boat 

2200 4.9 5.9 1.82 1.07 2300 4.3 

;z 3.4 3.5 

::; :.9 2.23 1.36 :z 

3.0 2.6 217 2.87 3.22 2.46 1.81 299 3.25 
2600 3.2 2.9 2.5 3.55 2.76 3.65 
2700 2.7 ::: 4.26 3.19 3.90 
2800 2.9 4.47 4.10 4.19 

a polyfluorotetraethylene crucible usually 
0.142 g, carefully add 5 ml and 3 ml of 
concentrated nitric and perchloric acids, re- 
spectively. Heat on a sand bath until near 
dryness, again add 3 ml of perchloric acid, 5 ml 
of hydrofluoric acid and 0.5 ml of sulphuric acid 
and continuously heat to dryness. The residue 
dissolves in sub-boiling distilled water. Add 0.5 
ml of 5% (w/v) ammonium salt of EDTA as a 
matrix modifier and make the final volume to 25 
ml for the determination of chromium by 
GFAAS. 

RESULTS AND DISCUSSION 

InfIuences of atomization temperature on m, 
and K 

There are parameters influencing the stability 
of standardless analysis by graphite furnace 
atomic absorption spectrometry in which the 
temperature of the atomization step is a main 
factor.i3 Frech and Baxter14 have studied the 
temperature dependence of atomization efficien- 
cies of some elements in the graphite furnace. 
They pointed out that the atomization efficiency 
for most elements reaches a plateau, often in 
the higher temperatures region. We observed 
the influences of atomization temperatures 
on the experimental values of m, and K when 

the sample was evaporated from the wall, using 
the platform and the V-shaped boat techniques. 
The results are listed in Table 1. 

As shown in Table 1, the influences of atom- 
ization temperatures on the experimental values 
of m. and K showed basically the same tendency 
when the samples were evaporated in three 
different ways. The value of m. decreased with 
an increase in the atomization temperature, and 
then reached a stable value after 2500”. The 
stability of m, values obtained by vaporizing of 
the three different ways appeared to be better 
than 10% in the range of 2500-2800”. However, 
the m, values are the smallest in the V-shaped 
boat furnace and the m, values in the platform 
furnace are less than that for the wall of the 
furnace at temperatures higher than 2600”. On 
the other hand, the value of K increases with 
increasing atomization temperature in the range 
of 2200-2800”. 

Standardless analysis of Cr 

It can be seen from Table 1 that the values of 
m, for Cr appeared to be stable to better than 
10% when the analyte was atomized in the 
range of 2500-2800”. Therefore, we investigated 
the determination of Cr without standards. The 
determination of Cr in the standard sediment 
and geochemical reference samples by the three 

Table 2. Standardless determination of Cr in samoles 

Calculating Calculating Calibration 
method of m, method of K curve method 

Expected 
Content,t RSD, Content,? RSD, Content,? RSD, value 

Sample* &rig % &r/g % &rlg % I@lg 

GSS-4 368.4 1.2 358.7 5.7 358.4 3.3 370 
GSR3 135.0 3.1 131.0 3.7 131.0 5.0 134 
GSD-2 12.2 1.8 12.1 1.9 12.1 2.2 12.2 
GSD-8 7.5 4.4 7.4 1.5 7.4 2.7 7.6 

rns was 2.9 pgjO.0044 A.s K was 4.26 x 10-l’ cm’. 
*GSS-4 and GSR3 are Geochemical reference samples (China). GSD-2 and GSD-8 are drainage sediment 

samples (China). 
tValues are the mean of five measurements, 
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methods with 2%(v/v) ammonium salt of 
EDTA as matrix modifier was carried out. 
The analytical results are listed in Table 2. 
They indicate that standardless analysis applied 
to determination of Cr in practical samples 
provides satisfactory results. But it must 
be emphasized that a frequent check of charac- 
teristic mass will be a key link which assures 
accurate analytical results and that use of 
a matrix modifier to eliminate the inter- 
ferences will be a necessary condition for appli- 
cation of standardless analyses in a practical 
sample. 
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Summary-The adsorptive collection of the aluminum complex with cupferron is exploited for developing 
a highly sensitive stripping procedure for trace aluminum. Optimal experimental conditions include the 
use of 2 x 10e4M cupferron in PIPES buffer (PH 7.0), an accumulation potential of -0.40 V and a linear 
potential scan. With controlled accumulation for 2 min, a detection limit near 30 rig/l.. aluminum is 
obtained. The relative standard deviation (at 5 fig/l.) is 2.9%. Possible interferences are evaluated. The 
analytical performance compares favourably with that of early adsorptive stripping schemes for 
aluminum. 

Because of the environmental and biological 
significance of aluminum, a highly sensitive 
method is required for its reliable measurement. 
The extremely negative reduction potential of 
aluminum makes its direct voltammetric quanti- 
tation difficult. Indirect polarographic schemes, 
based on the distinct reduction wave of alumi- 
num, in the presence of di-o-hydroxy~o dyes, 
have thus been developed (l-3). It is possible to 
couple this redox behavior with the spontaneous 
interfacial accumulation of the aluminum/ 
azo-dye complex for developing a highly sensi- 
tive adsorptive stripping procedure.4 A draw- 
back of this procedure is the slow chelate 
formation that requires a IO-min heating period 
at 90”. The need to heat the sample (after the 
ligand addition) has been obviated through 
the use of another reagent, l,Zdihydroxy- 
anthraq~none-3-sulphonic acid (DASA).5 The 
resulting adsorptive stopping volt~met~c 
procedure Permits quantitation down to the 
nanomolar level, but suffers from interferences 
due to coexisting zinc and antimony ions. 

The present paper describes a highly sensitive 
adsorptive stripping procedure for determining 
alumina by adsorption accumulation and 
reduction of its complex with cupferron. The 
cupferron-based procedure compares favour- 
ably-in terms of sensitivity, selectivity and 
simplicity-with earlier adsorptive stripping 
schemes for Alpine. The utility of cupferron 
for adsorptive stripping measurements of other 
trace metals have been reported recently.“’ 

*Author for correspondence 

EXPERIMENTAL 

App~~ut~ and reagents 

The equipment used to obtain the voltamper- 
ograms (a PAR 264A analyzer with a PAR 303 
static mercury drop electrode) has been de- 
scribed in detail elsewhere.4” A medium-sized 
hanging mercury drop electrode (HMDE) with 
a 0.016-cmZ surface area was employed. 

All solutions were prepared with doubly 
distilled water. A IOOO-ppm stock aluminum 
solution (atomic absorption standard, Aldrich) 
was diluted as required. Stock solutions (O.lM) 
of cupferron (Aldrich) were prepared weekly 
and were stored at 4”. A 1 x 10e3M PIPES 
buffer (pH 7.0) served as supporting electrolyte. 

Procedure 

Voltammetric stripping experiments were 
performed in the following matter. The blank 
solution (10 ml) was pipetted into the cell and 
purged with nitrogen for 8 min. The preconcen- 
tration potential (usually -0.40 V) was applied 
to a fresh mercury drop while the solution 
was stirred. Following the accumulation period, 
the stirring was stopped and after 15 set the 
voltamperogram was recorded by applying a 
linear scan (at 100 mV/sec) in the negative 
direction; the scan was terminated at - 1.55 V. 

RRRULTS AND DISCU~ION 

Response characteristics 

Figure 1 shows cyclic voltamperograms for 10 
pg/l. (ppb) aluminum, in a medium containing 

3% 
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-0.4 
J 

-0.8 -1.2 -1.6 

Potential (V) 

Fig. 1. Cyclic voltamperograms for 10 pg/l. aluminum after 
0 (A) and 90 (B) set stirring at -0.40 V. Scan rate, 100 
mV/sec; solution, I x lO-)M PIPES buffer @H 7.0), con- 

taining 2 x lo-‘M cupferron. 

2 x 10m4M cupferron and 1 x lo-‘M PIPES 
buffer (pH 7.0). In the absence of prior accumu- 
lation, only a small peak from the reduction of 
the aluminum/cupferron complex is observed at 
- 1.39 V (A). When the experiment is repeated 
with a 90-set stirring period ( - 0.40 V), a signifi- 
cantly (40-fold) larger cathodic peak is ob- 
served, indicating an interfacial accumulation of 
the complex (B). No peaks are observed upon 
scanning in the positive direction. The cathodic 
peak (following the stirring period) increased 
linearly with the potential scan rate (not shown), 
as expected for the surface-bound species. The 
peak also decreased rapidly upon repetitive 
scans, indicating rapid desorption of the 
complex from the surface. The fact that a 
well-defined cyclic voltammetric response is 
observed for pg/l. concentrations indicates 
the remarkable sensitivity associated with the 
interfacial accumulation process. 

The spontaneous accumulation of the alumi- 
num-cupferron complex can be exploited for 
effective preconcentration prior to the voltam- 
metric scan. Figure 2 displays voltamperograms 
for 5.0 ,ug/l. aluminum after different precon- 
centration periods (O-60 set, a-e). While quan- 
titation is not possible without accumulation 
(a), well-defined peaks are observed after pre- 

concentration. The peak increases rapidly with 
increasing preconcentration time, indicating 
(again) an enhancement of the complex concen- 
tration on the mercury surface. Also shown in 
Fig. 2 is the resulting peak-current us. precon- 
centration time plot for 2.5 (A) and 5.0 (B) pg/l. 
aluminum. The rapid increase of the 
current observed at short preconcentration 
times, is followed by a levelling-off for longer 
periods. Such profiles reflect the kinetics of the 
adsorption process. 

Various experimental variables affecting the 
adsorptive stripping response were evaluated 
and optimized. Figure 3(A) shows the depen- 
dence of the ahuninum/cupferron peak on the 
ligand concentration. The peak height increases 
linearly with the cupferron concentration up to 
2 x 10e4M, after which it starts to level off. 
The dependence of the peak height on the 
accumulation potential is shown in Fig. 3(B). 
Such behaviour is attributed not only to the 
complex stoichiometry, but also to competition 
of the free ligand for adsorption sites. Larger 
peaks were obtained over the range from - 0.40 
to -0.50 V, i.e., around the potential of zero 
charge; the peak decreased rapidly at lower 
and higher potentials. Other optimal conditions 

-1.2 -1.5 
E(v) 

100 - 
2 
d 

A 

ij 
e 
; 

u 

1 2 3 

Time (min) 

Fig. 2. Stripping voltamperograms for 5.0 pg/l. aluminum 
after preconcentration for 0 (a), 15 (b), 30 (c), 45 (d), and 
60 (e) set (at -0.40 V with 400 rpm stirring). Also shown 
are the resulting current us. time plots for 2.5 (A) and 5.0 

(B) pg/l. aluminum. Other conditions, as in Fig. I. 
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(4 standard deviation of 2.9% [conditions, as in 
100 I- Fig. 2(e)]. 

0 40 80 120 160 200 240 

(Cupr.). PM 

@I 
,100 I- 

0 -0.2 -0.4 -0.6 -0.8 -1.0 

EACC..~ 

Fig. 3. Effect of cupferron concentration (A) and accumu- 
lation potential (B) on the response to 5.0 pg/l. aluminum. 
One-min accumulation. Accumulation potential (A), 

-0.50 V. Other conditions, as in Fig. 1. 

include the use of pH 7.0 and of the linear 
potential scan mode (at 100 mV/sec). 

Analytical performance 

Figure 4 shows voltamperograms obtained 
after increasing the aluminum concentration in 
2 c(g/l. steps [(a)-(e)]. Well-defined peaks, pro- 
portional to the metal concentration, are 
observed using a 60-set preconcentration 
period. Also shown are the resulting calibration 
plots following 30 (A) and 60 (B) set of 
preconcentration. Both plots are highly linear 
over the entire range examined (slopes, 8.4 and 
14.6 nA * 1. . /lg-‘, respectively; correlation co- 
efficients, 0.998). A detection limit of 0.03 pg/l. 
(1 .l x lo-‘M) was estimated from the signal- 
to-noise characteristics of the response for 0.25 
c(g/l. aluminum solution (120-set accumu- 
lation). Such a detection limit is lower than that 
of the azo-dye based stripping procedure4 and is 
similar to that of the DASA-stripping scheme.’ 
Non-electrochemical methods for aluminum, 
such as inductively coupled plasma’ and 
liquid chromatography9 are characterised by 
significantly higher detection limits (of 0.3 and 
0.2 pg/l. respectively). The adsorptive accumu- 
lation of the aluminum/cupferron complex re- 
sults in reproducible stripping peak currents. 
For 22 successive measurements of 5 pg/l. 
aluminum, the mean peak current was 75.3 nA, 
with a range of 72.0-78.9 nA and a relative 

The following metal ions (25 pgg/l.) were 
tested and found not to affect the 5 pg/l. 
aluminum peak: Cu(II), Pb(II), Zn(II), Cd(II), 
Ni(II), Co(H), Sb(III), Fe(III), Bi(III), Tl(I), 
Mo(VI), Se(IV), Ga(III), In(III), Pd(II), Zr(IV), 
Te(VI), Ge(IV), W(VI), Ru(III), and Rh(II1). 
Several of these ions [Cu(II), Pb(II), Cd(II), 
In(II), Ni(I1) and Zn(II)] yielded cathodic peaks 
at lower potentials that did not affect the re- 
sponse of interest. Indeed, it was possible to 
simultaneously quantitate aluminum with 4 or 5 
of these metals. In contrast, interfering over- 
lapping signals were observed in the presence of 
U(VI), Cr(VI), and Ti(V1). An appropriate 
masking or separation step would be required in 
the presence of elevated levels of these ions. 
Hence, the cupferron-based procedure offers 
new selectivity dimensions compared to early 
adsorptive stripping schemes, that suffer from 
interferences due to Cu(II), and Fe(III)4 or 
Zn(I1) and Sb(III).’ As noted above, these ions 
do not affect the aluminum/cupferron response. 

In conclusion, the method described provides 
a highly sensitive approach to the determination 
of aluminum. Such use of cupferron offers an 

1 J 

-1.2 -1.5 

I 
E(V) 

200 

0 2 4 6 8 10 12 14 

Concentration (ppb) 

Fig. 4. Stripping voltamperograms for solutions 
increasing aluminum concentrations: 2 (a), 4 (b), 6 (c). 
8 (d), and 10 (e) &I. One-min accumulation at -0.40 V. 
Other conditions, as in Fig. 1. Also shown are the 
resulting calibration plots following 30 (A) and 60 (B) sec. 

accumulation. 
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Suuunary~onfidence intervals and their uncertainties for nonlinear regression parameters are obtained 
using nonparametric statistical methods. The confidence intervals are calculated by means of a Monte 
Carlo procedure. Their uncertainties depend on the confidence level desired and on the number of Monte 
Carlo simulations of the data set. They are obtained by calculating the uncertainties in the boundaries 
of the confidence intervals using a generalization of the nonparametric method used to calculate confidence 
intervals for medians. The method described here provides reliable confidence intervals at relatively low 
computational expense. It seems especially suited to the statistical analysis of nonlinear regression 
problems that are difficult to deal with using conventional methods. 

Nonlinear regression analysis of experimental 
dataI has become a standard procedure in 
chemistry. This analysis determines the values 
of the adjustable parameters in a set of model 
equations (nonlinear in the parameters) that 
result in the best fit of the model to the exper- 
imental data. In addition to the values of the 
parameters, it is important to obtain estimates 
of the uncertainty in each parameter value. For 
the general nonlinear problem, if the experiment 
were repeated many times, the distribution char- 
acterizing the set of values of any one of the 
parameters will not be normal as it would be in 
a linear problem. Consequently, traditional 
parametric estimates of the uncertainties, which 
rely on the assumption that the parameter val- 
ues are normally distributed, may not be correct 
and can lead to significant errors. The appropri- 
ate measure of the uncertainty is a confidence 
interval at some chosen probability level. 

In a recent paper, we described a simple 
nonparametric method for estimating confi- 
dence intervals for the values of parameters 
obtained from nonlinear regression analyses.s 
This method is based on Monte Carlo 
sampling”’ of the universe of possible data sets 
consistent with the one actually obtained from 
the experiment. Confidence intervals derived 
using this procedure arc free from assumptions 

*Author for correspondence. 

about the distributions of the calculated par- 
ameters and about covariances between them. It 
is the purpose of this paper to determine the 
number of Monte Carlo sampling points 
required to achieve any predetermined level of 
accuracy of the confidence intervals. 

EXPERIMENTAL 

Determination of confidence intervals 

Our procedure for determining confidence 
intervals for parameters is straightforward. 
First, the set of experimental data together with 
estimates of their uncertainties is analyzed using 
a nonlinear regression algorithm. The algorithm 
provides optimized values of the adjustable 
parameters and the value of x2, the goodness-of- 
fit statistic. Assuming that the estimates of the 
uncertainties in the experimental data are cor- 
rect, if the model serves as a correct description 
of the phenomena, then the value of x2 will be 
approximately equal to the number of degrees 
of freedom. The number of degrees of freedom 
is equal to the number of data points minus the 
number of adjustable parameters. 

Second, the experimental data set is repeat- 
edly and randomly manipulated to provide N 
simulated experimental data sets, where N is 
some suitably chosen number. In earlier work, 
we employed a Monte Carlo technique to gener- 
ate these simulated data sets.s*8 This technique is 
based on the assumption that the error in each 

355 
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experimental datum is derived from some 
known probability distribution. A random 
number chosen from this distribution is added 
to the measured datum resulting in a new 
datum. A new data set is generated by repeating 
this process for each datum in the original data 
set. 

The nonlinear regression algorithm is then 
applied to each of the simulated experimental 
data sets providing a new set of parameters for 
each data set. The N values of each parameter 
are characterized by a distribution which is an 
approximation to the distribution of the uni- 
verse of values of that parameter. A confidence 
interval for each parameter can be obtained 
directly from the calculated set of values for that 
parameter by numerically ordering the set of 
values and then choosing an appropriate per- 
centile to determine the boundary values of the 
confidence interval. For example, the boundary 
values at the 5’h and 95” percentile levels of the 
values of an optimized parameter constitute a 
90% confidence interval for that parameter. 

We are primarily concerned in this paper with 
answering the question implicit in the statement 
of the second factor: assuming that the pro- 
cedure for generating parameter distributions is 
correct, how many values, N, of a calculated 
parameter resulting from N simulations of the 
original data set are required to provide accu- 
rate percentile levels and thus, accurate confi- 
dence intervals? 

In order to answer this question, we first note 
that percentiles are so-called “order statistics”; 
they involve only numbers of points (in this 
case, the set of calculated values of a parameter) 
rather than the actual values of these points. 
Simple nonparametric methods can be used to 
determine confidence intervals for these stat- 
istics. In order to avoid confusion in the follow- 
ing discussion, we will refer to confidence 
intervals for the percentiles as “ranges”. That is, 
the confidence interval for a given percentile 
level (which itself is the boundary of a confi- 
dence interval) will be called the range of the 
percentile. 

The percentile method is a direct implemen- 
tation of the definition of the confidence inter- 
val. Using the example given in the previous 
paragraph, if the experiment were repeated 
many times, in 90% of the experiments the value 
of the parameter determined by the nonlinear 
regression would be expected to lie in the 90% 
confidence interval bounded by the 5”’ and 9Sh 
percentiles. There are other procedures for gen- 
erating a confidence interval from the distri- 
bution of a parameter, but the simplicity of the 
percentile method makes it, in our opinion, the 
method of choice. 

Ranges for order statistics 

The order statistics relevant to the study of 
the uncertainty in confidence intervals are the 
median and a generalization of the median. 
In the following discussion of these order stat- 
istics, we will assume that a set of values for 
each of the parameters has been obtained by 
some random manipulation of the experimental 
data. 

Because the set’ of calculated values for a 
parameter represents only a finite and possibly 
non-representative sample of the universe of 
parameter values, the estimate of the confidence 
limits from that set of values is subject to error. 
The overall accuracy of confidence intervals 
obtained from the procedure outlined above 
depends on two factors: (1) the accuracy of the 
calculated parameter distribution obtained from 
the Monte Carlo simulations and (2) the accu- 
racy of the determination of the location of the 
percentile levels. 

The median. There is a straightforward pro- 
cedure for determining the range (confidence 
interval) about the simplest of the order stat- 
istics, the median. Consider a set of N data 
points Xi, i = 1, N, randomly chosen from a 
large population with some unknown distri- 
bution. Let the median of the large population 
be A4 while that of the N member sample be 
X,,,. The probability that exactly k of the N 
data points lie at or below the unknown popu- 
lation median is given by the binomial distri- 
bution: 

N 

The first factor derives from the inherent We can calculate a symmetric range 
limitations in the Monte Carlo simulation. Even [X,, X,.,_ rl+, ] of level 1 - /I for the sample 
if an infinite number of simulations were per- median by calculating the cumulative probability 
formed, the calculated distributions might not that at least q and no more than N - q points lie 
be equivalent to the true distribution because of below the true median. The interval is con- 
the experimental errors in the original data set. structed so that 1 - /I is the probability that the 
We will return to this point below. population median M lies within the interval. 
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We thus chose q to be the largest integer such 
that 

N-q 
C P(N,k)> 1 -B 

k-q 
(2) 

This interval is symmetric about the sample 
median X,,, because the binomial distribution is 
symmetric if the probability of each elementary 
event is 0.5. 

This procedure can be illustrated by means of 
a simple example. We consider a set of N = 50 
points arranged in ascending numerical order 
and arbitrarily chose 1 - /I = 0.683, the value 
equal to the one-sigma confidence level for a 
normally distributed variable. Using equation 
(1) we find: 

P(50,25) = 0.1123 

P(50,26) = P(50,24) = 0.1080 

P(50,27) = P(50,23) = 0.0960 

P(50,28) = P(50,22) = 0.0788 

P(50,29) = P(50,21) = 0.0598 

We interpret P(50, k) to be the probability 
that the population median M lies in the closed 
interval [x&, &+ ,I. This represents a conserva- 
tive interpretation of the probability measure. 
The maxims value of q s~tisf~ng equation 
(2) is found to be 2 1. For this value of q the sum 
of the probabilities is 0.7975. This sum is the 
probability that M lies between the 21” and the 
30th entries in the list of data points arranged in 
ascending order. 

The interval [X,, , X,] constitutes the conser- 
vative 0.683 range for the population median. 
We note that this result is independent of the 
nature of the distribution of the population 
from which the sample is chosen and is also 
independent of the actual values of the members 
of the population. We now generalize this analy- 
sis and apply it to the percentile method for 
estimating confidence intervals. 

The generalized median. The median divides 
the population so that 50% of the points lie at 
or below it. We define a generali~tion median, 
which we call the p-median, 0 -G p < 1, to be the 
point X, such that a fraction p of the points lie 
below it. The probability that exactly k of a 
sample of lV data points will lie at or below the 
p-median is given by 

N 
P(N, k,p) = k 

.op 
“(1 -P)~-” (3) 

The binomial distribution is not symmetric 
about its maximum value if p # 0.5. Therefore, 

two integers q and r, q < r, are needed to define 
a confidence interval about a p-median. These 
integers were chosen so that they define an 
interval of minimum length (compared with 
intervals defined by any other pair of integers) 
while satisfying 

r-l 
k~qJ’(Nkp). 1 -B (4) 

We continue to interpret P(N, k,p) in a conser- 
vative manner; the probability refers to the 
closed interval between the k” and k + 1” 
points. Consequently, the range for the p- 
median is given by the asymmetric interval 
[X,, X,] about X,. 

We show in the next section that the p-me- 
dian is ideally suited for determining the appro- 
priate value of N, the number of values of each 
parameter needed to achieve some desired de- 
gree of accuracy. 

App~i~ati~n of the pmedian to ~on~~~~e inter- 
vals 

Suppose that a set of N values of each of the 
adjustable parameters is determined by the 
Monte Carlo simulation or some other method. 
The p- and (1 - p)-medians of the numerically 
ordered set of values of each parameter define 
the I- 2p confidence interval for that par- 
ameter. For example, the p = 0.05 and p = 0.95 
medians define the 90% confidence interval. For 
the case of N data points, the position of the 
upper median is u = [N(l -p)], where [r] 
denotes the integer part of r. In order that the 
confidence interval be symmetric with respect to 
the highest and lowest data point, we set the 
lower median X, at position N - u + 1. 

We now consider the uncertainty in the lo- 
cation of the upper and lower p-medians X, and 
X,. After choosing some arbitrary confidence 
level 1 - /? we calculate the range about X, using 
the method described in the previous section. It 
is important to note that the position of the 
boundaries of this interval is independent of the 
actual values of the parameters and their distri- 
butions and so can be calculated once and for all. 
Ranges about the upper and lower p-medians 
are related by mirror reflection symmetry. If the 
upper median lies at position u and the confi- 
dence interval around it is X, d X, < X,, then 
the blinding range about the lower p- 
median is XN_r+, dXN_u+, <Xx,_.,+,. Repre- 
sentative ranges about p-medians for various 
values of p and N with 1 - /3 = 0.683 are given 
in Table 1. 



358 JOSEPH S. ALPER and ROBERT I. GELS 

Table 1. Positions of the upper p-medians and their 68.3% 
confidence intervals 

Number of 
Confidence levels for the parameters a, 

Monte Carlo 68.3% 80% 90% 
sim~ations p = 0.842’ p -0.90 p = 0.95 

50 [40,43,46]t [43,45,48] [47,48,50] 
100 [81,85,89] [88,90,94] [93,95,98] 
200 1164, 169, 1751 [176, 180, 1851 [187, 190, 1941 

[247,253,260] [265,270,276] [282,285,290] 
1331.338.3461 1355.360.3671 1376.380.3851 . __ __ . 

*The p = 0.842 median is located at the upper bound of the 
68.3% confidence interval for a parameter a,. 

?[40,43,46] means that the p = 0.842 median is found at 
position 43 and that the boundaries of the 68.3% 
confidence interval for this median are found at pos- 
itions 40 and 46. 

The (1-2~) confidence interval for a re- 
gression parameter aj is given by [X,, X,] since it 
is bounded by the lower and upper p-medians. 
The uncertainty in this confidence interval can 
be expressed in terms of the ranges in the 
positions of X, and in X,. Consider, as an 
example, the 90% confidence interval for aJ 
calculated using N = 200 Monte Carlo simu- 
lations. This interval is defined by the 0.05 and 
0.95medians and so is bounded by the llth 
and 190” positions in the ordered list df the 
200 values of a,. At a confidence level of 
1 -p = 68.3% for the uncertainty in the pos- 
ition of each p-median, we see from Table 1 that 
the 0.95-median is uncertain by - 3, i-4 pos- 
itions, while the 0.05median is uncertain by 
-4, + 3 positions. 

These uncertainties mean that the lower p- 
median could lie as high as position 14 and as 
low as 7, while the upper p-median could lie as 
high as position 194 and as low as 187. Using 
positions 7 and 194 as the boundaries of a 
confidence interval implies a confidence level of 
94% since 12 values have been struck from each 
end of the list of 200 values. Similarly, the 
interval bounded by positions 14 and 187 imply 
a confidence level of 87%. 

We have thus found that the confidence inter- 
val [X,, , X,,] corresponds to a confidence level 
of 90 +4, - 3%. To the degree of accuracy 
required for our analysis of uncertainties, we 
can approximate the asymmetric uncertainty 
estimate by the symmetric uncertainty, 
90 f 3.5%. This symmetrization will be applied 
to all the un~rtainties calculated in this 
work. 

We now determine the confidence level of this 
uncertainty of f 3.5%. This confidence level 
depends only on the confidence level of the 

uncertainties in the p-medians which we have 
arbitrarily set at 1 -/I = 68.3%. The prob- 
ability that either p-median will lie outside its 
range is /I. Since the positions of the 2 p- 

medians are inde~ndent, the probability that 
both will lie outside their respective ranges is p2. 
As explained in the preceding paragraphs, the 
uncertainty in the 90% confidence interval for aj 
was determined by considering the case where 
both p-medians lie outside the interval defined 
by positions 11 and 190 and the case where both 
lie inside. Assuming su&cient symmetry in the 
binomial distribution, the probability of the 
occurrence of either of these two cases is ap- 
proximately j2/2 = 0.050, which corresponds to 
a 95% confidence level. 

We conclude that if N = 200 Monte Carlo 
simulations are performed, we can be 95% 
confident that the confidence level for the 90% 
interval [X,, , I,,] is 90 + 3.5%. We emphasize 
again that this 95% confidence level depends 
only on the 68.3% un~r~inty in thep-medians. 
It does not depend on the number of simu- 
lations nor on the confidence level or interval 
for aj. 

The results of this analysis for different values 
of N is given in Table 2. For each value of N, 
we show the 68.3, 80, and 90% confidence 
intervals for aj as defined by the upper and lower 
p-medians and the uncertainties in each of these 
confidence levels. 

Suppose we wish to calculate the confidence 
interval at the nominal level of 80% for the 
parameter aj but would be satisfied knowing 
that the confidence level actually lies in the 

Table 2. Boundaries of confidence intervals (as defined by 
the upper and lower p-medians) and the uncertainties (at the 

95% level) in the confidence levels of these intervals 

Number of Confidence levels 
Monte Carlo 
simulations 68.3% 80% 90% 

50 [8,431* [6,451 
* 12%? j, 10% 

P$$ 

100 [16,851 [IL901 
&8% &6% 

:;j 

200 [32, 1691 
Y4 :“Y 

[II, l&l 
&5.5% * 3.5% 

300 [48,253] $$I [16,285] 
*4.3% f2.1% 

400 [63,338] [&& 
+3.8% [SE)’ rt3.W~ . 0 

*[8,43] means that the 68.3% confidence interval for any 
one of the adjustable parameters J is bounded by the Sa 
and 43”’ values of that parameter. 

t + 12% is the uncertainty (at the 95% confidence level) in 
the 68.3% confidence interval, i.e., the interval [8,43] 
represents a confidence level of 68.3 f 12%. 
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somewhat wider range 7486%. Table 2 shows 
that if N = 100, there is a 6% uncertainty in the 
80% confidence level. Thus, 100 values of each 
parameter are sufficient, and the nominal 80% 
bounds will appear at the 1 l* and 90”’ entries of 
the list of the 100 values of uj. 

There appears to be little practical difference 
between a nominal 80% confidence level and the 
range 7486% obtained using 100 Monte Carlo 
simulations. Consequently, we conclude that 
100 simulations are adequate for an estimation 
of 80% confidence intervals. Similarly, if the 
difference between a 68.3% confidence level and 
the range 60-76% is regarded as unimportant, 
then 100 simulations are adequate to accurately 
describe this confidence level. However, for the 
nominal 90% confidence level, 100 simulations 
yields a range of 85-95%. This represents a 
range in the odds from approximately 6: 1 to 
20: 1. This range does seem to represent a 
significant difference and indicates that a larger 
number of simulations, say 200, is appropriate. 
As explained above, for N = 200, the nominal 
90% level represents the range 90 + 3.5% which 
appears adequately precise for most appli- 
cations. 

These results can be interpreted from a differ- 
ent point of view. Instead of focussing on the 
uncertainty in the confidence level, we can use 
the uncertainty in the position of the boundaries 
of the p-medians to determine the uncertainty in 
the confidence interval about the parameter. 
Using the same example, (N = 200, 90% confi- 
dence interval), we assume that the confidence 
level of 90% is correct but that there is uncer- 
tainty in the interval. This uncertainty can be 
calculated from the values of the parameters 
found at 4 positions higher and 3 positions 
lower from each of the boundaries of the orig- 
inal confidence interval. In constrasting the two 
points of view, we note that only the first, which 
analyzes the uncertainty in the confidence level, 
is independent of the statistical fluctuations 
involved in using the Monte Carlo for estimat- 
ing the parameter distributions. 

A specific chemical example illustrating the 
determination of the accuracy of a confidence 
interval for a parameter may clarify this discus- 
sion. We show that for this example, the pro- 
cedure described above produces, for each 
regression parameter, a set of values that accu- 
rately reproduces the actual distribution of that 
parameter. Moreover, the procedure provides 
accurate percentile levels (boundaries of the 
confidence intervals). 

TAL 40,3-E 

A simulated digerential kinetic analysis 

A simulated mixture of substances X and Y 
is analyzed for both components by a differen- 
tial kinetic method involving the measurement 
of absorbance versus time. The mixture is 
treated with a color developing reagent which 
reacts with the analytes at different rates. We 
will assume that the rates of product formation 
are first- or pseudo-first-order in both X and Y 
and that the products of the reactions involving 
X and Y are the only light absorbing species in 
the mixture. The time dependence of the ab- 
sorbance is given by 

A(t) = X(1 -e-O’) + Y(l -em”), (5) 

where A(t) is the absorbance at time t; X and 
Y are constants proportional to the concen- 
trations of the analytes X and Y, and a and b 
are the first- or pseudo-first-order rate constants 
for the reaction of X and Y, respectively, with 
the color developer. Once values of X and Y are 
determined, the corresponding concentrations 
can be obtained from Beer’s Law and the appro- 
priate extinction coefficients. 

We note that equation (5) is identical in form 
to one describing a controlled potential chrono- 
coulometric determination of two electroactive 
species which are reduced or oxidized at differ- 
ent rates. Thus, the quantity of electricity Q(t) 
passed at time t during the bulk electrolysis of 
a mixture of substances X and Y under con- 
ditions of constant stirring is given by 

Q(t) = Qx(1 - e-“) + Qy(l - eeb’) (6) 

where Qx and Qy are the quantities of electricity 
required for complete oxidation or reduction of 
X and Y and a and b are the corresponding 
mass-transfer coefficients for these species, 
which are taken as constants. 

An exact data set of A(t) us. t was constructed 
using 11 values of t: 0.0,2.0,4.0, . . . ,20.0. The 
values of the four parameters were chosen to be 
X = 0.50, Y = 0.70, a = 0.05, and b = 0.20. We 
simulated an experimental data set by adding to 
each exact value of A(t) (which varied from 0.0 
to approximately 0.9) a normally distributed 
random error with a mean of 0 and a standard 
deviation of 0.005. 

The simulated experimental data set was ana- 
lyzed using the Levenberg-Marquardt nonlinear 
regression technique as implemented by Press 
et ~1.~ to obtain the values of the four par- 
ameters X, Y, a, and b that best fit the simulated 
experimental data set. We found X = 0.518, 
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Y = 0.689, a = 0.0493 and b = 0.207. The good- 
ness-of-fit statistic, x2, was found to be 7.28, 
which is approximately equal to 7, the number 
of degrees of freedom in the regression analysis. 
Standard error estimates for each of the par- 
ameters are obtained from the diagonal el- 
ements of the covariance matrix. These error 
estimates, which we will refer to as parametric 
estimates, had values of 0.12,0.50,0.11 and 0.07 
for X, Y, a and b, respectively. 

Unfortunately, error estimates of regression 
parameters obtained from the covariance matrix 
are unreliable if the model equation is nonlinear 
in the parameters. 4s Examination of equation 
(5) reveals such a nonlinearity. In order to 
obtain accurate confidence intervals for the 
calculated parameters we employ a Monte 
Carlo simulation method. 

In implementing this method, each value of 
A(t) in the simulated experimental data set is 
scattered by adding a random normally dis- 
tributed error with mean 0 and a standard 
deviation of 0.005. The resulting Monte Carlo 
data set is analyzed using the nonlinear re- 
gression algorithm and a new set of parameters 
is obtained. This procedure is repeated a total of 
N times. A confidence interval for each par- 
ameter is then derived from the N values of that 
parameter.s 

As discussed above, our goal in this work is 
to determine the number N of Monte Carlo 
simulations required in order to obtain some 
predetermined degree of accuracy in the calcu- 
lated confidence intervals. We examined the 
68.3 and 90% confidence intervals for the differ- 
ential kinetic example using three different val- 
ues of N (50, 100 and 200). In order to evaluate 
the reproducibility of our results, we repeated 
each set of calculations six times. Finally, we 
made an additional calculation with N = 4000. 
We assume that the confidence interval obtained 
from this calculation is an accurate approxi- 
mation of the “true” confidence interval that 
would be obtained in the limit as N goes to 
infinity. 

The numerical results are summarized in 
Table 3. An entry in the first row of numbers 
listed below the value of N is the mean of the 6 
Monte Carlo confidence interval half-widths for 
the specified parameter. The entry below this 
one is the standard deviation of the 6 values, 
and the corresponding entry in the third row is 
the maximum deviation from the mean. Thus, 
this entry indicates a typical worst value ob- 
tained for a confidence interval for a given value 

Table 3. Confidence half-intervals and their uncertainties as 
a function of the number of Monte Carlo simulations for the 

diierential kinetic analysis example* 

68.3% confidence half-interval 
x Y a b 

0.037 
0.006 
0.007 

0.036 
0.005 
0.006 

0.034 
0.004 
0.607 

0.0333 

N=50 
0.016 0.0030 
0.004 0.0005 
0.005 0.0008 

N=lOO 
0.016 0.0029 
0.005 0.0003 
0.006 0.0005 

N-200 
0.013 0.0028 
0.003 0.0004 
0.004 0.0005 

N=4OOO 
0.0126 0.0029 

0.0060 
0.0008 
0.0011 

0.0053 
0.0008 
0.0010 

0.6053 
0.0009 
0.0010 

0.0051 

90% confidence half-interval 
x Y a b 

N=SO 
0.062 0.050 0.0067 0.0124 
0.009 0.009 0.0016 0.0023 
0.012 0.012 0.0024 0.0040 

N=lOO 
0.963 0.041 0.0053 0.0112 
0.007 0.008 0.0005 0.0013 
0.009 0.010 0.0012 0.0023 

N=200 
0.060 0.040 0.0055 0.0108 
0.006 0.007 0.0007 0.0012 
0.608 0.010 0.0012 0.0030 

N=4000 
0.0617 0.0491 0.0058 0.0115 

*For each value of N, each number in the first row is the 
mean value of the confidence interval half-widths 
obtained from 6 independent Monte Carlo simulations. 
The corresponding number in the second row is the 
standard deviation. The number in the third row is the 
maximum deviation from the mean value. 

of N. For example, the mean of the 6 Monte 
Carlo 68.3% confidence half-intervals for par- 
ameter X calculated using N = 50 was 0.037. 
The standard deviation was 0.006 and the 6 
half-interval values fell within the range 0.030 to 
0.044. 

RESULTS AND DISCUSSION 

The Monte Carlo confidence intervals differ 
significantly from the parametric estimates, 
sometimes by a factor of ten or more. For 
example, the N = 4000 Monte Carlo 68.3% 
interval for parameter Y is 0.0126 which is to be 
compared with the parametric standard error 
estimate of 0.50. This discrepancy indicates that 
this example is one of the typical cases in which 
parametric estimates of the uncertainties in 
non-linear regression parameters are in error. 

The results of Table 3 indicate that there is 
little value in extending the Monte Carlo 



Accuracy of Monte Carlo con8dence intervals in regression analysis 361 

method beyond N = 200. Focussing on the 90% comparisons, serve to confirm our estimate that 
confidence interval for parameter X (X = 0.52 the extreme values contain the exact result with 
from the regression analysis), we find a mean about 95% probability. 
half-width of 0.060 with a standard deviation of This example thus illustrates our contention, 
0.006 and a range of values of 0.052 to 0.068. based on the analysis of generalized p-medians 
Suppose that the N = 200 calculation had been given above, that even if only 100 or 200 
performed only once and that the extreme value simulations are employed, the Monte Carlo 
of 0.052 had been obtained for the confidence 68.3% and 90% confidence intervals provide 
interval half-width. Then, the value of par- accurate and practical estimates of the “true” 
ameter X would be 0.52 f 0.05 with 90% confi- confidence intervals. The relatively minor errors 
dence. There seems to be little or no practical of lO-20% in the Monte Carlo confidence inter- 
difference between this value and the value of vals seem especially insignificant in the view of 
0.52 & 0.06 which was obtained using 4000 the fact that the parametric estimates of confi- 
Monte Carlo simulations. dence intervals for nonlinear regression par- 

In order words, the standard deviations of the ameters can be in error by an order of 
confidence intervals for N = 100 and N = 200 magnitude or more. 
are generally only lo-20% of the half-widths of 
the interval values. The single exception is the 
N = 100 value for parameter Y, where the stan- 
dard deviation is about 30% of the interval 
value. For N = 200 all of the half-interval stan- 
dard deviations are less than 25% of the interval 
values and the extreme values are within 30% of 
the N = 4000 intervals. 

As discussed above, the accuracy of a confi- 
dence interval can be directly estimated from the 
ordered set of values of the parameters. We 
consider the 90% interval for X and examine its 
values at the 14’h and 187* positions and at the 
7’h and 194th positions. These values lead to 
minimum and maximum confidence interval 
half-widths of 0.055 and 0.066, respectively. The 
“exact” value of 0.617 falls within this range. 
The corresponding extreme and “exact” inter- 
vals for Y are 0.032, 0.050, and 0.0401. These 
results, together with numerous other similar 

5. 

6. 

7. 

8. 
9. 
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Summary-Desorption chemical ionization (DCI) and desorption electron ionixation (DEI) of homo- and 
co-polymers of N-alkyl4vinylpyridinium triflates having ethyl, n-hexyl and ndodecyl groups as N-alkyl 
substituents, produce mass spectra that display ohgomeric ions. These positively charged ions are 
singly-charged and result from cleavage of the polymer into neutral oligomers and the loss of a single 
triflate anion per oligomer. Analogous negatively charged ions, in which each neutral oligomer carries an 
extra triflate anion, are observed in the desorption chemical ionization mass spectra. Each oligomer within 
the available mass range is represented in the mass spectra. The formation of cluster ions in which a single, 
multiply-charged cation is associated with a number of singly-charged anions, as observed for these 
ammonium polysalts, is unusual. Five major and three minor series of positively charged ions are observed 
in DC1 and DE1 methods of ionization. Ions in the diierent series correspond either to cleavage at 
different bonds between the constituent monomers or to hydrogen transfer in different directions. Unique 
and structurally diagnostic fragmentation processes are observed in tandem mass spectrometry (MS/MS) 
experiments performed using collision activated dissociation of mass-selected oligomeric ions. 

Although well-established methods exist for 
molecular weight determination of polymers,‘,2 
there is a need for improved analytical methods 
for structural characterization. It would also be 
useful if, unlike the case for existing methods,‘*2 
pure samples were not needed for such analyses. 
Mass spectrometry has increasingly been used 
for direct analysis of polymers,>*’ including 
biopolymers, where tandem mass spec- 
trometry’2~‘3 can provide structural information 
on compounds present in mixtures.14*i5 The re- 
cent increased use of mass spectrometry in 
polymer characterization followed the introduc- 
tion of the desorption ionizatiorP and, more 
recently, spray ionization, techniques.” Recent 
applications of tandem mass spectrometry in 
polymer chemistry include characterization and 
monomer sequence distribution of polyalkyliso- 
cyanates,18 the determination of polymer addi- 
tives,” analysis of chemical structures of ions 
generated from low molecular weight polygly- 
c01s,~ and sequence analysis of polyamides,2’*22 

*Author for correspondence. 

and polyesters.23 Some of these studies2’-23 
utilize chemical degradation to produce suitably 
sized oligomers while in others,“’ thermolysis 
accompanies ionization. The work of Ben- 
nighoven, Hercules and their collaborators4 
stands out as accessing high molecular weight 
organic polymers. Fragmentation can be limited 
and in some cases4** true molecular weight distri- 
butions are obtained. The advantages of pyrol- 
ysis tandem mass spectrometry include 
simplicity, speed and sample economy. The 
limitations of most pyrolysis/MS experiments 
are the complexity of the mass spectra and the 
inability to access higher oligomeric ions. How- 
ever, rapid heating techniques such as desorp- 
tion chemical ionization (DCI) are known to 
yield higher mass molecular ions without caus- 
ing much fragmentation.24 Therefore the combi- 
nation of DC1 and MS/MS might provide an 
excellent means of characterization of polymers. 
Recent successe~‘~ achieved in characterizing 
alkylisocyanates by a combination of pyrolysis 
tandem mass spectrometry and DC1 encourage 
further application of this method to other types 
of copolymers. 

363 
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Poly(N-alkyl-4-vinylpyridinium) salts have 
both hydrophilic and hydrophobic units in their 
structure and are useful as polyelectrolytes,2”8 
surfactants,2”7 and artificial enzymes.%32 These 
polymers can be produced, either by direct 
heating of the monomers, or by an inverse- 
micro-emulsion process that consists of 
overnight heating at 45-55” of an emulsion 
containing a mixture of the monomers, a reac- 
tion initiator, and organic and aqueous sol- 
vents.33*” Despite their potential for various 
applications, very little is known about the 
structural characteristics of these polymers. 
Studies on polyvinylpyridines,3s monomeric N- 
alkylpyridinium,3”3* and related organic 
salts39-42 using desorption ionization have been 
reported but there appear to have been no 
previous structural investigations on the 
polysalts by mass spectrometry. 

The objectives of this study are (i) to develop 
mass spectrometric methods to ionize poly(N- 
alkyl-4-vinylpyridinium) salts, (ii) to acquire 
structural information and (iii) to investigate 
the gas-phase ion chemistry of the pyrolysis 
products formed from these polymers. 

(DEI), which was performed without reagent 
gas being present, and 150 eV during desorption 
chemical ionization (DCI). The emission current 
of the source filament was 0.2 mA. Isobutane 
was used as the reagent gas for chemical ioniz- 
ation at a source pressure of 0.5 torr. MS/MS 
product spectra were obtained by mass selecting 
a specific ion, using the first quadrupole, Ql, 
accelerating these ions to a nominal 10 eV in 42 
where collision-activated dissociation (CAD) 
was performed under multiple collision 
conditions with argon (2.0 x 10m3 torr) as the 
collision gas, and finally by performing mass 
analysis of the resulting fragments using 
the third quadrupole, 43. MS/MS parent 
spectra were obtained similarly, except that 
Ql was scanned instead of 43 which was set 
to pass a selected fragment ion. An ion 
derived from the isobutane reagent gas, instead 
of the sample beam, was used to estimate 
attenuation because the sample ion beam is 
stable only for a short period (typically 2-3 set) 
due to the rapid desorption. The reagent ion 
beam (m/z 57) was attenuated to 25% after 
introducing argon (2 x 10m3 torr) into the 
collison cell. 

EXPERIMENTAL 

Experiments were performed using a Finni- 
gan TSQ 700 mass spectrometer. The samples 
were dissolved in either methanol or methylene 
chloride. A drop of sample solution was placed 
on the loop of rhenium wire which comprises 
the filament of the desorption probe and 
dried before introduction into the ion source. 
The amount of sample on the probe tip 
was approximately 0.5 pg. Samples were 
pyrolyzed by heating the probe from 30 to 500” 
at a rate of lO/sec. At this heating rate, desorp- 
tion of the sample starts when the temperature 
of the filament is approximately 200” and con- 
tinues until the temperature is 500”. The 
scan speed of the quadrupole is typically 
1000 amu/sec. This allows the data system 
to average 3-5 scans covering a range of 
1000 amu. The signal-to-noise ratio can be 
improved by narrowing the mass range and 
keeping the scan speed constant. Temperatures 
of the ion source and the manifold were 150 
and 70” respectively. The electron energy was 
20 eV during desorption electron impact 

Homo and copolymers of N-alkyl4- 
vinylpyridinium trifluoromethanesulphonates 
(triflates) containing ethyl, n-hexyl and n- 
dodecyl groups as the N-alkyl chains were 
examined in this study. Polymer-I, polymer-II 
and polymer-III are the homopolymers of 
N-ethyl-4-vinylpyridinium triflate, N-hexyl4- 
vinylpyridinium trillate and N-dodecyl-C 
vinylpyridinium triflate, respectively. The 
co-polymer, Polymer-IV was prepared using 
N-ethyl-4-vinylpyridinium triflate (0.83 mole) 
and N-hexyl-4-vinylpyridinium triflate (0.17 
mole) monomers, polymer-V was prepared 
using N-ethyl-4-vinylpyridinium triflate (0.80 
mole) and N-dodecyl-4-vinylpyridinium triflate 
(0.20 mole) monomers, by the microemulsion 
method.‘“” The polymers were synthesized 
according to procedures described in refs 32, 
33, 43, 44 and 45. 

*For brevity, many of the mass spectra am not shown. 
Interested individuals may request copies of those 
spectra from the authors. 

Both 20-eV desorption electron ionization 
(DEI)* and isobutane desorption chemical 
ionization (DCI) mass spectra of the polymers 
show monomeric and oligomeric positively- 
charged ions formed by polymer cleavage 
and loss of a single triflate anion. Formation 
of intact cations fC +) from ovridinium salts 

RESULTS AND DISCUSSION 
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Fig. 1. Mass spectra of polymer-I obtained by (a) positive DC1 and (b) negative DCI. 

has been reported earliei” by both EI and 
ion bombardment. Thermal desorption of qua- 
ternary ammonium and phosphonium salts is 
well known.* The gas-phase ions observed from 
the present polymers are unique in that they are 
polycationic species. They include a polycation 
of n charges associated with (n-l) triflate coun- 
ter ions. As noted above, positive ion formation 
from poly(N-alkyl-4-vinylpyridinium)triflates 
occurs by the loss of only one triflate group 
from the pyrolyzed oligomer fragment. The 
corresponding negatively-charged ions are also 
observed and are polysalts with one additional 
triflate group. Multiply-charged ions formed by 
the loss or gain of more than one triflate anion 
are not observed in any of the experiments 
discussed here. 

Typical positive and negative ion mass spec- 
tra obtained by DC1 of polymer-I Ipoly(N- 
ethyl-4-vinylpyridinium triflate)] are shown in 
Fig. 1. The ions are observed as groups of 
oligomers; for example, the ions m/z 134, 417, 
700, 983, and 1266, seen in Fig. l(a) represent 
the series n = 0, 1, 2, 3, and 4 in the oligomer 

structure shown in Scheme l(a). Other peaks are 
due to homologs and saturated forms of these 
ions, and they too occur as groups of oligomers 
as discussed below. Similarly, the negative ions 
m/z 432, 715, and 998 in Fig. l(b) may be 
obtained by substituting n = 1, 2, and 3 in the 
structure shown in Scheme l(b). Although, 
these characteristic series of ions may result 
from several processes, they can be explained by 
the simplified equations and structures dis- 
played in Scheme 1. The same types of ions are 
formed by positive ion DC1 and DE1 except that 
the series extend to higher mass in the DC1 
experiments. Formation of higher mass ions 
during DC1 compared to DE1 may be due to 
several reasons, including collisional relaxation 
of the thermally excited ions in the high pressure 
CI source. 

Since isobutane DC1 provides access to 
higher oligomers, it was chosen for structural 
investigations discussed in the following sec- 
tions. Positive ions were chosen over negative 
ions since they contain smaller contributions 
due to the triflate counter ion at a given mass. 
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Fig. 2. DC1 positive ion mass spectrum of polymer-II. 

Five different series of monomer and oligomer 
ions, as well as their fragments, are observed in 
the DC1 mass spectra and their structures and 
mass differences are summarized in Scheme 2. 
Successive members in each series are found to 
differ from each other by a fixed mass corre- 
sponding to the monomer unit, N-alkyl4- 
vinylpyridinium triflate. In particular cases, 
structural assignments were confirmed by 
MS/MS parent and product spectra. The 
following discussion is subdivided according to 
the types of ions observed. 

Series A ions 

Figures 2 and 3 are the DC1 mass spectra 
of polymer-II and polymer-V, respectively. 
Ions with m/z 178, 517, 856, 1195 and 1534 
in the mass spectrum of polymer-II [poly(N- 
hexyl-4-vinylpyridinium triflate; Fig. 21 belong 

to series A. Structures for these ions may 
be obtained by substituting n = 0, 1, 2, 3, and 
4 in the general structure for series A ions 
in Scheme 2. The MS/MS product spectrum 
of ion m/z 1195 (Table 1) shows that this 
ion fragments to produce series A ions of m/z 
856, 517, 178 and series B ions of m/z 868, 
529, and 190, respectively. Based on this 
information, fragmentation pathways for series 
A ions are shown in Scheme 3, using ion m/z 
1195 as an example. The MS/MS parent 
spectrum of m/z 178 [Fig. 4(a)] confirms 
its origin from series A ions (m/z 517, 856, 
and 1195), as well as from series C ions (m/z 531 
and 870) and another series of ions (m/z 505, 
844, 1183). 

One fragment ion seen in Scheme 3, m/z 106, 
is present in the DC1 mass spectra of all the 
polymers and in the MS/MS product spectra of 
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Fig. 3. DC1 positive ion mass spectrum of polymer-V. 
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Polymer 

Table 1. MS/MS product spectra of selected ions 

Selected ion (m/z) Product ions m/z (%RA)* 

106 (5). 178 (15). 190 (53). 517 (95). 529 (100). Poly(N-hexyld-vinyl 
pyridinium)triflate 

1195 
(A) 
1207 
(B) 
1209 
(C) 

. ,, 
856(16), 868‘(13) \ ” - ” . ” 
106 (6). 190 (45), 529 (IOO), 868 (30) 

106(12), 178 (5), 190&t), 192(7), 204(15), 
517 (21), 529 (IOO), 531 (IO), 543 (16), 856 (4), 
868 (IO), 870 (37), 882 (5) 

Copolymer having 
N-ethyl and 
N-hexyl groups 

1221 
(D) 
884 
(P) 

1083 
(A) 

1095 
(W 

1041 
(C) 

Copolymer having 
N-ethyl and 
N-dodecyl groups 

1053 
(D) 

1111 
(E) 

1099 
(A) 

1123 
(B) 

1125 
(C) 

1139 
(E) 

106 (12), 120 (3), 190 (37), 204 (12), 529 (82), 
531 (3), 543 (lOO), 868 (1 I), 882 (40) 
106 (5), 178 (6), 190 (81) 192 (lo), 204 (57), 
206 (lo), 529 (49), 531 (Sl), 543 (89), 545 (100) 

106 (14), 122 (4), 134 (21), 178 (7), 190 (66), 
405 (36), 417 (27), 461(84), 473 (IOO), 517 (33), 
529 @I), 744 (13), 756 (16), 800 (34), 812 (25) 
106(10), 122(4), 134(17), 190(24), 417(26), 
473 (IOO), 487 (3), 529 (25), 545 (3), 756 (6), 
812 (7) 
106(16), 120(6), 122 (II), 134(41), 136(S), 
148 (16), 178 (a), 190 (38), 192 (4), 204 (14), 
405 (31), 417 (63), 419 (52), 431 (46), 461 (48). 
473 (IOO), 475 (67), 487 (73), 702 (14), 714 (6), 
744 (lo), 756 (19), 758 (50), 770 (31) 
106 (la), 134 (37) 136 (S), 148 (1 I), 190 (38), 
204(21), 338 (14), 417 (77), 419(18), 431 (82), 
473 (98), 487 (lOtI), 714 (28), 756 (19), 770 (93) 
106 (26), 122 (18), 134 (30), 136 (23) 148 (14), 
178(15), 190(40), 2@4(23), 309(15), 417(13), 
419 (12), 431 (18), 473 (32), 475 (44), 487 (24), 
489 (30), 501 (38), 758 (16), 772 (18), 800 (1 I), 
814(12), 826(12), 828(13), 840(25), 961 (10) 

106 (14), 134 (23), 262 (57), 274 (20), 288 (29) 
391 (20), 405 (51), 417 (23), 533 (31), 546 (20), 
557 (54), 559 (40), 662 (26), 676 (3 l), 688 (3 l), 
700 (29), 802 (29), 816 (69), 828 (IOO), 949 (43) 
106(37), 120(11), 134(33), 148(12), 162(12), 
212 (11), 262 (24), 274 (56), 288 (24), 323 (12), 
338 (13), 417 (24), 459 (IS), 557 (19), 636 (55) 
700 (IOO), 714 (33). 840 (25) 
106 (84), 120 (70), 134 (95), 148 (50). 262 (55) 
274 (98), 288 @I), 405 (44) 417 (52). 419 (70), 
431 (75), 545 (65), 557 (SS), 559 (93), 571 (51), 
700 (85), 842 (77), 854 (IOO), 975 (64) 
106 (lo), 134 (9), 148 (15), 274 (85), 288 (70) 
507 (IS), 557 (30), 571 (60), 697 (60), 711(100), 
723 (12), 844 (20) 
134 (38), 136 (28). 148 (28) 262 (28). 274 (60) 
276 (25). 288 (53). 302 (33). 405 (50). 417 (35) 
431 (45) 433 (63). 445 (30), 545 (38). 559 (90). 
571 (98). 573 (70) 714 (75), 716 (30) 728 (70) 
842 (SS), 854 (70), 856 (IOO), 868 (73). 989 (25) 

*Ion abundances are normalized to the most abundant fragment ion in the MS/MS spectrum and 
are not corrected for isotopic contributions. The standard deviation of the relative ion 
abundances is 12%. 

all five series of ions. It is proposed that this ion 
is formed by alkene elimination from the N- 
alkyl group of the monomer of Series B (m/z 
190 in Scheme 3) as shown opposite. 

Turning from polymer-II, we discuss first the 
other homopolymers and then the copolymers. 
This discussion continues to focus on A sexies 
ions. Series A ions in the DC1 mass spectrum of 
polymer-I [Fig. l(a)] occur at m/z 122,405, 688, 
971 and 1254, respectively. There appear to be 

two isomeric ions at m/z 122 and their probable 
structures and fragmentation pathways, as re- 
vealed by MS/MS experiments, are shown in 
Scheme 4. The product spectrum of ions m/z 
122, generated from polymer-I, included m/z 79 
(35%), 94 (100%) and 106 (20%) which indicate 
that these ions are mostly composed of the 
protonated N-ethyl-4-methylpyridine structure, 
shown in Scheme 4(a). The isomeric ion, proto- 
nated Cisopropylpyridine, m/z 122 shown in 
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Scheme 3. Proposed fragmentation pathways for Series A ion, m/z 1195, determined by MS/MS scans 
under CAD conditions. 

from protonated N-ethyl-4-methylpyridine 
[Scheme 4(a)] than from protonated 4-isopropy- 
lpyridine [Scheme 4(b)]. On the other hand, the 
formation of the fragment ions, m/z 106 and 79 
is favored from protonated 4-isopropylpyridine 
[Scheme 4(b)], as indicated by the ion abun- 
dances in the product MS/MS spectra. The DC1 
mass spectrum of polymer-III [poly(N-dodecyl- 
Cvinylpyridinium t&late); not shown here] dis- 
plays the series A ions m/z 262, 685 and 1108 
corresponding to n = 0, I and 2, respectively, in 
the general formula for series A (Scheme 2). 

The copolymers examined by DC1 showed 
ions corresponding to both homo- and hetero- 
oligomers. For example, Polymer-IV displays 
the series A ions m/z 122, 178, 405, 461, 517, 
688, 744, 800, 971, 1027, 1083, 1254 and 1310, 
respectively, in its DC1 mass spectrum (not 
shown). Ions m/z 122, 405, 688, 971 and 1254 
are the monomer and homo-oligomers having 
the N-ethyl-~vinylpyridinium group, i.e., they 
are the same ions as discussed above in connec- 
tion with polymer-I, while ions m/z 178 and 5 17 

are the monomer and homo-dimer containing 
the N-hexyl-4-vinylpyridinium group. The re- 
maining ions are the hetero-oligomer ions m/z 
461 (dimer), m/z 744 (trimer having two N-ethyl 
and one N-hexyl groups), m/z 800 (trimer hav- 
ing one N-ethyl and two N-hexyl groups), m/z 
1027 (tetramer having three N-ethyl and one 
N-hexyl groups), m/z 1083 (tetramer having one 
N-ethyl and three N-hexyl groups) and m/z 
1310 (pentamer having four N-ethyl and one 
N-hexyl groups), respectively. 

Structural compositions of these ions are 
supported by the MS/MS experiments summar- 
ized in Table 1. For example, fragmentation of 
the ion m/z 1083 (Table 1) clearly shows that it 
consists of two N-ethyl and two N-hexyl 
groups. It produces the series A ions m/z 800, 
744, 517, 461, 405, 178 and 128 having the 
compositions described earlier. It also produces 
series B ions at m/z 812, 756, 529, 473, 417, 190 
and 134. The presence of all these ions in the 
MS/MS product spectrum of m/z 1083 (Table 1) 
supports the proposed structure for this ion and 
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Scheme 4. Proposed structures of the two isomeric ions of m/z 122 and their fragmentation pathways, 
as suggested by MS/MS product scans. 

is consistent with the general fragmentation 
pathways discussed earlier. The MS/MS parent 
spectrum of the hetero-dimer ion m/z 461 shows 
series A ions m/z 744,800,1027 and 1083; series 
C ions m/z 758, 1041 and 1097; and ions of the 
series m/z 732, 788, 1015 and 1071 as its precur- 
sors. This behavior is analogous to that of the 
A series N-hexyl ion, m/z 178, discussed above. 

The DC1 mass spectrum of polymer-V 
(Fig. 3) displays the series A ions m/z 122, 262, 
405, 533, 685, 688, 816, 971, 1099 and 1239, 
respectively. The ions at m/z 122, 405, 688 and 
971 are the homo-oligomers containing N-ethyl- 
4-vinylpyridinium groups, and their structures 
and compositions have already been discussed. 
Analogous ions, containing the N-dodecyl4- 
vinylpyridinium group, appear at m/z 262 and 
685. The hetero-oligomer ions are m/z 533 
(dimer), 8 16 (trimer having two N-ethyl and one 
N-dodecyl groups), 1099 (tetramer having three 
N-ethyl and one N-dodecyl groups) and 1239 
(tetramer having two N-ethyl and two N-dode- 

cyl groups), respectively. Oligomers having the 
N-dodecyl group display more fragment ions 
compared to other oligomers due to the multi- 
plicity of C-C linkages in the N-dodecyl sub- 
stituent. The MS/MS product spectrum of the 
hetero-oligomer ion m/z 1099 (Table 1) shows 
the expected ions of series A and series B. 

The mixed dimer ion m/z 533 shows series A 
ions m/z 816,956, 1099 and 1239; series C ions 
m/z 830, 982, 1113, 1265; and the series B ions 
m/z 804,944, 1087 and 1227 as its precursors in 
MS/MS parent spectrum (Fig. 5). 

Series B ions 

Ions of this series are the most abundant in 
the DC1 mass spectra of all the poly(N-alkyl-4- 
vinylpyridinium triflates. These ions have a 
double bond whose position is not known defin- 
itively, but for convenience, it is shown in the 
original terminal position (Scheme 2) and a 
probable mechanism of formation, a 1,4 hydride 
shift followed by a E,2 shift, is shown below: 

$R$ 1*4Hshqgb-$_ + 4 
Tf- Tf- Tf’ 

!bfiesB 
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Fig. 5. MS/MS positive ion prant spectra of (a) series A ion m/z 533, (b) series B ion m/z 557, (c) series 
C ion m/z 559, (d) series D ion m/z 571 and (e) series E ion m/z 573 from polymer-V. 

Each ion of this series has a mass 12 daltons fragmentation pathway shown in Scheme 5. The 
higher than the corresponding ion of series A ion m/z 1207 is chosen for this example and data 
and the lowest member of the series is the from its MS/MS product spectrum are collected 
monomeric N-alkyl-4-vinylpyridinium cation. in Table 1. This ion fragments to produce ion 
The DC1 mass spectrum of polymer-II (Fig. 2) m/z 106, the 4-vinylpyridinium cation and other 
shows series B ions m/z 190,529,868,1207 and series B ions m/z 190,529 and 868, respectively. 
1546 corresponding to the mono-, di-, tri-, tetra- MS/MS parent spectra of series B ions show 
and pentamer, respectively. Fragmentation higher mass ions of series B as the major 
pathways of series B ions are the simplest precursors in combination with ions from all 
among the five series observed in the DC1 mass other series. For example, the MS/MS parent 
spectra of the polymers because the series B ions spectrum of ion m/z 529, [Fig. 4(b)], shows 
generate mostly lower mass ions belonging to series A ions at m/z 856 (23%) and 1195 (50%); 
the same series. This is illustrated by the typical series B ions at m/z 868 (74%) and 1207 (100%); 
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Scheme 5. Proposed fragmentation pathways for Series B ion, m/z 1207, determined by MS/MS scans 
under CAD conditions. 

a series C ion at m/z 1209 (22%); series D ions 
at m/z 882 (10%) and 1221 (15%); and a series 
E ion m/z 1223 (5%) as its precursors. The ease 
of formation of series B ions from both satu- 
rated and unsaturated polymer chains as 
suggested below explains their high relative 
abundances in the DC1 mass spectra of the 
polymers. 

The DC1 mass spectra of polymers I, III, IV 
and V show similar ions of B-series to those 
discussed for polymer II. MS/MS experiments 
showed many fragment ions in the case of 
N-dodecyl containing oligomers generated from 
polymer-V because of the ease of dissociation ,of 
the complex N-dodecyl group, as mentioned 
above. These fragment ions were again diagnos- 
tic of the structural compositions of the 
oligomers. For example, the MS/MS product 
spectrum of the ion m/z 1123 (Table 1) displays 
a series A ion at m/z 262; series B ions at m/z 
134 (N-ethyl-4-vinylpyridinium monomer, m/z 
274 (N-dodecyWvinylpyridinium monomer), 
m/z 417 (dimer having N-ethyl groups); m/z 557 
(hetero-dimer), m/z 700 (trimer having N-ethyl 
groups), m/z 840 (trimer consist of two N-ethyl 
and one N-dodecyl groups); series D ions at m/z 
148,288 and 714, respectively. It is evident from 
the product spectrum that three N-ethyl groups 
and one N-dodecyl group comprise the hetero- 
tetramer ion, m/z 1123. MS/MS parent spec- 
trum of the hetero-dimer ion m/z 557 [Fig. 5(b)] 

shows the series A ions m/z 1099 and 1239; 
series B ions m/z 840,980, 1123, 1263; series C 
ions 842,982, 1125 and 1265; series D ions m/z 
854 and 994; and series E ions m/z 996 and 
1139, respectively. 

Series C ions 

This series is the saturated form (with respect 
to the main carbon chain) of series B and 
therefore the mass of each member of this series 
is 2 daltons higher than the corresponding ion 
‘of series B. Ions of series C in the DC1 mass 
spectrum of polymer-II (homopolymer of N- 
hexyl-4vinylpyridinium triflate; Fig. 2) include 
the monomer (m/z 192) through the pentamer 
(m/z 1548)corresponding to n = 0, 1, 2, 3 and 
4 in the general structure shown in Scheme 2. 
Collision activated dissociation of these ions 
yields a rich spectrum with fragment ions be- 
longing to series A, B, C, and D respectively. 
For example, the MS/MS product spectrum of 
m/z 1209 (Table 1) shows series A ions at m/z 
178, 517,856; series B ions at m/z 190, 527,868; 
series C ions 192, 531, 870; and series D ions 
m/z 204, 543, and 882. The structures of the 
series A and B ions have already been discussed 
and the presence of these ions helps to confirm 
the structure of the C series tetramer, m/z 1209. 
Routes of fragmentation of this ion, m/z 1209, 
are shown in Scheme 6 and are typical of the 
series C ions. 
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Scheme 6. Proposed fragmentation pathways for Series C ion, m/z 1209, deternked by MS/MS scans 
under CAD conditions. 

The MS/MS parent spectrum of the dimer 
ion m/z 531 [Fig. 4(c)] shows series A ions 
at m/z 856, 1195; series C ions at m/z 
870, 1209; and series E ions at m/z 884 
and 1223, respectively. The parent spectrum 
clearly proves that series C ions are only 
formed from series having saturated main 
chains. Major precursors of m/z 531 are 
the higher mass ions of series C. Polymers I, 
III, IV, and V show similar behavior 
with respect to series-C ions in their DC1 
mass spectra. Ions of series C in the DC1 
mass spectrum of polymer-V (Fig. 3) are 
the monomer and homo-oligomers m/z 136, 
419, 702 and 985 containing N-ethyl-4- 
vinylpyridinium group; ions m/z 276, 699 
and 1122 containing N-dodecyl-4_vinylpyri- 
dinium group; and the mixed-oligomer 
ions m/z 559 (mixed-dimer), m/z 842 
(trimer composed of two N-ethyl and one N- 
dodecyl groups), m/z 982 (trimer having one 
N-ethyl and two N-dodecyl groups), m/z 1125 

(tetramer comprised of three N-ethyl and 
one N-dodecyl groups), m/z 1265 (tetramer 
having two N-ethyl and two N-dodecyl 
groups) and m/z 1405 (tetramer comprised 
of one N-ethyl and three N-dodecyl groups). 
The MS/MS product spectrum of ion m/z 
1125 (Table 1) is consistent with the proposed 
structure of the ion. The MS/MS parent 
spectrum of the co-dimer m/z 559 [Fig. 5(c)] 
displays high mass ions of series A, C and E 
as its precursors. 

Series D ions 

Ions of series D, like their homolog, series 
B, have a double bond in the main carbon 
chain. The probable location for the double 
bond is the terminal vinyl group in the 
main chain. The formation of these ions 
may involve a 1,2 hydride shift followed by 
1,3 hydride shift as shown in the following 
tentative scheme, but this remains to be estab- 
lished. 
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Ions with m/z 204, 543, 882 and 1221 corre- 
sponding to mono-, di-, tri- and tetramer in the 
DC1 mass spectra of polymer-II (homopolymer 
having N-hexyl group; Fig. 2) belong to series 
D. Typical MS/MS fragmentation pathways for 
this series are shown in Scheme 7 using the 
tetramer, m/z 1221, as an example (Table 1). 
Ions m/z 120 and 106 in the MS/MS product 
spectrum of m/z 1221 are formed by loss of 
hexene from the N-alkyl group of ions m/z 204 
and 190 as shown in Scheme 7. The ion at m /z 
543 can be formed by two different channels 
(Scheme 7) during collision activated dis- 
sociation of m/z 1221, which helps explain why 
m/z 543 is the most abundant ion in the MS/MS 
product spectrum. Scheme 7 also shows for- 
mation of series B ions at m/z 190, 529, 868; a 
series C ion at m/z 531, and series D ions at m/z 
204,543, and 882. The MS/MS parent spectrum 

Tf- + 

/ 
ml2 1221 

l5- 

of the D ion m/z 543 [Fig. 4(d)] shows higher 
members of series D ions viz. m/z 882 (80%) 
and 1221 (100%) as its major precursors along 
with ion m/z 870 (20%) of series C and m/z 884 
(18%) and m/z 1223 (36%) of series E, respect- 
ively. 

The DCI mass spectrum of polymer-V 
(Fig. 3) shows series D ions m/z 148 (monomer 
having N-ethyl group), m/z 288 (monomer hav- 
ing N-dodecyl group), m/z 431 (dimer having 
N-ethyl group), m/z 571 (mixed-dimer), m/z 711 
(dimer having dodecyl groups), m/z 714 (trimer 
having N-ethyl groups), m/z 994 (mixed trimer 
having one N-ethyl and two N-dodecyl groups), 
m/z 997 (tetramer composed of N-ethyl groups) 
and m/z 1134 (trimer composed of N-dodecyl 
groups) respectively. The presence of the ions at 
m/z 711 and m/z 571 in the product spectrum of 
ion m/z 994 (Table 1) confirms that the latter is 

Tf- + Tf- 

Scheme 7. Proposed fragnentation pathways for Series D ion, m/r 1221, determined by MS/MS scans 
under CAD conditions. 

TAL 40,3-F 
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composed of a trimer having one N-ethyl and 
two N-dodecyl groups. The MS/MS parent 
spectrum of the mixed-dimer, m/z 571 
[Fig. 5(d)] shows high mass ions of all five series 
as its precursors. 

Series E ions 

These ions are the saturated forms of the ions 
of series D. The DC1 mass spectrum of polymer- 
II (homopolymer composed of N-hexyl groups; 
Fig. 2) displays series E ions m/z 206, 545, 884 
and 1223 the structures of which can be ob- 
tained by substituting n = 0, 1, 2 and 3 in the 
general structure of series E ions (Scheme 2). 
Typical MS/MS fragmentation pathways for 
this series are shown in Scheme 8 using data 
taken from the MS/MS product spectrum 
(Table 1) of the trimer ion m/z 884. Ions of all 
five series are present in the MS/MS spectrum. 
The parent spectrum of m/z 545 [Fig. 4(e)] 
shows series C ions at m/z 870, 1209 and series 
E ions at m/z 884 and 1223 as its precursors. 
The homopolymers having N-ethyl group and 
N-dodecyl group show analogous behavior. 

The DC1 mass spectrum of polymer-V shows 
series E ions at m/z 150 (monomer having 
N-ethyl group), m/z 433 (dimer having N-ethyl 

\ 

group), m/z 573 (mixed-dimer), m/z 713 (dimer 
having N-dodecyl groups), m/z 856 (mixed- 
trimer composed of one N-dodecyl and two 
N-ethyl groups), m/z 996 (mixed-trimer having 
one N-ethyl and two N-dodecyl groups), m/z 
999 (tetramer composed of N-ethyl group), m/z 
1139 (mixed-tetramer composed of one N-dode- 
cyl and three N-ethyl groups) and m/z 1282 
(pentamer composed of N-ethyl group), respect- 
ively. Collision activated dissociation of m/z 
1139 (Table 1) produces fragment ions m/z 716 
(trimer composed of N-ethyl groups) and m/z 
573 (mixed-dimer) among other ions, proving 
evidence for the structural composition of m/z 
1139 as a tetramer having three N-ethyl and one 
N-dodecyl groups. The MS/MS parent spec- 
trum of the mixed-dimer ion m/z 573 [Fig. 5(e)] 
displays mostly high-mass ions of series C and 
E respectively. 

Other processes 

The DC1 mass spectra of the polymers display 
other ions besides those belonging to the five 
series discussed so far. Most of these ions are the 
result of simple fragmentation of the series ions. 
One such fragment ion series has as its lowest 
member the Cvinylpyridinium ion, m/z 106, 

mlz 106 

Scheme 8. Proposed fragmentation pathways for Se&s E ion, m/z 884, determined by MS/MS scans under 
CAD conditions. 
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shown in Scheme 5. These ions are formed by of polymer-III and m/z 569 in the DC1 mass 
alkene loss from the N-alkyl group according to spectrum of polymer-V (Fig 3). A general struc- 
the mechanism shown in the discussion of series ture of these ions is suggested in the following 
A ions. A similar mechanism has been proposed reaction. 
by Katritzky et ffE. for fragmentation of N- 
~kylpy~dinium ionsM3’ Higher members of 
this series are present in the DC1 mass spectrum 
of polymer-II (homopolymer composed of N- 
hexyl groups; Fig. 2) and are due to loss of n Tf- 

C&I,, m/z 445 (series B dimer-C&&J, m/z 784 
(series B trimer-C&2) and m/z 1123 (series B 
tetramer-CsH,J, respectively. I 

Another series of low abundance ions in the 
DC1 mass spectra of the polymers are formed by Ions two mass units different from the main 
the loss of both a triflate anion and the N-alkyl series ions are apparent in the DCI ma& spectra 
su~~tuent as a carbocation, as shown in the of the polymers. For example, the DC1 mass 
following reaction, These ions have neutral 4- spectrum of polymer I shows the ions at m/z 712 
vinylpyridine groups in their structures. and m/z 981 which are two mass units below the 

Formation of neutral pyridine and the corre- 
sponding carbocation during gas-phase frag 
mentation of ~-~ylp~di~i~ ions has been 
reported in the literatumMfs Ions belonging to 
this series in the mass spectrum of polymer-I 
[Fig. l(a)] are m/z 211 (4vinylpyridinium 
ion + Cvinylpyridine), m/z 239 (N-ethyl-rl- 
vinylpyridinium ion + 4_vinylpyridine), and m/z 
819 (series D trimer + 4-~~~lpy~~ne). Ions, 
m/z 295 (~-hexyl4~nylp~dini~ ion + 6 
vinylpyridine) and mfz 634 (series B dimer 
ion + Cvinylpyridine), in the mass spectrum of 
polymer-II (Fig. 2) also belong to this series. 
The presence of both the ion m/z 379 (Ndode- 
~14vinylpy~~ni~ ion + ~~nylpy~~ne) 
and the carbocation m/z 169 (C,,H~) in the 
DC1 mass spectrum of polymer-III supports the 
mechanism proposed in the above reaction. 
Another minor series of ions having doubly 
unsaturated main chains corresponds to the 
unsat~at~ form of D ions and is also present 
in the DC1 mass spectra of the polymers. These 
doubly unsaturated ions are clearly displayed at 
m/z 712 in the DC1 mass spectrum of polymer-I 
(Fig. l(a)), at m/z 709 in the DC1 mass spectrum 

main series ions, D and E, respectively. These 
types of ions might be formed by processes 
invulving skeletal fra~e~tation with hydrogen 
transfer. These ions contribute isotope to the 
main series ions. 

CONCLUSlONS 

The ~pabilities of DC1 mass s~tromet~ in 
producing characteristic oligomeric ions and of 
DCI MS/MS in characterizing the structures of 
these ions has been demonstrated. The ion 
chemistry described here should find application 
in methods for structural characterization of 
~nylpy~~ni~ polymers. All five series of posi- 
tive ions observed in the DCI pyrolysis/mass 
spectra of these polymers are stable species that 
yield structural information on their constituent 
monomers by CAD. Series A ions have a satu- 
rated main chain and yield mostly low mass ions 
of series A and series B on gas-phase fragmenta- 
tion by CAD. The most abundant species in the 
DC1 mass spectra of the polymers, ions of series 
B, have double bonds along their main chain 
and are produced as products of CAD of all five 
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series of ions. They themselves undergo simple 
fragmentation during CAD, principally forming 
lower mass ions of series B. Ions of series C are 
the saturated form of the corresponding ions of 
series B and form ions of series A, B, C, and D 
upon collision activated dissociation. These ions 
show ions of the saturated species, oiz. series A, 
C and E, as precursors in their MS/MS parent 
spectra. Ions of series D and E are the homologs 
of series B and C ions respectively. DC1 mass 
spectra of the poly(N-alkyl-4-vinyl-pyridinium) 
triflates also show other series of ions that are 
formed by simple fragmentation at the N-alkyl 
groups. One such series is formed by alkene loss 
from the N-alkyl group of the ions of the major 
series and another fragment series is found to be 
generated by loss of the N-alkyl group as carbo- 
nium ions, leaving a neutral pyridine-substi- 
tuted oligomer. Another low intensity doubly 
unsaturated series of ions, corresponding to the 
unsaturated form of the D ions is also observed 
in the DC1 mass spectra of the polymers. 
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APPLICATION OF ION-EXCHANGE-RESIN PHASE 
SPECTROPHOTOMETRY TO FLOW INJECTION ANALYSIS 
SYSTEM-I. DETERMINATION OF TRACE ZINC IN HAIR 

OF CHILDREN 

REN-MIN Lru, DAO-JIE LIU and AI-LING SUN 
Department of Chemistry, Liaocheng Teachers College, Liaocheng, Shandong, P. R. China. 
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Sutnmary--A novel flow injection analysis system with ion-exchange-resin phase spectrophotometric 
detection is described in this paper. Zincon was presorbed on the ion-exchange resin. The resin was then 
added to a flow-through cell. When samples pass through the resin, the zincon presorbed on the resin 
reacts with zinc(H) to form the zincon-zinc(H) complex, which has an absorption maximum at 620 nm 
in solution, but at 650 nm in the resin phase. The measurements were made at 650 nm. High sensitivity 
and precision can be obtained by the proposed method. When 4.0 ml of sample solution was used, the 
sensitivity obtained was more than 10 times higher than that of the corresponding solution method. The 
proposed method has been successfully applied to the determination of zinc in the hair of children. 

Ion-exchange resin phase spectrophotometry is 
based on the direct measurement of the degree 
of light absorption by an ion-exchange resin 
phase that has sorped a sample component. 
It combines the steps of preconcentration, 
separation and determination and provides a 
sensitivity several hundred times greater than 
that obtained with solution phase spectropho- 
tometry. By direct application of the method, 
trace elements in water samples can be deter- 
mined without additional preconcentration. 
Analytical methods for up to 20 elements have 
been developed and were summarized in a 
review.“-‘] Recently, ion-exchanger phase 
spectrophotometry has been applied to flow 
analysis. w’*~ This provides a novel means for 
studying ion-exchanger phase spectropho- 
tometry. 

In the present work, ion-exchange resin phase 
spectrophotometry was applied to a flow injec- 
tion analysis (FIA) system. The purpose of this 
study was to apply chelating agent-loaded resin 
phase spectrophotometry to an FIA system. 
Zincon was presorbed on the ion-exchange 
resin. This formed the chelating agent-loaded 
resin. The resin was then added into a flow- 
through cell (Fig. 3). When samples pass 
through the resin beads, the immobilized zincon 
reacts with zinc(I1) to form the zincon-Zn(I1) 
complex, which has an absorption maximum at 
650 nm in the resin phase. The proposed method 
has been applied to the direct determination of 
zinc in the hair of children. 

EXPERIMENTAL 

Reagents 

Stock zinc solution, loo0 pglml. 
pH Buffer solution. A 31-g weight of boric 

acid, 37 g of potassium chloride and 10 g of 
thiourea were dissolved in 800 ml of water and 
the pH was adjusted to about 9.0 with 20% 
sodium hydroxide, and the solution was diluted 
to 1000 ml. 

Eluent solution. Hydrochloric acid (0.20M) 
Zincon solution, 0.02%. A 0.020-g weight of 

zincon was dissolved in a 2 ml of 1M sodium 
hydroxide and the solution was diluted to 
100 ml. 

Ion-exchange resin. 201 x 4( 100 - 160 mesh) 
anion-exchange resin in the chloride form 
(NanKai University) was used. It was 
conditioned, air-dried at 40” and stored in 
polyethylene containers. 

All chemicals used were of analytical grade 
and were prepared with demineralized water. 

Apparatus 

The FIA system is shown in Fig. 1. The 
peristaltic pump was supplied by the Jiangsu 
Electroanalytical Instrument Plant. A six-way 
rotary valve with two PTFE tube loops was 
used for sample and eluent injection. The 
connection of the valve is shown in Fig. 2. 
Sample and eluent solutions were injected 
into the carrier solution alternately by an 
asynchronous injection technique. A 721 
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P 
Water 1.2 

buffer 0.3 

ml/min W 

Fig. 1. Schematic diagram of the FIA system. P, peristaltic 
pump; V, six-way injection valve with two loops (one is 4.0 
ml for sample injection the other is 1.0 ml for eluent 
injection); S, sample; E, eluent; M, mixing coil (100 cm, i.d. 

1.0 mm); SP, spectrophotometer; W, waste. 

spectrophotometer (The Third Analytical 
Instrument Plant of Shanghai) connected to a 
XWT-S platform recorder (The Third Auto- 
matic Instrument Plant of Shanghai) was used 
as the detector with a flow-through cell (Fig. 3). 
the cell had a black side, a 5 mm path and a 
diameter of 1.5 mm. In order to retain the resin 
in the cell, the cell was blocked with nylon fibre. 

Procedures 

Preparation of chelating resin loaded with 
zincon. One gramme of the anion-exchange 
resin was stirred with 20 ml of the zincon 
solution for 30 min and then the resin was 
collected. The amount of the zincon taken up 
was determined by measurement of the 
absorbance at 470 nm. About 7 pmoles of 
zincon was loaded on 1 g of the resin. The 
capacity for chelating metal is about 7 pmol/g 
resin. The chelating resin loaded with zincon has 
high stability. No zincon can be released even in 
l.OM sodium chloride and 0.M hydrochloric 
acid. 

Determination. The FIA system is connected 
with PTFE tubing (1 .O mm i.d.) according to the 
arrangement shown in Fig. 1 and Fig. 2. Inject 
the sample solution (4.0 ml) into the carrier 
(water) solution flowing at 1.2 ml/min and 
merging with the buffer solution flowing at 0.3 

W toM W 

(a) 

1.5 mm 
II 

I 
- in smm -out 

Resin beads Nylo; fibre 

Fig. 3. Schematic diagram of the resin-tilled flow-through 
cell. 

ml/min. Allow the sample slug to pass through 
the flow-through cell, in which the colour-form- 
ing reaction takes place. Read the absorbance in 
the flow-cell at 650 nm. Inject the eluent 
solution into the carrier solution when the 
absorbance steady state has been recorded. 
When the recorder comes back to its baseline 
the next sample is then injected and determined 
as before. 

Prepare a series of standard solutions of 
Zn(1I.J Inject these solutions into the carrier 
solution, as for sample solutions, before and 
after the sample runs. 

Use the peak height (maximum absorbance) 
as a measure of absorbance throughout for the 
samples and calibrations runs. 

RESULTS AND DISCUSSION 

Zincon is a sensitive reagent for zinc. It reacts 
with zinc(I1) to form a blue colour complex in 
the pH range 8.5-9.5. The complex decomposes 
immediately when the pH of the solution is 
below 6. As a result, a buffer solution of borate 
with a pH of 9.0 was employed for complex 
formation and a 0.20M hydrochloric acid 
solution was employed for the desorption of the 
zinc from the resin. 

EfSect of j?ow -rate 

Figure 4 shows the influence of flow-rate 
(carrier solution and buffer solution together, 

t t t 
W toM W 

(b) 

Fig. 2. Schematic diagram of the connection of the valve. (a), Sample injection position; (b), eluent 
injection position; E, eluent; S, sample; Ll, loop for sample; L2, loop for eluent; M, to mixing coil; W, 

waste. 



Determination of trace zinc in hair of children 383 

0.3 

:: 0.2 

9 
a 
s 

2 0.1 I 

I I I I I 1 
0 0.5 1.0 1.5 2.0 2.5 

flow-rate ml/min 

Fig. 4. Effect of flow-rate on sensitivity. Sample volume, 
4.0 ml. 

the ratio of them is 4: 1) on the measurement of 
a 100 pg/l. Zn(I1) solution. It can be seen that 
a change in the flow-rate from 0.5-2.5 ml/min 
decreased the sensitivity by 32%. However there 
was a linear relationship between the measured 
absorbance and the Zn(I1) concentration deter- 
mined at a constant flow-rate. Measurements at 
flow-rate lower than 0.6 ml/min took longer 
than 10 min. In all subsequent experiments, the 
total flow-rate was maintained at 1.5 ml/min. 

Eflect of sample volume 

The increase of the sample volume resulted in 
a proportional increase of absorbance. Much 
higher sensitivity can be obtained by employing 
a larger volume of sample solution. But more 
time would be required for each determination. 
So the selection of sample volume should reflect 
a consideration of sensitivity and analysis speed. 

Calibration and sensitivity 

According to the proposed procedure, the 
calibration graph was established with standard 
solution of Zn(I1) (Fig. 5). The calibration curve 
is reasonably linear in the concentration range 

1 

1 
Fig. 5. Recorder signals for standard solution of Zn. Vahms 

above the peaks are concentrations of Zn in pg./l. 

of 16-360 pg/l. The sensitivity of the proposed 
method has been compared with that of a 
conventional FIA method (Table 1). The sensi- 
tivity is more than 10 times higher than that of 
corresponding solution method for a 4.0 ml 
sample injection. 

Precision and detection limit 

Precision was measured with a sample 
solution of 32 pg/l. and 80 pg/l. in Zn(II), 
respectively. For 10 determinations, the relative 
standard deviations obtained were 1.4 and 
1 .l %, respectively. The detection limit, defined 
as the concentration that produces an 
absorbance equal to twice the magnitude of the 
fluctuation in the background was as low as 4.2 

c(g/l* 

Eflect of foreign ions 

The following ions interfere in the determi- 
nation of zinc when present in a molar ratio to 
zinc of 1: 1 or more: aluminium, iron(III), 
chromium(III), cobalt(II), nickel(II), mangane- 
@II), lead(II), molybdenum(VI), cadmium(II), 
mercury(I1) and bismuth(II1). These elements in 
hair samples were also determined by us. The 
maximum value of these elements in hair are as 
follows (ppm): aluminum (42.8), iron (37.6), 
chromium (0.19), cobalt (0.07), nickel (0.42), 
manganese (1.46), lead (9.72), molybdenum 
(0.31) and cadmium (0.21). They are not high 
enough to interfere in the determination of zinc 
in hair samples. Copper(I1) interferes seriously. 
It can be masked by the addition of thiourea in 
the buffer solution. 

Determination of zinc in hair of children 

Hair is an excretive organ of the human body. 
The content of micro-elements in hair can reflect 
the cumulative status of micro-elements in the 
human body. [Id Zinc is an essential micro- 
element. So the determination of zinc in hair of 
children is of great interest in the evaluation of 
nutrient status. The present method has been 
applied to the determination of zinc in the hair 
of children. Hair was washed with acetone and 

Table I. Comparison of the sensitivity of FIA ion-exchange 
resin phase absorptiometry with that of FIA solution 
phase absorptiometry (metal concentration giving a final 

absorbance of 0.50) 

FIA ion-exchange resin 308 pg/l. sample volume 2.0 ml 
phase absorptiometry 186 pg/l. sample volume 4.0 ml 

FIA solution phase 
absorptiometry 1940 fig/l. sample volume 200 ul 
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Table 2. Determination of zinc in hair of children (X f SD, 
UnllZ) 

Boys Girls 
Age Number Data obtained Number Data obtained 

1 62 81.8 f 31.6 68 
(79.6 f 30.4)* 

2 71 81.2 f 28.3 60 
(81.7 f 27.2) 

3 66 88.3 f 34.5 76 
(89.8 f 32.9) 

4 68 93.9 f 33.4 68 
(92.0 f 35.5) 

5 74 116.1 f 37.6 64 
(113.3f40.1) 

80.4f31.3 
‘Vi.‘8 

(84:7 

2 ;;*;) 

f 25: 1) 
90.7 f 36.6 

(90.2 f 37.7) 
97.5 f 29.8 

(98.8 f 27.4) 
108.2 f 34.0 

(105.6 f 37.1) 

*The values in the parenthesis were obtained by AAS 
method 

de-ionized water to remove surface contami- 
nation and dry-ashed in a muffle furnace at 
450”, and the residue was dissolved in nitric 
acid. The pH of the solution was adjusted to 
about 9.0 and diluted to 50 ml with demineral- 
ized water. The solution was then analysed by 
the proposed method and an AAS method. The 

results are listed in Table 2. Table 2 showed that 
the results of this method are in accordance with 
those of the AAS method. 
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Summary-Reaction between pdolinium(II1) and 2-(S-hromo-2-pyridylazo)-S-diethylamitmphenol (5. 
Br-PADAP) was studied for delineating optimal conditions for complexation. This reagent can be used 
for the ~~ophoto~t~c determination of C%(III) in ~o~~tio~s ranging from 0.04 to 1.2 ppm 
(a = I.X(fO.f.S~ x I@ (I.-’ mole-’ j an]. The reaction takes plae at a pH between 9.2 and II.& In the 
presence of Trlton X-100 this complex is soluble in water. In order to overcome dilikultks caused by the 
presence of other lanthanides, an ion exchange chromatographic technique was used. 

For several years, the use of micellar media of 
ternary me~hromophor~s~factant systems 
has been a common practice in the spectropho- 
tometric determination of metal ions, with a 
view to enhancing sensitivity and/or selectiv- 
ity.‘” The soiubilizing power af micellar systems 
has allowed inv~tigato~ to speed up and sim- 
plify many common analytical procedures when 
the chromophore or chelate formed is insoluble 
or only slightly soluble in water, thus avoiding 
costly and tedious extractions and allowing 
det~ination in a homogeneous medium: 

The growing importance of the rare-earths 
elements (REE) in advanced engineering and 
high-technology ceramics and in special glasses 
has made it necessary to develop simple and 
reliable analytical methods for determining 
traces of these elements. 

The analytical application of 2-[(S-bromo- 
2-(py~dylazo)]-5-diethyla~~aphenol (S-Br- 
PADAP) (RH) compounds has been extensively 
studied. However since the metal chelates 
obtained are insoluble in water, the methods 
require aqueous alcohol media or extraction 
into non-polar solvents. 

At present, 5-Br-PADAP can be used in the 
spectrophatometric determination of many rare 
earths, ~-9 but it has not been employed for the 
determination of Gd(II1). In this paper, we 
describe the use of SBr-PADAP for the spec- 
trophotomet~c determination of Gd(III). 

The proposed method using the reagent 
5-Br-PADAP produces an absorptivity of 
1.76 x lo5 1. mole-‘. cm-’ and it is the most 

sensitive, comparing it with other methods such 
as arsenazo**fo (a = 5 x 104 1, mole-’ - cm-‘) and 
PAN” (a = 7 x 104 i, mole-’ - cm-‘), This cir- 
cumstance is important for the determination of 
trace elements in geological samples to solve 
petrogenesis problems. Selectivity is low, as 
happens with every chromogenic reagent for 
REE; a previous separation is unavoidable in 
any spectrophotometric method. Nevertheless 
these methods are frequently used for REE 
determination because of their simplicity, expe 
ditiousness and low cost. 

EXPERIMENTAL 

Reagents 

Standard elation of Gd(IIf) were prepared 
by dissolution of suitable amounts of the oxide 
(99.99% pure, Aldrich) in small volumes of 
concentrated hydrochloric acid, followed by di- 
lution with distilled water. Standardization was 
achieved as described in the literature.‘* 

5-Br-PADAP stanrfard solu~im. The reagent 
was purified by ~rys~~~tion twice from 
ethanol-water. A solutian of the purified re- 
agent (2 x 10e3M) was prepared by dissolution 
in ethanol, Lower concentrations were prepared 
by seriai dilution. 

~c~y~~~~l ~ly~e#~y~e~eg~~c~~~ ether (Trim 
X- fOO Merck) d&m A 5% {v/v) surfactant 
solution in redistilled water was prepared. 

Buffer solution. Ammonium nitrateammonia 
solutions were used for the pH adjustment. 
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Cation exchange resin. Dowex 5OW-X4 
(200-400 mesh) was used. All other reagents 
used were of analytical grade. 

Apparatus 

A Variant spectrophotometer (model 634- 
UV-Vis) with lo-mm optical path glass cells 
was used for the absorptiometric measurements. 
The pH values were measured with an Orion 
701-A pH meter equipped with a glass combi- 
nation electrode. 

The apparatus used for the separation 
through ionic exchange is that described by 
Wolfsberg et all3 

Procedure 

An aliquot of the standard metal solution 
was placed in a 50-ml standard flask. Next, 2.5 
ml of an ethanolic solution of 5-Br-PADAP 
(2.5 x 10m3M), 5.0 ml of buffer solution 
(pH = 9.8) and 5 ml of surfactant solution (5% 
v/v) were added. The mixture was then made up 
to volume with distilled water and mixed well by 
shaking vigorously. The color intensity was 
determined against a blank as the reference 
solution at 580 nm. 

The proposed method was applied to Gd(II1) 
determination in standard samples of known 
composition rocks. The procedure developed 
was the following: 

Take the sample (0.1-0.2 g) in a 50-ml plati- 
num dish and heat gently to drive off moisture. 
Treat with 7 ml of hydrofluoric acid and 10 ml 
of nitric acid, cover and digest on the steam- 
bath. Add more hydrofluoric acid, if necessary, 
to complete the decomposition. The fluorides of 
rare earths and calcium are completely precipi- 
tated. Allow the precipitate to settle, filter it off 
on a Whatman No. 40 filter paper and wash 
with hot water. Transfer the precipitate to the 
original platinum dish and decompose the paper 
with nitric acid (steam-bath). Evaporate to dry- 
ness, add 5 ml of nitric acid and evaporate to a 
moist residue. After cooling, dissolve the residue 
in dilute nitric acid. 

Then, continue with the procedures described 
by Staryr4 and Wolfsberg et al.” That is, solvent 
extraction was performed to remove the metals 
listed in Table 3, followed by ion exchange to 
separate gadolinium from the rare earths. The 
sample pH was adjusted to 3 prior to placing on 
the column. The fraction obtained was collected 
in the period between 6 and 7.5 hr. A hydro- 
chloric acid-nitric acid solution was added and 
evaporated to dryness. The treatment was re- 

peated with 5 ml of solution. Then, the residue 
was taken up with dilute hydrochloric acid 
solution. The operative conditions were ad- 
justed and the spectrophotometric determi- 
nation was carried out. 

RESULTS AND DI!SCU!SSION 

An attempt has been reported to use the 
reagent 5-Br-PADAP in the determination of 
REE without finding a proper solution to the 
inconvenience due to hydrolytic decomposition 
of the complex. In our work, the coloured 
complexes were easily obtained by adding a few 
drops of an ethanolic solution of 5-Br-PADAP 
to an aqueous solution of metal ion. Different 
solvents were tried so as to select the best one 
with respect to its solubilization ability. An 
increase in the percent organic solvent always 
produced a loss of sensitivity. It was therefore 
necessary to introduce a surfactant into the 
reaction medium in order to solve the solubility 
difficulties while maintaining sensitivity. 

The surfactant, Triton X-100, proved to be 
most suitable for our system, in a proportion of 
0.5% (v/v). Figure 1 shows the influence of the 
surfactant percentage upon the absorbance of 
the Gd(III)-5-Br-PADAP complex. 

The full purple color of the Gd(III)-5-Br- 
PADAP complex develops in a few minutes at 

0.61 
0.1 

I I 1 I 
0.3 0.5 0.7 0.9 

COW. of sarfactant % (v/v) 

Fig. 1. Influence of the surfactant concentration upon 
absorbance of metal complex. C,,,,,, = 4.73 x 10v6M, 
C,, = 9.5 x 10M5M, pH = 9.8; Ethanol-water 5% (v/v); 

A = 580 nm. 
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Fig. 2. Absorption spectra of Gd(III)-5-Br-PADAP in 5% 
(v/v) ethanol-water and 0.5% (v/v) Triton X-100 at various 
pH values. C,,,,,, = 1.85 x IO-‘&f; Cx, = 1.85 x 10-5M; 
pH: 1 =5.0; 2= 7.6; 3 =8.2; 4=8.8; 5=9.2; 6=9.6; 

7 = 9.8-l 1.2. 

room temperature and its absorbance remains 
constant for up to 72 hr. 

Figure 2 shows the absorption spectra of a 
mixture of reagent, Triton X-100 and Gd(II1) at 
various pH values. 

01 I 

6.5 a.5 

Fig. 3. Influence of the pH upon absorbance of metal 
complex c,,,,,, = 5.3 x lo-6M; ca, = 1.1 x 10-‘&f; 
Ethanol-water 5% (v/v); 0.5% (v/v) surfactant solution; 

p = 0.1 (NaC’lO,). 
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Fig. 4. Dependence of absorbance upon reagent to metal 
ratio. C,,,,,, = 5.2 x 10-6M; pH = 9.8; L = 580 rim; fi = 0.1 
(NaClO’); Ethanol-water 5% (v/v); 0.5% (v/v) surfactant 

solution. 

Our experiments enabled us to determine the 
optimal pH range for complex formation. The 
results are shown in Fig. 3. 

Reagent concentration and calibration curve 

The reagent concentration appropriate for 
the quantitative work was evaluated by plotting 
the saturation curve (Fig. 4) at pH 9.8. The 
Gd(II1) concentration was kept constant while 
the SBr-PADAP was changed between 
7 x 10m6 and 5.6 x 10m4M with Triton X-100 
and ethanol concentrations kept constant at 0.5 
and 5.0%, respectively. The absorbance was 
read at I,,, 580 nm. 

For a 1: 10 Gd(III)-5-Br-PADAP molar 
ratio, the complete development of the complex 
is achieved and remains unaltered for pro- 
portions up to 1: 50. The absorbance at pH 9.8 
and ionic strength of O.lOM, as well as the 
absorption spectrum, did not change over a 
3-day period. 

The stoichiometry of the complex was studied 
at pH 9.8. The method of continuous variations 
(Job) was used and as can be seen from Fig. 5, 
the ratio of Gd(II1): reagent was 1: 4. The mole 
ratio and slope ratio methods also confirmed 
this stoichiometric ratio. 

Beer’s law of the Gd(III)-S-Br-PADAP- 
Triton X-100 complex was linear in the Gd(II1) 
concentration range of 0.04-1.2 mg/l. 
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Fig. 5. Continuous variation plots. C,,,,,, = Ca,; pH = 9.8; 
Ethanol-water 5% (v/v); 0.5% (v/v) surfactant solution. 

Table 1 summarizes the optimal experimental 
conditions for the quantitative evaluation of 
Gd(II1) ion with the reagent S-Br-PADAP in the 
presence of the surfactant, Triton X-100. 

Eflects of concomitant ions 

Under the optimum experimental conditions, 
the influences of some anions, cations and a 
number of complexing species that could be 
applied as selective masking agents were exam- 
ined. 

The influences were studied individually. The 
potential interferent and gadolinium(II1) were 
put in pH 9.6 buffer solutions of ammonium 
nitrate-ammonia. The gadolinium(II1) concen- 
tration was kept fixed while that of the possible 
interferent was increased until the magnitude of 
error was ca. +2%, arbitrarily established as 

Table 2. Tolerances for some common anions. Ethanol- 
water 5% (v/v); 0.5% surfactant solution 

ION/Gd(III) ION/Gd(III) 
Tolerated Tolerated Error 

Ion molar-ratio mass-ratio rel % 

Bromide WO 610 -0.3 
Chloride 10,000 2,270 -0.2 
Carbonate 1,ooo 300 -0.5 
Nitrate 10,000 3,970 0 
Tetraborate 10,000 9,930 0 
Sulfate 1,000 615 0 
Iodide 1,000 813 -0.9 
Phosphate interf. interf. 
Tartrate WOO 1,327 -0.6 
EDTA interf. interf. 
CDTA interf. interf. 
Oxalate l,ooo 563 -1.9 
Ascorbic acid 1,000 1,122 -1.8 
Fluoride 500 61 -1.9 
Nitrite l,ooO 25 -1.7 
Citrate 50 
Acetate 10,000 3,7z 

-1.8 
-0.3 

Perchlorate 10,000 6,337 -0 

the maximum acceptable. Table 2 shows the 
admissible proportions of several anions and 
masking agents. EDTA, CTDA and phosphate 
interfere in a molar ratio lower than 1:l with 
respect to gadolinium(II1). 

Under the conditions required to form 
the gadolinium(III)-S-Br-PADAP complex, 
Mn(II), Zn(II), Cd(II), Cu(II), Ni(II), Bi(III), 
Fe(III), Pb(II), Sb(II1) and the elements belong- 
ing to the group of rare earths not only consume 
reagents, thus making the gadolinium(II1) com- 
plexation incomplete or even null, but they 
spectrally disturb the spectrometric determi- 
nation to a large extent. In order to increase 
tolerances up to values compatible with the 
composition of some concrete samples, several 
masking agent-yanide, diethanolamine, 
ascorbic acid, tartaric acid, triethanolamine, 
were tried in their maximum admissible concen- 
tration. Results obtained for any of the above 

Table 1. Experimental conditions for determination of gadolinium(II1) with 
5-Br-PADAP Definitions:‘~ S = estimated standard deviation for n = 6, a = 

corresponds 95% confidence, CL = confidence limit 

pH range 
Buffer solution 
Surfactant solution 
Organic solvent 
Maximum of reagent absorption 
Maximum of complex absorption 
Bathcchromic shift 
Fulfillment of Beer’s law 
Molar absorptivity 

Sandell’s sensitivitv 

9.64 1.2 
Ammonium nitrate-ammonia, pH 9.8 
Triton X-190, 0.5% (v/v) 
Ethanol, 5% (v/v) 
445 nm 
580 nm 
135 nm 
0.044-1.25 mg/l. 
1.76(*0.03) x 10s I. mole-’ . cm-’ 
(S = 2.150; a = 0.05) 
CL = (1.733-1.786) x 10’ 1. mole-’ . cm-’ 
8.93 x lo-’ &cm2 

Stability of compllx 3 days -. 
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Table 3. Tolerances for some common cations 

Ion 

ION/Gd(III) ION/Gd(III) 
tolerated tolerated Error 

molar ratio mass ratio rel % 

Ca(I1) 
R(I) 
Ru(III) 
Rh(III) 
WVI) 
Sr(I1) 
Mn(II)* 
Cr(III) 
Zn(II)+ 
Cd(E)* 
c&j* 
Ni(II)* 
Hg(II)* 
Li(1) 
Bi(HI)* 
Fe(III)* 
Pb(II)i 
Pd(II)* 
Mg(II) 
Sb(III)* 
Al(III) 
Si(IV) 
Be(II) 
Te(IV) 
Zr(IV) 
Ba(II) 
R&j 
Au(III) 
As&I j 
Ce(III)t 
La(III)t 
Er(III)t 

Pr(iII)i’ 
Eu(III)t 
Nd(III)t 
Y(III)P 
Dy(III)t 

5,000 
10,000 

50 
50 

100 
2,000 

50 
50 

100 
95 

100 
100 
100 

5,000 
100 
100 
100 
100 

1,000 
100 

1W’ 
500 
300 
100 
100 

l,ooO 
100 

1,000 
30 
30 
30 
20 
20 

:: 

?z 
30 
20 

1,262 
2,500 

:: 
118 

1,120 
18 
17 

;: 
41 
37 

128 
222 
133 
36 

132 
68 

158 
78 

179 
90 
17 
82 
59 

880 
119 

1,262 

:: 
27 

;; 
19 
19 
21 
18 
17 
22 

+1.7 
0 

+1.9 
+1.7 
+0.9 

0 
+1.2 
+1.2 
+1.8 
+1.6 
+1.2 
+2.1 
fl.8 

0 
t1.9 
+1.9 
+2.1 
+0.9 

0 
+2.0 
+0.7 
-1.8 
+I.8 
+0.9 
+1.7 

0 
+0.9 

0 
+1.7 
+0.6 
+0.4 
+0.1 
+0.4 
+0.3 
+0.8 
+0.2 
+0.1 
f0.7 
f0.4 

*Two successive extractions (Vo = VW), in aqueous phase 
of pH 5.5 with diethyldithiocarbamate 0.4M in carbon 
tetrachloride. 

tIon exchange chromatography-a-hydroxyisobutyric acid 
adjusted to different pH values was used as an eluent. 

mentioned cations showed no significant modifi- 
cations. Therefore we tested other separation 
techniques suitable for this case. Liquid-liquid 
extraction by means of diethyldithiocarbamate 
dissolved in carbon tetrachloride was chosen to 
separate interfering cations. The procedure em- 
ployed was the one suggested by Stary,i4 using 
pH 5.5. Following extraction, the pH was read- 
justed to 9.6 and the spectrophotometric 
method followed. The admissible tolerances 
thus obtained are shown in Table 3. Most of the 
rare earth elements react with 5-Br-PADAP, 
resulting (with this method) in serious interfer- 
ence with the determination of Gd(II1). Thus, a 
separation step must be conducted prior to the 
spectrophotometric determination of Gd using 

this method. In order to apply the method 
developed for the determination of Gd(II1) to a 
mixture of rare earths, ion exchange chromatog- 
raphy was used to separate the constituents. The 
technique proposed by Wolfsbergr3 to separate 
a mixture of Eu, Sm, Nd, Ce, La and Gd was 
considered to be convenient. Synthetic samples 
of the mentioned ions of different composition 
were subjected to the separation using a 0.8 x 60 
cm column of cation exchange resin and a flow 
rate of 9 ml/hr. In the initial step, 0.5 molar 
hydroxyisobutyrate adjusted to the desired pH 
values (3.4-4.2) by the addition of concentrated 
NH40H was used as an eluent. A value of 3.4 
was selected as the initial pH of the eluent 
because at this pH an adequate separation of 10 
mg of Y, 0.5 mg of Gd, and 10 mg of each other 
ion was achieved in less than 30 hr. Gadolinium 
is eluted between 6.5 and 7.5 hr after the start 
of column operation. 

The elution of the three different ions was 
checked by X-ray fluorescence, using a precon- 
centration technique. The fraction containing 
Gd(II1) was preconcentrated and then taken to 
a final volume of 50 ml. The spectrophotometric 
determination was carried out on an aliquot of 
this fraction with the reagent 5-Br-PADAP 
using the above-mentioned method. The results 
were highly satisfactory, obtaining in all cases 
an error less than 2%, as can be seen in Table 4. 

Finally, the results of the method applied to 
Gd(II1) determination in standard samples 
of known composition rocks are shown in 
Table 5. 

Table 4. Determination of gadolinium(II1) in mixtures of 
rare earths (n = 6) 

Composition, % Gd(II1) found Error 
Sample (w/w) % rel % 

Y 20 R = 1.01 
La 29 s = 1.07 x 10-r 
Sm 20 CL=(l.OO-1.03) 1 

g 
30 a = 0.05 

1 
Y R = 5.03 
Sm :: S = 1.16 x lO-2 
Nd 20 CL = (5.01-5.04) 0.6 
La 15 a = 0.05 
Gd 5 
Y X = 4.96 
Sm 3; s = 1.03 x 10-r 
Ce 30 CL = (4.95-4.97) 0.8 
La 30 a = 0.05 

g 
2 
5 

Y 33.33 2 = 33.29 
Nd 33.33 s = 1.41 x 10-2 
Gd 33.33 CL = (33.28-33.31) 0.1 

u = 0.05 
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Table 5. Concentrations @g/g) of Gd(III) in USGS refer- 
ence materials 

Sample Error 
USGS Content Gd(III) Gd(III) found ml % 

AGV- 1 5.5 z? = 5.6 
S = 1.12 x lO-2 1.8 

CL = (5.45-5.56) 
u = 0.05 

G-2 5.0 R = 5.2 
s= 1.01 x 10-r 4.0 
CL = (5.1-5.3) 

a = 0.05 
GSP- 1 15.0 f = 15.3 

s = 2.9 x 10-Z 2.0 
CL =(15.1-15.4) 

u = 0.05 

CONCLUSIONS 

The analytical applications of the reagent are 
an original contribution for gadolinium(II1) 
spectrometric determination. Complexation is 
accompanied by a strong bathochromic effect, 
about 135 nm, providing a clear contrast be- 
tween the colors of the free reagent and the one 
belonging to the gadolinium(II1) complex. 

The results obtained for a variety of geologi- 
cal reference materials demonstrate that the 
procedure allows precise and accurate analysis 
of geological samples for their REE and Y 
content. The total salt concentration is reduced 
and potentially interfering elements are elimi- 
nated. 

The main advantage of the method proposed 
is the high sensitivity and the low cost of the 
equipment required. 

1. 

2. 

3. 

4. 

5. 
6. 

7. 

8. 

9. 

10. 
11. 
12. 

13. 
14. 

15. 
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Summary-Several straightforward, rapid and automated methods for the determination of the constant 
of solubility product of various inorganic salts and hydroxides and the critical micelle concentrations of 
both anionic and cationic surfactants are reported. The underlying methodology relies on the cstablish- 
ment of flow-rate gradients in completely continuous flow systems including a conductometric or 
potentiometric detector. The results obtained are quite consistent with those reported in the chemical 
literature. 

Unsegmented flow systems have proved to be 
powerful tools for automating some steps of 
the analytical process. A host of applications 
have been developed on the basis of this 
methodology, as shown in pertinent mono- 
graphs.le3 Such applications usually involve 
constant experimental conditions where flow 
rate is one of the major variables. However, 
in some of the approaches reported in the 
last few years, manipulation of hydrody- 
namic conditions in unsegmented flow sys- 
tems plays a crucial role in developing new 
automated determinations.4 Thus, variable 
flow-rate methodologies allow the automated 
determination of acidity constants,’ complex 
stoichiometries,6 and the implementation of 
titrimetric procedures,‘I** among others. 

In variable flow-rate methodologies, the 
flow-rate is changed throughout the measure- 
ment step according to a linear or non-linear 
mathematical function, the first derivative of 
which defines the flow-rate gradient (Q) in each 
case. Linear flow rate-time functions provide 
constant flow gradients, while non-linear flow 
rate-time functions give rise to variable flow 
gradients. Every flow-rate gradient can be used 
to create a corresponding concentration gradi- 
ent profile along the flow system. This is very 
important in as much as it allows one to auto- 
matically and gradually change the concen- 
tration of one of the analytes with time. Many 
chemical and physico-chemical properties are 
dependent on this variable, so one immediate 

application of this methodology is in the deter- 
mination of certain parameters or in studying 
some properties. 

In this work we used flow-rate gradients to 
determine constants of solubility product (KJ 
and critical micelle concentrations (cmc) by 
using a simple manifold in a rapid, automated 
fashion and monitoring conductivity or pH 
changes. Both parameters are related to the 
critical concentration of one reactant, above 
which dramatic changes in the properties of 
the system concerned occur (formation of a 
solid phase, constants of solubility product, or 
micelles, cmc). 

EXPERIMENTAL 

Reagents 

Aqueous solutions of the following com- 
pounds were used at different concentrations 
and pH values. 

Inorganic salts. Zinc(I1) nitrate (Riedel), 
tin(I1) chloride (Merck), nickel(I1) nitrate 
(Merck), aluminium(II1) nitrate (Riedel), pot- 
assium nitrate (Merck), disodium tartrate 
(Merck), cobalt(I1) nitrate (Merck), copper(I1) 
nitrate (Merck), sodium oxalate (Merck), cal- 
cium chloride (Merck), potassium iodate 
(Fluka), lead(I1) nitrate (Riedel), and sodium 
fluoride (Riedel) were used. 

Sur-ctunts. A O.lOM sodium dodecyl sul- 
phate solution (Aldrich), O.OlOM sodium 
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Table 1. Constants of solubility product obtained by using the automated gow method with direct 
introduction of insoluble compound into the system 

Compound n (moles)* Literature pK&, pK, found r.s.d.(%) 

CaSO, 6 x lo-’ 4.6 4.4 
KH-Tartrate IO-2 3.5 3.5 
coc,o, 1.6 x W3 5.4 5.6 
cuc,o, 2 x 10-4 1.5 1.6 
Ca(JQ, )2 5 x IO-’ 6.2 6.4 
PbF, 6 x W3 7.4 6.4 

*Quantity of moles added to 100 ml of distilled water to prepare the suspension. 
tFrom reference (9) (at 25”). 

1.0 
1.3 
0.5 
0.5 
0.6 
0.9 

hexadecyl sulphate (Aldrich), O.OlOM cetyl- 
pyridinium chloride (Serva), O.OlOM cetyltri- 
methyl ammonium bromide (Serva), 0.4M 
dodecyltrimethyl ammonium bromide (Aldrich) 
and O.OlOM sodium dioctyl sulphosuccinate 
(Aldrich) were prepared. 

Preparation of the suspensions of the insol- 
uble compounds. The insoluble compounds 
were previously precipitated in a flask, filtered 
and washed until no conductometric signal 
was obtained from the last water volumes used 
to wash the precipitate. Water was used as 
solvent to prepare those suspensions, taking 
a certain number of moles of each insol- 
uble compound (see Table 1) for 100 ml of 
water. 

Apparatus 

A Gilson Minipuls-3 peristaltic pump con- 
trolled by a Commodore 64 microcomputer 
through a laboratory-made interface was used 
to ;et flow-rate gradients.6 A Gilson Minipuls-2 
peristaltic pump was used to provide a constant 
flow-rate. A YSI conductometer (model 3s) 
and a FIAtron 721 FIA cell equipped with a 
glass-calomel microelectrode and connected to 
a Radiometer pHM 62 pH-meter and a 
Radiometer REC 80 recorder were used as 

detectors. The potentiometric detection requires 
a calibration procedure. This was done by 
passing through the system standard buffers 
at pH 4.00 and 7.00. A Tecator TM II chemifold 
was also employed. 

Manifold 

The configuration used is depicted in Fig. 1. 
The two streams used are merged at point C. 
The programmable pump (PP) is controlled by 
the microcomputer and the flow rate of solution 
A is changed linearly with time. The conven- 
tional pump (CP) is operated at constant flow- 
rate. As a result, a flow gradient is created that 
gives rise to a concentration gradient arising 
from the different composition of solutions A 
and B. 

The methodology used in this work is based 
on a completely continuous flow system in 
which the result of the concentration gradient 
established along reactor coil R (70 cm length 
and 0.5 mm i.d.) is continuously monitored with 
a conductometer or a glass-calomel microelec- 
trode for pH measurements. The signal was 
automatically recorded on an x-t recorder at 
an appropriate chart speed to obtain graphi- 
cally and accurately the parameter determined 
in each case. 

MICROCOMPUTER 

SOLUTION A 

DETECTOR 
1 

- 
SOLUTION B 

CP 

Fig. 1. Manifold used for solubility and critical micelle concentration determinations. [PP = pro- 
grammable pump; CP = conventional pump; R = reactor coil (length = 70 cm; inner diameter = 0.5 mm); 

C = merging point; I = electronic interface]. 
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The experiments were carried out at room 
temperature (18-25”) due to the difficulties to 
thermostatize all the system. 

RESULTS AND MSCUSSION 

The manifold in Fig. 1 was used to deter- 
mine constants of solubility product and critical 
micelle concentrations, which are dealt with 
below in separate sections. 

Determination of constants of ~~~ubilit~ product 

Constants of solubility product were deter- 
mined by direct introduction of the insoluble 
compound into the system and by in situ 
formation of the compound in the manifold. 

Direct intro~cti~~ of the ~~iub~e com- 
pound. A suspension of each insoluble com- 
pound studied was used as solution A in Fig. 1. 
The suspension was prepared as Experimental 
section reports and was continuously stirred 
to get the homogeneous suspension that was 
introduced into the system. The amounts were 
chosen in order to provide recordings where two 
zones (before and after KS,, value) were clearly 
shown, but different amounts, in the same 
range, can be used. The suspensions of those 
~mpo~ds were propelled by means of the 
programmable pump. To avoid the risk of 
blocking up the connections and the tubes of the 
flow manifold a flow-meter was placed at the 

end of the llow system for the continuous 
monitoring of the flow-rate. Solution B in 
Fig. 1 was distilled water in this case. As pump 
A was operated to obtain a linear positive 
flow-rate gradient, the insoluble compound con- 
cerned was partially dissolved after the mixing 
point, so the measured conductivity increased as 
a result of the gradual increase in the amount of 
insoluble compound dissolved in the system. 
Thus, as shown in Fig. 2, a linear conductivity- 
time relations~p was obtained up to a point 
where the slope of the plot started to change, A 
constant conductivity would be expected after 
this point as a consequence of the constant 
dissolved ion concentration in the system when 
the constant of solubility product is reached. 
However, the small increase in conducti~ty in 
this region can be due to the intrinsic conduc- 
tivity of the insoluble compound. The time at 
which the slope changes is denoted by t,, and 
represents the situation in which the liquid 
phase from point C (Fig. 1) is saturated with 
ions from the precipitate. Therefore, this situ- 
ation defines the solubility product (KS,) and 
can be used to calculate it. 

The hydrodynamic conditions in this system 
are determined by the flow-rate of solution A 
(al\) which is changed according to the equation 
‘IA = Qt (Q is the flow gradient and t the time), 
whereas solution B is circulated at constant 
flow-rate (qB). It should be noted that this 

i i 

GO 

(Flow rate gradient step) STOP 

(Washing step) 

Fig. 2. Recording obtained for CoC,O, by using a suspension of this compound as a solution A (Fig. I). 
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methodology involves two different processes, 
namely: interaction between ions to form 
the precipitate and dilution through increase 
in the total flow-rate (qT) throughout the 
experiment: 

qT = 4B + qA = qB + Qt (1) 

Therefore, the dilution factor (f) of the system 
will be: 

fA = (IA&A + h) = Qf/<Qt + qB) (2) 

If the maximum flow-rate of solution A[(q,),] 
is of similar order than that of solution B, then 
a linear zone will be obtained only at the initial 
time period, when qA G qa: 

fA = qA /qB = et/!/B (3) 

However, this factor tends to 1 at great values 
of time, when qA is much higher than qa. 

Figure 3 shows the variation of dilution fac- 
tor with time under two different situations. In 
all cases the B stream flowed at constant flow- 
rate (1.5 ml/min); however, the flow-rate for the 
A stream was changed in the range 0 < qA < 4.0 
(curve A) or 0 < qA < 0.6 (curve B). In practice, 
the latter conditions (i.e., a linear change in 
Fig. 3) were required to prevent the dilution 
process from masking the conductometric sig- 
nal yielded by the precipitation process. Thus, 
under this latter condition: 

fA = qA/hA + qB) = qA/qB = @/4B = @/qB)t 

(4) 

Therefore, for a salt of the general type N,,, M, 
whose solubility is characterized by: 

K,, = N’“M 

the concentration of each ion at the time t, is 
given by: 

Lion] = XCsqA/(qA + 4B) = xCsQtp/(Qtp + 48) 

(5) 

where x is the number of ions resulting from 
the dissolution of one molecule of salt (x = m 
for N, and x = n for M), and C, is the “con- 
centration” of the suspension introduced as 
solution A. Thus, provided the stoichiometry 
of the insoluble compound is known, Ksp can 
be calculated from the experimental data. This 
methodology allows the determination of con- 
stants of solubility product greater than lo-*. 
Lower J& caused the level of dissolved ions to 
be too low to be clearly distinguished from the 
blank. Some of the J& values thus obtained are 
listed together with their literature counterparts 
in Table 1. According to the experimental pro- 
cedure used the ionic strength within the flow 
system was very low in all cases, and it can be 
assumed to be close to zero in order to com- 
pare the experimental results with those re- 
ported in the literature. The precision of the 
method as r.s.d. was about +2% (n = 11; 
P = 0.05) referred to p&r. 

In situ formation of the insoluble com- 
pound. Most hydroxides are special insoluble 
compounds insofar as they can be generated by 
changing the pH within a flow system. Various 

TIME (min) 

Fig. 3. Variation of the dilution factor (0 in the system as a function of the flow gradient used. Curve 
A: Q = 1.49 ml/min* (q,, changes from 0 to 4.0 ml/min). Curve B: Q = 0.22 ml/min* (qA changes from 0 

to 0.6 ml/min). qB = 1.5 ml/min in all cases. 
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insoluble hydroxides were studied by using the 
manifold depicted in Fig. 1 and creating a pH 
gradient in the flow system. Thus, solution B 
contained one metal ion (O.OlOM) in acidic 
medium (HCl), while solution A was sodium 
hydroxide at different concentrations in each 
case (see Table 2). Those concentrations allowed 
the J& value to be reached during the exper- 
iment. The formation of soluble complexes [like 
Al(OH);] did not occur because the pH reached 
in the flow system was not high enough. Precipi- 
tates were formed under a pH gradient at a 
characteristic time dependent on the intrinsic 
solubility. The process was monitored conduc- 
tometrically and yielded a recording such as that 
shown in Fig. 4 (curve A). The conductivity 
decreased dramatically through disappearance 
of H+ ions (highly conductive) by neutralization 
with OH- ions (part 1 in curve a). When the 
product of the ion concentrations equalled KSp, 
the precipitate started to be formed and the 
conductivity decreased slowly (part 2 in the 
curve). Finally, once all the metal had precipi- 
tated, OH- ions were in excess, so the con- 
ductivity started to increase (part 3 in the 
curve). The recordings obtained were quite 
different from those resulting from replacement 
of the dissolved metal ion with an acid sol- 
ution at the same pH (curve B in Fig. 4), which 
in fact represents an acid-base conductometric 
titration. 

1oc 

z 80 

4 
i 

As those precipitation reactions corre- 
spond to fast reactions, no kinetic effects were 
detected. Therefore, the same J&, values were 
obtained by using different flow gradients. The 
parameter tp was changed when the Q value was 
modified, keeping the constants of the solubility 
product the same by applying the equations 
described below. 

The process can be better studied by using 
a conductometric and a potentiometric (pH) 
detector arranged in series, in order to obtain 
both conductometric and potentiometric infor- 
mation, as is shown in Fig. 5, where curves 
A’ and B’ were obtained in the presence of 
metal ion [O.OlOM solution of Zn(I1) in HCl], 
whereas curves A and B were recorded in its 
absence. On comparing curves A and B, and 
A’ and B’, it is clear that fr is the time at which 
the precipitation process starts, so it can be used 
to calculate the constant of the solubility 
product: 

qr = qOH + qH = Qf + qH (6) 

where qou and qu are the flow-rates of sol- 
utions A and B, respectively. At t = t,, qoH = 
Qtp and, provided this flow-rate is known, 
the pH at this time can be readily calcu- 
lated from the conductivity-time recording. 

1 2 3 

TIME (min) 

Fig. 4. Conductivity-time recordings obtained by using 0.0246M sodium hydroxide as solution A 
(Fig. l), and IO-‘M Zn(NO,), in 6.3 x IO-‘M HCl as solution B (curve a), or in 6.3 x 10m3M HCI 

alone as solution B (curve b). 
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F 1 

0 1 2 
tP 

TIME (min.) 

PH 

8 
(PHIP 

6 

Fig. 5. Conductivity-time (curves A) and pa-time (curves B) recordings obtained for a IO-*M 
Zn(NO,), + 6.3 10e3M hydrochloric acid mixture as solution B (curves A’ and B’), and for a 6.3 IOm3M 
HCl solution as solution B [curves A and B, which correspond to the experiment performed in the absence 

of Zn(II)]. 7.58 x 10e3M NaOH was used as solution A in all cases (see Fig. 1). 

The concentrations of H+ and OH- at the 
mixing point are: 

P-I+], = CH+h/(Q~p + ei) (7) 

[OH-I, = [OH-loQ~p/(Q~p + a-i) 09 

If [H+], < [OH-], the concentration of OH- 
after the confluence point is determined as: 

W-l, = [OH-I, - W+l, (9) 

If [OH-],< [H+], the concentration of H+ 
after the mixing point is calculated as: 

D-I+],, = [H+l, - W-l, WI 

then, the OH- concentration could be 
determined through: 

[OH-],, = 10-‘4/[H+]tp (11) 

The metal ion concentration at t, can be 
calculated from the equation: 

[Ml, = [MloqH /<et, + a+ 1 (12) 

where [Ml, is the metal ion concentration in 
solution B. So, the constant of solubility 
product will be given by: 

Kp = M[OH-I” = [Ml,,PH-I; 

where m is the stoichiometry of the hydroxide. 
The use of potentiometric measurements has 

some advantages over conductometric ones in 
this case. Thus: 

t, is better defined in the graphs under all 
conditions. 

The pH (concentration of the precipitating 
reagent) can be obtained directly from the 
graphs depending on the t, value. Therefore, no 
algebraic calculation is required. 

Table 2 summarizes the results obtained 
for three different insoluble hydroxides by 
using this methodology and two pH gradients 
along the flow system. The ionic strength was 
between 0.01 and 0.03 in all cases. As can be 
seen, the constants are quite consistent with 
those reported in the literature’ (ionic strength, 
Z = 0), from which the conditional constants 
were calculated taking into account the ionic 
strength. 
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Table 2. Constants of solubility product obtained by the automatic flow method with in sifu formation of the insoluble 
compounds 

Constants of solubility product (pk,) 

Experimental conditions 
Experimental 

Compound Solution A Solution B* values 

Ni(OH), pH = 8.60 pH = 5.20 15.5 
pH = 11.54 pH = 2.83 15.0 

Zn(OH), pH = 8.60 pH = 5.20 15.1 
pH= 11.64 pH = 3.03 15.6 

Al(OH), pH = 11.50 pH=2.18 33.5 
pH = 11.80 pH = 2.20 32.2 

*The concentration of all metal ions was O.OlM in all cases. 
tFor Z = 0.03 

Literature values 

I=0 1=0.015 

15.8 15.4 

14.8 14.5 

33.5 32.67 

r.s.d. (%) 
Experimental 

values 

1.0 
1.8 
4.5 
2.0 
0.2 
0.4 

Determination of critical micelle concentrations apply under specified conditions and are thus 
only guidances. 

The critical micelle concentration (cmc) is a Traditionally the cmc is determined by 
major physicochemical parameter of surfactant measuring some physical property related to the 
compounds which, like constants of solubil- micelle formation (e.g., surface tension, osmotic 
ity product, represents a point or range of pressure, refractive index, conductivity’4). Some 
concentrations beyond which dramatic changes cmc determinations are also based on the flow 
in the properties of the compound solution injection analysis with a dilution chamber.‘5*‘6 
occur. Surfactant micelles are of great chemi- The continuous flow system depicted in Fig. 1 
cal and biochemical interest in connection with allows the automated determination of the cmc 
catalysis of chemical reactions,‘O room-tem- of ionic surfactants in a straightforward man- 
perature phosphorimetry experiments on liquid ner. Solution A contains the surfactant at a 
samples,” studies on their similarities with high concentration (much higher than the cmc), 
membranes on globular proteins,12 and solvents while solution B is distilled water (i.e., the 
used in liquid chromatography.‘3 All these uses situation is similar to that of the determination 
required the cmc of the surfactant concerned to of constants of solubility product by introduc- 
be known. It should also be noted that this ing an insoluble compound into the flow sys- 
characteristic parameter changes with the exper- tem). A linear dilution factor is also used in this 
imental conditions, so the literature values only case. Therefore, a non-linear conductivity-time 

I 

bl-lC 
1 2 

TIME (min) 

Fig. 6. Conductivity-time recording obtained for sodium dodecylsulphate by using a 0. IM solution of this 
compound as solution A. 
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Table 3. Critical micelle concentration obtained by using the automatic flow method and the batch procedure 

cmc Found (m) 

Surfactant 
Solution A Flow Batch Literature 

concentration system procedure cmc (M) r.s.d. (%) 

Sodium dodecyl sulphate 0.10 8.4 x lo-’ 7.6 x lO-3 8.2 x IO-’ 2.8 
Sodium dioctyl sulphosuccinate 0.01 3.6 x lo-’ - 6.8 x IO-’ 4.1 
Sodium hexadecyl sulphate 0.01 9.2 x IO-’ 4.7 x 10-4 7.0 x lo-’ 2.8 
Cetylpyridiniutn chloride 0.01 9.1 x lo-’ 1.0 x 10-4 9.0 x IO-’ 3.2 
Cetyltrimethylammonium bromide 0.01 9.4 x lo-’ 8.6 x IO-’ 9.2 x IO-’ 1.7 
Dodecyl trimethylammonium bromide 0.40 1.8 x IO-* 1.3 x lo-2 1.6 x lo-* 5.0 

response will be indicative of the occurrence of u&fordable by methods using constant flow- 
a process other than dilution, viz. micelle for- rates. The proposed methodology can also be 
mation. Figure 6 shows a typical recording used to study other properties of chemical sys- 
where the two zones of predominance of non- tems dependent on the concentration of one of 
associated molecules surfactants and micelles the reactants, as well as perform studies in 
can be clearly seen. The cmc is related to the solvents other than water, taking care of 
time at which the two straight lines intercept using tubes made out of solvent-compatible 
(t,,). The flow-rates are: materials. 

SO 

qA = Qtmc and qB = constant 
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cmc = [surfactant], qA /(qA + qk) 

= burfactan& QL,,/(Q~~~ + qd 
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Smnmary-A carbon fibre microelectrode was modified by electrodeposition of a thin copper-hepta- 
cyanonitrosylferrate (CuHNF) film on its surface. The film showed the ability to catalyse electrochemical 
oxidation of ascorbic acid. The catalytic reaction was limited either by diffusion, or by the electrochemical 
reaction of the catalyst. A linear, cyclic voltammetric response for ascorbic acid was obtained between 
5.0 x 10ms and 6.0 x 10V3M. By amperometric measurements the iinear range could be extended to 
8.0 x 10m6-2.0 x 10W3M. The modified electrode showed good stabiiity and ~pr~ucibility. 

There has been a lot of interest in developing 
different kind of biosensors over the recent 
years.‘” El~~~h~i~l biosensors have a 
number of advantages in detection of biological 
substances, such as: simple and inexpensive 
instrumentation, simple sample treatment and 
fast response time. Electrochemical biosensors 
are suitable for both in vivo and in vitro 
applications, such as transducers in molecular 
recognition in biological systems.e Many 
attempts have been focused on miniaturization 
of biosensors, which is an important step in 
development of compact, high performance 
automatic analytical systems and sensing 
devices for artifIcia1 organs, especially in uivo 
applications. This trend is due to the attractive 
features these sensors possess. Firstly, the small 
electrode size and therefore low background 
current facilitate in viva electrochemical 
detections,’ and even detections in single cells.* 
SecondIy, due to the small area of the electrode 
only very low currents will be measured (as low 
as lo-“A), and therefore the electrodes can be 
used in high resistive solvents where electrodes 

*On leave from Henan University, Kaifeng 475001, P.R. of 
China. 

tTo whom correspondence should be addressed. 
$Present address: Department of Chemistry, Yan’an 

University, Yan’an Shanxi;P.R. of China. 

of conventional size would encounter high 
uncompensated iR drops? Low currents also 
allow the electrodes to be used in ultrafast 
cyclic voltammetry to study fast electrode pro- 
cesses.‘“13 A good number of papers have been 
published discussing the use of chemically 
modified microelectrodes as biosensors. Since 
the pioneering work of Adams the field of in vivo 
el~tr~hemist~ has been subject to consider- 
able development. I4 A lot of efforts have been 
devoted improving the selectivity of neuro- 
transmitter measurements.‘5’g These include the 
use of electrochemical pretreated, Nafion coated 
carbon fibre modified electrodes,*5-‘7 stearic acid 
modified microelectrodes, or use of a 
poly(ester-sulphonic acid) coating to exclude 
anionic interferences from the electrode 
surface.lg Hurrel and AbruiiaZo employed poly- 
mer modified microelectrodes for amperometric 
dete~ination of calcium. They reported 
submicromolar sensitivity for their electrodes 
and a dynamic range that extends over three 
orders of magnitude. The selectivity, especially 
toward magnesium was fairly good. Wrighton 
and co-workers developed a variety of sensors 
based on chemi~~y modified rni~r~l~tr~e 
arrays sensitive to PH,~I hydrogen and oxygen” 
as well as to other chemical species.23v24 Kuwana 
et al. designed a microcarbon array enzyme 
glucose electrode that relied on the catalytic 
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monitoring of unconsumed oxygen.” Dong et 
al. have studied reduction of ascorbic acid with 
a Prussian Blue modified platinum microdisk 
electrode.26 

We have recently reported how the over- 
potential of reduction and oxidation of hydro- 
gen peroxide at glassy carbon electrode can be 
reduced by modifying the electrode surface with 
copper-heptacyanonitrosylferrate, CUHNF.*~ In 
this work we present the results obtained on 
electrocatalytic oxidation of ascorbic acid at a 
carbon fibre microelectrode modified by 
electrodeposition of a thin film of CuHNF. 

EXPERIMENTAL 

Chemicals 

All chemicals used were of certified analytical 
grade and used without further purification. The 
solutions were prepared from double distilled 
water. Ascorbic acid solution was stored under 
nitrogen in a refrigerator. Potassium hepta- 
cyanonitrosylferrite solution was prepared 
daily. 

Electrode and apparatus 

Electrochemical experiments were performed 
with a low current-low noise potentiostat 
(Shamning Electronic Factory, Fujian, P.R. of 
China) equipped with a Type 3086 X-Y recorder 
(Yokogawa Hokushin Electric, Tokyo, Japan). 
A three-electrode system consisting of a chemi- 
cally modified carbon fibre microelectrode 
(CMCFME), a platinum wire auxiliary 
electrode and a saturated calomel reference 
electrode (SCE) were used in all electrochemical 
measurements. All potentials given in this paper 
are measured us the SCE. High purity nitrogen 
was used to remove oxygen from the solutions. 
Glass sealed carbon fibre microelectrodes were 
prepared according to the procedure described 
by Wightman and Vipf.** The fibre end is flush 
with the glass surface, making it easy to polish. 
Carbon fibres were obtained both from Union 
Carbide Co (New York) and Amoco Perform- 
ance Products, Inc. (Greenville, SC). 

Modfication procedure 

Before modification of the surface, the carbon 
fibre electrodes were polished first with fine 
polishing paper and then with 0.3- and 0.05~pm 
alumina. The electrodes were then cleaned in an 
ultrasonic bath with water and acetone for 10 
min. The CuHNF film was then deposited on 

the surface of the electrodes by scanning them 
from 0.5 to -0.4 V in an oxygen free 4 x 10e3M 
CuSO,-l.OM KC1 solution with a scan rate of 
20 mV/sec and then keeping the potential at 
-0.4 V for 30 sec. The electrodes were then 
removed from the solution, rinsed with water 
thoroughly and transferred into a 5 x 10d3M 
K,(Fe(CN),NO) solution where they were 
potential cycled for 10 min in the range of 
- 0.4-0.5 V with a scan rate of 20 mV/sec. After 
rinsing thoroughly with water, the electrodes 
were ready for experiments, 

RESULTS AND DISCUSSION 

Evaluation of the quality of the electrode 
preparation 

In order to obtain highly reproducible results, 
it is essential, after the electrode preparation, to 
evaluate the electrochemical behaviour of the 
electrode as well as its effective radius. Oxi- 
dation of hexacyanoferrate(I1) at the electrodes 
in a 1 M potassium chloride solution was selected 
as the evaluation reaction because the diffusion 
coefficient of this system is known.29 Figure 1 
illustrates a number of cyclic voltamperograms 
of glass sealed carbon fibre microelectrodes. At 
low scan rates the voltamperograms have sig- 
moidal shape due to the steady-state diffusion to 
the electrode surface and because a significant 
fraction of the current passes at the edges of the 
electrode.** Equation (1) describes the current 
under mass transfer limited, steady-state con- 
ditions at a microdisk electrode:28 

i = 4nFDrC (1) 

where n is the number of electrons transfered, F 
is the Faraday constant, D is the diffusion 

E,V(vs. SCE) 

Fig. I. Cyclic voltamperograms with 50 mV/sec scan rate of 
l.OmM K,FeCN), in I.OM KC1 at carbon fibre microelec- 

trodes of different radius: (a) 30, (b) 20 and 15 pm. 
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coefficient, r is the radius of the electrode and C 
is the bulk concentration of the depolarizer. 
Knowing the values of D, C, F, n and measuring 
the current, the effective radius of the electrode 
can be determined. In our studies we found the 
radius to be in good agreement with the values 
given by the carbon fibre manufacturers. 

To study the effect of deposition time of 
copper at -0.4 V on the behaviour of the 
modified electrode the following experiment was 
conducted. After the linear scan from 0.5 to 
-0.4 V in a 4mM solution of copper sulphate 
the electrode was held for different lengths 
of time at -0.4 V before proceeding with 
the modification procedure as described in the 
Experimental section. The results of this study 
are shown in Fig. 2. As can be seen, 30 set is 
enough to produce a film with reversible cyclic 
voltammeric behaviour. When longer depo- 
sition times or higher Cu(I1) concentrations 
were used, the stability of the film as well as the 
amount of modifier on the electrode surface 
were decreased. With increased deposition time, 
the cyclic voltammetric response of the film 
became more sluggish. When a newly formed 
CMCFMF electrode was cycled in 1 .OM potass- 
ium chloride, pronounced tailing at the negative 
end of the voltamperogram was observed. With 
increasing number of scans the tailing of the i-E 
curve disappeared gradually. This behaviour of 
the film may be due to migration of free Cu*+ 
from the lattice of the film to the solution. Due 
to the larger radius of Cu*+, 3.25 A, it is more 
difficult for these ions to be transported through 
the film than the smaller potassium ions with the 
radius of 1.25 A.30 After several cycles, all the 
interspatial Cu*+ is replaced by potassium ions 
and a typical steady-state i-E curve is obtained 

I 

i 

E,V(ve.. SCE) 

Fig. 2. Cyclic voltamperograms with 50 mV/sec scan rate of 
the CMCFME (r = 25 pm) under different deposition time 
in 4mM CuSO,-I.OM KC1 solution: (a) 30 se-c, (b) 60 set 

and (c) 240 sec. 

0.7 0.5 0.3 0.1 -0.1 -0.3 

E,V(vs. SCE) 

Fig. 3. Cyclic voltamperogram with 50 mV/sec Scan rate of 
CMCFME (r = 20 pm) in l.OM KC1 solution. 

as shown in Fig. 3. It can be seen that there are 
two couples of redox peaks in the potential 
range studied, one at 0.14 V and the other one 
at 0.59 V. Miissbauer spectra indicated that the 
redox couples at 0.14 V and 0.59 V are 
Cu(I)/Cu(II) and Fe(II)/Fe(III), respectively.3’ 

It was interesting to notice that when the 
potential was scanned in the range of -0.5 V to 
0.9 V the peak current of the redox couple at 
0.14 V decreased markedly and disappeared 
after a dozen scans. But the peak current of the 
redox couple at 0.59 V remained unchanged.*’ 
The reason for this change is not clear yet. It 
might be that a new structure in the 
Cu(II)-Fe(III)(CN),NO compound is formed 
and Cu(I1) is not capable of undergoing redox 
reactions any more. As long as the potential, 
however, was kept less positive than 0.5 V the 
CMCFME did exhibit stable cathodic and 
anodic waves at 0.14 V. As will be discussed 
below, only the redox couple at 0.14 V has the 
catalytic effect on the oxidation of ascorbic acid. 
The catalytic ability of the film can be main- 
tained as far as potentials less than 0.5 V are 
used. 

The peak currents of our electrodes at 0.14 V 
were found to be proportional to the potential 
scan rate indicating that the modified microelec- 
trode behaves exactly as could be expected of a 
reversible, surface immobilized redox couple.32 
The cyclic voltamperogram at a CMCFME with 
radius smaller than 5 pm, however, differed 
from that of an electrode with larger radius. The 
peak shaped voltamperogram disappeared and 
instead, a sigmoidal shaped voltamperogram 
was observed. In this case, however, it was very 
difficult to obtain a good CuHNF film on the 
electrode surface as well. 

The electrode behaviour was not found to 
depend on pH within the range 2-8 in pure 
electrolyte solutions as long as the solution 
contained excess of potassium or sodium ions. 
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Although the shape of the wave at 0.14 V was 
slightly affected by the pH, the peak potentials 
were almost the same in pH 2 to 8. Beyond this 
pH range the CMCFME was unstable and the 
modified film was rapidly destroyed, especially 
in strong alkaline media. 

Stability of the CMCFME upon scanning 
was tested in potassium or sodium containing 
solutions in the pH range 2-8, by performing 
100 cyclic voltammetric scans with a scan rate of 
50 mV/sec, in the range of -0.5 to 0.5 V. No 
significant changes either in cathodic or anodic 
current (< 5%) could be observed. The elec- 
trode was found to possess additionally good 
mechanical stability when the solution was 
stirred with a magnetic stirbar. 

Electrocatalysis of ascorbic acid at the 
CMCFME 

The catalytic function of CMCFME upon 
oxidation of ascorbic acid is shown in Fig. 4. 
The cyclic voltam~ro~am obtained in IM 
potassium chloride, curve (a), is changed in the 
presence of 0.6mA4 ascorbic acid, curve (b). 
When the oxidation of ascorbic acid is studied 
at a naked carbon fibre microelectrode a broad 
wave, however, is observed, indicating an irre- 
versible electron transfer process.26 In addition, 
the electrode reaction of ascorbic acid at a 
naked carbon fibre microelectrode depends on 
the electrode pretreatment as we11.33 The peak 
potential of ascorbic acid oxidation at the CM- 
CFME is also about 200-300 mV less positive 

1 ‘ I 

0.4 0.2 0 -0.2 

E,V(vs. SCE) 

Fig. 4. Cyclic voltamperograms, 50 mV/sec scan rate, of a 
CMCFME (r = 20 pm) in (a) l.OM KC1 solution and (b) 

0.6mM ascorbic acid + 1 .OM KCl. 
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Fig. 5. Cyclic voltammetric peak current of ascorbic acid as 
function of the radius of the CMCFME in l.OmM ascorbic 
acid and LOM KCI. The scan rate used was 10 mV/sec. 

than that at the naked carbon fibre microelec- 
trode. The catalytic activity of the redox couple 
at 0.14 V obviously mediates in the oxidation of 
ascorbic acid and reduces the high ove~tential 
otherwise observed at solid electrodes. The peak 
potential of oxidation is not found to be affected 
by the ascorbic acid concentration, 

At low potential scan rates, u < 10 mV/sec, 
the voltamperogram of ascorbic acid oxidation 
reached the steady state at the CMCFME. With 
increasing potential scan rate, however, a peak 
shape voltamperogram appeared indicating that 
only quasi steady state was reached. By using 
small radius microelectrodes (r < 5 pm) a 
steady state could be reached even at high 
potential scan rates. It was interesting to note 
that the limiting current of ascorbic acid 
oxidation at the CMCFME (5 pm) was lower 
than that at a naked carbon fibre microelec- 
trode. This indicates that the overall reaction 
rate of the system is mainly controlled by the 
catalytic reaction, not by diffusion of ascorbic 
acid to the electrode. A similar result was 
obtained by Dong ef al. in their studies on PB 
modified electrodes. 26,34 If oxidation of ascorbic 
acid at CMCFME is controlled solely by diffu- 
sion, the relationship between limiting current 
of ascorbic acid oxidation and the radius of 
modified microelectrode would follow equation 
(l), i.e., the plot of the limiting current i us. the 
radius r is a straight line. Figure 5 shows the plot 
of the limiting current of ascorbic acid oxidation 
as a function of the radius of the CMCFME. As 
can be seen the plot is no longer linear with 
electrodes with very small radii. This indicates 
that the overall process of ascorbic acid 
oxidation changes from diffusion controlled to 
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catalytic reaction controlled process with 
decreasing radius of the microelectrode. The 
same tendency was also observed when the 
concentration of ascorbic acid is increased but 
keeping the electrode radius constant. 

For quantitative determination of ascorbic 
acid, a CMCFME with a relative large radius 
(r = 20 pm) was used. Due to the mass transfer 
limited current of ascorbic acid oxidation at this 
electrode, a linear calibration curve could be 
expected. A linear, cyclic voltammetric response 
was obtained at a scan rate of 50 mV/sec with 
the ascorbic acid concentration from 5 x lo-’ to 
6 x 10m3M. A linear least square fit yielded the 
slope of 6.3 nA/mM with a correlation 
coefficient of 0.997. The relative standard 
deviations (n = 10) were 3.1 and 6.7% at the 
high end and at the low end of the calibration 
plot, respectively. 

Amperometric determination of ascorbic acid at 
CMCFME 

Quantitative determination of ascorbic acid 
was also done amperometrically in a stirred 
solution. Potential of the electrode was kept at 
0.2 V corresponding to the beginning of the 
limiting current of ascorbic acid oxidation. The 
amperometric response was measured when a 
series of successive standard additions of 
ascorbic acid was made to the solution. Linear 
response was found in the concentration range 
8 x 10p6-2 x 10m3M. The slope of the 
calibration graph was 6.55 nA/mM and the 
correlation coefficient 0.998. The relative 
standard deviations (n = 10) were 2.3 and 5.1% 
at the high end and at the low end of the 
calibration plot, respectively. 

CONCLUSIONS 

Oxidation of ascorbic acid on naked carbon 
electrodes requires a high overpotential. Nor- 
mally oxidation takes place in the range 0.4-0.5 
V. This results in high background currents and 
interferences from other substances that are 
oxidized in this or lower potential range.s The 
CMCFME allows electrochemical detection of 
ascorbic acid at significantly lower potentials 
and therefore improves the selectivity of the 
determination as well as the sensitivity due to 
the higher signal-to-noise ratio. Amperometric 
determination of ascorbic acid at CMCFME 
certainly will find useful applications with 
biosensors. 
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Summmp-A catalytic photometric method with a flow-injection system is described for the determination 
of 9,10-phenanthrenequinone. It is based on the catalytic effect of 9,1O_phenanthrenequinone on the redox 
reaction of 1,2-d~~~~o~~~~e with fo~~de~yde under alkaline conditions. 9,~~F~e~~t~~~n~ne 
at the 5.0 x fO-s-5.0 x 1O-%f beI can bc determined at a rate of 20 sampfesftrr, The de&&on limit is 
1.0 x IO-* M (40 pg in a IO-~1 injection). 

9, I O-Phenanthrenequinone (PQ) has been 
shown to possess photosensitivity and is used 
as a photoreceptor and photoinitiator in photo- 
resistors.‘*2 The PQ content in photopol~ers 
infhrences the sensitivity and stability of the 
resistors. PQ has been determined spectro- 
photometrically3*4 and fluorimetrically,s but the 
methods were unsuitable for the rapid analysis 
of a large number of samples. PQ catalyses the 
reduction of 1 ,Zdinitrobenzene to nitrophenyl 
hydroxyla~ne dianion {&_: 560 nm) in the 
presence of formaldehyde. The reaction was 
used for the spot-test of PQ down to 2 ng.6*7 
The catalytic reaction was applied to the deter- 
mination of catecholamines in alkaline dimethyl 
sulphoxide as s01vent.~ 

Kinetic methods based on catalytic reactions 
are useful in trace analysis because of the 
sensitivity and selectivity. Though many batch 
techniques for kinetic catalytic analysis have 
been used, care must be exercised to control 
the reaction time, In a Sow-injection system, the 
reaction time can easily be controlled by varying 
a flow-rate and length of reaction coil.’ 

In this paper, a flow-injection photometric 
method for the determination of PQ based on 
the catalytic efIect on the reduction of 1,2-d& 
nitrobenzene with fo~~dehyde is reported. The 
conditions for the catalytic reaction were studied 
in order to adapt it to a flow-injection system. 
This method was applied to the determination 
of PQ in photopolymer. 

EXPERIMENTAL 

Reugen ts 

1,2-Dinitrobenzene (DNB) and 30% form- 
aldehyde (FA), which were obtained from 
Nacalai Tesque (Kyoto, Japan), were used as 
received. Dimethyl sulphoxide (DMSO), which 
was from Wako Chemicals (Tokyo, Japan), was 
purified by a refrigeration method.” All other 
chemicals were of anaIyti~-r~~nt grade. 

A schematic diagram of the flow-system is 
shown in Fig. 1. A sodium hydroxide solution 
(3&f) and reagent solution which consisted of 
3rn&f DNB and 3M FA in DMSU were 
pumped by a reciprocating pump of the double 
plunger type (Kyowa Seimitsu, KHU-W-52) 

Fig. I. Schematic digram of the flow-caption system far 
the determination of 9, i~p~enan~r~~~ao~e. A: reagent 
solution (3mM 1.2-dinitrobenzene and 3M formaldehyde in 
DMSO), B: JM NaOH, S: sample injector with IO-~1 loop, 
C: reaction coil (10 m x 0.5 mm i.d.) kept at 60”, 

D: spectrophotometer, R: data processor, W: waste. 

405 
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at a total flow-rate of 0.5 ml/mm Samples 
were introduced with an injection valve (Sanuki, 
SVl-SU7) with a lo-p1 loop. The reaction coil 
(10 m x 0.5 mm) was kept at 60” in a water- 
bath. The absorbance at 560 nm was monitored 
with a spectrophotometer (Jasco, Uvidec-lOO- 
VI), the output being fed to a data processor 
(System Instrument, Chromatocorder II). The 
flow channel was assembled from OS-mm bore 
Teflon tubing and stainless steel connectors. 

RESULTS AND DISCUSSION 

Optimization 

The effect of temperature on the reaction 
was examined over the range 50-70”. As shown 
in Fig. 2, the response was essentially constant 
from 60-65”. The decrease in response at higher 
temperature may be attributed to the thermal 
lability of the product. 

The effect of sodium hydroxide concentration 
in the reaction coil was examined in the concen- 
tration range 0.4-l .2 M. The response increased 
exponentially according to the second power of 
the concentration (Fig. 3). Above the concen- 
tration of 1.3M, base line stability was poor 
because sodium hydroxide is slightly soluble in 
aqueous DMSO solution. 

The response was dependent on the com- 
position of aqueous DMSO solution. The total 
flow-rate was kept constant at 0.5 ml/min and 
the ratio of flow-rates for the sodium hydroxide 
solution and the reagent solution which con- 
tained 75% DMSO was changed from 0.5:4.5 
to 4.5:0.5. The response increased gradually with 
increasing content of DMSO in the reaction 
medium. At higher flow-rates of the reagent 
solution, the base line was unstable because of 
incomplete mixing and poor sodium hydroxide 

-0 
Temperature, “C 

Fig. 2. Effect of temperature on colour development. 

Concentration of NaOH, M 

Fig. 3. Effect of NaOH concentration on colour 
development. 

solubility. A flow-rate of 0.2 ml/mm for the 
sodium hydroxide solution and a flow-rate of 
0.3 ml/mm for the reagent solution were selected, 
as a compromise between sensitivity and base 
line stability. 

Since the catalytic reaction proceeds with the 
elapse of time, the peak height depends on 
the flow-rate and reaction coil length. The lower 
flow-rates gave higher peaks but the baseline 
reversion times were increased. A total flow-rate 
of 0.5 ml/min was selected, taking account of 
the sensitivity and the rate of sampling. Under 
the conditions the rate of sampling was 20/hr. 

lOO- 

Eo- 

6 
2 eo- 

1 

$ 40- 
1p 
iz! 

20 - 

01 0.6 1.0 1.5 2.0 2.5 

Concentration of FA, M 

Fig. 4. Effect of concentration of formaldehyde on colour 
development 
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Table 1. Interference of various quinones on the deter- 
mination of 5.0 x lo-’ M PQ 

Concen- Response 
tration Error RSD 

Quinones (x lo-‘M) (%) (%) 

1,2&nzanthraquinone 50 0.0 1.0 
Anthraquinone 50 0.0 0.91 
1,2-Naphthoquinone 50 2.5 1.3 
1,4-Naphthoquinone 50 15.6 1.9 

20 5.3 1.4 
2-Methyl-l+naphthoquinone 

:: 
15 

::: 1:3 
2,3-dichloro-l &naphthoquinone 50 3.8 1.4 

20 1.3 1.2 

The effect of FA concentration on the 
response is shown in Fig. 4. The response 
increased as the concentration increased and 
above the concentration of 1.8 M it was constant. 

The reaction was found to be independent of 
the DNB concentration between 1 S-3.0mM. 

Interference 

The selectivity of the reaction was examined 
by studying the effect that 1.0 x 10e6M 
concentration of various quinones had on the 
determination of 5.0 x lo-‘M PQ. The results, 
summarized in Table 1, show that the method 
provides good precision with relative standard 
deviation values of less than 2.0% in the 
absorbance measurements (7 replicates). 

Calibration graph 

The calibration graph was obtained from 
different concentrations of PQ under the same 
conditions as shown in Fig. 1. The graph was 
linear over the range 5.0 x 10-a-5.0 x lo-‘jM. 
The linear regression equation was y =0.460x 
+ 3.751 with a correlation coefficient of 0.992 
(n = 21), where y and x are absorbance and 
log[pQ concentration (M)], respectively. 

Application 

Table 2 shows the results for the deter- 
mination of PQ in photosensitive resin prior to 
photoirradiation, which was coated in a 60-pm 

Table 2. Results for PQ in photosensitive resin 

Content* Peak height? Found 
% Absorbance % 

0.50 0.704(1.1) 0.51 
1.0 0.843 (0.88) 1.00 
2.0 0.981 (0.98) 2.01 
3.0 1.06 (0.97) 3.00 
4.0 1.12(1.2) 3.99 
5.0 1.16(1.4) 4.98 

*Obtained from the data presented by manu- 
facturers. 

?A11 values are means (n = 9) with relative 
standard deviation (%) in parentheses. 

thick layer on circuit boards. The resin con- 
tains dimethylaminoethyl methacrylat+methyl 
methacrylate copolymer (56.0-60.5 wt%), 
pentaerythritol triacrylate (27%), tetraethylene 
glycol diacrylate (1 O%), tribromoethylphenyl 
sulphone (2%) and PQ (5.0-O.SO/,). The resin 
(0.1 mg) which was scraped from the boards was 
dissolved in 10.0 ml of DMSO. The solution (10 
~1) was injected into the system. 

It is concluded that the flow-injection system 
with catalytic reaction is useful for the sensitive, 
rapid and reliable measurement of PQ. The 
proposed method could easily be used for 
the determination of PQ in the photopolymer. 
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!Summary-A three-coil tungsten wire is used as electrode for the preconcentration of cadmium, which 
is then placed in a graphite tube for atomization and atomic absorption measurement. The heating 
parameters of the graphite furnace are optimized using the Modified and Weighted Centroid Simplex 
Method (MWCS), and computer program for automatic calculation. Sulphuric acid is selected as the 
supporting electrolyte for electrodeposition. The linear range of the calibration graph is 0.00-0.55 ng/ml. 
The detection limit is 0.01 ng/ml. For 0.1 ng/ml cadmium the coefficient of variation is 3.35% for ten 
parallel determinations. No interference occurs in the presence of more than 20 coexisting ions. Traces 
of cadmium in urine of normal people and in river water and the recoveries for cadmium are determined. 
The results are satisfactory. 

There have been numerous reports on the deter- 
mination of traces of metal ions using precon- 
centration by electrodeposition together with the 
graphite furnace atomic absorption method’-9. 

Earlier, researchers tried to increase the sensi- 
tivity by deposition on a metal wire followed by 
atomization in a fire, but that method is only 
equal in sensitivity for the level of solution 
sampling in a graphite tube. Czobik” placed the 
cathode with deposited metal directly into a 
graphite tube and successfully determined Cd of 
sea water and blood serum. Yet, because the 
tungsten wire length was limited, the effective 
area was small and the sensitivity was low. In 
this paper we present a new approach. Atomic 
absorption determination is performed using an 
electrode of tungsten wire with 3 coiled turnings 
matched with the graphite tube diameter with 
increased effective area and sensitivity. 

The modsed and weighted centroid simplex 
method 

MWCS is used to optimize the conditions for 
the determination, performed automatically 
using a program on a PB-700 computer. Traces 
of cadmium in urine of normal people and river 
water have been determined. 

EXPERIMENTAL 

Instruments and reagents 

The following materials were used: a Dao 
Jin AA-670 atomic absorption spectrometer, 

pyrolitically coated graphite tubes (Dao Jin 
catalog 200-54525-045), a HDV-7 Transistor 
potentiostat. 

Cadmium standard solution, I mglml. Weigh 
0.2282 g of specpure reagent 3 CdSO, - 8H,O, 
dissolve in 0. 1M sulphuric acid and dilute to 100 
ml with O.lM sulphuric acid. 

Electrodeposition equipment and procedure 

The electrode is made of tungsten wire which 
is 0.3 mm in diameter and wound to 3 turnings. 
Before using it, burn the graphite furnace twice 
till its surface turns shiny. Its absorbance is then 
zero. 

An HDV-7 potentiostat is used as the power 
source, the three-winding tungsten wire is the 
cathode, a platinum electrode is the anode, a 
saturated calomel electrode is the reference 
electrode, and saturated potassium chloride 
solution is contained in the reference cell. A 
potassium chloride salt-bridge connects the 
electrolysis and reference cell. 

Add 20.0 ml of sample solution containing 
O.lM sulphuric acid to the electrolysis cell, 
insert the electrodes and then stir the solution. 
The controlled cathode potential is - 1.0 V 
(VXSCE) and the preconcentration time is 2 
min. Remove the electrode without interrupting 
the power. Use filter paper to carefully remove 
the electrolyte from the tungsten wire and then 
place it in the graphite tube in such a way 
that the light is parallel to the surface of the 
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Q$I 0.3 mm 
k- 

_I +1.2mm 
29.5 mm 

Fig. I. Tungsten wire shape and match of wire and graphite 
tube. 

three-winding tungsten wire, i.e. passes through 
the centre of the coil. 

Initiate the heating cycle of the graphite 
furnace, and record the absorbance. 

Conditions for atomic absorption measurement 

Wave length: 228.8 nm, slit width: 0.3 nm, 
hollow cathode lamp electric current: 6 mA, 
argon flow: 1.5 l./min. 

The heating program of the graphite furnace 
was as follows: 

dry: lOO”, 20 set; ashing (ramp): 250”, 10 set; 
atomization (stair): 1500”, 3 set; cleaning: 2000”, 
2 sec. 

RESULT AND DISCU!3!3lON 

Study of the shape of the tungsten wire and match 
of the wire and the graphite tube 

Tungsten wire can withstand high tempera- 
tures, is chemically stable and can form various 
shapes. Therefore, tungsten wire is used as 
the material for the cathode. In order to 
increase the sensitivity of the analysis and to 
enlarge the surface area for electrolysis, 3 
windings wire are used. The coil is smaller than 
the diameter of the sampling hole of the graph- 
ite tube and its diameter is smaller than the 
inner diameter of the graphite tube, i.e., 4 mm 
high long and 1.2 mm wide (Fig. 1). This 
matches the graphite tube well (Fig. 1). In the 
graphite tube the surface with three wound 
wires is placed parallel to the light beam. The 
blank absorbance of this electrode is nearly 
zero. The experimental results show that this 
procedure has high sensitivity and good 

Table 1. Effect on Absorbance from numbers of turnings of 
Tungsten wire (0.3 mm diameter wire) 

Number of turnings 1 2 3 

Absorbance 0.087 0.130 0.169 
0.088 0.131 0.168 
0.084 0.130 0.171 
0.085 0.129 0.172 

1 I I I I 

0.026 0.06 0.076 0.100 0.126 0.150 

Electrolyte concentration (AdI 

Fig. 2. Effect of different base electrolytes. 

reproducibility for the determination of Cd. 
Table 1 lists the absorbance of Cd after its 
deposition onto W-wire with different numbers 
of turnings. 

Selection of conditions for electrodeposition NM 

In order to optimize the electrodeposition of 
Cd, the following parameters were investigated. 

Supporting electrolyte. Experiments were 
carried out with four electrolytes: H,S04, HCl, 
HNOS and NH,AC. The experiments show that 
at low concentration, absorbance increases with 
increasing electrolyte concentration, but the ab- 
sorbance decreases when the concentration has 
reached a certain value. Interference from nitric 
acid is serious. In O.lM sulphuric acid, the 
absorbance is largest and stable, as shown in 
Fig. 2. So O.lM sulphuric acid is selected as the 
base electrolyte. 

Cathode potential. The influence of the 
cathode potential between -0.4 and - 1.4 V 
is shown in Fig. 3. For further investiga- 
tions, the electrodeposition was carried out at 
- 1.0 v. 

E’ect from electrodeposition time. The yield 
of the deposition depends strongly on electroly- 
sis time. The absorbance increased from 0.05 at 
0.5 min to 0.7 at 3.5 min, with a slight curvature 
dependence. In order to keep the analysis time 

0.2 - 

I/==- 0.1 - 

I I I I I 
-0.4 -0.0 -0.8 -1.0 -1.2 -1.4 

[VI(VS.S.C.E) 
cathode potential 

Fig. 3. Effect of cathode potential. 
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Factor 

Upper limit 
Lower limit 

Table 2. Upper and lower limits of the factor studies 

Ashing temp. Ashing time Atomization temp. Atomization time 

500” 15 set 2000” ssec 
100” 5sec 1000 lsec 

Point 
no 

Point 
name 

Table 3. The pushing process of MWCS 

vertex Ashing Ashing Atomix. Atomiz. 
of forming temp. time temp. time Absorbance 
the simplex (“0 (set ) (“C) (ret) (A) 

1 
2 
3 
4 
5 
6 
I 
8 
9 

10 
11 

Vertex 
Vertex 
Vertex 
Vertex 
Vertex 

Reflection 
Vertex 

Reflection 
Vertex 

Reflection 
Vertex 

Rest range 
Rest point 

310 11 1620 
;z 11 9 1620 1620 

: 
3 

250 10 1500 3 
12345 , , , , 250 10 1380 2 

250 10 1758 4 
12347 , , , , 250 10 1486 3 

331 9 1464 3 
13479 , , , , 231 10 1575 3 

179 9 1462 3 
347911 , , , , 274 GO 1576 3 

23 l-274 1486-1620 250 10 1500 : 

0.426 
0.392 
0.465 
0.480 
0.385 
0.420 
0.475 
0.380 
0.480 
0.340 
0.460 
0.480 

short, a period of 2 min was chosen when the 0.3 nm for the slit and 1.5 l./min for the argon 
absorbance was 0.4 for the above Cd solution. flux. 

Eflect of tungsten wire diameter. When 
tungsten wires of different diameters are 
examined, the absorbance increases linearly 
with increasing diameter, increasing from 
0.025 at 0.2 mm to 0.33 at 0.6 mm. A wire 
with 0.3 mm diameter was used in further 
studies. 

Optimization of the condition of the graphite 

f urnace 

In order to optimize the measurement par- 

Effect of stirrer speed. In order to increase 
the mass transfer rate and decrease the concen- 
tration polarization, stirring is needed during 
the electrodeposition. After the speed reaches 
a certain value, the absorbance changes 
little. So 200 rpm is selected as the speed for 
stirring. 

ameters for ETAAS, the MWCS technique was 
applied, using a PB-700 computer and a self- 
designed program. The parameter ranges and 
optimum values are shown in Tables 2-4. 

Calibration curve 

Selection of atomic absorption conditions 

After investigating the effects on absorbance, 
6 mA was chosen as the lamp electric current, 

The calibration curve is linear up to 0.6 ng/ml 
Cd. The equation of the linear regression is 
y = 1.647x-0.01 57; the correlation coefficient is 
r = 0.9998. For 0.1 ng/ml Cd, the standard 
deviation is 3.35% (n = 10). The detection limit 
is 0.01 ng/ml. 

0.8 

r / A;fJ&g;, 
loo 300 so0 700 900 110013001MK)17001ooO 

al 0.6 

i 

4 0.4 

0.2 I/ 
1 J, I I I 

0 1 2 3 4 

Cathodepotential (min) 

Fig. 4. Effect of electrodeposition time. 

(‘C) 

Fig. 5. Ashing and atomization curves for two methods. (I), 
(2): Ashing-atomixation curves for solution deposited in the 
graphite tube. (3), (4): Ashingatomixation curves for elec- 
trodeposition-atomic absorption with a graphite furnace. 
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Table 4. Optimal analytical conditions 

Lamp Argon Cathode Base Electrodeposition Stirring 
current Slit flux potential electrolyte time speed 
6mA 0.3 nm 1.5 l./min -1.0 v 0.1 M H,SO, 2min 200 rpm 

drying drying ashing ashing atomization atomization cleaning cleaning 
temp. time temp. time temp. time temp. time 

100” 20 set 250” 10 set 1500” 3sec 2000” 3sec 

Eflect of coexisting ions 

Experiments have been carried out with more 
than 20 coexisting ions. For errors smaller than 
5%, the permitted amount of each coexisting 
ion is shown in Table 5. 

Sample analysis 

Determination of cadmium in urine of normal 
people. It is important to determine the cad- 
mium content of urine of normal people in 
environmental sanitation monitoring. But it 
cannot be determined directly by ordinary 
graphite furnace AAS, due to the low concen- 
tration of cadmium. After decomposition of 
urine, Cd can be separated using electro- 
deposition and determined with ETAAS as 
described above. 

Place 20 ml of urine in a beaker. Digest with 
one of two methods. Procedure 1: add 4 ml 
of concentrated perchloric acid and 4 ml of 
concentrated nitric acid to the sample. Pro- 
cedure 2: add 10 ml of concentrated nitric acid 

to the sample. Each digestion requires two such 
additions of acid and heating. Heat it on an 
electric-heating plate and digest until white 
crystals appear and the excess of nitric acid is 
removed. Remove from the plate and cool. 
Dissolve and dilute the residue to 100 ml with 
O.lM sulphuric acid. Take 20-ml portions for 
the electrodeposition of Cd. Recovery was de- 
termined by the standard addition method. The 
results are listed in Table 6. 

Determination of the free cadmium in river 
water. The cadmium content of the canal of 
Xinxiang city was determined. Take 50 ml of 
water, add 5 ml of 1M sulphuric acid, to bring 
the concentration of sulphuric acid to O.lM. 
Mix well and store overnight. Filter with 
quantitative filter paper. Take 2-ml filtered por- 
tions of liquid in five lOO-ml standard flasks, 
add 0.00, 1.00, 2.00, 3.00, 4.00 ml of standard 
solution containing 10 ng/ml cadmium. Bring 
the volume up to 100 ml with O.lM sulphuric 
acid and determine the Cd concentration by 
taking 20 ml of each bottle. The results are 
shown in Table 7. 

Coexisting 
ions 

Ni*+ 
Th4+ 
Mn2+ 
Cr’+ 
cu*+ 
Sb’” 
In’+ 
Ag’+ 
Zn*+ 
Pb*+ 
Fe2+ 
AS”’ 
co2+ 
Bi3+ 
Mg2+ 
K+ 
Na+ 
NH,,+ 

;1%+ 
Ac- 
HPOi- 
Hg2+ 

Table 5. Effect from coexisting ions (Cd: 0.2 ng/ml, 20 ml) 

Concentration of 
coexisting ion 

Added as 01 g/ml) Ratio 

NiSO, 15 7.5 x l(r 
ThO, + HCI 15 7.5 x 104 

MnSO, I5 7.5 x 104 
WSQ)~ 15 7.5 x 104 

CUSOd 100 5 x 105 
K(SbO)C,H,O, .1/2H,O 0.5 2.5 x 10’ 

In + HCl 10 5x 104 
AgNQ 250 1.25 x 106 
AnSO, 250 1.25 x 106 

Fb(N% 5.44 2.72 x IO’ 
FeSO,(NHJ,SO, . 7H20 2.5 x 104 

AsO:- 0.2”s 1.25 x IO-’ 
CoSO, . H,O 50 2.5 x IO5 
Bi + HNO, 15 7.5 x 104 

MgCl2 25 1.25 x 10s 
KC1 0.025M 

Na,SO, 0.016M 
NH,AC 0.05M 

0.0005M 0.025M 
NH,AC 0.05M 

(NH,),HI’G, 0.016M 
I-WW2 1.5 7.5 x 104 

Relative 
error 
W) 

-5.0 
1.0 

-6.5 
-3.5 

1.0 
1.0 

-5.5 
3.5 

-3.5 
-5.0 

1.0 
-5.0 
-5.0 

1.0 
-1.5 
- 1.5 

0.0 
-4.0 

-5.0 -2.5 
-3.5 

1.0 
4.0 
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Table 6. Result of Cd determination in the urine of normal people, and the recovery 
factor 

Sample* 

1 
2 
3 
4 
5 
6 
7 

Determined value 
on urine sample 

fag/ml) 

0.135 
0.137 
0.120 
0.128 
0.096 
0.096 
0.096 

Cd added Cd found Recovery 
faglml) (&r/ml) (“/.I 

0.200 0.326 95.4 
0.200 0.328 95.6 
0.208 0.313 96.4 
0.200 0.320 95.9 
0.070 0.164 97.8 
0.160 0.252 97.6 
0.208 0.294 98.9 

*l and 2 are HClO, + HNO, digests, 3-7 are HNOJ digests. 

Table 7. Results determined of Cd in water and the recovery factor 

Value determined 
in water sample Cd added Cd found Recovery 

Sample @g/ml) fnglml) @g/ml) (%J 

1 0.102 0.100 0.201 99.8 
2 0.102 0.200 0.304 102 
3 0.102 0.300 0.405 101 
4 0.102 0.400 0.502 100 

Atomization mechanism REFERENCES 

Figure 5 compares the ashing and atomiza- 
tion curves for the normal solution ETAAS 
method (curves 1 and 2) with those using the 
electrodeposition method (curves 3 and 4). 
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1. 
2. 

W. Lund and B. V. Larsen, Anal. Chim. Acta, 74 70 299. 
M. P. Newtow and D. G. Davis, AML Chem., 1975 47 
2003. 

3. 
4. 

5. 
6. 

Y. Hoshino, Tokyo Insr. Technol., 1980 5 199. 
X. Boxing, X. T. Ming, S. M. Neng and F. Y. Ahi, 
Talanta, 1985 32 1016. 
Qing-ping Su, Trace Analysis, 1985 3, 4 82. 
W. Lund and B. V. Larsen, Anal. Chim. Acta, 1976 81 
319. 

7. 
8. 
9. 

Idem, ibid, 1974 72 57. 
W. Lund, Y. Thomassen and P. Doyle, ibid., 1977 93 53. 
E. W. Wolff, M. P. Landy and D. A. Peel, Anal. Chem., 
1981 53 1566. 

Curve (4) in Fig. 5 is the atomization curve 
for electrodeposition-atomic absorption. Atom- 
ization starts at 400”. The absorbance increases 
with the temperature in the range 400-900”. In 
this range, partial atomization transforms to full 
atomization. 

A. Cisaewski, J. R. Fish, T. Malinski and R. E. Sioda, 
ibid., 1989 61 856. 
H. Marshall and J. A. Page, Spectrochim. Actu, 33B, 
1978 795. 
R. E. Sioda and T. Z. Fahidy, Anal. Chem., 1990 62 550. 
J. C. Vidal, F. Monreal and J. R. Castillo, Analyst 1990 
115 539. 

Note that ashing temperature effects are 
similar for both methods but atomization 
efficiency reaches a maximum at lower tempera- 
tures than with the solution deposited in the 
graphite tube. 

10. 

11. 

12. 
13. 

14. 

15. 

16. 

M. Veber, S. Gomiscek and V. Stresko, Anal. Chim 
Actu, 1987 193 157. 
J. Shiowatana and J. P. Matousek, Tulanta, 1991 38 
375. 
E. J. Czobik and J. P. Matousek, Spectrochimicu Acta, 
3SB, 741. 



Talmta, Vol. 40, No. 3, pp. 415-423, 1993 0039-9140/93 s6.00 + 0.00 
Printed in Great Britain. All rights -cd Copyright @J 1993 Pcrgamon Pm8 Ltd 

SIMULTANEOUS DETERMINATION OF BERYLLIUM AND 
ALUMINIUM IN MIXTURES USING DERIVATIVE 

SPECTROPHOTOMETRY 

NARINDER KUMAR AGNII-IOTRI, HAR BHAJAN SINGEI,* RATTAN LAL SI-~ARMA and 
VINAY KUMAR QNGH 

Department of Chemistry, University of Delhi, Delhi 110007, India 

(Received 16 April 1992. Accepted 25 June 1992) 

Summary-The spectrophotometric determination of beryllium and altinium with 5,8-dihydroxy-I& 
naphthoquinone in the presence of a non-ionic surfactant is reported. Absorption maxima, molar 
absorptivity and Sandell’s Sensitivity of 1: 2 (M : L) beryllium and ahuninium complexes are, 585 nm and 
598 nm, 1.63 x 10’ 1. mole-’ . cm-’ and 2.04 x 10’ 1. mole-‘. cm-‘, and 0.55 q/cm* and 1.32 ng/cm2 
respectively. Beer’s law is obeyed between 7.20-3.96 x 10r ng/ml beryllium and 1.08 x lo*-1.08 x 10s 
ng/ml altinium. A method for simultaneous determination of beryllium and aluminium in their mixture 
using derivative spectra is described. The range 3.6 x lo’-3.6 x 10r q/ml beryllium could be determined 
in the presence of 1.08 x Iti-1.08 x 10’ ng/ml aluminium, and vice versa. 

Toxicity of beryllium and aluminium as well as 
the need for sensitive and selective methods for 
determining these elements are well docu- 
mented.’ Several sensitive reagents exist for 
spectrophotometric determination of beryllium 
(Beryllon II, III, and IV, Quinalizarin, 
Erichrome Cyanine R) and aluminium (Chrome 
Azurol S, Erichrome Cyanine R, Pyrocatechol 
Violet, Altinon). These reagents become se- 
lective in the presence of a suitable masking 
agent.2 Acetyl acetone and 8-hydroxyquinone 
are the sensitive and selective reagents rec- 
ommended and practised for extractive spec- 
trophotometric determination of beryllium and 
aluminium respectively.3 

Impact of micellar systeme6 on the photo- 
metric parameters, and utility of derivatiza- 
tion7-8 of normal absorption spectra on the 
selectivity and sensitivity of the spectrophoto- 
metric methods are well established. Simul- 
taneous photometric determination of beryllium 
and aluminium is hampered due to spectral 
overlap of their complexes. In such cases spec- 
trometry coupled with derivative techniques is 
useful in analysis of such mixtures.9-” 

We now report a rapid, sensitive and inexpen- 
sive spectrophotometric determination of micro 
amounts of beryllium and altinium using 
&bdihydroxy- 1 +naphthoquinone (DHNQ), a 
bidentate ligand capable of forming poly- 

*Author for correspondence. 

chelate(s),‘2-‘4 as a chromogenic reagent, and 
Triton X-100, a non-ionic surfactant, to gener- 
ate the requisite micellar medium. Simultaneous 
determination of beryllium and ahnninium, 
without any pre-separation or masking, has also 
been carried out using derivative spectra. 

EXPERIMENTAL 

Instruments 

Absorption measurements were made on a 
Shimadzu W-260 recording spectrophotometer 
using lo-mm fused silica cells and a I-nm band 
width taking water as reference. First and 
second order derivative spectra were recorded 
with A3, = 2 and 4 nm respectively. The pH of 
solutions were measured on an EC digital pH- 
meter (Model pH 5662) fitted with a combined 
glass electrode. 

Chemicals 

All chemicals used were of analytical grade 
purity. Dilute solution of sulphuric acid and 
sodium hydroxide were used for pH adjustment. 
Stock solutions (O.OlM) of Be(I1) and Al(II1) 
were prepared in decimolar sulphuric acid using 
BeSO,. 4H20 and KAL(SO,), .12H,O respect- 
ively. As DHNQ is sparingly soluble in water, 
an appropriate amount (7.61 mg) was first 
dissolved in the minimum amount of 0.2M 
sodium hydroxide with stirring at 40”, which 
was followed by addition of 4.0 g of Triton 

415 
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X-100 and acidification. The solution was di- 
luted to 100 ml with water. 

Procedure 

To study the effect of varying H+ concen- 
tration on the absorbance of each system, two 
sets of solutions in the pH range 2.0-l 1.5 were 
prepared. One of these contained 2 x 10m4M 
DHNQ, 2% w/v Triton X-100 and O.OlM am- 
monium acetate, while the other, in addition, 
contained 2 x IO-‘M of the metal ion [Be(II) or 
Al(III)] as well. 

The effect of varying surfactant concentration 
on the absorbance of the complex was studied 
by increasing the amount of Triton X-100 in a 
series of solutions, 2 x 10W4M in DHNQ, 
2 x lo-‘M in metal ion solution and O.OlM in 
ammonium acetate at the pH of maximum 
complex formation. 

Beer’s law was studied by adding increasing 
amounts of the metal ion to a 2 x 10e4M sol- 
ution in DHNQ, 2% w/v in Triton X-100 and 
O.OlM in ammonium acetate, keeping the ratio 
L:M Z 10. 

Simultaneous determination of Be and Al 

Concentrations of beryllium and aluminium 
ions were determined from first/second deriva- 
tive spectra by measuring derivative amplitudes 
at isodifferential points and comparing the 
values with a calibration graph. The calibration 
graph for beryllium was prepared by measuring 
amplitudes of the first/second derivative spectra 
at isodifferential point of aluminium, and vice 
versa for altinium. 

RESULTS AND DISCUSSION 

Absorption spectra and its dependence on pH 

DHNQ exhibits maximum absorption at 490 
nm which shows a bathochromic shift to 610 nm 
with pH on account of increasing dissociation of 
the phenolic groups. Formation of Be(II)- 
DHNQ-Triton X-100 and Al(III)-DHNQ- 
Triton X-100 complexes was studied in the pH 
range 2.0-l 1.5. The complex formation starts at 
5.0 and 5.5 in the case of beryllium and alu- 
minium respectively and increases up to pH 6.5 
and 6.6 as evidenced by increase in absorbance. 
This remains constant from pH 6.5 to 7.4 and 
6.6 to 7.6 in the respective cases and further 
increase in pH, results in decrease of absorbance 
in both cases. Beryllium and aluminium com- 
plexes show absorption maximum at 585 mn 
and 598 nm respecitvely at pH of maximum 

complexation. Subsequent studies have been 
carried out at these & wavelengths and pH 
values (6.8 and 6.9 respectively). 

Eflect of surfactant 

The surfactants investigated include cetyl- 
trimethylammoniumbromide (CTMB), N-cetyl- 
pyridiniumchloride (CPC), sodiumlaurylsulphate 
(SLS), and triton X-100. As absorbance of the 
complex in each case was lesser in the presence 
of an ionic surfactant than in non-ionic surfac- 
tant, either due to increased deprotonation of 
the ligand or inhibition of complex formation, 
Triton X-100, a non-ionic surfactant was se- 
lected for micelle formation. Concentrations up 
to 2% (w/v) of surfactant is found to increase 
the extinction of the complex which decreases 
with a further increase in the case of both the 
metal ions. A 2% w/v concentration of Triton 
X-100 was, therefore, maintained in subsequent 
studies. 

Reversibility of the complexation reaction 

Complexation of Be(I1) and Al(II1) with 
DHNQ in the presence of Triton X-100 is 
reversible between pH 6.8 to 11.5, and 6.9 to 
11.5 respectively. The colour of the ligand and 
that of complexes are stable up to twenty four 
and eight hours respectively at room tempera- 
ture (20-25”). 

EfSect of reagent concentration 

Absorbance spectra of solutions containing 
increasing amounts (4 x 10m6--2.8 x 10e4M) of 
reagent and fixed amount of the metal ion 
showed an increase in absorbance at absorption 
maxima, 585 nm and 598 nm respectively for 
Be(I1) and Al(II1) complexes. Since the ligand 
also absorbs at 1, of the complexes. The 
corrected absorbance at A,,,, of each complex 
was plotted against molar ratio (L:M) of the 
reagent. The slope of the plot remains constant 
between 5 : 1 to 20: 1 (L: M) in the case of the 
beryllium complex and 10: 1 to 45 : 1 (L: M) in 
the case of the aluminium complex. The reagent 
concentration in subsequent studies has, accord- 
ingly, been kept within the above mentioned 
limits, wherever possible. 

Number of chromogenic species and their 
composition 

A computer program” based on matrix rank 
determination of an absorbance matrix has been 
used to determine the number of chromogenic 
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species present in solution. The rank is deter- 
mined by triangularizing the matrix, based on 
the method of gaussian elimination and 
comparison of the diagonal elements with error 
matrix. Though on this basis three absorbing 
species (H2L, HL- , L*- ), are inferred to be 
present in the ligand solution in the pH range 
2.0 to 11.5, existence of only the first two species 
are of significance up to 8.0 (pH of concern for 
the present investigation); error matrix 
20.0026. Three absorbing species are shown to 
be present in the solution of Be(II)/Al(III) com- 
plexes for error matrix ZO.0030. 

Stoichiometry of the complexes were deter- 
mined using the method of continuous 
variations. Plot of absorbance at rZ_ of the 
complexes versus mole fractions of the metal ion 
shows a maximum at 0.33, suggesting the 
formation of a 1: 2 (M : L) complex in each case. 
The complexes are, therefore, represented as 
Be(HL), and [Al(HL)J + , where H2L represents 
the molecular form of DHNQ. 

Effect of metal ion concentration 

Absorbance of solutions having excess of 
ligand increased linearly with increase in metal 
(Be(II)/Al(III)) ion concentration [Fig. l(a) and 
2(a)]. Linear regression of absorbance on 
concentration gave equations with positive 
intercepts due to absorption by the ligand at I,, 
of the complexes. The observed absorbance 
values have, therefore, been corrected in two 
ways giving corrected absorbances A, and A,, as 
expressed in equations (1) and (2). These cor- 
rected absorbance values show improvement in 

linear fit (Table 1) which is evident from the 
regression coefficients. 

4 = (A )-cc, - [(A )ln,(c,l(A )max(L,)lL BLK 

x anax (1) 

‘%I = (Ahnax(C) - [~%~x(C,/~~L.BLK 

where [(A)-~,,/(A),,~JL.BLK is the ratio of 

absorbances of the ligand blank solution at 1, 
of the complex and that of the ligand, V, and 
V, are volumes of equimolar solutions of ligand 
and metal ion respectively, and R is stoichi- 
ometry of the complex. 

First and second derivative spectra of the 
above-mentioned solutions are shown in Figs. 
l(b) and (c), and 2(b) and (c). The first deriva- 
tive spectrum of beryllium shows a peak at 585 
nm [Fig. l(b)] and that of altinium shows 
crossover point at 598 nm [Fig. 2(b)] corre- 
sponding to L, of the respective complexes. 
Heights of the peaks (PH) and depth of the 
troughs (TD) were measured from the base line 
of the ligand and plotted against the metal ion 
concentration. Relationship between PHs or 
TDs and increasing metal ion concentration at 
different wavelengths in each case show a 
good linear fit (Table 1) which is useful in 
determining these metal ions in solution. 
Be(II)-DHNQTriton X-100 and Al(III)- 
DHNQ-Triton and X-100 systems obey Beer’s 
law from 7.20-72 ng/ml, 36-396 ng/ml and 
10.8-108 ng/ml and 108-1.08 x lo3 ng/ml beryl- 
lium and aluminium ions respectively. 

Table 1. Relationship between concentration of Re(II)/Al(III) ion (ng/ml) and absorbance or PH/TD 

Be-DHNQ-Triton X-100 Al-DHNQ-Triton X-100 
Straight line equation Straight line equation 

Normal mode 
Absorption at 585 nm Absorption at 598 nm 

[A] = 1.380 x lo-% + 2.423 x 10-l (0.9941) [A] = 5.232 x lo-‘C + 2.197 x 10-l (0.9983) 
[A,] = 1.453 x lo-% - 5.412 x lO-3 (0.9944) 
[A,,] = 1.653 x lo-% - 3.293 x IO-” (0.9958) 

[A,] = 5.493 x lo-‘C - 2.167 x IO-’ (0.9984) 
[A,,] = 6.058 x lo-‘C - 3.534 x lo-) (0.9988) 

First Derivative mode 
- 2.715 x lo-‘C + 7.729 (0.9835)* 

k;: z = 1.919 x 10-C + 3.945 (0.9908)* 
EiW nm = 9.616 x lo-;C + 0.879 (0.9925). 

- 1.914 x 10-C - 3.519 (0.9979)* 
r3,, MI = 3.998 x 10-2C + 1.951 (0.9885) 

J3s nm = 1.698 x 10-C - 1.675 (0.9983) 
;;p Nn = 3.831 x 10-2C - 2.029 (0.9942). 

543 nm = 3.464 x lo- C - 1.835 (0.9975) 

Second Derivative mode 
- 2.268 x IO-‘C -4.102 (0.9979)* 

ysmn = 1.372 x 10-C + 1.577 (0.9894) 
Eb, M1 = 8.805 x lo-;C + 2.469 (0.9902)* 

6,7 nm = 4.984 x lo- C - 1.426 (0.9934)* 
- 7.589 x 10-2C + 2.465 (0.9776) 

;$; z = 1.399 x 10-C + 2.537 (0.9928)* 

*Recommended for determination, A,/A,, = Corrected absorbance, PH = Peak height, TD = Trough depth, 
C = Concentration of Re(II)/Al(III). 
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Molar absorption coefficient (c), specific 
absorptivity (a) and Sandell’s sensitivity (S) of 
the complexes under optimal experimental 
conditions are found to be 1.63 x lo4 
1. mole-’ . cm-’ and 2.04 x lo4 1. mole-’ . cm-‘, 
1.81 ml g-‘cm-’ and 0.76 ml gg ‘cm-‘, and 0.55 
ng/cm2 and 1.32 ng/cm* respectively. The 
IUPAC detection limits (K = 3)16 are 0.5 ng/ml 
for beryllium and 1.0 ng/ml for aluminium. 

Conditional stability constant 

Conditional stability constants”*“’ of beryl- 
lium and aluminium complexes have been deter- 
mined by taking the following equilibria 

Be2+ + 2H2Le [Be(HL)J + 2H+ 

Al’+ + 2HzL+ [Al(HL)J + + 2H + 

The value of the conditional stability constant 
(k’) for beryllium and ahuninium complexes 
has been found to be 1.58 x 10’ 1. mole-’ and 
2.69 x 10’ 1. mole-’ respectively; concentrations 
have been used instead of activity as the sol- 
utions are dilute and a non-ionic surfactant has 
been used. 

E$ect of diverse ions 

Effect of the presence of diverse ions in the 
determination of Be(I1) and Al(II1) using 

DHNQ was studied under optimum conditions. 
The analytical results for a series of determi- 
nations are given in Table 2. When a precipitate 
appeared, it was removed by centrifugation 
before measuring the absorbance of the super- 
natant liquid. Absorbance measurement in the 
first and second derivative modes proved useful 
in overcoming interferences in a number of 
cases where masking agents like EDTA, 
tartrate, citrate, oxalate, F- could not help. For 
example, very close absorption profiles due 
to Ce, Th, Au, Al, As, Cr, Fe, Ni and U02, and 
Th, Ce, Au, Cr, Fe, Ga, In, Be, Co, Ni, Sn and 
UO, in case of beryllium and ahuninium com- 
plexes get resolved from those of the analytes 
[Be(II)/Al(III)] in higher order derivative modes 
enabling their determination in presence of such 
ions. 

Simultaneous determination of Be and Al in 
mixtures 

Since absorption spectra of beryllium and 
aluminium complexes overlap, their photo- 
metric determination in mixtures is difficult. 
Appropriate parameters were selected to 
record the first and second derivative spectra 
and determine the positions of isodifferential 
points. 

Table 2. Tolerance limits* for diverse ions in the determination of (a) 1.80 x lo2 q/ml 
Be(U), (b) 5.40 x IO2 ng/ml Al(W) 

Ratio 
(y)iverse ion]: [:I) 

Diverse ion a 

Cations 

WW 50 loo(-) 
WVI) 90 200(-) 
uo2(ru Y3(-) 0.1 

W) Q 
VO(I1) E 03 
Th(Iv) 02(-) 01 
Zr(W loo(-) 150(-) 
B(II1) 60 50 
Al(III)/Be(II) @J 0.03 
Ga(II1) 02 OJ 
In(II1) 

$(-) 
01(-) 

Tl(II1) 08 
AsOII) 04 (-) 02(-) 
Bi(II1) lo 20(-) 
Cr(II1) U(-) o.l(-) 

Anions 

F- 05 02(-) Cl- 500 400 
Br- 400 300 
I- ;;-, 250 
SCN - 15 
Ascorbate 90(-) 30(-) 

* C 2.0% Deviation. 
-Negative deviation. 
_ Precipitation at higher concentration. 

Ratio 
([Diverse ion] : [Ml) 

Diverse ion (a) (b) 

Fe(II1) !u(-) !u(-) 
Au(II1) Ol(-) u 
WII) 200 70 
Mg(II) 
Sn(I1) !&-) 
Pb(II) so(-) 

i(-) 

Mn(I1) z!(-) 03 
Co(U) so 0.8 
Ni(I1) 05 
Cu(I1) %(-) z 
Zn(I1) 

%(-) Cd(II) 100 : 
Hg(II) 90 30 
Li(I) 05 or 
Ag(I) 02 150 

Tartrate 500 Citrate 03 :: (-) 
Oxalate 40(-) 15 (-) 
EDTA 02 0.8 
Phosphate 40 06 
Borate 70 20 
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Be(I1) and Al(II1) complexes have one Presence of beryllium in a solution of 
isodifferential point in each of the two derivative aluminium and that of aluminium in a 
modes, viz., B’, B” and A’, A” which are at 589.5 solution of beryllium, changes the amplitude 
nm, 601.5 nm, and 597.5 nm, 608.5 nm respect- d*A/d2* in second derivative spectra 
ively [Fig. 3(a) and (b)]. The isodifferential respectively at A” and B”, the isodifferential 
points at 601.5 nm, (B”) and 608.5 nm, (A”), are points of altinium and beryllium complex 
potentially useful for the determination of [Figs. 4(a) and (b)]. Concentration of beryllium 
aluminium and beryllium respectively. Cali- and aluminium ions is then read from the 
bration graphs were then made by measuring calibration curve. The results of simultaneous 
the distances of the absorption profiles of one determination of beryllium and altinium 
metal at the isodifferential point of the other. ions are given in Table 3. The mixture contain- 
Figure 3(a) and (b) show the first and second ing 3.60 x 1 O’-3.60 x lo* ng/ml beryllium 
order derivative spectrum of the two series of 24 and 1.08 x 10-l .08 x 10’ ng/ml aluminium 
solutions containing increasing amount of can be analysed with a relative error of 
beryllium and aluminium ions. Linear plots are < 2.80%. 
obtained for 3.60 x lo’--3.60 x 102. 
beryllium and 1.08 x I@-1.08 x lo3 
aluminium [equations (3) and (4)]. 

D = 1.309 x 10-l [Al] - 8.936 

(r = 0.9989) at 

D = 1.005 x IO-’ [Be] + 1.524 

B” (3) 

(r = 0.9919) at A” (4) 

0 

t 
r( -0.045 

z 
a 
0 

-0.121 

Procedure is developed for determination 
in aqueous phase of beryllium and aluminium 
when present either alone or in mixture. 
Simplicity, sensitivity, large range of linearity 
besides accuracy and precision are the main 
advantages of the developed methods. 

Acknowledgemenrs-The authors are thankful to U.G.C. 
for financial assistance to N.K.A. during this work. 

560 640 
WAVELENGTH (nm ) - 

Fig. 3 (a) 

1 

a 

380 640 
WAVELENGTH (nm)- 

Fig. 3(b) 

Fig. 3. Derivative spectra of two sets of solutions one containing increasing amounts (from 
3.60 x lo’-1.80 x 102 ng/ml) of Be(II) (No. 2 to 6) and the other contain (1.08 x l&5.40 x 102 ng/ml) 
AI(W) (No. 7 to 1 l), and both having 2 x lo-‘M DHNQ (No. I), in Triton X-100; (a) First order and 

(b) second order derivative spectra. 
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560 640 
WAVELt,NGTH (nm)- 

Fig. 4(a) Flq.4(b) 

0.02 

-0.0 
t 

‘ELENGTH (nm)- 

Fig. 4. Second order derivative spectra of DHNQ complexes of Be(H) and Al(II1) in Triton X-100, (a) 
Be(I1) 144.0 ng/ml and 108.0 (I), 324.0 (2) and 540.0 (3) ng/ml Al (III); (b) Al(II1) 324.0 ng/ml and 36.0 

(I), 72.0 (2) and 108.0 (3) ng/ml Be(I1). 

Table 3. Quantitative determination of beryllium (3.60 x IO’-360 x lo2 ng ml-‘) and alu- 
minium (1.08 x I@--1.08 x lo3 ng/ml) in the mixtures 

Amount taken @g/ml) Amount found @g/ml) Relative error, % 
S. No. Be(II) Al(II1) Be(II) Al(II1) Be(II) Al(II1) 

1. 
2. 
3. 
4. 
5. 
6. 

8’. 
9: 

10. 
11. 
12. 

036.0 108.0 036.5 106.6 1.39 -1.29 
036.0 324.0 035.6 323.4 -1.11 0.18 
036.0 540.0 035.0 551.0 -2.78 2.04 
108.0 216.0 107.6 217.1 -0.37 0.51 
144.0 432.0 144.8 431.2 0.55 -0.18 
180.0 648.0 181.2 649.2 0.67 0.18 
180.0 432.0 180.4 433.6 0.22 0.37 
288.0 648.0 287.7 648.6 -0.10 0.09 
288.0 864.0 288.6 866.3 0.21 0.27 
360.0 648.0 360.6 646.6 0.17 -0.22 
360.0 864.0 361.6 858.1 0.44 -0.68 
360.0 1080.0 351.0 1093.4 -2.50 1.24 
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Summary-A highly sensitive and rapid bioluminescent flow sensor was developed for the determination 
of the content of L-phenylalanine (Phe) in serum by monitoring the reduced form of nicotinamide adenine 
dinucleotide (NADH), produced by immobilized phenylalanine dehydrogenase (PheDH), with bacterial 
bioluminescent enzymes immobilized on a separate nylon coil. The L-PheDHs extracted from Bacillus 
badius, Bacillus sphaericus and Rhodococcus sp. M4 were investigated and the performances of the three 
immobilized L-PheDH’s were analysed. The B. badius reactor was found to give higher transformation 
rate and better sensitivity; the response was linear from 1 to lOO@f at 25”, with a detection limit of 
10 pmoles (0.$&f). The intra- and inter-assay coefficients of variation were less than 5% and recoveries 
ranged from 90 to 101%. The results agreed well with those obtained with a chromatographic method 
for the Phe determination in serum and with the normal reference values. 

L -Phenylalanine (L -Phe), an essential amino 
acid for mammals, is of great interest in many 
fields, occurring naturally in blood, saliva, 
urine, milk and other body fluids.‘*2 Aberrations 
of L-Phe metabolism lead it to accumulate in 
the blood of hyperphenylalaninemic patients.lm4 
Therefore, a simple, rapid and sensitive method 
for the determination of L-Phe in very small 
samples is essential for screening of neonatal 
diagnosis3 and dietary management of hyper- 
phenylalaninemic patients4 and, to this end, a 
variety of methods have been designed. Among 
the chromatographic ones, there are high per- 
formance liquid (HPLC), ion-exchange with 
postcolumn derivatization with ninhydrin,5~6 
narrow-bore reversed-phase with precolumn 
derivatization with o-phthalaldehyde (ab- 
sorbance) or 94Iuorenylmethyl chloroformate 
(fluorescence),’ reversed-phase without deriva- 
tization,8 reversed or normal-phase with 

*Author for correspondence. 

p-nitrobenzoyl and 3,5-dinitrobenzoyl deriva- 
tization,9 and chiral thin-layer chromatog- 
raphy. ‘O The chromatographic methods are 
reliable, but require expensive instrumentation 
or result in high cost per analysis. Also spec- 
trophotometric methods can be used with 
second derivative to enhance specificity.” How- 
ever, the most specific methods make use 
of enzymes such as Phe hydroxylase,’ L-Phe 
oxidase,” amino acid oxidasei3 and L-phenyl- 
alanine dehydrogenase.‘“‘9 

Recently several L -phenylalanine dehydro- 
genases were detected and isolated from several 
microorganisms such as Bacillus badius, Bacillus 
sphaericus, Nocardia, Termoactinomyces inter - 
medius and Rhodococcus sp. iU4’G19 and this 
allowed us to develop several enzymatic 
assays.‘8-20 

Bioluminescent flow sensors have been devel- 
oped previously for several analytes and 
enzymes,2’ including lactate dehydrogenase 
(LDH)22 and, more recently, L-lactate and 
D-lactate present in biological fluids.2324 When 
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an immobilized enzyme is used in a continuous- 
flow system, manual handling is minimized and 
the reproducibility is enhanced, making the 
analytical systemz5 simple and cheap. 

In this work, the assay of L-Phe was based on 
bioluminescent monitoring of the reduced form 
of nicotinamide adenine dinucleotide (NADH), 
produced by L-PheDH immobilised into a 
nylon coil that preceded the bioluminescent 
detection coil [see equations (I), (2) and (3)]. 

L-Phenylalanine + NAD + + I&O 

L-PheDH 
+=--a L-Phenylpyruvate + NADH 

+H+ +NH: (1) 

NADH+FMN~H+ 

NADH oxd 
e- NAD + + FMNH, (2) 

FMNH, + RCHO + 0, 

1WiFCRW 

e- FMN + H,O + RCOOH 

+ LIGHT (3) 

EXPERIMENTAL 

Reagents 

Luciferase from Photobacterium fischeri 

(EC 1.14.14.3; 15 mu/m8 protein), 
NAD(P)H : FMN oxidoreductase from Photo- 
bacterium fischeri (EC 168.1; 100 U/mg 
protein), NAD+ (lithium salt), FMN were 
purchased from Boehringer (Mannheim). n- 
Decanal and Dithiothreitol (DTT) were 
obtained from Sigma (St. Luis, MO). L-Phenyl- 
alanine dehydrogenase from Bacillus badius 
(EC. 1.4.1.; 34 U/mg proteim3.5 U/mg 
lyophil~~) and 3a~i~~us sp~ericus (EC. 1.4.1.; 
35 U/mg protein/7.3 U/mg lyophilized) were a 
gift from Central Glass Co. (Tokyo, Japan), 
whereas PheDH from Rhodococcus sp. M4 (E.C. 
1.4.1.; 90 U/mg protein) was from Calbiochem 
(San Diego, CA). Nylon-6 tubes, 1 mm i.d., 
were obtained from Portex Ltd (Hythe, 
U.K.). All other reagents and compounds were 
analytical-reagent grade. 

Preparation of solutions 

The working biolumine~nt solution was 
O.l@f potassium phosphate buffer (pH 6.75), 
containing 10&V FMN, 27pikf decanal and 
OSmM DTT. The solution was prepared 20-30 
min before analysis. Decanal was previously 

dissolved in propanol-2-01 (0.05X, v/v) and was 
stable for at least 6 weeks at 4”. The working 
bioluminescent solution showed no detectable 
degradation after 8-10 hr in the dark at 
room tem~rature. Because NAD+ is unstable 
in alkaline media, lmA4 NAD+ had to be 
reconstituted daily with water. 

Immobilization of enzymes on nylon 

The dehydrogenases (2 mg/ml of phosphate 
buffer) and biolumine~ent enzymes were im- 
mobilized on nylon coils that had been activated 
with triethyloxonium tetrafluoroborate, 1,6- 
diaminohexane and glutaraldehyde as described 
previously. 2o-23 After removal of the enzyme 
solutions, the tubes were washed thoroughly 
with potassium phosphate buffer and stored in 
O.lMpotassium phosphate buffer (pH 7.0), with 
1% m/v bovine serum albumin (BSA), 1mM 
DTT and 0.02% (w/v) sodium azide, -20” 
for long-term storage and at 4” for short-term 
storage. 

The activity and the protein content of 
free and immobilized enzymes were measured 
as described previously.2093 The stability of 
the immobilized enzymes was determined by 
measuring the residual activity of PheDH after 
inte~ittent use of the coils (analysis at room 
temperature and storage at 4”) over a period of 
4 months. 

Apparatus 

The manifold developed for bioluminescent 
continuous-flow dete~ination of L -phenyl- 
alanine is shown in Fig. 1 and it is similar to 
those described previously.2’-24 

Chromatographic assay 

Analysis of free amino acids in serum was 
made according to classical Moore’s methods6 

lmmoblllzed 
Phe-OH 

1.0 m toll 

Waste P V 

Fig. 1. Manifold for bioluminescent continuous-flow assay 
of L-pheynlalanine. 



Bioluminescent flow sensor 421 

Table 1. Michaelis constants of free and immobilized enzymes, obtained from Lineweaver- 
Burke plot 

Enzyme 
Substrate or 

coenzyme 
EC, of free enzyme, K,,, of immob. enzyme, 

mM mM 

NAD(P)H : FMN 
oxidoreductase 
PheDH from 
B. badius 
PheDH from 
B. sphaericus 
PheDH from 
Rodoeoccus SD. A44 

FMN 
NAD 
Phe 

NAD 
Phe 

NAD 
Phe 

NAD 

0.042 f 0.005* 
0.41 f 0.06 

0.085 + 0.007 
0.14 f 0.04 
0.24 f 0.05 
0.15 kO.02 
0.22 + 0.06 
0.12 + 0.03 

0.039 f 0.004 
0.31* 0.05 

0.093 f 0.008 
0.18 f 0.03 
0.29 + 0.04 
0.20 + 0.03 
0.28 + 0.05 
0.16 + 0.02 

*Standard deviation. 

using a 3A30 automatic analyzer equipped with 
a 3AR/lC/6/10-Li 12 cm ion exchange column 
(Carlo Erba Instruments, Milano). 

Sample treatment 

Blood collected from veins without stasis and 
strictly avoiding haemolysis or standard control 
sera were used. When the bioluminescent flow 
sensor was used the serum samples were diluted 
1 + 9 to 1 + 49 without deproteinization with 
the 0.02M pyrophosphate buffer (pH 10.0) used 
to supply external dehydrogenase reactor. The 
phenylalanine content was evaluated comparing 
the samples with graphs obtained by pooled sera 
treated as above. Three different pooled sera at 
three Phe levels (42, 136 and 916nM, respect- 
ively) were used to determine Phe with respect 
to the reference interval (O-69nM) and patho- 
logical values (>69nM). The standards wtre 
stable for 6 days if stored at +4”, and for at 
least 4 months at -20”. 

For the chromatographic method the serum 
was deproteinized with sulphosalicyclic acid 
(30/40 mg per ml serum), centrifuged at 3500 
rpm for 15 min, stored at -20” and analysed 
within 6-7 days. 

Comparison for phenylalanine content was 
also made with the spectrophotometric determi- 
nation,14 using O.lM gllcine buffer, pH 10.4 

RESULTS AND DISCUSSION 

Enzyme immobilization 

Under the described conditions of coupling 
60-70% of added PheDHs (considering both 
activity and protein content) was bound to the 
matrix in all the three cases. Apparent Michaelis 
constant (K,,,) values of the immobilized enzyme 
for substrates and coenzymes were not 
markedly different from those of the free 
enzymes (Table l), and activity recovery (5% 
for Bacillus badius and 4% for Bacillus sphaeri- 

cus and Rhodococcus sp. M4) was in agreement 
with previously published data on nylon- 
immobilized enzymes. *l-25 Immobilized PheDHs 
maintained ca. 50% of their original activity 
after 60-90 days of intermittent use. This was to 
be expected owing to the stability of the co- 
valent bond between the enzyme and the matrix 
and also to the intrinsic stability of the enzymes. 

For short-term storage, the reactors were 
filled with storage buffer and kept at 4”; for 
long-term storage they were kept at -20”; in 
this case they retained the original activity 
almost completely even after 18 months. Repeti- 
tive freeze-thaw cycles, however, should be 
avoided. 

Optimization of experimental conditions 

The conditions for maximum light emission 
for the three PheDHs were selected after pre- 
liminary testing including reagent concen- 
tration, flow rate, pH and composition of the 
buffer solutions, and reaction temperature. This 
also made it possible to optimize precision and 
peak separation, as reported previously for 
other analytes.2’-24 

The pH and ionic strength of solutions are 
important parameters in the continuous-flow 
system. Experiments were made to establish the 
optimum pH (about pH = 10.5 for oxidative 
deamination in batch analysis’s-‘9) for the deter- 
mination of phenylalanine in several buffers 
(tris[hydroxymethyl]-aminomethane (Tris), N- 
[tris(hydroxy-methyl)-methyllglycine (Tricine), 
glycylglycine, pyrophosphat?). The influence of 
coenzyme concentrations was also studied. 

The highest activity of immobilized PheDHs 
was obtained at pH 10 as shown in (Fig. 2) for 
Bacillus badius and Bacillus sphaericus in 0.02M 
pyrophosphate buffer. The nature of the buffer 
significantly influenced the reactor response 
with the best results obtained in pyrophosphate 
buffer (Fig. 3). PheDH from Bacillus badius 
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SO 
t 

5 8o 
40 

t 

8.5 9.3 10 

PH 
Fig. 2. Effect of pH (0.02M pyroplosphate buffer) on the 
light emission for phenylalanine dehydrogenases from 
Bacillus bad& (white) and Bacillus sphaericus (hatched), at 

1mM Phe level. 

gave a higher light emission than that of Bacillus 
sphaericus and Rhodococcus sp. M4. Therefore 
pyrophosphate was the buffer of choice and 
the PheDH from B. budius was normally used 
especially when low Phe concentrations have to 
be determined. 

The pH of the luminescent buffer solution 
was kept at 6.5 (O.lM); the optimum pH for the 
bacterial luciferase, cc. pH 7.0, was achieved on 
mixing it with the alkaline buffer solution for 
the Phe determination (pH 10, 0.02M). 

There was an increase of PheDH activity by 
increasing the coenzyme concentration in the 
range of OS-1OmM. However 1mM NAD+ 
was routinely used in order to reduce cost and 
because the assay sensitivity was satisfactory 
also at this concentration. 

The transformation yield of the PheDH coil 
was determined at 1mM of Phe and compared 
with the light emitted from an equal concen- 
tration of NADH in different buffers. NADH 

__ 
I 

Buffers 
Fig. 3. Effect of the nature of the buffers (O.O2mM, pH 10) 
on the light emission for phenylalanine dehydrogenases 
from Baciffus sphaericus (hatched), Bacillus badius (white) 
and Rhodococcus sp. M4 (black), at O.lmM Phe level. 
buffers: A: Tris; B: Pyrophosphate; C: glycilglycine; 

D: Tricine. 

was analysed with the same manifold and in the 
same conditions as phenylalanine and the trans- 
formation yield was taken as the ratio between 
the response (mV) obtained for Phe and that 
obtained for NADH. The yields were not very 
high (maximum 10%) owing to non-equilibrium 
conditions of analysis and to an unfavourable 
equilibrium constant. 

Determination of L-phenylalanine 

Using the PheDH reactor, the detection limit 
of the assay (3a) was OS@! for an injected 
sample volume of 20 ~1. The response, for 
freshly prepared phenylalanine standard sol- 
utions, obtained by the measurement of peak 
height, was linear between 1 and lOO@M; 
y = 1.01 f 0.02 mV (M)-’ + 9.09 + 0.15 mV; 
correlation coefficient (r) = 0.995, number of 
analysis (n) = 8; probability (P) <O.OOl. The 
non-zero y intercept for the calibration curve 
was caused by the background of nylon coil, i.e., 
light emission when only the working biolu- 
minescent solution flows into the nylon coil. 

The relative standard deviation (R.S.D) of the 
method in the analytical range of Phe was below 
5%. The recoveries were between 90 and 101% 
when phylalanine standards (l-50pM) were 
added to serum samples of known phenyl- 
alanine concentration (916,uM) diluted 1 + 19 
with pyrophosphate buffer. 

The specificity of Bacillus badius PheDH coil 
for a variety of substrates (tested at two differ- 
ent concentrations) is shown in Table 2. 
Although it was reported that PheDH can cata- 
lyze the oxidative deamination of a number of 
amino acids such as methionine (8% relative 
activity to L-phenylalanine), L-tyrosine (9%) 
L-norleucine (19%) etc.‘g*‘6 at 1OmM level, we 
found no or low activity with the above- 
mentioned amino acids and also with others 
(Table 2). Only DL-thienylalanine, normally 
not present in the serum, gave a high response 
(33-49%). This suggests that the enzyme 
recognizes the back of the skeleton of the two 
molecules, which is similar in two cases. 

Serum 

L-Pine is generally very stable and freezing- 
thawing does not change Phe concentration in 
serum;’ and it is also possible to analyse Phe 
without pre-treatment or deproteinization with 
sulphosalicyclic acid. It should be noted that the 
use of sulphosalicylic acid would inhibit reactor 
response and need buffers at high ionic strength 
to keep the optimal pHs. 
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Table 2. Specificity for L-Phenylalanine reaction catalysed by L-PheLDH 

ACID 

L-Phenylalanine 
L-~enyl~anine 
DL-Phenylgly~ne 
DL-Phenylglycine 
DL -Thienylalanine 
DL -Thienylalanine 
Glycil-L-phenylalaline 
Glycil-L-phenylalaline 
D-Tyrosine 
D-Tyrosine 
L-Tyrosine 
L-Tyrosine 
DL-Tryptophan 
DL-Tryptophan 
L-Arginine 
L-Arginine 
L-Wine 
L-Valine 
L-Methionine 
L-Methionine 
L-Histidine 
L-Hi&tine 
L-Alanine 
L-Alanine 
L-Aspartic acid 
L-Aspartic acid 
L-Glutamic acid 
L-Glutamic acid 
L-Leucine 
L-Leucine 
L-norleucine 
L-norleucine 
4-Hydrophenyl-p~~c 
4-Hydrophe~l-pyru~c 
Phenylpyruvic acid 
Phenylpyruvic acid 
Indole-3-pyruvic acid 
Indole-3-pyruvic acid 
Imidaaolepyruvic acid 
Imid~olep~~c acid 
a-Ketoisocaproic acid 
a-Ketoisocaproic acid 

Concentration, Light, 
mM mV 

1 22,l 
O-1 7-l 

1 _* 

031 - 
1 733 

031 395 
I 0.04 

0-f 0.01 
1 - 

031 - 
1 - 

091 - 
1 - 

091 - 
1 - 

OS - 
1 033 

0s - 
l- - 

O-1 - 
1 071 

o-1 - 
1 - 

0,l - 
1 - 

OS - 
I - 

071 - 
1 - 

0,l - 
1 - 

OS - 
1 - 

091 - 
I 0.33 

031 0.1 
1 0.1 

0,l - 
1 - 

OS - 
1 - 

0.1 - 

Substance (mV)/Phe (mV) , 
% 

- 

33 
49 
0.2 
0.1 
- 

- 
- 
- 
- 
1.4 
- 
- 
- 
0.5 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
1.5 
1.4 
0.1 
- 
- 
- 
- 
- 

* No signal detected 

With samples diluted 1 + I - 1 + 4 with pyro- 
phosphate buffer a slight inhibition of the 
lmninescent enzymes was observed and the cal- 
culated L-Phe concentrations are quite differ- 
ent. At higher dilutions (1 + 9 - 1 f 99) little or 
no interference was found for sera, while L-Phe 
diluted in acid showed a greater inhibition. 

Constant addition of 50pM L -phenylalanine 
to different serum diluted from 1 + 19 to 
1 + 199 gave a good recovery (87-104%) 
both with addition after dilution, and addition 
before dilution. Variable additions of L-Phe 
(10-5~~~) to serum constantly diluted to 
1 + 19 or to buffer alone gave the same good 
correlation. 

The results of within-day and between- 
day reproducibility studies with the two sera 

(normal and pathological) gave R.S.D. values of 
< 5%. These satisfactory results are also due to 
the use of an automatic diluter-injector in the 
treatment and preparation of the sample. 

The content of L-phenylalanine was assayed 
with the ion-exchange chromatographic method 
performed automatically with deproteination 
and compared with the continuous-iTow system. 
The results obtained with the bioluminescent 
method agreed well with those from the 
reference method giving, for normal and patho- 
logical L-phenylalanine concentrations, the cor- 
relation equation: y = 0.90 f 0.02 x +0.23 It 
0.08; r = 0.947, n = 59; P < 0.001, for the chro- 
matographic (x) DS. the bioluminescent (y) 
method (Fig. 4). Moreover we used the 
Wilcoxon Test for coupled, not parametric data 
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m Chromatographic method (pmol/l) 

Fig. 4. Comparison between determination of L-phenyl- 
alanine using biolmninescent flow sensor (JJ) and chromato- 

graphic method (x). Reference range: O-69pM Phe. 

which shows (P = 0.19) that the results obtained 
from the two methods were not statistically 
different. 

CONCLUSIONS 

The lifetime and operational stability of 
immobilized enzymes were satisfactory. The 
residual activity of the whole enzymic system 
after 2 months of use and analysis of more than 
40 samples per day was cu. 50% of the original. 
The lifetime of the proposed sensor, defined as 
the time during which accurate results can be 
obtained within the full calibration range, was 
about 4 months. 

The direct use of serum, without extraction 
with chaotropic agents such as perchloric, 
metaphosphoric or sulphosalicylic acid, allows 
exclusion of the pre-instrumental work-up (only 
dilution has been made). 

Recently Wendel et ~1.‘~ have developed a 
batch method for the control of phenylketo- 
nuric patients using PheDH from Nzodococc~~ 
sp. M4, with a good sensitivity. However the 
method requires an extraction step from serum 
with perchloric acid and incubation at 2 lo for 15 
min, which made the procedure more complex 
and time consuming than that of the lumines- 
cent one. The flow sensor makes it possible to 
reduce the analysis time (l-2 min) in compari- 
son to chromatographic analysis (20-30 min). 

The present data agreed well with those re- 
ported by other workers’5-‘9 and the automation 
of the whole system should allow the use of the 
bioluminescent flow sensor for the continuous 
monitoring of L-Phe in blood and in foodstuffs. 
For instance the direct determination of L-Phe 
in paper disc (sent by mail) with blood from 
newborn for neonatal screening of hyperphenyl- 

alaninaemia, or dietary management of phenyl- 
keturonic patients should be possible, as well as 
the quality control of aspartase of which L-Phe 
is a hydrolysis product. 
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Bummary-Tbe response of a pH indicator-based optical waveguide sensor was characterized with respect 
to the effects of relative humidity (RH) on the magnitude of the sensor response, and on the rate of 
response to both hydrochloric acid and ammonia/ammonium hydroxide vapors. Water vapor constitutes 
both a chemical and a systematic (optical) interference for the OWG sensor response to hydrochloric acid. 
Swelling of the polymer films upon exposure to water vapor results in a decrease in the loss of light at 
the polymer/air interface, resulting in an increase in the sensor signal. In addition, high RH conditions 
decrease the bromothymol blue indicator response to hydrochloric acid vapor. In contrast, the 
bromothymol blue indicator response to ammonia increases as the RH increases. High RH levels also 
increases the rate of diffusion (transport) of hydrochloric acid into (and out of) Nafion films, but does 
not affect the diffusion rate for poly(viny1 alcohol) polymer films. The RH does not appear to have any 
significant effect on the rate of transport of ammonia in any of the polymer films studied. 

Due to the advantages of microsensor technol- 
ogies (low cost, rapid and sensitive detection, 
and portability), there is increasing interest in the 
development of these devices for a variety of 
chemical sensing applications. In order to opti- 
mize a sensor for detection of a given analyte (or 
class of analytes) a thorough characterization of 
the sensor response behavior is required. Such 
characterization includes evaluation of the coat- 
ing/reagent materials and their effects on the 
sensor performance, as well as the sensor re- 
sponse to potential interferences. 

A multiple internal reflection optical wave- 
guide (MIR-OWG) sensor for the detection of 
acidic and alkalescent vapors was recently re- 
ported.’ This sensor employed a pH indicator 
(bromothymol blue) suspended in an ionic poly- 
mer, Nafion. During the initial evaluation of this 
sensor a dramatic interference from water vapor 
was noted. In order to eliminate or correct for 
this interference, the nature of the interference 
with respect to the response mechanism must be 
determined. The work reported herein is in- 
tended to address this problem. Specifically, 
the effects of water vapor on the rate and 
magnitude of sensor response were investigated. 
The implications of the results reported herein 

*Author for correspondence. 

are discussed with respect to the design and 
construction of similar OWG sensors. 

EXPERIMENTAL 

Materials 

The two indicators studied during this work 
were thymol blue and bromothymol blue. Both 
are sulfonic acid-type pH indicators, with struc- 
tures and effective transition ranges in aqueous 
solution included in Fig. 1. Thymol blue was 
obtained from Aldrich, and bromothymol blue 
was obtained from Fisher Scientific. Both 
materials were of >95% purity and were used 
as received. These materials were dissolved in 
methanol to obtain solutions that were approxi- 
mately 2 mg (indicator)/ml (solution). 

Poly(viny1 alcohol) samples were selected to 
represent a broad range of molecular weight 
ranges as well as varying degrees of hydrolysis 
as indicated in Table 1. Nafion was obtained as 
a 5% solution from Solution Technologies, 
Mendenhall, U.S.A.; all other polymers were 
obtained from Aldrich and were used as re- 
ceived. Solutions were prepared by dissolving the 
polymers (or in the case of Nafion, by dilution) 
in methanol/water solution to obtain final poly- 
mer concentrations of 2 mg/ml. 

Solutions for coating the OWGs were pre- 
pared by mixing equal volumes of the selected 
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RED (H2in) YELLOW (Hln’ ) BLUE (II?) 

RED - YELLOW _ BLUE 
A mllx 56Onm (+H) 436nm (+H) 620 nm 

Thymol Blue 1.2-2.8 pH 8.0-9.6 pH 

Brothmothymol Blue (4-5M) 6.0-7.6 pH 

Fig. 1. Representation of the three forms of the pH indicators, thymol blue and bromothymol blue; (a) 
and (b) indicate sites of the bromines for the BT indicator. 

polymer and indicator solutions to obtain final 
concentrations of 1 mg/ml in each component. 
These solutions were cast onto either quartz 
slides, for single-pass spectroscopic measure- 
ments, or onto cylindrical quartz capillary 
tubes for the MIR spectroscopy measurements 
as described below. The quartz capillaries 
(100 mm x 0.87 mm o.d.; wall thickness 0.065 
mm) were obtained from ChemGlass, Inc. 
(New Jersey). 

Procedures 

In the previous study sensor response 
measurements were performed using the LED- 
OWG electronics module described pre- 
viously.’ Additional measurements during this 
work were performed using the Minichrom 
Monochromator system (Optometries Corp., 
Ayer MA), equipped with a tungsten lamp 
source and a photo-multiplier (PMT) detector. 
Two experimental set-ups were used during 
these studies and are illustrated in Figs. 2 and 
3. Figure 2 represents the single-pass system. 
The indicator/polymer film was cast onto a 
thin quartz slide which was, in turn, placed in 

a flow cell inside the spectrophotometer as 
indicated. Because light only passes through 
the sample film once before reaching the PMT 
detector, the sensitivity of this configuration is 
limited. Figure 3 represents the MIR-OWG 
set-up. Light is introduced to one end of the 
waveguide via optical fibers which are con- 
nected to the exit port of the monochromator. 
Light propagates along the waveguide via in- 
ternal reflection and exits the opposite end of 
the waveguide, where it is transmitted to the 
PMT via a second set of optical fiber couplers. 
The light may be reflected at more than one 
interface, as indicated in the inset in Fig. 3. If 
the refractive index of the polymer is less than 
that of the waveguide substrate then reflection 
can occur at the substrate/film interface if the 
incident angle, 8, is greater than the critical 
angle, t$, determined from Snell’s Law. If 
the refractive index of the polymer is greater 
than that of the substrate then light is trans- 
mitted through the substrate/polymer interface, 
where it may either be reflected at the film/air 
interface. or lost via transmission through the 
interface. 

Table 1. Polymeric materials 

Polymer PolymerID MW Range % Hydrolysis 

poly(vinyl alcohol) PVA-H 105,000-110,000 100% 
PV.tM 31,000- 50,000 98% 
PVA-Ll 13,000- 23,000 89% 
PVA-L2 9,000- 10,000 80% 

poly(viny1 acetate) PVAc High Mol Wt. 0% 
Nafion NAF - - 
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Vis Spectra Instrumentation 

286 computer 

tungsten lamp 

sample cell 

‘\ 

@I 

I; 
EJy ;-I 

lens monochromator PMT I 

_J 
I 

vent - I 
~ / - vapor inlet 

quartz slide with 
indicator film 

Fig. 2. Instrumental setup used to collect single-pass spectral data for the indicator/polymer films using 
the Minichrom system. 

The Minichrom system was interfaced to a 
Hyundai 286 personal computer via an RS-232 
port. The system is fully programmable and can 
obtain absorbance spectra in the visible region 
(300-750 nm), or to monitor PMT voltage at a 
given wavelength as a function of time. Voltage 
data from PMT and from the LED-OWG 
module were collected by computer via an IBM 
data acquisition and control adapter (DACA) 
card. 

Hydrochloric acid and ammonia vapors were 
generated by bubbling dry N,(g) through an 
aqueous solution of hydrochloric acid or am- 

monium hydroxide. The vapor output from the 
bubbler could be sent directly to the quartz slide 
or the MIR-OWG sample cells illustrated in 
Figs. 2 and 3, or could be mixed with diluting 
air/vapor from a VG-400 Vapor Generator 
System (Microsensor Systems, Inc., Bowling 
Green KY) before being directed to the sample 
cells. 

RRSULTS AND DISCUSSION 

Indicator/PVA films were cast onto quartz 
slides, and spectra were obtained using the 

Monochromator 
exit slit 

ce_nter 

b.,/ 

Vapor inlet 

I polymer/indicator 
PIT 

bundle 

t 
Vapor outlet 

Fig. 3. Fiber optic coupler adaptation used to collect MIR-OWG data using the Minichrom system. The 
insert illustrates reflection(s) and losses at a) the substrate/film interface and b) the film/air interface. 
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(a) thymol blue in PVA 

0.6- 

&504&4606cQ6so6&640760: 
W-W$h hm) 

(b) bromothymol blue in PVA 

!ko 460 4ko &lo 550 665 siio 760 
Wavekuqph (nm) 

Fig. 4. Single-pass spectra for a) a TB/PVA film (solid lines) and b) BTjPVA film (dashed lines) upon 
exposure to WC1 and NH, vapors, as indicated in figure. 

single-pass optical configuration in Fig. 2. Typi- 
cal absorbance spectra for the TB/PVA and 
BT/PVA films are presented in Fig. 4(a) and (b). 
Separate spectra were obtained for each film 
exposed to hydrochloric acid and ammonia 
vapors from solutions of various concen- 
trations, as indicated in the Figure captions. 
Note that both indicators exhibit three charac- 
teristic forms (HJn, Hfn- , and In2-), with the 
predominant form being dependent on the 
acidity or basicity of the film. Spectral studies 
for the indicators in Nafion films yielded similar 
results. 

The initial color of the indicator films varied 
depending on the indicator and the polymer 
matrix. The bromothymol blue (BT) indicator 
suspended in PVA polymer exhibited an initial 
yellow color, typical of the HIn- form of the 
indicator. Thymol blue (TB)/PVA films were 
initially red in color, indicative of the HJn 
form; exposure to NH, vapors converted the TB 
to the HJn- (yellow) form which persisted for 
long periods of time after removal of the NH, 
vapor. The TB/NAF film also dried in the red 

form. Exposure to NH3 vapors could shift the 
equilib~um temporarily to the HIn- form, but 
the indicator reverts to the H,In (red) form 
upon removal of NH3 vapors. This is likely due 
to the acidic nature of the sulfonic acid groups 
in the Nafion polymer. The Nafion solution was 
treated with sodium hydroxide to convert the 
sulfonic acid sites to the sodim salt before 
preparation of some NAF~indi~tor films. In 
these Na-salt Nafion films, the HIn - form of 
the TB indicator was more stable. The TB could 
then be converted to the H,In form upon ex- 
posure to HCl vapors. In general, the TB indi- 
cator films exhibited irreversible response to the 
WC1 vapors; the red color indicative of the H,In 
form persisted long after removal of the WC1 
vapor. It was possible, however, to regenerate 
the HIn- (yellow) form of the TB in the Na-salt 
Nafion film by exposure to NH3 vapor. The 
BT/NAF films also dried in the red (H,In) 
form, but could be readily converted to the 
yellow (HIn-) form by exposure to NH3, or 
prolonged exposure to water vapor. Once 
converted to the HIn- form, the BT films 
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OWG Response to Water Vapor at 20” 

Degree of Saturation (20.0°) 

Fig. 5. LED-OWG Response to water vapor at 20” us. % saturation (P/P”) for a blank waveguide and 
waveguides coated with Nafion and PVA films. 

exhibit spontaneously reversible response to 
both hydrochloric acid and ammonia vapors. 

As indicated in the spectra in Fig. 4, the TB 
films exhibited minimal spectral response to 
ammonia, but sensitive response to hydro- 
chloric acid vapors. The BT films, on the other 
hand, exhibited very sensitive response to am- 
monia and lesser sensitivity to hydrochloric acid 
vapors. These differences are readily explained 
by the differences in structure (see Fig. 1) and 
are consistent with the relative pH transition 
ranges observed for these indicators in aqueous 
solution. The spectral behavior of the indicators 
seemed to be independent of the molecular 
weight or the % hydrolysis of the PVA poly- 
mers. While there was some variation in the 
intensity of the absorbance peaks, the position 
of indicator equilibrium (determined as the ratio 
of the H,In and HIn- peaks) seemed fairly 
consistent in all the PVA and PVAc polymers. 

Water vapor efects 

The presence of water vapor affects the sensor 
response in a variety of ways. The observed 
effects can be generally classified as systematic 
(optical), chemical, or kinetic effects, as dis- 
cussed below. 

Systematic response eficts. In our initial re- 
port dealing with an LED-OWG acid vapor 
sensor it was noted that exposure of the sensor 
to nearly saturated water vapor resulted in a 
significant increase in transmittance (i.e., 
photodetector voltage). Previous experimental 
results indicated that this effect was due to the 
water vapor/polymer interactions, and was not 

due to any change in the absorbance spectra of 
the indicator.’ Since this increase in signal is in 
the opposite direction than the acid-indicator 
response this effect constituted a systematic 
interference. We initially proposed a differential 
approach (dual wavelength or dual sensor) to 
compensate.’ As part of the current work this 
phenomenon was investigated further to deter- 
mine the source of the effect and to identify 
other possible means to either compensate for 
or eliminate the interference. 

Typical response data for uncoated (blank) 
and polymer-coated waveguides exposed to 
water vapor (using the LED-OWG sensor 
configuration from Ref. l) are summarized in 
Fig. 5. The data as presented represent the 
change (increase or decrease) in the photo- 
detector signal upon exposure of the waveguide 
to water vapor. For the uncoated waveguide the 
detector signal decreases, whereas for the poly- 
mer-coated waveguides the signal increases. 

Table 2. Refractive indices for exnerimental materials 

Material Refractive index (at 589 nm)* 

Polv(vinv1 alcohol) 1.49-1.53 -. _ 

Nation 

Borsilicate glass 
Quartz (fused) 

air (020”) 

1.50 
- 

1.52 
1.46 

1.00 
water(@iO’) 1.33 

The refractive index range in the table is from Ref. 2; the 
value of 1.50 is the value given by Aldrich for the high 
MW PVA polymer used for the majority of the reported 
studies. All other values were obtained from Ref. 4. A 
refractive index for Nafion was unavailable. 
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SAW Calibration of NAF and PVA vs. 
Water Vapor 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Degree Saturation Water Vapor 

t 

i 
i 

Fig. 6. Normalized response of polymer-coated 158 MHz SAW devices to water vapor between IO and 
100% saturated. 

These data can be explained in part by referring 
to Snell’s Law and the refractive indices for the 
waveguide sensor materials in Table 2. Using 
the refractive index values (ni) for the glass 
capillary and air we obtain a critical angle of 
41”. Light having an incident angle less than the 
critical angle will be transmitted through the 
glass/air interface and lost, whereas light having 
an incident angle greater than this value will be 
reflected at the interface and will propagate 
through the waveguide to the detector. The 
introduction of water vapor will change the 
effective ni value of air at the interface; for 
adsorbed or condensed water vapor, having an 
ni value of 1.33, we obtain a critical angle of 61”. 
This increase in the critical angle translates into 
a decrease in the cone of acceptance, which 
would readily account for the observed decrease 
in the detector signal for the bare waveguide 
exposed to water vapor. 

The polymer-coated LED-OWG response is 
not as easily explained. For all practical pur- 
poses, the refractive indices of the substrate 
materials and the PVA are close enough in value 
that nearly all light will be transmitted through 
the substrate/polymer interface, except for inci- 
dent angles approaching the grazing angle (90”). 
A glass capillary coated with PVA, for example, 
has a critical angle of 80.7”. For such cases the 
polymer/air interface becomes the reflecting in- 
terface. Because the polymer film surface is most 
likely not as smooth as the glass surface, greater 
scattering and transmission losses would be 
expected at this interface. An increase in detec- 
tor signal upon exposure to water can only 

result from a reduction in the amount of light 
lost at this interface. A number of possibilities 
exist to explain the observed behavior. First, 
swelling of the polymer results in both a thicker 
film and, possibly, a smoother film surface. A 
smoother surface would decrease the amount of 
scattering and transmission losses. A thicker 
film would decrease the total number of reflec- 
tions and thereby decrease the number of op- 
portunities for loss of light at this interface. 

In order to quantify the amount of water 
absorbed into the polymer, surface acoustic 
wave (SAW) studies were performed. SAW 
devices were coated with polymer films, and the 
frequency of the devices were observed while the 
coated devices were exposed to varying concen- 
trations of water vapor. Results of these studies 
are presented graphically in Fig. 6. The sensor 
responses (frequency shift in Hz) are plotted vs. 
the vapor pressure of water (fraction of satu- 
ration, P/P”). Note that the sensor responses 
(frequency shift) have been normalized V.J. the 
amount of polymer coating, reported in kHz of 
frequency shift. Thus the values plotted in the 
figure represent a relative increase in mass; 
the actual % increase in mass would be equal to 
the relative increase divided by a factor of 1000. 
If we assume that the entire SAW response is 
due to added mass of water vapor, then the 
polymer swelling can be estimated as follows. 
Treating the adsorbed vapor as a condensed 
liquid, the increase in volume can be approxi- 
mated as the volume of an equivalent amount of 
this vapor in its liquid form, i.e., from the 
reciprocal of the liquid density, pL. The % 
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Table 3. Polymer swelling estimated from SAW sorption data 
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Poly(viny1 alcohol) Na6on 
(160 kHz film) (180 kHz film) 

Water 
vapor Norm. response Estimated % Norm. response Estimated % 
(Rel. sat.) (Hz/kHz) Swelling* (Hz/kHz) Swelling 

0.10 - - 2.1 0.21 (0.05) 
0.25 2.78 0.28 (0.07) 9.3 0.93 (0.23) 
0.40 19.0 1.9 (0.5) 18.2 1.8 (0.45) 
0.55 46.9 4.7(1.2) 30.3 3.0 (0.75) 
0.70 87.9 8.8 (2.2) 41.8 4.2 (1.1) 
0.85 173 17.4 (4.4) 55.4 5.6 (1.4) 
1 .oo 284 28.5 (7.1) 65.3 6.6 (1.7) 

*Figures in parenthesis are corrected for estimated SAW response due to elastic effects. 

swelling is then calculated as the product of the 
% mass increase and l/p,. Estimated percent 
swelling for various water vapor saturation 
levels are given in Table 3. Swelling for Nafion 
films is relatively small, with a maximum at 
saturation of only 6.6%. This is a reasonable 
estimate when compared to swelling estimates 
of 13% for Nafion membrane samples in 
aqueous solution.5 For PVA the estimated 
swelling appears to be more significant, ap- 
proaching 29% when exposed to saturated 
water vapor. 

These estimates should be considered as 
upper limits only. According to SAW theory, 
changes in the mass or in the elastic modulus of 
the coating will produce a shift in the resonant 
frequency of the device. The increase in mass 
due to the sorption of water vapor into the 
polymer film will produce a corresponding 
decrease in the SAW frequency. If the sorption 
of water vapor causes swelling of the polymer, 
with an accompanying decrease in the elastic 
modulus, then there will be an additional de- 
crease in the SAW frequency. A recent report 
concluded that the contribution of swelling 
effects to the observed SAW frequency shift may 
exceed the mass loading effect by a factor of 
4-6.6 If we take into consideration the contri- 
bution of swelling effects the frequency shift due 
to mass loading is smaller than the total ob- 
served frequency shift by a factor of 4 or more, 
and the actual swelling for PVA is on the order 
of 7%. These more conservative estimates of 
swelling are given in parenthesis in Table 3. 

Using the swelling data from Table 3, we can 
estimate the refractive index for the swollen 
polymer film by considering the volume per- 
cents of the polymer and water in the swollen 
film, such that 

As noted above, the critical angle for a PVA- 
coated glass capillary (calculated from Snell’s 
Law) is 80.7”. For a PVA film swelled by 29% 
a refractive index of 1.44 is calculated using 
equation 1, with a corresponding decrease in the 
critical angle to 71”. For the more conservative 
swelling estimate of 7%, the refractive index and 
corresponding critical angle are 1.49 and 78.6, 
respectively. This reduction in the critical angle 
implies that more light would be reflected at the 
substrate/polymer interface, which translates 
into an increase in the detector signal consistent 
with the observed OWG responses. This change 
in the critical angle is rather small, x2”-10” for 
PVA and significantly less for the NAF. Any 
increases in light due to this phenomenon will 
likely be too small to account for the large 
observed increases in detector signal. Therefore, 
it is proposed that the observed signal increases 
are predominantly the result of decreases in 
scattering and transmission losses at the film/air 
interface due to swelling, as discussed above, 
with only minor increases due to changes in 
refractive index. 

Since this effect is most likely the result 
of a decrease in losses at the polymer/air inter- 
face, this potential systematic interference may 
be minimized or avoided by controlling the 
reflecting interface. The above experiments were 
repeated using the MIR-OWG configuration 
of Fig. 3. The fiber-optic couplers introduce 
light to the waveguide at angles much closer 
to the grazing angle compared to the LED; 
using this configuration there is a greater chance 
for reflection at the substrate/polymer interface. 
As seen in Fig. 7, the increase in signal of the 
MIR-OWG upon exposure to water vapor is 
much smaller, in the order of 10-20 mV. 
This small increase is consistent with what 
would be expected due to refractive index 
changes as a result of swelling, as discussed 
above. 

l-AL 40,3-d 
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Fig. 7. Response of polymer-coated MIR-OWG sensor to water vapor, illustrating decreased response to 
water vapor compared to LED-OWG. 

Selection of substrate and polymer materials, 
based on refractive indexes, and the introduc- 
tion of light into the waveguide can thus be 
controlled so that the majority of light propa- 
gates by reflection at the substrate/polymer 
interface. Such an OWG sensor will still respond 
to changes in the absorbance properties of the 
reagent film via the evanescent wave, but 
changes in signal due to losses at the film/air 
interface will be avoided or minimized. 

Kinetic eficts. In our initial investigation it 
was reported that the addition of water vapor to 
the sensor increased the rate of recovery (return 
to baseline) for a BT-NAF OWG sensor ex- 
posed to hydrochloric acid vapor. In order to 

investigate the effect of water vapor on sensor 
response time the indicator/polymer films were 
exposed to hydrochloric acid and ammonia 
vapors mixed with diluting air from the VG-400 
containing varying amounts of water vapor. 

Figure 8 summarizes the results for a TB- 
NAF (base-treated) film exposed to hydro- 
chloric acid vapor from a 0.33M hydrochloric 
acid solution maintained at room temperature 
(23”). This vapor produced from this solution 
has an estimated hydrochloric acid concen- 
tration of 20 ppb (see calculations and discus- 
sion in Ref. 1). The flow rate from the bubbler 
was approximately 100 ml/min. The bubbler 
output was mixed with diluting air streams from 

RH Effects on HCI Response Rate 
(Base-Treated TB/NAF) 

(a)lOO%RH 
(b)75% RI-I 
(c)80% RH 
(d)50% RH 

Time (SW) 

Fig. 8. Rate of response of a TB-NAF (base-treated) film to HCl vapor as a function of RH using the 
single-pass configuration. PMT signal at 560 nm was monitored during acid vapor exposure. 
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TB-NAF Response to HCI (0.33 M) 
(Diffusion Model: RH Effects) 
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Fig. 9. Data from Figure 8 plotted vs. ,/r, indicating the diffusion limited response of the indicator film. 

the VG-400 (100 ml/min) that were 100, 50, 20 
and 0% saturated in water vapor. Assuming 
that the bubbler output was saturated with 
water vapor, then the relative humidity (RH or 
% saturation) of the resulting streams was 100, 
75, 60 and 50% RH, respectively, and the 
concentration of hydrochloric acid vapor was 
10 ppb. These vapor streams were introduced 
to a TB-NAF film on a quartz slide and 
signal intensity at 560 nm (in volts) was moni- 
tored as a function of time using the single pass 
configuration in Fig. 2. The results clearly indi- 
cate the increase in response rate with increased 
RH. 

If we assume that the indicator response is 
fast compared to the rate of diffusion then we 

can characterize the response of the sensor by 
way of a diffusion model. For a film of uniform 
thickness the concentration of analyte at some 
depth in the film as a function of time, C(x,t), 
can be described using the one-dimensional 
Fick’s Law, 

d2C 6C 
x=Q? (2) 

where D is the diffusion coefficient. Assuming 
that the film response is directly proportional to 
the vapor absorbed into the film, and that the 
rate of the indicator reaction is fast compared to 
the rate of diffusion, then the incremental re- 
sponse (AmV) is proportional to Jt until the 
concentration of solution in the film reaches 

Response Rate for TB-PVA vs. HCI 
(Diffusion Rates: Wet VS. Dry) 

0 4 
(Tim:) A l/2 (set) 

12 16 

Fig. 10. Response for MIR-OWG TB-PVA film plotted vs. Jt, indicating that rate of response of the PVA 
films to HCl vapor are not dependent on RH. 
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BT-NAF Spectra vs.HCI: MI&OWG Config. 

Wavelength (nm) 

Fig. 1 I. Spectra for BT/NAF film exposed to water vapor, and HCl vapor from 0.165 M HCl bubbler 
solution at 0” and 23” as indicated. Spectra were collected using the MIR-OWG configuration from Fig. 3. 

approximately 60% of the equilibrium film con- 
centration.’ Plotting the response data in Fig. 8 
as AmV vs. Jt produces the data presented in 
Fig. 9. The linear initial slopes for the plots in 
Fig. 9 indicate that the diffusion model fits 
the observed responses, and that the rate of 
diffusion of hydrochloric acid into the Nafion 
film is humidity-dependent. Previous work has 
demonstrated that gas diffusivity in Nafion 
polymer films increases as the degree of film 
hydration increases,* which supports the obser- 
vations reported above. 

Similar experiments for hydrochloric acid us. 
PVA films indicate that the diffusion of hydro- 
chloric acid into these films is not sensitive to 
humidity. This unique behavior observed for the 
HCl/NAF system may be explained by the 
cation-exchange properties of Nafion. When 
these response studies were performed using the 
fiber-optic configuration of Fig. 3 the results 
represented in Fig. 10, plotted as AmV us. dt, 
were obtained. The response profiles for the 50 
and 100% RH conditions are similar in appear- 
ance (although slightly offset in time) indicating 
that the diffusion of hydrochloric acid into the 
PVA film is not sensitive to RH. It is worth 
noting that, unlike the data in Fig. 8, the initial 
slopes of the AmV us. Jt plots in Fig. 10 are not 
linear. This is due to differences in the optical 
configurations used to collect these data. The 
data in Fig. 9 were obtained using the single 
pass configuration, whereas the data in Fig. 10 
were obtained using the MIR-OWG configur- 
ation, For the single-pass configuration the ob- 

served signal is an integrated response through 
the entire film. As soon as hydrochloric acid 
diffuses into the film there is a net decrease in the 
detector signal; as the concentration of hydro- 
chloric acid in the film increases the signal at 560 
nm decreases proportionately. In contrast, for 
the MIR-OWG configuration most of the light 
is reflected at the substrate/polymer interface, as 
discussed previously, and probes the film via the 
evanescent wave. The sensor response arises 
from interactions of the evanescent wave with 
the indicator in the film. The effective probing 
depth of the evanescent wave is generally small 
compared to the average thickness of the film, 
so that there is no indicator response until the 
hydrochloric acid diffuses far enough into the 
film to be sensed at the substrate/polymer inter- 
face. 

For the BT-polymer sensors, the rate of 
response to ammonia vapor was observed to 
be independent of RH for both the NAF 
and the PVA films. The magnitude of response, 
however, was significantly affected by RH 
for both ammonia and hydrochloric acid. 
These observations are discussed in the next 
section. 

Chemical (interference/synergistic) response 
eficts. A series of experiments was performed 
to investigate the effect of water vapor on the 
indicator response of the OWG sensor. To 
differentiate between the systematic effects of 
water discussed previously, complete ab- 
sorbance spectra were obtained for polymer/ 
indicator films on a quartz capillary tube using 
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Fig. 12. Corrected spectra for a BT-NAF OWG sensor exposed to HCl vapor as indicated. Spectra were 
obtained by subtracting the baseline spectra (water vapor) from the HCl vapor spectra in Fig. 11. 

the fiber-optic configuration in Fig. 3. System- 
atic effects will increase the sensor signal at all 
wavelengths, whereas changes in the indicator 
response (chemical interferences) will only be 
observed at the 1,,, in the absorbance spectra 
for the relevant indicator form(s). 

Complete spectra were collected for a 
BT/NAF coated waveguide using the MIR- 
OWG configuration. Spectra were collected for 
the waveguide exposed to water vapor (no acid), 
to vapors from 0.165M hydrochloric acid sol- 
ution at room temperature (23”), and to vapors 
from the same hydrochloric acid solution main- 
tained in an ice bath (0’). These spectra are 
given in Fig. 11. It should be noted that the 
optical bandpass using the fiber optic couplers 
is much larger than the bandpass using the 
single-pass configuration (exit slit width = 300 
pm), which results in a broadening (and shift- 
ing) of the spectral features (i.e., absorbance 
bands). As seen in Fig. 11, the majority of the 
BT indicator is in the HIn- (yellow) form, 
indicated by the broad peak at x450 nm. 
Exposure to the relatively small hydrochloric 
acid vapor concentration (in ice) produces a 
slight shoulder at 560 nm, but this shift toward 
the red H,In form is too small to see a sizable 
decrease in the 450 peak. At higher hydrochloric 
concentrations, the decrease in the HIn- form 
is readily observed as the response at 560 in- 
creases. 

To make it easier to identify changes in the 
absorbance spectra in Fig. 11, corrected spectra 
were obtained by subtracting the baseline spec- 
tra (water vapor) from spectra obtained upon 

exposure to hydrochloric acid vapors. The cor- 
rected spectra for the BT/NAF OWG exposed 
to hydrochloric acid vapor are given in Fig. 12. 
It should be noted that, since the large peak due 
to the yellow form has been subtracted, small 
increases or decreases in the red (H,In) form 
are readily seen in the corrected spectra. In- 
creasing the temperature of the hydrochloric 
acid bubbler solution should increase the con- 
centration of both hydrochloric acid and water 
vapor sent to the OWG sensor. Although there 
is an increase in hydrochloric acid vapor, there 
is a marked decrease in the sensor absorbance at 
560 nm. As the concentration of water in the 
polymer increases there will be a slight decrease 
in the concentration of indicator due to swelling 
of the polymer, but this factor is too small 
(x 7%) to account for the factor of 2 observed 
decrease in absorbance. Similar behavior was 
observed for BT/PVA response to hydrochloric 
acid. 

The vapor pressures of water at 0” and 23” are 
4.6 torr and 21.1 tort-, respectively, so that the 
increase in the bubbler solution temperature 
represents an increase in water vapor concen- 
tration by a factor of 5. The increase in water 
sorbed into the polymer films can be estimated 
from the SAW data discussed previously. At an 
average SAW sensor temperature of 30” the 
vapor pressure of water is 31.8 torr; vapor 
pressures of 4.6 torr and 17.5 torr represent 
saturation levels of 14.5 and 66%, respectively. 
According to the SAW responses represented in 
Fig. 6, this 5-fold increase in water vapor con- 
centration translate into a 6-8 fold increase in 
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Fig. 13. Response of BT-NAF OWG to vapor from 0.3% NH, solution mixed with a) dry carrier gas, 
and b) carrier gas saturated with water vapor. 

water in the Nafion film, and a nearly 50-fold 
increase for PVA. It is suggested that the 
presence of water in the polymer film acts as a 
chemical interference by affecting the equi- 
librium between the hydrochloric acid(g) and 
the BT indicator. No comparable chemical 
interference was observed for the TB-polymer 
films studied. 

This behavior can be explained by making 
reference to the levelling effect of water. Briefly, 
levelling refers to the fact that strong acids in 
aqueous solvent will donate protons to water, 
e.g., 

HCl+ Hz0 c----, H,O+ + Cl- (3) 

so that hydronium (H,O+) becomes the 
strongest acid in the system. This levelling 
effect is quite apparent for the BT indicator 
in aqueous solution, where very acidic con- 
ditions (45M) are necessary to protonate 
the indicator. In the dry polymer films, how- 
ever, very small concentrations of hydrochloric 
acid are sufficient to produce the H,In form. 
As the concentration of water increases, how- 
ever, H,O+ becomes the predominant species; 
since H90+ is a weaker acid than the hydro- 
chloric acid, a greater concentration of acid 
is required to shift the indicator to the H,In 
form. 

The acid response of the TB us. the BT 
indicator can be explained by considering the 
relative ability of the two indicators to act as a 
base (proton acceptor). Using the pK values for 
the indicator transitions in Fig. 1, then K, and 
K,, values for the HIn- form of the indicators 

can be calculated for these equilibria in aqueous 
solution. The ability of TB to act as a base 
(proton acceptor), is nearly 4 orders of magni- 
tude larger than for BT. This may explain the 
irreversible formation of the H,In form under 
mildly acidic conditions for TB, and the revers- 
ible behavior for the BT indicator under similar 
conditions in the polymer films. 

To evaluate the effect of water vapor on the 
response to NH, vapors, various solutions of 
NH3 were placed in the bubbler (at room tem- 
perature) with a bubbler flow rate of 90 ml/min. 
The vapor output from the ammonia bubbler 
was mixed with diluting air from the VG-400 at 
100 ml/min. The diluting air was alternated 
between dry air and saturated water vapor. 
Again assuming that the output from the bub- 
bler was nearly saturated in water vapor, then 
the RH of the vapor streams to the sensor were 
40% RH (when diluting air was dry air) and 
100% RH (when diluting air was saturated 
water vapor). Typical responses for a BT-NAF 
film using the MIR-OWG configuration are 
given in Fig. 13. The responses represent 
changes in PMT signal at 620 nm while the 
sensor is exposed to vapor from a bubbler 
solution of 0.35M ammonium hydroxide. The 
first three responses are in dry diluting air (45% 
RH), and the second three responses are in 
saturated water vapor (100% RH). Similar ex- 
posures were performed using 0.05, 0.10 and 
0.35M ammonium hydrochloride solutions, and 
results for 100% RH and 45% RH conditions 
are plotted in Fig. 14. Responses to ammonia in 
100% RH are generally 15-20% greater than 
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Fig. 14. Calibration curves for BT-NAF OWG response to NH, at 45% RH and 100% RH. 

responses in 45% RH. Similar ammonia re- 
sponse behavior was observed for BT/PVA 
films. 

This increased ammonia response in the 
presence of water vapor is interpreted as a 
chemical effect rather than an optical effect 
for several reasons. First, optical (systematic) 
effects would be evident as an increase in 
photodetector signal; this would translate into 
an increase in the baseline of the sensor when 
the RH was increased to lOO%, whereas the 
baseline remains fairly constant for the data 
collected in Fig. 13. Second, there is a net 
decrease in signal when ammonia is intro- 
duced, indicating an increase in absorbance 
at 620 nm, consistent with a chemical effect. 
Third, the data were collected using the 
MIR-OWG configuration; as noted earlier, 
systematic effects are minimized using this 
configuration. 

There are several possible explanations for 
the observed chemical effect of water on am- 
monia response behavior. First, water in the 
polymer film increases the K, of the indicators, 
i.e., solvation of the indicators increases their 
ability to donate protons to the base (ammo- 
nia). As the activity of water in the hydrated 
film increases, the In’- species become more 
stable than in a dry (non-polar) film and the 
indicator equilibrium shifts in favor of the blue 
form. Alternatively, the presence of water in- 
creases the solubility of ammonia in the film, 
increasing the indicator response as a direct 
consequence. 

CONCLUSIONS 

The results of the above study have signifi- 
cant ramifications with regard to the design of 
indicator-based OWG sensors. These consider- 
ations are listed below: 

1. In the LED-OWG, light is primarily 
reflected at the film/air interface, whereas for 
the MIR-OWG light is reflected at the sub- 
strate/film interface. The systematic interfer- 
ence from water vapor may be avoided by 
constructing the OWG sensor to utilize evanes- 
cent wave interactions as the predominant re- 
sponse mechanism. In this way losses at the 
film/air interface are minimized. 

2. PVA films would be preferable to the 
Nafion films to avoid kinetic effects since the 
response times, i.e., diffusion rates, in PVA are 
independent of relative humidity. 

3. The OWG sensitivity to acidic and/or 
basic vapors is determined largely by the 
choice of indicator. For acid vapor sensing, 
TB-PVA films provide better sensitivity at the 
expense of reversibility. BT-polymer films 
provide both sensitive and reversible response 
to both hydrochloric acid and ammonia 
vapors. Because humidity tends to decrease the 
response of the BT-polymer films to hydro- 
chloric acid (at low hydrochloric acid vapor 
levels), some means of humidity control would 
be required for reliable trace detection. 
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Summary-The immobilisation of L-lactate oxidase at a platinum electrode was achieved by entrapping 
the enzyme within an o-phenylenediamine film at 0.65 V (us. Ag/AgCl). Anodic detection of the product 
of the enzymatic reaction, i.e., hydrogen peroxide, at 0.75 V (us. Ag/AgCl) was employed for the 
quantification of L-lactate using amperometric batch and flow injection methods. This technique allows 
the enxyme to be entrapped in a strongly adherent thin membrane. The sensor exhibits a very fast response 
time, an active enxyme loading of 5 mU/cm2 electrode surface, and high sensitivity with a detection limit 
of 2.46 x lo-‘M. A sample throughput of 180/hr, precision of 3.53% for 2.5 injections and linearity up 
to 1.5mM were obtained in flow injection analysis studies. The one-step procedure for sensor preparation 
requires 20 min, and the discriminative properties of the polymer film show great promise as a means of 
excluding interfering compounds commonly found in serum. 

Polymeric coatings have recently become of 
increasing interest in the modification of 
electrode surfaces.’ By appropriate choice of 
monomer and experimental conditions for film 
preparation, polymer films with particular 
desired properties may be achieved. Heineman 
et uL2 have reported that o-phenylenediamine 
forms polymeric fihns upon electrochemical 
oxidation in solutions of neutral/slightly acidic 
pH, and that the electrode exhibits a nearly 
Nernstian response with changes in PH.~*~ The 
selective permeability can be varied with the 
nature of the ions dissolved in solution.5 

Polymer coated electrodes have several at- 
tractive features, such as being a convenient 
means of immobilising an electrocatalyst near 
the electrode surface in high concentration,6T7 
while preventing interferences and electrode 
fouling.’ The electrochemical method of immo- 
bilisation permits a controlled method of local- 
isation of biologically active molecules at 
electrode surfaces. Therefore by this approach 
the spatial distribution of the enzyme may be 
readily controlled and thickness of the enzyme 

*Permanent address: Dublin City University, Glasnevin, 
Dublin 9, Ireland. 

tAuthor for correspondence. 

film easily varied. The usefulness of sensors 
based on immobilised enzymes depends on 
several factors such as the immobilisation 
method, thickness and stability of the entrapped 
enzyme, the response time and storage 
conditions required. 

Despite uncertainties as to the mechanism of 
entrapment, electrochemical deposition offers 
advantages over the more traditional methods 
of enzyme immobilisation, particularly in the 
simplicity and reproducibility of the one-step 
construction process. Conventional enzyme 
electrodes employing discrete macroscopic 
membranes (to overcome problems associated 
with interferences and electrode fouling) suffer 
in lack of reproducibility and response times.“” 

It has recently been demonstrated that immo- 
bilisation of glucose oxidase with an electro- 
chemically generated o-phenylenediamine film 
can be used for the amperometric detection of 
glucose. ” A fast and permselective response was 
thus reported. The objective of the present work 
was to explore the o-phenylenediamine electro- 
polymerisation scheme for effective immobilis- 
ation of lactate oxidase. 

The determination of L-lactate is important 
in the diagnosis of respiratory insufficiencies, 
heart disease’2*‘3 and also in sport medicine. The 
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relevant lactic acid concentration in blood 
occurs in the range 0.3-l .5mM.14 Determination 
of L-lactate also plays an important role in the 
food industry, e.g., wines and dairy products.i5 

Previous methods for determination of L- 
lactate have involved enzyme reactors,“j co- 
immobilisation of lactate oxidase and lactate 
dehydrogenase in enzymatic amplification 
schemes,” entrapment of the enzyme behind a 
semi-permeable membrane.9 

The immobilisation of L-lactate oxidase in 
poly(viny1 alcohol) has also been reported” 
following gamma-irradiation. These methods 
result however in slower response time, interfer- 
ence problems and prove to be more compli- 
cated than the method described here. This 
paper describes a simple and easily controlled 
enzyme immobilisation procedure that has ap- 
plication in the development of sensors for this 
biologically important compound. 

EXPERIMENTAL 

Apparatus 

Amperometric measurements and electro- 
polymerisation of o -phenylenediamine were 
carried out in a 3-electrode cell (Model VC-2, 
BAS), containing 10 ml of 0.05M phosphate 
buffer as supporting electrolyte. Reference and 
counter electrodes were Ag/AgCl (Model RE- 1, 
BAS) and platinum wire, respectively. A plati- 
num disk electrode served as the working elec- 
trode and all three joined the cell through holes 
in its Teflon cover. The three-electrode system 
was then connected to an EG&G PAR Model 
264A polarographic Analyser, the output of 
which was displayed on a strip chart recorder 
(Model 4500 Microscribe, The Recorder Co.). A 
magnetic stirrer and bar provided the convective 
transport. The flow injection system used was 
equipped with a carrier reservoir, a platinum 
thin-layer detector (Model TL-IOA, BAS) a 
Rainin Model 5041 sample injection valve (20 ~1 
loop) and interconnecting tubing. A flow rate of 
2.0 ml/min was employed throughout. 

Reagents 

All experiments were conducted at room tem- 
perature in 0.05M phosphate buffer pH 7.4, and 
all solutions were prepared with doubly-distilled 
water. Lactate oxidase (activity 38 Units/mg), 
L-lactate, glucose, nicotinamide adenine 
dinucleotide (reduced form), uric acid and 
acetaminophen were obtained from Sigma 
Chemical Co., St. Louis, MO. The ascorbic acid 

was obtained from J. T. Baker Inc., Phillips- 
burg, NY and the o-phenylenediamine dihydro- 
chloride from Aldrich, Milwaukee, WI. The 
cellulose dialysis membrane (MW cutoff 12-14 
k) was purchased from Spectrum Medical In- 
dustries, Los Angeles, CA. Stock solutions of 
glucose were allowed to mutarotate at room 
temperature for 24 hr before use. The nitrogen 
used to obtain a controlled atmosphere in the 
electrochemical cell was of high purity grade. 

Electrode preparation 

Prior to electropolymerisation the platinum 
disk working electrode was polished firstly with 
3 pm of alumina followed by 0.05 pm, after 
which it was sonicated in distilled water for 
5 min to remove any residual alumina. Lactate 
oxidaselo-phenylenediamine films were electro- 
chemically grown on platinum electrodes from 
a fresh solution of 1mM o-phenylenediamine 
and 3.42 units of enzyme in 0.05M phosphate 
buffer, (pH 7.4). Electropolymerisation was 
initiated by applying a constant potential of 
0.65 V (vs. Ag/AgCl) in deaerated unstirred 
solutions for 20 min. The enzyme electrode was 
thoroughly rinsed with doubly-distilled water 
after preparation and stored in phosphate buffer 
pH 7.4 at 4” when not in use. 

Procedure 

Amperometric responses of the lactate oxi- 
dase/o -phenylenediamine (LOX/o-PD) elec- 
trode to L-lactate were measured in batch and 
flow experiments by application of a fixed 
potential of 0.75 V to the enzyme electrodes. 
The background current was allowed to decay 
before aliquots of the stock L-lactate solution 
were added and the oxidation current due to 
hydrogen peroxide measured. 

An estimation of the activity of enzyme 
entrapped in the polymer film was carried out 
amperometrically. A clean polished platinum 
electrode was held at 0.75 V (us. Ag/AgCl) in 
stirred solution containing l.OmM L-lactate in 
phosphate buffer, pH 7.4. When a steady state 
current was achieved, a known activity of 
lactate oxidase was injected and the current 
response noted for the production of hydrogen 
peroxide. A calibration curve was constructed 
and the activity of each LOX/o-PD electrode 
expressed as equivalent activity in solution. 
Enzyme stability within the film was ascertained 
by measuring the current response over a 20 day 
period. While not in use, the electrode was 
stored in phosphate buffer pH 7.4. 
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Fig. 1. (A) Current-time response for successive 5 x IOmSM injections of L-lactate obtained at (a) 
unmodified and (b) modified enzyme surfaces in batch. Operating potential 0.75 V with 400 rpm stirring 
rate and electropolymerisation solution containing 1mM o-phenylenediamine and 3.42 Units enzyme (5 
mu/cm* electrode) for 20 mins at 0.65 V. Electrolyte, 0.0% phosphate buffer pH 7.5 (B) Chronoamper- 
ometric response to 1.25 x 10e4 L-lactate increments again at (a) unmodified and (b) modified surfaces. 

Other conditions as (A). 

RESULTS AND DISCUSSION 

Lactate oxidase catalyses the reaction shown 
below and electrochemical biosensing is based 
on the amperometric monitoring of the hydro- 
gen peroxide produced. 

LOX(FAD) + L-LACTATE + O2 

o LOX(FADH*) + PYRUVATE + H202 

The response of the LOX/oPD electrode to 
successive additions of L-lactate at the bare and 
modified surfaces, using both amperometric and 
chronoamperometric measurements, is shown 
in Fig. 1. Steady state currents were achieved 
within 15 set and 2 mins respectively, with high 
sensitivity for @4 concentrations of substrate 
and a detection limit of 2.46 x IO-‘M for both 
techniques. 

The effects of many experimental variables 
were investigated in order to optimise analytical 
performance. Optimisation of enzyme loading 
in the polymer film is shown in Fig. 2. Linearity 
and response increased with increasing biocata- 

lytic activity in the film, the optimum activity 
being achieved with 3.42 Units in solution (1.6 
mu/electrode). The response to 50,uM additions 
of L-lactate resulted in a slope of 4.5 nA/@I4 
and a correlation coefficient of 0.99975 when the 
electropolymerisation solution contained ImM 
o-phenylenediamine and 3.42 units lactate 
oxidase. 

The effect of operational potential (A) 
and pH (B) for amperometric experiments is 
shown in Fig. 3. An increase in oxidation 
current for hydrogen peroxide, resulting from 
0.25mM injections of L-lactate occurred as the 
applied potential increased from 0.2 to 0.8 V 
with a decrease at higher potentials. An opti- 
mum current response to 0.5mM injections of 
L-lactate was achieved at pH 7.4 and therefore 
this pH was taken as that providing maximum 
activity for the operation of this enzyme 
electrode. 

Figure 4(A) shows the effect on anodic 
response with increasing concentration of 
o-phenylenediamine in the electropolymerisation 
solution, keeping both enzyme activity and time 



EITHNE DEMPSEY et al. 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Concentration mM 

Fig. 2. Current dependance on L-lactate oxidase loading 
in the electropolymerised film upon injection of 5 x 
lo-‘M L-lactate. Polymerisation carried out in 1mM o- 
phenylenediamine and (A) 3.42 Units, (0) 2.28 Units and 
(e) 1.14 Units enzyme activity. Other conditions as in 

Fig. l(A). 
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Fig. 3. Effect of applied potential (A) and solution pH (B) 
on response to 2.5 x IO-‘M and 5 x lo-‘M injections of 
L-lactate respectively. Electropolymerisation solution con- 
taining IOmM (A) and 5mM (B) o-phenylenediamine with 
3.04 Units enzyme activity. Enzyme loading-5 mUnits/cm*. 

Fig. 4. (A) Effects of o-phenylenediamine concentration on 
response to 5 x IO-‘M injections of L-lactate. Enzyme 
activity constant at 5 mU/cm’ electrode. (B) Dependance of 
current on electropolymerisation potential in 1mM o- 
phenylenediamine and 3 Units enzyme for 20 min. Injection 
of 5 x lo-‘M L-lactate. (C) Current-electropolymerisation 
time response to 5 x lo-‘M L-lactate. Electropolymerisa- 
tion solution as in (B) and amperometric detection at 

Other conditions as in Fig. l(A). 0.75 v. 

constant. The greatest current was observed for 
the film prepared with 1mM monomer solution. 
A subsequent decrease in response was observed 
up to 5mM, followed by an increase once more 
up to 1OmM. A thicker film implies a slower 
response time and a lowering of sensitivity but 
results in a wider linear range. A thinner film 
appears to incorporate more enzyme resulting 
in a greater response. The diffusion of the 
product hydrogen peroxide through the film 
may be the limiting factor as the thickness is 
increased, the enzymatic reaction occurs more 
readily in the outer portions of the polymer 
layer near the solution side than in the interior 
of the film. 

The effect of the electropolymerisation poten- 
tial on current response is shown in Fig. 4(B). 
An optimum value was found to be 0.65 V, but 
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Fig. 5. Flow injection detection of L-lactate. Calibration 
plot over the 2.5 x 10m4-5 x 10W3M range with typical 
peaks for (a) OSmM (b) 1 .OmM (c) 1.5mM L-lactate. Flow 
rate 2 ml/min. Sample and carrier-phosphate butfer pH 

7.5. Other conditions as in Fig. l(A). 

as the anodic potential was increased above this 
value, the amperometric response decreased. A 
decrease in conductivity in the flm and a loss of 
activity occurs at high potentials. Destruction of 
the polymer may be attributed to irreversible 
deterioration of the film by formation of elec- 
troinactive polymer films on the surface. Figure 
4(C) shows the effect of polymerisation time on 
performance of the sensor. The form of the 
current vs. time curve implicates a nucleation 
and phase growth process in the mechanism of 
deposition of o-phenylenediamine, similar to 
that of the growth of m-toluidine on gold.18 The 
monomer appears to oxidise more readily on 
the poly(o-phenylenediamine) film than on the 
platinum itself. Initial growth requires 5-10 min 
followed by a rapid increase in current with 
increasing thickness of polymer film. Saturation 
of enzymatic activities above 20 min may result 
in the conformational arrangements of the 
enzyme within the film. Due to release of pro- 
tons in the course of polymerisation, the acidic 
environment produced may lead to denatur- 
ation of lactate oxidase at longer electropolym- 
erisation times. 

The fast response and stability of the LOX/o- 
PD electrode makes it an attractive choice in 
dynamic flow systems. Figure 5 illustrates flow 
injection peaks for 20-~1 samples of increasing 
L-lactate concentration. The peak width of 6 set 
allows a sample throughput of 180 samples/ 

hour, with linearity observed up to 1SmM and 
a limit of detection of 1 x 10m4M. Twenty five 
successive injections of a 5mM L-lactate 
solution showed a precision of 3.54%. Under 
optimum conditions, a precision study employ- 
ing 10 consecutive separate batch additions of 
50pM L-lactate resulted in a RSD of 3.23% 
(not shown). 

The potential required to oxidise hydrogen 
peroxide is sufhciently anodic that several other 
interfering compounds may contribute to the 
signal. However, the electropolymerised o-PD 
film appears to be very effective in preventing 
interferences while allowing hydrogen peroxide 
to pass through the film. Due to its permselec- 
tivity the access of substances such as ascorbate 
to the electrode surface is blocked. Similar 
improvements were reported for analogous 
sensing of glucose.” 

The selectivity of the Lox/o-PD electrode 
was studied by monitoring the response to 
0.5mM L-lactate alone and in the presence of 
relevant compounds at the l.OmM level which 
may interfere by direct electrode oxidation 
(Table 1). In the case of polypyrrole filmsi 
anionic species showed enhanced electrochem- 
istry due to the electrostatic interaction with the 
polymer matrix which contained cationic tixed 
sites. The relatively high response to uric acid in 
the case of the o-PD polymer was further 
decreased by an additional cellulose membrane 
(12-14 k MW cutoff) over the electrode. The 
polymer film proved effective in further reduc- 
ing the current signal due to uric acid, ascorbic 
acid, NADH, and glucose (all at the l.OmM 
level) while retaining 90 and 64.3% of the 
L-lactate response (0.5mM), with and without 
cellulose membrane respectively. 

The oxidation of o-phenylenediamine in 
phosphate buffer shows a completely irrevers- 
ible oxidation peak at 0.35 V using cyclic 

Table 1. Percentage interference re- 
sponse compared to that of analyte (A) 
without membrane and (B) with celhr- 
lose membrane. All interferences at the 
l.OmM level in presence of 0.5mM 
L-lactate. Electropolymerisation sol- 
ution containing 4.54 Units and 1OmM 
o-phenylenediamine, All other con- 

ditions as in Fig. l(A) 

Interference (A)% (B)% 

Glucose 0 0 
NADH 4.1 
Ascorbate 1;: 11.0 
Uric Acid 94:o 50.0 
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voltammetry, which with continuous scanning 
between 0.2 and 0.7 V resulted in a decrease in 
peak current until eventually no current flowed. 
This behavior is indicative of a non-conductive 
polymeric film coating the electrode until even- 
tually access of the monomer to the surface is 
blocked resulting in the formation of a very 
compact and insulating layer.*’ 

The mechanism by which the enzyme is 
entrapped is uncertain; however adsorption of 
the lactate oxidase at the platinum surface prior 
to electropolymerisation could play an important 
part. Initial film formation is that of a conduct- 
ing organic film and subsequent formation of a 
non-conducting film then occurs. o -Phenylene- 
diamine forms polymeric films during oxidation 
at almost all pH values. Most organic electro- 
chemical oxidations of this type form a mono- 
cation as the initial electrolysis product, which 
is involved in the follow-up chemical reaction. 
The insulating film could then possibly be 
formed by the polymerisation of the dication 
formed upon disproportionation. Poly(o- 
phenylenediamine) contains phenazine rings as 
electroactive sites. The ladder polymer is par- 
tially ring opened and involves moieties of the 
oxidised forms of the quinone-imine type.*’ 
Under optimum conditions, 5 mUnits/cm2 elec- 
trode surface equivalent to 1.52 Units/ml in the 
electropolymerisation solution may be incor- 
porated into the film. The estimation of enzyme 
activity on the surface was carried out by 
comparison to the rate of hydrogen peroxide 
production when the enzyme was in solution in 
the presence of excess substrate. This assumed 
that the solution kinetics are equivalent to those 
when the enzyme is in the immobilised form, 
which is not true due to mass transfer 
limitations resulting from immobilisation. The 
activity within the film may be estimated however 
from the plot of current ZW. activity in solution. 

The upper limit of the electrode response may 
be improved by placement of a cellulose mem- 
brane onto the LOX/o-PD film. This restricts 
the diffusion of L-lactate to the underlying 
enzyme layer and as a result extends linearity. 
The improvement in linear response was ac- 
companied by a significant decrease in the noise 
level for injections of pM quantities of sub- 
strate. In the presence of cellulose membrane the 
response has mass transfer as opposed to kinetic 
limitations, the latter resulting in a levelling off 
at lower substrate concentrations. This restricts 
the diffusion of L-lactate to the underlying 
enzyme layer and as a result extends linearity. A 

LOX/o -PD polymer electrode prepared from 
1.14 Units enzyme activity and ImM o- 
phenylenediamine solution resulted in an i_ 
(the maximum current, obtained from the inter- 
cept of the Lineweaver-Burk plot of l/current i 
vs. l/[Substrate]) of 1.236 PA and apparent 
Michaelis-Menten constant (K, app, calculated 
from the slope of the graph) of 117.3pM. The 
same electrode covered with cellulose membrane 
showed an i,,,, of 1.3528 PA and K, app of 
342.2pM. The additional diffusional restrictions 
imposed as a result of the membrane causes 
alteration of basic catalytic properties and 
results in a shift in the apparent K, app. The 
increase in K,,, app in the case of the membrane 
indicates that the immobilisation process gener- 
ates a loss of affinity to the substrate due to the 
additional environmental constraints placed on 
the enzyme. ** However, this method is useful 
from the analytical point of view due to exten- 
sion of the upper limit. 

An improvement in linearity was also ob- 
served using 1OmM monomer in the electro- 
polymerisation solution and after film 
formation, polymerisation once more in the 
same solution. Linearity in this case was 
extended up to 1.5mM again at the expense of 
lower sensitivity and slower response time. 

The stability of the LOX/o-PD electrode with 
storage at 4” in phosphate buffer (pH 7.5) was 
investigated. Responses were measured as the 
oxidation of resultant hydrogen peroxide caused 
by the addition of 0.5mM L-lactate at 24hourly 
intervals. A 50 and 93% decrease in response 
was observed after 5 and 20 days respectively. 

CONCLUSION 

Electrochemically initiated polymerisation 
has recently received great attention in the 
modification of electrode surfaces. Polymer film 
electrodes offer higher inherent chemical and 
physical stability, higher surface activity and a 
very sensitive electrochemical response. The 
electropolymerisation of o -phenylenediamine 
provides simultaneous immobilisation of lactate 
oxidase and offers the advantage of producing 
a very thin and self insulating film that can be 
coated on any conducting surface. The sensor is 
found to reject physiologically important com- 
pounds, e.g., ascorbic acid while incorporating 
a significant amount of lactate oxidase. The very 
fast response time, together with the high sensi- 
tivity and high sample throughput, are further 
distinctive features of the described sensor. 
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Summary-We report on the tirst penicillin-sensitive fluorosensor not based on the use of an enzyme. 
Rather, the recognition process relies on the use of an anion carrier (which carries the penicillin anion 
from the aqueous sample into the membrane), a proton receptor (lipophilic nile blue which accepts the 
proton, thereby undergoing a change in fluorescence intensity), and a new lipophilic hydroxylic plasticizer 
material (which facilitates ion transport). All materials are contained in a dyed poly(viny1 chloride) 
membrane whose fluorescence is monitored. The optical sensor fully reversibly responds to penicillin V 
over the O.Ol-1OmM concentration range, and to penicillin G from 0.03 to 1OmM. Potential interferences 
by about 20 other anions have been investigated. Nitrate, salicylate, and ascorbate were found to interfere 
significantly. These species are, however, usually not present in penicillin bioreactors or drug formulations 
where penicillin sensing is most important. The sensor does not respond to penicillins containing an 
aliphatic amino group (such as amoxicillin). The method has been applied for determination of penicillin 
G in pharmaceutical formulations. 

In view of the large scale production of 
penicillins there is a considerable interest in 
continuous sensing of penicillin both during 
biotechnological production and in quality con- 
trol. Another attractive application is on-line 
monitoring of penicillins in vivo during therapy 
and pharmacokinetic studies. Methods for 
determination of penicillin include flow injec- 
tion analysis,‘*2 HPLC3” potentiometry,’ and 
spectrophotometry. 6p7 An optical sensor for 
penicillin and its analogs has been reported by 
two groups. 8,g In these, the enzyme penicillinase 
rather unspecifically hydrolyzes all kinds of 
penicillins to give penicillic acids. The corre- 
sponding decrease in pH is monitored using an 
optical fiber pH sensor. While this is a promis- 
ing approach for on-line sensing and has all the 
advantages of fiber optic biosensors,” it suffers 
from two limitations: the observed pH change 
also strongly depends on the bufFer capacity 
(which in biological samples can vary to a con- 
siderable extent), and the enzyme loses activity 
with time and at low pH. An alternative and 
more reliable method was therefore sought. 

In a search for non-enzymatic alternatives 
for optically sensing penicillins, we have found 
a method which exploits the phenomenon of 

*On leave of absence from Department of Chemistry, 
Nankai University, CN-300071 Tianjin, P.R. China. 

tAuthor for correspondence. 

co-extraction” of both an ion and its counter- 
ion into a PVC membrane. The extraction of 
organic cations has been described several 
times in the past two years, but there is only 
a limited number of reports on the extraction 
of organic anions into lipid phases.5*‘2*‘3 We 
report here that penicillin anions can be 
extracted as well, provided suitable receptor/ 
carriers and plasticizers are incorporated into 
the membrane. 

EXPERIMENTAL 

Apparatus 

Measurements were performed using an 
Aminco SPF 500 spectrofluorometer equipped 
with a tungsten halogen lamp as a light source. 
Data were transferred onto a HP 9825A desk 
calculator and plotted. All fluorescence spectra 
are uncorrected. Sample solutions were pumped 
through a loo-p1 flow-through cell containing 
the sensing membrane at a rate of 1.5 ml/min, 
using a Ventilomat autosampler (Fa. Ziegler, 
Graz, Austria). pH measurements were per- 
formed with a Metrohm pH meter (Metrohm, 
Buchs, Switzerland) calibrated with Aldrich pH 
standards of pH 4.00 and 7.00. 

The flow injection equipment comprises auto- 
sampler (Besta, Heidelberg, Germany), pump 
(Gilson, France), fiber optic photometer (Oriel 
3090, Chelsea Instruments, London, UK), data 
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acquisition unit (Keithley 575, Taunton, USA), 
and personal computer. Sample solutions were 
pumped through the flow-through cell contain- 
ing the sensing membrane using the auto- 
sampler. Fluorescence intensity was measured 
with the photometer and data were transferred 
to an acquisition unit controlled by the PC. 

Reagents 

Penicillin G potassium salt was obtained 
from Fluka AC (Buchs, Switzerland), while 
penicillin V and amoxicillin (Fig. 1) were pur- 
chased from a pharmacy. For the membrane 
preparation, poly(viny1 chloride) (high mol- 
ecular grade) (PVC) bis(Zethylhexy1) phthalate 
(DOP), bis(2-ethylhexyl) sebacate (DOS), 2-ni- 
trophenyl octyl ether (NPOE), tri(2-ethylhexyl) 
phosphate (TOP), tridodecylmethylammonium 
chloride (TDMAC) and tetrahydrofurane 
(THF) were obtained from Fluka AG. The 
new plasticizer (WM3, Fig. 1) was synthesized 
by Dr. Kriessmann (Fa. VIANOVA, Graz) 
and was found to be of sufficient purity. The 
lipophilic N-octadecanoyl nile blue (ODNB) 
was prepared according to the published pro- 
cedure.14 The samples, Penicillin G-Natrium, 
Antipen, and Retarpen (all from Biochemie 
GmbH, Vienna, Austria) were purchased from 
a drug store. 

Membrane preparation 

The membranes were prepared from a batch 
of 2.4 mg of PVC, 0.2 mg of TDMAC, 0.6 mg 
of ODNB and 6.0 mg of WM3. The mixture 

was dissolved in 1.5 ml of freshly distilled 
tetrahydrofurane. 0.1 ml of this solution was 
pipetted onto a 12 x 50-mm dust-free glass plate 
(Menzel-Gliiser, Germany) which was located 
in THF-saturated atmosphere in a desiccator. 
After about 5 hr the glass plate with the sensing 
membrane on it was removed and placed in 
ambient air for 15 min to dry completely. From 
the amount of materials used we estimate the 
membrane to have a thickness of around 
1.0-l .5 pm. Before measurements, the sensor 
membrane was placed, for 10 min, in a freshly 
prepared O.lM solution of penicillin G in 
pH 6.00 buffer (50mM sodium citrate and 
50mM sodium tartrate), and another 10 min in 
plain buffer of pH 6.00 for activation. 

Experimental procedure 

The glass plate with the PVC membrane 
of about l-pm thickness was mounted in a 
flow-through cell. The measuring system was 
arranged according to Ref. 15. Standard sol- 
utions, freshly prepared from distilled water, 
were pumped over the sensing membranes, 
and fluorescence intensity was continuously 
recorded at excitation/emission wavelengths set 
to 520/670 nm, respectively. 

Optical selectivity coefficients were deter- 
mined by using a method similar to the 
separate-solution method (SSM) frequently 
applied in ion-selective electrodes.‘4316 Solutions 
of potentially interfering compounds were pre- 
pared in proper concentrations (C;-), and the 
fluorescence of the sensing membranes was 

,COQH 

Fig. 1. Chemical structures of the penicillins studied in this work, and of plasticizer WM3. 
1: penicillin G, 2: penicillin V, 3: amoxicillin, 4: WM3. 
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measured under experimental conditions identi- 
cal to those when establishing the calibration 
curve. The fluorescence intensities thus obtained 
were related to the concentration of penicillinate 
anion (C,,,). 

The drug samples-three kinds of dry 
(powdered) penicillin contained in an ampoule 
-were pretreated according to the following 
procedure: 40 mg of Penicillin G-Natrium or 
80 mg of Retarpen (containing benzathine- 
penicillin G and polypyrrolidon K 17) or 17 mg 
of Antipen (containing clemizole-penicillin G 
and sodium penicillin G) were suspended in 
70 ml of a pH 5.50 buffer solution composed of 
50mM sodium citrate and 50mM sodium tar- 
trate. The solution was stirred at room tempera- 
ture until clear. It was then diluted to 100 ml 
with the same buffer solution. This solution was 
used directly for the measurements. 

500 550 600 650 700 

wavelength/nm 

Fig. 2. Uncorrected excitation and emission spectra of 
lipophilized nile blue in a WM3-plasticized PVC membrane. 

Fluorescence intensity is given in arbitrary units. 

RESULTS AND DISCUSSION 

that interferences by straylight can be kept to 
a minimum. Given the longwave absorption 
and emission of the dye used, the sensor 
obviously is fully compatible with solid-state 
opto-electronic components such as LEDs. 

Selection of the plasticizer The response of the optrode membrane 

In order to function properly, PVC-based 
membranes for use in either electrochemical 
and optical sensing require the addition of 
a plasticizer. It is well known that the type 
of plasticizer has a dramatic effect on the 
response behavior of such “liquid membranes”. 
Five plasticizers (DOS, DOP, TOP, NPOE, 
WM3) with different polarities have been 
investigated in an initial study.17 The results 
showed that tri-dodecyl-methylammonium 
chloride (TDMAC) along with the plasticizer 
WM3, whose chemical structure is shown in 
Fig. 1, is a viable carrier/plasticizer combination 
for sensing penicillin. Optical transduction is 
achieved via the PVC-soluble N-octadecanoyl 
nile blue (ODNB). Hence, the membrane whose 
fluorescence responds to penicillin consists of 
PVC, TDMAC, ODNB, and WM3 only. 

The sensing membrane contains an anion 
exchanger (TDMAC) and a chrome-ionophore 
(ODNB). When, at any pH between 5.3 and 
6.0, the penicillin carboxylate anion is trans- 
ported into the PVC membrane by the anion 
carrier, a proton will be co-extracted (rather 
than a chloride released). The conjugate base 
form of nile blue contained in the membrane 
acts as a chromogenic proton carrier. On pro- 
tonation, it undergoes a significant change in 
fluorescence intensity. Hence, it also acts as the 
optical transducer. The response function can 
be related to the product of the activities of two 
ions.“,‘* The signal depends only on the activity 
of the analytes if the pH value of the sample 

Fluorescence spectra of lipophilized nile blue in 
plasticized PVC 

Figure 2 shows the uncorrected excitation and 
emission spectra of lipophilized nile blue in a 
WM3-plasticized PVC membrane as it is used in 
practice. The emission maximum of the base 
form is at 670 nm. The maxima are similar to 
those given in the literature, differences prob- 
ably arising from the fact that spectral maxima 
strongly depend on the nature of the additives 
contained in the membrane material. The red 
base form of nile blue has a much larger 
Stokes’ shift than the blue (acid) form so 

Fig. 3. Response time, relative signal change, and reversibil- 
ity of the penicillin-sensitive sensor membrane at pH 5.50, 
with excitation/emission wavelengths set to 520/650 nm. 
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Fig. 4. Calibratiou curves for the penicillin-sensitive mem- 
brane at pH’s of 6.00, 5.50 and 5.30 and excitation/emission 

wavelengths set to 520/650 nm. 

solution is kept constant. When exposed to 
increasing levels of penicillin G, the sensor 
membrane undergoes a fully reversible colour 
change from red to blue. Figure 3 shows the 
response curve of the penicillin G sensor. 
Response times are about 3 min in the forward 
direction, but 5 min for the reverse response. 
The rather sluggish response is due to slow mass 
transfer in the membrane rather than to the 
dead volumes of flow-through cell and tubings, 
respectively. 

The fluorescence intensity is a specific func- 
tion of the analyte (penicillin G) only if the pH 
value of the sample solution is kept constant. 
Figure 4 shows the calibration curves of the 
sensor at different pH values. Clearly, the 
response is highly pH dependent since the recog- 
nition process is coupled to a proton transport 
mechanism. The dynamic range is shifted to a 

100 mM 
I , 

0 24 46 72 96 120 
time (mid 

Fig. 5. Response curve of the penicillin-sensitive membrane 
plasticized by WM3, tested with the flow injection analyzer, 

and resulting calibration plot (insert). 

lower concentration range at lower pH, while 
the total signal change becomes smaller. The 
dynamic range is from 30pM to about IOmM, 
with a detection limit of about 10pM. 

Figure 5 shows the response and calibration 
curves of the penicillin-sensitive membrane plas- 
ticized by WM3 and tested with a flow injection 
analyzer.19 The linear range is l-60mM concen- 
tration. A comparison with the results of the 
measurement using the flow-through cell of the 
fluorometer (see Fig. 4) shows the dynamic 
range to be shifted to a higher concentration 
range. This can be attributed to the dilution 
effect of the flow injection analysis. 

The possible response mechanism 

The mechanism of the interaction between 
penicillin, TDMA, and WM3 probably involves 
(a) formation of hydrogen bonds between the 
amido groups of penicillin and the hydroxy 
groups of the plasticizer, and (b) electrostatic 
attraction between the ammonium ion (TD- 
MAC) and the penicillinate anion. We find only 
membranes plasticized by some kind of hy- 
droxylated plasticizers (with a ratio of hydroxy 
groups to carbon atoms in the chain being 
around 10) to respond to penicillins. Similar 
effects were found in case of fluorescence-based 
optical sensors for alkali ions*O and in other 
sensors based on the use of synthetic carriers.” 

Selectivity tests 

Interferences by 18 compounds have been 
investigated using the established method.‘* 
Optical selectivity coefficients (PP’), defined as 
the logarithm of the concentration of an inter- 
fering species that gives the same response, are 
summarized in Table 1. They show salicylate, 

Table 1. Optical selectivity coefficients (JP’) of 
the penicillin-selective optical sensor for potentially 

interfering ions at pH 5.50 

Interferent log KoP’ 

Salicylate 0.30 
Nitrite 0.20 
Ascorbate 0.15 
Renxoate -0.45 
Nitrate -0.14 
Iodide -1.08 
Chloride -1.83 
Acetate -2.53 
Oxalate, phenylalanate -2.70 
Glycinate -2.80 
Glutamate, amoxicillin c-3 
Lactose, glucose <-3 
Sulphate, phosphate, carbonate <-3 
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Table 2. Results of 5 replicate determinations of penicillin in 3 kinds of penicillin 
formulations. SC, specified concentration (in mM); AV, average. measured value (in 
mM); SD, standard deviation; RSD (%), relative standard deviation; RE (%), relative 

error 
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Sample SC AV SD RSD(%) RE(%) 

Penicillin G-Natrium 1.14 1.17 0.02 1.58 2.93 
Retarpen ft.87 0.82 0.02 -2.34 -6.13 
Antipen 0.31 0.29 0.01 2.42 -4.68 

ascorbate and nitrite to strongly interfere, 
while nitrate, iodide and chloride have moder- 
ate effects. Interestingly, penicillins contain- 
ing a basic amino group (such as amoxicillin, 
see Fig. 1) display no response. This high 
selectivity may be exploited for distinguishing 
aminopenicillins from other penicillins. 

Determination of penicillin G in injection 
ampoules 

Retarpen and Antipen contain benzathine- 
penicillin and clemizol-penicillin, respectively. 
Benzathine and clemizol are relative lipophilic 
organic ammonium ions and capable of forming 
strong ion-pairs with penicillinate anion. As a 
result, they are hardly soluble in water. Further- 
more, dissolved benzathine and clemizol were 
expected to interfere due to their much higher 
lipophilicity than the proton. In order to 
avoid any errors caused by the co-extraction of 
benzathine or clemizol with penicillinate anion, 
they must be masked prior to assay. In earlier 
work2’ it has been shown that tartrate can form 
a complex with organic ammonium, and this 
can be exploited for masking the lipophilic 
organic ammonium and to keep it in the water 
phase. Consequently, all measurements were 
performed in a 5OrnM tartrate medium. The 
results are summarized in Table 2. 

The experimental data are slightly lower 
than the specified concentrations for Retarpen 
and Antipen. We think that this is due to the 
interference of residual benzathine and clemizol 
cation, both of which may not completely be 
masked by the tartrate anion in the buffer 
solution. For Penicillin G-Natrium, the data are 
slightly higher. The highest relative error ob- 
served is - 6.1%. If dealing with samples which 
do not significantly vary from batch to batch 
(such as in pharmaceutical quality control), this 
may be corrected for by a correction factor). 
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Advances in Coal Spectroscopy: H. L. C. MEUZELAAR (editor), Plenum, New York, 1992. Pages xx+416. US S85.00. 
ISBN 0-306-43796-l. 

This publication, the latest in the Modem Analytical Chemistry series, is based on the keynote lectures given at a Utah 
symposium on coal spectroscopy in June, 1989. The literature of the last 3 years, therefore, is not covered except in a few 
isolated instances. 

The publication has the usual characteristics of symposium proceedings, being disparate and somewhat unfocussed, but 
providing the reader with accounts of the application of a series of analytical techniques to structural investigations of coals 
and coal-derived products. In 15 chapters somewhat more recent work in well-established techniques such as proton and 
r3C NMR, mass spectrometry and gas chromatography are presented along with accounts of work using more specialized 
techniques such as SEM, XAFS, and laser spark emission spectroscopy. Maceral analysis by fluorescence microspectropho- 
tometry forms the subject of one chapter, while another gives an interesting account of the use of computer-enhanced mass 
spcctrometry in the investigation of coal structure. While the overall emphasis in the book is on the organic structure of 
coal, ash analysis and combustion behaviour also receive some attention. 

The standard of presentation in “Advances in Coal Spectroscopy” is generally good, but the literature surveys are by 
no means exhaustive, and the work is essentially a series of individual snap-shots of the topics covered. Its readership, 
therefore, is likely to be drawn from those who are already active in or on the edge of coal chemistry research. At the price 
set it is also likely to be a library purchase. It can be recommended as a moderately useful institutional acquisition. 

W. STEEDMAN 

Electmnrganic Synthesis-Festschrlft for Manuel M. Balzer: R. D. LITTLE and N. L. WEINBERG (editors), Dekker, New York, 
1992. Pages xxxiii + 434. Sl50.00 (US and Canada), $172.50 (elsewhere). ISBN O-8247-8584-3. 

Manuel M. Baizer (19141988) was recognised as the foremost international authority on organic electrosynthesis, and this 
book is a tribute to his memory. The contents comprise the published proceedings of the Manuel M. Baizer Memorial 
Symposium, held as part of the 177th meeting of the Electrochemical Society in Montreal, May 1990. 

However, unlike many conference proceedings in which individual contributions do not always mesh together to give 
a coherent treatise on a particular subject, this book can be viewed as an excellent review of developments across the range 
of organic electrosynthesis. This reflects not only Baizer’s all-encompassing interest in the subject but also the standing of 
the contributors, who represent a world-wide theatre. 

The book is packed with detail, and after a suitable introduction to Baizer’s career and publications enlivened with 
personal anecdotes there are 48 papers grouped into sections. These papers cover an expansive range of topics including 
direct electroreductions and electrooxidations, indirect and mediated systems, modified electrodes, alternative electrode 
materials, biochemical, biomass and natural product systems, mechanistic studies, electrogenerated bases; conducting 
polymers and electrochemical ion-exchange. The editors are to be congratulated on the tight, condensed style of the papers, 
which are well referenced; and many are almost mini-reviews of their topics. This book therefore represents a resume of 
the current state-of-the-art and as such is invaluable to anyone wishing to assess the present situation. 

Baizer’s best-known contribution to the subject was his pioneering work at Monsanto on the commercialisation of the 
electrohydrodimerisation of acrylonitrile to adiponitrile. Since then it is arguable that industrial exploitation of electroor- 
ganic processes has failed to attain hoped-for levels, reflecting the particular difficulty in this discipline of scaling up systems 
that appear promising in the laboratory. Baizer showed that perspicacity and perseverance could overcome these 
developmental problems and it is to be hoped that the contents of this book will attract others to consider this technology. 

This packed little book is not cheap, and it may be that a more lasting monument to Baizer for the general chemist and 
for newcomers to the field of electrochemistry will be his seminal textbook, edited with Henning Lund: ‘Organic 
Electrochemistry’ (Dekker) now in the 3rd edition. However, this Festschrift volume is not only a fitting tribute to a fine 
scientist, but is also a valuable review in its own right. 

D. J. WALTON 

Data Fitting in the Chemical Sci-: P. GANS, Wiley, Chichester, 1992. Pages xii + 258. E29.95. ISBN o-471-93412-7. 

The full title of this book is Data Fitting in the Chemical Sciences by the Method of Least Squares and this conveys a much 
clearer picture of its contents than the shorter title which appears on the front cover. The earlier chapters contain a 
discussion of the application of the method of least squares to both linear and non-linear problems. I was impressed by 
the wide range of different least squares techniques described and with the thoroughness of their presentation. Model 
selection and testing are then considered. The later chapters illustrate the application of these ideas in fitting polynomials, 
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exponentials and various other functions to experimental data. A chapter on Fourier transform techniques is included and 
a rather specialised chapter on least squares interpretation of potentiometric titrations, a topic clearly dear to the author’s 
heart, provides a conclusion. 

The statistical theories which underpin the techniques discussed are presented, but in a rather unsystematic way: 
propagation of error formulas are given in Chapter 2 but the reader is referred to an Appendix for a derivation and the 
Central Limit Theorem makes only a fleeting appearance on page 107. Most readers are likely to apply the methods 
discussed by acquiring a computer program rather than by writing one but there is no guide to selection of suitable routines 
from the large number of program packages now commercially available. Crystallography, something of an adventure 
playground for the least squares specialist, gets only a passing mention. 

I strongly recommend this book to research workers who already have some experience of least squares methods, possibly 
through use of an applications package, and who want a more detailed and wider understanding of what these methods 
can deliver. The complete novice and anyone with a dislike for matrix algebra should look elsewhere. 

K. W. MUIR 

High Performance Liquid Chromatography: Second Edition. S. LINDSAY, Wiley, Chichester, 1992. Pages xxii + 337. Softback 
E17.50, ISBN O-471-931 15-2. Hardback E39.93, ISBN O-471-93180-2. 

The appearance of the second edition of Sandie Lindsay’s text is both timely and appropriate. As part of the Thames 
Polytechnic Analytical Chemistry by Dpen Learning (ACOL) series, this highly revised edition will be welcomed by students 
and practitioners of High Performance Liquid Chromatography. One particularly annoying fault in the first edition-and 
indeed in a number of first edition texts in the ACOL series-the lack of an index, has been rectified. 

For those unfamiliar with the ACOL philosophy, it is “. . . a convenient and flexible way of studying for people who, 
for a variety of reasons, cannot use conventional education courses.” At various stages in the text the reader is asked to 
answer questions, draw graphs or perform calculations. Self assessment questions (SAQs) are also included to enable the 
reader to establish whether or not he or she has understood what has been studied. The author’s response to each SAQ 
is provided at the end of each chapter. Summaries, and lists of objectives respectively keep the reader abreast of important 
points covered, and of goals to be achieved. 

The number of pages has been increased by almost one hundred over the first edition, and the number of chapters has 
doubled from five to ten. More important of course, is the new arrangement and content of these chapters. For example, 
“Columns” and “Detectors” now appear, rightly so, as independent chapter headings. Other new chapter headings are 
“Retention and peak dispersion”, “Solvent delivery and sample injection”, “The mobile phase”, and “Method develop- 
ment”. The tenth chapter is a short one on additional topics such as small bore columns, enantiomer separation, flash 
chromatography, preparative HPLC, SFC, and LC-MS. 

Chapter 6 on “The mobile phase” is particularly useful in that it describes methods (sequential, predictive, iterative) of 
mobile phase optimization in ternary and quaternary systems. This is undoubtedly one aspect of HPLC which has 
progressed considerably since the first edition of this book was published, thanks to advances in computing, and its inclusion 
is not only valuable but essential. Indeed, the important contribution of microcomputers to HPLC is rather underplayed, 
here and in other sections of the book, for example when discussing photodiode array detectors. This, hosvever, is a minor 
criticism. 

The book is well written, is pitched at the correct level for its intended readership, is certainly good value for money, 
and can be thoroughly recommended. 

D.F. RENDLE 
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The earliest successful amperometric gas sensor 
of modern design was the Clark electrode used 
for oxygen determination.‘*2 A detailed descrip- 
tion of various types of Clark electrodes and 
their applications can also be found elsewhere.3A 
While the analytical reactions for many toxic 
gases like SOZ, Cl,, Br,, NO2 and HCN at solid 
electrodes has been known5 practical gas sen- 
sors were not constructed because there was no 
convenient way to package the electrodes and 
electrolytes for field or laboratory use. 

A breakthrough came in the late 60s as the 
result of the development of fuel cell technol- 
ogy. The use of Teflon-bonded noble metal 
catalyzed gas-diffusing electrodes to constrain 
the aqueous electrolytes made modern ampero- 
metric gas sensors possible for a wide range of 
toxic gases. In addition, the use of a Pt/air 
reference electrode by Oswin in 19696 signifi- 
cantly simplified sensor design and led to prac- 
tical field gas sensors for alcohol,’ COtg’O 
nitrogen oxides,‘“v’2 H2S,” and SO I3 that were 
introduced in the 70s. A variety if two- and 
three-electrode amperometric gas sensors were 
introduced during the same period. For 
example, S02,14 H2C0,” ozone,16 cyanide,“,‘* 
ammonia19 and hydrazines22 sensors have been 
addressed, as well as variations on these sensors. 

A combination of the Teflon-bonded gas- 
diffusion electrode and a solid polymer electro- 
lyte (SPE) membrane (e.g., Nafion) was used to 

l Prese.nt address: Dow Chemical Company, Midland, 
MI 48640, U.S.A. 

provide an alternative design for the ampero- 
metric gas sensor. Sensors for H2,23 CO21-25 and 
nitrogen oxides24*25 were introduced and, later, a 
sensor for 02.% Recent studies of the electro- 
chemistry of the SPE system indicate that CO227 
and alcoho12* sensors are possible. 

Amperometric gas sensors with non-aqueous 
electrolytes have been reported for C12? CH430.3’ 
and C02.32*33 Commercial non-aqueous sensors 
have been available since the mid 70s. The 
amperometric gas sensor has seen widespread 
use in industrial hygiene and safety,” environ- 
mental and medical applications, and, recently, 
indoor air pollution studies3’ 

The amperometric gas sensor is often 
described in the literature using terms such 
as polarographic, electrolytic, voltammetric, 
amperometric, or micro-fuel cell. This use of 
diverse and sometimes inappropriate nomencla- 
ture confuses the method of sensor operation, 
the description of the sensor design, and the 
application. Most amperometric gas sensors are 
not polarographic because they do not contain 
a mercury electrode. Many are not electrolytic 
but rather are galvanic cells and none generate 
sufficient power to be called a fuel cell. The 
method most frequently employed in these gas 
sensors is “constant potential amperometry”. 
Therefore, the term “amperometric gas sensor” 
is preferred and it can be modified by an 
appropriate adjective to yield a precise descrip- 
tion of the method of operation of the electro- 
chemical sensor. The name “amperometric gas 
sensor” will also distinguish the “current” 
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measurement from the “potential” measure- 
ment in potentiometric systems and “ampero- 
metric gas sensor” will be used throughout this 
discussion. 

AMPEROMETRIC GAS SENSOR 

An amperometric gas sensor is a device 
designed to measure the concentration of 
gaseous compounds. The gas sensor is an elec- 
trochemical cell and the detection of gases and 
vapors is performed either by electro-oxidation 
or electro-reduction of the compound at an 
electrode surface that is in contact with a liquid, 
solid polymer, or gel electrolyte. Typically, the 
sensing electrode is a noble metal catalyzed 
gas-diffusing electrode which is capable of keep- 
ing the electrolyte in the cell and yet is porous 
enough to allow the gas phase to diffuse to the 
electrode/electrolyte interface. 

By choice of a suitable geometry for gas 
exposure and electrolyte confinement, materials 
for membranes, electrolytes, electrocatalysts, 
and useful operating conditions (e.g., electrode 
potentials and sample flow rates), the sensor can 
be made quite sensitive for a particular gas 
component and quite insensitive to others. 

A potentiostat is usually applied to provide a 
fixed or controlled potential for the sensing or 
working electrode relative to a reference elec- 
trode which is placed in the same electrolyte. In 
a three-electrode system the potentiostat is 
employed to energize and control the electro- 
chemical cell as well as amplify the sensor’s 
signal. The three-electrode configuration allows 
for precise operation even with micro- 
electrodes. The reference electrode is used to 
maintain the sensing electrode at a known elec- 
trochemical potential and must be stable in the 
electrolyte of the sensor. The sensor is designed 
such that the magnitude of the current gener- 
ated by the electrochemical reaction of the 
analyte is directly proportional to the analyte 
concentration in the gas stream being sampled. 
Some work has been performed using the cyclic 
voltammetric technique for gas detection, but 
the success of this approach for gas sensors is 
not well documented.” 

In amperometric gas sensors, a sampling sys- 
tem, usually a pump or diffusion tube, is used to 
transport the reactive gas to the sensing elec- 
trode. A major problem often exists in obtaining 
a representative aliquot of the sampled environ- 
ment so that the observed sensor current has 
analytical significance. It is not critical that 

efficient sampling take place; however, repeat- 
able sampling is required to make the sensor 
signal a meaningful representation of the con- 
centration. 

A membrane is often employed to cover and 
protect the sensing (working) electrode. The 
membrane can also slow the diffusion of 
unwanted gases to the sensing electrode and 
decrease the flow rate dependence of signal 
magnitude. In a number of cases, the rate of 
mass transfer through the membrane is the main 
factor controlling the limiting current output of 
amperometric gas sensors. 

The counter electrode completes the electro- 
chemical cell by performing the half cell reac- 
tion, the nature of which is preferably in 
opposition to the sensing electrode reaction in 
order to minimize net chemical changes in sen- 
sors. Two electrode systems for O2 and CO are 
common and in these sensors the counter (or 
auxiliary) electrode serves as both counter and 
reference electrode. 

The electrolyte should be chosen carefully. It 
must carry the ionic current efficiently, solubil- 
ize the analyte effectively, support both counter 
and sensing electrode reactions, form a stable 
reference potential with the reference electrode, 
and be compatible with the materials of con- 
struction. Sensor signals are often observed to 
decay as electrolytes evaporate. Such instabili- 
ties often can be controlled by a judicious choice 
of the electrolyte and the operating conditions 
of the system. 

SENSOR STRUCTURE 

Figure 1 is a schematic diagram of an amper- 
ometric gas sensor system. The sensor may 
consist of six major parts (see Fig. 1); filter, 
membrane (or capillary), working or sensing 
electrode, electrolyte, counter electrode, and 
reference electrode. Each part of the sensor 
influences the overall performance and analyti- 
cal characteristics of the sensor. Choosing 
appropriate materials for sensor construction 
and selecting an efficient sensor geometry is 
critical to sensor operation. The “minor” details 
of sensor design can have a profound influence 
on the accuracy, precision, response time, sensi- 
tivity, background current, noise, stability, life- 
time and selectivity of the resulting sensor. 
Often the choice of optimum sensor materials 
and geometry for a given application are not 
obvious. 
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1. Gas inlet 5. Sensing electrode 

2. Gas filter 6. Reference electrode 

3. Gas outlet 7. Counter slectmde 

4A. Capillary 8. Electrolyte 

48. Membrane 

Fig. 1. Schematic diagram of the amperometric gas sensor 
system. 

Definite relationships must exist among 
materials of construction, sensor geometry, 
specific electroanalytical method employed, and 
the performance characteristics of gas/vapor 
sensors. However, such relationships are still 
poorly defined. An adequate general model of 
the amperometric gas sensor does not exist and 
guidance in the design and application of these 
sensors is still very much an art.36 Insight into 
the mechanism of the amperometric gas sensor, 
however, can be obtained by examining the 
reactivity of specific sensor systems. 

Various types of amperometric sensor struc- 
tures can be classified in different ways. The 
simplest way would be to classify them as 
two-electrode or three-electrode systems. How- 
ever, such classification gives no insight into the 
nature of the sensing electrode and the main 
process controlling the magnitude of the sensor 
signal. In the following sections, sensor struc- 
tures are classified according to the type of 
sensing electrode employed and the geometry of 
the gas-permeation path and the ion-conducting 
phase (electrolyte). 

Membrane-covered planar electrode system 
(Clark sensor) 

The Clark sensor is the most published and 
widely used membrane-covered planar electrode 
amperometric gas sensor. It usually works as a 
two-electrode system, although three-electrode 
configurations of the same sensor are also 
feasible. 

The Clark sensor was first introduced to 
measure oxygen fugacity in medical appli- 

cations. A schematic diagram of the Clark cell’v2 
is illustrated in Fig. 2. The container houses the 
electrolyte, the cathode, and anode. The exter- 
nal electrical circuit consists of a variable 
voltage source and a current meter to measure 
any current flowing between the two electrodes. 
A gas permeable membrane separates the elec- 
trolyte from the oxygen sample. When the 
cathode is made negative enough with respect to 
the anode (by adjusting the circuit), dissolved 
oxygen molecules at the cathode are electro- 
chemically reduced and a current flows in the 
external circuit. The magnitude of this current is 
a measure of the concentration of oxygen in the 
sampled gas. 

A practical illustration of a typical Clark 
sensor3’ is given in Fig. 3. The membrane fits 
closely over the end of the electrode, leaving a 
thin layer of electrolyte (typically 5 pm-15 pm 
thick) between the cathode surface and the 
membrane. Suitable membrane materials are 
polypropylene, polyethylene, Teflon, or Mylar. 
In general, polypropylene or polyethylene are 
the materials of choice, and the membrane 
thickness is typically 20-25 pm. Both plastic 
membrane materials are good electrical insula- 
tors and their permeability to oxygen is practi- 
cally unchanged in the presence of water 
vapor.38 This makes them ideal in medical appli- 
cations where relative humidities may vary sub- 
stantially from sample to sample. 

The reference/counter electrode in the Clark 
sensor is most frequently a silver-silver chloride 
electrode and the electrolyte is typically a buffer 
solution with the addition of some sodium 
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Fig. 2. The basic outline of an amperometric oxygen cell. 
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1. To current measuring circuit 5. Glass insulating md 

2. Insulating container 6. O-ring 

3. Ag/AgCI reference electrode 7. Plastic membmne 

4. q ectmlyte 8. Pt wim cathode 

Fig. 3. Schematic outline of a practical Clark amperometric 
oxygen cell. 

chloride to stabilize the potential of the refer- 
ence/counter electrode. The electrolyte can be a 
potassium chloride solution and, in industrial 
applications, glycol can be added to reduce the 
possibility of electrolyte freezing. Gelling agents 
(e.g., methacrylate) can be added to enable 
convenient handling of the electrolytes. In medi- 
cal applications, an electrolyte of pH = 7 is 
generally chosen39 and the complete system is 
thermostated at 37” so that the blood-gas p0, 
measurements are made at normal body tem- 
perature.40 

Gas-d@iiion electrode gas sensor system 

Gas-diffusing electrodes used in amperomet- 
ric gas sensor systems are usually’ of the semi- 
hydrophobic type. These electrodes are 
prepared by mixing Teflon emulsion with high 
surface area noble metal catalyst powder, and 
then depositing the slurry on a metal wire screen 
or on the surface of a totally hydrophobic 
porous Teflon film or a hydrophillic SPE mem- 
brane. The resulting gas-diffusing electrode con- 
sists of highly interlocked matrices of gas pores, 
electrolyte channels, electronically conducting 
paths and electrocatalytic surfaces. It is porous 
enough to effect efficient gas permeation, has 
suthcient metal catalyst to be a good electronic 
conductor, and is hydrophilic enough to make 
intimate contact with the electrolyte for ionic 
conduction and electrochemical reactions in- 

volving gases. Gas-diffusing electrodes are es- 
pecially valuable in those cases when the 
kinetics of electrochemical reaction are very 
slow, such as the oxidation of hydrocarbons. 

Free electrolyte sensor. Figure 4 illustrates the 
structure of a gas sensor that uses a Teflon- 
bonded gas-diffusion electrode.” The gas 
chamber that exposes the working electrode to 
the analyte stream allows easy pnuematic con- 
nections for the sample. For convenience, the 
working and counter/reference electrode are of- 
ten positioned vertically and located at opposite 
ends of the electrolyte chamber. The vented gas 
exposure chamber for the counter and reference 
electrode insures a nearly constant reference 
potential, since the counter and reference elec- 
trode reactions may also involve the reaction or 
production of a gas, such as the evolution or 
reduction of oxygen. In other cases, metal/metal 
oxide (such as Pb/PbO) or metal/metal halide 
(such as Ag/AgCl) electrodes are used as coun- 
ter and reference electrodes, and a gas-diffusing 
electrode is employed only as the sensing elec- 
trode. The primary reasons that the Pt/Air 
reference electrode is used in most industrial 
sensors are that: (1) it is a convenient size, (2) 
can be made rugged (no glass), and (3) its 
reference potential (about 1 .O V vs. NHE), even 
though not reversible, is stable (constant) 
enough to be used as a reference electrochemical 
voltage for the three-electrode sensor! The fully 
enclosed Pb/PbOz electrode may come close to 
these features but is consumed during operation 
and therefore, not catalytic. 

One of the principal benefits of the free 
electrolyte sensor is the high buffering capacity 
of the electrolyte, which helps to keep the 
composition and pH value of the electrolyte 

1. Main comportment 7. Gas chamber for working 

2. Solution inlet electmde 

3. Working electrode 8. Gas inlet 

4. Reference electrode 9. Gas outlet 

5. Counter electrode 10. Gas chamber for countsr- 

6. Solution resarvar reference electmdes 

11. Cover 

Fig. 4. Basic sensor design. 
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nearly constant over a long period of continu- - (CF2CF2,,- CF - CF2- 

ous operation. In addition, the position of the I 
“three-phase boundaries” within the gas-diffus- 0 - (cF2~~~)nc~2c~~oji 

ing electrode are more stable when the latter is 
I 

in contact with the free electrolyte. However, 
CF3 

localized changes at the sensing electrode m - 5-12 

(dehumidification, carbonization, pH change, 
Ew - 1100-1500 

etc.) may still occur in pores adjacent to the 
Fig. S(a). Structural formula of Nafion (1000 series). 

gas chamber. Carbonization of alkaline electro- 
lyte is especially harmful since precipitation some form of current collector attached to the 
of crystallites of carbonates not only weaken 
the hydrophobic character of the electrode, 

Nafion substrate using heat or chemical bond- 

but also form crystals that pierce it. Therefore, 
ing techniques. The specific design [see 

the long-term performance of sensors employ- 
Fig. 5(b)], construction, and performance of 

ing gas-diffusion electrodes is usually better 
the Nafion system have been described in the 
literature.“*2s*4’ 

when an acidic or neutral salt electrolyte is 
used. 

Apparently, a good contact between catalyst 

Solid polymer electrolyte (SPE) sensors. A 
particles and the “solid” polymer membrane is 

problem of the free electrolyte sensor is possible 
vital to the performance of the electrode. The 

electrolyte leaks. Attempts to by-pass this situ- 
contact area could be improved either by im- 

ation include stabilization of the electrolyte in 
pregnation of the catalyst layer with a Nafion 

various porous matrices or gels. By far the most 
solution,42*43 or by in-situ formation of crystal- 

successful attempt seems to be the use of a solid 
lites of a noble metal catalyst within the surface 

polymer electrolyte (SPE) membrane for the 
layer of the membrane.- The noble metal 

electrolyte and the Nafion membrane is com- 
catalyst/Nafion membrane interface is chemi- 

monly employed for this purpose.24*2S,4’ 
cally very stable, which seems to be the main 

Nafion is a copolymer of polytetrafluoro- 
reason for the long-term stability of some sensor 

ethylene (PTFE) and polysulfonylfluoride vinyl 
designs employing a Nafion membrane. How- 

ether containing sulfonic acid groups. The sul- 
ever, the water content of the membrane must 

fonic acid groups are chemically bound to the 
be carefully controlled in order to avoid drown- 

perfluorocarbon backbone as illustrated in 
ing or drying-out of the electrode-membrane 

Fig. 5(a). 
assembly. Under- or over-humidification will 

The equivalent weight (EW) of an ion- 
not only influence the ionic conductivity of the 

exchange resin is defined as the weight of resin 
SPE membrane, but also affect the coverage 

which neutralizes one equivalent of base. Ion 
and thickness of liquid film on the surface of 

exchangers are also characterized by their ion 
the catalyst, resulting in deterioration of the 

exchange capacity (IEC) and the IEC is given by 4A 

the milli-equivalents (meq) of sulfonic acid/dry 
weight of membrane. The relationship between I 

I 
I I 

IEC and EW can be expressed as: 1 

--- 

IEC = lOOO/EW 

Generally, IEC is determined by titration of 
the resin with base and measurement of the 
gravimetric weight. Upon exposure to water, \ I 

the sulfuric acid groups are solvated, the mobil- 
ity of proton is enhanced, and the Nafion 

8 

becomes a good proton conductor, i.e., an 1. Co* inlet 5. Nation 

acidic electrolyte. 2. 908 filter 6. counter electrode 

In the Nafion electrolyte sensor design, a thin 3. Gas outlet 7. Reference electmde 

Nafion solid polymer film is used both as the 4A. Capillary 9. Water m8.9fvoir 

electrolyte and as a support for the electrode 48. Msmbmne 
9. knring electmde 

structure. The electrodes can consist of high Fig. 5(b). Schematic diagram of sensor using a thin sheet of 
surface area metal powder together with Nafion as the electrolyte. 
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analytical characteristics of the sensing elec- 
trode. Usually, a water reservoir, as shown in 
Fig. 5(b), can insure a constant humidification 
of the system. 

BASIC OPERATING MECHANISM OF THE 
AMPEROMETRIC GAS SENSOR 

General mechanism of electrochemical gas re- 
actions 

The response of an amperometric gas sensor 
can be described by the following eight steps in 
light of the Fig. 1 schematic: 

1. Introduction of the gas or vapor phase 
compound to the sensor through the filter. [The 
filter can act to enhance the selectivity of the 
sensor system by removing unwanted electroac- 
tive contaminants and protect the sensing elec- 
trode from particulate contamination.] 

2. Transfer of the reactant from the gas 
chamber to the back of the sensing electrode 
and diffusion to the gas/electrolyte interface. 
[Laminar flow characteristics dominate in gas 
chambers of typical geometries. There may be a 
membrane or capillary somewhere between the 
gas chamber and the electrode, and transfer 
across the membrane or capillary is usually 
characterized as a diffusion process.] 

3. Dissolution of the electroactive species in 
the electrolyte. [Rate of mass transfer across the 
gas/liquid boundary and solubility of the gas in 
the electrolyte can affect sensor sensitivity and 
response time.] 

4. Diffusion of the analyte to the 
electrode/electrolyte interface (in the liquid 
phase). 

5. Adsorption onto the electrode surface. 
6. Electrochemical reaction. 
7. Desorption of the products 
8. Diffusion of the products away from the 

reaction zone to the bulk of electrolyte or gas 
phase. 

Any of these steps can be rate limiting, thus 
determining the ultimate response character- 
istics of the amperometric sensor. The par- 
ameters that most frequently influence the 
observed analytical characteristics of a sensor 
include: sample flow rate, working electrode 
composition, type and amount of electrolyte, 
membrane porosity and permeability, and the 
electrochemical potential of the sensing elec- 
trode. By controlling these parameters, the sen- 
sor engineer can often achieve the desired 
and/or optimum sensor response characteristics 
for a particular compound in a given situation. 

Steps 5, 6 and 7 in the proposed mechanism 
are especially important since they involve the 
electrocatalytic phenomena. It is often appro- 
priate to consider steps 5,6 and 7 as a single but 
rather complex electrocatalytic event. The pre- 
cise mechanism of the electrochemical process 
can be worked out by careful analysis of the 
transient and steady-state current response and 
the build-up of intermediate and final reaction 
products. The response of an electrode may also 
be complicated by electrode poisoning processes 
and/or auto-catalytic reactions (observed as a 
change of steady-state signal response time and 
magnitude). 

In addition, the electrochemical reaction mech- 
anism may change with sensor operating con- 
ditions. For example, at low analyte sampling 
rates, the sensor may electro-oxidize all of the 
available analyte and act as a coulometric device 
being limited by the supply of analyte. Con- 
versely, at high analyte flows, diffusion through 
the electrolyte may limit response; and at low 
electrocatalytic activity, the rate of reaction at the 
electrode surface may limit the observed current 
(i.e., signal). Before an appropriate model can be 
developed for the sensor, the nature of the 
rate-limiting step must be determined. 

Theory of the limiting current: steady-state 
sensor response 

It is usually preferable that a sensor works in 
the “limiting current region” in which the 
magnitude of the sensor signal is practically 
independent of the electrode potential. In the- 
ory, the limiting current region can be achieved 
in any case when the rate-limiting step is a step 
prior to electron transfer. In sensor design, 
diffusion-limited current operation is by far 
the most commonly employed for analytical 
applications in the field. 

There are several possibilities for realization 
of diffusion limited current. First, the rate of 
electrode reaction may be limited by the rate of 
diffusion through a membrane or a capillary 
which is placed somewhere between the gas 
stream containing the analyte and the catalyst 
layer of the electrode. The limiting current, iti,,,, 
(not current density), according to equation (1) 
can be written as 

nFD, AC: 
lbm = 

6 (1) 

where n is the number of electrons involved in 
the electrochemical reaction per molecule of the 
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diffusing species, F is the value of the Faraday, 
A is the effective area of the membrane or the 
cross section of the capillary, and S is the 
thickness of the membrane or the length of the 
capillary. The diffusion constant also represents 
the gaseous diffusion constant for s in the 
medium of the membrane or capillary. 

Second, the current can be limited by the rate 
of diffusion across the diffusion layer in sol- 
ution. An expression similar to equation (1) can 
be used to calculate the current. However, in 
this case A in equation (1) is the effective surface 
area of the electrode, D, is for diffusion of s in 
solution, and 6 is the thickness of the diffusion 
layer in solution at the electrode surface (this 
is the typical interpretation of Fick’s equation in 
polarography). 

There are other ways to realize a potential 
independent limiting current which is not gov- 
erned by the diffusion process. The current may 
be limited by transport to the sensor from the 
outside world. In this case, 100% of the elec- 
troactive species that enters the gas sensor reacts 
and the limiting current is related to the sample 
in a “coulometric” way. This method of 
sensor operation has been used successfully to 
determine the electrochemical characteristics for 
several gas sensor reactions.gA7s48 

If the rates of diffusion processes are much 
faster than the rate of reaction at the electrode 
surface, then the current is controlled by the rate 
of the electrode kinetics. In this case an ex- 
pression for the current will take the form 

i = nFKA [P]“[Q 1”’ exp(anF/RTq) (2) 

where K represents the standard rate constant, 
n and m represent the order of the reaction for 
concentration of reactants P and Q respectively, 
a and q are the transfer coefficient and over- 
voltage of the electrode reaction. This behavior 
has been observed for an NO, gas sensor with 
a very low surface area electrode4g in acid 
electrolyte. 

Theoretically, the above model has several 
interesting consequences. If the kinetics of 
transport of reactant to the electrode surface (up 
to step 5) are significantly slower than all other 
steps, the limiting current should be potential 
independent. Conversely, a strong potential de- 
pendence should be observed for sensors 
wherein the electrocatalytic reaction limits the 
observed current and this “electrode-reaction” 
limited sensor should produce limiting currents 
that are independent of external events such 
as analyte flow rate. These predictions have 

been recently confirmed for the electrochemical 
reaction on NO, at a gold electrode in acid 
electrolyte.4’ 

To appreciate the differences in the limiting 
current mechanisms, it is useful to discuss 
specific sensors and several are presented in the 
following sections. 

The Clark cell (oxygen sensor) 

The Clark oxygen gas sensor is probably the 
most widely used, most thoroughly studied, and 
best characterized of the amperometric gas sen- 
sors. Figure 6 represents the one-dimensional 
model, showing the transport of oxygen from 
the sample (concentration C,) to the cathode 
surface of a Clark sensor. Assuming an even 
distribution of current density at the electrode 
surface, it is easy to prove that the steady-state 
limiting diffusion current density at the cathode 
of the Clark sensor can be expressed as 

Jim = C1 /&n(m) + l l4imJ ’ (3) 

where Itic,,,, and Itim represent the limiting 
diffusion current densities across the membrane 
(m) and thin electrolyte film (1) respectively: 

4im(m) = 
nFD, C,,, 

4ll 

nFD,C, 
4im(m) = ~ 

4 

where 6, and 6, represent the thicknesses of 
membrane and electrolyte layer respectively, 
and subscripts “m” and “1” are used to denote 
parameters D and C in different layers. 

Zb in equation (3) may be predominantly 
determined by either Z,iimcm, or Zrmc,, if one of them 
is significantly smaller than the other. In most 
sensor designs found in industrial applications, 

Cathode Electrolyte Membrane 

% 

Drll 

Sample 

C, 

x=-d, x=0 X=d, 
Fig. 6. The one-dimensional diffusion model, showing the 
transport of oxygen from the sample (concentration C,) to 
the cathode surface, where it is electrochemically reduced. 
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the rate of mass transport across the membrane 
is the limiting factor, and Ilimo, > Z,im(,,,j. 

Mancy et al.% have provided a comprehensive 
solution for the E vs. t behavior of this sensor 
by solving the transient form of Fick’s law of 
diffusion for the system shown in Fig. 6. The 
main conclusions of their work can be summar- 
ized as follows. 

Within a very short time interval after the 
start of polarization, diffusion’in the electrolyte 
layer alone is rate limiting and the current 
density at the cathode is given as: 

x[l+2$,exp(s)] (6) 

where K, is the distribution coefficient for 
the electrolyte-membrane interface, and Kb is 
the distribution coefficient for the sample- 
membrane interface. 

Since typically 6, is about 10 pm and D, is 0.1 
m’/sec, equation (6) will only hold for t < 0.1 
set, since the diffusion layer must be confined to 
the electrolyte film. In this short initial time 
interval (t < 0.1 set) the exponential terms in 
equation (6) can be neglected, so we have 

After that short initial time interval, the diffu- 
sion layer enters the membrane and, if we 
assume S,f,/D,,, >> SJ JO_ the rate of mass 
transfer within the membrane will soon turn out 
to be the predominant rate limiting step and the 
current density equation becomes 

I/Z 

x[l+2z,exp(z)r (8) 

This equation can be reduced to a simpler form 
by noting that typical values for 6, and D, are 
~20 pm and 10e3 m’/sec, respectively. Thus, 
for t c 10 set, 

Because, in both cases, it is diffusion transport 
alone which controls the magnitude of the ob- 
served current density, equations (9) and (7) are 
similar. 

At longer time intervals, the diffusion layer 
will spread into the membrane layer, approach- 

ing the outer face of the membrane. Under these 
conditions, the current density is given by 

Z = nFK,,C8$-’ 
m 

x[l+2!,exp(-*)] (10) 

After 20 or 30 set, the exponential term becomes 
negligible and equation (10) reduces to steady- 
state current density: 

z= 
nFK,, C, D, 

4n 
(11) 

which is the same (c,,, = KbCJ as equation (4) 
since only transport in the membrane is of 
importance. 

Other investigators have developed models to 
explain the precise shape of the i vs. E behavior 
of the Clark oxygen gas sensor. MochizukP 
developed a much simplified one-dimensional 
model which included a reaction rate term to 
describe the destruction of oxygen at the 
cathode surface. HahnS2 further developed this 
model to include not only one-dimensional but 
spherical and cylindrical coordinate steady-state 
geometries. Using this approach, Hahn was able 
to produce oxygen concentration profiles in the 
electrolyte and membrane layers as well as at the 
cathode surface at various polarizing voltages. 
A complete representation of the theroetical i vs. 
E behavior was obtained in this manner and 
compared well with experimental observations. 

However, the basic assumption of the one- 
dimensional model, i.e., uniform distribution of 
current density at the surface of the sensing 
electrode, could hardly be totally realized at 
Clark electrodes of practical size. If the diameter 
of the electrode exceeds l-2 mm, lateral ionic 
conduction through the thin electrolyte film and 
removal of reaction products from the central 
part of the electrode would be difficult, so the 
current density near the center of the electrode 
could be lower. On the other hand, for very 
small electrodes, the “edge effect” can enhance 
the rate of mass transfer at the periphery of the 
electrode. Limiting current density at an elec- 
trode with a radius smaller than 100 pm can be 
significantly higher than that predicted by the 
one-dimensional model.5S5s 

Sensors using gas-d@wion electrodes 

Analysis of the polarization behavior of gas- 
diffusion electrodes has been performed.56*57 
When a diffusion barrier (membrane or capil- 
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lary) is placed somewhere between the gas 
stream and the catalytic layer of the gas-diffu- 
sion electrode, potential independent limiting 
current may appear if the kinetics of the electro- 
chemical reaction are much faster than the rate 
of mass-transfer through the diffusion barrier. 
Such a diffusion barrier can make amperometric 
sensors more stable. If the reaction is fast over 
a range of potentials, no potential control is 
required in the gas sensor. A simple two- 
electrode system provides adequate analytical 
performance because, even though the thermo- 
dynamic potential can drift during sensing, no 
change in the analytical signal (the steady-state 
current) is observed. When the electrode re- 
action is slow, the potential of the sensing 
electrode must be precisely controlled (as in the 
three-electrode system) to avoid drift in the 
sensor current. 

The gas-diffusion electrode can be an efficient 
electrochemical device and, often consumes a 
significant portion of the gaseous reactant by 
Faradaic reaction. When this condition exists, 
the ma~itude of the sensor’s signal will vary 
with the flow-rate (or input) of the gas stream. 
Sedlak and Blurtong studied the limiting current 
in a three-electrode amperometric gas sensor by 
measuring the flow rate dependence of the sen- 
sor signal for carbon monoxide at various con- 
centrations. They reported an empirical analysis 
of these data that included consideration of 
both the mass transfer and electrochemical pro- 
cesses occurring in the gas sensor. The overall 
mass transfer equation for the electrochemical 
reaction in the sensor was given as: 

de 

z=- 
v dc 

0 s dx 
-k b”dr 

6t 
(12) 

where c denotes the concentration of reactant, V 
represents the linear velocity of the gas stream, 
and k is the overall rate constant for transfer of 
reactant to the catalytic electrode. The first term 
on the right hand side of equation (12) refers to 
the convectional transport of the gaseous ana- 
lyte and the second term refers to (“unsteady- 
state”) mass transfer of gaseous reactant 
through the electrode and membrane structure. 
The solution to this differential equation for a 
gas path geometry as defined in Fig. 7 is given 

c(x, t) = c’[l - exp( - at)] 

x exp[(L - k)whx/G] (13) 

where co denotes the initial concentration of the 
reactant, 2 is a time constant arising from 

TAL 40/4-B 

t 

Fig. 7. Schematic of gas pathway in sensor. The gas- 
diffusion electrode is placed at downside of the box. 

solution of the continuity equation, and G is the 
volumetric gas flow-rate (G = whV). 

Faraday’s law must apply to the sensor cur- 
rent (if no gas losses or side reactions are 
assumed to occur in the sensor and the effect of 
build-up of concentration in the gas chamber 
can be ignored), then the observed current, i, is 

i(t) = -(nJ’G/UfC(L, 2) - C(W)] 

and 

i(t) = (nFC*F/V)[l - exp(A - t) 

x (1 - exp[(l? - k)whl/GJ)] (14) 

The steady state value of i is attained at 
sufficiently large values of L t: 

i = (nFC”G/V) 

x (1 - exp[(l - k)whL/G]) (15) 

Equations (14) and (15) were sufficient to de- 
scribe the experimental data that they reported 
but the physical significance of the constants is 
not entirely clear. This approach does not offer 
a plausible mechanism of response. Critical 
examination of these data can be revealing. 

Figure 8 (curve a) shows a response time 
curve for 48 ppm CO using a flow rate of 
700 cm3/min. As predicted by equation (1 S), the 
sensor signal increases with time to a steady- 
state value at large values of t. Figure 8 (curve 
b) shows the current decay with time after the 
CO analyte flow through the sensor had ceased. 
The rapid return of the current to zero supports 
the ~s~ption used in the derivation of 
equation (16) that all the CO migrating through 
the porous electrode is electro-oxidized. Curve 
(c) illustrates the data for a curve plotted in the 
form -log(l - i/i& us. t. The slope of this plot 
equals A. The values calculated from these data 
gave 1= 0.18 f 0.02 set-’ for 300 < G < 1500 
cm3/min. Similar semi-logarithmic plots were 
obtained with the current decay results and they 
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Time, t. (WC) 

Fig. 8. Sensor response characteristics: (a) I/Cm vs t(w) 
for signal rise; (b) I/Ilim vs I (set) for signal decay; 
(c) -log(l - I/Ilim) vs I (set) for signal rise. Him: limiting 

current. 

gave a value of I = 0.16 k 0.02 set-’ in the same 
flow-rate range. Thus, the time constants for rise 
and decay of the sensor signal are essentially 
equal and are independent of flow rate support- 
ing the first order response model for the transi- 
ent current. 

Sedlak and Blurton’o also measured current 
us. flow rate behavior for 39 ppm NO and 
compared the current to the theoretically pre- 
dicted values (if 100% oxidation of analyte in 
the electrode is assumed for all flow rates). It 
follows from equation (15) that, as G + 0, 

lim(i/G) = nFC”/V (16) 

Thus, as the flow rate is decreased, a point is 
reached at which all of the NO entering the 
sensor reacts. Therefore, current measurements 
at very low flow rates permit calculation (or 
estimation) of Co at known n or n at known C” 
(concentration). Notice that equation (16) de- 
scribes the analyzer current only when oxidation 
or reduction of the sample gas is obtained with 
“perfect” Faradaic efficiency. This method has 
been used to determine “n” for several gaseous 
reactions”*” using an amperometric gas sensor. 

At the typical flow rates used in the ampero- 
metric gas sensor, coulometric reaction 
efficiency is rarely achieved and sometimes as 
little as 2% of the gas is reacted during its 
passage through the gas sensor. However, the 
fraction of analyte reacted in the sensor is 
always constant as long as conditions (e.g., 
flowrate, geometry, potential, etc.) are held 
constant. One need not achieve quantitative 

reaction to use the sensor as a quantitative 
analytical tool. However, suitable calibration of 
the steady-state current must be performed reg- 
ularly, since the performance of the gas-diffu- 
sion electrode can change gradually with time. 
These changes may be due to losses in electro- 
catalyst activity, electrolyte concentration 
changes or contamination, or even clogging of 
the pores of the gas porous diffusion membrane. 

For many gas sensor designs, it is reasonable to 
assume that all of the analyte entering the electro- 
lyte is consumed with Faradaic efficiency and the 
current is limited by mass transport of gas across 
the membrane separating the gas sample chamber 
and the electrode/electrolyte interface. This was 
comirmed by several studies of CO, NO,, 
and hydrazine reactions and the “coulometric” 
characteristics of the “steady-state” current was 
observed during sensor operation.2’*47~48 

Equation (16) can also be used to describe the 
mass transport limited response of the solid 
polymer electrolyte sensor. However, if the sur- 
face reaction of analyte is slow or the effective 
surface area of the electrode is small, then the 
response of the electrochemical sensor will be 
limited by the rate of the electrocatalytic (elec- 
trode) reaction and the observed limiting cur- 
rent will be proportional to the surface area of 
the electrode. In this case, equation (16) will be 
inadequate to describe the flowrate us. i and i us. 
concentration behavior of the sensor. 

Low surface area Au electrodes have been 
examined for an NO2 reduction reaction.” The 
limiting currents were compared to a high sur- 
face area Au electrode. The i us. E behavior was 
different for these two different surface area 
sensing electrodes. The results illustrated that 
the observed current is limited by diffusion to 
the high surface area electrode. At the low 
surface area electrode, the observed current is 
dependent upon the rate of the electrochemical 
reaction at the electrocatalyst surface, and in 
this case: 

&i, = K[NO2l[O2lP 1 (17) 

where A is the surface area of the catalyst. 
Equation (17) is a typical expression of the 
kinetics of a chemical reaction and K is the 
Arrhenius constant and contains the tempera- 
ture dependence of the reaction. 

Concluding remarks on limiting currents and 
sensor models 

An accurate model of sensor response should 
include the ability to describe all of the obser- 
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vations in all regions of sensor ~rfo~an~. 
Such a model does not yet exist. However, it is 
clear that the signal (time dependent and steady- 
state parts) of any gas sensor is limited by either 
Fickian diffusion, membrane mass transport 
(permeation and/or diffusion), or the kinetics of 
the electrocatalytic process. Each of these can be 
viewed as a “resistance” to current passage that 
must be overcome to generate the observed 
sensor signal. The controlling resistance for the 
system can then be expressed as follows: 

l/R(s) = l/R(d) + l/R(m) + I/R(k) 118) 

where R(s) represents the system resistance, 
R(d) is diffusion resistance, R(m) is membrane 
(electrolyte solubility and mass-transport) re- 
sistance, and R(k) is the resistance of the elec- 
trocatalytic reaction. 

Equation (18) allows for any of the processes 
to be dominant and ultimately control the rate 
of the reaction in the sensor. Each of these terms 
may be expressed in terms of the parameters 
previously described for the sensor current. 

Usually, all the R(d), R(m) and R(k) terms 
are inversdy proportional to the concentration 
of reactant C”, so the reciprocal of the resultant 
resistance R(s)-’ is directly proportional to Co. 
Therefore, linear response to the concentration 
of reactant could be realized regardless of 
whether the kinetics of the electrode process is 
controlled by a single step or controlled simul- 
taneously by several steps. However, it would be 
much easier to design and predict the sensor 
response under various circumstances if the 
kinetics of the sensing electrode is governed by 
a single step, wherein the rate of that step is 
independent of the electrode potential. 

APPLICATIONS AND EXAMPLES OF 
AMPEROMETRIC GAS SENSORS 

Amperometric gas sensors have been used to 
design instruments for chemical detection, and 
a wide variety of both portable and fixed-site 
toxic gas monitors are now comme~~ly avail- 
able. These inst~en~ have found appli#tions 
in monitoring industrial atmospheres, medical 
gases, compressed air lines, process streams, and 
pipe line gas. Gas chromatographic instrumen- 
tation, ventilation controllers, energy manage- 
ment systems, environmental pollutant control 
equipment, chemical research instrumentation, 
and analytical laboratory gas analyzers also 
utilize amperometric gas sensors. The sensors 

are found everywhere from space shuttles to the 
rim of volcanoes. 

The practical capabilities of some present day 
industrial electrochemical gas sensors are sum- 
marized in Table 1. The first sensors were 
developed for the more common atmospheric 
pollutants namely CO, NO, N02, Hz!4 and SOz. 
Sensors have also been developed for some 
special cases such as the hydrazines,20*2’ C&,29 
CH,,* O,r6 and alcohol,’ and, of course, the 
medical application for the detection and 
meas~ement of N,0,“*5s*59 Or, CO22 and 
CHCIBICF,?~ Table 2 lists several classes of 
compounds which have been analyzed in real- 
time using commercially available electrochemi- 
cal sensors and associated instrumentation. 

Commercial instrumentation with ppm-level 
sensitivity has already been developed for the 
detection and measurement of CO, NO, H$, 
SOr, 02, N2H4, (CH,)N,H, and (CHr)2N& 
Other candidates for analysis by amperometric 
gas sensors (many of which have been per- 
formed) include all el~tr~he~~lly active 
compounds like acetylene, alcohols, aldehydes 
(acetone), phosphine, arsine and phosgene. 
These compounds are often encountered as 
interferences on present day commercial 
instruments. 

The application of amperometric sensors has 
been extended to compounds (like benzene, 
methane, pyridine, and trichloroethylene) elec- 
trochemically inactive at the potentials tra- 
ditionally used in gas sensors.” Thus, the 
ultimate applications are only limited by the 
ima~nation of the analyst. However, the ana- 
lytical characteristics of each indi~d~l sensor 
will determine the ultimate success of the 
specific application. Analysis for selected com- 
pounds has been extended into the ppb 
range. 10.1129,35,41,49,60 

Examples of the electrochemical reactions 
that are used as the basis for analyzing gases in 
amperometric sensors are given in Table 3. 
Reactions for NO,, N,O, CO* and Oz analyses 

Table I. Exemplary capabilities of eiectrochemical detectors 

Approved 
Detection Gas/vapor detection 
principle measured level (ppm) Ref. 

Constant potential co l-3ooo 8 
Amperometry NO l-loo 

NO2 l-500 : 
HS I-5000 14 
SO2 l-loo 
Cl, 0.1-50 :; 

MMH 0. I-500 20,21 
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Table 2. Classes of gaseous compounds analyzed amperometrically 

1 Hydrocarbons and 
carbon/oxygen compounds CO, CO,, C,H,, C,H,OH, Et0 

2 Oxides of nitrogen NO, NO,, N,O 
3 Sulfur compounds H,S, CH,SH, qH,SH, SO, 
4 Reduced nitrogen NH,, N,H,, (CH,)N,H,, (CH ) N H 27 2 , 
5 Other o,, H,, Cl,; or, FH,,-A&, HCN: CH~B~CF, 

are electrochemical reductions while the other 
examples utilize electro-oxidation to produce 
the analytical signal. The complementary reac- 
tion at the counter electrode with oxidation at 
the working electrode is typically oxygen re- 
duction: 

02+4H+4e- =2H,O 

while the reverse reaction may occur at the 
counter electrode during reduction reactions of 
analyte at the sensing electrode. The cell reac- 
tions and specific mechanism are not well 
defined for all sensor systems and this is an area 
that requires study in the future. 

ANALYTICAL CHARACTERISTICS OF SPECIFIC 
SENSOR SYSTEMS 

The amperometric sensor requires only small 
amounts of power and is relatively small. This 
makes it ideal for portable and fixed-site analyzer 
applications. The four characteristics that limit 
the successful application of the amperometric 
gas sensor technology are: (1) stability of the 
electrochemical system with time and with en- 
vironmental fluctuations, (2) the response time, 
(3) the specificity or selectivity (i.e., degree to 
which one reaction occurs relative to the others 
which occur in the same sensor), and (4) the lower 

detection limit [i.e., signal to noise (S/N) and/or 
signal to background (S/BKG) ratio]. The fol- 
lowing discussion addresses the relationship be- 
tween the desired analytical characteristics and 
sensor design as well as suggesting ways that have 
been used to overcome sensor limitations. The 
response time of the sensor has been discussed in 
previous sections. 

Lower detection limit 

The lower detectable limit for a particular 
gaseous compound is related to several factors 
including mass transport of the compound 
within the detection system, electrocatalytic ac- 
tivity (the catalyst material, form, and potential 
of operation), Faradaic equivalents per mole 
transferred during reaction, analyte solubility 
and mobility in the electrolyte, the physical 
geometry of the sensor, and the “method” of 
operation (including semipermeable membranes 
or filters). It is the optimization of these par- 
ameters which leads to the maximum S/N for a 
given analytical system. 

Sensitivity is typically not limited by the 
Faradaic or electrocatalytic signal. For 
example, using Faraday’s law [equation (16)], 
the current achieved (i.e., sensitivity) by reacting 
a one ppm CO/air mixture at 1% efficiency in a 

Gas 
analyzed 

Table 3. Examples of amperometric gas sensor reactions 

Electrochemical 
reaction proposed Electrocatalyst Ref. 

NO, 

co 

H* 

MMH 

NO 

0, 

CO, 

N,O 

NOz+2H+ +2e 
=NO+H,O 

CO + H,O 
=C02+2H+ +2e 

8 H, + 4H,O 
= 8 O:- + lOH+ + 8e 

(CH,)N,H, + 40H - 
= CH,OH + N, + 3H,O + 4e 

NO + 2H,O 
=NO:-+4H+ +3e 

l/2 Or+2H+ +2e 
= H,O 

CO, + H,O + 2e 
=HCOC- +O-H- 

N,O + Hz0 + 2e 
=N.+220H- 

Au 60 

Pt 8 

Au 14 

Au 21 

Au 61 

Au, Ag, pt 62,63 

Ag 32,33 

AgJ’t 33,59 
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gas stream of 600 cm3/sec would be cu 1 PA. 
Clearly, a current of 1 PA can be easily 
measured with existing electronic capabilities. 
However, the background current and fluctu- 
ations thereof cause most sensors to have a 
detection limit in the low ppm range. Thus, the 
practical lower detection limit for most sensors 
is the relatively large magnitude of the back- 
ground and noise current and not the size of the 
signal. 

The possible causes of background current in 
amperometric gas sensors can include: 

1. impurities in the electrolyte such as traces 
of dissolved oxygen, and/or slow oxidation or 
reduction of solvent at the sensing electrode, 
such as the slow evolution of hydrogen or 
oxygen from an aqueous solution, 

2. corrosion of the electrode, such as the slow 
growth of the oxide layer on the surface of a 
noble or passivated metal electrode catalyst in 
the anodic potential range, and 

3. diffusion of the reactant or reaction prod- 
ucts from the counter electrode, such as the 
diffusion of dissolved peroxide toward the sens- 
ing electrode from an oxygen-reducing counter 
electrode. 

Lower detection limits for current ampero- 
metric gas sensors has been extended to ppb 
levels for certain analytes like N0,,‘“*3’“‘*49~60 
C12,29 and H$.” 

Selectivity 

Typically, ppm levels are easily analyzed 
by an amperometric gas sensor. Interferences 
can be generally kept to an acceptable level 
either by selecting the proper electrocatalytic 
conditions or by using a selective adsorbent in 
the instrument inlet to remove undesirable elec- 
trochemically active contamination. The selec- 
tivity of amperometric gas sensors can be 
improved by careful manipulation of thermo- 
dynamic and/or kinetic reaction parameters. 
Examples have been discussed8*” and a brief 
example is offered here. Carbon monoxide oxi- 
dation occurs on a platinum electrocatalyst at 
0.9-1.5 volts vs. NHE. However, the CO reac- 
tion proceeds 100 to 1000 times slower on a gold 
electrocatalyst. On the contrary, H2S reactivity 
is high for both Au and Pt electrocatalysts. 
Thus, H2S can be monitored even in the pres- 
ence of CO by using a gold electrocatalyst. This 
is an example of kinetic selectivity. The NO 
oxidation reaction on gold does not occur at 
potentials below about 1.0 volt vs. NHE, but 
NOz can be reduced at potentials about 0.8 volts 

vs. NHE. Thus, NO* can be detected even in the 
presence of NO using a gold electrocatalyst 
operated at 0.8 volts v.r. NHE. This is an 
example of thermodynamic selectivity with the 
constant potential amperometric gas sensor. 
Favorable kinetics or thermodynamics are the 
only two sources of inherent sensor selectivity. 
All methods of achieving selectivity can be put 
into these categories except those involving ex- 
ternal devices (e.g., pie-filtration or pre-treat- 
ment of the gaseous analyte prior to sensor 
entry). 

Precision and accuracy 

The accuracy of amperometric gas sensors is 
typically limited by the preparation of standards 
while the precision is a function of the operating 
conditions, the concentration of analyte, and 
the care taken by the operator. 

In field monitoring situations there is often 
no opportunity for repeat readings and, indeed, 
the sensor must often operate unattended gath- 
ering data over a long period of time. Instru- 
ment precision must be known in order to 
quantify the analyte and assess the reliability of 
each independent measurement. The precision 
of amperometric gas sensors for a variety of 
gases has been evaluated and for signals that are 
IO-100 times larger than the background cur- 
rent, precision is typically within 1% of the 
signal.7*1 IJO 

The accuracy of an individual datum point is 
often limited by the ability to calibrate the 
instrument. Calibration is achieved when an 
unambiguous relationship between the instru- 
ment signal and the actual gas concentration is 
established. For an electrochemical sensor sys- 
tem we may assume that the response vs. con- 
centration function is linear (if the sensor 
materials and geometry are properly chosen) 
over about two orders of magnitude. Typical 
least squares representations of signal vs. con- 
centration data produce nearly ideal slopes and 
intercepts with correlation coefficients of near 
unity.s’*61 

The range of linear response of the sensor 
varies with the particular gas or vapor being 
monitored. In most cases linear response is 
observed in the low ppm range and may extend 
to as high as 5000 and 10,000 ppm. For 
example, the linear response of a hydrogen 
sulfide sensor was evaluated” in the concen- 
tration range O-O.277 ppm and O-153 ppm and 
the signal is directly proportional to the H2S 
concentration. 
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Often determinations of linearity are limited 
by the ability to synthesize an accurate cali- 
bration for gas mixtures. For highly reactive gas 
mixtures such as hydrazine, it is difficult to 
prepare an accurate gas mixture even under 
ideal laboratory conditions. NBS gas standards 
are available with an accuracy certified as f 2% 
for certain mixtures such as CO/air. 

In conclusion, the accuracy, precision, and 
typical linear response of the amperometric gas 
sensor system is very important because it 
makes the following possible: 

1. reliable and accurate instrument cali- 
bration with only a single datum point, i.e., only 
one standard gas sample is necessary making 
field use simple, 

2. simplified electronic design to measure, 
amplify, record, manipulate, and report (dis- 
play) the output signal, and 

3. simple additivity of responses when used in 
a sensor array where one records responses to 
various compounds and simple mixtures of 
compounds. 

Stability 

The stability of an amperometric gas sensor 
relates to its ability to retain its original re- 
sponse characteristics over long time inter- 
vals and under changing environmental con- 
ditions. Stability is generally divided into short- 
term fluctuations and long-term fluctuations. 
The stability for certain sensors has been 
reported. ~%11.20,~1 

The causes of zero drift (i.e., drift in back- 
ground current) and span drift (i.e., fluctuations 
in signal magnitude or changes in the steady- 
state current) are not well characterized. It is 
known that drift can be caused by temperature 
fluctuations, sensor operation at extreme rela- 
tive humidities over long time periods (under or 
over-humidification of the membrane or the 
gas-diffusion electrode), catalyst degeneration 
or fouling, and electrolyte contamination. Be- 
sides, if the counter electrode reaction consumes 
an electroactive substance of limited supply 
(such as the metal/metal oxide electrode), the 
lifetime of the sensor will be limited and extreme 
drift can lx+ observed near the end of the sensor 
life. Even the input current of an operational 
amplifier can exhaust the capacity of a small size 
reference electrode after long term continuous 
operation.‘j5 In spite of such problems, ampero- 
metric sensors may last many years in demand- 
ing industrial environments and retain good 
analytical performance. 

RECENT ADVANCES AND FUTURE POS!3IBIL.lTIES 

It is inevitable that advanced amperometric 
gas sensors will be designed which provide 
improvements in practical detection limits, 
stability, and selectivity as well as in the total 
number of compounds which can be 
measured.62 The improvements will be a result 
of an extension of our knowledge about these 
sensors as well as improvements in the ma- 
terials, geometries, and electroanalytical 
methods that become known and used. 

Electrochemical sensor arrays 

Amperometric gas sensors respond to a lim- 
ited number of compounds and each one re- 
sponds with its own characteristic selectivity. 
One way to overcome these limitations and 
improve the sensor’s versatility and selectivity is 
to construct sensor arrays made from sensors 
with the most orthogonal response possible.66*67 

Information is created in a sensor by its 
reaction to a chemical stimulus. This reaction of 
the sensor to the type of chemical and its 
concentration creates an analytical signal that is 
transduced into an electronic signal by the 
sensor. More specifically, if chemicals are to be 
identified on the basis of their relative electro- 
chemical reactivities, then the sensor array must 
be designed so that the information necessary to 
accomplish this task is generated. It must con- 
tain sensors that record a different electrochem- 
ical response for each chemical species. Thus, to 
achieve the most effective array for a given 
problem, the sensor array and the analytical 
problem must be considered together. 

A sensor array consisting of four electro- 
chemical sensors and two hot wire filaments has 
been evaluated.@-‘O The array was constructed 
to both identify and quantify a toxic chemical 
vapor in a few minutes using a portable, battery- 
operated, lightweight instrument. The electro- 
chemical sensors are combined with a 
heterogeneous catalyst (which transforms non- 
electroactive compounds into electroactive frag- 
ments) that allows the electrochemical sensors 
to respond to a very broad range of chemicals. 
The four electrochemical sensors were chosen to 
have two working electrodes of Au and two of 
Pt. One Au and one Pt electrode are operated at 
anodic potentials to facilitate oxidations and 
one of each catalyst are operated at cathodic 
potentials to facilitate reductions. By comparing 
the signals from the sensors in the array, one 
can tell whether the sample contains electro- 
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oxidizable or el~tro-r~u~ible constituent. The 
size of the signal is related to the analytes 
electrokinetic processes, pyrolysis kinetics in 
the filament reactor, and the analyte concen- 
tration. Thus, the signals from these sensors 
provide a set of chemical parameters related to 
the vapor’s catalytic and electrocatalytic proper- 
ties. Hence, the term “chemical parameter 
spectrometry” or CPS was chosen to describe 
this technique. The term “pyrolysis ampero- 
metry” has also been used” in connection with 
the detection of gases and vapors by this 
technique, however, “‘catalytic oxidation” 
followed by amperometric detection of the 
products is actually occurring. 

It is possible to “tune” the array for sensi- 
tivity to specific reagents by choosing appropri- 
ate sensors and useful operating conditions. The 
technique of utilizing sensor arrays is effective 
when coupled with computer data acquisition 
and algorithms for data analysis’* (e.g., pattern 
recognition methods). Multivariate statistical 
methods can be used to evaluate how well the 
array can identify compounds and suggest im- 
proved approaches as well as be an operational 
tool for field instrumentation. Recent sensor 
arrays have been combined with neural net- 
works to simulate an artificial nose.73 

Coulometry 

Amperometric gas sensors produce data that 
can be interpreted coulometrically. The theory 
and method of a “dynamic” coulometric tech- 
nique using amperometric gas sensors has been 
discussed.47@ It can take several forms, but 
usually uses two amperometric gas sensors (a 
and b) with sample chambers connected in series 
with a means for reversing the direction of gas 
flow through the sensors. By measuring the 
steady-state (currents) signals from both sensor 
electrodes with the gas flow first in a forward 
and then in a reverse direction, the absolute 
concentration of the reactant species can be 
calculated by using the following equation: 

where C = RT~nFPV and the subscripts f and r 
refer to the forward and reverse flow directions, 
I is the measured current, P is the sample 
pressure, V is the volumetric flowrate, and X, is 
the concentration of species X entering sensor 
“a” in the forward direction, and so forth. 

The technique assumes 100% Faradaic 
efficiency for all analyte arriving at the sensing 

electrode and pro~rtionality of the current 
signals to the reactant concentration for both 
sensors, i.e., linear sensor response vs. concen- 
tration. This method is a fast and simple way 
to use the gas sensor to determine the con- 
centration in an unknown sample gas. Since 
the concentration is determined from a coulo- 
metric calculation, it eliminates the need for a 
reference gas standard and can serve as a 
primary method of measurement of concen- 
tration for unknown gas samples. The method 
can be applied in modified form to the analysis 
of various el~tr~he~~~y active species in 
electrolyte solutions. 

Future possibilities 

The continuing publications concerning 
chemical sensors and in particular, ampero- 
metric sensors7676 underscore the continuing 
importance of this electroanalytical approach in 
the fabrication of practical gas sensors. Ad- 
vanced amperometric gas and vapor monitors 
will be designed which incorporate improve- 
ments in present practical detection limits as 
well as in the total number of compounds which 
can be measured.62 The field of sensors is inter- 
disciplinary and future advances are likely to 
occur by combinations of advanced technol- 
ogies in other fields with the known useful 
electrochemistries. 

Microelectronics has produced a variety of 
physical and chemical sensors but only very few 
can be considered amperometric and these 
structures usually do not contain the electrolyte. 
Most microsensors are ~tentiomet~c and the 
more common am~rornet~~ gas sensors (e.g., 
CO, H,S, NO, NO,, etc.) have not yet been 
microfabricated. It is believed that microelec- 
tronic fabrication techniques are well suited for 
the production of amperometric gas sensors. 
The need for a geometrically well-defined sens- 
ing electrode surface area is well-recognized, 
Photolithographic reduction and other mask 
making techniques can be used to produce 
identical, highly uniform and we&detined elec- 
trode structures. Thin and thick film metalliz- 
ation as well as sputte~ng techniques can 
be applied to produce the metallic electrode 
elements. Chemical and plasma etching tech- 
niques can be used to delineate geometrically 
well-defined electrode surfaces. These micro- 
electronic fabrication techniques provide a 
fruitful way to prepare sensors with specific 
geometries. These techniques have only begun 
to be explored at this time.” 
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Sensor arrays are not well developed but hold 26. H. Yen and J. Lu, Sensors and Actuators, 1989, 19. 

promise to vastly improve sensor selectivity 27. R. L. Cook, R. C. MacDutI and A. F. Sammells, 

especially when combined with advanced com- 
J. Electrochem. Sot.: Electrochemical Science and Tech - 

putational techniques like neural networks. 
nology, 1988, 136, 1470. 

28. 0. J. Enea, Electrochem. Sot.: Accelerated B&f Comm., 
New electrolyte materials must be found so that p. 1601, June 1988. 

inteerated sensor structures can be built. This is 29. M. L. Langhorst, Am. Ind. Hyg. Assoc. J. 1982, 43. 

an exciting time for sensor research and, in the 30. T. Otagawa, S. Zaromb and J. R. Stetter, Sensors and 

near future, amperometric sensors will be more 
Actuators, 1985, 8, 65. 
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31. I&m, J. Electrochem. Sot., 1985, 132, 2951. 
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Summary-Correction factors to the glass electrode and autoprotolysis constants of miztures of aliphatic 
amides with water: N,iV-dimethylformamide (DMF), NJV-dimethylacetamide @MA), N-methylfor- 
mamide (NMF), N-methylacetamide (NMA), formamide (P) and acetamide (A), have been determined. 
The acidity constants of 4-aminoazobenzene referred to the standard state of the mixtures of these 
aliphatic amides with water as well as the medium effect on the 4-aminoazobenzene system have been 
evaluated from spectrophotometric measurements. 

Amidewater mixtures are useful polar reaction 
media and solvents for a variety of purposes. In 
spite of this, there is relatively little dataje4 
available on the analytical use of mixtures of 
aliphatic amides with water. Correction factor 
to be made to the glass electrode, autoprotoly- 
sis constants and acidity constants of 4-aminoa- 
zobenzene (HB) in mixtures of aliphatic amides 
with water: N,N-dimethylformamide (DMF), 
N,N-dimethyl-acetamide (DMA), N-methylfor- 
mamide (NMF), N-methylacetamide (NMA), 
formamide (F) and acetamide (A), have been 
evaluated in this paper. An attempt has been 
made to interpret the medium effects on the 
basis of hydrophobic interactions. 

EXPERIMENTAL 

Apparatus 

All titrations were made with a Crison digi- 
lab 517 pH-meter and an Ingold electrode 
(order No. 04023 11) assembly (glass-AgCl/Ag) 
(CH-8902 Urdorf/Switzerland). In order to 
avoid the glass membrane dehydration, the 
electrode was soaked in water when not in 
use. Prior to the m~u~ment of pH, the 
electrode was soaked in a solution of the 
desired solvent composition. Titration vessels 
used consisted of tall beakers sealed into a 
water jacket through which water circulated 
from a Techne C-100 water bath. Temperature 

*Author for correspondence. 

was controlled at 25 f 0.1” by means of a 
Selecta 320-R water bath, Titrations were 
carried out by using 2.0-ml micro burette with 
magnetic stirring. In the determination of 
densities, a Paar DMA 60 densimeter fitted 
with a Paar DT 100-20 densitothermometer, a 
Tecam 1000 heat interchanger and a Techne 
C-400 circulator were employed. 

A Spectronic 2000 Bausch & Lomb spectro- 
photometer equipped with silica cells of l-cm 
path length was used for the absorbance 
measurements. 4-Aminoazobenzene was syn- 
thesized according to the method indicated by 
Vogel.* The crude product was recrystallized 
from methanol and its melting point was 127” 
(reported value 128”). The purity of the dye was 
checked by thin layer chromatography as de- 
scribed by Vytras et aL6 Solutions of 4-aminoa- 
zobenzene at 0.1 O/O v/v in the various pure liquid 
amides were prepared. In the case of acetamide, 
a solution containing 50 mg of 4-aminoazoben- 
zene in 50 ml of 1OM acetamide in water was 
employed. 

Reagents 

~,~-~ime~ylfo~~ide, ~,~-dimethyla~- 
tamide, ~-methylfo~~ide and N-methyl- 
a&amide (E, Merck Darmstadt), acetamide 
(Merck Schuchardt) and formamide (Nor- 
masolv, Ferosa, Barcelona) were stored in 
4 A molecular sieves for at least one week. 
Analytical reagent potassium monohydro- 
genphthalate (Riedel-H5en) was used in the 
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Table I. Relative ~~itti~ti~~ of diierent wa~r~p~tic amide mixtures at 25” 

%. v/v DMF NMF F DMA NMA %, mol. A 

10 77.32 80.73 82.82 76.62 79.27 4.96 81.67 
20 74.86 83.62 87.43 74.62 79.96 9.83 84.49 
30 72.40 87.11 93.20 72.30 81.36 14.60 86.79 
40 69.52 91.47 97.23 69.47 83.42 19.30 88.33 
50 65.95 96.93 101.79 66.39 86.18 23.90 88.49 
60 61.74 103.89 105.12 62.70 89.92 28.45 90.25 
70 56.73 113.04 110.00 57.99 95.93 32.90 90.64 
80 51.04 126.77 111.28 52.46 105.88 

standardization of alkaline solutions. Potass- 

ium chloride (Merck, Darmstadt) was used 

for the adjus~ent of ionic strength. 

Procedures 

Correction factors. In 50-ml standard flasks 
prepare three solutions containing a suitable 
volume (or weight in the case of a&amide) 
of amide, 1, 2.5 and 5 ml of a 0.01064M 
solution of hydrochloric acid, respectively, 
and distilled water to the mark. Measure the 
pH at 25 + 0.1”. 

Au?o~ro~oZy~i~ constants. In a IO@ml stan- 

dard flask add a suitable volume (or weight in 
the case of a&amide) of amide, 10 ml of 1M 
potassium chloride, 1.3 ml of 1M hydrochloric 
acid and distilled water to the m&k, at 
25 f 0.1”. Transfer 75 ml of this solution to the 
titration vessel and titrate with 1M potassium 
hydroxide. Measure the pH at 25 f 0.1”. 

Procedure for the evaluation of acidity con- 
stants. Solutions for absorbance and pH 
measurements were prepared in 25-ml standard 
flasks by mixing 1 ml of 7.61 x 10m4M stock 
solution of 4-a~no~o~~ene in the appro- 
priate amide, 2.5 ml of 1M potassium chlor- 
ide, the necessary volume of pure amide to 
give the required solvent composition in the 
final mixture, a few drops of hydrochloric 
acid or sodium hydroxide at different concen- 
trations and distilled water to the mark. 
Absorbance was measured at 489, 496 and 
505 nm, against a solvent blank and the pH 
checked after the absorbance measurements. 
The temperature was kept at 25 + 0.1”. 

RESULTS AND DISCUS!3ION 

Plots of potential cell against pH-meter read- 
ing (in mV) for each solvent mixture at the 
various acid concentrations and ionic strength 
tested give straight lines whose slope values 
(from 60.15 to 58.32) are very close to the 
theoretical nernstian slope (k) value of 59.16. 
By using the t-test’ on the slopes one may 
assume that the behavior of the electrode is 
reversible. 

Correction factors 

The relative ~~ttivity of the mixtures of 
amides with water have been previously 
reported* (Table 1). The amide molar fraction 
X,, was determined from 

where dAM and d, are the densities of the pure 
amide9 and the mixture containing VAM percent- 
age v/v of amide, respectively, and MW is the 
amide relative molar mass. The dAM values 
obtained for the different mixtures studied are 
compiled in Table 2. 

The correction factors to the glass elec- 
trode, 6, for transforming the pH-meter read- 
out, R, (when the calibration is done with 
aqueous buffers) in the logarithm of the 
proton activity in the studied medium, pH*, 
6 =R-pH*, obtained for the different 

Table 2. Density of different water-aliphatic amide mixtures at 25” (d:‘) 

%, v DMFf NMF F DMA NMA %, mol. A 

10 0.9964 0.9984 1.0128 0.9951 0.9957 4.96 1.0032 
20 0.996 I 0.9998 1.0282 0.9956 0.9967 9.83 l.OOQ6 
30 0.9959 1.0012 I .0427 0.9963 0.9984 14.60 1.0155 
40 0.9956 1.0026 1.0561 0.9972 W999 19.30 1.0215 
50 0.9950 1.0040 1.0693 0.9968 1.0002 23.90 1.0273 
60 0.9928 1.0054 1.0823 0.9953 0.9980 28.45 1.0329 
70 0.9878 1.0068 1.0950 0.9886 0.9931 32.90 1.0384 
80 0.9789 1.0082 1.1060 0.9790 0.9849 

tTaken from Ref, 2. 
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Table 3. Correction factors to the glass electrode for several water-aliphatic amide mixtures at 25” 
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%, v/v DMF+ NMF F DMA NMA %, mol. A 

10 0.088 f 0.099 0.820 f 0.025 
20 0.093 f 0.006 1.169f0.040 
30 0.182 f 0.018 1.513 f 0.070 
40 0.309 f 0.005 1.803 f 0.099 
50 0.386 f 0.010 2.167 f 0.134 
60 0.476 f 0.01 I 2.539 f 0.156 
70 0.536 f 0.007 2.978 f 0.155 
80 0.491 f 0.009 3.460 f 0.175 

1.815 f 0.580 
2.656 f 0.618 
3.244 f 0.522 
3.645 f 0.437 
4.063 f 0.333 
6.504 f 0.144 
4.766f0.111 
4.917 f 0.223 

0.030 f 0.004 
0.150 f 0.014 
0.342 f 0.007 
0.509 f 0.008 
0.683 f 0.005 
0.854 f 0.010 
1.019 f 0.008 
1.098 f 0.012 

0.021 * 0.010 4.96 0.178f0.011 
0.176+0.040 9.83 0.299 f 0.029 
0.358 f 0.004 14.60 0.603 f 0.061 
0.525 f 0.003 19.30 0.813 f 0.035 
0.735 f 0.010 23.90 1.091*0.147 
0.958 f 0.010 28.45 1.062 f 0.114 
1.182 + 0.030 32.90 1.152 f 0.103 
1.425 + 0.040 

*Taken from Ref. 2. 

solvent mixtures assayed are compiled in 
Table 3. The relatively small standard devi- 
ation observed in most cases indicates that the 
liquid junction potential is practically con- 
stant’O for each solvent composition tested. 
However, the reproducibility of measurements 
in formamide-water mixtures is somewhat 
poor, and measurements in water-NMF and 
water-A at high v/v amide to water ratio (or 
w/v in the case of A) also suffer some 
dispersion. 

This behavior may be qualitatively explained 
because all mixtures studied are more basic 
than pure water; the hydrogen ion is expected to 
be more stabilized in these media, owing to 
specific interactions between the hydrogen 
ions and the basic amides. The free standard 
energy of transfer from water to the mixed 
solvent, AGf(H+), will be negative and hence, 
the medium effect, log fn, also [AGF(i) = 2.303 
RT logy(i)]. 

The presence of alkyl substituents on a nitro- 
gen atom enhances its basicity. Therefore, the 
theoretical order of basicity of amides studied- 
which is based in the facility to donate the 
electron pair of the nitrogen atom-should be 

DMF>NMF>F DMA>NMA>A. 

However, an opposite arrangement is found, 
surprisingly, if we take into account “the virtual 
basicity” indicated by the values of 6 

DMF<NMF<F DMAzNMA<A. 

Table 4. Cologarithm of the aufoprotolysis constants of water-aliphatic amide solvents 

%, v/v DMF NMF F DMA NMA %, mol. A 

This fact may be attributed to some other 
interactions that take place between the hydro- 
gen ions and the various solvent species such 
as ion-multipole interactions, structural effects 
or other solvatation effects. Nevertheless, a 
positive value of 6 does not necessarily imply 
a negative medium effect on the hydrogen 
ions since the liquid junction potentials are 
unknown. 

Autoprotolysis constants 

The p& values obtained for the different 
amide-water mixtures are compiled in Table 4. 
In the case of water-F mixtures, the colog- 
arithm of the autoprotolysis constant passes 
through a minimum as the percentage of liquid 
amide in the mixed solvent increases, unlike the 
behaviour shown by the other water-amide 
mixed-solvent mixtures. 

The standard deviations of the p& values 
were smaller than 0.04. It can be shown 
(as expected) that a minimum in the p& 
value is found between pure water and 10% 
v/v of amide composition (O.O-4.96% molar 
in the case of a&amide) with the exception 
of the water-F system. The influence of the 
relative permittivity of the medium on the 
autoionization of mixed aliphatic solvents has 
been envisaged. Several different types of corre- 
lation”~‘* between the autoprotolysis constants 
and acidity constants of weak acids, respect- 
ively, and solvent composition have been 
suggested. The Born equationI predicts a 

10 13.77 13.98 13.50 13.60 13.75 4.96 13.72 
20 13.90 14.25 13.27 13.65 13.94 9.83 13.80 
30 14.13 14.32 11.68 13.91 14.07 14.60 13.92 
40 14.45 14.46 11.72 14.09 14.19 19.30 14.02 
50 14.85 14.79 12.04 14.42 14.45 23.90 14.17 
60 15.35 15.15 12.20 14.82 14.77 28.40 14.32 
70 16.14 15.68 12.42 15.50 15.22 32.90 14.44 
80 17.28 15.92 12.71 16.36 15.72 
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Fig. 1. Dependence of ply, with the reciprocal value of 
the permittivity for several water-fonnamide derivative 
mixtures: (0) water-DMF mixtures, (0) water-NMF 
mixtures, (0) water-F mixtures, (V) water-DMA mix- 
tures, (0) water-NMA mixtures and (V) water-A 

mixtures. 

linear relationship when the pK, is plotted 
against the reciprocal of the permittivity. Plots 
of this kind are depicted in Fig. 1, showing a 
linear behavior with the exception of the A 
and F-water mixtures. Thus, in a first approach 
this fact may suggest a predominance of elec- 
trostatic effects on the ionization of aqueous 
mixtures of DMF, NMF, DMA and NMA. 

Evaluation of acidity constants 

CAminoazobenzene may undergo a 
prototropic tautomeric solvent dependent 
azonium-ammonium I4 equilibria 

H3N+ - C6H5-N=N-C6H5 
I 

#H2N-C6H,--N=N+H-C,HS. 
II 

The S-shaped form of the absorbance versus 
pH* graphs obtained in all cases suggests a 

single ionization process. According to the 
basic properties of the mixed solvents studied 
and the greater facility of protonation of 
the amine-nitrogen with respect to the azoni- 
trogen form I seems to be stabilized. Previous 
UV-visible and Hi NMR spectral5 of Camino- 
azobenzene and similar azodyes in polar 
solvents such as water-amide mixtures also 
indicates the potentially tautometric dye exists 
as true aminoazo species. 

4-Aminoazobenzene in its ionization is quite 
strong and it is not entirely cationic even at 
pH 1. The pK,* (K,* being the acidity constant 
at the standard state of the mixed solvent) 
values in the media studied are collected in 
Table 5 and were spectrophotometrically eval- 
uated’ taking into account that the limiting 
absorbance of HB+ is unavailable. The stan- 
dard deviations were smaller than 0.06 except 
for the case of acetamide- and formamide- 
water mixtures whose values were somewhat 
superior. 

Estimation of the medium eflect 

The solvent effect in the dissociation process 
of HB+ can be expressed as followsJ6 

AG, I HB + /B I sys = AG:(H+) + AG:(B) 

- AG:(HB+) 

= 2.303RT log f lHB+/Bl,,. (2) 

If we assume that the electrostatic effects 
may be estimated by using the Born 
we have 

logf IHB+/Bls,s = bf,, IHB+/Bl,,, 

+F($-&+) 

model,” 

x $_A ( > L 
= l%: - PK (3) 

where log f,, I HB+/B ( sys is the non electrostatic 
contribution to the medium effect. 

Table 5. Acidity constants (pK:) of the Caminoazobenxene system in water-aliphatic 
amide mixtures 

%, vlv F NMF DMFt NMA DMA %, mol A 

10 1.02 1.83 - 2.65 2.61 2.90 2.64 
20 0.19 1.41 2.45 2.46 2.30 5.80 2.50 
30 -0.34 1.40 2.21 2.18 1.95 8.70 2.45 
40 -0.87 0.81 1.99 2.01 1.65 11.60 2.31 
50 -1.11 0.31 1.79 1.86 1.33 14.50 2.14 
60 - 1.62 0.00 1.56 1.37 0.98 17.40 2.10 
70 - 1.97 -0.50 1.20 1.21 0.53 20.30 1.92 
80 -2.15 -1.14 1.07 0.95 0.14-0.05 23.20 1.73 

tTaken from Ref. 1. 
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Table 6. Medium effects (-ApKJ on the AAB system? in the water-aliphatic amide mixtures 
studied 

%, v/v F NMF DMF§ NMA DMA %, mol. A 

10 1.93 1.12 - 0.30 0.34 2.90 0.31 
20 2.76 1.48 0.50 0.49 0.65 5.80 0.45 
30 3.29 1.55 0.74 0.71 1.00 8.70 0.50 
40 3.82 2.14 0.96 0.94 1.30 11.60 0.64 
50 4.06 2.64 1.16 1.09 1.62 14.50 0.81 
60 4.57 2.95 1.39 1.52 1.96 17.40 0.85 
70 4.92 3.45 1.75 1.74 2.42 20.30 1.03 
80 5.10 4.09 1.88 2.00 2.81-2.90 23.20 1.22 
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tThe p& value of aminoaxobenxene in water was found to be 2.95. 
#Taken from Ref. 1. 

The medium effects in the various mixtures 
studied are reported in Table 6. The permittivity 
contribution depends on the difference in the 
ion sizes of H+ and HB+ ions. That the permit- 
tivity plays such a minor role in the dissociation 
process is confirmed by plotting ApK, against 
the difference of reciprocal permittivity values 
(l/c* - l/c) (Fig. 2). In the case of a&amide 
derivatives and DMF, non linear graphs are 
obtained. Nevertheless, though in the case of F 
and NMF solutions a linear plot is observed, the 
estimation of r& (given that rH+ = 1.7 A) yields 
meaningless results. This behaviour indicates 
that the non-electrostatic interactions will play 
a primary role. Since all ApK, values in the 
different media are negative (pK,* < pK,), tak- 
ing into account the predominance of the non 
electrostatic terms, we may assume that 

log bon I HB +/B I sys < 0 

d - ? 3 
2- 0 

0 

16, 

-60 -40 -20 0 20 40 60 80 

104(l/ef- l/e) 

l- 

Fig. 2. Dependence of - ApK, (medium effect) against 
10’ (l/c* - l/r) for several water-formamide derivative 
mixtures: (0) water-DMF mixtures, (0) water-NMF 
mixtures, (V) water-F mixtures, (v) water-DMA 
mixtures, (0) water-NMA mixtures and (W) water-A 

mixtures. 

and then 

AG:(H+) + AG:(B) - AG:(HB+) < 0. (5) 

The AGf(H+) values are negative because of 
the major basicity of partially aqueous mixtures 
with respect to pure water. Assuming” that the 
liquid junction potential is < 6 we may calculate 
the AC!(B) - AGf(HB+) values. In all cases 
AGf(B) < AGf(HB+). Thus, the neutral species 
B is more stable than the charged one HB+ in 
the solvent mixtures studied. 

The 4-aminoazobenzene is sparingly soluble 
in water, but soluble in the water-aliphatic 
amide mixtures studied. Though a theoretical 
discussion concerning the specific solvation by 
part of the mixed solvents exceeds the frame of 
this paper, a brief discussion on the basis of the 
basic nature of cosolvent and hydrophobic 
interactions would explain the results obtained 
in a qualitative way. 

According to the virtual basicity of cosolvents 
indicated above, and considering that this fea- 
ture plays a capital role in the solvation process, 
the more basic the solvent mixture the more the 
4-aminoazobenzene would display its acidic 
features (less pK, value). Thus, at a first insight 
the acidity of 4-aminoazobenzene is expected 
to be in the same arrangement as the virtual 
basicity of cosolvents. This is found for the 
formamide family 

F > NMF > DMF. 

However, in the case of acetamide derivatives 
the sequence is 

DMA > NMA > A. 

In consequence, some other effects in addition 
to solvent basicity seem to play an important 
role in this context. The virtual basicity of 
the formamide family is hierarchically greater 
than that of the a&amide one. Accordingly 
so, the basicity may be considered as the most 
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Fig. 3. Dependence of -ApK, (medium effect) with the 
mole fraction of amide for several water-formamide 
derivative mixtures: (0) water-DMF mixtures, (0) 
water-NMF mixtures, (V) water-F mixtures, (v) 
water-DMA mixtures, (0) water-DMA mixtures and 

(m) water-A mixtures. 

important factor for explaining the acidity of 
4-aminoazobenzene in mixtures of F, NMF and 
DMF with water. Conversely, in the a&amide 
family, hydrophobic interactions would be 
competitive against basicity and the outcome 
agrees with the experimental arrangement. 

Hydrophobic interactions contribute to a 
more negative value of medium effects.’ These 
hydrophobic interactions occur between the 
“aniline moiety” of the uncharged rdamino- 
azobenzene (B) and the methyl groups of the 
a&amide derivative (hydrophobic interactions 
cancel with the left hand ring in HB+ and B 

the presence of aliphatic amides as cosolvents 
enhances the acidity of the Caminoazobenzene 
system. The plots of pK,* versus mole fraction 
of amide were non linear in all instances as 
shown in Fig. 3. 
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Snmmcuy-From the precipitation borderlines in the pBi’-pH diagram, determined experimentally under 
COr-free conditions, the stability constants of bismuth hydroxide, bismuthoxynitrate and bismuthoxy- 
perchlorate have been established. The following values have been found 

Nitrate-medium: Perchlorate-medium: 

log *&JOH) = 5.2 log *KJOH) = 5.2 
log *K&No~) = - I .2 log *K, (CIO,) = - 0.9 

log *&9* J -4.0 log */3* = -4.1 
log *#$ = - 10.0 log *& = -9.9 

log 7% = -21.5 log *b, = -21.5 
log *&,ar = 1.2 log *j?,,), , = 3.5 

The constants refer to precipitates equilibrated for 30 min, prepared at room temperature (23 & 0.5”) in 
sodium percblorate or sodium nitrate medium with an ionic strength of 1.00 f 0.01. Concerning error 
propagation it is stated that pBi’ values calculated with these constants will have a standard deviation 
of about 0.1 log unit. 

The hydrolysis of bismuth (III) has been studied 
by many authors.‘” The hydroxide-complex 
formation constants were estimated from the 
difference between the amount of hydroxide 
added and the hydroxide found (PH) after equi- 
librating. A disadvantage of such a procedure is 
that the measurements are performed in small 
limited pBi’-pH regions. Formation constants 
of hydroxide complexes present only outside 
such a region cannot be determined. Complexes 
formed at low concentration inside such a 
pBi’-pH region easily escape observation 
because of the limited accuracy inherent to the 
procedure in which pH-measurements have 
to be converted into H@+ concentrations. 
Usually a restricted number of hydrolysis 
constants is found in this way. 

A better procedure appeared to be the 
determination of the precipitation area in 
the pBi’-pH diagram. The theory has been 
described in previous publications39 but is 
extended in this paper for the more complex 
case in which two precipitates may be formed. 
The simple procedure has been applied success- 

fully to the determination of the complete set 
of the hydrolysis constants of seven tervalent 
lanthanides Ce(III), Sm(III), Gd(III), Yb(III), 
Er(III), Nd(II1) and L&III), of which constants 
were unknown hi~e~o.9-‘6 

Faced with erroneous results in the determi- 
nation of Bi(III) in 1M nitrate medium we sup- 
posed that the hydrolysis constants of Bi(III) 
and especially the solubility product of Bi-oxy- 
nitrate found in the literature” were disputable. 

Recalculation of the solubility product of 
BiONO, from the original publication of 
Swinehart and Garrett” showed that they 
made a mistake with the introduction of the 
ion-activity coefficients and moreover they did 
not consider the possible formation of BiN0r2+ 
ions in solution. Log *&, = 0.25 was found 
(instead of - 2.55). Swinehart and Garrett” did 
not perform their experiments at constant ionic 
strength and constant nitrate concentration, but 
this fact cannot explain the large discrepancy in 
the log values above. 

We decided to determine the formation 
constants of the bismuth-oxy-compounds with 
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nitrate, perchlorate and chloride (and to check 
the constants of bismuth hydroxide if possible) 
applying our precipitation technique that was so 
successful for the lanthanides. 

In the following it will be shown that there 
is no reason to doubt the solubility product of 
Bi(OH), and the formation constants of the 
complexes Bi(OH), and Bi(OH); . 

The formation constants of BiOCl could not 
be determined as the rather strong formation 
of Bichloride in solution interfered in the 
photometric complex formation titration of Bi. 

THEORY 

The reactions for hydroxide formation can be 
written as follows: 

BiOAsolid 
4F 

BiA*+ G$ BiOA 

$+ Jr 
z$ BiOH*+ z$ Bi(OH): e Bi(OH), e. . . 

41 8 
B&(OH)$ Bi(OH), solid 

In this reaction scheme A stands for the anions 
nitrate, perchlorate and chloride. First we will 
only consider the side reactions with hydroxide. 
The side reactions with the anion A will be 
considered later in this paper. 

The above system has two independent vari- 
ables. The concentrations of the various species 
depend on the total concentration of Bi and 
the pH. If an additional constraint is set, only 
one degree of freedom remains which implies 
that a relationship exists now between metal 
ion concentration and pH. A curve reflecting 
the particular constraint can be drawn in the 
pBi’-pH plot. Areas with predominating species 
so arise in the pBi’-pH diagram: by setting 
[Bi(OH)i] = [Bi(OH),+ ,] for different values of i, 
we get the borderlines of the regions of pre- 
dominance of the various Bi(OH), species; by 
setting p.[Bi,(OH),] = [Bi(OH),] for different 
values of i, p and 4, the borderline for poly- 
nuclear complex formation is obtained; and by 
restricting Bi(OH), to a maximum value assum- 
ing that excess of Bi(OH)S precipitates and that 
the remaining Bi(OH)3 is in equilibrium with 
the precipitate, we get the precipitation line as 
function of the pH. 

According to Ringborn” a system of co- 
existing equilibria can be described with one 
main reaction and competitive side-reactions, 
covering all other reactions. The parameter [Bi’] 
the total concentration of Bi in solution, is much 

more useful than the concentration [Bi’+] of 
the free metal ion, to which it is related by 
Ringbom’s side-reaction coefficient 

agi = [Bi]/[Bi3+]. (1) 

By substituting in equation (1) the relevant 
equilibria equations in the so-called H-form 
(defined in accordance with the IUPAC 
notation): 

*& = [Bi(OH),] [Hy/[Bi’+] (2) 

this leads to the general equation for only OH 
side reactions: 

aM(oHj = 1 + ~()(PH+WBI) + 1()(*~H+k3%) + . . . 

. . . + 1o(mpH+WB,) (3) 

The pH-range can be divided into distinct 
regions with one of the hydroxide complexes 
predominating in each region. In each particular 
region the corresponding term in equation (3) 
will be the largest. For this particular area in the 
pBi’-pH plot the side reaction coefficient can 
be approximated by 

log aai = i . pH + log *fli (4) 

In the case when a polynuclear complex like 
Bi,(OH),, [which can be written in the general 
form Bi,(OH),] predominates the equation can 
be written as4 

log aai = [q . PH + log(*8,) 

+ log(p) - (P - 1). WI/p (5) 
This principle can be extended if other 
species-e.g., Bi(N03)j-are formed in solution. 
This component may be considered as a special 
case (p = 1, q = 0) of the more general form: 
BiP(OH)(Aj. 

If its formation constant is defined as *&, 
analogously to equation (2) the equation will be: 

log aai = [4 - PH + log(*bjqp) + log(P) 

- (p - 1). pBi’ -j . pA]/p (6) 

In practice we deal with a mixture of species 
with the general formula BiP(OH&Aj. 

For every species defined by @, q,j) equa- 
tion (6) can be written down. The value of 
log aai is in good approximation equal to the 
largest value of all possible combinations of p, 
q and j. Its exact value is found by taking the 
logarithm of the sum of powers of 10 with the 
rightside of equation (6) as the exponent [see 
also equations (15) and (16)]. 
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The precipitation of Bi(OIi), Bismuth-oxy-nitrate 
The uncharged species Bi(OHX has a limited 

solubility. If a precipitate is present in solution 
under equilibrium conditions, a maximum is set 
to the concentration of Bi(OH), in solution, 
hence to [Bi’+] and ~on~quently to the overall 
concentration [Bi’j. 

Using *& and maximizing Bi(OH), we find: 
pBi3+ r: - log(*&,) + 3pH from which follows 
together with equation (1): 

I 

?- 

II- 

I- 

% 4- 

3- 

2- 

pBi& = -lOg(*K,) + 3pH - 108 a,i (7) 

Substitution of equation (6) in (7) gives 

PBG,,~ = (3~ - 4). PH -P . M*&o,) 

- log(*~~~~) - log(p) +.I. PA (8) 

Equation (8) gives rise to a set of straight lines 
in the pBi’-pH diagram. Each line represents 
an equilibrium between the Bi(OH), precipitate 
and the species Bi,(OH),A, in solution. 

From equation (7) and the fact that we 
have to take the maximum value of log asi 
it follows that the real value of pBi:, is 
the minimum value given by the set of straight 
lines (8). The lines enclose the precipitation 
region of Bi(OH)3 in the pBi‘-pH plot. A 
line only cont~butes as borderline if the species 
predominates in solution; not all lines are 

Blsmuth-oxy-perchlorate 

(I 

f- 
Eliclo: Bi(OH); Bl(OHf l 

II- 

0 2 4 6 5 10 12 

PH 

*I Bl(OHi 

Fig. 1. The pBi’-pH diagram for bismuth in the presence of 
1M perchlorate. The dots denote the experimental results. 
The envelope curves of the precipitation regions of Bi(OH), 
and BiOClO, are found by adapting the curves to the 
experimental points. From the resulting ~~li~urn con- 
stants follows the position of the regions of predominance 
above the precipitation regions. The regions are indicated 

with the respective predominating ions. 

:?/i 
0 2 4 

PHS 

5 10 2 

Fig. 2. The pBi’-pH diagram for bismuth in the presence 
of IM nitrate. The dots denote the experimental results: 
6: own results, & results of Swinehart and Garrett.” 
The envelope curves of the p~pi~tion regjons of Bi(OH), 
and BiONO, are found by adapting the curves to the 
experimental points. From the resulting equilibrium con- 
stants foliows the position of the regions of predominance 
above the precipitation regions. The regions are indicated 

with the respective predominating ions. 

involved. If Bi,(OH),Aj predominates in 
solution in that particular pH region, line 
(8) will be the borderline in that pH region 
(Figs. 1 and 2). 

The precipitation of the mixed h~~o~i~ 
Bi(C?H), A 

It is known that Bi(II1) forms precipitates 
of the composition BiOA in which A stands 
for nitrate, perchlorate or chloride. For the 
equilibrium considerations it is not a restric- 
tion to write Bi(OH),A instead of BiOA, The 
uncharged species Bi(OH), A has a limited solu- 
bility. If a precipitate is present in solution 
under equilibrium conditions, a maximum is 
set to the ~on~ntration of Bi(OH),A, hence 
to [Bi3+] and consequently to the overall 
concentration [Bi’]. 

Using *&, for the formation constant of 
Bi(OH),A and maximizing its concentration 
we find: 

pBi3+ =: - log(*L) + 2pH - PN (9) 

from which follows together with equation (1): 

pBik = -log(*iir,) + ZpH 

- P[AI - log or, ( 10) 
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Substitution of equation (6) into (10) gives 

psi& = (2~ - (I) . PI-I -P . W*&J 

-lOg*Bq~j-lOg~ +(./-~)*PA (11) 

Equation (11) gives rise to a set of straight 
lines in the pBi’-pH diagram. Each line that 
participates in shaping the precipitation region, 
represents an equilibrium between the precipi- 
tate Bi(OH)rA and the species Bi,(OH),Aj 
predominantly present in solution. Again not all 
lines may be involved [similar to the previous 
case for Bi(OH),]. 

EXPERIMENTAL 

At low and moderate concentrations of 
nitrate and perchlorate Bi(II1) does not form 
complexes with these ions. Under these con- 
ditions the regions of predominance in solution 
are restricted to the species Bi3+, Bi(OH)2+, 
Bi(OH): , Bi(OH), , Bi(OH); and Bi, (OH)$ 
and only one precipitate Bi(OH)3 is formed. 

At higher concentration (1M nitrate or l&f 
~rchlorate) a second precipitate is formed of 
which the precipitation region lies on the acid 
side of the other precipitation region. The pre- 
cipitate has a different appearance with a fine 
crystalline structure. For perchlorate and nitrate 
the ratio bismuth : oxygen : anion is 1: 1: 1. If this 
precipitate was filtered off and then brought 
into a basic solution, a slow recrystallization 
into Bi(OH)3 was observed. 

Depending on the experimental conditions 
only one of the two Possible precipitates will be 
in ~~~b~~ with the solution. 

The fo~ation of the precipitate was equal to 
the procedure as described for gadolinium.” In 
a glove box under nitrogen a CO, -free sodium 
hydroxide solution is added slowly and care- 
fully to the acid solution of bismuth. The exper- 
imental conditions are 1M NO; or 1M ClO; . 
The ionic strengths are kept at 1 .OO f 0.01. The 
temperature was kept constant at 23.0 f 0.5”. 
The time left to the system to reach equilibrium 
was kept at 30 min, after which the precipitate 
was removed by ~ent~fugation. Preliminary 
ex~~ments revealed that after 30 min changes 
of both pH and pBi’ in one batch were negli- 
gible compared to the reproducibility of the 
precipitate formation. 

The pH-meter was calibrated in concen- 
tration units.9*“J4 Hence if pH is written, actu- 
ally -log[H+] is meant and not the activity of 
H+. It implies that the determined formation 
constants are full concentration products. The 

Bi co~~ntration has been determined in the 
supernatant centrifuged solution by compiex 
formation titration with EDTA as the titrant 
with photometric endpoint detection using 
Semi-kyleno Orange a6 the indicator.‘9,z’ 

RESULT?3 

For both BiONO, and BiOClO, the Pre- 
cipitation regions have been determined. The 
experimental results are presented as points in 
Figs, 1 and 2. The pr~ipi~tion region of the 
Bi(OH)3 species is enclosed by the following 
three straight lines in the pBi’-pH plot:4 

~Bib, = 4.75 (12) 

pBi&, = -pH + 16.30 (13) 

pBi&,, = 6pH - 32.33 (14) 

The other lines from the set as described by 
equation (8) do not contribute; they lie at least 
1 log unit higher in the diagram. The lines 
(12)-(14) hold for both 1M nitrate and 1M 
perchlorate solutions. It implies that the hy- 
droxide formation constants are the same in 
both experiments. 

Initially we assume that the value for 

BWH)? (log *&,r2 = 0.33) is correct (I = 0.1 
and 3).5” Introducing this value in equation (8) 
and setting j = 0 we conclude with equation (14) 
for log *K, = 5.20. From this and the equations 
(12) and (13) follows: log *A = - 9.95 and 
log */$* = -21.50. These data are not very 
dependent on errors in log *&,2 [a change of 
0.3 has a negligible influence (0.05) on the other 
data]. The data found for *Km, *f13 and *j& 
are in agreement with the literature data 
(I = 0.1). si8 Because of this confirmation we 
adopt the literature values of log */.I, (- 1.4) and 

log *cBzc * -4) as holding for both matrices. 
(The value of log */I1 could not be confirmed 
from our experimental data; log */I2 has later 
been selected as 4.0 and 4.1 for better fits to 
the data for nitrate and perchlorate media 
respectively.) 

The p~pi~tion region of the BiOClO, 
precipitate is enclosed by the lines: 

pBi& = 4.09 

[in equilibrium with Bi, (OH)?; ] (15) 

pBi& = 2pH - 2.63 

(in equilibrium with BiClO:’ ) (16) 



Mixed hydroxide complex formation and solubility of bismuth 489 

The precipitation region of the BiON03 
precipitate is enclosed by the lines: 

pBiA = 4.9 

[in equilibrium with Bi(OH): ] (17) 

pBi& = 2pH 

(in equilibrium with BiNO:+) (18) 

The set of constants presented in Table 1 turned 
out to be the only set with which it is possible 
to get a fit to the experimental data for both 
the nitrate experiments and for the perchlorate 
experiments with nearly the same set of 
constants for hydroxide formation. 

Deducing these constants from all lines which 
can be drawn in the pBi’-pH plot is like solving 
a puzzle. The lines which arise after substitution 
of the constants in equation (8) and (11) should 
either be borderlines of the precipitation region 
or lie at least one log unit higher. 

In Table 2 a survey is given of all possible 
lines which originate from equation (8) and (11) 
for the perchlorate system in which we deal with 
two possible precipitates Bi(OH), and BiOClO, . 

The real curves in Figs. 1 and 2 for the 
precipitates regions have been found with the 
mathematically correct equations: 

pBik = -log[lO- 3pH+5.2 + lo-2pHf3.8 

+ lo-pH+ 1.1 + 10-4.7 + 1opH- 16.3 

+ lo-6pH+32.33 + lo- 
3pH+*.‘0]. (19) 

psi,, = -log[lO- 2pH - 0.87 + 1 O-pH - 2.27 

+ 10-4.97 + lopH-10.77+ 1()2pH-22.37 

+ 10-4.09 + lo-2pH+2.63] 
(20) 

In Table 2 asterisks (*) indicate which predomi- 
nating ion is in equilibrium with the specific 
precipitate. The equations (*) in the right column 
of Table 2 are equivalent to equations (15) and 
(16). The corresponding terms in equation (20) 
predominate and determine the shape of the 
precipitation region. The same holds for the 

Table 1. 

Nitrate-medium Perchlorat*medium 

log l &(OH) = 5.2 log *K_(OH) = 5.2 
log ‘&(NO,) = - I .2 log ‘& (CIO,) = - 0.9 

1og*j, = -1.4 log+& = -1.4 
log *& = -4.0 log l p* = -4.1 
log ‘83 = - 10.0 log ‘& = - 9.9 
log ‘j, = -21.5 log *fi, = -21.5 

log l /$,* = 0.3 log */.I&,* = 0.3 
log %,o,, = 1.2 log ‘Bl.0.l = 3.5 

Ionic strength = 1 .OO f 0.01 Temperature = 23 f 0.5” 

equations in the left column, which lead to 
dominating terms in equation (19). It should be 
noted that all equations are mutually dependent 
on each other as all constants appear in all 
equations. It is surprising that the system actually 
has only one satisfactory set of constants. 

An analogous set of equations hold for the 
nitrate system. 

DISCUSSION 

In Fig. 2 the jump in experimental points near 
pH 6 indicates that before that pH value the 
BiOClO, precipitate is present and while above 
pH 6 the Bi (OH), precipitate occurs. 

Both precipitates are formed by neutralizing 
the acidic bismuth solutions with hydroxide. 
This implies that the BiOClO, precipitate is 
formed first in the experiments. The precipitate 
converts into the Bi(OH)3 precipitate after 
reaching higher pH values. The reaction pro- 
ceeds slowly because of its heterogeneous 
character. Near pH 6 it takes hours to reach 
equilibrium in an acceptable way and in that 
region the position of the experimental points 
will be less precise compared to the experimental 
points related to lower and higher pH. 

This consideration holds also for the nitrate 
system although it is less obvious from Fig. 2 as 
the horizontal parts of both precipitation lines 
lie approximately at the same level (z 5); there 
is no jump detectable in the experimental points. 

Table 2. 

Bi(OH)j-precpt BiOClO,-precpt 

pBL = 3.pH - 5.20: Bi3+ pBi& = 2.pH + 0.87: Bi’+ 
=2.pH - 3.80: Bi(OH)‘+ = pH + 2.27: Bi(OH)*+ 
=pH-1.10: Bi(OH): = +4.97: Bi(OH),+ 
= +4.70: *Bi(OH& = - pH + 10.77: Bi(OH), 
= -pH + 16.30: *Bi(OH); = -2.pH + 22.37: Bi(OH& 
= 6.pH - 32.33: *Bi,(OH)~~ = +4.09: l Bi6 (OH)!,+ 

pBi& = 3.pH - 8.70: Bi(ClO,)*+ pBi_ = 2.pH - 2.63: l Bi(ClO,)*+ 



490 J. bAGTEN et al. 

In principle the horizontal parts of BiOA 
precipitation lines can also be explained by 
assuming that Bi(OH& A is the predominating 
species in solution. However, this is unlikely as 
then B&(OH)$ should not be present and this 
complex is essential for explaining the jump in 
the precipitation lines near pH 6 in Fig. 1. 

The experimental points found by Swinehart 
and Garrett” are also drawn in Fig. 2. Obvi- 
ously these points do not deviate much from 
our measurements. This is remarkable as they 
did not work at constant ionic strength; their 
experiments yere performed at a different tem- 
perature and 2-3 weeks were used to let the 
system reach dhemical equilibrium. 

Concerning the accuracy, the position of the 
individual experimental points has a precision 
of f0.5 log units in the pBi’ (vertical) direction 
if the borderline is (nearly) horizontal. The 
points have a precision of ho.5 log units in 
the pH direction if the borderline is (nearly) 
vertical. The borderlines themselves are close to 
the mean position of the points and hence are 
defined more precisely, The standard deviation 
of the line position may be estimated by 0.1 
log unit. The sets of constants in Table 1 are 
deduced from the position of these lines, but as 
many constants work together in defining one 
line, the constants are not mutually independent 
in a statistical sense. Actually a covariance 
matrix should be given, but this is difficult to 
estimate from the calculation procedure and 
makes no sense. More relevant is to conclude 
that for a given pH value a pBi’ value calculated 
using the set of constants will have a standard 
deviation of about 0.1 log unit. 

Attempts to determine a similar way the 
constants of the Bi-Cl system were finally given 
up. The solubility of BiOCl is very low while at 
the same time soluble strong BiCl complexes 
interfere in the titrimetric determination of Bi. 
Determinations are only possible at chloride 
levels below 0.07M. Perhaps the determination 
of Bi in the presence of Cl will succeed with 
atomic spectroscopic techniques like ICP-AES 
or AAS, but no attempts have been made. 

For direct appli~~on in an analysis pro- 
cedure the precipitates BiONOr and BiOClO, 
are not of interest. Knowledge about precipitate 
formation however is of indirect value in 
analytical chemistry. Colloidal formed BiOA 
reacts rather slowly and even behaves rather 
inert when it sticks to the vessel wall. It explains 
why in some related cases bismuth escapes from 
being analysed. It also explains why bismuth 
and its alloys sometimes dissolve very slowly in 
strong acid. It is then passified by a layer of 
BiOA on its surface. 

Acknowledgements-We are indebted to Anne&s de Wit, 
Pauline Lobe and Renata Tel for their meticulous 
contribution to the time-consuming determination of the 
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Summary-High-low chromatography in combination with gradient elution and multiple wavelength 
detection is a rapid and sensitive technique that can be used to assay low level impurities in lovastatin. 
The method is reproducible and can be applied to samples containing as little as 0.1% of any known 
impurity. 

Monitoring low levels of impurities in pure bulk 
drugs is a critical but often difficult task.’ Lovas- 
tatin, an effective cholesterol reducing agent,* is 
an example of a highly purified drug which 
contains a number of known low level impuri- 
ties (see Fig. 1). The production of pure lovas- 
tatin involves isolation and purification from a 
complex fermentation broth.3 Impurities which 
are shown in Fig. 1 are either carried over from 
the fermentation process or produced during the 
isolation procedure. As a result, these impurities 
must be routinely monitored throughout the 
production process. Assaying each impurity in- 
dividually against reference standards would 
take a significant amount of time and also 
require a large supply of analytical standard for 
each impurity. Rather than optimize analytical 
methodology for the assay of each individual 
impurity, we have applied a novel combination 
of high-low chromatography, gradient elution 
and multiple wavelength detection to monitor 
these impurities.4 To our knowledge, this is the 
first time this combination of chromatographic 
techniques has been reported. We demonstrate 
here that we can obtain reproducible and quan- 
titative results in a short period of time for 
monitoring known low level impurities in the 
drug lovastatin. 

EXPERIMENTAL 

General 

HPLC-grade acetonitrile and reagent grade 
phosphoric acid were purchased from Fisher 
Scientific and J.T. Baker Chemical Company, 

respectively. The standards L-l 54,803, L- 
154,819, L-637,312, L-642,257, L-154,883, L- 
665,624, were obtained from the Merck Sample 
Collection located in Rahway, N.J. Asterric acid 
was kindly provided by Dr Tom Verhoeven, 
Merck and Co. 

Chromatographic instrumentation 

The HPLC system for the high-low impurity 
assay consisted of a Spectra Physics Model 8700 
pump, a Spectra Physics Model SP8500 dy- 
namic mixer, a Spectra Physics Model 8710 
autosampler fitted with a 10 microliter injection 
loop, and two Kratos Model 757 variable wave- 
length detectors connected in series. A Hatachi 
column heater, Model 655A-52, was used to 
maintain the column temperature at 30”. 

Lovastatin chromatographic procedure 

Reversed-phase separation of impurities in 
lovastatin was accomplished using a 25.0- 
cm x 4.6-mm i.d. column packed with C-8 
chemically bonded silica (5 micron) Partisil 
(Whatman) Column. The following gradient 
system was used: 40 : 60 water (0.1% v/v H3P04, 
pH = 2.2) : acetonitrile to 20: 80 in four minutes, 
then lo:90 in three minutes and hold for five 
minutes. The flow was 1.5 ml/min with dual 
wavelength detection at 200 and 238 nm. All 
samples were diluted in acetonitrile at a concen- 
tration of 2.0 mg/ml. 

Quantitation 

Two injections of lovastatin standard (0.3 
mg/ml) were followed by two injections of 
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sample (2 mg/ml). Impurities in the sample are 
identified by retention times and the area counts 
for each impurity are averaged. The impurity 
percentages in the sample are then calculated as 
follows: 

Wt% impurity = R;;; ; r!F 

Where: RFS, the response factor of a given 
impurity in the sample, is calculated by dividing 
the average area count of impurity in the sample 
by the concentration of the sample (typically 2.0 
mg/ml); REST, the response factor of the lovas- 
tatin standard, is calculated by dividing the 

HO 

2 
0 

0 0 + 0 

0 0 

I 
Lovastatin 

(L-154, 803) 

IV 
Dahydrolovastatin 

(L-642, 257) 

average area count of the lovastatin standard by 
its concentration (typically 0.3 mg/ml). This 
response factor was checked approximately 
every 10 injections; and RRF, the relative re- 
sponse factor, is a correction factor which ac- 
counts for a difference in response (both a 
function of retention time and W character- 
istics of a given impurity) between a given 
impurity and the lovastatin standard. The RRF 
is calculated by dividing the response factor of 
a given impurity by the response factor of 
standard. This factor must be determined exper- 
imentally using authentic samples of impurities. 
We typically check the RRF daily using a 

HO 0 

0 
OHOH 

-r 2 0 

0 0 

II 
Hydroxy Acid Lovartatin 

(L-154, 819) 

0 

V 
Dihydrolovartatin 

(L-154. 883) 

0 

III 
Compactin 

(L-637, 3 12) 

CH3 OCH, 

VII 
Astarric Acid 

Lovastatin Dimer 
(L-665, 624) 

Fig. 1. Structure and nomenclature of lovastatin and known impurities in lovastatin. 
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Table 1. Average area response for lovastatin 
impurities shown in Fig. 1. Each individual 
impurity was injected at the 0.02~pg level five 
consecutive times and the average value and 
%RSD for the five injections presented. Im- 
purities V and VII were monitored at 200 nm 
while all other impurities were monitored at 

238 nm 

Compound Area counts % RSD 

V 3528 1.3 
VI 13075 1.1 
II 14299 1.5 
III 16474 1.1 
IV 19952 1.0 
VII 39599 0.5 

lovastatin sample which contains a known 
amount of each impurity. 

RESULTS AND DISCUSSION 

To routinely monitor low level impurities in 
lovastatin, it was important to develop a rapid 
and sensitive analytical method for detecting 
low level impurities (see Fig. 1). The assay 
would be useful for release testing of the pure 
bulk drug and monitoring impurity levels 
throughout the lovastatin production process. 

Wavelength selection 

Lovastatin has a strong absorption band in 
the UV range with an A 1% 1 cm of 634 at its 
wavelength of maximum absorbance+ 238 nm. 
This absorption is attributed to the diene conju- 
gation (Fig. 1). All of the impurities, with the 
exception of asterric acid and dihydrolovastatin, 

contain the same diene functional group and 
also have a maximum absorbance at 238 nm. As 
a result, UV detection at this wavelength should 
provide adequate sensitivity for the impurities 
with the diene system. The dihydro and asterric 
acid have very little absorbance at 238 nm, but 
each does absorb signillcantly at 206 nm (see 
response in Table 1). Consequently, we chose to 
monitor 206 nm also, in order to detect these 
two impurities with improved sensitivity. 

Separation 

Our initial reverse phase separations indi- 
cated that each impurity could not be base 
line resolved from each other in a reasonable 
amount of time using isocratic conditions. This 
is consistent with the wide range of polarities 
which exist among the various impurities (see 
Fig. 1). Gradient chromatography, however, 
allowed us to base line resolve each impurity 
within a short chromatographic run-time (see 
Fig. 2). There are unknown impurities which 
appear on the chromatogram between known 
impurities I and III and between known impuri- 
ties VII and II. These impurities are occasion- 
ally detected in some samples, however, because 
the levels are much less than 0.05%, these 
impurities have not been identified. 

Detection limit 

We needed a limit of quantitation (LOQ) of 
less than 0.1% for each impurity.5 Our ap- 
proach was to determine the LOQ for each 
impurity and then use that value to determine 

l-l 238 nm Detection 

200 nm Detection 

0 2 4 6 8 10 12 14 16 
Time (min) 

Fig. 2. Chromatographic separation of known impurities spiked at the 0.5% level in a 2-mg/ml lovastatin 
sample. Conditions are as described in the experimental section. 
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the amount of sample which would be needed to 
be injected onto the column, For example, we 
detemined our LOQ to be 2 3000 area counts. 
The average area count responses for each 
impurity are shown in Table 1. The dihydrolo- 
vastatin gives the least sensitive response, 3528 
area counts for a 0.02~pg on-column injection 
because it has low UV absorption even at 
200-nm detection (no diene chromaphore). This 
0.02-,~g level of dihydrolovastatin corresponds 
to a 2O-fig level on column injection of sample 
in order to get 0.1% quantitation limit. All 
other impurities are well above the 3000 area 
count criteria at the 0.02~pg injection level. 

Lhwity 

The area count response of the dihydroI~~a- 
statin impurity as a faction of concentration 
is linear across the concentration range of 
0.002-0.2 mg/ml (correlation coefficient greater 
than &9999). This concentration range of 
0.002-0.2 mg/ml corresponds to a weight per- 
cent ([weight of impurity/weight af sample] 
x 100%) of O.l-10% for a 2-mg/ml sample 

concentration. We selected this concentration 
range because our experience with lovastatin 
has suggested that no impurity will be above the 
10% range. We performed an identical linearity 
test with the other ~pu~ti~ shown in Fig. 1 
and in each case the correlation coescient was 
better than 0.9999. 

The percent relative standard deviation as a 
function of impurity is also shown in Table 1. 
The standard deviation was calculated using five 
successive injections of each solution. In all 

cases the % IUD was below the 3% level. We 
consider percent relative standard deviations of 
less than 20% acceptable for assaying low level 
impurities in bulk drugs. 

We have noted three significant adv~~ges of 
using this method of analysis as compared to 
methods which routinely employ reference stan- 
dards for assaying each known impurity; 1) high 
sensitivity, 2) shorter analysis time, and 3) less 
frequent use of impurity standards. Because we 
are able to load more sample on to the column 
without worrying about going above the linear 
range of the main component, lovastatin, our 
sensitivity towards low level impurities in lovas- 
tatin is increased by more than five times, A 
si~~~nt amount of time is saved by quantitat- 
ing each impurity reiative to a lovastatin stan- 
dard, as opposed to assaying each impurity 
individually. This feature also avoids the exces- 
sive use of standards which are often available 
in limited quantity. 
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Summary-A method is described that allows one to distinguish and quantitate two different classes of 
copper compounds in the same hydrocarbon sample. This will enable the study of the effects of different 
copper compounds on the performance. and stability of petroleum samples. Copper N,N’disalicylidene- 
1,Zpropylenediamine (CuDMD) and several copper carboxylates were pmconcentrated from a hydro- 
carbon matrix using a column packed with polyvinylpyrrolidone, (C,H,NO),, a novel polymeric stationary 
phase. The copper complexes were then sequentially eluted using a step gradient program beginning with 
hexane/isopropyl alcohol as the eluent and ending with an acetic acid/isopropyl alcohol eluent. The copper 
complexes were detected by serial UV absorbance and flame atomic absorbance (FAA) detection. With 
on-column preconcentration and FAA detection, the limits of detection were 7 and 40 ppb copper for 
CuDMD and the copper carboxylates respectively. With this method, it was possible to distinguish 
between the two different classes of copper compounds in the same hydrocarbon sample, which will help 
to provide an understanding of the catalytic activity of different copper compounds, leading to a better 
understanding of the factors causing fuel instability. The method promises to be a valuable tool in the 
analysis and characterization of copper compounds in petroleum samples. 

INTRODUCTION 

Recently there have been several articles about 
the speciation of metals in aqueous samples.id 
For the purpose of this report, speciation will be 
defined as the distribution of a metal among 
different ligands to form complexes. The specia- 
lion of a metal is defined by the ligands attached 
to the metal, therefore, if two metal atoms have 
different ligands attached, the metals have 
different speciation. Metal speciation is also 
important for petroleum systems like jet fuel but 
the methods used to determine the speciation of 
metals in aqueous samples cannot be used for 
petroleum samples. Metal complexes in hydro- 
carbon matrixes are not retained, relative to the 
major constituent of the fuel, by the reversed- 
phase columns typically used to determine the 
speciation of metals in aqueous samples, but are 
eluted by the non-polar components in the fuel. 
Thus, reversed-phase chromatography cannot 
be used to preconcentrate and separate the 
copper compounds in petroleum samples. In 
this manuscript we describe a normal-phase 
chromatographic method for the determination 
of copper speciation in jet fuel. 

The presence of copper in jet fuel, even at 
concentrations as low as 40 ppb, can have a 

*Author for correspondence. 

detrimental effect on fuel stability.‘*6 It is be- 
lieved that the copper dissolved in jet fuel 
degrades the stability of the fuel by acting as a 
catalyst for the free radical oxidation of the fuel, 
which leads to the formation of varnishes, gums 
and sediments.7*8 This is especially noticeable 
when the fuel is in contact with hot surfaces, 
such as heat exchangers. The gums and sedi- 
ments can cause many problems when they form 
within an engine. They can clog fuel filters, 
reduce the efficiency of heat exchangers causing 
engines to overheat or thermal break down of 
cooling oil, and clog nozzles in the combustion 
chambers of engines and change the fuel spray 
pattem.7*8 The adverse effect of copper on fuel 
stability can be reduced by adding DuPont 
Metal Deactivator (DMD) to the fue1.6,7 The 
active ingredient in DMD is N,N’-disalicycli- 
dene-1 ,Zpropylenediamine which chelates all of 
the copper in the fuel, and thus, reduces its 
catalytic activity. The chemical structure of 
DMD and the CuDMD complex are shown in 
Fig. 1. 

In order to determine whether the copper 
present in a jet fuel sample will degrade the 
stability of the fuel, one needs to be able to 
differentiate between CuDMD and the other 
forms of copper which will catalyze fuel oxi- 
dation. An analytical technique that can 
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B&d 
Fig. 1. Chemical structures of (A) the active ingredient in 
DuPont Metal Deactivator @MD) and (B) the copper 

DMD complex. 

accomplish this differentiation is needed. A 
technique that can determine both the specia- 
tion and concentration of copper at low parts 
per billion (ppb) concentrations is needed, be- 
cause both copper concentration and speciation 
determine how the dissolved copper will affect 
fuel stability. 

We have developed a method capable of 
distinguishing between CuDMD and the cata- 
lytically active copper carboxylates. The method 
has enabled us to separate the copper complexes 
into two classes: strongly bound copper of the 
CuDMD complex, and the weakly bound cop- 
per of the copper carboxylates. This method is 
significant, because it makes it possible to dis- 
tinguish between the copper that will have a 
detrimental effect on fuel stability and cause the 
fuel to degrade, and the copper which has been 
“passivated” by DMD and will not affect fuel 
stability. The technique we have developed for 
determining the speciation of copper involves 
preconcentrating and separating the different 
classes of copper compounds using normal- 
phase chromatography. The copper compounds 
are detected by serial ultra-violet absorbance 
and flame atomic absorption (FAA) detectors. 
It is important that the speciation is not dis- 
turbed during the preconcentration or separ- 
ation of the two classes of copper compounds, 
because if the speciation of the copper is 
changed the information about the catalytic 
activity of the copper in the jet fuel is lost. 

Initially the suitability of the traditional 
stationary phase alumina for the normal-phase 
preconcentration and separation of the copper 
compounds in jet fuel was investigated. The 
copper in hexane solutions was retained by the 
alumina, but could not be eluted unless strong 

acid was added to the eluent. The acidic eluent 
eluted all of the copper species at the same time. 
The eluted copper, regardless of its original 
speciation, had the same response factor for the 
W absorbance detection at 300 nm. We inter- 
preted this to mean that alumina acts as an 
ion-exchanger that displaces the native ligands 
when the copper adsorbs on the stationary 
phase. All of the copper was being eluted as the 
same compound, which is why the response 
factor was the same for every copper com- 
pound. We had developed a method capable of 
preconcentrating copper from jet fuel with a 
limit of detection of 0.07 ppb, but all infor- 
mation about copper speciation was lost. So, the 
method would not be useful in determining the 
effect of copper speciation on fuel stability. 

Alumina could not be used as a stationary 
phase for the determination of the speciation of 
copper in jet fuel, because alumina was too 
polar, and acidic eluents converted it into an 
ion-exchange phase. We were also concerned 
about silica based packing materials because of 
their similarity to alumina. Even the derivatized 
packing materials have residual silanol groups 
that could retain the copper. A stationary phase 
polar enough to allow preconcentration and 
elution of the copper complexes in the jet fuel, 
but not polar enough to act as an ion-exchanger 
and displace the native ligands, was needed. One 
such stationary phase is polyvinylpyrrolidone9 
(PVP), (C&&NO),. The chemical structure of 
the PVP polymer is shown in Fig. 2. A column 
was packed in house with commercially avail- 
able packing material with a nominal diameter 
of 50 pm, because traditional HPLC columns 
packed with PVP are not commercially avail- 
able. The column was used to evaluate the 
feasibility of using PVP as a stationary phase in 
the normal-phase chromatographic separation 
of copper complexes in jet fuel. On-column 
preconcentration of copper complexes and 
maintenance of their speciation was studied 
with the PVP stationary phase. Future work 
should employ smaller diameter PVP particles, 
to minimize peak broadening. 

Fig. 2. Chemical structure of the stationary phase material 
polyvinylpyrrolidone (PVP). 



Chromatographic determination 

Table 1. Flame atomic absorbance spectro- 
photometer operating conditions 

Lamp current: 25 mA 
slit: 1 mm, 0.7 nm 
Wavelength: 326.4 mn 
Flame: Air-acetylene 
Gas flow rates: 46-30 
Nebuliier type: Spoiler 
Burner type: 10.5 cm, 3-slot 

EXPERIMENTAL 

Reagents 

N,N’-disalicycline-1,2-propylenediamine, ac- 
tive ingredient in DMD, was purchased from 
Pfaltz & Bauer, Inc. Technical grade copper 
naphthenate was purchased from Chem Service. 
The copper cyclohexanebutyrate was purchased 
from Pfaltz dc Bauer. Reagent grade copper 
acetate was purchased from Aldrich. Copper 
powder was purchased from J. T. Baker. 
Because the copper naphthenate and cyclohex- 
anebutyrate were of unknown purity, solutions 
of all three carboxylates were made and the 
copper content was determined by FAA. The 
isopropyl alcohol, and hexane were Baker Ana- 
lyzed HPLC Reagent grade solvents (J. T. 
Baker). The water was purified in house using a 
Milli-Q Reagent Waters System (Millipore Cor- 
poration, Bedford, MA, U.S.A.). The jet fuels 
analyzed in this study were provided by the 
Fuels Research Branch at Wright-Patterson Air 
Force Base (Dayton, OH, U.S.A.). 

Column 

The column was a 5 cm x 4.3 mm PEEK 
column with ultra-high molecular weight 
polyethylene frits (Upchurch Scientific Inc. Oak 
Harbor WA, U.S.A.). The PVP stationary 
phase came from Dionex Onguard-P solid phase 
extraction cartridges (Dionex Corp. Sunnyvale, 
CA, U.S.A., p/n 039597). The average nominal 
diameter of the PVP was reported to be 50 pm. 
The column was packed by slurrying the PVP 
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with isopropyl alcohol, and transferring the 
slurry into the column with an eyedropper. The 
excess isopropyl alcohol was removed by a small 
pump (Fluid Metering Inc. Oyster Bay, NY). 

Apparatus 

The HPLC system was a Dionex BioLC 
system with a variable wavelength absorbance 
detector. The system provides a metal-free 
eluent flow path which has ensured no sample 
contamination by the chromatographic system 
and a low baseline. The HPLC was coupled to 
the FAA spectrophotometer by connecting the 
variable wavelength absorbance detector outlet 
tubing to the FAA nebulizer with an 18 gauge 
blunt tip needle and 20 gauge Teflon tubing. 

A Perkin-Elmer 403 flame atomic absorbance 
spectrophotometer (Norwalk, CT, U.S.A.) with 
manual controller, a spoiler nebulizer and 10.5 
cm 3-slot burner was used as an element specific 
detector. The operating conditions for the FAA 
are listed in Table 1. 

The final solvent program was: O-3 min, 30% 
hexane, 70% isopropyl alcohol, with a 1.25-ml 
sample injection at 0.5 min. The eluent from 3 
min to the end of run was 5% acetic acid and 
0.5% water in isopropyl alcohol. 

Data acquisition and control 

The data acquisition and system control were 
done using an IBM AT computer with an IBM 
DACA board (Boca Raton, FL, U.S.A.). The 
data acquisition and system control software 
was written in-house using Microsoft Quick 
Basic. (Microsoft Corp., Bellevue, WA, U.S.A.). 

RESULTS AND DISCUSSION 

The PVP stationary phase 
by injecting hexane solutions 
complexes listed in Table 2 
column. 

was evaluated 
of the copper 
onto the PVP 

Table 2. Capacity factor (k’) us. percent acetic acid, by volume, on a PVP stationary 
phase 

LOG Percent acetic acid in eluent 
stability by volume 

Species constant” 0 1 2 3 5 

Copper acetate 3.63 l 3.0 2.5 2.1 2.4 
Copper cyclohexanebutyrate 2.98 * 3.1 2.7 2.4 2.3 
Copper naphthenate t * 3.2 2.4 2.2 2.4 
CuDMD 20.5 0.8 0.6 0.5 0.4 0.5 

*The copper carboxylates had a capacity factor greater than 40 for eluents without any 
acetic acid. 

tThe stability constant of copper naphthenate is unknown but should be in the same 
range as the copper acetate and copper cyclohexanebutyrate. 
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We needed to determine whether the copper 
compounds would be retained by PVP. If they 
were retained, we then needed to determine how 
strongly they were retained and under what 
conditions they were eluted. It was also import- 
ant to determine whether the copper speciation 
was preserved or whether the ligands were dis- 
placed from the copper during retention and 
elution, specifically, if the same copper com- 
pound injected was eluted, or if ligand loss or 
exchange had occurred during retention and 
separation. This can be substantiated by com- 
paring the ratio of W and FAA responses for 
different compounds. 

The CuDMD complex was used as a test 
compound, because it is the dominant copper 
compound present in fuels containing copper 
that have been treated with DMD. Figure 3 
shows the capacity factor, k’, of the CuDMD 
complex on PVP for different combinations of 
isopropyl alcohol and hexane. From Fig. 3 we 
can see that the retention time of the CuDMD 
complex increases as the hexane concentration 
increases and the mobile phase becomes less 
polar. This means the CuDMD complex will be 
strongly retained by the PVP as long as the 
mobile phase is non-polar. Since jet fuel is 
nearly as non-polar as hexane, the capacity 
factor of CuDMD can be estimated from Fig. 3 
to be near 100 when jet fuel flows through the 
PVP column, which means on-column precon- 
centration will be feasible.” 

The other copper compounds investigated in 
this study were copper carboxylates. Copper 
carboxylates are copper compounds which 
might be present in jet fuel that would degrade 
fuel stability. The copper carboxylates tested 
had a capacity factor greater than 40 on PVP for 
all the combinations of hexane and isopropyl 
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Fig. 3. Log k’ of CuDMD complex as a function of percent 
hexane (by volume) in isopropyl alcohol, where k’ is the 

capacity factor. 

alcohol. The copper carboxylates were effec- 
tively eluted by a mixture of acetic acid, water 
and isopropyl alcohol. The water appeared to be 
necessary for W detection of the copper car- 
boxylates, which undergo an absorbance shift 
when hydrated, but changes in the concen- 
tration of water in the eluent did not affect the 
capacity factors of the copper compounds. 
When the concentration of water in the eluent 
was greater than 3%, the column back pressure 
became excessive. The pressure increase is 
thought to be due to water induced swelling of 
the PVP. 

The capacity factors of the copper com- 
pounds for different combinations of acetic acid 
and isopropyl alcohol are listed in Table 2. 
None of the copper carboxylates eluted unless 
the eluent contained acetic acid. The data in 
Table 2 indicates all of the copper carboxylates 
have similar capacity factors for each acetic acid 
concentration. We believe this is because all the 
copper carboxylates were eluting as the same 
species: copper acetate. It seems the copper 
complexes were intact when they adsorbed on 
the PVP, but the copper carboxylates underwent 
ligand exchange during elution. Changing the 
concentration of acetic acid in the eluent did not 
significantly change the capacity factors of the 
copper carboxylates. The peaks just got wider as 
the acetic acid concentration decreased. This 
result is thought to be due to the kinetics of the 
ion exchange process. 

The first column in Table 2 lists the logar- 
ithms of the stability constants in water,” of the 
copper compounds studied in this investigation. 
Stability constants, KS, or formation constants, 
Kf, describe the strength of a metal ligand 
complex. The smaller the stability constant of a 
metal complex, the more likely the complex is to 
dissociate into metal and ligand ions. This infor- 
mation is significant, because it provides an 
indication of the likelihood the copper will 
dissociate while it is being separated. The logar- 
ithms of the stability constants listed are for 
metal complexes in water. The copper com- 
plexes should be less prone to dissociate in the 
solvent systems used in the separation, because 
they do not support ions as well as water. The 
CuDMD complex is several orders of magni- 
tude more stable than the copper carboxylates. 
The copper carboxylates all have similar stab- 
ility constants, because all the ligands are bound 
to the copper ion by the same functional group. 
This is significant, because the stability constant 
of a copper complex may be related to its 
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catalytic activity in jet fuel.5-8 The stability 
constant of a copper complex may be inversely 
correlated with the catalytic activity of the 
copper in jet fuel, because the copper of the 
more labile species is more available to interact 
with the components in the fuel, is not as 
stabilized in one oxidation state, and can act as 
a catalyst. 

Once we had demonstrated that the copper 
compounds were adequately retained by the 
PVP to effect a separation, while the majority of 
the non-polar constituents of jet fuel passed 
through unduly unretained, we developed a 
separation of the two classes of copper com- 
pounds using the information in Table 2 and 
Fig, 3. The separation enabled us to distinguish 
between the copper that would adversely affect 
fuel stability and the copper that would not. The 
separation uses a mixture of hexane and iso- 
propyl alcohol to carry the sample to the 
column and elute the CuDMD. Then a step 
gradient to a 3% acetic acid in isopropyl alcohol 
is used to elute the other copper compounds in 
the sample. Figure 4 is the absorban= chro- 
rnato~~ at 2gO nm of a 1.2%ml hexane injec- 
tion that illustrates the solvent program used to 
separate the copper compounds. The disturb- 
ance between 1 and 3 min is the injection 
disturbance and the refractive index effects due 
to the hexane passing through the system. Since 
acetic acid absorbs weakly at 280 nm, the 
increase in absorbance between seven and eight 
minutes is proportional to the acetic acid con- 
centration. This solvent program enabled us to 
separate the copper complexes into two classes: 

0.0t2 
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Fig. 4. Solvent program used in normal-phase separation of 
copper compiexes in jet fuel. Absorbance of mobiie phase at 
280 nm is proportional to the concentration of acetic acid 
present. The program was 70% isopropyl alcohol/30% 
hexane from O-3 min, with sample injection at 0.5 min, 
3-end of run was 5% acetic acid and 0.5% water in 
isopropyl alcohol. The disturbnoe between 2-3 min is 

explained in the text, 

3 

Fig. 5. Novae-pb~ separation of on-c&unn pre~ncen- 
trated copper complexes in hexane foliowed by FAA detec- 
tion of the Cu signal: (A) CuDMD and (B) Copper 
carboxylate with (I) injection disturbance explained ia text. 

CuDMD and the copper carboxylates, This is 
significant because it enabled us to distinguish, 
for the first time, the weakly bound copper 
complexes that would have a detrimental effect 
on fuel stability from the strongly bound copper 
complex @tDMD) that does not affect fuel 
stability. 

Figure 5 shows the separation of two copper 
compounds in a hexane solution with copper- 
specific FAA detection. The peak at 4 minutes 
is CuDMD, the peak at 12.5 min is a copper 
carboxylate, and the spike at one minute is due 
to the combustion of the hexane plug, which 
makes the flame richer; the soot particles of the 
hexane flame scatter the light. 

Having established that the test copper com- 
plexes can be separated with a PVP stationary 
phase, we needed to lower the limit of detection 
(IUD) to the point where we could detect 
copper at an adequate level to detect copper 
concentrations that would cause stability prob- 
lems. We considered on-column preconcentra- 
tion,‘O since the copper complexes are readily 
preconcentrated at high k’ while the non-polar 
constituents of the fuel pass through at low k’. 
On-column preconcentration was accomplished 
by injecting a larger volume of jet fuel. Table 3 
shows the detected volume of the copper peaks 
for two different injection vohunes. Injecting a 

Table 3. Un-cohzmn penetration 
study: effect of injected volume on ehtted 

peak volume at the base 

Volume 
Injected 25.0 gl 1.25 ml 
Peak: width, 
CUDMD 1.61 ml 3.0 ml 
Pw& width, 
copper acetate 6.2Oml 13rnl 
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Table 4. Limit of detection (LOD) for copper carboxylates 
and copper DMD 

Copper 
complex 

Cont. MaSS Relative Peak 
LOD, LOD, response width, 
ppb ng factor* min 

CuDMD I 9 1.00 3 
Cu(OAc),t 40 50 0.14 13 

*This ratio indicates the relative response of the flame AA 
detector to a copper solution after separation.‘* 

tCu(OAc), is copper acetate 

sample volume fifty times greater only increased 
the peak width by a factor of two. This loss of 
column efficiency is acceptable for the method, 
because more than adequate chromatographic 
resolution is achieved with the solvent program 
to distinguish between the different classes of 
copper compounds. Thus, the limit of detection 
(LOD) was substantially improved by on- 
column preconcentration of a large sample 
volume. 

The injected concentration and mass LODs 
for the different copper complexes are listed in 

A 

-lOJ I 
0 5 IO 15 20 

Tim, m/n 

_- 
400. “e C 

350- 

300- 

-50-l I 0 5 IO I5 20 
-204 0 5 IO IS ; 

Time, min Time, min 

Table 4. The LODs were the concentrations of 
copper required to give a signal three times the 
standard deviation of the baseline noise. The 
LODs for the different copper species were 
influenced by the width of the peak and the 
solvent used for elution.‘z-‘4 

Once we had demonstrated the method could 
separate and detect the two classes of copper 
complexes at sufficiently low concentrations to 
be useful in the evaluation of the stability of 
fuels, the method was used to analyze several jet 
fuel samples in order to demonstrate its ability 
to identify and quantitate strongly and weakly 
bound copper complexes in real samples. The 
chromatograms of the jet fuel samples are 
shown in Fig. 6. Figure 6(A) shows the FAA 
signal for a fuel sample that has been double 
clay treated (DCT), a process which removes all 
the metals from the fuel. This is consistent with 
the chromatogram that does not indicate the 
presence of copper. This sample was taken as 
the baseline, and subtracted from the sub- 
sequent fuel samples. Figure 6(B) shows the 

-504 0 5 IO 15 
Time, min 

Fig. 6. FAA detection of the normal-phase separation of on-column preconcentrated jet fuel samples run 
as in Fig. 5, with quantitative results summarized in Table 5 for the labeled features: (A) chromatogram 
of double clay treated JP-8 with all metals removed, (B) chromatogram of JP-8 that had been standing 
over copper for 18 hours, (C) chromatogram of Mobil Oil Co. jet fuel, (D) chromatogram of 

POSF-2691, JP-4. 
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Table 5. inaction of copper complexes in jet fuel will cause fuel instabi~ty and the copper 
strongly Weakly that has been passivated by DMD, with LODs 
bOUild bound 

copper* CoPpert 
of 40 and 7 ppb respectively. This is the first 

Retention time range (mitt): 2-7 7-20 
reported analytical method capable of determin- 

Concentration ppb ppb 
ing copper near the level where it can cause 

Double clay Treated JP-8 0 0 
JP-8 over &I Powder 

stability problems while differentiating between 
95$ 3003 

Mobil Gil Co., Tarrance, CO 2m 0 
the copper that will cause stability problems 

WSF-2691, JP-4 1411 0 and the copper that is no longer catalytically 

*Strongly bound copper elutes between 2-7 min, as defined 
active. 

in Fig. 5. 
tWeakly bound copper elutes between 7-20 min, as defined Acknowfe~e~n~s-me authors would like to acknowl- 

in Pig. 5. 
~Quanti~tion features shown in Fig. 6(B). 

edge the US. Air Force Fuels Research Branch at Wright- 
Patterson AFB for supporting this research, especially Steve 

$Quantitation for peak shown in Fig. 6(C), with injection Anderson and Ron Butler. 
disturbance preceding it. 

JlQuantitation for peak shown in Fig. 6(D), with injection 
disturbance preceding it. 
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Summary-The complexation reactions between Co(H), Ni(II), Cu(II), Zn(II), Cd(I1) and Pb(I1) ions and 
benzo-l%crown-5, dicyclohexyl-l&crown-6, dibenzo-18-crown-6 and IJO-diaxa-18crown-6 have been 
studied in dimethylsulphoxide solution at 25” by means of a competitive spectrophotometric method using 
murexide as a metallochromic indicator. With the exception of Pb(II)(benzo-lkroqn-5), the stoichi- 
ometry of the resulting complexes was found to be 1: 1. The formation constants of the complexes were 
determined, and found to follow the Irving-Williams rule for the cations of the first transition series. It 
was found that the metal ion-ll-crown interactions are strongly dependent on the nature of the 
substituents on the ring. 

Since Pedersen’s discovery of macrocyclic 
polyethers (crowns) capable of forming stable 
and selective complexes with the alkali and 
alkaline earth cations,’ the studies of these 
ligands and their complexes become an 
import field of research. During the past two 
decades, intensive efforts have been undertaken 
to understand the factors which control the 
thermodynamic and kinetic stability and selec- 
tivity of the resulting complexes in solution.‘-‘j 
However, most of the investigators have 
concentrated their efforts on the study of alkali 
and alkaline earth-crown ether complexes, and 
the corresponding macrocyclic complexes with 
transition and heavy metal ions, especially in 
non-aqueous solutions, have received much less 
attention.6 

Because of the low stabilities of most crown 
ether complexes with the cations of the tlrst 
transition series,4*6 as well as the serious interfer- 
ence by hydrolysis of these cations in aqueous 
crown and cryptand solutions,7 we chose to 
study the corresponding complexation reactions 
in dimethylsulphoxide (DMSO) solution. Using 
DMSO as a dipolar aprotic solvent removes 
difficulties associated with transition metal ion 

*Author for correspondence. 

hydrolysis.* Moreover, in this solvent, the 
different transition metal salts and crown ethers 
used are readily soluble and, more importantly, 
the resulting murexide solutions in DMSO are 
quite stable (in contrast to the corresponding 
aqueous solutions). 

We have recently reported a spectrophoto- 
metric method for the study of the murexide 
complexes with Co(II), Ni(II), Cu(II), Zn(II), 
Cd(I1) and Pb(I1) ions in dimethylsulphoxide 
solution.’ In this paper, we employed murexide 
as a metallochromic indicator to study the 
resulting complexes between these cations 
and benzo-15crown-5 (Bl X5), dicyclohexyl- 
1 S-crown-6 (DC 18C6), dibenzo- 18-crown-6 
(DB18C6) and l,lO-diaza-18-crown6 (DAl8C6) 
in dimethylsulphoxide solution by means of a 
competitive spectrophotometric method. 

EXPERDlENTAL 

Reagent grade cobalt chloride, nickel chlor- 
ide, copper chloride, zinc chloride, cadmium 
nitrate and lead nitrate (all from Merck) were 
dehydrated and dried as described elsewhere.9 
Reagent grade tetraethylammonium perchlorate 
(TEAP, Fluka) and murexide (Mu, Merck) were 
of the highest purity available and were used 
without further purification except for vacuum 

503 
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drying over P,O, for 72 h. Crown ethers 31X5, 
DC18C6, DBl8C6 and DA18C6 (all from 
Merck) were purified and dried by the pre- 
viously described methods.“‘~” Spectroscopic 
grade dimethylsulphoxide (DMSO, Merck) was 
used as received. All spectra were obtained with 
a Model 2100 Shimadzu W-Vis spectropho- 
tometer at 25 & 1”. 

The formation constants of the resulting 
complexes between the crown ethers and metal 
ions used were determined by the absorbance 
m~surements, at &,, of each mure~d~metal 
ion complex,7 of solutions in which varying 
concentration of metal ions (2.0 x 10e4- 
1.0 x 10m3M) were added to a fixed 
concentration of murexide (2.0 x lo-‘M) and 
crown ethers (O.OOS-O.O3J%f) in DMSO. The 
ionic strength of all solutions was kept constant 
at 0.1 A4 using TEAP. All solutions were neutral 
and, hence, the ligand existed in its monovalent 
form throughout. 9~12 Attai~ent of equilibrium 
was checked by the observation of no further 
change in the spectra after several hours. It 
should be mentions that none of the transition 
metal complexes with crown ethers used show 
any absorption band in the visible region in the 
concentration ranges studied. 

As it was pointed out before: in the case of 
1: I complex formation between murexide and a 
metal ion, M, the following linear relation exists 
between (A/A, - 1)/C’, and A /A, 

(A /& - 1)/G 

= ~M~/~MM”~M~ - K~~~~~A~ (1) 

where A0 = cM,, G, and A, fMu, eMMu, C,,, C, 
and KMMu are the absorbance at ;1, of complex, 
molar absorptivity of murexide, molar absorp- 
tivity of complex, total concentration of murex- 
ide, total concentration of metal ion and 
apparent formation constant of MMu, respect- 
ively. It should be noted that under the neutral 
conditions used, murexide exists only in its 
monovalent form’* and can only form 1: 1 
complexes with metal ions;pt*3**4 thus, when no 
other complexing agent is present, KMMu would 
be actually equal to the absolute fo~ation 
constant Kr+rMu. According to equation (l), the 
value of KMMu could be obtained from the 
intercept of the linear plot of (A,/A - l)/& us. 

&IA. 
However, in the presence of a crown ether, as 

a buffer ligand, the metal ion can also form 1: 1 
and 2: 1 (ligand to metal) crown ether complexes 
with respective stepwise formation constants 

0.4 

0.3 

e 
Z 
2 0.2 

$ 

0.1 

370 470 570 t 0 

Wavelength (nm) 

Fig. 1. PIots o~(K~~~l~~~~ - l)]C,,,, us. C,,,, . MMu: 1, 
Pb-murexide: 2, Za-murexide. 

Kuc and KMc,. In this case, the murexide-metal 
ion apparent formation constant, K&, can be 
related to its absolute formation constant, 
K r+mut by 

GM- = KMdor, (2) 

Under the expe~mental conditions 
Cc % C, % C,, , that is the fraction of free metal 
aM is given by 

a,=l+K,,Cc+KMc2C; (3) 

where Cc is the total concentration of crown 
ether. 

Combination of equations (2) and (3) results 
in 

1 1 

K = hiMu + &fMu 
- -!-~&CCC f J&&) (4) 

Re~angement of equation (4) then gives 

(K&u /K&r” - 1 )/Cc = K,, + Kr.ic2 Cc (5) 

According to equation (5), a plot of 

(KMM” /GM, - 1)/G vs. Cc provides infor- 
mation about the stoichiometry and stability of 
the metal ion-crown ether complexes, The 
existence of a linear relation between 

(KMM” /KL - 1) and Cc reveals the formation 
of both I : 1 and 2 : 1 complexes in solution, from 
the intercept and slope of which KM, and KMc2 
could be obtained, respectively. While in the 
cases where only a 1: 1 complex is formed, the 

(K~~~/~~~~-‘) VS. Cc plots give horizontal 
lines, the intercept of which is equal to KMc 
(Fig. 1). 

RESULTS AND DISCUSSION 

The spectra of murexide and its complexes 
with Co(II), Ni(II), Cu(II), Zn(II), Cd(H) and 
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30- 
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6.9 7.1 7.5 7.9 

A/A, 

Fig. 2. Visible region spectra for titration of 2.0 x 10esM 
murexide with Zn(I1) in the presence of O.OlM Bl5C5 and 
ionic strength of 0. 1M in DMSO. [Zn(II)] : 1, 4.0 x lo-‘M; 
2, 5.9 x lo-‘M; 3, 7.9 x lo-‘M; 4, 9.9 x 10-?&f; 5, 

1.2 x 10e3M; 6, murexide alone. 

Pb(I1) ions in DMSO solution are reported 
elsewhere.9 All of the resulting complexes are 
distinguished by a strong spectral shift of about 
18-73 mn toward shorter wavelengths, in com- 
parison to the free murexide. In order to deter- 
mine the stoichiometry and stability of metal 
ion complexes with B15C5, DClBC6, DBlBC6 
and DA 18C6, the spectra of a series of solutions 
of fixed murexide and crown ether concen- 
trations and varying amounts of the metal ions 
were recorded. All spectra presented satisfac- 
tory isobestic points. The deviations of spectra 
from isobestic points were at the most f 5%. 
The spectra of mixtures of murexide and zinc 
ion in the presence of B15C5 in DMSO solution 
are shown in Fig. 2 and the corresponding 
(A/A, - 1)/C, VS. A /A, plots are given in Fig. 3. 
The apparent formation constants of 
metal-murexide complexes were obtained from 
the slopes of such linear plots. The stoichi- 
ometry and stability of different metal-crown 
ether complexes were determined using the 
corresponding plots of (GtM”lGh4” - 1) 
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Fig. 3. Plots of (A /A, - 1)/C, US. A/A,, for Zn(II)-murexide 
at different concentrations of Bl5C5 in DMSO. Cs,,,: 1, 

0.005M; 2, O.OlM; 3, 0.02M; 4, 0.03M. 

against Cc. Two samples of the resulting plots 
are shown in Fig. 1. 

With the exception of Pb(II)-B15C5 system, 
all metal ion-crown ether complexes examined 
showed a 1: 1 stoichiometry. However, in the 
case of Pb(I1) ion, evidences for the formation 
of both 1: 1 and 2 : 1 (ligand to metal) complexes 
in DMSO solution was observed. B15C5 has a 
cavity size (1.7-2.2 A)” that is too small for 
Pb(I1) ion (2.38 A).‘” Therefore, the cation can 
only partially penetrate inside the cavity of the 
ligand and, consequently, a second ligand can 
approach the cation from the other side to form 
a 2: 1 sandwich complex.” In all other ‘cases 
studied, the size of the cations used (Table 1) are 
smaller than the cavit size of the three 18- 
crowns tried (2.6-3.2 1 )I5 and, therefore, the 
formation of 1: 1 complexes is not unexpected. 

All calculated formation constants of the 
resulting complexes between the cations and 
crown ethers used in DMSO solution are sum- 
marized in Table 1. The previously reported 
stability constants for Cu(I1) and Pb(I1) 
complexes with DAlBC6 in DMSO are also 
included for comparison.” It should be noted 
that the Ni(II)-DAlBC6 and Zn(I1) DAlBC6 
systems in DMSO showed an unexpected spec- 
trophotometric behaviour (probably due to the 

Table 1. Log Kf of different metal ion-crown ether complexes in DMSO 

Log & 

Ligand co(II)(o.75)+ Ni(II)(0.69)* Cu(I1) (0.77)* Zn(II)(O.74)* Cd(II)(0.95)* Pb(II)(1.19)* 

Murexidet 
DAl8C6 

4.56 f 0.03 
1.82 f 0.04 

DCl8C6 1.48 f 0.03 
CBl8C6 0.80 f 0.05 
Bl5C5 0.92 f 0.05 

*Ionic radius in angstroms.” 
tData from reference 7. 
$Data from reference 18. 

5.45 f 0.05 5.65 f 0.03 4.27 f 0.04 4.63 f 0.03 4.52 f 0.03 
- 3.02 f 0.03 - 2.61 f 0.03 3.43 f 0.04 

3.OO*o.lof 4.22 + 0.02$ 
2.19*0&l 2.71 f 0.03 I .70 f 0.03 1.82 f 0.03 2.23 f 0.04 
1.29 f 0.03 2.24 f 0.03 1.46 f 0.03 0.36 f 0.05 1.35 f 0.03 
2.04 f 0.05 2.78 f 0.04 0.96 f 0.05 1.35 kO.03 2.07 f 0.04(1: 1) 

1.38 f 0.05(2 : 1) 
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existence of a third equilibrium in solution) and, 
therefore, the corresponding formation con- 
stants cannot be determined by the proposed 
method. As it is seen, the sequence of stability 
of the first transition series with all crown ethers 
tried (i.e., Co(I1) < Ni(I1) < Cu(I1) > Zn(I1)) 
follows the Irving-Williams order,” which 
generally holds for the equilibrium constants of 
transition metals. On the other hand, Pb*+ ion 
forms more stable complexes’ than Cd(I1) ion 
with l&crowns used, mainly because of the 
better fitting condition of this cation inside the 
macrocyclic ligands’ cavity. 

Comparison of the data given in Table 1 
shows that among 18-crowns used, where the 
ring frame remains the same, metal ion-crown 
ether interaction is strongly a function of the 
nature of substituents on the ring which control 
both the electron-pair donicity and the 
flexibility of the ligand molecules. It is seen that 
DAlSC6 forms the most stable complexes and 
DBl8C6 the least stable ones in the series. The 
two nitrogen atoms of DAl8C6 ring, as soft 
bases, would interact more strongly with the 
transition metal ions as soft or intermediate 
acids*O than oxygen atoms, as hard bases. It 
should be noticed that DAl8C6 has also the 
most flexible structure among the 18-crowns 
used, so that the macrocyclic molecule can easily 
wrap itself around the cations, inducing more 
stability to the resulting complexes. 

Table 1 shows that, substitution of two benzo 
groups on the 18C6 ring lowers the stability of 
the resulting complexes in comparison to 
DC18C6. This behaviour may be attributed to 
some combination of the electron-withdrawing 
property of benzo groups which weakens the 

MOITABA SHAMSIPUR 

electron-donor ability of the oxygen atoms of 
the ring, and reduced flexibility of the ligand 
which prevents the macrocyclic molecule wrap- 
ping itself around the cation.‘O*” 

1. 
2. 
3. 

4. 

5. 
6. 

7. 

8. 
9. 

10. 

11. 

12. 

13. 

14. 

15. 
16. 

17. 

18. 

19. 
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SPECTROPHOTOMETRIC DETERMINATION OF 
URANIUM USING ASCORBIC ACID AS A 

CHROMOGENIC REAGENT 
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Summary-A spectrophotometric method has been developed for the determination of uranimn(V1) using 
ascorbic acid. Uranium in the hexavalent state forms a reddish-brown coloured complex with ascorbic 
acid. The colour intensity of the complex is maximum at pH 4.24.5 and is stable for 24 hr. The 
absorbances of uranium(VI)-ascorbic acid complex at 360 and 450 nm are used for its quantification. 
Uranium in the range g-200 pg/ml has been determined with good precision. The method allows the 
determination of uranium in the presence of many metal ions present as impurities. The described method 
is simple, accurate and applicable to uranium concentration relevant to the PUREX process and thus can 
be used for analytical control purposes. 

The PUREX process is employed commercially 
to recover uranium and plutonium by reprocess- 
ing spent nuclear fuels. The uranium concen- 
tration is determined in various streams for 
process control in plant operations. Spectropho- 
tometric methods are the most commonly and 
widely used analytical techniques for uranium 
determination. In general, these methods are 
based on the colour reaction of U(W) with two 
types of chromogenic reagents. These are in- 
tensely coloured organic reagents forming 
chelate types of complexes and inorganic re- 
agents containing oxygen and sulphur donors, 
forming simple coordination complexes with 
U(W). Methods based on the former type 
of reagents like dibenzyolmethane (DBM), 
I-(2-pyridylazo)-2-napthol (PAN), 5-dimethyl- 
amino-2-(2-thiazolyazo) (TAM), arsenazo(II1) 
and S-hydroxyquinoline are highly sensitive but 
less specific and therefore have poor tolerance 
for trace level impurities present in the 
sample.‘” In the application of such methods 
the prior chemical separation of U(V1) is, there- 
fore, mandatory. The chemical separation steps 
are often time consuming and tedious in nature, 
making such methods unsuitable for process 
control analysis purposes.6 On the other hand 
methods based on the latter type of chroma- 
genie reagents are relatively simple and rapid. 
Two such methods currently in use are based on 

*Author for correspondence. 

the colour reactions of uranyl ion with hydrogen 
peroxide and alcoholic ammonium thio- 
cyanate.‘s8 The peroxide method finds limited 
application owing to its poor sensitivity and 
selectivity. The alcoholic ammonium thio- 
cyanate method has relatively good sensitivity 
and selectivity. However, the waste generated in 
this procedure causes serious concern. The cor- 
rosive nature and relatively high concentration 
of thiocyanate pose typical waste management 
problems. The alcohol fraction of the waste 
constitutes a fire hazard and necessitates ad- 
ditional precautions, while storing or disposing. 
To circumvent these problems, a new spectro- 
photometric method has been developed for the 
estimation of uranyl ion in aqueous as well as 
organic streams of the PUREX process. The 
method involves the use of ascorbic acid as a 
chromogenic reagent for uranyl ion in aqueous 
media. The results of analysis of some synthetic 
samples and actual PUREX process samples are 
reported here. 

EXPERIMENTAL 

Apparatus 

Absorbance measurements were made with a 
Shimadzu UV-Vis-160 double beam micro- 
computer-controlled recording spectrophoto- 
meter with 1 cm path glass cells. A glass 
electrode pH meter was used for pH measure- 
ments. 
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~eugents 

Standard ur~i~ solution. A ~an~~~ 
stock solution (5 mg/ml) was prepared by dis- 
solving nuclear pure grade U,O, powder (ob- 
tained from Uranium Metal Plant, B.A.R.C.) in 
1: 1 nitric acid and standardized by a modified 
Davis & Gray method using potentiometric end 
point detection.g 

Ascorbic acid solution. L-Ascorbic acid, 
CsHsOs (Polypharm, Bombay), was dissolved in 
distilled water to make a 1M solution and 
titered through Whatman 41 paper. 

Sodium carbonate solution. Sodium carbon- 
ate, Na,CO, (Qualigens fine Chemicals, Bom- 
bay), was dissolved in distilled water to make a 
0.5M solution. 

Chromogenic reagent. Chromogenic reagent 
was prepared as and when needed by mixing 1 M 
ascorbic acid solution, 0.5JI4 sodium carbonate 
solution and distilled water in the proportion 
7 :4: 9 to the required total volume. 

All chemicals used were of analytical reagent 
grade. 

Preparation of synthefjc acidic Uranus 
sample. Fixed aliquots of U(W) standard sol- 
ution were evaporated to dryness in different 
vials. The residue of each of these vials was 
dissolved in nitric acid of varying strength keep- 
ing the volume constant. 

Procedure and calibration 

A weighed or volumetric aliquot of the 
sample solution up to 0.5 ml in volume and 
contai~ng not more than one milli equivalent of 
nitric acid was transferred q~ntitatively into a 
25 ml capacity standard flask. The solution was 
made up to the mark with freshly prepared 

(1) Reagent blank 
(2) U(VI) - Ascorbic acid complex 

300 400 500 
Wavelength (am) 

Fig. 1. Absorbance spectra. 

1.8 

o.4---- 
03.B4.2 4.6 5.0 5.4 5.8 

PH 

Fig. 2. Effect of pH. 

chromogenic reagent. The content of the flask 
was mixed well by shaking and the absorbance 
of the resultant solution was measured at 360 
nm (0.2-1.0 mg U) or 450 nm (I-5 mg U) 
against a reagent blank. The amount of 
uranium present in an aliquot can be computed 
with the following equations: 

U = 1.4887 A, + 0.0098 (360 nm) 

or 

U = 4.2696 A, + 0.0001 (450 nm). 

Here U is the uranium amount (mg) present in 
the sample aliquot and A, and A, are the 
measured absorbances at 360 nm and 450 nm, 
respectively. 

Ten weighed aliquots of the standard 
uranium solution covering the range from 0.2-5 
mg were evaporated to dryness into separate 
beakers and the content of each beaker was 

0.60 

3 
B & 0.43 

P 

s 

0.3( 
i.! 

Wavelength 450 nm 
Asc. Acid = 3.50 (N/M) 

Sod. Carbonate 

WI = 100 pglml 

I I I I I 
I 8.5 11-S 145 17.5 20.5 

Chromogenic reagent in 25ml 

Fig. 3. Optimization of amount of chromogenic reagent. 
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Table 1. Uranium determination by ascorbic acid (synthetic 
Sam&s) 

36Omn 450 nm 

Uranium (mg) uranium (mg) 
Relative Relative 

Taken Found error (%) Taken Found error (%) 

1. 0.173 0.168 -2.9 1.048 1.038 -1.0 
2. 0.467 0.479 f2.5 2.167 2.173 +0.3 
3. 0.621 0.610 -1.8 3.170 3.189 +0.6 
4. 0.836 0.842 +0.7 4.276 4.261 -0.4 
5. 1.079 1.088 +0.8 4.982 5.011 +0.6 

transferred quantitatively into separate 25 ml 
standard flasks using chromogenic reagent. 
The absorbance of the developed colour was 
measured according to the procedure described 
earlier. The calibration equations were obtained 
by regression analysis.” 

RESULTS AND DISCUSSiON 

Absorption spectra 

Uranium forms a 1: 1 complex with ascorbic 
acid. The instability constant of the complex 
[UO,HA]+ at 20” is 3.3 x 10e3 as reported.” 
The complex has the maximum absorption at 
335 nm (Fig. 1). At this wavelength the chro- 
mogenic reagent itself has significant absorption 
and hence absorbance measurements are made 
at 360 and 450 nm which obey Beer’s law. The 
complex has a molar extinction coefficient of 
about 4000 at 360 nm and 1400 at 450 nm. The 
complex is stable for 24 hours. 

Eflect of pH 

The complex formation and its absorbance is 
influenced by the pH of the medium (Fig. 2). At 

Table 2. Determination of uranium in the presence of 
foreign metals 

Uranium Element Uranium Relative 
taken (rug) present (rug) found (rug) error (%) 

2.092 Zr 2.062 -1.43 
2.023 0.214 2.012 -0.54 
2.133 0.535 2.166 +1.54 
2.026 1.070 2.019 -0.34 
2.000 2.140 1.989 -0.55 

2.131 Fe 2.161 +1.40 
2.161 0.210 2.196 +I.62 
2.092 0.416 2.010 -3.92 
2.131 0.521 2.112 -0.89 
2.016 1.021 1.998 -0.89 
2.109 2.021 2.186 +3.65 

1.842 Pu 
1.804 0.100 
1.926 0.200 
2.142 0.250 
2.153 0.500 
1.986 1.000 

1.821 
1.820 
I.954 
2.124 
2.211 
1.996 

-1.14 
+0.89 
+1.45 
-0.84 
+2.69 
+0.50 

the pH range 4.2-4.5 the absorbance is constant. 
There is no need for preneutralization of acidic 
samples since the chromogenic reagent itself 
acts as a buffer possessing sufficient buffer ca- 
pacity, hence the system needs no external 
buffer for pH control. 

Amount of chromogenic reagent 

At the fixed ratio of ascorbic acid to sodium 
carbonate, the optimum amount of the chro- 
mogenic reagent necessary for the quantitative 
complexation of uranium is evaluated (Fig. 3). 

Analysis of the synthetic samples 

Analysis results of synthetic samples are 
reported in Table 1. 

Interferences 

Iron, zirconium and plutonium are the poten- 
tial interferents expected in the uranium deter- 
mination in PUREX process stream samples. 
The effects of these metal ions has been studied 
and the results are listed in Table 2. It can be 
seen from the data that Zr and Fe do not 
interfere up to a 1: 1 ratio (w/w). The method is 
also free from Pu interference up to a 1: 2 ratio 
(w/w). Nitric acid influence on uranium esti- 
mation has been studied and the results are 
summarized in Table 3. No significant interfer- 
ence is observed up to 1 meq. nitric acid in 
the sample aliquot. Interference caused by 
some anions like sulphate, phospate and fluor- 
ide has been reported. ‘O These ions are rarely 
encountered in significant amount in PUREX 
process streams and hence were not tested in 
this work. 

Analysis of actual PUREX process samples 

The method was tested with some process 
samples preanalysed by isotopic dilution mass 
spectrometry (IDMS)12 and potentiometry’, 
after suitable dilution. The comparative 
results are given in Table 4 and are in good 
agreement. 

Table 3. Influence of nitric acid on uranium estimation, 
Uranium standard cont. = 83.399 mg/g 

Nitric acid Uranium found Relative error 
added (meq.) (w/g) (w) 

- 83.987 +0.7 
0.25 84.43 I +1.2 
0.50 83.401 +o.o 
0.75 82.827 -0.7 
1.00 82.043 -1.6 
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Table 4. Analysis of actual PUREX process samples 

Uranium analysis by method (811) 
Relative 

Sample A B error (%) 

Feed 1 213.59+ 216.89* fl.5 
Feed2 94.32f 93.17* -1.2 
O.S. 1 89.40 90.72 +1.5 
O.S. 2 85.33 84.61 -0.8 
O.S. 3 80.21 81.03 +1.0 
O.S. 4 78.53 79.19 +0.8 
U.P. 1 85.62 84.56 -1.2 
U.P. 2 81.74 82.59 e1.0 
U.P. 3 243.95 241.63 -1.0 
U.P. 4 205.65 204.08 -0.8 
U.P. 5 315.35 317.90 +0.8 
U.P. 6 404.60 408.34 l-o.9 

A-IDMS/Potentiometry Method 
B-Present Method 
O.S.--Grganic Stream 
U.P.-Uranium Product 
*Value in m&g. 

Aged ascorbic acid solution introduces a bias 
in the method. To avoid this, ascorbic acid 
solution should be prepared daily. 

The precision of the method (RSD, 11 deter- 
minations) is found to be + 2% and rt: 1% at 0.5 
and 5 mg levels respectively. 

Acknowledgements-The authors express their sincere 
thanks to Shri A. N. Prasad, Director, F.R. and N.W.M. 
Group for bis keen interest and encouragement given during 
the work. The authors are also thankful to the members of 
the mass spectrometry t~roup and Shri Pintu Sen for their 
help and cooperation provided at various stages of the 
work. 

1. Yoe J. H. et al. Anal. Chem. 1953,2S, 1200. 
2. K. L. Cheng ef al. Ibid., 1953, 27, 782. 
3. E. Sorensen, Acta Chem. Scand., 1960, 14, 965. 
4. V. I. Kuxnetsov, Radiokhim, 1960, 2, 689, Anal. Abstr., 

1961, 4613. 
5. K. Motoxima et al. Anal. Chem., 1961, 32, 1083. 
6. F. Baumgartner et al. Journal of Radioanalytical 

Chemistry, 1980, Vol. 58. 
7. I. M. Kolthoff et al. (ed.): Treatise on analytical 

chemistry, Part II, p. 100. Interscience 1962. 
8. Carl E. Crouthamel er al. Anal. Chem., 1952, 24, 

1780. 
9. F. P. Roberts ef al. (ed.), NUREG/CR-3584, Method 

3.0, 1984. 
10. Edward L. Batter, A Statistical Manual for Chemists, 

Academic Press, 197 1. 
11. P. N. Palei, (ed.) Analytical Chembtry of Uranium, 

Israel Program for Scientific Translations, Jerusalem, 
1963. 

12. A. D. Moorthy et al. B-8, Third National Symposium on 
Mass Spectrometry, Hyderabad, 1985. 



T&ma, Vol. 40, No. 4, pp. 511-514, 1993 0039-9140/93 $6.00 + 0.00 
Printed in Great Britain. All rights reserved copyright 0 1993 Pergamon FTe% Ltd 

SIMULTANEOUS DETERMINATION OF 
MULTICOMPONENTS BY FLOW INJECTION ANALYSIS 

DETERMINATION OF COPPER AND ZINC IN SERUM BY USING 
ZINCON AS COLOURING REAGENT 

F&N-MIN LIIJ, DAO-JIE Lru and AFLING SUN 

Department of Chemistry, Liaocheng Teachers College, Liaocheng, Shandong, 
People’s Republic of China 

(Received 5 March 1992. Revised 19 August 1992. Accepted 19 August 1992) 

Summary-A flow injection system is described for the simultaneous determination of copper and zinc 
with a single detector. Two sample plugs are injected into the same carrier stream sequentially. One is 
for zinc determination and the other is for the sum of copper and zinc. For zinc determination, copper 
mashing reagent is simultaneously injected into a parallel carrier stream and merged with the sample plug 
by using the merging zone technique. Zincon is used as the colour reagent for the spectrophotometric 
determination of copper and zinc. The results for the analysis of serum by the proposed method 
correspond well with those obtained by an AAS method. The rate of analysis is about 45 samples/hr. 

Flow injection analysis (FIA) has increasingly 
been used in various fields, owing to its high 
sample throughput, cost effective performance 
and versatility. Whereas in the initial develop- 
ment of FIA, methods were focus& on finding 
selective methods of detection, a recent trend 
has been the design and optimization of measur- 
ing systems for the simultaneous determination 
of two or more components, e.g., multicompo- 
nent determination.‘” 

Copper and zinc are essential micro-elements 
in the human body. The determination of 
copper and zinc, especially their ratio, in serum 
is of great interest in clinical chemistry.’ Several 
FIA atomic spectroscopy methods have been 
reported for the simultaneous determination of 
copper and zinc in serum,@ whereas few 
methods have been based on spectrometric 
detection. 

Zincon is a sensitive reagent for copper and 
zinc. In the present work, zincon is used as the 
reagent for the determination of copper and zinc 
by using a flow injection analysis system. A 
three-loop system is used to sequentially inject 
two samples, one of which is merged with a 
copper masking solution. In this manner, 
two FIA peaks are sequentially recorded, 
one the sum of copper and zinc, the other zinc 
only. 

Reagents 
EXPERIMENTAL 

Standard stock solution of copper. 1 .O mg/ml. 
Standard stock solution of zinc. 1.0 mg/ml. 
Copper masking reagent. A 5% (m/V) sol- 

ution of thiourea. 
Buffer solution (carrier). A 12.4-g weight of 

boric acid, 13 g of potassium chloride, 3.1 g of 
sodium citrate, 1.5 g of sodium triphosphate 
and 0.13 g of 1 ,lO-phenanthroline were dis- 
solved in 800 ml of water and the pH was 
adjusted to 9.0. The solution was then diluted to 
1000 ml. 

Zincon solution. 0.05% aqueous solution. 

Apparatus 

The flow injection manifold used is shown in 
Fig. 1. A Hitachi 220A spectrophotometer 
equipped with a flow cell was used as the 
detector. A dual six-way rotary valve (provided 
by Yellow Sea Fisheries Research Institute, 
Chinese Academy of Fisheries Sciences) with 
three loops was used for sample and copper 
masking reagent injection. The connection of 
the valve was shown in Fig. 2. 

Procedure 

The FIA system is connected up with PTFE 
tubing (1.0 mm i.d.) according to the arrange- 
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P S MR 

mllmin W 
Fig. 1. Schematic diagram of FIA system. C, carrier (buffer 
solution); R, xincon solution; P, peristaltic pump; S, sample; 
MR, copper masking reagent; V, injection valve (PTFE); M, 
confuence point; RC, reaction coil (1.0 mm id., 120 cm 
long); BC, back-pressure coil (0.5 mm i.d., 2.0 m long); SP, 

spectrophotometer; W, waste. 

ment shown in Fig. 1. The connection and 
operation of the injection valve is shown in 
Fig. 2. Three loops are mounted on the injection 
valve. Two are for samples and one is for the 
copper masking reagent. The sample plugs are 
injected into the carrier solution sequentially for 
separate spectrophotometric measurements. 
One is for zinc determination and the other is 
for the sum of copper and zinc. For zinc deter- 
mination, the copper masking reagent is simul- 
taneously injected into another carrier (water) 
and merges with the sample plug by the merging 
zones technique. The absorbance is red in the 
flow-cell at 606 nm. Two peaks are observed for 
the two separate injections, shown in Fig. 3(b). 
The first peak corresponds to zinc and the 
second to the sum of copper and zinc. Using the 
peak height as a measure of absorbance, copper 
absorbance can be calculated by the difference 
between the two peaks. 

Prepare a series of mixed standard sol- 
utions of Cu(I1) and Zn(I1). Inject these 
solutions into the carrier solution as described 
for sample solutions, before and after the 
sample runs. 

(a) 

(cl 0’) (a) 
Fig. 3. Typical recordings for copper and zinc, (a) 1 .O pg/ml 
copper alone; (b) 1.0 pg/ml zinc alone; (c) 1.0 pg/ml copper 
and 1 .O pg/ml zinc in a mixture. The first (right) peak is for 
the sample in loop 2 and the second is for the sample in loop 

3. S marks the time of injection for each sample plug. 

RESULTS AND DLSCUSSION 

FIA man$old for simultaneous &termination 

In the present approach, two sample plugs 
were injected into the same carrier solution 
sequentially. The second is injected after the 
signal for the first is recorded. One is for zinc 
determination and the other for the sum of 
copper and zinc. For the determination of the 
sum of copper and zinc, only the sample plug 
was injected into the carrier, and for the deter- 
mination of zinc, the copper masking reagent 
was merged with the sample. A 120~cm reaction 
coil for colour-reaction was found to be suitable 
both for the determination of zinc and the sum 
of copper and zinc. The peak separation of the 
two sample plugs can be controlled by adjusting 
the interval of the injections. Good separation 
of the two peaks as shown in Fig. 3 can be 
obtained when the injection interval is 3040 
sec. 

Determination of zinc and copper with zincon. 

Zincon reacts with zinc and copper to form 
blue complexes. The absorption spectra of these 

W 
(b) 

Fig. 2. Injection valve and loop configurations, (a) state of determination of zinc; (b) state of determination 
of the sum of copper and zinc; Ll, loop for copper masking reagent injection (120 ~1); L2, loop for sample 
injection in determination of zinc (80 ~1); L3, loop for sample injection in determination of the sum of 

copper and zinc (80 ~1): Other symbols are as for Fig. 1. 
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A, nm 

Fig. 4. Absorption spectra of Cu(II)-zincon and Zn(II)- 
zincon complexes, (1) 0.8 pg/ml of copper; (2) 0.8 pg/ml of 

zinc. 

complexes, as shown in Fig. 4, intersect at 606 
run, at which their absorption coefficients are 
equivalent (ac, = a,, = a). The absorbance at 
this point in the zinc determination in the FIA 
system can be described as: 

A=a,*b*C,=a.b-C, 

The absorbance in the determination of the sum 
of copper and zinc can be described as: 

= a . b(C,, + Cc,,) 

A wavelength of 606 run was chosen both for 
measurement of zinc and the sum of copper and 
zinc. 

For this simultaneous determination, it was 
desirable for the zinc signal to be obtained 
separately in addition to the signal of the sum 
of copper and zinc. It was decided to mask 
copper with thiourea. Experiments at pH 9.0 
with borate solution indicated that copper could 
be masked by thiourea since only one peak was 
obtained when the solution containing only 
copper was injected [Fig. 3(a)]. 

Zincon reacts with copper at pH 5-9.5 and 
zinc at &9.5.‘O The effect of the concentration of 
buffer solution was also studied, Maximum 
peak heights can be obtained when 0.20M 
borate solution was used. As a result, a pH of 
9.0 for complex formation and a buffer solution 
of 0.20M borate were employed. 

J 

A 0.05 
T 

3 min 

Fig. 5. Recorded signals of mixed standard solutions of 
copper and zinc. The 6rst (right) peak corresponds to zinc 
and the second to the sum of copper and zinc. 1,O.S &g/ml 
copper and 0.5 &ml zinc; 2, 1.0 pg/ml copper and 1.0 
&ml zinc; 3, 1.5 pg/ml copper and 1.5 pglml zinc; 4, 2.0 

pg/ml copper and 2.0 &ml zinc. 

The effect of the concentration of zincon on 
the peak height was studied by injecting a mixed 
solution of 2 pgg/ml zinc and 2 pg/rnl copper. 
The peak height was found to be almost inde- 
pendent of the concentration of zincon in the 
range 0.025-0.075%. A 0.05% solution of zin- 
con was chosen for this study. 

Calibration 

Under the conditions described, mixed stan- 
dard solutions of zinc and copper (mass ratio 
1: 1) were measured (shown in Fig. 5). The 
calibration graph was linear in the range O-5 
pg/ml for the sum of copper and zinc. The linear 
ranges of the individual elements are also O-5 c(g 
ml. 

Mixed standard solutions of different ratios 
of copper and zinc between O/SO and 5010 were 
also measured. The slopes of the calibration 
curves for copper and zinc were in good agree- 
ment with those of the corresponding cali- 
bration graphs for the individual elements. 
Recoveries of copper and zinc in synthetic mix- 
tures were determined (Table 1). Table 1 indi- 
cates good recoveries of zinc and copper in 
synthetic mixtures can be obtained, even at 

Table 1. Recovery of copper and xinc in synthetic mixtures 

Cu added Zn added Cu found Zn found Recovery(%) 
tig/ml) h/ml) Ocglml) oCg/mN Cu Zn 

0 2.00 0 2.02 101 

E 
1:20 

1.60 1.20 0.41 0.78 1.58 1.19 91.5 103 98.8 99.2 
0.80 1.22 0.80 102 100 

1.60 0.40 1.57 0.41 98.1 103 
2.00 0 1.97 0 98.5 
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Table 2. Determination of copper and zinc in serum of healthy people and 
leukosis patients @g/ml) 

Sample Number Age cu Zn Cu/Zn 

Healthy 18 3542 0.98 + 0.06 1.07 & 0.08 0.92 & 0.05 
Leukosis 18 35-42 1.07 + 0.21 0.82 + 0.16 1.30 f 0.28 

Table 3. Results for four samples analysed by the proposed 
method and an AAS method 

Metal ion found &g/ml) 
Proposed method AAS method 

Sample no. CU Zn Cu Zn 

: 
0.98 (0.67)* 1.12 (0.56) 0.96 1.09 
0.95 (0.62) 1.07 (0.52) 0.97 1.03 

3 1.21 (0.81) 0.84 (0.58) 1.15 0.87 
4 1.16 (0.77) 0.87 (0.64) 1.16 0.89 

*ValuEs in the parentheses are the relative standard devi- 
ations in percent of six determinations. 

differing ratios. The relative standard deviations 
for 0.5 pg/ml copper and zinc in a synthetic 
mixture were 0.9 and 0.7%, respectively. 

Interference 

Iron(III), manganese(II), nickel(II), cobalt 
(II), almninum(II1) and cadmium(I1) interfere in 
the determination.” The interference of these 
elements at levels present in serum can be 
masked by the addition of sodium citrate, 
sodium triphosphate and 1, IO-phenanthroline 
in the carrier solution.” Iron(III), aluminu- 
m(III), mangan~(I~, and odium can be 
masked by citrate and triphosphate. Cobalt(II), 
nickel@) and cadmium(B) can be masked by 
1, lo-phenanthroline. 

Application 

The proposed FIA method was applied to the 
determination of zinc and copper in serum 
samples of healthy people and leukosis patients. 
Mix 1.0 ml of serum and 1.0 ml of 2.OM 
hydrochloric acid. Shake and allow to stand for 
10 min. Then add 0.5 ml of 20% trichloroacetic 
acid and heat for 10 min in a 90-95” water-bath 

with continua stirring. Cool with water and 
centrifuge at 3000 rpm. Adjust the pH of the 
supernatant liquid to about 7.0 and analyse by 
the proposed method. The results are listed in 
Table 2. 

Table 2 shows that the ratio of Cu/Zn of 
healthy people and leukosis patient had a sig- 
nificant difference. 

The samples listed in Table 2 were also deter- 
mined by an AAS method. The results of the 
proposed method were in good agreement with 
those of the AAS method. The results of four 
samples are listed in Table 3. 

1. 

2. 
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4. 
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6. 
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Summary-The tris@ipyraxine) ruthenium(I1) complex forms a series of complexes containing 
[Ru*~‘*~ EDTA]*-‘- groups coordinated to the peripheral nitrogen atoms of the bipyraxine bridging ligand. 
These groups exhibit similar redox potentials (E” = 0.38 V vs. SHE) and a very weak electronic coupling 
through the central complex. When the peripheral Ru(Iii) groups are reduced to the Ru(II) state, strong 
charge-transfer bands appear at 490 and 670 nm and the stability constants increase by 7 orders of 
magnitude due to d,-p$ ~ck-~n~ng interactions involving the peripheral ions and the bipyraxine 
ligand. 

Binding of ruthenium-EDTA and related com- 
plexes to a central bridging unity such as the 
meso-tetrapyridylporphyrin, TPyP,rm4 has pro- 
vided a useful approach for the design of multi- 
bridged systems displaying unusual chemical 
and electrocatalytical properties. Another inter- 
esting system is the multibridged complex 
[Ru(bp& (Fe(CN), )J2-3a (bpz = bipyrazine), 
which exhibits photoindu~d multinucl~r 
charge-transfer reactivity’ when confined in 
modified nickel-electrodes. In this work we 
report the analytical characterization and deter- 
mination of the equilibrium constants of a 
new series of multibridged species (Fig. 1) 
obtained from the reaction of [Ru(bpz),]2+ with 
[(EDTA)Ru(III)/(II)]-I’- complexes. 

EXPERIMENTAL 

The complexes [Ru(bpz)r lC1, and 
[Ru(HEDTA) (H, 0)] were prepared by litera- 
ture methods.‘+ The ~~(~~~)~(Ru~DTA)“]~-~ 
complexes were generated in aqueous solution, 
under an argon atmosphere, by the reaction of 
[Ru(bpz)JCl, and [Ru(HEDTA)(H,O)], using 
appropriate amounts of each species. The pH of 
the solutions was kept at 4.7 using acetate 
buffer. Sodium trifluoroacetate (NaTFA) was 
used as supporting electrolyte, and to keep the 
ionic strength around 0.25M. 

The electronic spectra were recorded on a 
Hewlett-Packard 8452A diode-array spectro- 

*Author for correspondence. 

photometer. Cyclic voltammetry was carried 
out with a Princeton Applied Research Corp. 
(PARC) instrumentation, consisting of a model 
173/179 potentiostat and a model 175 universal 
programmer. A glassy carbon working electrode 
was employed for the measurements, with use of 
a Luggin capillary arrangement with a AgJAgCl 
(1M KCl) reference electrode. The measured 
potentials were converted to the SHE scale by 
adding 0.222 V. For the s~~~l~tr~h~c~ 
measurements, the PARC potentiostat was used 
in parallel with the HP 8452A spectropho- 
tometer. A three electrode system was designed 
for a rectangular quartz cell of 0.025 cm optical 
path length. A gold minigrid was used as trans- 
parent working electrode, in the presence of 

Fig. 1. The [Ru(bpz),(RuEDTA)J’- complex. 
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-w-7 I- 

q=3 q=4 q=6 

E (V versus SHE) 

Fig. 2. Cyclic voltamperograms of the [Ru(bpz),(RuEDTA),]*-” complexes (2mM) in aqueous solution, 
for several values of q = [RuEDTA-]/[Ru(bpz):+ 1; (A) starting from cathodic potentials; (B) starting from 
anodic potentials. Scan rates =(a) 10, (b) 20, (c) 50, (d) 100, (e) 200, (f) 500 and (g) 1000 mV/sec, 

WaTFA] = O.ZSM, pH 4.5 (acetate buffer), 2.5”. 

a small Ag/AgCl reference electrode and a 
platinum auxiliary electrode. 

RESULTS AND DISCUSSION 

The [Ru(bpz)J2+ (Ru,) and [RuEDTA]- (P-) 
complexes react yielding a series of multibridged 
[Ru”( bpz), (Ru”‘EDTA),]’ - n species, here de- 
noted [RqP,]‘-“, confining fRu”‘EDTA]- 
groups attached to the ~~pheral nitrogen 
atoms of bipyrazine. The reaction leads to an 
enhancement of the absorption band at 298 nm 
ascribed to internal R -+ rt * transitions in the 
bpz ligand, and of the absorption bands at 412 
and 442 nm ascribed to R&(11)-to-bpz, d, + pt 
charge-transfer transitions6 These bands are 
shifted to 436 and 474 nm in the presence of 
excess of [RuEDTA]- ions. 

Spectrophotometric titration exhibited no 
evidence of saturation in the absorbance versus 
~n~ntration plots, even in the presence of a 
fifteen times excess of [RuEDTA]- (around 
15mM) over [Ru(bpz)J2+. 

EZec~roche~~cal behavior of rhe reduced species 

The cyclic voltamperograms of the polymetal- 
lated complexes are shown in Fig. 2. The 
characteristic wave with E,,* = 0.38 V vs. SHE 
was ascribed to the [Ru(bpz),(Ru’*‘~“EDTA),] 
redox couples. The redox potential of the 
[Ru(bpz)3]2+‘3+ center is higher than 2.0 V and 
the corresponding redox waves can not be 
observed in aqueous solution6 A broad, irre- 
versible wave was observed around -0.9 V, 
involving the reduction of the bipyrazine 
ligands. 

Starting from the reduced complexes at - 0.3 
V, the anodic peak currents i,( 1) corresponding 
to the peripheral [RuEDTA]*- groups in the 
polimetallated species increased almost linearly 
with the ratio q = [Ru'nEDTA-]/[Ru(bpz):+ 1, 
as shown in Fig. 3(A). Some dissociation of the 
polymetallated complexes can be detected above 
q = 4 from the rise of the small anodic wave (2) 
at 0 V, corresponding to the free [Ru”EDTA]~- 
species as well as from the deviations of linearity 
in Fig. 3(a). On the other hand, saturation is 
observed slightly above 4 = 6, indicating that 
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Fig. 3. (a) Piots of the anodic and cathodic peak currents 
from Fig. 2(A) and 2(B), OS. the molar ratio q, including 
additional points above q =6; (b) plot of ii versus 
[RuEDTA-1, employed for the evaluation of the 

equilibrium constants. 

the formation of the reduced species is almost 
quantitative. 

The increase of i,(l) with the number of 
coordinated [RuinEDTA-] ions is consistent 
with the general behavior observed for poly- 
nuclear and polymeric systems’ containing iden- 
tical, non-interacting redox groups. In this case, 
it has been shown that the current-potential 
responses exhibit the same shape as that 
obtained with the corresponding molecule 
containing a single center, but the magnitude of 
the current is enhanced by the presence of 
additional electroactive centers. 

Electrochemical behavior of the oxidized species 

In the reverse scan, as shown in Fig. 2(B), the 
cathodic peak (1) was followed by a second peak 
around - 0.1 V, ~o~es~nding to the reduction 
of [Ru”‘(EDTA) (HZ O)]- species generated 
from the dissociation of the oxidized polymetal- 
lated complexes. 

The peak currents are proportions to the 
number of peripheral groups. In Fig. 2(A), i, (1) 
should correspond to the total amount of 
[RuEDTA]-, since the dissociation of the re- 
duced complexes is negligible, at least when 
q < 5. As q approaches 6, this is only approxi- 
mate, and extrapolated currents, i;(l), from the 
linear plot in Fig. 3(a), would be better 
employed in the calculations, in order to correct 
for the dissociation process. In this way, the 
con~ntration of free [RuiuEDTA-] ions, or 
Lp-], can be evaluated from the difference of the 
extrapolated currents, i:(l), and i,(l) in 
Fig. 3(a). 

The voltamperograms of the oxidized com- 
plexes involve a series of equilibrium reactions, 
expressed by equation (l), 

[Ru(bpz)$+ + n[Ru”‘EDTA]- 

& [Ru(~z)~(Ru~~‘EDTA)~]~-~ (1) 

The successive equilibria (1) can be analysed 
based on the Bjerrum” function R, 

(2) 

which is given by 

R= B,F-1+282[P-12+ 3&P-P+-** 
1+B1~-]+B,[p-]*+B31p-J3+.~* (3) 

In order to evaluate the ~uilib~~ constants The plot of n’ against [p-] is shown in 
p,, we started at 0.6 V, as shown in Fig. 2(B), Fig. 3(b), indicating that when q = 6, the 

with the polynuclear complexes in equilibrium 
condition. In contrast to the case of the reduced 
complexes, the plot of the cathodic peak cur- 
rents, i,(l) VS. q (Fig. 3) exhibited no evidence 
of saturation, indicating that the oxidized 
complexes are rather weak. 

The use of the relative intensities of the 
successive waves, i,(l) and i,(2), in Figure 2(B) 
for calculation of /In is rather complicated, 
requiring a careful deconvolution of the voltam- 
perograms. For this reason, we preferred to 
calculate the equilibrium constants based on 
the difference of i,(l) in Fig. 2(A), for the 
[Ru’~(~~z),(Ru”EDTA)J~-~ species, and the 
corresponding cathodic peak currents, i,( 1) 
shown in Fig. 2(B). In both cases the starting 
solutions are in equilibrium condition and in the 
absence of dissociation, these two currents 
would be equivalent, because of the expected 
similarity between the diffusion coefficients of 
the oxidized and reduced complexes. It should 
be noted that kinetic effects become important 
at low scan rates, e.g., < 100 mV/sec, due to the 
lability of the [Ru”‘EDTA] species.‘O However, 
at scan rates above 500 mV/sec, the ratios of the 
cathodic peak currents i,(l) and i,(2) become 
constant within 5O/o. Therefore, the kinetic 
effects can be neglected at high scan rates. For 
this reason, a scan rate of 1000 mV/sec, was 
employs in the ~ui~b~urn ~c~ations. 

TAL 40/4-E 
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average number of attached [Ru”‘EDTA]- A second rearrangement of equation (3) leads 
groups is smaller than 4. to 

Equation (3) can be rearranged in the follow- 
ing way: n-(l-‘i)B’[P-]=8*+a,::I~‘,lp]+... 

(2 - R) [p-1* 
(5) 

(l-;)[p-]=fiI+fl*(l_fi) 
(2 - ff) [p-] The plot of equation (4) shown in Fig. (4b) 

is practically linear. From this plot, /I:” and 

+&~~-I*+... 
/.I\” were estimated as 8.0 x 106M-*, and 

(4) 8 x 109Mp3 respectively. Based on the linear 
trend observed for b]“, /I:” and /I:*, the 
extrapolated values for fly’, j?!,r’ and /It* were 

From the linear plot of fi/(l - A)[P-] against 4 x 10’2M-4, 1.0 x 101sM-s and 1.3 x 10’7M-6 
(2 - fi)[p-]/(l - A) shown in Fig. 4(a), fif*’ was respectively. 
estimated as 4 x 103/M-’ (intercept) and In the case of the reduced complexes, the 
8:” = 8 x 106M-* (slope). equilibrium constant /I]’ can be calculated from 

the thermodynamic cycle: 

[Ru”EDTA]*- + [Ru(bpz),]*+ s [Ru”EDTARu(bpz),] 

11 
E’[Ru”‘EDTA]- 

[Ru”‘EDTA]- + [Ru(bpz)]:+ “” 
11 

@[Ru”‘EDTARu(bpz),]+ 

; [Ru”‘EDTARu(bpz),]+ 

where 

E” [Ru’*‘EDTARu(bpz),] + = E’[Ru”‘EDTA]- + 0.0591 log $ 

The calculated fi]” is comparable to that 
report by Matsubara and Creutz’” for the 
related pyrazine complex, e.g., 1.0 x 104M-‘. 

I (a) ,’ _’ 

-%!,_I 
Io-3cz-fi) [P-l /(I-RI 

!5 I I I I 

h -12 -6 -4 0 4 

143(3-6) [P-l / (2-i% 

Fig. 4. Bjemm plots, based on (a) eq. 4 and (b) eq. 5, for 
the evaluation of b,, fi2 and 8. 

Since E”[Rul” EDTARu(bpz),]- = 0.38 V, 
E”[Rul”EDTA]- = 0.04 V, and /I]” = 4 x 
103M-‘, one can calculate /Ii’= 5 x lO’OM-‘. 
This result is slightly higher than that re- 
ported in the literature” for the [Ru”ED- 
TA(pyrazine)]*- complex, e.g., 1.7 x lOaM-‘. 
The difference of 7 orders of magnitude in the 
stability constants of the Ru”’ and Ru” species, 
reflects the importance of a-backbonding inter- 
actions in the [Ru”EDTA-bipyrazine] moiety. 
A similar behavior is expected for the successive 
/-It constants, with respect to /I!,“. 

Spectroelectrochemical behavior 

The polynuclear complexes exhibit revers- 
ible spectroelectrochemical behavior in aqueous 
solution, a shown in Fig. 5. The reduction of the 
[Rull(bpz)S (Ru”‘EDTA),]* -” complexes around 
0.38 V, is responsible for the rise of two strong 
absorption bands at 490 and 670 nm. These 
bands were ascribed to charge transfer tran- 
sitions from the peripheral Ru”EDTA*- groups 
to the n: and n: levels of the bridging 
bipyrazine ligand, by analogy to the systems 
previously reported in the literature.‘* The 
plots of absorbance against q = [RuEDTA-]/ 
[Ru(bpz):+ ] were typically linear, exhibiting a 
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Fig. 5. Spectroelectrochemical behavior of the [Ru(bpz),(RuEDTA),]*-” complexes (1mM) in aqueous 
solution, for several values of q = [RuEDTA-]/[Ru(bpz):+]. Applied potentials: (a) - 578, (b) 172, (c) 272, 

(d) 322, (e) 372, (f) 422 and (g) 622 mV; [NaTFA] = 0.25M, pH 4.5, 25”. 

saturation point when this ratio is 6, corre- 
sponding to the hexametallated species. The 
titration plot confirms that the reduced species 
[Ru1r(bpz),(Ru’*EDTA)J2-” are quite stable, 
and that metallation reaction is nearly 
quantitatively under the conditions of this 
work, in agreement with the electrochemical 
results. 

The Nernst plots, (E US. log [ox]/[red]), for the 
several values of q employed in the experiments 
were linear. When q = 1, the Nernst slope co- 
incided with the theoretical value of 0.059 
V/decade, for a monoelectronic redox equi- 
librium, with E” = 0.36 V, in agreement with the 
cyclic voltamperograms. However, for q = 2, 3, 
4, 5 and 6, the Nemst slopes were 0.071, 0.077, 
0.088,0.104 and 0.132 V/decade, and the corre- 
sponding E” were 0.35, 0.34, 0.33, 0.32 and 
0.30 V, respectively. 

The trends observed in the E” values are 
consistent with the statistical considerations for 
equivalent multisite redox processes reported in 
the literature.9 The increase of the Nemst slope 

as a function of q cannot be explained in terms 
of the number of electrons involved, since the 
cyclic voltamperograms were consistent with 
n = 1. This type of behavior is determined by 
the dissociation equilibrium involving the oxi- 
dized polymetallated complexes. As a matter 
of fact, by using a fifteen times excess of 
[Ru”‘(EDTA)(H,O)]- over [Ru”(bpz)J2+ in 
order to repress the dissociation of the 
[Ru”(bpz), (Ru’*‘EDTA),]~-” species, the Nemst 
slope decreased from 0.132 (q = 6) to 0.100 
(q = 15) V/decade. 

CONCLUSION 

The chemistry of the [Ru”(bpz), 
(RuEDTA)J’-” complexes is characterized by a 
complex dynamic equilibrium in solution, and 
by a very weak interaction between the periph- 
eral [RuEDTA] groups. The stability of the 
polynuclear complexes is strongly enhanced 
in the reduced state, as a consequence of the 
d,-p: backbonding interactions involving the 
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peripheral ruthenium(I1) groups and the 
bipyrazine bridging ligand. 
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Summary-The interaction between Ca2+ and two well-characterized fulvic acids (Armadale and 
Laurentide FA) has been studied at 0.100 and O.OlOM sodium nitrate using a hxed concentration of fulvic 
acid (100 ppm) and varying amounts of calcium (0.005-0.020 mmoles). Free calcium concentration was 
determined by in situ measurements employing a calcium electrode. For Armadale FA, free calcium was 
additionally determined via an ultrafiltration technique followed by atomic absorption measurements. For 
both firlvic acids, Caz+ binding was observed to be decmased by an increase in the ionic strength of the 
system. At the lower ionic strength, the tendency for binding is dependent on the fulvic acid-to-metal ratio 
while at the higher ionic strength, the binding is insensitive to changes in the fulvic acid-to-metal ratio 
(an observation corroborating the contention that calcium binding to humic substances is primarily 
electrostatic). Comparison of the computed overall complex formation functions shows that values 
obtained from the ultraftltration method were higher than those obtained using the calcium electrode. The 
binding of calcium was similar for the two fulvic acids. 

The interaction between Ca2+ ions and humic 
substances has normally been considered in the 
light of the influence of Ca2+ on the binding of 
other heavy metal ions (e.g., Pb’+, Cu’+, Cd’+ 
and Zn2+) by humic substances.iJ To predict the 
competitive role of Ca2+ ions in the binding of 
other heavy metal ions by humic substances, 
one has to understand how Ca2+ itself is 
sequestered by these organic acids. A number 
of earlier researchers have sought to achieve 
this objective, 3-5 but even though it has 
been postulated that Ca2+ binding by humic 
substances is primarily electrostatic, their 
studies have predominantly been performed at 
only a single ionic strength (O.lOOM). In this 
paper, the binding of Ca2+ by humic substances 
has been studied as a function of metal-to- 
fulvic acid ratio, pH and ionic strength for two 
well characterized fulvic acids using a calcium 
electrode. For one of the fulvic acids, an 
additional method involving the separation 
of the free metal from the complex was 
employed. The results have been analysed both 
as the fraction of metal bound and the 

overall complex formation function varying 
pH, ionic strength and metal-to-fulvic acid 
ratio. 

EXPERIMENTAL 

Materials and instrumentation 

Two well characterised fulvic acids, Armadale 
Horizons Bh fulvic acid, AFA and Laurentide 
fulvic acid, LFA, isolated from peat, were ob- 
tained from Concordia University, Canada.68 
Results of the titratable acidic moieties (the 
active sites involved in metal interactions) are 
presented in Table 1. A further discussion of 
these results has been reported by Ephraim 
et al7 Standard sodium hydroxide was prepared 
from analytical concentrates obtainable from 
J. T. Baker Chemicals and standardized using 
potassium hydrogen phthalate. Analytical grade 
NaCl, NaNO, and Ca(NO,), were supplied by 
J. T. Baker Chemicals. An Amicon Model 8050 
ultrafiltration cell (cell capacity = 50 ml; hold- 
up volume 0.5 ml) using an Amicon Diaflo 
membrane YM2 (diameter 43 mm) was used to 
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Table 1. Comparison of acidic capacities of Armadale Bh Horizons fulvic acid 
and Laurentide fulvic acid 

FA Sample 

Armadale FA 
Laurentide FA 

Titratable acid, meq/g FA 
Non-aqueous 

Aqueous -COOH -OH Total 

5.60&0.15 4.15kO.05 1.84kO.06 5.99f0.03 
7.72 f 0.05 5.60 f 0.01 2.13 f 0.01 7.73 f 0.01 

separate free Ca2+ from FA bound calcium and 
free FA. A Perkin-Elmer Model 503 Atomic 
Absorption spectrophotometer was used to de- 
termine free Ca2+ after ultrafiltration. An Orion 
ionanalyzer, Model 901, was used for pH and 
pCa measurements employing, respectively, a 
glass combination pH electrode and a model 
F2112 Ca, calcium-ion selective electrode from 
Radiometer A/S. 

Procedure 

The binding of Ca2+ to Armadale and Lau- 
rentide FAs was studied at 0.010 and O.lOM 
sodium nitrate using a calcium ion-selective 
electrode and an ultrafiltration technique.g In 

the ion selective electrode technique (ISE), two 
approaches were used. In the first approach, the 
removal of Ca2+ in solution was measured 
during neutralization of FA with base starting 
with a fixed initial ratio of FA to Ca2+. In the 
second approach, the initial degree of dis- 
sociation of the FA was fixed by adding an 
appropriate amount of base and the ratio of 
FA to Ca2+ was changed stepwise by 
titration with calcium. A calibration curve was 
prepared (at the desired bulk electrolyte concen- 
tration) just before and immediately after each 
experiment. 

A complete description of the ultrafiltration 
method and its adaptation to metal-humate 
binding studies is given eisewhere.9 In a typical 
ultr~~a~on experiment, a batch approach 
was employed where a number of solutions 
(volume = 50 ml) each containing known 
concentrations of FA and Ca2+ at a defined 
ionic strength (0.010 and O.lOM sodium nitrate) 
were adjusted to desired pH values with 
standard base and allowed to equilibrate by 
placing them at ambient temperature in a 
dessicator for about 24 hr. The solutions were 
allowed to equilibrate in a dessicator containing 
ascarite to ensure a COZ-free atmosphere. After 
equiiibration, the pH of each solution was 
determined and 10% of the solution was 
removed by ultrafiltration under pressure of 
3.5 bars. The first 5% of the titrate was 

discarded and the next 5% collected for Ca2+ 
ion concentration determination using the 
Atomic Absorption Spectrophotometer. Total 
filtrate was limited to 10% of the solution to 
minimize disturbance of the system. To obtain 
reliable results, both the calcium electrode and 
the ultrafiltration membrane were specially 
handled. 

Special hying of the cafe&n ~~~ctr~& 

At pHs between 5 and 8.5 the response of the 
calcium electrode was independent of pH and 
followed the Nemstian relationship, but below 
pH 5, the mV reading decreased progressively as 
the pH was lowered. To obtain meaningful 
results at PHs below 5, it was necessary to 
prepare special calibration curves. A family of 
calibration curves was prepared by following 
the response of the electrode at a fixed calcium 
concentration as a function of pH in the pH 
range 3-8.5. A typical set of these curves is 
shown in Fig. l(a) and (b). Plots of potential as. 
pCa indicate that the electrode response was 
Nemstian even at pH 4.0. By using these con- 
tinuous calibration curves it was possible to 
extend the study pH range to as low as 4.0 with 
reproducible results. The calibration curves 
were obtained at the desired ionic strengths 
(0.10 and O.OlOM sodium nitrate) and no 
significant effect of Na+ ions on the electrode 
readings was observed. 

C~~diti~~ing of the uitra~~tratio~ rn~rn~r~e 

An uncon~tion~ YM2 membrane, molecu- 
lar weight cut-off of 1000 Daltons, selectively 
retained Cat’ while allowing easy passage of 
water. A bigger pore-size membrane, YM5 with 
a molecular weight cut off of 5000 Daltons 
was permeable to FA molecules as well. Proper 
conditioning of the YM2 membrane was 
attained for use in the experiment by filtering 
Ca(NO,), through it until its retention co- 
efficient for Ca2+ was zero [Fig 2(a) and (b)] 
while that for FA was determined to be unity via 
the use of an UV-Vis s~ctrophotomet~c 
methode9 
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.Fig. 1. (a) The response of the calcium electrode as a 
function of pH for different concentrations of Ca(I1). (b) 
The Nemstian response of the calcium electrode at different 
pHs, points picked from Fig. l(a). (Temperature = 23”; 

ionic strength = O.lOM NaNO, .) 

RESULTS AND DISCUSSION 

Results of calcium binding to AFA and LFA 
expressed as fraction of calcium bound, Ca,/ 
Cq, where Ca, is calcium bound and Ca, is total 
calcium, as a function of pH are shown in Figs 
3-5. Table 2 gives a detailed relationship be- 
tween the logarithm of the complex formation 
function (log BOY) and pH, where /I, has been 
defined as follows: 

PO” = {(~Mb)rMb}/{tMrrMf)(~~ -r,-)> (1) 

In the above equation, Ulb and Mr are the 
total metal bound and free metal respectively, 
yM is the activity coefficient of the metal-fulvate 
complex, yluf is the single ion activity coefficient 
of the free metal ion obtained from Kielland,‘O 
CA - is the total ionized free form of the fulvic 

acid at the given pH and yA_ is the activity 
coefficient of the fulvate ion. To facilitate the 
resolution of the above expression [equation 
(l)], it is assumed that the activity coefficients of 
the metal-fulvate complex, yti, and the fulvate 
ion yA_ are equal thus allowing their cancella- 
tion to yield the following: 

Bov = {GWJ1l&Wnn)W - )> (2) 

In Table 2, column 1 describes the composition 
of the solution studied and the method used, 
column 2 indicates the pH range studied, 
column 3 gives the complex formation function 
arrived at by linear regression analysis, column 
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Fig. 5. Fraction of Ca bound as a function of pH, FA-to- 
metal ratio and ionic strength for Armadale Horizon Bh 
fidvic acid; method = ultrafiltration: l FA/Ca*+ = 6/l; 
I = 0.010, c] FA/Ca’+ = 10/l; I = 0.010, x FA/Ca*+ = 3/l; 

I = 0.010. 

Effect of FA to Ca2+ ratio 

For both FAs, the fraction of calcium bound, 
CatJCa,, increased signifrcantly with increase in 
the ratio of FA to calcium in 0.010~ sodium 
nitrate solutions especially at pH values greater 
than 5 for low FA/Ca ratio and greater than 6 
for high FA/Ca ratio (Figs 3 and 4). This could 
be attributed to an increase in the binding sites 
relative to Ca2+ concentration. At the higher 
ionic strength, 0.1 OM sodium nitrate, the fraction 
bound seemed to have no dependence on the 
ratio of Fa to Ca*+ because even though there is 
an increase in binding sites with an increase in the 
FAjCa** ratio, the Ca*+ ions are not effectively 
bound because of screening by the Nat ions. 

E$ect of ionic strength 

The fraction of calcium bound was distinctly 
higher in O.OlOM sodium nitrate than in O.lOM 
solutions. A high concentration of Na+ ions 
seemed to reduce the accessibility of the binding 
sites on the FA to Ca*+ and hence the observed 
reduction in the fraction bound. This would 
suggest that Ca *+ binding to FA is mainly in the 
form of weak electrostatic associations compar- 
able to Na+-FA associations. This conclusion is 
further supported by the apparent in~nsiti~ty of 
the fraction of Ca*+ bound at high bulk electro- 
lyte concentrations (O.lOM sodium nitrate) with 
increasing ratios of Ca*+ to fulvic acid. This 
behavior mimics an ion exchange mechanism 
where Ca*+ ions exchange with Na + ions already 
on the polymer surface. The counterion concen- 
trating properties of the fulvic acid molecule are. 
not considered in this paper. 

1.0 

0.8 

F 
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. 

” 

I I 
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Fig. 3. Fraction of Ca bound as a function of pH, FA-to- 
metal ratio and ionic strength for Armadale Horizon Bh 
fulvic acid; method = 1% Cab = calcium bound = 
CaWl - Ca,; Cat = total calcium. m FA/Ca2+ = 6/l; 
I = 0.010, 0 FA/W+ = 3/l; I = 0.010, x FA/C$+ =1.5/l; 
I =O.OlO, + FA/Ca’+ =3/l; I =O.lO, l FA/Ca*+ = 

1.5/l; I = 0.10. 

4 gives the correlation coefficient and the last 
column gives the number of points used in the 
analysis. Generally, the complex fo~ation 
function was found to be dependent on pH and 
ionic strength of the medium and the values 
agreed appreciably well with other reports.s 
There was a similar positive dependence on pH 
for both the ISE and ultrafiltration methods 
even though the ultrafiltration method gave 
slightly higher values. The log A, values which 
averaged from 2.8 to 3.1 in the pH range 4 to 
8 are comparably lower than the log ~3~” for a 
strongly complexing cation like Cu*” to FA 
which is about 8 at pH 5.“~‘” 

1.0 r 
0.8 c 

Fig. 4. Fraction of Ca bound as a function of pH, FA-to- 
metal ratio and ionic strength for Laurentide fulvic 
acid; method = NE: n FA/Ca2+ = 7.7/l; I = 0.010, 
Cl FA/Ca*+ = 3.8/l; I = 0.010, x FA/Ca2+ = 1.9/l; 
I = 0.010, l FA/Ca’+ =7.7/l; I = 0.10, l FA/Ca2+ = 

3.8/l; I = 0.10. 
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Table 2. Complex formation functions for Ca ‘+ binding to Armadale (AFA) and Laurentide 
(LFA) fidvic acids. 6,. = ZM,IIM,y XA - 1 @a -9 
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System pH range Log &-pH relationship r ” 

AFA: Ultra: Ca2+ = 1.0 x lo-‘M: 3.6-6.8 log /I, = 2.70 + 0.20 pH 0.990 
I = O:OlOM.NaNO,. 
AFA; Ultra; Ca2+ = 6.0 x IO-‘M; 
I = O.OlOM NaNO,. 

5.0-7.1 log 8, = 2.89 + 0.18 pH 

3.7-6.7 log 8,” = 3.49 f 0.14 

4.0-8.5 log 8, = 1.78 + 0.28 pH 

4.cM.l log &,, = 2.38 + 0.18 pH 

4.e7.4 log &, = 2.69 + 0. I 1 pH 

3k6.9 log 8, = 3.07 f 0.11 

3.7-7.0 log /?,, = 2.83 f 0.15 

6.26.7 log /!?,, = 3.35 f 0.18 

3.5-7.8 log jl, = 1.81 + 0.28 pH 

3.7-7.6 log /?,, = 2.08 + 0.20 pH 

3.7-7.5 log j?,, = 2.62 + 0.08 pH 

3.8-8.0 log jl, = 1.28 + 0.31 pH 

3.8-8.0 log &, = 2.31 + 0.14pH 

6.26.6 log /I,,, = 3.52 f 0.08 

6.9-7.0 log /I,, = 3.03 _+ 0.44 

0.990 

AFA, Ultra; Ca2+ 2 2.0 x lo-‘M 
I = O.OlOM NaNO,. 
AFA; ISE; Ca2+ =-LO x 10-4M; 
I = O.OlOM NaNO,. 
AFA, ISE; Ca2+ = 2.0 x 10b4M 
I = O.OlOM NaNO,. 
AFA; ISE; Ca2+ = 4.0 x 10m4M; 
I = O.OlOM NaNO,. 
AFA; ISE; Ca2+ = 2.0 x 10-4M; 
I = O.lOOM NaNO,. 
AFA; ISE; Ca2+ =4.0 x 10m4M; 
I = O.lOOM NaNO,. 
AFA; ISE; Ca2+ = 7.9 x lo-‘- 
7.9 x- lO-4M; I = O.OlOM NaNO,. 
LFA: ISE: Ca2+ = 1.0 x lo-‘M: 
I = d.OlOh NaNO,. 
LFA; ISE; Caz+ = 2.0 x lo-“M; 
I = O.OlOM NaNO,. 
LFA; ISE; Ca2+ = 4.0 x lo-*M; 
2 = O.OlOM NaNO,. 
LFA, ISE; Ca2+ = 1.0 x 10e4M; 
I = 0. 1OOM NaNO,. 
LFA, ISE; Ca2+ = 2.0 x 10e4M; 
I = 0. IOOM NaNO,. 
LFA. ISE. Ca2+ = 4 x 10-5- I 7 
7.5 x 10-4M; I = O.OlOM NaNO,. 
LFA; ISE; Ca2+ = 1.6 x 10-c 
5.9 x 10w4M; I = O.lOOM NaNO,. 

- 

0.993 

0.978 

0.979 

0.988 

0.981 

0.991 

0.915 

0.975 

- 

7 

8 

8 

15 

16 

15 

13 

15 

19 

14 

12 

11 

17 

16 

19 

12 

Note: Ultra. = ultrafiltration; ISE = ion selective electrode; AFA = Armadale FA; LFA = 
Laurentide FA; r = correlation coefficient; n = number of points; 100 ppm of FA was used 
for all trials. 

Comparison of Armadale FA and Laurentide FA 

There was no significant difference in the 
binding of calcium to the two fulvic acids as 
long as the ratio of FA to calcium was high but 
as the proportion of calcium increased the frac- 
tion bound to AFA tended to be higher than the 
fraction bound to LFA (Figs 3 and 4). The 
apparent extra binding affinity of calcium to 
AFA might be attributable to the extra acidity 
that was observed in the non-aqueous titrations 
of AFA.’ This extra acidity was not observed in 
LFA (Table 1). It is, therefore, being postulated 
that the enhanced binding in AFA could be due 
to this extra acidity. The log j&v values were, 
however, identical within the limits of exper- 
imental error. This is despite the fact that the 
acid-base capacities of the two fulvic acids are 
significantly different (LFA = 7.7 and AFA = 
5.6 meq/g). A careful comparison of Figs 3 and 
4 shows that the effect of ionic strength on the 
fraction of calcium bound was more pro- 
nounced in AFA than in LFA. 

Comparison of the ultrajiltration and the ISE 
methoa3 

The ultrafiltration method indicated slightly 
higher binding as compared to the ISE method, 
i.e., the log jJV obtained by ultrafiltration were 
greater than those obtained by the ion selective 
electrode by 0.5 log units in the pH range of 45. 

This difference, Dog BOV,(Ultraj - log Bov.c~J19 
reduces to -0.25 around pH 7 (Fig. 6). The 
fraction of CaZf bound, (Ca,/Ca,), obtained by 
both methods showed a similar dependence on 
pH and the ratio of FA/Ca’+. The discrepancy 
between binding constants obtained from the 
two methods (Fig. 6) which was similarly ob- 
served in Cd’+/FA binding studies has been 
attributed to the intrinsic problems of determin- 
ing free metal ion concentration associated with 
each method.‘S’s The ion selective electrode 
technique determines free metal ion concen- 
tration in situ while in the ultrafiltration, free 
metal is separated from the complex before its 
analysis. The narrow detection limit of the ion 
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Fig. 6. Comparison of overall complex formation function 
obtained from ultrafiltration and ion selective electrode 

methods 

specific electrode (not lower than 1.0 x 10e6M) 
and the fact that the method is limited only to 
ions for which an ion selectrode is available, 
offer a limited application of the method to 
metal-humate systems that are close to environ- 
mental conditions, On the other hand, the abil- 
ity to study metal-h~ate interactions with low 
concentrations of both fulvic acid and metal 
ions coupled with the fact that it can be used in 
studies involving most metal ions for which no 
easy in situ analyses of the free metal ion are 
available make the ultrafiltration technique a 
promising technique to complement studies of 
metal-humate interactions. 

CONCLUSION 

The log /I,,_ values which are presented in 
Table 1 are in good agreement with earlier 
published results. 34,5~i6~17 The exact magnitude of 
the values obtained can be affected by the 
method employed, e.g., with the ultrafiltration 
method the log /.I,, values on the average ranged 
from 3.6 to 4.1 as compared to 2.8 to 3.5 for the 
ISE method. The low log fi, values suggest that 
Ca*+ will have minimal interference in the inter- 
actions of strongly complexing heavy metals like 
Cu*+ with FA, but could reduce the binding of 
weak complexing metals like CdZ+ and Zn*+. 

Artefacts in metal-h~ate binding studies 
may be identified, reduced or eliminated by 

employing different methods for the study of the 
same metal-humate system. Under ideal con- 
ditions, diRerent methods used in studies of the 
same metal-humate system must yield similar 
results if the methods are measuring the same 
kind of reaction. Discrepancies in results of 
well-adapted methods to metal-humate inter- 
actions might lead to insight into the existence 
of different “windows” of the reaction sequence. 
In this respect, it is suggested that the ion 
selective electrode and the ultrafiltration tech- 
niques may be used as complements methods 
rather than as mutually exclusive methods. 
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Snmmary-The suitability of application of a number of previously used methods for the evaluation of 
the oxidizing equivalent (OE) of manganese in natural waters is compared with a new method, which 
depends upon &our devefopment of the dye N,N’-dietbyl-p-phenyienediamine (DPD) upon oxidation 
by oxidized forms of manganese. The effect of introducing a commonly used metabolic poison, azide, into 
the most reliable of these determinations of OE has also been assessed. 

It is found that, although the methods described 
by other workers involving redox titrations (viz. 
oxalic acid and iodometric) gave good results 
when undertaken upon a s~theti~~y prepared 
(~n~n~at~) manganese (IV) oxide colloid, all 
such methods involving colour development by 
oxidation of dyes gave poor results. On the 
other hand, the new DPD calorimetric method 
gave results comparable with the titration 
methods, but was found to be much more 
sensitive and faster than either titration tech- 
nique. 

All of the methods, apart from the new DPD 
method, give poor results upon manganese 
samples in tests undertaken on naturally occur- 
ring waters with high OE values. 

The importance of microorganisms in mediat- 
ing change in the oxidation state of manganese 
in natural waters has been a topic of wide 
discussion for some years. In work undertaken 
in our laboratories to assess the relative import- 
ance of microbiological and chemical oxidation/ 
reduction of manganese in dam waters, out of 
necessity, we have developed methods of calcu- 
lating the oxidation state of manganese in natu- 
ral waters. In this work we have assessed the 
methods previously used to arrive at a statement 
of the oxidation speciation of the mangane~ 
and developed a new method of determining the 
manganese oxidizing equivalents (0-E.). 

In natural waters, manganese exists in the 
oxidation states, II, III and IV. As the oxidation 
states III and IV cannot be distinguished by 
redox or calorimetric methods, they are usually 
expressed together as the sum total oxidising 

equivalents, which themselves are measured by 
redox titration or colour forming ability with a 
calorimetric reagent. A measure of the ratio 
OfMn can be obtained as a value x by using 
equation (1). The total manganese 

f [O.E.] 

X = ’ + [MnOx,,] 

where [OE] = 2[Mn(IV)] + [Mn(III)] and 
[MnOx,J = [Mn,J - [Mn(II)]; concentration 
(Mn,) can be obtained by atomic absorption 
spectroscopic measurements of acidified sol- 
utions of the sample, while the manganese(I1) 
concentration can be found by analysis of the 
dissolved rn~gan~ in the sample by use of 
the calorimetric reagent a,&G,Y -tetrakis(4- 
~rboxyphenyl)po~hine [T(4-CP)P].’ 

Equation (1) can only provide the average 
oxidation state of the manganese present in the 
sample and there are no commonly accepted 
methods of determining the individual man- 
ganese(IV) and manganese(II1) concentrations. 
The O/Mn ratio has the values 1 .O, 1.5 and 2.0 
for pure samples of manganese(II), (III) and 
(IV), respectively. 

Since techniques such as atomic absorption 
spectrometry, voltammetry and neutron acti- 
vation analysis, tra~tionally used for elemental 
analysis of naturally occurring waters, are inca- 
pable of distinguishing between the reduced 
manganese(I1) species on one hand and mixed 
higher oxidation state manganese species on the 
other hand, the most suitable techniques for 
such a problem are necessarily redox or colori- 
metric, the latter using redox dyes. 

TN. #/4-F 533 
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Table I. Common redox methods 

Redox method References 

Ferrous iron 2-4 
Iodate 4,5-l 
Oxalate 4,8-l 1 

Table 1 lists the most commonly used redox 
methods for the determination of the oxidation 
state of manganese oxides, while Table 2 lists 
common calorimetric reagents used by re- 
searchers for the determination of manganese 
oxidation state. Many such calorimetric re- 
agents, although accurate in laboratory situ- 
ations, suffer severe interference when used in 
the analysis of natural waters. 

Various calorimetric dyes react stoichiometri- 
tally with oxidized manganese, and in such 
reactions the triphenylmethane dyes such as 
leuco Berbelin Blue (LBB) and leuco Crystal 
Violet (LCV) undergo two electron oxidations 
to form the dyes Berbelin Blue and Crystal 
Violet. The p -aminobiphenyl dyes o -tolidine 
and benzidine also undergo instantaneous two 
electron oxidations to their coloured forms.** 

It is the purpose of this paper to evaluate 
redox and calorimetric methods currently avail- 
able for manganese oxidation state determi- 
nation and to compare them with a new 
calorimetric method using N,N diethyl-o- 
phenylenediamine (DPD), a dye not previously 
used for the determination of the oxidation state 
of manganese. 

EXPERIMENTAL 

Reagents 

1M Potassium fluoride. A 5.81-g weight of 
potassium fluoride was dissolved in 100 ml of 
Milli-Q water. 

1M Manganese(ZZ) sulphate. A 84.51-g weight 
of manganous sulphate monohydrate was dis- 
solved in 500 ml of water. 

2.5 x 10m2M Potassium permanganate. A 
0.3951-g weight of potassium permanganate 
was dissolved in 100.0 ml of Milli-Q water. 

2.75 x lo-‘M Sodium thiosulphate. A 6.82-g 
weight of sodium thiosulphate was dissolved in 
one litre of Milli-Q water. 

5 x 10e3M Sodium thiosulphate. A 1.24-g 
weight of sodium thiosulphate (Aldrich) was 
dissolved in one litre of Milh-Q water. 

3.341 x 10m4M Potassium iodate. A 7.14976-g 
amount of potassium iodate (Aldrich), pre- 
viously dried in an oven at 120”, was dissolved 

in one litre of Milli-Q water to give the stock 
solution. A lO.O-ml portion of this solution was 
then further diluted to one litre. 

7.5 x 10e4M Oxalic acid. A 1.35054-g weight 
of oxalic acid (Aldrich) was dissolved in 100.0 
ml of Milli-Q water. This solution was then 
diluted by 1 in 200 to provide the final concen- 
tration, approximately 7.5 x 10e4M. 

DPD Reagent. A 0.10-g weight of N,N- 
diethyl-p -phenylenediamine (Aldrich) was dis- 
solved in 30 ml of Mini-Q water and 0.8 ml 
concentrated perchloric acid and then diluted to 
100.0 ml. The solution was stable in light for at 
least two weeks. 

Acetate bu&r. A 250-ml amount of glacial 
acetic acid (AnalaR, Ajax Chemical) was di- 
luted to one litre and titrated to pH 4.0 with 5M 
sodium hydroxide. 

1 x 10m3M Sodium bicarbonate. A 0.084-g 
sodium bicarbonate was dissolved in 50 ml of 
Mill&Q water and diluted to one litre. 

LCV Reagent. A 0.10-g amount leuco Crystal 
Violet (Aldrich) was dissolved in 30 ml of 
Mill&Q water and 0.80 ml of concentrated 
perchloric acid and then diluted to 100.0 ml. 
The solution was stable in light for up to one 
month. 

o-tolidine reagent. A 0.20-g amount of o- 
tolidine (Aldrich) was dissolved in 200.0 ml of 
Milli-Q water. 

T-(4-CP)P reagent’. This was prepared di- 
rectly by refluxing a propionic acid solution, 
0.24M in both 4carboxybenzaldehyde and 
pyrrole, for two hours. Upon cooling, purple 
crystals of T(CCP)P separated out and were 
recrystallized from a methanol/chloroform mix- 
ture. 

2 x 10M4M T-(4-CP)P solution. A 79.1-mg 
weight of reagent was dissolved in 5 ml of 
0. 1M sodium hydroxide and diluted to 500 ml 
with Milli-Q water. The solution is stable for 
up to six months if stored in a darkened con- 
tainer. 

6 x 10e4M Caa%nium(ZZ) solution. A 0.0505-g 
weight of cadmium(I1) chloride was dissolved in 
500 ml of water. 

Table 2. Common calorimetric reagents for OE 
determination 

Calorimetric dye References 

o-tolidine 4,12-15 
Leuco Crystal Violet 4,14,16, 17 
Leuco Berbelin Blue 18-22 
Be&dine 21,23-26 
Leuco Malachite Green 13,27 
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Borate bufleer @H 8.0/O. 15M in imidazole). A 
50-ml portion of 2.5 x 10e2M (9.525 g/l)- 
sodium tetraborate was added to 20 ml of 0.1 M 
hydrochloric acid in a 150-ml beaker. A 1.0212 
g weight of imidazole in 25 ml of water was 
added and the pH adjusted to 8.0 using 0.1 M 
hydrochloric acid. The solution was transferred 
to a lOO.O-ml standard flask and made up to the 
mark. 

Calibration of the HP-8450A was under- 
taken using colloidal manganese dioxide oxi- 
dized DPD, LCV, or o-tolidine standards 
prepared by appropriate dilutions of a 2 mg/l. 
stock manganese(N) oxide suspension. Concen- 
trations were determined by calorimetry, by 
comparison against the calibration curve pre- 
pared from these standards. 

Preparations 

Manganese(IZZ)fluoride.29 The 1 M potassium 
fluoride and manganous sulphate solutions were 
mixed with 250 ml of 4M sulphuric acid and 50 
ml water, and 2.5 x 10-‘M potassium per- 
manganate solution was added slowly with con- 
stant stirring. This yielded a solution containing 
approximately 0.01 M manganese(II1) fluoride 
as determined by iodometric titration using 
0.275M sodium thiosulphate. Appropriate di- 
lution of the solution was made prior to use. It 
should be noted that this solution contains an 
excess of Mn(I1). 

Atomic absorption spectrometer. Atomic ab- 
sorption spectroscopy determinations of 
manganese were made using a Varian AA 875 
spectrometer or a Varian SpectrAA 300 spec- 
trometer. An oxidizing air-acetylene flame was 
used and the wavelength was selected according 
to concentration. For manganese in the range 
l&2000 pg/l., 279.5 nm was used, and for 
concentrations in the range 2-10 mg/l., 403.2 
nm was used. 

Calibration standards were prepared by ap- 
propriate dilutions from commercial, 1000 
mg/l., AAS standard (BDH) supplied in 1M 
nitric acid. 

Colloidal manganese(lV) oxide. A stock man- 
ganese(N) oxide suspension was prepared by 
the method of Murray et aL4 The total concen- 
tration of manganese in the colloidal solution 
prepared was found to be 2.01 mg/l. by atomic 
absorption analysis of acidified aliquots; the 
colloid was shown to have an oxidizing equival- 
ent of 4.01 as determined by iodometric titration 
using 5 x 10-‘M sodium thiosulphate. Analysis 
for the presence of Mn(I1) in solution using the 
calorimetric reagent a,/3,y,&tetrakis(Ccarboxy- 
phenyl)porphine gave a zero result, and the 
colloidal solution was calculated by equation (1) 
to have a value of x = 1.99.” At this concen- 
tration and pH, the suspension was stable for 
more than two years with no evidence of floccu- 
lation, as confirmed by periodic standardiz- 
ation. Standardization using 7.5 x IOe4M oxalic 
acid was also undertaken; this method gave a 
value of x for the MnO, colloid of 2. 

Determination of total manganese concentrations 

flMn,Jl 

These values were determined for the stan- 
dard colloidal manganese(IV) oxide and dam 
water samples by the use of AAS, following 
acidification of the sample to pH 1.0 using 
concentrated hydrochloric acid. 

Determination of manganese@) concentrations 
WdWl 

Murray et al4 have characterised this MnO, 
product by X-ray photoelectron spectroscopy 
and have shown it to have values of x between 
1.90 and 1.98. 

These were found for the standard colloidal 
manganese(IV) oxide colloid (effectively a 
blank) and dam water samples by the following 
method: 5.00 ml of sample solution was placed 
into 25-ml standard flasks which had been 
painted black except for 0.5 cm either side of the 
volume mark. A 1.0-ml aliquot of 2 x 10e4M 
T-(4-CP)P solution and 1.0 ml of borate buffer 
were then added followed by 3.0-ml of 
6 x 10e4M cadmium(I1) solution. The absorb- 
ance at 468 nm was measured between 5 and 20 
min after mixing.‘O 

Instrumentation 

Determination of oxidising equivalents of col- 
loidal manganese(W) oxide, manganese(W) 
fluoride and of dam water samples 

UV-Vis spectrophotometer. Optical densities Oxalic acid method. In each determination the 
of LCV, DPD and o-tolidine solutions were value of OE is the mole value of either the 
measured on a Hewlett-Packard HP8450A, titrant used, or the dye consumed in the reac- 
UV-Vis spectrophotometer using l-cm quartz tion. As noted above, this method was used to 
cuvettes. standardize the colloidal MnO,. The method 
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was also applied to lOO-ml aliquots of dam study for the analysis of the colloidal manganese 
water samples. (IV) oxide agreed well, with x = 1.98 & 0.01. 

Iodometric method. A loo-ml volume of the 
colloidal manganese(IV) oxide, Mn(II1) fluor- 
ide, or the dam water sample were used. An 
excess of potassium iodide (Ajax) was added to 
this aliquot followed by 5 ml of O.lM sulphuric 
acid. The liberated iodine was determined by 
titration against 5 x 10-3M thiosulphate pre- 
viously standardized against 3.341 x 10m4A4 
potassium iodate. The end-point determination 
was aided by the addition of starch solution late 
in the titration. 

This method was tested, on a series of natural 
water samples. On all occasions samples con- 
sumed more permanganate than did the oxalate 
standard alone, giving titration results up to 
117% of the oxalate standard value. 

Leuco Crystal Violet (LCV) method. Suitable 
aliquots of the stock manganese(IV) oxide col- 
loid, or dam water samples were added to 
approximately 12.5 ml of sodium bicarbonate 
solution in 25-ml standard flasks. To each 
sample, 0.50 ml of LCV reagent was added 
followed by 1.0 ml of buffer solution. The 
solution was mixed and stood for 5 min before 
making up to the mark with reagent water. The 
1 cm absorbance was determined at 590 nm 
against a reagent blank. 

Because of its interaction with many com- 
ponents present in natural waters, other than 
manganese, permanganate has to be considered 
as being too powerful as an oxidizing agent to 
determine the oxidizing equivalents in such 
cases; for this reason the oxalate method was 
not investigated further. 

o-Tolidine method. Measured volumes of 
manganese(IV) oxide colloid were added to 
lOO-ml standard flasks. A 25-ml volume of 3M 
perchloric acid and 10 ml of o-tolidine solution 
were added and solutions made up to the mark 
after mixing. The l-cm absorbance of the yellow 
solution was measured at 440 nm. 

Iodometric method. The iodometric method 
had similar success to the oxalate method for 
Murray et al.,4 yielding typical values of x of 
1.98 f 0.05. Although this technique uses the 
much weaker reducing agent, iodide ion, when 
the same series of dam samples that were used 
in the oxalic acid method were measured by 
iodometric titration using lOO-ml volumes, 
problems were encountered in determination of 
the end-point. The samples were yellow/brown 
in colour because of the presence of colloidal 
organic material and MnO,, which lead to total 
inability to detect any end-point. 

Leuco Crystal Violet (LCV) method. The 
method of Kessick and Morgan” ‘was used in 
this investigation. 

N,N-Diethyl-p-phenylenediamine (DPD) 
method. Suitable aliquots of stock mangane- 
se(W) oxide colloidal suspension or 5.00 ml of 
unknown samples were added to approximately 
12.5~ml aliquots of the sodium bicarbonate in 
25-ml standard flasks. To each sample, 0.50 ml 
of DPD reagent was then added followed by 1 .O 
ml of buffer solution. The solution was then 
mixed and left to stand for at least five minutes. 
The resulting pink coloured solutions were 
made up to the mark with reagent water and the 
l-cm absorbance was determined at 552 nm 
against a reagent blank. 

Figure 1 shows the results of a kinetics exper- 
iment measuring the stability of the colour of 
crystal violet when reacted with standard MnO, 
and manganese(II1) fluoride. Thermodynamics 
predict that both manganese(IV) and (III) will 

0.4 

Fr 

-+-+-+-k-+-+-+-+-i-+-+ 

1 0 Mn (III) mpg/l. 
v-l 0.2 + hb (Iv) zsopgn. 

4 
* Blank 

RESULTS AND DISCUSSION 

Determination of OE 

Oxalic acid method. The oxalate method in- 
volves the addition of a known amount of excess 
oxalic acid to the sample, with subsequent back 
titration of the non-oxidized oxalate with per- 
manganate at 60”. Murray et aL4 found that this 
method gave results for samples of his synthetic 
MnO, of x = 1.99 f 0.02. Results from this 

0.1 
u”U 

1 

!P- -*-+-t-*-*-*-*-*-*-+-* 
0 10 u) 30 4() .30 

Qo 
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Fig. 1. Reaction of LCV with Mn(II1) fluoride and Mn(IV) 
oxide. 
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oxidize LCV, however some evidence exists 
that the kinetics of such reactions may differ. 
Morgan and Stumm” have stated that man- 
ganese(II1) reacts somewhat more slowly with 
o-tolidine than does manganese(W). 

From Fig. 1 it can be seen that both Mn(III) 
and Mn(IV) ~~a~ly oxidize LCV to a maxi- 
mum absorbance. The absorbance values m- 
mained relatively constant over the period of I 
hour with no real increase observed, indicating 
that the dye does not react slowly with synthetic 
MnO, or manganese(III) compounds, nor does 
atmospheric oxidation play any significant role. 
No difference in stability of colour is observed 
between the reactions of manganese@) and (IV). 

De Vitre et d3’ have used the method of 
Kessick et ul.” and compared it with two other 
methods for the dete~ination of MnO, concen- 
trations in lake samples; they found it to have 
three major drawbacks: 

0) 

(ii) 

(iii) 

the measured absorbance is a function of 
the kinetics of the reduction of MnO, by 
LCV (from Murray’s4 data), 
analysis of turbid samples required scatter- 
ing corrections of up to 80% of the 
measured value, and, 
when sulfide concentrations are significant, 
the LCV forms polymeric solutions result- 
ing in the formation of a cloudy suspension. 

In the study undertaken in work reported in 
this paper, point (i) was found to be insignificant 
if measurements were taken in under one hour. 
Point (ii) was found only to be a problem when 

sediment samples or samples very close to the 
sediment were taken; scattering caused by 
analysis of water column samples was measured 
and found to be negligible; measurement of OE 
in sediments was not undertaken. Point (iii) was 
found to be the major problem and was particu- 
larly prevalent during periods of stratification. 
This phenomenon also occurred frequently in 
samples from other levels of the dam. LCV 
could therefore not be used at all to measure OE 
in hypolimnetic samples. 

A further problem associated with the use of 
LCV to determine OE was encountered when 
azide was used in our experiments to poison and 
thus prevent microbiological oxidation. Azide is 
often used as a poison in such work where one 
wishes to distinguish microbial from chemical 
reactions; its operation appears to be as a 
relatively non-specific block on the operation of 
terminal oxidases within cytochrome chains.j* 

Azide interference was found to be high when 
measuring the concentration of MnO, by the 
LCV method. Two solutions containing the 
same concentration of colloidal MnO, standard, 
one of which contained 15 mM NaN, and one 
without the poison, were measured and com- 
pared by the LCV method. Figure 2(A) presents 
the typical visible spectrum of the leuco Crystal 
Violet dye, oxidized by MnO,. In the presence 
of 15 mM azide, (Fig. 2(B)) the spectrum is very 
clearly altered, and marked interference, and 
complete disappearance of the 591 nm peak, is 
observed. Such background interference ap- 
pears to be due to the formation in the LCV 

0 I I I I 1 I I I I i 

304 350 400 450 500 550 600 650 700 750 800 

Wavelength (min) 

Fig. 2. Absorption spactrum of LCV (A) without azide, and (B) with azide. 
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solution of a cloudy suspension in the presence 
of azide. 

A number of papers describe the use of the 
dyes leuco Berbelin Blue (LBB) and LCV to 
measure OE in the presence of the metabolic 
inhibitor, azide. In such cases, failure to observe 
an absorbance peak at 591 nm for LCV and 
similar peak LBB, has been interpreted in terms 
of the poison inhibiting microbial oxidation and 
consequent non-production of oxidized manga- 
nese to oxidize the dye and produce the ab- 
sorbance. Thus, in a study into the oxidation of 
manganese by cells of Leptothrix Discophora 
SSl, Boogerd and De Vrind” measured MnO, 
concentration calorimetrically using LBB, 
showed that azide inhibited the influence of this 
strain on the oxidation process. As LBB is of 
similar structure to LCV, it is clearly likely that 
azide reacted similarly with LBB, to give a 
suspension which led to light scattering and no 
observable absorbance peak. 

De Vrind et al.*’ in an investigation into 
manganese oxidation by spore coats of a marine 

Lcv/pam 
+ DPD/Fbrm 
* Dl’D/Moo, A--- 

05 

Fig. 4. Standardization of DPD and LCV. LCV/Perm., 
r = 0.9898; DPD/Perm., r = 0.9582; DPD/MnO,, r = 0.0008. 

3. 

Bacillus species, found that the spores oxidized 
manganese to MnO,, as measured by LBB. 
When NaN, was present no oxidation could be 
measured. Again, if the reaction of azide with 
LBB is similar to that with LCV, one would 
expect that no absorption peak would be ob- 
tained. 

o-Tolidine method. The method of Morgan 
and Stumm13 using o-tolidine to determine 
manganese OE in a colloidal manganese(IV) 
oxide suspension was attempted in this work on 
several occasions, but the reagent appeared to 
react non-quantitatively with standard MnO, 
suspension, providing calibration coefficients of 
no better than 0.97. Although the purity of the 
reagent used may be responsible for the devi- 
ation from linearity, no attempt was made to 
purify the reagent as previous experience has 
shown this to be very time consuming, with very 
limited improvements. 33 Furthermore, being a 
p-aminophenyl molecule, as is LCV, NaN, may 
also interfere in similar experiments. For these 
reasons no further work was attempted using 
o-tolidine to determine OE. 

N,N-diethyl-p-phenylenediamine, (DPD) 
method. DPD is most often currently used for the 
determination of chlorine residuals in treated 
water.34 Figure 3 illustrates the sequential oxi- 
dation reactions that DPD undergoes at pH 4.0. 

In contrast to LCV, LBB and o-tolidine, 
DPD initially undergoes a one electron oxi- 
dation. The semiquinoid intermediate product is 
a cationic radical, and it is this species, known 
as Wurster’s dye, 35 that provides the pink colour 
when oxidation of DPD occurs. 

DPD provided much improved stoichiometri- 
cal results upon colloidal manganese(IV) oxide 
suspensions compared with those obtained using 
o -tolidine; commonly, correlation coefficients of 
0.9999 were achieved. Being only a one electron 
oxidation, one mole of MnO, is able to provide 
two moles of the cationic radical; this somewhat 
offsets the lower molar absorptivity. 
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Table 3. Comparison of Redox and 
Calorimetric Methods for the Deter- 

mination of MnO, 

Method “x” value 

LCV 1.65 f 0.06 
o -tolidine 2.36 f 0.06 
LBB 2.13 f 0.08 
Oxalate 1.99 f 0.05 
Iodine 1.98 f 0.05 
DPD 1.98 f 0.03 
Iodine 1.98 & 0.04 

Comparison of the DPD, LCV and iodometric 
methods 

In a comparison of the DPD and LCV 
methods it was first concluded that permanga- 
nate is unsuitable for use as a standard for both 
reagents. Figure 4 shows that Beer’s law plots, 
using permanganate to standardize both dyes, 
are far from linear. Significant deviation from 
linearity occurs indicating that MnO.,- is being 
consumed by impurities present in the dyes. It 
is also possible that the high oxidation state of 
manganese in MnO; provides problems when 
used as a redox/colorimetric standard. The re- 
duction of MnO, occurs stepwise, through to 
the stable IV oxidation state. Full reduction to 
the Mn(I1) state occasionally may not occur 
rapidly on the timescale required for measure- 
ments to be made. 

The deviation from linearity is not observed 
when colloidal MnO, is used as the standard in 
corresponding concentrations. 

DPD shows vast superiority in reproducibil- 
ity over o-tolidine and LCV, when used to 
measure MnO, concentration, the standard 
deviation for measurement of 100 pg/l. MnO, 
being only 5 pg/l. 

0 3 6 9 12 15 

Tie (min) 

Fig. 5. Stability of DPD absorbance in the presence of azide. 

One mole of permanganate should be capable 
of oxidizing five moles of DPD and thus should 
give absorbances $ those of the corresponding 
MnO, concentrations. However, this was not 
observed. The extinction coefficient of the per- 
manganate line, 1.49 x 104 1 - mole-’ cm-‘, is 
only 3 that for the MnO, line, 1.97 x lo4 
1. mole-’ . CIY-‘. It is worth noting in this con- 
text that Tipping et al. 35 found that permanga- 
nate gave an extinction coefficient of only 
2.5 x lo4 1. mole-’ * cm-’ with o-tolidine, com- 
pared to 3.3 x lo4 1. mole-’ * cm-’ when a syn- 
thetic manganese(IV) oxide was used. This 
discrepancy, according to Tipping, almost ex- 
actly accounted for the high oxidizing equiva- 
lents obtained by Murray et al4 

Since permanganate cannot be used as a 
calorimetric standard it is necessary to use 
MnO, standards for the DPD method. To 
compare the iodine and DPD methods it was 
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Fig. 6. OE values by DPD method and insoluble manganese concentrations for freshwater dam samples 
over one year. 
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therefore necessary to standardize the stock 
MnO, colloidal suspension using the oxalate 
method. The iodine and DPD methods could 
then be compared by analysis of a second 
synthetic MnO, colloidal suspension. 

Results showed great consistency. The second 
colloidal suspension was found to be 2020 f 15 
pug/l. using the iodine method and 2010 f 20 
pg/l. using the DPD method. 

Table 3 lists the results of Murray et aL4 for 
the determination of the x value of a synthetic 
MnO, suspension and compares them to the 
results for DPD obtained in this work. 

It is clear that DPD is an excellent dye for use 
in these circumstances. Results compare ex- 
tremely favourably with the redox titration 
methods and with other calorimetric methods. 
It has advantages over the redox methods in 
sensitivity, time required for each determi- 
nation, ease of performance and only small 
sample volumes are required. 

To investigate the effect of the poison NaN, 
on the DPD determination of OE, an exper- 
iment was run that involved the measurement 
of a known amount of MnO, in the presence 
of azide by comparison of the absorbance 
value at 552 nm against a series of standards. 
The absorbance values used were taken less than 
30 set after DPD had been added to the 
samples. The final value obtained of 295 pg/l., 
an average of five individual readings, was 
within 1.7% of the desired value, 300 c(g/l. 
Figure 5 illustrates the effect of leaving the DPD 
to react for 15 min with 15 mit4 NaN,. It is 
seen that the DPD colour is again very stable 
for at least this time period in the absence of 
azide, but when azide is added the colour 
is rapidly removed. However, if a measure- 
ment is taken within one minute, a value within 
1% can be obtained in the presence of azide. 

The method was used to find the OE of 
freshwater dam samples, collected from a depth 
of three metres, over the year May 1990-May 
1991. Figure 6 shows the results obtained and 
offers a comparison between OE and concen- 
tration of insoluble manganese (defined as being 
retained by a 0.05-pm filter membrane) in the 
water sample. At this water depth, the majority 
of the oxidized manganese will be associated 
with the insoluble fraction of the metal, however 
it is not necessarily the case that a high OE and 
a large concentration of insoluble manganese 
should occur together. Further analysis of this 
relationship will be taken up in continuing 
studies. 
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slunmuy-A simple and precise method has been developed for the determination of traces of 
vanadium(V), using 4-(2 pyridyl azo) resorcinol, in natural water samples, containing very high 
concentrations of uranium. CDTA-pyrophosphate buffer has been used for masking interferants, 
including uranium which otherwise interferes above 125 ppb. The reaction of vanadium with PAR in the 
presence of buffer requires a waiting period of 45 min. The Sandell sensitivity of the method is 0.003 pg/ml, 
at 545 nm at an optimum pH of 6.5 f 0.2. The precision of the method is f 15% at the 100 ppb level 
of vanadium(V). The method has been successfully applied to a number of natural water samples during 
hydrogeochemical exploration. 

The dete~ination of vanadium in hydro- 
geochemical samples assumes significance, as it 
is a path finder’ element for identifying uranium 
deposits. The presence of vanadium in potable 
water, in trace quantities has been found to have 
beneficial effects on the health of individuals.’ In 
general, the vanadium in natural water samples 
varies up to a maximum of 1400 ppb.3 Various 
methods that have been reportedk7 for the 
determination of vanadium in traces, mostly 
involving p~on~ntration, are either cumber- 
some or the tolerance limits for various ions are 
poor or their determination levels high. In the 
method reported for vanadium(V) using PAR 
and CDTA,‘v9 uranium interferes seriously. 
Amongst others, uranium(V1) also forms a com- 
plex with PAR?” under identical conditions 
and thus acts as a major interferant in the 
determination of traces of vanadium in water 
samples containing high uranium. During the 
course of hydrogeochemical surveys in the 
Cuddapah basin, Andhra Pradesh, India, 
natural water samples showed anomalous 
uranium values varying up to a m~imum of 
5550 ppb. i’ Therefore, a simple and precise 
analytical procedure for the estimation of 
vanadium in the presence of high uranium, in 
hydrogeochemical samples has been developed 
and the results are presented in this paper. 

*Author for correspondence. 

EXPER~~AL 

Instrumentation 

A Shimadzu UV-240 graphicord double beam 
spectrophotometer with lo-mm path length 
quartz cells and an Orion analyser model 407 A 
pH meter were used. 

Reagents 

Vanafliwn si&tiori. (1 ml = 100 yg of V). 
Dissolve 0.2309 g of ~monium metavanadate 
A.R (Renna, Budapest, Hogs) in water, add 
15 ml of I : 1 nitric acid and dilute to 1000 ml. 
From this, prepare a fresh vanadium standard 
solution of 1 ml = 1 c(g of V. 

CDTA (O.OlIM)-pyrophosphate (04M) 
(buffer). Dissolve 1.25 g of 1,2 amino cyclo- 
hexane NNNN-tetra acetic acid, CDTA (Pro 
analysis, Merck) in a minimum amount of dilute 
sodium hydroxide and adjust to pH 6.5 (sol- 
ution 1). Dissolve 44.69 g of tetra sodium 
pyrophosphate (Analar, BDH) in a minimum 
amount of dilute nitric acid and adjust to pH 6.5 
(solution 2). Mix solutions 1 and 2 and make up 
to 250 ml. 

PAR solution (0.004M). Prepare 0.1% 4-(2 
pyridylazo) resorcinol by dissolving 0.1 g of the 
sodium salt of PAR (Loba Chemie GR) in 
distilled water and adjust the pH between 6.5 
and 7.0. All the other reagents used are of 
Analar grade. 

541 
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Table 1. Tolerance limits in fig for various 
ions in the determination of 3 gg of 
vanadium in the presence of CDTA pyro- 

phosphate 

Interferant ~g/Aliquot* 

K+ 48,000 
Na+ 40,000 
Ca+* 10,000 
Mg+* 10,000 
MO+’ 5W@ 
Zn+* 
uo:* :& 
Ch+* 100 
Fe+’ 2Of 
Mn+Z 500 
Asi 10 
Ni+* 100 
Pb+* l,t-JOO 
SeO$ 3 
Cl- 80,000 
SO,-’ 4WoO 
HCO; 25,000 
F- 50 

*The interference effect beyond the con- 
centration given was not studied. 

tFe+’ and UO: + interfere beyond the 
concentration given. Aliquot, maxi- 
mum IO ml; Buffer, 10 ml of 0.4kf; 
PAR 2 ml of 0.1%; total volume of 
25 ml. 

Procedure 

To an aliquot of a natural water sample 
(maximum 10 ml) containing l-10 pg of vanadi- 
um(V), add 10 ml of CDTA-pyrophosphate 
buffer, adjust to pH 6.5 f 0.2 if necessary, and 
add 2 ml of PAR at the end. Dilute to 25 ml and 
after 45 min measure the optical density of the 
solution at 545 nm. Draw a calibration graph by 
treating 1,2,3 and 5-pg vanadium standards in 
a similar way. Beer’s law is obeyed in the range 
of 40-400 ppb of vanadium. 

RESULTS AND DISCUSSION 

The sequence of addition of reagents, should 
be the addition of CDTA pyrophosphate buffer, 
followed by pH adjustment, where necessary, 
and addition of PAR at the end. Any precipitate 
formed after the addition of buffer dissolves 
while adjusting to pH 6.5 rf: 0.2. However, in a 
situation where the precipitate does not dis- 
solve, if Ca is present in > 1000 ppm, smaller 
aliquots are to be taken. 

The CDTA reagent is a well known complex- 
ing agent. I* The presence of CDTA prevents the 
reaction of many metal ions like Ca, Mg, Al, 
Mn, MO, Co, Cr, Cu, Zn, Pb, Ni, etc.8*‘3 with 
PAR, making the method one of the most 
selective for the determination of vanadium. 

The selective masking reaction of CDTA was 
attributed to its the~~ynamic effect.14 CDTA 
has a special action towards the vanadyl ion, 
in that it does not form a stable complex, 
in contrast to other metal ions.‘5,‘6 The reaction 
of vanadium with PAR in the presence of 
buffer is not instantaneous and requires a 
waiting period of 45 min. Probably the lower 
stability constantI of the VO,-CDTA complex 
(K = 10’6.5g) eventually paves the way for the 
formation of the more stable V02-PAR complex 
(K = lO’*.*‘), thus requiring a waiting period of 
about 45 min. 

VOz - CDTA + PAR GE V02 - PAR + CDTA” 

The stability of the VO,-buffer-PAR com- 
plex alone and in the presence of various cations 
and anions was studied from 45 min to 4 hr. 
During the period of study the complex was 
found to be stable. Thus, various metal ions and 
other anions as indicated in Table 1 do not 
interfere, during this period. 

The tetra sodium pyrophosphate is a well 
known complexing agent and has been used in 
the determination of uranium in water samples, 
using laser induced fluorimetry.” 

The complexing/buffering property of pyro- 
phosphate for uranium has been made use of as 

0.8 

0.7 - 

0.6 - 

/ 

A 

URANIUM pq 

Fig. 1. Effect of uranium on vanadium determination; 3 fig 
of vanadium with varying concentration of uranium in a 
total volume of 25 ml. A, in the presence of 10 ml of 0.014M 
CDTA only. B, in the presence of 10 ml of 0.014M 

CDTA-OAM pyrophosphate buffer. 



Determination of vanadium in uranium rich hydrogeochemical samples 

Table 2. Recovery studies for vanadium on synthetic water samplea 

Synthetic water Composition in Vanadium added Vanadium found 
samples 25-ml volume (in 25 ml) (in 25 ml) 

SYWS- 1 Ca and Mg (10 mg each) 3 ccg 2.85 pg 
Cl, SO,, Na and K 
(40 mg each) 

SYWS-2 SYWS-1 -f HCOx (25 mg) 3 88 2.90 Pg 
added at pH 6.5 

SYWS-3 SYWS-1 + F (50 pg) 3 fig 3.25 pg 
SYWS-4 SYWS-3 + Zn (300 pg) 3 Ptg 3.30 /Ig 

Cu (100 BE) Fe (20 pg) 
Mn (500 fig) As (10 Irg) 
;‘J;;-$PB) Pb (1’JOo pg) 
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a masking effect in the proposed spectrophoto- 
metric determination of vanadium in the pres- 
ence of high concentrations of uranium. Thus, 
the shortcoming of the V-PAR method8 in 
which uranium interferes even in the presence of 
CDTA has been overcome by using pyrophos- 
phate buffer. While determining vanadium in 
the presence of uranium using PAR, the reac- 
tion due to U-PAR is completely suppressed by 
pyrophosphate, and not by CDTA (Fig. 1). 
Because of the excellent buffering capacity of 
pyrophosphate, there is no need to adjust the 
pH of natural water samples, whose pH will 
generally be around 6.5-8.5. 

The concentrations of various cations and 
anions, as given in Table 1, were tied, for 
interference studies, keeping in view the anoma- 
lous values for cations and anions that are likely 
to be present in anomalous natural water 
samples. The interference effects of these ions 
beyond the concentrations given in Table 1, 
were not studied, except in the case of Fe(II1) 
and U(V1); studies indicate that if Fe(II1) is 
present in more than 20-pg amounts in 10 ml of 
water sample, it interferes seriously. U(W) also 
interferes, if present in more than 300 &lo ml. 
The tolerance limits were fixed as being able to 
accommodate 5% change in the standard value. 
As Pb is a general co-existent of uranium, it is 
probable that Pb will often occur with uranium 
and hence its interference effect has been studied 
up to 1000 pg/lO ml. Lead does not interfere 
even at this high concentration. Fe, U, Pb and 
other cations and anions are not likely to exist 
in natural waters above the levels indicated in 
Table 1. 

The optimum concentration of CDTA 
(0.014.M) and pyrophosphate (0.4M) has been 
fixed, keeping in mind the natural water samples 
containing anomalous con~ntrations of cations 
and anions as given in Table 1. Uranium present 
in water samples above 125 ppb interferes in the 

determination of vanadium, if not masked. 
Uranium at 100 ppb gives a value equivalent to 
15 ppb vanadium. 

In Fig. 1, the interference effect of uranium 
(from 50 pg to 300 fig) on the dete~nation of 
vanadium (3 pg) is shown in the presence 
of 0.014M CDTA alone and in the presence of 
both 0.014iU CDTA and 0.4M pyrophosphate 
buffer mixture. It is very clear from the graph 
that in the absence of pyrophosphate buffer and 
in the presence of CDTA alone, uranium inter- 
feres seriously [see rising line (A)] i.e., increasing 
absorbance values for the same concentration of 
vanadium (3 pg) with an increase in uranium 
concentration. On the contrary, the interference 
effect of uranium is not seen in the presence of 
CDTA-pyrophosphate buffer, as shown by the 
flattened line (B). Thus, the studies indicate that 
10 ml of 0.4M pyrophosphate buffer can com- 
pletely mask uranium (either as UO:+, U4+ or 
both) up to 300 ,ug and CDTA plays no role in 
complexing uranium. Hence, vanadium can be 
determined in water samples containing anoma- 
lous concentrations of uranium even in the 
order of 10,000 ppb and greater without inter- 
ference from it. 

In the absence of the naturally available water 
samples, having anomalous ~n~ntrations of 
various ions as given in Table 1, synthetic water 
samples were prepared in order to study the 
recoveries by the present method. Good recov- 
eries of vanadium have been obtained (> 90%) 
on synthetic water samples, SYWS-1, SYWS-2, 
SYWS-3, and SYWS-4, as given in Table 2. 

Natural water samples (Bore well waters), 
having a very high concentration of uranium 
(approx. from 1000 to 5000 ppb) have been 
selected for the determination of vanadium, so 
as to indicate the extent of uranium interference 
on vana~um, in the presence of only CDTA 
and in the absence of pyrophosphate buffer. 
The vanadium values in these samples, 
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Table 3. Analytical data of vanadium and uranium in geochemical exploration water samples 

By ICP-AES”s 
By present? With only 

method CDTA-PAR Uranium” 
Sample No. (v in ppb) (v in ppb) % RSD (V in ppb) in ppb 

AMP1 81 so* 20 424 2280 
AMD-2 112 9s 15 265 1136 
AMD-3 10s 120 I1 528 2725 
AMD-4 102 108 IS 940 5550 
AI&D-5 96 89’ 18 330 1620 
AMD-6 146 I34 If 589 3086 
AND-7 110 114 i2 319 1438 
AMD-8 94 99’ IS 637 3539 

*Vanadium determined after preconcentration by evaporation. 
tvanadium values given are the average of six determinations. 

determined by the present method and by 
ICP-AES,‘* are tabulated in Table 3 for com- 
parison The values given in ppb are the average 
of six de~~ina~ons. In the same samples, 
vanadium values, determined by using on& 
CDTA, are very high due to interference from 
uranium, This explains clearly the role of the 
buffer. The uranium values in the above samples 
were determined by laser induced fluorimetry.” 
The relative standard deviation of the method at 
100 ppb vanadium is within It 15%. 

Two separate aliquots of natural water 
samples were taken and one portion of it was 
analysed after treating with an oxidizing agent, 
keeping both V and U in +5 and 4-6 states 
respectively. Another portion of it was analysed 
directly without adding any oxidizing agent. 
The vanadium values obtained in both cases 
were found to be the same and hence the 
addition of an oxidizing agent is not essential. 
It is also reported that vanadium1g*20 and 
uraniur# mostly exist in + 5 and +6 states 
respectively. 

CONCLUSIONS 

The present method is simple and precise, 
involving only the addition of CDTA-pyro- 
phosphate bufIer and PAR to natural water 
samples. Vanadium down to f 00 ppb can be 
determined in the presence of high concen- 
trations of uranium and dissolved solids, with- 
out preconcentration and/or isolation from 
interferants. 
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Summary-Experimental and theoretical vibrational Raman optical activity (VROA) spectra of (2R,3R)- 
2,3dimethylthiirane in the 2WlSOO cn-’ region are presented. The level of agreement obtained for the 
observed and predicted VROA signs suggests that the absolute configurations of chiral molecules can be 
determined confidently using VROA. 

Raman optical activity in vibrational tran- 
sitions, known as vibrational Raman optical 
activity (VROA), was theoretically formulated’*2 
and experimentally observed3 in the early 
1970’s. However, as the effect is very small 
(usually a few parts in lo4 units of ordinary 
Raman cross sections, which themselves are 
weak) and the phenomenon is one of higher 
order perturbations, the experimental measure- 
ments remained difficult and theoretical 
predictions appeared hopeless. Two recent de- 
velopments”” have changed this gloomy situ- 
ation and the course of VROA spectroscopy. It 
was recognized that VROA can be predicted”’ 
from first principles using ab initio quantum 
theoretical methods and at about the same time 
the VROA instrumentation in Glasgow has 
been improved dramatically so that VROA 
spectra can be obtained routinely with excellent 
signal-to-noise ratios. ” As a result, important 
chemical problems are beginning to be ad- 
dressed now using VROA spectroscopy. One of 
these is the determination of absolute configur- 
ations of chiral molecules. Since optical activity 
is being probed in the vibrational transitions 
and since each vibrational transition of a chiral 
molecule in principle can exhibit VROA, the 
informational content in a VROA spectrum 
contains the complete stereochemistry of a mol- 
ecule in the solution phase. Extraction of this 
information from a given experimental spec- 

*Authors for correspondence. 

trum is not quite straightforward and in this 
context the reliability of the theoretical models 
employed plays a key role. In order to be able 
to use VROA spectroscopy as a practical tool 
for stereochemical studies, VROA research at 
this time is directed towards establishing this 
reliability. As part of this development we inves- 
tigated the experimental and theoretical VROA 
of enantioenriched truns-2,3_dimethylthiirane. 
These results are presented and critically 
analysed in this paper. 

THEORY AND EXPERIMENTAL 

The enantioenriched truns-2,fdimethylthi- 
irane used in the present study was character- 
ized earlier” and had [a]23-2a + 105” (neat). 
Thus, based on the highest rotatory power 
reported for either enantiomer, this sample of 
thiirane had an enantiomer excess of 8 1%. The 
VROA spectra were obtained on a second new 
Raman spectrometer developed at Glasgow 
which will be described in detail elsewhere (this 
is a 90”~scattering version, for small organic 
molecules, of the backscattering VROA instru- 
ment for biological samples described in 
Ref. 1 1).13 A brief description is as follows. The 
incident laser beam from an Ar+ laser, at 488 
mn with -750 mW power at the sample, is 
modulated between right and left circular polar- 
izations using a KD*P electro-optic modulator 
at N 1 Hz. The depolarized light scattered in 
the 90” direction with polarization in the 
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scattering plane was collected and dispersed on 
to a CCD detector by a 0.25meter spectrograph 
(JY HR250S). A holographic notch filter 
(Kaiser Optical Systems) enabled the spectra 
to be measured down to -100 cm-‘. The 
detector is a Peltier-cooled back thinned CCD 
camera (Wright Instruments Ltd. Model ATl) 
with an exceptional quantum efficiency 
(-80%). The light scattered during the left 
circular polarization excitation was subtracted 
from that during the right circular polarization 
excitation and this difference spectrum rep- 
resents the depolarized VROA, Z,” - Zk. For 

comparison of magnitudes with the theoretical 
predictions this difference is normalised with the 
corresponding sum, Z,R + Zt, and the normalized 
circular intensity difference is denoted A,. Typi- 
cal exposure time was 0.8 set with total data 
acquisition time of one hour. The experimental 
difference and sum spectra are displayed in 
Fig. 1. 

The ab initio quantum theoretical predictions 
of A2 were obtained from the expression’*‘4 

A = 1,” - 1: ___ = 24(Y 2 - S2/3) 
z z,” + z,” 12 /I’ (1) 

12 

10 

8 

8 

2Ao 4Ao 8;O 8;O 
-1 ---I 
1200 1400 

wavenumbers 

Fig. 1. Experimental (bottom two traces) and ab inirio theoretical (top two traces) Raman and VROA 
spectra for ( + )-rrans-2,3-dimethylthiirane and (2R,3R)-2,3-dimethylthiirane, respectively. The theoretical 
spectra were obtained with the 6-31G* basis set and the calculated frequencies were multiplied by 0.89 
to bring them closer to the experimental frequencies. All spectra are presented on arbitrary intensity scales. 
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where 

1 
Y2=j 

aa@,+? G:, 
3 aQ aQ - 

acl,a G;, 

aQ aQ 1 (2) 

1 

[ 

aa=8aaas aa,aas8 +, 3aQ-- 
aQ aQ 

(4) 

by evaluating the polarizability derivatives 
aa,,/ag, 0 - ’ aG;B,a2, a A,,/aQ numerically. 
Here Q is the vibrational normal coordinate; 
u ols is the electric dipole electric dipole 
polarizability, G& is the electric dipole magnetic 
dipole polarizability and A,,, is the electric 
dipole electric quadrupole polarizability. These 
tensor derivatives were obtained in the static 
limit by evaluating the tensors at the equi- 
librium geometry and at the geometries 
displaced by 0.005 A along each Cartesian 
coordinate. The procedure for obtaining the 
w -’ G&’ tensor in the static limit is due to 
Amos” as implemented in the CADPAC 

programI which simultaneously evaluates the 

a.@ and A,, tensors. The above mentioned 
tensor derivatives were obtained with the 6- 
31G* basis set” at the fully optimized geometry. 
Vibrational frequencies and normal mode de- 
scriptions were also obtainedI with the same 
basis set. The predicted spectra were simulated 
with Lorentzian band shapes using 12 cm-’ 
half-width at half-height. The resulting theoreti- 
cal spectra are compared to the corresponding 
experimental spectra in Fig. 1 where the theor- 
etical frequencies are multiplied by 0.89 to bring 
them closer to the experimental frequencies. 
The experimental A, values corrected to 100% 
enantiomeric excess are given in Table 1. 

RESULTS AND DISCUSSION 

The experimental data for the ( + )-truns-2,3- 
dimethylthiirane and the theoretical data for the 
enantiomer with the 2R,3R configuration are 
used in the following discussion. Also the theor- 
etical frequencies cited in the discussion are 
those scaled down by 0.89. 

The two resolved experimental Raman bands 
at 1458 and 1446 cm-’ are composed of four 

Table 1. Vibrational raman optical activity in (2R,3R)-2,3-dimethylthiirane 

6-31G* Experiment7 

Freq 
Sym (cm-‘) Scaledt 45 u* + 7 j?* dep. ratio AZ x IO’ (:??) Azx IO’ Assignmentt 

A 
B 
A 
B 
A 
B 
A 
B 
A 
A 
B 
A 
B 
A 
B 
B 
A 
B 
A 
A 
B 
B 
A 

: 

1641 1460 15.5 0.72 13.6 
1640 1460 20.5 0.75 -10.7 
1633 1453 7.1 0.74 -0.8 
1629 1450 19.3 0.75 2.2 
1592 1417 4.2 0.48 - 12.4 
1566 1394 3.7 0.75 3.7 
1559 1388 2.6 0.70 -7.5 
1462 1301 1.1 0.75 -5.7 
1307 1163 13.6 0.25 5.6 
1290 1148 3.8 0.75 -1.6 
1233 1097 1.4 0.75 -3.2 
1189 1058 3.8 0.74 -1.3 
1179 1049 2.4 0.75 -21.6 
1102 981 1.9 0.05 30.8 
1092 972 4.3 0.75 -1.8 
1066 949 6.9 0.75 5.9 
900 801 14.3 0.17 - 10.2 
685 610 22.7 0.75 -2.8 
651 579 23.8 0.36 3.0 
473 421 3.9 0.14 1.1 
365 325 3.9 0.75 0.7 
320 285 0.0 0.75 6 
254 226 0.5 0.60 -16.1 
239 213 0.1 0.75 -21.0 
224 199 0.6 0.73 14.3 

1458 
1458 2.6 

1446 
1446 

4.0 

1398 -5.2 
1380 
1380 

-1.3 

1297 -5.3 
1198 0.4 
1170 -1.7 
1089 4.9 
1052 1.8 
1068 - 13.0 
991 
991 -6.4 

953 10.0 
837 - 14.3 
611 -2.2 
593 3.3 
450 +I.8 
342 -0.7 

:: 
-6.3 

2.2 
14.3 

CH, def 
CH, def 
CH, def 
CH, def 
-X*-H bend + CH, def 
CH, Umb 
CH, Umb 
-C*-H bend 
C*-C* str +X*-H bend 
-C*-H bend + CH, rock 
-C*-H bend + CH, rock 
-C*-H bend + CH, rock 
C*-C str + CH, rock 
-C*-H bend + CH, rock 
C*-C str + CH, rock 
-C*-H bend + CH, rock 
C*-C* str + C*-CH, str 
C*S str 
C*--S str 
C*-C*-C bend 
S-C*-C bend 
C*-C*-C bend 
S-P-C bend 
CH, torsion 
CH, torsion 

tFrom Ref. 12. 
#Very small Raman intensity. 
$Scaling factor is 0.89. 
TThe experimental AZ values are the averages of two measurements and are corrected to 100% enantiomeric excess and 

thus the listed values are for the pure enantiomer. 
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normal modes arising from the bending 
motions of the methyl groups. A single positive 
VROA envelope is observed for these two bands 
but if the bands could be resolved better, 
the predictions indicate a positive-negative- 
negative-positive substructure in this region. 
Although the order of the predicted modes here 
cannot be verified from the available experimen- 
tal data, the predictions indicate net positive 
VROA in agreement with the experimental 
observation. The experimental band at 1398 
cm-‘, associated with a methyl bending 
motion coupled to CH, bending, has weak 
negative VROA. This is also the sign predicted 
for this mode. The predicted VROA intensities 
differ somewhat from the observed values for 
the bands discussed above. The two umbrella 
type bending modes of the CH, groups are 
associated with the unresolved experimental 
band at 1380 cm-‘. These two modes are pre- 
dicted to have opposite VROA signs cancelling 
each other due to their overlap and giving a 
net negative VROA. This is also the sign seen 
in the experimental spectrum for the 1380 cm-’ 
band. The 1297 cm-’ band in the experimental 
spectrum has weak negative VROA which 
is supported by the theoretical predictions for 
the corresponding theoretical mode at 1301 
cm-’ associated with a -C*-H bending 
motion. 

The C*-C* stretching motion is associated 
with the experimental band at 1198 cn-‘. The 
VROA associated with this band is weak and 
positive. Although the same sign is predicted for 
the corresponding theoretical mode at 1163 
cm-‘, the predicted intensity is somewhat 
higher. The neighboring experimental Raman 
band at 1170 cm-’ has weak negative VROA 
which again is in agreement with the theoretical 
predictions for the corresponding mode at 1148 
cm-‘. The predicted and observed VROA signs 
do not agree for the two experimental bands at 
1089 and 1052 cn-’ which are associated with 
-C*-H bending motions. However, since the 
intensities associated with these two bands are 
small the predictions can probably be improved 
here if higher levels of theory are utilized. The 
experimental Raman band at 1068 cm-’ is 
associated with the C*-C stretch coupled to 
CHa rocking motion and is seen to have signifi- 
cant VROA. This observation is faithfully re- 
produced in the predicted spectrum where the 
corresponding theoretical mode is situated at 
1049 cm-‘. The C*-C stretching coupled to 
CH, rocking motion mode and a -C*-H 

bending mode are predicted to be responsible 
for the 991 cm-’ experimental Raman band. 
While this experimental Raman band has nega- 
tive VROA of substantial intensity, correspond- 
ingly large negative VROA is not found for the 
theoretical modes. Out of the two theoretical 
modes associated with the 991 cm-’ experimen- 
tal Raman band, the one at 981 cm-’ is strongly 
polarized and has very weak Raman intensity 
while the other at 972 cm-’ is depolarized and 
has somewhat higher Raman intensity. There- 
fore the observed VROA at 991 cm-’ is most 
likely due to the calculated mode at 972 cm-’ 
which has negative but weak VROA. Therefore 
the predicted and observed VROA signs also 
match here but the intensities differ substan- 
tially. The positive VROA at 953 cm-’ and 
the negative VROA at 837 cm-’ in the exper- 
imental spectrum match very nicely with those 
of the corresponding theoretical modes at 949 
and 801 cm-‘, respectively, in both signs and 
intensities. 

The unresolved Raman band at 600 cm-’ is 
associated with the symmetric and antisymmet- 
ric C*--S stretching modes. The VROA spec- 
trum however clearly shows bisignate bands 
here indicating the importance of VROA 
spectroscopy in yielding additional information. 
The antisymmetric stretch is associated with the 
negative part and the symmetric stretch is 
associated with the positive part of this 
bisignate couplet. The negative band is slightly 
more intense than the positive and both are 
much stronger than any other band in the 
200-1500 cm-’ region of the VROA spectrum. 
The theoretical predictions here match with the 
experimental observations quite satisfactorily, 
and this agreement is by far the most reliable 
test for verifying the theoretical model em- 
ployed. 

In the region below 500 cm-‘, the experimen- 
tal spectrum has six Raman bands, but only the 
band assigned to the symmetric methyl torsion 
mode has significant VROA. The sign and 
magnitude for this VROA band are seen to 
match with those in the predicted spectrum. As 
discussed elsewhere,18 methyl torsion VROA is 
particularly useful for stereochemical deduc- 
tions. The predicted VROA spectrum also 
shows strong negative VROA for the two modes 
at 213 and 226 cm-‘, but the experimental 
spectrum does not have the corresponding 
feature. This appears to be the only strong 
disagreement between the predictions and ex- 
perimental observations. 
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CONCLUSIONS 

The experimental VROA spectnun for ( + )- 
rrans-2,3dimethyithiirane is seen to compare 
remarkably well with that predicted for 2R,3R 
configuration, but some differences between the 
observed and predicted intensities are noticed. 
As in our earlier studies of alanine8~9 and tartaric 
acid,‘O the best agreement between calculations 
and experiment is found in skeletal vibrations in 
the range m 5004000 cm-’ which are dominated 
by stretch coordinates and which reflect the 
ste~he~s~ most directly. For the purpose 
of p~icting the absolute ~~~ra~ons, how- 
ever, it is essential that the signs for correspond- 
ing experimental and calculated VROA bands be 
the same, but differences in relative intensities for 
corresponding bands are less important. Since 
observed VROA signs indeed match with the 
predicted ones for a majority of the bands, this 
agreement then establishes the reliability for 
utilizing VROA as a valuable new technique for 
stereochemical studies. 
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Summary-Three large fragments (A, B and C) of human serum albumin (HSA) were produced by 
cyanogen bromide digestion of HSA in order to investigate the specific binding sites. The fragments were 
isolated by use of gel filtration, followed by high performance ion exchange chromatography. The isolated 
fragments were examined by use of UV/Vis, steady-state fluorescence, and circular dichroism spew 
troscopy. The study was extended to examine the interactions of bihrubin and two anionic drugs, warfarin 
and naproxen, with HSA and the three fragments. The primary bilirubin binding site on HSA molecule 
appeared to be located between fragment A and fragment C. The results also suggest the binding sites 
of the two anionic drugs to most likely be located in fragment C of HSA molecule. 

Human serum albumin (HSA) is the most abun- 
dant plasma protein in the body. A large num- 
ber of low molecular weight compounds, 
including several drugs, bind reversibly to HSA, 
which functions as the major transport protein 
in the body. In certain instances, the albumin 
binding of a drug is a significant factor for the 
pharmacokinetics, and the displacement of one 
drug by another from the albumin binding sites 
can contribute to the phenomenon of synergistic 
drug interaction. Knowledge of the HSA bind- 
ing sites is important for rational understanding 
of albumin binding and for any approach to 
systematize such interactions. Furthermore, de- 
tailed knowledge about the specific location of 
the ligand-binding sites of HSA will improve the 
understanding of general mechanisms of ligand- 
protein interactions since the number of binding 
sites of the HSA molecule is rather small. For 
example, HSA is the dominant transport pro- 
tein for acidic drugs, and it is believed that there 
are two main binding sites for acidic drugs.‘*2 It 
is well established that aromatic-acidic drugs 
that bind to site I are mostly bulky heterocyclic 
molecules with a negative charge at the center of 

+Rcscnt address: Gillette Research Institute, Gaithersburg, 
MD 20879, U.S.A. 

tAuthor for correspondence.. 

a large nonpolar molecule. In contrast, drugs 
that bind to site II have an extended configur- 
ation, and the negative charge is located at one 
end of the molecule, away from the nonpolar 
region. One possible approach to locate binding 
sites on HSA is to cleave the HSA into several 
fragments and study the ligand binding to vari- 
ous fragments of HSA. Thus, the necessary 
information about the microenvironment of the 
binding sites on HSA may be obtained. There 
are two main protein fragmentation methods: 
(1) enzymic cleavage and (2) chemical cleavage. 
One of the most widely used methods is chemi- 
cal cleavage, which cleaves proteins at the meth- 
ionine residues using cyanogen bromide. In this 
method, relatively large fragments, high selec- 
tivity, and high cleavage yield are obtained.3 
Several studies of protein structure and drug- 
binding sites have been performed by use of 
this fragmentation method.M Sjiiholm and 
Liungstedt’ used the low ultraviolet region of 
circular dichroism spectral data of HSA CNBr 
fragments to calculate the quantitative contri- 
bution of the a helical and /3 structure in the 
fragments. They found that large parts of the 
ordered structures in HSA are preserved in 
the fragments. Thus this cleavage method 
should be a meaningful tool for studying the 
protein conformation and ligand binding sites. 
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Bilirubin is one of the most important com- 
pounds in the human body that binds to HSA. 
A high concentration of free bilirubin normally 
causes jaundice for newborn babies, and this 
risk decreases when the molecule is bound to 
HSA. Several studies inv~tigating the binding 
properties of bilirubin with HSA’O-16 have been 
reported. The binding site is reported to be 
specific, and there is some evidence about the 
location of the bilirubin binding site on the HSA 
molecule. However, there is no conclusive infor- 
mation in this regard.16 

Although its amino acid sequence has already 
been elucidated, and the crystallographic 
datai7.‘* revealing some information about the 
three dimensional structure of HSA, the binding 
mode of HSA to certain therapeutic drugs is still 
not well-unde~tood. Numerous experimental 
approaches have so far been unable to fully 
clarify the detailed tertiary structure of HSA 
and its influence on the binding properties of 
HSA. Although the detailed high resolution 
three dimensional structure of HSA is still not 
available, the crystallographic studies have pro- 
vided us with more evidence of the physical 
properties of HSA. “*is However, if the detailed 
structure of certain crystalline forms of HSA is 
revealed, the real tertiary structure of HSA in 
solution may not be the same as observed in 
crystalline form. Therefore, without the exact 
knowledge of the tertiary structure of HSA both 
in crystalline form and in solution, the ligand- 
HSA binding modes can be explained in various 
ways. Many ligand-HSA binding models are 
based on the three-domain model proposed 
by Brown,ig which has been recently confirmed 
by Carter. I7 Using crystallographic methods 
Carteri has demonstrated the binding of HSA 
to small molecules to be within the subdomains 
IA and IIA. However, this model does not 
provide sufficient evidence for the binding prop- 
erties of bulkier ligands such as bilirubinM 

In this paper, we report the use of cyanogen 
bromide to cleave human serum albumin into 
three main fragments. These fragments were 
isolated by use of size exclusion and ion ex- 
change chromatography. The three fragments 
were then examined using W/Vis, fluorescence, 
and circular dichroism spectroscopic methods. 
Furthermore, bilirubin and two acidic drugs, 
warfarin and naproxen, were used as probe 
molecules to investigate the complexing ability 
of the isolated fra~ents. In particular, warfarin 
and naproxen were chosen because of their 
reported preference to bind specifically at site I 

and site II of HSA, respectively.‘*2 The ligand- 
protein interactions were monitored by use of 
fluorescence and circular dichroism spectro- 
scopic techniques. The binding characteristics 
were compared with those of the intact albumin 
molecule with the aim of specifflng the location 
of the various binding sites. 

EXPERBWENTAL 

Materials 

Human serum albumin (crystallized and 
lyophilized), cyanogen bromide, formic acid 
(99%), propionic acid (99%), bilirubin, war- 
farin, and naproxen were all purchased from 
Sigma Chemical Co. (St Louis, MO). Sephadex 
G-25, G-100 media and mono S HRS/S, mono 
Q HR5/5 and Fast Plow Sephorose Q XKl6/20 
ion exchange columns, and a Gel Filtration 
LMW calibration kit were purchased from 
Pharmacia LKB Biotechnology Inc., (Piscat- 
away, NJ). 

Apparatus 

The analytical scale ion-exchange separations 
were conducted on a high performance ion- 
exchange chromatography (HPIC) system. This 
system contains a Bio-Rad model 700 gradient 
module and workstation equipped with a 2-ml 
injection loop and a model 1706 W~is detec- 
tor. The preparative ion-exchange separations 
were performed on a chromatographic system 
containing two Beckman 114 pumps, a Beck- 
man 141 gradient controller, a Dionex WM 
fixed wavelength W/Vis detector and an HP 
7450 integrator. The absorbance measurements 
were obtained using a Shimadzu UV/Vis scan- 
ning spectrophotometer. Fluorescence studies 
were performed by use of a Spex model F2T211 
spectrofluorometer equipped with a thermo- 
stated cell housing and a cooled photomultiplier 
tube. The circular dichroism (CD) spectra were 
obtained on a Jasco J-600 spectropolarimeter. 
All measurements were conducted at 20 & 0.1”. 

Methodr 

Cleavage reaction. The CNBr cleavage reac- 
tion was performed following the procedure 
reported by McMenamy et al.’ Briefly, HSA was 
dissolved in 80% formic acid and reacted with 
an equivalent weight of CNBr in the dark at 
O-4” for 24 hr. Fragments consisted of residues 
298-584, l-123 and 124-297 of the primary 
structure of HSA and were labelled as A, B and 
C, respectively.5 
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Isolation of the fragments. The digested sol- 
ution was passed through a G-25 column (2 x 8 
cm) in 1% propionic acid to remove the salts, 
and 50 mg (2 ml) of the protein was fractionated 
on a Sephadex G-100 column. Three fractions 
(I, II, and III) were collected [Fig. l(a)] The 
molecular weight calibration was conducted by 
use of a gel filtration LMW calibration kit, 
which covered the molecular weight range of 
13,700-67,000. The elution fraction I collected 
from G-100 column contained the aggregate 
and monomer of HSA. The elution fraction II 
containing fragment A was dialyzed against 
Tris-HCI buffer (2OmM, pH = 7.5). Fragment A 
was further purified by using an anion exchange 
Mono Q column [Fig. l(b)], and then the frag- 
ment was scaled up to preparative quantity by 
using the Fast flow Sephorose Q column. The 
elution fraction III was dialyzed against citric 

acid buffer (2OmJ4, pH = 5.0), and fragments B 
and C were separated by injecting fraction III 
onto a mono S HR5/5 cation exchange column 
[Fig. l(c)]. 

Characterization and ligand-binding of the 
fragments. All of the isolated fragments were 
dialyzed against phosphate buffer (2OmM, 
pH = 7.5). As a comparative study, the ligands 
and the fragments were mixed on a 1: 1 ratio by 
volume at pH 7.5. In addition, the original HSA 
(1.54 x 10-5M) was used in the complexing 
studies with the ligands. All ligand-fragment 
mixture solutions were buffered at pH 7.5 using 
the phosphate buffer. The concentrations of 
the ligands were 3.8 x 10V5, 5.0 x 10e5, and 
2.7 x 10w6iV for bilirubin, warfarin, and 
naproxen, respectively. The UV, circular 
dichroism, and fluorescence spectroscopic 
measurements were used to determine the 
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Fig. 1. (a) Elution of CNBr fragments of HSA (50 mg of HSA digest) from a Sephadex G-100 column 
(2.5 x 50 cm) with 5% propionic acid, 0.W NaCl, flow rate 15 ml per hour. The components in the II 
and III fractions were further isolated by high performance ion chromatography (HPLC) [See Fig. 1 .(b) 
and l.(c)]. (b) Isolation of fraction II [from Fig. l.(a)] on a Mono Q column (0.5 x 5 cm), 0-l.OM NaCl 
gradient in 20mM Tris-HCl, pH 7.5, flow rate 1.0 ml/min. (c). Isolation of fraction III (from Fig. l.(a)) 
on a Mono S column (0.5 x 5 cm), 0-l.OM NaCl gradient in 2On~44 citric Acid, pH 5.0, flow rate 1.0 

ml/min. 
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characteristics and ligands binding of the frag- 
ments. In fluorescence measurements, the emis- 
sion spectra of the fragments are subtracted. 

RESULT!3 AND DISCUSSIONS 

Isolation of the fragments 

Figure l(a) shows the chromatogram of the 
fragments obtained from the size exclusion 
chromatography column (Sephadex G-100). 
The molecular weight calibration study suggests 
that the molecular weight of fragment A is 
approximately 37,000 and those of fragments B 
and C are approximately 18,000. McMenamy 
et al.’ have reported observing the presence of 
impurities from the commercial HSA used in 
their study. In this study, the chromatogram of 
the commercial HSA does not show the pres- 
ence of impurities compared with that obtained 
using fresh HSA. Hence, results in this study 
were conducted using HSA from Sigma. HPLC 
was used for further isolation of the fragments 
from the gel filtration column, in order to 
improve the resolution of the fragments and 
separation time. A better resolution and a 
shorter separation time was achieved when 
using HPLC, compared with a separation using 
a soft gel ion exchange columns [Fig. l(a) and 
(b)]. As the separation time decreased, the frag- 
ments were concentrated after elution from the 
HPLC columns. For example, after injecting 8 
ml of the fraction III sample on mono S column, 
the elution volume of fragments B and C were 
about 1 and 2 ml, respectively. 

Spectroscopic properties of the fragments 

The concentrations of the fragments were 
estimated from W spectral data, and the values 
were 3.2 x 10V5, 5.0 x 10e5, and 3.6 x 10m5M 
for fragments A, B and C, respectively, using 
molar absorptivities reported by Gamblir and 
McMenamy.7 As we expected, fluorescence is 
well suited for distinguishing these fragments. 
According to the amino acid sequence of HSA, 
fragment C contained the only tryptophan 
amino acid residue in HSA. Thus, the fluor- 
escence spectrum showed predominately the 
spectrum of tryptophan. Fragment A contained 
some tyrosine amino acid residues, and thus, 
had a predominate tyrosine fluorescence spec- 
trum. Fragment B contained fewer aromatic 
amino acid residues, and had almost no fluor- 
escence. Circular dichroism (CD) studies 
were conducted to better understand the 
conformation of the fragments, especially, 

the secondary structure. Knowledge of the 
conformation of the fragments is important for 
predicting and better understanding the inter- 
actions between HSA and the fragments with 
the drugs in solution. The CD spectra of the 
fragments were similar in all respect to that of 
pure HSA molecule, regardless of the concen- 
trations. This in turn suggests that the frag- 
ments still retained some secondary structure of 
the native HSA molecule. 

Ligand-fragment binding study 

Bilirubin-fragment interaction. Neither pure 
bilirubin nor HSA solution show a CD signal 
between 350-550 nm region. However, when 
HSA is added to a bilirubin solution, the HSA- 
bilirubin complex has a negative and a positive 
band at 410 and 460 mn, respectively. This 
suggests a strong HSA-bilirubin interaction giv- 
ing rise to induced CD signals. To ascertain 
whether the specific binding center was limited 
to any of the CNBr fragments, the CD spectra 
of bilirubin-fragment complexes were measured 
in the same region as that of the bilirubin-HSA 
complex (Fig. 2). The interaction of the frag- 
ments with bilirubin seemed to be significantly 
different from that of the bilirubin-HSA com- 
plex. Upon addition of fragment A to bilirubin, 
a small positive band and a large negative band 
at 460 and 495 nm were observed, respectively. 
In contrast, fragment C induced a positive band 
and a broad negative band at 415 and 460 nm, 
respectively. The interaction of bilirubin and 
fragment B induced only a very weak CD signal. 
These marked differences between the CD spec- 
tra of HSA and bilirubin and that of the frag- 
ments with bilirubin suggest that the integrity of 
the original binding site of HSA is not contained 
in any of the individual CNBr fragments. 

The above data suggest that the interaction 
mechanism in the native HSA molecule, which 
is probably responsible for the spatial configur- 
ation of the binding sites, is lost in bilirubin- 
fragment interactions. In addition, the induced 
CD signal of bilirubin with the fragments indi- 
cates that the fragments are still active in the 
binding of bilirubin. The weak intensity of the 
induced CD signals suggests that the interaction 
of fragment B probably does not correspond to 
the high affinity binding site of HSA. This 
interaction may represent the secondary site of 
the HSA molecule, which binds bilirubin after 
saturation at the main binding site. This also 
suggests that the binding site of bilirubin in- 
volves a region of the tertiary structure on the 
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Fig. 2. Circular dichroism spectra of bilirubin with HSA and HSA fragments, respectively, in 2OmM 
sodium phosphate, pH 7.5. 

HSA molecule which is most likely located 
between the regions of fragments A and C. In 
contrast, the results reported by several other 
studies’2*‘3*‘5*‘” concluded that bilirubin is most 
likely bound to the region of residues 180-250. 
This region is located only in fragment C of the 
CNBr digestion. 

Fluorescence measurements were conducted 
in an attempt to obtain more evidence of the 
location of the binding site of bilirubin on HSA. 
Bilirubin is a weak fluorophore and upon ad- 
dition of HSA, the fluorescence intensity in- 
creases dramatically. Figure 3 clearly shows the 
influence of fragments A and C on the fluor- 
escence emission of bilirnbin. Upon addition of 
fragment A or C to a solution con~i~ng biliru- 
bin, the fluorescence emission of bil~ubin is 
enhanced. Gitzehnann-Cumarasamy et ~1.” re- 
ported the presence of two HSA peptides 
labelled with a reactive bilirubin analogue 
(residues 124-297 and residues 446-547) located 

35a+o4, 
I 

480 514 548 582 

Wavelength km) 

616 650 

Fig. 3. Fluorescence spectra of bilirubin with HSA and HSA 
fragments, respectively, in 2OmM sodium phosphate, pH 

7.5, & = 450 run. 

in fragments C and A, respectively. Geisow and 
Beaveni3 concluded that the labelling region of 
residues 446-547 by bilirubin could represent 
one of the weaker binding sites in the HSA 
molecule. In contrast, the results obtained in 
this study support the assumption that the high 
affinity binding site of bilirubin on HSA is 
located between fragments A and C. In sum- 
mary, both the CD and fluorescence data 
suggest a strong association between bilirubin 
and HSA molecule. However, according to 
Brown’s mode1,*9a the bulky bilirubin molecule 
cannot completeIy penetrate into the cavity of 
the helix cylinder of HSA. Therefore, our results 
could be explained in terms of partial insertion 
of the bilirubin molecule inside the cavity of 
HSA helix cylinder. In addition, because of the 
homologous structure of the domains II and 
III,” and the folding of protein in solution, it is 
most likely for bilirubin to interact with both 
domains II and III. This in turn will result in the 

40e*o!5, 
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Fig. 4. Fluorescence spectra of warfarin with HSA frag_ 
ments, mspectively, in 2OmM sodium phosphate, pH 7.5, 

.&==32Onm. 
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Fig. 5. Fluorescence spectra of naproxen with HSA frag- 
ments, respectively, in 2On& sodium phosphate, pH 7.5, 

&=310 nm. 

formation of an integral binding center, which 
changes its symmetry and flexibility, giving rise 
to a CD signal and enhanced fluorescence emis- 
sion. In contrast, after fragmentation, domain II 
and III are separated into two different frag- 
ments, C and A, which binds bilirubin differ- 
ently with the intact HSA molecule. 

Anionic ~g-fragment interaction 

The HSA molecule has at least two exeunt 
anionic binding sites. I3 For site I, warfarin is a 
typical binding drug. Chignel12* has observed an 
increase in the fluorescence quantum yield of 
warfarin upon binding to HSA molecule. When 
we added fragment C to solutions containing 
warfarin, the intensity of the fluorescence emis- 
sion spectrum of warfarin was enhanced (Fig. 
4). In contrast, upon addition of fragment A or 
B in solutions containing warfarin, no signifi- 
cant changes of its fluorescence emission was 
observed. This also suggests that binding site I 
is located in fragment C of HSA. 

Naproxen is reported to bind favorably to 
site II of the HSA molecule.’ The addition of 
fragment C to a solution containing naproxen 
showed an increase in the fluorescence intensity 
of naproxen (Fig. 5); no significant change in the 
narpoxen spectrum was observed upon addition 
of either fragment A or B. This suggests that 
binding site II is also located in fragment C of 
HSA. The fluorescence signals of the fragments 
are weaker compared to that of the native HSA 
molecule. 

CONCLUSION 

There are several different binding sites on 
HSA for different types of drugs. To specify 
more closely the sites, we used the CNBr cleav- 
age method to cleave HSA into three main 
fragments: A, B, and C. These fragments were 

isolated employing size exclusion and ion ex- 
change c~omato~phy and then examined by 
use of W, fluorescence, and circular dichroism, 
The fragments were easily distinguished by 
using fluorescence measurements. Our CD data 
showed the fragments still retained some sec- 
ondary structure of HSA. Finally, we investi- 
gated the interaction of bilirubin and two 
anionic drugs (warfarin and naproxen) with the 
fragments. The bilirubin data suggest that the 
binding site of bilirubin might be formed by a 
cooperative effect between the A and C frag- 
ments. The anio~c~Ngs suggest that both 
binding site I and II on HSA could be in the 
same fragment, i.e., fragment C. The weaker 
interaction observed from our fragment-drug 
data also shows a drawback for using the 
fragment-drug interaction to locate binding 
sites in complex protein. From this study and 
others,8*12~13 it could be inferred that the drug- 
binding mechanism in the native HSA molecule 
is probably a result of a combination of several 
types of forces, such as electrostatic, hydrogen 
bonding, and hydrophobic interactions. Most 
likely, the combination of these forces is de- 
stroyed during fragmentation; hence, only a 
weak fluorescence signal is observed for the 
fragments. Alternatively, the binding center is 
totally destroyed during the fragmentation pro- 
cess, and the fragments probably rearrange to 
form a new binding site that does not exist in the 
native HSA molecule. However, this binding 
site has a lower affinity than the native HSA, 
and hence, weaker interaction for the drugs is 
observed. 
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DYNAMIC COATING ION-INTERACTION 
CHROMATOGRAPHIC SEPARATION OF SOME TRACE 
IMPURITIES IN OXYGEN-FREE ELECTRONIC COPPER 
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Summary-Deleterious trace impurities like Mn, Fe, Co, Ni, Zn, Bi and Pb in oxygen-free electronic 
copper (OFEC) were separated and determined by dynamic coating ion-interaction chromatography (IIC) 
with spectrophotometric detection using pie-column reaction methods. 4-(2-Thiaxolylaxo)resorcinol 
(TAR) was used as pm-column chelating agent. The requirements for sample preparation and the 
conditions for pre-column chelation reaction are discussed. The optimum conditions for the sensitive 
detection of these trace metal ions after ion-chromatographic separation are set. The pH of the chelating 
medium and the eluent, the concentration of TAR and the composition of the eluent were investigated. 
The detection limits achieved were 2.0, 2.8, 0.6, 0.8, 1.2, 2.6 and 3.0 ng for Mn, Fe, Co, Ni, Zn, Bi and 
Pb, respectively. The results obtained by IIC methods compare well with those of graphite furnace 
atomic-absorption spectrometry and the certified values of Mur Bundy Hamil (MBH Analytical Ltd, 
U.K.). 

Studies on the influence of various impurities 
on the annealability and electrical conductivity 
of oxygen-free electronic copper have shown 
that the higher the impurities the higher will be 
the softening temperature and the lower will be 
the electrical conductivity.‘” For example, the 
presence of every 5 ppm of lead content in O-25 
ppm range reduces the electrical conductivity 
of copper by about 0.1% in the international 
annealed copper society standard (IACA). 
Similarly, every increment of 5 ppm antimony 
content in the O-25 ppm range lowers the con- 
ductivity by 0.15% IACS. The presence of Fe in 
the order of 0.001% (at Cu purity 99.999%) will 
result in intergranular fracture due to micro- 
cracks and micropores and results in embrittle- 
ment of Cu at even low stress levels. Therefore, 
the accurate determination of trace impurities in 
Cu has become increasingly important. Several 
schemes for the systematic analysis have been 
described in the literature.6 None of the schemes 
includes the determination of all trace impurities 
in a single sample, although several independent 
procedures have been proposed. With the advent 
of atomic-absorption spectrometry, many pro- 
cedures for the determination of trace impurities 
in copper have appeared. However, the detection 
limits of AAS procedures are severely restricted 

by matrix effects. In this context, the ion- 
interaction chromatography (IIC) separation 
and detection technique seems to be one of the 
promising tools. 

In recent years, this technique has become 
an attractive method for trace metal determin- 
ations.7-‘0 The advances that have taken place 
in column and detection techniqueP5 have 
explained the capability of IIC to characterize 
a wider range of anions and cations. Since 
individual metals and metal compounds form 
distinct ions with differing retention times, it 
is possible to analyze several of them in a single 
run. The separation and simultaneous determin- 
ation of metal ions as their chelates with organic 
reagents by IIC has received much attention. A 
wide variety of organic reagents have been used 
to complex metal ions prior to separation.‘“-‘6*‘7 
4-(2-Thiazolylazo)resorcinol (TAR) is one such 
reagent which has been used extensively for the 
spectrophotometric determination of numerous 
ions. TAR and its chelates with metal ions are 
insoluble -in water. However, they are readily 
soluble in some solvents that are miscible with 
water and they can be extracted into solvents 
that are immiscible with water. Therefore, most 
metal chelates with TAR can be separated by 
IIC and can be detected spectrophotometrically. 
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Though several ion chromatographic methods 
are available for the separation of transition 
metals, no reports on the separation and detec- 
tion of trace impurities in oxygen-free electronic 
copper as chelates with TAR using IIC have 
been reported. 

In previous communications,‘s-20 the separ- 
ation of transition and rare earth metals present 
in low-alloy and stainless steel samples using 
PAR and Arsenazo-III as post-column chelating 
agents are discussed. Our current research efforts, 
as described here, are focused on the separation 
and determination of trace impurities in OFE 
copper (MBH CRM 17867B, 17868B, 17869B 
and 17870B) in a single sample by dynamic coat- 
ing ion-interaction chromatography using TAR 
as a pre-column chelating agent. 

EXPERIMENTAL 

Apparatus 

The Waters Ion Chromatography system con- 
sists of Model 501 pumps with a Waters U6K 
injector. A Spherisorb S-5 ODS I separation 
column was employed. A Waters 486 tunable 
absorbance W-Vis spectrometric detector with 
a 12-~1 flow cell was used to monitor the effluent 
from the column. A Waters maxima 820 
chromatography workstation along with a 
printer was employed. 

The labware was used after conditioning in an 
ultrasonic cleaner and equilibrating in reagent 
grade water (18 fi resistance) from a Millipore 
Milli Q water system, having total metallic 
impurities less than 1 ppb. 

Reagents and solutions 

High-purity ‘Suprapure’ grade chemicals 
from Merck were used. Solvents were further 
purified using isothermal sub-boiling distillation 
in a laminar flow fume hood having class 100 
condition with a total lab facility maintained 
at class 10,000 level to overcome dust and 
particulate contamination. Pure metals from 
Johnson Matthey (JMC) and Certified Reference 
Materials from Mur Bundy Hamil (MBH) were 
used for the preparation of standard solutions 
and eluents. 

Standard solutions of ions were prepared by 
dissolving known amounts of pure metals and 
diluting to the required levels. Elution was 
performed with 1 x 10e3A4 sodium octane-l- 
sulphonate (54 mg in 250 ml)-0.023M tartaric 
acid solution at a flow rate of 1 ml/mm. Cali- 
bration graphs were obtained with the chosen 

parameters with injecting standards separately 
and in mixtures and recording the peak heights 
for the respective ions. 

Sample preparation and matrix separation 

A 10-g sample (which was previously washed 
with methanol and dried with an IR lamp) was 
dissolved in a requisite amount (-40 ml) of 
nitric acid (1 + 1), covering the beaker and 
heating below the boiling point. After the 
sample was dissolved, the solution was boiled 
to get rid of nitrogen oxides. The solution was 
cooled and then diluted to approximately 100 
ml. The sample solution obtained contains a 
high concentration of copper matrix. This may 
have a detrimental effect on the chromato- 
graphic column and the separation of impur- 
ities. Therefore, separation of the copper matrix 
is a prerequisite for achieving reliable trace 
element determinations when IC procedures are 
used. This matrix separation was achieved by 
subjecting the sample solution to electrolysis 
at 0.6A using platinum gauze electrodes and a 
magnetic stirrer. The solution was covered and 
heated on an electrothermal plate to concentrate 
it by evaporation, and then the solution was 
made up to the mark of a 25-ml standard flask 
and diluted further if required. A 20-~1 portion 
of the solution was used for injection after 
filtering this solution through a 0.45~pm filter. 

Preparation of metal chelates 

A 10.0~ml portion of 1 .OM tartrate buffer (pH 
6.0), 4.0 ml of TAR (5 x 10m3M) solution and 
4.0 ml of methanol were mixed with a known 
volume of the above sample solution. The 
mixture was diluted up to 25.00 ml with water. 
In order to accelerate the colour development 
of the chelates such as Fe-TAR and Bi-TAR 
the solution had to be heated in a boiling water 
bath. A time study at different temperatures 
with a mixture of the metals show that 20-25 
min at 60-75” is required for the colour develop- 
ment of all the chelates. Then the solution was 
cooled to room temperature before injection. 

Separation of the chelates and reagent 

The ODS column was equilibrated with 
sodium octanesulphonate (1 x 10e3M)-water 
(50: 50 v/v containing 0.023M tartrate buffer, 
pH 6.0). A 20-~1 aliquot of the prepared test 
solution was injected into the ODS column and 
the complexes were eluted at a flow rate of 
1.0 ml/min. The detection wavelength was set 
at 580 nm. 
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Table 1. Comparison of results (wt%) [mean f r.s.d (%) n = s] obtained by IIC, 
GFAAS and the certified values of MBH* 

17867B 17868B 17869B 17870B 

567 

Mn 0.008 + 2.1 
[O.OOS f 4.21 

(0.009) 
o.oi20 f 4.2 
[O.OlZS f 6. I] 

(0.0125) 
0.035 + 4.5 

[0.032 f 3.81 
(0.037) 

0.039 f 6.1 
[0.035 + 9.81 

(0.040) 
0.030 * 5.2 

[0.035 & 9.21 
(0.030) 

0.011 * 1.1 
[O.Ol 1 f 9.61 

(0.011) 
0.012 f 4.2 
[0.015 _+ 8.11 

(0.013) 

Fe 

co 

Ni 

Zn 

Bi 

Pb 

0.0215 + 2.6 0.0286 & 2.0 
[0.0215 f 6.21 [0.0288 f 4.9) 

(0.0216) (0.030) 
0.028 f 0.8 0.037 * 1.9 
[0.026 + 1.21 [0.037 f 7.21 

(0.029) (0.038) 
0.030 f 1.2 0.016 f 1.8 

[0.030 f 5.21 [0.018 + 7.61 
(0.030) (0.016) 

0.0336 f 2.9 0.020 + 1.3 
[0.0333 f 8.61 [0.021 f 3.21 

(0.0340) (0.020) 
0.0241 f 5.7 0.0130 f 5.0 

[0.0245 + 10.61 [0.0130 + 5.5) 
(0.0245) (0.0135) 

0.0290 &- 1.8 0.035 + 5.0 
[0.0290 f 4.41 [0.038 f 5.31 

(0.0295) (0.0385) 
0.024 * 4.0 0.0380 f 6.9 
[0.025 f 7.61 [0.0389 f 5.81 

(0.025) (0.0385) 

0.040 f 3.8 
[0.040 & 7.8) 

(0.0405) 
0.053 f 2.5 
[0.055 f 6.81 

(0.055) 
0.001 f 2.5 

[O.oOl f 6.61 
(0.001) 

0.0048 + 2.1 
[O.OOS : 6. I] 

(0.005) 
0.0020 f 1.6 
[0.002 f 12.81 

(0.0022) 
0.054 f 3.6 

[0.055 f 4.51 
(0.055) 

0.046 f 7.2 
[0.049 f 4. I] 

(0.048) 

*Values in [ ] are obtained by GFAAS; and values in ( ) are the MBH certified values. 

Instrumental methods 

A GBC Model 902 atomic absorption 
spectrophotometer was used, equipped with a 
GBC Model GF 2000 graphite furnace. A 
deuterium lamp was used for background cor- 
rection. Visimax II hollow cathode lamps were 
used as light sources. Solutions were injected by 
a GBC PAL-2000 auto-sampling system. All 
absorbances were measured as peak heights and 
were recorded with an Epson Lx-800 printer. 
The system was operated by a Philips Model 
P-3105 data station connected on line. 

A l-g amount of sample was dissolved in 5 ml 
of dilute nitric acid (1 + I), and the solution was 
made up to 100 ml with water, and further 
diluted as required, for atomic-absorption 
spectrometry. 

RESULTS AND DI!XUSSION 

The results for four sample materials are 
presented in Table 1. For comparison, the 
values (wt”h) obtained by graphite furnace 
atomic-absorption spectrometry (GFAAS), and 
the certified values from MBH are also given. 
The agreement between the results is excellent as 
are the relative standard deviations. 

Several organic solvents, such as methanol, 
ethanol, acetonitrile, tetrahydrofuran, isopropyl- 
alcohol and sodium ocatanesulphonate com- 
bined with water, were investigated as binary 
and ternary mobile phases. A simple methanol- 

water, ethanol-water or acetonitrile-water 
binary system mobile phase gave tailing peaks 
and low sensitivities, and the unreacted reagent 
appeared as two peaks which overlap with the 
peaks of Ni -, Cu- and FeTAR chelates. 
However, the sodium octanesulphonate-tartaric 
acid system gave excellent peak shapes and high 
sensitivities for the separation of Mn, Fe, Co, 
Ni, Cu, Zn, Bi and Pb metal chelates with TAR 
which was found to be a good colour forming 
pre-column reagent. The effect of the con- 
centration of sodium octanesulphonate in the 
mobile phase on the retention of the chelates 
is shown in Fig. 1. The chromatograms were 
recorded at 580 nm as all chelates showed 
significant adsorption at this wavelength. How- 
ever, below this wavelength there was an indi- 
cation of overlap of the peaks of the unreacted 
reagent and the Ni-TAR chelate peak. 

As the pH of the mobile phase shows, the 
absorption spectra were recorded under mild 
acidic conditions and it was observed that the 
absorption of these metal-TAR red chelates 
was influenced by the hydrogen ion concen- 
tration. The absorption of these chelates was 
found to be maximum around pH 6.0. Below 
this pH there is marked decrease in the 
absorption which may be due to protonation 
equilibria as found in the case of the Cr-PAR 
chelates.21 

Various buffers like tartrate, oxalate, citrate, 
KH,PO,-Na,HPO,, and Tris-(hydroxymethyl)- 
aminomethane (Tris) were used to determine 
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Fig. 1. Effect of sodium octane- l-sulphonate concentration 
on the retention times of the TAR chelates; buffer, tartrate 
(2.308 x 10-*&f); pH 6.0; flow rate 1 ml/mitt; TAR (2.5 x 
IO-‘M); column length, 300 x 3.9 mm ID (Spberisorb S-5 

ODS-I); detection wavelength, 580 nm. 

the optimum pH range of the mobile phase. 
Tartrate was found to improve the peak shapes 
and produce higher peak heights for the TAR 
chelates of Fe, Co, Ni, Mn and Cu. Tris and 
KH2POcNa2HP0, had no beneficial effect on 
the separation, and the retention of these metal- 
TAR chelates changed very little, but that of 
Fe - and Co-TAR chelates increased markedly 
in the pH range 6.0-7.0. The effect of buffers 
like tartrate, oxalate, and citrate on the absorb- 
ance of these chelates is given in Table 2. As can 
be seen, the maximum absorption was obtained 
in the tartrate buffer. It was also found that the 
absorption of the metal-TAR chelates was 
influenced by the concentration of tartrate 
added. With the increase in tartrate concen- 
tration, the absorption increases progressively 
and then decreases. A possible explanation is, 

Table 2. Absorption characteristics of the metal-TAR 
chelates in various buffers 

Tartrate Oxalate _ Acetate 

chelate (molar absorptivity/l@ 1’ mol-‘. cm-‘) 

P&TAR 3.2 2.1 2.5 

Fe-TAR 4.3 2.6 Bi-TAR 3.5 2.4 :; 
Q-TAR 4.6 3.0 218 

Ni-TAR 4.4 2.1 Zn-TAR 4.5 2.2 ::: 
Mn-TAR 4.0 2.1 1.5 
Co-TAR 4.2 2.9 2.0 

Buffer concentration. 2.3 x lo-%f; pH 6.0; flow rate 1 mli 
min; TAR (2.5 x lo-‘M); column length, 300 x 3.9 mm 
ID (Spherisorb SS ODS-I); detection wavelength 580 nm. 
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Fig. 2. Separation of some trace elements in OFE copper 
sample (CRM 17867B) by IC using TAR as pre-column 
chelating reagent. Cktanesulphonate (IO-‘M) with tartrate 
buffer (2.308 x IO-*M) mobile phase; pH 6.0; flow rate, 
1 ml/mm; TAR (2.5 x lo-‘M); column length, 300 x 3.9 mm 
ID (Spherisorb S-5 ODS-I); detection wavelength, 580 nm. 

in a weakly acidic medium, the concentration 
of hydroxy groups would be low; hence the 
hydroxy groups coordinated to metal ions could 
be replaced by tartrate. As a result, coloured 
ternary (M-tartrateTAR) complexes would be 
formed. Therefore, the absorbance increases as 
the tartrate concentration increases. However, 
at high concentrations of tartrate, the coordin- 
ated TAR would be replaced by tartrate which 
would lead to a decrease in the absorbance. 
The optimum concentration for the maximum 
absorption of M-TAR chelates was obtained 
when the concentration of tartrate was about 
2.3 x lo-*A4 and the concentration of TAR was 
kept at 2.5 x 10w4M. 

The chromatograms obtained for some of 
the trace impurities are illustrated in Fig. 2. 
Based on the spectrophotometric studies 
described above, the complete separation of 
these elements requires about 15 min. Pb 
was separated at about 3 min 30 set, followed 
by Fe (4 min 10 set), Bi (4 min 50 set), Cu 
(5 min 25 set), Ni (5 min 50 set), Zn (6 min 
30 set), Co (9 min 30 set) and Mn (15 min 
15 set). 

As the optimum performance of silica based 
bonded columns occurs in the pH range 3.5-7.0, 
the effect of variation of the pH of the eluent 
was carefully studied within this range. It was 
observed that the retention time increases with 
a decrease in pH. This may be because increased 
acidity decreases the ionization of tartrate, which 
in turn decreases the degree of metal complex- 
ation, thereby increasing retention times.** It 
was found that a pH of 6.0 gave the best 
separation and detection. 

The peaks that appearing in the chromato- 
grams were identified by spiking with authentic 
t&r., known) meta ion solutions. Quanti~tive 
measurements were done by plotting calibration 
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graphs for individual elements, taking peak 
heights at different concentrations and compar- 
ing with the result for samples. The absolute 
detection limits, calculated as the amount of 
injected metal ion that gave a signal that was 
three times the background noise (i.e., signal-to- 
noise ratio of 3:l) were 2.0, 2.8, 0.6, 0.8, 1.2, 
2.6 and 3.0 ng for Mn, Fe, Co, Ni, Zn, Bi and 
Pb, respectively. 

The other trace elements that are normally 
present in OFE copper are Se, Te, Mg, Sb, 
As and Sn and are not detectable using 
TAR. 

No significant change in peak width was 
observed during the separation of ions using 
the same sample solution volumes, indicating 
excellent column performance throughout the 
analysis. 

CONCLUSION 

By using TAR as a pre-column chelating 
agent, some of the trace impurities in OFE 
copper can be successfully separated and 
determined by ion-interaction chromatography. 
This method is fairly selective and sensitive 
and can be applied to other metallurgical 
samples for trace analysis at sub-ppm levels. 
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Summary-Two simple and sensitive visible spectrophotometric methods (methods A and B) for the 
determination of tolnaftate in bulk samples and formulations are described. Method A (& 490 nm) 
involves the reaction of tolnaftate with 2,6-dichloroquinone-4-chlorimide (DCQC: Gibb’s reagent), while 
method B (&,_ 530 nm) is based on a similar reaction of the drug with p-NJV-dimethylphenylene diamine 
in the presence of chloramine-T. Both these methods are applicable to pure samples as well as formulations 
of the drug. 

Scheme 1 

Tolnaftate (TNF), (o-Znaphthyl N-methyl-m- 
tolyl thiocarbamate, Scheme 1) finds wide use 
in the form of topical solutions and creams in 
the treatment of cutaneous mycoses caused by a 
number of organisms belonging to the genera 
trichophyton, epidermophyton, microsporum 
and malassezia. It is ineffective against candida. 
The drug is less effective in the presence of 
hyperkeratotic leisons. It is often formulated 
in combination with other antibacterial and 
antifungal agents such as gentamycin and 
iodochlorohydroxyquinoline and steroid drugs 
such as betamethasone. 

Tolnaftate is officially listed in B.P.’ and 
U.S.P.’ W spectrophotometric determination 
at 258 nm is the basis of both the official 
methods. A survey of literature revealed that 
no visible spectrophotometric methods are 
reported so far for the estimation of tolnaftate. 
Two such methods (methods A and B) now 
developed are described in this paper. Method 
A utilises the oxidative coupling reaction of 

*Author for correspondence. 

tolnaftate with 2,6-dichloroquinone-4-chlorim- 
ide (DCQC), the well known Gibb’s reagent,3 
to produce a chromophore with 1, at 490 nm. 
In method B, tolnaftate undergoes a similar 
coupling reaction with the N-chloroquinone 
diimine (NCQDI) [produced in situ by the 
action of chloramine-T (CAT) on p-N,N- 
dimethylphenylene diamine (DMPD)] to give a 
coloured product with 1, at 530 nm. The two 
methods now proposed are applicable to bulk 
samples as well as formulations of TNF. 

EXPERIMENTAL 

Apparatus 

A Systronics model 106 digital visible 
spectrophotometer with l-cm matched glass 
cells was used for absorbance measurements in 
the visible region. A Milton Roy spectronic 
1201 W-Vis spcctrophotometer was used for 
absorbance measurements in the W region. 
An Elico model LI-120 digital pH meter was 
used for pH measurements. 

571 
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Reagents 
All aqueous solutions were prepared with 

doubly distilled water. All the chemicals and 
solvents used were of Analytical Reagent 
Grade. 

Aqueous solutions of DMPD dihydrochlo- 
ride (0.1% w/v) and CAT (0.1% w/v) and 
isopropanolic solution of DCQC (0.1% w/v) 
were prepared. They can be used for one week 
when stored at 5”. Buffer @H 7.0) was prepared 
by mixing 612 ml of 0.067M disodium hydrogen 
phosphate solution with 388 ml of 0.067M 
potassium dihydrogen phosphate solution and 
adjusting the pH to 7.0. 

Standard drug solutions. A stock solution 
of tolnaftate (500 pg/ml) was prepared 
in methanol. Working standard solutions 
(40 pg/ml for method A and 100 pg/ml for 
method B) were prepared by appropriate 
dilution of the stock solution with methanol. 

Procedure for bulk samples. Method A. Ali- 
quots of standard drug solution ranging from 
0.5-4.0 ml (representing 20-160 pg of the drug) 
were pipetted out into a series of IO-ml standard 
tubes. The volume in each tube was adjusted 
to 4.0 ml by the addition of the appropriate 
amount of methanol to each tube. A l-ml 
portion of DCQC reagent was added to each 
tube and the tubes were heated in a water bath 
at 80” until complete evaporation of the solvent 
in all the tubes (approximately 20 min). The 
tubes were then taken out, cooled and the 
residue in each tube was dissolved in iso- 
propanol and the volume adjusted to the mark 
with the same solvent. The absorbances of the 
red coloured solutions were measured against a 
reagent blank after 5 min and before 50 min. 
The amount of the drug was calculated from its 
calibration graph. 

Method B. Aliquots of standard tolnaftate 
solution ranging from 0.54.0 ml (representing 
50-400 pg of the drug) were pipetted out into a 
series of 20-ml standard flasks. The volume in 
each flask was adjusted to 4.0 ml by the addition 
of an appropriate amount of methanol to each 
flask. A g-ml portion of pH 7.0 buffer was added 
to each flask followed by 0.5 ml of DMPD 
solution and 1 ml of CAT solution. The volume 
was made up to the mark with distilled water. 
The contents of each flask were well mixed. The 
stoppered flasks were stored for one hour to 
allow full colour development. The absorbances 
were measured within the next 60 min at 530 nm 
against a reagent blank prepared simultaneously 
by omitting the drug solution. The amount 

of drug was calculated from the calibration 
graph. 

Procedure for formulations. A quantity of 
cream or a volume of solution meant for topical 
use, equivalent to about 20 mg of TNF, was 
dissolved in about 50 ml of chloroform and 
transferred to a separating funnel. The chloro- 
form solution was washed successively with 
O.lN sodium hydroxide (2 x 25 ml), O.lN hy- 
drochloric acid (2 x 25 ml) and distilled water 
(1 x 25 ml). The chloroform solution in the 
separating funnel was then filtered into a 250-ml 
beaker through a chloroform washed cotton 
plug. The aqueous layer was extracted with 
chloroform (2 x 25 ml) and each chloroform 
extract was filtered into the same 250-ml beaker. 
The solvent in the beaker was evaporated and 
the residue dissolved in 40 ml of methanol and 
carefully transferred into a lOO-ml standard 
flask. The beaker was washed with methanol 
(3 x 10 ml) and the washings were added to the 
standard flask. The volume in the flask was 
made up to 100 ml to obtain a solution of about 
200 ,ug/ml of TNF. This stock sample solution 
was diluted stepwise with methanol to provide 
working sample solutions containing about 100 
pgg/ml (method B) and 40 pg/ml (method A) of 
TNF. 

The sample solutions were then analysed by 
the procedures of the methods A and B. 

RESULT?3 AND DISCUSSION 

The absorption spectra of the reaction prod- 
ucts in methods A and B show characteristic 
I, values (Figs 1 and 2). The reaction con- 
ditions were established by varying one par- 
ameter at a time and observing its effect on the 
absorbance of the coloured species. 

In method A, addition of 1 ml of DCQC 
reagent and a heating time of 15-20 min at 80 
was found to give maximum colour intensity. 
The suitability of organic solvent medium for 
colour development using methanol, acetone, 
isopropanol or dioxane as solvent was studied, 
as aqueous medium did not give a clear sol- 
ution. A stable colour with maximum intensity 
was attained only with isopropanol and so it is 
preferred. The coloured species was found to be 
stable up to 45 min. In method B, constant 
absorbance values were noticed when the vol- 
ume of DMPD solution added ranged from 
0.25-0.75 ml and the volume of CAT solution 
from 0.5-1.5 ml. Volumes of 0.5 ml of DMPD 
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Fig. 1. Absorption Spectra of TNF (O- 0); reagent blank us. distified water (+----o), /?-naphthd 
(+--a) and N-methylaniline (&--- 0) with DCQC systems (concentrations of TNF 4.553 x IO-sM; 

/Lnaphthol 3.468 x 10e5A4; N-methylaniline 4.665 x 10-5M; DCQC 4.760 x lo-‘M). 

and 1 ml of CAT were fixed as the optimum The optical characteristics such as Beer’s 
amounts to be added. Addition of 9 ml of buffer law limits (subject to an absorbance of at 
solution was found to be necessary to maintain least 0.04 and a deviation of 2% from the 
the pH at 7.0 for maximum colour development. linear portion in a plot of absorbance us. 
The colour intensity was found to increase up to concentration, pg/ml) molar absorptivity, 
one hour and then remained stable for a period Sandell’s sensitivity (number of pg converted 
of one hour. to the coloured product, which in a column 

Fig. 2. Absorption spectra of TNF (0 -I)); reagent blank us. distilled water (0----O), fi-naphthol 
(0-O) and ~-me~yIa~ne (D---- 0) with DMPD-CAT systems (~n~ntmtions of TNF 
6.505 x 10-5M; ~-~ph~o~ 6.936 x f0-sM; CAT 2.195 x 10-‘&f; pH 7.0; ~-rne~yia~~ne 

6.997 x to-;‘M; DMPD I.170 x IO-‘&C). 
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Table 1. Optical characteristics, precision and accuracy of the proposed 
methods for tolnaftate 

Data 

a, (m) 
Beer’s law limits @g/ml, x) 
Molar absorptivity @mole-*.cm-‘) 
Sandell’s sensitivity 
~~~2~0.#l adsorbance unit) 
Optimum photometric range @g/ml) 
Regression equation (mx + b) 

Slope (m) 
Intercept (b) 

Correlation coefficient (r) 
% RSD* 
% Range of error (confidence limits) 

0.05 level 
0.01 level 

% Error in bulk samples? 
(tolnaftate without additives 
usually present in formulations) 

DCW DMPD-CAT 
A B 

490 530 
2.cl4.0 2.5-20.0 

1.155 x lo’ 5.72 x 10’ 
0.026 0.053 

3.0-7.0 8.0-20.0 

3.75 x 10-s 1.86 x 10-Z 
- 1.73 x IO-’ -1.19 x 10-3 

0.9999 0.9999 
0.74 0.62 

0.78 0.65 
1.23 1.02 

+0.51 -0.42 

*Calculated from six dete~nations. 
tAverage of three dete~nations considered. Taken 1 mg each time and 

diluted suitably. 

solution of cross section 1 cm’ shows an 
absorbance of 0.001) and optimum photo- 
metric range (calculated as pg/ml from linear 
portion in a plot of percent transmission VS. 
logarithm of the concentration) are given in 
Table 1. The regression equation and the 
correlation coefficient obtained by linear least 
squares treatment of the results in each case 
are also recorded in Table 1. The precision of 
the two methods was tested by estimating six 
replicates of the drug within Beer’s law limits 
(100 pg/lO ml for method A and 400 pg/20 ml 
for method B). The percent relative standard 
deviation and the percent range of error at 
95% confidence level are given in Table 1. 

Commercially available formulations (creams 
and topical solutions) of TNF were successfully 

analysed by the proposed methods. The values 
obtained by the proposed and reference 
methods are given in Table 2. Application of 
I- and F-tests to the results obtained by the 
proposed and reference methods revealed no 
significant differences between the calculated 
and theoretical values (95% confidence limit) 
thus establishing their close similarity in pre- 
cision and accuracy. The results of the recovery 
ex~~ments by the proposed methods are also 
listed in Table 2. 

The following additives generally used in the 
formulations of creams and solutions were 
found not to interfere in the colour develop- 
ment of methods A and B when added in 
excess fold (compared to the drug) as mentioned 
in parentheses; steak acid (70), cetyl alcohol 

Formulations 

CREAM 
TNF-10 mg/g 

Table 2. Assay of tolnaftate in pharmaceutical formulations 

Found by proposed Found by Recovery of the 
Labelled methods, %* reference proposed method,? %* 
amount, method, 

n&zig A B %* A B 

10 99.0 -+ 0.63 98.9 + 0.77 99.3 * 0.55 98.7 + 0.42 98.3 f 0.54 
t = 0.81 t = 1.24 

F = 1.3 F = 2.01 
CREAM 
TNF-10 mg/g 10 98.6 f 0.63 100.4 4 0.92 99.0 f 0.65 98.5 + 0.74 101.0 f 0.64 

t = 1.53 t = 0.58 
F= 1.05 F = 1.28 

SOLUTION 
TNF-IO mg/g 10 97.8 f 0.69 100.0 f 0.73 98.2 f 0.75 97.9 If: 0.69 98.5 + 0.56 

t= 1.3 t = 0.69 
F= 1.2 F= 1.41 

*Average f standard deviation of six dete~inations; the Z- and F-values refer to comparison of the proposed methods 
with the reference method. Theoretical values at 95% confidence limit, t = 2.57, F = 5.05. 

tAfter adding 10 mg to each pharmaceutical formulation, each value is an average of three determinations. 
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(lo), glyceryl monostearate (50), sodium lauryl 
sulphate (lo), propyl paraben (5) and glycerin 
(25). Betamethasone valerate, gentamycin and 
iodochlorohydroxyquinoline often included in 
some of the commercial formulations of TNF 
were found not to interfere in the two proposed 
methods. 

Thus the proposed procedures constitute at 
the first reported visible spectrophotometric 
methods for the determination of TNF in pure 
samples and formulations. Among the two pro- 
posed methods, method A is more sensitive than 
method B, while the A,,,, is found to be higher 
for method B. The stability period of the 
coloured species was also found to be greater in 
method A. 

Chemistry of the coloured species 

The reactions of amines and phenols with N- 
halosubstituted quinoneimines to yield coloured 
coupling products are well known.4*5 Since TNF 
possesses both substituted toluidine and substi- 
tuted naphthol moieties, it can be expected to 
undergo similar coupling reactions to give the 
coloured coupling products as follows. 

Method A. In tolnaftate there are two poss- 
ible sites for the coupling reaction to take place, 
namely position 4 of the N-methyl-m-toluidine 
moiety (which is para to the substituted amino 
grouping) and position 1’ of the naphthyl moi- 
ety (which is ortho to the substituted hydroxyl 
grouping). It is rather difficult to predict which 
of the two possible products is being formed 
under the experimental conditions. It is, how- 
ever, reasonable to assume that only one of the 
two possible products is being formed during 
the course of the reaction since the coloured 

species exhibits only one well defined maximum 
at 490 nm. In order to settle the point of 
attachment during coupling, Gibb’s reagent was 
treated with /?-naphthol and N-methyl aniline 
separately under the experimental conditions of 
the reaction. The product in the former case 
exhibited a J,,,,- at 500 nm (which is very close 
to the 490 nm shown by the TNF: Gibb’s 
reagent product) while the latter had 1, only 
at 620 nm. This strongly suggests the involve- 
ment of naphthyl moiety (through position 1’) 
of TNF in the formation of the coloured 
coupling product as shown in Scheme 1. 

Method B. The reaction of TNF with DMPD 
requires the presence of an oxidant. Among the 
various oxidants (IO;, S,O;, CAT, Cr,O;‘) 
tried in conjunction with DMPD, only CAT 
is able to generate the coloured species. It 
is therefore reasonable to assume the initial 
in situ formation of N-chloroquinone diimine 
(NCQDI) by the reaction of DMPD with CAT 
(as already reported in the case of p-aminophe- 
no1 and sodium hypochlorite in the estimation 
of dulcin4) and the subsequent coupling of 
NCQDI with TNF. The point of coupling 
of TNF and NCQDI was settled as in the 
case of method A by examining the reaction 
products of /?-naphthol and N-methyl aniline 
with DMPD-CAT reagent. As in the case of 
method A, the spectral characteristics of the 
reaction product of p-naphthol are very similar 
to those of the coloured species of method B 
(530 nm), while N-methylaniline reaction 
product had a &,, only at 630 nm. Thus the 
generation of the coloured species in method B 
may be depicted as shown in Scheme 2. 

t 

N 

TNF 
+ Ig - f&-i-“b 

NC1 H3C 

N (CH3+ NCQDI 

I 

NH2 
DMPD 

Scheme 2 
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The proposed methods are found to be 
simple, selective (when compared to the 
reported W method) and sensitive and can 
be used for routine determination of tolnaf- 
tate in pure samples and formulations. The 
greater sensitivity and the stability observed 
in method A may be attributed to the presence 
of the electron withdrawing halogen atoms 
in the Gibbs reagent which enhance its oxi- 
dative coupling tendency. The procedure of 
method A is simpler in that it requires no 
oxidizing agent whereas the reaction mixture 
of method B contains NCQDI, unreacted 
DMPD and excess oxidant besides the other 
drug and non drug components of the for- 
mulation. None of the additives existing in 
solution (in methods A and B) and cream 
(in method A) formulations of tolnaftate inter- 
fere, even when the sample solution was 
prepared as under the bulk sample. How- 
ever, some of the additives existing in creams 
separate out in method B (being aqueous 

medium) and so cause interference. It can be 
avoided by removal of such interfering com- 
ponents. The recommended procedure for 
formulations was designed keeping this in 
view. None of the components in the blank 
of cream (Le., without tolnaftate) produced 
colours with the proposed reagents. 
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Summary-Direct bromometric titration of carbimazole using N-bromosuccinimide (NBS) in the presence 
of methyl red as indicator and three indirect titrations using NBS, potassitm~ bromate and dibromohy- 
dantoin (DBH) are developed. The direct procedure can be adopted for quantities of carbimazole ranging 
from 2-12 mg with mean accuracies of 100.2 f 0.5. The indirect procedures can be used for quantities 
of the drug ranging from l-6 mg using NBS and DBH and 2-16 mg using potassium bromate with mean 
accuracies of 100.11 f 0.3, 100.49 f 0.31 and 100.26 f 0.51 respectively. The proposed procedures have 
been successfdy applied for the analysis of the drug in tablet form and their validity has been checked 
using the standard addition technique. The reaction products were separated by TLC methods and their 
structure was elucidated using IR and NMR spectroscopy. The stoichiometry and the possible pathways 
of the reaction were postulated and presented. 

Carbimazole, ethyl-3-methyl-2-thioxo-4-imida- 
zoline-1-carboxate, Neo thyrostate, is an 
antithyroid drug used in the treatment of 
thyrotoxicosis or Graves’ disease.’ It pro- 
duces its effect by blocking the biosynthesis 
of thyroxines TX, Tq.* 

c 
4 

Carbimazole 

Several spectrophotometric methods were 
applied to the determination of the drug in 
pure and tablet forms.*5 A direct titrimetric 
method, using ceric sulphate as titrant and $7 
diiodo-8-quinolinol as indicator was reported.6 
Various chromatographic procedures were 
used for the detection and determination of 
carbimazole and its metabolite.‘-’ 

The present work describes simple, rapid, 
inexpensive and accurate procedures for the 
determination of carbimazole and its tablet 
form, moreover excipients and additives do 
not interfere. The method is based on the 
reaction of the drug with various brominating 
reagents using direct or indirect titrations. The 
indirect procedures depend on the addition 
of a known excess of the brominating reagent 
to the drug and determining the excess reagent 
iodometrically. 

EXPERIMENTAL. 

Samples 

Authentic sample of carbimazole, BP batch 
No. 97609, was kindly supplied by Nicholas 
Laboratories Ltd, London. It was dried and its 
purity was proved to be 100.7% according to 
BP 19883 (Table 1). 

The pharmaceutical formulation “Neo-mer- 
cazole” consists of tablets; each tablet is claimed 
to contain 5 mg of carbimazole, batch No. 
1089114, 389110 and 389111 manufactured by 
CID Co., Cairo, A.R.E. 

Stock solutions of carbimazole are pre- 
pared to contain 0.2 mg/ml and 0.4 mg/ml of 
carbimazole in water. 

Apparatus 

‘H NMR spectra were recorded on EM-390 
90 MHz varian NMR spectrometer. 

Infra-red spectra were made on Pye-unicam 
IR sp 1100 spectrophotometer. 

A 5-ml semimicroburette accurate to 0.02 ml 
was used. 

Materials and reagents 

Standard potassium bromate; O.IN. 
Standard NBS, O.OlM, standardized against 

O.OlN sodium thiosulphate. 
Potassium iodide solution, 10% w/v. 

577 
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Table 1. Determination of carbimazole in pure form and in pharmaceutical preparation by both proposed and official BP 
(1988) methods 

Samples* 

NBS titration 

Direct Indirect 
Bromate-bromide DBH Dfficial method 

titration titration BP (1988) 

Authentic 
Carbimazole tablets batch No. 

(1089114) 
Carbimazole tablets batch No. 

(389110) 
Carbimazole tablets batch No. 

(389111) 

100.2 f 0.5 100.1 * 0.0 100.3 + 0.5 100.5 + 0.3 100.7 f 0.1 

99.8 + 0.8 99.5 + 0.7 100.1 f 0.4 99.9 * 0.3 99.5 + 0.3 

99.3 &- 0.3 99.1 &- 0.9 100.5 + 0.9 99.8 f 0.0 99.6 + 0.4 

100.2 f 0.4 100.0 f 0.3 100.9 * 0.3 100.7 f 0.1 100.3 f 0.4 

*Average of five different experiments. 

Sodium thiosulphate solutions, O.OlN and 
0.05N. Standardized against O.OlN and 0.05N 
potassium dichromate. 

Starch solution. Prepared freshly. 
Methyl red indicator. According to BP 1988.3 
Potassium iodobismuthate. Dilute solution, 

according to BP 1988.3 
Silica gel G; PLC plates (20 x 20 cm, 2 mm 

thickness). 

Procedures 

Bromometric &termination of carbimazole 
using N-bromosuccinimide. Direct procedure. 
Measure accurately an aliquot of the stock 
solution (0.4 mg/ml) equivalent to 2-12 mg of 
carbimazole into a 500-ml conical flask, com- 
plete to 30 ml with distilled water, add 20 ml 
of hydrochloric acid, 10 drops of methyl red 
indicator and mix well. Titrate with continuous 
stirring using O.OlM NBS solution till the red 
colour of the indicator disappears. 

Calculate the amount of carbimazole from 
the equivalent factor each one millilitre of 
O.OlM NBS = 0.6207 mg of carbimazole. The 
results obtained are presented in Table 2. 

Indirect procedure. Measure accurately an 
aliquot of the stock solution (0.2 mg/ml) equiv- 
alent to l-6 mg of carbimazole into a 500-ml 
glass stoppered conical flask, complete to 30 ml 
with distilled water, then add 20 ml of hydro- 
chloric acid and 25 ml of O.OlM NBS. Moisten 
the stopper with potassium iodide and allow 
to stand at room temperature for l-5 min, 
then add 10 ml of 10% potassium iodide; and 
wash the stopper with 20 ml of water. Titrate 
with O.OlN sodium thiosulphate using starch as 
indicator. Simultaneously, carry out a blank 
experiment. 

Calculate the concentration of carbimazole 
from the equivalent factor, one millilitre of 
O.OlM NBS = 0.6207 mg of carbimazole. The 
results are illustrated in Table 2. 

Bromometric determination of carbimazole 
using bromate-bromide. Measure accurately an 
aliquot of the stock solution (0.4 mg/ml) equiv- 
alent to 2-16 mg of carbimazole into a 500-ml 
glass stoppered conical flask, complete to 40 ml 
with distilled water, add 10 ml of 0.1 N potass- 
ium bromate, 5 ml of 10% potassium bromide 
and 20 ml of hydrochloric acid. Moisten the 
stopper with potassium iodide and allow to 
stand at room temperature for about 15-20 min. 
Add 20 ml of 10% potassium iodide, wash the 
stopper with 20 ml of water and titrate with 
0.05N sodium thiosulphate using starch as 
indicator. Simultaneously, carry out a blank 
experiment. 

Calculate the concentration of carbimazole 
from the equivalent factor, each one millilitre 
of 0.1 N potassium bromate = 3.1033 mg of car- 
bimazole. The results obtained are shown in 
Table 2. 

Bromometric determination of carbimazole 
using dibromohydantoin. Measure accurately 
an aliquot of the stock solution (0.2 mg/ml) 
equivalent to l-6 mg of carbimazole into a 
500-ml glass stoppered conical flask, complete 
to 30 ml with distilled water. Add 20 ml of 
hydrochloric acid and 50 ml of DBH reagent. 
Moisten the stopper with potassium iodide and 
allow to stand at room temperature for l-5 min. 
Add 10 ml of 10% potassium iodide and wash 
the stopper with 20 ml of water. Titrate with 
O.OlN sodium thiosulphate using starch as 
indicator. Simultaneously, carry out a blank 
experiment. 

Each one mililitre of 2.5 x 10m3M DBH 
equivalent to 0.3103 mg of carbimazole. The 
results obtained are shown in Table 2. 

Determination of carbimazole in tablet form. 
Weigh 20 tablets and calculate the average 
weight of a tablet. Take the calculated needed 
weight of the powdered tablets to prepare stock 
solutions containing 0.2 mg/ml of carbimazole. 
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Apply the prementioned procedures as given 
before. 

The results obtained are shown in Table 1. 

RESULTS AND DJSCUSSION 

The direct titration of carbimazole with NBS 
was successful in hydrochloric acid medium 
using methyl red as indicator, in addition the 
indirect titration was suitable for any of the 
previously mentioned brominating reagents. 

The different factors affecting the indirect 
titration of carbimazole, such as acidity of the 
medium and the duration of the reaction were 
studied. 

It was found that 20 ml of 20% (v/v) hydro- 
chloric acid in a total volume of about 55 ml 
in the bromat~bro~de procedure, while 20 ml 
of 20% (v/v) hydrochloric acid in a total volume 
of about 55-80 ml in the NBS or DBH pro- 
cedure were optimal. A big change in the con- 
centration of the acid will lead to irreproducible 
results. 

The reaction time between carbimazole and 
the reagents is critical. It was found that 15-20 
min in contact with bromate-bromide mixture 
and l-5 min in contact with NBS or DBH were 
optimal. Lower or higher results are obtained if 
the reaction proceeds for less or more than the 
specified period. 

Adequate results were obtained with all pro- 
cedures by allowing the reaction to proceed at 
room temperature; higher temperature would 
lead to lower results. 

The volume of excess reagent to be added in 
the bromate-bromide and DBH procedures 
should be at least double that consumed in 
the reaction; low results would otherwise be 
obtained. 

Under the experimental conditions used, the 
molar ratios relating carbimazole to bromate, 
NBS and DBH were found to be 1: 1, 1: 3 and 
2:3 respectively. It was of interest to note that 
NBS reacts with carbimazole either indirectly or 
directly by the same ratio. 

When the proposed methods were applied 
to the determination of authentic carbimazole, 
the results demonstrate good precision as 
shown from Table 2 where the average recover- 
ies were 100.3 f 0.5 for carbimazole adopting 
the bromat*bromide titration, 100.3 + 0.5 and 
100.1 f 0.3 applying the direct and indirect 
titrations with NBS respectively and 100.5 f 0.3 
using DBH titration. 
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Table 3. ~ie~nation of carbimazole in “Neo-mecazole” tablets by applying the standard addition technique to the 
proposed titrimitric puxe&res 

Preparation 
Carbimazole 
tablets 
batch No. 

(1089114) 

Direct NBS titration Indirect NBS titration 

Labelled Authentic Recovery Labelled Authentic Recovery 
carbimazole, added, of added, carbimazole, added, of added, 

mg w % w mg % 

5.0 - - 2.00 - 
5.0 

42:: 
100.50 2.00 2.00 101.00 

5.0 loo.25 2.80 3.08 99.67 
5.0 6.00 100.08 4.00 100.75 
5.0 8.00 100.00 5.00 180.60 

Mean f SD. 100.2 f 0.2 

&ornate-bromide t&ration 

100.5 f 0.6 

DBH titration 

Carbimaaole 6.0 - 
tablets 6.0 2.00 
batch No. 6.0 4.00 

(1089114) 6.0 6.00 
6.0 8.08 

Mean f SD. 99.8 f 0.7 

*Average of five different determinations. 

- 2.08 - 
100.00 2.00 2.08 100.08 
99.00 3.08 100.67 

100.67 4.00 100.50 
99.38 5.08 100.40 

100.4 f 0.3 
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Fig. 1. IR spectra of (a) carbimazole, (b) major product and (c) minor product in KBr. 



Bromomctic determination of carbimazole 581 

Br Br 
- 

/ 

H-NYN’CH’ 

) 

.1LJ-d-.-L&d I J 

I , I r I I I I I I I 
IO 9 6 7 6 5 4 3 2 I 0 

ppm (8) 

Fig. 2. ‘H-NMR of the major product, in CD& 

Carbimaxole (Neo-mercazole) tablets were 
analysed for carbimazole content by the pro- 
posed titrimetric procedures, before and after 
filtration from insoluble excipients and addi- 
tives. It was found that the determination 
of a suspension of carbimazole powdered 
tablets gave more or less similar results to 
that obtained using Wered extracts of tablets. 
This means that excipients and additives 
used for their manufacture do not interfere 
with the proposed procedures. Nevertheless, 

filtration was preferred for all determination 
to ensure complete extraction and accuracy 
of the final volume, providing more clear 
detection of the end point, and this was 
adopted in Table 1. 

The validity of the proposed procedures was 
assessed by applying the standard addition tech- 
nique. The results obtained are presented in 
Table 3. Further comparative determination of 
carbimaxole in its tablet form by the proposed 
titrimetric methods and the official BP 1988 

0 
EtO. t. 

1 , I I I I I I 1 I I 

IO 9 6 7 6 5 4 3 2 I 0 

ppm (8) 

Fig. 3. E&d of reagent conccntratiox~. 
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Fig. 4. ‘H-NMR of the minor product, in CDCl,. 

method has been done. The results obtained were carried out. The reaction products 
were illustrated in Table 2. obtained from each bromometric procedure 

The studies of the reaction products, after were compared on TLC plates with a spot of 
applying the different bromometric procedures the authentic material. Different developing 
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systems were tried’ and chlorofo~-a~tonc 
(4:l) was found to be the most suitable 
one. Various methods for visualization were 
studiediO*” and the most suitable one being 
dilute solution of potassium iodobismuthate. 
It was found that all the procedures gave 
the same products. 

Isolation of the reaction products 

The bromate-bromide procedure was car- 
ried out as before using 80 mg of carbimazole 
and suitable needed amounts of the other 
reagents. The reaction between carbimazole and 
bromine was then stopped after 15 min using 
concentrated ammonia solution. The products 
were extracted with chloroform, evaporated, 
then separated on PLC plates using chloro- 
form-acetone (4: 1) as solvent system. The 
spots were visualized using dilute potassium 
iodobismuthate solution. The bands eorre- 
sponding to the products were scratched and 
then extracted with chloroform. The products 
obtained after evaporation of the chloroformic 
extract were identity by IR, Fig. 1, and NMR, 
Figs 2-4. 

‘H-NMR of the minor product (4bromo- 
3-methyl-2-oxo4imi~oline), Fig. 4 showed 
a singlet at 7.6 p.p.m. corresponding to 
(‘H, 5-H). 

Considering the absence of ethyl function 
from ‘H-NMR and the presence of a carbonyl 
absorption band in IR at 1760 cm-‘, Fig. 1, 
we might suggest that desulpherization of the 
starting compound occurs during the course of 
the reaction. In addition, IR spectrum showed 
an absorption band at 3120 em-’ which could 
be an -NH or --OH. Furthermore, detection 
of sulphur in the products by Lasaigne sodium 
test,12 proved to be absent. 
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Summary-A spectrophotometric determination of ketoprofen based upon oxime formation followed by 
charge transfer complexation with o-chloranil has been developed. Different variables atfecting the 
complexation process have been studied. Beer’s law is obeyed in the concentration range lO-gO pg/ml. 
The method has been successfully applied to the determination of ketoprofen in pure form and in 
pharmaceutical dosage forms in the presence of its impurities. 

Ketoprofen is an anti-inflammatory anti- 
rheumatic agent widely used in pharmaceutical 
practice. Many methods were reported for its 
determination including titrimetry,’ spectro- 
photometry,2*3 polarographf and chromatog- 
raphy. s-’ Most of the aforementioned methods 
are not suf&iently selective for the determi- 
nation of ketoprofen in pharmaceutical prep- 
arations in the presence of its degradation 
products and impurities during the manufactur- 
ing process. In order to obtain the necessary 
sensitivity and selectivity, the proposed method 
is developed based on the reaction of hydroxy- 
lamine with the ketonic group of ketoprofen to 
form ketoprofen oxime. Upon reaction with 
o-chloranil, a charge transfer complex is 
formed. Although the proposed method is more 
complicated than the existing procedures, it 
distinguishes itself by the required characters 
and therefore, promises to be a valuable 
achievement in practical application. 

EXPERIMENTAL 

Apparatus 

A Schimadzu Uv-Vis self-recording spectro- 
photometer with l-cm quartz cuvettes was used. 

Materials and reagents 

Ketoprofen; profenid capsules: labelled to 
contain 50 mg of ketoprofen per capsule; pro- 
fenid vials: labelled to contain 100 mg of keto- 
profen per vial (Rhone Poulenc, France); 
o chloranil; hydroxylamine hydrochloride; 

sodium acetate; chloroform; pure ketoprofen 
oxime solution (100 mg g/50 ml in chloroform) 
and o-chloranil solution (lo-‘M in chloroform). 

Procedures 

Oximation procedure. To a 50-mg ketoprofen 
sample, 10 ml of hydroxylamine hydrochloride 
and 25 mg of sodium acetate was added and the 
mixture was dissolved in 30 ml of methanol 
(75%). The mixture was refluxed for 30 min, 
cooled and extracted with three successive lo-ml 
portions of chloroform; the chloroformic ex- 
tract was collected in a 50-ml standard flask and 
diluted to volume. 

Complexation with o-chloranil. A suitable ali- 
quot of ketoprofen oxime equivalent to 0.148 
mg was transfered into a lo-ml standard flask, 
5 ml of o-chloranil was added and the mixture 
was allowed to stand for 5 min and then diluted 
to volume with chloroform. The absorbance 
was measured at 530 nm against a blank pre- 
pared in the same way but in the absence of 
ketoprofen. 

Pharmaceutical dosage forms. The contents of 
20 capsules or 6 vials were throughly mixed and 
a quantity equivalent to 50 mg of ketoprofen 
was added. The procedure was completed as 
mentioned for the above procedures. 

RESULTS AND DISCUSSION 

Due to the presence of the ketonic functional 
group in ketoprofen, it interacts with hydroxyl- 
amine hydrochloride to form ketoprofen oxime. 
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0 

Scheme 1 

The formed ketoprofen oxime has an iminic 
group with a lone pair of electrons on the 
nitrogen atom, thus it acts as an electron donor 
(n-donor). On the other hand, o-chloranil 
(3,4,5,6-tetrachloro-o-benzoquinone) is highly 
reactive as an electron acceptor (rr acceptor), so 
it forms an n-rc charge transfer complex with 
ketoprofen. The outer intermediate complex is 
formed immediately within 60 set after mixing 
donor and acceptor. This intermediate is stable 
in the dark under a nitrogen atmosphere and in 
a non-polar solvent. It changes to the inner 

complex in light and in the presence of a 
relatively polar solvent (chloroform). From el- 
emental and spectroscopic analyses the pathway 
is proposed in Scheme 1. 

Upon studying the absorption curves for ke- 
toprofen, ketoprofen oxime, o-chloranil and the 
ketoprofen oxime-o-chloranil complex, differ- 
ent maxima were exhibited at 260, 325, 240 and 
530 nm in chloroform respectively; another indi- 
cation of charge transfer complex formation. 

Variable parameters affecting the complexa- 
tion process were studied. The effect of reflux 

Table 1. Determination of lcetoprofen powder by the proposed method compared with the 
official B.P. 1982 

Proposed method Official method 

Taken, mg Found, mg Recovery,* % Taken, mg Found, mg Recovery,* % 

0.200 0.196 98.00 200.00 208.00 104.00 
0.300 0.302 100.66 300.00 306.00 102.00 
0.400 0.399 99.75 400.00 406.00 101.50 
0.500 0.504 100.80 500.00 503.00 100.60 
0.600 0.601 100.16 600.00 595.00 99.16 

Mean f S.D. 99.87 f 1.12 101.45 f 1.78 
N 5 5 
V 1.271 3.193 
S.E. 0.504 0.799 

I 2.512 1.672 (2.31) (6.39) 

*Average of 3 experiments. 



Spectrophotometric determination of ketoprofen in pharmaceutical preparations 

Table 2. Determination of ketoprofen in profenid capsules by the proposed method compared 
with the official B.P. 1988 method 

Proposed method Oliicial method 

Taken, mg Found, mg Recovery,* % Taken, mg Found, mg Recovery,* % 

0.200 0.204 102.00 0.200 0.201 100.50 
0.300 0.294 98.00 0.300 0.293 97.66 
0.400 0.405 101.25 0.400 0.395 98.75 
0.500 0.508 101.60 0.500 0.499 99.80 
0.600 0.593 98.83 0.600 0.595 99.16 

Mean f S.D. 100.33 f 1.79 99.17 f 1.07 
N 5 5 
V 3.231 1.155 
S.E. 0.803 0.480 

*Average of 3 experiments. 

Table 3. Determination of ketoprofen in profenid vials by the proposed method compared with 
the official B.P. 1988 method 

Proposed method OiIicial method 

Taken, mg Found, mg Recovery,* % Taken, mg Found, mg Recovery,* % 

0.400 0.393 98.25 0.400 0.393 100.50 
0.500 0.489 97.80 0.500 0.502 100.40 
0.609 0.607 101.17 0.600 0.585 97.50 
0.700 0.689 98.43 0.700 0.692 98.85 
0.800 0.810 101.25 0.800 0.793 99.75 

Mean f S.D. 99.38 f 1.68 99.40 f 1.24 
N 5 5 

2.844 1.561 
0.754 0.558 
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*Average of 3 experiments. 

time on the oximation processs was examined 
and it was found that reflux for 30 min afforded 
complete oximation when using the TLC tech- 
nique. Also, 5 ml of 10e4M o-chloranil achieves 
maximum colour intensity which is stable for up 
to 40 min. The molar ratio of ketoprofen oxime 
and o-chloranil by the continuous variation 
method8 was found to be 1: 1. 

Beer’s law is obeyed in the range 10-80 pg/ml, 
with the least square method. The absorption 
graphs were described by the following re- 
gression equation: 

A 530nm = 0.002 + 1.233X 

where X is the concentration in pug/ml in the 
final solution. 

The proposed method was successfully ap- 
plied to the determination of pure ketoprofen, 
the results obtained were compared with the 
official titrimetric method’ (Table 1). Statistical 
analysis of the results revealed that there is no 
significant difference between them. 

The effect of degradation products and im- 
purities which may be present: 2-(4-amino- 
phenyl)propionic acid, 2-(4_mercaptophenyl)- 
propionic acid, 2-iodobenzoic acid and 2-(3-car- 

boxyphenyl)propionitril was experimentally 
studied and results obtained showed no interfer- 
ence, indicating selectivity of the method. 

Pharmaceutical preparations containing keto- 
profen were analysed by the proposed method 
and the results were compared with UV spec- 
trophotometric method9 (Tables 2 and 3). Stat- 
istical analysis of the results showed both 
methods are equally precise and accurate. 

The above study shows that the proposed 
method is more sensitive than the official B.P. 
1980 method. It is sensitive down to 10 pg/ml 
compared with 200 yg/ml for the official 
method. Also, the proposed method is a selec- 
tive one depending upon the presence of an 
intact molecule and not the hydrolytic products, 
so it can be used as a stability-indicating assay 
for ketoprofen in the presence of its impurities 
for different pharmaceutical dosage forms. 
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BOOK REVIEWS 

Element Sped& Cbromhgrqthic Detection by Atomic Embndoo Speetroacopy: P. C. UDEN (editor), American Chemical 
Society, Washington, D.C., 1992. Pages x + 350. U.S. $74.95. ISBN O-8412-2174-X. 

Increasing demand on trace analysis of complicated samples have fuelled the developments of ‘hyphenated’ systems. 
One basic requirement of a ‘hyphenated’ system is the successful interfacing of component techniques within the system. 
The same applies to ‘chromatograph-atomic emission spectroscopy’ systems in which the most common problems lie in 
ensuring the efficient transfer of the separated analyte to the AES detector and in maintaining a good detector response 
in a chromatographic environment (e.g., with respect to mobile phase and eluted forms of the analyte). 

This book is developed from the 1990 ACS symposium at Boston. It consists of 19 chapters covering mainly gas 
chromatography-atomic emission spectroscopy (11 chapters), high performance liquid chromatography-atomic emission 
spectroscopy (3 chapters), supercritical fluid chromatography-atomic emission spectroscopy (2 chapters) and gas 
chromatography/high performance ligand chromatography-mass spectrometry (3 chapters). Some are review chapters but 
most chapters are specific discussions of particular aspects, illustrated with studies from the authors’ own laboratories. These 
include discussions on the modes of excitation (mainly on microwave-induced plasma but a few on inductively-coupled 
plasma and one chapter each on direct curreht plasma and alternative Current plasma) and on detector optics (including 
a chapter on photo-diode array detection and another on fibre-optic sensor specific to chlorine). 

The book is a timely publication of the state-of-the-art of element-specific detection for chromatographic systems. 
The book is contributed to by researchers, many of whom are experts in the field of chromatographic science, from a variety 
of backgrounds (academic, industrial and instrument manufacturers) and countries (e.g., US, Germany, Japan). Although 
some subject areas (e.g., microwave-induced plasma excitation) are common, the emphasis in the papers is sufficiently varied 
to make the book a comprehensive account of diversed aspects (e.g., technical, fundamental and applied) of a ‘hyphenated 
technique. Examples are chapter 6 which is more technical on solving optic problems, chapter 9 (technical) on the iostru- 
mentation of capacitively coupled plasma, chapter 2 (fundamental) on the development of LC/SFC-AES for non-metals 
and chapter 15 (applied) on analysis of Se in food and water sample. The diversity is enhanced by the inclusion of discussions 
on less commonly used techniques such as chapter 8 on a ‘doubly-hyphenated’ system (GC-AES-MS), chapter 11 on 
surface-wave plasma and chapter 12 on He discharge detector. 

The scientific quality of the chapters is generally high although the first two-thirds of the book appears to be better than 
the rest. The papers were submitted camera-ready but generally the typeface and chapter formats are quite consistent 
throughout and quite good too, except for a few chapters which used crowded pitch and single line spacing, making reading 
rather di&ult. The text in the chapters are usually adequately illustrated, well referenced and current. The tables, diagrams 
and figures are generally clear and well presented. 

Overall, this book is informative, upto-date, well presented and reasonably priced. It should be useful to all those who 
work with chromatography-element specific detection systems. 

S. C. TAM 

Recision and Reaolatlon in Spe&mscoPIc Model Fifflag: J. H. SWARTE, DelR University Press, Delft, The Netherlands, 1992. 
Pages xiii + 198. ISBN 90-6275-756-6 (Softback). 

The Dutch PhD thesis is a model most countries would do well to follow: the final product is a compact paperback 
book with all the obvious advantages. Some theses are subsequently distributed as books, and this volume is one of them. 
It is concerned with the problem of obtaining accurate peak positions, and resolving peak overlaps in any one dimensional 
spectroscopic problem. 

It begins with a survey of traditional methods of obtaining peak parameters, and is suitably provocative particularly 
concerning Fourier transform and second-order derivative techniques. This section is followed by a short chapter on the 
use of model fitting to obtain peak parameters. There are then two chapters concerning precision and resolution in 
spectroscopy; the first of these is qualitative, the next a more mathematical approach exclusively concerned with non-linear 
least squares. The final theory section deals with the incorporation of measurement errors into non-linear least squares 
model fitting, and chapter 6 applies this theory to a series of 22 spectroscopic problems. Finally there are two short chapters 
containing discussion and conclusions. 

The whole work is quite clear, the English is competent, but I am very surprised that maximum entropy methods received 
no mention anywhere. There are good theoretical reasons for preferring them to non-linear least squares, and they should 
at least appear in discussions in a publication of this sort. This aside, the book will provide interesting, specialist reading 
for spectroscopists concerned with quantitative analysis. 

C. J. GILMORE 
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Corntemporary EketroanaIytkal CM&try: A. IVASKA, A. LEWENSTAM and R. SARA (editors), Plenum, New York, 1990. 
Pages x + 458. USS120.00. ISBN O-306-43818-6. 

This book contains 53 papers presented by 106 authors at the ElectroFinnAnalysis Conference at Turku-Abe, Finland, 
in June 1988. The papers have been grouped into seven sections, though the allocation in some cases has been made quite 
arbitrarily. 

The first section, headed ‘Electrochemical Instrumentation and Methods’, contains eight papers, half of which deal with 
‘fast’ techniques, i.e., fast electrochemistry, FT-faradaic admittance, fast potentiostats, and FFT-filtering, whilst the other 
four papers deal with photoelectroanalytical chemistry, reverse pulse voltammetry, multiple sensor arrays, and simultaneous 
ESR-electroanalytical investigations. Regardless of one’s particular interest, most electrochemists will find this section of 
interest for the papers highlight the advances being made in several techniques. The second section deals with ‘Industrial 
Applications’ of electroanalytical techniques to process and product control, andenvironmental monitoring; products cited 

Although most of the papers in this book deal with sensors in one form or another, the ten papers in the section 
‘Electrochemical Sensors’ deal with the structures and responses of solid-state devices, such as ISFETs, SFETs, MOSFETs, 
and chemically-modified electrodes and ion-selective membrane electrodes. The papers in the fourth section, ‘Electro- 
chemical Flow Analysis’, concentrate mainly on flow injection analysis, and the modification of electrode systems for use 
in flow analysis. 

Most of the papers in the sections ‘Clinical Applications’ and ‘Pharmaceutical Applications’ deal with the use of 
ion-selective electrodes and adsorptive stripping voltammetry. In the final ‘General’ section, there are more papers dealing 
with the use of adsorptive stripping voltammetry, and some with differential pulse polarography. 

With the large number of papers, it is inevitable that the quality of the publications varies, but, on the whole, the quality 
is reasonably good. All of the papers are clearly written, informative, and uptodate at the time of the conference: there 
are a number of mis-spellings but these do not diminish the overall quality of the book. This book can be recommended 
to those who wish to be aware of the progress made in the many related fields of electroanalytical chemistry. 

J. B. CRAIG 

Tbe KIrk-Othmer EneyeIoPedIa of Cbemicrl Technology: Volume 3, Fourth Edition. Antibiotics (B-Lactams) to Batteries. 
J. I. Knosc~~~~z and M. HOWE-GRANT (editors), Wiley-Interscience, Chichester, 1992. Pages xxviii + 1121. E135.00. 
ISBN O-471-52671-1 (v. 3). 

A review of the fh-st volume of the fourth edition of this encyclopedia appeared in Talcam, 39, 1063. The current volume 
completes an extensive section on antibiotics (continued from volume 2) and the contents then proceed alphabetically to 
a 158-page dissertation on batteries. As with the two previous volumes numerous authors from industry and academia have 
contributed to this tome. 

Elements and compounds of antimony, arsenic and barium are covered in a concise manner with details of production 
and economics. Much general chemistry associated with these elements is also included. The importance of pharmaceutical 
compounds is very much in evidence for as well as the section on antibiotics there are details of antiobesity drugs, 
antiparasitic agents and antiviral agents. Indeed, almost half of this volume is concerned with pharmaceutical agents. 

There is a small section on automated instrumentation which is devoted to descriptions of analysers used in clinical 
chemistry and hematology. Analysis is also mentioned in the section concerning asbestos. An attempt to locate atomic- 
absorption spectroscopy in the encyclopedia results in a referral to the section on spectroscopy in a future volume. Some 
of the other topics in volume 3 include antifreezes, antioxidants, atmospheric modelling, axe dyes, bakery processes and 
barrier polymers. 

Overall the volume maintains the high standard of previous volumes with many up-to-date references, competent and 
easy-to-understand descriptions of technological processes and much interesting chemistry. 

P. J. Cox 
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SPECTROPHOTOMETRIC DETERMINATION OF 
CHROMIUM WITH IODONITROTETRAZOLIUM 

CHLORIDE AND TETRAZOLIUM VIOLET 

M. KAMBUROVA 

Department of Chemistry, Higher Institute of Agriculture, 4000 Plovdiv, Bulgaria 

(Received 5 December 1991. Revised 9 March 1992. Accepted 21 April 1992) 

Summary-The interaction of Iodonitrotetrazolium chloride and Tetrazolimn Violet with chromimn(VI) 
has been studied and the formation of ion-associates with a 1: 1 composition in hydrochloric acid medium 
established. Extraction photometric methods for determination of chromium in steels and soils have been 
developed. 

A characteristic feature of chromium as a 
transition element is its ability to form a great 
number of complex compounds of different 
structure and chromium oxidation state.le4 
Various reagents have been suggested for photo- 
metric determination of chromium, and solvent 
extraction of ion-pairs of Cr(V1) anions with 
organic cations has been described by several 
authors.‘-I4 Several of the organic reagents for 
spectrophotometric determination of chromium 
were mentioned in an earlier paper on deter- 
mination of chromium(V1) by extraction with 
Methylene Blue;ls others that have been 
proposed include sodium 2’-bromo-4’,5’-dihy- 
droxyazobenzene-4-sulphonate,*6 fluphenazine 
hydrochloride, ” 4-(2’-thiazolylazo)resorcinol,‘8 
4(2-pyridylazo)resorcinol,‘g o -hydroxyquinolph- 
thalein,M o-nitrophenylfluorone2’ and gallaceto- 
phenone. ” Diphenylcarbazide is considered to 
be one of the most sensitive spectrophotometric 
reagents for chr~mium,~~ but suffers from various 
interferences. 

Tetrazolium salts have been used to provide 
cations for the formation of ion-associates of 
various anions in the determination of a number 
of metals, including Co, Zn, Au, Sb, Nb, MO, 
W, Re, Tl and Ga,24-34 but only triphenyl- 
tetrazolium chloride has so far been used as a 
reagent for determination of chromium.‘3~3s~‘6 
Here we report on the use of Iodonitrotetra- 
zolium chloride (INT) and Tetrazolium Violet 
(TV) as counter-ions for formation of ion- 
association complexes with the chlorochromate 
anion (CrG,Cl-) and determination of 
chromium(V1). 

ExPEluMENTAL 

Apparatus 

A Zeiss VSU 2-P spectrophotometer and a 
Specord W-VIS spectrophotometer were used 
with l-cm light-path cuvettes. 

Reagents 

Iodonitrotetrazolium chloride (INT), 1 x 
10m4M; Tetrazolium Violet (TV), 1 x 10T5 and 
1 x 10e4M; potassium chromate, 1 x lOa and 
1 x IO-‘M; sulphuric acid, 18 and 0.18M; 
hydrochloric acid, 12 and 1.2M; nitric acid, 17 
and 1.55M; perchloric acid, 9M; hydrofluoric 
acid, concentrated; 1 .Zdichlorethane. 

Procedure 

In a lOO-ml separatory funnel, 1.2M hydro- 
chloric acid (1.2 ml for INT or 0.9 ml for TV), 
2 ml of 1 x 10m4M INT or 1 ml of 1 x 10T4M 
TV and a known amount of chromium(VI) were 
mixed and the solution was diluted to 10 ml with 
distilled water and then shaken with 3 ml of 
dichlorethane for 1 min. The organic layer was 
transferred through a dry filter paper into a 
l-cm cuvette and its absorbance measured at 
250 nm for INT or 230 run for TV. Correspond- 
ing blanks containing the same solutions but no 
chromium were prepared. 

RE!XJLT?S AND DISCUSSION 

Optimization of conditions 

With chromium(VI), in hydrochloric acid 
medium, Iodonitrotetrazolium chloride and 
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A?-=--+l 
0.70 - 

The INT ion-associate has absorption maxima 
at 230 and 250 nm (Fig. 1). The intensity of the 
second maximum is considerably the higher so 
250 nm is used as the working wavelength. The 
TV ion-associate has an absorption maximum 
at 230 run (Fig. 2). 

%5-%--d 45 

x 1000 cm-’ 
Fig. 1. Absorption spectra (in dichlorethane) of ion- 
association complex of Cr(V1) with INT (1) and of INT (2); 

C cr(v,) = 1 X lO_‘M, c,, = 1 x 10-*&j, C”, = 0.14M. 

Tetrazolium Violet form ion-associates with 
compositions INT+ - Cr03C1 - and TV + 
* CtQCl- respectively. This composition is in 
agreement in earlier reports on the nature of 
chromium(V1) complexes in hydrochloric acid 
media.37-4’. 

Our studies show that the ion-associate of 
Cr(V1) with INT or TV is quantitatively 
extracted into dichlorethane. With other solv- 
ents, such as chloroform, benzene, nitrobenzene, 
ether, the compound is not extractable. 

200 

E 
0.70 - 

Maximum extraction of the chromium ion- 
associates is reached with a shaking time of 
30 set, and the ion-associates are stable for five 
days. 

The composition of the ion-association 
complexes was determined by the Asmus, molar 
ratio and equilibrium shift methods,42 and found 
to be 1: 1. Under the optimal conditions the 
molar absorptivities, determined by the Komar 
method” were E 250 = (8.8 f 0.05) x lo4 1 .molee’ 
.cn-’ (for INT) and 6230 = (1.22 & 0.03) x lo5 
1 .mole-‘. cm-’ (for TV). Beer’s law is obeyed 
over the chromium concentration 0.02-0.3 pg/ 
ml. From these data it is seen that the reaction 
of chromium with INT and TV is highly 
sensitive. 

To establish the optimal conditions for 
extraction and complexation we studied the 
relationship between light-absorption and the 
concentration of the tetrazolium salts INT and 
TV (Fig. 3). The optimal concentration of tetra- 
zolium salt for formation and extraction of the 
associate was found to be [INT] 2 2 x IO-‘M, 
and lTVj > 1 x lo-‘M, for 3 pg of chromium. 

The acidity of the aqueous phase and the 
nature of the acid are also important conditions 
in extraction of these two ion-association com- 
plexes, especially the nature of the acid. The 
influence of hydrochloric, sulphuric, nitric and 
perchloric acids on the extraction process was 
studied (Fig. 4). The light-absorption was 

o.ool 
40 46 44 42 40 38 36 34 

x 1000 cm-’ 
Fig. 2. Absorption spectra (in dichlorethane) of ion- 
association complex of Cr(VI) with TV (I), and of TV (2); 

c,,, =i 7 x 10-6kf, c, = 7 x 10-94, C”,, = O.OlM. 

0.001 ’ ’ ’ I a ’ ’ ’ ’ 
2 4 6 8 10 12 14 16 18 x 10dMTV 

1 L .I 
0 1 2 3 4 5 

x10-‘MINT 

Fig. 3. Dependence of the light absorption on the con- 
centration of (I) INT and (2) TV; (I) Cc,,,, = 0.3 pg/ml, 

C,,, = 0.14M; (2) Cc,,,, = 0.3 pg/ml, C,, = O.llM. 
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A A 
I 

l- 
6 8 10 12 

x 

4 6 8 10 12 
x10-‘M acid 

Fig. 4. Investigation of the influence of acidity and acid 
type on the extraction of Cr(VI) with (A) INT, C, = 
1 x IO-JM, C,,,] = 7 x 10m6M and (B) TV, C,lw = 
7 x 10-w, c,,, = 7 x 10-6M. O-HCl, .-HClO,, 

x -HNO,, A-H,SO4. 

greatest when hydrochloric acid was used. 
Cr03Cl - is quantitatively formed in the sol- 
ution 37-40,4~45 and the best results were obtained 
with 6.07- 0.36M hydrochloric acid for TV and 
0. l-l. 1M hydrochloric acid for INT. Use of too 
high an acidity leads to a decrease of the light 
absorption because of some reduction of Cr(V1) 
to Cr(II1). 

Interferences 

Table 1 lists the effects of certain elements 
and complexing agents on the determination 

Table 1. Effect of foreign ions on determination of 2 pg 
of chromium 

IOll 

K(I) 
ww 
ww 
MOW) 
WW 
Cu(II) 
Mg@) 
V(v) 
Ni(I1) 
Cow) 
Zn(I1) 
Mn(II) 

Limiting 
amount, mg 

IN-r TV 

8.0 3.0 
8.0 10.0 
7.0* 0.066 
3.0. 1.20+ 
3.08 40.0* 
1.00 0.80 
1.00 1.20 
1.00+ 7.1. 
1.00 0.50 
0.60 0.050 
0.50 5.0 
0.100 7.0 

Ion 

NaO 
Ca(I1) 
As(I) 
Al(II1) 
Hg(II) 
Cq- 
Cl- 
SG- 

SY- 

N& 
Br- 

Limiting 
amount, mg 

INT TV 

0.100 0.120 
0.080 0.090 
0.050 0.090 
0.005 0.106 
0.002 0.002 
1.00 7.0 
0.70 5.0 
0.20 3.0 
0.100 0.50 
0.080 0.80 
0.040 0.070 
0.010 0.90 

*In the presence of masking reagents (ascorbic acid and 
ammonium fluoride). 

of 2 pg of Cr(V1). Most of the ions studied did 
not interfere, but Hg(II), Al(III), Ca(II), Na(1) 
and Br- interfered in the determination of 
chromium(V1) with INT, and Hg(I1) interfered 
in the determination of chromium(VI) with TV. 
As masking reagents, ammonium fluoride, 
tart&c acid and ascorbic acid were used. The 
method for determination of chromium with 
INT was found to be selective in the presence 
of W(VI) and Mo(V1). The method with TV was 
found to be selective in the presence of Fe(II1) 
and V(V). We should point out that in the 
determination of chromium with diphenylcarb- 
azidez3 (the most sensitive and selective method), 
these four ions interfere. 

On the basis of the data obtained we have 
developed two methods for determination of 
chromium, and applied them to steels and some 
selected soils. The comparatively low tolerance 
ratios for sodium and calcium restrict the soil 
analysis application to soils of podzolic type. 

Analysis of soils 

The methods were applied for the determin- 
ation of chromium in five soil samples: lessive 
cinnamonic, pseudopodzolic, gray forest, brown, 
and black. 

Sample preparation. Weigh 4 g of the soil into 
a platinum crucible, then heat it for 3 hr in a 
muffle furnace at 550”. After cooling, transfer 
the sample into a platinum basin, add 2 ml of 
doubly distilled water, 1 ml of concentrated 
sulphuric acid and 10 ml of concentrated hydro- 
fluoric acid, and heat on a sand-bath until 
vapours of SO3 appear. Dissolve the residue 
in 5 ml of doubly distilled water acidified with 
hydrochloric acid to pH 3.46 Raise the pH of the 
solution to N 10 by addition of concentrated 
ammonia solution to precipitate the iron and 
aluminium. Filter off the precipitate with a 
suitable filter paper and wash it with three 3-ml 
portions of doubly distilled water. Evaporate 
the filtrate to N 20 ml, cool, acidify the solution 
to pH 3 with hydrochloric acid, transfer it into a 
25-ml standard flask and dilute to the mark with 
water. Take a 2.5-ml or other suitable aliquot of 
this solution and oxidize the chromium(II1) to 
chromium(VI)23 by adding 5 ml of 1M sulphuric 
acid and 1.5 ml of 1-mg/ml potassium perman- 
ganate solution and boiling for 3 min. Cool, 
then add 0.1 ml of saturated thiourea solution 
and 0.5 ml of lOO-mg/ml potassium nitrite 
solution, and dilute to volume in a 25-ml stan- 
dard flask. Take an aliquot of this solution for 
analysis. Run a reagent blank. 
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Table 2. Determination of chromium in soils and steels 

Soil* INT 

Black 9.35 
Pseudopodzolic 5.82 
Lessive cinnamonic 4.15 
Grav forest 3.72 

Cr lo-‘% 9 RSDt % 

Atomic 
TV absorption INT TV 

9.33 9.37 0.5 0.7 
5.80 5.80 0.5 0.5 
4.18 4.17 0.7 0.5 
3.69 3.70 0.7 0.6 

Brown 3.51 3.54 3.53 0.7 0.5 

Steel 

Certified Chromiun found, % RSDt % 
chromium 
content, % INT TV INT TV 

38 x 2C0 in 14a 1.84 1.83 1.83 0.5 
co-c 37 17.6 17.6 17.6 0.6 

*The soils contained 0.0180.049% sodium and 0.015-0.041% calcium. 

0.4 
0.7 

tRelative Standard Deviation. 

Determination of chromiwn. Add to the 
aliquot sample solution 1.2 ml of 1.2M hydro- 
chloric acid and 2 ml of 1 x 10e4J4 INT (or 
0.9 ml of 1.2M hydrochloric acid and 1 ml 
of 1 x 10m4M TV) and 2 ml each of saturated 
solutions of ascorbic acid and ammonium fluor- 
ide, and dilute to 10 ml with water. Shake the 
solution for 1 min with 3 ml of dichlorethane. 
Filter the extract through a dry filter paper and 
measure the absorbance at 250 nm (for INT) or 
230 nm (for TV). Correct for the absorbance 
of the blank. 

The concentration of Cr(V1) is determined 
from a calibration graph. 

Analysis of steels 

Two standard samples were studied: 38 x 2 
CO-C 14a contains (%) C 0.364, Si 0.50, Mn 
0.305, Cr 1.84, Ni 0.162, W 0.292, V 0.208, Cu 
0.128, Al 0.56, S 0.0058, P 0.0074, and CO-C 37 
contains (%) C 0.05, Si 0.5, Mn 1.35, Cr 17.6, 
Ni 12, Cu 0.2, Nb 1.2. 

Dissolve a 0.1-g sample in 30 ml of a 1: 3 v/v 
mixture of 1: 1 v/v nitric acid and 1:l v/v 
hydrochloric acid; add 10 ml of concentrated 
sulphuric acid and evaporate the solution until 
vapours of SOS appear. Transfer the solution 
into a loo-ml standard flask and dilute to the 
mark with distilled water. Take a suitable aliquot 
and oxidize the Cr(II1) to Cr(VI) as described for 
soil samples. Complete the analysis as described 
for soils. 

Results 

The results of the soil and steel analyses are 
given in Table 2 and the accuracy of the methods 
was checked by atomic-absorption spectrometry. 
There was good agreement between the results 
obtained by the three methods. 
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Smmary-The interaction of Cr(VI) and the thiazine dye Methylene Blue has been examined. The 
ion-associate formed is extractable into 1,2-dichlore.thane. The optimum conditions have been established, 
and values obtained for the conditional extraction constant Kh, distribution constant Kb and association 
constant fi’. A sensitive and selective method for determination of microquantities of Cr(V1) in soils and 
alloys is suggested. 

The determination of microquantities of chro- 
mium in soils and other naturally occurring 
materials is of particular importance in connec- 
tion with the growing interest in environmental 
problems. It is known that an increase in the 
content of this element in soils makes them 
infertile, and that the toxic effect depends, to 
some extent, on the chromium oxidation state.’ 
On the other hand, it has also been established 
that the introduction of chromium salts into 
soils has some positive effects, such as an in- 
crease in sugar content and yields, favourable 
changes in chemical composition, and acti- 
vation of some biochemical processes.” Obvi- 
ously, the concentration and oxidation state of 
chromium, like those of other microelements, 
are of great significance for its physiological 
action. 

The reagents suggested for determination 
of chromium include: diantipyryhnethane,6 
diphenylcarbazide, ’ diantipyrylstyryhnethane,’ 
Chromethylpyrazole and Chrompyraxole I,9 
triphenyltetrazolium chloride,‘O N-m-tolyl-p- 
methoxybenzohydroxamic acid,” antipyrine 
basic dyes, I2 Chrome Azurol S N’ a-methyl- 
2,4-dihydroxybenzylidenzylidcne, i5bis- 
(2,4-diaminophenyl)phosphonate,16 (l-naph- 
thyhnethyl)triphenylphosphonium,17 2, 2’-bi- 
pyridylr8 and 3-hydroxyllavone.i9 The most sen- 
sitive and selective of these is diphenylcarbazide, 
but V(V), Mo(VI), Fe(II1) and Hg(II) interfere 
with the Cr(VI) determination. 

The goal of the present work was to use the 
thiazine dyestuff Methylene Blue (MB) for de- 
termination of microquantities of chromium by 
an extraction photometric method, 

EXPERIMENTAL 

Reagents 

Methylene Blue (MB), 1 x 10m4 and 1 x 
10m5M solutions; potassium chromate, 1 x 10m4 
and 1 x IO-‘M solutions; hydrochloric acid, 
1,2M; perchloric acid, 9M; 1,2dichlorethane. 
Analytical-reagent grade or equivalent chemi- 
cals were used. 

Apparatus 

Zeiss VSU 2-P and Specord W-VIS spectro- 
photometers were used, with l-cm path-length 
cuvettes. 

Procedures 

Calibration. In a lOO-ml separatory funnel 
place 1.5 ml of 1.2M hydrochloric acid, 1 ml of 
1 x 10e4M Methylene Blue, and a known vol- 
ume of chromium(VI) solution containing up to 
-5 pg of chromium. Dilute to 10 ml with 
distilled water and shake with 3 ml of 
dichlorethane for 1 min. Transfer the organic 
layer through a dry filter paper into a l-cm 
cuvette and measure the absorbance at 295 nm 
against a reagent blank similarly prepared. 

Determination of chromium in soils. Weigh a 
4-g sample into a platinum crucible and heat it 
at 500-550” for 3 hr. Cool the crucible, add 2 ml 
of doubly distilled water, 1 ml of concentrated 
sulphuric acid and 10 ml of concentrated hy- 
drofluoric acid, and evaporate until fuming has 
ceased. Cool, and dissolve the residue in 5 ml of 
doubly distilled water acidified to pH 3 with 
hydrochloric acid.m Add concentrated ammonia 
solution to precipitate iron and aluminium at 
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pH 10, filter off the precipitate, and wash it with 
three 3-ml portions of doubly distilled water, 
then evaporate the filtrate and washings to 
about 20 ml. Cool the solution, acidify it to 
about pH 3 with hydrochloric acid, and make 
up to the mark in a 25ml standard flask. Take 
a 2.5ml or other suitable aliquot of this solution 
and oxidize the chromium(II1) to chromi- 
um(W)” by adding 5 ml of 1M sulphuric acid 
and 1.5 ml of I-mg/ml potassium permanganate 
solution and boiling the mixture for 3 min. 
Cool, then add 0.1 ml of saturated thiourea 
solution and 0.5 ml of 100 mg/ml potassium 
nitrite solution, and dilute to volume in a 25-ml 
standard flask. To a suitable aliquot of this 
solution add 1.5 ml of 1.2M hydrochloric acid, 
1 ml of 1 x 10A4M Methylene Blue and 2 ml 
each of saturated solutions of ascorbic acid, 
tartaric acid and ammonium fluoride (to mask 
any interfering ions). Dilute to 10-12 ml with 
water and shake for 1 min with 3 ml of 1,2- 
dichlorethane. Filter the organic phase through 
a dry paper into a 1 -cm cuvette and measure the 
absorbance at 295 nm against a reagent blank 
run by the same procedure. Prepare a cali- 
bration graph with chromium(W) standards 
similarly treated. 

Determination of chromium in steels. Dissolve 
a 0.1-g sample of the steel in 30 ml of a 1:,3 v/v 
mixture of 1: 1 v/v nitric acid and 1:l v/v 
hydrochloric acid. Cool, add 10 ml of concen- 
trated sulphuric acid and evaporate until SO3 
fumes appear. Cool, take up the salts in water, 
and dilute to volume in a 100~ml standard 
flask. Oxidize a suitable aliquot as described 
above for soil samples. To a suitable aliquot 
of the resultant solution add 1.5 ml of 1.2M 
hydrochloric acid, 2 ml of 1 x 10V4iW Methylene 
Blue and dilute to N 10 ml with saturated 
ammonium fluoride solution (to mask any 
interfering ions). Extract the ion-associate 
and complete the determination as for soil 
analysis. 

RESULTS AND DISCWSION 

The solubility of the ion-associate in various 
organic solvents was investigated. The most 
effective for extraction of the compound was 
found to be 1,2-dichlorethane. The absorption 
spectra of the ion-associate and the dye in 
1,ZdicNorethane and chloroform are given in 
Fig. 1. The absorption spectrum of the associate 
in dichlorethane has maxima at 230 and 295 nm. 
At 230 nrn the dye also absorbs strongly, so 295 

A 0.30- 

0.20 - 

0.10 - 

O______ 
44 42 40 38 36 34 32 30 ‘B 

x loo0 cm-’ 

Fig. 1. Absorption spectra of MB+ .Cr03Cl- in 
(1) C,H,C& and (2) CHCI,, and of MB in (1’) C,H,CI, 
and (2’) CHCl,: Cc,,,, = 4 x 10-94, C”, = O.lm!f, c,, = 

4 x lo-6M. 

nm was selected as the working wavelength. The 
absorption spectrum of the associate in chloro- 
form has only one maximum, at 245 mn. 

The ion-associate formed from the cation of 
the dye (MB+) and Cr(V1) in hydrochloric 
acid medium may be ascribed the formula 
MB + - CrQCl- , in agreement with earlier re- 
ports.z-2S 

The Job,= Bent and French?’ and Asmus% 
methods all showed that the extracted species 
was a 1: 1 ion-associate of the dye cation and the 
chlorochromate anion. Equilibrium between the 
two phases, aqueous and organic, was reached 
in 30 sec. The ion-associate is stable for over 36 
hr. Its molar absorptivity was determined by the 
method of KomaP and Klotz and MingM and 
found to be (8.33 f 0.04) x 104 1 - mole-’ - cm-’ 
at 295 nm. 

To find the optimum conditions for extrac- 
tion of the ion-associate, the influence of pH 
and the concentrations of Methylene Blue and 
chromium(VI) was studied. 

The acidity of the aqueous phase is a major 
factor in the determination. The iniluence of 
hydrochloric, sulphuric, nitric and perchloric 
acids on the extraction equilibrium was investi- 
gated. Only in the presence of hydrochloric or 
perchloric acid was the ion-associate extracted. 
Figure 2 indicates that not only the concen- 
tration but also the nature of the acid has an 
effect on the extraction equilibrium. Maximum 
absorbance is achieved in hydrochloric acid 
medium, in the acid range 0.18-0.6M. A higher 
concentration of the acid causes some reduction 
of Cr(VI) to Cr(II1) and a decrease in light- 
absorption by the organic phase. 
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Fig. 2. Investigation of the influence of acidity on the 
extraction of Cr(VI) with Methylene Blue: 
c cr(v,) = 5 x 10-94, C,, = 1 x lo-‘M; (A) HCIO,. (B) 

HCl. 

Optimization of the concentration of Methyl- 
ene Blue is essential in the determination 
of chromium; for 0.2 pg/ml Cr(V1) the ab- 
sorbance of the extract is maximum with MB 
concentration 2 1 x IOV5M and for 0.5 pg/ 
ml Cr(VI),[MB] 2 2.5 x lo-‘M is necessary 
(Fig. 3). 

Beer’s law is obeyed over the Cr(V1) concen- 
tration range from 0.01 to 0.54 pg/ml in the 10 
ml of aqueous phase. 

Interferences 

The data in Table 1 show that mercury(I1) 
must be absent from the test solution, and that 
calcium and sodium must be present in only 

0.4 

i 

x/x-x 
--x--x 

0.3 

/ 0.2 x 

0.1 

I I I I I I 
0 1 2 

[MB] Iki 

4 5 

Fig. 3. Dependence of the absorbance on the cwz&atiOn 
of Methylene Blue: (1) CcO, = 0.2 pglml; (2) CwD = 0.5 

/&ml, C,, = 0.18M. 

Table 1. Effect of diverse ions on 
determination of 2 Pg of chromium 

Limiting amount, 
Foreign ion w 

Ni(II) 55 
WI) 40 

:X& 
32.5’ 
30 

w-w 30* 
FeWI) 3.5. 
MoWI) 3* 
CWI) 2 
cd(II) 1 
Mn(II) 1 
Zn(II) 1 
Al(III) 1* 
WI) 0.5 
CoOI) 0.2 
Na(I) 0.2 
WII) 0.08 
Hg(II) interferes at 

any level 

*In the presence of ascorbic acid, am- 
monium fluoride and tartaric acid 
as masking agents. 

small amounts, which places a restriction on the 
types of sample that may be analysed for chro- 
mium by the proposed method. Several poten- 
tially interfering ions can easily be masked with 
suitable reagents. The method offers better 
selectivity than the diphenylcarbazide method 
with respect to vanadium(V), molybdenum(W) 
and iron(II1). 

Extraction equilibria 

The following equilibria should be taken into 
account for the system of chromium(W), 
Methylene Blue, hydrochloric acid, water and 
1 ,Zdichlorethane. 

1. Formation of the ion-association complex 
in the aqueous phase, and the corresponding 
equilibrium constant: 

B = MB+ *CrO,Cl-] 

[MB+][CrO,CI-1’ (1) 

2. Distribution of the complex between the 
aqueous and organic phases, and the corre- 
sponding distribution constant: 

%=[MB+ -WI-l, 
[MB+ - CrO,Cl-] ’ (2) 

3. The entire extraction process and the cor- 
responding extraction constant: 

&MB+ -wl-l,~K B 

FIB+][CrO,Cl-] D ’ (3) 

The system is much more complicated than 
this, however, since the formation constant for 
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CrO,CI- and the distribution constant for 
MB + . Cl - between the organic and aqueous 
phases also need to be taken into account, and 
in consequence the constants listed above are 
apparent (or conditional) constants. 

A conditional constant was obtained for the 
distribution coefficient of the ion-associate by 
taking 5 ml of 1 x 10m4M Methylene Blue, 1.5 
ml of 1.2M hydrochloric acid and various 
amounts of chromium(W), diluting to 15 ml 
with water and shaking the mixture for 1 min 
with 3 ml of 1,Zdichlorethane in a separatory 
funnel, then diluting the extract to volume in a 
25-ml standard flask with 1,Zdichlorethane. 
The absorbance (A) was measured, against a 
reagent blank prepared in the same way (with- 
out chromium present), in l-cm cuvettes at 295 
nm. For each solution containing chromium 
an exact duplicate was prepared, and this 
was extracted with three 3-ml portions of 
dichlorethane, the extracts being combined and 
diluted to volume in a 25-ml standard flask; the 
absorbance (A,) was then measured against 
the reagent blank already prepared. As a con- 
stant amount of Methylene Blue is used, the 
change in absorbance is due to the ion-associate. 
The value of the conditional distribution co- 
efficient D LB/c, is then given by 

&,I,, = A l(&W - A )* 

The results were evaluated by plotting log 

D d~,cr against log Cc,,,, (Fig. 4). According to 
the model used by Aleksandrov et ~l.,~’ the 
intercept of the horizontal part of the curve on 
the ordinate gives log K& and the intercept of 
the extrapolated slope of the curve gives log K:, 

Fig. 4. Detertnination of Dh,,cr, K;, and K&. 

Table 2. Determination of chrominm in selected soils and 
steels 

Cr lo-4% , 
Methylene 

Blue Atomic 
Soil* method absorption RSD*, % 

Leached chemozem 2.40 2.38 
Podzolized black 2.50 2.54 If 
Brown 3.53 3.54 0:5 
Gray forest 3.70 3.67 0.6 

Certified 
chromium Chromium 

Steel present, % found, % RSD, % 

3Sx2CG-Cl4a 1.84 1.85 
co-c 37 17.6 17.6 8:: 

*The Soils contained 0.0240.036% sodium and 
0.019-0.030% calcinm. 

tRelative Standard deviation (based on 3 determinations). 

(where primes indicate conditional constants). 
From equation (3) the value of /I’ can then 
be obtained. The theoretical curve can be 
calculated3’ from 

D b~/cr = G/WW + B’tW (4) 

and is also shown in Fig. 4. The slope of 45” 
confirms that a 1: 1 ion-associate is formed. The 
conditional constants obtained were 

KL, = (7.94 f 0.22) x 104, 

K;, = 26.99 + 0.08; 

/I’ = (2.94 f 0.09) x 103. 

Applications 

Soil analysis. As is evident from Table 1, the 
method is applicable only to soils with s&i- 
ciently low calcium and sodium contents, e.g. 
soils of bodzol type. As a test of its validity the 
method was applied to some selected soils, and 
the chromium was also determined by atomic- 
absorption spectrometry. The results are shown 
in Table 2. 

Steel analysis. An advantage of the method 
for steel analysis is that it is applicable to steels 
containing large amounts of vanadium or mol- 
ybdenum relative to chromium, in contrast to 
the diphenylcarbazide method, where these el- 
ements interfere. Typical results are given in 
Table 2. 
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Summary-The formation of the acidocomplex of mercury(I1) with triphenyl-tetrazolium chloride is 
studied spectrophotometrically in water-organic media. The composition of the complex is established as 
TIC : Hg : I = 1: 1: 1. The molar absorptivity f r5r = (6.45 & 0.12) x 10” 1 mole-’ . cm-’ is determined. The 
selectivity of the reaction is studied and the method for determination of mercury(K) 0.1-0.8 p&ml is 
shown. Extraction investigations of the system discussed were carried out. The characteristic values for 
the extraction equilibrium and the equilibrium in the aqueous phase was determined: extraction constant 
& = 3.16 x 104, distribution constant Ko = 20.67, and association constant = 1.53 x 103. A rapid and 
sensitive extractivephotometric method for determination of mercury(I1) in soil was developed. The 
determination was carried out without preliminary elimination of mercury. 

Getting into soil, mercury has a negative effect 
upon the development of crop plants. This 
necessitates some more detailed studies of this 
chemical element in soils. Various methods for 
determination of mercury have been published.’ 
They require expensive equipment and highly 
qualified analysts. 2*3 Atomic absorption spectro- 
photometfl” and analyses with some other 
reagents are used.‘*-*’ 

No data about determination of mercury with 
tetrazolium salts can be found in the literature. 
The tetrazolium salt (triphenyltetrazolium 
chloride) we suggest is a new reagent for deter- 
mination of microquantities of mercury(I1). It is 
known that mercury has an extremely high 
affinity towards iodide ion. Hg(I1) forms stable 
acidocomplexes with I-. This can be used in 
developing an extraction-photometric method 
for determination of mercury. The nature of the 
interaction between the acidocomplex of Hg(I1) 
with the cation of the tetrazolium salt should be 
studied. The present paper represents the con- 
ditions needed for determination of mercury 
with triphenyltetrazolium chloride (TTC). This 
is an extremely simple and direct extraction for 
determination of microquantities of mercury. 

The goal is to develop an extraction- 
photometric method using TTC for determi- 
nation of mercury, superior, in some respects, to 
the existing methods. For example, no prelimi- 
nary isolation or concentration of mercury is 
required as in some of the other methods.‘g~“Jg 

To be superior in sensitivity to methods re- 
ported in the literature 16~17**27.za the organic ex- 
tract needs to be stable for a long time, and not 
only for a few hours as it is in the method of 
Mudakavi and Ramaswamy.2s 

ExPmAL 

Apparatus 

Spectrophotometer VSU 2-P, Carl Zeiss Jena, 
DDR, 1= 255 nm, 1 cm light path cuvette; 
Specord UV-VIS, DDR. 

Reagents 

2,3,5-Triphenyltetrazolium chloride (TTC) 
(5 x 10m4M, Merck), mercury acetate, p.a.-2 
pg/ml Hg(II), 1 x 10e5M Hg(I1); Sulphuric 
acid, p.a.-2M; Potassium iodide, p.a.- 
1 x 10m3M, Chloroform, merk. 

Procedure 

Sulphuric acid 1 ml 2M, KI 1 ml 1 x 10b3M 
and TTC 0.5 ml 5 x 10e4M are added to an 
aliquot of the sample solution containing 143 pg 
of mercury in a separating funnel. It is diluted 
to aqueous phase volume of 10 ml with distilled 
water and extracted with 3 ml of chloroform for 
30 sec. The organic layer is then transferred 
through filter paper into a l-cm cuvette and 
recorded on a photometer VSU 2-P spectropho- 
tometer at 255 nm. A blank, containing the 
same solutions without mercury, is prepared. 
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Fig. 1. Absorption spectra in chloroform of ion-association 
complex (1) and triphenyltetrazolium chloride (2); 
c as(a) = 0.2 /.lg/tnl, C”, = 0.2M, cx, = 5 x lO_‘M, 

c ,=5x lO_SM. 

RESULTS AND DISCUSSION 

The light absorption of the solutions of mer- 
cury acidocomplexes with TTC reaches its maxi- 
mum immediately after mixing and does not 
change for 2 days. To clear out the possibility of 
extracting the ion associate a number of differ- 
ent types of solvents were tested: hydrocarbons 
(benzene and toluol), ketones, ethers, alcohols, 
chloroform, dichlorethane and tetrachlor- 
ethane. The studies showed that the associate is 
best dissolved in chloroform. The absorption 
spectra of equimolar solutions of tetrazolium 
salt and ion-association complex in sulphuric 
acid show that the absorption maxima are 
around 255 nm (Fig. 1). The absorption additiv- 
ity, without a significant shift in the absorption 
maximum, is an indication of a formation of an 
ion-association complex. 

The stoichiometric coefficients of the associ- 
ate formation were established by various 
methods.M The ratio Hg : I - in the complex was 
established by the isomolar series and molar 
ratio methods. The ratio TTC: [HgIJ- was 
proved by the methods of Bent-French, molar 
ratios, isomolar series and the method of Ass- 
muss. The pH remained constant and optimal 
(0.2M sulphuric acid) in all the assays. The 
results for the light absorption of the extracts at 
255 mu showed that the associate was formed at 
a ratio TTC:Hg:I = 1:1:3. 

The ion-associate of Hg(I1) was completely 
extracted in a single extraction of only 5 sec. The 
molar absorptivity of the associate, calculated 
by the method of Komar-Tohnatchov,30 was 
c,,,=(6.45&0.12).1tilmole-‘*cm-‘.Thisin- 
dicates the high sensitivity of the given reaction. 
The detection limit is 0.1 pg/ml Hg(I1). 
Under optimum reaction conditions (C,, = 
2.5*10-‘M, CHzso, = 0.2M), the Beer’s law was 
obeyed in the concentration range of 0.1-0.8 

p g/d Hg(II). 
The effect of the acidity of the solution on the 

extraction of the ion associate of mercury is 
given in Fig. 2. The optimum acidity of the 
extraction was over a rather wide range: pH l-9 
and 0.1-4.5M HrSO.,. At pH > 9, a hydrolysis 
occurs and the light absorption of the ion 
associate decreases. The effect of various acids 
(HzS04, HCl and HNOJ on the extraction 
equilibrium was studied. The light absorption of 
the extracts showed constant and maximum 
values when using H2S04 (0.1-4.5M) or HCl 
(0.1 x 10-l-3.8 x lo-‘M). 

A large excess of potassium iodide is needed 
for formation and extraction of the mercury 
complex with I-. The chloroform extracts 

.6 
lb I ( a 88 0 11 11 
01234567691011 

-6 4 2 6 
x IO-‘mol/L HCli HNOt 

PH 

Fig. 2. The influence of acidity on the extraction of Hg(I1) using TTC: I-H,SO,, 2-HCl, 3-HNO,; 
C”,,,, = 2 x lo-6A!f, c, = 2.5 x lO_‘M, cx, = 5 x IO-SM. 
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A 

0.300 - 

I 
0 1 2 3 4 

x lo-’ mol/L KI 

Fig. 3. Dependence of the absorbance change on the con- 
centration of KI; Cwnj = 2 x 10-6M, C,, = 0.2~44, 

c,, = 2.5 x lo-‘M. 

have maximum value at a concentration of 
KI > 0.5 x 10m4M (Fig. 3). 

The extraction also depends strongly on the 
reagent TTC. A complete extraction of mer- 
cury(I1) was achieved at a IO-fold excess of TIC 
(Fig. 4). 

The effect of some ions upon the extrac- 
tion-photometric determination of mercury(I1) 
under optimum conditions was studied. The 
ratios of the accompanying ions at which the 
deviations in the results reached S, = 0.02 
(n = 3) are given in Table 1. The results ob- 
tained show the possibility of extractive- 
photometric determination of Hg(I1) in the 
presence of numerous ions without separating 
Hg(I1) from the accompanying ions. When an 
extraction with chloroform is used, Hg(I1) 
could be determined in the presence of various 
amounts of the ions mentioned because the 
complexes they form cannot be extracted in 
chloroform. Ascorbic acid and NaF were used 
to eliminate the interference of Fe(III), Mo(V1) 
and W(V1). The determination is only interfered 
with by S&O,. 

A 

0.400 c 

:,I/--- * I 
1 
1 , 

0 1 2 3 4 5 
x 10amol/LTTC 

Fig. 4. Dependence of the absorbance change on the con- 
centration of lTC; C,,,,, = 4 x 10m6M, C,,, = O.ZM, 

c,, = 1 x lo-‘M. 

A study of the extraction equilibrium 

The values characterizing the extraction equi- 
librium &, K,, j? were determined by a chemi- 
cal model.3’ 

We consider the equilibrium in the extrac- 
tion system of triphenyltetrazolium chloride- 
mercury iodide-chloroform. 

1. The formation of the ion associate in 
aqueous phase is characterized by the corre- 
sponding equilibrium constant 

2. Distribution of the ion associate between 
the aqueous and the organic phases and the 
corresponding distribution constant 

(2) 

3. The entire process of the extraction in the 
system considered is described by the corre- 
sponding equilibrium constant which is re- 
garded as the extraction constant 

Table 1. Effect of fofiign ions C,,,, = 0.33 pg/ml, C, = 
8.33 x 10-‘&f, f&,,= O.l6M, C, = 4.10 x 10-6M 

Limiting ratio Limiting cont. of 
N Foreign ion G/C,, fw foreign ion, mg 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

t: 
15 
16 
17 
18 
19 
20 
21 
22 

z: 
25 
26 
27 
28 
29 
30 

Ni(II) 
K(I) 
CW) 
Fe(II1) 
Na(I) 
(XII) 
WII) 
WII) 
Sr(II) 
Zn(I1) 

:z;; 
MnOI) 
Al(II1) 
MoW) 
Bi(I1) 
ww 
Ag.0) 
Cry) 

3: 
PO:- 
EDTA 
Bf- 

NO, 
co:- 
SCl!l- 

5MOO:l 
5woo:l 
2oooO:l 
17500: 1 
12500: 1 
75OO:l 
5Ooo:l 
5ooo:l 
5oOo:l 
3750: 1 
25OO:l 
25OO:l 
25OO:l 
15oo:l 

6o:l 
25:l 
25:l 

2.5:1 
2.5:1 

18750: 1 
18750: 1 
18750: 1 
5ooo:l 
25OO:l 
25OO:l 
25OO:l 

5Oo:l 
5Oo:l 
125:l 

SW interfere 

*In the presence of maskings reagents. 

200 
200 
80 
70' 
50 
30 
20 
20 
20 
15 
10 
10 
10 
6 

0.24* 
0.1 
0.1* 
0.01 
0.01 
75 
75 
75 
20 
10 
10 
10 
2 
2 

0.5 
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The distribution coefficient determined at a con- 
stant concentration of TIC and variable con- 
centration of Hg(I1) in the system studied gives 
the form: 

D Jz P-w, W3-W&, 
TNJ = C(‘l-TC) = WC+] + TTC[HgI,]’ (4) 

The following solutions are introduced into 
lOO-ml separating funnels: 1 ml of 5 x 10-4M 
TTC, 1 ml of 2M H,SO,, 5 ml of 1 x 10-3M KI 
and the corresponding amounts of Hg(I1). The 
volume of the aqueous phase is brought to 10 ml 
with distilled water. It is extracted with 3 ml of 
CHC13 for 30 sec. After the stratification of the 
two phases the organic phase is transferred 
through filter paper into a standard flask of 25 
ml and is diluted up to the mark with chloro- 
form. The light absorption of the organic phase 
is measured at 1 = 255 nm with a l-cm light 
path cuvette. 

To determine the distribution coefficient of 
tetrazolium salts TTC, the absorptions obtained 
are compared to the one obtained after three 
times the extraction of the aqueous layer: 

D lT~=~/GLx--~) 

A-light absorption for a single time extraction 
A---light absorption for three times extrac- 
tion. 

The experimental data are represented 
graphically by log D,/log Cutill) (Fig. 5). The 
distribution constant is determined graphically 
by extrapolation of the straight line parallel to 
the x-axis up to the point of intersection with 
the y-axis. Using this graphical dependence we 

J 5 

, 
/’ 4 / 

1’ i 

Fig. 5. Logarithmic relation between the distribution co- 
&cient of ‘lTC and the concentration of Hg(II). 

can also determine the extraction constant & 
and the association constant j?. They are deter- 
mined by the slope of the figure up to the point 
of its intersection with the ordinate axis. The 
slope of the straight line (Fig. 5) is 45”. It means 
that the molar ratio of the reacting ions TTC+ 
and [HgI,] - is 1: 1. 

The check-up for the fidelity of the exper- 
imental data has been performed according to 
the following formula: 

D KD*B *D-k1 
lm= l+&-Ig] . 

(5) 

A curve is built, by the values calculated for 
D I-W, where CHtilIj is arbitrary changed and /I 
and Kr, are found experimentally. The curve 
obtained in this way is shown in Fig. 5. A good 
agreement is seen between the experimental data 
and the theoretical curve. 

The ion associate TIC[Hg13] is characterized 
by the following equilibrium constants deter- 
mined graphically: 

KD = 20.67 _+ 0.10 

&=3.16x 104f0.08x lo4 

/I = 1.53 x 103 & 0.21 x 103. 

Determination of mercury in soils 

The method was applied to determination of 
microquantities of mercury in various types of 
soils. The samples were collected from a depth 
of O-20 cm. 

Dissolving the sample. A 2-g weight of soil, 
5-7 ml of cont. H,SO, and an excess of KMnO, 
are placed into a flask equipped with a reflux 
condenser. The crystals of KMnO, are added 
slowly in small portions, while stirring. It is 
heated until vapours of SO, are evolved. After 
cooling down, 10 ml of distilled water are 
added. The excess of KMnO, and manganese 
oxides are eliminated by adding H,Oz. Iron is 
isolated by precipitation as hydroxide. After 
filtration the solution is transferred into a stan- 
dard flask of 25 ml and the volume is brought 
to the mark with distilled water. Aliquots of this 
solution are taken for analysis. 

Extraction and determination of mercury. The 
following solutions were transferred into separ- 
ating funnels: 12 ml of the corresponding type 
of soil solution and 1 ml of 2M H2S04, 1 ml of 
1 x 10d3M KI, 0.5 ml of 5 x 10e4M ‘ITC and 5 
ml of a saturated solution of NaF (to mask the 
interfering ions). Extracted with 3 ml of CHC13 
for 30 sec. Then the organic phase was recorded 
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Table 2. Content of mercury in soil samples 

Mercury, % 

Triphenyltetra- Accuracy Precision 
N Soil samples zolium chloride Dithizone (E,%), (RSD %)t 

1 Black 2.4 x 1O-5 2.6 x IO-’ +0.9 0.5 
2 Podzolized black 13.1 x 10-5 13.0 x IO-” -0.8 
3 Grav forest 5.0 x 10-S 5.2 x 10-J +1.1 ::; 

723 

*Relative error. 
tRe1ative Standard Deviation. 

at 1= 255 nm. A blank, containing the same 
solutions without the corresponding type of soil, 
is prepared. The concentration of mercury was 
determined by a standard curve. 

The results for mercury(II), obtained using 
triphenyltetrazolium chloride, were compared 
to those obtained by the dithizone method 
(Table 2). The results of both methods show a 
good agreement. The method with TIC we 
developed, is sensitive, selective and rapid. 
Moreover, the reagent used in this method does 
not suffer the lack of stability which is the case 
for the dithizone extraction of mercury. 

1. 

2. 
3. 

4. 
5. 

6. 

7. 
8. 
9. 

10. 

11. 
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hmmar-The extraction of chromium (VI) with iodnitrotetraxolium chloride (INT) was studied 
spectrophotometrically. The basic spectrophotometric characteristics of the ion associated formed were 
determined. Using different methods it was found that the ratio between chromium and INT was 1: 1. 
The molar absorptivity of the associate is +,, = (3.70 f 0.08) x 10’ 1. mole-’ . cm-‘. Performing the 
reaction in acid medium (O.l-l.lM hydrochloric acid) allowed the determination of chromium in 
the presence of large amounts of W(VI), Mo(VI), Fe(II1) and V(V). Hence INT is suggested as a 
sensitive and selective reagent for extractivespectrophotometric determination of microquantities of 
ChrOmiqVI). 

Tetrazolium salts appear as highly sensitive 
reagents for extractive-spectrophotometric de- 
termination of a number of elements, viz. 
Co(II), Zn(II), Au(I), SbO, NbO, Mo(VI), 
W(VI), Re(VII), Tl(III), Ga(III).‘-” The 
methods for determination of chromium with 
tetrazolium salts are particularly interesting. In 
earlier studies we have established that under 
certain conditions triphenyltetrazolium chlor- 
ide12 and tetrazolium violetI form ion-associ- 
ation complexes with chromium, which are 
extractable in organic solvents. 

The known methods of determination of 
chromium are of low sensitivity.23*24 The most 
sensitive and selective is the method with 
diphenylcarbazide. 2’ It is the best reagent for 
determination of small amounts of chromium. 
A disadvantage of this method appears to be the 
labour-consumption of the preparatory works. 
Another disadvantage is the instability of the 
aqueous solution of diphenylcarbazide and its 
preparation in acidified acetone. 

In the present work we show the possibility of 
using iodnitrotetrazolium chloride (INT) for 
determination of chromium to demonstrate that 
in the determination of microquantities of 
chromium, the tetrazolium salt is superior to 
diphenylcarbazide in some respects. The reagent 
we used is available and has good chemical- 
analytical parameters. The complexation and 
extraction of chromium(V1) with this tetra- 
zolium salt was studied as well as the effect of 
various factors upon the extraction of the ion 

associate of chromium. Its basic chemical- 
analytical characteristics were determined. The 
possibility of using INT as a reagent for 
spectrophotometric determination of micro- 
quantities of chromium(VI) is demonstrated in 
assays of this species in steel and soil samples. 

EXPERIMENTAL 

Reagents 

Iodnitrotetrazolium chloride (INT), Fluka, 
1 x 10e4M; potassium chromate, p.a. 1 x 
10d4M Cr(V1); hydrochloric acid, p.a. 1.2M; 1.2 
dichlorethane, p.a. 

Apparatus 

A Carl Zeiss VSU 2-P spectrophotometer 
(Jena, DDR) was used with l-cm light path 
quartz cells with measurement at 250~nm. A 
Specord W-VIS (DDR) was also used. 

Procedure 

Corresponding amounts of the solution con- 
taining chromium, 1.2 ml of 1.2M hydrochloric 
acid and 2 ml of 1 x 10e4M INT are introduced 
into separating funnels. The mixture is diluted 
with distilled water to an aqueous phase volume 
of 10 ml and extracted with 3 ml of dichlor- 
ethane for one minute. The organic layer is then 
transferred through filter paper into a l-cm cell 
and measured at 1 = 250 nm. A blank is pre- 
pared in a similar manner, without the presence 
of chromium. 
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RESULTS AND DISCUS!SION 

With chromium, in hydrochloric acid medium, 
Iodnitrotetrazolium chloride forms an ion as- 
sociate with chromium in hydrochloric acid 
medium of composition INT H[CrO,Cl]. This 
composition has been confirmed in earlier 
reports.14’8 

Our studies showed that the ion associate of 
Cr(V1) with INT was quantitatively extracted 
into dichlorethane. In other solvents, such as 
chloroform, benzene, nitrobenzene and ether, 
the compound is not extractable. 

The analysis of the absorption spectra of the 
ion associate obtained from the interaction of 
Cr(VI) and INT showed that the compound had 
maximum light absorption at 1= 230 nm and 
rl = 250 mn (Fig. 1). The intensity of the second 
maximum was considerably higher. We there- 
fore chose 250 nm as a working wavelength. 

The maximum extraction of chromium as an 
ion associate in the organic phase was reached 
after extraction for 30 sec. The ion associate is 
stable for five days. 

The molar ratios of the constituents in the 
associate were established by the method of 
equilibrium shift. I9 The tangent of the slope 
angle was 1, e.g., the ratio INT: Cr = 1: 1. This 
ratio was confirmed with the method of 
Asmuss.ZO Under optimal conditions the molar 
absorptivity had the value of c250 = (3.70 f 
0.08) x lo4 1. mole-’ * ~m-‘.~ The light absorp- 

x 1000 cm-’ INT,M (x 1o-5) 

Fig. 1. Absorption spectra in dichlorethanc of the ion- Fig. 2. Dependence between light absorption and the 
concentration of INT: C,,,,, = 0.3 rca/ml. CM,, = 0.14M. 

tion of the associate depended linearly on the 
concentration of chromium in the range 
0.0243 pg/ml. From these data it is seen that 
the reaction of chromium with INT is highly 
sensitive. 

The basic parameters studied which charac- 
terize the qualities of INT as a reagent are 
concentration parameters. 

To establish the optimal conditions for ex- 
traction and complexation we studied the re- 
lationship between light absorption and the 
concentration of the tetrazolium salt (Fig. 2). 
The optimal concentration of INT for for- 
mation and extraction of the associate was 
found to be [INT] 2 2 x 10-5M. 

The stability and character of the compound 
formed depend considerably on the acidity of 
the aqueous phase. The effect of the acids upon 
the extraction of the ion associate of chromium 
is given in Fig. 3 where it can be seen that the 
nature of the acids studied (HCl, H2S04, HN03 
and HClO,) contributes substantially to the 
maximum extraction of chromium as an ion 
associate. The best results were obtained in 
hydrochloric acid medium in the range 
0. l-l. 1M hydrochloric acid. 

When the acidity of the aqueous phase is 
high, the extraction of the ion associate de- 
creases because of the reduction of Cr(V1) to 
Cr(II1). 

The effect of foreign elements and complexing 
substances was studied during the determi- 
nation of 2 pg of Cr(V1). It was found that most 
of the studied ions did not interfere with the 
determination of chromium as an ion associate. 
The experimental data are given in Table 1. 
Hg(II), Al(III), Ca(II), Na(1) and Br- all inter- 
fered in the determination. Sodium fluoride, 
tartaric acid and ascorbic acid were used as 

0.300 

A 0.200 

0.100 

0 

a8sociation complex of Cr(VI) with INT(1) and INT(2). I -. , . ., . -. . ._. 
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Fig. 3. Dependence between light absorption and pH of the solution; C,,= 1 x 10-sM, 
C co,) = 7 x 10_6M. 

masking reactions. The method with INT for 
determination of chromium was found to be 
selective in the presence of W(VI), Mo(VI) and 
Fe(II1). 

On the basis of the data obtained we devel- 
oped a method for determination of chromium. 
The sensitivity of the method according to 
Sandell*’ is W, = 0.0014 pg/cm’. Its practical 
applicability was demonstrated by application to 
analysis of steels and soils containing chromium. 

Application to determination of chroinium in 
steels 

Sample dissolution. Steel (0.1 g) is weighed 
and dissolved in a 30-ml mixture (1: 3) of 

Table 1. Effect of foreign ions 

Chromium(VI) 

Foreign ion, Taken, Found, 
N /rg Pg PLr C&Gqvo 

: C:$!) zz 2 2 1.98 1.99 z 
3 W(v) 7000 2 1.97 35005 
4 MO(W) 3000 2 1.99 1500* 

: it$) := ; 2.02 1.99 1500 1500+ 

7 Cu(II) 1000 2 2.00 8 M&II) 1000 2 2.00 z 
9 v(v) 1000 2 2.02 500* 

10 Ni(I1) 1000 11 Co(H) 600 ; 2.00 2.01 z 
12 Zn(I1) 500 2 1.99 250 
13 Mn(II) 100 2 2.01 50 
14 A&I) 50 2 2.00 25 
15 Na(1) 10 2 2.00 5 
16 Ca(I1) 8 2 2.01 4 
17 Al(W) 5 2 1.99 2.5 

;; WI!) 
Cl? 

1000 2 2 2 interference 2.01 500 
20 700 2 1.99 350 
21 so:- 200 2 1.98 100 
22 NO, 40 2 2.01 20 
23 Br- 10 2 2.01 5 

*In the presence of maskings reagents. 

HNO,( 1: 1) and HCl( 1: 1). Concentrated sul- 
phuric acid (10 ml) is added and the mixture is 
evaporated until SO3 vapour is noticed. The 
solution is transferred into a lOO-ml standard 
flask and is diluted to the mark with distilled 
water. 

The oxidation of Cr(II1) to Cr(V1) is per- 
formed with potassium permanganate in a 
sulphuric acid medium.*’ 

Determination of chromium. Aliquots of the 
prepared solution of alloyed steel, 1.2 ml of 1.2M 
hydrochloric acid, 2 ml of 1 x 10m4M INT are 
introduced into separating funnels. Saturated 
solutions of 2 ml of sodium fluoride and 2 ml of 
ascorbic acid are introduced (to mask the inter- 
fering ions). The solutions are extracted with 3 
ml of dichlorethane for 1 min. The organic layer 
is then transferred through filter paper into 1 -cm 
cell and measured at I = 250 nm. 

The quantity of chromium in the aliquot is 
determined by a standard curve. The results of 
the chromium determination in steels are given 
in Table 2. 

Application to analysis of soils 

The method was applied to the determination 
of chromium in five soil samples: lessive cinna- 
manic, pseudopodzolic, gray forest, brown and 
black soil. 

Sample dissolution. A 4-g soil sample is 
weighed and introduced into a platinum 
crucible, heated for 3 hr in a muffle furnace at 
550”. After cooling, the sample is transferred 
into a platinum bowl and 2 ml of bidistilled 
water, 1 ml of concentrated sulphuric acid and 
10 ml of hydrofluoric acid are added. It is 
evaporated on a sand bath until SOS vapour is 
evolved. The dry residue is dissolved in bidis- 
tilled water acidified with hydrochloric acid.” 
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Table 2. Determination of chromium in steels 

Content of chromium by Chromium found, 
N steel certification list, % % (?I) 

1 38 x 21-G CG-C 14a 1.84 1.83 f 0.02 (5) 
2 c0-C 37 17.6 17.58 f 0.01 (5) 

38 x21-G CO-C 14a (%): C-0.364; Si-O.50; Mnd.350; Ni-O.162; Cr-1.84; 
W-0.293; V-0.208; Q-0.128; Al-0.56; S-0.0058; P-0.0074; CG-C 37 (%): 
C-0.05; Si-0.5; Mn-1.35; Cr-17.6; Ni-12; Cu-O.2; Nb-1.2. 

Table 3. Determination of chromium in soils 

Cr x lo-’ % 

N Soil 
Iodnitrotetraxolium Atomic 

chloride absorption 
Relative 
error, % 

1 Lessive cinnamonic 4.35 4.37 0.45 
2 Pseudopodxolic 5.62 5.62 0.00 
3 Gray forest 3.10 3.12 0.64 
4 Brown 3.11 3.12 0.32 
5 Black 9.35 9.37 0.21 

After the precipitation of iron and aluminium 
the solution was transferred into a 25ml stan- 
dard flask and diluted up to the mark with 
bidistilled water. Aliquots from this solution 
were taken for analysis. 

Determination of chromium. Hydrochloric 
acid (1.2-ml, 1.2M), 2 ml of 1 x 10m4M INT and 
equal volumes of saturated solutions of ascorbic 
acid and ammonium fluoride are added to the 
sample solution. A lo-ml portion of the aqueous 
phase is extracted for 1 min with 3 ml of 
dichlorethane. A blank is run in parallel in the 
absence of soil sample. 

The concentration of Cr(V1) is determined 
with a standard curve. The accuracy of the 
method was checked with an atomic absorption 
method. The experimental data (Table 3) show 
good agreement between the results obtained by 
the two methods. 

The method with iodnitrotetrazolium chlor- 
ide can be successfully applied to the determi- 
nation of chromium in various objects. Its 
features are high accuracy, selectivity and 
sensitivity. 
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ANNOTATION PAPER 

INTERFERENCE BY VOLATILE NITROGEN OXIDES 
IN THE DETERMINATION OF MERCURY BY 

FLOW INJECTION COLD VAPOR ATOMIC 
ABSORPTION SPECTROMETRY 

INGE ROKKJKR, Roy HOYER* and NINA JENSEN 
Department of Chemistry, Aarhus University, Langelandsgade 140, 8000 Aarhus C, Denmark 
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Snmmary-The determination of mercury by the title method with sodium tetrahydroborate as reducing 
agent can be interfered with by volatile nitrogen oxides which inhibit the reduction of mercury by 
scavenging the reducing agent. The nitrogen oxides are formed as reduction products of nitric acid during 
sample decomposition. The interference effect was encountered in the determination of mercury in 
sewage sludge digests, and the main symptom was poor reproducibility of the shape of the mercury peak. 
The area of the mercury peak is more resistant to the interference than the peak height. The nitrogen oxide 
interference did not cause any systematic error in the mercury determination when calibration was done 
by standard addition. The interference can be easily remedied by purging the sample with argon. 

The coupling of flow injection (FI) with 
cold vapor atomic absorption spectrometry 
(CVAAS) for the determination of mercury 
has many significant advantages in comparison 
with the conventional batch CVAAS technique. 
These advantages include’ lower sample and 
reagent consumption, higher sample through- 
put, ease of automation and superior resistance 
to metals which cause solution-phase inter- 
ferences (e.g. Ni, Cu and Ag). When sodium 
tetrahydroborate is employed as reducing agent 
in FI-CVAAS it is generally used in lower 
concentration than in batch CVAAS,‘** and the 
determination of mercury by the latter tech- 
nique is therefore more susceptible to inter- 
ferences from sample constituents which 
scavenge the reducing agent. The present paper 
describes an interference of this type which was 
encountered in the determination of mercury 
by FI-CVAAS in digests of sewage sludge. The 
interference effect could be attributed to volatile 
nitrogen oxides which were formed during the 
decomposition of the sample. 

To the authors’ knowledge, the interference 
from nitrogen oxides in the determination of 
mercury by batch CVAAS has only been 
described in one paper: and the interference 

*Author for correspondence. 

therefore appears to be rare in this technique. 
Stuart4 and Wigfield et ~1.~ have previously 
shown that the peak area is generally less sus- 
ceptible to matrix effects and interferents than 
the peak height in the determination of mercury 
by batch CVAAS. 

EXPERIMENTAL 

Apparatus 

All atomic absorption measurements were 
made with a Perkin-Elmer ZL 4100 spec- 
trometer equipped with a 16.6-cm quartz 
flow-through cell heated to 200”. Operating 
conditions were as follows: wavelength, 253.7 
nm; monochromator wavelength interval, 0.7 
nm; mercury hollow cathode lamp current, 
6 mA. Sample introduction was performed by 
a Perkin-Elmer FIAS 200 flow injection sys- 
tem, of which a schematic diagram is shown in 
Fig. 1. The gas-liquid separator was a vertical 
tube with the sample inlet placed above the 
waste outlet and the gas outlet in the top.6 
The internal volume of the gas-liquid separator 
was 4.1 ml, and it was fIlled with spherical 
glass beads with a diameter of 3 mm. The l-mm 
i.d. tube connecting the gas-liquid separator 
and the quartz cell was one metre long. 
The carrier was a 10% (v/v) hydrochloric acid 
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P2 d&-l W 

Fig. 1. Schematic diagram of flow injection system for 
mercury determination. Pl , P2: peristaltic pumps; S: sample 

inlet; W: waste. 

solution, while the reductant, unless stated 
otherwise, contained 0.2% (v/w) sodium tetra- 
hydroborate stabilized with 0.04% (v/w) 
sodium hydroxide. The flow rates were as fol- 
lows: carrier, 10 ml/min; reductant, 5 ml/min; 
waste, 30 ml/mm; argon, 75 ml/min. The amal- 
gamation accessory was a Perkin-Elmer system 
in which the gas from the gas-liquid separ- 
ator passes through a wash bottle and a 
magnesium perchlorate drying filter prior to 
collection of mercury on a platinum-gold gauze. 
Mercury is subsequently liberated by rapid 
heating of the gauze to 600”. In the experiments 
with the amalgamation technique, the argon 
flow through the gas-liquid separator was 
300 ml/mitt, while the collector was purged with 
a 75 ml/min argon stream during heating. The 
volume of the sample loop was respectively 
500 ~1 in the direct flow injection measurements 
and 200 ~1 in the measurements with the amal- 
gamation technique. The pressure digestion 
bomb (Berghof model DAB III) was made of 
stainless steel with a 250-ml Teflon insert. 

Reagents and samples 

Solutions were prepared from triply distilled 
water and Merck Suprapur chemicals except 
for sodium tetrahydroborate and potassium 
dichromate which were of Merck analytical 
grade with low mercury content. The anti-foam- 
ing agent was Merck no. 7743 silicone oil. 
Mercury standards were prepared in a stabiliz- 
ing medium containing 5% (v/v) nitric acid and 
0.05% (w/v) potassium dichromate. Sludge 
samples were supplied from a local sewage 
treatment plant. The type I sludge was sampled 
from the aerobic stage of the treatment while the 
type II sludge originated from an anaerobic 
digester. The total solid content of sludge I and 
II was respectively 2.8 and 4.0%. 

Procedure 

Sludge samples were decomposed by mixing 
20 ml of concentrated nitric acid and approxi- 
mately 20 g wet sludge in the pressure digestion 
bomb and heating it to 140” for 4 hr. After 
cooling, the digest was transferred to a standard 
flask and the volume made up to 100 ml with 
water. The nitric acid concentration of this 
solution determined by acid-base titration was 
2.9 f O.lM for both sludge types. Before mer- 
cury determination, the type II sludge digest 
was further diluted tenfold with water. Volatile 
nitrogen oxides were removed from the digests 
by purging with an argon stream (75 ml/min) in 
a sample tube (15 mm i.d.). 

Quantitation of mercury was done by stan- 
dard addition. It has been shown that precision 
is improved by use of a single, large addition 
with the number of measurements equally dis- 
tributed between sample and spiked sample.’ 
This approach was adopted in the present study, 
and the mercury concentration was approxi- 
mately tripled by the addition. In separate 
experiments it was verified that the linear part 
of the instrument response function was not 
exceeded by the addition. Four replicate 
measurements were performed on the unspiked 
as well as the spiked sample. A blank signal 
measured in O.lM nitric acid was subtracted 
from all absorption curves. Signals were 
smoothed with a 5-point Savitsky-Golay algor- 
ithm prior to peak height evaluation. The peak 
integration time was 20 set unless stated other- 
wise. Signals were evaluated by peak height in 
the amalgamation technique. 

RIEXJLTS AND DISCUSSION 

In Fig. 2, a series of absorption curves 
obtained by repetitive mercury measurements 
on the type I digest is shown. The technique 
employed is FI-CVAAS without amalgama- 
tion. Obviously, the peak shape can vary 
considerably between individual replicates. 
Although a gradual decrease of peak height is 
seen in Fig. 2, it was generally observed that 
the variations in peak shape were random. The 
relative standard deviation of the peak height 
and peak area were respectively 11.5 and 2.4% 
for the signals in Fig. 2 which are typical values 
for repetitive measurements on the type I 
digest. Thus, precision is substantially improved 
by using the peak area instead of the peak height 
as the analytical signal. 



731 

0.03- 

A. 
0.02- 

0.03- 

A. 
0.02- 

O.OL- O.OL 

0.03- 0.03- 

A - A - 
0.02- 0.02- 

0 I I 0 7 
0 10 

I I 
t/set 

20 0 10 
t/SW 2o 

Fig. 2. Absorption peaks for mercury obtairted by repetitive measurements on the type I sludge. 
The peak heights (absorbance) and areas (absorbance.s) are respectively: (A) 0.038, 0.203; (B) 0.032, 

0.214; (C) 0.032, 0.204; (D) 0.029, 0.207. 

Initially it was believed that the poor repro- and the reductant stream. From this hypothesis 
ducibility of the absorption peak of mercury it follows that the shape and the reproducibility 
was due to segmentation of the sample stream of the mercury peak should be improved by 
by the formation of hydrogen gas which takes decreasing the concentration of sodium tetra- 
place at the confluence point of the sample hydroborate. However, as shown in Fig. 3 the 
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Fig. 3. Influence of the reductant concentration on the mercury signal measwed in a type I digest by 
FI-CVAAS without amalgamation. Sodium tetrahydroborate concentration [% (v/w)]: (A) 0.2; (B) 0.15; 

(C) 0.1; (D) 0.05. 
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mercury peak was suppressed, broadened and 
even split when the strength of the reducing 
solution was decreased. In a similar experiment, 
a mercury standard prepared in a nitric acid 
medium of equal strength as the type I digest 
was used as sample. In this case, it was found 
that the concentration of sodium tetrahydro- 
borate could be reduced from 0.2% (v/w) to 
at least 0.012% (v/w) without any significant 
change of the mercury signal. Therefore, a con- 
stituent of the type I sample matrix interferes 
with the reduction of mercury or the separation 
of the elemental mercury into the gas phase. 
In Fig. 4 it is shown that purging of the type I 
digest with argon greatly improves the shape 
of the mercury absorption peak, and the inter- 
ferent must therefore be volatile. This is in 
agreement with previous works which showed 
that nitrogen oxides generated by reduction of 
nitric acid during sample decomposition can 
inhibit the formation of the hydrides of arsenic 
and selenium in the hydride generation atomic 
absorption technique. Signal suppression by 
nitrogen oxides has also been reported in the 
determination of mercury by batch CVAAS in 
samples which were decomposed by a mixture 
of nitric, sulphuric and hydrochloric acid.3 The 
decomposition was done in an open flask heated 
by a boiling water bath, and it would be ex- 
pected that the volatile nitrogen oxides escaped 

0.03- 
A - 

0.02- 

under such conditions. However, concentrated 
sulphuric acid reacts with nitrogen oxides, e.g.,’ 

Nz04 + 3H, SO, 

c) NO+ + NO: + 3HSO,- + H,O+ 

and their solubility is therefore increased. 
This is in agreement with the fact that no 
interference from nitrogen oxides was observed 
when nitric acid was used on its own for 
decomposition.3 

The extent of the interference from nitrogen 
oxides in the type I digest was related to the 
age of the digest. In one digest, which had been 
kept for four months in a half full bottle, no 
interference was observed at all, and a reduction 
of the concentration of sodium borohydride 
from 0.2% (v/w) to 0.003% (v/w) only caused 
a slight broadening of the mercury peak, while 
the integrated absorbance was unaffected. 
Usually, 2 or 3 days passed between sample 
decomposition and the FI-CVAAS measure- 
ment. In this case the degree of interference was 
typically as shown in Fig. 1. The mercury signal 
was strongly suppressed and resembled Fig. 2C 
when the measurement was performed immedi- 
ately after the sample was transferred from the 
pressure bomb. These observations can all be 
attributed to the volatility of the interferent. 
In all cases, it was found that 10 min of argon 
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Fig. 4. Influence of the argon purging time on the mercury signal measured in a type I digest by 
FI-CVAAS without amalgamation. Sodium tetrahydroborate concentration: 0.2% (v/w). Purging time 

(min): (A) 0, (B) 2; (C) 4, (D) 6. 
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purging was sufhcient for complete elimination 
of the interference. No further change of the 
mercury signal occurred when the purging 
time was increased to 60 min, and the amount 
of mercury lost by the purging is therefore 
insignificant. 

The most plausible explanation3 of the inter- 
ference effect appears to be that the reduction 
of nitric acid during sample decomposition 
yields a volatile product (the interferent) which 
is further reduced by sodium tetrahydroborate. 
The rate of the latter reaction must be so fast 
that tetrahydroborate is consumed before the 
reduction of mercury is complete. Naturally, 
the suppression of the mercury evolution can 
only be complete when the interferent is in 
stoichiometric excess of tetrahydroborate. The 
scavenging of the reductant and the concomi- 
tant inhibition of mercury evolution will be 
most pronounced in the central part of the 
sample zone where the concentration of 
the interferent is highest. This effect explains 
the splitting of the mercury peak at low reduc- 
tant concentrations which is seen in Fig. 3. 

The main products of the reduction of nitric 
acid when used as oxidant in high concentration 
are’ NO, N02, N, 0, and NO; . On the basis of 
the present work it is not possible to determine 
which species is the actual interferent. Argon 
purging will also remove nitrite from the sample 
according to the reaction9 

3HN02 t) HNO, + Hz0 + 2NOf. 

An attempt was made to eliminate the inter- 
ference from nitrogen oxides by increasing 
the strength of the reductant solution, which 
normally contained 0.2% (v/w) sodium tetra- 
hydroborate. However, this was not possible 
in practice with the digests of the type I 
sludge because the formation of aerosol in the 
gas-liquid separator became excessive, and 
the moisture carried into the quartz cell con- 
densed on the end windows. Moderate foam- 
ing occurred in the gas-liquid separator when 
mercury was determined in the type I digest. 
Addition of anti-foaming agent to the carrier 
solution did not reduce the foaming signifi- 
cantly, whereas some suppression of the foam- 
ing was obtained by adding anti-foaming agent 
to each sample. However, this measure did 
not improve the reproducibility of the mercury 
signal, and further use of the anti-foaming agent 
was given up. 

The data given in Fig. 2 and Fig. 5 indicate 
that the area of the mercury peak is less suscep- 
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Fig. 5. Influence of the argon purging time on the peak 
height (m) and the peak area (A) of the mercury signal 
measured in a type I digest by FIXVAAS. Experiment 
conditions as in Fig. 4. Each point is the average of 3 

replicates. 

tible to the interference from nitrogen oxides 
than the peak height. In order to investigate 
this matter further, the results obtained by the 
direct FI method and the amalgamation method 
were compared. In the latter, the collection of 
mercury prior to the measurement step yields 
a signal which corresponds to the total quantity 
of mercury evolved during the reduction step, 
and this signal is not sensitive to variations in 
the shape of the mercury concentration transi- 
ent emerging from the gas-liquid separator. 
The amalgamation method will also be affected 
by interference from nitrogen oxides if the evol- 
ution of mercury is inhibited to such an extent 
that a significant amount of unreacted, ionic 
mercury is pumped to waste from the gas-liquid 
separator. However, the measurements reported 
in the following were performed on digests 
which were at least 2 days old (see above), and 
purging of the digest with argon did not affect 
the mercury signal obtained with the amalgama- 
tion method. This result implies that the inter- 
ference from nitrogen oxides is not so severe 
that it reduces the efficiency of the transfer 
of mercury from the sample to the collector. 
Mercury was determined in twelve separate 
digests of the type I sludge by the direct FI as 
well as the amalgamation method, and the 
concentration (as determined by the latter 
method) ranged from 4.6 pg/l. to 6.3 pg/l. When 
the FI signals were evaluated by peak height, the 
ratio R = iW~r~~~ /l?WT~~~~~a~~ rant34 

from 82 to 105%, with mean and standard 
deviation of respectively 96 and 6%. For the 
peak area evaluation of the FI signals, the 
corresponding values for R were: range, 
95-105%; mean, 99%; standard deviation, 3%. 
Again, precision is improved by use of peak 
integration. A f-test showed that the mean 
value of R obtained by either form of signal 
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evaluation did not dilfer from 100% at a 95% 
confidence level. Therefore, it cannot be con- 
cluded from the data that the interference from 
nitrogen oxides causes systematic errors in the 
direct FI mercury determination. However, it 
must be emphasized that quantitation of 
mercury was carried out in a manner that 
yields a high precision (see above). If fewer 
replicates and a smaller standard addition is 
used, as would be expected in a routine appli- 
cation, the variations in peak shape can cause 
serious scatter of the results in the direct FI 
method when signal evaluation is based on peak 
height. 

The high mercury content of the type II 
sludge digest necessitated a further tenfold 
dilution prior to measurement. In this matrix, 
no signal distortion was observed, and the rela- 
tive standard deviation of the peak height as 
well as the peak area was typically 2%. For 
this sludge type the accuracy of the direct FI 
method was also verified by comparison with 
the amalgamation technique. Eleven digests 
were analysed, and the mercury content in the 
diluted digests ranged from 4.3 to 7.1 pg/l. 
The values for R (defined above) were: (a) peak 
height evaluation of FI signals: mean, 100%; 
standard deviation, 3%; (b) peak area evalu- 
ation: mean, 99%; standard deviation, 3%. 
In this case, there is little to choose from the two 
ways of quantifying the signal in agreement with 
the reproducible FI peak shapes. 

As discussed above, the precision of the 
determination of mercury by FI-CVAAS 
without amalgamation in the type I digest 
was improved by evaluating the signal by 
peak area instead of peak height. However, 
it is possible that signal evaluation by peak 
area results in a poorer detection limit as 
the best signal-to-noise ratio (S/N) is found 
at the peak maximum. On the other hand, 
the noise is averaged by signal integration, 
and it is not possible to determine a priori 
whether it is peak height or peak area that 
yields the best detection limit. This matter 
was not investigated experimentally, but an 
estimate can be given as follows. If the noise 
level N is assumed to be independent of 
absorbance at low absorbance levels, one 
obtains: 

A 
(s/Qeakh=~. 

In practice, the peak area is evaluated by 
numerical integration of I absorbance readings 

taken with constant time interval At, and S/N 
for the peak area is approximately 

At i Ai 

(S/N),,.= i*’ 
At . NJI 

if the noise is “white”. Thus, 

(S/N),,, = 1 A, J* 
ev$cak. 

iAi - 
r-l 

Moreover, 

z= 
integration time 2osec 

At 
= -= 1110. 

18 msec 

It is reasonable to assume that the shape of 
the signal is independent of concentration at 
low signal levels, or, in other words, that 
the ratio between peak height and peak area 
is constant. In a typical signal (cJ Fig. 2), 
the values for the peak height and the peak 
area were respectively 0.038 A and 0.20 A -s, 
and 

A, peak h 
-= 

(peak area)/At 
= 0.0034. 

Therefore, 

which indicates that the best detection limit 
with the given experimental conditions is 
obtained by evaluating the signal by peak 
area. However, it must also be taken into 
account that (S/N)@h is improved by the 
Savitsky-Golay smoothing. 

In conclusion, there is a risk of interference 
from volatile nitrogen oxides when mercury 
is determined by FI-CVAAS in digests of 
samples which have been decomposed by 
nitric acid. This acid is prescribed for sample 
decomposition in, e.g., the Danish”’ and 
Swedish*’ standard methods for mercury 
determination in waters, sludges and sediments. 
The interference effect is easily eliminated 
by purging the sample with argon. Alterna- 
tively, the nitrogen oxides can be reduced by 
sulphamic acid.6 The interference is more 
likely to occur in FI-CVAAS than in batch 
CVAAS as the concentration of sodium tetrahy- 
droborate used in the latter method is higher. 
For example, the concentration of sodium 
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Summary-A rapid, precise and low cost method for saccharin determination in dietary products is 
proposed. Saccharin in several samples is potentiometrically titrated with mercurous nitrate solution using 
a silver wire coated with a metallic mercury film as the working electrode, and the end point was found 
using a Gran’s plot. The detection limit of sodium saccharin was 0.5 mg/ml and the best pH range was 
from 2.0 to 3.5. Sucrose, glucose, aspartame, sodium cyclamate, sorbitol, fructose, benxoic acid, salicylic 
acid and lactose do not interfere even in significant amounts. The interference due to the presence of 
chloride and/or phosphate ions can be eliminated by previous solvent extraction of this sweetener. 
Recovery of saccharin from various dietary products gave from 95.2 to 103.2% of the label claim. 

Saccharin ( 0 - benzoic sulfimide , 
C,I&COSOJW) and its salts are white crys- 
talline powders, odorless and in diluted solution 
are about 400-500 times’ sweeter than sucrose. 
Due to their characteristics, they are widely 
used in medicine and several dietary prod- 
ucts. There are several analytical procedures 
cited in the literature for determining saccharin 
such as gravimetry, 2*3 polarography,4*5 fluorime- 
try,6 ultraviolet spectrophotometry,‘+’ infrared 
spectrophotometry,g thin-layer chromatog- 
raphy,” gas-liquid chromatography,‘1-‘3 high- 
performance liquid chromatography,14*r5 visible 
spectrophotometry using tris-( 1, lo-phenanthro- 
line)-iron(I1) chelate,r6 methylene blue,” 
phenothiazine,‘* phenosulphonaphthalein,” 
chlorophenothiaxine,20 azure B2’ and azure C** 
and potentiometry by using a liquid membrane 
electrode based on the formation of ion associ- 
ation between this sweetener with iron(II)- 
bathophenanthroline chelate.23 Nevertheless 
most of these methods are time-consuming and 
laborious.2-s*‘0*‘bzz while others either need 
costly equipmentU~“-‘s or have limitations in 
selectivity and/or sensitivity.2*3~6’o*‘623 

In this paper, a new potentiometric method 
for saccharin determination in dietary products 
is proposed, based on the low solubility of 

*Author for correspondence. 

mercurous saccharinate. Saccharin was poten- 
tiometrically titrated with Hg, (NO,) 2 solution 
and the remaining H&+ was monitored by a 
silver electrode coated with a metallic mercury 
film. After the equivalence point, a small excess 
of the titrant causes a potentiometric jump that 
was treated by a Gran’s plot to give a precise 
and accurate end point determination. The pro- 
posed method is rapid, precise, accurate, inex- 
pensive and does not need previous preparation 
to remove interferring substances. Only samples 
containing chloride and/or phosphate ions need 
be extracted with ethyl acetate in order to 
quantitate saccharin. 

EXPJZRIMENTAL 

Apparatus 

Potentiometric measurements were carried 
out using a Micronal potentiometer, model 
B374 with 1 mV precision. The indicator elec- 
trode used was a silver wire (Aldrich, 99.9%) 
of 1 mm diameter and 15 mm length coated 
with a metallic mercury film and the reference 
electrode was a silver-silver chloride electrode in 
a O.lM KC1 solution with a 3.OM NaNO, 
bridge. 

All potentiometric measurements were made 
in a 25 ml glass vessel and the temperature was 
kept at 25 f 1°C by circulation of water from a 
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Freital thermostatic bath, model U2C. 

Reagents 

All reagents used were of analytical grade. 
Saccharin stock solution was prepared by dis- 
solving 4.580 g of saccharin (Aldrich, 99O/,) in 
25-30 ml O.lM NaOH solution and diluted to 
250 ml. The reference solutions were prepared 
from the stock solution. The ionic strength and 
pH of these solutions were adjusted to 0.2M 
with sodium nitrate and to pH 3 with nitric acid. 

The mercurous nitrate solution was prepared 
by dissolving 2.6260 g of Hg,(NO,)* (Aldrich, 
99%) in 10e3M HNO,. The ionic strength of 
this solution was adjusted to 0.2M with NaNO, 
and the volume was made up to 1000 ml with 
water. This 0.005M solution was then standard- 
ized with 0,OlM potassium chloride solution by 
potentiometric titration. A silver wire coated 
with mercury was used as an indicator electrode. 

Sample preparation 

Dote Menor powder and Assugrin liquid 
sweetener (VepC Industria Alimenticia Ltda., 
SBo Bernard0 do Campo, S. P., Brazil), Sucaryl 
liquid sweetener (Abbott Laboratorios do Brasil 
Ltda., SPo Paulo, S. P., Brazil), Dietil liquid 
sweetener (Nutricia S. A., Rio de Janeiro, R. J., 
Brazil), and Diet Coke (Refrescos Ipiranga 
Ltda., Ribeiriio Preto, S. P., Brazil) were pur- 
chased from a local food store. 

(a) Liquid sweeteners 

A volume of 1.0 ml of each liquid sweetener 
sample was diluted to 25.0 ml in a volumetric 
flask with 0.2M NaN03 made to pH 3 with 
nitric acid. Then. 5.0 ml of this solution was 
directly titrated with 5.4 x 10v3M Hg,(N03)2 
solution. 

(b) Powder sweeteners 

An accurately weighed amount of 1 J-1.6 g of 
the solid sweetener was transferred to a 20.0 ml 
volumetric flask and the sample was dissolved 
and diluted to volume with 0.2M NaN03, pH 3 
solution. An aliquot containing lO-t30 mg of 
saccharin was transferred to the glass vessel and 
titrated as described with liquid sweeteners. 

(c) Low calorie soft drinks 

An aliquot of 250 ml of low calorie soft drink 
was transferred into a 500 ml separator funnel. 
An aliquot of 2 ml of concentrated HNO, was 
added and the saccharin content was extracted 

three times with 50, 30 and 10 ml of ethyl 
acetate, respectively. The layers were allowed to 
equilibrate for at least 3 min after each extrac- 
tion. The organic phases were transferred to a 
150 ml beaker and ethyl acetate was evaporated 
in a current of hot air. To the residue was added 
sufficient O.lM NaOH solution to dissolve it, 
the pH adjusted to 3, and the solution was 
transferred to a 20 ml volumetric flask. The 
solution was made up to volume with 0.2M 
NaNO, solution and an aliquot of 5.0 ml was 
taken for titration as previously described. 

RESULTS AND DISCUSSIONS 

Life-time of the electrode 

After about 10 titrations it is necessary to 
wash the electrode with distilled water to re- 
move the precipitate. The mercury film must be 
renewed daily. 

Eflect of pH 

The effect of the pH on the determination of 
9.52 x 10e3M saccharin by 5.40 x lo-‘M mer- 
curous nitrate was studied. The optimum pH 
values for the titration of this sweetener was 
found to be from 2.0 to 3.5. There is a decrease 
of the potentiometric jump at a pH of less than 
2.0 due either to the partial decomposition of 
saccharin to ammonium o-sulfobenzoic acid by 
acid hydrolisis’ and/or protonation of the sac- 
charinate anion (pKa = 1.6).” The decrease also 
occurs at a pH of above 3.5 due to the hydroly- 
sis of mercurous cation to HgzO. A 0.2M 
NaN03 solution at pH 3 was then chosen for 
further work. 

Potentiometric titration 

Figure l(a) shows a typical titration curve 
of 5 ml of 9.52 x lo-‘M saccharin with 
5.4 x 10T3M mercurous nitrate at 0.2M ionic 
strength and pH 3.0. Figure l(b) shows the 
Gran’s Method25*26 applied to determine the 
equivalence point of this titration, using the 
equations for precipitation titrations in which 
the electrode responded to the titrant (H&+). 
For this kind of reaction, Gran’s Function, F2, 
is equal to (V, + V) x 10-“@K before the equiv- 
alence point, and equal to (Y, + V) x lOElK after 
the equivalence point, where V, is the initial 
volume of saccharin solution, V is the added 
volume of mercurous nitrate solution, E the 
observed EMF, K the calibration slope of the 
indicator electrode, and m and n are equal to 1 
and 2, respectively. The precision was estimated 
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Fig. 1. (a) Typical titration curve of saccharin with mer- 
curous nitrate at ionic strength 0.2M, pH 3 and 25°C. 
(b) Gran’s method applied to determine the equivalence 

point of this titration. 

from six titrations for 5 ml aliquots of 
9.52 x 10-3M saccharin with mercurous nitrate. 
The standard deviation of the added volume of 
Hg2(N03)2 at the equivalence point and the 
relative standard deviation were 0.025 ml and 
1.21%, respectively. The detection limit of the 
method performed by addition of saccharin 
in sugar containing soft drink (Coke) was 
8 x 10-4A4. 

Analytical curve 

The analytical curve obtained [V, = 0.0285 + 
0.4649m,(mg)] from five different titrations of 
saccharin with 5.40 x 10e3M of mercurous ni- 
trate and the good linearity (r = 0.9993) be- 
tween the equivalence volume (V,) and the 
amount of titrated saccharin (mg), demon- 
strated the usefulness of the proposed method. 

E$ect of foreign substances 

Several potential organic and inorganic inter- 
ferents which would be expected to exist in 
dietary products such as sucrose, fructose, glu- 
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Fig. 2. Effect of cyclamate concentration 
( . . . :O.lO; + + + :0.20 and AAA :0.5OM) onthedetermi- 
nation of 9.52 x lO-)M saccharin with 5.40 x lo-‘M of 

mercurous nitrate solution. 

case, aspartame, sodium cyclamate, sorbitol, 
benzoic acid, salicylic acid, lactose, citric acid, 
sodium chloride and sodium phosphate were 
investigated in a concentration range of at least 
50 times higher than that of saccharin. Of those 
substances, only sodium chloride and sodium 
phosphate have strong interference, while 
sodium cyclamate has little interference, except 
at high concentrations. However, the interfer- 
ence due to chloride and/or phosphate ions can 
be eliminated with previous solvent extraction 
of the sweetener from aqueous medium with 
ethyl acetate. Figure 2 shows the effect of cycla- 
mate concentration (0.10; 0.20 and 0.50M) on 
the titration of 1.0 ml of 9.52 x 10m3M of 
saccharin with 5.40 x 10e3M of mercurous ni- 
trate. It can be seen from the curves that this 
method can be successfully applied to the deter- 
mination of saccharin, even in the presence of 
cyclamate in a concentration range of 20 times 
that of saccharin. Nevertheless, 0.50M cycla- 
mate solution (50 times) has a strong effect. 

Determination of saccharin in dietary products 

The results presented in Table 1 show a 
recovery of 95.2-103.2% of saccharin from 
three dietary products. In this study 1.89; 3.89; 
5.78 and 7.74 mg/ml of saccharin were added to 
several diet products. 

Table 2 presents a comparison between a UV 
spectrophotometric method, reported as one of 
the most used methods for saccharin determi- 
nation,’ and that proposed in this paper. Su- 
caryl was also analysed by the standard addition 
method and the result obtained is very similar to 
that obtained by Gran’s method. The results are 
in close agreement with those reported and 
within an acceptable range of error. The adap- 
tation of this method in flow injection analysis 
is underway. 

Table 1. Recovery of saccharin from various dietary 
products 

Sample 

Assugrin 

SUGi~l 

Dote Menor 

Saccharin (mg/ml) 

Added Found 

1.89 1.80 
3.89 3.99 
5.78 5.92 
7.74 7.62 
1.89 1.95 
3.89 3.78 
5.78 5.55 
7.74 7.53 
3.89 3.91 
5.78 5.75 
7.74 7.81 

Recovery 
(“/) 

95.2 
102.6 
103.1 
98.5 

103.2 
97.2 
96.0 
97.3 

100.5 
99.5 

100.9 
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Table 2. Potentiometric determination of saccharin in dietary products using Gran’s method 

Sample 

Saccharin content (mg/mf), 
(n&l)* or (mg/2% ml)t 

Spectrophotometric Potentiometric$ 
Rel. error 

% 
Coefficient 

of variation 

Assugrin 57.2 55.8 f 3.0 - 2.4 5.4 
Dietil 50.1 48.0 f 1.0 - 4.2 2.1 
Sucaryl 58.7 61.2 f 3.0 +4.3 4.9 
sucaryl~ 58.7 59.5 f 0.5 + 1.4 1.0 
Dote Menor* 24.8 26.2 f 0.5 + 5.6 1.9 
Diet Coke? 15.2 15.7 f 0.7 + 3.3 4.5 

IAssay values represent the average of six (a = 6) determinations per sample with a confidence level 
of 95%. 

@etermined by standard addition method. 

CONCLUSIONS 9. D. Coppini and A. Albasini, Mitt. Geb. Lebensrnittelm- 

The potentiometric method for determination 
ters Hyg., 1968, 59(3), 239; Ckm. Absrr., 1969, 70, 

of saccharin reported in this paper is rapid, 
765038 

10. T. Korbelak, J. Assoc. Ofl Anal. Chem., 1%9,52,487. 
precise and of low cost. It is suitable for routine 11. H. Koenig, Fresenius’ Z. Anal. Cbem., 1971, 225, 123. 

analysis of this sweetener in various dietary 12. J. Robert, J. Assoc. 08 AMI. Chem. 1971, 54, 1140. 

products. 13. E. M. Ratchik and V. Viswanathen, J. Pharm. Sci., 
1975, 64(l), 133. 
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Summary-Voltammetric reductions of several organohalide pollutants in 6hns of didodecyldimethylam- 
monium bromide @DAB) and clay-DDAB cast onto pyrolytic graphite electrodes were examined. Direct 
reduction data show that the amount of accumulation in these liquid crystal films was larger for relatively 
nonpolar analytes such as trans-1,2dibromocyclohexane than for chlorinated acids. The vi&al dibro- 
mides are probably taken up by hydrophobic regions of the tihns. Chlorinated acids were accumulated 
and reduced in DDAB 6lms. but their direct reduction was partly blocked by the clay-DDAB lihns. 
Catalytic reductions using 6hns containing metal phthalocyanines had good efficiencies for all substrates 
studied and shifted reduction potentials positive by 200-550 mV. 

Solutions of dispersions of water-insoluble sur- 
factants can be cast onto solid supports to make 
ordered Ghn~.‘-~’ Results of X-ray diffraction, 
electron microscopy, and gel-to-liquid crystal 
transition temperatures close to those of bilayer 
vesicle suspensions of the same surfactants have 
been used to propose stacked, wavy multiple 
bilayer structures for these films.1-15~‘9~ A par- 
tially disordered structure of adjacent bilayer 
domains has been deduced on the basis of phase 
transition and electron microscopy studies of 
dialkyldimethylammonium fihn~,~ and a similar 
structure was proposed for phospholipid films 
based on electrochemistry of incorporated am- 
phiphilic probes. z” Surfactant hhns with mul- 
tiple bilayer structures can also be prepared as 
intercalates between clay8,“,” or linear ionic 
polymer layers.%14 

Insoluble surfactants used for cast flhns typi- 
cally have two or three hydrocarbon chains of 
12 or more carbons. Permeability of these sur- 
factant films is controlled by their phase. Neu- 
tral, water soluble solutes pass through films 
that are in the liquid crystal state, but per- 
meability is poor in the solid-like gel phase.g’3 

Ordered surfactant films have many potential 
uses in analytical chemistry.‘S~‘6‘M They show 
permselectivity. Films of didodecyldimethylam- 
monium bromide (DDAB) are impermeable to 
multiply charged hydrophilic cations in aqueous 

*Part 12 of the series: Electrocatalysis in Drganixed Media. 
tAuthor for correspondence. 

solution,‘6 and DDAB-clay films are relatively 
impermeable to multiply charged anions and 
cations in solution. ‘* Anionic redox catalysts in 
aqueous solutions can be introduced by ion 
exchange into liquid crystalline films of DDAB 
from aqueous solutions. Films incorporating 
anionic metal macrocyclic tetrasulfonates on 
electrodes” and clay-surfactant composite Ghns 
containing neutral metal phthalocyanines have 
been used to catalyze reductions of trichlor- 
acetic acid.‘* Charge transport rates were much 
better for both types of films in liquid crystal 
phases than in solid-like gel states. Surfactant 
films loaded with metal phthalocyanine tetrasul- 
fonates” or intercalated with clay colloids’* gave 
stable signals for several weeks or more in 
aqueous electrolyte solutions. DDAB films 
without such stabilizing anions were usable for 
about a week.16 

Since liquid crystal films of cationic surfac- 
tant are permeable to neutral or anionic organ- 
its, there are two components to electrochemical 
catalysis using them. The first is the usual 
electrochemical catalytic cycle. Represented in 
its simplest form: 

P + e = Q E$c (at electrode) (1) 

2 Q + RX + 2 P + Products (in film, rds) (2) 

in which the reduced form of the catalyst Q 
formed at the electrode reduces organohalide 
substrate RX at potential E;;Q, which is typi- 
cally significantly positive of the potential of 
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direct, irreversible reduction of substrate RX. 
The current at E”’ p,o is increased by the catalytic 
cycle in rough proportion to the square of the 
rate of the bimolecular rate-determining step 
(rds), equation (2). The fihu may also precon- 
centrate substrate RX. Enhanced RX concen- 
tration in the films would produce larger 
currents in the direct reduction than at bare 
electrodes, and perhaps increase rates of cata- 
lytic reductions via enhancement of the rate of 
the bimolecular rds.” 

In this paper, we compare direct and catalytic 
reductions of several small, aliphatic organo- 
halide molecules in DDAB and clay-DDAB 
films, with the aim of surveying possible voltam- 
metric applications. DDAB was chosen because 
its films are liquid crystalline at ambient tem- 
perature>‘6 and should be permeable to and 
perhaps preconcentrate the organohalides. In 
contrast, flhns of longer chain alkylammonium 
surfactants, such as dioctadecyldimethylammo- 
nium bromide, are in the solid-like gel state 
below 44-5O”C, and show poor permeability 
and charge transport at ambient temperature. 

Aliphatic organohalide molecules that are 
completely dehalogenated by reduced metal 
phthalocyanine catalysts were chosen. These 
compounds are “activated” by having a 
-COOH or another carbon-halogen group 
adjacent to a carbon-halogen bond attacked in 
the reaction.23*z4 The specific compounds studied 
were trichloroacetic acid, formed in water 
chlorination,” 3-chloroacrylic acid, a hydrolysis 
product of the soil fumigant Vorlex (1,3- 
dichloropropylene),2 and two vicinal dihalides 
that serve as models for many aliphatic fumi- 
gants and pesticides. 

EXPERIMENTAL 

Chemicals 

Didodecyldimethylammonium bromide 
(DDAB, 99+ %) and cobalt phthalocyanine 
(CoPc) were from Eastman Kodak and used as 
received. Nickel phthalocyanine tetrasulfonic 
acid tetrasodium salt (NiPcTS), trans-3- 
chloroacrylic acid (CAA), 1,Zdibromobutane 
(DBB) and trans- 1,2-dibromocyclohexane 
(DBCH) were from Aldrich. Trichloroacetic 
acid was from Janssen Chimica. Butanol was 
from Burdick & Jackson. Bentonite clay 
(Bentolite H) was from Southern Clay Products, 
cation-exchange capacity 80 mequiv/lOO g. 
Other chemicals were analytical reagent grade. 

Apparatus 

Cyclic and square-wave voltammetry were 
done in three-electrode cells using a basal plane 
pyrolytic graphite (HPG-99, Union Carbide) 
cylinder as a working electrode, a platinum-wire 
as a counter electrode, and a saturated calomel 
electrode (SCE) as reference. The potentiostat 
was a BAS-100 electrochemical analyzer. 
Cells were thermostated at 25°C. PG cylinders 
(A = 0.20 cm’) were sealed into heat shrinkable 
teflon tubes, as described previously.i7*‘9 Pyro- 
lytic graphite (PG) electrodes were abraded to a 
rough finish with 400~grit Sic paper before 
coating. 

Preparation of jilms 

DDAB films were prepared by pipetting 10 ~1 
of 0.1 it4 DDAB/chloroform onto a freshly 
abraded PG electrode, as described previously.‘6 
Chloroform was evaporated overnight in air. 
DDAB electrodes loaded with nickel phthalo- 
cyanine tetrasulfonate were prepared by soaking 
DDAB-PG electrodes in 1 mA4 NiPcTS solution 
overnight, then washing with distilled water. 
Clay-DDAB films and CoPc-Clay-DDAB films 
were cast from chloroform suspensions as de- 
scribed previously. ‘* 

Voltammetry 

Procedures included compensation of the 
cell’s ohmic drop and were described pre- 
viously.‘~‘* 

RESULTS 

Direct reductions 

Scans by cyclic voltammetry after coated 
electrodes were equilibrated in solution for 10 
min or more showed larger peak currents on 
DDAB coated electrodes than on bare PG 
[Fig. 1 (a)], as illustrated for 1 ,Zdibromobutane 
(DBB). Repetitive cyclic scans of the same 
equilibrated electrode gave much diminished 
peak currents [Fig. 1 (b)] on second and sub- 
sequent scans, consistent with the chemically 
irreversible reduction of DBB in the film. DBB 
is converted to olefinz7 which cannot be oxidized 
on the reverse scan to regenerate DBB. Thus, 
the film is depleted of DBB during the scan and 
an additional equilibration period is required to 
reload the film with analyte and regenerate the 
signal. 

In general, the largest current enhancements 
were obtained with DDAB-PG electrodes and 
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E, V vs SCE 

(1) 

b A 
-0.400 -1.0 -1.5 -1.900 

E, V vs SCE 
Fig. 1. Cyclic voltamperograms at 0.10 V/set in O.lMKBr 
solution containing 0.2 M I-butanol and saturated with 
DBB (cu. 2.5 mM): (a) (1) bare PG electrode; (2) 
DDAB-PG electrode alter equilibration; (b) Multiple scans 
on a different DDAB-PG electrode: (1) first scan; (2) 

scans 2-5. 

the neutral DBB and tram- 1,2-dibromocyclo- 
hexane (DBCH) analytes. DBCH gave the 
largest enhancement in peak currents compared 
to bare electrodes (Table l), consistent with 
having the largest oil/water partition coefficient 
of the two dibromides.28 Peak currents on 
clay-DDAB electrodes for DBCH and DBB 
were intermediate between those on DDAB-PG 
and bare electrodes. 

Less dramatic current increases were found 
for trichloroacetic acid (TCA) and chloro- 
acrylic acid (CAA) on DDAB electrodes 
(Table 1). The clay-DDAB electrodes gave 
smaller peak currents for these acids than bare 
electrodes. 

Good linearity was found in plots of peak 
current vs. concentration in the 5 PM-1 mM 
range. This is illustrated for DBB in the lower 
concentration range (Fig. 2). Sensitivities were 
best for the neutral vicinal dihalides, with typi- 
cal correlation coefficients of 0.994-0.998 for 
both types of coated electrodes. 

;i 

u 
;; 1/ q ,m’ 

o .LT_” 
_.). l - .-t-1 

0.00 0.10 0.20 0.30 

Concentration of DBB (mM) 

Fig. 2. Influence of concentration of DBB on peak current 
at 0.10 V/xc in 0.1 M KBr/0.2 M I-butanol on bare PG, 

clay-DDAB-PG, and DDAB-PG electrodes. 

Catalytic reductions 

These reactions were done with NiPcTS- 
DDAB and CoPc-clay-DDAB electrodes, 
which had been used to catalyze reduction of 
trichloroacetic acid in earlier work.“*i8 All of the 
substrates were catalytically reduced by both 
electrodes. 

Cyclic voltammetry of a NiPcTS-DDAB 
electrode clearly shows a nearly reversible, one- 
electron reduction peaki centered around - 0.7 
V (Fig. 3, top). The direct, irreversible reduction 
peak of TCA on a non-catalytic DDAB elec- 
trode can be seen at about - 1.4 V (Fig. 3, 
middle). The use of a NiPcTS-DDAB electrode 
in a solution containing TCA gave a broad peak 
(Fig. 3, bottom) about 400 mV positive of the 
direct reduction. This new “catalytic” peak is 
larger than the peak for the NiPcTS-DDAB 
electrode in solutions without TCA, and has no 
anodic complement. This is because the reduced 
form of NiPcTS has reacted with TCA to 
regenerate NiPcTS in the film (cf. Scheme I) in 
a catalytic cycle. Similar results were obtained 
with CAA (Fig. 4), and catalytic and direct 
reduction peaks are of about equal heights. 
Catalysis shifts the peaks to more positive 
potentials. 

Table 1. Vohammetric characteristics of direct reductions of organohalides* 

Compound 
(Cont., mM) 

DDAB-PG 

-Er 
(l’ us. SCE) (nk) 

Clay-DDAB-PG 

-Er 
$4) (Vur.SCE) 

Bare PG 

-Er ‘P 

(l’us.SCE) (nt.4) 

DBCH ( < l)t 1.48 0.25 1.30 0.18 1.42 0.007 
DBB (2.5)t 1.60 0.29 1.30 0.07 1.43 0.03 
TCA (5) 1.45 1.0 1.30 0.14 1.40 0.25 
CAA (5) 1.50 0.29 1.65 0.08 1.40 0.20 

*Scan rate 0.10 V/set, 0.1 M KBr in water; DBCH and DBB solutions were 0.2M in butanol. 
TEstimated concentrations for saturated solutions. 
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+o.ooo -0.5 -1.0 -1.5 -1.800 

so!pA, y-J , 

+o.ooo -0.5 -1.0 -1.5 -1.800 

E, V vs SCE 

Fig. 3. Cyclic voltamperograms at 0.10 V/set in 0.1 M NaCl 
solution: (1) NiPcTS-DDAB electrode after loading in 1 
mM NiPcTs, (2) DDAB-PG electrode with 10 mM TCA in 
solution; (3) NiPcTS-DDAB electrode with 10 mhf TCA in 

solution. 

As observed previously, current8 for CoPc in 
CoPc-clay-DDAB films are quite 8mall.‘8J0 The 
Co(II)/Co(I) reduction can be observed by 
square wave voltammetry at about -0.45 V, 
with a second wave due to ligand reduction at 
about - 1.2 V [Fig. 5 (a)]. Large catalytic waves 
were found when these electrodes were used in 
solutions of any of the analytes [Fig. 5 (b)]. 

Electrochemical catalytic reactions can be 
characterized by their catalytic efficiencies, i.e., 
the ratio of catalytic peak or plateau current 
(&J, to the peak-current of the catalyst (id) in the 
absence of a reducible 8Ub8trate. This quantity 
is roughly proportional to the square of the rate 
constant of the reaction of reduced catalyst with 
substrate.u Voltammetry with the two types of 
coated catalytic electrode8 gave good efficiencies 
for all the organohalides studied (Table 2). The 
catalytic reductions were at potentials about 
200-550 mV more positive than direct re- 
ductions of the substrates on the same elec- 
trodes (Table 2). For the vicinal dibromides, 

,zz,2 

+o.soo -1.0 -1.5 -1.700 

E, v vs SCE 

Fig. 4. Cyclic voltamperograms at 0.10 V/set in 0.1 M KBr 
solution containing 5 mM 3-chloroacrylic acid: (1) 

NiPcTS-DDAB electrode; (2) DDAB-PG electrode. 

I I I I 
+0.200 -0.5 -1.0 -1.400 

E, V vs SCE 

b 

E, V vs SCE 

Fig. 5. Voltamperograms in 0.1 M KBr/O.Z M butanol 
solutions: (a) square wave voltamperograms at 15 Hz, 25 
mV pulse amplitude, 4 mV step: (1) PG electrode; (2) 
CoPc-clay-DDAB electrode. (b) cyclic voltamperograms at 
0.10 V/set in solutions saturated in DBB: (1) 

CoPc-clay-DDAB electrode; (2) clay-DDAB electrode. 

catalytic reductions on the CoPc-clay-DDAB 
electrode8 were about 250 mV positive of 
those on NiPcTS-DDAB electrodes. Catalytic 
efficiencies on the two types of electrodes are not 
directly comparable because the peak current of 
the CoPc-clay-DDAB electrode is so small in 
the absence of a reducible substrate. Catalytic 
currents on the NiPcTS-DDAB electrodes were 
larger than on the CoPc composite electrodes. 

A peak for catalytic reduction of TCA at 
CoPc-clay-DDAB electrodes was also found at 
about -0.6 V, as reported previously.** It is 
likely that this reaction, as well as those of the 
vicinal dibromides, involve8 the Co(II)/Co(I) 
redox couple of Co(II)Pc. Catalytic reduction8 
at - 1.1 V in these fihns may involve addition of 
two electrons to the catalyst. Reductions cata- 
lyzed by NiPcTS-DDAB films probably involve 
addition of electrons to the ligand of the cata- 
lyst, as found for similar reactions in micro- 
emulsion8.29 

Coated electrodes were used for several days 
with no gross loss in performance. However, 
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Table 2. Potentials and &ciencies for catalytic reductions of organohalides* 

NiPcTS-DDAB CoPc-Clay-DDAB-PG 
Compound -E 'cat 'cat 
(mw (V vs. &El W) LJb (V UsiCE, (m.4) i-J4 
DBCH ( < I)? 1.15 0.51 4 0.90 0.17 177 
DBB (2.5)t 1.20 0.76 7 0.95 0.21 218 
TCA (5) 1.10 0.58 7 (0.6)$,1.1 0.12 125 
CAA (5) 1.15 0.33 4 1.1 0.13 135 

l gcan rate 0.10 V/xc, 0.1 M KBr in water; DBCH and DBB solutions were 0.2 it4 in butanol. 
TEstimated concentrations for saturated solutions. #Catalytic peak at -0.6 V reported previously, 

see Ref. 17. 

day to day reproducibility was not satisfactory, ductions at relatively low scan rates, the films 
and such electrodes would need daily cali- appear to be depleted of the analyte, and further 
bration in real analytical situations. equilibration is needed to restore the signal. 

Znfiuence of alcohol 

Butanol was used in DBB and DBCH sol- 
utions to improve solubilities. Coated electrodes 
in solutions containing butanol may deteriorate 
a bit faster, but the effect was not dramatically 
noticeable. Also, alcohol was previously shown 
to increase the fluidity of surfactant films, giving 
larger currents for ferrocyanide incorporated 
into DDAB flhn~.‘~ This was also observed in 
the present work (Fig. 6), as illustrated for DBB. 
Linear increases in peak current with butanol 
concentration were found. 

DISCUSSION 

Direct reductions 

Aliphatic vicinal dihalides undergo two- 
electron reductions at cathodes to yield olefins.*’ 
Halogenated carboxylic acid derivatives are re- 
ductively dehalogenated, with hydrogen replac- 
ing halogen. 3o Both are two-electron irreversible 
reductions. The organohalide analytes need to 
enter the tihns before being reduced. After re- 

Peak currents for direct reductions in the 
films compared to those on bare electrodes can 
be taken as a measure of the relative amount of 
organohalide accumulated during equilibration. 
For DDAB films, the amount of accumulation 
of analytes followed the order DBCH > DBB > 
TCA > CAA. Results for the vicinal dibromides 
are in line with oil/water partition coefficients, 
which for DBCH is an order of magnitude 
larger than for DBB. 28 This suggests that the 
vicinal dibromides reside at relatively hydro- 
phobic sites in the DDAB films, probably in the 
vicinity of the hydrocarbon tails of the surfac- 
tant bilayers. Chlorinated acids could enter the 
films either in the anion or acid forms. Since the 
neutral acid forms are still quite polar, their 
hydrophobic interactions with the hydrocarbon 
tails of the surfactant are expected to be weak. 
The anions, on the other hand, need to compete 
with Br- ions to enter the films by ion ex- 
change. 

The order of accumulation of analytes was 
the same for the clay-DDAB and DDAB films. 
Currents for TCA and CAA were smaller on 
clay-DDAB electrodes than on bare electrodes, 
indicating that access to the electrode is partly 
blocked by the composite film. Clay-DDAB 
films do not act as ion exchangers. Therefore, 
this blocking effect is consistent with TCA and 
CAA having entered the DDAB films, which are 
anion exchangers,16 mainly by an ion exchange 
process. 

10 

t 

_4-.-* 
e-e-* 

t.0 
l 9 I 

0.2 0.4 0.6 ( 

Concentration of Butanol (M) 

Fig. 6. Influence of butanol on peak current in 0.1 M 
KBr/0.2 M butanol solutions saturated in DBB (0) cyclic 
voltammetry at 0.10 V/set at DDAB-PG electrodes; (a) 
square wave voltammetry at NiPcTS-DDAB electrodes, 15 

Hz, 25 mV pulse amplitude, 4 mV step. 

In a practical sense, the best enhancement in 
sensitivity was found for the neutral DBCH and 
DBB, although a four-fold increase in current 
compared to bare electrodes was also found for 
TCA with DDAB electrodes. Good linearity of 
voltammetric peak current was found in the 
micromolar concentration range. Thus, these 
films show promise for the determination of 
relatively hydrophobic electroactive species in 
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water. Addition of butanol to the solution can 
be used to enhance sensitivity, although perhaps 
at some expense to long term stability. How- 
ever, the film casting procedure is so simple that 
coated electrodes can be made readily by the 
user on demand. 

Catalytic reductions 

The main advantage to catalytic reductions in 
the films are shifts to less reducing (i.e., more 
positive) potentials. Peak currents in the cata- 
lytic reductions were comparable to those in 
direct reductions, so that sensitivities would not 
be much better than for direct reductions. How- 
ever, the positive potential shift from the catal- 
ysis might remove the peak from interfering 
peaks that might occur at the more reducing 
potential of the direct reduction of the analyte. 

The low current for the CoPc-clay-DDAB 
electrodes in the absence of reducible substrate 
has been traced to crystallization of CoPc within 
the composite film matrix.20 Thus, all of the 
catalyst in the film may not be available for 
reaction. On the other hand, concentrations of 
up to 0.3 A4 NiPcTS can be achieved in DDAB 
films, leading to the higher observed catalytic 
currents. From a practical point of view, cata- 
lytic clay-composite films may be more suitable 
in some situations. Even though the catalytic 
currents are somewhat smaller, they are 
measured against the background of the very 
low current of the composite films. 

A better surfactant coated electrode for acti- 
vated organohalides might be prepared with a 
catalyst with a much lower reduction potential. 
This should further decrease the possibility of 
encountering reducible interferences in real 
samples. This type of electrode, probably with a 
much thinner catalytic film, might also be useful 
on a larger scale for treatment of contaminated 
water. Work along these lines is currently 
underway in our laboratories. 

CONCLUSIONS 

This work shows that neutral alkyl vicinal 
dihalides can be preconcentrated in easily pre- 
pared liquid crystal films of insoluble surfac- 
tants and clay-surfactant composites on 
electrodes, giving larger voltammetric sensi- 
tivities. Trichloroacetic acid can be preconcen- 
trated in surfactant films, but not in the 
composites. In practice, such electrodes would 
probably require daily calibration. In principle, 
preconcentration of neutral organohalides 

could also be done with appropriate polymeric 
coatings. 3’ Similarly, phospholipid fihns on elec- 
trodes32-3s should have preconcentration proper- 
ties in their liquid crystal states. However, to 
our knowledge, preconcentration of organo- 
halides has not been studied for polymer or 
phospholipid-coated electrodes. 

Analytes gave signals at significantly less 
negative potentials by using surfactant lilms 
with incorporated catalysts, which may be use- 
ful in avoiding easily reducible interferences. 
DDAB films are impermeable to multiply 
charged anions,i6 while composite films reject 
multiply charged ions of both signs.‘* Thus, flhn 
permeabilities combined with catalysis may 
provide desirable selectivity in some analytical 
applications. 
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sllmmuy-A novel type of disposable sensor for the determination of iron(I1) in aqueous solution is 
described. The iron sensor serves to exemplify a new class of disposable field tests for field analysis of 
water pollutants. The sensors are comprised of capillary glass tubes tilled with porous sol-gel silica powder 
doped with o-phenanthroline. When a sample solution is passed through a tube detector the iron ions 
are complexed by the immobilized o-phenanthroline and a stained section of the capillary develops. 
Metrological characteristics of these detectors including precision and accuracy and chemical interferences 
by heavy metals and hunk acids are discussed. 

Length of stain sensors are frequently used by 
occupational health and indoor air practitioners 
for the detection of air borne pollutants.‘*2 The 
tube detectors are comprised of glass tubes, 
filled with silica powder impregnated with 

. specific photometric reagents. Leaching of the 
impregnated reagents hinders their application 
for water diagnosis. In principle, direct chemical 
derivatization of silica glass by photometric 
reagents may be used to circumvent this ob- 
stacle and improve the stability and shelf life of 
these detectors. Indeed, synthesis of porous 
glass derivatized with several calorimetric re- 
agents has been reported.% However, complex- 
ation capacity of such glasses is relatively low 
and the ability to form multiple ligand com- 
plexes with metal ions is hindered by the tight 
bonding of the reagents to the glass. For 
example, iron(I1) forms-almost exclusively-a 
triple ligand complex with o-phenanthroline, 
while Zaytsev and Trophymch& report a two 
ligand complex of o -phenanthroline derivatized 
silica with divalent iron. Alterations in coordi- 
nation stoichiometry affect the complexation 
capacity and specificity of such potential detec- 
tors. Recently, the sol-gel doping procedure has 
evolved as an efficient method to encapsulate 
organic compounds in silica glass.‘** The 
method is based on the introduction of the 
organic dopants with the reaction precursors 

‘Current address: National Physical Laboratory, Jerusalem 
91904, Israel. 

during the hydrolysis/polycondensation of 
alkoxisilanes to form silica gla.s~.~ Application 
of this method for the preparation of colorimet- 
ri~*~~*’ and fluorometric sensors12*‘3 and proto- 
types of on-line fibre optic sensors have been 
reported.‘4.‘5 In a recent papeP we demon- 
strated that sol-gel technology can be used to 
mold organically doped silica powder for length 
of stain detectors suitable for water analysis. In 
this paper a systematic study of a representative 
type of water detector is undertaken, in order to 
evaluate potential utilization in water analysis. 

Iron is a widespread pollutant, with a special 
relevance to t,he water industry because it 
frequently serves as a flocculation agent. 
Recommended” procedures for its aqueous 
determination include atomic absorption spec- 
troscopy, inductively coupled plasma and polar- 
ographic techniques. These techniques are very 
sensitive but require complex analytical instru- 
ments and therefore are less suitable for field 
analysis. Future field instruments may rely on 
the evolution of electrochemical methods using 
modified electrodes, which promise high sensi- 
tivity and simple instrumentation.lg Cur- 
rently, however, most rapid field tests rely on 
the calorimetric determination of the orange 
red chelate of divalent iron with o-phenanthro- 
line under reducing conditions. This is a reliable 
and pH insensitive technique, which is approved 
by the Standard Methods.” However, even 
this technique requires a comparator and a 
certain level of wet chemistry. Another relevant 
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procedure for determiantion of iron(II1) in 
aqueous solution is based on complexation of 
iron with soluble o-phenanthroline and sub- 
sequent filtration of the complex through a fixed 
bed of silica gel grains. 21 This technique comes 
a step closer to length of stain detectors but does 
not eliminate the need for “wet chemistry” and 
therefore is less amenable for field testing. In 
this paper we evaluate the characteristics of iron 
sol-gel tube detectors, that will serve to model 
this new class of field tests. 

EXPERIMENTAL 

Reagents 

Analytical grade reagents and triply distilled 
water were used unless stated otherwise. 
Tetramethoxysilane was purchased from 
ABCR. Iron(I1) stock solution (1OmM) was 
prepared by dissolving the required amount 
of FeSO, * 7H20 in distilled water. Hydroxyl- 
amine hydrochloride (1.3mM) was used to 
prevent oxidation of divalent iron. Sample sol- 
utions were buffered to pH = 4 by O.lmM acet- 
ate buffer. Interference studies were conducted 
using NiSO, * 6H2O, Zn(CH,COO), * 2H20, 
Cr(NO,), - 9H20, Hg(CH,COO), , CdCl, - H20, 
AgNO,, (NH&Mo,Oa* 6H2O, Bi(NO& * 5&o 
and humic acid sodium salts (Aldrich). 

Glass preparation 

The experiments were carried out using doped 
sol-gel glasses prepared according to standard 
sol-gel procedures:g*22 e.g., 2.5 ml of te- 
tramethoxysilane, 3.0 ml of 0.1% o-phenan- 
throline in methanol and 2.9 ml of OSmM 
sodium hydroxide were mixed, allowed to gel 
for approximately three days and dried to con- 
stant weight (ca. 2.0 g) at 41” for approximately 
two weeks. The final concentration of o- 
phenanthroline in the dry glass is ca. 0.15%. 
After drying, the glasses were crushed in a 
porcelain cup, sieved by a sieve shaker and 
selected fractions were collected for further 
experiments. 

Preparation of tube detectors 

Glass capillaries (0.7~mm inside diameter and 
lo-cm length) were filled to ca. 75% of their 
length with sol-gel grains and stoppered at both 
ends by 3-mm filter paper to hold the glass bed 
in place. In some experiments plastic tubes 
(2-mm inside diameter and 20-cm length) were 
connected to the downstream side of the glass 
capillaries in order to hold the excess volume of 

solution that passed through the sensor (Fig. 1). 
Plastic tubes permit accurate determination of 
the sampled volume by a simple length measure- 
ment with no need for analytical scale and with 
minimal evaporation loss. 

Measurement procedure 

In the simplest measurement procedure one 
end of the tube detector is immersed ca. 2-mm 
deep in a sample solution and capillary forces 
drive the solution upward through the tube 
detectors. As the colorless front of the sampled 
solution advances upwards, a second red front 
marking the upper end of the stained portion of 
the sol-gel doped glass ascends (Fig. 1). The 
length of the stained portion of the sol-gel glass 
can be measured after an adequate amount of 
solution has passed through the sensor. Hydro- 
static pressure or external pumping were applied 
in order to sample larger volumes through the 
sensor. To achieve this, the tube detectors (the 
capillaries connected with the plastic tubes) 
were dipped into vertical tubes filled with the 
sample solutions [Fig. l(b)]. In some exper- 
iments a home made pumping device compris- 
ing a plastic syringe connected to a simple 
piston mechanism was used in order to inject the 
sample slowly through the detecting capillary 
[Fig. l(c)]. The measuring procedure currently 
takes 15 min or more, depending on the sampled 
volume and grain size. 

Interference evaluation 

Evaluation of chemical interferences was con- 
ducted by repeating iron analysis in the presence 
of each of the interfering species mentioned in 
the Standard Methods” and comparing the 
results with a measurement of a blank solution 
containing iron with no interfering substance. 
All the solutions were prepared according to the 
reagent preparation procedures above. 

RESULTS AND DISCUSSION 

Calibration 

A calibration curve for determination of iron 
can describe the length of stain formed after 
either constant sampling time or constant 
sampled volume. In practice, constant volume 
calibration curves are more accurate since they 
eliminate flow rate drifts. On the other hand, 
constant volume techniques require careful 
monitoring (or manual attendance) of the vol- 
ume in order to terminate the analysis before an 
excess volume is sampled. A third, intermediate 
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Fig. 1. Schemes of tube detectors using alternative sampling modes: a. capillary force; b. hydrostatic 
pressure; c. external pumping. 1. beaker, 2. sample solution, 3. capillary tube, 4. paper plug, 5. sol-gel 
glass powder, 6. solution front, 7. color front, 8. cylinder, 9. auxiliary (plastic) tube, IO. syringe, 11. rapid 

connector, 12. positioning mechanism. 

procedure can be employed when the evolution 
of the length of stain is proportional to the 
sampled volume, i.e., measure the length of stain 
after constant sampling time and correct the 
result for differences in the sampled volumes. 
The auxiliary plastic tubes (Fig. 1) are con- 
venient tools that accumulate and measure the 
sampled volume. When an auxiliary tube with 
radius r, filled to a level i,, is connected to a 
capillary of length I, and radius r,, the sampled 
volume can be expressed as 

V = 3.14(1, r; vf+ I, rt) (1) 

where ur represents the void fraction (dimension- 
less) of the packed capillaries. Now, taking 
z+ = 1, V can be approximated by: 

V = 3.14 (1, ra + I, rt) (2) 

Figure 2 depicts a typical dependence of the 
length of stain S (mm) propagation on the 
sampled volume. These experiments were con- 
ducted using capillary suction of 3.OmM diva- 
lent iron solution through a detector filled with 
0.1-0.2 mm glass grains doped with 1.7% o- 
phenanthroline (sampling duration = 15 min). 
After an initial evolution time the front stablizes 
and propagation velocity becomes proportional 
to the sampled volume, indicating equilibrium 
control. Therefore, it is convenient to express 

the calibration curves as a relative length of 
stain R, versus the concentration of the analyte: 
R, is defined as the ratio (in percent) between the 
volume of the coloured bed and the sampled 
volume: 

RI = 100 S rf/(C r,’ + Z, rf) (3) 

When capillary suction is the only driving force, 
the sample fills only the volume of the packed 
bed, auxiliary tubes are not needed and 
equation (4) can be used directly: 

R, = 100 S/Z, (4) 

ic now stands for the length of the packed bed 
section. Thus, calibration curves depicting S us. 
C at constant 1, can be used. 

45 50 55 60 65 70 75 80 
Solution front, mm 

Fig. 2. Evolution of the kngth of stain. The sampled volume 
is expressed in units of length of wetted section. 
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Analysis of calibration data 

Figure 3 (after data reproduced from16) 
depicts two calibration curves describing the 
relative length of stain as a function of iron 
concentration in two working ranges: Fig. 3(a) 
depicts a calibration curve of a sensor operated 
under capillary forces at relatively high concen- 
trations (OS-lO.OmM) the sensor comprises 
glass grains (smaller than 0.1 mm) doped 
with 1.7% o-phenanthroline. Approximately 
0.02 ml of solution were sufficient to produce 
such a response. Curve B depicts sensor re- 
sponse in the low concentration range 
(O.Ol-O.lmM). Larger samples (ca. 0.5 ml) were 
required to produce significant coloured sec- 
tions and therefore hydrostatic driving force 
(0.05 atm) was applied. Glass powder (0.1-0.2 
mm) doped with 1.0% o-phenanthroline was 
used. The concentration of o-phenanthroline in 
the glass was set as a compromise between 
considerations regarding the length of the 
coloured section (favoured by lower o-phenan- 
throline concentrations) and colour contrast, 
which becomes more intense, when higher con- 
centrations of ligand are used. Leaching of the 
reagent becomes significant at exceedingly high 
concentrations of o-pehnanthroline and then a 
pretreament to wash the easily leachable mol- 
ecules of dopant may be required prior to 
packing of the capillaries. At the level of o- 
phenanthroline, used in this experiment, the 

Relative length of stain, % 
2.0 - 

2.4 - 

2- 

1.6. 

I.27 
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Concentration of iron (II), mM 

Relative length of stain, % 

-21 

-11 

4.2 8.2 8.2 

Fig. 3. Calibration curves of iron tube detectors: 
a. 0.5~1OmM; b. O.Ol-O.lmM. 

colour fronts were sharp, could be clearly distin- 
guished within + / - 0.1 cm and leaching pre- 
treatment was not required. The size of the glass 
grains was determined as a compromise between 
resolution (favouring smaller grains) and analy- 
sis time (favouring larger grains). When large 
particles and a short analysis period are used 
intraparticle diffusion becomes significant and 
affects the selection of the optimal particle di- 
mensions. 

The values of R, in the high iron concen- 
tration range [Fig. 3(a)] are best fitted by 

R, = 0.07 + 4.91 C (5) 

with standard deviation S,, = 2.2% and corre- 
lation coefficient R = 0.989, where C represents 
iron concentration in mg/l. The values of R, in 
the low iron concentration range [Fig. 3(b)] are 
best fitted by 

R, = 0.23 + 27.K (6) 

with S, = 0.06% and R = 0.998. 

Precision 

Repeatability evaluation23 in the two working 
ranges was based on 24 identical measurements 
at C = 1OmM and 25 repeated measurements 
at C = O.lmM. The tube detectors were pre- 
pared using the same procedure used for the 
preparation of the calibration curves in Fig. 3. 
Frequency histograms depicting the percent 
of measurements falling in the corresponding 
R, ranges are presented in Fig. 4(a) and (b). For 
C = 1OmM [Fig. 4(b)] the mean relative stain 
length, R,,, = 50.04%. The relative standard 
deviation of the measurements is S, = 1.35%. 
The histogram in Fig. 4(b) summarizes the 
measurements conducted at 0. 1mM. Here, 
RI,+” = 3.03% and S, = 2.65%. By comparison, 
the reliability of visual determination using 
nessler tubes is approximately 5-10% and for 
photometric determination (using a pectropho- 
tometer) it is approximately 3%.17 

The histograms of Fig. 4 deviate from normal 
distribution and are skewed towards high R, 
values. This phenomenon although barely no- 
ticeable in the high concentration range [Fig. 
4(b)] is indeed significant at C = O.lmM. This 
asymmetry can be attributed to a mechanism 
shift from equilibrium domination to one influ- 
enced by intraparticle diffusion. Therefore, the 
deviation from the normal distribution is more 
significant when larger grains and external driv- 
ing force are used. 
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Relative stain length, % 

Fig. 4. Frequency histograms for iron determination by tube detectors: a. IOmM; b. O.lmM. 

Bias and accuracy 

The frequency histograms of Fig. 4 can be 
used to estimate the bias23 of the technique. 
Since the “true” concentrations of iron(I1) are 
known (C, = O.lmM or 1OrnM) the sample bias 
(B) can be calculated by B = C,, - C, where 
C,, = average concentration. From Fig. 4(a) 
and equation (5), C,, = 10.18mM and the stan- 
dard deviation of the determined concentration 
S, = 0.27mM. By analogy C,, = O.lOlmM and 
S, = 0.006mM for Fig. 4(b) and equation (6). 
The relative error in the preparation of the 
standard solution is approximately 2%, since 
hydrated iron salts were used for the stock 
solutions (i.e., the standard deviation of C, is 
S, = 0.2mM at C = lOmA and S,, = 0.002mM 
at C = O.lOmM). Analytical techniques are con- 
sidered to be suihciently accurate when the 
difference between the systematic error of analy- 
sis and the random error in the preparation of 
the standard solutions are insignificant relative 
to the random error of the analysis.” It has 
recently been demonstrated2s that this condition 
is guaranteed, at 95% confidence level, for 
normalized standard deviation S,/S, = 0.8 when 
B/S, < 0.7 and for S, JS, = 0.4 when B/S, -z 0.3. 
The results of Fig. 4(a) indicate that &JS, = 
(0.2/0.27) = 0.8 (approximated to a larger value) 
and B/S, = 0.18/0.27 = 0.67. Likewise, Fig. 4(b) 
indicates that S,/S, = 0.4 and B/S, = 0.17. 
Therefore, in both cases the accuracy demands 
are easily met. 

The metrological characteristics of this 
method are particularly encouraging since the 
repeated experiments (for construction of Fig. 
4) were independent of the calibration exper- 

iments. These experiments were conducted 
using different batches of doped sol-gel glasses, 
prepared by two different experimenters, and in 
fact more than 6 months elapsed between the 
construction of the calibration curves and the 
metrological studies. 

Interferences 

Interferences to the calorimetric determi- 
nation of iron by phenanthroline chelate are 
well studied,26.27 thermodynamic chelation data 
are available2@ and detailed procedures to 
mask some of the interferences have been de- 
vised.” Tube detectors and liquid photometry 
employ the same chelates but since the tmder- 
lying mechanism of tube detectors is more com- 
plex, different effects of interfering species are to 
be expected. The study included the species 
mentioned in Standard Methods.” Each inter- 
ference analysis was repeated at three interfer- 
ence levels: identical to the molar concentration 
of ferrous ions; five times this concentration; 
and 10 or 25 times (molar ratio) larger. The 
results of the interference studies are described 
in Table 1 along with the relevant thermodyn- 
amic complexation values. In some cases (e.g., 
copper and nickel) the tube detectors exhibit 
better characteristics than liquid analysis and in 
others (e.g., chromium and zinc) the effect of 
interfering species is more significant than the 
corresponding liquid analysis. 

Classification of modes of interference may 
help gain a better insight into the reason for 
the different role of competing chemical spe- 
cieson tube detection and conventional liquid 
calorimetry (or photometry). Five different 
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Table 1. Interferences and stability constants of metals and humic acids 

Interfering 
compound 

Relative interference Stability constants Recommended 
interference 

Fe [Ml %i m] %i [Ml %i -PIG -PIG -PIG -PS, threshold” 

FeOI) - 5.8 
Ni(I1) - 5 mM 5.ppm NS 25.ppm NS 25Oppm 11% 8.7 8.2 7.8 
Co(I1) - 5 mM 5.ppm NS 25.ppm 11% 250ppm 22% 7.2 6.7 6.0 
CU(II) - 5 mM 5.ppm NS 25.ppm NS 250ppm 11% 9.1 6.8 5.0 
ZN(I1) - 1 mM 1 mM NS 5 mM 250% 10 mM 316% 6.5 5.6 5.0 
Cr@I) - 1 mM 1 mM 180% 5 mM 220% 10 mM 240% 
BiO*l mM 1mM NS 5mM NS 10 mM NS 
ci(Ii)‘l mM 1mM NS 5mM NS 10 mM NS 5.8 4.8 4.2 
Hg(II)*l mM 1mM NS 5mM NS 10 mM NS 19.6 3.7 
MO(H)* 1 mM 1mM NS 5mM NS 10 mM -50% 
Ag(I)&l mM 1mM NS 5mM NS 10 mM - 15% 5.0 7.0 
Humic acids - 1 mM 56ppm NS 28Oppm NS 56Oppm NS 

- glasses doped by 1% o-phenanthroline; *glasses doped by 0.15% o-phenanthroline, %i=. 
NS 2 not significant. 
ppm = mg/L. 
R, = (lM*+l lLI)/lMLz+l 
K, = ([ML’+1 [LI)/lML:+l 
K, = ([ML:+1 lU)/[ML:+l 
&=K, K, K, 
stability constants after.uJ9 

21.5 
24.7 
19.9 
20.9 
17.1 

14.8 
23.3 

2.ppm 
5.ppm 
5.Ppm 

r 10 x [Fe] 
>lOxpe] 
precipitate 

“ 
“ 
.I 

‘I 

classes of interferences may be distinguished: 
interferences due to complexes of iron with 
other ions, such as pyrosulphate and cyanide; 
coloured background of the solution, e.g., high 
concentrations of humic acids; consumption of 
o-phenanthroline by other cations to form un- 
coloured chelates, e.g., nickel and cadmium; 
coloured chelate formation with cations such as 
Cu(I1) and Cu(1); precipitation of phenanthro- 
line-mixed metal chelates forming a milky, 
opaque solution, e.g., silver and molybdenum. 
In the following section, the significance of each 
mode of interference is discussed and exem- 
plified by the data of Table 1. 

Iron chelate with other chemical species. A 
pretreatment is recommended in order to release 
the iron ions from the competing chelate prior 
to the calorimetric determination. This mode of 
inteference affects tube detection and photo- 
metric methods in the same manner and there- 
fore is not exemplified here. 

Coloured solution. Filtration is usually rec- 
ommended in order to eliminate suspended 
solids and colloid interferences. In the presence 
of dissolved coloured substances, comparative 
calorimetry is not recommended and instrumen- 
tal analyses, using a suitable reference, may 
partially overcome this mode of interference. 
Tube detectors are less sensitive to effects of 
suspended interferences since interfering par- 
ticles are filtered out by the glass bed. Tube 
detectors are also less sensitive to dissolved 
colours because the location of the front, and 

not colour intensity is measured. The low inter- 
ference of humic acids (Table 1) even when their 
concentration is ten times larger than iron exem- 
plifies this characteristic. 

Formation of an uncoloured chelate. Addition 
of excess phenanthroline is sufhcient to elimin- 
ate such interferences and since phenanthroline 
does not absorb visible light, excess phenanthro- 
line has no effect on the background colour of 
the solution. Tube detectors are particularly 
sensitive to this mode of interference, because 
downstream to the colour front virtually all the 
phenanthroline is consumed. Competition of 
other metals for the same ligand may cause 
misleading, large colour stains. Fortunately, the 
tube detectors operate in a displacement chro- 
matography mode, and therefore the compe- 
tition between the cations is significant only 
when iron and the interfering caton have similar 
affinity to the ligand. When the chelate of the 
interfering metal (e.g., nickel) with phenanthro- 
line is more stable than ferroine it displaces the 
red stain to a higher position without affecting 
its length. When the competing ligand has a 
much lower affinity to phenanthroline its own 
band will be displaced upstream with no signifi- 
cant interference. This is the reason why the 
stable nickel-phenanthroline and the less stable 
cadmium-phenanthroline have relatively little 
effect on iron determination with tube detectors, 
while copper and cobalt (which have intermedi- 
ate stability constants) give misleading high 
readings. 
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Formation of coloured chelates. Metals that 
form phenanthroline chelates that absorb light 
in the visual range affect the selectivity of colori- 
metric determination, particularly when their 
molar absorptivity (e) is large. For example, 
copper(I) with is formed during the reduction of 
iron(II1) with hydroxylamine yields an intense 
red chelate with o-phenanthroline. Tube detec- 
tors are affected by such interferences only when 
the stability constants of such chelates are simi- 
lar to that of ferroine. Otherwise, a displace- 
ment mechanism will separate the two colour 
bands. 

Precipitation of mixed complexes. Bismuth, 
cadmium, mercury, molybdate and silver form 
stable metal-ligand salts with common anions 
such as chloride and nitrate. The resulting sol- 
ution is often milky, turbid and interferes with 
photometric or calorimetric determination of 
iron. A filtration step is often necessary prior to 
the photometric measurement. Table 1 reveals 
that these interferences are often less significant 
for iron determination by tube detectors. The 
formation of a solid precipitate is hindered by 
the competition of the labile and stable iron 
chelate. However, in some cases (e.g., molyb- 
date and silver) a mixed precipitate of interfer- 
ing metal/iron salts appears and diminishes the 
size of the coloured ferroine section (here, of 
course, the immobilized phenanthroline does 
not take part in the reaction). 

The analyses and classification presented here 
are sufficient to explain tube detector interfer- 
ences which operate under pseudo equilibrium 
conditions. When high flow rates and large 
particle sizes are used the selectivity of the tube 
detectors will be influenced also by intraparticle 
diffusion and the relative lability of the compet- 
ing chelates. 

CONCLUSIONS 

The iron length of stain detector demon- 
strates the advantages and current shortcomings 
of tube detectors based on doped sol-gel silica 
sensors for water analysis. Operator conven- 
ience, easy implementation and good precision 
and accuracy are significant advantages, par- 
ticularly for a technology in its current initial 
stage of development. However, techniques to 
mask interferences and to further reduce 
measurement time should be developed. Cur- 
rently the disposable tube detectors still do not 
eliminate wet chemistry since buffering (with 
acetate buffer) and reduction of iron(II1) to 

iron(I1) are still required prior to the final 
quantitation by the tube detectors. However, 
these pretreatments may be performed by insert- 
ing additional precolumns comprised of modu- 
lar disposable segments, before the length of 
stain detector. Such precolumns, may be de- 
signed to perform specific pretreatments such as 
iron reduction, buffering or absorption of 
specific interfering substances, in a similar way 
to flow injection analysis. Work, in these direc- 
tions is currently underway. 
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Summary-A novel fiber-optic gas sensing arrangement based on an air-gap design is evaluated. In this 
arrangement, a small gap of air separates the internal solution from the sample. In addition, a second 
air-gap separates the internal solution from a fiber-optic probe which measures the thtorescence of the 
internal solution. A series of gas sensors for ammonia is used to investigate several critical design 
parameters. The length of the air-gap between the inmmal solution and the fiber-optic probe alfects the 
magnitude of response. The length of the air-gap separating the internal and sample solutions has minimal 
effect on either magnitude or rate of response. As with membrane-type gas sensors, thickness of the 
internal solution and concentration of the indicator dye are the most important sensor parameters to 
consider when designing a fiber-optic gas sensor. 

Fiber-optic ammonia sensors capable of 
nanomolar detection have been developed and 
the use of these devices to investigate neuro- 
chemical events has been proposed.’ The utility 
of such a device for biomedical research de- 
pends to some extent on the dimensions of the 
sensing tip. Smaller sensing tips will permit 
greater spatial resolution, thereby enhancing the 
information content of the measurement. 

Ammonia gas sensing electrodes based on 
potentiometric pH detection have been minia- 
turized with tip sizes as small as 10 microns.“’ 
An air-gap design was used to fabricate these 
sensors. The air-gap is constructed by silanizing 
a short region inside a drawn out glass capil- 
lary. Sensor construction is completed by plac- 
ing a small volume of internal solution above 
this hydrophobic region and then positioning 
a small pH/reference electrode pair in the 
internal solution. Additionally, the correspond- 
ing micro-biosensors have been demonstrated 
by covalently attaching urease to the outer 
surface at the tip of the glass capillary.4 

We have characterized a series of miniature 
fiber-optic ammonia sensors based on this same 
air-gap design. Instead of using a pH electrode 
to measure the pH of the internal solution, a 
set of optical fibers is used in combination with 
a fluorescent pH indicator dye. Our intention 
has been to identify sensor parameters that 
most strongly influence the analytical character- 
istics of air-gap fiber-optic gas sensors. Sensors 

*Author for correspondence. 

with tip sizes from 0.2 to 0.5 mm have been 
constructed. The sensor design parameters con- 
sidered in this investigation include the position- 
ing of the internal solution relative to both 
the optical fibers and the sample solution, vol- 
ume and length of the internal solution, and 
concentration of the indicator dye. 

EXPERIMENTAL 

Sensor fabrication 

Sensor bodies were constructed from glass 
capillary tubes (Kimble Products, Skokie, II) in 
the following manner. First, the closed end of 
the tube was removed and then the tube was 
cleaned by placing it into boiling water for 
approximately 30 min followed by a thorough 
rinsing with water. Cleaned capillaries were 
dried in a 115” oven. Sensing tips were formed 
by drawing out the capillary when the glass 
became red-hot under a normal gas flame. In 
this way, two sensor bodies were produced 
from each capillary with tip sizes ranging 
from 0.2 to 0.5 mm. Tips were silanized indi- 
vidually by dipping each into a 4% solution of 
dichlorodimethyl silane in carbon tetrachloride. 
The solution that occupied the tip was allowed 
to evaporate in air. Each tip was dipped between 
6 and 10 times and the treated tips were placed 
in an 80” oven for 1 hr. Silanized tips were 
stored under nitrogen. 

Sensors were constructed by placing a small 
volume of the internal solution inside a sensor 
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body between the silanized region and a fiber- 
optic probe. Figure 1 shows the sensor tip 
schematically. The fiber-optic probe was con- 
structed by packing four plastic optical fibers 
(Super Eska type EK-10 fibers from Mitsubishi 
Rayon America, New York, NY) into a narrow 
bore glass capillary. This capillary fit snugly in 
the sensor body by matching the outer diameter 
of the capillary with the inner diameter of the 
untreated end of the sensor body. The optical 
fibers were held in the inner capillary with an 
adhesive sealant. A needle was used to place a 
small volume of the internal solution in pos- 
ition. The fiber-optic probe was then placed in 
the sensor body until its tip butted against the 
tapered portion at the drawn tip. A low tem- 
perature dental wax (Sybron-Kerr, Romulus, 
MI) was used to seal the top of the sensor and 
to hold the fiber-optic probe in place. As 
illustrated in Fig. 1, there was a short gap 
between the internal solution and the tip of 
the fiber-optic probe. As specified below, sev- 
eral internal solution compositions were used 
throughout this investigation. Internal solution 
volumes were calculated from differential 
weights obtained by weighing the sensor body 
before and after placement of the internal 
solution. 

PROM TO 

SOURCE PMT 

a 

e- 

d- 

,a 

-b 

-C 

g--t---- I -h 

Fig. 1. Schematic representation of the air-gap fiber-optic 
ammonia sensor showing a, optical fibers; b, fiber-optic 
probe body; c, epoxy; d, gas sensor body; e, wax seal; f, 

air-gap; g, air-gap; h, sensor tip; i, internal solution. 

Fluorescence measurements 

Fluorescence from the internal solution was 
measured through the fiber-optic probe by 
using an instrumental arrangement similar to 
that reported previously.’ Basically, the incident 
radiation was selected from a 100 watt tungsten 
halogen lamp by a 490 nm narrow band pass 
filter and then launched into two of the four 
plastic fibers of the fiber-optic probe. Emis- 
sion was collected by the remaining fibers and 
directed toward the detection optics which 
consisted of a 540 nm interference filter and a 
photomultiplier tube (PMT). 

Sensor calibrations 

Sensors were calibrated by immersing the 
sensor tip in a lO.O-ml aliquot of a O.OlM 
sodium hydroxide solution that contained 
0.105M sodium chloride. The required levels of 
ammonia were obtained by adding a series of 
microliter additions of an ammonium chloride 
standard solution. The steady-state sensor 
response was recorded after each change in 
the ammonia concentration. Response times 
were measured as the time required to achieve 
95% of the final steady-state response. 

Reagents 

Both S(and 6)-carboxyfluorescein (CF) 
and S(and 6)-carboxy-4’,5’-dimethylfluorescein 
(CDMF) were used as received from Molecular 
Probes, Inc., Eugene, OR. All other reagents 
were analytical grade quality and were pur- 
chased from common suppliers. Freshly dis- 
tilled-deionized water from a Mini-Q three 
house purification unit was used for all 
solutions. 

RESULTS AND DISCUSSION 

The position of the internal solution is a 
critical parameter in terms of both the magni- 
tude and rate of sensor response. A small air gap 
between the fiber-optic probe and internal sol- 
ution was found to be necessary to prevent the 
internal solution from climbing between the 
outer wall of the fiber-optic probe and the inner 
wall of the sensor body (see Fig. 1). 

The size of gap between the fiber-optic probe 
and internal solution has important optical 
consequences in terms of both the intensity of 
the incident radiation hitting the internal sol- 
ution and the efficiency of the fibers to col- 
lect the emitted radiation. Both parameters are 
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adversely affected by increasing this distance. 
As a result, a larger gap lowers the sensitivity of 
the measurement. For example, the effect of 
increasing the gap distance from 0.6 to 3.2 mm 
was measured for a sensor with an internal 
solution composed of 0.112M ammonium 
chloride and l.OpM CF. In this experiment, the 
sensor response was measured for a zero to 
lo&!4 concentration step and the volume of the 
internal solution was 0.5 ~1 throughout. The 
magnitude of response decreased approximately 
4-fold when the gap distance was increased, yet 
there was no significant difference in sensor 
response times. 

The position of the internal solution was 
unstable when the chamber holding this sol- 
ution was not sealed (see Fig. 1). Slight changes 
in ambient atmospheric pressure caused move- 
ment in the internal solution, thereby altering 
the sensor response. Another problem encoun- 
tered with unsealed sensors was evaporation of 
the internal solution. Evaporation affected the 
sensor response in two ways. First, a decrease in 
the volume of the internal solution resulted in 
an increase in the distance between the fiber- 
optic probe and the internal solution which 
altered the fluorescence measurement. Second, 
evaporation altered the sensor response by con- 
centrating the components in the internal sol- 
ution. The small volumes of internal solution 
resulted in rather dramatic evaporation effects 
which demanded sealing the chamber before 
reproducible responses could be obtained. 

The length of the air-gap region at the sensor 
tip was less critical than the length of the 
internal solution. The length of the internal 
solution affects both the magnitude and rate of 
response. These effects are illustrated by the 
data plotted in Fig. 2 which presents both the 

htund SoI Langth, hmnl 

Fig. 2. Effect of internal solution length on the magnitude 
of response (right axis) and response time (left axis). 

magnitude and rate of response measured for 
an ammonia concentration step from zero to 
lO@.$. The internal solution used in this exper- 
iment was composed of 0.02M ammonium 
chloride and lO@V CF and the air-gap at the 
sensor tip was 3 mm. Increases in the length 
correspond to increases in the optical path 
length which provides higher sensitivity and 
larger responses. As the length approaches 2.5 
mm, the response becomes insensitive to sol- 
ution length, thereby defining the maximum 
optical path length in terms of the fluorescence 
measurement. Unfortunately, response times 
also increase as a function of solution length. 
Response times increased by a factor of 4.5 as 
the length was varied from 0.8 to 2.5 mm. 
Extrapolation to zero length gives the minimum 
response time based on the other parameters of 
the sensor design, most notably the length of the 
air-gap region. The effect of air-gap length was 
minimal when internal solution lengths ranged 
from 1 to 5 mm. Under these conditions, the 
rate of diffusion through the internal solution is 
rate limiting and controls the sensor response 
time. Similar results have been obtained for 
fiber-optic ammonia gas sensors with micro- 
porous Teflon membranes as the gas-permeable 
barrier.‘*’ 

Both the magnitude and rate of response are 
also strongly influenced by the concentration of 
the indicator dye. These effects were examined 
by recording responses for a zero to 10pM 
concentration step as a function of the concen- 
tration of CF. Besides the indicator, the internal 
solution contained 0.1 M ammonium chloride. 
As has been observed for sensors with Teflon 
membranes,‘,’ both the magnitude of response 
and response times increase as the dye concen- 
tration increases. By increasing the dye concen- 
tration from 2 to lOpM, the magnitude of the 
response increased by a factor of 2.5 and the 
response time increased from 4 to 11 min. Both 
effects are caused by a need for more ammo- 
nia to enter the internal solution to achieve 
equilibrium at higher dye concentrations. 

Response curves for miniature air-gap fiber- 
optic ammonia sensors have the same non- 
linear shape as the larger, membrane-type 
sensors. Figure 3 provides a sample response 
curve for a sensor with approximately 0.3~1 
of an internal solution composed of 2.OmM 
ammonium chloride and O.lmM CDMF. 
The curve shape matches that predicted by 
the response function which has been derived 
for fiber-optic ammonia sensors.sv6 Relative 
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Ammoniacofnh(uM) 

Fig. 3. Sample calibration curve for an air-gap fiber-optic 
ammonia sensor. 

standard deviations for this sensor range were 
from 1 to 4% over the 5 to 30@f concentration 
range. Response times varied from 3 to 10 min 
over this same concentration range with longer 
response times recorded at lower ammonia 
concentrations. The limit of detection was cal- 
culated to be O&M (S/N = 3) which is similar 
to that obtained for a membrane-based sensor 
with the same internal solution. 

CONCLUSION 

The response properties of fiber-optic ammo- 
nia sensors based on an air-gap design are 
similar to those for the larger, membrane-based 
sensors. The results of this investigation indi- 
cate that miniaturization is possible without 
adversely affecting the sensitivity, limit of detec- 
tion or response time of the fiber-optic ammonia 
sensor. Overall, the thickness of the internal 
solution and the concentration of the indicator 
dye are the critical parameters that determine 
analytical performance. 
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Summary-A sensitive and rapid method for the estimation of trace levels of indium in alumina supported 
catalysts using square wave voltammetry (SWV) is discussed. The WV method for indium in the alumina 
matrix is standardized using synthetic samples and good recoveries were obtained. Calibration graphs are 
linear in the range 1-5 pg/ml and the detection limit is 3.57 x lo-* g/ml. In order to determine the accuracy 
of the proposed method, the results obtained have been compared with those given by atomic absorption 
spectrophotometry (AAS). Statistical analysis shows no significant bias between the two methods. This 
technique is found suitable for the estimation of indium in the range O.l-1.0% (w/w) in the catalyst 
samples with an RSD < 1.5%. 

Alumina supported noble metal catalysts have 
the ability to rearrange and transform the mol- 
ecular structure of hydrocarbons: hence they 
have become very important in the petrochemi- 
cal industry.’ It is well known that various 
promoter elements are added to the alumina 
support in order to improve the activity and 
selectivity of the catalyst.2 Indium is used as 
such and decreases the number of electron 
acceptor centres characterizing Lewis acidity of 
alumina by the neighbouring centre effect.’ It is 
therefore important to monitor the level of 
indium in the catalysts during the preparation as 
well as usage in commercial plants. 

In our laboratory, X-ray fluorescence,4 elec- 
trothermal atomic absorption spectrometry,’ 
electron probe micro analysis6 and spectropho- 
tometry’ are the techniques reported for the 
estimation of minor constituents in catalysts. 
In the present study, the possibility of using 
square wave voltammetry for the determination 
of indium in alumina supported catalysts is 
investigated. This technique has been widely 
used for the estimation of indium in other 
matrices&lo but is rarely used for quantification 
of catalysts. In such investigations, the sensi- 
tivity and selectivity is much affected by the 
composition of the matrix. In the presence of 
large amounts of alumina, techniques based on 
atomic spectrometry suffer from atomization 
interferences.” The proposed voltammetric 
method is free from such problems and offers 
good sensitivity for the determination of trace 

levels of indium in the alumina supported 
catalysts. 

EXPERIMENTAL 

Apparatus 

A Princeton Applied Research (PAR) Model 
384B polarographic analyser system together 
with PAR 303A static mercury drop electrode 
were used for all square wave voltammetric 
measurements and the voltamperograms were 
recorded on a Houston DMP-40 digital plotter. 
Potentiostatic control of the electrode potential 
was established by means of a three electrode 
system consisting of a static mercury drop work- 
ing electrode, a platinum wire counter electrode 
and an Ag-AgCl-KC1 (satd) reference elec- 
trode. The SWVs are recorded at 105NA 
whereas the CVs are recorded at 103NA current 
settings. 

A GBC model 902 atomic absorption spec- 
trophotometer, equipped with deuterium arc 
background corrector, a 10 cm laminar flow 
air-acetylene burner, indium hollow cathode 
lamp and Epson LX-800 printer were used for 
all AAS measurements. An IBM PS/2 computer 
system with Lotus l-2-3 was used for all plots 
and computations. 

Reagents 

All reagents used were of analytical grade and 
water purified by means of a Milli-Q system was 
used for preparing all the solutions. Standard 
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Buffor cont. 
(b) 0 2 4 6 a 10.00 

PH 
Fig. .-Plot of buffer concentration (a) + pH (b) OS. peak 

current of indium(III) system. 

In(II1) solution has been prepared by dissolving 
1 .OOO g of indium metal (99.99%) in 30 ml (2 : 1) 
hydrochloric acid by refluxing in a round- 
bottomed flask. After complete dissolution, the 
contents are cooled and transferred to a loo-ml 
standard flask and made up to volume with 
double distilled water. This solution is standard- 
ized with respect to indium AAS standard (1000 
pg/ml) from Aldrich. Acetate buffer (1M) was 
prepared by mixing appropriate amounts of 
sodium acetate and acetic acid. 

Procedure 

Synthetic solutions are made by accurately 
weighing 1.000-g portions of finely ground pow- 
dered and dried (~200 mesh, 200” for 2 hr) 
y-alumina was then taken in six separate loo-ml 
round bottom flasks. To each of them, the stock 
solution was added to achieve final concen- 
trations of indium in the range of O.l-1.0% 
(w/w). Subsequently the other concomitant sol- 
utions have been added in the following range 
@g/ml): copper (lO-lOO), zinc (lO-loo), Re 
(lO-loo), Sn (20-120), Li (40-120), Na (1040), 
Ni (10-100) and Pd (10-100). Later, 30 ml of 
2 : 1 hydrochloric acid was added and digested 
under reflux for 2 hr. After complete dissol- 
ution, the contents are quantitatively trans- 
ferred to a 50-ml standard flask and the volume 
brought up to the mark with deionised water. 

In the case of laboratory prepared catalysts 
also, 1.000-g portions are digested with 30 ml of 
2 : 1 hydrochloric acid and diluted to 50 ml, as 
mentioned above. 

Preparation of samples 

To the standard or sample solution of 0.2 ml, 
add 1.0 ml of 1M acetate buffer and dilute the 
solution to 10 ml with water. After 4 min of 
deaeration, the square wave voltamperograms 
were recorded from -0.50 to -0.80 V (vs. 

Ag/AgCl) and the height of the peak is 
measured at -0.64 V. The blank substraction 
mode in the 384B was applied for all the 
samples. Each sample was then determined for 
indium by the standard addition method. 

For atomic absorption spectrophotometric 
(AAS) analysis of indium, calibration solutions 
were prepared from their AAS standard sol- 
utions in the range 10-50 &g/ml) using the 
following parameters: lamp current, 5 mA; 
flame, air-acetylene; wavelength, 325.6 nm; dis- 
tance of the burner below optical axis, 6 mm. 
Matrix matching was carried out using reagent 
blank depending upon the sample dilution. 

RESULTS AND DISCUSSION 

Selection of experimental conditions 

The experimental conditions have been opti- 
mized using 8 pg/ml of indium(II1) in the 
synthetic solutions. The effects of pH and buffer 
concentration on the peak height are shown in 
Fig. 1. The optimum pH is about 4.0 and the 
buffer concentration of O.lM was fixed for all 
further investigations. 

Calibration 

In order to ascertain the accuracy of the 
methods developed, synthetic solutions (S-l- 
S-5) of known compositions were prepared and 
used for voltammetric studies. A typical square 
wave voltamperogram of a laboratory prepared 
sample before and after the indium spike is 
shown in Fig. 2. The analysis has been carried 
out by the standard additions method. The 
regressed plots of successively spiked solutions 
shows good linearity as seen in Fig. 3. The 

&Or 

Potential (volts) - 

Fig. 2. Square. wave voltamperogram of indium in alumina 
digest (-) and with an indium spike (---). 
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In (III) concentration (pg/ml) -+ 
Fig. 3. Typical graphs obtained using standard addition method. 

calibration characteristics of indium in synthetic 
solutions are given in Table 1. The percentage re- 
covery for indium tested for different samples 
lies between 99 and 101%. Under the optimum 
conditions, the detection limiti of indium in the 
aluminamatrixwasfound tobe3.57 x lo-‘g/ml. 

Interference study 

The possible interference of other concomi- 
tant elements, present as active element, pro- 
moter element or impurity, carried forward 
during the sample digestion processes were stud- 
ied by adding increasing amounts of interferent 
to a fixed concentration of indium(II1) solution 
(8 pg/ml) and measuring the peak currents 
under optimal conditions after each addition. 
The results are summarized in Table 2. It 
can be observed that the increase in the metal 
to concomitant ratio (> 1:lO) causes consider- 
able interference (Pt and Sn) in the analysis of 
indium, but in the present study most of the 
catalyst compositions fall within these limits. 
The main interference is due to Fe(II1). 

Cyclic voltammetry 

The cyclic voltammetry of the system was 
investigated wtih model 3848 polarographic 

Table 1. Concentrations and statistical data for indium 

S-l s-2 s-3 s-4 s-s 
Concentration, 8.089 6.127 3.945 2.068 9.925 

Mean h/ml) 
Standard 0.148 0.042 0.092 0.065 0.106 

deviation 
Coefficient of 1.83 0.68 2.33 3.14 1.07 

variation 
Recovery, 
Added @/ml) 4.00 4.00 4.00 4.00 4.00 
Found bg/ml) 4.01 4.07 4.01 3.97 4.07 

% Recovery 100.25 101.75 100.25 99.25 101.75 
Correlation 0.999 0.998 l.ooo 0.999 0.999 

coefficient 

TAL a/z--L 

analyser with a static mercury drop electrode. 
The cyclic voltamperograms have been recorded 
at a scan rate of 50 mV/sec in acetate buffer: 
indium standard solution (a), synthetic sample 
(b) and catalyst digest (c) are shown in Fig. 4. 
Reversible peaks were obtained for indium in 
acetate buffer, whereas the peaks were not dis- 
cernible in the case of catalyst digest, indicating 
the irreversible nature of indium reduction in 
the presence of other catalyst elements. 

Sample analysis 

The acquisition of data for the laboratory 
prepared samples was carried out by following 
the same procedure as that used for synthetic 
solutions. Recovery assays of indium in the 
digests of laboratory prepared samples (S-6- 
S-l 1) were carried out separately by SWV and 
AAS methods and the results are given in Table 
3. The relative standard deviation of the order 
of 1.5% in indium content shows good repro- 
ducibility of the method. The results obtained 
by SWV and AAS were subjected to an F-test, 
and at the 95% confidence level the calculated 

Table 2. Determination of 8 M/m/ of indium in the presence 
of foreign ions 

Amount Error 
Ion added &r/M W) Interference 
Al’+ 2000 0.52 + 
Cu*+ 100 1.20 + 
Fe’+ 10 2.55 
Li+ 100 0.15 + 
Ni2+ 80 1.20 + 
Pb*+ 1000 1.80 
Pd*+ 100 0.36 
Pt4+ 80 2.20 + 
Re’+ 100 0.63 
Sn*+ 80 5.20 + 
Zn*+ 100 1.90 + 
Cl- 1000 2.60 + 
NO, 1000 1.05 
SOp 1000 1.88 
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Fig. 4. Cyclic vohamperogram of indium(II1) in (a) O.lM 
acetate buffer, (b) in synthetic solution, (c) in the catalyst 

digest. 

F-value did not exceed the tabulated value, 
indicating the absence of any significant error. 
The same method was extended to the analysis 
of real catalyst samples (CAT&CATS) and the 
results obtained by SWV compare well with 
AAS results (Table 4). 

CONCLUSIONS 

The results obtained indicate that the SWV 
method has proved its usefulness for the deter- 

Table 3. Results of recovery assays of indium in the 
laboratory prepared samples by SWV and AAS methods 

Metal Total metal found 
added (flzlml) % Recovery _-. 

Sample @g/ml) SWV* MS 

S-6 20.00 20.55 20.28 

;:; z?: 
SO:00 

61.20 39.45 41.00 60.90 
s-9 80.89 80.54 
s-10 81.00 81.60 81.15 
S-11 100.00 101.72 101.90 

MEAN: 

WV AAS 
100.25 101.40 
98.63 102.50 

102.11 101.50 
101.11 100.68 
100.74 100.20 
101.72 101.90 
100.76 101.36 

+RSD < 1.5%. 

Table 4. Indium content of catalysts deter- 
mined by SWV and AAS methods 

Indium found, % (w/w) 
Sample SWV AAS 

CAT-l 0.103 0.101 
CAT-2 0.197 0.205 
CAT-3 0.306 0.304 
CAT-4 0.494 0.402 
CAT-5 0.498 0.405 

mination of indium in the presence of other 
active elements. SWV serves as an alternative 
for AAS method and its reliability is shown 
by the recovery studies performed and by the 
satisfactory determination in the laboratory 
prepared samples. The proposed method gives 
good sensitivity and lower detection limits com- 
pared to AAS. In addition to Fe, concomitants 
like Pt and Sn can cause interference at higher 
concentrations. In conclusion, the procedure is 
rapid and simple for the determination of 
indium in the alumina supported catalysts. 
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Sunmary-A cellulose acetate based optode membrane containing 4-dimethylamino-4’-octylazobenzene 
as an acid-base indicator is described. Other essential components of the membrane for a fast-responding 
and durable sensor are diethyl phthalate, triethyleneglycol and potassium tetrakis@chlorophenyl)borate. 
Factors affecting the sensor behaviour are discussed and an application in a flow-cell is demonstrated. 

There is much current interest in the develop- 
ment of optical sensors (optodes) for a variety 
of analytical purposes. For example, a number 
of indicators have been immobilized in polymer 
films and used as pH sensors.’ A considerable 
amount of work has dealt with poly(viny1 chlor- 
ide) based membranes and Morf and coworkers 
have described the mechanisms which lead to 
successful optical sensors2 However, PVC 
based membranes tend to suffer from a slow 
response time, in the order of seconds to min- 
utes, which is not too different from their poten- 
tiometric counterparts. A rapid colour change is 
essential if a fIhn is to be used in an acid/base 
titration and, for repeated use, the indicator 
must not leach out of the membrane. Among 
the most successful attempts at achieving a fast 
response for optode membranes has been the 
incorporation of an unmodified “direct dye” 
such as Congo Red into a modified cellulose 
acetate lYm.3 

Our work in this field is related in that 
cellulose acetate was found to be the best poly- 
mer from which to construct a water-permeable 
membrane, but we have modified a standard 
indicator to make it more polymer-compatible 
and less prone to leaching in aqueous solutions. 
We have also developed a simple formulation 
for a membrane sensor which has a fast re- 
sponse to pH change and which does not require 
an ultra-thin film. This paper reports studies on 
factors critical to the response time and the use 
of the optode in a flow system. 

*Author for correspondence. 

EXPERIMENTAL 

4-Dimethylamino-I’-octylazobenzene 

A solution of sodium nitrite (0.12 g) in water 
(1 ml) was added, dropwise with stirring, to a 
solution of 4octylaniline (0.25 g) in water (3 ml) 
and concentrated hydrochloric acid (1.2 ml) at 
< 5”. After 15 min at 5”, this was added, slowly 
with stirring, to a solution containing an excess 
of k,N,N-dimethylaniline and sodium acetate in 
aqueous ethanol. The yellow solid which separ- 
ated was filtered, washed with water, and recrys- 
tallized from acetonitrile to give orange-yellow 
flakes, m.p. 80-81” (found: C, 78.6; H, 9.4; N, 
12.7. CZZH3,N3 requires C, 78.3; H, 9.2; N, 
12.5%). 

Construction of membrane 

A typical composition was (weight %): cellu- 
lose acetate (Aldrich-acetate content 39.8%), 
50; diethyl phthalate, 10; triethylene glycol, 
34.7; dye, 0.3; sodium tetraphenylborate, 5. This 
mixture (100 mg) was dissolved in ca. 2 ml of 
tetrahydrofuran (which was purified by passage 
through a short alumina column), a coating 
applied to the appropriate surface and the sol- 
vent allowed to completely evaporate. In some 
circumstances, the membrane was heated briefly 
to improve the transparency. Coated in this way 
were a glass microscope slide and plastic coated 
stirrer bar (for qualitative testing), the inside of 
a normal l-cm quartz cuvette (for visible spec- 
troscopy), and the walls of a 14-mm x 2.3~mm 
diameter tunnel (roughened with a diamond 
drill to improve adhesion of the plastic) in a 
7.5~mm diameter glass cylinder (for use in the 
flow-cell). The membrane when separated from 
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a glass surface was quite robust. The thickness 
of the membrane in both the glass cylinder and 
on a flat glass surface was typically ca. 50 pm, 
measured by micrometer, which is considerably 
thicker than the fast response examples of 
Porter.3 

Spectroscopy 

The membrane coated cuvette was used and 
gave I, values of 420 nm (free base) and 545 
nm (conjugate acid). A standard spectroscopic 
technique4 was applied to determine the pK of 
the dye in this membrane. In spite of a non- 
uniform coating, the membrane gave useable 
values within + 1 pH unit of the pK, determined 
as 3.8. This compares with the value of 2.96 
reported by Yeh and Jaffe,’ obtained in 25% 
ethanol-sulphuric acid for the parent dimethyl- 
aminoazobenzene. The values reported by Yeh 
and Jaffe are not true p& values, since tauto- 
meric forms are possible for the protonated 
species. 

Flow -cell measurements 

The Discontinuous Flow Analyser used has 
been described previously.6 In this work, the 
indicator application was demonstrated by the 
titration of O.lM sodium hydroxide or potass- 
ium hydroxide with 0.M hydrochloric acid, the 
membrane coated glass cylinder (i.d., 2.3 mm) 
providing the flow channel and the optical 
window for a yellow LED (emission A,,,, = 580 
nm). 

RESULTS AND DISCUSSION 

Composition of the sensor 

There are five necessary components of the 
successful sensor: 

1. Cellulose acetate was the polymer support 
of choice for making a water-permeable mem- 
brane. Cellulose triacetate, polyvinyl acetate, 
polyvinyl pyrrolidone, and polyvinyl chloride 
were much less satisfactory. A noteworthy fea- 
ture was that the optode worked with much 
thicker membranes than are normally specified 
for sensors, so that casting the membrane re- 
quired no special technique. 

2. Diethyl phthalate (S-20%) was included as 
plasticizer and this improved the transparency 
of the membrane. Slow drying, as from inside a 
cuvette, gave a more transparent membrane; 
one cast on a glass slide was opaque initially but 
gentle heat for a short time gave a clear mem- 
brane. 

3. During early fabrication attempts it was 
noted that, if the membrane retained any of the 
water miscible tetrahydrofuran used to initially 
dissolve the components, the response time was 
much reduced. This essential feature has been 
incorporated in the final formulation by includ- 
ing the non-volatile triethylene glycol as “wet- 
ting-agent”. About 10% by weight seemed to be 
necessary and up to 50% was used. 

4. This first study has only considered a 
single indicator (I) which is a simple azo-dye to 
which is attached the long-chain octyl group. 
This was prepared by standard chemistry and 
the compound at 0.3% was miscible with the 
polymer and did not leach from the membrane 
on repeated use. 

5. For this dye, which goes from a yellow 
neutral form in base to a red cationic form in 
acid, it was essential to have an ion-balance 
reagent (IBR) present and sodium tetraphenyl- 
borate (NaTPB) and potassium tetrakis(4- 
chlorophenyl)borate (KTKB) were each used. 
Without the IBR, no reaction occurred in 
aqueous hydrochloric acid. To maintain ionic 
balance in these conditions, it is necessary for an 
anion to be taken into the membrane with the 
proton and it was evident that the hydrophilic 
chloride anion would not transport along with 
the proton into this membrane. The IBR pro- 
vided mobile metal cations in the membrane to 
exchange with the incoming protons to over- 
come this problem. A molar excess (with respect 
to the dye) was necessary for rapid response. 
However, too much gave an opaque/crystalline 
membrane, and 5% by weight (ca. IO-fold molar 
excess) was a good working amount. It emerged 
that the response time was affected by the nature 
of the IBR reagent, as described below. 

The membranes with NaTPB as the IBR, 
though thicker than those reported previously,3 
were characterized by a rapid response to pH 
change in either direction. For a coated slide 
immersed in the appropriate solution, the 
colour change to red was “instant” and to 
yellow, marginally slower, but too fast to 
measure quantitatively in a batch type exper- 
iment. A more quantitative answer is available 
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from flow-cell experiments (below). The colour 
change could be quantitatively related to pH by 
visible spectroscopy only over cu. a 2-unit range 
about the pK value of 3.8. Thus, this dye is more 
appropriate for an indicator of pH change 
rather than for a measure of pH value. 

Flow-cell application 

The application of this pH-optode to use in a 
discontinuous flow analysis system6 was demon- 
strated. The optode membrane (cu. 50 pm thick) 
was incorporated into the flow-cell of the instru- 
ment as described in the experimental section. 
Figure l(a) shows a typical DFA acid-base 
titration curve for a membrane with NaTPB as 
the IBR. At A, the liquid in the flow-cell is O.lM 
hydrochloric acid. At B, the titration cycle of 
the instrument provides a rapid flush of O.lM 
sodium hydroxide and the indicator immedi- 
ately turns yellow. The actual titration begins at 

Relative Cam Position 
Fig. 1. DFA titration of 0. 1M HCl with base. (a) Base, 0. 1M 
NaOH; IBR, NaTPB. (b) Base, O.lM NaOH; IBR, KTKB. 
(c) Base, O.lM KOH; IBR, KTKB. The time-bars relate to 

the instrument cam speed. 

C as acid is added and the observable colour 
change back to red commences at about D. The 
end-point E is indicated by the rapid change in 
the detector signal and is defined in the DFA 
instrumental method by taking the first deriva- 
tive. The times for the colour changes can be 
estimated from the time-bar in the figure, which 
refers to the speed of rotation of the instrument 
cam. These times are virtually identical to the 
case where a water-soluble indicator is intro- 
duced separately into the flowing stream.6 

The behaviour is ideal for the DFA appli- 
cation, which requires a rapid colour change at 
the end-point. Unfortunately, NaTPB as IBR 
slowly leached from the membrane and the 
optode ceased to function after about ten ti- 
tration cycles (though the coated glass slide 
lasted many more batch changes of acid and 
base, probably because there is much less agita- 
tion of the membrane surface than in the DFA 
cell). This problem was overcome by the use of 
the less hydrophilic KTKB as IBR and there 
was no perceptible deterioration in the mem- 
brane performance after more than forty cycles. 
However, with sodium hydroxide as the base, 
there was now an unacceptably slow response 
for the acid to base change (but no effect on the 
reverse). This is seen in Fig. l(b) as a very slow 
rise, A, in the detector signal to the maximum, 
B, which is reached just before the change back 
to the acid form. 

Clearly, the movement of the various ions 
involved in the indicator colour change, across 
the membrane/solution interface, is a complex 
process. The tetrakis(4chlorophenyl)borate 
anion apparently has a lower affinity for a 
sodium ion in the membrane than does the 
unsubstituted tetraphenylborate anion and the 
replacement of a proton by a sodium ion is 
slower. The situation, however, is also cation 
dependent and, when potassium hydroxide was 
used as the base, the response times in both 
directions were quite acceptable. The membrane 
was stable indefinitely and Figure l(c) shows 
the titration sequence in these conditions after 
seventy cycles. 

This DFA application represents an advance 
on the previous example using photometric 
end-point detection, where an indicator had to 
be added in reasonably high concentrations to 
the flow system.6 Compound I, while being a 
quite satisfactory indicator for a strong acid- 
strong base titration, has limited potential 
because of its low pK, value. We are currently 
investigating compounds applicable to other pH 
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regions and which will be compatible with the 
polymer system. 
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BOOK REVIEWS 

‘Ike Kirk43tkmer Encyclopedia of ChemkA TedmaIogy: Volume 4, Fourth Edition. Bearing Materials to Carbon. 
J. I. ICaoscnwtrz and M. HO~Z-GRANT (editors), Wiley-Interscience, Chicheater, 1992. Pages: xxx + 1117. f 150.00. 
ISBN O-471-52672-X (v. 4). 

The Iirst three volumes of this encyclopedia have recently been reviewed in Tafmra and the current volume continues to 
report on a variety of chemical topics. The chemical elements covered together with associated compounds are beryllium, 
bismuth, boron, bromine, cadmium and calcium. Technological aspects of the different solid state forms of carbon are 
mentioned at the end of the volume and carbides are dealt with in a separate section. 

Several other diverse topics, as well as the expected elements and compounds, are included. Some of these are beer, 
benzene, biosensors, bleaching agents, butadiene, butylenes, caprolactam and carbohydrate-s. The standard of the previous 
volumes is maintained and the topics are dealt with at a level which is informative, interesting, and easy to understand. 
My own favourite gems in this volume include (1) the different ways of sawing logs of trees into slabs, (2) a definition of 
Scotch whisky, (3) the use of biopolymers in chiral chromatography, and (4) problems associated with developing artificial 
blood. 

Other short sections cover biphenyl and terphenyls, brake linings and clutch facings, butyl alcohols and carbamic acid. 
The topic of biotechnology is stated to be dispersed throughout various articles but a concise overview is included in this 
volume. Extensive and up-to-date bibliographies are given after each article and the whole work is extremely well edited. 
This is an encyclopedia which every good science library should obtain. 

P. J. Cox 

‘Ihe Elements: Second Edition, J. Er+rsm, Oxford University Press, Oxford, 1991. Pages: vii+251. f11.95 (softback). 
ISBN O-19-855568-7. 

This is a marvellous book of data about all the elements up to atomic number 104. The lirst edition was published in 1989 
and proved extremely popular. The main additions in the second edition are sections on what the author calls Environmental 
PrOptieS. 

The lirst nine pages explain the type of data provided and the sources of information. Thereafter, the data are arranged 
per element in alphabetical order, with two pages devoted to each element. The preliminary information given includes the 
atomic number, relative atomic mass, the derivation of the name and the date and place of discovery. This is followed by 
a section on Chemical Properties such as reactivity towards air, water, acids and alkalis, values of the atomic and ionic 
radii, the electronegativity and effective nuclear charge. The standard reduction potentials and oxidation states are also 
listed. The next section concerns Physical Properties such as the melting and boiling points, thermodynamic properties, 
density, thermal conductivity, electrical resistance, mass magnetic susceptibility, molar volume, crystal structure and X-ray 
diffraction mass absorption coefficients. 

The section on Nuclear Properties contains the thermal neutron capture cross-section, the number of isotopes and isotope 
mass range and details about the key isotopes. Details relevant to NMR spectroscopy am also given including relative 
sensitivity, receptivity, magnetogyric ratio, quadrupole moments and frequency in MHz. The Electron Shell Properties listed 
are the ground state electron configuration, the term symbol and the electron afhnity in kJ mol-I. The main lines in the 
atomic spectrum are given along with ionisation energies for sequential loss of up to 10 electrons. 

The new sections on Environmental Properties will be of interest to geologists and those involved in the life sciences. 
The abundance of the element in the sun, the earth’s crust and the oceans are listed along with geological data concerning 
the principal ores, world production of the element or its minerals and an indication of the estimated reserves available. 
Data in the subsection on the biological role of the element includes typical levels found in human muscle, bone and blood. 
Normal daily dietary intake is given along with comments on the toxicity of the element and whether or not it is essential 
to healthy human existence. 

There are 20 supplementary tables of properties of the elements in order of the element and in ranking order of property. 
For example, there is a table on the dates of discovery of the elements in chronological order. Other tables give the melting 
and boiling points of the elements in order of temperature. 

The cost of the paperback version is extremely reasonable and I consider this book to be excellent value for money. 
Anyone who is interested in elemental properties should have a copy of-this book on their library shelves. This must be 
one of the most concise yet comprehensive collections of data about the elements. I do not know how I managed to survive 
without it! 

D. Lrr-tzaro~~ 
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Soluldon MI&g-LeacMng and Fluid Recovery of Materials R. W. BARTLETT, Gordon & Breach Science Publishers, 
Philadelphia, 1992. Pages: xxxii + 276. $29.00 E16.00. ISBN 2-88124-546-3. 

Anyone who has been shown around a cyanide treatment plant for extracting gold from mining wastes by aerial oxidation 
assisted by complexation of the gold cannot fail to have been impressed by the simplicity and the cheapness of the process. 
Similarly, the recycling of leachates from old mining residue tips to extract workable levels of copper and other metals 
obviously makes not only economic but also environmental sense. But that the value of materials extraction by solution 
mining exceeded two billion dollars in the US alone in 1990, accounting for between 20% (for boron) through 35% (for 
gold), 75% (for uranium) to 85% (for magnesium) of that country’s total production came as a big surprise to me. The 
author of this book has been responsible for a number of large development programmes, for recovery of copper, gold 
and precious metals, and boron. Based on this experience he has introduced an advanced level course on the topic for which 
this is the textbook. 

Both surface mining, of old mining residues, and deep mining, of new deposits following initial mechanical removal of 
15-25% of the ore body, are discussed. The need for the introduction of some rather formidable mathematical equations 
becomes clear when the last chapter, computer simulation of solution mining operations, is reached. Gptimisation of a 
commercial process depends on a sound knowledge of the permeability of the rock, the lump sixes, the dimensions of the 
ore heap, the flow of the eluting acid, and the kinetics of the process. 

Environmental aspects of solution mining are also discussed. Handling large amounts of cyanide solution presents 
obvious hazards, while slightly less obvious is the possible percolation of acid leachates into ground water. Dust and noise 
from mechanical mining are probably more serious threats to the environment. 

This is an interesting book, though written for a rather special&d market. It is readable, well illustrated, (with both 
photographs and line drawings) and contains useful bibliographies at the end of each chapter. It is certainly good value 
for money. 

I. MARR 

Capillary Electropl~oreai~ples, practice and applications: S. F. Y. Lt, Elsevier, Amsterdam, 1992. Pages: xxvi + 582. 
Dfl395.00. ISBN 0-444-89433-O. 

This is a very comprehensive text which deals in detail with the several modes of capillary electrophoresis. 
Chapter one is a readable introduction to the range of individual techniques associated with CE. It will be particularly 

useful in acquiring a basic knowledge of the different modes of use. Chapters two and three deal with injection and detection 
techniques in considerable detail. Both are very comprehensive and provide a wealth of information on lesser known 
methods as well as those more generally appreciated. 

A very complete overview of column technology is given in Chapter four dealing in particular with methods of capillary 
coating and attributes of gel-filled capillaries. Chapter five gives an exhaustive coverage of electrolyte systems used including 
the functions of simple buffer systems and organic modifiers. The effects and uses of more complex additives are also well 
covered in particular the use of surfactants in MEKC. Chapter six is a collection of diverse methods and techniques 
associated with CE ranging from fraction collection through isoelectric focusing and isotachophoresis and concluding with 
a review of combination methods. 

Chapter seven lists a multitude of CE applications. Amino-acid and biopolymer separations are comprehensively covered 
and the utilisation of CE in various diverse areas is reviewed. At the end of this chapter there is a very useful summary 
of separation conditions for different analytes in various matrices which will provide useful starting points for new 
applications. The review of commercial equipment which is also included in this chapter will prove invaluable for first time 
users of the technique. The last chapter attempts to cover recent advances and to indicate possible future developments. 

This volume is a very useful addition to the literature of separation science encompassing, as it does, all aspects of this 
rapidly emerging family of methods. It is almost encyclopaedic in its coverage and all chapters are extremely well referenced. 
This will facilitate any search for original information on any aspect of CE. 

R. B. TAYLOR 
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SPECTROPHOTOMETRIC DETERMINATION OF 
TRACE AMOUNTS OF CADMIUM IN 

HIGH PURITY ZINC MATERIALS WITH 
IODIDE AND RHODAMINE 6G 

S KARTKEYAN, T PRASADA RAO*, C S P IYER and A. D DAMODARAN 

Regtonal Research Laboratory (CSIR), T~v~d~rn 695 019, India 

(Recewed I3 August 1992 Rewed 18 November 1992 Accepted 21 November 1992) 

Summary-A highly selective and sensltlve spectrophotometnc procedure for the determmatlon of 
cadmmm IS developed This IS based on the mterachon of rhodamme 6G urlth tetramdocadmate (II) amon 
to form a pmk product whch absorbs maximally at 575 nm that IS stable for 24 hr when stab&& w&h 
gelatm Cadmium concentrattons as low as 0 01 ppm can be readzly determined The method IS precise 
and has been apphed to synthets sea water samples and fugh punty zmc matenals 

Cadmium is one of the priority pollutants 
and IS usually associated with zinc materials. 
Various methods have been described for the 
last one decade for trace determination of 
cadmium. These procedures are applicable to 
the dete~ination of cadmium in river water,’ 
natural watei? and waste water,@ Since, zinc 
has a relatively low tendency to form complexes 
with iodide (p& = -2 3) compared to cad- 
mium (pK, = 6.1), this has been utilized with 
advantage to devise methods for cadmium 
after reaction with rhodamine B6 (el = 4.2 x 
104 l.mole-’ .cn-I) and pyronine G’““(el= 
9.0 x 104 1 .mole-’ .cm-’ ). However, the former 
method is less sensitive and the latter has a 
drawback in the sense that pyronine G is an 
impure commerctal dye consisting of -80% 
rhodamine S and -20% of pure pyroninei2 
(where rhodamme S is the main reacting mol- 
ecule). Hence, it is essential to devise a pro- 
cedure to determine traces of cadmium m 
high purity zinc materials with a reagent of 
defimte composition. This paper describes 
the studies on the Interaction of anionic iodo 
complex of cadmium with rhodamme 6G that 
provides a basis for a highly selective spec- 
trophotometric method for the determination 
of cadmium. This method finds apphcatton 
in the dete~nation of cadmium at levels down 
to 1 pg/g of high purity zinc materials. 

*Author for correspondence 

EXPERIMENTS 

Reagents 

All reagents used were of analytical reagent 
grade unless otherwise stated. All solutions were 
prepared with double distilled water. 

Standard ~dmium solution, 500 ppm: Dis- 
solve 0.2854 g of cadmium sulphate (3 CdSO,. 8 
HzO) in 250 ml of water and standardize titri- 
metrically using EDTA. Prepare working stan- 
dards (5 ppm) by suitable dilution. 

Citrate buffer solution, O.&W, pH 3.5: Pre- 
pare the citrate buffer (0.8M) by drssolving 
21.04 g of citric acid monohydrate and 29.41 g 
of trisodium citrate m water and adjust the pH 
to 3.5 using either HCl or NaOH and diluting 
to 250 ml. 

Bhodamine 6G (BDH, Poole, U.K.) solution, 
0.01%: Dissolve 0.025 g of rhodamine 6G in 
250 ml of water. 

Potassium iodide solution, 10%: Dissolve 
10 g of potassium iodide m 100 ml of water. 

Gelatin solution, 1%: Dissolve 1 g of gelatin 
in 100 ml of water. 

Apparatus 

A microcomputer based Hitachi Model 220 
double beam spectrophotometer with extended 
program was used. An ELICO LI-120 digital 
pH meter was used for pH adjus~ent. 

Procedure 

Mix 2.5 ml of citrate buffer in an aliquot 
of sample solution containing not more than 
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0.6 ppm of cadmium m a 25-ml volumetric flask, 
mix and adjust the pH to 3.5 using HCl or 
NaOH under a pH meter. Mix 2 ml of potass- 
mm iodide and 5 ml of rhodamme 6G followed 
by 1 ml gelatin and dilute to the mark with 
distilled water using IO-mm quartz cells 
Measure the absorbance at 575 nm against a 
reagent blank and establish the concentration 
by reference to a calibration graph prepared for 
O-O.6 ppm of cadmium using standard cadmium 
solutions, by following the above procedure 

Analysis of high purity zinc materials 

Dissolve 5 g of high purity zmc materials m 
10 ml of 1.1 HCl and dilute to 100 ml with 
water. Add 2 ml of 20% solution of sodium 
citrate to a lo-ml aliquot and adjust the pH to 
3.5, as described above. Transfer the solutron to 
a 25-ml volumetric flask and establish the con- 
centration of cadmmm as described above. 

RESULTS AND DISCUSSION 

The pink ternary complex that resulted, on 
the addition of rhodamme 6G to the aqueous 
solution of cadmmm containing iodide, was 
unstable and gradually precipitated on standing. 
This ternary complex (Cd-r-rhodamme 6G) 
was found to be stable for 24 hr on the addition 
of gelatin. 

Absorption spectra and spectral characterutics 

Figure 1 shows the absorption spectra of 4 ml 
of 10V4M rhodamine 6G (curve A) with 1 and 

I 

$0 

f 

0 

Wawlength, nm 

Fig 1. Absorption spectra of the cadmmm-todrde- 
rhodamme 6G complex, wtdth of cells, 10 mm, reference, 
water, pH 3 5 Curve A 4 ml of 1 x 10e4M rhodamme 
6G + buffer and 2 ml of 10% KI solution + 1 ml of 1% 
gelatm m 25 ml of final solutton Curves B & C as m A but 
with the adQtton of 1 and 4 ml of 1 x 10m4M cadmmm 

solution 

0 201 

2 4 6 

PH 

Rg 2 Effect of pH on the absorbance at 575 nm (0 2 ppm 
of cadmmm, 2 ml of 10% KI, 5 ml of 0 01% rhodamme 6G, 

total volume = 25 ml, 10 mm quartz cells) 

4 ml of 1 x 10e4J4 (curves B and C, respectively) 
amounts of cadmium in the presence of potass- 
ium iodide and gelatin. It is evident from Fig. 1 
that the mteraction of the lodo complex of 
cadmium with rhodamine 6G proceeds with a 
considerable bathochromic shift. the ternary 
complex has a maximum absorption at 575 nm 
compared with that of the dye at 530 nm. 

Optimization of experimental conditions 

It was found that the ternary complex was 
fully formed m the pH range 2-4 (Fig. 2) 
Studies at higher acidities were not considered 
because liberation of I, increases the blank 
value. Citrate buffer @H 3.5) was preferred to 
phthalate or acetate buffer as its presence re- 
moves the interference of 200-fold amounts of 
Pb2+, Cu2+, WOi-, Sn2+ and Sb3+. The results 
of the investigation on the effect of iodide and 
rhodamine 6G showed that, for constant and 
maximum absorbance, the solution should 
contain at least 3 ml of 5% potassium iodide 
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Fig 3 Curve A Effect of potassmm todtde m presence of 
5 ml of 0 01% rhodamme 6G Curve B Effect of rhodamme 
6G m presence of 2 ml of 10% KI (0 2 ppm of cadmium, 
pH 3 5, total volume = 25 ml, 575 nm, 10 mm quarts cells) 
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Table 1 Results of interference &ties 
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Interference 

Ll+, Na+, K+, Ca2+, Sr?+ Ba*+, Pbz+, Sn2+, Cu’+, Zn*+, Fe’+, CO*+ 
Be*+, NIZ+ Mn2+ Uq+ ‘Cr’+, Fe)+, A13+, Sb3+, n’+, La3+, Cc’+ ’ 
zfl+, Th’+: Se4+,$bs+, isO:-, AsO:-, VO:-, MO@,-, We,-, &, 
S,O:-, B,q-, F-, SCN-, oxalate and tartrate 

Hg2+, Pd2+, BI’+ and Pt’+ 

NO; 

Remarks 

No Interference 

Interfere by enhancmg the absorbance 

Interferes by oxldzmg rhodamme 6G 

(c$ curve A, Fig. 3) and 4.5 ml of 0.01% 
rhodamine 6G (cJ curve B, Fig. 3). Under these 
optimal condittons, the colour development was 
instantaneous ond remains stable for 24 hr. The 
order of addition of reagent solutions was found 
not to be critical provided that the gelatin 
solution was added after the addition of other 
reagent solutions. 

Calrbration graph and precisron 

The colour system obeys Beer’s law in the 
range O-O.6 ppm of cadmium in a final volume 
of 25 ml. The molar absorptivity (el) at 575 nm 
was calculated to be 8.9 x 104 l.mole-’ .cn-‘. 
Ten replicate deterrnmations on standard sol- 
utions that contained 5 pg of cadmium showed 
a mean recovery of 98.6% with a coefficient of 
variation of 1.39%. 

Nature of the complex 

The combining ratio of cadmium to rho- 
damine 6G was established to be 1: 2 from mole 
ratio and continuous variation methods. These 
methods were unsuccessful when applied to the 
determination of the combining ratio of cad- 
mium to iodide as no colour development took 
place when they were present in molar pro- 
portions. However, the equilibrium shift 
method indicates a ratio of 1:4 for cadmium to 
iodide. Hence, the ternary complex has the 
empirical composition (Cd I4)2-R,+ ) where R+ 
represents the rhodamine 6G cation. 

Interference studies 

The interfering effects of various ions at 40 
ppm level on the determination of 0.2 ppm 

of cadmium by the proposed method are sum- 
marized in Table 1. 

The addition of 2 ml of 5% thiourea over- 
came the interference due to Pd2+ and Pt4+ and 
addition of 2 ml 5% oxalic acid ehmmated the 
interference due to Bi3+. The interference of 
mercury(I1) was eliminated by reduction with 
2.5 ml of 2% SnCI, and centrifuging of the 
turbid solution pnor to the addition of reagent 
solutions. The addition of 2 ml 5% urea over- 
came the interference due to nitrite. 

Analysts of synthetic samples 

The results m Table 2 show that the presence 
of similar or even larger concentrations of metal 
ions either alone or in combmation, had no 
effect. The method can therefore be used for the 
determination of cadmium in real samples such 
as steel and high purity zmc materials. 

Table 3 presents the results of the analyses of 
synthetic sample solutions of various forms of 
sea water after overcommg the mterferents as 
described above. The results clearly show that 
the method can find use in trace determination 
of cadmium in polluted sea water samples. 

Analysis of high purity zinc materials 

Table 3 shows the results of the determination 
of cadmium in zinc sulphate and zinc oxide 
samples by the proposed method. The results 
were compared with those obtained by atomic 
absorption spectroscopy. The data obtained on 
samples spiked with known amounts of cad- 
mium are presented. The results show good 
agreement between the two methods. 

Table 2. Analysis of synthetic samples (cadmmm concentration = 0 1 
ppm in a final volume of 25 ml) 

Composlhon of solution Absorbance 

NaCl (2 g) 0 080 
Fe (200 ppm) + Cu (80 ppm) + Cr (40 ppm) 0.078 
Fe (200 ppm) + Cr (120 ppm) + Ni (80 ppm) 0 080 
Fe (200 ppm) + Mn (40 ppm) 0 080 
Fe (200 ppm) + MO (40 ppm) + W (40 ppm) 0 078 
Zn (200 ppm) + Pb (200 ppb) + Cu (80 ppm) 0 082 



774 s. &RTlKEYAN et a/. 

Table 3 Analysis of sea water samples 

Ahquot Cadmmm added 
taken (pg m 25 ml 

SNo Compostuon of the sample (ml) of final solutton) Absorbance 

I None - 
- 

2 NaCl(20%) 

3 Sea water 
Na (1 OS%), K (0 04%), 
Mg (0 13%), Ca (0 04%), 
Cl (1 89%) 

4 Deep sea water 
Na (3 2%), K (O&t%), 
Mg (3.67%), Ca (1 3%), 
Cl (17%) 

10 
10 
10 

10 - 0001 
5 25 0 078 

10 10 0 032 

10 - 0000 

IO 10 0 034 
IO 25 0 085 

10 0 032 
25 0 080 

- 0008 
10 0.033 
25 0 080 

Table 4 Analysrs of high punty zmc matertals 

Sample solutron 

Amount of Allquot 
Cd added taken 

(M/I?) (ml) 

Cadmmm found 
(/cg/g) 

proposed 
method AAS 

(A) Zmc sulphate* - 
(5 g/l00 ml) :8 

(B) Zmc oxrdet - 
(5 g/l00 ml) 25 

50 

*AnalaR BDH Chenucals Ltd, India 
tS D Fme Chermcals Ltd, Indta 

100 160 1.60 
100 2 S8 2 60 
50 3 65 3 60 

100 5 70 5.70 
IO0 8 20 8 25 
50 1060 10 65 

CONCLUSION REFERENCES 

The method described provides a simple and 
reliable means of determining trace amounts of 
cadmium by spectrophotometry. Though it is of 
similar sensitivity as that of pyronine G pro- 
CXXILIE,‘~ it is supenor to other methods in terms 
of selectivtty and is readily applicable to the 
analysis of high purity zinc materials. The 
method also has the advantage of virtual free- 
dom from 200-fold amounts of various ex- 
traneous ions and can therefore serve as an 
alternative to atomic absorption spectropho- 
tometry for rapid and precise determination of 
cadmium in steel, in polluted sea water, waste 
water and high purity zinc materials. 
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Summary-High-speed chromatography IS coupled with numerical methods for analyzmg unresolved 
chromatograms and apphed to a process analysrs of high-fructose corn syrup A column selectton process 
IS demonstrated where a rmmmum amount of resolutton IS sacnficed m order to decrease analysts hme 
from over 5 mm to 25 sec. Two data analysts methods, hnear least squares regressron and the sequenttal 
chromatogram ratio technique coupled wtth sequenttal suppresston, are compared for their ability to 
quantttate the poorly resolved chromatograms Both methods fit pure component analyte chromatograms, 
collected on a computer, to a sample chromatogram wtth unknown concentrattons of each analyte For 
a high-fructose corn syrup sample wtth a nommal fructose concentratton of 55%, hnear least squares 
analysts gave a fructose concentratton percentage of 57 2 f 0 9% The sequential chromatogram ratio 
algonthm gave a fructose concentration percentage of 57 9 f 0 7% 

Liquid chromatography involves a balance be- 
tween analysis time, separation ability, and 
complexity of instrumentation.’ In many appli- 
cations, analysis time becomes critical. High- 
speed chromatography2 (where the eluent 
dead-time is around 10 set) and super-speed 
chromatography (where eluent dead-time is less 
than a second) sacrifice either resolution or 
instrumental simplicity. Traditional attitudes 
toward high-speed chromatography favor the 
loss of the latter over the former.3 However, in 
certain applications, such as process analysis 
and control, it is desirable to keep instrumenta- 
tion as simple as possible.4 In such cases it is 
advantageous to sacrifice resolution for analysis 
time. Davis and Giddings have shown that as 
the number of components in a chromatogram 
increase, the probability of interference between 
an analyte and an unknown also increases.‘” 
This situation is essentially the same as when 
one sacrifices resolution while reducing analysis 
time. For process chromatography, however, 
this is less a problem, as most of the components 
are generally known, and chromatograms, 
sequential in time, are fairly constant while the 
process is under control. Yet, any data analysis 
algorithm must flrst support accurate qualitat- 
ive analysis prior to, or in conjunction with, 
quantitative analysis. Quantitation remains a 
problem, as traditional data analysis techniques 
such as integration or peak height do not work 

well with unresolved or poorly resolved 
chromatograms. 

Two methods that are useful for the quanti- 
tation of poorly resolved chromatograms are 
linear least squares regression,7v* and the sequen- 
tial chromatogram ratio (SCR) technique.“’ 
Both are computer-based methods that fit ana- 
lyte standard peaks to the chromatogram to be 
analyzed. Linear least squares regression, the 
better known of the two, is limited to cases 
where all components of a region of interest in 
a chromatogram are known. The SCR tech- 
nique does not have this limitation, however, 
and can also be used to provide qualitative 
information on analyte purity and identity using 
a statistical value obtained from a pure analyte 
standard.” The SCR technique is not able to 
quantify totally unresolved analytes unless 
coupled with sequential suppression,” in which 
the signal contribution of an interfering 
component is mathematically removed. 

The following paper will demonstrate the 
application of high-speed chromatography to 
an analysis important to process monitoring, 
where resolution is forsaken in order to decrease 
analysis time. For this particular application it 
is advantageous to go from a 5 min chro- 
matogram to less than 30 sec. The particular 
analysis examined will be that of high-fructose 
corn syrup. Special attention will be given to the 
choice of an appropriate column, as the packing 
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material used for the separation is sensitive 
to high pressure The high-fructose corn syrup 
separation is a~omplished at appro~mately 
80”C, thus special attention to efficiently heating 
the high-speed column is necessary to avoid 
radial thermal gradients that lead to severe peak 
broadening.‘* The adverse effects of a radial 
thermal gradient m the high-speed regime is 
avoided by using a column with a bore that is 
significantly more narrow than conventional 
column widths”*r4 Both linear least squares 
regression and the SCR technique, coupled with 
suppression, will be applied to analyze the 
poorly resolved high-speed chromatogram, ob- 
tained in less than 30 sec. Results from the 
analysis will show that both methods give simi- 
lar results in terms of quantitative precision and 
accuracy. 

THEORY 

Gtven a certain resolution, R,, the ~nlmum 
analysis time required, t,, is * (kb+ 1)3 Ii 

(k;)2 ii (1) 

where k; is the capacity factor for the latest 
eluting analyte, a IS the selectivity factor of the 
two analytes, H is the plate height, and u the 
linear mobile phase velocity.2 A comparison of 
the resolution change between two columns, 
labeled with subscripts 1 and 2, differmg only in 
analysis time but not m thermodynamics, may 
be made using equation (1) 

where column 
column, and 
column. The 
equal to 

1 may correspond to a high-speed 
column 2 to a normal-speed 
Miami analysis time is also 

fR =:(I +k’), 

where L is the column length and k’ is the 
capacity factor of the last analyte.3 For high- 
speed chromatography, 

(4) 

where d,, is the packing material diameter, and 
0, IS the analyte diffusion coefficient? Substi- 
tuting equations (3) and (4) into equation (2) 
leads to the relationship between resolution, 

column length, mobile phase velocity and par- 
ticle diameter 

For chromatography using soft packing ma- 
terials such as a polymer gel, pressure becomes 
an import~t llmi~tion. The pressure drop AP 
across a packed column is given by 

Ap &wL 
=d;;’ (6) 

where u is the mobile phase velocity, # IS a 
structural parameter dependent on packing ma- 
terial geometry, and q the viscosity of the mobile 
phase.2 For the sake of discussion, one can set 
the ~ns~aint that the pressure drop must be 
kept constant for both separations 

(7) 

This constraint keeps the lnst~ental perform- 
ance requirements constant in terms of pump 
reliability. If one of the parameters is adjusted, 
then at least one other parameter must be 
changed to maintam the identity of equation (7). 
Thus, equation (5) must be worked within the 
context of equations (3) and (7), and m terms of 
analysis time, equation (5) becomes 

R $1 _ 

Rs,2 - 
Under the constraint of equation (7), speeding 
up an analysis by changmg particle size is not 
the best method. If one increases particle size, 
then either the column length must be length- 
ened (which actually increases analysis time), or 
the mobile phase linear velocity must be in- 
creased. However, the velocity would have to be 
changed by a factor equal to the square of the 
particle size change, leading to an undue loss of 
resolution, By decreasing particle size, either the 
column length would have to be shortened, or 
the mobile phase velocity decreased, which 
again would increase analysis time. Although 
decreasing column length by an amount necess- 
ary to preserve the identity of equation (7) 
decreases the analysis time by a factor equal to 
the square of the particle size change (equation 
S), resolution is not sacrificed (equation 5). 
Moreover, extremely short columns have hm- 
ited commercial availability. 

Decreasing column length and speedmg up 
the mobile phase linear velocity is the most 
acceptable method of decreasing analysis time 
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while sacrificing a mmimum of the resolution 
and keeping pressure drop constant. By decreas- 
ing column length by a factor of M, the mobile 
phase linear velocity may be increased A4 times 
(equation 7). This leads to a decrease in resol- 
ution equal to a factor of M (equation 5) and a 
decrease in analysis time equal to a factor of M* 
(equation 8). 

The above discussion assumes that an unre- 
solved chromatogram can be quantified. Two 
computer analysis methods that can be used to 
analyze unresolved chromatograms are linear 
least squares regression,7*8 and the sequential 
chromatogram ratio technique.%” Both 
methods determine the best fit of a calibration 
standard to an analysis. For least squares analy- 
sis of N analytes, analyte concentrations are 
given as a 1 x N row vector x, computed as 
follows 

x = Ys’w’)-‘, (9) 

where y 1s the response vector (expressed as a 
row) and fl is a calibration matrix predicted by 

/I = X-‘Y, (10) 

where Y is the calibration set containing N rows 
for N pure component standards, and X is an 
N x N diagonal matrix containing the concen- 
trations of the pure component standards. 

Linear least squares regression works well 
when all the components of a chromatogram are 
known. However, if a component in a chro- 
matogram is an unknown, or a standard for that 
component is not available, then this method is 
not usable. A technique that can analyze unre- 
solved chromatograms even when unknowns 
are present is the sequential chromatogram ratio 
(SCR) technique. The SCR technique mvolves 
the point-by-point ratio of two chromatograms 
differing only in the relative concentrations of 
one or more analytesg For a linear detector, the 
sequential ratio of analyte j 1s computed by 

W) C,,” 
R(t)=-- 

SW -c (11) 

where U(t) and S(t) are two sequential chro- 
matograms expressed as data vectors, recorded 
under the same conditions, and C,,, and C,,, are 
the injected concentrations of analyte J for each 
respective chromatogram. A plot of the sequen- 
tial ratiogram will be flat where there exists a 
pure elution region for analyte j. If the injected 
concentration of analyte j is known for either 
U(l) or S(t), the concentration ofi in the other 
chromatogram may be determined from the flat 

ratiogram. The sequential chromatogram ratio 
may also be used to provide qualitative infor- 
mation on peak purity, or for analyte identifi- 
cation. The ratio of the chromatogram with a 
pure component standard chromatogram of the 
analyte (or suspected analyte) in question is 
examined. The presence of a flat ratiogram, 
whose boundaries are determined by compari- 
son of a flatness statistic S,,,, obtained from the 
ratiogram in question, to SW obtained from 
replicate standard runs, indicates a pure elution 
region of an analyte common to both the chro- 
matogram and the standard.” The sequential 
chromatogram ratio may be used to determine 
concentration changes in chromatograms with 
resolution as small as 0.1.’ To quantitate totally 
unresolved analytes, or to improve the quantifi- 
cation of poorly resolved analytes, it is possible 
to algebraically remove an interfering com- 
ponent using sequential suppression.” Sequen- 
tial suppression, like the SCR technique, uses 
two sequential chromatograms, each containing 
the component to be suppressed. All that needs 
to be known is the concentration change of that 
analyte between the two chromatograms. 
Sequential suppression creates a third chro- 
matogram, S,,,(t), lacking the signal 
contribution of the suppressed component 

&upp(f) = S(t) - kW). (12) 

The suppression constant k is the ratio of 
concentrations of the component to be sup- 
pressed, obtained from equation (11). If U(t) is 
a pure component standard, then the signal 
contributions of all other analytes are un- 
affected. 

EXPERIMENTAL 

The mobile phase pump consisted of an ISCO 
LC-2600 syringe pump (ISCO, Inc., Lincoln, 
Nebraska) with a volumetric flow rate of 0.75 
ml/mm for the high-speed analysis, and 0.66 
ml/min for the normal-speed analysis. Note that 
it 1s not the volumetr’c flowrate, specifically, 
that defines the analysis time regime, but rather 
the linear flow velocity and column dead time.* 
The detector was a Bio-Rad refractive index 
monitor (Bio-Rad Laboratories, Richmond, 
CA) with a 10 ~1 flow cell. Sample injection was 
accomplished with a Rheodyne 9125 manual 
injection valve (Rheodyne Inc., Cotati, CA) 
with a 5 ~1 sample loop. For the normal-speed 
analysis, a 100 x 7.8 mm, 9 pm particle diam- 
eter polystyrene-divmyl benzene sulfonated ion 
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exclusion column m the Pb*+ form (Bio-Rad 
Laboratories, Richmond, CA) was used. The 
high-speed column was a 35 x 3.2 mm, 10 pm 
particle diameter polystyrene-divinyl benzene 
sulfonated ion exclusion column in the Ca*+ 
form (Alltech Associates, Inc., Deerfield, IL). 
Both columns were heated to 78°C in a hot 
water bath. 

The mobile phase was 100% HPLC-grade 
water (J.T. Baker Inc., Phillipsburg, NJ). The 
fructose (Alfa Products, Danvers, MA), dex- 
trose (J.T. Baker, Phillipsburg, NJ), and mal- 
tose (Aldritch Co., Inc., Milwaukee, WI) 
standards were at concentrations of 0.01,0.0083 
and 0.005 g/ml, respectively. Two high-fructose 
corn syrup samples, one at 55% nominal fruc- 
tose concentration, and the other at 42% nom- 
ma1 fructose concentration, were diluted 500 
times in water. 

Data collection was accomplished through 
the use of an IBM XT personal computer (Boca 
Raton, FL), equipped with a DASH-16 data 
acquisition board (Metrobyte Corp., Taunton, 
MA). Data collection was performed at the rate 
of 250 points per set which were box-car aver- 
aged down to 50 points per sec. The data were 
processed using Matlab (The Mathworks, Inc., 
South Natick, MA). A variance-weighted ratio 
algorithm was used to calculate all ratios.g 

Each corn syrup sample was run five times 
All analyte standards were run four times, twice 
before the corn syrup samples, and twice after 

RESULTS AND DISCUSSION 

Before choosing a column for high-speed 
chromatography it is necessary to examine a 
conventional analysis, and compare it to the 
goals of the high-speed separation. Figure 1 is of 
a chromatogram of high-fructose corn syrup, 
with a total analysis time of 5.5 min. A reason- 
able goal is to speed up the analysis to under 30 

-2 4 6 

Time, mn 

Fig. 1 Normal-speed chromatogram of 42% nominal fruc- 
tose concentratton high-fructose corn syrup M-maltose, 
Ddextrose, F-fructose. For chromatographtc con- 

dtttons, see text. 

SW a 1Zfold decrease in analysis time. 
Although pressure drop across the column was 
an important consideration, the constraint of 
equation (7) was not entirely necessary, but 
should be kept in mind, as the pressure drop of 
the slow separation (600 psi) was well below the 
recommended maximum of 1500 psi. Assuming 
constant volumetric flowrate, the mobile phase 
linear velocity was increased by a factor of 5.9 
by going to a 3.2 mm i.d. column, instead of the 
7.8 mm i.d. column used for the slow separ- 
ation. Column diameter was decreased in this 
manner in order to lessen the effects of any 
radial thermal gradients in the heated column at 
the higher linear flow velocity, and thus main- 
tain the separation efficiency.‘* Microbore 
columns (1 mm id.) easily eliminate any radial 
thermal gradient, 13*i4 but any column with less 
than 3.2 mm id. would have lead to significant 
extra-column band broadening from the detec- 
tor available for analyte peaks less than 10 times 
the detector flow cell volume. The separation 
efficiency achieved with the high-speed (3.2 mm 
i.d.) column indicated that radial thermal gradi- 
ents were not significant with this column at 
78°C and a linear flow velocity of 3 mm/set. To 
decrease analysis time further, the column 
length was decreased from 10 to 3.5 cm. Thus, 
the column dead time was about 11 set, which 
was in the high-speed regime.* Theoretically, at 
constant volumetric flowrate, all the changes in 
column diameter and length result in the analy- 
sis time decreasing by a factor of 17.0 (equation 
3), with an increase in pressure by 2.1 times 
(e uation 6). Also, the resolution should be 

4- 17.0 times worse, or a factor of 4.1. 
Figure 2 shows two chromatograms of high- 

fructose corn syrup using the high-speed 
column, nominally at 42% fructose (HF-42) 

-0 10 20 30 

Time, see 
Fig. 2. HI&speed chrornatograms of a 42% nommal 
fructose concentratton high-fructose corn synrp (dashed 
line) labeled HF-42 m Table 1 and text, and a 55% nommal 
fructose h&-fructose corn syrup (sohd hne) labeled HF-55 
m Table 1 and text: M-maltose, D-dextrose, F-fructose. 

For chromatographtc comhtions, see text. 
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and 55% fructose (HF-55). The experimental 
parameters, such as pressure and analysis time, 
are within acceptable bounds of the values 
predicted in the above discussion of going from 
a normal-speed separation to a high-speed sep- 
aration. Actual agreement was not expected, 
as the above discussion, using equations (3), 
(5), (6) and (8), assume that the thermodyn- 
amics between the separations remains con- 
stant. This was not precisely the case, as the 
fast column packing material differs slightly 
in particle diameter and counterion (as reported 
in the experimental sectron). Also, by using a 
smaller diameter column, the thermal 
gradients present in the heated column were 
minimized. Total analysis time has been de- 
creased by a factor of over 13, relative to Fig. 
1, to under 25 sec. Resolution of the three sugars 
in the high-speed chromatograms was deter- 
mined from injections of individual standards, 
shown in Fig. 3. Resolution between the fruc- 
tose and the dextrose has decreased from 2.2 in 
the normal-speed chromatogram to 0.8 m the 
high-speed chromatogram; resolution between 
dextrose and maltose has decreased from 1 .O to 
0.3. Finally, the pressure drop across the 
column has been increased to 1100 psi in the 
high-speed runs, from 600 psi in the normal 
speed run. 

As all components of the sample mixture were 
known, it was possible to apply least squares 
regression (equations 9 and 10) to quantitate the 
poorly resolved chromatograms, using the ana- 
lyte standards in Fig. 3. The results, shown in 
Table 1, agree well the nominal percentages of 
each sugar one might expect in a corn syrup 
sample, especially the fructose percentage. Pre- 
cision was also good, with the standard devi- 
ation being better than 2% on average for 
fructose, the primary analyte of interest. By 
using an automated injection system, precision 
could be further improved to below 1%. 

0 10 20 30 

Time, aec 
Fig 3 H&speed pure-component chromatograms for the 
major components of h@-fructose corn syrup M-mal- 
tose, D-dextrose, F-fructose For chromatographrc con- 

dlhons, see text 

The SCR technique works m a similar fashion 
to linear least squares regressron, but has the 
added advantage that not all of the components 
in a chromatogram need be known (high- 
fructose corn syrup can be expected to contain 
up to 1.5% unknown higher saccharides).g-” 
Figure 4 is a ratiogram between the HF-55 corn 
syrup sample and a pure fructose standard 
(Fig. 3), obtained from applying equation (11). 
The ratiogram is flat from 20 to 23 set, indicat- 
ing a pure elution region for fructose. This 
constitutes the qualitative analysis of fructose, 
and can be substantiated by applymg a flatness 
statistic comparison of apparent pure elution 
regions between replicate standards and the 
data in Fig. 4. ‘O From this flat region the ratio 
of concentrations between the two chro- 
matograms may be calculated. Below 20 set, the 
ratiogram rapidly increases due to a mixed 
elution region of fructose and dextrose. This 
mixed elution region in no way interferes with 
the analysis of fructose. Even if an unknown 
component co-eluted with the dextrose or mal- 
tose, it would still be possible to calculate the 
concentration of fructose, as a flat ratiogram 
would still exist. Maltose may also be analyzed 
by repeating the above procedure, using a pure 
maltose standard of known concentration. 

Table 1 Quantltatlve comparison of the determmatlon of the pnmary components m 
high-fructose corn syrup by lmear least squares regression and the SCR techmque coupled 

with suppresslon 

Nommal 
Sample fructose Method of Maltose Dextrose Fructose 
label W) analysis* (%I (%) (%) 

HF-42 42 LLSR 18.5 f 0 2 43.4 f 0 5 38lfOS 
SCR 18.1 &04 42.8 f 1.2 390*12 

HF-55 55 LLSR 1.9 f 0.5 40.7 f 0.7 572*09 
SCR 1 4 f 0.6 40.3 * 0.4 579507 

All values are the average of five runs, and are listed & 1 S D 
*LLSR-Lmear least squares regresmon. SCR-Sequential chromatogram ratlo technique 

coupled with sequential suppression 
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0- 
14 19 24 

Time, sac 

Fig. 4 Raho of mJected concentrattons, obtamed from 
applying equatton (11) to the chromatograms of the 55% 
nommal concentratton h&fructose corn syrup (Ftg. 2) and 
the pure fructose standard chromatogram (Fig 3) The flat 
concentration ratto for fructose, F, 1s used for positive 

rdenhficahon and quanttficatton 

5 

D 
4 

3 

2 

1 M 

0 m 
0 10 20 30 

Tine, aec 

Rg 5 High-speed chromatogram of 55% nommal concen- 
tratron high-fructose corn syrup after fructose has been 
mathemahcally suppressed usmg equabon (12) and the pure 

component fructose chromatogram (Fig 3) 

However, rt IS not posstble to quantitate dex- 
trose without suppression of maltose or fruc- 
tose, as no pure elution region exists for this 
sugar as 1s clear from Fig. 3. One must first 
mathematically remove the signal contribution 
of either maltose or fructose, using sequential 
suppression. Figure 5 IS the same chromato- 
gram of the above high-fructose corn syrup 
(HF-55), only with the signal contribution of 
fructose removed, using equation (12). The sup- 
pression constant, k, was calculated from 
the ratiogram in Fig. 4. There now exists a 
pure elution region for dextrose, with which 
the SCR technique was applied. The results of 
the analysis using the SCR technique may be 
compared with the results of the analysis using 
least squares m Table 1. Again, precision could 

be improved with the use of an automated 
injection system to better than 1%. The results 
of the two methods are comparable with 
each other. 

By using an appropriate data analysis 
method, it is possible to sacrifice resolution in 
order to speed up an analysis, and not give up 
significant accuracy or precision of the results. 
Linear least squares analysis is a simple algor- 
ithm which requires that all components of a 
chromatogram be known. The sequential chro- 
matogram ratio technique does not have this 
limitation, and provrdes results comparable 
with classtcal least squares. 
Acknowledgement-The authors would hke to thank 
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SPECTROPHOTOMETRIC DETERMINATION OF 
SELENIUM WITH 6-AMINO-I-NAPHTHOL-3-SULPHONIC 

ACID (J-ACID) AND ITS APPLICATION IN TRACE 
ANALYSIS 

K N RAMACHANDRAN, R. KAWHWAR and V. K. GUPTA* 

School of Studtes m Chemtstry, pt Ravlshankar Shukla Umverstty, Ratpur, M P , 492 010, India 

(Received 9 September 1992 Rewed 18 November 1992 Accepted 18 November 1992) 

Summary-A selecttve procedure for spectrophotometnc determmatton of selenium wtth dammo-l-naph- 
thol-3-sulphomc actd (J-actd) 1s described In actdtc condtttons selenium forms a yellow complex wtth 
J-acid which has an absorphon maximum at 392 nm The molar absorptivity is 1 48 x 104 1 mol- ‘cm- ’ 
Beer’s law 1s obeyed for selemum m the range of 0 08-O 8 mg/l The method has been apphed to the 
determmatton of trace amounts of selemum m water, polluted water, plant matenal and steel plant dust 
The proposed method is sensttive, rapid, simple and accurate 

Selenium is one of the widely distributed non- 
metallic elements with considerable ngnifi- 
carice.‘** The maximum tolerance limit for 
human beings is 0.1 mg/m3 in air and 4 mg/ 1 for 
water.* Several methods based on different tech- 
niques have been reported for the determination 
of selenium.3-7 Of the numerous methods re- 
ported for spectrophotometnc determination of 
selenium, only a few of them have sensitivity, 
selectivity and simplicity. The most popular 
reagents reported include 3,3’-diaminoben- 
zidine,8 dithiozone,g o-phenylenediamine,‘O and 
chromotropic acid. ” Methods usmg o-diamines 
require long reaction times, acidity mamten- 
ante, etc. while most of the other reported 
reagents are non-selective. Here, 6-amino- l- 
naphthol-3-sulphonic acid (J-acid) is proposed 
as a new reagent for photometric determination 
of selenium(IV). The sensitivity for the determi- 
nation of selenium (IV) is supenor to that of 
other reported reagents. The conditions of the 
formation of the Se (IV)-J-acid complex were 
studied in detail. In the pH range of l-2.5, 
J-acid reacts mstantaneously with Se (IV) to 
form a yellow 2.1 complex. 

The S+J-acid complex exhibits maxtmum 
absorption at 392 nm with a molar absorptivity 
of 1 48 (+O.Ol) x lo4 1 moll’cm-‘. Beer’s law 
is vahd over the concentration range of 0.08-0.8 
mg/l of Se (IV). The colour reaction is free from 

*Author for correspondence 

interference from more than 25 ions investi- 
gated. The proposed method has been applied 
to the spectrophotometric determination of 
trace amounts of Se (IV) in environmental 
samples and offers advantages of sunpldty, 
sensitivity, rapidity and stability of the coloured 
solution without heating. 

EXPERIMENTAL 

Apparatus 

Absorption spectra and the absorbance were 
recorded using a Varian DMS 100 S UV- 
visible spectrophotometer, with matched silica 
cells. A Systronics pH meter model No. 33 1 was 
used to measure the pH. Standard glassware 
was used for volumetric measurements. 

Reagents 

All chemicals used were of analytical reagent 
grade unless otherwise stated. Deionized double 
distilled water was used. 

Standard selenium solution (100 mg/l) : dis- 
solve 100 mg of elemental selenium in 5 ml 
concentrated nitric acid by gently heating and 
evaporate to dryness and dilute with distilled 
water to 100 ml. Dilute further to obtain a 1 
mg/l working standard solution. 

J-acid (Wilson) : dtssolve 500 mg of 6-amino- 
I-naphthol-3-sulphonic acid (J-acid) in 100 ml 
of concentrated sulphunc acid, and store in an 
amber coloured bottle. 

Sulphuric acid: 18M. 

TAL NW-B 781 
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Acrd mixture: mix 80 ml of concentrated 
nitric acid with 20 ml of 60% perchloric acid. 

EDTA: 0,05M. 
3,3’-Draminobenzidine hydrochloride: drs- 

solve 500 mg of the reagent in 100 ml water. 
Hydroxylammonium chloride solution: dis- 

solve 2.5 g of the reagent in 100 ml of water. 
Sodium hydroxide: dissolve 10 g of the re- 

agent in 100 ml of water. 
Potassium bromide, bromine water, saturated 

solution of bromine m distilled water. 

Recommended procedures 

Procedure for the study of the colour reaction 
of selenium. Take a test solution containing not 
more than 20 pg of selemum in a 25 ml cah- 
brated flask, add 2 ml of J-acid, mix well and 
successively dilute to the mark with sulphuric 
acid. Measure the absorbance at 392 nm against 
a reagent blank. 

Pro&edure for the ~termmation of sei~ni~ in 
water and polluted river water. Take an aliquot 
of test solution in a distillation flask, add 5 ml 
sodium hydroxide solution and distill the mix- 
ture under vacuum to concentrate the selenium 
content. Discard the distillate and then add 0.7 
g potassium bromide and 10 ml sulphuric acid 

WAVELBNCSTH,~ 

Frg 1 Absorphon spectra of dye A Concentratron of 
selemum = 5 pg/25 ml B Concentra~on of salemum = 10 

treated with g-10 drops of saturated bromine 
water to the concentrate. Connect the condenser 
of the distillation flask to a receiver flask con- 
taining 10 ml of 2.5% hydroxylammonium 
chloride solution to collect the distillate contain- 
ing SeBr,. Now distil the sample under vacuum 
until white copious fumes of SO3 vapours are 
evolved. Make the distillate to a fixed volume 
(25 ml). Take 10 ml of it and then follow the 
recommended procedure described above for 
determination of selenium. 

Procedure for the &termi~tion of selenium in 
plant materials, Take 5 g of plant material m a 
100 ml Kjeldahl flask, add 10 ml nitric acid and 
heat for 20 min. Then add 0.5 ml perchloric acid 
and heat for another 10 mm or until the evol- 
ution of ample fumes of perchloric acid, 
whichever is earlier. Add 10 ml water to the 
cooled residue and heat for 10 mm. Add 5 ml of 
HCl and heat for 10 min. Then dilute the 
contents to 50 ml after adding 10 ml EDTA 
solution and then follow the above rec- 
ommended procedure for determination of sel- 
enium. 

Procedure for ~term~at~on of seleni~ in 
steel plant dust. Place the filters containing dust 
from the steel plant in 100 ml beaker, add 10 ml 
acid mixture for digestion and evaporate to 2 
ml. Cool the contents and boil with 10 ml HCl 
for 10 min. Again cool the contents and dilute 
to 25 ml with water. Analyse 5 ml of the solution 
for selenium as recommended above. 

1;:: 
0.4- 

I 0.3- 

0.2- 

O.l- , , , , , , , 
0 1 1.5 2 25 3 3.5 4 

PH 

Fig. 2 E&t of pH on &our development ~n~ntm~on of 
alw ml selenium = 10 @g/25 ml. 
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MOIE RATIO OF J-ACID To SELBMUM 

Rg 3 Effect of J-actd on colour reaction concentrahon of 
selenmm = 10 pg/25 ml. 

RESULTS AND DISCUSSION 

Absorption spectra 

The absorption spectra of the Se (IV) J-acid 
complex is shown in Fig. 1. The absorption 
maximum of the complex is at 392 nm. 

Adherence to Beer’s law and sensttivity 

The absorbance is a linear function of sel- 
enium concentration in the range of 0.08-0.8 
mg/l of solution. The apparent molar absorptiv- 
ity is 1.48 x lo4 1 mol-[cm-‘. The Sandell sensi- 
tivity is 0.005 pg/cm* 

Reproducibility 

The relative standard deviation of the sample 
containing 0.4 mg/l of selenium for seven repli- 
cate analyses is + 2.26%. The percentage recov- 
ery of spiked samples is 9698%. 

Conditions for the colour development 

The absorbance of the complex depends on 
the pH of solution as shown in Fig. 2. The 

Table 1. E&t of diverse tons conccntratton of 

WW-0 4 mg/l 

Tolerance 
hmit* 

Dtverse tons mgll 

Fe2+, Fe 3+, V5’ 10,000 
Ca2+, Ba2+, w+, Cl-, Br-, SO$- 5000 
M$ +, CN-, SO:-, NH,+, Cq-, Zn2+ 2500 
Al”+ Z1A+ Cr’+ 
Sn2+: Te4+’ 

6000 
1000 

Cu2+, Nt2+ 500 
NO,, NO, 50 

*Tolerance hmtt may vary the results by k 2% 

maximum and constant absorbance was at- 
tained m the pH range l-2.5. 

Under the conditions employed the volumes 
of 0.5% J-acid required to obtain constant 
absorbance for 0.8 mg/l selemum was 2 ml. 
Hence 2 ml of J-acid solution was mtroduced. 

The colour reaction was instantaneous and 
requires no heating. In the solution of pH l-2 5 
the absorbance reached its maximum immedi- 
ately and remained stable for at least 24 h 
Normal variations in temperature have no effect 
on the complex. 

Composition of the complex 

The composition of the complex was deter- 
mined by the contmuous variation method and 
mole ratio method. The ratio of S+J-acid was 
1:2 in the complex by both methods (Fig. 3). 

E$ect of foreign ions 

The effect of various ions on the determi- 
nation of selenium was studied and their toler- 
ance limits are shown in Table 1 It was found 

Table 2. ADDlicatron of the method 

Samples 

II 

Natural watef Polluted nverb steel plant’ Plant matenalsd 
Ocglml) water @g/ml) dust @g/g) @g/g) 

Se(W) added 0100 - 0200 
0 150 - 0500 
0200 - loo0 

Se(W) found* 
(a) Present method 0 098 0.380 0 198 

0 145 0.460 0491 
0 195 0 520 0 950 

(b) Reported method 0 097 0360 0 193 
0.147 0.420 0 489 
0 192 0 530 0 958 

Recovery % 
(a) Present method 98.0 - 99.0 

96 6 - 98 1 
97 5 - 95 0 

(b) Reported method 97 0 - 96 5 
98.0 - 97.8 
96 0 - 96.0 

*Mean of three repbcate determmahons 
a-Amount of sample taken, 5 ml; b-amount of sample taken, 5 ml; 
c-amount of sample taken, 27 3 mg, d-amount of sample taken, 5 mg 

- 
- 
- 

0 324 
0 450 
0 478 
0 322 
0.450 
0 480 

- 
- 
- 
- 
- 
- 
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Table 3 Companson Hrlth other spectrophotometnc methods 

Beer’s law 

Reagents M~um/pH Remarks 

3,3’-Dmmmobenzldmes 

4.Nltrophenyl hydrazme + 
8 qumohnol’6 
~A~no-I-naphthol-3- 
sulphomc actd (J-aced) 
@resent method) 

Aqueous 
pH 2-3 

Aqueous 
pH I 5-2 5 

Butanol + CHC!, 
0 OS-2M HCl 

Aqueous 
1 5-2 5 

Aqueous 
34i%f HCI 

Toluene 
1 5-2 5 

Aqueous 
9-11 

Aqueous 
1-2 5 

420 0 I-10 0 

380 0 1-25 

38o-400 lo-20 

380 lo-120 

410-415 0 2-2 

335 Upto 

550 0 28-1 8 

392 0.08-U 8 

Coloured salts, oxidants, B13+, 
Te4+, Cr’+, MO”+, Vs+, etc 
interfere 
Fe”+, Fez+, Cu2+, S,q-, SO:-, 
ClO,- , etc interfere 
Cuz+ 9 VJ+, Fe3+, B?, Te*+, Mn2+ 
mterfere 
Fe2+, Fej+, Mn2+, V’+ and other 
oxidants as well as reductants 
interfere 
Cr3+, AsSC, Cu2+, Fe’+, Te*+ 
interfere 
I-3 hr for reactions, Fes+, 
B12+, Mn*+ interfere 
Fe’+ Cu2+ V’+ Mn2+, mterfere , * I 

Te4’, Vs+, Fe)+, Cu*+, do not 
interfere 

that tellurium4+, manganese’+, vanadium’+, 
non’+, rron3+ and copper*+, whrch interfere 
strongly with most of the other reported 
methods did not interfere. Thus, the selectrvity 
and sensmvrty of the method IS appreciable and 
can be apphed to the determination of trace 
amounts of selemum. 

APPLICATION 

The method has been applied for the determi- 
nation of selenium in several samples of water, 
polluted river water, plant materials and steel 
plant dust. The results obtained are present in 
Table 2 and are in agreement with those 
obtained by the 3,3’-diamino~nzldlne method. 

Comparison with other reagents 

J-acid is proposed as one of the most sensitive 
reagents available for the spectrophotometric 
dete~ination of selemum. The proposed 
method IS simple, rapid and accurate as com- 
pared to other published methods. The sensi- 
tivities of various reagents are listed in Table 3 
for comparison. 
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CONVECTIVE TRANSPORT IN DIFFUSIVE SAMPLERS 

DWIGHT W. UNDERHILL 

School of Fubhc Health, Umverstty of South Carohna, Columbra, SC29208, U S A 

(Recetved 16 June 1992 Rewed 18 November 1992 Accepted 18 November 1992) 

Summary-convecttve transport m dlffustve samplers was determmed by the loss of a dtlute dye soluhon 
from these samplers whde held III a water bath The water flow m the bath was ad@ed to @ve the same 
Reynolds number had the dtffusrve sampler been exposed to an mrborue analyte at a predetermmed flow 
velocrty By numerical analysis, e&mates were made of the deSme of mterference of convectton on sampler 
performance. The results mdtcate an enormous difference between commercd drffustve samplers with 
respect to the effect of convectton on the transport of analyte mto the sampler 

Many diffustve samplers are seriously affected 
by ambient au currents, and experiments m 
whrch the uptake of analyte IS determined at 
different air flow velocrtres are an impo~nt 
part of a proposed procedure to “validate” the 
performance of drffusrve samplers.‘” However, 
because diffusive effects predominate m these 
samplers, dete~ining the added effect of con- 
vection has a high expenmental error. This 
difficulty m seemg the convective transport 
against a much larger background of diffusive 
transport could be resolved if the effect of 
diffusion could be reduced to where the major 
mode of mass transfer is convection. 

By holding these samplers in a water bath, 
the diffusion coefficient for the analyte (in this 
study a dilute solution of methylene blue, a 
dye) is reduced to a negligible level, and the 
mass transport by convection can be determined 
independently of molecular diffusive effects. 
The suppresston of molecular diffusion by 
this procedure is quite effective because the 
rate of diffusion of dyes in water is about 1000 
times lower than that of organic analytes m 
air 

Water bath models have been used before m 
studies of the airborne mass transfer of contami- 
nants, for example to simulate the performance 
of an impinger, to model the transport by 
thermal currents of toxic matter durmg a fire, or 
to define operational parameters for local ventt- 
lation systems to exhaust ethylene oxide.@ In 
these pnor examples the major component of 
mass transport 1s convection, so that the use of 
a water bath model for this study, where the 
major com~nent of mass transfer is diffusion, 
may appear novel. 

THEORY 

The water flow was adjusted to give the same 
Reynolds number had the diffusive sampler 
been exposed to air at a predetermined velocity. 
This maintains the same flow patterns around 
and through the diffusive sampler that would be 
observed in an atmospheric environment at the 
same Reynolds number. The Reynolds number 
(Re) is defined as: 

where. 

Re = dV/v (1) 

d = characteristic linear dimension of the 
flow channel m centimeters, 

V = fluid velocity m centimeters per second, 
v = kinematic viscosity of the flowing fluid. 

Listed below are the necessary steps in ap- 
plying data from a water bath experiment to 
the diffusive sampling of arrborne contamr- 
nants. 

Step 1: determning the appropriate scaling fac- 
tors 

At 25”C, the kinemattc viscosities of air and 
water, v, and v,,. , are 0.155 and 0.~84 crn*/sec, 
respectively. To maintain the same Reynolds 
number m water as m air (and hence the 
same flow patterns), the ratio of the flow of 
water to the flow of air should be the ratio of 
these kinematic viscosities, which is a factor of 
0.0542. 

Because the actual diffusive samplers, and not 
models, are used in these experiments, there is 
no need to provide scaling factors for any 
dimensional changes. 

78s 
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Step 2: determining the “exposure time” 

In order to obtain the same flow of water as 
of air, the sampler must be in the water bath 
longer than in a corresponding air chamber. The 
ratio of the two exposure times for an equivalent 
amount of flow is the ratio of the kinematic 
viscosittes, V&J,, which is approximately a fac- 
tor of 18. Thus to estimate the effect of convec- 
tion on the sampling of an analyte from air at 
the same Reynolds number and for the same 
total flow, the time durations for the measure- 
ments in the water bath should be divided by a 
factor of 18. 

For these results to be valid, the duration of 
the water bath test should be either until nearly 
all the dye is lost from the sampler, or for a time 
period si~lfi~n~y longer than (v~/~~)~~~~~, 
where L is the width of the air gap, and D,,, is 
the diffusion coefficient of the analyte in air. The 
significance of the grouping, L’/D,, is that it 
describes the mean time required for an analyte 
to pass across the air gap. 

Step 3: determining the eddy dz@bsion 

After the rate of loss of an aqueous solution 
of methylene blue by convection from the sam- 
pler was measured, these results were used to 
quantify the eddy diffusion inside the diffusive 
sampler. To do this, the diffusive sampler was 
treated as consisting of a series of strips, with 
the mass transfer across each strip calculated 
using the Crank-Nicolson finite difference 
equation’ 

I c ,+l,J-2C,,,+C~-l.,+C~+I., 
a-2 

+ c,+l,,+l 
-2c,,,+‘+c~-1,,+1 

2x2 > 
(2) 

where: 

Next, the mass transport of airborne analytes 
by the combined effects of convection and mol- 
ecular diffusion can be determined by adding 
the molecular diffusion coefficient to the eddy 
diffusion coefficient, i.e. 

c oJj = concentration in the ith strip at 
the jth time in grams per cubic centi- 
meter, where: 

D =D,+D, (7) 

6T = time increment in seconds, D = combined diffusion coefficient, 
SX = width of strip in ~ntimete~, Dm = molecular diffusion coefhcient and 
D, = eddy diffusion coefficient in square De = eddy diffusion coefficient, all in square 

centimeters per second. centimeters per second 

It is assumed that the concentrations at the 
jth time are known, and the unknowns are 
the concentrations at the next time row, J + 1. 

This is the same procedure used in the van 
Deemter equation for mass transport in a gas 
chromatography column.” 

If this model assumes n strips, then there are 
n equations with n + 2 unknowns, which can 
be reduced to n unknots once the boundary 
conditions are defined. The two boundary 
equations appropriate for this model are: 

C,= , = 0 (negligible dye concentration 
at opening) (3) 

and 

C,_“_, = C, _n (no diffusion out 
of back of sampler). (4) 

Further, it is assumed that the sampler is in- 
itially evenly filled with dye, so that at time t = 0 
(i.e. J = 0) the initial concentration of dye is: 

c J-0 = K. (9 

~mbinlng equations (2)-(5) leads to a series of 
equations that comprise a trrdiagonal matrix. A 
well-known numerical method leads to the sol- 
ution of such matrices in a number of arithmetic 
operations proportional to “n”.” 

The eddy diffusion will be strongest at the 
exposed surface and drop off rapidly in intensity 
with respect to the depth in the sampler. Here 
it was assumed that the eddy diffusion obeyed a 
power function of the form, 

D, = aXb 6) 

where: 

X = distance from the back of the diffusive 
sampler 

allowmg us to find by trial and error the co- 
efficients “a” and “6” for the eddy diffusion 
coefficient, .Q., that best gtve the measured 
outflow of dye as a function of time. 

Step 4: calculating the eflect of eaiiy di$usion on 
uptake 
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Assuming that the eddy diffusion coefficient is If the average diffusion coefficient, D,,,, differs 
not constant across the sampler, then the mean appreciably from the molecular dtffusion co- 
diffusion coefficient across the air gap, if calcu- efficient, D,, then the sampling rate has been 
lated using equation (9.15) of Crank, will lx9 affected by the eddy diffusion, and the percent 

D,,, = L 
LdX -’ 

(S > 

increase m the sampling rate brought about by 

J- * 
(8) 

eddy diffusion is given by the factor, 

1 WL/& - 1). 

(4 (-3 

(EC) 

Fig 1 The dlffuslve samplers (a) The Gasbadge Organic Vapor Dmmeter; (b) The 3M Brand Air Samphng 
Momtor, (c) Advanced Chermcal Sensors Co. Formaldehyde Momtor; (d) the PF-1 Formaldehyde Momtor, 
(e) the HOMEcheck Mobrle Home Odor (Formaldehyde) Test Ktt, (f) The Pabnes’ Tube, (g) the Pro-Tek 

Aa Momtormg Badge 
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Table 1 Physical Qmenslons of examined dtiuslve samplers 

1 The 3M Brand Acr Samplmg Momtor, #3550 IS a badge type sampler m which the dlffuslon barner IS 3 cm m 
diameter, and 0 9 cm deep A thm contmuous membrane IS placed at the end of the ddTuslon barrier to reduce 
the effect of external convection currents.16 

2 The Formaldehyde Monrtor, Advanced Chemcal Sensors Co 1s also a badge type sampler The dlffusron barrrer IS 
2 4 cm m diameter, and 0 5 cm deep As unth the 3M dtffuswe sampler, a thm ~nt~nuo~ membrane IS placed at 
the end of the dlffususlon barner to reduce the effects of external convection currents I5 

3 The Gasbadge Orgamc Vapor Dosuneter IS a badge type sampler, havmg a dlffuslon passage 4 8 cm wide, 3 7 CM 
high, and 1 3 cm deep The convection barner IS a course (= 25 openings per cm *) hght plastic screen I4 

4 The HOMEcheck Mobrle Home Odor (Formaldehyde) Test Kzt IS a glass cylinder I cm high At Its base the outside 
diameter IS 2 cm and the mslde diameter IS 1 8 cm In use, solution IS to be placed m It Its fill lme IS 2 cm over 
the base It has a screw top ~0 5 cm tn height The mslde diameter at the screw top IS 1 5 cm 20 

5 The Paimes’ Tube used m these experiments was fashloned from an alummum cylinder 7 cm high, closed at one 
end, and havmg an outside diameter of 14 cm and an inside diameter of 0 9 cm l9 

6 The PI;-1 Formaldehyde Momtor, dlstrrbuted by Att Quality Research, Inc, Berkeley, CA, IS a glass cyhnder 
9 3 cm deep (measured Internally), havmg an outside diameter of 2 5 cm, an internal diameter of 2 3 cm, and 1s closed 
at one end *’ 

I The Pro-Tek Air Monrtorzng Badgel IS a badge-shaped dlffuslve sampler that 1s unusual m that both sides of the 
sampler, after the covers have been removed, can partzrpate m the samphng process The dlffuslon space on either 
side IS 0 8 cm wide, 6 5 cm m length, and 0.3 cm deep The actual diffusion takes place through a set of small holes 
(z 15 cm -*) placed m the plastic cover 

EXPERIMENTAL RESULTS 

SampIers having a htgh degree of fJow induced 
convection 

Many commercial drffusrve samplers are 
shaped like film badges and are conveniently 
used to assess worker exposure by being at- 
tached to the worker’s collar during his or her 
workday. Because in such samplers, the wide, 
thm region across which mass transport takes 
place is very vulnerable to the sampling rate 
being altered by convection, these diffusive sam- 
plers must be furnished with some means to 
reduce convection. The first two samplers 
tested, the Pro-Tek Air Momtoring Badge and 
the Gasbadge Orgamc Vapor Dosimeter, have a 
solid surface permeated with small holes, and a 
porous plastic screen, respectively, placed at the 
exterior of the sampler to reduce convective 
flov~.‘“‘~ Figure 1 gives drawings of representa- 

tive diffusive samplers. Additional details of the 
diffusive samplers used m these tests are given m 
Table 1 In our tests these diffusive samplers 
were filled with a dilute solution of methylene 
blue and placed m a water bath, 11.5 cm wide, 
13 cm high, and 30 cm long (see Fig. 2). At a 
flow rate of 0 11 cm/set, the loss of methylene 
blue was so rapid that its loss could not be 
quantified Even stopping the water flow, plao 
mg the closed sampler mto the water bath, 
carefully opening the sampler and restarting the 
water flow, gave irreproducrble results In the 
few seconds required to estabhsh an even water 
flow m the recirculatmg water bath, much of the 
dye was lost from the samplers 

Our Inability, even with care, to place these 
diffusive samplers mto a water bath and starting 
the flow of water without their losing a sizable 
fraction of the methylene blue dye contained 
wlthm, mdrcates (even though no numerical 

Fig 2 The test system 
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values could be obtained) a strong effect of blue and placed in the water bath.” Table 2 
convection on their performance. gives the fraction of a dilute solution of methyl- 

In the absence of numerical data, the numeri- ene blue remaining in the samplers after they 
cal analysis developed above could not be ap- were opened in the water bath, at various times 
plied to these samplers. and water flow velocities. 

Samplers havtng a low degree of flow induced 
In carrying through these tests it IS essential 

convection 
that the solution inside the sampler be at the 
same temperature as the water in the water bath, 

The other two “film badge” type of diffusive or else flotation effects confound the convection 
samplers, the Formaldehyde Momtor, Ad- effects. For if the solution in the samplers were 
vanced Chemtcal Sensors Co,, and the 3M only a few degrees centrigrade warmer than the 
Brand Air Sampling Monitor, f3550, both water in the bath, then a chimney effect resnlted 
contain a thin plastic membrane across the in rapid loss of solutton and the subsequent 
exterior of the diffusive sampler.‘sJ6 For both results were irreuroducible. To eliminate ther- 
samplers, under the same conditions as de- mal effects, these tube-shaped samplers were 
scribed above, less than lo/ of the methylene allowed to thermally equilibrate in the bath for 
blue was lost from the sampler over a 24 hr test an hour wtth rubber stoppers placed over their 
period. In these diffusive samplers, the convec- openmgs, before the stoppers were lifted away 
tive flow from the sampler was reduced by such and the test begun. 
an extent that it could not be convemently Note from Table 2 that the higher the flow 
measured. In these latter two samplers, any velocity, the more rapid the loss of dye solution 
measurable convective effects should only be m by convection. Note also that the- wider the 
the external air film that IS found across any diameter of the sampler, the more rauid the loss. 
impervious surface placed in an air stream. One characteristic of the Palmes’ &be was a 

Again, no nnmerical values are presented for very rapid loss of a small fraction (x 20%) of 
this case, but this time because the mass transfer the dye, followed by a period of comparattvely 
of the dye (and presumably ail convective effects small loss. 
as well) was blocked by a continuous membrane As described earher. these data can be 
placed between the air gap and the ambtent analysed to grve estimates of the effect of eddy 
environment. Nevertheless this is useful knowl- 
edge, for d the external film does control any 
flow induced effects, then the analysis of flow 

Table 2 Fraction of dye retamed m dlffuslve samplers after 
bema ouened m water bath - _ 

effects on mass transfer is reduced to calcu- Mean Elutlon Pahnes’ HOME PF-I 
lations involvmg the Schmidt and Reynolds water tune, tube check Fo~~dehyde 

numbers that are famtliar to chemical engineers veloaty (hr) sampler sampler Momtoi 

and that have already been applied successfully Slow 1 0 699 0890 0 858 

to the effect of the air film on the performance BOW’ 3 0 676 0717 0 720 

of diffusive samplers.17~‘8 
0 070 cm/see 10 0 633 0 692 0 670 

24 0 607 0.633 0 530 

Sampier~ having a moderate degree of jlow in- M&urn 1 0713 0 824 0700 

duced convectton flow 3 0 697 0 723 0 514 
023 cmjsec 10 0681 0 497 0 I33 

A large famtly of diffusive samplers are pat- 24 0 554 0 280 0 033 

terned after the Palmes’ tube, and geometrically 
are essentially long tubes with an adsorbent or 

Fast 025 0 773 0811 0 353 
flow 1 0 753 0 747 0 273 

reactive material placed at the closed end of the 0 70 cm/see 3 0.607 0649 0047 

tube.” Very often there is no wind shield placed 
over the open end of the sampler, for the very 

ii 0503 0444 0090 000s 0007 0.000 

length of the tube is thought to provide suffi- 
These water flow veloclhes of 0 07, 0.23, and 0 7 cmfsec 

cient protection against an unacceptable 
match the Reynolds number of mr flow velocities of 1 26, 
4 14, and 12 6 cm/set. respectively As Cassmelh al et 

amount of convection, suggest “vahdatmg” &ffuslve samplers at au flow vel- 

In the tests that are described next, three of o&es of IO and 150 cm/see, these samplers were tested 

these samplers, i.e. a HOMEcheck Mobile at the low range of possible tur flow velocxties m the work 

Home Odor (Formaldehyde) Test Kit, PF-I 
ennronment s However, It shouid be noted that both the 

Formaldehyde Monitor, and a Palmes’ tube 
HOMEcheck Mobile Home Odor (Formaldehyde) Test 

were filled with a dilute solution of methylene 
Kit and the PF-1 Formaldehyde Momtor are intended 
for home use m the absence of strong ax currents 

TAL So&--C 
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Table 3 Calculated percent Increase m sampling rate due to 

Flow 
veloctty 

Fast 
Medtum 
Slow 

added effect of eddy dtffusron 

Palmes’ HOME- PF-1 
tube check Formaldehyde 

sampler sampler Morutor 

15 21 121 
11 17 40 
11 9 14 

diffusion on the sampling rate of representative 
analytes. It was found by trial and error that the 
observed loss of dye by convection from the 
Palmes’ tube, at the lowest flow velocity, could 
be matched very closely (+ 1.2%) by assuming 
coefficients of 0.0305 cm2/sec and 18.86 for the 
coefficients “a” and “b” in equation (6). The 
correspondmg coefficients for loss assuming the 
same Reynolds number m air are 0.549 cm2/sec 
and 18.86 (the coefficient “b” remains un- 
changed). Further, d it is assumed that the 
analyte being sampled has a molecular diffusion 
coefficient of 0.1 cm2/sec in air, then from 
equations (7) and (8) the percent increase in the 
sampling rate brought about by the added pres- 
ence of eddy diffusion is 11%. 

Table 3 shows the results of applying this 
algorithm to the data in Table 2. Note that the 
diffusive sampler having the widest diameter 
would be expected to be affected the most by 
convection. At the highest flow velocity exam- 
ined (0.7 cm/set), the sampling rate would be 
expected to be affected the most by convection. 
At the highest flow veloctty examined (0.7 
cm/set), the sampling rate would be expected to 
be increased by 121%, indicating that at this 
velocity the rate of uptake was controlled by 
eddy diffusion, rather than by molecular diffu- 
sion, thus mvalidatmg the basic assumption 
assumed in the use of this type of sampler. This 
limits the use of this sampler to quiescent areas 
where air flow velocities are very low. 

CONCLUSIONS 

This work shows an enormous difference 
between commercial diffusive samplers with re- 
gard to convection affecting the transport of 
analyte. Most importantly, placing a plastic 
membrane impervious to flow across the face of 
the diffusive sampler, as was done in two of 
these samplers, can attenuate this effect to a very 
low level. Given the uncertainties caused by 
convection, it certainly seems appropriate that 

this preventative step be taken. However, 
should the diffusive sampler have no protective 
membrane, then in the design and testing of 
such diffusive samplers, a simple aqueous dye 
experiment can be used to determine the degree 
to which convection is likely to confound their 
calibration. 
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DETERMINATION OF NOBLE METALS IN SILICATE ROCKS, 
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Summary-A new method has been developed for rapld determmatlon of pg/g and rig/g amounts of 
noble metals m silicate rocks, ores and metallurg& samples by attacking wth hydrofluonc acid and aqua 
rega, preconcentration by ion-exchange chromatography and measunng m a simultaneous multi-element 
gmph~te furnace atonuc absorption spectrometer eqmpped ~th a polarized Zeeman background correcbon 
device which eliminated interferences from any mcompletely separated common elements The method was 
tested for Ru, Rh, Pt, Ir, Pd, Ag and Au Hrlth three Canadian cert6z-d reference mater&, and then applied 
to the determmatlon of rig/g amounts of these elements m four new Canadian can&date reference mater& 

The quantitation of trace and ultra-trace 
amounts of noble metals in geological and 
metallurgical samples is fraught with the diffi- 
culty of not only selection of a suitable method 
for decomposition and preconcentratron but also 
application of a sufficiently rapid and sensitive 
method for accurate determination. 

Although fire assay preconcentration of noble 
metals involving collection in lead, tin or nickel 
sulphide button has found useful application 
m some Government and large commercial 
laboratories,’ wet-chemical decomposition and 
preconcentration by solvent extraction or ion- 
exchange separation procedure is still the pre- 
ferred choice of small geochemical laboratories 
where space lirmtation and high cost of fire assay 
equipment inhibit application of the former. 

In the past, for graphite furnace atomic 
absorption spectroscopic (GFAAS) determin- 
ation of precious metals in geological, metal- 
lurgical and meteoritic materials decomposition 
of samples by heating with HF-aqua only were 
used by several workers.“’ Except for the works 
of Kritsotakis and Tobschall’ and Branch and 
Hut&son,4 who used ion-exchange separations, 
preconcentration of precious metals were effected 
by tellurium co-precipitation.2*6*7 Thus, Sighinolfi 

*Paper presented at 37th Canodton Spectroscopy Confer- 
ence, Ottawa, Ontano, 12-14 August 1991 Government 
of Canada Copynghts reserved Geololpcal Survey of 
Canada Contnbutlon NO 22992 

et al.* observed aqua regra solubilization of 
precious metals except platinum which was 
completely attacked by HF-aqua regia, their 
results for precious metals m HF-aqua regia 
digest of SARM-7 were reasonably good com- 
pared to the certified values. Kritsotakts and 
Tobschall’ also obtained good results for Au, 
Pt, Pd, Rh and Ir in SARM-7, and, excepting 
Pt and Rh values which were somewhat low, 
their results for Au, Pd and Ir m PTM-1 and 
PTC-1 were comparable with the certified values. 

Using sodium peroxide fusion method, Branch 
and Hutchison4 noted losses of only 1% Pt and 
2% Pd in the residue of a sample of PTO-1 
(ultrabasic rock) after HF-aqua regia digestion. 
Because of these msigmficant losses, these 
workers omitted determination of Pt and Pd in 
the residues after HF-aqua regia digestion of 
PTA-l, PTC-1 and PTM-1 .4 For vegetation 
samples, use of an ashmg temperature of 900°C 
prior to treatment with HF-aqua regia improved 
GFAAS results for Au, Pt and Pd, which com- 
pared favorably with those of nickel sulphide 
fire assay/neutron activation.’ 

In the present work, a new method has been 
developed for determination of the noble metals 
which involves decomposition of samples by 
attack with HF-aqua regia followed by ion- 
exchange preconcentration and simultaneous 
measurement of four elements using a multi- 
element graphite furnace atomic absorption 
spectrometer equipped with Zeeman background 
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correctton device. The method was found satis- 
factory for determmation of Ru, Rh, Pt, Ir, Pd, 
Ag and Au m three certified reference materials 
of Canadian Certified Reference Materials 
Project (CCRMP). Application was then made 
to the determination of these elements in four 
new candidate reference materials (two rocks, 
one mmerahzed rock and one sulphide mineral) 
of CCRMP. 

EXPERIMENTAL 

Instruments and reagents 

Hitachi Model Z-9000 simultaneous multi- 
element atomic absorption spectrometer, fitted 
with a pyrolytically-coated tube (Part No. 190- 
6003), argon gas (UHP, 99 999%, exit pressure 
regulated to 44 psi and predried by passing 
through a Matheson Gas Purifier Model 6406) 
and cooling water, was used m this work. The 
cooling water was supplied by a Neslab Cooflow 
Model CFT-33 Refrigerated Recirculator and 
the temperature was maintained at 17°C In addi- 
tion to the built-m plotter of the Hitachi Z-9000 
instrument, an IBM compatible PC computer 
was used for data recording and storage. A 
Radiometer pH meter was used for all pH 
measurements. 

Standard solutions of ruthenium, rhodium, 
palladium, iridium, platinum and gold (100 ng/ 
ml each) were prepared by dtlutmg 1000 pg/ml 
of the Plasma-Chem ICP standard solutions of 
these elements (Delta Scientific Ltd, Mississauga, 
Ontario Supplier) with 1M hydrochloric acid. 
A standard solution of silver was prepared by 
dissolving a weighed amount of silver grain 
(Johnson Matthey “Specpure”) in hot dilute 
nitric acid, cooling and dilutmg to a definite 
volume. An aliquot was diluted with 1M nitric 
acid to obtain a concentration of 100 ng/ml. All 
silver standard solutions were stored in dark 
bottles instde a cupboard to prevent decompos- 
ition by light. Mixtures of cahbratton standards 
contammg lo-100 ng/ml of noble metals were 
prepared by mixing appropriate aliquots of these 
stock standard solutions and diluting to definite 
volumes with 1M hydrochloric acid, and stored 
m nalgene bottles fitted with screw-caps. 

Ultrapure water, prepared by reverse 
osmosis with a Millipore apparatus, and Seastar 
ultrapure acids were used throughout this work. 

Ion -exchange columns 

A series of 12 ion-exchange resin columns,* 
each 30 cm long and 1.8 cm I.D., were prepared 

and packed with Dowex 5OW-X8 cation ex- 
change resin (SO-100 mesh). The columns were 
washed with 3M hydrochloric acid until the 
effluents were free from Fe+3 (tested with drops 
of 1% ammonium thiocyanate solution on a 
spot plate), and then with deionized water until 
the washings were neutral to blue litmus paper 

Procedure 

To a lOO-ml Teflon beaker, previously cleaned 
by heating with HF-aqua regia, 5 g of finely 
powdered (-200 mesh) and homogenized 
sample was transferred. The sample was moist- 
ened with water and carefully treated with a 
total of 25 ml of hydroflunc acid (48-51%), 
adding a small quantity at a time and stirring 
with a Teflon rod and immediately covermg with 
a Teflon cover until the vigorous reaction sub- 
sided. The bottom side of the cover and the 
upper inner wall of the beaker were washed with 
small quantity of a Jet of water to dislodge 
adhering solid particles of the sample, using a 
pohceman if necessary After adding 25 ml of a 
freshly prepared aqua regta solution and mixing, 
the beaker was covered and heated overnight on 
a steam-bath. The followmg morning, the cover 
was removed and the beaker was heated on the 
groove of a medium-hot iron plate until the 
solution was evaporated to dryness. After cool- 
ing, 25 ml of concentrated mtnc acid was added, 
the lumps were broken with the Teflon rod and 
the solution was evaporated to dryness again 
To the residue, brought to room temperature, 1 
ml of 20% (w/v) sodium chloride (Note 1) 
solution and 25 ml of freshly prepared aqua 
regia were added, the beaker was covered and 
heated with frequent sturmg and dislodgmg the 
solid until the solutton became clear The cover 
was removed and the solution was evaporated 
to incipient dryness. The residue was treated 
with 10 ml of concentrated hydrochloric acid, 
and after stirring with the rod to a syrupy hqurd 
the solution was evaporated to dryness on the 
steam-bath (Note 2). The evaporatton process 
was repeated once more with an additional 10 ml 
of concentrated hydrochloric acid (steam-bath). 

To the residue 10 ml of concentrated hydro- 
chloric acid was added, and after sttrrmg with 
the rod the beaker was covered and heated 
briefly on the groove of the hot plate to dislodge 
the solid from the bottom. After adding 60-70 ml 
of water, the beaker was heated on the hot plate 
with frequent stirring until a clear or near clear 
solutton was obtained (Note 3). When the solu- 
tion was clear, the beaker was cooled to room 
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temperature and the solution was transferred to 
a lOO-ml standard flask. The beaker was rinsed 
with 2% hydrochloric acid and the volume was 
made up to the mark with the same acid. When 
any undissolved material was noticed, the solu- 
tion was allowed to stand several hours to settle 
the solid particles and then filtered through a 
1 l-cm Whatman No. 40 filter paper. The residue 
and the filter paper were washed thoroughly 
with a hot solution of 2% hydrochloric acid 
until the paper was free from any stain of iron, 
nickel or copper. The solution was transferred 
to a lOO-ml standard flask, the beaker was rinsed 
with 2% hydrochloric acid and the volume was 
made up the mark with the same acid. The 
solution was stored m a nalgene bottle fitted 
with a screw-cap (solution A). Any insoluble 
residue was separately treated by the procedure 
described under Results and Discussion. 

Ion -exchange separation 

A 40-ml ahquot of the above stock solution 
A was transferred to a 600-ml borosilicate beaker 
and diluted to N 350 ml with deionized water to 
attam pH 1 5 + 0.3 (tested with a pH meter). The 
solution was passed through the ion-exchange 
column at a rate of 2 ml/mm, and the effluent 
was collected m a 800-ml borosilicate beaker. 
The beaker and the column were washed with a 
total of 350 ml of water acidulated to pH 1.5 
with hydrochloric acid, and the washings were 
collected m the same beaker containing the 
effluent. After adding 1 ml of 2% (w/v) sodium 
chloride solution (Note 1) to the effluent, the 
beaker was placed on a hot plate and the 
solution was evaporated to N 5 ml. The solution 
was transferred to a 20-ml borosthcate beaker 
by rinsing with hot 3M hydrochloric acid and 
evaporated first on a hot plate to -0 5 ml, then 
on a steam bath to a moist residue. The salts 
were dissolved m hot 3M hydrochloric acid, the 
solution was transferred to a lo-ml borosihcate 
beaker and evaporated to near dryness (steam 
bath). In the case of a syrupy residue, which 
indicated the presence of sulphuric acid formed 
by oxidation of sulphides during decomposition 
of the sample with nitric acid, it was evaporated 
further to dryness on a hot plate until no more 
white fumes appeared. The inside of the beaker 
was rinsed with water and the solution was 
evaporated again. The residue was treated with 
4 ml of aqua regia, the beaker was covered with 
a watch glass and heated to dissolve the salts. 
When the reaction subsided, the cover was 
removed and its bottom was rinsed with water 

Table 1 Instrumental parameters 

Varian 
hollow-cathode 

Wavelength lamp current 
Element (nm) (mA) 

RU 349 9 8 
Rh 343 5 5 
Pd 2448 5 
Ag 328 1 3 
Ir 208 9 10 
Pt 266 0 10 
Au 242 8 4 

Spectral bandwdth fixed at 0 8 nm m the 
Hltachl Z-9000 Instrument 

into the beaker, and the solution was evaporated 
to a moist residue on the steam-bath. The salts 
were dissolved m 0.5 ml of 1M hydrochloric 
acid by warming briefly on the steam-bath and, 
depending on the concentration of the noble 
metals expected, the solution was transferred 
to a suitable standard flask (l-5 ml) and the 
volume was made up with the same acid. In case 
a white residue (hydrated TiO,) separated out 
from some silicate rock samples, it was filtered 
out through a 4-cm glass fiber filter paper, the 
beaker and the paper were rinsed with small 
quantity of 1M hydrochlonc acid and the filtrate 
was made up to a definite volume 

Instrumental determmatlon 

Using the instrument operating parameters of 
Tables 1 and 2 and standard solutions (40 ~1 of 
each) contammg the analytes m concentrations 
from 0 to 100 ng/ml, calibration curves were 
prepared for Ru, Rh, Pt and Ir (Fig. 1). Employ- 
ing the mstrument parameters of Tables 1 and 
3 and five standard solutions (10 ~1 of each) of 
similar concentrations (except silver concen- 
trations which ranged only from 0 to 75 ng/ml 
because of its much higher sensitivity than other 
elements), calibration curves for Ag, Au and Pd 
were prepared (Fig. 2). 

Table 2 Temperature programme for slmul- 
taneous determmatlon of Ru, Rh, Pt and Ir 

Temperature (“C) Time 
No Stage Start End @c) 

1 Dry 75 75 10 
2 Dry 90 90 60 
3 Dry 120 130 20 
4 Ash 850 850 20 
5 Ash 1400 1400 10 
6 Atom 3000 3000 10 
7 Clean 3000 3000 5 

Momtormg stage l-7 
Check stage l-7 
Garner gas 200 ml/mm 
Interrupted gas 0 ml/mm 



194 J G SEN GUPTA 

RU 

ASS 

QUADRATIC 
CORR =O 9981 

I 
CONC 100 

PI 

ABS 

150- 
_ QUADRATIC ’ ” QUADRATIC 
_ CORR =O 9647 

Rh - 

ABS - 

‘LB,; T 

O- I I I I O-- I I 1 I * 

0 CONC 100 0 CONC 100 

Rg I Cahbratlon curves for ruthennnn, rhodnun, platinum and lrldmm at atomtzahon temperature of 
3000°C (concentration m ng/ml) 

For silicate rocks and minerals, Ru, Rh, Pt Au, and Pd from lo-20 ~1 of a solution contain- 
and Ir were determmed from 20-40 ~1 of a mg 0.2-l g sample/ml or after suitable dilution 
solution containing 0.5-2 g sample/ml, and Ag, with 1M hydrochloric acid, as necessary. 

Table 3 Temperature programme for nmul- 
taneous determmatlon of Ag, Au and Pd 

For sulphide ores or metallurgical samples, 
Ru, Rh, Pt and Ir were determined from 10-40 
~1 of a solution containing 0.1-0.2 g sample/ 
ml, and Ag, Au and Pd from lo-20 ~1 of a 
solution containing 0 l-O.2 g sample/ml or after 
suitable dilution with 1M hydrochlonc acid, as 
required. 

No Stage 
Temperature (“C) Time 

Start End (set) 

1 Dry 15 75 10 
2 Dry 90 90 60 
3 Dry 120 130 10 
4 Ash 800 800 20 
5 Atom 2700 2700 IO 
6 Clean 2800 2800 5 

Momtormg stage l-6 
Check stage l-6 
Carrier gas 200 ml/mm 
Interrupted gas 0 ml/mm 

145 - QUADRATIC 
- CORR =O 9966 

Ag - 
ABS _ 

’ CONC 75 

Notes 

1. Sodium chloride was added to form chloro- 
complexes of the noble metals to prevent their 
decomposition to free metals and losses to the 
walls of the beaker durmg evaporation steps. 

0 40 - QUADRATIC 
- CORR =O 9971 

Pd 

ABS 

b CONC 160 

o 75 - QUADRATIC 
- CORR =O 9924 

Au - 

ABS _ 

b s CONC 100 

Fig 2 Cahbratlon curves for silver, gold and palladium at atomization temperature of 2700°C 
(concentration in ng/ml) 
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2. Heating on the steam-bath instead of a 
hot plate prevented decomposition of the noble 
metal salts to free metals, particularly gold and 
platinum. 

3. Sulphide minerals gave clear solutions at 
this stage. 

based on the sensitivities and atomization tem- 
peratures, the noble metals were divided into 
two groups containing four elements m Group 1 
and three elements m Group 2 for simultaneous 
determinations as follows: 

Group I-Ru, Rh, Pt and Ir. 

RESULTS AND DISCUSSION Group 2-Ag, Au and Pd. 

Sensitivity Analyses of reference materials for noble metals 

The sensitivities of the noble metals on 
pyrolytically-coated graphite furnace in the 
Hitachi Z-9000 multi-element atomic absorption 
spectrometer are given m Table 4 and compared 
with those obtained previously9 by using a 
Varian single-element graphite tube atomizer 
(Model GTA-95) in combination with a Varian 
AA-475 spectrometer. Compared to the Varian 
AA-475 coupled with GTA-95, higher tempera- 
tures are found necessary for the noble metals 
with the Z-9000 instrument to obtain sufficiently 
high sensitivities for useful analytical applica- 
tions. This is probably due to the fact that 
Hitachi Z-9000 spectrometer has a restricted 
spectral bandwidth of 0.8 nm for all elements, 
whereas spectral bandwidth of < 0.8 can be used 
with Varian AA-475. 

The results for noble metals as obtained in 
this work for three CCRMP reference materials 
SU-la (Ni-Cu-Co ore), PTM-1 (noble metals 
bearing Ni-Cu matte) and UMT-1 (ultramafic 
ore tailings) are given m Table 5 and compared 
with the certified or other values.gs’0 For UMT-1 
“recommended” values for some noble metals 
are now available in the “Certificate of Analysis” 
sheet. These and other “provisional” or “mform- 
ation” values for this sample are compared 
with the results of this work m Table 5. Good 
agreement is found in most cases indicating 
completeness of recovery. 

For ruthenium, rhodium, platinum and 
iridium an atomization temperature of 3OOO”C, 
and for silver, gold and palladium an atomiz- 
ation temperature of 2700°C were found 
satisfactory m the Hitachi Z-9000 instrument. 

With the Hitachi Z-9000 instrument four ele- 
ments could be determined simultaneously in one 
firing and the instrument could be programmed 
for determination of up to eight elements auto- 
matically in two firings. However, in this work, 

Silver was not determmed m PTM-1 because 
a previous work9 showed that most of the high 
silver from this sample was lost by precipitation 
as silver chloride during sample decomposition 
steps. 

For four other reference materials (diabase 
rock, gabbro rock, mineralized gabbro and 
massive sulphide mineral), the results of this 
work are compared m Table 5 with those ob- 
tained by independent method(s) and/or supplied 
by the Coordinator of CCRMP. Reasonably 
good agreement is found between the results of 
this work with other values, where available. 

Table 4 Senslhvltles of noble metals on pyrolytxally- 
coated graphite-furnace m Hltach WOO0 simultaneous 

m&l-element atormc absorption spectrometer 

Sensitivity* @g) 
Atonuzation 
temperature ThlS Previous value wth 

Element (“C) work? Vanan GTA-95$ 

Ru 3000 26 30 at 2700°C 
Rh 3000 7 10 at 2600°C 
Pd 2700 11 7 at 2600°C 
Ag 2700 2 I at 2000°C 
Ir 3000 92 40 at 2700°C 
Pt 3000 74 80 at 2700°C 
Au 2700 6 3.7 at 2400°C 

*Defined as the weight of the element m picogram (pg) 
which produces a change, compared with a pure solvent 
or blank, of 0 0044 absorbance umt 

tAverage of several determmatlons using different concen- 
trations of the element 

@en Gupta 9 

In order to test any loss of precious metals in 
the residues after HF-aqua regia dissolution of 
the samples of Table 5, the filter paper contain- 
ing the residue was transferred to a porcelain 
crucible and after charring the paper at 450°C 
the residue was ignited to oxides at 800°C. After 
cooling, the oxides were finely ground by the 
tip of an agate pestle and then transferred to a 
zirconium crucible and mtimately mixed with 5 g 
Na,O,. The crucible was covered by a zirconium 
lid and placed on a claypipe triangle enclosed by 
a chimney which was supported by a tripod 
stand, and the mixture was fused over a Meker 
burner for 2-3 mm with occasional swirling. 
The melt was cooled to room temperature, small 
quantities of concentrated hydrochloric acid 
were gradually added and the dissolved mass 
was quickly transferred to a loo-ml borosilicate 
beaker with a jet of water. More concentrated 
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hydrochloric acid was added and the beaker was 
heated on a hot plate until the solution became 
clear or near clear and no more evolution of gas 
bubbles occurred. A very small amount of gritty 
matter was filtered off through a glass fiber filter 
paper and washed with 1M hydrochloric acid. 
The solution was diluted to 60 ml with water, 
5 ml of 1 mg Te/ml solution was added and a 
freshly prepared stannous chloride solution was 
added in excess to coprecipitate any precious 
metals with the added tellurium. After boil- 
ing, the coagulated precipitate was filtered off 
through a Millipore Type HA 0.45 pm filter 
disk and washed with 1M hydrochloric acid. 
The disk was placed in the original beaker and 
decomposed by concentrated nitric acid and 
aqua regta as described in an earlier paper.9 The 
final solution was evaporated on the steam-bath 
in a lo-ml beaker in the presence of 1 mg 
sodium chloride. The salts were dissolved in 
0.5 ml of 1M hydrochloric acid by warming 
the beaker on the steam-bath, the solution was 
transferred quantitatively to a l-ml standard 
flask and the volume made up to the mark with 
the same acid. A reagent blank was taken 
throughout the whole procedure. An aliquot 
of 40 ~1 of this solution was transferred to a 
new graphite tube in the Hitachi Z-9000 spec- 
trometer and after drying and ashing as usual 
(c$ Table 2) the sample was atomized at 3000°C 

for determining Ru, Rh, Pt and Ir. From another 
aliquot of 40 ~1 the sample was dried, ashed and 
atomized at 2700°C (c$ Table 3) for determining 
Ag, Au and Pd. The amounts, if any, of these 
elements were quantified from calibration curves. 
The precious metals were found to be either nil 
or negligibly small in these solutions. 
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providmg ICP-MS data on some samples reported m thrs 
work 

1 
2. 

3 

4 

5 

6 

7 

8. 
9. 

10 
11 

REFERENCES 

J G. Sen Gupta, Prog Anufyr Specrrosc , 1989,12,403 
G P Sqhinolti, C. Gorgom and A. H Mohamed, 
Geostand. Newsletter, 1984, 8, 25 
K Kntsotalos and H J Tobschall, Fresenzus Z Anal 
Ckem., 1985, 328, 15 
C H Branch and D Hutchrson, J Anal At Spectrom , 
1986, 1,433 
G E. M Hall and G F Bonham-Carter, J Geochem 
Expl , 1988, 30, 255 
C E. Dunn, G E M Hall and E Hoffman, rbrd, 1989, 
32,211 
G E M. Hall, J.-C Pelchat and C E Dunn, lbrd, 1990, 
37, 1 
J G Sen Gupta, Talunta, 1984, 31, 1045 
afern, dud, 1989, 36, 651. 
H F. Steger, CANMET Report 806E, 1980 
J G Sen Gupta and D C Gt+gotre, Geostund 
Newsletter, 1989, 13, 197 



Takmfa, Vol 40, No 6, pi 799-803,1993 ~3~9~~/93 $6 00 + 0 00 
Prmted in Great Bntam AIf n&r reserved ~pynght Q 1993 Pergamon Press Ltd 

DETERMINATION OF MANGANESE, IRON AND COPPER 
IN SODIUM BY CHEMICAL MODIFICATION/G~PHITE 

FURNACE ATOMIC ABSORPTION SPECTROMETRY 
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Summary-Trace Mn, Fe and Cu m sodium were determmed by chemical modificanon/grapmte furnace 
atormc absorption spectrometry The sodium sample was changed mto NaOH m a desiccator by room 
temperature water vapor generated under reduced pressure, then the NaOH was &ssolved m water and 
HNOs was added to gwe a clear solutron. The solutron was analysed by chemical m~~~on/~ap~te 
furnace atomrc absor@on spectrometry A m&e1 mtrate modifier was effective m mprovmg mtegrated 
absorbance signals and the reproducibrhty of measurement Analytmal results for Mn, Fe and Cu were 
170,970 and 210 rig/g and relatrve standard deviations (n = 5) were 3 $5 8 and 6 7%, respectrvely These 
results agreed wrth the values obtained from a chelatmg resm preconcentratron/ICP-AES method 

When sodium is used as a coolant for fast 
reactor systems, analysis of impurities in it is 
very important. Metal impurities in sodium are 
analysed by flame atomic absorption spec- 
trometry or ICP-AES after d~rn~slng by 
water vapor or alcohol and treating with HCI, 
but detection limits with these methods are at 
the microgram per gram level because a great 
quantity of NaCl matrix is present. 

On the other hand, graphite furnace atomic 
absorption spectrometry (GFAAS) is a highly 
sensitive technique. Since it is easily inf?uenced 
by the matrix, the interferences are removed by 
various methods, e.g. solvent extraction,1*2 or 
ion-exchange. 3-5 However, these methods re- 
quire complicated procedures. In recent years, 
emanation of matrix interference has been in- 
vestigated using chemical modifiers. Chemical 
modification methods have the advantage that 
no complicated procedures are required and 
there is no concern of contamination from 
vessels used for separation or pr~n~ntration 
of analyte elements. Chloride matrix interfer- 
ence is eliminated by addition of HNO, or 
NH,NO, because the generated nitride can be 
decomposed at about 400°C before the ash 
step. &’ Mg (NO,), and Ni (NO,), are used as 
modifiers for the detonation of Mn and 
A1.9q 

This paper describes the determination of 
Mn, Fe and Cu in sodium by chemical modifi- 
cation/GFAAS. Mg (NO,), and Ni (NO,), were 

investigated as chemical modifiers m accordance 
with previous reports. W* Sodium was changed 
into NaOH m a desiccator by room temperature 
water vapor generated under reduced pressure, 
then treated with HNO,. The resulting solution 
was analysed by GFAAS using Ni (NO,), 
modifier. Nanogram per gram levels of Mn, Fe 
and Cu in sodium were determined accurately. 

AppiXM 

A Perk&Elmer Model 25100 atomic 
absorption spectrophotometer equipped with a 
Zeeman background corrector, an AS-60 auto- 
sampler and a ZHGA-600 atomizer were used. 
A Per~n-Elmer model 7700 computer was used 
to control furnace conditions and the amount of 
solution injected. Hollow-cathode lamps of Mn, 
Fe and Cu were used as the radiation sources. 
A pyrolytic graphite coated graphite tube and 
pyrolytic graphite L’vov platform were used 
throughout. A Nippon Jarrell Ash, ICAP 575-H 
inductively coupled plasma atomic emission 
spectrometer (ICP-AES) was used in the chelat- 
ing resin preconcentration experiment to check 
the accuracy of the established method. A 
Miwa Seisakusho, argon atmospheric glove box 
capable of maintaining the concentration of 
both moisture and oxygen below 1 #/I was used 
to treat sodium samples. A METTLER AE-163 
balance was used. 

799 



Y KOSHINO and A NARUKAWA 

4 
Aspmtor 

Fig. 1 Decomposition system for sodmm 

Reagents 

Metal stock standard solutions (1000 mg/l) 
were prepared by dissolving 0.2500 g of high 
purity metals (Mn;99.99%, Cu; 99.99%, 
Katayama Chemical Industries Co. Ltd., Japan, 
Fe; 99.99%, Wako Pure Chemical Industries 
Co. Ltd., Japan) in 5 ml of HN03 and diluting 
to 250 ml with water. These resulting solutions 
were stored m polyethylene bottles. Metal- 
NaN03 solutions (20 ng/ml Mn, Fe and Cu, 
lm/“% Na) were prepared by dissolving 3.70 g of 
NaNOJ (Merck Suprapur) in 0.2m/V% HNOj 
and adding 2000 ng of Mn, Fe and Cu, then 
diluting to 100 ml with O-2”/,% HNO,. These 
solutions contain 1.0 g of sodium in 100 ml. 
Calibration standards were prepared in the 
same manner using metal-NaNOj solutions 
containing &2000 ng of analyte elements. Mg 
modifier solution was prepared by dissolving 
1.000 g of Mg (NO,), 6H20 (Merck Suprapur) 
in water and diluting to 100 ml. Ni modifier 

Table 1 Optunum operatmg condltlons for graphite furnace 
AAS 

Element 

Parameter Mn Fe cu 

Wavelength (nm) 
Sht vndth (nm) 
Lamp current (nL4) 
Drying (“C) 
[Ramp(sEHold(s)] 
Ash (“C) 
[Ramp(sWold(s)] 
Atomuation (‘C)* 
[Ramp(s)-Hold(s)] 
Clean up (“C) _. 
t~mp@-Hold(sll (l-3) 

Ar flow rate 3OOcn?/min. 
l Ar flow was stopped in this step 

248 3 
0.2 
30 
120 

(I-60) 
1300 

(l&30) 

;E) 

;Y) 

324 8 
0.7 
15 

120 
(l-60) 
1100 

(l&30) 

;@z 

(l-3) 

solution was prepared by dissolving 1.000 g of 
Ni (NO,), 6H20 (Kojundo Kagaku Kenkyuujo, 
Japan, 99.9%) m water and diluting to 100 ml. 
A Cica-Merck Ultra Pure HNO, was used. A 
Bio-Rad Laboratory Chelex-100 chelating resin 
(200400 mesh) was used to concentrate and 
separate analyte metals. Distilled water was 
purified with Milli-Q purification system. 

Analy trcal procedure 

After removing oxidized surfaces of sodium 
samples using a ceramic knife and polytetra- 
fluoroethylene (PTFE) coated tweezers in the 
glove box. 1 g of sample was weighed into a 
PTFE evaporating dish. The dish was taken out 
from the glove box, and placed into a desiccator 
containing water at the bottom. The sodium 
sample was changed mto NaOH by water vapor 
generated under reduced pressure for 5 hr using 
an aspirator. A schematic drawing of sodium 
decomposition system is shown in Fig. 1. The 
resulting NaOH was dissolved in 20 ml of water 
and 3 ml of HN03 added, followed by dilution 
to 100 ml with water. Twenty microlitres of the 
solution and 20 ~1 of Ni modifier solution were 
injected into the furnace and the integrated 
absorbance signal was measured with the con- 
ditions given in Table 1. Calibration graphs are 
constructed by a series of calibration standards. 

RESULTS AND DISCUSSION 

Investigation of ash and atomization tempera- 
tures without modifier 

The effect of ash and atomization tempera- 
tures on the signals for Mn, Fe and Cu 
were investigated without modifier. The signals 
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Temperature PC) 

Rg. 2 Effects of ash temperature (atonuzatron at 2000°C for Mn, 2400°C for Fe and Cu) and atonuzahon 
temperature (ash at 1OOOT) on the absorptton agnal for Mn, Fe and Cu m metal-NaNO, solutron 

0 Mn 4013 pg, 0 Fe 400 pg, A CU 400 pg 

obtained are shown in Fig. 2 as a function of ash 
and atomization temperatures. First, ash tern- 
perature was studied. Twenty microlitres of 
metaLNaN0, solution was injected into the 
furnace, followed by application of an ash tem- 
perature of 600-14OO”C, and an atomization tem- 
perature of 2000°C for Mn, 2400°C for Fe and 
Cu. Other condittons were according to Table 1. 
Signals were maximum and constant at an ash 
temperature of 6OO-1OOOC for Mn and Cu, 
600-1200°C for Fe. From these results, an ash 
temperature of 1000°C was selected for the atom- 
ization study. Second, atomization temperature 
was examined at 1600-2400°C. Smce maximum 
signal was obtained an atomization temperature 
of 2000-22OOC for Mn (0.327), and above 
2000°C for Fe (0.225) and Cu (0.114), respectively, 
2100°C for Mn and 2400°C for Fe and Cu were 
selected as atomization temperatures. 

Investigation of ash and atomization tempera- 
tures with Nr modfier 

Ash and atomization temperatures using Ni 
modifier were investigated by injecting 20 ~1 of 

Ni modifier solution and 20 ~1 of metal-NaNO, 
solution into the furnace. Signals obtained are 
shown m Fig. 3. The signal for Mn was maxi- 
mum and constant at an ash temperature of 
600-12OO”C, and an atomization temperature of 
1900-2200°C. For Fe and Cu, maximum and 
constant signals were obtained at ash tempera- 
tures of 1200-1400°C and 600-12OO”C, respect- 
ively, and an atomization temperature of 
2200-2600°C for both. From these results, Ni 
modifier gave a higher ash temperature than 
only the metal-NaNo, solutions examined. The 
maximum absorbance for Mn, Fe and Cu was 
0.630,0.248 and 0.140, respectively. These maxi- 
mum values were 1.9 times for Mn, 1.1 times for 
Fe and Cu in comparison to values found 
without Ni modifier. Mean integrated ab- 
sorbances and relative standard deviations of 
five repeated runs on metal-NaNO, solutions in 
the case of with and without Ni modifier are 
shown in Table 2. Since the relative standard 
deviations for Mn, Fe and Cu using Ni modifier 
were within 2%, this was effective in improving 
the reproducibility. 

Ash Atomrtatlon 

l = = 

“/-? 
-4 

obo .3&l ’ 
I 5J I 1 1 I 

loo0 l2cO l4oo 1600 IBOO 2000 2200 2400 2600 

Tamperature PC) 

Fig 3 Effects of ash temperature (atomrzatton at 2000°C for Mn, 2400°C for Fe and Cu) and atommatron 
temperature (ash at 1000°C for Mn and Cu, 1300°C for Fe) on the absorptton srgnal for Mn, Fe and Cu 
in metal-NaNO, solutron m addttton of Ni modifier 0: Mn 400 pg. 0 Fe 400 pg, A Cu 400 pg. 
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Table 2 Effect of NI mo&fier on 
reproductbthty 

Absorbance 

NI modtfier Mn Fe Cu 

Wtth* 0 655 0.250 0 135 
(0 7) (0 9) (1 3) 

wnhout 0331 0 229 0 119 
(3 7) (2 2) (4 9) 

* l”/, % Nt(NO,), 6H, 0 20 m p 1 was added 
The amount of Mn, Fe and Cu tested was 

400 pg, respecttvely The percentage rela- 
nve standard devtatton (n = 5) IS gwen m 
parentheses 

E$ect of concentration of nitric acid 

The effect of the concentration of nitric acid 
on the integrated absorbance signal was exam- 
ined. Twenty microlitres of 0-3M HN03 metal- 
NaNOJ solution was injected into the furnace 
and treated following the conditions given in 
Table 1. The signals were constant at a range of 
0-3M HN03, and hence HN03 did not have an 
affect on absorption signals. 

Investigation of modifiers 

Some modifiers were exammed for eliminat- 
ing the NaNOS interference. The concentration 
of HNO, in the test solution was fixed 0.2m/V%, 
because 0-3M HN03 did not have an affect on 
the signals. Twenty microlitres of modifier sol- 
ution and 20 ~1 of metal-NaNO, solution were 
sucked into the autosampler, then injected into 
the furnace and treated following the conditions 
given in Table 1. Although Mg (NO,),, Ni 

(NO&, Pd (NO,),, NH,NO,, (NH,),HPO, and 
NH4H2P04 were examined as modifiers, only 
Mg (NO,), and Ni (NO,), gave good peak 
profiles. Accordingly, these two modifiers were 

tested in detail. Peak profiles for Mn are shown 
m Fig. 4. Integrated absorbance signals for Mn 
obtained with metal-NaNO, solutions, and 
with added Mg modifier solution and Ni 
modifier solution were 0.330, 0.638 and 0.655, 
respectively. With Mg and Ni modifiers the Mn 
signal increased about 1.9 times. Since Mn 
forms an alloy with Mg and Ni having higher 
melting points in this order than Mn only, the 
atomization time was delayed in the order of 
Mg and Ni. Therefore, Mg and Ni modifiers 
were effective in preventing vaporization of Mn 
in the ash step. Mg modifier caused peak split. 
The reason ascribed was the disagreement of 
valence of Mn. The result of the same examin- 
ation for Fe is shown in Fig. 5. The signals 
obtained with metal-NaNO, solutions, and 
with Mg modifier solution and Ni modifier 
solution were 0.224, 0.248 and 0.249, respect- 
ively. Though the increase in the signal was 
about 10% when Mg and Ni modifiers were 
used, peak split was not observed. Copper 
showed the same behavior as Fe. The results of 
these examinations show that the Ni modifier 
gave the largest absorption signals and good 
peak profiles for Mn, Fe and Cu. Further, the 
optimum amount of Ni modifier solution is in 
the range of 5-50 ~1, with the largest signal 
found for 20 ~1. From these results, ash and 
atomization temperatures were investigated 
with the optimum amount, i.e. 20 ~1, of Ni 
modifier. The results are shown in Fig. 3. 

Lower detection limit 

The lower detection limits were 30, 50 and 50 
rig/g for Mn, Fe and Cu, respectively, equal to 
0.010, 0.006 and 0.004 the absorbance signal, 

(a I 

Time 1 s I 
Fig. 4. Investtgation of chemical modlfier for Mn The amount of Mn tested was 400 pg (a) Metal-NaNO, 
solution 20 ~1. (b) Metal-NaNO, solution 20 ~1 and Mg modifier 20 ~1. (c) Metal-NaNO, solution 20 gl 

and Nt mod&r 20 ~1 
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Time (s.1 

Fig 5 Investigation of chemical modifier for Fe. The amount of Fe tested was 400 pg. (a) Metal-NaNOx 
solution 20 ~1. (b) Metal-NaNO, solution 20 ~1 and Mg modifier 20 ~1 (c) Metal-NaNO, solution 20 ~1 

and N: modifier 20 ~1. 

defined as three times the standard deviation of 
procedural blanks (n = 3). 

Results of the analysis 

The analytical results for Mn, Fe and Cu in 
a sodium sample using the proposed method 
and a preconcentration/ICP-AES method are 
summarized in Table 3. The procedure of pre- 
concentration/ICP-AES was as follows; the 
NaOH generated by decomposing sodium was 
dissolved in 50 ml of water, and the pH was 
adjusted to 8.0 by adding dropwise HCl 
(1 + 100). The solution was passed through a 
column loaded in the H form Chelex-100 resin 
at a flow rate of 1 ml/mm, then the adsorbed 
Mn, Fe and Cu were eluted with 20 ml of 2M 

Table 3. Determmatlon of Mn, Fe and Cu m 
sodmm metal 

Found @g/g) 

Method Mn Fe Cu 

PrOpOsed 170 970 210 

Preconcentration/ 
(f3$) (5.8) (;;) 

1010 
ICP-AES 

The percentage relatzve standard devzatzon 
(n = 5) is gwen in parentheses. 

803 

HNO,, and determined by ICP-AES. The re- 
sults agreed with the values obtained from 
preconcentration/ICP-AES, and percentage 
relative standard deviations (n = 5) were within 
10%. The time required for the determination of 
Mn, Fe and Cu was about 8 hr, including 5 hr 
sample decomposition time. 
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Summary-Tke syner@stlc extraction of cobalt(H) from aqueous solutions loaded wth cesmm chlonde or 
nitrate, v&h mtxtures of I-phenyl-3-me~yl4acyl-pyr~ol-5-01s (HL) [acyl= benzoyl (HPMBP), para- 
iert -but+benzoyl (HPMB’P), stearoyl (HPMSP)] and crown ethers E = BlSC5,18C6, DClSC6, DBl8C6 
and DB24C8 (DC = dlcyclohexano, B = benzo, DB = dlbenzo), m CHC&, C&Cl, and ClCH,CH,Cl, has 
been studied The expenmental data agree with the extracted species E,CsCoL, (E = BISCS), ECsCoL, 
(E = DB18C6) and CoL,E (E = DB24C8) The extractlon yields follow the orders 18C6 3 DC18C6 > 
DBl8C6 > Bl5CS > DB24C8, HPMBP > HPMB’P > HPMSP, and ClCH$I&Cl > CH,Cl, > CHCI, In 
spate of the better complexatlon of potassmm than cesmm with “ 18C6” type crown ethers, the extractlon 
of EC&o (PMBP), 1s generally higher than the EKCo(PMBP)~ one Except m the case of DB24C8, loadmg 
the aqueous phase wth Cs+, K+, S$+ or Ba2+ improves the synergstic extraction of cobalt 

Added to acidic chelating extractants (HL) 
crown ethers (E) can act as neutral oxo-donor 
synergrstic agents m the extraction of n~erous 
metal cations (Mm+ ), e.g., trivalent actinides 
and rare earths generally extracted with HL = 
HTTA (thenoyltrifluoroacetone),‘-3 HPMBP 
( l-phenyl-3-methyl-4-benzoylpyrazol-5-ol),4~5 
HPMTFP (l-phenyl-3-methyl-4-t~fluoroacetyl- 
pyrazol-5-ol)5+6 as ML,E or ML,E, species, tech- 
netium as TcO (OH).TTA.E7 and cobalt as Co 
(TTA)2E.S Likewise, in previous papers?” it 
has been shown that cobalt, nickel, cadmium 
and zmc are extracted from sodmm or lithmm 
aqueous solutions with HPMBP and crown 
ethers as M(PMBP)~E species, but E,K+,M 
(PMBP),- ion pairs were extracted from potass- 
ium solutions. The present paper deals with the 
synergistic extraction of cobalt(I1) from cesium 
solutions, with mixtures of 4-acyl-pyrazol-5-01s 
and crown ethers. The role of cesmm in the 
synergistic effect 1s compared to the role of 
potassium and other stmilar cations. 

EXPERIMENTAL 

Chemicals 

4-Acyl-pyrazol-5-01s were prepared following 
Jensen’s procedure. ” Crown ethers, Aldrich 

*Author for correspondence 

chemicals of analytical grade, were used without 
further purification: dicyclohexano-I 8-crown-6 
was a mixture of the syn-as and a~t~-e~s 
isomers. 

Metal extractton and analyttcal procedure 

The experimental data obtained were of type 
log&, vs. pH (DC,, = [Co],,/[Co],) at various 
constant extractant ~n~ntrations. The organic 
phases were prepared by dissolving weighted 
amounts of acyl-pyrazolol and crown ether in 
the solvent freshly washed with distilled water 
(extractant concentrations from 0 to 0.06M). 
Initial cobalt concentration m the aqueous 
phase, before contact with the organic phase, 
was 10e3M, and the ionic strength was fixed at 
lit4 (generally [CsNO,] = 1M or [CsCl] = l&f, 
and, in particular experiments, [CsCl] + 
[LiCI] = IM). The distribution measurements 
were performed m a the~ostated vessel 
(25.0 + 0.2”C) usmg a batch technique* two 
volumes (40 ml) of aqueous phase and one 
volume (20 ml) of organic phase were shaken, 
For each experimental point, the pH (measured 
with a digital pH meter and combmation glass- 
reference electrode) was adJusted to a given 
value (between 3 and 5) by adding small vol- 
umes of acidic or basic solutions of suitable 
composition to keep constant ionic strength and 
cesium concentration of the aqueous phase. 

TA‘ wb-‘3 805 
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After at least 15 min shaking, time enough to 
reach equilibrium, the phases were separated by 
gravity, and equal ahquots of both phases 
(0.5 to 1 ml) were withdrawn and centrifuged. 
Cobalt concentrations were determined, after 
suitable dilution (h or f), by atomic absorption 
measurements with a Perkin Elmer 2380 spec- 
trophotometer (The organic aliquot was con- 
tacted with 10 or 5 ml of O.lM HN03 to strip 
and dilute cobalt before determination.) Before 
shaking phases for a new experimental point, 
at another pH, the aqueous and organic phase 
volumes were completed up to 40 and 20 ml. 

BESUITS AND DISCUSSION 

Cobalt extraction from 1M CsCl (or CsN03) 
aqueous solutaons with HPMBP and crown ethers 
(E) m chloroform 

In the presence of dibenzo-24crown-8 
(DB24C8), a weak synergistic effect occurs, and 
the extraction curve (Fig. 1) is a straight line of 
slope 2 as m the extraction performed with 
HPMBP alone [extraction of Co (PMBP), with 
log&,, = - 6.881. The synergistic effect is more 
and more improved with benzo-15-crown-5 
(B15C5), dibenzo- 18-crown-6 (DBl8C6), dicy- 
clohexano- 18-crown-6 (DC 18C6, commercial 
mixture) and 18-crown-6 (18C6) crown ethers, 
and the slope 3 of the curves indicates a signifi- 
cant change in the extraction process. Varying 
[HPMBP], at constant pH and [El,,, leads to 
log&, vs. loglJIPMBP], curves which are also 
straight lines of slope 2 (E = DB24C8) or 3 
(E = “1806” type crown ethers or BlSC5) 
(Fig. 2). These results indicate the extraction of 
Co(PMBP), moieties with DB24C8 and Co 
(PMBP),- moieties with other crown ethers. 
The slopes of the curves log& vs. log[E],, at 
constant pH and [HPMBP], are 1, 2 and 1 for 
E = DB24C8, B 15C5 and “1807 crown ethers, 
respectively (Fig. 3). Thus, the experimental 
data are m agreement with the extraction of 
CO(PMBP),DB~~C~(B~~C~),CS+ ,Co(PMBP),, 
and (“18W’) Cs+, Co (PMBP),- species. At- 
tempts to measure the cesmm concentrations in 
organic phases did not lead to accurate con- 
clusions owing to its high concentration in the 
aqueous phase and to its possible extraction, 
independently of the cobalt one. Nevertheless, 
analogous species [Co (PMBP)zDB24C8, 
(B15C5)2K+,Co(PMBP), and (“1866”) K+, 
Co(PMBP); ] were previously extracted from 
1M KC1 aqueous medmm.9~‘o Moreover, the 
extraction of COLT anions in B+,CoL; ion 

Table 1 Cobalt extractton from 1M CsCl medmm wtth 
4-acylpyraxol-5-01s and crown ethers m CHCl, at 25°C 

Extracted 
HL E species lo@:, 

HPMSP B15C5 E,CsCoL, -7.15 
HPMB’P B15C5 E,CsCoL, -5.77 
HPMBP B15C5 E,CsCoL, -538 

HPMSP DB18C6 ECsCoL, -849 
HPMB’P DB18C6 ECsCoL, -693 
HPMBP DB18C6 ECsCoL, -6.57 
HPMBP DC18C6 ECsCoL, -5.90 
HPMBP 18C6 ECsCoL, -580 

HPMSP DB24C8 CoLrE -5.69 
HPMB’P DB24C8 CoLrE -4.75 
HPMBP DB24C8 CoLrE -4.53 

*lo&, = log&, - I log[HL], -J log[E], - rpH 
AlogK,, f 0 05-O 10 

pairs with B+ = high molecular weight ammo- 
niums and HL = 4-acyl-pyrazol-5-ols, is rather 
common.‘* 

Taking arbitrarily log[Cs + ] = 0, conditional 
extraction equilibrium constants have been de- 
termined. They are summarized in Table 1. No 
noticeable effect was observed by replacing CsCl 
by CsNO,. 

Comparison of cobalt extraction from 1M CsCI 
medium with those performed from other similar 
media (Xl, NaCI, LlCI, SrCl,, BaC12) 

The extraction of CO(PMBP)~DB~~CS 
does not depend on the aqueous medium (CbCl, 

_I/ 
35 45 

PH 

5 

Fig 1. Distribution curves of cobalt from 1 M CsCl aqueous 
medium with HPMBP (0.02M) and crown ethers (0.02M) 

in chloroform. pH effect 
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Frg 2. Distrtbuhon curves of cobalt from 1M CsCl aqueous 
medium at pH 4 4 wrth HPMBP and crown ethers (0 02M) 

m chloroform. [HPMBP] effect 

KCl, NaCl or LiCl): logK,,, (-4.53) lies 
between values determined with linear poly- 
ethers, e.g. -4.17 with Triton X-100 and -4.82 
with Butex,13 which shows that there IS no 
obvious cavity effect. 

Like K+ lo (ionic diameter 2.66 A), Cs + (ionic 
diameter 3.34 I%) likely forms (B15CS), 
Cs+“sandwich” cationic complexes with BlSC5 
(cavity diameter 1.7-2.2 A), which are co- 
extracted as ion pairs wtth Co (PMBP),- 
anions: the extractions performed from CsCl 
and KC1 media (log& = -5.38 and -5.40, 
respectively) are quite similar, which can 
be related with the close complex formation 
constants of Cs+ and K+ with “15C5” type 
crown ethersI The extraction is higher than 
that performed from LiCl medium [extraction 

log CEI 
Fig 3. Drstrtbution curves of cobalt from IA4 C&l aqueous 
medium at pH 4.4 with HPMBP (0.02M) and crown ethers 

m chloroform: [crown ether] effect. 
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Rg 4 Dtstnbutton curves of cobalt from 1M CsCl aqueous 
medmm wtth HPMBP (0.02M) and crown ethers (0 02M) 
m chloroform, dichloromethane and 1,Zdlchloroethane 

pH effect 

of Co (PMBP),B15C5 with logK,,, = - 4.81.” 
The cavity size of “18C6” type crown ethers 

(diameter 2.6-3.2 A) allows the formation of 

Of 

0 

27 

-0 5 

-I : 

HPMB’ P HPMSP 
I 
5 

PH 

Fig. 5 Ikstnbution curves of cobalt from 1M CsCl aqueous 
medium with HPMB’P or HPMSP (002M) and crown 
ethers (0.02M) m chloroform pH effect (a = DB18C6, 

b = B15C5, c = DB24C8). 
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stable mclusion complexes with K+ whereas 
Cs+ is slightly too large to enter mto the cavity, 
which leads to lower complex formation con- 
stants K,: for example, m water, logKf (18C6, 
K + ) = 2.03 whereas log& (1 8C6,Csf ) = 
0.99.‘$ Thus, a better extraction of (“18C6”)K+, 
Co(PMBP); than (“18C6”)Cs+,Co(PMBP); 
could be expected. m fact, the opposite is ob- 
served emphasizing the better extractability 
(hpophilicity + ion pair stability) of the cesmm 
containing ion pairs. The cobalt extraction from 
CsCl aqueous medium with HPMBP and 
“18C6” crown ethers is munmum with 
DB18C6, that is the weakest complexing 
agent towards Cs + [log& (DBl8C6,Cs + ) = 
0 831 I5 but also the least flexible ligand * 9 
From LiCl and NaCl media, only Co 
(PMBP),DB18C8 species are extracted (40% of 
extracted cobalt at pH = 5, with [DB18C6],, = 
[HPMBP],, = 0.02M). it results in a lower 
cobalt extraction than those performed from lit4 
CsCl and KC1 media (95 and 9 1% , respectively). 
Loading aqueous phases with Sr*+ or Ba’+ also 
improves cobalt extraction (80 and 65% from 
0.33M SrCl, and BaCl, media, respectively. 

Influence of cesium concentration on cobalt 
extraction 

In order to esnmate the influence which the 
variation of cesmm concentration exercises on 
cobalt extraction with mixtures of HPMBP and 
DB18C6, extraction experiments have been per- 
formed from ([CsCl] + [LiCl] = 1M) aqueous sol- 
utions with increasing [CsCl] from 0 to lM, the 
cobalt extraction is progressively Improved, and 
the DB18C6Cs + ,Co(PMBP), - extraction is 
characterized by an increase of logD, vs. 
pH curve slope from 2 [extraction of Co (PMBP), 
DB18C8 alone] to 3. At pH = 5, with 
[HPMBP], = [DBI 8C6], = O.O2M, the ex- 
tracted cobalt ratios are 40,48, 58,72 and 95% at 
[CsCl] = 0, 0.01, 0.05, 0 1 and lM, respectively. 

Diluent e&et (Fzg. 4) 

Replacing chloroform by 1 ,Zdichloroethane 
and dichloromethane, leads to better syner- 
gistic extractions of cobalt from IM CsCl sol- 
utions. Stoichiometnes of extracted species 
remam unchanged, z.e. Co(PMBP),DB24C8 
(log&, = - 3.07, - 3.33, respectively), DB18C6, 
Cs+,Co(PMBP),- (log&, = -3.77, -4.30, re- 
spectively), and (Bl5C5),Cs + ,Co(PMBP),- 
(log& = - 2.55, - 3.15 respectively). The 
extraction order, ClCH$H&l > CH,Cl, > 
CHCl,, is that of diluent dielectric constants. 

E#ect of the acyl group of 4-acyl-pyrazol-5-01s 
on the extraction 

Among 4-acyl-pyrazol-5-ols, HPMBP is cer- 
tainly the most studied as a metal extractant. 
Nevertheless, its unsufhcient hpophilicity limits 
its applications Thus, it was interesting to 
substitute its acyl = benzoyl group with more 
hpophihc para-tert.-butylbenzoyl and stearoyl 
groups, which leads to the more hpophilic, but 
less acidic HPMB’P and HPMSP chelating 
acidic extractants. Slope analysis of cobalt dts- 
tribution curves (Fig 5) performed with mix- 
tures of HPMB’P or HPMSP and B15C5, 
DB18C6 or DB24C8 crown ethers m chloro- 
form has shown that the extracted species have 
the same composition as those extracted with 
HPMBP The extraction constants are given m 
Table 1. For each crown ether, they follow the 
order HPMBP > HPMB’P > HPMSP which is 
the decreasing order of the acidic character of 
the compounds, that means that the lack of 
acidity of HPMB’P and HPMSP is not counter- 
balanced by an increase of hpophihcity. The 
variations of log& (extraction of DBl8C6, 
Cs+ ,CoL,- ) and those of log&, [extraction 
of (B15C5),Cs+,CoL,-] between HPMBP, 
HPMB’P and HPMSP, are close to those 
observed previously m the extraction of B+, 
CoL, - where B + = methyl-tri-n-octylammo- 
nium,12 which can be explained mainly by the 
CoL; complex formation: indeed, these vari- 
ations are weaker (by $) in the extraction 
of CoL,DB24C8 species that involve only two 
L- per cobalt. 

CONCLUSIONS 

The presence of cesium in aqueous phases can 
strongly enhance the extraction of cobalt (II) 
with rmxtures of 4-acyl-pyrazol-5-01s (HL) and 
crown ethers (E)* it is the case when sufficiently 
stable complexes are formed between Cs+ and 
crown ethers, e.g. 18C6,Cs + , DC1 8C6,Cs + , 
DB18C6,Cs +, and (B15C5),Cs+, which are co- 
extracted with CoL,- as ion pairs In spite of 
the better complexation of K+ than Cs + with 
“18C6” type crown ethers, a greater synergistic 
effect is achieved m extractions from cesium 
containing solutions. When the crown ether 
cavity is too large in comparison with the Cs+ 
size (DB24C8), only a weak synergistic effect is 
observed, due to extraction of CoL,E com- 
plexes. In all cases, extractions are higher m 
diluents of high dielectric constant, and with 
HPMBP, more acidic but less hpophilic than 
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HPMB’P or HPMSP. Results herein emphasize 5 
how important the aqueous phase composition 6 
is, in extraction systems involving mixtures of 
acidic chelating extractants and crown ethers. 
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SIMULTANEOUS DETERMINATION OF 
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Summuy--Direct potentlometnc titration and two HPLC condltlons for the simultaneous determmahon 
of amoxycdhn and rhcloxacdhn m then capsules have been developed One-run titration utlhzmg 0 05M 
acct. HClO, enables the quantification of both antihohcs The HPLC-separation could be undertaken on 
reversed phase, LiChrosorb RP-18 (10 am), and LiChrospher 100 RP-18 (5 pm), columns by usmg mohle 
phases contumng a&on&de + 1% aq, acetic acid, m proportions of 47.53 or 39 61 (v/v), respectively, 
at a flow rate of 1 5 ml/mm urlth UV-detection at 240 nm Recoveries of the mdlvldual drugs by the 
apphcabon of each described method were found to be fairly satisfactory 

INTRODUCTION 

Synergistic activity of some penicillin combina- 
tions was reported for gram-negative bacteria.lm4 
Combined penicillins provide a broader spectrum 
of antibacterial activity and may be advantage- 
ously prescribed in cases of fi-lactamase- 
producing strains. Synergy between amoxycillin 
(I) and dicloxacillin (II) has been demonstrated 
against clinical isolates of some j?-lactamase- 
producing and non-producing strains.s*6 Pharma- 
ceutical preparations containing both the men- 
tioned fl-lactam antibiotics are now normally 
found in the market. 

There have been some different procedures 
of analysis proposed for the determination of 
amoxycilhn, including spectrophotometric 
measurement of the copper chelate’ or the 
penicillenic acid formed by reaction with H+/ 
Ct.?+,* spectrofluorometry (Ex: 366 nm and EM: 
430 nm) after reaction wth formaldehyde, in 
addition to high-performance liquid chromatog- 
raphy (HPLC),9 which 1s also the method of 
choice for ddoxacillin.‘O The Bntlsh Pharmaco- 
poeia 1988” recommends a titrlmetric method 
for the determination of amoxycillin in bulk form 
using standard mercuric nitrate with potentio- 
metnc detection of the equivalent complex, 

H”~~m-j-~s~~H 
0 

I Amoxycdhn 

11 Dcloxacdlm 

*Author for correspondence. 
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and a colorimetnc one using imidazole mercury 
reagent at 325 nm in the case of capsules 
containing the drug. No official procedure has 
yet been approved for dicloxacilhn, although 
the method described for amoxycillin seems to 
be applicable Quantification of the individual 
penicillins in their binary combmations cannot 
be achieved by adopting the BP 1988 procedure. 
The applicability of the derivative spectro- 
photometry for simultaneous determination of 
amoxycillin and dicloxacillin m their mixtures 
and m capsules has been recently mvestigated.‘* 
Preliminary separation of amoxycillin from 
dicloxacilhn, by dissolvmg m 0.1 mole/l 
hydrochloric acid, where only amoxycilhn goes 
mto solution leaving ddoxacillm, followed 
by adopting the ferric hydroxamate methodI 
1s recommended by one of the manufacturers 
for the determmation of each separated 
penicillin I4 

Materials 

Amoxycillin trihydrate. The drug was used 
as supplied (Gut-Brocades, Amsterdam, The 
Netherlands). Purtty was assessed by the BP 1988 
method” and found to be 99.1% (the water of 
crystallization content 12.6%). 

Dlcloxacdlin monohydrate. The drug was 
utilized without further treatment, the claimed 
purity was 99.6% (the water of crystallization 
content 3.9%) (Gruppo Lepetit, S.p.A., Milan, 
Italy). The reference substances and dosage 
formulations containing them were stored in a 
dry cool place m tightly closed and moisture- 
proof containers. 

Pharmaceutical preparatrons 

The present work describes a potentiometric 
titrimetry and two HPLC procedures for 
simultaneous determinatton of amoxycilhn and 
dicloxacilhn m pharmaceutical formulations. 
The stability-mdicatmg charactertstics, i.e 
determmation of the intact drug substance in 
the presence of its degradation product(s), and 
statistical evaluation of the results have been 
discussed. 

Amoclox capsules are products of Memphis 
Chem Co., El-Zeitoun, Cairo, Egypt, 
BN490013; each capsule contains 250 mg amoxy- 
cilhn (as trthydrate) and 250 mg dicloxacilhn (as 
sodium monohydrate) and Miclox 250 capsules, 
produced by Misr Co. Pharm. Ind., S.S.A., El- 
Mataria, Can-o, Egypt, BN R127; each capsule 
contains 125 mg amoxycilhn (as trthydrate) and 
125 mg dicloxacilhn (as sodmm monohydrate) 

HiPer Solv acetomtrile for HPLC (BDH- 
Chemicals, Poole, U.K.), and all-glass distilled 
water were used for preparing the mobile phase. 
All other chemicals were of analytical grade 

EXPERIMENTAL Standard solutrons 
Apparatus 

Potentiograph model E576, equipped with 
Dosimat E575 and magnetic stirrer E649 
(Metrohm, Herisau, Switzerland), and combined 
glass-calomel electrodes were used for recording 
potentiometric titration curves 

Varian model 5000 Liquid Chromatograph 
equipped with a variable Vanan UV-50 detector 
set at 240 nm, a Rheodyne model 7125 mlector 
with a 20 ~1 sample loop, and a Vanan model 
9176 strip recorder (chart speed 0.5 cm/mm), 
were used. The chromatographtc parameters 
were controlled by a Varian Data System model 
CDS 111L. Two different columns, namely a 
Hibar prepacked LiChrosorb RP-18 (10 pm), 
25 cm x 4 mm 0, and a Hibar prepacked 
LiChrospher 100 RP-18 (5 pm), 12.5 cm x 
4 mm o (E. Merck, Darmstadt, Germany), were 
utilized. Eluting solvent mixtures contammg 
CH,CN + 1% aq CHrCOOH, 47.53 (v/v), m 
case of LtChrosorb, and 39.61 (v/v), in case 
of LiChrospher, were kept isocratic at a rate of 
1.5 ml/mm. 

Acetic acid, 0.05M HClO, was prepared by 
adding 4.2 ml HClO, (72%, w/w) to about 900 
ml glacial acetic acid, followed by 32 ml acetic 
anhydride and then cooling to room tempera- 
ture (W 22°C) before completing the volume to 
11 with glacial acetic acid. The moisture content 
was checked by the micromethod of 
Karl-Fischer, and was adjusted to O.Ol-0.2% 
by adding either acetic anhydride or water. 
Standardization of the freshly prepared solution 
was carried out against 0 5 g KH phthalate to 
get the correction factor (f). 

Analytical procedures. Potentlometric titrlmetry 

Authentic amoxycillin or dicloxacrllm. An 
aliquot of the drug (50-75 mg) was weighed 
and dissolved in 25 ml glacial acetic acid. The 
titration curve was recorded using standard 
0.05M acetic HC104. The amount C (mg) of 
pemcilhn was computed from the expressions: 

C (mg) amoxycillin (anhydrous) 

= I’ xf x 18.270 (1) 
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where V IS the volume of titrant (protonation of 
the amino group) andfis the correction factor. 
The equivalent factor (F) 18.270 is the amount 
(mllligrammes) of anhydrous ~oxycillin 
equivaient to each milhhter of the tltrant. The 
F-value for the trihydrated base IS 20.970. 

C (mg) drcloxacdhn (anhydrous) 

= Y x f x 23.516 (2) 

where, Y 1s V, or V, which are the volumes at 
EP, (protonat~o~ of the carboxylate group) and 
EP, (protonation of the basic nitrogen m the 
isoxazole at the 2-position), respectively. For 
pure drcloxacillm, the mllhhters of V, equals 
exactly that of VP The equivalence value 23.516 
is mdligrammes of dicloxactllin equivalent to 
each milliliter of the tltrant. 

Authentic binary mrxtures. A mixture con- 
taining equialiquots (50 mg each) of amoxycil~n 
and dicloxacillin sodium was dissolved in 25 ml 
glacial acetic acid and the titration was com- 
pleted with O.OSM acetic HClO,. The V, [end 
point equivalent to the sum of the amino group 
(amoxycillin) and the carboxylate group (diclo- 
xacillin)] and V, [end pomt corresponding to the 
basic centre in the rsoxazole ring at positron-2 
(dicloxacil~n alone)] were located. The content of 
amoxyctlhn and dicloxacllhn can be calculated 
as follows: 

C (mg) amoxycrlhn (anhydrous) 

= (I’, - V,) x f x 18.270 (3) 

C (mg) dlcloxacllhn (anhydrous) 

= V, x f x 23.516. (4) 

Sample determination. The content of at least 
10 capsules was weighed and thoroughly mixed. 
From the powder, ahquot portions containing 
about 50-75 mg of each drug were taken and 
dissolved in 25 ml glacial acetlc acid. Recording 
the titration curves was undertaken by using 
0.05M acetic HClO, and applying equations (3) 
and (4) for computmg the amounts of both 
penicillins 

Recovery experiments. To one of two equal 
amounts of the capsule content, an accurately 
weighed aliquot of the drug to be evaluated was 
added and mixed. Each powder, with or without 
addition, was dissolved separately in 25 ml 
glacral acetic acid. The procedure described for 
sample determination was followed for getting 
the quantities of the component drugs. The 
volume increases of the titrant due to the added 
drug could be used for determination of the 

recovered amount m relation to the known 
added amount. 

HPLC method 

Standard mixtures and series. For each drug 
substance, 25 mg was dissolved in the mobile 
phase up to 100 ml to get the stock solutions, 
i.e. 250 pg/ml. Mixtures cont~nlng both drugs 
were prepared by mixing equal amounts of the 
stock solution followed by proper dilution to 
obtain the required concentrations. From the 
stock solutions, different working solutrons (25- 
125 pg/ml) were prepared by diluting aliquots 
with the mobile phase. Standard plots of each 
antibiotic were made by injecting replicates 

Sample preparation and determination The 
content of at least 20 capsules was werghed 
and the average content weight of a capsule 
was computed. Aliquots contaming 25 mg of 
each drug were transferred into 100 ml volu- 
metric flasks, and about 80 ml of the mobile 
phase added followed by mechanical shaking 
for 10 mm before completing to volume with 
mobile phase. From each well-mixed solution, 
3 ml portions were diluted with mobile phase 
into 10 ml. Trrplicate injections of each sample 
were done alternatively with similar standard 
working solution in order to enable reliable 
sample-standard compansons. Calculation of 
drug contents was undertaken either by match- 
ing the standard curves and/or adopting the 
following formula: 

C (mg capsule) = 
A, x D x C% x W, 

A,x W, 

where A, and AZ are the areas for amoxycillin or 
dicloxacrllin in sample and standard, respectively, 
D is the dilution factor, W, and W, are the 
average weight (mllli~amm~) per capsule and 
the taken weight (milligrammes), respectively, 
and C% is the concentration (percent) of 
standard solution m the final dilution. 

Recovery and reproductrvzty. Different ratios 
of standard to sample, namely 1: 2, 2: 3, 3 - 2 
and 2 : 1, were prepared by diluting ahquots of 
the stock solutions with mobile phase. Triplicate 
injections of each solution mtxture were done 
to ensure the degree of recovery of the added 
amounts of each drug. The reproducibility was 
tested by 12 consecutive injections of a standard 
solution equivalent to full amounts of each 
component based on the theoretical quantmes 

Chromatographic conditions. Two different 
HPLC~on~tions, LiChrosorb RP- 18 (10 ~1 m) 
and LiChrosphere RP-18 (5 pm) columns 
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R CONH- 

CH3 

Scheme 1 

utilizing different proportions of CH&N and 
1% aq. CH,COOH as the mobile phases, have 
been investigated and evaluated for their 
stability-indicating characteristics. The flow rate 
was 1.5 ml/mm, the W-detection was fixed at 
240 nm, and the CDS-attenuation was 16 (5 
mV/Fs) at 0.5 cm/mm chart speed, m the two 
conditions. 

RESULTS AND DISCUSSION 

The application of the BP-1988” procedure, 
described for the determination of amoxycillin 
capsules, has been tried on specimen capsules 
containing amoxycilhn and dicloxacillin combin- 
ations. The reaction products of the imidazole- 
mercury reagent with dicloxacillin exhibit over- 
lapping maxima at the wavelength specified for 
amoxycillin. Even the binary mixtures containing 
both studied penicillin exhibit considerable W- 
band overlap. At the practically Justified A,,,,, 
for amoxycillin (227 and 274 nm), dicloxacillin 
exhibits considerable effective UV absorbance 
at about 275-280 nm, which makes the direct 
W spectrophotometric determination of one 
penicillin in the presence of the other quite 
impracticable. 

The potentiometric titrimetry described here 
depends on the fact that the amino groups 
of amoxycillin and the carboxylate groups of 
dicloxacillin are readily protonated together 
differentially from the dicloxacillin isoxazole 
basic ring, when treated with acetic perchloric 
acid. The direct linking of the heteroatoms 
N and 0 m the isoxazole ring of dicloxacillin 
has a base-weakening effect (pka 2.03), which is 
about 3 pka units weaker than oxazole. The lone 

pair of electrons on the nitrogen of 1,Zazole is 
not part of the aromatrc sextet and is therefore 
available for salt formation without disruption 
of the aromaticity. Scheme 1 demonstrates the 
protonation pattern of the substituted isoxazole; 
The HPLC separation of the two component 
penicillins has been tried on the-basis of finding 
out not only an accurate quantitative method 
but also one with good stability-indicating char- 
acteristics. Two different reverse-phase (RP) 
columns, namely LiChrosorb and LiChrospher, 
have revealed validity. Table 1 gives the LC 
parameters of the HPLC methods. Figures 1 
and 2 illustrate the HPLC resolution of both 
penicillins and their degradation products, on 
the LiChrosorb and the LiChrospher columns, 
respectively. It is clear that the intact drug 
substances were resolved quite away from both 
of the solvent peaks and those of the degrad- 
ation products. The selected chromatographic 
conditions seemed to be the best for indicating 
the drug stabilities. Table 2 collects and matches 
the obtamed results of assay, recovery and repro- 
ducibility testing of the proposed three methods. 
Variations m results between the two different 
techniques, namely potentiometnc protonation 
and liquid chromatography, are only m the drug 
assay of capsules. No clear explanation can be 
suggested, but it may be due to the variability 
of the capsules matrices or the poor stahlity-in- 
dicating characteristics of the potentiometric 
method. The high-performance liquid chroma- 
tography has achieved a pronounced advantage 
over some other techniques in being the most 
stabihty-indicating. Both the described HPLC 
methods have proved their advantage m the cap 
ability of finding the accurate contents of each 

Table 1 HPLC parameters for resolved amoxycdhn and dlcloxacdhn 

HPLC method 
Column (LIChrosorb) (LIChrospher) 

Drug Amoxycdhn Ddoxacilhn Amoxycdhn Dlcloxacdhn 

Capacity factor (k’) 3 16 22 175 : 646 
Resolution (R) 3 34 1193 
Talhng factor @eak asymmetry factor) 1 70 1 70 163 I 33 
SDrel(rephcates)* <20% G2 0% 
Stab&y mdlcatlon vahd valid 

*Relative standard dewatron 
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Table 2 The assay, recovery and reproductbthty on the apphcatton of the proposed potenhometnc htnmetry and HPLC 
methods 

Potenttometnc tttnmetry HPLC methods 
(HClO,-htrabon) (LtChrosorb) (LtChrospher) 

Amoxycdlin Dtcloxactlhn Amoxyctllin Dtcloxacrllin Amoxyctllin Drcloxacdhn 

1. Assay 
Amoclox capsules 
X*fSD 806+26 110.0 f 2 5 839*23 937&16 843*14 935&12 

CV (n)+ 1 9 (5) 1 4 (5) 1 6 (6) 1 7 (6) 1 7(6) 1 26) 
M~clox capsules 
X&SD 105 6 f 14 885f17 1014*17 83Of16 1005*13 819*13 

CP (n) 1 4 (4) 2.0 (4) 1 7(6) 1.9 (6) 1 3 (6) 1 6(‘% 

2 Recovery 
Amoclox capsules 
X&-SD 100.8~09 100.2~07 100.1 *OS 99 7 f 1.0 1001*05 lOOOflO 
CV (n) 0.9 (9) 0.7 (7) 0 5 (4) 1 O(4) 0.5 (4) 1.0 (4) 

Student’s T (tab. T-value) 1 91 (2 20) 0 83 (2 26) 1.91(2 20) 0 25 (2 26) 
Mmlox capsules 
X&SD - - 100 1 f 0.7 1003+08 100.1~07 1000*11 

CF (n) - - 0 7 (4) 9 8 (4) 0 7 (4) 1 l(4) 

3 Reproducthhty 
X*CV(n) 100.9f 1 O(4) 100.1 iO.6(6) 100.0+08(12) 1000*0.7(12) lOOOf l.O(l2) 1000~0.8(12) 

*Anthmettc mean 
+n = the average mean of at least hvo determmattons of each encountered expenment 

drug substance in the presence of its degradation 
products, although no justification of the decay 
products have been done in this study. More- 
over, the quantification of both intact pemcillins 
can be carried out simultaneously without 
possible interferences from the presence of the 
degradation fragments of both drug substances. 
The recovery testing of all the proposed methods 
indicates the good accuracy and precision. The 
statistical evaluations of the obtained recoveries 
demonstrate that there are no significant differ- 
ences between the potentiometric method and 
each of the liquid chromatographic methods 

JjJ<; “‘:. ,,,, :5 

0 

MIS 0.05M HClO, (f=O.99) 

Fig. 3 Potenhometrtc trtratron curves of (1) 48 mg amoxy- 
cillin, (2) 54 mg dtcloxacilhn, and (3) a mixture of (1) and 

(2) agamst standard 0.05M cf = 0 99) acettc HClO,. 

proposed m the present communication. Good 
reproducibilities of all the investigated methods 
have been observed for different replicates, 
as reflected in the relative low coefficient of 
variations. 

It can be concluded that the demonstrated 
methods for the simultaneous quantification of 
amoxycillin and dicloxacillin in their mixtures 
and/or dosage formulations are simple, rapid 
and accurate. The relative cheapness of the 
apparatus beside the simplicity of the procedure 
of the non-aqueous potentiometry demonstrate 
its advantageous characteristics. The liquid 
chromatographic techniques described in the 
present work have the clear advantage of indi- 
cating the drug stability in addition to their high 
accuracy and confidence. 
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Summary-A new, general method of coupling calculattons of eqmhbna with those of other chemical 
effects and processes 1s described The method, based on the use of simple emptncal functtons, IS 
demonstrated by applymg rt to changes of tome strength and temperature m spectatton modelhng 

One of the most persistent criticisms of specia- 
tion models is that they are too simplistic: many 
systems, especially physiological or environ- 
mental systems,’ it is said, are chemically much 
more complicated than we can, at present, 
properly simulate. Leaving aside the lack of 
understanding of scientific modelling often 
reflected by this kind of criticism, it is undem- 
able that equilibrium calculations are currently 
somewhat limited.2 As outlined in Part I of this 
series,3 they suffer from inadequacies in several 
thermodynamic respects, including how best to 
deal with changing conditions of temperature 
and ionic strength. Moreover, profound 
dililculties can arise when applications involve 
relationships between chemical species other 
than equilibrium interactions.4*5 Kinetically- 
controlled systems fall into this category, as do 
biological or industrial processes regulated by 
feedback mechanisms. 

The reason why speciation calculations are 
presently so limited is simple. Programs cannot 
be expanded indefinitely to cope with extra 
complexity. This is even though the various 
processes may be well understood and can be 
satisfactorily described in mathematical terms. 
The problem is to solve simultaneously multiple 
systems of equations that are inherently diverse, 
and sometimes very large. Not only is it theor- 
etically difficult to amalgamate such different 
types of calculation but efforts to do so in a 
general way tend to overwhelm whatever com- 
putational capacity is available. 

*Part II IS Tahnta, 1991, 333, 1419 * 

Accordmgly, progress m coupling equi- 
librium with other calculations has been slow, 
despite the fact that this has been the focus of 
much research.‘j Resorting to brute force seems 
unlikely to yield, at least in the foreseeable 
future, the comprehensive modelling capabilities 
which motivated our development of JESS.3 

This paper describes a general method for 
speciation calculations of complicated chemical 
systems which require extension beyond just 
solving conventional mass balance equations. 
As a specific case, it outlines how we have 
applied this method to overcome the difficulties 
which have hitherto restricted calculations of 
changing temperature and ionic strength. It 
should be noted that details of the algorithm 
used below are of secondary importance and are 
likely to be improved in future. Subsequent 
papers will detail the method’s application to 
metal ion binding by macromolecules and to 
other complicated effects. 

GENERAL METHOD 

Partitioning the numerical computation of 
the solution of a heterogeneous set of non-linear 
equations implies an iterative approach in which 
successive, improving approximations are sub- 
stituted mto each of the equation subsets in 
turn. Such calculations yield a simultaneous, 
overall solution by convergence, i.e., changes in 
the tentative solution produced by a full itera- 
tive cycle become negligible, as defined by some 
pre-determined tolerances. Whatever methods 
are used to improve the tentative solution from 
initial estimates to final values, the calculation 
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performed in respect of each part of the iterative 
process should not counteract the progress 
made elsewhere. Otherwise, convergence be- 
comes slow or, in the extreme, the iteration 
diverges 

In essence, couphng calculations of eqmlibria 
with those of other chemical effects and pro- 
cesses can be simplified if the different types of 
equation can be partitioned, and evaluated sep- 
arately, without compromising the chances, or 
the rate, of achieving convergence. This is not 
straightforward: attempts to evaluate equation 
subsets in isolatron fail to converge except in 
special cases where the propagation of errors in 
any tentative solution is controlled. These well- 
behaved cases are, in general, difficult to derive 
rigorously, partrcularly if this must be done a 
prim Consequently, attempts to tackle compli- 
cated calculations by partitioning the system’s 
equations are frequently unsuccessful. 

A general method which helps to overcome 
this problem of partitioning is now being im- 
plemented in our JESS package for speciation 
calculations.3 This IS based on empirical ex- 
pressions that we call “surrogate functions”. 
These surrogate functions have four main 
characteristics: 

(0 
(ii) 

(iii) 

(iv) 

they are simple in form; 
they are constructed to represent the 
main effects of selected subsets of 
equations, 
their parameters are determined empiri- 
cally, somettmes by optimization of data 
obtained from the behaviour of the sub- 
set of equations scanned over a range of 
condrtions; 
they are easily incorporated into the sol- 
ution of the equations in the equilibrium 
calculations. 

3y substituting surrogate functions into other 
parts of a complicated calculation, the effects of 
their respective subset of equations can be emu- 
lated. In this way, error propagation in that 
stage of the iterative cycle can be substantially 
reduced and the likelihood of convergence fail- 
ure through the partitioning of the calculation 
suppressed. 

In ad&tion to the srmpliiicatron of calcu- 
lations achieved by partrtroning, there are other 
advantages to using surrogate functions. The 
most Important of these IS that the equatron 
solving code can be generalized. This is because 
the simple form of the surrogate function can, 
over a suitably narrow range, stand in place of 

equations of consrderably greater mtrrcacy. The 
benefit of avoidmg a tailor-made code 1s not 
only that standard, well-tried equation-solvmg 
methods can be applied but also that any sub- 
sequent alterations are much easier to tm- 
plement because the highly specrfic segments of 
the program are well isolated. Another advan- 
tage of surrogate functions is that they can be 
applied directly to experimental data, even when 
the functional &havrour of the data has not 
been satisfactorily characterized 

Much work has been done m the past on 
response surface analysts and experimental de- 
sign7 There are some parallels between these 
approaches and surrogate functions in that both 
involve empirical data fitting, reduction m the 
number of empirical parameters and simrlar 
methods of choosing suitable functions. How- 
ever, the key difference proposed here IS in the 
use of the surrogate function to mcorporate 
complicated effects into the solution of another, 
application-specific, set of equations (in this 
case for equilibrium modelling). 

So far, we have experienced surpnsingly few 
d~culties in implementing surrogate functions 
in JESS. Of course, the best way to formulate 
the empirical functions must be worked out in 
each particular case. It IS necessary to decide on 
the variables to use, the number and the make- 
up of the terms to mclude and the number of 
degrees of freedom to permit. The initial range 
over which the surrogate fun&on IS to interp- 
olate must be decided. Often this must be done 
arbitrarily m the first instance, but then infor- 
mation for making better choices tends to be- 
come available naturally after the first iterative 
cycle is complete. Sigmficantly, the range may 
be narrowed as convergence approaches. 

A SPECIFIC IMPLEM~TATION 

The practical problems of modelling eqm- 
libria which must take account of changes in 
ionic strength (I) and temperature (2’) were 
discussed in detail m Part I of this series 3 These 
stem mainly from the large number of correc- 
tion methods available, especially for changes in 
ionic strength. Thus diversity makes rt highly 
unsatisfactory to perform such corrections by 
interspersing conventional formulae within the 
body of the equilibrium calculations. To do so 
would introduce serious in~extblllties through 
lack of modularity m programming. It would 
also generate very bulky and cumbersome code. 
Moreover, the srmulation procedure would 
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sometimes become prohibitively time-consum- 
ing: certain models involve many thousands of 
equilibrium constants and, to investigate the 
influence of ionic strength and temperature, 
would require all of them to be repeatedly 
recalculated. 

For these reasons, JESS apphes the user’s 
choice of correction methods m a separate 
stage prior to the equilibrium calculations them- 
selves. This isolates and minimizes the impact of 
what is necessarily a tedious step in the mod- 
elling procedure. It also permits JESS to offer a 
wide selection of approaches to ionic strength 
correction. Any desired combination of 
methods is possible because each reaction can 
be treated individually beforehand. The fact 
that particular methods of correction do not 
need to be “hardwired” into the speciation 
program code is therefore a tremendous advan- 
tage. 

A set of computer programs has been devel- 
oped to take data from any standard JESS 
Thermodynamic (JTH) database.* The infor- 
mation concerning how each equilibrium con- 
stant changes with respect to Z and T is 
evaluated and expressed as a surrogate function. 
The surrogate functions employ a set of nine 
empirical parameters we call the “Constant 
Correction Coefficients” or CCCs. These are 
then passed on, via mtermediate databases, to 
the equilibrium calculations. Thus, equilibrium 
constants (as 1ogK) can be obtained at any 
required I and T (within user-specified ranges) 
in an extremely efficient and flexible way 
during subsequent stages of the modelling 
procedure. 

The maJor practical limitation of this ap- 
proach is that users must normnate, at an early 
stage, the ranges of Z and T over which they will 
later wish to perform their equilibrium calcu- 
lations. The accuracy of the corrections is less- 
ened if ranges are given which are either wider or 
narrower than those actually explored later on. 
However, the likely ranges of Zand Tare usually 
set by the overall context of the modelling and 
are mostly evident to users from the outset. 

The surrogate functions for equilibrium constant 
correctton 

From the ranges of Z and T specified by the 
user, JESS creates a two-dimensional grid of 
3 x 3 points. A grid of mne points was con- 
sidered to be adequate from two points of view. 
First, real changes of log K as a function of Z 
and T are sufficiently smooth over fairly wide 
ranges. Secondly, in practice there will seldom 
exist sufficient primary data to justify a denser 
grid. JESS then applies the correction methods 
specified by the user to determine values of the 
equilibrium constants at each of the correspond- 
ing nine pairs of Z and T values, as described 
below. The position of the midpomts is based on 
the available data and the ranges required and 
need not necessarily be in the middle of the 
ranges. A two-dimensional empirical function is 
then fitted exactly to the surface created by these 
rune points. This function can be described as 
follows. 

At constant T, the function is 

P,Zf 
logK=P,+- 

1 +zf 
+ PJ 

START 

1gK’s >A< 
No 

‘7 l--l--- 1 ;lorert,to T, I 1 

J, 

dctonnino 
1gK (T’, I’) = - 

AG (T’, I’)/lnlORT 

t 
STOP 

Rg. 1 

dotemine 
AG-AH-TAS 

and let 
T’=(T’+T2) /2 
I’r(I’+IZ) /2 

TAL 40,642 
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This functional form was chosen to reflect an 
underlying theoretical model (of a Debye- 
Htickel type). Although it may not be accurate 
over large ranges it is almost certainly preferable 
to a simpler quadratic or cubic function. 

The assumption is then made that, at con- 
stant Z, each coefficient, P, is a quadratic func- 
tion in T. This form was chosen because it is 
well known that a linear model is often adequate 
for modelling the change of log K with T and 
that by simply including a quadratic term its 
flexibility would be greatly enhanced. In this 
respect, it is relevant to note that “thermodyn- 
amics does not define [a] quantitative relation- 
ship between K and T”’ and that a very wide 
variety of functional forms have been applied in 
the literature,g with little to favour any one in 
particular. Thus, we put 

P,=C,,T’+C,,T+C,,. 

Substituting the nine pairs of Z and T values and 
their corresponding log KS into these equations 

results in a system of linear equations which is 
solved to give the nine coefficients C,,. 

Algorithms for obtaining constants under given 
conditions 

Although, for any given reaction, data can be 
stored in the thermodynamic database at many 
different Is and Ts, the data available are 
unlikely to fall precisely on the nine points 
required for the CCC grid. To obtain the log K 
for a particular grid point, the present algorithm 
simply selects the constant nearest to the Z and 
T of the grid pomt and corrects it. The details 
are given in the following sections. 

l Selecting the log K closest to a specified Z and T 
If no log K values are found explicitly in the 
database, an attempt is made to determine an 
approximation from other thermodynamic 
parameters (free energy, enthalpy and entropy 
changes). The algorithm currently in use is 
shown in Fig. 1. 

START /\ 

STOP 

1gK (T. I’)+lgK (T. I) 

AH (T1, I*)=AH clorert to ((T’+T)/2, I’) 1 
AH (T2, 12)=AH closest to ((T’+T)/2, I) 

1 
STOP 

Correct for T 
1gK (T’s I)+lgK (T, I) 

/a 

Fig. 2 
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If a series of constants (of any particular type) 
are found, the following objective function is 
evaluated to decide which value should be 
used. 

where Z and T refer to the required conditions 
and I’ and T’ refer to the conditions under 
which the constant in the database applies. If 
the constant in the database refers to a range 
of conditions, I’ and T’ assume the upper or 
lower limit, whichever is closest to Z and T. 
The constant with the lowest value of U is 
taken. 

l Correcting a log K for Z and T 
Once the value of the equilibrium constant 
closest to the required conditions has been 
obtained, it is corrected using the methods 
selected for this purpose by the user. The 
user can specify activity coefficient calcu- 
lation methods for individual species in the 
Thermodynamic database. It is possible either 
to invoke these or to override them with a 
global method. Figure 2 shows the current 
algorithm for correcting from (I’, T’) to 
(Z, T). 

RESULTS 

To investigate the accuracy of interpolations 
using the above Constant Correction surrogate 

Table 1 Interpolation results for reactron (1) T range 
W-50”; Z range. O-3, Medmm NaCl 

log K = 1 7500E-4T”*2 - 0 042OOOT + 14.943 
+[9 4574E-4T **2 - 0 0582687 
-0 30502]*[sqrt(Z)/(l + r@(Z))] 
+[ - 2 2273E_4T**2 + 0.013438T + 0 046917]*Z 

T Z AH log K (obs) log K (talc) I)lfference 

10 00 14 54.8 14 54 000 

: 
00 14 17a 14.17 000 
0.0 -13 3.d 

30 0.0 13 84.8 1384 000 
40 00 13 55” 1355 000 

00 
z 0’1 

13 28.’ 1328 000 

0’5 
13.71b 1375 

I: 1’0 
13 67’b 13.64 -::z 
13.71b 1366 -0.05 

25 3.0 13.99*b 1399 0.00 
35 1.0 -13 5*c 

*Used m determmahon of CCC function 
‘A. Albert and E. P. SerJeant, The Determmatron of Zoniz- 

atlon Constanfs, Chapman & Hall, London, 1984 
bP Verhoeven, G. T. Hefter and P M May, Mm & Metal1 

Process., 1990, 173 
Y P. Vaalev and L D. Shekhanova, Zh Neorg. Khun, 

1974, 19, 2969 (E 1623). 
dR. M. Srmth and A E Martell, Critical Stab&y Constants, 

Vol 4, Plenum, NY , 1976. 

Table 2. Interpolation results for reactlon (2) T range 
W-50”; Z range. 0 54, Medlunr NaClO,. All data from A 
M Bond and G. T Hefter, ZUPAC Chem. Data Ser., 27, 

Pergamon, Oxford, 1980 
log K = -2 7874E-5T **2 + 8 3207E-3T + 2.7222 

+[9 1211E_6T**2 + 14524E-3T 
-0 2576l]+[sqrt(Z)/(l + sqrt(Z))] 
+[ - 6.5785E-7T**2 - I 0477E-4T + 0.19573]*1 

T Z AH log K (obs) log K (talc) mfference 

25 05 2 92* 2 92 000 
25 1.0 3 1’ 297 300 0 03 

:: 20 3’0 3 3 31 13* 3 3 35 17 004 0.04 
25 40 3 54* 3 54 0.00 

*Used m determmahon of CCC function 

function, data for the following five reactions 
were examined. 

H+ +OH- =HzO (1) 

H++F-=HF (2) 

Zn’+ + F- = ZnF+ (3) 

H + + Phthalate’- = HPhthalate- (4) 

H+ + Acetate- = HAcetate (5) 

Tables l-5 summanse the results obtained. 
When constants were corrected for ionic 
strength, the Davies equation was used to calcu- 
late the activity coefficient for all charged 
species: 

Az2dZ 
-logy =- 

1+Jz 
+ 0.3Az2 

where A was calculated as in Ref. 10. 
The following formula was used for un- 

charged species: 

-logy = -0.11 

Table 3. Interpolation results for reaction 3 T range 25”; 
Z range. &l, Mednmr NaCIO, All data from G T Hefter, 

N H. Tloh and C B Chan, Polyhedron, 1990, 9, 901 
logK=O.OT**2+OOT+1.2OOO 

+[0 OT**2 + O.OT- 1.8266j*[sqrt(Z)/(l + sqrt(Z))] 
+[0 OT **2 + O.OT + 0.25328]*1 

T Z log K (obs) log K (talc) Difference 

25 0.0 1.20* 120 000 
25 0.01 1 1 1.04 -0.06 
25 002 098 0 98 000 
25 0.05 083 0 88 0.05 
25 0 72 0.79 0.07 
25 

:; 
0.66. 0 69 0.03 

:: 05 1.0 0 0’54* 56 0 0.54 57 001 000 

*Used m determmabon of CCC fimctlon. 
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log K = 5.7506E-ST**2 - 17?55E-3T + 5 4197 
+[ - 12649E5T**2 + 8 6239E-47’ 
- 1 4037]*[sqrt(1)/(1 + sqrt(Z))] 
+[2 5733E - 6T**2 + 3.8064E-3T + 0 66715]*2 

T I log K (obs) log K (talc) Dlflerence 

5.406* 5 406 0000 15 00 
0 36 

:: to 
25 00 

;: 
004 
0 16 

25 0 36 
25 064 
25 10 

:: 
00 
0 36 

35 10 
45 00 
45 004 
45 0 16 
45 0 36 
45 064 
45 
55 A.: 

0 36 
:: 10 

5 124* 5 144 0 020 
5 434* 5 434 0000 
5 410 5411 0001 
5 144 5 210 0066 
5 079 5 136 0 057 
5 141 5 165 0 024 
5 28.5 5 282 -0003 
5 479 5 480 0001 
5 428* 5 428 0000 
5 171* 5 196 0025 
5 537* 5 537 0000 
5 457 5 456 -0001 
5 193 5 258 0 065 
5 134 5 194 0060 
5211 5 239 0 028 
5 379 5 378 -0 001 
5605 5604 -0 001 
5.496* 5 496 0000 
5 261* 5 291 0 030 
5 fi.u* 5 fit33 0000 

Table 4 Interpolation results for reactlon (4) T range 
15-55”, I range O-l, Medmm (C,H,).,NI A. De RobertIs, 
C De Stefano, C hgano and S Sammartano, J Soln 

Chem , 1990, 19, 569 

Temperature corrections were made with the 
followmg formula. 

lnK,=lnK,+~ k--f 
( > I 2 

where R = gas constant. 
Since the purpose of this exercise was to 

mvestigate how well CCC functions fit observed 
data (not how well constants can be corrected), 
the T and I ranges were chosen such that 
lna~uracies due to correctron of constants (for 
T and I) were minimized. Accordmgly, the 
following two condrttons were satisfied 
wherever possible. First, the limits were set at 
points for which measured data were available. 
Secondly, reactions were selected such that there 
were sufficient inte~~iate points against 
which the mterpolated constants could be di- 
rectly compared These points were necessarily 
other than those whose data were used in the 
determination of the CCC function. The CCC 
functtons, determined for each reaction (with T 
m “C), are given m Tables l-5 in the Fortran 
format displayed by JESS. 

*Used m determmatlon of CCC function 

Table 5 Interpolation results for reaction (5) T range 
1%55”, Z range (rl, Medmm (C,H,), NI A De Robertrs, 
C De Stefano, C Rtgano and S Sammartano, J Soln 

C&em, WO, 19, 569 
log K = 5 3750&5T**2 - 2 4875E-3T + 4 7792 

+[ - 17227E-6T*‘2 - 1 5450E-QT 
- 0.73973]*[sqrt(I)/( 1 + sqrt(1))] 
+[21165E-6T**2+13645E-3T+O30527]’1 

T I log K (obs) log K (talc) Difference 

15 00 4 754* 4 754 0000 
15 0 36 4 592* 4 593 0001 
1.5 10 4 709+ 4709 OOOO 

:: 00 0.04 4 4.614 750 4 4640 751 0001 0 026 
2.5 0 16 4 573 4 592 0019 
jt: 0 064 36 4591 4645 4 4 638 594 -0007 0.003 

25 10 4.718 4 719 0001 
35 00 4 758, 4 758 0000 

:: 0 10 36 4 4 603* 740* 4606 4.740 0003 0000 
45 00 4 777 4 776 -0001 
45 004 4642 4 666 0 024 
45 0 16 4602 4621 0019 
4s 0 36 4 626 4 628 0002 
45 064 4688 4 680 -0008 
45 
55 

A8 4 773 4 772 -0001 
4 805* 4 805 0000 

55 0.36 4 657+ 4662 0005 
55 10 4 815* 4815 OCQO 

*Used m determmatlon of CCC function 

CONCLUSION 

The Increasing use of chemical simulation for 
such purposes as opti~ng indust~al process 
streams, understanding molecular mechanisms 
of biochemistry and makmg decisions for en- 
vrronmental regulation must inevitably create 
demand for ever more sophisticated modelling 
capabilities. The method described in thts paper 
based on surrogate functions is intended to 
facilitate such developments. How successful it 
will be m general is still unclear, although 
prehmmary mvestrgations of several possibh- 
ties appear promising. 

It would seem that the surrogate function 
approach is particularly well-suited to correc- 
tion of constants for I and T. Thus is probably 
because, on the whole, the change m a constant 
over quite significant (and useful) ranges can be 
adequately described by quite sample functions. 
Indeed, this provrdes one criterion by which to 
Judge the suitability of any other potential applr- 
cation to the surrogate function method. 
Another is that the surrogate function should be 
easily incorporated mto, and mathematically 
compatible with the solution of, the equattons in 
the main application 

The results presented here demonstrate that 
satisfactory interpolated values can be obtained 
from the proposed Constant Correction surro- 
gate function. This is despite the fact that 
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particularly wide ranges of conditions were cho- However, we see no reason why these changes 
sen. In real applications these ranges would would negate the conclusions about surrogate 
usually be considerably smaller and thus the functions that are drawn in this paper. 
interpolations would probably be even more 
precise (assuming that satisfactory corrections 
for T and Z were possible). 

As might be expected, the deviations are 
greatest for mterpolations at low ionic strengths 
when Z ranges from zero to a high value (1 M 
and above). Here again, such extreme ranges 
would not normally be necessary m practice. 
One would generally know the approximate 
ionic strength of the system under mvestigation. 
Then, for example, one could choose ranges 
which were confined to one side or the other of 
the Deby+Hiickel minimum (say between 
0.0-0.3M and 0.3-3.OM for low and high ionic 
strength solutions, respectively). In such cases 
one might reasonably anticipate very satisfac- 
tory mterpolations. 

Finally, it is important to record that the 
particular methods of selecting constants de- 
scribed above are likely to change m the near 
future. For instance this will occur when, as 
foreshadowed,3 we implement the JESS pro- 
grams that modify observed and estimated ther- 
modynamic values to achieve mtermediate 
databases with better internal consistency 
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ION-PAIR CHROMATOGRAPHIC DETERMINATION OF 
CHROMIUM(V1) 

A. V. PADARAUSKAS* and L G KAZLAUSKIENE 

Department of Analytical Chermstry, Umverstty of Vmuus, 2734 Wnms, Lithuania 

(Recerued 18 June 1992. Recrsed 13 October 1992 Accepted 21 October 1992) 

Summary-Ion-pair chromatography (WC) with conductometnc detection was mvesttgated as a prectse 
and selectrve analytical method for the determmatton of chrommm m electro-plating soluttons and waste 
waters. Chromatographrc parameters were opttmtzed for separatton of Cr(V1) and Sq- The analyhcal 
column (100 x 6 mm) was packed with 10 Rrn silasorb C,, (Czechoslovakia) Tetrabutylammomum 
butyrate (TBAB), at pH 7 0 m acetonitnle-water (18 * 82 v/v) mixture, was used as the eluent. Two samples 
of solutton are taken for the analysts In the first of them the amount of Cr(V1) is determmed, m the second 
one Cr(II1) 1s oxldmed to Cr(V1) wrth HrOs m alkaline medmm and the total amount of Cr is determmed 
From the difference of the two obtained results the concentration of Cr(II1) 1s calculated The detection 
lmut of Cr(V1) is 0.1 fig/ml and the relative standard devlatlon (at the 10 &ml) 1s 4 0%. The IPC results 
for chromium agreed closely with these obtamed by spectrophotometry 

At present chromium is widely used in industry. 
Electroplating solutions containing Cr(II1) salts, 
chromates or bichromates are suitable for 
chrome-plating and for etching and passivation 
of metallic details. Further, Cr(II1) is less toxic 
than Cr(VI). Thus, when electroplating sol- 
utions and waste waters are controlled it is 
important to determine the concentration of 
both forms of chromium. 

Precipitation’J and titrimetric’ analysis are 
used for determination of chromium in electro- 
plating solutions most of all. However, the 
precipitation methods is time consuming and 
non-selective. Further, chemical methods of 
analysis are not sensitive enough for analysis of 
waste waters. Thus more sensitive spectropho- 
tomet+’ or atomic-absorption spectrometry6 
(AAS) are used to determine chromium in waste 
waters. Fe(III), Cu(II), Hg(II), Mo(V1) and 
V(VI) interfere in the spectrophotometry deter- 
mination of chromium with diphenylcarbazide. 
Iron can be masked with EDTA and vanadium, 
copper and molybdenum can be extracted into 
chloroform as oxine complexes, while mercury 
can be masked with chloride.7~8 The additional 
operations prolong the analysis. AAS is non- 
selective for chromium forms. 

Recently, ion-chromatography (IC)9 has been 
very popular for anion determination in 
aqueous solution. Suppressed” and single 

*Author for correspondence. 

column1’~‘2 IC have been used for the detection 
of Cr(VI), but these ions are very strongly 
retained in anion-exchange columns and so the 
chromatographic peaks obtamed were very 
broad, which made accurate quantification 
difficult. 

As an alternative to IC methods, is ion-pair 
chromatography (IPC).13 It is more efficient and 
selective than IC and so is applicable to separate 
and determine inorganic, as well as organic and 
complex, ions. I4 With the help of IPC, in most 
cases chromium is determined as a chelate with 
4-(2-pyridylazo)resorcinol using a spectropho- 
tometric detector.‘5p’6 This technique is very 
sensitive and is used for the analysis of natural 
waters. However, this method is insufficiently 
selective because of the capability of a great 
number of metals to form analogous chelates. 

In industrial waters it is more convenient to 
determine chrommm in the form of CrO:- when 
many of the other metals are in the form of 
cations and do not interfere in chromium deter- 
mination. Furthermore, a conductometric de- 
tector can be used. 

The objective of this study was to develop a 
IPC method for the determination of chromium 
in electroplatmg solutions and waste waters. 

EXPERIMENTAL 

Instrumentation 

The work was done with an HPLC chromato- 
graph manufactured m Russia @vet 3006) and 

827 
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t 

l sof 
8 

0 CrWI) 

6 

k' 5 t / 

C,,,(mM) 

Rg I Effect of TBAB concentratron on the capacrty factor 
(k’) Eluent condttlons TBAB, 80% H,O, 20% CH,CN, pH 

70 

equipped with a conductometnc detector. The 
analytical column (100 x 6 mm) was packed 
with IO-pm silasorb C18 (Czechoslovakia) 

The absorbances of standard and sample 
solutions were measured at 540 nm with KFK-2 
photometer. The dlphenylcarbazide method5 
was used. 

Reagents and soiutions 

All chemicals were of analytical-reagent 
grade. The mobiie phase was prepared by dis- 
solving tetrabutylammonium hydroxide and bu- 
tyric acid (TBAB) in mixtures of specified 
volumes of “pure for chromatography” grade 
a&on&rile and demineralized water. The eluent 
was filtered with a 0.22~pm membrane GS filter 
before use. Proper pH of the eluent was ob- 
tained with sodium hydroxide solutton. The 
flow-rate was 2 ml/mm 

Analyte solutions were prepared by dissolving 
potassium chromate, chromium sulphate and 
potassium sulphate in demineralized water. The 
Cr(V1) and SOi- standards were prepared dally 
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Rg 3 Effect of eluent pH on the capacity factor (k’) Eluent 
condthons ImMTBAB, ImM butync acid, 82% H,O, 18% 

CH,CN 

from a standard stock solution. All analytes 
were determined on an elemental basis. 

RESULTS AND DISCUSSION 

Iny%ence of TBAB and acetonwle concentratzon 
on Cr(VI) and SO:- resolution 

The influence of some inorganic anions which 
are generally present in water samples on Cr(V1) 
dete~ination has been estimated first of all. 
According to our investigation single-charge 
anions F-, Cl-, NO;, NO;, H2P0~ at given 
conditions (mobile phas*lmM TBAB,75% 
H20, 25% CH,CN, pH 7.0) are slightly retained 
and do not effect the determination of Cr(V1). 
Anions of W(VI) and Mo(V1) also do not 
interfere. But the selectivity of separation of 
SO$- and Cr(V1) is bad, hence an optimization 
of the resolution of the anions has been made. 

Figure 1 illustrates the effect of ion-pair re- 
agent concentration in the mobile phasd on the 

(a) fb) 

I . CrW~ 

OW 0- 

Mm 

Ftg 4 Ch~~togmms of Cr(III) test solution (a) oxtdized 
with ammomum persulphate, (b) onQzed unth hydrogen 
peroxide Eluent condltmns 1mM TBAB, 82% H20, 18% 

factor (k’) Eiuent condltlons 1mM TBAB, pH 7 0 CH,CN, pH 7 0 
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Fig 5 Chromatograms of waste water Eluent con&tlons 
as m Fig 4 

retention of Cr(V1) and SO:-. According to the 
results the retention and the selectivity of resol- 
ution increases with mcreasing TBAB concen- 
tratron. The optima ion-pair reagent 
con~n~atlon in the mobile phase is 1.0-1.5 
n&f. 

In Ftg. 2 the dependence of retention of 
Cr(V1) and Se- upon CH,CN concentration in 
the mobile phase is shown. The selectivity of 
resolution of anions tested increases with de- 
creasing CH,CN con~ntration and is optimal 
in the acetonitrile concentration range U-20%. 

Influence of eluent pH 

Figure 3 illustrates the effect of mobile phase 
pH on the retention of anions tested. Retention 
of So’- ions increases with decreasing mobile 
phase pH. The explanation of the fact can be the 
decrease of mobile phase elution strength be- 
cause of the protonanon of the ion-pair reagent 
amon (butyrate) with increasing acidity (butyric 
acid’s pK = 4.3). 

There are two species of Cr(VI) m neutral 
medium-CrO:- and HCrO; (chromic acid 
pK = 6.5). With increasing mobile phase acidity 
the equilibrium Crow- + H+ *HCrO; moves 
to the right, Le., the quantity of HCrOc ions 
increases. Competition of two contrary pro- 
cesses takes place in the system. Protonation of 
butyrate ions increases the retention of Cr(V1) 
ions. On the other hand protonation of Cr(V1) 
ions goes on too, therefore their charge and 
retention at the same time decreases. Besides 
that at pH c 6.5 the signal of Cr(V1) ions begins 
to decrease. That indicates dimerization of 
HCrO, ions with forming bichromate. Hence 
the dependence of Cr(V1) retention on mobile 

phase pH is determined by three factors: 
(1) protonation of butyrate ions; (2) pro- 
tonation of chromate ions; (3) dimerisation of 
protonated chromate ions. 

The optimal eluent for Cr(VI) dete~ination 
is ImMTBAB, 82% H,O, 18% CH,CN and pH 
7.0. 

Characteristics of Cr(VI) determination 

The limit of detection of Cr(VI) was calcu- 
lated as the concentration equivalent to three 
times the baseline noise (S/N = 3, sample injec- 
tion volme of 100 ~1) and is 0 1 pg/ml. The 
sensitivity of detection can be mcreased by 
increasing the sample loop size. The calibration 
plot for Cr(VI) peak area against concentration 
is linear in the range 0 15-20 pg/ml. Ten stan- 
dard solutions containing 1 .O fl g/ml Cr(V1) were 
analysed by the proposed method. The results 
had a relative standard deviatton of 4.0%. 

Ox~~tion of Cr(III) to CryVr) 

In most cases the oxidation of Cr(II1) to 
Cr(v1) is carried out by treating chromium with 
ammonium persulphate m acidic medium or 
with hydrogen peroxide in alkaline medium. 
C~omatograms of Cr(II1) test solutions oxi- 
dized with ammonium persulphate (a) and with 
hydrogen peroxide (b) are shown in Fig. 4. If 
the oxidation with persulphate is carried out, a 
big quantity of SO:- ions forms and the chro- 
matographic column is overloaded. On the 
other hand hydrogen peroxide and it’s reduction 
products do not interfere with the Cr(V1) deter- 
mination. 

Determination of Cr(III) and Cr(VI) m chromrum 
electroplating solutions and waste waters 

Two samples of solution were taken for 
the analysis. The first one was adjusted to pH 
7-8 (if required), filtered and the amount of 
Cr(V1) was determmed. The second one 
was adjusted to pH 9-10, and 0.1-0.5 ml of 
30% H,O, were added, the solution was boiled 
for 1-2 min, diluted, filtered, and the total 
amount of Cr(II1) and Cr(V1) was determined. 
From the difference between the two results 
obtained the concentration of Cr(II1) m the 
tested solution was calculated. Electroplatmg 
solutions were diluted 50-1000 times, and waste 
waters 2-5 times, or not at all. In Fig. 5 
chromatograms of waste water from a television 
set plant are shown. Table 1 shows results of 
Cr(II1) and Cr(V1) determination in chromium 
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Table 1 Cr(III) and Cr(VI) content m electroplatmg soluttons and waste waters 
determmed by IPC and spectrophotometrrc analysts 

Sample Element Number IPC Spectrophotometry 

Chrommm electroplatmg 
solutions, g/i 

Waste waters, mg/l 

WW 1 12.7 
2 16.4 
3 10.5 
4 5.4 
I 54 

Cr(II1) 2 39 
3 61 
4 I6 

CrlvI) 1’ 6.5 
2 43 
3’ 28 
4 4.6 

Cr(II1) 1’ 084 
2 I 26 
3 060 
4 094 

129 
160 
I02 
5.4 
53 
41 
63 
17 

66 
43 
3.0 
44 

0.80 
133 
053 
096 

The chromatography time was 20 mm The results obtained m thrs study show that the 
proposed IPC method can be used to determme Cr(III) and Cr(VI) m electroplating 
solutrons and waste waters 

el~tropIating solutions and waste waters by 7. 
IPC and spectrophotometry. 

8 
9 
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Summary-The expertmental system mvolves the permeattve preconcentration of CO, from an a&died 
sample through a tubular s&cone rubber membrane mto a stumble receptor Procedures for ~~ 
the CO, collected m the receptor by the absorbance change of an a&--base mdtcator incorporated m the 
receptor or by the conductance change of the receptor are compared Prevtous theoretical constderattons 
of the photometnc system are augmented for numertcal modeling and the theoretical behavtor of the 
conductometrtc system IS considered m detail Experimental data generally conform to theorettcal 
expectatrons Based on either ~~uclbll~ty or sensrttvity, the conductometrtc rn~~~ent method usmg 
a solutton of I-1OmM tns(hydroxymethylammo)methane as receptor IS recommended. The mterference 
from sulfite or sulfide can be ehmmated by adding acuhc permanganam to the sample, constderably more 
involved arrangements are necessary to ehmmate mterferences from cyamde 

The determination of total carbonate carbon is 
a crucially important m~s~ment in a diverse 
variety of samples ranging from natural waters 
to beverages to physiological fluids. (For 
many real samples, total carbonate carbon is 
essentially the same as dissolved CO, .) Unfortu- 
nately, specific chemistry to determine carbon- 
ate does not really exist. One reported 
procedure’ utilizes the catalysis of the reaction 
between Cr(II1) and edta by carbonate; how- 
ever, even the catalyzed reaction is quite slow. 
This restricts the lower determination limit to 
N 1Opi-M and there may be interferences from 
chelating agents present in natural waters. Vir- 
tually all other existing procedures rely on ad- 
justment of the sample pH to convert total 
carbonate to the free acid form, transport of a 
reproducible fraction of the CO2 to a suitable 
receptor across an appropriate membrane and 
measurement of the transferred CO2 via poten- 
tiometry’, spectrophotomet$-’ or conductome- 

try. ‘v9 Indeed, for the determination of CO, in 
biological fluids, this membrane-differentiated 
procedure has been in vogue since such a 
method was introduced for segmented flow ana- 

*Permanent address, Department of Analyttcal Chemtstry, 
Masaryk Umversity, Kotlarska 2, CS-61137 Bmo, 
Czechoslovakta. 

tAuthor for correspondence 

lyzers. In many samples, most notably physio- 
logical fluids, carbonate species represent by far 
the dominant anions derived from a volatile 
weak acid and although the measurement itself 
is nonselective, no significant interferences are 
encounters. In ~tentiome~c m~u~rn~ts, 
the transferred CO, changes the pH of the 
receptor and this pH change is directly sensed. 
Altogether, this measurement strategy is essen- 
tially the same as that of a po~ntiome~c gas 
sensing electrode. It is obvious that the desired 
analytical performance parameters such as sen- 
sitivity and linear response range are dependent 
on the choice of the receptor. Compromises in 
one or the other parameter may be necessary in 
making such a choice, Van der LindenlO has 
outlined the theoretical considerations. Photo- 
metric measurements of the pH change are less 
direct and further require the consideration of 
the choice of a suitable indicator, both in terms 
of its pK, and spectral properties, as well as its 
concentration. These considerations have been 
outlined as well” and Cresol Red (CR) is the 
most commonly used indicator for this purpose. 
A fiber optic based fluorescence sensor using a 
receptor buffer and hydroxypyrene trisulfonate 
as the acid-base indicator has also been de- 
scribed.” 

The cond~tome~c movement strategy is 
only indirectly related to a change in pH of the 
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receptor. Considerations relating to the choice 
of a suitable buffer for conductometric sensing 
have never been outlined and will be considered 
in the next section. 

Further alternatives to the above approaches 
are limited in scope. Precipitation as CaCO, and 
subsequent determination of the calcium by 
atomic absorption spectroscopy’2 has obvious 
sensitivtty limitations. A polypyrrole electrode 
responds to carbonate I3 but it is neither com- 
pletely selective nor stable in an aerobic en- 
vironment. 

Interferences may not be a problem m some 
sample types in the membrane differentiated 
approach, but in some others they are. Among 
the more common anions that can be potentially 
present in real samples, sulfite, sulfide and 
cyanide are the principal species derived from 
parent acids that are sufficiently volatile to be 
transferred across the membrane. Especially, 
the concurrent presence of sulfite and carbonate 
is common in many beverages. Linares et al 2 

chose, for example, to determine the sum of 
carbonate and sulfite by potentiometry after 
membrane differentiated gas transfer, sulfite by 
an independent specific colorlmetric procedure 
and carbonate by the difference of the two 
above results. Even m the absence of a specific 
calorimetric reaction for sulfite, it should be 
reasonably simple to differentiate this analyte 
from carbonate because SO2 is a much stronger 
acid than CO2 and by choosmg a donor pH 
appropriately intermediate between the respect- 
ive pK, values, SO2 transport can be vastly 
reduced. Differentiating CO2 from H,S or HCN, 
gases of comparable or weaker acid strength, is 
considerably more difficult. Adjustment of ac- 
ceptor pH to limit ionization and thus discrimi- 
nate against a weaker acid is of little value for 
gases like HCN which have a high intrmsic 
solubility in the unionized formI To what 
extent it is possible to remove or mimmize these 
interferences based on the different redox or 
complexing properties of these ions relative to 
carbonate, has not been reported. 

The purpose of the present paper is to (a) 
delineate the theoretical considerations on 
the membrane-differentiated conductometric 
measurement technique as to the choice of a 
receptor, (b) compare the optimized conducto- 
metric technique with an optimized colonmetric 
technique and make recommendations as to the 
preferred procedure based on the observed re- 
sults, and (c) explore the possibilities of mmi- 
mizing the effects of the potential interferents. 

PRINCIPLE OF THE CONDUCTOMETRIC METHOD 

For simplicity, we shall consider a stationary 
receptor into which the CO2 is transferred. Let 
us assume that the amount of the CO2 absorbed 
and the receptor volume is such that there is a 
net increase of C,M in total carbonate carbon 
m the receptor. We further assume that during 
the measurement cycle, the receptor solution is 
propelled to the detector and the peak signal is 
measured essentially without dispersion. There 
are two possible extreme compositions of the 
receptor: (a) wateP*’ and (b) a strong alkali such 
as NaOH. In the first case, the blank is negli- 
gible and the net signal may be given by: 

S H20,net = lOW[H + &-I + + WC@.- hco3- 

+ wwl~coj- (1) 
where rZ, is the equivalent conductance of species 
i, concentrations are expressed in molar units 
and S is in units of @/cm and 

WCQ-1 = [H + KG/Q (2) 
[W-l= K,KzC,/Q (3) 

Q=[H+12+K,[H+3+K,K2 (4) 

K1 and K2 being the first and second dissociation 
constants of H2C03. [H+ ] may be computed 
from an equation derived from the requirements 
of charge and mass balance? 

-K,(2CTK2+K,)[H+]-K,K,K,= 0 (5) 

Figure l(a) shows the expected signal as a 
function of C, . Use of water as absorber results 
m high initial sensitivity and a negligible back- 
ground conductance but very pronounced non- 
linear response behavior. A nonhnear response 
behavior may be undesirable but by itself it is 
not the sole determinant of the utility of a 
method in an era where the exact response 
behavior can be easily stored m a computer’s 
memory. The real problem is that the accuracy 
of the estimation depends acutely on the initial 
CO2 content of the receptor because of the steep 
initial portion of the response. This initial con- 
tent cannot be assumed simply from the back- 
ground conductance of the receptor because in 
many real situations, CO2 may not be the only 
adventitious impunty in the receptor water. 
Moreover, Fig. l(a) assumes the efficiency of 
transport is independent of C, . Because of poor 
ionization of CO2 in pure water, in most real 
situations transmembrane transfer efficiency 
will decrease with increasing C, and the overall 
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Carbon Dioxide Absorbed, M 

Expected conductance signal ~th pure water as absorber, (b) expected conductance signal 
pure NaOH as absorber 

with 

nonlinearity in response behavior would be 
much larger. 

In contrast, the use of an absorber like NaOH 
results in conversion of the absorbed C, into 
carbonate. If the original concentration of 
NaOH in the receptor is C,,,M, the back- 
ground conductance SBlanL,NaOH is given by 

S Blank.NaOH = l"m(dNa+ + LOH- )cNaOH (6) 

When C+U CO2 is absorbed and 2C,M NaOH 
is converted to Na,CO, (obligatorily, 
C NaOH > 2C,), the sample conductance is: 

S sample.NeOH = ~OW~N~+CN~OH + JOH-(CN~OH 

-2W+&-W (7) 

The net signal is therefore 

S net,NaOH = 20(&03- - AOH- )cT (8) 

Note that not only is the net signal strictly linear 
with C,, but the presence of adventitious impu- 
rities like NaCl or Na2COs in the receptor 
NaOH would make no difference in equation 
(8). It should also be noted that &n- > A,_ i.e. 
S,,, is negative. The necessity to cover some 
minimum range of C, requires that some mim- 
mum concentration of NaOH be used as ab- 
sorber. NaOH is highly conductive and results 
in a high background conductance. Conse- 
quently, although the sensitivity (slope of the 
calibration plot) given by equation (8) is high, 
the noise is also high and limits of detection are 
not necessarily improved. If we assume a noise 
equivalent of 1% of the background conduc- 
tance, the situation is depicted in Fig. l(b) for 
a 2mM NaOH absorber and the expected noise 
is shown as an error bar. 

It is now obvious that a desirable absorber 
should have a low initial background conduc- 
tance, good sensitivity and preferably linear 
response behavior. Can this be achieved with an 
appropriate buffer or weak base solution? Let us 
consider the solution of a weak base B with a 
dissociation constant K, for its conjugate acid. 
The background conductance of such a receptor 
is shown m Fig. 2 as a function of pK, and 
concentration. For clarity, the results are shown 
both in linear and logarithmic scales. It IS 
obvious that too large a background conduc- 
tance is detrtmental m terms of achieving a good 
S/N. Therefore we consider next the effect of 
absorption of CO* by an absorber B with the 
pK, of BH + being < 9. The conductance of the 
absorber solution after absorptton of C,iU CO2 
is given by 

S samp1e.B = 1000(&n+[BHf ] + &u-[OH-] 

+ 1, + [H + ] + &,,,- [HCO; ] 

+ 2&01-W- I) (9) 
The individual species concentrations are given 
by the standard acid-base equilibrium ex- 
pressions: 

[BH + I= CB[H + I/K + [H + I). (10) 
where Ca is the total concentration of B and K, 
is the dissociation constant of BH+ , and 
[HCO;] and [CO:-] have been given by 
equations (2) and (3). The relevant polynomial 
in [H + ] can be solved by numerical iteration 
from the charge balance equation 

[H+]+[BH+l-[OH-l 

-[Hco3-]-2[c~-]=o (11) 
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Base concentration, M 
Fig. 2. Background conductance values of different base solutions as receptor as a function of pK, of the 
conjugate acid BH+ and concentration The eqmvalent conductance of BH+ IS assumed to be 50 (a) 

Linear ordinate, (b) loga&hmlc ordmate 

and the value of equation (9) can thus be 
computed. The net signal can be computed to be 

s M&B= &ample.B - &llanL.B. (12) 

where &W,B is the value of equation (9) at 

cT= OS &m&B is shown plotted in Fig. 3 for 
different pK, values, CB was assumed to be 
0.005M and &“+ was assumed to be 50. The 
results indicate that in terms of linearity of 
response and background conductance, exper- 

imentation with bases with the pK, value of 
BH+ being in the range of 6-8 may be rec- 
ommended. However, it is actually inappropri- 
ate to assume that the blank receptor solution 
contains no absorbed COz. In a real situation, 
it is more practical to assume that the original 
receptor contains some initial dissolved CO*, to 
the extent of CT,L molar To this, the sample adds 
additional CO2 to the extent of C, molar. Thus 
m computing Ssample,B and SBlank,B, respectively, 

BH+ pK, 9 
/ 

CO2 Absorbed, M 
Fig. 3. Conductance of base receptor solutions upon CO, absorption The base concentration IS assumed 

to be 5mM, La, + IS assumed to be 50 and the pK, of BH + IS indicated 
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C,,, + C, and C,,, need to be substituted for C, 
in equations (9)-(12). Consideration of Fig. 3 
will indicate that the presence of some initial 
dissolved CO1, up to the extent of cu. 
2 x 10m4M, will actually improve the linearity of 
response to further additions of CO* for recep- 
tors with conjugate acid pK, values of 37. It 
should also be noted that in Fig. 3 absorption 
ethciency has not been considered as a function 
of receptor pK,. The pH of a 1mM solution of 
a weak base receptor varies from 8.5 to 9.5 as 
the pK, varies from 6 to 8. At the low end of this 
pH scale, efficient absorption of CO1 may not 
occur due to saturation of the solution at the 
membrane-receptor interface. 

EXPERIMENTAL 

Chemicals 

Neutral Red (NR) and CR, were obtained 
from Aldrich Chemical and used without 
further purification. Buffer substances included 
Cmethylpyndine (rl_Picoline, pK, 6. l), bis-(2- 
hydroxymethyl ) - immo - tris ( hydroxymethyl ) - 
methane (Bis-Tris, pK, 6.5), 1,3-bis[tris(hydrox- 
ymethyl)methylaminolpropane (BTP, pK,, 6.8, 

9.0) morpholinopropanesulfonic acid 
;%PS, ‘pK 7.2), Tris(hydroxymethyl)- 
aminomethane*(Tris, pK, 8.1), and sodium car- 
bonate/bicarbonate (all from Sigma/Aldrich 
Chemical). For unbuffered receptor solutions, 
carbonate free NaOH was added to 20-50@f 
indicator solutions to attain the desired pH or 
to water until the desired background conduc- 
tivity was reached. For the donor stream, phtha- 
late (O.O5M, pH 4) and acetate (O.lM, pH 4.9) 
and 0.5M H,PO, were tested. 

Equipment 

The manifold for the flow injection determi- 
nation is shown in Fig. 4. All systems used the 
membrane permeation-preconcentration mode. 
In the calorimetric detection scheme, the sample 
and the modifier/conditioning reagent (0.5M 

Fig. 4 Experimental manifold P pmstaltic pump, MC: 
mixing cod, PU: silicone membrane permeation untt, V: 
nx-port rotary valve, D: detector, R: restrictron tubing, W 

waste. Tubing length m cm IS mdicated (0.7 mm i d.) 

H&I,) are pumped together (model XV peri- 
staltic pump, Alitea U.S.A., Medina, WA), 
mixed in a mixing coil MC and proceed through 
the jacket of a silicone membrane permeation 
device PU to waste. The active element of PU 
is a silicone membrane tube 120 mm long, 0.4 
mm in i.d. and 0.6 mm in o.d.16 PU constitutes 
the loop of the injection valve V and when it is 
switched to the inject position, the contents of 
PU am flushed by the receptor/indicator sol- 
ution to the optical detector (Kratos Model 
757). The amount of sample injected is depen- 
dent on the length of time the valve is in the load 
mode; except as indicated, load periods of 1 and 
5 min were, respectively used to obtain the data 
reported here for the conductometric and 
photometric procedures. All conduit tubing 
were 0.7 mm in i.d. 

The conductometric detection manifold is 
identical, except that the membrane length was 
18 cm unless otherwise noted and a model 
CDM-I conductivity detector (Dionex Corp.) 
was used. In experiments pertaining to the 
elimination of potential interferences, a solution 
of 100 mg/l KMnO, in O.lM H,S04 was used as 
the conditioning reagent. Depending on the 
quality of the H,SO, used, it may be necessary 
to boil this solution to remove volatile acid 
gases before the addition of KMnO,. 

Software 

MINSQ (Micromath Scientific Software, Salt 
Lake City, UT), a nonlinear least squares fitting 
routine that utilizes the Marquardt-Levenberg 
algorithm, was used for model fitting. The re- 
sults were exported to GRAPHER (Golden 
Software, Golden, CO) for graphical presen- 
tation. 

RESULTS AND DRXUSSION 

Photometric &termination 

Based on considerations previously out- 
lined,6*‘4 the receptor pH should be minimally 2 
pK, units above that of the (first) dissociation 
constant of the permeant acid gas of interest. 
The pK, of H,COS being 6.3, a carbonate+ 
bicarbonate buffer with a pH of cu. 28.3 is 
therefore commonly used as receptor. Sensi- 
tivity considerations dictate that pK,. should 
not be drastically different from the receptor 
pH. Indeed, CR, the most common indicator 
used for the determination of COz, has a pK,,, 
of 8.3. The base form of CR (2, = 572 nm) 
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absorbs more strongly than the acid form 
(a,,,, = 434 nm). Monitoring a decrease in ab- 
sorbance due to CO2 transfer by following the 
absorption at 572 nm is more sensitive than 
momtoring an increase in absorbance at 434 
nm. However, the background absorbance 
and baseline noise is also higher. In prmciple, 
NR has more desirable spectral characteristics 
for this application because the acid form 

(LlX = 530 nm) absorbs more strongly than the 
base form (&,, = 450 nm) and the increase in 
absorption due to CO2 absorption can therefore 
be more sensitively monitored by measuring the 
acid form. However, NR has a pK,, of -7, 
lower than that optimally desired. It has been 
previously reported” that the pK,, of NR is 
increased in the presence of anionic surfac- 
tants-the effective pK,, is 7.30, 7.82, 8.03 and 
8.25, respectively in the presence of 1, 3, 5 and 
1OmM sodium dodecylsulfate (SDS) in a 
medium containing 10% ethanol. We experi- 
mented therefore with a receptor solution con- 
taining NR and 1mM SDS. Although the 
sensitivity did increase relative to a receptor 
without SDS, the extent was marginal (cu. 10%) 
and additional problems appeared because of 
vastly enhanced tendencies of bubble formation 
within the conduits or the permeation device. 
This m turn increased baseline noise and deten- 
orated reproducibility. It is interesting to note 
that the lack of a greater increase m sensitivity 
could be traced back to slower kinetics of the 
overall indicator reaction in the micellar 
medium. This avenue of investigation was there- 

CQQQQ Receptor pH 9.00 
UMM Receptor pH 9.25 

fore abandoned and further experiments contm- 
ued with receptor buffers containing CR 
without any surfactant. 

The high permeability of silicone membranes 
to carbon dioxide and oxygen is well known. 
When dimethylsilicone membranes were first 
introduced by General Electric Co., a particu- 
larly well publicized experiment showed the 
prolonged survival of rodents put in cages com- 
pletely covered with silicone membrane, even 
when the latter were put under water.‘* A high 
permeability of the membrane to the analyte gas 
results in membrane limited transport only at 
high donor flow rates. Indeed, this is experimen- 
tally observed. As Fig. 5(a) indicates, the system 
does not become membrane transport limited 
until the donor flow is well m excess of 0.5 
ml/mm. 

The membrane permeation system shows 
relatively rapid response, as indicated in Fig. 
5(b). When the sample is changed from a blank 
to standard or vice-versa, full plateau response 
is attained by the second injection. The short 
term reproducibility of repeat injections of the 
same sample is excellent (rsd = 0.2%, n = 15). 
These characteristics are independent of the 
(calorimetric or conductometnc) detection 
mode used. 

The response of the buffer/indicator reaction 
system was studied at 50pit4 indicator concen- 
tration at a constant total bulfer concentration 
of 1mM (sodium carbonate + bicarbonate) with 
varying pH and also at a constant buffer pH 
of 9.0 with varying buffer concentration of 

000 
0 

NurZer of 

(b) 
TO 

Fig. 5. Colonmetnc determmatlon system (a) Response as a fimctlon of donor flow rate, 1mM carbonate 
buffer of mdlcated pH, 5OpM CR, 3 min preconcentratlon of sample contammg 1mM C,, detectlon at 
434 nm (b) Temporal response pattern for repeated analysis and alternation between a sample (0.25mM 

m C,) and a blank Successive pomts plotted are 3 mm apart Other condltlons same as above 
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0-5mM. The results are shown in Fig. 6. The 
system can also be modeled numerically: 

[Na + I= G&W + I,, + WW([H + If, 

+K,[H+l,,+K,K*)+K,I[H+l,, 

+[I~-I,~--W+lm (13) 

Where the subscript in denotes initial con- 
ditions, C,,,, being the initial buffer concen- 
tration. The total indicator concentration C,, is 
distributed as 

[In- 1 = G,&/W+ I+ 4,) (14) 

IHId = G[H + l/W + I+ 4,) (19 
After the absorption of COz, the final concen- 
tration of total carbonate is 

C T,fin = CT,~n + [~T,analyte~f (16) 

where a fraction f of the analyte CT is trans- 
ferred to the receptor. This fractionfcan also be 
presumed to include the effects of dispersion in 
the flow injection system. [H + Ifi,, is then com- 
puted from 

[H+1fiIl= cT.dK,[H + 11% + 2K,K, )/([H + If, 

+K,[H+l,+K,K*)+K,I[H+l, 

+G&/([H+lh+&J-PJa+l (17) 

and thence the absorbance signal can be com- 
puted: 

Abs = C,,([H + Id&. + [H + Id 

-D-I+ ImlKn + [H+ l,.))A~ (18) 

Carbon Dioxide Absorbed, M 

where A& is the difference in molar absorptivities 
of the indicator in the acid and base forms, 
respectively at the wavelength of interest. Two 
of the data sets in each of Fig 6(a) and (b) were 
subjected to nonlinear least squares fitting with 
fand As being adjustable parameters. Note that 
in each case, the two experimental data sets were 
treated collectively as one and the results shown 
are from a single fit. These results illustrate the 
general agreement of experimental results with 
theoretical expectations and also point out the 
problems inherent m photometric measurement 
of this type: nonlinear response and an acute 
dependence of the response on buffer concen- 
tration and its initial pH. In our experience, it 
is very difficult to reproduce the response behav- 
ior on a day-to-day basis, because of unavoid- 
able CO2 absorption by the receptor buffer. 
Accordingly, it is also difficult to quantitatively 
reproduce the results as new receptor solutions 
are made. 

Conductometrrc determination 

Figure 7(a) shows the results of experiments 
with the receptor being pure water and NaOH 
solutions of two different concentrations. The 
predicted linear response behavior was observed 
for the higher concentration NaOH absorber 
(the approximate concentration of the NaOH 
receptor in millimolar can be obtained by divid- 
ing the cited background conductance by 250; 
however, since some CO2 contamination is un- 
avoidable, it is more convenient to cite it in 

Fig. 6. Colorimetnc system, conditions as in Fig 5 except 5 mm preconcentratlon time (a) lmhfcarbonate 
buffer, pH as inhcated; (b) pH 9.0 carbonate but&r, concentration as mdicated. 
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Fig 7 Conductometrlc system (a) Response usmg pure water and NaOH solutions as absorber (12 cm 
membrane) Note that the response IS magmfied by 10 for the water absorber (b) Response using dfferent 
concentrations of Tars as absorber The hnes shown are the best model fits to the expenmental data shown 

as the pomts 

terms of background conductance), over the C, 
range studied but the absolute noise level was 
also high, as expected. With the lower concen- 
tration NaOH absorber, the response is linear 
only at low concentrations of C, and even then 
the CO2 already present in the absorber leads to 
a lower calibration slope than for the higher 
concentration absorber. At higher C, values, C, 
exceeds the absorber concentration and re- 
sponse nonlinearity becomes very pronounced. 
Day-to-day reproducibility of the signal with a 
low concentration absorber is also poor. The 
same problems relating to reproducibility and 
linearity of response also plagues the use of pure 
water as absorber. However, m this case even 
though the absolute sensitivity at higher C, 
levels is quite low (note that the response is 
plotted with tenfold magnification), the back- 
ground conductance is so low that background 
noise is very small; if the limit of detection was 
the only criterion, pure water should be the 
absorber of choice 

Figure 7(b) shows the experimental results at 
three different concentrations of Tris as ab- 
sorber, the most useful of the weak base ab- 
sorbers studied, as detailed below. The points 
plotted are the experimental observations and 
the lines drawn represent best fit of the data to 
the model represented by equations (9x12) and 
(16) as modified by the allowance of a finite 
initial concentration of CO2 already present m 
the absorber (C,,, , uide supra). The CO2 transfer 
efficiency through the membrane, [f, see 
equation (16)] and C,, are the adjustable par- 
ameters the best fit values of which are obtained 
by the fitting procedure. It would appear that a 

satisfactory agreement exists between the model 
expectations and the observed results (& + was 
assumed to be 40). However, the best fit values 
for f also consistently increase with increasing 
absorber concentration (that concomitantly re- 
sults in higher initial absorber pH); this is not 
part of the model assumptions. The reason for 
this behavior is considered below along with the 
results observed for other absorbers. Mean- 
while, although the absolute value of the re- 
sponse with a Tns absorber is substantially 
smaller than with NaOH, baseline noise is so 
much improved that relative reproducibility in 
the determmation range tested is significantly 
better (rsd 0.5-l % for Tns us. 22% for the 
higher concentration NaOH absorber). Com- 
parable reproducibilities are also observed with 
other weak base absorbers. The response with 
the Tris absorbers are also very close to linear. 
We made no special efforts to determine limits 
of detection because the preconcentration pro- 
tocol used in the present system can easily be 
extended to greater sampling periods for im- 
proving detection hmits. It should be noted, 
however, that because of surface stagnation 
(uide znjta), the relationship between the pre- 
concentration period and the observed signal is 
not linear. 

Figure 8(a) shows the experimental results 
obtained with several different receptors of 
different pK,, all at a concentration of 1mM. 
Note that all the absorbers other than MOPS 
are of the free base type, thus the conductance 
is relatively low when the free base is put in 
solution (BTP is a diprotic base with a pKz of 
9, the background conductance m this case is 
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Fig 8 Conductometnc system (a) Response usmg 1mM solutions of different weak bases (MOPS IS used 
m nvlttenomc form) as absorber (b) The best model fit values of the CO, transfer efficiency V; equation 

(16)] as a function of the mihal absorber pH 

not negligible; the model equations were also 
modified for BTP to take into account its 
diprotic nature). MOPS, on the other hand, is a 
zwitterionic substance. The base form (e.g. the 
alkah metal salt) has a high background con- 
ductance and is not attractive. Experiments 
were therefore conducted with the zwittenonic 
form itself, even though it was recognized that 
this would result in a slightly acid absorber pH. 
Again, in most cases the experimental data 
(shown as the points) were reasonably fitted by 
the model (&+ was assumed to be 40, 40, 35 
and 30 for Cpicoline, Tns, Bis-Tris; &,u+ was 
assumed to be 60 for BTP and the mobility of 
either the catiomc or anionic form of MOPS 
was assumed to be 30). The best fit values off 
are shown in Fig. 8(b) as a function of the initial 
absorber pH. The sigmoid dependence of the 
transfer efficiency on this parameter is clear. 
This suggests strongly that boundary layer stag- 
nation can occur at the membrane-receptor 
interface. Such a dependence off on the mitial 
absorber pH would not have been observed 
if liquid phase diffusion within the receptor 
was sufficiently fast relative to the membrane- 
permeated flux of COz for homogeneous equi- 
librium to exist in the receptor phase. 

Interferences 

If no measures are taken, sulfite, sulfide and 
cyanide all interfere in either the calorimetric or 
the conductometric procedure. However, the 
extent of response is not equal on an equimolar 
basis because of differences in the pK, of the 
different acids as well as their different perme- 
abilities through silicone rubber. For example, 
in the calorimetric procedure using 0.5M H3P04 

as the modifier, 1mM NaHCO1 produces a 
signal of 15.7 mAU (3 min preconcentration, 
2mM NaHCO, receptor) while the same signal 
is elicited by 0.68mM Na,S. For KCN, 3.8mM 
produces a signal of 26 mAU and 0.75mM 
NaHS03 produces a much smaller signal of 2.15 
mAU Similarly m the conductometric pro- 
cedure using 1 mS/cm NaOH as absorber and 
0.5M H,PO, modifier, NaHCO,, Na,S, KCN 
and NaHSO, (all at 1mM concentration) re- 
spectively elicited signals of 149, 103, 17.1 and 
17 pS/cm. 

The use of a higher pH modifier, e.g. a 0.05M 
pH 4 potassium acid phthalate buffer, did not 
perceptibly reduce the signal from an NaHCO, 
sample. However, it was effective in reducing the 
interference from NaHSO, (by 75%, as 
measured by the calorimetric method), signals 
from cyanide or sulfide were predictably undi- 
minished. It is noteworthy that the background 
signal was perceptibly affected when an acetate 
buffer (O.lmM, pH 4.9) was used as the 
modifier, presumably due to the permeation of 
volatile acetic acid. Further experiments to re- 
duce the influence of interferents were limited to 
the conductometric procedure using 1OmM Tns 
as the receptor. The interference from both 
sulfide and sulfite was completely eliminated 
using H,SO,-KMnO, as the modifier. However, 
the interference from cyanide continued un- 
abated. Usmg a modifier of H202 (1 g/l) was 
found to be equally ineffective for cyanide. By 
adding an additional pumping channel to pump 
a metal salt [lmM NiSO, or Fe,(SO,),] at the 
same rate as the sample (0.6 ml/min) and merg- 
ing this with the sample, followed by an 
0.7 x 500 mm mixing coil prior to the existing 
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manifold shown in Fig. 4 (which then adds 
H,PO, and so on), a study was carried out to see 
if the cyanide could be effectively removed by 
chelation. The reaction with Fe(II1) was too 
slow to be of much utility; however, the use of 
Ni(I1) eliminated >90% of the imtial signal. 
Unfortunately, if sulfide IS present, NiS IS pre- 
cipitated m the manifold, leading to comph- 
cations. We find that cyanide can be effectively 
removed by oxidation only under alkaline con- 
ditions. To adopt this successfully m the present 
case, a relatrvely complex mamfold is required. 
Alkaline permanganate prepared dn sztu in the 
manifold (the reagent is unstable; alkaline ferri- 
cyanide is ineffective and alkaline hypochlorite 
itself leads to volatile acid gases upon sub- 
sequent acldlfica~on), IS added to the sample 
and this mixture is acidified before preconcen- 
tration. Details of this approach will be de- 
scribed in a subsequent publication addressing 
the measurement of CO, m process gases in the 
presence of SOZ, HIS and HCN. It may also be 
noted that based on the differences between the 
pK of HCN and pK, of H,C03, a two stage 
pH-based discrimination’4 between carbonate 
and cyanide IS also possible. However, the re- 
quired arrangement is not simple, either. 

CONCLUSIONS 

Measurement of total dissolved CO2 m 
aqueous samples can be accomphshed by a 
procedure mvolvmg acidification of the sample, 
permeation of the CO, through a silicone rubber 
membrane, and collection in a suitable receptor. 
Relative to the use of a photomet~c method 
utilizing an indicator solution m a carbonate- 
bicarbonate buffer, a conductometric procedure 
with a weak base receptor solution provides 
better day-to-day repr~uclblllty, sensitrvity 
and detectron hmits. A number of different 
weak bases may be useful for the purpose; 
based on our experience and its inexpensive 
availabihty in a pure form, Tris solutions 
(I-1OmM) are recommended. The interference 
from sulfide and sulfite can be eliminated by 
using H,SO,-KMnO, as the sample acidifying/ 

oxidizmg agent. Significantly more elaborate 
efforts are required to eliminate the interference 
from cyanide 
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Sunnnary-A simple, rapid and sensthve method IS descrmed for the lodometnc determmatlon of 
mtcrogram amounts of chrommm(III), based on the oxldatlon of chrommm(II1) mth penodate at 
pH 3 2, removal of the unreacted penodate by masking vnth molybdate and subsequent todometrlc 
determmatlon of the liberated todate Chro~~~I) can be determmed by G-us method after pnor 
reductton to chroml~(III) wuh sodmm sulphne 
organochrommm compounds 

The dete~ina~on of chro~um(II~ and (VI) in 
environmental and biological systems is of con- 
siderable mterest.i-3 Chromium(W) may enter 
the drinking water distribution system from 
the corrosion mhthtors used in water pipes3 
Chronuum(II1) and (VI) may also exist in very 
low con~ntrations in natural waters4 

Although some mstrumental methods have 
been described 2-4 for the estimation of trace 
concentrations of chromium, iodometric ampli- 
fication procedures, with their simplicity and 
sensitivity, 5-11 are still of special attraction and 
Besada’* has described such a method for the 
determination of chromium(II1). 

The aim of the present study was to develop 
a rapid and accurate iodometric method for 
the determination of microgram amounts of 
chromium(II1) and (VI) in aqueous solution and 
to explore the critical role of pH in the reactions 
used. 

EXPERIMENTAL 

Reagents 

Unless otherwise specified, all reagents were 
of analytical reagent grade. 

Ammonium molybdate solution. A lOO-mg/ml 
aqueous solution of (NH,),Mo,O,. 4H,O. 

Potassnrm periodate solution. Prepared by 
dissolvmg 1.75 g of the r~~s~ll~ reagent 
in 500 ml of distilled water containmg 3 ml of 
saturated borax solution. 

Sodium thiosulphate solution, OJOSM Stan- 
dardized against potassium iodate solution. 

The method can also be used for the analysts of 

sodium ~lphite solution. A saturated aqueous 
solution of the anhydrous salt. 

B&r solutron, pH 3.2. Prepared by mixing 
150 ml of glacial acetic acid with N 100 ml of 
water, then adjusting the pH with concentrated 
sodmrn acetate solution and diluting with water 
to 500 ml. 

Chromium~I) stock solution. Prepared by 
dissolving 0.2450 g of potassium dichromate in 
water acidified with two drops of concentrated 
sulphunc acid and diluting to volume in a 
500-ml standard flask. Test solutions were pre- 
pared by further dilution. 

Chrorn~~~~I) stock solution. Prepared by 
adding 0.5-I ml of saturated sodium sul- 
phite solutton to a standard solution of 
chromium(VI), acidifying with 1 ml of 5M 
sulphuric acid, then removing the excess of 
s~phurous acid by boiling for l-2 min. The pH 
was adlusted to around 3 with dilute sodium 
hydroxide solution. 

Procedures 

determination of ehromium(r~I). Transfer a 
known volume of chromium(II1) solution 
(OS-5 ml, contammg 20-310 fig of Cr) to a 
loo-ml conical flask. Add 5 ml of potassium 
periodate solution, immediately adJust the pH 
to 3.0-3.2 by adding the buffer solution directly, 
and keep the solution for 0.5 hr at room tem- 
perature (B-27”). This method IS easier and 
faster, but suffers from slightly higher blank 
values than those obtained by the alternative 
method, which is a little time-consummg, of 
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Table 1 Determmatlon of various amounts of Cr(II1) m aqueous media 

Cr Cr* 
taken, fig found, pg Note 

208 21 1 f 0.8 Determmat~on of Cr(III) after reductron of 
41 6 41 O&O8 of Cr(V1) wth sulphlte 

1040 1043*07 
208 0 208.3 f 0 9 
3120 3t17*07 

25 0 25lfOX Determmatlon of Cr(II1) m presence of Cr(V1) 
50 0 503fO7 Cr(II1) = 25-300 pg 

1000 1002~08 Cr(V1) = 100 pg 
200.0 199.6 f 0 7 
3000 3001&06 

250 249&06 Cr(II1) = 25 M, Cr(VI) = 25-300 w 
1000 1OOOrtO6 Cr(II1) = 100 Cr(V1) = 25-300 erg ~g; 
3000 3001f06 Cr(II1) = 300 pg, Cr(V1) = 25-300 pg 

*Average + standard devlahon (5 determmatlons) 

adjustment to pH 3.0-3.2 with dilute sulphuric 
acid and/or sodium hydroxide solution and then 
leaving the reaction mixture for 0.5 hr at room 
temperature. At the end of this interval, in either 
case add 2 ml of the acetate buffer before adding 
2 ml of the ammonium molybdate solution 
to mask the unreacted penodate. It should be 
remembered that heating mcrease the rate of 
oxidation of chromlum(II1) to chromtum(V1) 
but also causes a concomitant increase m the 
blank values. Add a few crystals (2040 mg) 
of solid potasstum iodide and after a few 
~nutes titrate the liberated iodine wrth sodium 
thiosulphate solution. Run a blank under the 
same conditions and apply any correction 
necessary. 

Determination of chromj~rn~r~. To a known 
volume of chromium~1) solution (l-10 ml) 
containing up to 310 ,~g of chrommm, m a 
lOO-ml conical flask, add 0.5-l ml of saturated 
sodium sulphite solution followed by 1 ml of 
5M sulphu~c acid. After about 1 min, boll 
the solution for 1 min to remove the excess of 
sulphurous acid. Adjust the pH to -3 with 
dilute sodium hydroxide solution and determine 
the chromium(II1) as above. 

Analysis of ~hromi~rn~~~I~ and (VI] mixtures. 
Analyse an aliquot of the mixture according 
to the chrommm(II1) procedure; the volume 
of standard sodium thiosulphate solution re- 
quired (A ml) is equivalent to the ~~0~~~11~‘ 
Treat another aliquot as for determination of 
chromium(VI), to obtain the sum of Cr(II1) + 
Cr(V1) from the volume of standard sodmm 
thiosulphate required (B ml). The volume of 
thiosulphate eq~valent to the chrome 

Determination of chrommm m orgamc com- 
pounds. Weigh accurately about 2 mg of sample, 
and digest it with 5 ml of saturated potassium 
chlorate solution and 5 ml of concentrated nitric 
acid, then evaporate the solution to dryness. 
Take up the salts in 5 ml of distilled water 
and follow the procedure for determmation of 
chromium~1). 

RESULTS AND DISCUSSION 

Besada12 has published a method for 
todometric dete~nation of chromi~(II~, 
based on oxidation of Cr(II1) to Cr(V1) v&h 
potassium periodate, maskmg the unreacted 
periodate with molybdate and subsequent iodo- 
metnc determination of the chrommm(V1) and 
lodate. 

The oxidation of chromnnn(II1) with peno- 
date proceeds according to 

2C!?+ + 310,- + 4H20 

= Cr,O:- + 310; + 8H+ (1) 

which indicates that the reaction will be pro- 
moted by the use of low acidity. The iodate and 

Table 2 Determmatlon of sum 
of Cr(II1) and Cr(V1) m aqueous 

media 

Cr(II1) + Cr(V1) Cr* 
taken, H found, pg 

25+100 1251+08 
50+ 100 1505*07 

100+ 100 199.9 It 0 8 
200+ 100 2999fO8 

*Average + standard devtahon (5 
determmatlons1 present in the original mixture will be B-A ml. 
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chromium(W) liberated can oxidize iodide 
according to 

IO; + 51- + 6H+ = 31, + 3H20 (2) 

Cr,O:- + 61- + 14H+ 

= 2C?+ + 31, + 7H20. (3) 

If both reactions (2) and (3) can occur, each 
initial chromium(II1) ion leads to the liberation 
of 12 atoms of iodine. It has been found that 
reaction (1) is complete at room temperature 
within 0.5 hr in the pH range 3.1-5.5, but 
the rate of oxidation is lower at pH 2.9 and 
markedly decreased at pH 2.2. In addition, in 
reaction (2) the release of iodine for subsequent 
determination is remarkably slow at pH > 4 but 
quantitative at pH N 3. A comprehensive study 
on the critical role of pH in reaction (3) revealed 
some facts which are worth mentioning and 
should be considered m any similar investi- 
gations. Reaction (3) is strongly pH-dependent, 
as can be predicted from the standard redox 
potentials concerned, and is very slow at pH > 2. 
It is quantitative and instantaneous at pH < 1, 
but under these conditions the molybdate- 
periodate complex is at least partially de- 
composed,13 and erroneously high results are 
obtained because of reaction of the liberated 
periodate with iodide. Aerial oxidation of iodide 
can also occur under these conditions. The 
blanks will be high and variable. However, 
reaction (3) (in acetate media) proceeds slowly 
at pH 2.2, taking a relatively long time for 
completion (N 2.5 hr) and being accompanied 
by increased blank values, and proceeds ex- 
tremely slowly at pHa3.1. It 1s interesting that 
in acidic media free from acetate ion and with 
pH adjusted with sulphuric acid, reaction (3) is 

even slower at pH 2.2. than the same reaction 
at pH 2.2. in the presence of acetate buffer. 
A pH around 3.2 is the best choice, giving a 
reasonable rate for reaction (l), meeting the 
recommendations of Burnel for the masking 
reactionI and allowing completion of the deter- 
mination at a pH at which reaction (3) is not 
operative. There will then be only 9 atoms 
of iodine released per Cr(II1) ion, but the 
method can be employed for the determi- 
nation of chromium(II1) in the presence of 
chromium(W), or for the,sum of the two after 
reduction of the chromium(W) to the tervalent 
state. 

Alternatively, the chrommm(V1) could be 
directly determined iodometrically at pH N 1 
on the basis of equation (3). In the method 
based on reoxidation to chrommm(VI), sodium 
sulphite was found to be the most suitable 
reducing agent for use m the prior reduction 
method, as its excess can be easily eliminated by 
boiling the solution. The procedures finally de- 
veloped have been used for the determination of 
various microgram amounts of chrommm(II1) 
and/or chromium(VI), with the results shown in 
Tables 1 and 2. 

Moreover, the proposed method has been 
successfully employed for the determination of 
chrommm m organochromium compounds 
after their decomposition by acid digestion 
(or oxygen-flask combustion).‘4 Representative 
results are given in Table 3. 

The clear advantages of the proposed method 
are that it is not only applicable for the deternu- 
nation of chrommm(II1) in the presence of 
chromium(VI), but can also be used for the 
determination of both oxidation states in a 
mixture. 

Table 3 Determmahon of chrommm ion m organic compounds 

Compound 

Sodmm bls(l-cystemato) 
chromate(II1) dlhydrate,15 
C,H,,CrN,NaO,S, 

Chrommm oxmate, 
CrGH,ON), 

Chrommm acetylacetonate,‘6 
Cr(C,H,OA 

Sample Theoretical 
waght, Cr content, Cr found, Decomposition 

mg % % method 

1972 14.89 149 Oxygen-flask 
2 072 149 Oxygen-flask 
2 097 149 Wet Qgestlon 
2.037 14.9 Wet digestion 

2.152 1074 107 Oxygen-flask 
1921 10.8 Oxygen-flask 
1940 10.7 Wet dqestlon 
2 284 108 Wet dqestlon 

1.980 14 89 149 Oxygen-flask 
1.746 150 Oxygen-flask 
2067 150 Wet Qgestion 
1438 14.9 Wet dmestlon 
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Summary-A senstttve stnppmg voltammetrrc procedure for trace measurement of thonum, based on the 
catalyttc-adsorpttve peak of the thonumcupferron complex, IS reported Ophmal expenmental condthons 
include the use of 1mM BES buffer solutton (pH 5 5), contatmng 20pM cupferron, an accumulatton 
potenhal of -0 80 V (us Ag/AgCl), and a dtfferenhal pulse potenhal scan The resultmg stnppmg 
procedure offers tmproved sensttrvtty over a prevtous stnppmg scheme for thonum The hmtt of detectton 
after 5 mm preconcentratton IS 50 rig/l (2 x 10-t”M), the response IS hnear up to 8 x 1O-8M, and the 
relattve standard devtatron at the 2 1 x 10-8M level is 4 4% Posstble Interferences are evaluated 

Because of the importance of thorium in the 
nuclear industry, a sensitive and yet simple 
method for its determination is required. Spec- 
trophotometric or neutron activation measure- 
ments of trace levels of thorium usually require 
lengthy procedures as well as expensive mstru- 
mentations.‘,’ Because of the extremely negative 
reduction potential of thorium, it cannot be 
determined by direct polarographtc analysis.3 
However, indirect polarographic procedures 
based on complexation4 or displacement5 reac- 
tions have been reported. Lower detection limits 
can be achieved by adsorptive stripping voltam- 
metry, based on coupling the complexation of 
thorium with Mordant Blue 9, with an adsorp- 
tive accumulatron of the complex.6 

The present paper describes an extremely 
sensitive stripping voltammetric procedure for 
trace measurements of thorium, based on the 
coupling of adsorptive accumulation and cata- 
lytic effects. This procedure relies on the role of 
cupferron as both a chelating agent and an 
oxidizing agent for thonum. A similar role of 
cupferron has been exploited recently for 
analogous measurements of trace molybdenum7 
and chromium.s The dual (adsorptive/catalytic) 
amplification effects result in improved sensi- 
tivity over a prevtous adsorptive stripping pro- 
cedure for thorium. These improvements, as 
well as detailed optimization and characteriz- 
ation, are reported below. 

*Author for correspondence. 

EXPERIMENTAL 

Apparatus and reagents 

An EG&G PAR 264A voltammetric ana- 
lyzer, a PAR 303A static mercury drop elec- 
trode and a PAR 0073 X-Y recorder were used 
to obtain the voltamperograms. All solutions 
were prepared from double-distilled water. 
Chemicals used were of analytical grade. The 
thorium and other metal atomic standard 
solutions (1000 mg/l.) were purchased from 
Aldrich. A O.OlM stock solution of cupferron 
(Aldrich) was prepared daily. An aqueous pH 
buffer stock solution containing OSM BES 
[N,N-bis(2-hydroxyethyl)-2-amino ethanesul- 
fonic acid] (Aldrich) and 0.4M sodium hydrox- 
ide was prepared. 

Procedure 

A lo-ml volume of doubly distilled water was 
pipetted into the voltammetric cell. Next, 20 ~1 
of the BES pH buffer (final concentration 
l.OmM) and 20 ~1 of O.OlM cupferron stock 
solution (final concentration 20pM) were 
added. The pH of the solution was then adjusted 
to 5.50. After deaeration of the solution (by 
purging with nitrogen) for 8 min, an accumu- 

lation potential of -0.80 V (vs. Ag/AgCl) was 
applied to a fresh mercury drop, while the 
solution was stirred, for a predetermined period 
of time. Following the accumulation step, the 
stirring was stopped and after 15 set, the back- 
ground voltamperogram was obtained by ap- 
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plying differential pulse negative-going scan ter- observed for the free hgand under these con- 
minating at - 1.40 V. A scan rate of 10 mV/sec ditions. A substantial increase of the cathodic 
and pulse amplitude of 50 mV were used. A peak is observed after the stirring period, indi- 
known volume of thorium standard was then eating a significant accumulation onto the sur- 
added and the accumulation-stripping cycle was face. Subsequent scans exhibit a substantial 
repeated with a new mercury drop. diminution of the complex cathodic peak (not 

shown), indicating rapid desorption of the com- 
plex from the surface. The fact that a well- 

RESULTS AND DISCUSSION defined cyclic voltammetric response is observed 

Cyclic voltammetry 
for pg/l. concentrations illustrates the remark- 
able sensitivity associated with the couphng of 

Figure 1 illustrates typical cyclic voltampero- adsorptive accumulation and catalytic pro- 
grams for 10 pg/l. (4.3 x lo-*M) thorium, in cesses. Such processes can be summarized as 
the presence of 2 x lo-‘M cupferron recorded follows. 

[Th(IV)-cupferron],, +Th(IV)-cupferron]tis (1) 

[Th(IV)-cupferron]ti + e --+[Th(III)-cupferron],, (2) 
\ / 

J 
cupferron(d, Xpferron(,,, 

following 0 (a) and 60 (b) set stirring at -0.80 
V (vs. Ag/AgCl) in a medium containing 1 .OmM 
BES buffer solution (pH 5.5). In the absence of 
prior accumulation, a small cathodic peak, as- 
sociated with the reduction of the thorium- 
cupferron complex, is observed at - 1.27 V. The 
reduction peak, observed also in the anodic 
branch (at a similar potential), is indicative of a 
catalytic process. No reductive response was 

I I I I I I 
-0 5 -0 7 -09 -I I -I 3 -I 5 

POTENTIAL (VI 

Rg 1 Cychc voltamperograms for 10 pgll. thonum m the 
presence of 20@ cupferron followmg 0 (a) and 60 (b) set 
accumulation at -0 50 V (OS. Ag/AgCl) wth 300 rpm 
stlmng Scan rate, 50 mV/sec Electrolyte, ImM BES 

@H 55) 

Reaction 2 corresponds to an EC mechanism 
which results in the catalytic-adsorptive wave. 
Hence, cupferron acts as both the complexing 
agent and the oxidizing agent, in a manner 
similar to that reported for analogous measure- 
ments of molybdenum’ and chromium.’ Such 
self-catalytic behavior eliminates the need for 
adding another oxidizing agent for performing 
the catalytic regeneration. 

Optimized experimental conditions 

The effective accumulation of the thonum- 
cupferron complex prior to the voltammetric 
scan can be exploited for a highly sensitive 
determination of thorium. Figure 2 displays 
stripping voltamperograms for 2.5 c(g/l. of tho- 
rium following different preconcentration 
periods [O-120 set, (a)-(e)]. The peak increases 
rapidly with increasing accumulation time, indi- 
cating an enrichment of surface concentration 
of the complex. The inherent sensitivity of the 
cupferron based procedure is indicated also 
from the well-defined response observed with- 
out accumulation (a). Figure 2 inset exhibits the 
resulting peak current vs. accumulation time 
plot for 2.5 (A) and 5.0 (B) pg/l. thorium. The 
peak current increases rapidly and linearly with 
the time at first and starts to level off at longer 
periods. 

Other experimental variables affecting the 
adsorptive stripping response were studied and 
optimized. The dependence of the complex peak 
current on the ligand concentration is shown in 
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TIME Ised 

I I I I 

-10 -I 2 -I 4 

POTENTIAL (V) 

Fig 2 Voltamperograms for 2 5 pg/l thonum followmg 0 (a), 30 (b), 60 (c), 80 (d) and 120 (e) set 
accumulatton at -0 80 V Inset are the resulting current-accumulatton nme plots for 2 5 (A) and 5 0 (B) 
pg/l thonum Dtfferenttal pulse waveform with 50 mV amplttude and 10 mV/sec scan rate Other 

condthons as m Rg 1 

Fig. 3(A). The current increases linearly with the 
cupferron concentration up to 16pM and then 
it starts to level off. A concentration of 20pM 
cupferron was chosen for subsequent exper- 
iments. At higher cupferron concentration, high 
background current is observed owing to the 
fact that cupferron is electroactive and exhibits 

06 

-06 -06 -I 0 

L(V) 

a B 
-i 03 I- I 

5 6 

PH 

06 I-* I 

0 4 6 12 16 20 

LIGAND CONC ($vl) 

Fig. 3 Effect of cupferron concentratton (A), solutton pH 
(B), and accumulatton potentml on the response of 20 (A,C) 
and 10 (B) pg/l thonum. Accumulatton nme, 60 (A,C) and 
30 (B) set at -0 80 V (A,B). Other condttrons as m Fig 2 

a well-defined peak at - 1.24 V. The pH of the 
solution has a significant effect on the response 
of both cupferron and its thorium complex. 
Figure 3(B) illustrates the effect of pH on the 
stripping current. At pHs lower than 5.0, a large 
and stable cupferron reduction peak, which 
interferes with the complex quantitation, is ob- 
served. Such a peak is expected based on the 
known electroactivity of cupferron in acidic 
media.’ Furthermore, the complex formation is 
slower at a more acidic solution. At pHs higher 
than 6.0, the response of the complex is smaller 
and rather unstable due to competitive hydrox- 
ide formation. All subsequent work used a 1mM 
BES pH buffer solution (pH 5.5). Other sol- 
utions tested, including an acetate buffer 
(0.25M, pH 5.5), O.OlM NH&l, O.OlM PIPES, 
and O.OlM HEPES (all at pH 6.0), yielded 
inferior responses. 

The dependence of the complex peak current 
on the accumulation potential is shown in 
Fig. 3(C). The peak current increases slowly 
over the accumulation potential range from 
-0.60 to - 1.00 V (vs. Ag/AgCl). The peak 
decreases rapidly at accumulation potentials 
higher than - 1 .lO V (not shown) which ap- 
proach the reduction potential of the complex. 
Other optimal conditions include the use of 
differential pulse waveform with a 50 mV pulse 
height, 0.2 set drop time, and a scan rate of 10 
mV/sec. 

Analytical performance 

The analytical utility of the adsorptive strip- 
ping procedures depends on achieving a wide 
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CONCENTRATION (ppbl 

L f 

L e 

I I I I 

-08 -I 0 -I 2 -1 4 

POTENTIAL (V) 

Fig 4 Stnppmg voltamperograms for solutions of mcreas- 
mg thorium concentrahon over the range O-25 pg/l (a)-(f) 
Accumulation for 15 set Inset are current-concentratrons 
plots for 15 (A) and 45 (3) set preconcentratlon Other 

contitlons are as m Fig. 2 

linear dynamic range, high sensitivity, good 
selectivity and high accuracy and precision. 
Figure 4 shows the voltammetnc stripping re- 
sponse for solutions of increasing thorium con- 
centration in 5 p&/l. steps (a)-(f). Well defined 
sopping peaks, which are proportional to tho- 
rium concentration, are observed followmg a 
short (15 see) accumulation period. The result- 
ing calibration plots, obtained with accumu- 
lation period of 15 (A) and 45 (B) set, are also 
shown in Fig. 4 (inset). While the response 
recorded after 15 set accumulation is linear over 
the range from 0 to 20 pug/l. thorium, the 45 set 
data exhibit linearity only up to 15 pg/l. Both 
plots indicate curvature at higher thorium 
concentrations. The sensitivity of the procedure 
over the linear portion of the current-concen- 
tration plots is 21.4 and 28.7 nA 1. pg-’ for 15 
and 45 set, respectively (correlation coefficients, 
0.998). A detection limtt of 0.05 yg/l. 
(2.0 x 10-‘OM) was estimated based on the 
signal-to-noise characteristics (S/N = 3) of the 
response to 0.5 pg/l. thorium following 5 min 
accumulation. This detection limtt 1s lower than 
that of the Mordant Blue 9 stripping pro- 
ceduree6 Figure 5 compares adsorptive stripping 
voltam~ro~~s for 0.5 (a) and 5.0 (b) pg/l. 

thorium, using cupferron (A) and Mordant 
Blue 9 (B) as the complexing agent. The inherent 
sensitivity of the cupferron-based procedure is 
apparent from a comparison with the azo dye 
based one. Notice, in particular, that the use of 
Mordant Blue 9 does not permit quantitation of 
0.5 pgfl., while cupferron offers a well-defined 
response at this level. 

The adsorptive adulation of the tho- 
rium+zupferron complex results in reproducible 
stripping currents. The precision was estimated 
from 20 successive measurements of 5.0 pg/l. 
thorium following a 60-see accumulation step. 
The mean peak current was 270.7 nA, with the 
range from 252.5 to 287.5 nA, and a relatrve 
standard deviation of 4.4%. Recovery exper- 
iments using river water spiked with known 
~on~ntration of thorium yielded 96.4% accu- 
racy. 

No interference was observed upon adding 50 
pg/l. of the following metals ions to a 5 &l. 
thorium solution: Bi(III), Cd(H), Cu(II), 
Fe(III), Hf(IV), Hg(II), La(III), Mn(II), Pb(II), 
Sb(V), and Sn(IV). Although additions of 25 
rug/l. Nb(V), Te(IV), and Zn(I1) resulted m the 

T 
50 nA 

1 

ii 

b 

P a 

J I I I 

-a4 -06 -0 6 

POTENTIAL (V) 

Rg, 5 Voltamperograms for 0 5 (a) and 5 0 (b) pg/l 
thormm, with cupferron (A) and Mordant Bfue 9 (B), 
obtained followmg 5 (a) and 1 (b) mm accumulation 
Solutions (A), 1mM BES pH 5 5 and 20&-f cupferron. and 
(B) O.OSM acetate buffer pH 6.5 and 2/thi Mordant Blue 9 
Other conditions, (A) as m Rg. 2, (B) lmear scan with 50 

mV,kec, accumulation potential -0 38 V 
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appearance of new peaks (at -0.87, -0.97, and 
-0.98 V, respectively), only zinc and niobium 
cause cu. 50% diminution of the 5 pg/l. thorium 
peak. Al(III), Sc(III), and U(V1) resulted m 
overlapping peaks with thorium. Addition of 25 
pg/l. Cr(VI), Ni(II), Ti(IV), V(V), W(V) and 
Zr(IV) caused the disappearance of the 5 pg/l. 
thorium peak. As a consequence, thorium 
should be isolated from these interfering el- 
ements prior to its determination. Severe inter- 
ference from relevant ions such as Al(III), U(V1) 
or Ti(IV) characterize also the quantitation of 
thorium in the presence of Mordant Blue 9.6 

In conclusion, under the optimum conditions, 
trace levels of thonum can be determined 
rapidly with a simple approach using the cata- 
lytic-adsorptive stripping peak of the thorium- 
cupferron complex. Such coupling of mterfacial 
and catalytic processes offers higher sensitivity 
and a lower detection limit over a previously 
reported procedure. The attractive performance 
characteristics of the cupferron-based pro- 
cedure, along with its instrumentation portabil- 
ity and low cost operation, should find wide 

applicability for measuring trace thorium in 
environmental and nuclear matrices. Such ap- 
plications may require a prior removal of inter- 
fering elements. 
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USE OF P-DIMETHYLAMINOBENZALHYDE AS A 
COLOURED REAGENT FOR DETERMINATION OF 

GENTAMYCIN 
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Anaiysls and Test Centre, Shandong Teachers’ Universtty, Jman 250014, People’s Repubhc of Chma 
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Summary-Spectrophotometnc determmation of gentamycin is described.. Gentamycm reacts wtth 
pdimethylammobenxalhyde m acetic actd/acetate buffer solutton to form a Schtff base., a yellow complex, 
and its maxtmum absorptton wavelength is 405nm Effects of pH, kanamycm, streptomycm, beneyl- 
pemctlhn, hncomycm and foretgn ions on the determmatton of gentamycm have been exammed. The 
absorbance for gentamycm from 0 to 74 40 pg/ml obeys Beer’s law The lmear regresston equatton of the 
cabbratton graph IS C = 103A - 0 264, wtth a hnear regresston correlatton coeffictent of 0.9997, and 
recovery from 97 to 101% The results obtamed by thts method agreed wtth those of the rmcrobtologtcal 
method This method IS raped and sample, and can be used for the determmatton of gentamycm m InJectton 
soluttons of gentamycm sulphate - 

Gentamycin is a broad spectrum aligosaccha- 
ride antibiotic produced by Micromonospora 
purpurea. The present USP,’ Vpz and CP3 re- 
quirements for this antibiotic estimate the total 
potency by a microbiological method. Wilson 
et aL4 published a chemical method for quanti- 
tating the total potency of gentamycin after 
separation of impurities by TLC. However, the 
procedure IS inconvenient. The determination of 
gentamycin by a calorimetric method based on 
gentamycin reaction with Cu’+ in basic medium 
to form an orange complex has been reported,5v6 
but the sensitivity is too low in these methods. 
Although the official microbiological assay esti- 
mates total potency, many foreign ions and bio- 
logically active impurities in drugs may interfere.’ 

This paper reports a rapid spectrophotomet- 
ric method for estimating the total potency of 
gentamycin, which is based on a Schiff reaction,* 
i.e., p-dimethylaminobenzalhyde reacts with 
amino of gentamycin molecule to form a Schiff 
base, a yellow complex. The principal advantage 
of this method is high sensitivity, which is two 
orders higher than that of the previous colori- 
metric method.6 

Apparatus 

EXPERIMENTAL. 

All the spectrophotometric measurements 
were made with a SHIMADZU UV-265 UV-vis 

*Author for correspondence. 
tPresent address Department of Physics, Shandong Teach- 

ers’ Umversrty, Jman, People’s Repubhc of Chma. 

recording spectrophotometer with matched 
l-cm quartz cells. In order to compare all 
spectrophotometric measurements and ensure 
reproducible experimental conditions, the W- 
265 spectrophotometer was checked daily. An 
acidimeter (Model pHS-3C, Shanghai Leici in- 
struments factory, China) was used for pH 
adjustments. 

Reagents 

Gentamycin sulphate (624 pg/mg), 
kanamycin sulphate (784 pg/mg), streptomycin 
sulphate (741 p g/mg), beneylpenicillin (1607 
pg/mg), lincomycin hydrochloride (838 pg/mg) 
were used as standards. (Drugs and Biological 
Products Examination Bureau of China). All 
reagents were of analytical-reagent grade, unless 
stated otherwise. Double-distilled water was 
used in all experiments. 

Gentamycin sulphate standard solution. 1560 
pg/ml. An accurately weighed 0.1250-g stan- 
dard sample of gentamycin sulphate was dis- 
solved in water, transferred into a 50-ml 
standard flask and diluted to the mark with 
water. It is stable for 5 days at 5”. 

p-Dimethylaminobenzalhyde solution, 1% 
(v/w). (Chemical Reagent Factory of Shanghai, 
China). Accurately weighed 0.5000 g of 
p-dimethylaminobenzalhyde was dissolved in 
25 ml of glacial acetic acid and diluted to the 
mark in a 50-ml standard flask with pH 4.1 
acetic acid/acetate buffer solution. The solution 
was prepared fresh daily. 
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xrlm 

Rg 1 Effect of pH on the absorption spectrum of 
gentamycm complex 

1 pH=lOO 5 pH=SOl 
2 pH=201 6 pH=829 
3 pH=304 7 pH=991 
4 pH=401 8 pH=1200 

Procedure 

A 0.50~ml portion of standard gentamycin 
sulphate solution was transferred into a 25ml 
standard flask, and 2.0 ml of 1% p-dimethyl- 
aminobenzalhyde solution and 5 ml of pH 4.1 
acetic acid/acetate buffer solution were added. 
The mixture was shaken and heated for 2 min 
in a boiling water bath, and then cooled to room 
temperature at once, diluted to the mark with 
water and mixed well. The absorbance of the 
gentamycin complex was measured at 405 nm 
against a reagent blank prepared with the 
same reagent concentration, but no gentamycin 
sulphate. 

Absorption spectrum of gentamycln complex 

A gentamycin complex solution prepared ac- 
cording to the procedure was scanned with the 
spectrophotometer and the absorption spectrum 
was recorded. The maximum absorption wave- 
length is 405 nm. 

RESULTS AND DISCUSSION 

E#ect of pH 

Comparative tests at various pH values show 
that the maximum absorption wavelength of the 

gentamycin complex changes with pH (Fig. 1). 
Variation of the pH from 1 to 12 was investi- 
gated. I, of the gentamycm complex is 405 nm 
in the range of pH 3 N 12, but the absorbance 
is different under the different pH conditions. 
The A,,,, is 423 nm and 426 nm at pH 1 and 2, 
respectively. In addition, the absorbance spec- 
trum was measured in the range of pH 3.7 N 4.5 
at intervals of 0.2 pH using p-dimethylamino- 
benzalhyde prepared with glacial acetic acid. It 
was found that the maximum absorption wave- 
length is also 405 nm in the range of pH 3.7 w 4 5. 
Therefore, a pH 4.1 acetic acid/acetate buffer 
system was employed. The reasons for the nega- 
tive absorbances at pH 9.9 and 12 are possibly 
due to refractive index effects or a pH-depen- 
dence of a blank constituent 

Stability of gentamycin complex 

According to the procedure, the gentamycin 
complex solution was heated for different times 
in a boiling water bath and the absorbance 
measured. The results are shown m Table 1. The 
colour formation of the gentamycm complex is 
slow at room temperature, but when heated for 
2 min in a boiling water bath the absorbance 
reached its maximum. Heating for 2 min was 
selected as optimum. The absorbance of the 
complex remained stable for at least 8 hr at 
room temperature. 

Effect of foreign ions 

A systematic study was made of the effect of 
the ions commonly found, on the determination 
of 32.1 pg/ml gentamycm sulphate. A 500-mg/l. 
level of each potentially interfermg ion was 
tested first. If interference occurred, the ratio 
was reduced progressively until interference 
ceased. The tolerance level was defined as an 
error not exceeding f5% m the determination 
of the analyte. The results are summanzed in 
Table 2.It is emphasized that under the selected 
conditions, kanamycin reacts with p-dimethyl- 
aminobenzalhyde to form a complex. The ab- 
sorption spectra of the kanamycin and 
gentamycin complexes strongly overlap (Fig. 2). 

Efect of amount of p-dimethylammobenzalhyde 

It was found that addition of 2.0 ml of 1% 
p-dimethylaminobenzalhyde was sufficient for 

Table 1. Effect of heating time on formatlon of gentamycm complex 

Heatmg time (mur) 2 4 6 8 10 15 20 

Absorbance 0 343 0.342 0 336 0.352 0.302 0 294 0290 



~te~inatlon of gen~ycIn 853 

hg 2 Companson of gentamycm and kanamycm spectra 
Dashed hue = absorption spectrum of gentamycm complex 
(14 3 pg/ml) Solid hne = absorption spectrum of 

kanamycm complex (27 4 pg/ml) 

Table 2 Effect of forqn ions on the dete~lnatlon of 32 1 
as/ml gentamycm 

Foragn Ions or species 

Beneylpenmllm, streptomycm, 
hncomycm, K + , Na + , 

Zn2+,Cu2+, M$+,Mn2+, N?+ 
Al’+ Cr3+ Pb2+ Co*+ 
F~‘+‘F~~+‘H~ZC’ 

Ca2i ’ 

NH: 
;!;‘$c-,S”:-, NO, ,Ce-,BO;- 

Kanimycm 

Tolerance level, 
pglml 

500 
300 
200 
100 
50 
20 

500 
40 

5 

determining gentamycm up to 74.4 pg/ml 
(upper limit of linear range). Therefore, 2.0 ml 
of 1% p-dimethylaminobenzalhyde solution is 
recommended. 

Re~otion~~~ between ~on&entrat~on of genta- 
mycm and absorbance 

Under the selected conditions, a linear re- 
lation was obtained between absorbance and 
concentration of gentamycm in the range of 
0 - 74.40 pg/ml. The linear regression equation 
of the cahbration graph IS C = 103A - 0.264, 
with a correlation coefficient of linear regresslon 
of 0.9997. 

Recovery of gentamycin 

The recovery of gen~ycIn added to three 
different injection gentamycin sulphate sol- 
utions 1s shown in Table 3. The recovery is from 
97.4 to 101%. 

Table 3 Results for the recovery of gentamycm from 
uqectlon of gentamycm sulphate 

Sample Gentamycm Gentamycm 
Sample content, added, found, Recovery, 
No pglml &ml &ml % 

: 25 29 6 I 37 125 4 413 63 0 1000 976 

3 25 2 25 0 50 5 1012 

Table 4 Results of determmation by spectrophotometrrc 
and mlcrobrologwl method 

Sample S~trophotometrlc 
No methods Mlcroblotog& method,* 

mgiml m&ml 

1 408 407 
2 402 405 
3 400 39 8 
4 39 9 403 
5 401 400 

*Results obtamed by Shandong Drugs Exammatlon 
Bureau, China 

Anaiysis of sample 

A l.O-ml portion of injection solution of 
gentamycin sulphate was transferred into a SO- 
ml standard flask, diluted to mark with water 
and mixed well. According to the procedure, 1 .O 
ml of this solution was transferred mto a 25-ml 
standard flask, reacted and measured. The re- 
sults are shown m Table 4. 

Reproducibhty 

The same batch number of gentamycin sul- 
phate injectton solutions was measured 10 
hmes, under the previously selected condltlons. 
The mean value was 40 7 mg/ml with a standard 
deviation of 0.54 and relative standard devl- 
ation of 1.3%. 
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Summary-The analytical use of the enzymatic oxldatlon of alcohols by alcohol oxldase was assessed 
applymg the stopped-flow techmque for rmxmg sample and reagents, and the DTNB (5,5’-drthlobls- 
(Zmtrobenzolc acld))/Lcysteme system as a new chromogenic reagent The oxldatlon reaction was 
momtored by measurmg the rate of absorbance decrease at 412 nm, the wavelength of maxtmum 
absorption of the reduced form of DTNB The cahbratton graphs for the ~ndl~d~l dete~natlon of the 
alcohols were hnear over the range 1.0 x 1O-6-1 0 x 10e5M, and the preclslon ranged between 2.1 and 
4 8% A dlfferentlal rate prmclple was apphed to the detenmnatlon of ethanol/methanol rmxtures 
mvolvmg mutual kmetlc effects which allowed mixtures m molar ratios between 2.5 1 0 and 1 0 1 0 to 
be accurately resolved wth good preclslon (r s d less than 9 and 5%, respectively) Compared to the 
flowqect~on analyszs method, the proposed approach offers h&er senslhvlty and sample throughput, 
as well as the vvlder #ncentratlon ratlo range for mtxture resolution 

Ethanol is a major compo~d in chemistry and 
biochemistry and a very important ingredient 
of various groceries and beverages as well 
as cosmetics, medmmes, cleaning fluids, etc. 
Ethanol is commonly associated to methanol, 
which introduces some hazards owing to the 
toxic effects of the latter, so the determination 
of both alcohols m mixtures is of great interest. 
In recent years, several methods for the resol- 
ution of this mixture at very different concen- 
tration levels have been reported. Of these, gas 
chromatographic methods are quite common- 
place, and headspace gas analysis’** 1s particu- 
larly useful for these determinations. In general, 
analyses can be performed in a few minutes over 
wide dynamic ranges,‘*3*4 even though the sensi- 
tivity achieved is not correspondingly high (m 
any case lowest concentration determined from 
the calibration graphs was ca. 10V4kf). These 
chromatograp~c methods have been used for 
the determination of methanol and ethanol 
in foods@ and plasma.4 Spectrophotometric 
methods have also been used for this purpose. 
Thus, methanol and ethanol reduce ~~urn(~ 
in a HClO, medium, forming complexes at 
different reaction rates that can be determined 
spectrophotometrically.’ Mixtures of these alco- 

*Present address. ~rgakad~e Fre&erg, Department of 
Chermstry, 9200 Fre&rg, Germany 

hols in ratios from 3 : 7 to 7: 3 can thus be 
resolved. Also, a flow-injection system with a 
column of immohhzed alcohol oxidase was 
used for the simultaneous determination of 
these alcohols using the p-rosamlinefNa,SO, 
system as chromogenic reagent for the alde- 
hydes formed m the enzymatic reaction.* The 
method allows the resolution of ethanol/ 
methanol mixtures at the microgram per milli- 
litre level in the ratio range 3.3 : 1 .O to 1.0: 1.3. 

In this work we used the above-mentioned 
enzymatic reaction for the determination of 
lower straight-chain alcohols such as methanol, 
ethanol, propanol and butanol, as well as for the 
resolution of met~nol/ethanol mixtures based 
on the stopped-flow technique, which allows the 
photometric monitoring of the fast reaction 
between the hydrogen peroxide released in the 
enzymatic reaction and the DTNB (5,5’-dithio- 
bis(2-nitro~~oic a~d)/~-cysteine system used 
as chromogenic reagent. The use of the stopped- 
flow technique and the DTNB/L-cysteme 
system (employed here for the first time as a 
developer system for this enzymatic reaction) 
allows for a faster determination of these alco- 
hols at the nanogram per millilitre level. The 
method is also suitable for the accurate resol- 
ution of bmary mixtures of methanol and 
ethanol subject to mutual kinetic effects and 
compares favourably with its flow-injection 
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counterpart m terms of sensitivity, alcohol 
concentration ratios that can be assayed and 
sample throughput. 

EXPERIMENTAL 

Reagents 

All reagents used were of analytical grade 
Alcohol solutions (methanol, ethanol, propanol 
and butanol) were prepared from standards of 
absolute grade (Merck) by appropriate dilution 
with bidistilled water. A 1.6 mg/ml alcohol 
oxidase (AO, candida boidimi, Sigma) solution 
was prepared by dissolvmg 16 mg of the 
lyophihzed powdered enzyme (which features 
a protein activity of 4-10 units/mg) in 10 ml 
of O.lM tris(hydroxymethyl)ammoethane (Tris) 
buffer of pH 8.55 A stock solution of 
5,5’-dithiobis(2nitrobenzoic) acid (DTNB) 
(1.0 x 10s3M) was prepared by dissolving 
40 mg of chemical (Merck) in 100 ml of 0.1% 
sodium citrate. A stock L-cysteme solution 
(1.24 x lo-‘M) was prepared by dissolving 
37.5 mg of reagent (Merck) in 25 ml of bi- 
distilled water. The O.lM Tns buffer (pH 8.55) 
was prepared by dissolvmg 13.28 g of sodium 
chloride and 12.1 g of Tris m about 850 ml of 
bidistilled water, the pH then being adjusted to 
8.55 with 1M hydrochloric acid and the mixture 
diluted to one litre with further bidistilled water. 
All solutions were stored m a refrigerator in 
order to minimize degradation. 

Apparatus 

Absorbance measurements were made on a 
Philips PU 8625 UV-visible spectrophotometer 
fitted with a device for stopped-flow measure- 
mentsg and a Netset PC-AT 16-Mhz compatible 
computer equipped with a PC-Multilab PCL- 
8 12PG 12-bit analog-to-d&al converter for 
acquisition and treatment of kinetic data. The 
software required for application of the initial 
reaction-rate method was written by the authors 
themselves. A Hanna HI 8418 pH-meter was 
also used. 

Procedures 

Indwrdual kinetic determinations of the alco- 
hols. Two solutions were mixed in the stopped- 
flow cell by simultaneous mjection from two 
drive syringes, one of which was filled with a 
solution prepared by mixing 2.0 ml of sample 
containing between 1.0 x lo+-1.0 x 10esM 
alcohol in the final volume, 3.0 ml of 
1.0 x 10e3M DTNB, 2.0 ml of 1.24 x 10e2M 

L-cysteine and 3.0 ml of O.lM Tns buffer 
(pH 8.55) in a lo-ml standard flask, and the 
other with a solution made by diluting 2.0 ml of 
1.6 mg/ml alcohol oxidase with 8.0 ml of 0. 1M 
Tris buffer (pH 8.55). The reaction was mom- 
tored at 412 nm and the temperature was kept 
constant at 25 + 0.1”. The computer system 
recorded the full signal vs. time curve at a data 
acqmsition rate of 100 msec per pomt and 
calculated the initial rate (over a period of ca. 
2 set) and the concentrations of the alcohols 
from the corresponding calibration graph. 

Resolution of methanol/ethanol mixtures. Syn- 
thetic samples containmg micromolar concen- 
trations of methanol and ethanol were analysed 
m two kinetic runs. A volume of 1.0 ml of 
2 5 x lo-‘M ethanol was added to 1.0 ml of 
sample containing 2.@-6.0 x 10e6M methanol 
and 5.0 x lo-‘-5.0 x lo-‘M ethanol m a final 
volume of 10 ml and the above-described pro- 
cedure was followed for the determination of 
ethanol m the mixture based on mitral rate 
measurements because methanol was not 
affected under these conditrons. In the second 
experiment, two calibration graphs were con- 
structed for methanol (initial rate and final 
absorbance vs. methanol concentration) in the 
range 8.0 x 10W7-4 0 x 10 - 6M m the presence 
of the ethanol concentration found in the pre- 
vious experiment. Then, an ahquot of the mix- 
ture was reacted under the same conditions as 
for the individual kinetic determinations of the 
alcohols the concentration of methanol in the 
sample was determined from the measured in- 
itial rate or final absorbance. 

RESULTS AND DISCUSSION 

The enzymatic oxidation of lower straight- 
chain alcohols with alcohol oxidase is widely 
used; the reaction is generally monitored via 
a coupled reaction in which the aldehyde 
formed in the enzymatic reaction is reacted with 
an appropriate reagent in order to obtain a 
chromogenic product. ‘O The proposed method 
for the determination of these alcohols relies on 
the above-mentioned enzymatic reaction and 
the DTNB/L -cysteine system as chromogenic 
reagent for the hydrogen peroxide released in 
the enzymatic oxidation of the alcohols. This 
chromogenic reaction was used for the first time 
m this work as coupled to the enzymatic deter- 
mmation of these alcohols, for which the follow- 
mg reaction scheme is suggested. In a first step, 
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hydrogen peroxide is formed by enzymatic oxi- solutions of this oxidant readily oxidize mercap- 
dation of the alcohols: tans to disulphides. On the other hand, disul- 

R-OH + Alcohol oxidase + R-CHO + HzOz 
phides can be reduced to mercaptans by mild 
reducing agents such as L-cysteine, so mter- 

and the chromogenic reagent is formed by reac- conversion between L-cysteine and L-cystine 
tion between DTNB and L-cysteine according using this sulphide/disulphide system is very 
to important in biochemistry. 

DTNB 

- 2HS- \-, -NO* 0 
‘COOH 

x ,,,ax= 412 nm 

NH, 
+ 2 HS-CH,-do-COOH - 

L-Cysteine 

NH, 

l 

:-CH 2 -AH-c00H 

S-CH 2 -yH-COOH 

NH, 

L-Cystme 

The sulphur derivative of 2nitrobenzoic acid (a These reactions develop to completion in a 
sulphide or mercaptan) is responsible for the few seconds, which calls for the use of the 
colour, which shows maximum absorption at stopped-flow technique for making kinetic 
412 nm. In the final step, this compound reacts measurements. Figure 1 shows the stopped-flow 
with hydrogen peroxide to yield DTNB (colour- kinetic curve (absorbance at 412 nm US. time) 
less) again. provided by the spectrophotometer and pro- 

2 Hspz + HP o~-o~d+o~- S-SqoIz l a-I,0 1 

This reaction scheme is consistent with htera- cessed by the data acqulsmon system which 
ture data on the reversible oxidation of mercap- is the basis for development of the proposed 
tans.” In fact, these compounds can be oxidized kmetic method for the determination of lower 
to sulphoxides and even to sulphones by using straight-chain alcohols. Even though the pro- 
concentrated hydrogen peroxide, whereas dilute posed method is based on signal decrease us. 

i 

time measurements, reaction rates are usually 
positive, so all graphs and calculations m this 
work are conformant to this criterion. 

Influence of variables 

The working conditions for application of the 
proposed method were selected by using ethanol 
only to examine the influence of variables on 
both the enzymatic and the chromogenic reac- 
tion. The conditions arrived at for ethanol were 
then applied to the other alcohols. In this study, 
all concentrations stated are initial concen- 
trations in the syringes (twice the actual concen- 
trations in the reaction mixture at time zero 

Rg 1 Absorbance us time curve obtamed m the stopped- after mixing) and kinetic data (averages of three 

flow determmahon of 5 0 x 10m6M ethanol Expenmental measurements) were obtained from the initial 
condltrons as described under Procedure rate/concentration plots. 
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Fig 2 Effect of (a) pH, and (b) the alcohol oxldase, (c) L-cysteme and (d) DTNB con~ntrat~ons on the 
kmetic determmatton of 10 x lo%& (a) and (b), and 5 0 x 10-6M, (c) and (d). ethanol (condlhons 

desclnbed under Expenmental) 

The effect of the temperature on the reaction 
rate was exammed between 15 and 45”. The 
absorbance US, time curves show an increase in 
reaction rate with mcrease in temperature up 
to 20”, above which the initial rate remained 
constant up to 40”. At htgher temperatures, 
the reaction rate decreased owing to the 
enzyme denat~ation. A temperature of 25” was 
selected. 

The influence of the pH was studied over the 
range 6.5-9.5. As can be seen from Fig. 2(a), 
a pseudo zero-order region occurred between 
pH 7.0 and 9.0, above whtch the reaction 
rate decreased, probably owing to the enzyme 
denaturation. A pH of 8.55 was chosen for 
further experiments, which was adjusted and 
kept constant by using a O.lM Tris buffer. The 
infIuence of the alcohol oxrdase concentration 
on the reaction rate was studied over the range 
0.032-0.48 mgfml [Fig. 2(b)], its dependence 
being of zero-order at concentrattons above 
0.16 mg/ml; therefore, 0.32 mg/ml alcohol oxi- 
dase was selected for further experiments in 
order to ensure the presence of an excess and 
avoid unnecessary ~ns~ption of the enzyme. 

The effect of the Lcysteme concentratton on 
the reaction rate at an ethanol con~ntratlon of 
5 x 10m6A4 is illustrated in Fig. 2(c). As can be 
seen, a 2.48 x 10T3M L-cysteine solution (2.0 ml 

of 1.24 x lo-*M solution m 10 ml) ytelded the 
maximum initial-reactton rate, so it was chosen 
for implementation of the proposed procedure. 
The influence of the DTNB concentratton on 
the analytical stgnal is shown in Fig. 2(d). The 
Initial rate increased with Increasing DTNB 
concentration up to 2.8 x 10V4M and the reac- 
tion became nearly zero-order with respect to 
DTNB over a narrow range, 2.8-3.2 x 10m4it4, 
above which tt started to decrease. A DTNB 
concentration of 3.0 x 10w4M was selected. 

Kinetic enzymatrc determination of alcohols 

The initial rates derived from the absorbance 
us. time curves for solutions containing dtfferent 
concentrations of the alcohols under the se- 
lected conditions, were linearly related to the 
alcohol concentration. The analytical features 
of the proposed stopped-flow methods are sum- 
marized in Table 1. As can be seen, the alcohols 
can be determined at the nanogram per milhhtre 
level with good precision (between 2 1 and 4.8% 
as RSD). We should note the relatively large 
values of the intercepts in the linear regression 
equations. In fact, lower alcohol con~n~ations 
resulted in decreased initial rates, however, the 
net absorbance changes in the kmettc curves 
were very small, so the analytical results were 
quite irreproducible. The dynamic linear ranges 
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Table 1 Analyucal figures of merit of the determmatton of alcohols by the stopped-flow techmque 

Dynanuc hnear range Correlatton 
coefficient Prectsion~ 

Alcohol M aglml Linear regresston equation* (n = 10) (RSD), % 

Methanol 10 x 10-6-l 0 x 10-s 32-320 IR=561x10-~+337x10~C 09994 4.49 
Ethanol 10 x lo-6-l 0 x 1o-5 46-460 IR=134xlO-‘+150xlO’C 0 9995 271 
Bropanol 10 x 10-6-l 0 x 10-S 60-600 IR=135xlO-‘+162xlO”C 0.9998 2.13 
Butanol 10 x 10-6-1.0 x IO-’ 74-740 IR = 2.81 x IO-* + 3 52 x 10’ C 0 9995 4 83 

l IR = mthal rate (absorbance/set), C = molar concentratton. 
tObtamed from 11 samples contammg 5 x 10m6M of the alcohol 

obtained in this work allow the kinetic determi- 
nation of these alcohols with a higher reliability. 
The analytical sensitivity to the alcohols varied 
from compound to compound m the following 
sequence: 

propanol z ethanol > butanol s methanol. 

We thus selected the ethanol/methanol couple 
in order to test the performance of the proposed 
kinetic enzymatic method in the resolution of 
mixtures of the alcohols. 

At this point it is worth comparing the per- 
formance of the proposed kinetic enzymatic 
method for the determination of alcohols with 
others reported in the literature also based on 
the use of alcohol oxidase. Two recently re- 
ported methods were selected for this purpose: 
one in which alcohol oxidase is immobilized in 
a gelatin matrix and the electrode formed from 
the membrane is used in a continuous-flow 
system,12 and the other based on a flow-injection 
system including a column of immobilized alco- 
hol oxidase and using the p-rosanihne/Na,SO, 
system as a coupled reaction for spectro- 
photometric detection.* Table 2 shows the 
performance of the methods as applied to the 
determination of ethanol and methanol only, 
compared to the proposed stopped-flow 
method, which offers higher sensitivity, inas- 
much as it allows the determination of these 
alcohols at lower concentrations by at least two 
orders of magnitude, and lower analysis time (it 
was considered to be the time elapsed between 
insertion of the sample into the system and 

the end of data processing for delivery of the 
analytical signal). Even though the use of im- 
mobilized enzyme obviously reduces analytical 
cost, the low enzyme concentrations used in this 
procedure partly avoids the need to work in 
homogeneous medium (the estimated cost per 
analysis was $10 per 100 triplicate determi- 
nations. On the other hand, alcohol oxidase 
solutions prepared as described above are stable 
for at least 4 hr (the longest time assessed). 

Resolution of methanol/ethanol synthetic mix- 
tures 

The first step in the resolution of mixtures of 
species involves checking whether the reaction 
rates of the species concerned are independent 
of one another or, in other words, if the pres- 
ence of one component has no effect on the 
kinetic behaviour of the others. We thus con- 
structed several calibration plots of initial rate 
VS. methanol concentration m the present of 
different fixed concentrations of ethanol. The 
results obtained are shown in Fig. 3. As can be 
seen, the initial rate decreased with an increase 
in the methanol concentration owing to the 
presence of ethanol. In summary, the occur- 
rence of strong negative mutual kinetic effects 
was detected in the resolution of methanol/ 
ethanol mixtures, consistent with previous 
reports.* 

The occurrence of this mutual kinetic effect 
precluded use of classical differential reaction- 
rate methods for resolution of these mixtures, so 
a new methodology must be developed in order 

Table 2 Companson of the figures of ment of the proposed stopped-flow method for the determmatton of alcohols wtth 
those of other recently reported methods usmg alcohol oxtdase 

Methanol Ethanol 
Time for 

Method Dynanuc range, M Precision, % Dynamic range, M Precision, % analysis, set 

stopped-flow 10 x 10-6-l 0 x 10-S 4.49 10 x 10-6-1.0 x 10-S 271 10 
Contmuous-flow* 5 0 x 10-4-l 5 x 10-Z 10 x 10-2-3 0 x 10-I <I20 
Flow-m&x.tiont 3 1 x 10-4-l 9 x 10-j 2 29 2.2 x 10-4-6 5 x IO-” 346 30-180 

l Ref 12 
tRef 8 
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10 20 30 
[Methanol] x 10e6 M 

Rg 3 Cahbrahon plots of mltlal rate vs methanol concen- 
tratlon obtained m the presence of the followmg amounts of 
ethanol curves (lH8) 1 O-g 0 x 10e6M ethanol Reachon 

conditions as described under Procedure 

to take account of this effect as m previously 
reported cases. ‘W Even though the intercepts 
of the curves shown in Fig. 3 depend on the 
concentration of ethanol, their relationship can- 
not be used to assess the mutual kinetic effect 
because, if an unknown mixture 1s added with 
increasing amounts of methanol, a linear depen- 
dence 1s indeed found, yet the intercept of the 
straight line depends on the concentration of 
both ethanol and methanol in the mixture. It 
is therefore indispensable to establish a set 
of experimental conditions under which the 
mutual kinetic effect does not occur in order to 
be able to determine one of the mixture com- 
ponents. For ths purpose, we prepared various 
samples of methanol containing increasing 
concentrations of ethanol and found that, at 
ethanol concentrations above 2 0 x 10W4M, 

methanol concentrations of the order of 10e6M 
had no effect on the measured initial rate of 
ethanol. Under these conditions, ethanol could 
be determined in the presence of methanol. 
Thus, at a fixed ethanol concentration of 
2.5 x 10W4M, the above-mentioned linear 
dependence held over the range 5.0 x 10e6- 
5.0 x lo-‘A4 for ethanol and the straight line 
obtained conformed to the followmg regression 
equation 

IR = 0.464 + 2.60 x 103[ethanol] (I = 0.992). 

(1) 

Under these conditions, the resolution of 
methanol/ethanol mixtures can be accomplished 
by using the followmg procedure* the amount 
of ethanol required to obtain a concentration of 
2.5 x 10e4M m this alcohol was added to an 
ahquot of the unknown sample and the mixture 
1s reacted as described for the individual deter- 
mination of the alcohols. Substitution of the 
measured initial rate into equation (1) yields 
the concentration of ethanol in the unknown 
sample. Once such a concentration 1s known, a 
calibration graph for methanol is constructed in 
the presence of the determined ethanol concen- 
tration (Fig. 3). Then, a new aliquot of the 
unknown mixture is reacted and the measured 
mltlal rate allows the methanol contents m the 
sample to be determined from the previously 
run calibration graph. Obviously, this pro- 
cedure only permits the resolution of methanol/ 
ethanol mixtures wth ethanol contents not 
lower than those of methanol, which is the 
normal situation m real samples. On the other 
hand, applying the proposed method to these 
samples would call for further investigations as 

Table 3 Analysis of synthetic nuxtures of methanol and ethanol by the stopped-flow techmque 

Methanol, 10e6M 

Taken, 10e6M 

Ethanol Methanol 

Ethanol, 10e6M 

Found Error, % 

Imtlal rate 

Found Error, % 

Final absorbance 

Found Error, % 

50.0 200 49 4 -12 209 45 1 92 -40 
400 200 41 0 25 2 10 50 2 08 40 
30 0 200 29 4 -20 2 13 65 2.11 55 
200 200 20 6 30 1.87 -65 1.88 -60 
150 200 157 47 1 84 -80 1 87 -65 
600 100 6 16 27 1 14 140 092 -80 
500 100 4 80 -40 1 15 150 1 06 60 
600 200 6 33 55 221 10 5 1.85 -75 
500 200 5 20 40 2 20 100 1 87 -65 
600 300 6 20 33 3 29 91 2 76 -80 
500 300 481 -38 3 25 83 3 26 87 
500 3 80 4 80 -40 4 02 58 3.92 31 
500 500 5 10 20 5 30 60 4 70 -60 



Kmetic enzymatic detemunatlon of ethanol/methanol 861 

regards sample pretreatment in order to avoid Acknowledgements-The authors gratefully acknowledge 

potential interferences. 
finannal support from the DIGICyT (Spain) (Project No 

The results obtained for several synthetic 
PB914840), as well as from the Deutscher Akadermscher 
Austauschdienst m Bonn and the Instltut fiir Analytlsche 

mixtures of methanol and ethanol are summar- Chemle of the Mmmg Academle Freiberg (Germany) 

ized in Table 3. As can be seen in the table, 
methanol was determined from two calibration 
curves: mittal rate and net absorbance 
change vs. methanol concentration. Equilibrium 
measurements resulted in smaller errors in the 
determmatton of this alcohol, so they were 
chosen to analyse for tt in this type of sample. 
Thus, the determination of ethanol/methanol 
mixtures was feasible over the concentration 
ratio range 25 * l-l : 1. When the recommended 
procedure was applied to a series of 11 samples 
containing (a) 5.0 x 10e6M ethanol and 
3.0 x 10-6M methanol; (b) 2.0 x 10e5M ethanol 
and 2.0 x 10P6A4 methanol, and (c) 5.0 x lo-‘M 
ethanol and 2 0 x 10e6M methanol, the average 
relative standard devlattons (for both species) 
were 3.86, 5.05 and 4.61%, respectively. 

Compared with other methods for the resol- 
ution of ethanol/methanol mixtures based on 
the same enzymatic reaction [e.g., the stmul- 
taneous determination of these alcohols by flow- 
mjectton analysts*] the proposed stopped-flow 
method can be applied to higher ethanol/ 
methanol ratios and 1s more prectse: the flow- 
injection method allows the resolution of 
ethanol/methanol mixtures in the weight ratio 
range of only 3.3 : 1.0-l .O: 1.3, with a precision 
(RSD) between 6.0 and 7.1%. 
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ASSIGNMENT OF STANDARD pH VALUES [pH*(s)] TO 
BUFFERS IN 50 MASS % METHANOL + WATER FROM 

288.15 TO 308.15 K 
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Chenustry Department, Faculty of Saence, Assmt Umverslty, Assmt, Egypt 

(Recerved 26 June 1992 Rewed 20 October 1992 Accepted 20 October 1992) 

S--The secondary dlssoclation constants of o-phthahc and phosphonc acids have been deter- 
mmed m methanol + water (50 mass %) from reversible e m f measurements of the cell of the type Pt, 
H,( 1 atm) 1 M,A(m), MHA(m), MC1 1 AgCl, Ag at different temperatures (288 15-308 15 K) and at different 
lomc strengths To mmmuze the unsteadmess m potential measurements palladmm coated platinum 
electrodes have been used The large set of such e m f values has been analyzed m terms of a multi-hear 
regresaon method recommended m recent IUPAC documents The thermodynamic values AG”, AW and 
AS”, for the respective eqmhbna, were estimated Standard pH values [pH*(s)] have been asslgned to 
buffers m methanol + water (50 mass %) at temperatures between 288 15 and 308 15 K 

The study of the dissociation equilibria of phos- mass %) from 288.15 to 308.15 K have been 
phoric and o-phthahc acids in water’-’ has determined and are given in Table 1. Each 
permitted the combination of a series of stan- measured e.m.f. value was corrected to 1 atm 
dard aqueous buffer solutions. The standardiz- (101,325 Pa) pressure of hydrogen from the 
ation of pH* measurements in mixed solvents, barometric pressure and the vapor pressure of 
needs similar studies regarding the dissociation the solution, the latter being taken as the same 
equilibria of certain adequate electrolytes in as the vapor pressure of the solvent.el’ An 
these solvents.6*7 In the present work the second- average of about four independent cells were 
stage dissociation constant of phosphoric measured at each electrolyte molality and at 
and o-phthalic acid m methanol + water each temperature The large set of such e.m.f. 
(50 mass Oh) have been determined as part values has been analyzed in terms of a multi- 
of a program to develop standard buffer linear regression method recommended in 
solutions.5,s recent IUPAC documents.‘* 

EXPERIMENTAL 

All reagents used were of AnalaR (BDH) 
grade. All stock solutions were prepared m 
doubly-distilled air free conductivity water. 
Methanol + water (50 mass %) was prepared by 
mixing appropriate amounts of analytical grade 
methanol, fractionally distilled before use, with 
conductivity water. Owing to the low solubility 
of dipotassium phosphate in the given solvent, 
disodium phosphate was used. o-Phthalic acid, 
potassium chloride and certified ULTREX 
Baker potassium hydrogen phthalate were dried 
at 383.15 K before use. The potentiometric 
measurements, the preparation and standardiz- 
ation of the silver-silver chloride electrode were 
carried out as described earlier.* The values 
of the standard potential of the Ag/AgCl 
electrode *E&, , in methanol + water Hz0 (50 

RESULTS AND DISCUSSION 

Electrochemical cells without liquid junction 
potentials of the type: 

Pt 1 H,( 1 atm) 1 M,A(m), MHA(m), 

MCl(m)IAgClIAg (1) 

were used to determine pKa, values of o- 
phthalic and phosphoric acid in methanol + 
water (50 mass Oh) from 288.15 to 308.15 K. 

A represents the C,H,(COO):- and HPO:- 
anions and M+ the Na+ or K+ cations. 

For the equilibrium 

HA-=A*-+H+ 

K,=a,+ * 
2- 

mf * vA 

mHA- * vHA- 
(2) 
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Table 1 Standard 
potential (E”) of the 
Ag/AgCl electrode 
m methanol + water 

(50 mass %) at 
different tempera- 
tures (288 15-308 15 

K) 

tivities (E), for the solvents containing methanol 
were not available in the literature for tempera- 
tures other than 298.15 K.14 However, it was 
observed from the data of Akerlofls that the 
relationship between the log of the electric per- 
mittivity and temperature is linear and that the 
gradients of the lines for various organic sol- 
vents and their aqueous mixtures are essentially 
parallel. This provided an acceptable method 
for extrapolating the measured electric permit- 
tivities for methanol + water (50 mass %). An 
equation for the least-squares regression line for 
the relationship between log eHzO and tempera- 
tures was derived from the data given by 
HameP 

T, K E", V 

288 15 0 1975 
293 15 0 1935 
298 15 0 1893 
303.15 0 1850 
308 15 0 1802 

when the concentrations are such that 

mcl - = mHA- = rnp relationship (3) can be de- 
rived8 

+logm + 
2AI “2 

1 + Ba”I”2 (3) 

where A and B are the constants of the Debye- 
Htickel equation for the respective solvent 
which were derived for methanol + water (50 
mass %) from the expressions given by 
Robinson and Stokes:13 
/3 is the salting-out parameter and a0 is an 
“ion-size” parameter which has been assigned 
the widely used value of 4.4 A. Electric permit- 

logE=o.OO197 t + 1.9431 

where t is expressed in “C. 

(4) 

The Debye-Hiickel constants for 
methanol + H20 (50 mass Oh) at temperatures 
other than 298.15 K were calculated using elec- 
tric permittivities estimated from the known 
difference between cHzO and the electric permit- 
tivity for the mixed solvent at 298.15 K by 
extrapolating the difference to different tem- 
peratures. 

By representing the right hand side of 
equation (3) vs. concentration (m) graphically, 
a straight line intersecting the ordinates at pKa, 
is obtained. 

Table 2 Expenmental data obtamed by electrochenucal cell (1) for 
KH,F’O,(m) + Na,HPO,(m) + NaCl(m) m methanol + water (50 mass %) 

T, K m I E V P,(h kI- 1 -log kI- pH*(s) 

0.001 0005 0 845 8.324 0 0534 8 271+ 0.001 
0002 0 010 0 825 8 275 0 0723 8203kOOO2 

288 15 0003 0 015 0 812 8 224 0 0857 8 138&0001 
0004 0 020 0 803 8 192 0 0964 8096&0001 
0005 0 025 0 796 8 166 0 1054 8.061 f 0 002 

0.001 0005 0 851 8 303 0.0535 8 249 & 0.002 
0002 0 010 0 830 8.243 0.0726 8.170 + 0.001 

293 15 0003 0 015 0818 8 212 0 0860 8 126&0002 
0.004 0 020 0 808 8 165 0 0967 8068*0001 
0005 0 025 0.801 8.142 0.1057 8.036 k 0.002 

0001 0005 0 857 8.287 00541 8233&0001 
0002 0 010 0 836 8 233 0 0733 8 160~0002 

298.15 0003 0 015 0 823 8 189 0 0869 8 102~0001 
0004 0 020 0.813 8 145 0 0977 8047kOOO2 
0.005 0 025 0 806 8 124 0.1067 8.017 f 0.002 

0001 0005 0 862 8 255 0 0545 8200~0001 
0002 0 010 0 842 8 223 0 0738 8 149 f 0.001 

303.15 0.003 0015 0 829 8 183 0 0875 8.095 f 0.002 
0004 0.020 0.819 8.142 0 0984 8044*0.002 
0.005 0 025 0811 8 106 0.1075 7998&0001 

0001 0005 
0002 0010 

308.15 0 003 0 015 
0004 0 020 
0005 0 025 

0 868 8 248 0 0549 8 193~0001 
0 848 8 222 0 0743 8 148fOOO2 
0 834 8 169 0 0880 8.08 1 f 0.002 
0.824 8.131 00990 8 032 + 0.001 
0816 8.097 0 1081 7989&0002 
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Table 3 Expenmental data obtained by electrochenncal cell (1) for 
CsH&OOK)2(m) + HKC,H,(COO),(m) + KCl(m) m methanol + water (50 

mass %) 

T, K m I E, V P,(a, a_) -logv,_ PH.(~) 

0.002 001 0 783 7541 0 0723 7469*0001 
0.004 002 0761 7 457 00964 7361&0002 

288.15 0006 003 0746 7 371 0 1131 7258&0001 
0008 004 0 736 7 321 0 1262 7 195*0002 
0.010 005 0 727 7 202 0 1369 7065+0001 

0002 001 0 789 7 538 0.0726 7 465 f 0.002 
0.004 0.02 0766 7443 0 0967 7346kOOOl 

293 15 0006 003 0 752 7.379 0 1135 7266&0002 
0008 004 0741 7.315 0 1266 7 188+0001 
0 010 0.05 0731 7 239 0 1374 7 102*0001 

0002 
0004 

298 15 0.006 
0008 
0 010 

0002 
0004 

303 15 0006 
0008 
0.010 

001 
002 
003 
004 
005 

001 
0.02 
003 
0.04 
0 05 

0 794 7 523 0 0733 7450*0001 
0771 7 435 0 0977 7337&0002 
0 756 7.358 0 1146 7243&0002 
0.745 7 296 0.1278 7 168*0001 
0 736 7241 0 1387 7 102+0001 

0 799 7 508 0 0738 7434kOOO2 
0 777 7.444 0 0984 7346&0002 
0.762 7 370 0.1154 7 255 f 0.001 
0 751 7 312 0 1287 7 183+0001 
0.741 7 243 0 1387 7 103fOOO1 _ 

0002 001 0.804 7 502 0.0742 7 428 + 0.002 
0004 0 02 0 780 7411 00990 7312+0002 

308 15 0.006 0 03 0 765 7 342 0 1161 7226*0002 
0008 004 0 753 7271 0 1294 7 142 + 0.001 
0.010 0.05 0.744 7 220 0 1405 7079*0001 

Seven cell solutions containing hydrochloric 
acid at molalities ranging from 0.05 to 0.005 m 
were used to determine the standard potential 
of the silver-silver chloride electrode. The 
standard potentral, on the molality scale was 
obtained by extrapolation of 

E” =E+2klogm- 
2kAm”’ 

1 +BaOm1/2 t5) 

to m =O. 

This function is denved from the Nemst 
equation, where a Debye-Hiickel expression has 
been included to approximate the mean activity 
coefficient of HCl. The term k is written for RT 
In 10/F and the Debye-Htickel constant A and 
B were calculated as mentioned above. 

The acidity function P,(a, * va) has been 
obtained from the e.m.f. of the hydrogen-silver 
chloride cell (1) containing the standard sol- 

utions (with added chloride) in methanol + 
water medium.” 

P,(a,.vc,)=(~30~~)TF+logrn, (6) 

and then pa,. by the non-thermod$namic step 

pa,* = Ps(aH ’ %I ) + log P% (7) 

Data for the experimental measurements of 
e.m.f. of cell (1) at different temperatures 
(288.15-308.15 K) and different ionic strengths 
are given in Tables 2 and 3 for both o-phthalic 
and phosphonc acid in methanol + water (50 
mass %). As the concentration of the support- 
ing electrolyte increased, a salting out effect is 
observed. Thrs is because the activity coefficient 
of the uncharged partrcles present in solution is 
changed on increasing the concentration of the 
dissolved salt. 

Table 4 pKa, values of o-phthahc actd m methanol + H,O (50 mass %) at different temperatures and tonic strengths 

288.15 K 293 15 K 298 15 K 303 15 K 308 15 K 
I PKa, I PKas I PKar I PKas I pKa2 

0 7 735 f 0.002 0 7 723 f 0.002 0 7710*0004 0 7690~0.003 0 7.684 O.oW f 
0.002 7 671~0.003 0.002 7659kOOO3 0.002 7646kOOO3 0002 7.626~0.004 0002 7.620f0.003 
0.004 7646~0.004 0.004 7.634*0004 0.004 7.621 &-00.002 0004 7 601 ~0.004 0.004 7 595f0.002 
0.006 7628&0.003 0.006 7616iOOO3 0.006 7603iOOO4 0006 7583&0.003 0006 7577&0.003 
0.008 7.612~0.002 0.008 7.600~0004 0.008 7.587*0.003 0008 7 567 &0.002 0.008 7561 f0.002 
0.010 7.599&0.003 0.010 7.587ItO.002 0010 7 574fOOO2 0.010 7 554~0.004 0.010 7548&0.003 
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Table 5 pKa, values of phosphor: acid m methanol + H,O (50 mass %) at different temperatures and lomc strengths 

288 15 K 293 I5 K 298 15 K 303 15 K 308 15 K 
Z 

0 8430&0002 0 8418&-0003 0 8410&-0003 0 8397+0003 0 8389+0003 
0.001 8.384*0003 0.001 8372*0004 0001 8364+0004 0001 8351+0004 0001 8343&0002 
0.002 8366kO.003 0.002 8354fOOO4 0002 8.346+0004 0002 8333&0004 0002 8325&0003 
0.003 8352*0X04 0003 8340*0002 0003 8332*0004 0003 8319*0004 0003 8311*0004 

8.341f0004 0004 8329&0003 0004 8321*0002 0004 8308+0002 0004 8300+0002 
8331&0004 0005 8319&0004 0005 8.311+0003 0005 8298&0003 0005 829OkOOO2 

Table 6 Thermodynamic parameters for the secondary dlssoclatlon of o-phthahc 
and phosphonc acid m methanol + H,O (50 mass %) 

Acid 

o-Phthahc 

Phosphonc 

T, K 

288 15 
293 15 
298 15 
303 15 
308 15 
288 15 
293 15 
298 15 
303.15 
308 15 

AG” AH” -AS” 
(U/mole) @J/mole) (J/c-’ mole-‘) 

42.65 + 0 002 
4332&-0002 
4399*0004 
4461 kOOO3 
4531+0003 
4648kOOO2 
4722&0003 
4798kOOO3 
4871+0003 
4947fOOO3 

238+002 
246*001 
255kOOl 
264&-002 
272+002 
381kOOl 
394*002 
407*001 
421 +002 
435+001 

139 73 + 0 05 
13938fOO4 
138 99 f 0 06 
13844kOO4 
13821+003 
14808*004 
14763fO05 
14727kOO4 
14679+005 
14642+004 

The secondary dtssoctatron constants of o- 
phthalic and phosphoric acids in methanol + 
water (50 mass Oh) at different temperatures 
(288.15-308.15 K) and at different tonic 
strengths are given in Tables 4 and 5. Values of 
pKa, at different ionic strengths have been cal- 
culated using a convenient form of the Debye- 
Hiickel equation, such as that due to Davies.” 
Values of the thermodynamic parameters AG”, 
AH” and AS” for the second drssocration stage 
of o-phthalic and phosphonc acid have been 
calculated and are given in Table 6. 

The need for reliable pH measurements at 
different temperatures in mixed solvents such as 
methanol and water has become increasingly 
apparent in different biological studies. The 
data obtained in the present report can be used 
for preparing standard buffer solutton for 
pH*(s) measurements in methanol + water 

(50 mass %) at different temperatures 
(288.15-308.15 K) as shown m Tables 2 and 3. 
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DESIGN AND PERFORMANCE OF A NEW 
CONTINUOUS-FLOW SAMPLE-INTRODUCTION SYS’iEM 

FOR FLAME INFRARED-EMISSION SPECTROMETRY: 
APPLICATIONS IN PROCESS ANALYSIS, FLOW 
INJECTION ANALYSIS, AND ION-EXCHANGE 

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 
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‘Ihe Department of Chemrstry. P.0 Box 97348, Baylor Umverstty, Waco, TX 76798-7348, U S A 

(Recemed 31 July 1992. Rewed 15 October 1992. Accepted 15 October 1992) 

-A new sample rn~~~on system for the analysts of ~n~nuo~y flowmg hqmd streams by 
lIame mfrared-emisaon (FIRE) spectrometry has been developed. The system uses a spectally desrgned 
purge cell to stnp dissolved CO, from solution mto a hydrogen gas stream that serves as the fuel for a 
hydrogen/au flame. Vibrahonally exerted CO, molecules present m the flame are momtored wtth a simple 
infrared lllter (4.4 pm) photometer The new system can be used to mtroduce analytes as a contmuous 
hquid stream (process analysrs mode) or on a Lscrete basrs by sample m3ectton (flow mlectton analysts 
mode). The key to the success of the method 1s the new purge-cell design The small internal volume of 
the cell nummmes problems assoctated wrth purge-cell clean-out and produces sharp, reproductble stgnais 
Spent analyttcal solutron IS contmuously dramed from the cell, making cell disconnectron and cleamng 
between samples unnecessary. Under the conditions employed m thrs study, samples could be analyxed 
at a maxmmm rate of appromately 60/h. The new sample mtroduction system was successfully tested m 
both a process analysrs- and a flow inJectron analysrs mode for the &te~lna~on of total morgamc carbon 
m Waco tap water. For the first tune, flame mfrared-ermsston spectrometry was successfully extended to 
non-volatile organic compounds by usmg chemtcal pretreatment v&h peroxydisulfate m the presence of 
silver ion to convert the analytes mto dmsolved carbon droxrde, pnor to purging and detectton by the FIRE 
radrometer. A test of the peroxydisulfate/Ag+ reachon usmg SIX orgamc actds and five sugars mdrcated 
that all 11 compounds were oxrdixed to nearly the same extent. Finally, the new sample mtroductron 
system was used m conlunction w&h a sunple titter FIRE radiometer as a detectron system m ion-exchange 
htgh-performance hqmd chromatography. Ion-exchange chromatograms are shown for two aqueous 
mixtures, one contarmng SIX organic a&s and the second contammg six mono-, dr-, and trtsacchartdes 

Although the analytical application of gas- 
phase infrared emission is well documented for 
the case of remote sensing of pollutants in 
smokestack pl~rnes’-~ and gases in jet engine 
exhaust,6 its use as a means of routine quantita- 
tive analysis in the laboratory is relatively 
new.7-9 When flame/furnace infrared-emission 
(FIRE) spectrometry is employed in the labora- 
tory, samples are introduced into a heated en- 
vironment (such as a small flame’@ or electrically 
heated fumace’l~lz) where they are typically 
converted into small, thermally-stable, vibra- 
tionally-excited molecules.‘3*‘4 The characteristic 
infrared bands emitted by these molecules are 
generally well resolved and can be detected with 
a simple infrared filter photometer.’ 

*Author for correspondence. 

Because FIRE spectrometry is a relatively 
new analytical technique, much of the previous 
work has concentrated on improving instrumen- 
tal ~rfo~an~.‘“~1’~*~‘9 Al~ough it 1s clear 
from previous studies that gas-phase infrared 
emission from selective radiators could be useful 
analytically in a number of significant areas,’ 
the key to the analytical success of the technique 
depends on the availability of a reliable means 
of sample introduction.n”-23 In particular, the 
ability to determine analytes present in continu- 
ously flowing liquid streams would be useful for 
applications involving process analysis,24 flow 
injection analysis (FIA),2s and high-perform- 
ance liquid chromatography (HPLC).26 

One way to introduce a liquid sample into a 
flame or furnace on a continuous basis is in the 
form of a fine spray. Although both thermo- 
spray and pneumatic nebulization show 
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some promise as means of analyzing liquid 
streams on a contmuous basis, the sensitivity 
achieved by spraying aqueous samples directly 
into a small flame or furnace has been relatively 
disappointmg to date. *‘v~ Poor sensitivity can 
be attributed to cooling of the excitation source 
by liquid evaporation. (Evaporation of as 
little as 1 ml/mm of an aqueous stream by 
a microflame or low thermal-mass furnace of 
the type used in FIRE spectrometry will pro- 
duce a measurable depression in the excitation 
temperature of the source 27) When the power to 
the thermospray nebulizer was increased 
to completely vaporize the liquid stream prior 
to mtroduction into the source, the relatively 
large amount of water vapor diluted the analyte 
and significantly increased the magnitude of 
the water background emission in the FIRE 
spectrum. 27 Regardless of the type of nebulizer 
used, small fluctuations in nebulizer efficiency 
gave rise to increased background noise result- 
ing from changes m excitation temperature, 
source background, or a combination of 
both.28 

Compared with FIRE-HPLC applications 
involving direct introduction of liquid into 
the source,28 FIRE-GC applications involving 
direct mtroduction of gas-phase samples into 
the source have produced improved detection 
limits which are typically in the low ng/sec 
range. lo Improved detection limits for liquid 
samples have been obtained in some FIRE 
applications2’-23 through the use of purge 
tubes, which permit the sparging of volatile 
analytes out of the liquid and into the flame. 
The major disadvantages with previous sparg- 
ing approaches2’-23 have been, (1) the large 
internal volume introduced by the purge 
tube, (2) the relatively long time period between 
samples (about 3-6 min) due to disconnection 
of the sample purge tube for cleaning and 
refilling, (3) the additional purge tube and 
valving system required to maintain gas flow 
and stabilize the flame during cleaning of 
the sample cell, and (4) the limitation of 
the technique to relatively volatrle, dissolved 
analytes. 

In spite of the disadvantages associated with 
the earlier use of purge tubes, the improved 
detection limits obtained by sparging discrete 
samples from liquids2’-23 (compared to direct 
introduction of liquid into the source27,28), 
suggested that a sparging approach might be 
useful in improving the sensitivity of FIRE 
spectrometry for liquid samples. This 

paper reports a new sample mtroduction 
sample for FIRE spectrometry that is htghly 
versatile and can be used to analyze liquid 
streams on a continuous basis. The key to this 
system is a specially designed purge tube which 
introduces less than 2 ml of internal volume 
and does not require disconnection between 
samples. 

To demonstrate the potential of the new 
sample mtroduction system, the specially de- 
signed purge tube was used for the de- 
termmation of total inorganic carbon (TIC) 
by FIRE spectrometry in both a process analy- 
sis and a flow injection analysis mode. Finally, 
an improved FIRE-HPLC detector, which 
uses the new purge tube, is described. This 
detector, which, m prmciple, should be universal 
for all oxidizable organic compounds, was 
used to monitor organic acids and sugars 
which had been separated by ion-exchange 
HPLC. 

EXPERIMENTAL 

FIRE radiometer 

A standard, angle-channel, filter FIRE ra- 
diometer of the type described previously’ was 
used for these studies. The radiometer consisted 
of a flame excitation source, a chopper, calcium 
fluoride collection optics, a bandpass filter, a 
lead selenide detector, and a preamplifier. Signal 
from the preamplifier was fed to a lock-in 
amplifier (Model # HP3962, Ithaca, Inc., 
Ithaca, NY) whose output was monitored with 
a recorder/integrator (Model # 3396A, Hewlett- 
Packard Corp., North Hollywood, CA). A 
bandpass filter with a transmission band at 4.4 
pm (Part #58300, Oriel Corp., Stratford, CT) 
was used to select the antisymmetric stretching 
vibration of CO2 from the other infrared radi- 
ation emitted by the flame.= 

An improved two-tube burner, described pre- 
viously,‘O was used as the excitation source. In 
this study, the inner stainless steel capillary was 
replaced with a nickel capillary [Part # 313 13, 
Alltech Associates, Inc., Deerfield, IL; i.d. 0.51 
mm (0.020 in.); o.d., 1.59 mm (l/16 in.)] because 
of its superior resistance to attack by hydro- 
chloric acid. The inner nickel capillary was 
centered and positioned so that its tip was 1 mm 
above the outer stainless steel tube (Part #2- 
0384, Supelco, Inc., Bellefonte, PA) using a 
glass wool plug. A diffusion flame was mam- 
tained on the burner by flowing hydrogen gas 
up the central nickel capillary and air up 
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the outer stainless steel tube. The flow rate of 
Hz was maintained with a flow controller 
(Part # 8148, Alltech Associates, Inc.), and 
au flow was controlled with a rotameter (Part 
#03216-18, Cole Palmer, Chicago, IL). 

Purge cell 

Figure 1 shows a schematic diagram of the 
purge cell used m this study. The lumen of the 
cell had an inside diameter of 10 mm, a length 
of 30 mm, and a total volume of 2.4 cm3. 
The top portion of the cell was sealed with a 
Teflon@’ [poly(tetrafluoroethylene)] stopper, TC 
[Fig. l(A)], which was fitted with an O-ring [0, 
Fig. l(A)]. A length of Teflon@ tubing [Part 
# 1238 14, Spectrum Scientific, Los Angeles, 
CA; o.d., 3 17 mm (l/8 in.); id., 0.79 mm (l/32 
in )] served as the sample conduit and was 
passed into the cell through a hole drilled m the 
center of the Teflon@ stopper. The bottom end 
of the purge cell was connected to the purge gas 
supply through a gas dispersion tube, G (Part 
#9435-09, Ace Glass, Vmeland, NJ; o.d., 5 
mm). The gas dispersion tube was held m place 
by two Nylon nuts, N (Part #NY-402-1, 
Swagelok Co., Solon, OH) that compressed 
0-rings against the dispersion tube when tight- 
ened to the two ends of a Nylon union, U (Part 
# NY-400-l-4, Swagelok Co.). The side arm of 
the purge cell (o.d., 6.35 mm; i d ,3.96 mm) was 
located just below the bottom of the Teflon@ 
stopper [Fig. l(B)]. The porous end of the gas 
dispersion tube, F, and the end of the Teflon@ 
tube that served as the sample conduit were 
adjusted so that they were separated by about 1 
mm, and the vertical distance from the top of 

Analytical 
stryam 

To- 
burner 

B 

PI&e 
gas 

Fig 1 Schematic diagram and dlmenslons for the contmu- 
ous-flow purge cell (A) Exploded view (B) Assembled TC, 
Teflon” cap, 0, 0-nng, N, nylon nut, U, nylon union, F, 

porous glass fnt, G, gas dispersion tube 

Fig 2 Schematic diagram of the contmuous-flow sample 
delivery system configured for high-performance hqmd 
chromatography IP, mjectlon port of the hquld chromato- 
graph, HPLC, chromatographlc column, Ml, M2, multi- 
port valves, Cl, C2, glass carboys, CVl, CV2, check valves, 
DC, delay cod, HB, hot bath, PC, contmuous-flow purge 
cell, D, dram, B, two-tube burner, F, hydrogen/air flame, 
N, , nitrogen gas inlet, H, , hydrogen gas inlet Air supply for 

the hydrogen/au flame not shown 

the gas dispersion tube to the center axis of the 
side arm of the purge cell was approximately 
5-6 mm. 

The purge cell was connected to the two-tube 
burner (Fig 2) by mean of Teflon@ tubing [o.d., 
3.17 mm (l/8 in.), i.d., 1.59 mm (l/16 in.)]. This 
tubing was connected to the side arm of the 
purge cell by means of a l/41/8 in. reducing 
union (Part # B-400-6-2, Swagelok Co.) and to 
the central capillary of the burner by means of 
a l/8-1 / 16 in reducmg union (Part # B-200-6- 1, 
Swagelok Co.). 

A length of Tygon@ tubing (Part #6409-18, 
Norton Co, Worcester, MA; o.d., 11 mm; i.d., 
8 mm) was connected to a tube at the bottom 
of the purge cell by means of a hose clamp and 
allowed the spent liquid m the purge cell to 
drain into a waste container. The diameter of 
this tubing was selected so as to mtroduce the 
smallest possible volume while still allowing the 
liquid to drain freely A loop, formed in the 
Tygon@ tubing and filled with solution (Fig. 2), 
prevented the escape of gas through the drain. 

Hydrogen gas was used to purge the analyti- 
cal stream. A cylinder of hydrogen gas was 
connected to the gas dispersion tube with 
Tygon@ tubing (Part #6409-25, Norton Co., 
o.d., 8 mm; 1 d., 4.8 mm) which was held in place 
with a hose clamp. 

Purge cell performance was evaluated as a 
function of several design parameters and oper- 
ating conditions. These included the effect of 

TAL 40/b--H 



reagent- and purge-gas flow rates, reagent con- 
centrations and three different frit porosities in 
the gas dispersion tube. 

Liquid streams were mtroduced into the 
purge cell through a length of Teflon@ tubing. 
One end of this tubing passed through the 
Teflon* stopper of the purge cell, as described 
prevtously, and the other end was connected to 
the sample delivery system. Three sample deliv- 
ery systems were studied. 

HPLC mode. Figure 2 shows a diagram of the 
delivery system used for HPLC applications. 
Two separate nitrogen gas cylmders were 
used to pressurize two heavy-walled glass car- 
boys (2-l. capacity, catalog #45-3203, Rainin 
Instrument, Wobum, MA, 5-l. capacity, cata- 
log # 45-3205, Ramin Instrument), equipped 
with special caps to which tubing could be 
connected. The pressure, which was controlled 
by standard, two-stage regulators, was typically 
maintained at 7-14 kPa above atmospheric (l-2 
psig), but in no case exceeded the rating of the 
glass carboys (10 psig). Each outlet from the 
two carboys was connected to its own check 
valve (Part #J-6468-80, Cole Palmer) and 
then to its own three-way connector (Part 
#OM-1003, Chrom Tech Inc., Apple Valley, 
MN) which served as a mixer. One three-way 
connector (M2, Fig. 2) mixed the effluent 
from the chromatograph (Varian 5000 Liqmd 
Chromatograph, Varran, Sunnyvale, CA) with 
the contents of carboy C2. The other connector 
(Ml, Fig. 2) permitted addition of reagent 
from carboy Cl to the liquid stream. A delay 
coil, which could be maintained at a fixed, 
constant temperature by means of a hot 
bath, could be inserted after the two rrux- 
ers. Teflon’@ tubing [catalog #6468-08, Cole 
Palmer; i.d., 0.79 mm (l/32 in.)] was used for all 
connections. 

A sample injection loop of 20 ~1 (Model 
#OO-997182-04, Varian) or 50 ~1 (Model #OO- 
997182-05, Vanan) volume was employed. All 
samples were injected onto the HPLC column 
manually using a lOO+l syringe (Model #OO- 
997074-04, Varian). 

Ion-exchange HPLC of a mixture of organic 
acids (butyric, formm, fumaric, oxalic, propi- 
onic, and tartarrc) dissolved in deionized water 
(Continental Water System Co., Austin, TX) 
was performed using an ORH-801 column 
(Interaction Chemicals, Mt. View, CA) packed 
with cation-exchange polymer m the hydrogen 

form. The 30-cm long by 6.5mm diameter 
column was maintained at 37” by means of a 
water jacket (Model # 9502, Alltech Associates) 
connected to a circulating water bath (Model 
Type MS, Lauda, Westbury, NY). A GC-801 
IonGuard@ guard column (Interaction Chemi- 
cals) was connected between the injector and the 
analytical column. Separation was performed 
using O.OlN nitric acid (ACS reagent grade, 
Fisher Scientific, Pittsburgh, PA) m HPLC- 
grade water (Fisher ~lentl~c) as the mobile 
phase at a flow rate of 0.8 ml/mm. 

Ion-exchange HPLC of a mixture of sugars 
(fructose, galactose, glucose, mannitol, raffi- 
nose, and sucrose) dissolved in deiomzed water 
was performed using a CHO-620 carbohydrate 
column (Interaction Chemicals) packed with a 
cation-exchange polymer m the Ca2+ form. The 
30-cm long by 6 5-mm diameter column was 
maintained at 90” by means of the same water 
Jacket and recirculatmg water bath employed m 
the separation of organic acids. A precolumn 
filter (Model #A-318, Upchurch Scientific, Oak 
Harbor, WA) and GC-620 IonGuard@ guard 
column (Interaction Chemicals) were placed 
between the inJector and the analytical 
column. Separation was performed using 
HPLC-grade water as the mobile phase at a flow 
rate of 0.5 ml/mm. 

FZA mode. In this arrangement, the separ- 
ation channel, consistmg of the injection port, 
HPLC column, and the mixer, M2, was re- 
moved, and a septum inJector (Part # OM-330 1, 
Chrom Tech Inc.) for sample introduction 
was interposed between the check valve, CV2, 
and the remaining three-way connector, Ml. 
Samples were inJected manually using either a 
25- or 250~~1 syringe (catalog #725SNR and 
# 702SN, Hamilton Co., Reno, NV). Both car- 
boys were pressurized as described previously, 
with flow for the carrier provided by pressur- 
ization of carboy C2. 

Process analysis mode. This arrangement was 
similar to the FIA mode, but the septum mjec- 
tor was not used, and the sample was introduced 
continuously from a carboy Carboy Cl m 
Fig, 2 was replaced by three, 2-litre carboys 
connected in parallel, which were used for the 
introduction of blank, sample, and analytical 
standard, as destred. The three carboys con- 
nected in parallel were pressunzed from a single 
nitrogen gas supply, and a four-way valve 
(Part #45-l 118, Rainin Instrument), which was 
located ahead of the check valve, CVl , was used 
to select the desired solution. 
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Sample pretreatment (K,CO,) solution was injected mto the flowing 

Determination of total inorganic carbon aqueous stream using a 250~~1 syringe and 

(TIC) required addition of hydrochloric acid converted to CO* on mixing with the flowing 

(Fisher Scientific) to the sample stream prior to hydrochloric acid stream. Dissolved COZ was 

purging, while organic acids and sugars required liberated from solution at the gas dispersion 

addition of sodium peroxydisulfate (Na,S,O, , tube and swept into the hydrogen/air flame by 

Sigma, St Louis, MO) and a catalyst. Silver the purge gas (HZ), where it was vibrationally 

nitrate (AgNO,, Thorn Smith Laboratories, excited and detected by the FIRE radiometer 

Beulah, MI), cupric sulfate (CuSO,, Mallinck- configured m the carbon mode (4.4 pm filter) 

rodt, Inc., St Louis, MO), and ferric chloride In these studies, location of the gas dispersion 

(FeCl,, EM Science, Gibbstown, NJ) were each tube with respect to the side arm of the cell 

evaluated as a catalyst m the peroxydisulfate [Fig. l(B)] did not prove to be critical For 

method. The effect of three different tempera- convenience, the tube was positioned adjacent 

tures on the peroxydisulfate reaction was exam- to the cell side arm, with the end of the Teflon@ 

ined by adjusting the temperature of the hot sample delivery tube close to, but not touching 

bath (Fig. 2) to 21, 59, and 89”. Four different the tip of the porous frit. 

lengths and inside diameters of the delay coil Cell performance was found to vary with frit 

were evaluated: 3.05 m (10 ft.) x 0.79 mm (l/32 porosity in the gas dispersion tube. Figure 3(A) 

in.), internal volume of 1.5 ml; 2.13 m (7 shows signals obtained by making replicate 

ft.) x 0.79 mm (l/32 in.), internal volume of 1.0 250~~1 mjections of 12.5mM K,C03 solution 

ml; 2.13 m (7 ft.) x 1.6 mm (l/16 in), internal and acidifying with 0.25M hydrochloric acid. 

volume of 4.3 ml; and 4 27 m (14 ft.) x 1.6 mm These results show that of the three frus tested, 

(l/16 in.), internal volume of 8.6 ml A delay coil the 10-20 pm frit gave the best performance m 

was not employed for TIC determinations. terms of peak height and average RSD (4-8 pm 
frrt: 35 mm + 3.3%, 10-20 pm frit: 43 

Reagents mm + 3.3%; 25-50 pm frit. 30 mm + 4.0%). As 

Stock solutions of K2C03 (Analytical Grade, 
a result, a frit porosity of 10-20 pm was em- 

J. T. Baker, Phillipsburg, NJ) were prepared by 
ployed m all further studies. 

drying primary standard K&O3 at 110” for 24 
The effect of hydrochloric acid concentration 

hr prior to dissolution m distilled, deionized 
was also studied. According to the pK, and pK, 

water. A 0.25M solution of hydrochloric acid 
was prepared by dilution of the concentrated 4-8v 1 O-20 pm 25-50 pm 

reagent using deionized water. Solutions of 
sodmm peroxydisulfate were prepared by dis- 
solving the solid reagent m deionized water. 
Solutions containing mixtures of organic acids 
and sugars were prepared by weighing and A 
dilution with deionized water. Organic acids, 
sugars, and all reagents not already specified y IOmin p 

were obtained from typical commercial sources 
and used without additional purification. 

RESULTS AND DISCUSSION 

Purge-cell performance 

-Y 5 mln I+- B 

The purge cell is the most critical component ,.,u!1 

of the sample mtroduction system, and the 0 9 mL mln-1 3 0 mL mm-1 5.3 mL mm-1 
design shown in Fig. 1 represents the best of 
several tested. The performance of this purge 

Rg 3. Peak profiles obtained wth the sample delivery 
system configured for flow mJtion analyas (A) Influence 

cell was evaluated using the FIA mode of of fnt porosity m the gas dlsperslon tube Injections of 250 

sample delivery. In this procedure, carboy Cl ~1 of 12.5mM K2C03 solution mixed urlth 0 25M HCl (acid 

was filled with a dilute solution of hydrochloric flow rate, 3.15 ml/mm) (B) Influence of HCl flow rate for 

acid, and carboy C2 was filled with deionized 
IO-20 pm fnt porosity InJectIons of 25 pl of 0 241M K,CO, 

water. An aliquot of standardized carbonate 
solution Delomzed water flow rate for (A) and (B), 5 30 

ml/mm 
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of carbonic acid (6 37 and 10.25, respectively) a 
final pH of less than 3.9 should be sufficient to 
convert all carbonate and bicarbonate m the 
sample mto dissolved carbon dioxide. For 
samples with a relatively low acid-neutrahzmg 
capacity, 0.25M hydrochloric acid was used. 
For samples with a higher acid-neutralizing 
capacity, the concentratton of hydrochlonc acid 
was adjusted accordmgly. 

The influence of acid flow rate on purging 
efficiency was also studied. Different flow rates 
of hydrochloric acid were obtained by using 
Teflon@ delivery tubes with different inside di- 
ameters and by adjusting the valve m the carboy 
cap. Figure 3(B) shows the mjection profiles 
obtained from replicate 25-~1 mjecttons of 
0.241 A4 potassmm carbonate solution followed 
by acidtfication with 0.25M hydrochloric acid. 
As can be seen from Fig. 3(B), if the flow rate 
of the hydrochlonc acid stream was too slow, 
purging efficiency was poor, and serious peak 
broadening and distortion were evident. In gen- 
eral, narrow, symmetric peaks were obtained as 
long as the hydrochlortc acid flow rate exceeded 
3 ml/min 

Because the purge gas (HJ also provided fuel 
for the hydrogen/air flame, selection of the 
purge gas flow rate was an important factor 
affecting flame stability, as well as purging 
efficiency For optimal system performance, a 
hydrogen flow rate of about 50-70 ml/mm was 
found to be satisfactory While higher flow rates 
produced stronger signals (as expected for a 
mass-flow rate detector), baseline fluctuations 
also increased Ultimately, the maximum hydro- 
gen flow rate that could be used was limited by 
the internal pressure produced withm the purge 
cell. If the flow rate produced an internal pres- 
sure much above one atmosphere, the spent 
liquid in the 8-mm Tygon@ dram loop was 
expelled, allowing the purge gases to escape. 

Because of the nature of the burner used, au- 
flow rates were not particularly critical. As 
found in previous studies,” air flow rates be- 
tween 100-200 ml/min produced satisfactory 
results. In general, both the hydrogen and air 
flow rates were adjusted to obtain optimal 
burner and purge-cell performance for each 
analytical application 

Compared with the purge cell used m pre- 
vious studies,2’-23 the new cell design (Fig. 1) 
offers several advantages. Since the internal free 
volume of the cell (internal cavity volume minus 
the volume of the gas dispersion tube) was less 
than 2 ml, flushing of the purged analyte into 

the flame was quite rapid, purge-cell clean-out 
problems were virtually eliminated, and peaks 
were sharp with minimal tailing [Fig. 3(A)] 
Since the new cell design contmuously drained 
the spent analytical solutton, cell disconnection 
and cleaning between samples were unneces- 
sary. Therefore, the extra valves and reference 
purge cell required m the previous purge sys- 
tem2’-23 could be eliminated, and the total analy- 
sis time for a large number of samples was 
considerably shortened. Figure 3(A) shows that 
samples could be reproducibly injected at a rate 
of approximately 60/hr, compared with 10-20 
samples/hr usmg the old purge system.2’-23 

Total inorganic carbon 

Total inorganic carbon (TIC) m water is 
defined as the sum of all dissolved carbonates, 
bicarbonates and carbon dioxide present in the 
sample.29 Because the level of TIC affects the 
pH and mineral content of the water, the 
measurement of TIC is important m many 
environmental and industrial areas including 
oceanography,30 water resource management,3’ 
and water/wastewater treatment.32 

Total morgamc carbon m water is typically 
determined indirectly from alkalinity titrations 
and a knowledge of the imttal pH of the 
sample. 29 This indirect procedure depends on 
two measurements and can produce errors when 
the sample contams significant, but unsuspected 
levels of noncarbonate bases that increase the 
acid-neutralizing capacity of the water sample 
In contrast to alkahmty measurements, FIRE 
spectrometry has been shown to offer a sensi- 
tive, reproducible, accurate, and direct means of 
determining TIC, with few interferences.” In 
this earlier FIRE method, demountable purge 
tubes, requuing disconnection and cleaning be- 
tween samples, were employed To demonstrate 
the versatthty of the new sample introduction 
system, TIC m samples of Waco tap water was 
determined by FIRE spectrometry using both 
the process analysis and FIA modes of continu- 
ous sample delivery 

FIA mode. In the FIA application, carboy C2 
(Fig. 2) contained deionized water, and carboy 
Cl contained 0.25iU hydrochloric acid Using 
this experimental configuration, a series of five 
replicate, 250 @injections of each of five stan- 
dard potassmm carbonate solutions was made, 
and the results are shown m Fig. 4(A). As 
can be seen from these recorder tracings, base- 
line stability was quite good, and replicate mjec- 
tions could be made with high precision (2.4% 
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5 switched between blank, sample and standard. 
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Fig 4 Peak profiles obtained Hrlth the sample dehvery 
system configured for (A) flow mjectlon analysis and (B) 
process analysis (A) InJections of 250 ~1 of (1) 3 12mM, (2) 
6 25mM, (3) 12 5mM, (4) 25 OmM, and (5) 5OmM K,CO, 
solution, and (T) Waco tap water, each mixed wth 0 25M 
HCl Flow rates delomzed water, 5 34 ml/mm, HCl, 3 59 
ml/mm (B) Signal obtained for contmuous delivery of(D) 
daomzed water, (T) Waco tap water, and (2) 6 25mM 
K&O, solution, each mixed Hrlth 0 25M HCl Flow rates 
daomzed water plus HCl, 8.42 ml/mm, Waco tap water plus 
HCI, 7 38 ml/mm, K,CO, solution plus HCl, 7 94 ml/mm 

average RSD for a single measurement) over the 
time period required for the analysis. Using this 
same data, a plot of average peak height vs. 
potassium carbonate concentration gave a 
highly linear calibration curve with a correlation 
coefficient of 0.99990. From this calibration 
curve, the TIC of a sample of Waco tap water 
was estimated from the five replicate inlections, 
T, shown in Fig. 4(A) as equivalent to 3.1 & 
0.3mM potassium carbonate, a value which 
compares well with the TIC levels (2-4mM 
potassium carbonate) typical of the natural 
waters making up the municipal water s~pply.~* 

Process analysis mode. In this application, 
carboy Cl (Fig. 2) was replaced with three 
carboys, connected m parallel, which contained 
either deionized water [the blank, D in Fig. 
4(B)], Waco municipal water [the sample, T m 
Fig. 4(B)], or a 6.25mM solution of potassium 
carbonate [the standard, 2 m Fig. 4(B)]. Carboy 
C2 (Fig. 2) contained 0.25M hydrochloric acid. 
Figure 4(B) shows the excellent reproducibility 
of the signal obtained using the FIRE radiome- 
ter when the four-way valve was repeatedly 

On the basis of a single-standard calibration 
curve, constructed from the results shown m 
Fig. 4(B), the TIC of a sample of domestic water 
(taken on a different day) was esttmated as 
equivalent to 2.4 + 0. 1mM potassium carbon- 
ate. The difference between the TIC values 
obtained from Fig. 4(A) and Fig. 4(B) undoubt- 
edly reflects a number of factors including the 
natural vanation m water quality and the differ- 
ence between a single- and multi-point cali- 
bration procedure It should also be noted that 
m the process analysis mode, small differences m 
solution flow rate from the three carboys (blank, 
sample, and standard) were sometimes ob- 
served, even though the carboys were all pres- 
surized from the same nitrogen cylinder. Since 
the rate of solution flow mto the purge cell 
determines the magnitude of the signal, solution 
flow rate from these three carboys must be 
controlled as precisely as possible for good 
quantitative work 

Nonvolatde orgamcs 

The measurement of TIC by FIRE spec- 
trometry 1s made possible by the actdtficatton 
step that converts non-volatile carbonates and 
bicarbonates to dissolved carbon dioxide, which 
can be readily purged from solution and excited 
m the FIRE source. 22 Nonvolatile organics in 
aqueous solution can, m prmctple, also be con- 
verted to carbon dioxide by chemical reaction 
prior to the purge step, if a suitable oxtdtzing 
agent can be found Sodium peroxydisulfate, 
one of the strongest chemical oxtdizmg 
agents known [E’&$Oi-/SO:-) = +2.010 V; 
E”,,(S,O~-/HSO,) = + 2.123 VJ33 was selected 
for this initial study, despite the fact that reac- 
tions mvolvmg this species are typically slow at 
room temperature and generally require a cata- 
lyst M Blver(1) and copper(I1) are among the 
catalysts that have been investigated most ex- 
tensively,34 although peroxydisulfate reactions 
employmg iron(II1) chloride have also been 
reported. 3s In the silver catalyzed reaction, per- 
oxydtsulfate is thought to react with Ag+ to 
form a higher valent silver species (Ag’+, or 
possibly even Ag3+), which subsequently oxt- 
dizes the substrate. s4 In the copper catalyzed 
reaction, the active oxidizing species 1s believed 
to be copper(III).” 

The FIA mode of sample delivery was used to 
determine the best concentrations of sodium 
peroxydisulfate (carboy C2, Fig. 2) and catalyst 
(carboy Cl) for the FIRE procedure. Of the 
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three metal salts investigated, silver nitrate 
was found to be the best catalyst for this 
application. In neutral media, cupric sulphate 
was an effective alternative to silver nitrate, 
especially under conditions in which silver 
formed an msoluble precipitate. In acid media 
(O.OlN sulphuric acid), however, cupric sulphate 
appeared to lose much of its catalytic activity 
and was ineffective in promoting the oxidation 
of acetic, propionic, or butyric acids under the 
conditions employed in this study. Iron(III) 
chloride did not appear to exhibit any catalytic 
activity under the reaction conditions tested. 

The effectiveness of sodium peroxydisulfate 
over a concentration range of OS-5% was also 
investigated. Peroxydisulfate concentrations 
greater than 2% caused the reaction to become 
so vigorous that considerable foaming of the 
liquid in the purge cell was produced. If the 
reaction occurred too rapidly, solution was 
forced out of the purge cell and into the Teflon@’ 
tube leading to the burner. This produced an 
unstable baseline and, in some cases, the flame 
was completely extinguished. At lower peroxy- 
disulfate concentrations, the reaction proceeded 
more slowly, but a stable baseline could be 
obtained. A 1% sodium peroxydisulfate concen- 
tration was found to produce a reasonably rapid 
reaction, without excessive foaming, and rep- 
resented a good compromise. 

Y LAM et al 

Concentrations of silver nitrate catalyst in the 
range from 0.L10% were also examined. At high 
silver concentrations, excessive foaming in the 
purge cell was observed. A 0.25% silver nitrate 
solution was found to produce a reasonably 
rapid reaction rate, as well as a stable baseline, 
and was used for most peroxydisulfate reactions. 

The peroxydisulfate reaction could also be 
accelerated by heating, and three different delay 
coil temperatures (Fig. 2) were mvestigated (21, 
59 and 89”). At a bath temperature of 89”, the 
formation of bubbles could be observed m the 
delay coil as a result of substrate oxidation. 
Below 89”, no visible evidence of oxidation was 
observed. 

Aqueous solutions of non-volatile organic 
acids, and mono- and disaccharides were used to 
test the peroxydisulfate pretreatment procedure 
The FIA mode of sample delivery was employed 
with carboy Cl containing a 0.25% silver nitrate 
solution, carboy C2 containing a 1% sodnmr 
peroxydisulfate solution, the hot bath mam- 
tained at 89”, and a total liquid flow rate of 
10 ml/mm. Samples contammg individual com- 
pounds were mjected sequentially mto the 
flowing reagent stream using a 25-~1 syringe. 
Figures 5(A) and (B) show the results obtained 
for the orgamc acids and the mono- and disac- 
charides, respectively. In both recordmgs, excel- 
lent baseline stability and peak shape are evident. 

11 12 

B 6 

I 7 

Ftg 5. Peak protiles obtained for aqueous solutions of (A) carboxyhc actds and (B) sugars, wtth the sample 
dehvery system conftgured for flow mJectton analysts Interface condtttons 1% sodmm peroxydtsulfate 
solutton, 0 25% AgNO, soluhon; total hqmd flow rate, 10 ml/mm; delay cod, 3 05 m x 0 79 mm, water 
bath, 89”. Quantities injected. (1) 1 ~1, 100% fornuc and, (2) 5 ~1, 2 0% mahc actd, (3) 10 ~1, 2 0% mahc 
acid; (4) 10 ~1, 1 8% cttrtc actd (5) 5 $,0.34M acehc actd; (6) 1 ~1, 100% proptomc acid, (7) 1~1, 100% 
butyrtc actd, (8) 10 ~1,2 0% glucose; (9) 10 ~1, 1 8% galactose, (10) 10 pl, 1 5% maltose, (11) 10 ~1, 1 0% 

sucrose, (12) 10 ~1, 1 5% fructose. 
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Table 1 gives the FIRE signal (peak height) 
obtained per mole of carbon injected into the 
sample dehvery system. For the 11 compounds 
studied m this expertment, these values are fairly 
similar and range from a low of 1.8 x lo6 
mm/mob C for butyric acid to a high of 
5.0 x lo6 mm/mole C for acetic actd. An analy- 
sis of the numbers m Table 1 suggests that the 
extent of peroxydisulfate oxidation of the four 
aliphattc acids is a function of the chain length 
of the acid, with the two-carbon chain (acetic 
acid) giving the best results. Malic acid (a 
four-carbon, dicarboxylic acid) and citric acid (a 
six-carbon, tricarboxylic acid) may give a better 
response than butync acid because the extra 
fictional groups already make these molecules 
more highly oxidized 

Table 1 suggests that the variation m signal 
per mole of carbon reflects differences in the 
kinetics of the oxidation process rather than 
the~odynamic factors, w&h conversion of ana- 
lyte to carbon dioxide probably limited by the 
relatively short reaction time employed in the 
experiment. In this application, a 3.05 m (10 
ft.) x 0.79 mm (l/32 m.) delay coil, having an 
internal volume of 1 5 ml, was selected to avoid 
excessive peak broadening. For a total reagent 
flow rate of about 10 ml/min and a heating coil 
volume of about 1.5 ml, the sample remains m 
the heatmg coil for only about 9 see before 
entering the purge cell. If the extent of oxidation 
is governed by kmetics, the heating coil should 
be made as long as possible to ensure complete 
oxidation of the organic analyte. For process 
stream applications where the concentration of 
orgamc analyte may not vary dramatically with 
time and mixmg of adjacent solution volumes is 
not a problem, very long coil lengths or stop 

flow techniques could be used to extend the 
reaction time of the sample. 

HPLC mode 

The generation of purgeable carbon dioxide 
by the oxidation of organic acids and sugars m 
a flowing liqmd stream (Table 1) suggested that 
peroxydisulfate/Ag + pretreatment might be 
useful in the development of an improved FIRE 
detector for HPLC. Such a detector would be 
especially useful in applications involvmg the 
separation of nonvolatile organic compounds 
that do not have a convemently accessible UV 
chromophore and are present at concentrations 
where changes in refractive index are small. 
Ion-exchange HPLC with an aqueous mobile 
phase was selected to avoid the large back- 
ground associated with the oxidation of an 
organic mobile phase. 

Figure 6(A) shows the chromatogram ob- 
tained for a 50-~1 injection of an aqueous 
mixture of six sugars, separated on an ion-ex- 
change column m the Ca2+ form. In this appli- 
cation, a 1% solution of peroxydtsulfate was 
pumped from carboy C2 (Fig. 2) at a flow rate 
of 4.5 ml/min, and a 0.25% solution of silver 
nitrate catalyst was pumped from carboy Cl at 
3.4 ml/min. The flow rate of the mobile phase 
(HPLC-grade water) through the ton exchange 
column was maintained at 0.5 ml/min. A 2 13 m 
(7 ft.) x 1.6 mm (l/16 in.) delay ~011, havmg an 
internal volume of 4.3 ml, was immersed m a 
water bath at a temperature of 89”. 

Figure 6(B) show the chromato~~ obtained 
for a 5O-fil injection of an aqueous mixture of 
six organic acids, separated on a column packed 
with cation-exchange polymer m the hydrogen 
form. In this application, a 1% solution of 

Table 1 FIRE response (4.4 pm filter) usmg peroxydlsulfate/Ag’ 
metreatment 

Formula Signal/mole, 
weight,* C mqected, peak he&t, C, mm/mole 

Compound g/mole mole x 106 mm C x 1o-6 

Formic acid 46.0 260 88 5 33 
Acetic acid 600 34 170 50 
Proplomc acid 74 1 
Butync aud 88 1 

ii.8 870 22 
770 18 

Mahc and I34 1 30 110 37 
Cltnc acid 192.1 56 20 5 36 
Fructose 1802 50 16 5 33 
Glucose? 198.2 6.1 170 28 
Galactoset 1982 55 23 0 42 
Sucrose 3423 170 48 
Maltose? 3603 210 42 

*Ref 36 
TMonohydrate 



876 CHRISTOPHER K Y LAM et al 

+i 1Omr-i P+ 

Ftg 6 Peak profiles obtamed for an aqueous mixture of (A) 
sugars and (B) carboxyhc acids with the sample delivery 
system configured for Ion-exchange high-performance hqmd 
chromatography Sugars separated on a CHO-620 Carbo- 
hydrate column, mobile phase, HPLC-grade water, flow 
rate, 0 5 ml/mm through the column, column temperature, 
go”, 50-~1 mjectlon Interface condltlons 1% sodmm perox- 
ydrsulfate solution, 4 5 ml/mm, 0 25% AgNO, solution, 3 4 
ml/mm, delay cod, 2 13 m x 1 6 mm, water bath, 89 
Carboxyhc acids separated on an ORH-801 Organic Acid 
column, mobile phase, 0 01 N HNO,, flow rate, 0 8 ml/mm 
through the column, column temperature, 35”, 50-~1 mjec- 
fion Interface condltlons 1% sodium peroxydlsulfate solu- 
tlon, 4 5 ml/mm, 0 25% AgNO, solution, 5 7 ml/mm, delay 
cod, 3 05 m x 0 79 mm, water bath, 89” Quantltles injected 
(l)( 96 pg raffinose, (2) 137 pg sucrose, (3) 122 pg glucose, 
(4) 117 pg galactose, (5) 120 pg fructose, (6) 122 fig 
manmtol, (7) 273 pg oxalic acid, (8) 290 pg tartanc aad, (9) 
180 pg formtc acid, (10) 185 pg fumanc acid, (11) 165 pg 

proplomc acid, (12) 79 pg butyrlc acid 

sodium peroxydisulfate was pumped from car- 
boy C2 at 4.5 ml/min, and a 0.25% silver mtrate 
solution was pumped from carboy Cl at 5.7 
ml/min. The flow rate of the mobile phase 

(O.OlN mtnc acid) through the ion exchange 
column was maintained at 0.8 ml/min. A 3.05 m 
(10 ft.) x 0.79 mm (l/32 in.) delay coil, having 
an internal volume of 1.5 ml, was immersed in 
a water bath at a temperature of 89”. 

Figure 6 demonstrates that the FIRE-HPLC 
detector has good basehne stability and re- 
sponds rapidly enough to follow the analytes as 
they elute from the column At the solution flow 
rates used, the carboxylic acids remained m the 
heated delay coil for only about 8 set and the 
sugars for only about 30 sec. In the case of the 
sugars, a smaller diameter (l/32 in ) delay coil 
resulted m such a short residence time in the 
heating bath that the signals decreased signifi- 
cantly The dependence of signal on residence 
time m the bath suggests that the extent of the 
reaction is controlled by the kinetics of the 
peroxydisulfate oxidation. A more detailed 
study of the parameters affecting the peroxy- 
disulfate oxidation of organic analytes with the 
new purge system is currently underway m this 
laboratory. 

While the HPLC column represents the major 
source of chromatographtc band broadening 
when a UV- or RI detector IS employed,37 band 
broadening m the FIRE-HPLC chromatogram 
can also be caused by mtxmg with the peroxy- 
dtsulfate and silver nitrate soluttons, as well as 
by flow of the chromatographtc effluent through 
the delay cot1 and other components which 
make up the FIRE-HPLC interface. In order to 
estimate the relative importance of these ad- 
ditional sources of band broadening, the band 
variances, 0’, resulting from different com- 
ponents m the HPLC-FIRE interface were estt- 
mated (Table 2) from the baseline widths, W, of 

Table 2 Approximate contnbutlons of FIRE-HPLC components to band broadenmg 

FIRE-HPLC components 

(1) Flow, two mlxmgs* 
(2) Flow, two mmngs, delay coll$ 
(3) Delay coil$ 
(4) Flow, two mmngs, delay cod, 

HPLC column, connectmg 
tubmgll 

(5) HPLC column, connecting 
tubmg# 

(6) HPLC column, RI detector** 

Measured Standard Band 
basehne band devlatlon, o, vanance, a2, 
width, W, set SK seti 

412 10t 100 
552 14t 190 
- 95 905 

6711 17t 290 

- 10 lOO# 

30** 7 5t 56 

*From peaks numbered 5, Rg 4A 
tcalculated from (r = W/4, assuming Gaussian profile Ref 37 
IFrom peak 6, Rg 5A 3 05 m x 0 79 mm delay cod 
#Calculated from g: = us + uy, where subscripts refer to row numbers 
[IFrom peak 11, Fig. 6B 3 05 m x 0 79 mm delay cod 
#This data Calculated from a: = u: + a:. where subscrlpts refer to row numbers 
**Manufacturer’s data RI detector Ref 38 
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several FIRE peaks assuming a Gaussian band 
shape.37 

The band variance resulting from mixing 
with two reagents and flow through the 
HPLC-FIRE interface m the absence of both 
the delay coil and HPLC column (Table 2, row 
1) was estimated from the FIRE response for 
injections of 50mM potassium carbonate solu- 
tion [peaks 5, Fig. 4(A)]. In this experiment, the 
HPLC column and its connecting tubing had 
been removed, and injections were made manu- 
ally through a septum located at M2 in Fig. 2. 
No delay coil was employed, but mixing oc- 
curred with the carrier (distilled water) from 
carboy C2 and with 0.25M hydrochloric acid 
introduced from carboy C 1. 

Peak 6 in Fig. 5 was used to estimate the band 
variance resulting from mixing with two re- 
agents and flow through the HPLC-FIRE inter- 
face with the delay coil in place (Table 2, row 2). 
In this experiment, a l-p1 injection of 100% 
propionic acid was made manually through the 
septum injector. Mixing occurred with peroxy- 
disulfate solution from carboy C2 and silver 
nitrate solution from carboy Cl. A 3.05 
m x 0.79 mm delay coil was used to promote the 
formation of carbon dioxide. Once this variance 
had been determined, band broadening due to 
the delay coil alone (Table 2, row 3) could be 
estimated by subtracting the band variance m 
row 1 from that in row 2. 

Peak 11 in Fig. 6(B) (propionic acid) was used 
to estimate the total band variance for the 
complete HPLC-FIRE detector (Table 2, row 
4). In this experiment, a mixture containing 
several organic acids was chromatographed 
on an ORH-801 Organic Acid column under 
conditions essentially identical to those rec- 
ommended by the manufacturer.38 Mixing oc- 
curred with peroxydisulfate solution from 
carboy C2 and silver nitrate solution from car- 
boy Cl A 3.05 m x 0.79 mm delay coil was used 
to promote the formation of COZ. Once the 
total variance had been determined, band 
broadening due to the HPLC column and the 
tubing which connected it to the multi-port 
valve M2, could be estimated (Table 2, row 5) 
by subtracting the variance m row 2 from that 
in row 4. 

A comparison of the results m Table 2 indi- 
cates that band broadening m the complete 
FIRE-HPLC detector [including the column 
and delay coil (290 sec2, row 4)], is nearly three 
times that resulting from the HPLC column and 
its connecting tubing alone (100 seti, row 5). 

Approximately half of the additional broaden- 
ing results from the delay coil (90 sec2, row 3) 
and approximately half from reagent mixing 
and flow through the remainder of the interface 
(100 sec2, row 1). The band variance calculated 
indirectly for the HPLC column (our data, 100 
sec2, row 5) is reasonable when compared to the 
band variance estimated from the manufac- 
turer’s literature3* for propiomc acid under 
nearly the same chromatographic conditions (56 
set’, row 6). [Some of the difference between 
these two values undoubtedly reflects the ad- 
ditional tubing required to connect the HPLC 
column to valve M2 (Fig. 2), as well as errors m 
estimating the variance in row 5 due to small 
differences in liquid flow rate for rows 1, 2 and 
4.1 The approximate agreement between the 
variances in rows 5 and 6 provides some verifi- 
cations of the calculational procedure. These 
calculations have also suggested several design 
modifications for the FIRE-HPLC interface, 
which are currently being implemented in this 
laboratory. 

CONCLUSIONS 

A new liquid sampling system which employs 
a specially designed purge cell is described for 
use in continuous-flow FIRE spectrometry. The 
new analytical system represents a major im- 
provement over the discrete-sampling purge sys- 
tem used m previous studies.2’-23 The small 
internal volume of the new cell promotes rapid 
flushing of the purge analyte into the flame, 
thereby minimizmg problems associated with 
purge cell clean-out and resultmg m sharp, 
reproducible signals. Spent analytical solution is 
continuously dramed from the cell. Since cell 
disconnection and cleaning between samples is 
no longer necessary, total analysis time for a 
large number of similar samples is considerably 
reduced. 

The new purge cell is highly versatile and was 
successfully tested m both a process analysis- 
and a flow injection analysis mode for the 
determination of TIC in Waco tap water. Other 
samples which have proven amenable to FIRE 
spectrometry using the new purge cell include 
carbonated beverages, bleaches, and volatile 
organic compounds (VOCs).” Some of these 
applications” employed a simple, single-channel 
FIRE photometer configured in the chlorine 
mode’ (3.8~pm bandpass filter). 

In this study, flame infrared-emission spec- 
trometry was successfully extended to non- 
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volatile organic compounds, using chemical pre- 15 
treatment with peroxydisulfate in the presence 
of silver ion to convert the analyte to carbon 

,6 

dioxide, prior to purging and detection by the 
FIRE radiometer. Pretreatment of six organic 17 
acids and five sugars with peroxydisulfate and 
silver ion at 89” for approximately 9 set gave l8 
results which indicated that all 11 compounds l9 
were oxidized to nearly the same extent. 20 

Chemical pretreatment avoids the introduc- 
tion of large amounts of unwanted sample 21 
matrix mto the flame, thereby minimizing di- 
lution of analyte in the excitation source and 

22 
23 

reducing flame background noise. When pre- 
treatment with peroxydisulfate and silver ion 24 

was applied to aqueous solutions of organic 
acids and sugars eluting from a liquid chro- 
matograph, the FIRE radiometer could be used 25 
as a convenient detection system for ion- 26 
exchange HPLC. 
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Sununary-A vanable-size simplex procedure was used to optlmlze the overall response of a simultaneous 
multi-element flame atomic absorption spectrometer Seven factors (air to fuel ratio, slit width, he@ 
above the burner head, and four hollow cathode lamp currents) were optmuzed for copper, iron, 
manganese, and zmc atormc absorptton A umvanate search procedure was used to determme the effect 
of mdlvldual factors on response The results of the optimization showed that a compnse set of operatmg 
condltlons must be used when performmg multi-element determmatlons The atonuc absorption senslhvlty 
of the multi-clement determination as compared to single-element determination was reduced by a factor 
of no more than two 

Convention flame or furnace atomic absorp- 
tion spectrometry (AAS) has generally been 
considered to be a angle-element technique. 
In the last decade, multi-element systems using 
sequential or simultaneous techniques,‘v2 includ- 
ing contmuum sources3 and lasers,4 have been 
developed. Simultaneous multi-element AAS 
studies require that a single set of operating 
conditions, such as flame type, hollow cathode 
lamp current, and slit width be used for analysis. 
For optimum performance, a compromise 
in operating conditions between those of a 
single-element determination to a multi-element 
determination must be employed. 

Univanate searches, which vary one factor 
at a time while holding other factors constant, 
have been used to optimize operating con- 
ditions. A drawback to this approach is that it 
does not take into account interactions between 
the factors being varied, and requires many 
experiments to optimize conditions. Another 
techmque employed for system optimization is 
the “simplex” method A simplex is a geometric 
figure that has a number of vertexes equal to one 
more than the number of dimensions in the 

*Presented, m part, at FACSS XIX Phdadelphla, PA, 
U S A, 2&25 September 1992 

tAuthor for correspondence 

factor space: for example, a three-dimensional 
simplex is a tetrahedron.5 Each variable being 
studied m the optimization process will add 
one dimension to the simplex. The simplex 
rapidly attains an experimental optimum guided 
by calculations and decisions that are rigidly 
specified.6 The sequential simplex method as 
introduced by Spendley et al.,’ uses a multi- 
factor, empirical strategy for optimizing exper- 
imental conditions. 

Optimization of experimental factors in 
atomic absorption spectrometry was studied by 
Parker et al.,’ and also by Borszeki et al? They 
showed that by changing experimental factors, 
such as fuel and oxidant flow rates and burner 
height, the overall system response could be 
improved for a single element. Michel et al.,” 
and Sneddon” performed simplex optimization 
of experimental factors for microwave elec- 
trodeless discharge lamps. Johnson et al.,” used 
a simplex in the computer controlled study of 
pulsed hollow cathode lamps. 

In this paper, a sequential simplex has been 
used to optimize the operating conditions for 
a multi-element measurement of copper, zinc, 
manganese, and iron using flame atomic absorp- 
tion spectrometry. The factors that were varied 
include the slit width, hollow cathode lamp 
currents of each element, air to fuel ratio, and 
height above the burner head. 

879 
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EXPERIMENTAL 

A Smith-Hieftje 8000 atomic absorption 
spectrometer (Therm0 Jarrell Ash, Franklin, 
MA, U.S.A.) was used with an air/a~tyl~e 
flame. The instrument was operated in the 
simultaneous mode which allows for ana- 
lys~s of up to four elements at a time. The 
system uses a galvanometer driven grating m 
its monochromator A galvanometer driven 
mirror is used to select lamps. This mechanism 
allows the Instrument to scan the full spec- 
trum (1~800 nm) m 20 milliseconds. Visimax 
II hollow cathode lamps were used. Measure- 
ments were performed with no background 
correction. Wavelengths for the four elements 
used we= 279.5 nm (manganese), 248.3 nm 
(iron), 324.7 nm (copper) and 213.9 nm 
(zinc). 

Preparutlo~ of the standard 

A standard solution contammg 0.5 pg/ml 
zinc, 3.0 yg/ml copper, 4 0 pg/ml iron, and 2.5 
pgfml manganese was prepared from 1000 
pgfml certified atomic absorption solutions of 
zinc, copper, iron and manganese (Fisher Scien- 
tific Co, New Jersey). Concentrations were cho- 
sen by pre~~nary expe~men~tlon so that the 
signal generated was between 0.2 and 0.3 
absorbance units and were based on previously 
established calibration curves which showed 
the approximate linear working range for each 
of the individual elements. Distilled/deiomzed 
water was used for making dilutions. 

Procedure for the simplex 

The simplex rules used m this study are 
based on the modified simplex introduced by 
Nelder and Mead.13 These rules allow the 
simplex to expand in regions of favorable re- 
sponse and contract in regions of unfavorable 
response. An IBM”“-compatible 286 computer 
was used for all calculations. A program was 
mcorporated into Quattro Pro 3.0 Borland to 
calculate the reflection, expansion, and contrac- 
tion points. Boundary conditions for the sim- 
plex were based on the operating limits of the 
instrument (e.g., height above the burner head 
could not be below zero). If a new vertex 
contained an mstrumentaf parameter which 
was beyond the boundary hmits, or if the 
absorbance for any individual element was less 
than 0.1 absorbance units, a response of - 1 
was assigned. 

The experimental factors include the air to 
fuel ratio, the height above the burner head, the 
slit width, and the hollow cathode lamp currents 
for each of the four elements (Mn, Cu, Zn 
and Fe). The system was auto-zeroed prior to 
each analysis. Four repeats were performed for 
each set of instrumental factors. The response 
at each vertex was taken to be the sum of the 
absorbance readings for each of the four 
elements. The best, next-to-worst and worst 
responses were ranked for each simplex move. 
The worst response was discarded in the next 
simplex move while a new calculated vertex was 
added (either a reflection, expansion or contrac- 
tion) This procedure was continued until the 
overall response of the vertices varied by less 
than the experimental deviation. 

Univariate experiment 

Once the region of optimum response was 
found, a univariate search was conducted over 
a wide range of values for each instrumental 
factor. All factors were held constant at their 
simplex optimum value except for the factor of 
mterest. Four repeats of each standard were 
conducted at the factor of interest. A sample 
uptake rate was maintained at 3 ml/min 
throughout the experiment. 

RESULTS AND DISCUSSION 

Simplex optimization 

The simplex experiment was used to achieve 
the maximum overall absorbance for a simul- 
taneous determination of the four elements 
listed above. The factors chosen each affect the 
overall absorbance of the system. The simplex 
was halted after 22 vertexes. Figure 1 shows 
improvement in overall response as the simplex 
increased. The coordmates for the final accepted 
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Optlmmatlon of a simultaneous mulkkment atormc absorption spectrometer 

Table 1. Optmmm operating condltlons for mulh- 
element flame AAS measurement of Cu, Fe, Mn and 
Zn obtamed by simplex and muvanate expenments 

Operating parameters 
Simplex Umvanate 

optimum optimum 

kr/Fuel ratio (SCFH) 

Sht width (nm) 
Burner he@ (mm) 
Copper lamp (mA) 
Iron lamp @A) 
Manganese lamp (mA) 
Zmc lamp @A) 

2 53-3 1 1.9-2.11 
2 92-3 45 

8.E4 
04 

80-134 
20-30 20-55 
5.0-5 5 5 5-9 0 
4 8-5.2 39-60 
20-31 1.5-3.4 

vertex (number 21), which produced the highest 
overall response, were taken as the optimum 
instrumental operating conditions. The eight 
initial vertices were based on the acceptable 
operating conditions for single element analysis. 
As such, the optimum response was achieved 
relatively qmckly. Table 1 lists the results of 
optimum values which the simplex and uni- 
variate experiments obtained for each of the 
seven factors studied. Univariate expenments 
for each factor, in the region of the optimum, 
assisted in venfying that the optimum lay near 
the simplex value. 

An to fuel ratio optimization 

The optimum values for the air to fuel ratio 
are listed in Table 1. Figure 2 illustrates the 
results of the univariate search for optimum air 
to fuel ratio. A univariate search was conducted 
to find the region of highest overall absorbance 
and the region for the maximum absorbance of 
the individual elements. There are two regions 
of optimum absorbance, the first at 3.16: 1 
and the second at 2 : 1. The two different 
regions of optimum occur due to the variation 
in absorbances for the individual elements. 
Copper, zinc and manganese have higher 
absorbances when the flame is fuel rich (lower 
air to fuel ratio). Iron, however, has a higher 
absorbance when the flame 1s fuel lean. 
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Height above the burner head optrmrzation 

Figure 3 shows the results of the univariate 
search for absorbance vs. height above the 
burner head. The height, given in mm, is the 
height from the tip of the burner head to the 
center of the hollow cathode lamp light. A 
maximum total absorbance was found at a 
height of 9.8 mm. Maximum absorbances for 
the individual elements occurred at slightly 
different heights above the burner head. 
No attempt was made to investigate potential 
interferences between elements which may have 
resulted as the height above the burner head was 
changed. 

Slit-width and hollow cathode lamp current 
optimization 

Five possible values of the slit width 
were available for the optimization: 0.08 nm, 
0.15 nm, 0.4 nm, 1.0 nm and 2.0 mn. The 
simplex converged rapidly to the 0.4-nm slit 
width. At a slit width of 0.08 nm, insufficient 
light from the hollow cathode lamp reached the 
detector. While at the larger slit widths of 1 nm 
and 2 nm, the photomultiplier tube (PMT) used 
for iron became saturated with light. For the 
optimization of copper in a single element 
determination, a slit width of 1 nm is preferred. 
In the multi-element situation, however, this 
was not possible due to saturation of the PMT. 
These results again show that a compromise 
in operating conditions 1s required for multl- 
element determinations. 

The range of optimum hollow cathode lamp 
currents 1s given m Table 1. Absorbances over 
the range of each of the lamp currents vaned 
by less than 15%. Preferred lamp currents for 
individual element determinations did not vary 
from those of the multi-element determinations. 
The results for the single element determination 
are in agreement with those of Parker et al.,’ 
who demonstrated that changing the lamp 
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Table 2. Companson of atonuc absorption sensl- 
tivlty for single element determmatlon us multi- 

element llame AAS determmatlon 

Sensihvlty for Senslhvlty for 
single element multielement 

Element pg/ml p g/ml 

Copper 0065 0 085 
Iron 008 0 167 
Manganese 004 0 055 
Zinc 0 015 0016 

current for calcium did not cause a statistically 
significant difference upon response. 

Atomic absorption sensitivity 

The atomic absorption sensitivity, defined as 
the concentration or mass which yields 1% 
absorption of A = 0.004414 was determined for 
each element individually and for the multi- 
element solution. Operating factors for the indi- 
vidual elements were determined from simplex 
optimization and univariate searches. For the 
multi-element standard, the instrumental par- 
ameters attained from the best response in the 
final simplex worksheet were used. Table 2 lists 
the atomic absorption sensitivities for the indi- 
vidual elements as compared to the multi- 
element case. In each case, the multi-element 
determmation showed reduced sensitivity. 
Sensitivity was not decreased by more than a 
factor of two for any of the elements. The 
reduced sensitivity for iron in the multi-element 
analysis was caused by the use of an air to 
fuel ratio which was optimum for the other 
elements but which was not the optimum ratio 
for iron. 

CONCLUSION 

Multi-element atomic absorption requires 
a compromise in operating conditions from 
those of a single element determination. The 

modified simplex algorithm allows for rapid 
optimization of multi-element atomic absorp- 
tion spectrometry. Once the optimum region 
has been attained, univariate searches can be 
used to verify that the simplex values are in 
the region of true optimum. Urnvariate searches 
can also provide some information about the 
effect of different operating conditions on single 
elements being analysed in a multi-element 
analysis. Using simplex optimized operating 
conditions, it can be seen that sensitivity is only 
slightly less for multi-element determinations 
for the elements used m this study 
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RESIN PHASE SPECTROPHOTOMETRY OF BERYLLIUM 
BY AN OPTICAL FIBER AND BERYLLON II 
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Department of Chenustry, Lanzhou Umverslty, Lanzhou, 730000, People’s Repubbc of Chma 

(1pecetved 3 June I991 ikxsed 20 June 1991 Accepted 10 October 1992) 

Summary-We have deveioped a resm phase spectrophotometnc method to determme the amount of 
berylbum by detectmg a change m absorbance of the resin phase 8-Hydroxynaphthalene-3,6-dlsulphomc 
acid-(l-azo-2’)-l’,S’-dlhydroxynaphthalene-3’,6’-Qsulphonlc acid tetrasodmm salt (bcryllon II) mmo- 

hhzed by a strong base amon-exchange resin on the end of a hfurcated optical fiber bundle was chosen 
as a matenal sens~hve to berylimm Expenments were made usmg a home-made opttcal fiber spectro- 
photometer The propeties of the resm phase- proved to be good for contmual use of 350 times durmg 
a month The reaction order between tmmob&zed beryllon II and berylhum m solution was determmed 
by kmetlc theory and expenments This method was also used to determme the amount of berylhum m 
berylbum-copper alloy, the response was hnear from 0.43 to 2 60 pg/ml at pH 12 5 and 676 nm. The effect 
of mterfermg ions on the determmabon of beryllmm was stubed at the same hme 

Many reagents have been proposed for the 
spectrophotometric determination of beryl- 
lium.’ The two most important reagents for 
routine spectrophotometric determination of 
pallid are chrome azurul S and beryllon 
IIF We immobilized the two colour reagents 
on a strong base anion-exchange resin and 
found that chrome azurol S and beryllon II 
immobilized on the resin formed colour com- 
plexes with beryllium in solution under proper 
conditions. The resm with beryllon II was 
attached to the common end of a bifurcated 
optical fiber bundle. We carefully studied the 
interaction between beryllium m solution and 
beryllon II in a resm phase and established a 
new analytical method by detecting a change 
of resm phase absorbance. 

Our interest LS in the development of new 
resin phase spectrophotometric methods which 
have a greater preclslon than conventional 
methods for the measurements of elements. 
In this paper we report our preli~na~ studies 
using an optical fiber s~trophotometer to 
assist the development of a new resin phase 
spectrophotometric method, 

In comparison urlth conventional liqmd 
phase spectrophotometry, a very small amount 
of colour reagent is consumed in m~surements. 
In addition, the selectivity and sensitivity of this 
method IS enhanced because of the separation 

*Author for correspondence 

and enrichment function of the resin.” In 
our expenments, because the resin phase with 
beryllon II interacts with dissolved beryllium 
for only a short time, there is no remarkable 
effect on en~c~ent. 

Our method was based on detecting a change 
of absorbance in the resin phase; beryllon II was 
chosen as a matenal sensitive to beryllium. The 
absorbance of the Be-immobilized beryllon II 
complex was proportional to the beryllium 
~n~n~a~on in solution. The method was 
also used to determine the amount of beryllium 
in beryllium-copper alloy Good results were 
obtained. 

In general, it is convenient to establish such a 
method by using proper colour reagents and an 
optical fiber s~trophotometer. 

EXPERIMENTAL 

Apparatus 

The optical fiber s~c~ophotometer is com- 
posed of a bifurcated optical fiber bundle and 
an ordinary spectrophotometer, Model 721, 
manufactured by the Shanghai No.3 Analytical 
Instruments Factory, China. Two arms of 
a bifurcated optical fiber bundle were fixed 
between the mon~hromator and the detector 
of the s~ctrophotometer. 

A bifurcated optical fiber bundle is composed 
of many single strands of optical fiber. The effe 
tive sectional area of the bundle is 0.3 x 0.3 cm* 
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Monochromator 

A 

&I- 
bifurcated optICa 

fiber bundle 

A measuring chamber 

A resin phase 
Stwrer 

Fig 1 Measurmg device 

with two arms and a common end. Probe 
radiation is transported through one arm of 
the bifurcated bundle. Detected radiation is 
then transported through the other arm to a 
detector.** The measuring device is shown in 
Fig. 1. 

The light source is a 10 V, 75 W tungsten 
lamp. The power supply voltage must be stabil- 
ized by a voltage-regulating transformer. 

A pH meter, Model PHS-2, manufactured 
by the Shanghai No.2 Analytical Instruments 
Factory, China, was used to measure pH with 
a saturated calomel electrode (Type 232) and a 
glass electrode (Type 231) manufactured by the 
Shanghai Dian Guang Device Works, China. 
The solutions of various pH values were made 
by adding various volumes of sodium hydroxide 
solution to analytical solutions. 

Absorbance was measured with a UV-240 
spectrophotometer manufactured by Shimadzu 
Corporation, Japan. 

Reagents 

A beryllium stock solution was prepared by 
dissolvmg 0.2710 g of 99.99% pure beryllium 
metal in a minimum amount of concentrated 
hydrochloric acid and by diluting the solution 
to 250 ml with water. Less concentrated stan- 
dard solutions were prepared by dilution 
from the stock solution. The 99.99% pure beryl- 
hum metal was provided by Professor Wang 
Huaigong of the Department of Chemistry, 
Lanzhou University. 

Other reagents used were 5.0% EDTA sol- 
ution, 10.0% sodium hydroxide solution, 10.0% 
ascorbic acid solution and 0.10% beryllon II 
solution. EDTA, sodmm hydroxide, ascorbic 
acid and beryllon II were manufactured by the 
Peking Chemical Works, China. 

Strong base anion-exchange resin (717) 
[R-N(CH,),Cl] was manufactured by the 
Shanghai Resin Works, China. Its exchange 
capacity is 3.0 mmol/g. It possesses 7% cross- 
linking, the cross-linking agent being divmyl- 
benzene (DVB). A general equivalent of 717 
resin is Dowex I made in the U.S.A. 

Polystyrene (average molecular weight about 
105) was manufactured by Lanzhou Chemical 
Industry Company. 

All reagents were analytical grade. 

Procedures 

Immobilization procedure. After 7 17 resin 
was ground in a grinder to 180 mesh size, the 
beryllon II was immobilized by soaking 1.0 g of 
717 resin in a 10.0 ml, 1.8 x 10e3it4 beryllon 
II solution for half an hour and stirring. The 
resin with immobilized beryllon II was filtered 
through a funnel with filter paper, washed 
with water and dried by heating. Draw a 
certain amount of filtered, undiluted solution to 
determine the concentration of beryllon II in 
the filtered solution by spectrophotometry at 
546 nm. The amount of beryllon II bound to 
the resin phase can be calculated through the 
change of beryllon II concentration m solution 
before and after adding the resin to the beryllon 
II solution. The amount of beryllon II bound to 
the resin was 1.4 x 10T5 mole/g. 

A 6-ml toluene solution of polystyrene 
was mixed with 1.0 g of resin with immobilized 
beryllon II. The concentratron of polystyrene 
in the toluene solution was 1.0 g of polystyrene 
in 50 ml of toluene. The 0.1 ml toluene solution 

0 30- 
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0 20 - 3 

2 
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I 

OIO- 

0 2 4 6 IO 

t (mm) 

Fig 2 Absorbance-reaction tune curves 1 1 30 pg/ml Be, 
2 1 73 pg/ml Be, 3 2 17 fig/ml Be, 4 2 60 yg/ml Be 
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of polystyrene without resin phase was dropped 
to the common end of a bifurcated optical fiber 
bundle. After the toluene evaporated, the 0.1 ml 
toluene solution of polystyrene with resin 
phase was dropped to the common end of a 
bifurcated bundle. The resin phase could be 
used for measurement after toluene was evapor- 
ated completely About 16 mg of resin with 
beryllon II was attached to the common end of 
the bifurcated optical fiber bundle 

+sd+: 

-0p 

Beryllon II was immobilized in a resin phase 
by combining RSO; groups of beryllon II with 
R-N(CH,): groups of resin by electrovalent 
bonds. 

Measurement of absorbance-time curves. 
Absorbance-time curves shown m Fig. 2 were 
measured using a home-made optical fiber spec- 
trophotometer and beryllon II resin on the 
common end of the optical fiber bundle. A 
stirrer was used during the measurements. 

Spectrum measurements. The absorption spec- 
tra of blank resin and resin-beryllon II without 
beryllium shown m Fig. 3(a) were obtained with 
a UV-240 spectrophotometer. During measure- 
ments, the blank resin and resin-beryllon II 
were suspended in pure glycerol. 

The absorption spectrum in Fig. 3(b) were 
obtained with a home-made optical fiber 
spectrophotometer according to the analytical 
procedure. 

Analyttcal procedure A 2.0-ml volume of 
10.0% ascorbic acid, 5.0 ml of 5.0% EDTA, 
2.0 ml of 10.0% sodium hydroxide and a 
certain amount of beryllium were added to 
a 50-ml standard flask and diluted to the 
mark. The resin phase was immersed m the 
solution, and the absorbance was measured 
at 676 nm. 

After detection, the resin phase was soaked in 
3.OM hydrochloric actd for 3 min to remove 
beryllium in the resin phase. Because the colours 
of beryllon II vary with acidities in solution, 
the resin phase soaked in a 3.OM hydrochloric 
acid must be immersed in a reagent reference 

c 

solution for 5-10 min to make beryllon II 
develop the color at the measuring pH value. 
By so doing, the zero point of a spectropho- 
tometer can be regulated accurately before each 
measurement. 

RESULTS AND DISCUSSION 

Reaction order between beryllium m solution and 
beryllon II m the resm phase 

By the reaction 

-0,s 

we can obtain the reaction rate equation 

dC/dt = K,CLCBe (1) 

where Cis the concentration of the Be-beryllon 
II complex m the resin phase; t IS time. CL is the 
concentration of beryllon II m the resin phase; 
C, is the berylhum concentration m solution 
and K, is a constant. Because the concentration 
of the Be-beryllon II complex in the resin phase 
is proportional to the complex absorbance 
m the resin phase, we substitute the complex 
absorbance for the complex concentration in 
equation (1) and obtain equation (2) 

dA/dt = K2CLCB, (2) 

where A is the complex absorbance in the resin 
phase. Because beryllon II is a solid, within 
a certain reaction time only beryllon II on 
the resin phase surface reacts with beryllium m 
solution; therefore, CL can be considered con- 
stant during the reaction process. For the above 
reason, we can obtain equation (3) 

dA/dt = KJ, 

where K3 = K,CL. 

(3) 

In experiments, the beryllium amount in sol- 
ution was considerable, up to 65-130 pg/50 ml. 
The amount of beryllium reacting with beryllon 
II m the resin phase accounts for a very small 
part of the total amount of beryllium m sol- 
ution. So C, can also be considered constant 
during the reaction process. For the above 
reason, we can obtain equation (4) 

dA/dt = K4 

where K, = KxC, = K2CLCk. 

(4) 

TAL 40,bl 
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(a) 

Omr 

nm 

A 

nm 

Fig 3 (a) Absorbance-wavelength curves 1 Blank resm, 
2 resmn-beryllon II (b) Absorbance-wavelength curve 

Reason hme = 5 mm Be concentration = 2 17 pg/ml 

Equation (4) is a rate equation of a pseudo- 
zero-order reaction. We integrate equation (4) 
to obtain equation (5) 

A=&t+B (5) 

where B is a constant. Equation (5) is a kinetic 
equation of a pseudo-zero-order reaction. It 
shows that the Beberyllon II complex absorb- 
ance in a resin phase is proportional to the 
reaction time between beryllium in solution and 
beryllon II in a resin phase only if the total 
amount of beryllium in solution is much greater 
than the total amount of beryllon II in the 
resin phase and only beryllon II on the surface 
of the resin phase reacts with beryllium in 
solution. 

We conducted a series of experiments and 
found that the relation between the complex 
absorbance and the reaction time is linear, 

shown in Fig. 2. The change in absorbance with 
time was not influenced by the rate of stirring. 
By kinetic theory and experiments, we come 
to the concluston that the reaction between 
beryllium m solution and beryllon II in a resin 
phase is a pseudo-zero-order reaction under our 
experimental conditions. 

Because K4 is equal to &C, and K4 stands for 
the slopes of every curve m Fig. 2, K4 increases 
with C, and can be determined by the slopes of 
every curve in Fig. 2. When the concentrations 
of beryllium m solution are 1 30, 1.73, 2.17 and 
2.60 pg/ml, K4 values m equation (5) are 0.014, 
0.018, 0.021 and 0.025, respectively. In Fig 2, 
the Y-intercepts of curves 1, 2, 3 and 4 are 
0.011, -0.015, -0.0081 and -0.0051 

Figure 2 indicates that the A-t curves cannot 
pass through the ongm because a certain time is 
needed for a change m beryllium concentration. 
Before beryllium m solution forms a complex 
with beryllon II m the resin phase, it must pass 
through the interface between the resin phase 
and solution. This mass transfer process takes 
some time. As the beryllium concentration m 
solution increases, the time decreases. When 
beryllium concentration is 1.30, 1 73, 2.17 and 
2.60 pg/ml and absorbance values reach 0.1 
unit, the time is 8.1, 6.5, 5 2 and 4.3 mm, 
respectively. 

Spectra 

Figure 3(a) shows the absorption spectra of 
the blank resin and resin-beryllon II without 
beryllium. 

Curve 1 has two absorption maxima at 204.8 
and 222.3 nm. They are the El and E2 absorp- 
tion bands of benzene rings m the resin 
Curve 2 also has two absorption maxima at 
208.3 and 233.5 nm and we believe they are also 
El and E2 absorption bands of benzene rings in 
the resin. Because beryllon II was combined 
with resin, a red shift m absorption maxima was 
produced. It is reported that the absorption 
maxima of beryllon II in aqueous solution is 
546 nm at pH 6-7.7 After beryllon II was 
combined with resin, the absorption maxima at 
546 nm disappears. We cannot yet explain the 
phenomenon. 

It is reported m by Lukin and Zavarickhma7 
that the maximum absorption wavelength of the 
Be-beryllon II complex in aqueous solutions 
if 600 nm,7 but Fig 3(b) shows that the maxi- 
mum absorption wavelength of Be-immobilized 
beryllon II complex is 676 nm under our 
experimental conditions. Immobilization leads 
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to a maximum absorption wavelength shift from 
600 to 676 nm. This red shift of the complex in 
the resin phase is attributed to a higher ligand 
concentration in the resin phase than one in 
the solution of a conventional wet method.“’ 
So, the Be-beryllon II complex has a higher 
coordinatton number in the resin phase.9*” 
However, no expenmental evidence was pro- 
vided to prove this point. 

Eflect of pH 

Figure 4 shows the effect of pH on the 
absorbance of the Be-tmmobilized beryllon II 
complex. From pH 12.4 to 12.6, the absorbance 
of the complex is constant. At pH values higher 
than 12.6 and lower than 12.4, absorbance 
decreases rapidly. Absorbance 1s sensitive to a 
pH change. We chose pH 12.5 as a measuring 
pH value to obtain a higher absorbance. We 
cannot explain why the useful pH range is so 
narrow; perhaps at pH values more than 12.6, 
the dissolved beryllium forms a Be(OH), pre- 
cipitate while at pH values lower than 12.4, 
the Be-tmmobilized beryllon II complex on the 
resin phase may dissociate. In our study, no 
experiments were made on this aspect. 

Acidity to remove beryllium from resin phase 

We removed berylhum from resin phase usmg 
lM, 2M, 3M and 6M hydrochloric acid. In 
order to ensure the removal of beryllium from 
the resin phase, we used 3M hydrochloric acid 
durmg our experiments. 

Eflect of lonlc strength on absorbance 

The effect of variation of ionic strength on the 
absorbance of the Be-resin-beryllon II complex 
was investigated adding a certain amount of 
sodium chloride to vary the iomc strength; 
it was observed that the absorbance of the 
Be-resin-beryllon II complex was independent 
of variation in ionic strength in the range 
O-0.0 1 M sodium chloride. 

Calibratron 

Figure 2 shows that the slope of the 
absorbance-time curve is proportional to Be 
concentration in solution which means that 
the Be concentration can be related on the 
absorbance at a fixed time after the reagents are 
mixed. In our paper, reaction time was fixed to 
5 min in sample analysis. 

Since the method is used in the rate mode 
determining the reaction time is very important. 
If the reaction time is too long the resin phase 

0 12, 

009' 
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006 I 

9, 13 

PH 

Fig 4. Absorbance-pH curve Reachon hme = 5 mm 
Be concentration = 2 17 pg/ml 

is easily saturated and the linear range becomes 
narrow; at the same time, the analysis rate 
decreases. If the reaction time, is too short 
absorbance readings are too low and greater 
measuring errors occur. 

In order to have a wider measuring linear 
range and shorter measuring time, we chose 
curve 2 (Fig. 5) as a calibration curve in 
sample analysis. Its slope is 0.0514, Y-intercept 
-0.0121 and correlation coefficient 0.9970. 
The linear range of curve 2 is 0.43-2.60 pg/ml. 
The reaction time of curve 2 is 5 min. 

Experiments showed that response was linear 
from 0.43 to 2.60 pgg/ml at pH 12.5. At this 
pH, the maximum absorption wavelength of 
the Be+beryllon II complex was 676 mn. By 
kinetic theory and experiments, we found that 
the reaction between beryllium in solution 
and beryllon II in the resin phase was a pseudo- 
zero-order reaction under our experimental 

0 30 

r 

0 20 1 P4 

3 

A 

2 

0 IO- 
0 
d&Y 

2 3 

c (pg/ml) 
Fig. 5 Absorbance-Be concentration curves Reactlon times 

of curves 14 are 3, 5, 7 and 9 mm, respectwely 
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Table I Effect of mterfennp, ions on the determmation of Be 

Interfenng 
ians 

Concentration of 
mterfermg ions, 

fig/ml 

Concentration of 
beryllium, 

pglmi 

Recovery rate 
of beryllium, 

% 

F- 

CI- 
NO, 
sap 
Pa:- 
Fe(W) 
Co(If) 
Ni@) 
Cu(l1) 

W#) 
Ca(III 

I 

240 
400 
80 

1920 
760 
40 

400 
800 
60 
60 
40 

2 17 104 
2.17 loo 
2 17 100 

2 17 93 

2 17 93 

2 I7 100 

2 17 96 
2 I? IO0 

2 17 loo 
2 17 103 
2 17 104 

conditions. The stability of the resm phase was 
satisfactory for a continual use uf 350 times 
during a month. 

Efixf of interfering zons 

Table 1 shows the effect of mterfermg tons on 
the determination of beryllium. 

Solutions of cation and amon for the mter- 
fering studies were made from the sulphates of 
copper( nickel(II), iron(III), the chlorides of 
cobalt(II), calcium(I1) magnesium(II), sodium 
salts of Auonde, chloride, sulphate, phosphate 
and potassium salt of nitrate. 

Many elements form coloured beryllon II 
complexes (e.g., Fe3+, Cu’+, Mg”+, Ca*+, etc.) 
but in the presence of EDTA their interference 
is considerably masked. 

Ascorbic acid was used to reduce u-on(II1) 
to iron(I1) because, when a 18.0% sodium 
hydroxide was added, colloidal lron(II1) hy- 
droxide was formed which affected absorbance 
readings. Ascorbic acid can be omitted if iron is 
absent. 

The relation between recovery rate of Be and 
Be ~on~nt~tion was not studied in our paper. 
Generally speakmg, m a certain range of Be 
concentration, the recovery rate of Be does not 
vary with Be concentration. 

A ~~lli~rn~opper alloy sample solution 
was prepared by dissolving a 0,2518 g sample 
M 8 ml of 1: 1 hydrochloric acrd and by drop- 

ping 30% H@, as the sol&ton was bemg 
heated. Surplus N,O, was removed by heating. 
The sample solution was then transferred mto 
a lOO-ml standard flak and diluted to the 
mark. 

Results of sample analysis are shown m 
Table 2. 

Table 2 shows that the method 1s suitable 
for determining the amount of beryllium in 
beryllxum+opper alloy and obtaining good 
results. 

Precrslon was evaluated by measunng the 
absorbance at 576 nm four times for a sample. 
The Be wncentratron m the sample solution was 
determined from the second calibration curve of 
Frg. 5. Be content in sample and standard 
devlatlon were 2.02% and 0.03%. 

Thus method is different from conventional 
resin phase s~ctrophotomet~~~” The resm 
phase with beryllon II need not be replaced for 
a long time. After beryllon II in a resin phase 
reacts with beryllium in solution, the resin phase 
1s soaked in a 3.OM hydrochloric acid and the 
Be-beryllon II complex m the resin phase dis- 
sociates. Only beryllium m the resin phase 
comes off and beryllon II 1s still kept m the resm 
phase. In other words, after every measurement, 
the function of the resin phase can be entirely 
restored by soaking m hydrochloric acid. 
Because the resin phase has been attached to the 
common end of a bifurcated optical fiber bundle 
and need not be replaced, every measurement is 
made in the same resin phase; therefore, there 

Table 2 Results of sample analysis 

Be content Determmed Standard Added Be Recovery rate 
m sample, 3e content, dewation, amount, of beryfhum, 

% % % (n = 4) pg % (n = 4) 

2 12 2 02 0 03 21 68 104 



is greater precision 
conventional resin 
method. 
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in this method than in a 5 
phase spectrophotometric 6 
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POTENTIOMETRIC DETERMINATION OF IRON USING 
A FLUORIDE ION-SELECTIVE ELECTRODE-THE 

APPLICATION OF THE APPLE II-ISE 
INTELLIGENT ION ANALYZER 

BINGYAO Srmr,* YINGZHI YE, HONGWU HUANG and YAN BAIT 

Department of Chemistry, Zhengzhou University, Zhengzhou, Henan, 450052, 
People’s Repubhc of Chma 

(Recetved 16 July 1992 Rewed 24 August 1992 Accepted 10 October 1992) 

Sump-A new method for dete~~nlng iron 1s based on both no&near regression cabbratron plots 
and parabobc mterpolatlon usmg a fluonde Ion-selective electrode (ISE) and the Apple II-ISE mtelhgent 
Ion Analyzer developed by ourselves The expenmental condltlons for deternumng iron are dlscussed The 
appropnate acldlty of the expenmental solution IS pH 3, controlled by total lomc strength adJustment 
buffer (TISAB) that 1s composed of glycme (ammoacetic acld), mtnc acid and sodrum mtrate The suitable 
total concentration of fluonde 1s equal to the kghest concentration of Iron m the standard senes Because 
the rna~~atI~1 model of the method comcldes vnth the expenmental data the Apple II-ISE mtelhgent 
eon Analyzer can perform data acqmslbon and data processmg, and the performance of fluonde electrode 
IS excellent, the new method for determmatlon of Iron 1s fast and accurate tis method has been used 
successfully m the determmatlon of iron m mmeral samples 

Methods for determmmg iron m&de spectro- 
photometry,‘,’ tttnmetry including redox titra- 
tion3 and complexometnc titration,4+s photo- 
metric complexomet~c titration,6,7 atomic 
absorption spectrometry (AAS),8*9 polarized 
Zeeman AAS,” precolumn chelation liquid 
chromatography, ” flow injection analysis,‘* os- 
cillopotentiometrtc titratlon,13 erc. In addition, 
there have only been a few reports on potentro- 
metnc methods’4*‘5 and kinetic potentrometric 
methods.‘6*‘7 But there haven’t been any reports 
on determmmg iron with a fluoride-ISE. Be- 
cause several complexes can be formed from 
iron(II1) and fluoride, the d&iculty lies in estab- 
lishing the stoichlometric ratio between fluoride 
and iron m their complexes during the analytical 
experiment. The stepwlse stability constants are 
not markedly different m order of ~gnltude, so 
potential breaks at the equivalence point are not 
evident m potentiometric titration with fluoride 
as the titrant and fluoride-ISE as the mdrcator 
electrode. However rt was found here that there 
is a smooth rela~ons~p between the potential 
of the fluoride-ISE and the amount of u-on(II1) 
in a standard series containing a constant quan- 

*Author for correspondence 
TPresent address Department of Tradltronal Chmese Medt- 

cme, Henan College of Traditional Chmese Medmne, 
Zhengzhou, Henan, 450003, People’s Repubhc of Chum 

tity of fluonde. Furthermore, it was shown that 
the mathematical model, y = ax* + bx + c, co- 
incides with the experimental data by the 
quadratic regression. Thus, both the quadratic 
regressron calibration plot and the parabolic 
interpolation are satisfactory for the determi- 
nation of iron. 

EXP~T~ 

Reagents 

Standard solution of iron(II1) [C(Fe3+) = 
O.lOOOM] was prepared by dissolving reduced 
iron powder, that had been drmd for two hours 
at 393 K and weighed accurately after cooling, 
in an appropriate amount of nitric acid. After 
the iron powder reacted completely it was 
necessary to remove the nitrogen dioxide from 
the solution by evaporation Then the solution 
was transferred to a volumetric flask, diluted to 
the mark with water and mixed. Dilute standard 
solutions of iron were prepared from the stock 
solution as above by diluting with water as 
necessary. 

Total ionic strength adjustment buffer 
(TISAB) [C(NaNO, f NH2CH2COOH + 0.18 
HNO,) = 0.5OM] pH 3, was prepared by dis- 
solving 37.5 g of glycine and 42.5 g of sodium 
nitrate in appropriate amounts of water, adding 
6.2 ml of nitric acid during agitation, (calculated 
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on the basis of. NH: CH,COOH; pK,, = 2.353, 
HNO, : 66%, p = 1.40 g/cm3), then the solution 
was diluted with water to 1000 ml. Other 
TISAB, pH 2 and pH 4, etc., were prepared by 
altering the added amount of nitric acid. 

Sodium fluoride solution [C(NaF) = l.OM] 
was stored in a polyvinyl chloride (PVC) flask. 
Dilute sodium fluoride solutions were obtained 
by dilution. 

All reagents used were of analytical grade and 
doubly distilled water was used throughout. 

Apparatus 

The fluoride-ISE was a Model 201 electrode 
(made in Jiangsu Electroanalyzer Factory), with 
10e3M sodium fluoride saturated by silver 
chloride as the interal solution. The reference 
electrode was a Model 217 double-Junction 
saturated calomel electrode (made by Shanghai 
Electrophotodetector Factory) with a 1M so- 
dium nitrate as the bridging solution. The test 
solution was in the PVC plastics beaker and 
stirred with a PVC-coated magnetic bar during 
the experiment. Both the stirring speed and 
electrode distance were kept constant through- 
out all measurements. The cell potentials were 
measured with the Apple II-ISE intelligent ion 
Analyzer (0.1 mV resolution), which has nme 
functions as follows:,8 (1) method of calibration 
plot; (2) single standard addition method; (3) 
double standard addition method; (4) Gran’s 
method; (5) sample addition method; (6) com- 
parison method and determination of pH; (7) 
determmation of selecttvity; (8) potentiometric 
titration; (9) digital potentiometer, and cannot 
only discriminate and acquire the equilibrium 
potential of electrode automatically, but also 
process data quickly. There are linear and 
quadratic regression and parabola interpola- 
tions in the method of the calibration plot. The 
principles of quadratic regression and parabola 
interpolation are explained in the following two 
sections. 

Quadratic regression. Suppose the quadratic 
equation 1s 

y =ax2+bx +c (1) 

If n pairs (n 2 3) of data are acquired from 
experiments: x,, y,(i = 1,2, . . . , n), then n sim- 
ultaneous linear equations in three unknowns 
are obtained: 

i 

ax:+bx,+c =y, 

ax:+bx,+c =y2 
(2) . . . 

axf+bx,+c =yn 

Solving the simultaneous linear equations, we 
can find a, 6, c and the quadratic equation by 
substituting a, 6, c mto equation (1). For the 
determination of iron with the fluoride-ISE, y is 
the potential of fluoride-ISE, x is the concen- 
tration of iron: C(Fe3+), or its loganthm: 
log C(Fe3+). 

Parabolic mterpolation. Given n experimental 
points. xl, y,(i = 1,2, . . . , n), and in order of: 
y, c y,+,, take three near-points to the point 
interpolated and calculate according to the for- 
mula as follows, that is, three-node Lagrange’s 
interpolation formula. 

(Y -YJcY -Yt+,) x = CL’ --Y,>(Yl-, -.Y,+dX’- 
(.Y -r,-,)(_Y --Y,+,) 

+(Y,-Y~-I)(Y*-Y,+I)xl 
(Y -A-,HY -.YJ 

+(n+, -Y,-,)(Y,+, -JQxi+ 
(3) 

then, we can obtain x from y 
For a given y, the three near-points can be 

selected m the followmg way. 

2 at Y Gy2 

k-l at y,_,<y<y, 

and IY -Y,-,I G IY -Y,I (4j 

k at Yk-I <Y <Yk 

and b-yk-,I>b-YkI 

n-l at y>y,_, 

The block diagram of the computer program for 
this calculation was referred to the previous 
work of authors.‘g 

Procedure 

Pipette 1.0,2.0, . . . , n ml of standard solution 
of non into a series of 50-ml volumetric flasks 
successively, add equal volumes of sodium 
fluoride solution and 5 ml of TISAB solution, 
dilute to the mark with water and mix Transfer 
them in the proper order mto a series of loo-ml 
dried plastics beakers, measure the cell poten- 
tials with Apple II-ISE Analyzer in order of 
decreasing iron concentration i.e., increasmg 
fluoride concentration. At the same time, enter 
the concentrations of iron corresponding to the 
various solutions. If the quadratic regression 
calibration plot was adopted, as soon as data 
acquisition was complete, the calibration plot 
would be displayed on the screen and prmted 
out simultaneously on the floppy disk to use for 
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determining the sample. If the parabola interp- 
olation was adopted, then the interpolation 
table would be arranged and written on the 
floppy disk. 

Determination of iron in iron ore sample. The 
solution of mineral sample was prepared in a 
similar way as the standard solution of iron. 
Pipette an appropriate amount of sample sol- 
ution into a loo-ml volumetric flask, add TISAB 
and an equal amount of sodium fluoride sol- 
ution to the standard series and the sample. 
After measuring the potential, the result was 
displayed and printed out immediately. 

RESULTS AND DISCUSSION 

E$ect of pH 

Acidity influences both the potential response 
of fluoride-ISE and the complexation of iron 
(III) with fluoride. 

Generally speaking, we should use the fluor- 
ide-ISE in the intermediate pH range 4-8.20 If 
the pH is less than 4, the protonation results in 
the formation of hydrogen fluoride, to which the 
electrode is insensitive. However, it was shown 
that the electrode still retains good linear re- 
sponse of potential and the same experimental 

slope, -59.3 mV * pF-‘, in acidic solution by 
our experiments. This result is in agreement 
with Radic and Bralic.2’ In terms of theory, if we 
define C as the total concentration of fluoride 
and hydrogen fluoride & as the fraction of 
concentration of fluoride, or distribution co- 
efficient of fluoride, then: 

[F-l =&C = K’ 
w+l+K,c 

(5) 

a =yF[F-] = YFKa 
[H+l+ 4, = 

(6) 

where, K, is the dissociation-constant of hydro- 
gen fluoride, a and YF are the activity of fluoride 
and its activity coefficient, respectively. After 
substituting formula (6) into the following 
equation: 

E=EO+Sloga (7) 

we can obtain the potential of the fluoride 
electrode expressed in terms of YF , K,, [H ‘1 and 
C as follows: 

YFK 
K=E”+Slog[H+]+K,+Slogc (8) 

If the solution is sufficiently buffered, the ionic 
strength and pH are fixed. This can readily be 
realized by adding TISAB. Then, in equation 
(8), the second term, 

YFK 

slog[H+]+K, 

is constant. Consequently, the sum of the stan- 
dard electrode potential E” and the second term 
is also constant. We can define the sum as the 
conditional potential and express it as EO’, that 
is. 

YF& 
E’=E”+SlogIH+]+K, (9) 

substituting formula (9) into (8) a similar 
equation to (7) can be obtained: 

E=E’+SlogC (10) 

Here, the linear relationship between E and 
log C is shown clearly. Because the conditional 
potential E”’ is not a fixed constant but depends 
on the experimental conditions, the calibration 
plot will be shifted parallel when altering the 
experimental conditions. From the above dis- 
cussion, we concluded that if necessary the 
fluoride-ISE can be used in acidic solution, but 
the experimental conditions, such as acidity, 
ionic strength, etc., must be strictly controlled. 

For the determination of iron, the acidity 
had to be controlled. We had prepared several 
standard series that contained the same total 
fluoride concentration, 2.0 x 10m3M, and the 
same iron concentration range, 2.0 x lo-4 N 
1.0 x 10e3M, only at different pH values. The 
experimental results are shown in Table 1. 

The results illustrate that at pH 2 and 4 the 
variations of potential are less than pH 3. At pH 
4 the hydrolysis and the formation of poly- 
hydroxy complexes of iron(II1) influence the 
complexation reactions of uon(II1) with fluor- 
ide. At pH 2, the protonation of fluoride as a 

Table 1. Effect of pH on potentmls 

C(Fe’+)/M 10 x 10-3 8 0 x lo-’ 6.0 x IO-’ 4.0 x lo-’ 

PH 2 103.7 94.8 86.4 78 7 
3 84.7 72.3 60.7 502 
4 53.8 49.9 44.6 37 5 

*The numerical values in the table are potentials. 

20 x lo-’ RImV 

71 2 32 5 
407 44.0 
28 5 25 3 
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Table 2. The uxfkents of the acid effect at different pH 
values (HF. K, = 6.8 x 10)’ 

PH c(FrH, log OIFfHJ 6 log OTFfH) 

2 15 71 1.196 7 176 
3 247 0 393 2 358 
4 1.15 0061 0 366 

side reaction is not neglected. If we introduce 
the coefficient for the acid C+(H), as a coefficient 
for the side reaction? 

rlz-‘1 

aF(H)= & (11) 

UF(H) = 1 +y (12) 

and consider the effect of pH on the overall 
formation constant /$ ignoring the other side 
reactions, then, from 

[FeFi-] 

” = [Fe’+] [F-l6 (13) 

we can obtain: 

(14) 

where /3; is the conditional formation constant, 
the logarithmic form as follows: 

log /3; = log & - 6 log aF(H) (15) 

Some results calculated are arranged in Table 2. 
It is clear that at pH 2 the conditional formation 
constant /I; is decreased by seven orders of 
magnitude compared to the overall formation 
constant /&. But, at pH 3 the effect of acid is not 
serious, or can be neglected. 

ow -3m -3 33 

Log c 
Fig. 1 Effect of fluonde concentration. 1 One-fold amount 

fluoride; 2. twxe u, 3. three-fold _, 4. seven-fold _ 

In summary, the optimum acidity for deter- 

mining iron is pH 3. 

EfSect of fluoride concentratron 

Figure 1 shows the variation of potenttal 
when the standard series contains the same iron 
concentration range, 2.0 x 10m4 N 1.0 x 10e3M, 
but different total fluoride concentration, all at 
pH 3. The figure shows that the less the amount 
of fluoride the greater the variation of potential 
when the amount of fluoride is larger than 
one-fold amount. If the amount of fluoride is 
too much, such as seven-fold amount, the curve 
becomes gentle, that is, the variation of poten- 
tial is not obvious. Therefore, to employ less 
fluoride is advantageous for increasing the 
sensitivity and accuracy of the determination 
of iron. But if the amount of fluoride is too little, 
less than one-fold amount, on the contrary, 
the variation of the potential begins to decrease 
and the potential response of the fluoride elec- 
trode becomes unsteady with poor reproducibtl- 
ity. A suitable amount of fluoride is just one- 
fold. 

TISAB 

Several buffer systems were used in the exper- 
iments. The system composed of glycine, nitnc 
acid and sodium nitrate is better than others. 
Nitric acid and nitrate are better than hydro- 
chloric acid and chloride, because chloride can 
complex with iron, and so influences the deter- 
mination. A sunable concentration of TISAB IS 
0.05A4, but the effect of TISAB concentration 
is not as important as acidity and the fluoride 
concentration. 

120 
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Rg 2 A quadratlc regression cahbratlon plot 
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Table 3 Several standard senes 

895 

C(Fe’+)/M 1 0 x lo-* 80 x IO-’ 60 x lo-’ 40 x 10-3 2.0 x lo-’ R/mV 
E/m V 1309 1180 98 0 694 39 7 912 

C(Fe’+)/M 10 x 10-j 8 0 x 1O-4 6 0 x lO-4 40 x 10-a 2 0 x 10-4 
E/mV 1284 1176 1019 814 609 67 5 

1289 1173 1010 80 2 58 5 70 1 
1270 115 6 1005 78 8 58.2* 68 8 
127 3 1157 1006 78 8 58 3* 69 0 

C(Fe’+)/M 10 x 1o-4 8 0 x 1O-5 6 0 x 1O-5 40 x 10-S 2 0 x 10-S 
E/mV 128 9 1234 1195 1149 1100 189 

*ObtaIned by measurmg the same standard senes twice at mterval of 10 hours after preparation 

Range of determmatlon REFERENCES 

Table 3 lists the measured results of several 
standard series prepared m suitable experimen- 
tal conditions at pH 3, with a one-fold amount 
of fluoride and 0.05M TISAB. The results show 
that the range for determinmg iron is 2.0 x 
10-s N 1.0 x lo-‘44 and the optimum range is 
2.0 x 1o-4 N 1.0 x lo-*M. The measurement of 
potential showed that the solution can be steady 
for a long time after preparation. 

1 

2 
3 

4 

5 

6 
7 

L L Stookey, Anal Chem , 1970, 42, 779 
H Hoshmo and T Yotsuyanag, Talanta, 1984,31,525 
D C Hams, Quantrtatwe Chemzcal Analysu, W H 
Freeman and Company, 1982, 383, 666 
M FuJimoto, I Shlrotom and Y Nakatsukasa, 
Mkrochun Acta, 1971, 1, 121 
H Yamada, T Maeda and I KoJlma, Anal Chon Acta, 
1974,12,426 
D Nonova and N Llhareva, Talanta, 1976, 23, 439 
Y Chen and H Chen, Chem J Chm Unrv, 1982, 3, 
319 

Interferences 

Every substance that can complex with fluor- 
tde will be possible interferences of the method, 
such as aluminium, silicon and zirconium. On 
the other hand, all substances being able to 
complex with iron except fluoride also influence 
the determination of iron, such as thiocyanate, 
oxalate and tartrate, Strictly speaking, during 
the determination the interferences should 
not be present, but it was shown m the 
experiments that if the mterference concen- 
trations are far less than iron, the method is not 
influenced. 

A quadratic regression calibration plot 1s 
shown in Fig. 2. It is obvious that the math- 
ematical quadratic regression calibration plot 
and parabola interpolation method have high 
accuracy and precision. 

8 
9 

10 
11 
12 
13 

14 
15 
16 

17 

18 

19 
20 

21 

22 

M T Glenn and J Savory, Anal Chem , 1973,45,203 
A LI, W Ren and Y Llao, Ibid, 1984, 12, 286 
J He and Y Tang, Chem J Chm Umv , 1985,6,689 
D A Roston, Anal Chem , 1984, 56, 241 
H Cm and Z Fang, rbrd, 1984, 12, 759 
Y Chen, J Weng, W Xu and H Gao, rbjd, 1987, 15, 
820 (m Chmese) 
R W Cattrall and Pm Chin-poh, rbrd, 1975, 47, 93 
Y Zhu, S Huang and S Lm, Chem Sensor, 1989,9,44 
L A Lazarou and T P HadJnoannou, Anal Chem., 
1979, 51, 790 
Y Feng, Z Chen, S Zhou and R Yu, rbrd, 1989, 17, 
1022 
Y Ye, B Sun and F Wang, Chem Researches, 1991, 
2, 54 
B Sun and Y Ye, Bull Anal Test 1990, 9, 26. 
H Fraser, Ion-Selectrve Electrodes m Analytrcal Chem- 
retry, Vol 1, p 321 Plenum Press, New York and 
London, 1978 
NJegomlr Radlc and Maqa Brahc, Analyst, 1990, 115, 
737 
I M Kolthoff and Phlhp J Elvmg (ed ), Treatrse on 
Analyttcal Chemzstry, Part I, Theory and Practice, 
Vol 2, 2nd Ed, p 462 Wdey, New York, 1979 
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SIMULTANEOUS THIRD-DERIVATIVE 
SPECTROPHOTOMETRIC DETERMINATION OF 
COPPER AND NICKEL IN IRON ALLOYS AND 
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Summary-A method IS proposed for the srmultaneous determmatton of copper and mckel by thtrd-de- 
nvahve spectrophotometry based on the absorphon spectra of their complexes wtth cyamde ton m the 
ultravtolet range The method allows the determmatton of 0 55-S 8 pg/ml of copper and 0.55-6.8 pg/ml 
of mckel. The relative standard devlatton for 11 determmattons of 1 5 rl/ml of copper and nickel were 
0.78 and 0.72%, respecttvely. The detectton hmtts were 0.10 rg/ml for mckel and 0 13 rg/ml for copper 
The method has been apphed to direct determmahon of copper and nickel m iron alloys and an alummmm 
alloy wtthout any separatton 

Many methods have been reported for the spec- 
trophotometric determination of nickel’” and 
copper.“‘O None of these is entirely specific for 
nickel and copper in the same sample. 

The cyanide ion forms square tetracyanonick- 
elate anion with nickel or copper in basic media. 
Buck et al.” demonstrated the potential appli- 
cation of ultraviolet spectroscopy for the 
measurement of nickel and copper. 

In this paper the absorption spectra of nickel 
and copper complexes with cyanide ion are 
investigated using zero-order and derivative 
spectrophotometry. The suggested third-deriva- 
tive spectrophotometry has been applied suc- 
cessfully to the analysis of copper and nickel in 
some iron alloys and an altinium alloy with- 
out any separation. 

EXPERIMElWALJ 

Apparatus 

A Shimadzu W-3000 double-beam spectro- 
photometer with 1 .O cm quartz cells was used. 

Reagents 

Stock solutions of copper and nickel, 5 
mg/ml. Prepared from the sulphates. The exact 
concentrations were determined gravimetrically 
by ammonium thiocyanate and dimethyl- 

glyoxime method,12 respectively, and further 
diluted as required. 

Ammoniacal sodium cyanide solution con- 
taining 1.0 g of NaCN and 20 ml of concen- 
trated ammonium hydroxide per 100 ml of 
solution is prepared. 

All experiments were performed with analyti- 
cal-reagent grade chemicals. Distilled water was 
used throughout. 

Procedure 

Transfer a known volume of sample solution 
containing 6.0-55 ,ug of copper and nickel into 
a 10 ml calibration flask. Add 0.15 ml of 1 .O% 
NaCN solution, and dilute the mixture to the 
mark with distilled water. Record the third- 
derivative spectrum against a reagent blank. 
Determine the copper and nickel contents from 
the third-derivative spectrum by measuring the 
peak to valley signals at 242( + ) nm - 234( - ) 
nm for copper and at 271( + ) nm - 283( - ) nm 
for nickel, respectively, and comparing the value 
with an appropriate calibration graph. 

Decomposition of sample 

Dissolve 0.3 g of sample in 10 ml of hydro- 
chloric acid (1 + 1) in a 50-ml beaker. Iron is 
oxidized by a few drops of concentrated nitric 
acid and the solution evaporated nearly to 
dryness. The residue is dissolved in 10 ml of 
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06 

-03 

-06 

250 230 

X (nm) 

Rg 1 Cabbratron spectral curves [CN-] = 3 0 x 10m3i%f, 
AL = 6 3 nm, scan rate = 50 nm/mm, band pass = 10 nm, 
1 0 cm cell (a) Cu, (b), NI 1, 0 55, 2, 1 10, 3, 1 65, 4, 2 20, 

5, 2 15 fig/ml 

water. This solution wrth insoluble silicic aad is 
transferred to a 50-ml measuring flask. The non 
(or aluminium) IS precipitated by adding 25 ml 
of ammonium hydroxtde (1 + 1) contammg 
5.0 g ~rnonl~ chloride and mtxed thoroughly 
in the cold. The solution is diluted to the 50-ml 
mark with distilled water. Determine the copper 
and nickel concentrations m a suitable aliquot. 

RESULTS AND DICTION 

Absorption spectra 

The absorption spectrum of copper complex 
which has an absorptron maximum at 238 nm; 
the absorption spectrum of the corresponding 
nickel complex has an absorption maximum at 
268 nm; and both have sharp absorption pat- 
terns. However, they have shght interference on 
each other, when they are present in the same 
solution. To overcome tms problem, derivative 
spectrophotometry can be used. The use of 
derivative spectra is not only simple and selec- 
tive, but also improves the sensrttvity.‘3-‘5 
Hence, their derrvative spectras were mvestr- 
gated. 

A study of the second-, thud- and fourth- 
derrvatrve spectra of the copper complex and 
nickel complex demonstrated that the third- 
denvatrve spectrum gave the lowest detection 
limits or hrghest sensitivity. The srgmficant am- 
plitudes are at 242( + ) nm - 234( - ) nm for 
copper and at 271( +) nm - 283( - ) nm for 
nickel, respectrvely (Fig. 1). 

Selection of optimum instrument condlttons 

The main instrumental parameters affecting 
the shape of the denvatrve spectra are the 
wavelength scan rate, the wavelength increment 
over which the derrvatrve is obtained (AA) and 
the response trme Therefore, various values of 
AhA were tested and 6 3 nm was selected, as the 
optimum, in order to grve a satrsfactory srgnal- 
to-noise ratio. The scan rate of the monochro- 
mator has no effect on the derivative signal 
obtained. Hence, a fast wavelength scan rate 
(ea. 50 ~~rnin) was selected The response trme 
is automatically selected by the spectropho- 
tometer in accordance with optical energy and 
the scan rate. 

Uptlm~~ation of reaction ~onditlo~s 

The effect of the cyanide ion concentration 
was studied. The experimental results found 
that the cyanide ion concentratton ranges that 
gave the greatest derivative signals were 
2.0 x 10-4-5.5 x 10P3M for copper and greater 
than 2.0 x 10W4M for nickel. So, 3.0 x lo-‘M 
CN- solution was selected. 

The complexes formed quickly and the de- 
nvative abso~tlon was stable for at least 6 h. 

Calibration graphs,precwon and detection limits 

Using the optimum instrumental parameters 
and reaction conditions established above, hn- 
ear cahbratlon graphs were obtained by plotting 
the amplitudes measured for third-derrvattve 
spectra for copper and nickel m the concen- 
tration ranges 0.55-5.8 pg/ml and 0 556.8 
rug/ml, respectively (in the final solution) The 

Table 1 Effect of foreign eons on the simultaneous 
determmatlon of copper and mckel Concentration 

wi] = [Cu] = 10 pg/ml 

Ion/N1 or Cu, 
Ion weight ratto 

M8+, Ca*+, Ba*+, Cl-, SO:-, NO;, ClO; 1000 
Zn*+, A13+, Cd*+, Hg2+ 200 
Fe3+, Pb*+ 80 
Mo6+, TIN+, CZ+, Mn2+, Sn4+, V5+ 40 
Co2’ cre+ I I5 



Spectrophotometnc determmatton of copper and mckel 

Table 2 Stmultaneous detemunatton of copper and nickel m reference materials++ 

899 

Sample Composition, % Found?, % RSD,$ % 
No Certified value nickel copper mckel copper 

Iron alloy- 1 C 2.51, Cr 0 4, St 2 62, MO 0 68, 0244 0.671 0.86 0 70 
POl93,SOO46,CuO68,NiO24, 
V 0 032, Co 0 014, Sb 0 00043 

Iron alloy-2 V 0.036, Co 0014, Cu 0 123, Cr 1 10, 0 0276 0 128 096 090 
MO 0 002, Mn 1 07, Tt 0 094, Ni 0 027, 
Sb 0 00041 

Iron alloy-3 Co 0 237, B 0 205, Mn 0 407, 0211 0386 10 0 80 
P 0 024, S 0 0315, Cr 0 24, Cu 0 38, 
Ni 0 207, MO 0 315, Tt 0 113 

Alummmm B 747, Fe 0 39, Mg 0 305, Mn 0 16 0067 5.84 092 051 
alloy Ni 0064, Cu 574, Zn 066 

*From Metallurgtcal Research Instttute, Shandong, Chma 
TAverage of five determmattons 
$Relative standard devtation (n = 5) 

representative thud-denvative spectral curves results without the necessity of chemical separ- 
are shown in Fig. 1 The proposed procedure ation. 
showed good precision, the relative standard 
deviation (RSD) for 11 determinations of 1.5 
pg/ml of copper and nickel being 0.78 and 
0.72%, respectively. The detection limits, corre- 
sponding to a signal-to-noise ratto (SNR) of 2, 
were found to be 0.13 p/ml and 0.10 pg/ml for 
copper and nickel, respectively. 

Interference studies 

The effects of various cations and anions on 
the srmultaneous determination of copper and 
nickel were investigated. The tolerance limit was 
taken as the amount that caused f 5% error. 
Cations were added as solutions of the their 
chlorides, nitrates or sulphates. Anions were 
added as solutton of their sodium, potassium or 
ammonium salts. The results IS given in Table 1. 

Analytical appkation 

The method can be apphed to the determi- 
nation of copper and nickel in iron and alu- 
mmium alloys. The results of analysis in 
comparison wrth certified values of several 
alloys are grven m Table 2, indicating that 
the procedure provides accurate and precise 

1 

5 

6 

8 
9 

10. 

11 

12 

13 

14 

15 

REFERENCES 

H Ishu, T. Odasmma and T. Hashtmoto, Anal Scr , 
1987, 4, 347 
S L C Ferrerra, Talanta, 1988, 6, 485 
F S Wet, P. H Qi, N K. Shen and F Ym, rbrd, 1981, 
3, 189 
K Kasmra and Z. Sytmewska, Chem. Anal, 1968, 13, 
177 
Z Marczenko, Spectrophotometnc Deterwunat~on of 
Elements, pp 370-373 Horwood, Chtchester, 1976. 
K Hayashr, Y Sagashta and K Htrata, Anal Chum 
Acta, 1987, 19& 271. 
T Fukasawa, S Kawakubo and L Tan Analyst, 1987, 
112, 1247 
B Tamhma, Mtkrochun J, 1980, 25, 235 
M. Roman, J J Berms and A Eapcyanate, rbrd, 1983, 
28, 69 
S. P Arya, J. L Malla and V. Slathta, Talanta, 1987, 
2, 293. 
R. P Buck, Samang SmghadeJa and L B Rogers, Anal 
Chem, 1954,7, 1240 
A. I Vogel, Quantltatrve Inorgamc Analysu, 3rd Ed, 
Longmans, London, 1961 
N X Wang, W A Ltang, S F Zhou and P Qu, Anal 
Chun Acta, 1992, 5 253 
Jose A. Munllo, Jose M. Lemus, Arsemo Muiioz de lo 
Peiia and Franctsco Salmas, Analyst, 1988, 9, 1439. 
A L Jtmenez, F Jtmenez and J J Anas, rbrd., 1989, 
1, 93 



Tdesra, Vol 40, No 6, pp 901~907,1993 
Pnnted m Gnat Bream All ngbts reserved 

~3~91~~3 $6 00 + 0 00 
Copyright 0 1993 Pergamon Press Ltd 
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Summary-The fluorescence properttes of t-naphthol, 2-naphthol and 1,2,3&tetrahydronaphthol were 
obtamed m binary aqueous-alcohol solvents wrth and wrthout j-cyclodextrm. The fluorescence of both 
the molecular and amomc forms of I-naphthoi and Z-naphthol were observed m the binary solvents 
w&out &cychxiextrm Only the fluorescence of the molecular form of 2-naphthol appeared m the bmary 
solvents wrtb ~-cyclodextrm present, and its fluorescence was quenched wrth mcreasmg amounts of 
/I-cyclodextrm However, the fluorescence mtensrty of the molecular form of I-naphthol mcreased wtth 
an increasmg amount of ~cyclodextrm in the bmary solvents The fluorescence mtenslty of 1,2,3,4- 
tetrahydronaphthol decreased wrtb an increase m the amount of Bcyclodextrm The guorescence results 
were mterpreted wnh the Stem-Volmer equahon and a mod&d Stem-Volmer equauon 

INTRODUCTION 

A considerable amount of work has been car- 
ried out in lnvestigatlng the interactions of guest 
molecules with cyclodextrins with water as a 
solvent.lJ However, very little work has been 
performed with binary aqueous-organic sol- 
vents. Nakajima’ studied the effects of ethanol 
on the mclusion complex formation of pyrene 
with ~-cyclodext~n @-CD). It was found that 
the intensity ratio of the third vibronic band to 
the first vibronic band of pyrene decreased with 
the addition of ethanol. This implied that 
pyrene experienced a less polar environment in 
the presence of ethanol. Warner and co- 
worker&’ further Investigated this phenom- 
enon. They found that in the presence of 
alcohols the fluorescence intensity of pyrene was 
enhanced compared to that with no alcohols 
present. They also found that the largest in- 
crease was achieved in aqueous solution with a 
small amount of t-butanol. The intensity peak 
ratio also showed that with the t-butanol pre- 
sent in solution, pyrene experienced a more 
hydrophobic enviromnent than in other alcohol 
solutions. They proposed that the alcohol mol- 
ecule was a third component which participated 
in the complex formation. In other work, the 

fluorescence lifetimes of pyrene were measured 
in a y-CD solution in the presence of alcohols, 
and the pyrene complex had a longer lifetime 
than the free pyrene.“’ Upon addition of alco- 
hol, the lifetime and the formation constant of 
pyrene-y -CD complexes were increased with 
respect to that in aqueous solution. Patonay 
et ~1.’ also studied the quenching of pyrene m 
y-CD aqueous solution. A modified Stern- 
Volmer equation was derived and applied to 
their experimental data. Nelson and Warner’ 
have also investigated the fluorescence quench- 
ing of naphthalene and pyrene cyclodextrin 
complexes with iodide in the presence of alco- 
hols. De la Pena et a1.‘* considered the influence 
of alcohol addition on the y-CD:pyrene com- 
plex. Hamai” has reported on the inclusion 
complexes of y-CD with coronene in aqueous 
methanol, and also on exciplex formation be- 
tween perylene and N,N-dimethylaniline in a 
ternary inclusion compound with y-CD in a 
water-ethanol mixture. Also, HamaY investi- 
gated the complexes of y-CD with coronene in 
aqueous methanol. Recently, Huang et aLI3 
reported the effects of aliphatic alcohol co- 
solvents on the nature of the cyclodextrin 
inclusion complexes of 2-ani~nonaphth~ene-6- 
sulfonic acid using steady-state and time re- 
solved fluorescence spectroscopy. 

*Present address Department of Chemistry, Purdue Uni- In this work, the fluorescence properties of 
versity, West Lafayette, IN 47907, U.S.A I-naphthol, 2-naphthol, and 1,2,3,4-tetrahydro- 

TAL 40/6-I 901 
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1-naphthol were investigated in binary or- 
game-aqueous solvents with and without P-CD. 
It was important to investigate the fluorescence 
properties of these compounds without /I-CD to 
help distinguish the change in the fluorescence 
properties of the model compounds in the 
binary solvents with and without /I-CD present. 
In addition, by investigating two hydroxyl aro- 
matics that are structural isomers, and a hy- 
droxyl aromatic m which the hydroxyl group 
was substituted on a hydroaromatic ring, im- 
portant insights were gained about the inter- 
actions of these compounds in binary solvents 
with and without /?-CD present. 

EXPERIMENTAL 

Reagents 

Ethanol was purified by distillation. Water 
was HPLC grade and obtained from Burdick 
and Jackson Co. (Muskegon, MI, U.S.A.) and 
used as received. Methanol and isopropanol 
(HPLC Grade) were purchased from Baker Inc. 
(Phillipsburg, NJ, U.S.A.) and used without 
further purification. 

I-Naphthol (99%), 2-naphthol (99%), 
1,2,3,4-tetrahydro-1-naphthol (99%) and /3-cy- 
clodextrm hydrate @-CD) were purchased from 
Aldrich Chemical Co. (Milwaukee, WI, U.S.A.) 
and used as received. 

Instrumentation 

Fluorescence spectra were recorded on a 
Perkin-Elmer LS-5 spectrofluorimeter (Nor- 
walk, CT, U.S.A.) which had a xenon lamp 
pulsed at line frequency (50-60 Hz) and f/3 
Monk-Gillieson type monochromators. A 
1 x l-cm quartz cell was used for handling the 
sample solutions. Slits were set at 5 nm for 
the excitation monochromator and 3 nm for the 
emission monochromator for all fluorescence 
spectra measurements. The spectrofluorimeter 
was interfaced with a Perk&Elmer 3600 data 
station. The data collection and manipulation 
were achieved by using the Perkin-Elmer com- 
puter software (PECLS). A Perkin-Elmer model 
660 thermal printer was used for plotting the 
spectra. An ultrasonic cleaner (Cole-Parmer, 
Chicago, IL, U.S.A.) was used to mix the 
solutions. 

Procedures 

The model compounds were dissolved in 
binary solvents with different percentages of 
organic solvents and in the absence of /I-CD for 

the initial set of experiments. For the other 
major set of experiments, the model compounds 
were dissolved in the binary solvents with a fixed 
organic solvent to water volume ratio, but with 
various amounts of P-CD. Different amounts of 
/?-CD were added to a series of lo-ml standard 
flasks, and then the contents of the standard 
flasks were sonicated to ensure that all the B-CD 
dissolved. For all the solvent systems mvesti- 
gated for fluorescence, aliquots from a stock 
solution of a given model compound were 
added to the standard flasks prior to diluting 
with the appropriate solvent to the final volume. 
The stock solutions were prepared by dissolvmg 
a weighed amount of model compound in a 1 1 
organic : aqueous solvent with no B-CD present 
and then diluting to volume. The final concen- 
tration of the model compounds used m the 
experiments were 3 pgg/ml for 2-naphthol, 1 
,ug/ml for I-naphthol and 5 pgg/ml for 1,2,3,4- 
tetrahydro- 1 naphthol. 

Solution fluorescence excitation and emission 
spectra of the model compounds m the binary 
solvents in the absence and presence of /?-CD 
were obtained with the Perkin-Elmer LS-5 spec- 
trofluorimeter. A scan rate of 240 nm/mm and 
response factor of 2 were used to obtain the 
spectra. Smce the excitation and emission max- 
ima of the model compound shifted slightly with 
the volume ratio changes of the binary solvents, 
the excitation and emission monochromators 
were set at the wavelength corresponding to 
maximum fluorescence intensities. 

In order to compensate for instrumental vari- 
ation and obtain accurate intensity readings, the 
intergradation mode of the Perkin-Elmer LS-5 
was used, and a p-terphenyl fluorescence stan- 
dard bar was employed (Wilmad Glass Co., 
Buena, NJ, U.S.A.). The fluorescence standard 
bar was rectangular shaped and had p -terphenyl 
embedded m a polymethyl methacrylate 
(PMMA) matrix. The excitation and emission 
wavelengths used for p-terphenyl were 295 and 
338 nm, respectively. Each time the standard 
bar was placed in the sample holder at the same 
position to ensure reproducible fluorescence sig- 
nals. To obtain an intensity reading, the quartz 
cell containing the sample solution was placed 
in the sample holder, and the monochromators 
were set at the corresponding excitation and 
emission wavelengths. The signal was integrated 
for 4 set and the intensity reading of the sample 
(Isa,,& was displayed. Then, the fluorescence 
standard bar was switched into the excitation 
light path, and the excitation and emission 



monochromators were set at 295 and 338 nm, 
respectively. By using the integration mode, the 
intensity reading of the standard bar (I,,) was 
obtained. The corrected intensity was calculated 
by using the follo~ng equation: 

Z mtY = (Zsamp&td 120 

This equation shows that all the sample readings 
were arbitrarily corrected to the value which 
corresponded to an Z,, of 20. 

RESULTS AND DISCUSSION 

Fluorescence properties of 2-naphthol, 1 -naph - 
thol, and 1,2,3,4-tetrahydro-1-naphthol in binary 
organic-aqueous solvents m the absence of 
~-cyclo~~trin 

The fluorescence properties of 2-naphthol in 
water have been extensively studied.“16 2- 
Naphthol in the lowest excited singlet state is a 
stronger acid than in its ground state, and it 
undergoes excited state ionization in water. In 
this work, the emission spectra of 2-naphthol in 
water, 0.W hydrochloric acid and O.lN sodium 
hydroxide solution were obtained so that the 
fluorescence spectra of the anionic and molecu- 
lar forms of 2-naphthol would be available. The 
emission spectra of Z-naphthol in O.lZV hydro- 
chloric acid and O.lN sodium hydroxide were 
due to the emission of molecular and anionic 
species of 2-naphthol, respectively. The emis- 
sion spectrum of 2-naphthol in pure H,O had 
two major bands which corresponded to mol- 
ecular and anionic forms of 2-naphthol with the 
band for the anionic species appearing at longer 
wavelengths. Because very little work has 
been published on the influence of binary 
aqueous-organic solvents on the fluorescence of 
organic compounds, and in particular, for com- 
pounds with simrlar structures, the fluorescence 
propertres of the three model compounds were 
obtained in several binary solvents. Three alco- 
hol: H,O binary solvent systems were studied 
over a wide range of compositions. The 
solvent systems were methanol (MeOH) : H,O, 
ethanol (EtOH) : H,O, and isopropyl alcohol 
(IPA) : HzO. The fluorescence results for 2-naph- 
thol in MeOH:H,O solvent will be discussed as 
a representative example. Figure 1 gives the 
emission spectra of 2-naphthol in H,O, MeOH, 
and MeOH: fir0 solvents. It can be seen that 
the intensities of ennssion bands changed with 
addition of MeOH. The pronounced change in 
emission spectra was due to the anionic peak 
gradually decreasing with an increasing content 
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Ftg 1 Representative fluorescence enusslon spectra of 
2-naphthol m MEOH H,O solvents m the absence of 
/3-CD H,O(---), MeOH H,O(l 9)( ), MeOH H,O 

(1 1) (----), MeOH (- - -) 

of MeOH. In pure MeOH, only the molecular 
form existed at 354 nm. Lee et al.” reported 
similar results for 2-naphthol in MeOH:H,O. 
The excitation spectra showed red shifts of 0.5 
nm and the emission spectra red shifts of 2.5 nm 
on changing from pure water to pure MeOH. 

The relative fluorescence intenaties of the 
molecular form of 2-naphthol and the anionic 
form of 2-naphthol VS. volume fraction of alco- 
hol were compared, and the results for the 
molecular form are given in Fig. 2. The trends 
for intensity changes in the three alcohol : Hz0 
systems were similar to each other. As Indicated 
in Fig, 2, the fluorescence intensities of the 
molecular form initially increased with addition 
of alcohols. At a IPA volume fraction of 0.5, a 
MeOH volume fraction of 0.7, and a EtOH 
volume fraction of 0.7, the intensities approxi- 
mately reached maximum values, and then rela- 
tive mtensities decreased (Fig. 2) As more and 
more alcohol was added to the water, the frac- 
tion of the molecular form increased. Lee et al.” 
have shown that in greater than 50% methanol 

Fig 2 Relative fluorescence mtenslty of the molecular form 
of 2-naphthol m MeOH *Hz0 (*), EtOH: H,O ( x ), and 
IPA*HIO (0) solvents US volume fraction of alcohol to 

water 
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only emission from the molecular form of 2- 
naphthol was observed. In our work, fluor- 
escence mtensmes of the anionic form m the 
different alcohol : water solvents decreased with 
addition of alcohols. 

I-Naphthol undergoes excited state ioniz- 
ation in both neutral aqueous and acidic 
aqueous solutions. Excitatton and emission 
spectra of 1-naphthol were obtained in H,O, 
acidic and basic solutions. In the three types of 
solution, the emission band was the same and 
was due to the amonrc form. In H,O and acidic 
solution, the excitation bands corresponded to 
the ground state molecular form of I-naphthol. 
In basic solution, the excitation peak originated 
from the ground state anionic form. Only m 
pure organic solvent could the fluorescence 
emission of only the molecular species be 
observed. 

The fluorescence study of 1-naphthol was 
carried out in the same solvent systems as for 
2-naphthol. Excitation and emission spectra of 
1-naphthol in MeOH*H,O solvents were ob- 
tained, and with increasing amounts of MeOH, 
the anion mtensltles, measured at 465 nm de- 
creased, and intensities of molecular peaks at 
328 nm increased In the solvents containing 
MeOH:H,O, the emission spectra of both the 
molecular form and the amomc form were 
obtained. The excitation peak for 1-naphthol in 
MeOH was red-shifted by 4 nm relative to H,O, 
and the emission band at 462 nm was blue- 
shifted by 3 nm relative to water. The spectra 
obtained in EtOH : HZ0 and IPA : H,O showed 
similar trends to that in MeOH.H,O. 

Plots of the relative fluorescence intensities of 
the molecular and amomc forms of I-naphthol 
in the three alcohol*H,O solvents VS. volume 
fraction of alcohol were acquired. The fluor- 
escence intensities of the molecular form m- 
creased very slowly with larger amounts of 
alcohol, and then rapidly increased near a vol- 
ume fraction of alcohol of 0.9. The maximum 
fluorescence intensity was reached m pure alco- 
hol. The intensities from the anionic form had 
relatively constant values from pure Hz0 to a 
volume fraction of alcohol of 0.3, then the 
intensities decreased with an increase m the 
amounts of the alcohol. 

The fluorescence spectra of 1,2,3,4-tetra- 
hydro-1-naphthol were obtained only in 
MeOH : HZ0 and EtOH : H,O binary solvents. 
As shown below, the structure of 1,2,3,4- 
tetrahydro- 1 naphthol was different from l- 
naphthol and 2-naphthol, in that, the hydroxyl 

group was bonded to an ahphatlc ring. In 
addition, tt does not undergo excited state iomz- 
anon. The excitation and emission spectra of 
1,2,3,4-tetrahydro-I-naphthol had one band 
each, and they appeared at 260 and 287 nm, 
respectively. The excitation bands red-shifted by 
2 nm upon addition of MeOH, but the emission 
band did not shift. The fluorescence intensities 
increased with addition of alcohol. The maxi- 
mum fluorescence values were obtained in a 
volume fraction of methanol of 0.6 MeOH : H20 
(6.4) and a volume fraction of ethanol of 0.5, 
and then the fluorescence intensities decreased 
beyond these volume fractions. 

p 
:1 

HO 

Fluorescence spectra of model compounds in 
organic-aqueous solvents with a fixed organic- 
aqueous composition in the presence of various 
amounts of /?-cyclodextrm 

The organic-aqueous solvent systems used 
in this part of the research were MeOH: H,O 
(l:l), EtOHSHzO (1:l) and IPA:H,O (1-l) for 
2-naphthol; MeOH. H,O (1: 9), EtOH * HZ0 
(1:9), and IPA .H,O (1:9) for 1-naphthol; 
MeOH : HZ0 (1: 1) EtOH : H,O (1: 1) for tetrahy- 
dro-1-naphthol. The criteria used to select the 
solvents were a relatively high solubihty of 
/I-CD m the solvent and a relatively large 
change in the fluorescence intensity of the solute 
in the solvent in the presence of B-CD compared 
to the solute in the solvent without B-CD. 

The emission spectra of 2-naphthol in 
EtOH : HZ0 (1: 1) were obtained with 0.00, 1.07, 
4.54, 9 08 and 12 70 mM /I-CD. The spectra 
showed only a molecular band at 355 nm, and 
the intensity of the 355 nm band decreased with 
the addition of B-CD. The emission spectra for 
2-naphthol obtained m MeOH: H,O (1.1) and 
IPA : Hz0 (1: 1) had similar spectral patterns as 
those obtained m EtOH:H,O. A plot of fluor- 
escence intensity of 2-naphthol in EtOH: H,O 
vs. concentration of /?-CD gave a straight 
line with a negative slope The same types of 
plots were also obtained with MeOH : Hz0 and 
IPA : HzO. 

The emission spectra of 1-naphthol in 
EtOH:H,O (1:9) are shown m Fig. 3. The 
emission spectra of I-naphthol in all the binary 
solvents studied with /I-CD gave molecular and 
anionic bands. The intensity of the molecular 
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Rg 3 Fluorescence emxslon spectra of I-naphthol m 
EtOH H,O (1.9) wth various amounts of B-CD (a) 0 00 

mM, (b) 4 32 mM (c) 8 84 mM (d) 14 1 mM 

form of 1 -naphthol vs. concentration of fl -CD is 
given in Fig. 4. As Fig. 4 shows, as the amount 
of B-CD increased, the fraction of the molecular 
form of I-naphthol increased, and the intensity 
increased in a nonlinear fashion with the ad- 
dition of /?-CD. The mtensity changes for l- 
naphthol in MeOH: H,O and IPA. H,O were 
similar to that in EtOH:H,O for the molecular 
species. 

The fluorescence excitation and emission 
spectra of 1,2,3,4-tetrahydro- 1-naphthol in 
binary solvents in the presence of various 
amounts of B-CD were relatively simple. There 
was only one emission peak, and the position of 
the spectra did not shift. The fluorescence inten- 
sity of this compound in EtOH:H,O and 
MeOH:H,O water decreased with the addition 
of P-CD, and linear relationships were obtained 
for fluorescence intensity vs. concentration of 
/I-CD. 

In summary, for 2-naphthol and 1,2,3,4- 
tetrahydro-1-naphthol m all the solvent sys- 
tems studied, the intensities decreased with 
the addition of B-CD. In MeOH:H,O, 
EtOH:H,O, and IPA: H,O the fluorescence m- 

aam- 

II m - 

Rg 4 Fluorescence mtenaty of the molecular form of 
I-naphthol m EtOH H,O (1.9) vs. concentration of B-CD. 

tensity increased for the molecular form of 
1-naphthol. 

Fluorescence quenching of model compounds m 
binary solvents wrth various amounts of fi-CD 

The dynamic fluorescence quenching model is 
described by the Stern-Volmer equation:” 

ZolI = 1 + kpo[Ql = 1 + &[Ql (1) 

where I0 and Z are fluorescence intensities in the 
absence and presence of quencher, respectively, 
[Q] is the concentration of the quencher, k, is 
the bimolecular quenching constant, and z0 is 
the lifetime of the fluorophore m the absence of 
quencher. The Stern-Volmer constant is defined 
as &” and is equal to k,t,. Frequently, a plot of 
lo/Z vs. [Q] gives a linear relationship, and the 
slope of the line is equal to the Stern-Volmer 
constant K,. As mdicated m equation (l), if 
the lifetime of the fluorophor is known, 
the bimolecular quenching constant can be 
calculated. 

If complex formation occurs with the ground 
state fluorophore and quenching results, the 
process is called static quenching. However, 
there are other mechanisms that can cause static 
quenching. An equation which has the same 
form as equation (1) is also used to describe the 
quenching mechanism [equation (2)]. 

Zo/Z = 1 + K[Ql (2) 

where I,, Z, and [Q] have the same meaning as 
m equation (1) In equation (2), KS IS the associ- 
ation constant of the complex in the ground 
state. According to this equation, a plot of Z,lZ 
vs. [Q] would also give a linear relationship. In 
this work, dynamic and static quenching could 
not be distinguished because lifetime measure- 
ments were not made. 

As discussed earlier, the fluorescence signals 
of 2-naphthol and 1,2,3,4_tetrahydro- l- 
naphthol decreased with the addition of /I- 
CD. Stern-Volmer plots of 2-naphthol m 
MeOH*H,O, EtOH. H,O and IPA:H,O sol- 
vents were obtained, and all the curves gave 
linear relationshtps. The slopes of the curves 
were 16.4, 26.2, and 15.9 for MeOH: HzO, 
EtOH : Hz0 and IPA : H,O, respectively. The 
linear relationships obtained for the curves indi- 
cated that either dynamic or static quenching 
processes were occurring. Based on the trends 
for the Stern-Volmer slopes, the fluorescence 
quenching of 2-naphthol by B-CD m the three 
alcohol : Hz0 solvents was EtOH: H,O > 
MeOH : Hz0 > IPA : H20. 
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Stern-Volmer type plots of the molecular 
form of I-naphthol data for water, 
MeOH : H20, and EtOH : Hz0 did not represent 
quenching phenomena because the intensities 
of I-naphthol in these solvents were en- 
hanced. Thus, the normal Stern-Volmer plot 
could not be used to describe the data. How- 
ever, a modified Stern-Volmer equation has 
been developed by Patonay et a1.4,8 that is useful 
m situations where the fluorescence signal is 
either enhanced or diminished. This equation 
was first used to explain the quenching of pyrene 
in B-CD solutions,’ and it was assumed that the 
B-CD: pyrene complex might have a different 
quantum yield from the free molecular form. 
In their equation, Patonay and co-workers4+8 
defined the factors d and e as the quantum yield 
change of the cyclodextrin complex and the free 
molecule, respectively, and the ratio of fluor- 
escence intensity could be expressed as: 

(IO-Z)/Z=[(l -e)+KC(l - d)]/(e + KCd) (3) 

where I,-, and Z are fluorescence intensity of the 
compound in the absence and presence of 
quencher, or complexing agent, respectively. 
The term C is the concentration of the quencher, 
or complexing agent, and K is the equilibrium 
constant for the reaction of solute with cy- 
clodextrin. If the quantum yield of the free 
molecular form does not change, which means 
e is equal to one, the equation (3) becomes: 

(I0 - Z)/Z = [KC( 1 - d)]/(Z + KCd) (4) 

Equation (4) can be rearranged to give. 

Z(ZO - I) = l/[K(l - d)C] = d/(1 - d) (5) 

A plot of Z(Z,, - I) trs. l/C would give a linear 
relationship, and from the slope and intercept, 
the values of d and K can be obtained. As 
mentioned above this equation is not limited to 
describing quenching processes, but it can also 
be applied to cases where the fluorescence is 
enhanced.4 

In this work, the fluorescence intensity of the 
molecular form of I-naphthol increased in sol- 
utions with B-CD. It was assumed that the 
B-CD did not affect the fluorescence quantum 
yield of the molecular form of I-naphthol, and 
thus equation (5) was valid. In addition, because 
only the fluorescence emission of the molecular 
form of I-naphthol was measured, the fluor- 
escence emission of the anionic form of l-naph- 
thol did not directly affect the fluorescence of 
the molecular form of 1-naphthol. The plots of 
Z(Z, - I) vs. l/C of I-naphthol for water, 

MeOH : H,O, and EtOH : H,O have good linear 
relationships with correlation coefficients of 
0.995, 0.999, and 0.975, respectively. However, 
the same type of plot was also obtained for 
IPA:H,O, and a linear relationship was not 
obtained. The equilibrium constants for the 
1-naphthol :/?-CD complex that were obtained 
from the plots were 1134, 859, and 171 for 
water, MeOH: Hz0 and EtOH: H20, respect- 
ively. The d values were 34.3, 29.6 and 51.0 for 
water, MeOH : Hz0 and EtOH : H,O, respect- 
ively. The d values are rather large and indicate 
the substantial increase in the fluorescence m- 
tensity of the molecular form of I-naphthol. 
This was due to the formation of a greater 
fraction of the molecular form of I-naphthol as 
the amount of /?-CD increased (Fig. 3). In 
MeOH: H,O, the K value was larger than m 
EtOH:H,O, which indicated in MeOH:H,O 
more I-naphthol reacted with P-CD than in 
EtOH : H20. This is reasonable because the as- 
sociation constant for EtOH with B-CD IS 2.9 
times as large as that in MeOH:H,0.‘9 Thus, 
1 naphthol in EtOH : H,O would not interact as 
readily with B-CD because EtOH would com- 
pete somewhat more effectively than MeOH for 
B-CD. 

The Stern-Volmer plots of 1,2,3,4_tetrahydro- 
1-naphthol in MeOH: H,O and EtOH: Hz0 
gave hnear relationships, and the slopes of the 
plots with MeOH: H,O and EtOH. Hz0 were 
47.1 and 54.5, respectively. The larger slope with 
EtOH : H,O indicates more effective quenching 
m this solvent system and may be related to the 
fact that EtOH reacts more with B-CD than 
does MeOH. 

Comparison of results 

In water, the molecular and anionic forms of 
2-naphthol were present. With the addition of 
alcohol, the extent of excited state ionization 
decreased, and only the molecular form emitted 
at relatively high concentrations of alcohol. For 
example, with ethanol, only the molecular form 
was present at 50% ethanol and greater. With 
I-naphthol, only the anionic form emitted in 
water, and with the addition of alcohol both the 
molecular and anionic forms of 1-naphthol 
appeared, but the molecular form only started 
to appear in relatively large amounts of al- 
cohol. This indicated that 1-naphthol had 
a greater tendency to undergo excited iomza- 
tion than did 2-naphthol in alcohol water sol- 
vents. For 1,2,3,4-tetrahydro-1-naphthol it did 
not undergo excited state iomzation, and its 
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fluorescence intensity reached maximum values 
in alcohol solvents that contained a sizeable 
amount of water. 

Because of the very large range of solvents 
that could be used for the binary alcohol: water 
solvents, a wide range of binary solvents that 
contained /?-CD were not investigated. Never- 
theless, some very interesting results were ob- 
tained. Only the molecular form of 2-naphthol 
was present m the alcohol: water solvents con- 
taining P-CD, but the fluorescence intensity of 
2-naphthol dccreased in a linear fashion with 
the addition of B-CD. In contrast, the fluor- 
escence mtenslty of the molecular form of I- 
naphthol increased with the addition of /l-CD 
while the fluorescence intensity of the anionic 
form of 1-naphthol decreased mth increasing 
amounts of P-CD. The results obtained for the 
two hydroxyl aromatics indicated that they in- 
teracted differently with the alcohol: water @- 
CD systems. Because 2-naphthol did not show 
the amomc form, then it was possible that the 
hydroxyl group was inside the /?-CD or pro- 
tected from water, and thus did not undergo 
excited state lonizatlon.20~2’ In the alcohol: water 
solvents wth B-CD, 1-naphthol gave fluor- 
escence emission from both the molecular form 
and the aniomc forms. Thus, the hydroxyl 
group was not buried m the /J-CD cavity and 
could undergo lomzation with a sizeable 
amount of fi-CD present Interestingly, 1,2,3,4- 
tetrahydro- 1 -naphthol 1s structurally similar to 
I-naphthol, but its fluorescence intensity de- 
creased with the addition of /‘$-CD. 

The results of this work Indicate that more 
detailed photophysical experiments are needed 
to elucidate the interactions of the three model 
compounds with P-CD in binary alcohol: water 
solvents. However, the results of this work form 
the basis for the development of analytical 
methodology for the determination of rmxtures 
of I- and 2-naphthol in alcohol: water solvents 

-naphthol and 1,2,3,4-tet~ydronaphthol 907 

in the presence of /?-CD. In addition, the results 
can be used in the fluorescence detection for 
the separation of the hydroxyl aromatics by 
high-performance liquid chromatography with 
alcohol based mobile phases that contain 
/I-CD. 
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Suntmary-S~hca fume IS formed as a by-product in the septum of &con from quartztte Thts paper 
describes an analytrcal method for the determination of free carbon and s&con carbIde in sdxa fume The 
sdlcon carbide was determmed after removal of free carbon, amorphous mhca, crystallme sd~ca, graphtte 
and &con from the fume. The free carbon content was found to vary from 2 to 8% while the &con 
carbide content ranged from 1 to 5%. X-ray dlffracbon, thermal analysis, scanmng electron mlcroscopy 
and Founer Transform mfrared spectroscopy were used to validate the steps used m the analytical 
p&ore. The purpose of dewing the free carbon and silicon carbzde content of the fume IS to help 
understand the efficxency of the reduction process and mechanism of the reaction 

Silica fume is formed as a by-product in the 
manufacture of silicon from quart&e by re- 
duction with charcoal, coal or coke at tempera- 
tures of up to 1780” using graphite electrodes in 
an electric arc furnace. While there are a few less 
impo~nt reactions, the following represents 
the main reaction sequence.’ 

Molten quartz reacts with reductant: 
17800 

SiO,( 1) + C(s) - SiO(g) + CO(g) (1) 

Gaseous SiO reacts with reductant: 
1570 

SiO(g) + 2C(s) - Sic(s) + CO(g) (2) 

Sic reacts with molten quartz: 
1780~ 

Sic(s) + SiO,(l) - Si(s) + SiO(g) + CO(g) (3) 

The silica fume forms when SiO in the vapour 
phase reacts with oxygen: 

2SiOfg) + Oz(gw2Si0,(s) 

Any unreacted carbon reductant and intermedi- 
ate Sic will be carried through in the fume. 
Some fm8ments of the quartz&e burden are also 
carried through with the fume, together with 
low levels (< 1%) of graphite fragments from 
the electrodes. Low levels (< 1%) of elemental 
silicon may also be detected in the fume. There 

*Author to whom correspondence should be addressed, 

have been no previous attempts to analyse Sic 
as a minor component in silica fume or other 
such matrices. Julietti2*3 has developed pro- 
cedures for the analysis of Sic in silicon carbide 
refractories. 

A knowledge of the free carbon and Sic 
content of the fume is of important in assessing 
the efficiency of the reduction process and un- 
derstanding the reaction mechanism. 

JZXPERIMENTAL 

Samples 

Approximately 150 g samples were taken at 
regular intervals from the fame discharge line to 
the baghouse over two periods. They were num- 
bered 1-12 and 13-27 corresponding to the day, 
month and time of sampling. All samples were 
dried at 110” for 1 h prior to analysis. Samples 
of silicon and graphite electrodes were also 
taken for analysis. 

Reagents 

Hydrofluoric acid 70% Plukka Grade. Nitrrc 
acid 70%, AR Grade. Silicon carbide, LR 
Grade. Quartz, AR Grade. 

Instruments 

X-ray Diffraction m~su~ments were made 
on a Philips PW 1820 diffractometer. DTA 
measurements were carried out on a Stanton 
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Table 1 Dwsoluhon charactenstlcs of fume components 

Acid 
Amorphous 

Quartz LC Graphite S~hcon Slllca 

cs CI CI cs 
CI CI CI 

cs 

CS = completely soluble, CI = completely msoluble, F’S = 
partly soluble 

fired 

L.J%T 

01 
0 5 10 15 20 25 30 

Sample Number 

Fig 1 Free carbon and BC content 

Redcroft STA-780 in air at a heating rate of 
20”/min. Fourier Transform Infra Red measure- 
ments were made on a BioRad FTS-40. Scan- 
ning Electron Microscopy measurements were 
made on gold coated samples using a Leica 
Cambridge Stereoscan 360. 

Qualitative tests 

Triplicate samples of Sic, graphite, quartz 
and silicon were treated with HF, I-IN03 and a 
HF/HN03 mixture to confirm the steps used in 
the analytical procedure. One-gram samples 
were dissolved in 50 ml of acid corresponding to 

-I 
0 150 300 466 6W 750 900 1050 12W 

TEMPERATURE deg C 

Fig 2. Dlfferentml thermograms of fired and unfired fume 

the conditions to be used m the analytical 
procedure. The percentage weight losses were 
recorded for each test. 

Firing 

One silica fume sample was heated at a series 
of temperatures for various periods of time to 
establish that there was no oxidation of Sic 
under such conditions. The relative intensities of 
the SiOz and SIC peaks were determined by 
X-ray diffraction. 

Method for free carbon and Sic 

A 10-g portion of silica fume sample was 
heated in a platinum crucible at 750” for 1 h 
The crucible was cooled and weighed. Two 5-g 
halves of sample, were treated separately with 
50 ml of 1: 1 HF in a Teflon beaker at 180” for 
1 h and taken to dryness. A mixture of 10 ml of 
HN03 an 15 ml of HF was added and the 
sample again taken to dryness. A further 10 ml 
of HF was added to ensure the complete re- 
moval of silica. A 25 ml volume of HNO, was 

200 - 

0.0 - I I I 
0 20 40 60 [W] 60 

Fig 3. XRD trace of a Sic remdue. 
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Table 2 X-ray &ffrachon of fired samples 

Temperature Tune BO, SlC 

v-2 OW Peak mtenslty 

0 0 30 
400 60 27 
500 60 21 
600 20 29 
600 60 26 
750 60 31 

added, the beaker covered with a watchglass 
and the sample boiled for 4 h. The solution was 
diluted with 50 ml of deionized water and the 
grey residue filtered through a previously 
weighed 0.8 pm millipore filter paper. The paper 
and residue were dried at 1 lo”, cooled and 
weighed as SIC. One Sic residue was sonicated 
for 30 min, treated with 5 ml of HNOs at 140” 
for 30 min and thermally analysed in air to 
check for complete removal of free carbon from 
the sample. 

RESULTS AND DISCUSSION 

Qualrtatwe tests 

The dissolution characteristtcs for the 
ponents of the fwne are shown in Table 

Free carbon and silicon carbide content 

com- 
1. 

The results for the free carbon and Sic con- 
tent of the silica fume samples are shown in 
Fig. 1. The RSD for the free carbon determi- 
nation was k 1% while that for the Sic determi- 
nation was f 3%. 

0.6 

0.6 

0.4 

0.2 

0.0 

The similar variation between the free carbon 
and Sic content is evidence for the proposed 
reaction mechanism. Some free carbon will be 
found in the fume due to incomplete reaction of 
the carbonaceous raw materials in equation (1). 
The diffusion of gaseous SiO through the highly 
porous carbon will result in both the complete 
converston of carbon to Sic and the formation 
of some incompletely reacted Sic-coated carbon 
particles. The greater the number of these 
Sic-coated carbon partdes, the higher will 
be the apparent free carbon content when the 
fume is fired at 750”. The results are thus 
evidence for equations (1) and (2) of the pro- 
posed reaction mechanism. Any carbon not 
oxidized at 750” will be removed during the 
concentrated mtric actd treatment in the analyti- 
cal procedure. 

Drscusslon of the analytical method 

Differential thermograms of an unfired silica 
fume sample and one fired at 1000” for 1 h 
are shown in Fig. 2. The disappearance of 
the 600” exotherm indicates that all free carbon 
was removed by heating the sample at 750” for 
1 h. 

An X-ray diffractogram of a Sic residue is 
shown in Fig. 3. The only peaks found were 
those for Sic at 42”, 49” and 71” (28), respect- 
ively 

X-ray diffraction data for the unfired and 
fired samples are shown in Table 2. The results 

3000 2500 1500 

Wavsnumbsrs 

Fig 4 FIIR spectrum of a SIC residue 

1000 600 
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indicate that no significant oxidatron of Sic 
occurred when the samples were fired at 750” for 
1 h. This supports the findings of Julietti’ and 
Ramanathan and Muraleedharan4 where no 
significant oxidation of Sic was found below 
800”. 

Scanning electron rmcroscopy studies on a 
typical final residue from the analytical method 
showed that Sic was the only phase present in 
the residue. 

An FTIR spectrum of a Sic residue is shown 
in Fig. 4 where the typical antisymmetric Sic 
peak was revealed at 780 cm-‘. A small quartz 
peak occurred at 1080 cn-’ due to grinding the 
sample prior to analysis as reported by Falk and 
Karunanithy.’ 

Differential thermal analysis of a typical 
Sic residue in air showed no exotherm at 
600” indicating that all carbon had been re- 
moved from the particles during the HN03 
treatment. 

CONCLUSION 

A reliable method has been developed for the 
analysis of free carbon and Sic in silica fume. 
The free carbon and Sic content of the fume 
can be used as a measure of the efficiency of 
the furnace operation. At the time that these 
samples were taken, the furnace was operating 
much more efficiently and reproducibly during 
the second sampling period. The analytical re- 
sults go part of the way to confirming the 
proposed reaction mechanism. 
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EXTRACTION OF NIOBIUM(V) IN THE 
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MANJUSHA A KARVE and SHRIPAD M. KHOPKAR* 

Department of Chemtstry, Indian Inshtute of Technology, Bombay 400 076, India 

(Recezved 16 July 1992 Revzsed 2 October 1992 Accepted 2 October 1992) 

Bunmary-A novel method is proposed for the solvent extraction of mobturn A 0 1M solutton of 
Ahquat 336s m xylene quanutattvely extracts nncrogram quanuties of mobrum from 0 OlM ascorbic 
actd at pH 3.5-6 5 Ntobmm from the orgamc phase IS stnpped wth 0 SM mtnc acid and determmed 
spectrophotometncally m the aqueous phase as 1t.s complex with TAR The method penmts separatron 
of mobuun not only from tantalum(V) but also from vanadmm(IV), titamum(IV), nrcomum(IV), 
thonum(IV), chrommm(III), molybdenum(V), uranmm(VI), tron(III), elc Ntobnun from stamless steel 
was determined wtth a preciston of 0.42% 

Solvent extraction separation of mobium with 
high molecular mass amines has been carried 
out from oxalic ‘-’ tartarica and dicarboxylic 
acids.“’ Niobium was separated in oxalate 
media from tungsten, molybdenum, however 
titanium and zirconium showed strong interfer- 
ence. The separation from tartrate media 
needed specific diluents’** such as chlorex when 
chloroform suppressed the extraction. Malonate 
media permitted group separation of niobium 
from tantalum while succinateiO and glutarate” 
were not very effective. However, the systematic 
studies of extraction from ascorbate media are 
lacking. Therefore, such studies are reported in 
this paper. The proposed method facilitates the 
separation of niobium from titanium, zIrco- 
nium, thorium, tantalum, chromium and mol- 
ybdenum. The method was extended to the 
determination of niobium in stainless steel. 

Apparatus and reagents 

A digital pH meter with combined glass and 
calomel electrodes, Model GS866C spectropho- 
tometer with matched IO-mm Corex glass 
cuvettes and a wrist-action flask-shaker were 
used. 

The stock solution of niobium was prepared 
by fusing 0.1 g of niobium pentoxide with 5 g 
of potassium bisulphate in a platinum crucible. 
The cooled mass was extracted with 5 ml of 20% 

*Present address: Chemtcal Engmeenng Dmston, Depart- 
ment of Chemical Technology, University of Bombay 
Matunga, Bombay400019 In&a 

tartaric acid, and was made up to 100 ml with 
distilled water. The solution was standardized 
gravimetrically with N-benzoyl-N-phenyl hy- 
droxyl amine. I2 It contamed 1 mg/ml niobium. 
The diluted solution containing 30 pg/ml nio- 
bium was prepared by appropriate dilution. 

Amberlite LA-1 (N-dodecyl (trialkylmethyl) 
amine), Amberlite LA-2 (N-lam-y1 (trialkyl- 
methyl) amine), Pnmene JMT (a mixture of 
primary ammes in the Ci8CE range) (Rohm 
and Hass, Philadelphia, PA, U.S.A.), Aliquat 
3668 (tricaprylmethylammonium chloride) 
(General Mills Ltd., U.K.), Trioctylamine 
(Riedel de Haen, Hannover, Germany) were 
used without further purification. The exchang- 
ers were converted mto the ascorbate form as 
per the procedure described earlier.13 

A buffer solution of pH 5.4 was prepared by 
dissolving 80 g of ammonium acetate in 7 ml of 
glacial acetic acid and diluting to 1 1. with 
distilled water. TAR (4(2-thiazolylazo) resor- 
cinol) (Fluka AG, Buchs, Switzerland), 0.2% 
solution in methanol, was also used. 

General procedure 

To an aliquot of solution containing niobi- 
um(V), 1 ml of O.OlM ascorbic acid was added 
and its pH was adjusted to 4.5 by addition 
of dilute ammonium hydroxide or ascorbic acid. 
The resulting solution was made up to 10 ml 
with distilled water. The solution was trans- 
ferred into a separating funnel and it was equi- 
librated with 10 ml of O.lM Aliquat 3368 in 
xylene. After allowing the phases to settle and 

913 
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separate, niobium(V) was stripped from the 
organic phase with OSM nitric acid. Niobium in 
the aqueous phase was determined spectropho- 
tometrically at 540 nm as its complex with 
~(2-thi~olylazo) resorcinol.‘4 

RESUL-JB AND DISCUSSION 

Extraction as a function of pH 

The pH for the quantitative extraction of 
robins was ascertamed by extracting it 
with 4% quantities of different liquid anion 
exchangers in xylene in the pH range of 1.0-8.0 
(Fig. 1). The phase volume ratio was maintained 
at 1: 1. The best pH ranges for the quantitative 
extraction were 3.5-6.5 (Aliquat 3363), 3.0-5.0 
(Amber&e LA-l), and at 3.0 (Amberlite LA-2) 
and 6.0 (Frimene JMT). The extraction was only 
75.1% with trioctylamine. Aliquat 3365 was 
preferred as the extractant as it permitted ex- 
traction over broader pH range. 

Extra&tion as a fiction of A~iq~t 336s concen - 
tration 

With all other factors constant the extraction 
was carried out with different concentrations of 
Aliquat 336s (Table 1). The extraction was 
q~nti~tive with 0,075-O.lM Aliquat 3363 in 
xylene. Therefore O.lM Aliquat 3368 was used 
throughout the investigations. 

Effect of varying ascorbic acid concentration 

The best concentration of ascorbic actd for 
complete ~omplexation of niobium was 
ascertained by extracting niobium with 

o Amborltte LAI 
A Amberltto LA2 

. R#nm* JMT 

I I 1 I I 1 1 I 
0 IO 20 30 40 so 60 70 80 

PH 

Rg. 1 Extrachon of n:ohum(V) as a fimctlon of pH wth 
various hqqlud anion exchangers 

Table 1 Effect of Ahauat 3368 concentration 

Ahauat 3368 
coGentration, Extraction, 
M % 

0005 400 
001 560 
002 620 
0.03 690 
004 74 0 
005 800 

006 890 0.07 950 
0 075-O IO 996 

Dlstrlbutlon 
ratio, 

D 

066 
12 
16 
22 
28 
40 

1;: 
249 

0.001-0.05M ascorbtc acid (Table 2). Thus 
O.OlM ascorbic acid was adequate for complete 
complexation of niobium(V). 

E$ect of extracting solvent 

Various nonpolar solvents like benzene, tolu- 
ene, xylene, hexane, cyclohexane, chloroform 
and carbontetrachloride were tested as extrac- 
tants (Table 3). The phase volume ratio was 
maintained at 1. I, The extraction was quanti- 
tative with toluene and xylene. Xylene alone was 
preferred as it was non-toxic in nature, offered 
clear phase separation and did not exhibit 
phenomenon of emulstfication. 

Period of equilibration 

The extraction was camed out on a wrist- 
action flask-shaker for various periods of 
shaking of 1, 2, 4, 5, 7 and 10 min. The 
corresponding magnitude for the extraction in 
percentage was 40, 65, 80, 95, 99.6 and 99.6, 
respectively. Thus a lo-mm period of equih- 
bration was adequate. 

Nature of extracted species 

The probable compoation of the extracted 
speaes was ascertained by plottmg the graph of 
log D vs. log [Ahquat 33651 at a fixed ascorbic 
acid concentration and by plotting of log D v.r. 

Table 2 Effect of ascorbic acid concentration 

Ascorbic actd ~s~bu~on 
~~~n~a~on, Extra&on, r&O, 
IO-)M % D 

10 35.0 0 53 
:x 42 500 0 0 10 72 

40 610 15 
SO 680 21 
8.0” 860 75 0 61 30 

;*oo 95.0 99 0 990 190 

10 O-50 0 99 6 249 
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Table 3 Effect of various extractmg solvents Ahquat 3368 
(0 1M) m smtable solvent 

Dtelectnc Distribution 
constant, Extractton, RitlO, 

Solvent E % D 

Fkmene 2.28 95 6 21.7 
Toluene 2 38 996 249.0 
Xylene 2 30 996 249.0 
Hexane 1.89 90.0 100 
Cyclohexane 2.05 870 66 
Chloroform 48 600 1.5 
Carbontetrachlonde 224 50.0 1.0 

log [ascorbic acid] with a fixed Aliquat 3363 
concentration. The corresponding slopes 
were 2.9 and 3.1, respectively. Therefore, the 
probable species which was extracted was 
[(R.,N),NbO(asc),]. Similar inferences were 
noted m earlier work.g 

Eflect of stripping agents 

After extraction of niobium(V), it was 
stripped with 10 ml of various mineral acids 
(Table 4). Sulphuric acid and hydrobromic acids 
were poor stripping agents while OS-7.OiU nitric 
acid and 2.0-6.OM hydrochloric acid were satis- 
factory. Therefore, 0.5M nitric acid was used as 
the stripping agent. 

Separation of niobium(V) from binary mixtures 

Niobium(V) was extracted in the presence of 
various ions (Table 5). The tolerance limit was 
set as the amount of foreign ion required to 
cause &2% suppression in the recovery of 
niobium(V). As the alkali, alkaline earths, alu- 
minium(III), thallium(1, III), copper(I1) and 
zinc(I1) were not extracted they were tolerated 
in ratios exceeding 1:lOO. Gallium(III), indiu- 
m(II1) and molybdenum(V1) were coextracted, 
so niobium(V) was first stripped with 6M hy- 
drochloric acid followed by stripping of these 
elements with 1M nitric acid. Titanium(IV), 
zirconium(IV) and hafnium(IV) were separated 
by stripping them first with 0.2M hydrochloric 
acid containing 0.6% hydrogen peroxide.’ It 
should be noted that 0.2M hydrochloric acid is 
a poor stripping agent and in the presence of 
0.6% hydrogen peroxide it quantitatively strips 

Table 4 Effect of stnppmg agents 

% of Stnpping 
Stnppmg 
agent, M 0 5 I 2 3 4 5 6 7 

HCl 80.0 8.5 0 99.6 99.6 99 6 99 6 99.6 80.0 
HNO, 999 996 99.6 996 99 6 99.6 99.6 99.6 
H,SQ 10 0 20 0 25.0 30.0 25 0 21 0 20.0 20.0 

titanium, zirconium and hafnium but could not 
strip niobium. Similarly, scandium(II1) and 
vanadium(IV) were separated by first stripping 
them with O.OlM oxalic acid-M hydrochloric 
acid, followed by stripping of niobium with 
0.5M nitric acid. Thorium(IV) and uranium(VI) 
were strongly complexed with ascorbic acid and 
hence could be stripped after niobium. 

Sequentral separation of vanadium(lV), nio- 
bium(V) and tantalum(l/) 

The group separation of vanadium(IV), nio- 
bium(V) and tantalum(V) was possible in 
various ratios. 

After extraction of the mixture, vanadiu- 
m(IV) was stripped with O.OlM oxalic-M hy- 
drochloric acid followed by stripping of 
niobium(V) with 0.5M nitric acid. During such 
separation tantalum(V) was not extracted and 
remained behind in the aqueous phase. With 
various ratios of vanadium : niobium : tantalum, 

Table 5 Separation of mobmm from bmary mixtures 
Nb(V)=30 pg/lO ml=OO32M, Nb(V)=30 p&l0 

ml = 32 x lo-‘M 

Foreign 
ton Added as 

Tolerance hmrt 
1 x 10-3M 

Ll+ 
Na+ 
K+ 
Ca2+ 

z*+ 
*a:+ 
Al’+ 
Ga3+ 
In’+ 

;r: 

Pb’+ 

$1 

z1A+ 
Hf’+ 
Ta’+ 
V’+ 
Th4+ 
Cr’+ 
;aOii- + 

MJ+ 
Fe’+ 
co2+ 
N12+ 
cd+ 
Zn2+ 
Cl- 
NO,- 
SO:- 
c2a- 

Ma12- 
CiP 

LlCl 
NaCl 

$Gr), 
MgSO, 7H,O 
Sr(NO3)2 

WN4 I2 3H20 

AWO,), 9H20 

GaCl, 
InCl, 
TlNO, 
n2(so4)3 

Pb(NO,), 

WO3)3 

T@04)2 

zr(Nod4 

HfW3)4 

Ta203 

VOSO, 5H,O 
WN4)4 

Cr(NO,), * 9H20 
(NH4M4oP24 I2H20 

UO2oIJO3 12 6H2G 
MnSO, 
FeCl, 
W’JO, 12 * 6H2G 
Ni(NO,), * 6H20 
CuSO. * SH,O 
ZnSO; 7H;O 
HCl 
NaNO, 
Na,SO, 
Gxalic acid 
Malomc acid 
Cnric actd 

60 
10 
10 
12 
16 
5 

32 
2 
1 
4 
4 
2 
5 

0.8 
0.6 
05 

3 
6 

08 
1.7 
1.5 
05 
1.8 
1.7 
11 
1.6 
1.1 
12 
12 
11 
1.7 

7 
6 
9 
4 

Tart’- Tartaric actd 5 
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No Mixture 

Table 6. Separation from mnlticomponent mixtures 

Taken, Found, Recovery, Stripping b, 
I&? lo? % agent Reagent nm 

1. 
Mo(VI) 
Cr(II1) 

2 
Y) 
Fe(II1) 

3 
rJz? 
Ag 

4 Tt(IV) 

Es0 
5 Zr 

E? 
6 Nbo 

$11 

30 
100 
100 

ii 
100 
30 

100 
100 
100 

30 
100 
40 

1: 
30 

1; 

29.8 

z:: 

29.8 
39 8 
99.4 
29.8 
99.1 
99.6 
996 

29.8 
99.6 
39 8 

29 8 
99.6 
29.8 
49.7 
99.5 

fit66 
99:4 

E-d 
99:1 
99.6 
99.6 

Et 
99:s 

2: 
9916 

E 

6M HCl 
1M HNO, 
Unextracted 

6M HNO, 
2M HCl 
Unextracted 
6M HNO, 
0.5&f NaOH 
Unextracted 
O.lM HCl+ 

0.6% H202 
0 5M HNO, 
Unextracted 
O.lM HCI 

+ 0.6% H202 
0.5 HNO, 
Unextracted 
6M HNO, 
6A4 HCl 
0.5M NaOH 

TAR 
Ttron 
s-Diphenyl 
carbaxide 
TAR 
Arsenaxeo III 
1, IO-phenanthrohne 
TAR 
Arsetlaxo III 
Dithtaxone 
Ttron 

TAR 540 
PAR 510 
Arsenaxo III 650 

TAR 540 
Formaldoxtme 450 
TAR 540 
Arscnaxo III 650 
Arsenaxo III 665 

540 
390 
510 

540 
650 
510 
540 
665 
460 
380 

FejIIi) 100 99.6 99.6 Unextracted 1, lO-phenanthrohne 510 

1:l:l to 1:2:1 or 2:1:1, such separations were 
possible. 

Separation of multicomponent mixtures 

Niobium(V) was separated from several 
multicomponent mixtures (Table 6). Thus, it 
is interesting to note that 6M hydrochloric 
or nitric acid strips out niobium(V) but not 
molybdenum(W), thorium(W) or uranium(W) 
as they form either anionic chloro or nitro 
complexes and get reextracted. Further metals 
like chromium(III), iron(III), silver(I), nickel(I1) 
and manganese(I1) are not extracted by Aliquat 
3363 under any conditions and can be thus 
separated while O.lM hydrochloric acid in the 
presence of 0.6% hydrogen peroxide can easily 
strip out titanium(W) or zirconium(IV) but not 
niobium(V). Therefore these differences were 
exploited to develop novel separations of nio- 

Table 7 Separation factor for vartous 
metal ions 

Distribution Separation 
ratto, factor 

Metal D (a) 

Nb 249 - 
Ga 249 10 

: 3: 3 074 
Tt 249 10 
Zr 110 1 22 
Hf 124 2.0 
V 165.6 15 
Th 332.3 0.14 
U 99 2.5 
MO 249 1.0 

bium from multicomponent mixtures. Further 
these separations were confirmed from the 
knowledge of separation factors of various 
ions” (Table 7). 

Most of the metals after stripping were deter- 
mined spectrophotometrically with appropriate 
chromogenic ligand. 

Determination of niobium in steel (BCS No. 261) 

A 0.5-g sample was dissolved in a mixture of 
hydrochloric and hydrofluoric acids (2 : 1). The 
solution was evaporated almost to dryness, the 
residue was dissolved in 2 ml of concentrated 
hydrochloric acid containing 2 ml of 20% 

IOOO- 

IOO- 

D 

I o- 

Aliquet 3368 

Fig 2 Distribution raho us Ahquat 3369 concentration. 
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IO 0 - 

D 

/ 

Slope=3 

I o- 0 

OOL-LOI 
Ascorbtc ocld 

Fig. 3 Dntnbutlon ratio us ascorbic acid concentration. 

taric acid and the resulting solution was diluted 
to 50 ml with distilled water. 

A known aliquot of solution was taken and 
was extracted as per the general procedure. 
Iron, chromium and molybdenum were co- 
extracted and were stripped with appropriate 
stripping agents as described earlier. The 
amount of niobium was found to be 0.900%, 
compared to the certified value of 0.920%. The 
precision of the determination was +0.42% 
based on six determinations. 

The significant feature of the proposed 
method is that it permits the separation of 
niobium from titanium(N), vanadium(W), 
tantalum(V), chromium(III), manganese(II), 
iron(II1) and nickel(I1) which are generally 
associated mth it in steel. The method provides 

excellent sequential 
m(N), niobium(V) 
ratio. 
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separation of vanadiu- 
and tantalum(V) in any 
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DIFFERENCE SPECTROPHOTOMETRIC ASSAY OF 
BENZALDEHYDE IN BENZYL ALCOHOL 
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S-q-A simple and rapid procedure IS described for the selective determmatlon of benzaldehyde m 
benzyl alcohol intended for use m the manufacture of parenteral dosage form The assay IS based upon 
the measurement of the ddference absorbance between two eqmmolar solutions of benzaldehyde m buffer 
solution pH 5 75, one of which also contams sodmm hsulphte The difference absorbance which has a 
maximum at 248 nm 1s due to the ddTerent spectral charactenstics of benzaldehyde and its adduct form 
wth sodium brsulphlte 1s propotional to concentration of benzaldehyde. The accuracy, preclslon, 
sensltivlty and speckty of the procedure are &scussed Apphcahon of the assay 1s described for Merent 
batches of benzyl alcohol The results are compared mth the offic~I (BP) GLC method 

The technique of difference spectrophotometry 
has proved to be useful for eliminating both 
non-specific matrix interference and specific in- 
terference from co-formulated drugs and de- 
composition products in a wide variety of 
formulations.’ Procedures involving alteration 
of PH,~ oxidation,3 reduction4 competitive con- 
densations and ester formation6 reactions have 
been successfully used m pharmaceutical analy- 
sis. The use of this technique for the detection 
of decomposition products has been described.’ 

Benzyl alcohol is commonly used in the man- 
ufacture of parenterals. Thus, the British Phar- 
macopoeia monograph for benzyl alcohol stated 
that benzyl alcohol intended for use in the 
manufacture of parenteral dosage form contains 
not more than 0.05% of benzaldehyde and 
described a GC method for the determination of 
the contents of benzaldehyde.a However, the 
limit test in the United States Pharmacopoeia 
monograph of benzyl alcohol for benzaldehyde, 
which mvolves the addition of hydroxylamine 
hydrochloride and titration with sodium hy- 
droxide, is not specific for benzaldehyde and is 
designated as a test for aldehyde.g 

In the present paper a new difference spec- 
trophotometric procedure is described for the 
assay of benzaldehyde m benzyl alcohol. The 
method includes the measurement of the differ- 
ence in absorbance between two equimolar sol- 
utions of benzaldehyde in buffer pH 5.75, one of 
which contains sodium bisulphite reagent. 
Sodium bisulphite forms an addition product 

with benzaldehyde and consequently destroys 
its strong UV absorption. The difference ab- 
sorbance spectrum possesses the characteristic 
W absorption band of benzaldehyde in the 
range 230-300 mn with a maximum at 248 nm 
and is free from interference due to benzyl 
alcohol. 

EXPERIMENTAL 

Reagents 

Benzaldehyde (Sigma Chemical Co. U.K.), 
benzyl alcohol, sodium bisulphite (BDH, U.K.), 
dibutyl phthalate (Sigma Chemical Co., U.S.A.), 
were of analytical reagent quality. 

Buffer solutions were prepared using sub- 
stances of analytical reagent grade according to 
published formulae: ‘O buffers pH 2 (potassium 
chloride and hydrochloric acid); pH 3, 4, 5, 6 
and 7 (cttric acid and disodium hydrogen phos- 
phate); pH 8, 9 and 10 (potassium chloride, 
boric acid and sodium hydroxide). 

Apparatus 

Absorption and difference absorption spectra 
of solutions in l-cm silica quartz cells were 
recorded using a Perkm-Elmer 550 S UV-visible 
spectrophotometer. The spectral band wrdth 
was 2 nm, the scan rate 1 nm/sec and the 
response (time constant) one sec. The difference 
absorbance values of the standard, sample and 
blank solutions at 248 nm were read from the 
digital display under non-scanning conditions. 

919 
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Gas chromatography was performed on a 
Pye-Umcam series 304 Gas chromatograph 
equipped with a flame-ionization detector. A 
2-m length, 2-mm internal diameter glass 
column packed with 3% OV-17 (Phase separ- 
ation Ltd) on Gas Chrom Q (SO-100 mesh; 
Phase separation Ltd) was used. The tempera- 
ture programming procedure described in the 
British Pharmacopoeta’I under the monograph 
for benzyl alcohol was used for determination of 
benzaldehyde using dibutyl phthalate as an in- 
ternal standard. 

sample cell was recorded relative to that of the 
solution treated with sodium bisulphtte, in the 
reference cell. 

Test solutton. A sample solution of benzyl 
alcohol was prepared by dissolving approxi- 
mately 100 mg, accurately weighed, in 25 ml of 
ethanol. A 3-ml aliquot was transferred to two 
50-ml standard flasks and the procedure was 
contmued as described above for standard sol- 
ution from the words “The content of one flask 
was diluted . . . . . .” . The concentration of 
benzaldehyde in benzyl alcohol was calculated 
from the standard solution. 

Procedures 

Standard solutions. A standard solution of 
benzaldehyde was prepared by dissolving ap- 
proximately 100 mg, accurately weighed, in 100 
ml of ethanol (I). A 2-ml ahquot of solution I 
was transferred to a 50-ml standard flask and 
diluted to volume with ethanol (II) A 5-ml 
aliquot was transferred to two 50-ml standard 
flasks. The content of one flask was diluted to 
50 ml with pH 5.75 buffer and the content of the 
second was diluted to 50 ml with 0.05% w/v 
sodium bisulphite solution prepared in pH 5.75 
buffer. The difference absorption spectrum of 
the sodium bisulphite untreated solution in the 

Development of the method 

Figure l(A) shows the UV absorption spectra 
of benzaldehyde in the presence and absence of 
sodium bisulphite and their difference absorp- 
tion spectrum. The bisulphite addition product 
of benzaldehyde eliminates the strong and weak 
W absorption band of benzaldehyde around 
248 and 280 nm, respectively. The difference 
absorption spectrum shows a &,, at 248 nm and 
an isosbestic point (wavelength at zero AA 
because of the equal absorptivity of sodium 
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Ftg 1 (A) UV absorphon spectra of benzaldehyde (5.05 rg/ml) m buffer pH 5.75 (a) and m sodnun 
bisulphtte pH 5.75 solutton (b) and the dtfference absorption spectrum (c) of solution (a) relattve to 
solutton (b) (B) UV absorption spectra of a sample of benzyl alcohol (0.353 mg/ml) m buffer pH 5 75 
(a) and m sodmm bisulphtte pH 5 75 solution (b) and the Qfference absorphon spectrum (c) of solutton 

(a) relative to solutton (b). 
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bisulphite non-treated and treated benzal- 
dehyde) at 223 nm. The change in spectral 
properties of benzaldehyde by addition of 
sodium bisulphite is due to the destruction of 
dienone chromophore of benzaldehyde I to 
yield the diene chromophore II results from the 
classical addition of a nucleophile to the car- 
bony1 system.” 

so; 

I 
“-7 

-OH 

HSO; 

- 

I II 

The difference absorption spectrum closely 
resembles the UV-absorption spectrum of ben- 
zaldehyde between 340 and 230 nm (maximum 
at 248 nm). 

The effect of pH was investigated by measur- 
ing the absorbance at 248 nm (A& of a sol- 
ution of benzaldehyde that had been buffered to 
various pH values in the range l-10 using buffer 
and sodium bisulphite treated benzaldehyde 
prepared in the same buffer. Figure 2 shows that 
the absorbance of benzaldehyde is not depen- 
dent on pH and that the reaction is pH depen- 
dent. The reaction is almost quantitative m 
solution adjusted to pH values between 5.5 and 
6.0 as the AZ@ was maximum and the bisulphite 
treated solution has an absorption reading 
which is almost the same as the reagent, i.e., has 
negligible absorption. 

PH 
Fig. 2. The effect of pH on the absorbance of benzaldehyde 
(404 rg/ml) m the presence (-*-*-*) and absence 

I \ _P __1__.- L __._ I-L.-_ 
I-‘-‘- - -, “1 -um 0,supn1re 

0 002 004 0 06 0 08 0.10 

Final concentration of 
sodium bisulfitc. g% 

Rg. 3 The effect of concentration of sodmm hsulplute on 
the absorbance of benzaldehyde (4 04 rg/ml) at pH 5 75 

The effect of concentration of sodium bisul- 
phite reagent was investigated and it was found 
that a concentration above 0.02% is enough for 
complete derivatization of benzaldehyde. A sol- 
ution of 0.05% was chosen throughout the 
assay as sodium bisulphite has almost no ab- 
sorption in the range up to 0.1% (0.004 ab- 
sorbance units). It was found that increasing the 
concentration of sodium bisulphite (0.3-0.5% 
w/v) reduces the AA reading which could be due 
to the considerable absorption of bisulphite 
concentrated solution. Figure 3 shows the effect 
of bisulphite concentration on the absorbance 
of benzaldehyde at 248 nm. 

Adherence to Beer’s Law 

Beer’s law graphs for benzaldehyde showed 
that a rectilinear relationship exists between the 
measured AA*.,* and the concentration of ben- 
zaldehyde in the range O-7 pg/ml. The re- 
gression equation was Y = 0.12193 X - 0.0012 
where Y is the A& m a l-cm cell and X pg/ml 
is the concentration of benzaldehyde (corre- 
lation coefficient 0.9999 for n = 6). An almost 
identical line (Y = 0.12188 X - 0.0019; corre- 
lation coefficient 0.9998 for n = 6) was obtained 
for a similar series of solutions of benzaldehyde 
containing benzyl alcohol (200 ,ug/ml). 

Specificity, accuracy, precision and limit of de- 
tection 

To assess further the specificity of the 
method, a series of solutions containing benzal- 
dehyde at 10 pg/ml and increasing concen- 
trations of benzyl alcohol (O-4 mg/ml), were 
assayed by the proposed procedure; the final 
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Table 1 Assay of benxaldehyde m standard mtxtures of benxaldehyde and benxyl alcohol usmg the 
proposed method 

Concentrahon of benxaldehyde 20 50 100 200 400 500 
m benxyl alcohol, added fig/g 
Concentrahon of benxaldehyde 19 70 4940 9990 200 10 399.80 500 20 
m benxyl alcohol, found pg/g 
Accuracy, % 98 50 98 80 99.90 100 05 99 95 10004 

concentration of benzaldehyde m each solution 
being 1 pg/ml. The AA of all solutions contain- 
ing benzyl alcohol fell within 98.8-100.2% of 
that of the standard solution of benzaldehyde 
containing no benzyl alcohol. This confirms that 
the AA method is independent of the level of 
benzyl alcohol (Table 1). 

The standard deviations of the difference 
absorbance given by a solution of benzyl alco- 
hol (1 mg/ml) and benzaldehyde (1 ,ug/ml) 
(SA) and a similar solution of benzyl alcohol 
without the addition of benzaldehyde (S,), 
each assayed 10 times by the proposed pro- 
cedure, were found to be 2.70 x 10e3 and 
9.47 x 10e4, respectively. The relative standard 
deviation, calculated from the corrected stan- 
dard deviation,12, was 0.57% and the limit of 
detection (2&J of benzaldehyde in benzyl alco- 
hol corresponded to a concentration of 
7.7 x 10e5% m/m. These results show that 
the proposed method is accurate, precise and 
sensitive. 

Analysis of commercial samples 

In order to test the application of the method, 
the concentrations of benzaldehyde were 
measured in samples of benzyl alcohol intended 
for use in the manufacture of parenterals. 
Figure l(B) shows the absorption spectrum of 
benzyl alcohol before and after treatment with 
sodium bisulphite and their difference absorp- 
tion spectrum. The spectra illustrated that, 
whereas a direct measurement of Aa8 [Fig. l(B), 
a)] of the solution is subject to interference from 
benzyl alcohol, the AA, [Fig. l(B), c] is selec- 
tive for benzaldehyde. To prove further the 
absence of interference, the standard addition 
method was used to calculate the recovery of 
added benzaldehyde (2 pg/ml). The results 
(Table 2) show good recovery of the added 
benzaldehyde and consequently benzaldehyde is 
assayed without interference from any related 
substances’ that may exist m commercial 
samples. 

Table 2. Recoverv of benxaldehvde added to drluted solutrons of benxvl alcohol 

Sample No 

Concentratton of benxaldehyde bg/ml) Recovery 

W&out added With added (As % of added 
benxaldehyde (2rdmU benxaldehyde) benxaldehyde 

Batch A 3441 5 424 99 150 
Batch B 5 621 I 625 100 200 
Batch C 2 950 4.921 98 850 
Batch D 4 632 6.626 99 700 

Table 3 Concentration of benzaldehyde in commerctal samples of benxyl alcohol 

Samvle 
Approximate 
age (month) 

Concentrahon of benxaldehyde 
Pgig % m/m 

Treatment AA,, GLC AA,a GLC 

- 

El - 
SF 
SA 

SF 
SA 
- 

:: 

170 164 0017 0016 
168 165 0 017 0017 
178 179 0.018 0.018 
212 217 0021 0 022 
212 218 0021 0 022 
224 223 0 022 0 022 
130 126 0.013 0.013 
133 136 0013 0014 
136 137 0 014 0 014 
280 278 0 028 0 028 
278 271 0 028 0 027 
296 298 0 030 0 030 

SF = Steriliiatton by filtration 
SA = Steriliitton by autoclaving at 121” for I5 mm. 
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The proposed procedure was applied for of benzaldehyde (stored samples) be sterilized 
the determination of four different batches of by filtration. 
commercial benzyl alcohol described for 
use in manufacture of parenterals. For com- 
parison, the concentrations of benzyl alcohol 
were also assayed by the GLC procedure de- 
scribed in the Brittsh Pharmacopoeia mono- 
graph for benzyl alcohol.* The results in Table 
3 show good agreement between the two 
methods and confirm that the difference spec- 
trophotometric procedure is both accurate and 
selective. 

Parenteral dosage forms containing benzyl 
alcohol are sterilized either by filtration or auto- 
claving. The effect of such treatment on the 
concentration of benzaldehyde in benzyl alcohol 
was investigated. The results (Table 3) show 
that heat sterihzation increases the concen- 
tration of benzaldehyde by approximately 5% 
of its onginal content. It is recommended that 
samples of benzyl alcohol (pharmaceutical 
grade) containing relatively high concentrations 
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SPECTROPHOTOMETRIC DETERMINATION OF 
EQUILIBRIUM CONSTANTS OF TWO MUTUAL 

COMPETITIVE REACTIONS BY THE 
METHOD OF ISOSBESTIC POINTS 
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Department of Chennstry, Shandong Umverslty, Jman, Shandong, People’s Republic of Chma 

(Recewed 15 July 1992. Accepted 25 August 1992) 

Summuy-We have developed a method that makes use of dual lsosbestlc points m a dual hgand, single 
metal system that allows the determmatlon of the equihbnum constants of complexes m which two hgands 
compete for the same metal ion, and one complex IS colourless The compehtlon of methyl thymol blue 
and &rate was used to test the model. 

The method of corresponding solutions compe- 
tition’ can be used in the determination of 
equilibrium constants of two mutual compe- 
titive reactions and is useful in studying the 
chemical equilibria of complicated systems, such 
as speciation analyses.2 However, the method is 
only applicable to the case in which two metal 
ions compete for the same ligand, whereas it 
is not suitable when two ligands compete for 
the same metal ion. New approaches are still 
required for the latter case. Based on the distri- 
bution of species in a competitive system, and 
making use of the characteristics of the isos- 
bestic points found as system compositions 
vary, we have developed a method to determine 
the stability constants of complexes formed by 
two mutual competitive reactions. The method 
has been used in the system in which 3,3’- 
bis[N,N’-di(carboxymethyl)aminomethyl]- 
thymolsulphophthalem(methy1 thymol blue) 
competes with 2-hydroxypropane- 1,2,3-tricar- 
boxylic acid (citric acid) for aluminium(III), and 
satisfactory results are obtained. 

THEORY 

Suppose that the reactions in which two 
ligands R and L compete for the same metal 
ion are as follows (the charges are omitted for 
simplicity) 

*Present address. Department of Basic Sciences, Shandong 
Agncultural University, Talan, Shandong, People’s 
Republic. of Chma 

TAuthor for correspondence 

M + R = MR, PI = [MR]/[M][R] (1) 

M + 2R = MR2, j12 = [MR,]/[M] [RI2 (2) 

M + n L = ML,, , /.& = [ML,]/[M] [Ll” (3) 

Suppose the reaction (M + R) is a coloured 
reaction and the other reaction (M + L) is a 
colourless reaction in a competitive system. The 
absorption spectra of relevant species chosen in 
this study are shown in Fig. 1. The absorbance 
of the solution is expressed as 

A = $,[R] + ~1 [MR] + c2[MR2] (4) 

where co, L, and c2 are the molar absorptivities 
of R, MR and MR2, respectively. Two isos- 
bestic points exist in the spectra. According to 
earlier workers’ discussion about the character- 
istics of isosbestic points,” we obtain .z2 = 2&, 
at the wavelength of the isosbestic point (A,). If 
1, is selected as the measurement wavelength, 
equation (4) becomes 

A = c,[R] + c, [MR] + 2~, [MR,] 

= c1 C,R - (6, - co) [R] (5) 

+(C,” = [RI + FIRI + 2[MR,]) 

By rearrangement of equation (5), we obtain 

[R] = (cl C,” - A)C,R/@, C,” - G,C,R) 

= (A, - A)C,R/(Aq -A,) [WI 
(Aq=L*C;, A0 = fzoC,R) 

A, is the absorbance of the isosbestic point q, A, 
is that of the reagent R at 1,. They are constant 
and can be measured directly as C,R is fixed. 

925 
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16Or 

Fig 1 Absorption spectra for Al-MTB system at different 
CN C,R = 1 70 x 10-5M, pH = 4 95, 2-cm cells, with dls- 
tilled water as the reference, C” ( x IO-‘&f) curves 1-O 00, 
2-O 40, 3-O 80, 4-l 20, 5-I 60, 6-2 00, 7-2 40, 8- 

2 80, 9-3 20 

Therefore after the absorbance of each solution 
is measured, [R] is evaluated form equation 

[WI. 
It should be noted, the values of [R] are 

almost close to zero for any of the curves across 
the point q, therefore, equations (5) and [5(a)] 
are useless under such circumstances. 

After the values of [R] are obtained, from the 
definition of Bjerrum’s function, we obtain 

A = (C,” - [R])/CM (6) 

fi = (B, [RI + 332 [Rl*M 1+ B, [RI + 132 [RI*) 
KG41 

fi can be evaluated from equation (6). Substitut- 
ing each pair of values (A, [RI) of solutions into 
equation [6(a)], homologous linear equations 
are obtained. Two of the arbitrary equations 
compose simultaneous equations, and 8, and /12 
can be evaluated. 

Equation [6(a)] can be rewritten in the form 

?ff [R]*+ [RIB’+’ [6(b)] B 
2 2 

B 

A linear plot of (2 - fi)[R]*/A us. (fi - l)[R]/ii is 
obtained from equation [6(b)] (Fig. 2), the slope 

I I I I I I 
0.04 0.08 0.12 0.16 0.20 0.24 

+[R] (x10") 

Rg 2 Graphs of (2 - ii)[R12/fi us (8 - l)[R]/ii 

and the intercept of the line are 8, l/l2 and l//l*, 
respectively. Thus /I, and /I2 are evaluated. 

When there is only the reaction (M + R) in 
a solution, equation (6) is used directly. If there 
is also the competitive reaction (M + L) simul- 
taneously, equation (6) should be corrected. 
Because CM is divided into two parts, ACM is 
used in the reaction (M + L). So as to evaluate 
ACM, we prepare two series of solutions. First, 
C,” is fixed and CM is gradually increased, 
Secondly, C,” + C,L is fixed and CM is gradually 
increased. The absorbances of these solutions 
are measured as &, and [R] is evaluated from 
equation [5(a)]; the graphs of [R] VS. CM are 
shown in Fig. 4. 

In Fig. 4, a line parallel with the abscissa is 
drawn. It intersects with the curves a and b at 
a, and b,. The solutions corresponding to the 
points a, and b, have the same [RI. From the 
material balance relation and the expression 
of equilibrium constants, we can derive that 
the solutions also have the same [Ml, [MR] 
and [MR,], while CM is different. The sol- 
utions include the followmg material balance 
equations 

C? = [Ml + [MRI + [MR,] (7) 

C!’ = WI + FIR1 + [MR,I + W+,I (8) 

C,R or C,” = [R] + [MR] + 2[MR2] (9) 

C,L = [L] + n [ML,] (10) 

Subtracting equation (7) from equation (8), 
yields 

Cp - C,M = ACM = [ML,] (11) 

Substituting equation (11) into (lo), yields 

[L]=CL--ACM (12) 
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According to the above discussion, fi, and #J can 
be evaluated from equation [6(a)]. Whether 
there is the competitive reaction (M + L) or not, 
C,” has to be used in the calculation of /?I and 
&. If the value of Cr at 6, is used, ACM 
consumed m the reaction (M + L) has to be 
deducted. 

It is very convenient to evaluate the stability 
constant of ML, by its distribution coefficient. 
We define 

6 ML, = [ML,]/C,M = AC”/C: (13) 

a,, can be evaluated from equation (13). Sub- 
stituting equations (l), (2), (3) and (8) into (13) 
yields 

&_,, = 8, P-&‘( 1 + B, [RI + 82 [RI* + PI_ ELI 
El WI 

[RI, /3, and fiz can be evaluated in advance. If n 
is known or evaluated by another method, 
substituting these known values mto equation 
[13(a)] provtdes flL. 

EXPERIMENTAL 

Apparatus 

A Shimadzu W-3000 double-beam spectro- 
photometer and a pHs-2 acidimeter were used. 

Reagents 

A 1 .OO x 10m3M stock solution of alumimum- 
(III) was prepared by dissolving the calculated 
amounts of ISAl(SO,)-12H,L(G.R.) in a sol- 
ution of 1.0 x 10e4M hydr~hlo~c acid. The 
working standard solutions were obtained by 
dilutmg the stock solution. A 1.213 x 10i4iM 
solution of methyl thymol blue(MTB) was 
prepared from commercial MTB which was 
purified by DEAE-cellulose column chromatog- 
raphy,’ and its accurate concentration was 
determmed by a spectrophotometric method.* 
Citric acid solution (tit, 1.000 x 10F3M), 
HOAc/NaOAc buffer solution (pH 5.0) and 1M 
potassium nitrate were prepared with analytical- 
reagent grade chemicals, respectively. 

Procedure 

To each of a series of 50-ml beakers, add 5 ml 
of buffer solution, 3.50ml of MTB solution, 
1.00 ml of tit solution, 2.5 ml of 1M potassium 
nitrate and a different volume of Al solution, 
respectively, dilute to 20 ml wtth distilled water, 
heat for five min in a boihng water-bath, and 
cool to room temperature. Transfer each of the 
solutions to a 25-ml standard flask, respectively, 

dilute to the mark with distilled water and mix, 
stand for 10 min and measure their absorption 
spectra or absorbances. 

Selectim of pH of solution 

Based on the earlier studies, the range of 
pH selected was 4.5-5.0 for formation of the 
coloured complexes. 

RESULTS AND DKXJSSION 

Determ~~ti~n of stability const~ts of the 
complexes for the Al-MTB system 

When pH and CM* were fixed and CM 
was gradually increased, a series of solutions 
resulted with the absorption spectra shown in 
Fig. 1. Figure 1 shows Al can form two com- 
plexes with MTB. Their maximum absorption 
wavelengths are 492 and 585 nm, respectively. 
In addition, two isosbestic points exist m Fig. 1. 
According to the literature: the compositions 
of the complexes with maxima at 492 nm and 
585 nm are Al(MTB)~ (1: 2) and AI(MTB) (1: I), 
respectively. In the presence of a higher concen- 
trations of Al(III), the formation of 1:l com- 
plexes predominates, conversely, the formation 
of 1.2 complexes predommates. The first isos- 
bestic point p is at 463 nm and the second 
~sosbestic point q is at 532 nm at pH 4.95. 

According to the above discussion, we 
measure A at 532 nm (A,,) and evaluate [R] from 
equation [5(a)]. Substituting the values of [R] 
obtained mto equation (6), we can evaluate 
ii. Then the values of (2 - Z)i)]*/ii and 
(ii - I)[RJ/ii are calculated, respectively. The 
values of relevant parameters obtained are 
shown in Table 1. A linear plot of (2 - ii) [R]*/ii 
us. (fi - l)[R]/ii is shown in Fig. 2. The 
values of fi, and /?* obtained from Fig. 2 
are: /I1 = 6.57 x lo6 and /It = 2.94 x lOti, 
respectively. 

Determination of stability constant of ML, for 
Al-ctt system 

Similar to Fig. 1, the absorption spectra for 
Al-MTB-cit system at dXerent CM are shown 
m Fig. 3. In Figs 3 and 1, C - is the same. On 

Table 1 Values of relevant parameters obtamed for Al-MTB 
system at Qfferent CA1(C.~ = 1.70 x lo-‘M, A, = 0.600, 

R, = 0.175) 

CY x 10_5M) 060 0.80 1.00 
[RJix IO-wj 

I.20 
0932 0720 0.528 036O 

ii 1280 1.225 1.172 1117 
(2 - s)[Rlz/ii( x IO-lo) 0.489 0 328 0 197 0 102 
(fi - l)[R]/ii( x lo-‘) 0 204 0.132 0.077 0038 
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440 480 520 560 600 

A (nm) 

l%g. 3. Absorption spectra for AI-MT-t system at differ- 
ent P CL ~4.00 x 10e5M, P (x lo-‘M) Curves I- 
000, 2-0.40, 3-080, 4-1.60, 5-3 20, -80, 7-5.60, 
86.40, 9-7 20, 10-8.00, other condltlons as for Fig 1 

comparing the two figures, A,,, of the complexes 
formed between MTB and Al(II1) is the same, 
as are 4, A, and A,, A,, respectively. But as CA’ 
is increased, the curves differ (the rate of change 
is diminished). Cit competes with MTB for 
Al(II1) and a part of CA is consumed in the 
formation of the complexes Al(cit). It is prelim- 
inarily estimated that ternary complexes are not 
formed. 

According to the report of the literature,” 
Al(II1) can form 1:l complexes (AlHL) with tit 
under acid conditions, so we consider n to be 1. 
Thus BL can be evaluated. The absorbances of 

0.40 0.80 1.20 160 2.00 2 

c” (x10”tvl) 
Fig 4 Graphs of [R] us CA1 for two senes of solutions 

correspondmg to Rg l(a) and Fig 3(b) 

two series of solutions corresponding to Figs 1 
and 3 are measured at &,, then [R] is evaluated 
from equation [5(a)] (Table 2). The graphs of [R] 
VS. CN are shown in Fig. 4. A line parallel with 
the abscissa is drawn at a fixed value of [RI. It 
intersects with the two curves at aI and b, . [R] 
is the same at the two points a, and 6,) CA’ is 
evaluated from C$ and Cf’ , corresponding to al 
and b, . Then [ML,], [L] and 6,, are evaluated 
from equations (1 l), (12) and (13), respectively. 
Thus & can be evaluated from equation [13(a)]. 
The values of relevant parameters and fiL are 
shown m Table 3. The average value of fiL 
obtained from Table 3 is 6.06 x 10’ (log 
/3L = 5.78). Studies of the equilibrium relations 
for the Al-MTB system are limited. The only 
literature9 we found reported log jl, = 3.88, log 
bz = 9.9. Our results differ from them, because 
our experimental conditions are different from 
those of the literature.g For the Al-cit log 
system, after correcting our results by alpha 
coefficients (at pH 5, log aL(H) and log aAl are 
1.2 and 0.4,” respectively), we calculated the 

Table 2. Values of A for two senes of solutions m the presence and m the absence of at& = 0.600, A0 = 0 175)* 

cy x 10-SM) 0 00 0.20 040 0.60 080 100 120 140 160 180 200 220 240 
A. 0 175 0.238 0 300 0.367 0 420 0468 0 510 0.545 0 570 - 0 600 - - 
[RL( x 10-5M) 1 700 1.448 1200 0.932 0 720 0.528 0 360 0.220 0 120 - 0000 - - 
A, 0 175 0220 0 275 0.325 0 370 0.410 0450 - 0488 0505 - 0.520 0 530 
[RL( x 10-5M) 1.700 1.520 1300 1 100 0920 0.760 0600 - 0448 0380 - 0.320 0280 

*Subscripts (I and 6 represent the presence and the absence of at(CL = 4 00 x 10-5M), respectively 

Table 3 Values of relevant parameters and jL obtained from Fig. 4 

[R]( x 10-JM) Cf( x lO-JM) C,“( x lo-‘M) AC”( x 10-5M) [L]( x 10-SM) dhlL /??,( x 103 

1000 0.550 0700 0 150 3 850 0.214 6 80 
0.920 0.610 0800 0.190 3 810 0 238 7.07 
0.830 0690 0900 0.210 3790 0 233 6.07 
0.760 0760 1000 0240 3.760 0240 5.70 
0.680 0.850 1100 0 250 3.750 0227 4.64 
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stability constant to be log j$_ = 7.38. This is 
basically the same as the value of the literature 
(log j& = 7.0).” Because the latter calculation 
uses the former constants, it can be seen that 
the method developed in this paper is quite 
reliable. 
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PRECONCENTRATION AND DETERMINATION OF 
Ce, La AND Pr BY X-RAY FLUORESCENCE ANALYSIS, 

USING AMBERLITE XAD RESINS LOADED 
WITH 8-QUINOLINOL AND 

2-(IL-(5 CHLOROPYRIDYLAZO)-5-DIMETHYLAMINO)-PHENOL 

A. N. Mmt and R A OLSINA 

Department of Analytazal Chemutry “Dr. B. Marone”, Faculty of Chemtstry, Blochermstry and 
Pharmacy, National Umverslty of San Lms, San Lms, Argentma 

(Recetved 9 December I991 Remed 17 Aprd 1992 Accepted 23 August 1992) 

Summary-8-Qmnohnol (oxme) and 2-(2-(5 chloropyndylazo)-5-dlmethylammo)-phenol (SCIDMPAF) 
were lmmohhzed on the non lomc sorbents Amberhte XAD-4 and XAD-7 These loaded resins were used 
for the preconcentratlon of Ce, La and Pr High preconcentratlon factors were obtamed m each case After 
the retention of these rare earths, the resins were measured as thm fihns by x-ray fluorescence spectrometry 
Up to 50 ppm of REEs can be retamed on these thm films 

The analytical treatment of rare earth elements 
is not performed on the individual elements 
because they form a closely related group of 
elements.* It is usually necessary to precon- 
centrate and separate them from the matrix, 
especially for trace analysis. Chemists have 
proposed different procedures for p~1~1~~ 
enrichment and separation of trace REEs 
such as: coprecipitation,2 ion exchange” and 
solvent extraction.6 

The rare earths have been determined by 
many inst~men~ techniques, but are affected 
by spectral interferences. Thus, when they are 
determined by these techniques, separation and 
preconcentration steps are necessary. X-ray 
fluorescence analysis is a useful and versatile 
method for determmation of rare earths7-9 in a 
variety of materials. As with other instrumen- 
tal methods, XRF is subject to spectral and 
other modes of Interferences, which can be 
corrected.‘o 

Absorption-enhancement effects are negli- 
gible in thin film type specimens because neither 
primary nor analyte line x-rays are significantly 
absorbed in the extremely thin layer. 

We propose for the pr~on~ntration and 
separation of Ce, La and Pr, the immobilization 
of two organic reagents on the adsorbent resins: 
8-quinolinol (oxine) and 2-(2-(5 chloropyridy- 
Leo)-5-dimethyl~~o)-phenol (SClDMPAP). 
With the proper conditions, the elements of 

interest can be retamed on these. The resins 
which contain the retained IORS are presented to 
the x-ray spectrometer as thm films. This tech- 
nique has many advantages in the determination 
of the REEs. 

EXPERIMENTAL 

Reagents and apparatus 

The Amberlite XAD-4 (Rohm & Haas) had 
a specific surface area of 750 m’/g, pore dlam- 
eter 50 8, and bead size 20-50 mesh; and XAD-7 
had a specific surface area of 450 m2/g, pore 
diameter 80 A and bead size 20-50 mesh. 

SCIDMPAP reagent was synthesized by the 
technique of Shibata and Furukawa.” This 
reagent is slightly soluble in water but easily 
soluble in ethanol. 

Ce standard solution was prepared by dis- 
solving Ce(NO,), in water. La standard solution 
was prepared with La(NO,), in O.lM HCL. A Pr 
standard solution was prepared by dissolving 
pr40,, in O.lM HCl. 

Membrane filter papers were Millipore of 
0.47-&m pore size. 

All other chemicals were analytical grade and 
doubly distilled water was used throughout. 

A Philips PW1400 x-ray spectrometer was 
used for Ce, La and Pr Lcr line measu~ment. 
The parameters were appropriately selected. 
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Fig I Retention of Ce, La and Pr on SCIDMPAP-XAD-4 as a fun&on of pH 

A Vanan W-Visible Spectrometer was used 
with IO-mm path length glass cells. 

pH of solutions were measured in an Orion 
701-A pH meter with a Ag-AgCI electrode. 

The filtrations were performed in a special 
filtration apparatus with a vacuum pump. 

Preparation of resins 

The XAD resins were ground with an 
acetone-water mixture in a ceramic mortar and 
sieved with a mesh sifter to obtain 100-200 mesh 
grains. Then the resins were soaked with 
methanol-&$ HCl(1: 1) overnight and washed 
with water.” 

Preparation of loaded reams 

Usmg the optima adsorption conditions,i3 
the organic reagents were loaded on the ground 
resins (XAD-4 and XAD-7). One gram of each 
was shaken for 10 hr with solutions of 600 mg/l. 
SClDMPAP and 0.02M oxine both in O.OlM 
HCl. 

Retention of Ce, La and Pr as a function of pH 

Solutions contammg 10 ppm Ce and 5% 
Triton were adjusted to the desired pH with 
sodium hydroxide or hydrochloric actd and 
shaken with lo-mg portions of each resin for 
1 hr. Resins were filtered using a vacuum pump 
on Millipore paper. These papers were covered 
with Mylar and each analyte La line was 
recorded by an x-ray spectrometer. The same 
procedure was carried out with solutions of 10 
ppm La and 10 ppm Pr. The graphs of retention 
as a function of pH are shown in Fig. 1. 

Determination of critical thickness 

Solutions containing 10 ppm Ce(II1) were 
shaken with 10, 15, 20, 25, 30, 35 and 40-mg 
portions of loaded resins at the proper pH. 

Solutions were filtered on Millipore paper and 
then covered with Mylar. Ce lines were read 
with an x-ray spectrometer (Fig. 2). 

Evaluation of the interelement eflects in the thin 

firm 

Solutions containing a mixture of Ce and La 
in the ratio 1:6, 6:l and Ce-Pr 1:6, 6:l were 
prepared and Ce, La and Pr were determmed by 
the same method. 

Determination of total adsorption capacity 

Each rare earth was retained at the proper pH 
on each loaded resin. With this purpose, 10 ml 
of REE solution between 0 and 80 ppm was 
shaken for 30 min with 10 mg of resin. Solutions 
were filtered on Millipore paper, covered with 
Mylar and REEs La hnes were measured in an 
x-ray fluorescence spectrometer. 

Freconcentration of Ce, La and Pr 

Solutions containing O-10 and O-50 ppm Ce, 
La and Pr were shaken with 10 mg of each 

Quantity of resin (mg) 

Fig. 2. ~~i~atlon of cnhcal thkness (cntwal quantity 
of resm in the film) 
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Table 1. Determmatton of Ce, La and Pr m Qfferent samples A and B are synthettc samples wtth the same composttron 
as the standards of the NBS G2 and SDC-1, respecttvely Loaded resins 1 Oxme-XAD-4 2 Oxme-XAD-7 3 

SCIDMPAP-XAD-4 4 SCIDMPAP-XAD-7 

Contents m ppm Loaded Quanttty found Error % Vartatron coeff 
Ce La Pr Resm Ce La Pr Ce La Pr Ce La Pr 

10 10 10 4 991 9 80 9 86 085 200 120 1 50 147 237 
10 10 10 1 962 1040 9 79 367 400 210 2 30 123 2 34 
10 5 25 4 1020 4 79 25 30 200 420 1 20 3 26 298 105 
10 5 25 1 9 96 5 08 24 80 040 160 140 1 47 251 138 
10 25 5 4 1010 2483 4 82 100 068 360 1 28 111 3 68 
10 25 5 1 9 71 25.22 4 80 290 0.88 400 145 0 956 5 26 
25 10 5 4 25 11 9 88 5 16 048 120 3 20 051 293 6 12 
25 10 5 1 2450 1017 504 200 1 70 0 80 0 56 1 10 5 38 

5 10 25 3 
5 10 25 2 
5 25 10 3 
5 25 10 2 
5 30 - 1 
5 - 30 1 

30 5 - 4 
30 - 5 4 
15 96 19* 3 
104 15 08’ 2 

505 1017 
501 1022 
5 20 24 70 
486 25 10 
500 29 78 
482 - 

29 98 4 84 
30 50 - 
1520 9 87 
1060 1530 

24 88 
24 50 

9.88 
9 80 
- 

29 80 
- 
491 
1 85 
0 85 

loaded resin at maximum adsorption pH (7.5 
in each case) for 30 min. Resins were filtered 
with a vacuum pump on Millipore paper. Thus, 
a thm film was obtained and covered with 
Mylar. 

Calculation of enrichment coeficzents 

Ce, La and Pr solutions were agitated with 
loaded resins at maximum adsorption pH for 
30 min. In filtered liquids the rare earth 
amounts were determined spectrometrically by 
the Arsenazo II4 method (using tnethanolamine 
buffer of pH 7.2) at 580 nm. 

Determination of Ce, La and Pr by x-ray 
fluorescence spectrometry 

Standards were measured m the x-ray fluor- 
escence spectrometer. Measurement parameters 
were* 79.025” 28 for Ce La, 82.930” 28 for La 
La and 68.240” 28 for Pr L/I, Cr tube, 50 kV, 
50 mA, LiF (200) crystal, 75-25 window 
width, counting time 100 set, gas proportional- 
scintillation counter in tandem. 

The reproducibility in the adsorption of Ce, 
La and Pr was assessed by repeating the same 
procedure, six times. 

Analysis of samples 

Samples containing Ce, La and Pr in differ- 
ent concentrations were prepared. Some were 
in the same proportions as the standard 
samples G2 and SDC-1 (USGS). A lo-ml por- 
tion of these samples was preconcentrated 
and determined by this method. Results are 
presented in Table 1. 

TAL WC-,. 

100 170 048 242 176 0 84 
020 220 200 361 2 10 128 
400 120 1 20 293 052 235 
280 040 200 3 46 0 93 2 66 
000 073 - 5 32 036 - 
360 - 120 270 - 0 83 
006 3 20 - 051 326 - 
160 - 1 70 041 - 5 18 
1 30 2 30 220 0 98 1 38 5 18 
200 200 510 1 23 111 2630 

RESULTS AND DISCUSSION 

The adsorption behaviour of Ce, La and Pr as 
a function of pH was examined and results are 
presented in Fig. 1. As can be seen Ce and La 
adsorption begins in every case at pH 6 and is 
maximum at pH 8. For Pr the adsorption begms 
at pH 5, but the maximum retention is at pH 8. 
These REE cannot be separated by this method 
but they can be determmed without mterfer- 
ences by preparing a thin film for measurement 
by x-ray fluorescence spectrometry. 

In order to prepare the thin films with the 
loaded resins, the critical thickness was deter- 
mined. Results showed that films prepared m 
this way allowed up to 20 mg of loaded resin 
(Fig 2). 

The presentation of standards to an x-ray 
spectrometer as thm films permits determi- 
nation free from interferences. Thus Ce, La and 
Pr together can be determined by this method, 
without modifying its line mtensities. Under the 
experimental conditions the only interference 
detected was on measuring Pr La (75.42” 28). 
Because of the La L/I, line (75.27 28), the 
resolution of the LiF 200 dispersing crystal did 
not allow a separation of these two lines. There- 
fore, Pr was determined by measuring its L/I line 
(68.24” 28) 

The rare earths not retained on the resins 
were spectrometrically determined by the 
Arsenazo I method. These experiments indi- 
cated that the adsorption is almost quanti- 
tative within 20 min of shaking. Consequently, 
all data were obtained after a shaking period 
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Table 2. Detection bmlts (m ppm) for the determmation of 
Ce, La and Pr retained on each loaded resm 

Resm Ce La Pr 

Oxme-XAD-4 0 36 042 071 
Oxme-XAD-7 047 045 107 
5ClDMPAP-XAD-4 0.47 0 53 094 
SCIDMPAP-XAD-7 042 043 107 

of 30 min to ensure complete equilibrium. 
Practically 100% retention of each element 
was obtained. 

So, with these working conditions 10 mg of 
each resin adsorbs almost quantitatively up to 
SO ppm of each element studied. Considering 
that 10 mg of loaded resin occupies 20 mm3 and 
10 ml of the REE solution were agitated urlth 
this quantity of resin, the enrichment factor is 
500 in every case, which is highly satisfactory if 
the determination is made by x-ray fluorescence 
spectrometry.‘5 

Synthetic calibration standards of Individual 
rare earths were prepared over a ~on~n~a~on 
range between 0 and 80 ppm. The correlation 
found between measured intensity (corrected 
for background) and the concentration of an 
element was linear up to 50 ppm (maximum 
capacity of retention) in every case. 

Synthetic samples with different concen- 
trations of Ce, La and Pr were prepared due to 
the lack of suitable references samples with 
certified REE contents, In case of having these 
certified samples, they can be treated followmg 
Sen Gupta’s procedure, ‘$ before performing the 
adsorption of the REEs on the loaded resins. 
The results for the determination of Ce, La 
and Pr in each of these samples are shown in 
Table 1. 

The concentration at the detection limit 1s 
defined’* as: 

where: 

C DL = (3/m) I#*, 

m: IS the slope of the calibration curve 
1,: is background intensity (counts/set) 

and was calculated for each case and presented 
in Table 2. 

CONCLUSIONS 

Amberlite XAD4 and XAD-7 loaded with 
Oxme and SCIDMPAP have proved to offer a 
simple preconcentration technique for determi- 
nation of trace amo~ts of Ce, La and Pr by 
x-ray fluorescence analysis. 
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Summary-Synthetrc red and near-infrared absorbing dyes may lx used as probe molecules m a large 
number of apphcations. Dyes etihtmg spectral changes wtth hydrogen ion concentration are useful as 
pH probes. Those dyes which have their absorption and fluorescence maxuna m the long wavelength 
regon of the vlslble spectral regon are especially valuable because of decreased interference and 
semiconductor laser applications In tis paper we have evaluated an ammodrenone dye 1 which 
demonstrates pH dependent absorption and fluorescence spectra as well as solvent polarity dependence. 
In organic solvents the long wavelength absorption band of the dye IS in the reduced interference repon 
The absorption maxlmum 1s at 535 nm m neutral or alkahne solutions m methanol The absorption spectra 
undergo a strong bathochronuc sluft m the presence of acids (.4, = 709 nm) with a conconutant change 
m the fluorescence spectra This pH senatlve dye was found to be especially useful for orgamc solvents 
The analflcal utdlty of tis and smular near-infrared absorbing dyes IS dIscussed 

The determination of hydrogen ion concen- 
tration (pH) is an important part of many 
analytical procedures. In previous years numer- 
ous dyes have been studied as to their potential 
for use as acid/base indicators. Sometimes only 
the color change is utilized, but more sophisti- 
cated methods use absorption or fluorescence 
spectroscopy. A large number of available weak 
organic acids and bases exhibit different absorp- 
tion/fluorescence spectra or colors when m un- 
dissociated and ionic forms. The color changes 
or variations in absorption and fluorescence 
spectra are usually associated Hrlth the alteration 
in the degree of conjugation upon ionization of 
the functional groups present in the indicator 
molecule. The pH region of utility 1s usually 
determined by the pK, of the indicator molecule. 

Peterson was the first to report the use of an 
indicator that related the change in the absorp- 
tion spectra to PH.~ Seitz used a pH indicator 
based on changes in the fluorescence spectra of 
fluoresceinaminem4 Fluorescence has become the 
preferred method because of its selectivity and 
sensitivity. Selectivity arises from the fact that 
not all chromophores that absorb will fluoresce, 
which is especially true in the NIR region where 
only a few classes of compound exhibit fluor- 
escence. The use of fluorescent dyes as pH 
indicators, mostly azo or fluorescein derivatives, 
is well documented in the literature.5-‘0 Appli- 

cations include analysis of blood,’ spinal cord 
tissue,6 brain pH’ and more.8-10 

The utility of the indicator is often greatly 
enhanced if the pH change has a large effect on 
the fluorescence quantum yield of the indicator. 
Fluorescent indicators can be especially valu- 
able in determining the pH of samples which 
have significant absorbance. In particular, the 
near-infrared spectral region of the electromag- 
netic spectrum has proven to be useful in the 
characterization of biological samples. The long 
wavelength red and short-wave near-infrared 
spectral region of 650-1000 nm exhibits minimal 
interference from biological matter. This attrac- 
tive feature of the spectral region has intensified 
interest m development of new probe molecules. 
The analytical applications related to NIR ab- 
sorbing chromophores have increased dramati- 
cally durmg the last few years. The use of 
semiconductor lasers as light sources further 
enhances the advantages of this spectral region. 

The absorption and fluorescence properties of 
many pH sensitive indicators have been investi- 
gated in the past, including their use as fiber 
optic probes. Most of these dyes are weak acids 
or bases with ionizable functions such as car- 
boxylic acid, phenol or amine. The appropriate 
pH indicator dye must have pH sensitive 
functional groups that reversibly change from 
the ionized to the non-Ionized form with a 
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concomitant change in the degree of conju- shown in Fig. 1. We recently presented an 
gation of the double bonds in the molecule as efficient synthesis of 1 and its purification.” A 
the hydrogen ion concentration changes. The sample of 1 used in this work was homogenous 
use of pH indicators that are suitable for tissue by TLC on silica gel with several mobile phases, 
and blood pH measurements in the physiologi- gave good microanalytical results (C, H, N), 
cal range has become of interest since their first and its 400 MHz proton NMR spectrum was 
application in the late 1970s.‘A fully consistent with the high purity of the dye. 

The chemistry of pH sensitive molecules 
has been of immense interest. One group of 
fluorescent dyes, howeven, that has not 
been fully investigated as pH indicators is 
the aminoenones.“*” Junek reported in 1973 
the synthesis and properties of dialkyl amino- 
methylene substituted tetralones, indanediones 
and indanones.” In the following year he 
reported these dyes as a new group of pH 
indicators.‘* Nevertheless, few reports have ad- 
dressed the use of aminoenone indicators that 
can be useful in the physiological range.“*i4 

For the experiments, spectrophotometric 
grade methanol was obtained from Baker 
Chemical Co. Isopropyl alcohol, dimethyl 
sulfoxide, dichloromethane, tetrahydrofuran, 
acetonitrile, hydrochloric acid, sodium hydrox- 
ide and buffer components were obtained from 
Fisher Scientific Co. The absorbance data were 
determined by using a disposable PS cuvette 
(Fisherbrand). The fluorescence intensity was 
determined in a quartz cuvette (Fisherbrand). 

Method 

We report here the spectral characteristics 
and the pH dependence of a new symmetrical 
aminodienone dye system 1 in methanol and in 
a series of organic solvents. The data presented 
reveal dramatic effects of protonation of the dye 
on its spectral characteristics. The dye is stable 
in alcohols under acidic and basic conditions 
and the dye spectra are dependent on the sol- 
ution pH. Also, the dye exhibits high spectral 
sensitivity to the presence of protons in aprotic 
organic solvents. 

EXPERIMENTAL 

Stock solutions of the dye (1O-3 M) were 
prepared in spectrophotometric grade meth- 
anol, isopropanol and DMSO (Baker analyzed). 
For the pH studies, small amounts of stock 
solution were diluted to arrive at the desired 
concentrations for absorbance and fluorescence 
measurements. Since the dye is less soluble in 
water, the aqueous solutions were prepared by 
dissolving the dye in methanol and then diluting 
with water to obtain dye solutions in a 
methanol/water (1: 9) mixture. No spectral 
differences were observed in the presence of up 
to 10% methanol. 

Reagent and chemrcals 

The chemical structure of the pH sensi- 
tive dye, 2,6-Bis[2’-( 1”-ethyl-3”,3”-dimethylin- 
dolin-2”-ylidene)ethylidene]cyclohexanone (1, 
CMH400N2, MW = 492.68) used in this study, is 

Dye 1 is stable in methanol/water at room 
temperature for 24 hr. If kept in the dark at 
-20°C the dye solutions are stable for up to 20 
days; however, they would turn orange if ex- 
posed to excessive sunlight. Dye 1 is stable in 
acetonitrile for 10 days, but undergoes slow 

2-D 
Fig. 1 Structures of a neutral form of the pH sensitive dye 1 and its protonated form 2. A suggested 
mechanism for the selective hydrogen-deutenum exchange m poslhons 1’ and 7’ of the dye under acldlc 
con&trons IS also shown. Note different numbering scheme-s for the dlsubstituted cyclohexanone denvauve 

1 and the cyanine dye 2, as reqmred by chenucal names of these systems 
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decomposition in dimethyl sulfoxlde, even in the 
dark. Accordingly, fresh working solutions were 
prepared for each experiment. 

The solution pH was varied by slowly adding 
small amounts of hydrochloric acid or sodium 
hydroxide in a methanol-water mixture. The 
absorption spectra of the dye were taken before 
and after the pH measurements to examine the 
stability of the dye. The visual transition of 
color from basic (pink) to acid conditions 
(green) occurred at pH 3.0. Buffer solutions 
were used to calibrate the pH glass electrode 
(Fisher Scientific). 

Instrumentation 

Solution pH was determined by using an 
Orion Research Model 701A digital tonalyzer. 
A Perk&Elmer Lambda 2 UV/Vis/near-IR 
spectrophotometer interfaced to a Zenith 286 
PC was used to obtain absorption measure- 
ments. The PECSS program supplied with the 
instrument was used to analyze, store and re- 
trieve data. An SLM 8000 spectrafluorometer 
interfaced to a PS/2 IBM PC was used for 
fluorescence measurements, and the fluor- 
escence spectra were stored on floppy disks for 
later analysis. The p& values were determined 
using a Schott Geraete Model 250 autotitrator 
and model T90/10 autoburet interfaced to a PC. 

RESULTS AND DISCUSSION 

Absorbance 

Representative absorption spectra of the pH 
sensitive dye 1 in methanol under acidic and 
basic conditions are shown in Fig. 2. Under 
basic conditions (dark pink solution), the dye is 
in a ketone form and shows a broad absorbance 
band with a maximum at 531 nm (Fig. 2B). The 
intensity of the 531 nm peak decreases with 
decreasing pH. At around pH 3 the dye solution 
turns a pale pink color. As the pH of the dye 
solution is decreased further, the color becomes 
pale green with the concomitant appearance of 
a narrow peak wrth a maximum absorbance at 
709 mn (Fig. 2A). The intensity of the peak at 
709 nm increases as the solution pH is lowered 
further while the color of the dye solution turns 
dark green. The change in the absorption spec- 
tra is attributed to the protonation of the oxy- 
gen atom to yield a cationic enol from 2 (Fig. 1). 
The formation of the enol function at the poly- 
methine chain results in the development of a 
longer conjugated system. More specifically, the 
protonation results in the formation of a cat- 

ionic cyanme dye systems 2. This structural 
change is responsible for the observed, large 
bathochromic shift. It is known from the chem- 
istry of the polymethine cyanine dyes that the 
two major determining factors in the absorption 
maximum wavelength are the extent of conju- 
gation and presence of a quaternary nitrogen in 
the heterocyclic moiety. Those dyes that have no 
quaternary nitrogen, commonly referred to as 
dye bases, have much lower absorption wave- 
length maxima than a similar molecule with 
quaternary nitrogen in the heterocyclic termi- 
nus. The absorption of the cationic form 2 is 
typical for a heptamethine cyanine dye system.16 

Two forms of the dye, thus, are an amino- 
dienone 1 and a cationic heptamethme cyanine 
system 2. The symmetrical cationic species 2 is 
the predominating form under acidic con- 
ditions. Dye 1 is more stable in acid conditions 
than m basic conditions, including light sensi- 
tivity. Under basic conditions the molecule un- 
dergoes deprotonation to form the neutral 
aminodienone 1. The dye can be converted back 
and forth between the two forms simply by 
adjusting the solution pH, and these changes are 
fully reversible. 

The dye is sparingly soluble in pure aqueous 
solutions; however, m the presence of a small 
amount of alcohol, the dye becomes soluble and 
it is stable in such a solvent system. The spectral 
behavior of the dye is markedly different in 
aqueous media. Under acidic conditions a 
broad absorbance peak with a maximum at 423 
mu can be observed, while under basic con- 
ditions a very broad peak with a maximum 
absorbance of 484 nm is present. The molar 
absorptivity measured at pH 6 and pH 2, re- 
spectively, and other spectral properties of the 
dye are tabulated m Table 1. The different 
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Fig 2 Absorbance spectra for the pH senslhvt dye 1 m 
methanol under acldlc (A), pH 2 (-) and basic (B), 
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VH 

Table 1 Absorbance for 1 

Absorbance 
Methanol Water* Isopropanol 

1 (nm) d (I mol-’ cm-‘) 1 (nm) 6 (1 mol-’ cm-‘) L (nm) 6 (1 mol-’ cm-‘) 

A&K 709 2082E+5 425 2.651E + 4 709 1 537E + 5 
Baac 535 776OE+4 484 3438E+4 520 6218E+4 

* 10% Methanol/!%% water 

spectral behavior m aqueous systems might be 
attributed to two factors, namely, dimerization 
or higher order aggregation of the molecules m 
a less hydrophobic environment and covalent 
hydration of the dye system or dye aggregate 
under acidic conditions (Fig. 1). However, the 
absorbance spectra of dye 1 at concentrations 
Q lo-*M showed no dimerization effect. 

The hydration would result m shortening of 
the dye chromophore with a concomitant blue 
shift m the absorption spectra, as observed. This 
blue shift would be especially large for hy- 
dration of the cationic form 2, due to a facile 
nucleophilic addition reaction with the poly- 
unsaturated cationic chromophore.‘5*16 The 
changes between the aqueous and organic sol- 
utions are fully reversible, however. After the 
aqueous solution of 1 was extracted with 
dichloromethane, the spectra of the organic 
extract taken under different pH conditions 
exhibited the same behavior as the spectra of 
a freshly prepared solution of 1 in dichloro- 
methane. The same results were obtained 
with the extracts from alkaline and acidic 
solutions. 

The addition reaction of water to position 
2(2”) of the indoline of dye 2 to give an adduct 
3 (R = H) can be suggested (Fig. 1). Absorption 
maximum around 400 nm was estimated’7~‘8 
for 3, which is in reasonable agreement with the 
experimental value of 423 nm. With methanol 
the equilibrium 2 + CH,OH # 3 must favor the 
substrate 2 because the increased stenc hin- 
drance destabilizes the adduct 3 (R = Me) in 
comparison to its hydroxy analog (R = H). As 
a result, the absorption maximum of 2 in 
methanol is shifted to longer wavelengths rela- 
tive to the absorption in aqueous media. 

Strong experimental support for the 
suggested addition reactions was obtained from 
proton NMR studies. The spectrum of 1 taken 
in deuterochloroform exhibited a characteristic 
AB pattern for Hl’ and H2’ at 6 5.46 and 8.17, 
respectively, with a coupling constant of 13.2 
Hz.‘~ Upon acidification of the 1 ml sample 
solution in the NMR tube with 2 equivalents of 

HCl in 0.05 ml of methanol, a similar absorp- 
tion pattern was observed at 6 8.58 and 5.79, 
provided the spectrum was obtained immedi- 
ately following acidification of the sample. The 
deshielding effect is attributed to the formation 
of cation 2. With deuterium chloride instead of 
HCI a highly selective deuteration at positions 1’ 
and 7’ was observed to give 2-D (note a different 
numbering scheme for this compound), as evi- 
denced by the appearance of a singlet for H2 
(6’) at S 8.58 and lack of absorption at S 5.79. 
This fast deuteration was complete within 5 
min, a minimum time period necessary for 
obtaining the NMR spectrum. No additional 
changes m integration of the spectral signals 
were observed after the sample had been al- 
lowed to stand at 23°C for 24 hr. The facility of 
this acid-catalyzed hydrogen+leuterium ex- 
change was further stressed by the isolation of 
non-deuterated 1 after the sample of 2-D had 
been treated with silica gel, a weak acid. These 
results are fully consistent with the proposed 
mechanism (Fig. 1) in which the adduct 3 is an 
intermediate product for 2-D. 

The NMR signals of the samples discussed 
above were gradually broadened with time, and 
no further broadening was observed after 1 hr 
after the addition of acid m methanol-d4 to the 
solutions in deuteriochloroform. The period of 
time required to reach the final line shapes at 
23°C decreased with increased amount of 
methanol-d, m the solution and was 15 min for 
pure methanol-d, m the presence of 2 equiva- 
lents of acid. Unfortunately the NMR spectra in 
aqueous acidic methanol-d., could not be ob- 
tained due to low solubihty of the dye under 
these conditions. Interestingly, the neutral dye 1 
gave sharp NMR signals regardless of the con- 
centration, time, and solvent composition. 

The NMR signal broadening is indicative of 
a relatively slow aggregation of the hydrophobic 
dye molecules in a hydrophilic environment, a 
typical property of most carbocyanine dyes.” It 
should be noted that in all cases dye 1 was 
isolated quantitatively from solutions used for 
NMR studies.ig 
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In aqueous or methanol environment, under 
the influence of atmospheric oxygen, especially 
in the presence of intense sunlight, the dye 
decomposes and a color change can be observed 
with the absorption maximum changes from 535 
nm (pink) in methanol (or 484 nm in aqueous 
solutions) to 445 nm (orange) in 25 min. The 
absorbance spectra of the dye m a 50% (v/v) 
methanol-water solution 1s shown in Fig. 3. 
This type of light sensitivity is typical for several 
members of the carbocyanine dye family and 
can be attributed to the reaction of the molecu- 
lar oxygen with the conjugated system in the 
presence of short wavelength radiation. Accord- 
ingly, special care was taken not to expose 
our solutions to excessive sunlight during 
experiments. 

In isopropanol the dye showed properties 
similar those in methanol. Under basic con- 
ditions the dye gave an absorbance peak at 520 
nm which is only slightly lower than the ab- 
sorbance shown in methanol. In acid conditions 
the dye showed an absorbance band at 709 nm. 
These results are m good agreement with the 
general observation about carbocyanine dyes 
that alcohols are usually good solvent systems 
for studying electronic spectroscopic properties 
of cyanine dyes and there is very little variation 
from alcohol to alcohol 

The absorption properties of the dye were 
also examined in dichloromethane and tetrahy- 
drofuran. When the solution was made acidic 
with the addition of acetic acid, a narrow peak 
with an absorption maximum at 709 nm was 
observed. This result is consistent with the 
formation of a cationic dye system 2. The 
intensity of this absorption increased with 
increased acetic acid concentration in both 
solvents. 
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Frg 4 Fluorescence for the pH senmhve dye 1 m methanol 
under actdtc (A), pH 2 (-) and basic (B), pH 6 5 ( ) 

condrttons 

Fluorescence 

Changes m the fluorescence spectra of dye 1 
m methanol were studied under acidic and basic 
conditions. The representative spectra under 
basic conditions, shown in Fig. 4(B), exhibited 
a broad peak with a maximum emission at 606 
nm (&x = 534 nm). The spectra under acidic 
conditions with an emission maxima at 743 nm, 
(Lax = 709 nm) is shown in Fig. 4(A). As can be 
seen, the emission spectra are determined by the 
solutton pH. A plot of fluorescence mtensity as 
a function of solution pH is shown m Fig. 5. The 
fluorescence emission was monitored at a con- 
stant wavelength of I,, = 620 nm (1,x = 530 
nm) for the basic peak (Fig. 5B) and at 
AEM = 740 nm (&x = 709 nm) for the acidic peak 
(Fig. 5A). The fluorescence emission intensity 
for dye 1 in the cationic enol form is not as 
intense as in the ketone form. 

The fluorescence properties of the dye were 
found to be different in aqueous solutions com- 
pared to alcohols. Under basic conditions, the 

Rg 5. Fluorescence intensity m methanol momtored at a 
constant wavelength of A,, = 620 nm (A, = 530 nm) for the 
basic peak (B) and at I,, = 740 run (&,t = 709 nm) for the 

actdrc peak (A) 
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Wavelength (nm) 

Fig. 6 Fluorescence for the pH sensitive dye 1 m LYO- 
propanol under acldlc (A), pH 2 (-) and basuz (B), pH 6 

( ) conditions 

dye showed a weak emission at lzrx = 495 nm 

(L = 425 nm) while in the presence of acid a 
weak emission at lZEM = 660 nm (&, = 545 nm) 
could be observed. The solvent hydrophobic&y 
dependence of fluorescence spectra was also 
studied using different methanol-water mix- 
tures. The fluorescence intensity was the highest 
at high methanol concentrations indicating 
higher fluorescence quantum yield in alcohols 
(up to lOO-fold). No significant change in the 
fluorescence intensity was observed up to 10% 
water concentration. The fluorescence intensity 
decreased at higher water concentrations; the 
fluorescence quantum yield was very low above 
water concentrations higher than 70% in 
methanol (v/v). 

The fluorescence emission maximum of dye 1 
in isopropanol was at 741 nm (Aax = 709 nm) 
under acidic conditions (Fig. 6A), while under 
basic conditions fluorescence maximum was at 
606 nm (Fig. 6B). The dye fluorescence was also 
studied in dimethyl sulfoxide, acetonitrile and 
dichloromethane, and the results are shown in 
Table 2. These data indicate that the fluor- 
escence spectra of this NIR dye are strongly 
dependent on the hydrophobicity of the solvent. 

0 2 

Sblution ;H 
0 10 

Fig 7 The pH dependence of the wslble and NIR absorp- 
tion peaks for dye 1 m methanol 

The pK, value for the dye was measured in 
50%/50% water-methanol rmxture with an 
automated titrator using NaOH dissolved in 
50%/50% water-methanol mixture. The ti- 
tration curves were analyzed with first and 
second order derivatives and only one pK, was 
observed for the solution at 6.91. This value 
indicates that protonation is not the only factor 
that brings about changes in the absorption and 
fluorescence spectra of the dye with changing 
pH. When Figs 5 and 7 are compared to the pK, 
value of the dye we can see that there is very 
little effect due to excited state deprotonation. 
Solvent effect may be the dominating factor as 
evidenced by spectral dependence on hydropho- 
bicity. One possible explanation is the effect of 
pH on the dye aggregation. 

Dye 1 as pH probe in organic solvents 

The data presented here indicate that the dye 
is suitable as a pH probe in organic solvent 
medium. The advantages of this dye over other 
pH probes are a significant change in color and 
a relatively long absorption wavelength of the 
principal absorption band. Both the visible or 
the NIR bands can be used for determining the 

Table 2. Fluorescence for 1 

Solution pH condlhons 

Acldlc+ Pure solventt 

L ax 1 EM Int kx 1, Int 
(nm) (nm) (E+O4) (nm) (nm) (E+O4) 

Methanol 709 744 128 520 606 4 54 
Water 545 660 0 0353 425 495 0.0250 
Isopropanol 709 742 17 520 606 45 
A&on&de 505 571 11 
Dlchloromethane 469 544 0 0578 
Dlmethyl sulfoxlde 515 574 26 

*HCI 

t&x correspond to the absorbance maximum measured m the pure solvent 
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pH of the environment around the dye mol- 
ecule. Figure 7 can be used as a calibration 
curve for determining pH using the NIR ab- 
sorption peak. Figure 7 (circles) indicates that 
this peak is not present in the dye spectra in 
basic solutions. In basic solutions, however, the 
visible absorption appears and the intensity of 
the peak increases with increasing basicity of the 
solution and levels off at pH 6-7. The appear- 
ance of this shorter wavelength absorption peak 
corresponds to a decrease in the NIR absorp- 
tion peak (Fig. 2A), clearly Indicating the re- 
moval of the positive charge from the dye 
molecule. The dye base ketone which forms 
durmg this process has significantly lower ab- 
sorption wavelength and blue shifted absorption 
maxims. The hyps~hro~c shift in absorp- 
tion maximum is a result of two effects, less 
extensive conjugation and lack of positive 
charge in the chromophore. The combination 
of these two effects results in a significant 
spectral shift, which may be very advantageous 
when observing pH change. This large spectral 
shift and the pH range of spectral change 
indicate that additional processes have an influ- 
ence on the dye spectral behavior. Further 
studies are under way to fully characterize this 
process. 

Dye 1 as hydrophobicity probe 

The NIR dye 1 also exhibits spectral changes 
as the hydrophoblcity of the solvent is changed. 
The utility of this application was demonstrated 
for the dete~ination of water content in alco- 
hols. Most likely the observed change in the 
absorption spectra with changing water concen- 
tration is a result of dimer formation. The 
dimenzation property of carbocyanine dyes has 
been documented in the llterature.‘9 As the 
water ~n~ntration increases, the carbocya- 
nines tend to form dimers or higher aggregates 
because of the strong dispersion forces associ- 
ated with the high polarizability of the polyme- 
thine chain. However, in most cases, the dlmer 
or higher aggregate band IS not too well resolved 
from the monomer band, hindering the appli- 
cation. The utility of our NIR dye as a hydro- 
phobicity probe is illustrated in Fig. 8. It shows 
a typical calibration curve obtained using the 
NIR pH sensitive probe as a hydrophobicity 
probe using a methanol-water mixture as the 
model solvent. It is important to point out, 
however, that the researcher must make sure 
that the two effects, pH and hydrophobicity, do 
not interfere. 

Water % (v/v) 
Fig 8 Typical cahbratxon curve for determmmg water 

concentrattlon in methanol by usmg dye 1 as a probe. 

CONCLUSIONS 

In s~rna~, the NIR absorbing carbocya- 
nine dye discussed in this paper can be valuable 
in determining analytical properties. The data 
presented illustrate the utility of this dye for 
determining pH and solvent hydrophobicity. 
The well separated absorption peaks of the 
protonated and non-protonat~ forms of the 
dye further enhance the analytical utility of this 
probe molecule. The dye is an especially useful 
probe organic solvents, e.g alcohols for the 
determination of PH. We are currently synthe- 
sizing and investigating similar NIR dyes for 
other probe and labeling applx~ations. As a 
result of these studies the design of new, tm- 
proved NIR absorbing probes may be available. 
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ELECTROCATALYSIS AND DETERMINATION OF 
HYDRAZINE COMPOUNDS IN LIQUID 

CHROMATOGRAPHY AT A MIXED-VALENT COBALT 
OXIDE/CYANOCOBALTATE FILM ELECTRODE 
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Laboratory of El~tro~~l~ Chenxstry, Changchun Institute of Apphed Chemrstry, 

Chmese Academy of !bences, Changchun, Jdm 130022, P R China 

(Received 30 July 1992 Rewed 5 November 1992 Accepted 8 November 1992) 

!Summa~--A glassy carbon electrode coated with an ekctrodeposzted Nm of rmxed-valent cobalt 
o~de/cyan~~l~te (Co-O/CN-Co) enabled hydrazme compounds to be ~~~~y o;udrzed at the 
greatly reduced overpotenttal and m a wde operatIona pH range (pH 2.047 0) Electrocatalytz actwity 
at the Co-O/CN-Co moddied electrode was evaluated wrth respect to solution pH, film thxkness, 
supportmg electrolyte Ions, potentml scan rate, operatmg potential, concentration dependence and other 
vanables The Co-O/CNXo film electrode was completely compatible wrth a conventional reversed-phase 
hqurd chromatographtc (RFLC) system. Practical RP-LC amperometnc detection (RP-LCEC) of 
hydrazmes was performed. A dynanuc hnear response range over three orders of magmtude and a 
de&&on lmut at the pmol level were readily obtained The Co-O~CN-CO film electrode etibsted 
excellent electrocatalyt~c stab&y m the fiowmg streams 

Liqmd chromatography (LC) with amperomet- 
ric and voltammetric detection (EC) represents 
a powerful toot for sensing and monitoring 
easily oxidizable species with high sensitivity 
and excellent selectivity. Unfortunately, hydra- 
zine compounds which are of industrial and 
environmental signiticance exhibit such a large 
overpotential toward el~troo~dation at ordi- 
nary carbon surfaces that they are not ideally 
suited for the quantitation with conventional 
LCEC approaches. Previous efforts toward en- 
hancing the amperometric detection of hydra- 
zines include the application of a preanodized 
glassy carbon electrode,’ which enabled the 
hydrazines to be monitored at a modest positive 
potential (+OSO V us. Ag/AgCl). Chemically 
modified electrodes (CMEs) offer a promising 
approach for minimizing the overpotential 
effects, and various CMEs have been con- 
structed and applied in LCEC of hydrazine 
sensing. These include cobalt phthalocyanine 
(CoPC) modified carbon paste electrodes,2.3 a 
cobalt tetraphenylporphyrin modified electrode 
with heat treatment (HCME)’ and an oxyman- 
ganese f&n modified electrode (~nCME)~ 
In particular, intense research has been 

*Author for correspondence. 

devoted recently to the preparation and charac- 
terization of mixed-valent inorganic catalytic 
centers,6zo of which the major advantages 
are the efficient electrocatalysis and inherent 
stability as needed for practical analysis; and 
various inorganic surface matrices based on 
mixed metal-hexacyano complexes, Prussian 
Blue (PB) and its analogues, have been success- 
fully constructed and applied in electrocatalysis 
and determination of organic and inorganic 
species with LC amperometric detection. A 
Prussian Blue (PB) [iron (III) hexacyanoferrate 
(II)] film6 and a mixed-valent ruthenium 
cyanide film7 modified electrode have recently 
been prepared and used in flow injection amper- 
ometric detection of hydrazines. A PB filmed 
electrode has also recently been prepared 
and used in flow catalytically amperometric 
detection of s~~yd~l compounds (cysteine, 
N-acetylcysteine and glutathione),S upon which 
the catalytic reduction of dioxygen,’ hydrogen 
peroxide,9 CO,‘O*” hexacyanoferrate (III), iron 
(III) and IrCG-,‘* and the catalytic oxidation of 
ascorbic acidI have been previously reported. 
Nickel (II) hexacyanofe~ate film mod&d elec- 
trodes have been devised and used in catalytic 
oxidation of reduced nicotinamide adenine din- 
ucleotide (NADH) and the catalytic reduction 
of iron (III) in both batch and flow systems.‘6’6 
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Mixed-valent ruthenium cyanide film electrodes 
have been made and applied in the electro- 
catalysis and determination of As (III),” thio- 
cyanate,iS insulin,lg cysteine and glutathione.20 

In practical LCEC, the compatibility between 
the LC separation system and the EC detection 
unit is of great importance; and the media pH 
is the most crucial factor. Several of the above 
CMEs prepared, though successfully applied in 
flow-system detection of hydrazines, are limited 
to a relatively narrow operational pH range, 
or have not been broadly tested. Some of 
them’*‘*’ are limited to basic solution, and some 
others4v6 to acidic media, making these CMEs of 
restricted use with conventional reversed-phase 
LC systems. The demonstration of a highly 
stable electrocatalytic surface with a broad 
operational pH range is therefore desirable for 
LCEC measurements of hydrazines. 

The present work demonstrates that a 
glassy carbon electrode coated with an electro- 
deposited film of mixed-valent cobalt oxide/ 
cyanocobaltate (Co--G/CN-Co), an analogue of 
Prussian Blue, enables the electrooxidation of 
hydrazines to proceed effectively at significantly 
low potential and in a wide pH range. The stable 
modified surface maintains long-term catalytic 
activity and is highly suitable for reversed-phase 
LCEC of the analytes. Features are character- 
ized regarding several variables. 

EXPERIMENTAL 

Reagents and apparatus 

Analytical reagent hydrazine sulfate (HZ) 
was from the Beijing Institute of Chemicals, 
and methylhydrazine (MHZ) and 1,2dimethyl- 
hydrazine (DMHZ) were obtained from Merck. 
Stock solutions (0. IM) were prepared with dou- 
bly distilled water, and stored at 4°C in the dark. 
Standard working solutions in flow analysis 
were obtained by serial dilution of these stock 
solutions with the mobile phase used. CoCl, 
and K,Fe (CN), of analytical grade (Beijing 
Chem. Corp.), together with hydrazines, were 
used as received. All other reagents were of 
analytical grade; doubly distilled water was used 
for the preparation of all the solutions. 

The chromatographic system consisted of a 
Model 510 pump, and a U6K injection valve. 
The analytical column was uBondapak Cn 
(5pm)250 x 4 mm i.d. (Waters Assoc., U.S.A.). 
The electrochemical detector was a BAS TL-SA 
thin-layer cell, with the potential monitored by 
a laboratory-made bipotentiostat. 

Cyclic voltammetnc experiments were per- 
formed with a laboratory-made potentiostat in 
a conventional three-electrode system cell, using 
a glassy carbon disk working electrode (with an 
area of 12 mm*) in conjunction with a Ag/AgCl 
reference electrode and a platinum wire counter 
electrode. 

Procedures 

Prior to its modification, the glassy carbon 
(CC) electrode surface was polished with 0.05 
pm a-alumina suspension, rmsed with water 
and ultrasonicated m an ethanol and a water 
bath, alternately, each for 2 min. The electrode 
was placed in a freshly prepared 2 mM CoClJ 
2 mM K,Fe(CN), solution in O.5M KC1 con- 
taining IO mM HCI and subjected to potential 
sweep between - 0.4 and 1 .O V at 50 mV/sec for 
30 min (terminated at 0.0 V). The electrode was 
then removed from the solution and flushed 
with doubly distilled water; and a dark green 
film was clearly visible on the electrode surface. 
The modified electrode was scanned in 0.5M 
KC1 (pH 4.0, adjusted with HCI) between -0.4 
and 1.0 V at 50 mV/sec for several cycles 
until a steady-state current-voltage profile was 
observed. 

RESULTS AND DISCUSSION 

Electrocatalysis m a conventional cell 

Figure IA shows cyclic voltammograms of 
the Co-G/CN-Co film electrode in the solution 
of 0.5M KC1 at pH 4.0. The Co-O/CN-Co film 
underwent a well-defined two-step oxidation at 

1 20 CA 

080 12 

POTENTIAL (V) vs Ag/AgCl 

Fig 1 Cychc voltammograms of Co-O/CN-Co lilm elec- 
trode in 0.5M KC1 (pH 4 0) Hrlthout [curve A and B(l)] and 
with the addition of 1 mM[curve B(2)] and 2 mM[curve 

V(3)] hydrazme Scan rate, 50 mV/sec 
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potentials of 0.34 and 0.85 V, respectively; and 
the oxidized film showed two-step reduction at 
potentials of 0.85 and 0.26 V. 

So far, few studies have been reported con- 
cerning the formation of CoZ+/Fe(CN)i-*4- 
complexes, especially on a glassy carbon sub- 
strate which is commonly available in commer- 
cial electrochemical detectors. From previous 
literature,2’“5 there seems to be two possible 
mechanisms for the film formation of Co ana- 
logue to PB. Neffz’*22 and Itaya23J4 suggested 
that PB and its analogues were formed mainly 
by the electrostatic interaction of the transition 
metal cations [Fe(II/III), Ru(III/IV), etc.] with 
the negatively charged Fe(CN)i-*4- to produce 
sparingly soluble mixed-valent metal deposits. 
Typical systems investigated include PB and 
Ruthenium Purple. Kulesza” has showed that a 
Ru analogue was converted to a mixed-valent 
Ru (III, IV) oxide crosslinked by cyanide during 
the modification procedure in 1: l(mM/mM) 
RuCl,: K,Ru(CN),, OSM KC1 at pH 2. Surface 
measurements with X-ray photoelectron spectra 
(XPS) are helpful for the investigation of the 
mechanism concerning the film formation. 

During the modification procedure, a gray- 
brown precipitate was readily formed in the 
CoCl,/K,Fe(CN) 6 mixture. A modified elec- 
trode was prepared, dispersed with the precipi- 
tate which had been treated with preliminary 
steps including fdtermg, rinsing with distilled 
water and air-drying, using the approach pro- 
posed by Dong and Kuwana26 by rotating the 
GC surface under slight hand pressure over the 
slurry of the precipitate on a polishing paper. 
The voltammetnc response of the resulting 
modified electrode was examined and was found 
to be virtually identical to that shown in 
Fig. 1A. It is plausible to hypothesize that 
Co analogue deposits formed on the electrode 
surface and in the solution are basically the 
same. Subsequently the solution-forming pre- 
cipitate was applied to XPS measurements. 
XPS measurements were performed with a 
ESCALAB-MK II electron spectrometer (VG 
Scientific Limited, U.K.). A 20 mA at 14 KV 
Al, beam was used for excitation. XPS gave 
Co, 0, C, N and K peaks, indicating that a CN 
group must be present m the coating. The 
absence of a Cl peak suggests that Cl- did not 
play a significant role in the film formation, 
although it was present at a level of 0.5M in the 
solution for electrodeposition. Semi-quantitat- 
ive analysis gave the approximate ratios of the 
atomic concentration: Co : 0 : CN as 1: 7 : 10. 

These studies suggest that electrode coating was 
formed largely through the formation of mixed- 
valent Co oxo-bridges crosslinked by cyanide 
produced by the decomposition of Fe(CI@-, 
which is consolidated by the absence of an XPS 
Fe peak at Eb around 710-720 eV (not shown). 
The modified electrode surface can thus be best 
expressed as Co-O/CN-Co. 

The anodic and cathodic peak currents in- 
creased linearly with potential scan rate up to 
400 mV/sec, indicating essentially the surface 
behavior of the film electrode as in the case of 
PB and its analogues modified surfaces. The 
Co-O/CN-Co coating on the glassy carbon 
substrate was very stable in a wide pH range 
(2.c7.0). For example, no obvious change was 
observed in the CVs at the modified electrode 
during at least a 1 hr period of continuous 
potential scanning between 0.0 and 1.0 V at 50 
mV/sec in 0.5h4 KC1 solution, corresponding to 
90 cycles. 

Figure 1B shows cyclic voltammograms of the 
Co-G/CN-Co film electrode m 0.5M KC1 (pH 
4.0) in the absence (curve 1) and in the presence 
of 1.0 mM (curve 2) and 2.0 mM (curve 3) 
hydrazine. Upon the addition of hydrazme, the 
anodic peak current of the second redox couple 
(at 0.85 V) increased, in proportion to the 
analyte concentration, and the corresponding 
cathodic wave disappeared. Such behavior is 
exactly what would be expected for an electro- 
catalytic CME oxidation. 

The electrocatalytic capability of the 
Co-G/CN-Co 8lm electrode toward MHZ and 
DMHZ was also determined and is shown in 
Fig. 2 (curves 2 and 3). An increased anodic 
and a decreased cathodic peak current were 
observed on CVs of the redox pair at 0.85 V 
with the addition of 2 mM MHZ (curve 2) and 
DMHZ (curve 3). The catalytic oxidation peak 
potential shifted negatively compared with that 
of the surface wave on the film electrode (from 
0.85 to 0.80 and 0.65 for MHZ and DMHZ, 
respectively). The interaction of the analytes 
with the Co-G/CN-Co film may account for 
the peak potential variations. These analytes 
can not be effectively oxidized at the bare GC 
surface up to 1.2 V, as also illustrated in Fig 2 
(dotted line). 

Cyclic voltammetric experiments also pro- 
vided other useful items of information prelimi- 
nary to LCEC detection. First, there is no 
marked effect of media pH on either the peak 
potential (Fig. 3C, curve a) or the peak current 
(curve b) for catalytic oxidation of hydrazine at 
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compared with previously reported catalytic 
surfaces,*-’ and on the other hand, this pH 
effect can greatly favor the reproducibility of 
current measurements in LCEC detection, as 
the electrochemical detector is not sensitive to 
fluctuation of either the operating potential or 
the mobile phase pH during analysis. Second, 
the catalytic peak current as a function of the 
square root of the potential scan rate is linear 
over the range 5-360 mV/sec (Fig 3A), indicat- 
ing a diffusion-controlled oxidation and a rapid 
reaction between the ferrocyanide specres in the 
Co-O/CN-Co film and hydrazine. 

Considering the fact that there exist channels 
m Prussian Blue and its analogues’“s favoring 
transport of K+ during redox transitions, one 
could expect that K+ concentration plays an 
important role in electrocatalysis of hydrazines 
at the Co-O/CN-Co film electrode. The cyclic 
voltammetric expenmental results agree with 
this expectation. By the dilution of KC1 electro- 
lyte from 2.0 to O.O2M, the catalytic peak 
potential of 1 mA4 hydrazine at the Co-O/ 
CN-Co film electrode surface shifted negatively 

L I I 
12 06 00 

(from 0.89 to 0.75 V); and then reduced sharply 

POTENTIAL (VI vs Ag/AgCl 
with lowermg of the KC1 concentration to less 

Rg 2 Cychc voltammograms of 2 n&f each of HZ (curve 
than O.lM. Further, successive potential cycling 

I), MHZ (curve 2) and DMHZ (curve 3) at the 
produced deteriorated CV peaks at the 

Co-O/CN-Co tilm electrode (solid hne) and the bare GC Co-O/CN-Co film electrode in KC1 electrolyte 
surface (dotted hne) Scan rate, 50 mV/sec less than 0 1M (eg. 0.05M). These indicate that 

the long-term stability of the Co-O/CN-Co 
coating and efficient catalysis could only be 

the Co-O/CN-Co film electrode. This indicates practical when K+ 1s present at a level higher 
that the electrocatalysis proceeds efficiently in a than 0.M in the supportmg electrolyte and/or 
wider pH range (from acidic to neutral media) mobile phase. 
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Rg 3 Left (A) Dependence of the catalytic peak current gP on the square root of scan rate u”’ Middle (B) 
Fdm thxkness effect on catalytic peak potential (curve a) and peak current (curve b) Bght (C). The 
dependence of catal*c peak potential (curve a) and peak current (curve b) on pH from CVs of 1 mM hydrazme 
at the CQ-O/CN-C~ film electrode m 0 5M KCl, pH 4 0 (A and B) at scan rate of 50 mV/sec (B and C) 
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Cyclic voltammetric experiments also demon- 
strated that using either 0.5M KCl, 0.5M 
KH,PO,, OSM KN09, or OSM KClO, changed 
neither the peak potential (within 15 mV) nor 
the peak current (within 8%) for the catalytic 
oxidation of hydra&e by the Co-G/CN-Co 
film electrode. The effect of film thickness of the 
catalyst on the electrocatalytic response toward 
hydrazine was studied by cyclic voltammetry, 
with results as shown in Fig. 3B. The film 
thickness was estimated by charge consumed 
within the potential scan over the second anodlc 
wave (at 0.85 V) (cu. 0.6-1.0 V) by calculating 
the peak area of the current-voltage profile at 
the Co-G/CN-Co film electrode in 0.5M KC1 
electrolyte. The catalytic peak potential (curve 
a) was virtually unchanged with fihn thickness, 
whereas the peak current (curve b) increased 
sigmficantly with increased thickening of the 
film, the extent of which became less marked 
after 8.6 PC, that is 7.8 x 10m9 mol/cm*; the 
corresponding time period required for 8lm 
coating was ca. 25 min. Prolonging the modifi- 
cation time further contributed slightly to the 
electrocatalytic activity. Therefore, the modlfi- 
cation time is selected as 30 min for the repro- 
ducible preparation of the Co-G/CN-Co film 
electrode. This is of analytical advantage m the 
reproducibility of both the current measure- 
ments and the electrode preparations. Five con- 
secutive preparations beginning with bare glassy 
carbon substrate yielded charges of 8.3,8.7, 8.5, 
8.2 and 8.6 PC. The Co-O/CN-Co fYm was 
much thinner than the reported Prussian Blue 
deposits on glassy carbon. Since these inorganic 
film species have fairly high resistivities,2’ a 
modification procedure that produced a very 
thin film was important for applications to 
electrocatalysls and flow detection. 

Chromatographlc detection 

The operatmg potential was optimized by 
hydrodynamic voltammograms (HDVs) of the 
analytes on the Co-G/CN-Co film electrode, as 
shown in Fig. 4A. Hydrazine and methylhy- 
drazine (MHZ) exhibited peak-shaped HDVs 
at the modified surface, as seen for other electro- 
catalytic surfaces,2-7 reaching their maximal 
levels at around 0.8 V. DMHZ, however, pre- 
sented S-shaped HDV behavior up to 1 .O V. The 
sensitivity of current measurements follows the 
order HZ > MHZ > DMHZ. The amine groups 
might be responsible for these differences. No 
useful currents were obtained for the analytes 
on a bare GC surface up to 1 .O V under the same 

TA‘ 40,6-M 

POTENTIAL (VI vs SCE 

Fig. 4. Hydrodynanuc voltammograms of 0.2 mM each of 
HZ, MHZ and DMHZ at the Co-O/CN-Co film electrode 
(curve A) and the bare GC surface (curve B) Column, 
PBondapak C,s (5 pm)250 x 4 mm i.d , mobde phase, pH 
7.0, 0 1M KH,PO, at flow rate of 1 0 ml mm InJection 

volume, 10 ~1 

solution conditions (curve B). Based on the 
compromise among high sensitivity, selectivity 
and low background current, 0.80 V was 
selected for LC amperometric detection. 

By virtue of the wide operational pH range 
available on the Co-G/CN-Co film electrode 

(Al 

I 2 3 

TIME (mtnute) 

Fig. 5. Chromatograms of 0.2 mM HZ (I), 0 4 mM MHZ (2) 
and 0.26 mM DMHZ (3) at the Co-O/CN-Co film electrode 
(curve B) and the bare GC surface (curve A). Potential 
applied at 0 80 V us. SCE Flow conditions as m Fig. 4 
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for electrocatalytic oxidation of hydrazines, 
practical RP-LCEC has been performed with 
a conventional ODS column, using pH 7.0, 
O.lM KH2P04 as mobile phase. Using higher 
concentration KH,PO,, was mobile phase is of a 
disadvantage for the maintenance of proper 
operating pressure and column efficiency, 
though contributing a little to the current re- 
sponse sensitivity. Well-defined and resolved 
chromatographic peaks were obtained as shown 
in Fig. 5, with the operating potential monitored 
at 0.80 V. Ten replicate injections of stock 
solutions containmg 0.02 mM HZ, 0.04 mM 
MHZ and 0.026 mA4 DMHZ were carried out 
to determine the precision. The coefficient of 
variation of the peak heights was 1.7% for HZ, 
2.5% for MHZ and 3.2% for DMHZ. 

Under such conditions, LCEC of hydrazines 
at the Co-O/CN-Co film electrode gave dy- 
namic linear response ranges of 3 x lo-’ to 
7.5 x 10m4Mfor HZ, 6 x lo-’ to 9 x 10e4Mfor 
MHZ and 8 x lo-’ to 8 x 10e4M for DMHZ, 
with correlation coefficient greater than 0.99. 
The corresponding detection limit (based on 
three times the S/N ratio) was 1.5 x 10e4 mM, 
3 x 10m4 mM and 5 x 10e4 mM for HZ, MHZ 
and DMHZ; that is 1.5, 3 and 5 pmol, respect- 
ively (10 ~1 loop). 

The Co-O/CN-Co flm coated electrode ex- 
hibited excellent stabihty for the continuous use 
in flowing streams. After 2 days service in the 
chromatographic system, during which working 
solutions containing 0.4 mM each of HZ, MHZ 
and DMHZ were injected at intervals, at least 
80% of the initral current response level was 
obtained for hydrazines in LCEC with the 
Co-O/CN-Co film electrode; and the concen- 
tration dependence on the peak current was still 
linear up to two orders of magnitude. These 
features suggest that such a Co-O/CN-Co coat- 
ing electrode is promising as an effective indi- 
cator for routine LCEC analysis of hydrazines. 

CONCLUSIONS 

A new inorganic catalyuc electrode has been 
successfully constructed by electrodeposition on 
the glassy carbon surface of a Co-O/CN-Co 
film. The Co-O/CN-Co film electrode provides 
stable and efficient catalysis toward hydrazine 
compounds in a wide operational pH range, 
making it perfectly compatible with conven- 
tional reversed-phase liquid chromatographic 
systems. When used in LCEC, wide dynamic 

linear response range over three orders of mag- 
nitude and low detection limit at the pmol level 
are readily obtained. The Co-O/CN-Co coating 
shows acceptable long-term stability for con- 
tinuous catalytic service in flow-through analyti- 
cal systems. Moreover, the Co-O/CN-Co 
coated glassy carbon electrode offers the possi- 
bility of extending voltammetric techniques 
to hydrazine compounds otherwrse poorly 
suited to electroanalysis at conventional carbon 
substrates. 

Acknowledgemen&--The support of the Natlonal Natural 
Science Foundation of China and the Basic and High-Tech 
Research I)lvlslon of the State Comnusslon of Science and 
Technology IS gratefully acknowledged 

1. 

2 

3 

4 

5. 
6 
7 
8. 

9 

10 

11 
12 

13 
14 

15. 

16 

17. 
18 

19. 
20 
21 

22 

23. 

24. 

25 
26. 

REFERENCES 

K Ravlchandran and R P Baldwm, Anal Chem., 
1983, 55, 1782. 
K. M Korfhage, K. Ravlchandran and R P Baldwin, 
Anal. Chem, 1984, 56, 1514 s 
J. Wang, T Golden and R LI, Anal Chem, 1988,60, 
1642 
W Hou, J Hua and E. Wang, Chm Scr Bull, 1991,36, 
785 
2. Taha and J Wang, Electroanalysu, 1991, 3, 215 
W Hou and E Wang, Anal C/urn. Acta, 1992, 2!!7,275 
J Wang and Z. Lu, Electroanalysu, 1989, 1, 517 
W. Hou and E Wang, J Efectroanal Chem , 1991,316, 
155. 
K Ogura, N. ShoJl and I U&da, J Am Chem Sot , 
1984, 106, 3423 
K. Ogura and S Yamasakl, .I Chem Sot, Faraday 
Trans I, 1985, 81, 267 
K Ogura and M Kaneko, J Mel Catal, 1985,31,49 
K. Itaya, I. U&da and S Toshlma, J Phys Gem, 
1983, 87, 105 
F Ll and S Dong, Electrochzm Acta, 1987, 32, 1511 
A. B Bocarsly and S Smha, J Electroanal Chem, 
1982, 137, 157 
B. F Y. Y Hm and C R Lowe, Anal Chem , 1987,59, 
2111 
P J Kulesza, K BraJter and E Da&k-Zlotorzynska, 
Anal. Chem., 1987, 59, 2776 
J. A. Cox and P. J. Kulesza, Anal Chem., 1984,56,1021 
J A Cox, T J Gray and K R Kulkarm, Anal Chem , 
1988, 60, 1710 
J A Cox and T J Gray, Anal Chem , 1989,61,2462 
J A. Cox and T J Gray, Ekxtroanalysu, 1990,2,107 
D Ellis, M Eckhoff and V D Neff, J Phys Chem , 
1981, 8s, 1225 
K. P. RaJan and V. D Neff, J. Phys Chem , 1982, g6, 
4361 
K Itaya, T. Ataka and S To&ma, J Am Chem Sot , 
1982, 104, 3751 
K Itaya, T Ataka and S To&ma, J Am Chem Sot, 
1982, 104, 4767 
P J. Kulesza, J Electroanal Chem, 1987, 220, 295 
S. Dong and T Kuwana, J Electrochem Sot, 1984, 
131, 813 



Talama, Vol 40, No 6, pp 949-955, 1993 
Pnntcd I” Great Bntam 
Pcrgamon Press Ltd 

BOOK REVIEWS 

TrAC--Treads in Analytical Chemistry: Reference Edition, Volume 10, 1991. Elsevler, Amsterdam, 1992 Pages 372 Dfl. 
545 00. ISBN O-444-89503-5 

Thn book 1s a compdation of the 10 issues of TrAC for the year 1991 and like all the ‘Trends m’ Reference Edltlons, IS 
arranged m order of issue pubhcation. Only the book reviews and news items are excluded The book finishes with a 
cumulative author and subJect index for volumes 6-10 

Each issue IS &vlded into a number of subsections (meeting reports, monitor, computer comer, feature, observer, trends) 
that are not always dlstmgmshable from one another. Attempts have not been made to dlvlde articles up mto general areas 
of analytical chemistry although one issue (Nov/Dec) IS entirely devoted to environmental concerns 

TrAC covers all areas of analytical chemistry and fills an Important niche between speclahzed Journals and text books 
The art&s are mtended for a wde reader&p and are accessible to the non-speclahst whilst provldmg comprehensive 
references for those who need to look further TrAC IS also a qmck enJoyable way of keeping abreast wth recent 
developments that are penpheral to your reading hst or research interests 

Elsevler have not wasted any hme m pubhshing this reference edition. Coupled Hnth a well balanced choice of articles 
from authors at the ‘cuttmg edge’ of their fields makes tis a very useful update It 1s an invaluable source of teachmg 
matenal and of new ideas for research 

The pnce 1s apparently rather protibrtlve, but ludes the fact that for only a little more (Dfl 800 this year) your hbrary 
can take all issues of TrAC and mve the reference edition when it 1s published. For the mdlvldual subscriber TrAC IS 
very good value at Dfl 181 so there are few readers who would consider It necessary to purchase thus reference edition 
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Inc , P.0 Box 882, Madison Square Station, New York NY10159, U S A 
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Fig. P, Version 6: BIOSOfl, Cambndge, 1991. E280, US$499 

This scientific graphics software package for IBM PC/PS2 and compatibles IS a maJor upgrade from the previous version, 
and IS now a very powerful tool. Almost any type of graph that a scientist nught want can be produced. The user has full 
control over the nature of the axes, the posltlomng of the tick marks, the choice and posltiomng of the labels, etc Graphs 
may be annotated ~nth text, boxes, arcles, elhpses and arrows as desired, and a smtable size and font can be chosen for 
each piece of text Multiple figures can be produced on the same page Figures can be produced m colour If desired Output 
dnvers are mcluded for many prmters and HPGL plotters, mcludmg HP PamtJet and LaserJet III Curve-fitting and 
statlsfical tests are also included The output quality IS extremely good, even with a mne-pm dot-matnx prmter, but 
especially wth a laser prmter or a Matnx slide camera 

The manual has 420 pages, of which 20 gve a qmck oversew, 56 @ve tutonal instruction, 280 compnse sample figures 
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have been easier if the data values for the samples had been included either m the handbook or on the disc 

Fairly comprehensive instructions were gven on screen, urlth context-sensitive help, and I actually found rt easier to learn 
to use the program from tIus than from the manual 

In conclusion, I believe this 1s an excellent package for computer-literate scientists who wish to produce their own 
diagrams m a form smtable for pubhcatlon It IS less well suited for use by students or technicians, who are hkely to be 
bat&d by its complexlhes 
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m a heavy hterary style to descnbe their achtevements m scrence, those of our generatton have turned to a simpler 
style to atd mtemattonal understandmg But then efforts have been thwarted by those of others intent on developmg 
an endless stream of new words, not to be found m our old Pattersons As tt happens, the dtfficulttes of gomg utto 
German are confounded by the number of technical words whtch are not translated from the English but are used 
as such 

Having struggled through German stock mventones and been able to translate them only wtth the help of rllustrated 
English catalogues, I am very appreciatrve of the approach of the present two editors of Patterson, who have, over the years, 
been compthng thetr own glossanes out of then own expenence tn techrucal translatmg. Techmcal dtcttonartes abound 
good ones are rare 

So, how does the 4th edition of Patterson score’J Very well indeed Many older tnvtal names are strll mcluded-Blaus&ue, 
Htrschhomsalx-along wrth culinary dehghts-Mush, Stemprlx-older and newer spelhngs-Cadmtum/Kadmtum (but not 
Ton/Thon+are wrth foreign names-Mekerbrenner-and so on. Then the eternal problem of the German compound 
words IS dealt wtth extensrvely, verbs wtth many different prefixes, nouns wrth extensrons_Mehrwegbehalter, Dauerbrege- 
festtgkat-tdtomahc phraseeletzten Ende,-ser dem wre es ser-more mcult parts of verbs-ging(gehen)-and so on 
In short, thrs IS an excellent revrston whtch wrll gtve pleasure to the user because he wtll always find more than he seeks, 
not lust a questron answered but a lesson learned This new dtcttonary deserves a place, not merely on the bookshelf, but 
on the workdesk of every chemtst who reads German setentrfic hterature 

I L MARR 

Tmce and Ultratrace Analysis by HPLC: S AHUJA, Wtley-In&science, New York, 1992 Pages xl+419 E59.00 
ISBN O-471-51419-5 

The trtle suggests that tlus book attempts to focus on the uuhty of hrgh-performance hqurd chromatography (HPLC) for 
the analysis of small quantrtres of compounds. In reality, however, the author has done more than this m productng a 
comprehensive all-embracmg text on HPLC, contammg nme substanhal well-referenced chapters 

After havmg outhned the scope of the book m the first chapter, illustrated by selected examples demonstrating the 
apphcabthty of the techmque for the analysrs of macro-molecules and small molecules, the followmg chapter describes the 
fundamental concepts of chromatography, relatmg them to instrument and column performance There follows two 
chapters devoted to mstrumentatton compnsmg solvent dehvery systems, mtcrocolumn HPLC and a full descrtptton of all 
the available detectors stuta6le for trace analysis Chapter 5 describes m detatl the various possible approaches for sample 
preparation varymg from solvent extractron to solid-phase extraction systems 

Obvrously the core of any analysrs is the selectton of the approprtate stationary and mobtle phases These topics are 
comprehensively dealt wtth m chapters 6 and 7 which m parts are repetttrve. There IS a full descnptton of reversed-phase 
systems mcludmg ton-pan chromatography Thrs 1s followed by a chapter on optmnzatron which bnngs together a lot of 
the toptcs dealt wtth earher Throughout the book there are examples of applicattons to illustrate the chapter toptcs but 
there IS also a concludmg chapter deahng solely with applications from the areas of pharmaceuhcals, food and the 
environment. Whrlst the apphcahons are cross-referenced m the index they are not always readtly accesstble 

Thus book, which contams some factual and typographtcal errors, IS not a begmners’ text, assummg as tt does m parts 
that the reader has a biologrcal and chromatographic background. However, the author has included m appropnate 
chapters useful descnpttons of some of the newer developments and understanding of analyte separation mechanisms The 
synopttc nature of the book tends to make rt somewhat prosatc m parts 

G G. SKELLERN 

Gas-Liquidsolid CbromatograPhy: V G BEREZKIN, Dekker, New York, 1991 Pages vm + 231 S99 75 (U S and Canada), 
$114.50 (elsewhere) ISBN O-8247-8425-1 

The fundamental approach of this treatrse is that separahon m “gas-hqurd” chromatography not only mvolves the two 
bulk phases, the gaseous mobile phase and the non-volatile hqutd stahonary phase, but 1s mfluenced by the mterfaces 
between the gas and the hqurd, and between the hqurd and solid support Hence, the stationary phase is regarded as a binary 
system in gas-liqurd-sohd chromatography wtth gas-hqmd chromatography an important, but limited case of 
gas-liquid-solid chromatography 

Berezkin’s book dtscusses up-to-date concepts in gas-liquid-solid chromatography. Theorettcal pnnctples, calculation 
procedures and experimental methods developed to estimate the effects of adsorption phenomena on retention are described 
m the nme chapters of the book 

Chapter 1 outlmes the evolution of gas-hqurd-sohd chromatography. In Chapters 24, factors effectmg the retentton of 
analysed compounds are considered including a discussion of the mfluence of adsorptron on relatrve retention ttmes and 
the effect of the solid support on the efficiency of separatton. In Chapter 5, the effects of the stationary hqurd phase to 
solid absorbant phase ratio on the characteristics of chromatographic resolution are considered for packed and capillary 
columns. Irreverstble or quast-trreverstble absorption of solutes on the solid support is discussed in chapter 6, along wtth 
the effects of chenncal transformatton at the solid support surface The next two chapters consider the contrtbutrons that 
gas-hqutd-solid chromatography has made to phystcochemrcal measurements Chapter 7 considers equthbnum parameters 
of the absorption (partition) interaction between solutes and the liquid phase, whereas Chapter 8 IS devoted to the 
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systems mcludmg ton-pan chromatography Thrs 1s followed by a chapter on optmnzatron which bnngs together a lot of 
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G G. SKELLERN 

Gas-Liquidsolid CbromatograPhy: V G BEREZKIN, Dekker, New York, 1991 Pages vm + 231 S99 75 (U S and Canada), 
$114.50 (elsewhere) ISBN O-8247-8425-1 

The fundamental approach of this treatrse is that separahon m “gas-hqurd” chromatography not only mvolves the two 
bulk phases, the gaseous mobile phase and the non-volatile hqutd stahonary phase, but 1s mfluenced by the mterfaces 
between the gas and the hqurd, and between the hqurd and solid support Hence, the stationary phase is regarded as a binary 
system in gas-liqurd-sohd chromatography wtth gas-hqmd chromatography an important, but limited case of 
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Berezkin’s book dtscusses up-to-date concepts in gas-liquid-solid chromatography. Theorettcal pnnctples, calculation 
procedures and experimental methods developed to estimate the effects of adsorption phenomena on retention are described 
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Chapter 1 outlmes the evolution of gas-hqurd-sohd chromatography. In Chapters 24, factors effectmg the retentton of 
analysed compounds are considered including a discussion of the mfluence of adsorptron on relatrve retention ttmes and 
the effect of the solid support on the efficiency of separatton. In Chapter 5, the effects of the stationary hqurd phase to 
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of the absorption (partition) interaction between solutes and the liquid phase, whereas Chapter 8 IS devoted to the 



BOOK REVIEWS 951 

determmatton of physicochermcal parameters for adsorphon of solutes at the interfaces between the gas and hqmd 
stationary phase and between the bquid phase and the sobd support. the final chapter constders pracucal aspects of the 
effect of the sobd support on the condthomng and agemg of columns. 

Throughout the book, theoretical models and prachcal experiments are used m equal measure to gmde the reader through 
a farrly detailed consideration of adsorptton phenomena Emphasis 1s piaced on undemtandmg the basts of the technique 
rather than on specific appli~tIo~ m partrcular areas of amtlysrs N~ero~ equations are presented, but often the reader 
has to look back several pages to be remmded of the defimhon of symbols A comprehenstve table of defimtrons would 
have been a helpful addition to the text. All the chapters contam useful diustrattons and tables of relevant data. Some of 
the figures have been reproduced directly from initial publications and are not of a high quality One would have thou@ 
that it would have been possible to redraw some of the graphs without too much ddIiculty. Bach chapter has 1t.s own lrst 
of references, covering the literature up to the mid 198Os, although some of the papers m east European Journals may not 
be easily accessible 

The unportance of adsorptron phenomena m gas-bqwd chro~to~phy has been recogmsed for many years, so the 
topics considered m thrs book are not enttrely new The author claims that this is the first hme that an attempt has been 
made to consider conststently gas-liquid chromatography and gas-bqmd-sohd chromatography Whether or not thnr is true 
does not really matter The mam pomt is that a text has been produced which constders, m some detail, theoretrcal and 
practical aspects of gas-bqmd-sobd chromatography and so it should be helpful to scientists mterested m the fundamental 
basis of chromatograpmc separations 

D LITTLEJOHN 

Potentiometric Water Analysis, Second Edition: D MIDGLEY and K. TORRANCE, Wiley, Chtchester, 1991 Pages XIV $586 
865.00. ISBN O-471-92983-2 

This IS a welcome revision of Mtdgley and Torrance’s authoritative text first pubhshed m 1978 The format of the first editron 
has been mamtained, but the content has been updated to mciude recent developments m electrode technology and 
~~tiorne~c methods of mportance m water analysrs Thrs IS very much a practrcal textbook where the authors have 
tned to provide enough mformation to enable the analyst to use commerctally available son-selectne electrodes without 
havmg to undertake extensive method development 

Part I provides a theoretical and practical background to potentiometry and Part II contams almost 400 pages of 
analytical methods for water analysts Separate chapters m Part I cover electrochemical prmnples, potentiometrrc 
mstrumentatton and methodology The theory of electrochemistry IS covered m sufliicent detail to allow the analyst to 
~d~stand the practmal unportance of the prmcxples and relatio~hlps which affect acttvny, electrode ~~n~~s, liquid 
lunctton potent&, etc The fundamental basis of different types of ton-selectwe electrodes @SE) are described, but without 
a detailed explanation of the mechamsms of electrode response Similarly, the chapter concerned wtth mstrumentatton 
describes what can be achieved wtth modem potenhometnc equipment without labounng the techmcalmes In contrast, 
the authors have taken the trouble to pomt out the importance of estabbshmg the analytical vtahhty of a method and many 
readers will find the chapter on the statistical evaluation of data extremely helpful Many papers published on potentlometrtc 
analysis fat1 to give details of accuracy and precrs~on and omrt a dtscusston of errors The authors have trmd to compensate 
for those deficienues by provndmg a realistic mdicabon of the ~rfo~an~ of various types of electrodes when appbed m 
water analysts 

The value of the book to many readers wtll be the extensive notes on over 35 separate ISE appbcatlons gtven m Part 
II Not only are the apparatus, reagents and procedures described m adequate detail, but sources of error and electrode 
performance arc discussed, comments on the lifetime of electrodes, typical response ttmes and comparisons with other 
methods, where appropnate. 

The abzbty of potenttometry to provide low-cost measurements m field and laboratory apphcatrons, as well as m on-lme 
mo~to~ng, has made the ~~iq~ very important m water analysrs Mrdgley and Torrance have provided an up-to-date 
revtew of methods and procedures which IS clearly wrttten and easy to read Each chapter ts accompanred by a hst of 
references covermg developments up to 1990 

Although the text does not contam all that many figures, it has numerous tables of useful mformatlon on electrochemcal 
data, electrode comparisons and analytical methods. There is also a list of manufacturers of potenttometrsz equipment 
Anyone interested m potentiometry or water analysis should obtam a copy of this book 

D LITTLEJOHN 

Spcctrochclrcnl Andysis by Atomic Abmption ad F&don: L. LAJUNEN Royal Soctety of Chemstry, Cambndge 1992 
El850 (softback) Pages xn + 242 ISBN O-851-86873-8 

Thts book IS very timely, commg on the market, as it does, when the modem analytical atomic spectroscopies such as 
ICP-MS are becommg tIrmly estabhshed necessnating their mcluston wtth more than a passmg reference m our trammg 
courses Substanttal chapters deal with Theory of atomc spectroscopy, Atomrc absorptron, Plasma atomic emrsston, 
ICP-MS, Atomic fluorescence, Sample preparahon, wlnle some smaller chapters cover the Htstologtcal background and 
Compansons Plame emission is dtsrmssed m two stdes, so the book cannot be described as long-wmdedt 

The author’s practical experience comes over on many occasions through hts comments on the practical consequences 
and the relevance of thts or that aspect of theory and so on The author has included numerous diagrams, some his own, 
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many taken from the pubhcauons of the maJor manufacturers Compansons of performance and statements on mterferences 
and other problems are tllustrated by tables or figures, well referenced Nebuhsers and sample mtroductton, Electrothermal 
atomtxatton, Background correctton, Hydnde generation, Cold-vapour techmque, Gptrcs of spectrometers, all recetve 
thorough treatment m this book. 

It IS suggested that this book is for undergraduates and lecturers would that we have sutlictent ume in undergraduate 
courses to deal so thoroughly with this topic and others m analyttcal chemistry. However, for advanced Diploma and 
Masters courses this could become a welcome course text, at a stze and prtce appropriate to the market There are a few 
mmor errors m text and m figures-even m fact, as when the temperature of the mtrous oxtde flame 1s satd to be only 
a httle lower than that of the asr-acetylene flame-but these do not detract from the considerable value of this book. The 
balance of the dtscussion IS good, the tllustrauve detatl IS good, and the presentatton IS clear 

I L. MARR 

Bieeemor PrhteIpIes and AppBeatIorax L J BLUM and P R CotJLET (Bds ), Dekker, New York, 1991 Pages x + 357 El2500 
(US and Canada), $143 75 (elsewhere) ISBN 0-8247-8546-O 

This 1s the 15th volume m the series on Loprocess Technology by W. C McGregor 
For those who are already mvolved m the mulh-dsciphned biosensor field or about to embark mto this field this book 

wtll serve as a comprehenstve, uptodate, reference source. 
Every maJor type of hosensor IS included The mam emphasis IS on the enzyme based types and fiberoptic btosensors 

But many others such as mmmnosensors, nucrobml btosensors, WI 0100 biosensors are all gtven separate chapters The 
presentatton and language used to explam how a particular hosensor works is not too technical yet 1s suthctent to enable 
the reader to understand how it works, the charactensttcs of its performance and its hmrtahons Constdermg the large 
number of contributors involved from dtfferent countries, a hrgh standard of presentatton IS mamtamed throughout the 
14 chapters As expected there are one or two isolated mstances of variation, e g., Rg 3 on p 73 and the equation on p 250 
are dtfficult to read-posstbly because of size reductton problems 

All authors uniformly make the reader aware that despite the advances m hosensor technology over the last 20 years, 
this field of endeavour IS still m its infancy and has yet unfithilled potenhal Those wtshmg to obtain a foretaste of achtevable 
future developments m industrial, environmental and health momtonng need go no further than to mad the final chapter 
In so domg there IS no doubt that the rest of the text wtll be read and the book recogmsed as a valuable general reference 
source for hosensors 

R R MOODY 

Sta&rdIaatIon WIthin AualytkaI Chemistry: P KIVALO, Akadtmuu Kiad6, Budapest, 1989 Pages 155 + appendices 
US $36 

As a sctenttfic dtsctplme, analytical chemistry is a branch of metrology As Lord Kelvm pointed out, “ when you can 
measure what you are speaking about and express it m numbers, you know somethmg about tt ” The expression of analyttcal 
mformauon m numbers unfortunately cannot always be referred uniquely to the basic physical constants For this reason 
tt is often necessary to specify m detatl how the measurement IS to be performed Uniform procedures are essenttal tf the 
htghest reliability and repeatability are to be attamed The reqmstte defimhons, procedures, and calculattons are collectively 
embodied m the standarduahon for each particular measurement 

This book discusses m detatl the several aspects of standardization and the steps m their development Standard methods 
or techniques are based on sound sctenttfic prmclples Nevertheless, standardized or test methods for spectfic purposes or 
commercial products must oRen take mto account the individual characterxsttcs of the material to be analysed m order 
to ensure quality control and fitness for the intended purpose. In these instances, “pure” analytical chemistry becomes 
“applied” analyttcal chemistry m the development of protocols and cerhfied reference matenals. Thts process, the domam 
of numerous nattonal and mtemattonal standardtxmg bodies, IS traced wtth logtc and clanty m the seven chapters of the 
book. 

Followmg an mtroductton, the htstory of analytical chemistry and the development of metrology are reviewed brtetly 
In Chapters 3 and 4, the reader is introduced to early international standardmatton efforts, especially through IS0 and IEC 
(of which Lord Kelvm was the first prestdent), and the Intemattonal Union of Pure and Applied Chenustry (IUPAC) 
Chapter 5 contams 53 pages and IS the longest in the book, tt IS devoted to such matters as termmology, samphng and 
quahty assurance, collaborative studies, and standard reference materials The latter subject may ment more attention than 
tt reanves m the few pages allotted to it. Reference standards are currently available m a vanety of forms, and they may 
be certified for composition or for many different properties critical to spectal analyucal problems The short final chapters 
discuss legal aspects and future trends m standardmation 

Especially commendable is the mclusion, among the appendtoes, of the 49-page IS0 Guide 2-1986, “General terms and 
thetr defimttons concerning standardixatton and related activtttes”. Terms relating to all aspects of standardimtton are 
delined m English, French, and Russian, whtle the eqmvalent terms m German, Spanish, Italian, Dutch and Swedish are 
llStd 

This book IS recommended to all who are concerned with the development, nature, and apphcatton of analyhcal 
standards. 

R G BATES 
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R G BATES 
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Chromdography, 5th E4lItion-fund~ and rppllc;rtioao of ehromatugraphy and r&ted dIfferentiaI migratIun rue&u&u 
E HEFTMANN (edttor). Elsevter, Amsterdam, 1992 Part A fundamentals and techmques. Pages xxxvi + 552 Dfl 350 00 
Part B* apphcattons. Pages xxxn + 630. Dfl 370 00 Parts A and B set price D8650.00 

The fifth edition comprtsmg Part A, on fundamentals and techniques, and Part B, on applications, is a completely revised 
edition of an important text on chromatography wtth contributtons from 38 authors. Chapters on countercurrent 
chromatography, supercnucal flmd chromatography, atBmty chromatography and field flow fractionation have been added 
to Part A In Part B, chapters on proteins on pepudes, nucleic actds and their consutuents and pharmaceuticals have been 
strengthened 

Chapter 1 IS an excellent mtroducuon, provtdmg an overview of the theory of chromatography wtth emphases on a 
stmpbfied treatment of the more practical chromatographtc concepts The theory of chromatography has evolved to such 
an extent that no single volume, let alone a single chapter, could address thts topic sattsfactonly but to compensate for 
this fact, a number of valuable general references are listed amongst the 142 references for thts chapter 

Chapter 2 deals with countercurrent chromatography (CCC) The pnnctples of the two basic systems of CCC, I e , the 
hydrostatic and hydrodynamic systems, are described together wtth the design and capability of 10 selected CCC mstruments 
and a table of recent applications 

Planar chromatography (PC) IS the subject of the next chapter m whtch there are sections on clasnficahon of techniques, 
prmctpal factors alfectmg separations, mstrumentahon, preparative PC and spectal PC techmques such as TLC/FID, a 
technique of growmg tmportance m whtch separattons take place on rods of adsorbent which, after development, are passed 
at constant speed through a flame tonrxatton detector 

Chapter 4, a very practical one on column hqmd chromatography (CLC), IS concerned mamly with the most wtdely used 
type of CLC-namely HPLC There are sections on solvent delivery systems, sample handling, columns and connectors, 
detectors, etc., and a section on some new forms of liquid chromatography. 

A comprehensive chapter on ton-exchange chromatography covers the synthesis and properties of ion-exchange resms, 

chromatography 
Size excluston chromatography (also variously known m the earlier literature as gel filtration, gel permeation 

chromatography, etc.) IS dealt wtth m Chapter 6 m which there IS a good balance of theoretical and practtcal aspects The 
next chapter on afhmty chromatography IS, not surprismgly, almost exclusively concerned with biospecdic tterattons and 
there is only a mention of the expansion of the method to include other types of mteraction , 

Supercntmal fluid chromatography (SFC), the subject of Chapter 8, was first applied m 1963 but, due to the rapid 
development of the mstrumentally less challengmg technique of HPLC, SFC has not progressed at the pace one might have 
expected However, many of the early problems assoctated with mstrumentanon and columns have been overcome and so 
the populanty of SFC IS growmg and tt appears to have a bnght future Since operatmg temperatures are typically much 
lower m SFC than m GC, it IS suitable for thermolabde solutes such as explostves and for samples that are not sut%crently 
volatile for GC Furthermore, because on decompresston, supercnucal flmds turn into gases, typical GC detectors such 
as the FID may be used Thts IS a very useful chapter which covers pnnciples, columns, mstrumentabon and detectors 

Gas chromatography, undoubtedly the pnnclpal method of analysts of volattle, thermally stable orgamc compounds 
present m mixtures, IS the subject of the next chapter m which all the important aspects, from column type, tamer gas 
selectton, mstrumentatton, detectors etc , are covered, although the chapter concentrates mamly on recent developments 
and trends There IS a mce section on stattonary phase selectton including a constderabon of chtral stationary phases and 
hqmd crystal stationary phases 

The penultimate chapter of Part A concerns field flow fractionatton (FFF). The classification and treatment of the vanous 
techniques is well done but wtth a mulhtude of terms such as flow FFF (FFFF) and sedtmentahon/floatatton focusing FFF 
(SFFFFF!) one is thankful for the comprehenstve list of abbrevtauons provided at the beginning of the volume 

The treatment of electrophorests mcludmg immunoelectrophoresrs, whtch forms the final chapter of Part A, IS 
comprehensive, although m vtew of the growing importance of capillary zone electrophoresa, perhaps a little more space 
could have been devoted to that partrcular techmque 

In Part B there are chapters on the applications of the vanous techniques dealt wtth m Part A, to the separation and 
analysts of an assortment of compounds mcluding morgamc specms, ammo actds and pepttdes, proteins, hpnls, 
carbohydrates, nucleic acids, porphynns, phenohc compounds, drugs, fossd fuels, synthetic polymers, pesticides and 
envtromnentally important samples 

A useful feature of the work IS a hst of names and addresses of manufacturers and suppliers of chromatography and 
electrophorests matertals and equipment There are approximately 208 clear, good quality figures and 180 tables throughout 
this volume All chapters are well referenced-for example, three chapters have chosen 508 and 600 references and only 
two chapters have less than lOO-the average being about 250. 

Taken together, Parts A and B provtde an mcomparable source of reference for any worker engaged m the use of 
chromatographtc methods 

A K DAVIES 

l!hkdon Polymer Technology: R. D. Art-~, Dekker, New York, 1991 Pages viii + 304. $110 08 (US and Canada), 
$126 50 (elsewhere). 

The tlavour of thts book is accurately mdicated m the first line of the preface where the author states that “there IS a real 
need for a book on emulsion polymers that speaks directly to the users The need IS not so much for erudmon, but 
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for sample explanatton of operating mechamsms mvolved m the physics and chemistry of polymers and collotds as they 
apply to emulsron polymer manufacture and use”. 

There are four sections m this book which are sub-dtvtded mto essentmlly stand-alone chapters The first sectton contams 
a discusston of formulanon for various mdustnes, a very basic mtroductton to collord science, an even more basic 
mtroductton to polymer chennstry and concludes with a useful dtscusston of emulston polymenzatton procedures on the 
laboratory and pilot-plant scales. The second sectton 1s titled “The Monomers” It IS sub-dtvtded into the vmyl monomers, 
styrenes, acrylates and methacrylates, diene monomers, waterborne condensation polymers and by-products m the latex 
Each section IS well referenced from both the patent and the sctentmc hteratures The next section deals wtth analysts and 
testing which includes dtscussions of viscometry, surface tension measurements, particle size analysis, mechanical stabmty, 
electrophorenc mob&y, readual monomer measurement and molecular wetght determmahon. The final sectton contams 
a dtscussion of colloidal stabthxers, rheology modifiers, curatives, heat and UV stabthxers, bmctdes and of fillers, pigments 
and remforcmg agents 

The book, whtch is well indexed, wdl be prtmanly of use to those readers who work m Industry Although tt IS not aimed 
at the academtc researcher, some parts would serve as useful mtroducttons to specific topics such as parttcle sure analysts 
Given its rather htgh price, tt IS hkely to find itself predommantly on library shelves 

D J HOUF~STON 

HyperChem-Release 2 for Windows: 1992: AUTODESK Ltd , Cross Lanes, Gmldford, Surrey, U K E500 00 (Educational 
users), E2000 00 (Other users) 

HyperChem IS a sutte of programs for the generation and exammation of molecular images on a personal computer 
It consists of two dtscs, three manuals and a hardware lock (dongle) whtch are all dehvered m a large box If you lose the 
dongle the whole package must be purchased again so take great care that it stays tirmly attached to the back of the 
computer. A free demonstratton disc is also available The basic PC requuements are 4MB of memory, a 386 (or 486) with 
a maths co-processor, 20MB of hard dtsc space and preferably a colour monitor (VGA) HyperChem operates under 
Microsoft’s Windows (verston 3, at least) so a mouse 1s also reqmred. 

The manuals are, on the whole, very extensive and very helpful and the program suite loads easdy mto the PC On starting 
Wmdows a HyperChem icon conststmg of a green hqmd m a beaker appears, double chckmg on this icon starts the show 
I tned HyperChem wtth a Cynx 486 processor (an Intel chap is the standard processor) and Windows version 3 l-no 
problems were encountered 

The “Gettmg Started” manual contams several tutortals for new users of the system and I was able to follow all of these 
wtth ease Details on how to dnve HyperChem from Excel and Visual Baste are also given The “Computanonal Chemistry” 
manual IS a good basic mtroduchon to both molecular mechamcs and quantum mechamcs Compared to some other 
molecular graphtc systems, I found tt very easy to create images of molecules on the screen and one of my research students 
was mampulatmg 3D images wtthm minutes of using the program stnte Molecules are first drawn m 2D and then by a 
mere chck of the mouse-hey prestea 3D structure appears with hydrogens added automahcally llus IS very lmpresstve 
but care should be taken to realize that molecules will have been gtven standard geometrical values and, e g , staggered 
hydrogen arrangements If appropnate. Chuahty also needs to be checked HyperChem then allows more reahstic geometnes 
to be generated by energy mtmnnxahon. Measunng features of the molecular images was very simple--bond lengths, 
non-bonded Qstances, valency and torsion angles were all included m the available options. 

HyperChem IS especially helpful for those wtshmg to examme proteins and ammo-acids as a hbrary of such fragments 
IS included Brookhaven protein database files can also be used and some of these tiles are included m the package 

I was parttcularly Interested m the molecular mechamcs capabthtres of Hype&hem and the MM+, AMBER, BIO+ 
and OPLSA force fields are provided. Semi-emptncal methods (Extended Huckel, CNDO, INDO, MIND0/3, MNDO and 
AMl) are also available I was pleased to see that the user may change or add parameters to the MM + (based on Alhnger’s 
MM2) force field The appropnate files are avatlable as text files and can hence be edited All atom types are avadable 
m MM + and upto-date references of parameters are gtven m the manuals and the programs When the potential energy 
of a molecular representation is nummmed it must be. remembered that we are deahng with Just a sophtstlcated model of 
the system (generated by mathemattcal mampulations not actual expenmental data) and that some “molecules” wdl be more 
accurately modelled than others When accurate structures of small molecules are already known from X-ray crystallo- 
graphtc studies the user should be able to import these (e g., from the CSSR database) mto HyperChem. In thus respect 
the manuals do not explain how to use atom coordmates based on fractions of untt cell edges, but, as Brookhaven tile can 
be read, thrs should presumably be a possihhty. The user should also be warned that molecular mechamcs studies involving, 
for example, heavy atom molecules are less accurate than those mvolvmg hydrocarbons as the latter are associated with 
better characterixed parameters 

The graphics are impressive and a student IS m danger of behevmg that reality is being displayed but molecular chemistry 
in 3D 1s not the only way to view the SubJect 

Molecular mechanics normally gives an Insight mto molecular conformations m a hypothetical isolated state at absolute 
zero However, wtth HyperChem molecular dynamics stmulations can be performed m the presence of a box of water 
molecules 

Investrgattons mvolvmg electrons reqmres the use of the serm-empirical opttons and plots of electron density and 
molecular orbttals can be obtained All of the semi-empirical calculations are best performed on small molecular systems 
as the computer nme reqmred can run mto hours In this respect a powerful PC is recommended as such calculattons are 
normally performed on more powerful machines--such as Cray supercomputers! 
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Overall a very unpresslve package wluch wdl become more important as the power of PCs Improves I recommend it 
to all who are interested in molecular chermstry Those academics urlth access to enterpnse funds should include this package 
in their software requests. 

P J Cox 
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Summary-Potentiometric responses of a novel class of pH sensitive ionophores, namely several 
phenoxaxine derivatives, were tested in different modified PVC matrices. The ionophores were com- 
pounded into liquid membranes as usual or were covalently coupled to the polymeric matrix. The general 
analytical performance of the membranes and other membrane characteristics (i.e., resistance and response 
time, as measures of membrane decomposition or structural changes) were followed in time. The transient 
responses of membranes with mobile ionophores in high molecular weight (HMW) and carboxylated PVC 
(PVC-COOH) were compared to those with immobilized ionophores. The response time of membranes 
with immobilized ionophores was found to be between those with mobile ionophores in HMW (fast 
response) and PVC-COOH (sluggish response). Accordingly, the rate of response was correlated primarily 
to the COOH content of the membranes. 

To utilize the advantages of the existing semi- 
conductor and microelectronics technologies 
and their potential for development of ion-selec- 
tive microelectrode arrays for biological appli- 
cations, attempts have been made to apply 
chemically sensitive membranes directly on to 
the surface of microelectronic devices.‘-“ Unfor- 
tunately, reducing the size of the sensor and 
changing the classical membrane electrode con- 
struction (internal reference electrode/internal 
filling solution/ion-selective membrane) to a 
planar sensor arrangement without a large 
liquid internal contact, brought several prob- 
lems to light concerning the potential stability, 
reproducibility, response time and life time of 
these sensors, due to the stringent requirements 
in this field. Besides these, factors such as 
membrane biocompatibility and low membrane 
resistance became decisive in membrane optim- 
ization. 

To reach the goal of microelectronically fabri- 
cated electrodes we were guided by existing 

information. Potentiometric sensors are useful 
when rapid direct signal transformation is 
needed, as in continuous monitoring and flow- 
through analysis. 5*6 The precision, reliability, 
short and long term stability, as well as the short 
response time of membrane-based sensors, 
make them attractive for biological appli- 
cations.“i3 Ionophore-based alkaline and alka- 
line earth ion-selective PVC membranes already 
proved their outstanding properties in different 
fields of potentiometric analysis.‘@-” Thus, we 
focus on two topics achieving (I) long sensor life 
time and (II) rapid response times. 

(I) The sensor life time of planar microelec- 
trodes is determined primarily by the dissol- 
ution of the membrane ingredients into the 
sample solution and by the adhesion of the 
membrane to the wafer (problems of encapsula- 
tion). In the recent past, ion-selective ionophore 
loaded PVC membranes have been extensively 
used for preparation of ion and molecule selec- 
tive optical sensors. 1a-23 Loss of membrane con- 
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stituents in these “bulk optodes” is even more 
important to be avoided, since, in contrast to 
the potentiometric sensors, the optical signal is 
directly dependent on the concentration of the 
components in the memb~ne. 

Possibilities for elimination, or the slowing 
down of the process of leaching of membrane 
ingredients are: (1) use of ionophore and/or 
plasticizer free membranes;2“-30 (2) attachment 
of the ionophores to the matrix by covalent 
coupling;31,3* (3) increasing the distribution co- 
efficient of the components by introducing 
adequate structural elements (e.g., large alkyl 
chains) or selecting membrane matrices of more 
advantageous partition properties;33,M (4) re- 
placement of the low molecular weight mobile 
ionic additives (such as sodium tetraphenyl 
borate) with more lipophihc derivatives {e.g., 
potassium tetrakis p-chlorophenyl borate or- 
sodium tetrakis[3,5-bis(trifhroromethyl)phenyl]- 
boratef;35’6 and (5) use of PVC compatible 
polymers as fixed site additives37-39 instead of the 
lipophilic salts.31 

(II) Recently, PVC membrane based calcium 
selective bulk optodes with immobilized phe- 
noxazine derivatives as chromoionophores were 
described.3’ An important enhancement in sen- 
sor life time could be achieved by immobilizing 
the chromoionophore. However, the response 
time of these bulk optical sensors with immobi- 
lized ionophores was increased as well. Since 
phenoxazine derivatives have proven to be 
excellent ionophores in potentiometric pH 
sensors@ it was of interest to study the effect of 
ionophore immobilization on the response of 
potentiometric electrodes, known as surface 
sensors. PVC matrix pH sensors with extended 
life time may be serious competitors to pH 
sensitive glass electrodes in some special fields of 
applications2~26,~ such as cardiology. 

This paper describes the responses of large 
numbers of H+ selective electrodes tested as 
possible candidates to prepare planar ion-selec- 
tive microelectrodes for cardiovascular appli- 
cations. The membranes were fabricated from 
different modified and compounded PVC mem- 
branes since our aim was to select an optimal 
membrane composition for acute and chronic 
applications in cardiology. Accordingly, we 
compared the responses of the different 
matrices, studied changes of the membrane 
properties during a long period of time, and 
noted alterations of the dynamic responses as a 
function of membrane matrix modifications. 
Aminated and carboxylated PVC (PVC-NH2 

and PVC-COOH, respectively) were selected 
for these studies primarily as a consequence of 
their excellent adhesion properties45’“7 (crucial in 
the preparation of planar electrodes) while 
hydroxylat~ PVC (PVC-OH) seemed to be 
attractive since it has been reported as having no 
interference from serum proteins.48 

Theoretical and experimental evidence for 
membrane component loss, solvent uptake and 
response time degradation 

The conclusions from extensive theory and 
experiments49-55 on bathed ion exchange mem- 
branes include the following. 

(21 

(3) 

(4) 

Interfacial potential differences (pds) 
depend the~odynami~lIy on external 
bathing ion activity when the ion is pre- 
viously incorporated in the membrane at 
constant activity. For example, aminated 
PVCs containing added TPB- at exactly the 
same concentration as amine sites, should 
provide an ideal system: RNH:TPB- (and 
ion pairs in equilibrium) that should 
maintain constant proton activity in the 
membrane. 
Any extraneous processes including (a) 
exchange of TPB- for any other bathing 
solution anions; {b) water uptake to dilute 
the interior proton activity; (c) loss of 
plasticizer to concentrate the site density 
and thereby change the proton activity, will 
perturb the interfacial pds. 
Factors in (2) shift each interfacial pd, and 
if the system does not respond exactly “sym- 
metrically”, there will be a shift in the 
asymmetry potential, e.g., a shift in E”. 
Uptake of water or loss of plasticizer causes 
formation of surface layers of different com- 
position compared with the bulk compo- 
sition. The interfacial pds are then com- 
plicated by diffusion pds between the outer 
membrane surface and the interface between 
the perturbed layer and the original, homo- 
geneous bulk. Thus, time dependent re- 
sponses to activity steps in solution are 
predicted. As surface layers become thicker, 
time responses are longer. 

These conclusions follow from studies of 
response mechanisms of ion-selective electrodes 
using different transient techniques.27.s6‘59 The 
results for several ion-selective etectrodes 
demonstrated high resistance surface film for- 
mation27.M*58 from plasticizers and impurities in 
plasticizers and/or membrane matrix materials 
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such as PVC. In the case of glass electrodes, are thought to be decisive in determining the 
high resistance surface layers are formed by rate of response. 59167 The time constant of 
hydrolysis of the glass to form silica gel, and, if equation (2) depends on the diffusion co- 
dried, partly silica layers.@’ Morf has shown that efficients in the membrane and in the aqueous 
when the surface region has a different selectiv- boundary layer, on the thickness of the bound- 
ity coefficient for each species, compared with ary iayer and on the partition parameter K. The 
the membrane bulk, there is a voltage off-set.61 partition parameter K was found to depend on 
On the basis of his model, long term changes of the equilib~um constant (J&J of the dominant 
electrode response to primary ion activity steps extraction reaction [equation (3)) and on the 
and interfering cation activity changes could be concentration of free ligand within the mem- 
explained. brane.67 

In polymers with positively or negatively 
charged groups,45@ uptake of water is expected 
by unbalance of osmotic pressure. This uptake 
may be accompanied by the formation of hy 
drophilic (colloidal) water droplets,62d by mem- 
brane hydrolysis or by the formation of ion- 
dipole clusters. 65*66 The probability of formation 
of such “inhomogenities” (hydrophilic or 
hydrophobic domains) is considerably larger in 
modified PVC matrices with high concen- 
trations of sites compared to high molecular 
weight PVCs of low ion exchange capacity. The 
process may start at the membrane surface as a 
consequence of aqueous solution contact, and is 
thought to be prolonged in time as water pene- 
trates into the bulk of the membrane. Along 
with these structural changes, alterations of the 
selectivity coefficients and increases in the total 
membrane resistance and in the response time 
are expected.26 

M’+(aq) -I- zX-(aq) + kR-(m) + rL(m) 

*ML;+(m) + kR-(m) 

+zX-(aq) + (I - I)L(m). (3) 

Accordingly, the polarity of a membrane has 
a direct influence on r2 .67 Higher polarity (PVC 
membranes confining -COOH, -OH, -NH2 or 
-SOsH functional groups) result in slower 
responses.58@ Furthermore, the formation of 
surface layers with different properties from the 
bulk (hydrophilic or hydrophobic regimes) as a 
consequence of aqueous solution contact, is 
more likely in high site density modified PVCs 
compared to more conventional HMW PVCs. 
The increase in response time values for 
modified PVC as a function of solution contact 
(hydration) is consistent with the expectations9 

EXPERIMENTAL 
For the quantitative evaluation of the poten- 

tial-time transients, the following two equations 
were used: 5g*67 For all experiments, deionized water doubly 

distilled in Pyrex glass and chemicals of puriss 
or pa grade were used. E(t) = E2 + S log (1) 

and 

where E(t) is a time dependent potential at time 
t following a sudden change of the sample 
solution activity; Ez is the final steady-state 
potential; a,, and aj,2 are the solution activities 
before and after the activity change in the 
sample, respectively; r, and rz are time constants 
and S is the experimentally determined slope of 
the EMF-log a, calibration curve. 

Equation (1) was suggested as an approxi- 
mate description of the potential-time transi- 
ents when diffusion/equilibration processes 
within the aqueous boundary layer are assumed 
to be rate dete~ining. Equation (2) applies 
when transport processes within the membrane 

Buffer solutions 

For the determination of the pH sensitivity 
and potentiometric selectivites of the electrodes, 
the following buffer solutions were used:” (I) 
citrateborate buffer with 6OmM Li+ ion back- 
ground; (II) a TRIS buffer with l~.Orn~ Na+ 
ion background; (III) a TRTS buffer with 
200.0mM K+ ion background, (IV) a Britton- 
Robinson buffer with or without 140mM NaCl 
(see Table 10.47 in Ref. 69). The pH of the 
solutions was adjusted by means of a hydrogen 
ion-selective glass electrode (Orion model 
91-57) by the addition of hydrochloric acid or 
sodium hydroxide to the stock buffer solutions. 

Membranes 

The solvent polymeric membranes were pre- 
pared according to Ref. 70. Their most common 
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Table 1. Characterization of ETH 3531 and ETH 3534 by 
gel permeation chromatography. The relative amount of 
each component was calculated from the respective peak 

area (SD; n = 3) 

Form of Nile Blue ETH 3531 ETH 3534 

Immobilii 95.3 * 1.0% 86.6 f 1.2% 
Mobile 4.0 f 1.0% 12.9 f 1.3% 
Other derivatives 0.7 f 0.2% 0.5 f 0.2% 

composition was I wt % ionophore, 64-66 wt 
O/ plasticizer and 33 wt % PVC and 70 mole % 
(compared to the ionophore) potassium tetrakis 
(p-chlorophenyl) borate (KTp ClPB) as lipo- 
philic salt additive. However, in some cases 
membranes without ionophore (mainly amin- 
ated PVC membranes) were also cast. 

All ionophores and plasticizers were products 
of Fluka AG (Buchs, Switzerland) or syn- 
thesized in our laboratories: tridodecylamine 
(TDDA) (Fluka 95292); ETH5294 (Fluka 
27086); ETH 2439 (Fluka 27087); 2nitrophenyl 
octylether (ONPOE) (Fluka 73741); Bis(Z 
ethylhexyl) sebacate (DOS) (Fluka 84818); ETH 
5350 was synthesized as described in Ref. 3 1. As 
polymeric membrane materials, several com- 
mercially available products were tested: poly- 
(vinyl chloride) (PVC, high molecular weight, 
HMW), Fluka 81392, carboxylated PVC 
(PVC-CGGH, with 1.8% COOH groups), 
Aldrich, 18955 and hydroxylated PVC 
(PVC-OH), a copolymer of 91% vinyl chloride, 
3% vinyl acetate and 6% vinyl alcohol, Fluka 
27827. The latter could not be used alone for 
membrane casting (as a consequence of the bad 
mechanical properties of the membrane), but 
only as a 1: 1 mixture with HMW. The 1,4-di- 
amino butane and piperazine modified PVC 
samples were prepared in our laboratories with 
the reaction scheme suggested by Ma and 
Meyerhoff~s The H+ sensitive ETH 3531 and 
ETH 3534 membrane matrices were synthesized 
as described in Ref. 31. 

Synthesis and analysis of ETH 3531 and ETH 
3534 

The synthesis of Nile Blue directly bound to 
carboxylated PVC (ETH 3534) and to carboxyl- 
ated PVC through a spacer (ETH 3531) is 
described in detail by Rosatzin et aL3’ The 
efficiencies of the conversions were followed by 
elemental analysis and absorption measure- 
ment$’ and the products were characterized by 
gel permeation chromatography (Table 1). The 
equipment used for gel permeation chromatog- 
raphy was a LiChroGrapha HPLC System 

(Merck, Darmstadt, Germany) including a gra- 
dient pump L-6200 and a D-6000 HPLC Man- 
ager Chromatography Data Station Software. 
A Kontron Uvikon LCD 725 (Kontron, Ziirich, 
S~~rland) served as a detector, The column 
(600 x 7.5 mm I.D.) was a PLgel 5~ 1OOA 
(Polymer Laboratories Ltd, Shropshire, U.K.) 
and THF with 1% (v/v) 0.02M NaOCH, in 
methanol was used as solvent at a flow rate of 
2.0 ml/min. 

EMF measurements 

Cell voltages were measured at room tem- 
perature with an Orion Expandable Ion Ana- 
lyzer (Model EA 920). As a reference electrode 
an Orion model 90-02 Ag/AgCl double junction 
reference electrode was used throughout. The 
readings were made when the potential changes 
were less than 0.2 mV/min. 

~eterm~ation of the internal res~t~ce of the 
cells 

The internal resistances of the cells were 
determined by the voltage divider method using 
known shunts.7’*72 The potential drop at t = 0 
(AE*) was used to evaluate the ohmic resistance 

(Rn)* 

TDDA 

El-H 3534 

ETH 3531 

Fig. 1. The chemical structure of hydrogen sensitive iono- 
phores discussed. 
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Table 2. Membrane compositions, response ranges, slopes* 

Electrode Linear pH Slope 
No. Matrix H+ ionophore Plasticizer range (mV/&c&) 

la HMWt ETH 5294 o-NPDE (2.5)$ 4.0-12 (58.9)$ 59.3 
b HMWt ETH 5350 o-NPDE (2.5)$ 4.5-12 

2: 
HMWt TDDA o-NPDE 4.0-12 

(576;t757.5 

HMWf ETH 5294 DOS (2.5)$ 4.0-l 1 (56.4)j 57.4 
b HMWt ETH 5350 DOS (2.0)$ 3.5-12 (57.7)3 58.3 

3a PVCCOOH$ ETH 5294 o-NPDE 4.0-12 58.5 
b PVC-COOH§ ETH 5350 o-NPDE (2.5)$-12 57.6 

4a PVC-CODHg ETH 5294 DOS (2.5)$-8.0 54.1 
b PVC-COOH§ ETH 5350 DOS 3.5-10 54.5 

5 HMW + PVC-OH I( ETH 5294 o-NPOE 4.0-12 58.5 

6 PVC-NHJ l&DAB)*+ no ionophore o-NPOE 4.0-10 54.9 
7 PVC-NH2(l,4-DAB)** no ionophore DOS (2.5)$-5 44.5 
8 PVC-NH,( 1 &DAB)** ETH 5350 DOS 3.0-12 58.2 

9 PVC-NH,(PIP)tt no ionophore o-NPOE 4.0-l 1 58.0 
10 PVC-NH,(PIP)tt no ionophore DOS 4.0-10 53.3 

lla PVC-NH,(PIP)tt ETH 5294 oNPOE (2.5)$ 4.0-12 (57.5)$ 59.1 
b PVC-NH,(PIP)tt TDDA o-NPOE 4.0-12 58.8 

12 PVC-NH,(PIP)tt ETH 5294 DOS 4.0-l 1 53.9 

13 PVC-CO-Nile Blue%% ETH 35341% DOS 5.5-10 54.3 
14 PVC-CO-R-Nile Blue@ ETH 353155 DOS 6.5-10 53.6 

*The data were determined after a short period of conditioning time, generally after l-3 days. All the membranes 
were fabricated with additional KTpClPB (10-70 mole % with respect to the ionophores or active sites). 

TMembranes were prepared from Aldrich or Fluka HMW PVC but no difference was found. 
$The data in parentheses were determined in the Britton-Robinson buffer. 
iAldrich carboxylated PVC (PVC-CDOH) with 1.8% COOH content. 
1) 1: 1 mixture of Aldrich Very High Molecular Weight PVC and Fluka PVC-OH. 
**1,4-diamino butane modified PVC, synthesized at the TU Budapest according to Ref. 25. 
ttPiperaxine based aminated PVC, synthesized at the Medical School of the UNC Ref. 26. 
$JNile blue modified PVC-CDDH synthesized at the ETH Ztlrich3’ see Fig. 3. 
&$Nile blue modified PVC-COOH with “spacer” synthesized at the ETH Ziirich3’; see Fig. 1. 

Response time measurements 

To determine the dynamic response of differ- 
ent electrodes a switched wall jet arrangement 
was used.s9T73 The standard deviation of tw./, data 
as well as the rise times of the measuring 
electronics are given elsewhere.s8 All response 
time measurements were carried out in the 
presence of a background electrolyte of constant 
ionic strength in order to minimize the effect of 

0 WC-NH2 (1 A-DAB) 
. WC-NHZ(l,4.0AB)+fW 5350 

. 
e 

E(mV1 o 1 

e 
0 

l 0 I 
1 . I 

-2004 I 
0 2 4 6 8 10 12 14 

PH 

Fig. 2. pH response of a I+diamino-butane based 
PVC-NH, electrode (7 and 8 in Table 2) after 1 month 
continuous contact with aqueous solution. 0 Ionophore 

free membrane; l ETH 5350 compounded membrane. 

streaming and diffusion potentials in the stream- 
ing sample solution. 

RESULTS AND DISCUSSlONS 

Response ranges and slopes 

In the course of this work a large number of 
modified PVCs were compared on the basis of 
their potentiometric behavior. The chemical 
constitutions of the ionophores used in this 
work are summarized in Fig. 1 while the mem- 
brane compositions and some of the relevant 
parameters of the H+ sensitive membrane elec- 
trodes are given in Table 2. Comparing the 
analytical parameters (selectivity coefficients, 
stability and reproducibility) of mobile iono- 
phores (ETH 5294, ETH 5350) loaded into 
membranes cast from different PVCs (HMW, 
PVC-COOH, PVC-NH,, PVC-OH), no signifi- 
cant differences were found, and the data were 
the same as published earlier for HMW mem- 
branes.“” The linear response range can be ex- 
tended to lower pH values using PVC-COOH 
as the matrix and DOS as the plasticizer. 
The properties of ionophore free H+ selective 
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Fig. 3. EMF response of the ETH 5294 ionophore baaed pH 
electrode (3a) in the PVC-COOH matrix. 

membranes (PVC-NH,) are dependent on the 
chemical structure of the amine (basicity) as well 
as on several parameters related to the synthesis 
(e.g. N content and glass transition temperature 
of the aminated product etc.).26 The analytical 
performance of the ionophore free membranes 
could be improved by the addition of mobile 
ionophore (Fig. 2). This improvement becomes 
more visible with elapsed time. The parameters 
of ETH 5350 compounded PVC-NH, mem- 
branes remain approximately constant, in con- 
trast to the ionophore-free membranes where 
a slight decrease of the slope and a shift 
in detection limit to lower pH values were 
observed.26 Similar loss of sensitivity was 
experienced with ETH 5294 compounded 
PVC-COOH electrodes in alkaline solutions 
after about 2 weeks (Fig. 3). 

parallel to the analytical tests, membrane resist- 
ances were followed as a function of time by the 
voltage divider method (Table 3).7’*72 The elec- 
trodes were kept in a pH = 7.00 Tris buffer 
solution between the tests. The resistances of 
ETH 5294 based membranes increased signifi- 
cantly with time except with PVC-OH as the 
matrix. The largest increase in the bulk mem- 
brane resistance (&) was observed with 
PVC-NH2 thereafter with PVC-COOH, HMW 
and PVC-OH membranes. These data correlate 
nicely with preliminary dissolution data carried 
out on modified PVC membranes containing the 
basic form of Nile Blue A as the ionophore. The 
amount of ionophore dissolved from different 
PVC membranes was the smallest for PVC-OH 
and the largest when PVC-NH2 and 
PVC-COOH were used as matrices.74 

The changes of membrane resistances with 
time (Table 3) substantially correspond with 
alterations of other membrane parameters as 
well. These changes are manifest in: (1) a shift 
of the lower limit of detection to higher hydro- 
gen ion activities (Fig. 3); (2) changes of selectiv- 
ity coefficients to larger values; (3) shift of the 
offset voltage of the cell (E”);“’ (4) slower time 
responses to step activity changes.gT26 

Time dependent membrane resistances 

Information on the structural changes of the 
different membrane matrices as a function of 
aqueous solution contact is crucial in design of 
sensors for chronic applications. Accordingly, 

No resistance increase was observed with 
TDDA compounded membranes during a 2 
month period of time. In agreement with this 
result, the basic analytical parameters of these 
membranes were found to be constant.47 Ac- 
cordingly, we assume that the long term deterio- 
ration of ETH 5294 based sensor responses is 
mainly due to the loss of ionophore following its 
decomposition within the membrane. Naturally, 
the rate of decomposition is heavily influenced 
by several parameters like: (i) the pH of the 
sample solution, (ii) the energy and intensity of 

Table 3. Membrane resistances (Ro) (MR) as a function of contact time with the sample solution 

(lla)’ (1 lb)* 

(la)* (lc)’ (3a)* (7)* (9)’ PVC-NH, PVC-NH2 
Time HMW HMW PVC-COOH PVC-COOH PVC-OH PVC-NH, (PIP) (PIP) 
(Bays) ETH-5294 TDDA ETH-5294 TDDAt ETH-5294 (PIP) ETH-5294 TDDA 

1 0.15 0.1 0.2 0.1 0.1 0.1 
2 0.08 0.2 

12 0.9 1.0 1.2 0.4 
15 0.85 0.3 
23 0.2 
30 3.6 0.6 7.3 6.9 
35 9.4 1.2 
40 3.9 0.7 
50 0.2 
60 21.3 0.1 0.3 13 21.5 1.1 

*Numbers in the first row correspond with the membrane numbers in Table 1. 
TMembrane was fabricated with o-NPOE as plasticizer and 70 mole % KTpCIPB. 
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Table 4. Compositions, slopes and fw% response time data of pH sensitive membranes with mobile and 
immobilized H+-ionophores. All membranes contained 1 wt% ionophore (or equivalent amounts immobilized), 

66 wt% DOS. 33 wt% wlvmer and 10 mol % KTpCIPB (in respect to the Bmount of ionophore) 

Matrix 
(wt %) 

Electrode No./ BMW PVC- 
ionophore PVC COOH 

Glass 
2alETH 5294 33.5 
4ajEm 5294 33.5 
13/ETH 3531 12.1 22.5 
14/ETH 3534 22.0 12.6 

siope 
Response time, r*, (~~t~~) 

(@=f Solut.ion I’ 
pH range 

~~~~ \Yraz 
PH range 

a.4e7.4 . + . .+. 6.0-5.0 

58.0 58.0 

5:: 3:: 49.0 58.4 56.8 57.9 
280 275 53.f 32.0 
105 105 58.4 36.4 

Slope 
(mV/pH) 

Solution IIf 
PH range 
6.0-+5.0 

56.0 
53.7 
52.8 
479 
39.9 

*Solution I: 0.13M NaCl in O.OlM Tris/O.OlM NaOH with pH 8.4 or pH 7.4. 
tSolution II: 0.12M NaCl in O.OlM malonic acid/O.O2ill NaOH with pH 6.0 or pH 5.0. 

ill~nati~n of the membrane, (iii) the pH of the 
matrix, etc. The pH of the matrix is quite acidic 
in the case of PVC-COOH or basic in 
PVC-NH,. In ad~tion to this the partition 
coeflkient of the ionophore between the 
aqueous solution and PVC membrane may be 
different for the different modified PVC%. 

Dymwnic responses 

Upon selecting ETH 5294 as a proton carrier 
for thin layer optical membranesIs or planar 
micra pH electrode construction47 the loss of 
membrane components from certain matrices 
seemed to be decisive in determining the corre- 
sponding sensor properties. To avoid problems 
connected with gradual changes in the mem- 
brane matrix imposition, Nile Blue (the active 
ingredient) was bound directly or through a 
spacer to the ~r~xylat~ PVC matrix (Fig. I; 
ETH 3531 and ETH 3534).” The e&iency of 
the conversion related to the available carboxyl 
groups was about 21% (ETH 3531) or 23% 

(EITH 3534) calculated from the elemental 
analysis.31 The result of the gel ~eation 
chromatography analysis showed that only a 
minor amount of the original ionophore (Nile 
Blue) was not covalently immobi~ to the 
polymer (Table I). All other reaction products 
of Nile Blue-like lipophyliied derivatives were 
found to exist in concentrations smaller than 
1%. The steady state and dynamic properties of 
membranes containing mobile ETH 5294 in 
HMW and PVC-COOH were then compared to 
the relevant characteristics of ETH 3531 and 
ETH 3534-based membranes. In this part of the 
work DOS was used as plasticizer. As a conse- 
quence, a considerable interference was experi- 
enced at relatively high pH values (Table 4). 

The response times of membrane system 2a 
and 2b (mobile ETH 5294 or ETH 5350 in 
HMW (Table 2)) were found to be short and 
practically independent of the concentration of 
the sample solution. The same ionophores in 
carboxylated PVC (membranes 4a and 4b) 

EMF 1 I 

L-4 
ETH 5254 I WpClPB t DOS 

\ PVC 

Fig. 4. The effect of the membrane matrix on the dynamic response curves of ETH 5294 ionopbore bas& 
pH sensor fabricated from high molecular weight (2a) and carboxylated PVC @a) as matrix (see Tables 

2 and 4). 



Table 5. rws values and time constants ?, and T, of HMW and PVC-COQH membranes with the H+-selective 
ionophore ETH 5294 

Fitting Fitting 
kQ% (ml parameters parameters k% (ml 

pH change Eq. (1Y Eq. (2)* PH change 
Electrode No./ Sol. I Sol. II SOI. I Sol. II 
matrix 7,4-&4t S.O-+6.,0~ (& 8.4-17.4? 6.0+5.ot 

2afHMW 31 3.70 0.48 0.01 0.26 36 
58 5.50 1.24 0.10 O”39 91 

4a/FVC-COOH 335 23.90 1.29 3.94 0.15 510 
I75 14.90 2.31 1.10 0.63 270 

*During the measuring time of 1 set, 1650 values were recorded and each 20th value (78 data points) was used for 
curve fitting. 

JThe numbers represent the negative logarithm of the activities of the solutions, a,1 and ai2 [Eqs (1) and (211. The 
arrows indicate the direction of the activity step. 

showed a considerably slower response (Fig. 4 
and Tables 4 and 5). Some increase in response 
time was expected on the basis of earlier litera- 
ture findings.g*sKB However, in the activity range 
of pH = 8.4-+7.4 the rate of response was lo-15 
times slower for PV~~~H m~branes com- 
pared to HMW membranes. In the high pH 
ranges the effect of cation intetierence may 
make an important contribution to the rate of 
response (see the decreased slope values in the 
case of PVC-COOH membranes), but 
PVC-COOH based membranes had about a 3 
times slower response in the pII range 
pH = 6.0450 as well, where no interference is 
expected. In addition to this, equation (2) gave 
a much better fit (smaller RMSD data) to the 

Gl 

Fig. 5. E&c% of ionophore irnrno~~~tia~ oxt the dynamic 
response curves of pH sensitive liquid membranes in two 
different time domains (Sa: 0-2ooO ms; Sb: O-250 ms). The 
membranes used for the response time studies contained the 
same amount of ionophu~ (mobile or ~~~i~) and the 

same PVC/pIas~~ ratio. 

transients recorded with PVC-COOH based 
menrbranes compared to equation (1) (Table 5) 
suggesting ~~u~onal phenomena in the mem- 
brane phase. 

The fB% data (and in general the dynamic 
~ha~or) of membranes with covalently 
coupled active sites (ETH 3531 and ETH 3534) 
were found to be larger than those evaluated 
with mobile ETH 5294 in HMW (Figs 5a and 
b) but smaller compared to values determined 
with ETH 5294 in PVC-COOH. A comparison 
of the response time data summarized in Table 
4 (for an activity step, pH = 8.4-,7.4) suggests 
that the increase of response time is in close 
correlation with the f&e -GOOH concentration 
of the membranes. The PVC-COOH concen- 
tration of membrane 4 (Table 2) is 33.5 wt % 
(the -COOH concentration N 134m&f ) while of 
membranes 13 and 14 (Table 2) 22.5 wt % 
(w95rnM) or 12.6 wt % (-3lmikf), respect- 
ively. It is remarkable that the selectivity co- 
efficients also vary in parallel with the -COON 
content of the membranes (see the slopes in 
Table 4 in the range of pH = 7.4 and 8.4). The 
membrane with the highest -COOH content 
shows the most serious cation interferen~ and 
so on. It is known that the rate of response of 
ion-selective electrodes becomes slower in the 
presence of considerable inte~~rence.” In ad- 
dition the character of the response time curves 
proved to be more exponential with decreasing 
-COOH content /better fit to equation (l)- 
smaller RMSD values-compared to equation 
(2); see Table 61. The increasing exponential 
character suggests that surface processes be- 
come more dominant with decreasing -COON 
content. Con~q~e~tly, the most dominant 
infiuence on the rate of response of Hf selective 
membranes with covalently coupled ionophores 
cannot be at~but~ to the chemical structure or 
~onstitu~on of the ionophor~matrix coupling, 
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Table 6. Characteristic data of the response time curves (& values) as well as of fitted 
theoretical equations (time constants r, , T* and RMSDs), of membranes with mobile- and 

immobilized H+-ionophores 
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Electrode No./ 

Matrix 
(wr %) 

HMW PCV- &/. 

pH change 
8.4+7.4* 

Fitting Fitting 
parameters parameters 

Eq. u1t Es. mt 
5 RMSD T RMSD 

ionophore PVC OH (mr) (ms) (mv) (ms) (mv) 

2a/ETH 5294 33.5 36 11.2 0.34 1.06 0.46 
4a/ETH 5294 33.5 510 128 1.07 500 0.28 
13/ETH 3531 12.1 22.5 280 145 0.65 684 1.54 
14/ETH 3534 22.0 12.6 105 68.2 0.59 102 1.60 

*The numbers represent the negative logarithm of the activities of the solutions, a,, and a,,, 
[Eqs (1) and (2)]. The arrows indicate the direction of the activity step. 

tDuring the measuring time of 1 set, 1650 values were recorded and each 20th value (78 
data points) was used for curve fitting. 

but to the -COOH content of the membranes. 
It is primarily interesting in comparison to the 
transient response of bulk optodes with the 
same immobilized ionophores where the in- 
creased response times were attributed to 
changes in the membrane bulk transport prop 
erties.3’ 

CONCLUSIONS 

H+-selective PVC membranes, fabricated 
from various modified PVCs, exhibit different 
short (response time) and long time (life time) 
behavior. The long time behavior of membranes 
with mobile ionophores is determined by the 
leaching out of membrane ingredients and is 
reflected in changes of the analytical perform- 
ances (slopes and selectivities), electrical proper- 
ties (bulk resistance and polarization) and 
dynamic response (t,, response and response 
function) of the electrodes. These changes are 
related to the properties of the membrane 
matrix which is determined by the chemical 
character and the concentration of the various 
functional groups (-OH, -COOH, -NH2) in 
modified PVCs. The immobilization of the iono- 
phore extends the sensor life time. However, the 
concentration of the remaining functional 
groups (-COOH groups not converted in the 
immobilization reaction) proved to be decisive 
in the dynamic response behavior of membranes 
with covalently attached ionophores. The re- 
sponse times of membranes with immobilized 
ionophores decrease with decreasing -COOH 
content and approach the response time of 
membranes with mobile ionophores. By de- 
creasing the -COOH content of the membranes 
to a minimal amount it should be possible to 
construct a pH sensitive microelectrode with an 

immobilized ionophore, having fast response 
and extended life time. 
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Summary-Combining the Asmus straight-line method with the flow injection (FI) technique, a new 
F&-straight-line method is established to investigate the formulas of the blue, the purple and the red 
complexes formed by iron(III) and Tiron in different pH solutions. Using the proposed F&straight-line 
method, the stoichiometries of cyanide and barbituric acid for producing the intetmediate and the iinal 
product of the chromogenic reaction of cyanide with pyridine+barbituric acid magent are also studied. 

Various s~c~ophotomet~c methods have been 
established to investigate the empirical formulas 
of colored complexes in solution. Among them 
the Asmus straight-line’ method has the advan- 
tages of being more suitable for determining the 
composition of weak complexes and applicable 
for complex systems where ligands are not pure 
and precise ligand concentration is not known. 

The straight-line method is conventionally 
performed by a manual procedure which does 
not allow inv~tigation of the composition of 
unstable products of inte~e~ate of some 
complicated reactions. It has been adapted to a 
flow technique by Martinez et ai.* The method 
is based on the merging of two solutions 
(metal and reagent), keeping the flow rate of 
one of them constant and increasing the other 
stepwise. 

The flow injection (FI) technique has many 
advantages. One of them is that it allows fast 
reactions to be investigated. In the present 
study, the straight-line method was combined 
with the flow injection technique to measure 
compIex formulas, determine the stoichiomet~ 
of non-complex reactions and to investigate the 
mechanism of complicated reactions. 

PRINCIPLE 

The straight-line method was initially estab- 
lished by Asmus to determine the composition 
of mononuclear complexes. Later, it was 
expanded to measure the composition of 
polynuclear complexes by Klausen et ~1.~ The 

*To whom cor~s~nden~ should be addressed. 

principle of the method can be expressed as 
follows. 

For the reaction of the form 

mM+nL=MmLn(m,n21). (1) 

Constant volume of a standard solution of M 
(concentration C”,) and varying volumes (V,) 
of a standard solution of L (concentration Ct) 
are added into a series of volumetric flasks of 
volume Y, the pH is adjusted and an inert salt 
solution is added. Then the mixtures are diluted 
to volume and the absorbance (4) is measured 
at a suitable wavelength. Assuming 

[Mm Ln] << C, (21 

&M = ci_ - -0 (3) 

where the brackets refer to the equilibrium 
concentration, C to the analytical or total con- 
centration and E to molar absorptivity. Express- 
ing I/(&)” graphically as a function of l/A for 
different sets of n, a straight line will be expected 
for the correct value of n. Similarly, if a constant 
con~ntration of L and different amounts of M 
are applied, a straight line would be obtained 
for the correct value of m by plotting l/(C,)~ 
against l/A for different sets of m. If the com- 
plex formed during the determination of n is the 
same as that formed during the determination of 
m, the complex can be represented by MmLn. 

When the straight-line method was adapted 
for a flow injection system, the flow system can 
be designed as following: A carrier stream com- 
posed of a buffer and an unreacting electrolyte 
is propelled to the system to control the pH and 
the ionic strength of the system. Component M 

l-AL 40/7--s 969 
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is introduced into the system at a constant 
concentration. A series of L are injected into the 
system as samples. The sample zone merges with 
reagent M to form the colour species and the 
peak absorbance (A), corresponding to CT 
(the analytical concentration of L at peak maxi- 
mum), is detected. 

In FIA, a chemical reaction is usually non- 
equilibrated. Namely, 

C g;rn < [MmLn]- (4) 

in which C$rn represents the peak maximum 
concentration of the produced Mm Ln when the 
peak absorbance (A) is detected. [MmLn]” is 
the equilibrium concentration of MmLn at the 
peak maximum. 

When 
[Mm Lnlmax << CF=, (5) 

From equations (4) and (5) we have 

CErn << CT=. (6) 

Assuming 
EM = EL = 0 

a straight line will be obtained for the correct 
value of n if 1 /(CT= )” is graphically expressed as 
a function of l/A for different sets of n. 

If the volume and the concentration of the 
injected L are S, and C”,, respectively, then 
according to FIA theory,4 

Cf” = C”,/Dr = C~/(2n3’*R2D;‘*T”*/SV), (7) 

where Dy is the dispersion coefficient of L at 
peak maximum, D, is the axial dispersion co- 
efficient, R is the tube radius and T is the 
residence time. They are all constants for a 
certain manifold. Therefore, 

CFax = Kc;sv (8) 

in which K is a constant. If Sv is kept constant, 
then 

C ;1”= &Co, 

l/(CT)n = &/(Co,Y, 

where K, and K; are constants. 

(10) 

It is well known that Cr will, for 0;” > 2, 
increase linearly with increase of Sv. If Ct 
remains unchanged and Dy is controlled in the 
region of D r” 2 2, then from equation (8) we 

cy = K*Sv (11) 
l(C;g_)n = Ki/(SV)“. (12) 

According to equations (10) and (12), it is seen 
that a straight line will be obtained at the correct 
set of n by plotting l/(C$)” against l/A or by 

plotting l/(Sv)” against l/A. Similarly, if vari- 
ous concentrations or volumes of M are injected 
and a constant concentration of L is pumped 
into the flow system, the value of m can be 
obtained by plotting l/(C”,)m against l/A or by 
plotting 1 /(Sv)m against 1 /A. 

If E, # cL # 0, the absorbance of the excess 
ligand should be corrected. This can be done 
easily by the stopped-flow FIA technique if the 
reaction rate is not very fast. Unfortunately, the 
reaction of iron(II1) and Tiron is too fast to use 
the stopped-flow FIA method. In the present 
study, absorbance was corrected simply by ad- 
justing the baseline to A = 0. 

EXPERIMENTAL 

Reagents 

Unless otherwise stated, analytical reagents 
from Beijing Chemical Factory were used 
throughout. 

Iron(II1) solution: A O.lOOOM iron(II1) stock 
solution was prepared by dissolving 0.5590 g of 
iron powder in 15 ml of 6M HCl, adding 3 g of 
KClO,, and diluting to 100 ml with water. 
Working solutions were made by diluting this 
stock solution with O.lM hydrochloric acid. 

l,ZDihydroxybenzen-3,5-disulfonate (trade 
name Tiron, chemical pure, Shanghai Chemical 
Reagent Factory) solution: A 5.0000 x IO-*M 
Tiron stock solution was prepared by dissolving 
1.661 g of Tiron in 100 ml of water. Working 
solutions were made by diluting this stock sol- 
ution with water. 

Pyridine solution: Add 12 ml of concentrated 
hydrochloric acid in 60 ml of pyridine, dilute to 
250 ml with water. 

Pyridine-barbituric acid reagent: Place 8.205 
g of barbituric acid in a 250 ml standard flask 
and add just enough water to wash the flask wall 
and wet the barbituric acid. Add 60 ml of 
pyridine and mix. Then 12 ml of concentrated 
hydrochloric acid is added and mixed. Dilute to 
volume with water and mix when the mixture 
has cooled to room temperature. This stock 
contains 0.20M barbituric acid. Working sol- 
utions were prepared by diluting this stock with 
the above prepared pyridine solution. 

Chloramine-T solution: Dissolve 0.5 g of 
chloramine-T in 100 ml of water. 

Standard cyanide solution: Standard cyanide 
solutions were prepared from a stock solution of 
potassium cyanide (1000 pg CN-/ml, pH 11) 
with 1 g/l sodium hydroxide solution. 
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Fig. 1. Manifold used for det~i~ng formulas of corn- 
plexes formed by iron(II1) and Tiron in different pH sol- 
utions. C, water carrier; S, samples of Tiron or iron(II1); 
R, iron(III) or Tiron solution; B, buffer solutions of pH 4.0, 
5.9 or 9.0; RC, reaction coil (120 cm long, 0.7 mm i.d.); 
D, speotrophotometer, wavelength set at 620 nm, 560 nm or 

480 nm; P, peristaltic pump; W, waste. 

Buffer solution of pH 4.0: Dissolve 7.94 g of 
anhydrous sodium acetate in 100 ml of water, 
add 47 ml of acetic acid and dilute to 500 ml 
with water. 

BufTer solution of pH 5.9: Dissolve 78 g of 
sodium dihydrogen phosphate in 1000 ml of 
water, and adjust to pH 5.9 with concentrated 
sodium hydroxide solution. 

Buffer solution of pH 9.0: Dissolve 35 g of 
ammonium chloride in 100 ml of water, add 
24 ml of ammonia solution (contains about 
28% (w/v) ammonia, and dilute to 500 ml with 
water. 

A FIA-91 flow injection analyzer (Shanghai 
No. 3 Analytical Instrument Factory) was used. 
This is an integrated inst~ment which consists 
of two 4-channel peristaltic pumps, a l&-port 
value, a grating spectrophotometric detector, a 
Laser PP40 4 color X-Y printer plotter and a 
microcomputer system. Program control and 
data processing are conducted automatically by 
the microcomputer system. 

6 

(A) 

Determination of composition of Fe(M)-Tiron 
complex 

Ferric ions produce three different colored 
complexes with Tiron, depending on the pH of 
the solution. According to Harrey et al.,’ the 
colors of the three complexes are blue 
(pH < 5.6), purple (PI-I 5.7-6.9) and red 
(pH > 7.0), and their metal-ligand molar ratios 
are 1: 1, 1:2 and 1: 3, respectively. The present 
study is to investigate the composition of the 
three complexes by the proposed FI-straight- 
line method. 

The manifold depicted in Fig. 1 was designed 
to measure the formulas, represented by 
Fe,(Tir),, of the three complexes. In the first 
series of experiments, the blue complex formed 
at pH 4.0 was investigated. To determine the 
value of n, a series of different concentrations of 
Tiron (Cs, = 0.8-2.0 x 10p3M) were injected 
into water carrier, while a constant concen- 
tration of iron(II1) ion (C”, = 1 x 10m3M) and a 
buffer of pH 4.0 were propelled into the flow 
system. Absorbance was detected at 620 nm, the 
peak absorbance wavelength of the blue com- 
plex, and the results are shown in Fig. 2(A), 
which was obtained by plotting l/(Ct,3n against 
l/A for different sets of n. The value of m was 
determined similarly, the only difference being 
that the Tiron solution is introduced at a 
constant concentration (C& = 6 x l0-3M) and 
various concentrations of ferric ion (C”, = 
0.6-1.8 x 10W3M) were injected into the system. 
The curves obtained for the determination of m 
are shown in Fig. 2(B). Figure 2 indicates that 
a straight line occurs for n = 1 or m = 1. As 

6- 

(Bl 

f 
m=3 

Fig. 2. The use of the FIGstraight-line method for determining the formula of the blue complex formed 
by iron(III) and Tiron in a buffer solution of pH 4.0: (A) detonation of n, CL = 0.8-2.0 x 1O-3M, 

C$= = 1.0 x 10e3Ari; (B) dete~nation of m, CO, = 6.0 x 10-‘&f, C’& = 0.6-1.8 x 10-3M. 
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(A) 
6- 6 

I 
2 3 4 5 6 7 6 

0 
0 I 2 3 4 5 

I/A I/A 

Fig. 3. The use of the FI-straight-line method for determining the formula of the purple complex formed 
by iron(II1) and Tiron in a buffer solution of pH 5.9: (A) determination of n, CtK = 0.6-2.0 x lo-‘M, 

Cte = 1.0 x 10e3M; (B) determination of m, C’& = 6.0 x IO-‘M, CR = 0.41.8 x IO-‘M. 

only one kind of complex is produced by 
iron(II1) and Tiron in a buffer solution of pH 
4.0,’ the formula of the blue complex is Fe(Tir). 

The compositions of the purple and the red 
complexes are measured similarly. For investi- 
gating the purple complex, a buffer of pH 5.9 
was adopted and the absorbance was detected at 
560 nm. Results are shown in Fig. 3. For 
producing the red complex, a buffer of pH 9.0 
was adopted. Absorbance was detected at 480 
nm and the resulting curves are shown in Fig. 4. 
From Figs 3 and 4 it is seen that the compo- 
sitions of the purple and the red complexes are 
Fe(Tir), and Fe(Tir),, respectively. 

The formulas of the blue, the purple and the 
red complex obtained above agree well with the 
metal-ligand molar ratios obtained by Harrey 
et al.’ This fact indicates that the FI-straight- 
line method is suitable for determining the 
composition of complex. 

Reaction mechanism of cyanide with pyridine- 
barbituric acid 

Cyanide is usually determined by the 

(A) 

F’ 
n=3 

pyridine-barbituric acid method based on the 
Koning synthesis. Determination is convention- 
ally conducted by detecting the final product of 
the reaction at 580 nm. In our previous study, 
an intermediate of the reaction with a peak 
absorbance at 494 nm was found and was 
applied to determine cyanide successfully by 
FIA. In the present study, we measured the 
molar ratios of cyanide to barbituric acid for 
producing the intermediate and the final 
product, in order to propose a more detailed 
mechanism of the reaction. 

This above-mentioned reaction is a compli- 
cated reaction, in which cyanide first reacts with 
chloramine-T or bromine water to produce 
cyanogen chloride or bromide. The produced 
cyanogen chloride or bromide quantitatively 
oxidizes pyridine to glutaconicaldehyde which 
condenses with barbituric acid to form a colored 
polymethine dye. The overall stoichiometry of 
cyanide and barbituric acid is 1:2.’ Unfortu- 
nately, the stoichiometry of cyanide and barbi- 
turic acid for producing the intermediate is 
not clear. Obviously, a more detailed reaction 

(6) 
m=3 

/ 
x 

/ dm=2 

0 0 
2 3 4 5 IO 1.5 20 25 

I/A I/A 

Fig. 4. The use of the FI-straight-line method for determining the formula of the red complex formed 
by iron(II1) and Tiron in a buffer solution of pH 9.0: (A) determination of n, C’$, = 0.6-1.8 x IOd3M, 

CFe = 1.0 x IO-‘&f; (B) determination of M, C’& = 6.0 x 10-3M, CO, = 0.6-1.8 x lo-‘M. 
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Fig. 5. Manifold used for investigating the stoichiometry of cyanide and barbituric acid during the 
formation of the intermediate and the final product: (A) determination of n; (B) determination of m; 
C, sodium dihydrogen phosphate buffer solution @H 5.9): Rl, chloramine-T solution; R2, pyridine- 
barbituric acid reagent; S, cyanide; RC, reaction coil (30 cm long, 0.7 mm i.d. or 270 cm long, 0.7 mm 

i.d.); D, spectrophotometer, wavelength set at 494 mn or 580 nm; P, peristaltic pump, W, waste. 
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mechanism could be acquired if the stoichi- 
ometry is determined. The stoichiometry of 
cyanide and barbituric acid could be measured 
by the FI-straight-line method if the concen- 
tration of chloramine-T and pyridine were con- 
stant and in sticient excess. Assuming that 
cyanide and barbituric acid have a stoichi- 
ometry of m : n, then the value of m and n can 
be determined respectively by the proposed 
FI-straight-line method. 

The manifolds shown in Fig. 5 were adopted. 
When the intermediate was investigated, the 
reaction coil was 30 cm long and absorbance 
was detected at 494nm. However, the coil length 
and the detected wavelength were changed to 
270 cm and 580 nm, respectively, when the final 
product was investigated. Figure 5(A) shows the 
manifold employed to determine the value of n 
for producing the intermediate and the final 
product, in which various concentrations 
of pyridine-barbituric acid reagent (Co&, = 
0.08-0.2M) were injected into the system while 
cyanide was propelled into the system at a 

constant concentration (C&_ = 7.6 x 10m5M). 
Results are shown in Fig. 6, which indicates that 
the values of n were 1 and 2, respectively, for 
producing the intermediate and the final 
product. 

From Fig. 6(B) it can be concluded that the 
reaction molar ratio of cyanide to barbituric 
acid for producing the final product is 1:2, 
which agrees with results reported in literature.5 
This fact demonstrates that the F&-straight-line 
method can be applied to determine the stoichi- 
ometry of non-complex reactions. 

Although the stoichiometries of cyanide and 
barbituric acid for producing the intermediate 
and the final product have been obtained, the re- 
action mechanism is not clear because the mol- 
ecular number of cyanide for forming one mol- 
ecule of the intermediate or the final product is 
still uncertain. A manifold shown in Fig. 5B was 
designed to determine the consumed molecular 
number of cyanide the value of m. In this 
manifold cyanide was injected at various 
concentrations (C& _ = 0.2-l .4 x 10e4M) while 

2 

=_ 
0 
x 

f I 
.P 
0 
1 

0 

(A) 
nz3 

n=2 

n=l 

I/A 

2 

=c 
x 

.f ’ 

u 
\ 

(8) 

Fig. 6. Determination of the reaction molar ratios of cyanide to barbituric acid for producing the 
intermediate and the final product by the FI-stmight-line method: (A) for investigation of the 

intermediate; (B) for investigation of the final product. Co Bv,, = 0.08-0.2M; Coa_ = 7.6 x IO-‘M. 
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(A) 4 m=3 IE 
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~ I 
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Fig. 7. Determination of the wnsumed mokzular sum& of cyanide for producing one ms&xu~e of the 
intermediate and the &nil product by the FI-straig&tine method: (A) for investigation of the 

intermediate; (B) for investigation of the final product. Ckrb = O.lM; C&._ =0.2-1.4 x 10-4M. 

barbituric acid was introduced at a constant 
concentration (CO,, = 0.W). The rest&s are 
shown in Fig. 7 which indicates that for both the 
intermediate and the final product a straight line 
was obtained by setting m = 1, i.e. only one 
molecule of cyanide was consumed for produc- 
ing one molecule of the intermediate or the final 
product. As barbituric acid was always in large 
excess during the meas~ement of n and m, the 
intermediate and the final product formed 
during the determination of n must be the same 
as that formed during the determination of m. 
Therefore, we conclude that for producing one 
molecule of the intermediate and the final 
product, the consumed cyanide is one molecute 
while the consumed barbituric acid is one and 
two molecules respectively. 

CONCLUSIONS 

A new Fk&raight-line method was estab- 
lished by combining the Asmus straight-iine 
method with the flow injection technique. The 
proposed method is suitable for investigating 

compositions of stable and unstable complexes, 
especially unstable complexes which cannot be 
investigated by con~en~onal methods. The 
method can also be applied to determine stoichi- 
ometries of some non-complexing reactions. 
Since it can be used to measure stoichiometry of 
reactants when an unstable intermediate is 
formed, the proposed method has great signifi- 
cance in investigating mechanisms of some com- 
plicated reactions. 
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Summary-In the framework of a certification campaign organized by BCR (Bureau Communautaire de 
Ref&enoe, Commission of the European Communities, Brussels) molybdenum was determined in a sea 
water candidate reference material (BCR CRM 403) using inductively coupled plasma-mass spectrometry. 
The &~~~tion was hampered by both non-spectral (signal suppression) and spectral interferences. 
Ten-fold dilution of the sea water and the use of a carefully selected internal standard allowed accurate 
correction for the signal suppression, Spectral interferences on MO nuclides could mainly be attributed 
to BrO+ and BrOH+ ions. At the level of spectral overlap encountered, these interferences could be 
corrected for with sufficient accuracy by matrix matching of the blank for Br or by application of a 
mathematical correction method involving msolvation of a pair of simultaneous equations. Results 
obtained after application of anion exchange to separate Br from MO confnmed the results obtained using 
the correction methods, proving the validity of the latter. A good agreement is established by comparison 
of the ICP-MS result with those obtained by other techniques in other laboratories. 

Inductively coupled plasma-mass spectrometry 
(ICP-MS) is a powerful and versatile technique 
that has proven its utility in the analysis of 
water samples of different origin.‘-” Due to its 
complex matrix and high salt content (salinity: 
cu. 35 g/kg), the accurate determination of 
(ultra-)trace elements in sea water is a difficult 
and challenging task for the analyst. High levels 
of dissolved solids not only cause orifice clog- 
ging of, and solid deposition on, the sampling 
cone,24 but are also on the origin of severe 
matrix effects. In addition, the complexity of 
the sea water matrix leads to many spectral 
interferences. 

For inte~erence-fry elements present at rela- 
tively high ~on~ntrations, dilution of the sea 
water can be suflicient to allow accurate deter- 
mination.” In most cases however, the literature 
reports on the necessity of a separation (and 
preconcentration) step prior to ICP-MS 
analysis. This separation/preconcentration step 
can, e.g., involve solvent extraction,19 electrode- 
position,‘” cation exchange1*s*7*‘4 and anion 
exchange. l3 These procedures are often time- 
consuming and are not without risk for MO due 
to the complex chemistry of this element.s*25 
In the present paper it is shown that ten-fold 

dilution and careful application of correction 
methods for both spectral and non-spectral 
inte~eren~s were sufllcient to allow accurate 
dete~ina~on of MO in the sea water candidate 
reference material (BCR CRM 403). 

EXPERIMENTAL 

Instrumentation 

The instrument used is a VG PlasmaQuad 
ICP-mass spectrometer (VG Elemental, Wins- 
ford, UK) equipped with a Fassel torch, a 
Gilson Minipuls-2 peristaltic pump, a Meinhard 
type Tr-30-A3 concentric glass nebuliser and a 
double pass Scott-type spray chamber with sur- 
rounding liquid jacket, the temperature of 
which is controlled with a recirculating refriger- 
ation-heating system. Sampling cones (1 .O mm 
orifice) and skimmer cones (0.75 mm orifice) are 
made of nickel. Operation conditions are sum- 
marized in Table 1, The settings of the electro- 
static lenses were optimized in order to obtain 
maximum signal intensity for ‘uIn+. 

Reagents and solutions 

For the quantitation of MO in the sea water 
CRM, the sample p~t~atrn~t was limited to a 

975 
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Table 1. PlasmaOuad ooeration conditions 

Plasma RF wwer: 

Gas Bow rates: 

Sample uptake rate: 
Spray chamber temperature: 
Ion sampling depth: 
Vacuum: 

_ . 
Forward: 
Reflected: 
Plasma: 
Auxiliary: 
Nebuliser: 

Expansion stage: 
Intermediate stage: 

1350 w 
<5 w 
13.5 I/min 
0.5-l llmin 
0.725-0.750 l/min 
0.9 ml/min 
10°C 
10 mm (from load coil) 
2.4 hPa (mbar) 
10v4 hPa (mbar) 
4.8 x 10e6‘hPa (mbar) Analyser stage: - 

ten-fold dilution using 0.14M HN03 and the 
addition of an appropriate internal standard (10 
pg/l In in blank, sample and standard sol- 
utions); 0.14M HN03 solutions (with 10 pg/l In 
as an internal standard) were used as blanks for 
the standard solutions in all cases and for the 
sample solutions when using the mathematical 
correction method. For correction for the spec- 
tral interferences by matrix matching of the 
blank, simulated blank solutions for the sample 
were prepared by adding an equal amount of Br 
(NaBrO,, analytical reagent grade, UCB) as 
determined in the ten-fold diluted CRM (cu. 
6.75 mg/l) to the original blanks. As the ICP- 
MS response is known to be linear over a very 
wide range, standard solutions of only one 
concentration level, prepared at least in tripli- 
cate, were used for calibration. Since it is our 
experience that MO causes severe memory 
effects,26 the concentration of the standard sol- 
utions was kept limited to ca. 10 yg/l. These 
standard solutions were obtained by successive 
dilution of 1 g/l solutions prepared from MO foil 
(Goodfellow Metals, 99.9% purity) or MOO, 
(UCB, 99% purity). In order to improve the 
stability, stock solutions (10 mg/l), from which 
standard solutions were prepared, contained 
1% HF. By comparing results for “fresh” and 
“old” standard solutions, 10 pug/l MO solutions 
were proven to be stable for over one month. 

Anion exchange for the removal of Cl- and 
S-containing anions is described in detail in a 
previous publication. ” In order to separate Br 
from MO, this procedure was slightly modified 
with respect to the eluent concentration and 
elution rate. Fifteen millilitres of the sea water 
was mixed with 100 ,a1 0,2M SnCl, (analytical 
reagent grade, RPL) solution and 1.5 ml 1.4M 
HNO,. After 1 min stirring the solution was 
brought on top of the anion exchange resin 
column (Dowex-1, converted to nitrate form). 
SnCl, is used as a reductant in order to convert 
possible present Mo(VI), retained as Mo,q- 
on the anion exchanger,*’ to lower oxidation 

states in order to ensure complete elution27*28 
and to reduce possibly present BrO; to Br- , 
which is likely to be retained more strongly by 
the resin.29 After this pretreatment, Br- is re- 
tained on the column ( > 99.5%), whereas MO is 
eluted at 3 ml/mm with 100 ml of 0.07M HNOj 
and collected in the effluent. Finally, Rh was 
added as an internal standard and the effluent 
was diluted to volume (150 ml) using 0.14M 
HN03. 

Measurements 

Measurements were done using the mass 
scanning mode of data acquisition (mass range: 
90-120 u, number of channels: 512 or 1024, 
dwell time per channel: 320 ,us, number of 
sweeps: 400). The total measuring time de- 
pended on the number of channels and was cu. 
1 or 2 min. Every blank, sample or standard 
solution was measured three times. Solutions 
were measured in a sequence that avoided mem- 
ory effects as much as possible. Where necess- 
ary, the sample introduction system was rinsed 
for 2 min with 0.14M HNOJ . 

RESULTS AND DISCUSSION 

Correction for non -spectral and spectral in terfer - 
ences 

As a result of the high level of dissolved solids 
(salinity cu. 35 g/kg) it is necessary to dilute the 
sea water matrix in order to avoid .orifice or 
nebuliser clogging and matrix effects too severe 
to allow accurate determination. A ten-fold 
dilution brought the signal suppression to ac- 
ceptable levels, whereas the concentration of 
MO in the diluted samples was still high enough 
(ca. 1 pg/l) to allow quantitation. 

An earlier study of matrix effects in ICP-MSm 
showed that, in all cases studied, the magnitude 
of the signal suppression or enhancement de- 
pends in a regular way on the mass number. 
Hence, accurate correction for non-spectral in- 
terferences is only possible using an internal 
standard with mass number close to that of the 
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analyte element(s). This study also pointed out 
that the use of an internal standard with mass 
number closely matching that of the analyte also 
improves the precision. For both accuracy and 
precision, the ionization potential of the internal 
standard was established not to be of major 
importance. Hence, In was chosen as the in- 
ternal standard for this determination. Only for 
the quantitation of MO in sample solutions 
obtained after anion exchange, Rh was used 
instead of In as the internal standard due to 
the presence of Sn (isobaric overlap with 
“‘In + ). 

The quantitation of MO in the sea water 
CRM was not only hampered by non-spectral, 
but also by spectral interferences. MO has 
7 isotopes: g2Mo (14.8%), g4Mo (9.1%), 
g5Mo (15.9O/,), %Mo (16.7%) 97Mo (9.5%), 98Mo 
(24.4%) and ‘OOMo (9.6%). The nuclides 92M~, 
%Mo and “MO can suffer from an isobaric 
interference arising from the corresponding Zr 
nuclides, while an isobaric interference on “jMo, 
98Mo and “‘OMo from the corresponding Ru 
nuclides is also possible. Spectral interferences 
from BrO+ and BrOH+ ions were experimen- 
tally observed. Since Br has two isotopes, 79Br 
(50.7%) and “Br (49.3%), the signals of 9SM~, 
%Mo, 97Mo and 98Mo are affected to the largest 
extent. Polyatomic ions, such as e.g. ArKO+ 
and KKO+ (mainly affecting the signal of 
“MO+ and %Mo+, respectively), were also 
observed3’ and finally ‘(“‘MO + is coincident with 
?SrO+. Careful study of the relevant part of 
the mass spectrum for the diluted sea water 
indicated that an additional interference at 
(m/q) = 97 was present. As a result, the latter 
nuclide was not used for quantitation. Compari- 
son of the spectrum with and without the use of 
anion exchange prior to the measurement 
pointed out that the polyatomic ion on the 
origin of this interference contains an element 
present in anionic form in the sea water. There- 
fore it is strongly suspected that the interference 
on “MO+ is due to NaKCl+ . 

For the first correction method it was as- 
sumed that 98M~, the most abundant MO nu- 
elide only suffers from a spectral interference 
from 81Br160H+ and 81Br170+. The Br concen- 
tration of the diluted sea water was determined 
experimentally to be cu. 6.75 mg/l. Simulated 
blank solutions with an equal Br concentration 
were used for correction. Although the authors 
were aware of the possible influence of the 
matrix on the level of MO+ an MOH + for- 
mation, a systematic study of the influence of 

the sea water matrix on the levels of BrO+ and 
BrOH+ species was not carried out due to the 
relatively low level of spectral overlap (cu. 5%), 
while the results obtained were also checked by 
comparison with those obtained using the math- 
ematical correction method. 

For the mathematical correction method, 
it was assumed that the interferences on the 
signals of 95Mo + and 98Mo + were mainly to be 
attributed to 79Br’60+ and 81Br160H+, respect- 
ively. Indeed, measurements of Br standard 
solutions showed that the signals at (m/q) = 96 
and 98 necessarily have to be mainly attributed 
to 79Br160H + and “Bri60H + , respectively, since 
the signal intensities observed were substantially 
higher than expected on the basis of the signal 
intensities for the corresponding Br160+ ions 
and the relative abundances of I60 and “0. The 
ratio (“BrOH +/79Br0 + ) was expected to be 
sufficiently constant and was determined exper- 
imentally by measuring Br standard solutions 
of various concentrations. Hence, the follow- 
ing pair of simultaneous equations could be 
resolved: 

95S,,(total) =95Ssa,,(Mo’) + g5S_&BrO+) 

I_ 98S,,,,,(total) = 98Ss,m,(Mo+) +98S,,(BrOH+), 

where S,, is the net signal at the (m/q) value 
and of the origin specified, normalized to the 
signal of the internal standard (‘151n + ). In a first 
approximation, the contribution of “BrOH + to 
the total signal at (m/q) = 98 was neglected, 
allowing to predict the value for 95S_r(Mo + ) 
on the basis of ?&,,,,(total) and the abundances 
of both MO isotopes involved. Hence, the con- 
tribution of 79BrO+ to the total signal at 
(m/q) = 95 could be estimated: 

95S_,(Br0 + ) = 95S,,(total) - 95S,,(Mo + ) 

095Mo 
= 95S,,(total) - 98S,,(total) x 098Mo 1 , 

where 0 is the isotopic abundance of the nuclide 
specified. 

The ratio [8’BrOH + /79Br0 +] was determined 
experimentally to be cu. 0.025. The relatively 
limited importance of BrOH+ justifies the ap- 
proximation used. Application of this ratio al- 
lowed an estimation of the contribution of 
“BrOH+ to the total signal at (m/q) = 98: 

98S_&BrOH+ ) = 95S_JBr0 + ) 

x t8’BrOH + /79Br0 +lnand, 
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Table 2. ICP-MS results obtained after subtrac- 
tion of a simulated blank solution, mathemati- 
cal correction and anion exchange prior to the 

analysis 

Mean result (SD.) 
Applied method @mole /kg) 

Subtraction of 
simulated blank 104.2 (4.3) 

Mathematical 
correction 112.1 (5.3) 

Anion exchange 110.5 (5.3) 

so that this interference could be corrected for. 
Although this correction method offers the 
possibility for iteration, no attempt was made to 
improve the accuracy of the correction in this 
way, due to the relatively limited importance of 
the spectral interference. Finally, the possible 
presence of Ru was checked, since this would 
lead to an additional (isobaric) interference on 
98Mo + . Careful survey of the spectrum, taking 
into account the contribution of NaKCl+ and 
SrO + signals, did not reveal any significant level 
of Ru. Of course, for routine determinations, 
this correction method can easily be automated 
by computer programming. 

Quantitation 

The quantitation of MO in the sea water 
CRM was carried out during a certification 
campaign. Two bottles of the CRM were sup- 
plied by BCR. Analyses were carried out on 10 
samples on different days. For each individual 
determination one of the two correction 
methods cited was used. Both methods lead to 
comparable corrections (cu. 5%). Results ob- 
tained after the use of anion exchange prior to 
the analysis confirmed the results obtained using 
the correction methods, proving the validity of 
the latter. Results are presented in Table 2. No 
significant difference (t-test, 95% confidence 
level) between the results obtained using the 
different methods could be established. Also the 
precision was seen to be comparable (F-test, 

Table 3. Results obtained by various analytical techniques/ 
laboratories for the determination of MO in the sea water 

candidate reference material (BCR CRM 403) 

Mean result (S.D.) 
Analytical technique (nmole/kg) 

ZETAAS 104.4 (7.3) 
csv 94 (11) 
ICP-MS, this work 109.4 (5.7) 

ZETAAS: Zeeman Electrothermal Atomic Absorption 
Spectrometry. 

CSV: Cathodic Stripping Voltanunetry. 

95% confidence level) for each of the methods 
applied. 

As a mean result a MO concentration of 109.4 
nmole/kg with a standard deviation of 5.7 
nmole/kg was obtained. This result can be 
compared with those obtained by other tech- 
niques/laboratories taking part in the certifi- 
cation campaign (Table 3). Since only two other 
laboratories were able to give results, the possi- 
bilities for comparison are rather limited. How- 
ever, since these results were obtained using 
independent and totally different techniques, 
103 ) 20 nmole/kg was certified as MO concen- 
tration in CRM 403.” 

CONCLUSION 

In every case a trace or ultra-trace element 
has to be accurately determined in a complex, 
realistic sample using low resolution ICP-MS, 
the utmost attention must be paid to both 
matrix effects and possible spectral interfer- 
ences. Ten-fold dilution of the sea water matrix 
and careful application of correction methods 
for both spectral and non-spectral interferences 
were shown sufficient to allow accurate determi- 
nation of MO in BCR CRM 403. In cases where 
the extent to which the MO + signals are affected 
by BrO+ and BrOH + is larger, the possibility 
for accurate quantitation is maintained by the 
use of an anion exchange resin column prior to 
the analysis. Mathematical correction on the 
other hand is less time consuming and reduces 
the possibility of sample contamination as a 
result of the limited amount of sample prep- 
aration and can hence be preferred at relatively 
low levels of spectral overlap or for routine 
analysis. 
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SPECTROPHOTOMETRIC DETERMINATION OF H,O, 
WITH l-ANILINONAPHTHALENE-8-SULFONIC ACID AND 

4-AMINOANTIPY~NE WITH HEMATIN AS CATALYST 
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Summary-A spectrophotometric flow injection method for the determination of HrO, in aqueous 
solution is presented. The technique is based on the oxidative condensation reaction between l-anilino- 
naphthalene-8-sulfonic acid (ANSA) and 4-aminoantipyrine (AAP) in the presence of H20z. Hematin is 
a good peroxidatic catalyst for this reaction; its effectiveness is signiticantly enhanced in an ammoniacal 
medium. If the yellow product formed in the alkaline medium is acidified, a blue chromophore (&,_ 
592 mn) is formed; a surfactant is necessary to keep the blue compound in solution. Chemical and 
instrumental parameters for F% were evaluated and optimixed. A detection limit of 0.3@# was achieved 
with a linear dynamic range extending to SOpAI. The typical relative standard deviation is 1.5% or better. 
The structure of the reaction product has been identified. 

Many determination procedures for HZ02 are 
based on enzymatic reactions and calorimetry. 
In the presence of peroxidase, various organic 
species are oxidized by H,O, to form colored 
products. Such reaction substrates include 
o-dianisidine,’ o-tolidine,2 2,6-dichlorophenol,3 
etc. Although these methods are adequately 
sensitive, the absorption maxima of the reaction 
products occur at relatively low wavelengths 
(< 500 nm) where the potential for interference 
from indigenous species present in real samples 
is much higher.4v5 

Methods based on the oxidation of 4- 
methoxy- 1 -naphthoY or oxidative coupling be- 
tween phenol and N,N-dimethyl-p-phenylene- 
diamine7 result in products that absorb at longer 
wavelengths (620 and 650 nm, respectively). 
However, for both these methods, we have 
found that the rate of the blank reaction is 
relatively fast. These methods can be success- 
fully used to assay the activity of a catalyst. 
For the analytical determination of H,O,, poor 
reproducibility and sensitivity result. Methods 
based on a two-component substrate, notably 
those involving the oxidative condensation reac- 
tion of a hydrogen donor with AAP, have been 
developed. These methods combine good selec- 
tivity and reproducibility. Usually a mixture of 
AAP and phenol8 or phenolic derivatives9 is 

*To whom correspondence should be addressed. 

oxidized by H202 in the presence of peroxidase 
to produce quinonoid dyes. These methods are 
otherwise attractive but the product absorption 
maxima range from 500 to 520 run. If phenol is 
replaced in this reaction with aniline derivatives, 
the resulting products exhibit more intense 
absorption and absorption maxima at longer 
wavelen~hs. Tamaoku et ~1.“’ syn~esiz~ vari- 
ous water-soluble aniline derivatives such 
as ~-ethyl-~-s~fopropyl~iline, N-ethyl-N- 
sulfopropyl-m-toluidine, and N-ethyl-N-sulfo- 
propyl-m-anisidine. These were recommended 
as good substitutes for phenolic derivatives. 
Relative sensitivities obtained with the above 
anilines were about 2-3 times greater than that 
with phenol and the absorption maxima ranged 
from 540 to 561 run. Generally equilibrium- 
based procedures involving incubation at a cer- 
tain temperature (e.g. 37°C) have been reported. 
The ~ndensation reaction between AAP and 
methyl-~-s~fopropylaniline in the presence of 
peroxidase has been adopted to develop a FIA 
method for the determination of H,02 in rain- 
water with a limit of detection (LOD) of 0.14pM 
and a linear dynamic range up to 40&V.” 

Saito et ~1.‘**‘~ suggested the use of manga- 
nesetetrakis (sulphophenyl) porphine immobi- 
lized on anion exchange resins as a substitute for 
immobiliid peroxidase. They applied this solid 
catalyst for the determination of H202 using 
the indention reaction of AAP with phenol 
and of AAP with ~,~~e~ylan~ine. Recently, 
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hematin has been shown to be a stable, inexpen- 
sive and highly effective catalyst in ammoniacal 
media for the determination of H,Oz. However, 
only fluorometric procedures have thus far been 
reported. I4 In the present work, various phenol 
and aniline derivatives that are oxidized by 
H202 in conjunction with AAP were investi- 
gated. The aim was to devise a reaction that 
results in products absorbing at wavelengths 
longer than 550 nm, to form the basis of an 
improved calorimetric FIA method. Further 
modification was considered by replacing horse- 
radish peroxidase by hematin as catalyst. 
Among tested reagents, the hematin catalyzed 
reaction of 1-anilinonaphthalene&sulfonic acid 
(ANSA), AAP and H202 showed the most 
promising results. A calorimetric flow injection 
procedure based on this principle is described. 

EXPERIMENTAL 

Apparatus 

A Hewlett-Packard 8451A diode array spec- 
trophotometer was used for batch experiments. 
A block diagram of the FIA system used in most 
studies is shown in Fig. 1. The FIA manifold 
consists of a multichannel peristaltic pump, a 
sample injection valve, a first stage reaction coil 
and an acidification reaction coil, and an 
absorbance detector. The sample injection valve 
(six-port rotary valve, type 502OP, Rheodyne 
Inc.) was operated by a microprocessor con- 
trolled timer (DVSP-4, Valco, Houston, TX) 
and the sample loop (200 ~1) was filled by 
aspiration. Except as specified, absorbance 
measurements were made with a Spectroflow 
757 absorbance detector (Kratos/Schoeffel, 
Applied Biosystems, Ramsey, NJ). In some 
experiments, a home built flow-through 
absorbance detector (6 mm length, 11 ul 
volume, glass windows) was used. This detector 
consists of a high intensity 605 nm GaAs light 

200 jJL 
SaylIe 

emitting diode as a light source (Stanley 
HAA5566X, Component Technology Corp., 
Richardson, TX), a reference and a detector 
silicon photodiodes (type S2007, Electronic 
Goldmine, Phoenix, AZ) (see Fig. 9 in Dasgupta 
et a1.16) and a log-ratio amplifier. Gas chroma- 
tography-mass spectrometry @C-MS) of the 
hydrolytic decomposition product of the blue 
analytical product was conducted on a Hewlett- 
Packard 5988A instrument. 

Reagents 

All chemicals were reagent grade. Solutions 
of AAP (2mM), ANSA or other chromogenic 
reagents (15mM), and Hematin (100&W in 
O.lM NH40H) were prepared and stored at 
-4°C when not in use. The reagent carrier 
stream was prepared by dilution of these stock 
solutions in 0.2M NH,/NH4Cl buffer solution. 
Stock solutions of 1M HCl and 20mM surfac- 
tant (lauryl sulfate (LS) or Triton X-100 
(TXlOO)) were used to prepare more dilute 
working solutions. Hydrogen peroxide (3%, 
Mallinckrodt) stock solutions were standard- 
ized by titration with secondary standard 
KMnO, solution and lower concentrations of 
H,O, were prepared by dilution of this stock 
solution immediately before measurement. All 
water used in the preparation of solutions and 
carrier streams was distilled and then deionized 
by a Nanopure system. 

Procedure 

In initial batch experiments, 2 ml of a reagent 
mixture (AAP and one of the chromogenic 
reagents shown in Table l), 2 ml of hematin in 
NH,/NH,Cl buffer solution, and 2 ml of a H20, 
standard were transferred to a test tube. The 
formation of a colored reaction product and its 
apparent rate of formation were visually 
screened. Reactions that appeared promising 

Reagent 

Acid + 
Surfactant 

450 nm 592 nm 

0.43 

0.43 

mL/min 

Fig. 1. Flow injection system schematic. Reagent: 10pM hematin, 0.2mM AAP, 1.5mM ANSA and 2mM 
lauryl sulfate in 0.2M NH&H,CI buffer. Acid/surfactant: 0.294 HCl, 5mM lauryl sulfate. 
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Table 1. Color produced by the reaction of H202. AAP and various chromogenic 
substrates* 
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Substrate tested 

Phenol 
CEthylphenol 
4-Chlorophenol 
Cresol 
2-Naphthol 
Chromotropic acid 
6,7-Dihydroxynaphthalene-2-sulfonic acid 
Aniline (HCI) 
N,N-diethyl-1,Cphenylenediamine 
1-Anilinonaphthalene-8-sulfonic acid 

Color produced 
(absorption maximum, run) 

red (505 nm) 
red (490 nm) 
red (510 nm) 
red (496 nm) 
blue-purple (584 nm) 
purple-blue (560 mn) 
purpleblue (560 nm) 
red-purple (550 nm) 
red (478 ma) 
yellow in basic (458 nm) 
blue-purple in acid (575 nm) 

*Each test was performed in pH 10 ammoniacal buffer solution. 

for flow injection adaptation were further 
studied by spectrometry. For the AAP-ANSA 
reaction system, the initial product in basic 
medium (stable at least for a day) was acidified 
by the addition of 2 ml of HCl to produce 
a blue product. Absorption spectra for the 
final product were taken immediately. In flow 
injection studies of the AAP-ANSA reaction 
system, two-step optimization procedures were 
employed. Preliminary experiments were per- 
formed in a basic media. A reagent solution, 
including hematin, was prepared in NH3 /NH&l 
buffer solution. Standard solutions of H202 
were injected in a water carrier to which the 
reagent was merged. The resulting reaction 
product was monitored at a wavelength of 458 
run. The latter optimization study included the 
acidification step in which an acid solution was 
introduced to react with the initial reaction 
product. The final product was monitored at 
592 nm. Samples were injected minimally in 
triplicate and thus all reported data represent 
means from at least three runs. 

RESULTS AND DISCUSSION 

Initial studies 

Oxidative condensation reactions between 
AAP and a number of potentially useful chro- 
mogenic reagents were examined. We deliber- 
ately limited this study to commercially 
available reagents. The reagent mixture, includ- 
ing hematin as a catalyst, was dissolved in a 
O.lM NHJNH,Cl (pH 10) buffer solution. To 
initiate the reaction, an aliquot of 1mM Hz02 
was added. Many phenol and aniline derivatives 
undergo the desired hematin catalyzed oxidative 
coupling reaction with AAP in basic medium. In 
addition to the reagents shown in Table 1, mono 
and dinitrophenols were studied. They do not 

react. NJ-dialkylanilines (R = CH,, C2 H,) 
were also found to be inapplicable due to lim- 
ited solubility. As may be expected, water sol- 
uble naphthalene derivatives with hydroxyl or 
amino groups acting as auxochromes result in 
products that exhibit absorption maxima at 
longer wavelengths and also display greater 
absorption intensity. In particular, 2-naphthol, 
chromotropic acid and 6,7-dihydroxynaph- 
thalene-Zsulfonic acid react relatively fast, 
forming products with A,,,,, > 560 nm. However, 
alkaline solutions of phenolic reagents are par- 
ticularly susceptible to alkaline degradation and 
the products also tend to be unstable. 

When aniline derivatives are used with AAP, 
the resulting products display absorption 
maxima at longer wavelengths and absorb 
more intensely than phenolic derivatives. Most 
such compounds (e.g. NJ-dimethylaniline), 
however, are too poorly soluble in alkaline 
solutions. N,N-dialkyl- 1,4_phenylendiamines 
(R = CH,, CZH5) are sufficiently soluble and 
produce a relatively stable product. Neverthe- 
less, the absorption maxima for these products 
are below 550 nm. 

The AAP-ANSA reaction system 

ANSA was chosen for study because of the 
functional groups and its stability in solution. 
Among all the tested reagents, ANSA was un- 
usual in that the reaction product behaved as an 
acid-base indicator. The product initially 
formed in ammoniacal solution was yellow 

(LX 5 458 nm). It readily forms an intense blue 
color in acidic medium (L,,, 575 nm). Such a 
large bathochromic shift in absorption in a base 
to acid transition is relatively rare. Although the 
yellow product formed in basic solution was 
stable over at least day-long periods, the blue 
material displayed limited aqueous solubility 



384 

Fig. 2. The AA&ANSA reaction scheme. The yellow product I initially formed is protonated ta form 
the blue product II which undergoes acid hydrolysis as shown. 

and was also hydrolyzed in an acid solution. 
The reaction itself did not proceed in acidic 
solutions. In analogy with previous studies in- 
volving AAP and chromogenic substrates,12s’3 
we believe the structure of the yellow product to 
be I (Fig. 2) and that of the blue product to be 
11, Hydrolysis in acid medium of the blue 
product is believed to proceed according to the 
pathway shown in Fig, 2, resulting in l-aminon- 
aphthalene-8-sulfonic acid, benzoquinone and 
AAP. Benzoquinone was unambiguously ident- 
ified in the acid hydrolyaate by GC-MS in 
comparison with an authentic sample (identical 
~hrornato~a~~c retention time, parent mass 
and fragmentation pattern). The blue dye was 
synthesized in a milligram scale by scaling up 
the analytical procedure. The solid sample was 

acid hydro1~~ and the sotution then made 
alkaline (pH 11)” A chloroform extract of this 
sample was analyzed by GC-MS. AAP was 
unambiguously identified in this extract. l- 
Aminonaphthalene-8-sulfonic acid cannot be 
analyzed by GC and such a procedure was not 
attempted. However, there remains littie doubt 
that both the product structural identi~~tion 
and the hydrolytic pathways are as shown in 
Fig. 2. 

The reaction itself does not proceed in acidic 
medium. Whereas the product formed in basic 
solution is soluble and stable, the protonated 
blue product has limited solubility probably 
because of its zwitterionic structure, Addition of 
surfactants increase solubility. In a medium 
containing micellar concentratians of LS, the 
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NH& Concentration, M 

Fig. 3. Dependence of the peroxidatic activity of hematin on 
the buffer composition. Standard deviation of tire results are 

less than the dimensions of the symbols plotted. 

absorption maximum of the blue product 
undergoes a ba~~hro~~ shift to 592 nm. 
Since the reagents show no appreciable absorp- 
tion above 590 nm and the molar absorptivity 
in acidic surfactant containing solutions is more 
than four times that in basic solution, it was of 
interest to pursue the development of a new 
automated calorimetric method based on this 
principle. 

Effect of NH,/NH&l bufler composition on 
hem&in peroxidatic activity 

Peroxidatic activity of horseradish per- 
oxidase” or hematin14 has been observed to be 
stimulated by NI&, possibly due to the ligation 
of the nitrogen base to the metalloenzyme. The 
effect of NH3 and NH4Cl concentration on the 
peroxidatic activity of hematin was studied in 
the pH range of 8.5-10.5 with the flow injection 
system, Figure 3 shows that for a given pH (or 
ratio of NH, to NH&l), the absorbance due to 
the product initially increases steeply as the 
buffer concentration increases and eventually 
becomes less dependent of the buffer concen- 
tration. At higher buffer con~ntrations (<ea. 
0.2&f), it is clear that hematin peroxidatic ac- 
tivity depends mainly on NH3 concentration, 
For further studies, a 0.284 NH,/O,ILM NH,Cl 
buffer was chosen because buffering capacity is 
adequate at this composition, the dependence of 
the reaction rate on variation of the buffer 
components is minimal and relatively dilute acid 
can be used for later acidification. 

Eflect of hematin concentration 

The effect of hematin concentration on 
product formation was studied with 1OOm 
H202 as sample in the range of 0-45@4 

Fig. 4. Effect of reagent composition on system perfonn- 
ante, 100#4 H,O, injected. (a) Variation of hematin con- 
centration, 0.2mM AAP, 1 SmM ANSA, standard deviation 
of data are shown as error bars; (b) variation of AAP 
concentration, I.OmM ANSA, 10~& hematin; variation of 
ANSA concentration, lo@ hematin, 0.2 and 2mM AAP; 
standard deviation of results are less than the dimensions of 

the points plotted. 

hematin. Figure 4(a) shows that the measured 
absorbance increases with increasing hematin 
concentration. However, the observed ab- 
sorbance increases less than a factor of two as 
the hematin concentration is increased from 
10 to 40piV while increased hematin con- 
centrations were found to accelerate the 
decomposition of ANSA. A 10pM hematin 
concentration was therefore used for further 
studies. With <lo@4 hematin, the reagent 
mixture is stable for at least one day at room 
temperature (ea. 22’C). It should also be noted 
that hematin itself is colored and the baseline 
absorbance increases linearly with increasing 
hematin concentration. 

Effect of substrate concentration 

The effect of AAP concentration on product 
formation was studied with lOO@f H202 in the 
range of O-2 mM AAP. Figure 4(b) shows that 
the measured absorbance increases markedly up 
to an AAP concentration of about O.lSmM 
and then becomes relatively inde~ndent of 
the AAP concentration. Above 0.5mM AAP, 
the absorbance actually begins to decrease 
slightly. 

The effect of ANSA concentration was stud- 
ied in the range of O-3.5mM with 0.2 and 2mM 
AAP (Fig. 4b). When AAP concentration is 
0.2mM, the maximum absorbance was obtained 
at > 1.5mM ANSA. With 2mM AAP, the maxi- 
mum observed absorbance is -20% less than 
that with 0.2miw AAP and is attained with 
>3mlM ANSA. Hence 0.2m~ AAP and 
l.Sm&# ANSA were selected. 
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Acidification studies 

If the effluent stream from the first stage is 

acidified without further measures, the blue 
product precipitates or is strongly adsorbed 
onto the flow injection system components in- 
cluding the optical window; this causes serious 
increase in baseline absorbance and noise levels. 
Addition of a su~ac~nt into the acidifying 
carrier stream prevents such adsorption and has 
the additional benefit of shifting the absorption 
maximum to a longer wavelength with an 
attendant increase in molar absorptivity. To test 
the effect of pH on the formation of the final 
blue product, HCl or citric acid solutions in 
1 Omlw TX 100 were used as the acidifying carrier 
stream. The absorbance at 592 nm as a function 
of pH is shown in Fig. 5. Maximum absorbance 
was attained at pH ~3. A concentration of 
0.25N WC1 was chosen; at the flow rates used 
this was sufficient to attain a final pH of 2.5. In 
protonating the yellow product (I, Fig. 2), based 
on the basicity of the available sites, the car- 
bony1 oxygen should be protonated first. The 
ring to which it is connected thence becomes a 
6x-electron cationic system with considerable 
aromatic character. This results in a large 
bathochromic shift and enhanced absorptivity. 
With increasing acidity, one of the quinononoid 
N atoms will be protonated. This is expected to 
result in only a relatively minor increase in 
abso~tivity over the monoprotonated form. 
Protonation here would also eventually result in 
hydrolytic cleavage of the bond, as indicated 
in Fig. 2. If the blue color is due solely to a 

Fig. 5. The absorbance of the final blue product as a 
function of PH. The standard deviation of individual points 

is less than the dimension of the symbols plotted. 

monoprotonated form, the system may be 
modeled as: 

signal = Q[E,,[H+j/(K, + [H+]) 

+ eA& it& + P’lll. (1) 
Where Q is a proportionality constant, cHA and 
Ed are the abso~tivities of the protonated and 
non-protonat~ forms, respectively, at 592 nm 
and k; is the acid dissociation constant of the 
protonated form. If the blue color is due to both 
a mono- and a diprotonated form, the system 
may be modeled as: 

signal = Q(+Z,JH+]’ + tnA[HS]K, 

where 

R =@3+]2+KJH+]i-K& (3) 

and cH2A is the absorptivity of the ~protonat~ 
form, K, and X; being the first and second acid 
dissociation constants of this form, respectively. 
Figure 5 shows the best fits of the experimental 
results to equations (1) and (2), respectively. It 
is clear that the diprotic acid model results in a 
much better fit. This model results in the best fit 
values of 3.6 and 5.5 for pK, and pK2 a ratio of 
1.53 for EH~/EHA and a negligible value for cA. 

The effect of surfactants was studied with 
~tylt~methylammonium chloride (CTAC), 
TX100 and LS solutions (cationic, non-ionic 
and anionic surfactant, res~ctively). The use of 
CTAC resulted in immediate precipitation of 
the blue product, probably due to ion pair 
formation with the sulfonate end of the mol- 
ecule. The use of the other surfactants inhibited 
precipitation/wall adsorption. These effects take 
place only at surfactant concentrations sufficient 
to form micelles. Presumably the blue product 
partitions to the micelle. The significant increase 
of the molar absorptivity and the bathochromic 
shift indicates that the blue product either un- 
dergoes further aggregation within the micelle 
or participates in charge-transfer interactions 
with the surfactant molecules or both. As shown 
in Fig. 6, maximum absorbance is reached at 
> 1OmM TX100 and at > 5mM LS. Since the 
use of LS gives about 20% higher signal than 
TX100 and prevents adsorption problems more 
effectively, the use of LS was adopted. 

System performance 

With experimental conditions optimized as 
described above, typical system output is shown 
in Fig. 7. The peak height response is linear in 
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Fig. 6. Effect of surfactant concentration (added to 0.25M 
HCl solution), lOpA hematin, 0.2mM AAP, 1.5mM ANSA, 

100@4 H202. 

the l-50pM range; the best fit equation is given 
by: 

signal (AU) = 6.1( + 0.061) x 1O-4 C, (j&f) 

- 6.5( f 5.8) x 10-6. (4) 

Response becomes nonlinear at higher concen- 
tration, the signal for 100/_&f HzOz is 13% 
below that predicted by the above equation. 
This is possibly due to saturation of the catalyst 
binding sites. Based on three times the noise 
level of the baseline divided by the calibration 

5 

A.i 
Fig. 7. Typical system output, conditions as in Fig. 1,200 ~1 

samples of 5-50pM H,O,. 

Table 2. Effect of foreign species* 

Added Absorbance 
Substance (WW (mALJ) % Error 

PO:- 100 8.30 0 
NO,- 10 17.7 110 
HCO, 100 8.28 0.24 

;;:i 
100 8.34 0.48 
100 8.28 

Ca2+ 100 8.08 4.2 
Fe’+ 100 14.4 7315 

50 11.1 33.3 
DCl- 100 8.22 0.96 

*Total measured absorbance after addition of 10pM H,O,; 
in all cases, relative standard deviations were ~0.8%. 

slope, the LOD is 0.30@4. The typical RSD for 
the entire l-1OOpM range studied was < 1.5%. 

When the LED-based detector was employed, 
the absorbance signal decreases by cu. 45% 
compared to the commercial detector (Spec- 
troflow 757) because of the shorter pathlength 
of the LED-based detector cell. The RSD at 
10&&f H202 for this detector was 1.3%. 

To test the effect of foreign species in the 
system, an excess amount (100&!4 in most cases) 
of such potential interferents were added to the 
H202 standard before determination by this 
procedure. The results presented in Table 2 
show that only Fe3+ and especially NO; 
seriously interfere with the determination. Both 
species react with ANSA itself to form blue 
products in acidic medium. However, no reac- 
tion due to NO; ion occurs in basic medium. If 
acidification is omitted and the condensation 
product in basic medium is monitored at 
458 nm, NO; is no longer an interferent, at the 
expense of losing sensitivity. The use of sulfamic 
acid as masking agent for NO, was tested. 
Addition of sulfamic acid into the reagent does 
not prevent blue color formation due to NO,. 
However, addition of sulfamic acid to the 
sample prior to determination completely elim- 
inates interference from NO;. Except if ambient 
air samples containing HONO are scrubbed 
into an aqueous medium, H,Oz and NO; are 
not expected to co-occur in the same sample. 
These measures are therefore not expected to be 
necessary for most real samples. Similarly, inter- 
ference of Fe3+ may be prevented by addition of 
F- but such measures are not expected to be 
necessary for real samples. 
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Summary-Two low level impurities in 3-[2-(2-benzoxazolyl)ethyl]-5-ethyl&methyl-2( lH)-pyridinone 
drug substance (L-696,229) have been isolated by a combination of preparative HPLC, solid-phase 
extraction and liquid-liquid extraction. They were identified as 3-[2-(2-benzoxazolyl)ethyl]-5-ethyl-6-(2- 
phenylethy&?oH)-pyridinone (I) and 6,6’-(2-phenyl-l,3-propanediyl)bis[3-[2-(2-benzoxazolyl)e~yl]-5- 
ethyl-2(lH)-pyridinone] (II) by mass spectrometry and by their “C and ‘H-NMR spectra. 

INTRODUCTION 

3-[2-(2-Benzoxazolyl)ethyl]-5-ethyl-6-methyl- 
2( 1 H)-pyridinone (L-696,229) belongs to a class 
of compound which exhibits potent in vitro 
inhibition of human immunodeficiency virus 
type 1 reverse transcriptase.‘,’ L-696,229, which 
is presently undergoing safety and pharmacoki- 
netic evaluation in humans,2 contains an ethyl- 
ene linkage between a benzoxazole group and a 
substituted pyridone (Fig. 1). 

In the development of new drugs, one analyti- 
cal challenge is to quickly develop rugged 
methods for quality evaluation. The determi- 
nation of the purity of a drug candidate is 
important in order to establish the acceptability 
of batches for safety assessment and clinical 
trials. Ideally the total amount of impurity, as 
well as the quantity of each individual impurity, 
should be monitored in the bulk drug. A serious 
attempt should be made to identify each individ- 
ual impurity present at 0.1% area (or greater) of 
the main peak in the LC/UV impurity profile. 

Several different methods have been used for 
the HPLC analysis of L-696,229. A column- 
switching system, in which multiple HPLC 
columns are interconnected by a switching 
valve, has been used as an alternative to gradi- 
ent elution to eliminate interferences from late- 
eluting species.3 We have developed a simple, 
0.1% aqueous phosphoric acid/acetonitrile gra- 
dient system to routinely monitor the purity and 
stability of L-696,229. Two late-eluting impuri- 
ties were detected in some batches of L-696,229 
using this method. Identification of both of 
these impurities was attempted because they 
exceeded the 0.1% level in some samples. 

This paper describes the isolation and concen- 
tration of these impurities using sequential pre- 
parative HPLC, solid-phase extraction and 
liquid-liquid extraction. The identification of 
these impurities as 3-[2-(2benzoxazolyl)ethyl]- 
5-ethyl-6(2-phenylethyl)-2(1H)-pyridinone and 
6,6’-(2-phenyl-1,3-propanediyl)bis[3-[2-(2-ben- 
zoxazolyl)ethyl]-5-ethyl-2( 1 H)-pyridinone] was 
achieved by mass spectrometry and by com- 
parison of their NMR spectra to those of 
precursors. 

EXPERIMENTAL 

Apparatus 

The preparative HPLC system consisted of a 
Rabbit’” solvent delivery system with a Dyna- 
max-60A, C-8 column (250 x 21.4 mm; Rainin 
Instr., Woburn, MA), a Model 201 fraction 
collector (Gilson Medical Electronics, Middle- 
ton, WI), a Spectroflow Model 757 W detector 
(Kratos Analytical, Ramsey, NJ) and a Model 
TYP7025 stripchart recorder (Linseis Inc., 
Princeton Junct., NJ). The analytical HPLC 
system consisted of a Model SP87OOXR liquid 
chromatography pump with a built-in column 
heater (Spectra-Physics Analytical, Fremont, 
CA), a Model 759A W detector (Applied 
Biosystems, Foster City, CA) and a Zorbax 
RX-C8 column (250 x 4.6 mm; Mac-Mod Ana- 
lytical, Chadds Ford, PA). Data were collected 
with an Access* Chrom Vax-based chromatog- 
raphy data system (PE Nelson, Cupertino, CA). 
Solid-phase extractions were performed using 
Model SPE-21 vacuum manifolds (J. T. Baker 
Inc., Phillipsburg, NJ) with Bond Elut C-8 
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L-696,229 

Fig. 1. Structure of L-696,229 and impurities I and II. 

cartridges (6 ml) and adapters (Varian Sample 
Prepn. Prods., Harbor City, CA). 

Chromatographic conditions 

The mobile phase for preparative HPLC was 
acetonitrile/water (40: 60 v/v) at a flow rate of 
20 ml/min. The column was at ambient tem- 
perature and 5 ml injections were made; the UV 
detector was set at 234 nm. For analytical 
HPLC, 10 ~1 injections were made into the 
column held at 40°C and the mobile phase was 
acetonitrile/water (50 : 50 v/v) at a flow rate of 
1.0 ml/mm. 

Isolation of impurities 

Preparative HPLC. A sample of L-696,229 
(2.2 g), enriched in impurities at the l-2% level, 
was dissolved in 100 ml of acetonitrile/water 
(80 : 20 v/v). Aliquots (5 ml) of the solution were 
injected repetitively into the preparative HPLC 
system and appropriate fractions were com- 
bined to isolate each impurity. The final volume 
collected was approximately 600 ml for each 
impurity. 

Solid-phase extraction. The acetonitrile/water 
ratio of the two cuts collected by preparative 
HPLC was adjusted to 20: 80 v/v by the ad- 
dition of water to give a final volume of about 
1500 ml for each impurity. Three solid-phase 
extraction cartridges, connected in series using 
adapters, were conditioned with acetonitrile 
(15 ml) followed by water (15 ml) prior to use. 

Each impurity was concentrated separately on 
the cartridges by passing about 500 ml of the 
dilute impurity solution through the cartridges. 
Very little breakthrough of the impurity was 
detected when the eluate was monitored by 
analytical HPLC. The retained impurity was 
eluted with 10 ml of acetonitrilelwater (95: 5 
v/v). This procedure was repeated with 2 x 500 
ml portions of the dilute solutions and the 
combined washings totalled about 30 ml for 
each impurity. 

Liquid-liquid extraction. The 30 ml solution 
of each impurity was concentrated to about 
10 ml under nitrogen. Water (5 ml) and dichloro- 
methane (15 ml) were added, the mixture was 
shaken for 2 min and then centrifuged for 2 min. 
The organic layer was removed and the extrac- 
tion was repeated with a second 15 ml aliquot 
of dichloromethane. The combined organic lay- 
ers were concentrated to dryness under a stream 
of nitrogen at room temperature to obtain 
impurity I (10 mg) and impurity II (14 mg). 

Each impurity was analysed by thermospray 
ionization LC/MS and by electron ionization 
(EI) using a direct insertion probe. LC/MS was 
performed by injection of the sample into a 
Zorbax RX-C8 column (250 x 4.6 mm) with 
aqueous 0. 1M ammonium acetate/acetonitrile 
(50: 50 v/v) at a flow rate of 1 .O ml/min as the 
mobile phase. The LC column was coupled to a 
Finnigan MAT TSQ 70B mass spectrometer via 
a TSP2 thermospray interface held at 119°C; 
the ion source block was at 300°C. Positive ion 
mass spectra were acquired repetitively over the 
range 200-700 ,u. Electron ionization (EI) mass 
spectra were recorded at 70 eV over the range 
40-700 p on a Finnigan 4500 mass spectro- 
meter, using a fast-heating direct exposure 
probe, at a source temperature of 150°C. 

NMR spectra were run in CDCl, on a Bruker 
AM-400 spectrometer. Proton spectra were ob- 
served at 400.13 MHz and were referenced to 
residual CHCl, at 7.27 ppm. Carbon-13 spectra 
(100.61 MHz) were referenced to CDC& at 77.0 
ppm. Impurity I: ‘H NMR (CDCl,) 6 12.69 (br, 
H, ), 7.69 (m, H4’), 7.45 (m, H7’), 7.30 (overlap- 
ping m, H,., Hti, H,.,,), 7.20 (m, H3”,5”), 7.18 (s, 
H4), 7.10 (m, H4”), 3.33 (t, J = 7.6,2’-CH,), 3.16 
(t, J = 7.6, 3-CH*), 2.96 (m, 6-CH*), 2.85 (m, 
1”-CH& 2.30 (q, J = 7.5, CH,CH3), 1.00 (t, 
J = 7.5, CH,CH,). 

13C NMR (CDC13) 6 166.8 (C,), 164.2 (C,), 
150.8 (C.,), 142.5, 141.4, 140.8 (C,., C6, C&), 
141.6 (C,), 128.5, 128.4 (C2”,6”, C,:,.), 127.7 
(C,), 126.2 (C,.), 124.4, 124.0 (C,., C,), 119.5 
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(C,.), 118.7 (C,), 110.3 (C,.), 36.0, 32.7, 28.1, 
27.5 (4 x CH,), 27.5 (CH,CH,), 15.4 

(CHKH,). 

37999 

1 n , L-696.229 
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A. 

Impurity II: ‘H NMR (CDCl,) 6 12.17 (br, 
H,), 7.60 (m, H4’), 7.35 (m, H7’), 7.23 (m, HY, 
H6’), 7.19 (m, H2V,6”), 7.13 (t, J = 7.2, H3”,5”), 7.07 
(m, H.,“), 7.03 (s, H4), 3.60 (m, 1”-CH), 3.26 (m, 
2’-CH*), 3.05 (overlapping m, 3-CH,, 6-CH,), 
2.00 (m, CH,CH,), 0.67 (t, J = 7.5, CH, CH,). 

0 5 10 15 20 25 30 35 40 
Time (min) 

38230 
8. 

13C NMR (CDCl,)G 166.7 (C,), 163.7 (C,), 
150.7 (C,.,), 141.3 (C.,), 141.0 (C,), 140.6 (br, 
C,), 128.5, 127.7 (C2”,6”, C3”.Y), 128.1 (br, C,), 
127.0 (C,..), 124.3, 123.9 (C,., C,), 119.4 (C,), 
119.3 (br, C,), 110.2 (C,.), 46.3 (br, CH), 37.4 
(br, CH2), 27.9, 27.5 (CH,CH,), 22.6 
(CH,CH,), 14.8 (CH,CH3). Several signals are 
broad (as noted) and C,,, is not observed. 

, lmpwty I 
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RESULTS AND DISCUSSION 

Since related by-products due to the reaction 
between a benzyloxy precursor and benzal- 
dehyde contamination of benzyl alcohol had 
been identified at an earlier stage of the syn- 
thesis,4 a sample of L-696,229 enriched in the 
final product impurities at about l-2% each 
was prepared to facilitate the isolation work. 
Although preparative HPLC is a well estab- 
lished technique for the isolation of pure com- 
pounds from mixtures, it suffers from the 
disadvantage that the desired compound is often 
obtained in a rather large volume of the mobile 
phase. Concentration of this solution, usually 
on a rotary evaporator, can be time-consuming 
and is potentially harmful to thermally labile 
materials. Solid-phase extraction cartridges 
provide a convenient, alternative method for 
stripping the solvents from the HPLC frac- 
tions;5*6 the material retained on the cartridge 
may then be eluted with a minimum volume of 
a suitable mobile phase, with subsequent pro- 
cedures (e.g., concentration, chromatography, 
extraction) being easier to perform. 

? 
a 
0 

37363 
0 5 IO 15 20 25 30 35 40 

Tame (mm) 

Fig. 2. Typical chromatograms of impurity-enriched sample 
and isolated impurities on analytical HPLC. A. Enriched 
L-696,229 sample. B. Chromatogram of isolated impurity I. 
C. Chromatogram of isolated impurity II. Chromatographic 

conditions: see Experimental. 

HPLC. The initial preparative HPLC served as 
a rapid means of isolating the impurities from 
the bulk drug. Concentration of these impurities 
was then achieved by a combination of solid- 
phase extraction and liquid-liquid extraction. 
The isolated impurities I and II were better 
than 98% pure, as judged by HPLC area per- 
centage and their retention times matched those 
of the low level impurities in typical batches of 
L-696,229 [see Figs 2B and 2C, respectively, for 
chromatograms]. 

Impurity Z 

An isocratic reverse phase separation with The thermospray mass spectrum of impurity 
acetonitrile/water (50 : 50 v/v) was found to be I contained the base peak at m/z 373 corre- 
ideal for the resolution and stability of the two sponding to [M + I-II+ of a compound with a 
impurities [Fig. 2A] and a similar mobile phase molecular weight 90 u (C,H,) greater than 
(40: 60 v/v) was used for the preparative LC L-696,229. A very low intensity peak at m/z 423 
work. Isolation of the two impurities from of unknown origin was also observed. The EI 
L-696,229 was achieved using a series of pre- spectrum (Fig. 3) showed strong peaks at m/z 
parative HPLC injections and collection of ap- 372 (M+.) and 91 (C,H:), the latter being 
propriate fractions. The amounts of impurity I characteristic of a benzyl group. The presence of 
and II present in the starting material and in the a benzyl group was further indicated by the 
individual pools throughout the isolation pro- intense peak at m/z 281 (M-C,H,)+ and the 
cess were monitored by analytical reverse phase location of the benzyl group on the pyridone 
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Fig. 3. EI mass spectrum oJ impurity I. 

portion of the molecule was shown by the ion at 
m/z 240, which was 90 p higher than the corre- 
sponding fragment ion (m/z 150; base peak) in 
the EI spectrum of L-696,229. The ions at m/z 
240 and 133 can be ascribed to cleavage of the 
central CH2-CH2 bond between the benzoxazole 
and pyridone rings. The high field region of the 
proton NMR spectrum [see Fig. 4(C) and Ex- 
perimental] of impurity I was similar to that of 
L-696,229 except for the absence of the 6-methyl 
group and the addition of a 1,Zsubstituted 
ethylene group. This was supported by the 
“C-NMR spectra [Figs 4(&B); ‘H decoupled 
13C and APT’ experiments] where five methylene 
groups and one methyl group were observed. 
The aromatic region of the ‘H and 13C-NMR 
spectra supported the presence of an additional 
monosubstituted phenyl group. Taken together 
the data support the structure given in Fig. 1 for 
impurity I. 

Impurity II 

As an impurity I above, a methyl group is 
also missing from the proton NMR spectrum 
[see Fig. 5(B) and Experimental] of impurity II. 
Integrated intensities in the proton spectrum 
and i3C-NMR experiments indicated the pres- 
ence of an aliphatic methine. The aromatic 
region of the 13C-NMR spectrum also showed a 
monosubstituted phenyl group. Unlike impurity 
I, the ratio of the monosubstituted phenyl to the 
pyridone/benzoxazole groups is 1: 2. The “C- 
NMR spectrum of impurity II [see Fig. 5(A) 

and Experimental] has some unexplained broad- 
ening (not observed in the simpler analogue 
with a protected pyridone) but is consistent with 
the structure shown. Impurity II gave a thermo- 
spray mass spectrum which contained only the 
peak due to the [M + I-II+ ion at m/z 653. The 
molecular weight (652 p) and the required even 
number of nitrogen atoms derived from the 

A. 

I 

0. I 

Fig. 4. A. ‘H decoupled “Cl, B. “C APT, and C. ‘H NMR 
spectra of impurity I. 
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Fig. 5. A. “C,and B. ‘H NMR spectra of impurity II. 

[M + HJ+ value are both consistent with the 
structure deduced from the NMR data. The EI 
spectrum (Fig. 6) showed a very weak molecular 
ion at m/z 652 together with peaks at m/z 371 
and 282 due to cleavage of the bond between the 
benzylic carbon and the pyridone methylene 

group; as above, the ion at m/z 133 is ascribed 
to cleavage of the CH2-CHI bond linking a 
benzoxazole group to the remainder of the 
molecule. 

It should be noted that the structural char- 
acterization of related precursors4 greatly 

lf.? 174 194 210 224 1) 246 
I f 

iId 50 1BB 158 200 250 
100.0 
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r100.000X 
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58.0- 
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Fig. 6. EI mass spe&rum of impurity II. 
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facilitated the identification of 
lated impurities. 

CONCLUSION 
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Summary-A flow-injection method for the determination of the serum L-tyrosine is described. The 
method involves the conversion of tyrosine into dopaquinone by reaction of tyrosinase, followed by 
derivation of the dopaquinone with fluorogenic agent 1,2diphenylethylenediamine. Serum was depro- 
teinixed with tungstic acid. Sample solution was injected into a reactor (50 x 4 mm i.d.) packed with glass 
beads on which tyrosinase was immobilized. The fluorescence was detected at 480 nm (excitation at 350 nm). 
The calibration graph was linear for 5 x lo-‘-2 x lo-’ M L-tyrosine; the detection limit was 2 x 10-‘&f. 

The concentration of tyrosine in serum is a 
useful indicator of disorders of metabolism 
(e.g., phenylketonuria’ and tyrosinosis*), and of 
disturbances in an organism (e.g., hepatitis3 and 
thyroid diseases4). The determination of tyrosine 
has been based on liquid chromatographic (LC) 
techniques5 However, the methods designed to 
quantify all serum amino acids are unnecessarily 
lengthy. A rapid and selective method is needed 
in order to provide the correct diagnosis. 

Compounds with 1,2-dioxo moieties readily 
form fluorescent derivatives with 1,2-di- 

aryle thylenediamines.6 1,2-Diphenylethylene- 
diamine (DPE) has been used in a post- 
column reaction system in high performance 
liquid chromatography for the determination 
of catechol compounds,’ in which a coulo- 
metric technique was used for the oxidation 
of the compounds to the corresponding o- 
quinones. 

Tyrosinase (EC 1.14.18.1) catalyses the 
hydroxylation of L-tyrosine to L-dopa and 
the dehydrogenation of the L-dopa to L- 

dopaquinonea according to the reactions: 

_--_-_ 
I Tyrosinase - - - - - -, 

I \ 
I \ 

L-Tyrosine LDopa Dopaquinone 

A highly fluorescent derivative was obtained by a condensation reaction to dopaquinone 
with DPE under mild conditions in a pre-column derivation procedure9 according to the reactionlo: 

Dopaquinone DPE Ex =35Omn 
Em=480nm 
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This paper describes a flow-injection method 
for the determination of L-tyrosine with im- 
mobilized tyrosinase reactor followed by fluor- 
escence detection after the addition of DPE. 
The method was used for the determination 
of L-tyrosine in serum. 

Materiuls and reagents 

Tyrosinase (2400 U/mg, from mushroom) 
and L-tyrosine were purchased from Sigma 
Chemical (St Louis). Aminopropyl-CPG (pore 
size 59 nm, particle size 200-400 mesh) was 
from CPG Inc. (Fairfield). DPE was synthesized 
using the method of Irving and Parkins.” All 
other reagents used were of analytical-reagent 
grade. DPE solution was prepared by dissolving 
0.32 g of DPE in 15 ml of 0.6M hydrochloric 
acid and diluting to 50 ml with ethanol. The 
preparation of the immobilize tryosinase reac- 
tor was described in detail in the previous 
paper.lZ The immobilized enzyme was packed 
into a stainless steel coiumn (50 x 4 mm id.). 

Apparatus and procedure 

A flow diagram of the FIA system is shown 
in Fig. 1. A 0.2M phosphate buffer (PH 7.2) was 
pumped by a double plunger pump (Kyowa 
Seimitsu, KHU-W-52) at a flow rate of 0.4 
ml/min, The DPE solution was pumped by a LC 
pump (Hitachi, L-~) at a fIow rate of 0.3 
ml/min. The immobilized tyrosinase reactor, 
reaction coil (PTFE, 1000 x 0.5 mm i.d.) and 
cooling coil (stainless-steel, 100 x OS mm id.) 
were thermostatted at 15, 105 and 1 SC, respect- 
ively. Sample solution (30 ~1) was injected into 
the carrier stream by a loop injector (Sanuki, 
SVI-SU7). The separation column (40 x 4 mm 
i.d.) was packed with Capcell 120 Cu (5 pm) 
(Shiseido, Tokyo). The fluorescence was 
measured at 480 nm (excitation 350 nm) with a 

spectrofluorimeter (Jasco, FP-200) connected to 
a chart recorder (TOA, FBR 251A). 

Serum (10 ~1) was deproteinized by adding 
5% (w/v) sodium tungstate solution (10 ~1) and 
0.15M sulphuric acid (30 ~1). The mixture was 
filtered through an Airpress- filter [a filter 
with an ~tr~tration membrane (no~nal mol- 
ecular weight cut-off 30,000)] (Tosoh, Tokyo) 
and a 30 ~1 of the filtrate was injected into the 
carrier stream. 

RESULTS AND DISCUSSION 

Reactor performance 

The properties of immobilized tyrosinase 
were evaluated, with the dopaquinone produced 
in the reaction being monitored at 475 nm with 
a spectrophotometer (Jasco, Uvidec-IOO-VI). 
The influence of pH on the enzymatic reaction 
was studied over the pH range 6.0-8.0. A 
standard solution of L-tyrosine (0.5 mM) was 
injected into the carrier stream (water) and 
mixed with 0.2M phosphate buffer at various 
pH values prior to elution through the enzyme 
reactor. The total flow-rate through the enzyme 
reactor was 0.4 ml/min. Other conditions were 
identical to those shown in Fig. 1. The optimum 
pH for the enzymatic reaction was about 7.2. 
The reactor was placed in a water bath and the 
temperature was varied between 10 and 30°C. 
The reactor exhibited the highest activity at 
15°C. The reactor was used by repeated injec- 
tions of tyrosine solution (0.5 m&f) at a sample 
speed of 15/h. The activity decreased gradually 
and remained at 80% of the initial value after 
800 injections. The decrease in the activity of 
tyrosinase occurs during the course of reaction 
and is known as reaction inactivation.‘3 

Condensation reaction 

The reaction conditions were examined with 
respect to the temperature, the con~n~ation of 

6 

11 

2 

r--.-q 

1 W 

1 

Fig. 1. Schematic diagram of the FIA system for the determination of L-tyrosine. 1: 0.2M phosphate buffer 
(PH 7.2); 2: pump (0.4 ml/min); 3: injector with 30 ~1 loop; 4: separation column (40 x 4 mm); 5: 
immobiiized tyrosinase reactor (50 x 4 mm); 6: 30 mM DPE solution; 7: pump (0.3 ml/min); 8: reaction 
coi1 (1000 x 0.5 mm); 9: cooling coil (100 x 0.5 mm); 10: ~3uo~rne~ (Ex = 350 nm, Em = 480 mn); 

11: recorder, W: waste. 
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DPE, the kind of aqueous solvent systems, and 
the length of reaction coil. DPE solution was 
prepared by neutralizing with hydrochloric acid 
and diluting with organic solvent. Therefore, the 
reaction medium for the condensation reaction 
was adjusted to pH 7.2 by mixing the DPE 
solution with the carrier stream [0.2M phos- 
phate buffer (pH 7.2)] which emerged from the 
reactor, 

The effect of temperature on the reaction was 
examined over the range go-110°C. The re- 
sponse increased linearly with an increase in 
temperature, but about 106°C bubbles gener- 
ated in the reaction coil interfered with the 
measurement of the fluorophore. The effect of 
DPE concentration at a tyrosine concentration 
of 200 JM was examined from 10 to 50 m.M. 
The response increased in the range lo-30 n&i 
and became constant above 30 mM, where the 
DPE con~n~ation in the reaction coil is about 
13 m&i. The response was dependent on the 
composition of the aqueous ethanol solution. 
The ethanol content in the DPE solution was 
changed from 40 to 90% (v/v) at a total flow 
rate of 0.7 ml/min. As shown Fig. 2, the maxi- 
mum response was found at about 70% ethanol 
solution; at the maximum response, ethanol 
content in the reaction coil is about 30%. 
Various aqueous solvent systems were examined 
for their effect on the condensation reaction. 
The results are shown in Table 1. In ethanol, the 
response was higher than in other solvent sys- 
tems. The changes in peak height as a function 
of the length of the reaction coil (0.5 mm i.d.) 
at a flow rate of 0.7 ml/min (0.4 ml/min carrier 
stream + 0.3 ml/min DPE solution) are shown 
in Fig. 3. The maximum response was obtained 
with a reaction coil of about 10 m, With increas- 
ing length of the reaction coil, the peak height 
decreased, but the peak area increased. The 

40 50 60 70 w) 90 

Content of ethanol, % 

Fig. 2. E&et of ethanol content on the condensation 
reaction. 

Table 1. Effect of aqueous organic solvent on the conden- 
sation reaction 

Solvellt 
Relative 

peak height 

ethanol : water (7 : 3, V : V) 100 
ethanol:DMSO:water (3..5:3.5:3) 66 
ethanokLDMF:water (3.5:3.5:3) 73 
1,4dioxane : water (7 : 3) 6 
ethylene alvcol : water (7 : 31 3 

DMSO:~ethyl sulfoxide. 
DMF : N, ~d~methylfo~ide. 

longer the reaction time, the nearer the conver- 
sion efficiency approaches 100%. The conver- 
sion efficiency was measured by using the 
fluorophore which was isolated by the method 
of Nohta et al.” Under the conditions shown in 
Fig. 1, the conversion efficiency of L-tyrosine 
(100 FM) to the fiuorophore was 15%; in this 
case, it was assumed that L-tyrosine was con- 
verted to L-dopa in a 100% yeild. The sampling 
speed was 15/h. 

Specificity and interference 

The responses to L-tyrosine and related com- 
pounds are shown in Table 2. This system 
exhibits low speci&ity for the compounds. 
As the concentrations of the compounds in 
serum are normally far lower than that of 
L-tyrosine, this system is not subject to interfer- 
ence from the compounds. Other L-amino acids 
normally found in proteins did not give any 
response. 

In the presence of equimolar concentration of 
cysteine or ascorbic acid the peak height of 
tyrosine was depressed by about 50%. The 
interferences from the compounds (up to 1 mM 
each) were avoided by using on-line a separation 
column of ODS. Retention times of cysteine or 
ascorbate and tyrosine were 2.0 and 3.8 min, 
respectively. 

505 
10 15 20 

Length of reaction coil, m 

Fig. 3. Effect of length of reaction coil on the ~onde~tion 
reaction. 
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Table 2. Relative peak height for 
r=tyrosine and related compounds 

Relative 
Compound peak height 

L-tyrosine loo 
n-tyrosine 
t-dopa I$ 
Dopamine 14 
Epinep~ne 13 
norepin~h~ne 
Tyr-Ala ; 
Tyr-Glu 
Tyr-Gly g 
Tyr-Leu 
Tyr-Gly-GIy 7; 

Tyr-Ala: L-tyrosyl-L-ahmine, Tyr-Glu: 
L-tyrosyl-L-glutamic acid, Tyr-Gly: 
L-tyrosylgiycine, Tyr-Leu: ttyro- 
syl-L-kxtcine. Tyr-Gly-Gly: t-tyro- 

~1glycY~~~~. 

Calibration 

Under the working conditions, the peak 
heights were plotted against the concentrations 
of L-tyrosine. A linear calibration graph 
was obtained for the range l-200 J&C The 
least-square calibration equation was 
y = 5.05x - 0.02 with a linear correlation co- 
efficient of r = 0.997 (9 data points), with the 
fluorescence intensity of 200 FM, tyrosine being 
taken as 1000 divisions, where y is Peak height 
and x is tyrosine concentration. The detection 
limit {signal-to-noise ratio = 3) was 0.2 FM 
tyrosine (1 ng in a 30 ~1 injection). 

Pooled human sera were repeatedly analysed 
during 10 days. The system was used for the 
analyses of 80 samples in a day and the immobi- 
lized tyrosinase reactor was stored in a refiiger- 
ator when not in use. In order to correct the 
variation of the conversion efficiency, standards 
were measured at gO-sample intervals. The 
immobilized tyrosinase reactor was renewed 
every 400 dete~inations. This system gave 
satisfa~to~ly precise and ~pr~u~ible results 
for serum containing 64 fl (11.60 mgfl) 
tyrosine, the within-day relative standard devi- 
ation (r.s.d.) was 0.977% and day-to-day r.s.d. 
was 1.8%. 

Recovery 

A sample of pooled human sera of known 
tyrosine con~ntration was suppleme~~d with 
tyrosine to give final concentration of 70-985 
PM. The recoveries were in the range 98-105%. 

Comparison 

Serum tyrosinase results (n = 25, range 
61-210 _uM) obtained using this system com- 
pared well with results obtained using amino 
acid analyser (Kyowa Seimitsu, K-201). The 
calculated linear regression and correlation co- 
efiicients were y = 1.05x + 0.09 and I = 0.9798, 
respectively. 

CONCLUSION 

An amino acid analyser for the determination 
of tyrosine is time-consuming. A flow-injection 
method, based on the fluorimetric detection 
of the dihydroxyindol produced in tyrosinase 
reaction, has been reported.‘* In the method, the 
use of a concentrated solution of potassium 
hydroxide (S&f) caused poor repr~ucibi~ty 
and poor de~ndabi~ty. The Proust method 
is three times more ~prod~ble than the pre- 
vious flow-injection method’* and can easiIy be 
used for routine assay of tyrosine. The sensi- 
tivity and specificity of this method are sufhcient 
to monitor concentrations of tyrosine in serum. 
The method has good recovery and within-run 
r.s.d. and between-run r.s.d. 
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Summary-Thermodynamic parameters for the complexation of Gas+ and Mgs+ ions by dichloro- 
methylenediphosphonate (clodronate) ligand were obtained by potentiometric and calorimetric tech- 
niques. The measurements were conducted at an ionic strength of O.lOM [(CH,),NCl]) and at 25°C. The 
potentiometric data were consistent with a model involving the presence of ML2- MHL- and M,L species 
(L = tetranegative clodronate anion). The enthalpies of formation of the ML2- and MHL- complexes 
were obtained from calorimetric data. Attempts to determine the enthalpies of formation of the M,L 
species were unsuccessful due to the limited solubilities of these species. 

Organophosphonates are quite interesting 
both from fundamental and applied points of 
view.’ Their role in water decalcification’ and 
stabilization of peroxide solutions3*4 has long 
been recognized. In vitro studies- indicated that 
gem diphosphonates have high biological activi- 
ties particularly in inhibiting bone lysis and in 
the treatment of malignant hypercalcemia. The 
operative mechanism seems to involve calcium 
ion complexation by the ligand anion. 

This paper summarizes the results obtained 
for the complexation of magnesium and calcium 
ions by the therapeutically active dichloro- 
methylenediphosphonate (Cl,MDP) anion. The 
investigation was conducted as a series of 
potentiometric and calorimetric titrations, and 
“P-NMR measurements in aqueous tetra- 
methylammonium chloride media. Earlier 
measurements of the complexation of Li+ Na+ 
K+, Rb+ and Cs+ by a homologous series of 
alkalidiene diphosphonates were interpreted as 
to reflect dominance of the electrostatic inter- 
actions to the bonding. This was apparent from 
the linear dependence of log /II,,,, for the reaction; 

M+ +H,L”-40MH,L”-3; 

B IOI = FIKLI/[MI[HnLl 
on the cation radius (rM).g*lo Moreover, plots of 
log filol for the individual cations across the gem 

l F’rcseat address: Faculty of Science, Ain Shams University, 
Abbassia, Cairo, Egypt. 

diphosphonate series against the polar sub- 
stituent constant, o*” for the alkyl groups 
attached to the bridging methylene group were 
also linear. The slope of the latter correlations, 
p* was found to decrease with increasing the 
cation radius. Since, p * reflects the susceptibility 
of a given series of interactions to the degree of 
transmission of the inductive effects from the 
attached substituents, it was suggestedlO that 
such trend is associated with a drop in the 
strength of the metal-ligand interactions. By 
contrast, this rationale did not hold for the 
binding of calcium and magnesium ions by the 
same ligands. I2 The explanation offered was 
based on the short range repulsive forces pre- 
dicted upon grouping the two phosphonate 
groups around the metal ion. 

EXPERIMENTAL 

Reagents and solutions 

All reagents were of AR grade. Metal sol- 
utions were prepared from the corresponding 
chloride salts and the exact molarities were 
determined by complexometric titrations in 
the presence of the appropriate indicator.” 
Tetramethylammonium chloride was used 
as such without further purification. The dis- 
odium salt of dichloromethylenediphosphonate, 
Na2H2C12MDP .4H20 was kindly donated by 
L&as Ltd, Finland. The concentration of the 
stock ligand solutions were determined by pH 
titrations. 
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Meusurements 

The potentiometric titrations were carried out 
using a Radiometer PHM64 pH meter fitted 
with calomel and glass (Orion Research 91-01) 
electrodes. The glass electrode was calibrated by 
standard acid-base titration to read directly- 
log [H+] and to self correct for the 
liquid-junction potential at high acidity.14 In 
each run, 30 ml aliquot of the metal-ligand 
mixture was titrated with standard (CH,),NOH 
(O.OlM). All solutions were adjusted to O.lOM 
ionic strength by the addition of (CH,),NCl and 
maintained at 25°C with constant-temperature 
water circulated through a sealed jacketed cell. 
All measurements were obtained in a nitrogen 
atmosphere. 

Calorimetric measurements were obtained 
using a semiadiabatic home-built Peltier-cooled 
titration calorimeter interfaced to a computer.15 
The calorimeter was calibrated electrically after 
four incremental additions and the change in 
tem~rature was sensed with a 20 KG thermis- 
tor. In a typical run, 50 ml of the ligand solution 
or the metal-ligand mixture, adjusted to the 
proper buffer region and an ionic strength of 
O.lOM [(CH,),NCl] and thermostatted to 
25.O”C was titrated by a total of 4-S aliquots of 
0. 1OM HCI. The heats of dilution of the ligand 
and its metal complexes were determined in 
separate runs. 

“P-NMR spectra were obtained using a Jeol 
GX-400 FT NMR spectrometer. The shifts were 
recorded relative to an external standard of 

H,PO,. 

RESUIXS AND DISCUSSION 

3’P-NMR spectrum of the clodronate anion 
displayed a simple doublet with a baricenter 
chemical shift depends not only on the medium 
pH but also on the total sodium content. 
Figure 1 shows a plot of the observed shift as a 
function of the amount of sodium ion in sol- 
ution. In all measurements, the ionic strength of 
the medium was adjusted to l&O&4 by adding 
the appropriate amount of (CH&NCl. The pH 
of the measured solutions was adjusted to cu. 14 
where the ligand is fully deprotonated and slight 
perturbations of the medium pH would not 
reflect on the measured shift. As indicated in 
Fig. 1, increasing the amount of sodium caused 
a downfield shift which levelled off at approxi- 
mately [Na+] = l.OM. The deshielding effect is 
attributed to sodium ion complexation by 
the ligand anion. Fonong et aLfi6 reported 

12 Of- 

‘ [No+] , M 
Fig. 1. Plot of the “P-NMR shift of the fkee Cl,MDP4- as 
a function of sodium ion concentration. [Cl,MDP+] = 24.2 

mM, pH ‘c 14. 

a value of 1.28 for the formation of NaL3- 
(I. = CI,MDP4-) in 0.10~ NH,Cl. Fo~ation 
of NaHL’- species was also detected with other 
gem diphosphonate systems.‘0*‘2 To avoid ambi- 
guity, the present measurements were obtained 
in tetramethylammonium chloride. 

The titration curve of the free ligand shows 
the presence of two distinct in&ctions corre- 
sponding to the liberation of two and three 
protons, respectively. Table 1 lists the pK values 
together with those obtained for other related 
ligands. The calculated constants are in excel- 
lent agreement with those reported in Refs 16 
and 17 under similar experimental conditions. 
The entropies of protonation are larger than 
those reported for gem -dicarboxylates18 pre- 
sumably reflecting a larger degree of solvation 
of the free anion associated with the higher 
charge on these class of ligands. 

Tbe stability constants of the various metal 
complexes were refined by rigorous least squares 
using a modified version of the computer pro- 
gram SCOGS-2 written in this laboratory.‘g~20 
The program minimizes the sum of the square 
residuals between the observed and calculated 
hydrogen ion concentrations for a particular set 
of fitted stability constants. The program allows 
for the presence of different possible protonated 
and polynuclear species. In the present system, 
best fit was obtained when MHL and M2L 
species were considered in addition to the nor- 
mal ML complex. 

The enthalpies of complexation were com- 
puted by fitting the observed heat changes, after 
correction for dilution effects, to the number of 
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Table 1. Thermodynamics of protonation of Cl,MDP and other related 
ligands, 7’ = 298 K, Z = O.lOM [(CH,),NCl] 

Reaction log B 
Afz, AS, 

kJ mole-’ J.K-‘.mole-’ 

1. Cl,MDP 
H+ + L4- o HL3- 9.49 f 0.01 -3.3 f 0.3 170* 1 
H++HL3-oH*L*- 5.96 f 0.02 -2.2 f 0.2 107 f 1 
H+ + H&- o H,L- 2.1816 
H+ + H,L- oH,L l.6916 

2. F,MDP* 
H+ +L4- oHL3- 8.16’6 
H+ + HL”- oH2L2- 5.7816 
H+ + H,L*- o H,L- 2.1416 
H+ + H,L- o H,L 1.46u 

3. EHDP* 
H+ +L4-eHL3- 11.19’6 
H+ + HL3- o H,L*- 
H++H2L2-oH,L- ;:;;:: 

H+ + H,L- oH,L 1.73’6 

4. MDP* 
H++L4-+HL3- 10.57” 
H+ + HL’- o H,L*- 7.00’7 
H+ + H,L*- o H,L- 2.78” 
H+ + H,L- o H,L 1.70’97 

*F,MDP = difluoromethylenediphosphonic acid, EHDP = l-hydroxy- 
ethane- 1, I-diphosphonic acid, and MDP = methylenediphosphonic 
acid. 

tin (CH,),NBr. 

moles of ML’- and MHL- complexes formed. dinuclear species in separate runs were unsuc- 
The latter were calculated using the non-linear cessful due to their limited solubilities. A sample 
SIMPLEX program DELTA-H. In all cases, the set of the results obtained is shown in Table 2 
concentration ranges were chosen as to mini- and a summary of all the results is listed in 
mize the formation of M2L species. Attempts to Table 3. The errors given in Table 3 are based 
determine the enthalpies of formation of these on the agreement between repetitive runs. 

Table 2. Calorimetric data for the complexation of calcium 
ion by dichloromethylenediphosphonate, T = 298 K; 

Z = O.lOM [(CH,),NCl] 

Vol., XQ,,, XQd, 
ml ml* ml 

I@& lL4-l* [H+ I, 
105M 10% 

In Fig. 2, the values of log &,, of some 
calcium and magnesium diphosphonate com- 
plexes are plotted as a function of the total 
ligand basicity, Z p& The values for EDP 
(ethane- 1 ,l -diphosphonate) and PDP (propane- 
2,2-diphosphonate) were reported at OSM 
[ (CH,),NCl] ionic strength’ and have been nor- 
malized to the 0.1044 ionic strength. The linear- 
ity observed in both cases emphasizes the 
dominance of ionic interactions in these sys- 
tems. The value of CaZ+-PDP complexation is 
greater than that predicted from the pK, value. 
Replacement of the two protons in MDP by the 
bulky methyl groups in PDP is expected to 
strain the P-C-P angle and leads, probably to 
a stronger interaction with the metal ions. The 
same phenomenon has been observed with 
the carboxylate analogues.in No explanation is 
offered, however, for the destabilization below 
the “norm” in the case of Ca-F,MDP and 
Ca-MP complexation (MP = methylphosphonic 
acid). The only difference is that, these measure- 
men@ were obtained in NH,Cl rather than 
(CH,),NCl medium. Stability constants for the 

0.15 53.8 53.1 0.110 72.713 0.181 
0.30 91.8 90.8 0.165 47.934 0.290 
0.45 151.0 145.7 0.279 27.897 0.520 
0.60 209.3 192.0 0.486 15.452 0.963 
0.75 282.0 257.2 0.770 9.299 1.618 
0.90 339.6 327.5 1.089 6.219 2.427 
1.05 410.0 398.8 1.420 4.486 3.363 
1.20 488.2 470.4 1.755 3.401 4.424 
1.35 535.1 541.7 2.091 2.666 5.618 
1.50 600.6 612.5 2.425 2.138 6.961 
1.65 680.1 682.5 2.757 1.743 8.471 
1.80 754.7 751.5 3.088 1.438 10.173 
1.95 827.5 819.5 3.418 1.196 12.093 
2.10 890.9 896.3 3.746 1.001 14.265 
2.25 961.8 951.8 4.075 0.841 16.725 
2.40 1025.3 1017.9 4.404 0.708 19.515 
2.55 1086.1 1078.6 4.734 0.597 22.683 

*Heat observed corrected for dilution effects. 
Experimental conditions: Cup contents: [Ca*+] = 

4.8017 mM; [ligand] = 9.5694mM; WI+] = 3.8338 mM; 
volume = 52.25 ml; Titrant = O.lOM HCl. 

Computed constants: AZ-Z,,, = 5.1 kJ mole-’ and AZZ,,, = 
2.0 kJ mole-‘. 
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Table 3. Thermodynamic parameters for the complexation of calcium and magnesium 
by dichloromethylenediphosphonate, T = 298 K; I = 0. IO&f [(CH,), NC11 

-AG, AH, AS, 
Reaction log B kJ mole-’ kJ mole-’ J.K.mole-’ 

1. Cl,MDP 
Mg2+ + L’- o MgL2- 6.20 f 0.01 35.37 f 0.06 12.8 -+ 2.0 162k7 
MgZ+ + HL3- o MgHL- 3.15&0.01 17.97kO.06 9.1 + 1.1 91+4 
2Mg2+ + L4- o Mg, L (8.74) 
Ca’+ + L4- 0 CaL’- 5.77 f 0.01 32.92 k 0.06 5.1 1.1 f 128 f 4 
Ca2+ + HL’- o CaHL- 3.09 f 0.02 17.63 4 0.11 5.3 f 1.2 77f4 
2Ca2+ + L4- 0 Ca,L (8.85) 

2. F,MDP 
Ca2+ + L4- 0 CaL2- 4.3616 
2Ca2+ + L4- 0 Ca, L 5.92’6 

3. HEDP 
Mgr+ + L4- o MgL2- 7.282’ 
MgZ+ + HL’- o MgHL- 3.722’ 
2Mgs+ + L4- o Mg,L 10.702’ 
Ca2+ + L4- 0 CaLZ- 6.62” 
Ca2+ + HL3- o CaHL- 3.542’ 
2Ca2+ + L4-oCa,L 12.202’ 

4. MDP 
Ca2+ + L4- 0 CaL2- 6.0222 34.35 0.022 92u 

complexation by HC12MP3- were found to fit 
these relationships, if the assumption is made 
that both phosphonate groups are bound to the 
metal ion and that the proton is bound to one 
of the remote free oxygens. 

The entropy data can roughly be compared to 
those obtained for complexation by adenosine- 
Y-mono (AMP), di- (ADP) and triphosphate 
(ATP).23 For both M&+ and Ca*+ ions, the AS 
value for MADP complexation was twice as 
much as that observed for MAMP complexa- 
tion. This was taken as an evidence for the 
formation of a single M-O-P bond in the case 
of MAMP and two of such bonds in MADP. 
The average AS for the formation of an 
M-&P bond was determined to be 60 and 

IO 0 r 

Fig. 2. Relationship between log &,, for the formation of 
some Ca2+ (solid line) and Mg2+ (dotted line) complexes 
with substituted methylenediphosphonates and the total 
acidity constant, I: pK,. (1) ClrMP; (2) MP; (3) HCl,MDP; 
(4) F,MDP; (5) CI,MDP; (6) MDP; (7) EHDP; (8) EDP; 

and (9) PDP. 

51 J.K-‘.mole-’ for Mg2+ and Ca2+ ions, re- 
spectively. By analogy, the entropy changes 
for MgC12MDP2- and CaC12MDP2- supports 
chelation in both cases. 
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COMPLEXOMETRIC DETERMINATION OF MAGNESIUM 
OXIDE IN FLYASH BLENDED CEMENT 

KA-KEuNo CHOI and SIUU-FAX LUK 

L&oratory~ China Cement Campany, Tap She& Kok, Tuen Mutt, NT, Hong Kong 

Swmmary-A complexometric titration method is proposed to determine ma&nesium oxide in flyash 
blended cement. A 0.50 g of sample was heated with hydrochloric acid for 10 min. The solution was diluted 
to 500 ml, and 50 ml was pipetted and heated to boiling with 2.5 ml of 5% ammonium oxalate solution. 
The solution was then made alkaline by ammonium hydroxide. The suspensian was cooled and filtered. 
The filtrate was titrated by standard 0.002M EDTA solution. The concentration of Mg0 in sample was 
calculated. The flyash content of the sample was determined by British Standard method and the recovery 
factor cf) was calculated by the equation off- 100/(99 -0.315 x %FA}, Ccmcentration of MgO in 
sample was corrected by rn~~pl~ the recovery factor with concentration initially found by EDTA 
titration. The precision of the method is better with more time saving than the ofIiciaf methods. 

Flyash blended cement is formed by grinding 
clinker with controlled proportions of flyash 
and gypsum. For simplicity it can be considered 
as made up of two components, namely, flyash 
(FA) and ordinary Portland cement (OPC). 
According to British Standard,’ the magnesium 
oxide must not be greater than 4% because too 
mu& magnesium oxide may cause long-term 
expansion of concrete which may result in the 
cracking of a hardened concrete slab. There 
must be a method to determine the amount of 
magnesium oxide in a sample. 

The BS method1 requires hydrofluoric acid 
and perchloric acid to leach out the magnesium 
from the sample and uses atomic absorption 
spectrometry to determine its concentration. 
This method takes time to dissolve all the 
insoluble silica and requires special fume hoods 
for ventilation. The ASTM’ methud involves 
sodium carbonate fusion and is time consuming. 
Hence both official methods are not suitable for 
those laboratories that have many samples to be 
analysed, 

Problems faced in the determination of mag- 
nesium oxide in blended cement include the 
quantitative extraction of magnesium and the 
interference from excessive amounts of calcium 
ions. Few method@ are reported la determine 
magnesium oxide in blended cement. Methods 
found to determine the magnesium in the 
presence of calcium include complexometric 
titration,” visible ~~ophoto~~~~ polarog- 
raphy,IOJ1 amperometric titration,t* atomic 

absorption spectrophotometry,’ X-ray fluor- 
escence spectrometry13~*4 and inductively 
coupled plasma atomic emission spectr0metry.i” 
In cement or blended cement, the ratio of 
calcium oxide to magnesium oxide is usually 
more than 30 : 1, Complexometric titration is 
not possible to determine magnesium oxide 
directly without involving tedious sample prep- 
aration.f Yet it has been applied to cement 
where magnesium oxide was found by first 
det~~ng the sum of CaU and MgO and 
then the CaO alone at higher pII. This ap- 
proach is expected not to have satisfactory 
precision and accuracy because if 30 ml of 
titrant is for CaO alone, the amount for CaO 
and MgO is expected to be around 31 ml. Hence 
errors in these two separated titrations may 
cause MgO found to have a relative error 
greater than 10% which is outside of tolerance 
levels. 

Instrumental methods have a greater toler- 
ance to calcium concentration and they are 
more suitable to the analysis of blended cement 
because they are more time saving and have 
greater accuracy. Because of the expensive in- 
vestment for such instrumentation, there is a 
need for a simple titration method to determine 
the magnesium oxide in blended cement. It is 
important especially to those cement plants in 
developing countries where there are diffzulties 
in purchasing i~s~en~, e.g. X-ray fluor- 
escence spectrometer and atomic absorption 
s~~ophotometer. 
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In this paper, a titration method is described 
with purification steps mentioned in ASTM2 
being simplified and the fusion procedure re- 
placed by a leaching procedure with a recovery 
factor which depends on the percentage flyash in 
the sample. The method is simple, much quicker 
than both official methods, and has comparable 
accuracy. 

Analytical 
tilled water 
cedure. 

Reagents 

EXPERIMENTAL 

reagent grade chemicals and dis- 
were used throughout the pro- 

32% Hydrochloric acid 
0.1% Methyl red indicator solution 
12% Ammonium hydroxide solution, 1 vol. of 

distilled water mixed with 1 vol. of 25% 
ammonium hydroxide solution 

5% Ammonium oxalate solution 
50% Triethanolamine solution 
1% Erichrome black T indicator solution, 0.2 g 

erichrome black T in 5 ml absolute ethanol 
and 15 ml of triethanolamine 

0.002M Standard ethylenediamine tetraacetic 
acid solution 

O.OlM Standard ethylenediamine tetraacetic 
acid solution 

Murexide indicator, 0.5 g murexide ground 
with 100 g sodium chloride. 

Procedure 

A 0.500 g of sample was accurately weighed 
into a 250-ml beaker and 50 ml of boiling 
distilled water was added. Then 10 ml of con- 
centrated hydrochloric acid was added. The 
mixture was stirred by a glass rod and covered 
by a watch glass. The solution was kept boiling 
for 10 min to digest the sample. The solution 
was then diluted to 500 ml using a volumetric 
flask, 

Fifty ml of sample was pipetted into a 250-ml 
beaker and 2.5 ml of 5% ammonium oxalate 
solution was pipetted into the beaker. Two 
drops of 0.1% methyl red indicator was added. 
The solution was heated to boiling. The solution 
was neutralized by 12% ammonium hydroxide 
and was made alkaline with 3-4 drops of am- 
monium hydroxide. The solution was boiled 
further for l&15 sec. 

The solution was cooled and filtered. The 
filtrate was collected and the residue was washed 
for several times with distilled water. To the 

filtrate, 10 ml of 50% triethanolamine and 20 ml 
of 12% ammonium hydroxide were added. The 
solution was then titrated by 0.002M standard 
EDTA solution using erichrome black T as 
indicator. The concentration of magnesium ox- 
ide was calculated as 

% MgO in sample 

=fx40x1OOxMx V/(50x2xm) 

=f x4OxMx V/m 

=fx80xMxVform=0.5OOg 

m = sample mass 
f = recovery factor 

= 100/(99 - (0.315 x % FA in sample)) 
A4 = molar&y of standard EDTA solution 
V = volume of titrant. 

If the % FA is not known, to calculate the 
recovery factor, the % FA in sample was deter- 
mined according to the BS method.’ Twenty- 
five ml of the sample solution was pipetted 
out and filtered. The filtrate was collected. 
Ten ml of 50% triethanolamine solution was 
added and adjusted to a pH of 12. The CaO in 
sample was then titrated by O.OlM standard 
EDTA solution using murexide as indicator. 
The % FA was calculated 
equation. 

Ax%FA+B 

x(100-% FA)=% 

by the following 

CaO in sample 

A = % CaO in FA, can be taken as 2.0 if data 
not available’ 

B = % CaO in OPC, can be taken as 64.5 if data 
not available’. 

RESULTS AND DISCUSSION 

In this method, the analyte is leached out by 
hydrochloric acid. The interferents which can 
complex with EDTA include iron, aluminium 
and calcium. The aluminium and iron are re- 
moved by adjusting the pH to around 10 and 
precipitating in the form of hydroxides. The 
main interferent, calcium, is removed by precipi- 
tation as calcium oxalate. As from Table 1, for 
50 ml of sample solution, 2.04.0 ml of 5% 
oxalate solution gave a recovery of magnesium 
oxide from 103 to 92%. 2.5 ml of 5% oxalate 
solution was recommended to give recovery of 
magnesium oxide to be around 100%. Beyond 
2.5 ml addition, the recovery decreases gradu- 
ally which can be accounted as precipitation of 
magnesium as the oxalate. Any variation in the 
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Table 1. Effect of oxalate solution addition Table 3. Accuracy analysis 

Volume of Flyash MgO concentration (%) 
5% oxalate solution content Known Found Relative error (%) 
added (ml) MgO found (%) Recovery (%) t 

4.28 1.46 1.41 -3.4 
0.0 47.70 
1.0 22.27 2062.0 
1.5 5.90 546.3 
2.0 1.10 102.0 
2.5 1.07 99.0 
3.0 1.06 98.1 
4.0 1.00 92.6 
5.0 0.97 89.8 

10.0 0.80 74.1 

5.46 3.77 
7.88 1.74 
9.65 2.22 

10.25 1.26 
10.50 2.24 
11.00 1.09 
13.10 0.68 
13.18 1.06 
13.38 3.55 
14.24 2.78 
14.46 1.25 

3.52 
1.72 
2.13 
1.20 
2.15 
1.03 
0.69 

::: 
2.78 
1.15 

-6.6 
-1.1 
-4.1 
-4.8 
-4.0 
-5.5 

1.5 
0.0 

-3.9 
0.0 

-8.0 

volume of oxalate added (e.g. 2.5 f 0.5 ml) does 15.76 

not affect the recovery significantly. 
17.40 
17.80 

Flyash blended cement is considered as corn- :;.i: 
posed of FA and OPC. The % MgO to be . 
leached from FA and OPC by proposed method $: 
were studied. It was found that 99 + 2% and 28.78 

67.5 + 15.0% of MgO could be extracted out ii:: 
from OPC and FA, respectively. A recovery 36.30 

1.21 1.15 -4.9 
1.48 1.51 2.0 
1.59 1.49 -6.2 
1.19 1.19 0.0 
2.04 1.90 -6.9 
1.70 1.73 1.8 
2.32 2.14 -7.7 
3.59 3.46 -3.6 
1.10 1.03 -6.4 
2.92 2.88 -1.4 
2.70 2.66 -1.5 

factor is required to correct the incomplete 
extraction of magnesium oxide from the flyash 
component and this factor should be related to 
flyash content of sample. It is calculated as 

I 
100 

‘= [fractional recovery of OPC x (100 - %FA)] + [fractional recovery of FA x %FA] 

= 100/[99 - (0.315 x % FA)]. 

Since the standard deviation in the % recov- 
ery of FA was great, its affect to accuracy may 
be significant. With theoretical approach, the 
recovery factor f for different recoveries from 
FA are calculated and are shown in Table 2. 
From British Standard,’ the % FA in blended 
cement ranges from 15 to 35% and in Table 2, 
with the FA content at the upper limit, the 
relative error arised from the recovery of FA is 
about 6%. This is in the acceptable range and 
few cement samples have the FA content close 
to this value. Samples were prepared by using 
various standards of OPC and FA (from vari- 
ous regional sources). The known magnesium 

Table 2. Effect of variation in recovery factor at different 
recoveries from flyash 

15% FA 35% FA 
Calc. talc. 

Recovery recovery Relative recovery Relative 
from FA* (%) factor error (%) factor error (%) 

82.5 1.036 -2.4 1.073 -5.6 
67.5 1.061 0.0 1.137 0.0 

oxide concentrations were calculated based on 
the claimed values of standards. They were 
analysed by the proposed method. The results 
are listed in Table 3. The recoveries seem to be 
constantly low and it is attributed to low recov- 
ery of MgO from the flyash standards. The 
average recovery of MgO for FA as mentioned 
in preceding paragraph was the average of FA 
from different sources including USA, Aus- 
tralia, China and Indonesia. Most of flyash 
standards used in Table 3 were the standards 
from NIST and recoveries of these standards 
were at the lower side of the average. Hence the 
factor f was underestimated giving rise to nega- 
tive deviation however, the errors observed were 
still within the tolerance level. 

In real sample analysis, the results were 
checked by either X-ray fluorescence spec- 
trometry or BS method.’ With the match pair 
technique, the calculated r-values are less than 
the theoretical values. It can be concluded that 
there is little difference between the proposed 
method with either the XRF or BS method. In 

52.5 1.087 2.5 1.209 6.0 the precision analysis, with triplicate determi- 

*% recovery from FA is calculated as x f 6 that is nations, the standard deviation of the method is 
67.5 f 15.0. less than the BS method. 
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Table 4. Sample analysis 

MgG concentration (%) 
Flyash content (%) PrOpOsed XRF BS’ 

0 1.04 1.02 
1.19 1.13 

6 1.33 1.34 1.42 
12 1.48 1.54 

1.57 f 0.02 1.58 1.52 
2.60 rt 0.02 2.58 f 0.13 2.67 f 0.31 

1.09 1.10 1.11 
1.34 1.29 1.27 
1.20 1.16 
1.29 1.33 
1.83 1.76 
1.82 1.74 1.79 
1.24 1.22 1.24 f 0.01 
1.34 1.33 1.32 

2.59 f 0.02 2.59 f 0.19 2.49 f 0.05 
0.73 0.68 
0.72 0.80 

30 1.34 1.38 
t value Calculated 1.576 0.451 

Theoretical 2.228 2.131 

22 

The method has several advantages over the 
BS method. It can be completed within an hour 
while the BS method usually takes more than 2 
hr to complete the digestion. Second, it does not 
involve the use of hydrofluoric acid, perchloric 
acid, platinum crucibles or the expensive instru- 
mentation. Therefore this method is suitable to 
be carried out by less experienced technicians. 
According to ASTM, I5 the difference between 
the extreme values in three results should be less 
than 0.15 and in the present work, the maximum 
difference is about 0.03. This satisfies the ASTM 
requirement and shows that this method has 
good reproducibility. 

CONCLUSION 

A simple and rapid method has been devel- 
oped to determine the magnesium oxide in 
flyash blended cement. As compared with the 
official methods, it does not require tedious 
sample preparation procedures, hazardous 

chemicals, or sophisticated instrumentation, e.g. 
atomic absorption spectrophotometer is needed. 
The reagents used are common and inexpensive. 
Although this method sometimes requires an 
additional titration to find out the % flyash 
content, it does not increase the work load of 
the technician, because in usual practice, the 
determination of % FA in the sample must be 
included in routine blended cement analysis. 
This method is suitable for those laboratories 
with a lot of routine samples to be analysed. 
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FLUORIMETRIC DETERMINATION OF NITRITE 
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Summary-A sensitive and rapid fluorimetric method for the determination of nitrite is described. The 
method is based on the reaction of nitrite with tryptophan to form a highly fluorescent compound in 
alkaline medium. The method has been applied in the determination of nitrite in water and food samples. 

Determination of trace amounts of nitrite is of (0.24M) and 1 ml of working nitrite solution 
importance, particularly in the fields of environ- (0.16 pg/ml) were added sequentially to a 25-ml 
mental and food chemistry. Many spectropho- volumetric flask. The contents of the flask were 
tometric methods for the detestation of mixed, then the flask was placed in a boiling- 
nitrite have been reported.‘” Electrometric water bath for 15 min. Add 2.5 ml of sodium 
methods are also available,&’ as well as HPLC hydroxide solution (0.75M) into the reaction 
of the free ion.@’ However, some of these mixture. Dilute to mark with water and measure 
methods require close control of conditions, and the fluorescence intensity at an excitation wave 
some, which are too complex and time-consum- length of 320 nm and an emission wavelength of 
ing, are unsuitable for routine application. 385 nm. 

Fluorimetric methods have also been re- 
ported for the determination of nitrite.@14 This 
paper describes a fluorimetric procedure, based 
on the reaction between nitrite and tryptophan. 
This method is very simple, rapid and suitable 
for the dete~nation of nitrite in water and 
food samples. 

RESULTS AND DKXXJSSION 

Fluorescence spectra 

The excitation and emission spectra of the 
system investigated is shown in Fig. 1. The 
fluorescent species has excitation and emission 
maxima at 320 and 380 nm, respectively. 

EXPERIMENTAL Effect of L-tryptophan concentration 

Apparatus and reagents 

An RF-540 spectrofluorometer (Shimadzu, 
Kyoto, Japan) was used. 

All reagents used were of analytical grade and 
all water used was demineralized and doubly 
distilled. 

L-Tryptophan stock solution: 0.2 mg/ml. 
Standard solution of sodium nitrite. A 100 

pg/ml nitrite stock solution was made by dis- 
solving 0.150 g of sodium nitrite, previously 
dried for 2 h at lOO”C, in distilled water, and 
diluting accurately to 1000 ml. Diluted solution 
should be prepared fresh daily. 

Hydrochloric acid: 0.24M. Sodium hydroxide 
solution: 0.75M. 

The effect of L-tryptophan concentration on 
the fluorescence intensity of the system was 
studied. When the concentration of L-trypto- 
phan was between 5.6 and 8.0 pg/ml, the fluor- 
escence intensity reached a maximum and 
remained constant. An L-tryptophan concen- 
tration of 6.4 pg/ml was selected. Effect of 
hydrochlo~c acid ~n~ntration in the reaction. 

Experiments indicated that the maximum and 
constant intensity was obtained for HCl con- 
centration in the range 0.005-0.010M. The 
fluorescence intensity decreased for values out- 
side this range. An HCl concentration of 
0.008M was chosen. 

Efect of sodium hydroxide solution in the final 
system 

Procedure 

A 0.8 ml of ~-t~ptophan solution (0.2 
fig/ml), 0.8 ml of hydr~~o~c acid solution 

The optimum sodium hydroxide solution 
inanition is 0.075M. The tolerance range is 
O.~.~~. In addition, it was shown that the 
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Table 2. Results for the determination of nitrite in water 

2’ 

) 
A 

450 

NO, NO, 
found added Recovery Content 

Sample (M) (M?) (%) (rcs/M 

Tap water 0.50 0 
(1 ml) 0.50 0 0.020 

1.50 1.0 100 
1.50 1.0 100 

Water of a 1.55 0 0.062 
lake (1 ml) 1.57 0 0.063 

2.55 1.0 100 
2.62 1.0 105 

Interference of other ions 

I 
3 350 

( 

Wavelength (nm) 

The interference of various cations and 
anions normally found in association with ni- 
trite was studied. The amount of the diverse ion 
which brings about 5% variation in fluorescence 
was taken as its tolerance limit. Table 1 shows 
that only Fe(III), Cu(I1) and BrO; caused a 
severe interference, but Fe(II1) and Cu(I1) can 
be masked by adding EDTA. The presence of 
Fe(II1) and BrG; increased the fluorescence 
intensity owing to their oxidizing nature. Be- 
cause Cu(I1) exhibits a complexing ability, 
Cu(I1) and tryptophan probably form a com- 
pound which is of stronger fluorescence. Hence 
in the presence of Cu(II), the fluorescence inten- 
sity of the system is increased. 

Fig. 1. Fluorescence spectra: (a) excitation, 320 nm; (b) 
emission, 385 nm. 1 and l’, tryptophan-NaOH system 
(reagent blank); 2 and 2, tryptophan-NOT-NaOH system; 
conditions: (tryptophan) = 6.4 fig/ml; (NO,) = 0.16 r&ml. 
There is tryptophan in the reagent blank. The tryptophan is 
a fluorescing substance, therefore in the absence of nitrite 
(reagent blank) an appreciable fluorescence signal was ob- 

served. 

fluorescence intensity of the system reached a 
maximum after heating at 100°C for 15 min, 
and remained stable for 80 min. 

Calibration graph 

The calibration graph for the determination 
of nitrite was constructed under the optimum 
conditions. Good linearity obtained over the 
range 0.01-0.20 ,ug/ml. The detection limit is 
0.001 pg/ml with the signal to noise ratio (S/N) 
value of 3. 

Table 1. Tolerance of the method towards interference ions 
(amount of nitrite taken, 2 ua) 

Ratio of ion 
to NO,- 

Ion (&3//G) 

Al(III), Zn(I1) 750 
Ni(IIj- . 500 
MdIU 400 
NH: 200 
Ba(I1) 40 
Ca(I1) 30 60* 

Ratio of ion 
to NO, 

Ion (MIMI) 

Fe(II1) 1 15* 
NO, 400 
I%- 300 
F- 200 
I- 10 

BtQ- 2 
c&i) 2 10* - 

*In the presence of 0.3 mg EDTA. 

Determination of nitrite in water and food 
samples 

Transfer 1.0 ml of tap water into a 25-ml 
volumetric flask, then add 0.3 mg EDTA. Com- 
plete the determination by the procedure de- 
scribed above. The results obtained are given in 
Table 2. 

The proposed method was also used to deter- 
mine nitrite in sausage and milk samples. A 
lo-ml portion of spiked milk or 2.5 g sausage 
sample was placed into 200~ml standard flask 
and freed from proteins and fat according to a 
standard method,ls then 1 ml of filtrate obtained 
was used for the fluorimetric determination of 
nitrite. The results are summarized in Table 3. 
The recoveries of nitrite were found to be 
95.0-100%. 

Table 3. Determination of nitrite in food samples 

Found Standard Reference 
Sample (MI/g)’ deviation (m/g) valuet 

Sausage. 1 42.7 0.42 41.9 
Sausage 2 33.5 0.23 33.4 
Whole milk 15.9 0.30 15.6 

*National Standard of China for nitrite in food sample: 
< 0.03 g/kg. 

tOtobtained by the method reported by Shoji Motomizo 
et al.” 
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Mechanism of the reaction 

The possible reaction between L-tryptophan and nitrite is? 

0 

Based on the reaction, the conjugative effect 4. V. Baman and M. S. Dabbas, Micro&cm. J., 1989,40, 

in the reaction product is stronger than that 242. 

in tryptophan, therefore the reaction product 
5. A. Aamer and Al-hatim, Znt. J. Environ. Anal. Chcm., 

is of greater Auorescence intensity than 
1990,s 617. 

6. L. Ganghan and Y. Shenglai, Aa& Lat.. 1989, 22, 
tryptophan. 1743. 

7. 2. Gao and Z. Zhao, AnaI. Chim. Acta, 1990,241, 161. 
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SIMPLIFIED DATA PROCESSING FOR THE 
SIMULTANEOUS DETERMINATION OF CATALYSTS BY 

CATALYTIC KINETICS 

(Received 16 October 1992) 

Summary-An approximate equation for data processing is proposed for the simultaneous determination 
of catalysts by catalytic kinetics. On applying the equation to the reaction betwm two reactants catalyxed 
by two catalysts, the calculation is simplified to that of only one reactant, simplifying the experiment and 
data processing. The equation was used to treat the simultaneous determination of ruthenium and osmium 
with CefIV)-As@) as the indicator reaction, with the resuits in good agreement with those using the exact 
equation. 

Because of their interference with each other, it 
is usually difficult to catalytically determine 
trace elements simultaneously when they cata- 
lyze a common indicator reaction. For example, 
while I I, Ru and OS can be determined by their 
catalytic effect on the reaction between Ce(IV) 
and As(IIIf as the indicator reaction,‘287 a prior 
separation is necessary if the others coexist 
when one is to b determined. Rodriguez 
described a method for the determination of 0s 
and I-, using Ag+ or Hg(I1) to mask the 
iodide.3 Pardue proposed a method to determine 
Ru and OS based on their differences in their 
kinetic behaviour on the same indicator reac- 
tionS4 It is necessary to carry out two kinetic 
runs to determine two elements in Rodriguez 
and Pardue’s work. Gu has demonstrated the 
possibility for the simultaneous determination 
of catalysts with a single kinetic run, based un 
kinetic differences of catalysts on the indicator 
rea&ion.5 As the kinetic behavior of the reac- 
tions between Ce(Iv) and As(III) catalyzed by 
Ru and OS are quite different$$ it is possible to 
determine the two elements simultaneously 
through a single kinetic run. In this paper Ru 
and OS are determined satisfactorily and an 
approximate equation is given, in which the 
experiment and the data processing for the 
reaction between two reactants catalyzed by two 
elements can be simplified as those for one 
reactant. 

*To whom correspondence should be addressed. 

THEORY 

In general, an indicator reaction between A 
and B in the determination of several catalysts 
CC ,, 2,. , .,C, by catalytic kinetics may be writ- 
ten stoichiometrically as: 

c,,c,, . . 22” 

and the reaction rate equation for the ith cata- 
lyst is: 

Yi = -dfAfldt = (-nl~) d[BJfdr 

= k~[A]~[B]*i[C&i = 1,2, . . . , n), (1) 

where pi and qi are the reaction orders of A and 
B, respectively. According to the stoichiometric 
relationships, the concentration of B can be 
expressed as 

LB1 = WI, - (~~~~~~~~ -ML (2) 

where fA & and [&lo are the initial ~~n~~uns 
of A and B. Substituting equation (2) into 
equation (I), we have: 

4 = ki[Cilf~lP~fl?10 - (b/a)(~Al0 - VI))‘* (3) 

In a system with n catalysts which catalyze a 
common indicator reaction, when the behaviors 
of the catalysts are independent, the reaction 
rate may be written as follows, 

t)’ = 0; i” Cki[A ]qB]‘$CJ 

= V; + ~~~~~~~~B~ 
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If [Alo, [B],, pi and qi are ~IIOWII and pi and qi 
are different, [Ci] can be calculated by multiple 
linear regression of q on [A p[B ]a, In the follow- 
ing, only two catalysts are considered, i.e. n = 2. 
Equation (4) may be simp~fi~ as: 

v = 0’ - v; = k,[AfP1[B]q@Z,] 

+ wlhw*Ll, (4’) 

where p,, p2, q, and qz and the initial concen- 
tration of each reactant must be available. This 
would require a great number of experiments. 
For the sake of simplification, an approximate 
equation is proposed: 

[B]@ = ([B]@ - (&/@)([A], - [A I)>” = T[A]P’, (5) 

where T is a constant, called the model conver- 
sion coefficient. And equation (1) becomes: 

V, = k([A1”‘[Ci] (i = 1,2), (6) 

where k[ = kiT, pl =pi +pr and& is called “the 
reduced fractional reaction order”. Taking the 
logarithm, equation (6) becomes: 

In Vi =p/ ln[A] + In kf[Ci], (7) 

of and k: can be obtained from the plot 
of the In vi vs. ln[A] by ~libration with stan- 
dard solutions of C,. For a two-component 
mixture 

V = ~k:[AIP’[Ci] = ~~[A]” (8) 

f, and f2 can be obtained by two linear 
regressions of v vs. [A] p1 and [Alp* and [CJ can 
be solved from Ji’ and kf. 

Unlike equation (4), when equation (8) is 
used, only two kinetic runs are needed to 
obtain pi and pi. Furthermore, the exact 
initial ~n~ntrations of reactants need not 
necessarily be known, provided the amounts 
of them added in each experiment remain 
constant. In practice, Ru and OS are deter- 
mined as the catalysts to the reaction between 
Ce(IV) and As(H). 

EXPERIMENTAL 

Apparatus 

F7230 spectrophotometer equipped with a 
the~ostat; IBM microcomputer. 

Reagent 

As(II1) solutz’on. Prepare a 0.20&4 As(III)-2M 
H$O, solution by dissolving 4.95 g As203 in 

20 ml 1M NaOH and adding 2M H,SO, to 250 
ml. The solution was diluted to 1.8 x 10d3M 
with 2M H,S04 (solution B). 

@(IV) solution. Prepare a 0.039M 
Ce(IV)-2M H2S04 solution by dissolving 
(NH4).,Ce(S04)4 * 2H,O in 2M H,SO,. 

Stock standard Ru solution. Prepare a 
5.00 x 10-4M solution by dissolving 
RuO, - Hz0 in H$O.+ Dilute this stock solution 
as required before use. 

Stock sr~rd OS solutes, Prepare a 
5.00 x 10W4iw solution by dissolving 0~0, in 
water. Dilute this stock solution as required 
before use. 

All the chemicals used were of analytical 
reagent grade. Redistilled water was used. 

Procedures 

A 5.0 ml portion of Ce(IV) solution was 
mixed with sample solution containing Ru 
and OS and diluted to 25 ml with water 
(solution A). Both solutions A and B were 
mixed with a proportion of 1:2 in a cell 
as quickly as possible. The absorbance change 
with time was measured at 418 nm against 
water. The absorbance at intervals of 10 set was 
recorded automatically. 

Data processing 

The reaction rate v was calculated by the 
Savitzky-Golay method8 from the A us. t plot. 
Based on Beer’s law, the absorbance A was used 
in equation (6) instead of [Ce(IV)]. Similar to 
the Savitzky-Golay convolution, the following 
equation was used. 

Vj = -dA/dt = -(i$:Ai+j) / (At-W, 

where At is the interval of sampling time, N 
is the normalization factor, qi is the convolu- 
tion coefficient and 2m + 1 is points used 
for smoothing. When the reaction rate was 
obtained from square polynomials of first 
order, 

N =2fi2 
i-1 

and 

qj=i (i=-m,-m+l,..., O,l,._., m>. 

Experimentally, a smooth plot of u ZX. t 
could be obtained by m 2 5, and m = 5 was 
specified. 
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Fig. 1. The In A-ln B relations. Simulated curves for differ- 
ent values of B,, as given in Table 1. 

RESULTS AND DISCUSSION 

Confirmation of the approximate equation 

From the logarithm of equation (5): 

ln[B] = pf ln[A]/qi + In T/qi. 

Equation (5) can be tested when the ln[B] vs. 
ln[A] plot is linear. As an example, in the 
reaction between Ce(IV) and As(II1) catalyzed 
by Ru and OS, a = 2, b = 1, and letting qi = 1, 
equation (2) can be written as: 

PI = MrJ - uw410 - Ml). 

The ln[B] vs. ln[A] plot computed by simu- 
lation is shown in Fig. 1. It is linear over a 
wide range of concentration; the values of pr 
and T were obtained from the slope and the 
intercept. The data, as well as the correlation 
coefficients, are listed in Table 1. The corre- 
lation coefficients approach 1 in quite a wide 
range of reactant ratios. It means that equation 
(5) can be used extensively. Two special cases 
should be noted. 

(a) When [A],, and [B], are in stoichiometric 
ratio, equation (5) becomes exact. Hence 
pr = qi, T = (b/a)ql. 

(b) When [B10 >> [A],,, while p: approaches 0 
and T approaches [B]; the reaction becomes a 
“pseudo pi-order reaction”. 

Table 1. The result of linear regression of In A us. ln B 

No. 

I 
32 

4 
5 
6 
7 
8 
9 

Ao 

0.900 
0.900 0.900 

0.900 

8:Z 
0.900 
0.900 
0.900 

Bo P: T r 

50.000 0.01 50.00 0.9966 
5.000 1.000 0.35 0.06 5.01 1.02 0.9985 0.9969 

0.700 0.54 0.73 0.9992 
0.490 0.88 0.53 0.9999 
0.450 1.00 0.50 l.OOOo 
0.410 1.16 0.47 0.9999 
0.370 1.39 0.44 0.9994 
0.330 1.74 0.43 0.9979 

3.6 

“0 
;; 2.7 

> 

:! L? 18 

09 

0 
01 04 07 IO I.3 

CAs(IIl)l x IO’ mol/L 

Fig. 2. Effect of [As(W)] on reaction rate. + [Ru] = 
8.0 x lo-*, [Ce(IV)] = 1.8 x 10-3M; A [Ru] = 8.0 x lo-*, 
[Ce(IV)] = 1.3 x lo-)M; 0 [OS] = 6.7 x lOwE, [Ce(IV)] = 
1.8 x 10-3M; + [OS] = 6.7 x IO-*, [Ce(IV)] = 1.3 x 

lo-flu. 

Reaction conditions 

The reaction between Ce(IV) and As(II1) 
catalyzed by Ru and OS did not change much in 
the range of l.O-2.OM HzS04. Hence 1.7M 
HrSO., was specified in the procedure. 

The effects of As(III) on the reaction rate 
is shown in Fig. 2 and the effect of Ce(IV) 
is shown in Fig. 3. In agreement with Refs 4 
and 6, it was found that the osmium catalyzed 
reaction was dependent upon the As(II1) con- 
centration, but almost independent of the 
Ce(IV) concentration; on the other hand the 
ruthenium catalyzed reaction was dependent 
upon the [Ce(IV)] but almost independent of 
the [As(III)]. qRu, qoo, pRu and pas were obtained 
by regressing In v on ln[As(III)] and In v on 
ln[Ce(IV)]; the values of which were 0.09, 
1.08, 1.91 and -0.10, respectively. The great 
differences between both qRU and qo9 and pRu 
and p% made it possible to determine Ru and 
OS simultaneously. Reactants at 1.23 x lo-‘M 

6.0. 

5.0 - 

“0 40- 

05 IO I5 20 25 30 

CCe(IV)I xd mol/L 

Fig. 3. Effect of [G(W)] on reaction rate. + [Ru] = 
8.0 x lo-*, [As(W)] = 8.4 x 10-4M; A [Ru] = 8.0 x lo-*, 
[As@)] = 6.0 x 10-‘&f; 0 [OS] = 6.7 x lo-‘, [As(III)] = 
8.4 x lo-‘M; + [OS] = 6.7 x 1O-8, [As(III)] = 6.0 x 

lo-‘hf. 
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3 -65 
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Fig. 4. pk,, dependence on initial concentration ratio of 
[Ce(IV.&‘[As(III)] ([Ru] = 8.0 x lo-‘M). 

PR” Initial ratio 

+ 1.91 1.6:1 
A 1.98 1.9:1 
0 2.01 2.2:I 
+ 2.06 2.5:t 

As@) and 2.59 x 10e3M Ce(IV) were specified 
in the procedure. 

The plots of In o us. In A of Ru and OS 
catalyzed reactions are shown in Fig. 4 and 
Fig. 5, respectively. The slopes of the plots 
refer to the apparent reaction order, Le. & 
and p&,. With an increase in the initial ratio 
of reactants, ~6, remained almost unchanged 
while p& increased quite obviously. 

The egect of ~~rature on reaction rate 
is shown in Fig. 6. The influence of tem- 
perature on the Ru catalyzed reaction was 
more serious than for the 0s catalyzed one. 
A temperature of 28PC was specified in the 
procedure. 

Reaction rate cwues 

The A vs. t plot and the v vs. t plot are shown 
in Figs 7 and 8, respectively. The patterns of the 

-5 5 

-60 

5 

-6 5 

-7l-l 
=I 0 -0 6 -0 2 02 

1nA 

Fig. 5. pb, dependence on initial concentration ratio of 
[Ce(IV)J/[As(III)] ([OS] = 6.7 x lo-*M). 

P&s Initial r&o 

+ 0.66 f.6:1 
A 0.78 1.9:1 
0 1.14 2.2:1 
; 1.55 2.5:l 

24 26 28 30 32 

Temperature tPC> 

Fig. 6. Effect of temper&urn on reaction rate [Ce(IV)] = 
1.8 x 10-3, [As(M)] = 8.1 x 10-4M. f [Ru] = 8.0 x 

IO-*M; A [OS] = 6.7 x IO-*M. 

curves for Ru and OS were different. This 
supports that the mechanism of the indicator 
reaction catalyzed by Ru and 0s at the above 
unctions are different. 

As shown in Fig. 9, linearity was observed 
in the ex~~me~tal range for the reaction 
rate to be a function of the concentration of 
Ru and OS. 

The reaction order pi and rate constant k; 

The values of p( were obtained with Ru 
and OS, respectively, under the conditions 
mentioned above. The results are shown in 
Table 2. 

In order to reduce the possibility of the 
interaction of Ru and OS, the reaction rate 
constants ki were determined with a mix- 
ture of Ru and OS with known concen- 
trations. The results obtained are also listed 
in Table 2. 

Determination of Ru and OS mixtures 

A set of Ru(IV) and Os(VII1) mixtures 
were determined. The results calculated by 

time fsec.f 

Fig, 7. Absorbance--time cwves. Initial concentration 
of reactants: {Ce(IV)] = 2.59 x IO-‘, [As(III)] = 1.20 x 
10q3M; + blank; A [OS] = 6.7 x IO-*M; 0 [Ru] = 8.0 x 

lO-8M. 
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00 
+-+ -t.+.+.+p+-+-+.+ +.+-+.+- +.+ 

0 100 200 300 400 500 00 20 40 60 60 

Time (sec.) CRul or LOsl x IO” mot/L 

Fig. 8. Reaction rate-time curves. Initial concentration 
of reactants: [Ce(IV)] = 2.59 x lo-‘, [As(III)] = 1.20 x 

Fig. 9. Reaction rate dependence on Ru and 0s [Ce(IV)] = 

10-3M; + blank; A [OS] = 6.7 x 10-8M; 0 [Ru] = 8.0 x 
1.8 x lo-), [A@)] = 8.1 x lo-‘M; + Ru; A OS. 

10-*&f. 

Table 2. Reaction order and rate constant 

[Ru] x 10s [OS] x 108 [Ru] x 10’ [OS] x lo” 
@f) PK. W) P&S WI WI kk, x 1or kb, x 1or 

8.00 2.06 6.67 1.17 6.40 1.33 5.10 4.68 
8.00 2.02 6.67 1.14 4.80 2.67 5.24 4.45 
8.00 2.08 6.67 1.12 4.80 3.33 5.11 4.54 
6.08 2.03 4.00 1.16 3.20 4.00 5.34 4.31 
6.00 1.98 4.08 1.10 1.60 5.33 5.16 4.59 
Mean 2.02 1.14 5.23 4.51 

Added 

0.00 

Table 3. Analysis of mixtures of Ru and 0s 

[Ru] x lO*M [OS] x 1OsM 
Found, %E, Found, %E; Added Found, %E, Found, %E2 

0.21 - -0.02 - 6.67 6.65 -0.3 6.75 1.2 
1.20 1.27 6.0 1.29 7.4 5.67 5.67 0.1 5.67 0.1 
1.60 1.75 9.2 1.75 9.4 5.33 5.27 -1.3 5.26 -1.3 
2.40 2.33 -3.0 2.37 -1.1 4.67 5.09 9.1 5.11 9.5 
3.20 3.21 0.4 3.27 2.1 4.08 3.84 -4.0 3.84 -4.0 
4.08 3.84 -4.0 3.90 -2.4 3.33 3.35 0.4 3.34 0.2 
4.80 4.73 -1.5 4.80 -0.1 2.67 2.72 2.0 2.71 1.5 
5.60 5.44 -2.9 5.52 -1.5 2.00 2.01 0.4 1.99 -0.6 
6.40 6.14 -4.1 6.22 -2.8 1.33 1.29 -3.4 1.26 -5.4 
8.00 8.05 0.6 8.16 1.9 0.00 -0.26 - -0.24 - 

both equation (8) (found,) and equation (4) 
(found2) are listed in Table 3. The results 
calculated by approximate equation and the 
exact equation were coincident. This demon- 
strates that the approximate equation is 
accurate. 

The method proposed in this paper has an 
advantage in that the result is independent of 
the initial time of reaction. Good results can be 
obtained, provided that A us. t is recorded in the 
same range of reactant concentrations. In this 
paper the data of absorbance changing with 
time was recorded in the range of 0.70-0.40. 

5. Z. C. Gu and C. Xu, Selected Papers of 80th 
Anniversary of Tongji University, Vol. 3, p. 62. 
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Anal. Chem., 1967, 39, 600. 
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Summa~-The activity coefficients of CT-complexes exhibiting termolecular complex formation due to 
donor excess are determined. Since the solutions can be regarded as binary systems with respect to their 
activities the cases of non-volatile and volatile solutes in volatile solvents are considered here. 

So far there is little information given in the 
literature’-3 regarding the influence of the ac- 
tivity coefficients on termolecular complex for- 
mation of CT (Charge Transfer) complexes in 
case of high initial concentrations. 

Whereas Childs et aLzP combine spectro- 
scopic with solubility measurements we apply 
spectroscopic and vapour pressure measure- 
ments to determining the equilibrium constants 
and activity coefficients, respectively. 

DETERMINATION OF EQUILIBRIUM 
CONSTANTS 

The formation of CT-complexes is controlled 
by the general scheme of reactions 

qD+pA & D,A,. (1) 

Neglecting the activity coefficients and with the 
help of the law of mass action the equilibrium 
constant amounts to 

K = Ci(CBCpA)-’ (2) 

with c i = complex concentration of stoichi- 
ometry 9, p, 

cn , c, = donor and acceptor concentration, re- 
spectively, at the state of equilibrium, 
and the initial concentrations 

c;= cn+qci and ci=cA+pci. 

In addition to 1: 1-(termolecular) complexes 
there are also 2 : l-complexes occurring under 
high donor concentrations. As Carte? has 
shown the coupled equilibriums now be- 
come 

D+A- LDA (3) 

and 

D+DA- 2 ADA (4) 

with equilibrium constants 

K, = c,(c”, - c, - 2c*)-‘(c; - c, - c*)-‘, (5) 

K* = c*(c”, - c, - 2c*)-‘(c,)-‘, (6) 

and the complex concentrations, respectively, 

c,=R+(RZ - 4K:(cO,cO, - 2&c* 

-c;c* + 2c#2(2K,)-‘, (7) 

where R is nondimensional, 

c, = K*(co,c, - c9(2K*c, + l)-’ (8) 

R =&Co,+&Co,-%,C2+ 1. (9) 

Provided the additivity of the extinctions Ei, 
and using the optical densities E’ = E/d, where 
d denotes the layer thickness of the cuvette, the 
optical density is 

E’=EDCD+LACA+E~CI +&2C2. (10) 

Application of data processing enables utilising 
complete information based on the total spec- 
trum of specified points for computing the 
equilibrium constants. For that purpose Beer’s 
law is written in matrix formulation 

A=CE. (11) 

Let for instance the acceptor, the DA, and the 
D,A complex be absorbing over the investi- 
gated spectral region, without loss of generality, 
and the spectra of m mixtures with 1 wave- 

1019 
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length are to be evaluated, then equation (12) 
is obtained 

a,, . . . Cl1 

C ml 

Cl2 
. 

Cm2, 

* (12) 

The matrix of concentration includes the un- 
known equilibrium constants as non-linear 
parameters. There are several methods for 
the evaluation of the matrix equation given in 
literature.“’ 

The equilbrium constants found with 
equation (12) are correct on the condition that 
the solutions are ideal. Yet, because of the 
acceptor’s low solubility donor excess has fre- 
quently been applied. The relatively high donor 
concentrations do not permit looking upon the 
solutions as ideal any more. Instead of concen- 
trations in equation (12) activities 

a, = YjCi (13) 

have to be inserted. Then, and with low concen- 
trations the activity coefficients tend to 1 
whereas otherwise they may become greater or 
smaller than 1. Thus, for 1: 1 and 1: 2 complex 
formation the thermodynamical equilibrium 
constants arise as 

JZ = c,h(%CAhYA)-’ = K,r,, (14) 

Kih= c~Y~(cDc,YDYI)-'=K~~~. (15) 

The ri allow for the influence of the activity 
coefficients and permit a correction of the tra- 
ditionally determined equilibrium constants. 
Besides, the activity coefficients can be derived 
through methods that are independent of the 
determination of equilibrium constants. 

From the methods represented* vapour press- 
ure decreasing proved appropriate for the inves- 
tigations. The activity of the solvent can be 
found from the vapour pressure decrease ac- 
cording to Raoult’s first law 

a, =PlPh (16) 

by vapour pressure measurements at different 
concentrations of the solvent. This method is 
bound to binary liquid solutions with no de- 

&table vapour pressure developed by the so- 
lute, and provided that the magnitude of vapour 
pressure of the pure solvent at temperature 
is known. By means of the Gibbs-Duhem 
equation and the thus determined activity co- 
efficients as well as taking into account the 
influence of the mol fractions of the solute Xi 
and the solvent x, it is now possible to compute 
the activity coefficient of the solute by numerical 
integration of the equation 

s 

XI 
lg a,= - XJxi dlg as + Igal (17) 

I 

through plotting X,/Xi 0.r. -1g a,. The symbol 
a, stands for the activity of the lowest measured 
mol fraction xi. If the integral is referred to 
as A the equation turns by some transforming 
to 

Ig(~i/~~)=A -lgXi+lgXf* (18) 

Supposed that yi = 1 when xi = 0, the yi can be 
determined. For that purpose the quotient in 
equation (18) has to be plotted for a constant Xi 
and a variable xl. The quotient and hence the 
unknown activity coefficient9 are found by 
extrapolation. 

It seems to be more intricate to determine 
the activity coefficients yi of binary systems 
with two volatile components the vapour 
pressure of which is composed of the partial 
pressures of the components and the vapour 
phase being a non-ideal mixture. A detailed 
a&ount of how to find the partial pressure by 
methods of non-statistical thermodynamics can 
be looked up in the monograph of Hildebrand 
and Scott.‘O Extensive data collections have 
been compiled and computed in Kraetsch’s 
thesis.” 

RESULTS 

The measurements were carried out by using 
a vapour pressure osmometer of Knauer. The 
problem that emerges in evaluating CT- 
complexes consists in that there are not only 
two- but four- up to six-component-systems 
occurring depending on whether 2 : 1 -complexes 
are formed and solvent mixtures are used. It 
could be shown, however, that the vapour press- 
ure decreases of the solutions become negligibly 
small in case of the considered CT-complexes 
and within the frame of limited solubilities of 
the complex components. Merely the naph- 
thalen+methylcyclohexane system makes an 
exception (see Table 1). 
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Table 1. Vapour pressures and activity codficients of naph- 
thalene in methylcyclohexane computed according to 
equations (16) and (18) at T = 298 K and pa = 6.27 kPa 

x,=x, c,(M) P(=$ 1: YD 

0.006 0.05 6.248 1.00 2.15 
0.013 0.1 6.228 LOO 3.24 
0.026 0.2 6.186 1.01 4.61 
0.039 0.3 6.142 1.02 5.31 
0.052 0.4 6.091 1.02 6.0 
0.065 0.5 6.043 1.03 6.66 

for known vapour pressures of the pure com- 
ponents py and pi and with adaptation of the 
unknown coefficients A, B, C. From that the 
activity coefficients are found as 

lny,z(l--:)(A +Bx,+Cx:+ *em), (21) 

In y2 = x:[(A - B/2) + (B - 2C/3)x, 

The benzene-tetrachloromethane system 
clearly exemplifies that the slight differences in 
vapour pressures are not only caused by the 
limited solubility (see Table 2). Despite unlim- 
ited ~lubi~~ the activity c~~cients turn out to 
be approximately 1 over the total concentration 
range. Measurable differences in vapour press- 
ure arise mainly from the donor. The influence 
of the other components (acceptor, complexes) 
remain negligible. 

Thus the ~~b~urn constant of the 1: l-com- 
plex formation is obtained in accordance with 
Martire et a1.3 and Lane* by the activity co- 
efficient of the donor 

+(c - 3D/4)xf + * ’ -1. (22) 

The vapour pressures of benzene p: = 10.25 kPa 
and tetrachloromethane pi = 12,37 kPa at 
T = 298 K for adaptation have been drawn 
from literature. The coefficients were calculated 
by non-linear compensation to A = 0.213, 
B- - 0.324, C = - 0.049 and L) = 0. For cal- 
culation at least six datapoints are necessary. 
When the second number past point is not 
changing the computation was interrupted. 

The vapour pressure measurements of the 
system naphthalene in methylcyclohexane with 
the non-volatile complex component compiled 
in Table 1 were determined by means of 
Raoult’s law given in equation (16) and the 
Gibbs-Duhem equation (17). 

@=&IY,. (19) CONCLUSIONS 

The measured vapour pressures of the ben- 
zene-TCNE (tetracyanoethylene) complex in 
tetrachloromethane and the activity co- 
efficients computed from them were put to- 
gether in Table 2. 

Applying a regression program the 
vapour pressure of the binary benzene 
tetrachloromethane system is described herein 
by the equation proposed in Barker’s theory’* 

p x x,pY exp{(l - x,)*(A + Bx, + Cx:)) 

+(l -x,)&exP(x:[(~ -B/2) 

+(B - 2C/3)x, + Cx:]} (20) 

The determination of activity coefficients of 
multiple-component systems such as, e.g. CT- 
complexes present today, is still a difficult and 
not yet satisfactorily solved problem. We could 
confirm by our system with aid of vapour 
pressure me~u~ments, that the donor in access 
gets the most activity. 

Using the bcnzentiTCNE in methylcyclo- 
hexane we could show that by unlimited 
solubility from donor-benzene the activity is 
not essential. The calculation of activity 
coefIicients for the system with two volatile 
components was done by Barker’s equation 

(20). 

Table 2. Vapour pressures and activity coefficients of 
benzene in ~t~~ororne~ane computed according to 

equations (21) and (22) at T = 298 K 

Xi =xD c,(M) p&Pa) ~2 Yl=YO 

0.1 1.1 12.210 1.0 1.1 
0.2 2.25 12.103 1.0 1.1 
0.3 3.5 11.890 1.0 1.09 
0.4 4.9 11.743 1.0 1.07 
0.5 6.5 11.623 1.01 LO6 
0.6 8.1 11.477 1.03 1.04 
0.7 10.0 11.290 1.06 1.03 
0.8 12.3 11.170 1.1 1.01 
0.9 14.7 10.517 1.16 1.0 

The experimental data show significant devi- 
ations from the UNIQUAC (Universal- 
Quasiche~~),13 UNIFAC (Universal group 
Activity Coefficients)” and NRTL (non random 
two-liquid)‘* equations which were derived on 
the basis of the grid model. 
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COLORIMETRIC DETERMINATION OF ISQMAZID 
AND ITS PHARMACEUTICAL ~O~~~~ATI~N~ 

(Recefved 22 Septembw l%% &&ed 30 December 1992, &xp#t?d K? J*uv~wry 1993) 

Isoniazid (INH), the antitubercular drug has 
brx determined by titrimetric~“J ultraviolet 
speotrophotometrie,4 Colorimetric,$‘4 fluorim 
rnetr$~~~ polar~graphic,~~ paper or thin layer 
~~~rn~to~~~~~~~,~~ and HPLC’~ methods 
The ~rn~~~~ methods for the assay oi 
~~U~~d, in au~~ti~ and 
invoIve HPI&i4 ~~~rn~~~~ 
~~~~~~.l$ 

In the present work, two s~~t~~~hotornet~~ 
methods for the assay of isoniazid with fast 
red AL salt and DMBQ were described. The 
methods are sensitive, rapid and adopted for 
the assay of isoniaxid in pure form and its 
pharmaceutical formulations. 

Infrared speetrophotometer (P&in-Elmer 
298) using potassium bromide diso, 

‘HNMR Spectra Varian EM 360~4 (60 MHz). 
me ‘II-NMR chemical shifts were measured 
against TMS =O.O ppm and cornpared with 
TMS = CDC&-7.289 ppm. 

M&ing points were determined on ““Buchi- 
C&rat*’ in eapiI&ry tubes and were uneorreeti 

&er ~o~phy FLCJ was GarzGd 
out using fhroreseen t sihca get ptates poIygram 

-G Wzw (Machamy and Nagei, Duren). The 
spots were dettxt@d with W at 254 nrn. 

Fz~t red AL salt solutian, (A&&h Chemical 
Co., InG, USA). A &2% (w/v] aqueous ~~u~~n 
was rE& fr&Iy prepared an&I prote&ed from 
su&ght~ 

Sodium byd~~de~ 0.4% (w/v) and IO% (w/v) 
aqueous sohttions were used. 

Isoniazid (Analar grade) (BDH, PooIe, Dome& 
UK). 

2,6-Dimethoxp 1 &benzoquinone reagent, A 
0.1% w/v ethanahc solution was used. It 
was synthesized according to Hamblocki6 and 
Baker’? procedur@s.. Its purity and structure 
were eonfrrmed by TI,C! ~CHC~~~~H 9: I)* 
mp ~2~-~~4C~*~~ ‘IR and “If-NMR speotm IR 
Fig. I) reve&d the presence of ~ra~~~s~~ 
stretching bands* v&r., C-H (3070 and 
294O@n& C+Q (1690 and f64O@m), c--C 
conjugated ~1~~~~~)~ C-Q-C (1260 and 
1 10S/cm)t in addition to one out of plane bend- 
ing band at g80/cm corresponding to tetrasub- 
stituted benzene, ‘H+NMR (Fig. 2) showed the 
presence of six protons at S 3.86 ppm (singlet), 
corresponding to the methoxy functions and 
two aromatic protons at 6 5.85 ppm (singlet). 
The Bp5eId shift of the Iatter protons was 
att~~u~ to &e ~e~d~~g ~~~~~ effect of 
the o~~bo~~~ function. 
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Fig. 1. IR spectrum of DMBQ (KBr disc). 

All solvents and reagents were of analytical 50 mg of isoniazid, 5 mg of nicotinamide and 
grade (Merck). 5 mg of vitamin $ per tablet. 

Pharmaceutical preparations 

The following isoniazid commercial formula- 
tions were used: 

Method 

(I)-Isocid tablets (CID, Egypt) contain 
50 mg of isoniaxid per tablet. 

(2~Isocid forte tablets (CID, Egypt) contain 
200 mg of isoniazid per tablet. 

(3 )-B&ibex tablets (Misr, Egypt) contain 

Preparation of sample ~oZution~. Isoniazid 
powder: Weigh 50 mg isoniaxid and dissolve 
it in water and complete to 50 ml. Dilute this 
solution stepwise with water to obtain drug 
concentration 0.1 mg per ml. Use l-ml aliquot 
of this solution for the procedure (fast red AL 
salt-isoniazid complex). For DMB~soni~d 

0 

CH30 

0 

OCH3 

I 

0 

Fig. 2. ‘H-NMR spectrum of DMBQ. 
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complex; ethanolic solution of isoniazid was 
prepared similarly and diluted with the same 
solvent to obtain drug concentration 0.05 mg 
per ml. Use l-ml aliquot of this solution for the 
procedure. 

Tablets. Mix the contents of 20 tablets 
thoroughly. Weigh an amount equivalent to 
50 mg of isoniazid into 50 ml calibrated flask, 
extract with 30 ml water (3 x 10 ml), filter and 
complete to 50 ml with water. Dilute this solu- 
tion with water to contain 0.1 mg/ml of the drug. 
Use 1 ml of this solution for the procedure (for 
fast red AL salt-isoniazid complex). Similarly, 
for DMBQ-isoniazid complex, ethanolic solu- 
tion of isoniazid tablets was diluted to obtain 
drug concentration 0.05 mg/ml and use 1 ml of 
this solution for the procedure. 

Procedure 

For fast red AL ~uZt-json~azid eo~plex, To a 
10 ml calibrated flask, add 1 ml of the sample 
solution, 2 ml of fast red AL salt solution, mix 
and stand for 10 min. Add 1.0 ml of sodium 
hydroxide solution (10% w/v). Make up to 
the mark with ethanol, mix and measure the 
absorbance at 510 nm against a reagent blank 
prepared similarly. 

For DMBQ-isoniazid complex 

Into 10 ml volumetric flask, transfer 1 ml of 
the sample solution, 1.5 ml of 2,6-dimethoxy- 
1 ,~~~oq~none and 0.1 ml of sodium hydrox- 
ide solution (0.4% w/v). Mix the contents and 
leave for 10 min at room temperature 
(20 + 3°C). Dilute the mixture to volume with 
ethanol and measure the absorbance at 655 nm 
against a reagent blank treated similarly. 

RESULTS AND DISCUSSION 

Absorption spectra 

Isoniazid reacts with fast red AL salt in pres- 
ence of sodium hydroxide in an aqueous ethan- 
olic medium to form a red colour (& 510 nm). 

A green complex is formed when isoniazid is 
allowed to react with 2,6-dimethoxy- 1,4-benzo- 
quinone in presence of sodium hydroxide in an 
aqueous ethanolic solution. The absorption 

06 

:,, 

‘.. 
I I I I I I I I I I 

200 2,O 260 320 360 400 440 460 520 560 600 

Wavelength, nm 

Fig. 3. Absorption spectra of fast red AL salt-isoniazid 
complex (-) and fast red AL salt (-.-.--), final drug 

concentration; 8.4 pg/ml. 

IL f t I $11 i 
160 242 JO4 366 426 460 552 614 676 736 600 

Wavelength, nm 

Fig. 4. Absorption spwtra of DMBQ-isoniazid complex 
(-) and DMBQ (-~-a-), final drug concentration; 

7 Irgw. 

spectra of the two complexes are shown in 
Figs 3 and 4. Their spectral characteristics are 
s~rn~~ in Table 1. 

Optimum conditions 

To achieve maximum colour development, 
the reaction mixture of isoniazid and fast red 
AL salt must allowed to stand for 10 min before 

Table 1. Spectral characteristics of the fast red AL salt-INH and DMBQ-INH complexes 

INH 
&la= Linear range 
(nm) (1 .nwf~?? cm-‘) &/ml) 

Quantitative parameters 
Complex Intera@ Slope Correlat. coeff. 

Fast red Al sak-isoniazid 655 8.5 x w 2-15 0.0126 0.0589 0.9993 
DMB~isonia~d 655 1.6 x t@ t-10 0.0105 0.0584 0.9988 
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Fig. 5. Stability time of fast red AL salt-isoniaxid and 
DMBQ-isoniaxid complexes hnal drug concentrations 9.0 

and 5.0 p/ml, respectively. 

Table 2. Effect of the amount of the reagents on the 
coloured complexes 

Volume Fast red AL DMBQINH 
of reagent salt-INH complex* complext 

(ml) A 510 A 655 

0.5 0.179 0.268 
1.0 0.354 0.473 
1.5 0.512 0.585 
2.0 0.626 0.576 
2.5 0.616 0.535 
3.0 0.600 0.515 

Table 4. Effect of diluting solvent on the coloured products 

Solvent 

Fast red AL salt- DMBQINH 
INH complex* complext 
I OzaX A 1, A 

Methanol 510 0.378 655 0.435 
Ethanol 510 0.616 655 0.589 
Acetone 505 0.198 660 0.230 
Dimethyl formamide 505 0.510 665 0.354 
Isopropanol 510 0.417 660 0.451 
Dioxane 495 0.365 650 0.073 

*Final isoniazid concentration, 10 &ml. 
tFina1 isoniazid concentration, 5 pg/ml. 

It is clear from the data reported in Table 2 
that isoniazid needs 2 ml of 0.2% fast red AL 
salt or 1.5 ml of 0.1% 2,6-dimethoxy-1,4benzo- 
quinone for the reactions to complete. 

Different alkalies were tested for both 
methods, sodium hydroxide is the best one and 
1 ml of 10% sodium hydroxide and 0.1 ml 
of 0.4% sodium hydroxide are recommended 
for the formation of fast red AL salt-isoniazid 
and DMBQ-isoniazid complexes, respectively 
(Table 3). 

Methanol, ethanol, isopropanol, acetone, 
dimethyl formamide and dioxane were tested as 
diluting solvents in the two methods. The results 
revealed that ethanol was the best solvent 
(Table 4). 

*Final drug concentration, 10 pg/ml. 
tFina1 drug concentration, 5 pg/ml. 

addition of sodium hydroxide solution. The 
formed red colour was stable for 20 min at room 
temperature (20 Ifi 3°C) (Fig. 5). For complete 
formation of DMBeisoniazid complex, it is 
necessary to stand for 10 min, in presence of 
sodium hydroxide, before dilution. The maxi- 
mum absorbance readings remain constant for 
-20 min (Fig. 5). 

Table 3. Effect of sodium hydroxide concentration on 
colour intensity 

Fast red AL salt-INH 
complex* 

10% sodium hydroxide 
(ml) A ml 

DMBQ-INH 
complex? 

0.4% sodium hydroxide 
(ml) A 6SJ 

0.5 0.508 0.025 0.501 
1.0 0.616 0.050 0.534 
1.5 0.600 0.100 0.585 
2.0 0.580 0.150 0.568 
2.5 0.550 0.200 0.530 
3.0 0.520 0.300 0.477 

No interference was observed from the 
presence of other drugs, vitamins, commonly 
encountered excipients and additives when iso- 
niazid was determined by the two methods 
(Table 5). 

Quantzpcation 

Beer’s law holds good over the ranges 2-15 
and l-10 pg/ml by fast red AL salt-INH and 

Table 5. Determination of isoniaxid in the presence of other 
drugs, vitamins and excipients 

Recovery (% f SD)t 

Fast red AL 
Amount salt-INH DMBQ-INH 

Substance (mg) complex complex 

Pyridoxine 5 99.9 f 1.04 100.7 io.95 
Nicotinamide 50 99.7 f 1.29 99.9 f 0.85 
Glucose 10 100.3 f 1.11 99.6* 1.12 
Lactose 10 99.3 f 0.96 99.8 f 0.91 
Gum acacia 10 99.4 f 0.86 100.4 f 0.92 
Magnesium stearate 20 99.9 f 0.55 99.1 f 0.89 
Microcrystalline cellulose 20 100.0 f 0.78 100.4 f 0.78 
Starch 20 98.8 f 1.03 99.4 f 0.93 

*Final isoniaxid concentration, 10 pg/ml. *Added per 10 mg isoniaxid. 
tFina1 isoniaxid concentration, 5 pg/ml. tAverage of five determinations. 
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Table 6. Assay of isoniazid powder by the suggested and Table 7. Determination of isoniazid and its pharmaceutical 
reported calorimetric methods preparations 

Fast red AL Recovery (% f SD)* 
Isoniazid, salt-INH DMBQ-INH Reported 

m&t complex complex method* Fast red AL DMBQ- 
salt-isoniazid isoniazid Official 

10 100.7 98.8 100.9 Sample complex complex method? 

:: 99.3 98.9 101.8 99.6 98.5 98.6 lsoniazid 99.8 f 0.88 100.1 f 1.26 99.7 f 0.83 
40 100.2 99.9 101.1 powder F$ = 1.12 Ff = 2.31 

z 101.4 99.8 100.1 100.5 E Is&d 100.8 f§ = f 0.26 1.137 101.0 tg + = 0.69 1.18 100.9 + 1.18 
Mean&SD 100.1 iO.84 100.1 f0.92 99.6; 1.08 tablets11 F$ = 1.07 F$= 1.00 

t$=0.19 r$ = 0.07 
*Ref. 6. Isocid forte 100.8 & 1.21 100.9 f 1.29 100.9 + 1.36 
tAverage of three experiments. tablets11 F$ = 1.26 F$ = 1.11 

rg =0.15 14 = 0.02 
I&ibex 99.2 + 1.29 99.2 f 1.31 99.0 + 1.31 

DMBQ-INH complexes, respectively. Cor- tablets11 F$ = 1.05 F$ = 2.02 

relation coefficient, intercepts and slopes for 
tg = 0.22 t$ = 0.29 

the calibration data of isoniazid by the two 
suggested methods are given in Table 1. 

;zSoffive dete~inations. 

To examine the precision of both procedures, 
$Tklakd Ffor (4,4) degrees of freedom at P = 0.05 is 6.39. 

eight replicate a~~aly~es were performed on the 
§Tab~t~ t for 4 degrees of freedom at P = 0.05 is 2.776. 
i/~ebtis in submental &ion. 

same solution containing 10 and 5 fig per ml 
of the drug, and relative standard deviations 
of 1.43*/a and 1.55% were obtained by fast red APPiications 
AL salt-INH and DMBQ-INH complexes, The proposed procedures were used to deter- 
respectively. 

o~C-NH-NH 

tl 
2 
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I 

mine isoniazid in authentic and pharmaceutical 
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III 

. . . . . . . . . . . . . 
-N-C-O eN-I r, 
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Scheme 1. 
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preparations. The results obtained are compar- 
able to those given by the reported and official 
methods, Tables 6 and 7. Student t- and F-test 
show no significant differences between the 
proposed, and official methods. In addition, 
the suggested methods have the advantages of 
rapidity and simplicity. 

Reaction involved 

Fast red AL salt (I), in presence of sodium 
hydroxide, reacts with isoniazid (II) (molar ratio 
1: 1) to form a red colour with maximum 
absorption at 510 nm in aqueous ethanolic 
medium. The mechanism of the reaction may 
be interpreted as shown in Scheme 1. 

A characteristic green coloured product (L 
= 655 nm) is formed when isoniazid is allowed 
to react with DMBQ in presence of sodium 
hydroxide in aqueous medium. Under the 
experimental conditions, the suggestion that acid 
hydrazides form hydrazones with the carbonyl 
function of the reagent is excluded due to the 
failure of some aromatic amines, e.g. p-amino- 
phenol, sulfonamide, dapsone, hydroxylamine 
and semicarbazide to give green colour with 
DMBQ. This negative response reveals that 
under a mild reaction condition no azomethine 
derivatives are formed. 

However, quinones are easily reduced to 
hydroquinone derivatives by different reducing 
agents, e.g. hydrazine. ‘*J’ It was reported” that 
reduction of p-benzoquinone in alkaline 
medium give a deep green compound which 
formed from equimolar amount of p-benzo- 

quinone and hydroquinone (charge-transfer or 
donor-acceptor complex).‘* In addition, it was 
reportedi that aryl hydrazines are easily oxidized 
by benzoquinone (Q) to give aryldiimide and 
hydroquinone (QHJ” 

Ph-NHNH, + Q ---, Ph-N = NH + QH2 

Moreover, isoniazid as hydrazine derivative 
can be attacked by oxidizing agents especially in 
presence of alkali solution.” Consequently the 
mechanism of formation of the green coloured 
product when isoniazid I reacts with DMBQ II 
may proceed through reduction of II into 
hydroquinone derivative III and formation 
of quinone: hydroquinone charge transfer or 
donor-acceptor complex IV (Scheme 2). 

A preliminary chemical test to confirm the 
formation of hydroquinone derivative as a 
by-product was carried out by addition of few 
drops of ferric chloride T.S., disappearance 
of the green colour took place. This indicates 
the decomposition of the complex with oxi- 
dation of the hydroquinone derivative into 2,6- 
dimethoxy-1,Cbenzoquinone with formation of 
a yellow colour. 

In addition, the continuous molar variation 
for the reaction between isoniazid and DMBQ 
reveals that the interaction between these two 
compounds occurs at a ratio of 1:2. This 
provides further evidence for the suggested 
mechanism shown in Scheme 2. All attempts 
to separate the green coloured product IV 
failed. 

0 OH 

N 

Scheme 2. 
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PERFORMANCE OF AN ION TRAP MASS 
SPECTROMETER MODIFIED TO ACCEPT A DIRECT 
INSERTION MEMBRANE PROBE IN ANALYSIS OF 

LOW LEVEL POLL~TA~S IN WATER 
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Summary-Modifications to a Finn&m ITS40 ion trap mass spectrometer am described which allow its 
use with a direct insertion probe. Details are given of the fabrication of a membrane probe for such an 
instrument. The membrane probe, which includes facilities for heating tbe fluid, employs a tubular 
membrane which is located just outside the electrode structure of the ion trap. Direct analysis of organic 
compounds in aqueous solution is demonstrated using a silicone membrane, with compounds such as 
benzene, chlorobenxene and dichloroethene being studied below the 1 ppb level. The effects of operating 
parameters inclu~ng probe temperature, ion trap temperature, solution Sow rate, mass s~trome~r scan 
speed, and instrument tune procedures are explored in detail. Optimum performance characteristics are 
identified and trace level detection of eight organic compounds in the parts per trillion range is 
demonstrated. In seven of the eight cases studied, detection limits are below the EPA practical limit of 
quantitation levels. It is shown that the most sensitive mode of operation is when steady state passage 
of the analyte across the membrane is achieved, however, the time required for this is long in the case 
of some samples, and a dynamic flow injection analysis procedure is then favored. Use of the modified 
inlet system for solid sample introduction via a standard solids probe is also demonstrated. 

The objective of this work was to develop 
an inexpensive mass spectrometer for use in 
screening organic compounds of enviro~en~ 
interest in drinking or ground water by mem- 
brane introduction mass spectrometry (MIMS).’ 
It is well known that over 95% of the water 
samples that are tested in a typical environmental 
laboratory contain no detectable organic con- 
taminants of environmental interest. However, 
verification of this requires the long and costly 
process of extracting l-2 1. of water three times 
with either methylene chloride or diethyl ether, 
dehydration of the extract over sodium sulfate, 
evaporation of the extract in a Rudema Danish 
apparatus down to 1 ml, sofvent exchange to an 
appropriate GC medium such as hexane, and 
injection of the sample into a gas chromatograph 
for a 20-60 min temperature programmed 
run, depending on the analytes of interest.2 The 
many steps involved in this process are costly 
in both material and manpower and are them- 
selves potentially damaging to the environment 
through the loss and disposal of organic solvents. 
Ciearly, a system that could effectively screen 
water samples for the presence of organic 
compounds by MIMS would be valuable since 
it would require that the traditional analysis 

be conducted only on the small fraction of the 
samples that were found to contain compounds 
of interest during the screening. 

The direct analysis of organic poIlutants in 
water by MIMS has been the subject of intense 
activity. Westover and co-workers detected and 
quantified organic analytes directly from aque- 
ous solution using a silicone membrane probe 
coupled to their mass spectrometer in 1974.3 
Since then, many variations of the membrane 
inlet system have been applied to the task of 
analyzing a broad range of aqueous organic 
analytes at low detection limits.4-i0 Among the 
more successful methods, is the flow-through 
method in which a capillary or other memb~ne 
is placed within or in close proximity to the ion 
source of the mass spectrometer, and the aqueous 
solution is passed across this membrane.’ In this 
type of procedure, transportation of the solution 
is conveniently done using a peristaltic pump 
and flow injection methods of sample handling 
extend to quantitation using external standard 
solutions.9 In earlier experiments in this labor- 
atory, a simple flow-though MIMS system was 
used with an ion trap and it gave encouraging 
results, even though the analyte was not heated 
and the probe was located some distance from 
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the ion trap electrodes.* In this as in most other 
MIMS work, silicone polymers were used since 
they allow passage of a large number of relatively 
non-polar organics into the spectrometer while 
excluding all but a trace of the water. The limit- 
ations of the silicone polymers to hydrophobic 
compounds of low molecular weight have led to 
the recent development of new MIMS techniques 
that allow the analysis of some polar organic 
compounds using microporous membranes.” 

A Finnigan ITS40 ion trap GC/MS was 
chosen for this work because of its wide use, 
light weight, rugged construction and low 
cost. The ITS40 was modified to allow sample 
introduction via a standard l/2 in. diameter 
direct insertion probe. A tubular membrane 
probe was constructed to allow organic analytes 
to be examined directly from aqueous solution. 
The inlet system was constructed in such a way 
that the gas chromatographic capability of 
the instrument was not compromised. Early 
experiments had demonstrated the need to place 
the membrane as close to the spectrometer 
source as possible, in order to minimize analyte 
loss through condensation or dilution in trans- 
fer lines, and to minimize memory effects and 
instability caused by contamination in the 
transfer lines.12 When the probe is installed in 
the new inlet system, the membmne is positioned 
l/2 in. from the ion trap providing greatly 
improved performance over earlier designs. 

These modifications to the ITS40 allow it 
to be used in a number of applications that 
were previously the domain of much more 
expensive dedicated mass spectrometers. Such 
uses include analysis of industrial process and 
waste streams though flow injection analysis,13 
on-line monitoring of chemical reactions,‘4.15 
analysis of water samples for environmentally 
significant contaminantsa~‘6 and solid sample 
introduction by a direct insertion solids probe. 
The multiple capabilities of the modified instru- 
ment, coupled with its light weight and compact 
size, may also make it a viable choice for on-site 
environmental or industrial analysis. 

EXPERIMENTAL 

Ion trap modjication 

The ion trap was removed from the Finnigan 
ITS40 GC/MS and a 314 in. hole was bored 
through the instnunent outer case. A KF-16 
quick flange nipple was welded in place in the 
314 in. hole. Viewed from the top of the instru- 
ment, the flange was located 72.8” counter 

clockwise from the GC inlet and located in such 
a way that the center was aligned vertically 
(along the z-axis) with the GC inlet line. This 
akgnment was critical as the new entrance into the 
trap was designed to match the manufacturer’s 
GC entry vertical dimensions and the rotation 
was necessary to avoid interference from the ion 
trap tie bolts. A flat stainless steel disk was 
welded into the end of the quick flange and a 
5/32 in. hole drilled in it to accept and align a 
Teflon transfer line. A 5/32 in. hole was then 
drilled into the ion trap to provide an entrance 
for the Teflon transfer line between the ring 
electrode and the bottom endcap electrode. This 
hole was drilled in two parts to match the 
factory GC inlet location and required that 2/3 
of the hold diameter be drilled through the 
stainless steel exit end cap and l/3 of the hole 
diameter be located in the lower Teflon spacer 
ring. A Teflon transfer line was then fabricated 
to provide a direct analyte passage into the 
internal volume of the ion trap. The inner bore 
of the transfer line was threaded to facilitate its 
insertion and removal during maintenance. The 
existing manifold heating unit was also modified 
to accommodate the new inlet port. A 1 in. wide 
slot was cut into the bottom of the manifold that 
would allow the heating unit to be installed in 
its normal position with the new inlet in place. 
A Norcal bellows valve was installed with a 3/4 
in. quick flange on one end and a l/2 in. Cajon 
fitting on the other. This mated to the KF-16 
flange on the ion trap manifold and also sealed 
the probe when inserted in the mass spec- 
trometer. A l/4 in. stainless steel line was welded 
in place just behind the Cajon fitting for inlet 
rough pumping controlled through a Nupro 
level valve. This completed the modification of 
the ion trap. The design is relatively simple but 
requires accurate machining to accomplish 
proper alignment of all the parts when assem- 
bled. Helium buffer gas is introduced into the trap 
through the GC transfer line and there is no need 
to disconnect the GC capillary when operating in 
the membrane introduction mode. This makes 
changing from GC operation to direct insertion 
probe operation a simple matter of inserting or 
removing the probe. Detailed blueprints and a 
description of the modifications are available.” 

Membrane probe 

The membrane probe was constructed accotding 
to the plan in Fig. 1. It is designed exclusively for 
capillary membranes but it accommodates a 
variety of lengths as might be dictated by future 
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Analyte Outlet Tube I/is’ O.D. 

\ 

Aluminum Handle 
Stainless Steel Shaft l/r dia. 

Stainless Steel Tip Guard -, 

Capillary Membrane 

Platinum Resistance Thermometer 

i 
/ 

0-Rine Seal 

Analyte Inlet Tube l/16” O.D. 
Chrome1 Analyte Stream Heating Unit 

Temperature Control Circuitry Connector 

Fig. 1. Design of the tubular membrane probe. 

experiments. The probe was constructed from 
an old Finnigan TSQ ion volume insertion tool. 
The inner parts were removed from the insertion 
tool and the end cut off. A probe tip was manu- 
factured according to the plan in Fig. 1. The 
outer diameter of the probe tip matches the dia- 
meter of the probe tube to ease insertion through 
the inlet system Cajon fitting. Fluid transfer to 
the membrane is through two stainless steel l/16 
in. tubes welded into the back of the probe tip. 
Two 18 gauge needles were then welded into the 
end of the probe tip to accept the membrane 
tubing. A removable stainless steel guard was 
constructed to protect the membrane from dam- 
age when the probe is inserted into the instru- 
ment. A nichrome heating element and a plat- 
inum temperature sensor were installed on the 
inlet feed line to control the temperature of the 
inlet analyte stream. Electrical insulation be- 
tween the heating element and the stainless steel 
inlet line was accomplished with Teflon shrink 
wrap applied to the tube surface. Heat insulation 

between the heating element and the internal 
wiring consisted of a layer of ceramic tape ap 
plied over the heating element which was cov- 
ered in turn by a ceramic tube. All the internal 
wiring was routed to the probe handle end cap 
into a quick disconnect plug that matches the 
standard Finnigan solids probe heating con- 
troller. This control system was found to give 
fast heating and to result in stable temperatures 
over long periods of time. Passage of ana lyte 
through the membrane is strongly temperature 
dependent and small temperature Ructuations 
can cause baseline oscillations that may be u- 
nacceptable when doing trace analysis work. 

Note that the design of the probe is such that 
it can be used in the modified IT!340 or also in 
any other spectrometer that will accept a l/2 in. 
diameter probe. The probe length and electrical 
connections were also designed to provide 
maximum interchangeability. 

With the probe installed in the ion trap as in 
Fig. 2, water is pumped through the probe by a 

Teflon Transfer tine 

Membrane 

Isolation Valve 7 

Membrane Probe 

Fig. 2. View of the modified ion trap with the membrane probe installed. 
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peristaltic pump. Analyte solutions are injected 
into the mass spectrometer by simply switching 
the inlet line to the analyte solution. Note that 
the pump is located on the downstream side 
of the membrane probe and pulls water through 
the probe rather than pumping it through on 
the feed side. This was done as it was found that 
some compounds are adsorbed from solution 
by the tubing of the peristaltic pump itself. It 
was noted early in our experiments that more 
consistent results were obtained if the analyte 
stream did not pass through the pump on its 
way to the probe.” 

Methods 

Preliminary studies with the new membrane 
probe interface used a Dow Corning (Midland, 
MI) Medical Grade Silastic tubular membrane 
of 0.025 in. ID x 0.047 in. OD. The membrane 
was installed on the probe with approximately 
l/2 in. exposed length. Instrument performance 
checks were made with aqueous solutions of 
three different organic compounds with different 
physical properties in order to assure that any 
results obtained were not compound specific. The 
analytes selected were benzene (860 pptr), THF 
(516 ppb), and trans-dichloroethene (8.8 ppb). 
Instrument parameters were varied to identify 
the optimum operating conditions, that is 
those where sensitivity was maximized and noise 
was minimized. The main factors explored 
systematically were: 

1. Probe temperature. 
2. Ion trap temperature. 
3. Flow rate. 
4. Scan rate. 
5. Instrument tune parameters. 

Trace analysis of several compounds was 
at- tempted using the optimized parameters 
identified in the performance studies. For the 
trace analysis work the following conditions 
were used: probe temperature 30°C trap tem- 
perature 5O”C, and solution flow rate 2 ml/min. 
The mass spectrometer was operated so as to 
scan a single diagnostic ion at 1 set/scan, and 
helium buffer gas was introduced into the ion 
trap at a rate optimized during the tuning 
procedure. Most experiments were conducted 
by recording 600 scans, where the baseline was 
first recorded for 150 scans, the analyte solution 
was then injected for 250 scans to obtain a stable 
maximum signal, and the system was allowed to 
return to baseline conditions over the next 200 
scans. We used single ion scans only to conserve 

disk space due to the large number of scans 
recorded per experiment. The large number of 
scans were required to cover the time period 
necessary for the analyte to reach its equilibrium 
flow rate through the membrane where the 
maximum response is obtained. Full spectra 
were obtained in later experiments to compare 
instrument performance. All analyte solutions 
were made up using reagent grade chemicals. 
Solutions were prepared in de-ionized water by 
weight and diluted to part per billion or part per 
trillion levels by serial dilutions. Duplicate tests 
were performed on separate days using freshly 
prepared solutions to verify the results. Tests 
of the probe interface were also done using a 
Finnigan solids probe operated at room tempera- 
ture. Solid samples of acridine, phenanthridine, 
and 7,8-benzoquinoline were examined. 

RESULTS AND DISCUSSION 

Membrane probe performance 

Initial tests were performed to identify 
optimum operating conditions for the analysis 
of aqueous solutions of organic analytes using 
the membrane probe. It was found that several 
operating parameters for the ion trap were quite 
different from those appropriate for membrane 
introduction into quadrupole instruments.g The 
main factors that affected performance in the 
analysis of aqueous organic analytes at low 
levels using the ITS40 are outlined below. 

Probe temperature. The signal-to-noise ratio 
was found to be strongly dependent on the 
temperature of the analyte stream passing 
through the membrane probe. Temperature 
effects had been demonstrated previously on a 
triple quadrupole mass spectrometer,‘***‘* where 
it was found that the analyte signal is enhanced 
at higher temperatures. Bier et al. demonstrated 
that as the temperature of the probe was raised 
more analyte passed through the membrane and 
signal was enhanced right up to a temperature 
of 1oo”c.‘9 Surprisingly, in the case of the 
ion trap mass spectrometer, the temperature 
dependence is inverted. As the temperature 
was raised the signal-to-noise ratio decreased. 
Figure 3 shows how the signal-to-noise ratio 
depends on probe temperature over the range 
from 30 to 70°C. The experiment was done by 
monitoring the molecular ions of benzene, tetra- 
hydrofuran (THF), and trans-dichloroethene 
(DCE) near the detection limits. All three com- 
pounds displayed substantial gains in S/N ratio 
at lower temperatures. As an illustration of the 
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Probe Temperature (C) 

Fig. 3. Graph showing the signal-to-noise (S/N) for low level aqueous solutions as a function of probe 
temperature. 
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the raw data, Fig. 4 shows the ion current profiles 
recorded when monitoring m/z 78 from benzene 
at five temperatures. The inverse temperature 
dependence found for the ion trap spectrometer 
is due to the way the spectrometer handles 
ions compared to the quadrupole spectrometers. 
In the case of the quadrupole spectrometer, the 
ions pass immediately through the spectrometer 
and are pumped away as they are formed. A 
higher probe temperature increases the flow 
of analyte across the membrane and signal is 
enhanced. The increased flow of water that ac- 
companies the analyte across the membrane 

Fig. 4. Ion current profiles for m/z 78 for a 860 ppt benzene 
solution at probe temperatures of 30-70°C. 

is pumped away and does not interfere with 
the detection process. In the ion trap however, 
the ions are trapped as they are formed and a 
sign&ant amount of the water that passes 
through the membrane with the analyte is also 
ionized and trapped. In this case the excess water 
at higher temperatures significantly interferes 
with detection of analyte ions as the instrtmrent 
automatic gain control function decreases the 
ionization time to maintain a constant ion popu- 
lation. The high water ion concentration would 
otherwise result in space charging conditions 
with loss in sensitivity and resolution. Not only 
the rate of water passage but the rate of analyte 
diffusion through the membrane depends 
strongly on the probe temperature. Figure 5 
displays this effect by plotting the time required 
to achieve maximum signal us. probe tempera- 
ture. Benzene and trans-dichloro- ethene diffu- 
sion rates are affected minimally as the time to 
maximum signal only differs by approximately 
100 seconds between 30 and 70°C. THF on the 
other hand is affected dramatically. The time to 
reach maximum signal for THF at 30°C was 625 
set compared to 165 set at 70°C. The result of 
this was the need for an extraordinarily long 
analysis time for the THF solution at 3O”C, 
the temperature one would prefer to use in order 
to minimize contributions from water. Figure 6 
shows the ion current profile for the response 
of the molecular ion of THF at temperatures 
between 30 and 70°C. All the ion current profiles 
in Fig. 6 are on the same time scale and the 
analysis of THF at 30°C requires nearly 30 min 
compared to less than 10 min at 70°C. Analysis- 
can be done by establishing a stable baseline, 
injecting the analyte until the maximum signal 
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Fig. 5. Dependcnee of the analyte diffusion rate through the membrane on the probe temperature. 

is reached and then examining the return to 
baseline conditions after the analyte solution 
is replaced by water. The ~~~ detection 
limits are estalished in this way. Using flow 
injection, analytes can also be quantitated with- 
out reaching the maximum response but con- 
centrations must then be higher to obtain a 
measurable baseline deflection that can be 
compared to a standard. Clearly the type of 
compound analyzed must be considered when 
selecting the probe temperature and a balance 
must be struck between the desire to reach the 
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Fig. 6. Ion current profiks for m/z 82 for 516 ppb ‘II-IF 
solution showing the time required to reach maximum signal 

at temperatures ranging from 30 to 70°C. 

lowest detection limits and the need for rapid 
q~nti~tive analysis. 

ion trap ?e~~~u~~e. In addition to the 
effects of probe temperature, the signal-to-noise 
depends on the ion trap temperature. Again the 
best signal-to-noise ratio was obtained at lower 
temperatures. Figure 7 plots the measured signal 
to noise ratios us. ion trap temperature for the 
three test solutions 516 ppb THF, 860 pptr 
benzene, and 8.8 ppb trans-dichloroethene. 
All three compounds showed an increase in 
signal-to-noise ratio at lower temperatures. The 
S/N gains associated with changes in the tem- 
perature of the ion trap are not as astir as 
those associated with probe temperature but are 
significant and probably arise from the same 
cause. For the trace analysis studies reported 
in this paper, we chose a trap temperature of 
50°C. This seemed to be a good low temperature 
where we could take advantage of the S/N 
enhancement without totally sacrificing the 
advantage of higher temperatures in desorbing 
contaminants that collect on the inner surfaces 
during routing use. 

A~y~e~~~ me. The flow rate of the analyte 
solution through the membrane probe has an 
impact on the ability to detect analytes at very 
low concentrations. High flow rates deliver a 
higher number of analyte molecules to the inner 
surface of the membrane per unit time and signal 
is enhanced. Figure 8 shows how the S/N ratio 
changes with flow rate for a 500 pptr solution of 
chlorobenxene. The ratio is maximized at 3 ml/ 
min. The flow rate enhancement undoubtedly 
depends on the nature of the analyte molecule 
and therefore will diEer somewhat for different 
classes of molecules. We chose a standard flow 
rate of 2 ml/n& for the trace analysis work as 
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Fig. 7. The effect of ion trap temperature on the S/N ratio for the molecular ions of benzene, 
dichloroethene (DCE), and tetrahydrofuran (THF) at low levels in water. 
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Fig. 8. The effect of analyte flow rate on S/N ratio for chlorobenzene (500 pptr in water). 
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Fig. 9. The effect of scan speed on the S/N ratio for the molecular ion of benzene (860 pptr in water). 
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this seemed to provide good results for a wide 
range of organic analytes. 

Scan speed. It was found that a mass 
spectrum scan rate such that a single ion scan at 
a rate of 1.3 set per scan produced the most 
stable baseline. Figure 9 displays the effects of 
scan speed as. signal-to-noise ratio for single ion 
monitoring of m/z 78 from a 860 pptr aqueous 
benzene sample. 

Instrument tune factors. It was found that the 
instrument auto-tune set up conditions were not 
suitable for MIMS work and manual tuning had 
to be performed to optimize the results. Some of 
the manual tune factors changed slightly from 
day to day as would be expected under normal 
running conditions to achieve suitable peak 
shapes and mass assignments, but others were 
constant from day to day. Among these were 
segment RF settings which had to be set to 250 
for all four segments with automatic gain con- 
trol (AGC) in operation so that masses below 40 
amu were continually swept from the trap. This 
eliminated much but not all of the very large ion 
load imposed on the trap by the presence of 
water which passes through the membrane con- 
tinually. Other tune criteria, such as AGC pre- 
scan factors, AGC target values, and multiplier 
voltage, were set daily according to the needs 
of the experiment being run. These factors were 
optimized to provide maximum signal strength 
without inducing space charge effects in the 
trap. It was found that the best conditions were 
obtained in the shortest period of time if the 
instrument was tuned to FC-43 with the helium 
bulfer gas on and the probe inserted in the instru- 
ment with deionized water running through it at 
the desired temperature. 

Trace analysis of organic compounds in aqueous 
solution 

Using the optimum conditions identified in 
the performance studies, we analyzed five organic 
analytes in aqueous solution in the parts per 

Table 1. Detection limits for aqueous solutions obtained 
using the modified ITS40 MIMS system 

Detection limit EPA PQL 
Analyte @pb) (Ppb) 

ku.cne 0.21 2 
Trichlorofluoromethane 0.60 10 
Chlorobenzene 0.16 2 
trans-Dichloroetheane 0.81 1 
Chloroform 0.58 0.5 
cis-1,3-Dichloropropene 0.60 20 
Hexachloroethane 0.28 0.5 
Carbon tetrachloride 0.60 1 

trillion range. Table 1 lists the analytes and their 
associated detection limits. The detection limits 
are based on a signal-to-noise ratio of three at 
maximum signal for the ion current obtained for 
the diagnostic ion of the analyte. The table also 
shows the practical quantitation limits (PQL) 
according to the EPA ground water monitoring 
list.20 PQLs are the lowest concentrations of 
analytes in ground waters that can be reliably 
determined within specified limits of precision 
and accuracy by standard methods under routine 
laboratory operating conditions. Using these 
values as a guide, seven of the eight compounds 
tested were detected below the PQL. While the 
PQL provides a low limit goal that one may 
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Fig. 10. Mass spectra obtained in the solids probe exper- 
iments using (a) phenantidine, (b) 7,8-benzoquinoline and 

(c) acridine. 
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want to equal or exceed in experimental studies size and weight of the instrument make in situ 
with new analytical methods, a more realistic analysis a distinct possibility. One limitation in 
question is whether or not a new method is the dissemination of techniques based on MIMS 
applicable to routine daily analysis. The focus of is the need for new EPA standard methods 
routine work in a water quality laboratory is which use this technology. The advent of new 
in assurance that the water sample being tested membrane materials that are more selective 
is free of contaminants above the maximum toward specific classes of compounds should 
contamination level (MCL). The MCL in many improve performance further. Tests are under- 
cases is a regulatory limit that is often orders of way in this laboratory to identify other useful 
magnitude greater than the PQL. Clearly this membrane materials and to expand the list of 
MIMS instrument has the ability to act as a very compounds that can be analyzed at detection 
effective screening system for environmental or limits comparable with those achieved by exist- 
industrial applications. ing purge and trap and other EPA methods. 

Soli& probe experiments 

The modified inlet system was tested for its 
applicability to the analysis of solid samples 
using a standard solids probe. The experiment 
examined the fragmentation pathways of three 
isomeric compounds phenanthridine, acridine, 
and 7,8benzoquinoline. The probe was operated 
at room temperature which provided a rate of 
sample vaporization which was large enough 
to necessitate lowering of the AGC target value 
to 1000 in order to avoid resolution losses due to 
trap overload. The system was therefore surpris- 
ingly sensitive in solid sample analysis. Figure 10 
displays the mass spectra for the three com- 
pounds. The results of this experiment indicate 
that this inlet system may be used very effectively 
as a solid sample analysis system. The solids 
probe could be heated if necessary using the 
same temperature control system we use for the 
membrane probe as the heating and control 
circuits in the membrane probe were designed to 
match those of the standard Finnigan solids probe. 
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Summary-A new kinetic fluorimetric method has been proposed for the determination of trace 
manganese. The method is based on the catalytic oxidation of rhodamine 60 with potassium periodate 
in the presence of nitrilo triacetic acid as activator, in near neutral media. The detection limit for 
manganese is 0.018 q/ml. The linear range of the determination is 0.04-1.00 ng&nl. The. proposed method 
suffers from few interferences in the presence of more than 30 foreign ions. The method has been used 
to determine trace manganese in hair, urine, fish and water samples. The results are satisfactory. 

INTRODUCTION 

There have been reports on the determination 
of manganese by catalytic fluorimetric pho- 
tometry [l-7], mainly based on the catalytic 
fluorimetric reaction with alkaline, hydrogen 
peroxide or dissolved oxygen as oxidants, but 
the sensitivity has been unsatisfactory. Some 
reports on catalytic fluo~et~ with potassium 
periodate as oxidiing agent in acid medium, 
list higher sensitivity, but interference is more 
serious. So far there has been no report on 
the determination of manganese by catalytic 
fluorometry using rhodamine 6G in a neutral 
medium. 

In our experiments, we use nitrilo triacetic 
acid as activator in near neutral medium, 
and manganese catalyzes potassium periodate 
oxidation of rhodamine 6G to produce fluor- 
escence. On the basis of this, a detailed study 
of appropriate monitions for the indicated 
reaction was conducted, and the best reagent 
doses were determined according to the con- 
trolled and weighed centroile simplex method. 
We measured fluorescence at a fixed time and 
found a new way to determine manganese con- 
tent with high sensitivity and high selectivity, 
the detection limit being 1.8 x 10m2 ng/ml and 
the linear range 0.04-1.00 ng/ml. Generally, 
common ions did not interfere with the determi- 
nation. Satisfactory results have been achieved 
in the determination of the manganese content 
in biological specimens, human hair and urine, 
fish and water samples. 

EXP-AL 

Reagents and instruments 

Standard manganese solution: dissolve 
0.3904 g manganese sulfate monohydrate in 
water and dilute to 100 ml. The solution con- 
tains 1.006 mg/ml manganese and should be 
properly diluted as required before use. 

Potassium dihydrogen phosphat~s~~ 
hydroxide buffer solution, pH 6.8. Dissolve 
1.36 g potassium d~y~o~n-phosphate in 
150 ml water, then use 0.2M sodium hydroxide 
solution to adjust the pH to 6.8 and dilute with 
water to 200 ml. 

Nitrilo triacetic acid (NTA) solution: 
5.0 x lo-3M; 

Rhodamine 6G solution: 1.0 x 10V4M; 
Potassium periodate solution: 5.0 x 10e4M; 
Mixed solution of three acids: 

(HNO,: H,SO,: HC104 = 10: 1:4); 
RF-540 fluorophotometer; 
Model 930 fluorophotometer; 
Model 501 super constant temperature 

meter; 
PH S-2 acidimeter. 

All the reagents for the experiment were 
analytical reagent grade or guaranteed, and 
redistilled water was used to prepare solutions. 

Procedure 

Add 2.70 ml of pH 6.8 buffer solution, 
2.35 ml of 5.0 x 10V3N nitrilo triacetic acid and 



0.32 ml of 1.0 x 10m4M rhodamine 6G to a 
25 ml measuring flask, add water up to 20 ml, 
and shake well. Then add 2.85 ml of 
5.0 x 10w4M potassium periodate and the 
proper amount of standard manganese solution 
into the flask, dilute up to the mark before 
shaking, and heat in a thermostatted water bath 
(70 f 0.2”C) for 10 min. Then cool the solution 
to room temperature with flowing water for 
3 min, and determine its fluorescence value F 
with a fluorimeter, with an excitation wave- 
length of 348.4 nm and an emission wavelength 
of 548.3 nm. 

RESULTS AND DISCUSSION 

Rhodamine 6G is a triphenylmenthane dye 
and emits very strong yellow-green fluorescent 
light. When oxidized by such strong oxidizers as 
potassium periodate, its molecular structure is 
destroyed and the fluorescence disappears, but 
the reaction is very slow due to the difficulty of 
direct electron acceptance and the effect of steric 
hindrance. When trace manganese exists in the 
system, the reaction speeds up, illustrating that 
manganese catalyzes the reaction of potassium 
periodate with Rhodamine 6G. When activator 
nitrilo triacetic acid exists, the reaction acceler- 
ates very quickly, as shown in Fig. 1. On the 
basis of this, we have further studied the exper- 
imental conditions for the determination of 
trace manganese. 

[Mn(II)] = 10.06 ng/ml 
l-l’: Rh 6G aqueous solution; 
2-2’: KH,PO,-NaOH, Rh 6G; 
3-3’: KH,PO,-NaOH, NTA, Rh 6G; 

1 B 1’,2’,3 

I 
I 
I 
I 
I 
I 
I 
I 
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I 
II/ 4’ 

I I I -7- 
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X (4 

Fig. 1. Excitation and emission spectra of Rhodamine 6G in the presence of different reagents. 
Measurements made following heating for 10 min and cooling for 3 min. 
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4-4’: KH,PO,-NaOH, NTA, KIO,, Mn(I1); 
5-5’: KH,PO,-NaOH, Rh 6G, KIO,; 
6-6’: KH,PO,-NaOH, Rh 6G, KIO,, 

MN(I1); 
7-7’: KH,PO,-NaOH, NTA, Rh 6G, KIO,; 
8-8’: KH,PO,-NaOH, NTA, Rh 6G, KIO, 

Mn(I1). 

Choice of the best experimental conditions (with 
manganese concentration being 0.40 nglml under 
all conditions) 

Influence of the property and acidity of the 
bu$Ser solution. Having compared the five buffer 
solutions of tartaric acid-sodium tartrate, acetic 
acid-sodium acetate, potassium hydrogen 
phthalat+hydrochloric acid, potassium hydro- 
gen phthalatesodium hydroxide, potassium 
dihydrogen phosphate-sodium hydroxide, we 
have found that among the buffer medium of 
tartaric acid--sodium tartrate, manganese can 
hardly catalyze the reaction of potassium 
periodate oxidization of rhodamine 6G, prob- 
ably because the complexation of tartrate with 
manganese makes manganese lose its catalytic 
activity. Among the buffer medium of acetic 
acid-sodium acetate, the reagent blank fades 
quickly, i.e., the background value of the 
uncatalyzed reaction is very high, which makes 
it hard to accurately determined the result of 
the experiment and is not fit for practical analy- 
sis. Potassium hydrogen phthalat*hydrochloric 
acid, potassium hydrogen phthalate-sodium 
hydroxide and potassium dihydrogen phos- 
phate-sodium hydroxide have about the same 
property. The background values of their 
uncatalyzed reactions are very low and the 



Point 
number 
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Table 1. Simplex shifting process 

Retention Simplex Simplex KH$O,-NaHO NTA Rh6G KIO, 
ooint shifting mode number ml ml ml ml AIF 

1 3.10 3.10 0.38 3.10 15 
2 
3 
4 
5 
6 
6 
I 
I’ 
8 
8’ 
9 

1 
5,3,4,1,2 reflection 2 
5,3,4,1,2 contraction 2 
5,6’, 4,3, 1 reflection 3 
5,6’, 3,4, 1 contraction 3’ 
5,6’,3,7’.4 reflection 4 
5,6’, 3,7’, 4 reflection 4 
8’. 5.6’. 3.7 5 

1.90 3.10 0.38 3.10 11 
2.50 1.90 0.38 3.10 16 
2.50 2.50 0.22 3.10 15 
2.50 2.50 0.30 1.90 17 
3.35 1.90 0.26 2.60 12 
3.00 2.20 0.29 2.72 17 
2.10 1.40 0.22 2.55 14 
2.84 2.68 0.34 2.96 16 
2.94 2.16 0.42 4.0 12 
2.61 2.42 0.27 2.42 18 
2.69 2.34 0.32 2.86 20 

measurement sensitivity is high. With these sol- 
utions, a series of buffer solutions of different 
acidity with pH = 2.0-8.0, respectively, were 
prepared, and with their reagent blanks as 
references, experimental responses at different 
pH values were measured, and the results are 
shown in Fig. 2. From Fig. 2 it can be seen that 
when the heating time is fixed at 10 min, there 
are three plateaus appearing with increasing 
pH value on the AIF acidity curve, and the 
third plateau has the highest test sensitivity, 
with the relative pH value being 6.6-7.0 in 
the potassium dihydrogen phosphatesodium 
hydroxide system. So potassium dihydrogen 
phosphate-sodium hydroxide buffer solution 
with pH = 6.8 is the best choice. 

Choice of activator. The study of the influence 
of the 8 complexing agents-nitrilo triacetic 
acid, triethylenetetramine, triethanolamine, 
tetraethylenepentamine, EDTA, 8-hydroxy- 
quiroline, thiourea, and phenanthroline upon 
the catalytic system shows that only nitrilo 
triacetic acid and phenanthroline can serve as 
activators and nitrilo triacetic acid does better 
and brings about better results. It is our best 
choice for activating agent. 

Choice of the best dose of diflerent reagents by 
controlled and weighted centroid simplex method. 

On the basis of conditional experiment 1 and 2, 
we experimented with the proper dose of buffer 
solutions, nitrilo triacetic acid, rhodamine 6G 
and potassium periodate, and determined the 
scope of their dose before choosing the best dose 
by controlled and weighted controid simplex 
method. Simplex shifting was conducted 12 
times, as shown in Table 1. 

When simplex shifting reached 8’, it would 
meet the expected requirement, the relative 
deviation of the experiment response value of 
the five retention points was R = 4.6% c 5%, 
and the process stopped, with 9 being centroid 
of the five retention points. 

Influence of reaction temperature. The system is 
very sensitive to the temperature change. Low 
temperature results in very slow catalyzed and 
uncatalyzed reactions. With the temperature in- 
creasing, the catalyzed reaction speeds up and 
AIF value increases with the rise of temperature 
from 45°C to 70°C. When the temperature is 
higher than 7O”C, the uncatalyzed reaction speeds 
up as well, and is even faster than catalyzed 
reaction. AIF value drops more than at 70°C and 
analytical sensitivity decreases. For the results 
see Fig. 3. So the reaction temperature was fixed 
at 70°C and a model 501 super constant tem- 
perature meter was used to control temperature. 

- 6 

PH 
Fig. 2. Acidity curve of the system. 

I 0 

Temperature ( “C ) 

Fig. 3. Influence of temperature upon fluorescence intensity. 
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Influence of reaction time. After the study of 
influence of reaction time upon fluorescence 
intensity (with relevant reagent blank as refer- 
ence), as shown in Fig. 4, it can be seen that 
between 2 and 12 min AIF-t is of linear relation 
and 10 min is taken as the reaction time. 

Relation between manganese and IF 

According to the described experiment 
method, we determined the value of fluor- 
escence intensity IF (with manganese concen- 
tration being 0.04-1.20 ng/ml) and found the 
calibration graph, as shown in Fig. 5. It can be 
seen that within the scope of 0.04-1.0 ng/ml, 
IF value and manganese concentration suggest 
a linear relation, with the linear regression 
equation being IF = 100.03-49.07x and 
correlation coefficient r = 0.9999. 

Coexistence ions’ interference 

Under the chosen experiment condition, an 
interference experiment was conducted on more 
than 30 common ions. When the permitted 
relative deviation from the IF value is f 5%, the 
interference is as listed in Table 2. 

Sensitivity and accuracy of the method 

Eleven parallel experiments were made on 
the following test solutions. The results are as 
follows: 

IF value of reagent blank test: 99.6, 99.3, 
100.0, 99.3, 100.4, 99.8, 100.3, 100.5, 100.0, 
100.4, 99.7, standard deviation SD = 0.29, 
detection limit: 0.018 ng/ml. 

Measured IF value of 0.40 ng/ml manganese: 
80.6, 80.3, 80.2, 79.5, 80.6, 80.5, 81.0, 80.2, 
80.8, 80.1, 79.9, standard deviation: 0.43, of 
coefficient of variation 2.2%. 

Measured IF value of 0.80 ng/ml manganese: 
62.3,60.9, 61.0, 60.6,61.2, 60.8,60.0, 60.3, 60.1, 
60.2, 61.4, standard deviation: 0.67, coefficient 
of variation: 1.7%. 

Sample analysis 

Determination of trace manganese in human 
hair. Get some hair cut from hind-brain scalp, 
have it soaked in 3% “White Cat” Brand 
detergent for 30 minutes, well stirred, washed 
clean in deionized water, baked dry under infra- 
red lamp, and cut it into 0.5-l cm segments with 
stainless steel blade. Take 0.3 g of this sample, 
put it into a 50 ml dry beaker before adding 
5.0 ml mixed acid (HNO, : HClO, = 3 : 5), cover 
it with a surface dish, put the beaker in a vent 
cabinet and keep it there overnight, then have it 

/ 
20 

/ 

10 

I--- / 

/ 

/ 

4 8 12 16 

t (min) 

Fig. 4. AIF-Reaction time curve of the system. 

30 I- , 

resolved for 40 minutes at a low temperature the 
next day. Remove the surface dish and heat it 
until almost dry at a low temperature (to get rid 
of the excess mixed acid), shift it into a 50 ml 
measuring flask, have it water-diluted to the 
mark (at this time the solution becomes trans- 
parent). At the same time a blank test is con- 
ducted. Take 0.50-1.00 ml aliquots of this 
sample solution into a 25 ml measuring flask 
and have the solution adjusted into neutral 
solution with 0.02M sodium hydroxide solution, 
determine the IF value using the experiment 
method. Ascertain the Mn(I1) content from the 
calibration graph accordingly. After subtracting 
the reagent blank, convert it into manganese 
content in the sample and do recovery test for 
the results (see Tables 3 and 4). 

Determination of trace manganese in human 
urine. Get 25.00 ml morning urine, have it di- 
gested, shifted into a 25 ml measuring flask, and 
water-diluted to the mark. Then get 2.5 ml and 
put it into another 25 ml measuring flask, have 
it adjusted to the neutral with 0.2M sodium hy- 
droxide solution, determine the fluorescence in- 
tensity IF value using the experiment method, at 
the same time conduct a blank test, deduct the 
blank value, work out manganese content in the 
urine sample and do addition recovery test. 
The result is shown in Tables 5 and 6. 

Determination of manganese content in 
skinned&h. Get 50 g skinned fish baked for 

\ 
\ 

\ 

_t , ‘,‘ y 
0 10 20 30 

Mn (ng / 2SmI) 

Fig. 5. Alibration graph. 
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Table 2. The influence of coexistence ions. [Mn*+] = 10.06 ng/ZS ml (0.4 ng/ml) 

Coexistence Addition Concentration of Ratio IF value 
ions form coexistence ions [ion]/[Mr?+] change, % 

K+ 
Cl- 
Na+ 
F- 
Ni2+ 
W(VI) 
MoCVrt 
c02+ 
Cu2+ 
BrO; 
ClO;- 
NO; 
SOi- 
Br- 
NO; 
Se 

CfJ+ 
Cr@I) 
A&’ 
Bi3+ 

ZrO 

Fe3+ 
Zn2+ 

Cd*+ 

Pbr+ 
Sb(III) 

As(III) 

Ge4’ 

Sit4 

Sn+4 

V(v) 

KCl 
KC1 
NaF 
NaF 

NiSO, 
Na,WO, 

~~~~~~0~ 
fZ 

cuso, 
NaBrO, 
KCIO, 
KNO, 
K,SO, 
KBr 

NaNOz 
metal Se 

(HNO, dissolution) 
Cr#O,), 

K,cG 
.&NO, 

metal Bi 
(HNO, ~ssolutio~) 

Acyl~r~ni~ 
chloride 

NH,Fe(SO, h 
metal Zn 

(HCl dissolution) 
metal Cd 

(HCl dissolution) 
PbcNo, )z 
metal Sb 

(H2S04 dissolution) 
As203 

(10% NaOH dissolution) 
metal Oe 

(I&O, ~i~lution) 

(~hydrat~ sod&m carbonate 
high temperature dissolution) 

HgO,), 
Na2C204 
MI&& 
KClO, 
CaCO, 

(HCl dissolution) 
metal Sn 

@ICI dissolution) 
NH,VO, 

1.68 mg{ml 4.2 x 106 6.0 
1.52 mgjml 3.8 x 106 6.0 
0.88 mglml 2.2 x 106 4.2 
0.12 mg/ml 1.8 x 106 4.2 
4.32 pgglml 1.08 x l(r -4.8 

10.24 ~g~rnl 2.56 x lo” -6.0 
0.48 agog 1.2 x loj - 5.4 
20.6 ngjmt 51.5 -3.6 
0.48 trgjml 1.2 x 103 -4.5 
1.28 mgjml 3.2 x 106 6.6 

27.28 pgg/ti 6.82 x 10’ 4.6 
6.14 mgjml 1.54 x 10’ -6.0 
1.10 mg/ml 2.75 x 106 6.6 

13.45 pgcglml 3.36 x 10’ -5.1 
4.32 nglml 10.8 -4.2 
40.4 nglml 1.01 x 102 4.8 

2.24 nglml 5.6 6.0 
8.24 ng/ml 20.6 3.0 
4.2 nglml 10.5 -4.8 

3.66 ngiml 9.2 -6.0 

0.33 ~glrn~ 8.3 x 102 -5.4 

64 rlglml 
0.90 Pghl 

1.6 x lo” 5.4 
2.2 x 10-S -6.0 

7.22 pgglml 1.8 x 10‘ 5.4 

0.84 pgcglml 
15.7 ngjml 

2.1 x 10’ -4.8 
39 -6.0 

5.44 pglml 1.4 x lo” -4.8 

8.00 ng/ml 20 4.2 

0.38 ~glrnl 9.5 x loz -5.0 

1.53 fig/ml 
0.8 pg/ml 

0.33 mglml 
3.2 pgglml 
29 pglml 

1.00 w/ml 

3.8 x lo3 -4.6 
2.0 x 103 4.8 
8.2 x lo5 4.5 
8.0 x lo3 5.1 
7.2 x l@ -4.8 
2.5 x 10’ -6.6 

0.11 pglml 

3.4 &ml 

2.8 x lo’ -4.8 

8.5 x lo3 -6.0 

24 hours at lOS”C, then ground into powder. glass beads, cover the flask with a short neck 
Get 2.00 g and put it into a 250 ml Erlemneyer funnel. When the digestion reaction slows, put 
flask, add 20 ml concentrated HN03 and 3-4 the ErIenmeyer flask into the vent cabinet and 

Table 3. Measured results of trace manganese content in human hair 

MangPMlese content 
Sample worked out with Measured value 

Hair Sample amount regression equation of manganese content Average RSD 
sample weight ml ng/2S ml (1(8/g) value % 

I 0.3006 1.00 18.88 17.85 18.35 3.14 2.97 3.05 2.97 4.0 
0.2989 1.00 17.32 17.60 16.80 2.98 2.94 2.81 

II 0.2268 1.00 7.65 ;f :: 8.18 1.69 1.63 1.88 1.78 5.8 
0.2468 1.08 9.18 9.4s 1.86 1.76 1.91 

III 0.2944 0.50 12.75 12.2s 13.25 4.33 4.16 4.50 4.32 3.9 
0.2484 o.so 10.72 11.22 10.20 4.32 4.52 4.11 
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Hair 
sample 

Table 4. Recovery test on human hair sample 

Sample Sample Manganese content Added manganese Measured 
weight amount in the sample amount content Recovery 

g ml ng/25 ml ng/25 ml tag/25 ml % 

I 0.3006 0.30 5.35 5.03 10.02 96.4 
0.2989 0.30 5.32 5.03 10.10 95.0 

II 0.2268 0.50 4.02 5.03 9.18 102.6 
0.2468 0.50 4.40 5.03 9.70 105.4 

III 0.2944 0.30 7.62 5.03 12.50 97.0 
0.2484 0.30 6.45 5.03 11.23 95.0 

Table 5. Measured results of trace manganese content in human urine 

Urine 
sample 

I 

II 

III 

Sample 
amount 

ml 

2.50 
2.50 

2.50 
2.50 

2.50 
2.50 

Manganese content 
worked out with 

regression equation 
ng/25 ml 

Measured value 
of manganese content Average RSD 

tignll value % 

6.22 5.98 5.98 2.49 2.39 2.39 2.42 3.4 
6.22 6.22 5.72 2.49 2.49 2.29 

5.25 5.48 5.25 2.10 2.19 2.10 2.13 4.6 
5.25 5.00 5.72 2.10 2.00 2.29 

3.72 4.00 3.48 1.49 1.60 1.39 1.49 6.3 
4.00 3.72 3.48 1.60 1.49 1.39 

let it stay overnight-for cold nitrification, then 
raise the temperature for high temperature 
nitrification. When solid granules are digested, 
take the flask out for cooling, then add 
10 ml triple acid mixed nitrified solution for 
2 hours at a low temperature digestion until 
a lot of white smog appears. This is followed 
by high temperature heating until digested 
liquid becomes colorless, transparent wet- 
salted state. After that, get it cooled, dissolved 
with hot distilled water and filtered into a 
50 ml measuring flask, washed three times 
with hot distilled water until the filtrate is 
about 50 ml. Then have it diluted up to the 
mark with distilled water and well shaken for 
future use. For measurement, dilute the solution 

lo-fold (blank test is conducted at the same 
time). 

Take 1.00 ml of the sample solution and 
empty it into a 25 ml measuring flask, adjust 
it to the neutral with 0.2M sodium hydroxide 
solution and determine its fluorescence intensity 
IF value using the experiment method. The 
result is shown in Table 7. Perform the standard 
addition-recovery test, for the result, see Table 8. 

Determination of trace manganese in running 
water. Get 1.00 ml sample running water (two 
parallel portions), put it into a 25 ml measuring 
flask, determine the fluorescence intensity IF 
value using the experiment method and conduct 
addition-recovery experiment. The results are 
shown in Tables 9 and 10. 

Table 6. Standard addition recovery experiment on human urine sample 

Sample Manganese content Added manganese Measured 
Urine amount in the sample amount amount Recovery 
sample ml ng/25 ml ng/25 ml ng/25 ml % 

I 2.00 4.85 5.03 10.05 103.4 
2.00 4.85 5.03 10.00 102.4 

II 2.50 5.32 5.03 10.20 97.0 
2.50 5.32 5.03 10.15 96.0 

III 2.50 3.72 5.03 8.68 98.6 
2.50 3.72 5.03 8.33 91.7 

Table 7. Measured result of manganese content in skinned fish 

Sample Sample Measured Measured value of 
weight volume manganese content manganese content in Average 

g ml ng/25 ml sample fish (ppm) value 

2.0019 1.00 1.47 1.47 1.49 1.83 1.83 1.87 1.84 
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Table 8. Recovery of manganese in skinned fish 

1047 

Sample Sample Manganese content Added standard Measured 
weight volume in the sample manganese amount amount Recovery 

g ml ng/25 ml ng/25 ml ng/25 ml % 

2.0019 0.5 7.40 5.03 12.26 96.6 
2.0019 0.5 7.46 5.03 12.16 94.6 

Table 9. Measured results of trace manganese in runnina water 

Measured manganese 
Sample amount by regression Measured manganese Average 

Water amount equation content in the sample value RSD 
sample ml nal25 ml Ml1 uall % 

1 1.00 18.65 18.15 18.15 18.65 18.15 18.15 18.36 1.3 
2 1.00 18.40 18.15 18.65 18.40 18.15 18.65 

Table 10. Standard addition-recovery experiment on the running water 

Sample Manganese amount Added manganese Measured 
Water amount of the sample amount amount Recovery 
sample ml ng/25 ml ng/25 ml ng/25 ml % 

1 0.20 3.67 5.03 8.73 100.6 
2 0.20 3.67 5.03 8.97 105.4 

Study on kinetic character of the system 

Determination of the reaction order. When 

choosing the best condition for the experiment, 
we drew Fig. 4 indicating the reaction system, 
from which it can be seen that when t = 2-12 
min, AIF-t is of linear relation, and within this 
period the catalytic system can be regarded as 
pseudo-zero order reaction. 

Determination of apparent activation energy 
of the catalyzed reaction. The determination of 
apparent activation energy of catalyzed reaction 
is mainly based on Arrhenius’ equation: 

Gt = & evC-&,,lRT). 

Here, G,,, E,, and K,, stand for apparent rate 
constant, apparent activation energy and appar- 
ent frequency factor (determiner), respectively. 
Only when quantity is in direct proportion to 
the apparent rate constant (or reaction rate) 
can the above equation be used to determine 
apparent activation energy of the reaction. 

The catalyzed reaction is pseudo-zero order 
reaction. The quantity in direct proportion to 

Table 11. Determination of apparent 
activation energy 

T(K) i( x 10’) AIF 1nAIF 

318.15 3.14 4.0 1.39 
323.15 3.09 5.4 1.69 
328.15 3.05 8.0 2.08 
333.15 3.00 10.6 2.36 
338.15 2.96 14.6 2.68 
343.15 2.91 19.9 2.99 

reaction rate is AIF(AIF = IF, - IF,,). There- 
fore, there should be a straight line if In AIF 
is used to draw a graph for l/T and from the 
slope (- EJR) of the straight line. The exper- 
iment rate and measured results are shown in 
Table 11. 

By the data in Table 11, we can get the linear 
regression equation: 

-In AIF = 7063.6 x i - 23.57, 

regression coefficient r = 0.998 1. 
Hence, the apparent activation energy of this 

indicated reaction system: 

EC,, = 7063.6 x 8.314 J * mol-’ 

= 58.73 KJ * mol-‘. 
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Summary-The solvent extraction of copper with trimethylacetic acid using benzene and I-octanol 
as solvents was performed at 25°C and 0.1 mole. dm+ ionic strength in the aqueous phase. In contrast 
to the extraction of copper with a saturated straight-chain carboxylic acid in benzene, the dimeric 
copper trimethylacetate was observed to dissociate into the monomer, even at a moderately high 
concentration of copper in the benzene phase. In the system using I-octanol as a sofvent, both the 
monomeric and dimeric copper species are suggested to be solvated by some I-octanol moiecules. 
It has been found that the dimerixation and adduct formation of copper@) species in benzene may more 
elfectively enhance the extrac~bi~ty of copper@) than the solvation by I-octanol molecules. 

In a series of investigatiomP7 on the extraction 
of copper(I1) with various carboxylic acids, the 
extraction of copper(I1) with aromatic carboxylic 
acids has been found to proceed through a 
stoichiometry different from that with aliphatic 
carboxylic acids, by which copper(I1) is well 
known to be extracted into nonsolvating solvents 
as a dimeric species, C&A&IA),. The presence 
of a conjugated system in aromatic carboxylic 
acids can be anticipated to give some negative 
influence on the formation of the dimeric 
copper(I1) carboxylate, and to result in a lower- 
ing of the extractability of copper(II).4 Further, 
the extraction of copper(I1) with various mono- 
substituted benzoic acids has been proven to 
be appreciably influenced by the position and 
properties of the substituents.5-7 Also in an 
aliphatic carboxylic acid, the conjugated system 
in the carboxylic acid has been reported to 
inhibit the formation of the dimeric copper 
carboxylate in the extraction of copper(I1) with 
2,4-hexadienoic acid.’ On the other hand, in the 
extraction systems using an aliphatic carboxylic 
acid, the difference in carbon-chain length 
has been revealed not to affect the formation 
of dimeric copper(I1) carboxylate in benzene.9 
Moreover, it has been proven that the formation 
of dimeric copper(I1) carboxylate in benzene is 
not prevented by the bromine at the a-position 
in the pentanoic acid. lo But, in the solvent extrac- 
tion systems with cyclohexanecarboxylic acid, 
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the adjacent cyclohexane ring to carboxyl group 
was found to inhibit the formation of the dimeric 
copper(I1) carboxylate, even in benzene.” This 
can be due to the steric hindrance of the cyclo- 
hexane group on the formation of the dimeric 
copper cycIohexane carboxylate. In contrast 
to nonsolvating solvents such as benzene, the 
dimeric copper carboxylates were observed 
to dissociate at a moderately high con~ntration 
of copper(I1) carboxylate into the monomers 
in solvating solvents such as alcohols’* and 
ketones.” This can be attributed to the more 
extensive solvation of the monomeric copper(I1) 
carboxylate than the dimeric one in these 
solvating solvents. According to these results, 
the following three factors can be anticipated 
to inhibit the dimerization of the monomeric 
copper(I1) carboxylate: (1) the presence of the 
conjugated system in a carboxylic acid, (2) the 
solvation of copper(I1) carboxylate, and (3) 
the steric effects of a bulky substituent at the 
ct-position in a carboxylic acid. 

In the present paper we report on the 
extraction of copper(I1) with trimethylacetic 
acid (pivalic acid) by using benzene or I-octanol 
as the solvent in view of the steric hindrance 
and solvent effect on the dimerization of cop- 
per(I1) pivalate, In the extraction of copper(I1) 
carboxylate, the formation of the dimeric 
copper(I1) species has been found to be more 
effective than the solvation of the copper(I1) 
species for the e~an~rn~t of the extractabi~ty 
of copper(I1). 
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EXPERIMENTAL 

Reagents 

Commercial pivalic acid (purity: over 99%) 
was dissolved in purified benzene and I-octanol, 
resPectively. Benzene, 1-octanol, and sodium 
perchlorate were purified by the same methods 
as employed previ~usly.~ All other reagents 
were of reagent grade and used without further 
purification. 

Procedures 

Partition was carried out at 5 x 10m5 
mole. dme3 initial concentration of copper 
in the aqueous phase and 0.5-2.0 mole. drne3 
pivalic acid in the organic phase for both the 
systems using benzene and I-octanol as solvents. 
Shaking for about 1 hr was performed in a bath 
the~os~tt~ at 25.0 f 0.2”C, and was found to 
be su&ient for complete ~~~bmtion. Ionic 
strength in the aqueous phase was adjusted to 
0.1 mole . dm-’ by sodium perchlorate. Both the 
concentrations of copper and hydrogen ions 
in the aqueous phase after complete equilibra- 
tion were determined by the same methods as 
presented previously.’ The dissociation constant 
of pivalic acid was potentiometrically deter- 
mined to be K, = [H+][A-]/PA] = lO-“83 in the 
aqueous 0.1 mole . dmm3 perchlorate solution at 
25°C. In the evaluation of the partition constant 
of pivalic acid between the aqueous phase and 
benzene, the concentration of pivalic acid in 
the aqueous phase was determined by potentio- 
metric titration. While, for that between the 
aqueous phase and I-octanol, it was determined 
by measuring the absorbance at 208 nm, the 
absorption maximum of the acid. 

Apparatus 

The apparatus for mechanical shaking in 
a thermostat, centrifugation, pH measurement, 
and s~trophotome~c determination were the 
same as employed previously.’ 

RESULTS AND DISCUSSION 

Partition of pivalic acid 

In the extraction of metal ions with a carb- 
oxylic acid, it is important to have information 

about the partition behavior of the carboxylic 
acid. The partition ratio of a carboxylic acid 
between the organic and aqueous phases can be 
expressed as follows: 

whem K, J&HA, Ka,Hft, and WA] denote the 
dissociation constant in the aqueous phase, 
the dimerixation constant in the organic phase, 
the partition constant between the organic 
and aqueous phases of the carboxylic acid, and 
the concentration of the monomeric acid in the 
aqueous phase, respectively. The partition of 
pivalic acid was carried out between benzene 
and 0.01 mole . dmW3 perchloric acid containing 
0.09 mole. dmT3 sodium perchlorate which was 
added to keep the ionic strength in the aqueous 
phase 0.1 mole. drnm3, and between I-octanol 
and 0.1 mole . dmW3 perchloric acid, respectively. 
Under these aqueous conditions, the dissociation 
of the acid in the aqueous phase can be neglected. 
In the former case the concentration of pivalic 
acid in the aqueous phase after the equilibrium 
was determined titrimetrically with the standard 
sodium hydroxide. Then, the concentration of 
perchloric acid coexisted with pivalic acid in the 
aqueous phase is fixed at 0.01 mole . dmw3 in 
order to make it as low as possible. In this ease 
the partition constant, KD,,, and the dimeriz- 
auon constant, Kz,H, in the organic phase were 
determined by the least-squares method from 
the linear plots of D against [HA]. The values 
are summarized in Table 1 together with the 
other constants. The partition ratio of pivalic 
acid was constant and independent of the con- 
centration of pivalic acid. And it has been found 
that the dimerization of pivalic acid in I-octanol 
does not occur to any appreciable extent. The 
distribution ratio of pivalic acid is equal to 
the partition constant. The value is listed in 
Table 1. 

Extraction of lopper with pivalic acid 

If a i-merized copper(I1) pivaiate of the 
composition Cu,A,(HA), is extracted, the 
extraction equilibrium using benzene as a 
solvent can be written as follows: 

Table 1. Partition and dimerkation constants of pivalic acid and extraction constants of copper pivalates (at 25°C) 

solvent log &,nA log &HA lot3 K#,, log ~,I, log Go@ log 1ya420 log k;licu, 

Benzene 0.02 2.16 -8.39 -7.93 -11.81 
1 -CktanOl 1.42 -8.57 -9.35 - 14.13 - 14.65 
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jCu*+ + v (HA),, 

with 
e[Cufi,,@A)J, + 2jH+ 

K 
[Cu A (HA) J [H + I” 

d.d = L&2+; [(I+(&+ a)/2 ’ (2) 

where (HA),, denotes the dimeric pivalic acid in 
the organic phase, and the subscript “0” refers 
to the organic phase. Pivalic acid acts prim- 
arily as a dimer in benzene through hydrogen 
bonding. 

On the other hand, the extraction equilibrium 
for I-octanol can be expressed as follows: 

iCu2+ + (2i + a’)(HA), 

with 
$[CU,A,~(HA),;I, + 2iH+ 

K, = [CuiA2i(HA),,l,[H+12’ 
era’) [C,2+]‘[HA]g’+a’) ’ (3) 

where (HA), denotes the monomeric pivalic 
acid in I-octanol. The formation of the dimeric 
pivalic acid in 1-octanol does not occur to 
any appreciable extent because of solvation of 
monomeric pivalic acid by I-octanol molecules. 

The concentration of copper(I1) in the 
organic phase is expressed by the following 
equations, corresponding to equations (2) and 
(3), respectively. 

Using benzene as a solvent, 

c cu,0 = XEj&,,, [Cu2+]j [(HA)2]~jf”)‘2[H +I-“, 
JO 

(4) 
and using 1-octanol, 

C cu,0 = XX iK,,,,[Cu2+]i[HA]~‘+ “)[H+]-2i. (5) 
i a’ 

Determination of the degree of polymerization 
of copper pivalates 

According to the same plot as employed pre- 
viously,* it was suggested that the monomeric 
and dimeric copper(I1) pivalates are responsible 
for the extraction of copper(I1) with pivalic atid 
both in benzene and 1-octanol. Then, the follow- 
ing expressions can be derived from equations (4) 
and (5): for benzene, 

log Cc,, - log[cu2+] + 2 log[H ‘1 

= log &(,a) + 
(2 + a) 
- W(HAMo 2 

+log l+ 
( 

~[(&Q&2+b-“” 

Wd 

x [Cu2+] [H+]-2 
> 

(6) 

-1 

4 5 6 

logCCu2+l - 2logCH+l 

Fig. 1. Determination of the degree of polymerization of 
copper(U) pivalates. C,; (1) 2.0, (2) 1.5, (3) 1.0, (4) 0.7, 
and (5) 0.5 mole. dm-3. Open and closed symbols refer to 
bcnze.ne and l-octanol, respectively. Solid and dotted curves 
are the normal&d ones, log(1 + X) us. log X. Solid and 
dotted lines are the straight ones which are the asymptotes 

of the respective normal&d curves. 

and for I-octanol, 

log G.0 - log[Cu2+] + 2 log[H+] 

= log Z&,,) + (2 + a’) log[HA], 

p [HA]$2+b’-“3 
x(W) 

x [Cu’+][H+]-2 
> 

, 

respectively. 

(7) 

As described in the previous work,2 by fitting 
the plots of (log Cc,, - log[cu2+] + 2 log[H ‘I) 
against (log[Cu2+] - 2 log[H +I) at constant 
[(HA)& for benzene, and [HA], for I-octanol 
with the normalized curve, log(1 + X) vs. log X, 
it can be confirmed that both the monomeric 
and dimeric copper(I1) species are extracted 
into both benzene and I-octanol. The results 
are shown in Fig. 1. The plots fit well in the 
normalized curve in the range of the total 
concentration of pivalic acid from 2.0 to 0.5 
mole. dme3 under the extraction systems using 
either benzene or 1-octanol as a solvent. There- 
fore, the monomeric and dimeric copper(I1) 
pivalates have been found to be responsible for 
both the extraction systems. 

Determination of the number of pivalic acid 
molecules involved in the extracted species 

In the region where the monomer prevails, the 
following relations for benzene and I-octanol 
can be derived according to the similar manner 
described in the previous paper:2 



1052 H. YAMADA and C. KAro 

log c,,, - log[cu2+] + 2 logw+] 

= log c J&u,) KHA),I$ + *)“, 03) 
a 

for benzene, and 

log CC”,, - log[Cu’+] + 2 log[H+] 

= log c &,a,) [HAI: + a’)v (9) 
a’ 

for I-octanol, respectively. 
On the other hand, in the region where the 

main copper(I1) species exist as the dimer, the 
following expressions can be obtained: 

log Cc,0 - 2 (log[Cu’+] - 2 log[H+]) 

= log 2 c Gus) [(HA)&’ + b)‘2, ( 10) 
b 

for benzene, and 

log Cc,, - 2 (log[Cu2+] - 2 log[H+]) 

= log 2 c Kxx(2b#W!+b’), (11) 
b 

for I-octanol. On the basis of equations (8)-( 1 l), 
the number of pivalic acid molecules involved in 
the respective monomeric and dimeric copper(I1) 
species can be estimated from the slope of 
the plots of (log C,,,, - log[cu2+] + 2 log[Hf]) 
VS. log[(HA)& for benzene and us. log[HA], 
for I-octanol, and log Cc,, - 2 (log[Cu2+] 
- 2 log[H+]) US. log[(HA)& for benzene, and us. 
loglHA], for I-octanol, respectively. The results 

Fig. 2. Determination of the number of pivalic acid mol- 
ecules involved in the monomeric and dimeric copper(H) 
species in benzene. Solid and dotted lines are the straight 
lines with slopes of 3.0 and 1 _ 1.5, respectively. Open and 
closed symbols refer to the dimeric and monomeric copper 

species, respectively. 

logCHA3, 

Fig. 3. Determination of the number of pivalic acid mol- 
ecules involved in the monomeric and dimeric copper(I1) 
species in I-octanol. Solid and dotted lines are the straight 
ones with slopes of 4.0 and 2.0, respectively. Open and closed 
symbols refer to the diieric and monomeric extracted species, 

respectively. 

for benzene are shown in Fig. 2. The plots for 
the dimer fell on the straight line with a slope of 
3.0. It has been found that the dimeric species 
is Cu,A,(HA),. For the monomer the slope 
of the plots should be 1.0 or 1.5 or 2.0 in the 
presence of only one type of the monomeric 
species, since the value of a in equation (8) must 
be an integer. It is shown in Fig. 2 that the slope 
of the plots lies between 1.0 and 1.5. This 
suggests that at least two kinds of the mono- 
meric species are extracted into the benzene 
phase and one of them is certainly GA,. While 
the results for the extraction using I-octanol as 
a solvent are shown in Fig. 3. The plots for both 
the monomeric and dimeric species fall on the 
straight lines with slopes of 2.0 and 4.0, respect- 
ively, at lower concentration of pivalic acid in the 
organic phase, but deviate just a little upward 
from the respective straight lines with increasing 
[HA],. Then it has been found that two kinds of 
both the monomeric and dimeric copper(I1) 
species are at least responsible for the extraction 
using I-octanol as a solvent, and one of them 
is CuA, for the monomer, and Cu2A, for the 
dimer, respectively. 

The monomeric copper(I1) species other 
than &A,, which was recognized from Figs 2 
and 3, can be expected to be CuA2HA and/or 
CuA,(HA), for both the extraction systems using 
benzene and I-octanol as solvents. Similarly for 
1-octanol the dimeric ones other than Cu,&, 
which was suggested from Fig. 3, can be antici- 
pated to be Cu,A,HA and/or Cu,A,(HA),. Then, 
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in the region where the monomer prevails, the 
total concentration of copper(I1) in the organic 
phase can be presumed as follows: 

c cu,o = W&lo + WWAlo 

+ D&GWlo. (12) 
In the region where the dimer prevails, the 
following expression can be obtained: 

C cu,o = WwU, + L-Cu,%Wo 

+ DJ,%W&~, 1. (13) 

By use of the individual extraction constants 
these can be rewritten as follows: for benzene, 

C CU.0 

[CU~+I[H+I-~NHQ~~ 

and for 1-octanol, 

c CU.0 

[Cu2+][H+]-‘[HA]: 

= J&o, + &x,,,,W’-Q + Kxd-W~, (15) 
and 

C cu, 0 

~[CU~+]‘[H+]-~[HA]“, 

= J&420, + Kx,,,[HAl, + K&I-W:, (16) 

respectively. From the plots of the values of the 
left hand side of each equation against [(HA)JA’2 
for equation (14), and [HA],, for equations (15) 
and (16) the other copper(I1) species can be esti- 
mated. As shown in Figs 4 and 5, the plots gave 
a linear relationship in all cases. The plots on 
the basis of equations (14) and (15) are in good 

Fig. 4. Estimation of the composition and extraction 
constants of the monomeric copper@) species in benzene. 
The straight line was drawn by the least-squares method. 

agreement with the straight line calculated by 
the least-squares method. Although the plots on 
the basis of equation (16) deviate from the line, 
a linear relationship between the values of the 
left hand side of equation (16) and [HA], is 
found. The fluctuation of the plots of the dimeric 
copper(I1) species in Fig. 5 can be due to the 
amplification of the experimental error on the 
value of the vertical axis for the plots based 
on equation (16) compared to that based on 
equation (15). This amplification of the error 
results from the fact that each concentration 
term in the denominator of the left hand side 
of equation (16) becomes the square of that in 
equation (15). The resulting information sug- 
gests that the third term on the right hand side 
of equations (14)-(16) can be neglected, that is, 
CuA2(HA), both in benzene and I-octanol, and 
Cu,&(HA), in 1-octanol do not exist to any 
appreciable extent under the present extraction 
conditions. In addition, the extraction constants 
for the respective extracted species can be deter- 
mined from the slope and intercept of the corre- 
sponding straight line. The resulting constants 
are summarized in Table 1. The composition 
of the dimeric copper(I1) species in benzene is 
consistent with the dimer which has been 
presented in the extraction of copper(I1) with 
pivalic acid using toluene as a solvent by 
Haffenden and Lawson.14 They speculated that 
the monomeric copper(I1) species was also 
extracted together with the dimeric one. But 
neither the composition of the monomer nor 
the extraction constant of the dimeric species 
were estimated in their work. 

- 
0 0 @I 1.0 e 

3 
,- u” 
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*- 

-0.5 
1 2 

CHAI, 

Fig. 5. Estimation of the composition and extraction 
constants of the monomeric and dime& copper(K) extracted 
species for I-octanol. Straight lines were drawn by the 
least-squares method. Open and closed symbols refer to the 

dimeric and monomeric species, respectively. 



Consequently, the extraction equilibria for 
the present extraction systems can be expressed 
as follows: for benzene, 

Cu’+ + (HA),, 

.Kaxclo, (CuA,), + 2H + 

CUE+ + ;(HA),, 

z (CuAtHA), + 2H + 

2Cu2+ + 3(HA)Z,0 

.Xar(2Z) [Cu*A,(HA)& + 4H + , 

and for I-octanol, 

Cu*+ + 2(HA), 

q?% (CuA,), + 2H + 

Cu*+ + 3(HA), 

,Kptla_ ~~*HA)* + 2H + 

2Cuz+ + 4(HA), 

Knclp) (Cu,A& + 4H + 

ZCu*+ + 5(HA), 

respectively. 

,.?% (Cu,A,HA), + 4H + , 

Then the adduct formation and dimerization 
of copper(I1) pivalates in both the benzene and 
l-octanol phases can be formulated as follows: 
for benzene, 

(CuA&,+ f(HA)$=(CuA,HA), 

2(CuAzHA),, 4,-1 [Cu2Ad(HA),],, 

and for I-octanol, 

(CuA, ), + (HA), - Kaa,ml_ (CuA,HA), 

2(C&)* - Kduo-l_ (CuzA&, 

K&A,) + @Alo - ti (Cu~A~HA)~ 

with the following adduct formation and 
dimerization constants calculated from the 
respective extraction constants: log &,, ,,,, = 0.46 
and log &,,, _ 2 = 4.05 for benzene, and log &,,, ml 
= -0.78, log K&,_, = 3.01, and log J&&, = 
- 0.52 for I-octanol, respectively. 

The relationship between the distribution ratio 
of copper(I1) and the hydrogen ion concentration 
in the aqueous phase, which was drawn on the 
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Fig. 6. Relations~p between the distribution ratio of 
copper@) and the hydrogen ion concentration. Solid 
and dotted curves, which were drawn on the basis of 
the results obtained from the present work, refer to benzene 
and I-octanol, respectively. Symbols: (1) C, = 2.0, and 

(2) C, = 0.5 mole. dme3, respectively. 

basis of the present results, is shown in Fig. 6. 
As can be seen from Fig. 6, benzene is more 
useful as a solvent than 1-octanol for the present 
extraction systems. That is to say, the dimeriz- 
ation and adduct formation of copper(I1) species 
in benzene may contribute more effectively to the 
enhancement of the extractability of copper 
than the solvation of copper(I1) species by 
1 -0ctanol molecules. 

Distribution diagrams of copper species 

The ~st~b~tion diagram of copper(H) 
pivalates in the organic phase in the presence of 
an excess of pivalic acid can be calculated from 
the results obtained by the present work. It is 
depicted in Figs 7 and 8. Both the dimerization 
and adduct formation of copper pivalates 
are shown to proceed more easily in benzene 
than in 1-octanol in Figs 7 and 8. At the total 
copper(I1) concentration in the organic phase 
as high as 10e3 mole. dmm3, the dissociation of 
the dimeric copper(I1) pivalate has been found 
to occur even in benzene. This has never been 
observed in aliphatic carboxylic acid-benzene 
systems except for the cyclohexanecarboxylic 
acid-benzene system.” 

Solvent effects 

The resulting constants suggest that both the 
adduct formation and dimerization reactions 
of copper pivalates proceed more easily in 
benzene than 1-octanol. This can be attributed 
to stabilization of the monomeric copper(I1) 
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Fig. 7. Distribution diagrams of copper(H) pivalates in benzene. Solid and dotted curves refer to CH, = 0.5 
and 2.0 mole. dm-‘, respectively. Symbols: (1) CuA2, (2) CuA#A, and (3) CuzA,(HA),, respectively. 

species by the solvation with some I-octanol 
molecules in I-octanol phase. The more favor- 
able solvation of the monomeric copper(I1) 
pivalate by 1-octanol molecules can be ascribed 
in part to the hydrogen bonding ability of l- 
octanol as well as in the previous worki on the 
solvent effects on the dimerization of copper(I1) 
decanoate, in which the monomeric copper(I1) 
decanoate was found to be more extensively 
solvated in alcohol solvents than in ketone ones. 
On the other hand, in benzene the monomeric 
species, CuA, and CL&HA, which do not 
satisfy the coordination number of copper(I1) 
ion only by pivalic acid, can be expected to be 
hydrated by two and one water molecules, 
respectively. This is supported by the fact that 

in benzene the extraction constant of Ct.& 
in which two water molecules are supposed to 
be involved, is smaller than that of C&HA, 
in which one water molecule can be involved. 
Contrary to the case of benzene, in the 1 octanol 
system, one or two 1-octanol molecules can 
be anticipated to attach to the coordination- 
unsaturated sites of copper ion, in order to 
satisfy the coordination number of copper(I1) 
ion, that is, CuA, and Cur& can be involved 
with two 1-octanol molecules, and CuA,HA and 
Cu,&HA can be involved with one I-octanol 
molecule. The species CuA, and Cu2A., solvated 
by two I-octanol molecules become more lipo- 
philic than Ct.&HA and Cur&HA, in which 
one 1-octanol molecule can be involved, and 

Fig. 8. Distribution diagrams of copper pivalates in I-octanol. Solid and dotted curm are same as 
in Fig. 7. Symbols: (1) CIA,, (2) CuAgA, (3) Cu.& and (4) CuAHA, reqwtively. 
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the extraction constants of the former species 
become greater than those of the latter ones as 
shown in Table 1. 

The adduct formation reaction of copper(I1) 
pivalates with pivalic acid molecules can be 
regarded as the ligand replacement of co- 
ordinated water or 1-octanol by pivalic acid. 
It proceeds more easily in benzene than in 
1-octanol, because in the latter the exchange 
of coordinated 1-octanol with pivalic acid can 
be inhibited by bulk I-octanol molecules. The 
expected results for the respective adduct 
formation constants have been obtained as 
described above. 

In addition, it can be usually expected that the 
lower the dielectric constant, the more extensive 
is the dimerization of copper(I1) carboxylate. 
In the previous paper’ on the extraction of 
copper(I1) with decanoic acid in various non- 
solvating solvents ranging in dielectric constant 
from 1.9 (n-hexane) to 10.4 (1 ,Zdichloroethane), 
copper(I1) was found to be extracted only as 
the dimeric species [Cu,A,(HA)A irrespective of 
the dielectric constant of the solvent used as a 
solvent. While, in the other paper,’ we reported 
that the dissociation of the dimeric copper(I1) 
decanoate to the monomer was observed in 
the extraction system using 1-octanol whose 
dielectric constant is similar in magnitude to 
1 ,Zdichloroethane. According to these results, 
in the present extraction systems the solvation 
effect of I-octanol on the dimerization of 
copper(I1) pivalate is much larger than the effect 
resulted from the difference in the dielectric 
constant between I-octanol and benzene. 

Steric efect 

Steric factors can be also expected to influ- 
ence the adduct formation and dimerization 
of copper(I1) pivalates in the present extraction 
systems. In contrast to the extraction with 
decanoic,’ LX -bromopentanoic, lo and o! -lipoic3 
acids, in which the dissociation of the dimeric 
copper(I1) carboxylates was not observed in 
benzene in the range of the total concentration 
of copper(I1) in the organic phase from 10m4 to 
lob3 mole . dme3, the dissociation of the dimeric 
copper(I1) pivalate in the benzene phase has 
been observed in the similar range as described 
above. This suggests that the formation of the 
dimeric copper(I1) pivalate can be sterically 
inhibited by three methyl substituents which are 
just adjacent to the carboxylic group. Judging 
from the fact that not only in I-octanol, but also 
in benzene, the monomeric copper(I1) pivalate, 

CuA,(HA),, could not be recognized to any 
appreciable extent, three methyl groups can 
be anticipated to make difficult sterically the 
arrangement of two pivalic acid molecules 
around CuA, species. 

CONCLUSIONS 

Consequently, steric hindrance by three 
methyl substituents at the a-position for the 
carboxylic group and solvation by I-octanol 
and water molecules have been found to influ- 
ence the adduct formation and dimerization of 
copper(I1) pivalates. And both reactions play an 
important part on the extraction of copper(I1) 
carboxylates, and can result in an effect similar 
to the synegistic one. Such steric and solvent 
effects can be also expected to influence the 
extractability of a metal ion which is extracted 
as a polymeric metal carboxylate. Previously, 
in the extraction of AI(III), Ga(II1) and In(II1) 
with decanoic acid, these metal ions have been 
found to increase the degree of polymerization 
of metal decanoates in the order, Al > Ga > In, 
both in benzene and 1-octanol phases.15 The 
differences in the degree of polymerization of 
the extracted species, which will result also in 
the present extraction systems, can be anticipated 
to lead to the differences in the extractability 
of such metal ions as aluminum, gallium and 
indium. 

Then, the present extraction systems can 
be expected to be also useful for the extraction 
of other metal ions which can be extracted as 
polymeric carboxylates with various degrees of 
polymerization. 
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Summary-A microdetermination method at sub-pg/l. level for aluminium by solid-phase spectropho- 
tometry has been developed. Chrome axurol S was used as chromogenic reagent to form a blue complex 
which was easily and strongly sorbed and concentrated on a dextran-type anion-exchange resin. The 
resin-phase absorbances at 615 and 800 nm were measured directly. ~~~~ can be determined in the 
0.640 rg/I. range with a RSD of 2.1%. The method is applied to the dete~ination of al~nium in 
micaschist, natural and tap water samples. 

The potential toxicity of aluminium in man is 
universally recognized. A series of clinical 
disorders, including dialysis dementia, has been 
associated with its accumulation in several 
tissues (brain and bone principally) in renal-fail- 
ure patients undergoing regular hem~a1ysis.l 
It has been suggested’ that alumini~ increases 
the pe~eability of the blood-brain barrier 
which may lead to dementia or other neuronal 
disorders. Aluminium is present at approxi- 
mately 1.4 ppm or 100 mg Al/70 kg man and it 
is ingested with food; the approximate daily 
dietary intake is 36.4 mg2 varying with degree of 
dietary exposure. Aluminium ions in our diet 
are completely non-bioavailable from the small 
intestine because the aquated charged ions are 
not able to penetrate the lipid protein mem- 
branes of the duodenal mucosa and thus pass on 
into the bloodstream.3 On the other hand, it can 
be assumed that at least part of human dietary 
aluminium intake is in the form of chelates with 
natural food components such as citric, lactic 
and oxalic acids.4 In these chemical forms, 
Slanina et ~1.~ showed (working with rats) that 
aluminium is bioavailable. In moderate 
amounts, aluminium does not exert prejudicial 
effects in man. It is used in the treatment of tap 
waters. On the other hand, it has been shown 

*Author for correspondence. 

that aluminium is toxic to fish’. Hence a great 
deal of attention to the determination of this 
element has been paid recently. 

Numerous binary complexes of Al(II1) with 
(a) azo reagents, (b) xantene reagents and 
(c) ~phenylme~e reagents [eriochrome cya- 
nine R, pyrocatechol violet and chrome azurol 
S (CAS)] have been used for s~trophotomet- 
ric determination of aluminium. They exhibit 
moderate sensitivity6 but it can be increased by 
addition of a catidnic surfactant such as 
cetyltrimethylammonium bromide, cetyltri- 
methylammonium chloride, cetylpyridinium 
chloride, cetylpiridinium bromide, tetraphenyl- 
phosphonium chloride and zephiramine.’ 
However the spectrophotometric determination 
of aluminium at sub-kg/l. level requires a step 
of precon~ntration. Nevertheless, solid phase 
s~trophotome~ (SPS) enables dete~ining 
analyte concentrations at this level without 
requiring an expensive instrumentation 
combining the measurements of solid-surface 
absorbance with using a solid support to 
preconcentrate selectively the analyte and 
measuring the absorbance directly in the solid 
phase with the aid of a chromogenic reagent.R9J0 
Detection limits as low as 0.09 c(g/l. have been 
reported.” 

The aim of this paper has been to develop a 
sensitive and selective method for the spec- 
trophotomet~c dete~nation of alder 
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with CAS by selective enrichment of the metal 
as Al(III)-CAS species on a dextrane type resin 
and measuring of the absorbance in resin phase, 
e.g. by using SPS. 

The proposed method has been satisfactorily 
applied to the determination of aluminium in 
natural and tap water samples, and other 
matrices, such as micaschist and enables deter- 
mining of this element at sub-pug/l. level. 

EXPERIMENTAL 

Reagents 

All reagents were of analytical-reagent grade 
and the water was doubly distilled. 

Zon exchanger, Sephadex QAE A-25 
(Aldrich), anion-exchange resin was used in the 
chloride form in original dry state as obtained 
from the supplier and without pretreatment. 

Aluminium (ZZZ) standard solution 1.000 g/l., 
prepared by dissolving 17.5820 g of aluminium 
potassium sulfate dodecahydrate AlK(SO& . 
12H,O (Merck) in doubly distilled water 
containing 5 ml of concentrate. H$O, and 
diluting the solution with doubly distilled water 
to 1000 ml. Aluminium (III) working solutions 
were made in situ by dilution with doubly 
distilled water. 

Bufer solution of pH 4.60, was made by 
dissolving 35.05 g of hexamethylenetetramine 
(HMTA) and 45 ml of HCl 4M in 1000 ml of 
doubly distilled water and adjusting the pH with 
a few drops of HCl 4M or NaOH 4M. This 
solution was stored under refrigeration. 

Chromazurol S solutidn of various concen- 
trations, prepared by dissolving the necessary 
amount of the dye in doubly distilled water. 
This solution was stored under refrigeration. In 
this conditions the solution is stable for at least 
one month. 

Apparatus 

A GBC 911 microcomputer-controlled UV- 
VIS spectrophotometer with glass cells (l-mm 
optical path length) was employed for all 
spectral measurements. The spectrophotometer 
was controlled by a Bravo AST/80286 micro- 
computer connected by means of a serial port. 
A Comx PL80 plotter was used for graphical 
representations. The pH measurements were 
made with a Crison Model 2002 pH-meter fitted 
with a glass-saturated calomel electrode assem- 
bly and a temperature probe. An Agitaser 2000 
rotating agitator was also used and a centrifuge 
Selecta model S-240. 

Absorbance measurements 

The absorbance of the complex species sorbed 
on the resin was measured in a 1 mm cell at 615 
(corresponding to the absorption maximum of 
the coloured species) and 800 nm (in a region 
where only the resin absorbs light). The net 
absorbance (A,) for the complex was calculated 
from:8 

A, = As,s - Asoo, (1) 

where: A6,5 = Adls -A,,, and Asoo = As8M) - 
A b8oo and Asxxx and AbXXX are the absorbances 
of the sample and the blank (cell packed with 
resin equilibrated with blank solution), respect- 
ively at the indicated wavelength. In fact, the 
observed absorbance, A, at a given wavelength 
is obtained by:’ 

A = A, + &,n + AR + A,,,, 

where A, represents the absorbance of the 
complex species sorbed on the resin, AwIn that of 
the interstitial solution between the resin beads 
(it can be neglected), A, that of the resin 
background (A RB,,,, N 1.000) and A,, that of the 
reagent in the solid phase. The packing of the 
resin in the cell beads affects the values of A,, AR 

and ARL, but when the absorbance is measured 
at two different wavelengths, one corresponding 
to the absorption maximum of the coloured 
species (615 nm) and the other in a region 
where only the resin absorbs (800 nm), the 
absorbance difference, A,,, - Aaoo, can be 
assumed to be constant under the similar 
packing conditions. On the other hand, if the 
absorbance of a blank resin is measured at 
the same two wavelengths, the absorbance 
difference, AMI5 - Absw, allows us to estimate 
the absorbance of the complex, A, (that is 
related with the concentration of analite in the 
solution as it was shown by Yoshimura)’ from 
the equation (1). 

Procedures 

(I) A 10 ml sample solution containing 
20-200 pg/l. (0.74-7.4 pmole/l.) of aluminium 
was transferred into a 20-ml glass tube with 
stopper containing 4 ml of 1.5 x lo-’ M CAS 
solution and 1 ml of pH 4.60 HMTA buffer 
solution (total volume = 15 ml). After 10 min, 
30 mg of Sephadex QAE A-25 resin were added. 
The mixture was shaken mechanically for 5 min 
after which the resin beads were collected by 
suction with the aid of a pipette and packed into 
a 1 mm cell together with a small volume of the 
aqueous solution. Then, the cell was centrifuged 
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for 1 min at 5000 rpm. A blank solution Waters. Natural waters were filtered through 
containing all reagents except aluminium was a filter paper with a pore size of 0.45 pm 
prepared and treated in the same way as (Millipore), preserved with concentrate HN03 
described for the sample. The absorbances (0.25 ml/l. of water) and stored in a polyethylene 
(A S615, As@, Awls and Am) were measured as container. The samples were stored at 4°C until 
described under “Absorbance measurements” analysis. Analysis were performed with the least 
30 min after collection of resin. The calibration possible delay. The usual general precautions 
graph was constructed in the same way using were taken to avoid contamination. The tap 
aluminium solutions of known concentration. water was analysed without pretreatment. 

(II) A 100 ml sample solution containing 
2.0-26 pg/l. (0.074-0.96 pmole/l. of aluminium 
was transferred into a l-l. polyethylene 
bottle containing 10 ml of 1.5 x 10e4 M CAS 
solution, 5 ml of pH 4.60 HMTA buffer 
solution and, after 10 min, 30 mg of 
Sephadex QAE A-25 resin were added. The 
mixture was shaken mechanically for 15 min 
after which the resin beads were collected by 
filtration and with the aid of a pipette, packed 
into a l-mm cell as above procedure, and the 
absorbance measurement was carried out in the 
same way. 

Distribution measurements 

(III) A 500-ml sample solution containing 
0.7-5.0 pg/l. (0.026-0.185 pmole/l.) of alu- 
minium was transferred into a l-l. polyethylene 
bottle containing 20 ml of 1.5 x 10m4 it4 CAS 
solution and 25 ml of pH 4.60 HMTA buffer 
solution. After 10 min, 30 mg of Sephadex QAE 
A-25 resin were added. The mixture was shaken 
mechanically for 110 min. The absorbance of 
the coloured species was measured as the above 
procedures. 

CAS, buffer solution and 30 mg of Sephadex 
QAE A-25 resin were added to an aqueous 
solution containing 740 nmole of Al(II1) and the 
solution (100 ml) was stirred for 60 min. The 
equilibrated solution was separated from the 
resin. Afterwards, the solution was treated in 
the same way with a further batch of resin (30 
mg) and the aluminium left in that was deter- 
mined as described under “Procedures”. The 
distribution ratio D @mole of aluminium 
sorbed per gram of resin/pmole of Al(II1) per 
ml of solution) was calculated from the initial 
and equilibrium concentration in the solution. 
An average value of D = 23,400 and S.D. = 600 
was obtained from five replicates experiments. 

RESULTS AND DISCUSSION 

Absorption spectra in resin phase 

(IV) A 1000 ml sample solution containing 
0.6-4.0 pg/l. (0.022-0.148 pmole/l.) of alu- 
minium was placed in a 2-1. container of 
polyethylene containing 5 ml of 6.3 x 10m4 M 
CAS solution and 50 ml of pH 4.60 HMTA 
buffer solution. After 10 min, 30 mg of Sepha- 
dex QAE A-25 resin were added. The mixture 
was shaken mechanically for 125 min and the 
absorbance measured as described. 

CAS reacts with Al(II1) to originate a blue 
complex in solution in the pH range 3.5-7.5. 
Between pH = 2.5 and 8.0 this complex is 
sorbed on an anion-exchange resin showing the 
absorption maximum at 615 nm and reaching 
the absorbance the highest value at pH about 
4.6 (Fig. la-e). The spectrum of this complex at 
above pH in aqueous solution shows (Fig. If) 
much lower absorbance than in resin phase: the 
increasing of sensitivity in resin-phase is self- 
evident. 

Treatment of samples 

Analysis of micaschists. A suitable weight of 
sample (generally 50-100 mg) was treated in a 
nickel crucible with 2 g NaOH in the usual way. 
The melt was leached with distilled water with 
warming and poured into 250 ml HCl 0.44M 
and then distilled water added up to 500 ml (this 
solution was stored in a polyethylene container 
carefully cleaned with nitric acid and the 
samples were stored at 4°C until analysis). For 
the later process this solution was diluted 1: 100 
with addition of 0.4 ml NaOH 0.4M per ml of 
initial solution. 

Optimization of variables 

pH dependence. The optimum pH in the 
solution phase for the formation of the blue 
species on the resin falls in the range 3-5. At pH 
values below 3 and above 5 the absorbance 
value at 615 nm decreases significantly. We 
chose pH 4.60 as optimum pH value for the 
following experiences. The pH can be 
satisfactorily adjusted by addition of a 
0.25MHMTAIHCl buffer solution. Other 
buffers (acetic acid/acetate, formic acid/ 
formiate) decreased the absorbance in respect to 



Fig. 1. Net absorption spectra of Al(IKI)-CA§ species: 
(a)-(e) on the resin (resin as reference). [CAS] = 1.40 x low5 
M, [Al(W)] = 1.48 x 10m6 M, 50 mg of resin, 1 mm optical 
path length, sample volume 100 ml, stirring time 15 min: 
(a) pH=4.0; (b) pH -4,5; (c) pH= 5.0; (d) pH=5.5; 
(e) pH = 6.0; (r) in aqueous solution, [CAS] = 9.0 x lo-$ 
M, [AElI)] = 9.0 x W4 An, 10 mm optical path length, 

pH = 5.0. 

use HMTA/HCl buffer (80 and 26%, respectively 
for au aluminium concentration of 40 &g/i. using 
50 mg of resin and a final volume of 100 mf), 

Reagent ~~n~~~~r~~~n_ Absorbance increases 
with an increasing CAS concentration, a plateau 

A 

occurring from 1.2 to 2.5 x lOIS (for 100 ml 
sample). It seems that the excess of free ligand 
competes with the complex for sorption on the 
resin phase and it originates these plateaux_ The 
optimum molar ~CAS~Al~III)] ratio necessary 
was 8, 13,40 and 53 {for 15, 100, 500 and 1000 
ml sample volumes, respectively). 4.0 x 10-5, 
1.5 x 10m5, 6.0 x 10W6 and 3.15 x 10W6A4 
reagent concentration were chosen for 15, 100, 
500 and 1000 ml sample volumes, respectively. 

O&r ~~~E~~rn~~~~~ ~~~~~r~~~. The optimum 
stirring times are 5, t 5, 110 and 125 min for 15, 
100, 500 and 1000 ml sample volumes, respect- 
ively (Fig. 2). The fixed complex is stable for at 
least ‘7 hr after equilibration. 

The order of addition of the reagents affects 
signi~~antly the results obtained, the order used 
was: reagent, buffer, aluminium, resin. The use 
of a large amount of resin (m,, g) reduces as 
usual”” the absorbance values. Absorbance de- 
creases according to the equation: (r = 0.3987) 
A c = -0.014 -i- 0.0224~~~ (Fig. 3). 30 mg is in 
the minimum amount of dry resin that gives the 
highest absorbance and greatest ease of 
handling. 

N&E of ffie Jixed eompfex 

The composition of the fixed Al(III)-CAS 
complex on Sephadex was established at the 

Fig. 2. Stirring time dependence on color development in resin-phase. 30 mg of resin, pH = 4.4, 
0.074 pmole of Al(II1). (a) MO ml of sample, [CAS] = 1.5 x IO- M. (b) 500 ml of sample, 

[CAS] = 6 x 10e6 M. (c) 1000 ml of sample, [CAS] = 3.15 x 10V6 M. 
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0 5 10 15 20 25 30 35 

l/mass of resin (l/g) 
Fig. 3. Resin amount dependence. [CAS] = 1.5 x 10m5 M, [Al(III)] = 3.7 x lo-‘, pH = 4.60, 1 mm optical 

path length, sample volume 100 ml, stirring time 40 min. 

working pH of 4.6 using the Job’* and the 
equilibrium shiftI methods. Job method 
showed a ratio CAS/Al(III) = 2. Moreover, the 

graph of log (AI&, -A) us. log [CAS] (equi- 
librium shift method) gave a slope of 2.087 
(r = 0.9969). Consequently, results indicated 
that a 2: 1 [CAS : Al(III)] anionic complex is 
fixed on the anionic resin. These results agree 
with those found in aqueous solution.‘4 

Analytical data 

Calibration and precision. The calibration 
graphs are linear in the concentration ranges: 
20-200 g, 2-26 g, 0.7-5.0 and 0.6-4.0 fig for 15, 
100, 500 and 1000 ml samples, respectively. The 
analytical parameters are shown in Table 1. 

The reproducibility was established using 15, 
100, 500 and 1000 ml sample solutions with a 
Al(II1) concentration of 107.0, 12.5,4.0 and 2.0 
pg/l ., respectively. It was possible verifying that 

the reproducibility is improved when the cells 
packed with the resin are centrifuged, during 1 
min at 5000 rpm, previously the spectrophoto- 
metric measurements. The relative standard de- 
viation (RSD) was 4.4% without centrifugation 
for 100 ml sample and 10 determinations. With 
centrifugation the absorbance values increase 
about a 12% and the RSD decreases at 3.0%. 
For 15 ml sample volume it was studied the 
effect of adding the resin in a suspension (5 ml) 
of 3.00 g in 500 ml of distilled water. The RSD 
increases at 5.3%, but it offers the advantage of 
a quicker and easier measurement of the 
amount of resin because it was not necessary 
weigh it. 

Sensitivity and detection limit. In Table 2 the 
sensitivity, expressed as apparent molar absorp- 
tivity, of the proposed procedures is compared 
with that of spectrophotometric procedures 
(including extractive procedures and formation 

Table 1. Analytical parameters 

Volume sample (ml) 

15 100 500 1000 

Intercept -0.041 0.025 -0.015 0.025 
Slope (l.lpg) 0.0108 0.0529 0.1782 0.2528 
Linear dynamic (pg/l.) range 20-200 2-26 0.7-5.0 0.6-4.0 
Correlation coefficient 0.9962 0.9979 0.9947 09984 
RSD (%) 2.2 3.0 3.7 2.1 
Detection limit (K = 3) (&I.) 1.11 0.51 0.20 0.14 
Quantification limit (K = 10) (pg/l.) 3.71 1.70 0.67 0.47 
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Reaaent 

Table 2. Comparison of sensitivity of some aluminium methods 

Molar absorotivitv Ref. 

Chrome axurol S* 5.2 x 10’ 17.18 

Pyrocatechol violet? 6.3 x 10’ 23 
Eriochrome cyanine R* 6.5 x 10’ le52 
Eriochrome cyanine R/Cetylpiridinium chloride*# 1.15 x l(r l4 

Chrome axurol S/Zephiramine*$ 1.22 x 105 24 

Chrome axurol S/Cetylpiridinium chloride*$ 1.22 x 1w a, 
Eriochrome cyanine R/Zephiramine*# 1.24 x 10’ 24 

Chrome axurol S (15 mlH 2.92 x lodll This paper 
Chrome axurol S (100 ml)# 1.43 x 10’11 This paper 
Chrome axurol S (500 mix 4.81 x 1071] This paper 
Chrome axurol S (1000 ml)!j 6.83 x 10’11 This PaPer 

*Solution methods. 
tExtractive procedures. 
$Ternary complexes. 
§Solid-phase spectrophotometry. 
l]Apparent molar absorptivity: absorbance value of the complex sorbed on the resin from 

a 1M aqueous solution of Al@) and measured in a 10 mm optical path length cell. 

of ternary complexes with surfactants) described 
in the literature. It is shown that SPS method- 
ology using CAS gives a very noticeable increase 
in sensibility in relation to the solution and 
extractive methods. 

The e$ect of volume on sensitivity. In SPS 
methodology the sensitivity can be enhanced by 
increasing the sample volume to be analysed. 
this effect may be calculated by measuring the 
absorbance of the resin equilibrated with 
different volumes of solutions containing the 
same concentrations of Al(II1) and optimum 

established amounts of the other reagents. It is 
observed that a tendency of absorbance is to be 
independent of volume at higher volume values 
as usually in SPS”” (Fig. 4). 

The increase of sensitivity using a larger 
sample volume can be calculated, in practice, 
form the slope of the calibration graphs. The 
calculated values of the sensitivity ratio for the 
samples analysed here are: S,,/S, = 1.42, 

&mo/S,ao = 4.79 and S,,,,x,/S,s = 23.45, where 
the subscripts represent the sample volume 

(ml). 

1.4 - 

1,2 - 

l.O- 

008 - 

OS6 - 

on4 - 

oa2 - 

00’ 
'0 260 600 760 1000 1250 1600 

Volume of sample (ml) 

Fig. 4. Effect of volume on sensitivity. [CASj = 3 x 10 -$ M-2.5 x 1O-6 M, [Al@)] = 1.48 x lo-’ M, 
pH x 4.60, amount of resin = 0.030 g, stirring time = U-150 min. 
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The standard deviation of the absorbance of 
the blank measured for 10 determinations (aver- 
age values: 0.129, 0.373, 0.761, 0.869) were 
0.004, 0.009, 0.012, 0.012 absorbance units for 
15, 100, 500 and 1000 ml sample volumes, 
respectively. The IUPAC detection limit 
(K = 3)15and the quantification limit (K = 10)16 
were calculated for 15, 100, 500 and 1000 ml 
sample volumes (Table 1). 

On the other hand, the interference level, can 
be reduced by diluting the samples, taking into 
account the sensitivity of the method proposed 
and the dependence of the sensitivity on the 
sample volume. 

Eflect of foreign ions 

In Table 3 the effect of various potentials 
interferent species, commonly found in the 
water, on the determination of 12.5 pg/l. of 
Al(II1) is listed. This effect was investigated by 
adding a known amount of the test ion to the 
aluminium solution. First a 20,000 ,ug/l. level 
of potentially interfering ions were tested and if 
the interference occurred, the concentration of 
interferent was reduced progressively until 
interference ceased. Higher concentrations were 
not tested. Tolerance level is defined as the 
foreign ion concentration that produces not 
more than &5% spectrophotometric error in 
the recovery of Al(II1). 

The most severe interference is caused by iron. 
It causes positive error because the iron forms 
a complex with CAS and this complex absorbs 
at the wavelength used in the procedures. The 
use of 1, IO-phenanthroline, after reduction with 
hydrogen in acidic medium, suppresses the iron 
interference up to 1500 pg/l. [for total Iron: 
Fe(I1) + Fe(III)]. The cationic complex Fe(II)- 
1, lo-phenantroline remained in solution and it 
was not sorbed on the resin. On the other hand, 
the high tolerance level for Cu(I1) is probably 
due to the presence of HMTA as buffer. With 

Table 3. Effect of foreign ions on the determination of 
12.5 pg/l. of aluminium 

Foreign ion or species Tolerance level (pgcgll.) 

Cu(II), Mg(II), COTS, NO, 20,000 
Ca(II), Ni(II), Pb(II), Zn(I1) 10,000 
S*O,-2 5000 
H&Ji 2000 
Fe(II), Fe(III)+ 1500 
SOi* 1000 
F-, EDTA 40 
Fe(II), Fe(II1) < 10 

*In the presence of l,lO-phenanthroline, after reduction 
with hydrogen in acidic medium. 

Table 4. Analytical applications 

Found 
Added Found* Average by ICP 

Watefl (kg/l.) (&I.) recovery (%) k/l.) 

0.00 3.51 - 3.3 
Rio Frio 2.22 5.69 98.3 6.0 

4.44 7.94 99.1 8.5 

Jakn 0.00 6.86 6.5 
4.00 10.66 9;2 11.6 
8.00 14.12 95.0 13.1 

Ubeda 0.00 8.96 - 9.5 
4.00 13.10 101.1 12.3 
8.00 16.18 95.4 17.3 

Found 
Micaschist$ Found* (%) by MS (%) 

15 ml method 12.59 f 0.32 12.50 

*Average values of three determinations. 
tstandard addition calibration graph method, 500 ml 

sample. 
$Qandard calibration graph method. 15 ml sample. Compo- 

sition of micaschist: 12.50% Al, 4.19% Fe(II), 1.36% 
Fe(II1) and 0.65% Ti. 

respect to the interference from anions F- and 
EDTA, it can be attributed to the complexation 
of aluminium. Moreover, in the case of the 
anions in general, the existence of competition 
for the anionic sites of the resin is probable. 

Analytical applications 

The proposed method has been applied to the 
determination of aluminium content in natural 
waters (tap waters and raw waters) and a 
mineral (micaschist). 

Natural waters. The method was applied to 
the determination of aluminium in water 
samples by standard addition calibration graph 
method (Table 4). 

(a) Tap water from Jatn city and Ubeda city 
(JaCn province); 

(b) raw water from the spring of Rio Frio 
(Los Villares city, Jdn province). 

The loss of sensitivity caused by the matrix 
effect could be evaluated from the ratio of slopes 
of the standard addition calibration graph and 
the standard calibration graph: the ratios were 
0.476 (from Jdn), 0.565 (from Ubeda) and 
0.555 (from Rio Frio). It is seen that the matrix 
effect in these waters is noticeable. We attribute 
this strong matrix effect to the high content of, 
principally, Ca(II), Mg(I1) and HCO; in these 
waters, because they are very hard waters. 

Mineral. The method was applied to the 
determination of aluminium in mineral samples 
(micaschist) by standard calibration graph 
method (Table 4). 
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IMMOBILIZATION OF REAGENTS BY POLYMERIC 
MATERIALS. DETERMINATION OF METAMIZOL 

L. LAHUERTA ZAMORA* and J. MARTINEZ CALATAYUD 

Departamento de Quimica Analitica, Universidad de Valencia, Vaiencia, Spain 

(Received 3 August 1992. Revised 4 January 1993. Accepted 19 January 1993) 

Snnn~ry-A method for immobilization of inorganic reagents, based on the dispersion of the reagent 
into an unsaturated polyester solution is applied to immobilization of lead dioxide. The obtained solid 
is of application in a flow-injection manifold for indirect atomic absorption determination of metamizol 
in pharmaceutical formulations. The procedure. gives a linear calibration graph up to 6 ppm of metamizol 
with a relative standard deviation of 1.6% (3.0 mg/l) and a sample throughput of 72 hr-i. 

Metamizol or dipyrone is a white or yellowish- 
white odourless crystalline powder, soluble in 
water and alcohol, slightly soluble in chloro- 
form and practically insoluble in ether. It is the 
sodium sulphonate of amidopyrine (see for- 
mulae); it presents analgesic and antipyretic 
activities and has been implicated as a causative 
agent in immune haemalytic anaemia: severe 
hypothermia might result if it is administered 
concomitantly with chlorpromazine.’ The 
official method (from some pharmacopoeias) 
for amidopyrine determination is titration 
against perchloric acid in acetic acid medium 
using methylrosaniline as an indicator.’ 

76”s 

NaSO$H-$J 
I 
-CH, - 

a3 
Scheme 1 

FORMULAE 

The use of insoluble or solid reagents as 
bed reactors is a consolidated trend in unseg- 
mented continuous-flow methods mainly due to 
the advantages offered over homogeneous sys- 
tems, namely simpler manifolds, saving re- 
agents, increased sensitivity and quicker sample 
passage. %’ It is important to point out the 
number of applications offered by solid-bed 
reactors like sample or reagent pretreatment, 

*Departamento de Quimkca, Colegio Universitario CEU, 
Moncada (Valencia), Spain. 

sample-conversion reactions and integrated re- 
action-detection devices. The use of solid-bed 
reactors in FIA has been recently reviewed,6 
and also its application to pharmaceutical 
analysis.‘v8 

The present paper is concerned with the prep 
aration of packed-bed reactors for use in unseg- 
mented continuous-flow analysis. The proposed 
application is the oxidation of metamizol by 
means of lead dioxide in perchloric acid media; 
the drug oxidation yields Pb(I1) in the dissol- 
ution which is measured by AAS at 217.0 nm. 
The procedure based on physical entrapment of 
solid reagents by polymeric resins,9 is quite 
simple and fast and it is proposed for the control 
analysis of the metamizol in a pharmaceutical 
formulation. 

EXPERIMENTAL 

Reagents and apparatus 

All solutions were prepared with distilled 
water. Aqueous solutions of metamizol 
(Guinama, pure), ascorbic acid (Probus, a.r.), 
thiamine (Acofarma, pure), pirodoxine chlorhy- 
drate (Acofarma, pure), lidocaine chlorhydrate 
(Guinama, pure), dexamethasone (Guinama, 
pure), caffeine (Fluka, pure), paracetamol, 
(Acofarma, pure) and perchloric acid (Panreac, 
a.r.) were used. Other reagents used were of 
analytical grade. The packed-bed reactor was 
prepared with PbOl (U.C.B., a.r.) and a 
polyester resin solution Al-100 (from Reposa) 
containing low molecular polyester chains and a 
cobalt compound as activating agent for the 
reaction; and, methyl ethyl ketone (from Akco) 
as a catalyst. 
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Flow -injection assembly 

Figure 1 shows the continuous-flow mani- 
folds; the sample injector was from Rheodyne, 
Model 5041; peristaltic pump Minipuls 2, from 
Gilson; the determination of lead was carried 
out by means of an AA from Varian, Model 
SpectrAA- at a wavelength of 217.0 nm; 
internal diameters of the PTFE tubing were of 
0.8 and 1.5 mm for the manifold and the 
reacting column, respectively. 

Procedures 

Preliminary experiments were carried out by 
means of the flow assembly depicted in Fig. la, 
in order to test the reactivity in continuous flow 
of the PbOz reactor; 0.2M HCl aqueous solution 
was used for adjusting the acidity of the drug 
solution, an analyte stream containing 100 ppm 

qjq&-q-)-pJ 
C W 

!y&q-l-lg 
W 

Fig. 1. Flow-injection manifolds. a: Manifold for testing the 
PbOr reactivity with metamizol in different media. b: First 
manifold proposed for the determination of metamizol. c: 
Manifold finally proposed for metamizol determination. d: 
Flow assembly for testing the life-span of the column. A, 
analyte solution; M, solution for adjusting the medium 
(acid); P, peristaltic pump; I, injection valve; BR, packed- 
bed reactor; S, sample; C, carrier; D, detector; and, R, 
recorder. Channels 2 and 3 (Fig. Id only) for continuous 
flowing metamizol and acid, respectively; and 1, for altema- 

tive sample injections. 

of metamizol, a reagent/polymeric weight ratio 
of l/l, and the column was 0.8 i.d. and 15 cm 
long with 150-250 pm size particles. The pro- 
cedure consisted of a continuous flow of analyte 
for 5 min (for column conditioning) and then 10 
readings were recorded. 

Having established the suitability of the 
packed-bed reactor, the influence of chemical 
parameters was sequentially studied: acidity, 
concentration of the selected acid medium, ionic 
strength and temperature. The flow manifold 
configuration was studied on the basis of the 
chemistry of the system according to the pre- 
liminary studies; then the characteristics of the 
bed reactor and the manifold parameters were 
established. Finally, the chemical parameters 
were re-optimized. 

Preparation of the bed reactor. Here, 26.40 g 
of lead dioxide were added to 15.10 g of the 
polyester resin solution; the mixture was homo- 
geneized by manual stirring and then 0.4 ml of 
ethyl methyl ketone was added and stirring was 
continued until the polymer became too rigid. 
The solid was dried (2-3 hr at room tempera- 
ture) and then broken with a hammer and 
ground in a coffee grinder. The selected particles 
(by sifting) were washed, dried at 8O”C, sifted 
again and stored. The packed-bed was prepared 
by introducing the particles with the aid of a 
mini-funnel and continuous stirring into a 
PTFE tube of 1.5 mm internal diameter. 

Preparation of pharmaceutical formulations. 
The metamizol content was studied in injecta- 
bles, capsules and solutions. The powder con- 
tent of three capsules was put in contact with 50 
ml of distilled water by magnetic stirring, the 
resulting mixture was filtered and diluted to 1 1; 
1 ml of this solution was levelled to 200 ml. One 
injection unit was diluted to 1 1 and, then, 1 ml 
of the resulting solution was levelled to 200 ml. 
The solution was also diluted in two steps: 1 ml 
to 1 1, and 1 ml to 250 ml. 

RESULTS AND DISCUSSION 

Preliminary experiments, whose aim was to 
test the reactivity of the PbOz entrapped by 
the solid polymer, were carried out by means 
of the manifold depicted in Fig. la. The aci- 
dified drug solution passing through the react- 
ing column resulted in the oxidation and release 
of lead from the column; the readings were 
closely related to the concentration of the 
drug. Once the suitability of the bed reactor 
had been established, the flow assembly for the 
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pre-optimization of the chemical parameters 
was studied by injecting aqueous sample sol- 
utions into the carrier by means of the assembly 
depicted in Fig. lb. Different acidic media were 
tested: hydrochloric, nitric, acetic, phosphoric 
and perchloric acids (sulphuric acid was ex- 
cluded in order to avoid lead sulphate precipi- 
tation). The acid concentration in the carrier 
was 0.2M; the injected samples contained 
50 mg/l of metamizol in 0.2M of the same acid 
as the carrier. Those experiments revealed that 
the greatest absorbance values were produced 
by perchloric and phosphoric media. Mean ab- 
sorbances (5 replicates) were 1.014 HCl; 1.104 
HN03; 1.122 H,PO,; 1.140 HClO., and 1.068 
acetic acid. 

Further experiments were carried out with 
different concentrations of perchloric and phos- 
phoric acids. Both acidic media were studied in 
three different sets: (a) with a carrier stream of 
0.5M and varying the acid concentration in the 
sample solution (50 mg/l of metamizol) over the 
0.1-l .OM range; (b) aqueous metamizol sol- 
utions (50 mg/l) being injected into a carrier 
stream where acidity varied from 0.1 to l.OM; 
and, (c) different acidic concentrations contain- 
ing 50 mg/l of metamizol were injected into a 
pure distilled water stream. Results are depicted 
in Fig. 2. The obtained results lead us to select 
perchloric acid in the carrier and distilled water 
in the sample. Further work (0, 10e4, 5 x 10m4, 
10-3, 5 x 10-3, 10-2, 5 x 10-2, lo-‘, 5 x IO-’ 
and lit4 perchloric acid) revealed lo-‘-1M as 
the best acidic concentration range. 

The configuration of the continuous-flow 
manifold could be important in influencing the 
degree of reactivity and the dispersion pro- 
duced. The efficiency of a flow manifold in 
which the bed reactor is nesting in the sample 
loop (depicted in Fig. lc) was tested and results 
compared with those obtained from the mani- 
fold in Fig. 1 b. The sample solution was flowing 
through the sample loop for different time 
periods, from null to 5 min; best transient 
signals were obtained for short time intervals 
and all of them were higher and narrower than 
those obtained with the manifold in Fig. lb. The 
manifold in Fig. lc with a contact period of 30 
set was selected for further work and the pre- 
vious results on the influence of acidity were 
re-optimized by preparing two sets of exper- 
iments in which: (a) 20 mg/l of the drug in 
distilled water were injected into a carrier stream 
containing different concentrations of perchlo- 
ric acid, from 0.01 to l.OM; and, (b) 20 mg/l of 
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Fig. 2. Influence of acidity on the oxidation of metamizol. 
a: Intluence. of acidic media: tperchloric acid; *phosphoric 
acid solid line, sample in distilled water and perchloric acid 
solutions as carrier; discontinuous line, carrier stream 0.544 
in perchloric acid and different acidic concentrations in 
sample; and, dotted line, different acidic concentrations in 
sample and distilled water as carrier. For details see text. b: 
Influence of perchloric concentration. A, drug in distilled 
water and perchloric as carrier; 0, sample in acidic media 
and carrier O.lM perchloric; and, 0, distilled water for 

sample and carrier. 

metamizol in different concentrations of 
perchloric acid were injected into a carrier 0.1 A4 
in perchloric acid. The final selected condition 
from the two sets of experiments was to inject 
the metamizol dissolved in pure water into a 
carrier formed by an aqueous solution of 0.1 M 
in perchloric acid. 

The influence of ionic strength was tested by 
preparing different concentrations of KC1 in 
the sample solution; the tested range was 
O-2.OM in KCl. No relevant influence was 
observed which lead to the selection of the pure 
distilled water as the sample and perchloric acid 
solution as the carrier. 
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The influence of temperature on the outputs 
was studied by introducing the carrier container 
into a water bath at different temperatures; from 
20.0 to 780°C. Temperature proved not to be a 
critical parameter; transient signals were slightly 
increased with temperature. Because of that, 
room temperature was preferred for further 
work, 

The bed reactor variables are also of relevant 
importance to the degree of reactivity and the 
dispersion produced onto the sample, which 
means a direct intiuence on the sensitivity and 
sample throughput. The tested parameters, in 
the reported order were, internal diameter of the 
column, size of the bed particles, column length 
and the weight ratio of entrapped lead dioxide 
in the resin (mill&rams of lead diox- 
ide/milligram of polymeric resin). The first par- 
ameter was tested over the range 0.5-l 5 mm at 
different flow-rates (see Table 1). An internal 
diameter of 1.5 mm and a flow-rate of 3.00 
ml/mm were the selected values for further 
work. 

The size of the particles was also tested; 
selection of the particles was carried out by 
sifting; the studied range was from 90 to 120 pm 
up to 300-400 pm. Bearing in mind the peak 
height and the base width the selected sieve was 
the one which produced particles over the size 
200-300 pm. 

The column length was tested from 8.0 to 38.0 
cm, with a flow-rate of 3.0 ml/mm, particle size 
of 200-300 pm and 1.5 mm internal diameter, 
by injecting 20 ppm of that drug in pure water 
into a carrier containing 0.M perchloric acid. 
Results are depicted in Fig. 3 and the selected 
length was 31 cm. The sample volume of the 
packed loop, studied by the usual calibration 
method, was 384.5 ,ul. 

The influence of the weight ratio of immobi- 
lized lead dioxide in the resin was studied over 
the range 0.50-5.00 (g/g); the highest limit of 
lead dioxide which can be immobilized was 

Table 1. Influence of internal diameter of the column 

Internal diameter 
(mm) 

8:;: 

1.5 

Q(ml/min) Absorbance 

1.1 0.216 
1.1 0.181 
1.5 0.288 
2.3 0.573 
1‘1 0.612 
1.5 0.739 
2.3 0.945 
3.0 1.060 
5.5 1.143 

I.20 - 

1.10 - 

070 - 

0.60~ ., , I, $ < ( I * 
0.0 8.0 16.0 240 32.0 40.0 

Lb) 

Fig. 3. Influence of column length. 

limited by the physical consistency of the ob- 
tained solid. From the graph of absorbance us. 
weight ratio, 1.75 was selected for further work. 

The chemical parameters, concentration of 
perchloric acid (sample solution and carrier), 
were re-optimized on the basis of results ob- 
tained from the optimi~tion of FIA parameters 
and by means of the univariate method. No 
changes are proposed from the above reported 
values. 

After the optimization of chemical and FIA 
parameters and previous to the study of analyti- 
cal application, a series of experiments were 
carried out with the aid of the assembly depicted 
in Fig. Id in order to test the life-span of the 
column, The series of experiments was as fol- 
lows: (a) the base-line was obtained by passing 
distilled water (channels 2 and 3), with mean 
absorbance -0.029; (b) an aqueous solution 
containing 40 ppm of metamizol was forced 
through channel 2 and distilled water through 
channel 3, mean absorbance 0.047; and, (c) as in 
(b) but the distilled water in channel 3 was 
replaced by a 0.M HCIO, stream, mean ab- 
sorbance 0.615. 

Provided the perchloric acid produced the 
higher degree reaction, (column consumption) 
the life-span of the column was checked by 
continuous flow of 40 mg/l of metamizol, chan- 
nel 2, and O.lM HClO,, channel 3; after 30 min 
the column was washed with 0.1 M HClO, and 
then a set of 10 injections of 5 ppm metamizol 
were carried out. The experiment was repeated; 
the average peak-height (in absorbance units) 
calculated for each set was: 0.735 (3.2%), 0.768 
(2,4%), 0.780 (3.2%), 0.780 (3.8%) and 0.732 
(4.2%). The readings during the continuous 
passing of metamizol solution were constant, 
at 0.645, during the whole experiment. The 
amount of metamizol forced through the 
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column by continuous passing was equivalent to 
78 13 injections of 3 ppm; although the readings 
remained constant, it was supposed that the 
life-span of the column did not merit further 
investigation. 

ANALYTIGU ~PLICA~ON 

The study of the analytical application of the 
continuous flow procedures was carried out to 
establish the application range, reproducibility 
and sample passage. 

The calibration graph was linear over the 
range 1.0-6.0 ppm of metamizol. The repro- 
ducibility of the columns behaviour was tested 
by preparing three different columns and ob- 
taining the calibration graphs on different days. 
Table 2 depicts the linear equations and corre- 
lation coefficients calculated for the different 
days tested. 

Forty-two different samples containing 3.0 
ppm of metamizol were injected into the carrier 
stream in order to determine the relative stan- 
dard deviation and sample passage; the results 
obtained were 1.64% (mean absorbance 0.463) 
and 72 samples/hr, respectively. 

The tolerance of the method to foreign com- 
pounds which can be found in typical pharma- 
ceutical samples containing metamizol was 
investigated by using solutions containing 5.0 
mgfl of the drug and adding various concen- 
trations of the interference up to 100 mg(l. The 
results obtained for various interfering com- 
pounds were as follows (concentration in milli- 
grams per litre and relative error, as a 
percentage): thiamine 100, 1.8; pyridoxin 50, 
1.5; lidocaine chlorhydrate 50, 0.6; dexametha- 
sone 100, 1.2; paracetamol 5, 77; caffeine 100, 
2.1; ascorbic acid 5, 2.7. 

The metamizol content of Nolotil injectables, 
Nolotil Compositum capsules (from Eu- 
ropharma) and Syntaverin solution (from 
Igoda) was dete~ined. At least five different 

Table 2. Stability of the c&mm by preparing calibration 
graphs in different days for three different cohnns (A, B, C) 

Linear Correction 
CahlUl Date equation coeflicient 

0.140+0.100x 0.996 A l-VI 
-VI 
3-VI 
4-VI 

0*114+0.105x 0.988 
0.097 + 0.116 X 0.992 
0.077 + 0.109 x 0.998 
0.043 + 0.093 x 0.999 
O.l~+O.l08X 0.990 
0,126+0.102X 0.987 
0.079 + 0.103 x 0.996 
0.104+0.101x 0.998 
0.135+O.L18X 0.989 
0.112+0.106X 0.992 
0.120 $0.109 x 0.993 
0.093 + 0.100 x 0.997 
0.104+0.100x 0.998 
0.105+0.108X 0.999 

lo-VI 
B i-VI 

2-VI 
3-VI 
eVI 

C 27-V 
I-VI 
2-VI 
3-VI 
4-VI 
8-VI 

preparations were analysed and results were 
compared with those supplied by the manufac- 
turer. For Nolotil, with given content of 2000 
mg/5 ml, the amount found was 2030 mg/5 ml 
(relative error 1.5%); for Syntaverin, with given 
content of 500 mg/ml, the amount found was 
497.5 (relative error 0.5%) and for Nolotil 
Compositum, with given content of 300 
mg/tablet, the obtained amount was 299.2 (rela- 
tive error 0.3%). 

1. 

2. 

3. 

4. 
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6. 
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STUDY ON THE DETERMINATION OF METRONIDAZOLE 
IN HUMAN SERUM BY ADSORPTIVE STRIPPING 

VOLTAMMETRY 
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Summq-In B&ton-Robinson buffer, metronidazole is preconcentrated on a HMDE at 0.0 V (US. 
Ag-AgCl). An adsorptive stripping peak is observed at -0.62 V. The response is linear from 1 x lo-* 
to 1 x 10b6M with 1.5 min accumulation. The method has been successfully applied to the determination 
of metronidazole in human serum and formulations. 

Metronidazole (MTZ) [ 1 - (2 - hydroxyethyl) - 2- 
methyl-S-nitroimidazolel is an antimicrobial 
agent used for the treatment of trichomoniasis 
and amoebic dysentery. It can kill or inhibit the 
majority of anaerobic bacteria when its concen- 
tration is between 2 and 8 pg/ml in human 
serum.’ Therefore, determination of trace levels 
of MTZ is very important in the prevention of 
arzuero&z’c bacteria infection in clinics. 

Various methods have been employed for the 
dete~ination of MTZ, including spectropho- 
tometry, ~gh-~rfo~ance liquid chromatog- 
raphy and polarography.” In this paper, a new 
method for the determination of trace amounts 
of MTZ by adsorptive stripping voltammetry 
has been established. The analyte was precon- 
centrated by adsorption on the surface of the 
electrode and the surface-active species was then 
determined by a voltammetric scan method. As 
the present study shows, submicromolar MTZ 
in human serum which has been pretreated can 
be measured by this method. The sensitivity of 
this method with 2 min pr~n~n~tion is over 
50 times higher than that of the pioneer work.4 

EXPERIMENTAL 

Apparatus 

A model 79- 1 voltammeter (Jinan No.4 Radio 
Factory) with a Model JM-01 HMDE working 
electrode (Jiangsu Electroanalytical Instrument 
Factory), a Ag-AgCl (saturated KCl) reference 
electrode and a platinum wire auxiliary elec- 

*Author for correspondence. 

trode were used for voltammetric assay. An 
Orion Research Model SA 720 pH Meter was 
used for pH determination. 

Reagents 

Stock solution (4 mg/ml) of MTZ, medical 
injection, standardized by the standard 
method.5 More dilute solutions were prepared 
daily by dilution with deionized distilled water. 
The sup~~ing electrolyte was a Britton- 
Robinson (B.R.) buffer (pH 4.Q6 All the chemi- 
cals were of analyti~l-Roget grade. 

General procedure for adsorptive stripping 
voltammetry (AdSV) 

A 5.0 ml aliquot of B.R. buffer (pH 4.6) 
solution was placed in the polarographic cell, 
diluted to 10 ml with de-ionised distilled water, 
and deaerated by passage of high-purity nitro- 
gen for 5 min. The HMDE was kept at the 
desired accumulation potential for a given time 
period, while the solution was stirred at 400 
rpm. After a 15 set rest period, a negative-going 
scan was initiated, the resulting voltammograms 
being recorded. 

Serum treatment 7 

Pipette 1.00 ml of human serum into a 5-ml 
centrifugal tube, add 2.0 ml of 0.2 M Ba(OH)* 
and 1.0 ml of 5% Z&O,, mix thoroughly and 
stand for 2 min. Centrifuge at 2000 rpm in a 
high speed centrifuge, and then follow the pro- 
cedure described above. All data were obtained 
at ambient temperature, 
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RESULTS AND DISCUSSION 

The derivative technique is an improve- 
ment in linear-sweep voltammetry that has 
been developed for conventional voltam- 
metric measurements. The sensitivity of using 
second-derivative stripping voltammetry is 
higher than that of conventional stripping 
methods8sg 

Figure 1 shows the second-derivative cathodic 
stripping vol~mmograms for MTZ at the 
1 x lo-‘M level after 1.5 min pre~on~n~ation 
at 0.0 V from a stirred solution (peak a). With 
a 4 min accumulation time, a detection limit of 
2.5 x lO-gM was obtained. Direct measure- 
ment performed under the conditions as men- 
tioned above, but without pr~on~ntration, 
gave peak b. The stripping peak current b is 
too small to be useful. It is evident that MTZ 
can be determined by using AdSV at a mercury 
electrode. 

The effect of pH on the peak potential at a 
con~ntration of 1 x 10v7M MTZ was studied 
over the pH range of 2-8. The peak potential 
shifts linearly to more negative values with the 
increase in pH. The peak potential varies with 
pH according to the following equation: 
Ep = -0.24-0.08 pH, Buffer solutions must 
be used to keep the pH value constant. The peak 
current was increased at high pH, but the 
reproducibility was unsatisfactory. The peak 
form and reproducibility of MT2 were best 
when pH 4.6 B.R. buffer was used as supporting 
electrolyte. 

The stripping peak current of the MTZ is 
affected by the preconcentration potential E,. 
Experiments showed that the peak current 
reaches a maximum value at E,, = 0.0 V which 
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Fig. 1. Adsorptive stripping voltammograms for 1 x IO-‘M 
MTZ in B.R. buffer @H 4.6). HMDE, scan-rate 100 
mV/sec. (a) Preconcentration for 90 set; (b) without pnxon- 

centration. 
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Fig. 2. Effect of preconcentration time on the stripping peak 
current. (A) [MTZ] = 1 x lo-*M; (B) [MTZ] = 1 x IO-‘M; 

(C) [MTZ] = 1 x 1O-6M. 

indicates that this potential is advantageous for 
the adsorption of the MTZ on the mercury 
electrode. 

Figure 2 shows the dependence of the 
adsorptive stripping peak current on the ac- 
cumulation time at three concentration levels 
of MTZ. The stripping peak current increased 
with increasing accumulation time, the corre- 
sponding dependence has the nature of an 
isotherm. At the lower concentration 1 x 
lo-sM, a linear dependence of peak height with 
accumulation time is observed with a slope 
of O.l5nA/sec. The slope is l.lnA/sec for 
1 x lo-‘M. But at higher concentration 
(1 x 10e6M), a linear relation holds up to 200 
set (slope 12.7nA /se@. 

The linear region of the graph depends on the 
analyte concentration. Thus the choice of opti- 
mum accumulation time depends on the range 
of concentration studied. 

The peak current increases linearly with 
the area of HMDE between 0.02 and 
0.04 cm’, and the latter value was chosen as the 
optimum. 

The presence of other surface-active eom- 
pounds which might affect the response with 
competitive adsorption on the mercury surface 
was investigated, particularly those which might 
be present in biological samples. The effects of 
some cations, Cl- and albumin were examined 
with a 6 x lo-‘W of MTZ solution. The ad- 
dition of 4 ppm of albumin gives rise to a MTZ 
peak depression of 35%. It has been proven by 
our experiments that determination of MTZ has 
no interference after the human serum is pre- 
treated as mentioned previously. The addition 
of up to 500 ppm of Na+, K+; 430 ppm of 
Ca*+, M$+; 450 ppm of Cl- and 125 ppm of 
Cu*+, Pb*+, Cd*+ have no interference on the 
determination of MTZ. 
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MTZ Amount of Amount of 
found* C.V. MTZ added MTZ recovered Recovery 
(w/ml) (%) (w/ml) @g/ml) (%) 

Sample 
Human serum 32 4.7 25 55 92 
Formulation 120 1.8 70 187 96 

*Each value represents the mean of seven analyses. 

The preparation of calibration graph in human respectively, for seven replicate determinations 
serum as shown in Table 1. 

The serum sample pretreatment step is re- 
quired owing to high protein content in human 
serum. The loss of MTZ is unavoidable in the 
process of serum treatment. For instance, a 
linear current-concentration relationship in 
which the slope is 2.9nA per lo-‘M is observed 
for aqueous standards, the slope is 1.&A per 
10e8M for serum. Therefore it is necessary to 
prepare the calibration graph in human serum, 
and the procedure is as follows. 

A 1.00 ml aliquat of human serum not con- 
taining MTZ was placed into a 5-ml centrifuge 
tube. Adding known amounts of MTZ it, and 
the treatment procedure for serum followed the 
method given above. The calibration graph 
passed through the origin and was linear from 
1 x 10e8 to 1.6 x lo-‘A4 (a slope of 1.&A per 
10-*&f) for 120 set preconcentration and from 
1.8 x 10m7 to 1.6 x 10m6M for 60 set preconcen- 
tration (slope is 2.7nA per 10P7M). The corre- 
lation coefficients were 0.9981 and 0.9993, 
respectively. 

The recoveries of known amounts of MTZ 
added to human serum and formulation 
samples are also given in Table 1. The detection 
limits have been estimated as 1.7 ng/ml in 
human serum and 0.63 ng/ml in formulation for 
120 set preconcentration. The results of practi- 
cal clinical determination are shown in Table 2. 
This method is suitable for the determination of 
trace amounts of MTZ in human serum. 

The electrochemical behavior of the reductive 
peak of MTZ was also investigated. The cyclic 
voltammogram was recorded at HMDE, a re- 
ductive peak is observed at -0.62 V, but the 
oxidative peak is not found on the anodic 
branch. This result shows that the electrode 
reaction is irreversible. According to controlled 
potential coulometry, lo the number of involved 
electrons was found to be 4. The total reaction 
is described as following: 

[R-NOJ + 4e + 4H+=RNHOH + Hz0 

Application to determination of MTZ in human 
serum and in formulation 

This stoichiometry is consistent with the reac- 
tion process, in which the nitro group of MTZ 
is reduced to hydroxylamine in a four-electron 
process. 
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Summary-A liquid-liquid flow extraction system associated with a specifically designed phase separator 
has been developed. A common trisectional confluence connector was used for segmentation. The system 
was connected on-line with a flame atomic absorption spectrometer. The performance of the system was 
studied with respect to determining copper and gold. The detection limits were I &g/l. for copper and 1.8 
r/I. for gold, and the precision was 1.8 and 2.5%, respectively, with medium signal ~~~rnent factor 
70 for gold, and 78 for copper. Analytical results of real sample analysis were in good agreement with 
certified vahies. 

Liquid-liquid on-line extraction and preconcen- 
tration of trace amounts of heavy metals by 
flame atomic absorption spectrometry has been 
found to be very effective and efficient.‘-“ 
Generic solvent extraction systems with typical 
segmentors and phase separators were described 
elsewhere.5-s The phase separator is the most 
critical component of these systems. It seems 
that the most commonly used phase separators 
are those constructed using a PTFE membrane 
sandwiched between two pieces of Perspex. 
However, these devices are not robust and their 
use might be restricted, owing to the relatively 
short life of the membranes. Authors sometimes 
use a minipore PTFE nylon backed membrane 
to overcome this difficulty. Backstrom et al? 
described a modified separator using a fluoro- 
pore filter supported by a Teflon-coated screen. 
They used a 1.5 m length of 0.5 mm inner 
diameter tube as a pressure restrictor to increase 
the pressure drop across the membrane, which 
resulted in less loss of organic phase. Sahlestrom 
and Karlberg” developed an unsegmented ex- 
traction technique without separation of the two 
immiscible phases following extraction. Using 
this technique, they achieved efficiencies typi- 
cally between 8 and 18% which were far less 
than routine solvent extraction efficiencies of 
C&96%. 

The aim of this work is to develop a 
set-automated continuous extraction system 
which is robust and has long-term stability. In 

this system, the aqueous sample phase and 
organic solvent were merely segmented by a 
usual confluence connector. Good regularity of 
segments was obtained provided that pulse 
dampers were used to smooth the pulsed 
streams of the aqueous sample phase and the 
organic solvent caused by the peristaltic pumps. 
Copper and gold were used to test the effective- 
ness and efficiency of the proposed extraction 
system. Hioki ef a/.” reported the liquid-liquid 
extraction procedure of copper and zinc in 1988. 
They determined copper and zinc in high purity 
bismuth by extracting them together as their 
thiocyanate complexes into methyl isobutyl ke- 
tone and followed by atomic absorption spec- 
trometry. In the present work, copper was 
extracted as its thiocyanate complex into methyl 
isobutyl ketone (MEBK) and quantified by flame 
atomic absorption spectrometry. As for gold, 
the most common method was chosen, which 
was based on the extraction of the trichloro- 
complex into MIBK and the gold content was 
then determined by flame atomic absorption 
spectrometry. Results obtained in this work 
demonstrated that the newly designed extrac- 
tion system and manifold were suitable for 
routine sample handling and preconcentration 
of trace metals, This device has made it possible 
to mechanize the flow system and automate the 
operation. From the beginning with the aqueous 
sample to ending with flame atomic absorption 
m~surement, only two manual steps of feeding 
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the sample and exchanging it with water were 
needed. A throughput of 28 samples per hour 
can be achieved with a sample consumption of 
less than 10 ml per determination. 

EXPERIMENTAL 

All reagents used were at least of analytical 
reagent grade. Deionized and distilled water 
was used throughout. The extraction reagent, 
NH,SCN, was made to 15% aqueous solution 
(w/v) and purified by extraction with MIBK. 
The extraction was repeated several times 
until the organic extract was colorless. The 
purified solution was then diluted successively 
for use. 

The copper standard solution (1000 mg/l. 
in 2% nitric acid) was prepared from metallic 
copper. All the standard solutions were pre- 
pared by serial dilutions and the standards with 
concentrations below 0.1 mg/l. were prepared 
fresh daily. 

The gold standard solution (1000 mg/l. in 1% 
aqua regia) was prepared from metallic gold. All 
the standard solutions were prepared by serial 
dilution with 10% hydrochloric acid. 

Nitric acid, hydrochloric acid, hydrofluoric 
acid and ascorbic acid were used in this work. 

Equipment and apparatus 

A WFX-IA atomic absorption spectrometer 
(Beijing Second Optical Instrument Factory, 
China) was used under the operating conditions 
listed in Table 1. 

V 

L 
Injection 

Table 1. Operating conditions for flame measurements 

Wavelength (nm) Au 242.8 
CU 324.7 

Lamp current @A) 4 
Slit width @m) 200 
Air flow-rate (I./&r) 6.7 
Acetylene flow-rate (I./min) 0.67 
Optimum burner height (mm) 7 
Solvent uptake rate (ml./min) 10 

An IFIS-A intelligent flow-injection sampler 
(Xian Spring Institute, China) was used for 
sample handling and preconcentration through- 
out. 

Manifold 

The extraction manifold using an eight- 
channel valve and 1.06 mm inner diameter by 
3-m long PTFE tubing as the extraction coil is 
shown in Fig. 1. The pulses in the sample flow 
and solvent flow were reduced with the pulse 
dampeners PDl and PD2. A trisectional conflu- 
ence connector with a 1.0 mm inner diameter 
was used as a segmentor. The flow rates used 
were 12.6 ml/min for the sample and 0.42 
ml/min for MIBK. To facilitate the attainment 
of the desired flow-rate ratios, the two phases 
were propelled by separate peristaltic pumps. 
The sample and MIBK passed the extraction 
coil, proceeded to segment and finally entered 
the phase separator. The MIBK was automati- 
cally separated from the aqueous phase owing 
to the difference in specific gravities of the two 
phases. The solvent extract was then propelled 

Fig. 1. Extraction manifold: (a) position for injection and washing; (b) position for sample loading. 
PA-pump A with one silicone rubber pump tube (1.35 mm i.d.) for sampling and a larger one for waste, 
PB-pump B with one silicone rubber pump tube (1.0 mm i.d.), O-displacement bottle for MIBK, 
PDI-pulse dampener for MIBK, PD2-pulse dampener for the sample, TCC-trisectional confluence 
connector, E-extraction coil, 3 m x 1.06 mm i.d. PTFE tubing. V-eight-channel valve, PS-gravita- 

tional phase separator, W-wastes. 
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Table 2. Manifold program 

Step 1 2 3 4 5 61 8 

PumpA 
Time (set) 50 2 1 45 I 9 3 10 
Speed 95 0 90 66 0 92 0 0 

to&is 

org - 

lt~ 

- 

air or water 

Fig. 2. Construction of the phase separator. (a) Phase 
separator, (b) compensator. 

into the nebulizer of the spectrometer for atomic 
absorption measurement. 

Phase .veparator 

The construction of the phase separator is 
shown in Fig. 2. The capacity of the bulk of the 
device was 10 ml with a narrow neck for the 
separation of MIBK from the aqueous phase. A 
T-shaped capillary tube was inserted between 
the phase separator and the spectrometer in 
order to compensate the difference between the 
total flow-rate of the manifold and the uptake 
rate of the spectrometer. Both air and water can 
be used for compensation. 

The capacity of the phase separator was 
calculated according to the following equation: 

where Vrs is the capacity of the phase separator, 

QwlQorg is the flow-rate ratio of the aqueous 
sample phase to the organic solvent, the V,, 
is the volume of organic extract that can give 
a signal greater than 90% of the equilibrium 
absorbance. Since an organic extract volume of 
200 ~1 (see Fig. 6) was big enough to meet this 
requirement and the optimum value of Q,,,/Q, 
for the proposed extraction system was about 30 
(see Fig. 5), the capacity of PS must be greater 
than or equal to 6 ml. In order to provide 
suitable capacity for extractions which have 
larger value of Q,JQ_, V, was made up to 10 
ml. Larger capacity is not suggested, for the 
larger the capacity is, the longer exhausting time 
of V, will be. 

The manifold program and time cycle of 
determinations are shown in Tables 2 and 3. 

Segmentor 

Several segmentor types of varying efIiciency 
have been described in the literature?*‘*+ In 

Step 1 2 3 4 5 6 

PumpB 
Time (sac) 24 7 22 45 17 12 
Speed 0 95 0 4 0 x0 

Valve no&ion 0 1 0 

Valve position l-loading. 
Valve position O-injection and washing. 
Unit of pump speed-rotations per minute. 

Flow rate corresponding to the pump speed is as follows: 

SpeedofpumpA 90 80 70 60 50 40 
Flow rate (mZ/min) 17.5 15.5 13.5 11.5 9.5 7.5 

SpeedofpumpB 12 8 4 
Flow rate (mllmin) 1.23 0.82 0.42 

Unit of pump speed-rotations per minute. 

this work, a usual Teflon trisection confluence 
connector with 1 .O mm bore size was used as the 
segmentor instead of a specially designed one, 
with the three capillaries positioned horizon- 
tally. But for segmentation studies, a Perspex 
connector of the same size was used so that 
it is possible to follow the segment formation 
process visually. In these studies, the aqueous 
phase used was an acidic solution of methyl 
orange which has a strong red color to permit 
visual observation of the segments in the PTFE 
tubing. The organic phase was benzene which 
does not attack the Perspex connector. 

Table 3. Time cycle of determinations 

Time (XC) Function 

2E41 
32-50 
51-52 

53 

54-98 

99-105 

106-l 14 

115-117 

117-127 

Waste in PS is drawn off by PA 
PA stops, PB starts to rinse PS 
PB stops, PA starts again to empty PS 
PA stops. Manually place the sample in 
position. 
PA starts, V turns to load position. The 
sample is allowed to fill up TCC 
PB starts. The two immiscible phases enter 
TCC at different flow-rates. Segments form in 
the extraction coil, and then enter PS. The 
solvent extract is separated from the sample 
owing to gravitational differences 
PA and PB stop simultaneously. Manually 
change the sample with water 
PA starts to propel all the segments into PS 
until the organic extract goes up into the 
upper bulb of PS 
PA stops, waiting for clear separation. 
V turns to injection position, waiting for 
measurement 
PB starts to propel the organic extract to 
AAS 
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Fig. 3. Process of segment formation (a) at low Q,JQ, and low total flow rate (< 1 n#min), (b) at high 
Q,/Q,, and bigb total flow rate (10 mi/min). The concentration of Cu is 40 ng/ml. 

Pulse dampeners 

PD A was an air dampener which had a 
cylindrical cavity of 200 ~1 filled with air to 
smooth the sample flow by the air compressibil- 
ity. The dampener was initialized 30 set after 
starting the pump by introducing air for 4 set 
into the sample flow, thus filling the cavity with 
air at the working pressure.‘6 PD B was a glass 
column 10 cm long and 3 mm inner diameter 
filled with glass bits. 

RESULTS AND DISCUSSION 

Segmentation studies 

Segments obtained with the trisectional 
confluence connector had a regular distribution 
when pulse dampeners for the two phases were 
incorporated. With the phase flow ratio near to 
unity, the lengths of the organic and aqueous 
phase segments were approxima~ly equal. At 
low phase flow ratio and low total flow rate, 
droplets or plugs of the organic solvent formed 
immediately at the confluence point in the con- 
tinuous flow of the aqueous sample phase, see 
Fig. 3(a). The segment size mainly dePended on 
the flow rate difference of the two immiscible 
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Fig. 4. The absorption signal as a function of Q,/Q,, 
varying Q, at fixed Q, Length of extraction coil-3 m, 

O---O.42 m&r&. inanition of Cu-40 nalml. 

phases. Segment lengths were short under these 
flow conditions, e.g. 3 mm for MIBK and 15 
mm for the aqueous sample phase. On the other 
hand, the segmentation mechanism was quite 
different when the phase flow rate was high. 
In this circumstance, the process leading to 
segment formation was at~but~ to the “ripple 
process”,i5 in which the segment size was deter- 
mined both by the flow rate difference and the 
interfacial tension between the two immiscible 
phases. Firstly, MIBK was drawn into a thin 
film by the aqueous sample phase. When the 
tangential force at the interface, which arose 
from the flow rate difference of the two phases, 
equalled the interfacial tension, the thin film was 
broken into very small droplets which wetted 
the wall of the PTFE tubing, resulting in co- 
alescence so that bigger droplets of MIBK were 
finally formed at a distance of about 40 mm 
from the confluence point, see Fig. 3(b). Seg- 
mentation remained regular in the extraction 
coil as long as the inner wall of the tubing 
was clean and smooth. The segment length of 
the aqueous phase increased with increasing 

QwlQorg, and in contrast, that of MIBK de- 
creased somewhat when the flow ratio was 
increased. 

01 
I I I I 
1 2 3 4 

Lh- 

Fig. 5. The extraction yield as a function of extraction coil 
length. 
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Fig. 6. The absorption signal as a function of the injected 
volume of the sample. 

In the case without a pulse dampener, irregu- 
lar segmentation may result from the pulse 
action. The segmentation pattern was compli- 
cated with many short segments and a long 
one sandwiched between them. However, it 
was found that repeatable patterns can be 
observed in the extraction coil, though the 
segment distribution was uneven. 

Influence of phase flow ratio 

The concentration factor value depends on 
the flow ratio of the aqueous phase to the 
organic phase and it would seem that the greater 
the ratio is the greater the concentration factor 
will be. However, this is not necessarily always 
true and there are practical limits to the ratio. 
Very high phase flow ratio, and thus total flow 
rate, may cause loss of extraction efficiency. It 
can be seen from Fig. 4 that the output signal 
of the spectrometer varies as a function of 
the phase flow ratio and the curve approaches 
a maximum plateau at a point corresponding to 
a flow ratio of 30. 

Length of extraction coil 

The extraction yields expressed as a percent- 
age of the absorbance at equilibrium at phase 
flow ratio 30 is given in Fig. 5. It can be seen 
that the optimum value of tube length was 3 m, 
corresponding to an extraction time of 12.6 set 
at the given pump rates. 

Table 4. Extraction efficiencies for the extraction 
of gold from aqueous phase to MIBK 

Coil length (cm) 200 200 200 
Flow-rate ratio 30 21 10 
Total flow rate (ml/mm) 11.3 10.9 11.3 
Extraction efficiencies (%) 94.3 96.8 98.3 
Concentration factor 28.3 20.3 9.83 

Table 5. Analytical performance of the proposed flow 
extraction system 

Detection limit Enhancement Precision 
&?I0 factor* (10 l&/l) 

Au 1.8 70 2.5% 
Cu 1.0 78 1.8% 

Loading time (set) 30 
Sample throughout (hr) 28 
Sample consumption (ml) 7 
MIBK consumption (ml) 0.22 

*Compared with nebulixation of aqueous solution. 

Injected volume of the organic extract 

The effect of injected volume of the organic 
extract on the absorption peak height was 
examined. The results are plotted in Fig. 6. In 
the flow system used in this work for determin- 
ing Cu and Au, an injected volume of 200 ~1 was 
used. 

Concentration factor and signal enhancement 

The concentration factor, CF, is defined as 

CF = (QJQ,) x E x 100 

where E is the extraction efficiency given as a 
percentage of the concentration of the analyte in 
the organic phase at equilibrium. 

The extraction efficiencies for the extraction 
of gold with different Q,JQ_ are shown in 
Table 4. 

Using the present extraction system, about 
70-fold enhancement in sensitivity compared 
to direct aspiration of aqueous standard was 
obtained for gold. From Table 4, we may 
conceive that 2;4-fold enhancement is due to the 
effect of the organic solvent. 

The final maniford 

The final manifold shown in Fig. 1 was con- 
sidered suitable for extractions operating at 
phase flow ratios of 30 or less. Since much more 
sample was needed and much larger capacity of 
the phase separator was required when using 
higher flow ratios and these would inevitably 
increase the washing time of the phase separa- 
tor, a very high phase flow ratio and total flow 
rate were therefore not preferred. Hysteresis of 
MIBK in the extraction coil was observed. It 
was found that MIBK cannot be completely 
driven out of the extraction coil by water if the 
resting time in step 5 for pump A in Table 2 was 
short. This problem was solved by increasing 
the resting time of pump A, for example 7 set, 
allowing coalescence of MIBK which formed 
thin films on the inner wall of the PTFE tubing, 
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Table 6. Comoarisons of the oerformance of different phase separators* 

Gravity 
separator 

Membrane Present 
separator separator 

COllStrllCtiO!l 

capacity 
Sampk debut (hr) 
Life-time 
Stability 
Sample consumption (ml) 
Solvent consumption (ml) 
Collection of the 
organic extract 
&QpiUkition 

efIi&mcy (56) 

ODeration 

Simple 
mcJ 
2@-30 
has 
Good 

10 
<400 

Di&!lential 

<lo0 
-Y 

Complex 
lB@ 
20-30 
20 hr 
Good 

16 
<400 

<lo0 
e=Y 

Simple 
10 mi 
25-30 
Long 

Excellent 
<lO 

<300 

Integral 

100 
easy 

*Values listed are grcfd to the average. 

leading to the formation of drops and plugs. 
In order to protect the pump tubing from attack 
by MIBK, if any, a displacement bottle for 
MIBK was positioned between the outlet of the 
injection valve and the pump. 

Analytical performance 

The analytical performance achieved by the 
proposed flow extraction system, including de- 
tection limits, precision, sensitivity enhance- 
ment, sample throughout, sample consumption 
and MIBK consumption, are listed in Table 5. 
The sensitivity emit factor depends 
on complex formation, phase flow ratio and 
loading time, etc. The enhancement factor 
for a phase flow ratio 30 and a loading time 
of 30 set, which is equivalent to a sample 
volume of 6.8 ml and a MIBK volume of 0.21 
ml, is 78 for copper and 70 for gold. The 
detection limits were calculated on the basis 
of three times the standard deviation of 11 
measurements. 

Comparison of the performance of the de- 
signed phase separator and that of the existing 
phase separators are given in Table 6. 

Coneentrati~ - 
Fig. 7. Calibration graphs of copper and gold. 

Real sample analyses 

In order to evaluate the figures of merit 
of the manifold and the accuracy of the pro- 
cedure, several national and local standard 
reference rock samples were analyzed. All 
measurements were performed with the same 
Fl program and using aqueous standard sol- 
utions for calibration. As can be seen in Fig. 7, 
the calibration graphs were linear within 
the range of interest in this work. It should 
not be understood that the dynamic range 
of linearity is much wider. The results pre- 
sented in Table 7 are in good agreement 
with the certified values and the precision is 
acceptable. 

Sample preparation 

~eter~~tion ofgold, Weigh out 10 g of the 
rock sample into a 250 ml conical flask, wet the 
sample with water. Add 30 ml of hydrochloric 
acid and heat on a hot-plate for 30 min. Add 
10 ml of nitric acid, heat to gently boiling 
and continue for 2 hr, and then evaporate to a 
~~~ volume. The procedure is repeated 
one time for complete dissolution of gold and 
finally evaporate the solution to just dryness. 
Dissolve the residue with 20 ml of 10% hydro- 
chloric acid, filter through a Bushner funnel 

Table 7. Results for copper and gold in standard ore samples 

Au CU 
Sample Found Certified value Found Certified value 

(w/g) @g/g) 

CSD-1 21.t 21.7 f 0.2 
GSD-2 5.0 4.9 f 0.2 
GSD-3 175.5 177+3 
GSD-8 
23CRD-55 940 995-1:16 
23GRD-56 165 164 f 2.4 
23GRD-59 4200 4035 f 23 
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using gentle suction. The filtrate is collected Acknowledgement-Financial support for this work 

in a 100 ml volumetric flask, made up to the 
was provided by Foundation for Developing Geological 

mark with 10% hydrochloric acid. The resultant 
tiences and TechqUes of China. 

solution is allowed to stand for extraction. 
Determination of copper. Weigh out accu- 

rately 0.1 g of the rock sample into a PTFE 
crucible, add 6 ml of hydrochloric acid and heat 
on a hot-plate for 20 min. Add 2 ml of nitric 
acid, 5 ml of hydrofluoric acid, followed by 
several drops of perchloroic acid. Heat gently 
for 2 hr, and finally evaporate to dryness. 
Dissolve the residue with 5 ml of hydrochloric 
acid, dilute with 20 ml of distilled water, filter 
with a suitable filter paper and collect the filtrate 
in a 50 ml volumetric flask. Make up to volume 
with distilled water. Pipette 5 ml of the resultant 
solution into another 50 ml volumetric flask, 
add 10 ml of 15% ammonium thiocyanate, 2 ml 
of 10% ascorbic acid and 1 ml of 5% sodium 
fluoride, dilute to the mark with distilled water. 
Shake the solution vigorously and allow to 
stand for extraction. 

CONCLUSION 

The results presented in this work demon- 
strate the applicability of the on-line liquid- 
liquid extraction system associated with the 
all-glass gravitational phase separator. This 
device has a long-term stability and is robust 
enough for routine analyses. 
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SPECTROPHOTOMETRIC DETERMINATION OF TRACE 
COPPER WITH A 

Cu-DIETHYLDITHIOCARBAMATE+CYCLODEXTRIN 
COLOUR SYSTEM* 
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Summary-A simple, selective and accurate spectrophotometric method for determination of trace copper 
with diethyldithiocarbamate(DDTC) in the presence of /kyclodextrin(fi-CD) in ammonia media has been 
developed. The apparent molar absorptivity of Cu(II)-DDTC-/?-CD inclusion complex is 1.3 x 10’ 
1. mole-’ . cm-’ at 436 nm, and Beer’s law is obeyed for copper in the range O-150 rg/25 ml. The detection 
limit is 4.38 x IO-‘M(S/N = 3). The proposed method has been successfully applied to the determination 
of copper in aluminium alloys, soils, millet, wheat flour, herbs, vegetables and some traditional Chinese 
herbal medicines with satisfactory results. 

Cyclodextrins are cyclic, non-reducing oligosac- 
charides containing six, seven or eight glucopy- 
ranose units. B-Cyclodextrin(B-CD), the most 
generally useful member of this group, contains 
seven glucopyranose units. Cyclodextrins are 
water-soluble since all of the free hydroxyl 
group are on the outer surface of the ring. The 
internal cavity of the doughnut-shaped CD mol- 
ecule is slightly apolar.’ The nature and cylindri- 
cal structure of cyclodextrin allows it to interact 
with small molecules having an appropriate size 
to form inclusion complexes. Qi et ~1.2,~ have 
applied /?-CD to colour systems for spectropho- 
tometry. The CDs serve to solubilize or sensitize 
the analytical metal complex system due to the 
formation of the inclusion complexes. 

The reagent diethyldithiocarbamate(DDTC) 
has been reported as a chromogenic agent for 
copper.4-7 However in a great majority of these 
methods, an extractive procedure is required. 
Only in a few of these procedures can the 
determination be carried out directly in aqueous 
solution due to solubility problems. However 
upon addition of /?-CD, an inclusion complex of 
Cu(II)-DDTC-B-CD forms in the presence of 
ammonia. That is, the [Cu(DDTC)J complex 
binds to b-CD and is solubilized in water. The 
colour reaction of Cu(I1) with DDTC can be 
conducted directly in water in the presence of 

*Project supported by the Natural Sciences Foundation of 
Shark province, China. 

TAuthor for correspondence. 

B-CD. This paper reports on our spectrophoto- 
metric studies of Cu(II)-DDTC-CD-P-CD in- 
clusion complex. The use of suitable masking 
agents ensures that the proposed method for 
determination of copper(I1) is free from interfer- 
ences from a large number of elements. More- 
over, the recommended procedure has been 
successfully applied to the determination of 
copper in aluminium alloys, soils, millet, wheat 
flour, herbs, vegetables and some traditional 
Chinese herbal medicines with satisfactory 
results. 

EXPERIMENTAL% 

Reagents 

All chemicals used were of analytical-reagent 
grade. Demineralized water was used through- 
out. 

Stanakd copper(?) solution, 0.1 mglml. 
Dissolve 0.0393 g of copper sulphate (CuSO,. 
5Hz0) in ca. 50 ml of water with 0.5 ml of 4M 
sulphuric acid and dilute to the final 100 ml 
volume with water. This stock solution is 
further diluted to 20 pg/ml Cu(I1) as a working 
solution. 

Sodium diethyldithiocarbamate(DDTC) aque- 
ous solution, O.OlIiU. 

/?-CD aqueous solution, 8.8 x 10m3A4. 
Ammonia solution, 7.5M (Ammonia : water 
= I.-l, v/v). 
Ammonium citrate solution, 2M. 
I,lO-Phenanthroline aqueous solution, 0.011w; 
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Apparatus 

Absorption spectra were measured with a 
Model DU-70 spectrophotometer (Beckman, 
USA) and the absorbance measurements were 
performed on a Model 721-100 spectropho- 
tometer (Shanghai). 

Procedures 

General. To an aliquot containing no more 
than 150 pg of copper(I1) in a 25-ml calibrated 
flask, add 2.0 ml of 7.5M ammonia solution, 5.0 
ml of 8.8 x lo-‘MB-CD solution, and 0.5 ml of 
0.01 1M DDTC solution, dilute to the mark with 
water and shake thoroughly. Measure the 
absorbance in a 2-cm cell at 436 nm against a 
reagent blank (or water). 

Determination of copper in aluminium alloys. 
Accurately weigh out 0.1000 g of control alu- 
minium alloy specimen and transfer the speci- 
men to a porcelain evaporating dish. Add 7 ml 
of 2.5M sodium hydroxide solution, heat, and 
add about 1 ml of 8.8M hydrogen peroxide after 
the specimen is decomposed, and continue heat- 
ing until the bubbles cease. Cool and add 7.9M 
(1: 1, v/v) nitric acid until all salts are dissolved. 
Transfer the solution to a suitable standard 
flask (determined by the amount of copper in 
specimen), add concentrated ammonia-water 
(about 15M) until the aluminium hydroxide 
precipitate appears, then add 7.9M nitric acid 
until the precipitate just dissolves, and dilute to 
the mark with water. Transfer two aliquots of 
the specimen solution containing no more than 
150 pg of copper to two 25-ml calibrated flasks. 
Add the following solutions, in order, into both 
flasks: 5 ml of 2M ammonium citrate solution, 
2 ml of O.OlM 1, lo-phenanthroline solution, 2 
ml of 7.5M ammonia solution, and 5 ml of 
8.8 x 10V3M /I-CD solution. Add 0.5 ml of 
0.01 1M DDTC solution to only one of the 
flasks. Dilute (both flasks) to the mark with 
water and shake thoroughly. Measure the ab- 
sorbance of the sample at 436 nm against the 
solution without DDTC. 

Determination of copper in soil. Transfer 1 .OOO 
g of the soil to a porcelain crucible and heat to 
550°C in a muffle furnace to burn off the organic 
matter. Transfer the residue to a platinum 
crucible and dissolve by addition of minimum 
amount of hydrofluric acid (about 10 ml), heat 
cautiously, and finally evaporate the solution to 
dryness. After cooling add 10 drops of 1M 
sodium hydroxide, evaporate again to dryness, 
soak the residue with water and transfer the 

solution to a 50-ml volumetric flask. Next, 
adjust its pH to around 1 using 1M of sodium 
hydroxide, dilute to the mark with water, and 
filter the solution. Transfer two 10 ml portions 
of the filtrate to two 25-ml calibrated flasks. To 
both flasks, add ammonia solution (7.5M) until 
Fe(II1) hydroxide precipitate forms completely, 
and add all 2 ml of 2M ammonium citrate 
solution (Note l), 5 ml of 8.8 x 10e3M B-CD 
solution. Add 0.5 ml of 0.011 M DDTC solution 
to only one of the flasks. Dilute (both flasks) to 
the mark with water and shake thoroughly. 
Measure the absorbance of the sample at 436 
nm against the solution without DDTC 
(Note 2). 

Notes 

1. After adding ammonium citrate, precipi- 
tate of Fe(II1) hydroxide can dissolve com- 
pletely for samples that contain a relatively 
small amount of iron, while for samples that 
contain a relatively large amount of iron the 
partial precipitate of Fe(II1) hydroxide may still 
exist in the solution, but with no influence on 
the determination of copper. 

2. The differences between samples may give 
the following cases. If the diluted solution is 
clear the determination of copper can be im- 
mediately performed. If the solution is slightly 
turbid, leave it at room temperature for about 
10 min, the solution may clear due to solubil- 
ization of /?-CD. If the solution remains turbid, 
filtration of the solution is required prior to 
determination of copper. 

Determination of copper in corn and plant 
samples. Weigh 1 .OOOO g of sample preliminarily 
treated (dried, crushed, ground and sifted) and 
transfer it to a Kjeldahl flask. Moisten the 
sample using a small amount of water, add 8 ml 
of concentrated sulphuric acid and leave to set 
at room temperature for about 12 hr. Boil for 
5-10 min, cool, and add several drops of hydro- 
gen peroxide, then continue to boil for about 5 
min and follow the same process until the 
solution appears clear. Boil to remove residual 
hydrogen peroxide, cool, transfer the solution to 
a 50-ml volumetric flask. Wash the Kjeldahl 
flask with concentrated ammonia-water (about 
15M) and transfer the washed solution to the 
50-ml volumetric flask, adjust the solution so 
that it is basic with ammonia (add l-2 ml each 
time and cool the flask in running tap water), 
dilute to the mark with water, mix, and then 
filter the solution. Transfer two 12.5 ml aliquots 
of tiltrate into 25-ml volumetric flasks, add 2 ml 



Spectrophotometric determination of trace copper 1087 

of 2M ammonium citrate, 2 ml of O.OlM 1, 
IO-phenanthroline, and 5 ml of 8.8 x 10V3M 
/I-CD solution to each flask. Next, add 0.5 ml 
of O.OllM DDTC solution to the single flask. 
Dilute (both flasks) to the mark with water and 
shake thoroughly. Measure the absorbance at 
436 nm against the blank solution which con- 
tains no DDTC. 

RESULTS AND DISCUSSION 

Absorption spectra 

The absorption spectra of the Cu(II)-DDTC- 
B-CD inclusion complex and its reagent blank 
are shown in Fig. 1. The maximum absorption 
of the inclusion complex is at 436 nm, a wave- 
length at which the reagent blank does not 
appreciably absorb. There is essentially no 
difference between the reagent blank ab- 
sorbance and that of water. 

Eflect of acidity 

The inclusion complex of Cu(II)-DDTC-/I- 
CD is only formed under basic conditions. The 
effect of acidity on the absorbance of the com- 
plex was studied using 7.5M ammonia. The 
results obtained are shown in Fig. 2. The rec- 
ommended amount of 7.5M ammonia is 2.0 ml 
in the procedures (i.e., the concentration of 
ammonia is 0.6M). 

Efict of B-CD concentration 

The effect of /I-CD concentration on the 
absorbance of inclusion complex was exam- 

Fig. 1. Absorption spectra. Conditions: the tinal concen- 
trations of the following reagents and cells are identical for 
1 and 2. Ammonia, 0.6M; /&CD, 1.76 x 10m3M; DDTC, 
2.2 x lo-‘M; l-cm cell. 1. DDTC a*st deminemlized 
water. 2. Inclusion complex against reagent blank, the final 

concentration of copper(H) is 1.6 &ml. 

vohmmof7.srvf 
mmmbln25ml&Jll 

Fig. 2. Variation of the absorbance of the Cu(II)-DDTC-j- 
CD complex at 436 mn UJ. the concentration of the ammo- 
nia present. Conditions: 1.6 cg Cu(II)/ml; /Y-CD, 

1.76 x lo-‘M; DDTC. 2.2 x IO-‘M; l-cm cell. 

ined. The results are shown in Fig. 3. The 
recommended amount is 5.0 ml of 
8.8 x lo-‘it4 /I-CD solution in the procedures 
(i.e., the fiml concentration of B-CD is 
1.76 x 10-3M). 

Ef/ect of amount of DDTC 

The effect of the amount of O.OllM DDTC 
solution on the absorbance of the inclusion 
complex was studied. The results obtained indi- 
cate that the absorbance is not appreciably 
affected by changes in the amount of O.OllM 
DDTC solution used in the procedure between 
0.25-10.0 ml (i.e., the final concentration of 
DDTC solution are between 1.1 x lo-*A4 and 
4.4 x 10S3M). The recommended amount of 
DDTC selected for the subsequent procedures 
was 0.S ml (that is, the final concentration is 
2.2 x lo-4A.f). 

Fig. 3. Variation of the absorbance of the Cu(II)-DDTC-/I- 
CD complex at 436 mn us. the concentration of the j-CD 
present. Conditions: except ammonia and /?-CD, as for 

Fig. 2. 0.6M ammonia for Fig. 3. 
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Table I. Spectrophotometrlc behaviour of the Cu(II>DDTC complex in different media 

Medium C F W) &#aX (m) f (x104) t (mih) XT. 

/?-CD 1 5 436 1.30 in a tw. 72 
Arabic gum 0.5 5 444 0.92 20 480 
PVA-124 1 1 444 0.95 in a tw. 12 
Emulsifier OP 1 5 450 1.24 in a tw. 15 
AEO-9 1 1 450 1.19 in a tw. 3 
Twecn-80 1 4 454 1.16 in a tw. 240 
CTMAB 1 3 450 1.14 5 3 
Peregal 0 0.5 2 444 1.01 in a tw. 90 
B-CD + PVA-124 131 5,l 436 1.30 in a tw. 72 
jl -CD + arabic gum 1,0.5 5,5 436 1.32 5 12 

C: Concentration of surfactant, %(w/v); V: Volume of surfactant added; L: Apparent molar 
absorptivity; I: Time required for colour development; ST.: Stable time of the complex, 
hour; in a tw.: in a twinking. The concentrations of DDTC and ammonia are identical with 
the procedure (general). 

Eflects of surfactants on the procedure Characteristics of the system 

Spectrophotometric behaviour of the Cu- 
DDTC complex in the presence of surface- 
active substances was also studied. The surface- 
active substances included: arabic gum, poly- 
vinyl alcohol- 124 (PVA- 124), emulsifler OP- 
[CsH,,- 0 -O(CHzCH~O)~_,J-I], AEO-9[C,zHz,O- 
(CH2-CH20)9Hj, Tween-80, cetyltrimethylam- 
monium bromide (CTMAB) and Peregal 
0[C,BH3,0(CHzCHzO)MH]. The test results 
(shown in Table 1) indicate that the tested 
surfactants all solubilize the complex and stabil- 
ize the colour system to some degree. However, 
B-CD is the best one, so B-CD was chosen in the 
procedure. 

Linear regression of the calibration data (the 
absorbance at 436 nm vs. the concentration of 
Cu(II), pg/25 ml) yields the equation A = 
0.005 + 0.008~. The correlation coefficient is 
0.9999. Beer’s law is obeyed over the range 
O-150 pg Cu(I1) per 25 ml under the optimum 
conditions at 436 nm with a molar absorptivity 
of 1.30 x lo4 1. mole-’ . cm-‘. The standard 
deviation of separation determination is 1.0 x 
low3 (n = 10) and relative standard deviation is 
0.3%. The detection limit is 4.38 x lo-‘it4 Cu 
(S/N = 3). 

Selectivity 

Eflect of temperature 

The influence of the temperature on the 
colour system of Cu(II)-DDTC-B-CD was 
studied by holding the solution at different 
temperatures between 20°C and 100°C. The 
absorbance is not appreciably altered by 
changes in the temperature between 20°C and 
100°C (Fig. 4). 

Fig. 4. Effect of temperature. Conditions: 436 nm; l-cm cell; 
other conditions as for Fig. 1. 

The selectivity was investigated by measure- 
ment of 20 pg of Cu(I1) (in 25 ml) in the 
presence of a series of other ions. The results are 
tabulated in Table 2. The stated levels of the 
species in Table 2 did not cause an error exceed- 
ing 5%. 

Masking of interfering ions 

Some interfering ions may be masked by 
using proper masking agents. The tested results 
are as follows. 5 ml of 2M ammonium citrate 
can mask 100 mg of A13+, 7.5 mg of MgZ+, 4 mg 
of Ti4+, 0.75 mg of Mn*+, 0.4 mg of CP+, 
respectively. After precipitation of iron, 5 ml of 
1, IO-phenanthroline (O.OlM) can mask 0.3 mg 
of Ni*+. Iron may be precipitated by adding 
ammonia-water in a 25-ml volumetric flask and 
the determination of Cu(I1) can be performed 
directly, without the need for any additional 
separation steps. 

As stated above, the proper masking agent 
may be added by aiming at different interfering 
ions according to the actual composition of a 
sample. For this reason, the selectivity of the 
proposed method is greatly improved and the 
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Foreign species 

Table 2. FXect of foreign species 

Tolerance 
limit,* mg 

1000 
200 

K + ,NH: 
Ca2+ zn2 + 
Cl-,&H&O0 - 
Li + ,P(v) 
B(III) 
Ba2+ Cd2+ Si(IV) Se(W) Br- 
W’ ’ ’ ’ ’ 

I- 

zP+ 
Cs+,~+,M$+,S~+,Pb2+,Sn(II),A13+,Ti4+@o, 
As(v),Sbgr),W(vI).MO~Nd~~~~~~.~~~~~~~O~ 
Fe3+ Ni2+ 
F$+‘Co2+ 
cr’+:Rh(III) 
Ag+,H2+,Pd2+ 
Ammonium citrate (2M) 
Tartaric acid (1M) 
Thiocarbamide (0. 1M) 
Ammonium oxalate (O.lM) 
Sodium fluoride (0.W) 
l.lO-Phenanthroline (O.OlM) 

100 
50 
10 
5 
4 

0.2: 
0.2 

E5 
0:02 
0.01 
0.002 
5lnl 
1 ml 
4 ml 
5 ml 
5 ml 
5 ml 

*Maximum values of some species were not determined. 

practicality is increased. Particularly, the copper 
amounts in complex samples may be determined 
by using the proposed method. Moreover, 
the tolerance limits of NO;, ClO,, ZK$- are 
especially high, which is advantageous with 
respect to the digestion of samples. 

Accuracy and validity 

In order to check the accuracy and validity of 
the proposed method, control aluminium alloy 
specimens, Chinese herbal medicines and vari- 
ous agricultural samples were analysed using the 
recommended procedure. The results are shown 
in Tables 3 and 4. 

CONCLUSION 

In Marczenko’s opinion,4 the popular spectral 
methods for copper are mainly the dithizone 
method, dithiocarbamate methods (i.e., DDTC 
methods), cuproine methods and cuprizone 
method. All of these methods, except the cupri- 

zone method, require an extractive procedure, 
employing organic solvents which are harmful 
to health and environment, such as carbon tetra- 
chloride, chloroform and isopentanol. Though 
the proposed system (CU(II)-DDTC-/3-CD) uses 
the old chromogenic agent (DDTC) for copper, 
it has many advantages over previous DDTC- 
system&’ and other currently employed spectral 
methods for coppelA owing to the presence of 
B-CD. First, the determination of copper with 
the proposed colour system can be directly con- 
ducted in aqueous solution without the need for 
any separations. Second, the characteristics of 
the system have been improved so that the 
colour development is almost instantaneous and 
the stability of the inclusion complex is particu- 
larly high. In addition, the useful concentration 
range (O-150 pg/25 ml) for Beer’s law is 
widened. Third, the results obtained in this work 
show that the proposed method is applicable to 
a variety of copper containing samples and that 
the method is simple, selective and accurate. 

Table 3. Results of determination of copper in control aluminium alloy 
specimens 

Control Certikd amount Copper found,* 
specimen of copper. % % 

zL6 0.095 0.096 
kE< 7.30 1.51 7.25 1.53 

*Average of five separate determinations. 

Relative 
error, % 

1.05 
-0.96 1.32 

TN. 40/T-, 
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Table 4. Results for the determination and recovery of copper in Chinese herbal 
medicines and agricultural samples* 

Amount determined @g/g) 

Initial Cu(II) Final Recovery, 
Sample Cu(I1) added Cu(I1) % 

Soil sample 25 35.73 20.00 55.04 96.6 
Soil sample 26 25.93 20.00 46.13 101 
Soil sample 30 35.36 20.00 54.73 96.9 
Soil sample 31 39.24 20.00 58.59 96.8 
Millet from Taigu 10.60 20.00 30.72 100.6 
Wheat flour from Taigu 8.59 20.00 28.24 98.3 
Alfalfa from Taiyuan 
Zoo Garden 16.04 20.00 36.02 99.9 
Millet straw from Taigu 18.38 20.00 38.49 100.6 
Potato from Taigu 13.80 20.00 33.47 98.4 
Carrot from Taigu 17.43 20.00 37.49 100.3 
The tuber of multiflower 
knot weed (Chinese medicine) 9.71 20.00 29.95 101.2 
Honeysuckle (Chinese 
medicine) 15.88 20.00 36.63 103.8 

*All determined values given in Table 4 are the averages of three separate 
determinations. - 
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THE HYDROLYSIS OF LEAD(I1). A POTENTIOMETRIC 
AND ENTHALPIMETRIC STUDY 

1. J. CRUYWAGS?N* and R. F. VAN DE WATER 
Department of Chemistry, University of S~llen~~h, Republic of South Africa 

(Received 15 June 1992. Revised 2 September 1992. Accepted 20 October 1992) 

Summary-The hydrolysis of lead(U) has been investigated by potentiometric titrations (ionic medium 
1 .OM NaClO, and 1 .OM KNO, ) and enthalpimetric titrations (ionic medium 1 .ON NaCIO,) at 25”. The 
reaction model that gave the best fit to the data for l.OM NaCIO, comprised tlte following five ions: 
Pb(OH) + , Pb,(OH)j+ , Pb,(OH); , Pb,(OH):+ and Pb,(OH)i+. The formation constants, and enthalpy 
changes (kJ/mol) for these species, defined according to equation (l), have the values log j?t, = -7.8, 
AH:, = 24; log /JM = -22.69, AHO, = 112; log #Jr5 = -30.8, AH& = 146; log /I# = - 19.58, Ma = 86; log 
& = -42.43, AH& = 215. Equilibrium constants determined in nitrate medium show good agreement 
with those pertaining to perchlorate medium if complexation of lead(E) with nitrate is taken into account. 

The hydrolysis of lead(I1) results in the for- 
mation of mono- and polynuclear hydroxo ions; 
the reaction equilibria can be represented by the 
general equation 

pPb2+ + qH,O=[Pb~(OH),](“p-a,+ I- qHt (1) 

Complete characterization of these equilibria 
has been hampered by experimental limitations. 
For example, to prevent precipitation either the 
concentration of lead has to be kept rather low 
or the pH range must be restricted to very 
narrow limits. Also, carbon dioxide and traces 
of sodium carbonate must be excluded from test 
solutions to avoid slow premature precipitation 
of lead as basic lead carbonate. However, care- 
ful experimentation and thorough data analysis 
have led to agreement among authors about 
the existence of the following ions: Pb(OH)+, 
Pb,(OH)$+ , Pb4(OH)i+, and Pb,(OH)i+ .I-’ 
Other species that have been postulated are: 
Pb2(0H)3+ as a minor component,3 and more 
recently Pb,(OH):+ , and Pb,(OH): ; the latter 
ion was proposed as an addition to the model 
of four species mentioned above,6 but the 
Pb,(OH):+ ion was included in the model in the 
place of the Pb(OH)+ ion.r Although medium 
ions could play a role in stabilizing a particular 
ion it is evident that the system still needs some 
clarification. A correct model together with 
reliable equilibrium constants for the species 
concerned are prerequisites not only for studies 
of lead complexation in aqueous solution, but 

*Author for correspondence. 

also for the interpretation of calorimetric data. 
In fact, the calorimetric data collected in two 
previous investigations have not been inter- 
preted in terms of the same model and appreci- 
able differences occur in the values reported for 
the thermodynamic quantities of some species,3*7 
notably for the Pb,(OH):+ ion. 

In this paper we report the results of a 
potentiometric investigation of lead(H) in two 
different ionic media and at an ionic strength 
not previously studied, namely 1.0&f (Na)ClO, 
and 1.0&f (K)NO,. Calorimetric data for the 
hydrolysis reactions were obtained for l.OM 
NaClO, and used to calculate the enthalpy and 
entropy changes for the formation of the vari- 
ous species, 

EXPKRIMENTAL 

Reagents and solutions 

All reagents were of analytical grade and 
solutions were prepared with water obtained 
from a Millipore Milli-Q system. Carbonate- 
free sodium hydroxide, prepared from an aged 
saturated solution,* was standard&d by ti- 
tration against potassium hydrogen phthalate. 
Perchloric acid and nitric acid were standard- 
ized against recrystallized borax and the results 
checked by titration against standard sodium 
hydroxide. Sodium perchlorate, potassium ni- 
trate, and lead nitrate were purified as follows: 
a saturated solution was allowed to stand for at 
least a week and then filtered through a porisity 
three sintered glass filter. From this solution, 
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relatively large crystals were grown by slow 
evaporation at -25” in a dust-free environ- 
ment. These crystals were filtered off, washed 
with pure water, and used to prepare a stock 
solution which was standardized by evaporating 
known volumes to dryness and heating to con- 
stant weight at 140”. Lead perchlorate was 
prepared by treating PbO with standardized 
perchloric acid.* The solid PbO was introduced 
to a cold acid solution stirred by a stream of 
purified nitrogen and left to stand overnight. 
This solution was then filtered through a poros- 
ity four sintered glass filter and standardized 
gravimetrically as lead iodate.g 

Potentiometric titrations 

The hydrolysis was investigated in ionic 
media, l.OM (Na)ClO, and 1 .OM (K)NO,, by 
titrating an acidified lead solution with sodium 
hydroxide. The free hydrogen concentration, h 
was determined by measuring the potential to 
fO.l mV with a Radiometer PHM84 research 
pH-meter. For the measurements in perchlorate 
medium a Ross combination electrode (Orion 
Research) with a 3.OM NaClO, (instead of 3.OM 
KCl) internal salt bridge solution was used. A 
Radiometer glass electrode (G202C) and 
calomel reference electrode connected to a 
Wilhelm type salt bridge with renewable liquid 
junctions was used for the measurements in 
nitrate medium;1o the composition of the salt 
bridge was: 1 .OM KNOJ3.0M NaCl/l .OM KCl. 

The reaction vessel consisted of a double- 
walled glass vessel and the temperature was kept 
at 25.0 + 0.1” by circulating water from a ther- 
mostatted bath. Purified nitrogen was passed 
through the medium solution and then bubbled 
slowly through the titration solution. The ti- 
trant, usually sodium hydroxide solution, was 
delivered with a Metrohm 665 Dosimat and 
sufficient time (at least 5 min) was allowed to 
ensure that equilibrium had been attained. The 
electrode systems were calibrated by titration of 
acid with sodium hydroxide in either l.OM 
(Na)ClO, or l.OM (K)N03. The data were 
treated with the program SUPERQUAD” to 
calculate values for E” and s in the Nernst 
equation 

E=E’+slogh (2) 

The calculations were done on the assumption 
that a small amount of protolytic impurity was 
present in the medium salt.‘2 For perchlorate 
medium the value for s obtained was 58.58 
compared with the theoretical 59.16 at 25” and 
the concentration of the impurity (alkaline) was 

7 x IO-‘M. For nitrate medium the impurity 
was found to be 1 .I x 10m4M and s = 59.40. 
These values were used in calculations of the 
free hydrogen ion concentration and also when 
E” was determined by titrating excess acid which 
had been added to the lead(I1) solutions. For 
brevity, -log h is denoted by pH,. 

The initial concentrations of the lead(I1) per- 
chlorate solutions titrated with sodium hydrox- 
ide were as follows: 1 .O, 1.5,2.5,5.0 and 1 .OmM. 
The titrations were carried out in duplicate or 
triplicate, but with different initial acid concen- 
trations in some cases. For the measurements in 
potassium nitrate medium the titrations were 
started with the following lead concentrations: 
1.0, 2.0, 2.5, 5.0, 7.5, 10.0, 20.0 and 50.0mM. 
Because of the very low solubility of basic lead 
nitrate species, precipitation begins at lower pH, 
values in nitrate medium and fewer data points 
could therefore be collected at a particular lead 
concentration. 

Enthalpimetric titrations 

An isothermal titration calorimeter, Tronac 
model 550, described elsewhere,13 was used for 
the enthalpy measurements. Solutions contain- 
ing lead perchlorate and some perchloric acid 
(20.0 cm3) were titrated with sodium hydroxide 
from a precision microburette (2.5 cm3) and the 
data collected as described previously.‘4 The 
initial concentrations of lead(I1) were 5.0, 7.5, 
10.0, 25.0 and 5O.OmM and all solutions were 
made l.OM with respect to perchlorate. The 
titrations were carried out in duplicate. The 
sodium hydroxide was titrated as slowly as 
possible, typically at speeds varying from 1.25 to 
2.50 ~1 per second, commensurate with the 
concentrations of the reagents and amount of 
heat evolved. Blank titrations were carried out 
which showed that the heat involved in the 
mixing and dilution of the reagents in 1M 
(Na)ClO, was negligible. 

RESULTS AND DISCUSSION 

Potentiometric investigation 

Sodium perchlorate medium. The titration 
data were treated with the computer program 
SUPERQUAD.” Of the various reaction 
models considered, and taking into account all 
species previously proposed, the following 
model resulted in the best fit between calculated 
and experimental points: 

Pb(OH) + , Pb,(OH):+, Pb,(OH): , 

Pb,(OH)i+, and Pbb(OH);f+. 
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Table 1. Values determined for formation constants -log PPP of species [Pb,(OH)J(*-d+ in various ionic 
media 

Pb(OH) + Pb,(OHY+ Pb,(OH):+ Pb,(OH)2,+ Pb,(OH): Pb,(OH):+ Pb,(OH)i+ Medium Ref. 

7.80 - - 22.69 30.8 19.58 42.43 1M NaCIO, * 

8.72 6.79 - 24.33 - 21.01 44.91 1M KNO, 7.94 - - 22.83 - 19.01 41.55 IM KNO, **+ 
7.9 6.4 - 22.87 - 19.25 42.12 3M NaClO, 3 
- - 15.29 22.78 - 19.42 42.33 3M LiClO, 7 
7.93 - - - - 19.35 - 2M NaCIO, 4 
8.84 7.11 - - - 21.72 - 2M NaNO, 4 
7.86 - - 23.91 31.75 20.40 43.38 O.lM KN6, 6 

*Results of this investigation. 
jComplex formation of Pb2+ with NO, taken into account in the calculations. 

The value of s = 0.747 (sample standard devi- 
ation”) based on estimated errors of 0.01 cm3 in 
the volume and 0.2 mV in the potential implies 
a very good fit. The formation constants defined 
by equation (1) are given in Table 1 and the 
distribution of the various species, as a function 
of pH,, is shown in Fig. 1. Also listed in Table 
1 are literature values for constants pertaining 
to different ionic media. It is seen that the 
present model agrees with that obtained by 
Sylva and Brown6 but differs from the model 
reported by Ishiguro and Ohtaki’ which in- 
cluded a Pb,(OH):+ species but excluded both 
the Pb(OH)+ and Pb,(OH): species. When the 
Pb,(OH)!+ ion was included in our model it was 
rejected by the program. SUPERQUAD auto- 
matically rejects species with ill-defined for- 
mation constants, i.e., when the standard 
deviation of the constant is more than 33% of 
its value, or if its value is negative.” Apart from 
the inclusion of the minor species, Pbz(OH)‘+, 
which occurs only at very high lead concen- 
tration (cJ next section) the model reported by 
Care11 and Olin3 differs from the present model 
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Fig. 1. Distribution of the lead(H) species, expressed as a 
percentage of the total lead concentration (O.OlM). 

only in respect of the Pb,(OH): ion. Omission 
of the Pb,(OH): ion from our model resulted in 
a significantly poorer fit, the value s = 1.21 was 
obtained. The absence in earlier models of the 
latter ion, first reported by Sylva and Brown,6 
can be ascribed to a lack of data in a small 
domain defined by relatively low concentration 
and high pH, (cJ Fig. 1).6 

Potassium nitrate medium. For a given lead 
concentration precipitation begins at much 
lower pH, in this medium. Only the titrations at 
the lowest lead(I1) concentrations could proceed 
to pH, N 7.5. Under these conditions the per- 
centage concentration of the Pb,(OH): ion is so 
small that its characterization becomes prob- 
lematical. At 0.0025M Pb*+, for example, the 
maximum concentration Pb,(OH): attained in 
1M KNO, at pH, 7.2 is only 3.5% of the total 
lead compared to the 18.2% at pH, 7.7 in l.OM 
NaClO, (c$ Fig. 1). Treatment of the data with 
the program SUPERQUAD resulted in a model 
comprising the species: Pb(OH) + , Pb2(OH)3+, 
Pb,(OH):+, Pb,(OH):+, and Pb,(OH):+. Apart 
from the expected absence of the Pb,(OH): ion, 
the only difference compared to the model ob- 
tained for perchlorate medium is the addition of 
the Pb2(0HY+ ion. When the values for the 
stability constants for the two media are com- 
pared it is seen that the constants pertaining to 
the nitrate medium have greater (negative) val- 
ues. A similar effect is noticeable in the con- 
stants reported by Huge14vs for ionic media 2.OM 
NaClO, and 2.OM NaNO, respectively. 

Part of these differences can be explained in 
terms of lead(I1) nitrate complex formation. 
Introducing the complex ions PbNO: in the 
treatment of our data resulted in the rejection of 
the Pb2(0H)3+ species and supplied values for 
the hydrolysis constants which are very similar 
to those calculated for perchlorate medium 
(Table 1). The literature value” for the for- 
mation constant of PbNO:, log K, = 0.33, was 
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Fig. 2. Measured heat, Q, as a function of the molar ratio 
of hydroxide to lead(R) for titrations of (a) 0.05, (b) 0.025 
and (c) O.OlM lead(U) solutions.For the O.OlM lead(I1) 

solution pH, = 7.1 at mole ratio 1.0. 

treated as a fixed constant. When log K, was 
refined together with the other constants, the 
value 0.32 f 0.01 was obtained in good agree- 
ment with the literature value. 

The Pb,(OH)‘+ ion is such a minor species 
(max. 1% at pH, = 6) that its rejection by the 
program seems appropriate when NO< com- 
plexation (which in effect reduces the free Pb2+ 
considerably at pH, < 6.5) is taken into account. 
Although Olin and co-workers’v”j found this 
species in perchlorate medium also, its maxi- 
mum concentration under the most favourable 
conditions, i.e., at lead concentration 1.45M 
and pH, = 4.5, was only 2.1%. For solutions at 
moderate concentrations and pH, > 5.0, the 
PbZ(OH)3+ ion can therefore be neglected for 
most practical purposes. 

The reaction model and the values for the 
formation constants of the species can now be 
regarded as established with sufficient certainty 
to be used as basis for a calorimetric investi- 
gation, the results of which are described in the 
following section. 

Enthalpimetric titrations 

The results of representative titrations of lead 
(II) with sodium hydroxide are shown in Fig. 2. 
The total heat measured, Q, is plotted against 
the molar ratio of base added to lead(I1). De- 
pending on the lead concentration, a mole ratio 
of hydroxide: lead(I1) of only about 1.4 could 
be effected before precipitation started.The 
measured heat actually represents the enthalpy 
changes for the following reactions: 

pPb2+ + qOH- +[Pb,(OH) 1(*-q)+ 4 (3) 

and is given by equation (4) 

Q = n,AHO, + n,(AHL)’ (4) 

where nw is the number of moles formed and 
(AH:)’ is the molar enthalpy change for the 
formation of a given species [p,q] at 25°C in 
l.OM NaClO, medium; n, is the number of 
moles of free acid neutralized and AH”, is the 
enthalpy change for the formation of water. The 
contribution of the tirst term of equation (4) 
to the total heat measured was quite small 
because the lead solutions contained very little 
excess acid, typically pH, w 4.0. The literature 
valuei 56.1 kJ/mol for AH:, pertaining to 1 .OM 
NaClO,, was used in the calculations and also 
to convert (AH:)’ values to the enthalpy 
changes for the hydrolysis reactions represented 
by equation (1). Values for raw at each titration 
point were derived from the concentrations of 
the species by simultaneous solution of the two 
mass balance equations (5) and (6). 

B = b + ZZp&$Ph -4 (5) 

CA = h - K,lh - Zq/!l,bPh -q + c, (6) 

where B, CA and C, are the total analytical 
concentrations of lead(II), acid and base, re- 
spectively; b is the equilibrium Pb2+ concen- 
tration and log K, = - 13.71. The set of linear 
equations thus obtained from corresponding Q 
and nw values were solved for the (AH:)’ 
parameters following a least squares procedure. 
The results are summarized in Table 2. All 

Table 2. Values of the equilibrium constants and other thermodynamic quantities 
(kJ/mol) for the formation of lead(I1) hydroxo species in l.OM (Na)ClO, medium (298 
K) according to equation (1). (AHO)’ refers to the reaction: pPb2+ + qOH-s 

[Pb,,(OH),](@-q)- and AH0 = (AHO)’ - qAHi where AH: = -56.1 kJ/mol 

log & f 3u AGO (AHO)’ AH0 TAS” AHok 
Pb(OH) + -7.80 f 0.06 44.5 -32 f 10 24+8 -21 24 
Pb,(OH)]+ - 22.69 f 0.21 129.5 -112f5 112rt5 -18 28 
Pb,(QH): - 30.80 f 0.03 175.8 -135*3 146 f 3 -30 29 
Pb,(OH):+ - 19.58 f 0.02 111.8 -138f 1 86f 1 -26 22 
Pb,(OH);- -42.43 f 0.09 242.2 -234f3 215*3 -27 27 
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Table 3. Summary of thermodynamic data (kJmol-‘) at 25°C for the reaction pPb*+ f 
qHzO+Pb~(OH),](*-@+ +pH+ 

IM (Na)ClO, This work 3M (Na)ClO, Ref. 3 3N (Li)ClO, Ref. 6 
Species AGO AH=’ TAS” AC” AH’ TAS” AGO AH0 TASO 

Pb(OH)+ 44.5 _? -21 45.1 - - 
Pb,(GH);+ _ - - - _ 87.2 67 -21 
Pb@H):+ 129.5 112 -18 130.5 111 -20 130.0 62 -68 
pb,(GH): 175.8 146 -30 - - - - - 
Pb, (OH)!+ 111.8 86 -26 109.9 84 -26 110.8 -30 
Pb~(OH~+ 242.2 215 -27 240.4 207 -34 241.6 2:: 1 

species were present in relatively high percent- 
age concentrations (maximum at least 35%) 
except the Pb(OH)+ ion which attained a maxi- 
mum concentration of only 4% at the lowest 
lead concentration (5.00mM) titrated. The 
value obtained for AH:, (24 kJ/mol) is therefore 
rather uncertain but seems quite reasonable 
when compared to ABM/q (N 26 kJ/mol) for the 
polymtclear ions; it has been estimated3 that 
A#, should lie between the limits 20 and 40 
kJ/mol. The AH0 values determined for the 
polynuclear ions Pb3(OH)i+, Pb,(OI-I)i+ , and 
Pb,(OH)$+ (Table 3) agree very well with those 
reported by Care11 and Olin,3 while the enthalpy 
change for the Pb,(OH): ion fits well into the 
pattern set by the other species. The value 
AH0 44 = 62 kJ/mol reported by Ishiguro and 
Ohtaki’ for the Pb,(OH)j+ ion differs greatly 
from our value (112 kJ/mol) and that of Care11 
and Olin3 (111 kJ/mol) and should therefore be 
questioned. Although the hexanuclear complex 
is usually formulated as Pb~(OH)~+ in potentio- 
metric studies, X-ray diffraction investigations 
have provided strong evidence’* for a structure 
in solution similar to that obtained in the solid 
state, namely Pb,O(OH)i+, which consists of 
three face-sharing tetrahedra.lg 

CONCLUSION 

The results of this investigation confirm the 
existence of the hydroxo complexes Pb(OH)+, 
Pb3(OH)~+, Pb3(OH)~, Pb~(OH)~+ and Pb6- 

(OI.9~’ in the pH range 5.5-8.5 Hydrolysis 
constants and other thermodynamic parameters 
have been determined for these complexes; the 
enthalpy and entropy changes for Pb(OH) + and 
Pb,(OH)c, determined for the first time, are 
consistent with those of the other species. In 
view of the very good agreement between the 
values of thermodynamic quantities determined 
in this investigation and some values previously 
reported, the system can now be regarded as 

fairly well characterized. A comparison of the 
results for perchlorate and nitrate media shows 
that the reaction model and equilibrium con- 
stants are a&ted if complexation of lead(I1) by 
nitrate is neglected. Also, due to lower solubility 
of basic lead nitrate species the range of either 
pH, or concentration available for measure- 
ments is more limited in nitrate than in perchlor- 
ate medium. 
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PRESERVATION OF SOLID MERCURIC DITHIZONATE 
SAMPLES WITH POLYVINYL CHLORIDE FOR 

DETERMINATION OF MERCURY(I1) IN 
ENVIRONMENTAL WATERS BY 

PHOTOCHROMISM-INDUCED PHOTOACOUSTIC 
SPECTROMETRY 
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Centre for Analytical and Environmental Chemistry, Ottawa-Carleton Chemistry Institute, Department 
of Chemistry, Carleton University, Ottawa, Ontario, Canada KIS 5B6 
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Snmmrry-A novel sample preparation technique has been developed to preserve solid mercuric 
dithizonate [Hg(HDz)J in a matrix of polyvinyl chloride (PVC) for analysis by photochromism-induced 
photoacoustic spectrometry (PCPAS). This technique, which begins with the extraction of Hg+ from 
water with dithiione, allows for the determination of Hg2+ in environmental samples. Inclusion of 
Hg(HDz), within the polymer matrix enhances the PCPAS signal amplitude over that from the bare 
Hg(HDz), film by almost sixfold. The standard calibration graph of PCPAS signal amplitude as a function 
of Hgr+ concentration is linear in the concentration range of 5-100 pg/ml. A lower detection limit can 
be achieved by using a laser of higher power tuned to a wavelength closer to the maximum absorptivity 
of the excited Hg(HDz), complex. A study, conducted to monitor the change in PCPAS signal amplitude 
obtained for the same sample over an extended storage period of 19 days, demonstrates that the PVC 
protects the integrity of the solid Hg(HDz), sample. Hence, it is potentially feasible to collect 
environmental samples from a remote area for analysis at a later date. 

Despite the toxic nature of mercury known since 
ancient times, the element and its compounds 
had been used and discarded with little thought 
to the consequences to human health and to the 
environment. The seriousness of the problem 
was first realized in the 1950s among small 
fishing villages along the shores of Japan’s 
Minamata Bay.’ The illness, which came to be 
known as Minamata disease, was caused by 
methylmercury poisoning as a result of eating 
contaminated fish. In humans, the initial symp- 
toms include numbness of the lips and limbs. As 
the sickness progresses, permanent damage is 
done to the central nervous system, and the 
victim experiences visual constriction, loss of 
motor coordination, and, in the final stages 
prior to death, loss of memory, speech, hearing 
and taste. The source of the contamination 
was eventually found at a chemical plant near 
Minamata Bay. Along with an estimated 220 
tons of elemental mercury released into the bay 
with the plant’s waste effluent between 1949 and 

*Author for correspondence. 

1953, traces of methylmercury, produced unin- 
tentionally in a side reaction, were discharged. 
Swedish studies conducted in the 1960s re- 
vealed that the inorganic mercuric ion could be 
methylated by microorganisms in the sediments 
of waterways.* Methylmercury can bioaccumu- 
late in fish as it is at least 1000 times more 
soluble in lipids than in water and concentrates 
in muscle tissues, the brain and the central 
nervous system.’ Mercury levels as high as 24 
ppm were found in the fish in Minamata Bay, 
which are well above the modem federal guide- 
line of 0.5 ppm of mercury in fish.4 

The use of mercury in industry and agricul- 
ture has decreased dramatically in the developed 
world since the early 1970s due to legislation 
regulating the discharge of mercury.’ Despite 
efforts to remove the mercury from polluted 
waterways, mercury contamination of water- 
ways still remains a problem today. Given the 
recent political changes on the international 
scene that have brought a new awareness of the 
environment, one sees the need for sampling at 
more and increasingly remote sites.s Analytical 
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methods for environmental specimens often 
require that samples be transported to sophisti- 
cated facilities prior to chemical analysis. As a 
result, considerable time may elapse between the 
collection of the samples and the initiation of 
the analytical procedure, thus potentially com- 
promising the data generated by the analysis. 
Since many of the analytical methodologies 
require significant economic expenditures (and 
potential future clean-up processes even more 
so), ensuring maximum data reliability is bla- 
tantly crucial. Studies which defined the time 
frame in which samples can be expected to 
remain stable and recommended storage con- 
ditions that maximize this pre-analysis holding 
time have been reported previously.6 

Analytical samples are in a chemically dy- 
namic state at the time of collection. At the 
moment the sample is removed, it is exposed to 
conditions significantly different from the 
source conditions and the chemical processes 
may deviate from those that occur in situ. For 
example, photochemical reactions may take 
place and the temperature-dependent kinetics of 
reactions will be altered when the sample is 
exposed to ambient light and atmospheric 
temperature. In addition, the dissolved gases 
will change, air oxygen may initiate oxidation of 
some chemical species, and the pH of the sample 
will most likely change.7 The dynamic process 
does not end after the sample has been carefully 
transferred into some vessel for subsequent 
delivery to an analytical laboratory. The analyte 
can be lost from samples because of volatiliz- 
ation, absorption, or reaction with container 
materials.7 Sample containers may irreversibly 
adsorb analytes from the sample and act as a 
negative interference, leading to erroneously 
low measured values.7 In fact, the loss of 
sample integrity is governed by several factors, 
including photodegradation, chemical action, 
volatilization, and biological action. Sample 
containers also represent a major source 
of sample contamination in environmental 
measurements; they may introduce extraneous 
compounds into the sample. Moody and 
Lindstrom8 examined 12 different plastic ma- 
terials including conventional and linear 
polyethylene, polycarbonate, and several types 
of Teflon. They found significant levels of leach- 
able trace elements in all of the materials 
examined. In order to control contamination 
associated with a particular determination, po- 
tential sources of contamination must first be 
identified for the method employed. Contami- 

nation may be introduced either in the field 
during sample collection, handling, storage, or 
in transport to the analytical laboratory. Ad- 
ditional contamination may arise during sample 
preparation or in the analytical process itself.9 

Significant effort has recently been placed on 
the development of procedures for the precise 
fortification and stabilization of collected 
samples. Preservation techniques are used to 
minimize changes in samples between collection 
and analysis; they preserve the integrity of the 
sample after collection. Physical changes such as 
volatilization, adsorption, diffusion and precipi- 
tation, and chemical changes such as photo- 
chemical and microbial degradation are 
minimized by expeditious, proper preservation 
of the sample.7 Aqueous samples collected for 
soluble metals analysis are typically filtered in 
the field immediately after collection, and nitric 
acid is added until the pH is lower than 2. The 
combination of a low pH and an excess of 
nitrate ions ensures that the metal ions stay in 
solution. Since metals can adsorb irreversibly 
onto glass surfaces, samples are usually col- 
lected in plastic or plastic-lined containers to 
avoid contact with glass. Sample exposure to the 
ambient environment should also be minimized 
to avoid airborne contaminants.’ The choice of 
storage conditions is dictated by practicality. 
Aqueous liquid samples probably should not be 
frozen; the preparation of an extract is expected 
to substantially increase the holding time.6 

A new range of applications of polymers in 
analytical chemistry has recently been devel- 
oped. Styrene-divinylbenzene copolymer resin 
(XAD4) has been used in a sorbent cartridge to 
extract semivolatile explosive compounds from 
aqueous environmental samples in order to 
increase the preanalytical holding time.6 After 
extraction of trace metals with diethyl-dithio- 
carbamate, polystyrene foam has been used for 
quantitative collection of these metal complexes 
for neutron activation analysis.” Various forms 
of polymeric substrate have been used for indi- 
cator immobilization in the fabrication of fiber- 
optic chemical sensors.“-‘4 Disposable plastic 
film sheaths have been used over f&r-optic 
Raman probes to eliminate probe contami- 
nation.” In surface acoustic wave (SAW) sen- 
sors, the piezoelectric crystal has been coated 
with a polymer that captures the chemical of 
interest from the gas phase.‘6,‘7 Ion-selective 
membrane electrodes have been developed 
based on the incorporation of interactive com- 
pounds in polymer membranes.‘8*‘9 A platinized 
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reticulated vitreous carbon or platinum elec- 
trode has been used in the construction of a 
sensor for the determination of glucose in human 
serum; this used immobilized glucose oxidase 
and electropolymerized 1 ,Zdiaminobenzene. 
The 1 ,Zdiaminobenzene polymer coating drasti- 
cally reduced the effects of electrochemically 
active interferents and virtually eliminated elec- 
trode fouling by proteins in blood serum. The 
polymer film also increased the thermal stability 
of the immobilized glucose oxidase.20J’ A diffu- 
sion-plasticization based electrochemical gas 
chromatography detector has recently been de- 
veloped,” Most unfortunately, Colombian drug 
dealers are using a mixture of cocaine and 
polystyrene plastic in products that can be 
shipped into the United States of America unde- 
tected. Traffickers mix a portion of about 20% 
cocaine with polystyrene plastic and mold it with 
heat and chemicals. The unprecedented technol- 
ogy makes it possible to transform the cocaine 
into a form (e.g., black electrical bushings) 
undetectable by drug-sniffing dogs or routine 
visual or chemical tests. The cocaine can be 
removed later by heating the composition, 
dissolving the plastic bonds.23 

In the present study, a sample preparation 
technique which allows the preservation of a 
large number of small water samples collected 
from a remote area was developed. Extraction of 
Hg2+ with dithizone (H,Dz) was first performed 
quantitatively. Solid Hg(HDz), samples were 
prepared by placing a given volume of the extract 
on a glass disk to dry in air. The solid Hg(HDz)2 
film, which was susceptible to physical disfigura- 
tion and loss, was preserved in a layer of 
polyvinyl chloride (PVC) until PCPAS measure- 
ments could be carried out at a later date. 

EXPERIMENTAL 

Preparation of solutions 

The extraction solution of 0.3-0.4% (w/v) 
dithizone in Ccl, was prepared according to 
Irving’s method% and stored under 0.5M H2S04 
in the dark to prevent photodecomposition. The 
aqueous Hg2 + standard solutions were made 
from the chloride salt. A 0.025-g/ml solution of 
PVC in tetrahydrofuran (THF) was prepared 
and molecular sieves were added to keep the 
solution dry. 

Extraction of Hg2+ from water (preconcentration) 

The extraction was carried out by shaking 50 
~1 of aqueous Hg2+ solution, 30 ~1 of 1M H2S04 

and 80 ~1 of the extraction solution (dithiione 
in Ccl,) in a small screw-cap vial. After 5 min 
had passed, 50 ~1 of the organic extract was 
placed in another vial and washed with 100 ~1 
of 1: 1000 (v/v) aqueous ammonia to remove the 
excess dithizone. 

Sample preparation 

Method 2. This method of sample preparation 
is based on the procedure for making solid fihns 
of Hg(HDz), described by Chen et af.*’ A drop 
of PVC solution from a Pasteur pipette was 
placed in the center of a small glass disk (18~mm 
diameter), and the THF solvent was allowed to 
evaporate. A certain volume of organic extract 
(e.g., 5 ~1) was delivered, drop by drop, from a 
syringe onto the central area of the PVC, allow- 
ing the Ccl,, solvent to evaporate before the next 
drop was added. The resultant solid film of 
Hg(HDz), was then covered by a drop of PVC 
solution dispensed from a Pasteur pipette. 

Method 2. This procedure was similar to 
method 1 except that the bottom layer of PVC 
was not used. The top layer of polymer was 
added by dispensing 1 ~1 of PVC solution from 
a micro-pipette. 

Method 3. A 25-~1 aliquot of the organic 
extract was placed in a small glass cup. After 
the CCL, solvent had evaporated, the solid 
Hg(HDz), was redissolved by adding 20 p 1 of the 
PVC solution. Using a micro-pipette, 1~1 of the 
resultant solution was placed on the centre of a 
glass disk. The samples used for the study of 
PCPAS signal amplitude as a function of Hg2+ 
concentration were prepared in this manner, 

Photoacoustic spectroscopy (PAS) 

A sample disk was placed in the photoacoustic 
cell shown in Fig. 1. This special cell was 
designed so that photochromism could be in- 
duced in the sample by a white light source 
while PAS measurement was being performed. 
It was then attached to the microphone and 
placed in the photochromism-induced photoa- 
caustic spectroscopy (PCPAS) set-up as shown 
in Fig. 2. The mirror was adjusted so that the 
HeNe laser beam (spot size = 2 mm in radius), 
modulated at 200 Hz, passed directly through 
the sample. Several minutes after the data-col- 
lection had begun, a steady PAS signal baseline 
was observed. At this point, photochromism 
was induced by using the light from a standard 
35-mm slide projector (80 mW). The light was 
guided by an optical fiber bundle @-mm diam- 
eter) and passed through the sample with the aid 
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Modulated 
He-NC 
laser 

Preamp 

Projector 
light 

Fig. 1. Sample cell for photochromism-induced photoacoustic spectroscopy of Hg(HDz),. 

of a focusing lens. The projector was left on 
until the PAS signal stabilized at its new maxi- 
mum value for the excited state of Hg(HDz),. 

Reproducibility of sample preparation method 3 

The precision of the PCPAS measurement 
was determined by taking triplicate measure- 
ments of the same sample. Two sets of measure- 
ments were taken in order to find the precision 
at a high concentration (100 pg/ml) and at a low 
concentration (12.5 pg/ml). The precision of the 
solid sample preparation was found by measure- 
ment of the PCPAS signals of three samples 
prepared from a single extraction of a 50qg/ml 
Hg2+ solution. The precision of the extraction 
was studied by performing PCPAS on three 
samples prepared from three different extrac- 
tions of H$+ solutions of the same concen- 
tration (50 fig/ml). 

PCPAS of a Hg(HDz),film with and without a 
PVC cover 

A sample was prepared from a 50+g/ml 
Hgz+ solution as described above in method 2. 
The volume of organic extract applied to the 
glass disk was 1.0 ~1. PCPAS runs were carried 
out before and after a top layer of PVC was 
applied to see how the PVC layer affected the 
analytical signal. 

Changes in the PCPAS signal over time 

A sample was prepared from a 100~pg/ml 
Hgz+ solution using method 3. PCPAS measure- 
ments of this sample were taken over the course 

of 19 days in order to study how the sample 
changed with time. 

PCPAS with a laser of higher power 

A sample was prepared from a 25qg/ml 
Hgz+ solution using method 3. In order to study 
the effect of using a laser of higher power, two 
PCPAS runs were performed. The first run was 
carried out using the experimental set-up shown 
in Fig. 2. The second one was conducted using 
an Ar+-pumped dye laser (75 mW, R = 610 nm) 
in place of the He-Ne laser (18 mW, 
R = 632.8 nm). A defocusing lens was used to 
enlarge the spot size of the dye laser beam so 
that it was comparable to that of the He-Ne 
laser beam. 

RESULTS AND DISCUSSION 

Photochromism 

Photochromism literally means a coloration 
by light. Today the accepted definition of 

He-NC laser I 
I 

Fig. 2. Experimental set-up for PCPAS measurements. 
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Fig. 3. Visible absorption spectrum of ground and excited 
state mercuric dithizonate in solution, as measured by a 
Perkin-Elmer Lambda 4B spectrophotometer. The limited 
level of projector light irradiation did not produce excited- 
state Hg(HDz), to 100%; some ground-state Hg(I-IDz), 

remained in the sample. 

photochromism is a reversible change of a single 
chemical species between two states that have 
distinguishably different absorption spectra. 
Such a change is induced at least in one 
direction by the action of electromagnetic 
radiation.26 In the mid-196% Meriwether et al. 
conducted studies on the photochromic proper- 
ties of metal dithizonates.*’ Nine of 24 primary 
dithizonates exhibited photochromism in sol- 
ution, but only mercuric dithizonate, Hg(HDz),, 
was found to be photochromic in the solid state. 
This complex changes its color from orange to 
blue upon exposure to bright light, correspond- 
ing to a shift of the absorption maximum from 
485 to 605 mn (Fig. 3). The structural change 
that the complex undergoes when going from 
the normal to the excited state is shown in 
Fig. 4.24 

iv, - 
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Photoacoustic spectroscopy 

In photoacoustic spectroscopy, the sample 
to be studied is typically placed in a closed cell 
or chamber. Samples in the gaseous phase 
usually fill the entire chamber. In the case of 
liquids or solids, however, only a portion of the 
cell is occupied by the sample, and the remain- 
der of the cell contains a non-absorbing gas 
such as air. In addition, the chamber contains 
a sensitive microphone capable of the detection 
of minute pressure changes. The sample is 
illuminated with modulated monochromatic 
light. If any of the incident photons are 
absorbed by the sample, the electronic energy 
levels within the sample are excited. Upon 
subsequent de-excitation of these energy levels, 
ail or part of the absorbed photon energy 
is converted to heat energy through non- 
radiative deexcitation processes. Since the inci- 
dent radiation is modulated, the internal heating 
of the sample is also modulated. For solid 
samples, the periodic heat flow from the sample 
to the surrounding gas will result in a change of 
gas pressure within the cell which can be de- 
tected by a sensitive microphone. The PAS 
signal amplitude, S (in mv), can be represented 

by 

S = K P ~(1) N (1) 

where K is an experimental constant, P is 
the power of the monochromatic light source 
(in mW), e(J) is the optical absorptivity 
at wavelength 1 (in mole-‘cm-‘) and N is 
the amount of solid sample present (in 
mmoles).28 

Ground state 

Fig. 4. Structures of normal and excited Hg(HDz)> 
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Photochromism-induced photoacoustic spec- 
trometry 

By combining the two aforementioned 
phenomena, Chen et al. have developed an 
analytical technique that allows the determi- 
nation of Hgr+ as its dithizonate in the solid 
state. A standard calibration curve was obtained 
in the quantity range from 1.5 to 450 pico- 
moles.= A similar experimental arrangement is 
used in this work (Fig. 2), except that the gas 
microphone showed signs of performance 
deterioration in sensitivity due to aging. The 
modulated light from the He-Ne laser (output 
wavelength = 632.8 nm) will be absorbed 
strongly by the excited-state Hg(HDz),, while 
the ground-state complex has a negligible 
absorptivity at this wavelength. Since the 
He+Ne laser cannot induce photochromism, the 
PAS signal produced by the ground state will be 
approximately zero. Upon irradiation by pro- 
jector light, the excited-state complex is formed 
and will generate a PAS signal as shown in 
Fig. 5. The resulting PCPAS signal will be 
proportional to the change in optical absorptiv- 
ity, AC(~), between the ground- and excited- 
state Hg(HDz)r and to the amount of solid 
Hg(HDz),, thus mercury(II), present. This re- 
lationship is only valid when all the Hg(HDz), 
in the sample has undergone photochromism.25 

Sample preparation 

A major problem with sample preparation 
method 1 was that the dispensed volume of PVC 
in THF was too large. Thus, the resultant 
samples were too big to be covered entirely by 

I I 

100 300 500 700 

Time (seconds) 

Fig. 5. A typical PCPAS signal arising from Hg(HDz), in a 
PVC matrix. Projector light irradiation started at 245 set 
and stopped at 555 set: (a) ground state without irradiation; 
(b) forward photochromic reaction; (c) excited state under 
irradiation; (d) relaxation from excited state to ground state. 

the laser beam (spot size = 2 mm radius). Pre- 
cision in measurements of the same sample was 
poor because the area being sampled might not 
be the same each time. Also, because the drops 
dispensed from the Pasteur pipette were not 
always of the same volume, the Hg(HDz), was 
spread over a different area each time. Different 
volumes of PVC solution thus caused variation 
in the amounts of the mercury complex in the 
illuminated polymer matrix even when the 
original sample solutions contained the same 
concentration of Hgr+. 

Method 2 eliminated the problems discussed 
above, but difficulty was experienced in trying to 
cover the entire solid sample film with only one 
~1 of PVC solution. A volume of 2 ~1 was 
tried, but the resulting samples became larger 
than desired. In practice, a defocusing lens 
could not be used to enlarge the spot size of the 
laser beam beyond the dimensions of the PAS 
cell windows. 

Another difficulty encountered with the first 
two methods was that, while dispensing 5 ~1 of 
Hg(HDz), solution from the syringe, the CC& 
would sometimes evaporate before the drops 
could be placed on the glass disk. 

Method 3 was designed to achieve repro- 
ducible results. The samples were all approxi- 
mately 2 mm in diameter so that they were easily 
covered by the laser beam. Using this method of 
sample preparation, a linear relationship was 
found between PCPAS signal amplitude and 
HgZ+ concentration in the range 12.5-100 
pg/ml. This concentration range is high relative 
to that which would be useful for certain en- 
vironmental analyses. The main problem with 
the present method 3 is the transference of a 
relatively large volume of the extract to the glass 
cup and the removal of only a small fraction for 
analysis. It may be improved by use of a larger 
fraction of the extract to form the sample. Also, 
adjustment of the volumes or concentrations 
of the solutions used in the Hg*+ extraction 
process may help to lower the concentrations 
that can be determined. 

Reproducibility of sample preparation method 3 

The variability in the analysis was a combi- 
nation of the variability associated with the 
sample preparation technique and the variabil- 
ity of the analytical methodology. The variabil- 
ity of sample preparation method 3 was 
determined by the repeated preparation and 
analysis of solid Hg(HDz)r samples from a given 
Hgr+ solution. Measurements in this study were 
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carried out in triplicate and the precision of each 
step was calculated by use of the following 
equation: 

P = (S&Mll, - &“cra~J&ra*e (2) 

where (L,, - La& was the greatest devi- 
ation from the average and Saverage was the 
average of the three PCPAS signal amplitudes. 
The following precisions were found: 

P, = precision of the PCPAS measurement 

(3) 

Pz = [(precision of solid sample preparation 
technique)’ + P,‘]: (4) 

P3 = [(precision of extraction)* + Pz2]! (5) 

The experimental values of PI, P2, and P3 are 
listed in Table 1 for easy comparison. These 
statistical results show that a greatest source of 
error in sample preparation method 3 lay in the 
solid sample preparation technique, particularly 
at high concentrations of Hg*+. Although the 
micro-pipette was designed to deliver exact 
volumes of aqueous solutions, the viscous 
Hg(HDz), in PVC solutions could not be deliv- 
ered as accurately. The precision of the solid 
sample preparation technique may improve if 
the PVC solution is delivered from a syringe to 
the glass disk, as the syringe (calibration = 
f0.05 ~1) would transfer a given volume of 
sample solution more accurately than the micro- 
pipette (calibration = f 0.1 ~1). 

PCPAS of a Hg(HDz),$lm with and without a 
PVC cover 

A solid Hg(HDz), sample was prepared from 
a 50+g/ml Hg*+ solution according to method 
2. Before a PVC cover was added, the sample 
produced a PCPAS signal of 4 mV in amplitude. 
The same sample, after application of a PVC 
cover, gave a 23-mV signal amplitude. A poss- 
ible explanation for this increase in PCPAS 
signal amplitude is that the bare solid sample 
scattered incident laser and projector lights, 
thus decreasing the power of the lights that 

reached its inside. When the PVC solution was 
added, the solid complex was redissolved in the 
THF solvent. Upon evaporation of the solvent, 
the dispersed film sample became transparent. 
This allowed the laser and projector lights to 
reach the Hg(HDz), molecules more uniformly 
than it could in the bare solid sample. The 
increase in the PCPAS signal amplitude could 
also be due to a more ef%cient transfer of heat 
energy from the dispersed complex to the air in 
the PAS cell when the PVC cover layer was 
present. This is, in accordance with the PAS 
theory, governed by the thermal diffusivity of 
the material which is typically 10e3 cm* set-’ for 
polymers. *’ In comparison, no literature value is 
available for Hg(HDz), and must now be 
measured in our laboratory using either the 
conventional calorimetric methodology or the 
method of Adams and Kirkbright for thin solid 
films.30 Another explanation for the increase in 
PCPAS signal amplitude may be that the poly- 
mer matrix was acting as a “solvent” so that 
excitation of the complex could occur more 
efficiently. Inclusion of mercury(I1) dithizonate 
within the polymer matrix, whether by entrap- 
ment or cross-linking, had a stabilizing effect on 
the complex. The polymer matrix, like immobil- 
ization, increased the rigidity of the complex 
making it harder to unwind and relax. Similar 
spectrophotometric determination of tetra- 
phenylporphinecobalt(I1) by its catalysis of the 
photochromic isomerism of norbornadiene im- 
mobilized on porous glass beads has recently 
been reported. 3* Regardless of the nature of the 
exact mechanism, the addition of a PVC cover 
did enhance the PCPAS signal amplitude. This 
lowered the detection limit of 3 pg/ml for the 
determination of Hg*+ in aqueous samples using 
PCPAS, as reported previously by Chen et al.*’ 
to about 0.5 pg/ml. 

Stability study over time 

A sample was prepared by extraction of a 
100~pgg/ml H&+ solution, and its PCPAS signal 
was measured over a period of 19 days. A linear 
signal decrease was observed, at a rate of 1.6% 

Table 1. Precisions of PCPAS measurement, solid sample preparation technique and extraction 

Concentration of Precision of PCPAS 
Hgz+ solution measurements* 

@g/ml) P, P* P3 
100 1.1% 5.5% 7.1% 

Precision of solid sample Precision of 
preparation technique extraction 

rp: - P:]“z [p: - P$]“2 

5.4% 4.4% 
12.5 5.2% 7.5% 10.1% 5.4% 4.4% 

*See text for definitions of P,, P2, and P,. 
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per day from the initial amplitude. This loss is 
possibly ascribed to slow photodissociation of 
Hg(HDz), during projector light irradiation in 
the PCPAS measurements. Nevertheless, the 
above results have demonstrated the sample 
preservation properties of the PVC matrix. The 
polymer provides the Hg complex with efficient 
protection from physical disfiguration and loss 
of sample over an extended period of storage 
time. It is not difficult to imagine how sample 
integrity can easily be lost by physical processes, 
such as scraping and flaking, in the absence of 
a PVC coating. Any delay in sample analysis 
would only require a proportional normaliza- 
tion of the PCPAS signal. Extrapolation of the 
maximum preanalysis holding time allowed for 
a particular analysis may be statistically possible 
from the reproducible data. The American So- 
ciety for Testing and Materials (ASTM) defines 
the holding time as “the period of time during 
which a sample can be stored after collection 
and preservation without significantly affecting 
the accuracy of analysis”.32 In this case, a month 
may elapse before the PCPAS signal from a 
PVC-covered Hg(HDz), sample is reduced to 
one-half of its initial value. The above PCPAS 
measurement could not be validated for a longer 
term than 19 days after damage to the gas 
microphone was accidentally incurred. 

PCPAS with a laser of higher power 

Vibrations from the surroundings (i.e., ambi- 
ent noise) caused amplitude fluctuations in the 
PAS signal. Interference in the PCPAS signal 
determination by ambient noise, which de- 
graded the analytical detection limit, were over- 
come by using a high-power, low-noise laser. In 
one experiment the sample prepared from a 
25+g/ml HgZ+ solution gave a PCPAS signal 
amplitude of 20 mV and a signal-to-noise ratio 
of 10: 1 when the He-Ne laser (A = 632.8 nm) 
was used. Using the Ar+-pumped dye laser 
operating at 610 nm, a 94mV signal amplitude 
and a signal-to-noise ratio of 47 : 1 was obtained 
for the same sample. The enhancement of the 
PCPAS signal is believed to be the result of two 
factors: the increase in output power of the dye 
laser and the use of a wavelength of light which 
was closer to the maximum absorptivity of the 
excited-state complex at 605 mn. The output 
power from the dye laser was measured to be 75 
mW which was four times that of the He-Ne 
laser. Since 94 mV % 4 x 20 mV, the AL advan- 
tage is clearly evident. No photobleaching of 
mercury(I1) dithizonate and no PAS signal satu- 

ration were noticed at this laser power level. 
Ideally, the dye laser should have been tuned to 
a wavelength identical with that of the He-Ne 
laser in order to study the effect of the power 
of the laser used. Unfortunately, a significant 
power increase could not be achieved at 632.8 
nm for the Rhodamine 6G dye employed. 

CONCLUSION 

Proper preservation of analytical samples re- 
quires planning of critically timed activities per- 
formed in both the field by the sampling crew 
and in the laboratory by the analysis staff. From 
the results presented in this report, polyvinyl 
chloride can be used to preserve the integrity of 
solid Hg(HDz), samples prepared by extraction 
of Hg2+ from water with dithizone. The PVC 
cover provides the Hg(HDz), with protection 
from physical damage (e.g., scraping and 
flaking) to facilitate easy transport and storage. 
This allows a longer time period between 
sampling and analysis. As the polymer also 
immobilizes the solid complex and may increase 
its photostability, the maintenance of cali- 
bration standards in the laboratory will be easy. 
In general, equipment used for sample analysis 
is a common source of sample contamination. 
Use of PCPAS of solid film samples deposited 
on disposable glass disks eliminates problems of 
carry-over and memory effects from consecutive 
analyses of high- and low-level samples which 
are common to many types of instrumental 
methods (viz., carry-over from high-level 
samples contaminates subsequent low-level 
samples). 

By comparing solid Hg(HDz), samples with 
and without PVC covers, it has been verified 
that the presence of the polymer matrix en- 
hances the PCPAS signal amplitude obtained. 
In addition, a greater PCPAS signal amplitude 
can be obtained with the use of a laser of higher 
power and an optimum wavelength of the exci- 
tation light. Hence, a higher signal-to-noise 
ratio (and thus a lower detection limit) can be 
achieved. In view of the promise shown by the 
preliminary data, the method merits further 
study and sensitivity enhancement will be 
pursued in our laboratory. 

Finally, the ease of use of this novel sample 
preservation technique for potential field appli- 
cations should not be understated. The analysis 
of standard reference materials, as well as the 
exchange of samples with laboratories that are 
skilled in mercury analyses, are underway to 
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allow further validation of the method. Note 
that the PCPAS equipment, which measures no 
more than 70 cm x 85 cm x 25 cm on an optical 
breadboard, has good potential for use in a 
mobile laboratory. 
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DETERMINATION OF B, Si, Cr, MO, Th AND Hf IN UF, 
BY END-ON VIEWED ICP-AES 
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Summary-A spectrographic analysis method is described for the determination of B, Si, Cr, MO, Th and 
Hf in UF, Uranium is separated from UO*F, using a TBP [tributyl phosphate] extraction-elution resin 
column technique. The six impurity elements, including B and Si, in the fluorine-containing extraction- 
elution solution are determined by end-on viewed ICP-AES. The method is simple, rapid and suitable for 
routine analysis. 

~ODU~ON 

The ASTM C996-83 (standard specification for 
UF, enriched to less than 5% U-235) requires 
the determination of impurity elements B, Si, 
Cr, MO and Th. However, B and Si in UFe are 
difficult to determine spectrographically among 
the five elements because they would be lost in 
large amounts during the conversion of the 
sample into U308 if the carrier distillation 
method is used. Also, Si would be lost com- 
pletely, and B by large fractions during the 
driving off of HF by nitric acid if a chemical- 
spectral analysis method or ordinary ICP-AES 
is used. 

For these reasons, for decades, both the DOE 
ORO-671-2 method and its replacement ASTM 
C761-91 method stipulate that UE;, be hy 
drolyzed in freshly prepared ammonia water to 
form NI&UFS, NH,BF, and (NH,)rSiF,,’ and 
that the hydrolyzate be evaporated to dryness 
below lOO”C, charged into a boiler electrode 
and excited with a dc arc for spectrographic 
analysis. 

However, the development of the modern 
analytical technique has provided the possibility 
of determination of B and Si in I.JF6 using 
chemical separation at room temperature. 

Our method is as follows: after UF6 is hy- 
drolyzed in high purity water to form UOrF,, an 
aliquot of it is treated with concentrated nitric 
acid, and passed through a TBP [tributyl phos- 
phate] extraction-elution resin column for sep- 
aration. Uranium is absorbed on the column 
and the impurities remain in the elution sol- 
ution. Then end-on viewed ICP-AES is used to 
determine the six impurity elements (B, Si, Cr, 

MO, Th and Hf) s~~~n~~ly, As both the 
sample blent and the separation are per- 
formed at room temperature, the loss of volatile 
fluorides of B and Si does not occur. 

The experimental results show that a recovery 
of 86-l 14% and a precision (RSD) of less than 
f 16% are obtained because of the simple oper- 
ation and the stability of the selected ICP 
operating conditions and sample inlet system. 
Analysis of production samples agrees with the 
analytical results of other methods used for 
comparison analysis. 

Inst~mentation and KP operating conditions 

As shown in Table I,2 

WaveIengths of analysis lines and &termination 
limits 

As shown in Table 2. 

Preparation of the TBP [tributyl phosphate] ex- 
traction -e&ion resin chro~t~raphic column 

A 75-120 mesh TBP ex~~tion~lution resin 
is put into a glass beaker, rinsed with water, and 
immersed for over 24 hours after removing the 
floating material. Then the resin is gently flowed 
into the colutnn (Fig. 2), stirring the resin 
frequently with a glass rod so that it can be 
packed uniformly and no bubbles occur. After 
packing, the cohmm is eluted with 5% sodium 
carbonate solution, the volume of which is four 
times that of the resin, to remove residual butyl 
and dibutyl, and washed with water to neu- 
trality. To remove the ~pu~ti~, the column is 
eluted repeatedly with 11w HCl, Hz0 and 31w 
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Table 1. Instrumentation and ICP oneratina conditions 

Spectrometer Medium-size quartz spectrograph, model H C JI- 28; 
reciprocal linear dispersion: 0.35-l 1.0 nm/mm; ICP im- 
aged with unit m&nification on slit using a single 
condenser cf= 75 mm); three-step filter (steps: 10, 50 
and 100%) in front of entrance slit. 
Tyne GP3.5Dl: anode current: 0.7A. arid current: 110 
n%; frequency: 27 MHz. 

I_ 

6 mm diameter copper tube, 2 turns, coil diameter 
25 mm. 

RF generator 

Load coil 

Torch 

Air stream for lens 
protection. 
Gas 
Flow rates: 

Outer 
Intermediate 
Carrier 

Sample inlet system 

Photographic plate 

Analysis lines 

Fassel torch, positioned horizontally with azis coinci- 
dent with optical axis. 
See Fig. 1. Glass device with slit-shaped orifice (OS x 25 
mm); air gauge pressure: 0.05 MPa; flow rate: 30 I/min. 
Argon 

16 l/min 
0.75 l/min 
0.35 l/min 
Fluorine-resistant aerosol desolvation unit: temperature 
of heating chamber: 200°C; nebulizer of pneumatic- 
concentric type, liquid uptake rate: 1.5 ml/min. 
Kodak glass plate No. 1 or TIANJIN U.V. III plate 

HNO, to an acceptable blank value for routine 
USe. 

Preparation and pipetting of standard series sol- 
utions 

Prepare original solutions with oxides or salts 
of B, Si, Cr, MO, Th and Hf, take a portion from 
each according to the requirements for the 
analysis of a 300 mg sample, dilute to a standard 
series (Nl-NS) of solutions with certified high 
purity water, and store in 100 ml plastic contain- 
ers. Pipet, respectively, 1 ml from each of the 
standard series solutions, add 1.5 ml of concen- 
trated HNOj, 3.2 ml high-purity water and 0.3 
ml HF to each of them, and mix in PTFE cups 
(each to a total volume of 6 ml and a total 
acidity of 4M HNO,-l.lM HF) for future use. 

Sample treatment and separation procedure 

Hydrolyze UFe in high-purity water, and 
maintain its con~ntration at lSf&300 mg/ml. 
Pipet a volume of hydrol~te containing 300 

Table 2. Wavelengths of analysis lines and 
determination limits 

Spectral lines Determination limits+ 
(nm) OcgwJ) 

B I 249.773 0.25 

Fr III Z/% 
0.1 

MO II 281:615 
0.1 
1.5 

Th II 401.913 1.5 
II 283.730 

Hf II 264.141 ;:: 

*Achieved in sampling 300 mg. 

mg of UF, into a PTFE cup with a plastic pipet, 
add first an appropriate amount of high-purity 
water to give a sample volume of 2 ml and 
then 1 ml of concentrated HNOX, and mix 
thoroughly. Pipet the sample into the column 
which has been acidified with 4M HN03, and 
elute with 4M HNO, with a flow rate of 0.3 
ml/mm for separation. Discard the first 4 ml, 
and collect the last 6 ml effluent solution which 
contains all the impurities. Urania absorbed 
on the column is desorbed with water. Keep one 
blank of reagent during separation. 

Take spectrograms of the effluent solutions 
and the standard series solutions simul- 
taneously. 

RESULTS AND DISCUSSION 

Interference by fluorine 

Since the elutant solution received during 
separation is an acidic mixture of HNO, and 
HF, the effect of fiuorine content on the deter- 
mination results must be taken into account. 
Theoretically, 100 mg of UF6 contains 32.4 mg 
of fluorine. Our measurement result is 33 f 2 
mg. The fluorine content in 0.1 ml of commer- 
cial hydrofluoric acid is 38 mg which is roughly 
of the same order. 

Based on the above consideration and calcu- 
lation, we studied the addition of 0.1-0.4 ml of 
hydrofluoric acid (i.e., 38, 76, 114 and 152 mg 
of fluorine) and the results are listed in Table 3. 
The increase in the density of the spectral lines 
due to the gradual addition of the fluorine 
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(b) 

Fig. I. End-on viewed ICP with a lens protecting unit: (a) photograph; (b) schematic drawing. 

content made the corresponding quantitative 
content of each element tend to increase gradu- 
ally, notably B. In the range of 114-152 mg of 
fluorine, the change in determination results of 
six elements tended toward stabilization. In 
addition, greater B content may be due to the 
formation of strongly volatile fluoride in B 
which increased the flow rate of B into the 
central channel of ICP, this is also one of 
the reasons for the lower determination limit 
of B. 

Based on this result, and guided in the prin- 
ciple that the standard solution should corre- 
spond with the acidity of the sample solution as 
closely as possible, for sampling of 300 mg UF,, 
we added 0.3 ml of hydrofluoric acid to stan- 
dard series solution. 

Organic glass 
O.D. 16 I.D.lZmm 
Organic glass wire 

TBP-extraction 
-elation resin 

O.D. 10 I.D. 6mm 
PE capillary 

Fig. 2. A TBP-~x~action-elution resin chromato~phic 
column. 

Spectral interference by CA and Fe 

Since our analytical object is high-purity UF, 
with impurity elements at the parts per million 
level and end-on viewed ICP is used, we studied 
only Ca which is likely to be a contaminant that 
may give rise to ionization interference, and Fe 
which has compli~ted spectral lines. Since the 
two elements have similar effects on the determi- 
nation result, only results of Ca arc listed in 
Table 4. 

For samples of 300 mg, Ca with as high as 340 
pg/gU (also Fe with 192 pg/gU) has no effect on 
the results of the six elements. Neither interfer- 
ence of spectral lines nor interference of ioniz- 
ation are apparent. 

Interference by U 

Since this was our first attempt to separate 
uranium from HNO,--HF medium using a chro- 
matographic method, doubt may arise as to 
whether trace uranium would be lost and thus 
affect the spectrographic determination. In our 
practice, within the useful life of a chromato- 
graphic column, no noticeable uranium loss 
occurred, and the separation was complete. But 
when a column approaches the end of its life, 
the Ioss of a small amount of uranium is poss- 
ible. For this reason and also because uranium 
is a matrix element with multiple spectral lines, 
it was necessary to study its interference. 
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Table 3. Effect of F content in the solution on the determi- 
nation results (&gU) 

Fluorine B Si Cr MO Th Hf 

0 0.94 180.0 9.8 10.8 11.5 4.4 
38 2.6 220.0’ 13.0 13.0 11.5 4.9 
76 4.0 190.0 14.0 15.0 12.0 5.0 

114 4.8 195.0 15.5 16.0 12.0 5.5 
152 5.0 200 15.5 17.0 13.0 5.7 

*Possible contamination. 

Under the selected ICP conditions we per- 
formed an experiment on the interference with 
14-110 pg uranium and the result is shown in 
Fig. 3. 

Below 110 pg and within the range of error 
of the spectrographic method, BI 249.773 mn, 
Si1251.611mn,Cr11267.716nm,Th11401.913 
nm and Hf II 264.141 nm experienced only 
small influences. Only for a larger amount of 
uranium did the density of MO II 281. 615 nm 
tend to decrease. As the residual uranium is 
generally below 15 fig, no serious interference 
with the spectrum would occur. 

Accuracy and precision 

The accuracy and precision of this method 
were assessed by analyzing a series of laboratory 
prepared synthetic samples, check samples and 
several real UF6 samples following “sample 
treatment and separation procedures”, under 
the experimental conditions defined in Table 1. 

Two synthetic samples were prepared by 
adding standard solutions to a UO,F, solution. 
The impurity contents in one sample were at the 
lower analytical limits of this method, and those 
in the other sample were at the level of product 
quality standard. Each of the two synthetic 
samples was analyzed five times. The mean 
determination value, average percentage recov- 
ery, and relative standard deviation (RSD) after 
separating with TBP chromatography are listed 
in Table 5. 

To our knowledge, at present there are no 
certified standard samples for the impurity el- 
ements in UF,. Thus, check samples were used 
instead. The check samples we used were pre- 
pared in the same manner as the reference 

Table 4. The effect of Ca content on the determination 
results @g/gU) 

Ca content B Si Cr MO Th Hf 

0 2.7 180.0 3.6 3.3 3.0 3.4 
37 3.0 200.0 3 2 3 2 3.4 
74 3.1 195.0 :? 3:3 3’2 

170 3.0 190.0 3:2 3’2 ?I 
340 2.9 190.0 3.7 ::: 3:2 314 

I ’ ’ ’ ’ ’ I ) 

20 40 60 80 100 120 
WIG) 

Fig. 3. The effect of uranium on the density (AS) of the 
spectral lines. 

solution. The impurity contents in check 
samples were unknown. Only after the analysis 
of check samples had been performed, were the 
impurity contents made known by the checking 
personnel. Each of the check samples was ana- 
lyzed five times. The quantitative results ob- 
tained and the standard deviation are listed in 
Table 6. 

To demonstrate the effectiveness of this 
method, several UF, samples were analyzed. 
These samples were taken from an enriched UF6 
product for nuclear reactors. Each of these 
samples was divided into several aliquots which 
were subsequently determined by the present 
method, a chemical method, and TEHP [tri(Z 

Table 5. Analysis of laboratory prepared synthetic samples 
and precision (RSD)* 

Blank 
value of Relative 

Addition UF, Determined standard 
value matrix value Recovery deviation 

Element OcglgW @IN) OlgW) (%) (rt%) 

0.5 0.75 90 15 
B ___ 0.3 

2.0 2.3 100 10 

20.0 29.7 86 13 
Si ~ 12.5 

80.0 104.0 114 9 

3.0 3.3 92 12 
Cr - 0.54 

12.0 11.3 90 7 

3.0 not 3.4 113 16 
MO - found 

12.0 10.5 88 9 

3.0 9.0 97 11 
Th ~ 6.1 

12.0 18.2 101 15 

1.5 2.0 107 16 
Hf ~ 0.4 

6.0 6.0 93 16 

*RSD of determination value. 
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Table 6. Analytical results of check samples (ccg/SU) Table 7. Comparative analysis of production sample of UF, 

Element B Si Cr Mo ‘Ih Hf Sample Method B Si Cr MO Th Hf 

Blank not found 13.0 2.8 not found 7.8 0.4 p 1.7 76 12.3 7.2 11.5 3.5 
A 4.0 25.7 3.5 4.5 3.0 1.5 No. 1 

Check ~ ~ ot 1.9 77 11.4 8.5 8.3 2.3 

sample D 4.7 33.9 a 6.9 3.8 11.3 2.0 P 0.45 16.0 1.5 1.5 2.3 
No. 1 No. 2 

S 0.94 4.5 1.6 0.6 2.9 0.2 0 0.5 15.0 1.5 1.5 3.0 

A 0.6 29.7 24.7 14.8 P 15.0 12.0 13.7 4.8 
Check No. 3 
sample D 0.63 28.0 27.1 15.1 0 16.5 12.3 11.0 4.5 
No. 2 ~ a 

S 0.06 5.3 4.6 1.5 P 0.35 14.0 1.4 1.5 2.2 
No. 4 

A 17.8 415.0 108.0 2.0 98.6 0 0.4 15.0 1.5 1.5 3 
Check ~ * 
sample D 16.7 438.0 124.0 1.7 116.0 P 6.0 180 38.0 3.4 29.0 13.5 

No. 3 No’ 5 ~ 
S 2.7 36.0 18.7 0.15 16.2 0 5.1 197 47.0 4.8 26.0 18.0 

Notes: 1. Blank-Blank value of UF, matrix. 
2. A-Accepted value. 
3. D-Determined value. 

Notes: Determination results of three separations. 
*The present method. 
tczlemicpl method, TEHP separation-ICP-AES*. 

4. S-Standard deviation. 

ethyl-hexyl) phosphate] separation-ICP-AES UF6, provided by ASTM C761-91 standard 
method*. The results obtained are listed in Table procedure. 
7. The results of this method amee with those 

- obtained by other methods. Acknowk&menrs-The assistance of Fan Puren, Sha 

The data in Tables 5-7 show that TBP chro- 
Shuyan, Ferq Yin& Bao Luwel, Wu Zuyong and Li 

matographic separation-end-on viewed ICP- 
yen@ b _d,, apply. 

AES,- is- an effective method for the deter- 
mination of B, Si, Cr, MO, Th and Hf in UF,. 
Its determination limits can satisfy the require- 
ments of UF, quality appraisal. The time re- ** 
quired for sample preparation and analysis is 
one working day. This method is simpler and 

2 
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more rapid than the test method for B and Si in 
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Summary-An experimental comparison between the relative performances of the Powell and simplex 
methods for the optimixation of a Flow Injection Analysis (FIA) system for the determination of nitrite 
in water is reported. An evaluation of the advantages of using a weighted linear combination of hvo 
variables (related to sensitivity and sample throughput rate) as the response function in the guidance of 
the opt&i&on procedures towards different practical requirements is also included. 

Both methods proved to be effective for the optimixation, none having shown definite advantages over 
the other. The use of a weighted response function in these optimisation methods proved to be useful for 
assessing the versatility of FIA systems. 

The need to optimize the parameters, which 
define FIA systems to improve their response 
characteristics (usually sensitivity and/or sample 
throughput rate) is nowadays commonly 
accepted. For this purpose, due to the complex 
and strong interdependence which exists 
between the various parameters (flow rates, 
lengths and internal diameters of tubes, 
injection volumes, reagent composition, etc.) 
and performance variables (peak height, 
residence time, linear working range, etc.), 
methods able to promote their simultaneous 
optimization in a systematic way are required. 

different kinds of response function have been 
used for the optimization of FIA systems.s-‘6 
The automated optimization of FIA systems 
using simplex procedures has also been 
reported.8-‘o The utilization of the Powell” 
method has also been proposed for the optimiz- 
ation of FIA systems,‘* and a comparison 
between the two methods was recently described 
for a particular FIA system.lg 

The lack of mathematical models to describe 
the behaviour of all but the simplest FIA 
systems prevents the utilization of methods that 
use derivatives. Among the direct optimization 
methods, the simplex method,lm3 devised by 
Spendley ec al.,’ and significantly improved by 
Nelder and Mead,* has been the most com- 
monly used in FIA applications. Its application 
to analytical chemistry has had a large impetus 
after the work of Morgan and Deming,’ and it 
was first applied in the optimization of FIA 
systems by Betteridge et al4 The choice of an 
adequate response function is a critical step for 
the optimization procedure,5d and several 

This paper reports an evaluation of the 
relative efficiency of the simplex and Powell 
methods to promote the optimization of 
another FIA system and a study of the per- 
formance of a particular kind of response func- 
tion (a weighted linear combination of variables) 
in the guidance of the optimization procedures 
towards different compromise requirements 
between the variables chosen (in this case 
sensitivity and sample throughput rate). 

The response function (RR) is a linear combi- 
nation of two variables,the peak height (H), 
which is to be maximized as it is taken as a 
measure of sensitivity, and the residence time 
(T), which is to be minimized since it is inversely 
related to the sample throughput rate. 
Expressed in terms of the normalized variables 
(Ru, Rr), RF is 

*Author for correspondence. RF = CH-R, + C,(l-R,). 
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The normalixation of variables3*’ is accom- 
plished through the use of the expression 

where &, stands for the exigent vahte of 
the variable measured and & and 1$, 
for the values of the corresponding minimum 
and maximum values, found by means of 
preliminary tests. 

Response functions based on independent 
additive terms can result in unexpected and 
unwelcome results when one of the terms 
dominates. In the present case, problems could 
arise if the residence time coefficient was very 
large, leading to very fast systems, with small 
and narrow peaks, thus having low sensitivity 
and poor repeatability, or if the peak height 
coefficient was too large, leading to unpracti- 
cally large systems, with very long residence 
times and broad peaks. Two possible ways to 
avoid this problem are the definition of bound- 
aries for the variation of the parameters 
{to prevent the occurrence of unpractical 
system) and the use of suitable normal&&ion 
conditions of the variables (to assure that there 
is no indirect weighting of them, i.e., when equal 
coeEcients are assigned to both variables, their 
relative ~n~butions to the response function 
should be similar). 

For this study, the system for the determi- 
nation of nitrite proposed by Nakashima et uI.,~ 
whose optimization by the simplex method was 
previously reported,‘5 was chosen. The degree of 
complexity of this system is ~~~~a~ and 
typical of a large number of FIA systems. It 
involves four hydrodynamic parameters of the 
manifold (two coil lengths and two flow rates). 

Five different sets of the weighting coefficients 
(Cu, C,) were used as beforeI to cover system- 
atically their allowed range (0 d C, Q I), thus 
permitting an evaluation of the guidance 
festures of the type of response function used 
and providing a broader base for the compari- 
son of the simplex and Powell procedures than 
before.19 

Figure 1 shows the manifold used in the 
optimixation experiments which was fully 
described in a previous work.ls Reagents were 
prepared and stocked as described in the work 
by Nakashima et aL20 

Algorithms 

The program algorithm used for the simplex 
optimixations has been described in detail 
before” and is based on the modified simplex 
method of Nelder and Mead,2 but with some 
modifications to include boundary conditions, 
to take into account Aberg’s suggestion2’ that 
the value of RF for an expansion should be 
compared with its reflected point instead of with 
the best of the simplex values, and to combine 
the use of massive contraction with the 
application of “rule 3” from Spendley’s original 
method’ (this rule states that, if the value of RF 
obtained for the point resulting from the reflec- 
tion of the worst vertex of the simplex is smaller 
than the value of RF for the worst vertex of the 
simplex, then the advance in the optimization is 
achieved through reflection of the next-to-worst 
vertex). 

Fig. 1. Flow injection manifold for the optimkation exper&ntsz R, = 0.04% (w/v) p-aminuacetophe- 
none, pH 1.5; R2 = 0.11% (w/v) m-phcnylencdiamine, pH 2.4; P, P2 = peristaltic pumps; Vigi = injection 
valve; SP = spectrophotometcr; RE = recorder; BPT = back-pressure tube. The tubing used was made of 
Teflon with 0.8 mm internal diameter. The tee piea umd was made of Ampex ad witi 120' mgh. 

Parametcrx allowed to vary: Q,, Q2 = flow rates, L,, & = reaction tube lengths. 
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The program algorithms used in the Powell 
optimizations were also previously described in 
detail,18 and are based on the original 
algorithms of Powell.” 

Both programs were implemented on an 
Apple he microcomputer. 

Convergence criteria 

The convergence criterion used in the simplex 
algorithm stated that the sample standard 
deviation between the values of the response 
function should be less than a preset value, fixed 
by the user at the beginning of the optimization 
procedure. In this study this value was set at 0.5. 

In the Powell method a double convergence 
criterion was used. First, both the coordinate 
values and the target function increments in two 
consecutive iterations must be below a present 
value, in this case 0.5. Second, in each 
unidir~tional search, the interpolated point on 
the assumed parabolic shape is also checked 
against the mentioned preset value. This double 
criterion requires a complete iteration cycle to 
achieve convergence, which provokes the occur- 
rence of some final points with very similar 
coordinate values. 

Procedure 

L, and .& (see Fig. 1) were allowed to vary 
from 60 to 400 cm, with 5 cm intervals, and (2, 
and Q2 were allowed to vary ~ntinuously in the 
range 0.7-4.5 mljmin. 

The normalization conditions for peak height 
(O-0.1 absorbance units) and residence time 
(O-5 min) and the intial vertices of the simplex 
were determined in preliminary experiments, 
using a few systems with extreme values of the 
variables to be optimized. The coordinates of 
the initial point used in the Powell method were 
calculated as the mean value of its correspond- 
ing values in the five initial vertices of the 
simplex (see Table 1). 

The values of peak height and residence time 
were evaluated as averages of the responses to 
triplicate injections of 500 ~1 of a 100 ppb(N) 
nitrite solution. 

To study the influence of the relative weights 
(CH/C,) on the optimization results, the optim- 
ization experiment was repeated five times, both 
for the simplex” and Powell methods, with 
different values for the coefficients (CH/C+ 
0.910.1; 0.7jO.3; 0.5iO.5; 0.310.7; 0.1/0.9). In each 
optimization method the same initial values of 
the parameters (L, , &, Q, and Q2) were used in 
all experiments. 

Table 1. Starting points used for the opthization 
exaeriments 

4 (rrn) Iz(cm) Q, (ml/m@ Q,(ml/min) 
Simplex 300 400 0.94 0.72 

200 400 1.41 0.72 
200 ;t! 1.18 0.72 
300 0.94 1.10 
300 200 1.41 091 

Powell 325 260 1.04 0.96 

RE!WLTS AND DISC!US!3~ON 

The five optimization procedures with 
different combinations of weighting coefficients 
(CH/C,) were carried out in the usual way: the 
experimental set-up required by the optimiz- 
ation algorithm was assembled, the experimen- 
tal responses (peak height and residence time) 
were measured, and all values were interactively 
introduced into the computer program, in order 
to calculate the next experimental con~tions. 
Whenever the optimization algorithm proposed 
points which were too close to their points 
previously evaluated (i.e. when the differences 
between the values of each of the parameters in 
the proposed and evaluated points were smaller 
than 5 cm for tube lengths and 0.02 ml/mm for 
flow-rates), these were not assembled and 
evaluated. Instead, the characteristics of the 
previously evaluated point (parameters and 
variables) were introduced again in the 
~mputer program. This decreases the amount 
of experimental work and is possible in the 
present case because the system is stable and 
presents no sign&ant drift. 

Figure 2 shows how the response function 
varies with the number of experiments, both in 
the simplex and Powell methods, for the five 
different sets of weighting coefficients used. It 
should be noticed that, since there are four 
variables to be optimized, the simplex has five 
vertices, and so the experimental points before 
the sixth do not reflect the simplex method’s 
ability to climb the surface but merely the 
chosen ordering of the points of the initial 
simplex. This figure, along with the data in 
Table 2 for the number of experimental points, 
shows that the Powell method is usually faster 
in reaching the maximum. This was quickly 
attained, a few more experiments were made to 
verify that there was no further improvement 
in the response function, and in practice the 
optimization was terminated before meeting 
the convergence criterion. On the other hand, 
the ~nverg~~ criterion was always met on the 
simplex opti~ations. This implied in some 
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cases a considerable number of complementary 
experiments, after the maximum response 
function was attained (see Table 2). 

It should be noted that, conceptually, the 
speed of optimization is associated with the 
ability of the optimization method to evolve to 
the maximum after the beginning of the pro- 
cedure, which is different for the two methods. 
In fact, the Powell optimization procedure 
always starts immediately after the lirst point 
while for the simplex the begining of the optim- 
isation depends on the number of variables 
considered (in the present case it is after the fifth in successive experiments. 

(a) 100 
l Powell OSlmplex 

point). Nevertheless, what is of primordial 
importance to the analytical chemist is the time 
spent on and the amount of work required for 
the optimization. The significance given in this 
paper to speed of optimization is thus associated 
with the number of experimental points used, 
which still has to be discussed in terms of the 
amount of work required to attain and use each 
of the experiment points in the optimization 
procedures used since, as pointed out by 
Greenfleld et ~1.~~ this increases with the 
number of variables which change their values 

90. 
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70. 

0 5 10 15 20 25 

Number of experiment8 

Figs 2(a) and (b). 

30 35 
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l Powell 0 Simplex 

80. 

80. 

CT = 0.1 I CH= 0.9 

0 5 10 15 20 25 30 35 40 

Number of experiments 

Fig. 2. Variation of RF with the number of experiments in the optimixation for the five different sets of 
weighting coefficients in Simplex (0) and Powell (0) methods. C&r: A. 0.1/0.9; B. 0.3/0.7; C. OJO.5; 

D. 0.7/0.3; E. 0.9/0.1. 

Figure 3 shows the variation of both terms of corresponding term clearly dominates the value 
RF (CH-R, and C,(l-R,)) with experiment of RF, when it is set to 0.7 [Figs 3(b) and 3(d)] 
number, for the five sets of coefficients, both in the corresponding term is still the most 
the simplex and Powell methods. Inspection of important contribution to RF although the 
these plots shows that when one of the contribution from the other one is no longer 
coefhcients is set to 0.9 [Figs 3(a) and 3(e)] the neglectable, and when both coefficients are set 

Table 2. Comparative results of the optimixation methods 

GIG 0.1/0.9 0.310.7 o.s/o.s 0.710.3 0.910.1 

Q, W/mW Simplext 4.3 f 0.5 1.9 f 0.2 1.51 f 0.05 1.15 *0.05 0.99 f 0.05 
Powell 4.50 1.21 1.42 1.23 1.16 

Q2 (ml /fin) Sirnplext 2.5 f 0.6 1.2fO.l 1.17*0.07 0.90 f 0.03 o&t*0 
Powell 4.18 0.85 1.25 0.84 0.84 

L, (cm) Simplext 60*0 128 f 20 132 f 12 142+5 141 f 33 
Powell 60 100 110 140 150 

L2 (cm) Simplex? 60*0 159*31 193 * 23 161 f 10 322 f 26 
Powell 60 100 f 20’ 110 290 290 

Zf (a.u.x 10)) Simplext 12*3 77 f 6 86&3 96&l 91.2 f 0.5 
Powell 8 78 + 3* 76 75.7 84.7 

T(s) Simplext 15*2 54*6 72 f 6 114*6 144& 18 
Powell 13.4 64*4* 61 102.5 121.5 

RF Simplext 86.8 f 0.4 80.2 f 0.5 80.7 f 0.5 87.6 f 0.5 87.3 f 0.5 
Powell 86.8 78.3 77.8 72.7 82.2 

Number of 
experimental Simplex 17 (17) 27 (20) 34 (31) 40 (25) 23 (17) 
n0int.d Powell 19 (18) 20(17) 31 (24) 30 (25) 23 (21) 

*In this case, the same value of response function was obtained for two diierent experimental points with 
identical coordinates except Lc. The presented values are the mean values and mean deviations for 
the two systems. 

tThe results presented are the mean and its corresponding confidence interval for the five vertices of the 
8nal simplex. 

#The number in brackets indicates the point with the highest value of response function. In both cases 
the experimental point proposed by the algorithm which were equal or too close (see text) to points 
previously evaluated were not included. 
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to 0.5 [Fig. 3(c)] the importance of both factors 
is equally stressed. 

Figure 4 shows the variation of values of 
experimental parameters with experiment 
number, both for the simplex and Powell 
methods. The weighting coefficients were set at 
CH = OS/C, = 0.5 to emphasixe equal sensitivity 
and speed requirements. The experimental 
responses (H and T) present a very similar 
variation profile in both methods. On the other 
hand, the variations of the parameters (L, , J& 
Q, and &) show different profiles, mainly 

04 { 
0 Powell 

CHRH 0 Simplex 

because the unidirectional searches made at the 
beginning of the Powell method keep three 
parameters fixed while the fourth varies, but in 
the simplex method all the parameters change 
simultaneously. 

The effectiveness of the parabolic interp- 
olation in the u~~~tional searches of the 
Powell method can be easily observed from 
Figs 4(aHd), which show that after starting 
its unidirectional search, each parameter 
quickly reaches a region close to its optimized 
value. 
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Figs 3(c) and (d). 
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1 90 

80 

Fig. 3. Variation of the contribution of both terms of RF(C,*R, and C,(l-R,) with experiment number, 
for the five different sets of weighting coefficients, in simplex [Q, a) and Pow4 (0, 8) methods. CH/C,: 

A. O.ljO.9; 8. 0.3jO.7; C. 0.510.5; D. 0.7/0.3; E. 0.9jO.1. 

The final results obtained by botb methods 
are summarized in Table 2, Each af the simplex 
results presented are the average and the 
corresponding co&Ience interval (calculated 
by the t-function at the 5% ~igni~~n~ IeveljB 
for the set of their ~s~tive values in the five 
vertices of the final simplex. On the other hand, 
the Powell rest& are the values corresponding 
to the point with the highest v&e of the 
respanse function. This is a consequence of the 
different natures of the convergence criteria 
used in two methods. 

As Table 2 shows, the values of N generally 
increase with the sensitivity coefficient, CH, and 
the sampIe throughput rate generally increases 
(i.e, the value of T decreases) in the opposite 
direction, as would be expected from the 
structure of RF. 

For both methods, the marked importance 
conferred to the sample throughput rate in the 
optimization experiments with the first set of 
weighting coefficients, CH = 0.1/C, = 0.9, leads 
to very fast systems, whose sensitivity is 
however very low. It is therefore not surprising 
that the largest increase in sensitivity and 
decrease in sample throughput rate between 
successive sets of weighting coef?icimts are 
observed, in both opti~~tion methods, on 
passing to the following set of coefficients, 
CH = 0.3/C, = 0.7. However, some unexpected 

‘PAL 40,7--L 

features are found in the results of the remaining 
experiments for the two methods. The simplex 
results proceed its expected trend [increasing the 
values of peak height and residence time) until 
the experiment with coefficients CH = 0.71 
C, = 0.3, but on passing to the last, CH = 0.1) 
C, = 0.9, the importance of ~nsiti~ty cannot be 
further stressed and no improvement in the 
resulting systems is obtained, probably due to 
the fact that the reaction had already almost 
reached completion and dispersion effects now 
dominate. A similar situation occurs for the 
Powell method between the second (C, = 
0.3/C, = 0.3) and third (CH = 0.5/C, = 0.5) sets 
of coefficients, from which result systems with 
very close characteristics. The Powell method 
was not very successful in optim~ng the senti- 
tivity in the central area (CH =0.3/C, = 0.7 to 
C, = 0.7,&Z, ;-c 0.3), where the difference in the 
optimization results are mainly due to the in&- 
ence of the other term of RF, the sampIe 
throughput rate, but a significant increase in 
sensitivity was obtained in the optimization with 
the last set of coeBcients (C,, = 0.9/C, = 0.1). 

The compIex interdependence between the 
parameters and variables of a HA system leads 
to the occurrence of points that have the same 
value of RF (since this is determined by the 
values of the variables), aIthou~ they corre- 
spond to exeunt sets of parameters (these 
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points fall on an RF surface contour in a RF vs. 
parameters plot). After a surface contour close 
to the maximum is reached, further iterations 
provide only small improvements in the value of 
RF, and therefore, to limit the number of 
experiments, the convergence criteria cannot be 
too strict. Thus, although the maximum might 
be unique, it is seldom reached exactly. 
Therefore, depending on the way the optimiz- 
ation algorithm approaches the maximum, 
the final value reported as the maximum 
value of RF may correspond to different sets 

of parameters in the two optimization 
methods. 

For instance, in the experiment with co- 
efficients CH = 0.1/C, = 0.9, where the import- 
ance of analysis time is stressed over sensitivity, 
a large difference is observed between the values 
of Q2 obtained by the two methods. This may be 
due to an unfavorable simplex orientation with 
respect to a ridge, while the results from Powell 
are set on a boundary condition. A few more 
experimental points confirmed that the simplex 
would increase Q2 while maintaining all the 
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Figs 4(a) and (b). 
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Fig. 4. Variation of parameters and variables with the number of experiments in the optimization 
experiment with weighting coefficients CH = CT = 0.5 for simplex (0) and Powell (0) methods. A. L,; 

B. ~5,; C. Q,; D. Q2; E. R,; F. RT. 

other parameters, which would make closer the 
final results of both optimization procedures. 

In the experiment where sensitivity was given 
more importance (C,, = 0.9/C, = 0. l), the 
parameters obtained by both methods were very 
similar. Some differences were found in the 
other experiments, which can be explained by 
the way the variables depend on the parameters. 

In the case with CH = OS/C, = 0.5, the only 
difference found was in the value of the tube 
length L2, This is a result of the kind of response 

function used. Indeed, in the region around the 
maximum, the alteration of the value of one of 
the parameters generally provokes variations in 
the same direction of both variables considered 
(i.e., if one flow rate is decreased usually both 
the peak height and the response time increase). 
Since we intend to maximize the former and 
minimize the latter, the net consequence in the 
response function may be very small or even 
null, and systems with different values of the 
parameters may have similar values of response 
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function. The situation for Cu = 0.7/ 
C, = 0.3 is similar, but as there is a certain 
difference in the values of the response function 
obtained by the two methods, the comparison 
may have less relevance. 

For the function with C, =0.3/C, = 0.7, 
large differences were found in Q,and L2 (as well 
as smaller differences in Q, and L,). This results 
from the fact that variations in the same 
direction of flow rate and tube length in one 
channel may produce similar values of peak 
height and response time. For example, if 
both tube length and flow rate are increased, 
the effect in response time will usually be very 
small, because the distance covered is larger but 
the speed is also higher, and the same is true for 
peak height, since the dispersion is higher but so 
is the extension of the reaction (unless it had 
already almost reached completion, in which 
case dispersion effects would dominate). 

CONCLUSIONS 

The use of a weighted response function in the 
Powell optimization of FIA systems provides a 
useful procedure for the characterization of 
their performances and for stressing the relative 
importance of sensitivity and sample through- 
put rate. This fully confirms the conclusion of a 
previous work with the simplex optimization 
procedure, I5 showing the usefulness of that type 
of response function in assessing the versatility 
of FIA procedures in different practical 
situations. To guide the optimization procedure 
to the desired balance requirements between 
sensitivity and sample throughput rate, it is only 
necessary to assign adequate values to the wei 
ghting coefficients and to have determined pre- 
viously the normalization values of the 
variables. 

The comparison between the simplex and 
Powell methods demonstrates that both can be 
useful for the optimization of FIA systems, 
neither having revealed definite advantages over 
the other. 

In its early stages, at least during the first 
iteration cycle, the Powell method evolves 
through univariate searches. These are easier to 
accomplish experimentally than searches where 
various parameters have to be changed, thus 
allowing for savings of time in experimental 
work. This is particularly important in FIA 
when tube lengths are to be optimized, since 
their changes require a complete reset of the 
system and stabilization of baseline and 
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therefore the savings in time are substantial if 
the number of alterations of tube length 
decreases. However, the Powell method requires 
a deeper knowledge of the system, necessary in 
order to choose the right order of optimization 
of the parameters, which is essential to avoid 
any disorientation of the search path, especially 
in the early stages of the process. 

Although the Powell method was usually 
faster in searching the maximum, the simplex 
method provided more consistent results for 
the optimization, being much more robust. 
Additionally, the simplex method yields the 
uncertainty figures of the different parameters 
upon statistical treatment for the final poly- 
hedron, which provide an indication of the final 
point precision. In the Powell method, due to 
the different convergence criterion used, this 
information cannot be obtained, although as 
several close points are collected at the final 
stage of the process, further confidence is also 
achieved. A more effective convergence criterion 
would make the Powell method more efficient. 

REFERENCES 

1. W. Spendley, G. R. Hext and F. R. Himsworth, 
Technometrics, 1962, 4, 441. 

2. J. A. Nelder and R. Mead, Comput. Jl., 1965, 7, 308. 
3. S. L. Morgan and S. N. Demming, Anal. Chem., 1974, 

46, 1170. 



1126 L.M.B.C. ALVMES-RIBEIRO et al. 

20. S. Nakashima, M. Yagi, M. Zenki, A. Takahashi and 22. S. Greentield, M. S. Salman, M. Thomsen and J. Tyson, 
K. Toei, Anal. Chim. Acta, 1974, 155, 263. J. Anal. Atomic Spectrom., 1989, 4, 55. 

21. E. R. Aberg and G. T. Gustavsson, Anal. Chim. Acta, 23. J. C. Miller and J. N. Miller, Statistics for Analytical 
1982, 144, 39. Chemistry, Wiley, Chichester, 1984. 



Ttita, Vol. 40, No. 7. pp. 1127-l 129.1993 
Printed ia Great Britain. All rights resewal 

Gil39-914op3 $6.00+0.00 
Copyright 8 1993 Pcrgamon Pmss Ltd 

SHORT COMMUNICATION 

SPE~ROPHOTO~ET~C DETERMINATION OF 
Fe(II1) IN ALKlALINE SOL~IONS WI~OUT 

NEUTRALIZATION 

LUMINITA VLADPSCU and RENATE LHRCH-GURGUTA 

Department of Analytical Chemistry, Faculty of Chemistry, University of Bucharest, 
13, Bv. Carol I, 70346Bucharest, Romania 

(Received 25 July 1991. Reviped IS December 1992. Accepted 12 January 1993) 

Smumary-gpectrometric study on the complexation of Fe(II1) with an organic reagent obtained by 
coupling 3-me~yl-l-ph~yl-5-p~olone with diaxotixed 3-hydroxy4amino-benxene sulphonic acid was 
carried out in alkaline solutions. 

A 1:2 Fe(II1) :reagant water soluble complex is formed. The optimum pH is 9.0-l 1.8. The maximum 
absorbance of the complex lies at I = 560 nm, where the absorbance of the rea8ent is low. The molar 
absorptivity is 9000 l.mole-’ .cm-1 at pH = 11.6. The value of the stability constant determined at 
20 f l”C, pH = 11.6 and 1= 560 ttm is 4 x loIN. The Bee-Lambert law is followed for iron concen- 
tration in the 0.2-5.0 &ml range. 

The spectrophotometric method was tested on synthetic solutions and thus applied for determination 
of traces of Fe(II1) in several samples of alkaline hydroxides and carbonates without the neutraliition 
of the solutions. 

In a study of the effects of Fe(II1) in technical 
processes and for quality ambushment of 
analytical grade reagent, a simple method for 
the determination of microgram amount of 
Fe(III) in commercial 50% solutions and solid 
NaOH p.a., or other alkaline products p.a., 
was required. Usually, the amounts of Fe(II1) 
encountered vary between 0.5 and 10 ppm. 
Other metal ions, such as calcium, magnesium, 
barium, aluminium, nickel, mercury, manganese 
and copper may be present in metal/iron ratios 
varying from l/2 to 5/l. 
All the methods #~only utilized requires 

that the sample must be first neutralized.‘-9 
In this paper a ~trophotome~c in- 

vestigation of the complexation of Fe(II1) 
with an organic reagent obtained’o by coupling 
3-methyl-1-phenyl-Spyrazolone with diazotized 
3-amine4hydroxybenzenesulphonic acid was 
carried out. The reagent formula (R) is given in 
Fig. 1. 

The date obtained were used in developing 
a spectrophotometric method of determining 
Fe(III) directly in alkaline hydroxides and 
carbonates without the neutralixation of sol- 
utions. 

ExPIixmmNTAL 

All chemicals used were analytical reagent 
grade. 

Aqueous solutions of known titre of 10YSM 
and 2 x 10m3M of Fe3+ ions were obtained from 
concentrated stock solution Merck for atomic 
absorption spectrometry. 

lo-‘M and 2 x lo-’ aqueous solutions of 
reagent R were prepared starting from the re- 
agent synthesized and character&d by elemen- 
tary analysis, NMR, LR and W-VIS technics 
and by chromato~ap~c methods; on this basis 
the physical properties, the structure and the 
purity of the reagent were established.” 

Fig. 1. Formma of reagent R. 

I127 



1128 LUMINITA VLADJSCU and RENATE LERCH-GURGUTA 

1M NaOH aqueous solutions were prepared 
from solid NaOH (Merck), or from alkaline 
products for analysis and the titre of each 
solution was determined titrimetrically by O.lM 
HCl standard solution (Merck); in this way 
samples with known concentration of NaOH 
were obtained. 

pH buffer NH,-NH&l and KHphtalate- 
NaOH solutions.” 

Absorbance measurements were carried out 
on a SPECORD UV-VIS Karl Zeiss-Jena 
spectrometer. The pH of the solutions was 
measured with a MV-84 (VEB, Pracitriinic 
Dresden) pH-meter. 

PROCEDURE 

The solutions to be studied were prepared in 
25 ml calibrated flasks where exactly measured 
volumes of Fe(II1) and reagent R solutions were 
introduced; 5 ml of a pH buffer solution, or a 
calculated volume of 1M NaOH solution of 
known concentration were added to obtain 
a determined pH. The flasks were filled up to 
the mark with distilled water. Absorbance of 
each solution was measured against a corre- 
sponding Fe(II1) free reagent blank, similarly 
prepared. 

RESULTS AND DISCUSSION 

The influence of wavelength, of amount of 
reagent, of Fe(II1) concentration and of pH 
on the absorbance of Fe(III)-reagent solutions 
was studied in order to establish the optimal 
working conditions for the spectrophotometric 
determination of Fe(II1) directly in alkaline 
hydroxide and carbonate samples without the 
neutralization of solutions. 

The pyrazolonic derivative forms a red com- 
plex instantaneously with Fe(II1) at room tem- 
perature. The absorption spectra of the complex 
and of the reagent solutions at pH = 11.6 are 
shown in Fig. 2. The maximum absorbance of 
the complex is located at 1 = 560 nm, i.e. where 
the reagent absorbs very little. 

The effect of the pH on the absorbance of the 
solution of the complex at 1 = 560 nm shows 
that the optimal pH range is 9.0-l 1.8. 

Job’s method and the spectrophotometric 
titration methods were employed for estab- 
lishing the composition of the complex. The 
results indicate the formation of a 1: 2 com- 
plex between Fe(II1) and reagent. A 3-4-fold 
molar excess of the reagent over Fe(II1) is 

X,nm 
Fig. 2. Absorption spectra of: (1) complex against reagent 
blank (pH = 11.6); and (2) reagent in buffer solution against 

buffer solution @H = 11.6). 

required in order to obtain maximum constant 
absorbance. 

The Beer-Lambert law is followed for Fe(II1) 
concentration in the 0.2-5.0 pg/ml range. 

The molar absorptivity coefficient is 9000 
1. mole-’ . cm-’ at pH = 11.6. The mean value 
of the apparent stability constant of the complex 
calculated from the absorbance data by the 
mole ratio method at 20 + 1” and pH = 11.6 
was 4 x 10’M. 

The study of the interferences shows that the 
ions of alkaline, alkaline-earth metals and of 
Hg(II), Zn(II), Cu(II), Ni(II), Co(II), AI(III), 
Ti(IV) in a 5-fold molar excess do not interfere 
in determination of Fe(II1). 

The method was tested on synthetic sol- 
utions containing known amounts of Fe(II1) 
in the presence of 5-times higher amounts of 
the above-mentioned ions and a volume of 1M 
NaOH standard solution Merck, corresponding 
at a pH 9.0-l 1.8 in the total volume of the 
solution to be analyzed. The results obtained 
show a good agreement between Fe(II1) amount 
taken in the sample and those determined. 
Relative standard deviation was 0.5 & 0.05%. 

The method was applied for determining the 
Fe(II1) content in several samples of alkaline 
hydroxides and carbonates without the neutral- 
ization of the solution. The stock sample 
solution was prepared in a 100 ml calibrated 
flask and its HO- concentration was determined 
titrimetrically with a standard O.lM HCI sol- 
ution Merck. The solution to be analyzed was 
prepared and added to a 25 ml calibrated flask 
containing 5 ml solution 10m3M reagent and 
exactly measured solution of the stock sample 
solution (calculated to provide a final pH 
9.0-l 1.8). The flasks were filled up to the mark 
with distilled water. Absorbance of each sol- 
ution was measured against a corresponding 
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Table 1. Results of the Fe(W) content determination in alkaline hydroxides and 
carbonates without the neutralization of solution 

Compound analyzed 

NaOH 50% solution 
NaOH p.a. 
KOH p.a. 
Na,CO, p.a. 
K,CO, p.a. 

Fe(III) content % 

Spectrophotometric determination Determination by 
with atomic absorption 

KSCN’ Ferons R spectrometry 

- 0.0010 0.0014 0.0012 
0.0040 0.0034 0.0038 0.0840 

- 0.0006 0.0008 0.0005 
0.4560 0.4655 0.4600 0.4599 
0.0025 0.0030 0.0020 0.0822 

Note: Each result is the mean of five determinations. 

Fe(II1) free reagent blank similarly prepared 
utilizing a standard 1 A4 NaOH solution Merck. 
The results in Table 1 show a good agreement 
between the data obtained by this method 
and those offered by other methods commonly 
utilized for the quantitative determination of 
Fe(II1). 

CONCLUSIONS 

Fe(II1) may be determined spectrophoto- 
metrically in alkaline hydroxide and carbonate 
samples without the neutralization of sol- 
utions by means of the organic reagent obtained 
by coupling 3-methyl- 1 -phenyl-Spyrazolone 
with diazotized 3-amine-4-hydroxy-benzene- 
sulphonic acid. This reagent forms with Fe(II1) 
a 1: 2 complex with the maximum absorbance at 
A = 560 nm for pH 9.0-I 1.8. 
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DEVELOPMENT OF A POLYPYRROLE-BASED 
AMPEROMETRIC DETECTOR FOR THE 

~E~~~~~NAT~O~ OF CERTAIN 
ANIONS fM WATER SAMPLES 

(Receiued 27 Oetahr 1992. Rtsised 23 December 1992. Accepd 4 January 1993) 

Suuuury-The development of a polypyrrole-based modified electrode for uw in tbt? detection of anions 
in flow-injection anaQsis and ian chromatography is described, Chlorib, nitrate, nitrite, perchlorate, 
bromide, carbonate, sulphate and phosphrmte were detected by using flow-it&&on analysis combined with 
the poiypyrrofebased CME electro&mkl detector. Ail of the anions were detected converdeotly and 
reproducibly over a iimx titian range I-100 pg@nl. A detection limit of 0.1 g&r& was obtained 
for d5&z-& zd a Ed d 1.O ~~~ for all of the other a.&ons~ tZhEo* nitratee, sulphate and phone, 
foamy separation x&g ion ~ma~~y~ were detected ~rn~~~ly by W&Q a ~~~~ty 
detector and the ~~~~~ CME e&&mcbe~ de&&or in series. Both methods of detection 
yielded simikr res&s with ~rn~mb~ sensitivity, kearity and iimits of detection. This method was then 
applied to the anafysis of fresh water s~~pks+ The electrode was stable over a &week period of operation 
with no evidence of chemical or mechanical deterioration. 

Polypyrrole and other conducting polymers ate, phosphate and acetate and found it 
have proved very popular in the development was linear over the concentration range from 
of e~rni~y modified electrodes (CM&) as 10 @# to 1 m,44 for each anion. Wallace 
aual~~~ sensors in recent years. The main and co-woT%eTs4 have developed ~l~y~o~ 
advantages of these CMEs lie in im~ruve~nts and ~ly~p~r~le-~-~~dithionate)-bard 
in sensitivity and selectivity, as well as the ability electrodes incorporating various ~ounte~o~s, 
to detect electroinactive species, for the dete~i~~~ion of a variety of cations, 

The ability to deliberately control and manip- 
ulate the surface properties can lead to a variety 
of attractive effects. Such tailoring of the surface 
can meet the needs of many analytical problems. 
The incorporation of CMEs into flowing 
streams or coupled to chromatographic systems 
has made electrochemical den&ion a powerful 
tool for the det~~~on of a wide variety of 
species. 

Many applications of polymer rnod~~ elec- 
&odes with amperometric detection exist in the 
recent literature. For example, Xkariyama and 
Heineman’ described a flow-injection analysis 
(FIA) method in which a polypyrrole modified 
electrode was used as a detectax for electro- 
inactive anions based on the repetitive doping- 
undoping of the polypyrrole layer. They 
investigated the eiectrode response for carbon- 

Ye and BaldwinS have developed a similar 
method to that of Ikariyama and Heineman,’ 
but used polyanihne as the conducting polymer 
matrix. They applied the method to a wider 
range of anions and also looked at the selectivity 
of the electrode by varying the background 
electrolyte composition and concentration. 
Wang and tin6 then reported on the use of a 
~lya~ne modified electrode for the detection 
of anions su& as perchlorate, nitrate, sulphate, 
oxalate and iodate in FIA and ion chromatog- 
raphy (IC), Sung and Huang’ have also appiied 
a polyaniline-N&on composite electrode to 
the determination of alkali and alkaline earth 
metal ions using FEA and IC. This method 
involved holding the CME at a potential at 
which the polymer is reduced, and as the 
sample plug contairring cations arrive at the 
composite electrodeV a transient current signal is 
obtained which is p~o~r~on~ to the cation 
~n~t~~o~. 



1132 BIG WARD and MALCOLM R. SMYTH 

This paper reports on the preparation of a 
polypyrrole CME using a platinum wire (0.5 
mm o.d.) as the substrate incorporated into a 
microelectrochemical flow cell.* The aim was to 
apply this CME as an amperometric electro- 
chemical detector for the detection of a series 
of electroinactive anions using both FIA and 
IC. The analysis of river water samples taken 
from different locations using both IC with 
conductivity detection and IC using the CME as 
an amperometric detector was then compared. 

EXPERIMENTAL 

Reagents 

All chemicals used were of Analar grade 
purity. All standard solutions were prepared 
using distilled water which was further purified 
by passing it through a Milli-Q water purifi- 
cation system. Pyrrole was purchased from 
Riedel-de Haen (Seelze, Germany) and was 
freshly distilled and stored under nitrogen at 
0°C. Platinum wire (0.5 mm o.d.) and silver wire 
(0.1 mm o.d.) were purchased from Goodfellow 
Metals (Cambridge, UK). Silver loaded epoxy 
resin (RS 567-604) was purchased from Radion- 
ics (Dublin, Eire). The AG4A guard and AS4A 
separator ion chromatography columns were 
purchased from Dionex (Surrey, UK). Poly- 
ethylene tubing was purchased from Gallenkamp 
(Loughborough, UK), and low pressure fittings 
and peristaltic tubing were purchased from 
Qmnifit (Cambridge, UK). 

Instrumentation 

The electrochemical system consisted of an 
EG & G Model 264A potentiostat, a Lloyd 
PL3 X-Y recorder and a Phillips PM 8251 X-t 
recorder. The FIA system consisted of a Gilson 
Minipuls 3 peristaltic pump and a 7125 Rheo- 
dyne injection value. The Ion Chromatography 
system was a Dionex Ion Chromatograph 
Model 4500 IC system, consisting of a gradient 
pump (GPM), a conductivity detector (CDM 
II), an eluant degas module (EDM), a micro 
membrane suppressor (MMS), a 50 ~1 tied 
loop 6-port pneumatic injection valve and 
an AC1 AI 450 software package (version 2.1). 
The Dionex columns used were a AG4A 
guard and a AS4A separator column. Thechro- 
matographic conditions used were 1.8 mM 
Na,CO,/1.7 mM NaHC03 as eluant at a flow 
rate of 2 ml/mm, and the suppressor regenerant 
used was 12.5 mM H2S04 at a flow rate of 5 
ml/mm. 

Preparation of polypyrrole-based chemically 
mod>ed electrode 

Platinum wire was cleaned by placing a piece 
of 0.5 mm o.d. platinum wire in chromosul- 
phuric acid for 5 min. It was then removed, and 
washed thoroughly with deionised water. The 
wire was then placed in a solution of aqua 
regia for 5 min, removed, and washed with 
deionised water. The wire was then polished 
using alumina powder (0.03 pm) and left to 
soak in deionised water overnight. 

The platinum wire, washed following the 
above procedure, was then used to construct the 
working electrode as described in a method 
previously reported.g 

Preparation of Ag/AgCl reference electrode. 
Silver chloride was coated onto a silver wire 
(20 mm length, 0.1 mm o.d.), by connecting the 
wire to the anode of a 1.5 V battery and 
connecting a platinum wire to the cathode of the 
battery. Both wires were then immersed in a 
solution of 1 mole/dm3 hydrochloric acid for 
2 min. The coated wire was then inserted into a 
polyethylene tube (30 mm length, 2 mm o.d., 1 
mm i.d.). A porous ceramic rod (2 mm length, 
1 mm o.d.) was fitted into one end of the tube 
and was heated sealed into the tube using 
an electric soldering iron. The tube was filled 
with an internal reference solution containing 
1 mole/dm3 potassium chloride. Finally, this end 
of the tube was sealed using an epoxy glue. The 
electrical connection was made by soldering a 
copper wire (0.5 mm o.d.) onto the uncoated tip 
of the Ag/AgCl wire. The auxillary electrode 
used was a piece of stainless steel tubing (20 mm 
length, 2 mm o.d., 1 mm i.d.) 

The working electrode, reference electrode 
and auxillary electrode were mounted together 
in a T-tube (30 mm length, 20 mm height, 2 mm 
i.d.), the connections being made using silicone 
tubing (5 mm o.d., 1.5 mm i.d.). The flow cell 
configuration was as shown in Fig. 1. The cell 
arrangement is such that the electrolyte first 
passes the working electrode, then the reference, 
and finally passes the auxillary electrode to 
waste. 

Modecation of the working electrode. The 
flow cell was connected to a peristaltic pump via 
a low pressure fitting (Qmnifit). The platinum 
wire and auxillary electrodes were taken 
through a further cleaning step by pumping a 
0.1 mole/dm’ sulphuric acid solution through 
the cell at a flow rate of 0.8 ml/mm for 1 hr 
while cycling the potential between - 1000 and 
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Fig. 1. Structure of polypyrrole-based CME flow cell. I. 
Silver wire coated with silver chloride, 2. Reference electrode 
body, 3. Internal reference solution, 4. T-tube, 5. Ceramic 
rod, 6. Stainless steel auxillary electrode and 7. Polypyrrole- 

based CME. 

+ 1400 mV at a scan rate of 50 mV/sec. The 
potential was then held at +400 mV until 
a steady decay current was obtained. The 
system was then flushed with deionised water 
for 10 min. 

The electrode was modified by injecting a 
deoxygenated solution of 0.5 mole/dm3 pyrrole 
in 1.0 mole/dm3 sodium chloride as the electro- 
lyte, into the flow cell using a 2 ml syringe. 
Electropolymerisation was carried out by slow 
potential cycling from - 1000 mV to +!I00 mV 
at a scan rate of 20 mV/sec, for three complete 
cycles. The polymer film was deposited onto the 
platinum wire as a purple coloured film. 

During the electropolymerisation step, faster 
scan rates of 100 and 50 mV/sec were investi- 
gated, but films produced using these conditions 
were thin and patchy and not as stable or 
reproducible as those prepared using the slower 
scan rate of 20 mV/sec. 

RESULTS AND DIscuSSION 

Characterisation of polypyrrole-based CMEs 

The freshly prepared polypyrrole-based CME 
was placed in the flow system and using deoxy- 
genated 0.1 mole/dm3 NaCl as the electrolyte, its 
cyclic voltammetric behaviour was investigated. 
The potential was cycled from - 1000 to +!I00 
mV at a scan rate of 50 mV/sec. The cyclic 
voltammogram produced for the electrode 
shows the classic redox transitions from the 
neutral to conducting state at potentials similar 
to those observed by other workers.4*6 

The cyclic voltammogram (Fig. 2a) shows the 
anodic current peak at approximately + 50 mV 
(US. Ag/AgCl) which corresponds to the switch- 
ing of the polymer from its neutral to charged 
state as well as the counterion incorporation 
(doping) into the polymer. The reduction re- 
sponse corresponding to the switching of the 

(a) 

1 I I I I 
-1.0 -0.5 0 05 09 

EMvs Ag/AgCl 

Fig. 2. Cyclic ~oltammogram~ of polypyrrole-based CME in 
(a) 1 molc/dm’ NaCl and (b) 0.1 mole/dm3 glycine, scan rate 

of 50 mV/sec. 

polymer from its conducting state to its non- 
conducting state, as well as the non-faradaic 
current associated with the counterion-exchange 
(undoping), can be seen at approximately -400 
mV (vs. Ag/AgCl). On continuous cycling, no 
noted changes were observed. 

A cyclic voltammogram (Fig. 2b) was also 
recorded in 0.1 M glycine as electrolyte. This 
time no redox waves were observed for the 
polypyrrole-based CME over a potential range 
- 1000 to +900 mV. The background current 
observed in this medium was only a fraction of 
what it was in the sodium chloride electrolyte. 
This results because of the low conductivity of 
the glycine xwitterion. 

Flow-injection analysis 

As described in the previous section, the 
polypyrrolabased CME did not show any re- 
sponse when cycled in glycine. This was there- 
fore a suitable electrolyte to be used as a mobile 
phase for flow-injection analysis. A solution of 
0.1 mole/dm3 glycine was deoxygenated using 
nitrogen and used as mobile phase. The flow 
rate of mobile phase was set at 0.4 ml/min. 

The response of the polypyrrole-based CME 
was then evaluated using the Cl- anion. The 
applied potential was varied to obtain a maxi- 
mum response. Then, using this potential, the 
reproducibility of the electrode was investi- 
gated. Parameters such as selectivity, linearity, 
sensitivity and limit of detection (LOD) were 
then determined. All standard solutions were 
prepared in 0.1 mole/dm3 glycine solution 
and were deoxygenated using nitrogen before 
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injection. Potentials quoted throughout this sec- 
tion are quoted versus the Ag/AgCl reference 
electrode. 

EfSect of appliedpotential. The applied poten- 
tial was varied from +200 to +900 mV in 50 
mV increments and injections of 20 ~1 of a 40 
pg/ml Cl- standard solution were made at each 
potential. The hydrodynamic voltammogram 
produced showed the response for the Cl- anion 
commenced at a low positive potential of +200 
mV and increased with increasing applied 
potential reaching a maximum response at 
+800 mV. 

Reproducibility. To investigate the reproduci- 
bility of the response, the applied potential was 
constantly maintained at + 900 mV and a series 
of 10 injections of 20 ~1 of a 100 pg/ml Cl- 
standard were made, and the anodic peak cur- 
rent recorded each time. The response of the 
CME was reduced slightly following each injec- 
tion. This was probably due to the doping of the 
polymer with the Cl- anion each time the anion 
plug passed the electrode surface. An average 
current response (n = 10) of 1.39 PA with a 
RSD of 1.33% was obtained. 

The solution to this doping effect would be to 
undope the polymer by stepping the applied 
potential down to a more negative potential, 
where the polymer is reduced and the dopant 
anion is released from the polymer, as pre- 
viously employed by Ikariyama and Heineman.’ 
Another solution would be to employ the 
method reported by Ye and Baldwin,’ which 
involved setting the applied potential to a less 
positive potential where the anion did not fully 
dope the polymer, but was capable of entering 
and leaving the polymer as the sample anion 
plug passed over the electrode surface. The 
latter method was then investigated where a 

80 nA 

2 mm 

NWote Nltrlk 

series of applied potentials were selected and 
constantly maintained at the working electrode, 
and the above series of injections repeated at 
each selected potential. A potential of + 500 mV 
was chosen as the optimum potential as at this 
potential the response did not vary, an average 
current response (n = 10) of 504 nA with an 
RSD of 0.75% was obtained, and this potential 
was therefore selected for future studies. 

Selectivity. The electrode response to different 
anions was determined by injecting 20 ~1 of 
100 pg/ml of each of the following anions: 
chloride, nitrate, nitrite, perchlorate, bromide, 
carbonate, sulphate and phosphate. The applied 
potential was constantly maintained at +500 
mV and 0.1 mole/dm’ glycine was used as 
mobile phase at a flow rate of 0.4 mljmin. 
The CME showed a response to all of the 
anions injected, as shown in Fig. 3. The CME 
exhibits best selectivity for the chloride anion, 
as this was the counterion used during the 
electropolymerisation step. Selectivity also 
seems to depend on anion size, since the re- 
sponse for the smaller anions is much better 
than that for the bulkier anions. All of the 
anions investigated produced well defined 
sharp anodic current peaks, and if a separation 
step was incorporated into the flow system, 
the polypyrrole-based CME could be used as an 
amperometric detector to detect a mixture of the 
above anions. 

Linearity and limit of detection. The linear 
response of the electrode for all of the anions 
used in the previous section was investigated 
over the concentration range 1 --+ 100 pg/ml. 
This was done by injecting 20 ~1 of each stan- 
dard in the above concentration range for each 
individual anion and obtaining the response. 
The mobile phase used was 0.1 mole/dm3 glycine 

Fig. 3. Selectivity of polypyrrole-based CME for various anions using a 20 ~1 injection of 100 ,ug/ml Cl-, 
Br-, NO,-, NOz-, ClO,-, CO,*-, SOd2- and PO,‘- standard mixture, a 0.1 mole/dm3 glycine mobile 

phase and an Ew = +OS V (us. Ag/AgCl). 
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at a flow rate of 0.4 ml/min, and a applied 
potential of +500 mV. 

The response produced was linear in this 
concentration range for all of the anions inves- 
tigated. The sensitivities for each anion varied, 
as the CME was found to be more selective 
for some of the anions. Calibration curves were 
then constructed by plotting anodic current 
response (nA ) versus concentration (p g/ml), 
and from the graphs obtained the linear corre- 
lation coefficients were all better than 0.998 in 
the concentration range l-100 pg/ml. 

A limit of detection (LOD) of 1 pgglml was 
obtained using a S/N ratio of 3/l or greater for 
all of the anions investigated, except for the 
chloride ion. The LOD for the chloride ion was 
0.1 pg/ml using a S/N ratio of 3/l. 

Effect offlow rate on electrode response. The 
effect of flow rate on the electrode response was 
investigated by increasing the mobile phase flow 
rate in the range 0.2 ml + 2.0 ml/min, while 
injecting 20 ~1 of 100 pg/ml Cl- standard. The 
response was higher at the lower flow rates, and 
decreased slightly with increased flow. The peak 
shape was closer to ideal at faster flow rates, 
with no major loss in peak height. As the flow 
rates associated with ion chromatography are in 
the order of 2-3 ml/min, this result was very 
promising for the incorporation of the CME as 
an amperometric detector in an IC system. 

Stability. The polypyrrole-based CME was 
extremely durable. The same CME surface 
could be used for cyclic voltammetry and 
flow injection studies for a period of 2 weeks, 
with no evidence of chemical or mechanical 
deterioration. 

Ion chromatography 

In the following section, the polypyrrole- 
based CME was investigated as an amperomet- 
ric detector to detect a series of anions, 
separated using ion chromatography. The re- 
sults obtained using the CME detector were 
compared to the results obtained using a con- 
ductivity detector. The electrochemical flow 
cell containing the polypyrrole-based CME 
was linked in series with the outlet from the 
conductivity cell on the ion chromatograph 
system. Using the conditions mentioned under 
experimental and with an applied potential of 
+ 500 mV (us. Ag/AgCl) constantly maintained, 
the background current obtained for the 
suppressed eluant carbonic acid, was similar 
to that previously obtained using glycine as 
mobile phase in FIA. A stable baseline at similar 

sensitivities as those used in FIA was also 
achieved. The CV behavior of the polypyrrole- 
based CME in this weakly conducting electro- 
lyte was similar to that obtained using glycine as 
an electrolyte. The response to an injection of 
50 ~1 of a 100 pg/ml standard solution mixture 
of chloride, nitrate, sulphate and phosphate for 
both conductivity and amperometric detection 
is shown in Figs 4 (a) and (b). 

Reproducibility. The reproducibility of the 
both detection methods was tested by repetitive 
injections (n = 10) of a 10 pug/ml standard mix- 
ture of chloride, nitrate, sulphate and phos- 
phate. The applied potential of the CME was 
held constantly at +500 mV throughout. 

For the CME, the reproducibility of peak 
currents for each anion was satisfactory and the 
RSD varied between 0.53 and 2.14%. Again the 
CME in this system shows better selectivity for 
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Fig. 4. Signals obtained using (a) a polypyrrole-based CME 
amperometric detector, I&,,= +0.5 V (us. Ag/AgCl), (b) 
conductivity detector, for a 50 pl injection of 50 pg ml-’ 
Cl-, NO,-, PQ3-, and SO,‘- standard mixture with a 

carbonic acid mobile phase. 
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the smaller anions, and especially for the chlor- 
ide ion. The reproducibility using conductivity 
detection is also very good for all the anions 
with an RSD varying between 0.7 and 1.38%, 
except for the Cl- ion. In this case an RSD of 
8.76% was obtained, because the chloride had 
eluted close to an impurity peak, which could 
not be eliminated, even using the highest quality 
salts of both NaCl and KCl. The presence of 
this impurity obviously affects quantitation of 
the peak using peak height. Its presence also had 
a slight effect on reproducibility using the CME 
as the RSD calculated was higher than that 
obtained previously in FIA. An RSD of 1.57% 
was obtained when peak area was used as 
the quantitation method for the conductivity 
response. Overall both methods of detection 
gave comparable results. 

Linearity and limit of detection. The linear 
relationship between the concentration of the 
solution of anions injected and the correspond- 
ing peak currents/conductivity was then exam- 
ined. The concentration range used was from 1 
to 100 pgg/ml for each anion. A 50 ~1 injection 
of each standard containing chloride, nitrate, 
phosphate and sulphate at the same concen- 
tration level was made, the conditions used 
being the same as those reported previously. 

The linear correlation coefficients obtained 
using CME as a detector were greater than 0.998 
for chloride, nitrate and phosphate and 0.993 
for sulphate. Using conductivity detection, cor- 
relation coefficients of greater than 0.999 were 
obtained for nitrate, phosphate and sulphate. A 
correlation coefficient of 0.952 was obtained for 
chloride using peak height, whereas a corre- 
lation coefficient of 0.999 was obtained when 
calibration was done using peak area. 

The limit of detection for all of the anions 
investigated using this method was very similar 
to those limits obtained in the FIA experiment. 
Again, the LOD for the chloride was 0.1 pg/ml, 
using a S/N ratio of 3/l. The linearity in this 
lower range was determined by constructing a 
calibration curve in the range 0.1-10 pg/ml Cl-. 
A 50 ~1 injection of each standard was injected 
and the peak current and conductivity obtained. 
The correlation coefficients obtained using both 
methods of detection were better than 0.999 in 
this concentration range. 

Application to water analysis 

In this section, the polypyrrole-based CME 
was used as an amperometric detector to detect 
anions present in fresh water samples, following 

separation using ion chromatography. The 
samples were collected from different locations 
around the country, which had various agricul- 
tural and industrial activities nearby. For this 
reason, quite varied results would be expected. 
The results obtained using the CME as a detec- 
tor were compared to those obtained using 
conductivity detection. 

A calibration curve in the range 0.1-50 pg/ml 
of each of the following anions namely, chlor- 
ide, nitrate, phosphate and sulphate was con- 
structed. Using the CME as the detector, 
the linear correlation coefficients were all 
better than 0.999 except for the chloride anion 
which had a correlation coefficient of 0.997. 
Using conductivity detection, linear correlation 
coefficients obtained using peak area as the 
calibration method were all better than 0.998. 

Each water sample was injected in duplicate 
and the resulting peak current/conductivity was 
averaged and the final results reported as the 
concentration of each anion present in mg/dm3. 
Phosphate was not present in any of the water 
samples analysed. The final results obtained are 
reported in Table 1. 

As can be seen from the final results reported 
in Table 1, the results obtained using both 
methods of detection were comparable, and the 
levels of sensitivity of both methods are similar. 
Thus in conclusion, the results show that the 
polypyrrole-based CME is a very promising 
electrochemical method of detection in ion chro- 
matography. 

CONCLUSIONS 

A polypyrrole-based CME was incorporated 
into a flow cell and used as an amperometric 

Table 1. Results obtained for various water samples 

Anion concentration 
determined (mg/dm’) 

Detector Chloride Nitrate sulphate 

Sample 1 
WYCME 45.6 7.8 32.4 
Conductivity 46.1 7.8 31.4 

Sample 2 
4yCME 33.8 9.8 45.4 
Conductivity 33.5 10.4 47.3 

Sample 3 

QYCME 16.7 6.8 18.1 
Conductivity 19.0 7.3 17.1 

Sample 4 
PpyCME 22.9 5.8 20.2 
Conductivity 22.6 5.5 19.2 
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detector to detect a series of electroinactive 
anions following their separation using FIA and 
ion chromatography. The polypyrrole-based 
CME has been shown to respond to as low 
as 0.1 pg/ml anion concentration with good 
reproducibility. The approach is based on the 
reversible doping-undoping of electroinactive 
anions within the polymer matrix. At the doping 
potential, the electroinactive anion causes elec- 
tron flow from the polymer to the platinum base 
electrode. This electron flow depends on anion 
concentration. 

At higher anion concentrations it is necessary 
to undope the electrode. This can be carried out 
by briefly exposing the CME to a reducing 
potential (of the order of -300 mV) between 
successive anion exposures. Holding the elec- 
trode potential at a potential lower than its 
doping potential (of the order of +500 mV) 
has the effect of allowing the anion to enter 
and leave the polymer matrix, thus improving 
reproducibility, without having to undope 
the electrode between each successive anion 
exposure. 

The selectivity of the polypyrrole-based CME 
was also shown to depend on the size of the 
dopant anion, with a much greater selectivity 
for the smaller less bulkier anions. The CME 
shows best selectivity for the chloride anion, as 
this was the counterion employed during the 
electropolymerisation process and this probably 
has the effect of allowing the chloride ion 
to dope the polymer matrix more efficiently 
because of pore size similarity. 

The polypyrrole-based CME has similar sen- 
sitivity and limits of detection to conductivity 
detection, was very stable and gave a fast re- 
sponse. The stability of the CME over a 2 
week period of operation was observed and the 
response did not vary during this time period. 
The CME had a linear range over three orders 
of magnitude for all of the ions investigated. 
This range is extended to four orders or magni- 
tude for the chloride ion. 

The polypyrrole-based CME flow cell is 
simple to construct and easy to change without 

great expense. If the CME stops functioning 
owing to degradation of the polymer film due 
to overoxidation or any other reasons, the 
polymer-coated platinum wire can be removed 
from the polyethylene tube and the polymer film 
stripped off by sonication in aqua regia solution. 

The low cost, ease of construction of the flow 
cell and its small size, make this system very 
suitable as an amperometric detector for use 
in an ion chromatographic system. In com- 
parison to conductivity detection, both methods 
produced similar results, proving that the 
polypyrrole CME could be used as an alterna- 
tive method of detection. 

In the use of conducting polymers electrodes 
as analytical sensors, careful attention must be 
paid to the substrate preparation and coating 
procedures if reproducibility is to be assured. 

In studies of the practical application of both 
conductivity and amperometric detection using 
the polypyrrole-based CME, the results ob- 
tained for the analysis of water samples follow- 
ing separation by ion chromatography were 
found to be comparable. This proves that the 
polypyrrole-based CME had a practical appli- 
cation and could be successfully applied to the 
analysis of real samples. 

1. 

2. 

3. 

4. 
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ENHANCEMENT OF THE EMISSION INTENSITY OF 
FLUOROPHORE-LABELED AVIDIN BY BIOTIN AND 

BIOTIN DERIVATIVES. EVALUATION OF DIFFERENT 
FLUOROPHORES FOR IMPROVED SENSITIVITY 
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Summary-Fluorescein, Texas Red, Cascade Blue, 7-amino4methylcoumarin-3-acetic acid, and Lucifer 
Yellow were evaluated as fluorescent labels for homogeneous fluorophore-linked binding assays. 
Conjugates of avidin with these fluorophores exhibited an enhancement in fluorescence emission in the 
presence of biotin or biotin derivatives. This property was used in the development of assays for biotin. 
The biotin-induced fluorescence enhancement of each labeled avidin were compared. Fluorescein led to 
the most sensitive calibration (dose-response) curve for biotin with a detection limit of 8 x lo-‘OM. 

Homogeneous fluorophore-linked assays have 
gained increasing interest in chemical analysis.’ 
Usually in these assays, a fluorescent label is 
chemically bound to a ligand (analyte) or a 
ligand-specific binding protein. By monitoring 
the fluorescence signal, the extent of the binding 
between the ligand and the binding protein 
may be determined. ‘v3 During the past several 
years, many different types of homogeneous 
fluorophore-linked assays have been reported.4 
In one of these approaches, a fluorescent label 
is attached to a ligand-specific binding protein, 
and a property of the fluorescence signal (e.g., 
emission intensity) is altered when a free ligand 
binds to the labeled protein. This modification 
of the signal is proportional to the concen- 
tration of free ligand present in the sample.5 

Recently, we proposed the use of homo- 
geneous competitive binding assays for improv- 
ing the on-line detection of biomolecules 
separated by HPLC. ‘J This was accomplished 
by using a postcolumn reaction detection system 
that is based on the natural affinity between 

*Present address: Ciba Coming Diagnostics Corp., 333 
Coney Street, East Walpole, MA 02032, U.S.A. 

tGn leave from the Department of Chemistry, Saint Francis 
Xavier University, Antigonish, Nova Scotia, Canada, 
B2G 1CO. 

IAuthor for correspondence. 

analytes and the corresponding biological 
binders (e.g., antibodies, binding proteins, recep- 
tors, etc.). Because of our interest in designing 
chromatographic postcolumn reaction detection 
systems based on homogeneous noncompeti- 
tive fluorophore-linked assays, a study was 
undertaken to identify factors that control the 
detection capabilities of such assays. It should 
be noted that heterogeneous fluorophore-linked 
assays typically have better detection limits than 
homogeneous techniques, however, their use in 
the development of postcolumn reaction detec- 
tion systems is not an easy task. 

An assay for biotin has been reported that is 
based on the biotin-induced fluorescence en- 
hancement of fluorescein-labeled avidin. How- 
ever, there is limited understanding of the 
variables that control the performance of this 
assay, including the effect of the nature of 
the fluorescent label, and of possible inter- 
ferences by biotin derivatives. Because the 
proper selection of the fluorophore affects the 
detection limit and sensitivity of the assay, 
the applicability of different fluorescent probes 
in the development of homogeneous fluoro- 
phore-linked assays for biotin was evaluated. 
The fluorescent labels employed in this study 
were fluorescein, Texas Red, 7-amino4methyl- 
coumarin-3-acetic acid (AMCA), Cascade Blue, 
and Lucifer Yellow. Conjugates of avidin with 
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these compounds were used that had a compar- 
able number of fluorescent labels attached to 
each protein molecule (f/p molar ratio), and the 
corresponding biotin-induced fluorescence en- 
hancements were compared. Each conjugated 
avidin was also used in the development of 
assays for biotin. 

EXPJIRIMENTAL 

Reagents 

Biotin, biocytin, biotin methyl ester, 2-imino- 
biotin, fluorescein isothiocyanate (FITC) isomer 
I (on celite), gelatin, and an avidin-FITC conju- 
gate (f/p = 3.9) were purchased from Sigma (St. 
Louis, MO, U.S.A.). Biotin hydrazide was pur- 
chased from Pierce (Rockford, IL, U.S.A.). The 
conjugates avidin-AMCA (f/p = 6), avidin- 
Cascade Blue cf/p = 6.5) and avidin-Lucifer 
Yellow ( f/p = 4) were obtained from Molecular 
Probes (Eugene, OR, U.S.A.). Avidin-Texas 
Red (f/p = 3) was from Vector (Burlingame, 
CA, U.S.A.). Avidin (egg white, lyophilized) 
was purchased from Calbiochem (San Diego, 
CA, U.S.A.). Sephadex G-25 (bead size 
medium) was obtained from Pharmacia LKB 
Biotechnology (Piscataway, NJ, U.S.A.). All 
solutions were prepared by using deionized, 
distilled water obtained with a Mini-Q Water 
Purification System (Millipore, Bedford, MA, 
U.S.A.). The various buffers used in this study 
were: 0.0500M sodium phosphate, pH 8.00 and 
O.lOOM sodium bicarbonate, pH 9.10. The 
sodium phosphate buffer, pH 8.00 was used to 
prepare a 0.10% (w/v) gelatin solution. Stock 
solutions (0.10 g/l.) of biotin and biotin deriva- 

tives, as well as further dilutions of the stock 
solutions were prepared with the 0.10% (w/v) 
gelatin solution. In addition, all the avidin- 
fluorophore solutions including the stock sol- 
utions (0.10 g/l.) were prepared with the 0.10% 
EL;inelatin solution to prevent non-specific 

The free fluorophores used to test the validity 
of the model depicted in Fig. 1 were fluorescein 
(Matheson Coleman & Bell, Norwood, OH, 
U.S.A.), 7 -amino -4 -methylcoumarin (Aldrich 
Milwaukee, WI, U.S.A.), I-pyrenebutyric acid 
(Aldrich), sulforhodamine 101 hydrate (Texas 
Red) (Aldrich), and N-(2-aminoethyl)4amino- 
3,ddisulfo-1,8-naphthal-imide, dipotassium salt 
(a Lucifer Yellow derivative) (Molecular 
Probes). 

Apparatus 

Fluorescence measurements were performed 
with a Perkin-Elmer (Norwalk, CT, U.S.A.) 
Model LS 50 luminescence spectrometer that 
was interfaced with an Epson (equity III +) 
personal computer (Epson America, Torrance, 
CA, U.S.A.). Both excitation and emission slits 
were set at 5 nm. A Perkin-Elmer (Lambda 6) 
W/Vis spectrophotometer was employed for 
all absorbance measurements. 

Preparation of avidin-FITC conjugates 

Aliquots (500 ~1) of a solution of avidin 
(0.50 g/l.) in sodium bicarbonate buffer were 
stirred for 4 hr with chosen amounts of a 
suspension of FITC on celite in buffer.8 The 
celite was removed by centrifugation and the 
avidin-fluorophore conjugate was isolated using 

Fig. 1. Model for possible interactions between fluorescent labels and avidin in the presence and absence 
of biotin. 



Emission intensity of fluorophore-labekd avidin 1141 

chromatography on Sephadex G-25 (O.OSOM 
ammonium bicarbonate as eluent).9 The conju- 
gate was freeze-dried and stored at -20” in 
amber vials. 

The number of FITC molecules attached to 
avidin cflp ratio) was estimated by measuring 
the absorbance at 494 nm and by using a molar 
absorptivity of 7.2 x l@M-’ cm-‘.” The avidin 
concentration was obtained from the ab- 
sorbance at 280 nm after correction for the 
contribution by FITC to the absorbance signal 
at this wavelength. Molar absorptivities at 
280 nm of 2.0 x 104M-’ cm-’ and 1.5 x 
105A4-’ cm-’ were used for FITC and avidin, 
respectively. This method of estimation of the 
degree of conjugation was tested on the 
avidin-FITC conjugate purchased from Sigma. 
The value obtained was within 5% of the value 
claimed by the manufacturer. The degree of 
conjugation for the other avidin-fluorophore 
conjugates used in this study was provided by 
the respective manufacturers. 

Fluorescence lifetime measurements 

All fluorescence lifetime measurements were 
performed on a frequency-domain cross-corre- 
lation fluorometer (ISS, Champaign, IL, U.S.A.). 
A 300-W Xenon lamp was used as the light 
source. The excitation monochromator was set 
at 495 in. A non-fluorescent glycogen solution 
was used as a reference sample. A 500~nm lower 
wavelength cut-off filter (model KV-500, Corn- 
ing Glass-Works, Corning, NY, U.S.A.) was 
used to remove the scattering light from the 
fluorescent signal of the samples and no filter 
was used for the reference sample. Both the 
phase delay and modulation ratio were 
measured at different modulation frequencies 
ranging from 1 to 200 MHz. 

Dose-response curves for biotin 

Varying amounts of biotin (or biotin deriva- 
tive) were dispensed into test tubes to a total 
volume of 500 ~1. A volume of 1.60 ml of the 
avidin-fluorophore solution was added to each 
tube. After 15 min incubation, the fluorescence 
signal was measured. Fifteen minutes was sutIi- 
cient to reach equilibrium with all concen- 
trations of conjugate and biotin used in this 
study. Dose-response curves were constructed 
by plotting the percent enhancement of the 
fluorescence signal observed versus the concen- 
tration of biotin (or biotin derivative) in the 
assay test tube. 

RESULTS AND DI!XXJSSION 

In homogeneous fluorophore-linked assays, 
the spectral characteristics of the fluorescent 
label are monitored as a function of the reaction 
between the ligand and the ligand-specific bind- 
ing protein. The proper selection of the fluor- 
escent label is critical to the detection limits and 
sensitivity of these assays. The ideal fluorophore 
should have high fluorescence intensity, should 
not interfere with the reaction between the 
ligand and the binding protein, and the fluor- 
escence signal should be distinguishable from 
the background.2y3*” 

In this study, several fluorescent compounds 
(fluorescein, Texas Red, Cascade Blue, 7-amino- 
4-methylcoumarin-3-acetic acid and Lucifer 
Yellow) were evaluated as potential labels for 
the development of homogeneous fluorophore- 
linked assays that are based on the use of 
binding proteins tagged with fluorescent mol- 
ecules. The avidin-biotin couple was used as a 
model system in these studies. The only avail- 
able information on this system is the obser- 
vation by Al-Hakiem et al. that the fluorescence 
of fluorescein-labeled avidin is enhanced by 
approximately two-fold upon binding to biotin, 
a fact that was exploited to develop a fluoromet- 
tic assay for biotins In the present study, it 
was found that conjugates of avidin with 
fluorophores other than fluorescein also showed 
fluorescence enhancement upon binding to bi- 
otin. The biotin-induced fluorescence enhance- 
ment of each labeled avidin is shown in Fig. 2. 

Two groups of avidin-fluorophore conjugates 
were used that had comparable fluorophore/ 
protein molar ratios within each group 
(Table 1). Because of the noncommercial avail- 
ability of an avidin-FITC conjugate with an f/p 
molar ratio close to 6, several avidin-FITC 
conjugates were prepared using different initial 
molar ratios of FITC and avidin. Table 2 sum- 
marizes the avidin-FITC conjugates prepared 
and the f/p molar ratios obtained. It should be 
noted that similarity in the f/p ratio does not 
necessarily ensure the same degree of self- 
quenching for each avidin-fluorophore conju- 
gate. Indeed, there is some evidence in the 
literature that AMCA (an umbelliferone deriva- 
tive) and Cascade Blue are not as susceptible to 
concentration-dependent quenching as fluor- 
escein.‘2*‘3 Compared to the other fluorophores, 
the emission intensity of fluorescein-labeled 
avidin was enhanced by biotin to the greatest 
extent (Fig, 2). It should be noted that there is 
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Fig. 2. Dose-response curves that relate the concentration 
of biotin to the percent enhancement of the fluorescence 
signal of (0 ) avidin-FITC-2 (f/p = 5.9), (0) avidin-FITC 
(f/p = 3.9), (A) avidinCascade Blue (f/p = 6.5), (x) 
avidin-Texas Red (f/p = 3.0), (A) avidin-Lucifer Yellow 
(f/p = 4.0), and (0) avidin-AMCA (f/p = 6.0). The con- 
centration of each avidin-fluorophore conjugate in the assay 
cup was 0.8 mg/l. Error bars indicate f one standard devi- 
ation (n = 3). Some error bars are obstructed by the symbol 

for the point. 

no change in the binding capacity of avidin due 
to fluorescent labeling. Specifically, as it is 
shown in Fig. 2, the labeled avidin is still 
capable of binding four biotins per protein 
molecule (at the break point for all curves the 
molar ratio biotin/labeled-avidin is cu. 4: 1). 

In order to better understand the variables 
that control the enhancement of the fluor- 
escence signal, several factors (i.e., local po- 
larity, pH, and the vicinity of quenching groups) 
that may effect the microenvironment of the 
fluorophores were considered.2*‘2~‘4*‘5 Since there 
is some conformational change in the structure 
of avidin upon binding to biotin,i6 it is possible 
that the magnitude of these factors may change 
in the presence of biotin, thus affecting the 
intensity of the fluorescence signal. It should be 
noted that the contribution of each factor to the 
enhancement of the fluorescence intensity may 

Table 1. Characterization of avidin labeled with 
different fluorescent moieties 

Fluorescent label f/p Aa,, nm* L, nm’ 

AMCA 6.0 390 450 
Cascade Blue 6.5 378 418 
Fluoresceint 5.9 495 518 

Fluorescein 3.9 495 518 
Lucifer Yellow 4.0 430 504 
Texas Red 3.0 596 614 

*II, and Iz, for the fluorophore while attached to 
avidin. 

TThis is avidin-FITC-2 of Table 2. 

Table 2. Characterization of the avidin- 
FITC conjugates 

Initial 
FITC : avidin 

Conjugate molar ratio SIP 

Avidin-FITC- 1 3oo:l 3.2 
Avidin-FITC-2 6Oo:l 5.9 
Avidin-FITC3 9OO:l 7.3 
Avidin-FITC-4 18OO:l 10.9 

vary among the various fluorophores employed 
in this study. 

Spectral changes were used to probe the 
microenvironment of the fluorophore-avidin 
conjugates in the absence and presence of bi- 
otin. Some of the Auorophores employed in this 
study can be used as environment-sensitive 
probes. In particular, it has been reported 
that the emission maxima of fluorescein*O and 
Lucifer Yellow l7 are sensitive to solvent 
changes, whereas the emission of AMCA ex- 
hibits very weak solvent dependence.18 The 
emission spectra of the various avidin- 
fluorophore conjugates in the presence and ab- 
sence of biotin show that none of the labeled 
avidins exhibited a shift in its emission maxi- 
mum that was greater than 1 nm in the presence 
of biotin. Therefore it may be concluded that 
there is no significant change in the solvent 
environment at the sites of immobilized 
fluorophores on avidin upon binding with 
biotin. 

The high degree of fluorescence enhancement 
observed when FITC was used as the label can 
be explained by considering microenvironmen- 
tal pH changes. The fluorescence spectrum of 
fluorescein is dependent on pH (the fluorescence 
intensity is enhanced in more alkaline environ- 
ments),i9 while for the rest of the fluorophores 
employed in this study the fluorescence intensity 
is either pH-independent (Cascade Blue2’ and 
Lucifer Yelloti’) or less sensitive to pH changes 
compared to fluorescein (Texas Red20 and 
AMCA22). Indeed, of the fluorophores used 
only avidin-FITC gave a large enhancement in 
fluorescence in the presence of biotin. These 
considerations are consistent with a recent re- 
port, in which changes in the fluorescence inten- 
sity of fluorescein-labeled protein A upon 
binding to an IgG antibody were attributed to 
pH changes. 23 Finally, it was found that an 
excess of biotin does not affect the fluorescence 
intensity of free fluorescein in solution. 

The vicinity of side-chain groups of certain 
amino acids may also affect the intensity of the 
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fluorescence signal of the fluorophores attached 
to avidin. The effectiveness of such a quenching 
process may vary upon biotin binding, consider- 
ing that the binding may alter the distance 
between the interacting groups. This form of 
dynamic quenching can be verified through 
fluorescence lifetime measurements. Fluor- 
escence intensity decay measurements of 
mixtures composed of different ratios of 
avidin-FITC and biotin were performed at 
modulation frequencies ranging from 1 to 200 
MHz. From the frequency-domain data, it is 
apparent that the avidin-FITC conjugate 
(f/p = 3.9) has multiple fluorescence lifetimes. 
By simply fitting the results using a single 
exponential decay function an effective lifetime 
of 1.7 nsec was obtained, which is significantly 
shorter than the lifetime of free fluorescein (3.4 
nsec). In contrast, at high biotin concentrations, 
a single lifetime of 3.3 nsec was measured. At 
intermediate biotin concentrations effective life- 
times between 1.7 and 3.3 nsec were observed. 
The lifetime experiments were repeated three 
times and the standard deviation for each data 
point was less than 0.1 nsec. These lifetime data 
suggest that the enhanced fluorescence in the 
presence of biotin may be due to a different 
extent of dynamic quenching of the fluorescence 
signal. However, they do not preclude the exist- 
ence of additional static quenching that is re- 
lated to microenvironmental pH changes in the 
vicinity of the fluorophore. 

An alternate explanation for the enhanced 
fluorescence intensity may be based on the 
affinity of avidin for certain chromophoric and 
fluorescent dyes. 24-26 If the fluorophores used in 
this study behave in a similar manner, then as 
shown in Fig. I, avidin may bind fluorophores 
that are attached to the same (I) or neighboring 
(II) avidin molecules in the assay mixture. 
Moreover, type II interactions may also create 
additional concentration-dependent quenching 
of the fluorescence intensity (III). The effective- 
ness of events labeled I-III, in Fig. 1, may vary 
upon biotin binding, considering that biotin 
may displace the fluorescent labels from the 
avidin binding sites. Control experiments were 
performed to test this hypothesis with unlabeled 
avidin and free fluorescein. These experiments 
indicated that the fluorescence intensity of a 
solution containing avidin and free fluorescein is 
enhanced on addition of biotin, indicating a 
possible biotin-induced displacement of the 
fluorophore from avidin. However, this only 
happened at high avidin concentrations, which 

indicates a low binding constant between avidin 
and fluorescein. Indeed, when this experiment 
was repeated using a concentration of avidin at 
the same level as that used for the labeled avidin 
experiments, no enhancement was observed. 
Consequently, the mechanism shown in Fig. 1 
does not contribute significantly to the observed 
enhancement in fluorescence emission. 

Biocytin, biotin methyl ester, and biotin 
hydrazide were tested as possible chemical inter- 
ferents in the assay for biotin. The avidin- 
fluorophore used was the avidin-FITC-2 
conjugate (f/p = 5.9). It was revealed (Fig. 3), 
that the dose-response curves obtained for the 
several biotin derivatives had worse detection 
limits in comparison to the doseresponse curve 
obtained for biotin. It should be noted that 
when 2-iminobiotin was tested as an interferent, 
the dose-response curve was shifted toward 
higher concentrations of analyte (in comparison 
to the other biotin derivatives), and it was out 
of the concentration range shown in Fig. 3. 
These observations can be explained by consid- 
ering the magnitude of the association constants 
between avidin and the various biotin deriva- 
tives. Specifically, the association constant of 
the avidin-biotin complex has been reported to 
be in the order of 1 x 10’5M-‘.27 To the best of 
our knowledge, the association constants for the 
rest of the biotin derivatives mentioned above 
are not known. However, there is some evidence 
in the literature that the association constant of 
biocytin with avidin is lower than that of 
biotin.7J* Therefore, it appears that the detec- 
tion limits of the assays are controlled by the 
association constants between the labeled avidin 
and the biotin derivatives, as is expected from 

0 4x)x104 8.0x104 1*2x10- 

[Analyhl 
Fig. 3.Dose-response curves that relate the percent enhance- 
ment of the fluorescence signal of the avidin-FITC-2 conju- 
gate (f/p = 5.9) (0.8 mg/l.) to the concentration of (0) 
biotin, (A) biocytin, (0) biotin methyl ester, and (A) biotin 
hydrazide. Error bars indicate f one standard deviation 
(n = 3). Some error bars are obstructed by the symbol for 

the point. 
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Table 3. Effect of the fluorescent label on the detection limit of the biotin assay 

Intensity* Conjugate concentration,t 
Fluorescent label f/p arbitrary units gli. Detection limit, Mt 

AMCA 6.0 6.4 f 0.2 8.0 x lo-’ 2 x 10-a 
Cascade Blue 6.5 216.0 f 0.4 8.0 x lo-s 2 x 10-g 
Fluorescein 5.9 59.4 f 0.5 2.7 x 10-S 8 x IO-‘0 

Fluorescein 3.9 35.8 f 0.5 8.0 x lo-’ 2 x 10-V 
Lucifer Yellow 4.0 12.3 f 0.5 8.0 x IO-’ 2 x IO-8 
Texas Red 3.0 13.3 f 0.3 8.0 x IO-’ 3 x 10-a 

*Intensity of the fluorescence signal (in arbitrary units) *standard deviation (n = 3) that 
corresponds to an avidin-fluorophore concentration of 8.0 x lo-’ g/l. (no biotin present). 

tThe lowest concentration of avidin-fluorophore (in the assay cup) which gave dose-response 
curves with a pooled standard deviation for the fluorescence intensity of less than 10%. 

#Detection limit (based on two times the standard deviation of the blank) for the biotin assay 
using the concentration of avidin-fluorophore in the previous column. 

protein binding theory; the higher the associ- 
ation constant between a biotin derivative 
and avidin, the better the assay detection 
limits. Furthermore, by keeping the biotin/ 
avidin-FITC-2 concentration ratio constant at 
a value of 8.4 and varying the amount of 
avidin-FITC-2 in the assay cup from 8.0 x 10V4 
to 2.7 x IO-’ g/l., it was observed that at lower 
concentrations of avidin-FITC-2 the percent 
enhancement was lower. The difference in 
enhancement indicates that at lower avidin- 
FITC-2 concentrations, a lower percentage of 
avidin-FITC-2 was complexed with biotin. 
These data also suggest that binding constants 
determine the extent of complex formation in 
the assay, which provides additional evidence in 
support of the data shown in Fig. 3. 

Further, a study was performed to identify 
the avidin-fluorophore conjugate that gives the 
best detection limits for assays for biotin. The 
data given in Table 3 refer to the most diluted 
solution of the labeled avidin that gave dose- 
response curves that had a pooled standard 
deviation for the fluorescence intensity of less 
than 10%. Note that, although Cascade Blue 
gives the higher fluorescence intensity, fluor- 
escein allows for the development of assays with 
better detection limits because it provides a 
higher percent enhancement. In addition, it was 
found that the avidin-fluorescein conjugate with 
the higher f/p ratio (equal to 5.9) gave higher 
sensitivity for the biotin assay because it pro- 
vided both high fluorescence intensity and per- 
cent enhancement. No further improvement 
in the detection limits was observed with 
avidin-FITC conjugates that had higher f/p 
ratios since, compared to avidin-FITC-2, the 
conjugates with f/p ratios of 7.3 and 10.9 
demonstrated a lower percent enhancement 

in fluorescence intensity in the presence of 
biotin. 

Development of homogeneous non-competi- 
tive fluorophore-linked assays for other analytes 
is possible as long as the corresponding 
fluorophore-labeled biological binders undergo 
spectral changes as a function of the concen- 
tration of the analytes. For example, Betts et al. 
developed immunosensors for haptens that were 
based on the fluorescence enhancement of dan- 
sylated Fab antibody fragments upon hapten 
binding.29 

CONCLUSIONS 

It has been demonstrated that in order to 
optimize homogeneous fluorophore-linked as- 
says for biotin several factors that may affect the 
sensitivity and detection limits have to be con- 
sidered. These factors include the type of fluor- 
escent label used and the association constant 
of the ligand with the binding protein. These 
factors should also be important in designing 
optimization strategies for homogeneous 
fluorophore-linked binding assays for other an- 
alytes. 
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Summary-A series of 22 chelating reagents were tested for plumbane generation. Besides nitroso R salt, 
the reagents Bromo Pyrogallol Red, Pyrocatechol Violet, Alizarine Red-S, 5-Br-PADAP and PAN-S could 
significantly enhance the lead signal. The PAN-S system has been optimized. The characteristic 
concentration (5 ml sample) is 1.3 ng/ml, and the RSD at the 50 ng/ml level is 3.9%. Lead spiked into 
tap water and natural water was determined by HG-AAS in the presence of PAN-S. Recoveries of spiked 
lead were between 90 and 105%. Study of the mechanism suggests that the lead hydride might be directly 
generated from the chelated Pb(I1) instead of the metastable Pb(IV). 

Trace amounts of lead, like other hydride form- 
ing elements, can be determined by atomic 
absorption spectrometry in combination with a 
hydride generation technique (HG-AAS).’ 
However, plumbane generation is quite 
peculiar. In 1974, Thompson and Thomerson 
first reported that lead(I1) could be directly 
reduced to plumbane in hydrochloric acid, but 
the sensitivity of AAS determination was very 
low.* Later, Fleming and Ide found that, in the 
medium of tartaric acid-potassium dichromate, 
the efficiency of plumbane generation was 
greatly increased.3 Since then, various systems 
with strong oxidizing reagents, such as hydro- 
gen peroxidek7 and ammonium peroxodisul- 
phate,- have been developed for plumbane 
generation. Recently, a system of lactic 
acid-potassium dichromateg and a system of 
oxalic acid-ammonium cerium(IV) saltlo have 
been developed by a Spanish group and a 
Chinese group, respectively, and the latter was 
claimed to be the most sensitive system for 
HG-AAS determination of lead. It should be 
noted that, in the latter case, the characteristic 
concentration of lead was 0.04 ng/ml. The 
authors did not mention the sample volume; 
hence the characteristic mass is unknown. Nev- 
ertheless, the authors tested various systems, 
and concluded that the Ce(IV) system is 

*Author to whom correspondence should be addressed. 

the most sensitive. Vijan et al. attributed the 
increase in the generation efficiency to the 
conversion of Pb(I1) into metastable Pb(IV) 
before it was reduced to plumbane. Based on 
the proposed mechanism, Brindle and co- 
workers improved the generation efficiency of 
germane with ammonium peroxodisulphate.” 

Plumbane has also been generated in a non- 
aqueous medium after solvent extraction of 
lead(I1) with the chelating reagents pyrrolidine- 
I-carbodithioate or sodium diethyldithiocarba- 
mate.‘* Moreover, Zhang et al. reported that 
lead(I1) could be easily reduced to plumbane in 
aqueous medium in the presence of a chelating 
reagent, nitroso R salt,13 and the developed 
HG-AAS method was successfully applied to 
the determination of lead in various environ- 
mental samples. From the well recognized 
phenomenon that nitroso R salt reacts with 
cobalt(I1) and forms a cobalt(II1) chelate upon 
air oxidation, the authors assumed that the 
lead(I1) might be similarly oxidized to lead(IV) 
whilst chelating with nitroso R salt. 

To further investigate the influence of chelat- 
ing reagents on the plumbane generation, 22 
chelating reagents with different molecular 
structures were studied. It was found that some 
chelating reagents, in addition to nitroso R salt, 
enhanced the sensitivity of lead determination 
by the HG-AAS technique. 1-(2-Pyridylazo)-2- 
naphthold-sulphonic acid, (PAN-S), is among 
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the most effective. Thus a method of HG-AAS 
determination of lead in the presence of PAN-S 
has been developed, and the mechanism investi- 
gated. This paper presents the main results of 
the investigation. 

EXPERIMENTAL 

Reagents 

Lead(I1) standard solution (1 JO0 mg/ml) was 
prepared with spectroscopically pure lead oxide 
(Shanghai, China). Working standard solutions 
were made daily through appropriate dilutions. 

PAN-S solution (1.5%) was prepared by dis- 
solving 1.5 g laboratory made PAN-S in O.lM 
NaOH solution. The solution was neutralized to 
pH 3-6 with OSiU HNO, before it was diluted 
to 100 ml. The water soluble PAN-S was made 
from commercial l -(2-pyridylazo)-2-naphthol 
(Shanghai, China) through simple sulphonation 
of the water insoluble dye with fuming sulphuric 
acid as described elsewhere.14 

Sodium tetrahydroborate (III) solution (3%) 
was prepared from powder (Merck) by dissol- Fig. 1. Hydride generator. (I) Syringe; (2) rubber stopper; 
ution in 0.144 sodium hydroxide. The solution (3) sample introduction port. 

was filtered through filter paper before use. 

All other reagents used were analytical grade 
or better. Deionized and distilled water was 

into the generator. Then 1 ml of 1.5% PAN-S 

used throughout the work. 
solution was added to make the final reagent 
concentration 0.25%, and the sample intro- 

Equipment 
duction port was closed with a rubber stopper. 

An AAS-meter of model WFX-ID (Beijing, 
After the recorder pen moved back to the 

China) equipped with a lead hollow cathode 
baseline, 2 ml of 3% sodium tetrahydrobo- 

lamp (Shanghai, China) and a chart-recorder 
rate(II1) solution was injected with a syringe. 
oh e peak trace was recorded and the peak 

(Shanghai, China) was used for absorption height measured for calibration, 
measurement. 

A batch-wise hydride generator, as shown in 
Fig. 1, was adapted from a 125 ml pear shaped RESULT!3 AND DI!3CU!3!3ION 
separatory funnel. A “T”-shaped electrically 
heated quartz cell 10 mm i.d. x 160 mm length 

The inJIuence of various chelating reagents on the 

was used throughout the experiments. The ex- 
plumbane generation 

perimental conditions for AAS measurement In the preliminary study, 22 kinds of chelating 

and hydride generation are summarized in reagent were tested. No attempt was made to 

Table 1. optimize the conditions individually for each 

Procedure 
reagent, yet the comparison serves the purpose 
of providing a rough guide to the choice of 

Five millilitres of the test solution, that was reagent. The results are listed in Table 2. Besides 
made 0.2M in HNO, or HCI was transferred nitroso R salt, the reagents Bromo Pyrogallol 

Table 1. Experimental conditions 

AAS Measurement Plumbane generation 

Wavelength 217.0 nm Sample 
Band pass I nm Sample acidity ;.& (HNO,) 
Lamp current 5mA Volume of PAN-S solution 1 ml (1.5%) 
Background correction No Volume of NaBH, solution 2 ml (3%) 
Cell temperature 950” The flow rate of carrier gas 0.8 l/min (N2) 
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Red, Pyrocatechol Violet, Alizarine Red-S, 2-(5- 
bromo-2-pyridylazo)-5-diethylamino-phenol (5- 
Br-PADAP) and PAN-S significantly enhanced 
the lead signal. In these systems, lead hydride 
was generated immediately after the injection 
of NaBH,, and the reduction was completed in 
around 30 sec. 8-Hydroxyquinoline-5-sulphonic 
acid, 4-(2-pyridylazo)-resorcinol (PAR), 2-(o- 
arsenophenylazo)- 1 ,%dihydroxynaphthalene-3, 
6-disulphonic acid (Arsenazo-I), Acid Chrome 
Blue K, Tiron and 2-nitroso-1-naphthol have 
little enhancement effect on the lead signal. The 
remaining tested reagents were found to be 
ineffective in the improvement of the plumbane 
generation efficiency. It appeared that effective 
reagents belonged mainly to o-nitroso-naphthol, 
o-hydroxy-phenol and o-hydroxy pyridylazo 
compounds, and that the compounds containing 
the chelating functional group of iminodiacetic 
acid do not enhance the lead signal. Also, it 
seems that the chelating functional group is not 
the unique factor affecting the generation 
effiency. The chelating functional group of 24 
troso-1-naphthol is similar to that of nitroso R 
salt, but the former had only a small effect on 
plumbane generation in comparison with the 
latter. This might be ascribed to its poor solubil- 
ity in water. Moreover, surface tension and 
viscosity of test solution containing organic 
reagent might also affect the lead signal. 
Both PAR and PAN-S are water soluble o- 
hydroxyl pyridylazo compounds. However, the 
influence of the former on plumbane generation 

was much less than that of the latter. It is 
observed that, when sodium tetrahydrobo- 
rate(II1) solution was injected to the acidic test 
solution containing PAR, a large quantity of fine 
bubbles (foam) were formed, which were stable 
over a period of time. In the PAN-S system, the 
bubbles were relative few and bigger, and 
they burst quickly. Thus the poor sensitivity of 
the PAR system could be related to formation 
of foam which retarded the elimination of 
plumbane from solution. A similar phenomenon 
has been reported by Madrid et al. in their study 
on plumbane generation in slurry medium.15 

The design of the reaction vessel is critical. If 
a small cylindrical vessel (60 ml) was used as the 
generator, the bubbles formed on the addition 
of NaBH, to the test solution caused some 
problems even for the PAN-S system. First, the 
bubbles would rise upwards to reach the gas out- 
let of the generator. Secondly, when a big bubble 
burst, a considerable volume of plumbane was 
released from the bubble, resulting in a small 
pulse of the signal. Therefore, a 125 ml separa- 
tory funnel was used, as shown in Fig. 1. The 
internal geometry of the generator prevented the 
risk of any bubbles from being swept into the 
tube leading to the quartz cell. .The generator 
vessel also acted as a buffer tank to reduce the 
signal noise. Its use also resulted in some sacrifice 
of sensitivity in the AAS determination. It would 
be possible to further improve both sensitivity 
and precision if an effective and lead-free an- 
tifoaming reagent could be found. 

Table 2. The influence of chelating reagents on plumbane generation* 

Reagent Absorbance at 
the acidity of 

Concentration 
Name StruCtU~ (% mV) 0.075M 0.25M 

No chelating reagent - - 0 0 

Nitroso R salt 

NO 

dx OH / \ 
\ / 

-0,s so; 

0.13t 0.132 0.054 

2-Nitroso-1-naphthol 
NO 0.13 0 0.045 

PAN-S 0.13 0.128 0.118 

continued overleaf 
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Table 2.-conthued 

ReagMlt Abaorbana at 
e theacidity of 

Concentration 
Name SWUCtWe (% mV) 0.075M 0.25M 

PAR ~~===~p~~ 0.13 0 0.03 

HO 

S-Br-PADPA 

Bromo Pyrogallol Red 

Pyrocatechol Violet 

Xylenol Orange 

Methyl Thymol Blw 

EDTA 

Chromazurol S 

Alizarine Red S 

0 0 
SOi 

0 e 0 om 
SOi 

0 

O.lO# O.lOO# 011 

0.13 0.101 0.037 

0.13 0.110 0.073 

0.13 0 0 

0.13 

0.13 

0 0 

0.060 0.059 



Acid Chrome Blue K 

Eriochrome Black T 

Al-maxoI 

8-Hydroxyquinolinc- 
54ulphonic acid 

Tiron 

Chromotropic acid 

Sulfosalicylic acid 

Influence of chelating reagents On plumbane generation 

Q+ 00" 

OH 

lx OH 

0 
-03s so; 

Cupferron 
O-Nlif 

N-O 

0.13 

0.13 0 0 

1151 

0.022 0 

0.13 0.056 0.01 I 

0.13 0.023 0.005 

0.33 0.022 0.007 

0.13 0 0 

1 

0.13 0 

- 0 

0 

0.05 - 0 

Dithizone 

‘1~ g Pb in 6.5-g ml reagent solution. 
tEthano1 solution. 
$40% ethanol solution (water). 
#O.lf!M HNO,. 
110.35M HNO, . 
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.’ 

20 

If, 

0. 

I I I I I 
0.05 0.10 0.15 0.20 0.25 0.30 

PAN-S concentration (%m/w 

Fig. 2. Effect of PAN-S concentration on lead signal; 5 ml 
50 q/ml Pb(I1) in 0.2M HCl, 3 ml 3% NaBH,. 

Optimization of a PAN-S system 

As can be seen from Table 2, although PAN-S 
is a little inferior to nitroso R salt in the 
behaviour of enhancing lead signal, it seems to 
provide a wider acid range in which the gener- 
ation efficiency is high. Therefore PAN-S was 
chosen for the further studies. 

The enhancement effect of PAN-S on 
plumbane generation is clearly shown in Fig. 2. 
Without PAN-S, almost no lead signal could be 
detected from a 50 ng/ml Pb(I1) solution. How- 
ever, the lead signal increased almost linearly 
with the increase of PAN-S concentration up to 
0.20% (final concentration); where it reached 
a plateau. Figure 3 shows the influence of the 
acid concentration. In the concentration range 
of 0.1-0.3M, the lead reached its maximum 
signal. No significant difference was found be- 
tween nitric acid and hydrochloric acids. For 
the PAN-S system, the optimum acid range 
is wider than other oxidant systems3*4 and is 
also wider than the requirements of the nitroso 
R salt system. I3 Figure 4 shows the influence 
of sodium tetrahydroborate(II1) concentration 
and of the injection volume of the reductant 
solution. It is clear that 2 ml of 3% NaBH, 

340 
& 

20 
1 

0 I 0.2 * 0.8 

Acid concentration (M) 

Fig. 3. Effect of acid concentration on lead signal; 5 ml 50 
ng/ml Pb(I1) with 0.25% PAN-S, 3 ml 3% NaBH,. 

+Hydrochloric acid; 0 nitric acid. 

Sodium tetmabydroborate (III) 
concentration (%m/V) 

13 I 2 3 4 5 6 7 
I I I I I I 150 

I I I I I I I 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

Sodium tetrahydroborate (III) volume (ml) 

Fig. 4. Effect of NaBH, concentration and of the injection 
volume; 5 ml 50 ng/ml Pb(II) in 0.2M HCl with 0.25% 
PAN-S. + Concentration of NaBH, (3 ml); 0 volume of 

3% NaBH,. 

generates the largest signal. Compared with 
oxidizing reagent systems,b’0 the PAN-S system 
consumes less reductant, since the reagent 
itself does not decompose the reductant. The 
temperature of the quartz cell, and the flow 
rate of nitrogen carrier gas have no significant 
influence over the ranges 800-1000°C and 
0.5-1.0 l/min, respectively. Under the opti- 
mum conditions shown in Table 1, the charac- 
teristic concentration (0.0044 absorbance) 
was 1.3 ng/ml, and the relative standard devi- 
ation for a solution containing 50 ng/ml was 
3.9%. 

Interference of foreign ions 

When studying interference, amounts of 
foreign ions, in 0.2M HNO,, were added di- 
rectly to the generator containing 5 ml of 50 
ng/ml lead(I1) followed by the addition of 1 ml 
of PAN-S solution. The signals obtained in this 
way were compared with those where no inter- 
fering ion has been added. As shown in Table 3, 
among the tested foreign ions, Cu(II), Se(IV), 
Bi(III), Sn(I1) and Sb(I1) caused severe interfer- 
ence; while interference free levels of Fe(II), 
Fe(III), Mn(II), Cr(V1) and Hg(I1) were rela- 
tively higher. 

When no foreign ion was introduced to 
the test solution, the orange-red coloured test 
solution became light orange after the injection 
of NaBH,. In the presence of such foreign 
ions as Fe(II), Fe(III), Mn(I1) and Cd(H), the 
test solution turned from its original colour 
(orange-red) to dark red (the colour of the 
corresponding chelate) upon the injection of 
NaBH,. Thus, the interference probably re- 
sulted from the competition for PAN-S between 
lead(I1) and these foreign ions. 
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Table 3. Interference of foreign ions on lead 
signal (50 &ml Pb2+ ) 

IOllS 

ww 

Co(B) 

Cr(vI) 

Cu(II) 

Concentration 
(w/W 

1 

2 
2 

10 
10 
20 
0.1 
0.2 

Recovery 
W) 

99 
86 

101 
127 
94 

; 
68 

Fe(II1) 10 104 
50 95 

Fe(I1) 

MN(II) 

MoOV) 

Ni(I1) 

100 
20 

100 
40 

100 
0.4 
4 
8 

10 

82 
93 

;: 
86 
96 

: 
87 

Zn(I1) 2 94 
5 75 

As(II1) 10 94 
20 89 

Bi(II1) 0.4 91 
1 

Sb(II) 1 z 
2 83 

Se0 0.01 93 
0.02 73 

SnOI) 0.1 99 
2 78 

HgQI) 20 100 
200 102 

Recovery of lead spiked into water samples 

Although the low level of the lead concen- 
tration in the water samples is beyond the 
quantitative determination limit of the tech- 
nique, the recoveries of the spiked lead are 
satisfactory, as shown in Table 4. 

Table 4. Recoveries of lead spiked with water samples 

Water samples 

Surface water from 
West Lake 

Underground 
from Xiaoying Well 

Underground water 
from Mashi Well 

Tap water 

Lead concentration 

Add~im?ound 

0 
20 
30 

2: 
30 
0 

20 30 
0 

20 
30 

n.d.+ 
21 
29 

n.d. 21 
31 

n.d. 

; 
2 

20 
31 

Recovery 0.16 

(%) r 
- 
105 
97 

- 
105 
103 
- 
95 
97 
- 
90 
97 

a 0.12 

# 

+// 

0.08 

s 0.04 1 / 

,L+Jc’ 
2 4 6 8 10 

Fig. 5. Effect of acidity on the formation of lead-PAN-S 
chelate. Test solution was buffered with H,BO,-NaOH; 
absorption was measured at 545 nm against a reagent blank. l n.d. not detected. 

Mechanistic studies 

Initially, different emission lines were used to 
verify that the absorption signal was produced 
by lead atoms instead of any possible molecular 
species. When absorption was measured at both 
lead 217.0 nm and lead 283.3 nm, a sharp signal 
was recorded; the signal obtained at 217.0 nm 
was greater than that at 283.3 nm. However, no 
signal could be detected when zinc, which ab- 
sorbs at 213.9 nm, close to the lead line at 217.0 
nm, was used. Therefore, the absorbing species 
was atomic lead. 

Since PAN-S exerts a great influence on the 
lead signal, it was felt worthwhile investigating 
the interaction of PAN-S and lead(II). Spec- 
trophotometric studies reveal that lead(I1) can 
react with PAN-S to form a red chelate whose 
maximum absorption wavelength is 548 nm at 
pH 8.6. As shown in Fig. 5, the chelate begins 
to form at around pH 4, and the best pH range 
of the colour reaction is between 7 and 9. The 
pH range does not coincide with the initial 
acidity of the test solution used for plumbane 
generation. However, tests showed that the pH 
of the test solution rose quickly during injection 
of sodium tetrahydroborate(II1) solution. After 
half of the reductant had been injected, the &I 
value of the reacting solution went up to around 
3, and it was between 5 and 6 at the end of the 
injection. At this point, the gas was violently 
released. Usually 15 set after the injection, the 
pH value reached 8.0-8.2. With the relatively 
slow response rate of the glass electrode being 
considered, the real pH value of the reacting 
solution might be a little higher than the 
measured one. Thus, the injection of alkaline 
NaBH, solution created a condition under 
which the PAN-S could react with lead(I1). 

At this point, we cannot yet exclude the 
possibility that the lead atomic absorption 

?- 

PH 
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might result from the decomposition of the 
lead-PAN-S chelate that, if it were volatile, was 
stripped out of the solution by the hydrogen, 
formed in situ, and transported to quartz cell by 
the carrier gas. To check this, NaHCO,, which 
has been used to strip Pb(Et), from so1ution,‘6 
was used to replace NaBH, . When 5 ml of 0.2M 
NaHCO, solution was injected into the acidic 
test solution, COz was violently released at the 
first stage of the injection. At the end of the 
injection, the pH of the reacted solution reached 
between 4 and 4.5, while the release of COz 
diminished. In this way, no lead signal was 
detected from a 250 ng/ml Pb(I1) solution. It 
appeared that the violent release of the COz 
formed in situ, occurred a little earlier, and, at 
the first stage of the injection of NaHCO, 
solution, the PAN-S-lead(I1) chelate might not 
be formed due to the low pH value of the 
reacting solution. Therefore, an attempt was 
made to inject 2 ml of 1 M HN03 solution into 
5 ml of 0.5M NaHCO, solution containing both 
PAN-S and lead(I1). In this way, CO* was 
generated violently through the whole course of 
the injection, while the pH of the test solution 
decreased from 8.25 to 5.99. Under these con- 
ditions, the lead-PAN-S chelate formed before 
the injection of NHO, solution, and it had not 
totally dissociated by the end of the injection. 
Once again, no lead signal was observed from 
a 250 ng/ml solution of lead(I1). Therefore, 
the NaBH, is essential to the production of 
lead signal, and the volatile lead species is the 
reduction product formed by NaBH,, that is, 
plumbane. 

It is well known that the generation efficiency 
of plumbane is poor if no oxidizing reagent is 
involved. With respect to the PAN-S system, no 
other oxidizing reagent was introduced except 
the dissolved oxygen. Aznarez’* has reported 
that plumbane could be generated readily from 
a solution of chloroform and glacial acetic acid. 
Zhang et al.” however, found that a chelating 
reagent was required to generate plumbane 
from solutions of chloroform and glacial acetic 
acid. Thus the chelating agent appears to play 
a crucial role in the generation of plumbane. If 
the formation of Pb(IV) is essential to the 
increase of generation efficiency of plumbane, 
the air or dissolved oxygen might play the role 
of an oxidizing reagent which, although it can- 
not oxidize free Pb(II), may oxidize the chelated 
lead(I1) to lead(IV). If the hypothesis is correct, 
to purge both the test solution and the reagent 
solution with nitrogen before they were mixed 

together in the generator (where the air has 
been flushed out by carrier gas) will isolate 
the lead(I1) from oxygen and should, in turn, 
decrease the lead signal. On the other hand, to 
purge the solution with pure oxygen should 
further increase the yields of the hydride. How- 
ever, bubbling the solutions with either nitrogen 
or oxygen for 10 min produced no change in the 
lead signal. Thus, the enhancement effect can 
only be attributed to PAN-S itself. Since o-hy- 
droxyl pyridylazo compounds are not oxidizing 
reagents, the effect of PAN-S cannot be ac- 
counted for in the formation of Pb(IV). Thus 
it is assumed that the plumbane is generated 
directly from the PAN-S chelated lead(I1). The 
higher generation efficiency of lead hydride in 
the PAN-S system is probably chelated lead(I1) 
being kinetically more easily reduced by NaBH, 
than free lead(I1). 

CONCLUSION 

This study has shown that some chelating 
reagents enhance the lead signal obtained by 
HG-AAS, and that PAN-S is among the most 
effective. Mechanism studies revealed that in the 
presence of PAN-S the lead hydride might be 
generated directly from the chelated lead(I1) 
ions instead of the metastable lead(IV). Though 
the analytical characteristics of the system are 
not totally superior to those of the systems with 
strong oxidizing reagents, it opens a new field 
for people to search for more effective systems 
for plumbane generation. 
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Smnmary-The performance and analytical characteristics of a glassy carbon glutaraldehyde immobilized 
glucose oxidase electrode have been established with regard to the direct detection of hydrogen peroxide 
produced from the reaction of glucose with oxygen. Measurements were performed at + 1.1 V vs. SCE, 
and selectivity was obtained by casting the surface with a cellulose acetate membrane. Results compared 
favorably with the classical platinum-enzyme probe. The mechanism of ascorbic acid interference in 
hydrogen peroxide detection is reported. Mediated detection was also investigated for oxidase enzymes 
(glucose oxidase and xanthine oxidase) immobilized on the bare glassy carbon electrode. The probes were 
characterized using a specific enzyme mediator in solution (phenazine methosulfate or dichlorophenol- 
indophenol) plus hexacyanoferrate(II1) as an electrochemical mediator. The electrode was poised at +0.36 
V vs. SCE for the detection of hexacyanoferrate(I1). The advantages of this dual mediator configuration 
include high stability and sensitivity of the electrochemical signal and the ability to use less positive 
potentials for increased selectivity. Application to other enzymes, such as hydrogenases, using such a 
binary redox configuration is suggested. 

Determination of glucose by direct amperometric 
measurement of hydrogen peroxide has been 
reported using immobilized enzyme chemically 
modified graphite electrodes,’ adsorbed enzyme 
on non-porous carbon rod electrodes,’ covalently 
attached enzyme on rotating glassy carbon 
surfaces to produce an extremely thin (i.e., 
monolayer) with low enzyme activity3 or by 
incorporating the enzyme into carbon paste 
electrodes.4*‘*6 However, in these carbonaceous 
electrodes, various reducing substances present 
in biological samples, for instance ascorbic acid 
or uric acid, may significantly interfere in the 
oxidation of hydrogen peroxide. 

The most frequently used hydrogen peroxide 
sensor is the platinum electrode7***’ and most 
commercial glucose analyses are based on the 
platinum electrode. Recently unmodified glassy 
carbon, poised at + 1.3 V US. SCE, was used to 
directly monitor the production of hydrogen 
peroxide produced by choline oxidation in the 
presence of soluble choline oxidase.” 

In this work we report a stationary glassy 
carbon glucose sensor used in two configur- 
ations. In the first, the electrode is coated with 
a cellulose acetate membrane (to protect against 
electro-oxidation of ascorbic or uric acid), plus 

glutaraldehyde crosslinked glucose oxidase (to 
generate hydrogen peroxide), with the electrode 
poised at + 1.1 V vs. SCE. In the second, the 
glutaraldehyde crosslinked enzyme (glucose 
oxidase or xanthine oxidase) is coated directly 
on the electrode without cellulose acetate, and 
an electron mediator (e.g., phenazine metho- 
sulfate or dichlorophenolindophenol) in solution 
is reduced by the enzyme and then reacts with 
ferricyanide(II1) to produce ferrocyanide(I1) 
which is detected at the glassy carbon electrode. 
The iron(III)-mediator reaction avoids oxygen 
interference, provides enhanced sensitivity, and 
allows detection at +0.36 V where interference 
from other electroactive materials is diminished. 

Apparatus 

EXPERIMENTAL 

Voltammograms were recorded with a BAS 
CV 27 voltammograph connected to a Hewlett- 
Packard 7090A X-Y recorder and a three 
electrode system: a glassy carbon disk (diameter 
3 mm) working electrode, a platinum wire 
counter electrode and a saturated calomel (SCE) 
reference electrode. Amperometric measurements 
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were made with a Brucker E-100 potentiostat 
reference electrode. Amperometric measurements 
were made with a Brucker E-100 potentiostat 
polarograph connected to a Servagor X-Y 
recorder. The 50 ml electrochemical cell used 
to test the enzyme electrodes was operated in a 
three electrode configuration. The working elec- 
trode was a glassy carbon disk or a platinum 
disk (3 mm diameter). All experiments were con- 
ducted at room temperature and the potentials 
are referred to the SCE. The pH of the solution 
was measured with a Tacussel Mini 80 pH 
meter. 

I 5 PA 

Reagents 
0 0.6 1.2 

J 
1.8 

All reagents were of analytical grade and 
supplied by Sigma or Merck. The solutions 
were prepared with demineralized water. Glucose 
oxidase, type X-S, activity 150,000 U/g and xan- 
thine oxidase, X3751, from bovine milk, activity 
150-300 U/g, were from Sigma. Standard stock 
solutions of glucose (1M) were prepared at 
least 1 day before use to allow equilibration by 
dissolution in O.lM phosphate buffer (pH 7.0) 
and were stored at 4°C for no longer than 
1 week. Standard stock solutions of xanthine 
(10 mM ) were prepared by dissolution in 0.05M 
NaOH and stored at 4°C for no longer than 
1 week. Enzymes were crosslinked on the surface 
of an Immunodyne membrane (Pall Industrie, 
Saint-Germain-en-Laye, France) for physical 
support (BIAOOZHCS, pore diameter 0.2 pm). 

WV) 
Fig. 1. Linear sweep voltammogram behavior of H,O, 
at the glassy carbon electrode. H,O, = 1 mM. Scan rate: 

20 mV/sec. 

Enzyme immobilized on bare electrode 

Electrode preparation 

To 1 mg of enzyme dissolved in 20 @0.02&Z 
phosphate buffer (pH 7.0), was added 5 ~1 of 
2.5% aqueous glutaraldehyde solution. After 
30 set mixing, the mixture was deposited on a 
Pall Immunodyne membrane. The crosslinking 
process proceeded at room temperature for 
2 hr. Then the Biodyne membrane was rinsed 
thoroughly with demineralized water and fixed 
on the electrode body either with or without a 
cellulose acetate membrane. 

Figure 2 shows the linear sweep voltammetric 
behavior of product Hz02 at the glassy carbon 
coated with immobilized glucose oxidase (non- 
mediated). In these experiments, the electrode 
was dipped into the solutions of varying pH con- 
taining 5 mM glucose and a potential of 0.0 V 
was applied. The current decayed and reached a 
stable value rapidly (about 1 min) and then the 
scan was applied. At pH 4.0, the current plateau 
disappears; this may be attributed to its anodic 
shift into the region of solvent breakdown and/ 
or low activity of GOX at this pH. At pH 9.0, 
the enzyme activity decreases, thus a small re- 
sponse was obtained. The glassy carbon enzyme 

RESULTS AND DISCUSSION 

The linear sweep voltammetric behavior of 
1 mM Hz02 at the glassy carbon electrode in 
solution of varying pH was investigated in the 
pH range 3.0-10.0 (acetate, phosphate and 
borax buffers, all O.lM ), Fig. 1. Clearly defined I I I I 

diffusion current plateaus were observed in O 0.5 1.0 1.5 

the pH range 4.0-10.0. As expected the plateau 
E(V) 

range becomes more ano& at lower PH 
Fig. 2. Linear sweep voltammogram behavior of product 

values.‘,’ 
H,O, at the glassy carbon enzyme coated electrode. GLUCOSE 
= 5 mA4, scan rate: 20 mV/sec (--- background, pH 7.0). 
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0 

mM Glucose 

Fig. 3. Calibration curve for glucose coated enzyme 
electrode. Steady-state current measured at + 1.1 V vs. SCE, 

pH 7.0. 

electrode employed in this study can be used in 
the pH range 5.0-8.0. It was found that the best 
signal-to-background and signal-to-noise ratios 
were obtained around + 1 .l V at pH 7.0. 

Electrode response as a function of glucose 
concentration exhibits a Michaelian behavior 
(Fig. 3). The apparent Michaelis constant (KA) 
calculated from a Lineweaver-Burk plot was 
26 mit4. This value is an order of magnitude 
greater than some reports for platinum,’ carbon 
rod,’ graphite’ and powdered graphite carbon” 
electrodes, comparable to a previous report 
for a monolayer of glucose oxidase covalently 
attached to glassy carbon’ and less than the 
report for glucose oxidase incorporated in a 
carbon paste electrode.6 Since the value of the 
apparent Kk (26 mM) using glassy carbon was 
higher than the value for GOX in solution 
(K,,, = 0.2 mM),12 diffusion resistance of glucose 
through the enzyme membrane was suspected. 
Figure 4 shows the Eadie-Hofstee plot of data 
from Fig. 3. As can be seen, the presence of 
external diffusional limitations manifests itself 
by deviation from the straight line, the curve 
becoming concave towards the origin of the 
axes.i3 Such shape of deviation was reported 
with a transaminase bound collagen membrane.14 

20 

u 
= I5 
E 
E 10 
; 

5 

0 0.2 0.4 0.6 0.8 1.0 1.2 

Current uA / Glucose mM 

Fig. 4. Eadie-Hofstee plot of data from Fig. 3. 

, 

0 I 2 3 4 5 6 

Glucose mM 

Fig. 5. Calibration curve for glucose (curve a) and after 
addition of freshly prepared 0.5 mM A.A. (curve b). Pt elec- 
trode covered with GOX immobilized on Biodyne membrane. 
Steady-state current measured at +0.65 V vs. SCE, pH 7.0. 

When the Biodyne membrane is assembled 
with a Pt electrode poised at +0.65 V 
(Fig. 5 curve a) the apparent K& was about 
2 mM, which is less than the value obtained 
with a glassy carbon electrode poised at 1.1 V. 
This is explained by a slight evolution of oxy- 
gen at the glassy carbon sensor surface, 
thus increasing the linear measurement range 
for glucose. 

The response was linear from 5 x lo-‘M 
up to 1.7 x lo-‘M (slope 0.9 pA/mM, intercept 
0.009 ,uA and linear correlation coefficient 
0.999). The anodic oxidation of peroxide and 
slight evolution of oxygen for water electrolysis 
at + 1 .l V vs. SCE results in an increased 
oxygen concentration at the sensor surface, thus 
increasing the linear measurement range from 
glucose. This is reflected by an increased value 
of the apparent Kk, as mentioned above. 
The selected + 1.1 V for monitoring reflects a 
compromise between background current and 
dynamic range. 

Study of interferences: enzyme immobilized on 
cellulose acetate coated electrode 

Electroactive species, e.g., ascorbic acid (A.A.) 
and uric acid, may oxidize directly on the 
electrode surface15 or react with H202 produced 
in the enzymatic reaction as reported recently.i6 
It is essential to eliminate these effects in the 
development of a reliable oxidase based sensor. 
It is known that A.A. is very unstable and breaks 
down rapidly, and can react easily with dissolved 
0, or with H,Oz produced in the enzymatic 
reaction, as reported in a spectrochemical assay 
for glucose” or an electrochemical assay with 
GOX immobilized in poly(o-phenylendiamine) 
films.16 In the latter system, Malitesta et al.‘* 
have also reported a reduction in the current of 
the HzOz product by A.A., but only at high 



1160 A. AMINE et al. 

glucose concentrations, and attributed this to 
depletion of dioxygen by A.A. 

In order to understand this we performed 
experiments on hydrogen peroxide with a 
classical Pt electrode covered with an enzymatic 
Biodyne membrane and poised at +0.65V, 
which is less than the potential of water oxidation 
and thus there was no increase of O2 at sensor 
surface. Figure 5, curve a, shows a typical 
calibration curve for glucose. Curve b shows 
the calibration curve after addition of freshly 
prepared 0.5 mM A.A. It appears clearly that 
the sensor response was unaffected by the pres- 
ence of A.A., except at high glucose concen- 
trations above 1 mM. Similar results were 
obtained with GOX immobilized in poly(o- 
phenylendiamine) films.18 The decrease in cur- 
rent is ascribed to oxygen depletion, whose 
effect is particularly pronounced at high sub- 
strate concentrations when the reaction rate 
becomes limited by cosubstrate availability as in 
concurrence with the GOX ping-pong mechan- 
ism.lg Our results are in agreement with the 
report of Malitesta et al.‘* and in contrast to the 
recent report16 which proposed that reduction of 
the glucose signal is due to the reaction of A.A. 
with H,Oz. Normally in the latter hypothesis, 
we should have a decrease in the glucose signal 
only at low glucose concentrations, and the 
glucose concentration calculated should be less 
than the true glucose concentration by an 
amount almost exactly equal to the A.A. concen- 
tration, as reported in the spectrochemical assay 
with GOX in solution.” 

In order to eliminate interference from electro- 
active chemicals which are directly oxidized on 
the electrode surface, a cellulose acetate mem- 
brane (kindly provided by Prof. M. Mascini, 
and prepared as previously reportedg) was first 
fixed on the glassy carbon surface. Then a 
Biodyne membrane with immobilized enzyme 
was layered on top of this and the two mem- 
branes were held with an o-ring. Addition of 
the cellulose acetate membrane resulted in a 
decrease in the glucose signal about 3-fold, but 
highly increased the selectivity.” A 100 @4 
solution of A.A. gave no response at all. The 
signal response of 0.5 mM glucose in buffer 
obtained was exactly equal to the signal of 
0.5 mM glucose in buffer containing 10 @4 
A.A., in agreement with the results of Fig. 5, 
curves a and b (see above for explanation). 
These concentrations of A.A. and glucose corre- 
spond to physiological levels in blood (diluted 
IO-fold in buffer). The glucose response was 

,x 
:z 60 - 

2 
Continuous 

z 
‘S m I 
= 20- I 
crl I 

I I 
I I II 

I I 

0 10 20 30 
Days 

Fig. 6. Long term stability of cellulose acetate coated 
electrode. Continuous work refers to continuous exposure 
of the electrode to 1 mM of glucose at a permanently poised 
potential of + 1.1 V at pH 7.0. Relative activities were 

measured at the points indicated. 

linear from 1 x 10e6M to 1 x 10e3M glucose 
(slope 0.34 pA/mM, intercept 0.003 p A, linear 
correlation coefficient 0.999), reaching steady 
state within loo-120 sec. This measurement 
range is in approximate agreement with that 
listed for commercial platinum hydrogen per- 
oxide sensors (Yellow Springs Instrument Co. 
and Tacussel Electronique). 

The stability of the electrode is presented in 
Fig. 6. There is no significant decrease in activity 
for 11 days, and from 19 to 28 days the activity 
of the enzyme remains stable at about 23% of 
the initial activity. It is important to note that 
the electrode was stored in phosphate buffer 
at pH 7.0 and ambient temperature (cu. 25”) 
except under the continuous work conditions 
when the electrode was permanently poised at 
+ 1.1 V US. SCE in 1 mM glucose. 

Contrary to previous results with a monolayer 
of covalently linked enzyme3 there is no large 
decrease in enzyme activity under working 
conditions. The apparent continuous decrease 
during the initial continuous work region is 
probably just an extension of the original decay, 
although a relative decrease in enzyme activity 
under working conditions may be due to in- 
activation of GOX by H,Oz .” The previous 
work demonstrated large decreases over a 
working period of 6 hr.3 The high ionic strength 
of the buffer (O.lM ) and the acetate cellulose 
membrane interposed between the glassy carbon 
surface and the enzyme membrane may protect 
the enzyme from a change in the local pH. 

Electron mediated electrode 

Table 1 shows that ferricyanide is the best 
electrochemical mediator in terms of stability. 
However, in the literature we find that methyl 
viologen (MV+) is the best mediator for 
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Table 1. Electrochemical properties of some mediators 

g;* Qxidixability of 
( Volts vs. NHE ) reduced form Other properties 
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Ref. 

Methyl viologen -0.45 Rapidly oxidixed by oxygen 

Phenaxine methosulfate +0.08 Readily oxidii by oxygen 

Methylene blw 

2,~DichlorophenoI 
indophenol 
Potassium ferricyanide 

+0.01 

+0.21 

+0.36 

oxidized by oxygen fairly 
rapidly at pH 7, only slowly 
atpH5 
Oxidized by oxygen 

Quite stable. only slowly 
oxidii by oxygen 

*E& = redox potential at pH 7 at 25”. 

hydrogcnase enzymes,” and phenazine metho- 
sulfate (PMS+ ) the most effective for NADH,” 
while the list compiled by Dixon% shows that 
the molecules listed in Table 1 are effective 
mediators for flavoproteins and in general ferri- 
cyanide does not react with these enzymes in the 
presence of Oz. 

Kuiys and Cenas listed different mediators for 
GQX.25 In their report some experiments were 
carried out anaerobically (undoubtedly because 
of low stability of the reduced form of the 
mediator in the presence of dissolved 4) or 
in a buffer with 6.6% ethanol (because of low 
solubility in water of the mediator). Turner 
and coworkers26y27 and Thomas and coworkers28 
have reported the use of ferrocene based 
mediators for electrochemical detection and 
Bartlett and WhitakeP discuss dehy~ogenase 
mediators and TTF *TCNQ mediator for a 
glucose oxidase electrode. 

Owing to these considerations, we chose an 
effective enzyme mediator at low concentration 
(0.1 m&4) in conjunction with ferricyanide at 
high con~ntration (10 mnli) which has a stable 
reduced form and gives a high oxidation signal 
on glassy carbon at a relatively low potential, 
+0.36 V us. SCE (Scheme 1). Recently PMS in 
conjunction with ferricyanide has been used for 
regeneration of NAD+ for glutamate dehydro- 
genase.” Two enzymes were tested, glucose 
oxidase (GQX) and xanthine oxidase (XOD). 

Scheme 1. Reaction sequence for biosensor based on an 
electron mediator in the presence of ferricyauide for oxidase 

immobilixed glassy carbon electrode. 

Rapid signal decline attributed to 122,311 
the high instability of 
reduced form 
Rapid signal decline attributed to [23,25,31] 
the high instability of 
reduced form 
The redox potential is highly 
dependent on pH 

I311 

Risks of surface fouling at high 
positive potentials 

131,351 

Stable and large current on glassy [23,31] 
carbon. No surface foulina 

Neither reacts with ferricyanide in the presence 
of glucose or xanthine, respectively, at con- 
centrations lower than 1.5 mM, due to the 
competition with 0, for the cofactor. 

PMS+ is an effective mediator for GoX,% 
but due to the ins~bi~ty of its reduced form, 
in the presence of oxygen, a steady-state current 
is not observed23 even when PMS’ is adsorbed 
on graphite electrode surface and thus the 
reduced form of PMS+ is in the vicinity of 
graphite sensor.3o If we use PMS+ in conjunction 
with ferricyanide we obtain a response in the 
range of 0.1-1.5 mN glucose, as presented 
in Fig. 7. There is no electrochemical response 
towards the hydrogen peroxide product at the 
glassy carbon electrode at +0.36 V (according 
to Fig. 1). The reaction of XOD with 2,6 
dichlorophenolindophenol (DCPIP) in con- 
junction with ferricyanide exhibits a xanthine 
calibration curve as shown in Fig. 8. The electro- 
chemical response corresponds to oxidation of 
ferrocyanide and the uric acid product of the 
enzymatic reaction at +0.36 V vs. SCE. 

The local oxygen con~ntration at the surface 
of the electrode decreases as the substrate 
(glucose or xanthine) increases, and hence a 

0.5 

0.4 

4 0.3 

0.2 

0.1 
I~ 

0 q 0.4 
mM Glucose 

Fig. 7. Calibration curve for electron mediated glucose 
enxyme electrode in presence of PMW (0.1 mM) and 

ferricyanide (10 mM), pH 7.0, +0.36 V vs. SCE. 
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:::I i* 
I d 

o’4/ 
0 0.4 0.8 1.2 

mM Xanthine 

Fig. 8. Calibration curve for electron mediated xanthine 
enzyme electrode in presence of DCPIP (0.1 mM) and 

ferricyanide (10 mM), pH 7.0, +0.36 V us. SCE. 

larger fraction of the reduced mediator reacts 
with ferricyanide owing to the competition of 
O2 and the mediator for the enzyme cofactor. 
The current observed for added standard sub- 
strate therefore increases as the total concen- 
tration of substrate in solution increases, giving 
rise to the non-linear calibration graph (Figs 7 
and 8). 

Compared to the non-mediated cellulose 
acetate covered glassy carbon electrode, the 
selectivity of the mediated electrode is lessened, 
but one aim of this work is to show that this 
binary redox configuration is easy to prepare 
and can be generalized for enzymes other than 
those dependent on OZ. For example, MV+ is 
an effective mediator for hydrogenase enzymesU 
but its reduced form, which is readily oxidized,” 
should be successfully coupled with ferricyanide. 
We should point out that hexacyanoferrate (III) 
has been successfully used for L-lactate deter- 
mination in blood plasma32’3 by measurement 
of the hexacyanoferrate (II) produced in the reac- 
tion (directly at a platinum electrode at +0.35 V 
0.r. SCE). The only slight interference was uric 
acid, and in most cases, this interference was in- 
significant (maximum 7% at the highest possible 
uric acid concentration). A bioenzyme electrode 
for L-carnitine was recently base on hexacyano- 
ferrate (II) detection” and an analyzer based on 
this approach is now commercially available 
(Microzym-L from SGJ, France). 
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Summary-A method for determination of L-malate in wine is described. Malate dehydrogenase and 
oxaloacetate decarboxylase were immobilized on poly (vinyl alcohol) beads and incorporated in a 
flow-injection system with fluorescence detection. Sample solution (50 ~1) was injected into the carrier 
stream [4mM NAD+ in glycine buffer (PH lO.O)]. The fluorescence. based on the NADH formed could 
be directly related to the amount of malate. The calibration graph was linear over the range 0.4-3OOpM. 
The detection limit was 0.2pM. Sampling throughout was 25 samples/hr. 

L-Malate affects the taste and flavour of wines. 
The malate concentration decreases continually 
during storage due to decomposition by micro- 
organisms (malo-lactic fermentation). The best 
time for shipping is decided primarily on the 
basis of the malate concentration, 

Malate in wines has been determined by ion 
chromatography’,* and high-performance liquid 
chromatography.3 For the specific determi- 
nation of malate, batch enzymatic methods have 
been developed using malate dehydrogenase 
(EC 1.1.1.37, MDH) and aspartate aminotrans- 
ferase (EC 2.6.1.1., AAT) (F-kit, No. 139068, 
Boehringer Mannheim GmbH), and MDH, 
citrate synthase (EC 4.1.3.7) and phosphate 
acetyltransferase (EC 2.3.1.8).’ These methods 
are unsuitable for the rapid assay of a large 
number of samples. 

MDH reversibly catalyzes the following 
reaction; 

malate + NAD+ = oxaloacetate + NADH + H+ 

The equilibrium strongly favours the for- 
mation of malate. Displacement of the equi- 
librium of the reaction in favour of NADH 
formation was assisted by increasing the NAD+ 
concentration, raising the pH and/or adding a 
trapping enzyme.4ss MDH and AAT were co-im- 
mobilized onto controlled-pore glass (CPG) and 
used in a flow-injection system for the determi- 
nation of r.,-malate in wines at pH 9.5.6 How- 
ever, CPG is not suitable as the support for the 
enzymes since CPG is unstable in alkaline 
solution.’ 

Oxaloacetate decarboxylase (EC 4.1.1.3, 
OXD) catalyzes the decarboxylation of oxalo- 
acetate to pyrvate and carbon dioxide according 
to the reaction; 

oxaloacetate+ pyrvate + CO*. 

In this paper, a flow-injection fluorimetric 
method for the determination of L-malate with 
co-immobilized MDH/OXD reactor is reported. 
Here, OXD was used as a trapping enzyme and 
poly(viny1 alcohol) beads which are relatively 
stable in alkaline solution were used as support. 
The enzymes were covalently immobilized with 
glutaraldehyde on the beads and a fluorimetric 
procedure was used to monitor the appearance 
of NADH. The flow-injection method was ap- 
plied to the determination of free L-malate in 
wines. 

EXPERIMENTAL 

Materials 

MDH @-Malate: NAD+ oxidoreductase, 
from Thermus sp., type III, 120 U/mg) and 
OXD (Oxaloacetate carboxy-lyase, from Pseu- 
domonas sp., 350 U/mg) were obtained from 
Amano Pharmaceutical Co. (Nagoya) and 
Asahi Chemical Industry (Tokyo), respectively. 
NAD+(free acid, 96%) was from Kohjin 
(Tokyo). Poly(viny1 alcohol) beads (GS-520, 
13 pm diameter) were from Asahi Chemical 
Industry. A purity of L-( -)-malic acid, obtained 
from Sigma Chemical Co. (St Louis), was 
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checked by the enzymatic method.* All other 
chemicals were of analytical-reagent grade. 

Glycine buffer (pH 10.0) consisting of O.lM 
glycine-O.lM NaCl-O.lM NaOH was prepared. 
The method for the amination of the beads was 
similar to that described previously.’ The ami- 
nated beads were packed into a stainless-steel 
column (5 cm x 4 mm i.d.) by the slurry- 
packing method. Glutaraldehyde (4%) in 
0.1 M sodium hydrogencarbonate solution was 
pumped through the column for 2 hr at 
0.3 ml/min and the column was washed with 
deaerated water for 30 min at 0.5 ml/min. 
Enzymes solution [MDH 3 mg (360 U) and 
OXD 9 mg (3150 U) in 10 ml of 0.05M phos- 
phate buffer (pH 7.0)] was circulated through 
the column at 0.3 ml/min for 6 hr at 20”. MDH 
activity in the solution was measured with L- 

malate as substrate at pH 9.0 at 30”. Also OXD 
activity was measured with oxaloacetate as sub- 
strate and lactate dehydrogenase (EC 1.1.1.28) 
at pH 8.0 at 30”. MDH and OXD were immobi- 
lized on the beads with 69 and 32% yields, 
respectively. 

Apparatus and procedure 

The glycine buffer (pH 10.0) containing 0. 1M 
MgCl, and 8mM NAD+ solution were each 
pumped by a double-plunger pump (KHU-W- 
52, Kyowa Seimitsu, Japan) at a flow-rate of 
0.25 ml/min and mixed before an injector 
(TVM-6M2, Sanuki, Japan) with a 50 ~1 loop. 
The combined solution entered the reactor 
which was maintained at 30” with a thermo- 
stated water bath. Enzymatic reactions took 
place in the reactor and the NADH produced 
was monitored at 465 and 340 nm with a 
spectrofluorimeter (FP-210, Jasco, Japan). 

RESULTS AND DISCUSSION 

Properties of co-immobilized MDHIOXD 
reactor 

The effect of pH on the activity of the co- 
immobilized enzymes reactor was studied in 
the pH range 9.0-l 1.0 using glycine buffer. The 
optimum pH was found to be about 10.0. 
The effect of temperature on the activity of the 
reactor was studied over the range 20-40”. The 
reactor exhibited maximum activity at 30”. 
Compared with the immobilized MDH” (opti- 
mum pH and temperature are 11.5 and 45”, 
respectively), the maximum pH and tempera- 
ture for the co-immobilized enzymes are 1.5 pH 
units more acidic and 15” lower, respectively. 

The optimum NAD+ concentration in the 
reactor was investigated in the range l-10&4 
at the 3OOpM L-malate level. The peak height 
increased with increasing concentration. Above 
8mA4, the peak height was constant. A concen- 
tration of 8mM NAD+ was chosen; at this 
concentration, the NAD+ concentration in the 
reactor is 4mM. 

Immobilized OXD was activated by MgZ+ in 
a similar manner as the free OXD.” The effect 
of the MgCl, concentration on the peak height 
was investigated in the range of 0.01-0.2M. The 
peak height become constant at 0.03M. A sol- 
ution of O.lM MgCl, was used; at this concen- 
tration, the M$+ concentration in the reactor is 
0.05M. 

The peak height decreased linearly as the 
flow-rate of carrier stream increased from 0.3 
to 0.8 ml/min. The peak height was strongly 
influenced by the flow-rate and the peak height 
at 0.3 ml/min was about 3.4 times that at 
0.8 ml/min. A total flow-rate of 0.6 ml/min was 
selected, as a compromise between sensitivity 
and sample throughput: at this flow-rate, the 
sample throughput was 25 hr-‘. 

Under the conditions described in Apparatus 
and Procedure, the conversion efficiency of the 
reactor was 44%. Under the same conditions, 
the relative activities for L-malate and D-malate 
were 100 and 9, respectively. Other carboxylic 
acids such as tartaric acid, citric acid, lactic acid, 
succinic acid and acetic acid did not interfere at 
the 2mM level. The presence of up to equimolar 
amounts of pyruvic acid, sulphite or ascorbic 
acid did not interfere with the measurement of 
L-malate. In the presence of equimolar oxalo- 
acetate, the peak height decreased to 75% of the 
standards. However, since the concentrations of 
the compounds in wines are normally far lower 
than that of L-malate, this method is not subject 
to interferences from the compounds. 

The operational stability of the reactor was 
evaluated over 3 weeks. The reactor was used 
for the analysis of 100 samples (20@f L-malate) 
during 4 hr/day and stored at 4” in O.lM 
phosphate buffer (pH 7.0) when not in use. The 
activity decreased gradually to 80% of the initial 
value after 3 weeks. 

Calibration 

The calibration graph of peak height against 
malate concentration was linear over the range 
0.4-3OOpM with a correlation coefficient of 
0.997 (n = 11) under the same conditions as 
described in Apparatus and Procedure. Above a 
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concentration of 3OOpM, the graph became 
curved. The relative standard deviation for 11 
replicate injections of 20pM L-malate was 
0.95%. The limit of detection (signal-to-noise 
ratio = 3) was 0.2piU (1.3 ng in a 50 ~1 
injection). 

Application 

This method was applied to the determination 
of free L-malate content in wines. White wine 
(10 ~1) was diluted lOOO-fold with water because 
the concentration of free L-malate in white 
wines is normally in the range from 14mM 
(2 g/l) to 45mM (6 g/1).12 Red wines were 
decolorized by nylon beads (A-1030, lo&150 
mesh, Unitika, Osaka) and diluted 500-fold with 
water because the concentration is in the range 
from 3mM (0.4 g/l) to 45mM (6 g/1).12 Diluted 
sample (50 ,ul) was injected into the carrier 
stream. 

Red wines with low and high L-malate con- 
centrations were repeatedly analysed during 4 
weeks with the reactor. The reactor was used for 
analyses of 60 samples in a day and standards 
were measured at 30-sample intervals, in order 
to correct the variation of the conversion 
efficiency. The reactor was renewed every 2 
weeks. The method gave satisfactorily precise 
and reproducible results; for wine containing 
3.6mM L-malate, the within-day coefficient of 
variation (CV) was 1.3% and day-to-day CV 
1.8%. For wine containing 38mM L-malate, the 
respective CV values were 0.95 and 1.6%. 

A sample of red wine of known L-malate 
concentration was supplemented with r.+-malate 
to give final concentrations of 4.0-41.7mM. The 
recoveries were in the range 97-102%. 

The results (n = 36, 20 red wines, from 3.8 to 
42.lmM) were compared with those obtained 
by F-kit (Boehringer Mannheim) with soluble 

MDH and AAT. The calculated linear re- 
gression and correlation coefficient were 
y = 0.979x +0.03 and r = 0.992, respectively. 

CONCLUSION 

The flow-injection system with co-immobi- 
lized MDH/OXD reactor is useful for the sensi- 
tive and reliable measurement of r_-malate and 
can easily be used routinely for the analysis of 
wines. The method is about twice as sensitive as 
that with co-immobilized MDH/AAT reactor, 6 
conversion efficiencies for MDH/OXD reactor 
and MDH/AAT reactor are 44 and 25%, re- 
spectively. The co-immobilized MDH/OXD 
reactor is stable enough to permit the measure- 
ment of more than 1400 samples. 
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Summary-A new method is described for the determination of Ni based on the cathodic adsorptive 
stripping of Ni(I1) complexed with hydroxynaphthol blue (HNB) at a static mercury drop electrode. 
Optimal conditions were found to be: accumulation potential -0.50 V (vs. Ag/AgCl); final potential 
- 1.10 V, accumulation time 50 set; scan rate 200 mV/sec; linear scan mode; filter 0.1 set; supporting 
electrolyte acetic acid/acetate (0.25M, pH = 6.0) and concentration of HNB 3.3 x 10-JM. The response 
of the system was found to be linear in a range of Ni concentrations from 25 ppb to the detection limit. 
The detection limit was found to be 1.7 nM (0.10 ppb) with 2 mitts of accumulation time. The effect of 
various potential interferences (including a variety of cations, anions and organic surfactants) were also 
studied. With the exception of Co, at less than equimolar concentrations no significant interferences 
were observed. Al was found to interfere at high concentrations with respect to Ni, but Al concentrations 
up to 1000 ppb may be masked by sodium citrate or sodium fluoride. The utility of the method is 
demonstrated by the recovery of Ni in a doped sample of commercial mineral water. 

Nickel, which is a potentially toxic and 
carcinogenic metal, has been previously quanti- 
tatively determined by adsorptive voltammetric 
techniques utilizing complexing agents such as 
dimethylglyoxime,,‘2-2’-bipyridine? and cyclo- 
hexane- 1 ,Zdione dioxime.3 Each technique has 
its particular sensitivity and is subject to various 
interferences and limitations. In our laboratory 
we have been investigating various pre- 
adsorptive voltammetric techniques utilizing a 
variety of organic complexing agents for trace 
and ultratrace metal determinations which 
both maximize sensitivity and selectivity.4-7 We 
report here the trace determination of Ni by 
cathodic stripping voltammetry using the com- 
plexing agent hydroxynaphthol blue (HNB). 
We have found this technique to be both sensi- 
tive (detection limit of 0.10 ppb with a 2-min 
accumulation time), relatively unaffected by a 
variety of commonly interfering substances and 

*Author for correspondence. 

is performed in an acidic medium @H r 
4.8-6.0). The effect of a number of experimental 
parameters is presented. The utility of the 
method is demonstrated by the recovery of 
nickel in a doped mineral water sample. 

EXPERIMENTAL 

Apparatus and reagents 

The voltammograms were obtained with a 
PAR 264-A voltammetric analyser interfaced 
with a PAR 303 static mercury drop elec- 
trode which have been described elsewhere.6s7 A 
large-sized static mercury drop electrode 
(SMDE) with a surface area of 0.032 cm* was 
used. A Ag/AgCl (saturated KCI) reference 
electrode and platinum wire auxiliary electrode 
were used. All potentials reported are with 
respect to the Ag/AgCl electrode. Water 
purified in a Mini-Q water purification system 
(millipore) was used for all dilutions and sample 
preparations. All chemicals were of analytical 
reagent grade. A 2000-ppm stock solution 
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(Merck, titrisol) was used to prepare Ni sol- 
utions. A 3.3 x 10e3it4 stock solution of HNB 
was prepared in water. A stock solution of 1M 
acetate was prepared as supporting electrolyte 
followed by addition of acetic acid to achieve 
pH = 6.0. The mineral water subsequently 
analyzed was obtained commercially. 

Procedure 

Ten milliliters of a supporting electrolyte 
solution (7.5 ml of water + 2.5 ml of the stock 
acetate buffer) containing 100 ~1 of the 
3.3 x 10m3M HNB stock solution were pipetted 
into the cell and purged with nitrogen for 8 min. 
The preconcentration potential (-0.5 V vs. 
Ag/AgCl) was applied to a fresh mercury drop 
while the solution was stirred. Following the 
accumulation (typically 50 set) the stirring was 
stopped and allowed to equilibrate for 30 sec. 
The voltammogram was recorded by a linear 
scan of negative-going voltage (scan rate = 200 
mV/sec) terminated at - 1.10 V. After the 
background stripping voltammogram has been 
obtained, aliquots of the nickel standard sol- 
ution are introduced into the cell while main- 
taining a stream of nitrogen over the surface. All 
data were obtained at (23 f 1)“. 

stripping 

RESULTS AND DISCUSSION 

Parameters afecting the adsorptive 
behaviour 

I 

POTENTIAL 

Fig. 1. Effect of scan rate on the cyclic voltammogram of 
the Ni-HNB system. Experimental conditions: acetic acid/ 
acetate supporting electrolyte, 0.25M, pH = 6.0, unstirred 
solution; [HNB] = 3.3 x 10-5M; 20 ppb Ni; large size drop; 
equilibrium time 30 set and filter 0.1 sec. Curve a = 20; 

b=50;c=1OO;d=200,e=5OOmV/sec. 

largest peak current is obtained using a 
potential near - 0.5 V. A similar dependence of 
current with accumulation potential was 
previously observed for the V-TAC system.g 

Other experimental variables affecting the 
adsorptive stripping response were evaluated 
and optimized. The effect of scan rate on peak 
potentials and current is shown in Fig. 4(A) and 
(B), respectively. A similar result was obtained 

Figure 1 shows the resulting cyclic voltam- 
mograms by varying the scan rates from 20 
mV/sec up to 500 mV/sec. The ligand peak is 
seen to become broader with increasing scan 
rate until at higher scan rates begins to overlap 
with the complex’s peak. A scan rate of 200 

a 

mV/sec was found to yield a reasonable sensi- 
tivity while retaining resolution. In contrast to 
some similar systems we have studied, 8 the t 
Ni-HNB complex did not display an adsorp- 
tive-accumulative effect with repetitive cyclic 
voltammetry. 

PH 
4.4 5.2 6.0 

A 
500 

300 

loo 
I-- 

if+--- 

1600 -. B 

1200~ _ _ 
0 

800- 

400- 

Figure 2(A) shows the effect of pH on the 
linear scan stripping peak current of the Ni- 
HNB complex. The current is seen to increase Fin , 1 

I I I 
20 60 100 

Time (minutes) 

from pH = 4.40 until levelling off at pH = 5.2. L ‘b’ : 
.b Effect of pH on the maximum current of the 

It is worth noting that a pH of 6.0 was gener- 
stripping peak. Experimental conditions: acetic acid/acetate 
supporting electrolyte, O.OSM; large size drop; filter 0.1 set 

ally used for subsequent quantitative determi- (linear scan mode); 25 ppb Ni; [HNB] = 3.3 x 10m5M; 
n&ng, gg it wag later &served that t&g pH stirred solution; f,= 30 set at -0.41 V; tqllil = 30 set; 

minimized potential interferences by other ions. Em = - 1.30 V and scan rate 100 mV/sec. B: Repetitive 

The effect of the accumulation potential on 
measurements of a single sample of Ni-HNB. Experimental 

the stripping peak’s current was evaluated 
conditions as for A with acetic acid/acetate supporting 
electrolyte, 0.25M, pH = 6.0; 20 ppb Ni; t, = 50 set at 

over the range -0.70-0.00 V [Fig. 3(A)]. The -0.50 V; Eb, = - 1.10 V and scan rate 200 mV/sec. 
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ACCUMULATION POTENTIAL (v) 
-0.50 -0.30 -0.10 

I I I 

m:h 

A 

500 

200 

1200 B 

800 

-t/‘i 

- 
ACCUMULATION TIME (8) 

Fig. 3. The effect of accumulation potential (A) and time (B) 
on the current of the stripping peak for Ni-HNB. Exper- 
imental conditions as for Fig. 2(B) with an accumulation 

time of 30 sec. 

by cyclic voltammetry as discussed above. The 
potential ranges from -0.71 to -0.81 V within 
the range of scan rates from 10 mV/sec to 500 
mV/sec. A plot of current with respect to the 
scan rate is linear (correlation coefficient of 
0.9926 for a scan rate range of lo-200 mV/sec) 
as expected for the reduction of an adsorbed 
specie.‘O 

The effect of accumulation time is shown in 
Fig. 3(B) (20 ppb Ni). As can be seen, the 
current increases linearly until a maximum is 
obtained at 50 set of accumulation with a 

-0.67 

SCAN BATE @V/s) 
Fig. 4. Effect of scan rate on the potential (A) and current 
(B) of the Ni-HNB stripping peak. Experimental conditions 

as for Fig. 2(B). 

subsequent drop in the peak’s current. This 
is in contrast to the saturation behaviour 
more commonly observed.” Hence to maxi- 
mize sensitivity, a 50-set accumulation time 
was generally used for subsequent quantitative 
determinations. 

The complex was observed to exhibit a high 
degree of stability. Repeated measurements of 
a sample over a period of 120 min showed no 
changes in the stripping peak current [Fig. 2(B)]. 

A comparison between a linear and differ- 
ential pulse scan show an eight-fold increase 
in current for the linear scan mode under the 
conditions of this study (Fig. 5) and, as the 
linear scan mode is also faster, it was used for 
subsequent determinations. It is important to 
note that the factor of differing scan rates for the 
two modes plays an important role in this effect, 
as in order to maintain a similar peak resolution 
for the differential mode a reduced scan rate was 
used, which in turn yields a lower observed 
current. 

Quantitative utility 

Figure 6 shows the voltammograms obtained 
by varying the Ni concentration from 0 to 25 

A 

POTENTIAL 
Fig. 5. Comparison between differential pulse (A) and linear 
scan (B) modes. For ditTerentia1 pulse scan pulse ampli- 
tude = 50 mV and scan rate = 10 mV/sec. For linear scan 
experimental conditions as for Fig. 2(B). Both modes were 
with a solution of 5 ppb Ni and an accumulation time of 

60 sec. 
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CONCENTRATION Ni2’(pg/l) 

POTENTIAL 
Fig. 6. Voltammograms and resulting calibration curve 
(inset) obtained by the variation of Ni concentration from 
0 (a) to 29.56 ppb (b-f), Experimental conditions as for 

Fig. 2(B). 

ppb (electrolyte acetic acid/acetate, pH = 6.0, 
accumulation time 50 set, accumulation poten- 
tial -0.5 V, final potential - 1 .lO V, scan rate 
200 mV/sec, large drop size, equilibrium time 
30 set). The resulting calibration curve, shown 
as the inset, is seen to be linear up to 25 ppb 
(correlation coefficient = 0.999 up to 25 ppb 
Ni). The detection limit was estimated to be 
0.10 ppb (1.7nM) after an accumulation time 
of 2 mins of 4.3 x lo-‘M Ni (S/N = 2). The 
detection limit was also calculated with an 
accumulation time of 50 set (the accumulation 
time more commonly used in this study) to be 
0.14 ppb (2.4nM) using 8.5 x lo-*M Ni. 

The major sources of interferences are likely 
to be coexisting ions and organic surfactants. 
These species could result in either new 
reduction peaks or the overlap with the 
Ni-HNB peak thus obscuring the measurement. 
The effect of various ions that could yield 
interferences was studied. The determination 
of 5 ppb Ni was not affected by the addition 
of up to 5000 ppb of Ca2+, Ba2+, Mg+, SrZ+, 
Cu2+ Zn2+ Mn2+ Th4’, Bi9+, Mo6+, oxalate 
carbonate, ’ sulphate, B,O:-. tartrate, thio: 
cyanate, chlorate or 4,5-dihydroxy-1,3-benzene- 
disulphonic acid (tiron). The determination of 
5 ppb Ni was not affected by the addition of 
up to 500 ppb of Ti4+, AP+, UO:+, Br-, CDTA 
or cyanide. The interference of Ti4+, is due to 
a stripping peak near that for the Ni-HNB 
complex (& = -0.78 V,E,, = -0.62 V) which 
was not masked by fluoride, tiron or oxalate.r2 
Figure 7(A) shows the effect of 1 ppm Ti on the 
stripping voltammogram of 5 ppb Ni-HNB. 

The interference by aluminum (due to over- 
lapping peaks) was successfully masked by 
fluoride or citrate (20 ppm, which were separ- 
ately observed to not interfere at these concen- 
trations). The determination of 5 ppb Ni was 
not affected by the addition of up to 50 ppb 
of Pb2+, Fe3+, V’+, EDTA, triton x-100. The 
interference by lead is due to the presence of 
a stripping peak near that for the Ni-HNB 
complex (ENi = -0.78 V, Epb= -0.59 V). 
Figure 7(B) shows the effect of 1 ppm Pb on 
the stripping voltammogram of 5 ppb of the 
Ni-HNB complex. The determination of 5 ppb 
Ni was not affected by the presence of up to 
5 ppb of Cd’+, at a concentration of 50 ppb 
Cd2+ an increase of 20% of the Ni-HNB peak 
is observed. The presence of Co(I1) was found 
to interfere at 5 ppb as it displays a strong 
stripping peak at nearly the same potential 
as the Ni-HNB complex. An interference by 
Co(I1) was also observed for the determination 
by adsorptive stripping of the Ni complex of 
2,2’-bipyridine (bpy).2 In that system the pres- 
ence of Co caused the Ni-bpy complex peak to 
diminish, whereas in this case (for 1: 1 Co/Ni) 
an augmentation of the stripping peak by 10% 
was observed. 

The method was applied to a sample of 
commercial mineral water. As it was found 
that the mineral water contained undetectable 
quantities of Ni, the sample was “doped” with 
aliquots of Ni(I1) of known concentration. The 
current of the doped sample was then measured 
and compared to a previously prepared cali- 
bration curve to determine the ability to quanti- 
tatively determine the Ni concentration in the 
sample. For a sample with an added nickel 
concentration of 0.75 ppb, the analyzed concen- 
tration was 0.77 + 0.19 ppb for three determi- 
nations of the sample. For a second sample with 

A B 

POTBNTIAL 

Fig. 7. Effect of the presence of Ti (A) and Pb (B) on the 
stripping voltammogram of the Ni-HNB complex. Exper- 
imental conditions: 5 ppb Ni; 1 ppm Ti (A); 1 ppm Pb (B) 

and other conditions as in Fig. 2(B). 
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seven determinations. 

CONCLUSIONS 

The cathodic stripping of the Ni-HNB com- 
plex is seen to be an effective method for the 
determination of Ni at ppb levels. The possible 
interference by a very large number of sub- 
stances was studied and generally the technique 
was found to be unaffected by a wide variety of 
materials. In the case of interference by Co, it is 
worth noting that in natural waters the concen- 
tration of Ni is generally much higher than that 
of Co? For samples with relatively high Co : Ni 
ratios, the methods of Braun et al.’ or Donat 
ef al.’ are useful as the stripping potentials of 
the peaks of the Co and Ni complexes are well 
resolved. However, the technique presented here 
offers an advantage in those cases where lower 
pH and shorter accumulation times may be 
desirable. In addition, the ability to perform 
successive determinations of other metals which 
form complexes with HNB (e.g., Pb and Ti), 
that have stripping peaks well resolved from the 
Ni-HNB complex, add to the versatility of the 
technique. 
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Summary-An automated procedure has been developed for the determination of formetanate and its 
metabolite m-aminophenol (MAP) in water samples. 

MAP can be selectively determined in the presence of formetanate by direct on-line reaction with 
p-aminophenol and spectrophotometric measurement of the absorbance at 576 nm in the presence of 
KIO,, as oxidizing agent. The method has a limit of detection of 5 x lo-‘44, it provides a recovery 
percentage from 95 to 104% and permits one to carry out 120 measurements/hr. 

The spectrophotometric determination of formetanate must be carried out after a previous hydrolysis 
to MAP. To determine formetanate in the presence of MAP, two steps are necessary. Firstly, the MAP 
content is selectively determined as has been mentioned above. After that, the sample is treated with 0.05M 
NaOH at 90°C to hydrolyze the formetanate to MAP, and then the sum of both is determined 
spectrophotometrically. The difference between the results obtained in each step gives the formetanate 
concentration. 

The developed procedure for the determination of formetanate provides a sensitivity of 1070 absorbance 
units mol-’ 1 and a limit of detection of 1.9 x lo-‘M, which corresponds to 50 pg/l of formetanate 
hydrochloride. 

The method has been applied to the analysis of natural water samples fortified with formetanate and 
MAP, and formetanate has also been quantitatively recovered in irrigation waters at a concentration level 
of 1.9 x 10m6M which corresponds to 500 pg/l. 

On the other hand, working in the stopped-flow mode, for a reaction time of 100 set, the sensitivity 
of the formetanate determination can be increased to 4642 absorbance units mol-’ 1 but the limit of 
detection remains of the order of 44 pg/l. 

Formetanate, [m-[[(dimethyl amino) methylene] 
amino] phenyl] methyl carbamate, is a pesticide 
which has two active functional groups, 
dimethyl formamidine and methyl carbamoyl, 
with potential biological activity.‘” Therefore, 
formetanate is used as an effective acaricide 
product against the motile stages of fruit tree 
red spider mites, and glasshouse red spider mite. 
It is also used as an insecticide and it is effective 
against several plant bugs, beet fly and thirps. 
Formetanate has a low stability and because 
of this, it is formulated as the hydrochloride 
that is more stable, and highly soluble in water 
(more than 50%); other formulations, such as 
“dicarzol 200” and “carzol SP”, are prepared 
from hydrochloride, or as a combined formu- 
lation with chlordimeform4 The lethal dose 
LD, of formetanate in mice is 4.5 mg/20 kg.’ 

*Corresponding author. 

Few data have been reported about the analy- 
sis of formetanate and its residues. However, 
high performance liquid chromatography 
(HPLC) has been used in this field.&” Gas 
chromatography was also employed to deter- 
mine the pesticide residues by using a-Bromo- 
2,3,4,5,6-pentafluoro toluene or bromine as 
derivatization agents. “-‘* However these pro- 
cedures have a low sensitivity and also, previous 
preconcentration steps must be employed. 

An alkalimetric titration method has been 
proposed for the indirect determination of 
formetanate from the presence of hydro- 
chloride, after the identification of the pesticide 
by thin layer chromatography (TLC)iz but, this 
procedure has a poor selectivity. 

A spectrophotometric method has been devel- 
oped to determine formetanate residues. The 
active principle is separated by TLC, hydrolysed 
to m-aminophenol and this latter coupled with 
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N-(1-naphthyl)ethylene diamine to form a blue photometric determinations. A flow cell of 50 pl 
azo dye which absorbs at a wavelength of internal volume and 1 cm pathlength was used 
555 nm.‘* for measurements. 

m-aminophenol (MAP) is the final major 
metabolite of formetanate. This compound is 
soluble in 40 parts cold water and freely soluble 
in hot water. MAP has a biological effect on the 
growth of bacteria. However, this product must 
be handled carefully because it could cause 
damage to kidneys, eyes and skin, and so, the 
recommended maximum permissible concen- 
tration of MAP in the air is 1 mg/m3.‘“” 

A four channel flow injection manifold 
[Fig. l(A)] was employed to carry out the 
FI-spectrophotometric determination of MAP. 
A Gilson 2 minipulse peristaltic pump was 
used to transport the carrier solutions and a 
Reodhyne 50 valve, with a loop of 100 ,ul was 
employed for the injection of samples. 

Many studies and analytical methods have 
been reported on determining of MAP by 
HPLC,*‘-** TLC,2g”2 gas chromatography,33*” 
spectrofluorometry35J8 and spectrophotom- 
etry,3g-46 and these methods could also be ap- 
plied to the determination of formetanate, after 
a previous hydrolysis to yield MAP. However, 
we have not found any reference in the literature 
to the selective determination of formetanate 
and MAP in the same sample. 

A and B channels were connected by a 
Y-shaped merging zone, in order to provide a 
good mixing between PAP and metaperiodate. 
A similar connection was made between chan- 
nels C and D and a further connection was 
made to join the A/B channel and the C/D 
channel before the measurement zone. 

Flexible peristaltic pump tubing of 1.52 mm 
internal diameter, which provides a carrier flow 
rate from 2 to 4 ml/min, in each channel, was 
used. 

Flow injection analysis (FI)47*48 provides a 
useful way to automate the analytical determi- 
nations and can be very interesting to carry out 
the control of pesticide residues in environmen- 
tal water samples, but no data have been re- 
ported as yet, on using FI for the determination 
of formetanate or MAP. However, in a previous 
work4’ we have found that propoxur, another 
carbamate pesticide, can be determined by 
flow injection spectrophotometry at 600 nm 
after its alkaline hydrolysis and reaction with 
p-aminophenol (PAP), and this reaction could 
be applied to the direct determination of MAP 
and to the determination of formetanate after its 
hydrolysis. So the aim of the present work is to 
develop an automated spectrophotometric 
method to determine formetanate and its 
metabolite MAP. 

A 45 cm long coil (LR,) permits one to obtain 
the quinoneimine of PAP from the oxidation of 
PAP by potassium metaperiodate (see the reac- 
tion scheme below). The LR2, 45 cm long coil, 
provides an adequate alkaline medium for the 
reaction of samples with PAP. The LR, reaction 
coil, with a length of 800 cm, permits one to 
obtain a good reaction yield between MAP and 
the reactive quinoneimine in order to produce 
the blue dye, which is measured at 576 nm. 

All the tubing employed to construct the 
reaction coils were made of Teflon with an 
internal diameter of 0.8 mm. 

Alternatively to the above described mani- 
fold, a three channel assembly [see Fig. l(B)] 
was employed in order to avoid an excessive 
dilution of samples. 

We have carried out a series of studies on 
the reaction between MAP and PAP in order 
to obtain a selective procedure, which can be 
directly applied in water analysis, and also we 
have studied the reactivity of formetanate 
against the PAP, both directly and after alkaline 
hydrolysis. 

On the other hand, some additional exper- 
iments were carried out in the stopped-flow 
mode, using a continuous aspiration of the 
samples by channel C, as can be seen in 
Fig. l(C). 

Reagents 

EXPERIMENTAL 

Apparatus 

A Hewlett Packard 8452A diode array 
spectrophotometer, equipped with HP-89530A 
MS DOS UV/V software with a response time 
of 0.1 set, was used to carry out spectro- 

All reagents were of analytical grade. 
Formetanate hydrochloride was supplied by 
Riedel-de Haen (Germany), p-aminophenol 
(PAP) was supplied by Fluka (Switzerland), 
m-aminophenol (MAP) was supplied by 
Aldrich (Germany), sodium hydroxide and 
potassium metaperiodate were supplied by 
Probus (Spain). 

The stock standard solutions were prepared 
in demineralized distilled water as follows. To 
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Fig. 1. Manifolds employed for the determination of m-aminophenol and formetanate. The length of the 
reaction coils has been established from experimental studies. 

obtain a 3.88 x 10p4M formetanate solution, 
10.0 mg of formetanate hydrochloride was dis- 
solved in 100 ml of distilled water; then 50 ml 
of this solution was diluted to 100 ml with 
distilled water in order to obtain a 1.94 x 10W4M 
concentration. In all experiments the standard 
solution of formetanate was prepared and used 
the same day, in order to avoid any hydrolysis 
occurring. A 1.05 x 10e3M PAP solution was 
prepared by dissolving 0.0287 g in 250 ml of 
boiled and cooled distilled water (in order to 
avoid its oxidation by the dissolved oxygen); 
this solution is stable for more than 8 hr. 
Standard solution 9.16 x 10W4M MAP was pre- 
pared by dissolving 25.0 mg in 250 ml of 
distilled water. This latter solution is more 
stable than the PAP solution and does not need 
special conditions to be prepared. 

RESULTS AND DISCUSSION 

As previously reported,m PAP in alkaline 
medium and in the presence of a suitable oxidiz- 
ing agent produces a reactive benzoquinone- 
imine (I), which can be coupled with MAP 
through the electrophilic attack on the C, of 
MAP, to give the corresponding diamine (II). 
(II) undergoes a rapid oxidation to a blue 
compound (III), as is shown in the following 
schematic diagram (see over). 

Figure 2(A), shows the UV absorption 
spectra of MAP in distilled water, and in 
an alkaline medium. As can be seen, the 
formation of M -aminophenolate provides a 
bathochromic shift of the absorption maxi- 
mum to 292 nm and it has a hyperchromic 
effect. 



1176 K. D. KEJALAF et al. 

NH2 

bo: HO~NHQOH 

Hoeso NH2 

(III) NH- 
2 

Scheme 1 

It can be seen from Fig. 2(B) that the reaction 
between MAP and PAP provides a very high 
enhancement of the sensitivity and selectivity of 
the W/V determinations of MAP. The reaction 
product has a maximum of the absorption 
spectrum at 576 mn. 

We have applied the reaction with PAP, 
from an analytical point of view, to determine 
MAP in water; therefore, the effects of NaOH, 
potassium metaperiodate (employed as oxidiz- 
ing agent), PAP concentrations as well as the 
reaction time, were studied and monitored by 
using a diode array spectrophotometer. 

Several experiments carried out in batch 
(results not shown) indicate that 0.02M NaOH, 
0.004M KI04 and 2.6 x 10p4M PAP, are the 
best conditions under which to carry out 
the reaction between MAP and PAP at room 
temperature, and so these concentrations were 
employed in the FI mode. 

The variation of the absorbance at 576 nm as 
a function of time, for a mixture of MAP and 

PAP, at room temperature and using the oxygen 
of the air as an oxidizing agent shows that the 
colour of the reaction product develops gradu- 
ally during the first 10 min and remains stable 
for more than 10 min. When potassium meta- 
periodate (0.004M) is used as the oxidizing 
agent, the reaction rate between MAP and 
PAP increases rapidly and a reaction time 
of the order of 120 set is sufficient to obtain 
stable absorbance measurements. On the 
other hand, a typical calibration equation 
A = 0.035 + 17,100 C (M) with a regression 
coefficient R = 0.998 was obtained for MAP 
concentrations. 

An increase in the concentrations of NaOH, 
KIO, and PAP as well as the use of a tem- 
perature higher than 9O”C, provide an increase 
in the reaction rate between MAP and PAP. 
However, the stability of the reaction product 
is reduced in these conditions and the excess 
of PAP is decomposed by KIO, and NaOH 
providing an increase in the background. So, 

0.0 
300 r&J do’b - do’do’~ 

Wavel&h (I&) 

Fig. 2. (A) UV spectra of 7.3 x 10-5M of m-aminophenol in distilled water (-) and in 0.2M NaOH 
(---). (B) W/V spectrum of 7.3 x lo-$M of MAP after reaction with 2.6 x 10e4M of PAP in the 

presence of 0.004M of KIO,. The measurements were taken 2 min after mixing. 
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Fig. 3. (A) Calibration graph obtained for the determination of MAP and formetanate (F). (B) FI 

recording for these calibration graphs. 

the use of concentrations higher than those 
recommended or the use of high temperatures 
must be avoided. 

FI SPECTROPHOTOMETRIC DETERMINATION 
OF MAP 

In order to develop a FI spectrophotometric 
procedure for the analysis of MAP with PAP, 
the concentrations of NaOH, KIO., and PAP, 
previously established in batch, were employed. 
For the above mentioned concentrations of 
reagents the effect of flow rates of the carrier 
streams (from 2 to 4 ml/min in each one) and 
lengths of the reaction coils (LR,, from 10 cm 
to 1 m, LR, from 1 to 10 m), were studied in a 
univariate mode. LR, was fixed of 45 cm. The 
obtained results indicate that LR, = 45 cm, 
LR, = 8 m and a flow rate of 2.3 ml/min per 
channel were the best conditions under which to 
carry out the reaction between MAP and PAP, 
providing high absorbance values with low 
background levels. 

A series of standard solutions of MAP were 
injected in the manifold and the absorbance at 
576 nm was monitored as a function of time. 

Figure 3 shows the F&recording profiles 
and a calibration graph of MAP (from 0 to 
7.33 x lo-‘M) in distilled water, which pro- 
vides a linear-relationship over the investigated 
range with the following regression features: 

A = 0.003 + 1440 C (C in M) 

The regression coefficient, R, for this line was 
0.9999. As compared with the regression line 

found in batch after 120 set, it can be seen that 
the FI procedure involves a strong reduction 
in the analytical sensitivity; however, the FI 
measurements are carried out in a short period 
of time and this avoids the PAP decomposition 
and so, a better intercept value was obtained. 
The limit of detection in these conditions was 
5 x 10m7M of MAP, which is appropriate for 
the analysis of water samples. The standard 
deviation of five replicate measurements of a 
concentration 3.66 x lo-‘M of MAP was 1.8%. 
Using the three channel manifold the sensitivity 
increases up to 1920 absorbance units mol-’ 1 
and the limit of detection reduced to 4 x IO-‘M. 
The developed procedure permits one to carry 
out more than 120 injections/hr, which is an 
additional advantage of the FI methodology. 

DIRECT DETERMINATION OF 
m-AMINOPHENOL IN WATER 

To show the applicability of the developed 
method for the analysis of MAP, three types 
of natural water, from different sources (tap, 
irrigation and well water), have been fortified 
with different concentrations of MAP. The 
spiked samples were analysed by using the 
recommended FI procedure. The obtained 
results, summarized in Table 1, show that the 
reaction between PAP and MAP is not affected 
by the sample matrices, and relative errors lower 
than 8% were found in all cases for MAP 
concentrations of the order of 10-sM. On the 
other hand the relative standard deviation 
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Table 1. FI spectrophotometric analysis of MAP in spiked water samples 

m-aminophenol added, m-aminophenol found, E,, 
Water M M % 

Tap 3.67 x 1O-5 (3.41 + 0.01) x 10-r -7.08 
7.33 x 1o-5 (7.00 f 0.01) x 10-r -4.5 
1.10 x 10-4 (1.07 * 0.02) x IO-4 -2.7 

Well 3.67 x 1O-5 (3.77 f 0.03) x 1o-5 +2.7 
7.33 x 1o-s (7.28 f 0.01) x 10-r -0.7 
1.10 x 1o-4 (1.10*0.05) x IO-4 0 

Irrigation 3.67 x 10-r (3.64 f 0.04) x 1o-5 -0.8 
7.33 x 10-r (7.7 f 0.2) x 1O-5 +5 
1.10 x 1o-4 (1.13 f 0.03) x 10-4 +2.7 

Results found are the average of three independent analyses of each 
sample f the standard deviation. 

E, (%): relative error in percentage. 

obtained for three independent analyses of the 
same sample was lower than 1%. 

HYDROLYSIS OF FORMETANATE 

Formetanate does not react with PAP; it must 
be previously hydrolysed to MAP in order to 
carry out its spectrophotometric determination 
by the above mentioned reaction. The alkaline 
hydrolysis of formetanate, and similar com- 
pounds, to phenols has been reported.‘2~s’-54 All 
the previous works indicate that the hydrolysis 
of formet$nate is very slow even at 60°C. The 
effects of sodium hydroxide (from 0.02 to 0.3M) 
and time on the hydrolysis of formetanate 
were studied at 90°C for a concentration 
7.77 x I’W5M of formetanate, and the absorb- 
ance measurements were carried out in batch. 
The obtained results show that a NaOH con- 
centration of 0.02M provides the quantitative 
hydrolysis of formetanate in 130 min, and 0. 1M 
NaOH permits the total hydrolysis in 40 min. A 
0.05M NaOH concentration provides a 95% 
hydrolysis yield in 1 hr and this was selected for 
the formetanate hydrolysis in order to avoid the 
use of high concentrations of sodium hydroxide, 
which affects the reaction between PAP and 
MAP. 

On the other hand, it has been noticed that, 
a heating time for formetanate higher than 1 hr 
causes a slight degradation of the resulted MAP 
and so, another absorption maximum could 
have appeared at 325 nm. The same thing takes 
place with standard MAP in distilled water 
heated for long periods of time. However, in the 
recommended conditions these problems are 
avoided. 

The slow hydrolysis process of formetanate 
avoids the possibility of carrying out this 
process on-line and so, for the FI spectrophoto- 
metric determinaton of formetanate, the follow- 

ing procedure must be followed. Take the 
sample, add NaOH to obtain a 0.05M NaOH 
concentration, and allow to stand in a thermo- 
static water bath at 90°C for 1 hr, then cool at 
room temperature and after that, take 100 ~1 
of the hydrolyzed sample and inject it in the 
FI-manifold indicated in Fig. 1. Standard 
aqueous solutions of formetanate are treated 
with a NaOH solution in the same conditions as 
samples. 

FI SPECTROPHOTOMETRIC ANALYSIS 
OF FORMRTANATE 

The alkaline hydrolysis of formetanate and 
the injection of the obtained MAP in the FI- 
manifold provides good analytical signals at 
576 nm, which corresponds to the blue form of 
the reaction product between PAP and MAP. 

Figure 3 shows the calibration graph ob- 
tained from the injection of standard solutions 
of formetanate (from 0 to 7.77 x lo-‘M), pre- 
viously heated at 90°C for 1 hr and cooled at 
room temperature. The regression characteristic 
features of this analytical curve are: 

A = 0.003 + 1070 C (C in M) 

with a regression coefficient of 0.9998 which 
provides a detection limit of 1.9 x IO-‘M 
formetanate (which corresponds to 0.05 mg/l). 
The relative standard deviation of five replicate 
measurements of a solution with a concen- 
tration of 3.9 x lo-‘M formetanate was 0.5%. 

On comparing this curve with that obtained 
for MAP in the same work session (see Fig. 3), 
it can be concluded that the 10% reduction of 
the analytical sensitivity found for formetanate 
analysis is due to the non-quantitative hydroly- 
sis of the pesticide in the recommended con- 
ditions; so, it is necessary to calibrate the system 
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with formetanate standard solution treated in 
the same way as samples. 

On the other hand, low levels of formetanate 
have been determined by the above mentioned 
procedure in irrigation waters, treated with this 
pesticide. Results found agree with those pre- 
viously obtained and, for example, a concen- 
tration of 1.7 * 0.2 x 10e6it4 (0.44 & 0.05 mg/l) 
of formetanate was found in a sample contain- 
ing 1.9 x 10m6M (which corresponds to 0.5 
mg/l) and 5.3 + 0.2 x 10p6M (1.37 &- 0.05 mg/l) 
was found in another irrigation water contain- 
ing 5.8 x 10e6M which corresponds to 1.5 mg/l. 
Note that for these low levels of formetanate 
concentrations the relative standard deviation 
of three analyses was 11% and 3.6%, respect- 
ively, one order of magnitude higher than those 
found for the determination of a concentration 
lo-5M. 

STOPPED-FLOW DETERMINATION 
OF FORMETANATE 

In order to increase the sensitivity of the 
spectrophotometric determination of both 
MAP and formetanate, some experiences were 
carried out in the stopped-flow mode. For this 
purpose the manifold indicated in Fig. l(C) was 
employed. 

The use of a three channel manifold reduces 
the sample dispersion and the stopped-flow 
avoids the use of a long reaction coil. 

Previous experiments, carried out with a 
20 mg/l of formetanate previously hydrolyzed, 
showed that 100 set is the minimum time re- 
quired to obtain a maximum sensitivity for the 
determination of MAP and PAP in the stopped- 
flow mode and using the K104, NaOH and PAP 
concentrations previously recommended. 

In the above mentioned conditions, a typical 
calibration line for the determination of 
formetanate after hydrolysis to MAP corre- 
sponds to: 

A =0.008+4640 C (C in M) 

with a regression coefficient of 0.9998. So, the 
sensitivity is increased four times, as compared 
with results found in the flow injection mode. 
However, the use of high reaction times also 
increases the degradation of PAP and so, an 
increase of the blank measurements was found. 
So, the limit of detection was only 44 pg/l which 
is comparable to that found in the FI mode. 

The standard deviation of three indepen- 
dent measurements of a sample containing 
5.8 x 10m5M formetanate was 1.5% and, in 
summary, it must be accepted that the use of 
the stopped-flow approach does not improve the 
limit of detection and reduces the sample 
throughput. 

ANALYSIS OF MIXTURES OF 
FORMETANATE AND MAP 

The fact that formetanate does not react 
directly with PAP offers the possibility to deter- 
mine sequentially both formetanate residue and 
MAP, in the same sample. The procedure in- 
volves two steps: a direct determination of MAP 
in the presence of non-hydrolyzed formetanate, 
and the determination of the sum of MAP and 
formetanate after hydrolysis with NaOH and 
subsequent reaction with PAP. 

To obtain an indication about the suitability 
of the developed procedure to determine MAP 
in partially hydrolyzed samples, a series of 
synthetic mixtures of formetanate and MAP 
were prepared in distilled water. The obtained 
results for MAP are indicated in Table 2, and it 
can be seen that a recovery percentage from 101 
to 105% was found. The slight increase in the 
obtained results is due to partial hydrolysis of 
fox-metanate by the NaOH solution used in the 
F&manifold. 

Further evidence was also found about 
the applicability of the proposed method by 
analysing a series of synthetic mixtures of 
formetanate (freshly prepared) and MAP which 
were prepared in a matrix of irrigation water. 

Table 2. FI spectrophotometric determination of MAP in mixtures of 
formetanate and m-aminophenol in distilled water 

Formetanate m-aminophenol 
added added 
(x 10-5) (x 10-S) 

m-aminophenol found Recovery 
Ix 10-S) (%) 

1.94 1.83 (1.86 f 0.04) 101.3 
3.89 3.67 (3.73 f 0.08) 101.8 
5.83 5.50 (5.63 f 0.06) 102.4 
7.77 1.83 (1.93 f 0.02) 105.4 

Values found correspond to the average of three independent analyses 
of each sample f the standard deviation. 
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Table 3. FI spectrophotometric analysis of irrigation water fortified with synthetic mixtures of formetanate and 
m-aminophenol 

Formetanate m -aminophenol 
added added m -aminophenol found Recovery Total MAP Recovery 
(x 10-S) (x 10-S) (x 10-S) (%) found I%) 

1.94 1.83 (1.80 f 0.06) 98 (3.85 + 0.04) x 1O-5 103 
3.89 3.61 (3.48 + 0.02) 96 (8.25 f 0.04) x 1O-5 113 
5.83 5.50 (5.22 k 0.03) 95 (1.28 f 0.07) x 1O-4 113 
7.17 1.83 (1.92 f 0.02) 104 (1.044 f 0.005) x 1o-4 108 

Total MAP found corresponds to the sum of MAP and formetanate measured after the hydrolysis of the latter. 

MAP was directly analysed and after that, 
samples were hydrolyzed and then analysed 
using a standard calibration graph of formetan- 
ate treated in the same way as the samples. 
Table 3, indicates that recovery percentages 
from 95 to 104% were obtained in the analysis 
of MAP in the presence of formetanate. The 
recovery percentage of the sum of MAP and 
formetanate varies from 103 to 113% and so, it 
can be concluded that the developed method- 
ology permits one to quantitatively recover 
MAP and the sum of MAP and formetanate in 
the same sample. 

SELECTIVITY OF THE DEVELOPED PROCEDURE 

The benzoquinoneimine form of PAP reacts 
with phenols by an electrophilic attack to pro- 
duce the corresponding dihydroxyamine. Thus, 
the determination of MAP by the developed 
procedure can be affected by any phenolic com- 
pound with a free para position; and, on the 
other hand, after the previous hydrolysis step, 
any compound which could be hydrolyzed by 
NaOH to form a para position free phenol, 
could interfere with the determination of 
formetanate. 

However, the selectivity of the FI spectro- 
photometric determination of MAP and for- 
metanate with PAP can be due to the differences 
observed between the maximum wavelength at 
which the PAP derivatives of different com- 
pounds absorb and on the different reaction 
rates and conditions found for each compound, 
as for example, the spectrophotometric determi- 
nation of propoxur by reaction with PAP re- 
quires the use of 0.33M NaOH, 9 x 10e3A4 PAP 
and 0.02M KIO, as compared with formetanate 
which requires lower concentrations of each one 
of these reagents. On the other hand the reac- 
tion product of PAP with the hydrolysis product 
of propoxur absorbs at 600 nm instead of the 
576 nm wavelength employed for MAP. 

From these comments it can be concluded 
that the developed procedure is especially inter- 
esting for the evaluation of pesticide residues in 
water samples when crops were treated with 
formetanate and that, in the analysis of ground 
water a careful standardization must be carried 
out. 

CONCLUSIONS 

The studies carried out show that the reaction 
of MAP with PAP, in the presence of KIO,, 
provides a sensitive and selective way for the 
determination of MAP in water samples. MAP 
can be directly analysed in the presence of 
formetanate and the sum of both MAP and 
formetanate can be established after the alkaline 
hydrolysis of formetanate. 

The developed method permits one to follow 
up the degradation of formetanate in environ- 
mental waters. Also, it can be successfully used 
to determine concentrations of the order of 
1.8 x lO+jM of m-aminophenol or formetanate 
in real water samples, which correspond to 0.2 
and 0.5 mg/l, respectively, with a high sample 
throughput. The method is very economical and 
does not need any clean up step, which is an 
important advantage compared with the pre- 
viously developed methods for formetanate or 
MAP determination. 

Also, this is the only proposed methodology 
for the determination of MAP and formetanate 
in the same sample. The only draw-back of the 
method is the relatively high limit of detection 
found, but, the sensitivity of the procedure 
could be improved by using a preconcentration 
step based on sorbent or solvent extraction 
procedures, in order to obtain a better limit of 
detection. 
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Summar-A sensitive adsorptive stripping voltammetric method for trace measurement of dipyridamole 
in alkaline solution is described. The method is based on the adsorptive accumulation of the drug at the 
hanging mercury drop electrode, followed by linear sweep voltammetric determination. The response is 
evaluated with respect to percentage of ethanol, preconcentration time and potential, and concentration 
of NaOH. The detection limit of 1.0 x 10e9M is obtained under optimized conditions with a S-min 
preconcentration. Applicability to injection, tablets and urine analysis is illustrated. 

Dipyridamole (DPRM) is known for its effec- 
tive treatment of heart diseases. Its structure is 
shown in Fig. 1. The drug can be easily ab- 
sorbed by the human body and enter into blood. 
Its effect in the body lasts long and the concen- 
tration in urine and blood is low. Highly sensitive 
methods are thus essential for the determination 
of dipyridamole. Various chromatographic,‘** 
and spectroscopic3*4 procedures have been em- 
ployed for this purpose. However, electrochem- 
istry has not been widely used for measurements 
of dipyridamole. The drug produces a single 
4-electron polarographic reduction wave in al- 
kaline solution.5 This polarographic method 
yielded detection limits in the micromolar level 
that were sutTicient only for tablet assay. 

The present work reports a sensitive voltam- 
metric procedure for trace measurement of 
dipyridamole, based on its adsorptive accumu- 
lation at a hanging mercury drop electrode. 
Adsorptive stripping voltammetry has been 
used for trace measurements of numerous com- 
pounds of pharmaceutical significance6 As illus- 
trated in this paper, this method yielded 
detection limits at the subnanomolar levels for 
measuring dipyridamole. The characteristics of 
the resulting adsorptive stripping scheme are 
elucidated and the electrode reaction mechan- 
ism is discussed. 

Apparatus 

EXPERIMENTAL 

A model 370 electrochemistry system (EG&G 
Princeton Applied Research) was used for cyclic 

*Author for correspondence. 

voltammetry. The working electrode was a 
model 303 static mercury drop electrode 
(SDME). A medium sized drop (surface area 
0.0171 cm2) was employed. The counter elec- 
trode was a platinum wire and the reference 
electrode was a saturated Ag/AgCl electrode. 

Chemicals 

Dipyridamole was from Beijing Yimin Phar- 
maceutical Factory. A stock standard solution 
of dipyridamole in ethanol (1.00 x 10-2M) was 
prepared and stored in the dark; working stan- 
dard solutions (1.00 x 10e4M, 1.00 x 10-‘&f 
and 1.00 x 10W6M) were prepared by dilution 
with water. All other chemicals were of analyti- 
cal reagent grade. Triply distilled water was 
used throughout. 

Procedure 

A lo-ml volume of 0.05M sodium hydroxide 
containing a specific amount of sample solution 
and lO%(v/v) ethanol was added to the cell and 
purged with purified nitrogen to remove oxygen 
for 4 min. The preconcentration potential (- 1.2 
V) was applied to a new mercury drop for a 
selected time while the solution was stirred at 
400 rpm. The stirring was then stopped, and 
after 15 set the voltamperogram was recorded 
by applying a linear sweep scan. The scan was 
terminated at - 1.6 V. 

RESULTS AND DISCUSSION 

Adsorptive properties 

Figure 2 is a repetitive cyclic voltamperogram 
for 5 x lo-‘M dipyridamole, recorded after 

1183 
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Fig. 1. Structure of dipyridamole. 

preconcentration at - 1.2 V for 30 sec. A large 
and well-defined cathodic peak is observed at 
the first scan (designated as 1) at - 1.42 V. 
Subsequent scans exhibit a dramatic decrease of 
the peak to a stable value representing the 
response of solution species. This is an obvious 
indication that dipyridamole has adsorptive 
characteristics at a Hg electrode. No peaks are 
observed in the anodic branch, illustrating that 
the reduction of dipyridamole at the Hg elec- 
trode is irreversible. 

Figure 3 shows plots of cathodic peak current 
(i,) of linear sweep voltammetry us. preconcen- 
tration time (t) for different concentrations of 
dipyridamole. At first, iw increased linearly with 
t at all three levels, indicating that before ad- 
sorptive equilibrium is reached, the longer the 
preconcentration time, the more dipyridamole 
was adsorbed, and the larger the peak current. 
However, after a specific period of accumu- 

I I 
1.2 1.3 1.4 1.5 1.6 

-E (V) 

Fig. 2. Repetitive cyclic voltamperograms for 5 x lo-‘A4 
dipyridamole after 30 set accumulation at - 1.2 V. Scan 
rate, 100 mV/sec. Electrolyte, 0.05M NaOH, lO%(v/v) 

ethanol. 

0 120 240 360 480 E 

t(s) 

0 

Fig. 3. Effect of preconcentration time on the cathodic 
voltammetric peak current for 1 x 10F7M (a), 6 x IO-‘A4 
(b) and 1 x 10e6M(c) dipyridamole. Other conditions as for 

Fig. 2. 

lation time, the peak current at different concen- 
tration levels invariably tended to level off, 
showing that the adsorptive equilibrium of 
dipyridamole on the Hg electrode surface was 
achieved. 

The adsorption of dipyridamole can be used 
as an effective preconcentration step before the 
voltammetric measurement. In this way, highly 
sensitive adsorptive stripping measurements of 
the drug can be achieved. 

Selection of experimental conditions 

Various supporting electrolytes, such as HCl, 
HOAc-NaAc, NH,NH,Cl, KH,PO,-K,HPO., , 
NaOH and Britton-Robinson buffer solution 
were tested by adsorptive stripping voltamme- 
try, and NaOH was found to be the best because 
of the well-defined voltamperogram and reason- 
ably high sensitivity. 

The amount of ethanol added to the dipyri- 
damole solution strongly affects the adsorptive 
stripping response (Fig. 4). For example, in- 
creasing the percentage of ethanol (v/v) from 0 
to 10 resulted in a sharp increase in the peak, 

0.50 
F' 

zi 

0.40 

-1 

/ 

\ 
b-0 

- 0.30 l 

:: 

0.20 

/ 0.10 . 

OJ 

PERCENTAGE OF ETHANOL (V/V) 

Fig. 4. Effect of the amount of ethanol added to dipyri- 
damole system on the cathodic response. Dipyridamole 
concentration, 3 x lo-‘M. Preconcentration time, 60 sec. 

Other conditions as for Fig. 2. 
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but a rapid decrease in the response was ob- 
served when the percentage of ethanol was 
larger than 10. The dependence of ipc on the 
preconcentration potentials was also examined. 
The results showed that between -0.8 and 
- 1.2 V, ipc kept almost constant at a high level, 
but above -0.75 V or below - 1.25 V it de- 
creased. The concentration of NaOH effects the 
peak current of dipyridamole, too. The exper- 
iments revealed that a concentration of NaOH 
larger than 0.05M (pH 12.7) offered the best 
responses. 

The adsorptive stripping voltammetric re- 
sponse of dipyridamole was further character- 
ized concerning concentration dependence, 
detection limit and reproducibility. Under the 
optimized condition of lO%(v/v) ethanol, 
0.05M NaOH and preconcentration potential of 
- 1.2 V, the peak current had a linear relation- 
ship with cDpRM over the range from 5.0 x lo-’ 
to 1.0 x 10e6M when the accumulation time 
was 60 set (correlation coefficient 0.9989). The 
detection limit could reach 1.0 x lo-‘M when 
the preconcentration time was set to 5 min 
(S/N = 3). The precision was estimated by 12 
successive measurements of 5 x 10-‘&f dipyri- 
damole under the same conditions as above but 
with accumulation of 15 sec. The average peak 
current was 0.342 PA, range 0.3254370 PA, 
and relative standard deviation 1.7%. 

System weakly adsorbed reactant 

Figure 5 indicates the effect of scan rate on tpc 
at different preconcentration times. When t = 0, 
ipe had a linear relationship with u’/~ illustrating 
the reduction of dipyridamole was diffusion- 
controlled [curve (a)]. When t = 10 set, the 
ipc us. u’12 curve showed an upward slope, indi- 
cating that the system began to show some 
adsorptive characteristics [curve (b)]. When 

6 

5- 

v (mV/s) 

Fig. 6. Influence of scan rate on the cathodic peak current. 
Dipyridamole concentration, 1 x 10w6M (a) and 2 x 10-5M 
(b). Preconcentration time, 60 sec. Other conditions as for 

Fig. 2. 

t = 60 set, the upward turning of ipc--v1i2 curve 
was more pronounced [curve (c)] and ip-v curve 
became a straight line [Fig. 6, (a)], suggesting 
the electrode process now was adsorption-con- 
trolled. 

The effect of cDpRM on ipc at two different 
accumulation times is shown in Fig. 7. When 
t = 0, the relative peak current expressed as the 
ratio of iF/cDPRM was small and kept nearly 
constant with increasing the concentration of 
dipyridamole [curve (a)]. This indicates that the 
reduction of dipyridamole at Hg electrode is 
almost totally diffusion-controlled. However, 
when t = 60 set, the values of ipc/c,,PRM were 
much greater than those of curve (a) at lower 
cDpRM because of the adsorption of dipyridamole 
on the Hg surface. At higher c,,rRM, the adsorp- 
tion of dipyridamole reached saturation and its 
contribution to peak current did not increase 
any more. The ratio then declined very rapidly 
with increasing concentration of dipyridamole, 
and eventually tended toward the constant 
value of curve (a) [curve (b)]. Even with 60 set 
of accumulation, the ipc us. u relationship at 

P (mVd2 c (M) x IO6 
2 

Fig. 5. Influence of square root of scan rate on the cathodic Fig. 7. Effect of concentration of dipyridamole on relative 
peak current. Preconcentration period, 0 set (a), 10 set (b) peak current as the ratio of cathodic peak current to 
and 60 set (c). Dipyridamole concentration, 1 x 10e6A4. dipyridamole concentration. Preconcentration period, 0 set 

Other conditions as for Fig. 2. (a) and 60 set (b). Other conditions as for Fig. 2. 
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higher concentration of dipyridamole was not a 
straight line but a downward bending curve 
[Fig. 6 (b)]. All of these suggest the gradual 
transformation of the system from adsorption- 
controlled to diffusion-controlled when the con- 
centration of dipyridamole grows. 

In summary, the reduction of dipyridamole at 
Hg electrode is contributed to by the reduction 
of both surface species adsorbed on the elec- 
trode surface and solution species diffusing to 
the electrode surface. However, because the 
adsorption of dipyridamole is not strong 
enough, both of the adsorbed and solution 
species are reduced at the same potential. The 
cathodic peak current is thus made up of two 
parts: adsorption current and diffusion current. 
The preconcentration time, scan rate and con- 
centrations of dipyridamole have different 
effects on them. Generally, in the condition of 
smaller cnPRM , faster v and longer t, the system 
manifests itself mainly with adsorptive proper- 
ties, but in the condition of larger cnpRM , slower 
u and shorter t, the system essentially exhibits 
diffusion properties. This is characteristic of 
the system when the reactant is weakly ad- 
sorbed.’ 

Measurement of the number of electrons trans- 
ferred 

Electrolysis experiments at the potential of 
- 1.6 V with large area of Hg cathode showed 
that the number of electrons transferred per 
dipyridamole molecule, n, was 4. This result is 
in good agreement with that of Boneva.s The 
mechanism of reduction of dipyridamole is not 
very clear now and the study in our lab is still 
under way. There are two pyrimidine rings in a 
dipyridamole molecule. Preliminary UV-visible 
spectroscopic experiments of dipyridamole sys- 
tem before and after electrolysis indicated that 
the functional group undergoing reduction was 
probably the two imines in one of the two 
pyrimidine rings. Each of the two imines in the 
same pyrimidine ring may gain 2 electrons and 
become an amine. The dipyridamole could then 
retain another pyrimidine ring of conjugate 
system after electrolysis. 

Measurement of the amount of dipyridamole 
adsorbed 

As mentioned above, under the condition of 

low CDPRMv long t and fast v, the reduction of 
dipyridamole can be considered to be totally 
controlled by adsorption of dipyridamole. In 
this case, the cathodic peak current almost 
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Fig. 8. Influence of dipyridamole concentration on the 
amount of dipyridamole adsorbed on Hg electrode surface. 

Preconcentration time, 30 set (a) and 90 set (b). 

decays to its baseline with little diffusion tail 
(ref. Fig. 2). Integration of this peak gives a 
charge Q,, which represents the reduced charge 
of surface species of dipyridamole adsorbed at 
Hg electrode. According to the equation 

the surface coverage F (mol/cm’) can then be 
calculated, where A is the area of electrode 
(0.0171 cm2), n is the number of electrons 
transferred (4) and F is the Faraday constant. 

Figure 8 illustrates the relationship between r 

and cnrR~ at two different accumulation times. 
When the concentration of dipyridamole was 
small, the surface coverage increased linearly 
with CDPRM a However, at higher concentration of 
dipyridamole, the curves tended to level off. r 
at two different levels tended to reach the same 
constant value, which represented full surface 
coverage of 1.94 x lo-” mol/cm2. Each dipyri- 
damole molecule adsorbed thus occupied an 
area of 0.85 nm2 if the adsorption of dipyri- 
damole was monolayer adsorption. 

Analysis of samples 

Measurements of dipyridamole in injection 
samples were performed by the adsorptive strip- 
ping voltammetry. No sample preparation was 
used other than dilution with the supporting 
electrolyte. The determination was performed 
by the standard addition method and the results 
of a few analyses are given in Table 1. 

Table 1. Analytical results of dipyridamole in injection 
samples 

Sample n 

1 6 
2 6 

Mean value, 
mg/inj&ion S 

9.54 0.34 
9.19 0.34 

Recovery of 
added DPRM,% 

88 
92 
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This method was also used to determine 
dipyridamole in tablets. Before analysis, a 
sample solution of dipyridamole tablet was pre- 
pared by grinding, dissolving and filtering. The 
excipients in the tablet (starch, talc, etc.) did not 
interfere in the voltamperogram. The results of 
determination were satisfied. For example, 5 
repeated measurements of a tablet showed that 
the average amount of dipyridamole was 
24.6 + 2.3 mg per tablet with RSD 9.4% and the 
recovery was 105%. 

Determinations of dipyridamole in urine of 
several patients who took the drug through 
injection or tablets were also made by the 
method. Some extraction procedures were re- 
quired before analysis because of interference 
by other substances in urine. The results 
showed that within 24 hr after the patients 
took the drug, the concentrations of dipyri- 
damole in their urine were in the order of 
10-s-10-4M. 

All of these experiments illustrate the feasi- 
bility of measuring dipyridamole in the samples 
of injection, tablets and urine. 
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Summary-A s~trophotome~c determination of dibetuo~,f~l,4-oxampine (CR) has been elaborated, 
which is based on a diaxotation cleavage of axomethine bond followed by a coupling reaction. Twelve 
coupling agents have been used in the experiments and the following three agents have been recommended 
for the determination: N-(1-naphthyl)ethylenediamine dihydrochloride (Z,o = 85 mgjml), 7-hydroxy4 
methyl coumarin (Lo = 105 mg/ml) and I-naphthol (h = 110 mg/ml). 2-[2-(hydroxy-1-naphthylaxo) 
phenoxy]benmldehyde has beeo identified by tH and 13C NMR and elementary analysis as the product 
which results from the diaxotimtion reaction followed by coupling of the CR substance with 2-naphthol. 
The axe-dye prepared by the described reactions shows axe-hydraxo ~utom~sm. 

Apart from bromobenzyl cyanide (BBC), 
chloroaceto phenone (CN) and u~~oro~~~- 
dene malononitrile (CS), the dibenzo[b,fl- 1,4- 
oxazepine (CR) is, for the time being, the latest 
representative of a large group of irritants used 
in war conflicts and for police purposes. 

The tricyclic heterocompounds, among which 
the CR substance belongs, are used in medicine 
as antidepressants. 

A number of physical methods of determi- 
nation of the CR substance* have been used, 
apart from the extraction spectrophotometry of 
ion associates of the proteinized base with some 
anion active dyes.2 

Dibenzo[b,fl-1,4-oxazepine is a relatively 
stable chemical substance. So far, only oxi- 
dation3s4 and chlorination5 reactions of CR 
substance have been described. 

The purpose of our effort has been to develop 
a spectrophotometric determination of CR 
substance based on diazotation cleavage of 
the azomethine bond and consequent coupling 
with selected coupling agents, and to identify 
the product of reaction with 2-naphthol. 

EKPERIMENTAL 

Chemicals and instruments 

Dibenzo[b,f]-l+oxazepine (99.5% m/m) was 
synthesized4 in the Army Factory VOZ 072, 

Zemianske Kostolany, Slovak Republic. Its 
purity was checked by means of extraction 
spectrophotometry using azodye Orange II 

(Lax = 48Onm, CHC13).7 The coupling agents 
N-( 1 -naphthyl)ethylenediamine dihydrochlo- 
ride (1, i.e., Bratton-Marshall agent), l-naph- 
thy1 amine (2), 8-anilino- 1 -naph~al~e 
sulphonic acid (3), phloro~u~nol dihydrate (4), 
1-naphthol (5), resorcinol (6), 7-hydroxy-4- 
methyl coumarin (7), 4-amino-S-hydroxy-2,7- 
naphthalene disulphonic acid monosodium salt 
(S), 3-methyl-1-phenyl-2-pyrazoline-S-one (9), 
4,5-dihydrox~aphthalene-2,7-~s~pho~c acid 
disodium salt (10) (chromotropic acid disodium 
salt), 2-naphthol (11) and 4-amino-2,6-dihy- 
droxy pyrimidine (12) (damino uracil) were 
supplied by Merck. The other chemicals 
were supplied by Lachema, Bmo and were of 
analytical purity. 

‘H and j3C NMR spectra were measured by 
the instrument Bruker AM 400. Elemental 
analyses were carried out by the Elemental 
Analyser Model 1102, Carlo Erba. Spectro- 
photometric determinations were carried out 
by the s~trophotometer Spekol 11, Zeiss, 
Jena. 

Procedures 

(A) Into 5ml calibrated test tubes were 
pipetted 10-100~1 of 0.5mM solution of the 
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CR substance in 2M HCl, 0.1 ml of mixture 
(1: 1 vol) of dimethyl formamide (DMF) and 
2M HCl and 0.1 ml of 1OmM aqueous solution 
of NaNO, . The test tubes were shaken for 5 min 
and then 0.1 ml of 0.5M aqueous solution of 
amido sulphuric acid was added. The test tubes 
were shaken for 3 min. Then 0.1 ml of the 
coupling agent (c = O.lM) in 2.8M NaOH 
was added. The reaction mixture was allowed 
to stand for 5 min and then O.lM NaOH 
was added to make up the final volume of 2 ml. 
The absorbance was measured at J,,,, in 1 cm 
cuvette. 

(B) Into 5 ml calibrated test tubes were 
pipetted 10-100~1 of 0.5mM solution of the 
CR substance in 2M HCl, 0.1 ml of mixture 
(1: 1 vol) of dimethyl formamide (DMF) 
and 2M HCl and 0.1 ml of 1OmM aqueous 
solution of NaNO,. The test tubes were 
shaken for 5 min and then 0.1 ml of O.lM 
aqueous solution of amido sulphuric acid 
was added. After shaking for 3 min 0.1 ml of 
the coupling agent was added (c = O.lM) in a 
mixture of DMF and 2M HCl in the ratio 1: 1. 
After 5 min standing the reaction mixture 
was made up to 2 ml with a mixture of 
DMF and 2M HCl. Absorbance was measured 

at A,,,. 
(C) Into 5 ml calibrated test tubes were 

pipetted 10-100 ,~l of 0.5mM solution of the CR 
substance in 2M HCl and 0.1 ml of 74mM 
aqueous solution of NaNO,. After 5 min shak- 
ing, 0.1 ml of 0.5M aqueous solution of amido 
sulphuric acid was added. After 3 min shaking 
0.1 ml of aqueous solution of the coupling agent 
was added (c = O.lM). After an additional 
5 min, the reaction mixture was made up to 2 ml 
with 1M HCl and absorbance was measured 

at I,,,. 

Preparation and identljication of 2-[2-(2-hydroxy- 
1-naphthylazo)phenoxy]benzaldehyde 

In a mixture of 16 ml DMF, 8ml concen- 
trated sulphuric acid and 10 ml water, 0.9761 g 
of CR substance were dissolved. After cooling 
to T = 8”C, 0.422 g NaNO, in 10 ml of water 
were added. The reaction mixture was stirred 
until all the color disappeared (t = 30 min), then 
3 ml of aqueous solution of 0.15 g of 
amido sulphuric acid were added and the 
mixture was stirred for 10 min. The prepared 
diazonium compound was gradually poured 
with vigorous stirring into a solution of 0.721 g 
of 2-naphthol dissolved in 22.5 ml of 2.8M 
NaOH. The temperature of the reaction mixture 

did not exceed 10°C. After stirring for 40 min 
the reaction mixture was filtered. The filtration 
cake was washed with water and recrystallized 
from 15 ml of acetic acid. The crystallized 
product was sucked off and washed by a small 
amount of ethanol. Melting point of 2-[2-(2- 
hydroxy-1-naphthylazo) phenoxylbenzaldehyde 
152-153°C. Elemental analysis for C23H,6NZ03 
(Mr = 368.4) was: 

calculated: 75% C, 4.4% H, 7.6% N; 

found: 74.5% C, 4.4% H, 7.6% N. 

‘H NMR spectrum (TMS 400.13 MHz)- 
(CDC&) G(ppm): 16.34 (1 H) characteristic 
shift for azo-hydrazo tautomerism; 10.61 (1 H) 
corresponds with an aldehydic group; 8.30 
(1 H); 7.99 (1 H); 7.33-7.45 (4H); 7.18-7.22 
(2H); 7.12 (1 H); 7.10 (1 H); 6.886.92 (2H); 
6.76 (1 H); 6.54 (1 H). 

“C NMR spectrum (TMS 100.61 MHz)--- 
(CDC13) S(ppm): CH-188.45 a character- 
istic shift for aldehydic group, 140.62; 
135.47; 128.70; 128.43; 126.76; 125.91; 125.35; 
125.31; 123.79; 122.40; 121.57; 119.34; 117.71; 
116.82. 

Quarternary C-174.88 indicates the pre- 
sence of the hydrazono-formation; 158.72; 
146.10; 135.42; 133.12; 130.90; 127.84; 
126.88. 

RESULTS AND DISCUSSION 

Reaction of the CR compound with NaNO, 
in acidic environment probably results in N- 
nitrosonium chloride (see I of the outline), 
a consequence of the addition of the actual 
diazotization agentAinitrogen trioxide-on 
a free electron pair of the nitrogen atom. 
Intramolecular effect of the oxygen atom 
of a nitroso group on a strongly electrophilic 
carbon atom (originally in the azomethine 
bond) gives rise to a transient quadruple 
cycle [see II in the outline]. The rearrangement 
of two electron pairs results in the final product 
of diazotization, 2-(2-formylphenoxy) benzen- 
diazonium chloride [see III in the outline]. 
Coupling with 2-naphthol is implemented by 
a well-known mechanism which results in 2-[2- 
(2-hydroxy-1-naphthylazo)phenoxy]benzal 
dehyde [see IV in the outline]. This product 
exists mainly in the hydrazone formation 

We VI. 
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lv. 

The prepared azo dye shows typical properties 
of an azo dye, i.e., it is insoluble in alkaline 
agents. This insolubility comes from the azo-hy- 
drazo tautomerism and from creating stable 
intramolecular hydrogen bonds. 

Absorption maxima (n,,,), linear regression 
parameters, detection limits L, and determi- 
nation limits Lo for spectrophotometric deter- 
mination of the CR substance are shown in 
Table 1. All the determinations obey the Lam- 
bee-Beer law in the measured concentration 
range of 2.5-25 PM of the CR substance, as was 
found from the values of the correlation co- 
efficient r, which is equal to 0.995 in the least 

V. 

favourable case. The prepared solutions of azo 
dyes are stable. For the spectrophotometric 
determination of low concentrations of the 
CR substance in 1 ml sample, first of all N-(l- 
naphthyl)-ethylenediamine dihydrochloride (l), 
and then I-naphthol (5) and 7-hydroxy-4- 
methyl coumarin (7), may be recommended. 
Our developed method exceeds the extractive 
spectrophotometry of the ionic pairs’ in 
sensitivity and especially in selectivity. Thus, the 
determination of the CR substance is possible 
not only in the group of irritants but also in the 
group of topical warfare chemical agents. 
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Table 1. Parameters of the spectrophotometric determination of the CR substance by 
the diazotization and coupling method 

Parameter* 

Coupling ~c,X k RSD Ln 
agent nm (1 mol) 4 r (“/) (pg ml) (L&r,) 

1t 554 32 380 0.021 0.999 1.27 0.075 0.085 
l# 554 32 950 0.020 0.998 0.89 0.130 0.160 
2t 538 23 100 0.084 0.998 2.27 0.350 0.585 
3t 525 22640 0.058 0.998 1.85 0.555 0.670 
45 415 22 260 0.037 0.998 1.32 0.200 0.245 

: 480 500 19 19 430 740 0.012 0.014 0.999 0.999 0.99 1.78 0.090 0.175 0.110 0.210 
75 490 18040 0 0.998 1.15 0.080 0.105 

: 390 538 14290 11330 0.038 0.014 0.999 0.998 1.74 1.57 0.485 0.230 0.510 0.290 
105 532 10460 0.010 0.975 3.26 1.774 3.216 
ll§ 503 9 980 -0.096 0.995 2.23 0.927 2.401 
128 380 8 850 0.036 0.997 1.99 1.030 1.100 

l L_--maximum absorbance, k-calibration curve slope (A = k . c + q), q-shift 
on the “Y” axis, r-correlation coefficient, RSD-relative standard deviation, 
Ln-detection limit, Lo-determination limit. 

tDet&mination according-to procedure B. 
SDetermination according to procedure C. 
@e.termination according to procedure A. 

The proposed procedure for the determi- 
nation of the CR substance may also be used for 
its potentiometric determination in addition to 
spectrophotometry.* 

REFERENCES 

1. J. Enqvist et al., Systematic Identifcation of Chemical 
Wurfure Agents, Vol. B.3. The Ministry of Foreign 
Affairs of Finland, Helsinki, 1982. 

2. E. Halamek, Z. Kobliha and J. Soutik, Talanra, 1992, 
40, 287. 

3. J. M. Harrison, K. Brewster and T. D. Inch, J. Labelfed 
Comp. Radiopharm., 1978, 14, 375. 

-4. 

5. 

6. 

V. N. Aleksandrov and V. I. Emelyanov, Otruu- 
lyaushchie Veshchestva, p. 210. Voennoe izdatelstvo, 
Moscow, 1990. 
I. W. Lawston, J. M. Harrison, T. D. Inch and D. B. 
Cooper, J. Chem. SOL, 1979, Perkin Trans., 1, 2642. 
Pat. CSFR 2677, Army Factory VOZ 072, V. 
FBldeSi, E. Hahlmek and J. KubuS, The preparation of 
dibe.nzo[b,fl-1,4-oxazepine, 1987. 
Pat. CSFR 2733, Military University, E. Halamek, 
Z. Kobliha and J. Sot&, Extractive spectrophotometric 
determination of dibenzo[b,fl-1,4_oxazepine by azo 
dyes, 1988. 
Pat. CSFR 2641, Army Factory VOZ 072, E. Halamek 
and V. F6ldeE, The analysis of dibenzo[bf-1,4- 
oxazepine, 1987. 



Talanta, Vol. 40, No. 8, pp. 1193-1200, 1993 
Printed in Great Britain. All rights reserved 

0039-9140/93 $6.00 + 0.00 
Copyright 0 1993 Pergamon Press Ltd 
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LIGHT-EMITTING DIODE 
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Summar-The suitability of blue light-emitting diodes as radiation sources in molecular absorption 
spectroscopy was evaluated. Electronic as well as spectral considerations are discussed. A transducer based 
on a blue light-emitting diode and a photodiode is described which yields direct absorbance readings by 
passing the photocurrent to an integrated circuit logarithmic converter. The performance of this device 
was tested for commonly used spectrophotometric procedures for Cr, Mn, Zn, Fe and Cl and compared 
with conventional molecular absorption spectroscopy. Also investigated was the application of the 
transducer as a detector in flow-injection analysis. 

The radiation from light-emitting diodes 
(LEDs) has limited spectral bandwidths of 
about 20-70 nm. This imparts a degree of 
spectral selectivity and often allows the substi- 
tution of the commonly used combination of 
broadband sources and monochromators with 
these inexpensive devices. Photometric trans- 
ducers for molecular absorption spectroscopy 
based on LEDs and photodiodes or phototran- 
sistors have been reported repeatedly.1-‘4 These 
have either been dip type probes or more fre- 
quently flow-through cells for flow-injection 
analysis (FIA). The latter application has been 
reviewed by Trojanowicz et al.15 Devices based 
on green (565 nm),“2’3’5’6,9*1’,14 yellow (595 

nm), ‘1~‘3~‘4 orange (605-620 nm),4 red (630660 

nm) 1~3~5~8~‘1~12*‘4 and near-infrared (820 nm)7*‘o 
LEDs have been reported. Blue LEDs however, 
are not as readily available as those of other 
colours, because the gallium arsenide or phos- 
phide semiconductor technology normally used 
in LED manufacture cannot be extended to the 
production of light of shorter wavelengths. The 
authors are not aware of any reports on the use 
of blue LEDs in photometry although they have 
been employed in passive and active fluor- 
escence based chemical sensors.‘“‘8 On the other 
hand, the absorption bands for several com- 
monly employed spectrophotometric pro- 
cedures lie in the wavelength region of peak 
emission of blue LEDs. Blue LEDs from two 
different sources were evaluated for their appli- 

*Author for correspondence. 

cation in spectrophotometry using a cell with a 
1 cm pathlength and a log converter to yield 
measurements that correspond to absorbance. 

EXPERIMENTAL 

Electronic components 

Blue LEDs were obtained from Siemens (LB 
5410-HO) and Radiospares (RS 589-569). The 
LEDs of other colours were from Radiospares 
(Green: RS 585-927; Yellow: 585-933; Orange: 
RS 578-200 and Red: RS 585-911). The photo- 
diode was from Siemens (SFH 25OV), the pho- 
totransistors from Siemens (SFH 350-V) and 
Motorola (MFOD72), the low input bias cur- 
rent operational amplifier (OPA 12 1) and the log 
converter (LOG 100) from Burr-Brown. The 1 
mm plastic optical fibre was purchased from 
Radiospares. 

Intensity measurements 

The intensity and stability measurements of 
the LEDs were carried out by conducting the 
light from the LEDs through a short length of 
optical cable to the photodiode which was con- 
nected in the photoamperic mode to the oper- 
ational amplifier. The output voltage from the 
amplifier in the current follower configuration 
was passed to a 16 bit analogue-to-digital con- 
verter card (NB-MIO-16XH-42 from National 
Instruments) which was located in a Macintosh 
IIci computer and controlled by a program 
written in Lab VIEW (Version 2.1, National 
Instruments). 
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Emission spectra of LEDs 

These were obtained by positioning the LEDs 
in the cuvette holder of a Hitachi F-2000 spec- 
trofluorimeter. The spectra were redrawn from 
the scaled numerical output of the instrument. 

Absorbance measurements and spectra 

Absorbances were measured with a Shimadzu 
UV-160A spectrophotometer using 1 cm cu- 
vettes. For the FIA-determinations a Cecil CE 
373 spectrophotometer fitted with a Hellma 
flow-through cuvette with a 1 cm pathlength 
was used. The blue LED from Radiospares was 
used for all photometric measurements with the 
transducer reported here. 

Estimated absorbance values 

The measured emission intensities for the 
LED (for 5 nm intervals from 400 to 600 nm) 
were corrected for the sensitivity of the detector 
by multiplying with the sensitivity factor for the 
respective wavelength. The sensitivity factors 
were taken as 0.327 at 400 nm and to be linearly 
increasing to 1 at 600 nm. These data were 
obtained from a plot in Ref. [19]. The resulting 
values were scaled to a peak intensity of unity. 
The measured absorbance values for the re- 
spective dyes (again at intervals of 5 nm from 
400 to 600 nm) were normalized to a peak 
absorbance of 1. These values were then numeri- 
cally transformed into transmittance. A numeri- 
cal estimate of the light intensities measured by 
the detector was obtained by multiplying the 
values under both curves, since 

T=III, and I=T.I, 

where T is the measured transmittance, 1, the 
original intensity (emission intensities for the 
LED) and Z the intensity after passage through 
the cell. Adding the results for all wavelength 
intervals gave an estimate for the total intensity 
over the wavelength range from 400 to 600 nm. 
By comparing the total for the individual dyes 
with the total initial intensity (sum of the values 
for the normalized LED emission spectrum) an 
estimate for the integrated overall transmittance 
was obtained. This value was then transformed 
back into absorbance according to Lambert- 
Beer’s law. 

Solutions 

All reagents were of analytical reagent grade. 
The standard solutions for the chromium cali- 
bration curves were prepared by appropriate 
dilution of a stock solution of potassium dichro- 

mate. The reagent for the formaldoxime method 
was prepared by diluting 7.9 g formaldehyde 
and 7 g hydroxylamine hydrochloride to 100 ml 
with water.20 Then 10 ml of this solution was 
mixed with an appropriate amount of a stock 
solution of 1 x lo-‘M MnSO, and 15 ml of 1M 
NaOH, and diluted to 100 ml. The reagent 
solution for the zinc determination consisted of 
100 mg 4-(2-pyridylazo)resorcinol in 100 ml of 
water. Then, 5 ml of this reagent was mixed with 
an appropriate amount of 1 x 10m4M ZnSO, 
solution and 10 ml of 1 x lo-‘M Na,B,O, and 
made up to 100 ml. The reagent stream for the 
iron determination in FIA by the phenanthro- 
line method consisted of 1.2 g/l 1,2-phenanthro- 
line, 50 g/l ammonium acetate and 140 ml/l of 
glacial acetic acid. Standard solutions were 
made up with an appropriate amount of a stock 
of FeNH4(S04)2 and 10 ml of a 2% solution of 
hydroxylamine hydrochloride, and diluted to 
100 ml. The reagent stream for the chloride 
determination consisted of 0.626 g of 
Hg(SCN),, 30.3 g of Fe(NO,),*9H,O, 4.72 g of 
concentrated nitric acid and 150 ml of 
methanol, and was made up to 1 1 with water.*’ 
Standard solutions were made up by appropri- 
ate dilution of a stock of a 1000 ppm NaCl 
solution. 

RESULTS AND DISCUSSION 

Electronic considerations 

Light intensity. The luminous intensities of 
the two blue LEDs (13 mcd** and 2.5 mcd23) are 
very low compared to that of LEDs of other 
colours which may have intensities 2-3 orders of 
magnitude higher. Semiconductor detectors 
based on silicon are most sensitive in the near- 
infrared and are not very efficient at the lower 
end of the visible range. The photocurrents 
obtained by the photodiode irradiated with the 
blue LEDs were therefore found to be as low as 
about 50 nA. Phototransistors with their built- 
in amplification result in significantly higher 
currents, but the response of two types of 
phototransistors tested was found not to be 
linear with light intensity over the relevant 
range. A photodiode was therefore used. How- 
ever, the current obtained was too low for direct 
input to the logarithmic converter (see below) 
and was therefore amplified by an operational 
amplifier in the current follower configuration. 
The input bias current of the operational am- 
plifier used is specified as less than 5 pAz4 and 
therefore is not a source of error. 
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Stability. The stability in intensity of the 
blue LED from Radiospares was tested while 
operating it with its recommended current of 25 
mA. The photocurrent on the detector was 
acquired in regular intervals over a period of 1 
hr. It was found that the intensity was decreas- 
ing by 0.06% over this initial period. This 
corresponds to the same relative error in trans- 
mittance measurements and was deemed to be 
tolerable. 

Logarithmic conversion. To obtain an output 
that corresponds to absorbance, the photocur- 
rent was transformed by a log converter con- 
tained in a single integrated circuit package. 
According to Lambert-Beer’s law this leads to 
calibration curves linear with concentration. 
Direct analog log or antilog converters are 
generally useful building blocks for analytical 
instruments and the use of an antilog con- 
verter for example has been reported for 
the linearization of the response from ion- 
selective electrodes.” The approach has not 
previously been reported for LED-based pho- 
tometry, commonly the voltage obtained from 
a current follower amplifier has been measured 
directly (this value corresponds to trans- 
mittance and in principle yields non-linear 
calibration curves) or the log conversion has 
been carried out numerically after the measure- 
ments. The complete circuitry is shown in 
Fig. 1. A provision for an offset adjustment 
is featured by the log converter which allows 
the instrument to be zeroed on blank solutions. 
The output is a potential, with a voltage 
of zero corresponding to absorbance zero 
and 1 V being equivalent to an absorbance 
of 1. 

Spectral conderations 

The emission spectra of two available blue 
emitting LEDs (both based on SiN)23J6 and of 
typical LEDs for the other colours are shown in 
Fig. 2. The figure shows the visible range of the 
spectrum from 400 to 700 nm. As evident, 
conventional LEDs from green to red cover 
about half of the range. They show a relatively 
narrow bandwidth of 2040 nm (full width at 
half height) compared to the bandwidths of 
65-70 nm for the two blue LEDs. This imparts 
a higher spectral selectivity for the more conven- 
tional colours. A good spectral match should 
be possible for many absorbing species in the 
100 nm span from 565-660 nm because of the 
availability of the four colours with peak separ- 
ations of about 15-35 nm. Other LEDs with 
different peak wavelengths for this region are 
available. For the lower half of the visible range 
(from 400 to 565 nm) such a choice is not 
possible. As can be seen, the emission bands 
for the two blue LEDs are very similar with 
peak wavelengths at 460 and 470 nm. However, 
the fact that the bands from the two blue 
LEDs encompass a wide region at lower wave- 
lengths may be considered an advantage in the 
absence of emitters of different wavelengths in 
that range since a spectral match will always be 
obtained. 

Construction of the cell 

A cross-sectional diagram of the cell is shown 
in Fig. 3. Black perspex was used in order 
to eliminate the interference from ambient 
light and internal reflections. The optical path 
is 1 mm in diameter and the pathlength 

+lSV +15v 1okg-J -15v 

Fig. 1. Electronic circuitry of the transducer. 
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Wavelength I nm 

Fig. 2. Emission spectra of typical LEDs: (1) blue (Radiospares), (2) blue (Siemens), (3) green, (4) yellow, 
(5) orange, (6) red. 

1 cm, deliberately chosen to match conventional 
cuvettes. The cell volume is 8 ~1. The solution 
is passed in and out of the cell through tubing 
attached with the common l/4 x 28-type 
fittings. Light is passed through by the use of 1 
mm plastic optical cable. This allowed the lo- 
cation of the opto-electronic components re- 
moved from the wet-chemical part. The cell was 
mounted on a metal housing which contained 
the electronic circuitry including the emitter and 
detector. This effectively shielded the detector 
against electromagnetic noise pick-up. The di- 
ameter of the optical cable is ideal for combi- 
nation with opto-electronic components and 
specially designed emitters and detectors are 
available. The photodiode that was used is 
housed in a package which allows easy screw-on 
connection to the cable. The plastic bodies of 
the LEDs used in this project were cut off close 
to the emitting semiconductor surface and pol- 
ished so that efficient light coupling into the 
plastic fibre could be achieved. A specially de- 
signed Perspex adaptor was used to facilitate 
this connection. 

I 40 mm 
I 

Fig. 3. Cross-sectional view of the transducer cell: (1) 
inlet/outlet, (2) fibre optic cable, (3) stripped section of the 

fibre optic cable, (4) optical path. 

Equilibrium measurements 

The transducer was tested for its use in five 
common spectrophotometric procedures. The 
absorption bands for the coloured species de- 
tected in these methods all show their highest 
sensitivity in the emission region of the blue 
LEDs. The suitability of the LED based trans- 
ducer was tested with sets of calibration stan- 
dards. Absorbances at the wavelength of 
maximum sensitivity were also measured with a 
conventional spectrophotometer using a cuvette 
with a 1 cm optical pathlength. Since the trans- 
ducer has the same pathlength a direct compari- 
son of the two results is possible. 

The LED based device was found to be 
successful for the determination of chromium 
by oxidation to dichromate with periodate.” 
The two response curves are given in Fig. 4. The 
response curve for the transducer shows a loss 

Fig. 4. Calibration curves for the chromium determination 
by the dichromate. method: (A) spectrophotometer (445 

nm), (B) LED-based transducer. 
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of sensitivity and a deviation from Lambert- 
Beer’s law in the form of a curvature, These 
aspects will be discussed below. Manganese 
could be determined successfully by the formal- 
doxime method,20 as is illustrated by Fig. 5. 
Here the differences between the two detectors 
are not very pronounced. Also successful was 
the determination of zinc by complexation with 
4-(2-pyridylazo)resorcinol (PAR) as reagent. 
Again a somewhat reduced sensitivity was 
found as illustrated in Fig. 6. This reagent shows 
a significant background absorption which 
however did not cause any problems. The detec- 
tor was zeroed on a blank solution. 

The precision of the transducer measurements 
was found to be excellent, the standard devi- 
ation of the absorbance measurements in no 
case exceeded a value of 0.003 (n = 5), which is 
comparable to the results obtained with the 
spectrophotometer. The resulting precision in 
concentration was 1, 0.3 and 0.8% (relative 
standard deviation, n = 5) for the Cr, Mn and 
Zn methods, respectively. These values were 
obtained at the high end of the calibration 
curves and illustrate that the loss of sensitivity 
observed with the LED-device is not significant 
in terms of the signal-to-noise ratio. The detec- 
tion limits (concentration corresponding to a 
signal three times its standard deviation) were 
determined as 6, 0.2 and 0.02 ppm for the three 
analytes, respectively. 

The transducer was also tested for its 
application to the determination of Fe(H) by 
complexation with 1, lo-phenanthroline2* and of 
chloride by the thiocyanate method.27 The. re- 
sults were comparable with the ones obtained 
for the procedures above and are not shown 
here because these methods were also adapted 

Yn concenlratlon I ppm 

Fig. 5. Calibration curves for the manganese determination 
by the formaldoxime method: (A) spectrophotometer (451 

nm), (B) LED-based transducer. 
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Fig. 6. Calibration curves for the zinc determination by 
complexation with PAR: (A) spectrophotometer (492 nm), 

(B) LED-based transducer. 

to flow-injection analysis using the detector cell, 
the results of which are reported below. 

FIA measurements 

The low internal volume of the transducer 
makes it well suited as a detector for flow- 
injection analysis and this aspect was therefore 
investigated. Measurements were again carried 
out using both a conventional spectropho- 
tometer and the LED-transducer. A flow 
through cuvette with a pathlength of I cm was 
used with the spectrophotometer and the mani- 
folds were identical, so that a direct comparison 
between the two detectors is again possible. 

For the determination of Fe(I1) by the 
phenanthroline method in FIA, an aqueous 
carrier stream at 2 ml/min into which 100 ,X 1 
sample was injected was used. The reagent 
solution (2 ml/mm) was merged in downstream 
from the injection valve and the combined 
streams passed through a 120 cm long mixing 
coil of 0.5 mm diameter before detection. The 
results for the Fe(H) determination using the 
phenanthroline method in the FIA-mode are 
given in Fig. 7. The detector performs well for 
this method. The precision in concentration 
obtained at the high end of the calibration curve 
for the transducer was 1.3% (r.s.d., n = 5). The 
detection limit was 0.4 ppm. The detector cell 
showed some tendency to trap gas bubbles from 
the carrier stream, which was not a problem 
when the solutions were degassed before use. 

It was also found to be possible to success- 
fully carry out chloride determinations by FIA 
using the thiocyanate method,2’ as the cali- 
bration graphs of Fig. 8 illustrate. The precision 
in concentration obtained at the high end of the 
calibration curve for the transducer was found 
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Fe(H) concrntrstlon / pprn 

Fig. 7. Calibration curves for the Fe(I1) determination by 
the phenanthroline method in FIA: (A) spectrophotometer 

(510 nm), (B) LED-based transducer. 

to be 0.6% (r.s.d., n = 5) and the detection limit 
as 0.2 ppm. The chloride content of four atmos- 
pheric aerosol samples was determined. These 
had been analysed by ion-chromatography and 
the agreement between the two methods were 
found to be good. The following data were 
obtained: sample (1) LED: 98 ppm; IC: 96 ppm, 
(2) LED: 90; IC: 82 ppm, (3) LED: 48; IC: 49 
ppm, (4) LED: 36; IC: 34 ppm. The correlation 
coefficient for these data is 0.994. 

Sensitivity and shape of calibration curves 

The LED-based transducer was always found 
to show a loss in sensitivity as compared to the 
conventional spectrophotometer. This be- 
haviour is expected since the light source is not 
strictly monochromatic and therefore the 
measured signal contains contributions from 
wavelengths with lower absorptivities. It was 
found that it was not possible to estimate the 
loss of sensitivity from the closeness of the 
absorbance peak to the emission maximum of 

Fig. 8. Calibration curves for the chloride determination by 
the thiocyanate method in FIA: (A) spectrophotometer (480 

nm), (B) LED-based transducer. 

the LED. Such a comparison would, for 
example, predict a high sensitivity for the Cr- 
determination and a low sensitivity for the 
Fe-determination when in fact the opposite was 
observed. The entire spectra have to be con- 
sidered. The transmittance spectra for the 
measured species for the Mn-, Cr-, Fe- and 
Cl-determinations are therefore given in Fig. 9 
(the spectrum of the Zn-PAR complex was not 
included since the blank PAR solution shows a 
significant absorbance, a fact which complicates 
the following discussion). These spectra were 
normalized for an absorbance value of one at 
the wavelength of peak-sensitivity. Also in- 
cluded in the plot is the emission spectrum for 
the blue LED. This spectrum has been corrected 
for the spectral sensitivity of a silicon photodi- 
ode as used in this work. Such detectors show 
their peak at about 900 nm with an almost linear 
loss of sensitivity from 600 to 400 nm,19 the 
wavelength range where emission from the blue 
LED occurs. The comparison of the emission 
spectrum of the blue LED and the four trans- 
mittance spectra allows a visual estimation of 
the light intensity observed by the detector after 
passage through the cell. The larger the area 
shared by both the LED-spectrum and the 
respective dye spectrum, the lower the remain- 
ing light intensity, and the higher the detected 
absorbance. Note that all four hypothetical 
solutions would give identical absorbances of 1 
if measured at a monochromatic wavelength at 
peak sensitivity. 

A quantitative estimate of the light intensities 
measured by the detector was obtained by 

Fig. 9. Transmittance spectra for the detected complexes in 
comparison with the corrected emission spectrum for the 

blue LED employed. 
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multiplying the values under both curves and 
numerically integrating the result (see the Ex- 
perimental section for details). This procedure 
led to estimated absorbance values for the LED- 
transducer (for an absorbance of 1 at the wave- 
length of maximum sensitivity) of 0.88, 0.44, 
0.74 and 0.70 for the Mn-, Cr-, Fe- and Cl- 
methods, respectively. The respective exper- 
imental data are 0.76,0.38,0.73 (estimated) and 
0.50. The observed sensitivities can therefore be 
corroborated reasonably well with the extent of 
the spectral match between the emission spec- 
trum of the LED and the respective absorbance 
spectrum. 

The calibration curves for the transducer all 
show a more or less pronounced deviation from 
the Lambert-Beer law in the form of a curva- 
ture. Such a deviation is expected when not 
strictly monochromatic light sources are em- 
ployed and the absorptivity and/or the intensity 
of the incident light varies over the detected 
wavelength range. 28 As can be seen from Fig. 9 
both of these factors are not constant in the case 
of the LED-transducer. That this indeed causes 
a non-linearity of the response curve can be 
demonstrated with the help of Lambert-Beer’s 
law by assuming that the light intensity is 
measured for two wavelengths simultaneously.28 
The above described modelling procedure for 
different peak absorbance values can also be 
applied for a more detailed simulation of a 
calibration curve for the transducer. As is illus- 
trated by the predicted calibration curve for the 
chromium method given in Fig. 10, the observed 
non-linearities can be accounted for by spectro- 
scopic principles. 

The loss of sensitivity compared to conven- 
tional spectrophotometry is expected to be more 
significant for the blue LED than for other 
LEDs, because its wider emission band reduces 
the probability of a good spectral match. How- 
ever, there is very little quantitative data avail- 
able on this aspect for different LEDs, with the 
exception of the data presented by Trojanowicz 
et al” For peak wavelengths of the absorbing 
species ranging from 540 to 660 nm, sensitivities 
of 85-99% of the conventional methods were 
reported. No information on how these data 
were obtained was given. Also included were 
results obtained for the iron determination by 
the phenanthroline method and for the chloride 
determination by the thiocyanate method using 
a green LED at 565 nm. Sensitivities of 21 and 
9% of the conventional methods were reported 
for the two procedures, respectively. This com- 

0.0 02 0.4 0.6 0.8 

Absorbance d 450 “m 

1.0 1.2 

Fig. 10. Correlation of estimated absorbance readings for 
the chromium determination with the transducer with ab- 

sorbances for monochromatic determination at 450 nm. 

pares to values of 61 and 55% obtained in this 
work by comparing the measured absorbances 
in the centre of the calibration curves. Using a 
blue LED certainly leads to an improvement for 
these two methods, and the use of the green 
LED would not be possible or yield very low 
sensitivities for the other coloured species dis- 
cussed above. 

CONCLUSIONS 

It was found that the transducer based on a 
blue LED can be used successfully for quantitat- 
ive determinations in equilibrium applications 
as well as flow-injection analysis. The sensitivity 
is always reduced when compared to the results 
obtained with conventional instrumentation 
and perhaps also in comparison to systems 
employing LEDs of other colours. The cali- 
bration graphs tend to show a deviation from 
Lambert-Beer’s law in the form of a downward 
curvature towards the high end of the cali- 
bration curves. This effect is more pronounced 
for cases of low sensitivity compared to the 
spectrophotometric measurements and is ex- 
pected for absorbance measurements with 
broad-band light sources. The precision of the 
absorbance measurements however, was found 
to approach that of conventional double-beam 
instruments. Therefore the precision in concen- 
tration can be expected to be in the order of 1 %, 

even in cases where the sensitivity is strongly 
degraded. This means that the relatively low 
sensitivities encountered in some instances with 
the blue LED do not adversely affect practical 
applications of this system. 
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Summary-A method for the spectrofluorimetric determination of procaine penicillin G is proposed 
(& = 294 nm, ,I_ = 348 nrn) for concentrations between 0.10 and 1.0 ppm. The method was performed 
in ethanol/water medium (60% V/V), at apparent pH 9.9 provided by adding ammonium/ammonia buffer 
solution with pH = 10.0. 

The effect of other penicillins on the determination of procaine penicillin G was examined over a wide 
range of concentrations, interferences were not observed in the range of studied concentrations. 

The method was successfully applied to assay all Spanish commercialized injections containing procaine 
penicillin G, penicillin G and/or benxathine penicillin G. 

Fifty years after its introduction, penicillin G 
remains a very useful antibiotic; it is found 
to be a safe and effective agent. Serious toxic 
events are rare and dosage flexibility proves to 
be broad. It is the antibiotic of choice for most 
infections caused by gram-negative cocci and 
majority grampositive bacteria.’ 

Penicillin G is available as the sodium or 
potassium salt in aqueous solutions for intra- 
muscular injection. It is spread all over the 
organism and is eliminated through urine 
fundamentally. It reaches the maximum of 
plasmatic concentration in 15 or 30 min; it has 
a small half-life. Therefore, the use of the long- 
acting penicillins like benzathine penicillin G 
and procaine penicillin G is necessary. 

Procaine penicillin G is a result of the com- 
bination of 1 mole of penicillin G and 1 mole 
of procaine. It forms a tissue deposit, from 
which the drug is slowly absorbed within 12 or 
24h. 

The penicillins are not fluorescent compounds 
because the association of p-la&am and thiazo- 
lidine rings does not exhibit native fluorescence. 

The penicillins are fluorescent only when the 
bound group to carboxylate in position 
3 (procaine penicillin G) or the group in pos- 
ition 6 (methicillin or nafcillin) are appropriate. 

Only one direct fluorimetric assay for 
penicillins* is described but a previous extrac- 
tion is necessary. The others are based on 
derivatization reactions. 

Jusko et aL3 developed the first fluorimetric 
determination of penicillins based on the for- 
mation of a strongly fluorescent yellow product 
during acid hydrolysis at elevated temperatures 
of ampicillin and other a-aminopenicillins.“6 

Other described methods involve basic hy- 
drolysis’ in the presence of 2-methoxyethanol, 
or acid hydrolysis in the presence of Hg (II).“” 

Baker and Havlicek” use the fluorescamine 
derivative of penicillins and Mori ef al.‘* devel- 
oped a method of penicillins determination 
based on quenching reaction. 

Procaine penicillin G is one of the few peni- 
cillins that shows fluorescence by itself, no exist- 
ing method of fluorimetric determination is 
described in the literature. 

The purpose of this study is to report the 
development of a direct and simple fluorimetric 
method for the estimation of procaine penicillin 
G in pharmaceutical dosages in the absence 
and presence of penicillin G and benzathine 
penicillin G. 

REAGENTSANDMATEIUAIS 

Reagents 

Stock solution of procaine penicillin G, 
250 ppm: prepared by dissolving the standard 
procaine salt of penicillin G in Milli-Q water. 

Stock solution of benzathine penicillin G, 
250 ppm: prepared by dissolving the standard 
benzathine salt of penicillin G in 96% ethanol. 

1201 
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Stock solution of penicillin G, 250 ppm: pre- 
pared by dissolving the standard potassium salt 
of penicillin G in Mill&Q water. 

The standard procaine, benzathine and pot- 
assium salt of penicillin G were obtained from 
the Sigma Chemical Products. 

Injectable dosage of Farmaproina, Cepacilina 
3:2: 1, Cepacilina 6:2:1, Cepacilina 6:3:3 
(Lab. Cepa), Aqucilina 600, Aqucilina D-A 600, 
Zoocilina 1000000, Benzetacil 3 : 2 : 1, Benzetacil 
6:2: 1, Benzetacil 6:3:3 (Lab. Antibioticos 
S.A.), OrtopCn 400000 and Ortop&r 1000000 
(Lab. Fides S.A.) with different nominal con- 
tents, were randomly purchased from local 
pharmacies. 

Buffer solution 0.15M: buffer solution of 
pH 10.0 was prepared by mixing adequate 
amounts of ammonium chloride with sodium 
hydroxide. 

Stock solutions of procaine and potassium 
salt of penicillin G were stored, protected from 
light and maintained below 5°C and a stock 
solution of benzathine penicillin G was stored 
in the dark and maintained at room tempera- 
ture. Under these conditions, the solutions of 
procaine penicillin G and penicillin G were 
stable for 7 days and the solution of benzathine 
penicillin G was stable for 3 days. 

The working samples of procaine penicillin 
G were stable at least for 4 hr at room 
temperature. 

Apparatus 

All fluorimetric measurements were per- 
formed on a Perkin-Elmer LS-50 equipped with 
a Xenon lamp, connected to an Ataio S 3000 ST 
386 computer fitted with the Perkin-Elmer FL 
Data Manager software (design for handling 
fluorescence data on a personal computer) and 
Epson FX-850 printer. 

Thermostatic equipment and a Crison, mod. 
2001, pH-meter with a glass-saturated calomel 
combination electrode and centrifuge Selecta 
mod. Mixtaxel were also used. 

CALIBRATION GRAPH, SAMPLE PREPARATION 
AND PROCEDURE 

Calibration graph 

A suitable aliquot containing 2.5-25pg of 
procaine penicillin G was transferred into a 
25 ml volumetric flask, 5.0 ml of buffer solution 
pH = 10.0 added and enough ethanol to ensure 
a final ethanol content of 60% V/V to every 
volumetric flask. This was diluted to the mark 

with water. The fluorescence intensity was 
measured at 348 nm, with excitation at 294 nm. 
Since dissolution prepared in a similar way 
without procaine penicillin G exhibits negligible 
fluorescence, a reagent blank is not necessary. 

Procedure for injections 

To determine procaine penicillin G in the 
presence of penicillin G, the sample solution was 
prepared by dissolving the content of the vial in 
Milli-Q water and diluting to adequate volume 
with Milli-Q water. 

To determine procaine penicillin G in the 
presence of benzathine penicillin G, which is 
insoluble in water, a representative amount of 
aqueous obtained suspension was centrifuged to 
2500g for 15 min. Five millilitres of clear sol- 
ution was taken and this was diluted to the mark 
with Mini-Q water. 

In both cases, the assay was completed as 
described for calibration graph. The percentage 
recovery of antibiotic is computed from 
regression equations for pure drugs. 

RESULTS AND DISCUSSION 

Spectral characteristics 

The best characterization of the penicillin 
fluorescence is achieved by obtaining the tri- 
dimensional spectrum with suitable computer 
program. I3 This spectrum can be obtained and 
presented as the isometric projection, where 
the emission spectra at stepped increments of 
excitation wavelength are recorded and plotted 
(Fig. 1). A reversed projection of the data can 
sometime indicate emission peaks hidden by the 
foreground. Alternatively, the tridimensional 
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Fig. 1. Isometric plot of the emission-excitation matrix 
(forward projection) of procaine penicillin G (0.70 ppm). 

Ethanol-water content 60-40% (V/V), pH = 10.0. 
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spectra can be effectively transformed to a 
plot in two dimensions of excitation and emis- 
sion wavelength by linking points of equal 
intensity to form contours, as shown in Fig. 2 
where Rayleigh scatter has be-en removed. This 
contour presentation has generally been found 
to be more useful than the isometric projection 
for indicating the presence of hidden emission 
peaks. 

As can be seen, the procaine penicillin G 
presents three fluorescence maxima, two of 
them localized at different excitation wavelength 
(223 and 294nm) and at the same emission 
wavelength, 348 nm and the other localized at 
220 mn and 295 nm as excitation and emission 
wavelengths, respectively. The wavelengths 
chosen were 294 and 348 nm for excitation 
and emission, respectively, where the higher 
intensity was obtained. 

Factors afecting fluorescence intensity 

The effect of changes in solvent composition 
was investigated using ethanol, methanol, 
chloroform and aqueous solutions at pH 2.0, 
5.0 and 10.0. The highest and the smallest 
fluorescence intensities were obtained when 
ethanol and an aqueous solution at pH = 2.0 
were used as solvents, respectively. A batho- 
chromic effect was observed in the fluorescent 
emissions when the solvent polarity &creased. 
Although the intensity of fluorescence in 
ethanol is higher than in water, we have chosen 
ethanol-water as the working medium because 
the aqueous stock solution is more stable than 
ethanolic stock solution. 

The effect of ethanol content in the medium 
was investigated by preparing samples of 
penicillin varying only ethanol percentage be- 

I I I I- I I 

I I I I I I I 

225 275 325 

x EX (nm) 

Fig. 2. Contour plot of procaine peuicillin G fluorescence 
(0.7Oppm). Ethanol-water content of 60-40% (V/V), 

pH = 10.0. 

Water tXl 

Fig. 3. Influence of the ethanol content. (a). Representation 
of fluorescence intensity with regard to aqueous fraction. 

(b). [Procaine penicillin G] = 1 .O ppm, pH = 10.0. 

tween 0 and 96% VP. The results are shown in 
Fig. 3(a), although the relative intensity of 
fluorescence increases with the ethanol content 
in the medium, we have selected a 60% V/V 
ethanol-water mixture because it provides the 
maximum intensity with regard to aqueous 
fraction [Fig. 3(b)]. 

The influence of pH on the fluorescence spec- 
trum was studied in an ethanol-water medium 
(6040%) changing the pH by adding HClO, 
or NaOH. In Fig. 4 it can be observed that the 
fluorescence intensity is constant up to apparent 
pH value 7.0. It vastly increases for pH values 
between 7.0 and 9.0, the maximum fluorescence 
intensity is obtained for apparent pH value 
higher than 9.0. A pH = 9.9 was selected as the 
optimum apparent pH, which is proportioned 
by adding ammonium-ammonia buffer solution 
with pH = 10.0, whose concentration does not 
affect the fluorescence. 

The dependence of the fluorescence intensity 
on temperature is critical, decreasing the fluor- 
escence emission by 1.1 %/oC when the tempera- 
ture increases from 3 to 70°C. This effect can be 
explained by the higher internal conversion as 
temperature increases, facilitating non-radiative 
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Fig. 4. Influeuce of the pH. pocaine penicillin G] = 
1.0 ppm. Ethanol-water content 60-40% (V/V). pH = 10.0. 

TN. W-E 



1204 J. A. MURILLO PULGARIN and A. ALANON MOLINA 

deactivation of the excited singlet state. Thus, 
it is recommendable to use a thermostat, 
choosing a measurement of temperature of 
20°C independent of the room temperature. 

The influence of the penicillin concentration 
on the fluorescence intensity was studied. The 
results show that there is a linear relationship 
between fluorescence intensity and procaine 
penicillin G concentration in the range of 
0.10-1.0 ppm. 

Table 1. Statisticals parameters 

Intercept on the y axis 3.30 
Standard dev. of intercept 1.89 
Slope 484.97 
Standard dev. of slope 4.56 
Correlation coeffic. 0.9998 
Theoretical “t” value 2.262 
Experimental “I” value 2.019 
New slope 489.67 

Interference study 
Spectrojhorimetric determination of procaine 
penicillin G 

Under the operating conditions outlined 
above, we propose a method to determine pro- 
caine penicillin G by the direct measurement of 
fluorescence intensity at 348 nm, with excitation 
at 294 nm in the range of 0.10-1.0 ppm. 

It is easy to find penicillin G, procaine peni- 
cillin G and benzathine penicillin G mixtures 
for combining prompt action with prolonged 
effects. 

The proposed method was evaluated by a 
statistical analysis of experimental data by 
fitting the least squares line according to 
“y = a + bx”. The results are presented in 
Table 1. 

To verify if the intercept on the y axis is 
negligible, its significance was studied by apply- 
ing the Student’s ‘9” test at 95%14 of confidence 
level and nine degrees of freedom. If the inter- 
cept on the y axis for the line calculated by the 
least squares technique is negligible, it is necess- 
ary to perform it again according to function 
“y = b’x” and therefore the new value of the 
slope of graph calibration (b’) may be calcu- 
lated. As can be seen in Table 1, the intercept on 
the y axis, is negligible, since experimental “t” 
is smaller than theoretical “t” and therefore the 
new slope is calculated. 

For this, the effect of penicillin G and 
benzathine penicillin G was studied on the 
determination of 0.70 ppm of procaine penicillin 
G until a 100: 1 ratio of interferent penicillin to 
procaine penicillin G. No appreciable variation 
of fluorescence intensity was observed in the 
value expected when the procaine penicillin G 
is in its own (all the obtained values are found 
in the “Z + ts’ interval, where “x” is the mean 
of 10 determinations of procaine penicillin G 
in the absence and presence of penicillin G 
and benzathine penicillin G, “3” is standard 
deviation of these determinations and “t” is 
Student’s “t” for nine degrees of freedom and 
at 95% confidence level). 

Applications 

The high value for the correlation coefficient 
of the regression equation and a negligible 
value for the intercept on the y axis demonstrate 
the satisfactory linear relationship between 
fluorescence intensity and procaine penicillin G 
concentration. 

For a series of 10 standard samples contain- 
ing 0.48 ppm of procaine penicillin G a relative 
error of 0.99% and standard deviation of 
6.7 x 10e3 ppm were obtained (95% confidence 
level). 

The recommended procedure has been 
applied satisfactorily to the determination of 
procaine penicillin G in the presence of peni- 
cillin G and benzathine penicillin G in all the 
Spanish commercialized pharmaceutical prod- 
ucts that contain these antibiotics in different 
proportions. Table 2 shows the assay results 
expressed as a percentage of the nominal con- 
tents (%R) resulting from the average of three 
determinations of three different vials. The 
recoveries agree well enough with the nominal 
content and the precision is quite satisfactory. 

CONCLUSIONS 

The detection limit is 9.4 x 10e3 ppm when A new method for the fluorimetric determi- 
defined as the analyte concentration leading to nation of procaine penicillin G is described. The 
a luminescence intensity that is three times a fluorescence is monitored at 348 nm (wave- 
blank standard deviation and determination length of excitation 294nm) and the range of 
limit is 0.024 ppm when defined as the analyte application of the method is between 0.10 and 
concentration leading to a luminescence inten- 1.0 ppm. Values of 9.4 x 10e3 and 0.024 of the 
sity that is 10 times the blank standard detection and determination limits, respectively 
deviation.15J6 are obtained. 
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Table 2. Results obtained in the determination of procaine penicillin G in commercial pharmaceutical preparations 

Commercial 
preparations 

Farmaproina 
Aqucilina 600 
Aqucilina D-A 
Aqucilina D-A 600 
Ortop& 400000 
Ortop& 1000000 
Zoocilina 1000000 
Cepacilina 3 : 2 : 1 
Cepacilina 6 : 2 : 1 
Cepacilina 6 : 3 : 3 
Benzetacil 3 : 2 : 1 
Benxetacil 6:2: 1 
Benxetacil 6 : 3 : 3 

Laboratory 

Cepa 
Ant. S.A. 
Ant. S.A. 
Ant. S.A. 
Fides S.A. 
Fides S.A. 
Ant. S.A. 
Cepa 
Cepa 
Cepa 
Ant. S.A. 
Ant. S.A. 
Ant. S.A. 

Composition (mg) 

P.P.G P.G B.P.B 

576.4 - - 
576.4 - - 
288.2 
432.3 

g; 
1 

288.2 60:o - 
576.4 24.0 - 
864.6 60.0 - 
288.2 120.0 76.5 
576.4 120.0 76.5 
576.4 180.0 229.5 
288.2 120.0 76.5 
576.4 120.0 76.5 
576.4 180.0 229.5 

P.P.G found Deviation 
(mg) (mg) %R 

583.9 8.98 101.3 
598.9 15.16 103.9 
288.2 1.44 100.0 
437.9 15.18 101.3 
284.4 4.86 98.7 
568.9 8.23 98.7 
875.8 5.69 101.3 
295.4 4.68 102.5 
576.4 10.09 100.0 
591.4 8.98 102.6 
291.7 5.04 101.2 
569.5 4.07 98.8 
568.9 33.68 98.7 

P.P.G = Procaine penicillin G. 
P.G = Penicillin G. 
B.P.B = Benzathine penicillin G. 

The method has been satisfactorily applied to 
the determination of procaine penicillin G in the 
presence of other salts of penicillin G. 

The proposed method has been compared 
with spectrophotometric, chromatographic and 
spectrofluorimetric methods obtaining the 
following conclusions. 

The spectrophotometric methods used to 
determine penicillins are based on derivatization 
reactions. The three typical assay are: iodo- 
metric,” the mercury imidazole” and the ferric 
hydroxamate’g methods. All of them have a 
smaller sensitivity than the proposed method. 
Pillai et al.” proposed a direct spectrophoto- 
metric method to determine procaine penicillin 
G, obtaining a linear range, a sensitivity and 
a limit of detection smaller than the proposed 
method. 

Generally the chromatographic methods 
to determine penicillins include precolumn 
derivatization or derivatization prior to detec- 
tion.20-2’ Although the sensitivity is similar, 
the methods are slower than the proposed 
method. Procaine penicillin G was determined 
in pharmaceutical preparation by chromatog- 
raphy** without any derivatization with a 
relative deviation of 2% higher than the value 
obtained with the method described in this 
paper (1.4%). 

The indirect spectrofluorimetric methods are 
tedious and high sensitivity is rarely obtained 
with them.3-12 
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Summary-A complete and fast dissolution procedure for tin and lead based solders is described. Trace 
and major elemental concentrations are determined by inductively coupled argon plasma emission (ICP) 
spectroscopy. One gram solder samples in the concentration range of 40-63 wt % tin are completely 
dissolved using nitric and hydrochloric acids. ICP analyses of certified reference materials prepared by 
this dissolution method are reported and compared to reference values. Based on comparison, the sample 
preparation method discussed is successful for quantitative analysis of trace and major elements in tin-lead 
solders. 

The purpose of this work is to dissolve solder 
samples quickly for normal inductively coupled 
argon plasma emission spectroscopy (ICP) 
analysis procedures without using any special 
equipment. Tin and lead based solders are 
very difficult to dissolve because of metal oxide 
formation during dissolution. Dissolution is 
usually accomplished after hours of using nitric 
and fluoroboric acids. Microwave-oven dis- 
solution procedures have been used to reduce 
the dissolution time to 4 min for 1 g sample. 
There is one undesirable problem with fluoro- 
boric acid. It corrodes glass or quartz parts 
commonly found in analytical instruments and 
instrument components of special chemically 
resistant materials must be used. 

Other methods for dissolution of solders can 
be found in the literature. A hydrofluoric acid 
(HF) and nitric acid mixture’ is used, but this 
mixture is also corrosive to glass. A complete 
dissolution procedure using aqua regiu is de- 
scribed for 0.1 g of a 50% Sn, 47% Pb and 3% 
Bi solder.2 Three other HCI/HNO, methods are 
found in the literature3*4*5 for determinations of 
one or two elements, but problems are noted 
with solution stability. The disadvantages of 
these procedures are that large dilution volumes 
must be used to avoid precipitation of the 
sample, the large dilution factor adversely 

c Johnson Controls, Inc., 1992. 

affects the detectability for most trace elements 
of interest, the procedures are time consuming, 
and they have not been validated for multi- 
element analysis. 

Several extraction techniques6*7JT9 are re- 
ported in the literature with subsequent element 
determinations by atomic absorption. Extrac- 
tion techniques are very time consuming which 
is a major disadvantage. 

A novel method for the dissolution of lead 
and tin based solders has been developed. The 
procedure requires concentrated nitric (70%) 
and hydrochloric (37%) acids for complete dis- 
solution of a 1 g solder sample within 15 min. 
This new method allows multi-element analysis 
by ICP with no special changes to the ICP 
instrument (i.e., HF or HBF, resistant nebuliza- 
tion systems are not required). Another advan- 
tage of ICP analysis is that trace non-metals 
(< 10 ppm) such as sulfur and phosphorus can 
be measured. These elements are of interest 
because of the effect on the quality of wave 
soldering.” 

Tin is determined gravimetrically and com- 
pared to the ICP results for precision analysis. 
Reference solder materials are analysed for 
trace- and major-element concentration com- 
parisons. There is good agreement between the 
ICP results and reference material values for 
all elements. This demonstrates that the new 
dissolution method is complete and is an 
acceptable alternative method. 

207 
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EXPERIMENTAL 

Apparatus 

The ICP instrumentation used was described 
previously. l’ Modifications of the instrument 
were made through replacement of the 27 MHz 
generator with a 40.68 MHz generator (RF 
Plasma Products) and the Digital computer 
system with an IBM PS/2 Model 30. Under 
normal operating conditions, the mini- 
monochromator was set at 766.490 nm for K 
and the Hilger-Engis monochromator was set 
for 588.995 nm for Na. The Hilger-Engis 
monochromator was also used for element 
wavelengths which are not available on the 
polychromator. Off-peak background correc- 
tion was not available with the two mono- 
chromators. Detection limits” for this ICP 
system for water and lead matrixes have been 
previously reported. 

Reagents 

House distilled water was purified to 18 MiZ 
by a MILL&Q water purification system (Milli- 
pore Corp., Bedford, MA). All further refer- 
ences to water implies the use of 18 MQ water. 
Reagent grade (“Baker Analyzed’@) nitric acid 
and purified (Ultrex@‘) hydrochloric acid were 
used for sample preparation (J. T. Baker Chemi- 
cal Co., Phillipsburg, NJ). The nitric acid was 
further purified by distillation before use. 

Dissolution preliminaries 

Solder dissolution and dilution of sample 
solutions were performed in an acid fume hood. 
Dissolutions were done on Lindberg hot plates 
(model 53202, Watertown, WI). The surface 
temperature of the hot plate was measured using 
a surface thermometer (PTC@ model 314F, 
Pacific Transducer Corp., Los Angeles, CA). All 
reported temperatures were the measured sur- 
face temperature of the hot plate during dis- 
solution. The hot plates were always preheated 
to the desired temperature before use. 

Glassware was soaked in 10% (v/v) hydro- 
chloric acid, followed by 10% (v/v) nitric acid, 
and finally rinsed with water before use. All 
solder samples were dissolved in 300 ml tall 
form beakers (PYREX@‘, Corning, NY) and 
the solutions were brought to volume with 
water in class-A volumetric glassware. During 
dissolution samples were covered with watch 
glasses. 

The disks of solder alloys used in this study 
were sampled by using a hard steel saw (nickel 

chrome alloy steel, model D-23, Disston, 
Danville, VA). No measurable contamination 
has been seen from this saw type when used on 
similar solder alloys. There was a designated 
saw for each solder alloy group. The saw was 
not specially cleaned between samples when 
used only for the designated solder alloy group. 
Historically this approach has proven satisfac- 
tory for sampling lead and its alloys. In this 
study, cross contamination was not observed 
between NIST certified and in-house reference 
materials using this saw. 

At least three radial saw cuts towards the 
center of the sample were made and the chips 
collected to obtain a representative sample for 
analysis. Ten to 20 g (dependent on thickness of 
sample disk) were collected for the analysis. The 
chips were approximately 0.5 mm in diameter. 
All sawing chips were then mixed and the 
appropriate amount was weighed for dissol- 
ution. 

Solder dissolution 

Solder samples were dissolved by adding 1 ml 
of water and 20 ml of concentrated nitric acid 
to 1.000 & 0.001 g of saw chips in a 300 ml tall 
form beaker. The sample was heated at 150°C 
for 5 min. Then 5 ml of concentrated hydro- 
chloric acid was added slowly to the hot sample 
solution and heated for 5 min. Then 30 ml of 
water was added to the hot sample solution and 
heating continued for 5-20 min at 150°C until 
the sample was dissolved. During this time, 
more water (1 ml at a time) must be added if a 
white precipitate (PbCl,) forms. The sample 
solution was cooled and diluted to 100 ml with 
water. Sample solutions show no visible sign of 
precipitation after more than 1 month. 

Calibration standards 

All standard stock solutions were acidic 
aqueous solutions. The calibration standard 
solutions were matrix-matched to the sample 
using the same reagents and acids used in 
sample dissolution. The appropriate amounts of 
purified tin (granular, 20 mesh, J. T. Baker 
Chemical Co., Phillipsburg, NJ) and lead (Doe 
Run Co., Herculaneum, MO), for the Sn-Pb 
portion of the calibration standard, were added 
to 300 ml tall form beakers to matrix-match 
the samples. The Sn-Pb calibration samples 
are then treated like samples. Once dissolved, 
aliquots of multi-element (Inorganic Ventures, 
Inc., Brick, NJ), single element 10,000 mg/l, 
and single element 1000 mg/l standard stock 
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solutions were then added to the Sn-Pb sol- 
utions to make complete calibration standards. 
A sample blank solution containing only 40% 
Pb and 60% Sn was prepared with the standards 
to subtract any trace element contamination in 
the starting materials and reagents. 

Major alloy elements (Sn,Pb) contained in 
the standard stock solutions were compared to 
appropriate National Institute of Standards 
and Technology (NIST) standard reference 
materials (SRM) (Gaithersburg, MD). The 
SRMs were 10,000 mg/l stock solutions of each 
analyte. 

RESULTS AND DISCUSSION 

Preparation procedures 

Hydrated tin oxides and/or tin nitrates 
were formed when nitric acid was added to 
solder chips. A white-yellow precipitate was 
suspended in solution. Tin chloride was formed 
when concentrated hydrochloric acid was 
added, but dissolution was still not complete 
until water was added because of the saturated 
condition of the solution. Some small white 
particles may still remain after water was added, 
but continued heating and stirring dissolved 
them. National Institute of Standards and Tech- 
nology (NIST) (Gaithersburg, MD) Standard 
Reference Material (SRM) 127b (40% Sn, 60% 
Pb) in powder form, NIST SRM 1129 (63% Sn, 
37% Pb) in disk form, Alpha (Newark, NJ) 
reference material TL-62X, lot 101 (60% Sn, 
40% Pb) in disk form, and a 50-50 solder 
sample in disk form were dissolved successfully 
using the described dissolution method. Other 
certified solders (i.e., 50-50 type) were not avail- 
able. The method described should work for 
all tin-lead solders in the concentration range 
between the two NIST reference materials. 

Matrix-matched calibration solutions were 
prepared from stock standard solutions contain- 
ing all elements except Pb and Sn. The aliquots 
of the stock standard solutions containing all 

other elements were added to Pb-Sn solutions 
containing 4000-6300 mg/l Sn and 6000-3700 
mg/l Pb. The Pb-Sn solutions were made from 
granular (20 mesh) purified tin metal and pure 
lead metal dissolved in the same manner as the 
samples. In this way, the calibration standard 
solution acid matrix was the same as that of the 
sample solution. Adding concentrated hydro- 
chloric and nitric acids directly to purchased 
Sn and Pb stock standard solutions resulted in 
problems with precipitation. 

Purified tin metal powder (> 100 mesh, 
smaller particles), was first tried for the cali- 
bration standards, but resulted in incomplete 
dissolution. It was not clear why this happened. 
The incomplete dissolution may be due to the 
presence of tin oxides in the tin powder because 
of the higher surface area. Additional tin metal 
powders (> 100 mesh) packaged under argon 
would need to be investigated to obtain the 
highest purity tin (oxide free) if > 100 mesh 
powders were used for calibration standard 
preparation. 

Instrumental results 

A comparison of tin concentrations (reported 
in Table 1) as determined by two analytical 
methods, was done for four reference solder 
samples. All ICP results were in agreement 
within the standard deviation of the gravimetric 
technique. Uncertainty values for the Alpha 
reference materials and NIST 127b were not 
available. An estimated uncertainty value was 
given for the NIST 1129 SRM and agreed with 
the ICP value within the standard deviation. 
The gravimetric results were obtained to 
identify standard deviation values that could be 
obtained under routine analysis conditions. The 
standard deviation for Alpha TLS-36X is higher 
compared to the other standard deviations, in 
both the ICP and gravimetric methods. 

A comparison of ICP results and the certified 
values of impurities in Alpha TL-62X and NBS 
127b was carried out (Table 2). All major-, 

Table 1. Tin concentrations (%) in several solders 

Sample Gravimetric’ IcP* Certified 

Alpha TL-62X 62.2 f 0.4 61.5 + 0.4 61.9t 
Alpha TLS-36X 61.3 + 0.8 60.7 f 1.9 59.9$ 
NIST SRM 127b 40.2 k 0.4 38.8 k 0.4 39.38 
NET SRM 1129 62.9 f 0.1 62.4 + 0.6 62.7 (O.l)ll 

*Average and standard deviation for triplicate analyses. 
tLot 101, 1981. 
$Lot A, 1978. 
$Provisional, 25 January 1968. 
IJNIST estimated uncertainty in parentheses, 8 May 1989. 
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minor- and trace-element concentrations were 
determined simultaneously by ICP in this lab- 
oratory. The ICP results were shown to be in 
reasonable agreement with SRM 1129 results 
when compared to the estimated uncertainty for 
SRM 1129. No statistical data were reported for 
the other reference materials, but ICP results are 
generally within 10% of the reported values. 
As previously discussed for lead alloys,‘* slight 
sample inhomogeneity of the Alpha certified 
reference materials may be the cause of the 
larger differences (> 10%) between the ICP and 
the Alpha certified results. Several elements (i.e., 
Ag, Fe, As, Bi and Zn) fall into the category 
of differences > 10%. The Alpha reference 
materials were solder disks originally prepared 
for arc/spark emission instruments. Such disks 
may be subject to segregation effects if not 
properly prepared. There did not seem to be any 
segregation problems with the NIST 1129 SRM 
disk. No definite conclusions can be made about 
the larger differences between results without 
Alpha reference precision data. 

The segregation effects observed in lead alloys 
are based on disk cooling speed. Slower disk 
cooling times cause less soluble elements to 
generally form a gradient distribution in the 
disk. The concentration of the additive elements 
gradually increases towards the top of the disk. 
The bottom (surface in contact with the mold) 
is the surface used for spark emission. There is 
then a gradual increase in measured concen- 
tration as the disk is resurfaced before each 
spark analysis. A disk with segregration prob- 
lems in time will become more and more in- 
accurate. Severe segregation can have more 
dramatic results. Taking a cross-section of the 
disk, as done for the ICP determinations, gives 
an average of the entire disk and different 
results will be obtained if the sample disk has 
segregation problems. 

Silver analysis was not a problem with the 
materials analysed. The higher silver sample 
(Alpha TLS-36X) was cloudy after dissolution 
and was shaken just before analysis. The pre- 
cipitation of silver chloride may be more of a 
problem if the silver concentration increases 
above 3% by weight. 

CONCLUSIONS 

Quantitative information for important 
solder elements can be obtained by using a 
single dissolution method which eliminates the 

need for fluoroboric and hydrofluoric acids to 
dissolve solders in the concentration ranges of 
40-63% tin and 6340% lead. This procedure 
allows complete dissolution of the solder with 
nitric and hydrochloric acids with no adverse 
effects on the elemental determinations by ICP. 
The detectable limits for all routinely analysed 
elements are below maximum specification 
limits.” This procedure should be applicable to 
the majority of solder materials based on the 
results of the two NIST certified SRMs and the 
complete dissolution of the two NIST SRMs 
and the 50-50 solder alloy. 

ICP components resistant to fluoroboric 
and hydrofluoric acid corrosion are thus not 
required. Simultaneous multi-element deter- 
minations of trace impurity and major alloy 
elements are performed by ICP under normal 
acidic solution conditions. 

Another advantage of ICP determination is 
that sulfur and phosphorus can be measured. 
These impurities are of interest because of the 
undesirable effects of high concentrations (> 10 
ppm S and > 100 ppm P) of these elements on 
the quality of wave soldering.‘0 

More work could be done in the area of 
improving the precision of the Sn and Pb deter- 
minations by using different wavelengths and/or 
modifying the sample size taken for analysis. 
Measurement of minor and trace elements by 
ICP is an ideal situation because of analysis time 
savings which are realized by 
multi-element analysis. 
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Sammary-‘Fhe bromide released by the alkaline hydrolysis of ~-bromosu~~de and its reactions with 
bromide, pyridoxine and thiamine have been studied ~~ntiornet~~ly using a solid-state bromide-selec- 
tive electrode to monitor the consumed or produced bromide ion. Potential-time indications are obtained 
using a microcomputer-controlled potentiometric system. The overall rate constants and the activation 
energies have been calculated. A kinetic-potentiometric procedure for the determination of pyridoxine in 
the presence of thiamine in pharmaceutical preparations, based on its reaction with N-bromosuccinimide, 
is presented 

N-Bromosuccinimide (NBS) is probably the 
most important organic compound used as a 
source of the strong oxidant Br+ (“positive 
bromine”), finding a variety of applications in 
both chemical synthesis and analysis. NBS is 
commonly used to bring about specific types of 
reactions e.g., substitution, bromine addition, 
oxidation, etc. A great number of compounds 
have been determined using NBS with certain 
advantages over hypobromites which are 
usually prepared in situ since they dispropor- 
tionate easily to bromate and bromide ions.‘*’ 

Pyridoxine has been determined by many 
techniques such as spectrophotometry,3 voltam- 
metry and potentiometric titrimetry with NBS.5 
Thiamine can be determined by spectrofluori- 
metric measur~ent of its oxidation product 
(thiochrome)6 and by colorimetric7 and chemi- 
luminometric* techniques. Recently, NBS has 
been proposed for the kinetic-potentiometric 
determination of these vitamins.’ 

In this paper the bromide-selective electrode 
is used for the kinetic study of the reactions of 
NBS with pyridoxine and thiamine by monitor- 
ing the produced bromide, over a wide pH 
range. Since NBS consumes bromide ions gener- 
ating bromine in acidic solutions and it is also 
hydrolyzed in alkaline solution generating hy- 
pobramite ion which is decomposed yielding 
bromide ions (the whole sequence hereafter is 

*To whom correspondence should be addressed. 

simply called “alkaline hydrolysis”), it was 
deemed necessary to study the kinetics of 
these reactions too. Based on the obtained 
kinetic data, a kinetic-potentiometric method 
has been developed for the dete~ination of 
pyridoxine in the presence of thiamine. The 
method has been used for the assay of pyridox- 
ine in pharmaceutical preparations containing 
thiamine. 

EXPERIMENTAL 

Apparatus 

The system for potentiometric rate measure- 
ments consisted of a solid-state bromide elec- 
trode (Orion Model 94-35-00) in conjunction 
with a double-junction Ag-AgCl reference elec- 
trode (Orion Model 90-02-00), whose outer 
compartment was filled with a 10% (w/v) KNO, 
solution, and a digital voltmeter (Heath EU- 
805) interfaced to a micr~omputer (Amstrad 
CPC 6128). The genera1 interface technique and 
the main features of the control program (KIN- 
MOD) have been described elsewhere.‘O 

All measurements were carried out in a ther- 
mostatted (5 0.1 “C) double-wall glass cell under 
constant magnetic stirring. The bromide-selec- 
tive electrode was stored in O.OOlOA.8 KBr sol- 
ution when not in use. pH measurements were 
carried out with a Metrohm Model E-350B 
pH-meter equipped with a low alkaline error 
combination glass electrode. 

1213 



1214 S. A. HALVATZIS et al. 

Reagents 

All reagents were of analytical grade and 
demineralized distilled water was used through- 
out. 

N-Bromosuccinimide solution (0.020044) 
was prepared by dissolving 0.178 g of NBS 
(Serva) in water and diluting with water to 50.0 
ml. This solution was prepared daily and it was 
kept in an amber-coloured bottle. 

Working standard bromide solutions were 
prepared by dilution of a O.lOOM KBr stock 
solution. 

Pyridoxine (Sigma) and thiamine (Serva) 
hydrochlorides stock solutions (0.0200M) were 
prepared daily by dissolving the appropriate 
amount of each compound in water and diluting 
to volume. 

The following buffer solutions were used: 
acetate buffers (pH 3.0-5.0) 0.050M in total 
acetate, phosphate buffers (pH 2.040 and 
5.0-l 1.0) 0.18 and 0.050M in total phosphate, 
respectively, and bromide containing phosphate 
buffers (pH 5.0-12.0) 5.0 x 10w6M in KBr and 
0.050M in total phosphate. 

PROCEDURES 

General measurement procedure for kinetic stud- 
ies 

The following solutions are transferred into 
the reaction cell prior to the injection of NBS 
solution. For the study of the hydrolysis of 
NBS, 10.00 ml of the mixed bromide-phosphate 
buffer (pH 10.0-12.0) solution. For the study of 
the NBS-Br- reaction, 5.00 ml of the phosphate 
buffer (pH 2.&4.0), a 0.200-5.00 ml volume of 
1.0 x 10w4M KBr and water to make a total 
volume of 10.00 ml. For the study of the 
reactions of NBS with pyridoxine and thiamine, 
10.00 ml of the bromide containing buffer (pH 
5.0-9.0) and 25-250 ~1 of the vitamin solution 
(0.00200M). 

After transferring the above solutions into the 
reaction cell the stirrer is started and when the 
potential has stabilized (after 15-30 set as 
shown by the electrometer readings), the reac- 
tion is initiated by rapid injection of the appro- 
priate volume of the NBS solution. Potential 
indications are automatically collected by the 
microcomputer at constant time intervals. 
The reaction is followed for about 30-60 set, 
its course is shown on the monitor of the 
microcomputer and the data (potential US. 

time, E-t curve) are stored in magnetic disks 
for further processing. The cell is then evacu- 
ated and washed twice with the same buffer 
solution, before proceeding to the next measure- 
ment. 

The data are recalled and the initial slope 
(AE/At),, is measured (in millivolts per second) 
by interactive selection of the initial linear 
part, the correlation coefficient (r) of this part 
being a measure of the linearity (typically: 
)r 1 2 0.995). 

The slope (S) of the electrode response, corre- 
sponding to the experimental prelogarithmic 
factor of the Nernst equation (theoretical value: 
- RT/F) and required for the calculation of 
reaction rate constants, is determined under 
the same conditions (temperature, pH and 
ionic medium) by successive additions of 
small volumes of O.lOOM KBr stock solution in 
10.00 ml of bromide-free buffer solution. An 
auxiliary computer program is used for the 
acquisition of potential indications and fast 
evaluation of S. 

Sample preparation 

Tablets. At least 20 tablets of the pharmaceu- 
tical preparation were weighed and finely pow- 
dered. A sample equivalent to approximately 
200 mg of analyte was weighed accurately, 
transferred into a 1 1 volumetric flask and 
diluted to volume with water. The powder was 
sonicated for 10 min to accelerate the dissol- 
ution. Working solutions were prepared from 
this sample solution by appropriate dilution so 
that the final analyte concentration was within 
the linear range of the calibration graph. 

Injections. An accurately measured volume 
of the mixture of five ampules was transferred 
into a 250 ml volumetric flask and diluted to 
volume with water. The solution was diluted 
further so that the final analyte concentrations 
lay within the linear range of the calibration 
graph. 

Measurement procedure for kinetic determination 
of pyridoxine 

The general procedure, followed for the kin- 
etic study of the reaction of NBS with the 
vitamins was used: 10.00 ml of bromide contain- 
ing phosphate buffer of pH 5.0 was transferred 
into the cell and the reaction starts by adding 
100 ~1 of sample containing pyridoxine in the 
concentration range 5 x 10m4-5 x 10m3M. The 
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analytical signal, (AE/At),, is measured as de- 
scribed above. Calibration graphs of (AE/At), 
VS. concentration of the examined reactant are 
constructed using standard solutions of the 
latter. 

RESULTS AND DISCUSSION 

Study of the electrode static and dynamic charac- 
teristics 

In order to evaluate the operational charac- 
teristics of the bromide-electrode at the pH 
used, calibration graphs were obtained over the 
concentration range 5.0 x lo-‘-1.0 x 10e4M at 
pH range 3.0-l 1.0 and temperature range 
lO-35°C. The lower linear concentration limit 
was 5.0 x 10P6M or less over the temperature 
and pH range studied. 

The dynamic response time of the bromide 
ion-selective electrode was studied by rapid in- 
jections of a bromide solution to cause an 
increase A[Br-] of an initial bromide concen- 
tration [Br-1, and measuring the time required 
for the stabilization of the potential within 1% 
of the final potential change. The dynamic 
response times for the following changes 
([Br-I,, + A[Br-1, M): 0 + 9.9 x lo-‘, 9.9 x 
lo-’ + 4.9 x 10m6, and 5.9 x lop6 + 4.90 x lo-’ 
were found in the range 5.2-17.4, 2.7-9.0 
and 0.5-3.6 set, respectively, over the pH 
range 3.0-l 1.0 and temperature range 
15-35°C. 

From this study, it was concluded that the 
bromide-selective electrode can be used for the 
kinetic study, provided that a bromide back- 
ground concentration not less than 5.0 x 10e6M 
is present before the initiation of the reaction, 
when bromide is a reaction product (hydrolysis 
of NBS and reactions of NBS with vitamins). 
Similarly, when bromide is consumed (reaction 
of NBS with Br-), measurements must be ob- 
tained before its concentration becomes lower 
than 5 x 10e6M. A time interval not less than 
the actual dynamic response time must be al- 
lowed before the acquisition of E-t indications 
for the calculation of (AE/At), to minimize 
errors due to hysteresis of the electrode re- 
sponse. 

Kinetic study of NBS hydrolysis 

NBS is relatively unstable in alkaline sol- 
utions’ though no kinetic data of its hydrolysis 
reaction have appeared in the literature. The 

hydrolysis can be depicted by the following 
scheme. 

0 c N-B + 

0 

+ b---O 
lH 

II) 

Hypobromous acid is a rather unstable weak 
acid (K, = 5 x lo-‘) and its decomposition is 
influenced by many factors (concentration, pH, 
temperature, presence of other salts, catalysts, 
activators, promoters and light).” The main 
competing decomposition reactions are 

2HBrO-+2H+ + 2Br- + O2 (2) 

3HBr0+3H+ + 2Br- + BrO; . (3) 

Since, each bromide ion may be the decompo- 
sition product of l-l.5 molecules of NBS, the 
produced bromide is not expected to correspond 
stoichiometrically to NBS, nevertheless its pro- 
duction rate is indicative of the overall loss of 
total Br( + 1) activity and indirectly of NBS, as 
well. Considering that the concentrations of 
NBS and hydroxide ions influence the overall 
reaction rate, the bromide formation rate can be 
generally described by the equation 

d[Br-]/dt = &mBS]X[OH- y (4) 

where kr, is the experimental rate constant of the 
hydrolysis. 

By differentiation of the Nernst equation for 
the bromide-electrode with respect to time, we 
have 

dE/dt = S(l/[Br-1) (d[Br-]/dt) (5) 

where S is the experimental value of the slope of 
the E vs. ln[Br-] calibration graph (theoretical 
value: - RT/F). 

Combining equations (4) and (5), at the be- 
ginning of the reaction where the initial slope 
(AE/At), is measured and [Br-] remains practi- 
cally equal to the initially added (background) 
bromide concentration [Br-1, we have 

(AElAt), = (S/[Br-Id h [NB%PH-I;. (6) 

Rate measurements with [NBS], in the range 
1 x lo-‘-4 x lo-‘M, over the pH range lO.O- 
12.0, and temperature range lO-25°C revealed 
reaction orders for NBS and OH- equal to 
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14 

Fig. 1. Effect of pH on the reaction of NBS with reactants: 
(a) water (alkaline hydrolysis), (b) bromide, (c) pyridoxine 
and (d) thiamine, at 20°C. [NBS] = 2.0 x 10V4M, [Reac- 

tant] = 2.0 x lO_jM. 

1.04 & 0.08 (range: 0.96-l. 18) and 0.23 + 0.03 
(range: 0.20-0.25), respectively. 

The effect of pH on the initial rate of the 
NBS hydrolysis reaction is shown in Fig. 1 
[curve (a)]. 

At pH 10.5 and temperatures of 10, 15, 20 
and 25”C, the experimental k,, values were 
found to be equal to 0.018, 0.026, 0.034 and 

0.042M-0.23/s, respectively and the calculated 
activation energy was 9.4 f 0.7 kcal mol. 

All data concerning the rate of Br- pro- 
duction are incorporated in the equation 

d[Br-]/dt = 3.6 x lO’mBS] 

[OH-]‘.23 exp[ - 4753]/(273.15 + e)] (7) 

which is valid over the aforementioned ranges of 
pH, temperature (0) and NBS concentration. 

According to the above results, all kinetic 
studies of reactions of NBS with other com- 
pounds based on monitoring of the produced 
bromide ions, must take into consideration the 
parallel hydrolysis of NBS which is particularly 
pronounced at pH 2 10.0. This hydrolysis must 
be considered as a plausible source of blank in 
kinetic measurement, since part of the interme- 
diately formed hypobromite may escape the 
primary reaction (in the present case with vita- 
mins) and be decomposed according to reaction 
(2) and/or (3). 

Kinetic study of the NBS-bromide reaction 

In acidic solutions NBS reacts with Br- ac- 
cording to the overall reaction 

NBS + H+ + Br- +NHS + Br, . (8) 

Considering that the rate of bromide con- 
sumption is affected by NBS, bromide and 

1 

Time - 

Fig. 2. Typical E-r curves of the NBS-bromide reaction for the calculation of the reaction order with 
respect to NBS at 25°C and pH 2.5. [NBS],: (a) 5.0 x 10e5, (b) 1.0 x IO-‘, (c) 1.5 x lo-‘, (d) 2.0 x lo-’ 

and (e) 2.5 x 10F4M ([Br-1, = 5.0 x 10-‘M). 



Kinetic study of N-bromosuccinimide reactions 1217 

Table 1. Kinetic data for the kinetic parameters (reaction orders and rate constants) for the reactions 
of NBS with pyridoxine and thiamine, at a temperature of 20” 

NBS-pyridoxine reaction 
Reaction order 

k, 

NBS-thiamine reaction 
Reaction order 

k nk 
PH NBS Pyridoxine 

_-_ 
UM s) NBS Thiamine (/MS) 

5.0 0.98 f 0.03 1.06 f 0.04 176 f 3.7 1.05 + 0.08 
(n = 4). (n = 6) (n = 6) (?I = 4) 

6.0 1.12 f 0.10 1 .Ol f 0.03 28.4 f 0.3 I .08 f 0.07 
(n = 4) (n = 6) (n = 6) (n = 4) 

7.0 0.98 + 0.02 1.06 f 0.06 102 + 2.6 0.96 f 0.18 
(n = 5) (n = 6) (n = 6) (n = 3) 

8.0 0.97 f 0.06 1.05 f 0.09 133 f 3.2 1.06*0.10 
(n = 4) (n = 4) (n = 4) (n = 5) 

8.0 1.02 f 0.05 1.09*0.11 324 f 16 1.08+0.10 
(n = 5) (n = 4) (n = 4) (n = 4) 

*n = number of standard solutions, each measured three times. 

0.99 f 0.03 
(n = 5) 

1.09 f 0.09 
(n = 4) 

1.05 f 0.05 
(n = 5) 

1.13+0.08 
(n = 5) 

1.04 f 0.04 
(n = 5) 

0.47 f 0.00 
(n = 5) 

8.3 + 0.3 
(n = 4) 

33.4 f 0.8 
(n = 5) 

749 * 45 
(n = 5) 

941+ 24 
(n = 5) 

hydrogen ion concentrations, this rate is de- 
scribed by the overall equation 

-(d[Br-]/dt) = k,,,[Br-]“[NBS]Y [H+y (9) 

where km,, is the experimental rate constant of 
the overall reaction. 

Combining equations (5) and (9) at the begin- 
ning of the reaction, we have 

(AE/At),, = Sk,,, [Br-I;-‘[NBSjjJH+];. (10) 

Rate measurements with [NBS], and [Br-I,, 
in the range 2.5 x lo-‘-5.0 x 10-5M and 5.0 x 
10-6-5.0 x IO-‘M, respectively, over the pH 
range 2.0-3.5 and the temperature range 
IO-3O”C, revealed reaction orders for NBS, Br- 
and H+ equal to 0.98 + 0.04 (range: 0.93-1.07), 
1.20 f 0.04 (range: 1.1 l-l .25) and 0.28 k 0.06 
(range: 0.19-0.32), respectively. Therefore 
equation (10) can be written 

(AElAt), = Gs,u [Br-lK ’ [NBf% (11) 

and kH expresses the pH dependent overall 
observed second-order rate constant. 

k 0bS.H values at pH 2.0, 2.5 and 3.0, over the 
temperature range 15-35°C were calculated 
in the ranges 1.3 x 103-3.2 x 103, 1.0 x 10” 
2.4 x IO’ and 0.9 x 103-1.7 x 103/M s, respect- 
ively. The respective calculated activation ener- 

gies were 8.1 + 0.4, 8.4 & 0.4 and 5.6 & 0.3 
kcal/mol. 

Typical E-t curves of the NBS-Br- reaction, 
used for the calculation of the reaction order 
with respect to NBS at pH 2.5 at 25°C are 
shown in Fig. 2. The effect of pH on the initial 
rate of the NBS-bromide reaction is included in 
Fig. 1 [curve (b)]. 

According to the above results, all kinetic 
studies of reactions of NBS (in excess) with 
other compounds based on monitoring of the 
produced bromide ions, must also take into 
consideration the parallel consumption of bro- 
mide which is particularly pronounced at 
pH I 4.0. 

Kinetic study of NBS reactions with pyrodoxine 
or thiamine 

Recently, potentiometric monitoring of the 
bromide production rate during the reaction 
of pyridoxine or thiamine with NBS has 
been exploited for developing a kinetic- 
potentiometric procedure for the determination 
of these vitamins in pharmaceutical prep- 
arations. However, no detailed kinetic data were 
obtained.g 

Considering that the rate df bromide pro- 
duction is at&ted by NBS and vitamin (Vit) 
concentrations, and combining the relevant 

Table 2. Kinetic data of the rate constants (kob) and activation energies (E.) for the reactions of NBS 
with pyridoxine and thiamine at various pH 

L UM r) 

Compound pH 10 15 

Temperature (“C) 

20 25 30 35 40 
E. 

(kcallmol ) 

Ryridoxine 5.0 140 175 194 225 256 278 4.9 f 0.3 

z: 
433 496 563 633 714 4.6kO.l 

Thiamine 
9:o 

1.56 2.95 4.95 12.5 24.0 37.3 95.0 24.1 1.0 
314 567 925 1845 3072 19.6 f f 0.6 
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Table 3. Effect of pH on the pyridoxine and thiamine 
calibration graphs in the range 5.0 x 10w6-5.0 x 10w5M 

PH Regression line* r nt 

Pyridoxine 
5.0 y = 0.08 + 9.47 x 104x 0.999 6 
6.0 y = -0.01 + 2.46 x 104x 0.998 6 
7.0 y = 0.18 + 5.43 x 104x 0.996 6 
8.0 y = 1.10 + 7.82 x 104x 0.994 4 
9.0 y = 0.59 + 11.9 x 104x 0.992 4 
Thiamine 
5.0 y = 0.03 + 0.49 x 104x 0.997 5 
6.0 y = 0.30 + 1.76 x 104~ 0.994 4 
7.0 y=0.17+1.90x10~x 0.997 5 
8.0 y = 0.18 + 16.3 x 104~ 0.997 5 
9.0 y = 0.31 + 56.6 x 104x 0.999 5 

l y = (AE/Ar), (mV/s) and x = C (M). 
tn = number of samples, each measured three times. 

kinetic expression with the Nernst equation we 
finally obtain the following equation 

(AWA0, = WPr-Id kd?W3Ytli (12) 
where kobs is the overall experimental rate con- 
stant which is expected to be pH-dependent. 

Plots of (AE/At), US. [vit], (for both vitamins) 
are linear denoting a practically first-order reac- 
tion with respect to vitamins (y x I), but a 
positive intercept (blank) is consistently ob- 
served probably due to a catalysis of the NBS- 
hydrolysis reaction by coexisting species or 
unknown side reactions also producing bro- 

mide. Therefore all initial rates (AE/At), used 
for the subsequent calculations were previously 
corrected for this blank. 

From experiments with various concen- 
trations of vitamin and a constant concen- 
tration of NBS, the reaction order with respect 
to vitamin and kObs can be obtained. From 
similar experiments, in which NBS concen- 
tration is varied with constant vitamin concen- 
tration, the reaction order with respect to NBS 
can also be obtained. The results of this kinetic 
study at 20°C and at pH range 5.0-9.0 are 
summarized in Table 1. 

The kobs values obtained as described above at 
pH 5.0 and 9.0 for the NBS-pyridoxine reaction 
and at pH 6.0 and 9.0 for the NBS-thiamine 
reaction, at various temperatures ( 1040°C) and 
the calculated activation energies are given in 
Table 2. 

The effect of pH on the NBS-pyridoxine and 
NBS-thiamine reactions are included and 
shown comparatively in Fig. 1 [curves (c) and 
(d), respectively]. 

Determination of pyridoxine in the presence of 
thiamine 

Equation (12) shows that the initial slope of 
the reaction curve is linearly related to the 

Time -, 

Fig. 3. Typical E-t curves of the NBS-bromide reaction for the calculation of the regression equation 
for the determination of pyridoxine at 20°C and pH 5.0. [pyridoxine],: (a) 5.0 x 10e6, (b) 1.0 x 10es, (c) 

1.5 x 10e5, (d) 2.0 x 10es and (e) 3.0 x 10mSM (WBSI, = 2.0 x 10e4M). 
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Table 4. Determination of pyridoxine in commercial formulations containing thiamine with the 
proposed method and an official methodI 

Pyridoxine content (mglampule or tablet) 

Fotmulation 

Neurobion 
(tablet) 

Neurobion 

Stated 
composition 

200 mg pyridoxine 
100 mg thiamine 
200 pg cyanocobalamin 
100 me Dvridoxine 

Official 
method 

192 

Proposed 
method 
(+r)* 

174+3 

Relative 
difference 

(%) 

-9.4 

104 108+2 +3.8 _ -_ _ 
(injection) 100 mg thiamine 

10 mg cyanocobalamin 
Vioneurin-6 forte 250 mg pyridoxine 251 246+8 -2.0 
(injection) 50 mg thiamine 

10 mg cyanocobalamin 
Triforte 100 mg pyridoxine 98 104+2 +6.1 
(injection) 250 mg thiamine 

1 mg cyanocobalamin 

*Each sample measured three times. 

vitamin concentration as the reaction is first- 
order with respect to vitamin (Table 1). The 
working curves obtained with concentrations of 
vitamins in the range of 5.0 x 10-6-S.0 x lo-‘M 
at various pH values are described by the re- 
gression equations shown in Table 3. Maximum 
reaction initial rates for both reactions are 
observed at pH 9.0, where thiamine reacts faster 
than pyridoxine. However, at pH 5.0 the reac- 
tion rate of NBS with pyridoxine is about two 
orders higher than that with thiamine. There- 
fore the kinetic determination of pyridoxine in 
the presence of thiamine is feasible when both 
vitamins are present within the same order of 
concentration. Typical E-t curves of the 
NBS-pyridoxine reaction are shown in Fig. 3. 
Using these curves the regression equation for 
the determination of pyridoxine at pH 5.0 is 
obtained. 

The method developed was used in the assay 
of pyridoxine in pharmaceutical preparations 
containing both vitamins. The mole ratios of 
thiamine and pyridoxine in all pharmaceutical 
preparations examined were within the range of 
0.2-5.0. Results obtained from determinations 
of pyridoxine in pharmaceuticals with the pro- 
posed method for the determination of pyridox- 
ine are compared very well with those obtained 
by the US Pharmacopoeia procedureI and they 
are shown in Table 4. 

Simultaneous determination of both vitamins 
by applying differential kinetic analysisI and 
obtaining measurements at e.g., pH 5.0 and 9.0, 
gave satisfactory results with synthetic mixtures 
of vitamins, but positive analytical errors were 
consistently observed with thiamine in real 
samples. 

CONCLUSIONS 

N-Bromosuccinimide reactions can be in- 
directly studied by potentiometric monitoring of 
the produced bromide with a bromide-selective 
electrode. This method may be applied for 
studying reactions of NBS with a number of 
inorganic and organic compounds (e.g., ammo- 
nia, aminoacids, hydrazides). The parallel hy- 
drolysis of NBS, which is particularly fast in the 
alkaline pH range (pH 2 lO.O), and the reaction 
of NBS (when present in excess) with the pro- 
duced bromide, particularly in acidic pH range 
(pH I 4.0), must be taken into consideration. 
The kinetic data presented in this study, con- 
cerning these possible parallel reactions of NBS, 
may prove useful in this case. 

It must be stressed that fast NBS reactions 
e.g., with ascorbic acid, cannot be monitored 
reliably due to the inherent inability of potentio- 
metric sensors to follow fast reactions. 
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INVESTIGATIONS ON ADSORPTION 
POTENTIOMETRY-PART VIII. DETERMINATION OF 

ULTRATRACE COPPER IN FOOD BY DERIVATIVE 
ADSORPTION CHRONOPOTENTIOMETRY 
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Summar-An electroanalytical method, based on derivative chronopotentiometry of the copper 
complex with 4-[(4-diethylamino-2-hydroxyphenyl) axe]-5-hydroxy-naphthalene-2,7disulphonic acid 
(Reryllon III) accumulated on the surface of a hanging mercury drop electrode, for determining trace 
copper in food has been developed. The dependence of the peak height of reduction of the copper complex 
on the preconcentration time and preconcentration potential are discussed. Optimum experimental 
conditions include 0.0 1 M HOAc, O.OlM NaOAc, 1 .O x lO-‘j Reryllon III and a preconcentration potential 
of 0.10 V (vs. SCE). Under these conditions the detection limit and the linear range are 4 x lo-“M and 
6 x lo-“-4 x lo-‘M, respectively. The method was applied to samples of digested rice. 

Of the methods for determination of trace 
copper by electrochemical analysis, anodic 
stripping voltammetry is usually used. Since its 
anodic peak is near the peak of oxidation of 
the mercury, determining copper is not any 
more sensitive than other heavy metals, such 
as zinc, cadmium and lead. Another disadvan- 
tage of anodic stripping voltammetry for the 
determination of copper is interference of metal 
ions, in particular, Zn(II), due to formation of 
intermetallic compounds in amalgams. Adsorp- 
tion voltammetry is well suited to the determi- 
nation of trace copper ion through its complexes 
with CNS-,’ catechol,2*3 8-hydroxyquinoline4 
and thiorea.’ Usually, the limit of detection of 
these methods is 10-*-10-9M. Of these 
methods, the adsorption voltammetry of the 
Cu(II)-catechol system is the most sensitive and 
the limit of detection is as low as 6 x IO-“M. 
However, the disadvantage of using catechol 
to determine copper lies in its instability 
against oxidation by dissolved oxygen.3 The 
stock solution needs to be prepared freshly 
every day. 

More recently an ultra-trace electroanalytical 
method for the determination of inorganic 
ions, e.g., cobalt,6 nickel,* iron,’ bismuth* 
and beryllium,’ called derivative adsorption 

*Author for correspondence. 

chronopotentiometry has been proposed. This 
method is similar to chronopotentiometry 
stripping analysis, and its theory has been 
reported. ‘O In this method, instead of electro- 
lytic accumulation, inorganic complexes can be 
accumulated by adsorption like adsorption 
voltammetry, and the derivative of time with 
respect to potential is then recorded. The peak 
height (dt/dE), of the curve, adsorption 
chronopotentiogram, can be written as the 
following equationrO 

(dt/dE), = Kt,c/i, (1) 

where K is a constant, te is the preconcentration 
time, i, is a constant reducing current and c 
is the concentration of adsorbed complex in 
the solution which is proportional to the 
concentration of metal ion. 

In this paper the derivative adsorption 
chronopotentiometry of copper in the presence 
of 4-[ (4diethylamine-2-hydroxyphenyl)azoJ-5- 
hydroxy-naphthalene-2,7-disulphonic acid 
(Beryllon III) at a hanging mercury drop elec- 
trode (HMDE) was developed. The limit of 
detection of the method is as low as 4 x lo-I’M. 
Except for the lower limit of detection, another 
advantage of the method is that the ligand 
(BerylIon III) is stable in the stock solution 
which can be stored for at least one month at 
room temperature. 

1221 
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EXPERIMENTAL 

Apparatus 

A Model DPSA-3 stripping analyser (Shan- 
dong Seventh Electronic Factory, China) for 
derivative adsorption chronopotentiometry 
coupled with a Model LZ3-200 X-Y recorder 
(Shanghai Dahua Instrument Factory, China) 
was used in connection with a cell, using 
potentiostatic control of the electrode potential 
by means of a three electrode system 
consisting of a Model SH-84 HMDE (Depart- 
ment of Chemistry, Shandong University, 
China) as the working electrode, a platinum 
plate as the counter electrode and a saturated 
calomel electrode (SCE) as the reference 
electrode, connected to the analyte via a salt 
bridge filled with O.OlM HOAc +O.OlM 
NaOAc. In the preconcentration step, the 
solution was stirred with a PTFE-covered 
stirring bar, rotated by a Model MCP-IT 
magnetic stirrer (Shandong Seventh Electronic 
Factory, China). 

Reagents and solutions 

A 1 x lo-‘M stock solution of Cu(I1) was 
prepared by dissolving an appropriate amount 
of metal copper in 1: 1 HNO,. The solution was 
then evaporated in a sand-bath until white 
smoke appeared. The solution was transferred 
to a 1 1 standard flask. The standard solution 
was obtained by diluting the stock solution with 
water. A 5 x 10m4M stock standard solution of 
Beryllon III was prepared by dissolving an 
appropriate amount of Beryllon III in water. 
Other reagents were of analytical-reagent grade 
and all solutions were prepared with triply 
distilled water. 

Procedure 

The supporting electrolyte consisted of O.OlM 
HOAc + O.OlM NaOAc. The solution was 
deaerated for 15 min with pure nitrogen. The 
measurements were carried out after a precon- 
centration step in which the solution was 
usually stirred for 60 set at a preconcentration 
potential, E,, of 0.10 V (us. SCE). After a 
rest period of 30 set, the potentiostatic circuitry 
was disconnected and a constant reducing 
current, i,, of 1 PA or 0.1 PA was passed 
through the HMDE and the counter electrode. 
The plot of dt/dE vs. E was stored in the 
stripping analyser and plotted subsequently. 
All potentials were measured against the 
SCE. 

RESULTS AND DISCUSSIONS 

Derivative adsorption chronopotentiogram of the 
Cu(II) complex with Beryllon III adsorbed on the 
HMDE 

The structure of Beryllon III, L, is 

In HOAc + NaOAc solution, it can form a 
complex with Cu(II), CuL, which is reduced at 
a mercury electrode” according to the following 
scheme, 

Cu(II)L + Hg$Cu(II)L(ads)(Hg) (1) 

Cu(II)L(ads) (Hg) + 2e---r 

Cu(O) (Hg) + L(ads) (2) 

Figure 1 reproduces the derivative chronopo- 
tentiogram of Cu(I1) (curve 1) and the deriva- 
tive adsorption chronopotentiograms of 
Beryllon III (curve 2) and its complex with 
Cu(I1) (curve 3). Cu(I1) produces a diffusion- 
controlled peak at about -0.04 V in the sup- 
porting electrolyte. In 1 .O x 10e6M Beryllon III 
and the supporting electrolyte, one peak ap- 
pears in the potential range from 0 to - 1.0 V, 
the potential of the peak is -0.26 V. When 
5.0 x lo-*M Cu(I1) is added into the solution, 
a new peak appears at a position between the 
peak of reduction of Cu(I1) and that of Beryllon 
III with the peak potential of -0.13 V and the 
peak height of reduction of Beryllon III de- 
creases. It is the result of reduction of the Cu(I1) 
complex with Beryllon III adsorbed on the 
electrode. The relationship between the peak 
height and the preconcentration time, t,, is 
shown in Fig. 2. The peak height increases with 
increasing t,, when t, > 240 set, the straight line 
begins to deflect, this means that the Cu(I1) 
complex can be adsorbed on the surface of the 
electrode. The adsorptivity of the complex on 
the surface of the HMDE is dependent on the 
preconcentration potential, E, . The relationship 
between the peak height, (dt/dE),, and E, is 
shown in Fig. 3. The adsorption is stronger in 
the potential range 0.15-O V. 

Optimum experimental conditions 

Figure 4 shows the dependence of the peak 
height of reduction, of the Cu(I1) complex ad- 
sorbed on the electrode, on the concentration of 
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0 -0.1 -0.2 -0.3 

E/v VI SCB 

Fig. 1. Derivative chronopotentiogram of Cu(II) and derivative adsorption chronopotentiograms of 
Reryllon III and its complex with Cu(I1). (1) 2.5 x 10W5M Cu(I1); (2) 1.0 x 10e6M Reryllon III; 
(3) (2) + 5.0 x 10W3M Cu(II). O.OlM HOAc + O.OlM NaOAc. Sensitivity of the analyser is 60; sensitivity 

of the recorder is 50 mV/cm; E, = 0.10 V; i,, = 1 PA; (I), (2) 1, = 60 set, (3) t, = 360 sec. 

NaOAc (curve 1) and HOAc (curve 2). NaOAc 
(O.OlM) and HOAc (O.OlM) were chosen in our 
experiments as supporting electrolytes. 

It was found that the optimum concentration 
of Beryllon III is different for different 
concentrations of Cu(II), if the concentration of 
Beryllon III is too high, the peak height of the 
complex decreases because of the adsorption 
competition of Beryllon III; if the concentration 
of Beryllon III is too low, the peak height of the 
complex decreases too, because not all the 
Cu(I1) can form the complex with Beryllon III. 
The optimum concentrations of Beryllon III 
are 2 x IO-*it4 for l-10 x lo-‘OM Cu(II), 
4 x 10V7M for l-10 x 10P9M Cu(I1) and 
1 x 10e6M for 10~*-4 x 10e7M Cu(I1). 

Linear range, detection limit and reproducibility 

The peak height (dt/dE), of the derivative 
adsorption chronopotentiogram is dependent 
on the reducing current, i, . The smaller i, is, the 
higher the peak height,” so we used i, = 0.1 PA 

60- 

40- 

20- 

I 
OO 

I I I I 
100 200 300 400 

Fig. 2. Relationship between the peak height of the adsorbed 
complex and the preccncentration time. Sensitivity of the 

analyser is 5, other conditions as in Fig. 1, curve 3. 

to obtain the linear range and detection limit. 
The linear range of derivative adsorption 
chronopotentiometry is 6 x lo-“-7 x lo-‘OM 
Cu(I1) for 2.0 x 10-8M Beryllon III, 
1 x 10e9-1.8 x lo-*M Cu(I1) for 4.0 x 10P7M 
Beryllon III; 9 x 10m9-4 x 10m7it4 Cu(I1) for 
1.0 x 10e6M Beryllon III. The detection limit of 
the method is 4 x lo-“M with a preconcentra- 
tion time of 200 sec. Figure 5 shows the adsorp- 
tion chronopotentiograms of the Cu(I1) 
complex with Beryllon III at lower concen- 
trations. For comparing, the derivative anodic 
stripping chronopotentiogram of Cu(I1) at 
ta = 120 set and the derivative adsorption 
chronopotentiogram of Cu(I1) complex with 
Beryllon at t, = 60 set at the same concentration 
are plotted in Fig. 6. It is obvious that the 
present method is more sensitive. The precision, 
calculated from 10 successive measurements of 
5 x lO-BM Cu(I1) is 2.6%. 

a 
P 

Q 
3 

I ’ I I I I I 
0.2 0.15 0.1 0.05 0 -0.05 

E./v vs SCE 

Fig. 3. Dependence of the peak current of reduction of 
the adsorbed Cu(II)-Reryllon III on the preconcentration 
potential, I, = 60 set, other conditions as in Fig. 2 except for 

4. 
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1 

s l--l 14 

6 12 

Fig. 4. Relationship between the peak height of the adsorbed 
complex and the concentration of HOAc and NaOAc, (1) 
O.OlM HOAc; (2) O.OlM NaOAc, E, = 0.10 V, other con- 

ditions as in Fig. 3. 

Analytical application 

The interference of Zn(I1) with Cu(I1) is a 
difficult problem in anodic stripping voltam- 
metry due to their intermetallic bonding in 
amalgam. In the derivative adsorption chro- 
nopotentiometry mentioned above, a 200-fold 
excess of Zn(I1) does not interfere with the 
peak of reduction of the Cu(I1) complex with 
Beryllon III adsorbed on the surface of the 
HMDE, because the accumulation occurs on 
the surface of the electrode, not on the inside of 

-*- -0.1 -0.12 -0.14 . . -0.12 -0.14 -0.16 

B/v vs. SCB 

Fig. 5. Derivative adsorption chronopotentiograms of 
Cu(II) complex with Beryllon III, (1) 6 x IO-“; 
(2) 1 x IO-lo; (3) 2 x 10-‘“M Cu(I1). 2 x lo-*M Beryllon 
III, E,=O.lO V, f,=200 set, i,=O.l /IA, O.OlM 
HOAc + O.OlM NaOAc. Sensitivity of the analyser is 5. 

the electrode for derivative adsorption 
chronopotentiometry. 

Experimental results show that a lOO-fold 
excess of Ni(II), Bi(III), Co(I1) and Mn(II), a 
200-fold excess of Zn(II), Cd(II), Sb(II), Pb(II), 
As(V), Mg(I1) and Fe(II1) and large amounts of 
Ca(II), Ba(II), Al(III), Na(I), K(I), Se-, 
PO:-, Cl- and NO; do not interfere with the 
determination of Cu(I1). For usual biological 
samples, Cu(I1) can be determined directly after 
digestion. 

Samples of rice were digested with an electric 
oven prior to adsorption chronopotentiometric 
determination. The procedure is as follows: 
ca. 0.1 g samples of rice were weighed to an 
accuracy of 0.1 mg in individual lo-ml quartz 

JL I 3cm 

2 

I 1 I I I I I 
0 mu 4.08 0.12 a16 -0.7. 

B/V VI. SCB 

Fig. 6. Comparison between (1) derivative anodic stripping chronopotentiogram of Cu(I1) and (2) 
derivative adsorption chronopotentiogram of Cu(II) complex with Beryllon III. O.OlM HOAc + O.OlM 
NaOAc, i,, = 0.1 PA, sensitivity of the analyser is 30. (1) 1.86 x lo-*M Cu(II), E. = -0.60 V, r, = 120 

set; (2) 1.86 x lo-*M Cu(II) + 1.0 x 10e6M Fleryllon III,& = 0.10 V, r, = 60 sec. 
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Table 1. Results of the determination of copper in samples 
of rice 

Sample 

RiCeA 
R&B 

Content determined Content determined 
by DACR (pgcglg) by DAgCB &g/g) 

7.28 7.45 7.33 7.37 7.44 7.53 
7.80 7.88 7.93 7.90 7.87 7.98 

crucibles. They were placed on a big clean 
culture dish to avoid contamination from the 
electric oven during digestion. Nitric acid (500 
~1) was added to each, and then the crucibles 
were covered overnight. The quartz crucibles on 
the culture dish were heated slowly for about 
5 hr with an electric oven until the yellow smoke 
disappeared. Then 1 ml of perchloric acid 
was added to each and the sample solution was 
digested further until the sample solution was 
colourless. The solution was cooled, the cover of 
the crucible was washed with triply distilled 
water and the sample solution was then evapor- 
ated to dryness. The remaining substance 
should be white. After cooling it to room tem- 
perature, water was added and the remaining 
substance was dissolved. Then the solution was 
transferred into a 50-ml standard flask and 
diluted to the mark with water. A 5-ml sample 
solution was transferred to a 25-ml standard 
flask containing appropriate amounts of HOAc, 
NaOAc and Beryllon III. Then the solution was 
diluted to the mark, which contained O.OlM 
HOAc, O.OlM NaOAc, 1 x 10m6M Beryllon III 
and Cu(I1). 

After the solution was transferred to a cell, 
the derivative adsorption chronopotentiogram 
of Cu(II)-Beryllon III was recorded by the 
method above. 

Typical results obtained by derivative adsorp- 
tion chronopotentiometry with two successive 
standard additions for samples of rice are 
summarized in Table 1. The results from the 
determination of Cu(I1) by derivative adsorp- 
tion chronopotentiometry (DACP) are in 
agreement with the data obtained by deriva- 
tive anodic stripping chronopotentiometry 
(DASCP). The recovery of added copper was 
102-106%. 

1. 
2. 

3. 
4. 
5. 

6. 

7. 
8. 
9. 

10. 
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DETERMINATION OF MANGANESE(I1) 

KONSTANTIN B. YATSIMIRSKII, PETER E. STRIZHAK* and TATYANA S. IVASCHENKO 

Institute of Physical Chemistry, Academy of Sciences of Ukraine, pr. Nauki 31, Kiev, 252028, Ukraine 

(Received 18 August 1992. Revised 15 February 1993. Accepted 15 February 1993) 

Sammary-A new method for the determination of trace amounts of manganese(B) in aqueous solutions 
by its affect on some types of the chaotic regimes in the Relousov-Zhabotinskii reaction has been 
proposed. The method is based on the high sensitivity of some types of chaotic regimes of the BZ reaction 
to small perturbations of initial conditions (e.g., low concentrations of some metal ions). The experimen- 
tally obtained detection limit for manganese is 3 pg/ml. 

The kinetic methods of analysis are of interest 
for the determination of trace amounts of differ- 
ent substances and are widely used for quanti- 
tative determination of low concentrations of 
different compounds in solution, among them 
metal ions.‘-’ The basis of kinetic methods 
utilizes the ability of a substance to be analysed 
in order to change the kinetic parameters of a 
chemical reaction. The choice of such a reaction 
suitable for the determination of a given com- 
pound is determined primarily by picking a 
regime of chemical process. It was found that 
chemical reactions can possess different dy- 
namic regimes, for example, monotonic, regular 
oscillations, quasi-periodicity, chaos etc.6-8 

Among them, only monotonic regimes are 
widely used in kinetic methods for chemical 
analysis. 

The first paper concerning the use of regular 
chemical oscillations for the determination of 
trace amounts of ruthenium(II1) ions was pub- 
lished in 1978.g After this several studies on the 
possibility of analytical applications of chemical 
oscillations have been performed.3JS’2 How- 
ever, there is no information at the moment on 
analytical applications of chemical chaos (irreg- 
ular, unpredictable chemical dynamics) except 
for some general theoretical discussions.‘3-L4 A 

comprehensive discussion on chaotic chemical 
reactions and proposed models has been pub- 
lished.6*‘5-‘8 The chaotic dynamics are built up 

*Author to whom correspondence should be addressed. 

by the expanding and folding processes of 
chaotic orbits, i.e., the path of the chemical 
system in its phase space with the coordinates 
represented by chemical species concentrations, 
and may be described in terms of the local 
expansion rates of nearby orbits.‘8-20 A useful 
quantity for the description of their structures 
has recently turned out to be given by the largest 
Lyapunov characteristic exponent.‘s-22 The dis- 
tinguishing feature of chaotic process is its high 
sensitivity to initial experimental conditions.‘“2 
For example, for the Belousov-Zhabotinskii 
(BZ) reaction such sensitivity is observed exper- 
imentally near the bifurcation point or when the 
reaction proceeds into chaotic regimes.‘7p2S24 

EXPERIMENTAL 

Reagents 

All reagents were of analytical grade and 
doubly distilled water was used for dilutions. 
Aqueous ferroin solution was prepared by the 
use of the standard method.25 

Apparatus 

Studies were carried out with a 100 ml reac- 
tor. The reactor was placed in a constant tem- 
perature bath with T = 21 f O.O5”C, stirring 
rate was 2000 rpm for a volume of 40 ml in all 
experiments. The state of the system was fol- 
lowed by measuring the potential of a platinum 
electrode using a silver-silver chloride electrode 
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Fig. 1. The P&electrode potential-time dependence of the BZ reaction with the following initial 
concentrations (T = 294 K): &BrO&, = 0.115M: &SO& = 0.32M; [malonic acid], = 0.68M; [fer- 

roin], = 1.7 x 10e3M. 

as reference. The potential was recorded as a 
function of time on Radelkis x-r recorder. 

Analyses of the time series obtained were 
carried out on a IBM PC/AT compatible com- 
puter. All programs were written in-house based 
on the Borland Turbo Pascal system version 
3.01A. The reconstruction of phase portraits 
was adapted from the Packard and Crutchfield 
algorithm in three-dimensional space, with a 
time delay of 3 set from the obtained Pt elec- 
trode time series.2c2* The largest Lyapunov 
characteristic exponent for each time series was 
calculated in reconstructed three-dimensional 
phase space by using the Wolf algorithm with 
accuracy of approximately 7% .2g 

Procedures 

Determination of manganese(I1) concen- 
tration in aqueous solution was carried out 
using 0.1 ml of aqueous solution of mangane- 
se(I1) sulphate added to 39.9 ml of the BZ 
reaction mixture 30 set after its preparation. 
The Pt electrode potential was recorded to the 
end of the chaotic regime. The mixing solutions 
were chosen so that in the final solution the 
reagents were in the following concentrations: 
[KBrO,], = 0.115M; [H, SO& = 0.3244; 
[MA], = 0.68M (malonic acid); C,, = 1.7 x 10M 
(ferroin). The Lyapunov exponent (A,) and time 
interval from the starting point to the first 
maximum of potential-time dependent (Ti, see 
Fig. 1) were calculated from the obtained time 
series. 

The calibration was obtained from the plot 
AL T,-Log C,, of different concentrations of 
manganese(I1). 

The determination of manganese(I1) trace 

concentrations can be carried out by using the 
above method and the obtained calibration. 

The concentrations of KBrO,, H,SO, and 
malonic acid were kept tied throughout the 
series of measurements. 

The typical view of the Pt electrode potential 
oscillations is presented in Fig. 1. The Pt elec- 
trode potential oscillations have a relaxed char- 
acter, i.e., they consist of very fast jumps in 
potential followed by a slower decrease. How- 
ever, in spite of the regular and pseudoregular 
oscillations, its amplitudes and “periods” (i.e., 
the times between maxima) were not constant. 
These oscillations are not periodic but chaotic.16 
Certainly, the behaviour of the chaotic chemical 
system is not reproducible, but, in contrast to 
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Fig. 2. The dependence of the largest Lyapunov character- 
istic exponent with respect to the initial ferroin concen- 
tration for the BZ reaction (other experimental conditions 

are as in Fig 1). 
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Fig. 3. The dependence of values of 1,l;. with respect to changes in initial time concentration of 
manganese(I1) for BZ chaotic reaction with the following initial ferroin concentrations (other experimental 
conditions are analogous to Fig. 1): A--[ferroin], = 8.7 x lo-‘M; B-jferroinl, = 1.25 x IO-‘M; C--[fer- 

rain], = 1.7 x lo-‘M; D+ferroin], = 5 x 10m3M. 

the P&electrode potential time dependence, the 
statistical characteristics (for example, the prob- 
ability density, and fractal dimension) of chaotic 
motion are reproducible. 

RESULTS AND DI!KU!SSION 

The possibility of an analytical application of 
chemical chaos may be based on the definition 
of the largest Lyapunov characteristic exponent 
which can be represented by the following 
expression:‘“2+3’ 

AL = lim l/t Log ~cW(~)/CW(O)/ (1) r-C.3 

where 6X(O) is almost any initial perturbation of 
the starting point X(0) in the phase space of the 
chemical system, and &Y(t) describes its evol- 
ution in time. In general, the complex chaotic 
chemical reaction is characterized by a great 
number of chemical species. So we have no 
practical possibility for constructing a chaotic 
attractor from experimental data by using the 
values of concentrations of all chemical species, 
but we may construct this attractor from the 
values of a single variable (in our case, the 
Pt-electrode potential) at different times, E(t), 
E(t + At), E(t + 2At), . . . , i.e., from the exper- 
imentally obtained time series.zCz* For the deter- 

Table 1. Determination of manganese@) in aqueous solutions by the use of the calibration represented in Fig. 3(C) 

Amount of Added 7.5 x 10-r 1.1 x 10-s 4.3 x 10-e 3 x 10-7 
manganese (g/ml) Found (7.5 f 1) x 10-S (9 f 2) x IO-’ (4 * 2) x 10-e (5 f 4) x lo-’ 
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Table 2. The values of determined parameters for chaotic 
BZ reaction for different experiments with initial conditions 

as in Fig. 1 

1, (set-‘) Ti (set) 1,. r, 

0.010 165 1.65 
0.008 208 1.66 
0.012 142 1.70 
0.008 197 1.58 
0.006 266 1.60 
0.014 113 1.58 

mination of the largest Lyapunov characteristic 
exponent the following expression was usedz9 

4 = ll(tM - t0) F L”iS(L’(ti)/L(ti- 1)) C2) 
i= I 

where t(t) is a distance (in the Euclidian sense) 
between two nearest points in constructed phase 
space and L’(t) is its evolution after the time 
interval At. Three-dimensional phase space is 
required for the determination of I, for the BZ 
reaction.‘s-‘8 Notice that the largest Lyapunov 
characteristic exponent is positive only for 
chaotic regimes.18 

Let us consider the case of small perturbation 
of the initial conditions of a chemical system by 
the addition of a trace amount of a given 
compound (with concentration C in the system). 
In this case the chemical system is perturbed by 
the variation in the initial conditions, i.e., in (1) 
we can make the substitution of C for 6X(O) and 
obtain the following expression 

L,-;Log; 

where T is a suitable chosen characteristic time 
of the chemical system, and X is an average 
value of 6X(t), which depends on the value of 
T. This relation gives the following expression 
for the correlation between C and 

LogC-y -&T (3) 

where the constant y is dependent on X. 
The possibility of the analytical application of 

chemical chaos on the basis of the expression (3) 
was verified by the investigation of the influence 
of trace amounts of manganese(I1) on the tran- 
sient chaotic dynamics in a BZ reaction (L’S’ 
regime). It was estimated that the existence of 
the linear AL T - Log CM, plot occurs only if the 
characteristic time interval (T) is the time inter- 
val from the starting point to the first maximum 
of the time-dependent potential (Ti, see Fig. 1). 

It is necessary to know the largest Lyapunov 

characteristic exponent for such an investi- 
gation. Figure 2 shows the plot of & us. the log 
of the concentration of the catalyst (ferroin) in 
the BZ reaction. The typical feature of this 
dependence lies in the large changes of Izr values 
caused by the small changes in ferroin concen- 
trations. This is a result of the high sensitivity of 
quantitative parameters of the chaotic process 
to small variations in the experimental con- 
ditions. It follows from Fig. 2 that it is possible 
to vary the value of ,& (i.e., the sensitivity of the 
chemical system) through the variation of the 
ferroin initial concentration in the BZ reaction. 

The plots of i,Ti values US. the log of the 
manganese(I1) concentrations are shown in Fig. 
3. It follows from the data presented in Figs 2 
and 3 (A) that the dependence observed is not 
linear in the case of large values of A,. So the 
relationship (3) is not valid and linear cali- 
bration can not be obtained in the range of the 
maximal sensitivity of chaotic process. 

Figures 3(B) and 3(C) show the possibility of 
obtaining the linear calibration. It follows from 
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Fig. 4. The dependence of a sensitivity (A) and theoretically 
attainable detection limit (B) with respect to initial ferroin 
concentration for BZ reaction (experimental conditions are 

as in Fig. 1). 
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Fig. 2 that the expression (3) is valid in the case of 
intermediate values of &. The chaotic system 
loses its sensitivity when the largest Lyapunov 
characteristic exponent decreases to zero. This is 
illustrated by the data represented in Fig. 3(D). 
Hence the analytical application of chemical 
chaos is possible only in the case of intermediate 
sensitivity. This holds for investigated chaotic 
reaction at C,, = (1 - 2) x lo-3iw. 

It follows from Fig. 2 that the optimal con- 

following expression 

;1L c = a Log(C,,/C~,). (4) 

The calculation of the parameters a and Crt;, 
was performed by using the extrapolation of the 
linear portions of the 1, K-Log C,, plots in 
Fig. 3. 

ditions for the linear RL Ti - Log C,, plot can 
exist also in the case where C,, n* 3.2 x 10m4M. 
However, linear correlation was not found in this 
region. Maybe it is due to the short time when the 
chaotic process exists for such ferroin concen- 
trations. 

It follows from data presented in Fig. 3 that the 
II, T. - Log C,, is linear in a narrow region of the 
initial ferroin concentration. This creates the 
possibility of an analytical application of the 
method developed for the dete~iMtion of trace 
amounts of manganese(I1). The results of such a 
determination are shown in Table 1, 

The question about the reproducibility of data 
obtained, appears to be due to high sensitivity of 
chaotic regimes and their irreproducibility. It 
follows from our experiments that small acciden- 
tal variations of the experimental conditions may 
cause great variations of the valdes of & and Ti, 
but its product is practically constant (Table 2). 

The parameters a and C&, characterize the 
~nsiti~ty and theoretical attainable detection 
limit, respectively. This is, of course, a tentative 
estimation of the values for C,, < 10V3Mbecause 
in this case only initial portions of plots were 
chosen. The influence of the starting ferroin 
concentration (bifurcation parameter that deter- 
mines the value of &) on the sensitivity and the 
detection limit is illustrated by Fig. 4. These plots 
show that the sensitivity and the value of 
Log C& vary qualitatively in a similar manner 
according to the bifurcation parameter. The 
maximum sensitivity and the minimum detection 
limit are reached in the case of C,, = 1.25 x 
10-3M. Notice that it follows from the general 
run of the curve represented in Fig. 4(B) that the 
value of the theoretical attainable detection limit 
is approximately IO-“M. 

CONCLUSIONS 

The results obtained allow the discussion of 
the principal possibility of the chemical chaos 
analytical application on the basis of expression 
(3). In general, the existence of the chaotic 
strange attractor (SA) for a chemical system is a 
condition of the existence of regions with 1, > 0 
in the phase space. The variations of the initial 
conditions in a given chemical system [in our 
case, by the addition of trace amounts of man- 
ganese(II)] give rise to the displacement of the 
starting point in phase space. Hence the possi- 
bility of the existence of the linear AL T,-Log C 
plot is determined by the relative positions of the 
starting point, regions where & > 0, and SA in 
the phase space of an oscillating chemical system. 
In general, such a possibility cannot be predicted 
because the regions AL > 0 and SA are not con- 
tinuous and are characterized by a fractal struc- 
ture. So the trajectories of evolution of the system 
flow alte~atively diverging and converging.‘&** 

On the basis of results obtained we may formu- 
late some conditions for the realization of the 
analytical application of chemical chaos. 

(1) A substance to be determined must be 
involved in the chemical reactions with the com- 
ponents of the chaotic chemical system and must 
cause a change in the rates of their accumulation 
or degradation. 

(2) The addition to chaotic chemical system of 
a substance to be determined must not lead to 
any bifurcations of the regimes observed. 

(3) The optimal conditions for the existence of 
a suitable linear calibration are determined by 
the existence of a lower limit of ,&, beyond which 
the system loses its sensitivity, and by the exist- 
ence of a higher limit of 2, above which the 
behaviour of the system is irreproducible. 

(4) The parameters (in our case, characteristic 
time of the evolution of system and largest Lya- 
punov characteristic exponents) may be irrepro- 
ducible but some combinations of them (for 
example, their product) must be reprodu~ble. 

Let us consider the sensitivity and the detec- Hence, in this work we developed a method for 
tion limit of the manganese determination by the determination of trace amounts of mangane- 
proposed method. It follows from data rep- se(I1) that is rather complicated and cumber- 
resented in Fig. 3 that linear portions of the some. However, the principal significance of such 
It, &-Log C,, plots can be described by the an approach is the illustration of the possibility 
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of analytical applications of some types of 
chemical chaos. Such an application enables the 
determination of trace amounts of mangane- 
se(I1) due to the high sensitivity of chaotic 
regimes to initial conditions. We found exper- 
imentally that the detection limit is approxi- 
mately 3 pg/ml for the determination of 
manganese(I1). There does not appear to be a 
lower limit for this method. We emphasize that 
the detection limit, obtained by using the tra- 
ditional kinetic methods, is approximately 
100 pg/ml. 

In addition, the approach developed in this 
work can be used for the determination of trace 
amounts, not only of manganese, but of other 
metal ions as well. Such a possibility remains to 
be verified. 
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Summary-Novel polysiloxanes, with 4-(dialkylamino)pyridine substituents, are characterized by 
pyrolysis tandem mass spectrometry. These polymers form abundant cyclic oligomeric ions under both 
desorption electron ionization (DEI) and desorption chemical ionization (DCI) conditions. Product 
MS/MS spectra of the cyclic ions reveal characteristic fragmentations under low energy collision activated 
dissociation. Protonated cyclic oligomers higher than the pentamer are mainly due to the proton bound 
dimers of lower oligomeric units. The cyclic oligomers are shown to have proton al5nitie.s greater than 
1000 Id/mole. It is proposed that thermal depolymerixation occurs through an intramolecular siloxane 
bond rearrangement, which is in agreement with a previously proposed “loop mechanism”. Markovian 
statistical calculations are applied to the DC1 mass spectral data in order to determine the sequence 
distribution of siloxane copolymers. Application of this method show that the monomers in the 
copolymers examined are non-randomly distributed. 

Mass spectrometry is widely used for direct 
analysis of polymers.‘-9 Increasingly, the 
combination of tandem mass spectrometry 
(MS/MS)‘“*” and desorption ionization tech- 
niques” has been used in the characterization of 
polymers, including biopolymers present in 
mixtures.‘“O Some of these MS/MS studies 
involve chemical degradation’6’8 but most uti- 
lize thermolysis in conjunction with ionization 
in the mass spectrometer. The advantages of 
pyrolysis/tandem mass spectrometry include 
speed, sample economy and simplicity. 

The importance of determining monomer 
distributions in copolymers, together with 
recent successes achieved in characterizing 
alkylisocyanates” by a combination of pyrolysis 
tandem mass spectrometry and DCI, encourage 
further application of this method to other types 
of copolymers. An important question is 
whether a copolymer has a random or a non- 
random arrangement of monomers. The data 
from such experiments were compared with 
statistical (Bernoullian) calculations in a pre- 
vious pyrolysis DC1 study on alkylisocyanate 

*Author for correspondence. 

copolymers. I3 The monomer distribution in 
random co-polymers has also been calculated by 
a simple method due to Price2’ and compared 
with chemical degradation and FAB-MS data 
to describe the sequence distribution of co- 
polyester8 and poly(/?-hydroxybutyrate-co$- 
hydroxyvalerate)?3 In both cases the polymers 
gave results which were consistent with a 
random distribution of monomers. 

Polysiloxanes are well recognized for their 
useful physical and chemical characteristics, 
viz., good chain flexibility, low-temperature 
elasticity, low viscosity, permeability, hydro- 
phobicity, low entropies of dilution, thermal 
stability and stability towards thermal oxi- 
dation. Owing to these useful properties, 
polysiloxanes are of commercial importance as 
synthetic polymers.24-30 Some of their common 
uses are as membranes, electrical insulators, 
high performance-elastomers, synthetic lubri- 
cants, coolants, plastics, brake fluids, sealants, 
surfactants, water repellents, adhesives, dielec- 
tric fluids, artificial organs and contact lenses. 

This study includes structural and sequence 
analysis of a new class of polysiloxanes 
functionalized with 4-(dialkylamino)pyridines. 

1233 
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4-(Dialkylamino)pyridines are well known as 
highly active nucleophilic catalysts for a variety 
of reactions, viz., alkylation, acylation, phos- 
phorylation, silylation, esterification, poly- 
merization and redox reactions.3’v32 The 
polymers used in this study retain the desirable 
properties of polysiloxanes as well as the 
catalytic properties of 4-(dialkylamino)pyri- 
dines. Their structures are shown below. 

polymer II 

Unit m/z 

Y 74 
2 208 
R 149 

Polymer-I is a homopolymer containing 
methyl 3 - [N -methyl - N - (4 - pyridinyl)amino] 
propylsiloxane monomer (Z) units and was 
synthesized by hydrolytic polycondensation of 
4-[N-(3-diethoxymethylsilyl)propyl]-N-methyl- 
aminolpyridine with a strongly basic cata- 
lyst.3’*32 Polymer II is a copolymer containing 
dimethyl siloxane (Y) and Z monomer units and 
was synthesized by polymerization of oc- 
tamethylcyclotetrapolysiloxane (tetramer) and 
4-[N-(3-diethoxymethylsilyl)propyl]-N-methyl- 
amino]pyridine in a molar ratio of 1:4, 
respectively. The sequence distribution of these 
copolymers prepared by such polymerization 
methods can be predicted based on the concen- 
tration and the functionality of the different 
pre-polymeric units. For example, ring opening 
copolymerization of octamethylcyclotetrasi- 
loxane (1 mole) with 4-[N-(3-diethoxymethylsi- 
lyl)propyl]-N-methylaminopyridine (1 mole) 
should yield a copolymer with a block of four 
Y units along with randomly distributed Z 
single units along the polymer chain. However, 
redistribution reactions occurring under 
equilibrium conditions might change the 
expected sequence. 

It is well known that siloxane polymers 
equilibrate under the influence of a catalyst or 

heat to produce a thermodynamically controlled 
distribution of ring and chain molecules.33*” 
Furthermore, these polymers, upon heating in a 
vacuum, depolymerize to smaller cyclic 
molecules of varying sizes. Ballistreri and 
coworkers” have studied the thermal decompo- 
sition mechanism of polydimethylsiloxane 
(PDMS) using pyrolysis mass spectrometry. 
Although no intact cyclic ions were observed in 
the mass spectrum, they interpreted the 
fragment ions as originating from the cyclic 
neutral molecules. The very rapid heating 
employed in the DC1 technique is known to 
yield higher mass molecular ions in other classes 
of compounds without causing significant 
fragmentation. 36 The redistribution of monomer 
units during mass analysis is also highly improb- 
able under these non-equilibrium conditions. 
Therefore, DC1 mass spectral data, with the 
help of statistical methods, are expected to 
provide information on the sequence distri- 
bution of copolymers. The polymers investi- 
gated are potentially useful as artificial 
enzymes,37 and their catalytic properties depend 
on the polymer micro-environment at the 
reactive sites which, in turn, depend on their 
structural arrangements.3’*32*37 Thus, structure 
elucidation and sequence distributions of these 
macromolecules have direct significance. 

The specific objectives of this study are to (i) 
characterize polymers I and II using DEI, DC1 
and MS/MS, (ii) study the ion chemistry of 
these novel siloxanes, and (iii) develop a general 
mass spectrometric method for sequence 
distribution of siloxane copolymers. 

EXPERIMENTAL 

Experiments were performed using the 
Finnigan TSQ 700 mass spectrometer. All 
samples were dissolved in methanol or methyl- 
ene chloride, transferred to the loop of rhenium 
wire filament of the direct insertion probe, and 
dried before introduction into the ion source. 
The amount of sample on the probe tip was 
approximately 0.5 pg. Samples were pyrolyzed 
by heating the probe from 30 to 800” at a rate 
of 17O”C/sec. At this heating rate, desorption of 
the sample starts when the temperature of the 
filament is approximately 200” and continues 
until the temperature is 700”. The filament was 
held at 800” for 5 set and then at 1200” for 
another 5 set at the end of each ramp. These 
times had no effect on the spectra because the 
sample completely desorbs before it reaches 
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800”. However, over the temperature range 
30-800”, the heating rate should be sufficiently 
high (lOO”C/sec and above) to minimize 
thermally induced decompositions. At lower 
rates, the DC1 ion abundances of lower proto- 
nated oligomers increase at the expense of 
higher oligomers, indicating that thermal 
decompositions of higher oligomers occur. The 
scan speed of the quadrupole was typically 1000 
amu/sec. This allows the data system to average 
3-4 scans covering a range of 1000 amu during 
sample desorption. The signal-to-noise ratio can 
be improved by narrowing the mass range and 
keeping the scan speed constant. Temperatures 
of the ion source and the manifold were 150 and 
70°C respectively. Electron energy was 20 eV 
during DE1 and 70 eV during DCI. The filament 
emission current was 0.2 mA. Isobutane was 
used as the reagent gas for chemical ionization 
at a pressure of 0.5 torr. Argon was used as 
collision gas for MS/MS experiments at a 

pressure of 2.0 x 10e3 torr measured using an 
ion gauge connected to the collision cell. 
Polydimethylsiloxane (PDMS; average molecu- 
lar weight distribution, 11400) was obtained 
from Htils America, Inc. Bristol, PN. 

RESULT!3 AND DISCUSSION 

The 20 eV DE1 mass spectra of polymer I and 
II are shown in Fig. 1. Note that in all the 
figures only the ‘2C’H isotopic peaks are indi- 
cated. Ions corresponding to the intact cyclic 
oligomers, the trimer (m/z 624) and tetramer 
(m/z 832), occur in both spectra. The base peak 
in Fig. l(a) is due to the ion, m/z 121, which is 
assigned the structure CH, = N+(CH3)C,H,N. 
The other major peaks, m/z 503 and 711, are 
fragments originating from the cyclic oligomeric 
ions, m/z 624 and 832, respectively, by loss of a 
neutral radical CH2(CH,)NC5H4N (mass 121). 
For example, the molecular ion of the tetramer, 

I=--- I--- 

Fig. 1.20 eV DE1 mass spectra of siloxane polymers. (a) Polymer I, containing Z units. The nomenclature 
nZ refers to the molecular ion of cyclic oligomer containing n number of Z units. (b) Polymer II, 

containing both Z and Y units. Mass assignments refer to the W,‘H-isotope. 

TAL 40,s-o 
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Fig. 2. MS/MS product spectrum of the molecular ion of mixed-oligomer, 22 + 2Y, generated from 
polymer II, collision energy 50 eV. 

m/z 832, fragments to yield the ion, m/z 711, 
losing the neutral radical. The copolymer 
[Fig. l(b)] shows fragment ions resulting from 
both the mixed-oligomers and homo-oligomers. 
For example, m/z 369, 443, 577 and 651 are 
formed as a result of losing the neutral amino 
radical (mass 121) from the corresponding 
mixed-oligomer units, 22 + Y (m/z 490), 
22 + 2Y (m/z 564), 32 + Y (m/z 698) and 
32 + 2Y (m/z 772), respectively. These obser- 
vations were confirmed by recording the 
product ion MS/MS spectra of individual cyclic 
oligomeric ions mass selected from polymer II. 
Figure 2 shows a typical MS/MS product 
spectrum, that of m /z 564, which corresponds to 
the cyclic mixed-tetrameric ion (22 + 2Y). EI 
fragmentation mechanisms of cyclic polysilox- 
anes with various substituents have been studied 
in detai1.38-“” The loss of the whole substituent as 
a neutral radical forming an even electron cyclic 
ion is the major fragmentation path for cyclic 
siloxanes under El conditions. Furthermore, 

when the silicon substituents have different 
chain lengths, the loss of the larger alkyl group 
is favored. This is in agreement with many other 
observations on competitive radical losses.4’ 
When a substituent containing a x bond (e.g., a 
phenyl group) is present, extra stabilization 
occurs as a result of the bonding between the d 
orbitals of silicon and the A bond and the other 
silicon substituent is lost preferentially. In 
contrast to the behavior of these simple systems, 
for polymers I and II major fragmentation is the 
C-C bond cleavage with the loss of 
CH2(CH3)NCSH4N group. Loss of the whole 
substituent (mass 149) is a minor path. For 
example, co-tetramer, 22 + 2Y (Fig. 2), shows 
an abundant ion, m/z 443 (22 + 2Y - 121), 
while showing low abundance signals for the 
ions, m/z 549, m/z 415 and 429 resulting from 
the loss of CH3, CH1CH,CH,(CH3)NCSH4N 
and CH2CH2(CH3)NC,H4N, respectively. 

The DC1 mass spectrum of homopolymer I 
(Fig. 3) is dominated by abundant oligomeric 

82 
1457 

82 
124B 

1873 

_j 
1800 2ol 

1 

Fig. 3. DC1 mass spectrum showing protonated oligomer units of polymer I containing Z units. The 
nomenclature nZ refers to the protonated cyclic oligomer containing n number of Z units. 
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ions assigned as the protonated cyclic 
oligomers. The most abundant ions are the 
protonated trimer (m/z 625) and the protonated 
tetramer (m/z 833), assigned as 6-membered and 
8-membered cyclic structures, respectively. The 
protonated cyclic dimer (m/z 417) is not 
observed, as expected, because of the instability 
of the 4-membered ring. However, the corre- 
sponding protonated open chain disiloxanodiol 
(m /z 435) and the silanodiol monomer (m/z 227) 
are seen. Their structures and the associated 
fragmentation paths are confirmed by product 
ion MS/MS spectra. For example, protonated 
silanodiol monomer undergoes fragmentation 
upon CAD to yield m/z 77(100%), 109(97%), 
and 209( 17%). 

m/z 227 
-oHmtan 

The DC1 mass spectrum of polymer II (Fig. 4) 
is similar to that of polymer I, except that 
protonated mixed-oligomers are present as 
well as the protonated homo-oligomers. The 
DC1 mass spectrum of polydimethylsiloxane 
(PDMS) also shows analogous behavior, giving 
abundant protonated cyclic oligomers. These 
simple DC1 mass spectra, consisting mainly of 
protonated cyclic oligomers, are noteworthy 
because earlier reports4z*43 of the mass spectral 
behavior of PDMS under conventional CI and 
EI conditions showed only fragment ions arising 
from the cyclic oligomers, but not the cyclic 

oligomeric ions themselves. The ions present in 
the EI and CI mass spectra of PDMS are 
remarkably similar and only the relative ion 
abundances are different in the two experiments. 
Since the CI spectrum of PDMS gives abundant 
high mass ions, it is used as a mass reference for 
calibrating mass spectrometers in the higher 
mass range. 44*45 The protonated cyclic ions 
formed under DC1 conditions are very stable 
and they require a relatively high collision 
energy (100 eV) to cause fragmentation upon 
collision with Ar (2.0 mtorr). These obser- 
vations suggest that DC1 imparts very little 
internal energy to the neutral cyclic oligomers 
and they make DCI/MS/MS a very promising 
technique for the sequence distribution and 
structural characterization of these polymers. A 
characteristic feature of the protonated cyclic 
oligomers of polymers I and II is the sequential 
loss of the neutral radical (mass 121) upon 
CAD. This is illustrated in the MS/MS product 
spectrum of the protonated trimer, m/z 625, 
(Fig. 5) which shows fragment ions m/z 504 and 
383 which are formed by the loss of one and two 
radicals, respectively. This is noteworthy 
because it violates the odd-even electron rule of 
fragmentation, which states that the dis- 
sociation of even-electron-ion to yield a radical 
ion and a neutral radical is energetically 
unfavorable. The more favored path of 
decomposition of an even-electron-ion is to 
yield an even-electron-ion and a closed shell 
neutral molecule. The corresponding proto- 
nated trimer with all methyl substituents (m/z 
223) does not lose a radical neutral under the 
same conditions. The major fragmentation path 
in this latter ion upon CAD is the sequential loss 

i 

+: 
65 

Fig. 4. DC1 mass spectrum showing protonated co-oligomer units of polymer II containing Z and Y units. 
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Fig. 5. MS/MS product spectrum of the protonated trimer (3 Z units) from polymer I, collision 
energy 50 eV. 

of neutral methane molecules to yield even- 
electron ions, m/z 207 and m/z 19 1. Elimination 
of the closed shell neutral molecule, 
[CH3 ,CH$H2(CH3)NC,H,N], from the proto- 
nated trimer (Fig. 5), to form an even-electron- 
ion, m/z 475, is also observed. 

Proton bound dimers 

The protonated oligomers higher than the 
pentamer show strikingly different behavior 
when compared to the lower members of the 
series. Figure 6 shows the MS/MS product 
spectrum of the protonated heptamer, m/z 1457, 
derived from polymer I. Unlike the oligomers 
up to the pentamer, this ion undergoes CAD 
readily, yielding the protonated tetramer at very 
low collision energy (8 eV). Also note that no 
other product ions are generated, even though 
some, including the trimer, are very stable. The 

EI mass spectra of higher cyclic polydimethyl- 
siloxanes are known to produce lower ring 
structures through a ring contraction mechan- 
ism.3g However, the corresponding protonated 
heptamer generated from PDMS (m/z 5 19) does 
not produce significant fragmentation under the 
same CAD conditions (Ar pressure 2.0 mtorr, 
collision energy 8 eV). These observations lead 
us to believe that these protonated ions of 
higher oligomers are mainly comprised of the 
proton bound dimers of the lower ones. Proton 
bound dimers have weak interactions through 
hydrogen bonds, and they undergo CAD fairly 
easily at low collision energies, giving the 
corresponding protonated monomers. The 
fragmentation of proton bound dimers has been 
useda to estimate relative gas phase basicities of 
the constituent monomers. The product ion 
abundances are very sensitive to the proton 

a 
42 

Fig. 6. MS/MS product spectrum of the protonated heptamer (7 Z units) from polymer I, collision 
energy 8 eV. 
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affinity difference between the different 
monomers comprising the proton bound dimer, 
and under typical conditions, only one 
protonated monomer is formed when the PA 
difference is greater than 2 kJ/mole.4’ This 
explains the formation of the protonated 
tetramer, and not the protonated trimer, from 
the heptamer upon CAD, since the tetramer has 
four N-methylalkylpyridyl units compared to 
three in the trimer. Other higher protonated 
oligomers showed similar behavior, producing 
only a single product ion upon CAD. For 
example, CAD of the hexamer (6Z), the octamer 
(82) and the nonamer (9Z) yielded the trimer 
(3Z), the tetramer (42) and the pentamer (SZ), 
respectively. 

Product ion MS/MS spectra recorded at 8 eV 
collision energy for the copolymer, polymer II, 
are summarized in Table 1. Note that polymer 
II shows abundant protonated mixed-oligomer 
units in the product spectra. As seen from the 
results, the product distributions are consistent 
with the expectation that they are governed by 
the proton affinity difference between the 
individual oligomer units; the most abundant 
product ion, formed from a particular dimer, in 
a particular product spectrum is the one 
expected to have the highest proton affinity. 
Because several combinations of oligomer units 
can form a particular dimer, the product distri- 
bution does not directly reflect the proton 
affinity of individual oligomers. For example, 
the ion, m/z 1055 (42 + 3Y), yields four product 
ions, with different relative abundances (see 
Table 1). Although the proton affinity of 
32 + Y is expected to be higher than that of 
22 + Y, the former has the lower relative 
abundance of the two. However, the parent ion 
population of 42 + 3Y is not expected to 
contain proton bound dimers formed between 
22 + Y and 32 + Y. Therefore, one has to 
consider the proton affinity difference between 

certain pairs in order to apply the proton affinity 
rule. In this example, 22 + 2Y vs. 22 + Y, 
3Z+Yvs.Z+2Y,3Zvs.Z+3Yand4Zvs.3Y 
are the combinations which are expected to 
form the parent dimer, 42 + 3Y. The product 
32 is formed upon CAD of 42 + 3Y whereas 
the corresponding partner, Z + 3Y, is not 
formed, indicating that the proton affinity of the 
former is the higher of the two. Another 
important parameter, which affects the relative 
abundances of the product ions originating 
from a particular parent ion (protonated dimer), 
is the concentration of the individual oligomer 
units which make up the parent ion population. 
Although 42 has the highest proton affinity of 
all the oligomer units which make up the parent 
dimer, 42 + 3Y, the probability of combining 
42 and 3Y units is very low because of the low 
abundance of those units in the polymer chain. 
Note that the abundance of 42 and 3Y units are 
much lower than the mixed-oligomer units, 
22 + 2Y and 22 + Y, in the DC1 mass spectrum 
of polymer II (Fig. 4). Therefore, 42 is not seen 
in the product MS/MS spectrum of the ion 
42 + 3Y. 

In an attempt to evaluate the proton afhnity of 
the cyclic oligomers using the kinetic method,“‘jv4’ 
polymer II was pyrolyzed in the presence of 
standard compounds with known proton affini- 
ties. Although the exact proton affinities of these 
cyclic oligomers were not determined, the results 
show that these oligomers have very high proton 
affinities, above 1000 kJ/mole. For example, the 
proton bound dimer formed between the mixed- 
trimer, Z + 2Y, and 4-dimethylaminopyridine 
(PA = 990 kJ/mole@) yields, upon CAD, only 
the protonated trimer (Fig. 7). With another 
standard with higher PA, tetramethylethylene- 
diamine (PA = 1003 kJ/mole4’), it again yields 
only the trimer (spectrum not shown), 
suggesting that the PA of the trimer is even 
higher than 1003 kJ/mole. These results further 

Table 1. Product MS/MS spectral data for protonated mixed-oligomers, collision energy 8 eV 

Parent ion Product ions 
m/z Composition Composition (normalized abundances) 

787 2z+5y z+ 3Y (100) z+2Y(44) 
847 3z+3y 2z+Y(lOO) Z+2Y(13) 
921 3z+4y 2z+Y(lOO) 22 + 2Y (46) Z+2Y(6) 
995 3z+sy 22 + 2Y (100) 22 + Y (65) 22 + 3Y (17) 

1055 42-k3Y 22 + 2Y (100) 22 + Y (36) 32 + Y (7) 3Z (6) 
1129 4z+4y 22 + 2Y (100) 22 + Y (50) 22 + 3Y (30) 
1163 5z+3y 3z+Y(lOO) 2Z+zY(lo) 32 + 2Y (7) 22 + Y (2) 
1189 5Z+2Y 32 + Y (100) 32 (50) 2z + 2Y (13) 2z+Y(5) 
1203 4z+5y 22 + 3Y (100) 22 + 2Y (57) 32 (15) 2Z+4Y(12) 2Z + Y (6) 
1277 4Z+6Y 22 + 3Y (100) 22 + 4Y (78) 2Z+2Y(51) 
1337 5z+4y 32 + Y (100) 22+3Y(81) 32 + 2Y (73) 22 f 2Y (16) 
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con&m that the higher ionic-oligomers are 
mainly comprised of proton bound dimers of 
lower oligomers. 

Mechanism of thermal depolymerization 

Two major mechanisms have been proposed 
for the thermal depolymerization of polysilox- 
anes.33 One is based upon siloxane bond 
rearrangement which is thought to occur via an 
intramolecular, four-center cyclic transition 
state (loop mechanism).” Zeldin et al. 
suggesteds that depolymerization through the 
loop mechanism involves the random cleavage 
of siloxane bonds followed by a rapid and 
complete unzipping of the kinetically active 
fragments. The other mechanism involves inter- 
molecular siloxane bond interchange reactions 
occurring via a cyclic transition state (bond 
scission mechanism).” It is important to 
elucidate the mechanism of depolymerization 
operating under the present experimental 
conditions of rapid heating (DCI) and non- 
equilibrium processes because the bond scission 
mechanism allows redistribution of monomers 
to occur during the heating process in the mass 
spectrometer, whereas the loop mechanism does 
not. Therefore, sequence distribution of the 
copolymer becomes impossible if the bond 
scission mechanism is operative. To test which 
mechanism best represents the thermal 
depolymerization of polysiloxanes under DC1 
conditions, a physical mixture of the two homo- 
polymers, polymer I and PDMS was deposited 
on to the rhenium filament and heated under the 
same DC1 conditions. The mass spectrum of the 
physical mixture revealed no new ions besides 
those originating from individual homopoly- 

mers. In other words, there were no protonated 
co-oligomers present. These observations 
eliminate the bond scission mechanism for ex- 
plaining depolymerization in our experiments. 
Therefore, we can confidently use the mass 
spectral data of polymer II to obtain monomer 
sequence distribution as discussed below. 

Sequence distribution of copolymers 

The first-order Markovian statistics have been 
used in “C-NMR to determine the sequence 
distribution of copolymers.” In previous stud- 
ies,13 we have implemented a Bernoullian model 
(zero-order Markovian) to determine the se- 
quence distribution of synthetic polymers using 
pyrolysis DC1 mass spectral data. However, the 
Bernoullian model is insufficient to discriminate 
between block, alternating random ordering of 
monomers. For a Markovian distribution of a 
two component copolymer (components A and 
B), six parameters are needed to calculate the 
intensities of MS peaks of the different 
oligomers. They are S,,, S,, P,, P&, PM and Pbo 
(PQ in general) where, S, (or S,) is the prob- 
ability that an oligomer starts with A (or B), Pii 
is the probability of finding the component j 
after the component i. If these parameters are 
known, the normalized peak intensity, I$, of 
any oligomer can be calculated. For example, 
Z$ of a sequence AABBA is equal to SOP,- 
PabPbbPba. We have the following four indepen- 
dent equations to solve for the six parameters: 

s, + s, = 1 

P,+P*= 1 

Pbb + Pb, = 1 

S,P, + S,P, = s, 

(1) 

(2) 

(3) 

(4) 

3 
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Fig. 7. MS/MS product spectnun of the proton bound dimer formed between the mixed-trimer (Z + 2Y) 
from polymer II and 4-dimethylaminopyridine, at a collision energy of 8 eV. 
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Because there are two independent variables, 
if we have more than two sets of experimental 
data, this system of equations is su%ciently 
over-determined to test for first-order Marko- 
vian behavior. The Bernoullian distribution is a 
special case of Markovian distribution, where, 
S,=P,=P,=M(A) and S,=P,=P,= 
M(B). M(A) and M(B) are mole fractions of 
monomers A and B used during ~l~e~a~on. 

A computer program has been written to 
search for those independent variables from 
which the peak intensities are calculated. By 
comparing 1% with the experimental intensity, 
I?$ from the DC1 mass spectrum, the program 
adjusts these variables to minimize the agree- 
ment factor x2 in order to determine the best fit 
with the experimental data. The Nedler and 
Mead53 algorithm is used for x2 minimization. 

Agreement Factor 

qe -c$* 
i 

The information obtained from the calculated 
parameters is important to understand the 
properties of the polymer. Two-component 
copolymers, when P, is equal to P&, represent 

a random distribution. When P, = 0, Pbb = 0 
and P Irb = Ph, the system has an alternating 
distribution. The number-average lengths of like 
monomers, n, viz. the degree of “blackness”, 
can also be calculated as n, = l/P, and 
,$, = l/P,. 

DC1 data of the siloxane copolymer with Z 
andYunits(i.e.,A=Z;a=z;B=Y;b=y) 
were treated in this way. The calculated intensi- 
ties based on zero-order Markovian (Bernoul- 
lian) and first-order Markovian statistics along 
with the experimental intensities are shown in 
Table 2. Both trimer and tetramer data 
correspond to non-random distributions. The 
agreement factors, x2, for a random dist~bution 
were 0.16 and 0.21, for the trimer and tetramer, 
respectively. The best-fit calculation showed 
that the trimer had S, = 0.39, P,, = 0.12, 
Pyy = 0.44 with x2 of 0.001 and the tetramer had 
s, = 0.40, P, =0.12 and Py,, = 0.42 with ;x2 of 
0.001. The results, obtained from data for open- 
chain oligomers, are also in agreement with the 
results obtained from the protonated cyclic 
oligomers. For example, open-chain dimer 
(Table 2) data show S, = 0.43, P,, = 0.17, 
Pyy = 0.39 at x2 of 0.0001. These parameters 
suggest that the larger monomer unit Z, prefers 
to react with the smaller monomer unit Y, 
therefore, the probability P,, is small and Pzy is 
large (0.91). On the other hand, Pyy and Pyz are 
both close to 0.5, suggesting that Y does not 
have a preference during polymerization and 

Table 2. Calculated and experimental monomer distributions 

Calculated intensities 
Composition of from monomer mole ratio 
oligomer Observed (Y/Z) assuming random Calculated intensities Best-fit parameters for 

cY#ZX intensities polymert from best-tit parameters Markov ~st~bution(%) 

Y4 11.6 16.7 8.9 5, = 60.6 .S, = 39.4 
y3z 75.6 66.7 75.6 P,, = 42.3 
YJ2 100 100 100 Pyz = 57.7 
YZ, 10.9 66.7 10.7 P, = 11.7 
Z, 1.2 16.7 0.1 

x2 = 0.21 x2 = 0.001 
Pzy = 88.3 

y3 20.9 33.3 20.0 
100 YZZ 100 100 

yz2 45.3 100 45.8 
Z, 3.2 33.3 1.0 

x*=0.16 x2 = 0.001 

y2 30.8 50 32.0 
YZ 100 100 100 
ZZ 10.7 50 10.6 

x2=0.13 xr = 0.0001 

*Y and Z are used as symbols for methyl and pendant group substituted siloxanes. 
tAverage of 6 sets of data with average deviation off 15%. 
$Y/Z = so/so. 

.S,,=61.1 S,=38.9 
Pyy = 44.3 
Pyz = 55.7 
P,, = 12.3 
Pi,, = 87.7 

S, = 57.5 S, = 42.5 
Pyy = 39.0 
P,,=61.0 
P, = 17.0 
Pz,, = 83 
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thus reacts with Y or Z randomly. This prefer- 
ential reaction of a Z unit with a Y unit may be 
perhaps due to the steric interference from the 
large Z unit during the equilibration process 
occurring in the solution. The blackness of like 
monomers, n, and ny, are approximately 1 and 
2, showing that the dimethylsiloxyl units (Y) 
have a tendency to aggregate in blocks of two 
units. 

CONCLUSIONS 

This study clearly demonstrates the strengths 
of DCI/MS/MS in characterization and 
sequence distribution of siloxane polymers. The 
polymers used in this work yield abundant 
protonated cyclic oligomers upon thermolysis. 
These neutral cyclic oligomers undergo two 
processes under DC1 conditions. The primary 
process is simple protonation, as indicated by 
the lower series of protonated oligomers 
(dimers, trimers, tetramers and pentamers) in 
the DC1 mass spectra. These oligomers, up to 
the pentamer, directly represent the original 
polymers. Markovian statistical calculations 
applied to DC1 mass spectral abundances of 
protonated oligomers up to the tetramer reveal 
that the monomer distribution in the copolymer 
II is non-random. The second process yields the 
proton-bound dimers comprised of the proto- 
nated oligomers and the neutral oligomers, 
which are held together by weak hydrogen 
bonds. The formation and dissociation of these 
higher oligomers, which represent a low per- 
centage compared to the overall ion abundance, 
are governed by several factors including proton 
affinities. 
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Summary-A simple continuous-flow chemiluminometric method for the determination of 
0.0540-5.4O~&ml of ammonium ion is described. The method is based on the chemiltinescence 
generated during the oxidation of ammonium ion by N-bromosuccinimide in alkaline medium. The 
emission intensity is greatly enhanced if dichlorofluorescein is also present in the reaction solution. The 
analysis is automated, requires no sample pre-treatment and solutions can be analysed at a rate of 106 
solution@ with a relative error of about 2.5%. The method was applied satisfactorily to the 
determination of ammonium ion in solid and liquid fertilizers. 

A wide variety of methods and techniques are 
available for the determination of ammonium 
ion. Spectrofluorimetry,‘J molecular emission 
cavity analysis,3 gas phase molecular absorption 
spectrometry,4 capillary isotachophoreGs,s ion- 
selective electrodes,‘j conductometry,‘T8 and ther- 
mometric titrimetryg are only some examples of 
the techniques available for the determination 
of ammonia and ammonium ions. Flow injec- 
tion systems with gas diffusion or ion exchange 
modules and spectrophotometric detection are 
described in the literature.‘“‘* The spectropho- 
tometric determination of ammonia can be car- 
ried out either by the Nessler’* or the Berthelot 
reactionI or by using pH indicators.” How- 
ever, special precautions must be taken when 
these methods are applied to coloured or turbid 
sample solutions. 

Few chemiluminometric methods have been 
established for the determination of ammonia. 
Ammonia reacts with hypochlorite to form 
monochloramine in alkaline solution. Thus, the 
intensity of chemiluminescence (CL) generated 
during the reaction of luminol with hypochlorite 
decreases.14 Ammonia has also been determined 
by oxidative pyrolysis and subsequent measure- 
ment of the CL intensity of excited N02.” 
However, a direct CL method for the determi- 
nation of ammonia or ammonium ion has not 
been traced in the literature. 

This work involves the development and 
optimization of a method for the analysis of 

*To whom correspondence should be addressed. 

ammonium ion in fertilizers, based on a new CL 
reaction between N-bromosuccinimide (NBS) 
and ammonium ion in alkaline medium. During 
the development of the method, it was found 
that a number of fluorescent compounds en- 
hance the CL emission intensity if present in 
the reaction medium. The effect of these 
compounds on the emission intensity is investi- 
gated. Reduction of interferences by cations on 
the emission intensity is also reported in this 

paper. 

EXPERIMENTAL 

Apparatus 

A schematic diagram of the continuous-flow 
CL analyser is shown in Fig. 1. It consisted of 
two basic units, the detector housing and the 
flow-through system. 

The detector housing included a coiled glass 
flow cell situated in front of the photomultiplier 
tube (PMT). The cell consisted of 3.5 turns of 
glass tubing (i.d. 2 mm) and its total height was 
22 mm. The coil volume was 300 ,ul. The dis- 
tance of the coil from the PMT was 2 mm for 
greatest sensitivity. The coil was backed by a 
mirror for maximum light collection by the 
PMT. High voltage (- 720 V) was supplied to 
the PMT (EM1 9783R, S-5 response) by two 
Heath Universal Power Supplies (O-500 V) 
connected in series. The output of the PMT 
was connected to an operational amplifier 
(RCA CA 3140) which served as a current-to- 
voltage converter (I-V). Damping was provided 
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Fig. 1. Schematic diagram of the continuous-flow CL analyser (not to scale). 

by inserting an RC circuit between the output of 
the I-V converter and the recorder. The output 
of the CL analyser was recorded with a Knauer 
(Model 73341) recorder. 

The solutions of reactants were supplied by a 
Technicon Proportioning Pump III and were 
mixed at a Y-junction, 20 mm before entering 
the flow cell. The final solution was carried into 
the flow cell by a Tygon tube with an i.d. of 
2 mm. Samples were supplied to the manifold 
by a Technicon Sampler II with a 40-sample 
capacity. 

Reagents 

All solutions were prepared from analytical- 
reagent grade materials with de-ionized, dis- 
tilled water. 

N - Bromosuccinimide stock solution 
(O.OSOOlw) was prepared daily by dissolving 
2.225 g of NBS (Serva) in water, transferring the 
solution into a volumetric flask and diluting to 
250 ml with water. 

Dichlorofluorescein stock solution (O.OOlOM) 
was prepared daily by dissolving 0.200 g of 
dichlorofluorescein (Fluka) in 0. 10M sodium 
hydroxide solution, transferring the solution 
into a volumetric flask and diluting to 500 ml 
with the same alkaline solution. 

Ammonium chloride stock solution (0. 100M) 
(1800 pg/ml of ammonium ion) was prepared 
by dissolving 2.675 g of ammonium chloride 
(Merck) in water, transferring the solution into 
a calibrated flask and diluting to 500 ml with 
water. 

More dilute solutions were prepared daily 
by the minimum number of dilution steps poss- 
ible. 

All other common laboratory chemicals were 
of the best grade available and were used with- 
out further purification. 

PROCEDURES 

Measurement procedure 

The instrument was set at the optimized 
conditions shown in Fig. 1, but the sampling 
needle was kept in the “wash” position until the 
baseline on the recorder had been established. 
The sampler was adjusted to allow analyte or 
standard solution and washing water to enter 
the manifold at equal time intervals and at a rate 
of 106 solutions/hr. The sampler was then acti- 
vated and the analysis proceeded automatically. 
A calibration graph was constructed by plotting 
the emission intensity [Z(mV)] vs. concen- 
tration of ammonium ion [C&g/ml)] in stan- 
dard solutions and the ammonium content of 
the sample solution was determined. A standard 
solution after every 
included. 

Sample preparation 

Ten millilitres of 
solution and 10.00 

12 sample solutions was 

1 .OM sodium hydroxide 
ml of O.OOlOM dichlor- 

ofluorescein solution were transferred into a 
100 ml volumetric flask with the appropriate 
volume of stock ammonium ion solution and 
were diluted to volume with water. 

For the preparation of fertilizer stock sol- 
utions, an amount about 10 g of fertilizer was 
weighed accurately, transferred into a 1 1 volu- 
metric flask and diluted to volume with water. 
The mixture was sonicated for 10 min to aid 
dissolution and then filtered. An appropriate 
volume of the filtrate was diluted further 
with water so that the concentration of am- 
monium ion in the final solution was within 
the working range (0.0540-5.40 pg/ml). The 
final solution should also contain 0. 10M 
sodium hydroxide and 1.0 x 10p4M dichloro- 
fluorescein. 
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RESULTS AND DISCUSSION 

Chemihuninescent reactions that occur by the 
action of oxidants containing positively charged 
bromine atoms are restricted to hypobromiter6 
and 1,3-dibromo-5,5-dimethyl-hydantoin.” N- 
Bromosuccinimide belongs to the same group of 
compounds, it is more stable than hypobromite 
and has been used extensively as a brominating 
and oxidizing agent. I8 Recently, the CL intensity 
generated during the oxidation of isoniazid by 
NBS has been found to increase when ammonia 
is present.lg This observation was attributed to 
the CL oxidation of ammonia to nitrogen by 
NBS. The reaction which occurs is?” 

NH:+OH--+NH3+Hz0 

3NBS + 2NH, + 30H- 

+3NHS + Nz + 3Br- + 3Hz0 

NHS: succinimide. 

The reaction probably belongs to the group 
of CL redox reactions which generate nitro- 
gen. *’ Nitrogen is probably produced in an 
excited state,** and has the ability to chemi- 

100 

t 

excite coexisting fluorophores, like dichlor- 
ofluorescein. 

A series of experiments were conducted to 
establish the optimum analytical conditions for 
the CL oxidation of ammonium ions by NBS. 

Eflect of flow-rate 

Figure 2 shows the effect of flow-rate of NBS 
on the emission intensity from 18.0 and 
54.0 pg/ml of ammonium ion. At flow-rates of 
oxidant 22.90 ml/min, the emission intensity 
is independent of NBS flow-rate. This was 
expected since the concentration of NBS is at 
least four times higher than the stoichiometric 
and the reaction is therefore, pseudofirst-order 
with respect to ammonium ions. 

The chosen values for reagent and sample 
flow-rates were 2.90 and 3.90 ml/min, res- 
pectively. The manifold configuration and 
the optimized flow-rates allow the constitu- 
ents of the final solution to react for about 
0.6 set before entering into the cell. The 
sampling and wash times of the sampler were 
chosen to give sharp and smooth peaks. Under 
these experimental conditions, the response 

1 I I I I 

0 1 2 3 4 

Flow-r&e, ml mfn-l 

Fig. 2. Effect of the flow-rate of 0.15OM NBS in 0.5OM sodium hydroxide on the CL intensity, from 18.0 
(broken line) and 54.0 (solid line) pg/ml of ammonium ion supplied to the manifold at (1) 2.50, (2) 2.90, 

(3) 3.40 and (4) 3.90 ml/min. 
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was equivalent to 95% of that from the steady 
state. 

E$ect of NBS and alkali concentrations 

The oxidation of ammonium ions by NBS is 
accompanied by radiation only when the reac- 
tion is carried out in alkaline medium. The effect 
of NBS concentration on 18.0 and 54.0 pg/ml of 
ammonium ions at various sodium hydroxide 
concentrations (range 0.010-2.0 M) is shown in 
Fig. 3. Concentrations of 0.0150M for NBS and 
0.30M for sodium hydroxide were determined 
to be optimal. A decrease in light intensity at 
higher concentrations of NBS was observed 
probably due to kinetic reasons. The rate in- 
creases and the reaction proceeds to completion 
before entrance of the solution into the measur- 
ing cell. The same reason explains the decrease 
of the signal at concentrations of sodium 
hydroxide > 0.5iU. 

Eflect of surfactants and fluorescent compounds 

The efficiency of some CL reactions increases 
by using surfactants. 23 Their action alters 
favourably chemical pathways and reaction 
rates= and, therefore, the sensitivity of the 
analytical measurement is greatly improved. 
However, typical surfactants did not show such 

an effect on the CL reaction examined. Each 
surfactant tested, when present in concen- 
trations higher than the critical micellar concen- 
tration (CMC), caused severe reduction in 
response due to suppression of the CL reaction 
and quenching of the emission. The effect 
of 3-cyclohexylamino-propanesulphonic acid 
(CAPS), a well known CL sensitizer,*’ on the 
emission intensity, was also investigated. Con- 
centrations of CAPS > 1.0 x 10m4M reduce 
severely the emission intensity from ammonium 
ion. 

Fluorescent compounds, such as rhodamine 
B 26 fluorescein and riboflavin,** have been 
ukd as sensitizers in CL procedures. Their 
action is mainly due to energy transfer.29 In this 
work, fluorescent compounds which belong to 
the triphenylmethane dyes containing an “0x0 
bridge” were examined. The oxidation of these 
dyes was accompanied by light emission.M The 
chemiluminescence is due to the emission from 
singlet oxygen and intermolecular energy trans- 
fer.31 However, a mixed solution of ammonium 
ion and a fluorescent compound generates emis- 
sion with intensity higher than the sum of the 
intensities from each component of the mixture. 
This observation is due to energy transfer from 
the excited states of nitrogen (produced by the 

0 1 2 

[NaOH] , Y 

Fig. 3. Effect of concentration of sodium hydroxide on the CL intensity from 18.0 (broken line) and 54.0 
(solid line) cg/ml of ammonium ion with (1) 0.0050, (2) 0.0150 and (3) 0.050M NBS. 



Determination of ammonium ion in fertilizers 1249 

Table 1. Effect of fluorescent compounds on the CL emis- 
sion from 18.Opg/ml of ammonium ion 

Ammonium 
ion @g/ml) 

0 18.0 

Concentration Emission 
Compound (W intensity (m V) 

None * 17.2 

Bhodamine B 1.0 x 10-e * 17.2 
1.0 x 10-S * 20.5 
1.0 x IO-4 * 38.4 
1.0 x IO-’ 1.2 45.9 

Fluorescein 1.0 x 1O-6 2.3 20.6 
1.0 x 10-j 5.5 47.3 
1.0 x 10-d 10.8 206 
1.0 x 10-3 21.2 411 

Dichlorofluorescein 1.0 x lo+ 2.6 34.7 
1.0 x 1O-5 8.0 224 
1.0 x 10-4 18.4 1420 
1.0 x 10-r 59.0 624 

*Not detectable. 

reaction of ammonium ion with NBS) to the 
emitting species produced by the reaction of 
fluorescent compound with NBS which caused 

an increase in the CL efficiency. Table 1 shows 
that the most enhanced emission was obtained 
when 1.0 x 10m4M dichlorofluorescein was pre- 
sent in the analyte solution. As the addition of 
dichlorofluorescein allows the determination of 
very low concentrations of ammonium ions, the 
effect of sodium hydroxide on the emission 
intensity was re-investigated (Fig. 4). When 
dichlorofluorescein was also added to the am- 
monium ion solution the optimum was O.lOM 
sodium hydroxide, while the optimum values of 
NBS concentration and flow rates of reagents 
remain unaffected. 

Analytical parameters 

A typical recording for a series of ammonium 
ion standards obtained by the proposed method 
is shown in Fig. 5. The calibration graph [I(mV) 
vs. concentration, C @g/ml)] was linear in the 
range 0.054M.540pg/ml of ammonium ion 

I = (11.9 f 0.38) + (75.4 + 1.3)C; 

r = 0.9992, (n = 7) 

Fig. 4. Effect of concentration of sodium hydroxide on the CL intensity from 0.180 (broken line) and 0.900 
(solid line) rg/ml of ammonium ion @Xhlorofluorescein] = 1.0 x 10w4M and [NBS] = O.OlSOM). 
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f 
80 mV 

I 

1.80 

3.60 

Y 5 min 

Fig. 5. Typical recording output for the NBS-ammonium ion reaction under the recommended conditions 
(the numbers above each set of peaks are micrograms per millilitre of ammonium ion). 

and in the range 0.540-5.4Opg/ml of am- 
monium ion 

I = (-49.6 f 11) + (225 + 3.7)C; 

r = 0.999, (n = 11). 

The change of slope of the calibration graph was 
attributed to the increase of energy transfer 
yield from the lower to the higher ammonium 
ion concentration range. 

The detection limit (blank + three times its 
standard deviation32) was 0.032 pg/ml of am- 
monium ion. Repeatability was measured with 
standard solutions. The relative standard devi- 
ations for 10 measurements were 1.6 and 0.4% 
for 0.540 and 3.60 pg/ml, respectively. Aqueous 
solutions of ammonium ion (0.090&5.40 pg/ml) 
were analysed as samples of unknown concen- 

tration with a mean relative error of 1.3% 
(range O-3.5%). 

Interference studies 

Interferences from anions were investigated 
by recovering 1.80 pg/ml of ammonium ions in 
the presence of 180.0, 18.0 and 1.80 pug/ml of 
anion. The results are shown in Table 2. No CL 
emission was observed from pure solutions of 
the anions except sulphide, which therefore in- 
terferes severely. No effect was observed from 
nitrate and phosphate which are major constitu- 
ents of solid fertilizers. Hexacyanoferrate(II), 
arsenite, nitrite and sulphide interfere since 
they react with NBS and reduce its concen- 
tration. 

Interferences from cations were investigated 
by the same procedure followed for anions. 



Table 2. Analytical recovery of 1.80 rg/ml of ammonium 
ion from solutions which contain various anions 

When citrate was present in the analyte sol- 
ution, the detection limit was 0.450 pg/ml of 

Concentration ratio Recovery ammonium ion and the relative standard devi- 
Anion (anion : ammonium ion) (%) (n = 3) ations for 10 measurements were 1.8 and 0.5% 
PO:- 100 100.4 
NO, 100 100.6 

for 0.600 and 4.50 pg/ml, respectively. 

Cq- 100 99.6 The results of the recovery studies for cations 
so:- 100 100.1 are shown in Table 4. Manganese(I1) was the 
Cl- 100 100.8 
Br- 100 101.6 

most severe interferant of all the cations exam- 

I- 100 96.5 ined. Cobalt(I1) and chromium(II1) increase the 
c,o:- 100 103.3 intensity, probably due to a catalytic effect.33*34 
AsO, 100 88.4 

10 96.6 
The unusual effect of copper(I1) is probably due 

NO,- 100 45.6 to the absorption of radiation by the coloured 
10 75.6 solution and the catalytic effect of cation on the 
I 90.3 

[Fe(CWJ- 0 
CL reaction. 

100 
10 16.0 Since many fertilizers contain urea, the effect 
1 19.8 of this compound on the emission intensity 

S2- 100 34.2 
10 76.7 

was also investigated. The recovery results of 

1 100.3 1.80 pg/ml of ammonium ions from solutions 
with 18.0, 1.80 and 0.180 pg/ml of urea were 
153.1, 110.4 and 100.3% (n = 3), respectively. 
The increase in the CL intensity is attributed to 

However, most cations form insoluble com- 
pounds in alkaline medium. Formation of pre- 
cipitates can be avoided by using complexing 

Table 4. Analytical recovery of 1.80 pg/ml of ammonium 
ion from solutions which contain various cations and 

agents. Common complexing agents were found O.OlOM sodium citrate 
to decrease the emission intensity from am- Concentration ratio 
monium ions due to quenching effect (Table 3). 

Recovery 
Cation (cation: ammonium) (%) (tl = 3) 

The least severe reduction in response is caused Mg2+ 100 104.0 
by citrate which was used at O.OlOM. This Ni2+ 100 80.4 
concentration is in adequate excess for complex- 10 103.6 
ing the cations tested. The equation of the CU2f 100 90.0 
calibration graph, using citrate in standard sol- 10 114.4 
utions, obtained in the range 0.540-5.40 pg/ml 1 123.2 

of ammonium ion was: Cr’+ 100 390.5 
10 227.3 

Z = (- 102 + 12) + (227 + 4.O)C; 1 210.1 
* 

r = 0.999, (n = 9). 
Mn*+ 100,lO 

1 92.1 

Fe’+ 100 * 

Table 3. Effect of some common complexing agents on the 10 96.8 

CL emission from 1.80 pg/ml of ammonium ion (emission A13+ 100 91.5 
intensity from pure ammonium ion = 100) 10 96.7 

Relative emission Pb2+ 100 83.5 
Compound Concentration (M) intensity (%) 10 93.5 

1 99.3 
EGTA* 0.0010 37.5 

0.0100 3.5 Zn2+ 100 93.8 
10 104.3 

DCTAt 0.0010 59.7 
0.0100 8.5 Gas+ 100 110.5 

10 100.5 
EDTA# 0.0010 59.7 

0.0100 9.0 Ba2+ 100 102.0 

Citrate 0.0010 97.2 co*+ 100 229.3 
0.0100 91.7 10 128.1 
0.1000 50.7 1 103.4 

l Ethyleneglycol - bis(2 - aminoethylether) Cd2+ 100 l 
- N,N,N’,N’ - tetra- 

acetic acid. 10 100.1 

tl,2-Diaminocyclohexane-N,N,N’,N’-tetraacetic acid. *Precipitate formed after mixing of ammonium and metal 
fEthylenediamino-N,N,N’,N’-tetraacetic acid. ion solution. 

Determination of ammonium ion in fertilizers 1251 
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ammonia produced by hydrolysis of urea in 
alkaline medium. The method can only be ap 
plied to samples that also contain urea at con- 
centrations lower than that of ammonium ion. 

Accuracy 

The accuracy of the proposed continuous- 
flow CL method was examined by performing 
recovery experiments on solutions prepared 
from commercial solid and liquid fertilizers. 
Table 5 summarizes the results of these studies. 
O.OlOM sodium citrate was added to all sol- 
utions used in the analysis of samples which 
contained cations, in order to avoid formation 
of precipitates. Average recoveries were 100.6% 
(97.0-106.1%) and 110.9% (104.6-l 19.7%) for 
solid and liquid samples, respectively. High 
recoveries of ammonium ion from liquid 
samples might be related to the effect of cations, 
such as copper(I1). The proposed method was 

also evaluated by analysing commercial samples 
and the results are compared with the values 
determined by the standard method.35 A satis- 
factory agreement between the results was ob- 
tained (Table 6), with a mean relative difference 
of 1.3 and 4.2% for solid and liquid samples, 
respectively. 

CONCLUSIONS 

The proposed automated method is the first 
direct chemiluminometric method developed for 
ammonium ions. Dilution is the only sample 
pre-treatment required and the detection limit, 
sensitivity and selectivity compare very well 
with existing analytical methods for ammonium 
ion. The results are repeatable and show that the 
method can be applied to the determination of 
ammonium ion in fertilizers. Urea is the only 
severe interferent when present at concentration 
ratios 3 1. The method has no interferences 

Table 5. Recovery experiments for ammonium ion added to sample solution of commercial 
fertilizers 

Ammonium ion @g/ml) 

Initially 
Sample present Added 

Solid fertilizer 
No 1 0.875 0.810 

1.800 
2.700 

No 6 0.854 0.810 
1.800 
2.700 

No 13 0.910 0.810 
1.800 
2.700 

No 21 0.907 0.810 
1.800 
2.700 

No 22 0.904 0.810 
1.800 
2.700 

Fleran* 1.012 0.540 
0.900 
1.800 

Liquid fertilizer 
Viofyt* 1.045 0.540 

0.900 
1.800 

Algoflash* 1.052 0.540 
0.900 
1.800 

Anthin* 1.212 0.540 
0.900 
1.800 

*The solutions contain O.OlOM sodium citrate. 

Recovered 

0.834 
1.746 
2.658 

0.823 
1.800 
2.701 

0.826 
1.791 
2.654 

0.852 
1.790 
2.704 

0.838 
1.738 
2.708 

0.526 
0.923 
1.909 

Mean: 

0.611 
1.077 
2.112 

0.569 
0.947 
1.893 

0.565 
0.982 
2.125 

Mean: 

Recovery, 
(%) (a = 3) 

103.0 
97.0 
98.4 

101.6 
100.0 
100.0 

102.0 
99.5 
98.3 

103.1 
99.4 

100.1 

103.5 
99.1 

100.3 

97.4 
102.6 
106.1 
100.6 

113.1 
119.7 
117.3 

105.4 
105.2 
105.2 

104.6 
109.1 
118.1 
110.9 
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Table 6. Determination of ammonium-nitrogen in commercial fertilizers with the proposed 
method and the standard method3s 

Ammonium-nitrogen (%) 

Sample 
Composition 

(%N-%P,O,-%K,O) 

Proposed 
method 
(&SD)+ 

Standard 
method 

Relative 
difference 

(%) 

Solid 
No 1 
No 2 
No 3 
No 4 
No 5 

No 6 
No I 
No 8 
No 9 
No 10 
No 11 
No 12 

No 13 
No 14 
No 15 
No 16 
No 17 
No 18 
No 19 
No 20 

No 21 
No 22 
Flerant 

Liquid 
Viofjttb 
Algoflasht 
Anthintd 

20-10-0 18.85 f 0.08 
18.74 f 0.16 
18.90 f 0.02 
19.08 * 0.08 
18.72 + 0.10 

16-20-O 15.48 f 0.05 
15.47 + 0 
15.56 & 0.19 
15.63 +_ 0.05 
15.53 + 0.04 
15.44 If: 0.06 
15.22 f 0.03 

11-1515 11.32&O 
10.78 + 0.10 
11.33 10.04 
11.01 *0.06 
11.05 + 0.02 
11.14*0.07 
10.98 f 0.06 
11.03 kO.02 

8-20-20 8.58 f 0.02 

2El5 19.67 4.65 + f 0.04 0.25 

5-10-5 5.08 f 0.03 
2.05 f 0.01 

l_ 15.70 f 0 

18.94 -0.5 
19.07 -1.7 
19.04 -0.7 
19.18 -0.5 
19.05 -1.7 

15.57 -0.6 
15.92 -2.8 
15.48 +0.5 
15.53 +0.6 
15.46 +0.5 
15.50 -0.4 
15.57 -2.2 

11.21 +1.0 
10.93 -1.4 
11.00 +3.0 
11.04 -0.3 
10.79 -l-2.4 
11.15 -0.1 
10.89 +0.8 
10.79 +2.2 

8.52 +0.7 
4.63 +0.4 

20.46 -3.9 
Mean: 1.3 

4.83 +5.2 
1.98 +3.5 

15.12 +3.8 
Mean: 4.2 

*Standard deviation (n = 3). 
tThe standard and sample solutions contain O.OlOM sodium citrate because these 

samples contain (a) Mg, Mn, B, Pb; (b) Fe, Cu, Zn, Mg, B, Mn, Ca, S; (c) Fe, Cu, 
Zn, Pb, B; (d) Fe, Cu, Mn, Mg, B. 

from common anions, such as nitrate and phos- 
phate and the interferences from cations have 
been significantly reduced or eliminated. 
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Summary-A chemically modified platinum electrode with coated poly[tetra(4_aminophenyl)porphyrin] 
has been used as a potentiometric pH sensor. It gives a linear response over the pH range 1.5-13.7 with 
a slope of 55 mV/pH (at 20”). The sensor has fair resistance to erosion of hydrofluoric acid and to 
interference of a coexisting redox couple. The sensor can be used for pH determination and end-point 
indication for potentiometric titration of hydrofluoric acid with sodium hydroxide. The a.c. impedance 
of the polymer membrane has also been studied. 

Although the glass membrane pH sensor is the 
most widely used device for determination of 
pH, there are limitations to its use due to its 
high resistance, fragility, erosion by hydro- 
fluoric acid, “sodium error” and “acid error”. 
There has been a considerable interest in design- 
ing non-glass sensors for pH measurements. 
One direction for non-glass pH electrodes using 
neutral ionophores. I4 These electrodes have 
relatively low impedance and are easier to 
miniaturize than glass pH sensors. For the 
purpose of miniaturization, an even more con- 
venient version of the non-glass pH sensor has 
been the coated-wire type chemically modified 
electrode (CME). Several papers reported the 
use of chemically modified electrodes as poten- 
tiometric sensors, especially as pH sensors.s-9 
Recently, a pH-sensor based on electrochemical 
polymerization of amino derivatives on plati- 
num wires was investigated in this laboratory.” 
However, these chemically modified pH sensors 
reported so far showed rather poor potentio- 
metric response characteristics in solutions of 
pH below 3 or above 11. Searching for new 
monomers to prepare polymer film coated elec- 
trodes with potentiometric response character- 
istics similar to those of a glass electrode is 
of considerable interest. In the present paper, 
tetra(4-aminophenyl)porphyrin (TAPP) was 
used as the monomer for a CME pH sensor 
preparation. Poly(cobalt(II)tetrakis(2-amino- 
phenyl)porphyrin) film was reported as a poten- 

*Author for correspondence. 

tiometric anion sensor.” A poly[tetra-(2amino- 
phenyl)porphyrin] film can easily be formed on 
a platinum surface by electropolymerization.” 
We use the 4-amino derivative to prepare a 
similar polymer film and CME. The resulting 
polymer film coated electrode has fair pH re- 
sponse characteristics and can be used for the 
potentiometric determination of pH and end- 
point indication of acid-base titrations. 

EXPERIMENTAL 

Apparatus and reagents 

Electropolymerization was carried out with 
an EG 8z G Princeton Applied Research Poten- 
tiostat galvanostat (Model 270) in conjunction 
with an X-Y recorder (Houston Instrument, 
Model 200). A conventional three-electrode cell 
was used with a platinum wire as the working 
electrode, and a saturated calomel electrode 
(SCE) and a platinum electrode as reference and 
counter electrodes, respectively. Potentiometric 
and pH measurements were made with a Micro- 
processor Ionalyzer (Orion Research, Model 
901) or PHS-3 pH meter (Shanghai Rex 
Instrument Factory). The a.c. impedance was 
recorded with a Potentiostat galvanostat (PAR 
368). IR spectra were recorded with a Nicolet 
FT-IR spectrometer (Model 740). 

Samples of TAPP were purchased from 
Dahua Chem. Co. (Sichuan) as well as being 
synthesized according to Collman et a1.,13 and 
the product was identified by elemental analysis. 
Tetrabutylammonium perchlorate (TBAP) was 

1255 
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I I 
0.5 ID 

E(V) “6 SCE 

Fig. 1. Cyclic voltammetric scans at Pt electrode: 5mM 
TAPP in CH,CN (0.M in TBAP) at 100 mV/sec. The scan 

number is indicated above the voltammograms. 

prepared by the reaction of tetrabutylammo- 
nium bromide with sodium per-chlorate. Re- 
distilled demineralized water and analytical 
grade reagents were used throughout all exper- 
iments. 

Electropolymerization 

The solution used to prepare the electropoly- 
merized Ghn was 10.0 ml of 5.OmM TAPP in 
acetonitrile (O.lOM in TBAP). The electrolytic 
solution was deoxygenated by bubbling nitro- 
gen through the solution for approximately 10 
min and then allowing the N2 to flow over 
the solution during the experiment. TAPP 
was polymerized onto the platinum electrodes 
from the electrolytic solution by cycling the 
working electrode potential repetitively between 
0 and 1.2 V (US. SCE) at a scan rate of 100 
mV/sec for 20 complete cycles (Fig. 1). 
The newly formed brown poly[tetra(Camino- 
phenyl)-porphyrin] (PTAPP)-coated electrodes 
were thoroughly washed with acetone and 
water. 
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Fig. 2. pH response of PTAPP coated Pt electrode(a) and 
solvent polymeric membrane containing TAPP coated Pt 

electrode(b) as pH sensors. 

RESULTS AND DISCUSSION 

pH response of the PTAPP-coated electrode 

The PTAPP-coated electrode performance 
was examined in a 69.OmM solution in Na+, 
11.4mM in BO:-, lO.OmM in PO:- and 6.7mM 
in citrate. The PTAPP electrode and a glass 
electrode together with the SCE reference were 
dipped into the solution and 2M orthophospho- 
tic acid (or 4M sodium hydroxide) was added 
dropwise with simultaneous recording of the 
emf of the PTAPP-SCE pair and the solution 
pH given by the glass electrode. As shown 
in Fig. 2(a), the response was linear from 
pH 1.5 to 13.7 with a slope of 55 mV/pH 
(at 20”, correlation coefficient 0.998). The re- 
sponse time was less than min. The electrode has 
a lifetime of at least 3 weeks. The d.c. resistance 
of the electrode was 310 f 0.3 kR which was 
much lower than that of a glass membrane pH 
electrode. The standard deviation of the elec- 
trode potential readings over a period of 
2 hr in a tris-buffered solution of pH 7.3 was 

Table 1. pH measurements on serum samples 

pH measured by PTAPP pH measured by glass 
Serum sample coated electrode electrode 

A 7.40 7.43 
B 7.36 7.38 
C 7.37 7.41 
D 7.72 7.79 
E 7.75 7.82 
F 7.74 7.82 
G 7.78 7.85 

A, B, C: fresh serum samples; D, E, F, G: samples exposed to the air 
for 2 days. 
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oxidation of TAPP increased with increasing 
numbers of cycles, n, until reaching 16, and then 

l -0 A@ decreased. It was thought that the amount of 

-so0 - 
TAPP monomer diffusing from bulk solution to 

14 I4 IS so 22 24 

Vb(ml) 
Pt working electrode increased initially with 

Fig. 3. E-V curve for titration of HF with kaOH (V,: 
each successive potential scan, the electrochem- 

volume of base added). 
ical oxidation of TAPP then produced the insu- 
lating PTAPP film which was adhesively coated 

0.7 mV (n = 24) and potential readings for the 
on the platinum electrode surface. The insulat- 

electrode dipped alternatively into stirred sol- 
ing PTAPP film blocked the access of the TAPP 

utions of pH 7.0 and 7.6 showed a standard 
monomer to the Pt working electrode surface. 

deviation of 0.6 mV over 2 hr (n = 12). The 
The initial electrochemical oxidation of TAPP 

potentiometric selectivity coefficient with re- 
produced a cation radical, followed by chemical 

spect to some clinically important ions such as 
reactions such as hydrolysis or polymerization 

Na+, K+, Li+, Ca2+ were determined by the 
to form an amine-linked polymer or at least 

fixed interference method, the values obtained 
some amine linkages. The same phenomenon 

for log K$ M”+ for different M”+ were: - 13.6 
was observed in the case of the electrochemical 

for Na+; Il3.5 for K+; < -12.0 for Li+; 
oxidation of amino derivatives.‘*8J”‘5 The 

< -11.4 for Ca2+. The interferent concen- 
PTAPP film was chemically inactive and it 

tration was kept at the level of 1M. 
showed no electronic conductivity in dry con- 
ditions. However, when a PTAPP film was 

Preliminary applications 
immersed in a supporting solution, swelling of 

Clinical chemistry. The PTAPP coated elec- 
the polymer films occurred. Electrolyte ions 

trode has fair response characteristics in the pH 
could penetrate selectively into the swollen poly- 

range 6.5-8.5 which is of interest for biological 
mer films. The hydrogen ions seemed preferable 

studies. Seven serum samples were chosen for 
to other ions to penetrate through the swollen 
polymer films. Similar results were observed 

pH measurements using the PTAPP electrode as 
the pH sensor. A glass-membrane pH electrode 

with polyphenol, polyaniline and poly( 1,2-di- 
aminobenze)films.6 

was also used for comparison (Table 1). The 
PTAPP electrode gave acceptable results, 

Figure 4 shows the effect of the redox couple 

though these results tended to be slightly lower 
Ce4+/Ce3+ on the electrode potential. It is well 

than the glass electrode readings and the reason 
known that the emf of a bare platinum electrode 

was not uncovered. 
is affected by the presence of oxidation- 

End-point indication in titrations of hydro- 
reduction agents. To show whether the coated 

jluoric acid with sodium hydroxide. There is 
no erosion effect for the PTAPP coated elec- 
trode as a pH sensor in hydrofluoric acid. The 
electrode can be used for end-point indication in 

-4aa - 
A 

titrations of hydrofluoric acid with sodium hy- 
droxide. Figure 3 shows an E-V curve for this 

_ -440 - 

type of titration using a sample of 20 ml of 
z 

w -480 - / 

0.0514M HF titrated with 0.0504M NaOH. O-O-. l -ad B 

The HF concentration found was 0.0517 with -4ao - 

a standard derivation of 0.0003 (n = 3). / 

.f 

. 

-470 1 I I 

Mechanism of PTAPP-coated electrode toward 4 a 2 

hydrogen ion 
-log ce=+ 

Figure 1 shows a typical cyclic voltampero- 
Fig. 4. Elkct of concentration ratio, Ce’+/Ce’+ on electrode 

aram for the oxidation of TAPP. As the number 
potential measured OS. SCE: (A) uncoated Pt electrode; 

(B) PTAPP coated electrode. 

Poly[tetra(4_aminophenyl)porphyrin] as a pH sensor 1257 

of cycles increased, the anodic peak shifted 
toward more positive potentials and the ca- 
thodic peak shifted in the reverse direction. This 
was probably due to the iR drop of the growing 
PTAPP film. The anodic peak current for the 
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Fig. 5. The IR spectrum of PTAPP fllm. 

platinum electrode has the same effect, different 
amounts of Ce3+ were added into a pH 5.2 
buffer which was O.OlM in Ce4+, and the bare 
platinum electrode and PTAPP coated electrode 
showed potential change as measured against 
the SCE reference as shown in Fig 4. It can be 
seen that the effect of the redox couple on the 
potential of the bare platinum electrode was 
eliminated by coating PTAPP on the electrode 
surface. The slope of the bare electrode response 
toward the cerium redox couple was about l/3 
of that expected from the Nernst equation. The 
result obtained was similar to that of poly(4,4’- 
diaminobiphenyl)polymer film.’ This seemed 
to be related to the hydrolysis of Ce4+ and Ce’+ 
ions in the pH 5.2 aqueous solution. The 
quinone/hydroquinone redox couple in a con- 
centration of 0.02M also did not affect the 
potential of PTAPP coated electrode (not 
shown in Fig. 4). This indicated that Ce4+ ions, 
Ce3+ ions, quinone and hydroquinone cannot 
penetrate into the PTAPP film. 

White et al.‘* reported the preparation of 
polymer film of tetra(2-aminophenyl)porphyrin 
using electropolymerization. Their experiments 
showed the electrochemical and spectral simi- 
larities of the monomer to the electropolymer- 
ized porphyrin film. From this fact the authors 
claimed that the monomer porphyrin ~-system 
had remained intact upon electropolymeriza- 
tion. We tried to examine the IR spectra and a.c. 
impedence of PTAPP obtained from the 2- 
amino derivative as the monomer to obtain 
some information about the mechanism of the 
pH response of the PTAPP-coated electrode. 
The IR spectrum (Fig. 5) showed one wide peak 
at 3330 cm-‘, which presumably represented a 
combination peak of both symmetric and un- 
symmetric stretching vibrations of the N-H 
bond due to the TAPP ?r-system. Other IR 
absorption peaks observed seemed to originate 
from the stretching vibration of the ArC=N 
double bond, the skeletal vibration of the ben- 
zene ring and the characteristic peaks for 1,4- 
substituted benzenes. Figure 2(b) shows the pH 

response of a solvent polymeric membrane elec- 
trode with TAPP monomer as the ionophore 
toward hydrogen ion. The solvent polymeric 
membrane electrodes was prepared as follows: 
an uncoated Pt electrode was soaked repeatedly 
in the mixture containing 10 mg of TAPP, 4 mg 
of potassium tetrakis(m-chlorophenyl)borate, 
200 mg of poly(viny1 chloride), 80 mg of o-nitro- 
phenyl ether, and 10 ml of tetrahydrofuran and 
dried after each dipping. The Pt electrode 
coated with a solvent polymeric membrane con- 
taining TAPP did not have normal potentiomet- 
ric response towards hydrogen ion. This 
indicated that the monomeric TAPP probably 
entrapped in the film during the electropolymer- 
ization made no contribution to the hydrogen 
ion response. The rate of diffusion of hydrogen 
ion within the film varied with the kind of the 
polymer films.6 The hydrogen ion response func- 
tional group of the PTAPP film was probably 
the nitrogen atoms in PTAPP which could 
pump hydrogen ion into the polymer film. The 
pH response of a hydrogen ion sensor based on 
neutral ionophores depended on the acidity 
constant (pK) and the net surplus charge in the 
vicinity of nitrogen atom of incorporated iono- 
phores. 2*4 The basicity of the nitrogen atom in 
the porphyrin ring was different from that of 
nitrogen atoms in the phenyl ring. It seems that 
different nitrogen atoms of the PTAPP were 
responsible for the different pH range functions 
of the PTAPP-coated electrode. The equi- 
librium could be described by the following 
equation: 

PTAPP(m) + H+ (aq) + X- (aq) 

=PTAPP*H+ (m) + X- (m) 

This explanation is in accordance with the 
a.c. impedance of the PTAPP film. The 
PTAPP-coated electrode conditioned in 
phosphoric acid-tris buffer solutions of dif- 
ferent pH for 4 hr displayed well-resolved bulk 

2 (real) (Ka) 

Fig. 6. Impedance plots of PTAPP-coated electrodes bathed 
in (A) pH 3.0, (B) pH 5.0 and (C) pH 9.0 H,PO,-rrb 
buffered solutions for 4 hr (frequency: 105-10-3 Hz, 26”). 
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Fig. 7. Influence of the anion contained in solutions 
((A) O.lM NO,; (B) O.lM Cl-; (C) O.lM Br-; (D) O.lM 

SCN-; (E) O.lM I-). 

impedance semicircles. The bulk resistances in- 
creased with increasing pH values (Fig. 6). It is 
proposed that the energy of transfer of the 
hydrogen ion across the polymer membrane 
increased with increasing pH values. The effect 
of anions on the pH response can be seen from 
the left ends of the response curves shown in 
Fig. 7. The following sequence of anion interfer- 
ence was observed: I- > SCN- > Br- > Cl- > 
NO;. The iodide was actually an interfering 
ion. As Karagozler et aLI reported, an electrode 
based on a poly(3-methylthiophene) films doped 
with iodine by electrochemical oxidation of 
iodide showed Nernstian response towards iod- 
ide at pH 2-10. The PTAPP coated electrode 
dipped in aqueous solution of pH below 5.5 
displayed a Nemstian response toward iodide. 
The linear response ranges toward iodide in- 
creased with decreasing pH values of the sol- 

ution. Work is in progress to study the response 
mechanism of the PTAPP film toward iodide. 
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Summary-Extraction behaviour of uranium(V1) from mixed organo-aqueous solutions containing 
water-miscible protic aliphatic alcohols and several aprotic solvents was investigated by using dicyclohex- 
ano-lS~ro~-6~18C6) as an extractant. The organic phase was a binary solution of DClSC6 and 
toluene while the polar phase was a three component solution of uranyl nitrate, polar additive and aqueous 
nitric acid. Methanol, ethanol, isobutanol, dioxane, acetone, propylene carbonate and acetonitrile were 
used as the organic components of the mixed (polar) phase. Propylene carbonate, acetone, acetonitrile 
and dioxane increased the extractability of U(W), whereas alcoholic additives showed only an antagonistic 
effect. The relative increase in extraction was found to be more at lower nitric acid concentrations. Possible 
reasons for such behaviour are briefly discussed. Recovery of U(W) from loaded organic phase was easily 
accomplished using dilute perchloric acid and sulphuric acid. A sample method was standardized for the 
separation of plutoni~~~ from uranium(W) based on its reductive stripping. 

Liquid-liquid extraction has been commercially 
exploited, particularly for the separation and 
purification of both rare earths and a&rides 
such as thorium, uranium and plutonium. The 
separation of the metals is difficult, however, if 
their chemical properties are similar. To this 
end, several techniques have been suggested to 
improve the sepa~tion factors between such 
metals, such as: {i) introducing an auxiliary 
extractant with the main extractant, generally 
called a “synergic” extraction;’ (ii) adding a 
complexing agent such as EDTA, acetylacetone, 
etc., to an aqueous phase,‘,) and (iii) incorporat- 
ing a polar wa~r-miscible organic additive such 
as acetone, dioxane, dimethyl sulfoxide, aceto- 
nitrile, etc., to an aqueous phase?” Among 
these, solvent extraction of metals from mixed 
aqueous-organic solutions has especially drawn 
attention recently owing to several practical 
advantages and ease of manip~ations. To date, 
most of the effort in this field has been restricted 
to extractions with amines and tributyl phos- 
phate,6,7 whereas use of mixed solvents with 
macrocyclic crown compounds has not been 
significant so far. Macrocycles are novel cyclic 
liposoluble organic molecules which contain 
hetero atoms, e.g. 0, N, S and P, capable of 
forming electron-rich interior cavities and pos- 

*Power reactor fuel reprocessing plant, BARC. 

sess the ability to complex ions or molecules 
via ion-dipole or dipole-dipole stereo-selective 
interactions. Among several l&crown-6 deriva- 
tives, dicyclohexano- Wcrown-6 (DC 18C6) has 
already been shown to have potential for urani- 
um(W) and plutonium(W) extraction8 from 
aqueous nitric acid media. 

As part of comp~hensive studies on the 
extraction of actinides with polydentate macro- 
cycles, we have recently reported on the extrac- 
tion behaviour of plutonium(W) from several 
hydro-organic solutions using DC18C6 as the 
extractant.’ This paper now reports data on the 
extraction characteristics of u~i~~1) under 
similar conditions for which no data are avail- 
able for the extraction from acidic nitrate sol- 
utions in the presence of protic as well as aprotic 
common organic solvents. 

All the chemicals used were “analytical re- 
agent”. 

Reagents 

Aliphatic alcohols (methanol, ethanol and 
isobutanol), dioxane, propylene carbonate (PC), 
acetone and acetonitrile (AN) used were all 
G.R. grade. The organic and the aqueous phase 
were saturated with each other prior to their use 
in order to prevent any volume change during 
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extraction. DC 18C6, obtained from Aldrich, sequently back extracted for about 10 min with 
USA, was of high purity grade. similar volumes of the strippant. 

Tracer Absorption spectra 

U-233 used was purified by tributyl phos- 
phate (TBP) extraction and checked for its 
radiochemical purity. U-233 radiotracer 
(10-6-10-4M) was used throughout this study 
and assayed radiometrically by alpha scintil- 
lation counting. 

Uranium(V1) was extracted from 7M HN03 
containing 20% AN and 0.2M DC1 8C6/toluene 
and the spectra of the organic extracts thus 
separated were recorded on a Shimadzu, model 
W-160, W-visible spectrophotometer. 

Distribution ratio (IlLI) measurements RESULTS AND DISCUSSION 

Equal volumes (1 ml) of U-233 tracer con- 
taining an organic additive in the desired nitric 
acid molarity and DC 18C6 dissolved in toluene, 
were pipetted into a 15-ml glass-stoppered equi- 
libration tube and stirred mechanically for 
about 40 min at room temperature (23-25°C). 
Preliminary experiments had shown that equi- 
librium was established in about 25 min. After 
settling for half an hour, and centrifuging if 
necessary, suitable aliquots from both the 
phases were withdrawn for radioassay. The 
distribution ratio (0”) of uranium, defined as: 
Dv = total concentration of uranium in the or- 
ganic phase/total concentration of uranium in 
the aqueous phase, was thus calculated. 

From a knowledge of D,, the volume of the 
aqueous phase (V,) and the volume of the 
organic phase (I’,,), the percentage extraction 
(%E) was then evaluated: 

%E = 100 Dv/[Du + (VW/V,,)]. 

All the measurements were done at least in 
duplicate and the agreement in D, values ob- 
tained was within _+2% with good material 
balance (> 95%). 

In evaluating the effect of various organic 
additives such as alcohols, acetone, acetonitrile, 
dioxane and propylene carbonate on D,, the 
procedure adopted was essentially the same 
except that the aqueous phase contained the 
appropriate proportion of an organic additive. 
The relative permittivity of the mixed aquo-or- 
ganic media, D, was calculated from the 
equation (10). 

Liquid-liquid extraction of U(V1) into tolu- 
ene by DC18C6 from mixed aquo-organic sol- 
utions is strongly influenced by the addition of 
certain organic additives to the aqueous acidic 
phase. Distribution ratios attained were quite 
high and quantitative extraction was even poss- 
ible at the lower nitric acid concentrations ad- 
mixed with suitable non-aqueous solvents. 
Values of Du were virtually independent of 
the initial metal concentration employed 
(10-6-10-4M), indicating the absence of poly- 
nuclear species in the extraction systems. De- 
tailed study on mutual solubility of the various 
components and on the swelling of the organic 
phase was not attempted. Generally, however, it 
is known that at concentrations of alcohols of 
about 30% or less in the polar phase, the change 
in the volume of phases is of the same order as 
in the case of pure aqueous mineral acid sol- 
utions. Higher proportions of organic additives 
than 30% were therefore not employed to avoid 
such complications. Also, the presence of a high 
concentration of the alcohols in the polar phase 
results in a decrease in the specific gravity of the 
latter, resulting in the reversal of the extraction 
phases. Owing to its reversal, separation of the 
phases becomes difficult. Sometimes only one 
phase is formed when the percentage of organic 
additive is increased beyond a certain limit. 

Dependence of D, on nitric acid concentration 

D = (V/lOO)D, + (100 - V/lOO)D,, 

where D, and V are the relative permittivity and 
percentage organic additive present, respect- 
ively, and Dz is the dilectric constant of pure 
water. 

For studying the back extraction, suitable 
aliquots from the loaded organic phase were 
withdrawn into an equilibration tube and sub- 

To assess the dependence of the extraction 
capacity on the polar phase acidity, the extrac- 
tion behaviour of uranium(V1) from increasing 
nitric acid molarity into toluene by DCl8C6 
was systematically examined. Representative 
data for only acetonitrile and propylene carbon- 
ate are shown in Fig. 1. The upper two curves 
show that the values of D, were considerably 
enhanced by addition of these organic solvents. 
Maximum extractability is slightly shifted 
towards lower acidity in the presence of such 
additives, though the general pattern of acid 
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Table 1. Extraction of U(W) into toluene by DC18C6 from 
acidic solutions containing an organic additive as a function 
of nitric acid con~ntration (organic phase: 0.2M 

DClSC6/toluene; volume ratio, O/A: 1) 

Dis~bu~on ratio (D,) (in 20%) 

0 1 2 3 4 5 6 7 6 

WNO,l , M 

HNOr 20% 20% 
(W D,' AN AF PC AI= 

0.9 0.01 0.04 4.0 0.18 18.0 
1.8 0.10 0.40 4.0 0.68 6.8 
2.1 0.19 1.56 8.2 1.55 8.2 
3.5 0.28 2.53 9.0 2.17 7.8 
4.3 0.35 2.93 8.4 2.64 7.5 
5.0 0.40 3.14 7.9 2.70 6.8 
6.0 0.41 3.65 7.8 3.37 7.2 
7.2 0.52 2.20 4.2 2.32 4.5 
8.0 0.44 1.92 4.4 1.98 4.5 

*Extraction without organic additive. 

Pig. 1. Effect of nitric acid concentration on the extraction 
of II(W) with 0.2M ~18~6/tolu~e from pure nitric acid 
solution (--A-); solution containing 20% (v/v) propylene 
carbonate (-_O--); solution containing 20% (v/v) aceto- 

Dependence of DU on DC18C6 concentration 

nitrile (-_17-). 

dependence is essentially similar to that with no 
additive. Maximum extraction of uranium took 
place at around 6-7M HNO, and the same 
trend was followed in the presence of 20% AN 
or PC in the polar phase with significant 
increase in L), values. Similarly maximum 
enhancement in Pu(IV) extraction by this 
macrocycle took place at acidity around 5-6M 
HNO, in the presence of 20% PC.9 After the 
maximum, values of Du decreased with further 
increase in polar phase acidity. The initial 
growth in the extraction was probably caused 
by the salting out effect of the nitric acid in 
the presence of the water-miscible organic sol- 
vents, the further increase in the content of 
which decreased the concentration of free ex- 
tractant as a result of coextraction of nitric 
acid which is attributed to the competitive for- 
mation of CE.m HNO, (m = 1,2) complex 
in the organic phase” and incomplete dis- 
sociation of HNO, in the polar phase. It is 
evident that at the same acidity, extraction 
was generally higher in the presence of aceto- 
nitrile than propylene carbonate in the polar 
phase (Table 1). At higher acid concentrations 
(>5M), extraction of U(W) was relatively 
less influenced by introdu~ng organic com- 
ponent in the polar phase, whereas compara- 
tively higher &, values were obtained by adding 
organic solvents at lower acid concentrations 
(<3--4M HNO,), This phenomenon has been 
previously observed for extraction from mixed 
media. I2 

The concentration of the crown ether, 
Dcl8C6, in the organic phase strongly in&r- 
enced the extraction of uranium from polar 
media. To examine this, extraction of uranium 
with 0.05-0.5MDCl8C6 from aqueous-organic 
media (HNO, + AN) with varying acetonitrile 
concentration was investigated. From the re- 
sults stanza in Table 2, it is quite evident 
that metal extractability was markedly en- 
hanced by increasing the ~on~ntrations of both 
DCl8C6 and acetonitrile up to 30 vol. (Oh). The 
height of synergic maximum followed the trend: 
0.5 > 0,2 > 0.1 > 0.05M DC1 8C6. Thus the syn- 
ergic effect was more pronounced at higher 
crown ether concentrations. Extraction of 
U(W) exceeding 90% could be readily achieved 
in a single equal-volume contact by 0.5M 
DCl8C6 from 4M HN03 solutions containing 
30% (v/v) acetonitrile (Table 2). A similar be- 
haviour was also noted with propylene carbon- 
ate as the organic component. 

In order to study the extraction mech- 
anism, the dependence of Du on crown ether 

Table 2. Efkct of DClSC6 concentration on uranium(VI) 
extraction into toluene from aqueous-acetonitrile polar 

phase* 

Distribution ratio (D,) 
Acetonitrile DC18C6t (M) 
(%) 0.05 0.1 0.2 0.5 

0 - 0.17 0.31 

:oo 0.17 0.29 0.93 1.19 2.78 1.69 3.29 5.28 
2 0.52 0.39 1.21 1.46 3.15 2.26 4.78 7.12 

*Initial concentration of acidity in the polar phase was 4M 
HNO,. 

~Dissolved in toiuene. 
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concentration was examined at HN03 = 4M. 
The extraction of U(V1) is represented by, 

UO’+ f2 NO- 2(a) 3(a) +nCE (0) 

=UOz(NO3 )z * n CE,,,, (1) 

where subscripts a and o refer to the species 
present in aqueous and organic phases, respect- 
ively, for which the equilibrium constant, KX, is 

[UO,(NO, )z * n CEI,,, 
K, = W:+l,W; l’$Pl;I,, ’ 

Introducing the distribution ratio, 

(2) 

& = lUO,(NO, )z * n CEl,,/W:+l,~ 
one obtains 

log Du = log K, + 2 log[NO;],,, 

+ n log [CEI,,. (3) 

Since U(V1) is at the tracer level and the par- 
tition of free DC 18C6(CE) in the aqueous phase 
is negligible, particularly with toluene, the 
equilibrium concentration, [CE],, is equal to 
[CE],,. The plot of log Du vs. log [CE], in the 
organic phase is depicted in Fig. 2. The line 
drawn through the experimental points yielded 
a slope, n of 1.1 which indicated that the 
extracted species in the macrocycltiluent 
phase is predominantly of the type 
UOz(N03)2.CE. Contrary to this, PU4+ forms 
an 1:2 ion pair complex of the type, 
P~J(NO~)~.~CE, as studied recently under similar 
conditions.’ With acetonitrile the slope is nearly 
+ 1, showing that this additive, and presumably 
also most of the others, does not change the type 
of the extracted species. Values of log KX with 

0.6 

02 

3 

i 

-0.2 

m=I 

/ m=l 

ii 

-0.6 I I 
-I -0.6 -0.2 

tog CCEI 

Fig. 2. Extraction of U(VI) into toluene by DC18C6 as a 
function of extractant concentration from pure 4h4 HNO, 
solutions (-a-); solutions containing 4M HNO, + 20% 

(v/v) acetonitrile (-A-). 

DC1 8C6/toluene for 4M HNOj + 20% AN, 4M 
HNO, + 20% PC and pure 4M HNO, are 0.66, 
0.63 and -0.20, respectively, which reflects the 
relatively high extractability of U(V1) from 
mixed media (Table 1). Visible absorption spec- 
tra of the U(V1) complex extracted with 
DC18C6 from 7M HNO, aqueous solution and 
that from 7M HNO, admixed with 20% AN 
were essentially alike which indicated the simi- 
larity of the species involved in the extraction 
process. 

Dependence of D, on the concentration of 
organic additives 

Preliminary experiments indicated that the 
organic additives generally exerted a pro- 
nounced effect on uranium extraction. Table 3 
presents data on its extraction into toluene by 
0.2M DC1 8C6 from 4M HN03 containing vary- 
ing amounts of methanol, ethanol, isobutanol, 
acetone, dioxane, propylene carbonate and 
acetonitrile. It is evident that the values of Du 
are significantly enhanced by introduction of 
some of these polar organic additives to the 
aqueous phase, except alcohols. When protic 
solvents such as methanol, ethanol and higher 
alcohols like isobutanol were used as additives, 
a remarkable depression in the metal extraction 
was observed as compared with the extraction 
using aprotic components, e.g. acetone, aceto- 
nitrile, dioxane and propylene carbonate. Such 
an inhibitory effect is presumably caused by the 
interaction of alcoholic solvents with DC18C6/ 
toluene in the organic phase and to the decrease 
in the partition coefficient of the macrocycle 
caused by the swelling of the organic phase. In 
general, the addition of both types of such 
organic substances brings about a considerable 
decrease of relative permittivity (D) of the 

Table 3. Effect of organic additives on the extraction of 
U(W) into toluene by DC18C6 from aqueous nitric acid 
media (organic phase: 0.2M DCltC6/toluene; aqueous 
phase: 4M HNO, + organic additive; volume ratio (O/A): 1) 

Distribution ratio* (Do) 
Organic (%) 
additive 10 20 30 40 

Dioxane 0.92 1.36 1.86 1.25 
Acetone 1.75 2.01 2.75 1.60 
Acetonitrile 1.69 2.78 3.15 2.26 
Propylene 1.58 2.47 2.95 2.18 

carbonate 
Methanol 0.17 0.18 0.20 0.15 
Ethanol 0.24 0.34 0.42 0.30 
Isobutanol 0.19 0.27 0.30 0.20 

*Mean value of Do obtained from pure 4M HNO, medium 
is 0.31. 
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aqueous phase. Maximum enhancement in ex- water, favour the formation of the neutral ad- 
traction was accomplished in the presence of duct, UO~(NO,),,CE, which ultimately brings 
both acetonitrile as well as propylene carbonate. about a substantial increase in extraction. At 
Thus their additions to the aqueous phase may low additive con~ntrations, the dehydration 
prove helpful in uranium recovery. To illustrate e&Y4 due to their presence facilitates inter- 
the advantage obtained by using these additives, action with the NO; anion to form the ex- 
the Du values and the advantage factor (AF), tractable nitrate complex, and should lead to an 
defined as, increase in the metal extraction. 

AF = D, in mixed rnedi~~~~ in pure 
aqueous medium 

for 20 vol. (%) PC and AN are presented in 
Table 1. These results indicate that for most of 
the nitric acid concentrations ranging from 0.9 
to 8M HNO,, high Du values (AF: 4-9) could 
be easily realized for uranium extraction. At the 
same additive percentage, the values of distri- 
bution ratio follow the sequence: methanol 
c isobutanol < ethanol < dioxane < acetone 
< propylene carbonate < acetonitrile (Fig. 3). 
Extraction of Urania had maxima at about 
30% (v/v) additive concentration and then it 
steadily decreased with further proportions. 
Such behaviour has also been observed earlier’ 
while studying Pu4+ as well as Am3+ extrac- 
tions.i3 It merits mention that these substances 
did not pass into the nonpolar phase (the vol- 
ume of the latter phase remained nearly con- 
stant after reaching equilibrium except when it 
contained about 30 vol. % or more of higher 
alcohols) and hence their effects can be ex- 
plained by interaction in the aqueous phase 
only. Such organic liquids, being less polar than 

Back ex~r~c~~~~ of u~~~~ 

Several aqueous solutions were evaluated as 
strippants for uranium from loaded toluene 
solutions of DC18C6 extracted from a polar 
phase containing 4M HN03 + 20% AN. From 
Table 4, it is evident that the strippants like 
HClO, as well as H,SO, could strip uranium 
from DC1 8C6/toluene solutions almost quanti- 
tatively (>95%) in a single step. Sodium car- 
bonate and oxalic acid were also tested for back 
extraction, and could only recover around 87 
and 40%, respectively. 

Separations of plutonium from uranium when 
extracted together 

Since both U(W) and Pu(IV) at mg/ml levels 
could be efficiently extracted (>95%) with 
0.2M DCl8C6~totuene from a polar phase con- 
taining 4M HN03 + 20% (v/v) CH,CN, reduc- 
tive stripping with 0.2M ascorbic acid or 0.2M 
NH,OH.HCl was attempted to separate them 
when present together. Both these strippants 
could recover plutonium around 95% in a single 
equal volume contact, while back extraction of 
uranium was negligibly small ( c 1 O/o). Uranium 

0 IO 20 30 40 

Organic additive in the polar phase, % 

Fig. 3. Effect of organic additives on the extraction of U@I) 
into tofuene by 0.2M DCI8C6 as a function of initial 
concentration of the organic solvents in the polar phase; 
initial acidity of polar phase: 4M HNO,. Methanol (--V- 
); isobutanol (-_O--); ethanol (--A-); dioxane (-V-); 
acetone (-A-); propylene carbonate (-_II--); acetonitrile 

G-O-). 

Table 4. Back extraction (stripping) of U(W) from loaded 
DC18C6/toluene phase* (extractant: 0.2M DC18C6/ 

toluene; volume ratio (O/A): I) 

u stripped 
Strippant? hJ W) 

Ascorbic acid 14.5 6 
(0.2M) 

NH,OH.HCl 12.5 7 
(0.2M) 

NarCO, 1.5 40 
(OSM) 

Oxalic acid$ 0.15 87 
(l.OM) 

WQ 0.10 91 
(2.OM) 

HClO, Negligible >99 
(LOM) 

*U(W) was extracted from a poiar phase containing 4M 
HNO, + 20% (v/v) AN. 

tAqueous solutions of strippants were made by directly 
weighing or measuring tlte volumes approximately; 
concentrations (M) are given in brackets. 

$Dissolved in 0.5M HNO,. 
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was subsequently back extracted (>98%) 
with 1M HC104 from loaded organic extracts. 
Applicability of this method was successfully 
tested in the analysis of several low/medium 
level fuel reprocessing waste solutions con- 
taining large amounts of uranium (mg/ml) 
and trace concentrations @g/ml) of plutonium. 
Recovery of uranium from triplicate exper- 
iments exceeded 98 + 1% under the standard- 
ized conditions. 

CONCLUSIONS 

Extraction of uranyl ions with DC18C6 from 
the mixed aqueous-organic solution has been 
examined in order to evaluate the synergistic 
effect of several common polar water-miscible 
organic solvents. Its extraction is strongly 
affected by the addition of some of these com- 
ponents. Acetonitrile and propylene carbonate 
prove to be most efficient for this purpose. Slope 
analyses and spectral studies of the uranyl com- 
plex extracted from pure nitric solutions and 
those admixed with organic additives have 
shown the similarity of the species involved in 
both the systems. Separation of Pu(IV) and 
U(W) is easily accomplished using reductive 
strippants. 
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SIMULTANEOUS SPECTROPHOTOMETRIC 
DETERMINATION OF NICKEL AND IRON IN COPPER- 

BASE ALLOY WITH BROMO-PADAP 
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Summary-The reaction of nickel (II) with Br-PADAP, in the presence of tergitol NPX surfactant, forms 
a complex with absorption peaks at 520 and 560 nm. The iron(B)-Br-PADAP system at the same 
conditions forms a chelate with absorption peaks at 560 and 748 nm. This allows the simultaneous 
spectrophotometric determination of nickel and iron by measuring the absorbance at 560 and 748 nm. 
The proposed method, at pH 4.0-5.7, shows a molar absorptivity of 1.22 x lo5 1. mole-’ . cm-’ for nickel 
at 560 run and 8.20 x 10’1. mole-’ . cm-’ at 560 nm and 3.35 x 10’1. mole-’ . cm-’ at 748 nm for iron(I1). 
Beer’s law is obeyed up to 0.40 p/ml of nickel(I1) and up to 0.65 &ml of iron(I1). Thiosulphate as masking 
agent allows the simultaneous determination of iron and nickel in the presence of high concentrations of 
copper. The ethylene glycol 2-(2-amino-ethyl) tetracetic acid provides the elimination of many other 
interferences. The method has been applied successfully to the simultaneous determination of nickel and 
iron in reference samples. 

The reagent 2-(5-bromo-2-pyridylazo)-5-diethyl- 
aminophenol (Br-PADAP) has been frequently 
used as a spectrophotometric reagent, because 
of its sensitivity for metallic cations. As it has 
low solubility in water, the reagent cannot be 
used in aqueous media. Proposed methods 
include extractions using organic solvents in the 
presence of surfactants or in aqueous-ethanol 
systems. The main applications of Br-PADAP 
as a calorimetric reagent are for the determi- 
nation of uranium(VI),’ palladium,* thorium,3 
cadmium4 and nickel.5*6 The first study of the 
reaction of Br-PADAP with nickel(I1) was 
made by Fu-Sheng and co-workers.5 In it, 
nickel(I1) reacts with Br-PADAP in aqueous- 
ethanol media, forming a complex with a 
composition of 1:2, cation:reagent, which has 
two absorption maxima at 520 and 560 nm. 

The use of Br-PADAP as reagent for 
spectrophotometric determination iron was 
described several times. It reacts with iron(I1) 
and iron(II1). Its reaction with iron(I1) forms a 
stable complex that has been applied for the 
analysis of iron in several materials.‘-” 

The iron(IIIkBr-PADAP system was used 
for iron determination in irrigation water.‘* 
Wang and SongI used Br-PADAP for simul- 
taneous determination of iron(II1) and iron(I1). 
Bursik et ~1.‘~ proposed a simultaneous method 
for determination of iron(II1) and copper(I1). 

Table 1 shows the characteristics of systems 
used during the proposed methods for the 
determination of nickel and iron with 
Br-PADAP. The reaction of nickel with 
Br-PADAP in the presence of tergitol NPX 
surfactant provides the formation of a complex 
with absorption peaks at 530 and 560 nm, while 
the reaction of iron(IIkBr-PADAP under the 
same conditions, forms a complex with absorp- 
tion peaks at 560 and 748 nm. Considering these 
facts, a method has been proposed for the 
simultaneous determination of nickel and iron, 
by measuring the absorbances at 560 and 748 
nm, based on the additive property of the 
absorbance. 

EXPERIMENTAL 

Apparatus 

Spectrophotometric measurements were made 
a VARIAN DMS-100 spectrophotometer with 
matched l.OO-cm quartz cells. A FISHER-600 
pH meter was used to measure the pH values of 
the solutions. 

Reagents 

All reagents were of analytical reagent grade 
unless otherwise stated. 

Br-PADAP (MERCK) solution. 0.10 g in 100 
ml of ethanol. 

TM 40~I 1267 
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Table 1. Determination of nickel and iron using Br-PADAP 

Cation Media PI-I 1% t . lo4 Masking Application Ref. 

Ni(II) Ethanol 5-10 560 12.6 
Ni(II) Ethanol 4-10 558 12.6 
Ni(I1) Tergitol NPX 4-5.7 560 12.2 

Fe(I1) Ethanol 555 7.2 

Fe(H) 
Fe(II) 
Fe(H) 

Ethanol 
Ethanol 

Ethanol + OP 

Fe(H) DMFt 

5-7 

3-10 
4 

5.5 

4.7 

753 3.4 
552 4.5 
600 13.0 

756 3.35 

Fe(H) Tergitol NPX 4-5.7 

Fe(I1) 
Fe(III) 
Fe@) 
Fe(II1) 

2.5-3.5 

Ethanol 
T&on-X100 

- 
- 

560 8.20 
748 3.35 
557 8.4 
592 8.98 
600 7.6 
535 

- 
- 

EGTA 
s*o,* 
EDTA 

- 
- 

EDTA 

- 

EGTA 
s,o;* 

- 

Al alloys 5 
- 6 

Cu alloys * 

Fe in copper 
Al Mg alloys 7 

Al alloys 8 
- 9 

Zn and its 
alloys 10 

BaCO, and 
urea 11 

Cu alloys * 

13 

water 12 
14 

*This work. 
TDMF: Dimethylformamide; OP emulsifier: polyoxyethylene glycol octylphenyl ether; 6 : 

molar absorptivity (I. mole-’ cm-‘). 

Standard nickel(ZZ) solution (100 pg/ml). 
Prepared by dissolving pure nickel in diluted 
hydrochloric acid and dissolution up to 1 1. 
deminerized water. 

Standard iron solution (100 pg/ml). 
Prepared by dissolving iron(I1) ammonium 
sulphate in sulphuric acid (0.50%). 

Working solutions of nickel(ZZ) and iron( 
Prepared by dilution of the standard solution in 
demineralized water. 

Bu,trer solution. Prepared by mixing 2.OM 
sodium acetate and 2.OM acetic acid in 
appropriate ratios. 

EGTA solution (0.40 mg/ml = 1.05 x 
10-3M/1). Prepared by dissolving ethylene 
glycol 2-(2-amino-ethyl) tetracetic acid (Merck) 
in water. 

Tergitol NPX (J. T. Baker Chem. Co.) 
solution. 10.0 g in demineralized water (100 ml). 

Thiosulphate solution (10.0%). Prepared by 
dissolving sodium thiosulphate in water. 

Reducing solution (5.0%). Prepared by 
dissolving hydroxylammonium chloride in 
water. 

General procedure 

Transfer a portion of solution containing 5.00 
pg of nickel and/or 10.0 pg of iron, into a 25 ml 
volumetric flask, add 2.0 ml of a 5% solution of 
hydroxylammonium chloride, 2.0 ml of tergitol 
NPX (lo%), 2.0 ml of EGTA (0.40 mg/ml), 5.0 
ml of acetate buffer (pH 4.5) and 1.0 ml of a 
0.10% ethanolic solution of Br-PADAP. Dilute 
to the mark with water, mix, and after 50 min, 

measure the absorbances at 560 and 748 nm us. 
an approximately prepared blank. 

RESULTS AND DISCUSSION 

Characteristics of the complexes 

The reaction of Br-PADAP with iron(I1) in 
presence of Tergitol NPX forms a coloured 
complex with absorption peaks at 560 and 748 
nm. The absorbance of the complex reaches a 
maximum after 2 min of mixing the reagents 
and it is stable for at least 6 hr. Br-PADAP 
reacts with nickel(I1) in presence of Tergitol 
NPX forming a red complex with absorption 
peaks at 520 and 560 nm. The colour developed 
within 40 min and is then stable for at least 
6 hr. Therefore, measurement of the absor- 
bances by the proposed method must be made 
after 50 min. 

Effect of Tergitol NPX surfactant on the system 
N:(ZZ)-Br-PADAP and iron(Br-PADAP 

The reagent and its complex have a low 
solubility in water, but the use of Tergitol NPX 
solves this inconvenience. The solubilization of 
1000 pg of reagent is obtained with 50 mg of 
Tergitol NPX per 25 ml. Thus, 200 mg was 
selected as optimal. The study of the effect of the 
amount of Tergitol NPX on the iron(II)- 
Br-PADAP system revealed that it does not 
affect the absorbance signal of the iron(IIb 
Br-PADAP system when the Tergitol NPX is in 
the concentration range of 2.00-12.00 mg/ml. 
However, it was observed that, with the increase 



Nickel and iron in copper-base alloy 1269 

Table 2. Effect of Tergitol NPX on the system 

Concentration Ni(II)-Br-PADAP Fc(II)-Br-PADAP 
(w/ml) Absorbance at 560 nm 

0.00 - - 

2.00 0.488 0.601 
4.00 0.477 0.603 
6.00 0.452 0.602 
8.00 0.439 0.601 

10.00 0.419 0.606 
12.00 0.399 0.598 

Fe@): 0.40 &ml; Ni(II): 0.20 &ml. 

of the amount of Tergitol NPX, the absorbance 
signal of the nickel(II)-Br-PADAP system is 
reduced (Table 2). 

Effect of the pH 

The effect of the pH on the nickel(II)- 
Br-PADAP system was studied and the results 
demonstrated that the absorbance signal is 
maximum and constant in a pH range of 
4.0-6.0 (Table 3). The same study for the 
iron(Br-PADAP revealed that the optimum 
range is 4.0-5.7. Then, the pH range indicated 
for the method is 4.0-5.7. The general pro- 
cedure was developed with an acetate buffer at 
pH 4.50, because in this pH the effect of the 
EGTA on the nickel(I1) reaction was lower and 
the buffer-index of the acetate buffer was higher. 

Effect of the EGTA 

EDTA has been used as masking agent 
during iron7,” determination with Br-PADAP, 
but it cannot be used in nickel determination 
because its complex formation constant is too 
high. However, the EGTA can be used because 
its complex formation constant is lower. 

log BNI(II)-EDTA = 18.6 log BNI(II)-EGTA = 12.0. 

The study of the masking agent EGTA on the 
iron(Br-PADAP system revealed that it 
does not affect the absorbance signal of the 
system when the masking agent EGTA is in 
the concentration range of 0.0-l .68 10-4M. 
However, it was observed that, with the increase 
of the concentration of EGTA, the absorbance 

Table 3. Effect of pH 

Ni(II)-Br-PADAP Fe(U)-Br-PADAP 
Absorbance 

PH 560 nm 560 nm 148 nm 

3.75 0.403 0.576 0.241 
4.00 0.414 0.614 0.246 
4.40 0.431 0.611 0.247 
4.90 0.439 0.612 0.249 
5.20 0.433 0.611 0.251 
5.70 0.438 0.615 0.250 
6.00 0.435 0.589 0.253 

Fe(U): 0.40 pg/ml; Ni(I1): 0.20 pg/ml. 

signal of the nickel(II)-Br-PADAP is reduced 
(Table 4). 

Eflect of the amount of acetate bufler solution 

The effect of the buffer concentration on the 
nickel(II)-Br-PADAP and iron(Br-PADAP 
systems was studied and the results demon- 
strated that it does not affect the absorbance 
signal of the system when the buffer is in the 
concentration range of O&l-0.20M in acetate. 

Interference 

The selectivity of the Br-PADAP during the 
simultaneous determination of iron and nickel 
was investigated by determining of 5 pg iron(I1) 
and 5 pg of nickel(I1) in the presence of various 
amounts of other ions. The interference limit 
of an ion was attributed as the proportion in 
which a change of +2% in absorbances of the 
chelates were observed. The results are shown in 
Table 5. 

Calibration curve 

Ni(II)-Br-PADAP system. The calibration 
curve for the determination of nickel(I1) was 
determined using the optimum experimental 
conditions. The straight line calibration curve 
indicated that Beer’s Law is obeyed up to 
0.40 pg/ml. 

The equation found for the calibration curve 
was: 

A = 2.075 - Cone . Ni(I1) + 0.003, r = 0.9998 

&3/W 

Table 4. Effect of EGTA on the system 

Concentration Ni(II)-5-Br-PADAP Fe(II)-5-Br-PADAP 
W) Absorbance at 560 mn 

0.0 0.430 0.605 
4.20 x lo-’ 0.420 0.606 
8.41 x 1O-5 0.409 0.607 
1.26 x 1O-4 0.396 0.600 
1.68 x IO--’ 0.376 0.601 

Fe(I1): 0.40 rg/ml, Ni(II): 0.20 &ml. 
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Table 5. Simultaneous determination of iron and nickel in 
the Presence of various ions 

Proportion of ion : metal 
Ion Reauent used loo:1 IO:1 l:l. 

cu+l 
Zn+l 

:i:: 

Mg+’ 
Ca+2 
Bi+’ 
Pb+2 
Al+’ 
Mn+2 
co+2 
so;* 
Cl- 
co;2 
PO;’ 

I? = Does not interfere; Y = interferes. 
Fe(H): 0.20 Pg/ml; Ni(I1): 0.20 pg/rnl. 

C&O,. 5H20 N N N 
ZnSO, .7H,O N N N 
Hg(NO3 VHNO3 N N N 
Cd(CH,COO), .2H,O N N N 
Mg(N4 h N N N 
Ca(NO,), N N N 
Ni(NO,),/HCl Y N N 
Pb(N0, )z Y N N 
KAI(SO,X . 7H20 Y N N 
MnSO, Y N N 
CoSO, . 7H20 Y Y Y 
Na2SO4 N N N 
NaCl N N N 
N&O3 Y N N 
Na,FQ Y Y N 

The apparent molar absorptivity (at 560 nm) 
calculated from the slope of the regression line 
is 1.22 x lo5 1 * mole-’ * cm-‘. 

Fe(ZZ)-Br-PADAP system. Beer’s Law is 
obeyed up to 0.65 pug/ml; molar absorptivities 
were determined as being 8.20 x 104 and 
3.35 x lo4 1. mole-’ * cm-’ at 560 and 748 nm, 
respectively. 

The equations found for the calibration 
curves were: 

A = 1.474 * Cone - Fe(H) - 0.002, r = 0.9997 
(at 560 nm) pg/ml: 

A = 0.606 * Cone - Fe(B) + 0.001, r = 1 .OOOO 
(at 748 nm) pg/ml. 

Thiosulphate as masking agent for copper (II) 

The effect of the masking agent thiosulphate 
on the iron(Br-PADAP and nickel(II)-Br- 
PADAP systems was studied. The results 
showed that thiosulphate does not affect the 
absorbance signal of the systems when it is in 
the concentration range of 0.016-0.065M. 

Addition of 400 mg of sodium thiosulphate 
is enough to mask 2500 pg of copper(I1) when 
4 fig of iron(I1) and 4 pg of nickel(I1) are 
simultaneously determined. 

Simultaneous determination of nickel and iron in 
copper -base alloys 

The present work has as an objective for the 
simultaneous determination of nickel and iron 
in copper-base alloys. These elements are 
normally present in copper-base alloy. The 
copper(I1) is a serious interferent, but the 
reaction in the presence of thiosulphate solves 
this inconvenience. 

The proposed procedure (in the Experimental 
section) was applied for the simultaneous 
determination of iron and nickel in copper- 
base alloys standards of compositions given in 
Table 7. The results are shown in Table 6. 

CONCLUSIONS 

Br-PADAP has high sensitivity for the 
simultaneous determination of iron and nickel. 
The use of EGTA as masking agent decrease the 
signal absorbance of the nickel(II)-Br-PADAP, 

Fig. 1. Absorption spectra system nickel(IIkBr-PADAP. Fig. 2. Absorption spectra system iron(Br-PADAP. 
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Table 6. Simultaneous determination of nickel and iron in 
copper-base alloys 

Standard Brass Brass 
Metal sample lOa-IPTSP 486CEPED.Ba 

N 10 10 
Nickel Present(%) 0.33 0.29 

Found(%)* 0.34 f 0.01 0.30 f 0.01 
SD. 0.0092 0.0099 

Iron Present(%) 0.21 0.21 
Found(%)* 0.21 f 0.01 0.20 f 0.01 

S.D. 0.0084 0.0074 

N = determination number; SD. = standard deviation. 
*Confidence level (95%). 

Table 7. Composition of standard samples 

Standard sample 

Brass 486~CEPED.Ba 
Brass lOa-IPT,SP 

Cu Zn Fe Ni Al Pb 
(“/I 

85.13 4.71 0.21 0.33 4.58 4.72 
85.86 2.87 0.21 0.29 0.05 5.32 

IPT’--Instituto de Pesquisas Tecnologicas do Estado de SBo 
Paulo, Brazil. 

CEPED-Centro de Pesquisa e Desenvolvimento do Estado 
da Bahia, Brazil. 

but this effect is constant and the calibration 
curve has a good correlation coefficient. 

Cobalt(I1) is the main interferent in the 
simultaneous determination of iron and nickel, 
however it is not a usual constituent of copper- 
base alloys. 

The application of the proposed method 
indicated that it has very good accuracy and 
precision. Synthetic samples analysed showed 
that this method under the proposed conditions 
can deal with samples with iron/nickel ratio in 

the range of 10:1-l :lO. As a result, the pro- 
posed method is perfectly useful for routine 
analysis due to its simplicity and possibility of 
determining simultaneously iron and nickel in 
aqueous solutions. 
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VOLTAMMETRY ANODIC STRIPPING, BASED ON THE 
ELECTROCATALYTIC ACTION OF 2,2’-BIPYRIDINE IN 
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Smmmuy-Deposition potential, deposition time, square-wave frequency, 2,2’-bipyridine concentration, 
and gallium concentration have been studied in detail, for the determination of trace concentration levels 
of the metal by square-wave voltammetry anodic stripping analysis, in dimethylsulphoxide. Optimum 
conditions have been found for gallium(II1) determination and results compared to those obtained in OSM 
NaSCNf4.2M NaClO, aqueous electrolyte by obtaining calibration graphs for the range 
1 x 10-8M-1 x 10-5M gallium. Accuracy ( f 3%) and precision (46% SD) of this method were assessed 
with both 4 x lOWsit and 4 x lo-‘M gallium solutions used as synthetic samples. The efficiency of solvent 
extraction of gallium with d&isopropyl ether was found to be 99.98% at a 4 x lo-‘M gallium 
concentration. The proposed method was applied to the determination of the gallium content in rock 
mineral samples (using the above mentioned solvent extraction procedure), and results compared to those 
obtained with the NaSCN-NaClO, based electrolyte. No statistically significant difference was observed. 
Analytical procedures followed are given in detail. 

The need for sensitive and reliable methods for 
the determination of trace concentrations of 
gallium has been recognized in different fields. 
The special affinity of sarcomatous tissues for 
this element has led to studies of its tissue 
retention and cytotoxicity and motivated 
previous analytical works.‘** 

From an environmental point of view, the 
increasing importance and use of compounds 
such as gallium arsenide in the semiconductor 
industry, has posed the question of its toxicity 
and potential hazard when suspended in the 
industrial atmosphere.3 As a doping element, it 
has to be determined in microscopic weighed 
samples in minute amounts.4 On the other hand, 
surveys in the mining industry require the 
determination of trace concentrations of 
gallium in samples of different mineral 
compositions. 

Our attention in the past has been focused 
on the use of anodic stripping combined 
with square-wave voltammetry in a 0.5M 
NaSCN + 4.2M NaClO, electrolyte.’ This 

*On sabbatical leave from Departamento de Quimica, 
Universidade de Brasilia, Brazil. 

tAuthor for correspondence. 

electrolyte has proven to be effective in 
transforming an inherently irreversible electro- 
chemical reduction of gallium(III)6 into a revers- 
ible process,‘s8 a condition which is required for 
electroanalytical methods. However, the high 
concentration of electrolyte required is a disad- 
vantage, because of the metal impurities intro- 
duced by the reagents, and this has led us to 
initiate studies in the search for alternative 
systems. 

In previous work9 we explored the possibility 
of changing from aqueous to non-aqueous 
media (acetonitrile and dimethylsulphoxide) 
and the use of 2,2’-bipyridine (DIPY) as electro- 
catalyst” to transform the irreversible reduction 
of aquo-gallium(II1) to a more facile process. 
We succeeded in obtaining a catalytic wave in 
dimethylsulphoxide (DMSO), corresponding to 
the reduction of gallium(II1) to gallium metal 
which deposits in the mercury drop electrode, 
with catalyst concentrations between 10e3 and 
lo-‘M, only. 

In this work we extend our study to the 
application of this electrocatalytic reduction to 
the determination of trace concentrations of 
gallium, by means of anodic stripping combined 
with square-wave voltammetry. A comparison 
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with the previous NaSCN-NaClO, aqueous (DMSO) with 0.03% water (Merck p.a.), or 
electrolyte is carried out. Our results show how >99% purity from Aldrich and distilled water, 
well this new system works, with some sacrifice obtained from a high performance automatic 
in sensitivity. self-flushing still.‘* 

EXPERIMENTAL 

Instrumentation 

The anodic stripping experiments were run 
with an EG & G Princeton Applied Research 
polarographic analyzer model 384B in its 
square-wave voltammetry mode. This was 
connected to the PAR 303A static mercury 
drop electrode (HMDE), which contains a 
silver-silver chloride reference electrode. The 
filling solution was substituted with an aqueous 
tetramethyl ammonium chloride (TMACl) 
solution. Its concentration was adjusted so that 
the electrode potential was coincident with that 
of a saturated calomel electrode (SCE). 

Gallium(II1) perchlorate [Ga(ClO,), - 6H,O] 
was prepared by dissolving 6N grade gallium 
metal (Strem Chemicals) in 70% perchloric acid 
(Merck, Suprapur) following a known pro- 
cedure.i3 The electrocatalyst used was 2,2’- 
bipyridine (DIPY) from Aldrich (dissolved in 
the corresponding solvent). Antimony(II1) 
chloride (Merck p.a.) was used to prevent the 
formation of a Ga-Zn intermetallic compound 
which raises the detection limit.’ 

Gallium primary standard solutions were 
made by dissolution of Strem Chemicals 
99.999% pure gallium(II1) oxide in the smallest 
amount of Merck Suprapur concentrated 
hydrochloric acid. 

Curves were plotted on a Houston Instrument 
model DMP-40 plotter. A cell design with a side 
tube at the bottom for collection of mercury 
drops” was modified to contain 5 ml of 
solution. Solutions were degassed with high 
purity argon presaturated with DMSO and 
stirred with a 305 EG & G magnetic stirrer in 
its slow speed setting (nominally 400 rpm). 

Solvent extraction of gallium(II1) was made 
with di-isopropyl ether (Merck p.a.). Digestion 
of rock mineral samples was made with a 
mixture of 30% hydrochloric acid, 65% nitric 
acid and 40% hydrofluoric acid (all Merck 
Suprapur). 

Gallium(II1) stock solution volumes were 
measured with Gilson Pipetman micropipettes. 

The rock mineral samples were provided by 
Laboratorio de Quimica Analitica y Electro- 
quimica, PUC. Composition was mainly feldspar 
with gallium content between 5 and 30 ppm. 

Procedures 
A 600 W SAMSUNG microwave oven model 

RE-610TC, provided with an acrylic plastic box 
and fume exhaust tube, was used for rock 
mineral sample digestion. 

The samples plus digesting acids were placed 
into Parr microwave acid digestion bombs 
model 4781 (23 ml capacity). 

Test tubes used in solvent extraction were 
shaken with an HEIDOLPH vortex shaker 
model REAX 2000. 

Reagents 

Supporting electrolytes were made with 
sodium thiocyanate (Fluka purum p.a.) and 
sodium perchlorate, obtained by neutralization 
of sodium carbonate (Merck p.a.) with 
70% perchloric acid (Baker analysed) in 
aqueous media. Tetraethylammonium perchlor- 
ate (TEAP), made by neutralization of 20% 
(w/w) aqueous tetraethylammonium hydroxide 
(Aldrich) with 70% perchloric acid (Baker 
analysed) and recrystallization from absolute 
ethanol (Merck p.a.), was used in non-aqueous 
media. Solvents used were dimethylsulphoxide 

Voltammetric measurements. The required 
amount of dry TEAP was weighed directly in 
the cell and dissolved by the addition of 5 ml 
of DMSO. The required gallium(III), anti- 
mony(III), perchloric acid and DIPY concen- 
trations were obtained by spiking the solution in 
the cell with the appropriate stock solutions. 
Solutions were degassed for 300 set and then 
preconcentration of gallium on a small size (0.13 
mm3) mercury drop was conducted at the 
specified deposition potential (Ed) and depo- 
sition time (t,J with constant speed stirring 
(N 400 rpm). This was followed by a 15 set rest 
period before stripping. The gallium stripping 
was performed by square-wave voltammetry 
with 120 Hz frequency, 2 mV step height and 20 
mV amplitude. Peak stripping currents (Z,,a) 
were automatically measured by a tangent fit 
programme, together with the measurement of 
peak potentials (E,), which are referred to the 
SCE. 

Experiments in aqueous 0.5M NaSCN + 
4.2M NaClO, or 4.2M NaClO, were carried out 
after adjustment to pH 2.0. 
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Synthetic gallium samples. The synthetic 
gallium samples were prepared as follows: a 
2 x 10v2M stock solution was made by dissolv- 
ing the required amount of 99.999% Ga,O, in 
3 ml of 30% HCl in a digestion bomb, which 
was heated for 5 min at 300 W in the microwave 
oven. It was cooled to room temperature and 
the excess HCl evaporated on a hot plate. The 
resulting solution was transferred to a 25 ml 
volumetric flask and made up to volume with 
DMSO. Then fresh 1 x 10w4A4 and 2 x 10esM 
gallium solutions in DMSO were made daily 
from the 2 x 10e2M stock solution. The 
synthetic sample concentrations were obtained 
by spiking the cell with 20 ~1 of the 1 x 10w4M 
solution to provide a 4 x lo-‘M sample or with 
10 ~1 of the 2 x 10wSM solution to provide a 
4 x lo-‘M sample. 

The gallium determination was made as 
follows: 115 mg of TEAP was weighed directly 
in the cell. Then 5 ~1 of a 10e2M Sb(II1) stock 
solution were added plus 100 ~1 of a 0.15M 
DIPY stock solution in DMSO, and 5 ml of 
DMSO which was transferred, through a PTFE 
tube by pressurizing the solvent bottle with 
argon, into a measuring cylinder and then into 
the cell. The resulting solution was then spiked 
with the corresponding gallium stock solution 
to obtain the desired concentration. After de- 
gassing, preconcentration in the mercury drop 
was performed at Ed = - 1.3 V, t,, = 180 or 300 
sec. This was followed by the rest period and 
stripping step. 

Solvent extraction experiments. The gallium 
solvent extraction experiments were performed 
as follows: 5 ml of a 10m4A4 gallium solution 
were prepared daily from a 2 x lo-‘M stock 
solution (aqueous and non-aqueous 1 0m4M 
gallium solutions were prepared and when an 
aqueous solution was made, 50 ~1 7M HCl 
was first added to the 5 ml volumetric flask to 
prevent hydrolysis). To a 15 ml stoppered test 
tube, 40 ~1 of the 10m4M gallium solution were 
transferred, followed by 4 ml of 7M HCl and 
4 ml of di-isopropyl ether. The tube was shaken 
for 5 min with the vortex shaker and allowed to 
stand until phase separation (- 5 min). After 
decantation, 2 ml of the organic phase were 
transferred to a 20 ml beaker and the organic 
solvent was evaporated to dryness with an air 
blower. This was followed by the addition of 
115mgofTEAP,5mlDMSO, lOOplof0.15M 
DIPY and 5 ,~l of 10e2M Sb(II1) solution. This 
solution was transferred, after mixing, to the 
polarographic cell. 

The gallium content was determined by 
means of a standard addition method (one or 
three additions) by spiking the solution with a 
10m4M gallium solution in DMSO. The exper- 
imental parameters for deposition and stripping 
were the same as before. 

Rock mineral samples. The determination of 
gallium in rock mineral samples was performed 
as follows: the sample was ground and sieved to 
a particle size below 350 pm and dried at 100°C 
overnight. Then ca. 0.2000 g of the sample were 
weighed out in the PTFE vessel (which is part 
of the digestion bomb), 1 ml of HNO,, 3 ml of 
HCl and 2 ml of HF were added, and after 
assembling the digestion bomb, it was heated in 
the microwave oven for 3 min at 600 W. It was 
cooled to room temperature, disassembled and 
after collecting all the droplets from the vessel 
lid with water, the solution was evaporated to 
dryness on a hot plate. Then 1 ml of HCl was 
added and the solution was evaporated to dry- 
ness again. This step was repeated once more. 
The solid residue was dissolved with 1 ml HCl 
and transferred into a ground glass stoppered 
test tube. The vessel was washed twice with 1 ml 
HCl portions and once with 1 ml H,O and 
transferred into the test tube. This results in a 
7M HCl solution. Then 0.2-0.4 ml of Hg were 
added to reduce the iron(II1) to iron(I1) and the 
air in the test tube was displaced with argon 
before replacing the stopper. The test tube was 
shaken for 3 min. and after solution decolour- 
ation, 4 ml of d&isopropyl ether was added and 
the tube was shaken again for another 5 min. 
Phase separation was allowed and after decan- 
tation 2 ml of the organic phase were taken and 
transferred into a 20 ml beaker. The solvent was 
evaporated with an air blower. Then, 115 mg 
TEAP, 5 ml DMSO and 5 ~1 of 0.15M DIPY 
solution were added and after dissolution 
transferred into the polarographic cell. The 
gallium determination was made by a standard 
addition method (spiking with 50-100 ~1 of a 
fresh 4 x 10e4A4 solution in DMSO). The 
experimental parameters for deposition and 
stripping were the same as before except that a 
shorter deposition time (td = 30 set) was 
required. 

RESULTS AND DISCUSSION 

E#ect of deposition potential 

The effect of deposition potential (Ed) on the 
gallium stripping peak current was studied 
to compare the catalytic action of SCN- in 
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water [Fig. l(a)] with that of DIPY in DMSO 
[Fig. l(b)]. 

In the absence of SCN- [Fig. l(a)], a peak- 
shaped curve ( l ), which suddenly drops to zero 
at - 1.75 V, is obtained. This shape is consistent 
with an irreversible reduction of gallium(II1) 
that approaches a diffusion controlled current at 
- 1.7 V, but which gradually overlaps with the 
proton and solvent reduction at more negative 
potentials. The reduction and consumption of 
protons at the electrode-solution interface 
raises the local pH so that the gallium(II1) 
diffusing towards the electrode precipitates be- 
fore it can be reduced. 

In the presence of SCN- [Fig. l(a)], gallium 
deposition is obtained at more positive poten- 
tials and higher stripping currents are observed 
( x). A current plateau appears around - 1.0 V 
and two maxima at - 1.25 and - 1.55 V 
are found before the current drops to zero at 
-1.85 V. 

The electrocatalytic effect of SCN- which 
makes the gallium(II1) reduction a more 
reversible process, explains the lower deposition 
potentials required and also the higher stripping 
currents observed. The existence of the current 
plateau around - 1.0 V, with a height equal to 
that of the current peak at - 1.25 V, suggests 
that two different processes involving two 
different species, that are reduced to gallium 
metal at different electrode potentials, are 
present. 

This was confirmed by cyclic voltammetry 
(cyclic voltammogram not shown) in which two 
cathodic peaks appeared at -0.9 and - 1.2 V. 

The current drop at - 1.4 V is the result of 
proton reduction, with the consequent 
precipitation and loss of gallium(II1) at the 
electrode-solution interface. The following 
current increase, that reaches a maximum at 
- 1.55 V, is due to the overlapping of the 
irreversible reduction of gallium(III), as 
described by Fig. l(a) curve ( l ), which adds to 
the reduction of gallium(II1) catalyzed by 
SCN,- and counteracts the previous process. At 
deposition potentials more negative than - 1.55 
V, the current drop observed is the result of the 
solvent reduction which produces a gallium(II1) 
loss due to the pH increase at the 
electrode-solution interface14 as for Fig. l(a) 
curve (0). 

When DMSO is substituted for water 
[Fig. l(b)], the reduction of gallium(II1) in the 
absence of DIPY (0) takes place at less nega- 
tive potentials, but the stripping currents found 
are lower and decrease at potentials more nega- 
tive than -2.0 V. The fact that deposition of 
gallium is obtained at a lower Ed indicates that 
more labile (easily desolvated) species are 
present in this solvent, probably due to a much 
lower water activity. On the other hand, the 
more bulky solvated species, assumed to have 
smaller diffusion coefficients as compared to the 
aquo gallium(II1) ions, produce lower depo- 
sition currents. The current drop observed at 
sufficiently negative potentials can be ascribed 
to changes in the local pH and gallium(II1) loss 
at the electrode-solution interface, because of 
the reduction of protons. The gallium(II1) loss 
is observed in this solvent at more negative 

-1.0 -12 -lL -1.6 -1.6 -2.0 -2.2 

Fig. 1. Effect of deposition potential (Ed) (deposition time rd = 180 set) on the gallium stripping current 
(I,. ,) for a 10e7M gallium(III) perchlorate plus 2 x 10-5M antimony(II1) solution in: (a) 4.2M NaCIO, 
(0) and 0.5M NaSCN + 4.2M NaClO, ( x ), both of pH = 2.0. (b) O.lM TEAP (DMSO) in the presence 

(A) and in the absence (0) of 2 x lo-‘A4 DIPY, both containing IO-“M HClO,. 
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deposition potentials than in aqueous media due 
to the lower water activity. 

In the presence of DIPY (A), a catalyzed 
reduction of gallium(II1) is observed at less 
negative deposition potentials and higher strip- 
ping currents are obtained. A slight shoulder 
appears around - 1.2 V and a current 
maximum at - 1.65 V. For potentials more 
negative than - 1.7 V the current drops and 
reaches zero at - 2.1 V. The shoulder at - 1.2 
V is a consequence of the existence of different 
catalytic waves at different electrode potentials 
as described in our previous report9 The current 
drop at the negative end in the presence of 
DIPY is observed at more positive potentials as 
a result of the catalytic action of this compound 
on the proton reduction. Now, only one 
maximum at - 1.65 V is observed due to a 
greater degree of overlapping between the 
catalyzed (A) and non-catalyzed (0) reduction 
of gallium(II1). 

Eflect of square-wave frequency 

A linear dependence of gallium stripping peak 
current with the square root of the frequency 
(f ) (Fig. 2) is observed in the NaSCN (0) as 
well as in the DIPY ( 0) based electrolytes 
(currents for frequencies below those shown 
were not detected). While a straight line which 
goes through the origin is obtained in the first 
case, as one would expect for a diffusion 
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Fig. 2. Effect of square-wave frequency (f) on the gallium 
stripping peak current (&, .) after a deposition time t,, = 180 
set, for a solution containing [Ga’a] = 1 x 10-7M + 
[Sb*u] = 2 x IO-‘M in: 0.5M NaSCN + 4.2M NaClO, 
@H = 2.0; Ed = - 1.05 V) (0) and O.lM TEAP + 

2 x 10-3M DIPY in DMSO (E,, = - 1.25 V) (0). 
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Fig. 3. Effect of DIPY concentration on the gallium 
stripping current (I,,, ,) for lo-‘M gallium perchlorate plus 
2 x lo-‘A4 Sb(II1) and O.lM TEAP (DMSO). Deposition 

potential E,, = - 1.25 V, deposition time 1, = 180 sec. 

controlled process, in the second case the 
straight line gives a negative intercept. If we 
consider that the only common process to both 
systems is the diffusion of the deposited gallium 
in the mercury drop towards the electrode 
surface during the stripping step, to give a 
soluble species after charge transfer, the differ- 
ence observed has to be due to a difference in the 
following steps. The smaller slope obtained with 
the DIPY based electrolyte can be interpreted as 
a consequence of a lower diffusion coefficient of 
the more bulky gallium-DIPY as compared to 
the gallium-SCN- species in solution during the 
deposition step, so that a smaller amount of 
gallium metal is deposited for the same depo- 
sition time. 

E#ect of DIPY concentration 

The effect of DIPY concentration on the gal- 
lium stripping current, Fig. 3 ( l ), was explored 
within the range 1.5 x 1O-5-1.O x 10e2M. No 
gallium stripping current increase is observed 
when DIPY concentrations up to 2.8 x 10m4M 
are used. For concentrations over this point a 
linear increase of stripping current with 
log[DIPyl is observed. This is an indication that 
there is a DIPY consumption by coordination 
to the different metal ions present in the electro- 
lyte, which precludes its catalytic action on the 
gallium discharge. Only when excess DIPY is 
added, to complex first all these metal ions, the 
catalytic action of the ligand appears. Figure 3 
also depicts the effect of DIPY concentration on 
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Fig. 4. Effect of deposition time (I~), on the gallium stripping 
current (I,) for 5 x lo-*M (e), 2 x IO-‘M ( x ) and 
5 x lo-‘M (0) gallium perchlorate, plus 2 x 10e5M 
Sb(III), 3 x lo-‘M DIPY and O.lM TEAP in DMSO. 

Deposition potential Ed = - 1.25 V. 

the stripping peak potential ( x ). There is a 
linear positive shift of peak potential with 
log[DIPyl. This potential shift is in the opposite 
direction to that predicted by a Nernstian 
effect. Therefore, the linear dependence of the 
stripping current with log[DIPY] cannot be 
attributed to the effect of DIPY on the equi- 
librium potential, but rather to an adsorption of 
DIPY on the electrode surface, which follows a 
logarithmic Temkin isotherm.” The electro- 
catalytic action of DIPY on the gallium(II1) 
discharge prevails over a possible Nernstian 
effect. 

EfSect of deposition time 

The effect of deposition time (td) on the 
gallium stripping current was explored for three 
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different gallium concentrations in the range 
5 x lo-*--5 x lo-‘M. Results in Fig. 4 show a 
linear dependence for the lowest concentration 
as one would expect for an ideal system. 
However, negative deviations to linearity 
are soon seen for higher concentrations. This 
is a consequence of gallium loss due to diffusion 
towards the mercury thread in the capillary. 
The longer the deposition time, the greater the 
loss. An equilibrium could eventually be 
attained, between the amount of gallium 
being deposited into the mercury drop and the 
amount of gallium loss per unit time. At 
this point, the stripping current becomes 
independent of deposition time. Also, the 
greater the gallium concentration the shorter 
the deposition time required to observe this 
deviation. 

A similar deviation was previously observed 
for zinc and gallium in an aqueous 
NaSCN/NaClO, electrolyte, and a detailed 
study was carried out.5 This problem, also 
known as backdiffusion, is a disadvantage of the 
Kemula-type HMDE. We have found with our 
PAR 303A electrode, that this phenomenon can 
seriously affect sensitivity, detection limit and 
reproducibility unless a preconditioning to 
obtain electrode stabilization is performed 
before the set of measurements. This means that 
several deposition-stripping cycles have to be 
run or alternatively, a long deposition time run 
has to be carried out previously, to get a stable 
electrode; this creates an amount of residual 
gallium along the mercury thread, which 
minimizes the concentration gradient between 
the mercury drop and the mercury thread, and 
thus, hinders the gallium backdiffusion. 

Fig. 5. Effect of gallium concentration on the gallium stripping currents in an aqueous OSM 
NaSCN +4.2M NaClO,, pH 2.0 (Ed = - 1.15 V, [Sbu’] = 1 x lo-‘M) (0) and in 3 x lo-‘M 

DIPY + O.lM TEAP, DMSO (Ed = - 1.30 V; [Sb’u] = 2 x IO-‘M) (x). Ed = 180 sec. 
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Calibration graphs 

Figure 5 shows calibration plots obtained in 
aqueous NaSCN + NaClO, ( l ) and non- 
aqueous DIPY + TEAP ( x) electrolytes. Lin- 
ear relationships between peak current and 
gallium concentration are found in both cases 
for all the ranges under survey, except for a 
slight negative deviation observed in DMSO for 
concentrations over 6 x 10m6M. Blank substrac- 
tion was applied when necessary but no peak 
current normalization using the zinc stripping 
peak current was required for the IO-*--lo-‘M 
range as used previously,5 since good linear 
correlations were always obtained. As a rule, 
higher slopes are observed in aqueous solutions 
than in DMSO, e.g., the slope in DMSO is 
about one half of the slope in water for the 
10-7-10-SM range [Fig. 5(a)]. This loss in sensi- 
tivity when DIPY is substituted for NaSCN as 
electrocatalyst, is counterbalanced by the much 
lower concentrations of DIPY, one hundredth 
of the NaSCN, and TEAP, one fortieth of the 
NaClO,, required. This is a clear advantage 
when trace levels of gallium are determined 
since much smaller amounts of metal contami- 
nants are introduced by the reagents. 

The DIPY concentration required is not very 
stringent provided that an excess is used. In fact, 
in the IO-*-lo-‘M gallium range we could use 
lower values (1.5 x 10m3 and 3 x 10v4M DIPY) 
with no significant loss in sensitivity while 
preserving the linear dependence of the peak 
currents with gallium concentration. 

The lower electrocatalyst concentration 
required was interpreted as a consequence of a 
greater DIPY adsorption compared to SCN- 
However, the loss in sensitivity can be attributed 
to lower diffusion coefficients of the Ga-DIPY 
species in DMSO, to a higher solvent viscosity 
and also to a slower charge transfer rate, which 
would result in smaller amounts of gallium 
deposited and lower stripping currents. 

The use of a shorter deposition time, 180 set 
instead of the 360 set employed in the previous 
work,5 decreases the method sensitivity but, 

linearity of I,,, B us. [Gal is preserved up to higher 
concentrations. 

Some benefit could be gained in both electro- 
lytes, if a more negative deposition potential 
was used, as one can infer from Fig. 1, For 
instance, sensitivity was doubled when a 
calibration plot for the 10-8-10-7M range was 
obtained in DMSO with Ed = - 1.8 V. The 
disadvantage of applying such a negative 
deposition potential is the likely codeposition 
with gallium of other interfering metals at the 
mercury drop electrode. 

The order of addition of DIPY and gallium 
(III) into the cell proved to be important. When 
DIPY was added prior to gallium(III), a drastic 
sensitivity drop was observed and no stripping 
peak was obtained for gallium(II1) concentra- 
tion below 4 x lo-‘M. We have no clear expla- 
nation to this fact, but it deserves further study. 

We also observed that upon mixing of the 
reagents in the cell, the peak currents are rather 
low at the start, but if several consecutive runs 
are performed with the same solution, an 
increase of the peak height is observed from 
one scan to the next. This behaviour could be 
ascribed to a slow rate of formation of the 
Ga-DIPY species [from Ga(II1) and adsorbed 
DIPS] responsible for the Ga deposition at the 
mercury drop and also to the backdiffusion of 
Ga into the mercury thread as described in the 
previous work.5 

Determinations in synthetic samples 

The accuracy and precision of the method 
were assessed by analysing synthetic samples of 
gallium(II1) solutions in DMSO at two different 
concentration levels. Single and multiple 
standard addition methods were employed. The 
384B built-in standard addition programme was 
found to give erroneous results and was thus 
abandoned. Table 1 shows the results obtained, 
after rejection of all those values with a relative 
error & > 10%. The relative mean error in all 
cases is exceptionally low for both concen- 
tration levels. However, the multiple standard 

Amount taken 

4.00 x 10-8M 
4.00 x lO_‘M 

Table 1. Determination of gallium(II1) in synthetic sample solutions in DMSO 

Amount found 
Single std. add. Multiple std. add. 

n x % SD mean error (%) n x % SD mean error (%) 

23 4.00 x lo-*lu 4.3 0 17 3.87 x lo-EM 5.5 -3.2 
13 4.07 x IO-‘M 6.1 +1.8 12 3.91 x IO-‘h4 5.8 -2.1 

n: Number of determinations. 
X: Mean gallium concentration. 
% SD: Percent standard deviation. 
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addition method is biased to lower results. It 
was found that the plot of stripping current vs. 
standard concentration always showed a slight 
positive deviation from linearity, so that the 
extrapolated intercept value on the concentration 
axis was lower than expected. This curvature is 
again a consequence of gallium backdiffusion 
towards the mercury thread, which gradually 
decreases after each standard addition, so that 
the first few measurements of stripping current 
are in fact lower than they should be. Therefore 
a single standard addition method should be 
preferred with the Kemula-type HMDE. 

The precision obtained at both concentration 
levels is between 4 and 6% SD which is very 
good for trace analysis. 

Solvent extraction of gallium(III) 

The determination of gallium in DMSO 
imposes the need of transferring the metal in a 
quantitative way from an aqueous medium, 
after a mineral sample digestion, to the organic 
solvent. Solvent extraction of gallium(II1) as a 
gallium-chloride complex species with di- 
isopropyl ether’ has been used down to only 
9.04 ppm (- 1.3 x 10e4M). It is therefore 
necessary to evaluate the percentage of extrac- 
tion at lower concentration levels. For this 
purpose, a 4 x lo-‘A4 aqueous gallium solution 
in 7M HCl was used, following the procedure 
previously described. 

Table 2 shows the results obtained. The 
precision of 11 determinations is of the same 
order of that reported on Table 1 and the 
average percent of extraction (99.98%) is quite 
satisfactory at this low concentration level. 

Table 2. Extraction of gallimn(II1) with di-isopropyl ether 
from a 4.00 x 10-‘&f aqueous solution in 7M HCl 

Trial number Amount found (X 1O’M) 

1’ 3.80 
2+ 3.90 

:: 
3.70 
3.85 

3 4.03 

:; 
4.30 
4.26 

:: 
3.77 
4.33 

10t 4.10 
11t 3.95 

X = 3.999 x IO-‘M; 
% SD = 5.55; 
% Extraction = 99.98%. 
*Aliquot of a gaIlium(H1) stock solution in DMSO evapor- 

ated to dryness. 
tAliquot of a gallimn(II1) stock solution in H,O + HCl 

evaporated to dryness. 

Table 3. Determination of gallium(III) in a rock mineral 
sample.* Comparison between the DIPY and 

NaSCN-NaClO, based methods? 

Sample NaSCN-NaClO, Sample DIPY-DMSO 
no. methodf. no. method4 

1 12.5 ppm 7 11.7 ppm 
2 11.0 ppm 8 11.9 ppm 
3 11.8 ppm 9 14.1 ppm 
4 12.2 ppm 10 12.1 ppm 

is 
12.7 ppm 11 10.0 ppm 
10.4 ppm 1211 10.4 ppm 

13 10.7 ppm 

X=ll.77ppm X-11.55ppm 
% SD = 7.65 % SD= 11.9 
*Sample digested in a microwave oven. 
tAfter a Q-test was used to reject results. 
$Ed = - 1.05; I,, = 30 sec. 
§Ed = - 1.30; r, = 30 sec. 
I(Sample digested on a hot plate. 

Determinations in a rock mineral sample 

The gallium content of a rock mineral sample 
was determined with this new method and 
results were compared to those obtained with 
the NaSCN-NaClO, method? 

The solvent extraction with di-isopropyl ether 
was used after iron(II1) reduction with mercury 
metal, as described previously. 

Results in Table 3 show that the 
DIPY-DMSO method gives a mean value 
which is 1.8% lower than the mean value 
obtained with the NaSCN-NaClO, method. 
This difference is not significant at this concen- 
tration level. However, the precision of both 
methods, when applied to a solid sample, is 
lower than that reported in Table 1. This is a 
consequence of a greater number of operations 
involved in the sample handling. If an F-test 
with a 95% confidence levelI is applied to both 
sets of data, one can conclude that there is no 
statistically significant difference between both 
methods (calculated F = 2.42 < 4.95 tabulated 
value for 95% confidence level). 

CONCLUSIONS 

Gallium(III) concentrations down to 
2 x lo-*A4 can be determined with the 
DIPY-DMSO method, Fig. 5(a), as opposed to 
1 x lo-* A4 previously reported with the 
NaSCN-NaClO, method.g The new method 
requires a somewhat more negative deposition 
potential (Ed = - 1.3 V) as compared to the 
thiocyanate based method (Ed = - 1.05 V). 
Stripping current vs. square root of frequency is 
linear in the range studied (Fig. 2) with both 
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Summary-A rapid, indirect gas-diffusion flow injection analysis (FIA) method with amperometric 
detection has been developed for the selective and sensitive determination of tetrahydroborate (BH; ). 
The injected analyte reduces arsenic(III) to arsine. The amine formed diffuses through the PTFE (poly- 
tetrafluoroethylene) membrane and is quantified amperometrically at a platinum working electrode. The 
precision of the technique was better than a relative standard deviation of 2.1% at 60 ~44 levels and better 
than 0.5% at 0.1 mM, with a throughput of 60 samples/hr. The detection limit of the method was found 
to be 1 +W (1.5 ng BHi) with a linear range up to 1 mM. The dynamic range extends over five orders 
of magnitude in BH; concentration. The effects of working potential, concentration of As(II1) and HCI 
in the reagent stream, type and flow rate of the acceptor solution, temperature and interferents on the 
FIA signals were studied. 

Tetrahydroborate (borohydride) salts have been 
extensively utilized in inorganic and organic 
syntheses. ‘*’ As was pointed out recently,3 for 
carrying out these syntheses and in studies of 
the methods for the synthesis of borohydride, 
rapid, selective and accurate analytical methods 
to control its concentration in solution are 
needed. 

To the best of our knowledge, there are 
no FIA methods reported for tetrahydroborate 
analysis, even though FIA methods are well 
suited for studying and/or continuously moni- 
toring processes of importance to the chemical 
and metallurgical industries.4-7 

On the other hand, there are only a few 
FIA publicationP3 that combine separation 
based on membrane diffusion with amperometric 
detection, which is surprising considering that 
the selectivity of the diffusion process and 
inherent sensitivity of the amperometric 
detection makes this combination a powerful 
analytical tool. Extensive discussions of the 
merits of gas-diffusion FIA methods may be 
found elsewhere.‘4’6 

*Author for correspondence. 

The present paper describes a novel approach 
to the use of gas-diffusion in combination 
with amperometric detection for the indirect 
determination of BH;. In the FIA manifold 
developed, the injected analyte reduces on-line 
arsenic(II1) to arsine. The arsine formed diffuses 
from the donor stream through the hydrophobic 
PTFE membrane into the acidic acceptor 
solution. The latter carries arsine to the flow- 
through amperometric detector, where it is 
oxidized at a platinum working electrode. The 
anodic current measured is proportional to the 
concentration of BH; in the sample or standard 
injected. 

It is interesting to note that, to the best of 
our knowledge, this is the first time FIA amper- 
ometry is utilized in an analytical procedure 
based on the hydride generation principle. This 
opens up the possibility of utilizing similar FIA 
schemes for determining the elements which 
form volatile hydrides, as well as mercury. 

Reagents 

EXPERIMENTAL 

All chemicals were of analytical-reagent grade. 
The aqueous reagent and standard solutions 

*AL m/s-J 1283 
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were stored in glass containers. Demineralized 
water was used throughout. A stock solution 
of O.OlM BH; was made from sodium boro- 
hydride (Fisher Scientific, Fair Lawn, NJ, 
U.S.A.) and checked using the published pro- 
cedure.” Standard BH; solutions, which were 
stabilized with 1% (w/v) sodium hydroxide, 
were prepared by diluting aliquots of the stock 
solution to the appropriate volume. The As3+ 
solutions were made by dissolving reagent-grade 
sodium arsenite (Carlo Erba, Milan, Italy) in 
reagent-grade hydrochloric acid and diluting to 
the appropriate volume. 

Apparatus 

The FIA manifold is illustrated in Fig. 1. 
Two peristaltic pumps were used. One was a 
Model Mini S-840 (Ismatec, Zurich, Switzerland) 
and the other was a Model MS-4-REGLO 100 
(Ismatec). The injection valve was a Model 5020 
(Rheodyne, Cotati, CA, U.S.A.) equipped with 
a loo-p1 sample loop. The gas-diffusion unit, 
which was obtained from Shenyang Film- 
Projector Reflector Factory (Shenyang, China), 
is similar in construction to the Tecator 
(Hog&as, Sweden) Chemifold V gas diffusion 
cell. The PTFE membrane used was supplied 
with the unit. All connections were made with 
0.5 mm i.d. tubing. 

A thin layer flow-through amperometric cell 
was part of a LC-17A package (BAS, West 
Lafayette, IN, U.S.A.) and was equipped with a 
Model MF-1012 dual platinum working elec- 
trode (BAS) and a Model MW-2021 Ag/AgCl 
reference electrode (BAS). A 0.13 mm thick 
MF-1047 PTFE gasket (BAS) was used to 
separate the working electrode from the cell 

P 

A 2.0 
I I I 

Fig. 1. FIA Manifold used for indirect determination of 
BH;: C, carrier; R, reagent (25 m&f As’+ in l.OM HCI); A, 
acceptor solution (O.OlM H,SO,); P, peristaltic pump; 
I, injection valve; MC, mixing coil (30 cm x 0.5 mm i.d.); 
D, diffusion cell; T, constant temperature bath; FC, ampero- 
metric flow-through cell; PO, potentiostat; RI?, recorder; 

W, waste. Flow rates are given in ml/min. 

body. The working electrode was polished 
daily with CF-1050 polishing alumina (BAS). 
The potential was applied to the flow-through 
amperometric cell and currents were measured 
with a Model MA 5450 polarograph (Iskra, 
Kranj, Yugoslavia); the resulting FIA signals 
were recorded on a Servograph Model 61 strip- 
chart recorder (Radiometer, Copenhagen, 
Denmark) equipped with a REA 110 unit. The 
measurements were made with both donor and 
acceptor streams flowing continuously and con- 
currently. Temperature regulation was achieved 
with a constant temperature bath, type VEB 
MLW (Priifgerate, Medingen, Germany). 

RESULTS AND DISCUSSION 

The indirect gas-diffusion flow injection 
amperometric determination of BH; was per- 
formed with the manifold illustrated in Fig. 1. 
The alkaline (1% w/v sodium hydroxide) BH; 
standard or sample, after injection (I), is washed 
by the water carrier (C) to a mixing point with 
a reagent (R) (0.025M As3+ in 1M hydrochloric 
acid). The mixing coil (MC), positioned down- 
stream ensures thorough reduction of As3+ to 
arsine by the injected analyte, according to the 
following reaction: 

H,AsO, + NaBH, + HCl 

+ ASH, + B(OH), + NaCl + H, . 

The arsine formed on-line in the FIA manifold 
diffuses from the donor stream through the 
hydrophobic PTFE membrane into the acidic 
(O.OlM sulphuric acid) acceptor solution. The 
latter carries arsine to the flow-through ampero- 
metric detector (FC), where it is oxidized at a 
platinum working electrode. The anodic current 
measured is proportional to the BH; con- 
centration in the injected standard or sample. 

The main reason for choosing hydride 
generation of arsine us. some other volatile 
hydride was based on the fact that the number 
of publications dealing with hydride generation 
of arsine is larger than for any other volatile 
hydride, which facilitates comparisons with the 
present work. 

The effects of several parameters on the 
performance of the FIA system were studied. 
The effect of the applied potential at the 
working Pt electrode, shown in Fig. 2, was 
investigated in the range 0.4-1.0 V us. the 
Ag/AgCl reference electrode. Taking into 
account the signal-to-noise ratio achieved, the 
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Fig. 2. Hydrodynamic voltamperogram for a 100 ~1 
injection of a 1.00 mM sodium borohydride standard. 

optimum potential was found to be 0.8V. A 
possible reason for the current decrease at 
potentials greater than 0.9 V is the enhanced 
anodic formation of thin oxide films at the 
Pt-working electrode. I8 Of the three acceptor 
solutions tested (O.OlM sodium hydroxide, 
potassium nitrate and sulphuric acid), the best 
results were obtained with the latter. For 
example, when sulphuric acid was used as the 
acceptor stream, the peak current for a 1 .OO mM 
BH; standard was over eight times greater than 
with sodium hydroxide as the acceptor solution. 
Even though no tendency to form “onium” 
(MHZ) ions for arsenic has been established, it 
is plausible that sulphuric acid in the acceptor 
solution might show a slight trapping effect 
(small ASH, and relatively large hydronium ion 
concentrations). Also the highest FIA signals 
were achieved with the shortest mixing coil 
utilized. Hence, for most of the subsequent 
experiments, a potential of 0.80 V US. Ag/AgCl 
reference electrode, a O.OlM sulphuric acid 
acceptor solution and a 30 cm x 0.5 mm i.d. 
mixing coil were used. 

The effect of arsenic(II1) concentration in the 
reagent stream, illustrated in Fig. 3, was studied 
by injecting the same BH; standard, while vary- 
ing the concentration of As3+ in the reagent from 

2.5 mM to 0.15M. In this series of experiments 
the concentration of hydrochloric acid in the 
reagent solution was kept constant at a l.OM 
level. It should be pointed out that no statistic- 
ally significant change in the blank signal was 
observed as As(II1) concentration in the donor 
stream increased. As a compromise between re- 
agent consumption and sensitivity, the concen- 
tration of As3+ used for most of the subsequent 
experiments was 25 mM. The concentration of 
hydrochloric acid in the reagent solution chosen 
was l.OM since an increase in its concentration 
causes a slow but steady decrease in sensitivity. 
At this point in time we do not have a definitive 
explanation for the observed phenomenon. A 
possible reason for the decrease observed could 
be that the concurrent reaction of BH; with 
H,O+ to form hydrogen is more pronounced at 
higher hydrochloric acid levels. It was suggested 
in the review process that formation of volatile 
AsCl, and its effects on the membrane pores due 
to possible hydrolysis at the interface might play 
a role. However, in a recent study of utilizing 
polymer-bound tetrahydroborate for arsine 
generation in a FIA system, Tesfalidet and 
Irgum” found similar hydrochloric acid concen- 
tration effects on the sensitivity of the system, 
even though they employed a “classical” gas- 
liquid separator for hydride generation atomic 
spectroscopy and not a microporous membrane. 
This observation coupled with what we have 
seen probably rules out the notion that, under 
our particular experimental conditions, hydro- 
lysis reactions at the membrane surface play an 
important role. 

The effect of acceptor flow rate was 
investigated by injecting a 1.00 mM sodium 
borohydride standard, while varying the flow 
rate in the range 0.5-2.5 ml/min (Fig. 4). As 
may be seen, the highest peak current was 
obtained when the acceptor flow rate was 2.0 ml/ 
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Fig. 3. Variation of the peak current as a function of Fig. 4. Variation of the peak current as a function of the 
As’+ concentration in the reagent stream. acceptor flow rate. 
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min. Bearing in mind that the total donor 
stream flow rate was also 2.0 ml/min, this find- 
ing is in agreement with the previously reported 
observation’6 that the optimum FIA signals 
were obtained when the donor and acceptor 
flow rates were equal. 

Temperature effects were studied by injecting 
the same sodium borohydride standard, while 
varying the temperature in the interval 20-50”. 
No increase in the sensitivity with increase 
in temperature was observed. This is contrary 
to previously described indirect gas-diffusion 
amperometric FIA methods.“*13 A plausible 
explanation for the observed phenomenon 
could be based on the much lower solubility of 
the diffusing species; arsine in comparison to 
chlorine” or bromine.‘3 Also, it is obvious that 
the reduction of As(II1) to arsine is fast on the 
FIA time scale (longer mixing coils decreased 
the peak currents), which was not the case with 
the permanganate oxidation of chloride” and 
bromide.13 

Linearity studies were conducted by injecting 
in triplicate a total of 12 BH; standards between 
8.00 PM and 1 Ml mM stabilized with 1% (w/v) 
sodium hydroxide. The linear calibration equa- 
tion for a typical calibration run was: i = (- 5.38 
+ 1.42) + (196.0 + 7.3) x C (i is the peak current 
expressed in nA and C is the millimolar concen- 
tration of BH; ) with a correlation coefficient 
of 0.9986 (all the statistics were calculated for 
a 95% confidence level). The relative standard 
deviations were found to be 2.01% (n = 5) at 60 
PM levels and only 0.45% (n = 5) at 0.10 mM. 
The detection limit, calculated according to the 
recommended procedure,” was 1 PM which 
corresponds to only 1.5 ng BH; (the sample 
loop volume was 100 ~1). Figure 5 illustrates the 
dynamic range for the method obtained at two 
different As(II1) concentrations in the reagent 
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Fig. 5. Logarithmic calibration graphs illustrating the 
dynamic range of the method developed; As(III) con- 
centration in the reagent stream: 25 mM (AA& and 

100 mM (000). 

1. H. C. Brown, Organic Synthesis via Boranes, Wiley, 
New York, 1975. 

2. A. Petler, K. Smith and H. C. Brown, Borane Reagents, 
Academic Press, London, 1988. 

Table I. Solutions tested for their possible interference* 

Compound Cont./M Compound Cont./M 

NH,NO, 0.1 Na,EDTAt 0.1 
KC1 0.1 Na-citrate 0.1 
Na,SO, 2 x 10-e CH,COONa 0.1 
KBrO, 0.01 NaF 0.1 

Na&Or 0.001 KH,PO, 0.1 
KCN 0.04 KBr 0.1 

NarC,O, 0.1 NaNO, 0.002 
Na,CO, 0.1 Kl 0.1 
Na,S 1 x IO-5 L-cysteine 0.1 

*All samples contained 1% (w/v) NaOH. The response of 
the amperometric detector to 100 nl injections of the 
solutions tested could not be distinguished from the 
base line. The maximum concentrations tested were 
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stream. As may be seen, the dynamic range 
(defined as that range of concentrations of the 
test substance, over which a change in concen- 
tration produces a change in detector signal)2’ 
extends over five orders of magnitude in BH; 
concentration. 

Table 1 summarizes the study of possible 
interferents. It has been established previously 
that the PTFE membranes used in the FIA 
gas-diffusion studies are effective barriers for 
ionic species. 22,23 Hence, in order for a particular 
species to interfere in the determination of BH; 
with the manifold described, it has to satisfy two 
conditions. It has to form a gas or a molecular 
species with a high vapor pressure when acidified 
(the donor stream of the FIA manifold contains 
hydrochloric acid) and the gas or molecular 
species formed has to be electroactive (oxidiz- 
able) at the potential applied to the platinum 
working electrode. As can be seen from Table 1, 
the only serious interferents found were the 
sulphite and sulphide ions. 

This work demonstrates that it is possible 
to use gas-diffusion FIA amperometry for the 
development of novel analytical procedures 
based on a hydride generation principle. 
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Summary-A simple, specific, rapid and sensitive spectrophotometric method has been developed for the 
assay of clotrimazole, in bulk drug and its pharmaceutical preparations. This method is based on the 
ion-pair complex reaction of clotrimazole and methyl orange in aqueous methanol, and in the presence 
of citric acid. The chromogen, being extractable with chloroform, could be measured quantitatively at 422 
nm. All variables were studied to optimize the reaction conditions. Regression analysis of Beer’s plot 
showed good correlation in a general concentration range of 2-14 pg/ml. The proposed method has been 
successfully applied for the analysis of the bulk drug and its dosage forms such as powder, vaginal tablets, 
topical solution and creams. No interference was observed from betamethasone dipropionate (Lotriderm 
cream) or dexamethasone acetate and azidamphenicol (Baycuten cream) or other common pharmaceutical 
adjuvants. In addition, this method was also found to be specific for the analysis of clotrimazole in the 
presence of its hydrolytic products as well as imidazole, as a possible impurity. 

Clotrimazole, I-[(2-chlorophenyl) diphenyl 
methyl]-lH-imidazole (pKa: 4.7), is a broad 
spectrum antifungal agent’ which is available in 
different pharmaceutical formulations such as 
creams, topical solutions, vaginal tablets and 
pessaries. Several methods have been reported 
for the quantitative determination of clotrima- 
zole in pure form or in its dosage forms, 
including titrimetry,2-s TLC,6 GC,’ HPLC,*s9 
derivative spectrophotometry’O*” and colorime- 
try.“-14 The reported methods required high 
concentration of the drug,‘-‘*‘* or sophisticated 
equipment and were time consuming.c9 In ad- 
dition, UV spectrophotometric analysis of 
clotrimazole has been limited due to its low 
absorptivity and absence of characteristic 
bands.” Some of the calorimetric methods re- 
quired heating for a long time with the reagent 
under investigation and sensitivity is 10w.‘~*‘~ 
Therefore the aim of this work is to develop an 
accurate, simple, sensitive, inexpensive and 
specific calorimetric method for the estimation 
of clotrimazole either in pure form and single 
dosage forms, or in the presence of other drugs 
such as betamethasone dipropionate (Lotriderm 
cream) and azidamphenicol, dexamethasone 
acetate (Baycuten cream). This method depends 
on the formation of an ion-pair complex 
between clotrimazole, in methanol, and 0.1% 
W/V methyl orange (M.O.) (in 40% aqueous 
methanol), in the presence of O.lM citric acid 

solution. The formed complex was found to be 
extractable with chloroform as a yellow colored 
product which could be measured quantitatively 
at I _ = 422 nm. In addition, the specificity of 
our proposed method for the estimation of 
clotrimazole in the presence of imidazole, as a 
possible impurity, and its hydrolytic products 
was also studied. 

EXPERIMENTAL 

Apparatus 

Perkin-Elmer model Lambda 3B UV-Vis 
spectrophotometer and chart recorder model 
561 were used. 

Chemicals and reagents 

All chemicals and reagents were of analytical 
grade. Clotrimazole (the Arab Drug Co., Cairo, 
Egypt), betamethasone dipropionate (Memphis 
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Chemical Co., Egypt), dexamethasone acetate 
and azidamphenicol (Alex. Co., Egypt), imida- 
zole (Merck product) were used as working 
standards. The methyl orange solution was 
0.1% W/V (M.O.) in 40% aqueous methanol. 
The citric acid solution was O.lM solution in 
distilled water, and the sulphuric acid solution 
was 1M solution in distilled water. The ammo- 
nia solution was 2M solution in distilled water, 
with the sodium hydroxide solution being 20% 
W/V solution, in distilled water. 

Dosage forms used in this investigation were: 
Canesten powder, Canesten vaginal tablets, 
Canesten topical solution and Canesten cream 
(Alex. Co., Egypt, and Bayer, GFR) labeled to 
contain clotrimazole as 10 mg/g, 100 mg/tablet, 
10 mg/ml and 10 mg/g, respectively. Lotriderm 
cream (Medical Union Pharm. Co., Egypt and 
Schering Co., U.S.A.) was labeled as containing 
10 mg clotrimazole and 0.6 mg betamethasone 
dipropionate per each gram of cream. Baycuten 
cream (Alex. Co., Egypt, and Bayer, GFR) was 
labeled to contain 10 mg clotrimazole, 10 mg 
azidamphenicol and 0.443 mg dexamethasone 
acetate per each gram of cream. 

Preparation of standards 

Twenty five milligrams of clotrimazole, accu- 
rately weighed, were transferred into a 10 ml 
volumetric flask, dissolved in methanol and 
completed to volume with the same solvent. 
From this solution, a series of dilutions were 
prepared in methanol so as to obtain a range of 
N-350 pg clotrimazole/ml. 

Preparation of samples 

Canesten powder. A portion of the powder 
equivalent to 25 mg clotrimazole was accurately 
weighed and transferred into a 100 ml volumet- 
ric flask. It was then shaken with about 50 ml 
of methanol and completed to volume with the 
same solvent. The resulting solution was filtered 
and the first portion of the filtrate rejected. 

Vaginal tablets. Twenty tablets were weighed 
and finely powdered, and then completed as 
indicated above. 

Topical solution. Into a 100 ml volumetric 
flask an aliquot of the solution equivalent to 25 
mg of clotrimazole was accurately pipetted. This 
was then diluted to the mark with methanol. 

Creams. An accurately weighed portion of 
cream, equivalent to 25 mg of clotrimazole, was 
placed in a 20 ml beaker. Then 12 ml of a 
mixture of lit4 sulphuric acid and methanol 
(1: 4) was added and melted in a water bath at 

-50°C for 5 min, then sonicated for another 5 
min. The mixture was transferred quantitatively 
to a 100 ml separating funnel, then shaken with 
three, 10 ml quantities of carbon tetrachloride, 
discarding the organic layers. This was made 
alkaline with 2M ammonia, then a further 2.5 
ml was added. Extraction with three, 10 ml 
quantities of chloroform was carried out. Com- 
bination of the chloroform extracts into 100 ml 
volumetric flask was carried out and the samples 
were evaporated to dryness. The residue was 
dissolved in 100 ml methanol. 

Preparation of hydrolyzed sample of clotrimazole 

Twenty five milligrams of clotrimazole pow- 
der was accurately weighed into a 10 ml volu- 
metric flask. Then 1 ml of 1M HCl was added, 
and the solution heated in a water bath at 90°C 
for about 2 hr and cooled to room temperature 
(25°C). This was neutralized with 20% sodium 
hydroxide solution, filtered if necessary, then 
diluted to volume with methanol. 

General procedure for the assay method 

One millilitre of the standard or sample sol- 
ution of clotrimazole was pipetted into a 100 ml 
separating funnel containing 3 ml O.lM citric 
acid solution. Then 2 ml of 0.1% W/V M.O. in 
40% aqueous methanol was added. This was 
mixed well and three 8 ml quantities of chloro- 
form extracted. The extracts were collected in a 
25 ml volumetric flask and diluted to volume 
with chloroform. Approximately 0.1 g anhy- 
drous sodium sulphate was added, shaken for 
about 1 min, filtered and the first portion of the 
filtrate rejected. The absorbance of the resulting 
solution at 422 nm against a similarly treated 
reagent blank was measured. 

Assay of clotrimazole in the presence of its 
hydrolytic products 

A certain volume from a standard solution of 
clotrimazole was pipetted into an accurately 
measured volume of the hydrolyzed sample and 
mixed. Methanol was used to dilute the solution 
so as to obtain final dilutions of 125 pg/ml of 
pure clotrimazole plus a hydrolyzed sample 
equivalent to 75, 150 and 225 pgg/ml of clotrima- 
zole. The method described under general pro- 
cedure was then followed. 

Stoichiometric relationship 

According to Job’s methodI of continuous 
variation, an equimolar solution of clotrimazole 
and M.O. (14.5 x10-‘M) were prepared. A 
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series of extraction experiments were carried out 
using 10 ml portions of the solutions in different 
complementary proportions (from 0 + 10 to 
10 + 0 inclusive) using 3 ml of buffer in all cases. 

RESULTS AND DISCUSSION 

Ion-pair extraction spectrophotometry has 
received considerable attention for quantitative 
estimation of many pharmaceutical com- 
pounds.‘7-‘9 Clotrimazole was previously deter- 
mined through calorimetric methods based on 
measuring the yellow color of the complex 
formed, using buffered bromothymol blue (pH 
3.4), at 410 nm. 

In this study M.O., being an anionic dye, 
forms with clotrimazole, in acidic pH, a yellow 
colored ion-pair complex which is soluble in 
chloroform and can be measured at ,&,,, 422 nm 
(Fig. 1). Applying Job’s method of continuous 
variation the reaction stoichiometry of this as- 
sociated ion-pair proved to be 1: 1. A number of 
immiscible organic solvents were tested so as to 
provide an applicable extraction procedure. 
Table 1 shows that the yellow colored product 
is extractable only with methylene chloride and 
chloroform. Although methylene chloride was 

Table 1. Effect of different solvent on the extraction 
efficiency of the ion-pair complex 

Solvent 

Color of 
organic 

laver Absorbance* 

Benzene No color - 
Toluene No color - 
Cyclohexane No color 
Carbon tetrachloride No color - 
Chloroform Yellow color 0.430 
Methylene chloride Yellow color 0.464 

*Final concentration of clotrimaxole is 6 pg/ml. 

found 

Table 2. Effect of different acidic pH val- 
ues on the formation of the ion-pair com- 

plex 

Buffer* 
PH 

Absorbance 
at 422 nmt 

2 0.384 
2.3 0.429 
2.4 0.426 
2.5 0.416 
3.0 0.217 
3.5 0.197 
51 0.000 

0.1 M citric acid 0.432 

*Tore11 and Stenhagen buffer. 
tFinal concentration of clotrimaxole is 6 

Irglml. 
jNo color was observed in the organic 

layer at pH 5. 

to be slightly better, owing to its high _ 
volatility chloroform was used throughout this 
work. 

The optimum conditions for the quantitative 
estimation of the associated ion-pair formed 
were established by a number of preliminary 
experiments. The effect of pH was studied by 
extracting the colored complex formed in the 
presence of Teorell and Stenhagen buffe? of 
different acidic pH values. Accordingly, Table 2 
shows that a pH below 3 is recommended, and 
best results were found at pH 2.3. This result is 
more or less comparable with that obtained 
using O.lM citric acid. Stability of color in both 
cases was studied. Figure 2 shows that the 
colored product in the case of citric acid is more 
stable for about 3 hr even when kept overnight. 
Therefore, O.lM citric acid was selected. The 
optimum volume of citric acid was found to be 
3 ml as indicated in Fig. 3. The significant 
decrease in absorbance at little or excess volume 
of citric acid may be explained on the basis of 
the change of the overall pH and incorrect ratio 
between methanol and water which may lead to 
the incomplete extraction of the complex by 
chloroform. 

0.450 

:: 0.430 

i! 

2 0.410 

I &-8~'-'-.-. a.,. 2. 0.P._. 0. 

*N.\ '0 

0.390 olll 
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Time (min) 

Fig. 2 
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The optimum volume of the dye used was also 
studied. Figure 3 revealed an increase in the 
absorbance readings with the increase of volume 
of M.O. used up to 3.0 ml. However, a signifi- 
cant increase in the absorbance value of the 
blank was observed at volumes larger than 2.2 
ml. Therefore, 2 ml of 0.1% W/V M.O. was 
found to be quite enough. 

QuantiJication 

A linear correlation was found between ab- 
sorbance and concentration of clotrimazole in 
the range 2-14 pgg/ml (where the Y intercept = 
0.019 * 0.013, slope = 0.066 _+ 0.002, and 
r = 0.999 + 0.0002; n = 3). Regression analysis 
of Beer’s plot gave the following linear re- 
gression equation: 

AJz2 = 0.019 + 0.066 C, 

Table 3. Analysis of clotrimazole, in bulk drug, by the 
proposed and the official methods 

Proposed method Official method* 
Amount taken Recovery? Recovery7 
(W) (%) (%) 

200 99.40 98.83 
225 99.62 99.24 
250 98.93 99.00 
275 99.16 99.56 
300 99.77 99.30 

Mean 99.4 99.2 
S.D. f 0.34 0.28 

CV (%) 0.34 0.28 

*Reference 2. 
tAverage of three determinations. 

where Abzz is the absorbance at 422 nm and C 
is the concentration in micrograms per milliliter. 
The calculated molar absorptivity L is 2.37 x lo4 
1 moles-’ cm-‘. 

The detection limit of the studied drug was 
calculated according to a reported method*’ and 
was found to be 0.05. 

Precision of the proposed method was excel- 
lent as indicated from the relative standard 
deviation (0.37%) calculated from eight repli- 
cate analyses of 10 pg/ml of pure clotrimazole. 

The proposed method was applied for the 
determination of clotrimazole in bulk drug as 
well as in various pharmaceutical formulations. 
Tables 3 and 4 show that average recoveries 
range from 97.7-99.4% indicating efficiency, 
accuracy and reproducibility of the method. 

Table 4. Determination of clotrimazole in different pharmaceutical formulations by the 
proposed and the official methods 

Formulation 

Label 
claim 
(W) 

% Found +SD* % Recovery k SD* 
Amount 

Proposed Official? added1 Proposed 
method method (mn) method 

Canesten 
powder 

Canesten 
tablets 

Canesten 
drops 

Canesten 
cream 

Lotriderm 
cream 

Baycuten 
cream 

10/t? 99.1 + 0.34 - 10 99.9 f 1.19 

1OO/tab 99.0 f 0.47 99.4 f 0.39 10 99.6 f 0.60 
t§ = 1.39 

FII = 1.45 
lo/ml 98.8 + 0.59 99.1 f 0.35 10 99.8 k 0.75 

t = 0.38 
F = 2.80 

10/g 97.7 k 0.48 97.9 + 0.42 10 99.0 * 0.75 
t = 0.97 

F= 1.34 
IO/&! 98.2 + 0.39 - 10 99.2 * 0.43 

10/g 97.8 + 0.31 - 10 99.0 & 0.92 

*Average of five determinations. 
TReference 4. 
$Pure clotrimazole added to each formulation. 
&-test at P = 0.05 is 3.83. 
IIF-test at P =0.05 is 6.39. 
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Table 5. Analysis of clotrimaxole in the presence of be- 
tamethasone dipropionate, axidamphenicol and dexametha- 

sone acetate bv the nronosed method 

Synthetic Final 
mixture* mg taken dilution % 
No. Bet. Ax. Dex. @g/m/) Recovery? + SD 

I 0.06 - - 6 98.0 f 0.69 
8 99.2 f 1.86 

12 98.9 f 1.69 
2 - 1 0.04 6 98.6 f 1.51 

8 97.7 * 1.00 
12 98.1 f 1.17 

*Each mixture contains 1 mg of clotrimazole. 
tAverage of three determinations. 

Absence of interferences from frequently en- 
countered common excipients and additives was 
proved by the resulting high percentage recover- 
ies of the add method (99.0-99.9%; Table 4). 

Formation of the associated ion-pair complex 
with the anionic dye needs a basic drug; there- 
fore any possible interference from other com- 
mon active ingredients combined with the 
studied drug such as betamethasone dipropi- 
onate (in Lotriderm cream) and azidamphenicol 
and dexamethasone acetate (in Baycuten 
cream), during analysis by the proposed 
method, is not expected at all due to lack of any 
basic center in these drugs. This was proved by 
the analysis of clotrimazole in two laboratory 
synthetic mixtures, constituting these common 
drugs, where no interference is observed (Table 
5). The same fact was also confirmed, first from 
the high recoveries obtained after analysis of 
clotrimazole in Lotriderm and Baycuten creams 
(Table 4) and second from the spectra of these 
drugs when each one was analysed by the 
proposed method (Fig. 4). 

0.8 I 
0.7 c 0 i I 

Wavelength , “m 

Fig. 4 

Wavelength, nm. 

Fig. 5 

Results of analysis show good agreement with 
those obtained by the official methods2*4 (Tables 
3 and 4). No significant differences were found 
between calculated and theoretical values of the 
t and F tests (95% confidence) which indicates 
high accuracy and precision. Furthermore, the 
proposed method appears superior to current 
official methods owing to its simplicity, sensi- 
tivity and selectivity. 

In addition, it is possible that imidazole, 
which is well known as a weak base and is used 
in the synthesis of clotrimazole as described,22 is 
present as a common impurity in clotrimazole 
bulk drug. Therefore attention was focused to 
investigate if there is any interference from 
imidazole upon the analysis of clotrimazole by 
the proposed method. This was done:by analysis 
of authentic imidazole samples (containing in- 
itial concentrations of Xl-2500 pg imidazole/ml 
methanol) by the proposed method. As shown 
in Fig. 5 no chromogen could be detected at 
422 nm in a concentration range of 5-30 pg/ml 
(final dilution). However at concentrations L 40 
pg/ml, a yellow chromogen was being formed at 
A,,,, 422 nm, but no accuracy, precision or even 
reproducibility was observed. This finding 
seems obvious owing to the fact that imida- 
zole-unlike clotrimazole-is freely soluble in 
water as well as in chloroform.23 Accordingly 
the complex of imidazole: M.O-being 
formed-might be soluble in an aqueous as well 

Table 6. Analysis of clotrimazole in presence of imidazole 
by the proposed method 

Synthetic 
mixture* 
No. 

Cont. of 
imidaxole 

added lug/ml) 
% 

Recovery + SD 

1 2 97.8 f: 0.52 
2 5 98.3 f 0.93 
3 10 98.0 f 1 .OO 
4 15 98.1 k 0.51 
5 20 97.5 + 0.62 
6 30 98.3 + 0.72 

*Each mixture contains 10 pg/ml clotrimaxole (final 
dilution). 

tAverage of three determinations. 



1294 0. H. ABDELMAGEED and P. Y. KHASHABA 

Table 7. Analvsis of clotrimazole in the mesence of its 
hydroly& products by the proposed-method 

Synthetic 
mixture* 
No. 

Cont. taken % 
Olglml)t Recoveryt 

1 3 98.84 
2 6 99.00 
3 9 99.27 

Mean 99.0 
SD. f 0.22 

*Each mixture contains 5 pg/ml clotrimazole (final 
dilution). 

tFinal dilution of hydrolytic products equivalent to pure 
clotrimazole. 

SAverage of three determinations. 

as in an organic layer. At concentrations ~30 
pg/ml the absence of chromogen at 422 nm is 
probably due to low sensitivity, under the estab- 
lished experimental conditions. In the case of a 
concentrated sample ( 2 40 p g/ml), the complex 
started to partitionate between the aqueous and 
organic layer where a volume of chloroform 
more than 25 ml was found to be needed for full 
extraction. Consequently no correlation was 
found between absorbance and concentration as 
shown in Fig. 5. By comparison with the 
specified concentration of clotrimazole (2-14 
pg/ml) imidazole should never interfere with its 
analysis by the proposed method as long as 
sample concentration is kept within the specified 
limit. This was further confirmed by analysis of 
synthetic mixtures containing fixed amount of 
clotrimazole with increasing concentration of 
imidazole. Results of these analyses (Table 6) 
revealed that no interference from imidazole as 
proved by reproducible recoveries in all cases. 

Analysis of clotrimazole in the presence of its acid 
hydrolytic products 

It is well known that stability of clotrimazole 
in solution is pH dependent. Only in acid 
medium is it hydrolyzed to O-chlorophenyl- 
diphenyl methanol and imidazole.24 Hydrolysis 
has been carried out using different concen- 
trations of hydrochloric acid (0.1, 0.5, 1, 2, 5 
and 10M HCl). This study revealed that O.lM 
HCl is not enough for complete hydrolysis, as 
proved by the UV spectrum of the resulting 
hydrolytic sample which indicates the presence 
of clotrimazole, as well as the formation of a 
yellow chromogen under the condition of the 
assay method. However, concentrations >OSM 
HCl were found to be good enough for hydroly- 
sis. Therefore 1M HCl was used throughout this 
study. Neutralization was carried out, before 

dilution with methanol, using 20% sodium hy- 
droxide to pH 7. High percentage recovery 
(99.0 f 0.22%, Table 7) of an added known 
concentration of the studied drug to the hydro- 
lytic sample indicates the absence of interfer- 
ences. Accordingly, the proposed method is con- 
sidered not only specific for analysis of clotrima- 
zole in the presence of its hydrolytic products 
but also may be applied as a stability indicating 
assay, under acidic condition, and detailed stud- 
ies will be described in the next paper. 
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Sammary-The effect of four concentrations of Ba (as nitrate) on emission intensities of La(B) 337.7, 
Mg(I) 285.2, Mg(I1) 279.1, Cd(I) 228.8, Cd(I1) 226.5, Zn(1) 213.8 and Zn(I1) 296.2 nm as a function of 
power and height above the load coil is studied. The detection limits of atomic and ionic lines of La, 
Mg, Zn and Cd with/without addition of Ba are reported. Low Ba concentration (O.OOlM) decreases the 
detection limit of the element of low ionization energy (La) while high Ba concentration (0.3M) decreases 
detection limits of the elements of high ionization energies (Cd and Zn) and increases the detection limit 
of the element of medium ionization energy (Mg). 

Effect of an excess of easily ionizable elements 
(EIE) on atomic and ionic emission intensity in 
ICP-AES is a problem numerous investigators 
have already been faced with. This effect has 
been considered, in a number of papers, as a 
serious obstacle to quantitative spectrochemical 
analyses. Solution of the problem lies in deter- 
mination of suitable operation conditions under 
which these interferences can be reduced or even 
eliminated. Since the operating conditions are 
always connected to a particular ICP instrument 
and a specific type of sample, it is difficult to 
draw a general conclusion on the changes in the 
excitation mechanism caused by the presence of 
an excess of EIEs. 

In the first detailed study of the effect, Larson 
et al.’ have investigated the effect of different Na 
concentrations on atomic and ionic emission 
intensity from Ca, Cr and Cd at various heights 
above the load coil (ALC). They have found 
that an increase in Na concentration from 100 
to 1000 pgg/ml depresses the intensity of Ca(II), 

*Author for correspondence. 

Cr(II), Cd(I1) and Cd(I), and enhances the 
intensity of Ca(I), while the intensity of Cr(1) is 
depressed at a height of 15 mm but increased at 
heights from 20 to 25 mm. Due to depression of 
all ionic lines, the authors suggested an ionization 
suppression mechanism, including also some 
other factors, since the behaviour of some atomic 
lines was in conflict with the interpretation given. 
However, axially and radially-resolved measure- 
ments of excitation temperatures, electron 
number densities, etc. revealed that several exci- 
tation mechanisms must be considered and that 
the predominance depends on the location in 
the ICP.2-13 

The aim of this paper was to investigate the 
influence of Ba addition on the detection limits 
of elements of different ionization energies. 

EXPERIMENTAL 

Details of instrumentation and operating 
conditions are given in Table 1. 

Low in the plasma, in the Initial Radiation 
Zone, excitation of both atoms and ions is 
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Table 1. Plasma equipment and operating conditions 

Apparatus 

Operating Conditions: 
Ar gas flow 

Liquid sample uptake 

Height above the 
load coil (ALC) 

RF power 

Emission lines 

Perkin-Elmer ICP 6500, 27.12 
MHz operating frequency and 
cross-flow nebulizer 

Outer 15 l./min 
Intermediate 0.5 I./mm 
Central 0.9, 1.0, 1.1 l./min 
1 .O ml/min controlled by 
peristaltic pump 

8,10,13,18 and 20 mm 

1.0, 1.2, 1.5 and 1.75 kW 

La(U) 333.75 nm, E,, 5.59 (ev) 
M&I) 285.21 nm 
Mg(I1) 279.53 nm, E,, 7.64 (ev) 
Cd(I) 228.80 nm 
Cd(I1) 226.50 nm, Ei,, 8.99 (eV) 
Zn(I) 213.86 nm 
Zn(I1) 206.19, EiO” 9.39 (eV) 

Table 2. Effect of central gas flow rate (Q) and RF power 
on relative standard deviation of background (RSD), 

RF (RSD), % 
power Q ZnOI) cd(I) ME@) La(I1) 
(kW) (I./mm) 206.19 228.80 279.55 333.75 

0.9 1.12 1.20 1.30 1.26 
1.0 1.0 1.05 1.10 1.25 1.18 

1.1 1.15 1.23 1.42 1.35 

0.9 0.84 0.92 1.23 1.15 
1.75 1.0 0.81 0.85 1.12 0.92 

1.1 0.93 1.05 1.34 1.25 

usually enhanced. This effect is generally greater 
on ion than on neutral atom.14 However, 
analytical measurements are generally made 
in the plasma region termed the Normal 
Analytical Zone,’ within which EIEs usually 
depress the atomic and ionic excitation.” In 
this paper, ALCs in both zones were selected. 
Choice of elements (from easily to hardly ioniz- 
able) was made on the basis of the ionization 
energies of their atoms. 

All reagents were of analytical grade. Solutions 
were prepared in doubly distilled water. Concen- 

tration of Mg was 0.5 mg/l., Cd and Zn 1.0 mg/l., 
and La 2.0 mg/l. 

RESULTS AND DISCUSSION 

Detection limits are calculated using the re- 
lation16 

where: 

CL = 
3 * (RSD)B C 

r,lZB 

4l is the net line intensity for an analyte 
concentration, 

ZB is the background intensity, 
(RSD), is the relative standard deviation of 

the background 
C is the analyte concentration. 

According to the relation, low detection limits 
are obtained with as high as possible signal-to- 
background ratio (Z./Z,) and as low as possible 
relative standard deviation of the background 

(RSD)B . 
Optimization of the central gas flow rate 

was carried out by determining the minimum 
relative standard deviation of the background 
(RSD), . The reason for such an approach was to 
establish a plasma discharge, as stable as poss- 
ible, at introduction of samples in the plasma. 
(RSD)a was determined for Zn(I1) 206.19, Cd(I) 
228.80, Mg(I1) 279.55, and La(I1) 333.75 at an 
observation height of 15 mm, RF powers of 1 .O 
and 1.75 kW, and central gas flow rates of 0.9, 
1 .O and 1.1 l./min. The results (an average value 
of 10 measurements) are given in Table 2. 

As (RSD), is minimum for the central gas 
flow rate of 1.0 l./min, both RF powers, and for 
all four wavelengths, this central gas flow rate 
was selected as optimum. 

To achieve a maximum signal-to-background 
ratio, optimization of ALC (8-20 mm) for four 
RF powers (1 .O, 1.2, 1.5, and 1.75 kW) has been 
performed. Results are summarized in Table 3. 

Table 3. Influence of RF power on signal-to-background ratio for optimum ALC 

RF power 

1.0 kW 1.2 kW 1.5 kW 1.75 kW 

ALC ALC ALC ALC 
Element mm &I& mm I,l& mm I./Is mm I. IIs 

La(I1) 13 6.23 15 5.07 18 3.69 18 2.76 
Mg(I) 10 1.90 13 1.56 13-15 1.33 13-15 1.19 
Mg(I1) 10 7.59 13 6.91 13 6.05 13 4.35 
Cd(I) 10 2.12 13 1.92 13 1.72 15 1.50 
Cd(U) 10 2.47 10 2.17 13 2.28 13 1.98 
Zn(I) 10 3.08 10 1.67 13 1.03 13-15 1.61 
Zn(I1) 8 1.95 8 2.10 10 2.05 13 1.81 
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Fig. 1. Effect of different concentrations of Ba on La(I1) 337.7 nm line as a function of RF power 
and ALC. I/Z, is the ratio of the relative intensities with/without Ba added; 0 O.OOlM; A O.OlM; 
n O.lM; and A 0.3M Ba. --- is the ratio of the background intensity with 0.3M Ba/without Ba added. 

The effect of barium (as nitrate) of four differ- 
ent concentrations (0.001, 0.01, 0.1 and 0.3M) 
on the atomic and ionic emission intensity from 
the selected elements was investigated. Spectral 
line intensities were measured at the following 
powers: 1 .O, 1.2, 1.5 and 1.75 kW. Investigations 
were carried out at ALCs of 8, 10 and 13 mm 
line intensities were measured at the following 
powers: 1 .O, 1.2, 1.5 and 1.75 kW. Investigations 
were carried out at ALCs of 8,10 and 13 mm for 
Zn and Cd, 10 and 13 mm for Mg, and 10, 13 

and 15 mm for La. Selection of ALC was based 
on the values from Table 3 and the fact that the 
EIE effect is more pronounced in lower regions 
of the plasma. Measurements of the background 
intensity at wavelengths for all investigated lines 
in the presence of 0.3M Ba were performed. A 
slight change in the background intensity, re- 
gardless of the applied power, was found com- 
pared to the sample without Ba (Figs 1 and 2). 

The ion emission intensity of La(I1) is 
presented in Fig. 1, where Z/Z, is the ratio of 

4.Or ALC=8mm 

Cd II 228.8nm 

3.0 

: 

/ 

.-A-A 

2.0 :,a/ 
n -¤ 

so 1.0 m 

ALC=l Omm 

kW 

ALC=8mm 

ok-7hk+- O*O’ l I I I 

1.1 . , . 0.9 1.1 1.3 1.5 1.7 

kW kW 

kW 

Cd II 226.5nm 

ALC=l Omm 

0 
z 

kW 

ALC=13mm 

0.01 
0.9 1.1 1.3 1.5 1.7 

kW 

Fig. 2. Effect of different concentrations of Ba on Cd(I) 228.8 and Cd(B) 226.5 mn lines as a function 
of power and ALC. I/Z, is the ratio of the relative intensities with/without Ba added; 0 O.OOlM; A O.OlM; 
H O.lM; and A 0.3M Ba. --- is the ratio of the background intensity with 0.3M Ba/without Ba added. 
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Table 4. Cd(II)/Cd(I) relative intensity ratio in the presence 
of different Ba concentrations 

Ba (M) 1.00 

0.001 1.44 
0.01 1.15 
0.1 1.08 
0.3 0.78 

0.001 1.29 
0.01 1.00 
0.1 0.85 
0.3 0.75 

0.001 1.22 
0.01 0.89 
0.1 0.80 
0.3 0.50 

RF power (kw) 

1.20 1.50 

Z=8mm 
1.74 2.12 
1.31 1.61 
1.12 1.19 
0.85 1.07 

Z=lOmm 
1.55 1.77 
1.25 1.47 
1.02 1.13 
0.82 1.03 

z=13mm 
1.51 1.68 
1.12 1.45 
0.95 1.05 
0.80 0.95 

1.75 

1.85 
1.57 
1.20 
1.11 

1.91 
1.60 
1.19 
1.08 

1.79 
1.65 
1.08 
0.95 

the relative intensities with/without Ba added. 
When the sample contains O.OOlM Ba, the 
La(I1) intensity in the plasma is the highest 
at all RF powers. As can be seen this ratio is 
insensitive to changes in RF power. When the 
sample contains 0.01 and O.lM Ba the position 
of the La(I1) emission intensity maximum 
depends on the height above the load coil. For 
0.3M Ba concentration, the intensity is close to 
that of the sample without Ba added. Effects of 
different Ba concentrations on the increase of 
the relative intensity of atomic and ionic lines of 
Mg are negligible. On the contrary, a certain 
depression trend (up to 50%) is noticeable at 
higher Ba concentrations. 

Effect of different Ba concentrations on the 
relative intensities of atomic and ionic lines of 
Cd is presented in Fig. 2. Similar curves were 
obtained for Zn(1) and Zn(I1). 

Changes in Cd(I) and Zn(1) atomic line 
intensities lead to a conclusion that there is a 
similarity in their behaviour. Irrespective of 
applied RF power or observation height, the 
lower concentrations of Ba gave no measurable 
effect. An increase in Ba concentration causes 
an increase in the intensity. Thus, for 0.3M Ba 
this increase is by a factor of between 2 and 3. 
The emission intensity in both cases is higher at 
lower observation heights. Similar behaviour 
was observed for Cd(I1) and Zn(I1) ionic lines 
except that the enhancement factor is somewhat 
lower, about 1.5. 

Behaviour of the relative intensities of the 
investigated lines proved a complexity of the 
processes is taking place in the excitation 
mechanism with addition of Ba. 

The fact that an increase in the Ba concen- 
tration results in an increase in the relative 
intensity of atomic and ionic lines of Zn and Cd, 
the effect being higher for atomic lines, suggests 
a simultaneous action of collisional excitation 
and ionization depression processes. Justifica- 
tion of such a suggestion is confirmed by the 
effect of Ba concentration on the relative 
intensity ratio of ionic to atomic lines of Cd 
(Table 4). 

Results in Table 4 illustrate not only the 
presence of shifts in ionization equilibrium, but 
a participation of this process in different zones 
of the plasma as well. This is obvious from the 
data showing that: 

(a) an increase in Ba concentration decreases 
the Zcd,,/Zcd, ratio at all powers and observation 
heights; 

(b) the IcdII/Zo,, ratio, at a given Ba concen- 
tration and constant RF power, decreases with 
increasing height above the load coil. 

Table 5. Detection limits of investigated elements with and 
without Ba at different ALC and optimum RF powers 

ALC, 
Elements mm 

Detection limits, ng/ml 

Without 0.OOlM 0.3M 
Ba Ba Ba 

La(I1) 

Mg(I) 

MgtII) 

Cd(I) 

Cd(I1) 

Zn(I) 

Zn(I1) 

10 
13 
15 

Ref. 17 

10 
13 

Ref. 17 

10 
13 

Ref. 17 

8 
10 
13 

Ref. 17 

8 
10 
13 

Ref. 17 

8 
10 
13 

Ref. 17 

8 
10 

Ref17 

1.0 kW 1.0 kW 1.0 kW 
11.4 6.3 11.6 
9.6 5.4 10.1 

10.1 5.9 11.5 
6.5 - - 

1.0 kW 
7.9 
8.1 
1.1 

1.0 kW 
2.0 
2.5 
0.1 

1.0 kW 
15.1 
14.1 
13.3 

1.8 

1.0 kW 
12.7 
12.1 
13.3 
2.5 

1.0 kW 
9.9 
9.7 

11.2 
1.2 

1.0 kW 1.0 kW 
8.3 9.1 
8.3 11.4 
- - 

1.0 kW 

22:: 
- 

1.0 kW 
3.2 
4.6 
- 

1.0 kW 1.2 kW 
15.2 5.1 
14.1 5.8 
13.7 6.1 

- - 

1.0 kW 1.5 kW 
11.6 8.0 
14.1 7.8 
14.4 9.6 
- - 

1.0 kW 1.5 kW 
9.7 6.4 

10.1 5.7 
11.7 8.5 
- - 

1.2 kW 1.5 kW 1.75 kW 
14.3 15.1 12.2 
14.6 14.9 12.3 
15.9 14.8 13.3 
4.0 - - 
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In general, according to the above com- 
ments, an increase in height lowers the 
collisional excitation effect making the influence 
of shift in ionization equilibrium more 
pronounced. 

Table 5 lists the calculated detection limits 
for the La ionic line, Mg, Zn and Cd atomic 
and ionic lines with (O.OOlM and 0.3M) and 
without Ba at different ALC and optimum RF 
powers. 

As can be seen from Table 5, small Ba con- 
centration (0.00 144) decreases detection limit of 
the element of low ionization energy (La), while 
high Ba concentration (0.3M) decreases detec- 
tion limits of the elements of high ionization 
energies (Cd and Zn), and increases detection 
limit of the element of medium ionization energy 

(Mg). 
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Summary-Amperometric enzyme electrode probes have -&en constructed for the specific determination 
of L-lysine and used in batch and flow analysis. The enzyme lysine ozidase was immobilized on a 
preactivated polymer support which was placed on a platinum electrode. Additional blocking membranes 
conferred high stability, reproducibility and avoided electrochemical and enzyme interferences. Parameters 
including pH, temperature, storage and operational times were optimized. Lysine was determined in the 
range 10-6-2.10-3M with a detection limit of 5 x lo-‘M. The Michaelis constant was 2 x 10-‘&f. This 
value was approximately two order of magnitudes higher than that reported in literature for the free 
enzyme. The response time of the probe was about 2 min in batch and flow analysis and 30 set in flow 
injection analysis (FIA). The resulting probes were stable for more than three months with more than 
300 analyses performed. The determination of lysine was carried out by both flow-through analysis and 
FIA. Analysis in feeds was carried out by acid hydrolysis to liberate lysine; then the solution was analyzed 
by the bioprobe and HPLC procedures. Results by the two methods correlated well. 

The increasing demand in many countries for 
regulatory rules on the nutritional values for 
proteins has led scientists to develop new, rapid 
and specific methods for the determination of 
essential aminoacids in food and feeds. In this 
context, L-lysine, an essential amino acid is an 
important indicator of the nutritional quality of 
food.‘*2 

Several analytical methods for quantitative 
determination of lysine have been proposed, 
including reverse-phase liquid chromatography 
with precolumn derivatization,3 liquid chroma- 
tography with fluorescence detection via pre- 
column dansylation4 aminoacid analysis5 and 
paper electrophoresis.6 These methods often do 
not satisfy the requirement for fast, accurate 
and specific analysis. Moreover they require 
expensive instrumentation and reagents. Elec- 
troanalytical methods based on the use of a CO2 
electrode and the enzyme lysine decarboxylase,7 
or using a platinum electrode coupled to L- 
lysine dehydrogenase have been reported.* 

*Author for correspondence. 

The first electrode, however, suffers from 
interference by atmospheric CO2 and has a high 
detection limit (10W4M). The second requires 
the cofactor NAD+ and the mediator ferri- 
cyanide ion in solution. This makes the analysis 
more complicated with the potential problem of 
collateral reactions when the probe is used in a 
real matrix. 

Recently a flow-through analyzer was de- 
scribed for lysine analysis using a Clark-type 
oxygen electrode and L-lysine-2-monooxygen- 
ase immobilized on silica gel9 

Romette et ~1.‘~ used a Clark O2 electrode 
coupled with L-lysine oxidase Li ef al. used an 
optical sensor for determining lysine.” 

Our system is based on an amperometric 
H202 electrode assembled with the enzyme, L- 
lysine oxidase, immobilized on a polymer sup- 
port placed in intimate contact with the 
platinum electrode. 

The reaction is as follows: 

L -1ysine + O2 + Hz0 

+a-keto-E-aminocaproate + NH, + H202 

1301 
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The production of H202 is detected by the 
platinum electrode held at 650 mV applied 
potential tls. a silver/silver chloride cathode. The 
output current is correlated to the concentration 
of lysine in the sample. The use of blocking 
membranes eliminated all electrochemical and 
enzymatic interferences. The detection limit 
(5 x lo-‘M) was two orders of magnitude lower 
than the O2 probe used in previous 
work.‘O 

EXPERIMENTAL 

Reagents and materials 

L -1ysine a -oxidase from Trichoderma viride 
(EC 1.4.3.14) lyophilized powder, 45 U/mg, 
was obtained from Yamasa Shoyu Co. Tokyo, 
Japan. 

L-lysine monohydrochloride (puriss. p.a.) was 
from Fluka (Germany). Other amino acids 
tested were from Sigma Chemical Co. (St Louis, 
MO). All other reagents of pure grade were 
from Farmitalia C. Erba (Milan, Italy). 

Five samples of feed (dietetic preparations for 
laboratory animals) were a gift from ENEA, 
two samples of feed for rabbits were obtained 
from a local grocery store. 

The Immobilon-AV affinity membrane, 0.65- 
p pore size, 125 pm thick was from Millipore 
(Bedford, MA). 

Cellulose acetate membrane, with an approxi- 
mate molecular weight cut-off of 100, was pre- 
pared in our laboratory. The procedure is 
reported in the literature.” 

Polycarbonate membrane (0.03~pm pore size) 
6 pm thick was from Nucleopore, Pleasanton, 
CA. 

Apparatus 

For batch analysis the probe used was a 
hydrogen peroxide sensor from Universal Sen- 
sors Inc. Metaire, LA. 

For FIA and flow through analysis we used 
a wall-jet cell model 656 electrochemical detec- 
tor from Metrohm, Herisau, Switzerland. This 
cell was assembled with a platinum working 
electrode (1.6 mm diameter) (Model MF 2013) 
from BAS, Lafayette, IN. 

Steady state and transient currents were 
measured with an Amperometric Biosensor De- 
tector ABD from Universal Sensor, Metaire, 
LA and recorded with an AMEL model 868 
recorder, Milan, Italy. 

The peristaltic pump was a Minipuls 3 from 
Gilson, France. For the FIA technique a HPLC 

Rheodyne valve model 7125 with a closed loop 
of 20 ~1 was used. 

Electrochemical biosensor and biocell assembling 

The biosensor probe consists of a platinum 
electrode polarized at +650 mV vs. a built in 
silver/silver chloride reference electrode. This 
probe was assembled by placing on an inverted 
electrode jacket in the given order the following 
membranes: cellulose acetate which protects the 
platinum electrode from electrochemical inter- 
ferences, I3 the enzyme membrane and a poly- 
carbonate membrane which protects the enzyme 
from proteins or bacteria. These membranes 
were then secured with an O-ring. The electrode 
jacket was filled with a solution of potassium 
chloride O.lM, then the electrode was inserted 
into the jacket and screwed down until the tip 
of the platinum was firmly in contact with the 
membranes. 

The wall jet ccl1 was assembled covering the 
working electrode with the same membranes. 
Then the electrode was firmly secured into the 
cell which was connected to the flow system. 

Procedures 

Lysine oxidase was immobilized on the Im- 
mobilon membrane according to the following 
procedure: for a single membrane of 1 cm 
diameter, 200 ,ug of dry enzyme were placed on 
the Immobilon membrane, 20 ~1 of 0. 1M phos- 
phate buffer pH 7.0 were added, the resulting 
mixture was homogeneously spread-out on the 
membrane with a glass stick. The membrane 
was air-dried for about 1 hr and then 
kept immersed in the same buffer until ready 
to use. When the bovine serum albumine 
(BSA)/glutaraldehyde immobilization on Im- 
mobilon was performed we used the procedure 
described by Villarta et a1.‘4 

Batch procedure 

The lysine probe was immersed in 10 ml 
of stirred phosphate buffer solution (PBS) 
and then allowed to equilibrate. Aliquots 
of standard L-lysine solutions were then in- 
jected into the buffer and the current change 
recorded. 

Flow through procedure 

The assembled probe was inserted in the 
electrochemical wall-jet cell. The buffer was 
passed through the flow system and a current 
baseline recorded. 
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Then lysine standard solutions prepared in 
the same buffer were introduced into the cell 
and the current change recorded. 

FZA 

A closed 20-~1 loop of a HPLC valve pre- 
viously connected in series to the flow system 
was filled with the analyzing solution, then after 
the initial steady-state current was recorded, the 
solution was injected into the flow stream and a 
transient current variation recorded. 

Fee& 

When feeds were analyzed, samples were first 
ground to pass through 0.75~mm diameter 
openings and then mixed thoroughly by tum- 
bling. Then 300-mg samples were weighed and 
transferred into test tubes. Then 10 ml of 6N 
HCl was added and heated at 120 + 5” for 24 hr. 
The hydrolyzate was filtered and adjusted with 
dry NaOH and 1M NaOH to pH values be- 
tween 6 and 7.5. The solution was then cen- 
trifuged, and appropriately diluted with buffer 
in order to have a response which fits within the 
calibration curve. 

Analysis of lysine by HPLC was carried out 
using a C 18 reversed phase column and a 
solvent mixture consisting of acetonitrile and 
100 mM sodium acetate pH 7.2 pumped at 0.8 
ml/mm. 

RESULTS AND DISCUSSION 

The lysine probe was first used in batch 
analysis. To select the best immobilization pro- 
cedure and the optimum response, we assem- 
bled our probe using different protective 
membranes and different immobilization pro- 
cedures. In previous workI it has been demon- 
strated that an enzyme immobilized on an 
Immobilon pre-activated membrane has higher 
specific activity if the immobilization is carried 
out by adding BSA and glutaraldehyde on the 
Immobilon membrane. 

The same approach has been used in this 
work. Figure 1 shows calibration curves ob- 
tained using the enzyme lysine oxidase immobi- 
lized on Immobilon in the presence and absence 
of BSA and glutaraldehyde, and using polycar- 
bonate membranes of different porosity. 

The best response was attained using the 
BSA/glutaraldehyde procedure on Immobilon 
and a 0.8~pm polycarbonate membrane. This 
result was expected because the polycarbonate 
membrane has the highest porosity and the 

10-4 mol/L Lysine 

Fig. 1. Lysine calibration curves using two different immo- 
bilization procedures and protective polycarbonate mem- 
branes with different porosity. V BSA/glutaraldehyde on 
Immobilon and 0.8pm polycarbonate; l Immobilon only 
and 0.8~pm polycarbonate; 0 BSA/glutaraldehyde on 
Immobilon and 0.03~pm polycarbonate; A BSA/ 
glutaraldehyde on Immobilon and 0.05pm polycarbonate; 
A Immobilon only and 0.05ym polycarbonate; 0 Immo- 
bilon only and 0.03~pm polycarbonate. Buffer phosphate 

0.1M pH 7.0 T = 25”. 

immobilization procedure was optimized to 
have a higher amount of enzyme. However the 
linearity reached for this immobilization was up 
to 5 x 10e4M lysine. Using a 0.03~pm polycar- 
bonate membrane the sensitivity of the probe 
decreased because of slower diffusion of the 
substrate through the membrane pores but bet- 
ter linearity was attained. This phenomenon, 
already observed for other substrates in pre- 
vious work,” allowed us to detect lysine up to 
lo-3M. 

The enzyme immobilized on Immobilon with- 
out BSA/glutaraldehyde gave the same linearity 
but less sensitivity. 

Since our goal was to use this sensor for the 
analysis of lysine in feeds, we selected the probe 
assembled with the enzyme immobilized on 
Immobilon with BSA/glutaraldehyde procedure 
and with the 0.03~pm polycarbonate. The last 
membrane was used to protect the enzyme from 
possible interferences in the hydrolized matrix, 
and to obtain an extended linear range of the 
probe to allow the analysis of a wider range of 
concentrations. Calibration curves for Fig. 1 
were obtained in pH 7.0 phosphate buffer. This 
pH was previously selected by studying the 
probe response us. pH with lysine injections of 
10p4M in a solution containing an appropriate 
buffer. 

Figure 2 shows the current response of our 
probe used in different buffers for different pHs. 
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1 1 I I I 
2 4 6 a 10 

PH 
Fig. 2. Effect of pH on lysine oxidase activity. The enzyme 
activity was measured in the following buffers: l citrate; V 

phosphate; n tris; A borax, T = 25”. 

The best response was obtained between 5 and 
7.5 which enabled use of our probe over a large 
pH range and in different buffers. For our study, 
phosphate butfer pH 7.0. 

Temperature studies were carried out in the 
range 15-40”. By increasing the temperature, an 
increase in the probe response was observed. 
This effect is due to two factors; the increase 
in enzyme activity and the increased rate of 
diffusion substrates through the membrane 
pores. However, for temperatures up to 30” the 
current noise also increased, resulting in a lower 
current/noise signal output. 

The best compromise was reached at 25” and 
this temperature was selected for further exper- 
iments. 

A calibration curve for lysine after these 
parameters had been optimized is shown in 

-21: 
log C (Lys mot/L) 

Fig. 3. Lysine calibration curve phosphate buffer O.lM; 
T = 25”; immobilization: BSA/GLU on Immobilon. 

Substrate 10-4 mol/L 

Fig. 4. Relative lysine oxidase activity toward some sub- 
strates pH 7.0 phosphate buffer T = 25”. l lysine; V lysine 
after the analysis of other aminoacids. A omithine; n 

arginine; 0 tyrosine; q phenylalanine; V histidine. 

Fig. 3. The detection limit was 5 x lo-‘M with 
a linearity up to 10W3M. The apparent Michaelis 
Constant (Km) was 2 x 10e3 which is almost 2 
orders of magnitude higher than that reported 
in the literature for the free enzyme (0.04 
mM).16 

The reproducibility of our probe was tested 
by running several calibration curves. 

Five consecutive calibration curves gave a 
maximum variation of 5% over the lysine con- 
centration range 10-s-10-3M. 

The catalysis of this immobilized enzyme to 
oxidize various L-aminoacids as L-lysine de- 
rivatives and amines was investigated. Figure 4 
shows calibration curves of lysine, and other 
aminoacids which gave a detectable response. 
The major interferent was ornithine followed by 

300 

200 

% 
.” 

~ / 

Lysine mmol/x. 

Fig. 5. Flow-through (a) and flow injection (b) detection of 
lysine. Sample carrier phosphate buffer O.lM pH 7.0 

T = 25”. 



Amperometric lysine bioprobes analysis in feeds 1305 

Fig. 6. Reproducibility and response time of the bioprobe in 
flow through analysis and FIA a = flow through: lysine 
concentration in standard solution. A = 5 x 10VM; 
B = 10-4M; C = 2 x 10V4M; b = FIA; S, and S, foodstuff 

samples. C = lysine standard 5 x 10e4M. 

arginine. The effects of tyrosine, phenylalanine 
and histidine were negligible. Other aminoacids 
did not give any appreciable response. A cali- 
bration curve for lysine was run after measure- 
ments of all interferences were studied. 
Complete signal recovery was attained. 

The lifetime of our sensor was investigated by 
studying the decrease of the enzyme activity 
with time. 

The probe lost 70% of its original activity in 
10 days, then it remained constant for more 
than 90 days. This decrease in enzyme activity did 
not pose any particular problem to probe per- 

formance. In fact analyses of lysine could be per- 
formed in the range 10-s-10-3M with a detec- 
tion limit of 5 x 10m6M. These concentrations 
largely cover the range for feed analyses. 

The operational time of our probe was more 
than 300 analyses of lysine. The response time 
was 2 min with 90% response in less than 1 min. 

In order to make this method suitable for 
continuous flow analysis we used a wall-jet 
electrochemical cell with a lysine probe, assem- 
bled as previously described, inserted into the 
cell. Calibration curves of lysine were optimized 
by varying the flow rate to select the best linear 
range and the lower and upper detection limits 
of the analysis. The best results were attained at 
a flow rate of 0.2 ml/min, compromise between 
the probe sensitivity and stability and the time 
of analysis. 

Analysis of lysine by FIA was carried out at 
the same flow rate used for continuous flow 
analysis. In this case an injection valve with a 
closed loop of a 20-4 sample was placed be- 
tween the peristaltic pump and the electrochem- 
ical cell. Results are reported in Fig. 5. As is 
shown in this figure, the flow analysis is much 
more sensitive than FIA but despite this, the 
response time of FIA is less than 30 set and the 
reproducibility is higher. However the sensi- 
tivity of the two methods was good enough to 
carry out analysis of lysine in foodstuff. 

Figure 6 shows the reproducibility of the 
sensor both in flow analysis and FIA. 

Feed analysis 

Table 1 reports the determination of lysine in 
some products used to feed animals. The analy- 
sis was carried out by continuous flow and by 
FIA. Both flow-through and FIA methods cor- 
related well with the HPLC procedure with a 
relative error varying between 1 and 12%. Only 
one sample gave an error of 17% in flow/HPLC 
correlation and 13% in FIA/HPLC correlation 
but gave only 3% when both the amperometric 

Table 1. Lysine concentration (% w/w) in foodstuff determined with the biosensor 
method (continuous flow and FIA) and by HPLC 

Sample Flow FIA HPLC Relative error (E%) 

Flow/HPLC FIA/HPLC Flow/FIA 
1 0.171 0.164 0.167 2.4 1.8 4.1 
2 0.198 0.189 0.191 3.7 1.0 4.6 
3 0.128 0.115 0.127 0.8 9.4 10.2 
4 0.089 0.086 0.076 17.2 13.2 3.4 
5 0.123 0.112 0.110 11.8 1.8 8.9 
6 0.074 0.071 0.066 12.1 7.6 4.1 
7 0.061 0.055 0.058 5.2 5.2 9.8 
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procedures were compared. Values obtained 
with the three methods were the mean of three 
determinations. Each sample was determined 
within 2 min, in flow, and 30 set in FIA. 

During the analysis of feeds the required 
washing time was longer than that measured 
during calibration with the buffer solution. This 
is probably due to the effect of some compounds 
present in the matrix which adhere to the poly- 
carbonate membrane and require a longer wash- 
ing time. Using the buffer solution as a washing 
solution between foodstuff samples, the time 
required to recover the initial current back- 
ground was 3 min for flow through analysis and 
2 min for FIA. 

This allows a sampling rate of 12 samples/hr 
in flow through analysis and 20 samples/hr in 
FIA. 
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OBITUARY 
Professor Dr.Dr.h.c. Wilhelm Simon (1929-1992) 

Wilhelm Simon had scarcely arrived in New 
Orleans for the 1992 Pittsburgh conference on 7 
March when he was admitted to hospital. Col- 
leagues and friends from all over the world were 
shocked by the news. On 17 November he 
passed away, released from 8 months of weak- 
ness and disability. He had not feared anything 
so much as being physically and mentally dis- 
abled in his old age. Consequently, during his 
illness, he retrained his memory by remembering 
the names of related persons, doctoral students, 
postdocs and collaborators all over the world, 
One day, when he realized his condition, he said 
to me: “I will tell you some day if it was a 
‘highlight’ to save me from death!” However, in 
spite of this doubt, he fought optimistically for 
his recovery. 

Wilhelm Simon was born in Fahrwangen on 
26 September 1929, a small village in the canton 
of Berne in Switzerland. He grew up in a family 
of social modesty which was an attitude he 
never lost. He worked hard for his education 
and training, he cultured his language and cre- 
ated his own very effective, exquisite and appro- 
priate vocabulary. Every letter was examined 
several times. Every lecture was prepared to 

highlight the relevant and fundamental points, 
and was enlivened with spontaneous inspi- 
ration. 

He graduated in chemistry from the Swiss 
Federal Institute of Technology in 1953 and in 
the same year married his wife Agnes. He 
completed his diploma work although he was 
suffering from severe tuberculosis and was ill for 
several months during his studies. His enthusi- 
asm for chemistry was supported by his teacher 
and Mentor Prof. Leopold Ruzicka (retired 
1957) who visited him in the clinic in Leysin 
(Wallis) and encouraged him to stay at the ETH 
for his Ph.D. He received the latter in 1956 at 
the Department of Organic Chemistry of the 
Swiss Federal Institute of Technology in Ziirich 
(ETH). The doctoral thesis has the 
ETH - number 2590 and is entitled “uber die 
Mikrobestimmung scheinbarer Dissoziations- 
konstanten in nichtwlssrigen Medien”. At this 
time he regularly used his bicycle for transport 
and later he urged his students “I prefer to teach 
racers, not common cyclists!” During this 
period he was already teaching analytical chem- 
istry and the application of spectroscopic tech- 
niques in organic chemistry and was developing 
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analytical instruments. His creativity was pro- 
moted by Prof. V. Prelog his “doctor father” 
and his Mentor Prof. E. Heilbronner, who was 
much more than an authority to him. He re- 
membered many exciting moments when turn- 
ing over the pages of fascinating books and 
discussing papers of well-known foreign 
authors. 

During his studies in chemistry he strongly 
inclined to medicine and was registered at the 
University of Ziirich for basic medical lectures. 
He was especially fascinated by the lectures in 
pathophysiology of Prof. W. Siegenthaler, the 
so called “Sigirama” where real “cases” were 
discussed and demonstrated. This medical inter- 
est structured his research projects throughout. 

In 1965 he became an assistant professor in 
instrumental methods for chemical analysis at 
the ETH. Since 1970 he had been a full pro- 
fessor in organic chemistry. His instrumental 
developments, during this first period of re- 
search, initialized a typical field of analytical 
science. Swiss Industries did not utilize the 
chance. Though a chemist at heart he was, 
however, very grateful to belong to the field of 
organic chemistry, especially later in his career 
when he had the idea to imitate nature, without 
using complicated enzymes, to recognize com- 
pounds by synthetic molecules for analytical 
use. Thus he had the opportunity to synthesize 
the compounds planned by himself: “imitate 
nature, but do it better!” 

Four years ago in 1989 the celebration of his 
60th birthday was an unforgettable event, as- 
sembling all his doctoral students, 115 to date, 
as well as his promotors at the ETH, Prof. V. 
Prelog and Prof. E. Heilbronner. Plenty of 
typical daily events were remembered: the aver- 
sion to ferrets in the laboratory (“a pain in the 
neck!“), the fight against reading the daily press 
in the lab and many further events showing his 
enthusiasm and spontaneity. However, the last 
period of his life in the clinic in “Zihlschlacht” 
(SG) revealed his strong love of nature, es- 
pecially of birds and their song. 

ACHIEVEMENTS 

To date his name is mainly connected to the 
development of optical and potentiometric sen- 
sors as well as potentiometric microdetectors. 
However, a list of more than 450 papers and 500 
talks shows the spectrum of his productivity and 
opus. Some of his earliest accomplishments are 
less known. His earliest contribution derives 

from the title of his thesis. The scope was the 
development of the instrumentation for the 
micro-determination of the dissociation con- 
stant of organic compounds using glass elec- 
trodes and the interpretation of the results 
related to the constitution by the Hammett 
acidity function. I-3 Microtitrations gave input in 
clinical chemistry in 1961 for the titration of free 
fatty acids in body fluids.4 His glass electrodes 
were based on a broad collection of glasses of 
different compositions such as germanium diox- 
ide5 which were processed to electrodes by his 
friend Willy Miiller, who still cultivates the art 
of manufacturing glasses for various different 
applications. 

The automation of elemental analysis of or- 
ganic compounds (C, H, N) resulted in a large 
space-filling instrument, which had a strong 
input in the industrial evolution of elemental 
analysis. 6*7 Further accomplishments were made 
in gas chromatography* and Currie-point pyrol- 
ysis gas chromatography.‘,” The instrumental 
analysis of organic compounds was one of his 
main fields of research which he followed up for 
the whole period of his creative work.“-‘3 He 
recognized the gain in information by combined 
analytical techniques. In 1964 he presented the 
first papers on combined spectroscopic tech- 
niques for the analysis of the structure of or- 
ganic compounds” and presented the coupled 
GC-MS technique in 1966.14 In 1967 the acces- 
sory to the polarimeter for magneto-optic ro- 
tation dispersion (MORD) was published and 
added to the coupled techniques.” 

The development of the instrumentation for 
vapor phase osmometry resulted in a commer- 
cially successful product.‘6’8 In a subsequent 
period Willy Simon was mainly concerned with 
the interpretation of spectra.‘“‘* 

Few scientists have the vision of a building 
before it is completed, he was such a visionary. 
He always realized his plans and concepts in a 
very early, but final, way. In most cases a 
commercial instrument was the product of his 
creative activity in analytical sciences. One of 
the most convincing examples for his purpose- 
ful, systematic procedure is the development of 
the magnesium-selective carriers over about 20 
years. 23 This purposeful behaviour even assisted 
in opening the doors of industrial sponsorship. 
With the financial support of companies and 
different funds it was possible for him to employ 
assistants for his lectures and students for his 
research group. His achievements, in many 
cases, did not hit the headlines, but they were 
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valued much later; he was honored by awards of 
four medals and five honorary professorships. 

The valinomycin based potassium-selective 
electrode, for example, is widely used all over 
the world and in various types of instruments. 
Willy Simon estimated sales of 64 million pot- 
assium sensors worldwide for 1990. The history 
of this accomplishment sounds close to the story 
of the recovery of penicillin by Alexander Flem- 
ing published in 1929. Valinomycin and rat liver 
mitochondria were used as tools for metabolic 
studies.24 It was suggested that the oxidative 
phosphorylation of these cells is decoupled by 
cation transport through the membranes. 
Cation carriers were suspected of being respon- 
sible for this transport by Moore and Press- 
mann.*’ Experiments in vitro were started. 
Working with buffered solutions of valinomycin 
a precipitation occurred and was assumed to be 
due to a complexation of potassium by valino- 
mycin. The first data based on X-ray structure 
analysis of valinomycin-potassium complexes 
were published stimulated by Willy Simon.26 
The cation specificity of valinomycin was shown 
earlier by Shemyakin et ~1.~~ In 1966 the in vitro 
behaviour of macrotetrolides as ion-selective 
compounds and of valinomycin, especially, as a 
potassium-selective compound was confirmed 
potentiometrically by use of artificial mem- 
branes.2s-30 In 1969 these sensors were listed 
under the heading “miscellaneous” and denoted 
as “even more exotic systems!” The potassium- 
selective electrode was published and applied to 
blood serum measurements in 1970.3’,32 At this 
time I had the chance to contribute to the 
success by first measurements of the potassium 
selectivity in serum and by comparison to 
FAES. I was then employed in my first position 
in clinical chemistry at the University Hospital 
Ziirich. Much later I noticed the great success 
but also the trouble created by the ion-selective 
electrodes and undertook comparisons between 
electrolyte measurements by ISEs and FAES. I 
had just evaluated the first potassium-selective 
optical test by solid state, or so-called “dry 
chemistry” assays in 1985. It was at this time, 
nearly 20 years later, that I first met with Prof. 
Willy Simon personally at a meeting where I 
presented my results. He was fascinated by the 
results of these test strips and initialized the 
optode programme. 

The design of ion-selective carriers was accel- 
erated in the subsequent period. Many success- 
ful synthetic carriers were evaluated for 
monovalent and divalent cations, as well as 

anions. The tailoring of carriers lastly resulted 
in carriers for neutral compounds coupled to 
optical transduction as well. Even the sodium- 
selective glass electrode was born in his 
kitchen.” Also in the field of ion-selective elec- 
trodes, research and development were perma- 
nently followed up by the industrial contacts. In 
1972 the first clinical analyser, using a valino- 
mycin based sensor, was commercialized 
(STAT-ION, Technicon/Photovolt Corp., 
USA). The potentiometric as well as optical 
ion-selective principle of chemical sensors were 
treated theoretically over all the years.“37 

PERSONALITY 

For lunch with guests a special place was 
selected, very frequently on top of a building. 
One of his favourite places was the “Dozenten- 
Foyer” at ETH where I remember fascinating 
discussions with guests from all over the world. 
As important as the meal, however, was the 
view of the mountains. On such an occasion he 
instructed me on the theories of Manfred Eigen, 
whose papers on thermodynamical properties of 
electrolyte solutions fascinated him. I was in- 
structed on the dependence of the rate of substi- 
tution of solvent molecules in the inner 
coordination sphere of a metal ion related to the 
charge and the radius of an ion. I was con- 
fronted with ion hydration theories during my 
studies in the field of plant physiology, taught 
by Prof. A. Frey-Wyssling at the ETH-Zurich, 
related to ion uptake by roots. In 1971 and the 
following years W. Simon presented some 
papers on calculations of free enthalpies of 
hydration of ions related to the stability con- 
stants and the influence of the medium on the 
complexation of ions. 38*39 Based on these early 
thermodynamic calculations Clementi stimu- 
lated the calculations of interaction energies and 
early programs for molecular modelling calcu- 
lations were written in his laboratory.40 After 
teaching me, Willy Simon shifted to the edu- 
cational and social situation in South Africa. 
Such appointments were completely dedicated 
to exciting discussions, more commonly than 
enjoyment of the meal. 

In his heart Willy Simon felt a deep affinity 
with Japan. Beside his travels for teaching, he 
had strong respect for some famous chemists as 
H. Kobayashi, K. Kimura, S. Kamata, T. 
Shono and others. He considered moving to 
Japan after his retirement for part of the year. 
He was learning the Japanese language and 
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could converse. However he always felt a deep 
responsibility for his own country, the Swiss 
products as well as the chemical industry and 
the education of chemists in Switzerland. His 
trip around the chemical companies in Switzer- 
land, his talks collecting and presenting the 
news of Pittsburgh Conference each year, were 
a main event for all his colleagues and students. 
Also in our laboratory at the ETH we looked 
forward to these reports as out of the ordinary 
and I never learned as much analytical chem- 
istry in a shorter time. 

He opened his laboratory to guests from 
Eastern Europe during a period of a general 
intensive inclination of science in Europe to the 
USA. At this time a visit to the Shemyakin 
Institute of Technology in Moskow was re- 
garded by some as tantamount to being a traitor 
to his country. The strong relations with 
Hungary and a deep friendship with Prof. Em6 
Pungor and his group, paved the way for him to 
relax and enjoy his success. Some publications 
derived from joint projects. Willy Simon was 
able to accept and enjoy the achievements of his 
colleagues as well, and was stimulated by these 
sound relationships which flourished with for- 
ward-looking scientific discussions that ap- 
pealed so much to his temperament. 

He opened his laboratory to Chinese re- 
searchers, whose intensive and productive atti- 
tude I seriously learnt to respect during the last 
years. Many other coworkers, more than 72 all 
over the world, have taken the oppo~unity to 
share experiences, moments of recognition and 
fascinating discussions in Willy Simon’s elegant 
office or the “documentation” reserved for in- 
ternal meetings. In these sessions we got to the 
bottom of the projects with fundamental con- 
siderations and questions. Occasionally young 
outsiders and shy, sensible newcomers lost the 
thread, startled by his flow of ideas and his 
delicate humour. His critical mind and the 
broad field of his experiences made him a 
member, advisory and honorary editor of in 
total 18 editorial boards, 26 scientific commit- 
tees and a demanded, but occasionally inconve- 
nient, member of different societies. 

His responsibility for the technical develop- 
ment and future of Switzerland was his main 
motivation to activate the last, strongest, efforts 
for the realization of the “Swiss Centre of 
Chemical Sensors” in the area of Technopark 
Zurich. This idea was based on his belief that his 
country should invest manpower as well as ideas 
for developments in the field of high technology+ 

He formulated a speech for ILMACPO: “Es 
miisste aber das Ziel sein, selbst wieder durch 
eine Vorwiirtsstrategie die Speerspitze des 
Fort~h~ttes zu bilden und die Spielregeln selbst 
zu bestimmen, statt sie aufgezwungen zu 
bekommen”.4’ It happened during the last years 
that he felt afraid of his own courage and 
became tired: “Was bringt’s?’ Nevertheless the 
phrase above probably puts in words his last 
will concerning his research area and country. 

A great scientist has left the arena leaving 
behind 20 doctoral students, his coworkers and 
plenty of plans and projects. In Switzerland his 
loss is followed by a tragic loss of position in 
education, training and research in analytical 
chemistry. Even when he stayed in Switzerland 
he was mentally participating in projects 
globally. All over the world colleagues, friends, 
scientists and analysts will mourn the loss of his 
strong and fair personality. All over the world 
his friends and colleagues will miss his humor- 
ous, stimulating and sensitive friendship and his 
compassion, he was a hard working analyst as 
well as a serious and fascinating teacher. 
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Summary-Various double armed crown ethers and related macrocycles are presented as metal-selective 
reagents characterized by macrocyclic ligands and metal-ligating sidearms. They exhibit unique metal 
binding and recognition functions via macroring-sidearm cooperative action. Since they form three 
dimensional complexes suitable for metal-sensing and separation, we can develop a new series of 
metal-selective reagents via armed macrocycle strategy. Polymerization and immobilization of the armed 
macrocycles further enhance the usefulness in analytical science. This review focuses primarily on the 
molecular design, host-guest chemistry, and analytical applications of the armed macrocycles, and clearly 
indicates that these macrocycles provide new options in designing a metal-selective reagent. 

Because crown ethers and other macrocyclic 
reagents are known to selectively bind metal 
cations, they have considerable potential as 
metal-selective reagents in sensing and separ- 
ation science.‘.’ They are employed as the car- 
riers in metal-selective extraction, phase transfer 
catalyses, membrane transport, and related pro- 
cesses. Literally thousands of macrocyclic re- 
agents have been prepared which provide a 
variety of donor atoms, ring sizes, and ligand 
geometries.3 Crown ethers and cryptands were 
particularly well-recognized as useful metal- 
selective reagents. Recently, “armed macrocy- 
cles” were developed as a new type of 
metal-selective reagent which are characterized 
by a parent macrocyclic ligand and a cation- 
ligating sidearm. 4s They topologically lie be- 
tween crown ethers and cryptands and exhibit 
both the kinetically fast complexation proper- 
ties of crown ethers and the three dimensional 
binding characteristics of cryptands. These 
metal binding features are similar to those of 
naturally occurring ionophores which effectively 
and selectively transport several metal cations 
across a biomembrane.6 Because of their great 
advantages of facile synthesis and versatile mol- 
ecular structures, a variety of metal-selective 
reagents were designed along this line and suc- 
cessfully employed in analytical science. 

This review describes: (1) strategy for mol- 
ecular design, (2) recognition of metal cations, 
and (3) analytical applications of the double 
armed crown ethers and other armed macro- 

cycles. Their carrier activities in membrane sys- 
tems are particularly detailed, because there is a 
wealth of valuable and interesting chemistry to 
be understood and applied to practical separ- 
ation problems. We deal here with only a limited 
number of armed macrocycles; other types of 
metal-selective reagents have been reviewed 
elsewhere.7 

STRATEGY FOR MOLECULAR DESIGN OF 
ARMED MACROCYCLES 

Armed crown ether strategy 

Double armed crown ethers’ are typical 
examples of the armed macrocycles which are 
composed of two flexible cation-ligating arms 
and a parent crown ring. In this class of com- 
pounds, the donor group on the flexible sidearm 
provides further coordination of a guest cation 
trapped in the crown ring. The crown ring 
enforces a rudimentary “hole size” selectivity on 
the complexation, while sidearm donor provides 
three dimensional solvation. Their complex- 
ation behaviors are schematically shown in 
Fig. 1. We can design a metal-selective reagent 
of this type by choosing a combination of 
parent crown ring structure and functionalized 
sidearm. 

Double armed crown ethers occupy an inter- 
mediate position between crown ethers and 
cryptands. The former affects rapid and circular 
coordination for guest cations, while the latter 
forms rigid and encapsulated complexes. Since 
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Fig. 1. Cation binding of double armed crown ether. 

double armed crown ethers are stronger cation 
binders than the crown ethers and more flexible 
than the cryptands, they offer great promise in 
broad areas of metal-sensing and separation 
processes. A typical example is the facilitated 
transport of metal cation.6 The rates of the 
carrier-mediated transport, in graphic terms, 
generaby display a bell-shaped dependence on 
extraction or stability constants: the rate de- 
creases when there is either too little extraction 
at the entry or too much extraction at the exit 
of the membrane.“” Both crown ethers and 
cryptands are excellent cation binders but in- 
adequate as membrane carriers. The monocyclic 
crown ethers are two dimensional and flexible 
binders, while the bicyclic cryptands form three 
dimensional and rigid complexes. Since an effec- 
tive carrier is required to offer kinetically fast 
and three dim~sio~al complexation, the doubIe 
armed crown ether is most suitable and promis- 
ing for this purpose. This has a flexible molecu- 
lar structure to wrap a guest metal cation 
completely. Several kinds of armed crown ethers 
have already been demonstrated to mediate 
specific membrane transport of various metal 
cations. 

Structural variation of the sidearm funetion- 
alities have been made to enhance usefulness in 
analytical applications. Introduction of an 
anionic metal-chelating group on the sidearm 
generally increases metal extraction activity of a 
macrocycle, because of the lack of requirement 
for a lipophili~ counter-anion.‘2 Addition of a 
chromophore on the sidearm makes possible 
calorimetric metal detection,‘3 while addition of 
a signal-responsive group allows the use of 
signal-switching to control the solvent extrac- 
tion and membrane transport.14 Double armed 
crown ethers, therefore, provide a wide variety 
of possible uses in metal-sensing and separation 
processes. Their interesting metal binding and 
recognition behaviours have been illustrated on 
a molecular basis in solution and in solid state 
and are discussed below, 

In addition to the crown ethers, other kinds 
of macrocyclic ligands are available as parent 
macro-rings. lwacrocyclic polyamines, polysul- 
phides, cyclic peptides, calixarenes, cyclo- 
ihanes, and cyclodextrins are potential 
candidates. Basic host-guest chemistry and 

Table I. Basic host-guest chemistry of parent macrocycle 

slructur%l Guest 
Macrocycle Major guest diversity+ s&ctitity* 

Crown ether Na+ K+ Ca2’ 
Ba2t Ag;, Pb2+ 

A A 

NH,+, RNH,” 
Macrocyclic polyamine Cuz+, Ni2+, Co*+ A B 

PoIyanion 
Macrocyclic ~~ysul~d~ Ag++ Pb2+ 
cyclic paptide &2C &$c 

cu-’ zn2+ 
li 

A 
B 

Calixarene Na+,‘K+, Cs+ A B 
Organic substrata 

Cyclophane Organic substrate C C 
Cyclodextrin Organic substrate B C 

*A: excellent, B: fair, C: not good. 
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Fig. 2. Cation binding of armed macrocycle. 

other characteristics of these macrocycles are 
summarized in Table 1. Polyamines and poly- 
sulphides have soft donor atoms effective for 
binding of soft metal cations, though crown 
ethers favour hard metal cations. Cyclic pep- 
tides complex with various metal cations, while 
calixarenes, cyclophanes, and cyclodextrins 
bind organic substrates. Many attempts have 
been made to attach the ligating sidearm groups 
to various macrocyclic ligands.i5 Several 
examples exhibited different guest selectivity 
from the armed crown ethers. Their target guest 
species included alkali, alkaline earth, heavy, 
and transition metal cations as well as organic 
substrates.‘6 Such armed macrocycles often used 
a varying number of ligating sidearms for cation 
binding as schematically shown in Fig. 2, and 
offered various kinds of host-guest complex- 
ations. Since the nature of the parent macroring 
greatly influences the guest recognition profile 
of the armed macrocycle, we have many options 

1 - K+ 2 - K+ 

in designing metal-selective reagents of these 

types. 

HOST-GUEST COMPLEXATION OF 
ARMED MACROCYCLE 

Solid-state structure of metal complex with 
armed crown ether 

Three dimensional complex structures of the 
armed crown ethers have been demonstrated in 
the crystal state. Gokel et al. reported crystal 
structures of K+ complexes with diaza-18- 
crown-6 1, lariat ether 2, and double armed 
crown ether 3 (Fig. 3).” In the complex of lariat 
ether 2, the guest K+ cation is coordinated to 
donor atoms of both crown ring and sidearm. 
The crown ring donor atoms are disposed in a 
chair conformation with K+ ion distinctly 
above the plane of four ether oxygen atoms. Its 
sidearm oxygen is located underneath the 
plane in an apical position. Since counter-anion 

Fig. 3. Crystal structures of KI complexes with diaza-crown ether 1, lariat ether 2, and double armed 
crown ether 3. 
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occupies the opposite apical position, the coordi- 
nation number of the K+ cation increases to 
eight. The K+ ion is also octacoordinated in the 
double armed crown ether 3 complex, though 
anion does not contact the K+ ion. The donor 
atoms of the crown ring adopt the chair confor- 
mation, but oxygen atoms of the sidearms are 
located above and below the mean plane of the 
crown ring. The K+ ion is completely accommo- 
dated in a three dimensional cavity, which is 
topologically similar to those of cryptands. In 
contrast, the parent diaza-l&crown-6 1 accom- 
modates K+ ion in a circular cavity and its 
encapsulation is not as complete as those with 
the lariat ether and the double armed crown 
ether. The solid-state structures of these com- 
plexes confirm the “armed crown ether strategy” 
described above, and suggest promising uses of 
the armed crown ethers in the metal-sensing and 
separation processes. 

Armed crown ether-metal ion interaction in 
solution 

The effect of functionalized sidearm on the 
complex stability was clearly demonstrated by 
comparing double armed crown ether with 
parent d&a-crown ether. Tsukube et al. found 
that attachment of pyridine-functionalized arms 
to the diaza-crown ring significantly increased 
binding constants for Ca2+ and Cu2+ ions.18 As 
shown in Table 2, the stability constant of 
pyridine-armed diaza-I l&crown-6 4 for Cu2+ ion 
was an order of magnitude greater than that of 
the unsubstituted diaza- 1 S-crown-6 1. Since only 
slight enhancement was observed for binding of 
Na+ ion, the pyridine nitrogen atoms of the 
double armed crown ether 4 provided more 
effective coordination with divalent Ca2+ and 
Cu2+ ions than with monovalent Na+ ion. 
Pyridine-armed crown ether 5, which has all the 
structural elements present in the rest of the 
series, nonetheless behaved differently, because 

Table 2. Stability constants of double armed 
crown ethers 

Log K in H,O 

Na+ Ca2+ CU*+ 

4 2.64 4.01 8.98 
5 2.55 3.09 * 

diaza-18-crown-6 1 2.44 3.43 1.59 

*This compound forms an insoluble complex. 

OqAOfl N~~nO>J=J 

CO,03 co,03 

4 5 

its pyridine nitrogen atoms are too remote to 
interact with the crown-bound metal cations. 
Pyridine-armed diaza- 15-crown-5 and diaza-2 l- 
crown-7 derivatives similarly exhibited large en- 
hancements for binding of several divalent metal 
cations. One precondition for cation binding 
enhancement is that the potential donor 
groups must be appropriately situated on the 
sidearms to provide effective coordination with 
the guest cation trapped in the parent crown 
ring. 

Cation inclusion behaviour of the pyridine- 
armed crown ether 4 was characterized by a 13C 
NMR titration experiment.‘8*‘9 Addition of 
Ca(ClO,), salt to a solution of pyridine-armed 
crown ether 4 caused significant and continuous 
shifts of the signals for both pyridine and crown 
ring carbons, indicating that the pyridine nitro- 
gen atom on the sidearm effectively coordinated 
with Ca2+ ion trapped in the diaza-crown ring. 
This armed crown ether offered three dimen- 
sional but kinetically slow complexation with 
Zn2+ ion. When 0.5 equiv. of Zn2+ ion was 
present, each carbon exhibited two split signals 
corresponding to the free and complexed forms. 
This did, however, affect circular coordination 
for Na+ cation in the same way as did simple 
crown ethers, because only the signals for crown 
ring carbons were shifted in the presence of Na+ 
cation. Thus, the pyridine-armed diaza-crown 
ether 4 provides different coordination charac- 
teristics toward Na+, Ca2+ and Zn2+ cations, 
which may explain the enhanced binding for 
Ca2+ and Zn2+ cations. 

Cation binding of armed macrocycles 

Armed aza- and thia-macrocycles form encap- 
sulated complexes with the guest cations in 
different coordination modes. Dale et al. demon- 
strated that cyclen 6 having four hydroxyethyl- 
functionalized arms formed three dimensional 
complexes with Li+, Na+ and K+ cations.20 This 
used a varying number of ligating sidearms and 
accommodated its molecular cavity to the size 
and shape of the guest metal cation. Macrocyclic 
polyamines are not good ligands for these hard 
metal cations, but cooperative binding of the 
sidearm and the polyamine ring offered effective 
inclusion of the uncommon metal cations. 
Kaden et al. prepared transition metal com- 
plexes with the armed polyamine 7, in which 
amide-functionalized sidearm was significantly 
involved in the metal encapsulation.2’ Since 
ring-size and donor atom of parent macrocyclic 
ligand, number and nature of arm donor group, 
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and shape of molecular cavity are variable 
factors, a large number of metal-selective re- 
agents can be derived from various macrocycles. 

Double armed crown ethers and related 
armed macrocycles have great advantages of 
facile synthesis and versatile molecular struc- 
tures. We can tune the metal selectivity of these 
compounds by considering a combination of 
parent macroring and ligating sidearm. Their 
specific complexation behaviours satisfactorily 
meet the level required of metal-selective re- 
agents available for multi-purposes. Their 
promising uses are discussed below from the 
viewpoint of analytical science. 

ANALYTICAL APPLICATIONS 

Depending on the structural characteristics, 
armed macrocycles bind several metal cations 
with varying strength. Since their metal selec- 
tivity is easily controlled through molecular 
architecture, they can be used to enrich, separ- 
ate, mask and determine the concentration of 
metal cations. Their analytical applications 
include membrane transport, extraction separ- 
ation, spectroscopic determination, electro- 
chemical sensing, and chromatographic analysis 
as well as biomembrane mimetic processes. 
Typical examples of the armed macrocycles 
exhibiting characteristic metal-selectivity are 
described below. 

Carrier in liquid membrane 

Liquid membrane transport is a useful pro- 
cess for metal separation and enrichment, be- 
cause there is no necessity for the separation of 
carrier and guest metal salt.22 In principle, metal 
cation is moved from one aqueous phase 
through a lipophilic liquid membrane into a 
second aqueous phase. Selective transport of 
the metal cation is effected by a metal-selective 
reagent embedded in the membrane 
phase. Several useful carriers were designed by 
considering: 

1. size and shape of cavity for guest encapsu- 
lation 

2. nature of guest binding force 

3. coordination geometry 
4. solubility and stability of carrier and 

complex 
5. molecular flexibility and binding dynamics. 
Membrane transport produces different re- 

quirements for the carrier to be used from those 
of extraction and other metal separation pro- 
cesses. The effective carrier should not form too 
strong a complex with a transported metal ion. 
Double armed crown ethers and armed macro- 
cycles are recognized as the most suitable candi- 
dates for effective carriers.6 They have 
intermediate stability constants between crown 
ethers and cryptands and offer very high trans- 
port rates. Their three dimensional ligand top- 
ology provides highly lipophilic complexes with 
specific metal cations, while the high mobility of 
ligating sidearm promises fast kinetics of com- 
plexation. These binding features are common 
to several naturally occurring ionophores which 
specifically transport metal cations across a 
biomembrane. Thus, by careful selection of 
parent macrocycle and functionalized sidearm, 
we can prepare an armed macrocycle specific for 
encapsulation and transportation of metal 
cation. 

Tsukube ef al. first presented systematic stud- 
ies on cation transport properties of double 
armed crown ethers. 2324 They attached benzene, 
furan (oxygen atom), and thiophene (sulphur 
atom) rings to the diaza-l&crown-6 system as 
well as pyridine (nitrogen atom) ring. Interest- 
ingly, furan-armed crown ether 9 showed much 
larger transport rates for K+, Ba2+, NH,+ and 
Pb2+ ions than simple crown ether 8, though 
other alkali and alkaline earth metal cations 
were only slightly transported. In contrast, thio- 
phene- and pyridine-armed crown ethers 12 and 
4 offered enhanced transport rates for heavy 
and transition metal cations such as Pb2+, Cu2+ 
and Zn2+ ions.‘* Arm-functionalization of 
crown ether largely increased transport efficien- 
cies especially for complementary guest cations. 
Transport selectivity was modified by varying 
ring-size of the parent crown structure: furan- 
armed 15-crown-5 10 effectively mediated Na+ 
ion transport, while a 21-crown-7 11 was a good 
carrier of K+ and Cs+ ions. Therefore, double 
armed crown ethers have a “tunable” guest- 
selectivity both in complexation and transpor- 
tation processes. By considering ring-size of the 
parent crown ring and coordinating character of 
donor arm groups, we can easily draw the 
molecular structure of a carrier specific for a 
target guest cation. 
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Other examples of metal-selective armed 
crown ethers 13-15 are shown, together with 
their favourite metal cations.g*25*26 Among them, 
thiazole-armed d&a-crown ether 14, recently 
prepared via high pressure SNAr reaction, is 
notable.26 This specifically formed a binuclear 
complex with Ag+ ion. In this complex, two 
Ag+ ions were cooperatively coordinated by 
thiazole-functionali sidearms and parent di- 
aza-crown ring, and the Ag....Ag’ separation 
was shorter than the intermetallic distance.27 
Such a unique metal complexation attained a 
high Ag+ ion-specificity in extraction and trans- 
port processes. 

Attachment of an ionizable sidearm to the 
crown skeleton offers other possibilities in the 
design of useful carriers. Kimura et al. reported 
that phenoxide anion-armed 14-crown-4 deriva- 
tive 16 was a specific carrier of Li+ ion; this 
recorded an extremely high Li+/Na+ selectiv- 
ity.28 When the anion-armed crown ether is 

13 

n 

employed as a carrier, transfer of the metal 
cation into an organic medium does not require 
concomitant transfer of a counter-anion. Thus, 
crown ether ring and anion-charged sidearm act 
as cooperative complexing functions. Crown 
ethers having acidic functionalities such as 
17 are effective for proton-driven active 
transport (“uphill transport”) whenever guest 
ion is pumped against a concentration gradi- 
ent? The carrier shuttles back and forth be- 
tween the metal-rich and the proton-rich 
aqueous phases, coupled with proton-transport. 
A similar coupled cation transport is often 
observed in the biomembrane processes. Nakat- 
suji et al. prepared crown ether 18 having 
-NH2 group on the sidearm and demonstrated 
active transport of K+ iongo Since the -NH, 
group is readily protonated, this crown ether 
forms intramolecular “tail-biting” complexa- 
tion of the crown ring with -NH3+ moiety 
under acidic conditions. This means that it 
strongly binds the K+ cation under basic con- 
ditions and rapidly releases under acidic con- 
ditions. Such a unique binding realized uphill 
transport of the K+ cation. 

More interesting for practical applications 
and theoretical investigations are switchable 
transport processes, which can be turned on and 
off by photochemical, electrical, or other energy. 
Armed crown ethers such as 193’ and 2ti2 were 
designed so that they could be activated either 
electrochemically or photochemically and thus 
induce a change in the carrier activity. By 

n 

14 15 

Li+ kS+ 
Fig. 6. 

Ba2+ 

c 0-o 
NO2 

owe 
CIOHZI 

16 17 18 

Fig. 7. 
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triggering a switch at the membrane interface, 
the membrane transport of the metal cation can 
be increased, changed to another ion or 
interrupted.33 

Armed macrocycles have characteristically 
shaped-cavities for effective metal encapsu- 
lation. Tsukube et al. demonstrated that 
cyclams 21 bearing amide-functional&d side- 
arms had unique transport ability for Ba2+ ion, 
though the parent 1,4,8,1 l-tetraazacyclotetrade- 
cane ring favoured soft transition metal cat- 
ions.34 This formed a three dimensional, 1: 1 
complex with the hard Ba*+ ion, which was 
located on the polyamine ring and effectively 
coordinated both amide and macroring nitrogen 
groups. On the other hand, pyridine-armed 
cyclam 22 accommodated a hard Na+ ion nicely 
in its molecular cavity and effectively trans- 
ported it. 35 Since selective binding and transport 
of Ba*+ and Na+ ions over K+ ion are not 
attained by common crown ether-type carriers, 
unique donor combination and ligand geometry 
led to the new carrier functions. Furthermore, 
thiophene-armed thia-macrocycle 23 exhibited 
specific carrier activity for Ag+ ion, while Na+, 
K+ and NH,+ cations of similar ion-sizes were 
rarely transported. 36 Although selective trans- 
port of Ag+ ion was observed with the parent 
thia-macrocycle, its transport efficiency was 
much lower. Arm-functionalization greatly 
modified metal recognition profiles of the 
parent macrocycles and enhanced their carrier 
performances. 

McKervey and Chang chose calixarenes as 
the parent macro-rings for a new series of 

metal-selective carriers.37*38 Calixarenes are 
cyclic oligomers from p-tert-butylphenol and 
easily prepared in good yields. Chemical func- 
tionalization of intraannular OH groups of the 
calixarene is apparently effective in constructing 
a locked molecular cavity suitable for specific 
metal accommodation and transportation.39 For 
example, ester derivative 24 from calix[4]arene 
existed in any one of four conformations: cone, 
partial cone, 1, 2-alternate, or 1, 3-alternate. 
Its moderately rigid skeleton allowed sat- 
isfactorily high Na+ cation selectivity, but its 
conformational freedom assured high binding 
dynamics. 

Ionophore in sensory system 

The chemistry of double armed crown ether 
and armed macrocycle also provides the basis 
for constructing new spectroscopic and electro- 
chemical sensory systems. When a chromophore 
is introduced to the armed macrocycle in a 
proper position, selective inclusion of metal 
cation greatly influences the spectral character- 
istics of the chromophore. Thus, detection and 
determination of a target metal cation are 
monitored visually or spectrophotometrically. 
Takagi et al. presented a pioneering work on 
this subject. They prepared a series of proton- 
dissociable crown ethers in which various chro- 
mophores were introduced on the sidearms.” 
When the anion produced upon deprotonation/ 
complexation was singly charged, the resulting 
armed crown ether formed a neutral complex 
with a monovalent metal ion to be extracted 
from aqueous to water-immiscible organic 

21 22 23 
Fig. 9. 
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solvent. The introduction of two anionic side- 
arms allowed efficient extraction of divalent 
metal cations. These armed crown ethers 
were called “chromoionophores”40A’ and were 
employed in selective extraction photometry of 
alkali and alkaline earth metal cations. Typi- 
cally, armed crown ethers 25 and 26 exhibited 
high Na+ cation selectivities for practical use. 
Their guest selectivities were significantly deter- 
mined by the structures of crown ring and 
sidearm as described above. 

Fluorimetric methods are useful for the assay 
of metal ions, especially in medicinal analysis, 
and several types of armed macrocycles were 
designed for this purpose. Double armed crown 
ether 27 is a commercially available reagent for 
determination of K+ cation in the biocell.” Its 
principle is similar to that of Takagi’s chromo- 
ionophore. Armed macrocycles ti3 and 2944 
were recently developed as new metal-specific 
fluorescent probes, in which cation binding 
was coupled to emission changes of covalently 
anthracene fluorophores. Another example is 
Eu3+ or Tb3+ complex with bipyridine-armed 
macrocycle 30.45 Three dimensional topology of 
this macrocycle provided excellent protection 
against the deactivating action and offered high 
luminescence quantum yields of lanthanide cat- 
ions even in water. 

Armed macrocycles exhibited excellent per- 
formances, especially in the electrochemical sen- 
sory systems. An ion-selective electrode is a 
typical example and is of high analytical interest 
for selective determination of metal concen- 
trations. The electrode membrane contains a 
lipophilic metal-selective reagent and responds 

to a specific metal ion. In such a system, a 
metal-selective reagent should have similar 
properties to those required for membrane car- 
riers? (1) high complexation or extraction se- 
lectivity for a given metal cation; (2) enough 
conformational flexibility for rapid ion ex- 
change; (3) high lipophilicity to remain in the 
membrane; and (4) moderate molecular weight 
to allow high mobility. Many armed macrocy- 
cles have these features and are recognized as 
useful. 

Kimura et al. reported that armed 14-crown-4 
derivative 31 exhibited high Li+ ion selectivity 
in the PVC membrane electrode.47 Introduction 
of dodecyl sidearm prevents a sandwich type 2: 1 
complexation (crown:metal) due to the steric 
hindrance, and further coordination of the 
amide group attached enhances Li+ cation bind- 
ing. Actually, the electrochemical selectivity 
(KLiNa value) was observed as 4.4 x 10M3. Armed 
calix[4]arene 32 was also reported to be a poten- 
tial carrier for Na+ ion selective electrode.@ 
Incorporation of cation-ligating ester group into 
the calixarene backbone enhanced Na+ ion 
selectivity as described above, &,K value being 
4.0 x 10e3. A similar approach was used in the 
design of armed oligopeptide carrier 33 of Ca2+ 
ion.49 These have practical applicability. 

Polymeric “armed crown ethers” as metal-selec- 
tive reagents 

There is great expectation that the incorpor- 
ation of an armed macrocycle into a polymer 
system may enhance its usefulness, and several 
attempts to polymerize and/or immobilize the 
armed macrocycles have been reported. 

Tsukube et al. prepared poly(double armed 
crown ether) 34 and characterized its carrier 
profile for alkali metal cations in the liquid 
membrane system.M Transport ability of 
poly(diaza-crown ether) was clearly enhanced 
by attaching hydroxyethyl sidearms. Since the 
guest selectivity of the polymeric carrier was 
significantly controlled by the host-guest 
chemistry of the monomeric unit, a variety of 
polymeric armed macrocycles can be derived 

25 26 
Fig. 11. 
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from well-characterized armed macrocycles. ability and enhanced the guest selectivity. Since 
Cast film of this polymer also showed an inter- the polymer-bound metal cation was easily 
esting metal-selectivity.5’ The response in con- stripped with aqueous HCl, this type of polymer 
ductivity to the alkali metal cations was specific became a good stationary phase for selective 
and further application is envisaged. metal concentration. 

Bartsch et al. applied poly(crown ether) 35 Polymer resin 36 was readily made from 
bearing carboxylic acid-functional&d sidearm armed cyclam. s3 Its adsorption ability of Ct.?+ 
to the column concentration of Na+ cation.” and other transition metal cations from aqueous 
Column concentration is based on a single-stage solution was much higher than those with com- 
sorption and requires strong binding of a mon polyamine resins. A further combination 
specific metal cation. The proton-dissociable of macrocyclic structure, functionalized side- 
crown ether polymer fitted these requirements arm, and polymeric backbone may offer other 
well. The participation of carboxylate anion on excellent polymeric reagents for metal-sensing 
the sidearm significantly increased the binding and separation. 
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Armed macrocycles in membrane assembly biological lipid membranes.% This acts as a 
useful vehicle for the ordering of metal-specific 

Lipid-like membrane assembly is formed reagents and provides a variety of struc- 
from a variety of surfactants and possesses turally organized and functionally integrated 
interesting properties similar to those of molecular systems. In particular, a specific 
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metal complexation on the membrane assembly 
is important for developing a new application 
in analytical science, ” because remarkable 
amplification and modification of metal-sensing 
are realized in the biomembrane assemblies. 

Nakashima et al. developed a highly Na+ 
ion-selective membrane assembly which was 
composed of lipophilic bis- 12-crown-4 37 and 
chiral lipid 38. 56 Its cation recognition process 
was monitored by circular dichroism spec- 
troscopy. They noted that Na+ ion-selectivity of 
the bis-12-crown-4 was remarkably amplified in 
such a bilayer-type membrane assembly. 

Tsukube et al. reported that a lipid-bound 
armed macrocycle exhibited different metal 
selectivity from that observed in the usual 
liquid/liquid extraction system.” This mem- 
brane assembly was simply prepared by dispers- 
ing an aqueous solution of a lipophilic armed 
cyclam 22 and a quaternary ammonium surfac- 
tant 39. It extracted Cu2+ ion very effectively 
from a bulk aqueous phase into the lipid-like 
membrane, while Ni*+, Co’+, and Zn*+ ions 
were rarely extracted. The resulting Cu*+ com- 
plex was immediately precipitated with lipid- 
aggregate by addition of Mg(C10,)2 salt and 
easily separated from the aqueous solution by 
filtration. Since the armed macrocycle employed 
bound various transition metal cations in the 
solution systems, the membrane assembly may 
provide a unique microenvironment for specific 
metal extraction and recognition. 

A variety of membrane assemblies was 
formed by crown ethers,” cyclodextrins,” calix 
arenes,60 and related surfactants.6’ Some of them 
40-42 were reported to show specific guest 
responses at the air-water and water-electrode 
interfaces. Since armed macrocycles recognize 
the guest species in various membrane assem- 
blies, a wide variety of applications may be 
envisaged. 

CONCLUSIONS 

Double armed crown ethers and armed 
macrocycles are of particular interest because 

42 

16. 

they generate many opportunities for analytical 
science. Since the synthetic strategies for this 
class of compounds have been presented, a 
variety of new metal-selective reagents has been 
designed for membrane transport, liquid-liquid 
extraction, spectroscopic determination, elec- 
trochemical sensing, chromatographic analysis, 
and so on. These offered good examples of 
metal-sensing and separation based on molecu- 
lar recognition. Combinations of armed macro- 
cycle chemistry with membrane chemistry, 
supramolecular chemistry, and related knowl- 
edge provided further possibilities in building 
up new sensing and separation systems. Devel- 
opment of this magnitude allows us to see a new 
horizon of metal-sensing and separation science. 
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Summary-Mercuric ions (Hg+) can be extracted from solid samples (cellulose matrix) using methanol 
modified supercritical CO, containing the fluorinated chelating agent lithium bis(tritluoro- 
ethyl)dithiocarbamate (LiFDDC). Methylmercuric chloride (CH,HgCl) and dimethylmercury [(CH,),Hg) 
can be extracted by supercritical CO, without chelating agent and modifier. The solubility of Hg(FDDC), 
in supercritical CO, has been determined to be 5 x 10e3M at 50°C and 150 atm, which is about 3 orders 
of magnitude greater than that of the non-fluorinated analogue Hg(DDC),. Use of methanol (5%)- 
modified CO, further enhances the solubility of Hg(FDDC), by a factor of 2.4. A small amount of water 
added to the sample matrix tends to facilitate the extraction of Hg(FDDC), and CH,HgCI. Potential 
applications of this in situ chelation-supercritical fluid extraction method for the preconcentration of 
mercury species and treatment of mercury contaminated wastes are discussed. 

Supercritical fluid extraction (SFE) has become 
an attractive alternative to conventional solvent 
extraction for the recovery of organic com- 
pounds from environmental and biological 
samples because of several advantages, includ- 
ing increased speed, better recovery, and the 
reduction in both solvent usage and solvent 
waste generation.14 To date, most of the pub- 
lished SFE work has focused on organic com- 
pounds, and few reports have dealt with SFE of 
metal ions and organometallic compounds. Wai 
and coworkers first reported the extraction of 
Cu2+ from liquid and solid materials using 
supercritical carbon dioxide containing lithium 
bis(trifluoroethyl)dithiocarbamate (LiFDDC) 
as an extractant.’ These authors also showed 
that the solubilities in supercritical CO, of some 
metal-FDDC complexes, including those of 
Cu*+, Ni*+, Co3+, and Bi3+, are 2-3 orders of 
magnitude greater than those of the non-fluori- 
nated analogues.6 The use of fluorinated ligands 
for SFE of metal ions appears necessary in order 
to achieve significant recoveries of metals from 
liquid and solid materials. Addition of a 
modifier such as methanol to supercritical CO2 
alters the polarity of the fluid phase which may 
also enhance the extraction of metal chelates. 
However, no quantitative information regard- 

*Author for correspondence. 

ing the effect of modifiers on the SFE of metal 
chelates is available in the literature. This paper 
reports an in situ chelation method for the 
extraction of Hg*+ from solid materials with 
supercritical CO2 and methanol-modified CO,, 
both containing LiFDDC as a chelating agent. 
The extraction of CH,HgCl and (CH3)*Hg from 
solid materials by supercritical CO2 is also 
described. 

EXPERIMENTAL 

Reagents and materials 

Lithium bis(trifluoroethyl)dithiocarbamate 
was synthesized according to a procedure out- 
lined in the literature.’ The starting material, 
bis(trifluoroethyl)amine, was obtained from 
PCR Chemicals (Gainesville, FL). Other chemi- 
cals used in the synthesis, including n-butyl- 
lithium (2X4 in hexane), carbon disulfide, and 
isopentane were obtained from Aldrich Chemi- 
cal Co. (Milwaukee, WI). Sodium diethyldithio- 
carbamate, NaDDC, was purchased from 
Fisher Scientific Company (Pittsburgh, PA). 
The Hg(FDDC), and Hg(DDC), were prepared 
by mixing LiFDDC or Na(DDC) with an excess 
amount of HgZ+ in a buffered aqueous solution 
at pH 3. The resulting precipitate was extracted 
with chloroform, and the organic phase 
was washed with deionized water after phase 
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separation. Purification of Hg(FDDC), and 
Hg(DDC), was achieved by recrystallization 
from chloroform/ethanol (1: 1 v/v) at 60°C. 
After evaporation of the chloroform, the crys- 
tals of mercury chelates were collected by 
filtration. An aqueous Hg*+ solution was pre- 
pared by dissolving a known amount of solid 
Hg(NOj)* in deionized water. 

Methylmercuric chloride standard solution 
and dimethylmercury (Alfa Chemical Co., 
Ward Hill, MA) were used as received. For the 
extraction of mercury compounds from the 
solid matrix, a known amount (usually 10 pg) 
of Hg*+, CH,HgCl or (CH,),Hg was spiked 
onto a cellulose-based filter paper (Whatman 
42, 0.5 x 2 cm in size). For the preparation of 
standard samples of mercury for neutron acti- 
vation analysis, we found it necessary to add a 
small amount of LiFDDC solution to the 
sample spiked with the Hg*+ compound in order 
to stabilize the Hg*+ . Otherwise, loss of mercury 
might occur during neutron irradiation and 
analysis. 

Apparatus 

All experiments were performed with a 
laboratory-built supercritical fluid extraction 
apparatus. SFC-grade CO, or CO, with 5% 
methanol (Scott Specialty Gases, Plum- 
steadville, PA) was delivered to the system using 
a microprocessor-controlled high-pressure 
pump (Haskel Inc., Burbank, CA). The pressure 
of the system was monitored to &5 psi using 
a Setra Systems (Acton, MA) pressure trans- 
ducer. The extractor consisted of an inlet valve 
(SUPELCO, Bellefonte, PA) and an outlet valve 
connected to a 3.5 mL commercial extraction 
cell (Dionex, Sunnyvale, CA). The extraction 
cell was placed in an oven that was temperature 
controlled by a thermostat. Fused-silica tubing 
(Dionex, 50 pm i.d. and 20 cm in length) was 
used as the pressure restrictor for the exit gas. 
The SFE system allows static and dynamic 
extractions to be performed by use of the outlet 
and inlet valves. 

Extraction procedures 

A glass tube plugged at the forward end with 
a piece of glass wool was used as a sample 
holder. Into the rear end of the glass tube, a 
filter paper spiked with 10 fig of Hg*+ was 
inserted, and 10 mg of solid LiFDDC was 
added. The rear end was plugged with glass 
wool and the sample tube was placed in the 
extraction cell. The extraction cell was immedi- 

ately installed in the oven, heated to 50°C and 
pressurized to 100 atm. After 20 min of static 
extraction, the exit valve was opened and the 
sample was extracted dynamically for 10 min. 
The tube was removed from the extraction 
cell and the filter paper was placed into a 
polyethylene vial which was then heat sealed for 
neutron irradiation. A standard consisting of a 
filter paper spiked with 10 pg of Hg2+ was also 
sealed in a polyethylene vial and irradiated 
together with the samples under identical con- 
ditions. The extraction efficiencies, as reported 
here, are the activities of ‘97Hg found in the 
extracted samples times 100, divided by the 
activity of ‘97Hg found in the standard. The SFE 
conditions for CH,HgCl and (CH,)*Hg were the 
same as in the Hg*+ experiments, except no 
LiFDDC was added to the sample. 

Solubility measurements 

A weighed amount (around 100 mg) of 
Hg(FDDC)* or Hg(DDC), was placed in a glass 
sample tube. The sample tube was then plugged 
with glass wool at both ends and inserted into 
an extraction cell of known volume (0.57 mL). 
The sample was extracted at 50°C under 150 
atm of CO2 for 30 min. After this static extrac- 
tion, the fluid phase was vented into a collection 
vial containing 4 mL of chloroform. The sample 
tube was removed from the cell and the empty 
cell was reinstalled into the oven. The system 
was then flushed with CO, for 20 min to collect 
any mercury complex that had precipitated 
within the system during depressurization. The 
total amount of the mercury complex collected 
in the chloroform solution was back-extracted 
with 2 mL of 50% Ultrex HNO,. Aliquots of 
0.5 mL of the acid solution were sealed in 
polyethylene vials for neutron activation analy- 
sis. The solubility was calculated from the 
amount of mercury collected in the chloroform 
divided by the volume of the extraction cell. 

Neutron activation analysis (NAA) 

All samples and standards were irradiated for 
1 h in a 1 MW TRIGA nuclear reactor at a 
steady flux of 6 x lOI* n cm-* s-‘. After ir- 
radiation, the samples were cooled for 24 h 
before counting. Each sample was counted for 
200 s in a large-volume ORTEC Ge(Li) detector 
with a resolution (FWHM) of about 2.3 keV at 
the 1332 keV ‘jOCo peak. The 77.6 keV gamma 
peak from ‘97Hg (tj = 65 h) was used for the 
detection of mercury. The detector output was 
fed to a Nuclear Data 4096-channel pulse-height 
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analyser. The details of the NAA procedures are 
given elsewhere.’ 

RESULTS AND DISCUSSION 

Solubilities of Hg(FDDCh in supercritical CO2 
with and without modifier 

Supercritical fluid extraction of metal chelates 
in CO2 has received little attention in the litera- 
ture. This is believed to be caused by the low 
solubilities of these compounds in supercritical 
fluids. Several studies have been reported on the 
separation of metal chelates by supercritical 
fluid chromatography using CO, as a mobile 
phase, but no solubility data were given.g*‘O In a 
recent study, we observed that a number of 
metaldiethyldithiocarbamates (DDC) exhibited 
limited solubilities in supercritical C02.“*‘2 It 
was also found that if fluorine was substituted 
for hydrogen in the ligand, as in the case of 
bis(trifluoroethyl)dithiocarbamate (FDDC), the 
solubilities of the fluorinated metal chelates 
of Cu, Co, Ni, and Bi in supercritical CO, at 
50°C and 100 atm were increased by 2-3 orders 
of magnitude. The solubilities of these 
metal-FDDC complexes were measured by 
their absorption in the UV-Vis region using a 
high-pressure view-cell described previously.6 
The spectroscopic analysis method can not be 
applied to Hg(FDDC), because it does not have 
characteristic absorption peaks in the UV-Vis 
region. Therefore, we measured in this study 
the solubility of Hg(FDDC), by NAA as the 
amount of the metal chelate dissolved in a 
known volume of CO, in an extractor at fixed 
T and P. The procedure described in the exper- 
imental section for the solubility measurement 
was tested with Cu(FDDC), whose solubility in 
supercritical CO2 had previously been deter- 
mined by the spectroscopic method.6 The chemi- 
cal analysis method gave a solubility value for 
Cu(FDDC), within 5% of that determined by 
the UV-Vis spectroscopic method, thus proving 
the reliability of the method used in this study. 
The solubilities of Hg(DDC), and Hg(FDDC), 
determined at 50°C and 150 atm are 
(8.2 + 0.6) x 10m6M and (5.0 + 0.4) x 10-3M, 
respectively. Thus, the solubility of the fluori- 
nated complex Hg(FDDC), in supercritical CO, 
is about three orders of magnitude greater than 
that of the nonfluorinated analogue Hg(DDC), 
under the conditions used. 

Another factor that affects the solubility of 
metal chelates in supercritical CO2 is the pres- 
ence of a polar modifier such as methanol. The 

solubilities of Hg(FDDC), and Hg(DDC)* in- 
creased by a factor of 2.4 and 3.6, respectively, 
when 5% methanol was added to CO* (Table 1). 
The critical temperature and pressure for the 
methanol (5%) modified CO2 are known in the 
literature (T, = 41.8”C and P, = 73.6 atm).13 
Our experimental T and P were kept signifi- 
cantly higher than the T, and P, of the modified 
fluid phase to ensure that the extraction oc- 
curred in the supercritical fluid region. The 
strong solubility increase when methanol is 
added as a modifier is a useful feature for the 
SFE of metal-chelates. 

Efects of methanol modifier on the extraction of 
mercury 

The efficiency of the SFE of solutes from solid 
matrices generally depends on at least the fol- 
lowing three factors: (1) the analyte solubility in 
the supercritical fluid, (2) the interactions be- 
tween the substrate and the analytes, and (3) the 
kinetics of the fluid to transport analytes from 
active sites on the matrix. In this study, a 
cellulose-based filter paper was used as a solid 
support where both strong chemical and physi- 
cal interactions between solute and matrix can 
lead to slow extraction of ionic analytes. In our 
initial SFE experiments with mercury com- 
pounds, we used 10 pg Hg*+ (about 5 x lo-* 
moles) spikes on 2 x 0.5 cm filter paper and 10 
mg LiFDDC (3.8 x lO-6 moles) as the chelating 
agent. The ligand was in large excess relative to 
the mercury ions in these experiments. A static 
extraction time of 20 min at 50°C and 100 atm, 
followed by a dynamic extraction for 10 min at 
the same T and P was chosen for extraction 
efficiency studies. The results of the SFE of 
Hg*+ with CO2 under these conditions are sum- 
marized in Table 2. The extraction efficiency of 
Hg2+ from filter paper with pure CO, in the 
absence of LiFDDC was insignificant (~2%). 
With the addition of LiFDDC, some Hg2+ was 
extracted by C02, but the extraction efficiency 
was low (8-12%) for dry samples. This could 

Table 1. Solubility of Hg(FDDC), and Hg(DDC)2 in pure 
and modified CO, at 150 atm and 50°C 

Solubility Ratio 
Metal chelate (mol/L) (FDDCIDDC) 

Carbon dioxide 
Hg(FDDC), (5.0 + 0.4) x IO-” 610 
Hg(DDC), (8.2 + 0.6) x 1O-6 

Carbon dioxide with 5% methanol 
Hg(FDDC), (1.2 f 0.4) x 10-Z 400 
Hg(DDC), (3.0 f 0.5) x 1o-5 
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Table 2. Extraction efficiencies of H$+ from Whatman 42 
filter paper by pure and modified CO, at 100 atm and 50°C 

Ligand Extraction 
Fluid amount Matrix efficiency 
phase Li(FDDC) condition (%)’ 

CO, 0 Wet 1.2 + 0.5 
CO, 10 mg Dry 10.3 + 2.0 
CO* 10 mg Wet 84.5 f 3.0 
CO, + S%MeOH 10 mg Dry 92.5 + 2.5 
CO, + S%MeOH IO mg Wet 99.5 f 2.0 

*Average value of three runs. 

not have been caused by a solubility limitation 
because the Hg2+ spike amounted to less than 
1% of the solubility limit of Hg(FDDC)2 in the 
fluid phase. This low extraction efficiency is 
probably due to strong interactions between 
Hg*+ and the cellulose matrix. 

The extraction efficiency for Hg*+ increased 
from 10 to 84% when a small amount of water 
(10 pL) was added to the filter paper. The 
presence of water probably facilitates the chela- 
tion and transport of Hg(FDDC)* from the 
cellulose matrix to the fluid phase. The water 
may also serve as a matrix modifier by blocking 
active sites of the matrix and thus reducing 
sorption of the solute on the active sites of the 
polar matrix. Similar observations were re- 
ported in the literature for the extraction of 
polar compounds from polar matrices by super- 
critical C02.14 

The efficiency of extracting Hg*+ can be fur- 
ther enhanced when methanol is added to the 
fluid phase. The results of extracting Hg*+ using 
a commercially available SFC grade CO2 con- 
taining 5% methanol are also summarized in 
Table 2. The methanol-modified CO2 increases 

the extraction efficiency of Hg*+ from 10% to 
92% under dry conditions and from 84 to 
> 99% under wet conditions. The large increase 
in SFE efficiency is most likely due to enhanced 
interactions between the solute and the modified 
solvent. Thus, quantitative extraction of Hg*+ 
directly by supercritical CO2 from a cellulose 
matrix becomes possible with methanol as a 
solvent modifier and water as a matrix modifier. 

The rate of extraction of H&+ from the filter 
paper using this in situ chelation/SFE approach 
was measured using CO2 modified with 5% 
methanol and 10 PL water deposited into the 
matrix. The extraction process consisted of a 20 
min static extraction step, followed by a dy- 
namic extraction step of varying time lengths. 
The experimental results show that quantitative 
extraction of Hg*+ was virtually achieved after 
5 min of dynamic extraction. Variations of the 
static extraction time as shown in Fig. 1 (with a 
constant dynamic extraction time of 5 min) 
indicate that the efficiency increases rapidly in the 
first 10 min of extraction, with over 80% of Hg*+ 
removed after 5 min and about 90% of Hg*+ 
removed at the end of 10 min. After 20 min of 
static extraction and 5 min of dynamic extrac- 
tion, over 97% of the spiked Hg*+ was removed. 
The standard extraction times we decided to use 
were therefore 20 min of static extraction fol- 
lowed by 10 min of dynamic extraction. 

Extraction of methylmercury and dimethylmer- 
cury with supercritical CO2 

Interest in the speciation of mercury in en- 
vironmental analysis stems from the marked 

Fig. 1. Rate of extraction of Hg*+ from Whatman 42 filter paper using 5% methanol-modified supercritical 
CO2 containing LiFDDC at 50°C and 100 atm. Extraction conditions: 10 pg H$+, 10 mg LiFDDC, 10 

PL H,O, and 5 min of dynamic flushing following each of the specified static extraction times. 
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difference in toxicity between Hg*+ and 
organomercurial compounds.‘5-‘7 The methyl- 
mercury compounds have been implicated in a 
number of mercury poisoning episodes.‘* Super- 
critical fluid extraction of CH,HgCl and 
(CHj)*Hg was investigated in this study by 
spiking each methylmercury compound separ- 
ately on the cellulose based filter papers. The 
extraction efficiencies for CH3HgCl and 
(CH,)*Hg from the filter paper by supercritical 
CO2 at 100 atm and 50°C are given in Table 3. 
The samples were prepared by spiking 10 pg of 
CH,HgCl or (CH,),Hg on the filter paper simi- 
lar to that described for the Hg’+ experiments. 
Methylmercuric chloride was spiked with the 
standard CH,HgCl solution obtained from Alfa 
Chemical Company. Dimethylmercury (boiling 
point 93°C at 1 atm) is a liquid at room 
temperature, therefore it was introduced di- 
rectly onto the filter paper in its pure liquid 
form. The samples were extracted under the 
same conditions (20 min static followed by 10 
min dynamic extraction) as the Hg*+ exper- 
iments except no LiFDDC was added. The 
results indicate that methylmercury can be 
quantitatively extracted from the filter paper by 
pure CO, when 10 PL of water is used as a 
matrix modifier. Apparently, CH,HgCl is sol- 
uble in supercritical CO, and no ligand is needed 
for its extraction from the filter paper. For 
dimethylmercury, quantitative extraction from 
the filter paper by supercritical CO2 can be 
achieved even without the presence of water. In 
this study, the extraction efficiencies were deter- 
mined by comparing the extracted sample with 
a standard filter paper treated by the same 
analytical procedures. The filter papers were 
sealed separately in polyethylene vials during 
irradiation and counted without opening the 
container to avoid volatilization of the mercury 
compounds. Since monomethylmercury and 
dimethylmercury can be extracted directly by 

Table 3. Extraction efficiency of CH,HgCI and (CH,),Hg 
from the filter paper with supercritical CO, at 100 atm and 

50°C 

Sample No. 

#1 
#2 
#3 
#4 

#l 
#2 

Matrix condition 

CH,HgCI 
Dry 
Dry 
Wet 
Wet 

CH,HgCH, 

Extraction 
efficiency (%) 

16.3 + 2.0 
14.5 + 2.0 
99.2 + 1.0 

100.0 + 1.0 

99.2 k 1.0 
99.0 * 1.0 

supercritical CO2 without the use of a ligand, 
this method may be used to separate the 
methylmercury compounds from Hg*+ in en- 
vironmental samples. 

CONCLUSIONS 

Methylmercuric chloride and dimethylmer- 
cury can be extracted directly from cellulose 
based filter paper with neat supercritical CO*. 
Mercuric ions (Hg*+) adsorbed on the filter 
paper can be effectively extracted by an in situ 
chelation/SFE technique using LiFDDC as a 
chelating agent. Water and methanol can signifi- 
cantly improve the extraction efficiency of Hg*+ 
from the polar matrix. The solubility of 
Hg(FDDC), in supercritical CO, at 50°C and 
150 atm is about three orders of magnitude 
greater than the non-fluorinated analogue 
Hg(DDC),. The choice of ligand is important 
for this in situ chelation/SFE technique. 
LiFDDC happens to be moderately soluble in 
supercritical CO2 and complexes effectively with 
Hg*+ to form a stable chelate which also has a 
sufficient solubility in the fluid phase. The polar 
cellulose matrix used in this study should re- 
semble other polar matrices in biological 
samples such as plant and animal tissue. The 
SFE technique described in this paper thus 
offers a potential new approach for the pre- 
concentration of mercury ions (Hg*+) and 
methylmercury compounds from environmental 
samples for analytical purposes and for treat- 
ment of mercury contaminated wastes. 
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Summary-Optical absorption detection is the most common analytical measurement principle in liquid 
phase analysis. The current state-of-the-art of commercially available detectors exhibit peak-to-peak (p-p) 
noise levels in the range of 1 x 10d5-2 x 10m5 absorbance units (10-20 nAU). Using circuitry based on 
newly available switched integrator integrated circuit (IC) packages, it is possible to construct inexpensive 
absorbance detectors with pp noise levels as low as 3 HAU under actual use conditions. The necessary 
electronics are described and performance data are reported with light emitting diodes (LEDs) as light 
sources. Even in the capillary format with a rectangular capillary (50 x 1000 nm cross section) with a 
slitwidth < 50 pm and with the 1000 ym dimension as the nominal pathlength, p-p noise levels of 10 n AU 
are observed, from which a concentration limit of detection (LOD) of 10 nM for bromothymol blue (BTB) 
can be estimated with a 660 nm light source. 

The wide use of calorimetric methods for analy- 
sis first came into vogue in the 1940s. Snell and 
Snell’ report that 23% of all articles on analyti- 
cal chemistry published in 1946 utilized col- 
orimetry. Even today the measurement of 
optical absorbance (typically following separ- 
ation, selective reaction, etc.) is the most com- 
mon principle used for quantification in liquid 
phase analysis. Current practice commonly in- 
volves absorbance measurement in a flowing 
stream, e.g. in flow injection analysis (FIA) or 
high performance liquid chromatography. Rela- 
tive to static measurements, the detection of a 
transient signal due to the analyte over a con- 
tinuously measured background is not only 
more convenient and more easily automated, 
significant improvement in limits of detection 
results. Assuming that flow-induced noise of 
the background absorbance is not the limiting 
factor, the intrinsic detector noise becomes 
the parameter that determines LOD. A survey 
of specifications of flow-through optical ab- 
sorbance detectors available from major 
manufacturers (Applied Biosystems, Beckman 
Instruments, Dionex Corp., Perkin-Elmer 
Corp., Shimadzu Scientific, Spectra-Physics 
Analytical, Varian Associates, Waters Associ- 
ates) available at the time of this writing indicate 

*Author for correspondence. 

that p-p noise levels with integration time 5 1 
set are 10-20 p AU. This is equivalent to a 
change in light intensity of 2-3 parts in lo5 and 
is particularly striking when one considers that 
at the transducer level what is being monitored 
is a small decrease in a large standing current. 
Using an 814 nm LED with an output of 
35 mW, voltage-frequency conversion and 
measurements in a static solution, Imasaka 
et al.* were able to achieve a record low noise 
level of 0.75 pAU. This used an integration time 
of 50 set, however, unacceptably large for flow- 
through applications. Further, to eliminate 
power supply noise, it was necessary to operate 
the system with batteries; which was not always 
practical. 

When absorbance detection must be accom- 
plished in the capillary format, e.g., for micro- 
column liquid chromatography or capillary 
electrophoresis, very narrow slit widths must be 
used to minimize stray light. The resulting 
decrease in light throughput further degrades 
S/N performance. Thermo-optical absorbance 
detection methods with a laser source are 
capable of very low noise levels.3 These methods 
do not involve a simple measurement of the 
change in transmission of a probe beam of the 
desired wavelength. For the same absorbance 
change, the change in the signal is much greater 
at the transducer level in such measurements 
relative to that in conventional measurements of 
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transmission intensity. Unfortunately, practical 
affordable variable wavelength absorbance de- 
tectors based on the thermo-optical principles 
are not on the horizon. 

All high sensitivity absorbance detectors use 
a reference measurement of the incident light (or 
some portion thereof) and a log ratio circuit 
then produces the absorbance output from 
the reference photodetector and transmission 
photodetector current inputs. It is desirable to 
keep these photocurrents at a relatively high 
level (i.e. use a bright light source) to minimize 
the relative contributions of noise picked up 
from a multitude of sources. It has recently been 
shown that sufficiently high light intensities can 
be obtained by operating LEDs in a pulsed 
mode (these sources are essentially monochro- 
matic) and it is possible to reach very low noise 
levels using high speed personal computer based 
data acquisition and digital integration.4 In 
this study, it was shown that at a sampling rate 
of 22 kHz, the standard deviation of the 
measured absorbance decreases linearly with the 
square root of the integration period, reaching 
2 pAU at an integration period of 0.5 sec. No 

further improvement was observed at longer 
integration periods, presumably other sources 
of noise, that are not adequately compensated 
for by this type of integration, become the 
limiting factor. 

Precise measurement of low levels of current 
is also important in many other fields. A press- 
ing need, for example, was perceived for the 
improvement of precision in the measurement 
of pA level X-ray induced photocurrents in 
computerized tomography scanners. In this 
case, any increase in measurement precision 
translates into a reduction of the necessary 
exposure of the patient to ionizing radiation. A 
low noise ( 10 PV rms), wide dynamic range ( 120 
dB) low bias current (100 fA) switched integra- 
tor was expressly developed for this purpose.5 
These relatively inexpensive IC packages are 
also ideal for photocurrent measurements in 
optical absorbance detectors. Each package 
contains two independent integrators, one can 
be devoted to the reference and the other to the 
transmission photodetector and the respective 
integrator outputs are then processed by the log 
ratio converter. In this note, we describe an 
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Fig. 1. (a) Switched integrator/sample-hold schematic; (b) pulse sequence for integrator operation. 
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absorbance detector based on the switched inte- 
grator and evaluate its performance. 

EXPERIMENTAL 

Detector electronics 

The dual in-line package version of the 
ACF2101 IC (ACF2lOlBP-DIP, Burr-Brown, 
Tucson, AZ) was used. The block diagram of 
half of a ACF2101 device with its output pro- 
cessed by a high input impedance operational 
amplifier (i OPA2107) is shown in Fig. la. The 
designation of the pinouts indicate individual 
halves of each device, i.e., pin 21 is the reset 
input for one half of the integrator and pin 16 
is that for the other half, etc. Each integrator 
has three logic operated switches: hold, reset 
and select. With the hold switch on and the 
reset switch off, the device is in the “integrate 
mode”. Under this condition, the integrator 
output slews to the maximum permissible nega- 
tive voltage ( N - 10 V) at a rate depending on 
the input current and the integration capaci- 
tance. The IC contains an on-board 100 pF 
integration capacitor, this can be augmented by 
external capacitors if desired; additional capaci- 
tance was not used in the present design. When 
the hold and reset switches are both off, the 
device is in the hold mode, the output of the 
integrator remains constant (except for droop). 
When the reset switch is enabled, the integration 
capacitor is discharged and the integrator out- 
put drops to zero. The’ hold switch, the hold 
capacitor and the sample and hold amplifier 
(OPA2107) together effectively constitute a low 
noise (the integration process is very effective 
at sampling frequencies greater than 60 Hz for 
rejecting power line noise), high gain current- 
voltage converter without the use of high value 
feedback resistors and conventional trans- 
impedance amplifier designs that are prone 
to leakage current errors and noise pickup. 
Figure lb shows the pulse sequence. At the end 
of an integration cycle, the hold switch is 
opened to hold the output of the integrator 
constant. This value is transferred to the 10 nF 
hold capacitor by closing the select switch. The 
select switch then opens and the output of the 
OPA2107 remains constant during the next 
integration cycle; in effect the select switch, 
the hold capacitor and 0PA2107 form a 
sample/hold circuit. After the select switch is 
opened, the integrator is reset by a brief pulse 
and the hold switch then closes to begin inte- 
gration. The integration cycle repeats with a 

frequency of 0.3-24,000 Hz, the value is chosen 
depending on the input current level (de in@). 
A longer integration period is chosen for low 
currents; using overly long integration periods 
at higher current levels can saturate the integra- 
tor output. The integration period is typically in 
the millisecond time scale whereas the hold, 
select and reset pulses are, respectively 24, 8 
and 8 PS wide. Except at the higher end of the 
sampling frequency range used, each integration 
cycle is dominated by the integration period. 

The general functional diagram is shown in 
Figure 2. Figure 3 shows the actual implemen- 
tation of each functional component. The fun- 
damental clock frequency of 24 MHz is 
generated by a crystal oscillator (Ul, Bomar 
Crystal oscillator). A series of 10 decade coun- 
ters (U2-U6, 74LS390) then reduce the initial 
clock frequency in steps all the way to 0.3 Hz. 
The range of 0.3-12 Hz sampling frequency is 
necessary only for very low levels of photocur- 
rent and when pulses of these low frequencies 
are generated on-board, the noise in the overall 
instrument output is dominated by noise pickup 
from this source unless precautions are taken. In 
normal operation, we therefore use switch Sl to 
bypass U2 unless sampling frequencies in the 
range of 0.3-12 Hz are of interest-thus the 
lowest frequency available in this mode is 30 Hz. 

Sampling Frequqnsg Benorator 

I Hold.Selqct.Resqt Pulsq Ganerator 1 

ROfqlWlCq 
Photocumnt Inverting Amplifier Trsnsmlsslon 

Photocumnt 
output output 

D 

RR Rl 

Log Rqtlo Ampllfiqr 

T 
OffSB1 Voltago for 
Zqm Adjurtmqnt 

0 
AbsoqDurptcq 

I 31rz oigtt Pqnal liqtsr I 

Fig. 2. Block diagram of instrument. 
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Fig_ 3, Schematics: (a) time bt1s6 gwxator; (b) pulse generator; (cl integratoa~sampfejhol~ (d) invarter-log 
ratio amplifier&play. 

Fbrthe; we isohtte the entire frequency genera- 
tor and sekctor switch portion (Fig. 3a) in a 
separate board and a smdf grounded metallic 
enclosure which is put inside the mam enclosure 
housing other components. Note that frequen- 
cies above 24 KHz ace not used at all. For those 
interested in building such a device it may be 
preferable to use a lower frequency time base 
and fewer decade counters. 

Indicated frequency outputs are connected to 
switch S2 (not shown in Fig. 3, 8 12-position 
rotary switch) that connects any one selected 
frequency to the pulse generator circuit utilizing 

a 555 timer and a 556 duaf timer as shown in 
Fig. 3b. The de&red puke trams shown in Fig, 
Xb are generated by this circuit, the reset and 
select pubes need to be inverted with a inverter 
(SN7404N) before transmission to the integra- 
tor. Note that the hold, select and reset pulses 
are connected in common to both halves of the 
integrators 

Photodiode inputs are connected to the 
integrator (UlO, Fig. 3c) using 1 nF input 
capacitors. In our specific detector, there are 
provisions for providing either fiber optic 
or phot~u~e~t inputs (through shielded leads 
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terminating in BNC connectors) to the front 
panel. This input is selected by a DIP switch. 
When fiber optic inputs are connected (SMA 
connectors), photodiodes mounted inside the 
instrument and sealed from extraneous light 
provide the photocurrents to UIO. The printed 
circuit board housing UIO contained imprinted 
guard loops to protect critical pins from noise 
pickup as suggested by the manufacturer. The 
U 10 output is processed by U 11, operating with 
unity gain as a sample/hold amplifier. The out- 
put of Ul 1 is negative and it is necessary to 
invert this before processing by the log ratio 
amplifier that accepts only positive inputs. This 
task is accomplished by U12 (Fig. 3d). The log 
ratio amplifier (U13) accepts current inputs. 
Voltage outputs from U12 are converted to 
current by reference resistor R, and transmit- 
tance resistor RT. Both were 1MQ in this appli- 
cation but if reference and transmittance 
currents are vastly different (this is dependent 
on the flow cell design), R, and RT should be so 
chosen as to have essentially equal current 
inputs into pins 1 and 14 of U13. U12 outputs 
are also sent to switch S3. Either one (or none) 
of these photocurrent outputs may be selected 
by this switch and the value can be scaled by a 
10 kSt potentiometer, displayed and output at 
analog output terminals if so selected by switch 
S4 (switch S4 and S3 are actually separate decks 
of a multi-tier switch). A 10 kR potentiometer 
provides the zero adjust control for U13 which 
is configured to have an output of 5 V/AU (DIP 
switch selectable to 1 and 3 V/AU as well). If 
selected by S4, the absorbance is scaled by a 
voltage divider, output to the digital display 
(0.041.999 AUFS, readability 0.05% of FS) 
and to the analog output socket. 

Power to the electronics is provided by a 
wall-mounted power supply ( f 12 V, + 5 V). 
The instrument is enclosed in a metallic enclo- 
sure (30 x 17.5 x 10 cm). The component cost 
for fabrication of the detector electronics 
is under $350. A commercial version of this 
detector is available from Bern Tech-Lite Corp. 
(Lubbock, TX). 

Flow cell designs 

The detector electronics was tested with sev- 
eral different flow cell designs previously de- 
scribed4 and the modified sandwich ce11.6*7 The 
absorbance noise levels appeared independent 
of cell design. No difference was perceived be- 
tween the results when the cell was dry and with 
water flowing under gravity through the cell. 

(a) 

E 

b) 

;c 
D 

Fig. 4. Design of the capillary flow cell. (a) Horizontal cross 
section, N: hollow holding nuts, R: reference detector, L: 
LED, C: capillary, E: epoxy adhesive/spacer, B: razor 
blades, D: detector photodiode; (b) vertical cross section 
of bottom block, B: Razor blades, A: optical aperture 

(approximately 1 mm long). 

Except as stated, the reported data were ob- 
tained with a 605 nm LED as the light source 
in demountable Z-path flow cell as shown in 
Fig. 9 of Ref. 4. 

An LED-based detector design using the 
present electronics was also tested for use 
with rectangular capillaries used for capillary 
electrophoresis.8 The design is shown in Fig. 4. 
First, the relevant area of the glass capillary is 

Table I. Recommended sampling frequency as a 
function on input photocurrent 

Input photocurrent Recommended sampling 
range @A) frequency (Hz) 

10.25 0.3 
0.25~.50 0.6 
0.50-1.25 I.5 
1.25-2.50 3.0 
2.50-5.00 6.0 
5.00-10.0 12 
10.&25.0 30 
25.0-50.0 60 
50.&125 I50 
125-250 300 
250-500 600 
5OGlOOO 1200 

1000-2500 3000 
2500-5000 6000 
SOOO- 10,000 12,000 

lO,OOO-20,000 24,000 
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I 1111111, I 1?1!111, I111111, I , ,,, 

0.01 0.1 
Drive currerk ( mAlo) 

Fig. 5. Transmission and reference photodiode photocur- 
rents as a function of LED drive current (605 nm). 

completely covered with opaque epoxy adhesive 
(made by mixing a generous amount of acti- 
vated carbon with epoxy adhesive). After cur- 
ing, a small area of the epoxy is removed with 
a sharp scalpel blade from opposing sides of the 
capillary to create optical slits on the narrow 
edge. This is then mounted in the cell arrange- 
ment shown in horizontal cross section in 
Fig. 4a. The cell is composed of two aluminum 
blocks held together by screws. On one side, 

. . 
. L’. 

-L -IT (a) 
‘I-- . :_C 

LED L (660 nm, H-1000-L, 1.1. Stanley Co., 
Battle Creek, MI) sits over the reference 
photodetector R (which makes use of the light 
retroreflected from the front dome of the LED). 
In the second block is mounted detector D (R 
and D are both polymer encapsulated silicon 
photodiodes, S2007, Electronic Goldmine, 
Phoenix, AZ). Rectangular capillary C passes 
between the two blocks (through the plane of 
the paper). An excess amount of epoxy E both 
holds the capillary in place and acts as a spacer 
to keep the capillary from being crushed by the 
two blocks. Components are held in place 
by, and necessary cables exit through, hollow 
knurled fittings N on either side. The slit and 
affixing arrangements on the second block are 
shown in vertical cross section in Fig. 4b. An 
initial slit of 100-150 pm is created by two 
razor blades B. The epoxy covered capillary, 
with the optical slit already created on it, is now 
appropriately positioned, oriented and then 
cemented on the gap between the two razor 
blades. More opaque glue is now applied to 
eliminate stray light. The two blobs of adhesive 
E act as the spacer. After the cell is fully 
assembled, all exposed areas are covered up 
by opaque tape to eliminate extraneous light. 

-+_--_ (b) _ . . 
___, - .‘_ .__ 
_--‘_ - . - ._. 

& 
: h 
C 50s 

Fig. 6. Noise levels as a function of photocurrent and detector electronics, 605 nm LED source. (a) 
I& = 890 nA, I,,,, = 660 nA, present electronics; (b) as in (a), old electronics design (photocur- 
rent-voltage conversion, log ratio amplifier, see Ref. 4); (c) I,, = 4.2 nA, I,,,, = 3.0 nA, present electronic 

design; (d) as in (c), old electronic design. 
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Table 2. Noise levels as a function of photocurrent* 

Emitter Absorbance 
wavelength (nm) Zrcf @A) Z,,“, (nA) noise (p-p, PACJ) 

605 0.18 0.18 100 
605 0.88 0.88 50 
605 4.15 4.18 40 
605 21 21 20 
605 90 89 10 
605 341 341 5 
605 708 709 3-5 
560 112 155 10 
660 8750 14.530 2-3 

*Dry cell test conditions. 

Approximately 1 mm length of the capillary is 
illuminated, constituting the optical aperture A. 

The LEDs were operated in the DC mode 
(continuously on) from a constant current 
power supply. No efforts were made to use a 
battery operated power source to further reduce 
noise and drift originating in the power supply. 
The drive current was changed to simulate 
different light levels so that the performance 
could be evaluated at different light levels. 

Identical experiments were performed with a 
tungsten lamp filtered with a 590 nm interfer- 
ence filter (half bandwidth 15 nm) for purposes 
of comparison. 

RESULTS AND DISCUSSION 

The sampling frequency chosen is based on 
the photocurrent level and the ranges used are 
shown in Table 1. The performance of the 
instrument even as a picoammeter is attractive. 
Figure 5 depicts the reference and transmittance 
photodiode currents measured as a 605 nm LED 
was driven over a current range of 5pA-50 mA. 
Note that at the low end, essentially no emission 
is visible to the naked eye. Table 2 contains the 
important noise specifications. It will be appar- 
ent that the observed noise levels are essentially 
independent of the specific wavelengths of the 
LED and are dependent on the absolute level of 
the photocurrents, reaching a noise level of 2-3 

pAU when the photocurrent levels reach several 
PA. Figure 6 shows the noise levels observed 
with photocurrent levels of several nA to several 
hundred nA, respectively. Performance data for 
both the new design and the older design involv- 
ing direct photocurrent to voltage conversion 
and processing by a log ratio amplifier are 
shown for comparison. 

High intensity continuum sources coupled to 
high throughput low-resolution monochroma- 
tors are typically used in commercial detectors; 
microampere levels of detector photocurrent are 
typical in such instruments. What is striking is 
that even at sub-nA photocurrents, the present 
electronics still provides very usable noise 
levels (low4 AU). This would allow the use of 
both sources and detectors well beyond ranges 
within which they, respectively emit and re- 
spond optimally. 

The improved performance of the present 
design is not dependent on the use of an LED 
as the light source. Figure 7 shows that at 
comparable photocurrent levels, noise levels ob- 
tained with an LED and a tungsten lamp source 
are essentially the same, albeit admittedly the 
baseline drift is greater with the latter source. 

Actual outputs from the detector, both with 
a cell of conventional dimensions (path length 6 
mm) and with the rectangular capillary are 
shown in Figs 8a and b, respectively. The noise 
level in the capillary cell is 10 p AU under dry 

._- __(.__ 

:I: (a) 7; 
.- -. 

._ l-.-L (b) :_ j: 
_ 

_._---- 

Fig. 7. Noise levels. (a) 605 nm LED: Z,, = 310 nA, I,,,, = 250 nA; (b) W-lamp, 590 nm interference filter: 
Z,, = 260 nA, I,,., = 255 nA. 
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n I 8 
1 min L 

therefore that the dual switched integrator 
based absorbance measurement approach is a 
particularly attractive and simple technique that 
can provide performance levels surpassing those 
of current commercially available detectors. 
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Summary-The dissociation equilibria of di(2,4,4+imethylpentyl) phosphinic acid, mono(2,4,4- 
trimethylpentyl)phosphinic acid, di(n-octyl)phosphinic acid and mono@-octyl)phosphinic acid have been 
studied in ethanol-water mixtures by potentiometric titration at 25°C. These data have been analysed both 
graphically and numerically using the program LETAGROP-ZETA. 

The obtained pK, values have been correlated with the corresponding values in water, determined both 
indirectly by means of extraction measurements and by estimation using the suitable Hammett equation. 

Organophosphorus acid compounds have at- 
tained importance in recent years in the separ- 
ation by solvent extraction of many metal ions 
on a commercial scale.‘” Among these, 
alkylphosphinic acids have been reported to 
possess higher separation factors for successive 
members of chemically similar groups such as 
lanthanideP5 actinides,6 cobalt and nicke17v8 and 
other metal ions.9*‘0*” 

In solvent extraction chemistry the knowledge 
of the acidity constants as well as the interaction 
constants between the components of an ex- 
tracting system is essential in order to clarify the 
processes that take place in solution and to 
ascertain the stoichiometry of the extracted 
species. With such knowledge it is possible 
to design optimal conditions for separation 
or purification steps in various technical 
applications. 

However, the low water solubility of long- 
chain organophosphorus acid compounds pre- 
vent the determination of pK, values in water. 
Nevertheless, it is possible to evaluate the ex- 
tracting behaviour of an organophosphorus 
acid compound towards a particular metall 
from the pK, in 75% (v:v) ethanol-water. For 
this purpose, the following empirical relation- 
ship has been proposed: 

PI-I,, = A pK, + Bv, - C 

where pH,, is the pH at 50% of extraction of a 

given metal, pK, and v- are the acidic dis- 
sociation constant in 75% (v:v) ethanol-water 
and the characteristic frequency of infrared 
absorption for P=O group, respectively. A, B 
and C are constants which depend on the 
extracted metal. 

In the present work the acidity constants of 
some alkylphosphinic acids in mixtures of 
ethanol-water have been determined potentio- 
metrically. These constants have been correlated 
with the pK, values in water, determined in- 
directly by distribution measurements and, al- 
ternatively, with the values estimated by means 
of the Hammett equation. 

EXPERIMENTAL 

Reagents and solutions 

Mono(2,4,4-trimethylpentyl)phosphinic acid 
(H[(TMP)(H)P]), mono(n-octyl)phosphinic acid 
(H[(O)(H)P]) and di(n-octyl)phosphinic acid 
(H[DOP]) were synthesized and purified as de- 
scribed elsewhere.13 

Bis(2,4,4&methylpentyl)phosphinic acid 
(H[DTMPP]) were supplied by Cyanamid as 
Cyanex-272 and purified as described in the 
literature.14 

Sodium hydroxide solution (Merck p.a.) were 
prepared in ethanol-water mixture and was 
standardized against perchloric acid. 

1339 
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Procedure 

Potentiometric measurements. The acidity 
constants of different organophosphinic acid 
compounds were determined by potentiometric 
titration of an ethanol-water solution of the 
corresponding acid with 0.1 mol/dm3 NaOH at 
25°C. 

The mef measurements were determined in 
the range 3 < pH < 7 using a CRISON Digilab 
517 pH meter equipped with a Metrohm AG 
9100 combined glass electrode. The concen- 
tration of acids HA was varied from 0.006 
mol/dm3 to 0.050 mol/dm3. Previously the elec- 
trode was standardized using Gran plots.15 

Extraction measurements. The distribution 
experiments were carried out by shaking me- 
chanically, in special stoppered glass tubes, 10 
cm3 of organic phase (toluene) containing C 
mol/dm3 of an organophosphinic acid, with an 
equal volume of an aqueous phase having com- 
position 0.05 mol/dm3 (Na+ , H + ) NO;, until 
the equilibrium was achieved. The concen- 
tration of the organophosphinic compound was 
determined in the aqueous phase, analysing the 
phosphorus concentration by ICP spectrometer, 
and the pK, was determined as described in the 
literature.16 

TREATMENT OF DATA 

From the experimental values of emf (E) and 
volume V,, values of z and -log[H + ] were 
determined for each initial concentration of acid 
CA) where z is the formation degree” defined as: 

H TOT - [H + 1 z= 
CA 

where [H+] is the hydrogen concentration cal- 
culated with the equation 

E = E,+g log[H+], 

g = 59.15 mV at 25°C (2) 

and HTOT is the hydrogen concentration calcu- 
lated as: 

where V,, VA and VT are the initial, acid, and 
NaOH volumes, respectively, CT is the NaOH 
concentration and HO is the initial concentration 
determined previously using Gran plots. 

An example of z vs. pH plot is given in Fig. 1. 
The experimental data obtained have been 

treated graphically by using normalized 
curves.‘* Afterwards, a numerical treatment by 

means of the program LETAGROP-ZETAI 
has been performed in order to confirm the 
proposed model and refine the values of the 
constants obtained graphically. 

As z < 1 and polynuclear complexes have 
been excluded because plots of z us. -log [H + ] 
are independent of the total concentration of 
organophosphorus compound, it can be as- 
sumed that only HA and A- species of 
organophosphinic acids are in solution and the 
dissociation equilibria can be written as: 

HA=A- +H+ (4) 

and K, is the dissociation constant defined as 

(5) 

Taking into account the mass balance equations 

H TOT = W+l+ D-W (6) 

CA = [A - ] + [HA], (7) 

and substituting equations (5), (6) and (7) in 
equation (1) the following expression can be 
written: 

P-W [H+]K,’ 

Z=[HA]+[A-]=l+K,‘[H+]’ (8) 

Defining a normalized variable ZJ = [H + ] K; ’ 
and substituting, the expression (8) can be 
written as: 

u 

z=l+ 
Comparing the experimental curves z vs. -log 
[H + ] with the theoretical curves z us. log U, from 
the position of best fit the value of K, can be 
determined as the difference: 

-log K, = -log [H+] + log u. 

0 [HA]=o.oo!Jmoldm~ 
0 0.8 B] = 0.012 mol dm-3 
. [HA] = 0.015 mol din-3 

0.6 
2 

0.4 

2 3 4 5 6 7 8 9 10 11 

PH 
Fig. 1. Experimental data plotted as z vs. pH for different 
concentrations of bis(2,4,4-trimethylpentyl)phosphinic acid 

in 75% (v:v) ethanol-water. 
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Table 1. Acidity constants of some organophosphinic acid compounds determined in 
ethanol-water mixtures at 25°C 

Method of Ethanol-water 
Acid calculation PR, (u:u) 

HW)(H)Pl Graphical 3.60 X:25 
LETAGROP-ZETA 3.62 + 0.05 

HWPI Graphical 5.01 75~25 
LETAGROP-ZETA 5.03 f 0.05 

W~‘MWWl Graphical 3.71 15~25 
LETAGROP-ZETA 3.66 f 0.03 

H[DTMP] Graphical 5.42 75:25 
LETAGROP-ZETA 5.44 + 0.02 

Hl(WWl Graphical 4.11 90: 10 
LETAGROP-ZETA 4.06 f 0.03 

H(DOPl Graphical 5.42 9O:lO 
LETAGROP-ZETA 5.43 & 0.06 

Once the estimated values of the constants were 
obtained graphically for each acid, the exper- 
imental data were treated numerically using the 
program LETAGROP-ZETA in order to 
confirm the proposed model and refine the 
graphical values. 

In this program the computer searches for the 
best set of constants that minimizes the sum of 
squares errors, defined by 

u = %X, - zcale)2 (10) 

where zeXp is the value obtained experimentally 

and zalc is the calculated value obtained by 
solving the mass balance equation. The program 
also calculates the standard deviation 

d(Z) =(U/N, - 1)“2 

where Np is the total number of experimental 
points. 

RESULTS AND DISCUSSION 

The obtained experimental results in hydroal- 
coholic solvents are given in Table 1. The two 
calculation methods used show a very good 
agreement and the standard deviation values are 
satisfactory. All the obtained pK, values are in 
the range 3.6-5.5. Although Danesi et ~1.~’ point 
out approximate pK, values of 6 for phosphinic 
acids in alcohol-water mixtures (75% v: v), these 
values are not directly comparable with those 
obtained here because it is not clear what alco- 
hol has been used in their work. Dialkylphos- 
phinic acids show pK, values 1.4-1.8 units 
higher than those of the corresponding 
monoalkylphosphinic acids. This fact can be 
explained by means of the higher electron-donor 

capacity of the alkyl group with respect to the 
hydrogen, that destabilizes the anionic species. 
In the same way, the higher electron-donor 
ability of the branched substituents, compared 
to their linear homologous, explains why the 
pK, value increase with the substituent steric 
complexity. Consequently, the acid strength of 
organophosphinic acids decreases in the 
order: linear monoalkylphosphinic > branched 
monoalkylphosphinic > linear dialkylphosphi- 
nit > branched dialkylphosphinic. 

Although the dissociation constants of these 
acids in water are very important parameters to 
elucidate the metallic complex extraction pro- 
cesses when these acids are used as ligands, it is 
not possible to determine them by means of 
common potentiometric or spectrophotometric 
methods because of their very low solubility in 
water. Therefore, two different methods have 
been used in order to estimate these constants. 
The first one is an indirect experimental ap- 
proach based on distribution measurements that 
leads to the values shown in Table 2. The second 
one is the estimation of the pK, values in 
aqueous solution using the Hammett equation 
for substituted phosphorus acids of type 

Table 2. Acidity constants in water of some organophos- 
phinic acids 

Acid PR, * p&t Ref.? 

HlWWY’l 2.10 2.12 f 0.03 
HPW 3.20 3.40 f 0.04 
W(T~Vo()Pl 2.19 2.67 f 0.04 
H[DTMP] 3.38 3.51 f 0.05 

*Estimated by means of the Hammett equation. 
tDetermined from distribution measurements. 

16 
16 
16 
21 
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XYPOOH using the suitable tabulated con- 
stants.22.23 The obtained values are given in 
Table 2. As expected, the experimental values 
are always slightly higher than the estimated 
ones, because the extraction diluent, toluene, is 
water-saturated (solubility of water in toluene at 
25°C is 0.072% wt or 0.040 mol/dm3) and here 
the water shows basic behaviour. In fact, the 
value of the Kamlet-Taft basicity parameter, /I, 
is 0.11 for toluene and 0.18 for monomeric 
water.24 Since for pure water, with polimeric 
structure, a revised value of 0.47 has been 
proposed,2S an intermediate value slightly higher 
than 0.18 may be assumed for the very dilute 
solution of water in toluene used as the extrac- 
tant solvent. 

Both the estimated and experimental values 
are linearly correlated and show that the esti- 
mation of dialkyl-derivative dissociation con- 
stants leads to a better agreement with the 
experimental values. 

Because the pK, of n-octyl phosphinic acids 
have been determined in two different 
ethanol-water mixtures with very different 
molar fraction values, the Born equation26 has 
been tested by plotting the pK, values in differ- 
ent ethanol-water mixtures as a function of the 
reciprocal of the relative permittivity, l/c using 
both estimated and experimental values in 
aqueous solutions. Good correlations have been 
obtained for the two acids from the values in 
Table 3, as can be seen in Fig. 2. 

In fact, the standard free energy of dis- 
sociation is made up of two terms, an electro- 
static one, which includes specific solute-solvent 
interactions, and solvation phenomena. When 
the electrostatic effects predominate, a straight 
line should be obtained in the plot of pK, us. the 
reciprocal relative permittivity as it occurs with 
the studied n-octyl phosphinic acids. 

The pK, values of the four studied phosphinic 
acids in ethanol-water mixtures (75% v: v) have 
been plotted vs. -the pK, in water both, exper- 
imental and calculated, and good correlations 

Table 3. Values of % ethanol-water (v:v) 

4 cthBno,, molar fraction Xcthano,, reciprocal of 
permittivity l/t and polarity parameter E&,, 

9 Xcthanal nhlmo, 1/e* GO,t 

0.00 0.00 12.8 x lO-3 1.000 
0.75 0.48 26.7 x IO-’ 0.706 
0.90 0.73 32.8 x lO-3 0.667 

*Values from Ref. 27. 
tValues calculated by means of ethanol-water 

equation from Ref. 3 1. 

Fig. 2. Experimental pK, values of mono(n-octyl)- 
phosphinic acid (m) and di(n-octyl)phosphinic acid (0) vs. 

the reciprocal of permittivity. 

have been obtained. As expected, the slope is 
slightly higher than unity (1.4) showing a better 
resolution for these acids in the hydroalcoholic 
solvent, which shows a relative permittivity 
value approximately half that of water, and a 
wider pH scale. 28 Finally, the pK, of the mono 
and di n-octyl derivatives have been plotted us. 
the polarity paramete?’ E&,, of the solvent and 
a straight line has been obtained for both acids 
using the values in Table 3. The literature shows 
only a theoretical attempt to relate the electro- 
lyte pK, variation with the variation of solvent 

polarity E&, in binary solvents, and a linear 
equation with the change of solvent compo- 
sition was proposed. 3o But, unfortunately, the 
experimental work covers the variation only 
until about 20% of water added to isopropyl 
alcohol. In fact, linear correlations have been 
obtained using both experimental and calcu- 
lated values. Because only three experimental 
points can be used, the difference in the ob- 
tained regression coefficients r = 0.969 and 
r = 0.995 for experimental and calculated pK, 
values in water, respectively, are not significant. 

As a conclusion, the Hammett equation de- 
veloped for phosphorus acids allows a very 
good estimation of pK, in water of octyl, both 
linear and branched octyl derivatives of phos- 
phinic acids and can be used for pK, estimation 
for this kind of non water-soluble acids. Never- 
theless, if experimental pK, values (such as 
those given in Table 2) are available, they 
should be chosen for solvent extraction uses 
because they show the acid behaviour in solvent 
extraction processes better than the estimated 
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values. In addition, the linear relationship be- 
tween pK, values in ethanol-water (75% v: v) 
and in water can also be used successfully to 
estimate the pK, in water of new members of 
this series of phosphinic acids. 
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Summary-Tellurium and selenium can be sorbed from hydrochloric acid and hydrobromic acid solution 
by both polyether and polyester-based polyurethane foam. Although some acid is needed, the substitution 
of sodium chloride or sodium bromide increases the extraction significantly. Tellurium is extracted rapidly 
with > 99% sorbed in 2 min from l.O/5.OM and 2.0/4.OM hydrochloric acid/sodium bromide. Selenium 
can also be sorbed quantitatively but much more slowly so that a separation is possible based on the 
relative rates of extraction. The capacity of polyether foam is 3% by weight of tellurium. 

The use of polyurethane foam as an extractant 
for organic and inorganic compounds has been 
developed over 20 years through the publi- 
cations of H. Bowen in the U.K., T. Braun in 
Hungary, and workers at the University of 
Manitoba. Polyurethane has been shown to be 
a very versatile material for analytical purposes 
acting as a solid “solvent extractor” in some 
instances and by a more complex sorption 
mechanism for the extraction of anionic species. 
Two books’** and several reviews3” of this field 
give an excellent overview of the development of 
this area. 

The two general types of polyurethane foam 
material available are a polyether-based and a 
polyester-based polyurethane. Each of these has 
been used as a sorbent for compounds from 
aqueous solution, although several differences 
between the polyurethane types have been noted 
and related to the structure of the polymer. In 
particular, the polyester-based material acts 
through a solvent extraction type of mechanism, 
while the polyether-based material indicates a 
more complicated process. In some circum- 
stances the polyether-based polymer indicates a 
solvent extraction mechanism; in others, a cat- 
ion chelation mechanism predominates as evi- 
denced by the effect of alkali metal ions on the 
extraction which mimics a crown ether extrac- 
tion process. 

Selenium and tellurium are of analytical inter- 
est because of the difficulty in their separation. 
One element can be determined in the presence 
of the other by spectrometric methods although 

*Author to whom correspondence should be addressed. 

large ratios may present some difficulties in 
analysis. Preconcentration of these elements 
would be of interest because of the concern of 
very low concentrations of selenium in the 
environment, however there is very little re- 
cently published literature in this area.%” 

In this paper the extraction of tellurium and 
selenium by both polyether- and polyester- 
based polyurethane foam is reported and the 
separation of the two elements is evaluated. The 
effects of varying concentrations of different 
acids and salts, concentration of element and 
length of extraction time are surveyed. 

EXPERIMENTAL 

Apparatus 

All analytical data were obtained with a 
Varian Spectra AA-20 atomic absorption spec- 
trophotometer equipped with Hamamatsu hol- 
low cathode lamps. The sample solutions were 
shaken with a modified Burrell wrist-action 
shaker, where the clamping arms were removed 
and replaced with baskets to hold the sample 
containers. 

Reagents 

All of the chemicals used in these experiments 
were of reagent grade. The water used in the 
preparation of all solutions was purified by 
reverse osmosis and then circulated through a 
Barnsted Nanopure IITM system. The stock sol- 
utions were prepared from; Se powder 99.9% 
(Alfa Products), SeO, 99.4% (Alfa Products), 
TeO, 99.995% (Aldrich), and Te powder 99.5% 
(Matheson, Coleman and Bell). The halide salts 

1345 
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Table 1. Percentage extraction of tellurium as a function of HCI 
concentration 

Time/concentration O.OM 2.&W 3.0&i 4.OM S.OM 6.OM 7.OA4 

Potyether foam 
2 min 
5 min 

10 min 
IS min 
30 min 
60 min 

120 min 
I80 min 
Polyester foam 

2 min 
S min 

10 min 
15 min 
30 min 
60 min 

120 min 
180 min 

0.0 4.2 24.0 43.3 42.8 42.5 55.0 
0.0 3.7 28.2 47.2 42.5 47.2 59.8 
0.0 4.2 30.3 49.5 44.5 46.8 58.8 
0.0 4.2 33.3 51.7 45.3 48.2 59.2 
0.0 4.3 34.0 49.0 43.8 48.3 60.5 
2.3 3.5 35.5 SO.0 43.3 49.2 57.8 
4.0 2.8 34.3 SO.5 45.0 49.3 60.0 
5.8 2.7 33.7 51.5 44.3 48.5 58.5 

3.5 2.3 8.7 33.2 47.7 53.0 68.0 
0.7 2.0 12.8 46.2 57.5 70.2 74.2 
0.7 1.5 15.2 53.2 67.1 75.8 72.2 
1.8 2.2 16.5 57.7 73.0 75.2 68.5 
2.8 1.7 18.3 60.3 76.2 76.2 54.3 
0.7 2.0 19.5 61.3 75.3 70.0 45.2 
1.7 2.8 20.2 60.5 63.8 46.2 35.0 
5.2 2.5 20.2 57.5 53.7 38.8 32.2 

Foam weight 1.00 j: 0.05 g; samples were 50.0 ml of 60 ppm tellurium 
solution. 

used were; NaCl (Mallin~kr~t), NaBr (Shaw- 
in&an), NaI (Fisher), and KC1 (Mallinckrodt). 

There were two types of polyurethane foams 
used, a polyether-type, primarily an 80% 
PEO/PPO polyol, 20% polystyrene/a~rylonit~le 
copolymer + TDI 105 index (5000 mn.) and a 
polyester-type obtained from Canlab, Win- 
nipeg, Canada, in the form of diSPoTM plugs. 

Procedure 

Two 1000 ppm tellurium stock solutions were 
prepared from tellurium powder and tellurium 
oxide. For one solution 1.0001 g of tellurium 
powder was dissolved in 60 ml of a 1: 1: 1 
mixture of HCl/HNO,/H,O on a hot plate. The 
cooled mixture was then diluted to 1000 ml with 
water. The stock solution made from tellurium 
oxide was prepared by dissolving 1.2548 g in 
100 ml of HCl and then diluting to 1000 ml with 
water. The selenium stock solutions were pre- 
pared similarly except that 1 .0119 g of selenium 
powder and 1.4264 g of the oxide were used. 

squeezed regularly for 2 hr and then rinsed and 
squeezed repeatedly with water to remove all of 
the residual acid. After thoroughly squeezing to 
remove all excess water, the foam was placed in 
a Soxhlet extraction apparatus and was refluxed 
in acetone for 6 hr. The foam was squeezed 
gently to remove the bulk of the acetone and 
then ground in a stainless steel container on a 
WaringTM blender. The foam was then air dried 
and stored out of the light in a covered plastic 
beaker. 

Table 2. Double extraction of tellurium 

The sample solutions were prepared from 
combinations of stock acid and salt solutions. 
The various matrix combinations were normally 
prepared by mixing the appropriate amount of 
acid and salt solutions, before addition to the 
samples. When preparing the standards and 
samples for the experiments, a volume of stock 
solution was placed in a 50 ml volumetric flask 
and diluted with a solution of the appropriate 
matrix. 

Original Final 
concentration concentration % Total 

(Pm) (PPrn) extraction 

Polyether 30.0 - 
- 4.6 84.7 

60.0 - - 
- 10.9 81.8 

90.0 - - 
- 15.8 82.4 
120 - - 
- 23.9 80.1 
150 - - 
- 34.5 77.0 

Polyester 30.0 - - 
- 2.2 96.7 

60.0 - - 
- 4.8 92.0 

90.0 - - 
- 8.8 90.2 
120 - - 
- 16.8 86.0 
IS0 - - 
- 24.4 83.7 

The two types of foam were washed individu- Two consecutive 2 min extractions with 1.05 f 0.05 g foam 
ally. The foam was first placed into 1M HCl, from 50.0 ml of 7.OM HCI. 
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Table 3. Capacity of polyether and polyester foams for tellurium 

Polyether 

Polyester 

Mass Time Original concentration Final concentration % Extraction % Weight 
(s) (mh) @pm) (ppm) on foam 

0.545 30 30 13.4 55.3 0.15 
0.542 30 60 31.3 47.8 0.26 
0.510 30 90 52.3 41.9 0.37 
0.525 30 120 77.2 35.7 0.41 
0.513 30 150 95.2 36.5 0.53 
0.534 10 30 10.9 63.7 0.18 
0.527 10 60 23.1 61.5 0.35 
0.531 10 90 37.9 57.9 0.49 
0.529 10 120 58.4 50.9 0.58 
0.494 10 150 84.9 43.4 0.66 

Solution volume 50.0 ml. 

Both the sample and standard solutions were 
prepared in identical matrices at the same time 
in all cases. The extraction experiment was 
carried out by placing a measured quantity of 
foam into a 50 ml plastic bottle with screw cap 
and then adding the 50 ml sample solution. The 
bottles were then placed in the baskets of the 
wrist-action shaker and shaken for the appro- 
priate time. The sample was then removed and 
the liquid and foam components separated by 
filtering the solution through Whatman No. 541 
paper prior to analysis. The foam was normally 
discarded except for a few experiments where it 
was collected quantitatively and the recovery 
experiments attempted. 

The analysis of tellurium was carried out by 
atomic absorption spectroscopy with the lamp 
at 10 mA, a slit width of 0.2 nm, and a 
wavelength of 214.3 nm. For selenium analysis 
the lamp was operated at 10 mA, a slit width of 
lnm, and at a wavelength of 196.0 nm. Where 
solutions were low in salt concentration, five 
replicates were performed and where there 
was a high salt concentration four replicates 
were used. In all cases the measurement time 
was 4 set, with a time constant of 0.05 sec. An 
air-acetylene flame was used with a Varian 
Mark VITM burner head. Depending on the 
viscosity of the solutions the sample uptake 

pressure was adjusted to ensure a smooth 
aspiration. The instrument was zeroed with 
water, and the particular blank was based on 
the type of matrix used for the set of 
samples. Background correction was used for all 
samples. 

The efficiency of a system may be calculated 
either as the percent extraction of the species 
(%E), or the distribution coefficient (D): 

%E = lOO(C,, - Q/C,,; D = (VE)/W(lOO-E) 

where C, is the initial species concentration in 
ppm before extraction, C, is the species concen- 
tration after the extraction period, V is the 
volume of solution in ml, and W is the mass of 
the foam sample in grams. 

The distribution coefficient expressed in ml/g 
(or alternately in l/kg) is a ratio of the species 
concentration in the foam to the concentration 
of the sample solution. This ratio should be- 
come a constant when the extraction process has 
attained equilibrium. The distribution co- 
efficient is not always useful, especially with very 
high or very low percent extractions, because 
the coefficients may become extremely large or 
small with only a slight incremental change. 
Because the foam samples used were about 
1.0 g, the distribution coefficient for samples 
having greater than 95.0% extraction, or less 

Time (min) 

2 
5 

10 
15 
30 
60 

120 
180 

Table 4. The separation of tellurium from selenium 

Original concentration Final concentration % Extraction 
(wn) (ppm) 

Te Se Te Se Te Se 
60 60 34.1 60 43.2 0.0 

: 
60 31.2 60 48.0 0.0 
60 31.5 47.5 0.0 
60 31.5 : 47.5 0.0 

z 60 32.5 60 45.8 0.0 

: 
60 31.7 

: 
47.2 0.0 

60 32.6 45.7 0.0 
60 60 31.8 60 47.0 0.0 

Extraction from 50.0 ml of 6.OM HCl by 1.05 f 0.05 g of polyether foam. 
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Table 5. The double extraction of tellurium in the presence of selenium 

Original concentration (ppm) Final concentration (ppm) % Extraction 

Te se Te Se Te Se 
6.OM HCl 60 60 - - - - 

- 9.9 60 83.5 0.0 
60 60 - - 
- - 11.6 60 80.7 0.0 
60 60 - - - 
- - 12.4 60 79.3 0.0 

4.OM HCl 60 60 - - - - 
- - 25.1 60 58.2 0.0 
60 60 - - - - 
- 24.4 60 59.3 0.0 
60 60 - - - - 
- 24.4 60 59.3 0.0 

Extraction from 50.0 ml solution with two consecutive 1.05 It. 0.05 g samples of polyether foam for 
10 min each. 

than 5.0% extraction become less significant 
due to inherent errors. 

Although this study primarily focuses on the 
extraction of tellurium-halide species, sel- 
enium-halide species were also examined to a 
lesser extent, as well as the separation of these 
two species from solution. 

The first system examined was the tel- 
lurium-chloride system in matrices of varying 
HCl concentrations from -0.lM to 7A4. Pre- 
liminary experiments showed that the extraction 
was very rapid so the extraction time periods 
were varied from about 2 min up to 3 hr as 
shown in Table 1. 

The results with polyether foam show that 
there is essentially no extraction until reaching 
an acidity of -3.OM, and then there was in- 
creasing extraction up to 7.0&f, with a sec- 
ondary maximum at 4.OM. The experiments at 
4.OM HCl and 5.OM HCl were repeated to 

confirm this. It was expected from results with 
other elements that the extraction would in- 
crease with acidity. It should also be noted that 
for O.OM, and 2.OM HCl there was some small, 
irregular extraction. 

The polyester foam also shows some interest- 
ing properties with the extraction increasing 
with increased acidity as expected. However 
increasing the acidity also has a negative effect 
because it degrades the foam. For polyester 
foam a maximum is achieved before 180 min, 
but for samples in greater than the 3.OM HCl 
degradation of the foam caused a decrease in the 
extraction. This effect is especially severe in the 
7.OM system where the effects of degradation 
were seen in as little as Smin. 

A double extraction of tellurium (30-150 
ppm), was carried out using 50 ml solutions, 
which were shaken for about 2 min with two 
different samples of foam in succession. The 

Table 6. Percentage extraction of tellurium from HCl/NaCl matrices 

HCl/NaCl 6.010 5.0/1.0 4.012.0 3.013.0 2.014.0 O/6.0 
Time 
(min) 

Polyether 

Polyester 

2 42.5 54.2 56.2 63.7 34.2 0.0 
5 47.2 60.2 60.8 68.8 29.0 0.0 

10 46.8 61.5 64.5 73.8 40.7 0.0 
15 48.2 

z: 
71.0 77.5 43.5 0.0 

30 48.3 
60 49.2 6412 

71.7 80.0 45.7 0.0 
71.7 80.7 45.3 0.0 

120 49.3 62.8 74.0 81.7 47.2 0.0 
180 48.5 63.0 74.0 82.8 45.2 0.0 

2 53.0 48.5 42.8 32.3 8.0 0.0 
5 70.2 64.7 50.5 38.8 10.3 0.0 

10 75.8 70.7 62.7 48.8 19.0 0.0 
15 75.2 75.7 69.5 54.3 17.2 0.0 
30 76.2 79.2 77.8 59.2 23.3 0.0 
60 70.0 79.2 80.0 64.8 25.2 0.0 

120 46.2 71.0 76.5 65.5 28.5 
180 38.8 59.5 76.3 64.3 27.2 8:: 

Foam weight 1.05 f 0.05 g; samples were 50.0 ml of 60 ppm tellurium solution; 
HCl/NaCl ratio is the ratio of molar concentrations. 
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Table 7. Percentage extraction of tellurium from HBr/NaBr matrices 

HBr/NaBr 6.0/O 3.010 4.012.0 3.013.0 2.014.0 O/6.0 

Time (min) 
2 88.3 93.8 95.2 n.d.* 98.0 19.0 

1; 90.2 91.3 95.5 96.7 96.3 97.2 97.2 98.0 98.8 99.0 26.5 29.5 
15 91.7 96.7 97.8 98.2 99.3 29.2 
30 92.2 97.0 98.0 98.3 99.3 35.2 
60 92.0 97.0 98.0 98.3 99.3 57.2 

120 92.2 97.3 98.3 98.5 99.7 73.8 
180 92.7 97.5 98.7 98.7 99.8 76.7 

Foam weight 1.05 & 0.05 g polyether foam; samples were 50.0 ml of 60 ppm tellurium 
solution: HBr/NaBr ratio is the ratio of molar concentrations. 

*n.d. = not determined. 

results shown in Table 2 indicate that the extrac- 
tion process resembles a solvent extraction, 
where the same percentage of the species is 
extracted with each separation step. From the 
data for tellurium in 7M HCl (Table I), the 
extraction of the 60 ppm solution is 55% after 
2 min for the polyether foam. If under these 
conditions the extraction is repeated where 55% 
is extracted each time, approximately 48 ppm 
total will be extracted, and an 80% extraction is 
obtained. This value agrees quite well with 
sample 2 from Table 2, which is 82%. Similarly 
for polyester we obtain 90% upon calculation, 
which also agrees with the 92% obtained in 
sample 7, as shown in Table 2. From these data 
we may conclude that to obtain a near quanti- 
tative extraction at least three extractions would 
have to be performed under these conditions. 

The capacity of polyether and polyester foam 
was evaluated by varying the tellurium concen- 
tration in 7M HCl solutions and the data are 
given in Table 3. The data were extrapolated 
and it was found that the capacity for tellurium 
was approximately 0.70% by weight for 
polyether foam and 0.85% by weight for the 
polyester foam. Although the polyester foam 
has a greater capacity for tellurium than does 
the polyether foam under these conditions, it is 
not as useful as the polyester degrades. 

Studies on analogous selenium systems 
yielded negligible extraction from solutions con- 
taining O-7M HCl. This system was then studied 
in order to see if separation could be achieved. 

The results in Table 4 demonstrate that the 
two elements may be separated. The effect of 
large concentrations of selenium on the extrac- 
tion of tellurium was studied and it was found 
that there was no appreciable effect. Under 
these conditions it would require multiple ex- 
tractions to obtain a quantitative separation. 
The data from Table 5 show that as expected, 
at least three extractions would be required for 
the 6M HCl solutions and at least four for the 
4M HCl solutions. The separation could be 
done quantitatively in either case, although 
inconveniently. 

As the extraction process resembles a solvent 
extraction the effect of salting out the tellurium 
species was studied. As shown in Table 6 it was 
found that the presence of sodium chloride in 
the system enhanced the extraction of the tel- 
lurium species significantly. 

The data from Table 6 show that the salting- 
out effect is significant in the extraction of the 
tellurium species, increasing the extraction in 
comparison with acid alone. However, some 
acid must be present for the extraction to be 
effective. This was further investigated. 

Table 8. Percentage extraction of tellurium from HCl/NaBr matrices 

HCl/NaBr O/6.0 0.115.9 0.5/5.5 1.015.0 2.014.0 3.013.0 4.012.0 6.010 

Time (min) 
2 
5 

10 
15 
30 
60 

120 
180 

19.0 72.0 92.2 99.3 99.0 97.5 95.7 42.5 
26.5 83.5 97.2 99.5 99.7 98.3 96.7 47.2 
29.5 90.7 98.5 99.7 100 98.7 97.8 46.8 
29.2 92.2 98.5 99.7 100 98.8 97.8 48.2 
35.2 94.5 98.8 99.8 100 99.0 98.2 48.3 
57.2 96.2 99.7 100 100 99.0 98.2 49.2 
73.8 97.2 99.7 100 100 99.2 98.3 49.3 
76.7 97.7 99.8 100 100 99.3 98.7 48.5 

Foam weight 1.05 f 0.05 g polyether foam; samples were 50.0 ml of 60.0 ppm tellurium solution; HCl/NaBr 
ratio is the ratio of molar concentrations. 
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Table 9. Capacity of polyether foam for tellurium species in 2.OM HC1/4.0M NaBr matrix 

Mass 
k?) 
0.227 
0.220 
0.204 
0.218 
0.216 
0.210 
0.205 
0.209 

Original concentration 
(ppm) 

10 
30 
60 

1;: 
150 
175 
200 

Final concentration % Extraction % Te on Foam 
@Pm) 
0.60 94.0 - 
0.70 97.7 - 
1.60 97.3 - 
2.48 97.3 2.01 
8.30 93.8 2.59 
31.8 78.8 2.82 
55.0 68.6 2.94 
76.2 61.9 2.96 

Solution volumes 50.0 ml; extraction time 15 min. 

As chloride is a good extraction matrix, the 
effect of bromide on the extraction of tellurium 
was similarly investigated. It can be seen from 
the data in Table 7 that the extraction is quan- 
titative in most cases. The OM HBr/6M NaBr 
system is not entirely free of hydrochloric acid 
since there is about 0.M HCl, from the acid in 
the original stock solution. These results suggest 
that a minimum acidity is required for the 
extraction to proceed. The rapid increase to 
essentially 100% extraction in the 2M HBr/4M 
NaBr system would indicate that an acidity 
somewhere between 0 and 2A4, might give a 
rapid and complete extraction of the tellurium 
species. The above data also suggest that the 
extraction is independent of the acid type, but 
proceeds quite well with the sodium bromide 
salt. The study of a mixed HCl/NaBr system 
was then examined and the results are listed in 
Table 8. 

The above data indicate that for rapid, com- 
plete extraction a minimum acidity of between 
OSM and l.OM HCl is required. Other trials 
have shown that quantitative extraction may be 
achieved in systems with lower than 6M balance 

of halide. In a IM HC1/2M NaBr system 75% 
extraction (45 ppm) was obtained in 2 hr. 

A capacity study was then performed on the 
2M HC1/4M NaBr system where the most rapid 
extraction was obtained and the results given in 
Table 9. These data show that the polyether 
foam has a high capacity for tellurium species 
from this matrix. When the data are extrapo- 
lated the capacity was determined to be approxi- 
mately 3.00% by weight of foam. If this is 
compared with the data obtained from 
polyether foam in HCl it can be seen to be 
approximately four times as great. This system 
would seem ideal for the extraction of larger 
amounts of tellurium from solution. 

The extraction of selenium was observed in 
analogous systems and the data are listed in 
Table 10. From these data, it is observed that 
the extraction of selenium still goes to com- 
pletion under the same conditions although 
more slowly than for tellurium. It is interesting 
to note that the extraction seems slower in the 
lower acid matrix and that after 2 min there is 
only 11% extracted (6.60 ppm). With this in 
mind a separation of tellurium from selenium 

Table 10. Extraction of selenium from HCl/NaBr solution 

HCl NaBr Time Original concentration Final concentration % Extraction 

20M (min) 

(ppm) @pm) 

4.OM . 2 60 48.2 19.7 
4.OM 2.OM 5 60 34.0 43.3 
4.OM 2.OM 10 60 21.7 63.8 
4.OM 2.OM 15 60 11.9 80.2 
4.OM 2.OM 30 60 2.2 96.3 
4.OM 2.OM 60 60 0.3 99.5 
4.OM 2.OM 120 60 0.0 100 
4.OM 2.OM 180 60 0.0 100 
2.OM 4.OM 2 60 53.4 11.0 
2.OM 4.OM 5 60 46.6 22.3 
2.OM 4.OM 10 60 40.8 32.0 
2.OM 4.OM 15 60 31.3 47.8 
2.OM 4.OM 30 60 18.3 69.5 
2.OM 4.OM 60 60 5.8 90.3 
2.OM 4.OM 120 60 0.0 100 
2.OM 4.OM 180 60 0.0 100 

Solution volumes 50.0 ml; foam weight 1.05 f 0.05 g polyether foam; matrices are nitric acid-free. 
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Table 11. Separation of tellurium and selenium 

Time (mia) Final concentration @pm) % Extraction 

Te Se Te Se 
4.OM HCl/Z.OM NaBr 10 0.0 35.8 100 40.3 

10 0.0 35.3 100 41.2 
10 0.0 35.0 100 41.7 
10 0.0 36.5 100 39.2 

2.OM HCl/4.0M NaBr 2 0.8 57.1 98.7 4.8 
2 0.6 56.7 99.0 5.5 
2 0.5 56.9 99.2 5.2 

10 0.5 47.7 99.2 12.4 
10 0.3 48.0 99.5 12.1 
10 n.d.* n.d. n.d. n.d. 

0.5M HCl/5.5M NaBr 2 6.0 57.8 90.0 3.7 
2 5.3 57.3 91.2 4.5 
5 2.6 55.4 95.7 7.7 
5 3.1 57.0 94.8 5.0 

10 1.9 56.0 96.8 6.7 
10 2.0 56.8 96.7 5.3 

Solution volume 50.0 ml, nitric acid-free; original tellurium and selenium concentrations 
60.0 ppm; foam weight 1.05 + 0.05 g polyether foam. 

*n.d. = not determined. 

was performed under these matrices and the 
results listed in Table 11. 

It can be seen that the separation is not 
complete in 4M HC1/2M NaBr but one species 
is extracted completely and the other partially. 
This system would seem inefficient for the quan- 
titative separation of these elements. A more 
quantitative separation is achieved in a lower 
acid matrix, and for a 2 min rapid extraction, it 
is possible to extract the tellurium species quan- 
titatively in the presence of selenium with mini- 
mal extraction of the other. The extraction of 
selenium is reduced in the lower acid matrix, 
however the extraction of tellurium is slowed 
and becomes less quantitative. 

As chloride and bromide both provided suit- 
able extraction matrices, we investigated iodide. 
The results for tellurium were essentially 100% 
extraction for a 2M HC1/4M NaI matrix in 5 
min and 100% extraction for a straight OM 
HC1/6M NaI matrix in 10 min, (there was 0.1 M 
residual HCl from the stock solution present). 
When selenium was investigated under similar 
conditions a precipitate formed, presumably 

Table 12. Effect of nitric acid on selenium extraction 

% Extraction % Extraction from 
Time (aria) from HNO, “clean” system 

2 4.5; 5.8 11.0 
5 9.3; 9.0 22.3 

10 10.7 32.0 
15 14.3 47.8 

Solutions were 50.0 ml of 60 ppm selenium in 2.0~44 
HCl/4.0M NaBr; extraction with 1.05 f 0.05 g polyether 
foam; acid samples were digested for 1 hr in 0.30 ml 
HNO,/SO ml sample prior to extraction; “clean” data 
from Table 10. 

Se+,. Therefore a separation of these two el- 
ements in this matrix could be done by filtering 
the sample solution to collect the precipitate and 
then running the extraction with the polyether 
foam to collect the tellurium. 

In previous studies both tellurium and sel- 
enium metals were dissolved in a HCl/HNO, 
mixture, to prepare their respective stock sol- 
utions. When this was done it was noticed that 
there seemed to be negligible extraction of sel- 
enium in the HCl/NaBr matrices before 1 hr. 
However when the extraction was performed in 
similar matrices with nitric acid-free stock sol- 
utions, prepared from dissolving the oxide in 
HCl there was a much greater and consistent 
extraction over 3 hr, as shown in Table 10. With 
this in mind a series of experiments were per- 
formed where a volume of HNO, was intro- 
duced to the nitric acid free selenium stock and 
the solutions was then left to sit before the 
matrix was added. Once the matrix solution was 
added, the extraction was carried out immedi- 
ately. 

From Table 12 it can be seen that there is a 
marked difference in the extraction of the Se in 
the presence of HNOj. A more extended inves- 
tigation into this effect and its kinetics might 
lead to a more quantitative separation of the 
elements. 

The reverse extraction of tellurium was inves- 
tigated and it was found that if the foam was left 
to sit for a period of greater than 3 hr water with 
gentle, periodic squeezing the tellurium could be 
removed quantitatively from the foam. Other 
investigations also showed that acetone and 1% 
sodium hydroxide solutions could also be used 
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to recover completely, the sorbed tellurium 
species. 

CONCLUSIONS 

The sorption of tellurium from hydrochloric 
acid solutions as concentrated as 7M, is not 
quantitative and there is no extraction below 
3M with polyurethane foam. Although a mul- 
tiple step procedure or a larger amount of foam 
would provide a more quantitative sorption, 
this would be somewhat inconvenient. Under 
these conditions polyester foam shows a higher 
extraction than polyether and the capacities are 
0.85% and 0.70%, respectively; under similar 
conditions, selenium is not sorbed so a reason- 
able separation of the two elements is possible 
with little contamination of the tellurium on 
foam by selenium. 

The addition of sodium chloride to the hydro- 
chloric acid solutions increases the sorption of 
tellurium to a maximum of about 80% when 
both are 3h4. The use of hydrobromic acid and 
sodium bromide increases the sorption even 
more with >95% sorbed by polyether foam in 
10 min or more over a range of acid and salt 
concentrations. Similarly, a mixture of hydro- 
chloric acid and sodium bromide gave excellent 
and rapid extraction of tellurium with >99% 
sorbed in 2 min from 1.0/5.OM and 2.0/4.OiU. 
Under these conditions the capacity of 
polyether foam is about 3% by weight of tel- 
lurium. 

The sorption of selenium from 2.0/4.OM and 
4.0/2.OM HCl/NaBr solutions is also quantitat- 
ive by polyether foam but requires 2 hr for 
complete extraction. The sorption of both el- 
ements under similar conditions prevents a 
“clean” separation. However by varying the 
conditions to less than ideal for tellurium, it is 
possible to take advantage of the difference in 
the rates of sorption of the two species; in this 
situation an extraction of > 95% of tellurium is 
obtained with about 6% co-extraction of sel- 
enium. The presence of nitric acid has a con- 
siderable effect on the rate and percentage 

extraction of selenium. A more detailed study of 
the nitric acid system will be undertaken in the 
future. 

Overall it is apparent that polyurethane foam 
can be used to sorb selenium and tellurium from 
halo-acid solutions. The presence of some acid 
is required with higher concentrations more 
effective, but the presence of larger concen- 
trations of sodium halide salts facilitates a quan- 
titative extraction. A reasonable separation of 
tellurium from selenium is possible and this 
method is rapid, efficient and inexpensive. 

Further investigations in this area would 
focus on the separation of selenium and tel- 
lurium using polyurethane foam sorbents in 
columns, the sorption and separation of trace 
levels of the metals from more complex matrices 
and a more extensive study of the effects of 
different acids on the separation process. 
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Summary-The fluorescent signal of Tl + was employed as a sensitive probe to study the complexation 
reactions between this cation and several macrocyclic ligands in methanol solution at 20°C. The stability 
constants of the resulting 1: 1 complexes were determined and found to vary in the order 
C222 > C221> 18C6 > DClSC6 > DB3OClO > DBlSC6 z 15C5 > DAlSC6 z B15C5 z DA15C5. The 
influence of a number of members in the macrocycle, the nature of substituents on the polyether ring and 
of the dimensionality of the ligands on the stability and selectivity of the complexes is discussed. 

The monovalent thallium ion has been 
suggested as a probe for potassium ion in 
biological systems. in It can substitute for K + in 
activation of some important enzymes such as 
ATPase’ and pyruvate kinase.4 Thus, the stab- 
ility and selectivity of Tl + complexes with 
macrocyclic ligands are of special interest with 
this respect. Among different spectroscopic and 
electroanalytical methods used for the study of 
Tl+ complexes,’ the fluorescent properties of 
the cation, well characterized by Steffen and 
Sommermeyer in aqueous solution,6 possess 
some promising features for such studies in both 
aqueous and nonaqueous media. 

We have been currently involved in the study 
of the thermodynamics”” and kinetics’2-‘4 of 
metal ion complexes with macrocyclic ligands in 
nonaqueous and mixed solvents. In this paper 
we report the use of the fluorescent signal of 
Tl+ ion as a very sensitive probe to study its 
complexes with crown ethers 15-crown-5 
(15C5), benzo-15-crown-5 (BlSCS), 1,7-diaza- 
15-crown-5 (DA1 5C5), 18-crown-6 (18C6), 
dibenzo- 18-crown-6 (DBl8C6), dicyclohexyl- 
18-crown-6 (DC1 8C6), l,lO-diaza-18-crown-6 
(DAl8C6) and dibenzo-30-crown-10 
(DB30ClO) and cryptands C221 and C222 in 
methanol solution at 20°C. 

EXPERIMENTAL 

Reagent grade thallium nitrate (BDH) was of 
the highest purity available and used without 

*Author for correspondence. 

any further purification except for vacuum dry- 
ing over P,O,. Macrocyclic ligands BlSC5, 
18C6, DB18C6, DA1 8C6 (all from Merck) and 
DB30ClO (Parish) were purified and dried using 
the previously reported methods.79g’0 Macrocy- 
cles 15C5, DA15C5, C221 and C222 (all from 
Merck) were used after vacuum drying over 
P,O,. Spectroscopic grade methanol (MeOH, 
Merck) was used as received. Fluorometric 
measurements were made using a Shimadzu 
RF-5000 spectrofluorometer at 20 + 1°C. 

The formation constants of 1: 1 complexes 
between Tl+ ion and macrocyclic ligands 
used were determined by the fluorescence 
intensity measurements, at the maximum emis- 
sion wavelength of 354 nm, of solutions in 
which varying concentration of ligand 
(1.6 x 10e6-2.1 x 10V4M) were added to a fixed 
concentration of thallium ion (3.2 x IO-‘M) in 
MeOH. Attainment of equilibrium was checked 
by the observation of no change in the spectra 
after several hours. 

When Tl + ion reacts with a macrocyclic 
ligand, L, to form a 1: 1 complex, the formation 
constant is given as 

(1) 

The mass balance equations and the observed 
fluorescence intensity, (Fl),,, are given by 

C T,+ =,-fl+]+fTlL+] (2) 

c, = [L] + fTlL+] (3) 

(Fl), = K’,, + [Tl’] + K’T,L + [TlL+l (4) 

1353 
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where C and K’ values are the analytical con- 
centration and fluorescence constant of the 
species indicated, respectively. The mass balance 
equations can be solved in order to obtain an 
equation for the free metal ion concentration, 
frl+] as 

&[Tl ‘1’ 

+ (1 + K,iC, - cr, +))frl ‘I- cr, + = 0. (5) 

For the evaluation of the formation constants 
from fluorescence intensity US. mole ratio data 
(7-14 points), a non-linear least-squares curve 
fitting program KINFIT was used.i5 The pro- 
gram is based on the iterative adjustment of the 
calculated values of the fluorescence intensities 
to the observed values by using either the Went- 
worth matrix techniquei or the Pawell pro- 
cedure.17 Adjustable p arameters are KF and 

G,L+* 
The free Tl+ con~ntration was calculated 

from equation (5) by means of a New- 
ton-Raphson procedure. Once the value of 
pl +] had been obtained, the concentration of 
all other species involved were calculated from 
the mass balance equations (2) and (3), by using 
the estimated values of the formation constant 
at the current iteration step of the program. 
Refinement of the parameters is continued until 
the sum-of-squares of the residuals between 
calculated and observed values of the fluor- 
escence intensity for all experimental points is 
minimized. The output of the program KINFIT 
is comprised of refined parameters, the sum-of- 
squares and the standard deviation of the data. 

RESULTS AND DISCUSSION 

The present study showed that the fluorescent 
signal of Tl + ion in methanol solution can be 
used as a convenient and very sensitive probe 
for macrocyclic complexation of the cation. The 
fluorescence spectra of Tl + ion at different 
excitation wavelengths were obtained and a 
wavelength of 232 nm was selected as the most 
convenient excitation wavelength for further 
studies. Maximum fluorescence emission occurs 
at 354 nm. The fluorescence intensity of Tl + ion 
in methanol solution was found to be indepen- 
dent of the nature of the anion, which indicates 
that an ion pair formation would be negligible 
in the concentration range studied. 

The formation constants of different Tl’- 
macrocycle complexes were determined as de- 
scribed in the Experimental section. A sample 
spectrum is shown in Fig. 1. As is seen, increas- 
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Fig. 1. Fluorescence spectra of Tl+ (3.2 x 10-5M) upon 
titration with DC1805 in MeOH at 20°C. [DC18C6] is: 1, 
0.0; 2, 4.1 x lo-6M; 3, 8.3 x lo-CM; 4, 1.2 x IO-SM; 5, 
1.7 x lO-5M; 6, 2.1 x lo-%; 7, 2.5 x 10-SM; 8, 

3.3 x IO-SM. 

ing the macrocycle concentration results in a 
decrease in the fluorescence intensity at 354 nm 
and appearance of a fluorescence signal at 308 
nm, indicating the formation of a new Tl + 

species. It should be noted that, only in the cases 
of 18C6 and DC 1 SC6 the 308 nm band was so 
intense and comparable with the 354 nm band. 
In all other cases, however, the intensity of this 
signal was about I/lOth of the original Tl+ 
band at 354 nm. In all cases studied, the result- 
ing fluorescence intensity-mole ratio data 
showed the best computer fitting to the 1: 1 
Tl +-macrocycle stoichiometry. A sample com- 
puter fit of the data is shown in Fig. 2. More- 
over, the existence of a well defined isosbestic 

Fig. 2. Computer fit fluorescence intensity-mole ratio data 
for complexation of Tl + with DC18C6 in MeOH at 25°C: 
(x) experimental point; (0) calculated point; ( = ) experimen- 
tal and calculated points are the same within the resolution 

of the plot. 
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Table 1. Stability constants of Tl + complexes with different 
macrocyclic ligands in methanol solution at 25°C 

Ligand Cavity size (A) Log K, 

15c5 1.7-2.2; 3.91 + 0.06 
B15C5 3.65 f 0.08 
DA15C5$ 3.56 f 0.05 
18C6 2.63.2* 4.95 * 0.05 
DCl8C6 4.67 f 0.06 
DB18C6 4.42 f 0.06 
DA18C6t. 3.69 f 0.04 
DB3OClO 4.53 + 0.06 
c221 2& >6 
c222 2.8t >7 

*Ref. 19. tRef. 20. IThe corresponding solution was neutral 
and the protonation constants were not taken into 
account in the process of determining the stability 
constant. 

point in the fluorescence spectra of Tl+ upon 
titration with ligand is further evidence for a 
simple complexation equilibrium. 

All the calculated formation constants for 
different TL+-macrocycle complexes in MeOH 
at 20°C are summarized in Table 1. As can be 
seen, in the cases of C221 and C222 cryptates, 
the formation constants were greater than lo6 
and their precise values could not be determined 
by our technique. It is obvious that, the relative 
size of Tl + ion (3.0 A)” and the cavity of 
polyether rings,‘9*20 as well as the nature of 
substituents on the macrocyclic ring, plays an 
important role in the complexation reactions. 
Among different crown ethers used, l&crowns 
form the most stable complexes with thallium 
ion, most probably because of the suitable 
fitting of Tl + ion inside the cavity of these 
ligands. However, among 18-crowns used, the 
stability of the resulting Tl + complexes vary 
in the order 18C6 > DC18C6 > DB18C6 > 
DA 18C6. 

The presence of two cyclohexyl groups in 
DC18C6 would cause some reduced stability, in 
comparison with 18C6, probably because of the 
reduced flexibility of the ligand. On the other 
hand, the addition of the two benzo groups to 
18C6 lowers the stability of Tl+ complex 
markedly. This behaviour may be attributed to 
some combination of the electron withdrawing 
property of the benzo groups which weakens the 
electron donor ability of the oxygen atoms of 
the ring, and reduced flexibility of the ligand 
which prevents the macrocyclic molecule from 
‘wrapping itself around the cation. Finally, 
despite the soft character of the two nitrogen 
atoms of DAl8C6 ring which is expected to 
favor its interaction with Tl + ion as a soft 
acid,*’ this ligand forms the least stable complex 

in the series. A possible cause of this unexpected 
behavior would be the existence of a specific 
interaction between protic solvents such as 
water and methanol and macrocyclic ligands 
containing nitrogen atoms, via hydrogen bond- 
ing of the solvent with >N-H groups of the 
fing*22,23 

It is interesting to note that in the case of 
15crowns used, where the resulting Tl + com- 
plexes are less stable than those with 18-crowns 
because of the too small cavity size of the 
macrocyclic rings for the metal ion, the same 
trend of stability can also be observed (i.e. 
15C5 > B15C5 > DAl5C5). 

On the other hand, although the cavity of 
DB30ClO seems too large for Tl + ion, it forms 
a stable 1: 1 complex with cation (i.e. in the 
order of DC18C6). This result is not surprising, 
since it has been shown that large crown ethers 
such as DB30ClO can easily twist around a 
cation of suitable size (such as K + ion, ionic size 
2.86 A)‘* to form a stable three-dimensional 
“wrap-around” complex in which all oxygen 
atoms of the ring participate in the bond for- 
mation with the central cation.9~‘o*‘3**4 

From the stability constant listed in Table 1, 
it is obvious that the macrobicyclic ligands C222 
and C221, despite their small cavity sizes for the 
complete accommodation of the cation2’ form 
more than their corresponding macrocyclic lig- 
ands DAl8C6 and DAl5C5. This rapid increase 
in stability, obtained by connecting another 
CH,CH,-&CH2CH2-O-CH2CH2- bridge 
onto the macrocyclic ligands DA18C6 and 
DA15C5 (to form the corresponding macrobi- 
cyclic ligands C222 and C221), is well known as 
the “cryptate effect”.“,” 
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Sunmuy-A liquid chromatographic method is described for the evaluation of Astemizole purity. The 
method is also applicable for the analysis of pharmaceutical dosage forms of Astemizole using indole as 
internal standard. Saparation was achieved with a p bondapak C,, column and phosphate buffer @H 
6.0):acetonitrile (50:50 v/v) as eluent, at a flow rate of 1.5 ml/min with UV detection at 280 nm. The 
method is suitable for estimating the possible impurities if any present in Astemizole up to 0.05% for la 
and 0.25% for lb. The method is simple, rapid and accurate for the analysis of Astemizole. 

Astemizole [ 1-[(4-fluoro phenyl)methyl]-N- 
[I-[Z(Cmethoxy phenyl)ethyl]-4-piperidinyll- 
lH-benzimidazol-2-amine; 1, Fig. l] is a new 
antihistamine of current interest that differs 
structurally from other antihistamines. Astemi- 
zole was found to be a long-acting non-sedating 
antihistamine with major clinical implications 
for the treatment of allergic diseases. 

Currently Astemizole and its pharmaceutical 
dosage forms are not found in any pharmaco- 
poeia. However an analytical profile’ was found 
in a survey of the literature which include 
elemental analysis, radioimmunoassays and 
HPLC. 

The synthetic route to Astemizole was de- 
scribed in two patent&’ where in both 2-chloro- 
1-[(4-fluoro-phenyl)methyl]- 1 H benzimidazole 
(la, Fig. 1) and I-(2-(4-methoxy phenyl)ethyl)- 
4-aminopiperidine (1 b, Fig. 1) were allowed to 
react to give the expected product (1). Our 
investigation examined the product for the pres- 
ence of both reactants as potential impurities. 
As the quantitative analysis’ of Astemizole 
was already published, our aim was to develop 
an HPLC procedure suitable for detecting 
these impurities in Astemizole and to apply the 

*Author for correspondence. 

same procedure for the analysis of this drug at 
various stages in the production of Astemizole. 
Also we want to apply these parameters for the 
assay of pharmaceutical dosage forms of Astem- 
izole. 

A study of several combinations of different 
solvents and buffer systems, different types of 
stationary phases and suitable internal stan- 
dards for proper quantification, led to the de- 
scribed analytical conditions giving sharp and 
well resolved peaks. 

EXPERIMENTAL 

Apparatus 

The HPLC (Waters Associates) instrument 
was equipped with a model 501 pump, U6K 
injector, model 481 variable wavelength UV 
detector. Separations were performed on a p 
bondapak Cls, 10 microns stainless steel column 
(Waters USA) 300 x 3.9 mm at ambient tem- 
perature. The flow rate of the system was main- 
tained at 1.5 ml/min with UV detection at 280 
nm. The attenuation was set at 2.0 AUFS 
(Absorbance units full scale) with a chart speed 
of 0.25 cm/min. Chromatographic peaks were 
electronically integrated and recorded with a 
model 745 (Waters Associates) computing inte- 
grator. 

1357 
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Reagents Mixed indole and astemizole standard solution 

Chromatographic grade acetonitrile, analyti- 
cal reagent grade Potassium dihydrogen 
orthophosphate, dipotassium hydrogen ortho- 
phosphate, perchloric acid, and indole and Milli 
Q water were used throughout these exper- 
iments. 

Four millilitres of Astemizole solution and 
1.0 ml of Indole solution were transferred to a 
lo-ml standard flask and diluted to the mark 
with mobile phase. 

Sample preparation 

Mobile phase 

The mobile phase was composed of 50 : 50 v/v 
phosphate buffer pH 6.0 and acetonitrile. 

Buffer solution was prepared by mixing the 
solutions of 0.022M potassium dihydrogen 
orthophosphate and 0.003M dipotassium 
hydrogen orthophosphate, and the pH of the 
solution adjusted to 6.0 with O.OlM perchloric 
acid. 

A mass of powdered tablets equivalent to 25 
mg of Astemizole was suspended in 25 ml of 
mobile phase and vortexed for 10 min. The 
insoluble portion, if any, was removed by 
filtration and the filtrate analysed after 4.0 ml of 
this solution was added to 1.0 ml of Indole 
standard. 

Procedure 

Indole standard solution 

A OS-mg/ml mobile phase solution of Indole 
was used as the internal standard. 

Astemizole standard solution 

A 1 .O-mg/ml mobile phase solution of Astem- 
izole was used as the drug standard. 

Five microlitres of the mixed standard or 
sample were injected into a universal injector 
using a lo-p1 Hamilton Syringe. Each injection 
was done at an interval of 15 min to ensure 
complete elution of the previously injected 
material. Sample and mixed standard solutions 
were injected in triplicate. Quantitative determi- 
nations were made by comparison of the 
peak area ratio of Astemizole and Indole 
(Internal standard) for a sample injection to the 

[ASTEMIZ~LE , 1-J 

au 0 1 Cl 

“; 
H2C 

* 
F 

[2-CHLORO-l-[(4-FLlJ0f?0PHENY~METHYL]-lH BENZIMIDAZOLE, la] 

[l-(2-(G-METHOXY PHENYL) ETHYL)-4-AMINOPIPERIDINE,lbl 

Fig. 1. 



Evaluation of Astemiaole purity by HPLC 1359 

0 2 4 6 8 10 12 14 

TIME(min) 

Fig. 2. HPLC separation of astemizole (I), l(a) and l(b). 

corresponding area ratio for a mixed standard 
injection. Blank samples showed no interfering 
peaks. 

Impurity analysis of Astemizole 

To demonstrate HPLC resolution of Astemi- 
zole, l(a), and l(b), mobile phase solutions were 
prepared by adding known amounts of l(a) and 
l(b), 0.05 to l.O%, to Astemizole. The impurity 
levels were also determined by comparison of 
peak area ratios for solutions of l(a) and l(b) at 
the levels up to 0.05 and 0.25%, respectively. 

RESULTS AND DISCUSSION 

The systematic study of the operating par- 
ameters that would optimize the HPLC resol- 
ution of chemical compounds involved in the 
synthesis of Astemizole led to the procedure. 

As shown in Fig. 3, Astemizole and Indole 
(Internal standard) are distinctly eluted having 
retention times of 10.76 and 4.88 min, respect- 
ively. The ratios of peak area of Astemizole to 
that of Indole (Internal standard) were plotted 
against concentrations of Astemizole. The plot 

k.““” 

0 2 4 6 8 10 12 14 

TIME(min) 

Fig. 3. Separation of indole and astemizole (1) by HPLC on 
p bondapak C,, column. 

was linear over the range 0.125-3.0 pg with a 
standard deviation of 0.137. 

As shown in Fig. 2, Astemizole, l(a) and l(b) 
were distinctly eluted having retention times 
of 10.76, 7.80 or 2.78 min, respectively, with 
detection limits of 0.05% for l(a) and 0.25% for 

l(b). 
Tablets of Astemizole were analysed by the 

proposed and reference HPLC methods and the 
results are tabulated in Table 1. The accuracy of 
the method was further ascertained through 
recovery studies by adding known amounts of 
Astemizole to placebo tablet powder and 
analysed by HPLC. Recovery was found to be 
99.499.8%. These values indicate a lack of 
interference by the tablet diluents and lubri- 
cants. The precision of the method was found to 

Table 1. Assay of Astemizole in pharmaceutical dosage 
forms by the proposed method 

% Label claim 

Sample Content Proposed Reference 
No. Sample (w) HPLC method method* 

I Tablet 10 99.4 
2 Tablet 10 99.8 :; 
3 Tablet 10 99.6 99:5 
4 Tablet 10 99.8 99.8 
5 Tablet 10 99.6 99.6 

l HPLC method reported for pharmaceutical dosage forms 
in the analytical profile of Astemiaole. 
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be 99.4-99.7% with a standard deviation of 
0.04, giving evidence of excellent precision. 

In conclusion, the proposed HPLC method 
allows rapid separation and determination of 
starting materials l(a) and l(b), which may 
be present in crude Astemizole. The method is 
also useful for the determination of Asteniizole 
and its pharmaceutical dosage forms and results 
are comparable with the reported HPLC 
method.’ 

Acknowledgemenr-The authors are grateful to Dr. B. Saida 

Reddy of Dr Reddy’s group for providing samples of 
Astemizole and its intermediates. 

REFERENCES 

1. Abdulrahman M. Al-Obaid and Mohammad Saleem 
Main, in Analytical Profires of Drug Substances, Klaus 
Florey (ed.), Vol. 20, p. 173. Academic Press, New 
York, 1991. 

2. Laboratorio Fides S.A. Span. ES 533, 613 (Cl. 
C07D235/30), 16 Jun 1985, Appl 22 Jun 1984, 7pp. 

3. Montserrat Faba, Eusebio (Inke S.A.) Span. ES 542, 
807 (Cl. CO7D401/12), 16 Dec. 1985, Appl. 03 May 
1985. 



T&m, Vol. 40, No. 9, pp. 1361-1365, 1993 
Printed in Great Britain. All nghts reserved 

0039-9140/93 $6.00 + 0.00 
Copyright 0 1993 Pergamon Press Ltd 

FLOW-INJECTION FLUORIMETRIC DETERMINATION OF 
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Summary-A flow-injection configuration for the fluorimetric determination of trimepraxine and trifluop- 
erazine is proposed. The procedure is based on oxidation of the drugs by cerium(IV). The fluorescence 
of cerium(II1) formed in the oxidation of trimeprazine or trifluoperazine is monitored. Lineal calibration 
graphs were obtained between 2 x lo-’ and I x 10m5M for both trimeprazine and trifluoperazine with a 
sampling rate of 60 samples/hr. The relative standard deviations were over the ranges 0.78-1.16 and 
0.840.97% for trimeprazine and trifluoperazine, respectively. The applicability of the method to 
determination of trimepraxine and trifluoperazine was demonstrated by investigating the effect of potential 
interferences and by analysis of commercial pharmaceutical preparations. 

Trimeprazine (N,N$-trimethyl-lO-H-phenothi- 
azine- lo-propanamine) and trifluoperazine 
(10[3-(4-methyl-1-piperazinyl)propyl]-2-(trifluoro- 
methyl)-lo-H-phenothiazine) are phenothiazi- 
nes derivatives. These compounds have a 
profound psychotherapeutic activity,’ trim- 
eprazine being widely used as an antipruritic 
agent and trifluoperazine for the treatment of 
various mental illnesses. The importance of 
phenothiazine tranquilizers has prompted many 
investigators to look for methods for their rapid 
determination. The use of such drugs in 
chemotherapy and methods for their determi- 
nation have been revised.2-4 Titrimetric4 spec- 
trophotometric,5-9 chromatographic3*“-‘* and 
kinetic13*14 methods have been used. A variety of 
methods based on the fluorescence of both 
unoxidized and oxidized compounds have also 
been used and cover a wide range of concen- 
trations. Oxidation of phenothiazine drugs has 
been carried out with chemical reagents (Hz02, 
MnO, , etc.) and photochemical decompo- 
sition.‘5-‘8 Despite the large number of manual 
methods available, there are very few automated 
procedures. In recent years, flow-injection 
analysis (FIA) has found wide application in the 
determination of phenothiazines. Flow-injec- 
tion procedures generally involve the use of 
chemical’g-22 or photochemica123-26 oxidation of 
phenothiazines and use photometric and 
fluorimetric detection of their oxidized form. 

*Author for correspondence. 

Other procedures using amperometric detec- 
tion2’ and pseudo-titration in a non-aqueous 
medium” have also been reported. 

Cerium(IV) has been used as an oxidizing 
agent for the determination of trimeprazine” 
and prometazine2’v22 in flow-injection systems. 
The red colour produced by the oxidized species 
of these drugs has been monitored spectropho- 
tometrically. However, no method has been 
found dealing with the indirect determination of 
phenothiazines by measuring the fluorescence of 
cerium(II1) formed, 

In this paper the development of a spec- 
trofluorimetric flow-injection method for the 
determination of trimeprazine and trifluoper- 
azine and its application to routine are 
presented. The determination is based on the 
oxidation of these drugs by cerium(IV) and the 
parameter measured is the fluorescence of the 
Ce(II1) formed during the reaction. The 
procedure is very simple, inexpensive and fast 
and allows the determination of these two drugs 
in pharmaceutical formulations. 

EXPERIMENTAL 

Apparatus and manifold 

A Hitachi F-3010 spectrofluorometer 
equipped with a plotter unit and 1 x 1 cm 
quartz cell was used for recording spectra; 
excitation and emission spectra were corrected. 

The flow-injection system consisted of a 
Tecator FIAstar 5020 flow-injection analyser 
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equipped with an injection valve and a 
peristaltic pump (40 r.p.p.). A Hitachi F-3010 
spectrofluorometer connected to a plotter unit 
was used as a detector with a Hellma 176.052 
QS flow cell (inner volume 25 ~1). The manifold 
used is diagrammed in Fig. 1. 

The cerium(IV) solution, 10m3A4 (1M in 
H,SO,) was pumped at a flow rate of 0.8 
ml/min. Trimeprazine, or trifluoperazine, 
covering the range of 2 x 10-‘-l x 10e5M, were 
prepared by dilution of stock solutions and 
injected (158 ~1) into the manifold; the peak 
heights were measured and recorded at 355 nm 
with excitation at 255 nm. The spectrofluorom- 
eter was set with excitation and emission slits at 
10 nm. 

Reagents 

All reagents were of analytical reagent grade 
and were used as received. Doubly distilled 
water was used throughout. Aqueous IO-*M 
trimeprazine and trifluoperazine stock solutions 
were prepared from the pure products (Sigma). 
Cerium(IV) solutions, 10e2M, were prepared by 
dissolving Ce(SO,), . H,O (Merck) in 1M 
sulphuric acid. Sodium bismuthate was added 
when Ce(IV) solutions were prepared in order to 
oxidize any Ce(II1) present in the Ce(IV). The 
excess of sodium bismuthate was eliminated by 
filtering. 

All phenothiazine and cerium(IV) solutions 
were stored in amber-coloured bottles. The 
drugs solutions were kept refrigerated to ensure 
stability. Working solutions were freshly pre- 
pared from stock solutions by suitable dilution. 

Determination of trimeprazine and tr$uo- 
perazine in pharmaceutical formulations 

Tablets of the pharmaceuticals were ground 
in an agate mortar to a fine powder and 
dissolved in water with the help of ultrasonic 

W 

Fig. 1. One line manifold for the fluorimetric determination 
of phenothiazines. 

350 400 
Wavelength (nm) 

Fig. 2. Excitation and emission spectra of (A) Trimeprazine, 
IO-‘M; KMnO,, 2 x 10-SM and H,SO,, 1M. (B) Trime- 
prazine, 10eSM; Ce(IV), 10v4M and H,SO,, 1M. (C) 

Ce(III), lo-‘M; Ce(IV), 10A4M and H,SO,, 1M. 

mixing and filtrated through Whatman No. 42 
filter paper. The filtrate was diluted in a 
standard flask and an aliquot (158 ~1) was 
injected into the flow-system. 

For analysis of pharmaceuticals in solution 
the requisite volume of the solution was trans- 
ferred to a lOO-ml standard flask and diluted to 
the mark with doubly-distilled water. 

RESULTS AND DISCUSSION 

The oxidation of phenothiazines by Ce(IV) 
occurs in two steps and has already been 
described as an example of transient redox 
effects.13 In excess of Ce(IV), the redox reaction 
is very fast and phenothiazines are completely 
oxidized to their sulphoxide form. The develop- 
ment of the reaction can be monitored by 
fluorescence of the Ce(II1) or the sulphoxide 
formed. However, Ce(II1) is more than 4 times 
as fluorescent as the oxidized phenothiazines, 
and so the measurement of its fluorescence can 
be used as a very sensitive indirect fluorimetric 
method for the determination of phenothiazi- 
nes. 

In addition, some oxidized phenothiazines 
also show excitation and emission maxima in 
the same spectral region where Ce(II1) fluor- 
esces; in such cases, an additional enhancement 
of the fluorescence readings is achieved. The 
excitation and emission spectra of oxidized 
trimeprazine (Fig. 2) clearly demonstrate this. 

On the other hand, trimeprazine and trifluop- 
erazine can be easily oxidized in a flow system 
by injecting the drugs, which react with the 
Ce(IV) solution flowing on line. A single-line 
FIA manifold with fluorimetric detection is 
suitable for the determination of both drugs. 
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The manifold schematized in Fig. 1 was used 
to investigate the effect of chemical and FIA 
variables on the peak height (fluorescence signal 
at &,, 355 nm with a Iz,,, 255 nm). The studies 
were performed by altering each variable in turn 
while keeping the others constant. 

Chemical variables 

The composition of the Ce(IV) stream had 
strong influence on the peak height. Three 
different acids (HNO,, HCl and H,SOJ were 
tested to determine which was the most suitable 
for optimum reaction development. The nitric 
acid could not be used owing to the inhibitory 
effect of nitrate ions of the fluorescence of 
Ce(III).29 In the presence of hydrochloric or 
sulphuric acid the reaction rate and the 
fluorescence of Ce(II1) were high. Since cereus 
ions were always present to some extent in the 
Ce(IV) solutions, the fluorescence intensities of 
cerium(IV) solution were also measured to 
obtain appropriate blank corrections. In this 
study, sulphuric acid was selected because the 
baseline was less in this medium than in hydro- 
chloric acid. 

The influence of sulphuric acid concentration 
is shown in Fig. 3. The recommended concentra- 
tion was lM, because the fluorescence intensities 
obtained for trimeprazine and trifluoperazine 
remained virtually constant with slight changes 
in the concentration of sulphuric acid. 

The effect of the concentration of the 
cerium(IV) stream was studied in the range 
1 x 10e4-1.5 x 10-3A4.AscanbeseenfromFig.4, 
the analytical signal increased with increasing 
reagent concentration up to 9 x 10P4M above 
which it remained virtually constant. The con- 
centration selected was 1 x 10P3M. 

4 

Fig. 3. Influence of sulphuric acid concentration on fluor- 
escence intensity. Curves: (1) trimeprazine; (2) trifluoper- 

azine. Sample injected = 158 ~1 of 10-5M. 

I I L 
0.5 1.0 1.5 

[Cc (IV)], M . 10s 

Fig. 4. Influence of Ce(IV) concentration on fluorescence 
intensity. Curves: (1) trimeprazine; (2) trifluoperazine. 

Sample injected = 158 ~1 of 10e5M. 

The influence of temperature on the peak 
height was studied over the range 25-45”. The 
signal decreased slightly with an increase in 
temperature. In the FIA procedure this variable 
was controlled at 30”. 

Optimization of the FIA variables 

Because the oxidation of trimeprazine and 
trifluoperazine by Ce(IV), under the 
recommended conditions is very fast, a simple 
manifold using cerium(IV) sulphate solution in 
1M sulphuric acid as carrier was found to be the 
most suitable. Optimization of the different 
variables influencing the FIA system was carried 
out. Figure 5 shows the effect of the pumping 

I I 

100 200 

Loop size (~1) 

I I I I 
0 1 2 3 

Pumping rate (ml/ml@ 

I I I J 
0 50 100 1so 

Coil length (cm) 

Fig. 5. Effect of (0) loop size, (A) pumping rate and (0) 
coil length on fluorescence intensity. Sample in- 
jected = 10e5M trimeprazine. The arrows mark the values of 

the parameters selected. 
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Table 1. Features of the calibration graphs for the determination of trimeprazine 
and trifluoperazine 

Parameter Trimeprazine Trifluoperazine 
Determination range 2 x IO-‘-l x lO_SM 2 x IO-‘-l x 10_5M 
Slope/I,, M - ’ 7.2 x 10’ 7.6 x IO’ 
Intercept/IF (%) 159 185 
Correlation coefficient* 0.9967 0.9989 
RSD%t f 1.16; kO.78 kO.976; +0.84 

*The correlation coefficients were calculated using 11 different concentrations of 
each analyte. 

tRelative standard deviations (n = lo), [phenotiazine] = 2 x 10m6M and 
1 x 10-5M. 

rate, loop size and length of coil. The selected 
values of the FIA variables are: flow rate, 0.8 
ml/min; injection volume, 158 ~1 and reactor 
length, 30 cm. The inner diameter of the coil was 
0.5 mm. These values allow the phenothiazine 
drugs to be oxidized by the time the sample plug 
passes through. 

Determination of trimeprazine and trl$uo- 
perazine 

A series of standard solutions of trimeprazine 
or trifluoperazine were pumped in triplicate to 
test the linearity of the calibration graphs. The 

Table 2. Tolerance of the proposed method to interferences* 

Tolerance molar ratio 
Interferent: Trimeprazine or 

Substance Trifluoperazine 

Glucose, saccharine, 
D-mannose, sucrose low 

Lactose, galactose, ethanol, 
sodium benzoate 50 

EDTA, starch? 10 
Citric acid 6 
Gelatint 5 
Propyleneglycol 1 

l 1 x 10-5M phenothiazine added. 
tMaximum tested. 
$Tolerable W/W ratio. 

calibration graphs have a linear range (Table l), 
from which the excellent sensitivity of the 
proposed method is evident. A statistical study 
was performed on 10 samples (P = 0.05) by 
triplicate injections of 2 x low6 and 1 x 10-5M 
levels of each analyte. The sampling rate was 60 
samples/hr. 

Interferences 

An interference study aimed at the determi- 
nation of trimeprazine and trifluoperazine in 
pharmaceutical preparations was performed. 
Samples containing a fixed concentration of 
each phenothiazine, IO-‘it4, and various 
concentrations of foreign substances were 
injected into the FIA system. A substance was 
considered not to interfere if the variation in the 
peak height of the phenothiazine was less than 
+3% in its presence. The results are shown in 
Table 2. 

The foreign substances tested were substances 
and excipient generally present in pharmaceuti- 
cal preparations. Under the reaction conditions 
used most of them do not interfere. However 
ascorbic acid, acetylsalicylic acid and sodium 
sulphite interfere and must therefore be 
eliminated. 

Table 3. Determination of trimeprazine and trifluoperazine in pharmaceuticals 

Foundlmg 
Nominal value/mg 

Reference FIA 
Sample* Source Trimeprazine Trifluoperazine methodS method4 

Efralent (syrup) Italfarmaco 25.0 - 25.54 25.75 + 0.32 
Variarail ahmemazine (drons) Italfarmaco 40.0 39.20 39.06 + 0.8 I 
EskazLe (sugar-coated‘ pili) ’ Beecham 5 5.12 5.09 + 0.12 

*Mean of four determinations f SD. 
tcomposition of samples: Efralen: trimeprazine tartrate, 0.025 g; ammonium acetate 2.500 g; sodium benzoate 0.240 g; 

magnesium sulphate 0.200 g; sodium saccharin 0.025 g; surcrose 70.642 g and sulphite and ethanol as excipient (100 ml). 
Variargil alimemazine: trimeprazine tartrate, 40 mg; surcrose, 192 mg and ethanol as excipient (1 ml). Eskazine: 
trithtoperazine dihydrochloride, 5 mg in a sugar-coated pill. 

$Sulphite was previously eliminated by passing the solution through a strongly basic anion-exchanger (chloride form) 
column. 

gAverage of three determinations obtained by the manual spectrophotometric method using molybdophosphoric acid (30). 
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Table 4. Recovery of trimeprazine and trifluoperazine from 
pharmaceutical preparations 

Added, Found.? Recovery, 
Sample* mglml mglml % 

Efralen 0.50 0.52 f 0.03 104.0 
1.00 1.02 f 0.05 102.0 
1.50 1.46 * 0.06 97.0 

Variargil 0.50 0.51 f 0.04 102.0 
1.00 0.99 f 0.03 99.0 
1.50 1.45 * 0.06 96.7 

Eskazine 0.50 0.49 & 0.03 98.0 
1.00 1.01 f 0.06 101.0 
1.50 1.47 + 0.05 98.0 

*See Table 3. 
TAverage of three determinations f SD. 

Applications 

The proposed methods were applied satisfac- 
torily to the determination of trimeprazine and 
trifluoperazine in pharmaceutical preparations. 
Table 3 summarizes the data obtained. 

The recovery was determined by adding vari- 
ous amounts of trimeprazine or trifluoperazine 
to pharmaceutical preparations and subtracting 
the results obtained for pharmaceuticals 
prepared in a similar manner but to which no 
phenothiazine has been added. The results are 
shown in Table 4. 

CONCLUSIONS 

The results obtained clearly demonstrate 
the suitability of monitoring the fluorescence 
of Ce(II1) liberated during the oxidation of 
trimeprazine and trifluoperazine by Ce(IV). 
The high tolerance level for foreign species can 
be ascribed to the kinetic aspect of the 
flow-injection methods; as a consequence, 
unwanted reactions do not develop to any 
significant extent in the short measurement 
period. 

The versatility and simplicity of this method 
allows its adaption to the type of analysis in 
which a large number of samples of very similar 
composition have to be analysed, e.g., testing 
the uniformity of pharmaceutical preparations 
(required for all solid formulation with < 50 mg 
of drug). 

When this method is compared with other 
methods that measure the fluorescence of 
phenothiazines, it can be seen that its sensitivity 
is as good as those methods which use photo- 
chemical oxidatiorPz6 but much greater than 
those based on chemical oxidation, 

The method has been successfully applied 
to the determination of trimeprazine and tri- 
fluoperazine in pharmaceutical preparations. 
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Summary-Cyclcdextrins (CDs) can be bound on silica to prepare chiral stationary phases (CSPs) for 
liquid chromatography. The cyclodextrin ring is connected to a spacer previously bonded on the silica 
surface. Three different CD-CSPs were prepared with three different spacers. (i) A dimethylethoxysilane 
with a linear 6 carbon chain produced a monomeric layer. The bonded CD units can move and rotate 
freely. (ii) The corresponding trimethoxysilane produced a polymeric layer. The bonded CD units were 
not located at the same distance of the silica surface, but they could still move and rotate freely. (iii) The 
third spacer contained a cyclohexyl ring that may introduce some conformational rigidity in the CD 
connection to silica. The three CSPs prepared contained a CD surface coverage of about 0.3 pmol/m* 
which is approximately half of the maximum theoretical CD coverage. The first spacer was the most 
efficient to bond CDs with an average value of 1.7 spacers per CD ring, whereas 5.5 spacers per CD ring 
were needed with the two other spacers. The chiral recognition capabilities of the three phases were 
compared using 14 racemic compounds. No pronounced differences were noted, but the CSP prepared 
with the dimethylethoxysilane monomeric spacer Seems to be the most efficient for chiral recognition. 

Stereoisomeric or chiral separations are a very 
challenging analytical problem. Liquid chroma- 
tography (LC) and gas chromatography (GC) 
are the most powerful techniques in enantiomer 
separations.‘** A chiral stationary phase (CSP) is 
most often used together with a classical achiral 
mobile phase. Among the available CSPs for LC 
are the polymeric chiral phases, the crown ether 
phases, the protein phases,3 the n-complex, hy- 
drogen bond phases (Pirkle type),4 and the 
cyclodextrin (CD) bonded phases.‘v5 The latter 
type of CSPs were introduced and developed by 
Armstrong and DeMond in 1984.6 To date, 
three underivatized or native CD-CSPs and 
nine derivatized CD-CSPs have been marketed. 
Some derivatized CD-CSPs are multimodal: 
they can work with non-polar (normal mode) 
mobile phases and polar (methanol-water or 
acetonitrile-water) mobile phases which is 
known as reversed phase mode.’ The underiva- 
tized CD-CSPs can work with reversed mobile 
phases and with polar but purely organic mobile 
phases (acetonitrile-methanol phases). The lat- 
ter mobile phases used together with native CD 

stationary phases are very effective for chiral 
separations.’ 

Cyclodextrins have an internal toroidal and 
relatively non-polar cavity. It can easily 
accommodate molecules or parts of molecules 
having the size of an aromatic ring. The 
secondary 2- or 3-hydroxyl groups of each 
glucopyranoside ring in the CD are located 
axially at the mouth of the cavity. They form 
a polar crown that is most important for 
chiral recognition. CD rings are not bonded 
directly on the silica surface to prepare a 
CD-CSP. Rather, a primary hydroxyl group of 
the CD is used to graft it on a spacer which was 
first attached on the silica surface.’ The aim of 
this work is to prepare different CSPs with 
/I-CD and different spacer molecules and to 
investigate the effect of the spacer on the chiral 
recognition ability of the CSPs. Three fl- 
CD-CSPs were prepared with three different 
spacers bonded on the same silica base. They 
were tested with a variety of chiral compounds 
to determine which spacer gives the best chro- 
matographic performance. 
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EXPERIMENTAL 

Chemicals 

The silica base used to prepare the three CSPs 
was Spherisorb silica from Phase Separations 
Inc. (Norwalk, CT, U.S.A.). It is a S-pm spheri- 
cal bare silica, 220 m2/g surface area, 8 nm pore 
diameter and 0.44 cm3/g pore volume.8 The three 
silanizing reagents were three epoxydized 
methoxysilanes whose full structures and names 
are presented in Fig. 1. They were obtained from 
Petrarch Systems as viscous liquids of -93% 
purity (Bristol, PA, U.S.A.) and used as received. 
Toluene, methanol and other usual solvents were 
obtained from Aldrich (Milwauk~, WI), Sigma 
(Saint Louis, MO) and Fisher (Pittsburgh, PA, 
U.S.A.). Water was demineralized and filtered on 
a Bamstead D8922 system. The chiral solutes 
were obtained from Sigma as racemates. Fluox- 
etine is a drug under pharmaceutical investi- 
gation at Eli Lilly (Indianapolis, IN). It was 
kindly supplied by Thomas L. Jeatran. 

epoxysilane was added and the solution was 
maintained at 90-95” for 4 hr. The bonded sor- 
bent was collected on a fritted glass filter and 
washed with dry toluene followed by methanol 
and air-dried. 

Bonding procedure 

Cyclodextrin bonding. The epoxy bonded 
sorbent was dried overnight at 60” in a drying 
gun under vacuum. Four grams of B-CD 
(3.5 mmoles) were similarly dried in another 
drying gun. The dried CD was dissolved in ap- 
proximately 100 ml of anhydrous dimethylfor- 
mamide (DMF) and 1 g of sodium hydride 
(NaH, 42 mmoles), as an 80% suspension in 
paraffin oil, was carefully added. After 15 min at 
room temperature, the hydrogen gas release 
stopped. The solid (excess NaH or sodium hy 
droxide) was filtered off and the solution was 
added to a round bottom flask containing the 
dried epoxy bonded sorbent in DMF. The mix- 
ture was refluxed for 4 hr. The cyclodextrin 
bonded sorbent was filtered on a fritted glass 
filter and washedwith the sequence DMF, tolu- 
ene, methanol, water, methanol again and air- 
dried. 

Spacer bonding. Four grams of Spherisorb The silane A (Fig. 1) can only produce a 

silica were dried overnight at 110” in a drying gun monomeric bonded layer. The two other silanes, 
under vacuum. The dried silica was placed in a B and C, could produce a polymeric layer if 
flask with approximately 100 ml of anhydrous some water was introduced at the end of the 
toluene. Water was further removed at 84” as an spacer bonding reaction. Water molecules hy- 
azeotrope by distillation of 25 ml into a Dean- drolyze methoxysilane groups to generate 
Stark trap. Next, 10 ml of the appropriate methanol and silanol groups which can further 

Q5 
A I 

0 

/\ 
(;140-Si- 

I 

~-Q4-CB$-O-C!Ip-CH-_cH2 

cw, 

Fig. I. Structure of the three silanizing reagents. A-3-glycidoxy-propyldimethylethoxysilane. B-3-glyci- 
dox~ropyit~me~oxy silane. C-2-~3,~e~xycyclohexyl~thyIt~~thoxysilane. 
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Table 1. Characteristics of the chiral phases prepared 

Phase 
tvue 

Bonding Spacer bonding CD bonding Aver. 
agent spacer 

(Fig. 1) % c wnollm2 %C mollm2 per CD 

Monomeric A 1.26 0.6 4.87 0.35 1.7 
Polymeric B 2.59 1.7 5.83 0.32 5.5 
Cvclohexvl C 2.81 1.4 5.47 0.26 5.5 

react with the original silane reagent. The reac- 
tion with Spacer C was done without any trace 
of water. At the end of the reaction, water was 
used in the washing sequence. The residual 
methoxysilane groups may then be hydrolyzed. 
Thus, the monomeric bonded spacer C prob- 
ably bears two silanol groups close to the silica 
surface. A polymeric CD-CSP was prepared 
using Spacer B by Tom Beesley at Astec 
(Advanced Separation Technologies, Whip- 
pany, NJ, U.S.A.). The first step was identical 
to the Spacer C bonding procedure. Next, trace 
amounts of water were added to hydrolyse 
some methoxysilane groups and to create 
silanol groups. Then, more fresh Spacers B 
were introduced to react with the newly created 
silanol groups. These steps were repeated four 
times. 

The carbon elemental analysis were done by 
Galbraith Laboratories Inc, Knoxville, TN, 
U.S.A. 

Chromatographic system 

The CD-CSPs were slurry packed in three 
25 cm x 4.6 mm i.d. stainless steel columns. A 
Shimadzu chromatographic system was used 
with a LC-6A pump, a SPDdA UV detector, a 
SCLdB controller and a CRSA integrator. 

RESULTS AND DISCUSSION 

The stationary phases 

The B-CD ring is more likely attached to the 
epoxy end group by one of its seven primary 
hydroxyl groups. These seven more acidic 
groups protrude on the external side of the CD 
ring when the less acidic secondary hydroxyl 
groups are all 21 gathered at the CD mouth. 
Linkage could occur through secondary hy- 
droxyl groups, but primary hydroxyl groups 
are less sterically hindered. Table 1 lists the 
carbon analysis of the three stationary phases 
after the spacer grafting and after CD addition. 
The corresponding organic coverage was calcu- 
lated using 

%C 
12n, x 100 

s l- 
( 

% c 

12n, x 100 
XM 

> 

in which %C is the carbon mass percentage in 
bonded sorbent, obtained by elemental analy- 
sis, n, is the number of carbon atoms in the 
bonded moiety (n, = 8, 6, 8, 42 for Spacers A, 
B, C and CD, respectively), M is the molecular 
weight of the bonded moiety (M = 173, 175, 
187 and 1135 for Spacers A, B, C and CD, 
respectively) and S is the bare silica surface 
(220 m*/g). 

The bonding density for Spacer B, which 
produces a polymeric layer, is indicated for 
comparison and corresponds to an average of 
1.7 pmol/m* of 3-glycidoxypropylsilane. From 
a chemical point of view, Spacer A is the most 
efficient to link a CD unit to the silica surface. 
An average value of 1.7 Spacer A units was 
needed to bond one CD ring. An average value 
of 5.5 Spacers B and C were necessary to link 
one CD unit. However, the CD surface concen- 
tration was 0.3 pmol/m* for approximately the 
three phases prepared. 

The 0.3 fimol/m* CD surface concentration 
is more than 10 times lower than the usual 
surface concentration, in the 3 pmol/m* range,’ 
proposed by the manufacturers of classical 
Cl 8, C8 and Cl LC column packings. The 
maximum bonding density for linear alkyl 
chains is close to 5 pmo1/m2.9 The height of a 
CD ring is 0.79 nm and the external diameter 
of the /I-CD ring is 1.53 nm, corresponding to 
a 1.84 x lo-‘* m* area. If the CD ring stands 
flat on the silica surface, it occupies a square 
area of about 2.34 x 1O-‘8 m*. On a square 
meter, 4.27 x 10” CD rings could be packed, 
which corresponds to 0.7 pmol/m’. If the CD 
ring is placed sideways on the silica surface, 
the area occupied is about 1.21 x 1O-‘8 m*, 
corresponding to a maximum theoretical bond- 
ing coverage value of 1.37 pmol/m*. With these 
data, the 0.3 pmol/m* CD coverage that 
we obtained experimentally corresponds to 
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approximately 50% of the maximum CD flat Chiral separations 
coverage and 22% of the maximum CD side- 
ways coverage. The 220 m2/g surface area given Table 2 lists the results of the separation of 14 
by the manufacturer includes the surface area of compounds already separated by a B-CD phase 
small pores that are not accessible to B-CD in a recent study.‘O All drugs were separated on 
rings. This means that it may be very difficult to the three stationary phases, adjusting the mobile 
increase substantially the 0.3 pmol/m’ CD phase composition (acetonitrile-water + 0.1% 
bonding coverage obtained using the procedure triethylammonium acetate) so that the k’ values 
described in the Experimental section. were similar. 

Table 2. Chromatographic parameters of the chiral separations performed on the three CD-CSPs 

Compound spacer mobile phase pH k’ a Rs N 
struciura bur&-/e* 

Aminoglutethimide 

Dar& Leucine 

F&Sine 

lbuprophen 

Ketoprofen 

70/30 
80/20 
70/30 

60/40 
70/30 
60/40 

7.1 3.91 1.04 0.47 3700 
7.1 3.5 1.02 0.2 2700 
7.1 3.48 1 0 2200 

7.1 10.3 1.05 0.68 3900 
7.1 4.22 1.03 0.31 2800 
7.1 7.96 1.03 0.17 700 

80/‘20 4.1 0.63 1.19 0.84 3000 
80/20 4.1 0.85 1.25 1.21 2800 
80/20 4.1 1.29 1.15 0.92 2500 

70/30 4.1 1.5 1.13 0.9 2700 
so/so 4.1 3.42 1.19 1.38 2000 
60/40 4.1 3.23 1.14 1.03 1900 

70/30 4.1 1.76 1.14 0.8 1700 
so/so 4.1 4 1.13 1.39 3600 
&O/40 4.1 4.15 1.11 0.95 2300 

60/40 7.1 5.94 I.07 1.16 7OGG 
70/30 7.1 3.59 1.06 0.81 5300 
60/40 7.1 5.52 1.06 0.41 1200 
70/30 4.1 1.54 1.11 0.94 4000 
85/15 4.1 1.66 1.11 0.55 1300 
70/30 4.1 1.16 1.09 0.4 1300 

70/30 4.1 10.8 1.05 0.62 3200 
so/so 4.1 9.17 1.06 0.96 5700 
60/40 4.1 6.75 1.04 0.47 3200 

80/20 4.1 6.55 1.04 0.48 3300 
70/30 4.1 8.27 1.03 0.27 1700 
80/20 4.1 15 1 0 1600 

80/20 4.1 1.54 1.42 4.7 11000 
80/20 4.1 0.93 1.31 2.05 5100 
80/20 4.1 1.64 1.22 2.4 7300 
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Table 2-continued 

Compound spacermobilephase pti k' a Rs N 
structure buffer/ac&Xli~e 

Mefhylphenidate n 

Metoprolol 
(CH3’2CH;NH A 

CHf O-CH2CH2 -CH2-CHOH-CH2 B 
C 

Phensuximide 
v A 

O% 0 : 
H 

Propranold 

60/40 7.1 4.62 1.03 0.6 10000 
80/20 7.1 1.93 1.07 0.76 5000 
70/30 7.1 3.67 1.04 0.5 4400 

70/30 7.1 6.81 1.02 
80/20 7.1 3.5 1 
70/30 7.1 4.46 1.01 

0.31 

0.1: 

5300 
5000 
5500 

80/20 4.1 1.27 1.12 
80/20 4.1 0.68 1.09 
80/20 4.1 1.38 1.09 

0.: 
0.62 

4400 
7000 
2700 

70/30 7.1 5.79 1.02 
80/20 7.1 4.36 1.02 
70/30 7.1 5.42 1.01 

0.4 

0Y 

9200 
2500 
6600 

83/17 7.1 2.69 1.05 0.28 1000 
70/30 7.1 1.59 1.05 0.49 4500 
83/17 7.1 7.93 1.04 0.27 1000 

The chiral recognition by CD cavities depends 
on the sp2 hybridization of the groups attached to 
the chiral center.“*‘2 If the chiral center is part of 
a ring structure, the chiral recognition by CDs is 
enhanced.“*” The effect of the solvent, the pH 
and the solute substituents are also very import- 
ant, as described in other works.‘3*‘4 The highest 
enantioselectivity factors were obtained with 
the solutes mephenytoin (a = 1.42) and 
chlorthalidone (a = 1.19) in which the chiral 
center is part of a ring and bears two sp2 hy- 
bridized carbons. The lowest enantio-selectivity 
factors were obtained with the solutes propra- 
nolo1 (u = 1.02) and metoprolol (tl = l.Ol), in 
both compounds the chiral center is not part of a 
ring and not connected to sp2 hybridized car- 
bons. Note that aminoglutethimide has a chiral 
center in a ring structure with two sp2 hybridized 
carbons; however its chiral recognition is very 
low@ = 1.02). Table 2 shows some differences in 
the enantioselectivity factor of a given compound 
on the three different phases as discussed below. 

Spacer injhence 

Spacer A is the linear monofunctional spacer 
of the patented procedure used to prepare the 
commercialized /?-CD-CSP.s Spacer B was cho- 
sen to obtain a polymeric bonded layer with 
spacer arms similar to A. Both spacers A and B 

do not hold the CD ring tightly. They allow some 
motion that may orientate the CD cavity in any 
direction. Spacer C contains a cyclohexyl unit 
that renders the structure more rigid. The CD 
ring orientation may be limited with this spacer. 

Table 2 shows that the enantioselectivity fac- 
tors for a given compound are not drastically 
different on the three /I-CD CSPs. However, 
there are some differences. For 10 compounds a 
is slightly (-0.02 unit) higher on the Spacer A 
/?-CD phase while four compounds have their 
highest a value on the Spacer B P-CD phase. The 
chiral recognition seems somewhat more limited 
on the Spacer C /I-CD phase. Figure 2 shows the 
separation of N-dansyl phenylalanine on the 
three different /I-CD CSPs. The racemate is 
almost baseline resolved on the Spacer B B-CD 
phase. These small differences in chiral recog- 
nition may be due to the difference in CD cover- 
age listed in Table 1. 

Table 2 also lists Rs, the resolution factor 
between the two enantiomers. The resolution 
factor combines k’, the capacity factor, a, the 
enantioselectivity factor, and N, the peak 
efficiency (in plate number). The efficiency was 
measured by hand using Wo,6,, the peak width at 
60% of the peak height and computed as 
N = 4(t,/ Wo,,)2. Again, the efficiency obtained 
on the Spacer A /I-CD phase is higher, in general, 



than the one obtained on the two other phases. 
Only four compounds showed the highest 
efficiency on the Spacer B 8 -CD phase (Table 2). 
The low efficiency observed with the Spacer C 
/?-CD phase may be due to the silanol groups 
present at the foot of the spacer after hydrolysis 
of the two remaining methoxy groups (Fig. 1). 
The efficiency is especially low with the solutes 
chlo~heniramine (700 plates) and fluox- 
etine (1200 plates) which both contain an amino 
group, but it is equally low (1000 plates) with 
suprofen, which does not. The fluoxetine separ- 
ation on the three CSPs is shown in Fig. 3. The 
selectivity factor is similar on the three phases 
((w = 1.06). The resolution is almost baseline 
with the Spacer A phase (Rs= 1.16 with 7000 
plates) and it is very weak with the Spacer 
C phase (Rs= 0.41 with 1200 plates) due to 
peak broadening. It is known that basic com- 

A 

~ 

B 
~ 

C J 
1 I I I I 
0 5 10 15 w 

Fig. 2. Enantiomer resolution of N-dansyl phenylalanine on 
the three stationary phases prepared. Mobile phase: 0.1% 
v/v triethylamine, pH adjusted to 4.1 with acetic acid, 
water-acetonitrile. A-buffer 70%-ACN 30% v/v; B- 
buffer 50%-ACN 50% v/v; C-buffer 60%-ACN 40% v/v. 

Flow rate i ml/min. Detection UV = 254 nm. 

Fig. 3. Enantiomer resolution of fluoxetine on the three 
stationary phases prepared. Mobile phase: 0.1% v/v triethy- 
lamine, pH adjusted to 7.1 with acetic acid, 
water-acetonitrile. A-buffer 60%-ACN 40% v/v; B- 
buffer 70%-ACN 30% v/v; C-buffer 60%-ACN 40% v/v. 

Flow rate 1 ml/min. Detection UV = 254 nm. 

pounds are sensitive to residual silanol groups 
and produce broad peaks. However, also meto- 
pro101 and propranolol have a secondary amino 
group in their molecule and the observed 
efficiencies are good (5500 and 6600 plates, 
res~ctively). The mobile phase pH was ad- 
justed by triethylamine (0.1% v/v) and acetic 
acid. Triethylamine was used to shield possible 
residual silanols. 

CONCLUSIONS 

Spacer A produces a monomeric layer. An 
average value of 1.7 Spacer A molecule is 
needed to bond one cyclodextrin rings on the 
surface of silica against 5.5 molecules for the 
two other spacer studied. From an economical 
point of view, Spacer A seems the most appro- 
priate to prepare a chiral stationary phase 
for liquid chromatography. The CD coverage 
obtained (0.35 ,umol/m*) is close to 50% of 
the maximum theoretical coverage. The CD 
coverage obtained with the two other spacers 
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is similar. However, the Spacer B bonding 
procedure, that produces a polymeric bonded 
layer, is more difficult than the two others. The 
Spacer C phase bears residual silanol groups 
that may be a problem in a number of chiral 
separations. 
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BETWEEN PYROGALLOL RED AND BROMATE 
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Summary-A kinetic spectrophotometric method for the determination of trace nitrite (0.003-1.000 
pg/ml) based on its catalytic effect on the reaction between potassium bromate and pyrogallol red in acidic 
media is described. The reaction is monitored spectrophotometrically by measuring the decreasing colour 
of pyrogallol red at 467 nm by the fixed-time method. At a given time of 3.0 min at 30”, the detection 
limit is 0.001 pg/ml and the relative standard deviation for 0.010 pg/ml nitrite is 1.8% (n = 8). The method 
is free from most interferences, especially from large amounts of nitrate and ammonium. The procedure 
was successfully applied to the determination of trace nitrite in natural water without preconcentration. 

In recent years, there has been growing concern 
about the role of the nitrite ion as an important 
precursor in the formation of N-nitrosamines, 
many of which have been shown to be carcino- 
gens.’ The occurrence of nitrite salt in the 
environment and their use as food preservatives 
is widespread. Thus there has been an increasing 
need for a highly sensitive and relatively selec- 
tive method for the determination of trace 
nitrite in different natural and artificial samples. 

Recent developments in the determination of 
trace nitrite have been reviewed,” but not all 
are suitable for routine trace determination. A 
spectrophotometric method based in the for- 
mation of azo dyes has been investigated.>’ 
These methods suffer from poor sensitivity, 
interference from other substances, and they 
typically involve long reaction time and toxic 
reagents. Other methods such as pulse polarog- 
raphy,8-‘0 chromatography”+‘* and spectro- 
fluorometry13 are also used but suffer from more 
or less time-consuming procedures and compli- 
cated instrumentation. The catalytic kinetic 
methods’4v’5 are one of the most attractive 
methods for the ultra trace determination of 
nitrite. Its advantantage is that only a spectro- 
photometer is required as the main instrumenta- 
tion. 

Few methods for nitrite based on kinetic 
procedures have been published.‘“‘8 The bro- 
mate oxidation of pyrogallol red (PGR) has 
been used for the kinetic determination of va- 

*Author for correspondence. 

nadium” and osmium.*’ The present work de- 
scribes the application of a catalytic method 
based on the indicator reaction between PGR 
and potassium bromate in the determination of 
nitrite. The reaction is monitored spectrophoto- 
metrically. The method has been applied satis- 
factorily to the determination of nitrite in water. 

EXPERIMENTAL 

Reagents 

All chemicals used were of analytical-reagent 
grade and were used without further purifi- 
cation. Doubly distilled water was used for the 
experiments. 

Potassium bromate solution (7.5 x 10m3M) 
was prepared by dissolving 0.313 g of KBrO, in 
doubly distilled water in a 250-ml standard 
flask. 

Sodium nitrite was dried at 110” for 4 hr. A 
1000~pg/ml nitrite solution was prepared by 
dissolving 0.375 g of NaNO, in water in a 
250-ml standard flask. A few milligrams 
(50-100) of sodium hydroxide were added to 
prevent its decomposition and 0.1 ml of chloro- 
form was also added to prevent bacterial 
growth. The stock solution was kept in a re- 
frigerator and diluted as required. 

PGR solution (2.50 x 10m4M) was prepared 
by directly dissolving 0.0100 g of PGR (Merck) 
in methanol in a lOO-ml standard flask. The 
solution is stable for at least 1 month. 

Sulphuric acid (1.35M) was prepared from 
concentrated H2 SO, (98%, Merck). 

TAL 40,-F 1375 
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Apparatus 

A UV-240 spectrophotometer (Shimadzu) 
was used for measurements of absorption spec- 
tra. A model 35 s~trophotometer (Perkin- 
Elmer) with l.O-cm glass cuvettes was used to 
measure the absorbance at a fixed wavelength 
(467 nm). 

A thermostat (Gallenkamp Griffin, BJ-420-V) 
was used to keep the reaction temperature at 
30”. A stop-watch was used for recording the 
reaction time. 

General procedure 

Into a IO-ml standard flask, introduce an 
aliquot of sample containing 0.03-10 pg of 
nitrite, 1 .O ml of 1.35M sulphuric acid and 2.0 
ml of 2.5 x 10A4M PGR. Dilute the mixture to 
cu. 7 ml. Add 2.0 ml of 7.5 x IOs3M bromate 
solution, and dilute to the mark with distilled 
water. Time was measured from just after the 
addition of the bromate solution. The blank 
solution was prepared by the same procedure. 
Keep the sample and blank tube at 30 f 0.1 o in 
a thermostat bath. After 3.0 min, add 0.1-0.2 g 
of solid urea to the solution to stop the cata- 
lyzed reaction. Transfer the solutions into l.O- 
cm glass cuvettes and measure the absorbance 
of the solutions against water. Label the ab- 
sorbance of the sample and blank A and AO, 
respectively. Then determine the amount of 
nitrite from a calibration graph. 

RESULTS AND DISCUSSION 

It was found that some oxidants such as 
bromate could oxidize PGR in acidic media at 

Fig. I. Variation of PGR-BrO< oxidation system with time 
in the presence of nitrite; at the optimum conditions with 
0.10 &ml of nitrite after a. 30 see; b. 130 seq c. 230 set; 
d. 330 see; and f. 430 set, from initiation of the reaction. 
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l --. 
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O=3 1 
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Fig. 2. Effect of time on the reaction rate; conditions: 
H,SO,, 0.0135154; PGR, 4.8 x W5M; BrO;, I.5 x IO-‘M; 

nitrite, 0.400 &ml. 

a very slow rate. ‘7,20 On the other hand, the 
oxidation of PGR by bromate in acidic media is 
increased in the presence of ultra-trace amounts 
of nitrite. This reaction can be followed spectro- 
photomet~~lly by monito~ng the change in 
absorbance at 467.0 nm. Figure 1 shows the 
absorption spectra of PGR at different times. 

There are many methods such as fixed-time, 
initial rate and rate constant method for 
measuring the catalytic species. Among these, 
the fixed-time method is the most conventional 
and simple, involving the measurement of A, 
and A at 467.0 nm. Figure 2 shows the relation- 
ship between A,-A and reaction time for the 
reaction. From the results, 3.0 min was chosen 
as the optimum interval reaction time. 

Eflect of variables on the rate of reaction 

Experimental results showed that the catalytic 
reaction can proceed only in strongly acidic 
media (pH < 3). Among sulphuric, hydr~hlo~c 

0.400 - 
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l ‘* o*330 - .‘@\ 

2 0 / % 

3 Ig 

0.300 - 

0.250 - 

/_ 
0200 l 

0.01 0.06 0.10 0.14 0.18 0.a 

qq PM 

Fig. 3. Effect of sulphuric acid concentration on the reaction 
rate; conditions: PGR, 7.5 x IO-‘M; BrG;, O&NM; ni- 

trite, 0.400 fig/ml and reaction time, 3.0 min. 
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FGRx 106,M 

Fig. 4. Effect of BrO, concentration on the rate of reaction; 
conditions: H,SO,, 0.135M; PGR, 5 x lo-‘M; nitrite, 

0.400 pg/ml and reaction time, 3.0 min. 

and phosphoric acid, 0.135M sulphuric acid was 
the optimum as shown in Fig. 3. 

The effect of KBrO, concentration on obtain- 
ing maximum sensitivity was investigated. 
Figure 4 shows that the optimum concentration 
of KBr03 is 1.5 x 10m3M. Thus 1.5 x 10W3M 
KBrO, was used for the study. 

The effect of PGR concentration on the rate 
of catalyzed and uncatalyzed reaction was 
studied. Figure 5 shows that the A,,-,4 increases 
with increasing PGR concentration, thus 
5.0 x 10m5M PGR was adopted. 

The effect of reaction temperature was 
studied in the range 5-45”. Figure 6 shows that 
below 30”, A,-A increases with temperature, but 
at higher temperatures it decreases, owing to the 
decrease in A,; this means that the rate of the 
uncatalyzed reaction increases with temperature 
to a greater extent than the catalyzed reaction 
and the difference between the rate of the cata- 
lyzed and uncatalyzed reaction (equivalent to 
&-A) diminishes at high temperature. The 
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o.nO- I, , 

. 

, , c 

0 6 12. 18 24 30 

BrOs‘ x 10' ,M 

Fig. 5. Effect of PGR concentration on the rate of reaction; 
conditions: H,SO,, 0.135M; BrO,, I x IO-'M; nitrite, 

0.400 pg/ml and reaction time, 3.0 min. 
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Fig. 6. Effect of temperature on the rate of reaction; 
conditions: H,SO,, 0.135M; PGR, 5 x 10-5M; BIG,, 
1.5 x IO-j.M; nitrite, 0.400 ,ug/ml and reaction time, 3.0 

min. 

drop in absorbance difference (&-A ) could 
also be due to a change in reaction mechanism. 
The optimum reaction temperature was fixed at 
30”. 

Rapid cooling, or the use of a chemical 
inhibitor, can be used to stop the catalytic 
reaction, which may be required in the fixed- 
time method in practical applications. It was 
found that urea is a very good inhibitor which 
decomposes nitrite rapidly. Addition of O.lLO.2 g 
of urea quenches the catalyzed reaction almost 
completely and very rapidly dissolves in 10 ml 
of the solution. The absorbance of the solution 
remains constant for at least 5 min in the 
presence of urea. 

The effect of ionic strength on the rate of 
reaction was studied by using NaNO, (3M). 
The results indicate that, the rate of reaction 
increases very slightly when ionic strength in- 
creases from 0.01 to l.OM (Fig. 7). 

ionic strength $l 

Fig. 7. Effect of ionic strength on the rate of reaction (at the 
optimum conditions with 0.400 pg/ml nitrite). 
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Table 1. Determination of nitrite in water (n = 6) 

Amount of nitrite found Q.tg/m/) 

Sample This method Reference value RSD%* 

River Water 0.020 0.022 1.2 
Lake Water 0.110 0.105 1.3 
Tap Water 0.035 0.034 1.0 
Waste Water 0.250 0.258 1.4 

*For the proposed method. 

Calibration 

Under the optimum conditions described 
above, and the concentration range 0.003-1.000 
,ug/ml the following regression equation was 
obtained: 

log(A,/A ) = -4.116 x lop3 + 0.934C (n = 5 
and r = 0.9993), where C is the concentration 
@g/ml) of nitrite. 

The experimental limit of detection is 0.001 
pg/ml. The relative standard deviation is 1.8 
and 1.2% for 0.010 and 0.500 pgg/ml nitrite, 
respectively. 

Interferences 

More than 50 ions were tested for their 
possible interference with the determination of 
nitrite. The results showed that at least lO,OOO- 
fold alkali and alkaline earth metal ions and 
Al(III), Zn(II), Cu(II), U(W), La(III), Th(IV), 
Co(II), Cd(II), Mn(II), Zr(IV), Ni(II), acetate, 
citrate, B,O:-, tartarate, CO:-, F-, ClO;, 
CN-, C,O:-, lOOO-fold Cl-, S,O:-, Ir(II1) do 
not interfere, but more than 30-fold Mo(VI), 
Bi(III), Ce(III), Ag(T), Cr(III), Fe(III), SCN- , 

I-, Br-, Sz-, Hg(II), and 5-fold V(V), V(III), 
Ce(IV), As(III), IO; interfere. It is important to 
note that up to 106-fold nitrate has little effect, 
making possible the determination of trace 
amounts of nitrite in nitrate. The interference of 
ions may be due to the complex formation of 
PGR with metal ion or due to the catalytic 
effects of metal ion (such as V(V) and Ce(IV)) 
on the reaction. 

Determination of nitrite in real samples 

Four samples of water were analyzed by the 
above procedure. 

For analysis of real samples some pretreat- 
ment is necessary. All suspended particles 
should be removed by suitable procedures. For 
tap water analysis, chlorine should also be 
removed to prevent oxidation of PGR. 

For waste water samples, precentrifugation 
was used. For river water samples, 1 ml of a 
saturated solution of aluminum hydroxide was 
added to precipitate the suspended particles, 
then a mixed solution was filtered and the 
filtrate used for analysis. The results agreed well 
with those given by the standard method,” and 
the recovery was also good enough for practical 
use, as shown in Table 1. 
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Summary-Four amphetamine derivatives bearing a methylenedioxy group at positions 3 and 4 of the 
benzene ring and differing in their substitution at C(6) were studied by differential pulse voltammetry in 
aqueous media. These experiments showed a single oxidation peak for the C(6)-H, -Brand -Cl compounds, 
while the C(6)-NO, analogue was not oxidized. The oxidation peak is interpreted as due to the removal 
of one electron from the aromatic electrophore with formation of a radical cation stabilized by the dioxole 
ring. The linear relationship between the peak current and the concentration of the derivatives is 
appropriate for development of a quantitative method for their determination. pK’ values were determined 
using both electrochemical and spectrophotometric methods. 

The last few years have seen a renewal of 
interest in the psychotropic drugs 1-(3,4- 
methylenedioxyphenyl)-2-aminopropane or 3,4- 
methylenedioxyamphetamine (MDA) and its 
N-methyl and N-ethyl analogues (MDMA, 
“XTC”, or “Adam”, and MDEA or “Eve”, 
respectively), owing to their disputed use in 
psychotherapy and to their neurotoxicity.‘,2 
MDMA may be regarded as the prototype of a 
new class of drugs called “entactogens”3’4 whose 
mechanism of action and structural require- 
ments are almost totally unknown. It is only 
clear at this time that their subjective effects 
differ from those of the structurally similar 
phenylalkylamine hallucinogens, and that these 
effects are mainly due to their (S) isomers while 
the more potent hallucinogens possess the (R) 
configuration. Thus far, the exploration of this 
group of compounds has been limited to 
variations of the amine chain keeping the l-(3,4- 
methylenedioxyphenyl) moiety intact and 
devoid of additional substitution, and has only 
very recently been extended to include the 
aminotetralin and aminoindan analogues.3-s 
Nevertheless, it is known that the bromination 
of MDA to afford I-(6-bromo-3,4-methyl- 
enedioxyphenyl)-2-aminopropane leads to a 
non-hallucinogenic compound whose subjective 
effect was interpreted almost twenty years 
ago as “amphetamine-like” although this was 
only observed in the rather high dose range 

which is also required for MDA, MDMA and 
MDEA.6*7 

As part of a synthetic program related to the 
known “entactogens”, MDA and the above 
mentioned bromo derivative were prepared 
once more, as well as another two compounds 
substituted at C(6) of the benzene ring with a 
chlorine atom or a nitro group, respectively. In 
order to round out our vision of substituent 
effects on the electrochemistry of amphetamine 
analogues, obtained with a series of 1-(2,5- 
dimethoxyphenyl)-2-aminopropane derivatives 
substituted at C(4),8 we have now studied the 
voltammetric behavior of MDA and its 
congeners. 

The electrochemistry of amphetamine deriva- 
tives is an unexplored field of research. There 
are only three published papers related to: 
the nitro-reduction of 2,5-dimethoxy-4- 
nitroamphetamine (DON)9 and 4,5,-dimethoxy- 
2_nitroamphetamine,‘O and the electrochemical 
behavior of several 4-substituted 2,5- 
dimethoxy-amphetamine derivatives.* From 
this latter work it is possible to conclude the 
existence of a correlation between the ring sub- 
stitution and the oxidation potential. As the ring 
substitution in the amphetamine derivatives 
play an important role in their pharmacological 
activity, it may be possible to find empirical 
relationships between oxidation potentials and 
pharmacological activities. 
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EXPERIMENTAL 

Reagents 

MDA and its C(6)-bromo analogue were 
synthesized following published procedures.6v7 
Melting points are uncorrected. ‘H NMR spec- 
tra were recorded at 60 MHz in D,O unless 
stated otherwise (chemical shifts in ppm from 
TMSPA-d,). 

I - (3,4- methyknedioxyphenyl) - 2- aminopro - 
pane. (3,4-MDA)hydrochloride. M.p. 193.5- 
194.5” (i-PrOH-EtO); ‘H NMR (TFA) 6 (from 
TMS) 1.53 (3H, d J = 6.4 Hz, C-CH3), 3.0 (2H, 
m, CH2), 3.8 (lH, m, CH), 6.02 (2H, s, 
OCH20), 6.85 (3H, br s, ArH). 

I - (3,4-methylenedioxyphenyl- 6-nitrophenyl)- 
2- aminopropane. (3,4- MD - 6- NA) nitrate. l- 
(3,4 - methylenedioxyphenyl) - 2 - aminopropane 
(2.00 g) was dissolved in 2N HNO, (5.5 ml) and 
treated dropwise, with efficient stirring and 
cooling, with 65% HNOj (6 ml). After several 
minutes the product separated out as a thick 
creamy precipitate which was diluted with water 
(18 ml), collected by filtration, resuspended in 
water, filtered again and dried. The yield was 
practically quantitative, m.p. 171’ (decomp.) 
(EtOH); ‘H NMR 6 (DMSO-d6) 1.19 (3H, d 
J = 6 Hz, C-CH3), 3.10 (2H, d J = 6 Hz, CH2), 
3.5 (lH, m, CH), 6.27 (2H, s, OCH20), 7.10 
(lH, s, ArH), 7.67 (lH, s, ArH). Anal. C, 41.94; 
H, 4.59; N, 14.49%; talc. ClOH13N207; C, 
41.82; H, 4.56; N, 14.63%. 

I- (6- bromo - 3,4 - methylenedioxyphenyl) - 2 - 
aminopropane(d-Br-3,4-MDA) hydrochloride. 
M.p. 221-222” (i-Pi-OH-acetone); ‘H NMR 6 
1.32 (3H, d J = 6.5 Hz, C-CH3), 3.00 (2H, app. 
d Japp= 7 Hz, CH2), 3.7 (lH, m, CH), 6.00 
(2H, s, OCH20), 6.85 (lH, s, ArH), 7.12 (IH, 
s, ArH). Anal. C, 40.73; H, 4.49; N, 4.40%; talc. 
ClOH13BrClN02; C, 40,76; H, 4.45; N, 4.75%. 

I- (6- chloro - 3,4- methylenedioxyphenyl)- 2- 
aminopropane (6-Cl-3,4-MDA) hydrochloride. 
Prepared by LiAlH4 reduction of 1-(6-chloro- 
3,4-methylenedioxyphenyl)-2nitropropene in 
Et,0 and precipitation of the salt; m.p. 
222.5-223.5” (i-PrOH); ‘H NMR 6 1.33 (3H, d 
J = 6.4 Hz, C-CH3), 2.97 (2H, app. d Japp = 7 
Hz, CH2), 3.7 (lH, m, CH), 6.01 (2H, s. 
OCH20), 6.87 (lH, s, ArH), 7.00 (lH, s, ArH). 
Anal. C, 47.85; H, 5.28; N, 5.28%; talc. 
ClOH13C12N02: C, 48.02; H, 5.24; N, 5.60%. 

Voltammetric experiments were carried out in 
buffered aqueous solutions containing 0.02M 
phosphoric acid with 0.02M acetic acid for 
pH l-8.5 or 0.02M Na,CO, for pH 8.5-12. 

The ionic strength was raised to 0.3M with 
NaNO, . 

For spectrophotometric experiments the Uni- 
versal UV Spectroscopy buffer containing 0.1 M 
in citric acid, potassium monophosphate, 
sodium tetraborate, TRIS and potassium 
chloride was used. 

For both buffers, the pH was adjusted using 
HCl or NaOH. All reagents were p.a. grade. 

The solid electrodes were routinely cleaned 
with chromic acid solution for 10 sec. This 
procedure permit to increase the reproducibility 
considerably. 

Apparatus 

A Tacussel CPRA thermostatic cell with three 
different working electrodes (platinum, glassy 
carbon and carbon paste) was employed. A 
platinum wire and a saturated calomel electrode 
were used as auxiliary and reference electrodes. 
A TACUSSEL model ED1 rotating electrode 
assembly was used with platinum and glassy 
carbon electrodes. A METROHM carbon paste 
electrode with a geometric area of 38.5 mm2 was 
also used. 

Electrochemical data were obtained from an 
Inelecsa assembly equipped with the following 
elements: 

(a) a generator-potentiostat type PDC-210. 
(b) an interface containing 1Zbit A/D and 

D/A converters, connected to a microprocessor 
with suitable software for fully automated 
control of the experiments and data acquisition. 
A Multitech, Apple II Plus-compatible micro- 
computer was used for data control, acquisition 
and treatment. 

UV-Vis spectra were recorded using a 
SHIMADZU UV- 160A spectrophotometer 
with 1 cm quartz cells. 

A VARIAN Anaspect EM-360 (60 mHz) 
NMR spectrometer for NMR measurements 
was used. 

RESULTS AND DISCUSSION 

The present paper deals with the study of the 
voltammetric behavior of 3,4-methylene- 
dioxyamphetamine (MDA) and its 6-chloro, 
6-nitro and 6-bromo derivatives (Fig. 1). 

In aqueous solution, using platinum, glassy 
carbon and carbon paste electrodes as working 
electrodes, MDA and the 6-chloro and 6-bromo 
derivatives produce an anodic peak which is 
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Br-NDA N02-MDA 

Fig. I. Molecular structures of 3,4-methylenedioxyamphetamine (MDA) and its 6chloro (Cl-MDA), 
6-nitro (Nor-MDA) and dbromo (Br-MDA) derivatives. 

best resolved using differential pulse voltamme- 
try. Unlike these compounds, the 6-nitro deriva- 
tive of MDA did not reveal any anodic peak 
under these conditions. For comparative 
purposes, we also examined the electrochemical 
behavior of unsubstituted amphetamine and 
2-methoxy amphetamine. No oxidation peaks 
were obtained for these compounds, suggesting 
that the anodic process observed with the other 
analogues does not involve the amine-substi- 
tuted side chain but rather the 3,4-methylene- 
dioxy-substituted benzene ring. In earlier work,8 
similar behaviour was observed for the 2,5- 
dimethoxyamphetamine derivatives. 

The MDA and its chloro and bromo deriva- 
tives exhibited a single voltametric peak over the 
entire pH range studied, extending from pH 1 to 
12. The peak potential (E,)-pH plots (Fig. 2) 
show two linear segments for each compound, 
indicating that the electrode process is pH- 

, 15 

1.05 

0.05 

a55 

dependent over the whole range. Ep decreases 
linearly with increasing pH; therefore, these 
compounds are oxidized more easily in more 
alkaline solutions as expected for common oxi- 
dative behavior. Moreover, the breaks in the 
E,-pH plots can be ascribed to the voltammetric 
pK’ values, showing that, when pH c pK’ the 
dominant chemical species is the protonated 
amine and when pH > pK’ the free base is more 
abundant. In order to confirm the above 
assumption we also studied the pH influence on 
the W absorption spectra of the derivatives. In 
Fig. 3 we can observe the W spectra of the 
amphetamine derivatives at two different pHs, 
displaying the strong pH-dependence of their 
UV band at approximately 210 nm. In the Fig. 4 
plots of the absorptivity as a function of pH for 
the band at 210 nm are shown. From these 
curves we estimate the UV spectrophotometric 
pK, values, which can be found in Table 1. The 

Fig. 2. Variation of the peak potential (E,,) with pH for the differential pulse voltammetric oxidation of 
the 3,4-methylenedioxyamphetamine derivatives. Voltammograms obtained on glassy carbon electrode. 
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Fig. 3. W ape&a For the 3,4~~y~enedioxyampitetamine 
derivatives. Solid line, pH = 2. Dashed line, pH = i0. 

agreement between the voltammetric and the 
UV values supports the validity of the above 
assumption. 

Examination of the peak current (i,) values 
indicates that these fall (Fig. 5), and the peak 
broadens, as the pH rises. This may be due to 
a decrease in the heterogeneous rate constant 
affected by proton transfer.” 

We also studied the el~tr~hemica1 behavior 
of all derivatives under two different experimen- 

A * 
0.8 

6 4 6 6 10 16 P 6 4 6 6 w r6 6u P 1 6 8 CO $6 M4 

Table 1. pK’ values obtained by voltammetric (glassy 
carbon and carbon paste electrodes) and spectrophoto- 

metric methods 

Drug 

MDA 
Cl-MDA 

Vattammetric 
C.P.E. G.C.E. S~rophoto~t~ 

9.15 9.20 9.21 
9.10 9.30 9.02 

Br-MDA 8.75 8.80 9.12 

tal conditions: a} variation of the temperature 
using a glassy carbon eiectrode as a working 
electrode, b) the effect of a platinum rotating 
disk electrode as a working electrode, maintain- 
ing a constant temperature (25”). From these 
experiments it was concluded that 1, does not 
exhibit variation with temperature or the rate of 
rotation, indicating that the oxidation rate is 
controlled by charge transfer without partici- 
pation of the diffusion of the eieetroactive 
species to the electrode surface. 

One of the goals of this work was to evaluate 
the incidence of the C-6 substituent on the 
electrochemistry of these drugs. The experimen- 
tal evidence here shown indicates that the 
electron acceptor or donor character of this 
substituent is directly related to the greater or 
lesser ability of oxidation. A simple explanation 
is that the electron-donating substituent in- 
creases the electron density of the aromatic ring 
n: system, making it easier to remove an elec- 
tron, thus producing a cation radicai which is 
stabilized by the methylenedioxy group at C-J 
and C-4. Consistent with this latter interpret- 
ation, the lowest EP value was found for MDA 
itself, which lacks any substituent at C-6. 
Conversely, the chloro- and bromo-derivatives 
present higher EP values. In these cases, the 
oxidation of the ring system is presumably more 
difiicult due to the decreased stability of the 
resulting cation radical. In Fig. 2 we can see that 

A 
- 1 

Fig. 4. Absoebance-pH plots for the band at 210 nm for the 3,4-methy~~~~~yamphet~ine derivatives. 
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Fig. 5. Peak current-pH dependence for the amphetamine derivatives. Glassy carbon electrode, 25”. 

in ail the pH range the E,,s follow the order: 
MDA < Cl MDA < Br MDA. From the above 
results, it seems obvious that direct oxidation of 
the aromatic ring, influenced by the C-6 sub- 
stituent, is occurring. Although, the suggestion 
that a carbocation is formed in an aqueous 
medium is arguable, it is quite justified in this 
case due to the stabilizing effect of the 
methylenedioxy group. This effect is well docu- 
mented for a similar substituent, the methoxyl 
group.12 

Linear sweep cyclic voltammetric experiments 
showed a single oxidation peak for all drugs, 
recording the voltammograms at sweep rates 
between 50 mV/sec and 5 V/set at pH 7. From 
this study it can be seen that the potential peak 
shifts anodically by about 30 mV for each 
IO-fold increase in sweep rate. These results 

L __A. 

0.05 0.1 0.15 -. 

Fig. 6. Linear relationship between the extra-thermodyn- 
amic parameter, a:, and the peak potential of the amphet- 

amine derivatives. pH 7 on glassy carbon electrode. 

agree with an EC mechanismi with a one- 
electron transfer in the electrochemical step and 
a subsequent chemical reaction, e.g., the electro- 
chemical formation of a cation radical with a 
subsequent chemical reaction of this species. 
The chemical reaction of the cation radical is 
fast enough for the reduction of the cation 
radical not to occur in the time scale of the 
experiment. 

In order to confirm the relationship between 
Ep and the effect of the C-6 substituent on the 
oxidizable moiety, we consider 0,’ as an extra- 
thermodynamic parameter which combines the 
inductive and resonant effects of the sub- 
stituents on the benzene ring. This factor can be 
applied to oxidation reactions involving reson- 
ance stabilization of a positive charge in an 
aromatic ring. I4 As can be seen in Fig. 7, there 
is a linear relationship between the a,f factor of 
the C-6 substituents and the Eps experimentally 
obtained by differential pulse voltammetry. 
From the above behavior it is possible to ex- 
trapolate an Ep value for the 6-nitro derivative. 
The extrapolated value was 1460 mV, which is 
located in the discharge zone of the support 
electrolyte, explaining the absence of any 
oxidation peak for this derivative. 

The voltammetric technique also can be used 
as an analytical tool to quantify these deriva- 
tives in aqueous solution. For this purpose we 
studied the dependence of the voltammetric 
peak on the concentration of the amphetamine 
derivatives. A linear relationship between the 
peak current and the concentration of the 
derivatives for 0.01 mM and 0.1 mM solutions 
at pH 7 were found (Table 2). 

Peak potentials were independent of the 
concentration indicating that no adsorption or 
second order processes are involved. Reproduci- 
bility studies were carried out with the carbon 
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Table 2. Linear relations between peak current and concen- 
trations of the drugs for 10 points between 0.01 mM and 
0.1 mM. pH = 7.0, 25” and CPE as the working electrode. 

ip (PA) = slope x C (M) + intercept 

Drugs Intercept Slope x 10m5 Correlation 

MDA 1.306 1.668 0.996 
Br-MDA -0.168 I.625 0.994 
Cl-M DA -0.938 1.386 0.995 

paste and glassy carbon electrodes, obtaining an 
average CV = 0.5 and 0.4% for the peak 
potentials and a CV = 3.8 and 3.4% for the 
peak currents, respectively. These results 
indicate good reproducibility and accuracy to 
develop a quantitative voltammetric assay for 
these derivatives. Furthermore, the behavior 
presented here would be useful for developing a 
method of HPLC with electrochemical 
detection. On the other hand, stability assays 
allow us to conclude that aqueous solutions of 
these compounds remain unchanged after 30 
days at room temperature under normal room 
light. 
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Summary-A simple screening test was developed for the sensitive and selective measurement of 
urinary coproporphyrin. In this screening test, efficient and selective extraction/pre-concentration of 
coproporphyrin from the aqueous medium(urine) into a much smaller volume phase containing a common 
non-ionic surfactant (Triton X-100) and ethyl acetate was accomplished by the addition of a relatively 
large amount of a cloud point depressing electrolyte (K,F’O,) into the sample solution to effect cloud 
point separation. Sensitive and selective detection of coproporphyrin in the mixed Triton X-100 and ethyl 
acetate phase was performed via chemical excitation using the peroxyoxalate chemiluminescence reaction. 
The effects of surfactant and cations (from the cloud point depressing electrolyte) on the chemilumines- 
cence intensity of coproporphyrin were briefly investigated. Furthermore, the spectrum of urinary 
coproporphyrin obtained using the present chemiluminescence method was briefly compared with that 
obtained from fluorescence method. 

Measurement of porphyrins present in bio- 
logical materials is important for the diagnosis 
of a group of disorders known as porphyrias.‘-5 
These diseases can be inherited or acquired and 
are usually linked to a deficiency in enzyme 
activities associated with the heme bio-synthetic 
pathway. In most clinical laboratories deter- 
mination of elevated levels of porphyrins in 
biological fluids such as urine usually involves 
simple screening tests. Most of these tests con- 
sist of an extraction procedure involving the use 
of talc5 or organic solvents,6 e.g. ethyl acetate, 
followed by visual observation of the fluorescent 
color of the extract under ultraviolet (UV) light. 
Recently a sensitive and selective method based 
on the use of flow injection analysis and visible 
laser fluorimetry has been developed for the 
rapid screening of a large number of untreated 
urine samples.’ 

A major limitation of conventional screening 
tests lies in their inability to estimate the individ- 
ual concentrations of the two major urinary 
porphyrin components, i.e. coproporphyrin and 
uroporphyrin. This is an important problem 
because it is often necessary to distinguish co- 
proporphyrinuria from uroporphyrinuria; the 
former is more common and its occurrence 
usually signifies a number of significant diseases 
such as malignancies, alcohol cirrhosis, infec- 
tious hepatitis, lead poisoning, hereditary co- 

proporphyria and variegate porphyria.‘” 
Relatively simple chromatographic procedures 
have been employed to separate urinary copro- 
porphyrin from uroporphyrin;* however, these 
procedures add extra complexities, costs and 
time to the screening tests. A possible solution 
to this problem involves the use of ether to 
extract coproporphyrin but not uroporphyrin 
from urine, followed by fluorimetric excitation 
of the ether layer using UV light.p However, 
this method lacks sensitivity, and perhaps 
more importantly, efficient and selective extrac- 
tion of coproporphyrin into the ether layer is 
highly sensitive to pH and matrix effects. More- 
over, ether presents a fire hazard in clinical 
laboratories. 

In recent years analytical methods based on 
chemiluminescence(CL) have been shown to 
be highly sensitive and selective for the deter- 
mination of a large number of biologically 
important molecules. ‘OJ’ In particular CL based 
methods are especially well suited for routine 
analyses in clinical laboratories due to their 
simplicity and low cost. Albrecht ef .1.‘2*‘3 
have recently exploited the advantages of CL 
and developed a sensitive and highly selective 
screening test for urinary porphyrins based on 
the peroxyoxalate CL reaction. When compared 
to one of the most commonly used screen- 
ing tests, i.e. talc test, the sensitivity of the 

1385 



1386 WILLIAM J. HORVATH and CARMEN W. HUIE 

porphyrin-sensitized peroxyoxalate CL test was 
quite similar (visual detection limit -250 pg/l. 
of porphyrins in urine). Unfortunately, as in the 
talc test, this particular CL-based screening test 
was not selective for coproporphyrin. Positive 
CL results (orange or red CL emission) can arise 
from elevated levels of coproporphyrin and/or 
uroporphyrin due to chemical excitation involv- 
ing the oxidation of bis(2,4-dinitrophenol) 
oxalate (DNPO). 

In this paper a simple screening test capable 
of highly sensitive and selective detection of 
urinary coproporphyrin based on the use of 
cloud point extraction and peroxyoxalate CL 
reaction is reported. The use of a relatively 
stable peroxyoxalate CL reagent-bis(2,4, 
trichlorophenyl) oxalate (TCPO)-to generate 
relatively strong and long lasting CL emission 
from urinary coproporphyrin was made poss- 
ible by extracting and pre-concentrating the 
coproporphyrin from urine into a smaller vol- 
ume phase containing a common non-ionic 
surfactant (Triton X-100) and ethyl acetate. 

EXPERIMENTAL 

Reagents 

Coproporphyrin, pentacarboxylporphyrin, 
hexacarboxylporphyrin, heptacarboxylporphyrin 
and uroporphyrin were all obtained from Por- 
phyrin Products (Logan, UT, U.S.A.). Analyti- 
cal grade Triton X-100 and imidazole were 
obtained from Sigma (St Louis, MO, U.S.A.). 
Acetonitrile(HPLC grade), tri-potassium phos- 
phate, sodium and potassium monohydrogen 
phosphate, 30% hydrogen peroxide, ethyl 
acetate, magnesium sulfate, ammonium sulfate, 
and zinc sulfate were obtained from Fischer 
Scientific (Fairlawn, NJ, U.S.A.). Di-sodium 
sulfate was obtained from Baker (Phillipsburg, 
NJ, U.S.A.). DNPO was obtained from Fluka 
(Lake Ronkonkoma, NY, U.S.A.). All water 
used was doubly distilled and deionized. 

TCPO was prepared by the method of Mohan 
and Turro14 and recrystallized from benzene to 
ensure purity. TCPO solutions (1.3 x 10m3M) 
were prepared by dissolving appropriate 
amounts of TCPO in ethyl acetate. H202 sol- 
utions (1 x lo-‘M) were prepared by diluting 
30% hydrogen peroxide with acetonitrile. The 
chemiluminescence reagent solution was pre- 
pared by combining equal volumes of both 
TCPO and H202 solutions. This solution is 
unstable and should be used within 15 min 
of mixing. Surfactant solutions (1% Triton 

X-100 v/v) were prepared by dissolving 
appropriate amounts of Triton X- 100 in doubly 
distilled deionized water. Stock solutions of 
porphyrin standards were prepared by dissolv- 
ing in acidified (pH 1) doubly distilled deionized 
water and then stored at 5” in the dark. 

Urine samples were collected from a healthy 
male over a 24 h period and were preserved with 
sodium carbonate (5 g/l. urine) and ethylenedi- 
aminetetraacetate (3 g/l. urine) and stored under 
refrigeration in the dark at 5”. To prepare urine 
samples spiked with various known concen- 
trations of porphyrin standards naturally occur- 
ring porphyrin was removed by employing the 
talc extraction procedure described in litera- 
ture.” Urine was readjusted to its previous pH 
after porphyrin removal. 

Apparatus 

Fluorescence measurements used to deter- 
mine extraction efficiencies (E%) were taken 
with a SLM 8000 photon-counting spectro- 
fluorometer (Amico, Urbana, IL, U.S.A.) The 
bandwidths of the emission and excitation 
monochromator were set at 16 nm. The exci- 
tation wavelength of all the measurements was 
set at the Soret band at -400 nm. The sample 
solutions were placed in a l-cm pathlength 
quartz cell. 

CL spectra were obtained using a home-made 
fiber optic device connected to a Perkin-Elmer 
fluorescence spectrometer (model 650-lOM, 
Norwalk, CT, U.S.A.) with the light source 
turned off, for purposes of comparison, fluor- 
escence spectra were obtained using the same 
spectrometer with the light source turned on. 
CL was initiated in the test tubes by the addition 
of CL reagent solution using a syringe. One 
end of the fiber optic was placed next to the 
meniscus of the solution on the outside of test 
tube. The other end of the fiber optic was 
connected to a monochromator that was inter- 
faced to a photomultiplier tube. To acquire 
CL and fluorescence spectra scan speed and 
bandwidth of the monochromator were set at 
480 nm/min and 16 nm, respectively. 

Procedure 

A 10 ml urine sample spiked with porphyrin 
standards was placed into a test tube and diluted 
with an equal volume of surfactant solution 
(Triton X-100, 1% v/v). A small amount of 
ethyl acetate (N 0.5 ml) was then poured into the 
tube so that a small layer of ethyl acetate just 
covers the meniscus of the sample solution 
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(alternatively, the ethyl acetate can be added to 
the top surfactant layer after phase separation 
has occurred). To maximize the solubility of the 
salting-out agent the tube was warmed in a 
beaker of hot water. After a few minutes the 
tube was removed from the water bath and 9 g 
of K,PO, (4M) was added. The solution was 
thoroughly mixed to completely dissolve all of 
the salt. The tube was then left to stand for 5 
min or more. Centrifugation may be required 
depending on the conditions of the experiment. 
Centrifugation for 10 min at 4000 rpm (2500 G) 
was more than adequate to effect phase separ- 
ation. Afterward 2-3 ml of the chemilumines- 
cence solution was added with a pipet to the 
top layer of the tube. The chemiluminescence 
signal varied from a very pale pink to a 
bright red depending on the concentrations of 
coproporphyrin. 

RESULTS AND DISCUSSION 

In our previous paperI it was reported that 
both the hydroxide and phosphate anions can 
be used as salting-out agents to effect separation 
of the non-ionic surfactant (Triton X-100) from 
the aqueous medium based upon the cloud 
point phenomenon. Highly efficient extractions 
(E% > 95%) of a number of hydrophobic por- 
phyrins (hematoporphyrin, protoporphyrin and 
coproporphyrin) from the aqueous into the 
surfactant phase were obtained once a certain 
threshold concentration of the cloud point 
depressing electrolyte was added to the aqueous 
non-ionic surfactant solutions. On the other 
hand the E % was found to be dramatically 
lower (c 3%) for the extraction of a hydrophilic 
porphyrin, i.e. uroporphyrin. These findings 
indicated that the use of hydroxide or phosphate 
anion as the salting out agent could provide 
a means by which coproporphyrin could be 
extracted from urine samples and pre-concen- 
trated into the smaller volume surfactant phase 
with good efficiency and selectivity, while the 
majority of the uroporphyrin fraction would 
remain in the aqueous urine medium. 

Table 1 shows the E% values for copropor- 
phyrin and uroporphyrin in spiked human urine 

Table 1. Extraction efficiencies of major and minor por- 
phyrin components (400 fig/l. each) by Triton X-100 (1% 
v/v) in spiked urine samples using 4M K,PO, as the 

salting-out agent 

copro- 

93.9% 

penta- 

82.4% 

hexa- 

61.2% 

hepta- 

22.1% 

uro- 

3.7% 

using the phosphate anion as the salting-out 
agent. The high E% values for coproporphyrin 
(and low E% for uroporphyrin) were obtained 
immediately after the samples were centrifuged 
at 4000 rpm for about 10 min (2500 G). These 
results indicate that the phosphate anion is 
useful as a salting-out agent for the cloud point 
extraction and preconcentration of copropor- 
phyrin from real biological matrices. In addition 
to the two major urinary porphyrin com- 
ponents, Table 1 shows that E% of the three 
minor urinary porphyrin components: penta-, 
hexa-, and heptacarboxylporphyrins. 

Although the concentrations of the minor 
urinary porphyrin components in normal urine 
are negligible when compared to copropor- 
phyrin and uroporphyrin, significant amounts 
of the minor components, in particular penta- 
and heptacarboxylporphyrins, can be found in 
urine samples from patients suffering from 
different types of porphyrias.‘-’ Since relatively 
high E% were obtained for the extraction of 
pentacarboxylporphyrin into the surfactant 
phase as shown in Table 1, one would expect 
that this minor urinary porphyrin component 
could represent an interferent for the measure- 
ment of coproporphyrin when present in high 
concentrations as occurs in some forms of co- 
proporphyrinuria. Fortunately the increase in 
urinary pentacarboxylporphyrin level is usually 
accompanied by a significantly higher levels of 
coproporphyrin in almost all cases of copropor- 
phyrinuria.5 This suggests that false positive 
results originating from signals obtained from 
pentacarboxylporphyrin in the screening of 
coproporphyrinuria would be unlikely. On the 
other hand, significant amounts of hepta- 
carboxylporphyrin can be found in some forms 
of uroporphyrinuria. Although the E% of 
heptacarboxylporphyrin was found to be much 
lower than that of pentacarboxylporphyrin 
as shown in Table 1, the existence of elevated 
levels of heptacarboxylporphyrin in urine, e.g. 
1000 c(g/l., could represent a major interference 
problem for the screening of coproporphyrin- 
uria. The rise in heptacarboxylporphyrin con- 
centration is usually correlated with that of 
uroporphyrin, which is the major marker for 
uroporphyrinuria. 

In the present method, potential interference 
problems for the selective measurement of co- 
proporphyrin in urine due to the presence 
of elevated levels of minor urinary porphyrin 
components, in particular from heptacarboxyl- 
porphyrin, was minimized by employing a two 



1388 WILLIAM J. HORVATH and CARMEN W. HUE 

step extraction procedure as follows: using 
10 ml of urine containing Triton-X-100 (1% 
v/v), selective extraction of coproporphyrin 
from uroporphyrin into a very thin surfactant 
layer (-0.1 ml) sitting on top of the higher 
density urine medium can be achieved with 
good E% using phosphate anion as the salting 
out agent as shown in Table 1. To achieve 
selective extraction of coproporphyrin from the 
minor urinary porphyrin components, a few 
drops of ethyl acetate (N 0.5 ml) was added to 
the sample solution. The ethyl acetate serves 
to loosen the viscous surfactant layer, which 
allows for better mixing with the peroxyoxalate 
CL reagents and, more importantly, it allows 
for the major hydrophobic porphyrin com- 
ponent, i.e. coproporphyrin, to partition into 
the mixed organic and surfactant layer (top 
layer) with good efficiency.’ The majority of 
the minor porphyrin components, e.g. hepta- 
carboxylporphyrin, remain at the interface of 
the two layers and/or in the aqueous medium 
and are not amenable to chemical excitation by 
the peroxyoxalate CL reagents (uide infra). 

The present experimental conditions are 
designed to give rise to a net pre-concentration 
factor of N 15 for the porphyrins extracted into 
the top layer and to provide a just barely 
detectable CL emission at the average normal 
concentration of coproporphyrin in urine, i.e. 
-50 pg/l. At this concentration of copropor- 
phyrin in urine, which corresponds to -750 
pg/l. in the top layer, the CL emission from 
coproporphyrin appeared pale orange in color 
(negative result). When urinary coproporphyrin 
concentrations were adjusted to the range of 
100-200 pg/l. and 200-400 pgg/l., the CL emis- 
sion becomes light orange and orange-red (posi- 
tive results), respectively. At concentrations of 
400 pg/l. and higher, the top layer appeared 
intensely red. The color of this visible emission 
corresponds to the characteristic spectral region 
of porphyrins (&,,,, = 610-650 nm) and the 
duration of the emission lasted for about 30 sec. 
To evaluate the effectiveness of the present 
method in minimizing interference signal due 
to the presence of abnormal concentrations 
of heptacarboxylporphyrin, large amounts of 
heptacarboxylporphyrin (N 1000 ,ug/l.) was 
spiked into urine and the characteristics of 
CL emission from the top layer was examined. 
Importantly, it was found that even at this 
excessive level of heptacarboxylporphyrin, no 
discernable CL emission from porphyrins was 
observed, suggesting that abnormal concen- 

trations of heptacarboxylporphyrin found in 
most cases of uroporphyrinuria would not give 
rise to significant numbers of false positive 
results. 

For purposes of comparison, the peroxy- 
oxalate CL reaction involving the oxidation of 
DNPO was used for the chemical excitation of 
urine spiked with coproporphyrin. As expected 
DNPO yielded a relatively strong CL signal 
(orange) from the top layer even at a copropor- 
phyrin concentrations of N 50 ,ug/l. At concen- 
trations lower than 50 pg/l. of coproporphyrin, 
the CL emission appeared slightly greenish- 
yellow in color. Similar emission has also been 
reported by Albrecht et al.” in the use of the 
DNPO-based peroxyoxalate system for the 
screening of urinary porphyrins. They postu- 
lated that this signal arose from bilirubin and/or 
other related species in urine. Fortunately, this 
greenish-yellow is relatively weak and spectrally 
far away from the orange-red emission of 
coproporphyrin, such that it does not present 
an interference problem especially when using 
TCPO-based systems. As reported by Albrecht 
et aLI in the investigation of 1000 serum 
samples (500 controls and 500 pathological 
samples) using their porphyrin-sensitized per- 
oxyoxalate CL test, other pathological or 
physiological components of urine did not show 
any CL emission in the characteristic spectral 
region of porphyrins. These results indicated 
that peroxyoxalate CL reaction is not only 
sensitive but highly selective for the detection 
of urinary porphyrins. 

Some major difficulties encountered in the 
analytical applications of the peroxyoxalate CL 
reaction are directly related to the insolubility 
and instability of TCPO or DNPO in aqueous 
solutions.“,” In the present method these par- 
ticular problems are minimized as a result of the 
extraction of the fluorophore(porphyrins) from 
urine into the surfactant-rich phase, thus allow- 
ing for enhanced CL signal (high intensity and 
longer lifetime) due to the more reproducible 
and efficient mixing of the CL reagents and 
the porphyrins, and to less TCPO hydrolysis. 
Figures l(a) and (b) show that when compared 
to ethyl acetate alone, which is the solvent of 
choice for most analyses involving the peroxy- 
oxalate CL reaction, the CL intensity of copro- 
porphyrin dissolved in ethyl acetate containing 
10% Triton X-100 (resembles the chemical com- 
position of the top layer) is even slightly higher. 
Moreover, Fig. l(c) shows that with the use of 
small amounts of imidazole as a catalyst,” the 
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Fig. 1. Relative CL intensity of 400 pg/l. coproporphyrin 
dissolved in (a) ethyl acetate (n), (b) ethyl acetate and 
10% Triton X-100 (m) and (c) ethyl acetate and 10% 
Triton X-100 in the presence of imidaxole (A). TCPO, H,O, 
and imidazole concentrations were 1.3 x lo-‘M, 1 x 10e2M 

and 3 x 10e2M, respectively. 

CL intensity of the coproporphyrin dissolved in 
ethyl acetate containing 10% Triton X-100 was 
further increased. 

It should be noted that addition of non-ionic 
surfactant at concentrations above those of 
the critical micelle concentration (CMC) into 
aqueous solutions (resulting in the formation of 
normal micelles) have been shown to enhance 
the CL intensity of certain fluorophores.‘* 
However, under the experimental conditions 
described in Fig. l(b), the non-ionic surfactants 
probably form dynamic aggregates of reversed 
micelles in which the hydrophobic portion 
(alkyl group) of the Triton X-100 extended into 
the bulk non-polar solvent (ethyl acetate), 
whereas the polyoxyethylene functional groups 
formed the hydrophilic core of these aggre- 
gates. I9 It is important to note that the observed 
enhancement of CL as shown in Fig. l(a) and 
(b) was accompanied by an increase in the 
fluorescence intensity of coproporphyrin. This 
suggests that the coproporphyrin molecules 
were somehow associated with the micellar 
assemblies, resulting in a change in their micro- 

environments, e.g., micro-viscosity, local pH, 
polarity etc, and an increase in the fluorescent 
quantum yield. However, an enhancement in 
the CL intensity of coproporphyrin due to 
increases in the chemical excitation efficiency 
and rate of reaction are also possible. Finally, it 
should be noted that the use of reversed micelles 
to prolong the duration of the light emission 
generated from the peroxyoxalate CL reaction 
has been reported.lg 

Table 2 shows the effects of different sulfate 
and phosphate salts on the relative CL intensity 
of coproporphyrin. It can be seen that for 
identical concentrations of sulfate salts (2.5M), 
the salts containing Na+ yielded the greatest 
CL intensity while those containing NH:, 
Zn*+ and Mg2+ provided lesser CL intensity. It 
should be noted that although the sulfate anion 
concentrations were identical the concentrations 
of the cations were different for singly and 
doubly charged cations. Similarly for identical 
concentrations of various phosphate salts 
(3.5M), it was found that the relative CL inten- 
sity obtained from using the monohydrogen 
phosphate salt containing Na+ was slightly 
higher than that containing K+ However, 
K,P04 yielded the highest relative CL intensity 
at identical salt concentration and was used as 
salting-out agent in most of the experiments in 
this work due to its ease of dissolution in the 
sample solutions. 

The effect of different cations (from the 
salting-out agents) on the relative CL intensity 
could be explained in part by their influence on 
the E% of coproporphyrin. It has been postu- 
lated in our previous workI that a doughnut- 
like complex may form between the porphyrin 
and Triton X-100 molecules. This complex may 
be stabilized by the chelation of the cation with 
the oxygen atoms of the polyoxyethylene func- 
tional groups (cation chelation mechanism) and 
could result in the concomitant interaction of 
this moiety with the porphyrin nucleus and in 
differing degrees of E% for different cations. 

Table 2. Effects of different cations from different sulfate and phosphate salts 
on the relative CL intensity of coproporphyrin extracted from spiked urine 
samples (urinary coproporphyrin concentration: 75 pg/l.). TCPO and H,O, 

concentrations were 1.3 x IO-)M and 1 x 10-2M, respectively 

Sulfate Salts Relative CL Phosphate Salts Relative CL 
(2SM) intensity (3SM) intensity 

Na,SO, 100.0 WC4 100.0 
(NH., )2SO4 65.1 Na2HP0, 89.2 
ZnSO, 47.3 R,HPQ 73.5 
MaSO., 36.6 
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Fig. 2. Comparison of (a) chemiluminescence (m) and 
(b) fluorescence (0) spectra of coproporphyrin extracted 
from spiked urine samples. (Urinary coproporphyrin con- 
centration: 75 pg/l.) TCPG and H,Oz concentrations were 

1.3 x lo-‘M and I x IO-‘M, respectively. 

Another possibility is that the cation coordi- 
nated to the polyoxyethylene groups may 
provide an electrostatic attraction for the 
peroxyoxalate reaction species to penetrate the 
micelles more efficiently,‘* thus allowing for 
enhancement in CL intensity. More detailed 
and systematic investigations are necessary to 
provide insight into the effects of cations on the 
E %, chemical excitation efficiency, and kinetics 
of the peroxyoxalate CL reaction in aqueous 
and non-aqueous solutions. 

Figure 2 compares the fluorescence and CL 
spectra of coproporphyrin extracted from 
spiked urine samples. It is clear that the inten- 
sity of fluorescence signal was slightly higher 
than that of the CL at the peak maximum (at 
-620 nm); however the band-width of the 
fluorescence spectrum was broader than that of 
the CL spectrum. It is important to note that the 
CL spectrum of coproporphyrin extracted from 
urine samples is very similar to that obtained 
from coproporphyrin dissolved in ethyl acetate 
and 10% Triton X-100 as shown in Fig. l(b). 
This observation suggests that the broadening 
effect of fluorescence measurement could arise 
from fluorescent interferent species present in 
the urine samples such as riboflavin and/or 
bilirubin-related compounds” and that CL is 
a more selective method for the detection of 
urinary coproporphyrin. 

In summary, this work demonstrates that 
cloud point extraction coupled with peroxy- 
oxalate CL reaction provides a highly sensitive 
and selective method for the detection of 
urinary coproporphyrin. With the rise in the 
number of cases of porphyrin related diseases 
this simple and inexpensive method may prove 
valuable for the rapid screening of elevated 
levels of urinary coproporphyrin in clinical 
laboratories. 
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Summary-Two methods for determining Tartrazine and Sunset Yellow in mixtures by first derivative 
spectrophotometry and by first derivative of the ratio spectra are described. The procedures do not require 
any separation step. By the first method, the measurements are obtained in the zero-crossing wavelengths 
and the calibration graphs are linear up to 20 pg/ml of Tartrazine and up to 40 pg/ml of Sunset Yellow. 
The determinations of Tartrazine and Sunset Yellow are also done by the first derivative of the ratio 
spectra. The methods are applied for determining both compounds in four commercial food products. 

Tartrazine (T) is an azo dye available as yellow 
powder. This colorant must be named in a list 
of ingredients after an extensive study’ of 
the genotoxicity of food, drug and cosmetic 
color. Sunset Yellow (S), the other determined 
colorant, is a synthetic azo dye. Derivative 
spectrophotometry, particularly with digital 
processing,2 is an analytical technique of great 
utility for resolving some mixtures with overlap- 
ping spectra. The fundamental principles have 
been described in the pioneering work of 
O’Haver and Green,3 Fell et af.& and others.’ 

Recently, Salinas et al.’ developed a new 
method for resolving mixtures of chromophores 
with overlapped spectra. This method is based 
on the use of the first derivative of the ratio of 
the spectra. The absorption spectrum of the 
mixture is divided by the absorption spectrum 
of a standard solution of one of the chromo- 
phores (amplitude by amplitude at each wave- 
length) and the first derivative of the ratio 
spectrum is obtained. The concentration of the 
other component is then determined from a 
calibration graph previously obtained. 

The aim of this work was to demonstrate the 
ease in which the derivative methods (first and 
ratio spectra) circumvent the problem of over- 
lapping spectral bands, allowing the simul- 
taneous determination of these two colorants 
(Tartrazine and Sunset Yellow) without prior 

*Author for correspondence. 
t orderdenvatlvc Derivative,,,,,, mcasurc. 

separation. The two methods yield accurate and 
reproducible results in different commercial 
products. 

EXPERIMENTAL 

Apparatus 

A Beckman Instruments DU-70 spectropho- 
tometer connected to an IBM PS/2 fitted with 
Beckman Data Leader Software’ and an Epson 
FX-850 printer were used for all the measure- 
ments and treatment of data. 

Solutions 

All solvents and reagents were of analytical 
reagent grade. Tartrazine (T) and Sunset Yellow 
(S) aqueous solutions were prepared from 
Sigma products. Their Sigma numbers are T 
0388 and 0 1625, respectively. T and S solution 
stocks have a concentration of 200 lug/ml. 
Acetic acid/sodium acetate buffer solution 
(0.5M and pH = 4.5) was made of analytical 
reagent grade. 

Procedures 

(a) First derivative spectrophotometry. 
Samples were prepared in 25 ml calibrated flasks 
containing 2-20 pg/ml of T or 4-40 fig/ml of S 
or their binary mixtures, 5 ml of pH 4.5 buffer 
solution, and were diluted with water to the 
mark. The absorption spectra of the samples 
thus prepared were recorded, and by measuring 
the signal of their first derivative spectra (ob- 
tained with Al = 8 nm) at 481.6 (’ D,,,&t 
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(zero-crossing point for Sunset Yellow) and by 
using an appropriate calibration graph, their 
concentration could be determined. These cali- 
brations were done by varying the concentration 
of a colorant, without the presence of the other 
colorant. The S content was also determined by 
measuring the signal at 426.5 nm (‘D4& or 
538.0 (‘D,,,,) (zero-crossing points for Tar- 
trazine). Eventually, these spectra were treated 
with a smoothing of 11 experimental points. 
(All the spectra have been multiplied by 100 in 
order to obtain an increase in the accuracy 
measure.) 

@I First derivative of the ratio spectra. By this 
method for determining T, the stored spectra 
were divided by a standard spectrum of S of 16.0 
fig/ml. From the ratio spectra thus obtained, 
first derivatives were calculated with AhA = 6 nm. 
The concentration of T was proportional to the 
amplitude of the maximum at 445.0 nm 
(‘DD445.0)* or at the minimum at 397.0 nm 
(1DD397,0). For the determination of S, the 
stored spectra were divided by a standard spec- 
trum of T of 8.8 pg/ml. From the ratio spectra 
thus obtained, first derivatives were calculated 
with Al of 8 nm. The concentration of S was 
proportional to the amplitude of the maximum 
at 528.0 nm (’ DD,,,,) or at the minimum at 
503.0 nm (‘DD,,,,) and to the addition of these 
two signals (’ DD,B.o+ so&.t All these spectra 
were smoothed with different experimental 
points for each of the two dyes. 

RESULTS AND DISCUSSION 

Method development 

The influence of pH on the abso~tion spectra 
of T and S was studied. The best results for 
analytical purposes were obtained at pH = 4.5 

(acetic acid/sodium acetate buffer solution) be- 
cause the T and S abso~tion spectra were stable 
in the range pH 4.0-7.0. 

Samples were prepared in aqueous solution at 
pH = 4.5. Under these conditions diluted sol- 
utions of T and S were stable for 12 hr at least. 

Derivative spectrophoto~etry 

In Fig. 1 the zero order spectra of T and S in 
the 350-600 nm wavelength range are shown. It 
can be seen that the absorption spectra of T 
and S are very overlapped and as a result, the 
determination of the two colorants cannot be 
possible for reliable direct absorbance measure- 
ments. Derivative spectrophotometry can be 
suitable to obviate this problem. The “zero- 
crossing method” is the most common pro- 
cedure for the preparation of analytical 
calibration graphs. 

In practice, the measurement selected is that 
which exhibits the best linear response, gives 
a zero or near zero intercept on the ordinate 
of the calibration graph, and is less affected by 
the concentration of any other component. The 

1.2 ‘r -. ._ __ _.-. -..-.. .- . .._ -. -__ _.-..- _..__~.. 

Fig. 1. Absorption spectrum of 18.4 p&/ml ofTartrazine (T) 
and 20.0 fig/ml of Sunset Yellow (S). 
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Fig. 2. a. First derivative spectrum of 18.4 /rg/ml of T. b. 
First derivative spectrum of 20.0 pg/ml of S. c. First 
derivative spectrum of a mixture of 18.4 pg/ml of T and 20.0 

pg/ml of S. 

shape of the first derivative spectra is adequate 
for determining T in the presence of S and vice 
versa. Figure 2 shows the first derivative absorp- 
tion spectra, respectively, of a solution of T, a 
solution of S and their mixture. (These spectra 
are multiplied by 100 as we mentioned in the 
Experimental section.) 

It can be seen that due to the overlapping 
spectra of these compounds in a determined 
region, the zero-crossing method is the most 
appropriate for resolving mixtures of these com- 
pounds and it was used in this work with 
satisfactory results. 

Preliminary experiments showed that the sig- 
nals of the first derivative at 481.6 nm (working 
zero-crossing wavelength of S) are proportional 

2.0 .,.._ ___.____.._ _. _~ _. .___._ ______ .___ .- 
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Fig. 3. First derivative spectra for different concentrations 
of T, in the absence of S. a. 2.0 pg/ml; b. 7.2 pg/ml; c. 11.2 

fig/ml; d. 16.0 pg/ml; e. 20.0 pg/ml. 

to the T concentration and the signals of the first 
derivative at 426.5 and 538.0 nm (working 
zero-crossing wavelengths of T) are pro- 
portional to the S concentration. 

Selection of optimal instrumental conditions 

The main instrumental parameters that affect 
the shape of the derivative spectra are the 
wavelength scanning speed, the wavelength in- 
crement over which the derivative is obtained 
(An) and the smoothing. These parameters need 
to be optimized to give a well resolved large 
peak i.e., to give good selectivity and larger 
sensitivity in the determination. Generally, the 
noise level decreases with an increase in AL thus 
decreasing the fluctuations in the derivative 
spectrum. However, if the value of AI is too 
large, the spectral resolution is very poor. 

Therefore, the optimum value of A1 should be 
determined by taking into account the noise 
level, the resolution of the spectrum and the 
sample concentration. Some values of A12 were 
tested. By first derivative 8.0 nm was selected as 
the optimum in order to give a satisfactory 
signal-to-noise ratio. In this way, a smoothing 
of 11 experimental points function was used. 

Having established the experimental con- 
ditions, the calibration graphs were tested be- 
tween 2.0 and 20.0 pg/ml of the T concentration 
at 481.6 nm for the first derivative spectra, 
without the presence of S (Fig. 3). Equally, the 
calibration graphs were tested between 4.0 and 
40 pgg/ml of the S concentration, in the absence 
of T, at 426.5 and 538.0 nm for the first 
derivative spectra (as can be seen in Fig. 4). 
Good linearities were observed in all cases. 
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Fig. 4. First derivative spectra for different concentrations 
of S, in the absence of T. a. 4.0 pg/ml; b. 12.0 pg/ml; c. 20.0 

pg/ml; d. 28.0 pg/ml; e. 40.0 Mg/ml. 
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Fig. 5A. Ratio spectra for different concentrations of T 
when S divisor was 16.0 pg/ml. a. 2.0 pg/ml; b. 7.2 pg/ml; 

c. 11.2 pg/ml; d. 16.0 pg/ml; e. 20.0 fig/ml. 
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Fig. 5B. First derivatives of ratio spectra for different 
concentrations of T when S divisor was 16.0 pg/ml. a. 2.0 
pg/ml; b. 7.2 pg/ml; c. 11.2 pg/ml; d. 16.0 pg/ml; e. 20.0 

pg/ml. 

First derivative of the ratio spectra 

The use of the “zero-crossing” method in 
derivative spectrophotometry for resolving a 
mixture of chromophores with overlapped spec- 
tra produces a considerable loss of accuracy and 
sensitivity. This problem is due to the fact that 
the measurements are taken at a very critical 
wavelength, the localization of which is some- 
times very difficult and whose value is some- 
times very small for obtaining a good analysis. 

The named “ratio spectra derivative” permits 
the determination of a component in their mix- 
ture at the wavelengths corresponding to a 
maximum or minimum and, also, the use of the 
peak to peak between consecutive maximum 

Fig. 6B. First derivatives of ratio spectra for different 
concentrations of S when T divisor was 8.8 pg/ml. a. 4.0 
pg/ml; b. 12.0 pg/mI; c. 20.0 pg/ml; d. 28.0 pg/ml; e. 40.0 . 

kg/ml. 

and minimum. The values of absorbance in 
these points permit one, in some cases, to reach 
a better sensitivity. 

The influence of the AL\1 for obtaining the first 
derivative was tested and an ArZ of 6 nm was 
considered as suitable for the T determination 
and a value of 8 nm for the S determination. The 
concentration of the S solution used as divisor 
could be modified and different calibration 
graphs were obtained. A standard spectrum of 
16 pg/ml of S was considered as suitable for the 
T determination and a standard spectrum of 8.8 
pug/ml of T as divisor was considered as suitable 
for the S determination. 

In Fig. 5A a calibration graph of T when the 
divisor is a spectrum of 16 pg/ml of S, in the 

e 
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Fig. 6A. Ratio spectra for different concentrations of S when 
T divisor was 8.8 pg/ml. a. 4.0 pg/ml; b. 12.0 pg/ml; c. 20.0 

pg/ml; d. 28.0 pg/ml; e. 40.0 pg/ml. 
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Table 1. Statistical data 

Regression 
Linearity 

range 
Detection 

limit* 
Equation coefficient 

‘J&316 = 0.0190 + 0.0890 C, 1.0000 2X&20.0 0.053 
’ Da6 5 = 0.0026 + 0.0153 Cs 0.9995 4.WIo.o 0.220 
’ D,,, o = 0.0200 + 0.0515 cs 1.0000 4.0-40.0 0.060 
’ DDus o = 0.0010 + 0.0033 c, 1 BOO0 2.0-20.0 0.126 
’ DDm o = 0.0466 + 0.1240 cs 0.9998 4.0-40.0 0.021 
’ D&n o = 0.0849 + 0.1257 Cs 1.0000 4.0-40.0 0.099 
’ D% + 503 = 0.1550 + 0.248 Cs 0.9999 4.WO.O 0.060 

C, = micrograms per millilitre of Tartrazine. 
Cs = micrograms per millilitre of Sunset Yellow. 
*C, = 3&,/m; C, = detection limit; Ss = standard deviation of blank; M = slope 

of calibration. 

Table 2. Resolution of T and S mixture by first-derivative spectropho- 
tometry 

% Recovery T % Recovery S 
Ratio T S 

0.13 4.8 36.0 124.5 96.1 101.1 
0.31 8.8 28.0 104.0 98.0 99.9 
0.64 12.8 20.0 101.3 98.5 100.9 
1.30 16.0 12.0 99.4 100.9 100.8 
5.00 20.0 4.0 100.0 105.1 96.8 

absence of Sunset Yellow, is shown. These 
spectra were derived and the A1 used was 6 nm. 
Eventually, all the spectra were smoothed with 
a value of 13 experimental points. In Fig. 5B a 
calibration graph of ratio spectra derivative of 
T is shown. 

Figure 6A shows the ratio spectra of different 
S standards (spectra divided by the spectrum of 
a 8.8 pg/ml T solution) in acid medium and in 
Fig. 6B their first derivatives are calculated, 
without the presence of T. The first derivative 
amplitudes at a given wavelength are pro- 
portional to the S concentration. Due to the 
noise levels, a smoothing of 23 experimental 
points function is used. 

A calibration graph was established at a 
wavelength of 445.0 nm, corresponding to a 
maximum. Straight lines up to 20.0 pgg/ml were 
obtained for the Tartrazine determination. Cali- 
bration graphs were established at wavelengths 
528.0 and 503.0 nm, corresponding to a maxi- 
mum and minimum, and also at the addition of 

these two signals for the Sunset Yellow determi- 
nation. Straight lines up to 40.0 pg/ml were 
obtained for this colorant. 

STATISTICAL COMPARATIVE STUDY 

In Table 1 summary of the most characteristic 
statistical data obtained from the different cali- 
bration graphs and from the reproducibility of 
the reagent-blank and a standard by eight suc- 
cessive scans are shown. In all cases good results 
were obtained. 

The best detection limits were obtained from 
the first derivative at 481.6 nm for T determi- 
nation and at 528.0 nm for S determination. 
Nevertheless, in general, the method that used 
the first derivative of the ratio spectra shows 
better accuracy and comparable limit detec- 
tions. 

APPLICATIONS 

The proposed methods were applied for re- 
solving the determination of T and S, in 

Table 3. Resolution of T and S mixtures by ratio spectra derivative 

% Recovery T % Recovery S 
Ratio T 
T/S @g/ml 1 WEI 1 ’ DDu, o ’ DD,,, o ’ D&x o ’ DD,,, + 503 
0.13 4.8 36.0 104.7 99.1 99.4 99.7 
0.31 8.8 28.0 100.6 99.0 98.4 99.1 
0.64 12.8 20.0 100.9 100.9 99.2 100.3 
1.30 16.0 12.0 100.0 100.7 97.9 99.2 
5.00 20.0 4.0 100.1 97.1 84.8 89.4 
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Table 4. Percentages of T and S in commercial products 

(%) 

Standard 
addition* 

T S 

Z&X0- 

crossing 
T S 

Ratio spectra 
derivative 

T S 

Food dye 11.8 0.12 12.6 0.17 12.5 0.14 
Lemon gelatin 0.020 1.5 x IO-’ 0.019 1.4 x 10-r 0.019 1.3 x 10-3 
Orange gelatin 0.053 0.023 0.055 0.023 0.055 0.022 
Light custards 0.090 0.033 0.083 0.03 1 0.081 0.030 

*With measurements at the “zero-crossing”. 

artificial mixtures. The results corresponding to 
these determinations are summarized in Tables 
2 and 3. The obtained recoveries were very good 
in general. The recoveries (“A) by the first 
derivative spectrophotometry were of the order 
of 99% except when the ratio T: S was 5 : 1 and 
1: 7.5 (0.13). In this case the recovery was 
poorer, due to the low concentration of one of 
the colorants in the presence of high concen- 
trations of the second colorant. Similar results 
were obtained by the first derivative of the ratio 
spectra method as can be seen in Table 3. The 
recoveries for the determination of S were in the 
same range. In conclusion, the first and the ratio 
spectra derivative methods gave good results for 
the simultaneous determination of Tartrazine 
and Sunset Yellow. 

The proposed methods were also applied for 
the determination of T and S in four different 
food commercial products. These were a spice 
named Colorante Alimentario from Granja San 
Francisco (Spain), two different gelatin desserts: 
orange and lemon flavours, and in light custards 
from Royal Brands S.A. 

The percentage of these two dyes can be seen 
in Table 4 and they were calculated by the 
method of standard addition, with measuring at 
“zero-crossing” and by the methods mentioned 
in this paper. 

In all cases, these determinations were made 
with good recoveries, which were higher than 
90% with regard to the data supplied by the 
companies aforementioned. 

1. 

2. 

3. 

4. 
5. 

6. 

7. 
8. 

9. 
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Summary-A rapid and reliable method for the determination of boron by ICP-AES in steels is described. 
The procedure is based on a discontinuous generation of methyl borate, in concentrated sulphuric acid 
and phosphoric acid medium, after injecting 45 pl of methanol in 20 ~1 of sample. The gaseous methyl 
borate and excess methanol are fed into the ICP torch via the intermediate tube by a flow of 430 ml/min 
Ar carrier gas, without disturbing the discharge. This work simplifies drastically the existing methodology 
of boron analysis in steels. Acid-soluble boron has been determined, but acid-insoluble boron can also 
be determined. The determination is carried out without iron interferences, with a reproducibility of 1.90% 
r.s.d. for a concentration of 20 pg/ml, and an absolute detection limit of 20 ng of total boron, working 
with a solution volume of 20 ~1. 

The microdetermination of boron is especially 
important in steels, where the addition of small 
amounts of the element, in the order of the 
micrograms per gram noticeably improves their 
hardness and toughness. 

Even though the analysis of boron can be 
undertaken by techniques such as Molecular 
Absorption Spectrophotometry,’ Atomic 
Absorption Spectrometry’ or Flame Atomic 
Emission SpectrometryW the Atomic Emission 
Spectrometry with an inductively Coupled 
Plasma (ICP-AES) technique yields adequate5 
detection limits (L.D.) (4.8 ng/ml) to approach 
this problem. 

The limitation for the boron determination by 
ICP-AES in ferric matrix lies in the fact that 
iron has emission lines at 249.77 nm Fe(II), 
249.65 and 249.70 nm Fe(I), which produce 
spectral interferences for the more sensitive lines 
of boron at 249.77 and 249.67 nm. 

The microdetermination of boron in ferric 
alloys relies on avoiding the iron interference. 
This has been carried out by means of: 

(a) Fe elimination; through: (a.i) Fe extractio$ 
(a.ii) precipitation’ and electrodeposition,* 
(b) Boron extraction,9,‘0 
(c) Boron volatilization or distillation mainly 
through the methyl borate,” although there are 
other boron volatile phases.” 

*Author to whom correspondence should be addressed. 

Utilizing the last methodology (c), the boron 
distillation from a ferric matrix of steel” has 
been applied as a preconcentration method and 
thus it is possible to reach an L.D. of 0.0036 
pg/ml when the absorption aqueous solution 
containing the boron distillate is analysed by 
ICP-AES. However, to perform this, a con- 
siderable experimental manipulation is necess- 
ary. In a more simplified method, Novozamsky 
et al.13 have described a continuous-flow tech- 
nique for generation and separation of methyl 
borate with subsequent determination of boron 
by ICP-AES. An L.D. of 0.05 ,ug/ml was ob- 
tained, but with this assembly serious difficulties 
prevent practical work. So the excess of meth- 
anol must be removed to prevent quenching of 
the plasma and experimental difficulties of 
working with a continuous flow of concentrated 
sulphuric acid are found. 

In the present paper, the discontinuous intro- 
duction of methyl borate into an ICP spec- 
trometer through its intermediate tube is 
proposed, enabling a great stabilization of the 
discharge in spite of the injection of relatively 
high amounts of methanol. The methodology 
has been applied to the boron volatilization in 
an iron matrix (steel). 

Apparatus 

EXPERIMENTAL 

A Perkin-Elmer model Plasma 40 ICP-AES 
system equipped with an IBM XT Data station 

1397 
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Table 1. Characteristic of the Perkin-Elmer P40 atomic emission spec- 
trometer, and optimized operating conditions 

Radio-frequency generator 40 MHz “Free running” type 
Radio-frequency power 1 kW 
Monochromator Czerny-Turner assembly 

Focal length 408 nm 
Two holographic gratings: 
-UV 4200 lines/mm, 160-460 nm 
-visible 1800 lin./mm, 460-800 nm 

Slit width 25 pm 
Computer IBM PC XT. 10 Mb hard disk 

P40 software 
Torch De-mountable P.E. 
Nebulizer Ryton, cross-flow 
Nebulization chamber Scott, dual pass 
Gas flow rates (Ar, 99.995%) 

External 12 l/min 
Intermediate 0.6 l/min 

was used. Operating conditions are given in 
Table 1. 

Methyl borate generation assembly 

The flow chart for generation of the methyl 
borate is shown in Fig. 1. The apparatus con- 
sists of a 3 ml reaction vessel made of PTFE. A 
rubber stopper, pierced with two stainless steel 

ICP torch 

needles and fitted to the reaction vessel, is 
used. Methanol is injected with an FIA injection 
valve (Omnifit) equipped with a loop of 45 ~1. 
A two-way valve is utilized to lead the Ar carrier 
gas either to the reaction vessel or to the 
plasma. Nylon tubes of 2 mm 0 i.d. are used 
and are joined with quick connectors (Clifco 
series PM). 

0 0 Position (b) 
- 

Ax + methyl borate + methanol 

c- Ar 

Position (a) 

Ar + methyl borate + meth 

Key Po$ion (b) Iniection valve 

Fig. 1. Schematic diagram of the instrument assembly used. l-Tank of Ar. 2-Plasma gas flow regulator. 
3-Intermediate gas flow regulator. 4-Injector or carrier gas flow regulator. 5-Two-way key. 6-Injec- 

tion valve for methanol. 7-Nylon tube. 8-Reaction chamber. 9-Three-port quick connector. 
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Procedure of methyl borate generation 

Concentrated sulphuric acid (200 ~1) and the 
sample solution containing boron (20 ~1) are 
placed in the reaction vessel. After stoppering 
the vessel, the Ar carrier gas (a steady flow of 
450 ml/min is maintained) is channelled 
throughout it, and passed to the top of the 
liquid surface. By setting the key (5) to position 
(b) (see Fig. 1) the gas is first passed through the 
FIA valve, then through the reaction vessel and 
finally directed to the torch. A brief period of 
time is needed to stabilize the plasma (30 set) 
prior to the injection of methanol (45 ,ul) via the 
FIA valve. 

The atomic line of boron at 249.773 nm is 
chosen to measure the emission intensity, which 
is continuously recorded and thus transient 
peaks are obtained. Once the recording of boron 
emission has finished, the flow of Ar carrier gas 
through the FIA valve and the reaction vessel is 
interrupted utilizing the key (5), which is rotated 
to its position (a), re-directing the flow of gas to 
the torch. With this last configuration, a stable 
plasma is maintained during the time a new 
sample is being prepared for analysis. In all 
instances, Ar flow is fixed and controlled by a 
flow regulator (see its position on Fig. 1). 

Procedure for steel dissolution 

Two grams of steel were dissolved in a similar 
way to the literatureI and subsequently diluted 
to 20 ml in a volumetric flask. Using this 
procedure only acid-soluble boron can be deter- 
mined. 

Procedure for boron &termination in steels 

Boron in steels is determined according to the 
following procedure: 200 ~1 of concentrated 
sulphuric acid and 20 ~1 of concentrated phos- 
phoric acid followed by 20 ~1 of the steel 
solution are placed in the reaction vessel. The 
mixture is shaken until homogenized and 
methanol (45 ~1) is injected. The gaseous methyl 
borate is carried into the plasma torch. 

Reagents 

All chemicals used were of analytical grade. 
Deionized water, quality Milli Q, was utilized in 
all dilutions. A standard solution of boron (1000 
pg/ml), made from boric acid was prepared and 
stored in a polyethylene bottle. Methanol, con- 
centrated sulphuric acid, phosphoric acid and 
iron nitrate were used. 

Standard reference steels from BCS No. 458 
and 459 were utilized. 

RESULTS 

Experiment assembly 

The introduction of gaseous methyl borate 
into an ICP spectrometer, generated by reaction 
of borate with methanol in concentrated sul- 
phuric acid, presents considerable experimental 
difficulties.13 In our paper a new method for gas 
introduction (methyl borate and methanol in 
excess) has been accomplished, through the 
intermediate tube of an ICP torch. It allows one 
to work with a stable discharge and at the same 
time, good analytical values are obtained. 

In ICP measurements it has been demon- 
strated that the excess of methanol injected must 
be removed to prevent quenching of the plasma. 
We have verified that plasma is able to accept a 
higher amount of methanol if it comes through 
the intermediate gas instead of being introduced 
through the central channel. Up to 90 ~1 of pure 
methanol have been injected in this way, against 
a maximum volume allowed of 20 ~1 if fed 
through the central axial channel of the dis- 
charge. According to our configuration, a green 
aureole is produced in the plasma, from its 
periphery, surrounding and compressing the 
plasma. 

In our assembly (see the scheme of Fig. 1) the 
nebulizer gas acts as carrier gas and it is chan- 
nelled directly to the torch via the intermediate 
tube, using key (5) in position (a), or else it can 
be passed through the FIA valve and the reac- 
tion vessel using key (5) in position (b). 

Our proposed method introduces a consider- 
able advantage by being able to maintain stable 
plasma with a relatively simple gas switching 
strategy. 

We have studied the instability of the dis- 
charge during the change which must be fast. 
This has been carried out by measuring the 
carbon emission (present in the Ar gas), at its 
193.091 nm line, before and after the change of 
the gas. The signal stability is reached 30 set 
after the production of that change. In conse- 
quence all analytical measurements have a wait- 
ing time of 30 set, prior to the methanol 
injection. 

Conditions for ester generation: water, methanol, 
sulphuric acid 

The optimum ratios of water, methanol and 
sulphuric acid for methyl borate generation, 
have been studied as seen in the bibliography.2” 
In these works, it is postulated that the exother- 
mic reaction between methanol and sulphuric 
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acid generates considerable heat. So the tem- 
perature of the reaction medium rises, even over 
the boiling temperature of the methyl borate 
(bp. 68*C). However, we have worked with very 
small volumes of reagents and consequently the 
thermal effect is limited. So we have tried to 
evaluate the temperature in the reaction mix- 
ture, 

our set up, depends on the temperature effect 
and on a very important “sweep effect” pro- 
duced by the carrier Ar flow. 

Optimization of variables 

The variables studied can be classified as two 

types* 

A theoretical calculation of the temperature 
increase (AT) generated under the optimum 
reaction conditions provides a value of 
AT = 9°C. This value was obtained by calcu- 
lation for dilution of 200 ~1 of concentrated 
sulphuric acid (36M) with 20 ~1 of water (di- 
lution heat 0.146 kcal/molis and for a density of 
1.8 kg/l and a specific heat of 0.33 Cal/g for the 
concentrated sulphuric acid).16 Therefore the 
reaction mixture is far from reaching the methyl 
borate b.p. temperature. 

-Variables of the reaction. That is: concen- 
trated s~ph~c acid volume, water volume, 
methanol volume. 
-Instrumental parametres of detection. That is: 
injection gas flow (carrier gas), observation 
height, photomultiplier voltage. 

This value has been checked experimentally, 
determining the tempe~tures in the reaction 
vessel by means of a Thermistor Thermometer- 
Digitec model 5831 (type 704 YSI) thermic 
sounding line. In this way a temperature value 
for sulphuric acid prior to the reaction of 
26.07”C is obtained and after the addition of 
water {waiting for 30 set corresponding to the 
plasma stabilization), a temperature of 36.O”C is 
measured. 

These variables were optimized by means of 
the Simplex, MSM method,” and the following 
optimum values were adopted: 45 ~1 of 
methanol were injected into a solution of 200 111 
of sulphuric acid and 20 ~1 of water. The Ar 
carrier gas was set at 430 milmin, the obser- 
vation height of 20 mm above the coil selected 
and the PM voltage adjusted to 450 V. 

At these temperatures the vapour pressures of 
methanol (b.p. = 65°C) and of methyl borate 
ester (b.p. = 68°C) are 220.1 and 222.4 torr, 
respectively. I7 ft has been proved that, under 
these conditions, boiling point of the methyl 
borate is not reached but high volatilization of 
the methyl borate is observed. It can be said that 
temperature is not the only effect that facilitates 
the methyl borate volatilization. 

In the same way, the effect of other variables 
was studied, and they are discussed below. 

Firstly, a cylindrical shape for the reaction 
chamber was chosen and different sizes were 
tested (varying in section and height). The opti- 
mum vessel is shown in Fig. 2. 

The effect of the transport length between the 
reaction vessel and the ICP torch was studied. 
In our assembly we have worked with a 

However because temperature effects have 
been profusely argued as being responsible for 
methyl borate volatilization we have experi- 
mented with higher temperatures of both the 
reaction mixture (an isothermic bath was used 
at 50 and 60°C) and the carrier gas. In these 
experiments improvement in sensitivity was not 
obtained. 

On the other hand, boric acid esterification in 
the presence of phosphoric acid (its dilution 
heats are lower than those of sulphuric acid) 
also leads to boron emission. However, the peak 
signals are less pronounced and wider, and they 
show lower sensitivity (based on peak height) 
than those produced in sulphuric medium. 

It can be concluded that the high sensitivity Fig. 2. Reaction chamber for methyl borate generation. The 
obtained in methyl borate volatilization with dimensions are given in millimetres. 
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Table 2. Variables for the experimental assembly and re- 
sponse range of the parameters of the FIA peak 

Hydrodynamic variables 
Conduction length-4 = 15.0-30.0 cm 
Conduction diameter& =0.2-0.3 cm i.d. 
Carrier gas flow-q =300 ml/min (5 ml/se+ 

530 ml/min (8.8 ml/set) 
FIA peak parameters 

Appearance time-r, = 1-7 set 
Baseline-base line time-At =20-50 set 
Residence time--T =2-8 set 
Peak height--H = 1-12 cm 

minimum distance of 15 cm. For a distance of 
25 cm, a signal loss of 17% with respect to the 
one obtained at 15 cm was observed. In the 
same way the reproducibility decreased (10.3% 
r.s.d., for 20 pg/ml of boron). 

Methanol injection by means of a micro- 
syringe was tested and its results compared to 
FIA injection. The first method of injection 
presents high irreproducibility (up to 20% 
r.s.d.) and so FIA injection was chosen. 

The effect of surface-active agents, as favour- 
ing the methanol transport and injection (Triton 
x 100 at 0.1% in methanol), as well as the 

presence of sodium bicarbonate as favouring a 
greater gaseous emission (methanol saturated 
with sodium bicarbonate) showed very little 
modification in the ICP signal of methyl borate, 
but increased its irreproducibility. 

The method of methyl borate introduction 
into the ICP torch has been studied. Firstly, the 
vapour stream was fed into the ICP at the torch 
entrance normally used for the nebulizer gas 
(the injector tube), but using the nebulizer gas as 
carrier gas, and secondly, according to an exper- 
imental arrangement used by us previously in 
the study of hydrides.19 The results obtained 
with these two approaches showed a low toler- 
ance to methanol, and the injection of 20 ~1 of 
pure methanol produced quenching of the 
plasma. 

Characterization of boron emission signal 

The flow conditions through our assembly 
can be characterized by the following data: 
working pressure of gases (Ar) of 5.5 atm; 
carrier gas flow average of 430 ml/min through 
a section of 2 mm i.d.; values of the Reynolds 
number of the order of 1800. With these values 
we are under conditions of laminar flow, and the 
signal obtained by the measurement of the 
emission intensity of boron at 249.773 nm vs. 
time, shows a profile which has been defined by 
the parameters of a FIA peak. That is to say: t, 

(appearance time), At (base line-base line time), 
H (peak height), T (residence time). 

Valcarce120 has proposed a characterization of 
the parameters of a FIA peak from a multiple 
regression, among the logarithmic values of the 
manifold hydrodynamic variables [length (L), 
diameter (d) of conduction and carrier gas flow 
(q)] and parameters of FIA peak [t,, At,H,T]. 

The application of the model in our experi- 
ence (after experimental measurements carried 
out with the variable ranges shown in Table 2), 
allows us to characterize and define the signals 
obtained by the following mathematical ex- 
pressions: 

log ta = 2.446 + (0.603 log L) 

-(0.140 log d) - (3.253 log q) 

log At = 1.351 + (0.546 log L) 

+(0.095 log d) - (0.450 log q) 

log H = - 3.229 + (1.248 log L) 

+(3.411 log d) + (0.828 log q) 

log T = 2.639 + (0.539 log L) 

+(0.263 log d) - (2.937 log q). 

Iron interference 

Before beginning the boron determinations 
on practical samples of steels, boron was deter- 
mined in a synthetic solution whose Fe and B 
content was similar to a standard steel. So a 
simple method (method (a), see Table 3) based 
on the addition of sulphuric acid and methanol 
was applied to the boron determination. In 
these experiments, it was observed that the 
addition of concentrated sulphuric acid to the 
steel solution produces precipitation of iron 
(III) sulphate (by supersaturation) with boron 
adsorption on precipitate preventing a later 
reaction of it with methanol. Thus, boron was 
not detected when analysed. 

The addition of phosphoric acid (this is 
method (b), until the dissolution of the iron (III) 
sulphate precipitate, obtains the recovery of the 

Table 3. Recovery of boron from synthetic iron solution 

Analysis 
method 

[Fe] present [EtL,pres;;t [y&fp”I;” % 
(pgcglml ) m r.s.d. 

Method (a) 100,000 20.00 not found - 
Method (b)* 100,000 20.00 20.82 1.68 
Method (b)* 100,000 40.00 42.32 1.18 

*In method (b) 20 ~1 phosphoric acid is added to 
sulphuric acid medium. Results are expressed as the 
average of four determinations. 
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Fig. 3. Emission peak shapes. Signals produced by 0, lo,30 
and 40 pg/ml of boron. 

boron signal. According to the results obtained 
by the two methods ((a), (b)) (see Table 3), the 
addition of phosphoric acid is proposed to 
complex iron and to eliminate its interference. 

Performance of the method 

A linear calibration graph Y = 5.05 + 0.145X 
between 5 and 1000 ,ug/ml of boron was found 
with a regression coefficient of 0.996. Y is the 
intensity of the boron emission in relative units 
and X is the concentration of boron in solution 
in micrograms per millilitre. Typical peak 
shapes obtained in this experiment are shown in 
Fig. 3. From this experiment, instrumental de- 
tection limit (D.L.) of 1.0 ~gjrnl can be derived 
considering that the D.L. is the concentration at 
which the analyte signal is equal to the mean 
blank signal plus three times the standard devi- 
ation of the blank solution. The standard devi- 
ation of the background has been approximated 
by (3 x 0.01 x ls)” {&, being the emission sig- 
nal corresponding to the blank solution, with a 

value of 5.05 from the above equation). Sensi- 
tivity of the analytical procedure expressed as 
the slope of the calibration graph of 0.145 was 
used in this calculation. 

This detection limit, obtained with 20 ~1 of 
sample, corresponds to an absolute limit of 
detection of 20 ng. This value is excellent and 
significantly lower than the detection limit re- 
ported so far. i’*i3 The reproducibility of the 
method is 1.90% r.s.d. based on six measure- 
ments of 20 pg/ml B. 

Using our proposed technique, analysis time 
for boron is shortened considerably. The signal 
evolution is not time consuming, and its shape 
can be seen in Fig. 3. The “limiting step” in the 
analytical measurement (without decomposition 
step) is determined by the plasma stabilization 
between measurements and this only takes 30 
sec. All of these factors as well as the simplicity 
of the experimental device yield a method that 
can be advantageo~ly applied to the boron 
determination in steel. 

In the work described here, analytical grade 
reagents were used (Merck). However boron is 
a common contaminant and for this reason a 
high content of boron was found in the blank 
solution (35.7 pg/ml). Considerable effort has 
been made to reduce this signal and to repro- 
duce it. The best results have been obtained 
working always with the same batch of reagents. 

To test the reliability of the proposed method, 
the analysis of two certified BCS steel samples, 
Nos 458 and 459, was carried out by both direct 
interpolation in a calibration graph, and stan- 
dard addition methods. In these tests only acid- 
soluble boron was determined. The results are 
given in Tables 4-5. In Table 4 it is observed 

Table 4. Determination of boron in BCS steels 

Samvle 

Amount Boron found* Boron found Boron 
dissolved Dilution in solution in solid certified 

(a) (ml ) (UElFnl f (w/w I% tWiWt% .- , . , .._, . , 
BCS 458 4.0138 20 9.83 i: 0.10 0.0049 f 2e-4 0.006 
BCS 4S9 2.0065 20 11 .ss * 0.70 0.011 * 764 0.010 

*Results are expressed as the average of four determinations + standard deviation. 

Table 5. Recovery of boron added to BCS steel solution 

Sample 

BCS 458 
BCS 459 

Boron in solution Boron added Boron found* Recovery 
W/ml) &g/ml) (N/ml ) (%) 

9.83 19.6 29.21 + 0.26 98.88 
11.55 19.6 30.76 f 0.00 98.01 

*Results are expressed as the average of four determinations 4 standard devi- 
ation. 
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that for steel BCS No. 458 there is a significant 
difference between the certified and the found 
boron content. This discrepancy can be ex- 
plained by a boron loss in the process of steel 
dissolution. That is, boron is not completely 
dissolved in the acid attack, in agreement with 
what other authors have published about this 
stee1.6*22 However, on the other hand, standard 
addition of boron to the steel solution pre- 
viously analysed, reveals a high level of recovery 
of boron added. 

Steel BCS 459 shows a good agreement be- 
tween the values found and the certified ones. In 
the same way the standard addition test 
confirms the results already obtained. 

A t-test applied to compare the experimental 
mean found in BCS steel No. 459, with its 
certified value revealed no significant difference 
at P = 0.05. That is the “null hypothesis” can be 
retained: there is no evidence of systematic error 
in our new analysis method. 
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Summary-A sensitive derivative spectrophotometric method is described for the determination of 
microamounts of cobalt based on the integration of liquid-liquid separation and reaction, in 
dichloroethane, of the analyte with 3-(4-phenyl-2-pyridinyl)-5-phenyl-1,2,4-triazine (PPT) and 2,4,6- 
trinitro-phenol (picric acid). Cobalt was thus determined in the range 7.2-500 ng/ml. The method has a 
high selectivity with a detection limit of 2.2 ng/ml. The relative standard deviations were 3.2 and 1.5% 
for 20 and 100 ng/ml cobalt, respectively. The proposed method was applied to the determination of the 
analyte in vitamins. 

The analytical chemistry of cobalt has been 
developed considerably in recent years, which is 
indicated by the large number of studies re- 
ported in the literature. Cobalt is not only of 
interest in the environment but also in human 
bio-chemical metabolism,’ because it is present 
in the essential vitamin B,,. This vitamin is 
concerned with a wide variety of metabolic 
processes which include factors affecting 
growth, hemopoiesis and the maintenance of the 
integrity of nerve cells. 

On the other hand, it is known that some 
metals that are essential nutrients, can also exert 
a toxic action, depending on their concentration 
levels. For these metals a narrow concentration 
difference exists between the toxic and the essen- 
tial levels. As a result, knowledge of the metal 
content in various matrices, together with the 
development of reliable analytical methods for 
determination at trace levels are mandatory. 

A number of analytical techniques have been 
used to determine cobalt in different types of 
samples at ultratrace’” and trace4-15 levels. 
Direct batch spectrophotometric methods,“-” 
using organic chelates, have shown some draw- 
backs as regards sensitivity, selectivity or sim- 
plicity. On the other hand, the use of derivative 
spectrophotometry offers a useful means for 
enhancing sensitivity and selectivity.‘6 However, 
while derivative methods reported for the deter- 
mination of cobalt are more selective than those 

*In memory of Professor Alfonso Morales. 
tTo whom correspondence should be addressed. 

using classical spectrophotometry, these show 
serious interferences principally from iron, cop- 
per and nickel when no masking agents are 
used.6.9 

In this context, the purpose of this work was 
to develop a reliable, inexpensive and selective 
derivative spectrophotometric method for the 
determination of cobalt which is based on the 
integration of liquid-liquid separation and reac- 
tion in 1,2-dichloroethane of the analyte with 
PPT and picric acid, and on the subsequent 
derivative spectrophotometric measurement. 

EXPERIMENTAL 

Apparatus 

A Shimadzu UV- 160 spectrophotometer with 
10 mm cells was used for measurements of the 
absorbance and derivative absorption spectra. 
An Orion Research Digital Ion-Analyzer 701 
with glass and satured calomel electrodes was 
used for pH determinations. 

Reagents 

All reagents were of analytical reagent grade 
and the solutions were prepared with high- 
purity water from a Millipore Milli-Q Water 
Purification system device. 

Standard cobalt (II) solution (Titrisol Merck, 
1000 pg/ml. A 10 pg/ml working solution was 
prepared by diluting standard solution and 
other cobalt concentrations were prepared by 
appropriate dilution. 

1405 
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3-(4-phenyl-2-pyridinyl)- 1,2,4-triazine (PPT) 
solution. A 1 x 1O-3 A4 solution was prepared 
by dissolving 0.3 104 g of the compound (Merck) 
in 100 ml of DCE. 

Picric acid solution. A 0.01 M solution was 
prepared by dissolving 2.291 g of picric acid in 
1000 ml of water. Picric acid was previously 
purified by recrystallization. 

Sodium acetate-acetic acid buffer solution 
(pH = 5). Prepared by adding acetic acid to 
2.0 M sodium acetate solution until pH 5 was 
reached. 

Foreign ion solutions. Solutions of diverse ions 
for the interference studies were prepared by 
dissolving the calculated amount of each com- 
pound in order to give 10-1000 pgg/ml solutions 
of each species. 

All these solutions were stored in 
polyethylene containers. 

1,2-Dichloroethane (DCE) extrapure (sp. gr. 
1.25). 

Procedure 

Ordinary spectrophotometry. To an aliquot of 
sample solution containing less than 50 pg of 
cobalt in a 250 ml separating funnel, 1 ml of the 
buffer solution and 4 ml of picric acid solution 
were added and the total volume adjusted to 100 
ml. This was mixed and set aside for 2 min. 
Then 5 ml of 1 x lo-’ M PPT solution in 
dichloroethane was added and the funnel 
shaken for 2 min. The phases were allowed to 
separate and the organic layer run into a dry 
flask. The spectra of the brown DCE extract 
were recorded over the range from 700 to 
350 nm against a reagent blank prepared under 
the same experimental conditions, using 10 mm 
cells. 

Derivative spectrophotometry. The extract was 
prepared as above and the second derivative 
spectra recorded over the range from 700 to 350 
nm against a reagent blank at a scan speed of 
480 nm/min with 815. 

RESULTS AND DISCUSSION 

Spectral characteristics 

The absorption spectra of the ion-association 
complex cobalt(II)-PPT-picrate, of the binary 
combinations cobalt(II)-PPT, cobalt(II)- 
picrate, PPT-picrate extracted into DCE and of 
the PPT solution in DCE were measured against 
DCE (Fig. 1). It can be observed in Fig. 1 that 
the spectrum of the PPT solution shows one 
band at 380 nm. This spectrum was not altered 

2.50. 

A 

350 X/nm 700 

Fig. I. Absorption spectra of DCE extract of the 
Co(II)-PPT-pit complex, the binary combinations of 
reactants and the PPT solution in DCE, measured against 
DCE. (A) Co-PPT-pie; (B) Co-PPT; (C) Co(II)-pit; (D) 

PPT-pit and (E) PPT. 

when cobalt was added in aqueous phase, which 
indicates that cobalt remained in aqueous phase 
and the cobalt(II)-PPT binary complex was not 
extracted into DCE. 

The introduction of a third component, picric 
acid, leads to the formation of an ion- 
association complex. The absorption spectrum 
of the extract of Co(II)-PPT-picrate ternary 
complex showed two bands at 350-480 nm and 
500-600 nm. Based on the spectroscopic behav- 
ior of other metal-ferroine-picrate com- 
plexes’7-2’ the first band can be assigned to the 
absorption of picrate and PPT and the second 
to the absorption of the chromophore Co-PPT. 
However, significant changes in both bands 
were observed when the concentration of cobalt 
was increased (Fig. 2), indicating that probably 
Co-PPT presents not only absorption at 
500-600 nm but also another band which is 
overlapped with the absorption of PPT and 
mainly of picrate. In order to obtain more 
information, derivative spectrophotometry, 

Fig. 2. Effect of cobalt concentration on absorption spec- 
trum of DCE extract of Co(IIkPPT-pit, measured against 
a reagent blank. Aqueous phase cobalt concentrations 
(ng/ml) (A) 50; (B) 100; (C) 200; (D) 300; (E) 400. All other 

conditions as in the text. 
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350 X /nm 700 

Fig. 3. Second-derivative spectra of DCE extract of the 
Co-PPT-pit complex measured against a reagent blank. 
Aqueous phase cobalt concentrations (ng/ml) (A) 100; (B) 

200; (C) 300. All other conditions as in the text. 

which provides higher spectral resolution, was 
used. The second-order spectrum shows that the 
absorption at 350-480 nm is split into two 
contributions and the portions of the derivative 
spectrum between 430 and 480 nm and between 
500 and 600 nm could be used to measure the 
cobalt concentration (Fig. 3). On the other 
hand, if perchlorate is used instead of picrate, 
the second derivative spectrum of the 
Co-PPT-perchlorate complex showed similar, 
but less sensitive, absorptions at 430-480 nm 
and 500-600 nm, which indicates that both 
correspond to the absorption of the chro- 
mophore Co-PPT. 

In order to make the determination more 
sensitive and reproducible, second-derivative 
spectrophotometry was adopted and the value 
of the vertical distance from the base line to 
peak values at 470 nm or from trough to peak 
values between 500 and 600 nm can be used for 
analytical purposes (Fig. 3). 

Optimization of variables 

Variables were optimized by the univariate 
method. Table 1 shows the optimum values 

Table I. Optimization of variables 

Range Optimum 
Variable studied value 

Chemical 
PH 
PPT solution 

1 .o-12.0 5.0 
0.6-12.0 10.0 

(10-4 M) 
I x 10m2 Picric 

acid solution (ml) 
Aqueous/organic 

phase ratio 

0.26.0 4.0 

2-24 20 

Spectral 
Derivative order 
A1 
Analytical 

wavelength (nm) 

CM 2 
1-9 5 

700-350 470 

found for the chemical and spectral variables 
and the range over which they were studied. The 
signal increased with the concentration of PPT 
and picrate to reach a maximum and constant 
value over 6.2 x lOF4 M PPT and 1.6 ml of 
1 x lo-’ A4 picric acid in the aqueous phase. An 
increase in the concentration of both reagents 
had no influence in the blank and in the analyti- 
cal signal, and the optimum values were selected 
by taking into account that foreign cations can 
be present in the samples with the evident 
consumption of both reagents. Similarly, the 
signal was at a maximum at pH = 2.5-9.0. At 
pH ~2.5, formation of the ion pair was incom- 
plete owing to protonation of the picrate 
(pK, = 1.6). In all subsequent experiments a 
buffer system of acetic acid-acetate pH 5 was 
used. 

It was found that the liquid-liquid separation 
and reaction of the analyte with PPT and picric 
acid can be carried out in l,Zdichloroethane, 
chloroform and dichloromethane (DCM). The 
signal values for DCE and DCM solutions were 
higher than those for chloroform solutions. 
DCE was selected because it is less volatile than 
DCM. 

The aqueous-organic phase ratio was chosen 
in order to obtain the maximum enrichment 
factor. A value of 20 was selected as optimum 
because miscibility occurred when higher ratios 
were selected. 

The main spectral variable affecting the 
shape of the spectra was the order of the 
derivative value. Zero and first order did not 
resolve the large overlap between absorption of 
the reagents and complex at 350-480 nm 
(Fig. 1). However, when the second derivative is 
used the spectrum is sufficiently resolved for 
analytical purposes (Fig. 3) and both hl and h2 
signals can be used for measurement. In our 
spectrophotometer AA values can be selected 
between 1 and 9. Generally the noise level 
decreases with an increase of Al, thus decreas- 
ing the fluctuation in the derivative spectrum. 
However, if the AL value is too high, the spectral 
resolution is deteriorated. Therefore, the opti- 
mum value of A1 should be selected by taking 
into account the signal-to-noise ratio and the 
resolution of the spectrum. A AA value of 5 was 
selected as optimum in order to give the best 
resolution and signal-to-noise ratio. The wave- 
length scanning speed has no influence on the 
signal, because the differentiation is obtained 
digitally. Hence, a fast value of 480 nm/min was 
selected. 

TA‘ 40/G” 
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Calibration graph, sensitivity and precision Table 3. Determination of cobalt in vitamin B,, 

Two calibration graphs were obtained by 
plotting the second-derivative value (hl or h2, 
Fig. 3), with Ai = 5 nm, vs the cobalt concen- 
tration. The equations for the lines using the 
least squares method were found to be: 

Cobalt content* 
(w/ml ) Cobalt 

Found? 
Sample Stated (RSD)% 

11 144.5 145.0 
(2.0) 

Added 
(w lml ) 

Found Recovery 
(w/ml) (%) 

hl = 2.35 x 1O-3 (CO),,~ + 0.010 (r = 0.9998) 

h2 = 5.33 x 1O-4 (Co)+ + 0.001 (r = 0.9989) 

where h is the second derivative value in 
derivative units. 

2§ 72.3 73.0 
(2.3) 

311 14.45 15.0 
(3.0) 

100.0 99.0 99.0 
120.0 121.2 101.0 
140.0 138.2 98.7 
74.0 75.8 102.4 
90.0 88.1 97.9 

110.0 111.9 101.7 
30.0 30.5 101.7 
45.0 46.5 103.3 
80.0 79.1 98.8 

The precision of the method was tested with 
solutions of 20 and 100 ng/ml cobalt and the 
relative standard deviations were found to be 
3.2 and 1.5%, respectively. 

By using the first equation, the determination 
range was over 7.2-500 ng/ml and the limit of 
detection (3a) was found to be 2.2 ng/ml. 

*Concentration in aqueous phase. 
tAverage of eight determinations. 
‘JNeurobionta Forte (Merck). Vitamin B,,, equivalent to 

0.4347 mg of cobalt, vitamin B, (100 mg). vitamin B, 
(200 mg); excipient up to 3 ml. 

5Tol-12 (Saval). Vitamin B,,, equivalent to 0.2174 mg of 
cobalt, vitamin B, (100 mg), vitamin B, (200 mg); 
excipient up to 3 ml. 

Interference studies 

In order to investigate the analytical appli- 
cations of this method, the effect of several 
foreign ions that are usually present with cobalt 
in real samples were examined. The tolerance 
limits for various species are shown in Table 2. 
A deviation of more than 5% of the signal was 
taken as a sign of interference. The results 
indicate the good selectivity achieved. The most 
serious cationic interference is from iron which 
interferes at concentrations twice those of 
cobalt. However, this problem can be resolved 
if both ions are determined simultaneously by 
using an equation system at two wavelengths, 
taking into account that cobalt does not inter- 
fere in the determination of iron with PPT and 
picrate. 

IlComplejo Vitaminico (Chile). Vitamin B,,, equivalent to 
0.0435 mg of cobalt, vitamin B, (100 mg), vitamin B, 
(200 mg); excipient up to 3 ml. 

perature to avoid violent reaction, then more 
strongly until the acids were evaporated. Drop- 
wise addition of concentrated nitric acid and 
boiling were continued until either a colorless or 
pale yellow residue was obtained. The residue 
was diluted and heated gently in water, and then 
was diluted to an appropriate volume (100 ml). 
The cobalt content of this solution was deter- 
mined by the recommended procedure, using 
5 ml of aliquot solution. The results are 
presented in Table 3. 

CONCLUSIONS 

Application of the method: determination of 
cobalt in vitamins 

The content of 2 ml ampoules of vitamin 
injection were decomposed in a Kjeldahl flask 
by heating with a mixture of concentrated nitric 
and sulphuric acids (10 + l), first at low tem- 

A relatively simple and inexpensive extrac- 
tionderivative-spectrophotometric method for 
the determination of cobalt has been developed. 
It provides a high sensitivity with a determi- 
nation limit of 7.2 ng/ml. Compared with 
previous direct and derivative spectrophotomet- 
ric methods, the proposed approach is more 

Table 2. Effect of foreign ions. Concentration of cobalt 100 nn/m/ 

Foreign 
species 

Al+++, Mg++, Na+ 
Ca+ + Sr+ +, K+ 
Mn+;, Zn++, Hg++ 
Cd++ Cu++ Bi+++ 

Ni++ 
Fe++ 

Tolerance limit 
(ngiml ) 

10,000* 
1000 
200 

Foreign 
species 

Cl-, so;-, so:- 
NO,-, CH,COO-, SCN-. 
NO,, S?@-, tartrate, 
F,Br,PO;’ 
Oxalate, citrate 
CN- 
EDTA 

Tolerance limit 
(w/ml ) 

106’ 
105 

200 
10 

*Maximum tested. 
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selective and simpler because it requires neither 
separation nor masking of foreign species. 
Compared with continuous flow injection- 
chemiluminescence methods,‘” which are highly 
sensitive (limit of detection 0.00006 ng/ml), this 
method is less sensitive but cheaper and less 
complicated in terms of assay procedure and 
equipment used. Finally the method was suc- 
cessfully applied to the determination of cobalt 
in vitamin. 
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Summary-The chemical equilibria involved in nine mixed ligand systems Zn(II&&cysteine (Cys)/D-peni- 
cillamine(Pen)/lcysteic acid(Cya)(A)-imidaxole(Him), histamine(Hist) and L-histidine(His)(B) have 
been investigated in aqueous perchlorate medium by pH titrimetry at 37” and ionic strength, Z = 0.1 SM 
(NaClO,). The mixed ligand complex species of the types ZnABH,, ZnABH, ZnAB or ZnAB, have been 
detected in addition to various binary species due to ligands A and B. The results obtained for the ZnABH 
type of species indicate that the site of protonation is the amino group of Cys/Pen ligands in the 
Zn(II)-Cys/Pen(AkHim, Hist and His(B) systems, and the amino group of Hist/His secondary ligands 
in the Zn(IIwya(A)-Hist and His(B) systems. In the ZnABH, type of species, one proton is attached 
with the primary ligand (A) and the other with the secondary ligand(B). In both ZnAB and ZnABz type 
ternary species in all the systems, the primary ligand binds the metal in a bidentate manner and the 
secondary ligands Him, Hist and His bind the metal, respectively in a uni, bi and terdentate manner. 

The studies on the interaction of sulphur con- 
taining amino acids such as cysteine, penicil- 
lamine and cysteic acid with zinc(I1) are 
important both from the chemical and biologi- 
cal points of view.’ This point becomes more 
clear, if one considers the fact that the zinc core 
consisting of Zn(I1) cysteinehistidine residue 
has an important biochemical role*’ in the 
stabilization of the ‘zinc fingers’ that bind to 
DNA. The ligands L-cysteine and D-penicil- 
lamine increase their complex forming tendency 
via the soft mercapto sulphur atoms. These soft 
ligands generally form thermodynamically more 
stable complexes with transition metal ions such 
as Ni(I1) and Zn(I1). However, copper(I1) com- 
plexes with cysteine and penicillamine are 
readily oxidised. The oxidative product of L- 

*Part I: J. Chem. Sot. Dalton Trans., 1993, 917. 
TAuthor for correspondence. 

cysteine is L-cysteic acid. The Zn(II)-cysteic 
acid complexes are very useful in the field of 
pharmaceutical chemistry. Considerable atten- 
tion has been paid in recent years to the studies 
of Zn(I1) complexes with cysteine and its deriva- 
tives.‘” In continuation of our research work on 
sulphur containing amino acids,’ the present 
paper deals with the systematic equilibrium 
studies on Zn(II)-L -cysteine(Cys)/D -penicil- 
lamine(Pen)/L-cysteic acid(Cya) (A)-imidazole 
(Him), histamine(Hist) and L-histidine(His)(B) 
mixed ligand systems by pH titrimetry at 37” 
and Z = 0.15M (NaClO,). The Zn(IIjCys, Pen 
and Cya(A) binary systems have also been 
investigated under the present experimental 
conditions. 

EXPERIMENTAL 

All the ligands, used were obtained from 
Fluka. The stock solution of zinc(U) 

1411 



1412 M. SIVASANKARAN NAIR et al. 

perchlorate and other reagents were prepared 
and estimated as described earlier.* All the 
measurements were carried out as described 
elsewhere.’ The electrode system was calibrated 
by the method of Irving et 01.~ For the ternary 
systems, the pH titrations have been carried out 
using 50-ml solutions containing low concen- 
trations of Zn(ClO,),, ligand A and ligand B in 
l:l:l, 1:2:1 or 1:1:2 ratios with known vol- 
umes of standard carbonate free NaOH. Nitro- 
gen was used throughout the titrations to 
maintain an oxygen-free atmosphere. The stab- 
ility constants of the various binary and ternary 
complex species were derived from the pH ti- 
tration data by the MINIQUAD- computer 
program” on a CYBER 180~83OA computer. 
The binary stability constants for the 
Zn(IIjCys, Pen and Cya(A) systems have been 
re-estimated under the present experimental 
conditions and reported in Table 1, The ti- 
trations for the binary systems were carried out 
on SO-ml solutions containing the metal per- 
chlorate and the ligand in 1: 1, 1: 2 and 1: 5 
ratios. The binary stability constant data of 
Zn(IIjHim, Hist and His(B) systems have been 
reported previously.* The results obtained for 
the mixed ligand systems are given in Table 2. 
The charges of all the complex species reported 
in this paper are omitted for clarity. 

RESULTS AND DISCUSSlONS 

Zn@I)-Cy.s, Pen and Cya(A) binury systems 

The formation of different types of complex 
species in solution depends upon the experimen- 

tal conditions used. Thus, though in the 
Zn(IIjCys and Pen(A) systems the polynuclear 
binary complexes in addition to the ZnA, ZnA, 
and their cor~ponding protonated complex 
species have been reported,6.“*‘2 in the present 
experimental conditions the Zn(IIjCys(A) sys- 
tem showed the presence of ZnA, ZnA,H,, 
ZnA,H and ZnA, types of binary complex 
species, while in the Zn(I1 jPen(A) system the 
binary complexes of stoichiometry ZnAH, ZnA, 
ZnA, Hz, ZnAz H and ZnA, have been found to 
be present. The Zn(IIjCya(A) system showed 
only ZnA and ZnA, types of binary species to 
be important. 

As reported earlieris’3 the log pZnA values ob- 
tained in the present study in the Zn(IIjCys 
and Pen(A) systems (Table 1) correspond to the 
bidentate binding of these ligands through the 
mercapto and primary amino groups. In the 
Cr(IIIjCys system also, where the metal prefers 
to have a stable coordination number of six, Cys 
binds the metal through the sulphur and nitro- 
gen atoms.14 Since log K, /log Kz values obtained 
in both the above systems approaches unity, it 
can be inferred that in the ZnA, species also, 
Cys/Pen ligands bind the metal in a bidentate 
manner as in the case of ZnA Cys/Pen species. 
Of course, the 1: 2 species will be more stabilized 
due to the ability of sulphur to accept electrons 
from the metal ion by n-bonding, thereby facil- 
itating the addition of a second sulphur atom 
to the metal. The protonated species of the 
types ZnAH, ZnA, H2 or ZnA,H in the 
Zn(IIjCys/Pen(A) systems have been found 
to be favoured at low pH values. Hence, as 

Table 1. Stability constants for tbe proton and Zn(II) complexes of Cys, Pen, Cya, Him, Hist and His 
binary systems (7’ = 37”; and I = O.tSM NaCIO,) 

Ligands 

Parameters CYS Pen Cya Him* Hist* His* 

10.31 (2) 
18.53 (7) 
19.93 (8) 

9.64(9) 
29.93 (5) 
24.63 (9) 
17.81(9) 

- 

10.89 (1) 
18.89 (5) 
20.80 (9) 
14.93 (9) 
10.33 (3) 
31.31 (3) 
25.99 (3) 
20.19(l) 

- - 
- 4.60 

5.30 5.32 
6.82 5.80 
8.17 9.86 

8.41 (I) 6.55 (2) 
10.56(4) - 

3.7Y(9) 2.55(9) 

- 
6.02 (8) 4.98(8) 

- 7.40(10) 
- 9.59 (11) 

- - 

2.25 2.43 5.06 

9.39 (8) 
f5.34(1) 

11.91(5) 
5.39 (3) 

- 

10.45(4) 
- 
- 

6.52 
- 
- 

8.96 (3) 
14.96 (5) 
17.37 (9) 

6&2) 
22.80(12) 
17.47 (9) 
Il.74 (2) 

- 
- 

5.33 
5.73 
5.33 

log JGZJ - 11.06 - - - - 

*Ref. 8: The ligands Cys, Pen and Cya become the primary ligand A in the ternary systems. 
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Table 2. Stability constants of Zn(II)-Cys/Pen/Cya(A)Him, Hist and His(B) mixed ligand systems. (T = 37”; I = O.lSM 

(NaClQ)) 

Zn(II)-Cys(A)B systems Zn(II)-Pen(AbB systems Zn(II)-Cya(AkB systems 

Ligands B Ligands B Ligands B 

Parameters Him Hist His Him Hist His Him Hist His 

log BznABH? 
log BznABH 
loI3 BZ”AB 
log BZnABz 
PK !k~rw 
PK !!,,~a” 
log G% 
log K ;::s 
log K %!I 
A log K,,,, 
A log KZ~ABH 

A IOk! Kz.~~ 

A I‘% KZ~ABZ 

log XZnAB 

log &nAB> 

- 
18.76 (9) 
12.22 (9) 
15.55 (9) 

21.63(4) 
14.91 (4) 

- 
- 

6.54 
2.58 
9.67 
3.33 

- 
- 

0.03 
0.93 
1.65 
3.70 

- 
6.72 
5.27 
9.52 

- 

-0.12 
- 

1.56 
- 

27.42 (9) 
22.07 (6) 
15.97 (5) 

5.35 
6.10 
6.33 
9.56 

- 
- 
- 

-0.08 
- 

2.39 
- 

19.82 (9) 
13.32 (9) 
16.13 (9) 

- 
6.50 
2.99 

10.77 
2.81 

- 
2.34 
0.44 
0.82 
1.47 
2.48 

27.62 (9) 
21.93 (9) 
15.56 (8) 

5.69 
6.37 
5.23 

10.17 
- 

0.78 
1.61 

-0.16 

0.48 

27.83 (9) 
22.66 (8) 
16.66 (5) 

- 
5.17 
6.00 
6.33 

10.25 
- 
- 

1.32 
-0.08 

- 
1.39 

- 

- - 
16.65 (5) 17.63 (5) 

7.89 (7) 9.68(3) 11.15(5) 
10.15(8) - 

- 
- 6.97 6.48 

4.12 5.91 7.38 
5.34 4.29 4.74 
2.26 - - 

- - 

- - 
- - 
- - - 

described elsewhere’5*‘6 it can be concluded that 
the S,O coordination plays an important role in 
the lower pH range, with the extra proton 
residing with the primary amino group of the 
coordinated ligand. Thus, in the ZnAH species 
in the Zn(IIkPen(A) system, Zn(I1) binds the 
ligand through the mercapto and carboxylato 
groups and the proton occurs with the primary 
amino group of the ligand. In the Zn(AH), 
species type in the Zn(IIwys/Pen(A) systems, 
both the ligands should bind the metal through 
the mercapto and carboxylato groups and the 
primary amino group of both the ligands will be 

-\ 
\ 

0 
3.5 4.5 5.5 6.5 

PH 
Fig. 1. Distribution diagram for the Zn(II)Pen(A)-Hist(B) 
system (C, = 3.062 x IO-), CA = 3.042 x lo-‘, Cs = 
3.045 x lo-)M). 1) Unbound Zn(II), 2) ZnAH, 3) ZnA, 4) 
ZnA,H,, 5) ZnA,H, 6) ZnA,, 7) ZnBH, 8) ZnB, 9) ZnB,, 

10) ZnABH,, 11) ZnABH, 12) ZnAB. 

protonated. In the Zn(AH)A type of species in 
the above two systems, one ligand will bind the 
metal through the mercapto and primary amino 
groups and the other ligand with the protonated 
amino group binds the metal through mercapto 
and carboxylato groups. Thus the ambidentate 
bchaviour of Cys and Pen ligands are well 
demonstrated by the results obtained for 
Zn(AH)A species in the Zn(II)-Cys/Pen(A) 
systems. The same type of protonation sites 
have been suggested for the Ni(CysH)(Cys), 
Cd(CysH), and Cd(PenH), complexes.‘,“.” 

The stability constant studies on the 
Zn(II)-Cya(A) system appear to be more inter- 
esting. In this system, ZnA and ZnA, types of 
species with respective log K, and log K, values 
of 3.77 and 2.25 have been detected in the 
present study. The stepwise stability constant 
values for the formation of ZnA and ZnA, types 
of species in the Zn(II)-glycine system”.” are, 
respectively 5.3 and 4.2. The log K, value ob- 
tained in the Zn(II)-Cya(A) system is ca. 1.6 log 
units lesser than that expected for the glycine- 
like mode of binding of Cya with Zn(I1). This 
shows that in the ZnA Cya species no chelate is 
formed, i.e., the metal should bind any one of 
the three donor groups, viz., sulphonic acid, 
primary amino or carboxylato groups. In case it 
binds through sulphonic acid or carboxylato 
groups, the log K, value should be in the range 
of two. But the value obtained here is 3.77. This 
indicates that the metal should bind the ligand 
through the primary amino group. In the ZnA, 
Cya species also, both Cya ligands should bind 
the metal through the two primary amino nitro- 
gen atoms. This is supported by the fact that 
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the log j?z,,, value of 6.02 obtained in the 
Zn(II)-Cya(A) system bears favourable com- 
parison with the log BZnA2 value of 6.3 reportedI 
in the Zn(II)-methylamine system, where the 
metal binds the ligands through the primary 
amino nitrogen atoms. 

Zn(II)-Cys/Pen /Cya(A)-Him, Hist and His(B) 
ternary systems 

The various types of ternary species detected 
in the title systems are indicated in Table 2. 
Sovago et aLI in their studies on 
Zn(II)-Cys/Pen(A)--Hist and His(B) systems at 
25” and 0.2M (KCl) could detect only the ZnAB 
type of species. Kayali and Berthon” studied 
Zn(II)--Cys(A)-Hist and His(B) systems and 
reported the formation of ZnABH and ZnAB 
types of species. Reddy et aL3 reported the 
stability constants of ZnAB and ZnAB, types 
of species in the Zn(II)-Cys(A)-Him(B) 
system, ZnAB type of species in the 
Zn(II)-Cys(A)-Hist(B) system and ZnAB 
and ZnA2B, types of species in the 
Zn(II)-Cys(AkHis(B) system. The types of 
ternary species reported above under different 
experimental conditions differ from the results 
obtained in the present study. Thus, in the 
Zn(II)-Cys(A)-Him(B) system, the formation 
of ZnABH ternary species in addition to ZnAB 
and ZnAB, species could also be detected. The 
present results in the Zn(II)--Cys(A)-Hist(B) 
system agree well with Kayali and Berthon.*O In 
the Zn(II)-Cys(A)-His(B) system, the presence 
of ZnABH, type of ternary species also in 
addition to ZnABH and ZnAB species could be 
detected in the present study. In the 
Zn(II)-Pen(A)-Hist and His(B) systems, we 
could detect the presence of ZnABH, and Zn- 
ABH species in addition to ZnAB species re- 
ported by Sovago et al. I6 The stability constant 
data reported by these groups of workers bear 
favourable comparison with the present results 
after giving due allowance for the change in the 
experimental conditions. 

Stability and structure of ZnAB and ZnAB, types 
of species 

In the ZnA binary species in the 
Zn(II)-Cys/Pen(A) binary systems, the ligands 
bind the metal through the mercapto and amino 
groups. Hence, it may be expected that in the 
ZnAB species in the Zn(II)-Cys/Pen(A)-Him, 
Hist and His(B) systems, Cys/Pen primary lig- 
and would bind the metal in a bidentate manner 
through its mercapto and amino groups. This 

becomes clearer by noting that the log K$$, 
values obtained in these systems (Table 2) com- 
pare favourably with the respective log fiznA 
values obtained in the Zn(IIjCys/Pen(A) sys- 
tems (Table 1). In the Zn(II)-Cya(A )-Him, Hist 
and His(B) systems, the log K$$a values ob- 
tained (Table 2) are higher than the log K&, 
value of 3.77 obtained in the Zn(II)-Cya(A) 
binary system by N 1.5 log units, where Cya 
binds the metal only through its primary amino 
group. This probably suggests that in 
Zn(II)-Cya(A)-Him, Hist and His(B) ternary 
systems, Cya primary ligand binds the metal in 
a glycine-like mode. The higher log fiznAB values 
obtained in the Hist secondary ligand systems 
compared to that in the Him secondary ligand 
systems suggest that Hist in its ZnAB species in 
the Zn(II)-Cys/Pen/Cya(A)ist(B) systems 
bind the metal in a bidentate manner through its 
imidazole and amino nitrogen atoms. Thus, 
ZnAB species in the Hist secondary ligand 
systems would have a coordination number of 
four. The log j3znAB values obtained in the 
Zn(II)--Cys/Pen/Cya(A)-His(B) systems are 
higher than those values obtained in the corre- 
sponding Hist secondary ligand systems. This 
indicates that His in its ZnAB species in the 
above systems binds the metal in a terdentate 
manner. However, the difference in the log BznAB 
value between those obtained in the His and 
Hist secondary ligand systems in the range of 
N 1 log unit suggests that the binding of the 
carboxylato group in the His secondary ligand 
systems is very weak. 

In the ZnAB, type of species in the 
Zn(II)--Cys/Pen/Cya(A) Him(B) systems, the 
coordination number of the metal ion would 
be four due to the bidentate binding of 
Cys/Pen/Cya primary ligands and the involve- 
ment of two imidazole nitrogen atoms in the 
two Him secondary ligands. The log /3z,,Ae, 
values in the Zn(II)--Cys/Pen/Cya(A)-Him(B) 
systems and log BznAB values in the 
Zn(II)--Cys/Pen/Cya(A)Hist(B) systems, where 
both the species have tetrahedral geometry, can 
now be compared. Owing to the chelate effect 
and higher basicity of the Hist ligand, one 
would expect higher log BZnAB values in the later 
systems compared to the log fiznAB2 values in the 
former systems, where the binding of two imida- 
zoles does not result in the formation of a 
chelate ring. Actually this is the trend in the 
corresponding binary systems where the log PznB 
value is 5.39 in the Zn(II)-Hist(B) system and 

log BZ”Bl value is 4.98 in the Zn(II)-Him(B) 
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system (Table 1). Due to the chelate effect and 
higher basicity of Hist, one can expect still 
higher differences between the above log/& 
and log fiznez values. The lesser difference of 
-0.4 log units between the above two par- 
ameters suggests that the a-acceptor property of 
the two imidazole ligands in the ZnB, imidazole 
species makes this species have higher stability 
than those expected. This trend is even higher in 
the ternary systems involving Cys/Pen/Cya pri- 
mary ligands and Him and Hist secondary 
ligands, i.e., the higher log Bz,,,+ value in the 
Zn(II)-Cys/Pen/Cya(A)Him(B) systems com- 
pared to the log jIznAr, value in the 
Zn(II)--Cys/Pen/Cya(A)-Hist(B) systems can be 
due to the fact that n-acceptor property of two 
imidazole ligands in the ZnAB, species over- 
comes the chelate effect and the basicity of Hist 
ligand in the ZnAB species in presence of Cys, 
Pen and Cya primary ligands. 

ZnA + ZnB, z$ ZnAB, + Zn 

A log Kz,,,, = log Le, 

- (log /%“A + log BZ”Ez, ) 

ZnA, + ZnB, z+ 2ZnAB, ; 

X Z~AB~ = [~nAB~12/([~nA21[~nB,1) 

lot3 ~2~4~~ = 2 hit BZIIAB~ 

- (log &“A, + log h.nB.,) 

ZnA + ZnB z$ ZnAB + Zn 

A log GAB = log LAB 

(1) 

(2) 

(3) 

(4) 

(5) 

- (lot+ knA + log /&nB ) 

ZnA, + ZnB, +2ZnAB; 

X Z~AB = [znAB12/([znA21[ZnB21) 

(6) 

loi? &nAB = 2 1% /LAB 

- (loi? hnA, + log hnB2)’ 

(7) 

(8) 

Now, if one compares the A log K and log X 
values obtained for the ZnAB, species 
[equations (l)-(4)] with those values of ZnAB 
species [equations (S)(8)] in the Zn(II)-Cys/ 
Pen(AkHim(B) systems, it may be noted that 
these parameters are more positive for the 
ZnAB, species compared to those for the ZnAB 
species (Table 2) demonstrating that ZnAB, 
species are having higher stability compared to 
ZnAB species. This can probably be accounted 
for by considering the fact that the primary 
ligand in each of the above systems results in the 
formation of the five membered chelate ring and 
hence the formation of ZnAB, species is not 

sterically unfavourable as in the case of Cu(I1) 
ternary complex systems.23 

The A log K values [equations (5) and (6)] 
obtained for the ZnAB type of species in the 
Zn(II)-Cys/Pen(A)-Him, Hist and His(B) sys- 
tems are more positive compared to their stat- 
istical values2’*u showing preference for the 
formation of ternary complexes compared to 
the binary analogues. The positive values ob- 
tained for this parameter in some of the systems 
show that the secondary ligand prefers to add 
on to the ZnA complex rather than the aquated 
metal ion. The log XZnAB values [equations (7) 
and (811 obtained in these systems (Table 2) also 
follow these trends. The A log K and log X 
values for the ZnAB species in the 
Zn(II)-Cya(A)-Him, Hist and His(B) systems 
could not be computed because only stability 
constant data for the monodentate binding of 
Cya with Zn(I1) is available both in the ZnA 
and ZnA, type of species (Table 2) while it is 
bidentate in the ternary species. 

Stability and structure of ZnABH and ZnABH, 
species 

As indicated initially, the protonated ternary 
species of the type ZnABH has been found to be 
present in the Zn(II)-Cys/Pen(A)-Him, Hist 
and His(B) and Zn(II)-Cya(A~Hist and His(B) 
systems under study in the lower pH ranges. The 
protonated binary species have been detected in 
the Zn(II)Cys/Pen(A) systems but not in the 
Zn(II)-Him(B) system (Table 1). Hence, in 
the ZnABH species in the Zn(II)-Cys/Pen(A)- 
Him(B) systems, it can be expected that the 
proton resides with the Cys/Pen primary ligand, 
possibly with its amino group as is the case with 
the ZnA,H, and ZnA,H Cys/Pen species as 
described in the beginning. The pK F,,ABH values 
(Table 2) obtained in the Zn(II)Cys(A)--Him, 
Hist and His(B) systems are comparable to each 
other indicating the same protonation site in the 
ZnABH species in all these three systems, i.e., as 
is the case for the ZnABH species in the 
Zn(II)--Cys-Him(B) system, in the correspond- 
ing Hist and His secondary ligand systems, the 
extra proton in the ZnABH species is attached 
with the Cys primary ligand, possibly by its 
primary amino group. This argument appears to 
be more reasonable because when the extra 
proton in the ZnABH species in the 
Zn(II)-Cys(A)-Hist(B) system is attached to the 
Hist secondary ligand, the binding of the Hist 
ligand would not result in the formation of any 
chelate ring and hence would lead to lower 
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stability. Conversely, the Cys ligand with the 
protonated amino group can bind the metal 
through the mercapto and carboxylato groups 
resulting in a six-membered chelate ring. From 
similar arguments for the Zn(II)-Pen(A)--Him, 
Hist and His(B) systems, it can be concluded 
that the extra proton in the ZnABH species in 
the above systems resides with the Pen primary 
ligand. 

Of the ternary systems containing Cya pri- 
mary ligands, the Zn(TI)-Cya(AkHist and 
His(B) systems gave rise to the formation of 
ZnABH type of species. Of the Zn(II)-Cya(A) 
and Zn(II)-Hist and His(B) binary systems, the 
protonated binary species have only been 
detected in the latter. Hence, it may be inferred 
that in the ZnABH type of species in the Zn(II)- 
Cya(AEHist and His(B) systems, the possibili- 
ties are more for the attachment of the extra 
proton with the Hist/His secondary ligand poss- 
ibly to their primary amino group. Since the 
log flZnABH values obtained in the Zn(II)--Cys/ 
Pen/Cya(AkHis(B) systems are higher by 
about one log unit compared to those in 
the Zn(II)-Cys/Pen/Cya(A)ist(B) systems 
(Table 2), it may be concluded that in the 
ZnABH species in the His secondary ligand 
systems the carboxylato group is also involved 
in the metal-ligand binding. 

ZnAH + ZnB = ZnABH + Zn (9) 

A log &ABH = log &ABH 

- m LA” + 1% BZ”d (10) 

The A 1% &nABH [equations (9) and (lo)] values 
obtained (Table 2) in the Zn(II)-Pen(AkHim, 
Hist and His(B) systems are more positive com- 
pared to the statistical values,2’~22 indicating 
higher stability for the ZnABH species. Again 
the A log J&a,, values in the Zn(II)- 
Cya(A)-Hist(B) system has not been calculated 
because of the reasons outlined in the case of 
ZnAB species in the above system. 

The ZnABH, type of species has been de- 
tected in the Zn(II)-Cys(A)--His(B) and 
Zn(IIkPen(A)-Hist and His(B) systems. In this 
species it may be expected that the two protons 
should reside, respectively with the primary and 
secondary ligands possibly with their amino 
groups. The log j&,Aa& values in these two 
systems differ only by cu. 0.20 log units, showing 
that the binding of the carboxylato group in the 
His secondary ligand system is very weak. 

Species distribution plots 

The distribution of various binary and 
ternary complexes (in terms of the percentage 
bound total metal ion as a function of pH) has 
been calculated for all the mixed ligand systems 
under study. The concentration of the ZnABH, 
ternary species never exceeded 10% of the total 
metal ion. About 30% of the total metal ion has 
been found to be present in the form of ZnABH 
species. In all the title ternary systems the ZnAB 
type of species occurs in higher concentrations 
than the binary analogues, indicating the prefer- 
ence for the formation of ternary species, which 
is in agreement with the predictions made from 
the A log K values. The formation of ZnAB, 
species in the Zn(II)-Cys/Pen/Cya(A~Him(B) 
systems has been found to be maximum in a 
1: 1: 2 solution of metal, ligand A and Him. The 
diagram obtained for the Zn(II)-Pen(A)- 
Hist(B) system at a metal, ligand A and ligand 
B ratio of 1: 1: 1 is given in Fig. 1. 
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Summary-Diacetyl and 2,3-pentanedione react with isoniazide in acidified solutions to give the 
corresponding hydrazones which, by reacting with a xirconium (IV) salt, form fluorescent complexes. Both 
reactions have been studied separately. Variables such as pH, heating time, and excess of reactives are 
discussed. The method may be used for the determination of these compounds in foods. 

INTRODUCT ION 

Diacetyl was the first a-diketone to be reported 
as an important agent responsible for flavour in 
many foods’ with 2,3-pentanedione and pyruvic 
aldehyde being reported subsequently (in fact, 
one of the functions of the latter is aldehyde). 
Awareness and, above all, control of the levels 
of these compounds in foods are of considerable 
interest since their occurrence determines the 
quality of many foods; in some cases they may 
be considered as indicators of optimum matu- 
ration, while in others they may be indicators of 
spoilage. Diacetyl is normally a major com- 
pound, with methyl glyoxal appearing in much 
lower amounts and is rarely a matter for deter- 
mination. Few references may be found in 
the literature on this subject and many authors 
who proposed methods for the determination 
of a-diketones were probably unaware of its 
occurrence. 

The first calorimetric method’ to appear 
was a modification of the well-known Voges- 
Proskauer reaction, with creatinine and a-naftol 
in potassium hydroxide; this was followed by 
many modifications on that method. Other 
methods include those derived from the reaction 
with hydroxylamine: UV or visible spectropho- 
tometry after forming complexes with Ni(II)4 
or Fe(II)5 (the latter procedure being the most 
common)6 usually after distillation. Gas chro- 
matography has been used to quantify both 

*Departamento de Quimica Analitica, Nutrition y Broma- 
tologia, Facultad de Farmacia, Universidad de Sala- 
manta, 37007 Salamanca, Spain. 

diacetyl and 2,3-pentanedione separately using 
either flame ionization7-9 or an electron-capture 
detector.‘@-‘2 The latter has proved to be 1200- 
fold more sensitive.13 The head-space technique 
is the most commonly applied to differentiation 
in beers.‘4*‘5 Only one fluorimetric method, 
based on the reaction of diacetyl with 3,4- 
diaminoanysol to yield a fluorescent quinoxa- 
line, has been reported;16 nothing has been 
found on 2,3-pentanedione. 

The method reported in the present work is 
based on the previous synthesis of diacetyldi- 
isonicotinoyl hydrazone (dDIH) and a study 
of its complexes with Sn(I1) and (IV), Y(III), 
Sc(III), and Zr(IV). ” The complex/complexes 
formed with excess Zr(IV) is/are fluorescent and 
we conclude that the structure in Fig. 1 is the 
most likely for it/them. 

Although we suspect the coexistence of sev- 
eral stoichiometries in aqueous solution, the 
prevailing one is most likely 1: 1 [dDIH : Zr(IV)]. 
2,3-pentanedione yields a product with very 
similar features, suggesting that the two reac- 
tions are alike. Figure 2 shows the reaction 
leading to the formation of these complexes. 

EXPERIMENTAL 

Reagents 

0.06M zirconyl chloride A.G. (Merck) was 
prepared by adding hydrochloride acid (viable 
for no longer than 20 days). A 0.035M isoni- 
azide (Sigma) solution was freshly prepared. 
Solutions of Diacetyl (Merck) and 2,3-pentane- 
dione (Fluka) were prepared from freshly 

1419 
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Fig. 1. 

rectified reagents. Acetic acid, 4M sodium hy- 
droxide, and 3h4 hydrochloric acid solutions 
were also employed. Other reagents used in this 
work, but not necessary for the analytical pro- 
cedure, are noted in the text. 

Apparatus 

A Radiometer 26 pH-meter and a Perkin- 
Elmer mod. 204 S~trofluo~meter with a 
xenon lamp, 10 nm slit width and 10 x 10 mm 
quartz cells at room temperature were used. 
Except where indicated, all measurements 
were performed with both “0” and “100” knobs 
turned top right. Just before measurements, air 
was removed from the reaction mixtures by 
bubbling nitrogen for a few seconds. 

Glass distillation apparatus: 250-500 ml 
(0 = 14/23) b 01 mg flask; distillation tube with a ‘1’ 
vertical-delivery recovery bend; Liebig con- 
denser, connected verticalty (effective length = 
150 mm); tapered water-tube adapter to dip 
below the liquid level contained in a 1OOml 
beaker receiver. 

Procedure 

1.0 x 10e5M diacetyl (or 2,3-~ntanedione) 
was added to 10 ml of 0.035M isoniazide sol- 

Fig. 2. 

ution, acidified with a few drops of acetic acid. 
After several minutes, 5 ml of 0.06&f Zr(IV) salt 
was added; the pH was adjusted to 1.7 + 0.1 
with 3M HCI and 4M NaOH. The solution was 
transferred to a 50 ml volumetric flask and 
diluted with water. After approximately 30 min, 
fluorescence was measured against a blank pre- 
pared under similar conditions using excitation 
and emission wavelengths of 410 and 510 nm, 
respectively. Calibration curve: A curve was 
plotted with final diacetyl concentrations be- 
tween 20 and 200 ppb. The “0” knob was 
adjusted with a blank and the “100” knob with 
the higher-concentration solution. 

RESUUTS AND DI!XXJSSIGN 

Fluorescence spectra 

Uncorrected excitation and emission spectra 
of the complexes were obtained with final con- 
centrations of 0.0023 mM diacetyl and 0.0010 
mM 2,3-pentanedione. In both cases, 10 ml of 
0.0523M isoniazide, a few drops of acetic acid, 
and 5 ml of 0.025M Zr(IV) were added. pH was 
adjusted to 1.7 Ic: 0.1 with HCl and NaOH 
solutions and both reaction mixtures were di- 
luted to 50 mt in a volumetric flask. After about 
30 min, excitation and emission spectra were 
recorded (Fig. 3). Bands with maximum at 410 
and 510 nm, respectively, were observed. Op- 
timization of each reaction was based on the 
meas~ement performed at these wavelen~hs. 

Optimum pH value 

Following the same protocol, different pH 
values were studied for the formation of the 
complexes. A value of 1.7 f 0.1 was confirmed 



Fluorimetric determination of diacetyl and 2,3-pentanedione 1421 

I 
410 510 
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Fig. 3. Uncorrected excitation and emission spectra of both 
final-reaction mixtures: 0.0023 mM diacetyl and 0.0010 mA4 

2,3-pentanedione. 

as optimum for both reactions, that being the 
equilibrium state with the maximum complexes 
formation and the minimum protonation of 
azomethynic nitrogen atoms and the minimum 
formation of Zr(IV) hydrocomplex species. 

Excess of isoniazide and time for the formation of 
hydrazones 

A preliminary experiment was carried out to 
establish the amount of Zr(IV) necessary to 
form the dDIH : Zr(IV) complex. Increasing 
amounts of Zr(IV) salt were added to a syn- 
thesized dDIH solution until a constant value of 
relative fluorescence intensity was reached. This 
corresponds to a 2500-fold excess of Zr(IV) in 
relation to the molar amount of a-diketone. 
This experiment is necessary to fix the Zr(IV) 
variable so that the study on excess isoniazide 
can be accurate. We later fixed the optimum 
excess of Zr(IV) salt for the determination of 
vicinal diketones. 

The excesses of isoniazide indicated in Figs 4 
and 5 in relation to the stoichiometry (2 : 1) were 
added to solutions of diacetyl(O.0052 mM final 
concentration) and 2,3-pentanedione (0.005 
mM final concentration) plus a few drops of 
acetic acid. After the indicated time, 2500-fold 
excesses of Zr(IV) were added; pH was adjusted 
to 1.7 St 0.1, and measurements were performed 
30 min later. Minimum isoniazide excesses of 
1500-fold for diacetyl and 4000-fold for 2,3- 
pentanedione were found to be optimum, and 
these amounts also resulted in an almost instan- 
taneous formation of hydrazones. 

i 
I I . . I . I . . I 

50 500 loo0 2ooo 3ooo 4ooo 5ooo 
Excess isoniazide 

Fig. 4. Excess of isoniazide and time required for formation 
of diacetyl hydrazone (0 just prepared, fJ 15 mitt, 0 30 

min). 

Zirconium (IV) excess, time and temperature for 
the formation of complexes 

Excesses of Zr(IV) ranging from 500- to 
5000-fold were added to solutions of diacetyl 
(0.0052 mM final concentration) and 2,3- 
pentanedione (0.0050 mM final concentration). 
After addition of excess isoniazide (1500- and 
4000-fold, respectively), a few drops of acetic 
acid and adjustment of pH to 1.7 + 0.1, the 
reaction mixtures were either let to stand at 
room temperature or heated to 70-75°C for 15, 
30, 45, or 60 min. In Fig. 6 only those exper- 
iments providing optimum results are reported, 
which were 30 min at room temperature for 
diacetyl, and the same time and heating for 
2,3-pentanedione. For both compounds, the 
optimum amount of Zr(IV) was found to be in 
excess of 2500-fold. 

Analytical features of the reactions 

These are reported in Table 1. The calibration 
range is taken from the detection limit to the 

2ooo 4ooo 
J3xwss isoniaeide 

Fig. 5. Excess of isoniazide and time required for formation 
of 2,3-pentanedione hydrazone (0 just prepared, 0 15 min, 

0 30 min). 
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50 

40 

, 3 - pentanedione 

loo0 2ooo 3ooo 4000 moo 

Excess Zr(IV) 

Fig. 6. Excess of Zr(IV) required for formation of complexes 
with diacetyl and 2,3pentanedione when measurements 
were performed after 30 min either at (0) room temperature 

or (0) 70-75°C. 

beginning of fluorescence quenching. There is 
no way of distinguishing between the factors 
responsible for the quenching. It was possible to 
ascertain that Zr(IV) is not the cause, but it was 
not possible to determine the concentrations at 
which either the fluorophore or the excess isoni- 
azide are responsible. 

Precision was determined at four levels 
of concentration for both diacetyl and 2,3- 
pentanedione. The results are shown in 
Table 2. 

Recovery 

In separate aliquots, 5 ml of 1 .O x lo- 5M 
diacetyl and 5 ml of 1.0 x lo-‘M 2,3-pentane- 
dione were diluted to 50 ml and then distilled to 
about 30 ml. Six similar distillations were per- 
formed for each sample. Three of the distillates 
were collected into water, and the other three 
into an excess of isoniazide and acetic acid 
and compared with three non-distilled controls. 
All the samples were analysed according to 
the method outlined in the Procedures section. 
In the first case, recovery for diacetyl was 
81.0 f l.O%, while in the second 98.6 f 0.3%. 
For 2,3-pentanedione, recovery with water was 
87.9 f l.O%, while with isoniazide it was 
99.6 f 0.4%. 

Table 1. Analytical features of reactions with diacctyl and 
2,3+entanedione 

Characteristics Diacetyl 2,3+entanedione 

Linear range,* @g/l) 4.0-860 20-1200 
Detection limit,? @g/l) 4.3 20 
Sensitivity,t &r/l) 2.0 8.0 

*r = 0.9998 (diacetyl) and r = 0.9999 (2,3pentanedione). Results are therefore expressed as diacetyl 
TIUPAC Anal. Chem. Diu.18. and plotted on a calibration curve (r = 0.9998). 

Table Z.Precision study 

Concentration C.V.* 
Compound (x lo-‘M) W) 

Diacetyl 4.64 I.95 
9.28 0.86 

13.92 0.87 
18.56 0.74 

2,3pentanedione 4.00 2.66 
8.00 1.39 

12.00 0.86 
16.00 0.70 

*Mean n = 10 determinations. 

Recoveries were also studied in a vinegar 
model system. Two solutions of vinegar were 
prepared as follows: 

Diacetyl or 2,3-pentanedione = 5.0 mg; 
Acetoin = 250 mg; 
2,3-butanediol = 300 mg; 
Tartaric acid = 2.5 g; 
Acetic acid = 40 g; 
Ethanol 96°C = 12.5 ml; 
Water = up to 1000 ml. 

Ten millilitre solutions of vinegar were di- 
luted to 100 ml with water. Three 10 ml aliquots 
of each solution were neutralized with NaOH, 
diluted to 50 ml, and distilled to about 30 ml. 
The distillates were collected into solutions 
of isoniazide acidified with acetic acid (see 
Procedures). Recoveries of 98.0 + 0.0% and 
98.3 + 0.6% were obtained for solutions with 
diacetyl and 2,3-pentanedione, respectively. 

Application: determination of vicinal diketones 

Any calorimetric method for determining di- 
acetyl based on condensation reactions with 
diacetyl’s carbonyl groups inevitably also deter- 
mines 2,3-pentanedione since it reacts in exactly 
the same manner. What is thus being measured 
are vicinal diketones. 

We therefore propose a method for the deter- 
mination of vicinal diketones according to the 
reaction conditions reported for diacetyl. 
Although the method chosen does not give the 
best results for 2,3-pentanedione, we have nev- 
ertheless chosen it for the following reasons: (1) 
diacetyl is almost always the major (if not the 
only) vicinal diketone present. (2) Flavourwise, 
the 2,3-pentanedione taste-threshold is some 
lo-fold higher than that of diacetylip (the same 
sensory response requires a lo-fold higher con- 
centration of 2,3-pentanedione) and hence di- 
acetyl is of major analytical interest. 
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Table 3. Recovery of diacetyl from store- 
bought vinegar 

Diacetyl Diacetyl Recovery* 
added (fig) found (an) (%I 

1.000 0.985 98.5 
2.000 1.998 99.9 
3.000 2.988 99.6 

I. 

2. 
3. 

4. 
*Mean of three determinations. 

5. 

In order to confirm its effectiveness, the 
method was applied to determine the a-dike- 
tones in store-bought vinegar. 

The vinegar was diluted to lo%, from which 
10 ml were taken. Known quantities of diacetyl 
were added to the 10 ml sample, and the whole 
was then further diluted to 50 ml. After this, the 
sample was distilled until around 30 ml of 
distillate was collected into a solution of isoni- 
azide acidified with acetic acid (see Procedures). 
Untreated samples were taken as references. 
The results are given in Table 3. 

By the present method it is possible to esti- 
mate values as low as 0.02 mg/ml. 

The major advantage of using this spec- 
trofluorimetric method, as opposed to other 
calorimetric methods is therefore the former’s 
greater sensitivity, thus allowing the determi- 
nations to be carried out with a very small 
sample. 

6. 
7. 

8. 
9. 

10. 

11. 

12. 

13. 

14. 

15. 
16. 

17. 

18. 

19. 
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Summary-The complexation of an aquatic fulvic acid, FA, with Sr2+ and Et?+ was studied at 0.10 and 
O.OlM NaClO, using trace levels of metal ([Sti+] = 10e9M and [Ed+] = lo-I’M) and a constant FA 
concentration (0.12 g/l) by an ultrafiltration technique (UF) and an ion exchange distribution method 
(IEDS). The overall complex formation function, j?,,, for the two metals was calculated and its dependence 
on pH, ionic strength and method was investigated. The absolute value of log &,, the pH dependence 
and the influence of the ionic strength on the complexation differed depending on the metal ion and 
experimental technique employed. By considering the functional group heterogeneity of the FA molecule, 
it was possible to predict the most predominantly bound site (keto-enol) and resolve the complex 
formation function for this site and Eu3+ (IEDS: 9.43 f 0.29 l/eq at O.lOM and 10.58 + 0.72 l/eq at 0.01 M; 
UF: 7.19 + 1.51 l/eq at O.lOM and 6.88 f 0.91 l/eq at O.OlM). The results are discussed in the light of 
possible intrinsic problems of the two experimental methods. 

The need to describe the dispersion of 
radionuclides from waste repositories due to 
possible leakage has mandated the study of 
typical radioisotopes and their interaction with 
natural organic acids. Earlier simulations of 
metal dispersion/speciation have normally left 
out the role of natural organic acids in this 
important exercise. However, in recent studies’ 
it has been shown that small amounts of these 
ubiquitous natural organic acids have strong 
affinities for metal ions, thus their contribution 
to the mobility of radioisotopes cannot be 
neglected. Attempts to incorporate the role of 
these organic acids, have been stymied by a lack 
of a conceptual interpretation of their solution 
chemistry. 

To describe metal ion binding by humic 
substances, complex formation functions (B) 
have been widely applied.2 These functions are 
highly conditional, i.e. dependent on the ratio of 
metal ion to humic substance, ionic strength, 
pH and method of study.““’ In broad terms, 
models that have been proposed to describe 
metal-humate interactions may be categorized 
as the discrete ligand and the continuous 
distribution model6 Our approach may be 
categorized as a discrete ligand approach but 
emphasizes the need to incorporate contri- 
butions due to ionic strength effects and 
functional site heterogeneity. 

This paper has been written to satisfy three 
objectives. The first is to address the role of 
natural organic acids in the mobility of radio- 
nuclides. The elements Sr and Eu were chosen 
as model elements for the study because as 
fission products in spent uranium, they also 
have properties similar to other long-lived 
radionuclides, e.g. Ra(II), Pu(III), and Am(II1). 
The second objective is to compare results, 
expressed as overall complex formation 
functions at two ionic strengths and varying pH 
values, obtained by two different methods. The 
third objective is to describe the metal-fulvate 
interaction by considering the functional group 
heterogeneity of the fulvic acid. The complex 
formation function for the interaction between 
Eu and the acid site presumed to be the 
strongest, was determined. Comparison of this 
value with the literature-reported value’** for the 
interaction between Eu and the functional 
group closely resembling the strongest site is 
made to justify the assignment of functionality 
to this site. In this exercise Sr was neglected 
because of its low binding affinity for fulvic acid. 

EXPERIMENTAL 

Chemicals and equipment 

A well-characterized aquatic fulvic acid 
isolated from surface water in a bog area 
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(Bersbo, about 200 km south of Stockholm) was 
used.gv’0 In the ion exchange distribution studies, 
the sodium form of a Dowex 50 WX8 (mesh 
50-100) was employed as the cation exchanger. 
The isotopes, *%r (in aqueous solution) and 
15’Eu (in O.lOM HCl), were purchased from 
Amersham. Mini-Q water was used in preparing 
all solutions. Analytical grade chemicals were 
employed. An Amicon ultrafiltration cell, 8050, 
was used in conjunction with a YM2 (1000 
cut-off) Diaflo membrane. Radioactivity 
measurements were carried out using a LKB 
(Wallac) 1282 Compugamma counter. A 
radiometer pHM 85 precision pH-meter and a 
pH-combination glass electrode, GK 2402B, 
were employed for pH determinations. The ex- 
periments were performed at two ionic strengths 
(O.lOM and O.OlM NaClO,), a fixed total con- 
centration of FA (0.12 g/l, corresponding to a 
total capacity of 5.6 x 10e4 eq/l), and initial 
metal ion concentrations of [Sr*+] = 10egM and 
[Eu3+] = lo-I’M. The pH-adjustments were 
effected with HClO, or NaOH without the use 
of buffering agents. All experiments were per- 
formed at an ambient temperature of 22°C. 

Procedure 

The ion exchange distribution method has 
previously been developed for the determination 
of overall complex formation functions of 
metal-ligand systems.” In a typical IEDS 
experiment, 5 ml of the metal or fulvic 
acid-metal solution was added to a carefully 
weighed amount of the cation exchanger 
(0.005-0.100 g) in polyethylene tubes. The pH 
was adjusted with HClO, or NaOH and after 
equilibration on a shaking-table for approxi- 
mately 24 h the pH was determined and aliquots 
were taken out for radioactivity measurements. 
To separate the solid from the liquid phase 
adequately the solutions were centrifuged for 
about 10 min at an appropriate speed. 

The ultrafiltration experiments were per- 
formed following the procedure outlined 
previously.‘* The performance of the 
membrane, YM2, was checked by ascertaining 
that the rejection coefficient of the fulvic acid 
was unity, whereas that of the metal ion was 
zero.13 A detailed description of the ultrafiltra- 
tion method may be found elsewhere.‘2*‘3 

MODE OF COMPUTATION 

The classical expression for the conditional 
stability constantI has been the basis for the 

calculation of the overall complex formation 
function, & as follows: 

/&” = CM, 
M&A - 

(1) 

where Z:Mb is total metal bound, Mr is metal free 
in solution and EA - is the summation of ion- 
ized acidic species. 

In the IEDS the quotient ZM,/M, is 
calculated according to equation (2): 

CM, Do-D 
-= 
Mi D 

(2) 

where Do and D are the respective distribution 
coefficient of the metal in absence and presence 
of FA. The Do was obtained from a linear 
regression analysis performed on the results of 
an experiment where Do was investigated as a 
function of the concentration of bulk electrolyte 
(NaClO,), Table 1. 

D = (%A,) - ((“‘ts + WfNaOH + ~haoJ4 1 

where wt, is weight of solution, A, is specific 
activity of the control solution (cpm/g), WtN*ou 
is weight of added base, wtHclo, is weight of 
added acid, A, is specific activity of the reaction 
solution (cpm/g) and wt, is weight of solid 
phase. 

CA - has been defined as: 

ZA - = a,,HAT - XM,, (4) 

where a,, is overall degree of neutralization 
(dissociation) of the fulvic acid molecule and 
HAT is total titratable acid in aqueous medium 
at the ionic strength of study. HAT is derived at 
by multiplying the acid capacity (4.65 meq/g 
FA) with the amount of FA used (0.12 g/l). 
In these experiments only trace quantities of 
metal ions have been used and therefore 
XM,, 4 a,,HAT and equation (4) reduces to: 

CA - = a,HAT . (5) 

Table 1. The distribution coefficient of the metal in absence 
of fulvic acid, D,,, derived from linear regression analysis 

Linear relationship: y = mx + c where y = log Do and 
x = log{NaClO,}.* 
r = correlation coefficient and n = number of points. 

Metal 
Eu’+ -211974 2.:71 t&993 

n 
5 

W+ - 2.058 1.716 0.9955 7 

*Kielland’s (1937)r5 individual ion activity coefficients, y, 
have been used for the conversion of concentration to 
activity. 
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For the two ionic strengths a,,, was calculated 
using third degree polynomials derived from 
potentiometric titrations.i6 

a,, = 1.035 - 0644pH + O.l77(~H)~ 

- 0.0125(~H)~, 

Z = O.lOM NaClO, (6) 

aOv = 0.4020 - 0.2461pH + O.O874(pH)’ 

- O.O060(pH)3, 

Z = O.OlM NaClO,. (7) 

In the ultrafiltration experiments CM,/M, is 
calculated according to equation (8): 

CM,, A,- Af 
-= 
4 Ar 

(8) 

where A,, is specific activity of the original 
(unfiltered) solution @pm/g) and Af is specific 
activity of the filtered solution (cpm/g). 

Heterogeneity considerations 

The description of the interaction between 
europium and fulvic acid may, however, be 
achieved by considering the various acidic 
moieties of the fulvic acid molecule. The fulvic 
acid employed has been characterized via the 

comprehensive physicochemical approach 
outlined by Marinsky. ‘7~‘* In this approach, the 
fulvic acid is conceptualized as an assemblage of 
relatively small hydrophobic moieties that are 
slightly different, but composed of four to five 
predominant separate acidic sites with each 
site characterized by a distribution of acid 
strengths which may be averaged. The charac- 
teristics of Bersbo fulvic acid are summarized in 
Table 2. 

Following an earlier treatment of the inter- 
action between Eu3+ and a soil fulvic acid and 
reconciling with the envisaged acid spectrum in 
Bersbo fulvic acid (Table 2) it has been 
postulated that Eu3 + is predominantly 
sequestered by the keto-enol-like site.” Conse- 
quently, the complex formation function for 
this interaction has been computed by first 
subtracting the contributions of metal bound 
by the other acidic functionalities from the 
experimental value of metal bound. The contri- 
bution of the acidic functionalities has been 
estimated using literature values of stability 
constants7** describing the interaction between 
Eu3+ and the acidic functional group that re- 
sembles the active sites in the fulvic acid mol- 
ecule (Table 2). 

Table 2. The characteristics of Bersbo aquatic fulvic acid.9,19 

Characterization ’ 
1 1.7 0.20 

2 3.3 0.25 

3 5.0 0.30 

unidentate -COOH 

3: COOH 
OH 

unidentate -COOH 

4 6.5 0.20 OH 
OH 

5 7.0 0.05 c=o 
OH 
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The unidentate complexation between the 
metal ion and the acid site with a pK, of 1.7 has 
been described as follows: 

-R-COO - + Eu3 + z$-R-COOEu2 + . (9) 

The (&/Mr) due to this site is estimated from 
the mass action relationship as follows: 

= &(R-COO-) (10) 

where fir = IO2,‘3 and (R-COO-) is the concen- 
tration of the ionized form of the acid site 
obtained by the following: 

R-COO- = +4biHA, (11) 

where ai is equal to the degree of neutralization 
for a specific site and might be expressed as in 
equation (12). The abundance of a specific site 
is in equation (11) written as Ab,. 

1 
‘jr= 1 + ~QPG-PH (12) 

Since the acid site with pK;, 1.7 is con- 
sidered adjacent to the -R-COO- site with 
pK, of 5.0, an additional mode of interaction 
is anticipated by envisaging a chelation as 
follows: 

coo 
+ ELI’+ - 

coo, 

AEU + (13) 
coo- coo 

from which (~~/~~),, is computed by the re- 
lationship: 

&VW,, = h (14) 

where /.I,, = 103.‘0 and the concentration term is 
obtained by considering the ionization of the 
second -COOH (pK, = 5.0) as the limiting fac- 
tor. The extra 10% of the acid site with pK, of 
5.0 is considered to complex the Eu3+ ion in an 
unidentate fashion and its contribution was 
estimated as: 

6 ( > x III 

= &I (RI-COO-). (15) 

-OH (pK, = 13.4) is adjacent to a weak -COOH 
(pK, = 3.3) was considered to bind the Eu’+ in 
two fashions. The first involved the unidentate 
complexation between the -COOH and the 
Eu3 + ion , as follows: 

coo COOEu" + ELP - (16) 
OH OH 

Wb /W,V is thus estimated from the mass 
relationship as follows: 

The other envisaged possible reaction is the 
chelation involving the -COO- and the -OH 
with the subsequent removal of a proton as 
follows: 

The (&,/A& computed from the mass ac- 
tion relationship as follows: 

indicates the small contribution of such an 
envisaged mode of complexation.2’ The I&, is 
/3 for Eu3 + -salicylic acid ( 104.M) multiplied with 
5 for the -OH group in this site (10er3”). 

The complex formation function for the 
keto-enol site has been calculated according to 
equation (20): 

where A, is the ionized form of the keto-enol 
site given by: 

A,= HATAb,, 
1 + ~oP“,-PH 

The acid site with a pK, of 3.3 and an HA, is the total titratable acid and Abk, is 
abundance of 0.25 which was considered to the abundance of the keto-enol site in the fulvic 
mimic a salicylic acid like site where a very weak acid molecule. (~~~/~~)~p is experimentally 
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derived (according to the above) and 

GM, /Mf ),,cal is obtained as follows: 

RESULTS AND DISCUSSION 

Zon exchange distribution studies 

The results of the IEDS for the interaction 
between Sr and Eu and aquatic FA shown in 
Fig. 1 indicate that Eu binds more strongly to 
FA than Sr. Whereas the log #?,” for the Eu is 
dependent on pH (in the pH range 3-6.5 
(O.lOM) and 3.5-5 (O.OlM)) the values for Sr 
are pH-independent. The log /I,,” for the Eu-FA 
system at O.lOM may be described by an 
equation obtained by linear regression analysis. 
A similar relationship between pH and log fi,-,” 
for the Eu-FA system at Z = O.OlM can be used 
(Table 3). A constant value of 9.16 + 0.02 is 
obtained after pH of 5.5 in the O.OlM system 
whereas a no clear cut average could be 
obtained for the 0. 10M system. The correspond- 
ing values for the Sr-FA system are also re- 
ported in Table 3. The dependence of log /I,” on 
the ionic strength is greater in the case of Sr-FA 

10 

1 
91 / * 

0 

2j,,,,,,.,.,.,.,nm., 
2 3 4 5 6 7 6 9 10 11 

PH 

Fig. 1. The effect of pH and ionic strength (0.10 and O.OlM 
NaClO,) on the overall complex formation function, j?, for 
Eu’ + and S$+ and Bersbo aquatic fitlvic acid investigated 
by ion exchange distribution studies (IEDS) and ultrafiltra- 
tion (UF). Note that for IEDS, Eu3 + in O.lOM NaClO,, the 
line has been drawn as above to conform with results in 
O.OlM NaClO, because a similar pattern of interaction is 
expected. IEDS: 0 Sti+ in O.lOM, 0 Sr2+ in O.OlM, 0 
Eu3+ in 0.10&f, 0 Ed+ in O.OlM; UF: W Sti+ in O.lOM, 
l Sr2+ in O.OlM, + Eu3+ in 0.10&f, n Eu’+ in O.OlM. 

than Eu-FA (A log ~,,y,sr(o.,O-o.O,oM) x 2.0 while 

Alog B~~,E~~MKMM-, x 1.5). 

Ultra$ltration 

The UF results also attest to the fact that Eu 
is more strongly bound by the FA than Sr. The 
log p.,, values for the Eu-FA system showed an 
insensitivity to pH whereas the Sr-FA system 
yielded values slightly dependent on pH. The 
log Boy values obtained for the Eu-FA system at 
O.lOM and O.OlM NaClO, maybe averaged to 
give 4.97 + 0.04 and 5.44 & 0.04, respectively. 
For the Sr-FA system at O.lOM and O.OlM 
NaClO, the log z?,, may be described by 
equations obtained by linear regression analysis 
(Table 3). The effect of ionic strength on the 
log& seems the same for the two metal- 
humate systems (Alog ~OV,sr(O.lO-O.O1OM) x 0.6 while 

Alog B.,~,E~~MM.M~M) = 0.5). 

Comparison of methods 

The comparison of results obtained from the 
two methods shows interesting discrepancies. 
The values of log /I, for both metals obtained 
by the ion exchange method are invariably 
higher than those obtained by the ultrafiltration 
method (Fig. 1). For the two metals this dis- 
crepancy in absolute value is more pronounced 
at the lower ionic strength, O.OlM than at O.lOM 
NaClO, . The interesting observation, however, 
is that the effect of method on the behaviour of 
the resolved log /I,, is reversed for the two 
metals. Whereas for the Eu the log /I,” obtained 
by the IEDS was dependent on pH that ob- 
tained by the UF was not. On the other hand the 
log floV obtained for the Sr-FA system by the 
IEDS showed no dependence on pH but those 
resolved from the UF showed a pH dependence. 
This discrepancy is not completely understood 
but similar observations have been made by 
earlier researchers.3*22 In addition, the ionic 
strength effect on log /I,” is more enhanced in the 
IEDS than in the UF and this behaviour is the 
same for both metals. Sources of error in the 
IEDS are the accuracy of the determination of 
D, and the possible ion-dipole interactions be- 
tween the ion exchange resin and the fulvic acid 
molecule.” 

An explanation for the low log fi,,, values 
obtained in the UF method as compared to the 
IEDS is the hypothesis of possible fragmenta- 
tion of the fulvic acid molecule in the presence 
of the metal ion. These “small” fragments which 
might pass through the membrane with some 
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Table 3. Overall complex formation functions for Eu’ + and Srr + binding to Bersbo aquatic 
fulvic acid. Ionic medium N&IO,. c = correlation coefficient and w = number of points 

System 

IEDS, Eu’“, f=O.l%-W 
IEDS, Eu”, I = O.UIM 
;;H& ;;‘+t I =O.OiM 

+, I=O.lOM 
IEDS: S1.2+, I = O.OlM 

UF, Srt+, f=O.OfM 

pH range 

2.93-6.35 
3.33-5.06 
5.78-9.92 
2.80-8.22 
3sl48.94 
3.25-7.65 
3.74-8.20 
3.69-8.08 
X85-7.92 

log &-pH relationship (fleq) 

log 8, = 3.84 + 0.74 pH 
log & = 6.17 + 0.59 pH 
log fl,” = 9.16 It 0.02 
log &, = 3.87 & 0.12 
log 8,” = 5.88 f 0.12 
log fl,, = 4.97 f 0.04 
log p,, = 5.44 f 0.04 
log &_ = 2.30 + 0.10 pH 
Iog j3, = 2.17 + 0.22 pH 

r n 

0.99 13 
0.98 4 
- 6 
- 8 

- - : 
- 8 

0.72 13 
0.93 8 

metal ions would bring about an over-esti- on changes in pH. In one of the studies2s two 
mation of the free metal ion concentration methods were employed, IEDS and UF, and log 
which will translate into a reduced estimate of is,, exhibited a dependence on pH for fEDS but 
bound metal and thus a smaller log &,“. It has not for UF (IEDS: log /I,, = 6.65 l/eq (pH = 4), 
been observed for an A?*-FA system investi- log /IO” = 7.40 l/es (pH = 5), log & = 8.15 ljeq 
gated with a dialysis technique that an increase (pH = 6), log B,, = 8.95 l/eq (pH = 7); UF: log 
in metal load caused an increase in fulvic acid fi, = 5.10 l/eq (pH = 4-7); Z = 0.1 OM NaClO, 
concentration outside the dialysis membrane.23 for both methods). In the other studg6 using the 
In a calculation, based on UV-visible spec- same FA (Bersbo FA)” and laser induced &or- 
troscopy experiments, of the over-estimation of escence, LIF, as a method, no significant vari- 
the free metal ion concentration it was found ations of log ~3,” (6.34 + 0.16 l/eq) was observed 
that less than 10% of the fulvic acid has to bind in a pH range of 2.7-6.5 and ionic strength of 
64% of the Sti+ ions and 98% of the Eu3+ ions O.lM NaClO,. The results from this study agree 
to achieve log &, values of the same order as the with previously reported valuesz5 Very few 
IEDS. This exercise appears to indicate that studies of Sr-FA systems with calculated log &, 
smalfer fragments of fulvic acid predominantly values are reported in the literature. However, 
bind the metal ion at the expense of the larger one reported log & of 4.53 l/eq for a Sr-HA 
fragments, a conclusion that is contrary to system at a pH = 5 and Z = 0.1 Mz7 is higher than 
observed results.24 values obtained in this study using both methods. 

The difference in ionic strength effects in the 
two methods may be attributed to the effect of 
bulk electrolyte concentration on the measured 
parameters (i.e. Do for IEDS and Mt for UF). 
While the effect of bulk electrolyte concen- 
tration on t), is very pronounced (Table 1) its 
effect on the estimated Mr is negligible. The 
parameter Mr is apparently not affected as much 
by the ionic strength of the system as Z& and this 
situation is postulated to account for the 
decrease in ionic strength effects in the UF 
method.25 

The results from two recent studiesz536 
indicate that overall complex formation func- 
tions can be both dependent and independent 

The binding of Eu3+ and SI* ions by the 
fulvic acid molecule has additionally been ex- 
plained by considering the interactions between 
the metal ions and the various discrete acid sites 
that have been employed to describe the 
acid-base properties of the fulvic acid 
molecule.9 The Eu3 + is considered to be mainly 
sequestered by the keto-enol-like site9*” and 
the complex formation function for this 
reaction has been computed. The results of this 
exercise (Table 4) show the influence of ionic 
strength effect, which is only significant in 
the ion exchange distribution studies, and the 

Table 4. Complex formation functions for the selective binding of Eu3+ by the keto-enol site of the Bersbo 
aquatic fulvic acid. Employed methods are Ion Exchange Distribution Studiiss, IEDS and Ultra~trat~on, UF 

Metal ion 

;;:: 

FhP+ 

Bersbo fulvic 
acid (g/i) 

0.12 
0.12 
0.12 

Ionic strength, 
NaClO, (M) 

0.10 
0.01 
0.10 

Method 

lEDS 
IEDS 
UF 

pH range 

3.87-7.43 
3.33-8.48 
3.25-7.65 

log B (lieq) 

9.43 f 0.29 
10.58 4: 0.72 
7.19f 1.15 

Et+ 0,12 0.01 UF 3.74-8.2 6.88 * 0.91 
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difference between the methods. The values of 

log Bkek-1 obtained in the ion exchange distri- 
bution studies agree with earlier results where a 
similar mode of analysis was employed.M The 
values of complex formation function obtained 
in this exercise compare well with literature 
values for the interaction between Eu3 + and the 
probable functionalities, e.g. log flE_tec,,o, = 
11.17 l/eq and the log bru_k+ add = 6.14 & 0.02 
l/eq (both measured at I = O.lM and at 25°C).7 
That the values are not exactly the same as those 
published in the literature may be explained by 
considering that the extent of complexation of 
the envisaged sites might be perturbed by 
adjacent functional groups.** 

CONCLUSIONS 

The results of this study, though confirming 
the fact that Eu3+ is more strongly bound by 
fulvic acid than S12 + , indicate that the overall 
complex formation functions obtained by the 
different methods are different both in absolute 
values, behaviour with respect to pH changes 
and ionic strength. The influence of method on 
the overall complex formation function is 
additionally illustrated by the results of a study 
where the Bersbo fulvic acid-Eu system studied 
with LIF26 yielded values different from UF and 
IEDS. 

In an exercise to determine the speciation of 
the Eu-FA system using an arbitrary concen- 
tration of lo-*M (a typical trace metal ion 
concentration) for the initial total free metal 
ion, varying concentrations of FA (1, 50, 120 
mg/l), log &u-carbonate = 5.93 l/eq29 and log 

B Ewhydroxy = 7.45 l/eq determined from our own 
data by considering the relationship between D,, 
and pH30, it was shown that with as little as 1 
mg/l of FA in the Eu-FA system, the metal ion 
was predominantly sequestered by the FA 
( 2 90% in the pH range of 3-7.5). In the 
above-mentioned exercise, log &,, values from 
the IEDS were employed (i.e. the highest log /$,” 
values of the two methods were selected). This 
exercise shows that very small amounts of natu- 
ral organic acids can have significant effects on 
the mobility/speciation of trace metals in the 
environment. 

By considering the functional group hetero- 
geneity of the fulvic acid molecule the site which 
predominantly binds Eu3 + has been computed. 
Comparison of this value with the literature 
value gave credence to the functionality 
assigned to the most active site. 

The approach outlined in this paper is yet 
another testimony emphasizing the need for a 
thorough characterization of the fulvic acid as a 
ligand in order to facilitate a comprehensive 
description of metal-fulvate interactions. 
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Summary-A mixture of nitric and sulphuric acids is used for the decomposition of geochemical samples 
for the estimation of tungsten. In the resulting sample solution tungsten is determined calorimetrically 
by the dithiol method. The decomposition procedure suggested works well for scheelite mineral. However 
wolframite is only partially decomposed. The same sample solution is used for estimation of molybdenum 
by the thiocyanate method. The method is suitable for batch analysis and results in a high throughput. 

Tungsten estimation in geological materials 
is usually accomplished by fusing the sample 
with the alkali mixture (Na,CO,, NaCl, 
RN03 ), ‘7’ by fusion with pyrosulphate,3 or 
by acid decomposition using HF and HClO>’ 
and the final determination is achieved by 
calorimetric methods involving thiocyanate or 
dithiol. A review on the calorimetric method 
involving thiocyanate has been published.6 
Tungsten in higher quantities is generally deter- 
mined by the gravimetric method using cin- 
chonine.’ Tungsten is less sensitive than other 
elements by the atomic absorption method and 
is normally not included in the suite of elements 
determined by the AAS method. Tungsten has 
also been determined by an energy dispersive 
X-ray determination method in a suite of nine 
elements.8 

Visual calorimetric methods, with detection 
limits in the same range as the crustal abun- 
dance levels, are utilized in many geochemical 
laboratories around the world, especially since, 
with many of these methods, the per-man-day 
output is high. 

Many geochemical exploration programmes 
require the determination of both tungsten and 
molybdenum. These two elements have been 
determined after a pyrosulphate fusion with 
different hydrochloric acid aliquots.’ Pyrosul- 
phate fusion process has been reported to cause 
problems in the molybdenum estimation” and it 
also does not suit organic or sulphide rich 
samples as there is no oxidizing agent in the 
fusion process. ” 

A sulphuric and nitric acid mixture has been 
suggested as a suitable decomposition medium 
for the estimation of molybdenum.‘* In this 
communication we report the appropriateness 
of the same decomposition for the determi- 
nation of tungsten thereby facilitating the deter- 
mination of both tungsten and molybdenum 
after a single decomposition step. 

EXPERIMENTAL 

Apparatus 

Spectrophotometer Model No. GS8660 
ECIL, India. 

Reagents 

Analytical Reagent Grade (BDH) H2S04, 
HN03, HCl, SnCl,, NaOH, ethyl alcohol, thio- 
glycollic acid, sodium tungstate and reagent 
grade zinc dithiol (BDH) are used. 

Zinc dithiol solution. 0.3 g of zinc dithiol is 
dissolved in 2 ml of ethyl alcohol followed by 
five pellets of sodium hydroxide and 1 ml 
of thioglycollic acid. The solution is made to 
100 ml with distilled water and filtered using 
Whatman No. 41 paper. 

Stannous chloride solution. 15 g of stannous 
chloride is dissolved in 100 ml of concentrated 
hydrochloric acid. 

Standard tungsten solution. 0.1794 g of 
sodium tungstate is dissolved in 100 ml of water 
to obtain 1000 pg/ml of W solution. From this 
necessary dilutions are made to obtain 5.0 
pg/ml working solution. 

1433 
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Table 1. Comparison of values obtained by the proposed method with pyrosulphate fusion method 

Sample 

Values obtained in ppm (RSD %) 
Present method Pyrosulphate method* 
W MO W MO 

1 Test sample 1 (scheelite-bearing calcgranulite) 
2 Test sample 2 (scheelite-bearing calcgranulite) 
3 Internal standard, W-01 (wolframite in quartz vein) 
4 Internal standard, W-04 (scheelite-bearing calcgranulite) 

10 (4) 10(6) 
50 (4) 52 (3) 
21(2) 25 (2) 

200 (5) 200 (6) 

*Ref. 5. 

Table 2. Values of standard samules obtained bv the nrooosed method 

Sample 

Flue dust (AMDEL-24610) 
Granite (AMDEL-BHl) 
Low grade tungsten ore (AMDEL-3131) 

Values obtained 
in ppm (RSD%) 

MO W 

360 (3) 55 (6) 
330 (3) 0.432% (3) 
307 (5) 1.038% (6) 

Certified values 
in ppm 

MO W 

370 50 
330 0.422% 
300 1.042% 

PROCEDURE 

Up to 0.5 g of the sample is weighed into 
borosilicate beakers (50 ml capacity with mark- 
ing at 20 ml). Ten millilitres of concentrated 
nitric acid and 5 ml of 1:l sulphuric acid are 
added from an automatic dispenser. The 
beakers are heated on an electric hot plate to 
strong fumes of sulphuric acid and then to a 
syrupy stage. Ten millilitres of concentrated 
hydrochloric acid are added to the cooled con- 
tents and digested for half an hour at low heat. 
The remains are then made up to 20 ml with 
concentrated hydrochloric acid. From the sol- 
ution above the settled constituents of the 
beaker a 5 ml aliquot is transferred into a 
borosilicate tube with ground glass stopper. A 
4 ml portion of stannous chloride solution is 
added and the contents are mixed. The tubes are 
then placed in boiling water for 20 min. To the 
warm contents of the tube, 1 ml of dithiol 
solution is added. The contents are mixed well. 
A 0.3 ml volume of benzene is added and the 
stoppered tubes are thoroughly shaken. The 
colour of the organic layer is visually compared 
against standards. 

Preparation of standards 

To five different borosilicate test tubes con- 
taining 4 ml portions of pure hydrochloric acid, 
0.25, 0.5, 0.1, and 3.0 pug of tungsten is trans- 

ferred using the 5 pg/ml standard working 
solution. Four millilitres of stannous chloride 
solution is added to each of the test tubes and 
the procedure continued as described above. 

For a 0.5 g sample made to 20 ml, when 5 ml 
aliquot is taken for analysis, a minimum value 
of 2 ppm is obtained. When the colour of the 
organic layer exceeds that of the highest stan- 
dard the procedure is repeated with a smaller 
aliquot. For samples with W content exceeding 
250 ppm, the spectrophotometric method is 
adopted measuring the absorbance at 640 nm. 

For the molybdenum estimation 2 ml aliquot 
of the sample solution is transferred in to a 
borosilicate tube containing 4 ml of distilled 
water. One millilitre of 10% potassium nitrate 
solution in water and 1 ml of 25% sodium 
tartrate solution in water are added and the 
thiocyanate complex developed, after a stan- 
nous chloride reduction step. A visual compara- 
tive method is adopted as per the recommended 
procedure.‘* 

RESULTS AND DISCUSSION 

The results obtained for some of the test 
samples and laboratory standards are given in 
Table 1. Good agreement is seen between the 
values obtained by the proposed method as 
compared to the pyrosulphate method. Good 
precision figures are obtained. Accurate values 

Table 3. Results of tungsten in mineralized samples 

Samnle 

W values obtained 
by the pyrosulphate 

method in % (RSD%) 

W values obtained 
by the suggested 

method in % (RSD%) 

Test sample 1 (scheelite) 0.329 (5) 0.325 (3) 
Test sample 2 (wolframite) 0.430 (7) 0.239 (16) 
Test sample 3 (wolframite) 0.971 (2) 0.623 (20) 
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were obtained for the three reference samples 
analysed (Table 2). 

Applying the suggested decomposition tech- 
nique to high mineralized samples it was found 
that while scheelite (CaWO,) is attacked 
fully, wolframite (FeMnWO.,) is only partially 
attacked (Table 3). 

The method is adaptable for batch analysis 
and especially suits exploration programmes 
where both tungsten (occurring as scheelite) and 
molybdenum are required to be analysed. 
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PUTE~I~METRIC RESPONSE OF 
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Summary-The potentiometric response of some ~iyt~ophen~ in aqueous solutions has been investi- 
gated. Po~~ophene (PT), ~Iy(~,~-bi~op~e) (PBT), ~Iy~~me~ylt~op~~) (PMT), poly(3-octylth- 
iophene) (PO?*) and poly(4,~-dioctyi~,2 (PUTd) were electrochemicahy deposited on 
platinum in 0.1 M LiBF,-propylene carbonate solution containing the corresponding monomer or dimer. 
Polymer electrodes were also prepared by solution casting of chemically synthesized poly(?l-octylthio- 
phene) (POTc) dissolved in chloroform. After film deposition (electrochemical or chemical) the polymer 
coated electrodes were used as indicator electrodes in potentiometric measurements. The open-circuit 
potential of the polymer ehrctrodes was measured in aqueous solutions containing inorganic salts 
(f0-‘-10-4&@). Infancy, ah the po~yt~op~ studied were found to give a cationic response to 
monovalent catians such as H + , Ki + , Na + , K* and NH: (Cl - salts). The slope, calculated from the 
linear part of the response curve, was found to depend on the polythiophene used but always remained 
lower than that predicted for a Nemstian response. The polythiophenes also showed some sensitivity to 
divalent cations such as Mgr+ and Ca2+ (Cl--salts). PQT was used as the polymer to study the influence 
of the polymerization conditions on the potentiometric response. By investigating different polymers from 
the ~l~ioph~~ family it was possible to evaluate how the starting material (monomer or dime@ and 
the presence of alkyd side-chains inguence the potemiometric response of the polymer membranes. 

IlWR~DUCTION 

Poly~iophene (PT) and poly~3-methyl~o- 
phene) (PMT) belong to the group of conduct- 
ing polymers that are environmentally stable 
both in their doped (electrically conducting) and 
undoped states.’ Furthermore, poly(3-alkylthio- 
phenes) containing relatively long alkyl chains 
(PATS) are processable, which makes them par- 
ticularly attractive for technological appli- 
cations.2-5 One possible application is in the field 
of electrochemical sensors.6 Considering the 
possible use of polythiophene and its derivatives 
as sensors their electrochemical behaviour in 
aqueous solutions is of interest. 

A number of investigations concerning the 
electroactivity of polythiophenes in aqueous 
solutions has been reported.7-10 Tourillon et aL7 
have demonstrated that PT and PMT can be 
reversibly doped in aqueous solutions. The dop- 
ing level and conductivity were similar to those 
obtained in acetonitrile. More recently, Sunde 
et a1.8qq found that the electrochemical doping 

*Author for correspondence. 

process of PT and PMT is sensitive to the anion 
in aqueous electrolyte solutions, which also is of 
interest in sensor appli~tions. 

Although PT and PMT can reversibly be 
doped in aqueous solutions, this is not the case 
of PATS.‘,” No current response was observed 
for poly(3-octylthiophene) (POT) in aqueous 
solutions when studied by cyclic vol~mme~ in 
the potential range Q-2 V.9 The POT film re- 
mained red in colour, indicating that the oxi- 
dation (doping) process was inhibited.’ This 
behaviour is in contrast to that observed in 
organic solutions where the PATS can be re- 
versibly oxidized.3*“-‘% Roneali et at.*@ suggested 
that the increased hydrophobicity, due to the 
long alkyl chains, is responsible for the low 
electroactivity of PATS in aqueous media. It is ’ 
likely that the hydrophobic PATS are poorly 
swollen in water, which obviously has an in- 
hibiting inlIuence on the doping process. The 
apparent electroinactivity of PATS in aqueous 
solutions may be considered as a limitation for 
these materials, especially in applications based 
on the reversible doping reaction. It will be 
shown below that, in spite of its low voltammet- 
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ric activity in aqueous media, POT nevertheless 
gives a fast and reproducible potentiometric 
response towards several monovalent and diva- 
lent cations in aqueous solutions. 

The present work is an extension to our 
previous studies on the electrochemical charac- 
teristics of poly(3-octylthiophene) film elec- 
trodes in organic solutions.‘k’7 The main 
objective of the present work is to study the 
potentiometric response of poly(foctylthio- 
phene) and some other polythiophene deriva- 
tives in aqueous solutions of inorganic salts. The 
chemical structure of the polythiophenes inves- 
tigated are schematically shown in Fig. 1. 
Our preliminary investigations indicated that 
poly(3-octylthiophene) is sensitive to cations. 
To the best of our knowledge, this is a new 
feature of polythiophenes and has not been 
considered earlier. Therefore we decided to 
study this behaviour more thoroughly. Anion 
sensitivity of polypyrrole (PPy), another con- 
ducting polymer, is, however, well docu- 
mented.‘9,20 The response mechanism for the 
polythiophenes will be discussed. Finally, some 
conclusions will be drawn regarding the poten- 
tial usefulness of the polythiophenes from an 
analytical point of view. 

EXPERIMENTAL 

Chemicals 

Thiophene, 3-methylthiophene (Aldrich, 
99 + %) and 2,2’-bithiophene (Aldrich, 97%) 
were used as received. Chemically synthesized 
poly(3-octylthiophene) (POTc) and 3-octylthio- 
phene were used as received from Neste Oy 

(Research Centre, SF-06850 Kulloo, Finland). 
The 4,4’-dioctyl-2,2’-bithiophene was syn- 
thesized from 3-octylthiophene as described 
elsewhere.14 Propylene carbonate (Aldrich, an- 
hydrous), LiBF4 (Fluka, pract.), NaBF, (Fluka, 
purum), NaClO, (Aldrich, 99 + %), HCl, LiCl, 
NaCl, NaNO,, KCl, NH,Cl, K,[Fe(CN),J and 
K,[Fe(CN) J .3H,O (Merck, p.a.), CaCI, .4HrO 
(Merck, suprapur) and MgCl, . 6Hz0 (Merck, 
p.a.) were used as received. Distilled deionized 
water was used to prepare the solutions for 
potentiometric measurements. 

Electrode preparation 

Electrochemical polymerization was per- 
formed by using a one-compartment and three- 
electrode electrochemical cell (Metrohm 663 VA 
Stand). The working electrode was a Pt disc 
(area = 0.07 cm2) and a glassy carbon (GC) rod 
was used as the auxiliary electrode. For com- 
parison, Au and GC discs were also used as 
working electrodes in some cases. The reference 
electrode was an aqueous Ag/AgCl/KC1(3M) 
electrode that was connected to the cell via a 
bridge filled with O.lM LiBF,-propylene car- 
bonate (LiBF,-PC). Prior to the polymer depo- 
sition, the electrode surface was polished with 
0.3 pm alumina and rinsed with water and 
chloroform. 

PT, PBT, PMT, POT and POTd (Fig. 1) were 
deposited by galvanostatic polymerization of 
thiophene (O.lM), 2,2’-bithiophene (O.lM), 3- 
methylthiophene (0. lM), 3-octylthiophene 
(O.lM), and 4,4’-dioctyl-2,2’-bithiophene 
(O.OOSM), respectively, in O.lM LiBF4-PC. The 
galvanostatic polymerization was performed by 

POT PoTd 

Fig. 1. Chemical structure of the polythiophenes studied. PT = polythiophene, PBT = poly(2,2’-bithio- 
phene), PMT = poly(3-methylthiophene), POT = poly(3-octylthiophene), POTd = poly(4,4’-dioctyl-2,2’- 

bithiophene). 
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using a Metrohm type E211 coulometer supply- 
ing a constant current of 0.1 mA (1.43 mA/cm’). 
The amount of charge passed during polymeriz- 
ation of PT, PMT and POT was 8 mC. The film 
thickness for POT prepared under these con- 
ditions has been estimated to 0.25 + 0.1 pm by 
using a Sloan Dektak II profilometer.” This 
gives an indication of the film thicknesses also 
for the other polythiophenes prepared by using 
the same polymerization charge. In the case of 
PBT and POTd only 4 mC was used since the 
starting materials were dimers. The cell solution 
was purged with nitrogen and the working 
electrode was rotated at about 1500 rpm during 
polymerization which was performed at room 
temperature (23 + 2°C). 

After polymerization the potential of the 
polymer electrodes were kept at 0 V for 1 min 
in the polymerization solution in order to re- 
duce (undope) the polymer films. After undop- 
ing, the electrodes were rinsed with PC and 
water and stored in an aqueous solution (1 O- ‘M 
KCl) for at least two days prior to the potentio- 
metric measurements. 

Chemically prepared poly(3-octylthiophene) 
(POTc) was dissolved in chloroform (0.475 
mg/ml) and films of POTc were prepared by 
solution casting. The average film thickness was 
estimated to 3 ,um by using a density of 0.9 
g/cm’ for POTc.” 

Potentiometric measurements 

Potentiometric measurements were done by 
using an Orion Research Expandable Ion Ana- 
lyzer EA 940. The polymer electrodes were used 
as indicator electrodes in conjunction with the 
Ag/AgCl/KC1(3M) reference electrode, con- 
nected to the cell via a bridge filled with the test 
solution (lo-‘M). The liquid junction potential 
arising from the concentration difference be- 
tween the reference bridge (lo- ‘M) and the test 
solution (10-‘-10-4M) were taken into account 
and the potential values reported in this work 
have been corrected by using the Henderson 
equation. 2’ Due to the low selectivity of the 
polythiophenes studied, the measurements were 
performed in unbuffered solutions. 

Prior to the measurements the polymer elec- 
trodes were conditioned in lo-‘M solution of 
the salt to be tested. The measurements were 
performed in the concentration range 
10-‘-10-4M, and the polymer electrodes were 
equilibrated for 2 min in each solution in order 
to ensure the equilibrium conditions. The elec- 
trode was rotated (500 rpm) during the 1st min 

in order to speed up the equilibration and the 
potential was read 1 min after the rotation was 
stopped. The response time of the POT elec- 
trode was in the order of a few seconds in the 
concentration range studied. Film conditioning 
and potentiometric measurements were per- 
formed at room temperature (23 + 2°C) in open 
air. The slopes that will be presented in this 
work have been calculated by linear regression 
using three points spanning a concentration 
range of 2 decades (usually 10-‘-10-3M). The 
correlation coefficient (r) will be given together 
with the slopes. 

RESULTS AND DISCUSSION 

Effects ofpolymerization conditions on thepoten- 
tiometric response of POT 

Electrode rotation. When POT was electro- 
chemically deposited on the Pt disc without 
rotation, the outmost layers of the polymer 
formed were loosely bound to the rest of the film 
and were removed during rinsing of the elec- 
trode in PC after polymerization. The polymer 
remaining on the electrode after rinsing gave a 
cationic response to K + , but the slope was only 
23.4 mV/decade (r = 0.956). When the Pt disc 
was rotated at 1500 rpm during deposition of 
POT, the polymer film was strongly attached to 
the substrate and no dissolution of the film was 
observed when rinsing in PC. The potentiomet- 
ric response of six POT electrodes prepared 
under the same experimental conditions (ro- 
tation rate = 1500 rpm) on different platinum 
substrates gave a potentiometric response with 
a slope of 49.7 + 2.5 mV/decade (r = 0.999) 
during measurements in KC1 solutions. It has 
been observed previously that the yield of POT 
on the electrode is lower when the electrode is 
rotated during polymerization.15 Due to convec- 
tion at the rotating electrode, oligomers of POT 
are obviously swept away before they are at- 
tached to the Pt or to the growing polymer. Not 
only the yield but also the morphology of the 
polymer formed at the rotating electrode may 
therefore be different from that prepared in a 
quiescent solution. Since rotation seems to be 
advantageous for the cationic response of 
Pt/POT, the electrode is rotated at 1500 rpm 
during all electrochemical polymerizations in 
the rest of this work. 

Substrate material. In order to study the 
influence of the substrate material, POT was 
electrochemically deposited on Pt, Au and GC. 
The slopes of the potentiometric response 
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Table 1. Slopes of the potentiometric response curves for 
POT in KC1 solution as function of current density (and 
potential) used during galvanostatic polymerization. The 

correlation coefficient r x 0.999 

Current density 
(mA/cm’) 

0.43 
1.43 
4.29 
14.3 

*r = 0.964. 

Potential Slope 
(V) (mu/decade) 

1.4 36.1 
1.5 41.4 
1.7 52.1 
2.4 22.9* 

measured in KC1 solutions were 50.3 and 52.6 
mV/decade (r 2 0.9997) for Au/POT and 
GC/POT, respectively. These slopes are similar 
to those observed for Pt/POT (49.7 f 2.5 
mV/decade, n = 6) indicating that the substrate 
material has only a little influence on the slope. 
This also confirms that the cationic response is 
due to the polymer and not due to the substrate, 
since the slopes observed for the bare electrodes 
in KC1 solutions were - 15.1, 26.0 and 31.9 
mV/decade (r 2 0.995) for Pt, Au and GC, 
respectively. Also in the case of polypyrrole 
(PPy) electrodes, the ionic response is attributed 
to the PPy layer and not to the Pt substrate.22 
In the following of this work, Pt is used as the 
substrate material for all the polythiophenes 
studied. 

Current density. POT was polymerized on the 
rotating Pt disc by using four different current 
densities but keeping the polymerization charge 
constant at 8 mC. The potentiometric slopes of 
the four POT electrodes were then measured in 
KC1 solutions and the results are summarized in 
Table 1. The results show that the potentiomet- 
ric slopes increase with increasing current den- 
sity in the range 0.434.29 mA/cm’. The highest 
current density used (14.3 mA/cm2) is obtained 
at such a high potential (2.4 V) that side-reac- 
tions and overoxidation may take place during 
polymerization. I5 This may be the reason for the 
low value of the potentiometric slope (22.9 
mV/decade) observed for this electrode. Our 
results can be compared with those obtained by 
Roncali et al. using visible absorption spec- 
troscopy. ” Their results indicate that the conju- 
gation length and yield of PATS increase with 
increasing current density (0.5-10 mA/cm2) 
during electropolymerization on indium-tin ox- 
ide electrodes. It is thus possible that the slope 
of the cationic response observed for POT in- 
creases due to the increasing conjugation length 
and/or yield of POT, keeping in mind that also 
other effects may be involved. It will be shown 

below that the slope depends on the film thick- 
ness and this may explain why the slope in- 
creases with increasing current density during 
electropolymerization. One additional effect of 
the increasing current density might be the 
increasing degree of crosslinking between poly- 
mer chains, and this is regarded as the reason 
for the low solubility of electrochemically pre- 
pared POT.“V’~ A current density of 1.43 
mA/cm’ is used throughout the remaining ex- 
periments in this paper, since this value gives a 
reasonably big slope and since this current 
density has been used also in our previous works 
on POT.‘“17 

Film thickness. The effect of film thickness 
was studied by varying the charge used in 
polymerization of POT on the rotating Pt disc 
at the current density of 1.43 mA/cm2. The 
results are shown in Fig. 2. It is assumed that the 
film thickness increases linearly with the amount 
of charge passed during electropolymerization.ls 
By measuring the potentiometric response for 
the POT electrodes in KC1 solutions the slopes 
can be plotted as function of charge, as shown 
in Fig. 2. The results indicate that the slope 
increases sharply with increasing film thickness 
up to a polymerization charge of about 8 mC 
and then gradually decreases. In the remaining 
part of this paper, a polymerization charge of 8 
mC (114 mC/cm2) is used (4 mC when starting 
from the dimer) for all the polythiophenes stud- 
ied. 

Stability and redox sensitivity of POT 

The same POT electrode was used for poten- 
tiometric measurements in various aqueous sol- 
utions (HCl, LiCl, LiBF4, NaCl, NaBF,, KCI, 
NH,Cl, MgCl,, CaCl,) during a time period of 
5 weeks. Thereafter the POT electrode was 
conditioned for about 5 weeks in O.lM KC1 and 
the potentiometric response to K+ was then 

‘3 

1 s 

5 
VJ 

Fig. 2. Slope of the potentiometric response curve of POT 
in KC1 solutions as function of the polymerization charge. 
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measured again. The slope observed was 46.7 
mV/decade (r = 0.9995) which is comparable to 
the slope observed for the freshly prepared 
polymer electrode (47.4 mV/decade, r = 0.999). 
These results indicate that the POT film is stable 
and remains attached to the Pt substrate for at 
least 10 weeks in aqueous solutions although the 
thickness of the film is only about 0.25 ,um. 
During potentiometric measurements, the po- 
tential of the POT electrode is in the range 
where POT is in its undoped, semiconducting 
state,‘5-‘7 and therefore one can expect that there 
is no risk for overoxidation.’ Furthermore, the 
polythiophenes are relatively stable to O2 also in 
their undoped state, in contrast to PPy.’ These 
factors certainly contribute to the good stability 
of POT observed in our experiments. 

Table 2. Slopes of the potentiometric response curves for 
some polythiophenes deposited on platinum in Cl- sol- 
utions of different cations. The correlation coefficient 

r 2 0.994 

Slope (m V/decade) 
Polymer H+ Li+ Na+ K+ NH: Mg*+ Ca*+ 

PT 48.2 39.4 41.8 42.4 44.9 13.6 13.7 
PBT 10.6 29.6 34.9 38.5 40.8 5.3* 6.0* 
PMT 22.3 30.7 37.4 38.1 38.8 -2.0 3.5 
POT 44.4 46.6 46.2 47.4 45.0 17.5 11.7 
POTd 42.8 35.5 39.1 43.5 46.2 12.3 12.6 
POTc 41.3 45.6 50.4 51.4 50.1 20.6 18.2 

*r = 0.976. 

The redox sensitivity of POT was studied 
by measuring the potentiometric response 
to K+ in solutions containing different 
total concentrations of the redox couple, 
Fe(CN)i-/Fe(CN)z- . The concentration ratio, 
[Fe(CN)i-]/[Fe(CN)i-1, was kept constant = 
l/l. The potassium concentration was varied by 
using KC1 and the contribution originating 
from the redox couple was considered when 
calculating the final potassium concentrations. 
The following slopes in mV/decade (r w 0.999) 
were obtained for the different total concen- 
trations of redox couple (C,): 49.0 (C,, = 0 
mM), 48.3 (C, = 0.01 mM), 49.1 (C, = 0.1 
mM), 40.2 (C, = 1 mM). It can be seen that the 
redox couple does not interfere at Cre < 0.1 
mM, but at CFe = 1 m&f the slope is reduced. 
This may be due to electron transfer between 
POT and the redox couple in solution, giving 
rise to a mixed ionic and redox sensitivity in 
analogy to that observed for PPY.‘~*‘~ It can be 
mentioned, however, that POT seems to be less 
redox sensitive than PPY.‘~ This can be related 
to the difference in the oxidation potential be- 
tween these two polymers, i.e. PPy is in its 
doped (conducting) state,’ while POT is in its 
undoped (semiconducting) state,‘s-‘7 at the re- 
dox potential of the Fe(CN)i-/Fe(CN)z- 
couple. Therefore the electron transfer between 
the polymer and the redox couple in solution is 
faster for PPy than for POT. 

response to the monovalent cations studied but 
the slopes are always lower than the theoretical 
value of 58.7 mV/decade (23°C) as expected for 
a Nemstian response. Also for the divalent 
cations, the slopes are smaller than the theoreti- 
cal (29.4 mV/decade) and for PMT even a slight 
anionic response to Cl- is observed in MgCl, 
solutions. It can be seen in Table 2 that each 
polymer responds to several cations, i.e. the 
selectivity is poor, although small differences in 
slopes can be observed. In general the polythio- 
phenes, especially PMT, are less sensitive to 
divalent cations than to monovalent cations. 
Among the polythiophenes studied, POTc gives 
the biggest sensitivities to Na+, K+, NH:, 
Mg*+ and Ca*+, while PT and POT are most 
sensitive to H+ and Li+, respectively. It is 
remarkable that POT gives very similar slopes 
(44.4-47.4 mV/decade, r x 0.999) for all the 
monovalent cations studied. On the other hand, 
the slopes for PT, PBT, PMT, POTd and 
POTc increase in the following order: 
Li+ < Na+ < K+, i.e. with increasing crystal 
ionic radii and decreasing hydrated ionic radii 
for these cations.” The slopes as a function of 
the hydrated ionic radii are shown in Fig. 3. 
These results indicate that the potentiometric 
response of the polythiophenes studied (except 
POT) is influenced aho by the size of the cation. 

Potentiometric response of some polythiophenes 

It should be mentioned that the measured 
potential values for all polymer electrodes in 
O.lM HCl solution were in the range 0.47-0.61 
V, which is significantly higher than the poten- 
tial values (0.22-0.46 V) in the other solutions 
used (O.lM). These results show that H+ shifts 
the standard potential of the polythiophene 
electrodes in the positive direction. 

Cation sensitivity. The potentiometric re- Anion influence. In the experiments described 
sponse of PT, PBT, PMT, POT, POTd and above, Cl- was the anion of the salts. When 
POTc to several cations were investigated and BF; was used as the anion, the slopes observed 
the results are summarized in Table 2. Interest- for POT were only 20.5 and 14.3 mV/decade 
ingly, all polymer electrodes give a cationic (r 2 0.998) for Na + and Li + , respectively. This 
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clearly indicates that also the anion influences 
the potentiometric response and this may con- 
tribute to the sub-Nemstian response found in 
Cl- solutions. The BF; anion, however, seems 
to cause more interference than Cl -. For POTc, 
the slopes for Li + and Na + were 2.3 mV/decade 
(T = 0.445) and 12.2 mV/decade (r = 0.944), re- 
spectively, when BF; was used as the anion. 
This anion effect cannot only be related to the 
fact that BF; was used as the doping anion 
during electrosynthesis of POT, since both POT 
and POTc give smaller slopes in the presence of 
the BF; anion. 

The measured potential values for POT and 
POTc were found to be significantly higher in 
the BF; solutions than in the corresponding 
Cl- solutions. This was investigated further by 
measuring the equilibrium potential for the 
POT electrode in O.lM NaCl, NaNO,, NaClO, 
and NaBF,. In Cl-, NO; and ClO; solutions, 
the equilibrium potential (0.26 V) was reached 
immediately. In BF; solution, however, the 
potential continuously increased for several 
hours and finally stabilized at 0.55 V. When the 
electrode, after measurements in BF; solution, 
was transferred to O.lM NaCl the potential 
started to decrease and finally stabilized at 0.42 
V. This indicates that an irreversible chemical 
transformation (doping) of POT occurred when 
the electrode was exposed to BF, in solution. 
Hotta et ~1.‘~ have also observed that BF; 
behaves differently from ClO, when used as 
dopant for PMT in nitrobenzene. 

Response mechanism. An examination of the 
results presented in Table 2, allows some con- 

%M . . 4.0 
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Fig. 3. Slope of the potentiometric response curves of PT 
(O), PBT (A), PMT (O), POT (Oh PoTd (A) and POTc 
(m) as function of the hydrated ionic radii of the cations: 

K+ (3.31 A), Na+ (3.58 A) and Li+ (3.82 A). 

elusions to be drawn regarding the mechanism 
of the potentiometric response. A cationic re- 
sponse is observed for both electrochemically 
prepared POT and chemically prepared POTc. 
Therefore the cationic response seems to be an 
inherent property of poly(3-octylthiophene) and 
not as the result of, e.g. residual doping anions 
(BF;) or solvent (PC) originating from the 
electrochemical polymerization step. Polymeriz- 
ation of 4,4’-dioctyl-2,2’-bithiophene takes 
place. at a relatively low potential (1.1 V) com- 
pared to 3-octylthiophene (1.5 V). Therefore 
one can expect POTd to be less overoxidized 
than POT.14 Furthermore, due to the symmetri- 
cally substituted dimer (4,4’-dioctyl-2,2’-bithio- 
phene), POTd is expected to be more 
stereoregular than POT.27,28 Nevertheless POTd 
gives smaller slopes than POT towards most of 
the cations studied. This indicates that a regular 
polymer structure does not improve the poten- 
tiometric response. Due to the high polymeriz- 
ation potential of thiophene (1.7 V) in 
comparison to 2,2’-bithiophene (1.2 V), PT is 
expected to be more overoxidized than PBT.29 
The bigger slopes observed for PT thus indicate 
that overoxidation may even be beneficial to the 
cationic response. PMT gives smaller slopes 
than PT, especially towards the divalent cations, 
while POT and POTd give slightly bigger slopes 
than PT and PBT, respectively. This indicates 
that the presence of octyl groups (in contrast to 
methyl groups) slightly improves the cationic 
response, but the effect is small. These obser- 
vations lead to the conclusion that the cationic 
response may be attributed mainly to the inter- 
action between the cations and the polythio- 
phene backbone. Therefore the oxidation level 
of the polymer is expected to influence the 
potentiometric response. 

The oxidation potentials for the polythio- 
phenes studied have been determined by cyclic 
voltammetry in organic electrolyte sol- 
utions “*30*3’ The oxidation potential of PT, 
POT, POTd and POTc are very similar (1.1 V) 
and higher than those of PBT and PMT (0.7 V). 
In the potentiometric measurements in this 
work, potentials of the polymer electrodes were 
in the range of 0.1-0.6 V. The upper limit, 0.6 
V, is well below the oxidation potential of PT, 
POT, POTd and POTc, and therefore these 
polymers are believed to remain in their un- 
doped state during the potentiometric measure- 
ments in the Cl- solutions. Furthermore, cyclic 
voltammetry have shown that POT cannot be 
electrochemically oxidized even at 2 V in 
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aqueous solutions.g In presence of the BF; 
anion, however, chemical oxidation may influ- 
ence the potentiometric response characteristics. 

For PBT and PMT the upper potential limit 
in the measurements was rather close to their 
oxidation potential. Therefore it is possible that 
PBT and PMT are partly oxidized during the 
potentiometric measurements. This would mean 
that there are some positive charges (polarons, 
bipolarons) on the PBT and PMT backbones 
decreasing interaction with cations and increas- 
ing interaction with anions. Although the slopes 
were slightly smaller for PBT and PMT, in 
comparison to the other polythiophenes studied 
(Table 2), both PBT and PMT give a definite 
cationic response. It can thus be suggested that 
the electrostatic repulsion is sufficiently small to 
still allow interaction between the polythio- 
phene backbones and the cations. The sulphur 
atoms of the thiophene rings may act as electron 
donors and thereby increase interactions with 
cations.‘* 

According to this reasoning, an anionic re- 
sponse can be predicted for PPy when used in its 
oxidized state, in agreement with experimental 
results.” However, in the case of PPy, the 
anionic response was found to be influenced 
also by the cation. *O Incomplete discrimination 
between anions and cations thus seems to be 
quite general for conducting polymers, resulting 
in a mixed ionic response.23s4 Furthermore, the 
low selectivity of the polythiophenes studied in 
this work and of PPy in Ref. 20, indicates that 
the binding sites in these polymers, e.g. polarons 
and bipolarons for anions and electron donating 
S atoms for cations, are rather non-specific. 

CONCLUSIONS 

The polythiophene electrodes were found to 
give a fast but non-selective cationic response to 
several cations in aqueous solutions. This cation 
sensitivity is unique for the polythiophenes and 
different from the anion sensitivity observed for, 
e.g. polypyrrole. ‘9~20 The polythiophenes showed 
excellent stability, since they were used in 
their undoped, semiconducting states. It was 
suggested that the cationic response may orig- 
inate from interactions between the cations and 
the electron donating sulphur atoms of the 
thiophene rings. The low selectivity will natu- 
rally limit the use of polythiophenes (as such) as 
specific cation sensors. On the contrary, the 
electronic conductivity and non-selective cation 
sensitivity of polythiophenes may be useful in 

combination with traditional ion-selective 
materials. Following the idea presented by 
Cadogan et al.33 one may suggest that the 
polythiophenes can be suitable as the intermedi- 
ate layer connecting the ion-selective membrane 
to the metal substrate in solid-state cation- 
selective electrodes. This kind of electrode has 
several advantages, compared to traditional ion- 
selective electrodes with the internal filling sol- 
ution, e.g. simplicity of design, lower costs and 
possibility of miniaturization.33 Furthermore, 
the interface between the ion selective mem- 
brane and the metal will not be blocked, which 
is an advantage compared to coated-wire elec- 
trodes.33 In view of such applications, the poten- 
tiometric response of polythiophene and its 
derivatives may be of interest to researchers in 
the field of analytical chemistry. 
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Summary-The preparation of the flow-through tubular atropinium and scopolaminum electrodes and 
assemblage of the integrated microconduit potentiometric analytical system with tubular ISEs, microvalve, 
chemfold, electrostatic and pulse inhibitors are described. Electrochemical characteristics of new at- 
ropinium scopolaminum integrated microconduit FIA-ISEs were studied. The contents of atropine and 
scopolamine in drugs could be determined at almost equilibrium state at sampling rates of 120/hr. The 
standard deviation over the linear range was about 0.1 mV (N = 1 I). 

Atropinium and scopolaminum in drugs are 
routinely determined by the extraction- 
spectrophotometric method which are compli- 
cated, overloaded, consuming and require 
considerable organic reagent consumption. We 
have constructed a novel integrated microcon- 
duit system with tubular electrodes, microvalve, 
coil, inhibitors for flow injection potentiometric 
determinations of atropine and scopolamine 
in drugs. The proposed method has a high 
sampling rate (120/hr), good precision 
(fO.1 mV) and low sample and reagent con- 
sumption. Meanwhile, the overall volume of the 
FIA system was extremely reduced by inte- 
gration of the flow parts. The detection can be 
executed exactly within a tubular electrode 
integrated into the FIA channel, where the 
dispersion, flow rate and other conditions of an 
individual assay are optimal.2 

In this work, the preparation of the flow- 
through tubular atropinium and scopolaminum 
electrodes and assemblage of the integrated 
microconduit potentiometric analytical system 
are described. The performance characteristics 
of the electrodes in different experimental con- 
ditions were studied. The contents of atropine 
and scopolamine in drug were determined using 
the micro device. The analytical results agreed 
well with those obtained by the extraction- 
spectrophotometric method. 

Apparatus 

EXPERIMENTAL 

A schematic diagram of the FIA-ISE 
manifold used in this study is shown in Fig. l(a). 

An Orion Research 901 microprocessor ion 
analyzer connected to a Dahua recorder is used. 
The home-made peristaltic pump with Tygon 
pump tubes was used to propel the carrier and 
to aspirate the sample solution. The integrated 
microconduit analytical system was used to 
precise sampling volume, reproducible trans- 
port, detection on line. 

Tubular flow-through electrodes 

Composition. The electrodes consisted of 
1 .O% atropinium-tetraphenylboron or scopo- 
laminum-tetraphenylboron, 68.0% dibutyl 
phthalate, 31.0% PVC w/w. 

Preparation of the atropinium tetraphenyl- 
boron. Pipette 1 ml of 0.1 M atropine sulphate 
solution and 1 ml of 0.1 M sodium tetraphenyl- 
boron. Extract the precipitate with 10 ml of 
2-nitrotoluene. Wash organic phase twice with 
water and dry thoroughly with anhydrous 
sodium sulphate.3 

Preparation of the scopolamine tetraphenyl- 
boron. Weigh 0.22 g of scopolamine and add 
25 ml of water. Heat to 50”, add 45 ml of 0.6% 
sodium tetraphenyl boron solution (50”) very 
slowly and leave to stand overnight. Then, filter 
through a G-5 glass crucible and wash 3 times 
with water and alcohol successively. Dry for 
6 hr at 50” and store in a dryer? 

Construction. The basic cell design and 
construction were the same as those described 
previously.’ Atropinium and scopolaminum 
tubular electrodes were prepared by replacing 
part of the wall of a small piece of PVC tubing 
(1.5 cm long, 0.5 mm i.d., 1.5 mm o.d.) with the 
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Fig. 1. (a). Integrated microconduit FIA manifold for potentiometric measurement. C, carrier stream; B, 
solution for the reference electrode; P, pump; V, injection valve; I, indicator electrode; R, reference 
electrode; L, pulse inhibitor; G, ground; W, waste. (b) Expanded view of tubular flow-through cell. I, 

Ag/AgCl inner reference electrode; M, sensitive membrane; S, internal reference solution. 

conforming sensing membrane (0.25 mm2). 
They were then placed into the Perspex housing 
as shown in Fig. l(b). The housing was filled 
with 0.1 M NaCl-lo-* M atropinium or 0.1 M 
NaCl-1 O-* M scopolaminum inner solution 
with saturated AgCl into which a Ag/AgCl 
wire was inserted to serve as the inner 
reference system. This piece tubing acts as 
potentiometric flow-through detector with zero 
dead volume. 

Assemblage of the integrated microconduit 
system 

Atropinium electrode (i, ) and scopolaminum 
electrode (i2) are placed in a single-channel of 
the integrated microconduit Perspex block 
(10 x 30 x 50 mm) and very close to the 
injection position in order to minimize sample 
dispersions (Fig. 2). A common Ag/AgCl refer- 
ence electrode is placed in a side channel fed by 
stream B, and the combined streams are 
ultimately led to waste, W. The microvalve with 
two channels is placed into microconduit right 
and fixed with small screw. The connection 
between the microvalve and the electrode was 
made with a 0.5-cm length stainless steel tube 
which was grounded to prevent interference 
from static electricity earthed by the pump 
roller.5 

Reagents 

Analytical reagent grade organic and 
inorganic chemicals were used without further 
purification. Doubly distilled water was used 
throughout. The standard 0.1000 M solution of 
atropine and scopolamine were prepared by 
dissolving the appropriate amount of substance 
in 0.05 M Mg(CH,COO)2. Working solutions 
were prepared by appropriate dilutions with 
0.05 M Mg(CHjCOO)2. Carrier solution was 
0.05 A4 Mg(CH, COO)*. 

RESULTS AND DISCUSSION 

Sample preparation 

Pipette0.1,0.2,0.4,0.6,0.8and l.O-mlscopo- 
lamine injections into 50-ml flasks and dilute 
with 0.05 it4 Mg(CH3COO), to 50 ml. 

Grind 10 tablets of atropine sulphate into 
powder. Thoroughly mix and accurately weigh 
50,100,150,200,250 and 300 mg of the powder 
into 50-ml flasks and dilute with 0.05 M 
Mg(CH,COO)2 to 50 ml. 

Electrode characteristics 

In order to study the response characteristics 
of atropinium and scopolaminum electrodes in 
different experimental conditions, a rod 
electrode and a tubular flow-through electrode 
integrated microconduits with the same sensing 
membrane were made and tested separately in 
the static state and in the flow state at 25”. These 
results are summarized in Table 1. The results 
show that the characteristics of a tubular 
electrode under hydrodynamic flow conditions 
differ from those observed under static 
conditions. Rapid response (5-10 set), high 
reproducibility ( f 0.1 mV) and good stability 
(overall EMF drift of 0.2 mV/hr over at least 8 
hr) were obtained by the microdevice under flow 
conditions. This is due to the stable experimen- 
tal conditions for precise sampling volume, 

Fig. 2. Details of the integrated microconduit; shown within 
the dotted lines in Fig. l(a). 
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Fig. 3. Calibration curves for the atropinium electrode. A. 
Steady state measurement; B. response by injecting 120 ~1 
sample volume; C. response by injecting 80 ~1 sample 

volume; D. response by injecting 30 pl sample volume. 

reproducible transport, constant flow in the 
system were obtained. Meanwhile, the possi- 
bility of preventing the periodical exposure 
of the electrode to ambient atmosphere which 
could cause error due to temperature changes, 
variation in dry and wet conditions at the 
surface of the electrode, changing solutions, 
chemical and physical effect was reduced. 

Selectivity coefficient values of the electrode 
under flow conditions differ slightly from those 
obtained under static conditions. A plausible 

Fig. 4. Repeated determinations of two atropinium standard 
solution with the system depicted in Fig. 1. 
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explanation is that the contact time between the 
interference solution and the membrane is much 
shorter under dynamic conditions than in static 
measurement. It is shown that adsorption, 
desorption and response speed on the sensing 
membrane may be different. By adjusting 
experimental conditions, changing carrier 
components or using FIA treatment on line, the 
effect of interference ions on the results may be 
decreased. 

Calibration curves of atropinium electrode 
obtained by injecting sample volumes of 
S, = 120 ~1, S, = 60 ~1, S,= 30 ~1 and static 
state measurement are shown in Fig. 3. For the 
lower sample volume, the maximum potentials 
(peak heights) are lower than those obtained by 
static state measurement, revealing the influence 
of the sample dispersion and response time on 
the readout. The slope value of calibration curve 
B (58.8 mV/pAH + differs slightly from the slope 
value of curve A (59.2 mV/pAH+) from that 
based on static state measurements. For S, = 30 
~1 (curve D), a markedly lower slope is observed. 

Standard and sample measurement 

The integrated microconduits manifold 
was connected according to Fig. l(a). The 
conditions selected were; the sampling volume 
S, = 120 ~1, the pumping rate for the indicator 
electrodes Q = 1.2 ml/min and for the reference 

electrode Q = 0.24 ml/min. The system was 
calibrated with a series of standard solutions. 
The results show excellent agreement between 
the proposed method and extract spectrophoto- 
metric method. The accuracy of the proposed 
method was also tested by the standard ad- 
ditions method. Known amounts of atropinium 
or scopolaminum were added to samples which 
were processed before and after the additions. 
Integrated microconduit FIA-ISEs system gave 
recoveries of 98-l 02%. 

Typical outputs for reproducibility measure- 
ment of two standard solutions are shown in 
Fig. 4, which represents a sampling rate of 
about 120/hr. The standard deviation over the 
linear range with tubular electrodes was about 
0.1 mV (N = 11). 
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Summary-In a study of the indirect potentiometry of amino acids and proteins with metal ions it has 
been discovered that electrode potential responses to organic ligand concentrations can be linear over a 
range of tens of millivolts. In this paper the reasons for this are considered and a general model is presented 
in terms of an electrode of the second kind. Experimental results for the indirect potentiometry of a 
number of amino acids and proteins are then presented and are discussed in the context of the model 
derived. Applications to flow injection analysis and to the determination and identification of proteins 
eluting from a gel chromatography column are also considered. 

Proteins have a high affinity for some metal 
cations and this feature is the basis of several 
methods for protein determination. Metal ions 
which have proved most useful are copper(I1) 
and silver(I). The use of Cu*+, for example, in 
the biuret’ and Lowry et aZ.* determinations is 
well known. Direct and indirect potentiometric 
determinations of amino acids with copper elec- 
trodes have been described,3,4 and we have 
reported on the extension of copper based po- 
tentiometry to the determination of proteins.5-E 
Copper based potentiometric detection has in 
addition been used for monitoring in both liquid 
chromatography4 and flow injection analysis.’ 
Determinations based on silver9-I2 have also 
been examined, but have received rather less 
attention from the point of view of applications, 
probably because only thiol containing proteins 
give a satisfactory response.‘3-‘6 

Direct potentiometry enjoys the advantage of 
being a non-destructive technique, but the in- 
herent insensitivity of a semi-logarithmic re- 
lationship between potential and concentration 
leads to poor precision. Indirect potentiometry, 
which uses an excess of a reagent with the 
analyte, still, in principle, relies on a Nernstian 
relationship but it has an advantage in that 
electrode potentials measured before and after 
addition of the analyte to the reagent are usually 
with respect to relatively simple cations or 
anions and so problems of slow electrode 

*Present address: Department of Chemistry, University of 
Washington, Seattle, WA 98196, U.S.A. 

response and irreproducibility often associated 
with complex analyte molecules**” are mini- 
mised. In a previous paper’ we reported on the 
application of indirect potentiometry to protein 
monitoring and we showed that a sufficient level 
of precision was attainable for quantitative 
analysis. However, we have also discovered that 
for indirect potentiometric determination of 
proteins and amino acids at low concentrations 
that electrode responses are linear in ligand 
concentration and that this linearity can extend 
over a potential range of as much as -60 mV. 
This is to be welcomed for it further assists in 
improving sensitivity, but it is rather surprising 
that a potentiometric response can be linear for 
such a large potential range. In this paper the 
reasons for this are considered. 

We also report on results for indirect poten- 
tiometry of amiuo acids and proteins and dis- 
cuss the experimental data in the context of the 
model derived. Application to flow injection 
analysis and to the determination of proteins 
eluting from a gel chromatography column are 
considered, and, in particular, the ratio of the 
responses for copper based and silver based 
potentiometry is shown to be useful for the 
identification of proteins eluting from the 
column. 

THEORY 

Model based on electrode of the first kind 

For a metal electrode in contact with ions of 
the metal in a solution of concentration C,i, the 
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electrode potential (E,) is given by the very 
simple form of the Nernst equation: 

Ei = E” + k In C,, (1) 

where k = RT/nF. On adding a complexing 
species such as a protein or amino acid to the 
solution the potential (E,) corresponding to the 
equilibrium concentration (C,,,,) of metal ions 
after reaction with the ligand can be represented 

by 

E, = E” + k In C,,,, (2) 

If y cations are bound per ligand molecule 
(Pr) according to 

Pr + yM”+& M,.Pr”+ (Rl) 

the metal ion mass balance is 

Gi = Ge + YGpc (3) 

where C,, is the equilibrium concentration of 
the metal-ligand complex. Using the above 
equations equation (2) becomes 

E, = E” + k ln{ C,,,,[l -yC~,C~i-‘]} (4) 

If experimental measurements are taken as 
the difference between a blank solution and that 
with added ligand then 

AE = E, - Ei = k ln[l - yC,,,,C,‘-‘1 (5) 

From the metal-ligand equilibrium (Rl) 

C,,,, = KC, C:, 

The ligand mass balance is 

(6) 

C@ = Cp + Cm, (7) 

where C,, is the ligand concentration before 
reaction. Expressing metal ion and ligand mass 
balances in terms of C,, and C, and substitut- 
ing into equation (6) leads to 

C mpe = K(C,, - Cmpe) (C,, - YC,, )” (8) 

Expansion yields 

Cm, = KC%’ (Cpj - Cm, ) 11 - Y *Cmpe /Cm’ 

+ y30, - l)c&/2!c;, - . . . . . ] (9) 

The maximum value of C,,,, = Cri, i.e., 100% 
conversion of the ligand to metal-ligand com- 
plex. Normally for indirect potentiometry one 
would have C,i $ C,, and SO C,,,, 4 C,i. NOW 

provided that y is not too large, and this is 
usually the case for metal-protein and 
metal-amino acid complexes,” then equation 
(9) can be approximated by 

C mpe ‘V C,C~i(K-’ + CL,)-’ (IO) 

Thus 

AE N k ln[l - yCtiCL:‘(K-’ + CL,)-‘] (11) 

The formation constants for silver and copper 
with proteins are usually large. For example, it 
has been reported’* that the equilibrium con- 
stant for the reaction between Cu*+ and human 
serum albumin is 1.6 x 1016, and we have re- 
cently determined” that for Ag+ complexation 
with protein stability constants are equally 
large. With K % 1 and then expressing the logar- 
ithmic term in equation (11) as a power series 
and simplifying leads to 

AE N - kyCpi /Cm, (12) 

This equation predicts that for an initial metal 
ion concentration much greater than the initial 
ligand concentration and for a large formation 
constant for the metal-ligand complex then for 
a given initial metal ion concentration the po- 
tential difference before and after complexation 
will be linearly dependent on the initial ligand 
concentration. 

Let us consider, though, the potential range 
over which we would expect equation (12) to be 
valid. If a discrepancy of up to 10% between a 
logarithmic expression of the form ln(1 - x) 
and the linear approximation of -x is taken as 
being acceptable then it is required that x < 0.2. 
For the case above this means yC,,/C,,,, G 0.2 
and equation (12) will be valid for AE < 5.1/n 
mV where n is the charge on the metal ion. Thus 
for complexation with Ag+ linearity between 
the observed potential difference and initial 
ligand concentration will only be linear over a 
range of N 5 mV whilst for complexation with 
Cu* + it will only hold for m 2.5 mV. In practice, 
as mentioned above, we find linearity over a 
potential range up to N 60 mV. Furthermore, 
we have also found that for linearity it is not 
essential that the condition assumed above of 
C,,,, 9 C,,, holds. For example, we have obtained 
the surprising result that linearity for indirect 
potentiometry of bovine serum albumin (BSA) 
with 0 < [BSA] < 0.08mM and [Cu* ‘1 = O.lmM 
(i.e., a value of Cp’/Cm’ up to 0.8) extends over 
a range of N 30 mV [see Fig. 5(a)]. Even more 
surprising is the result for complexing of L-his- 
tidine (L-hist) with 0 < [L-hist] < 0.45mM and 
again with [Cu*+] = O.lmM (i.e. a ratio of lig- 
and to metal ion concentration of up to 4.5) of 
a linear potential plot over a range of 56 mV (see 
Fig. 4). Clearly the simple metal electrode model 
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considered above is inadequate to explain the 
experimental observations. The linear response 
in the presence of excess ligand in the case of 
L-histidine together with our earlier results for 
the direct potentiometry of proteins with copper 
electrodes would suggest that we might have an 
electrode of the second kind. This electrode at 
low concentrations of ligand responds to the 
excess metal ions, the concentration of which is 
a measure of the ligand concentration, but it 
then responds to the ligand itself at higher 
concentrations. Such a model which takes into 
account both indirect and direct potentiometry 
is now discussed. 

Model based on electrode of the second kind 

The half cell for the metal ligand system can 
be represented as 

a’ 1 6 Ba 

PtlReference electrode]IM”+ ,Pr(M,.Pr”+ ]MlPt 

where the Greek symbols are used to dis- 
tinguish the different phases. The potential 
difference (U) between the two platinum wires 
is given by 

FU = pu,_ (a’) - pe- (a) (13) 

At equilibrium for the chemical potentials of the 
metal ions (k) and ligands (& one has 

,&ll(@ = cl,(n) (14) 

and 

cl&V = cl,@) (15) 

Combining equations (13)-( 15) and using the 
classical expression for chemical potential gives 

-0 
p mP - 1r0,, = KT ln(K,,,, l& ) (16) 

where &,, and &, are the standard chemical 
potentials for the metal-ligand complex in the 
solid phase 6 and in the solution phase rZ, 
respectively. The solubility product (K,,,,) is 
for the equilibrium (Rl) and is given by 

K v.w = a&a, (17) 

and the activity (Z,,,,) of the complex in the solid 
phase is related to the activities of the individual 
species by 

cr,, 
= CfY c 

m p (18) 

Now for an electrode/solution interface not just 
the chemical potential has to be considered 
but also the electrochemical potential. If this is 
done and at the same time account is taken of 

the asymmetric 
and the ligand 
equation for the 
is obtained: 
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coupling between the metal 
[cf. equation (Rl)] then an 
interfacial potential difference 

$, - 4, = AA, = YWlnF) 
x ln(K&a&,,) (19) 

where K,, is the extraction coefficient for metal 
ions and is related to the chemical potentials of 
the metal ions by 

KL,, = expl& - P~)IWl (20) 

K,,, is essentially a traditional partition co- 
efficient modified by the effect of an electric field 
at the interface [cf. the exponential form of 
equation (19)] and is a measure of the standard 
electrochemical potential for the metal ions 
[cf. equations (19) and (20)]. 

What determines the activity of metal ions in 
solution is now considered. This activity (a,,,) 
will be made up of contributions from the excess 
metal ions left over after the addition of the 
ligand and from the dissolution of the complex 
M,.Pf + . If these two contributions are denoted 
by a,,,, and a,,,., then 

% = %x + %d (21) 

and equation (17) for the solubility product 
becomes 

K $#,mp = camx + %d yapd (22) 

where apd is the ligand activity arising from 
dissolution of the complex. In terms of concen- 
trations equation (22) can be written as 

K spmp = 7 ‘,‘%nx + cmd&d (23) 

where y* is the mean ionic activity coefficient for 
M,.Pf + . Implicit in equation (22) is the assump- 
tion that all the ligand is complexed and so 

apd = amd and equation (23) becomes 

K sp.mp = ?h+‘cmdc~x[i + (cmd/cmx)iB (24) 

If the binomial expansion is now used and 
powers greater than unity are neglected then 
equation (24) for C,d can be readily solved: 

+ 4yC’L ’ Ksp.mp Y * / ’ +“)“7/2yc;; ’ (25) 

The approximation of neglecting higher powers 

Of Cmd/Cmx assumes that the metal-ligand 
complex has a low solubility, but this is 
probably not unreasonable in view of the fact 
that an electrode of the second kind is being 
considered. 
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The total activity of the metal ions is given 
by equation (21) which in terms of 
concentrations is 

% = (Y+ PY)[Glx(2Y - 1) 

+ (CL + 4YKsp.mp C$‘/JJ’,+~)“~] (26) 

Note that only the value of C,,,, with the square 
root added to - C,,,, is used since it is obvious 
that only this solution can give a positive value 
for C,,. 

Substituting back into equation (19) gives 

A&-y(RT/nF)ln{y+ KA)k 

/2Y%lKn,(2Y - 1) 

+(clx + 4YK~~.,,c~~“/Y:+‘)“21} (27) 

With y = 1 this equation corresponds to a 
symmetric 1: 1 complex. A simple, common 
example would be for the formation of AgCl. 
In this case equation (27) is identical in form 
to that derived by Buck” for the potential of 
a solid state silver halide membrane electrode 
in contact with excess silver ions. 

Of course, equation (27) is for the interfacial 
potential difference when the electrode res- 
ponds to metal ions. In practice in indirect 
potentiometry what one measures is the 
difference in electrode potential (AR) before 
and after addition of the complexing agent 
[cf. equation (5)]. Replacing the subscript x 
on C,,, by a subscript i to represent the initial 
conditions and subtracting the resulting 
equation from equation (27) leads to the 
expression for AE. Equation (28) gives this 
with C,,,, replaced by (C,, - yC,,) to emphasise 
that it is the relationship between electrode 
potential and ligand concentration that is of 
interest. 

Before these rather cumbersome equations 
are examined further let us obtain the corre- 
sponding equations for when the electrode re- 
sponds directly to the added ligand; i.e., once all 
the metal ions have been complexed. 

The analogous equation to equation (19) is 

i, - 4, = A$, = - (RTInF) ln (KeXPaP/fiP) (30) 

Kexp is the extraction coefficient for ligand. 
Using equation (16) for Ksp.mp, equation (20) for 
K,,, and the corresponding equation for K_ the 
following relationship is obtained 

KV = % 5, IKsp.mp KL (31) 

Therefore equation (30) becomes 

A& = - (~7-10~) ln (GG,~K~~,~~KL) (32) 

Now, as in the case of excess metal ions one 
has to consider what determines the activity (a,) 
of the electroactive species. Again it will be 
made up from contributions of excess unreacted 
species, such as protein, and from the dissol- 
ution of the complex M,. Pr”+ ; i.e., 

up = upx + upd (33) 

The solubility product is now given by 

K spmp = Y’,f”Wpx + qdmld (34) 

Following a similar line of argument to that 
used for the cation case the expression for the 
interfacial potential difference is arrived at: 

A&= -(RTInF) ln{[r-~~/2K,,,,K~,,l 

x [C,,+ (C;, + 4Ksp.mp CA-“lr ‘+?‘)“‘I> (35) 

For the case of a 1: 1 complex this equation 
reduces to that given by Buck” for the anion 
response. The difference in electrode potential 
between the point when just enough ligand has 

AE, N ‘$ In r (2y - I)(Cm, -yCr& + (28) (2y - l)C,i + 

If the ligand concentration added is a fraction 0 < a < 1 of the initial metal ion concentration 
then C,i = EC,,,, and equation (28) becomes 

AE,,, z ‘$In 

(2Y - l)Cmi(l --a)+ 

(29) 
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been added to complex with all the metal ions 
and for subsequent additions of ligand is given 

by 

AEp N - (RT/nF) In{<& + [C& 

+ (4&np C$ )’ Ir :’ ‘11”‘/(4&mp 

x cp/y :‘r>“‘} (36) 

In order to examine further the dependence of 
potential on the ligand solution concentration it 
is convenient to take a simpler form. This is 
obtained for the case when y = 1 (i.e., a symmet- 
ric complex), the activity coefficients are unity 
and the ionic charge n = & 1. First equation (27) 
is considered where some of the constants are 
lumped together to give 

A&,, II (RT/nF)ln{A[C,,,, + (Cf, 

+ 4KpJnp )"'I> (37) 

The constant A will have an effect on 
the absolute value of A&,,, but will not affect 
the general shape of a plot of potential US. 
concentration. If the simplification is now 
continued by taking a specific value for 4 K&mp 
(e.g., lo-“) then a plot of A$ VS. concentration 
is readily made. This is shown in Fig. 1. 
The classical Nernstian region is obvious 
for C,, > N 2 x 10 -‘M but for concentrations 
below this curvature sets in, not because 
the Nemstian response breaks down, but rather 
because the concentration of electroactive 
species is not solely determined by that 
deliberately added to the solution. The dissol- 
ution of the metal complex gives additional 
metal ions in the solution and so the potential 
is less than that expected on the basis of 
the added ions. At very low concentrations of 
added ions (N lo-‘M) the dissolution of the 
complex is the major source of ions and so the 

150~ I I I I I I 
lc+ lo-’ lti 1oJ lti 10-J lo-2 

C,/M 

Fig. 1. Plot of equation (37) with 4K,,,, = 10-lo. 

potential becomes independent of the added ion 
concentration. 

In general one may readily show that for, say, 
a 5% deviation from Nernstian linearity it is 
necessary that Ck, > 40&,_, . For the case con- 
sidered here with 4&_, = lo-” then it is re- 
quired that C, Z N 3 x 10esM and this is what 
is found on closer inspection of the plot in Fig. 1. 
For the potential to become within 5% of 
being independent of C,,,, the condition is 
Ck, < 10e2 KSP,mp. For 4Ksp,mp = lo-‘O this means 
C,,,, G 5 x IO-‘M. Again the plot of Fig. 1 
verifies this. 

If one now takes the potentials calculated 
from equation (37) for the curved region of 
Fig. 1 (i.e., for 0.1 x 10P6M < C,, < 30 
x 10m6M) and plots them as a linear function of 
C,,,, then Fig. 2 is obtained. The result is a gentle 
curve, but it can be seen that at low values of C, 
(i.e., Cm, < - 14 x 10m6M) the curve can be 
approximated by a straight line with all points 
within 5% of the curve over a total potential 
range of N 30 mV. Thus experimental data 
which may often be no more precise than a few 
percent, especially in the case of complex species, 
could well appear to show potential linearity 
over a range of up to 30 mV. This can be shown 
in a different manner by using equations (29) and 
(36). Again a simplified version is taken with y, 
n and y+ all equal to unity and with 

4K,,, = lo-“. In addition a fixed value for the 
initial metal ion concentration is taken; e.g., 
IO-‘M. Equation (29) then becomes 

AE,,, ‘Y (RT/F) ln(0.414(1 - a 

+[l + (1 - a)2]‘/2)} (38) 

Fig. 2. Plot of potentials from Fig. 1 for 
0.1 x 10m6M Q C, C 30 x 10T6M as a linear function of 

CUU 
- Values taken from Fig. 1. 

- - - - - Linear plot through the values from Fig. 1. 
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Equation (36) simplifies to 

AE, N ( - RT/F) ln{(CpX + [Cf 

+ lo-‘q”~)/lo-~) (39) 

Or if C,, is related to the concentration of ligand 
(C,i) when it is equal to the initial metal ion 
concentration by C,, = flCr’ with fi 2 0 then 

AE,, = ( - RT/F) ln{ fi + [8’ + 1]“2} (40) 

Figure 3 shows the plots for these two 
equations. For C,i < 10WSM (i.e., a < 1) the 
response of the electrode is to the metal ions; the 
plot analogous to that in Fig. 2 for 
0 < C, < IO-‘M. For ligand added in excess of 
IO-‘M (i.e., /3 > 0) the electrode response is for 
ligand and the potentials are additive to those 
calculated up to that point. Following on from 
the analysis of Fig. 2, each mode will show 
approximate linearity over a potential range of 
N 30 mV thus giving a total linear range N 60 
mV, as is shown by the dashed line. 

The analysis given above is quite general 
for potentiometric systems involving cations 
and anions or ligands which constitute the 
components of an electrode of the second 
kind. In order to illustrate the effect the cumber- 
some equations have been simplified and only 
the 1:l symmetric case has been considered. 
To try and illustrate the effect with very general 
equations [e.g., equations (29) and (3611 would 
be complicated and probably not very helpful. 
Results will now be considered for the in- 
direct potentiometry of some amino acids and 
proteins. 

60- / , .+ 

;;i 40- , / 
I 

q / I / / 

I 

0 1 2 3 4 

IdCp4 

Fig. 3. Plots of equations (38) and (40). 
-Calculated from equation (38) with 0 < OT < 1. 

-----Calculated from equation (40) with 0 </3 < 1. 
- - - Linear plot through the calculated values. 

EXPERIMENTAL 

The flow injection system, the potentiometric 
detection cell and the potential measuring 
equipment used in this work have all been 
described in detail previously.’ Briefly, the flow 
injection system consisted of a reservoir of 
reagent, a peristaltic pump, a pulse damping 
system, an injection valve and the detector cell 
all in series. They were all connected together 
with silicone rubber tubing. For indirect poten- 
tiometry it is clearly necessary that enough time 
is allowed for adequate mixing of the sample 
and the reagent and yet not to have too long a 
time which would allow excessive dispersion of 
the injected sample. It was found that both these 
conditions could be met with a short distance 
(3 cm) between the injection valve and mixing 
junction and a longer distance (20 cm) from the 
junction to the detector. Depending on the 
sample injection volumes (V,) typical values of 
the dispersion (D,) were found to lie in the range 
2.5-9.7 for 300 x 10e6 >, v 2 50 x 10e6dm3. In 
order to maximise sensitivity all determinations 
were done with the highest sample injection 
volume. This was found to give a baseline to 
baseline time of 30 set which would thus allow 
a sampling rate of N 120/hr. The detector cell 
consisted5 of a small beaker with an inlet and 
overflow outlet. In the cell were three electrodes. 
The working or indicator electrode was a high 
purity copper or silver wire and the reference 
electrode was a double junction Ag/AgCl elec- 
trode. The third electrode was a platinum wire 
coiled around, but insulated from, the indicator 
electrode. This platinum coil was used for the 
electrochemical cleaning procedure (see below). 
Potential measurements were made simply with 
a high impedance digital voltmeter. 

The flow system for indirect potentiometric 
detection with a chromatography column was 
essentially the same as that used for flow injec- 
tion analysis. The column (Pharmacia LKB 
C10/40) had a packing of Sephacryl S300. The 
mobile phase was a buffer solution (pH 7) with, 
in addition, 0.5M sodium nitrate. A high level 
of inert electrolyte reduces the ionic interactions 
between proteins and the stationary phase 
and this enhances separations.20 It also keeps 
the ionic strength of the eluting solution 
effectively constant which is necessary for po- 
tentiometric detection. The recommended20*2’ 
inert electrolyte is 0.5M sodium chloride, but 
since it has been shown that5*16 chloride ions in 
excess of N lo-‘M can interfere with protein 
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potentiometry using Cu and Ag electrodes the 
chloride anion was replaced by nitrate: no dele- 
terious effect on the separation of the proteins 
was observed. The output from the detector cell 
was recorded as a function of time with a chart 
recorder. 

The amino acids and proteins used in this 
study were all obtained from Sigma Chemical 
Company and were used without further purifi- 
cation. They were L-histidine, L-cysteine, ri- 
bonuclease A, phosvitin, ovalbumin, bovine 
serum albumin, human serum albumin, 
lysozyme and y-globulin. 

The effect of pH on potential response has 
been reported earlier.’ It was shown that the 
optimum value of pH was N 7 and so all 
solutions were buffered to this value. The elec- 
trochemical cleaning of the electrodes was done 
as has been described before.5”*‘0.‘2 Essentially 
the cleaning consisted of a cathodic current 
pulse applied to the indicator electrode. The 
purpose of this electrochemical treatment was to 
remove excess oxide from the surface of the 
indicator electrode.6*8 This technique has been 
shown to lead to significantly improved repro- 
ducibility and response for metallic electrodes 
when monitoring proteins and amino acids. 

RESULTS AND DISCUSSION 

Figure 4 shows the dependence of electrode 
potential on amino acid concentrations for L- 
histidine and L-cysteine as measured using the 
flow injection system and with an initial Cu*+ 
concentration of 10w4M. The reason for choos- 
ing these two particular amino acids initially 
was that it had been previously shown’,** that 
L-histidine gave consistent and reproducible 
results with a copper electrode, whilst L-cys- 
teine had been found by some workers’ to give 
less successful results. They thus represented 
two extreme possibilities of electrode reference. 
With the cathodic cleaning technique which we 
have developed ‘*5-8~‘o~‘2 the problem of repro- 
ducibility of electrode response is significantly 
diminished. 

It can be seen that for both amino acids the 
data points lie approximately on straight lines 
with zero intercepts. For L-histidine the linear- 
ity extends up to N 0.07 mg/cm3 corresponding 
to a concentration of -4.5 x 10-4M. For L- 
cysteine the plot is linear up to 0.10 mg/cm3 or 
8.3 x 10e4M. Thus the linear relationships hold 
for amino acid to metal ion ratios of 4.5 for 
L-histidine and 8.3 for L-cysteine. The dotted 
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Fig. 4. Dependence of electrode potential on added amino 
acid concentration 

(a) L-histidine data points 
(b) Lcysteine data points 
- - - --Curves calculated from equations (29) 

and (36)--see text. 

[Cu”] = IOm4M; flow rate = 60 cm3/hr. 

lines in each case have been calculated using the 
formulae derived above for the electrode re- 
sponse with equation (29) being used for 
C,, < 10e4M and equation (36) for C,i > 10e4M. 
In using these formulae there is the question of 
which species the electrode responds to. For low 
concentrations of added ligand there will be 
excess metal ions and one might expect a simple 
metal/metal ion electrode. However, as the lig- 
and concentration increases then for strong 
complexation the potential of the metal elec- 
trode could also depend on equilibria between 
the metal electrode and the metal complex. For 
both L-histidine and L-cysteine we have re- 
cently obtained’ good evidence that there is 
strong complexing between the amino acids and 
copper and that the potential of a copper elec- 
trode in the presence of the complexes will 
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depend on the equilibrium between the soluble 
complexes in solution and the copper surface. 
This type of mechanism has also been suggested 
by Alexander et al. for the response of a copper 
electrode to complexing inorganic ionsI and for 
the potentiometric monitoring of a amino acids 
with copper wire and tubular electrodes.3 If the 
metal-ligand complex is very insoluble then 
there will be a transition from an electrode of 
the first kind to one of the second kind, as has 
been discussed above in the Theory section. For 
the two amino acids used it has been reported23 
that, indeed, the complexes with Cu(II) are 
rather insoluble so such a transition might be 
expected to be observed. However, the situation 
could be complicated even further if at the same 
time there is a changeover in the number of 
electrons involved in the electrochemical 
couples. At low ligand concentrations with 
Cu2+ in solution then the simple couple 

Cu*+(aq) + 2e- * Cu(s) (R2) 

could operate. As the ligand concentration in- 
creases and an insoluble complex is formed then 
the electrochemical equilibrium might be 

CuL(s) + H+(aq) + e - 

% Cu(s) + HL(aq) (R3) 

Such a couple also gives a 1: 1 complex which 
will allow the use of simpler forms of equations 
(29) and (36). For the interaction of the amino 
acids with a copper surface 1:2 complexes have 
been suggested,6 but when interaction can take 
place in solution there will be less steric con- 
straints and a higher ratio of copper to ligand 
may be possible; there is certainly good evidence 
for 1: 1 complexes in solution in the case of 
L-histidine.24 Thus in applying the derived 
equation we have taken y = 1 in all cases and 
n = 2 when C,i < C,i and II = 1 when C,, > C,i. 
There will clearly not necessarily be a sharp 
changeover, but in the absence of more detailed 
investigations we make this simplifying assump- 
tion. It has also been assumed that activity 
coefficients are always unity. This then leaves in 
the equation a choice of values for the solubility 

product Kp,mp for the complexes. For the case of 
L-histidine and [Cu2+] = 10e4M a value of 
K sp,mp of 8 x 10m9 gives the best fit while for the 
same value of C,i for L-cysteine a value of 
8 x lo-* is chosen. The fits are quite good over 
the whole range of values of amino acid concen- 
trations which correspond to amino acid to 
metal ratios of greater than unity. Thus in spite 

of the various approximations and assumptions 
made the concept of an electrode of the second 
kind responding to both metal ions and the 
ligand is seen to be consistent with the data. The 
relatively low values of the solubility products 
for the two amino acid complexes are consistent 
with the observed23 low solubilities and with the 
strong complexing’ already mentioned. 

If the initial copper ion concentration is 
changed to 9.5 x 10d4M linear plots of potential 
US. amino acid concentration are obtained over 
the same concentration range as before but the 
slopes are reduced in both cases by a factor of 
about 9.5. Calculating the expected dependence 
of potential on concentration with the same 
values of Ksp,mp as used above gives a plot for 
L-histidine with a slope of N 8 less than that of 
[Cu2+] = 10e4. This is in reasonable accord with 
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Fig. 5. Dependence of electrode potential on added protein 

concentrations 
(a) l human serum albumin 

W bovine serum albumin 
(b) l ribonuclease A 
n y-globulin 

[Cu2+] = 10e4 M; flow rate = 60 cm3/hr. 
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Table 1. Response indices and detection limits for potentiometric determination of proteins with 
cllr+ 

1457 

Protein 

Human albumin 
Bovine albumin 

Flow rate Response index Detection limits 
[Cu2+],M cm’lhr mV(mg/cm’)-’ M 

1o-4 60 
8.74 1.4 x 10-6 
5.21 2.8 x 1O-6 

Ribonuclease A 
y-Globulin 

Phosvitin 
Human albumin 
Bovine albumin 
Ovalbumin 
y-Globulin 

Phosvitin 
Human albumin 
Bovine albumin 
Ovalbumin 
y-Globulin 

3.50 
0.95 

10-4 23 
14.2 
12.9 
7.8 
4.1 
1.4 

10-S 23 
138.3 
131.3 
16.7 
41.8 
13.2 

2.0 x 10-S 
2.8 x 1O-5 

1.0 x 1o-6 
5.0 x lo-’ 
9.3 x lo-’ 
2.7 x 1O-6 
2.5 x 1O-6 

1.0 x lo-’ 
5.5 x lo-* 
9.3 x lo-* 
2.4 x lo-’ 
2.6 x lo-’ 

experiment. For L-cysteine the calculated plot 
gives a slope which is only reduced by a factor 
of - 3. This may be due to the fact that the 
experimental data corresponds to a more com- 
plicated changeover in electrochemical couples, 
as mentioned above; this discrepancy is being 
investigated further. 

Notwithstanding the lack of a complete quan- 
titative agreement between the model and exper- 
iment, the concept of an electrode of the second 
kind responding to either the metal ions or the 
ligand does offer a semi-quantitative expla- 
nation for a linear relationship over several 
decades of millivolts between electrode potential 
and ligand concentration. We now consider the 
case of proteins complexing with copper ions. 

Figure 5 shows results comparable to those 
given in Fig. 4 but for four different proteins. 
The situation here, though, will be even more 
complicated than in the case of the amino acids. 
This is illustrated by the different results ob- 
tained for human and bovine serum albumin. 
These two proteins are very similar in structure, 
size and amino acid sequence*’ and for direct 
potentiometry with a copper electrode we have, 
in fact, obtained6 very similar responses. Here, 
however, if one takes the slope of the plots as 
indicative of the number of binding sites [cf. 
equation (29)] then bovine serum albumin 
would appear to bind only - 60% of the copper 
that human serum albumin binds. This also 
highlights the fact that proteins have multiple 
binding sites27 and thus y may be > 1 in 
equations (29) and (36). So that although the 
maximum protein concentrations added to the 
Cu*+ solution give, except for ribonuclease A, 
values of u < l(cl - 0.4 for human serum albu- 

min, - 0.8 for bovine serum albumin and - 0.1 
for y globulin) this does not necessarily mean 
that the electrode is primarily functioning as a 
Cu*+/Cu couple, as postulated for the amino 
acids when a < 1. The multiple binding sites of 
proteins give a further complication in that the 
sites are not necessarily equivalent,26 and so the 
model on which the theory is based of one type 
of metal complexation is probably oversimplis- 
tic. Complexation between metals and proteins 
is clearly far from straightforward and for this 
and the various reasons mentioned above it is 
difficult to interpret the data of Fig. 5 in terms 
of the derived equations. Nevertheless, the 
different responses of the various proteins, par- 
ticularly for ribonuclease A where the maximum 
concentration used corresponds to a - 6.3, to- 
gether with the range of up to 30 mV over which 
direct linearity between electrode potential and 
protein concentration is observed, suggest that 
a mechanism based on an electrode of the 
second kind is operating. 

Table 1 summarises the response indices in 
terms of mV (mg/cm3)-’ for the data in Fig. 5 
and also, from similar plots, for other proteins 
with either different initial concentrations of 
Cu*+ and/or flow rate. For the results from 
Fig. 5 it is clear that, maybe apart from y 
globulin, the technique is suited for flow injec- 
tion analysis determination at the mg/cm3 level; 
i.e., for concentrations as low as 10-4-10-SM. 
The sensitivity can be improved by lowering the 
flow rate to reduce the dispersion of the injected 
samples and by reducing the initial copper ion 
concentration. With the last set of conditions 
given in Table 1 a sensitivity of - 0.1 mg/cm’ 
is readily achievable. 
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Table 2. Measurements of precision at the 95% confidence 
level 

Concentration 
AE f error mV 

mglml Human albumin Phosvitin 

0.2 2.61 k 0.08 2.85 k 0.07 
0.3 3.85 f 0.09 4.30 + 0.07 
0.4 5.21 + 0.07 5.71 + 0.09 
0.5 6.44 &- 0.05 7.13 kO.08 

Note: [Cu*+] = 10e4A4; Flow rate = 23 cm)/hr. 

Table 2 shows examples of the precision 
attainable with the technique. Ten measure- 
ments were made randomly with respect to 
concentration and each protein. In all cases the 
error is less than 3% of the average value. For 
direct potentiometry of albumins a precision of 
f 0.4 mV at the 95% confidence level was 
found6 for AE N 20 mV. So the two techniques 
give comparable levels of precision in terms of 
potential measurements; this is prehaps not too 
surprising since if the technique described here 
is relying upon the interaction between the 
protein ligand and an electrode of the second 
kind then it is exactly equivalent to the direct 
potentiometric measurements reported earlier. 
However, in terms of concentration measure- 
ments the precision of the “indirect” method is 
higher because of the linear dependence of 
concentration on potential. A given error in mV 
will be less critical than if there is an exponential 
dependence of concentration on potential, as is 
the case of the classical Nemstian response. 

A summary of the detection limits computed 
on the basis of Midgley’s statistical definitions2’ 
are also shown in Table 1. The limit corresponds 
to a 5% chance of failing to detect the determi- 
nand. The limits are generally one to two orders 
of magnitude lower than those found with direct 
potentiometry,‘j and this is because we are mak- 
ing use of the non-linear part of the classical 
Nemstian plot (cf. Fig. 1). 

Similar results to those obtained with flow 
injection analysis for amino acids and proteins 
with Cu(I1) in solution and with a copper 
electrode have also been found with Ag(1) 
in solution and a silver electrode. Table 3 

Table 3. Response indices and detection limits for potentio- 
metric determination of proteins with Ag+ 

Response Index Detection 
Protein mV(ug/cm-‘)-I limits M 

Human albumin 1.4 I.0 x 10-a 
Gvalbumin 1.2 1.0 x 10-s 
y-Globulin 0.6 8.0 x lO-9 

Note: [Ag+] = 10m5M; Flow rate = 23 cm’/hr. 

Time/h 

Fig. 6. Typical chromatogram obtained with a potentiomet- 
ric detector 

A catalase 
B bovine serum albumin 
C lysozyme 

[Protein] = 20 pg/cn-‘;[Cu*+] = 10m5M; Flow rate = 23 
cm’/hr. 

summarises some typical results for the response 
indices and the detection limits. The response 
indices are higher and the detection limits are 
lower than those for the corresponding proteins 
with Cu(II), which could indicate more binding 
by Ag+ than with Cu2+ ; this is being investi- 
gated further.” 

The technique described for the determi- 
nation of proteins with Ag+ and Cu2+ has been 
used for the detection of proteins eluting from 
a gel chromatography column. An example of a 
typical chromatogram for an artifical mixture of 
catalase, bovine albumin and lysozyme is shown 
in Fig. 6; it was found that the lowest level of 
the signals which could be readily discerned 
from the background noise were 10 pg/cm’, 
5 pg/cm3 and 20 pg/cm’ for the three proteins, 
respectively. In accordance with the data in 
Table 3, limits of detection about one order of 
magnitude lower were generally attainable when 
using the Ag+/Ag systems. The background 
noise mainly arose from the pulsating action of 
the peristaltic pump, and a pulse free pump 
together with signal amplification would prob- 
ably allow determination at the sub pg/cm3 to 
be made. A comparison with chromatograms 
recorded with a UV detector showed that the 

Table 4. Ratio of silver:copper response indices 

Protein 
- 

Response index ratio - 
y-Globulin 45 
Ovalbumin 29 
Bovine albumin 19 
Human albumin II 

Note: [Cu*+] = [As+] = 10-5M; Flow rate = 23 cm)/hr. 
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potentiometric method was more sensitive for 
the proteins with molecular weights less than 50 
kamu (e.g., ribonuclease A), but that otherwise 
results from both techniques were comparable. 
An advantage of the potentiometric technique 
over UV detection is that by carrying out simul- 
taneous determinations with both the Ag+/Ag 
and Cu2 + /Cu systems protein identification 
could be achieved. Table 4 gives the ratio of the 
Ag:Cu response indices and it is seen that these 
are unique for each protein. This procedure for 
identifying proteins worked well, as long as the 
proteins were well separated in the chro- 
matogram. A disadvantage of the potentiomet- 
tic technique compared with W analysis is the 
need for post column addition of reagents, 
which may lead to band broadening. However, 
this problem could be avoided by chronocoulo- 
metric generation of the Cu2+ and Ag + . 
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Summary-The construction and performance characteristics of a double-membrane ephedrine selective 
electrode are described. The electrode is based on the use of an internal conducting membrane made of 
tetrabutylammonium bromide and another external electroactive membrane containing the ionic pair 
ephedrine-tetraphenylborate in a poly (vinyl chloride) resin (with some plasticizers incorporated) as an 
inert matrix. The ephedrine electrode exhibits linear Nernstian response within the range 10-*-S x 10-sM 
of ephedrine, with a slope of 58.2 + 0.5 mV decade-’ at 25 k 0.2”. The detection limit is 10-4.5M. The 
reproducibility (coefficient of variation) was 0.54% (n = 10 determinations) and the stability of its 
potential is 2.3 mV/24 h. The selectivity coefficients for 15 ions were calculated. The electrode was applied 
to the determination of ephedrine in some pharmaceutical preparations with satisfactory results. 

Ephedrine is a drug that stimulates both tl- and 
/I-adrenergic receptors. It is used in therapeutic 
doses at the level of 15-60 mg to produce 
pheripheral vasoconstriction, to raise blood 
pressure, to prevent hypotension and treat aller- 
gic states, catalepsy and myasthenia gravis. It is 
also utilized as an antidote for poisoning by the 
central nervous system. 

Ephedrine (EPH) has been determined by 
some instrumental methods’ like spectropho- 
tometry, polarography and potentiometry. 

We have described a double-membrane ion- 
selective electrodes based on the coated-wire 
technique (CWEs) for the determination of ni- 
trate,’ potassium3 and metoclopramide4. This 
paper proposes the preparation of a double- 
membrane ephedrine selective electrode that 
improves the reproducibility and stability of 
measured potentials.5 The internal membrane 
contains a conducting substance, tetrabutylam- 
monium bromide (BrTBA) over an inert matrix 
of a poly (vinyl chloride) resin (VCR). The outer 
selective membrane contains ephedrine ion as 
ion pair complex ephedrine-tetraphenylborate 
(TPB). The active external membrane compo- 

*To whom correspondence should be addressed. 

sition is a determinant for obtaining a Nernstian 
slope. The electrode has been applied to the 
determination of ephedrine in some pharmaceu- 
tical preparations. 

EXPERIMENTAL 

Reagents 

Ephedrine clorhidrate, sodium tetraphenyl- 
borate (NaTPB), tetrabutylammonium bro- 
mide, pH solution buffers, potassium nitrate, 
potassium chloride and tetrahydrofuran (THF) 
were all provided by Merck. The poly (vinyl 
chloride) resin used as inert matrix was provided 
by FAL S.A. Industries (Zaragoza, Spain) and 
had the following composition (% (w/w)); 
poly(viny1 chloride) resin (FAL S.A. Industries) 
(40.3), Chemigun resin (FAL S.A. Industries) 
(20.2) stabilizer H-260 (FAL S.A. Indus- 
tries) (1.2), CaCO, (4.0) primary plasticizer 
(dioctylphtalate) (20,2), secondary plasticizer 
(epoxidaded oleum soha) (FAL S.A. Industries) 
(2.0) and polymer plasticizer (paramoll) (FAL 
S.A. Industries) (12.1). 

The pharmaceutical products containing 
ephedrine were obtained from local drug stores. 

Stock interference ion solutions were pre- 
pared at 1M concentrations 
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1462 ALAR R. CILWORRO and RAFAEL CARMELO Diz 

Solutions of O.lM ephedrine as standard 
stock solution, 2M KC1 for studying the influ- 
ence of ionic strength on the electrode response 
and 10% (w/v) KNOs for filling the outer 
chamber of the reference electrode were also 
prepared. 

The ephedrine-TPB ion pair precipitate was 
prepared by mixing 50 ml of a 10m3M aqueous 
solution of ephedrine with a 10e3M solution of 
NaTPB. The precipitate was then filtered, 
washed with high purity water and finally left to 
dry at room temperature. 

High purity water was obtained from a Milli- 
pore Mini-Q Water System. 

Apparatus 

The determination was carried out at 
25 + 0.2” in a double-walled vessel with a circu- 
lating Haake thermostat bath, using a Crison 
Model 2002 pH-millivolt meter. The standard 
and test solutions were stirred magnetically 
(30 r.p.m.) with a Teflon bar for 1 min. 

A Commercial Instruments Cedar Grove In- 
dustrial Instruments INC. electrolyte conduc- 
tivity meter was used for the determination of 
the electrode resistance. 

A double junction Ingold Model 31451 was 
used as external reference electrode, with 
aqueous 4M KC1 and 10% (w/v) KNO, as 
internal and external filling solutions. The mem- 
branes were coated on an Ingold Pt cylindrical 
ring electrode (with a flat surface with a diam- 
eter of about 5 mm). So the electrode cell is: Pt 
1 internal membrane I external membrane I 
sample solution 1) 10% (w/v) KN03 I 4M KC1 

I AgCl, &. 

Procedure 

The Pt electrode, washed with THF and left 
to dry, it was dipped in a mixture of BrTBA and 
a 10% (w/v) solution of poly (vinyl chloride) 
resin in THF. The optimum composition of 
internal membrane was BrTBA : resin/THF in 

H H H - o- I I I 
\ / 

l HCl 

OH CH3 CH3 

Fig. 1. The formula of ephedrine clorhidrate. 

weight proportions of 5 : 95. The thickness of the 
resulting membrane is about 0.1 mm. 

After being left to dry for 12 h, the internal 
membrane was coated with the active mem- 
brane by dipping in a mixture of EPH+ TPB- 
and a 10% (w/v) solution of poly (vinyl chlor- 
ide) resin in THF. The optimum composition of 
the external membrane was in weight pro- 
portions of 40: 60. The total thickness is about 
0.3 mm. Once dry, the electrode was con- 
ditioned for 1 h in a 10e4M EPH solution. 

RESULTS AND DISCUSSION 

Construction of the EPH electrode 

The conducting properties and response time 
of the electrode seem to depend on the mobility 
of TBA+ in the poly(vinylchloride) matrix.‘j The 
absence of this internal membrane gives rise to 
bad reproducibility and time-stability. 

The principal electrode characteristics (slope, 
linear response and detection limit) depend on 
the composition and thickness of the active 
external membrane. Figure 2 shows the vari- 
ation in the calibration graph slope as a function 
of the active membrane composition. A mem- 
brane made with a mixture of EPH+-TPB- and 
poly(viny1 chloride) resin in weight proportions 
of 40 : 60 exhibits the best results, with a slope of 
58.2 & 0.5 mV decade-‘. 

It is important when preparing the EPH 
electrode to control the thickness of both in- 
ternal and external membranes. If the thickness 
of the internal membrane is maintained con- 
stant, between 0.1 and 0.2 mm, the electrode 
response depends on the thickness (6) of the 
external active membrane. The best results were 
obtained with 6 = 0.1 mm. For values above 0.1 
mm the electrode behaviour is subNemstian 
and the linear response is shorter. 

Response characteristics of the electrode 

The effect of ionic strength on the electrode 
response was studied to determine the optimum 
parameters for the principal electrode character- 
istics. The calibration graphs were plotted using 
EPH solutions and dilute solutions of KC1 for 
ionic strength adjustment (ISA). The results are 
given in Table 1. The ionic strength used was 
<O.OlM, where the electrode had a Nernstian 
slope. 

The selectivity coefficients (KEPH,MPOT) of the 
EPH electrode were calculated graphically by 
the mixed solutions method from potential 
measurements on 20 ml of a solution containing 
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I I I !‘9+_ ;.m -. I 1 

0 t 2 3 4 5 6 7 

Fig. 2. Effect of the active membrane composition on the 
double-membrane ephedrine-selective electrode response. 

The proportion of EPH+ TPB--VCR/THF in%(w/w). 

a fixed ephedrine concentration (10e4A4) (Crru) 
and varying the interfering ion concentration by 
adding small volumes (0, 0.5, 1.0, 1.5 and 2.0 
ml) (V) of lM(C,) solution of interfering ion. 

The selectivity coefficients for 15 ions were 
calculated. The values obtained with 
C,, = 10m4M and C, = 1M are shown in 
Table 2. Dextrometorphane bromhidrate and 
caffeine appear to be the principal interferences. 

The effect of the pH on the potential response 
was studied. To 10 ml of IO-*M ephedrine 
solution, equal volumes of different buffer sol- 
utions were added up to 100 ml with distilled 
water. Values lower than 4 or higher than 8 
produce a sharp drop in electrode potential. 
Results are shown in Fig. 3. 

Analytical performance of the electrode 

Stability of electrode potential with time was 
studied ([EPH] = 10m4M). A drift of 2.3 mV 
was formed in 24 hr and it is mainly due to the 
temperature changes. 

The response time of electrode (ta) depends 
on EPH activity, ranging from 1 min (for 
[EPH] 2 10e3M) to 5 min (for [EPH] < 10m3M). 
Influences on the electrode response are time 
and speed of stirring before potential measure- 
ment, ionic strength, air bubbles in the mem- 

Table 1. Effect of ionic strength on the response of the EPH 
electrode 

Ionic Linear Detection 
strength Slope range limit 

(W (mV decade-‘) (PEW Wf’H) 

<O.Ol 59.9 2-4.3 4.5 
0.01 58.4 24.3 4.5 
0.05 52.5 2-4.0 3.1 
0.10 44.8 2-3.3 3.7 

Table 2. Selectivitv coefficients for the EPH electrode 

Ion (M) Km EPFLM 

Na+ 
K+ 
NH,+ 
Mg+ + 
Ca++ 
Dextrometorphane bromhidrate 
Alanine 
A&amide 
Aminobenxoic acid 
Nicotinic acid 
Caffeine 
Sucrose 
Tetrabutylammonium bromide 
Oxalic acid 

7.5 x lo-3 
1.5 x 10-r 
1.1 x 10-Z 
5.9 x 10-r 
6.7 x lo-’ 

0.9 
2.7 x lO-3 
3.5 x lo-’ 
1.2 x lo-* 
1.4 x 10-2 

1.0 
6.4 x lo-’ 
1.7 x lo-* 
3.3 x lo-’ 

Citric acid 6.7 x lo-’ 

brane of the EPH electrode or reference 
electrodes, etc. The appropriate control of these 
variables shortens the response time of the 
electrode. 

The reproducibility (10 replicate determi- 
nations) in the determination of 10e3M EPH 
was also studied. The coefficient of variation 
was 0.54%. 

The electrode was stored dry if not in use. 
Otherwise it deteriorates and its performance 
impaired. Kept dry, electrode life time was 
about 21 days. Nevertheless, conditioning of 
electrode before use for 1 h in a solution 10e3M 
of EPH is essential. Otherwise, the response 
time is long and the reproducibility is poor. 

The electrical resistance of the electrode was 
measured. The total resistance of the EPH 
electrode was approximately 10 MW. 

The principal analytical characteristics of the 
EPH electrode were calculated. Employing an 
ionic strength <O.OlM as ionic strength adjust- 
ment, the sensitivity (determined by the slope 
of the calibration graph) was 58.2 f 0.5 mV 
(10 different electrodes made) within the con- 
centration range lo-*-5 x IO-‘M and the detec- 
tion limit calculated according to the IUPAC 

Fig. 3. Effect of pH on the EPH-selective electrode response. 
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Table 3. Results obtained in the determination of ephedrine in some pharmaceutical preparations 

DW! 

Tedral 
Amidrin 
Toscal 
Fluidin 
Bisolvon 

Certified value Calibration graph Standard addition 
(mg) 

EPH calculated Standard EPH calculated Standard 
deviation (%) deviation (%) 

48.0 49.3 2.7 48.9 1.8 
8.0 1.6 1.4 7.9 1.3 

12.5 12.1 1.5 12.7 1.7 
1.0 1.0 4.0 1.0 1.5 
1.5 1.6 3.3 1.5 1.3 

recommendation9 is 10-4.5M of EPH. The least- 
squares equation obtained from the calibration 
data is E(mV) = 58.2 pEPH + 2.4 (coefficient of 
correlation, R = 0.9999). 

The electrode was applied to the determi- 
nation of ephedrine in some pharmaceutical 
preparations by its interpolation on the cali- 
bration graph and standard addition methods. 
In the case of Tedral (solid drug), a pill 
weighing approximately 0.46 g with 48 mg of 
EPH was weighed, ground in a mortar and 
dissolved directly with high purity water to 
0.5 1 in a volumetric flask. For the other phar- 
maceutical products (liquid drugs), high purity 
water of up to 100 ml was added to a volume 
of 10 ml of drug. The results obtained are given 
in Table 3 (mean of five determinations) and 
show a good agreement with the certified EPH 
concentrations. 

1. 

2. 

3. 

4. 

5. 

6. 
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Snmmary-A new electroanalytical method for determining chloride ions with an Air-Gap cyanide sensor 
system is described. The method is based on the reaction of chloride with mercury(I1) cyanide in dilute 
sulphuric acid. This reaction leads to hydrogen cyanide which can be determined with an Air-Gap cyanide 
sensor. Optimum concentrations of mercury(I1) cyanide and sulphuric acid were established and an 
analytical curve was prepared for 1 x 10-‘-l x 10e5M Cl-. The slope of the calibration curve was equal 
to 62.8 mV/log C. The correlation coefficient (R ) was equal to 0.9992. The method can determine chloride 
with good results in high saline solutions and in the presence of surfactants, which is in contrast to direct 
potentiometry with a chloride electrode. The method was applied for chloride determination in fuses used 
for initiating explosions. The chlorides were determined both in the raw materials used to prepare the fuse 
braids and in the other fuse components. Chloride was also determined in drinking water and river water. 
In dependence of source, chloride amount analyzed in drinking water was in the range 2.18-182.6 mg/l. 
and 25.8 mg/l. in river water. A comparative analysis was carried out. In the first case, chloride was 
determined by a turbidimetric method, whereas in the second one by potentiometric titration against a 
chloride-ISE. 

The chloride anion occurs widely in nature. 
Small quantities of chloride present in natural 
water and soils are necessary for plants and 
animals to function correctly. Chlorides partici- 
pate in oxygen release in photosynthesis, in- 
crease hydration of colloids, and influence water 
balance in plants. They act as a stimulant on 
plants by influencing the swelling of plasma 
colloids. The plants absorb chloride from a soil 
solution through their root system. Chloride 
anion content in plants is variable and depends 
on the plant species and organs. 

Mechanical processing of plant raw materials 
such as flax and hemp used in the textile indus- 
try removes only adsorbed chlorides. Chlorides 
as components in cellular plasma and combined 
in organic compounds are not removed during 
processing. Flax and cotton fibres are contained 
in fuses used to initiate explosion, when con- 
struction elements in high pressure industrial 
boilers for the nuclear power industry are con- 
nected. Due to the corrosive action on construc- 
tion materials, the fuse components contain as 
little chloride as possible. 

For a number of plants, high concentrations 
of chlorides in soil are toxic. Potassic fertilizers, 
used for soil manuring, usually contain some 
of chlorides ballast. These excessive chloride 

concentrations can penetrate natural water- 
courses and reservoirs, considerably increasing 
their salination. 

The natural environment, rivers and water 
underflows are permanently contaminated with 
some surfactants, coming from municipal and 
food industry wastes, which unfortunately are 
not completely biodegradable. The possibility of 
ion determinations in the presence of surface 
active agents has been considered in other 
works.‘-’ 

The concentrations of the contaminants in the 
present work was selected based on actual 
amounts in environmental samples from Upper 
Silesia. Two potentiometric sensors, for chloride 
determination, were applied (an Ag, S/AgCl cell 
and an Air-Gap cyanide sensor). 

Many industrial electrochemical processes, 
e.g., copper plating, nickel plating, metals elec- 
tropurification, aluminum electropassivation, 
require constant chloride concentration. An 
excess of chloride leads to irregular build-ups on 
the electroplating surface (fir-tree crystal for- 
mation) so the quality of coppering surfaces gets 
worse. The presence of chloride causes the 
anodic dissolution velocity to increase. This way 
an increasing cathodic current density is poss- 
ible while electroplating. The oxygen evolution 

1465 
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from the electrolyte solution and the passivation 
process of the anode is observed while the 
concentration of chlorides is too small. One 
method of aluminum electropassivation re- 
quires the Cl- level to be less than 20 mg/16 If 
Fe3+ is present, then Cl- amounts as low as 4 
mg/l. lead to formation of pits on the electropas- 
sivated aluminum surface.6 Chloride determi- 
nation in these baths was made with two 
ion-selective electrodes: Ag, S/AgCl cell and the 
Air-Gap cyanide sensor. 

The method described in this paper consists 
of potentiometric determination of chlorides by 
applying an Air-Gap cyanide sensor system. 
Our studies were based on the reaction of 
mercury cyanide with chloride anions in sul- 
phuric acid, described in the literature’ 

Hg(CN), -t 2H + + 2X - = HgX, + 2HCN 

where 

X- =Cl-, Br-, I-, SCN-. 

Hydrogen cyanide is formed in this reaction. 
As a weak acid it diffuses from acid solution to 
the gaseous phase. We proposed to determine 
the evolving hydrogen cyanide by means of 
the Air-Gap cyanide sensor system. Therefore, 
studies have been carried out to determine 
the analytical parameters such as the concen- 
trations of reagents taking part in the above 
reaction and the response time of the cyanide 
sensor. 

Mercury(I1) cyanide has a high stability con- 
stant 1034.7,8 which is exploited in this method. 
In the literature, it is stated that this complex 
undergoes decomposition in sulphuric acid sol- 
ution whose concentration exceeds 0.56M.9 The 
studies performed by other authors prove that 
a mercury(I1) cyanide does not undergo de- 
composition in diluted acid solution even at an 
elevated temperature. lo Besides sulphuric acid, 
other acids like tartaric, nitric, phosphoric were 
examined. It was found that they do not cause 
mercury(I1) cyanide to decompose, but that the 
complex decomposes in diluted hydrochloric 
acid solution. Adding chloride, bromide, 
iodide or thiocyanate to Hg(CN)* solution in 
diluted sulphuric acid also caused decompo- 
sition of mercury(I1) cyanide with hydrogen 
cyanide evolution.” 

The design and principle of operation of the 
Air-Gap cyanide sensor system has been de- 
scribed in the literature.” The cyanide sensor 
has previously been used to determine cyanides 
at low concentrations and mercury.9 

EXPERIMENTAL 

Reagents 

Analytical grade reagents and reagents and 
redistilled water were used in the studies. Mer- 
cury(II) cyanide was synthesized by a literature 
method.12 From weighed samples of mercury 
cyanide, solutions with concentrations from 0.1 
to 2.0% were prepared. Solutions of 0.1 and 
0.3M sulphuric acid, O.lM nitric acid, O.OlM 
silver nitrate and O.lM sodium chloride were 
prepared. Sodium chloride solutions in concen- 
trations from 0.01 to lo-‘M were obtained by 
successive dilutions from 0. 1M stock sodium 
chloride solution. The electrolyte, O.OlM pot- 
assium dicyanoargentate in 1% methylcellulose, 
was buffered by addition of borax to pH 9.3. 

The following reagents were used for investi- 
gating the influence of surfactants on chloride 
analysis: 

-an anionic SULFAPOL (sodium alkylben- 
zosulphonate) 

-a weak anionic ROKSOL (block copoly- 
mer made from ethylene oxide, propylene 
and polyoxyethylated alcohols phosphoric acid 
ester) 

-a nonionic ROKANOL K-20 (made from 
addition of ethylene oxide to unsaturated fat 
alcohols) 

-a cationic KAMINOX L-l 1 (alkylpoly- 
oxyethylenemethylammonium sulphate). 

Apparatus 

The Air-Gap OCN-01 METRON cyanide 
sensor system and type CT1 ELFA-JOT 
magnetic stirrer with CP-311 ELMETRON 
microcomputer pH/mV meter were used. For 
turbidimetric determination of chlorides, a 
Spekol spectrophotometer with a TK Carl Zeiss 
Jena attachment was used. Chlorides were also 
determined by a potentiometric method using a 
CRYTUR chloride ISE or RADELKIS chlor- 
ide ISE or Polish private manufacture chloride 
ISE and a Ag/AgCl reference electrode with 
electrolytic nitrate bridge. 

Mineralization of the examined samples 

The raw materials used to manufacture fuse 
braids and its components were mineralized in 
an oxygen-bomb calorimeter. Approximately 
0.5 g samples were placed in a quartz crucible 
containing wire coil resistors. Wire ends were 
attached to electrodes. Redistilled water (5 ml), 
in which combustion products were absorbed, 
was placed in the bomb calorimeter. The bomb 
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calorimeter was filled with oxygen up to 2.5 
MPa. After cornbusting the sample and cooling 
the bomb, the solution containing the mineraliz- 
ation products was quantitatively transferred to 
a 25-ml measuring flask. 

Procedures 

About 5 ~1 of electrolyte (potassium dicyano- 
argentate, see Reagents) was placed between an 
Ag/AgCl reference electrode and a silver elec- 
trode of the Air-Gap cyanide sensor system. 
Next, 1 ml of mercury(I1) cyanide solution, 1 ml 
of standard sodium chloride solution or sample 
and 1 ml of sulphuric acid solution were 
pipetted into a 5-ml sample cell. The sample cell 
was then closed with a ground-in stopper. A 
magnetic stirrer was started. After 2 min, the 
stopper was replaced with the cyanide sensor 
connected to a millivoltmeter. The response 
time of the sensor was recorded, i.e., the time 
elapsed from sensor insertion to the moment 
when the potential was constant for 1 min. The 
potential was read with a precision of 1 mV. 
Each measurement was repeated five times and 
the average value was calculated. After each 
measurement, the sensor was taken out of the 
sample cell, the electrode was rinsed with redis- 
tilled water, dried with filter paper and a new 
electrolyte portion was poured in. The sensor 
was kept in a vertical position in the neck of a 
lOO-ml measuring flask containing about 50 ml 
of distilled water. After each measurement, the 
test solution was poured out of the sample cell. 
The cell was flushed with redistilled water, and 
then rinsed with methanol and thoroughly 
dried. 

Turbidimetric determination of chlorides 

Turbidimetry was applied to determine chlor- 
ides in raw materials for manufacturing the fuse 
braids and other fuse components after mineral- 
ization of the samples in a bomb calorimeter. 
The solutions were filtered by hard filters free of 
chlorides, and then chlorides were determined as 
AgCl using the Spekol spectrophotometer with 
TK attachment.13 

Potentiometric titration of chlorides 

Potentiometric titration was applied to deter- 
mine chlorides in drinking and river water. The 
interfering species were removed from water 
samples,i4 and then the chlorides were titrated 
with O.OlM silver nitrate solution until the 
largest difference in potential was reached at 

a constant insignificant increase of the added 
titrant. 

Preparation of investigation baths for analysis 

The samples of copperizing and aluminum 
electropassivation baths were neutralized with 
1M sodium hydroxide and then diluted IO-fold 
with distilled water. The sample of nickel elec- 
troplating baths was also diluted IO-fold, then 
an additional lOO-fold with distilled water. 

RESULTS AND DISCUSSION 

The effect of mercury(I1) cyanide concen- 
tration at constant concentration of sulphuric 
acid and chloride ions on the potential and 
response time of the Air-Gap cyanide sensor 
system was studied. Mercury(I1) cyanide sol- 
utions with concentrations from 0,l to 2.0%, 
0.3M sulphuric acid and standard 0.1-10-5M 
sodium chloride solutions were used in the 
studies. Figure 1 presents the relationship of 
sensor potential vs. mercury(I1) cyanide solution 
concentration at a constant sulphuric acid con- 
centration in standard chloride solutions from 
pC1 = l-5. For pC1 = 1 to 3, the cyanide sensor 
potential decreases with increasing mercury(I1) 
cyanide concentration from 0.1 to 0.5%. How- 
ever, for mercury(I1) cyanide solutions from 0.5 
to 2.0% concentration, the cyanide sensor po- 
tential is constant. Hence, there is no need to use 
a mercury(I1) cyanide solution, whose concen- 
tration exceeds 0.5%. It can be, therefore, 
expected that mercury(I1) cyanide reacts quanti- 
tatively with chloride ions. When the effect of 
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Fig. 1. The effect of mercury(I1) cyanide concentration on 
the potential of the Air-Gap cyanide sensor. 
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Hg(CN)2 concentration on a cyanide sensor 
response for chloride solutions of pC1 = 4 and 5 
was examined, a stable potential was observed 
in the more narrow concentration range of 
O&0.8%. Due to these facts, a 0.5% Hg(CN)* 
solution was used in further studies. The effect 
of Hg(CN)2 concentrations on the response time 
of the cyanide sensor was examined. Also in this 
case, 0.L2.0% Hg(CN), solutions, 0.3M sul- 
phuric acid solution and chloride solutions from 
pC1 = 1 to 5 were used. This relationship is 
illustrated in Fig. 2. For chlorides of pC1 = 1 
and 2, the increasing Hg(CN), concentration 
did not cause any change in response time of the 
cyanide sensor. In each case, the response time 
was 2 min. The effect of Hg(CN)2 solution 
concentration on the response time of the 
cyanide sensor for chloride solutions from 
pC1 = 3 to 5 is more important. The shortest 
response times were recorded for Hg(CN), sol- 
utions from 0.3 to 0.5% concentration. For 
higher concentrations, the response time was 
doubled. This study proved that the 0.5% 
Hg(CN), solution is suitable for determination 
of chlorides. 

The effect of sulphuric acid solution concen- 
tration on the replacement of cyanide ion by 
chloride ion with simultaneous evolution of 
hydrogen cyanide from a liquid phase to a 
gaseous one was investigated. The cyanide 
sensor potential was recorded us. mercury(I1) 
cyanide concentration at pC1 = 3, for 0.3 and 
O.lM sulphuric acid. The relationship is illus- 
trated in Fig. 3. In case of O.lM sulphuric acid, 
the measured cyanide sensor potentials dropped 

Xl- 

16- 

%(CW% 
Fig. 2. The effect of mercury(I1) cyanide concentration on 

the time response of the Air-Gap cyanide sensor. 

CIll Kmr % 

Fig. 3. The effect of mercury(I1) cyanide concentration on 
the potential of the Air-Gap cyanide sensor in various 

sulphuric acid concentrations. 

sharply with increasing mercury(I1) cyanide 
concentrations. This potential became stable at 
a concentration above 1.6%, but with a pro- 
longed response time. When a 0.3M H,S04 
solution was used, the potentials underwent 
slight variations within a wide range of concen- 
trations from 0.4 to 2.0%. 

As in this case, the application of >0.8% 
mercury(I1) cyanide causes a considerable ex- 
tension of sensor response time. The 0.5% 
solution is considered to be optimum. 

The analytical curve for determining the 
chlorides within a concentration range of 
O.l-lo-‘M was plotted for a 0.5% mercury(I1) 
cyanide solution. Its equation is E = 62.8 . pCl- 
467.5. A correlation coefficient of 0.9992 enables 
us to determine chlorides within a specified 
concentration range with high precision. 

Studies were performed to define the effect of 
other ions on the determination of chloride. The 
results are collected in Table 1. Each ion was 
introduced to 35.5 pug/ml chloride solution at 
molar ratios of 1: 1, 1: 10 and 1: 100. 

The anions recorded in the table do not 
significantly affect the determination of chloride 
even at loo-fold excess. However, interferences 
are observed in the presence of halides and 
pseudohalides. 

The suitability of the Air-Gap cyanide sensor 
system for determining chlorides is evaluated in 
Table 2 by comparing the results with a stan- 
dard method. When chlorides are determined in 
raw materials for fuse braids and other 
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Table 1. Interferences from various anions [A-] in determination of chloride anion 
(35.5 &ml) 

Anion sq- NO, BO;- Hzmi HW- 

b-W-1 l-100 I-100 l-100 I-100 l-100 
Cl - determined 36.3-39.6 34.742.2 34.2-29.3 36.8-37.2 35.8-31.8 

(&ml ) 

components, the best conformity of the test 
results was achieved for chlorides in braid 2. 
This braid was cleaned before determination 
many times by repeated boiling in distilled water 
to remove chlorides adsorbed on the surface. 
Similarly, satisfactory agreement of the test 
results was achieved, when chlorides were deter- 
mined in braid 3 by the two methods. In the 
remaining case, slight differences in determi- 
nations were found to be due to a distinct 
inhomogeneity of the tested materials. 

Chloride was also determined in river and 
drinking water by the Air-Gap cyanide sensor 
and by potentiometric titration. The results in 
Table 3 show good agreement. Small differences 
lie within experimental error. A low chloride 
amount in water samples taken from a deep 
well, required, that titration with an ISE be 
carried out in a mixed solvent system whereas 

the newly developed method determine chlor- 
ides in aqueous medium with good accuracy, 
without additions. 

The possibility of applying the Air-Gap 
cyanide sensor to chloride analysis in the pres- 
ence of surfactants was studied. The analysis of 
chloride with widely available ISE (Ag,S/AgCl) 
was made to compare the results obtained. Four 
surfactants were used for these studies: anionic, 
weak anionic, cationic and nonionic. The 0.1, 
0.01 and 0.005% solutions of these agents of 
35.5 mg/l. each, were investigated. Results are 
compiled in Table 4. The surfactants added to 
the analysed solutions considerably disturbs the 
results of chloride determination when the ISE 
was used, because of the influence of the surfac- 
tant on the membrane material. Only the non- 
ionic surface active agent did not cause a 
negative interference. Chloride analysis with an 

Table 2. A comparison of chloride determinations in materials used for 
fuse preparation performed by the described and comparative methods 

Found Cl-, % . l@ 

Sample n Air-Gap s n Turbidvmetric s 

Raw-material 
no. 1 

Raw-material 
no. 2 

Raw-material 
no. 3 

Fuse Braid 
no. 1 

Fuse Braid 
no. 2 

Fuse Braid 
no. 2 
(purified) 

Fuse Braid 
no. 3 

5 5.06 *0.41* 0.33 
- - 

5 5.45 +0.35 0.28 

5 3.09*0.15 0.12 
- 

5 3.15kO.12 0.10 

5 4.86 k 0.10 0.08 
5 4.22 + 0.53 

5 3.90+0.18 0.14 

5 7.50 kO.69 0.55 
- - 

5 6.95 kO.35 0.28 

5 4.88 f 0.32 2.63 
5 2.75 + 0.23 

5 3.07 + 0.08 0.06 

5 1.48kO.32 0.09 
5 1.48 f0.14 

5 1.41 * 0.09 0.07 

5 2.30 kO.13 0.10 
5 2.43 f 0.22 

5 2.96 f 0.11 0.09 

- 

0.42 

- 

0.19 

0.11 

0.18 

n = number of measurements. 
* = confidence interval, probability, P = 0.95. 
s = standard deviation. 
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Table 3. A comparison of chloride determination in selected water samples 
performed by the described and comparative methods 

Found Cl-, mgll. 

Water Potentiometric 
sample n Air-Gap s n titration with HE s 

Well water 5 22.4* 1.20’ 1.0 3 21.6kO.6 0.2 
from Myszkow 

Deep-well water 5 2.18 kO.15 0.12 3 2.05 f 0.29 0.12 
from Myszkow 

Water from Czama 5 25.8 f 1.00 0.08 3 20.8 f 0.4 0.1 
Struga River 

Drinking water 5 182.6 f 6.4 5.1 3 190.6 f 4.3 1.7 
from Gliwice 

n = number of measurements. 
* = confidence interval, probability, P = 0.95. 
s = standard deviation. 

Air-Gap cyanide sensor in solutions containing 
surfactants was not subject to significant error. 
Good results are obtained because the Air-Gap 
electrode is not in contact with the solution. 

The possibility of applying the Air-Gap 
cyanide sensor to chloride determination in 
copperizing, nickel electroplating and aluminum 
electropassivation was also studied. The results 
of chloride analysis with the Air-Gap cyanide 
sensor and an ISE in three of the electrolytic 
baths are shown in Table 5. These baths are 
equivalent to those applied in industry. Those 
baths contain high metal concentration, e.g., 
copperizing baths contain 170-200 g of 
CuSO, . 5Hz0 in 1 1. and the nickel plating bath 
contained 250 g of NiS04. 7H,O and 30 g of 
NiCl, .6H,O in 1 1. In spite of IO-fold dilution, 
or lOO-fold dilution in the case of the nickel 
bath, the concentration of anions and cations 

was so large that chloride analysis with ISE was 
impossible. A very large error was observed 
because of interaction between dissolved ions 
and the ion selective electrode membrane ma- 
terial. In the case of the Air-Gap cyanide sensor 
application, the chlorides were determined in 
solutions 1-3, with a relative error not higher 
than 5.6%. The other anions and cations pre- 
sent in the solution did not interfere because 
the sensor was not directly connected to the 
solution. 

In an acidic (pH 1) solution of mercury(I1) 
cyanide, when hydrogen cyanide was generated 
as a result of the reaction with chloride, the 
cyanide complexes of other metals cannot be 
formed, so measurements by the Air-Gap 
cyanide sensor were correct. 

The above results show the advantage of the 
developed chloride method in high saline 

Table 4. Comparison of results of chloride analysis made with Air-Gap cyanide sensor and 
ISE in solution of surface active agents 

Taken 
35.5 mg Cl-/i. Found Cl- mg/l. 

ISE RE ISE RE RE 
Surfactant C, % (w/w) (Polish) % (RADELKIS) % Air-Gap % 

Anionic 0.005 37.2 4.8 32.7 7.9 36.4 2.5 
SULFAPOL 0.01 38.2 7.6 30.9 13.0 37.1 4.5 

0.1 25.5 28.2 21.2 40.3 37.6 5.5 

Weak 0.005 40.3 13.5 36.9 3.9 35.9 1.1 
Anionic 0.01 45.0 26.8 38.2 7.6 36.9 3.9 
ROKSOL 0.1 55.0 54.9 42.8 20.6 37.2 4.8 

Nonionic 0.005 36.4 2.5 33.9 4.5 34.5 2.8 
ROKANOL 0.01 36.4 2.5 32.7 7.9 36.9 3.9 
K-20 0.1 37.0 4.2 32.7 7.9 37.2 4.8 

Kationic 0.005 56.2 58.3 41.6 17.2 35.9 1.1 
KAMINOX 0.01 65.3 83.9 57.1 60.8 35.9 1.1 
L-11 0.01 72.8 105.1 61.2 72.4 37.3 5.1 

RE = relative error. 
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Table 5. Comparison of results of chloride analysis made with Air-Gap cyanide sensor and ISE 
in selected electrolytical baths 

Found, Cl- 

Electrolytic 
bath 

Copperizing 
bath 

Nickel plating 
bath 

Aluminium 
electropassivation 

Taken, ISE RE ISE RE RE 
Cl- (Polish) % (RADELKIS) % Air-Gap % 

70.9 27.6 61.1 61.9 12.7 74.8 5.5 
mgli. mgll. mgll. mgll. 

8.90 10.9 22.5 IO.1 13.5 8.4 5.6 
m&d m~lm~ mg~ml m&m/ 

20.0 50.4 152.0 33.5 67.5 19.8 1.1 
mgll. mgll. mgll. mgll. 

RE = relative error. 

solution as compared to direct potentiomet~. 
Our investigations show that an Air-Gap 
cyanide sensor could be applied to chloride ion 
determination in such systems where the classi- 
cal ion selective electrode action is disturbed by 
some active agents, e.g., surfactants or highly 
concentrated electrolytes. 

CONCLUSIONS 

A new indirect electroanalytical method for 
determining the chlorides using the Air-Gap 
cyanide sensor system has been developed. It 
has a number of advantages. The method is 
quick, not requiring the expensive analytical 
equipment. Owing to simple construction, the 
cyanide sensor can be made at low expense, even 
in laboratories that are not equipped for regular 
man~acture of such eq~pment. The small di- 
mensions of the sensor, measuring cell and 
magnetic stirrer permit analysis of trace chlor- 
ides in small volume solutions. The use of a 
milli-voltmeter and battery supplied magnetic 
stirrer enables the method to be performed in 
the field. This new method makes it possible to 
determine chlorides over a wide concentrations 
range i.e., 0.1-10-5M. 

The suitability of the Air-Gap cyanide sensor 
for chloride analysis in high saline solutions and 
su~actant-containing solutions was demon- 

strated in comparison to the direct method with 
ISE. The advantages of this method make 
it more competitive than other well-known 
methods. Furthermore, it extends the applica- 
bility of the Air-Gap cyanide sensor system used 
until now solely in the analysis of cyanides and 
mercury, to trace chlorides. 
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BOOK REVIEWS 

Anionic Surfactants-BiochWtry, Toxicohgy, Dermatology: Second Edition, C. GLOXHIJBER and K. K~NSTLER (editors), 
Dekker, New York, 1992. Pages ix f471. $160.00. ISBN O-8247-8621-1. 

This second edition includes significant amounts of new data and reflects the current thinking in the many areas which 
have been included. The material has been well structured into nine chapters with some major topics such as dermatological 
considerations appearing in many of these. 

The first chapter covers the interaction of the anionic surfactants with proteins and their effect on enzymes and membranes 
is also discussed with numerous references being provided for further reading. The following three chapters include details 
of absorption, excretion, toxicity and tolerance studies again providing experimental techniques along with data and 
references for further reading. The fifth chapter which comprises a third of the total text gives extensive coverage of local 
tolerance in animal tests. It provides many tables of data for a large number of surfactants from different manufacturers, 
although there arc others which are not covered. 

Dermatological observations in humans is well presented in the next chapter with permeation vd irritation being 
discussed in some detail. The number of references from the late 1980s indicates the current interest in this particular field. 
A review of test procedures and data for carcinogenic, mutagenic and teratogenic properties are then presented in Chapter 
7. Again a tremendous amount of information is presented here in the appendices but the text does try to highlight the 
difficulties involved in the interpretation of such data in many cases. The final chapter on pharmacological properties 
presents some good examples but is rather brief and could have been expanded. 

This is a rather specialized text and although certain areas may be of interest to many scientists the vast majority of the 
data presented will only be of real interest to those working or researching in this particular field. To these researchers 
however it may well prove to be a valuable reference source 

K. I. GUMMING 

Voltammetric Determhmtion of Molecules of Biological Signiticance: W. F. SMYTH, Wiley, Chichester, 1992. Pages x + 133. 
E35.00. ISBN O-471-93345-7. 

This short monograph offers a critical review of recent applications of electrochemical methods for determination of traces 
of organic, organometallic and inorganic molecules, mainly, but not exclusively, of biological interest. The main techniques 
included are differential-pulse polarography (DPP), square-wave voltammetry @WV), anodic, cathodic and adsorptive 
stripping voltammetry (ASV, CSV and AdSV), electrochemical detection coupled with flow-injection analysis (FIA-ED), 
ion chromatography (IC-ED), and high-performance liquid chromatography (HPLC-ED), electrochemical immunoassay, 
and amperometric biosensors. The molecules are considered according to the hetero atom or functional groups they contain, 
namely, nitrogen, sulphur, oxygen, C-C multiple bonds, halogens, phosphorus, mercury, tin, lead and arsenic. Some 
inorganic molecules are also included. The critical assessment of methods includes comparisons with competing methods. 

MARY MASSON 

Successful Management of the Analytical Laboratory: 0. I. MILNER, Lewis Publishers (Division of CRC), Boca Raton, 
Florida, 1992. Pages 162. f35.00. ISBN O-87371-438-5. 

According to the preface, the book “ . . . reviews the operation of an analytical laboratory from the standpoint of the 
manager’s responsibilities . . . and should be particularly helpful to relatively new and potential managers by defining 
problems they are likely to encounter and offering possible solutions to them”. 

There are 12 chapters. The first two deal, respectively with the functions and organization of a typical industrial analytical 
laboratory. Succeeding chapters deal with managerial problems related to staffing, management and development of 
personnel, communication (oral and written), employee safety and environmental concerns, sample handling, workload 
management, quality performance, budgeting the cost control, capital investments, and infonnation management (LIMS). 

There are three chapters which form the backbone of the book. The first two are, quite rightly, those devoted to staffing 
the laboratory, and managing laboratory personnel. In the former, the author writes at length on the process of recruitment, 
from advertisement of the post, through reviewing job applications, the interview and decision, to orientation of the new 
employee. In the latter, he concentrates on the motivation of employees, delegation of responsibility, communicating with 
employees, handling personnel problems, managerial power and control, performance evaluations, handling “marginal” 
employees (i.e., those who are willing but unable, those who are able but unwilling, and those who are in a rut) training 
and continuing education, and promotion of a subordinate. This chapter also contains seven of 17 short case histories, 
included to illustrate practical solutions to the kind of personnel and technical problems encountered in a laboratory. 

The third main chapter is on quality performance. It is defined as “ . . . the generation of required information as 
accurately, rapidly, and inexpensively as warranted by its intended use . . .” (Sic). The latter qualification is sometimes 
disregarded by chemists, whose scientific training has usually stressed the need always to be as accurate as possible. To 
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some, the quote will be passed off as common sense, but I suspect to the majority of trainee and new managers, in particular 
those making the transition from bench science to the ranks of management, the voice of experience will come as a breath 
of fresh air. 

This book is relatively short, but it is short and to the point. It is very well written indeed, interesting and easy to read, 
and pitched at the correct level for its intended readership. References at the end of each chapter are largely American in 
origin, but their U.K. or European equivalent should be quite obvious. 

D.F. RENDLE 

Emerging Strategb for Pesticide Analysis: T. CAIRNS and J. SHERMA (editors), CRC Press, Boca Raton, Florida, 1992. 
Pages 352. $74.95 (U.S.A.), 890.00 (elsewhere). ISBN O-8493-7991-1. 

This volume comes as part of a series on ‘Modern Methods for Pesticide Analysis’ and contains 16 chapters in three sections. 
The first section (Chapters l-3) covers extraction and clean-up, the second section (Chapters 4-9) covers multi-residue 
analysis and the third section (Chapters 10-16) covers emerging techniques. 

The ‘Development of Microextraction Methods in Residue Analysis’ covers an old subject in a fresh and enlightening 
way. Analysts rarely refer to the extraction theory to predict the efficiency of the method. This chapter redresses that balance 
by giving clear guidelines on the micr~xtmction techniques that can be used for a wide range of polarity of solute and 
solvent mixtures. The chapter on solid-phase partition is only an overview and is rather limited in detailed information. 
Likewise Chapter 3 on ‘Supercritical Fluid Extraction’ is a useful overview, but, in a book on emerging strategies, more 
space could have been devoted to the very important area. 

Chapters 4-7 and Chapter 9 cover specific multiresidue methods for specific groups of pesticides in foodstuffs and 
environmental matrices. They are primarily a review of current practices rather than ‘emerging techniques’, but nevertheless 
are a valuable contribution to our knowledge on the current state of the art. The ‘Multi-residue Analysis of Fruit and 
Vegetables’ (Chapter 4) covers the basic r~ui~ment in a method to comply with monito~ng and regulatory ~ui~ments. 
Chapters 5 and 9 cover more specilic areas of carbamate analysis in foodstuffs and headspace analysis for dithiocarbamates, 
while Chapters 6 and 7 include methods for the determination of organophosphorus pesticides in water, soil, sediment and 
biolo&al samples, and the multiresidue methods for organonitrogen pesticides. Each of these chapters are well written and, 
collectively, are useful overviews of present methodology. 

Chapter 8 on two-dimensional gas chromatography should, in my view, be placed in the section on emerging techniques, 
but this should in no way detract from the value of this contribution. It reports the recent developments well and gives 
a broad spectrum of examples in an area where this technique has been invaluable in the identi~~tion or caption 
of the determinand. It does not, however, discuss the difhculties associated with obtaining good quantitative data, 
particularly with the use of internal or surrogate standards, in the ‘heart-cut’ mode. 

Chapter 10 covers ‘Fibre Optic Spectroscopy’, Chapter 11 ‘Enzyme Linked Competitive Immunoassay’ and Chapter 12 
Ion-Trap Mass Spectrometry’. Each of these contribution are short overviews which perhaps do not do justice to the 
extensive literature on these subjects, and I missed any attempt to evaluate the use. of these techniques in the future. Chapters 
13 and 14 cover ‘Hyphenated Methods’ and ‘Liquid Chromatography-Mass Spectrometry’ which gave an alternative 
approach to much of the ~fo~ation given in the previous ‘compound orientated’ chapters. Chapter 15 gave an overview 
on ‘Immuno~h~i~l Methods’ and contained a small section on ‘Emerging Concepts’. 

The book is well written by many of the relevant authorities in their held with good examples of recent work; however, 
I think that some of the chapters appear in the wrong place. It is a valuable reference for anyone wishing to grasp the 
present state-of-the-art in pesticide analysis, but the title of ‘Emerging Strategies’ and the actual content of the book do 
not altogether lie well with each other. 

D. E. WELLS 

Baalc Solid State Chemistry: A. R. WEST, Wiley, Chichester, 1988 (reprinted 1991). Pages x+415. E17.50 (softcover). 
ISBN O-471-91798-2. 

Professor Tony West has produced a succinct text covering the basics of solid state chemistry which is suitable for students, 
teachers and practitioners. It is clear that this book has been written by an author with great enthusiasm for his subject 
area. 

As expected the emphasis throughout is on inorganic structures and explanations are generally descriptive rather than 
rigorously mathematical. As molecular structures are three-dimensional, numerous figures are used to aid the concepts of 
crystal packing arrangements. I believe computer programs and hand held models are very useful in this context and the 
author has included templates for the tetrahedral and octahedral structures in the Appendices along with details of 
constructing packing arrangements with polystyrene balls. 

There are eight chapters which cover topics that might well be incorporated into eight separate books! The first three 
chapters cover crystal structures, bonding in solids, and c~stallo~aphy and di~raction ~hniques. Other t~hniqu~ are 
then explained; microscopy, spectroscopy and thermal analysis. Crystal defects, non-stoichiometry and solid solutions are 
introduced from both theoretical and practical viewpoints. Interpretation of phase diagrams are restricted to one- and 
two-component systems. 

The final two chapters cover electrical properties, and magnetic and optical properties. Here the explanations of observed 
phenomena are supplemented with details of the relevance of properties such as superconductivity to current and future 
technology. 
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Details of further reading, restricted to text books, is given for each chapter and numerous questions (without answers) 
are included at the end of the book. An extensive index is included. The book is keenly priced and is an excellent introduction 
to solid state chemistry. 

P. J. Cox 

El&mcbemIcal Oxygen Tedmology: KIM KINOSHITA, Wiley, Chichester, 1992. Pages ix + 431. X105.00. ISBN O-471-570-435. 

The author has harvested most or all of the published information on the electrochemical reactions of oxygen and distilled 
it into a very useful, comprehensive, reference book. After a brief chapter on the physicochemical properties (solubility, 
diffusion, etc.) of oxygen species, the author discusses the reaction rates and mechanisms of oxygen reduction, at low 
and high temperatures, and of oxygen evolution, paying particular attention to the role of electrocatalysts. The third chapter 
deals with the types and structures of oxygen electrodes. The remaining chapters deal with the many applications of oxygen 
in electrochemical processes, such as those in fuel cells, metal/air and rechargeable batteries, and in industrial electrochem- 
ical processes. 

The book is well constructed, comprehensive, up-to-date, and maintains the tradition of quality of the former books 
sponsored by the (American) Electrochemical Society. I recommend this book to all those, academic and industrial, involved 
in oxygen electrochemistry. 

J. B. CRAIG 

Preparative and Production Scale Chromatography: G. GANETSOS and P. E. BARKER (editors), Dekker, New York, 1993. 
Pages xiv + 786. $195.00. ISBN O-8247-8738-2. 

Sometimes, when you ask a number of scientists to write chapters for a book on their own specialist subject, the total result 
can be very fragmented and a poor book may be produced. In this book, however, the editors, have carefully added 
introductions to most of the sections, which bind together the contributions from each individual author and make this 
a very practical, informative book that will be of great interest to anyone involved in separation science-from engineers 
to graduates. 

The book covers all aspects of preparative chromatography from packed columns (with all the different separation 
processes of normal phase), reverse phase, size exclusion and ion exchange. Counter current and moving bed reaction 
chromatography are also covered. With the methods, real examples are given on separations and then further detailed 
studies are given on the separation of proteins, amino-acids and hydrocarbons. 

The book, however, covers far more areas than the title would suggest by including sections on the theory of the 
chromatographic process, and extending this in other chapters to the modelling of the process. A very informative view 
is provided of the problems involved in taking a procedure from the analytical separation stage to both pilot scale and 
process scale separation. This makes the book an excellent practical reference guide that is suitable for the practitioner 
involved in analytical through to process scale chromatography. It will be welcomed in all disciplines from pharmacy to 
bioprocessing technology. 

P. Mm~s 

Spechscopy of Advanced Materials R.J.H. CLARK and R.E. HESTER (editors), Wiley, Chichester, 1991. Pages xix + 405. 
f 133.00. ISBN O-471-929-816. 

The 19th volume of the Advances in Spectroscopy series by Clark and Hester is dedicated to the use of spectroscopic methods 
in the rapidly growing research field of advanced materials. A total of six chapters, by an international team of authors, 
review a wide field of advanced materials including charge transfer crystals, molecular conductors, non-linear optical 
polymers, thin film semi-conductors and polyconjugated materials. The battery of techniques, including vibrational, pulsed 
neutron, photoluminescence and photoexcitation spectroscopies, used to study these materials is discussed in depth. All 
chapters include references up to 1990 and most quote references up to 1991. 

The use of infrared and Raman spectroscopy in materials science is discussed in Chapters 1 and 5, the former 
concentrating on strong charge transfer crystals and organic molecular conductors and the latter on investigating electrical 
phenomena in polyconjugated polymers, with particular attention given to the theoretical basis underlying the interpretation 
of data. 

Non-linear spectroscopy of conjugated polymers is dealt with in Chapter 2, with detailed discussions on the effect of 
excited state structure on NLO spectra, third harmonic generation and the interpretation of two photon absorption spectra. 
Chapter 3 reviews the applicability of pulsed neutron spectroscopy to study advanced materials. The authors provide details 
on the experimental aspects of the technique before describing new work on magnetic transitions in rare-earth, actinide 
and 3d transition-metal systems and in following proton dynamics in molecular spectroscopy and tunnelling spectroscopy. 

The characterization of thin-film semiconductors using photoluminescence spectroscopy is reviewed in Chapter 4, and 
covers the basic theory of the technique and its application to thin-film semiconductor systems based on GaAs, InP and 
ZnSe. Finally, Chapter 6 is devoted to the spectroscopy and photoexcitation spectroscopy of polyaninlines and related 
polymers, and provides a fundamental understanding of why these materials exhibit different behaviour compared to other 
polymers. 

Overall, this is a well-written book and provides valuable information to researchers on the application of advanced 
techniques to investigate new materials. 

R. BAVAL 
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chapters include references up to 1990 and most quote references up to 1991. 

The use of infrared and Raman spectroscopy in materials science is discussed in Chapters 1 and 5, the former 
concentrating on strong charge transfer crystals and organic molecular conductors and the latter on investigating electrical 
phenomena in polyconjugated polymers, with particular attention given to the theoretical basis underlying the interpretation 
of data. 

Non-linear spectroscopy of conjugated polymers is dealt with in Chapter 2, with detailed discussions on the effect of 
excited state structure on NLO spectra, third harmonic generation and the interpretation of two photon absorption spectra. 
Chapter 3 reviews the applicability of pulsed neutron spectroscopy to study advanced materials. The authors provide details 
on the experimental aspects of the technique before describing new work on magnetic transitions in rare-earth, actinide 
and 3d transition-metal systems and in following proton dynamics in molecular spectroscopy and tunnelling spectroscopy. 

The characterization of thin-film semiconductors using photoluminescence spectroscopy is reviewed in Chapter 4, and 
covers the basic theory of the technique and its application to thin-film semiconductor systems based on GaAs, InP and 
ZnSe. Finally, Chapter 6 is devoted to the spectroscopy and photoexcitation spectroscopy of polyaninlines and related 
polymers, and provides a fundamental understanding of why these materials exhibit different behaviour compared to other 
polymers. 

Overall, this is a well-written book and provides valuable information to researchers on the application of advanced 
techniques to investigate new materials. 

R. BAVAL 
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Lumi- Spcctroseopy of Prnteiap: E. A. PERMYAKOV, CRC Press, Boca Raton, 1993. Pages iv + 164. 579.95 (U.S.A.), 
S95.00 (elsewhere). ISBN O-8493-4553-7. 

The book by Permyakov is an excellent, briefsummary of luminescence spectroscopy. For example, in 29 pages, the author 
covers an Introduction (Chapter l-four pages), and fundamentals of luminescence including an introduction to quantum 
mechanics (Chapter 2-25 pages). The instrumentation is discussed in about four pages and is therefore extremely weak. 
The majority of the book is devoted to the spectroscopic properties of isolated protein chromophores (tryptophan, tyrosine 
and phenyl alanine) in Chapter 3 (20 pages) and to protein luminescence in Chapter 4 (130 pages) (position and shape of 
spectra, quantum etBciencies, fluorescence decay of proteins fluorescence parameters, intermediate states, the effect of tem- 
perature., pH, ionic strength and denaturants on protein fluorescence, the interaction of protein with low mass compounds, 
se.lective fluorescence quenching and low temperature luminescence). Chapter 4 is well-written with considerable useful 
information, concepts, and procedures and certainly makes buying the book worth while. The references seem incomplete; 
for example, there are only 31 references for Chapter 4 of which the majority of references refer to Burstein and/or 
Permyakov. Overall, the book is worth while, especially Chapters 3 and 4, reads well, and is worth purchasing despite its 
high price. 

J.D. i+hEFORDNER 
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DETERMINATION OF MERCURY IN ZINC ORE 
CONCENTRATE REFERENCE MATERIALS USING FLOW 

INJECTION AND COLD-VAPOR ATOMIC ABSORPTION 
SPECTROMETRY 

RAJANANDA SARASWATI,* CHARLES M. BECK and MICHAEL S. EPsTElNt 

Inorganic Analytical Research Division, Chemical Science and Technology Laboratory, 
National Institute of Standards and Technology, Gaithersburg, MD 20899, U.S.A. 

(Received 22 March 1993. Accepted 21 April 1993) 

Summary-A llow-injection, cold-vapor atomic absorption spectrophotometric method was developed for 
the determination of trace amounts of mercury in a proposed zinc ore concentrate Standard Reference 
Material (SRM 113b). The samples were digested with nitric and hydrochloric acids in closed Teflon 
digestion vessels. The experimental details for sample preparation and the flow injection method are 
discussed. The effect of matrix and various acid concentrations on the extraction and subsequent analysis 
of mercury were also studied. The method has a detection limit of 0.08 pg Hg/g in the sample. A certified 
reference material (CZN-1) was analyxed and the results obtained agreed well with the certified value. 

Of the various techniques that have been devel- 
oped for the determination of low mercury 
levels in geological and metallurgical samples, 
such as radiochemical neutron activation analy- 
sis, fluorescence spectrometry and cold-vapor 
mercury generation atomic absorption spec- 
troscopy (CVAAS),le3 the latter is the most 
cost-effective and popular. Flow injection analy- 
sis (FIA) methodologies can be combined with 
CVAAS to improve the speed, precision, and 
sensitivity of that method even further. The 
concept behind FIA is to both miniaturize and 
automate large-scale and manual analytical 
procedures. FIA has been applied in many 
fields,- and its use is rapidly increasing because 
of the simplicity of the method. 

The aim of the present work was to develop 
a rapid and accurate analytical method for 
the determination of mercury in a proposed 
Standard Reference Material (SRM) zinc 
ore concentrate (SRM 113b) by FIA and 
CVAAS. The method is based on the reduction 
of mercury ions by tin(R) followed by sweeping 
the free mercury atoms into an absorption 
cell and detection at 253.7 nm. FIA has 
recently been shown to be an efficient way 
to apply CVAAS to the determination of mer- 
W-y.9 

*On leave from the Defense Metallurgical Research Labora- 
tory, Hyderabad, India. 

tAuthor to whom correspondence should be addressed. 

EXPERIMENTAL 

Znstrumentation 

Absorption measurements were made using a 
commercial FIA system interfaced to an atomic 
absorption spectrometer. Specific information 
about the instrumentation and operating par- 
ameters is presented in Table 1. The FIA 
is computer-controlled with two peristaltic 
pumps, four switching valves, a sample injection 
loop, a mixing coil, and a liquid-gas separator. 
Dilute hydrochloric acid, 3% (v/v), is used in 
the carrier stream to sweep the sample from the 
injection loop to the mixing coil where it reacts 
with a solution of 1.1% (w/v) stannous chloride. 
The reaction produces free mercury atoms 
which are separated from the solution phase (in 
the liquid-gas separator) as an atomic vapor 
carried by argon gas. The argon gas stream 
sweeps the ‘mercury vapor to a heated (200°C) 
quartz absorption cell mounted in the light path 
of a mercury electrodeless discharge lamp in the 
atomic absorption spectrometer. Because of the 
short residence time of the mercury atoms in the 
absorption cell, peak height measurements can 
be accurately used for quantification. 

Reagents 

High-purity acids obtained by a sub-boiling 
distillation process at NIST and high-purity 
de-ionized water (18 MQ/cm) were used for 
preparing solutions. All glassware used for the 
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preparation and storage of solutions was pre- 
cleaned by soaking in 20% nitric acid for 1 hr 
followed by a rinse with high-purity de-ionized 
water. Standard solutions of mercury were pre- 
pared by serial dilution of SRM 3133 (Mercury 
Spectrometric Standard Solution) to the re- 
quired levels (I-10 ng Hg/g). The reductant 
solution was prepared by dissolving 11 g reagent 
grade stannous chloride (SnCI, . H,O) in 30 ml 
of concentrated hydrochloric acid and sub- 
sequent dilution to 1 1 by the addition of 
de-ionized water. Some batches of stannous 
chloride required filtering after dilution to ob- 
tain a particle-free solution. This was done using 
vacuum filtration through a 0.45 pm Millipore 
filter. Fresh reagent solutions were prepared 
daily. 

Sample preparation 

Two accurately weighed samples of approxi- 
mately 0.25 g, were taken from each of four 
bottles of the zinc ore concentrate. Two samples 
of the control material, Certified Reference. 
Material (CRM) CZN-1 were also taken. 
Samples of the zinc ore concentrate were dried 
at 105°C for 1 hr, and CRM CZN-1 was dried 
for 2 hr. Undried samples of the zinc ore 
concentrate were also analyzed to confirm that 
no mercury loss occurred during the drying 
procedure. Samples were placed in Teflon 
microwave digestion vessels, 2.5 ml of nitric acid 
and 2.5 ml of hydrochloric acid were added, and 
the vessels were capped to prevent vapor loss. 
The vessels were heated in a water bath at 60°C 
for 3 hr and then cooled to room temperature. 
The contents were then transferred to 250-ml 
volumetric flasks with the addition of 0.75 ml of 
1% potassium dichromate solution as an oxi- 
dative stabilizing agent. 

Analysis 

Sample solution concentrations were deter- 
mined by: (a) direct comparison to a calibration 
curve prepared using solutions from 1 to 10 ng 
Hg/ml that were matched in acid and stabilizer 
concentration to the samples and (b) the method 
of standard addition, in which a sample is 

diluted 1: 1 with either a blank or a standard of 
known mercury concentration, and the recovery 
of the standard mercury concentration in the 
sample matrix is used to calculate the sample 
mercury concentration. Method (b) was re- 
peated on three separate days for the results to 
be used for certification. 

RESULTS AND DISCUSSION 

Because of the extremely low mercury con- 
centrations involved in these analyses, sample 
handling procedures were optimized to avoid 
mercury contamination. The closed digestion 
conditions used in this experiment not only 
reduced possible loss of mercury, but also dis- 
solved the ore concentrate sample more rapidly 
than under the open digestion conditions used 
for a previous determination of zinc using an 
EDTA titration. 

In order to determine the optimum acid con- 
centration for the digestion and analysis, both 
the effect of acid concentration on (a) the FIA- 
CVAAS determination of mercury and (b) the 
extraction of mercury from the ore concentrate 
during the digestion had to be considered. The 
former would be correctable by the method of 
standard addition, although severe suppression 
of the mercury signal could drastically reduce 
the measurement precision. The latter was criti- 
cal to the success of the experiment, since in- 
complete extraction of mercury from the matrix 
could not be tolerated. 

The effect of acid concentration on the recov- 
ery of mercury in standards was first determined 
by varying one of the two acid concentrations 
while holding the other constant at 1% (v/v). 
The effects of varying either the nitric acid or the 
hydrochloric acid concentration are shown in 
Fig. 1. The acid concentrations shown on the 
x-axis are the percentage of acid in the final 
sample volume of 250 ml. The optimum con- 
centrations of both acids appear to be in the 
2%-3% range, with the hydrochloric acid con- 
centration being the more critical. An excessive 
amount of hydrochloric acid is known to gener- 
ate chlorine, which leads to the loss of volatile 

Table 1. Instrumentation used for FIA-CVAAS determination of Hg 

Spectrometer 
Flow injection system 
Computer 
Wavelength 
source 
Injection loop volume 

Perkin-Elmer model 5000 AAS 
Perkin-Elmer FIAS-200 
386SX running MS-DOS 5.0 
253.7 nm 
Perkin-Elmer electrodeless discharge lamp at 5 W 
500 /lI 
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-e- Nitric - - A Hydrochloric 

1 2 4 6 10 20 
Percent Acid 

Fig. 1. Effect of varying either nitric (-•-) or hydrochloric acid (-A-) concentration in a mercury 
standard of 10 ng Hg/ml while the other acid concentration is held constant at 1% (v/v). 

mercury chlorides.lOJ’ The effect of varying 
the concentration of a 1: 1 mixture of the acids 
is shown in Fig. 2, with an optimum again 
around 2%. 

The effect of acid concentration on extraction 
of mercury from the samples was then examined 
by digesting identical ore concentrate samples 
with varying concentrations of a 1:l acid mix- 
ture. The results are also plotted in Fig. 2 to 
allow comparison to the effect of the acid 
concentration (described in the previous para- 
graph) on the generation of the mercury vapor 
using the FIA. The maximum mercury absorp- 
tion signal was obtained when the acid mixture 
concentration was approximately 2-3% (corre- 
sponding to 5-7.5 ml of acid mixture and a 
sample weight of 250 mg in the digestion vessel). 

-*- Snmplo 

The lower recovery of mercury at acid concen- 
trations less than 2% is likely to be caused by 
inefficient extraction during digestion. At higher 
concentrations of acid, the decreased signal is an 
interference on the generation of mercury using 
the FIA cold-vapor system. Apparently, the 
combination of sample matrix with the higher 
acid concentrations reduces the efficiency of 
mercury release. The optimum digestion time 
using a 1: 1 mixture of acids at a concentration 
of 2% was found to be 3 hr, as shown in Fig. 3. 
A period of at least 3 hr of digestion at 60°C was 
required to extract all the mercury from the 
sample using a combined acid concentration of 
2%. 

The calibration curve prepared in the range 
l-10 ng Hg/ml was linear. However, the method 

--A - Standard 

0.05 

2 4 6 10 20 
Porcont Acid (Nitric l Hydrochloric) 

Fig. 2. Effect of (a) varying the concentration of a 1: 1 mixture of nitric and hydrochloric acids on a 10 
ng Hg/ml standard (-A-) and (b) varying the acid mixture concentration in the digestion procedure for 
certified reference material CZN-1 (-•-). The curves are normalized to the maximum signal for 

comparison. 
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0.01 I 
1 2 3 4 5 

Time (h) 

Fig. 3. Effect of digestion time on the signal for Hg in SRM 113b. 

of standard addition revealed a suppression of 
the mercury signal of approximately 10% in the 
presence of the sample matrix. Therefore, all 
results are corrected for spike recovery. For the 
instrumental conditions used in this analysis, 
the detection limit, defined as the mercury con- 
centration corresponding to three times the 
standard deviation of the blank, is 0.08 ng 
Hg/ml, corresponding to a detection limit in the 
sample of 0.08 pg Hg/g. 

The accuracy of this method was tested by the 
determination of mercury in a certified zinc ore 
concentrate reference material (CRM CZN-1) 
produced by the Canada Center for Mineral and 
Energy Technology.” The analysis of this ma- 
terial yielded a value of 44.7 f 0.1 pg Hg/g 
(95% confidence interval), in excellent agree- 
ment with the certified concentration of 43 f 4 
pg Hg/g. Analysis of the proposed NIST SRM 
zinc ore concentrate yielded a value of 
0.55 f 0.06 hg Hg/g (95% confidence interval). 

Samples of both the zinc ore concentrate and 
CRM CZN-1 were analyzed with, and without, 
oven drying at 105°C. Weight loss on drying 
was 0.21% for CZN-1 and 0.06% for the zinc 
ore concentrate. No significant difference was 
observed in the mercury concentrations of dried 
and undried samples. 

CONCLUSION 

The high accuracy, precision, and sensitivity 
of the FIA-CVAAS system when combined with 
an optimixed sample preparation method is 
apparent from the results obtained in this study. 
Acid concentration and digestion time are criti- 

cal for efficient extraction of mercury from the 
ore concentrate or minimum matrix interference 
in the generation of mercury using FIA- 
CVAAS. 

Acknowledgemerrts~ne author (RS) acknowledges the 
support of the Department of Science and Technology, New 
Delhi, India and NIST. To describe experimental pro- 
cedures adequately, it was occasionally necesmry to identify 
commercial products by manufacturer’s name or label. In 
no instance does such identification imply endorsement by 
NIST nor does it imply that the particular product or 
equipment is necessarily the best available for that purpose. 

REFERENCES 

1. M. Zmijeska, .I. Radioanal. Gem., 1977, 35, 389. 
2. M. Shull and J. D. Winefordner, Anal. Gem., 1971,43, 

799. 
3. W. R. Hatch and W. L. Ott, Anal. Gem., 1968, 40, 

2085. 
4. G. D. Christian and J. Ruxicka, Anal. Chim. Acta, 1992, 

Ml, 11. 
5. R. Kuroda, K. Oguma, K. Kitada and S. Kozuka, 

Talanta, 1991, 38, 1119. 
6. C. G. Maria and A. Townshend, Anal. Chim. Acta, 

1992, 261, 137. 
7. J. Ruzicka and E. H. Hansen, Flow-injection Analysis, 

2nd Ed. John Wiley, New York, 1988. 
8. M. Valcarcel and M. D. L. de Castro, Now-injection 

Analysis: Principles and Applications. Ellis Honvood, 
Chichester, 1987. 

9. C. P. Hanna, J. F. Tyson and S. McIntosh, Anal. Gem., 
1993, 65, 653. 

10. J. J. Lingane, Analytical Chemistry of Selected Metallic 
Elements. Reinhold, New York, 1966. 

Il. H. Agemian, K. I. Aspila and A. S. V. Chau, Analysr, 
1975, 100,253. 

12. Certificate of Analysis, Reference Zinc Ore Concentrate 
CZN-1, Canada Centre for Mineral and Energy Tech- 
nology, Ottawa, Canada. 



Talanro, Vol. 40, No. 10, pp. 1481-1488, 1993 
Printed in Great Britain. All rights reserwd 

0039-9140/93 $6.00 + 0.00 
Copyright 0 1993 Pcrgamon Ress Ltd 

DIFFERENTIAL PULSE CATHODIC STRIPPING 
VOLTAMMETRY OF THE COPPER COMPLEXES OF 
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Smmaq-TXe behaviour of the copper complexes of glycyl-L-histidyl-glycine (GHG) was investigated 
using cyclic voltammetry and differential pulse voltammetry after their adsorptive accumulation on the 
surface of a hanging mercury drop electrode (HMDE). The nature of the observed cathodic and anodic 
peaks was established and optimum conditions were found for the differential pulse cathodic stripping 
voltammetric determination of GHG at the 1 x lo-*M concentration level using adsorptive accumulation 
at -0.20 V us. Ag/AgCl reference electrode and the cathodic stripping peak around -0.4 V (pH 8.3). 
This peak corresponds to the reduction of the Cu(I)-GHG complex formed at the HMDE surface as an 
intermediate in the reduction of Cu(II)-GHG to Cu(O)amalgam. 

The electrochemical behaviour of copper(I1) 
complexes with various oligopeptides is of cur- 
rent interest since these substances mimic the 
specific Cu(I1) transport site of several proteins. 
Using a small molecule, which represents a 
simplification of the natural binding site se- 
quence of a larger molecule, it is possible to 
carry out many important studies which are not 
feasible with a protein molecule. It is well 
known that the stabilities of the copper(I1) 
complexes of oligopeptides are considerably en- 
hanced by the presence of a histidyl residue in 
position three’-“ from the end of the peptide 
because of the formation of a very strong tetra- 
dentate chelate. In our previous papeti this fact 
was utilized in developing an extremely sensitive 
cathodic stripping voltammetric method for de- 
termining glycylglycyl-L-histidine. Similarly, 
the presence of the histidyl residue in the second 
position from the end of the peptide produces a 
strong tridentate chelate as is demonstrated in 
the case of glycyl-L-histidylglycine.4 This 
tripeptide, because of its histidyl residue within 

*Author for correspondence. 
TPresent address: Departamento de Quimica da UFRRJ, 

Antiga Rio SP Km 47, Itaguai, Brazil. 

the chain, is also important as a model for 
further studies of the basic interactions between 
proteins and copper ions.4 For this reason the 
Cu(II)-GHG complexes have been investigated 
as useful models of copper-protein interaction 
both in solution2-’ and in the solid phase* and it 
has been proved that copper(I1) is coordinated 
via the l-nitrogen of the imidazole ring and the 
nitrogen atoms of the peptide and amide 
groups. 

Therefore, it is quite clear that the position of 
the histidyl residue in oligopeptide molecules 
may cause remarkable differences in both the 
modes of their complex formation and in their 
polarographic and voltammetric behaviour. 
There are relatively few papers on the polaro- 
graphic behaviour of Cu(II)-oligopeptides.“‘2 
The appearance of one predominant cathodic 
peak, which corresponds to the reduction of 
the Cu(I1) complex to Cu(O)amalgam, has 
been reported for complexes with glycyl- 
glycylglycine,” glycyl-L-histidyl-L-lysine and 
glycyl-L-histidyl-glycine,” and glycylglycyl-l- 
histidine.5*‘2 This is in agreement with the 
well known fact” that the electrochemical 
reduction of copper(I1) preferentially occurs by 
two electrons to form Cu(O)amalgam. When 
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complexation stabilizes copper(I), however, this 
can give rise to a one-electron reduction of 
copper(I1) occurring more readily than the 
two-electron reduction. This results in two suc- 
cessive and distinct single electron transfer steps 
being obtained, as has been reported for cop- 
per(I1) complexes of histidine and /I-alanyl-L- 
histidine.13 Our previous studies on the cathodic 
stripping behaviour of copper(I1) complexes 
of imidazole,i4 histidine” and glycylglycyl-l- 
histidine5 have led to extremely sensitive 
methods for the determination of copper(I1) and 
the latter two biologically significant organic 
substances. 

So far, no detailed study of the cathodic 
stripping behaviour of the copper complexes of 
glycyl-L-histidylglycine (GHG) has been re- 
ported. For this reason the present study was 
carried out and its results are reported with the 
aim of increasing the understanding of the 
electrochemical behaviour of these biologically 
interesting systems and of developing a sensitive 
method for the cathodic stripping voltammetric 
determination of GHG which is itself polaro- 
graphically inactive. 

EXPERIMENTAL 

Apparatus and reagents 

Cathodic stripping voltammetry was carried 
out with a Metrohm 626 Polarecord and a 663 
VA-Stand, or with a Metrohm 6461647 VA 
Processor, using a multi-mode electrode in the 
HMDE mode. The three-electrode system was 
completed by means of a glassy carbon auxiliary 
electrode and an Ag/AgCl (3M KCl) reference 
electrode. All potentials given are relative to this 
Ag/AgCl electrode. The cyclic voltammetric ex- 
periments were carried out by connecting the 
electrodes on the Metrohm 663 VA-Stand to a 
PAR 174A polarographic analyser (Princeton 
Applied Research); the multimode-electrode 
(HMDE) was still activated by means of the 
Metrohm 626 Polarecord. 

Supporting electrolytes and buffers were pre- 
pared using analytical grade reagents supplied 
by BDH. A 1 x 10m2M solution of glycyl-l-his- 
tidylglycine was prepared by dissolving precisely 
weighed amounts of pure substance supplied by 
Sigma in 5 ml of 0.2M HCl using sonication. It 
was kept in a refrigerator and prepared freshly 
each day. Standard solutions of copper(I1) were 
prepared by diluting SpectrosoL atomic absorp- 
tion standard solution (BDH). Stock solutions 
of copper(I) were prepared by dissolving cop- 

per(1) chloride in hydrochloric acid according to 
Svehla. I6 Hydrogencarbonate supporting elec- 
trolyte solution (O.lM) was used for voltam- 
metric measurements at pH 8.3. 

Procedures 

The general procedure used to obtain ca- 
thodic stripping voltammograms was as follows. 
A 20 ml aliquot of O.lM hydrogencarbonate 
supporting electrolyte solution was placed in a 
voltammetric cell and the required amounts of 
standard GHG and copper(I1) solutions were 
added. The stirrer was switched on and the 
solution was purged with nitrogen for 5 min. 
After forming a new HMDE, accumulation was 
effected for the required time at the appropriate 
potential while stirring the solution. Maximum 
drop size and stirrer speed were used through- 
out with the Metrohm 626 (medium drop size- 
nominally 0.40 mm2-with the 646). At the end 
of the accumulation period the stirrer was 
switched off, and, after 20 set had elapsed to 
allow the solution to become quiescent, a nega- 
tive potential scan was initiated between the 
accumulation potential and -0.8 V. When the 
adsorptive accumulation was carried out at 
more negative potentials, the potential was 
changed immediately to -0.1 V from where a 
negative potential scan was initiated. 

Cyclic voltammetry was carried out either 
immediately after forming a new HMDE or 
after preceding accumulations at different po- 
tentials for different times while stirring the 
solution. Either negative or positive scans were 
initiated after accumulation depending on the 
potential of accumulation. Sampled direct cur- 
rent polarography was performed using the 
static mercury drop electrode (SMDE) mode 
with drop time 1 set and scan rate of 5 mV/sec. 

In carrying out medium exchange exper- 
iments the PAR 174A instrument was switched 
to ‘off’ on the front control panel whilst the 
solution was being changed: this puts the cell 
onto open circuit. The cell was reconnected with 
the accumulation potential being applied. 

RESULTS AND DISCUSSION 

GHG was found to be electroinactive over the 
pH range of 5-12 in which range the 1: 1 
complex is known to be formed.‘-‘*” Sampled 
DC polarography of a solution containing 
1 x 10e4M copper(I1) and a five-fold excess of 
GHG gave two waves which are not well separ- 
ated at higher pH. Takehari and Ide” reported 
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only a single two-electron reduction process for 
copper(II)-GHG on the basis of orientative 
cyclic voltammetry meas~ements. However, 
they used equimolar solutions of copper(I1) and 
GHG with relatively high net concentrations of 
the complex. Under these conditions the two 
steps mentioned above probably coalesce into 
one two-electron step. In a O.lM NaHCO, 
solution containing 1M KCl, which stabilizes 
Cu(I), the second wave increased after addition 
of Cu(1) chloride solution prepared according to 
Svehla,16 thus confirming that it corresponds to 
the reduction of the Cu(I)-GHG complex to 
~(O~alg~. Two main peaks were observed 
in differential pulse polarograms of a solution 
containing 1 x 10m4M Cu(I1) and 5 x 10e4M 
GHG, their peak potentials shifting in this pH 
range from -0.15 to -0.20 V and from -0.36 
to -0.47 V. These potentials correspond to the 
half wave potentials of the above mentioned DC 
polarographic waves. At a lower pH, a peak at 
- 0.07 V corres~n~ng to reduction of uncom- 
plexed copper(E) was also observed. A polaro- 
graphic maximum appeared around neutral pH: 
this was easily removed by the addition of 
Triton X-100. The best developed, and highest, 
peaks were observed at pH values of approxi- 
mately 8. Therefore, further studies were carried 
out using O.lM hydrogencarbonate supporting 
electrolyte (pH 8.3). The formation of the 1 :I 
Cu(I1): GHG complex at pH 8.3 was confirmed 
by the fact that the height of the polarographic 
wave of a 1 x 10v5M solution of uncomplexed 
copper(I1) decreased to one half of its original 
value in the presence of 0.5 x 10mSM GHG and 
disappeared completely in the presence of 
1 x 10-sM GHG. 

Cyclic voltammetric behaviour of copper com- 
plexes of glycyl-L-histidyl-glycine 

The effect of GHG concentration on the 
cyclic voltammograms of Cu-GHG complexes 
after preceding accumulation at - 0.6 V in a pH 
8.3 hydrogencarbonate supporting electrolyte, is 
shown in Fig. 1. Three cathodic and three 
anodic peaks are observed, the exact position 
and heights of which depend on both the GHG 
and Cu(I1) concentrations, the accumulation 
potential and the adulation time, and on the 
scan rate, direction and switching potentials of 
subsequent cyclic voltammetric scans. On the 
basis of the cyclic voltammetric behaviour of 
free ~~~~11) (in the absence of GHG) under 
these conditions, the first cathodic peak at 
- 0.12 V can be assigned to the reduction of free 

copper to copper(O)amalg while the 
most positive anodic re-oxidation peak at 
-0.07 V can be assigned to m-oxidation of 
Cu(O)amalgam back to free copper( On the 
basis of the DC and DP polarographic be- 
haviour of the Cu(II)-GHG complex, the sec- 
ond cathodic peak around - 0.2 V and the third 
cathodic peak around -0.4 V can be assigned 
to a stepwise one electron reduction of the 
Cu(II)-GHG complex to the Cu(I)-GHG com- 
plex (peak around -0.2 V), followed by the 
reduction of the Cu(I)-GHG complex to 
Cu(O)amalgam (peak around -0.4 V), The 
mo~holo~ of the observed peaks and their 
dependence on the scan rate suggest that the 
first cathodic and the most positive anodic peak 
correspond to diffusion-controlled processes, 
while the second and third cathodic peaks and 

Fig. 1. Effbct of GHG concentration on the cyclic voltam- 
mograms of Cu-GHG complexes: 1 x lo-*M Cu(II); pH 
8.3; scan rate 50 mV/sec; accumulation potential -0.6 V; 
accumulation time 2 mia in stirred solution; [GHG]: (1) 0; 
(2) 2.5 x 10-6; (3) 5 x IO-? (4) I x IO-$ (5) 2 x 1O-s; (6) 

3 x lo-‘; (7) 4 x lo-‘. 
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Fig. 2. Effect of accumulation potential: 1 x 10W6M Cu(I1); 
1 x 10m5M GHG; pH 8.3; scan rate 50 mV/sec; aaxmu- 
lation time 2 min in stirred solution; accumulation potential: 
(1) -0.1 v; (2) -0.2 v; (3) -0.3 v; (4) -0.4 v; (5) -0.5 
V, (6) -0.6 V. The arrows show the direction of the scan 

initiated after the accumulation step. 

the remaining anodic peaks correspond to the 
reduction and oxidation of adsorbed species. 

The above assignment of the observed ca- 
thodic peaks is in agreement with the reported 
electrochemical evidence for the formation of 
the copper(I) complexes as intermediates in the 
reduction of Cu(I1) complexes of glycine18 and 
of histidine and carnosine13 and with the polar- 
ographic behaviour of the copper(I)-histidine 
complex. I9 

The effect of accumulation potential on the 
cyclic voltammograms obtained is shown in 
Fig, 2. The third peak around -0.4 V was very 
small at accumulation potentials more positive 
than -0.3 V, which supports the assumption 
that it corresponds to a species formed at the 
electrode surface at potentials between -0.2 
and -0.3 V (increasingly near -0.3 V). Fur- 
thermore, it is clear that during accumulation at 

-0.1 and -0.2 V no Cu(O)amalgam is formed 
as the anodic peak at -0.07 V is absent during 
the subsequent anodic scan. This is not apparent 
from Fig. 2 as the potential -0.07 V is out of 
the range shown. Therefore, the product of the 
reduction of Cu(II)-GHG complex at -0.2 V is 
not Cu(O)amalgam, and this was further proved 
by an experiment with medium exchange. In this 
experiment, after accumulation at -0.25 V in a 
solution containing 1 x IO-‘A4 GHG and 
1 x 10e6M Cu(II), the HMDE was transferred 
to a solution containing only O.lM NaHCO, 
supporting electrolyte and an anodic scan was 
initiated. No anodic peak that would have 
indicated the dissolution of Cu(O)amalgam 
could be detected. However, the peak around 
-0.4 V is clearly seen after accumulation at 
-0.25 V. This means that the species formed at 
-0.25 V is further reduced which supports our 
assumption that the second and third peaks 
correspond to stepwise one-electron reductions 
of the Cu(II)-GHG complex. 

To establish the nature of the anodic peaks, 
a medium exchange experiment was carried out 
using an accumulation potential of -0.7 V. 
After accumulating in the presence of excess of 
GHG and transferring the HMDE into a sol- 
ution containing only hydrogencarbonate sup- 
porting electrolyte solution, only the peak at 
-0.07 V corresponding to the re-oxidation of 
Cu(O)amalgam was observed during the sub- 
sequent anodic scan. Therefore, it can be as- 
sumed that Cu(O)amalgam is formed at -0.7 
V, and that GHG is not adsorbed sufficiently 
strongly at this potential-repulsion of the 
negatively charged GHG molecule by the nega- 
tively charged HMDE surface would be ex- 
pected-and is removed during medium 
exchange. This medium exchange experiment 
confirms that the third cathodic peak around 
-0.4 V can be assigned to the reduction of 
the Cu(I)-GHG complex to copper(O)amal 
in accordance with our previous finding. A 
similar medium exchange experiment using 
Cu(O)amalgam accumulated at -0.7 V in the 
absence of GHG followed by an anodic scan 
after addition of GHG clearly showed that 
the anodic peaks around -0.2 and -0.3 V 
can be assigned to a stepwise oxidation of 
Cu(O)amalgam to the Cu(II)-GHG complex 
via the Cu(I)-GHG complex. 

The cyclic voltammograms in Fig. 3 show 
that accumulation at -0.7 V in a solution 
containing a 1: 10 metal ion to ligand concen- 
tration ratio yields two reduction peaks at 
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-0.24 and -0.42 V and two related anodic 
peaks at about -0.19 and -0.36 V, which 
increase in height with collection time from 0 
to 120 sec. The relative position of these 
cathodic and anodic peaks indicate a degree 
of irreversibility for both the Cu(II)-GHG/ 
Cu(I)-GHG and the Cu(I)-GHG/Cu(O)- 
amalgam systems. A small shift in the more 
positive anodic peak from -0.16 to -0.22 V 
with increasing accumulation time can be ex- 
plained by the increase of concentration of 
GHG at the HMDE surface. When the accumu- 
lation was performed at 0 V, only very small 
cathodic and anodic peaks were observed. The 
height of these peaks did not increase with 
increasing accumulation time thus confirming 
our findings on the nature of these peaks. 

Multiple scan cyclic voltammograms after 
accumulation at - 0.1 and - 0.7 V are shown in 
Fig. 4. After accumulation at -0.1 V, only very 

Fig. 3. Effect of accumulation time: 1 x 10-6M Cu(II); 
I x 10-JM GHG, pH 8.3; scan rate. 50 mV/sec; accumu- 
lation potential -0.7 V; accumulation time: (1) 0; (2) 30; (3) 

60; (4) 90; (5) 120 sec. 

small cathodic peaks were observed during the 
first cathodic scan (see Fig. 4(a)). The anodic 
peaks obtained during the first anodic scan 
were much higher than the cathodic peaks thus 
confirming our assumption that copper(O)- 
amalgam is accumulated during the scans at 
potentials more negative than that of the 
cathodic peak around - 0.4 V. This assumption 
is further confirmed by the observed increase of 
all cathodic and anodic peaks with subsequent 
scans. It is possible that the Cu(I)-GHG com- 
plex can be formed at the HMDE surface not 
only as an intermediate in the reduction of the 
Cu(II)-GHG complex to Cu(O)amalgam but 
also via the reaction of Cu(O)amalgam with the 
Cu(II)-GHG complex. The decreasing height of 
all observed cathodic and anodic peaks with 
subsequent scans after accumulation at -0.7 V 
(see Fig. 4(b)) can be explained by the desorp- 
tion of the accumulated species at the switching 
potentials which are sufficiently far away from 
the potential of the electrocapillary zero where 
maximum adsorption of the metal-peptide 
complexes would be expected to occur. 

Dlflerentialpulse cathodic stripping voltammetric 
determination of glycyl-L-histidyl-glycine 

Hydrogencarbonate supporting electrolyte 
solution (pH 8.3) was used for this determi- 
nation as it gives a smaller background current 
in the presence of excess of copper(I1). In a 
solution containing 1 x 10e6M Cu(I1) and 
1 x lo-‘M GHG and using an accumulation 
potential of -0.2 V, the height of the peak 
around -0.3 V increases rectilinearly with ac- 
cumulation time up to 3 min; the peak potential 
shifts from -0.27 to - 0.3 1 V with increasing 
accumulation time. It should be noted that in 
the presence of 1 x 10m6M Cu(I1) and an equal 
amount of GHG under otherwise identical con- 
ditions, the height of the peak around -0.32 V 
is not a linear function of accumulation time 
thus indicating that the HMDE surface is be- 
coming saturated. Under these conditions, the 
peak potential shifts from -0.24 to - 0.27 V for 
accumulation times increasing from 15 set to 2 
min. Note that the differential pulse voltammet- 
ric peaks are shifted towards more positive 
potentials compared with the cyclic voltammet- 
ric peaks in agreement with theory.20 

On the basis of the above results, the follow- 
ing optimum conditions were chosen for the 
determination of GHG in the concentration 
region (1 - 12) x IO-‘M: O.lM NaHCO, (pH 
8.3) as a base electrolyte, concentration of 
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Fig. 4. Effect of accumulation potential on multiple scan cyclic voltammograms of the Cu(II)-GHG 
complexes: 1 x 10w6M Cu(II); 1 x 10wJM GHG, pH 8.3; scan rate 50 mV/sec; accumulation time 2 min 
in stirred solutions; accumulation potential -0.1 V (a) and -0.7 V (b). The numbers on the plots indicate 

the sequence of the scans. 



Differential pulse cathodic stripping voltammetry 1487 

copper = 5 x 10-6M, accumulation poten- 
tial = -0.2 V US. Ag/AgCl reference electrode, 
accumulation time = 2 min in stirred solution. 
The height of the peak at -0.37 V, which 
corresponds to the reduction of Cu(I)-GHG 
complex to Cu(O)amalgam, was measured. 
Calibration graphs obtained in this way after 
subtraction of the blank were rectilinear with a 
slope of 0.10 A/M and an intercept of 0.2 nA. 
Coefficients of variation at the 2 x lo-*M level 
were typically ~3% (five determinations). The 
limit of detection calculated as three times the 
standard deviation of the determination of 
GHG at the 2 x lo-‘M level was about 
0.5 x 10P8M. Typical differential pulse cathodic 
stripping voltammograms for obtaining a cali- 
bration graph for the determination of GHG 

-30 

-25 

-20 

z 
5-15 
.- 

-IO 

-5 

0 

-70 

-6C 

-5c 

;i 
5 
.- 

-41 

- 3t 

-21 

-II 

, 

Fig. 5. Differential pulse cathodic stripping voltammograms 
obtained for preparing a calibration graph for the deter- 
mination of GHG. Accumulation potential: -0.2 V; scan 
rate: 10 mV/sec; accumulation time: 2 min; A-I. O.lM 
pH 8.2 hydrogen carbonate supporting electrolyte. B-I. 
[Cu2+] = 5 x 10e6M. GHG concentration = C. 1 x lo-‘M, 
D. 2 x IO-‘M, E. 3 x lO-7M, F. 4 x lo-‘M, G. 5 x lo-‘M, 

H. 6 x lo-‘M. 

-0.2 -0.4 -0.6 

E (VI 

Fig. 6. Differential pulse cathodic stripping voltammograms 
of the CuGHG complexes at pH 10.5: 1 x 10e6M Cu(I1); 
I x lo-‘M GHG; 0.M borate supporting electrolyte @H 
10.5); scan rate 50 mV/sec; modulation amplitude 50 mV; 
accumulation potential -0.1 V; accumulation time: (1) 0; 

(2) 15; (3) 30; (4) 45; (5) a0, (6) 75; (7) 90 sec. 

are shown in Fig. 5. It should be noted that this 
method of determining GHG is not as satisfac- 
tory as that for determining GGH, which was 
described previously.5 The peak currents ob- 
tained in the determination of GHG using the 
present method are much lower than those 
obtained for an equivalent amount of GGH, 
and the peak potential is at a less negative 
potential. Therefore in the present method at 
the lo-‘M level blank peaks can be quite high 
relative to the sample peaks. The blanks appear 
to be caused by traces of a complexable material 
in the buffers used. UV irradiation of suitable 
buffers to remove organic material might be 
tried to improve this situation. 

Considerably different cathodic stripping 
voltammetric behaviour of the Cu-GHG com- 
plexes was observed at pH 10.5 (Fig. 6). Two 
peaks, at -0.29 and -0.46 V were observed 
without accumulation. However with increasing 
accumulation time these two peaks gradually 
disappeared as a third peak, at about -0.6 V, 
appeared. This mechanism has not been studied 
here, but clearly some change in the compo- 
sition of the complex is occurring on the elec- 
trode surface. The presence of isosbestic points 
seems to indicate a conversion of one species 
into another single species. 
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CONCLUSIONS in biological systems, can be obtained in this 

The sampled DC polarographic, cyclic way. 
voltammetric and cathodic stripping voltam- 
metric characteristics of the Cu-GGH com- 
plexes described above have some significant 
differences from those of the Cu-GHG complex 
investigated in our previous communication’ in 
terms of the peak potentials and the relative 
position of the copper(I) and copper(I1) peaks. 
Nevertheless, use of the peak around -0.4 V 
(copper(I) --) copper(O)) provides a very sensi- 
tive method for the differential pulse cathodic 
stripping voltammetric determination of polaro- 
graphically inactive GHG. The selectivity of this 
determination is limited by the interference of 
surface active substances, by polarographically 
active substances reducible around -0.3 V, and 
by substances which can form complexes either 
with copper (such as some amino acids13*‘s or 
peptideP2) or with GHG (such as some other 
bivalent cations’s’7). A preliminary separation 
step would be required in the presence of these 
interferents. Many model biological studies, 
however, are carried out in a simple matrix, and 
the voltammetric method developed here can 
provide a very sensitive tool for determining 
trace amounts of the GHG. Furthermore, it was 
confirmed by the present study, that cathodic 
stripping voltammetry can give us a useful 
insight into the redox behaviour of biologically 
interesting complexes of copper with various 
oligopeptides, when these are adsorbed on the 
surface of the HMDE. The HMDE can be 
considered to mimic a hydrophobic physiologi- 
cal redox site. It can be expected that further 
relevant information, clarifying the role of 
Cu(II)-peptides complexes in redox processes 
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Summary-Countercurrent chromatography (CCC) is a separation technique in which the stationary 
phase is a liquid. The liquid stationary phase retention is a critical problem in CCC. The retention of 18 
organic solvents in a hydrodynamic CCC apparatus was measured with an aqueous mobile phase, the 
centrifuge spin rate and the mobile phase flow rate being constant, 800 rpm and 2 ml/mitt, respectively. 
Conversely, water retention was measured when the 18 solvents were the mobile phases. A direct 
relationship between the liquid stationary phase retention and the phase density difference was found. The 
liquid phase density difference is the most important parameter for stationary phase retention in a 
hydrodynamic CCC apparatus with coiled tubes. The chromatographic retention of formanilide was 
measured in biphasic systems and expressed as the formanilide partition coefficient. It is shown that the 
partition coetlkient correlates with the Reichardt polarity index of the organic solvent when the liquid 
stationary phase retention volume does not. 

Countercurrent chromatography (CCC) is an 
emerging technique for preparative purification 
and extraction of a wide variety of solutes.‘” 
CCC is a technique in which the stationary 
phase is a liquid. The mobile phase is also a 
liquid. 

The main advantages of CCC are (i) high 
loadability, (ii) unique selectivities and (iii) ro- 
bustness. In classical liquid chromatography, 
the injected solutes can access only the surface 
of the solid stationary phase. In CCC, the whole 
volume of the liquid stationary phase is used for 
solute partitioning. Tannins (4.3 g) were separ- 
ated in one run with a 180 ml CCC apparatus.6 
The chromatographic selectivity is due to solute 
partition between the two immiscible liquid 
phases. The combination of solvents that pro- 
duces two-phase systems is almost infinite. It is 
possible to use two, three or more solvents, 
which means that it is possible to adjust the 
selectivity by additions of a solvent that has 
some affinity for the two phases of a biphasic 
system.’ The robustness of CCC is due to the 
liquid character of the stationary phase. Over- 
load and irreversible adsorption problems are 
common in preparative liquid chromatography. 

*Author for correspondence. 

Irreversible adsorption cannot occur in CCC. If 
a solute is retained too long, it is possible to 
switch the phase role: the mobile phase becomes 
stationary and the liquid stationary phase is 
pushed out of the CCC apparatus with the 
solute. 

Liquid stationary phase retention by the CCC 
“column” is the most important problem in 
CCC. The liquid stationary phase should be 
retained while the mobile phase is pushed 
through. Many CCC apparatuses contain a 
continuous open tube coiled on one or several 
spools which are rotated in a centrifuge. The 
centrifugal field holds the liquid stationary 
phase tightly so that the liquid mobile phase can 
be pumped through it. Stationary phase reten- 
tion depends on the CCC apparatus design, the 
operating conditions and the liquid system used. 
More than 20 different CCC apparatuses were 
designed by Ito.‘-3”.8 Most of them contain 
coiled Teflon tubing. The liquid stationary 
phase retention capabilities of these apparatuses 
are difficult to compare. A constant observation 
with different CCC apparatuses is that liquid 
stationary phase retention increases with the 
centrifuge rotation speed and decreases with the 
flow rate.’ Liquid stationary phase retention 
also depends on the liquid system used. Ito and 
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co-workers studied the CCC retention be- 
haviour of several liquid systems.“’ 

This work presents the behaviour of 
water-organic solvent biphasic liquid systems. 
In CCC, the liquid stationary phase should be 
retained somewhat to obtain solute retentions 
and separations. First, a systematic study of 
liquid stationary phase retention was done by 
limiting the numerous parameters as follows: (i) 
only one CCC apparatus with coiled Teflon 
tubes was used; (ii) the spin rate was kept 
constant at 800 rpm; (iii) the mobile phase flow 
rate was 2 ml/min in all experiments; (iv) the 
biphasic liquid systems studied were made with 
two pure solvents only; and (v) one of the two 
pure solvents was water. In such conditions, the 
retention of 18 organic solvent stationary 
phases was measured with the aqueous phase 
being the mobile phase. The retention of the 
aqueous phase was also measured when the 18 
different organic phases were the mobile phases. 
The collected data were compared to different 
physico-chemical properties of the binary liquid 
systems. Second, the retention of a solute, for- 
manilide, expressed as the liquid-liquid par- 
tition coefficient, was studied and related to the 
organic solvent polarity. 

EXPERIMENTAL 

Chromatographic system 

The CCC apparatus was the Model CPHV 
2000 from SociCte Francaise de Chromato 
Colonne (SFCC, 95610 Eragny, France), which 
is a coil planet centrifuge apparatus first de- 
signed by Mandava and Ito.’ It contains three 
multilayer coils connected in series spinning 
with a planetary motion around a central axis. 
A special gear arrangement is designed to avoid 
any rotary seal. The apparatus was described in 
a recent publication. I3 Each spool was filled with 
133 turns of PTFE tubing, i.d. l/16 in. (1.6 mm), 
length 26 m, coiled in seven layers of 19 turns. 
The Ito /3 value is the ratio of the coil radius, r, 
to the spool revolution radius, R. The /I ratio 
was 0.37 for the first inner layer with r = 2.2 cm 
and R = 6 cm. It was 0.75 for the outermost 
visible layer with r = 4.5 cm and R = 6 cm. The 
average /I value for this CCC apparatus was 
0.56. The internal volume of one coiled spool 
was 52 ml. The three-coil apparatus had a total 
internal volume, V,, of 158 ml. The whole 
system was housed in an air-thermostatted 
box. The temperature was regulated to 
22 f 0.5”C. 

A Shimadzu LC6A pump was used to fill the 
CCC apparatus with the stationary phase and 
to push the mobile phase at a flow rate of 
2 ml/min. A Shimadzu SPDdA W detector 
was used at 254 nm with a CRS-A recorder 
integrator. 

Chemicals 

The 18 solvents are listed in Table 1. They 
were obtained from Merck (Darmstadt, 
Germany), Fluka (Saint Quentin Fallavier, 
France), Prolabo (Paris, France) and Laurylab 
(Chassieu, France). Methyl-2cyclohexanol 
acetate and trimethylbenzene (TMB or 
mesitylene, trimethyl-1,3,5-benzene) were indus- 
trial solvents (80% average purity) supplied by 
ELF-Atochem (Vernaison, France). Ethane 
trichloro- 1 ,l ,Ztrifluoro-1, 1,2 is also called 
Freon 113. Formanilide was used as a test solute 
of intermediate polarity and was soluble in 
many of the 18 solvents tested. It was supplied 
by MTM (Lancaster Synthesis, Strasbourg, 
France). Reichardt’s dye, 2,6-diphenyl-4-[2,4,6- 
triphenylpyridiniol-phenolate inner salt, was 
obtained from Sigma (St Louis, MO, U.S.A.). 

Physic0 -chemical measurements 

Densities were estimated simply by weighing 
a known volume of the liquid phase. Surface 
tension and interfacial tension were measured 
using a Du Nouy Tensiometer (Kriiss, Ham- 
burg, Germany) with a 15 mm diameter plati- 
num ring. The measurements were performed at 
21 f 0.5”C. The physico-chemical data of the 
pure liquids are listed in Table 1. 

Method 

The water-organic solvent was equilibrated 
overnight to obtain an aqueous phase saturated 
in organic solvent and a water-saturated organic 
phase. The apparatus was first filled with the 
liquid chosen to be the stationary phase. This 
took about 25 min at 8 ml/min flow rate. Next, 
the centrifuge was turned on up to a stable 
rotation speed of 800 rpm. The pump was rinsed 
with the mobile phase. The mobile phase was 
pushed into the apparatus at 2 ml/min. The 
mobile phase entered through the tail of the 
apparatus if it was lighter than the liquid 
stationary phase and vice versa. As long as the 
apparatus was not equilibrated, the stationary 
phase was pushed off the apparatus and col- 
lected in a graduated cylinder. Once the immis- 
cible mobile phase appeared at the exit of the 
apparatus, two liquid layers were seen in the 
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graduated cylinder, and equilibrium was 
reached. The CCC “column” was then ready 
and the displaced liquid stationary phase vol- 
ume was measured. This volume, VO, corre- 
sponds to the mobile phase volume inside the 
apparatus. The stationary phase volume inside 
the apparatus, V,, is: 

V,= V*- Vo. 

The stationary phase retention is quantified by: 

%ret = VJV, x 100. 

The test solute, formanilide, was injected in 
aqueous solution. Its retention volume, V,, is 
linked to its liquid-liquid partition coefficient, 
P, by: 

V,= v,+pv,= VT+(P - l)V,. 

The peak efficiency was roughly estimated 
using: 

N = WJWW,,,)~, 

in which N is the peak efficiency expressed in 
plate number and W,,, is the peak width at 60% 
of the peak height. 

RESULTS AND DISCUSSION 

Table 2 lists the stationary phase retention for 
the two sets of experiments: water mobile phase, 
organic stationary phase and vice versa. The 
driving pressure indicated corresponds to the 

equilibrated CCC “column”, i.e. mobile phase 
leaving the apparatus. The partition coefficient 
and peak efficiency of formanilide are also listed 
in Table 2. They will be used in the solvent 
polarity discussion. 

Solvent stationary phase retention 

The first set of experiments was to push the 
water phase through the different organic 
stationary phases. The solvent miscibility in 
water was low enough so that the aqueous 
phase density and viscosity were close to 1 
g/cm3 (Table 3) and 0.9 CP (not measured), 
respectively. The interfacial tension varied from 
1.3 (butanol) to 44.8 dyne/cm (heptane, 
Table 3). 

The highest retention percentage, 82%, was 
obtained with the chloroform stationary phase. 
Similarly high retention percentages, 8 1 %, were 
obtained with methyl tert-butyl ether and Freon 
113 liquid stationary phases. The lowest reten- 
tion percentages, 12% and 16%, were obtained 
with tributylphosphate and dibutylphthalate. 
Table 1 shows that chloroform and Freon 113 
have the highest densities; tributylphosphate 
and dibutylphthalate have density values close 
to unity. The density difference between the 
organic stationary phase and the aqueous mo- 
bile phase seems to be an important parameter 
for CCC liquid stationary phase retention. To 
calculate exactly the phase density difference, 

System: water with 

Table 2. Experimental CCC data obtained with 18 organic solvents 

Water mobile phase Solvent mobile phase 

P (bar) V, (ml) %ret P(bar) V, (ml) %ret (pgs) 

Butane dichloro- I ,4 0.8 55 34 0.9 68 42 0.5 400 
Butanol 1.9 61 38 3.8 58 36 4.66 260 
Chloroform ::: 130 82 1.6 130 82 1.24 400 
Dibutylphthalate 26 16 4 2 1 UV absorbing solvent 
Dichloromethane 0.1 122 16 2 125 78 1.83 370 
Ethane dichloro- 1,2 0.5 112 64 0.8 40 23 0.973 600 
Ethane trichloro- I, 1, I 0.8 129 81 2.4 108 67 0.64 380 
Ethane trichloro- I, 1,2-trifluoro- 1,2,2 0.4 126 79 4.1 128 80 0 
Ethyl acetate 1.4 89 51 0.4 99 51 1.58 700 
Furfural 2 52 33 2 34 21 UV absorbing solvent 
Heptane 2.5 138 19 0.4 158 90 0.013 780 
Methylethylketone 1.9 67.4 42 0.3 104 65 1.97 530 
Methyl tert-butyl ether 3 141 81 0.2 164 94 0.51 500 
Octanol 3 93 53 2.9 42 26 2.19 200 
Methyl-2-cyclohexanol acetate 0.8 37 21 1.2 I 4 0.5 850 
Trimethyl benzene 1.2 73 42 0.7 102 58 0.2 3250 
Toluene 1.3 91 52 0.3 91 52 0.134 660 
Tributvlnhosnhate 0.6 21 12 2 0 0 2.43 400 . . . 
The water mobile phase is pumped in the head to tail direction with light (d < I) organic solvents and in the tail to head 

direction with heavy (d > 1) organic solvents, and vice versa with the organic mobile phase. P, experimental pressure 
in bar (=O.l MPa); V,, stationary phase volume retained; K,, formanilide partition coefficient, accuracy 10%; N,,, 
formanilide peak efficiency in theoretical plates, accuracy 20%. 
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! /’ 0 tall-hndwd>l 

I head-tmllordel I 

0.2 0.3 0.4 

1 Phase density dilfemnce ( 

0.5 0.6 

Fig. 1. Organic stationary phase retention percentage US. the 
phase density difference. Flow rate: 2 ml/min; rotation 
speed: 800 rpm. Data listed in Tables 2 and 3. Closed 
squares: d c 1 solvents, the aqueous phase enters through 
the head of the CCC apparatus. Open squares: d > 1 
solvents, see text. The circled points correspond to low-vis- 
cosity pure solvents (Table 1). The regression line equation 

is given in the text. 

Ad, the density of both phases saturated in the 
other were measured (Table 3). The difference 
between pure solvent density and water-satu- 
rated solvent density is due to mutual solubility. 
If the water solubility in a given solvent is low, 
the saturated solvent density is very close to the 
pure solvent density (Table 3). 

Figure 1 shows a plot of the organic solvent 
retention percentage, %ret, us. the absolute 
value of the phase density difference, Ad. For 
absolute Ad values lower than 0.35, there is a 
linear increase of the retention percentage with 
Ad. The regression equation is: 

The next step was to push the organic phases 
through a water stationary phase. In this way, 
the mobile phase viscosity and density changed 
as listed in Tables 1 and 3. Figure 2 shows the 
plot of water retention percentage, %ret, us. the 
phase density difference. The trend noticed in 
Fig. 2 is similar to that in Fig. 1: the water 
stationary phase retention percentage increases 
with phase density difference up to [Ad 1 = 0.35, 
where a plateau at percentage retention N 85% 
is reached. However, the scattering of the data 
in Fig. 2 is much higher than that in Fig. 1. The 

%ret = 222Ad + 11 

(&2O)(f8) 

n = 16, r2 = 0.876. 80. 

The retention percentage reaches a maximum of 
about 85% for Ad values higher than 0.40. 

The circled points of Fig. 1 correspond to 
pure organic solvents with a viscosity lower than 
0.56 CP (Table 1). The retention percentage of 
the stationary phase could be inversely related 
to the stationary phase viscosity. Multiple linear 
regression analysis of the data set was per- 
formed. However, it was not possible to estab- 
lish a clear relationship between viscosity, 
density and stationary phase retention. Only 
the linear relationship density difference vs. per- 
centage retention was confirmed. Three low- 
viscosity solvents, ethyl acetate, toluene and 
MTBE, have retention percentages higher than 
the regression line (Fig. 1). Four other low- 

;P m 

.# 60. 

I” , 

8 *- Ovlscosnyz3cP 

30. 0 head -tail or dz-1 

m- I tall -head or d<l 

lo- 
. 

0 6 0.1 0.2 0.3 0.4 0.5 
1 Phase density difference 1 

Fig. 2. Water stationary phase retention percentage us. the 
phase density difference. Flow rate: 2 ml/min; rotation 
speed: 800 rpm. Data listed in Tables 2 and 3. Closed 
squares: d < 1 solvents, the organic phase enters through the 
tail of the CCC apparatus. Open squares: d > 1 solvents, see 
text. The circled points correspond to high-viscosity pure 
solvents (Table 1). The regression line equation is given in 

viscosity solvents, chloroform, dichlorometh- 
ane, heptane and MEK, are well fitted by the 
regression line (Fig. 1). A high viscosity of the 
stationary phase does not affect the retention 
percentage as illustrated by octanol and tri- 
butylphosphate, 7.4 and 3.4 cP, respectively, 
whose retention percentages are well located on 
the regression line. 

The open squares of Fig. 1 correspond to 
solvents with a density higher than 1 g/cm). In 
a test tube, these solvents are the lower liquid 
phase. When the organic solvent is used as the 
stationary phase in CCC, water, the mobile 
phase, should enter through the tail side of the 
apparatus. The three low-viscosity solvents 
already mentioned and pointed out in Fig. 1 
were also low-density solvents. This parameter 
may partly explain their higher than average 
retention percentages. 

Water stationary phase retention 

-I 
0. 6 

the text. 
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regression line was computed for (Ad1 values 
lower than 0.35: 

%ret = 230Ad + 6 

(+_60) (+_20) 

n = 16, r * = 0.540. 

If the slope and intercept values are similar, 
the standard errors are too high and the 
regression coefficient is too low to be acceptable. 
With organic mobile phases and a water 
stationary phase, the stationary phase viscosity 
is almost constant. The circled points in 
Fig. 2 correspond to highly viscous (>3 cP) 
mobile phases. The corresponding water reten- 
tion percentages seem to be below the regression 
line. For low-viscosity solvents, higher water 
retention percentages were obtained, e.g. methyl 
tert-butyl ether (MTBE, 0.27 cP) with a 
94% water retention percentage. A viscous sol- 
vent seems to push more aqueous stationary 
phase out of the CCC apparatus than a low-vis- 
cosity solvent. As already noted, a low-viscosity 
liquid stationary phase is favourable for reten- 
tion, although no direct relationship can be 
defined. 

The same notation as in Fig. 1 was used. 
The open squares correspond to organic 
solvents denser than water. If water is the 
stationary phase, a denser liquid must enter the 
CCC apparatus through the head; a lighter 
liquid (d < 1) must enter the apparatus 
through the tail and leave it exiting out of the 
head. Ito has shown that the rotation of a coiled 
tube filled by a liquid produced a pressure 
difference between the two ends of the tube due 
to a “screw effect”.2*3 When two immiscible 
liquids are loaded in a coiled tube, the rotation 
also produces a pressure difference. For 
most binary liquid systems, the lighter liquid 
accumulates on the high pressure side of 
the rotating coil, called “head”. The denser 
liquid is located on the low pressure side of the 
coil, called “tail”, where it pushes the lighter 
liquid towards the head.‘” Table 2 lists the 
experimental pressures. For all solvents 
denser than water (d > 1 g/cm3), the pressure 
is lower with the water mobile phase than with 
the corresponding organic mobile phase. With 
d > 1 organic phases, the water mobile phase 
entered the CCC apparatus through the tail, the 
lower pressure side. The corresponding organic 
phase entered through the head, the high press- 
ure side. Head entering d > 1 organic solvents, 

the open squares of Fig. 2, produced a low 
aqueous phase retention compared to tail enter- 
ing d < 1 organic solvents (closed squares, 
Fig. 2). Although the regression line shown in 
Fig. 2 is not really significant, the open squares 
(d > 1 solvents) are all located below the line 
and most of the closed squares (d < 1 solvents) 
are above. There was not such a difference when 
water was the mobile phase. Head or tail enter- 
ing water phase had little effect on the organic 
solvent retention (open and closed squares, 
Fig. 1). 

Capillary wavelength 

The capillary wavelength, L,, was recently 
introduced in CCC by Menet et a1.l4 as a 
parameter related to solvent behaviour in coil 
planet centrifuge CCC apparatus as the one we 
used. The capillary wavelength is a relation 
between the interfacial tension, Ay, and the 
density difference, Ad, of a biphasic liquid 
system: 

L,= J 4 
TG&+ 

L, is expressed in cm, Ad in g/cm3, and g, the 
gravity field, in cm/&. In Table 3, the capillary 
wavelengths were calculated with g = 981 
cm/se2 although the actual field at 800 rpm 
inside the centrifuge is higher. There is no direct 
relationship between the capillary wavelength 
and the phase retention percentage. A slight 
trend to a decrease of phase retention with L, 
increases is due to Ad, as shown by Figs 1 and 
2. There is no obvious relationship between 
interfacial tension (Table 3) and stationary 
phase retention (Table 2). It may be interesting 
to relate the capillary wavelength to solvent 
polarity. 

Solvent polarity 

The characterization of a solvent by means of 
its polarity is an unsolved problem, since the 
term “polarity” itself has, until now, not been 
precisely defined. Solvent polarity was linked to 
the permanent dipole moment of solvent mol- 
ecules, the dielectric constant and/or the sum of 
selected molecular properties responsible for 
interaction forces between solvent molecules 
(e.g. coulombic, inductive, hydrogen bonding, 
electron pair donor/acceptor interaction 
forces).15 Different polarity scales were estab- 
lished. Hildebrand linked solvent polarity to its 
solubilization capability defining the solubility 
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mtenol 

oclenol 
FUrtU 

1,4dkhkrobutene 
Methykthylketone: 
1,2dkhloroetham 
Dkhkromethwi 

Tributylphosphate 
llltrkhlorethe~~ 

Chkroform 
Ethyl acetate 

Mbutylpbt8kte 
g Pmet.cycl.h8xanol acet. 

Methyl-t-butylether, 
Tolw no 

Trlnwthyl knzene 

reference solvent 

112trlCll22trlFetharm 

relative value 

Fig. 3. The comparison of three polarity scales: the Hildebrand d parameter (hatched bars), the Snyder 
E, index (dotted bars) and the Reichardt ET index (closed bars). The relative values refer to the ethyl 

acetate values. The exact values are listed in Table 3. 

parameter, 6, as the work necessary to separate 
two solvent molecules:‘6 

in which AH, is the solvent molar heat of 
vaporization and V,,, is its molar volume. In this 
work, the S parameter was computed using the 
Beerboweer approximation:” 

6 = 3.74 
J 

+ 
J m’ 

in which y is the solvent surface tension. 
The idea to link the polarity of a solvent to 

its overall solvation ability led to the definition 
of polarity scales in terms of experimental par- 
ameters. Snyder defined an eluant strength par- 
ameter, E,, based on the eluting power of the 
solvent when used as a mobile phase in thin 
layer chromatography on silica or alumina 
plates. ‘* Reichardt proposed a solvent polarity 
parameter, &, based on the transition energy 
for the longest wavelength solvatochromic ab- 
sorption band of a pyridinium-N-phenoxide 
betaine dye. The ET parameter was normalized 
using water (ET = 100) and tetramethylsilane 
(E+ = 0) as extreme reference solvents.15 Table 3 
lists the 6 parameter in J’lzcm-3’2 and the dimen- 
sionless Snyder and Reichardt polarity indexes. 
Figure 3 compares the three polarity indexes in 

a relative scale with ethyl acetate as the refer- 
ence solvent. The three polarity indexes of all 
solvents were divided by the corresponding 
ethyl acetate value, 6 = 17.1 J’/2cm-3’2, E, = 4.4 
and 4 = 22.8. The solvents were sorted by 
decreasing Reichardt values. Figure 3 shows 
that there is only approximate correspondence 
between the three polarity scales. For example, 
the butanol ET value is 60.2 and the 6 value is 
17.8. The furfural ET value is lower, 50, and its 
6 value is higher, 23.6. In liquid chromatog- 
raphy, the ET index was elected as the best 
representation of solvent polarity.19 

Obviously, the mixing of two solvents 
changes their polarity. An organic solvent 
saturated in water has a higher polarity than 
the dry solvent. The ET values of water- 
saturated butanol, MEK, MTBE and ethyl acet- 
ate were measured using the visible spectrum 
(750-400 nm) of the Reichardt dye freshly dis- 
solved in each solvent.” These four solvents 
were selected because they have a relatively high 
mutual solubility with water. Furfural was 
brown coloured and could not be used. With the 
measured water-saturated & values, all other 
dry solvent ET values were weighted using their 
water content and water polarity. The measured 
and weighted ET values are listed in Table 3. 

Figure 4 shows the plot of the capillary 
wavelength, L,, us. the water-weighted Re- 
ichardt polarity index, ET, of the solvents. In 
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this scattered point plot, short L, values seem to 
correspond to high ET indexes. However, there 
is no direct relationship; for information, the 
regression line shown in Fig. 4 is: 

L, = - O.O04E, + 0.42 

n = 18,r2=0.270. 

For example, dibutylphthalate (DBP) has a 
low mutual solubility with water and a high 
L, value, 0.6, far from the other solvents. L, 
is high because the density of DBP is very 
close to the density of water. It seems to be 
difficult to connect solvent density to solvent 
polarity. 

Solute partition coeficient 

In classical liquid chromatography, solute 
retention depends on numerous parameters: so- 
lute partition with an organic layer bonded on 
the solid stationary phase, adsorption on active 
sites of the surface, ion-exchange, size exclusion 
or binding with specific sites on the stationary 
phase. In CCC, the sole parameter responsible 
for solute retention is the liquid-liquid partition 
coefficient. CCC allows accurate determination 
of liquid-liquid partition coefficients.S22 These 
coefficients are dependent on solvent polarity. 
Table 2 lists the partition coefficient for for- 
manilide, K,, used as a test solute. It was not 
possible to use the W detector with furfural 
and DBP. Both solvents strongly absorb W 
light. Figure 5 shows a plot of the KrO partition 
coefficient US. the water content-weighted & 
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Fig. 4. The capillary wavelength & vs. the water-weighted 
ET polarity index. The regression line is shown for conven- 

ience (regression parameter r * = 0.27, see text). 
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Fig. 5. Formanilide partition coefficient, K,, vs. the water- 
weighted ET polarity index for the 15 solvents with which 
UV detection was possible. The full line corresponds to the 

regression line, whose equation is given in text. 

polarity index. The full line is the regression line 
obtained using all points: 

K To = O.O6OE, - 0.9 I 

(~0.010)(~0.66) 

n = 15, r 2 = 0.725. 

The representative point of butanol is posted 
on Fig. 5. With KrO = 4.66, it is far from the 
regression line. We note that butanol has the 
highest mutual solubility with water (20.5% 
w/w water dissolves in butanol and 7.5% w/w 
butanol dissolves in water). Anyway, it can be 
concluded that the partition coefficient of a 
given solute is strongly linked to the polarity 
difference between the two liquid phases. For 
years, the octanol-water partition coefficient 
has been used as a hydrophobic scale in bio- 
chemistry, pharmaceutical and environmental 
studies.23 

CONCLUSIONS 

Separation using CCC is impossible if there is 
no liquid stationary phase retention. The liquid 
stationary phase retention percentage in a hy- 
drodynamic countercurrent chromatograph is 
directly proportional to the density difference 
between the two liquid phases. The mutual 
solubility between phases increases as the 
polarity difference decreases and the density 
difference decreases if the two solvents used 
have a high mutual solubility. That is why the 
liquid stationary phase retention in a CCC 
apparatus is related to the polarity difference 
between the two liquid phases used. The reten- 
tion of a solute depends on its partition co- 
efficient in the biphasic liquid system used. This 
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coefficient is directly related to the phase 
polarity difference. This shows that the choice of 
the biphasic liquid system is essential to adjust 
selectivity in CCC. 

From a practical point of view, this work 
demonstrates that the density difference be- 
tween phases is the first parameter to be con- 
sidered when dealing with liquid stationary 
phase retention in CCC hydrodynamic appara- 
tuses. To obtain a high liquid stationary phase 
retention in coiled tubes, the two liquid phases 
used must have a high density difference what- 
ever phase is used as the stationary phase. The 
chloroform-methanol-water and chloroform 
acetic acid-water systems are very popular in 
CCC separations.‘” The density of chloroform, 
1.5 g/cm3, produces a high density difference 
with the -0.8 g crne3 density of the methanol 
or acetic acid phases. The phase retention in 
CCC apparatuses is good. Also, these two liquid 
systems have very low viscosities. 
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Sununary-A method for selective extraction of Mn(II) with dithizone and potassium thiocyanate has 
been described. The method involves formation of a Mn(II)-thiocyanatedithizone complex in a hexamine 
medium containing potassium thiocyanate (2.8M), dithizone (5.5-6.5 x 10-‘M) and hydroxylamine 
hydrochloride (0.25%) at pH -6 followed by extraction of the complex on polyurethane foam using batch 
squeezing mode within 1 hr. The sorbed Mn-thiocyanate-dithizone complex is eluted with acetone and 
made alkaline with 0.5 ml of a stabilizer solution (19 ml 2M NH, solution + 1 ml 5% hydroxylamine 
hydrochloride). The absorbance of the solution is measured at 506 nm. The adverse effect due to Pb may 
be obviated by separating the Pb as the sulphate during decomposition of sample and that due to iron 
may be removed before extraction of Mn by any suitable method. The other interfering elements (Cd, 
Zn, Ni, Co, Cu, etc.) are masked with KCN (6 x 10a3M optimum) solution. The method obeys Beer’s 
Law from 0.1 to 2.0 pg Mn/ml. The method has been applied to various silicates, carbonates and glasses. 

Diethyl dithiocarbazone (dithizone) reacts with 
various metal ions to produce coloured com- 
plexes’ which have been utilized for their spec- 
trophotometric determination for a long time. 
Numerous spectrophotometric methods involv- 
ing solvent extraction with dithizone have been 
reported for determination of various elements.* 
Reaction of manganese(I1) with dithizone,‘” is 
known to produce a violet coloured primary 
dithizonate, Mn(HDz), , in alkaline solution 
(pH 10-l 1) which can be extracted with chloro- 
form or carbon tetrachloride. But Mn(HDz), in 
alkaline medium is unstable and thus could not 
be utilized for the spectrophotometric determi- 
nation. Akaiwa et aL4 on further studies ob- 
served a change in the absorption curve of 
Mn-dithizonate produced in the presence of 
pyridine. This change was explained as pyridine 
forming an adduct with dithizonate (or the 
formation of an adduct by pyridine with dithi- 
zonate). Later Akaiwa and Kawamotos ex- 
tracted the Mn(I1) complex produced by 
dithizone and pyridine reproducibly with Ccl, 
at pH 9.5 in the presence of hydroxylamine 
hydrochloride which stabilized the lower oxi- 
dation state of manganese which can be deter- 
mined spectrophotometrically at 530 nm. But 
the working range was established between 0.4 

and 4 pg Mn/ml. Marczenko and Mojsk? re- 
ported in another study that Mn(II)-dithizonate 
adduct with pyridine has the composition 
Mn(HDz),/(Pyridine), developed a practical 
method for the determination of Mn(I1). Later, 
in 1979 Akaiwa et a1.l observed that Mn(I1) 
forms a mixed ligand complex with dithizone 
(H, DZ) and 1, IO-phenanthroline (phen) and 
that can also be extracted into chloroform in the 
pH range g-9. Further, they observed that the 
absorbance of the complex in chloroform sol- 
ution is higher and more stable than the com- 
plex obtained by using pyridine or bipyridyl. 
The method was applied to carbonate rock and 
hot spring water. However, the present authors 
could not obtain satisfactory results during ex- 
traction of Mn(I1) in the presence of phenan- 
throline and dithizone on polyurethane foam in 
the same pH range. But it has been reported that 
polyurethane foam (PUF) sorbents have been 
used in the separation and preconcentration of 
various elements by sorbing their dithizonate 
complexes from aqueous solutions.8*g It was 
reported in a studylo where Mn(I1) was ex- 
tracted on PUF from a thiocyanate solution by 
a batch technique for understanding the reac- 
tion mechanism of thiocyanate complexes from 
aqueous solution. oc-Dinonylphthalate (DNP) 
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plasticized 1,(2-pyridylazo)-2-naphthol (PAN) 
loaded foam has also been reported” for the 
extraction of Mn(I1) at pH -9 by a batch and 
column technique, and determined radiometri- 
tally. Furthermore, foam loaded with Kelex-100 
has been reported for the extraction of Mn(I1) 
by a column and batch technique and deter- 
mined by AAS.12 But sorption characteristics of 
Mn(II)-dithizonate in the presence of KSCN on 
unloaded polyurethane foam is yet to be stud- 
ied. 

The present paper describes a study in which 
manganese was extracted on PUF in the pres- 
ence of dithizone and potassium thiocyanate 
from hexamine solution containing hydroxy- 
lamine hydrochloride. Based on these studies, a 
method was established for the spectrophoto- 
metric determination of manganese in silicates, 
carbonates and glasses. The method enables us 
to determine Mn down to the concentration of 
existing level (0.4 pg/ml Mn) reliably in a matrix 
free system using 1 cm cell. 

EXPERIMENTAL 

Apparatus-UV-VIS Spectrophotometer, 
Spectromom Model 36 1. 

Reagents-A.R. grade. Double distilled 
water was used throughout the experiment. 
Potassium cyanide solution (1 %, w/v), hydrox- 
ylamine hydrochloride solution (5%, w/v, neu- 
tralized with dilute ammonia solution), sodium 
fluoride (2%, w/v), hexamine solution (lo%, 
w/v, purified by shaking with dithizone loaded 
polyurethane foam), dithizone (0.03% in 
methanol), potassium thiocyanate solution SM, 
MIBK. 

Standard Ah-solution-1000 pg/ml 

Mn(II) solution was prepared by dissolving 
(99.9%) electrolytic manganese metal in dilute 
nitric acid (10 ml). Then, the volume was made 
up in a 1000 ml volumetric flask. 

A working solution (5.1 pg/ml) was prepared 
by proper dilution of the stock solution with 
water and acidified with 2 drops of HNO,. 

Preparation of foam 

The polyurethane foam (commercial U-foam) 
was cut into regular shapes and sizes with a cork 
borer. Each piece was about 2 cm in length and 
0.5 cm in diameter and weighed about 0.01 gm. 
The pieces of foam were soaked in 4M hydro- 
chloric acid in a beaker for 4 hr with squeezing 
at 15 min interval, then washed thoroughly in a 

50 ml glass syringe and finally by refluxing with 
acetone for 6 hr in a Soxhlet apparatus. The 
washed foam pieces were dried in a desiccator 
and stored in a plastic container in the dark. 

Procedure 

Calibration. Manganese solutions (14 ml) 
containing l-20 p g of Mn were pipetted into 50 
ml glass beakers and evaporated to almost 
dryness on a water bath and the residue dis- 
solved in 2 ml water. To that solution 6 ml of 
10% hexamine, 1 ml hydroxylamine hydro- 
chloride, 1 ml NaF, 1 ml KCN, 8 ml 8M 
potassium thiocyanate and 1 ml dithizone were 
added sequentially and kept for 5 min. Five 
pieces of foam chip were put into each solution 
and squeezed at 5 min intervals with the help of 
a flat ended glass plunger to facilitate the 
aqueous solution to flow freely through the 
foam cell for a period of 60 min. The chips were 
then transferred to a 5 ml glass syringe and 
washed thoroughly four times with a stabilizer 
solution (19 ml 2M NH, solution + 1 ml 5% 
hydroxylamine hydrochloride) and sub- 
sequently washed with water four times. Sorbed 
Mn-thiocyanate-dithizone complex was then 
eluted with acetone using four 2 ml volumes into 
a 10 ml volumetric flask and made alkaline with 
0.5 ml stabilizer solution. The volume was 
finally made up with acetone and the ab- 
sorbance was measured at 506 nm against a 
reference blank prepared in the same way as 
above. The calibration curve (absorbance us ,ug 
of Mn) was plotted. 

Analysis of samples. A 0.2 g sample (dried at 
1lO’C) was digested with 5 ml H,SO, (1 + 1) 
and 5 ml HF in a PTFE basin on a sand bath 
and digested until SO3 fumes evolved, cooled 
and diluted with 10 ml water and filtered (if 
necessary for separation of PbSO,) into a 100 
ml beaker. The residue was washed four times 
with 1% H,S04 solution (total 10 ml). A 20 ml 
volume of hydrochloric acid was added to the 
filtrate and was transferred to a 10 ml separating 
funnel. A 10 ml volume of methyl isobutyl 
ketone (MIBK) was added to the solution and 
the mixture was shaken to extract iron (if pre- 
sent). The process was repeated till the solvent 
layer became colourless. The aqueous layer was 
transferred to a 100 ml volumetric flask and 
diluted with water to make the volume. 

Five milliliters of this solution was taken into 
a 50 ml beaker and evaporated to dryness on a 
water bath, 2 ml of water was added to dissolve 
the residue and the determination procedure 
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was applied. The MnO content was calculated 
from 

%MnO = 2.58 x lo-‘A/ W 

where A is the number of pg of Mn correspond- 
ing to the absorbance measured and the sample 
weight is W in grams. 

RESULTS AND DISCUSSION 

It has been observed that Mn(I1) reacts with 
dithizone to form a coloured complex in the 
presence of hydroxylamine hydrochloride in 
hexamine medium, but its extraction on poly- 
urethane foam is incomplete and the colour of 
the eluted complex in acetone medium showed 
maximum absorbance at 490 nm. However, on 
further studies it was observed that if potassium 
thiocyanate was added to the solution before 
reaction with dithizone (in the presence of hy- 
droxylamine hydrochloride and hexamine) the 
colour of the complex was notably changed to 
a stable pink colour and could be extracted on 
foam within 1 hr. The extracted complex could 
also be eluted with acetone and showed maxi- 
mum absorption at 506 nm. This observation 
indicates a similarity in nature with that ob- 
served with pyridine and dithizone by earlier 
workers6*’ The shift of the absorption maxima 
from 490 to 506 nm suggests that Mn(II)-thio- 
cyanate forms first and this reacts with dithizone 
probably to form a ternary complex like Mn(- 
SCN)(HDz) although the nature of the complex 
has not been studied and established here. It has 
been reported that polyether type polyurethane 
foam is regarded to be analogous to oxygenated 
solvents. Therefore, sorption of Mn-thio- 
cyanat&ithizone can be accounted for by a 
solvent extraction mechanism.‘3*‘4 

However, quantitative formation of the prob- 
able complex Mn(SCN)(HDz) in hexamine 
medium at pH = 6 and its sorption on PUF is 
dependent upon the concentration of KSCN, 
dithizone, and equilibration time. 

In the present study it has been observed that 
Mn(SCN)(HDz) complex can be well formed in 
hemamine medium at pH = 6 and the complex 
can be stabilized with hydroxylamine hydro- 
chloride for a considerable period for its sorp- 
tion on PUF and therefore for subsequent 
experiments, the hexamine medium (i.e. pH = 6) 
was chosen. 

The effect of thiocyanate concentration was 
studied by taking 20 pg of Mn(I1) in a 50 ml 
beaker containing 1 ml of 5% hydroxylamine 
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Fig. 1. Effect of potassium thiocyanate concentration on the 
extraction of Mn(SCN)(HDz): [H,Dz] = 5.85 x IO-‘M, 

wexamine] = 2.1 x 10-4M. 

hydrochloride, 1 ml dithizone, 6 ml hexamine 
solution, and varying only the concentrations of 
thiocyanate (from 2 to 3.2iU) in a total volume 
of 20 ml. The solution was equilibrated for 1 hr 
and the absorption of the complex is measured 
at 506 nm after stripping the complex with 
acetone. It can be seen from Fig. 1 that for- 
mation and maximum extraction can be ob- 
tained only at, and above, 2.8M KSCN 
concentration. 

Effect of dithizone concentration on the for- 
mation and extraction of Mn(I1) was studied as 
above and by varying the concentration of 

15 30 45 60 7s 90 

EQUILIBRATION TIME (MN) m! 

Fig. 2. Effect of equilibration time on the extraction of 
Mn(SCN)(HDz): [H,Dz] = 5.85 x IO-‘M; [KSCN] = 2.8M, 

[Hexamine] = 2.1 x IO-‘M. 
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Table 1. Determination of MnO in different materials 

Nature of 
sample 

Values 
% of MnO obtained by 

obtained Mean MnO other method* 

1. Lime Stone 0.040 
NBS-la 0.039 0.039 0.03st 

0.039 

2. Silicate 0.110 
rock 0.120 0.114 0.110 

0.114 

3. Amber 0.035 
glass 0.034 0.036 0.036 

0.036 

4. Clay I 0.204 
0.210 0.208 0.200 
0.211 

5. Clay II 0.108 
0.114 0.112 0.110 
0.116 

6. Clay III 0.059 
0.063 0.061 0.058 
0.062 

*Periodate method. 
tNational Bureau of Standards certified value. 
Mean standard deviation = &0.0028. 

dithizone (3.0 x IOM-12.0 x 10e5M). It has 
been observed that the formation of Mn(- 
SCN)(HDz) as well as quantitative extraction of 
the complex is possible only at, or above, 
5.5 x 10m5M dithizone concentration. Below 
this concentration, the extraction efficiency was 
found to be less due to the formation of an 
unextractable species. Yet, at a concentration 
greater than 6.5 x 10e5M dithizone, a high 
blank value was obtained. Therefore, in further 
studies the dithizone concentration was kept 
between 5.5 x 10m5 and 6.5 x 10-5M. 

Equilibration time was studied by taking 20 
pg of Mn(II) solution as mentioned above and 
the solution was equilibrated with foam chips by 
varying the time up to 90 min. After each time 
interval, foam pieces were washed and eluted as 
described. Absorbance of each solution was 
measured. The study indicated that maximum 
extraction was possible only after 1 hr of equili- 
bration and no further extraction took place 
beyond that period. Acetone has been found to 
be suitable for the elution of Mn(SCN)(HDz) 
complex from polyurethane foam. It has been 
observed that the complex after elution with 
acetone was found to be unstable when made 
alkaline with only ammonia solution (0.5 ml of 
2.OM NH3 solution in 10 ml volume) probably 
due to oxidation of Mn(I1) to Mn(II1). There- 

fore, a stabilizer solution containing hydroxy- 
lamine hydrochloride (19 ml 2M NH, 
solution + 1 ml 5% hydroxylamine hydrochlor- 
ide) was prepared for its addition to the acetone 
elute. It was found that the addition of such a 
stabilizer solution (0.05 ml) stabilizes the com- 
plex Mn(SCN)(HDz) for at least 5 hr before 
measuring its absorbance. 

The effect of Mn concentration was studied 
by the following the procedure and observed 
that Beer’s law is obeyed from 0.1 to 2.0 pg 
Mn/ml. From the regression analysis of the 
calibration curve, the correlation coefficient was 
calculated to be 0.99. 

Dithizone forms coloured complexes with 
many other metal ions such as Cd, Zn, Ni, 
Co, Cu, and others which interfere seriously 
with the determination of Mn. To overcome 
these adverse effects, KCN solution was used 
for masking all such interfering cations. How- 
ever, the effect of KCN on the formation 
and extraction of Mn(SCN)(HDz) complex 
on PUF was carried out as it has been reportedIs 
that KCN forms a complex with Mn(I1) at 
higher pH. It was found that KCN at a con- 
centration of 6 x 10p3M has no effect on 
the formation and extraction of the Mn(- 
SCN)(HDz) complex. Moreover, 6 x 10W3M 
KCN is sufhcient for masking interfering cat- 
ions up to IO-fold the amount of Mn. It was 
further observed that an appreciable amount of 
fluoride ion has no effect on the extraction of 
Mn(I1). 

In conclusion it can be stated that mangane- 
se(II), stabilized with hydroxylamine hydro- 
chloride (0.025%) in hexamine medium forms a 
ternary complex with thiocyanate (2.8M) and 
dithizone (5.545 x 10-5M) at pH = 6. The 
complex is extracted on PUF, eluted with 
acetone and made alkaline with 0.5 ml of a 
stabilizer solution (19 ml 2M NH3 + 1 ml 5% 
hydroxylamine hydrochloride) and the ab- 
sorbance is measured at 506 nm for the determi- 
nation of manganese. The advantage of the 
method lies in the fact that manganese reliably 
and comfortably can be separated out from a 
complex system to a pure one so that the 
determination level can be four times lower 
than the existing level. The method has been 
standardized against standard lime stone NBS- 
la and applied to the determination of manga- 
nese present in glass, silicate and carbonate 
samples. The results are presented in Table 1. It 
can be seen from Table 1 that results obtained 
are slightly higher than the values obtained by 
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Snmmaq-A multicomponent analysis method based on the Kalman filter algorithm is proposed for the 
determination of phenolic compounds. The method relies on the oxidative coupling of phenols (phenol, 
2-chlorophenol and 3thlorophenol) to NJ-diethyl-p-phenylenediamine in the presence of hexacyanofer- 
rate@), the reaction being monitored via changes in the absorbance at 660 nm of the dye formed. Phenols 
can be determined individually over the concentration range 1.25-25 pM with a relative standard deviation 
of cu O&0.8%. Differences in the kinetic behaviour of the three species were exploited by using the linear 
Kalman fllter to resolve mixtures of the phenols at the @f level in a widely variable concentration ratios 
with errors less than 10%. 

Phenols are of a high significance to environ- 
mental studies since they are present in many 
organic pollutants, of which chlorophenols, 
widely used in pesticide production, are particu- 
larly hazardous owing to their highly toxic 
character. Several procedures have been devel- 
oped for the determination of phenols at trace 
concentration levels. Both high-performance 
liquid chromatographici4 and gas chromato- 
graphics9 techniques, are widely used for this 
purpose; however, they are even employed for 
the determination of a single phenol (e.g. phenol 
in plasma,‘O urea,” industrial products’*) or two 
compounds in mixtures (e.g. phenol and p- 
cresol in urinei3). The sensitivity typically 
afforded by these methods is of a few micro- 
grams per millilitre. In this context, it is interest- 
ing to note the development of new analytical 
methods for the resolution of mixtures of these 
compounds with adequate sensitivity by using 
simpler, faster instrumentation. Kinetic 
methods of analysis are powerful tools for this 
purpose, especially those based in new multi- 
point approaches which allow the resolution of 
closely related species. 

In this work we developed simple, rapid 
simultaneous kinetic determination for phenol 
and chlorophenols using the Kalman filter al- 
gorithm. The method is based on the well- 
known oxidative coupling reactions of these 
compounds in a weakly basic medium. The 

*Beijing Institute of Telemetry, Ministry of National 
Aerospace, Box 9200-74, Beijing, China, 

singular features of the Kalman filter’“” allow 
these mixtures to be resolved over wide concen- 
tration ranges with a high accuracy even at low 
rate constant ratios. 

Kinetic methods have rarely been applied to 
the individual or simultaneous determination of 
phenolic compounds;ls-*’ in fact, the proposed 
method is the first attempt at the kinetic resol- 
ution of chlorophenol mixtures. Thus, metaperi- 
odate is a common oxidant for hydroxyl 
compounds, which are individually determined 
by using a fixed-time method’8s’9 based on ab- 
sorbance measurements at the wavelength of 
maximum absorption of the resulting quinols 
and quinones. The determination range covered 
is cu 5&1000 pg/ml. The only reference to a 
simultaneous kinetic determination of phenol 
mixtures was concerned with cresol mixtures 
that were resolved by using the oxidative 
coupling reactions of the phenols with N,N- 
diethyl-p-phenylenediamine in the presence 
of potassium hexacyanoferrate(II1). The 
quinonedi-imine formed reacts with the cresol 
to form a dye in a reaction that is monitored 
photometrically by using the stopped-flow 
technique.20 

EXPERIMENTAL 

Reagents 

All solvents and reagents were of analytical- 
reagent grade and purified water was obtained 
from a Mill&Q apparatus. Stock solutions of 
3 x IO-*M phenol, 2-chlorophenol and 3- 

1505 
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chlorophenol (Merck) were prepared in ethanol 
and diluted 1:250 for use in the experiments as 
follows: 1.0 ml of the stock solution was mixed 
with 10.0 ml of 0.5Mphosphate buffer of pH 8.0 
and diluted to 250 ml with purified water. A 
6 x 10e3M stock solution of N,N-diethyl-p- 
phenylenediamine (Merck) was prepared by dis- 
solving 98.6 mg of the chemical in ethanol in a 
lOO-ml volumetric flask. This stock solution was 
stored in a refrigerator to minimize degradation. 
A 2.4 x 10d2M stock solution of potassium 
hexacyanoferrate(II1) (Merck) was prepared by 
dissolving 790 mg of the chemical in 100 ml of 
purified water. The 0.5M phosphate buffer (pH 
8.0) was prepared by dissolving 87.1 g of di-pot- 
assium hydrogen phosphate (Merck) in cu 850 
ml of purified water, adjusting the pH to 8.0 
with hydrochloric acid and diluting to 1 1 with 
purified water. 

Apparatus 

Spectrophotometric measurements were 
made on a Metrohm 662 spectrophotometer 
equipped with an immersion probe that was 
furnished with a Metrohm Dosimat 665 autobu- 
rette to dispense a small volume of reagent in 
order to start the reaction, as well as a data 
acquisition system consisting of a Mitac PC-AT 
12-MHz compatible computer equipped with a 
PC-Multilab PCL-812PG 12 bit analog-to-digi- 
tal converter. Data acquisition were synchro- 
nized with the start of the reaction by using a 
trigger that actuated the autoburette and com- 
puter simultaneously. The software required for 
application of the Kalman filter method was 
developed by the authors. 

Procedure 

In an 80-ml reaction vessel were placed a 
solution containing 0.12-1.08 pmol of each 
phenol (binary mixtures), plus 2.0 ml of 
6 x lo-‘M N,N-diethyl-p-phenylenediamine 
solution, 5.0 ml of 0.5M phosphate buffer (pH 
8.0) and purified water up to a final volume of 
60 ml. The reaction was started by adding 1 .O ml 
of 2.4 x 10e2M potassium hexacyanofer- 
rate(II1) solution from the autoburette at a 
rate of 60 ml/min (addition time, 1 set). Data 
were acquired at a rate of 1.5 set per point and 
a wavelength of 660 nm for 5 min in both 
instances. 

RIMJL’IS AND DISCUSSION 

Oxidative coupling reactions of p -phenylene- 
diamines with amines and phenolic compounds 

are widely known by analytical chemists.2’-29 
The kinetics and mechanism of these reactions 
were widely investigated in the late 1960s due to 
the great relevance of the dye formed to the 
photographic industry. The proposed method 
for the resolution of mixtures of phenolic com- 
pounds (phenol and chlorophenols) relies on 
this type of reaction, in which N,N-diethyl-p- 
phenylenediamine (PPD) is oxidized to its 
quinonedi-imine (QDI) by potassium hexa- 
cyanoferrate(II1) in weakly basic medium. In 
the rate-limiting step, QDI reacts with the phe- 
nolic compound to give leucoindophenols, 
which are rapidly oxidized to coloured indophe- 
nols with the aid of a QDP“ molecule, these last 
absorb maximally and with high molar absorp- 
tivities at cu 660 nm (see Scheme 1). 

Preliminary studies on the kinetic behaviour 
of these phenolic compounds showed differ- 
ences in their reactivity. The reaction rate for 
phenol, 2- and 3-chlorophenol was similar (the 
three reactions develop to completion within a 
few minutes) whereas that for 4-chlorophenol 
was very low, which is consistent with Scheme 
1. Therefore, the last phenol can be determined 
in the presence of the others by using a simple 
sequential method (whether kinetic or equi- 
librium). This was not assayed in this work, 
even though it can be resorted to whenever this 
compound is present in the unknown mixture. 
The major problem arises from the resolution 
of mixtures of the other phenolic compounds 
owing to their similar kinetic behaviour (their 
pseudo-first rate constant ratios are cu 2.0, 
which precludes usage of classical differential 
reaction-rate methods). We chose to use the 
powerful Kalman filter algorithm to address this 
problem. This algorithm allows the reliable 
calculation of the concentrations of mixture 
components from the net signal changes for 
each (linear Kalman filter), as well as the deter- 
mination of their pseudo-first rate constants 
(extended Kalman filter). 

Figure 1 shows typical absorbance us time 
curves for the three phenolic compounds, which 
were processed by the data acquisition system. 
As can be seen, the reaction was somewhat 
faster for 2-chlorophenol and very similarly 
rapid for phenol and 3chlorophenol; therefore, 
the effect of the reaction variables was sub- 
sequently investigated in order to establish the 
experimental conditions resulting in the greatest 
possible discrimination between the kinetic 
behaviour of 2-chlorophenol and one of the 
other two phenols (phenol was selected because 
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CHSCHz\~ _ / \ _ NH + 2 Fan- fast cH’cH*‘;= - 0 =NH 
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LEUCOINDOPHENOL 

PHENOL -H -H 

P-CHLOROPHENOL -Cl -H 

SCHLOROPHENOL -H -Cl 

Scheme 1 

INDOPHENOL 

of its smaller reaction rate and greater practical 
relevance). 

Influence of variables 

In order to establish the most suitable con- 
ditions, several variables potentially affecting 
the oxidative coupling reaction were investi- 
gated. Their influence was studied individually 
for each phenolic compound and the selected 
value for each was determined as that resulting 
in the maximum ratio between the pseudo-first 
rate constant US concentration plots for the two 
compounds concerned. 

The influence of pH on the rate constants was 
studied over the range 7.7-10.3 (Fig. 2). The 
plot of the logarithm of the rate constant for 
each phenolic compound against pH was linear, 
whereas the rate constant ratio (krwl/kPh) de- 
creased with increase in pH; above pH 10, kPh 
became larger than kzclph. This relationship can 
be accounted for on the basis of the pK, values 

of the two phenolic compounds, viz. 10.0 and 
8.48 for phenol and 2-chlorophenol, respect- 
ively, and available knowledge on the influence 
of chlorine substituents on the reaction rate. In 
fact, according to Corbett,ZB the reactivity of 
phenoxide ion is decreased on chlorination. 
Thus, at pH z 8.0, 2-chlorophenol is in ionized 
form (~25%) whereas phenol remains proto- 
nated, so this effect offsets that of chlorination. 
As the pH is raised (and phenol ionization 
increased), the two rate constants approach; 
above pH 10, where both species occur as 
phenoxide ions, phenol being more reactive 
according to Corbett. Taking into account the 
above kinetic relationships, pH 8.0, at which 
k 2c1ph/kph = 2.3, was selected for the simul- 
taneous kinetic determination of these com- 
pounds. Even though this rate constant ratio 
was higher at lower pH values, the reactions 
were very slow and of no practical analytical 

P-Chlorophanol I 

3-Chlorophenol 

Phenol 

Fig. 1. Absorbance us time protiles run at 660 nm for 10 PM 
of each phenolic compound. Conditions as described under 

procedure. 

PH 

Fig. 2. Effect of pH on the reaction rates. (phenol] = [2- 
chlorophenol] = 10 @f. Other experimental conditions as 

described under the procedure. 
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P-ChlorophenOl 

A 

Phenol 

” ,- 

0 IO 20 30 40 

[Hexacyanoferrate(lll)], xlo-5 M 

Fig. 3. Influence of the oxidant concentration on the rate 
constants. [Phenol] = [2-chlorophenol] = 10 PM. Other ex- 
perimental conditions as described under the procedure. 

interest. In order to adjust the pH, 5 ml of OSM 
phosphate buffer (pH 8.0) was added to the 
reaction vessel as part of the procedure. Borate 
buffer was not used owing to its smaller buffer- 
ing capacity and poorer solubility (concen- 
trations above 0.1 M are impossible to obtain). 

The concentration of potassium hexacyano- 
ferrate(II1) was varied over the range 
3.6 x 10-54.0 x 10e4M in order to investigate 
its effect on the rate constants (Fig. 3). In both 
cases, the pseudo-first rate constants increased 
with increasing oxidant concentration up to 
2.4 x 10e4M, above which they were virtually 
independent on such a concentration. In order 
to select the most suitable potassium hexa- 
cyanoferrate(II1) concentration, another exper- 
iment was carried out as follows: the influence 
of the signal increments resulting from full 
conversion of phenol and 2-chlorophenol into 
their corresponding indophenols on the [oxi- 
dant]/[PPD] ratio was studied; i.e. the reaction 
stoichiometry was determined. As can be seen in 
Fig. 4, the ratio was 2 for both phenolic com- 
pounds, which is consistent with Scheme 1 and 
the exchange of two electrons in the reaction. A 
concentration of 4 x 10W4M (1 .O ml of a 
2.4 x IO-‘M solution) was thus selected for the 
simultaneous kinetic determination of these 
compounds. 

The effect of the concentration of NJ-di- 
ethyl-p-phenylenediamine (PPD) was examined 
in the range 1.04.0 x 10m4M, the [oxi- 
dant]/[PPD] ratio being kept constant at the 

Fig. 4. Determination of the stoichiometric ratio for the 
oxidation of PPD by potassium hexacyanoferrate(II1) using 
an equilibrium method. Experimental conditions as de- 

scribed under the procedure. 

stoichiometric value. Both rate constants 
remained virtually constant throughout the 
assayed interval, whereas signal increments 
increased linearly with increase in the reagent 
concentration. A 2.0 x 10m4M PPD concen- 
tration (2.0 ml of a 6 x 10e3M ethanolic 
solution) was chosen as optimal. 

Individual &termination of phenols 

Absorbance vs time graphs were plotted for 
solutions containing various concentrations of 
the phenolic compounds under the selected 
working conditions. The figures of merit of the 
individual determinations of these compounds 
are summarized in Table 1. The analytical sensi- 
tivity was taken as the slope of the calibration 
plot and the detection limit was calculated 
according to the IUPAC’s recommendations.M 
The precision (expressed as the relative standard 
deviation) was determined by analysing 11 
samples containing 10 /.N of phenolic com- 
pound each, and the pseudo-first rate constants 
were calculated by applying the extended 
Kalman filter.16 

Simultaneous kinetic determination of phenols 

According to the reported pseudo-first rate 
constant values, the constant ratios between 
these phenolic compounds were 

k2-CIPhikPh = 2.29, k~rnlkr,, = 1.66 and 
kl-CIPh/k3-C1Ph = 1.37. The simultaneous kinetic 
determination of these phenols by traditional 

Table 1. Analytical features of the individual determination of phenols 

Analytical features Phenol 2Chlorophenol 3Chlorophenol 

Linear dynamic range (,uM ) 2.5-25 1.25-12.5 1.25-17.5 
Sensitivity (x lo-* A/FM) 4.68 f 0.05 7.26 f 0.02 5.39 f 0.06 
Detection limit (PM) 0.45 0.25 0.30 
Precision (RSD) (%) 0.8 0.6 0.8 
Rate constant (x lo-*/set) 1.06 f 0.04 2.43 f 0.02 1.77 f 0.02 
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Table 2. Model information used by the program 

s, 
X(i) 

[I 
SZ 
ss 

f-W) 

Z(i) 
R(j) 

[l -exp(-k,rj) 1 -exp(-krt,) I] 

S(t,) 
W6 

establishment of a system of N linear equations 
in S, , S, and S, , which can be recursively solved 
by means of the Kalman filter algorithm. 
Equation (1) can be written according to the 
Kalman notation as 

X(0,0) 
[ 3 

0:s 
0 

P(0, 0) E 10: o] 
0 

0 0.5 

R(j), variance of noise; X(0,0), initial guesses for 
state vector; P(O,O), initial guesses for error 
variance-covariance matrix. 

differential reaction-rate methods is impossible 
as they require higher rate constant ratios for 
application. We thus chose to use the linear 
Kahnan filter, a mathematical approach that 
is arousing growing interest for the resolution 
of mixtures by kinetic analysis.‘6’6 Thus, we 
assayed the 2chlorophenol/phenol and 2- 
chlorophenol/3_chlorophenol mixtures, which 
offer the maximum and minimum rate constant 
ratios, respectively. The resolution of ternary 
mixtures was impossible (high relative errors) 
owing to an inadequate difference between the 
fastest component (2-chlorophenol) and the 
slowest (phenol). 

Z(.G=Hr(j)X(j)+y(j), (2) 

where Z(j) denotes the absorbance measure- 
ment of the mixture sample; HT(j) the measure- 
ment function vector; X(j) the state vector; and 
u (j) the measurement noise. The actual values 
of these parameters as well as of the others 
required for the implementation of the filter are 
listed in Table 2. By applying the filter to the 
samples, the estimated net signal increments, 
S, and S, were determined, and subsequently 
interpolated in the corresponding calibration 
graphs in order to obtain the respective 
concentrations. 

Provided that the signal increments are pro- 
portional to the initial analyte concentration, 
the signal measured at time tj, S (tj), can be 
expressed by 

S(?j) = SI[l - eXp(-kltj)] 

The results obtained for various binary syn- 
thetic mixtures containing different amounts of 
phenol, 2-chlorophenol and 3chlorophenol are 
given in Tables 3 and 4; 2chlorophenol/phenol 
mixtures in ratios from 7: 1 to 1: 5 can be 
satisfactorily resolved. These limits correspond 
to a relative error less than 7.5%. The precision 
of the method, expressed as the relative stan- 
dard deviation (RSD), was also determined for 
mixtures containing 10 PM of each compound 
(11 samples), and turned out to be 1.8% and 
2.5% for 2-chlorophenol and phenol, respect- 
ively. The 2chlorophenol/3chlorophenol mix- 
tures in ratios from 4: 1 to 1:4 were also 
successfully analysed. These limits correspond 
to a relative error less than 10%. The precision 
of the method was also determined for a mixture 
containing 10 @f of each phenol and was found 
to be 2.7% and 3.2% for 2-chlorophenol and 
3chloropheno1, respectively (P = 0.05, n = 11). +Sz[l -exp(-k2tj)]+SB+Noise (1) 

where S, and S, are the signal increments result- These results are quite satisfactory and testify 
ing from full conversion of compounds 1 and 2 to the good performance of the linear Kalman 
in the mixture; S’s the background contribution; filter in the simultaneous kinetic determination 
and k, and k2 the pseudo-first rate constants of of the phenols, even though the rate constant 
components 1 and 2, respectively. The measure- ratio is very low (only 1.3 for the 2-chlorophe- 
ment of N signals (j = 1,2,3, . . . N) allows the nol/3-chlorophenol mixture). On the other 

Table 3. Analysis of 2-chlorophenol/phenol mixtures 

Compound mhenP([e;o; 2Chlorophenol Phenol 
2-Chlorophenol Found (pcM) Error (%) Found (PM) Error (%) 

17.50 2.50 16.63 -4.97 2.46 -1.60 
16.70 3.30 15.46 -7.42 3.46 +4.85 
14.30 5.70 14.00 -2.10 5.35 -6.14 
10.00 10.00 9.60 -4.00 9.87 -1.30 
5.70 14.30 5.82 +2.10 13.71 -4.12 
3.30 16.70 3.21 -2.73 16.25 -2.69 
2.50 17.50 3.77 + 50.8 16.22 -7.31 
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Table 4. Analysis of 2-chlorophenol/3-chlorophenol mixtures 

Compound taken (PM) 2Chlorophenol 3Chlorophenol 
ZChlorophenol 3Chlorophenol Found (NM) Error (%) Found (PM) Error (%) 

18.00 2.08 17.55 -2.50 2.79 
16.00 4.00 15.48 -3.25 4.52 
14.08 6.00 14.28 +2.00 5.59 
12.00 8.00 12.08 0.00 7.90 - 1.25 
10.08 10.08 9.80 -2.00 9.60 -4.08 
8.00 12.00 8.19 +2.37 11.58 -3.50 
6.00 14.00 6.52 +8.66 12.63 -9.78 
4.08 16.00 4.35 +8.75 15.03 -6.06 
2.00 18.08 2.43 +21.5 16.98 -5.66 

+39.5 
+ 13.0 
-6.83 

hand, concentration ratios are quite acceptable 
(somewhat lower for 2-chlorophenol/3- 
chlorophenol mixtures owing to the lower rate 
constant ratio between the two) and the pre- 
cision is good (the RSD is usually less than 3 %). 
From a practical point of view, the method is 
simple and rapid and features modest require- 
ments in terms of instrumentation and compu- 
tational power. In addition, the proposed 
method affords higher concentration ratios and 
is more accurate than the stopped-flow method 
for the resolution of o- and m-cresol mixtures,2o 
where the rate constant ratio is 1.54 (similar to 
that for the 2-chlorophenol/3+hlorophenol 
mixture). 
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Kolhapur-416 004, India 

(Received 4 January 1993. Revised 14 April 1993. Accepted 19 April 1993) 

Sammary-A very simple column chromatographic separation method has been developed for molyb- 
denum (VI) using poly-(dibenxo-18-crown-6). The separations are carried out from hydrochloric acid 
medium. The adsorption of molybdenum (VI) on a poly-(DB-18-C-6) was quantitative from 2.5 to lO.OM 
HCl. Amongst the various eluents tested, O.SM ammonium hydroxide was found to be an efficient eluent. 
Molybdenum (VI) was separated from a large number of elements in binary form, as well as from 
multicomponent mixtures. The method was applied for the analysis of molybdenmn from various alloy 
samples. The method is very simple, rapid, selective and reproducible. The reproducibility of the procedure 
is *2%. 

Molybdenum has a large number of appli- 
cations in various fields. It is used in radios, 
wireless sets, anticathodes of X-ray tubes and in 
the production of special steels. Along with 
tungsten, it is used in thermocouples for high 
temperature measurements. Molybdenum oc- 
curs in water, soil, plants and animals at trace 
level. Molybdenum is one of the seven micronu- 
trients required for the growth and development 
of plants. It is required to change nitrogen into 
other forms the plant can use. Thus nitrogen- 
fixing-bacteria employ enzymes containing both 
molybdenum and iron. 

The separation of molybdenum from other 
elements was carried out using various chelating 
resins. Chelex-100 was used for trace element 
analysis, in which, molybdenum along with 
other elements was determined from natural 
water samples using neutron activation analy- 
sis,’ a significant increase in time and effort was 
required. The chelating resins containing ami- 
doxime groups* such as Duolite ES-346, Duolite 
CS-346 and Chelite-N, etc. formed strong com- 
plexes with a number of metal ions including 
molybdenum (VI). Resin having an active oxime 
group was used for the extractive separation of 
molybdenum from aqueous sulfuric acid.’ The 
molybdenum was then recovered by eluting with 
alkaline solutions. A chelating resin was pre- 
pared4 by loading pyrogallolsulfonic acid on to 

*Author for correspondence. 

Seralite SRA-400, it showed high selectivity 
towards Mo(VI), V(V) and Fe(II1). Various 
amphoteric ion exchangers were tested for the 
recovery of molybdenum from sulfuric acid 
leaching liquors of molybdenum calcines,5 the 
maximum sorption capacity for molybdenum 
was shown by the exchanger ANKB-7 and 
VP-14K, the elution of molybdenum was 
carried out with 7.5% NH,OH. 

Crown ethers have been extensively used 
in extraction analysis studies of various metal 
ions and those methods have been reviewed,6 
but the use of crown ethers for the extractive 
separation analysis of MO(W) is limited. DB- 1% 
crown-6 was used for the solvent extraction 
of technetium from ascorbic acid medium, 
MO(W) showed very poor extraction.7 DC-18 
crown-6 was used in presence of polyurethane 
foam for the extractive separation of molyb- 
denum from a thiocyanate-hydrochloric acid 
medium* but the separation of molybdenum 
from other elements was not achieved. MO(W) 
was quantitatively extracted from 7 to 10M 
hydrochloric acid with O.OlM DB-18-crown-6 in 
nitrobenzene.’ MO(W) from the organic phase 
was then stripped with 2M nitric acid. It 
was possible to separate MO(W) from a large 
number of elements in binary as well as in 
multicomponent mixtures. The selective extrac- 
tion of molybdenum permits its separation 
from a number of elements which are usually 
associated with it. 

1511 
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From the literature survey it is clear that no 
attempts have been made for the use of crown 
ethers or crown polymers in the column chro- 
matographic separation studies of molybdenum 
(VI). This paper presents a systematic investi- 
gation of the column chromatographic separ- 
ation studies of molybdenum (VI) from 
associated elements in hydrochloric acid 
medium using poly-dibenzo- 18crown-6. The 
method has been extended to the separation of 
molybdenum (VI) from a large number of other 
elements and also from a number of various 
alloy samples. 

EXPERIMENTAL 

Apparatus and reagents 

A Zeiss spectrophotometer (German), a digi- 
tal pH meter (Model LI- 120 ELICO, India) with 
glass and calomel electrodes, a digital flame 
photometer (PEI, Model No. 041, India) and a 
Pyrex glass chromatographic column (20 x 0.8 
cm id.) with a glass wool plug at the bottom 
were used. 

A crown ether polymer (poly-(DB-18-C-6) 
Merck (German)) was used after screening with 
100-200 mesh; 0.8 gm of poly-(DB-18-C-6) was 
slurried with distilled deionized water and 
poured into a Pyrex glass chromatographic 
column. The column was used after precondi- 
tioning with hydrochloric acid. 

A stock molybdenum (VI) solution was pre- 
pared by dissolving 4.60 g of ammonium molyb- 
date tetrahydrate (AnalaR) in 500 ml distilled 
deionized water and standardized gravimetri- 
cally.‘O A working standard solution (molyb- 
denum 500 pg/ml) was prepared by appropriate 
dilution of the standard stock solution. 

Procedure 

An aliquot of solution containing 500 pg of 
molybdenum (VI) was mixed with hydrochloric 
acid in the concentration range of 0.5-lO.OM in 
a total volume of 10 ml. The solution was then 
passed through the column, preconditioned 
with hydrochloric acid of the same acidity as 
that of the sample solution at a flow rate of 0.5 
ml/mm. The column was subsequently washed 
with hydrochloric acid of the same acidity and 
then with water. The adsorbed molybdenum 
(VI) was eluted with different eluting agents 
(described later) at a flow rate of 0.5 ml/min. 
Five millilitre fractions were collected and after 
evaporating the acid it was extracted with water 
and the molybdenum (VI) content was deter- 

mined spectrophotometrically with Tiron” at 
390 nm. The concentration of molybdenum (VI) 
was calculated from the calibration curve. 

RESULTS AND DISCUSSION 

Adsorption of molybdenum (VI) as a function of 
hydrochloric acid concentration on poly-(DB- 18- 
crown-6) 

In order to ascertain the optimum concen- 
tration of hydrochloric acid for the quantitative 
adsorption of molybdenum (VI) on poly-(DB- 
18-C-6) various studies were conducted by vary- 
ing the concentration of hydrochloric acid from 
0.5 to lO.OM. It was found that there was 75% 
adsorption of molybdenum (VI) at 0.5M hydro- 
chloric acid, it was 90% at 1.5M, 98% at 2.5M 
and was quantitative from 3.0 to 10M hydro- 
chloric acid (Table 1). Further adsorption stud- 
ies of molybdenum (VI) were carried out at 
5.OM hydrochloric acid concentration. 

Elution studies of molybdenum (VI) 

Molybdenum (VI) was adsorbed on poly- 
(DB-18-C-6) resin column at 5M hydrochloric 
acid concentration. After adsorption, molyb- 
denum (VI) was eluted with various eluents such 
as ammonium hydroxide, hydrobromic acid, 
perchloric acid, sulfuric acid, acetic acid in the 
concentration range of 0.5-8.OM. Except for 
ammonium hydroxide and sulfuric acid other 
eluents were found to be inefficient for the 

Table 1. Adsorption of molybdenum (VI) 
as a function of hydrochloric acid concen- 
tration on poly-(debenzo-18-crown-6). 
MO(W) 500 pg; eluent 0.5M ammonium 

hydroxide 

Hydrochloric acid Adsorption 
concentration (M) (%) 

0.5 15 
1.0 84 
1.5 90 

22:: 
94 
98 

:.; 
100 

4:o 
100 
100 

4.5 100 
5.0 100 
5.5 100 
6.0 100 
6.5 100 
7.0 100 
1.5 100 
8.0 100 
8.5 100 
9.0 100 
9.5 100 

10.0 100 
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elution of molybdenum (VI). With O.lM am- 
monium hydroxide there was 77% elution, with 
0.5M ammonium hydroxide there was quanti- 
tative elution of molybdenum (VI). With 1M 
ammonium hydroxide there was 83% elution 
and subsequently elution of molybdenum (VI) 
decreased from 2.0 to 7.OM ammonium hydrox- 
ide, for 7M ammonium hydroxide the elution of 
molybdenum (VI) was 58%. There was no 
quantitative elution of molybdenum (VI) with 
perchloric and hydrobromic acid in the concen- 
tration range of 0.5-8.OM with 6.0-8.OM sulfu- 
ric acid there was quantitative elution of 
molybdenum (VI). The acetic acid in the con- 
centration range of 0.5-8.OM was found to be 
an inefficient 
denum (VI). 
denum (VI) 

&tent for the elution. of molyb- 
The elution profiles of molyb- 
with ammonium hydroxide are 

shown in Fig. 1. Further, elution studies of 
molybdenum (VI) were carried out with 0.5M 
ammonium hydroxide. 

E$ect of varying concentration of molybahmm 

09) 

In order to ascertain quantitative adsorption 
of molybdenum (VI) on 1 gm of poly-(DB- 18-C- 
6) resin column, various adsorption studies were 
carried out for the 5M hydrochloric acid con- 
centration, by varying the concentration of mol- 
ybdenum (VI) in the concentration range of 
lo-100 mg/l (Table 2). Ten millilitre solutions of 
the above concentration range were employed. 
After adsorption, molybdenum (VI) was eluted 
with 0.5M ammonium hydroxide. From Table 2 
it is clear that there was quantitative adsorption 
of molybdenum (VI) up to 70 mg/l. The extent 

0.5 M NH3 
4 I- 

l.OM NH3 
1 I- 

2.0 M NH3 

3.0 M NH3 
I I- 

4.0 M NH3 
4 I. 

5.0 M NH3 
I 

5 10 15 20 25 5 10 15 20 25 

- Volume of eluent - 

Fig. 1. Elution studies of molybdenum (VI) with ammonia. 
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Table 2. Effect of varying concentration of molybdenum 
(VI). Vol. of soln. used 10 ml, adsorbing conditions 5M 

HCl, Eluent OSM ammonium hydroxide 

Amount of molybdenum (VI) Adsorption 
(w/l ) (%) 

10 100 
20 100 

z 
100 
100 

: 
100 
100 

70 100 
80 95 
90 87 

100 80 

of adsorption decreased with an increase in the 
concentration of molybdenum (VI). 

Adsorption isotherm of molybdenum (VI) on 
poly-(DB-18-C-6) 

The adsorption studies of molybdenum (VI) 
were carried out for 5M hydrochloric acid by 
varying the concentration of molybdenum (VI) 
in solution. The results are shown in Table 3. 
The capacity of poly-(DB-18-C-6) for molyb- 
denum (VI) was found to be 7.81 mmol/gm of 
crown polymer. 

Separation of molybdenum (VI) from a binary 
mixture 

An aliquot of solution containing molyb- 
denum (VI) and the foreign ions to be tested was 
taken and hydrochloric acid was added so that 
its concentration was 5M in a total volume of 10 
ml. The tolerance limit of foreign ion was set as 
the amount of foreign ions required to cause 
f2% error in the recovery of molybdenum 
(VI). The solution was then passed through the 
column preconditioned with 5M hydrochloric 
acid at a flow rate of 0.5 ml/min. Subsequently 

Table 3. Adsorption isotherm of molybdenum (VI) on 
poly-(DB-18-crown-6). Vol. of soln. used 10 ml, adsorbing 

condition 5M HCl, eluent O.SM ammonium hydroxide 

Concentration of Concentration of 
molybdenum (VI) in molybdenum (VI) on 
solution poly-(DB- 18-C-6) 
(w/l ) (x lO-2 wlgm) 

10 10 
20 20 
30 30 
40 40 
50 50 
60 60 
70 70 
80 76 
90 78.3 

100 80.0 

the column was washed with 5M hydrochloric 
acid and then with water. Those foreign ions 
which were not adsorbed on poly-(DB-18-C-6), 
passed through the column. Most of the foreign 
ions were not adsorbed (Table 4). Amongst the 
alkali metals, sodium was adsorbed to the extent 
of 70%, potassium 80% and rubidium 90%. 
From the alkaline earths only strontium and 
barium were adsorbed quantitatively. From the 
nontransition metals gallium (III) and thallium 
(III) were adsorbed quantitatively, whereas of 
the inner transition series, uranium (VI) was 
adsorbed to the extent of 94%. Iron (III) was 

Table 4. Separation of molybdenum (VI) from binary 
mixtures. MO 500 pg. poly-(DB-18-C-6). 6M HCl (adsorp- 

tion), 0.5M ammonium hydroxide (elution) 

Ions Added as 
Tolerance limit 

(mc) 

Li+ 
*Na+ 
*K+ 
*Rb+ 
cs+ 
NH: 
Ber+ 
M82’ 
Car+ 
*s13+ 
*Ba2+ 
cos+ 
Ni2+ 
Cu2+ 
Zn2+ 
Mn2+ 
Sn2+ 
Pb2+ 
Cr’+ 
Fe)+ 
Al’+ 
La’+ 
Ce3+ 
Bi’+ 
l Ga’+ 
In”+ 
*7-l’+ 

Sb’+ 
Ge’+ 
Th4+ 
V5+ 
,u6+ 

w6+ 

Br- 
I- 
NO, 
SCN- 
ClO; 
CH,CGG- 
c,o:- 
PO:- 
BO;- 
Ascorbate 
Tartarate 
Citrate 
EDTA 

LiCl 
NaCl 
KC1 

RbCl 
CsCl 

NI$Cl 
~W3)2.4 Hz0 

MgCl, .6 H,O 
CaCl, 

Sr(No3 )2 

Ba(N03 12 

CoCl, .6 Hz0 
NiCl, .6 Hz0 
CuCl, .2 Hz0 

ZnCl, 
MnCl, .4 Hz0 
SnCl, .2 Hz0 

Pb(NG, )z 
Cr(NO313.9 Hz0 

FeCl,.6 Hz0 
AWO,), .9 Hz0 

WNO,), .6 H2O 

CeCls.6 H,O 
BitNO,), .5 Hz0 

GaCl, 
InCl, .4 H,O 

TWO,), .3 Hz0 

SbCl, 
Na2GeGr 
Th(NG, ), 
NH, V03 

UO2(NO,), .6 Hz0 

Na,WO,. 2 Hz0 
HBr 
HI 

HNO, 
NaSCN 
HClO, 

CH, CGGH 
H2C20. 

H,po, 

H3BO3 

Ascorbic acid 
. Tartaric acid 

Citric acid 
EDTA 

4.50 
6.00 
6.50 
7.08 
5.00 
6.50 
5.50 
7.00 
6.50 
4.00 
3.50 
1.50 
2.50 
1.50 
2.50 
2.50 
2.00 
1.00 
5.50 
0.20 
2.50 
7.50 
5.00 
1.00 
3.58 
3.50 
0.50 
3.00 
2.00 
4.50 
4.00 
4.00 
2.00 
8.00 

10.00 
9.00 
7.08 
6.00 

12.00 
5.00 
8.00 
4.00 
6.50 
4.50 
6.00 
7.80 

*Adsorption. 
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adsorbed partially which was eluted with 2.5M 
hydrochloric acid. Most of the non-transition 
and transition metals showed a higher tolerance 
limit. Similarly most of the anions were toler- 
ated in higher ratios. The adsorbed sodium, 
potassium, rubidium, similarly strontium, bar- 
ium and gallium were eluted by washing the 
column with water whereas molybdenum (VI) 
was eluted with 0.5M ammonium hydroxide. 
This condition was exploited for the separation 
of molybdenum in multicomponent mixtures. 

ation of molybdenum from other multicompo- 
nent mixtures was accomplished similarly 
(Table 5). 

The separation of molybdenum (VI) from 
other elements in multicomponent mixture are 
shown in Figs 2(a) and (b). 

Application to analysis of molybdenum from 
various alloys and steel 

Separation of molybdenum (VI) from multicom- 
ponent mixtures 

Molybdenum (VI) was separated from vari- 
ous multicomponent mixtures, when a mixture 
of Pb, Sr/Ba/Ga and MO(W) was passed 
through the column at 6M hydrochloric acid 
concentration, lead was not adsorbed (hence 
passed through the column) whereas other el- 
ements were adsorbed on the column. The 
adsorbed Sr/Ba/Ga were eluted by washing the 
column with water and finally molybdenum was 
eluted with 0.5M ammonium hydroxide. 

When a mixture of Th, Sr/Ba/Ga and MO was 
passed through the column at 5M hydrochloric 
acid, thorium was not adsorbed (hence passed 
through the column). The adsorbed Sr/Ba/Ga 
was eluted with water and then molybdenum 
with 0.5M ammonium hydroxide. The separ- 

The method was applied for the analysis of 
molybdenum from nickel base alloy (BCS-CRM 
No. 345), alloy steel (BCS-CRM 401/l), low 
alloy steel (SS-407/l) and high speed tool steel 
(SS-486/l), 0.1 gm of the alloy sample was 
dissolved in aqua regia, after evaporation of the 
acid it was extracted with water and diluted to 
10 ml. An aliquot of this sample solution was 
mixed with hydrochloric acid so as to have its 
concentration of 5M in a total volume of 10 ml. 
The solution was passed through the column 
preconditioned at 5M hydrochloric acid. The 
column was subsequently washed with 5M hy- 
drochloric acid to remove most of the unad- 
sorbed elements. Then it was eluted with 2.5M 
hydrochloric acid to remove partially adsorbed 
iron. At this stage only molybdenum remained 
on the column. The column was then washed 
with water and molybdenum (VI) was eluted 
with 0.5M ammonium hydroxide and was deter- 
mined spectrophotometrically with Tiron. The 

Table 5. Separation of molybdenum (VI) from multicomponent mixtures 

No. Mixture 
Taken Found Recovery Adsorbing 
(mg) (mg) W) condition Eluent 

1 Pb 
Sr/Ba*/Ga 

MoWI) 
2 Th 

Sr/Ba*/Ga 
MO(k) 0.50 0.50 100 

3 CetIII) 0.10 0.098 98 
Sr/Ba*/Ga 

MoWI) 
4 La 

Sr/Ba*/Ga 
MoWI) 

5 CrlJII) 
Sr/Ba*/Ga 

MoWI) 
6 V(v) 

Sr/Ba+/Ga 
MoOrI) 

7 CS 
Sr/Ba*/Ga 

blo(+I) 
8 coo 

Sr/Ba**/ba 
MoWI) 

0.05 0.05 100 
0.10 0.10 100 
0.50 0.49 98 
0.10 0.10 100 
0.10 0.10 100 

0.10 0.10 100 
0.50 0.49 98 
0.10 0.10 100 
0.10 0.10 100 5M HCI 
0.50 0.50 100 5M HCl 
1.0 0.99 99 
0.10 0.10 100 
0.50 0.50 100 
0.10 0.098 98 
0.10 0.10 100 
0.50 0.49 98 
0.10 0.10 loo 
0.10 0.10 100 
0.50 0.50 100 
0.10 0.10 100 
0.10 0.10 100 

6M HCl, NAPCt 
6M HCl 
6M HCI 
5M HCl, NAPC 
5M HCl 
5M HCl 
5M HCl, NAPC 
5M HCI 
5M HCl 
5M HCI, NAPC 

5M HCl, NAPC 
5M HCl 
5M HCl 
5M HCl, NAPC 
5M HCl 
5M HCI 
5M HCl, NAPC 
5M HCl. 
5M HCl. 
5M HCI. NAPC 
5M HCl 

- 
I-W 

OSM NH,OH 
- 

Hz0 
0.5M NH,OH 

- 

H,O 
0.5M NH,OH 

- 
Hz0 

0.5M NH,OH 
- 

H2O 
0.5M NH,OH 

H,O 
0.5M NH,OH 

- 

H2O 
0.5M NH,OH 

- 

H2O 
0.50 0.49 98 5M HCl 0.5M NH,OH 

l 0.5 mg. 
TNAP-No Adsorption Passing through the Column. 
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0 5 10 15 20 5 10 15 20 5 10 15 20 

- Volume of eluent - 

Fig. 2. (a) Separation of molybdenum (VI) from other elements. 
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4 
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Gallium 

0.5 M NH3 

Cesium ‘Molybdenum’ 

5 M HCI _ H20 
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4 

Barium 
I=-=% 

Molybdenum 

0 5 10 15 20 25 5 10 15 20 25 5 10 15 20 

- Volume of eluent - 

Fig. 2. (b) Separation of molybdenum (VI) from other elements. 

results in triplicate analysis are shown in 
Table 6. 

The strong binding of poly-(dibenzo-18- 
crown-6) for molybdenum (VI) can be explained 
on the following grounds. According to 
Pederse# the selectivity of crown ether for a 

Table 6. Determination of molybdenum (VI) in alloy sample 

Molybdenum 
(W 

No. 

1 

2 

3 

4 

Sample 

Nickel base alloy 

(BCS-~cx~s~i 
345) 

(BCS-CRM No. 401/l) 
Low alloy steel 

(Ss_407/l) 
High speed tool steel 

(%+486/l) 

Present Found 

3.01 3.00 

0.47 0.48 

0.78 0.77 

5.20 5.16 

cation is based on (i) the relative size of ion and 
cavity of polyether, (ii) the number of oxygen 
atoms, (iii) the basicity of oxygen atom, (iv) the 
steric hindrance in a polyether ring, and (v) the 
tendency of the ion to associate with the solvent. 
Especially the relationship between the ion size 
and crown ether cavity has been extensively 
investigated and established as the primary prin- 
ciple for the cation selectivity. For the selectivity 
of crown ether polymer for a cation there is a 
simple rule. The polymer prefersI the cation for 
which the ratio of the diameter of cation to the 
diameter of polyether ring is 0.8. However, this 
relationship is not absolute. It was recently 
foundI that the electrostatic interaction be- 
tween lone pair orbitals of cyclic polyether and 
cation is the dominant part of the interaction 
energy. The stabilization energy which is accom- 
panying the complex formation is divided into 
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energies due to charge transfer interaction, elec- 
trostatic interaction, exchange interaction and 
polarization interaction. The strong binding of 
poly-(dibenzo- 18-crown-6) for molybdenum 
(VI) may be due to the presence of electrostatic 
field in the crown ether cavity and high charge 
on molybdenum (VI) which results in the stabil- 
ization of the electrostatic and charge transfer 
interactions. 

CONCLUSIONS 

The important feature of this method is that 
it permits the separation of molybdenum from 
lead, strontium, barium, lanthanum, chromium, 
vanadium, iron, cesium and cobalt. The method 
was applied to the analysis of molybdenum from 
various alloy samples. The proposed method is 
very simple, rapid, selective and reproducible. 
The recovery of molybdenum in all instances 
from duplicate determinations is 100 + 2%. 
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FIRST DERIVATIVE SPECTROPHOTOMETRY FOR 
INDIVIDUAL AND SIMULTANEOUS DETERMINATION 

OF MAGNESIUM(H) AND COPPER(I1) USING 
EMODIN(l,3,8-TRIHYDROXY-6-METHYLANTHRAQUINONE) 

AS REAGENT 
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!Summar-First derivative spectrophotometry are presented in comparison with simple spectrophotomet- 
tic method for Cu(II) and Mg(I1) determination with emodin in alkaline pH range. The molar absorptivity 
at the A_ of 572 mn and 553 mn for Cu(II) and Mg(II) are 5.5 x 1O’and 3.9 x lo’ lit/mol/cm, respectively. 
Zero crossing measurement technique is found suitable for the simultaneous determination of the metal 
ions. The interference effects, statistical analyses and limits of detection are also reported. 

Emodin, a polyphenolic anthraquinone, is a 
biochemically active’*2 natural product and has 
been isolated from several plants as plant pig- 
ments.3*4 It reacts with Cu(I1) and Mg(II) ions in 
an alkaline medium to form coloured com- 
plexes. Recently, we reported its importance as 
photometric reagent.5 It has been reported that 
Cu(II) interferes strongly in the determination 
of Mg(I1) and both the complexes of Cu(I1) and 
Mg(I1) of emodin showed similar absorption 
profiles. This made the determination of Mg(I1) 
impossible if present in a mixture with Cu(I1) in 
the straight cut spectrophotometric process. 

Recent development of the derivative spectro- 
photometry is now being used for eliminating 
the background interference and also for resolv- 
ing the overlapping absorption bands.6 It has 
been widely used in pharmaceutical analysis, 
amino-acid and protein analysis, clinical chem- 
istry and environmental analysis.’ The deriva- 
tive method is being intensively used for the 
simultaneous determination of inorganic ions 
through the formation of complexes with the 
same organic ligands. E-” This advancement has 
led to the development of first derivative spec- 
trophotometry for Cu(I1) and Mg(I1) for their 
quick determination without any separation if 
present singly or in mixtures and a comparison 
has also been made between normal and first 
derivative spectrophotometric determination of 
Cu(I1) and Mg(I1) to indicate the improved 
sensitivities. 

The cations which interfere strongly in the 

determination of Cu(I1) and Mg(I1) includes 
Ni(II), Co(II), Mn(II), Cd(II), Cr(III), Fe(I1) 
and Fe(II1). The last three metal ions quench the 
absorbance values of Cu(I1) and Mg(I1) com- 
plexes of emodin. However, the remaining metal 
ions showed positive interference and because 
of their low molar absorptivities (N IO2 
lit/mol/cm), analytical procedure for their sensi- 
tive determination could not be developed. 
Moreover, these complexes have similar absorp- 
tion profile and very close rl, values. Hence simul- 
taneous determination could not be achieved. 

EXPERIMENTAL 

Apparatus 

All absorbance measurements were made 
with a Shimadzu W-160 digital spectropho- 
tometer with 1 cm quartz cells. 

A digital (ECIL, Hyderabad, Govt. of India 
Enterprise) pH meter was used for pH measure- 
ments. 

Reagents 

All materials were of analytical reagent grade. 
Double distilled deionized water was used in all 
preparations. 

A stock solution of emodin (10m3M) was 
prepared by dissolving 67.5 mg of emodin 
(Aldrich Chemical Company, U.S.A.) in 250 ml 
volumetric flask using methanol as solvent. 
Fresh stock solutions of Cu(NO,), and 
Mg(NO,), were prepared using double distilled 
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water. The solutions were standardized” by 
using iodometric method for Cu(I1) and com- 
plexometric method for Mg(I1) and diluted to 
the range of 10m3M. Borate buffer with pH 
ranging from 8.0 to 9.2 were prepared with 
0.2M boric acid and 0.0544 borax solution. 
Buffer solutions with pH ranging between 9.2 
and 11 .O were prepared with 0.05M borax and 
0.2M sodium hydroxide solution. The pH was 
finally adjusted using a pH meter. 

Procedure 

In a 10 ml calibrated flask, 2.5 ml of the stock 
solution of emodin was mixed with varying 
amounts of Cu(I1) and/or Mg(I1) at a constant 
pH of 9.8, adjusted with 2.5 ml of the buffer 
solution. After 10 min the solution was diluted 
to the mark with methanol and the final 
methanol concentration in the solution was 
almost 75%. 

For normal spectrophotometry of Cu(II), the 
absorbance values against reagent blank 
(emodin-methanol in alkaline buffer) were 
recorded at 572 nm. 

The first derivative spectrum against reagent 
blank in all cases were recorded at a scan speed 
of 1500 nm/min and A1 = 11.2 nm. The ampli- 
tudes were measured at 600 nm and 580 nm for 
Cu(I1) and Mg(II), respectively when they were 
present alone, but in mixture the amplitudes 
used were 553 nm for Cu(I1) and 572 nm for 

RESULTS AND DISCUSSION 

E$ect of pH on complex formation 

The effect of pH on the formation of Cu(I1) 
and Mg(I1) complexes with emodin were studied 
over the pH range of 2.0-12.0 at room tempera- 

100 124 

PH 

Fig. 1. Effect of pH on (a) Cu(I1) and (b) Mg(II) complexes 
of emodin in 67% methanol at 572 nm and 553 nm, 

respectively. 

+\ +/Oh 

0 OH ,& 0 
0- 

ij 

(M = Cfor Mf) 
Fig. 2. Metal chelates at pH 9.8. 

ture (25°C) and at 75% methanol-water mix- 
ture. 

Cu(I1) forms three types of complex in pres- 
ence of emodin depending on the pH of the 
solution. In the pH range of 6.0-7.0 yellow 
coloured complex was formed which was insol- 
uble in methanol, ethanol and water. In the pH 
range of 8.0-l 1 .O, a pink coloured complex was 
formed having J,,,,, at 572 nm. The complex was 
soluble in both methanol and water. In the pH 
range of 11 J-12.2, another complex having &,, 
of 585 nm with comparatively lower molar 
absorptivity than the second complex was 
formed. In each case emodin was in excess in 
comparison to Cu(I1) and the complex for- 
mation was reversible and interconvertible de- 
pending on the pH condition of the medium. 

Unlike Cu(II), Mg(I1) forms two types of 
complex with emodin depending upon PH. 

500 600 

Wovolength /nm 

Fig. 3(a). Absorption spectra of emodin complexes of Cu(II) 
and Mg(II) against reagent blank at pH 9.8. 

500 600 

Wovelength / nm 

Fig. 3(b). First derivative spectra of Cu(II) and Mg(I1) 
complexes of emodin at pH = 9.8. 
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Table 1. Statistical analyses of the determination of Cu(II) and Mg(II) from zeroth and 
1st order derivative spectrophotometry 

Element Order of the Correlation LOD 
determined derivative Slope Intercept coefficient (Ppb) 

Cu(II) Zeroth 0.087 4.5 x lo-’ 0.997 40 
First 0.017 5.8 x lo-’ 0.997 25 

Mg(II) Zeroth 0.162 - 1.24 x lo-’ 0.995 20 
First 0.032 4.0 x IO-’ 0.994 10 

When excess emodin was used, Mg(I1) forms a 
coloured complex having J,_ at 553 nm, soluble 
in methanol and water in the pH range of 
8.0-l 1.5, which was shown in our previous 
study.’ In the pH range of 11.5-12.2 another 
complex having L = 575 nm with compara- 

C:/pgnll-’ 
Fig. 4(a). Amplitude of the first derivative for Mg(II) = 0.36 
p&l(l) and 0.97 &ml (2) at 572 nm in the presence of 

variable amounts of Cu(II). 

020 0 ‘10 0.60 0.80 

Fig. 4(b). Amplitude of the first derivative for Cu(I1) = 0.32 
pg/ml (1) and 0.79 ag/ml (2) at 553 mn in the presence of 

variable amounts of Mg(II). 

tively lower molar absorptivity, was identified. 
These complex formations were also reversible 
and by changing pH one complex could be 
converted to the other. Detailed structural stud- 
ies of all the complexes are in progress. 

Selection of optimum pH 

In the pH range of 9.0-10.0 the absorbance of 
Cu(II)-emodin complex appeared to be con- 
stant and maximum (Fig. l(a)). However, for 
Mg(II)-emodin complex, the constant and 
maximum absorbance was in the pH range of 
9.7-10.0 (Fig. l(b)). Considering the solubilities, 
maximum absorbance of both the complexes 
and quantitative complexation with the reagent, 
we developed the analytical method at 9.8 pH 
condition. 

Eflect of excess metal ions 

When large excess of Cu(I1) was used, a 
coloured precipitate was formed in the pH range 
of 8.0-l 2.1 and the solution becomes colourless. 
The precipitate was insoluble in DMF, chloro- 
form, methanol, water, acetone but slightly 
soluble in DMSO when heated but it dissociates 
to release free emodin in acid medium. 

Mg(I1) forms a similar type of coloured pre- 
cipitate, but at a higher pH range of 11 B-12.1. 
A large excess of metal ions precipitates both 
the reagent and the complex which may be due 
to flocculation. Therefore, in all measurements 
we have used large excess of emodin to inhibit 
the precipitation. 

EfSect of methanol concentration 

The pK values of emodin in methanol-water 
system varies with the change in methanol con- 
centration. This fact may be explained by the 
interaction of the solvent with > C=O group of 
the reagent. I9 It was observed that in the pH 
range of 8.0-l 1 .O Cu(I1) forms a pink coloured 
soluble complex (2, = 572 nm) with emodin 
while the methanol concentration is >50%. 
Another yellow coloured Cu(II)-emodin com- 
plex may be obtained from the medium with 
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Table 2. Statistical analyses for simultaneous determination of Cu(II) and M&II) by first 
derivative specttophotometry 

Other element present 
Element Concenttation Correlation 
determined Element (.ug/ml) Slope Intercept coefficient 

cum M&W 0.00 0.013 1.0 x 10-4 0.995 
0.36 0.013 1.8 x 10-d 0.992 
0.97 0.013 9.2 x lO-5 0.993 

Mg(II) Cu(I1) 0.00 0.030 2.0 x lo-’ 0.989 
0.32 0.029 3.3 x 10-e 0.988 
0.79 0.030 6.0 x lO-4 0.991 

lower (~50%) methanol concentration and its 
J,_ is blue shifted from 572 nm. We developed 
the method for Cu(I1) determination with the 
pink coloured complex (L,_ = 572 nm) only 
because the absorbance value of it remained 
constant for days together unlike the yellow 
complex. 

On the contrary, Mg(I1) formed only one type 
of complex with emodin unlike Cu(I1) which 
was indicated by the unaltered &,,, value for 
varied methanol concentrations of the medium 
at a pH range of 8.0-l 1.5. 

Stoichiometry and nature of the chelates 

The stoichiometry and the nature of the 
complexes formed at pH 8.0-l 1.0 for Cu(I1) 
and 8.0-11.5 for Mg(I1) were studied. 
Cu(II)-emodin complex studied by continuous 
variation method at a pH of 9.8 showed that the 
metal-ligand ratio was 1: 1 which was similar to 
Mg(II)-emodin stoichiometry.5 The rate of 
complex formation with emodin was slower in 
case of Cu(I1) than with Mg(I1). The 
Cu(II)-emodin complex remained stable for 
72 hr. In addition, non-extractability of the 
complexes in common organic solvents like 
chloroform, carbon tetrachloride and ethylac- 
etate and fixation of the chelates as a counter 
ion in both cation and anion exchange resin, 
indicated the presence of cationic and anionic 
part in the complexes, and the following struc- 
tures (Fig. 2) have heen proposed. As the com- 

plex could not be isolated, the conductometric 
studies were not possible. 

Optimum Al and scan speed 

The characteristic of derivative spectra de- 
pends on the choice of instrumental parameters. 
These were optimized with respect to reduction 
of noise levels and sensitivity. The best results 
were obtained at a scan speed of 1500 nm/min 
over the wavelength range of 450-650 nm, with 
a wavelength interval of 11.2 nm for the first 
derivative spectrophotometry. 

Spectrophotometric measurements 

Figure 3(a) shows zero order absorption spec- 
tra of (a) Cu(II)-emodin complex (0.95 fig/ml of 
Cu(II), (b) Mg(II)-emodin complex (0.49 pg/ml 
of Mg(II)), and (c) the mixture of Cu(I1) and 
Mg(I1) complexes (0.95 and 0.49 pg/ml of 
Cu(I1) and Mg(II), respectively). 

Figure 3(b) shows the first derivative spectra 
of the complexes showed in Fig. 3(a). The 
wavelengths corresponding to the maximum 
amplitude for the first derivative spectrum of 
Cu(II)-emodin complex are 522 nm and 600 
nm, while those for Mg(II)-emodin complex are 
530 nm and 580 nm. The zero point wavelength 
for Cu(II)-complex is 572 nm and that for 
Mg(I1) complex is 553 nm. 

Due to the closeness of the two overlapping 
spectra, the first derivative of their mixtures 
were not sufficiently resolved to generate two 

Table 3. Determination of Mg(I1) in rock samples by normal and first 
derivative spectrophotometry 

Mg (%) 
Found Relative % error 

Sample Present* normal 1st D normal 1st D 

Chamockite 0.14 0.14 0.14 0.0 0.0 
Amorthosite 0.74 0.78 0.77 +5.4 -4.1 
Chamockite 0.41 0.39 0.40 -4.9 -2.4 
Chamockite 0.25 0.25 0.26 0.0 f4.0 

*Analysed by AAS. 
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distinct peaks. So we used the zero crossing 
measurement technique,” for the preparation of 
the calibration curves for mixtures. Amplitude 
h, and h2 in the first derivative spectra of the 
mixture at wavelengths 572 nm and 553 nm 
were proportional to Mg(I1) and Cu(I1) concen- 
tration, respectively. 

Determination of Cu(II) 

A number of solutions of Cu(II)-emodin 
complexes were prepared at a variety of Cu(I1) 
concentrations and at constant pH of 9.8. After 
10 min the absorbance values corresponding to 
572 mn were recorded. The plot of concen- 
tration of Cu(I1) DS absorbance was a straight 
line while the Cu(I1) concentration varies from 
0.5 to 2.5 ppm, (Table 1). 

Two wavelengths (522 nm and 600 nm) of 
maximum amplitude in first derivative spectrum 
for Cu(I1) complex were noted. There was a 
shift in wavelength corresponding to maximum 
negative amplitude with varied Cu(I1) concen- 
trations. So we prepared the calibration curve 
by measuring amplitudes of first derivatives at 
600 nm for different concentrations of Cu(I1) 
ions. A linear relationship was obtained for 
0.15-2.38 pg/ml of Cu(I1) (Table 1). 

Determination of Mg(II) 

Use of lirst derivative method has improved 
the sensitivities in comparison to normal spec- 
trophotometric methods reported earlier.* 

The first derivative spectrum of Mg(II)- 
emodin complex had two wavelengths (530 and 
580 mn) of maximum amplitude, but there was 
a small shift in wavelength of 530 nm, corre- 
sponding to maximum negative amplitude with 
the change of Mg(I1) concentration. So we have 
used 580 nm for amplitude measurement to 
prepare calibration curves for Mg(I1) and the 
linear relationship was obtained for 0.06-1.46 
pg/ml of Mg(I1) (Table 1). 

Determination of Cu(7I) and Mg(ll) in mixtures 

We have seen that a fixed concentration of 
Mg(II)-emodin complex has a sulTicient and 
constant amplitude at 572 nm (the Cu(II)- 
emodin complex zero point wavelength) in the 
presence of various amounts of Cu(II) concen- 
tration (Fig. 4(a)). Similarly, the amplitude at 
553 nm (the Mg(II)-emodin complex zero point 
wavelength) for Cu(II)-emodin complex was 
independent of Mg(II) concentration (Fig. 4(b)). 

Two calibration curves were obtained for 
standards containing 0.12-0.73 pg/ml of Mg(I1) 

in the presence of 0.32 pg/ml and 0.79 pg/ml of 
Cu(I1). Similarly, curves for standards contain- 
ing 0.48-2.38 pg/ml of Cu(II), in the presence of 
0.36 pg/ml and 0.97 lug/ml of Mg(I1) were 
prepared. Slope, intercepts, correlation co- 
efficients are summarized in Table 2. 

Precision and accuracy 

In order to test the accuracy and precision of 
the method, eight successive measurements were 
done with stock solutions containing 1.91 pg/ml 
of Cu(I1) and 0.49 pg/ml of Mg(I1). Relative 
standard deviations for zeroth order and first 
order derivative method of Cu(I1) were 2 and 
l%, respectively and those for Mg(I1) were 
1.8% and O.S%, respectively. 

For simultaneous determination of Cu(I1) 
(0.95 pg/ml) and Mg(I1) (0.49 pg/ml), the rela- 
tive standard deviations were 1.1 and 1.2%, 
respectively. 

Effect of foreign substances 

Investigations were carried out to examine the 
influence of common ions for the determination 
of Cu(I1) and Mg(II),’ when they were present 
separately in solution. Both the metal ions can 
be determined in presence of Sr(II), Ba(II), 
Na(I), K(1) ions. Cu(I1) can be determined in 
the presence of equal amount of Ni(II), Cd(II), 
Pb(II) and two-fold excess of Co(II), Zn(II), 
Ag(I) and Mn(I1) ions. Common anions NO;, 
NO;, CH3CO;, Cl-, Br- can also be tolerated 
if they are present in lOOO-fold excess. 

Application 

Magnesium was successfully determined in 
several rock samples, following HF digestion 
method. The base metals were separated out at 
a pH of 6.0 as their hydroxides using NaOH 
solution. The process was repeated four times 
and peptization of the base metal precipitate 
was avoided using NH,N03 solution to collect 
all the Mg(I1) ions in the filtrate. Determination 
of Cu(I1) was not possible as the percentage of 
Cu(I1) in those samples were very low (~50 
ppm) in comparison to Mg(I1). However, the 
results were satisfactory for copper-magnesium 
synthetic mixtures. 
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Summary-Two sensitive methods for the determination of phenothiazine derivatives based on the 
formation of coloured salts of these drugs formed with Brilliant Blue or Orange-II in the presence of 0. 1M 
HCl are described. The ion pair salts formed are quantitatively extracted into chloroform and the dried 
chloroform solutions analyzed using spectrophotometry. 

Phenothiazine derivatives are widely used as 
antipsychotropic, anticholinergic and anti- 
histaminic drugs.’ In view of the importance 
of phenothiazines, considerable work has 
been done for their detection and quantifi- 
cation.23p4 Many phenothiazine derivatives 
and their formulations are official in British 
Pharmacopoeia5 and Indian Pharmacopoeia.6 
The methods used for their determination 
include spectrophotometry,’ spectrofluorime- 
try,* conductometry9 and chromatography.‘O*‘l 
The aim of the present work is to provide 
a simple and sensitive method for the 
estimation of phenothiazine in formulations. 
While the aciddye method has been employed 
so far for the estimation of a single basic drug 
at suitable pH, the present method facilitates the 
analysis of the foresaid drugs in combination 
without buffer solutions. 

The proposed extractive spectrophotometric 
methods are based on the formation of ion 
pair complexes with Brilliant Blue (2, = 620 
nm) or Orange-II (J_ = 495 nm) and their 
complexes are quantitatively extracted into 
chloroform. 

Structures of Brilliant Blue and Orange-II 
and their chloroform soluble complexes with a 
phenothiazine (Promethazine hydrochloride) 
are shown in Fig. 1. 

EXPERIMENTAL 

Apparatus 

Shimadzu W-150 spectrophotometer with 1 
cm matched quartz cells was used. 

Reagents and solutions 

The chemicals of analytical grade were used. 
Aqueous solutions (0.5%) of Brilliant Blue and 
Orange-II and O.lM HCl were employed. 

Standard solutions 

Commercially available phenothiazines of 
I.P. or B.P. grade were used. Stock solutions of 
phenothiazine derivatives (1 mg/ml) were pre- 
pared in distilled water. Insoluble compounds 
were initially dissolved in a minimum amount of 
dilute hydrochloric acid. Working solutions 
were prepared by appropriate dilution of the 
stock solution with the same solvent. 

Assay procedures 

Method A. Aqueous aliquots containing 
15-150 pg of standard drug were transferred 
into a series of separatory funnels, 1 ml of 
Brilliant Blue was added to each and the total 
volume of the aqueous phase was adjusted to 10 
ml with distilled water. Fifteen millilitres of 
chloroform were added and the contents were 
shaken for 2 min. The two phases were allowed 
to separate and the chloroform layer passed 
through anhydrous sodium sulphate. Ab- 
sorbance was measured at 620 mn against a 
reagent blank and the amount of drug was 
computed from a Beer-Lambert plot. 

Method B. Aqueous aliquots containing 
45-375 pg of standard drug were transferred 
into a series of separatory funnels. Two 
millilitres of 0.1 M HCl and 2 ml of Orange-II 
solutions were added to each and the total 
volume of the aqueous phase was adjusted to 
10 ml with distilled water. Fifteen millilitres of 
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- 

Drum-Dye Complex -I- NaCI DWg-DYe Complex + NaCI 

Fig. 1. Structure of Brilliant Blue and Orange-II and their respective complexes with promethaxine 
hydrochloride. 

chloroform was added and the contents 
were shaken for 2 min. The two phases were 
allowed to separate and the chloroform layer 
passed through anhydrous sodium sulphate. 
Absorbance was measured at 495 nm against a 
reagent blank and the amount of drug was 
computed from a Beer-Lambert plot. 

In each case the absorbance value was plotted 
against the corresponding concentration of drug 
in pg/ml. These plots were linear through the 
limiting concentration as shown in Table 1. 

British Pharmacopoeia methods include ex- 
traction followed by non-aqueous titration or 
spectrophotometric determination for individ- 
ual phenothiazine drug. 

Estimation from tablets. Twenty tablets were 

massed and powdered. The powder equivalent 
to 50 mg of active ingredient was transferred to 
a 100 ml volumetric flask and dissolved in 100 
ml of distilled water (for dissolving Prochlorper- 
azine maleate, minimum amount of dilute hy- 
drochloric acid was used) and filtered. Ten 
millilitres of filtrate was further diluted to 100 
ml with distilled water. Two millilitres of the 
resulting solution was used for determination by 
the Brilliant Blue and Orange-II methods. The 
amount of drug in these tablets was calculated 
using the observed absorbance, the mass of 
powdered sample and dilution factor. Results 
are given in Table 2. 

For the determination of drug in a syrup or 
injectable dosage form, the mass of drug per ml 

Table 1. Optical characteristics of drug dye complexes in chloroform. A-Brilliant Blue, B-Orange-II 

Beer- 
Lambert 

limits Molar Sandell’s RSD 
~PW) absorptivity* sensitivityt 

Comvound B A B A B 
A (C) 

B 

Promethaxine HCl I-10 3-25 22.1 5.4 0.014 0.058 1.75 1.36 
Chlorpromazine HCI I-10 3-30 22.3 5.8 0.016 0.061 1.09 1.01 
Prochlorperaxine maleate 2-10 3-25 18.1 9.2 0.033 0.065 1.19 1.46 
Thioridazine HCl l-10 3-25 24.0 8.2 0.017 0.049 1.78 2.07 
Trifluoperaxine HCl l-10 3-25 27.8 7.5 0.017 0.063 1.40 1.02 
Trimepraxine tartrate 3-25 3-25 15.1 11.4 0.049 0.065 1.58 1.60 
Fluophenaxine HCI 2-10 5-20 10.2 3.2 0.050 0.150 2.04 1.82 

*Molar absorptivity (L/mole/cm x 10-r). 
tSandell’s sensitivity (c(g/cm/O.OOl absorbance unit). 
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Table 2. Analysis of phenothiazine derivations in various formulations 

Sample 

Found mg/tab or mg/ml 
mgltab by method 

Or Propose+ % Recovery 
mglml A B B.P.’ A B 

Promethaxine HCI 
tablet 
injection 
syrup 
elixir 

Chlorpromazine HCI 
tablet 
tablet 
injection 
syrup 

Thioridaxine HCl 
tablet 
tablet 

Trifluoperazine HCI 
tablet 
tablet 

Fluophenaxine HCl 
tablet 

Prochlorperazine maleate 
tablet 

Trimepraxine tartrate 
tablet 
syrup 

25 24.79 24.71 24.68 99.18 100.24 
25 24.60 24.78 24.60 98.72 97.84 
0.5 0.50 0.49 0.51 98.17 97.76 
1 0.98 0.98 0.99 98.70 101.04 

25 
100 
25 

24.87 24.90 24.75 99.36 98.84 
99.04 99.17 99.00 99.00 97.86 
24.81 24.47 24.72 99.19 100.01 
4.91 4.87 4.90 98.68 98.39 5 

25 24.78 24.69 24.71 99.70 98.55 
100 98.87 98.92 98.86 98.42 99.08 

5 4.91 5.00 5.02 98.56 100.39 
10 10.07 9.97 9.92 99.70 99.17 

1 0.98 0.99 1.05 98.16 98.91 

5 4.88 4.86 4.77 99.75 99.17 

10 9.77 10.02 9.98 99.16 98.84 
6 5.92 5.97 5.90 98.95 100.65 

*-British Pharmacopoeia. 
tA-Brilliant Blue; B-Grange-II. 

was determined. A quantity of syrup or in- 
jectable dosage form equivalent to 50 mg of 
drug was transferred to a 100 ml volumetric 
flask and diluted to 100 ml with distilled water. 
This solution was further diluted with water so 
that the final solution contained about 50 
pg/ml, before analysis by the Brilliant Blue and 
Orange-II method. 

Recovery experiment 

To determine the precision and accuracy 
of the above methods, recovery experiments 
were performed using the method of ad- 
ditions. A fixed volume sample of solution 
was added to one of three different con- 
centrations of the standard drug solution. 
The total amount of drug was then deter- 
mined using Brilliant Blue and Orange-II 
and the amount of added drug found by differ- 
ence. 

Results obtained by the Brilliant Blue and 
Orange-II and the British Pharmacopoeia 
methods for the various dosage forms are com- 
pared in Table 2. 

RESULTS AND DISCUSSION 

These drugs form salts that exhibit 
absorption maxima at 620 nm with Brilliant 
Blue and 495 nm with Orange-II. Beer- 
Lambert law limits, molar absorptivity and 
Sandell’s sensitivity values found for various 
phenothiazines are shown in Table 1. The 
mole ratio of drug to dye was found to be 
1: 1 for Brilliant Blue and Orange-II. To test 
the reproducibility and accuracy of these 
methods, six replicate determinations were 
made with each drug and the relative standard 
deviation from the mean are presented in 
Table 1. 

A significant advantage of an extractive 
spectrophotometric determination is that it can 
be applied to the determination of individual 
compounds in a multicomponent mixture. This 
aspect of spectrophotometric analysis is of 
major interest in analytical pharmacy since it 
offers distinct possibilities in the assay of a 
particular component in a complex dosage for- 
mulation. In the present study, a number of 
phenothiazines were determined successfully as 
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pure compounds as well as components in 
representative dosage formulation. 

Results of proposed methods show good 
agreement when compared with the official 
method (Table 2). Additives used in the formu- 
lation do not interfere with the proposed 
methods. These results indicate that the pro- 
posed methods are simple, rapid and accurate 
and offer advantage in that only a small amount 
of drug or dosage formulation is required for 
analysis. 
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Summary-A preconcentration procedure was established for sulphate determination in rain waters at the 
mg/l level, employing a small column packed with the AGI-X8 (200400 mesh) anionic resin inserted into 
a flow injection system. Sulphate determination was performed by using the turbidimetric method based 
on reaction with barium. For concentrations within 0.10 and 2.0 mgSO:-/l, a throughput of 50 
determinations/hr was achieved, and the relative standard deviation of results was better than 2%. 

Research programmes in environmental science 
have caused a continuous increase in the de- 
mand for determinations of several analytes in 
a large number of water samples from dams, 
rivers or rain. Although some analytic method- 
ologies are available for cations, only a few 
well-established ones have been reported for 
anions. Sulphate is one of the anions with less 
options, particularly for concentrations at low 
mg/l levels. 

Flow injection analysis (FIA) is an attractive 
approach for automation when a large number 
of samples are to be processed, and has often 
been implemented with low cost instrumenta- 
tion.’ A few photometric FIA procedures for 
the determination of sulphate in water samples 
were proposed2v3 and that based on barium 
sulphate turbidimetry2 presents good char- 
acteristics, such as high sample throughput, 
low reagent consumption, high precision and 
accuracy. However, its detection limit of 
about 2mg/l is not enough for some water 
samples. 

This paper reports the development of 
a sulphate preconcentration procedure by 
anion exchange resin in order to improve 
the detection limit of the turbidimetric FIA 
method. 

EXPERIMENTAL 

Apparatus 

A Micronal B342 II spectrophotometer 
equipped with a tubular flow cell (12 mm optical 
path, 200 ~1 inner volume) and coupled to a 
Radiometer REC 61 strip chart recorder was 
used. The Ismatec mp13GJ4 peristaltic pump 
was furnished with Tygon tubing. 

A sliding bar automatic injector with three 
commutation sections4 was used. It was con- 
trolled by a laboratory-made microcomputer 
based on the Intel 8085 microprocessor.5 A 
software written in Assembly language run by 
the microcomputer provides facilities to pro- 
gram different time delays for both resin loading 
and elution steps. 

Reagents 

All chemicals were of analytical grade quality 
and freshly distilled and deionized water was 
used throughout. 

The standard stock solution of sulphate 1000 
mg/l was prepared by dissolving ammonium 
sulphate in water. Working standards within the 
0.00-2.00 mg/l range were prepared daily. Sul- 
phate solutions (50 and 100 mg/l) used as spike 

TAI. 40/m-E 1529 



1530 MARINA M. SANTOS FILHA et al. 

Fig. I. Flow diagram of the system for on-line preconcentration of sulphate and its turbidimetric 
determination. The three rectangular pieces represent an overview of the sliding bar injector; C = resin 
column (15 x 6 mm i.d.); S = sample; W = waste; E = eluent solution; Sp = spike sulphate solution at 
1 ml/min; R, = barium chloride solution at 1 ml/mm; R, = washing solution, O.SM sodium nitrate at 5 
ml/min; Re, and Re, = recovery for reagents R, and R,, respectively; x and y = confluence points; 
Ra = tubular helical reactor (100 cm long, 0.8 mm i.d.); DET = spectrophotometer at 410 nm; L = loop 
(20 cm long, 0.8 mm i.d.). Broken lines indicate inner holes and hatched portion the injector at the elution 

position. Arrows indicate flow directions. 

were prepared by appropriated water dilutions 
of the stock solution. 

A 20% w/v barium chloride dihydrate sol- 
ution in 0.05% w/v polyvinyl alcohol (PVA-Du 
Pont Elvanol 71-30) was prepared by first pro- 
ducing a slurry of PVA in 100 ml of water and, 
while stirring, slowly adding 300 ml of boiling 
water. Thereafter, barium chloride was dis- 
solved, the solution was cooled and the volume 
made up to 1000 ml with water. 

Eluent solutions were prepared in the 
O.l-2.OM range as sodium chloride or sodium 
nitrate by dissolving appropriate amounts of the 
respective salts in water. 

Preparation of the resin column 

The resin column (8 x 5 mm) was machined 
in a Perspex block as described elsewhere.6 
The AGl-X8 anion exchange resin 20&400 
mesh (Bio-Rad Labs) was employed. The 
column was filled with a slurry of the resin up 
to its volume by using a syringe, the excess of 
water being drained. The resin, initially in 
chloride form, was converted to nitrate by 
pumping a l.OM sodium nitrate solution 
through it at 3 ml/min, until the effluent showed 
no turbidity after addition of a few drops of 
O.lM silver nitrate solution. Before use, the 
resin column was equilibrated with nitrate ions 
by pumping 0.5M sodium nitrate for about 

Experimental variables 

To simplify the investigations of the variables 
involved in the preconcentration step, the resin 
column was coupled to the injector sliding bar. 
The amount of sulphate ions adsorbed by the 
resin is dependent on both, the sample flow-rate 
through the resin and the column loading time. 
These two parameters were investigated with the 
FIA network outlined in Fig. 1. In the specified 
position, the sample (S) is pumped through both 
loop (L) (previously loaded with a sulphate 
spike solution) and the resin column (C). The 

Q5- \ 
025- 

WL I 
2 4 6 mlRnin 

Fig. 2. Effect of eluent flow rate. Data achieved with the FIA 
manifold of Fig. 1. Preconcentration with 4.0 mg/l sulphate 
flowing at 6 ml/min sample during 30 set column loading 
time, elution with l.OM sodium nitrate over 20 set, and 

20 min at 3 ml/min. spiked with 100 mg/l sulphate; A = absorbance. 
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w- 60 I20 I60 240 1 

Fig. 3. Effect of sulphate spike solution. Preconcentration with 0.20 m&l sulphate flowing at 7 ml/mm, 
elution with 0.25M sodium nitrate solution at 3.1 ml/min. T is the column loading time in seconds, and 
A denotes absorbance values. Curves a, b and c correspond to 0,50 and 100 mg/l sulphate spike solutions. 

outlet flow depleted of sulphate ions is directed 
towards waste (W), while the barium chloride 
solution (R,) is recovered and the washing sol- 
ution (RJ is added at confluence point x to 
clean the analytical path. When the injector is 
switched to the other position, the resin column 
is inserted into the analytical path and the eluent 
solution (E) is pumped through it. Reagent R, 
is added to the eluted sample zone at confluence 
point y and precipitation reaction takes place 
inside the reactor (Ra). The turbidity is moni- 
tored at 410 nm, yielding a transient signal 
proportional to analyte concentration in the 
sample which is traced by the stripchart 
recorder. At the same time the spike solution 
(Sp) is pumped to fill again the loop L. The 
spike solution was used to improve barium 
sulphate nucleation.2 By moving the sliding 
bar back to position specified in Fig. 1 another 
preconcentration step is initialized. 

Effects of both eluent flow-rate and concen- 
trations were investigated with a 4.0 mg/l sul- 
phate standard. Sample flow-rate was 
maintained at 6 ml/min and time delays for 
column load and elution were both 30 sec. 
When the injector was switched to the elution 
position the speed of peristaltic pump was 
changed accordingly at the same time. Exper- 
iments were carried out with flow-rates ranging 
from 1 to 7 ml/min. As eluent, 0.10, 0.15, 0.50 
and l.OM aqueous sodium nitrate or sodium 
chloride solutions were tested. 

Influence of column loading time was 
investigated by maintaining a constant sample 
flow-rate of 7 ml/min and programming the 
microcomputer to increase the loading time 
from 30 to 240 set in 30 set steps. Effects of 
sample flow-rate were investigated in the range 

2-15 ml/min by keeping the column loading 
time at 60 sec. 

In order to evaluate the system performance, 
two sets of rain water samples were analysed. 
The first group was used to check the accuracy 
by analyte additions and the other one to verify 
the long term stability. 

The analyte additions were performed 
manually by delivering aliquots of 100 ~1 
(Finnpipette) from a 250 mg/l sulphate standard 
to 100 ml sample volume. 

RESULTS AND DISCUSSION 

Eiution 

The increase of the ions average velocity 
through the column can affect both the kinetic 
of ion exchange in the resin and the nucleation 
process in the analytical path, which could 
explain the signal diminution with the increase 
in flow-rate shown in Fig. 2. Better elution 
results were obtained with a 0.25iU sodium 
nitrate solution. Lower nitrate concentrations 

w ’ 1 

5 IO IS ml&in 

Fig. 4. E&t of sample flow-rate through the resin column. 
Preconcentration with 1.00 mg/l sulphate flowing at 7 
ml/mm during 60 sec. elution with 0.25M sodium nitrate 
solution at 3.1 ml/mm, and spike with 50 mg/l sulphate 

solution. A = absorbance. 
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0.0’ 
0.5 I.0 1.5 20 mW 

Fig. 5. Effect of column loading time. Sample flow-rate 7 ml/mm, elution with 0.25M sodium nitrate 
solution flowing at 3.1 ml/min. Curves a and b refer to 120 and 240 set column loading times, respectively. 

A = absorbance. 

yielded lower measurements, and higher caused 
disturbance in baseline due to the “Schlieren” 
effect.’ It should be pointed out that this effect 
in the refraction index was also caused by the 
added washing solution. 

Preconcentration 

As expected, an increase in the analytical 
signal with the column loading time was ob- 
tained, as shown in Fig. 3. Also, it can be seen 
that the sulphate spiking solution had an en- 
hancement effect due to its influence on the 
barium sulphate nucleation, resulting in a re- 

markable improvement on detection limit. The 
50 mg/l sulphate solution was the threshold 
concentration for this improvement and it was 
used in the subsequent experiments. 

Figure 4 shows that absorbance also in- 
creased with the sample flow-rate, a linear re- 
sponse being obtained up to 7 ml/min. Beyond 
this value, a asymptotic behavior was observed. 
In this case, the analyte ions went through the 
resin column more quickly, impairing the kin- 
etic of exchange. On the other hand, similar 
results would occur when the resin column 
capacity to exchange anions would tend to 

Table 1. Effects of potential interfering anions 

Nitrate Carbonate Chloride Phosphate 
Sulphate added added added added 
(W/l) 040 (mgll) W/l) 

h x loo+ 
(mgll) & 

2.5 30 0.0 0.0 0.0 100 
0.5 30 0.0 0.0 0.0 100 
0.05 30 0.0 0.0 0.0 100 
2.5 0.0 30 0.0 0.0 99.2 
0.5 0.0 30 0.0 0.0 100 
0.05 0.0 30 0.0 0.0 98 
2.5 0.0 0.0 30 0.0 98.5 
0.5 0.0 0.0 30 ::: 101 
0.05 0.0 0.0 30 97.3 
2.5 0.0 0.0 0.0 30 96.5 
0.5 0.0 0.0 0.0 30 91.5 
0.05 0.0 0.0 0.0 30 88 
2.5 30 30 30 30 97.1 
0.5 30 30 30 30 91.5 
0.05 30 30 30 30 88 

l h and h,, are peak heights obtained for the sulphate standards with and 
without the specified anion. 
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Table 2. Analyte additions to rain water samples 

Rain Concentration* Addition Recovery 
water (Ml) (Ml) W) 

1 0.52 0.25 104 
2 0.74 0.25 100 
3 0.28 0.25 103 
4 0.93 0.25 99 
5 0.13 0.25 108 
6 0.93 0.25 96 
7 1.75 0.25 97 
8 0.52 0.25 105 
9 0.49 0.25 96 

10 0.48 0.25 102 
11 1.07 0.25 103 
12 0.19 0.25 104 
13 0.23 0.25 105 
14 0.35 0.25 95 
15 1.40 0.25 101 
16 1.25 0.25 103 
17 1.55 0.25 99 

*Average concentrations (n = 3). Recovery 101.1 f 3.7. 

saturation. In order to ascertain this assumption 
other experiments were carried out yielding the 
results shown in Fig. 5. It can be seen that the 
amount of sulphate ions adsorbed by the resin 
were directly proportional to the column load- 
ing time, the same signal being obtained for 0.50 
and 1.00 mg/l sulphate standards flowing at 7.0 
ml/min during 120-240 set loading times, re- 
spectively. It can also be deduced that the ratio 
between the slopes of curves a and b is exactly 
1:2. Thus, it can be ascribed that the main 
reason for the signal behaviour observed in 
Fig. 4 for sample flowing at values higher than 
7 ml/min was associated to column efficiency. 
Although 7 ml/min seemed the threshold value 
for maximum resin efficiency, there is no practi- 
cal restriction to work at 15 ml/min sample 
flow-rate. To get a better efficiency of precon- 
centration and also to avoid fluid leakage 
caused by hydrodynamic over pressure, a 

sample flow-rate of 7 ml/min was chosen for the 
remaining experiments. 

The ability of the resin for complete sulphate 
ions removal from sample bulk solution was 
verified by using a 0.50 mg/l sulphate standard 
solution. The resin column effluent was collected 
during several column loading steps, and ana- 
lyzed in the same way as the standard. Results 
were practically identical to those of the blank, 
indicating a high efficiency of the resin column 
for adsorbing sulphate. 

Interference 

Anions usually present in natural waters, such 
as orthophosphate, chloride, nitrate and car- 
bonate, are also adsorbed by the resin and may 
cause its saturation. To evaluate the column 
exchange capacity, experiments were carried 
out, by using standard solutions containing 
0.05, 0.50 and 2.50 mg/l sulphate plus 30 mg/l 
of each chloride, nitrate, carbonate and or- 
thophosphate (sodium salts). Results summar- 
ized in the Table 1 show that, in general, 
negligible variations in the measured signal were 
observed, except for orthophosphate, where a 
12% decrease in absorbance was noted for 0.05 
mg/l sulphate. As this effect was less pro- 
nounced for higher sulphate concentrations, the 
effect cannot be attributed to the resin satu- 
ration. Identical results were obtained for a 
mixed solution containing 30 mg/l of chloride, 
nitrate, carbonate and orthophosphate. In this 
sense, the interference caused by orthophos- 
phate ions was probably associated to its effect 
on the barium sulphate nucleation process. This 
assumption can be corroborated if one con- 
siders that the resin affinity for sulphate is 13 
times higher than that for orthophosphate.’ 

Fig. 6. Recorder tracing of a routine water analysis. From left to right, eight standard solutions (0.00, 
0.05,0.10,0.25,0.50, 1.00, 1.50,2.00 mg/l), 13 samples and the standards again, always in triplicate. Arrow 

indicates the displacement of recorder chart. A = absorbance. 
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It should be pointed out that the concen- 
trations of these anions in waters are quite 
variable depending on the origin of the sample, 
but they are generally much lower than the 
maximum levels tested, particularly orthophos- 
phate. It should also be mentioned that the 
orthophosphate interference observed here was 
lower than that reported in the methylthymol 
blue method.9 

Routine analysis 

The working conditions for using the FIA 
network of Fig. 1 in routine scale were set up 
considering the results presented in the last 
section, i.e. preconcentration was done after 
pumping 7.0 ml/mm of sample for 60 set, and 
elution carried out with 0.25M NaNO, solution 
flowing at 3.2 ml/rnin for 15 sec. The 50 mg/l 
sulphate spike solution was introduced by a 
20 cm loop L. 

Table 2 shows the results obtained with 17 
samples of rain water. The relative standard 
deviations of measurements (n = 10) for all 
samples were always lower than 2%, which can 
be considered very good for sulphate in the 
0.50-2.00 mg/l range. The long term stability 
can be ascertained with the help of Fig. 6. An 
acceptable baseline drift, which was indeed in- 
significant, is observed. Also, it can be deduced 
from the same figure that a throughput of 48 
samples/hr can be obtained with precision. In 
addition, it should be mentioned that this FIA 

system has proven to be analytically robust in 
the large scale routine programme at the 
author’s laboratory, after processing more than 
10,000 samples. 
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Summary-Cobalt(II) was quantitatively extracted at pH 8.0 with 5 x lo-‘M Cyanex 272 [Bis(2,4,4 
trimethyl pentyl) phosphoric acid] in chloroform. Cobalt(I1) was stripped with OSM nitric acid and was 
determined by atomic absorption spectrometry as well as by spectrophotometry of the complex with 
nitroso R salt. Cobalt(I1) was separated from vanadium, chromium, nickel, manganese, iron and zinc. 
Mixtures having different ratios of iron, cobalt and nickel were separated by proposed method. 

Oxygen containing extractants have proven to 
be poor extractants for cobalt as well as for 
nickel.’ The extraction of cobalt was effective 
with tributylphosphate (TBP) in the presence of 
salting out agents. It was quantitative from 
lO-12M hydrochloric acid.2 This result facili- 
tated the separation of cobalt and nickel as 
nickel was poorly extracted with TBP,3 cobalt 
was extracted with MIBK from 4M ammonium 
thiocyanate.’ Extraction with liquid anion 
and liquid cation exchangers was generally 
poor.’ However, bis(diethy1 hexyl phosphoric 
acid) (HDEHP)6,7*8 was successfully used for 
extraction of cobalt. The extraction of nickel 
was poorer than that of cobalt, with most of 
the oxygen containing extractants like ethers 
and alcohols with TBP, extraction was not 
quantitative.g The separation factor for separ- 
ating cobalt from nickel in TBP-1OM hydro- 
chloric acid system was 1700. The extraction 
with octyl alcohol*0 from bromide media was 
satisfactory. 

The suitable extractants for separation were 
chelating extractants e.g. I-nitroso-2-naphthol” 
or dimethylglyoxime. I2 Such chelating extrac- 
tants were effective for the individual separation 
of nickel or cobalt from other elements but were 

l Begional Sophisticated Instrumentation Centre, Indian 
Institute of Technology, Bombay 400 076, India. 

TDepartment of Chemical Engineering and Materials Sci- 
ence, Syracuse University, Syracuse, U.S.A. 

$Present address: Chemical Engineering Division, Depart- 
ment of Chemical Technology, Bombay University, 
Bombay 400 019, India. 

not useful for mutual separations of cobalt and 
nickel. 

Cyanex reagentsI have come to the forefront 
in recent years. Of these, Cyanex 272, i.e. bis 
(2,4,4 trimethyl pentyl) phosphoric acid, Cyanex 
301 and Cyanex 302 are versatile as the extrac- 
tants. The last two are thio substituted deriva- 
tives of Cyanex 272. However, systematic 
studies with Cyanex 272 for cobalt are lacking. 
Therefore it was thought worthwhile to under- 
take the solvent extraction separation studies of 
cobalt and nickel with Cyanex 272. Both atomic 
absorption spectroscopy as well as spectropho- 
tometric determination of cobalt with Nitroso R 
salt were carried out. 

EXPERIMENTAL 

Apparatus and reagents 

GBC 902 Atomic absorption spectrometer 
(GBC Australia), ECIL Spectrophotometer 
Model as 866C; Orion microprocessor ion 
analyser model 901 (Orion, USA), wrist action 
flask shaker (Toshniwal Ltd, India). 

A stock solution of cobalt(I1) was prepared 
by dissolving 4.037 gm of cobalt chloride in 11 
of distilled water containing 0.5% of concen- 
trated hydrochloric acid. The solution was 
standardized complexometrically.” It contained 
1.009 gm/ml cobalt(I1). The diluted solution 
containing 5 pg/ml of cobalt(I1) was prepared 
by appropriate dilution. Cyanex 272, bis(2,4,4 
trimethyl pentyl) phosphoric acid (American 
Cyanamid Co., USA), was used directly without 
further purification. 

1535 
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GENERAL PROCEDURE 

An aliquot of solution containing cobalt(I1) 
was taken and its pH was adjusted to 8.0 
with O.lM sulphuric acid or ammonium 
hydroxide. The total volume was made to 
10 ml. The solution was then transferred 
into a separatory funnel, 10 ml of 5 x 10-3M 
Cyanex 272 in chloroform was added to it, 
and the mixture was shaken on a wrist 
action flask shaker for 5 min. The two phases 
were allowed to settle and separate. The 
concentration of cobalt from the aqueous 
phase after phase separation was determined 
by atomic absorption spectrometry. From 
the organic phase cobalt(I1) was back extracted 
with 10 ml of 0.5M nitric acid and cobalt was 
determined either by atomic absorption spec- 
trometry at 240.7 nm with an air acetylene 
flame or spectrophotometrically. From these 
data the distribution ratio (D) was evaluated. 
The results of the extraction were further 
confirmed by spectrophotometric determi- 
nation of cobalt with Nitroso R salt in both 
phases. 

During systematic investigation of various 
parameters influencing the process of 
extraction, cobalt from both phases was 
determined by atomic absorption spectrometry 
as multiple samples were involved. However 
during separation of cobalt from binary 
and multicomponent mixtures, cobalt was 
determined spectrophotometrically at 500 nm 
as the complex with Nitroso R salt. This 
also facilitated identifying the coextraction of 
certain ions during separations. 

RESULTS AND DISCUSSION 

Extraction as a function of pH 

Cobalt(I1) was extracted in the pH range of 
2.0-10.0 with 5 x 10m3M Cyanex 272 in chlo- 
roform. The high pH was adjusted using am- 
monium phosphate and borax buffer. The 
extraction was quantitative between pH 8.0 
and 9.5, hence all extractions were carried out 
at pH 8.0 (Fig. 1). 

Extraction as a function of Cyanex 272 concen- 
tration 

Cobalt(I1) was extracted with varying con- 
centrations of Cyanex 272 (0.25-50 x lo-‘M). 
The extraction was quantitative with 
5 x 10m3M of Cyanex (Table 1). 

12 3 4 5 6 7 8 9 101112 

PH 

Fig. 1. Extraction as a function of pH with Cyanex 272. 

Extraction with various diluents 

Cobalt(I1) was extracted with 5 x 10e3M 
Cyanex 272 in different solvents. The extrac- 
tion was quantitative with benzene, toluene, 
xylene, carbon tetrachloride, and chloroform 
as the diluent, while with dichloromethane, 1,2 
dichloroethane, n -hexane, cyclohexane and 
nitrobenzene the extraction was not quantitat- 
ive (Table 2). Chloroform was preferred as the 
diluent since it provided better phase separ- 
ation and ease of removal. 

Eflect of various stripping agents 

Cobalt(I1) was stripped with various mineral 
acids after extraction. Cobalt was quantitat- 
ively stripped with OS-5iU hydrochloric, nitric, 
sulphuric and perchloric acids while with 2-&U 
acetic acids, it was complete. A solution of 
0.5M nitric acid was used as the stripping agent 
(Table 3). 

Table 1. Extraction as a function of Cyanex 272 concen- 
tration Co(H) = 25 pg, pH 8.0 

Cyanex 272 cont. % extraction Distribution ratio 
(1 x 10--3&f) (E) (D) 

0.25 
0.40 
0.50 
0.60 
0.80 
0.90 
I.0 
2.0 
2.5 
3.0 
3.5 
4.0-50.0 

4.6 
9.8 

14.0 
20.2 
29.3 
37.6 
49.5 
66.6 
81.8 
91.8 
93.0 
99.9 

0.04 
0.10 
0.16 
0.25 
0.41 
0.60 
0.98 
1.99 
4.49 

11.2 
13.2 

999 
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Table 2. Effect of solvents on extraction of cobalt(H) Table 4. Tolerance limit 
Co(I1) = 25 pg, Cyanex 272 = 5 x IO-‘M, pH = 8.0 

Dielectric 
constant 

Diluents (c) % extraction 

n -hexane 1.90 60.8 
Carbon tctrachloride 2.00 99.9 
Cyclohexane 2.02 20.0 
Benzene 2.20 99.9 
Toluene 2.23 99.9 
Xylene 2.28 99.9 
Chloroform 4.80 99.9 
Dichloromethane 9.50 98.3 
1,2 dichloroethane 10.2 77.5 
Nitrobenzene 34.5 56.5 

Interference 
CO.5 mg <lmg <5 mg < 10 mg by cocxtraction 

CaZ+ M$+ Rb+ Li+ None 
Al’ + Ga + Cs+ Na+ z1A+ 
vo: In’+ K+ HP+ 
Cr’+ Sn’+ 5: Pb2+ 
Mn2+ Sb’+ w+ Mn2+ 
Fe’ + SC’+ Bi’+ 
Fez+ Y’+ MOO: - $: 

cu2 + w+ Fez+ 
Zn2+ CNy:; 

a:+ 

U@+ 
Th’+ 

Extraction with varying metal ion concentration 

Cobalt(I1) was extracted with cobalt concen- 
trations ranging from 25 to 250 fig/10 ml, i.e. 
0.424-4.244A4. The extraction was quantitative 
from 25 to 170 fig/l0 ml, i.e. 0.4242.886M. For 
complete extraction the molar ratio between 
metal and Cyanex should be 2.886:5 x 10e3, 
i.e. 576: 1. 

Period of equilibration 

The solution was shaken on a wrist action 
flask shaker for periods ranging from 1 to 20 
min. The extraction was quantitative with 5 min 
or less of shaking. Therefore, a 5 min period of 
equilibrium was used. 

Nature of the extracted species 

It was necessary to evaluate D while varying 
extractant concentration, to ascertain the 
nature of the extracted species. The composition 
of the extracted species was ascertained from 
the graph of log [D] vs. log [Cyanex 2721 at 
fixed pH of 8.0. The slope was 1.72 (Table 1). 
Therefore the Cyanex concentration range 
used was from 0.25 to 4 x lo-‘M and the 
probable composition of the extractable 
species is 1: 2 or Co(Cyanex 272),. Usually for 
extractions with Cyanex as extractant, the effec- 
tive pH range for quantitative extraction is 
narrow. 

Separation of Cobalt(.lI) from binary mixtures 

Cobalt(I1) was extracted in the presence of a 
large number of elements. The tolerance limit 
was set as the amount of foreign ion causing 
interference of 1% in the extraction of cobalt. 
The alkali metals were tolerated at a ratio of 
1: 150. Magnesium, strontium, gallium, thalliu- 
m(III), antimony, bismuth, scandium, molyb- 
denum, chromium(W), nickel, cerium(IV) and 
uranium were tolerated at a ratio of 1:40. 
Aluminium, indium, tin(IV), yttrium, vanadiu- 
m(IV), titanium(W), chromium(III), copper 
and thorium, were tolerated at a ratio of 1:20. 
Calcium, lead, zirconium, hafnium, manganese, 
iron( iron(III), zinc and cadmium were toler- 
ated at a smaller ratio (i.e. 1:4). Anions like 
chloride, nitrate and perchlorate were tolerated 
at a ratio of 1:20, but acetate, citrate and 
malonate (Table 4) showed lower tolerance 
limits. 

Separation of multicomponent mixture 

Various metals showed different extents of 
extraction at different pH and varying concen- 
tration of Cyanex 272. Such differences were 
fully exploited to devise a different separation 
by resorting to a technique selective to extrac- 
tion at different pH with varying concentration 
of Cyanex 272. However difference in stripping 
power was not much use for devising a novel 
separation. 

Table 3. Effect of stritmina agents on back extraction of cobalt 

Stripping % recovery 
agent W) 0.01 0.05 0.1 0.5 1-5 6.0 7.0 8.0 

HCl 57.0 71.0 91.3 999 99.9 96.0 87.6 80.0 
HNO, 47.1 67.3 99.2 99.9 99.9 99.9 99.9 99.9 
H2=4 71.4 87.6 96.9 99.9 99.9 99.9 99.9 99.9 
HClO, 73.1 86.0 98.0 99.9 99.9 99.9 99.9 99.9 
CH,COOH 18.4 55.1 66.1 96.0 99.9 99.9 - - 
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Table 5. Distribution ratio of various metals at different pH values 

Distribution ratio (D) Separation factor* a = (Dw/om) 
pH 3.0 6.0 8.0 3.0 6.0 8.0 

Fe 999 3.6 0.70 0 0 1427 
Ni 0 0 0 - - 

Mn 0 2.4 999 - 0 1.0 
cu 0 0.10 0.30 - 0 3330 
z 0 0 2.2 0.20 999 0.90 - - 0 0 1110 1.0 

Pb 0 0.15 999 - 0 1.0 
co 0 0 999 - - 

*Dw for cobalt; Dm for metal. 

Sr. 
No. 

1 

2 

3 

4 

Mixture 

Fe(II1) 
Zn(II) 
Co(I1) 
Fe(II1) 
Co(H) 
Cr(II1) 
Mn(II) 
Co(H) 
Ni(II) 

Mn 
Co(H) 
V(IV) 

Table 6. Separation from multicomponent mixtures 

Amt. 
taken Stripping 
@g) PH Extractant agent 

25 3.0 Cyanex 272 (O.OOSM) 1M HCl 
25 6.7 Cyanex 272 (O.OOSM) 0.5M HClO, 
25 8.0 Cyanex 272 (O.OOSM) 0.5M HNO, 
25 3.0 Cyanex 272 (O.OOSM) IM HCl 
25 8.0 Cyanex 272 (O.OOSM) 0.5M HNO, 
25 8.0 Unextracted aq. phase 
25 6.5 Cyanex 272 (O.OOSM) 0.1 M H,SO, 
25 8.0 Cyanex 272 (O.OOSM) 0.5M HNO, 
50 8.0 Unextracted aq. phase 
25 6.5 Cyanex 272 (O.OOSM) O.lM H,SO, 
25 8.0 Cyanex 272 (O.OOSM) 0.5M HNO, 
50 8.0 Unextracted aq. phase 

% 
recovery 

99.8 
98.7 
99.0 
99.6 
99.8 
99.9 
98.7 
99.1 
99.9 
98.7 
99.1 
99.9 

The mixture of iron(III), zinc, cobalt(I1) and 
molybdenum(W) was resolved by first extract- 
ing iron(II1) at pH 3.0 with 5 x 10P3M Cyanex 
272, then extracting zinc at pH 6.7 with 
5 x lo-‘it4 Cyanex 272 and then cobalt(I1) at 
pH 8.0 with 5 x 10m3M Cyanex 272 during 
which molybdenum(W) was not extracted. 
From the organic phase iron(II1) was stripped 
with IM hydrochloric acid as usual, zinc, with 
0.5M perchloric acid and cobalt(II), with 0.5M 
nitric acid. The metals were determined by 
atomic absorption spectrometry. 

The separation of cobalt from binary 
(Table 4) as well as a tertiary mixture (Table 6) 
was determined using more or less the same 
methodology. All of these separations are based 
upon the magnitude of the separation factor (a) 
(Table 5). Only those separations indicating a 
large separation factor (a = CO) was preferred 
while selecting optimum conditions for separ- 
ation. 

Sequential separation of iron( cobalt(II) and 
nickel(ll) 

This separation is interesting because these 
metals belong to the same group of the periodic 
table. It was possible to separate such mixtures 
by utilizing the differences in response of the 
extractions to pH. Iron was selectively extracted 

at pH 3.0 with 5 x IO-‘M Cyanex 272 while 
cobalt(I1) was extracted at pH 8.0 with 
5 x 10P3M Cyanex 272. Nickel was not ex- 
tracted under these conditions. It was possible 
to separate such mixtures in ratios ranging from 
1:l:lO to 1:lO:l. 

The proposed method is simple, rapid and 
selective. It permits separation of cobalt from 
commonly associated elements like manganese, 
zinc, molybdenum, chromium and vanadium. 
The method permits the cleancut sequential 
separation of iron, cobalt and nickel. The results 
are reproducible with a relative standard deri- 
vation of f 1.2%. 
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Summary-The liquid organic salts studied here have wide stable liquid temperature ranges and act as 
efficient, highly selective gas-liquid chromatographic stationary phases. The effect of carbon number on 
the gas-liquid chromatographic stationary phase properties of this series of tetra-n-butylammonimn 
n-alkylsulfonate salts was evaluated by the well-known Rohrschneider/McReynolds system. Several 
problems arose when attempting to characterize these polar liquid organic salts employing this system. 
The specific retention volumes for the polar selectivity probes were generally not affected by an increase 
in the carbon number for the series studied here. However, the specific retention volumes for the n-alkane 
retention index markers increased dramatically as the anion carbon number was increased. ‘Ihe overall 
effect was a net decrease in the calculated McReynolds constants with increasing carbon number, although 
the true selectivity of the different stationary phases remained constant. Additionally, the specific retention 
volumes of the basic test probe, pyridine, showed large erratic variations and, in some cases, was not 
recovered from the columns. The results suggest the possibility of on-column chemical reactions occurring 
with some of these salts, and an alternative test probe, 2,bdimethylpyridine (lutidine) is proposed to 
eliminate this problem. As McReynolds constants are presently the most commonly used parameters for 
predicting retention and gas chromatographic stationary phase selection, it is important that workers are 
aware of the inherent limitations of this scheme. 

Organic molten salts (OMS), also referred to as 
liquid organic salts (LOS) are a unique class of 
highly polar, selective solvents which make 
efficient, thermally stable gas chromatographic 
stationary phases.’ Liquid organic salts exhibit 
unique selectivity compared to conventional 
polymeric nonionic liquid phases presently used. 
These salts exhibit unusually strong orientation 
and proton donor/acceptor intermolecular 
interactions, and also possess inter-ionic forces, 
such as ion-dipole interactions, absent in mol- 
ecular liquids. Retention of a solute in 
gas-liquid chromatography (GLC) is deter- 
mined from the sum total of all interactions in 
the liquid stationary phase. The magnitude of 
individual intermolecular interactions is com- 
monly described as the stationary phase selectiv- 

*United States Drug Enforcement Administration, South- 
east Laboratory, 5205 NW 84th Avenue, Miami, 
FL 33166, U.S.A. 

tKonik Instruments, 6065 NW 167 Street STE B-20, Miami, 
FL 330159969, U.S.A. 

3Author to whom correspondence should be addressed. 

ity; whereas, the extent of all possible 
intermolecular interactions for the stationary 
phase represents the stationary phase polarity. 
Therein lies the problem with conventional po- 
larity/selectivity schemes. There are few test 
solutes (also called probes) which exhibit, and, 
therefore, test for, only one intermolecular 
interaction. Likewise, it is impossible to devise 
a single test probe which can test for all possible 
intermolecular interactions. 

Generally, polarity/selectivity schemes are 
based on a relative measure of retention for 
several solutes which test for the dominant 
intermolecular interactions and a sum of all of 
the probes acts as an estimate of the stationary 
phase polarity. Although there are obvious defi- 
ciencies with such an empirical approach, con- 
temporary knowledge of solution interactions is 
inadequate to calculate all forces involved for 
complex molecules. There have been numerous 
approaches to estimating the polarity/selectivity 
of stationary phases including the calculation of 
the reluctance of a stationary phase to retain 
non-polar solutes such as hydrocarbons, as 

1541 
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fundamental thermodynamic parameters of test 
solutes, as solubility parameters, and, recently, 
several solvation models have emerged. Critical 
reviews of conventional schemes as well as 
recent advances in solvation models have re- 
cently appeared. 2*3 These more rigorous sol- 
vation models should emerge pre-eminent as 
they are further refined and more evidence 
emerges, such as that presented here, which 
illustrates the inadequacies of current selectivity 
schemes. 

In this paper, we discuss the various 
intermolecular forces which may contribute to 
GLC retention and the difficulty in devising a 
polarity/selectivity scheme to evaluate the 
magnitude of all of these forces. In particular, 
the inadequacies of the Rohrschneiderl 
McReynolds scheme will be demonstrated 
for a series of tetrabutylammonium n-alkyl- 
sulfonate salts. Two significant limitations of 
the Rohrschneider/McReynolds system are 
discussed presently. First is the fact that the role 
of the n-alkane retention index standards in 
determining the magnitude of stationary phase 
constants is not accounted for. Secondly, 
questions regarding the type and number of test 
solutes appropriate for stationary phase charac- 
terization are discussed. Additionally, results 
presented here demonstrate a hereto unreported 
reactivity of the common test probe, pyridine, 
with these salts, which was eliminated by 
employing the sterically hindered pyridine 
analogues (2,6-di-tert-butylpyridine and 2,6- 
dimethylpyridine). 

EXPERIMENTAL 

Tetra-n-butylammonium ethane-, propane-, 
butane-, pentane-, and hexanesulfonate were 
synthesized as previously described.4 The 
column support material, Chromosorb W-AW, 
was washed with deionized water several times 
until clear to remove the fines present in the 
commercially obtained support. After overnight 
drying at llO”C, the support was sieved to 
40-60 mesh. Column packings containing 
7-15% (w/w) of salt on the support were pre- 
pared using the rotary evaporator technique 
with methylene chloride as the slurry solvent. 
After coating, the packings were dried in a 
fluidized bed drier and packed into nickel 
columns (3 m x 2 mm I.D.) with the aid of 
suction and gentle vibration. Individual phase 
loadings were determined by initial weighings 
and by overnight Soxhlet extraction of the 

column packing with methanol after chromato- 
graphic measurements. No significant dis- 
crepancy was seen between these two 
measurements. Previous experimental tests have 
established that any contribution to retention 
due to solid or liquid surface adsorption is 
negligible.4 

Chromatographic separations were per- 
formed on a Hewlett-Packard 5890 Series II Gas 
Chromatograph (Palo Alto, CA, U.S.A.) with a 
heated on-column injector and a flame ioniz- 
ation detector. The column temperature was 
determined with a digital platinum RTD ther- 
mometer checked against a NIST certified mer- 
cury thermometer and was stabilized at 12O.l”C 
( f O.l’C). Helium carrier gas flow rates were 
determined with a thermostatted soap-film 
meter making the appropriate corrections for 
the saturation vapor pressure of the water. The 
column pressure drop was determined with a 
mercury manometer (& 1 mm Hg). Solutions of 
the test solutes in hexane were injected to ap- 
proximate the infinite dilution condition in the 
linear portion of the sorption isotherm. The 
symmetrical (Gaussian) peaks and retention 
volumes independent of sample size suggested 
that the condition of effective infinite dilution 
was attained. 

RESULTS AND DISCUSSION 

Stationary phase properties of the salts 

The tetra-n-butylammonium n -alkanesul- 
fonates studied here had low melting points and 
were easy to synthesize in high yield and purity. 
These salts were very hygroscopic and deliques- 
cent under normal laboratory conditions. Even 
small amounts of hydration caused marked 
melting point depressions, and, therefore, all 
handling was performed in a glove bag and 
melting points were determined chromato- 
graphically. The phase transition corresponding 
to the melting point of a salt is often determined 
from plots of the logarithm of the specific 
retention volume for test solutes as the recipro- 
cal column temperature when the salt is used as 
the stationary phase. Is4 Alternatively, a more 
straightforward approach is to plot the logar- 
ithm of the adjusted retention time (log t &) or 
the number of effective theoretical plates (N) 
for solutes directly against the column tempera- 
ture. The melting point is indicated by a sharp 
increase in log t k or N. A plot of this type is 
illustrated in Fig. 1 for tetrabutylammonium 
n-pentanesulfonate. Melting points determined 
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Fig. 1. Plot of the logarithm of the adjusted retention times 
(A) and the number of effective theoretical plates (0) for 
dodecane on tetra-n-butylammonium n-pentane sulfonate 

at various temperatures. 

by this method as well as some typical 
column operating conditions for the salts 
are summarized in Table 1. Most of the salts 
studied had wide useful liquid temperature 
ranges (several more than 1OOC) and average 
column efficiencies either comparable to or 
higher than those observed for several common 
nonionic phases prepared from the same 
batch of support. Overall, these salts had 
desirable chromatographic stationary phase 
properties including stability, high purity 
(and therefore column reproducibility), high 
efficiency and good solute peak shape. How- 
ever, characterization of the chromatographic 
polarity and selectivity of these salts by classical 
means proved problematic. Problems experi- 
enced when applying the well-known 
Rohrschneider/McReynolds system to these 
salts are also manifest with conventional phases 
and an explanation requires a thorough under- 

standing of the components of this established 
method. 

Possible intermolecular and interionic forces 

Classical gas-liquid stationary phase po- 
larity/selectivity schemes are designed to evalu- 
ate the various intermolecular forces which can 
occur between the chromatographic phase and 
various test solutes. Additionally, interionic 
forces may be important for the liquid organic 
salts studied here. Table 2 summarizes the vari- 
ous interactions which can possibly contribute 
to solute retention in gas-liquid chromatog- 
raphy. Of the 10 interactions listed, the first 
three are generally the most significant and 
are evaluated in the major polarity/selectivity 
schemes including the Rohrschneider/ 
McReynolds system as well as in the Snyder 
selectivity triangle system, discussed below. The 
first two interactions listed are among the 
strongest intermolecular interactions exhibited 
by stationary phases, namely proton donor 
(acidity) and proton acceptor (basicity) com- 
plexation. The third interaction listed 
(dipoledipole) can also be quite strong and any 
selectivity scheme must therefore test these first 
three interactions. The next three interactions 
listed (dipole-induced dipole, instantaneous 
dipole-induced dipole, and quadrupole) are 
non-specific and have varying strengths of inter- 
action. Although London forces are often the 
dominant interaction in many liquids, they are 
non-polar in nature and are not generally eval- 
uated in conventional selectivity schemes. 

The last four interactions listed are highly- 
specific and generally present only in selective 
phases chosen for particular applications. These 

Table 1. Column operating conditions for tetra-n-butylammonium n-alkanesulfonate salts 

Maximum Liquid Average 
Melting Decompositioin operating temperature column 

point temperature temperature range efficiency 
Salt CC)* (“C) (“CN (“CN (N§ 

Methanesulfonate 79 220 170 93 2200 
Ethanesulfonate 120 225 170 51 2400 
Propanesulfonate 121 215 160 39 2600 
Butanesulfonate 51 215 160 110 2100 
Pentanesulfonate 56 200 160 105 1700 
Hexanesulfonate Gel 200 150 (150) 2600 

*Determined from plots of efficiency and log I k us temperature. 
tDet3ned as the highest temperature that the column could be maintained at overnight without change in 

retention or peak shape in a test chromatogram obtained at a lower temperature before and after the 
conditioning period. 

SValue in parentheses assumes a minimum operating temperature of room temperature (20°C) although the 
salt remains usable below room temperature. 

#Approximate values for a variety of test solutes on 3 m x 2 mm column with a 10% salt loading (w/w) on 
Chromosorb W-AW @O/60 mesh). 
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Table 2. Classification of some possible intermolecular and interionic forces in GLC systems 

Common name 
# Solute-stationary phase interactions (Investigator) 

1 Proton donor complexation Hydrogen bonding 
2 Proton acceptor complexation Hydrogen bonding 
3 Dipole-dipole forces Orientation (Keesom) 
4 Dipole-induced dipole forces Induction (Dcbye) 
5 Instantaneous dipole-induced dipole forces Dispersion (London) 
6 Quadrupoledipole forces Quadrupole 
I Electron pair donor-acceptor (EPIXEPA) Charge-transfer complex 
8 Solvophobic interactions Hydrophobic in aqueous systems 
9 Isomer recognition Unique to chiral and liquid-crystal phases 
10 Ion-dipole forces Ionic interaction, unique to LOS 

include electron pair donor-electron pair accep- 
tor (EPD-EPA), or charge-transfer interactions 
and solvophobic interactions. Although specific 
forces such as isomer recognition and solvo- 
phobic interactions are not technically inter- 
actions, but rather the sum of interactions, they 
can contribute significantly to GLC retention 
and are included in this table for completeness. 
For example, solvophobic interactions are really 
the consequence of interactions, both attractive 
and repulsive (overlap of hard cores) but are, 
nonetheless, still commonly referred to as inter- 
actions.’ Since the electron pair donor/acceptors 
may involve n-, cr-, or ~-electrons, there are 
actually nine different possible types of 
EPD-EPA complexes, although a-EPD-n-EPA 
and Z-EPD-u-EPA have been studied in the 
greatest detail.’ Hydrophobic interactions are 
well known in aqueous systems when apolar 
molecules or apolar groups in large molecules 
aggregate with expulsion of water molecules 
from the hydration shells. Similar interactions 
may be present in solvents resembling water 
including some liquid organic salts studied, and, 
the more general term, solvophobic interactions 
may be used. Such interactions have been re- 
ported in solvents including glycerol and 
ethanol.5 Selective stationary phases can resolve 
enantiomers, as well as close-boiling positional 
and geometric isomers. Enantiomorphic resol- 
ution is the result of interactions between the 
enantiomers and the stationary phase, which 
form a transient diastereomeric association 
complex with a different sorption enthalpy and, 
therefore, different retention characteristics. 
Liquid-crystalline phases exhibit liquid mech- 
anical properties while maintaining some of the 
anisotropic properties of the solid allowing 
close-boiling positional and geometric isomers 
of rigid molecules to be resolvedP Additionally, 
the liquid organic salts investigated here also 
exhibit ion-dipole forces which involve the Cou- 

lomb forces between ions and electrically neu- 
tral dipolar molecules. 

Conventional polarity /selectivity schemes for 
stationary phase characterization 

Of the scores of polarity/selectivity schemes 
proposed over the years, two major schemes 
have stood the test of time. Namely, the Snyder 
selectivity triangle,7*8 which is the most common 
solvent classification method used in liquid 
chromatography, and McReynolds constants, 
which are widely used for evaluating gas 
chromatographic polarity and selectivity. The 
Snyder selectivity triangle has recently been re- 
evaluated by Rutan et aL9 using new experimen- 
tal measurements of the gas-liquid partition 
coefficients of Rohrschneider probe solutes and 
a set of normal alkanes. Although the Snyder 
selectivity scheme has been mainly applied in 
liquid chromatography, it can be applied with 
equal success to gas-liquid chromatographic 
system. Its application to the characterization of 
liquid organic salts is discussed elsewhere.” 

McReynolds constants are based on theoreti- 
cal considerations originally proposed by 
Rohrschneider which utilize retention indices. 
The retention index, originally proposed by 
Kovats in 1958 in the first of a series of 
papers “-u is widely used in studies of stationary 
phase characterization. The retention index uses 
the linear relationship that exists between the 
logarithm of retention parameters and the num- 
ber of carbon atoms within a homologous 
series. Refinements of the retention index have 
been made since its introduction.‘4 Retention 
behavior is most commonly expressed on a 
uniform scale of homologous n-alkanes. The 
retention index of a substance is equal to 100 
times the carbon number of a hypothetical 
n-alkane with the same retention parameter 
(time, volume, etc.). The retention index scale is 
made up of the n-alkanes with retention index 
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values equal to 100 times the carbon number of 
the n -alkane. The retention index of a substance 
X is typically calculated by coinjection of brack- 
eting n -alkanes differing by one carbon number, 
and using equation (1): 

z = loon + 100 
log RX - log R, 

lwRn+, -1wRn 
(1) 

where R is the retention parameter (adjusted 
retention time, adjusted retention volume, 
specific retention volume, partition coefficient, 
etc.) n is the carbon number of the n-alkane 
eluting before substance x, and n + 1 is the 
carbon number of the n-alkane eluting directly 
after substance x. One of the most commonly 
used parameters, due to its simplicity, is the 
adjusted retention time. In theory, the retention 
index of a substance should depend only on the 
stationary phase and the column temperature 
and should be independent of the other column 
variables (chromatographic support material, 
flow rate, column efficiency, etc). In fact, the 
retention index is only independent of column 
variables when the n-alkanes and the substance 
are retained by a single retention mechanism, 
namely partitioning. This is not true in many 
cases and the retention index may be subject to 
systematic errors. 

The most widely used method for retention 
prediction and for characterizing gas chromato- 
graphic stationary phase polarity and selectivity 
is based on the retention index system and was 
introduced by Rohrschneider’l-” and modified 
by McReynolds. ” Rohrschneider proposed a 
scheme based on the principle that inter- 
molecular forces are additive and can be evalu- 
ated from differences in the retention of test 
solutes (as Kovat’s retention indices) on the 
phase being studied and on a nonpolar standard 
reference phase (such as squalane). In principle, 
for each type of intermolecular interaction, 
the interaction energy is proportional to a value 

(a, b, . . .) characteristic of a particular test 
solute, and to a value (x, y, . . .) characteristic of 
the stationary phase. The index difference can 
therefore be described as: 

AZ=ax +by +cz. (2) 

Rohrschneider first tried to characterize AZ with 
three terms, namely, benzene, ethanol, and 
methyl ethyl ketone. Subsequently, he found it 
necessary to add two additional terms (symbol- 
ized du and es). 

“McReynolds Constants” are phase specific 
constants calculated by subtracting the reten- 
tion index values measured on a non-polar 
reference phase, squalane (2,6,10,15,19,23-hex- 
amethyltetracosane), from that measured on the 
phase to be characterized as indicated by the 
following equation: 

c’=zpp$&--z$;$ (3) 

where C ’ is the McReynolds constant, I$‘$& is 
the Kovats retention index for the test probe on 
the stationary phase of interest and Zz;:ty is the 
Kovats retention index for the test probe on 
squalane. The values for the retention indices 
of the test probes on squalane can be taken 
from McReynolds original workI as follows: 

Zenzene’ = 653; Z~utano” = 590; Zu-pcntanone’ = 627; 
Zc’-n’tropropane’ = 652; Z@~titinc’ = 699. 

The calculation is repeated for each probe 
generally using a phase loading of 10% and a 
column temperature of 120°C. McReynolds 
chose some higher molecular weight homol- 
ogues of Rohrschneider’s original probes and 
added five additional probes in an attempt to 
more completely characterize stationary phase 
selectivity. The number of terms needed to 
adequately characterize GLC stationary phase 
selectivity and the test solutes most appropriate 
for this purpose continues to be a matter of 
debate.*‘**’ The McReynolds probes and the key 
interactions they measure are listed in Table 3. 

Table 3. Intermolecular interactions exhibited by common test probes 

Snyder probe Rohrschneider McReynolds 
(symbol) probe (symbol) probe (symbol) 

Benzene (X,) Benzene (X’) 
Ethanol (x,) Ethanol (Y,) I-butanol (Y’) 

2-butanone (Z,) 2pentanone (I?) 
Nitromethane (CC.) Nitromethane (.!Q Nitropropane (U’) 

Pyridine (S,) Pyridine (s’) 
2-methyl-2pentanol (H’) 
I-iodobutane (J’) 
2-octyne (K) 

1 +dioxane (xd) 1 ,4-dioxane (L’) 
cis-hydrindane (M’) 

Principle interactions exhibited by probe 
(Secondary interactions exhibited by probe) 

Dispersive (inductive, EPD-EPA, quadrupole) 
Proton donor (orientative, proton acceptor) 
Weak proton acceptor (orientative) 
Orientative (weak proton acceptor) 
Proton acceptor (orientative, EPD-EPA) 
Proton donor (orientative, proton acceptor) 
Orientative (weak proton acceptor) 
Dispersive (EPD-EPA) 
Orientative (proton acceptor, EPD-EPA) 
Dispersive 

TAL 40,10-F 
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Table 4. Specific retention volumes for test solutes on a series of tetra-n-butylammonium n-alkanesul- 
fonate salts at 12O.l”C 

Test solute 

Octane 
Nonane 
Decane 
Undecane 

Methane Ethane 

9.5 10.0 
16.1 17.1 
26.8 28.9 
44.3 48.1 

Sulfonate anion 
Propane Butane 

11.3 13.6 
19.5 23.0 
33.1 38.5 
55.5 64.6 

Pentane Hexane 

14.9 16.1 
25.9 28.4 
44.6 49.3 
76.0 84.9 

Dodecane 72.7 79.5 92.5 107.4 128.8 145.2 
Tridecane 118.6 130.8 153.1 178.7 217.0 247.0 
Tetradecane 192.8 214.3 252.5 296.7 364.3 418.7 
Pentadecane 312.4 349.9 414.9 491.2 609.7 707.1 
Hexadecane 504.8 569.6 679.6 811.0 1017.6 1191.0 
Benzene 26.2 24.3 24.4 25.3 26.2 26.0 
I-Butanol 373.2 341.9 343.2 388.2 360.7 350.4 
2-Pentanone 37.9 36.4 36.7 37.5 38.7 38.0 
I-Nitropropane 174.3 159.7 156.9 153.3 158.2 151.6 
Pyridine 126.6 1950.2* 939.7+ 1267.3’ 142.7 322.2* 
Ethanol 122.4 110.3 108.3 106.2 111.2 107.2 
Nitromethane 127.7 110.7 106.7 104.2 107.6 103.2 
Dioxane 44.3 41.2 40.6 41.4 42.1 41.5 

*Broad, tailing peak (values may be unreliable). 

For comparison, the selectivity probes orig- 
inally proposed by Rohrschneider are also listed 
in Table 3, as well as the three Snyder selectivity 
probes. McReynolds published phase constants 
for some 200 common liquid phases which led 
to the discontinuation of many phases with 
duplicate separation properties. Over the years, 
McReynolds constants have become the most 
quoted indicator of chromatographic selectivity. 
Colurnn manufacturers customarily quote 
McReynolds constants for each stationary 
phase marketed to aid in the selection of phases 
for particular applications. Additionally, re- 
searchers normally determine the same con- 
stants for new phases as proof of the uniqueness 
of new phases. Finally, McReynolds constants 
are used “as an aid to the accurate prediction of 
chromatographic behavior”.z It is this later 
application, particularly, where McReynolds 
constants can yield erroneous results, as demon- 
strated in the present study. 

Limitations of retention index based schemes 

The inherent limitation of any selectivity 
scheme based on retention indices is that any 
derived constants will be a composite of the 
index standards as well as the polarity probes 
used to evaluate specific interactions. For 
example, Kovats’ retention indices calculated 
via equation (1) measure a stationary phases’ 
retention of a selectivity probe, X, relative to the 
non-polar n-alkanes bracketing that probe. 
Therefore, Kovats’ retention indices are a com- 
posite measure of how strongly a phase retains 
a polar solute relative to a non polar solute. So, 

ambiguous McReynolds constants due to the 
hydrocarbon index standards are inherent in the 
system, and must be considered whenever a 
stationary phase is chosen for a particular appli- 
cation. For the series of tetrabutylammonium 
n-alkanesulfonate stationary phases investi- 
gated here, we have observed that their 
McReynolds constants vary substantially, 
although they have very similar chromato- 
graphic retention properties for the 
McReynolds probes. Any apparent differences 
in polarity and selectivity for these stationary 
phases are entirely due to the variations in 
retention times of the alkane standards, rather 
than variations in the retention of the selectivity 
probes. specific retention volumes for 
McReynolds and Snyder selectivity probes as 
well as the bracketing n-alkanes standards are 
listed in Table 4. 

Figure 2 illustrates that while there was either 
no increase or, in fact, a small decrease in 
specific retention volumes for the major polarity 
probes for the series of liquid organic salts 
studied here, the retention of the n-alkane stan- 
dards increases substantially. The resulting 
McReynolds constants calculated via equation 
(3) are given in Table 5. The net effect of the 
increase in retention of the n-alkanes is a sub- 
stantial decrease in the calculated McReynolds 
constants for the polar probes with an average 
decrease of more than one third (ca. 36%) from 
methane to hexane sulfonate. The apparent 
observed differences in selectivities are entirely 
attributable to the hydrocarbon index standard, 
rather than the polar test probes. These data 
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Fig. 2. Plot of the specific retention volume OS the carbon 
number of the anion for tetra-n-butylammonium n-alkane- 
sulfonates at 120°C. Probe identification: Y’ = n-butanol 
(0); u’ = I-nitropropane (*); z’ = 2pentanone (A); 
Cl4 = n-tetradecane (0); Cl3 = n-tridecane (0); Cl0 = n- 

decane (0). 

support those previously published for very 
polar conventional non-ionic liquid phases;23 
namely, that the magnitude of McReynolds 
constants is determined primarily by a lack of 
solute-solvent interactions with the hydro- 
carbon index standards and, to a lesser extent, 
from specific solute-solvent interactions with 
the polar selectivity probes. 

Limitation of using a single solute to evaluate a 
specifc interaction 

The earlier discussion of the multitude of 
possible intermolecular and inter-ionic forces 
within the phases illustrates the inherent prob- 
lem associated with assigning a single test probe 
for a single interaction. With the exception of 
the non-polar alkanes, any chosen test probe 
will necessarily exhibit multiple intermolecular 
interactions and thus serves as a composite 
measure of polar interactions. For example, 
Rohrschneider and McReynolds chose pyridine 
as their probe for stationary phase pro- 

Table 5. McReynolds constants calculated for tetra-n-buty- 
lammonium n-alkanesulfonates at 120°C 

Test solute 
Tetra-n-butylammonium X’ Y’ Z’ U’ L 

Methanesulfonate 345 944 446 728 450 
Ethanesulfonate 316 903 422 690 420 
Propanesuffonate 290 871 396 656 389 
Butanesulfonate 266 836 369 619 361 
Pentanesulfonate 249 809 349 591 337 
Hexanesulfonate 230 778 327 560 316 

The absolute values of the retention indices for squalane 
were taken from McReynolds original workI as follows: 
It-j = 653; &r_bu-,) = 590; &_poun~j = 627; I,,_,, 
propane) = 652; f~wridiluj = 699. Identification of symbols 
for McReynolds probes are given in Table 3. 

ton-donor interaction, when, in fact, pyridine 
may also exhibit orientative interactions and 
EPD-EPA complexation. Additionally, we have 
encountered what appear to be on-column reac- 
tions of pyridine with some of the phases stud- 
ied. Possible on-column reactions were 
indicated by very broad, tailing peaks whose 
peak area was not representative of the amount 
of test solute injected and whose retention times 
were unpredictable. One possible explanation 
for such behavior is the possibility of a nucleo- 
philic displacement reaction occurring with the 
liquid organic salts studied. Two sterically hin- 
dered bases, namely, 2,6-di-tert-butylpyridine 
and 2,6-dimethylpyridine were chosen to inves- 
tigate this possible on-column chemical reac- 
tion. A higher temperature was chosen in an 
attempt to improve the excessively broad chro- 
matographic peaks for pyridine at 120°C. 
Specific retention volumes for McReynolds and 
Snyder selectivity probes as well as the bracket- 
ing n -alkanes standards and 2,bdi-tert- 
butylpyridine and 2,6-dimethylpyridine at 
140°C are listed in Table 6. Even at higher 
temperatures, the excessive tailing and peak 
breadth precluded the use of pyridine for char- 
acterizing the acidity of these phases. However, 
the two sterically-hindered (more weakly nucle- 
ophilic) bases, 2,6-di-tert-butylpyridine and 2,6- 
dimethylpyridine, exhibited expected peak 
symmetry, efficiency, and relative retention for 
the phases studied. 

The specific retention volumes for traditional 
basic probes, including 2pentanone and 
pyridine, as well as for 2,6-di-tert-butylpyridine 
and 2,6_dimethylpyridine are shown in Fig. 3. 
Pyridine demonstrates erratic behavior for the 
phases studied. Whereas, the polar selectivity 
probes generally exhibited no significant change 
in VB as the carbon number of the anion was 
increased, and the non-polar n-alkane index 
standards exhibited a substantial increase as a 
function of the carbon number, there is no 
systematic behavior for pyridine. The behavior 
of the two alternative bases investigated, 2,6- 
di-tert-butylpyridine and 2,6-dimethylpyridine, 
were more in keeping with the results for the 
other test solutes. However, the highly lipophilic 
2,6-di-tert-butylpyridine displayed chromato- 
graphic retention behavior approaching that 
observed for the n-alkanes, and therefore, could 
also yield erroneous results if used as a test 
probe for bases. For example, the percentage of 
the slopes relative to the average VB values 
(slope/Ave. Ve x 100) for the plots in Fig. 3 
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Table 6. Specific retention volumes for test solutes on a series of tetra-n-butylammonium n-alkanesulfonate salts 
at 140.3”C 

Test solute Methane Ethane 
Sulfonate anion 

Propane Butane Pentane Hexane 

Decane 14.9 16.0 18.4 20.5 24.3 26.7 
Undecane 23.4 25.4 29.4 32.9 39.5 43.1 
Dodecane 36.4 40.0 46.5 52.4 63.7 71.0 
Tridecane 56.3 62.6 73.0 83.1 101.9 114.6 
Tetradecane 86.9 97.4 114.4 131.0 162.4 184.2 
Pentadecane 133.5 151.1 178.4 206.0 251.8 295.0 
Hexadecane 204.8 233.6 277.4 322.9 401.9 471.0 
Benzene 16.3 15.6 15.7 15.8 16.7 16.6 
I-Butanol 176.5 164.4 164.4 164.4 173.8 168.4 
2-Pentanone 22.89 22.5 22.6 22.6 23.9 23.3 
1-Nitropropane 96.9 90.6 89.2 87.3 90.7 86.1 
Pyridine 70.9 552.2’ 341.2’ 595.7’ 79.3 145.3’ 
Ethanol 66.9 59.5 58.6 57.6 60.8 58.2 
Nitromethane 15.5 66.8 64.5 61.4 65.1 60.7 
Dioxane 27.2 25.1 24.9 24.6 25.8 25.5 
2,6-di-t-butylpyridine 99.4 102.2 112.0 122.4 140.3 148.3 
2,dDimethylpyridine 54.5 53.1 - - 58.3 63.5 

*Broad, tailing peak (values may be unreliable). 

shows a marked difference between the 
polar probe pentanone and the alkane standard 
n-tridecane. The slope for pentanone is 
just 0.8% of the average value for penta- 
none; whereas, the slope for n-tridecane is 
14.6% of its average value for the six salts 
studied. In contrast, the slope for 2,6- 
dimethylpyridine is 3.1% and that for 2,6-di- 
tert-butylpyridine is 8.7%. Not surprisingly, 
the more aliphatic a selectivity probe is, the 
more its chromatographic behavior will mimic 
that of the alkane markers. Of the limited 
number of basic test probes studied here, 2,6- 
dimethylpyridine was the best compromise be- 
tween acceptable chromatographic behavior 
(peak symmetry, etc.) and minimal aliphatic 
character. 
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Fig. 3. Plot of the specific retention volume us the carbon 
number of the anion for tetra-n-butylammonium n-alkane- 
sulfonates at 140°C. Probe identification: S’ = pyridine (m); 
B’ = di-tert-butyl-pyridine (+); M’ = dimethylpyridine (V); 

Cl3 = n-tridecane (0); Z’ = 2-pentanone (A). 

These results support previous studies24 illus- 
trating that McReynolds constants can be an 
unreliable measure of selective solute-stationary 
phase interactions for stationary phases. 
McReynolds constants are a composite indi- 
cator of the strength of specific solut+solvent 
interactions for polar test probes, as well as a 
measure of the weakness of non-specific so- 
lute-solvent interactions for the n -alkane reten- 
tion index markers. A large McReynolds 
constant may indicate a strong specific inter- 
action between the stationary phase and the test 
probe and/or it may indicate generally weak 
interactions with n-alkanes. Additionally, the 
choice of single solutes to probe for specific 
interactions, and in particular basic inter- 
actions, is a difficult, if not impossible, task. 
Therefore, before selecting a stationary phase 
for a particular application, additional measures 
of stationary phase selectivity, including specific 
retention volumes, thermodynamic values, etc. 
for similar solutes as those to be separated 
should be sought. Ultimately, it is desirable that 
a more complete, and, subsequently, a slightly 
more complex, system of stationary phase 
characterization be adopted. Such systems are 
currently under development2v3 and adoption of 
any new system by the community of practising 
chromatographers will require a thorough 
knowledge of the limitations of our current 
system as well as the attributes of any new 
scheme to be adopted. 
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Summary-The electroanalytical chemical properties of buspirone are. reported in this paper. A sensitive 
single sweep voltammetric procedure for trace buspirone determination was developed. The detection limit 
is 5.0 x 10e9M. The method has been applied to the determination of buspirone in blood serum by simple 
dilution in a buffer. 

Polarography and voltammetry are widely 
applied to the determination of drugs. Several 
reviews have appeared covering the voltam- 
metric determination of drugs.lA Volke’ 
reviewed the development of polarographic and 
voltammetric assay of drugs, and investigated 
the relation between the polarographic data and 
the physiological action of drugs. The polaro- 
graphic and voltammetric techniques applied in 
the assay of drugs include d.c. polarography, 
a.c. polarography, pulse polarography, cyclic 
voltammetry, linear sweep voltammetry and 
adsorptive stripping voltammetry. Differential 
pulse polarography (DPP) possesses higher 
sensitivity and better selectivity among these, so 
its application to the determination of drugs is 
the widest. The adsorptive stripping voltamme- 
try has a lower detection limit, which has 
frequently prompted its use for the deter- 
mination of drugs. Recently, PengU used 
adsorptive voltammetry to determine chlor- 
prothixene and haloperidol. 

Buspirone (I, 8(4-(4-(2-pyrimidinyl)-l-piper 
azinyl)butyl) - 8 -azaspiro(4,5)decane- 7,9 - dione) 
is an antidepressant which was synthesized in 
the 1970s. Its analytical methods, such as high- 
performance liquid chromatography9 and 
DPP,” have been reported. However, other 

0 
I, Buspirone 

*Author for correspondence. 

electroanalytical methods have not been re- 
ported yet. This paper describes the appli- 
cation of adsorptive voltammetry to the deter- 
mination of trace amounts of buspirone. The 
drug can be adsorbed and reduced at the 
dropping mercury electrode. The cyclic voltam- 
metric data show that the surfactants can pro- 
mote the adsorption of buspirone at the 
mercury electrode. In the presence of Triton 
X-100 the limit of detection for buspirone was 
5.0 x 109M. 

EXPERIMENTAL 

Apparatus 

The single-sweep polarograms were recorded 
on a JP-IA polarograph. The polarographic cell 
has the three electrode system: a dropping 
mercury electrode (DME) as working electrode, 
a silver/silver chloride (saturated potassium 
chloride) reference electrode and a platinum 
wire auxiliary electrode. (A drop time of 7 set 
was selected using a knocker, with a rest time of 
5 set and a scan time of 2 set/250” mv/sec.) An 
XJP-821 neopolarograph in connection with an 
LZ3-100 X-Y recorder and a JM-01 (manual 
micro-metric screw delivery) hanging mercury 
drop electrode (HMDE) were used for linear 
scan voltammetry and cyclic voltammetry 
measurements. 

Reagents 

Standard buspirone solution. A stock solution 
(1 .O x lo- ‘M) of buspirone was prepared by 
dissolving the drug in ethanol. 

Triton X-100 solution, 0.020%. Dissolve 0.10 
g of Triton X-100 in 50 ml of water, and dilute 
to 500 ml. 
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The buffer solution was 0.20M sodium 
dihydrogenphosphate solution, adjusted to pH 
5.80 with 2M sodium hydroxide. 

Other reagents were of suprapure or analyti- 
cal-reagent grade. Demineralized water was 
used throughout. 

Procedure 

Polarography of pure buspirone solution. Mix 
2.0 ml of buffer solution (pH 5.80), 0.70 ml of 
0.020% Triton X-100 solution and various 
amounts of standard buspirone solution. Dilute 
to 10 ml with water. The solution was 
transferred to the voltammetric cell, and purged 
with oxygen-free nitrogen for 10 min. A flow of 
nitrogen was maintained over the cell through- 
out the analysis to prevent interference from 
oxygen. Record the derivative polarogram, 
starting the potential scan at - 1.0 V. The peak 
potential is - 1.35 V. 

Analysis of samples. Blood serum was 
prepared for centrifuging blood samples three 
times. Transfer l-3 ml of the blood serum into 
a lo-ml standard flask, and continue as above. 

Recovery experiment. Add the amounts of 
buspirone shown in Table 1 into a 50-ml beaker 
containing the serum samples and treat as 
described above. 

RESULTS AND DISCUSSION 

Single-sweep polarography 

In a pH 3.0-10.0 buffer solution buspirone 
yields a sensitive polaragraphic wave, the peak 
potential shifting in the negative direction 
with increasing pH value of test solutions. In 
a pH 5.80 buffer solution the peak potential 
of the drug is - 1.35 V [Fig. l(b)]. In the 
presence of 0.0014% Triton X-100 the peak 
potential does not shift, but the peak height 
increases two-fold [Fig. l(c)]. Over the range 

3.0 x 1O-8-5.O x 10e6M, the peak currents are 
linearly proportional to the concentration of the 
drug. The detection limit is 5.0 x 10-9M, which 
was taken as the concentration that gave a 
signal equal to three times the standard 
deviation of the blank signal, calculated from 
the calibration slopes. The reproducibility was 
evaluated by 15 repetitive experiments on a 
5.0 x lo-‘M buspirone solution. The relative 
standard deviation was 1.5%. 

Eflect of pH and bufler concentration 

Figure 2(a) shows the influence of the acidity 
of the test solution on peak current. A very low 
response to buspirone was observed in solutions 
more acidic than pH 4.0. Increasing the pH 
from 4.0 to 5.5 led to a rapid increase in the 
peak height. The increase in the pH beyond 
6.0 caused the peak current to decrease. Over 
the pH range 5.56.0 the peak currents are very 
close. Accordingly, a pH of 5.8 was used 
throughout for maximum sensitivity. Various 
buffers such as 0.05M ammonium acetate, 
0.05M sodium acetate and 0.05M NaH,PO, 
were examined in 5.0 x lo-‘M busiprone. The 
best results were obtained with NaH,PO, buffer. 
Figure 2(b) shows the influence of the added 
amounts of the buffer on peak height. The peak 
current increases with increasing buffer concen- 
tration from 0.010 to 0.040M and decreases 
slightly when the buffer concentration exceeds 
0.045M. In this paper the buffer concentration 
is 0.040M. 

Eflect of surfactants 

In order to choose the most suitable 
surfactant, various cationic, anionic and non- 
ionic surfactants, all of them highly soluble in 
water, were tested. The surfactants were cetyl 
trimethyl ammonium bromide (CTMAB), 
sodium lauryl sulphate (SLS), p-octyl 

Table 1. Determination of bus&one in serum samnles 

Buspirone added, Buspirone found, Recovery* Content? 
Samples rcgiml pgglml % figglml 

0 0 
0.0800 0.0720 
0.200 0.216 
0.400 0.430 
1.20 1.24 

No. 1 2.00 1.98 
0 1.60 

No. 2 0.400 2.04 
0 7.62 

No. 3 4.00 12.1 

- 0 
90.0 

108 
108 
103 
99.0 
- 1.63 

110 
- 7.50 

112 

*Mean of three parallel determinations. 
tDetermined by HPLC. 
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Potential, V 

Fig. 1. Derivative single-sweep polarograms of buspirone (a) 
pH 5.80, 0.0014% Triton X-100; (b) pH 5.80, 1.0 x 10e6M 
buspirone; (c) pH 5.80, 0.0014% Triton X-100, 

1.0 x 10W6M buspirone. 

polyethylene glycol phenylether(OP), Tween-80 
and Triton X-100. The results obtained are 
shown in Table 2. Obviously, cationic, anionic 
and non-ionic surfactants can all increase the 
peak current of the drug. Triton X-100 is the 
best and so we used it as a sensitizer. The 
influence of its concentration on the peak height 
is shown in Fig. 2(c). The peak current increases 
rapidly with increasing Triton X-100 concen- 
tration from 0.0006 to 0.0013% and decreases 
greatly when the concentration of Triton X-100 
exceeds 0.0016%. A percentage of 0.0014% for 
the surfactant was chosen for subsequent 
studies. 

Adsorptive characters of buspirone 

The adsorption of buspirone at the dropping 
mercury electrode was demonstrated by 
constructing electrocapillary curves and by 
carrying out medium-exchange experiments. 

5678 4 
0 0.02 0.04 0.06 R 

0.0006 0.0010 0.0014 0.00111 
aHaP M 

Tliton x500. % 

Fig. 2. Effect of the solution conditions 1.0 x 10e6M bus- 
pirone; (a) effect of pH: 0.0006% Triton X-100, 0.020M 
NaHrPO,; (b) effect of NaH,PO, concentration: pH 5.80, 
0.0006% Triton X-100; (c) effect of Triton X-100 concen- 

tration: pH 5.80, 0.04OM NaH,PO,. 

Table 2. The effect of surfactants* 

Surfactants Peak height, @ 
- 0.38 
CTMAB 0.63 
SLS 0.48 
OP 0.55 
Tween-80 0.50 
Triton X-100 0.75 

*pH 5.80, 5.0 x IO-‘M buspirone, 
0.0010% each of surfactant. 

The electrocapillary curves of the buspirone- 
Triton X-100 system are shown in Fig. 3. The 
electrocapillary curve of a solution containing 
buspirone [Fig. 3(b)] is lower than that of the 
pure buffer [Fig. 3(a)], indicating that buspirone 
is adsorbed at the dropping mercury electrode. 
The electrocapillary curve of the solution con- 
taining buspirone and Triton X-100 [Fig. 3(d)] 
is lower still than that of the buspirone solution, 
indicating that Triton X-100 promotes the 
adsorption of the drug at the mercury electrode. 

For medium-exchange studies, the static 
mercury drop electrode (SMDE), J-shaped 
capillary, used as a working electrode, was kept 
in contact with a solution containing buspirone 
and Triton X-100 for 180 set with stirring. 
Following this, the electrode was cleaned in 
water for 15 set while stirring and transferred 
into another cell containing the background 
solution only. The reduction process shown in 
the voltamperogram obtained in the new cell 
closely resembled that in the original cell. 

200 - 

120 - 

0 -0.4 -0.8 -1.2 -1.6 
Potential, V 

Fig. 3. Electrocapillary curves of the buspirone+Triton 
X-100 system (a) pH 5.80 (0.04OM NaHrPO,); (b) pH 5.80, 
5.0 x IO-‘M buspirone; (c) pH 5.80,0.0014% Triton X-100, 
(d) pH 5.80, 0.0014% Triton X-100, 5.0 x 10-‘&f bus- 

pirone. 
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Fig. 4. The cyclic voltamperograms of buspirone system A: pH 5.80,0.0014% Triton X-100, 5.0 x lo-‘M 
buspirone, V = 100 mV/sec, f = 15 set, electrode area of 0.012 cm*, (a)-first scan, (b)-second scan; 
B: (c)--in the presence of Triton X-100, (d)-in the absence of Triton X-100, other conditions as same 
as A, C: 5.0 x 10m6M buspirone, (e) and (f) in the presence of Triton X-100, I = 15 set, (e)--first scan, 
(f&second scan, (g) and @---in the absence of Triton X-100, t = 45 set for (g), I = 180 set for (h), other 

conditions are same as for A. 

Cyclic voitammetry 

The redox and interfacial behaviour of 
the drug can be evaluated by using cyclic 
voltammetry. Figure 4 shows the cyclic volt- 
amperogram for the buspirone-Triton X-100 
system. From Fig. 4 the following information 
can be obtained. 

In Fig. 4(a) subsequent repetitive scans 
yielded significantly smaller (but stable) 
cathodic peaks corresponding to the reduction 
of dissolved species. This behaviour indicates 
that the adsorption of the drug at the mercury 
electrode is reactant adsorption.” Buspirone 
shows cathodic peak at about - 1.35 V due to 
its reduction, and no peak was observed on the 
anodic branch, indicating that the reduction 
of the drug is irreversible. The width at the 
mid-peak of buspirone was determined (curve a) 
and found to be 65 mV; the an, value can be 
calculated and found to be 0.96.12 Squella’O 
reported that the number of electrons involved 
in the buspirone reduction process is two, so the 
u value is 0.48. 

In Fig. 4(b) the curve c is the cyclic 
voltamperogram in the presence of Triton X- 
100, and curve d, one in the absence of the 
surfactant. From curve d the width at half-peak 
of buspirone was determined and found to be 65 
mV, so the an, value is 0.96, which indicates 
that Triton X-100 does not improve the 
reversibility of the reduction process of the 
drug. However, the peak height in curve c is two 
times that in curve d, which shows that the 
surfactant promotes the adsorption of 
buspirone at the mercury electrode. 

Figure 4(c) shows the cyclic voltamperograms 
for 5.0 x 10W6M buspirone. Curves e and f are 

the cyclic voltamperograms in the presence of 
the surfactant for an accumulation time of 15 
sec. The peak height during the first scan (curve 
e) is close to that during the second (curve f), 
indicating that for the buspirone concentration 
larger than 5.0 x IO-‘M the adsorption of the 
drug at the mercury electrode achieves likely 
saturation adsorption. The curves g and h are 
the cyclic voltamperograms in the absence of 
Triton X-100 for an accumulation time of 45 
and 180 set, respectively. The adsorption time in 
the absence of the surfactant is longer than that 
in the presence of the surfactant, but the peak 
height of the former is smaller than that of the 
latter, demonstrating that the Triton X-100 
promotes the adsorption of the drug at the 
mercury electrode. 

Application 

Serum samples are generally pretreated 
because the proteins interfere in the determi- 
nation of drugs in serum. Using the single-sweep 
polarographic procedure proposed in this paper 
to determine the buspirone in serum, no sample 
pretreatment was required, other than a dilution 
with the supporting electrolyte. 

Calibration graphs. Treat the standard 
buspirone solutions used for the preparation of 
the calibration line in the procedure as described 
in the section on analysis of samples. The 
regression equation of the calibration line has 
the form: 

Y = 0.0145x + 0.0003 (1) 

where Y is the peak current in PA and X is 
the buspirone concentration in pg/ml. The 
correlation coefficient was 0.999. The results 



Voltammetric deterntination of buspirone 1555 

of the determination of the buspirone in the 
serum samples and recovery of added buspirone 
by using the recommended method are 
summarized in Table 1. Samples 2 and 3 
were from rabbits used in toxiological test for 
buspirone. 
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Summary-A new, fast and simple inorganic chemiluminescence method for the determination of trace 
amounts of manganese is described. When MnOi is injected into 0.4OM Na,COr-0.70M KOH mixed 
solution in a reaction cell, the strong chemiluminescence occurs and is recorded. The detection limit is 
0.1 ppb Mn and the linear range extends from 0.1 to 10 ppb Mn. A 5-ppb Mn concentration can be 
determined with a relative standard deviation of 5.6% (15 replicates). The commonly encountered cations 
do not interfere with the determinations. This method has been successfully applied to the direct 
determination of manganese in bauxite. The reaction mechanism is also briefly discussed. 

The use of chemiluminescence (CL) in analysis 
for organic and inorganic species at trace 
levels has received attention mainly because of 
the simplicity of the instrumentation, the low 
detection limits and the wide dynamic range. 
Chemiluminescence reactions based on reagents 
such as luminol, lucigenin, lophine and some 
oxalate esters’ are most common. Many trace 
metals, including manganese, have been deter- 
mined by their catalysis of CL reaction.*’ There 
are also some inorganic CL systems,4-8 without 
organic CL reagents but generally containing 
some oxidants such as H202 and 03, in the 
application of analytical chemistry. However, 
the lack of selectivity of these CL systems limits 
their direct application to analysis of complex, 
real samples. 

Determination of manganese based on CL 
has been reported. Kalinichenko9slo determined 
0.05-5 ng of manganese using ltiol, but many 
other transition metals interfered. Dubovenko 
and Tovmasyan” reported a similar system for 
determining 0.1-l pg/ml manganese with photo- 
graphic rather than photoelectric detection. Seitz 
and Hercules’* used ion-exchange to remove 
interferences for the determination of manga- 
nese, with a detection limit of lo-*M manga- 
nese. Burguera and Townshend” re-investigated 
the determination of manganese with luminol, 

*Present address: Departamento de Quimica Analitica, 
Fact&ad de Quimica, Universidad de Sevilla, 41012- 
Seville, Spain. 

but no application was reported. Zheng et ~1.‘~ 
obtained a detection limit of 8 x lO-‘j pg/ml 
manganese using a luminol-KIO, system, but 
Co(I1) and Cr(II1) interfered. Lucigenin can 
be used in place of luminol, and Dubovenko 
et u/.“*‘~ used this system to determine l-3 &ml 
manganese, but many metal ions interfered. 
Another CL reaction”~‘* between permanganate 
and siloxene has been reported for the deter- 
mination of 0.1-10 pg of manganese. Yamada 
et a1.l9 also described a new CL system to 
determine 0.01-10 ng manganese, but Fe(II1) 
and Mg(I1) interfered. 

In this study we investigate a new, simple, 
sensitive and selective inorganic CL system- 
MnO;-Na,CO,-KOH for the determination of 
manganese. The reaction of decomposition of 
MnO; to MnOj- and 0, in alkaline medium 
is a common reaction, but no one has reported 
its CL behaviour in the past. We found that 
strong CL occurred when MnO; was injected 
into Na,CO,-KOH mixed solution, but CL was 
hardly observed without Na2C03. Because of 
the specificity of the reaction, the commonly 
encountered cations did not interfere with the 
determinations. 

EXPERIMENTAL 

Apparatus 

An FG83- 1 CL Photometer (made in our lab- 
oratory) and a XWT-104 Recorder (Shanghai) 
were used. 

1557 
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Fig. 1: Typical CL signals. (a) 0.5 ppb; @) 1 ppb; CC) 2 ppb. 

Reagents 

Mn(II) standard solution (1 mglml). Dissolve 
500.0 mg of high-purity manganese metal 
(cleaning the metal surface with diluting sulph- 
uric acid before weighing) with 10 ml of 1: 4 
sulphuric acid, transfer the solution into a 
500~ml standard flask and dilute to volume with 
water. Mn(I1) standard solution (0.01 mg/ml) is 
prepared by dilution of this standard solution 
with water. 

MnOl standard solution (100ppb Mn).zo Add 
0.5 ml of 0.01 mg/ml Mn(I1) standard solution, 
1.0 ml of concentrated nitric acid, 2.0 ml of 
1: 1 sulphuric acid by pipette to a loo-ml 
beaker and evaporate the smoke throughout. 
Then add 10 ml of water, 2.5 ml of 1: 1 sulphuric 
acid to the beaker and .heat to dissolve the 
salts. Also add 1.0 ml of phosphoric acid and 
0.30 g of potassium periodate to the beaker, 
then heat the solution to produce a reddish 
colour, transfer the solution to a 50-ml standard 
flask, and preserve the solution in boiling 
water for 40 min. Cool and dilute to volume 

All reagents are analytical grade or better 
and water is doubly distilled in a fused-silica 
apparatus. 

Procedures 

Pipette 1.00 ml of Na,CO,-KOH mixed 
solution to a reaction cell. The cell is then put 
into the cassette of FG83-1 photometer, close 
the cassette with a cover, then open a shutter 
in the photometer and start the recorder. The 
standard solution of MnOi (or sample solution) 
is rapidly injected into the reaction cell through 
a fill orifice by an injector and the CL signal is 
recorded by the recorder (the signals are shown 
in Fig. 1). 

RESULTS AND DISCUSSION 

Possible mechanism of chemihuninescence reaction 

The CL spectra, the products and their 
absorption spectra from the CL reaction are 
investigated. The CL spectra show three spec- 
trum peaks at 420, 480 and 580 nm, which 
coincides with the emitting wavelength (480 and 
580 nm) of excited double molecular oxygen 
(O,)* reported by Khan et al.*’ except that at 
420 nm, and it is proposed that (O&* is the main 
luminous species in this system. When we sub- 
stitute O.lM H3B03 for 0.40M Na,CO,, the CL 
intensity becomes very low, only two spectrum 
peaks occur at 480 and 580 nm. It is evident that 
Na,CO, is another luminous species in this 
system. 

Wierzchowski et ai.= studied the CO:-- 
H,OrFe(SCN):- CL system, and it was sug- 
gested that ‘OH, ‘0, and ‘HC03 radicals may 
be generated with one of the possible modes 
of recombination of the ‘HCO; radical and its 
decomposition being: 

* 0 

2HCO; &ciO” Lo 
\ / 

+G=C=O+O~+H-C==O 

O-H . . * 0 b H 

I!I 

with water. Working standard solutions are 
prepared by dilution of the standard solution 
with water. 

Na~OJ(0.40iU)-KOH(0. 7OM) mixed solution. 
A 21.20-g portion of Na,CO, and 19.64 g of 
KOH are dissolved in water. Dilute to volume 
in a 500-ml standard flask with water, mix and 
then transfer to a plastic bottle. 

For this mode the energy difference is 
AE=E,,.+E,,,+E,_.-(E,c_o+E,_.)= 
305 kJ/mol that approximately corresponds to 
the spectrum peak at 420 mu. 

The study of the reaction products shows that 
the absorption peaks of the solution of the 
reaction products are similar to that of MnO:- 
solution at 600, 500 and 369 nm,23 and BaMnO, 
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(blue solid) is obtained when saturated Ba(OH), 
solution is added to the solution of the reaction 
products. It is evident that one of the products 
is MnOi-. 

On the basis of these investigations, a possible 
mechanism of the CL reaction is proposed, and 
several conclusions can be drawn as follows. 

(1) The main CL reaction is the decompos- 
ition of MnO, to MnO:- and Oz accompany- 
ing CL, and the reaction is a free radical 
reaction. The possible mechanism of the reaction, 
in which reactions (l)-(5) have been reported by 
Symons~4*25 is proposed as follows: 

MnO; + OH- = MnO; + ‘OH (1) 

‘OH + OH- = ‘0- + H,O (2) 

MnO; + OH- + ‘0 - = MnO; + HO; (3) 

MnO; + HO; = MnO; + HO; (4) 

HO,+OH- =O; +H,O (5) 

MnO; + 0; = MnO; + 0; (6) 

0; I- 0; = (04)* (7) 

(04)* + 202 + hv (8) 

4MnO; + 40H- = 4MnO; + O2 

+ 2Hz0 + hv (9) 

It is suggested that reaction (6) generates 0; 
radicals and their recombination may generate 
energy-rich precursors of excited molecules 
(04)*, which decompose to O2 accompanying 
CL with two spectrum peaks at 480 and 580 nm. 

(2) It is suggested that CO:-/HCO; is 
another luminous species in this system. The CL 
spectrum peak at 420 nm possibly results from 
the decomposition of the complex in reaction 
(12):22 

‘OH + HCO;-+ OH - + HCO; (10) 

70 - 

60 - 

60 - 

40 - 

30- , J 

0 0.2 0.4 0.0 0.8 1 1.2 

lllOl/L 
Fig. 2. Effect of KOH concentration, [Na,CO,] = 0.4M, 

5 ppb Mn. 

However, the contribution of reaction (12) 
cannot entirely account for the strong enhance- 
ment of CL by the presence of sodium carbon- 
ate. It is suggested that CO:- or HCO; can 
also catalyze the decomposition of MnO;,260r 
that the radical reactions of CO:-/HCO; as 
reactions (lo)-(12) induce the decomposition of 
MnO; , which dramatically increase the 
intensity of CL. 

Optimization of experimental conditions 

The CL intensity is dependent on the concen- 
trations of sodium carbonate and potassium 
hydroxide. If potassium hydroxide solution is 
freshly prepared and without addition of sodium 
carbonate, CL can hardly be observed, which 
indicates that C@-/HCO; is as important as 
OH - in this system. It is found out that 0.70M 
potassium hydroxide and 0.40&f sodium carbon- 
ate are optimized conditions for this system, as 
shown in Figs 2 and 3. It is also found out that 
the Na,CO,-KOH system is the most sensitive 
system of those shown in Table 1. Under the 
optimized conditions, the relative standard 

_/O * * * 0 

- \_ 
\ / 

-W+O,+H--C--n+hv 

O-H . . ~0 A H 
I 

(11) 

(12) 

k 
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60- 

so- .; 
101 I I 

0 0.1 0.2 0.8 084 0.6 0.6 0.7 

KlOl/L 
Fig. 3. E&t of NarCO, concentration, POH] = 0.7M, 

5 ppb Mn. 

Table 1. Comparison of CL intensity among various systems Application in analytical chemistry 

system Relative peak height 

0.4M (NH,),COr/O.7M ICOH 0 
0.4M Na,CO, /0.7M NaOH 1 
L&CO, (saturated)/O.‘lM KOH 6 
0.4M K,CO,/O.IIM KOH 27 
0.4M Na,C0,/0.7M KOH 43 

deviation found (15 replicates) for 5 ppb Mn is 
5.6%, the linear range extends from 0.1 to 10 
ppb Mn (Fig. 4). 

An investigation of interference in the deter- 
mination of 5 ppb Mn shows that the following 
commonly encountered cations do not interfere 
with the determinations: Ca(II), Al(III), Pb(II), 
Mg(II), Fe(III), B(III), Cd(II), Ba(II), Zn(I1) 
(> 0.1 mg/ml); Co(II), Cr(III), Cu(II), Tl(III), 
Pd(II), Ga(III), Ge(IV), Te(IV), Ni(II), Ti(IV) 
(>O.Ol mg/ml); La(III), Be(II), Sr(I1) (>O.OOl 
mg/ml). It is evident that the selectivity of this 
system is very good. However, some organic 
compounds, such as alcohol, acetone, mannitol, 

H 

oL/ I 
0 2 4 0 S 10 

Ppb 

Fig. 4. Calibration curve for the determination of 
manganese. 

Table 2. Results of the determination of manganese in 
bauxite 

Reported 
value Determined value (%) 

Sample (%) 1 2 3 Average 

8820015 0.223 0.25 0.25 0.24 0.25 
8820024 0.1 0.14 0.14 0.14 0.14 
8820025 0.11 0.14 0.14 0.13 0.14 

*All the samples with the reported values were provided by 
The Research Centre of Geology of Fujian. 

ascorbic acid, sodium acetate, added into 
Na,CO,KOH mixed solution, decrease the CL 
intensity, and some cations such as V(V) (>0.4 
ppm), Ta(V) (> 1 ppm) and In(III) (>2 ppm), 
like MnO,, can generate CL in this system. 

The proposed method can be used to 
determine manganese in bauxite, without any 
preliminary separation, and good results are 
obtained, as shown in Table 2. 
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Sammar-Periodate electrodes without inner reference solution based on tetraoctylammonium periodate 
plus solvent mediator (dibutyl phthalate or 2-nitrophenyl octylether) were constructed. Linear dynamic 
range, practical deteotion limit, slope, stability, selectivity coelBcients, pH dependence, response time and 
lifetime were evaluated. A tubular version was further developed and coupled to a flow-injection system 
for glycerol determination in samples relevant to the industrial production of soaps, detergents and similar. 

The method involves glycerol oxidation by periodate with potentiometric evaluation of its consumption. 
The influence of oxidizing agent concentration (10-‘-10-2M NaIO,), ionic strength (O.O-l.OM Na,SO,) 
and mean resident time were investigated and the feasibility of using a single-line manifold was discussed. 

The proposed system handles about 40 samples/hr, is very stable and suitable to industrial control. 
Results within the 1000 and 5000 mg/l range glycerol are precise (r.s.d. ~0.005) and in fair agreement 
with conventional procedures. Baseline drift or noise is not observed and a thermostat water bath is not 
required. A noteworthy feature is the almost linear relationship between glycerol concentration and 
recorded peak height which is a consequence of combined effects of reaction kinetics and electrode 
Nemstian response. 

Quaternary ammonium salts are frequently 
used as ion-exchangers in mobile carrier 
membrane electrodes.’ Like these salts,2-4 other 
ion-exchangers5-8 have been reported for the 
preparation of periodate electrodes. As me- 
diator solvents, nitrobenzene,3~5 o-nitrotoluene6 
or decanol* have been used in conventional- 
shaped electrodes with internal reference sol- 
ution. Elimination of the inner reference 
solution by direct application of the selective 
membrane on a conductive surface,9 associated 
with the use of long-chain quatemary am- 
monium compounds and suitable plasticizers 
result in electrodes with good reproducibility, 
stability and response time.‘0-‘3 Additionally, 
lifetimes are longer when compared with 
conventional electrodes.14 

This construction process opens also the 
possibility of designing special devices such as 
microelectrodes,’ low-volume potentiometric 
cells,16 and sandwich” or tubular potentiometric 
detectors’0-‘2 for FIA systems. This justified 

*Institute de Quimica, Universidade Bstadual de Campinas, 
Campinas SP, Brazil. 

the construction and evaluation of a periodate 
electrode without inner reference solution to 
be used as a flow-injection detector. Tetra- 
octylammonium periodate plus dibutyl phtha- 
late or 24trophenyl octylether were used as 
ionophore. 

Oxidation by periodate is widely used in 
carbohydrate chemistry. The reaction proceeds 
at room temperature and usually takes place 
under mild conditions.” It has often been 
automated for sugar and glycerol determi- 
nations’8-20 and is the basis of the official method 
for free glycerol determination in soaps, 
detergents and similar.*’ Periodate consumption 
after glycerol oxidation has been usually esti- 
mated by titrimetry, spectrophotometry or 
potentiometry.‘9 

For industrial control, flow analysis is worth- 
while. In this context, flow injection systems 
become particularly attractive in view of its 
versatility, simplicity and suitability for large 
scale analyses. 

The aim of this work was the development of 
a periodate tubular electrode and its use for the 
flow-injection determination of glycerol in 
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samples relevant to the industrial production of evaporated slowly in order to obtain the liquid 
soaps, detergents and similar. ionophore. 

EXPERIMENTAL 

Solutions 

All solutions were prepared with de-ionized 
water (specific conductivity < 0.1 pS/cm) and 
pro analisi reagents. Tetraoctylammonium bro- 
mide was purified by recrystalization in ethyl 
acetate. 

Periodate solutions were freshly prepared by 
water dilutions of a 0.1 M NaIO, solution which 
was protected from light. The glycerol stock 
(10.00 g/l) was iodometrically standardized2’ 
and the working standards within 1000 and 
5000 mg/l were daily prepared in water. 

For the membrane preparations, 0.18 g PVC, 
6 ml tetrahydrofuran and 0.4 ml of the iono- 
phore solution were mixed. The resulting sol- 
ution was applied dropwise on the conductive 
surface of the conventional electrodeZS or inside 
the hole drilled in the conductive material of the 
tubular detector.23 Drying was accomplished by 
leaving the electrodes at room temperature for 
one day. Thereafter, the electrodes were placed 
in contact with O.OlM NaIO, for at least three 
days, in order to achieve equilibrium of the 
inner reference system. 

Evaluation of conventional-shaped and tubular 
electrodes 

Samples (bottom lixivia, industrial brine, 
washing solutions, and waters from evapor- 
ator/condensators) were collected in 250-ml bot- 
tles. Before dilution, they were heated 
(50~60°C) until clear solutions were obtained. 
Initial dilution was accomplished by accurately 
weighing 100 g of the clear solution and mixing 
with 500 ml water. Whenever needed, further 
water dilutions were performed immediately 
before sample injection into the flow system. 

The conventional-shaped electrodes (Types 
I and II) were evaluated by using lo-‘-lo-‘M 
NaIO, solutions with ionic strength adjusted to 
O.lM with sodium sulphate. A single line flow- 
injection system (Fig. l(a)) with very low sample 
dispersion (volumetric fraction > 0.95) was used 
to evaluate the response behavior of the tubular 
electrodes.lO-I2 A 150~~1 volume was injected 
into C carrier stream and the reaction coil was 
only 25 cm long. 

Apparatus 
Influence of pH between 2 and 13 was inves- 

tigated for lo-‘, 10e3 and lo-‘M NaIO., by 

For performance evaluation of the conven- 
tional-shaped electrodes, a Crison 2002 poten- 
tiometer with an electrode switch and a double 
junction Orion 900200 reference electrode 
(0.033M Na2S04 external solution) were used. 

The flow-injection system consisted of an 
Ismatec mp13 GJ4 peristaltic pump with Tygon 
pumping tubes, a home-made injector,22 a mani- 
fold built-up with 0.8 mm (i.d.) polyethylene 
tubing, and a Micronal B352 potentiometer 
connected to a REC 61 Radiometer recorder. 
Alternatively, a six-port Reodyne 5020 rotary 
valve was used. Work and reference electrodes 
were assembled by means of a Perspex device.23 
The system was grounded as in early work.” 

0 n sp 

Electrode preparation 
cRYw 

The ionic sensors were prepared as previously 
described’0-‘2 by adding 0.36 g tetraoctylam- 
monium bromide plus 9.75 g dibutyl phthalate 
(Type I) or 4.71 g 2nitrophenyl octylether 
(Type II) into 5 ml chloroform. The final 
mixture was shaken with six 15-ml aliquots 
of a O.lM NaIO, solution. The aqueous 
phase was discarded and the chloroform was 

Fig. 1. Flow diagrams of the systems for evaluation of 
tubular electrodes (a), study of glycerol oxidation (b), and 
determination of glycerol (c). C = sample carrier stream 
with identical matrix as the injected solution; H,O = water 
carrier stream; CR = combined reagent; R, = acetic 
acid/sodium acetate plus Na,SO, reagent; R, = periodate 
reagent; P = peristaltic pump with flow rates in ml/min; 
S = sample with specifications of injected volumes, in ~1; 
B = reactor, with specification of coil length, in cm; 

ISE = detector; W = waste. 
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Table 1. Potentiometric selectivity coefficients, log K pn. Data with standard deviations in brackets, am with reference to 
batch measurements carried out with periodate electrodes using dibutyl phthalate (I) or 2-nitrophenyl octylether (II) as 

mediator solvents 

Interferent 

Chloride 
Nitrate 
Bromide 
Perchlorate 
Iodide 
Sulphate 

concentratioll, (M) 
0.01 0.001 O.CMlOl 

I II I II I II 

- 3.97 (0.02) - 3.06 (0.04) -2.97 (0.04) - 2.09 (0.08) - 1.90 (0.01) - 1.10(0.10) 
-2.63 (0.04) -2.75 (0.03) -2.33 (0.03) - 1.65 (0.03) - I .75 (0.02) -0.98 (0.05) 
- 3.23 (0.05) -2.62 (0.03) -2.80 (0.01) - 1.94 (0.01) -2.16 (0.04) - 1.06 (0.02) 
-0.20 (0.03) +0.014(0.003) -0.41(0.02) +0.009 (0.008) -0.23 (0.01) +0.03 (0.02) 
-0.08 (0.02) - 3.08 (0.01) -0.25 (0.01) - 1.67 (0.01) +0.34 (0.02) -0.54 (0.01) 
-4.89 (0.03) -5.19 (0.17) -5.15(0.04) - 5.28 (0.09) - 5.14 (0.04) +5.32(0.13) 

simultaneously recording potential and pH vari- 
ations after dropwise additions of sulfuric acid 
or sodium hydroxide solutions. 

Interferences due to foreign ions (Table 1) 
were evaluated with the method of separated 
solutionP for lo-*, lo-’ and lo-‘M in both 
periodate and interfering ions. Since iodate was 
formed after glycerol oxidation, its interference 
was also evaluated by injecting different iodate 
solutions (10-3-10-‘M) into the l(a) flow- 
injection system furnished with Type I tubular 
electrode. In this experiment, a slow confluent 
stream (0.4 ml mm-‘) was used to add different 
periodate (10-6-10-4M) and sodium sulphate 
(0.33M) concentrations. The possibility of in- 
jecting concentrated glycerol was investigated 
within the 10-3-10-‘M range. 

Determination of glycerol 

The system of Fig. l(b) with a Type I flow- 
through electrode was used to investigate the 
main parameters involved in the automated 
determination of glycerol. Glycerol standards 
within the 100.0-500.0 mg/l range were used. 
After sample injection, buffer and periodate 
reagents were added, allowing glycerol oxi- 
dation to proceed in the main reactor under 
buffered conditions and constant ionic strength. 
The passage of the sample zone through the 
detector resulted in a transient increase in 
measured potential recorded as a peak pro- 
portional to the glycerol content in the sample. 

Influence of periodate concentration 
(10-s-10-2M), pumping speed (25, 50, 75 and 
100% flow rates relative to Fig. l(b)), ionic 
strength (O.O-l.OM Na,SO, in R,) and pH for 
glycerol oxidation were studied. 

Subsequently, the system was simplified to a 
single line configuration (Fig. l(c)). The sample 
volume was reduced to about 30 ~1 @-cm 
sampling loop), the carrier stream was a com- 
bined reagent (0.003M NaIO, plus OSM 

Na,SO, plus 0. 1M acetic acid +O. 1M sodium 
acetate) and the reactor length was selected as 
300 cm. With this simplified system, the samples 
were run and the analytical characteristics 
evaluated. 

RESULTS AND Dl!XU=lON 

Response behavior of conventional-shaped and 
tubular electrodes to periodate 

Regardless of the electrode configuration, the 
lower limit of linear response was always about 
5.10b5M periodate. During an 8 hr working 
period, variations of potential observed for 
lo-*-10-‘A4 X0,- were less than 0.2 mV. This 
means a baseline without any significant drift in 
the flow-injection systems. 

Within this concentration range, the response 
of the conventional-shaped electrode was very 
fast: after doubling periodate concentration, 
equilibrium was attained in less than 2 sec. The 
dynamic response of the tubular electrode based 
on 2nitrophenyl octylether was checked by 
using 10-i and 10e3M IO,- (also O.lM Na, SO,) 
intermittent streams at 2.0 ml min-’ merging 
10 cm from the detector. After switching the 
injector, the intermittent streams were inter- 
changed.u Transition time between recorded 
steady state signals was about 2 set, emphasiz- 
ing the feasibility of this tubular electrode as a 
flow-injection detector. Studies concerning the 
use of this detector as a relocating sensor2’ are 
presently in progress. 

Nernstian response (60.5 f 0.2 mV/decade- 
Type I; 57.4 f 0.3 mV/decade+Type II) was 
observed for both electrodes. Because of the 
low response times, similar slopes were calcu- 
lated for tubular and conventional-shaped 
electrodes. 

For 3.0 < pH < 7.5, pH has no pronounced 
influence on electrode potential (Fig. 2) regard- 
less of the electrode configuration. This is in 
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close agreement with predicted values based on 
calculations including periodate speciation.* 
This pH range is broad enough for analytical 
applications of this electrode, and permits 
measurements to be performed under good con- 
ditions at pH = 4.7, the recommended acidity 
for the present procedure.‘9*20*28 

Selectivity data related to conventional- 
shaped electrodes are shown in Table 1. Data 
gathered in batch conditions were similar to 
those obtained in a flow-injection system with 
limited dispersion, emphasizing that the concen- 
tration reaching the detector was practically 
that of the injected solution and kinetic aspects 
were not relevant. Table 1 is globally better 
when compared to already reported values,2*3*5*6,* 
especially with regard to sulphate. Sodium sul- 
phate was then elected to provide ionic strength 
adjustment in the experiments for electrode 
evaluation and further analytical application. 
Although periodate electrodes suffer from 
severe perchlorate interference, selectivity co- 
efficients towards perchlorate were lower than 
the reported values. 

The electrodes can be used for periodate 
monitoring in the presence of iodate formed 
after the glycerol oxidation since pK*“’ was 
determined as cu.- 4. Higher glycerol concen- 
trations should be avoided, if higher than 0. lM, 
membrane deterioration was observed, prob- 
ably due to reduction of periodate ion constitu- 
ents of the membrane. Since the drawback was 
not observed for glycerol concentrations 
<O.OlM under flow conditions, the flow- 
injection system was designed with large 
dispersion. 

Determination of glycerol 

The acetic/acetate buffer system was elected 
after considering the electrode operating plateau 
(Fig. 2) and the faster glycerol oxidation at pH 
about 4.7. No alterations in the behavior of the 
Type I tubular electrode in the presence of 
this buffer system were observed. As a conse- 
quence, the lower limit of linear response was 
maintained. 

Periodate concentration was an important 
parameter in the procedure for glycerol determi- 
nation. With a concentration lower than lo-‘M 
in the l(b) flow system, the baseline was noisy 
and recorded peak heights were not measurable 
because the remaining periodate concentration 
approached the practical limit of detection. The 
time interval between peak maximum and base- 

mv 

-J 

0 

A 
400 

I 
5 IO Pl s’ 

Fig. 2. Influence of pH on electrode potential. Reilley 
diagrams refer to Type I (a) and Type II (b) conventionally- 

shaped electrodes on a lo-‘M NaIO, solution. 

line restoration was unacceptably high (>20 
set). For periodate concentrations within the 
10-4-10-‘M range, baseline noise was about 
f0.2 mV (exception for IO; = 10e4M, see 
Fig. 3), washing time reached a constant value 
of 11 set, and the tendency for linearization of 
the relation between glycerol concentration and 
recorded peak height was observed (Fig. 3). This 
was due to the combination of Nernstian re- 
sponse of the electrode and kinetics of glycerol 
oxidation which, in the initial development 
steps, tends to be of first order relatively to 
periodate.i9 Better linearity (r > 0.99) was ob- 
served for IO; = 3.0 x 10m3M. For periodate 
concentrations higher than IO-*M, linearity de- 
creased and lower peaks were recorded (Fig. 3). 
In this situation, glycerol concentrations were 
very low relative to periodate, so that the rela- 
tive oxidant consumption underwent a pro- 
nounced reduction. Also, an oscillating baseline 
was observed, probably due to inefficient mixing 
conditions associated with the fast electrode 
response. 

Fig. 3. Influence of oxidant concentration. Figure refers to 
(b) system with R, = O.lM acetic acid + O.lM sodium acet- 
ate plus 0.1 M sodium sulfate. A, B, C and D correspond to 
periodate concentrations of 10b4, IO-‘, lo-* and IO-‘M in 
Rr. From left, recorded peaks correspond to 100.0, 200.0, 
300.0, 400.0 and 500.0 mg glycerol/l. Numbers refer to 

baseline potentials, in mV. 
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I I 
laa 2ca 300 400 

glycerol concentration, mg 1-l 

Fig. 4. Influence of pump speed. A, B, C and D correspond 
to 25, 50, 75 and 100% of flow rates speci8ed in Fig. l(b). 

Sensitivity was very dependent on peristaltic 
pump speed which was proportional to the 
mean sample residence time (Fig. 4). However, 
this parameter could not be selected at will since 
linearity of the calibration curve was also 
affected by variations in mean available time for 
glycerol oxidation. The flow rates for the l(b) 
system were then selected as a compromise 
between sensitivity, sampling rate and linearity 
of the calibration plot. 

The l(b) system is remarkably stable and 
suitable for glycerol determination in lixivia and 
similar up to 500.0 mg/l. As large dispersion is 
involved, variations in ionic strength of the 
injected solution within 0.0 and 0.5M are not 
relevant. Also, when sample alkalinity varied 
within the O.l-OSM NaOH range, slight vari- 
ations (~5%) in peak heights were observed. 
When placed under a climatized ambient with 
temperature variations lower than about 5°C 
per day, a thermostat water bath is not required. 
The system can then be applied to soap analysis 
without restrictions. 

After defining reagent concentrations, and 
studying the relevance of the main parameters 
and involved dispersions, a single-line system 
was designed. With this system (Fig. l(c)), 40 

mvT 

Fig. 5. Recorder output of a routine nm carried out with the 
l(c) system. From left, duplicate measurements of five 
glycerol standard solutions (1080,2000,3000,4000 and 5008 

mg/l), eight lixivia and the standards again. 

Table 2. Comparative results. 
Glycerol contents in lixivia (in 
% w/v) as determined by the 
proposed system of Fig. l(c) 
(FIA) and by iodometric ti- 
tration*’ (AGCS). Standard de- 
viations related to FIA values 
are always lower than 0.5% (see 
also Fig. 5) and related to 

AGCS are usually cu. 1% 

Sample FIA AGCS 

1 34.1 32.3 
2 26.0 27.0 
3 34.3 * 
4 31.5 31.2 
5 26.2 27.4 
6 37.8 35.4 
7 29.0 32.7 
8 29.4 29.6 

*Unavailable data. 

samples are run/hr, corresponding to a con- 
sumption of 1.8 mg NaIO, per determination. 
Reproducible results (s.d. ~0.2 mV) were 
achieved and baseline drift was not observed 
(see also Fig. 5) which in turn also confirms the 
stability of the periodate reagent. Accuracy can 
be assessed from Table 2. 

The tubular electrode is being used for 
routine purposes in the last three months, with 
no pronounced variations in slope, baseline 
potential or response time. 

Acknowledgements-This work was linked to a Luso- 
Braxilian Collaborative Project involving Junta National de 
Investigaq& Cientifica e Tecnologica (JIUICI), Conselho 
National de Desenvolvimento Cientifico e Technolbgico 
(CNPq) and Commission of the European Communities 
(contract C11*CT92-0052). Authors thank the STRIDE 
program. Behnira Pereira is thanked for laboratorial 
support, and Gessy Lever Co, Valinhos SP (Braxil) for 
supplying analyzed samples. 

1. 
2. 

3. 

4. 

5. 

6. 

7. 
8. 

9. 

REFERENCES 

R.-Q. Yu, Ion-Selective Electrode Rev., 1986, f#, 153. 
J. L. F. C. Lima and A. A. S. C. Machado, Rev. Port. 
Quim., 1978, 20, 70. 
M. Kudoh, M. Kataoka and T. Kambara, Taluntu, 
1980, 27, 495. 
R.-Q. Yu, Y.-P. Feng, W.-W. Huang and Z.-Y. Guo, 
Chem. J. Chin. Univ., 1984, 5, 169. 
S. S. M. Hassan and M. M. Elsaied, Analyst, 1987,112, 
545. 
A. K. Jam, M. Jahan and V. Tyagi, Analyst, 1989,114, 
1155. 
J. Pan, F. Hao, Fenxi Huuxue, 1982, 10, 469. 
hi. A. F. Elmosahny, G. J. Moody and J. D. R. 
Thomas, Anul. Len., 1987, zo, 1541. 
J. L. F. C. Lima and A. A. S. C. Machado, Analyst, 
1986, 111,799. 



1568 M. &NCElt$O B. S. M. MONTENEGRO et al. 

10. J. L. F. C. Lima, M. C. B. S. M. Montenegro, J. Alonso, 
J. Bartroli and J. G. Raurich, J. Pharm. Born. Anal., 
1989, 7, 1499. 

11. J. L. F. C. Lima, M. C. 8. S. M. Montenegro, J. Alonso, 
J. Bartroli and J. G. Raurich, Anal. Chim. Acta, 1990, 
234,221. 

12. J. L. F. C. Lima, M. C. B. S. M. Montenegro 
and A. M. R. Silva, J. Pharm. Born. Anal., 1991, 9, 
1041. 

13. R. C. Pereira, L. M. Aleixo, 0. E. S. Godinho and 
G. Oliveira No, Quint. Nova, 1990, 13, 202. 

14. G. J. Moody, J. D. R. Thomas, J. L. F. C. Lima and 
A. A. S. C. Machado, Analysr, 1988, 113, 1023. 

15. S. A. H. Khalil, G. J. Moody, J. D. R. Thomas and 
J. L. F. C. Lima, Analysr, 1986, 111, 611. 

16. J. L. F. C. Lima and A. A. S. C. Machado, Quim. Nova, 
1987, 10, 137. 

17. S. Alegret, J. Alonso, J. Bartroli, J. L. F. C. Lima, 
A. A. S. C. Machado and J. M. Paulis, Anal. Lett., 1985, 
1% 2291. 

18. J. M. Bobbitt, Ade. Carbohydr. Own., 1956, 11, 1. 

19. E. A. G. Zagatto, I. L. Mattos and A. 0. Jacintho, Anal. 
Chim. Ada, 1988, 204, 259. 

20. J. J. B. Nevado and P. V. Gonzalez, Analyst, 1989,114, 
989. 

21. A. 0. C. S. Tentative MethodDa 23%56(amended 1959). 
22. F. J. Krug, E. A. G. Zagatto and H. Bergamin FQ, Anal. 

Chim. Acra, 1986, 179, 103. 
23. J. L. F. C. Lima, M. C. B. S. M. Montenegro and 

A. M. R. Silva, J. Flow Injection Anal., 1990, 7, 19. 
24. S. Alegret, J. Alonso, J. Bartroli, A. A. S. C. Machado, 

J. L. F. C. Lima and J. M. Paulis, Quim. Anal., 1987, 
6, 278. 

25. R. A. S. Lapa, J. L. F. C. Lima and A. M. R. Silva, 
II Farmaco, 1990, 45, 901. 

26. Commission on analytical nomenclature, rccommen- 
dations for nomenclature of ion-selective electrodes, 
Pure Appl. Chem., 1976, 48, 129. 

27. E. A. G. Zagatto, H. Bergamin FQ, S. M. B. Brienza, 
M. A. Z. Arruda, A. R. A. Nogueira and J. L. F. C. 
Lima, Anal. Chim. Ada, 1992, Ml, 59. 

28. I. L. Mattos and E. A. G. Zagatto, Quim. Anal., in press. 



Takmra, Vol. 40, No. 10, pp. 156!%1573, 1993 
Printed in Great Britain. All rights reserved 

0039-9140/93 $6.00 + 0.00 
Copyright 0 1993 Pergamon Press Ltd 

A REVERSIBLE OPTODE MEMBRANE FOR PICRIC ACID 
BASED ON THE FLUORESCENCE QUENCHING 

OF PYRENE 
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Sununary-Pyrene immobilized in plasticized poly(viny1 chloride) (PVC) membrane is able to extract 
selectively pick acid from the sample solution into the organic membrane phase. Since this extraction 
equilibrium is accompanied by a change in the fluorescence spectrum of pyrene, the chemical recognition 
process can be directly translated into an optical signal. With the optode membrane described, pick acid 
in sample solutions from 8.7 x 10e6 to 4.3 x lo-‘A4 can be determined. The calibration curve of the 
optode membrane for picric acid shows a good correlation with the mathematically derived formalism 
and thus confirms the theoretically expected behaviour. Besides a high reproducibility of the optical 
signals, the very short response times less than 35 set are realized. The optode membrane presented 
exhibits good selectivity for pick acid over many other usual hydrophobic anions. 

Picric acid, 2,4,6&nitrophenol, is an important 
organic acid. The classical chemical method,’ 
ultra-visible spectrophotometry,’ gas chroma- 
tography methods3 have been used for picric 
acid determination. These methods demand a 
cumbersome pretreatment of the sample sol- 
ution and require expensive instrumentation. 
Potentiometry with ion-selective electrodes 
(ISEs) b7 has been applied and shows some 
remarkable advantages over other methods in 
the area of pharmaceutical analysis**9 and bio- 
logical chemical determination.‘O*” Since picric 
acid ion-selective electrodes are generally based 
on classical ion-exchangers, their inherent selec- 
tivity pattern may cause interference problems. 
The selectivity of classical anion exchangers is 
governed by lipophilicity of the anions. It is a 
function of hydration energies of these anions 
and follows the Hofmeister sequence.‘2*‘3 Care- 
ful consideration has to be given to potential 
interferences from SCN- and ClO, . Recently, 
the optical chemical sensor (optodes or op- 
trodes) has become a rapidly expanding area of 
analytical chemistry.14 Optodes for a variety of 
analytes have been reported.is*i6 Jian and Seitz 
have developed a fluorescent membrane for 
detection of organic nitro compounds,” in 
which pyrenebutyric acid is incorporated into a 
plasticized cellulose triacetate matrix. In this 

*Author for correspondence. 

paper, a new optode membrane for the determi- 
nation of picric acid is described. The optode 
membrane incorporates a polycyclic aromatic 
compound pyrene in a plasticized PVC matrix. 
Because the interaction between pyrene and 
picric acid is not controlled by the Hofmeister 
sequence, the interference of lipophilic anions 
such as SCN- and ClO; can be largely over- 
come. 

THEORY 

Pyrene is one of the polycyclic aromatic hy- 
drocarbons which can emit strong fluorescence. 
After being immobilized in a plasticized PVC 
membrane, pyrene can selectively extract pi& 
acid from the aqueous phase into the organic 
membrane phase to form the non-fluorescence 
ground state complex.” Figure 3 shows the 
fluorescence spectra of the optode membrane 
incorporating pyrene exposed to 1.9M sulphuric 
acid solution containing different concen- 
trations of picric acid. Fluorescence intensity 
measurements of the optode membranes were 
made at an excitation wavelength of 338 nm and 
an emission wavelength from 350 to 550 nm. 
The fluorescence intensity of the membrane 
decreased while the concentration of picric acid 
increased. It illustrates that the optode mem- 
brane can indeed be used to sense picric acid in 
sample solutions. 
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If the complex equilibrium between pyrene in 
the plasticized PVC membrane phase (org) and 
picric acid in the aqueous sample solution (aq) 
will form m :n ground state complex, the over- 
all equilibrium is described as follows: 

mP(aq) + nA(org) = Pm. An (org) (1) 

where P represents picric acid and A represents 
pyrene. The corresponding equilibrium constant 
K depends on the law of mass action: 

K = “Pm . A,(org) 
a r(q) x a f&g) 

where “P, . A,, , a,, a, are the activities of re- 
spective species. 

The following equilibrium was involved be- 
tween the membrane and aqueous phases: 

m P(aq) = m P(org) (3) 

mP(org) + nA(org) = Pm . An (org) (4) 

“Pm. AAorg) 
B= n 

a ~(0,) x a A(w) 
(6) 

where kd, J3 are the distribution coefficient and 
complex formation constant, respectively. If the 
difference between the activities and concen- 
trations is neglected, one can write: 

(7) 

where [p, . A,,,], [PI, [A] are the concentrations 
of the respective species. As the concentration of 
the undissociated picric acid is pH dependent, 
the acidity of the test solution should be kept 
constant. 

The relative fluorescence value a (vi& infru) 
equals the ratio of the concentration of free 
pyrene, [A], to the total amount of pyrene, CA: 

a = [AI/CA 03) 

a is shown to depend on the concentration of 
picric acid in aqueous sample solution, [PI, as 
follows: 

a” 1 

l-o! = (nKC;-‘[PI”) 

The relationship between a and [P] as expressed 
by equation (9) is the basis of quantitative 

determination of picric acid using 
membrane. 

EXPERIMENTAL 

Apparatus 

this optode 

Fluorescence was measured using a Hitachi 
M-850 fluorescence spectrometer with a 
specially designed flow-through measuring cell 
similar to the device described elsewhere (vide 
infiu).” Data processing were carried out on a 
Macintosh II computer. 

Reugen ts 

Pyrene (A.R; Aldrich), poly(viny1 chloride) 
(high molecular weight; Fluka Selectophore), 
bis(2-ethylhexyl)sebacate (C.P; Shanghai 
Chemical Reagent Corporation) and tetrahy- 
drofuran (AR Shanghai Chemical Reagent 
Corporation) were used for membrane prep- 
aration. 

The 1 x 10-ZM stock solution of picric acid 
was prepared by dissolving 11.45 g of picric acid 
(recrystallized twice) in 500 ml of distilled water. 
The actual concentration of picric acid was 
determined by titration with sodium hydroxide 
standard solution. The picric acid solution of 
other concentrations were obtained from the 
stock solution by dilution with 1.9M sulphuric 
acid. 

Membrane preparation 

The optode membranes were prepared from a 
mixture of 2 mg of pyrene, 50 mg of PVC and 
100 mg of bis(2-ethylhexyl)sebacate. The mem- 
brane components were dissolved in 2 ml of 
freshly distilled THF. A circular 35-mm diam- 
eter quartz plate was mounted on the end of an 
aluminum alloy rod which was rotating at high 
constant speed. From a syringe, 0.2 ml of the 
THF solution was injected to the central point 
of the plate. After a spinning time of only about 
4 set (rotating frequency, 600 rpm) two mem- 
branes of approximately 4-pm thickness were 
cast onto two 35-mm diameter quartz plates.” 

Procedure 

Two identical membranes on their respective 
plates were mounted in the special flow-through 
measuring cell (Fig. 1). The volume capacity of 
the cell was cu. 3.4 ml. The cell was introduced 
into the fluorescence spectrometer in an appro- 
priate position (Fig. 2) to guarantee the detec- 
tion of the intensity of fluorescence emission 
without interference from the excitation source. 
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Fig. 
1. 
2. 
3. 
4. 
5. 
6. 

Towaste 
1. Schematic representation of the flow-through cell. 
Poly(propylene) support with sample inlet and outlet. 
O-ring seal. 
Quartz glass support. 
Qptode membrane. 
Plexiglas cell wall. 
Screw for fixation. 

About 3 ml of sample solution was introduced 
and the fluorescence intensity F was measured. 
The membrane was washed with the blank 
solution not containing picric acid until the 
fluorescence intensity (F, ) was stabilized. The 
limiting fluorescence intensity (FO) for the case 
of complete complexation of pyrene in the 
membrane with picric acid was taken as zero. 
The relative fluorescence value a was calculated 
according to following formula: 

(10) 

Lightsourcc 

I 
B I 

,'O 
/ 

/ 
A / C 44 /I D 

10 llDet=t= 
/ 

/ 
A’ 

Fig. 2. Position of the optode membrane on the fluorescence Fig. 4. Fitting the experimental data to equation (9). 
spectrophotometer. c, = 5.3 x lo-*&4 

1. m:n=3:l,K=3.31 x 10” 
2. m:n=2:1, K=4.78x107 
3. m:n=l:l, K=6.9x103 
4. m:n=l:2, K=l.3x 10s(bestfit). 

AA, Quartz glass plates with optode membranes 
BO, Excitation beam from light source 
QC, Normal beam 
OD, Emission beam to light detector. 

200 

350 390 430 4’10 510 SSO 

Fig. 3. Effect of picric acid on the extent of quenching. 
1. blank solution 
2. 2.14 x 1O-6 
3. 8.54 x 1O-6 
4. 2.14 x lO-5 
5. 4.27 x lo-’ 
6. 8.54 x lo-’ 
7. 2.14 x 1O-4 
8. 3.42 x lO-4 
9. 4.27 x 10e4A4 picric acid. 

RESULTS AND DISCUSSION 

Composition of the ground state complex 

From equation (9) it is known that when the 
stoichiometric ratio of the ground state-complex 
changes, the relative fluorescence valued cx has 
different functional relation with the concen- 
tration of picric acid. The experimental data 
were fitted to equation (9) by changing the 
ratio of m to n and adjusting the overall equi- 
librium constant K. The result showed that the 
curve (4) was the best one to represent the 
experimental data (Fig. 4). In other words, the 
complex ratio of picric acid to pyrene in the 
optode membrane should be 1: 2. The actual 

a 

-8 -6 -4 -2 0 2 
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Fig. 5. Effect of acidity. 

ratio of picric acid to pyrene was determined 
independently with molar ratio method in sol- 
utions by using dichloromethane as solvent. The 
results showed the ratio of picric acid to pyrene 
was 1: 2, in exact agreement with the ratio 
obtained by curve fitting of the membrane fluor- 
escence data. The curve (4) can serve as the 
calibration curve to determine the concentration 
of picric acid. It is clear that a sufficient response 
to picric acid is obtained from 8.7 x 10e6 to 
4.3 x 10-3&f. 

E#ect of the acidity 

Figure 5 shows the effect of acidity on the 
relative fluorescence value a of the optode mem- 
brane. The fluoresence intensity measurements 
were made for 3.6 x 10V4M picric acid in sul- 
phuric acid solutions of different concen- 
trations. With the increase of the concentration 
of sulphuric acid, the extent of picric acid 
ionization is reduced to increase the concen- 
tration of picric acid in the membrane. And 
therefore the ratio of the concentration of free 
pyrene to the total amount of pyrene, ~1, will be 
decreased. After the acidity reaches a relative 
high value, the ionization of picric acid will be 
completely inhibited so that the a value remains 
constant. On the other hand, too high acidity 
seems unfavourable to the extraction of picric 
acid from aqueous solution into the membrane 
phase, the CL value will decrease with further 
increase of the acidity. It has been shown that 
the optode membrane has a better and constant 
response to picric acid in sulphuric acid sol- 
utions from 1.8 to 2.2M. 

Reproducibility and response time 

Figure 6 shows the fluorescence intensity 
response vs time recordings for the picric acid 
optode membrane when it was exposed to 
repeated concentration step changes between 

8.5 x 10m6 and 8.5 x lo-‘M picric acid in 1.9M 
sulphuric acid solution. The results show a 
remarkably high reproducibility of the optical 
signals. The mean fluorescence intensity values 
with standard deviations were found to be 
313.9 &- 1.2 (n = 58.5 x 10-6Mpicric acid) and 
206.4 + 0.4 (n = 5, 8.5 x lo-‘M picric acid). 
From this figure, it can also be seen that the 
response times of the optode membrane are less 
than 35 sec. 

Lifetime 

The fluorescence signal at a wavelength of 394 
nm for the optode membrane in contact with a 
4.3 x 10m4M picric acid in 1.9M sulphuric acid 
solution was recorded over a period of 6 hr. 
From fluorescence intensity values taken every 
30 min (n = 12) a mean value of 110.0 and a 
standard deviation of f0.4 were obtained. It is 
shown that pyrene is not washed out signifi- 
cantly during this period of time. The fluor- 
escence signal of the optode membrane at 394 
nm dropped by 4% during the measurement of 
sample solutions over a week. 

Selectivity 

With the concentration of picric acid fixed at 
3.6 x 10m4M, there is no influence on the fluor- 
escence signal of the optode membrane when 
less than lo-*M potassium perchlorate and 
sodium thiocyanate exist. This shows the sens- 
ing device has much better selectivity over 
hydrophobic anions compared with picric acid 
ion-selective electrodes. Organic acids and inor- 
ganic salts, such as o-phthalic acid, benzonic 
acid, phenol, o-chlorophenol, sodium fluoride 
and mercury dichloride, at concentrations less 
than lo-‘M do not interfere with the determi- 

315.7 3145 313.3 313.1 312.8 

ttttf 
207.5 207.0 206.7 206.7 206.5 

I I I 1 I I 

120 240 360 480 600 

~~scconds) 

Fig. 6. Fluorescence intensity response us time at 349 nm 
after several repeated concentration step changes. 
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nation. But when the concentrations of the 
nitrophenols, whose structures are similar to 
picric acid, at concentration levels one order of 
magnitude higher than the concentration of 
picric acid in sample solution, will quench the 
fluorescence signal of the optode membrane to 
some degree. The sequence of selectivity is picric 
acid > 2,4-dinitrophenol > p-nitrophenol > o- 
nitrophenol > m nitrophenol. 

Application 

Since pi& acid can react quantitatively with 
some drugs such as cinchonine and quinine to 
form insoluble precipitates, the optode mem- 
brane can be applied to the indirect determi- 
nation of these drugs. The determination of 
cinchonine in drug samples, for example, was 
carried out by following the procedure. About 
4 g of sample was dissolved in 0.014M sulphuric 
acid to make a 500-ml solution. To this solution, 
100 ml of 4.27 x lo-‘M picric acid was added 
while stirring. The solution was filtered and the 
filtrate was diluted to appropriate concen- 
tration. The picric acid content in filtrate was 
determined by using the fluorescent membrane. 
For 2.14 x 10-2M cinchonine, the measured 
mean concentration was 2.16 x 10-2M. Seven 
repeated measurements for different aliquots 
from the sample solution gave a standard devi- 
ation of 2 x 10W4M. A similar procedure was 
applied to the determination of quinine. For 
1.08 x 10-2M quinine, the measured concen- 
tration was (1.07 + 0.02) x 10m2M (seven 
measurements). 
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Smmary-The suitability of ion-selective electrode for the determination of ammonia in pyrolysis gases 
of fossil fuels was studied. The ammonia was absorbed into acidic solution and two kinds of determination 
methods were carried out. The ammonia was either measured directly from the acid solution, or ammonia 
was first mleased into the gas phase and than determined (air gap method) by the ammonia selective 
electrode. The electrode functioned well in both cases, but the linear calibration range was rather narrow, 
slightly more than one tenfold. The quantitative detection limit in the water phase was 5 x 10W6A4 (0.085 
ppm) NH, and in gas phase operation solutions above 5 x IO-‘A4 (8.5 ppm) NH, it was possible to 
measure quantitatively. The applications were carried out with Finnish energy peat samples and a coal 

The combustion of fossil fuels has a number of 
associated environmental consequences. One of 
the major problems is the formation of nitrogen 
oxides (N,O,). The two major routes for the 
formation of N,O, are the fixation of atmos- 
pheric nitrogen and the conversion of fuel nitro- 
gen itself.‘*2 

The fixation of atmospheric nitrogen goes by 
radical reactions: 

O’+N1-+NO+N’ (1) 

N’+02+NO-0’ (2) 

These reactions are sensitive to temperature, 
and therefore important at higher temperatures 
(> 1300°C). However, in modern combustion 
furnaces, the formation of nitrogen oxides, orig- 
inating from the air, are effectively controlled by 
air staging, or by using lower combustion tem- 
peratures. Thus the major source of N,O, in flue 
gases is usually fuel nitrogen. 

Typically fossil fuels contain %0.5-3 wt % 
nitrogen, unfortunately the distribution of ni- 
trogen containing functional groups in fuels is 
not accurately known. Recent X-ray photo- 
electron spectroscopy (XPS) studies have shown 
that in high rank fuels, like coal, the nitrogen 
occurs principally in pyrrolic and pyridinic type 
heterocyclic ring moieties that constitute the 
organic matter. In low rank fuels, like peat, 
other functional groups such as amines may also 
be important.3*4 

The mechanism of the formation of N,O, 

from fuel is particularly complex and still not 
completely understood. A simple view of the 
process (Fig. 1) is that the volatile nitrogeneous 
fragments are initially converted into com- 
pounds such as HCN and NH3 (the most im- 
portant intermediates) which can subsequently 
react either with oxygen to generate NO, or 
combine with NO itself to produce nitrogen. 
The reactions involving the oxidation of char- 
nitrogen are similar to those for volatile-nitro- 
gen although the direct reduction of NO by 
carbon and the char-catalysed reduction by CO 
may also be important.’ 

Several new and efficient techniques exist for 
sampling and determination of ammonia. Diffu- 
sion scrubbers have been used for the sampling 
of atmospheric gases6 such as ammonia’ and 
sulfur dioxide,* and for the collection of gaseous 
hydrogen peroxide.9 A newly developed photoa- 
caustic spectrometer method is now available 
for the determination of NH3 with a detection 
limit below 1 ppm. ‘OJ’ In this study the conver- 
sion of fuel nitrogen to NH3 and HCN was 
measured for several fuels. Thus simultaneous 
sampling of both intermediates was needed and 
the classical wet-chemical approach, where the 
sample gas is passed through absorption sol- 
ution, was selected. Therefore the ammonium 
selective electrode was used for determination of 

NH,. 
The collection solution used was dilute 

(O.OlM) HNO,. Resides ammonia, many other 

TAL 46/lc-H 1575 
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Fig. 1. Conversion of fuel nitrogen in combustion. 

pyrolysis products will simultaneously be ab- 
sorbed in the acidic solution, changing the 
composition and colour of the solution. Thus, 
there are only a few methods available for 
determining ammonia from the water phase. 
One possibility is the Kjeldahl method, but it is 
more complicated and slower than the potentio- 
metric method. The colour of the water phase, 
on the other hand, is the main reason for 
rejecting the ordinary spectroscopic methods. 

ExPERIMENTN4 

NH=measurements 

An Orion Ammonia Electrode Model 95-12 
was used with an Orion mv/pH meter Model 
EA 920. The electrode consists of a hydrophobic 
gas-permeable membrane which separates the 
alkaline test solution from an internal solution 
O.lM in ammonium chloride. A glass pH elec- 
trode and a silver-silver chloride reference elec- 
trode are immersed in the internal solution.” 
Electromotive force (e.m.f.) of the electrode 
obeys ammonia concentrations both in liquid 
and gas phases according to the Nemstian 
equation 

E = E’ + 2.3RT/F log([NH,]/[NH :I), (3) 

where E’= standard potential, R = gas con- 
stant, T = temperature and F = Faraday con- 
stant. 

The pKN~ is 9.25. Thus the ammonia 

measurement must be performed in alkaline 
solutions at pH > 11. In gas phase operations 
one has to ensure that the pH is high enough for 
NH, liberation into gas phase. A O.lOOM stock 
solution of ammonium chloride was made from 
p.a. reagent (Merck). The buffer solution (ISA) 
for pH adjustment contained 5M NaOH and 
0.05M EDTA in 10% (v/v) methanol-water 
solution. Measurements were performed in a 
titration vessel (150 cm3) with an air-tight cover. 
The electrodes and burette were also led air- 
tightly through the cover. In the tests with 
standard solution we had electrodes in each 
phase simultaneously. Thus it was possible to 
use the same test solution for simultaneous 
measurements of ammonia in both phases. The 
volume of the studied solution was 100 cm3, so 
the volume of the gas phase was about 50 cm3, 
2 cm3 ISA solution and a magnetic stirrer were 
used in the measurements. 

Samples for application experiments 

Four fuel peat samples, originally from Cen- 
tral and Northern Finland, and one coal sample 
were used. The peats were medium humified 
(H3-H8 by von Post) and represented the main 
peat constituents of Scandinavian peats: B, C 
and S-peats. The subsamples for pyrolysis ex- 
periments were dried, milled and sieved to a 
particle size of <63 flrn before analysis. The 
main composition of samples is represented in 
Table 1. 

Table 1. Fuel analysis (wt%) 

Ash Vol 
Sample* (%) (%) (E) (E) (l) (& O/N N/C 
ColCoal 7.3 40.0 81.3 5.3 11.4 0.50 7.5 0.018 
CB-peat 10.6 75.0 50.8 5.4 

>: 
29.8 0.22 9.0 0.063 

C-peak 7.5 71.6 54.4 5.6 214 29.9 0.18 12.5 0.044 
s-peat 4.6 72.1 55.9 5.6 1.8 31.9 0.16 17.5 0.032 
Ls-peat 5.9 69.0 55.6 5.4 1.6 31.2 0.35 19.5 0.028 

*Coal from Colombia. Peats: C = Carex; B = Bryafes; S = Sphugnm; L = Woody. 
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Response time, in liquid phase 
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Pig. 2. Schematic diagram of entrained flow reactor: 1. source of reaction gases; 2,3, mass flow meters 
for air and nitrogen; 4, preheater 0-12OOT, 25 kW, 5, N2 for fuel fading; 6, fuel f&w 7, quartz reactor 
tube (L = 2 m, D = 0.1 m); 8, insulation with observation window; 9, small suction pyrometers; 10, mobile 

probe for pyrolysis gas; 11, data-logger HP 3497; 12, computer HP 9&45. 
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Reactor design and pyrolysis experiments 

The fuels were pyrolysed in an entrained flow 
reactor. The detailed structure of the reactor has 
been described in Fig. 2. The incoming gas 
(reaction gas) was heated to the desired tem- 
perature by a preheater and the flow rate and 
oxygen content in the reactor were adjusted by 
two mass flow controllers connected to a com- 
puter. The fuel feeding rate is higher in this 
reactor as is the case in drop tube furnaces 
which makes it possible to study the formation 
and emissions of flue gas components. 

The conversion of fuel nitrogen to ammonia 
was studied at 800°C. At the beginning of the 
reaction there was a trace of oxygen in the 
reaction gas but the fuel consumed the oxygen 
rapidly as the fuel feeding rate was quite high 
for this reactor (0.2 g/s). Because N,O, was not 
observed in the pyrolysis gas (measured by 
F.T.-ir”), it is evident, that the pyrolysis of the 
sample took place in an inert atmosphere. The 
pyrolysis gas sample was taken with a short 
mobile probe after pyrolysis. The sample line 
was connected with a gas washing bottle (500 
cm3), and the NH3 was absorbed in the 300 cm3 
of O.OlM HN03 solution. The sampling rate 
was 10 dn?/min. Because the fuel feeding rate 
was adjusted to be constant and the pyrolysis 
conditions were also unchanged it was possible 
to use the not continuous determination of 
conversion of fuel nitrogen to ammonia. 

RESULTS AND DISCUSSION 

The linear range of the ammonia electrode 
was reported to be from 1M to 5 x 10w7M (0.01 
ppm to 17,000 ppm) NH,.‘* Because of the low 
amounts of nitrogen in fuels, the ammonia 
concentration in the gas phase remained low. 
Thus a careful study of the function of the 
electrode both in liquid and gas phases was first 
required. 

Response time 

The response time of the electrode was stud- 
ied in both phases by using several concen- 
tration levels. The results are presented in 
Figs 3(a) and (b). The response time was gener- 
ally a function of the concentration, and the 
time was usually longer in the gas phase than in 
the liquid phase. For instance, at the concen- 
tration level of about 10e5M of NH3 the re- 
sponse time in the water phase was about 2 min 

and in the gas phase operation about 4 min. At 
high concentrations (IO-*&f ), the response time 
had a minimum value of 1.5 min in both cases. 

Calibration 

We calculated the concentration of ammonia 
according to the equation (3) and fitted the 
experimental results into a linear or quadratic 
equation using the least square calculation 
method: 

E=E’+SxpC,,,, (4) 

E = B + A X p&H, + C X (pC,“,)*, (5) 

where E = measured e.m.f.; E ’ = standard 
e.m.f. of the studied system; S = the Nernstian 
slope; A,B,C = parameters of the quadratic 
equation; pCN& = -log&, . 

Water phase. The values of the parameters 
together with the results of the statistical calcu- 
lations are in Table 2. The results of equation (4) 
in the water phase show that E’ is roughly 
constant, and the value of S is constant but 
below the theoretical value of 59.1 mV. The 
r-values are excellent and the values of s,, and 
SB are acceptable. The value of SB = 0.6 causes 
an error of ~3% at the midpoint of the re- 
gression line. The standard error estimate 
(s.e.e.) shows, however, that the more narrow 
the range the more accurate are the results. The 
experimental results fitted excellently to the 
quadratic equation. From a statistical point of 
view the results are good, but there is some 
fluctuation in the values of the parameters be- 
tween different measurements. 

Concluding the measurements of ammonia in 
the water phase showed some curvature in 
calibration line over a large concentration 
range. Within a narrower range (about two 
decades) we can use linear calibration line for 
measurements. The use of quadratic equation 
for calibration is not recommendable. The 
quantitative detection limit is about 5 x 10e6M 
(0.085 ppm) NH, in the water phase. 

Gus phase. The measurements of the standard 
curves in the gas phase were made using an air 
gap technique. The values of the parameters for 
equation (4) (in Table 2) show that neither E’ 
nor S are constants in the series of measure- 
ments performed although the statistical values 
for the curves are acceptable. As in the water 
phase, the measured data fitted better to the 
quadratic equation. The variation of the slope, 
especially in weak solutions, might be due to the 
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fact that the ammonia concentration is low in 
the gas phase and the equilibrium between the 
electrode and the gas phase is difficult to reach 
in a moderate time. Because of a fluctuation in 
the values of the parameters between the differ- 
ent measurement series, a known addition tech- 
nique should be used in air gap measurements. 
In the gas phase operation the quantitative 
detection limit of the electrode extends to 
5 x 10e4M (8.5 ppm) NE&. 

Simultaneous measurements in liquid and gas 
phases 

In these measurements two ammonium 
electrodes were used simultaneously: one in 
the liquid and the other in the gas phase. In 
this way random errors in the results could be 
minimized. The e.m.f. of the electrode was 
measured in both phases. Then a known 
amount of standard solution was added to the 

Table 2. Calculated calibration curves in liquid and gas phases. Form of the equations are 
E=E’+SxpC,,, and the quadratic equation E = B + A*pC,,, + C*P&,)~. sE and s, are the standard 

deviations of intercept (E’) and slope (S). A,B and C are parameters of quadratic equation. 

Code -logCwi, C S E JE 4 Est.error r ” 

Liq. 5.52 - 3.88 - 56.65 - 137.5 3.17 0.65 0.796 0.9997 7 
Liq. 5.30 - 4.32 - 56.95 - 138.6 2.81 0.58 0.373 0.9998 5 
Gas 3.30 - 1.70 - 64.32 -265.5 0.47 0.19 0.174 -1.000 7 
Gas 5.00- 3.70 - 57.61 -272.3 12.0 2.75 2.49 0.9955 6 

Code -logCrw, C A B sE 4 est.error r n 

Liq. 5.52 - 3.88 -2.73 82.32 -197.5 - - 0.262 0.9999 7 
Gas 5.30 - 3.70 - 15.3 189.7 -554.7 - - 0.005 0.9999 7 
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Table 3. Simultaneous determination of am- 
monia in liquid (A) and in gas phase (B) 

-lo&$ -log& diB.A-B 

4.060 4.033 0.027 
4.041 4.020 0.021 
4.021 4.040 -0.019 
4.000 3.964 0.036 
3.777 3.771 0.006 
3.602 3.611 -0.009 
3.523 3.540 -0.017 
3.478 3.506 -0.028 
3.301 3.315 -0.014 
2.613 2.752 -0.139 
2.252 2.284 -0.032 

vessel and the concentrations were calculated 
after the change of the e.m.f. The response time 
used was in accordance with the gas phase. The 
results have been collected in Table 3. 

Statistical methods were used in analysing the 
experimental data. Linear regression analysis 
showed very high regression between the liquid 
and gas phase operation methods: the equation 
being Y = 0.132 + 0.929 X with the value of 
r = 1.000. The slope of the equation was 0.929, 
which means that the air gap method gives 
slightly lower concentrations than direct deter- 
mination from the water phase. This indicates 
that the slope of the electrode is higher in the gas 
phase than the theoretical value, and the real 
slope is quite diiXcult to measure precisely be- 
cause of its fluctuation. 

Generally, the statistically acceptable confi- 
dence level is P = 0.05 in analytical chemistry. 
We used the results in Table 3 to compare the 
accuracy of the results of the two phases by 
some statistical methods: The paired z-test gave 
tcllf. = 1.39 (critical value r0,o5 = 2.23), the paired 
r-test for the means talc. = 0.073 (f0.0S = 2.09) 
and F-test for variances F,,c. = 1.16 

(F&b = 2.98). All tests fulfilled the criteria above, 
which means that the results obtained from the 
different phases are the same at significance level 
P =o.05.'4 

APPLICATION 

In application experiments the conversion 
of fuel nitrogen into NH3 was determined 
during pyrolysis at 800°C (see Fig. 1) for five 
fuels by using an indirect method described 
above. The concentrations of the sample sol- 
utions varied between C = 5 x lo-‘4 x 10e4M 
(0.8548 ppm) NH3 with the peat and 
1 x 10-‘-l x 10S4M (0.17-1.7 ppm) NH3 with 
the coal sample. According to these results the 
concentration of NH, in the pyrolysis gas varied 

between 8 and 90 ppm depending on the fuel 
sample. The measurements were carried out 
using the air gap method, because peat samples 
have high volatile content and the water phase 
may thus contain interfering compounds. Am- 
monia was also measured directly from the 
sample solution in samples of low NH, content 
(coal, low volatile). The results show that there 
are differences in fuel nitrogen conversions be- 
tween different fuels.ls 

The data can be used when studying the 
mechanisms of N,O, formation from fuel nitro- 
gen through NH,. Using experimental data as 
basic information it is possible to create kinetic 
models for combustion with greater accuracy. It 
is also possible to find evidence for existing 
combustion models on the basis of the exper- 
imental results. 

CONCLUSIONS 

In this study, the ammonia selective electrode 
was applied in a determination of NH, in pyrol- 
ysis gases. It is possible to accurately analyse 
dilute solutions of NH, with the electrode. By 
extending the sampling time, the sensitivity of 
the electrode can be increased. In addition, the 
electrode is available at a low price and is easy 
to use. The above benefits ensure that many 
application fields exist for NH, selective elec- 
trode. If the time cycle is long enough continu- 
ous detection of NH, is also possible. In our 
study the experiments did not take long and so 
the electrode was not suitable for ON-LINE 
detection because of the long response time. 

4. 
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Vihratlonal Sp&roseopy-Methods and Appllcatlem: A. FADINI and F.-M. SCHNEPEL, Ellis Horwood, Chichester, 1989. 
Pages 205. ESO.00, US$8S.O0. 

This book of 205 pages is a translation from German, It consists of five parts comprised of 24 short chapters (some very 
short) and aims to describe the theoretical background for the interpretation of vibrational spectra. According to the 
Introduction it is a textbook for undergraduate and postgraduate students and it attempts to give an overview of 
applications and “an understanding of some problem-oriented approaches”. 

Chapter 1 which is also part 1 contains some irritating errors in the tits which are to be used. It states, for example 
that 1 mn = 10-l mm instead of lo-) pm. Also the standard abbreviation for seconds in SI units is s not sec. One needs 
to be circumspect in insisting on SI units since cm-‘, beloved of spectroscopists, for very good reasons, is not an SI unit. 
Nevertheless, the relation between wave number in cm-’ and wavelength 1 in pm is v (cm-‘) = 10+*/l (pm) not IO-‘/A 
(pm). Theoretical results, concerning the mechanism by which IR and Raman spectra are obtained, are stated without proof 
and little explanation. The illustration (Fig. 1.6) of the IR spectrum and the Raman spectmm of CS, is in principle a good 
one and the diagrams to demonstrate them are potentially useful but they in no way indicate why the polarixability changes 
in either the asymmetric vibration or the degenerate bending vibrations. The text referring to the diagram is no help either 
and it is unfortunately separated from the picture by text. 

Part II of the book contains three chapters on the non-mathematical interpretation of vibrational spectra. Most of the 
first of these chapters is an adequate description of “fingerprinting”. The section on the use of vibrational spectroscopy 
for following the course of reactions is marred by some unfortunate misprints; the formula of N-pentafluoroethyltetrafluoro- 
sulphurimide is C,F,-N=SF, and the captions for Figs 2 and 3 have formulae where B has mysteriously replaced N. 
The third chapter of this part concerns the interpretation of the vibrational spectra of organic compounds and contains 
quite a useful reference list of group frequencies and also some useful rules of thumb about the intensities of IR and Raman 
bands. 

Chapter 4 describes the quantitative analytical use of vibrational spectroscopy with some instructive examples. 
Part III of the book develops the use of group theory in interpreting vibrational spectra. The description of point groups 

is accurate but the representation of groups is presented without any derivation and will be very puxxling to beginners. 
The diagram illustrating a table of group characters is line but there is a misprint in one of the formulae concerning the 
orthogonality of irreducible mprese.ntations. The selection rules are stated without proper explanation. Students will be able 
to get the right answer without any insight as to why it is correct. The small section on the extension of symmetry concepts 
to the solid state is very short and incomplete although the concepts are to be used later. Chapter 6 describes some 
applications, considering the vibrational spectra of AsF; , the changes which occur when this ion behaves as a ligand and 
the use of vibrational spectroscopy to distinguish between conformational isomers. This useful chapter concludes with a 
short discussion of molecules in the solid state. 

Part IV considers the interpretation of molecular spectra using mathematical tools and makes reference to a number of 
other books which contain the detailed development of the ideas. There then follows a chapter on elementary matrix algebra 
which stops short of the diagonalixation of matrices; just the material necesmry for a proper understanding of the use of 
F and G matrices which are considered in the next chapter. This may be useful to experienced users but is likely to be 
confusing to students. Then follows a number of such short chapters that one wonders whether this is a translation of the 
original book or a precis of it. Without seeing the original German edition it is not possible to decide this. There are a 
number of places where one line has been partially printed over another but this may just be the copy which I have. 

Part V continues with a discussion of the vibrational spectroscopy of solids and again results are stated without derivation 
or reference. 

Parts of this book may be a useful aide-memoire to experienced practitioners but students new to the field will not be 
helped to any great extent. I suspect that the price of the book will deter even those who would be able to follow it easily. 

J. H. BINKS 

llte Rlrk+thmer Encyelopedla of Chemkal TedmuMgy: Volume 5, Fourth Edition. Carbon and Graphite Fibers to 
Chlorocarbons and Chlorohydrocarbons-C,. J. I. Kaoscuwnz and M. HOWE-GRANT (editors), Wiley-In&science, 
Chichester, 1992. Pages: xxviii + 1072. El50.00. ISBN 0-471-52673-8 (v. 5). 

Volumes in the new edition of this encyclopedia now extend, alphabetically, to the topic of chlorocarbons and 
chlorohydrocarbons. An excellent softback index covering the lirst four volumes is also included with volume five. 

Almost 70 authors have contributed to this volume which is divided into 31 topics. The main areas covered am: ceramics 
(129 pages), cardiovascular agents (95 pages), cellulo-ters and ethers (88 pages), chlorine oxygen acids and salts (86 
pages), catalysts (79 pages) and catalysis (64 pages), and carboxylic acids (61 pages). The linal topic+&lorocarbons and 
chlorohydrocarbons-is also extensive and continues into volume six of the encyclopedia. 
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Topics covered in less detail include carbon dioxide, carbon monoxide, castor oil, cement and chemicals from brine. The 
elements surveyed in this volume are cerium and cesimn. Other topics which I found to be of particular interest-from 
an intellectual as well as professional viewpoint-include carbonated beverages, chelating agents, chemicals in war, 
chemometrics and chemurgy. I would liked to have seen a little more on chemometrics but the extent to which a reader 
thinks a topic should be covered is related to personal interest as well as to the overall importance of the topic. 

As usual, extensive bibliographies (including books, journals and patents) are included after each topic and the 
presentation is of a high standard. Highly recommended reading and a worthy purchase for all science libraries. 

P. J. Cox 

soil AnalysI~Mudem IssstrumentaI TedmIquesr Second Edition. K. A. Srurrrt, Dekker, New York, 1991. Pages viii + 659. 
$150.08 (US and Canada), $180.00 (elsewhere). ISBN O-8247-8355-7. 

The second edition of Keith Smith’s Soil Analysis-Modem Instrumental Techniques is a timely and very welcome addition 
to the literature of environmental, and especially soil, analysis. The new edition is substantially enlarged to reflect 
developments over the seven years since the first edition was published, and now, very appropriately, includes chapters on 
ion chromatography, ICP atomic emission spectrometry, and NMR spectrometry for functional group analysis. As in the 
first edition, the authors selected for each topic write from the viewpoint of extensive first hand experience, which contributes 
both to the reliability of the information and to the book’s success in achieving its goals, namely to bridge the gap between 
excessively detailed monographs on individual techniques and the occasional superficiality of all-embracing general 
analytical texts. For those not familiar with the earlier addition, other topics covered include: atomic absorption and flame 
emission spectrometry, ion-selective electrodes, automated calorimetric analysis, automated C, N and S determination, 
nuclear and radiochemical methods, XRF, INAA, isotope ratio measurements for C, N and 0, soil atmosphere analysis 
and pesticide analysis. The quality and style of presentation is commendably uniform and high for such a multi-author 
text, and the original literature is thoroughly referenced. The book will not date rapidly, and will remain an asset to 
researchers and higher education teachers in soil science, environmental science and analytical chemistry for years to come. 

M. Camma 

MacmiRan’s CMsnIcaI and PbysIeaI Datr A. M. JAMES and M. P. LORD, Macmillan, London, 1992. Pages xxv + 565. f35.00. 
ISBN O-333-51 167-O. 

Though we live in an age of information technology it can still be a painful and time-consuming experience to track down 
a particular fact, especially so if it relates to an unfamiliar field. This book attempts to address such problems by assembling 
a mass of diverse information-the density of the planet Mars, the melting point of calcium iodide, the half-life of ‘“Sn, 
the volume of the Royal Opera House-but is yet su&iently compact to drop into a briefcase. It ranges over many fields: 
properties of molecules, electrochemistry, kinetics, health and safety, optics, acoustics, astronomy and geophysics. About 
two thirds of the compilation is devoted to three topics: atomic and nuclear physics (102 pages), physical properties of 
compounds (146 pages) and thermodynamic properties of compounds (56 pages). The compilers have assumed that readers 
are familiar with underlying theory or have access to appropriate textbooks. Most of the tables indicate the sources from 
which they have been compiled and some give references to more. specialist texts. 

As a structural chemist I was disappointed in the fairly brief section on molecular structure. The existence of 
comprehensive structural databases is not mentioned and bond length compilations seem to be mainly based on Special 
Publication No. 18 of the Chemical Society (1965) rather than on recent average vahres from the Cambridge Structural 
Database (J.C.S. Per/& II, 1987, Sl; J.C.S. Da/ton, 1989, Sl) which allow distances in most organic compounds to be 
estimated with fair reliability. Page 53 gives the benzene C-C distance as 139.5 pm whereas two pages later it has lengthened 
to 142.10 pm. 

Nevertheless I consider that this is a helpful addition to the bookshelf of a working scientist. Coverage is wider and 
generally more authoritative than many of the paperback data books available. And, though the book is not as 
comprehensive as the Chemical Rubber Company Handbook, neither is it as bulky or expensive. 

K. W. MUIR 

UltraFit-version 2.1: non-linear curve-fitter for the Apple Macintosh. Biosoft, Cambridge, U.K., E149.00, US S 299.00. 

UltraFit is a non-linear curve-litter for the Apple Macintosh family of computers. Two versions of the program are supplied 
and this ensures that the program can be used on the whole Macintosh range provided that at least 1MB of RAM is present. 
The program also supports a maths’ coprocessor, it is claimed to be fully compatible with systems 6 and 7 and this does 
indeed appear to be the case. The manual is clearly written in a style that most Macintosh users will instantly recognize. 
Although, on opening the manual it is surprising not to find an introductory chapter describing the installation of the 
program. However, this omission will inconvenience only the most inexperienced of Macintosh users. Chapter 1 of the 
manual guides the user through a series of tutorials which cover the main features of UltraFit. These include data entry, 
creating new graphs, adding plots to graphs, fitting curves to data and customizing plots. The following chapters provide 
detailed accounts of each feature illustrated in the tutorials. Chapter 2 introduces worksheets which allow for the entry 
and manipulation of data. The program allows data entry directly from the keyboard or to be imported from other 
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The program also supports a maths’ coprocessor, it is claimed to be fully compatible with systems 6 and 7 and this does 
indeed appear to be the case. The manual is clearly written in a style that most Macintosh users will instantly recognize. 
Although, on opening the manual it is surprising not to find an introductory chapter describing the installation of the 
program. However, this omission will inconvenience only the most inexperienced of Macintosh users. Chapter 1 of the 
manual guides the user through a series of tutorials which cover the main features of UltraFit. These include data entry, 
creating new graphs, adding plots to graphs, fitting curves to data and customizing plots. The following chapters provide 
detailed accounts of each feature illustrated in the tutorials. Chapter 2 introduces worksheets which allow for the entry 
and manipulation of data. The program allows data entry directly from the keyboard or to be imported from other 
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Topics covered in less detail include carbon dioxide, carbon monoxide, castor oil, cement and chemicals from brine. The 
elements surveyed in this volume are cerium and cesimn. Other topics which I found to be of particular interest-from 
an intellectual as well as professional viewpoint-include carbonated beverages, chelating agents, chemicals in war, 
chemometrics and chemurgy. I would liked to have seen a little more on chemometrics but the extent to which a reader 
thinks a topic should be covered is related to personal interest as well as to the overall importance of the topic. 

As usual, extensive bibliographies (including books, journals and patents) are included after each topic and the 
presentation is of a high standard. Highly recommended reading and a worthy purchase for all science libraries. 

P. J. Cox 

soil AnalysI~Mudem IssstrumentaI TedmIquesr Second Edition. K. A. Srurrrt, Dekker, New York, 1991. Pages viii + 659. 
$150.08 (US and Canada), $180.00 (elsewhere). ISBN O-8247-8355-7. 

The second edition of Keith Smith’s Soil Analysis-Modem Instrumental Techniques is a timely and very welcome addition 
to the literature of environmental, and especially soil, analysis. The new edition is substantially enlarged to reflect 
developments over the seven years since the first edition was published, and now, very appropriately, includes chapters on 
ion chromatography, ICP atomic emission spectrometry, and NMR spectrometry for functional group analysis. As in the 
first edition, the authors selected for each topic write from the viewpoint of extensive first hand experience, which contributes 
both to the reliability of the information and to the book’s success in achieving its goals, namely to bridge the gap between 
excessively detailed monographs on individual techniques and the occasional superficiality of all-embracing general 
analytical texts. For those not familiar with the earlier addition, other topics covered include: atomic absorption and flame 
emission spectrometry, ion-selective electrodes, automated calorimetric analysis, automated C, N and S determination, 
nuclear and radiochemical methods, XRF, INAA, isotope ratio measurements for C, N and 0, soil atmosphere analysis 
and pesticide analysis. The quality and style of presentation is commendably uniform and high for such a multi-author 
text, and the original literature is thoroughly referenced. The book will not date rapidly, and will remain an asset to 
researchers and higher education teachers in soil science, environmental science and analytical chemistry for years to come. 

M. Camma 

MacmiRan’s CMsnIcaI and PbysIeaI Datr A. M. JAMES and M. P. LORD, Macmillan, London, 1992. Pages xxv + 565. f35.00. 
ISBN O-333-51 167-O. 

Though we live in an age of information technology it can still be a painful and time-consuming experience to track down 
a particular fact, especially so if it relates to an unfamiliar field. This book attempts to address such problems by assembling 
a mass of diverse information-the density of the planet Mars, the melting point of calcium iodide, the half-life of ‘“Sn, 
the volume of the Royal Opera House-but is yet su&iently compact to drop into a briefcase. It ranges over many fields: 
properties of molecules, electrochemistry, kinetics, health and safety, optics, acoustics, astronomy and geophysics. About 
two thirds of the compilation is devoted to three topics: atomic and nuclear physics (102 pages), physical properties of 
compounds (146 pages) and thermodynamic properties of compounds (56 pages). The compilers have assumed that readers 
are familiar with underlying theory or have access to appropriate textbooks. Most of the tables indicate the sources from 
which they have been compiled and some give references to more. specialist texts. 

As a structural chemist I was disappointed in the fairly brief section on molecular structure. The existence of 
comprehensive structural databases is not mentioned and bond length compilations seem to be mainly based on Special 
Publication No. 18 of the Chemical Society (1965) rather than on recent average vahres from the Cambridge Structural 
Database (J.C.S. Per/& II, 1987, Sl; J.C.S. Da/ton, 1989, Sl) which allow distances in most organic compounds to be 
estimated with fair reliability. Page 53 gives the benzene C-C distance as 139.5 pm whereas two pages later it has lengthened 
to 142.10 pm. 

Nevertheless I consider that this is a helpful addition to the bookshelf of a working scientist. Coverage is wider and 
generally more authoritative than many of the paperback data books available. And, though the book is not as 
comprehensive as the Chemical Rubber Company Handbook, neither is it as bulky or expensive. 

K. W. MUIR 

UltraFit-version 2.1: non-linear curve-fitter for the Apple Macintosh. Biosoft, Cambridge, U.K., E149.00, US S 299.00. 

UltraFit is a non-linear curve-litter for the Apple Macintosh family of computers. Two versions of the program are supplied 
and this ensures that the program can be used on the whole Macintosh range provided that at least 1MB of RAM is present. 
The program also supports a maths’ coprocessor, it is claimed to be fully compatible with systems 6 and 7 and this does 
indeed appear to be the case. The manual is clearly written in a style that most Macintosh users will instantly recognize. 
Although, on opening the manual it is surprising not to find an introductory chapter describing the installation of the 
program. However, this omission will inconvenience only the most inexperienced of Macintosh users. Chapter 1 of the 
manual guides the user through a series of tutorials which cover the main features of UltraFit. These include data entry, 
creating new graphs, adding plots to graphs, fitting curves to data and customizing plots. The following chapters provide 
detailed accounts of each feature illustrated in the tutorials. Chapter 2 introduces worksheets which allow for the entry 
and manipulation of data. The program allows data entry directly from the keyboard or to be imported from other 
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programs. The data may be manipulated either by using a range of predefined transformations, for example, simple 
arithmetic functions, conversion to reciprocals or logs, or by using user-defined transformations. Chapter 3 describes the 
use of graphics in UltraFit. Graphic objects are created and edited using tools from a toolbox which includes a drawing 
line and ellipse, and a text editor. These tools and their use will be very familiar to all Macintosh users. The creation of 
graphs is somewhat different to the method used by the majority of plotting programs in that a blank graph is created 
using the graphing tool and then the data are plotted onto the graph. These data may be in the form of a worksheet or 
alternatively, UltraFit can use an equation to create a line. This equation may either be one of the 26 predeflned equations 
supplied with the package or be userdeIIned. Graphs are plotted and manipulated in a very straightforward manner and 
the user quickly adapts to the program. The formats of the axes are user-defined and the control over the appearance of 
the plot is far greater than that normally found in similarly priced plotting packages. Graphs can be further custom&d 
using the toolbox. Chapter 4 introduces the use of equation documents in just two sides but this is then expanded in Chapter 
5 which provides a nice account of the language used to enter equations. However, the strength of UltraFit rests largely 
with its ability to fit experimental data and this is described in the final chapter of the manual. An equation is chosen or 
is user-defined to fit the experimental data. Before the data are fitted one of four different weighting methods is used. The 
default is the simple method in which all residuals, i.e., the difference between the fitted value and observed value, are 
weighted equally. The other three methods are: the statistical method which is suitable for handling data such as 
radioactivity counts, the proportional method for use if each point has the same proportional error and the explicit method. 
A further type of weighting, robust weighting, is also available and this allows for the suppression of data points that contain 
errors which deviate significantly from the overall error distribution. The residuals or weighted residuals can be added to 
a worksheet. The output from the fitting process is recorded in a log book and this contains such information as the type 
of weighting used, estimates of variable parameters and the goodness-of-fit index. UltraFit offers a choice of two fitting 
algorithms, the Marquardt or the Deming algorithm and there is a very brief description of these given as an Appendix. 
The manual also has Appendices describing fitting statistics, a particularly useful section on common errors and a list of 
the predefined equations. The program appears to be robust and the manual is well written. In addition, considering its 
functionality, the package is priced very reasonably. In consequence, UltraFit can be strongly recommended not only as 
a general plotting package but in particular, for the fitting of experimental data. 

C.T. IMRE 
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while scientific and technological development 
in Spain rose dramatically in the past decade, 
Spanish analytical chemistry grew well above 
average in qualitative and quantitative terms, so 
much so that it makes an atypical scientometric 
model. This has been acknowledged by the 
analytical ~~unity worldwide but not so by 
domestic professionals, some of whom have 
been compelled to share or even yield ground to 
others as a result. Thus, we decided to accept the 
assignment of compiling a special issue for 
Tulunta devoted to Spain as it not only reflected 
the interest in the late growth of Spanish ana- 
lytical chemistry, but also might help in placing 
this discipline in its rightful place within the 
Spanish scientific and technological system. The 
25 groups invited in mutual agreement with the 
journal editor gave a warm welcome to the 
proposal and contributed 25 papers of a high 
quality on a variety of topics which are a good 
reflection of Spanish .analytical chemistry in the 
1990s. 

Two recently pub~sh~ #mplemen~~ 
papers on analytical chemistry in Spain’*2 
showed the dramatic increase in the proportion 
of Spanish papers published in international 
analytical journals and their increasingly 
higher quality-particularly in the late 198Os- 
as well as a change from essentially inorganic 
analyses to a variety of other analyses in better 
accordance with worldwide practice in this re- 
spect. 

Spanish contributions to Talanta have 
evolved very similarly to Spanish analytical 
chemistry in general (see Fig. 1). The earliest 
Spanish paper ever appearing in Tafunta was 
contributed by Professor Lucena, of the Univer- 
sity of Salamanca,3 in the iirst year Talantu was 
released (1958). Up until 1979, Spanish papers 
never exceeded 2% of all contributions. How- 
ever, in the 198Os, Spanish contributions grew in 
an almost exponential fashion though they had 
levelled off by the end of the decade. It is 
interesting to note the unusually high pro- 
portion of Spanish papers published in Taianta 
in 1986 (ea. 18%), which can probably be 

ascribed to the extra pressure placed on Spanish 
university researchers, who were compelled to 
pass some tests where their research curriculum 
was decisive. Tbis was also the case with other 
scientific-technical disciplines. Spanish analyti- 
cal chemists have contributed an average 4.4% 
of all papers published in the 35 years of 
Theta; however, Spanish cont~b~tions be- 
tween 1983 and 1992 accounted for more than 
twice that percentage, cu. 11.5%. This is quite a 
remarkable figure taking into account that 
Tahta publishes papers from a large number 
of countries. Hence it was logical to devote a 
special issue to this country, in the wake of those 
previously pub~sh~ in the U.S.A. and the 
former Soviet Union. 

Finally, we wish to thank Professors Wine- 
fordner and Hansen for their initiative and the 
assignment they gave us in the course of Pitcon 
‘92, held in Atlanta in February 1992. On 
accepting the assignment, we could hardly en- 
visage such a warm welcome by Spanish analyti- 
cal chemists, who have ~n~but~ their best. 
All of them deserve our earnest acknowledge- 
ment. We should also like to thank the 50 
referees who acted as reviewers for their con- 
structive criticisms. We believe our endeavour as 
guest editors was worth the while and hope this 
feeling will be shared by the readers of this 
special issue. 

1 1 .A 

p li.8 

I 8.8 t 
L 4.0 
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Fig. 1. Relative contribution of Spanish analytical chemists 
to Talonra (from the Telcdocumentation !krvice, University 

of Extmmadura, Spain). 
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CRYSTALLIZATION OF ORGANIC CRYSTALS WITH 
“TAILOR-MADE” INHIBITORS. DETERMINATION OF 

L-LYSINE USING L-GLUTAMIC ACID AS SUBSTRATE 

F. GRUFS and C. G-TAR 

Department of Chemistry, University of Balearic Islands, 07071 Palma de Mallorca, Spain 

Summary-A very simple turbidimetric procedure is used for determination of L-lysine, based on its 
inhibitory action on the crystallization of L-glutamic acid. The obtention of supersaturated solutions of 
L-glutamic acid was accomplislxd by means of the change in the solvent composition. Thus, the addition 
of ethanol to stable aqueous solutions of this amino acid allows the obtainment of unstable supersaturated 
solutions. The method suffers from very few interferences and permits the development of an analytical 
procedure to determine L-lysine in the presence of D-lysine. The method was also applied to the 
determination of L-lysine in pharmaceutical products. 

The analytical determination of chiral molecules 
has aroused notable interest due to their differ- 
ent behaviour, thus the biological activity of a 
chiral molecule can be different between the two 
configurations, i.e., the efficacy of some thera- 
peutic drugs or pesticides is a function of defi- 
nite configurations of chiral structures, etc. The 
analytical resolution of racemic mixtures is 
nevertheless very difficult due to the practically 
identical chemical behaviour of the chiral sub- 
stances. This usually implies the use of complex 
chromatographic procedures.’ 

The most common methods for determi- 
nation of L-lysine implies enzymatic pro- 
cedures.23 Other general methods include the 
use of high performance liquid chromatog- 
raphy.- 

We report a very simple procedure for L- 
lysine determination based on the interaction 
between a crystallizing substrate and a 
stereospecific “tailor-made” growth inhibitor. 
This permits the development of a specific ana- 
lytical procedure to determine L-lysine in the 
presence of D-lysine. The application of crystal- 
lization inhibitory processes in analytical chem- 
istry has been discussed previously.’ 

EXPERIMENTAL 

Reagents and apparatus 

L-glutamic acid and L-lysine, as all reagents 
used, were purchased from Sigma. The solvents 
(ethanol, methanol and acetone) were supplied 
by Merck. Solutions of L-lysine (4.38 x 10-3M) 

and glutamic acid (5.85 x lo-‘M) were pre- 
pared in doubly distilled, deionized water and 
filtered through a disposable 0.45~pm filter 
membrane. These solutions were stable for a 
week. 

Turbidimetric measurements were taken by 
means of a single-beam spectrophotometer 
(Bausch and Lomb Spectronic-21) at 550 nm. 
The usual cell compartment was replaced by a 
spiral copper tube surrounding a cylindric glass 
vial of 2.3 cm in diameter and 22 ml in volume. 
The suspension (solution) contained in the glass 
vial was stirred by a magnetic bar and a rotatory 
external magnetic field, placed under the photo- 
meter. The transmittance was continuously 
measured by a pen recorder. 

A Hitachi S-530 scanning electron micro- 
scope was used to obtain the scanning electron 
micrographs. 

Procedure 

To a glass vial placed in the photometer 
containing 13.5 ml of ethanol (84.4%) were 
added the necessary volume of L-lysine solution 
to give a final concentration of 2.5-25 pg/ml 
(the pH of this sample solution was 4.5), water 
to achieve a final volume of 16 ml and 2 ml of 
5.85 x 10-Zit4 L-glutamic acid, while stirring. 
All solutions were filtered through a disposable 
0.45~pm filter membrane before use. After ad- 
dition of L-glutamic acid, the transmittance- 
time curves were recorded at a wavelength of 
550 nm. From the resulting curve, the time 
elapsed before precipitation was detected (see 

1589 
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5 10 5 10 5 10 
Time, min 

Fig. 1. Influence of the solvent on the crystallization of L-glutamic acid, in the absence and presence 
of L-lysine. [Z.-glutamic acid] = 7.31 x lo-‘M, temperature 26”. A (1) 84.4% of methanol, (2) 87.5% of 
methanol, (3) 84.4% of methanol and [L-lysine] = lOpg/r& B (1) 62.5% of ethanol, (2) 81.2% ofethanol, 
(3) 87.5% of ethanol, (4) 81.2% of ethanol and [L-lysine] = 10 pg/&, C (1) 50% of acetone, (2) 75% 

of acetone, (3) 84.3% of acetone, (4) 75% of acetone and IL-lysine] = 10 p&xl. 

Fig. 4) and was used to prepare the calibration 
graph (Fig. 5). The duration of each measure- 
ment was cu. 10 min. The system was kept at 
constant temperature by circulating water at 
26 f 0.2”. 

IUEXJLTS AND DISCUgSEON 

Many crystal properties such as shape, size, 
stabilization of one or another polymorph, ek,, 
depend on the interactions between crystals and 
the environment in which the crystal grows. 
This influence can be non-specific, such as in 
solvent polarity or solubility effects, or highly 
specific as in the stereochemical correlation be- 
tween growing crystals and crystal growth in- 
hibitors as the “tailor-made” additives.@ These 
substances are organic molecules whose chemi- 
cal structure is only slightly modified with re- 
spect to the bulk component of the molecular 

crystal. As a consequence, this molecule can 
selectively absorb on to specific crystal surfaces 
and this causes dramatic changes in the growth 
rates. In the present study the effects of L-lysine 
as “tailor-made” inhibitor in the crystallization 
of L-glutamic acid has been studied with 
analytical purposes. The obtention of super- 
saturated solutions of L-glutamic acid was 
a~rnp~sh~ by means of the change in the 
solvent composition. Thus, the addition of an 
organic solvent to stable aqueous solutions of 
this aminoacid, allows us to obtain unstable 
supersaturated solutions. The results of several 
experiments using methanol, ethanol and 
acetone as organic solvents, in the presence and 
absence of L-lysine are shown in Fig. 1. The 
experiments were followed by t~bidimet~. 
When the experiments were finished, a sample 
of the suspension was taken and examined by 
SEM. Optimum results are considered those 

S 10 S 10 5 10 

Time, min 

Fig. 2. Crystal&&on of L-glutamic acid in ethanol at different supersaturations. Temperature 26”. 
A [L-glutamic acid] = 3.66 x 10-3M, (I) 93.8% of ethanol, (2) 87.5% of ethanol, (3) 81.3% of ethanol; 
B [L-glutamic acid] = 7.31 x lO-3M, (I) 87.5% of ethanol, (2) 84.4% of ethanol, (3) 81.3% of ethanol, 
(4) 78.1% of ethanol, (5) 75% of ethanol; C [L-glutamic acid] = 1.46 x lO?t4, (1) 75% of ethanol, (2) 

71.9% of ethanol, (3) 68.8% of ethanol, (4) 62.5% of ethanol. 



Crystallization of organic crystals 

Fig. 3. Scanning electron micrographs (SEM) of L-glutamic acid crystallization. [Glutamic 
acid] = 7.31 x 10e3M, 84.4% of ethanol, temperature 26”. (A) Without L-lysine. (B) In presence of 10 

pg/ml of L-lysine. 

that correspond to maximum reproducibility 
and sensitivity and this coincided with the 
experiments performed with ethanol. Conse- 
quently this solvent was selected in further 
experiments. Analogous criteria was used to 
select the optimum ethanol and L-glutamic acid 
concentrations. The results obtained appear in 
Fig. 2. Optimum results were obtained with 
84.4% ethanol and in the presence of 
7.31 x 10W3M L-glutamic acid. Such conditions 
were chosen to prepare the calibration graph. 
As can be seen in Fig. 3, when applying the 
above conditions, a clear inhibition of the 

hexagonal L-glutamic acid crystals formation 
was observed. 

Characteristics of the analytical method 

The transmittanmtime curves (Fig. 4) 
recorded in the presence of different amounts of 
L-lysine under selected conditions were used in 
order to obtain the calibration graph. The time 
necessary to initiate the crystallization, the in- 
duction period and the relation between the 
time required to initiate the crystallization in 
the presence and absence of L-lysine were the 
methods applied. A linear calibration graph was 



1592 F. GRASS and C. GENESAR 

I I 
3 10 

Time, min 

Fig. 4. L-glutamic acid crystallization runs in the absence 
and presence of L-lysim. [L-glutamic acid] = 7.3 x lo-)M, 
84.4% of ethanol, temperature 26”. (1) Without L-lysine, 
(2) [L-lysine] =5 jq/ml, (3) [L-lysine] = 15 fig/ml, (4) 

[L-lysine] = 25 pg/ml. 

obtained between 2.5 and 25 pg/ml in all 
methods applied. The calibration graphs ob- 
tamed in the proposed methods by least-squares 
treatments are described by 

T = 0.3942 + 0.249@L] (r = 0.997; n = 5) 

Z = 0.7410 + 0.2989[L] (r = 0.991; n = 5) 

R = 0.4126 + 0.5203[L] (t = 0.996; n = 5) 

where T is the time necessary to initiate the 
crystallization (time necessary for transmittance 
starts decreasing, Fig. 4), Z the induction period 
(Fig. 4), R the relation between the time necess- 
ary to initiate the crystallization in presence and 
absence of analite, L the L-lysine concentration 
and r the correlation coefficient. 

The three proposed methods exhibited good 
analytical characteristics, but due to their sim- 
plicity, the time necessary to initiate the crystal- 
lization was chosen for further experiments. 

Reproducibility was measured on 11 repli- 
cates of L-lysine at 10 pg/ml (RSD = 
3.15%) and on 11 replicates of a reference 
sample (without L-lysine) (RSD = 4.17%). 
These results were obtained when the time 
necessary to initiate the crystallization was ap 
plied to prepare the calibration graph. 

Interferences 

To evaluate the selectivity of the proposed 
method, the effect of other aminoacids on 
the crystallization of L-glutamic acid was stud- 
ied. The aminoacids selected were those cur- 
rently included in formulations together with 
L-lysine. Various volumes of stock solutions of 

A 
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I I 
10 20 
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Fig. 5. Calibration graphs for L-lysine. (A) T: Time neoess- 
ary to initiate the crystallization. (B) I: Induction period. 
(C) R: Relation between the time necessary to initiate the 

crystallization in the presence and absence of L-lysine. 

Table 1. Tolerance levels (&ml) for several aminoacids in 
the determination of 10 pg/ml L-lysine 

Aminoacids 

Maximum 
tolerated 
amount* 
&g/ml) 

L-leucine, L-tyrosine, L-aspartic acid 
L-glutamine, L-phenylalanine, L-threonine 
L-wine, L-asparagine. L-isoleucine 
L-methionine, L-valine 
D-lysine 
L-histidine$ 
L-omithinet 

>50 
5OOt 

15 
3 

*The obtained msults in the determination of L-lysine were 
identical to those obtained in absence of the checked 
aminoacid. 

tHigher concentration assayed. 
SHigher concentrations inhibited the glutamic acid crystal- 

lization. 
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Table 2. Determination of L-lysine in the presence of 
D-lysine in synthetic samples 

Composition Found Recovery 
&I/ml) &r/ml) (%I 

10 L-lysine + 50 D-lysine 9.82 98.2 
10 L-lysine + 250 D-lysine 9.94 99.4 
10 L&sine + 500 D-$&e 9.86 98.6 

Table 3. Determination of L-lysine in p~~~u~l 
Droducts 

value certihd 
by the 

Sample No. Found* manufacturer 

14 39.1 f os7t 
211 11.99 f 0.3175 *%* 

*Average of 5 determinations. 
tAs gll. 
$As percentage w/w. 
~P~utic~ product: Acticinco. supplied by Pierre 

Fabre S.A.E. 
llPharmaceutica1 product: Aminoacidos esenciales, supplied 

by Nutri Sport. 

the different potential interferences were added 
to L-glutamic acid in order to know the toler- 
ance levels. The results summarized in Table 1 
show that only the assayed ~a~no~r~xylic 
acids such as L-lysine (L-histidine and L-or- 
nithine) caused some disturbance. It is interest- 
ing to point out that the presence of D-lysine 
causes no important interference on the crystal- 
lization of L-glutamic acid. Scanning electron 
micrographs show no difference between 
samples obtained in presence of D-lysine and 
samples of the crystallization of L-glutamic 
acid, ~thout additives, at the same percentage 
of ethanol. 

The resolution of racemic mixtures is an 
important and very difficult analytical problem. 
Due to the slight effects that the presence of 
D-lysine caused on the crystallization of L- 
glutamic acid, as it was commented above, the 
proposed method was applied to the determi- 
nation of L-lysine in the presence of D-lysine in 
synthetic samples (Table 2). 

To test the applicability of the proposed 
method, this was applied to the determination 

of L-lysine in pharmaceutical products. L- 
lysine constitutes a common constituent in 
pharmaceutical products to promote the muscu- 
lar and osseous growth. The determination of 
L-lysine in one of these pharmaceutical prod- 
ucts (sample No. 1, Table 3) was carried out 
without any previous treatment of the sample 
(except appropriate dilution). 

On the other hand, L-lysine is one of those 
labelled essential amino acids and for this 
reason is included in pharmaceutical prep- 
arations of dietetic supplements. The proposed 
method allows the determination of L-lysine in 
the presence of other aminoacids (L-leucine, 
L-phenylalanine, L-threonine, etc.) without 
previous separation. The results obtained are 
shown in Table 3 (sample No. 2). 

As can be seen, the results for L-lysine analy- 
sis in samples of pharmaceutical products using 
the proposed method are in good agreement 
with the certified values. The proposed pro- 
cedure cannot be applied to the determination 
of L -1ysine in pharmaceutical products that also 
contain quantities of L-histidine and/or L- 
ornithine similar to the former, due to their 
~por~nt in~bito~ effects on the crystalliz- 
ation of L-glutamic acid. 
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DETERMINATION OF THE OXIDATIVE STABILITY OF 
OLIVE OIL BY USE OF A ROBOTIC STATION 

Josh A. GARCIA MESA, M. D. LUQUE DE CASTRO and MIGUEL VALCARCEL 

Department of Analytical Chemistry, Faculty of Sciences, University of Cordoba, E-14004 Cordoba, 
Spain 

Summary-A gravimetric method for the determination of the oxidative stability of olive oil based on the 
use of a robotic station for the monitoring of the oxygen absorbed by a sample subjected to heating under 
controlled working conditions is proposed. The method was developed in order to relieve the typically 
heavy work load of olive oil laboratories in winter. The results obtained were consistent with those 
provided by a well-established method (Rancimat), which the proposed method clearly surpasses in sample 
throughput (6 samples/batch us 150 samples/batch). 

The number of samples to be analysed by some 
laboratories varies enormously from season to 
season, particularly for agricultural products 
and their derivatives. The seasonal factor com- 
pels laboratories to deal with large numbers of 
sample during the harvest period and remain 
virtually inactive the rest of the year. Labora- 
tory automation has solved this problem in 
some cases’ by means of analysers with high 
sample throughputs; however, the scarce flexi- 
bility of this type of instrument poses an ad- 
ditional shortcoming: such powerful, expensive 
tools must be kept inactive for rather long 
periods (g-10 months/year). 

The potential final solution to this problem 
may lie in accomplishing flexible automation in 
order to meet the great demand for analyses of 
the harvest period and provide for other tasks 
during the rest of the year, thus maximizing the 
profitability of the initial costly investment. 
Such is the case with the use of robots.* 

Olive oil industry laboratories are ideal 
targets for the proposed solution. The aim of 
this work was to show how robots can solve 
such problems; in particular the determination 
of the oxidative stability of oils. Resistance to 
oxidation is a measure of oil quality and dictates 
storage and usage stability. Such stability, the 
interval until the oil becomes rancid, depends 
both on intrinsic features (viz, type of olive in 
olive oils, and fatty acid and natural antioxi- 
dant-tocopherols and polyphenols-contents) 
and on environmental conditions (temperature, 
light, air exposure, type and material of the 
container, metal trace content, etc.). 

Oil rancidity is assessed either by sensory or 
by laboratory procedures.3*4 Because olive oils 
are stable for a few months under their usual 
storage conditions, oxidation is accelerated in 
laboratory tests by increasing the temperature 
and, occasionally, also by increasing exposure 
to oxygen. This “forced” side of the study 
conditions may distort the results compared 
with real conditions; notwithstanding this short- 
coming, the long experience in accelerated stab- 
ility assays has fostered usage of this type of 
analysis. 

In previous work’ the deficiencies of the 
methods used so far for studying the stability to 
oxidation of virgin olive oils were discussed and 
an alternative method based on the gravimetric 
monitoring of the oxygen absorbed by a sample 
subjected to heating under controlled working 
conditions was developed. This method features 
a much higher sample throughput than its 
earlier counterparts. The manual determination 
as performed by using this method is rather 
tedious because the experimental procedure 
involves an endless series of weighings which are 
prone to personal errors. This makes the 
method a good candidate for implementation by 
a robotic station. 

EXPERIMENTAL 

Instrument and apparatus 

Analyses were performed by a Zymark Co. 
robotic station consisting of the following 
elements (Fig. 1). A Zymate II plus robot, a 
System V controller, a Printer, a Power, an 
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Fig. 1. Bench layout of the robotic station for the determi- 
nation of oxidative stability of olive oil. 

Event controller, a General purpose hand (with 
a disposable pipet tip rack), a 0.2-l .O ml Syringe 
hand, a test-tube dispenser and racks for 
16 x 100 mm tubes. A Mettler AE 200 balance, 
a Plactronic (P-Seleota) heating-plate and a 
Netset AT PC compatible computer were used. 
A lab-built ahuninium bore heating block was 
also employed. 

Gravbnetric &termination of the oxidative stab- 
ility of olive oil 

After the operator enters the number and 
iden~~tion of samples, the robot performs the 
following operations: weighing test-tubes equal 
to the number of samples to be processed, which 
are placed in the waiting rack; weighing 1 g of 
sample in its test-tube; transferring each sample 
to the heating rack; heating at 98” for 5 hr; 
transferral of all the samples to the waiting rack; 
pause for cooling (20 min); weighing the 
samples and final transfer& to the waiting rack, 
the weights being stored in a disk in the con- 
troller device for subsequent treatment. The 
cycle is repeated as many times as required 
depending on the stability of the sample con- 
cerned, until the weight gain of all the samples 
has reached, 9 mg (Fig. 2). 

RESULTS AND DISCUSSION 

On the basis of preliminary results, the man- 
ual method was adapted for implementation of 
the robotic station by establishing the most 
suitable conditions for the assay (a fast oxi- 
dation kinetics no detracting from the discrimi- 
nating power of the method; minimal space 
oa~pancy per sample in order to maximii 
throu~put; rout-fellness; and results con- 
sistent with those provided by other methods. 

These requisites were met as follows: 

(a) 

(b) 

Working temperature. The temperature 
selected for sample heating was 98” in order 
to operate under thermal conditions similar 
to those of well-established methods since 
temperature was a key to the process rate.’ 
Compatibility between the robot, heating 
system and productivity. A heating-plate 
was used to heat samples since ovens are 
not robot-f~endly. The heating-plate pro- 
vided uneven heating of the different 
samples (especially when small vessels were 
used), possibly because of the non-flat bot- 
tom of the containers, This shortcoming 
was circumvented by constructing a bore 
aluminium block that was used to hold the 
vessels (test-tubes), thus facilitating the 
robot operation. The block was placed on 
the hating-plate. Its dimensions and the 
position of the holes were adjusted to those 
of the rack from Zymark so as to take 
advantage of PyTechnology. A fairly small 
amount of sample was used to avoid filling 
the test tube (16 mm diameter) with sample 
to an excessive height which would delay 
the oxidation process through hindered ac- 
cess of oxygen to the sample. On the other 
hand, handling very small amounts of 
sample would give rise to small changes in 

Fig. 2. Flow chart of the method. 
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Fig. 3. Scheme of the heating block. 

the weight to be monitored, which in turn 
would result in increased relative weighing 
errors. A l-g sample was selected as it 
provided acceptable performance of the 
proposed method (see below) with less 
sample than other methods (2-3 g for 
Ranchnat and 10 g for AOM’) and a 
maximum sample thickness of 9 mm in the 
test-tube. This amount of sample is critical, 
as has been demonstrated’ in order to 
achieve comparable results between labora- 
tories. 
Cautions and peculiarities of the system. 
Special caution was exercised to avoid er- 
rors in the method arising from several 
potential sources, namely light, dust, 
electrostatic charges and delivery system. 
(1) The heating block was protected by an 

opaque cover which did not hinder 
motion of the robot arm, but prevented 
light from directly impinging on the 
sample (which accelerated the oxidation 
process) and dust to settle (which would 
affect weighings). The use of a heating- 
plate instead of an oven had other ad- 
ditional advantages related to the robot 
safety: thus, the robot hand was not 
exposed to the typically high tempera- 
tures of ovens (ca. 100”) and the fingers 
were kept from contact with very hot 
vessels as the upper part of the test-tube 
was at a considerably lower temperature 
than the heated zone. 

(2) Figure 4 shows how the test-tube under- 
went a weight loss between successive 
weighings under no heating. This arose 
from friction with the plastic material 
which caused electrostatic charges to 
build up; such charges could not be 
eliminated as all materials in contact 

17 cm n 4.8 
cm 

I 

with the test-tube (robot tigers in- 
cluded) were of insulator materials. This 
shortcoming, which has probably so far 
been overlooked in robotic method- 
ologies was satisfactorily solved by hav- 
ing a small aluminium sheet establish 
electrical contact between the inside of 
the balance tube holder and the balance 
pant and drive the accumulated electri- 
cal charge to earth. 

(3) Sample dispensing was different from 
that of PyTechnology owing to the high 
viscosity of oil. Zymate robots usually 
dispense liquids through a pipeting hand 
by twisting the wrist and leaning the 
pipette tip on the inner wall of the 
vessel. In this way, the liquid trickles 
down the tube wall, thus ensuring 
maximum accuracy. With oil samples 
and taking into account the subsequent 
heating steps, this dispensing procedure 
was inappropriate as the oil drops which 
remained randomly in the inner wall 
of the tube offered a large oxidation 
surface compared with the whole 
sample, so they were a source of high 

_,___ , 
I s s 7 0 11 1s 1 ” Is 11 *s 

Weighing 

Fig. 4. Weight loss of a test-tube between successive 
weighinga under no heating conditions. 
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&producibility. For this reason, the 
computer software was modified and the 
oil sample was dropped directly to the 
bottom of the test-tube without twisting 
the wrist of the robot at a small rate in 
order to avoid drops splashing on to the 
tube-walls. 

(d) Temporal variables. The optimal heating, 
cooling and weighing times were also estab- 
lished. Inasmuch as the method is based on 
discrete exposure to the oxidation-promot- 
ing factor (a high temperature), each step 
must be precisely timed for every sample 
and any differences in this respect arising 
from the position of the tube in the batch be 
avoided as far as possible. 
(1) Figure 5 shows the cooling weight 

change curves for a test-tube containing 
1 g of oil after the heating block was 
removed. Although complete cooling re- 
quired cu. 25 min, the weight remained 
stable after 15 min. However, a cooling 
time of 20 min was selected in order to 
increase the confidence level of the 
weighings. 

(2) The heating time was chosen as a com- 
promise since short heating times and 
high weighing frequency resulted in 
near-continuous monitoring of the oxi- 
dation curves, but detracted from even- 
ness of the heating process and slowed 
down analyses as the heating time rela- 
tive to the total analysis time was 
shorter. In addition, small weigh 
changes were more markedly affected by 
weighing errors. Figure 6 shows the real 
working times of the system for the 
analysis of a 100~sample batch heated 
for different times. It follows from the 
figure that too short heating times are 
inadvisable. On the other hand, too long 
heating times would provide insufiicient 
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Fig. 5. Change of weight and temperature of a test-tube. 
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Fig. 6. Actual working time of the robot for analysis of 100 
samples/batch by using different heating times. 

information about the process, and 
hence give rise to errors, especially for 
unstable samples. A heating time of 5 hr 
was finally selected. 

(3) The influence of the heating time on the 
overall kinetics was also investigated by 
heating a sample for different times (2.5, 
5 and 10 hr). No differences between the 
oxidation curves were observed. 

Processing of the chemical ~~fur~uti~n 

The results obtained by the robotic station 
were delivered as kinetic curves showing the 
weight changes with time. This information can 
be processed in different ways depending on 
how the time required for oil to become rancid 
is defined. 

Some possible ways of defining the stability of 
oil are described in Fig. 7. 

(1) The induction period (I), defined as the 
intercept of the tangent to the curve in the 
quasi linear portion of maximum slope (see 
Fig. 7). 

0 PO 40 60 100 

Time Lurd 

120 MO 120 

Fig. 7. Different ways of processing the experimenti curves. 
Z, ind~tion; W, gain of a present weight; S, slope of the 
rising portion of the curve; LU, and D, ~~ and preset 
value, respectively, of the Rrst derivative of the experimental 

curve. 
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(2) 

(3) 

(4) 

The slope of the above quasi linear portion 
of the curve (S). 
The time elapsed until the weight of the 
sample reaches a preset value (W’). 
The time elapsed until the slope reaches a 
preset value (0) or the maximum value 

(M). 

The use of one or another definition provides 
different results. Thus, one can: a) use one (or 
several) def&Gtions to obtain characteristic re- 
sults, or, b) use that (or those) definitions which 
provide results consistent with those obtained 
by other common methods (Rancimat and 
AOM). Since the fmal aim of this work was to 
solve the problems of the manual method (Y~Z a 
low sample-throughput), option b) was the clear 
choice. 

Among the above four devotions of stabi~ty, 
the fourth is the least precise as minimal changes 
in the kinetic curve give rise to great changes in 
its slope. In addition, there is no interval of 
maximum slope in many cases, but a plateau 
with a linear weight change. This definition was 
thus avoided. 

Twenty virgin olive oil samples whose stab- 
ility (between 25 and 170 hr) had been pre- 
viousiy calculated by the Rancimat method 
were used for comparing with the proposal 
method. Only the heating time was considered 
here for greater consistency with the results 
provided by the Rancimat method. 

The different correlations obtained between 
the selected parameter in the proposed method 
and the Ran&rat stability are listed in 
Table 1. There was excellent correlation 
between the induction period of the robotic 
method and the Rancimat stability (also based 
on the induction period). The calculated 
correlation coefficient (0.9957) was similar 

Table 1. Correlation between the Rancimat stability and 
several parameters of the curves of the robotic method? 

Y x a 6 r 

Rancimat Induction 
stability period (I) 

0 Rmh& -OA02 0.986 0.9957 

Slope stability 
VI P?r) 

0.175 -5 x 1O-4 0.7502 
w2* 1.111 0.101 0.9893 

? 

1, 2.110 0.111 0.9877 
,, 

w:: ” 
3.147 0.118 0.987 1 
4.259 0.128 0.9788 

WI0 
11 6.276 0.129 0.9733 

+ W,: Ehtpsed time for a gain of i rag. 
TGeneral equation: y = a + 6x. For more details, see text. 

to that obtained by Guti&rez et uLs (0.~62) 
for comparison of Ran&mat and AOM 
methods. Using other parameters resulted in 
lower correlations. 

It is worth noting that the data from two 
samples in the batch (those corresponding to 
148 and 179 hr of Rancimat stability) were 
discarded as the results provided by the 
robotic method were inconsistent with the rest 
and lower than those provided by the Rancimat 
method. This discrepancy could have arisen 
from the Rancimat method giving rise to 
changes in the concentration of the solution 
in the conductivity cell due to water evaporation 
in the long heating period required with very 
stable oils,’ and therefore, there is uncertainty 
in the validity of these results. The robotic 
method does not have this drawback this 
makes the proposed method especially suitable 
for olive oil, whose longer stability is well- 
known. 

A BASIC program for data treatment was 
written in the dedicated PC. After all the 
samples have been oxidized, this program read 
the weights stored in the controller disk and 
calculated the induction period of every sample. 

The reproducibility of the proposed method, 
calculated as the relative standard deviation of 
the results for 11 samples of the same oil, was 
evaluated with two samples of low (12 hr) and 
high stability (100 hr). The RSDs obtained were 
8.7 and 2.6%, respectively. These results show 
that the precision of the proposed method is not 
good for unstable oils (less than 15-20 hours), 
which is not usual in virgin olive oil. 

The throughput of the proposed method as 
implemented in the design station is 50 
samples/batch. However, the throughput can 
be increased to 150 samples/batch by taking 
advantage of the free space around the robot 
arm, where other racks can be placed. This 
requires only minimal changes in the computer 
program, but always using Zymark’s PyTech- 
nology. 

Comparison of the results 

Table 2 shows the induction periods obtained 
by analysing the same batch of 20 samples of 
virgin olive oil by using both the Rancimat and 
the robotic method. There is a clear difference 
between the Rancimat stabilities for samples of 
148 and 170 hr, which can be explained for the 
reasons cited above. 
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Table 2. Comparison of results 
of Rancimat and automated 

method 

Ran&at (hr) Robot (hr) 

58 56 
107 108 
29 31 
89 93 
48 51 

170 153 
69 69 

125 133 
141 141 
112 116 
92 97 

1:: 
30 

123 
66 61 
47 36 
62 56 
85 90 
28 28 
48 
29 

CONCLUSIONS 

A robotic station was designed for the deter- 
mination of the oxidative stability of virgin olive 
oil by using a fully automated method based on 
monitoring the weight changes of heated 
samples. 

The different analysis steps are described in 

detail in order to facilitate implementation of 
the proposed method at other laboratories. 

The main advantages of the proposed method 
compared to its well-established counterparts 
are full automation of the process and a much 
higher sample throughput (150 samples/batch), 
which amply offsets the higher initial cost of the 
equipment required. 
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MULTIDATA TREATMENT APPLIED TO THE 
SIMULTANEOUS RESOLUTION OF CATECHOL- 

RESORCINOL MIXTURES BY KINETIC 
ENZYMATIC PROCESSES 

E. G&Ez, A. CLADERA, J. M. ESTELA and V. CERDA* 

Departament de Q&mica. Wniversitat de les Bles Balears, 07071 Pahna de Mallorca, Spain 

Summary-This paper reports a multicomponent least-squares re8ression method based on the use of 
multiple standards for the simultaneous resolution of substrates involved in kinetic enaymatic processes. 
The proposed method was applied to the determination of catechol-resorcinol mixtures by oxidation with 
hydrogen peroxide in the presence of the enayme peroxidase (EC 1.11 .1.7) in a stopped-flow reversed flow 
injection system. The mathematical algorithm used is superior to other alternatives as it is not affected 
by side reactions between the oxidation products. The proposed method allows the simultaneous 
resolution of 50-150~ catechol and 30-18O@f resorcinol over the wavelength range 348400 nm. The 
co~~tion ranges can be mod&d by varying the injected amount of enzyme. The ~~~ti~ 
treatment is applied to the spectra of several standards and those of the samples, which are recorded 6 see 
after the flow is stopped. This redounds to a high sampling frequency (up to 6O/hr). 

Multicomponent analysis methods have 
aroused increasing interest in the last few years 
on account of their ability to sim~~eousiy 
resolve systems of two or more components 
by use of a variety of analytical techniques. 
However, because of the large number of data 
involved in the process, extensive development 
was only possible lately thanks to the advent of 
powerful computers in terms of processing 
capacity and data storage. Thus, a number of 
mathematical procedures including linear 
regression,’ partial least-squares,* iterative 
methods3 and factor analysis4 currently allow 
mixtures to be resolved in very short times. 

Multicomponent methods usually rely on the 
use of m~tichannel detectors to obtain a data 
set that is processed mathematica~y in order to 
determine the individual contribution of each 
analyte in a mixture. They simplify the analyti- 
cal procedures required to a great extent as they 
allow several analytes to be determined without 
a previous separation step. W-visible spectro- 
photomet~ has so far been the most frequently 
used technique in connection with multicompo- 
nent analysis.5 The most commonly used kinetic 
enzymatic procedures use this technique and the 
initial slope or fixed time kinetic method, which 
have so far been applied to the determination of 
a wide variety of substances including metal 

*Author for correspondence. 

ions and organic and biological substrates. As a 
rule, these determinations are highly selective 
thanks to the peculiar properties of the enzymes 
used. Alternative mathematical models such as 
the Kahnan filter have been used in recent years 
to determine the rate constant and concen- 
tration of the substrate involved in th@ type of 
reaction. Thus, Rutan and Brown6 addressed 
the kinetics of hydrolysis of ~-nitrophenyl 
phosphate tom-~trophenoi by using the enzyme 
alkaline phosphatase. 

Kinetic determinations of very similar 
substrates (e.g., isomers), however are hindered 
by mutual interferences that cannot be 
overcome by the selective features of enzymes. 
~ulti~m~nent determination techniques 
based on spectral differences between the 
analytes to be determined may come to the 
rescue in such cases. Also, unlike equilibrium 
methods, these techniques are in no way affected 
by the occurrence of background signals- 
provided they do not contribute to the kinetics 
of the pr ocess-as they will not vary over time. 
This type of dete~nation has been addressed 
by some authors. Thus, Pardue et a1.7*8 
accomplished simultaneous determinations by 
using real and simulated multipoint data, and a 
non-linear regression method. They also 
reviewed different aspects of kinetic methods in 
this context? However, they did not use or even 
mention the possibility of using spectra for 
resolving simultaneous kinetic processes. 

1601 
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In continuation of previous research into the 
development of multicomponent analysis 
techniques’“-‘3 in this work we address the 
simultaneous resolution of kinetic enzymatic 
processes by applying a multistandard linear 
regression method to the kinetics of oxidation of 
various substrates by hydrogen peroxide, 
catalysed by the enzyme peroxidase (EC 
1.11.1.7). We applied the method thus 
developed to the resolution of mixtures of 
catechol and resorcinol traces by using an 
automated FIA system and the stopped-flow 
mode for data acquisition. 

ExPJmIMENTAL 

Reagents 

A O.lM phosphate buffer of pH 7.0 + 0.1 was 
prepared from its monopotassium salt (Probus, 
PA, U.S.A.). 

A peroxidase solution was made by dissolving 
0.512 g of lyophilized enzyme (EC 1.1.11.7, 
purified from Grade II horseradish peroxidase, 
Boehringer Manheim, Germany) in 4 ml of 
3.2M ammonium sulphate (Fluka, PA). The 
suspension thus obtained (0,) was stored at 4” 
in a refrigerator and remained stable for at least 
2 months. It was used weekly to prepare 
solution sets (Dz) by diluting 100 ~1 of D, in 
25 ml of 3.2iU ammonium sulphate which were 
subsequently refrigerated as well. Working 
strength solutions were made daily by dissolving 
150 ~1 of D2 in 10 ml of phosphate buffer. The 
working solutions thus contained 7.68 pg 
peroxidase/ml (1.5 U/ml, 25”, and guaiacol- 
hydrogen peroxide as substrate). 

Individual standards of catechol and 
resorcinol of concentration 9.0 x 10e3M were 
prepared from PA-grade Sigma and Panreac 
chemicals, respectively. 

Finally, a 0.030% hydrogen peroxide solution 
was made by dilution of 30% Panreac PA 
reagent. 

Apparatus 

The experimental set-up used for the 
automatic determinations is depicted in Fig. 1. 
It consisted of the following components: 

A PC compatible computer for instrumental 
control and data acquisition and processing that 
was equipped with an HP-IB interface and a 
PC8255 I/O card from Flytech Technology. 

Two laboratory-assembled valve electro- 
mechanical actuators that were commanded by 
the computer via the PC8255 card. One of them 
was used to effect enzyme injections and the 
other to divert the flow to the spectropho- 
tometer inlet and enable stopped-flow readings. 

A Hewlett-Packard HP-8452A diode array 
spectrophotometer furnished with a flow-cell of 
18 ~1 void volume and l-cm pathlength, and 
connected to the computer via the HP-IB 
interface. 

An FIA manifold (Fig. 2) consisting of a 
Gilson Miniplus peristaltic pump, two valves 
(a Bheodyne injection valve and a Bheodyne 
six-way valve) that were switched by the mech- 
anical actuator; PTFE tubing of 0.5 mm i.d. for 
reactors and the injection loop; a thermostatic 
bath and an automatic burette furnished with a 
0.5 ml syringe intended to load the injection 
loop with the minimum possible consumption 
of enzyme. 

Fig. 1. Experimental set-up used for the simultaneous automatic determination of substrates involved in 
enzymatic kinetics. 
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PerilrtaItic Therlnlntatic 
PlrmP 

Fig. 2. FL4 manifold used. Carrier and but&r: O.lM phosphate, pH 7.0 MS/S: multiple standard/sample. 
V,: enzyme injection valve, V,: 6-way valve for stopping the flow. SD: spectrophotometric detector. 

Software * 

We used essentially two programmes: 
DARRAYi4 and MULT13”. This latter was 
used in the multistandard mode: on the 
assumption that Beer’s law is obeyed, the molar 
absorptivity of each component i at each 
wavelength j, pi,, is calculated by regression 
from mixtures of standards of each component 
at different concentrations. This requires solving 
an equation system at each wavelength given by 

Ajk = Zj + i Cij bca ; k=l...K (1) 
i= 1 

where Alk is the absorbance of standard k at 
wavelength j, z1 is the independent fitting term, 
b is the pathlength and cik is the concentration 
of component i in standard k. The above 
equation system can be solved by multiple linear 
regression provided the number of standards 
used (K) is greater than that of components. 
Solving the system will provide the cij and zj 
values, as well as the deviation of the fitting at 
each wavelength (Oj). The analyte concen- 
trations in the samples can then be calculated by 
solving the overdimensioned equation system 
obtained by applying Beer’s law to the mixture 
concerned at each working wavelength. 

Procedure 
Recording of the stopped-flow kinetic curves of 

the standards and sample. The process is started 
by setting reagents and a mixture of standards 
in motion along the manifold depicted in Fig. 2 
and waiting for the system to stabilize. Then, an 
injection of 100 ~1 of the working solution of 
peroxidase is commanded and, 15 set later-the 
time required for the maximum of the FIA peak 
to be reached-the flow is halted automatically 
in order to monitor the kinetic process. 

*‘Ike software used in this work can be obtained on request 
from SCIWARE, Banco de Programas, Departament de 
Quimica, Universitat de les Illes Balears, 07071 Pahua de 
Mallorca, Spain. 

Subsequently, the computer commands loading 
of the injection coil with the enzyme solution 
and resumption of the flow. This cycle can be 
repeated as many time as required depending on 
the number of standards and replicates used. 

Analytical data are acquired at 2-mn intervals 
over the wavelength range 250-550 mn and the 
absorbance corresponding to the 550 nm read- 
ing is subtracted. We used a data acquisition 
rate of 1 reading per second, even though this 
can be adjusted to the kinetic process 
concerned. 

The same computer file where the kinetic 
curves of the multiple standards are stored can 
be used to save the kinetic data of the samples 
to be resolved. In this manner a single file can 
contain the data of all the standards required for 
calibration and sample analysis. 

The above process is entirely carried out by 
the programme DARRAY. 

Processing of data 

Once the above computer file has been 
obtained, DARRAY saves the spectra of the 
different standards of the mixtures obtained at 
the preset time for data processing (t = 6 SC). 
These spectra are subsequently captured as 
multiple standards by the programme MULTI3 
in order to perform calibration over the optimal 
wavelength range (340-500 nm in our case). 
Finally, the spectrum of the mixture to be 
resolved, recorded at the same time as those of 
the standards, is processed and the concen- 
tration of each analyte calculated. 

RESULTS AND DEXUSSION 

Optimization of experimental variables 

The manifold employed is depicted in Fig. 2 
and it was selected for the following reasons. 

Reversed FIA manifolds use up very little 
reagent, which ensured minimal consumption of 
the enzyme. 
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The enzyme was injected via V,, which was 
placed as close as possible to the six-way valve 
V, in order to delay the start of the kinetic 
process as far as possible while allowing for 
efficient mixing with all other reactants. 

The loops (0.5 m) that were immersed in the 
thermostatic bath (35”) were only intended to 
thermostat the stream containing the sample 
and carrier. 

The injected volume used, 100 ~1, was chosen 
as a compromise between a high sample 
throughput and low dispersion in order to 
achieve wide enough peaks to monitor the 
kinetics at their maxima. 

The time elapsed between injection and the 
appearance of the maximum of the FIA peak 
was calculated previously (by using a dye) and 
was found to be 15 sec. The time elapsed 
between passage by the merging point (M) and 
stopping of the flow was also calculated (5 set). 

The oxidation reaction taking place up on 
injection of peroxidase (POD) can be 
represented by16 

Donor(DH,) + H,Oz 

POD 

- 2H, 0 + Oxidized donor 

where Donor denotes catechol and resorcinol in 
our case. The oxidized donor consists of several 
intermediate species presumably including semi- 
quinone substances. The occurrence of radical 
intermediates from both catechol and resorcinol 
in their mixtures may account for the appear- 
ance of mixed coupling intermediates whose 
spectra would be different from those obtained 
in the presence of one component only. Under 
the working conditions used, this reaction only 
took place in the presence of the catalyst. 

The absorption spectra of the oxidized forms 
of catechol and resorcinol, the maxima of which 
lie at 388 and 402 nm, respectively, are 
extensively overlapped. 

However, we found the absorbance maximum 
of the two diphenol compounds to shift to 
shorter wavelengths with time, probably as a 
result of the occurrence of side reactions 
between intermediate radicals to yield other, 
new forms. 

Thus, the kinetics of the mixtures were 
monitored by recording their absorption spectra 
over a given wavelength range (e.g., 
250-550 nm) at regular intervals (1 set) by 
means of the diode array spectrophotometer. 
Each point of the kinetic curve was obtained by 

subtracting the absorbance measured at 550 nm 
from that obtained at a wavelength (e.g., 
388 mn) in order to offset the change in the 
refractive index arising from injection of the 
enzyme, thereby avoiding negative absorbance 
values. 

The phosphate buffer and working tempera- 
ture used were selected according to literature 
recommendations for similar processes. 

With regard to the intluence of the 
concentration of the different substances 
involved in the enzymatic reaction, we found 
H202 concentrations between 0.015 and 0.060% 
to have no effect on the initial reaction rate. We 
thus chose 0.030% as the working concen- 
tration. However, a linear dependence of the 
signals on the enzyme concentration throughout 
the range studied (2.56-7.68 pg peroxidase/ml) 
was obtained. We chose a concentration of 7.68 
pg/ml as optimal-this can obviously be 
adjusted to the working concentrations of the 
substrates to be used. 

Once the optimal working conditions were 
established, we calculated the linear determi- 
nation ranges of the initial reaction rate us. 
concentration plot and obtained 50-l 50pM for 
catechol and 30-180pM for resorcinol. The 
reproducibility in the initial rate for a mixture of 
the two diphenols was 3.4% (n = 6). 

Resolution of catechol-resorcinol mixtures 

A preliminary survey of the kinetic curves for 
the enzymatic action of peroxidase on the 
oxidation of the two substrates revealed both to 
conform to the Michaelis-Menten equation. 
Therefore, at initial substrate concentrations 
[S], much smaller than the Michaelis constant, 
K,,,, one can establish a linear relation between 
initial rate values and [&--this is the typical 
working region for most enzymatic appli- 
cations, even though some authors used altema- 
tive methodologies to extend the linear range 
beyond K,,, .I’ 

On the other hand, when the overall 
absorbance signal of the kinetic process arises 
from more than one substrate, the general 
procedure obviously cannot be used. Multicom- 
ponent analysis methods do allow mixtures to 
be resolved under these conditions. Among the 
various available options, that of multiple 
least-squares regression involves a fairly 
simple mathematical treatment that makes it 
advisable whenever the spectrum of each 
component to be determined or its oxidation 
product is known. 



Simultaneous resolution of catechol-resorcinol mixtures 1605 

Table 1. Results and confkience intervals (95%) obtained in Table 2. Catechol and resorcinol concentrations (PM) in 
the resolution of catechokesorcinol mixtures by using the the multiple standards used to resolve the mixtures in 

multiple standard method Table 1 

S, 
Sr 
S3 

[Catechol] 
(PM) 

Added Found 

100 107 f 2 
100 93 f 2 
50 50 f 2 

[Resorcinol] 
(PM) 

Added Found 

60 57 f 2 
100 103 If: 2 
150 150+3 

Catechol 
Resorcinol 

MS, MS, MS, MS, MS, 

50 100 50 150 50 
50 50 100 50 150 

However, the resolution of mixtures such as 
those of catechol and resorcinol poses some 
problems arising from side reactions between 
the oxidation products. Inasmuch as the oxi- 
dation products could not be readily identified, 
the customary regression procedure based on 
the use of individual standards of each of the 
substances significantly contributing to the 
overall signal was useless. Also, using the 
spectra of the two substrates was inadvisable as 
they would be fully overlapped and lie in an 
unsuitable region (274 nm). For the same 
reason, and due to the small absorbance values 
involved (a few milliunits), attempts at resolving 
the system by using an optimization method 
(viz. that of Gauss-Newton) for the kinetic 
curves of the samples from individual standards 
were also unsuccessful. 

proportions of the analytes. We used five 
mixtures of catechol and resorcinol at the 
concentrations given in Table 2, which provided 
significant information about their relative pro- 
portions. Even though, in mathematical terms, 
the system could be resolved with only four 
multiple standards, the deviations thus obtained 
were somewhat high, so we opted for using five 
standards. In resolving the mixtures at different 
times after halting the flow we found the results 
obtained to improve substantially within a few 
seconds of the start of the kinetic process. 

The above shortcomings can be circumvented 
by applying the multiple standard regression 
method” to the spectra of the oxidized forms. In 
this way, using mixtures of the two components 
in different proportions as standards will repro- 
duce the same side reactions taking place in the 
sample. In practice, the regression procedure is 
applied to spectra recorded at the same time t as 
for the sample so that the results obtained may 
accurately reflect the concentration of each 
analyte. 

Table 3 lists the concentrations obtained for 
each substrate in the three mixtures analyzed 
(S,, S, and S,) at times 0, 2, 4, 6 and 8 set, as 
well as at saturation of the kinetic curve (120 
set). It follows from these results that both the 
concentrations and the confidence intervals 
obtained after 6 set were quite reliable. On the 
other hand, the concentrations obtained at the 
saturation time were somewhat worse whereas 
the confidence intervals were slightly better. 
This can be ascribed to more reproducible 
spectra-absorbance values are greater than 
those measured at the beginning of the kinetic 
process-which, however, are also less accurate 
because of the side reactions involved. We thus 
chose to resolve the system with data from the 
initial kinetic segment, using a time of 6 set 
following halting of the flow. 

Table 1 lists the results obtained in the 
resolution of three samples containing different 

Figure 3 shows the kinetic curves yielded by 
two replicates of each of the three samples 
assayed (S,, S, and S,). The enzyme injection 
and flow stopping instants (the latter was 

Table 3. Results and confidence intervals (95%) obtained in the resolution of catechol-resorcinol mixtures 
as a function of the time elapsed from halting of the flow 

SI S* S, 

[Catechol] [Resorcinol] [Catechol] [Resorcinol] [Catechol] [Resorcinol] 
t (=c) (PW (PM) (PM) (W) (PM) (iw 

0 76 f 3 71*3 124&3 89&3 36*3 151*3 
2 78 f 5 75*3 122&5 85 f 3 14*5 170*3 
4 93 f 5 61*5 107*5 99*5 32f6 156k5 
6 107k2 57&2 93 f 2 103&2 50*2 150*3 
8 109*3 57*2 91*3 102*2 54*2 149 f 2 

120 81 f 1 66Ztl 119* 1 94*1 48*l 149f 1 

The catechol and resorcinol concentrations in S, , S, and S, are given in Table 1. 
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Fig. 3. FIA recording obtained on duplicate stopped-flow processing of samples S, , S, and S,. Enxyme 
injection, flow halting, the start of the loop loading for the next injection and resumption of the flow are 

signalled for each kinetics. 

arbitrarily assigned t = 0), as well as the start of 
the loop loading process for the following 
injection (t = 30 set) and flow resumption 
(t = 120 set) are shown in the figure. 

CONCLUSIONS 

The results obtained testify to the usefulness 
of the multiple standard linear regression 
procedure for simultaneously resolving sub- 
strates on the basis of enzymatic reaction 
kinetics. Its advantages and disadvantages were 
clearly shown above. 

The proposed method was automated by 
using an FIA system which allows the resolution 
of catechol-resorcinol mixtures within a few 
seconds of the start of the kinetic process by 
performing injections of the enzyme peroxidase. 
We found a set of five multiple standards to be 
more than adequate to ensure accurate 
resolution in spite of the very small absorbance 
values obtained as a result of working in the 
initial kinetic region. 

The results were quite satisfactory in terms of 
accuracy, sensitivity and reproducibility, par- 
ticularly taking into account that the chemical 
model used involved side reactions that would 
render resolution by any ordinary analytical 
method quite difficult. 

In this work we resolved fixed-time kinetic 
enzymatic processes involving catechol and 
resorcinol only owing to the problems posed 

by the occurrence of side reactions between 
the oxidation products. However, the proposed 
procedure should be readily applicable to 
systems of more than two components provided 
they involve none of these undesirable side 
reactions. 
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Summary-A new procedure has been developed for the on-line digestion of solids in a microwave oven. 
The direct injection in a water carrier flow of dispersions of solid samples in concentrated nitric acid, the 
merging of these shuries with 30% (v/v) HzOz and the ~~owave-lists digestion in a Teflon coil of 
100 cm permit a fast and quantitative extraction of Cu and Mn from different solid matrices, such as 
vegetables, powdered dietary products and sewage sludges. The development of an appropriate interphase, 
in which digested samples are cooled and degassified, previous to their introduction into the nebulixer of 
a thune atomic absorption spectrometer, makes possible the full automatixation of the digestion and 
measurement steps of the elemental analysis of solids and it provides a sample frequency of 180 injections 
per hour. The developed procedure has also been applied for Pb and Zn determination in certified sewage 
sludge samples, with accurate results obtained for Pb but low results found for Zn. 

The use of microwave ovens improves the acid 
digestionr4 and the dry ashing of solids,5 and it 
provides an alternative to the preparation of 
samples for their analysis by atomic spec- 
trometry. 

Mi~owave-lists d~omposition methods 
are less time consuming than traditional ones 
and they reduce the digestion step from several 
hours to a few minutes; thus, they have opened 
up new possibilities to the full automatization of 
the analysis of samples including not only the 
measurement step but also the sample prep- 
aration. 

The on-line digestion of liquid samples, such 
as serum or blood samples, can be carried out 
without difficulty by using a quartz digestion 
coil introduced into a microwave oven.6 

The digestion of solids in flow injection (FI) 
analysis usually requires a higher irradiation 
time than that reported for liquids and it sup- 
poses a more sophisticated manifold.’ 

Slurries, obtained by dispersion of solids in 
water, have been used for the direct introduc- 
tion of samples in atomic spectrometry,“” Also, 
slurries have been introduced directly into the 
atomization systems by flow injection.‘**” How- 
ever, in several cases, elements to be determined 
are not easily atomized from dispersed solids 
and they need previous treatment in order to 

*Author for correspondence. 

dissolve or to extract them from the solid to the 
aqueous phase by leaching. This treatment can 
be carried out using closed flow systems.“*” 
Other approaches, based on the digestion of 
slurries, employ stopped-flow system@ or very 
long digestion coils (20 m), and in-line filters,” 
in order to obtain a solids-free acid solution. 

The aim of the present work is to develop a 
simple and inexpensive system for the on-line 
digestion of solid samples based on: (i) the direct 
injection of acid slurries in an FI manifold, (ii) 
the use of a domestic microwave oven, without 
any modification, to improve the sample diges- 
tion and (iii) the development of an adequate 
interphase to couple the FI manifold and the 
nebulizer of a flame atomic absorption spec- 
trometer, which permits the cooling and de- 
gassing of the digested samples, in order to 
perform a fast analysis of the samples with a 
high sample frequency. 

Apparatus 

A Perkin-Elmer 5000 atomic absorption 
spectrometer, equipped with a multielemental 
hollow cathode lamp of Cr, Co, Cu, Fe, Mn and 
Ni and monoelemental lamps of Pb and Zn, w&s 
used to carry out absorbance measurements 
in the instrumental conditions, reported in 
Table 1. 

1609 
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Table 1. Instrumental conditions employed for the determi- 
nation of Cu, Mn, Pb and Zn 

Parameter Cu Mn Pb Zn 

Wavelength (nm) 324.1 219.5 283.3 213.9 

Lamp current (m.4) I2 12 10 Slit (nn) 0.7 0.2 0.7 : 7 
Burner height (cm)* 1.3 1.3 1.3 1:3 
Acetylene flow (I./m&z) 1.3 1.3 1.2 1.2 
Air aow (I./m&) 12.1 12.1 12.1 12.1 

%e burner height is the distance below the focal point of 
the optical system. 

A domestic microwave oven (Balay Bahm 
100) equipped with a 2450 MHz magnetron and 
with a nominal exit power of 650 W was em- 
ployed for the digestion of samples, without any 
modification. 

The manifold employed for the on-line diges- 
tion of slurries of solid samples is shown in 
Fig. 1. This manifold is a double channel assem- 
bly that includes two Rheodyne RS50 rotatory 
valves, which are operated at the same time in 
order to inject s~~~n~usly the same volume 
of an acid slurry of the sample and a hydrogen 
peroxide solution. The two channels join in a 
Y-shaped merging zone and then the mixture 
passes through a Teflon digestion coil, located 
inside the microwave oven. This coil was intro- 
duced by making use of the vent holes of the 
oven and therefore no additional holes are 
required; thus there is no radiation leakage from 
the oven. 

A Gilson P-2 Minipuls peristaltic pump, 
equipped with two vinyl chloride flexible tubes 
of 2.79 mm internal diameter, was employed for 
sample transport. All the parts of the manifold 

are made of Teflon and have 0.8 mm internal 
diameter. 

A special interphase was designed to couple 
the FI manifold with the nebulizer of the atomic 
spectrometer (see Fig. 2). It consists of a 70 mm 
long glass tube (of 5 mm internal diameter) with 
an upper part 50 mm long (with an internal 
diameter of 26 mm). This form permits the 
degassing of the samples at the exit of the 
microwave oven, because, during the microwave 
irradiation of acid slurries in the presence of 
H202, a high amount of gases is produced. To 
avoid sample ejections, the end of the Teflon 
tubing, proceeding from the oven, is introduced 
into a fine glass tubing of 3 mm internal diam- 
eter. A waste vent, located 25 mm above the 
base of the interphase, avoids the excessive 
dispersion of samples when the aspiration flow 
(of the nebulizer) and the carrier flow (provided 
by the FI system) are not of the same order. An 
ice water cooling bath permits the cooling of the 
water carrier Sow and condenses the sample 
plug before its introduction into the atomic 
spectrometer. The aspiration tubing of the neb- 
ulizer is introduced until the end of the inter- 
phase in order to carry out continuous 
aspiration of the solution coming from the 
microwave oven. 

Reagents 

A standard stock solution of Cu (1000 pm/g) 
was prepared from 1.0000 g of copper metal 
dissolved in a minimum volume of (1 + 1) 
HNO, and diluted to 1 1. with 1% (v/v) HNO,. 
A stock solution of Mn was prepared from 

PUMP INERCTOR MICROWAVE INTRRPHASB ATOMIC 
OVRN SPECTROh#RTRR 

Fig, 1. FI manifold employed for the on-line digestion of solid samples. 
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In order to study the effect of the experimen- 
tal parameters on the on-line treatment of 
samples, 100 ~1 of dietary product slurries in 
concentrated nitric acid, containing 20 mg/ml 
of dispersed solids, were injected in a water 
carrier flow by using the previously described 
manifold, at the same time as 100 ~1 of H,O, of 
different concentrations. Then, the mixture of 
both channels was passed through a reaction 
coil of 100 cm length, introduced into a micro- 
wave oven. 

Fig. 2. Interphase employed to couple the FI manifold with 
the nebulizer of the atomic spectrometer. 

1.0000 g of manganese metal dissolved in a 
minimum volume of HNO, (1 + 1) and diluted 
to 1 1. with l%(v/v) HCl. A stock solution of 
1000 pg/g of lead was prepared from 1.5980 g 
of analytical reagent grade Pb(NO,), dissolved 
in 1 1. distilled water and, a stock solution of 
1000 pg/g of zinc was prepared from 1.0000 g 
of zinc metal dissolved in 30 ml of 5M HCl and 
diluted to 1 1. with distilled water. Working 
standards were prepared by diluting the stock 
solution with analytical grade concentrated 
HN03 (Panreac, Barcelona, Spain). 

The aspiration flow rate of the nebulizer in 
these experiments was 8 ml/min and the total 
carrier flow rate was between 7 and 8 ml/mm. 

In the above mentioned conditions, the effect 
of Hz02 on the digestion of acid slurries and the 
influence of the parameters which control the 
digestion time were studied. 

Recommended procedure 

A hydrogen peroxide solution (30% v/v; 
Probus, Barcelona, Spain) was employed to 
improve the digestion of the nitric acid slurries 
of samples. 

Samples 

Real artichoke samples were supplied by the 
Instituto Valenciano de Investigaciones Agrar- 
ias (MA, Montcada, Spain). Full artichokes 
were dried in a thermal oven at 80” for several 
days, until a constant weight was obtained. 
They were then pulverized in a vegetable pro- 
cessor IRA model M-20, until a particle size 
lower than 100 pm was obtained. 

Between 20 and 250 mg of a solid sample were 
weighed in a glass beaker, 10 ml of concentrated 
nitric acid added and the mixture shaken vigor- 
ously to obtain a homogeneous dispersion. One 
hundred microlitres of this slurry were injected 
in the double channel manifold indicated in Fig. 
1 at the same time as 100 ~1 of a 30% (v/v) H202 
solution. Both carrier streams merge in a Y- 
shaped merging zone and then pass through a 
Teflon coil of 100 cm located inside a microwave 
oven. They were worked at 100% power level of 
the microwave oven and an additional load of 
100 ml of distilled water was introduced into the 
oven, as a safety measure. 

To obtain accurate results the total carrier 
flow in the FI system must be equal, or a little 
higher, than the aspiration flow of the nebulizer, 
and a value of the order of 8 ml/min of the latter 
is recommended. 

Fine dry powder of dietary product samples Standard calibration curves can be estab- 
(particle size lower than 100 pm) was provided lished from the injection of different con- 
by PENSA laboratories (Valencia, Spain). centrations of conventional standards in 

Real sewage sludge samples were supplied concentrated nitric acid, treated in the same way 
from the water treatment plant of Pinedo as the samples. 

(Spain). The sample was dried, in a thermal 
oven at 80”, and then pulverized in an agate ball 
mill until a fine powder with a particle size lower 
than 2OOpm was obtained. 

Certified samples of tomato leaves (SRM 
1573) and sewage sludges samples (CRM 144 
and CRM 146) were employed to check the 
accuracy of the developed procedure. 

General procedure 
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RESULTS AND DISCUSSION 

Stability of acid slurries 

Solid dispersions, containing between 20 and 
250 mg of sample in 10 ml of concentrated nitric 
acid, are stable for several minutes, after manual 
shaking, and the addition of surfactant agents is 
not required in order to improve their stability. 

Figure 3 shows the variation of the ab- 
sorbance at 500 nm, obtained using a UV-vis 
spectrophotometer, for an acid slurry contain- 
ing 100 mg of a powdered dietary product 
dispersed in 10 ml of HN03 and then diluted 
1: 10 (in order to achieve absorbance values in 
the minor photometric error range). The con- 
tinuous recording of absorbance as a function of 
time shows that, during the first 20 min, the 
change in the turbidity of the sample dispersion 
is lower than 10%. So, for the preparation of 
samples it is sufhcient to obtain a fine particle 
size of the solid and to disperse these particles 
in HN03. After the homogenization of this 
dispersion, 100 ~1 of the slurry are injected in 
the FI manifold of Fig. 1. 

Digestion of acid slurries 

As was previously confirmed by using a 
closed FI manifold, the microwave-assisted 
digestion of vegetable and sewage sludge 
samples provides a quantitative recovery of 
inorganic elements in a few minutes when mix- 
tures of nitric acid and hydrogen peroxide are 
employed. ” So, for on-line digestion, solid 
samples were dispersed in concentrated nitric 
acid and then mixed with the same volume of 
H,O, solution. 

The on-line treatment of samples supposes a 
very low digestion time; so, the effect of diges- 
tion parameters such as digestion mixture and 
time of microwave irradiation were studied 
carefully in order to obtain the total recovery of 
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Fig. 3. Variation, as a function of time, of the absorbance 
at 500 nm of 10 mg of a dietary product dispersed in 10 ml 

HNO,. 

Table 2. Effect of H202 concentration on the determi- 
nation of Cu and Mn in a dietary solid sample by 

on-line digestion 

H,Q (o/c) W) Cu @g/g) Mn @g/g) 

0 44*4 11*3 
6 4oi2 43 f 5 

12 31 f 3 41*2 
21 36&2 50*5 
30 36&2 45*4 

Actual concentration 41&2 52*2 

Values of real concentration were established from 
the batch analysis of samples after a conventional 
wet ashing digestion. The total carrier flow em- 
ployed was 7.8 ml/mm and the content of solids 
in the slurries was 20 mg/ml. Results indicated am 
the mean of three independent analyses f their 
relative standard deviation. 

the elements to be determined in a minimum 
time. The inlluence of the injection volume and 
solid content of the sample slurries was also 
studied. 

Digestion mixture 

To improve the microwave-assisted digestion 
of acid slurries of solid samples, an H,O, sol- 
ution was added to increase the oxidizing power 
of HN03. 

In the experimental conditions indicated in 
the general procedure, the effect of different 
HzOz concentrations on the recovery of Cu and 
Mn was studied. 

Table 2 summarizes the results found in the 
analysis of a real sample for the determination 
of Cu and Mn, and, as can be seen, the addition 
of Hz02 is necessary to obtain accurate concen- 
tration values of the same order as those found 
by a conventional wet ashing digestion pro- 
cedure (real concentration) for Mn; however, a 
simple treatment with HN03 seems to be 
enough to obtain total recovery of Cu. 

Digestion time 

The digestion time of samples in the manifold 
employed, for a tixed internal diameter of mani- 
fold tubing, depends on the reaction coil length 
and the carrier flow rate. Therefore, we studied 
the effect of these two parameters on the deter- 
mination of Cu and Mn in a sewage sludge 
sample, in order to obtain a good recovery and 
to take the shortest time possible. 

A 0.8 mm internal diameter Teflon tubing was 
used, because tubing with diameters lower than 
this could be blocked easily with slurries and the 
use of tubing with a diameter higher than 0.8 
mm could cause an excessive dispersion of 
samples (results not shown). 
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TabIe 3. Eff& of digestion coil length on the recovery of Cu and Mn from 
slurries of sewage sludge 

Car&r 6.2 ml/n& Carrier 8.8 ml/min 
Coil length (cm) cu Ws) cu ogk) 

1613 

12 
fz 

Actual concentration of Cu 

Coil length (cm) 
50 

100 
200 
250 

Actual concentration of Mn 

720 f 30 830f50 
8Wf50 780 f 20 
780:90 36Of30 
860&70 @JO*60 

=0*2~g/g 
Carrier 6.2 mI~rn~ Carrier 8.8 ~lrn~ 

~~~~) ~~5~~) 
131*:8 87 jr 3 
120 f 10 50 j, 6 
120 f 10 54f5 

141 f 2 Pglg 

Note: aspiration flow was 8.4 ml/min. Data are the average of three 
independent analyses f the standard deviation, for different slurries of the 
same solid sample. 

Reaction coil length 

Table 3 summarizes the results found for the 
digestion of a real sewage sludge sample by 
using different digestion coil lengths (from 50 to 
250 cm) at two different carrier flow rates (6.2 
and 8.4 ml/min) and for a flxed nebulizer aspira- 
tion flow of 8.4 ml/mm. The #rn~~son be- 
tween the concentration values found for Cu 
and Mn with the actual concentration values, 
determined previously by flame absorption 
analysis after pressurized total acid digestion of 
these samples, provides information about the 
effect of the digestion time on the accuracy of 
the developed procedure. 

The data on Table 3 indicate that in only few 
cases were accurate results found. These data 
show that the use of high length values of the 
reaction coil did not provide any enhancement 
of the digestion of samples, especially when a 
carrier flow of 8.8 ml/mm was employed. An 
increase in the reaction coil length increases the 
residence time of the sample in the oven; how- 
ever, we have observed that an increase in the 
digestion time provide an excessive amount of 
gases, which mod&s the flow at the exit of the 
microwave oven and causes the gas segmenta- 
tion of the sample plug. This latter effect can 
cause losses in the interphase, especially when 
high carrier flows are employed, and this could 
explain the bad precision values and the low 
recoveries obtained when long digestion coils 
were used. From these preliminary experiments, 
we selected a length of 100 cm for the digestion 
coil and then studied carefully the effect of the 
carrier flow for different values of the nebulizer 
aspiration flow. 

Aspiration and carrier flow rates 

The coupling between the FI manifold and 
the nebulizer makes necessary an adequate equi- 
librium between the carrier and the aspiration 
flows. The interphase mentioned above was 
developed in order to compensate the differ- 
ences between these two flows, because the use 
of carrier flow values lower than the aspiration 
flow could cause instability of the measure- 
ments, due to the segmentation of the flow. On 
the other hand, the use of a carrier flow higher 
than the aspiration flow causes losses of the 
sample in the interphase. 

The volume of the interphase, under the waste 
vent, was approximately 500 ~1 to assure a low 
dispersion of the digested samples and a suBi- 
cient amount to avoid the hold-up of the aspira- 
tion flow. 

A series of experiments for the digestion of 
real dietary product samples was carried out in 
order to check the most appropriate flow values. 

Table 4 summarizes the sensitivity and accu- 
racy values found for the determination of Cu 
and Mn using difIerent aspiration and carrier 
flows. It can be seen that the use of an aspiration 
flow of 7.7 ml/mm provides more sensitive 
results than the use of a flow of 5.4 mlfmin. On 
the other hand, carrier flow values lower than 
the aspiration flow provide inaccurate results. 
An aspiration flow of 7.7 ml/mm and a carrier 
flow of 8.8 ml/min seem to be the most adequate 
conditions for the determination of both Cu and 
Mn in dietary samples. For these two carrier 
flows and for a digestion coil of 100 cm, the 
residence time of the samples in the microwave 
oven is of the order of 5 sec. IIowever, in this 
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Table 4. E&t of the carrier flow and aspiration flow on the concentration fond for Cu 
and Mn in the analysis of dietary samples 

Carrier Aspiration Error Error 
flow flow Slope &I (%) Slope tiz& (%I 
3.6 5.4 0.007 34.8 f 0.1 -15 0.004 60*14 +15 
5.3 5.4 0.008 37.6 f 0.1 -8 0.007 48.7&0.1 -6 
7.0 5.4 0.007 44*7 +7 0.005 43.5 f 0.1 -16 
5.3 7.7 0.009 4Of5 -2 0.009 34*3 -35 
7.0 7.7 0.01 39*4 -5 0.011 46*5 -12 
8.8 7.7 0.009 44*3 +7 0.008 54*6 +4 
Actual concentration 41 f2 52*2 

Note: The slope values of the calibration curves obtained in each set of experimental 
conditions are expressed in absorbance units per mg/l. The carrier flow and the 
aspiration flow are expressed in ml/min. In all cases a digestion coil length of 100 
cm was employed. fthe standard deviation. The relative errors, expressed as 
percentages, were calculated from the difference between results found in the FI mode 
and actual values. 

short period of time Cu and Mn are quantitat- 
ively extracted from the solid matrix. 

In the above conditions, the dispersion co- 
efficient of the manifold is equal to 15, taking 
into account that samples are diluted 1:2 with 
HzOz and that the interphase also causes ad- 
ditional dispersion. 

On the other hand, when acid slurries of real 
samples were injected in the FI manifold, at the 
same time as HzOz, carrying out the transport of 
samples without irradiation, the recovery of Cu 
was 9 1% in the sewage sludge sample and 66% 
in the dietary product sample, and for Mn, only 
a 79% recovery was found for sewage sludge 
and 33% for the dietary product. Thus, the 
microwave irradiation of samples is absolutely 
necessary in order to obtain accurate results in 
the determination of the elements studied. 

An important aspect of the continuous on- 
line digestion of slurries is that the microwave 
irradiation of a sample plug, containing HN03 
and H202, provides a high amount of gases, 

0.030 r 
0 

* 
. u . 

Fig. 4. Effect of the injection volume on the sensitivity of the 
determination of Cu in a dietary product sample by on-line 
digestion and FI atomic spectrometry. Absorbance values 
correspond to a standard solution of 1 me/l(*) and a dietary 
product sample slurry with a similar content of Cu (W). 

which improves the sample digestion, but can 
also cause problems of drawing back the carrier 
flow. So, the use of high values of this latter 
parameter is necessary. In the recommended 
conditions we have not encountered flow prob- 
lems during working sessions of 1 or 2 hr and 
using a conventional peristaltic pump. 

Effect of the injection volume 

Figure 4 shows, as an example, the effect of 
the volume injected on the absorbance of Cu; it 
can be seen that the absorbance values increase 
when the sample volume increases, this effect 
being similar for standards and samples. 

In these experiments, a standard acid solution 
of 1 mg/l and slurries of 500 mg of a dietary 
product sample (containing 41 + 2 pg/g of Cu) 
dispersed in 25 ml of HNO9 (which corresponds 
to a Cu concentration of the order of 1 mg/l) 
were employed. 

From the comparison between results found 
by on-line digestion in FI atomic spectrometry 
and those obtained in batch analysis (results not 
shown), it can be concluded that the injection of 
slurry volumes greater than 100 ~1 does not im- 
prove the accuracy of the developed procedure, 
but the use of high sample volumes reduces the 
sample frequency and could cause damage in 
the nebulizer due to the introduction of high 
amounts of acid. So, an injection volume of 100 
~1 was selected for the determination of el- 
ements which does not require a high sensitivity. 

E$ect of solid content 

The direct injection of slurries in an FI system 
could cause clogging problems in different parts 
of the manifold and so it is important to estab- 
lish the amount of dispersed solids that can be 
processed without problems. 
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Table 5. E&t of solid content of slurries on the 
determination of Cu and Mn in a dietary sample 

Sample mass (g/10 ml) 0%) h% 

0.1242 49*6 56&4 
0.1705 41 f7 5755 
0.2308 44f3 57k4 
0.2620 50*4 53 f 5 
0.2797 45*4 47 f 2 

Actual concentration 4152 52 f 2 

Table 5 summarizes the results found in the 
determination of Cu and Mn in a dietary 
product sample for different amounts of sample, 
dispersed in a total volume of 10 ml of concen- 
trated nitric acid. It can be seen that the content 
of solids does not seem to be a critical parameter 
on the accuracy and reproducibility of the ana- 
lytical results, because in most cases values of 
the same order as the actual ones were found in 
FI atomic spectrometry. 

To obtain a better representation of the solid 
samples the sample amount taken must be 
greater than or equal to 20-30 mg/ml. 

Another way to increase the repeatability of 
the analysis of solids could be the use of higher 
sample amounts dispersed in higher acid vol- 
umes. However, the results in Table 6 show that, 
for a content of dispersed solid of the order of 
20-25 mg/ml, the repeatability of the results 
found for the determination of Cu and Mn is 
similar for the different sample masses assayed. 

Analysis of real and certified samples 

In order to check the applicability of the 
developed procedure, three real samples of 
different nature, artichoke, dietary and sewage 
sludge, and three certified samples were 
analysed by the proposed method. The results 
found were compared with those certified or 
obtained by continuous aspiration after a tra- 
ditional pressurized wet ashing digestion. Table 
7 summarizes the results found for the proposed 
method, which have been tested by comparing 

them with those obtained by using the reference 
method. The F-test has been applied in order to 
check if the two methods provide standard 
deviations which are not significantly different 
and the t-test has been used to verify whether 
the difference between the means obtained by 
both methods differs significantly from zero. 
The critical values for F and t, for a confidence 
level of 95% and n, + nz - 2 degrees of freedom, 
are 19.16 and 2.78, respectively.‘* 

In the Cu determination there is no significant 
difference between the two variances, except in 
the case of the real sewage sludge sample. The 
obtained values of t, for all the samples, are 
lower than the critical value; so, it can be 
assumed that the means of the results given by 
the two methods are equal. 

In the Mn determination there is no signifi- 
cant difference between the two variances of 
each sample. Using the t-test, it can be assumed 
that the means of the results given by the two 
methods are equal except in the case of the 
certified CRM-144 sample, a domestic origin 
sewage sludge, probably due to the presence of 
very stable chemical forms of Mn. 

Analytical features of the developed procedure 

The FI flame atomic absorption procedure 
developed for the determination of Cu and Mn 
in solid samples permits a fast analysis. 

Figure 5 shows, as an example, the typical FI 
recording obtained for the determination of Mn 
in certified samples. The time scale shows that 
more than 180 injections per hour can be carried 
out. 

The high dispersion of slurries into the FI 
manifold reduces the analytical sensitivity of the 
flame atomic spectrometric measurements and 
so the limit of detection found for Cu determi- 
nation is 0.033 pg/ml (for a probability level of 
95%) which is equivalent to 1.2 pg/g of the 
dispersed solid. For Mn the obtained limit of 
detection is 0.037 pg/ml; thus, a minimum con- 

Table 6. Effect of the dispersed sample mass on the determination of 
Cu and Mn in a dietary sample 

Sample mass Dilution volume Cu RSD Mn RSD 
k) (ml) h/g) VW h/g) W) 

0.2620 10 5Ok4 8 53f5 9 
0.5239 25 47k3 6 65f2 3 
1.0018 50 45f3 7 62&3 6 
2.5955 100 45*4 9 67&6 9 
Actual concentration 41f2 52&2 

Note: all the nsults are the average of five independent analyses of the 
same sample f their standard deviation. RSD, relative standard 
deviation. 
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Table 7. Analysis of real and certiW samples 

cu Q&g) Mn 019/g) 

Method 1 Method 2 Method 1 Method 2 
Sample (reference) (proposed) F t (reference) (proposed) F I 

Artichoke - - - - 54* 1 55*4 16 0.42 
Dietary 41*2 41*2 1 0 52*2 50*6 9 0.55 
*age 
sludge 820*3 826&22 53 0.47 140*2 144*4 4 1.55 
SRM 1573 - - - - 238k7 238&7 1 0 
CRM 146 713 f 26 704* 13 2.:5 0.38 449f 13 44Of20 2.37 0.65 
CRM 144 934*24 960*10 1.73 588&24 480 f 20 1.44 5.99 

F was calculated from the quotient between the variances of both methods, this quotient always being 2 1. 

X, and X2 being the average concentration obtained by each method, n, and n2 the number of analyses and 
S2 a pooled estimate of variance, 

$ = [(n, - 1)s: + (n2 - 1Kl 
n,+n,-2 ’ 

centration of 1.3 c(g/g in the solid sample is 
required. 

The relative standard deviation obtained 
from five independent analyses of the same 
sample varies from 1 to 5% for Cu determi- 
nation and from 2.7 to 12% for Mn, as a 
function of the different nature of the sample 
and the different concentration of the elements 
to be determined. 

The above mentioned features show that 
the developed method can be applied for the 
accurate determination of Cu and Mn in a wide 
variety of solid samples, but it cannot be applied 
for the determination of very low concen- 
trations. 

Determination of Pb and Zn in sewage sludges by 
the recommended procedure 

In order to demonstrate the applicability of 
the developed methodology for the analysis of 
solids, elements other than those studied were 
determined in slurries of certified sewage sludge 
samples. Table 8 shows that Pb can be accu- 
rately determined using the recommended pro- 
cedure, but for the determination of Zn 
inaccurate results were found for the analysis of 
a domestic origin sewage sludge and, in sum- 
mary, results found evidence that some samples 
need a stronger treatment to quantitatively 
leach the elements to be determined. 

A STANDARDS 

-8 min- 

Fig. 5. FI recording obtained for the determination of Mn in certified samples. Records correspond to 
the injection of different acid standards and a series of injections of acid slurries of samples. In all cases, 

samples and standards were irradiated on-line following the proposed procedure. 



Microwave-assisted digestion of solid samples 1617 

Table 8. Determination of Pb and Zn in certiiicd sewa8e sludge samples by on-line digestion and 
FI atomic spectrometry 

Pb 0&g) Zn Q&g) 

Sample Certified Found Error (%) Certitied Found Error (%) 

CRM 146 1270 f 28 1270& 80 - 4059f90 3800 f 150 
CRM 144 495 f 19 505*8 +2 3143 f 103 2500 f loo 

Safety considerations 

The modification of a domestic microwave 
oven in order to be used in FI analysis can cause 
safety problems related to radiation leakage, 
which can be found when systems have been 
modified by drilling holes in the walls of the 
oven. In our case, we have employed the vent 
holes of the oven to introduce the Teflon tubing 
and so radiation leakage does not occur. 

The introduction of an additional load of 
water into the oven is recommended in order to 
avoid magnetron damage if the oven operates 
with little or no load. 

The use of a Teflon tubing of 0.8 mm internal 
diameter as digestion coil has provided good 
results; we have found no liquid or fume losses, 
nor coil damage, during 4 months working with 
the same coil. 

The glass interphase is essential in avoiding 
acid leakages and it can be adapted without 
special safety precautions. It provides a cooling 
system in which acid vapours are condensed and 
its special design avoids acid ejections when 
samples are irradiated. 

The only safety conditions required by the 
proposed method are related to the handling of 
sample slurries in concentrated acid, which must 
be treated carefully in order to avoid operator 
damage. 

CONCLUSIONS 

The developed procedure provides auto- 
mation of the sample digestion and measure- 
ments steps of the determination of Cu and Mn 
in different types of solid samples. The method 
is six times quicker than those previously re- 
ported for the on-line digestion of solids and 
does not require the use of a closed flow system 
nor to work in the stopped flow mode. This 

method can also be applied to the determination 
of Pb and Zn in sewage sludges. 

Acknowledgements-This work has been carried out with 
the than&l support of the Spanish CICYT Project PB 
88-0351. A. Morales-Rubio acknowledges the FPI grant 
from Ministerio de Education y Ciencia. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 
11. 

12. 

13. 

14. 

15. 

16. 

17. 
18. 

REFERENCES 

H. M. Kingston and L. B. Jassie (eds), Inhxhcfion to 
Microwave Sample Preparation: Theory and Practice. 
American Chemical Sot., Washington, DC, 1988. 
M. de la Guardia, A. Salvador, J. L. Burguera and 
M. Burguera, J. Flow hjecrion AMI., 1988, 5, 121. 
H. Matusiewicz and R. E. Sturgeon, Prog. Anal. Spec- 
trosc., 1989, 12, 21. 
A. Morales, F. Pomares, M. de la Guardia and 
A. Salvador, J. Anal. At. Spectrom., 1989, 4, 329. 
A. Morales-Rubio, A. Salvador and M. de la Guardia, 
Fresenius’ J. Anal. Chem., 1992, 342,452. 
M. Burguera, J. L. Burguera and 0. M. Alarch, AMI. 
Chim. Acta, 1986, 179, 351. 
M. Burguera, J. L. Burguera and 0. M. Alar&n, AMY. 
Chim. Acta, 1988, 214, 421. 
F. J. Langmyhr and G. Wibetoe, Prog. Anal. Af. 
Spectrosc., 1985, 8, 193. 
L. Ebdon and A. Lechotycki, Micro&em. J., 1986.34, 
340. 
N. J. Miller-Ihli, J. Anal. At. Speztrom., 1988, 3, 73. 
Z. A. Benzo, M. Velosa, C. Ceccarelli, M. de la Guardia 
and A. Salvador, Fresenius’ Z. Anal. Gem., 1991,339, 
235. 
R. Martinez-Avila, V. Carbonell, M. de la Guardia and 
A. Salvador, J. Assoc. Ofi Anal. Chem., 1990,73,389. 
R. Martinez-Avila, V. Carbonell, A. Salvador and 
M. de la Guardia, Takmta 1993, 40, 107. 
V. Carbonell, M. de la Guardia, A. Salvador, J. L. 
Burguera and M. Burguera, Anal. Chim. Acta, 1990, 
238,417. 
V. Carbonell, A. Morales-Rubio, A. Salvador, M. de la 
Guardia, J. L. Burguera and M. Burguera, J. Anal. At. 
Spectrom. 1992, 7, 1085. 
V. Karanassios, F. H. Li, B. Liu and E. D. Salin, 
J. Anal. At. Spectrom., 1991, 6, 457. 
S. J. Haswell and D. Barclay, Analyst, 1992, 117, 117. 
J. C. Miller and J. N. Miller, Statistics for Analytical 
Chemistry. Ellis Honvood, Chichester, 1984. 



Talanfa, Vol. 40, No. II, pp. 1619-1623, 1993 
Printed in Great Britain. All rights reserved 

0039-9140/93 wm + 0.00 
Copyright 0 1993 Pcrgamon Press Ltd 

A BIOSENSOR FOR FERRIC ION 
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Summary-A new biosensor for monitoring iron has been developed. The active solid phase is pyoverdin, 
a natural fluorescent pigment biosynthesized by Pseu&monus@mescens immobilized on controlled pore 
glass (CPG) and packed in a quartz flow-through cell. The biosensor is very selective for iron(III) and 
can be easily regenerated in about 2 mitt by passing 1M HCI through the cell. The optimum conditions 
and analytical characteristics (detection limit, precision and linear range) for the new sensor in solution 
(DL = 10 ng/ml) and in immobilized form (DL = 3 &ml) are reported. The biosensor has good stability 
and can be used continuously over a period for at least 3 months (over 1000 determinations). The sensor 
was successfully applied to determine iron in different water samples. There were no sign&ant differences 
between the new method and the Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 
reference method at the 95% confidence level. 

Under iron deficiency conditions, most micro- 
organisms synthesize iron carrier molecules 
called siderophores, which solubilize iron and 
transport it into the cell, and are considered a 
high specific transport system.’ The bacterium 
Pseudomonasfiuorescens is characterized by the 
excretion of pyoverdin, a yellow-green water 
soluble fluorescent siderophore. The structure 
of many pyoverdins has been elucidated by high 
field nuclear magnetic resonance (NMR) spec- 
troscopy.2 They consist of a peptide and, bound 
to it, a chromophore derived from 2,3-diamino- 
6,7-dihydroxyquinoline common to all py- 
overdins. Each pyoverdin contains 3 bidentate 
chelating groups: a catechol group located on 
the chromophore and either two hydroxamates 
(as N-hydroxyornithines acylated on the nitro- 
gen atom, or cyclic) or one hydroxamate and 
one hydroxyaspartic acid, belonging to the pep- 
tide portion, Each strain of Pseudomonas 
fluorescens produces several pyoverdins possess- 
ing the same peptide and differing only in the 
side chain bound to the chromophore. From 
strain to strain, the peptide can vary consider- 
ably. 

Siderophores in general are characterized by 
the following properties: (1) they specifically 
complex Fe(II1) and have a weak or negligible 
affinity for Fe(B), and (2) the Fe(III) complexes 
have very high stability constants3 (about 1032). 
These properties make pyoverdin a promising 
agent for iron determination and for the con- 
struction of an optical biosensor. 

The development of chemical optical sensing 
of chemical species using an immobilized re- 

agent 4,5 has provided a novel technique for “in 
situ” analyte monitoring without reagent con- 
sumption. 

The most common analytical techniques for 
iron determination are flame atomic absorption 
and Vis-W spectrophotometry, although the 
former is not sensitive enough to determine 
concentrations at the ng/ml level and the latter 
is not sensitive or selective enough for many 
purposes. A coulometric method has also been 
employed for seric iron determinations, 
although the calorimetric methods are con- 
sidered more accurate for this type of measure- 
ments.6 An optical fiber Fe(II1) sensor using 
Chromazurol S immobilized on an ionic ex- 
changer’ has been described in the literature. 
This reflectance sensor showed a linear response 
range between 0.2 and 2.5 ppm but the measur- 
ing procedure was not appropriate for continu- 
ous determinations. This lack of suitable sensors 
prompted us to develop a biosensor for iron(II1) 
measurements using the highly selective py- 
overdin pigment. This paper describes the con- 
ditions for pyoverdin immobilization on CPG 
as well as the optimum chemical and physical 
variables for the fluorimetric determination of 
Fe(II1) in a continuous flow-system. 

EXPEIUMENTAL 

Apparatus 

Fluorescence intensity measurements were 
made on a Perkin-Elmer LS-50 spectrofluorom- 
eter, equipped with a xenon-lamp as light source 
and an IBM Model 55 SX computer. This set up 
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Table 1. Optimum conditions to iron determination using pyoverdin immobilixed and 
in aqueous solution 

Parameters Aqueous solution Immobilized Pvoverdin 

Maximum of excitation 390 nm 500 nm 
Maximum of emission 465 nm 552 nm 
PH 6.5 4.5 
Buffer 0.05 M MES 0.01 M Biphtalate/Phtalate 
Regeneration - 1M HCl 
Flow rate - 5 ml/min 

was used in combination with a Helhna flow 
quartz cell (3 mm light path). All measurements 
were made with 5 nm band widths for the 
emission and excitation monochromators. All 
spectra were uncorrected. A simultaneous 
ICP-AES Jobin Yvon JY-48 spectrometer was 
used as reference technique. Absorbance read- 
ings were made on a Hewlett Packard 8452-A 
diode array spectrophotometer. Readings of pH 
were made on a Crison 2001 pH-meter and 
temperature control was effected by means of a 
thermostated bath. A Gilson Minipuls 2 pump 
was used to pump all the solutions. 

Reagents 

Analytical reagent-grade chemicals were em- 
ployed for the preparation of all solutions. 
Freshly prepared Milli-Q (Millipore) ultrapure 
water was used in all experiments. A 1000 kg/ml 
Fe stock solution was prepared by dissolving 
Fe(NO& .9H20 in l%HNO, and titrating it 
with potassium permanganate. 

Pyoverdin was biosynthesized and purified 
from Pseudomonasfluore~cens, strain AR- 11, by 
a modified version of the method described by 
Meyer and Abdallah.’ P. jhorescens was grown 
in a PMS,Ca iron-deficient culture medium 
consisting of N,N-bis-[2-hydroxyethyll-2- 
aminomethane sulphonic acid, sodium pyru- 
vate, magnesium sulphate, ammonium chloride, 
dipotassium phosphate and calcium chloride. 
The pigment was isolated from the supematant 
by centrifugation and passed through a G-25 
Sephadex column. The eluate fractions were 
analyzed spectrophotometrically and only those 
with a peak in the visible region (2 = 460 nm) 
and an absorbance above 0.2 were used and 

treated with an excess of 8-hydroxyquinoline to 
remove traces of iron. 

Controlled ore glass with different pore size 
(237 and 460 BI , particle size 37-74 microns was 
obtained from Pierce). 

Buffer solutions like 2[N-morpholinol- 
ethanesulphonic acid (MES), tris[hydroxy- 
methyllaminomethane hydrochloride (IRIS), 
imidazole, phthalic acid, acetic acid, were used. 

Procedure 

Pyoverdin immobilization. About 0.2 g of 
CPG (460 A) were cleaned with HN03, rinsed 
with distilled water, and activated with an 
aminoalkyl agent by the method described by 
Leon-Gonzalez? Four millilitres of 6.5 x 10T5A4 
pyoverdin in biphthalate (O.OlM, pH 6) were 
added to the activated glass (0.123 g), and 
immobilization was allowed to proceed at 4” for 
2.5 hr in the absence of oxygen. The glass beads 
were rinsed afterwards to remove the excess of 
unlinked siderophore. Different fractions of the 
rinsings were analyzed by Vis-W spectrometry 
at 460nm to quantify the amount of 
siderophore linked to the CPG. 

Iron &termination. Buffer solutions contain- 
ing a given iron concentration from 10 to 
200 ng/ml and containing no iron were altema- 
tively pumped at a flow rate of 5 ml/mm 
through the flow cell, where pyoverdin immobi- 
lized on CPG was packed. Emission signal 
intensity US time was measured at 552 nm upon 
excitation at 500 nm. Fluorescence intensity de- 
creased when Fe(II1) was passed through the 
cell. Once the signal had been recorded the 
pyoverdin reactor was regenerated by pumping 
1M HCl for 2 min through the cell. This se- 
quence was repeated several times to obtain a 

Table 2. Analytical characteristics of immobilized pyoverdin-Fe@) and 
pyoverdin_Fc(III) in aqueous solution 

Parameters Aqueous solution Immobilii Pyoverdin 

Linear range IO-180 ng/ml 3-200 ng/ml 
Detection limit 10 rig/ml 3 ng/ml 
FhCiSiOU 4%(n = 9, 50 n&l) 3%(n = 10, 60 rig/ml) 
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Fig. 1, Effect of pH on fluorescence intensity: -m- 6.6 PM 
pyoverdine aqueous solution; -lJ- Fe(III)-pyoverdin com- 
plex, 6.6 PM pyoverdine aqueous solution and 200 ng/ml 
Fe(II1); -@- 0.001 mmol/g immobilized pyoverdin on CPG, 
-O- Fe(III)-pyoverdin complex on CPG Fe(II1) 60 ng/ml. 

calibration graph, slope of decrease of fluor- 
escence intensity for 2 min 0s iron concen- 
tration. The same procedure was followed for 
water analyses. 

RESULTS AND DISCUSSION 

Because of its natural procedure the selectiv- 
ity of a siderophore for iron(W) determinations 
is advantageous over the use of artificial com- 
pounds for this analyte. On the other hand, 
fluorescence measurements are usually con- 
sidered more sensitive than spectrophotometric 
ones for analytical purposes. In this sense, py- 
overdin immobilization would allow the devel- 
opment of a highly selective and sensitive 
biosensor for continuous Fe(II1) measurements. 

Controlled pore glass has been widely used as 
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Fig. 2. Response curve at different concentrations of 
iron(III) -a- SO ng/ml, -b- 70 ng/ml and -c- 100 ng/ml. 

Flurorescence intensity us time. 

Table 3. Study of interferences 

Ion Ion/Fe(III) Ratio* Relative sensitivity (%)t 

Na MO/l 100 
Ca 100/l 100 
Mg 500/l 98 
Zn 100/l 97 
Ni 100/l 100 
Pb 100/l 100 
Be 10/l 100 
Mn IO/l 100 
MO 10/l 100 
Al SO/l 
Cr 100/l E 

10/l 100 
cu Wl 97 
Cl- 1000/l 100 
F- 100/l 100 
Sa- 1000/l 100 

All experiments were carried out at 60 ppb Fe(II1) at pH 4.5. 
*Maximum ratio tested. 
TExpressed as the ratio of the signal of Fe(II1) in presence 
of interferent to that of Fe(II1) alone. 

solid support for enzymes and other reagents 
immobilization because it is fairly inert and 
therefore not subject to microbial degradation 
or swelling due to varying ionic strength. In this 
work two different CPG pore size (460 and 237 
A) have been tested. The emitted fluorescence of 
CPG immobilized pigment was significantly 
higher on the 460 A CPG than on 237 A CPG 
in agreement with Kurtz” observations that 
CPG yields higher enzyme immobilization 
efficiencies when higher porous size is used, so 
the 460 A CPG was chosen for further exper- 
iments. 

In order to select the most suitable concen- 
tration of CPG immobilized pyoverdin, three 
different pyoverdin concentrations 
(6.65 x IO-S& 1.33 x 10-4M, 6.65 x lo-‘M) 
were tested using the same amount of CPG. The 
pyoverdin remaining in solution was monitored 
by Vis-UV spectrophotometry. In all cases the 
same concentration of the pigment (0.001 
mmole/g) became attached to the CPG. The 
optimized parameters for iron(II1) determi- 
nation using aqueous and immobilized py- 
overdin are summarized in Table 1. 

In aqueous solution, pyoverdin has an emis- 
sion maximum at 465 mn when excited at 390 
mn, whereas if it is immobilized the emission 
maximum is shifted to 552 mn and the exci- 
tation to 500 nm. This shift could be attributed 
to a drastic change in the luminophore environ- 
ment and/or electronic structure upon covalent 
bonding between the siderophore and the solid 
support. Another important feature of this indi- 
cator is that its high emission fluorescence pro- 
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portionately decreased with the ferric ion con- 
centration. In aqueous solution the py- 
overdin-Fe(II1) system exhibits a linear range 
of 10-180 ng/ml Fe(III), with a detection limit 
of 10 ng/ml and precision of 4% (n = 9, 50 
ppb) (Table 2). 

The fluorescence emission intensity of py- 
overdin and pyoverdin-Fe(II1) complex for- 
mation are significantly affected by the pH of 
the solutions. The strength of this pH effect 
depends on whether the pigment is in solution 
or immobilized on CPG (Fig. 1). The largest 
differences between the fluorescence intensity of 
pyoverdin and pyoverdin-Fe(II1) were in 
aqueous solution at pH 6.5 and at pH 4.5 in 
the immobilized system. 

The nature of the buffer significantly affected 
reactivity in both the aqueous and immobilized 
systems. MES, TRIS, phosphate, imidazole 
and bipthalate buffers were tested and O.OlM 
biphthalate provided the greatest sensitivity in 
the solid system, whereas 0.05M MES was the 
optimum buffer in aqueous solution. However, 
the MES buffer produced considerable base 
line drifts in the immobilized system. 

Electrolytes (NaCl, KC104) at concen- 
trations O.l-1M were used to evaluate the 
effect of ionic strength. No significant effect 
was observed below 0.5M electrolyte, while 
sensitivity decreased at concentrations above 
0.5M (the fluorescence intensity of pyoverdin 
decreased less in the presence of Fe(III)). 
Temperature showed no significant influence 
on the sensor response when tested between 5 
and 40”. 

The flow-rate was varied from 0.5 to 5.0 
ml/mm to evaluate its effect on response time. 
The optimum flow selected was a compromise 
between time of pyoverdin Fe(II1) contact and 
amount of iron passing through the cell. The 
reaction rate is extremely fast, as shown in Fig. 
2. Thus, faster flow rates result in a greater 
slope because the effect of delivering more 
analyte overrides the effect of reduced contact 
time. An optimum flow of 5.0 ml/min was 
selected for further studies. 

The bead surface is the active phase of our 
sensor and it must be periodically regenerated 
to regain the free pyoverdin. Different iron 
complexing agents, such as EDTA and 8- 
hydroxyquinoline and pH modifiers were 
tested for their regeneration efficiency, the 
regeneration effect of these complexing 
agents was slow because of the high formation 
constant of the pyoverdin-Fe(II1) complex. In 
contrast, a low pH gave more promising re- 
sults, 1M HCl was chosen as the optimum 
medium for regeneration since the analytical 
signal returned rapidly to the base line when it 
was used (Fig. 2). 

The lifetime of the biosensor was at least 
three months, which was equivalent to about 
1000 iron determinations. The analytical 
characteristics of the biosensor are shown in 
Table 2. The linear range, expressed as the 
slope of the response curve vs concentration, 
allows the determination of 10-200 ng/ml of 
Fe(II1) with a coefficient of correlation of 
0.997, the detection limit is 3 ng/ml and the 
relative standard deviation is about 3% for 
10 determinations of 60 ng/ml of Fe(II1). 
The interference study (Table 3) showed that 
none of the ions tested interferes seriously, 
which signifies that the biosensor is highly 
selective for iron(II1). Notably, fluoride, a well- 
known complexing agent for iron, does not 
interfere at a concentration 100 times that of 
the iron. 

Sample analysis 

The proposed method using immobilized 
pyoverdin was applied to the determination 
of iron in tap and mineral water. Samples 
were analyzed without any special treatment; 
1 ml of buffer was simply added to 5 ml of 
the water sample and was made up to 50 ml 
with deionized water. Determination was 
made as described in the “Procedure” section 
above. 

The results obtained were compared with 
those provided by the ICP-AES reference 
technique (Table 4) and there were no 

Table 4. Application of the biosensor to determine Fe(II1) in different 
waters 

Sample Fluorimetric ICP 

Tap Water 1 
Tap Water 2 
Tap Water 3 
Mineral water 

0.36 f 0.03 mg/ml 0.33 f 0.04 mgjml 
0.26 f 0.02 mg/ml 0.25 f 0.03 mg/ml 
0.22 f 0.02 mg/ml 0.24 f 0.03 mg/ml 
0.08 f 0.01 mg/ml Below detection limit 
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significant differences at the 95% confidence 
level. 

CONCLUSIONS 

The proposed biosensor is sensitive and selec- 
tive for iron and it has considerable advantages 
over methods based on pigment in solution; 
namely that a small amount of immobilized 
pyoverdin is sufhcient for 1000 or more iron 
determinations and that the detection limit is 
three times smaller. 
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APPLICATION OF PHOTOCHEMICAL INHIBITION IN 
FLOW INJECTION SYSTEMS: DETERMINATION OF 

EPINEPHRINE AND L-DOPA 

T. F%axz-Ruiz, C. MAR~~NBZ-IBZANO, V. TOMAS and 0. VAL 

Department of Analytical Chemistry, Faculty of Chemistry, University of Murcia, Murcia, Spain 

Summary-An automated procedure for the photochemical determination of epinephrine and L-dopa has 
been developed. It is based on the strong inhibition by these catecholamines on the photochemical reaction 
between phloxin and ethylenediaminetetraacetic. The proposed flow-injection method allows the fluori- 
metric determination of epinephrine in the range 1.9-26.4 pg/ml and of L-dopa in the range of 1.5-12.7 
&ml, with a sampling frequency of 35 samples/hr. The method was applied successfully to the 
determination of body catechohunines in pharmaceutical preparations. 

Catecholamines are compounds with amines 
attached to a benzene ring bearing two hydroxy 
groups. The main sites of production of the 
catecholamines are the brain, chromat%n cells of 
the adrenal medulla and the sympathetic neur- 
ons. Epinephrine is the principal sympath- 
omimetic hormone produced by the adrenal 
medulla in most species and occurs as the 
L-form in animals and man. 

The determination of catecholamines in bio- 
logical specimens normally requires the use of 
trace analysis techniques, mainly chromatog- 
raphy with fluorimetric or electrochemical de- 
tection.’ In contrast, catecholamines in 
pharmaceutical preparations are present in rela- 
tively large amounts, and increasing efforts have 
been directed towards the development of 
simple and reliable analytical methods. Re- 
cently, spectrophotometric, fluorimetric, titri- 
metric, kinetic and photokinetic methods2-9 
have been widely used for the determination of 
catecholamines in pharmaceuticals. Some of 
these methods have been adapted to the 
stopped-flow technique and flow injection 
analysis.‘&13 

The last few years have seen a tremendous 
growth in the amount of research and the 
number of publications on the use of photo- 
chemical reactions in chemical analysis. This 
is not surprising if it is remembered that 
photochemical reactions have a number of 
favourable features not possessed by ordinary 
chemical reactions. For example, the reagent in 
photochemical reactions, the photon, can 

readily be changed by modifying the wavelength 
of the light used for irradiation, and by this 
means the selectivity of a reaction can be in- 
creased. The rate of a photochemical reaction 
can be influenced by regulating the intensity of 
the photon current. A further substantial ad- 
vantage results from the fact that photochemical 
reactions are in general fairly sensitive and 
accordingly permit the determination of micro- 
components. 

Photochemical reactions have been applied to 
the determination of a large number of species 
using different approaches (kinetic methods, 
photochemical titrations, gravimetry, etc.) and 
reviews have already appeared on the results to 
date.lC” Many of the photochemical methods 
developed for batch analysis can be adapted to 
flow systems such as high performance liquid 
chromatography or flow injection analysis.” 

The leuco-forms of thionine blue and thion- 
ine, generated through the photochemical 
reaction between these dyes and ethylenedi- 
aminetetraacetic acid, have been applied as re- 
ductive and chromogenic reagents for the 
determination of various oxidants using flow 
injection systems. ‘*Jo The amperometric deter- 
mination of oxalate by the photochemical de- 
composition of ferrioxalate in the reaction coil 
or in the flow cell of the flow system has been 

reported.20T2’ Photochemical reactions coupled 
with flow injection systems have also been de- 
scribed for individual”-20 and simultaneous2s 
determinations of phenothiazine compounds, 
nitrite,*” hydrogen peroxide,*’ organoarseni- 
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cals2* and of the organic phosphorus in natural tion of the dye occurs and the pink colour 
waters.29 disappears? 

The purpose of the present investigation was 
to develop a simple, sensitive and rapid assay 
for catecholamines (epinephrine and L-dopa) 
using a flow injection system coupled to a 
photochemical reaction. The method is based 
on the strong inhibition by catecholamines on 
the photoredu~tion of phloxin by EDTA, which 
is monitored by the fluorescence intensity of the 
dye. 

Ph,, + EDTA:Ph, 

+ EDTA oxidation products 

EXPERIMENTAL 

Reagents 

All chemicals were of analytical-reagent grade 
and were used as received. Doubly distilled 
water was used throughout. Epinephrine and 
L-dopa stock solutions (1 mg/ml) were prepared 
from the Sigma product in O.OlM hydrochloric 
acid and stored frozen in a dark bottle before 
use. Working solutions were prepared daily 
from these solutions by diluting with doubly 
distilled water. Phloxin (tetrachlorotetrabro- 
mofluorescein, C.I. 45410) solutions were pre- 
pared by appropriate dilution of the stock 
solution (447 mg in 250 ml of distilled water) 
buffered at the desired pH with O.lOM phos- 
phate buffer. EDTA solution, was prepared 
from Merck product (disodium salt) and ad- 
justed to pH 6 with 0.2M sodium hydroxide. 

In the presence of epinephrine or L-dopa the 
rate of the photochemical reaction is strongly 
decreased, and this change can be measured by 
the fluores~nce of phloxin. Figure 1 illustrates 
the excitation and emission spectra for a sample 
without irradiation (curve 1) and another irradi- 
ated for one minute in the presence (curve 2) 
and absence (curve 3) of epinephrine. The fact 
that epinephrine inhibits the photoreduction of 
phloxin by EDTA is shown by the fact that the 
change in the fluorescence intensity is much 
smaller in its presence. 

At a fixed irradiation time, there was a linear 
relationship between epinephrine or L-dopa 
concentration and the fluorescence intensity of 
the photolyzed solution. This is the basis of the 
proposed method for the determination of these 
catecholamines. 

Configuration designs 

Apparatus 

A Hitachi F 3010 spectrofluorimeter 
equipped with a plotter unit was used for 
recording spectra and a Perkin-Elmer 3000 spec- 
trofluorimeter connected to a Linseis 6512 
recorder was used as the detector with a Hellma 
176.052 QS flow cell (inner volume 25 ~1). The 
irradiation was performed with an Olimpus 
Europe illumination device, which was 
equipped with a halogen quartzline lamp (Gen- 
eral Electric, 20 V, 150 W) and optical fibers to 
guide the light from the lamp to the reaction coil 
(PTFE tubing, 0.5 mm id.). 

The flow injection configuration used for the 
dete~ination of epineph~ne and L-dopa was 
so designed to provide different reaction con- 
ditions for magnifying the inhibition effect of 
these two analytes on the photochemical reac- 
tion between phloxin and EDTA. Three differ- 
ent configurations were tested for this purpose 
(Fig. 2). 

In configuration I, the sample and phloxin 

T- 

The spectrofluorimeter parameters were: 
J_= = 530 nm, & = 543 nm, excitation slit = 5 
nm and emission slit = S nm. 

Wavelength (rim) 

RESULTS AND DISCUSSION 

Basis of the method 

When a solution containing phloxin (Ph) and 
EDTA in the absence of oxygen is irradiated 
with white light at a suitable pH, photoreduc- 

Fig. I. Inhibiting effect of epinephrine of the photo- 
reduction of phloxin by EDTA. Excitation spectra (solid 
line); emission spectra (broken line). Phloxin, 6 x 10m6M; 
EDTA, 0.05M; phosphate buffer @H 6.0), O.OlM. 
1 = Without irradiation. 2 = Irradiation time, 1 min; epi- 
nephrine, 6.6 pg/ml. 3 = Irradiation time, 1 min; without 

epinephrine. 
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1.5 
EDTA 

Ph 

BDTA 

EDTA 

Fig. 2. FIA configurations tested for the determivation of epinephrine and Ldopa. PP = peristaltic pump 
(with flow-rates given in ml/min); MC = mixing coil; RC = reaction coil; L = light source; OF = optical 
fibre; D = detector; W = waste; S = sample. Dashed lines represent synchronous control line. The values 

on the peaks are concentrations of epinephrine in &ml. 

solutions were mixed before injection into the 
EDTA stream. 

In configuration II, the reagents (Ph and 
EDTA) were propelled by two separate lines 
and mixed within the flow system prior to 
sample injection. 

Cotiguration III was a reverse mode, the 
sample and EDTA streams being mixed before 
the injection of phloxin. 

In all configurations, the sample and reagent 
solutions were de-aerated by bubbling argon 
through them, in order to minimize the presence 
of oxygen in the systems. 

A laboratory-built timer was used in all cases 
to control the pump and the injection valve. The 
timer was programmed so that after 15 set, 
when the sample zone was in the reaction coil 
(PTFE tube, 0.5 mm i.d.), the flow was stopped. 
The sample plug was then irradiated by the 

halogen lamp, after 25 set of irradiation the 
pump was triggered by the timer and the sample 
zone was directed towards the detector. 

Configuration I was finally chosen as it pro- 
vided the greatest sensitivity and the fastest 
restoration of the baseline. 

Optimization of manlyold parameters 

The variables studied were volume injected, 
length of the reactor, flow-rate and time of 
irradiation. The concentrations used in these 
experiments were as follows: EDTA line, 0.1 M; 
phloxin line, 5 x lo-‘M Ph and O.lM phosphate 
buffer pH 6; sample solution 3 x 10-sit4. The 
mixing ratio between phloxin line and sample 
line was always 1: 1. The manifold parameters 
used in the optimization procedure were a reac- 
tor of 150 cm x 0.5 mm i.d. and an irradiation 
time of 30 sec. 
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The volume injected was varied between 35 
and 250 ~1. The difference in peak heights 
between the sample and blank increased with 
increasing volumes injected up to 185 ,ul, above 
which it remained virtually constant. The vol- 
ume chosen was 185 ~1. 

The reactor length selected was 200 cm; 100 
cm of which was irradiated. To obtain as high 
a ~nsiti~ty as possible, the reactor was coiled 
around a glass tube (1 cm of diameter) and 
placed over a mirror; the end of the optical fibre 
was situated at a distance of 0.3 cm from the 
reactor. 

Although the light source generated very little 
heat, a fan was used so that the temperature of 
the reactor was constant. 

Plow-rates over the range 0.8-2.5 ml/mm did 
not a&t the analytical signal. A flow-rate of 
1.5 ml/min was chosen. 

Special attention was paid to the influence of 
the irradiation time on the analytical signal. 
Different irradiation times were achieved in two 
ways: (a) by using different length for the PTFE 
tube irradiated with an extended light source; 
(b) by stopping the peristaltic pump when the 
sample was located in the reaction coil and 
irradiating with a quasi-point light source. The 
last arrangement provided the best sensitivity 
and speed and was chosen for further exper- 
iments. 

Figure 3 shows the influence of the irradiation 
time on the development of the photochemical 
reaction in the absence and presence of epineph- 
rine. An exposure time of 25 set was sufficient 
to obtain the rn~rn~ difference in peak 
height between the sample and blank (without 
catecholamine). 

0 30 60 90 120 
Time (a) 

Fig. 3, Iniluence of irradiation time. Curve 1: Without 
epinephrine. Curve 2: [epinephrine] = 6.6 .ug/ml. 

Optimization of reagent concentration 

The rate of photoreduction of Ph by EDTA 
and the inhibition by epinephrine and L-dopa 
on this photochemical reaction are very much 
pHdependent.M A pH value of 6.0 gives a high 
degree of inhibition and a fast photochemical 
reaction. 

The effect of EDTA ~n~ntration was stud- 
ied in the range 0.04-0.2M. The rate of the 
photochemical reaction in the absence and pres- 
ence of catecholamine increased with increasing 
EDTA concentrations up to O.O9M, above 
which it remained virtually constant. A O.lM 
EDTA solution adjusted to pH 6.0 with 0.2M 
sodium hydroxide was used as carrier. 

The peak height obviously increased with 
incising pH ~n~ntration for the blank sol- 
ution and analyte. However, the difference be- 
tween them was found to increase with floxin 
concentration up to 4 x IO-‘M and to be con- 
stant at higher concentrations. A 6 x 10e5M 
solution buffered at pH 6.0 with O.lM phos- 
phate buffer was selected in order to obtain a 
wide concentration range in the determination 
of the analyte. 

A series of standard solutions were pumped in 
triplicate to test the linearity of the calibration 
graph. The calibration graph was linear from 
1.9 to 26.4 pug/ml with a correlation coefficient 
of 0.9998 for epinephrine and from 1.5 to 12.7 
&g/ml with a correlation coefficient of 0.9989 for 
L-dopa. The sample rate was about 35 
samples~hr. The statistical study performed on 
10 samples of triplicate pumping of 3.3 pg/ml of 
epinephrine and of 1.9 pg/ml of L-dopa yielded 
relative standard deviations of 0.96% and 
0.59%, respectively. 

Interferences 

The influence of foreign compounds that 
colony accompany epin~h~ne and L-dopa 
in pharmaceutical preparations was studied by 
preparing solutions containing 3.0 pg/ml of the 
catecholamine and increasing concentrations of 
the potential interferent up to 300 pg/ml or by 
adding an amount to give an error of f 3%. The 
errors were determined by comparing the peaks 
given by a solution of analyte containing no 
foreign substance, Glucose, sucrose, lactose, 
citrate and tartrate were tolerated in large 
amounts (lOO-fold excesses were the maximum 
ratio tested) and SO-fold excesses of antipyrine, 
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Table 1. Determ&tion of epinephrine and Ldopa in phanaaautical prcparatio~~ 

Samnle+ Catecholamine 
Nominal 

value, mglml 

Trihydroxyindol 
method 

found,t maImI 
FIA method 

found.2 me tml 

Epistaxol Epinephrine 0.5 0.48 f 0.026 0.49 f 0.005 
Adrenalina Epinepbrine 1.0 1.01 f 0.01 0.99 f 0.004 
oculos epilo 10.0 10.02 f 0.02 10.07 f 0.09 
Maipcdo~8 10.0 9.82 *0.19 10.08 f 0.09 

*Composition of sample. Epistaxok epinephrine hydrochloride, 0.5 mg; vitamin P(rutin), 0.2 mg; 
naphaxoline hydrochloride, 0.5 mg; antipyrine, 30 mg; and water 1 g. Adrenalina: epinephrine 
hydr~~o~de, I mg; and water, 1 g. Oeulos epilo: epinephrine hydrogen tartrate, 10 mg; pilocarpine 
hy~~hlo~de, 40 mg; and water, 1 g. Maipedopa: Ldopa, 250 mg capsule. 

*Average of three &terminations f standard deviation. 
$Average of four determinations f standard deviation. 
iPrepared by dissolvingl the capsule in 25 ml of distilled water. 

pilocarpine and 
tolerated in the 
and L-dopa. 

hydrogen sulphite were also 
determination of epinephrine 

Analysis of pharmaceutical preparations 

The proposed method was applied satisfac- 
torily to the determination of epinephrine and 
L-dopa in pharmaceutical preparations. Com- 
mercially available formulations were analyzed 
and the results obtained are summarized in 
Table 1. As can be seen, for all the formations 
the assay results were in good agreement with 
values for the nominal contents and with those 
obtained using the fluorimetric method based 
on the formation of the hydroxyindol deriva- 
tives.‘p3’ The recoveries obtained to add epineph- 
rine or L-dopa to each pharmaceutical 
formulation are shown in Table 2. 

CONCLUSIONS 

The results presented in this work clearly 
d~ons~ate that the inhibition of a photochem- 
ical reaction which takes place in a flow- 
injection assembly has great analytical potential 
for the determination of the inhibitor. The main 
advantages of this procedure are: on the one 
hand, the selectivity and sensitivity brought 
about by the photochemical reaction and on the 
other the rapidity, ease of automation and low 
sample and reagent consumption resulting from 
the flow injection system. 

The phloxin-EDTA system was used to check 
the viability of the proposed method in the 
determination of epinephrine and L-dopa using 
fluorimetric detection. 

Acknowle&emcne-The authors express their gratitude to 
Dim&on General de Investi8acicin Cientitica y T&mica 
(DGICYT) for 8nancial support (grant No. PB90-0008). 

Table 2. Recovery of epinephrine and L-dopa from pharmaceutical preparation 

Added, Found,? 
Sample* 

Recovery 
Catecholamine mglml mglml W) 

Epistaxol Epinephrine 3.40 3.36 98.8 
10.20 10.16 99.6 

Adrenalina Epinephrine 3.48 3.43 108.9 
10.20 10.18 99.8 

Oculos epilo Epinephrine 3.48 3.43 100.9 
10.20 9.98 97.7 

Maipedopa Ldopa ::: 1.04 104.4 
1.98 99.0 

*8ee Table 1. 
tAverage of three determinations. 
The recovery was determined by adding two amounts of epinephrine or Ldopa 

to each sample and subtracting the results obtained for the pharn~~tkal 
formulations pmpared in a similar manner but to which no cateeholamine had 
bean added. 
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SPECIATION OF ORGANOMERCURIALS IN MARINE 
SAMPLES USING CAPILLARY ELECTROPHORESIS 
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Summary-A rapid method for speciation and determination of organomercury compounds in biological 
samples of marine origin using Capillary Electrophoresis (CE) is reported. Organomercurials were 
extracted from the samples by means of the classical West66 procedure thus giving organomer- 
cury-cysteine complexes which can be separated from each other by means of CE resulting in effective 
speciation. Electrophoretic separation was achieved in an open silica capillary tube at 15-18 kV using a 
IOChrN sodium borate buffer (pH 8.35). All mercury species were distinctively separated within 12 min. 
Results are presented for the analysis of real marine samples and reference materials, and compared with 
those obtained by the GC commonly accepted procedure. 

Many studies’ have reported that organic mer- 
cury forms, especially the methylated forms, are 
considerably more toxic than the inorganic 
ones. In fact, methyhnercury is considered to be 
one of the most dangerous chemical species in 
the environment because of its intrinsic toxicity 
and availability to living organisms. However, 
the analytical measurement and speciation of 
organomercurials in complex natural world 
samples remains a very difilcult problem with 
two main requirements: high selectivity and very 
low detection limits. Moreover, since high levels 
of methyhnercury have been found in various 
marine organisms, especially in large predators 
(tuna, swordfish, etc.) analytical methodology 
for methyhnercury must be at the same time 
fast, low in cost and reliable for use in the 
routine analysis of biological and environmental 
samples. 

During the last few decades several pro- 
cedures have been proposed for these pur- 
poseP5 but the most frequently used approach 
is the gas chromatography separation of the 
halogen derivatives of organomercurials with 
electron capture detection4*‘b20 based on the 
classical WestXs method’. On the other hand, 
several papers17~2193 have focused on the draw- 
backs of these gas chromatographic procedures. 
In fact, the lack of consistent reproducibility, 
the tailing of peaks, the absorption of variable 

*Author for correspondence. 

amounts of the organomercurial compounds in 
the GC-system and the need of special column 
conditioning or priming with inorganic mercury 
salts and related consequences in the analysis of 
real samples (dead times of operation, doubts 
about the real nature of the compound detected 
after the priming, frequent drop-out of the 
peaks, etc.) as well as in the life of the columns 
and detector itself, has led to search for alterna- 
tive procedures to carry out the organomercuri- 
als analysis on a more reliable basis. Recentlti’ 
some of these drawbacks have been overcome 
by means of the use of special narrow bore 
chromatographic columns. 

Capillary electrophoresis has demonstrated 
in recent years powerful capabilities for the 
resolution and analysis of very complex 
samples. *’ Although several papers26 were deal- 
ing with the separation of inorganic ions and 
neutral or charged complexes of metals, this 
technique had so far limited application for 
speciation studies. *’ The high resolution and 
peak capacity characteristics of this technique 
could be used favourably in speciation studies 
for very complex samples. However, since the 
time needed for separation is usually very short 
in this technique, having full possibilities in 
automation, it can be easily used for routine 
analysis. 

In this paper, a procedure is presented for 
speciation of organomercurials and the quanti- 
tative determination of methylmercury in 
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marine samples by means of capillary electro- 
phoresis. Cysteine has been used to complex 
organomercurials according to the classical 
extraction method of Westii6.4 The resulting 
cysteine-organomercury complexes were well 
separated in an electric charge density, using an 
alkaline buffer. Parameters affecting the separ- 
ation have been optimized and the results for 
some types of marine samples as well as for an 
existing reference material has been compared 
with those obtained by the usual gas chromato- 
graphic method.19 

Reagents 

All reagents used were HPLC or analytical 
grade. Ultrapure water was obtained by means 
of a MilliQ system (Millipore Co.). Mercury(II) 
chloride, methyl, phenyl and ethyl-mercury 
chlorides (Merck) were used as calibrants. A 
stock solution (1 .OO g/l.) in methanol was used 
to obtain weekly standards by suitable dilution 
with methanol: water (1: 1). All the organo- 
mercury solutions were protected against light 
and stored at 4” in the dark when not in use. 

I 
5mlofsqueousoystcine 0.1% 

I 

shakezmin 
wait 15 mill 

ADDS 

Fig. 1. Sample preparation scheme for ~~y~~ de- 
termination. 

Aqueous cysteine chlorhy~a~ was used instead 
of cysteine acetate solution r~ommend~ by 
Westiib! Buffers were prepared with boric acid 
and sodium hydroxide to pH 8.35. Aqueous 
cysteine and the buffer containing sodium dode 
cyl sulfate were prepared weekly and stored at 
4” when not in use. 

standardr 

Standards for injection containing one or 
more organomercurials were prepared by mix- 
ing 400 ~1 of the appropriate standard solution 
of each or~nomercu~al and 100 ~1 of 1% 
aqueous cysteine solution. 

Preparation of samples 

Samples were prepared in the way outlined in 
the scheme of Fig. 1 which essentially agrees 
with the West&j procedure.4 Final aqueous 
extracts were subjected to capillary electrophor- 
esis separation. 

Capillary electrophoresis 

Ii@ performance capillary electrophoresis 
was carried out at 30” in a 75-pm (i.d.) 5O-cm 
long fused silica capillary (window at 5 cm) 
using a PACE system 2050 (Beckman). Samples 
were introduced into the capillary by pressure 
injection over 8.4 see (corresponding to a vol- 
ume of 77.4 nl). Electroendosmosis was toward 
the cathode at 18 kV in a 1OOmM sodium 
Borate buffer (pH 8.35) during 12 min. W 
detection at 200 nm and a System Gold 
(Beckman) equipment were used for detection, 
data acquisition and processing. 

The capillary was daily prepared by flushing 
with OSM sodium hydroxide for 10 min, fol- 
lowed by a lO-min rinse with ultrapure water. A 
typical run consisted of a 2-r&n washing period 
with ultrapure water, followed by 3 min of 
capillary reconditioning with the selected buffer. 

RESULTS AND DI!XUSSION 

Bu$er selection 

The pH of the buffer used to carry out the 
electrophoregram, was usually the most import- 
ant operational parameter. For cysteine, the 
isoelectric point was 6.24 thus, in alkaline 
media, complexes formed by cysteine with 
organomercurials were charged negatively. As 
can be seen in Fig 2(a), using a lOOmJ4 borate 
bufIer (PH 8.35) it was possible to separate the 
cystein~ethy~e~ complex from the ex- 
cess of ligand. Also a small peak having a 
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Fig. 2. Separation of cysteine complexed methyhnercury 
and the cysteine excess by CE. a) Applied potential 20 kV, 
1OOmM borate but&r @H 8.35), 10% methanol. 13.5 pg of 
methyhnercury chloride mixed with 1% aqueous cysteine, 
27 nl injected. b) Same conditions as for a) but an injection 
of 27 nl of methylmercury chloride standard have been 
superimposed (dotted line). Key for peaks: (A) methyhner- 
cury-cysteine complex; (B) excess cysteine; (C) unknown; 

(D) uncomplexed methyhnercury. 

retention time lower than the one of the com- 
plex was observed. Since the standards for 
injection were prepared simply by mixing ade- 
quate solutions of methyhnercury and cysteine 
just before the injection it was possible that this 
small peak would correspond to the not com- 
plexed form neutral methyhnercuury. This hy- 
pothesis was contirmed by comparison with the 
behaviour of methylmercury alone (no cysteine 
added) as shown in Fig. 2(b). These data were 
in accordance with the electroendosmosis the- 
ory for alkaline media. In the same way the 
elution order of the complex and the free ligand 
form were according to the number of negative 
charges corresponding to the molecules: 

H 

I 

0.0 5.0 lo.0 Thdllll> 

Fig. 3. Separation of cysteine complexed methylmercury in 
acidic buffer (1OOmM phosphate butfer pH 2.5, 10% 
methanol). Applied potential 20 kV, 13.5 pg of methylmer- 
cury chloride mixed with 1% aqueous cysteine. (A) 

methylmercury peak. 

It was possible to obtain separations using 
media of pH lower than the isoelectric point. 
Experiments were carried out using a phosphate 
bulfer (pH 2.5). However, as shown in Fig. 3, 
the peaks obtained were much less intense. In 
fact, the electrophoregram in Fig. 3 corresponds 
to the same standard solution as the one in 
Fig. 2 but the absorbance scale is 20 times 
greater. In this case the use of acidic buffers 
resulted in poor sensitivity. 

The use of the borate buffer (pH 8.35) enabled 
the separation of the three organomercurials to 
be achieved as shown in Fig. 4. In alkaline 
media the (1: 2) mercury(II)+zysteine complex 
had two negative charges which meant that 
inorganic mercury appeared to the right of the 
free cysteine peak in the electrophoregram. The 
order of elution was ethyl, methyl and phenyl- 
mercury. Decreasing the applied potential (up 
to 10 kV) did not improve the resolution of 
ethyl-methyl mercury pair. For phenyhnercury, 
the contribution of the aromatic ring to the 
absorbance led to a greater sensitivity as com- 
pared to the others. 

The influence of variable concentrations of a 
micellar agent [sodium dodecyl sulphate (SDS)] 
in the borate buffer was also studied, trying to 

H 

I 
CH,Hg-S-CH,-C-C~ -S-CH,-C-COO- 

IL 2 LlH 2 
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-:I?_ 
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Fig. 4. Speciation of mercmy forms complexed with cys- 
teine, 1.5 pg rne~y~e~~, 1.5 fig ethylmercury, 0.4 .ug 
phenylmercury and 0.3 pg memury(I1) mixed in proportion 
1: 4 with 0.1% aqueous cysteine; 27 nl injected. Applied 
potential 15 kV, 1OOnN borate buffer (pH f&35), 10% 
methanol. (A) ethylmercury; (II) excess cyst&e; (C) methyl- 
mercury; (D) phenylmercury and (E) inorganic mercury. 

improve the resolution of the ethyl-methyl- 
mercury pair. However this possibility was dis- 
carded owing to the fact that the peaks ap- 
peared broader and with lower area values while 
no significant improvement in overall resolution 
was achieved. In Fig. 5 it can be seen that the 
methyl-ethyl pair was somewhat better resolved 
but in this case a significant overlap between 
methyl and phenyl peaks took place. Moreover, 
from a practical point of view, the inclusion of 
SDS into the buffer meant that it could not be 
used for more than 2-3 days. On the contrary 
a simple borate buffer remained usable during 
weeks. 

Signal hearity 

The relationship between the amount of 
methylmercury injected and peak area in the 
electrophoregram showed good linearity (corre- 
lation coefficient 0.9974, R-squared = 99.48% 
with a standard error of estimate of 4.39 x 10e3) 
in the range 12-300 pg. The detection limit was 
10 pg in the conditions described in the Exper- 
imental section for a signal to noise ratio of 
10 : 1. Data for rep~~bi~ty (re~ntion times and 
peak areas) for five successive injections of a 
methylmercury standard (11.2 ng injected) were: 

c 
P’ 

4.9 TiddJ 9.7 

Fig. 5. Speciation of organomercurials in alkaline buffer 
containing SDS. Applied potential 15 kV. 1oomM borate 
buffer @II 8.35), 10% methanol, 25mM SDS. (A) 
methylmercury; (B) phenylmercury; (C) cysteine excess and 

(D) ethylmercury. 

average retention time = 4.28 + 0.01 seconds; 
variation coefficient = 0.3% and, average peak 
area (arbitrary units) = 4.76 f 0.10; variation 
coefBcient = 2.1%. These data also indicated 
that the procedure sequence (programmed pre- 
rinse, etc.) were adequate for practical purposes. 
In Table 1 some data of reproducibility for 
several standard solutions of methylmercury 
determined in different days (one measurement 
each day) are listed. It is observed that variation 
coefficients were very similar with those of re- 
peated injections, hence the ruggedness of the 
procedure was considered to be good. 

Anafyte recovery 

Table 2 summarizes the results for recovery of 
methylmercury along the proposed procedure. 
For these experiments a freeze dried mussel 
tissue sample was used. This sample did not give 
any detectable signals for methylmercury nor 
for inorganic mercury so, it was considered as a 
matrix-blank sample. A 1.00-g sample of this 
material was used in the experiments adding 
variable amounts of a methy~ercu~ standard 
in water, Once homogenized and dried, the 
resulting material was analyzed by means of the 
proposed procedure. Simultaneously the same 

Table 1. Reproducibility of peak area counts (injections carried out in five different days) 

Injection number 
Methylmercury Variation 

amount (N) 1 2 3 4 5 Average Coefficient 

193.5 0.1808 0.1674 0.1830 0.1712 0.1725 0.1750 3.8 
$177 0.0390 0.0970 0.0907 

~~ 

0.0410 0.0930 0.0941 0.0408 0.0404 0.0959 0.0403 0.0941 2.0 3.0 

30.9 0.0260 
60157 

0.0260 0.0266 0.0260 0.0260 2.8 
15.5 0.0152 0.0142 0.0139 0.0150 0.014% 5.0 
7.7 0.0082 0.0081 0.0085 0.0077 0.0073 0.0979 5.9 
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Table 2. Influence of the matrix in the recovery of methylmercury 
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Material* 
Methyhnercury Methymercury 

added (pg) found (pg) 
Standard 
deviation 

Variation 
coegicient 

Re=wry, 
% 

Mussel 309.6 286.6 192.3 205.0 201.3 7.8 65.0 f 2.5 
Mussel 154.8 102.0 107.3 102.2 103.8 3.0 4.x 67.1 f 1.9 
Mussel 61.9 39.9 36.2 39.0 38.4 1.9 419 62.0 f 3.1 

Blank 309.6 231.8 220.2 206.3 219.4 12.7 70.8 & 4.3 
Blank 154.8 118.1 117.3 118.3 117.9 0.5 

ii: 

Blank 61.9 43.5 42.0 44.5 43.3 1.2 2:8 
76.1 f 0.3 
70.0 f 2.0 

*Mussel means a freeze-dried mussel tissue sample having a non-detectable level of mercury; blank means the absence of 
biological material in the experiments. 

standard solutions used for spiking the mussel 
sample were extracted and analyzed. Thus the 
only difference between the rows in Table 2 
labelled as “sample” and those labelled as 
“blank” is the presence or absence of the bio- 
logical matrix. The results in Table 2 indicate 
that important losses took place during the 
extraction process. Only 72% of the methylmer- 
cury initially present is extracted. Furthermore, 
the results of a two-way ANOVA carried out on 
the data in Table 2 indicated a significant effect 
of the matrix in the methylmercury recovery. 
This effect can be explained by considering the 
formation of persistent scums in the extraction 
stages which hampered correct phase separ- 
ation. Taking this into account, the recovery for 
methylmercury in real samples by the proposed 
procedure was 64.7 + 3.1%. 

Analysis of real samples 

The initial experiments with real samples were 
carried out using a 1% cysteine acetate solution 
as back-extractant, because this is the usual 
concentration used in the gas chromatographic 
method.4 Soon, it was observed that this excess 
of cysteine hampered the effective separation of 
the methylmercury complex from the free ligand 
when methyhnercury concentration in the 

(Cl 
r - 

Fig. 6. Analysis of a blank mussel sample spiked with 
methyl and phenylmercury. Applied potential 15 kV, 
1OOmM borate buffer, 10% methanol. (A) methylmercury; 

(B) phenylmercury; (C) cysteine excess; (D) unknown. 

samples was low. This effect was provocated not 
only by the relative size of both peaks but it is 
believed that the excess of free ligand blocked- 
out or saturated the walls of the capillary tube 
giving poor separations. After a series of exper- 
iments, it was demonstrated that the use of a 
0.1% solution of cysteine chlorhydrate allowed 
to complexation of all the organomercurials in 
the samples without impairing the peak separ- 
ation. 

It was noted that one artifact occurred when 
analyzing real samples. This consisted of a gross 
peak at a retention time lower than the corre- 
sponding one for methyhnercury. As shown in 
Figs 6 and 7, this peak did not overlap with that 
of methyhnercury, so in most cases it was not 
necessary to take any special precaution. In any 
case, this unknown compound has a lifetime of 
about 10 hr, so, if the extracts were left to stand 
for some hours in a dark cool place before the 
analysis, the artifact peak almost disappeared 
(see Fig. 7) enabling a more easy and accurate 
integration of the methylmercury peak which 
area did not change in this time. Although we 
have observed this artifact in all the real samples 
analyzed, we are not sure that it was present in 
other types of samples. Table 3 summarizes 
some of the results obtained for real samples 

Fig. 7. Analysis of a blank mussel sample spiked with 
methylmercury (1) injected immediately after extraction and 
(2) injected after 10 hr. Both graphs have been delayed in 
the time axis to provide a more easy comparison. (A) 
methybnercury; (B) unknown. game experimental con- 

ditions as for Fig. 6. 
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Table 3. De&m&ration of methylmercury in real samples (all results expressed in mercury) 

Methylmercury Methylmercury 

content &g/g) Sample Methylmercury Methylmercury content, corrected 
Sample Weight InjecteAt found by CEI for loti 
material Certified* Known? (g) (Pg) (&I) @g) (1(8/g) 

DORM-1 0.731 f0.060 - 6.0298 56.29 34.80 53.78 0.698 f 0.025 
F”gE; 0.731 f0.060 

1 

2.142 f - 0.092 4.0056 1.0875 29.60 37.39 23.09 19.64 30.35 35.68 0.697 2.224 f f 0.084 0.033 

COCKLE 1.703 f 0.151 1.5441 33.59 20.88 32.27 1.636 f 0.060 
CLAM 1.585 f 0.050 1.4645 31.41 20.41 31.54 1.590 f 0.081 
TUNA 3.662 f 0.355 0.9102 38.70 24.42 31.75 3.534 f 0.344 

*DORM-I is a Dogfish muscle Certitied Reference Material distrlbuted by the National Research Council of Canada. 
~Methymercury concentration values obtained by means of the Hight’s gas chromatogrsphic method’9 in our laboratory. 
$AlI the samples were extracted with 40 ml of toluene and backextracted into 5 ml of 0.1% cysteine colution. Injection 

volume in all cases were 77.4 rd. 
@spuming a 64.7% of average recovery in the whole process. 
nAverage of three indepemdent analyses. 

using the proposed procedure. These results are 
compared in this table with the ones obtained by 
means of the usual gas chromatographic pro- 
cedure” for the same samples. It can be seen 
that the results for CE analyses were systemati- 
cally lower than those obtained by gas chroma- 
tography for which no cysteine back-extraction 
was carried out. This is because of the afore- 
mentioned losses in the back-extmction stage 
with cysteine. When the results for CE analyses 
were corrected for these losses (last column in 
Table 3) the obtained data were in good agree- 
ment with the gas c~omato~ap~c ones as well 
as with certified values for the reference material 
analysed. 

2. J. F. Uthe and F. A. J. Armstrong, in L. Frieberg and 
J. Vostal (eds), Meremy in the Emdronment, pp. 21-53. 
CRC Press, Cleveland, OH, 1972. 
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CONCLUSIONS 

Up to this date, capillary electrophoresis has 
been only used in a very limited extent in 
speciation studies. The presented results shows 
that this technique could be used as a powerful 
tool in the separation of several organometallic 
forms in biological and environmental samples. 
Even more, separations could be understood 
on the basis of a well-establish~ background 
without the need for special or sophisticated 
separation schemes. In the particular case of 
organomercurials speciation, the use of capil- 
lary electrophoresis avoids the drawbacks as- 
sociated with gas chromatographic procedures 
and is rapid, and simple enough to be used on 
a routine basis. 

11, N. Bloom, Can. J. Fish. Aquat. Sci., 1989, Ss, 1131. 
12. G. Decadt, W. Baeyens, D. Bradley and L. Goeyens, 

AZ&. Chemq 1985,57,2788. 
13. P. Lansens and W. Baeyens, Anal. Chtm. Acta., 1990, 

228, 93. 
14. W. A. McCreham, Anal. C&m., 1981, S3,74. 
15. 0. Evans and 0. D. McKee, Axalysr, 1987, 112,983. 
16. K. Sumino, Kobe J. Med. Sci., 1968,14,115; 1968.14, 

131. 
17. S. C. Hight and S. 0. Capar, J. Assoc. t?fi Anal. C&m., 

1983,66, 1121. 
18. G. H. Alvarex, S. C. Hight and S. G. Capar, J. Assoc. 

0. Anal. Gem., 1984,67, 715. 
19. S. C. Higbt and M. T. Corcoran, ibid., 1987, 70, 

24. 
20. Mer~e~yl) in Fish and Shellfish. Rapid Gas 

Cltromato8raphic Method. First Action., J. Assoc. 08 
AnaL Chem., 1988, 71, 210. 

21. J. E. O’Reilly, J. Chromatogr., 1982, 23g, 433. 
22. E. Nulska, D. C. Baxter and W. Frech, Anal. Chim. 

Acta, 1991, 249, 5454. 

Acknowledgements-~ part of this work has been supported 
by the Spanish Interministerial Commission for science and 
Technology (CICYT) under the project ALI-0773. 

REPERRNCES 

23. E. Rubi, R. A. Lorenxo, C. Casais, A. M. Carro and 
R. Cola, J. Chromatogr., 1992, 6OS, 69. 

24. R. A. Lorenzo, A. Carro, E. Rub& C. Casais and 
R. Cela, J. of AOAC Internat., in press. 

25. W. G. K&r, Anal. Gem., 1990,62, R403. 
26. W. G. Kubr and C. A. Moaning, ibid., 1992, 64, 

3891. 
1. IPCS. Etwirontnentul Health Criteria 101: Methyl- 27. M. Albert, 6. Demesnay, M. Portbault and J. L. Rora, 

mercury, World Health Orgamxation, Geneva, 1990. Anah& 1992,25, 383. 



Taianta, Vol. 40, No. 11, pp. 16374642, 1993 
Printed in Great Britain. AU rights rrscrved 

0039-9140/93 s6.00 + 0.00 
Copyright 0 1993 Pergamon Press Ltd 

VOLTAMMETRIC DETERMINATION OF PIROXICAM IN 
MICELLAR MEDIA BY USING CONVENTIONAL AND 

SURFACTANT CHEMICALLY MODIFIED CARBON PASTE 
ELECTRODES 

J.A.AcuGA,C.DELA Fuaurx,M.D. WZQUEZ, M.L. TASAN and P. SANCHEZ-BATANERO 
Department of Analytical Chemistry, Faculty of Sciences, University of Vallado~d, Vallado~d, Spain 

Summary-A method for piroxicam determination based on adsorptive stripping voltammetric tech- 
niques, using conventional and chemically mod&d carbon paste electrodes in micellar media, is described. 
The employed surfactants were sodium dodecyl sulfate (SDS), Triton X-100, Triton X-405, Tween 80 and 
Brij 30. However, the purpose of this paper is, at present, to research the use of surfactants as carbon 
paste modifier because one of the mechanisms of hydrophobic drugs ad-accumulation on the carbon paste 
electrode is based on the chemical afhnity. Besides, because of the water piroxicam insolubility, a special 
aqueous medium, such as a surfactant solution above its c.m.c. was used, this micellar media being very 
advantageous in relation to the use of organic or aqueous-organic media, in order to dissolve the studied 
drug and to remove the problems derived from the organic solvents use. In addition, a piroxieam 
ad-accumulation increase, on surfactant mod&d carbon paste electrode, with the surfactant mass 
incorporated into the electrode, was observed. 

Piroxicam is a new non steroidian anti-inflam- 
matory drug of the oxicam family that are 
carboxamic N-heterocycles derived from the 
benzothiazin-1,2-dioxyde- 1,l. This drug acts as 
anti-inflammatory mainly by prostaglandin 
synthesis in~bition, aa well as by leucocyte 
migration and phagocyte activity in~bition.’ 

Due to its hydrophobic properties, piroxicam 
molecule is quite insoluble in water, but soluble 
enough in organic and aqueous-organic media’ 
as well as in micellar media.2 

Regarding the electrochemical properties, 
piroxicam is polarographically reducible’ and 
voltammetrically oxidizable. ‘v2 Both processes 
have been sufficiently studied.‘*” 

On the other hand, regarding piroxicam de- 
te~nation methods, we can consider the spec- 
trometric ones,4’ with detection limits of several 
ppm, the chromatographic ones,“14 with detec- 
tion limits of several ppb and finally the electro- 
chemical ones15*‘6 with detection limits of several 

PPt. 
All piroxicam electroanalytical methods re- 

quire the presence of organic solvents because of 
its insolubility in water. The use of non-aqueous 
solvents in electrochemistry presents different 
problems, mainly derived from their toxicity, as 
well as from the necessary use of special refer- 
ence electrodes. However, surfactant solutions 

with concentrations above a critical value 
(CMC), are able to dissolve hydrophobic sub- 
stances, remaining in this these media their 
aqueous nature, therefore, we can employ the 
classical reference electrodes, such as 
Hg,Cl,/Hg, KC1 or AgCl/Ag, KCl. 

Use of surfactants in el~tr~he~stry is well 
known, mainly by their polarographic maxima 
suppressor properties. “*‘* Nevertheless, when 
surfactant concentrations are above the c.m.c., 
we must consider this type of solution belongs 
to a new type of media, organized media, about 
which many reviews and books have appeared 
some years ago in the literature.‘*23 

The most important effects of micellar media 
in relation to el~tr~he~st~ are based on the 
following aspectst3: (a) the presence of surfac- 
tant molecules in an aqueous solution modifies 
the double layer structure, the electrokinetic 
potential, and the charge transfer rate constant, 
and as an example we can mention the Iwunze 
et al. paper,24 in which a very important poten- 
tial shift of the medium oxidation is described; 
(b) surfactants can stabilize radicals or inter- 
mediate reaction products; (c) surfactants easily 
dissolve hydrophobic substances. Thus, the elec- 
trochemical spectra of an analyte in two differ- 
ent media, one fully aqueous and the other of 
micellar nature, can be completely different. 
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In our paper, several experiments about the 
piroxicam electrochemical behaviour study in 
micellar media, formed by an anionic surfac- 
tant, such as sodium sulfate dodecyl (SDS), or 
by non-ionic ones, such as Triton X-100, Triton 
X-405, Tween 80 or Brij 30, were carried out, in 
order to contribute to the best knowledge of 
surfactant-drug interactions, this knowledge 
being of great interest, because, actually, in 
human biological fluids, hydrophobic sub- 
stances, as for example, cholesterol bonded to 
lipoproteins in the blood, are carried in the same 
manner. 

Finally, we can consider that, according to 
the literature checked by us, the use of surfac- 
tants as carbon paste modifier has not been very 
general. Kalcher2s and Albahadily and Mot- 
tola,26 observed an uncompensed cell resistance 
decrease after the carbon paste electrode was 
treated with a 10% (w/v) aqueous surfactant 
solution, although in this case surfactants were 
not incorporated at the carbon paste formation 
step, but after the paste was prepared. We can 
also mention the papers of the Patriarche’s 
group about the carbon paste modification by 
chemical substances like the surfactants, such as 
phospholipids and others.*‘,** 

EXPERIMENTAL 

To obtain the current-potential curves, an 
Amel 553 Potentiostat, an Amel 568 Function 
Generator and a Philips-PM 8271 XYt recorder 
were employed. A carbon paste working elec- 
trode, a saturated calomel reference electrode 
and a Pt wire as auxiliary electrode, were used. 
To obtain rapidly suitable micellar media, a 
Selecta Ultrasonic bath was also used. To con- 
trol the temperature and the pH, a Tamson 
TC-3 Thermostat and a Crison pH-meter re- 
spectively, were employed. 

All used surfactants, such as Triton X-100, 
Triton X-405, Tween 80, Brij 30 and SDS were 
supplied by Serva Feinbiochemica GMBH & 
Co., D-6900 Heidelberg, Germany, and used 
without purification. Piroxicam was supplied by 
Pfizer (Spain). All these reagents, buffers, sup- 
porting electrolytes, etc., were of analytical 
grade. The employed water was deionized up to 
Nanopure II grade by the Barnstead system. 
The graphite powder, spectroscopically pure 
and particle size corresponding to 200 mesh, 
was supplied by Johnson Matthey S.A., Rue de 
la Perdrix, BP 50240, Paris, France. 

Conventional carbon paste (without modifi- 
cation) was classically prepared, but surfactant 
modified carbon paste was prepared as follows: 
500 mg of graphite were mixed with 250 or 300 
~1 of Nujol oil. To this mixture, 25 mg (or 50 
mg) of surfactant dissolved in chloroform were 
added and mixed with the paste in an agate 
mortar, when an electrode modification was 
required. 

With a conventional carbon paste electrode, 
two types of experiments were carried out: (1) 
direct voltammetry of piroxicam solutions; (2) 
adsorptive stripping voltammetry of piroxicam 
solutions. In all adsorptive experiments we must 
cut a paste disk about 1 mm thick to obtain a 
fresh and reproducible electrode surface. 

With the surfactant modified carbon paste 
electrode only adsorptive stripping voltammet- 
ric measurements were carried out. 

For the first type of experiments, the follow- 
ing solution was prepared: 10 ml of O.lM HClO., 
(to obtain a pH 2), 1 ml of O.lM LiN03, 1.54 
g of SDS, 16.6 mg of piroxicam and deionized 
water to make 100 ml. This solution was 
5 x 10m4M in piroxicam and 4 x lo-*M in SDS. 

For the second type of experiments, the fol- 
lowing solutions were prepared: (1) 25 ml of 
O.lM HC104, 2.163 g of SDS, 8.3 mg of pirox- 
icam and deionized water to make 250 ml. This 
solution, named “adsorption solution” was 
3 x lo-*M in SDS and 10p4M in piroxicam; (2) 
3 ml of O.lM HC104, 0.3 ml of O.lM LiNO, and 
deionized water to make 30 ml. This solution 
was named “stripping solution”. 

RESULTS AND DISCUSSION 

Direct voltammetry of piroxicam solutions 

With the 5 x 10m4M piroxicam solution, the 
potential was cyclically scanned between 0 and 
800 mV (us SCE) at different scan rates, the 
optimal one being 100 mV/sec, as a result of a 
choice of residual current, peak height and 
recorder sensitivity values. Peak potentials of 
the voltammograms obtained were developed 
between 650 and 660 mV, as can be seen in 
Fig. 1, in which a well-defined piroxicam oxi- 
dation peak is shown. 

In order to evaluate our method, several 
voltammograms of piroxicam solutions at 
different concentrations were obtained. By plot- 
ting iP vs concentration, a straight line was also 
obtained, with equation: 

iP = 0.067 + 3612.67 C 
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where iP denotes the peak heights in PA and C 
denotes the molar piroxicam concentration. The 
correlation coefficient was 0.998 1 and the detec- 
tion limit 6.14 ppm. A linear variation of iP vs 
piroxicam concentration was obtained, the sen- 
sitivity of the determination was acceptable but 
the detection limit, calculated by Miller and 
Miller’s method,” was mediocre. 

Adsorptive stripping voltammetry of piroxicam 
solutions 

A previous adsorption process of piroxicam 
was carried out. For this, a new experimental 
parameter, ad-accumulation time, needed to be 
studied. For this, we introduced the carbon 
paste electrode, at open circuit, in a 10e4M 
piroxicam solution (adsorption solution), at pH 
2 and 3 x lo-‘M SDS, over different times, 
while stirring. After a fixed ad-accumulation 
time, we introduced the electrode, washed with 
deionised water, in the stripping solution and 
scanned the potential at a scan rate of 100 
mV/sec. The results obtained with the same 
paste, but different surfaces (cutting discs 1 mm 
thick), were practically the same, and very simi- 
lar between different paste batches. Figure 2 
shows an example of a peak obtained. 

By plotting the peak heights us ad-accumu- 
lation time, a straight line was obtained, in 
which iP increased with the ad-accumulation 
time up to 11 min, and then decreased with time, 
as shown in Fig. 3. 

Although the optimal value should be 
achieved in 10 min according to Fig. 3, the 
employed ad-accumulation time was only 7 min 
to save time in our experiments. 

In order to evaluate the sensitivity of our 
adsorptive stripping method, by plotting iP us 

mV/sC!E 

Fig. 2. Adsorptive stripping voltammogram of IO-‘M 
piroxicam at a conventional carbon paste electrode; V = 100 

mV/sec; r, = 6 min; pH 2. 

piroxicam concentration, a straight line was 
obtained, with equation: 

iP = 0.00346 + 1791.51 C 

where iP denotes the peak heights in ,uA and C 
the molar piroxicam concentration. The corre- 
lation coefficient was 0.9993 and the detection 
limit 0.127 ppm, calculated by the method men- 
tioned above. 

Comparing Figs 1 and 2, taking into account 
the recorder sensitivity and the piroxicam con- 
centration, we can deduce that iP in Fig. 2 is 
lower, even though accumulation was used. This 
apparent anomaly can be explained by remem- 
bering that the experiment corresponding to 

2 
mV/SCE 

Fig. 1. Voltammogram of 5 x lo-‘M piroxicam obtained at Fig. 3. Influence of ad-accumulation time on piroxicam 
a conventional carbon paste electrode; V = 100 mV/sec; adsorptive stripping peaks at a conventional carbon paste 

pH 2; O.OlM LiNOs + 4.10-*M SDS. electrode; 10-‘M piroxicam; V = 100 mV/sec; pH 2. 
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Fig. 4. Adsorptive stripping vottammogram of lo-‘M 
piroxicam solution at a conventional carbon paste electrode; 

t = 7 min; pH 2; V = 100 mV/sec. 

Fig. 2 was carried out to give an example, 
showing that a piroxicam pr~on~n~a~on 
phenomenon can be produced on a conven- 
tional carbon paste electrode. Also, the voltam- 
metric peaks in Figs 1 and 2 correspond to very 
different mechanisms, the first one diffusion and 
the second adsorption, which also has a lower 
slope than the first. The adsorption process has 
the advantage of giving lower detection limits. 
However, improved detection limits have not 
been obtained because piroxicam, at lower con- 
centrations, does not readily adsorb on conven- 
tional carbon paste electrodes. 

The voltammogram of 10m5M piroxicam sol- 
ution is shown in Fig. 4. 

Adsorptive stripping voltammetry of piroxicam 
on surfactant modified carbon paste electrodes 

In this case, the carbon paste electrode was 
previously modified by a surfactant, such as 
SDS, Triton X-100, Triton X-405, Tween 80 or 
Brij 30, in order to obtain an electrode surface 
with hydrophobic properties, so as to improve 
the piroxicam preconcentration. So, if the elec- 
trode surface contain a chemical modifier with 
the same chemical character than the analyte 
molecules, an attraction by chemical affinity is 
created between the two types of molecules, 
according to the literature.27J* Moreover, the 
electrochemical reactions were carried out in 
micellar media at a suitable pH, in order to 
dissolve the piroxicam and to improve its pre- 
concentration on the electrode surface. In ad- 
dition, the presence of surfactants could 
improve the selectivity of these preconcentra- 
tions, although, in our case, this point has not 
been studied, because only one drug was con- 
sidered in this paper. 

Our experiments have been carried out as 
follows. 

Voltammetric study on carbon paste electrode 
modified with sodium doakcyl sulphate 

A 500-mg sample of graphite powder was well 
mixed with 300 ~1 of Nujol oil in an agate 
mortar. To this mixture, 25 mg of SDS as 
modifier, solved in chloroform, were added and 
mixed up to evaporate the solvent, to obtain a 
paste with 5% concentration (surfactant/ 
carbon). 

The ad-accumulation time and potential scan 
steps were carried out as above. 

In order to estimate the sensitivity of our 
adsorptive stripping method, iP vs piroxicam 
concentration was plotted, obtaining a straight 
line whose equation was the following: 

i,=0.0018+ 1640 C 

where iP denotes the molar piroxicam concen- 
tration. The correlation coefficient and detec- 
tion limit (calculated as above) were 0.9934 and 
0.66 ppm, respectively. 

Voltammetric study on carbon paste electrode 
modfied with Briton X-100 

This carbon paste electrode was prepared as 
follows: 500 mg of graphite powder were mixed 
with 250 ~1 of Nujol oil in an agate mortar. To 
this mixture, 25 mg of Triton X-100 solved in 
chloroform were added, giving a paste where the 
surfactant was 5% (surfactant/carbon). 

By plotting voltammetric peaks heights vs 
piroxicam concentration, the following 
equation was obtained: 

iP = -0.002 + 604 C 

where iP denotes the peak heights in PA and C 
the molar piroxicam concentration. The corre- 
lation coefficient was 0.9980, and the detection 
limit, obtained according to Miller and Miller,29 
was 2 ppm. By comparing these results with 
those obtained with SDS, we deduce that the 
dete~ination sensitivity, using Triton X-100 as 
modifier, is lower, because of the lower cali- 
bration graph slope. The detection limit was 
also lower. 

Increasing the Triton X-100 amount in the 
carbon paste electrode up to 10% (surfac- 
tantlcarbon), that is to say, 0.300 g of graphite 
powder, 150 ~1 of Nujol oil and 30 mg of Triton 
X-100 solved in chloroform, a similar voltam- 
metric study gave the following equation: 



Voltammetric determination of piroxicam 1641 

Table 1. Experimental adsorptive is values obtained for d&rent electrodes, composition and 
surfactants 

peak WLO peak WA) 

cont. CPE without 
Modified CPE 

M (x 10-S) modification 5% SDS 5% Triton X-100 10% Triton X-100 

1.0 0.021s 0.020 0.0040 0.02s 
0.8 0.017s 0.015 0.0030 0.021 
0.6 0.0104 0.012 0.001s 0.019 
0.4 0.0052 0.007 0.0004 0.01s 

iP = 0.014 + 8900 C 

where ip and C have the same significance as 
above, and whose correlation coefficient and 
detection limit, were 0.9985 and 1.3 ppm, re- 
spectively. In this case, an increase of the 
method sensitivity (higher slope), according to 
the slope increase, and a detection limit decrease 
(lower detected mass) were obtained. 

In order to compare the influence of % Triton 
X-100 on peak heights, the corresponding 
voltammograms are plotted in Fig. 5, in which 
we can see that piroxicam peak height increases 
with the % surfactant. However, the most im- 
portant result is the fact that with the % (surfac- 
tam/carbon) increase, both detection limit and 
sensitivity of the piroxicam determination 
method were improved, thus in order to have a 

b) 

lWX!E 

Fig. 5. Adsorptive stripping voltammograms of piroxicam 
on surfactant modified carbon paste electrode. Influence of 
% (Briton X-lOO/Carbon) into the electrode on peak 
heights: (a) 6.10-‘M piroxicam, pH 2, V = 100 mV/sec, 
r, = 8 min, 5% (Triton X-lOO/Carbon); (b) as (a) but with 

10% (T&on X-lOO/Carbon). 

comparative view about these improvements, 
obtained results are summarised in Table 1. 

We have used other surfactants, such as the 
non-ionic Triton X-405, Tween 80, and Brij 30; 
the first of which supplied the same results as 
Triton X-100, the second gave a very important 
residual current, and with the third, Nujol oil 
loses its properties as a binder, therefore these 
surfactants were not used as carbon paste 
modifiers in our experiments. 

CONCLUSIONS 

As we have mentioned above, the main pur- 
pose of this paper is to research the use of 
surfactants as carbon paste modifiers, in order 
to improve the sensitivity of drug determination 
by using electroanalytical methods. Because of 
the surfactant presence between the carbon par- 
ticles on the electrode, a suitable lipoafhnity to 
preconcentrate hydrophobic substances, such as 
piroxicam molecules, is created, giving an in- 
crease of the piroxicam amount ad-accumu- 
lation, showing that the higher was the % 
surfactant on carbon paste and the higher was 
the piroxicam accumulation. However, this can- 
not be the only preconcentration mechanism on 
this type of electrode, because the Nujol oil can 
also preconcentrate hydrophobic substances by 
an extractive mechanism into the paste, as can 
be seen in the literature.27*28,‘0*31 So, due to the 
extractive properties of Nujol oil, hydrophobic 
substances, such as promethazine, for example, 
can be extracted by this pasting, whereas celip- 
tium, is adsorbed on carbon particles at the 
same electrode.31 In this sense, we deduced, from 
our experimental results, that carbon paste elec- 
trodes without modification are also suitable in 
relation to the glassy carbon electrode to im- 
prove electroanalytical piroxicam determi- 
nations, probably due to an extractive process 
by the Nujol oil of the paste. Furthermore, 
according to our results, the use of surfactants 
as modifier carbon paste electrode have a prom- 
ising future in studies of the carbon paste 
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modification because of the preconcentration 
increase, at least for hydrophobic drug determi- 
nation whose solutions can be easily prepared 
without organic solvent addition. 
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SOLVENT EXTRACTION OF CADMIUM AS A PREVIOUS 
STEP FOR ITS DETERMINATION IN BIOLOGICAL 
SAMPLES BY ELECTROTHERMAL ATOMIZATION 

ATOMIC ABSORPTION SPECTROMETRY 
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Department of Analytical Chemistry, Faculty of Sciences, University of M&laga, 29071 Mblaga, Spain 

sllmmuy--A method is proposed for the solvent extraction of cadmium using 1,5-bis(di-2-pyridyl- 
methylene)thiocarbohydraxide (DPTH) as extractant. The optimum extraction conditions were evaluated 
from a critical study of the effect of pH, concentration of extractant, shaking time and ionic strength. The 
maximum volume ratio of the aqueous to organic phase was 30: 1 for a single-stage extraction of 99400% 
of the metal ion. The detection limit is 0.01 r&ml cadmium, and the calibration is linear from 0.1 to 5 
ng/ml. The relative standard deviation for 10 replicate measurements is 1.8% for 2 ng/ml cadmium. The 
extraction method was applied to the determination of cadmium in some biological materials using 
graphite furnace atomic absorption spectrometry. 

The toxic effects of cadmium are now well 
recognized and many researchers have reported 
the determination of cadmium in biological 
materials by Electrothermal Atomization 
Atomic Absorption Spectrometry (ETA- 
AAS). I4 However, in most cases there is the 
problem of matrix interference. The application 
of the standard additions method increases the 
probability of correct results, but cannot guar- 
antee them.’ This problem can be overcome by 
diverse procedures: introduction of an active gas 
during the ashing step: use of matrix 
modifiers,“’ use of an effective background 
correction system (Zeeman, habitually),‘J2 or 
separation of the cadmium from the matrix 
using electrodeposition,” ion-exchange’4 or, 
more frequently, liquid-liquid extraction. 

Liquid-liquid extraction provides an easy 
method of reducing the interference of the 
matrix, and improving the sensitivity by concen- 
trating the metal in a small volume of an organic 
solvent. Cadmium has been extracted by means 
of different extracting systems: ammonium 
pyrrolidine dithiocarbamate into methyl 
isobutyl ketone (MIBK),” hexamethylene am- 
monium hexamethyleneditiocarbamate into 
xylene16 and tetrahexylammonium iodide into 
MIBK from a hydrochloric acid medium.” All 
these procedures have been used as a preconcen- 
tration step for the determination of cadmium 
by ETA-AAS. 

In this work, a systematic study was made to 

determine the optimum conditions for cadmium 
determination in biological samples by ETA- 
AAS after extraction of the metal into MIBK 
containing 1,5-bis(di-2-pyridyhnethylene)thio- 
carbohydrazide (DBTH). The proposed extrac- 
tion method has some advantages. The complex 
formed is quite soluble in MIBK, so much so 
that it allows the use of aqueous-to-organic 
phase volume ratios up to 30 (i.e. much higher 
than those typically afforded by other extrac- 
tants) and hence the determination of concen- 
trations down to 30 times lower than those 
afforded by the direct non-extractive method. 

The microwave digestion procedure was used 
for sample preparation. Microwave heating in 
sealed Teflon containers was applied with only 
one treatment. The advantages of this procedure 
include faster reaction rates which result from 
the high temperatures and pressures attained 
inside the sealed containers. The use of closed 
vessels makes it possible to eliminate uncon- 
trolled trace element losses of volatile molecular 
species that are present in a sample. Another 
advantage of microwave dissolution is a de- 
crease in blank values as compared to open- 
beaker work, both because contamination from 
the laboratory environment is much lower and 
because closed vessels make it possible to use 
smaller quantities of reagent.‘**‘9 In this work, 
due to the limited volume of the Teflon 
vessels, conventional digestion procedures were 
also used for sample preparation when the 
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concentration of cadmium in the sample 
analysed was too small, so that a great amount 
of sample should be dissolved. 

EXPERIMENTAL 

Apparatus 

Atomic absorption measurements were made 
with a Varian 475 atomic absorption spectro- 
photometer with a standard air-acetylene 
burner, and a Perkin-Elmer Zeeman elec- 
trothermal atomic absorption spectrometer 
model 410021 equipped with an automatic 
sampling system model AS-70, a Zeeman back- 
ground correction system and a PC-ICL com- 
puter. Pyrolytically coated graphite tubes, 
L’vov-type graphite platforms and a cadmium 
hollow cathode lamp were used. Argon was 
used as the purge gas. A cadmium hollow 
cathode lamp was used for atomic absorption 
measurement at 228.8 nm. 

A Panasonic (National) microwave oven 
model NN-8507 and a Parr Microwave Acid 
Digestion Bomb, model 4782, were used for 
sample digestion. The bombs were cleaned be- 
fore use with 10% nitric acid for 1 day followed 
by repeated rinsing with water. 

pH measu~ments were made with a Crison 
Digit 501 pH-meter (combined electrode). A 
variable rate, time-programmable Gallenkamp 
mechanical flask agitator was used for sample 
agitation. 

Reagents 

All chemicals were of analytical reagent 
grade. Distilled and deionized water was used 
throughout. 

The ligand for the DPTH solution was syn- 
thesized as described elsewhere.2o A stock sol- 
ution in MIBK. was prepared by dissolving 0.1 
g of DPTH in 9 ml of N,N-dimethylformamide 
and diluting to 100 ml with MIBK. The solution 
was found to remain stable for over a week. 

A stock solution of Cd(I1) was prepared from 
the nitrate (Merck P. A.) and standardized 
complexometrically. Standards of working 
strength were made by appropriate dilution as 
required. 

An acetic acid-acetate buffer of pH 5.6 was 
prepared by mixing 4.8 ml of 0.2M HOAC and 
45.2 ml of 0.2M NaOAc in a lOO-ml volumetric 
flask and making to the mark with distilled 
water. 

A 1M solution of NaClO, was also used. 

Samples. 

The certified reference materials analysed to 
determine the accuracy of the proposed pro- 
cedure were: Community Bureau of Reference 
(BCR), Certified Reference Materials (CRMs); 
060 Lagarosiphon Major (Aquatic Plant); 061 
Platihypnidium RipariodideslAquatic Plant); 
150 Milk powder; 15 1 Milk powder; 184 Bovine 
Muscle; 186 Pig Kidney; National Research 
Council Canada (NRCC), CRMs DORM-1 
Dogfish Muscle; DOLT-l Dogfish Liver; 
TORT-l Lobster Hepatopancreas; National In- 
stitute of Standards and Technology (NIST), 
Standard Reference Materials (SRMs) 2670 
Freeze-Dried Urine (Toxic Metals at Normal 
and Elevated Levels); 1577a Bovine Liver. 

Procedures 

All glassware and plasticware were acid 
cleaned (25% v/v nitric acid) prior to use. 

Choice of optimum extraction conditions. The 
metal ion was extracted as follows. In 500 ml 
separatory funnels was placed 20 pg of cad- 
mium with variable volumes of HCl, NaOH and 
NaClO, solutions and the mixture was diluted 
to an overall vohmte of 20 ml in the aqueous 
phase. Then, variable volumes of DPTH sol- 
ution in MIBK at different ~n~nt~tions were 
added and the mixture was shaken vigorously 
on the mechanical agitator for different periods 
of time. Once both phases had been separated, 
the content of cadmium of the aqueous phase 
was determined by flame absorption spec- 
trometry, using appropriate calibration graphs. 
From the concentration found, the fraction of 
metal extracted was calculated. Appropriate 
blanks were prepared and were run in the same 
manner. 

Sample preparation. The samples of the vari- 
ous types of material considered were first dried 
in accordance with the norms of the respective 
analysis certificates. Each dried sample (with the 
exception of human urine) was mineralized ac- 
cording to one of the following two procedures. 

(1) Microwave mineralization. An amount of 
0.2~.6~ g of powdered sample (NBS 1577a, 
BCR 186, DOLT-l, TORT-l, CRM 060 and 
CRM 061) was placed in the reaction bomb 
together with 4 ml of 65% nitric acid. Then, 
after 30 min, 2 ml of 37% HCl was added and 
the digestion bomb was shut and placed in the 
microwave oven, where it was kept at 360 W for 
4.0 min, followed by 10.0 min at 180 W. The 
oven was allowed to cool for 14 min (the same 
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time as the programme duration) after it was 
opened. After digestion, the solutions were 
evaporated to a small volume by heating in a 
hot plate to remove the nitric acid, neutralized 
with sodium hydroxide, and finally diluted with 
deionized water to 50 ml in a standard flask. 

(2) Reflux mineralization with nitric acid and 
hydrogen peroxide. In a reaction flask were 
placed 2.0004.000 g of weighed sample (BCR 
184, DORM-l, CRM 150 and CRM 151) and 
15 ml of concentrated nitric acid, and the mix- 
ture was heated under reflux up to the disap- 
pearance of nitrous fumes. Then, 3 ml of 
hydrogen peroxide were added and the mixture 
was evaporated to a small volume by heating in 
a hot plate to remove the nitric acid. Next, the 
mixture was neutralized with NaOH and made 
to 25 or 50 ml with deionized water. 

Procedure 1 is quicker, but cannot be applied 
to a sample amount greater than 1 g, due to the 
small capacity of the digestion bomb. For this 
reason, if it is necessary to take a sample 
amount greater than 1 g (when the concen- 
tration of cadmium in the samples is very small), 
procedure 2 must be used. 

The human urine SRM 2670 does not require 
mineralization; the sample was prepared 
from concentrates according to the directions 
supplied. 

Aliquots of these sample solutions containing 
0.015-0.75 pg of cadmium were placed in 250- 
ml separating funnels. The analysis of each 
sample, in triplicate, was completed as described 
in the Recommended Procedure. 

Recommended analyticalprocedure. In separa- 
tory funnels were placed aliquots of samples or 
standards solutions containing 0.015-0.75 pg 
of cadmium, 0.5 ml of 1M NaClO, and 5 ml of 
acetic acid-acetate buffer, pH 5.6. Then, 5 ml 
of 0.1% DPTH in MIBK were added (the 

maximum volume ratio of the aqueous to or- 
ganic phase was 30: 1 for a single-stage extrac- 
tion of 99-100%). The mixture was shaken 
vigorously at 3000 rpm for 5 min, after which 
the phases were allowed to separate and the 
solvent layer was transferred into a polypropy- 
lene centrifugate tube (some samples may need 
centrifugation for up to 5-20 ruin to improve 
separation between the layers). Aliquots (20 ~1) 
of organic phase were injected, in triplicate, into 
the graphite furnace and the absorbance was 
measured at the wavelength of 228.8 nm using 
the instrumental conditions shown in Table 1. 
Triplicate determinations of each sample were 
made and the cadmium concentration was eval- 
uated from the calibration graph; alternatively, 
the standard-addition method was also satisfac- 
torily applied. 

RESULTS AND DISCUSSION 

Optimization of extraction conditions 

Extraction of metal ions by organic reagent is 
known to depend on several factors such as type 
and amount of reagent, organic solvent, chemi- 
cal form of metal ion, pH of solution, shaking 
time, etc. We have investigated the extraction 
process in order to obtain optimum conditions. 
MIBK has a significant solubility in water but 
was chosen as the organic solvent because of its 
high extraction efficiency for the Cd(II)-DPTH 
complex. 

The effects of pH on the extraction of cad- 
mium with DPTH into MIBK are shown in 
Fig. 1. As can be seen, the optimum pH range 
for quantitative extraction is around 4.0-10.7. 
All subsequent studies were carried out at pH 
5.6; this pH was adjusted using an acetic 
acid-acetate buffer solution. The volume of 
this buffer added (3-8 ml) had no effect. The 

Table 1. Instrumental conditions for the Zeeman electrothermal atomic 
absorption spectrometer 

Lamp current 4mA 
Slit width 0.7 run 
Wavelength 228.8 nm 
Injection volume 20 Jll 
Operating mode Peak height 
Integration time 5 set 
Furnace programme: 
Perkin-Elmer 4 1 OOZI 

Temperature (“) 
Ramp (set) 
Hold (set) 
Argon flow rate (mllmin) 

Dry Ash Atomize Clean 

110 130 400 650 2ooO 2400 

2: 3: 2: 2: : : 
250 250 0 250 
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Fig. 1. Effect of pH on the extraction of Cd(U) with DFTH 
in MIBK in the presence of perchlorate. [Cd(II)ltiti = 0.60 
/~g/ml,~ [DPTHb = 2.3 x IO,-‘M, [ClO,] = 0.7%; shaking 

time: 10 min. 

presence of NaClO, makes feasible a good 
separation of the phases, although it produces 
no significant changes in the extraction; for this 
reason, a concentration of 3.3 x 10e3M NaClO, 
was used in all experiments. 

The minimum shaking time was determined 
by varying the shaking time from 1 to 7 min; 5 
min was sut&ient (Fig. 2a) and was selected in 
all subsequent work. However, prolonged shak- 
ing had no adverse effect on the extraction. 

The extraction behaviour of Cd(I1) was exam- 
ined by the single extraction of a fixed amount 
of cadmium (1 pg/ml), varying the concen- 
tration of DPTH in the organic phase while 
keeping its final volume at 5 ml. The results 
obtained showed (Fig. 2b) that the extracted 
fraction remained constant for DPTH concen- 
trations equal or greater than 2.3 x 10W3M 
(0.1%) for a Cd(I1) concentration of 1 pg/ml. 

For a smaller concentration of cadmium, 
smaller concentrations of DPTH can be used. A 
molar ratio of 1: 250 [Cd(II): DPTH] was used 
for subsequent experiments in order to ensure 
the presence of reagent excess. 

The volume of the aqueous phase was varied 
between 10 and 200 ml while keeping that of the 
organic phase constant at 5 ml (0.1% m/v of 
DPTH); hence, the phase volume ratios have 
been varied between 2 and 40. For a ratio 
greater than 30, the phase separations were 
unsatisfactory and the procedure was thus inap- 
plicable. Such a high phase ratio results in a 
sensitivity higher than that of the direct non- 
extractive method. 

Under these optimum conditions, the recov- 
ery factors for the extraction of cadmium were 
calculated by means of a series of experiments 
in which the atomic absorption of cadmium in 
the organic phase was compared with that of a 
standard prepared in water-saturated MIBK. In 
all instances, cadmium in the range 0.015-l 50 
pg was extracted completely from the aqueous 
solution by a single extraction with 2.3 x 10e3M 
DPTH solution in MIBK. 

On the other hand, prior to the analysis of 
real samples it was necessary to optimize the 
instrumental conditions for the determination 
of cadmium by ETA-AAS. The complete pro- 
gramme developed as a result of the normal 
optimization procedure is as described in 
Table 1. 

Analytical performance. Under the optimum 
conditions used, a linear calibration graph was 
obtained for 0.1-5 pg/l of cadmium in the 
aqueous phase. Ten determinations of standard 
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Fig. 2. (a) Influence of shaking time on the extraction. Concentration of cadmium in the aqueous phase: 
1 &ml. Concentration of DFTH in the organic phase: 2.3 x lo-‘M. (b) Influence of the concentration 
of DFTH on the extraction. Concentration of cadmium in the aqueous phase: 1 &ml. Shaking time: 

6 min. 
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Table 2. Tolerance to fore@ ions in the determination of 1 p/l. of Cd (in the aqueous phase) by the 
proposed method, [DPTHI, = 1.15 x IO-‘M 

Tolerated ratio IOtl 

>5000 K(I), ‘WI), VW, WV). WV, F- Br,-I,- SOi-, W-, SCN-CI,- AI( Fe(H), 
FeOII), Zn(II), Bi(III), Cu(II), Co(II), Ni(II), Ga(II1) 

4000 CrOII), pB(II), MnO, Ba(II), MUI), Li(I), M&H), Rb(I), ca(II) 

3000 D(vI), SrO, SbOII), Ag(I), Hg(I), H&II) 

1000 VIII) 

Table 3. Determination of cadmium in biological samples 

Amount of cadmium (/&g/g) 

Sample 

Olive leaves, CRM 060 
Olive leaves, CRM 061 
Milk powder, CRM 150 
Milk powder, CRM 151 
Pig kidney, BCR-186 
Bovine muscle, BCR-184 
Do8Esh liver, DOLT-l 
Lobster hepatopancreas, TORT-l 
Dogfish muscle, DORM-l 
Bovine liver, NBS 1577a 
Human urine, SRM 2670 

Found 

1.85 f 0.14 
0.92 f 0.04 
18.0 f 1.0. 

112.5 f 17.7* 
2.48 kO.11 
17.4 f 0.9* 
3.65 f 0.21 
26.0 f 2.1 

0.094 f 0.010 
0.47 f 0.05 

0.102 f 0.009t 

Certified 

2.20 f 0.10 
1.07 f 0.08 
21.8 f 1.4. 

101.0 f 8.0* 
2.71 f 0.15 
13.0 f 2* 
4.18f0.28 
26.3 f 2.1 

0.086 f 0.012 
0.44 f 0.06 

0.088 f 0.003t 

*In rig/g.. 
tin Irglml. 

solutions containing 2 pg/l gave a relative stan- the other interferences are due to the extraction 
dard deviation of 1.8% (P = 0.05). step. 

The detection limit was calculated as the 
concentration of analyte giving an atomic ab- 
sorption signal equal to three times the standard 
deviation of the blank plus the net blank inten- 
sity, under optimum operating conditions. The 
detection limit was found to be 0.01 pg/l of 
cadmium in the aqueous phase for an aqueous- 
to-organic phase ratio of 30. 

Study of interferences. The effect of diverse 
ions on the determination of cadmium was 
examined under the optimum conditions of the 
procedure. The tolerance limit was taken as that 
concentration which does not cause more than 
a 5% change in the atomic absorption. For 
these studies different amounts of ionic species 
were added to a solution of 1 pg/l of cadmium. 
The starting point was a 5000-fold m/m ratio of 
interferent to cadmium, and if interference oc- 
curred the ratio was progressively reduced until 
interference ceased. The solutions were analysed 
three times on different days and the average 
result was calculated. The interference effects 
are shown in Table 2, which shows that cad- 
mium can be determined in the presence of a 
large number of diverse ions. Interferences due 
to ETA-AAS detection were: Cr(III), Pb(II), 
Mn(II), Sb(III), Mg(II), Ca(II), Li(1) and Rb(1); 

Analysis of samples. In order to test the 
accuracy and applicability of the proposed 
method to the analysis of real samples, several 
certified reference materials were analysed. 
Matrix interferences were verified by compari- 
son of the slopes of the calibration graphs with 
those using the standard additions method. 
Only for SRM 2670 were matrix effects appar- 
ent for the ICP measurements and quantifi- 
cation was performed with the standard 
additions methods. The results are given in 
Table 3 as the average of three replicates. As can 
be seen, the cadmium concentrations deter- 
mined by the proposed method are in close 
agreement with the certified values. 
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VOLTAMMETRIC STUDIES OF A PSYCHOTROPIC DRUG 
WITH NITRO GROUPS. DETERMINATION OF 
FLUNITRAZEPAM IN URINE USING HMDE 

E. B-o, A. ZAPARDIBL, J. A. P~RIX, A. HUERTA and L. HERN~DEZ* 

Department of Analytical Cheatistry sad Jastrmaeatal Analysis, Autoaoma University, 
28049 Madrid, Spain 

Smnmnry-The adsorption behaviour of flunitrampam at the hanging mercury drop electrode was studied 
by staircase vohamaretry and by adsorptive stripping differential pulse voltammetry. Fluaitrazepam is 
adsorbed in the whole potential range, from the most positive values up to the reduction poteatial. 
Fhmitmmpaa~ reduction product is also adsorbed. The time dependence of the voltmmnetric response 
proves that a ditIusioncoatrolled adsorption takes place. Fluaitrazepaa~ can be determined (down to 
naaomolar levels) by using adsorptive precoacentration prior to the differential pulse voltammetric scaa. 
Aa application of such a method to flunitrazepam determination in human urine is described. The 
detection limit was 30 ng per milliliter of urine with a 20+x accmnulatioa time; the mean relative standard 
deviation was lower than 3.2% sad the mean recovery 97.8%. 

Flunitrazepam [5-(2-fluorophenyl)-1,3-dihydro- 
1-methyl-7-nitro-2H- 1,4-benzodiazepin-2-one], 
a compound with interesting pharmacological 
applications marketed as the active ingredient in 
the commercial preparation Rohipnol-Roche, is 
a member of the 1,4benzodiazepine group, 
undoubtedly the most important chemicals of 
those with ansyolitic properties. It is used as a 
sleep-inducing drug in all kinds of insomnia, as 
premeditation prior to anesthesia and in cases 
where a preparation with anti-anxiety, anti- 
depressive and relaxant properties is required. 

As a direct result of its ansyolitic properties, 
flunitrazepam has become a much overused 
drug, to the point of being class&d among the 
drugs of abuse. For this reason, the bibli- 
ography on different methods for its detection 
and determination’ is extensive. 

Several analytical data of the drug are de- 
scribed,2d as well as the results of the different 
studies carried out: pharmacokinetic,7W’0 phar- 
macodynamic” and photochemical,‘*-” and 
dealkylation and diazotization studies.i4 Some 
flunitraxepam hydrolysis products (aminoben- 
zophenones) have also been studied.‘%I7 

Among the methods applied to flunitraxepam 
detection are gas chromatography,2’an thin- 
layer chromatography>‘73327-36 high-perform- 
ance liquid chromatography,37A3 infrared 

*Author for correspondence. 

spectroscopp45 and electrochemical methods.46 
Among those used for its determination are 
gas chromatography (usually with electron cap- 
ture detection47-54 coupled with mass spec- 
trometry5s57 or with Fourier transform I.R. 
detectiorP), high-performance liquid chroma- 
tography (with ultraviolet detection,23*24,5W 
immunoassay64*6s and radioimmunoassay. 
Many of them can be used to determine fluni- 
trazepam in different biological fluids. 

As far as the electrochemical reduction stud- 
ies are concerned, Smyth et al,& Oelschlaeger~ 
and Sengun and Calishan7’ studied the feasi- 
bility of identifying and determining fluni- 
trazepam polarographically over a wide range 
of pH values. The studies conducted with differ- 
ential pulse polarography46 established that 
flunitrazepam reduction peaks appear at - 0.16 
V and -0.73 V (OS SCE) in Britton-Robinson 
buffer of pH 4.0, and at -0.61 V and - 1.20 V 
in the same buffer when the pH is 12.0. The 
mechanism of the reduction has been discussed 
at mercury7~73 and glassy carbon72*73 electrodes. 
In acidic solution, the first is a four electron 
wave corresponding to reduction of the 7-nitro 
group to the hydroxilamine derivative and the 
second was due to the consumption of four 
electrons in the simultaneous reduction of 4,5- 
axomethine and the hydroxilamine (formed as 
an intermediate of the nitro group reduction). 
However, under alkaline conditions the second 
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process was only to the two-electron 4,5-azome- 
thine reduction. Differential pulse polarography 
has been used to determine flunitrazepam 
in pharmaceutical preparations,” serum and 
plasma.74 Moreover, flunitrazepam has been de- 
termined in pharmaceutical preparations by 
flow injection analysis with amperometric detec- 
tion;7s in serum and urine by stripping voltam- 
metry using clay-modified carbon paste 
electrodes,76s77 it has been applied to samples 
containing 1.5 ~1 g of flunitrazepam per milliliter 
of urine.76 

Electrochemical oxidation studies78*79 using a 
glassy carbon electrode show that flunitrazepam 
is not electro-oxidable. 

So far, none of the studies published have 
taken into consideration the fact that fluni- 
trazepam is adsorbed at the mercury electrode. 
And that is the aim of the present work: to 
explore the properties of the adsorption process 
of flunitrazepam at the mercury electrode and 
see if such a phenomenon can be taken advan- 
tage of in order to be used as a preconcentration 
step prior to the voltammetric measurement 
of surface-bound species. The voltammetric 
measurement has been carried out on the re- 
duction peak of the nitro group with the aim 
of determining the drug at nanomolar level 
using adsorptive stripping voltammetry. We 
have sought to develop a method for determi- 
nation of the drug in urine that is at the 
same time sensitive, accurate, quick and easy to 
use. 

Adsorptive stripping voltammetry has 
already been used in our laboratories to deter- 
mine several benzodiazepines that can be ad- 
sorbed at the mercury electrode.m6 

The work presents a study of all the factors 
that may influence both the accumulation pro- 
cess and the voltammetric response; it also takes 
into account the influence exerted by the differ- 
ent urine components, develops a process for 
extraction of flunitrazepam from urine and gives 
interfacial and redox data that can help to 
achieve a better understanding of flunitrazepam 
activity. 

EXPERIMENTAL 

Apparatus 

The experiments of adsorptive stripping 
voltammetry were performed using a Metrohm 
646 VA processor in conjunction with a 647 VA 
stand. A three-electrode system was used made 

up of Ag/AgC1/3M KC1 reference electrode, a 
glassy carbon auxiliary electrode and a multi- 
mode mercury drop electrode (Metrohm 
6.1246.020) that served as the working electrode 
in the hanging MDE mode with a medium 
surface of 0.0060 cm*. 

The electrocapillary curves were carried out 
with a 564 Amel polarograph. A mercury 
drop working electrode, a platinum auxiliary 
electrode and a saturated calomel reference- 
electrode was used. 

The cyclic staircase voltammetric measure- 
ments were carried out using a 384B PAR 
polarographic analyzer together with a 303A 
PAR static mercury drop electrode (Go 199 
capillary) with a surface of 1.01 mm2; the refer- 
ence electrode was a Ag/AgC1/3M KC1 and the 
auxiliary a platinum electrode. The polarograph 
was coupled to an AMETEK DMP-40 series 
digital plotter. 

All measurements were performed at room 
temperature and all potentials are referred to 
the Ag/AgC1/3M KC1 electrode unless other 
conditions are expressed in the text. 

Reagents 

Pure flunitrazepam was kindly supplied by 
Roche S.A., Spain. The compound and the 
electrolytes (Merck P.A.) were used without 
further purification. Stock solutions (8.0 x 
10-4M) of flunitrazepam, prepared by dissolv- 
ing the compound in methanol, were stored in 
the dark under refrigeration to minimize de- 
composition. The supporting electrolytes were 
Britton-Robinson, acetate, ammonium, carbon- 
ate and borate buffer of different pH and ionic 
strengths. 

Aqueous solutions were prepared in purified 
water (Milli-Q and Milli-Ro, Millipore). Hu- 
man urine samples were pooled from five sub- 
jects. 

Procedures 

Cycfic staircase voltammetry. A 10.0~ml fluni- 
trazepam solution was put in the voltammetric 
cell and deoxygenated with nitrogen (99.999%) 
for 10 min. After a mercury drop had formed on 
the working electrode and was maintained at a 
potential of -0.350 V for the duration of the 
adsorption time, which is performed in still 
solutions, a cyclic potential scan (scan rate 500 
mV/sec, step height of 4 mV and step width of 
0.008 set) was applied, beginning with the re- 
duction scan. 
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Aa3orptive stripping dzflerential pulse voltam- 
metry. A 25.~ml flunitrazepam solution was 
used with an accumulation potential of -0.350 
V. The solution was stirred at 1920 rpm 
throughout the accumulation time. After a 30- 
set rest, a differential pulse scan towards more 
negative potential values (scan rate 30 mV/sec 
and pulse amplitude 75 mV) was employed to 
obtain the stripping voltammograms. 

Treatment of urine samples. A 2.0~ml sample 
of urine containing from 100 to 500 ng of 
flunitrazepam per milliliter of urine were placed 
in an extraction funnel and 1 ml of 0.04M 
borate buffer at pH 9.2 was added. The drug 
was extracted by adding 3 ml of diethyl ether, 
shaking the funnel for one minute and letting it 
rest for 5 min. The organic layer was transferred 
to a conical centrifuge tube and evaporated 
under a nitrogen stream; the residue was recon- 
stituted with 200 ~1 of methanol and diluted to 
25.0 ml using 0.02M Britton-Robinson buffer of 
pH 10.0. The accumulation time was 20 set and 
the stripping adsorptive voltammogram was 
recorded under the optimum instrumental con- 
ditions. 

RESULTS AND DISCUSSION 

Influence of electrolyte and pH 

Both the redox and interfacial behaviour of 
flunitrazepam are affected by the pH and sup- 
porting electrolyte of the solutions, an effect 
that is even greater in the peak current of the 
voltammetric response. Acetate, phosphate, car- 
bonate, ammoniacal and B&ton-Robinson 
buffers were used as electrolytes, with pH 
values between 5.0 and 11.0. The optimum 
accumulation potential was chosen first in 
every case. The differential pulse mode was 
employed for detection of the stripping voltam- 
metry on the two reduction peaks of fluni- 
trazepam. 

Figure l(A) shows the plots of peak current 
vs accumulation time for the nitro group re- 
sponse; Fig. l(B) does the same for the second 
wave, which corresponds to the azomethine 
group reduction. Britton-Robinson buffers were 
used as electrolytes in both cases. The results 
obtained prove that the voltammetric response 
gives a higher peak current if the nitro group 
reduction wave is used in Britton-Robinson 
buffer of pH 10.0. 

In both cases peak potentials move towards 
more negative values as pH increases. In the 

24 

20 

16 

Accumulai ion time I s 

Fig. 1. Dependence of stripping peak current with accumu- 
lation time for 1.1 x lo-‘M flunitrazepam (A) nitro group 
reduction peak, (B) azometine group reduction peak. Brit- 
ton-Robinson buffers (0.04M) at pH (a) 5.0, (b) 8.0, (c) 9.0, 
(d) 10.0 and (e) 10.5. Scan rate 20 mV/sec, pulse amplitude 
50 mV and electrode surface 0.0060 cm2. The accumulation 

potential was optimized in every case. 

case of the nitro group peak, the variation in 
potential is expressed by the equation 

E,(V) = -0.011 - 0.0499 pH (r = 0.995) 

valid for pH between 5.0 and 10.5. The accumu- 
lation potential is approximately 150 mV (for 
the nitro group response) and 350 mV (for the 
azomethine group one) more positive than the 
potential of the reduction peak. Table 1 shows 
some significant data of the voltammetric re- 
sponses. The study of the influence exerted by 
electrolyte concentration on the voltammetric 
response proved that the most sensitive response 
was obtained in 0.02M B&ton-Robinson buffer 
of pH 10.0, which was thereafter used for the 
rest of the experiment. 

Ahorptive behaviour of flunitrazepam 

When measurements of drop time were car- 
ried out at the mercury drop electrode [Fig. 2(A) 

Table 1. Stripping voltammetry data 

&, 0 1. (=c) Ep 01 1, @A) 

First reduction peak -0.350 110 -0.490 26.0 
Second reduction peak -0.750 80 -1.100 6.5 
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Fig. 2. Electrocapikry curves in O&W. B&ton-Robinson 
buffer. (A) pH 5.0 in the (a) absence and (b) presence of 
2.3 x IO-‘M and (c) 4.8 x lo-‘M of flunitrazepam. (B) pH 
10.0 in the (a) absence and (b) presence of 2.3 x 10-‘M 

flunitrazepam. 

and (B)] in the presence and absence of fluni- 
trazepam, it was observed that drop time short- 
ens in the presence of the drug. This fact 
indicates that ~unitr~pam is adsorbed at the 
electrode in the whole potential range; it is also 
adsorbed in the whole pH range studied 
(5.0-10.5). A decrease in drop time was also 
recorded after flunitrazepam had been com- 
pletely reduced, indicating that the product is 
also adsorbed. 

Adsorption of the compound was confirmed 
by the results obtained with cyclic staircase 
vol~et~, which was used because, under 
the conditions used in this work, it was virtually 
identical to cyclic voItammetry.87 The response 
obtained using staircase voltammetry for fluni- 
trazepam first reduction wave at the hanging 
mercury drop electrode is shown in Fig. 3. 
When the initial potential (-0.350 V) is main- 
tained for 100 set before beginning the cyclic 
scan, an irreversible, well-defined cathodic peak 
is observed whose peak current is nine times 
higher than the current obtained when the initial 
potential is applied for 2 set only. 

The morphology of this peak indicates that it 
is basically due to the reduction of the drug 
adsorbed. It has a potential that varies between 
-0.560 and -0.770 V depending on scan rate 
and concentration. The fact that peak potential 
moves towards more negative values as scan 

rate increases proves an irreversible electrode 
reaction. 

Dependence of charge on concentration of 
Jlunitrazepam and on time. The adsorption of 
reducible substances can be adequately followed 
by measuring the cyclic or single-sweep voltam- 
metric response at the HMDE.8-’ And, since it 
is preferable, the charge (Q) transferred through 
the interface in the course of reduction was 
calculated. It is essential that the voltammetric 
response corresponds only to the reduction of 
the adsorbed substance, that is to say, contri- 
bution to the response due to reduction of the 
species that diffuses toward the electrode must 
be kept negligible at the working scan rate. A 
study of the influence of scan rate on the 
transferred charge (Q) (for 9.5 x 10e5M fluni- 
trazepam in 0.02M Button-Robin~n buffer of 
pH 10.0 at a 110 see adsorption time) proved the 
transferred charge to be constant between 160 
and 800 mV, giving a value of 0.65 PQ with a 
relative standard deviation of 2.3% that demon- 
strates that, within that range, contribution due 
to the reduction response of the species diffusing 
toward the electrode is insignificant. A scan rate 
of 500 mV/sec was chosen for the rest of the 
study. 

The influence of adsorption time on the 
charge transferred was studied using fluni- 
trazepam solutions between 1.4 x lo-’ and 
9.5 x 10e5&f. Figure 4 shows the results ob- 
tained. It can be observed that initially the 
charge rises linearly with the square root of the 
adsorption time, pointing to a diffusion- 
controlled adsorption of flunitrazepam before 
its reduction. Later on the charge reaches 
its highest value, this is indicating the total 

d . . . . 
Fig. 3. Cyclic staircase voltammograms for 1.4 x 10m5M 
flunitrazepam in 0.02M. B&ton-Robinson buffer of pH 
10.0. Adsorption time (A) 2 set and (B) 100 sec. Initial 

potential -0.35 V, scan rate 500 mV/sec. 

4 
a 

K I 
0.1 v 

(I 
B 
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Fig. 4. Dependence of the reduction response (charge Q) on 
the adsorption time at adsorption potential -0.350 V. 
Britton-Robinson buffer pH 10.0, at different con- 
centrations of flunitrazepam: (A) 1.4 x lo-‘M, (B) 

2.4 x lo-‘M, (C) 4.8 x lo-‘M and (D) 9.5 x 10-5M. 

covering of the electrode. The time elapsed until 
the electrode has been completely covered de- 
creases when flunitrazepam concentration in- 
creases. 

Adsorption isotherms. When the voltammetric 
response corresponds only to the reduction of 
the matter adsorbed, charge density (Q/A) is 
proportional to the surface concentration (I) of 
the matter adsorbed at the initial scan potential: 

Q/A = nFT, where n = 4, the number of elec- 
trons consumed in the reduction of the nitro 
group. The coverage 6 is r/I,,,, where I, is the 
maximum surface concentration for full cover- 
age with a monolayer. Since the electrodic reac- 
tion is known, the values of I and its maximum 
value rm can be easily determined. Figure 5 
shows the adsorption isotherm obtained; it is 
double-step adsorption isotherm. The second 
step of the adsorption isotherm does not appear 
at all, probably because, at this concentration 
range (2.0 x 10-4-1.00 x 10e3M), contribution 
to the response coming from diffusion of the 
substance has not been totally eliminated at the 
working scan rates. 

Figure 6(A) plots the variation in charge 
density (Q/A) as a function of concentration for 
the first step of the adsorption isotherm. The 
fraction of covered surface (0) can be calculated 
from the Q/Q,,, relationship. 

The type of adsorption isotherm was assigned 
starting from the plots of log [0(1 -6)-V-‘] 
as a function of 8 [Fig. 6(B)]. A straight line 
was obtained up to 3.4 x 10m5M flunitrazepam 

(Adsqption time )‘/‘A ti 

I 
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u 
a 

5 0.6- 
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Fig. 5. Half logarithmic plot of flunitrazepam adsorption 
isotherm in 0.02M B&ton-Robinson butTer pH 10.0. Ad- 
sorption potential -0.350 V, scan rate 550 mV/sec, adsorp- 

tion time 60 sec. 

concentration (with a slope of 0.94, an 
intercept of 4.46 and a correlation coefficient 
of 0.994), indicating that flunitrazepam 
adjusts to a Frumkin-type isotherm [gC = 
0(1 - e)-iexp(-2ye)]. Starting from this plot, 
an adsorption coefficient (/3) of 2.8 x 104 I./mole 
and an attraction factor (y) of 1.08 were esti- 
mated. Starting from the value of the adsorption 
coefficient, the value of the free energy of 
adsorption (- AG “) could be deduced,” giving 
a value of 35.4 kJ/mole. 

Adsorptive stripping differential pulse voltamme- 

try 

For analytical purposes, the adsorption pro- 
cess of the drug can be used to increase the 
sensitivity of the voltammetric procedures. In 
the case under discussion, the accumulation step 
was carried out in stirred solutions and the 

10 4.6 

I I I I 
1 3 5 7 9 11 13 

105Conccntration/M 

Fig. 6. (A) Dependence of charge density (Q/A) on bulk 
concentration and (B) dependence of log[O(l - 6)-‘C-‘] on 
surface coverage (6) for the first step of the adsorption 

isotherm. Conditions as in Fig. 5. 
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Fig. 7. Variation of stripping peak current with (A) accumu- 
lation potential at 60 set aviation time; (B) accmnu- 
lation time at -0.350 V accumulation potential. 
1.1 x 10-‘&f flunitrazepam in 0.02M B&ton-Robinson 
buffer pH 10.0. Stirring rate 1920 rpm, scan rate 20 mV/sec, 

pulse amplitude 75 mV and drop size 0.60 mm2. 

stripping step quantified by differential pulse 
mode, since the response obtained is approxi- 
mately five times higher than the one obtained 
by linear scan mode at scan rates in the same 
order of magnitude. 

Factors ~~~~enc~g the a~c~rn~~~tion step. ‘I%e 
value of the potential at which the accumulation 
process takes place strongly affects the voltam- 
metric response (see Fig. 7). The maximum 
values in peak current were obtained at values 
of potential between -0.31 and -0.36 V, there- 
fore a value of -0.35 V was chosen for the 
analytical process. 

For accumulation times shorter than 80 set, 
peak current increases linearly with increasing 
accumulation time [see Fig. 6(B)] for a drug 
concentration in the IO-‘&f range. In such a 
case, surface saturation is reached after 100 sec. 
The ultimate choice of accumulation time 
should depend on the concentration range 
studied. 

Variations in stripping peak current with 
drop size, in mm’ [Z&A) = -2.2 + 99.9A, 

r = 0.9941 and with stirring rate between 1220 
and 2620 rpm, for 1 .I x lo-‘M fl~itr~pam 
solutions, and a 60 set a~~~ation time 
proved that a satisfactory voltammetric re- 
sponse was obtained with the maximum drop 
size (0.60 mm’) at a 1920 rpm stirring rate. 

None of the factors studied affect peak poten- 
tial values. 

A rest time of between 10 and 30 set does not 
affect the analytic signal either in its value or its 
reproducibility. 

Factors controlling the stripping step. Peak 
current varies linearly with pulse amplitude 
between 30 and 80 mV [Z,,(nA) = -7.14 + 
0,47AE, r = 0.99981; the half-peak width re- 
mained constant at 55 mV. ~p~tud~ wider 
than 80 mV not only do not increase ~nsiti~ty 
but slightly lower resolution. A pulse amplitude 
of 75 mV was chosen for further analytical 
work. 

A rise in the scan rate of the potential causes 
an increase in the stripping peak current 
[Z&IA) = 4,54 + 2.66 V (mV/sec), r = 0.9981. 
A rate of 30 mV/sec affords maximum sensi- 
tivity. 

Znfuence of concentration. The influence of 
flunitrazepam concentration was studied at var- 
ious accumulation times: 30,60,80,110 and 180 
sec. Linear variations were obtained with con- 
centrations from 0.6 x IO-* to 3.1 x lo-‘M, 
depending on the linearity range of the accumu- 
lation time used. ~n~ti~ty varies from 
0.78 x lo* nA I./mole (with 0 set accumulation 
time) to 7.65 x 108 nA l.fmole (with 180 set). An 
accumulation time of 110 set gives a peak 
current dependence on concentration that ad- 
justs to the equation Z,(nA) = 2.3 + 6.58 x 
lO*C(mole/l.), r = 0.9996. 

Precision was determined by five successive 
measurements of 1.2 x lo-*, 5.1 x lo-* and 
1.3 x IO-‘M flunitrazepam solutions; the rela- 
tive standard deviation was found to be lower 
than 2.7% and the relative error lower than 
1.0%. A detection limit (30) of 9.0 x IO-“M 
and a dete~nation limit (lOa) of 3.1 x 10F9M 
was caiculated. 

Table 2. Variation in the slope (in nA L mole-‘) of flunitrazepam calibration plot in the range of 
1.0 x IO-S to 2.0 x 10-‘&f in the presence of urine components 

Accumulation Without Albumin Uric Glucose, Creatinine, Urea, 
time, set interferent 6.4 ppm acid 8 ppm 120 ppm 2400 rvm 

30 2.93 f 10s 4.62 x IO’ * 2.76 x IO’ 2.95 x 10’ 2.45 x lOa 
60 4.67 x lo* 164x108 * 4.77 x lo* 4.32 x lo8 3.83 x lo* 

110 6.58 x 108 - * 5.60 x 108 4.05 x 108 4.47 x 108 

*Fhmitrazepam reduction peak not observed. 
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Fig. 8. Differential pulse stripping peaks for different con- 
centrations of flmdtraxepam in urine, (a) 0, (b) 100, (c) 190 
and (d) 315 ng of flunitrazepam per milliliter of mine. 
Accumulation time 20 sec. Calibration plots of fluni- 
traxepam in urine (A) 0, and (B) 20 set of accumulation 

time. Other conditions were as in Fig. 7. 

Interferences study 

To study the effect of urine components on 
the analytical signal of flunitrazepam, cali- 
bration plots of flunitraxepam in the range 
1.0 x 1O-8-2.O x lo-‘M were obtained in the 
presence of albumin (6.4 ppm), uric acid (64 
ppm), glucose (8 ppm), creatinine (120 ppm) 
and urea (2400 ppm) with different accumu- 
lation times (30, 60 and 110 set). The values 
in parentheses correspond to the normal values 
of the compounds in the urine of healthy 
subjects, calculated taking into the account 
that 2 ml of urine is diluted to 25 ml for 
the analysis, as is the norm throughout this 
work. 

Table 2 shows the slopes of the calibration 
plots in the absence and presence of the urine 
components studied. As can be seen, sensitivity 
is not affected by the presence of glucose, crea- 
tinine or urea as long as short accumulation 
times are used. The presence of uric acid, how- 
ever, causes the signal to disappear entirely, 
while the presence of albumin greatly lowers 
sensitivity, down to 16% of the initial signal, 
even when working with short accumulation 
times. 

Flunitrazepam determination in urine samples 

The facts described above made it necessary 
to use an extraction procedure (described in the 
Experimental) in order to eliminate the afore- 
mentioned interferences. 

Figure 8 is an example of the stripping peaks 
obtained and the resulting mean calibration 
graphs after analyzing five series of solutions of 

different concentration at zero and 20 set ac- 
cumulation times. 

For the 20-see accumulation time the determi- 
nation of flunitrazepam in urine was possible in 
the range of 100-500 ng/ml with a sensitivity of 
0.052 nA ml ng-’ (correlation coefficient 0.9991) 
and a mean relative error lower than 5.0%; the 
detection limit (estimated as the concentration 
corresponding to a signal-to-noise ratio of 3) 
was 30 ng/ml and the mean recovery 97.8% in 
the range mentioned above. Precision, expressed 
in terms of the relative standard deviations, was 
3.2%. 
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HOST-GUEST STABILIZED ROOM TEMPERATURE 
PHOSPHORESCENCE IN j?-CYCLODEXTRIN/ 

BROMOALCOHOL SOLUTIONS FROM 
2-NAPHTHYL-OXY-ACETIC ACID AND 

l-NAPHTHYL-ACETIC ACID 

A. MUNOZ DE LA F%NA,* F. SALMAS, M. J. GOMEZ, M. SANCHEZ-PENA and I. DURAN-MERAS 

Department of Analytical Chemistry, University of Extmmadura, 06071, Badajoz, Spain 

SW-Room temperature phosphorescence (RTP) from 2-naphthyl-oxy-acetic acid (NOA) and 
I-naphthyl-acetic acid (NAA), with stabilization by use of /?cyclodextrin (B-CD) as a host system, has 
been examined. 2-Bromoethanol and 2,Zdibromopropanol have been evaluated as external heavy atom 
perturbers to enhance the rate of intersystem crossing and, consequently, populating the triplet state for 
phosphorescence emission. The deoxygenation of the solutions was achieved chemically by use of sodium 
sulphite. The spectral characteristics of the phosphorescence emission from these relatively polar 
compounds and the optimization of the chemical variables involved are reported. The role of the bulkiness 
of the bromoalcohol employed, in comparison with the unoccupied space of the interior of the cyclodextrin 
cavity by the guest, is an important factor in the attainment of an effective RTF’ emission, and should 
be taken into account in the selection of the appropriate external heavy atom for the observation of RTP 
from other organic molecules of interest by this approach. 2,3-Dibromopropanol seems a more adequate 
bromoalcohol than 2-bromoethanol for the observation of RTP emission in the systems investigated. 

Apart from sensitized room temperature 
phosphorescence (RTP),’ all the methods pro- 
posed for the observation of RTP in fluid 
solution involve the use of some kind of 
organization. This approach is particularly at- 
tractive as a potential detection method in dy- 
namic methodologies. The first reported 
observation of RTP, by microscopically orga- 
nized media stabilization, was made using 
sodium dodecyl sulphate (SDS) micelles in 
the presence of thallium.2 Since then, several 
media have been investigated to stabilize the 
triplet state in fluid solution at room tem- 
perature. Both micelles and host molecules 
have been found to be useful media for 
achieving triplet-state emission at room tem- 
perature.3 

Normal micelles, mainly SDS4vs and cetyl- 
trimethylammonium bromide (CTB) micelles,6*7 
have been used in RTP analysis. Microemul- 
sions, formed in heptan&DS-1 -pentanol, have 
also been evaluated as an alternative to normal 
micelles for RTP obtention.* A recent communi- 
cation’ claims the use of water-soluble co-poly- 
mers of I-vinylnaphthalene and metacrylic acid 

*Author for correspondence. 

as a new class of medium for RTP analysis in 
aqueous systems. 

Among the host molecules, cyclodextrins 
(CDs) are by far the most common media for 
host-guest stabilized RTP. CDs are molecules 
formed from different numbers of a (1,4)-linked 
D( + )-glucopyranose units: a-, /I- and y-CDs 
comprise 6, 7 and 8 units, respectively. CD- 
stabilized RTP is a recently observed phenom- 
enon, which was initially reported by Turro 
et uZ.*‘*~ for halonaphthalenes and several 
Cbromo-1-naphthoyl-alquyl surfactant probes. 
The /3- and y-CDs have been proposed as 
appropriate hosts to form inclusion complexes 
with various phosphor guest molecules, where 
the guest is embedded totally or partially in the 
CD cavity. 13-19 Another study uses CDs to en- 
hance sensitized RTP emission from biacetyl.20 

A new kind of host, the synthetic macrocyclic 
azaparacyclophanes, in mixtures with SDS, has 
recently been reported as capable of inducing 
RTP from several compounds.2’ Mixed orga- 
nized media of B-CD and SDS have also been 
evaluated as organized assemblies for RTP 
stabilization.2’s22 

Apart from compounds including a heavy 
atom in their structure, the observation of RTP, 
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in the different organized media described, 
needs to fulfll two main monitions. Firstly, the 
use of external heavy atom compounds is re- 
quired. By increasing the rate of the intersystem 
crossing process, the presence of heavy atoms in 
the environment of the potential phosphor 
usually enhances the phosphorescence of the 
phosphor. In addition, phosphorescence signals 
are only obtainable if quenching of the emitting 
triplet state, by small amounts of dissolved 
oxygen, is prevented. 

The two conditions are common to micelles 
and cyclodextrins but, to obtain significant CD- 
stabilized RTP emission, the hydrophobic CD 
cavities need to allow sufficient interaction be- 
tween the analyte and the heavy atom com- 
pound to produce effective ~pulation of the 
triplet states of the analyte. For this, both the 
lumiphor and the heavy atom need to be in close 
proximity at the same time, i.e. inside the CD 
cavity.15 

Only a few compounds, mainly non-polar 
substances, have been found to phosphoresce 
when included in CDs. Cline Love’s group 
reported on CD-stabilized RTP from poly- 
nuclear aromatic hydrocarbons (PAHs),13 two- 
and three-nitrogen heterocycles,‘4 biphenyl and 
the bridged biphenyls fluorene, benzofuran, 
dibenzotiophene and carbazole,14 and the more 
polar drug naproxen,” in the presence of 1,2-d& 
bromoetbane. It was established that the ob- 
served phosphorescence emission resulted from 
the formation of a ternary association between 
the phosphor, the CD and the external heavy 
atom compound employed. Similarly, using two 
haloalkanes, 1 ,Zdibromoethane and 1 ,Zdibro- 
mopropane, Zhang et ~1.‘~*” reported on RTP 
emission from I-naphthyl-acetic acid (NAA), 
included in /I-CD. 

As an alternative to the use of haloalkanes, 
Hamai” and Muiioz de la Pefia et ~1.” proposed 
the use of bromoalcohols as heavy atom per- 
turbers, and demonstrated the feasibility of 
using sodium sulphite for chemical deoxygena- 
tion in CD studies,ig in a similar way to the 
approach used for ~celle-stabili~ RTP.= 

The purpose of this work is to advance under- 
standing of CD-stabilized RTP emission, in 
order to investigate the possibilities of expand- 
ing its applications and, eventually, to apply it 
to the detection of organic species of analytical 
interest. We report upon the observation of 
phosphorescence from two pesticides that are 
naphthalene derivatives. The stabilized RTP 
emission has been attained in B-CD, in the 

presence of abromoethanol (2-BE) and 2,3-di- 
bromoprop~ol (2,3-DBP) as external heavy 
atom perturbers. The relatively polar character 
of the compounds investigated is considered in 
order to evaluate the potential applications of 
this technique for the analytical determination 
of relatively polar compounds. 

EXPERIMENTAL 

Apparatus 

Steady-state fluorescence and phosphor- 
escence measurements were made on a 
Perk&Elmer Model LS 50 luminescence spec- 
trometer equipped with a xenon discharge lamp 
equivalent to 20 kW for 8 psec duration. The 
ins~ent is connected via RS-232 with an 
IBM PS/2 80386SX microcomputer. Data ac- 
quisition and data analysis were performed by 
use of the Perkin-Elmer Fluorescence Data 
Manager Software, version 2.70. Solutions were 
excited at 274 nm, the maximum excitation 
wavelength of 2-naphthyl-oxy-acetic acid 
(NOA), or at 284 nm, the maximum excitation 
wavelength of NAA. Fluorescence measure- 
ments were made with excitation and emission 
band widths of 5 nm and phosphorescence 
measurements with excitation and emission 
bands of 15 and 20 run, respectively. The delay 
time and the gate time were typically maintained 
at 1.0 and 5.0 msec, respectively. The scan rate 
of the mon~hromato~ was maintained at 240 
nm/min. All measurements were made at 
20 + 0.1” by use of a thermostatic cell holder 
and a thermostatic bath Selecta Model 382. 

Reagents 

All experiments were performed with analyti- 
cal grade chemicals. Purified LC-grade water 
(Millipore Milli-Q-system) was used, NOA 
(97%) was obtained from Chem Service (West 
Chester, PA), NAA (97%) was obtained from 
Aldrich-Chemie and B-CD was obtained from 
Sigma and used as received. 

2-BE (95%) and 2,3-DBP (96%) were ob- 
tained from Ald~~h-Ch~e and used as re- 
ceived. Anhydrous sodium sulphite (>98%) 
was obtained from Merck. Sodium sulphite 
solutions were prepared daily and kept in tightly 
stoppered containers. 

Methods and sample preparation 

A 10T2M stock solution of NOA or NAA 
was prepared in absolute ethanol. Aqueous 
IO-“M NOA or NAA solutions were prepared 
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by pipetting an aliquot of the stock solution into 
a 250 ml volumetric flask. The ethanol was 
evaporated by use of dry nitrogen, deionized 
water was added and, after sonication, was 
diluted to the mark. Solutions of lower concen- 
trations were prepared by appropriate dilution 
of the stock aqueous solutions. 

General procedure for phosphorescence measure- 
ments 

An aliquot of the NOA or NAA solution 
was transferred to a lo-ml volumetric flask and 
the appropriate amount of /I-CD to give a 
10WZM final concentration was added. After 
dilution with water, the solution was mixed at 
the ultrasonic bath to dissolve the cyclodextrin 
and 1.0 ml of 0.3M Na,SO, and 0.4% 2,3-DBP 
or 1.0% 2-BE were added. After dilution to the 
mark with water, the sample was introduced 
into the cell compartment and continuously 
irradiated with the xenon lamp at 274 nm for 
NOA or 284 nm for NAA. The RTP signal was 
monitored and measured at 504 nm for NOA 
and 494 nm for NAA, when it was stable for at 
least 5 min. 

RESULTS AND DISCUSSION 

The inclusion complexes between NOA or 
NAA and /?-CD have been investigated pre- 
viously in aqueous solution by absorption and 
fluorescence measurements.” At neutral pH, 
NOA and NAA are dissociated, as the respect- 
ive carboxylic groups have acidic character. It 
was demonstrated that the naphthalene deriva- 
tives from 1: 1 complexes when included in the 
CD in pure aqueous solutions. A possible struc- 
ture with an axial inclusion of the naphthalene 
derivatives was proposed. In the case of the 
B-CD: NOA complex, the naphthyl moiety is 
practically included in the CD and the acetic 
acid group protrudes from the cavity, while 
NAA is only partially included because of the 
steric effect of the substituted group at position 
1. Association constants of MOM-’ and lOOM-’ 
were calculated for the B-CD: NOA and jI- 
CD : NAA binary complexes, respectively. 

Influence of bromoalcohols on thefluorescence of 
jl-CD:NOA and /l-CD : NAA 

The only two classes of heavy atom per- 
turbers reported to date, for CD RTP stabiliz- 
ation, are bromoalkanes and bromoalcohols. 
The use of a bromoalcohol for phosphorescence 
enhancement was suggested as a possibilityi 

after the detailed study of the strong ternary 
complexes formed between pyrene, as a model 
compound, CDs and alcohols of different size 
and polarity.%*’ 

To investigate the possibility of RTP obten- 
tion from NOA and NAA, the influence of 
different bromoalcohols on the fluorescence 
emission of the binary complexes between the 
naphthalene derivatives and B-CD was evalu- 
ated. For this, several additions of bromoalco- 
hols were made to an aqueous solution of NOA 
or NAA in P-CD. The final concentrations of 
NOA or NAA and /I-CD were 1 x lo-‘M and 
1 x lo-*M, respectively. 

The results obtained for the /I-CD: NOA 
complex in the presence of 2-BE and 2,3-DBP 
are plotted in Fig. 1. The concentrations of 2-BE 
and 2,3-DBP were varied between 0.1% and 
3%. The fluorescence emission was monitored 
at 350 nm. The addition of the bromoalcohols 
produces a decrease of the fluorescence emission 
of the /?-CD: NOA inclusion complex. In the 
case of 2-BE, the remaining fluorescence is 
around 20% of the initial emission, while in the 
case of 2,3-DBP, the decrease is more pro- 
nounced, leading to less than 10% of the initial 
fluorescence in 3% 2,3-DBP. The maximum 
decrease of the fluorescence was attained for 
bromoalcohol concentrations higher than 2%. 

Similarly, the effect of the presence of 2-BE 
and 2,3-DBP on the fluorescence intensity of the 
binary complex formed between NAA and fi- 
CD is shown in Fig. 2. The concentrations of 
2-BE and 2,3-DBP were varied between 0.1% 
and 3%. The fluorescence intensity was moni- 
tored at 336 nm. As in the case of the NOA 
complex, it can be observed that an effective 
quenching of the fluorescence emission is pro- 
duced in the presence of both bromoalcohols, 

Fig. 1. Effect of 2-BE (A) and 2,3-DBP (e) on the fluor- 
e.scence intensity of the complex fi-CD:NOA. ,& = 274 nm, 
&,, = 350 nm. [NOA] = 1 x lo-‘M, [8-CD] = 1 x 10m2M. 
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Fig. 2. Effect of 2-BE (A) and 2,3-DBP (0) on the 
fluorescence intensity of the complex fl-CD:NAA. II, = 284 
nm,&,, = 336 nm. mAA] = 1 x IO-‘M, [B-CD] = 1 x 

IO-2M. 

but the attenuation of the fluorescence is more 
effective in the presence of 2,3-DBP than in the 
presence of 2-BE. In this case, concentrations of 
bromoalcohol higher than 0.5% are enough for 
a maximum decrease of fluorescence. It is inter- 
esting to note that the quenching effect is more 
pronounced for the @-CD:NAA than for the 
/WD:NOA complex. Smaller amounts are 
needed to obtain the rn~rn~ attenuation of 
the fluorescence. 

The observed quenching can be explained 
as the result of an effective interaction between 
NOA or NAA and the bromoalcohols inside 
the CD cavity. The hydroxylic group of the 
bromoalcohol may interact at the hydroxyl 
edge of the CD, via hydrogen bonding, while 
the brominated part of the alcohol is facing and 
is totally or partially included in the cyclodex- 
trin. 

Obtention of RTP in the presence of bromo- 
alcohols 

RTP emission has been obtained from NOA 
and NAA in aqueous solutions of P-CD in the 
presence of both bromoalcohols and sodium 
sulphite. The addition of sodium sulphite is 
necessary in order to minimize the quenching 
effect of dissolved oxygen. This technique of 
chemical deoxygenation is an alternative to the 
classical pass of nitrogen and has been used for 
phosphorescence studies by other authors in 
different micellar and host systems.6**1g~21~23~2&33 
Upon deaeration of NOA or NAA solutions 
containing both B-CD and 2-BE or 2,3-DBP, a 
new emission appears at longer wavelength re- 
gions than the fluorescence. 

According to the literature, the low tempera- 

ture phosphorescence (77 K) emission of NOA 
in ethanol-water (1:9, v/v) appears at 503 and 
530 mn, and the room temperature phosphor- 
escence in filter paper appears at 504 mn,” while 
it is reported to appear at 499 and 529 nm in 
filter paper treated with 184 Nal.35 For NAA, 
the low temperature phosphorescence emission 
appears at 484 and 514 mn and the room 
temperature phosphorescence in filter paper at 
494 and 516 nm.% When the filter paper is 
treated with NaI, the maxima reported ap- 
peared at 489 and 519 mn.35 

In Fig. 3, the RTP spectra of NAA in 10e2M 
@CD, in the presence of 0.5% 2-BE and 0.5% 
2,3-DBP, are shown. In the absence of bromoal- 
cohol no phosphorescence signal appears. In 
contrast, an appreciable RTP emission is evi- 
dent in the presence of the bromo~cohols. The 
phosphorescence bands for NOA in our exper- 
imental conditions appeared at 504 and 525 rim 
and for NAA at 494 and 521 nm, in close 
agreement with the reported literature values. In 
view of this, the longer wavelength emission 
observed can be assigued to the RTP of NOA 
or NAA. 

In order to record the RTP spectra, temporal 
disc~mination has been employed, as the fluor- 
escence emission is not totally quenched and still 
remains in these conditions. 

Although the RTP emission observed is much 
weaker than the fluorescence presented by these 
compounds, the results indicate a favourable 
microenvironment that stabilizes the triplet 
state of the NOA or NAA molecules. It is 
evident that the presence of the halogen atom of 
the brominated alcohol enhances the rate of 
emission of the phosphorescence via heavy atom 
spin-orbit coupling, although the intersystem 
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Fig. 3. RTP spectra of the complex &fXkNAA in the 
absence of bromoakohoi (-), in the presence of 0.5%2-BE 

(---), and in the presence of 0.5% 2,3-DBP (..). 
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crossing process is not totally effective, as an 
appreciable fluorescence remains. 

It is also evident that 2,3-DBP is more effec- 
tive as a heavy atom perturber than 2-BE. This 
fact can be explained taking into account the 
following considerations. 

The assignation of the phosphorescence emis- 
sion to a ternary association has been suggested 
by various authors. Turro et aZ.‘O observed an 
increase in phosphorescence and lifetime when 
adding acetonitrile to a B-CD solution contain- 
ing I-bromonaphthalene, suggesting the for- 
mation of a complex composed of B-CD, 
1-bromonaphthalene and acetonitrile. Scypin- 
sky and Cline Love13*14 attributed the RTP 
emission of selected analytes in CDs, in the 
presence of 1,2-dibromoethane, to the for- 
mation of a trimolecular complex. 

The ternary complexes formed between 
pyrene, B-CD and alcohols of different size and 
polarity have been studied previously.26 It was 
demonstrated that the stability of the ternary 
complexes was directly related to the proper 
geometry and volume of the alcohol to fill the 
residual void space of the interior of the CD 
unoccupied by the guest. For example, the 
ternary complexes formed in the presence of 
tert-butanol or cyclopentanol presented higher 
association constants than the complexes 
formed in the presence of n-propanol or 
ethanol. 

From the data presented here, it can be 
inferred that 2,3-DBP, which is a bulkier mol- 
ecule than 2-BE, is of a size that is more 
compatible with the remaining space of the 
interior of the CD cavity. Consequently, the 
interaction of the naphthalene derivatives and 
the heavy atom is more effective with 2,3-DBP 
than with 2-BE. 

On the other hand, higher signals have been 
obtained, in the same experimental conditions, 
for the NAA complex than for the NOA com- 
plex. The fact that the quenching is more effec- 
tive in the case of the NAA complex than in the 
NOA complex, and that the RTP emission 
obtained is higher, can be attributed to the more 
effective interaction of NAA with the bromoal- 
cohol in the interior of the CD. The reason lies 
in that more void space remains in the interior 
of the CD in the case of the NAA complex than 
in the case of the NOA complex for the co- 
inclusion of the bromoalcohol. 

An axial inclusion of both naphthalene de- 
rivatives in B-CD has been demonstrated pre- 
viously,~ and the inclusion of the NAA in the 

interior of the CD is only partial, because of the 
steric impediment of the substituted group in 
position 1, while NOA is almost totally included 
in the cavity. 

In consequence, the bromoalcohol can enter 
more deeply into the CD cavity in the j?- 
CD:NAA complex than in the /I-CD:NOA 
complex, allowing a closer interaction between 
the heavy atom of the bromoalcohol and the 
guest. 

The observed behaviour is similar to the effect 
reported by Turro et al.” with l-bromonaph- 
thalene and 2-bromonaphthalane included in 
/?-CD. The addition of acetonitrile increased the 
phosphorescence intensity and the phosphor- 
escence lifetime of 1-bromonaphthalene. Similar 
behaviour was observed for l-chloronaph- 
thalene. However, for 2-bromonaphthalene no 
appreciable effect of acetonitrile was observed. 
Similarly to our case, the 1-halonaphthalenes 
must be only partially included in B-CD, with 
more void space remaining for the third com- 
ponent to be included inside the cavity, while 
2-bromonaphthalene is included more deeply in 
the cavity and the remaining space for the 
co-inclusion of acetonitrile is smaller. 

Kinetics of the reaction. Optimization of chemical 
variables 

The phosphorescence emission signal is not 
obtained instantly, but develops with time. The 
development of RTP emission with time 
suggests consumption of oxygen in the sample 
solution by sulphite, as already reported for a 
similar system. I9 It was also noted that higher 
signals were obtained when the sample was 
continuously irradiated at the excitation wave- 
length with the pulsed xenon lamp than without 
irradiation. The need for sample irradiation 
appears to be related to the oxygen consump- 
tion in the system. Similar irradiation effects 
have been reported for other systems and the 
effect was rationalized in terms of a photochem- 
ical catalysis of the reaction.6*‘9 

The concentrations of 2-BE,2,3-DBP, Na,SO, 
and B-CD were optimized by monitoring the 
phosphorescence emission from NOA and 
NAA in the presence of several concentrations 
of these compounds. The study was performed 
following the kinetics of development of the 
RTP emission with time under continuous ir- 
radiation of the samples with the pulsed xenon 
lamp. 
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Fig. 4. Influence of the concentration of 2-BE (A) and 
2,3-DBP (0) on the RTP emission from 
/LCD:NOA:bromoalcohol. [NOA] = 3 x 10-5M, LB- 
CD] = 10-2M,[Na,S0,] = O.O3M, 1, = 274 nm, &,, = 504 

nm. 

Influence of the bromoalcohols in CD-stabilized 
RTP 

The influence of the concentrations of 2-BE 
and 2,3-DBP on the RTP emission from /?- 
CD:NOA is represented in Fig. 4. Concen- 
trations of 1% 2-BE and 0.4% 2,3-DBP were 
found as optima for both bromoalcohols, 
producing the maximum intensities without 
presenting turbidity. 

It is interesting to note that the phosphor- 
escence signals obtained in the presence of 2,3- 
DBP are always more intense than those in the 
presence of 2-BE. In addition, it has been 
observed that the deoxygenation reaction is 
slower when using 2-BE than when using 2,3- 
DBP. In consequence, for these particular sys- 
tems, 2,3-DBP appears to be a more suitable 
heavy atom perturber than 2-BE for RTP 
obtention. 

Influence of sodium sulphite and f&CD concen- 
trations 

Apart from the simplicity, one of the advan- 
tages of using sodium sulphite as deoxygenant 
is a more permanent protection of the solution 
against contamination with oxygen.8 However, 
as stated above, the consumption of oxygen is 
not immediate, and a photo-induced catalysis of 
the reaction has been reported for an effective 
deoxygenation in some cases.6,‘g 

The study has been performed by monitoring 
the signal as a function of time until the RTP 
signal was stabilized for at least 5 min. The 
deoxygenation kinetic is a complex process de- 
pending on various variables such as irradiation 
time, naphthalene derivative, and /I-CD, bro- 
moalcohol and sodium sulphite concentrations. 

To find the optimum concentration of sodium 
sulphite, various amounts were added to a 
solution with a fixed amount of NOA 
(3 x lo-‘M), P-CD and bromoalcohol. The 
concentration of /I-CD was 1 x lo-‘M, and the 
concentrations of 2,3-DBP or 2-BE were 0.4% 
and l.O%, respectively. The development of the 
RTP emission was followed kinetically by moni- 
toring at 504 nm. 

Figure 5 shows the influence of sodium sul- 
phite concentration on the RTP emission from 
the /I-CD:NOA inclusion complex in the pres- 
ence of 2,3-DBP or 2-BE. The [Na,SO,] influ- 
ences the intensity of phosphorescence and also 
the time of appearance of the emission. An 
increment of the concentration of sodium sul- 
phite produces a more rapid obtention of the 
phosphorescence, because of a more effective 
deoxygenation. A 0.03M sodium sulphite con- 
centration was selected as optimum. 

An increment on the phosphorescence inten- 
sity has been found in both systems with the 
increment of /I-CD concentration. @I- 
CD] = 1 x lo-‘M has been selected as optimum 
because higher concentrations of the CD pro- 
duced turbidity in the samples. 

Analytical figures of merit 

The phosphorescence intensities of solutions 
containing NOA in the concentration interval 
between 1 x lo-‘M and 7 x lo-‘M were 
recorded, in the presence of [B-CD] = 1 x 
lo-‘M, ma,SO,] = 0.03M and 0.4% 2,3-DBP. 
Each of the samples was continuously irradiated 
with the pulsed xenon lamp at 274 mu. The 
phosphorescence was measured at 504 nm 
(Fig. 6). The results obtained show that a linear 
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Fig. 5. Influence. of sodium sulphite concentration on 
the RTP emission from j-CD:NOA:2,3-DBP. 
[NOA] = 3 x 10-5M, V-CD] = 10-zM,,I, = 274 nm, 
&, = 504 nm. (A) [2-BE] = 1.0%; (0) [2,3-DBP] = 0.4%. 
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Fig. 6. RTP spectra of /I-CD:NOA;2,3-DBP at different 
NOA concentrations: (a) 0; (b) 1 x IO-‘M;(c) 3 x lo-‘M; 

(d)5 x 10-5M; (e) 7 x 10MsM. 

relationship exists between the phosphorescence 
intensity and NOA in the concentration interval 
assayed. 

In the same experimental conditions, exciting 
at 284 nm and measuring at 494 nm, the RTP 
emission obtained was linearly related to 
NAA concentration in the interval between 
5 x 10-6M and 5 x 10e5A4. 

The reproducibility of the assay was investi- 
gated by measuring the RTP signal of 11 repli- 
cated samples. Relative standard deviation 
values around 10% were obtained in both sys- 
tems. Sample preparation is one of the critical 
aspects that must be carefully taken in consider- 
ation, as kinetic aspects are involved in the 
approach. Also, a recent article36 reports on the 
use of commercially available /?-CD, with re- 
spect to some absorption in the UV-visible 
region and solubility problems because of the 
lack of purity, which may contribute to the 
reproducibility problems encountered. 

An emission signal from the blank, composed 
of B-CD and 2,3-DBP, is also evident. This fact 
has been observed previously by other authors?’ 
who found phosphorescence signals from a 
blank of B-CD in the presence of 1,2-dibromo- 
propane, attributing such emission to the low 
solubility of the inclusion complex j?-CD:l,2- 
dibromopropane, which produces turbidity in 
the medium and a dispersion peak in the phos- 
phorescence spectrum. 

CONCLUSIONS 

It has been shown that potential excited phos- 
phorescent compounds of relatively polar char- 
acter, such as NOA and NAA, when included in 
@-CD, in the presence of bromoalcohols, are 
partially deactivated in deaerated fluid solution 

at room temperature by triplet state emission. 
The photophysical characteristics of the triplet 
state emission for these naphthalene derivatives 
have been evaluated. 2,3-DBP has been found to 
be a more adequate external heavy atom per- 
turber than 2-BE for RTP observation in the 
systems investigated, because of a better size 
compatibility with the void space of the interior 
of the CD. Such compatibility should be taken 
into account in the selection of the appropriate 
external heavy atom perturber for the obser- 
vation of RTP emission from other organic 
molecules of interest. 

It is interesting to note that, to date, the 
obtention of RTP in aqueous CD solutions has 
only been reported from a few compounds, 
mainly PHAs and some other compounds of 
non-polar character.‘3*‘4 Naproxe# and 
NAA’6*‘7 were the only two compounds of rela- 
tively polar character that had been reported to 
produce RTP in the presence of bromoalkanes. 
In this work, the approach has been extended to 
the observation of RTP from NOA and NAA in 
the presence of bromoalcohols instead of bro- 
moalkanes as external heavy atom perturbers. 

A deeper understanding of the systems inves- 
tigated should lead to a better optimization of 
the factors involved in the process and, conse- 
quently, to a better analytical exploitation of the 
phenomenon. 
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SOLID-PHASE EXTRACTION USING C,* BONDED SILICA 
DISKS: INTERFERENCES AND ANALYSIS OF 
CHLOROTRIAZINES IN SEAWATER SAMPLES 

GAEL DURAND and Dam BARCELO* 

Environmental Chemistry Dept., CID-CSIC, c/Jordi Girona, 18-26, 08034 Barcelona, Spain 

Sumruar-The interferences in C,s Empore extraction disks were obtained by processing 5 1. of HPLC 
water with average blanks of 1 rig/I.. A C,,, alkane, plasticixers and the antioxidant Nonox A were identified 
in the blanks as possible interferences. The extraction of the components of the disks was carried out with 
methanol, acetonitrile and/or ethyl acetate with subsequent analysis by gas chromatography-mass 
spectrometry @C-MS). The identification of interferences was a requirement for the determination of the 
chlorotriaxine herbicides atraxine and simaxlne, and of a transformation product, de-ethylatraxine, at 
concentration levels varying between 2 and 140 rig/l.. Seawater samples of 3-28 parts-per-thousand were 
pre-filtered through a 47-mm diameter of 0.7 pm and subsequently with 0.45 pm glass-fibre filters to trap 
particulate matter, followed by Empore extraction disks of 500 mg C,, bonded silica. Water volumes of 
5 1. could be processed within 150 min. The disks were extracted with methanol, the extract was blown 
down under nitrogen, and the analytes were quantified by GC with nitrogen-phosphorus detection (NPD) 
with further confirmation using GCMS in the selected ion monitoring (SIM) mode. The proposed method 
has been applied to the determination of the environmental levels of atraxine and simaxine in seawater 
samples of varying salinity. The recovery of de-ethylatraxine was lo%, so the method was not appropriate 
for this compound. The concentration of the herbicides has been plotted against the salinity values, 
showing a decrease in the levels as the salinity increases, with two intIexion points that indicate a 
non-conservative mixing with loss of the herbicides in the mixing zone of the estuary. 

Several hundred pesticides of different chemical 
nature are currently used for agricultural and 
non-agricultural purposes throughout Europe 
and the U.S.A. Pesticides applied to crops are 
eventually transported to surface waters by var- 
ious mechanisms, such as non-point source run- 
off, groundwater discharge or atmospheric 
deposition. It has been estimated that pesticide 
losses are generally less than 0.5% of the 
amount applied.lT3 Their residues are currently 
detected by gas chromatography with nitro- 
gen-phosphorus and mass spectrometric detec- 
tion (GC-NPD and GC-MS, respectively) in 
various environmental matrices, such as soil, 
water and air.%’ Atrazine, one of the herbicides 
most widely used in the U.S.A. and European 
countries over the last 30 years,s*9 is employed 
for both pre- and post-emergency weed control 
among crops of corn, wheat, barley and sor- 
ghum, and also along railways and roadside 
verges. It has been detected in some U.S. 
groundwaters at concentrations in the range of 
100 rig/l,,,, in the Mississippi river,’ in Canadian 

*Author for correspondence. 

rivers,* in the PO river and its effluents” and in 
the waters of various other European 
countries.3*9 Recently we reported results on the 
monitoring of several herbicides in estuarine 
areas of the RhBne and the Ebro delta,‘2**3 where 
levels varied from 10 to 30 rig/l.. This monitoring 
is particularly important since the estimated 
annual use of atrazine and simaxine in France 
alone is cu 7000 tonnes.‘* The transport of 
atrazine within river waters occurs through dis- 
solved river matterlas and as a consequence 
residues of chlorotriaxines can easily reach the 
sea through estuarine areas. Recently, residue 
levels have been detected in estuarine samples 
from the U.K. and their concentration levels 
decreased with increasing salinity.14 

In the last 2 years, alternative trace enrich- 
ment techniques for organic compounds, in- 
cluding pesticides, from water samples have 
become available. They are based on the solid 
phase extraction (SPE) principle and use mem- 
brane extraction disks, of similar diameter and 
size to liquid chromatographic (LC) solvent 
filters. Their main advantage over the conven- 
tional SPE cartridges is the high sampling flow 
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rate, which is more convenient for sampling in 
the field. At present, such disks have been tested 
for different groups of compounds, including 
pesticides, organotins and phthalates.‘5-‘* 

One of the disadvantages of using SPE tech- 
niques, either with cartridges19 or disks,i6*” is the 
impurities which are present in the surface and 
which, when eluted during the analysis, can 
interfere with the final measurements. Although 
a detailed study has been published for Cl8 
bonded silica cartridges,19 only very general 
statements have been made concerning the in- 
terferences in the Empore disks, without giving 
a detailed description of the various interfering 
components.i6*” 

The purpose of the present research was to 
evaluate the presence of extraneous peaks from 
the Empore extraction disks that can interfere 
with low level determination of chlorotriazine 
pesticides in seawater samples. Real seawater 
samples of varying salinity have been deter- 
mined by GC-NPD with further confirmation 
by CC-MS in the selected ion monitoring mode 
(SIM). The concentrations of chlorotriazines 
have been plotted against salinity values. 

EXPERIMENTAL 

Chemicals 

HPLC grade water, methanol, acetonitrile 
and pesticide grade ethyl acetate from Merck 
(Darmstadt, Germany) were passed through a 
0.45 ,um filter before use. Simazine was obtained 
through Polyscience (Miles, IL, U.S.A.); 
atrazine was purchased from Promochem 
(Wesel, Germany). De-ethylatrazine was a gift 
from Ciba-Geigy (Basel, Switzerland). 

Sample preparation 

HPLC water (5 1.) was used for the blanks 
study, whereas 5 1. of seawater samples were 
collected with different salinity values of O-34%. 
The seawater samples were first filtered through 
fibre-glass filters (Millipore Corp. Bedford, MA, 
U.S.A.) of 0.70 pm and subsequently with filters 
of 0.45 pm. The SPE method used a standard 
Millipore 47-mm filtration apparatus. The 
membrane extraction disks were manufactured 
by 3 M (St. Paul, MN, U.S.A.) under the 
trademark Empore and are distributed by J. T. 
Baker and Analytichem International. The disks 
used in these experiments were 47 mm in diam- 
eter and 0.5 mm thick. Each disk contains about 
500 mg of Cl8 bonded silica material. 

The extraction procedure used was as follows: 

the HPLC blank water samples were passed 
directly through the Empore extraction disks, 
whereas the seawater sample solutions were 
prefiltered to eliminate particulate matter. The 
disk, placed in the conventional Millipore ap- 
paratus, was washed with 2 x 10 ml of methanol 
under vacuum. The disk was not allowed to 
become dry and 5 1. of water were immediately 
extracted with the vacuum adjusted to yield 2 hr 
30 min extraction time. After this operation, the 
pesticides trapped in the disk were collected in 
20 ml of methanol, acetronitrile or ethyl acetate 
(for the blank study) or in 20 ml of methanol for 
the real seawater samples. After careful evapor- 
ation of the methanol to dryness the samples 
were re-dissolved in 50 ,ul of ethyl acetate for 
determination by GC-MS. 

In a previous paper,” recovery values for 
atrazine and simazine were, respectively, 100 
and 85 with a coefficient of variation (CV) of 
5-lo%, whereas for de-ethylatrazine the recov- 
ery was 10% with a CV of 15%, when spiking 
the various pesticides at low pg/l levels in 
artificial seawater samples. The low recovery 
level of de-ethylatrazine was attributed to a 
surpass of the breakthrough volume and for this 
reason the values given in this paper for this 
particular compound are tentative, since the use 
of another adsorbent instead of Cl8 is rec- 
ommended. 

GC-NPD and GC-MS analysis 

Following SPE, the extracts were injected 
onto the column of a gas chromatograph (GC 
5300 Mega series, Carlo Erba, Milan, Italy) 
equipped with an NPD. A 15 m x 0.25 mm i.d. 
fused silica capillary column coated with chemi- 
cally bonded 50% cyanopropylphenyl-50% 
methyl polysiloxane DB 225 (film thickness: 
0.15 pm) and a 30 m x 0.25 mm capillary 
column coated with chemically bonded 5% 
phenyl-95% methyl polysiloxane DB-5 (film 
thickness: 0.25 pm) (J and W Scientific, Folsom, 
CA, U.S.A.) were used. Hydrogen was used as 
carrier gas at 60 kPa and helium as make-up gas 
at 110 kPa. The temperatures of injector and 
detector were held at 270”. Both columns were 
programmed from 60 to 90” at lO”/min and 
from 90 to 220” at 6”/min. 

A Hewlett-Packard 5995 instrument (Palo 
Alto, CA, U.S.A.) interfaced to a 59970C data 
system was used. The fused silica column de- 
scribed above was used and was introduced 
directly into the ion source. Helium was used as 
the carrier gas (30 cm/set). The temperature of 
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the injector was 250”. The ion source and the 
analyser were held at 200 and 230”, respectively. 
EI spectra were obtained at 70 eV. Identification 
of an analyte was from the signals of two ions 
and their proper ratio, and correct retention 
time. Ions used for identification were at m/z 
values of 173 and 215 (atrazine), 172 and 187 
(de-ethylatrazine) and 173 and 201 (simazine). 

RESULTS AND DISCUS!3ION 

General considerations 

The main advantage of using SPE membrane 
disks such as Empore, instead of SPE cartridges, 
is the increase in sample throughput as a result 
of the relatively high flow rates. In this study, 
only 2 hr 30 min sampling time was needed for 
the pre-concentration of 5 1. water samples, 
whereas SPE cartridges would have taken at 
least 5 hr for the same samples. These results 
were in good agreement with other studies using 
disks.‘5,‘7 Pre-filtration of (sea) water samples 
through 0.45 pm PTFE filters has been rec- 
ommended before when Cs20 or CuL4 cartridges, 
or Empore extraction disks,‘5J7 were used. Pre- 
filtration” is extremely important when using 
membrane extraction disks. So, when using 1 
pm over 0.45 pm, the filtration time was reduced 
by half and effectively removed the particles. 
When non-pre-filtering was used, the filtration 
time for 2 1. of natural water was 7 hr,” whereas 
1.8 hr were needed when using 1 pm pre-filter. 

Pre-filtering does not atfect the determination 
of polar pesticides since they exhibit log K, 
(partition coefficient between soil organic car- 
bon and water) values of 2, and consequently 
remain in the dissolved phase and not on the 
suspended particulates, according to Ref. 1 with 
a proportion of 99.5% 0~ 0.5%, respectively. In 
contrast, performing the same experiments with 
hydrophobic organochlorine pesticides (log K, 
of ca 6), when there is a strong tendency to 
adsorb onto the particulate matter on the 
filter,” the same pre-filtering would give much 
lower recoveries. 

Blank levels 

In a previous paper,‘* we examined the use of 
extraction disks for isolation of various pesti- 
cides from art&M seawater samples in combi- 
nation with liquid chromatography-diode array 
detection (LC-DAD). In this case, blank levels 
of the cartridges were briefly examined by the 
use of DAD at 220 and 205 run. Interferences 
were noticed in the range of a few pg/l (or rig/l)) 

when isolating pesticides from 4 1. of artificial 
seawater (or surface water) samples. In the 
present paper, we have decided to undertake a 
more in-depth study of the interferences ex- 
tracted from the SPE disks, since our purpose 
was to determine chlorotriazine pesticides in 
water at low rig/l levels. Three different eluting 
solvents were used: methanol, a&on&rile and 
ethyl acetate. The blanks obtained when isolat- 
ing 5 1. of HPLC water samples are shown in 
Fig. 1. The different compounds identified in the 
extracts are shown in Table 1. Some of the 
compounds identified were similar to those 
found in Cl8 bonded silica cartridges, such as 
phthalates. The different plasticizers are added 
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Fig. 1. GC-MS traces obtained on the extract of 5 1. of 
HFLC water after eluting with methanol (A), acetonitrile 
(B) and ethyl acetate (C). For compound numbers, se-e Table 
1. For chromatographic conditions, see Experimental sec- 
tion. Two capillary GC c&mns, DE225 (A and B) and 

DE5 (C), were used. 
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Table 1. Compounds eluted from C,, Empore extraction disks using 5 1. of HPLC water. 
Unknown compounds are indicated by their m/z values and relative abundance (in 

parentheses) 

Eluting solvent 

Ethyl 
Peak no. Compound Methanol A&o&rile acetate 

1 Diethyl phthalate + + + 
2 C,JG (alkane) + + 
3 Dimethyl polysiloxane + + 
4 Dibutyl phthalate + + + 
5 Butyl-2-ethylhexyl phthalate + + + 
6 Unknown 

m/z 119 (70%), 213, 215 (100%) + + - 
7 Nonox A (antioxidant) + - - 
8 Unknown 

m/z 57 (lOO%), 171 (50%) + + + 
9 Di-(2-ethylhexyl) phthalate f + + 
10 Unknown 

m/z 91 (lOO%), 290 (30%) + + - 

either during manufacture or are present as 
contaminants in the polymer components. This 
is due to the polymeric housing used to house 
the bonded phase materials, in both cartridges’g 
and disks.” The alkane Cg Hm was also found 
as an interference in the disks, as well as in the 
cartridges, although other alkanes and alkenes 
were also reported in the latter case.lg In the case 
of cartridges, the antioxidant butahydroxy- 
toluene (BHT) was reported,lg whereas for the 
disks the antioxidant Nonox A has been found. 
One of the most relevant differences found 
between interferences in the use of C,* bonded 
silica cartridges and disks is that no dimethyloc- 
tadecylsilanol was found in the case of the disks. 
This was checked by using the m/z 89 ion 
corresponding to [ (CH,O)Si(CH,),] +. The ab- 
sence of this particular ion, which caused great 
interference in a previous work using car- 
tridges,ig indicates that a better bonding is 
achieved in the Empore extraction disks, thus 
avoiding hydrolysis of the C,, bonded porous 
silica material. Consequently, no silanols are 
released from cartridges. Another compound, 
peak no. 3 (Fig. 1) corresponds to the dimethyl 
polysiloxane phase, which corresponds to the 
bleeding from the GC column used, DB-225, in 
Figs 1A and B, whereas in Fig. 1C a DB-5 
column was used and this particular peak is not 
present. 

Two previous papers on the use of disks 
reported a very vague indication of interfer- 
ences.L6~‘7 Since interferences depend on the final 
analytical method of determination used, the 
GCECD traces showed higher background 
peaks compared to our experiments, but they 
were lower than when commercial C,,, bonded 

porous silica columns were used.16 This could be 
caused by the high sensitivity of the phthalates 
in the GC-ECD determinations. A second 
paper indicated that phthalate esters and similar 
plasticizers were probably present in the disks, 
causing systematic errors when using EPA 
method 525, with recoveries up to 149% for 
compounds such as diethyl phthalate.” This 
paper presents the first detailed description of 
the interferences present in Cl8 Empore extrac- 
tion disks. 

The interference in the blanks has been esti- 
mated to be in the range of 0.1-l rig/l,, when 
filtering 5 1. of water samples. When comparing 
the three eluting solvents used (see Fig. 1 and 
Table l), we noticed that phthalates (com- 
pounds 4, 5 and 9) gave somewhat higher 
background levels when using ethyl acetate. 
This agrees with previous results when optimiz- 
ing EPA method 506 for the isolation of phtha- 
lates from water samples with C,* extraction 
disks.23 The percentage recovery for these com- 
pounds using ethyl acetate was higher than with 
the other solvents, with values up to 150%, thus 
indicating that this eluting solvent has the ca- 
pacity of removing the phthalates from the C,* 
bonded silica disk more efficiently. The higher 
recoveries for phthalates match earlier results 
for the same disks.” When ethyl acetate is used 
as eluting solvent, higher amounts of phthalates 
are eluted, the polymer housing is wetted more 
extensively and emulsions are easily formed, 
causing practical difficulties. Therefore, 
methanol was preferred for the isolation of 
the different chlorotriazine pesticides from 
seawater samples since it is less toxic for routine 
work. 
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Environmental levels 

The environmental degradation of atrazine 
has been studied in many agricultural environ- 
ments, where rates are affected by factors such 
as pH, the amount of organic matter, soil type 
and temperature.9*‘4*u~25 For example, in 
Chesapeake Bay, degradation studies indicated 
that sediments in the bay could easily degrade 
these contaminants at an accelarated grade 
compared to inland agricultural environments.25 

In our experiments, we have studied the vari- 
ation in concentration of atrazine according to 
salinity. To achieve this point, we have analysed 
real seawater samples (a = 3 at each sampling 
point, with a CV of 7% for atrazine and 
simazine) of different salinities. Typical total ion 
current CC-MS chromatograms of low and 
high salinity samples are shown in Fig. 2. Com- 
paring both chromatograms of Fig. 2, it can be 
noticed that the GCMS chromatogram ob- 
tained at 3 parts-per-thousand salinity has less 
noise level and is much cleaner than the one 
obtained at 28 parts-per-thousand salinity. This 
is due to two reasons: the lower levels of herbi- 
cide obtained at higher salinity values and, as 
consequence, the interferences in the CC-MS 
traces reach higher values when analysing the 
samples of high salinity. The different ions used 
for the identification of the various pesticides 
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Fig. 2. GC-MS traces obtained on the extract of two 
estuarine waters of 3 parts-per-thousand (A) and 28 parts- 
per-thousand (B) salinity. Compounds identified were: (1) 

atrazine, (2) decthylatraxine and (3) simazine. 
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Fig. 3. Concentrations of atraxine, simaxine and de-ethyla- 
trazine us salinity values of real seawater samples. 

have been reported in the Experimental section. 
To distinguish between the influence of sal- 

inity in the concentration levels of the herbicides 
in the estuarine waters, in Fig. 3 the concen- 
trations of the different herbicides were plotted 
against the difference in salinity. In principle, if 
there were no significant losses in the water 
column, relatively herbicide-free ocean waters 
would be expected to mix conservatively with 
fresh waters, producing a steady decline of the 
different herbicide concentrations as it pro- 
gresses from low to high salinity values. A 
negative, in all three cases, with two inflexion 
points at the values of 3 and 10 parts-per- 
thousand salinity, indicates a non-conservative 
mixing with loss of the herbicides occurring in 
the mixing zone of the estuary. This behaviour, 
in the case of atrazine, agrees with that reported 
in Chakespeare Bay. 8*25 The concentration 
levels of simazine follow a similar degradation 
pattern in the estuarine waters. The values of 
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de-ethylatraxine exhibit poor recoveries (in the 
range of 10%) with the method used. The values 
of de-ethylatrazine obtained were in the range of 
2-7 rig/l (without correction for the recovery) 
and are given as an indication. A second point 
to consider is that its value should always be 
lower than atraxine and simazine, since it is a 
compound formed mainly by microbial degra- 
dation of atraxine and depends on the appli- 
cation time of atrazine. Its content usually 
corresponds to ca lO-20% of the atrazine level 
in soil samples.24 

CONCLUSIONS 

The list of the different interferences obtained 
when using Cl8 bonded silica Empore extraction 
disks is reported for the first time, phthalates 
being the main interferences identified in the 
GC-MS traces. No silanol interference com- 
pounds were detected, thus indicating a better 
bonding of the Cl8 material in the case of these 
disks in comparison with conventional C,, 
bonded silica cartridges. One main advantage of 
the Empore disks over C8 cartridges is the 
shorter extraction time (5 1. of water are ex- 
tracted in 2 hr 30 min, whereas the cartridges 
require 5 hr). It has been shown for seawater 
samples that pre-filtration is very important in 
order to remove the particulate material present 
in these samples. This operation will not affect 
the determination of chlorotriazine pesticides, 
since they are transported into the dissolved 
phase of the water. GC-MS allows the identifi- 
cation of atrazine, simaxine and de-ethyla- 
trazine from interferences and it is of help in 
avoiding false positives. 

The use of SPE with Empore disks described 
here is recommended for screening chlorotri- 
azine pesticides in real seawater samples at levels 
as low as 1 rig/l,, with different salinity values. A 
limit of detection of 0.02 rig/l (at a signal-to- 
noise ratio of 3) has been estimated using 
GCNPD or GC-MS with SIM detection. Since 
interfering compounds are present in real sea- 
water samples, GC-MS is needed for confir- 
mation of the triaxines at levels as low as 10 rig/l.. 

The method proposed in this work can be 
used in remote places and it is an adequate 
method for carrying out monitoring studies with 
large amounts of water to be processed. This is 
much more convenient since smaller amounts of 
toxic solvents are used and it avoids the 
dithculties of handling 5 1. of seawater samples 
under liquid-liquid extraction procedures. 
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Summary-We developed a method for determination of ascorbic acid in pharmaceutical preparations 
containing various excipients by using near infrared diffuse reflectance spectroscopy and two different 
calibration methods, viz. stepwise multiple linear regression (SMLR) and partial least-squares (PLS) 
regression, which provided comparable results and resulted in prediction errors of l-2%. However, the 
PLS method provided somewhat better results with the more complex samples. 

Near infrared reflectance spectroscopy 
(NIRRS) has experienced great developments in 
the last two decades, during which it has been 
increasingly used in the field of food analysis? 

However, the appearance of commercially 
available instruments that allow fast recording 
of frill NIR spectra (basically between 1100 and 
2500 nm) and there use for implementation of 
modem chemometric methods for processing 
complex signals has extended their scope of 
application to include all types of solid samples. 
Control analyses by pharmaceutical industries, 
where the dependence of the NIRRS signal on 
both the chemical and the physical properties of 
the sample, and the accuracy and expeditious- 
ness of this technique offer a great potential, has 
so far been one the chief applications of this 
technique.3 

While early pharmaceutical applications of 
NIRRS relied essentially on the determination 
of moisture contents,4l5 most published work in 
this respect is concerned with the characteriz- 
ation of compounds (e.g., qualitative identifi- 
cation of pure substances,68 determination of 
mixture homogeneity,q*10 particle size,” enan- 
tiomeric purity,i2 etc.). In fact, there are rela- 
tively few references to the use of NIRRS for 
quantitative determination of compounds in 
end-products.13g’4 

Ascorbic acid (vitamin C) is a frequent occur- 
rence in pharmaceutica1 preparations, where it 
is often the principal active component. Most of 
the host of methods developed for its determi- 
nation are based on its redox properties;” the 
most commonly used of such methods involves 
titration*‘j with iodine or Ce(IV). All these 

methods entail prior dissolution of the sample, 
which is time-consuming and a source of poten- 
tial error arising from the instability of ascorbic 
acid solutions. In this work we develop a deter- 
mination for ascorbic acid in solid pharmaceuti- 
cal preparations by using the NIRRS technique. 
Calibration was performed by using two differ- 
ent multivariate procedures: inverse stepwise 
multiple linear regression (SMLR) and partial 
least-squares (PLS) regression. The results 
provided by each are compared below. 

Culculatim procedures 

The SMLR methodI is a least-squares ap- 
proach based on the inverse of Beer’s law; the 
concentration is modelled as a linear combi- 
nation of absorbances in order to obtain the 
best possible correlation [C = k, + k, A, + 
kz A2 + + . . ] by using a small number of wave- 
lengths. 

The PLS method” is a factor-based procedure 
which can process full spectra. It factors the 
spectral data calibration matrix into the product 
of two smaller matrices. This involves a data 
compression step where the intensities measured 
at all the wavelengths used in the analysis are 
compressed to a small number of intensities in 
a new full-spectrum coordinate system which is 
composed of loading vectors that can be used to 
represent the original spectral data. A model is 
then applied to the intensities in the new full- 
spectrum coordinate system, called scores, that 
assumes the concentration to be a linear func- 
tion of such intensities. The PLS method per- 
forms spectral factoring in order to account for 
the spectral variation while assuring that the 
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new basis vectors relate to the calibration con- 
centrations: 

where Y is the concentration matrix, X the 
analytical data matrix, F, and F, the score 
matrices, Lx and L,, the loading matrices, and E, 
and E,, the residual matrices. The score matrices 
are related by 

F,,=FxV+EC 

where V is the internal relationship and EC the 
residual matrix. 

The unknown sample is quantified by deter- 
mining x,, and y0 from 

y, = qj(F;X)‘VL,. 

EXPERIMENTAL 

Samples and reagents 

We assayed two different commercial prep- 
arations, namely: Cebio@ (Merck), which is 
commercialized in bags containing 1 or 2 g 
of ascorbic acid in granules, and Redoxon’s 
(Roche), which is available as effervescent 
tablets. Ascorbic acid was the active principle in 
all three products, which contained various 
excipients (sweeteners, flavourings, etc.). The 
samples used were selected from five different 
batches of Redoxon, 11 of l-g Cebion and 8 of 
2-g Cebion. 

The reagents used in this work included 
ascorbic acid, sodium bicarbonate, sugar and 
O.lM KI09, lit4 HCl and 0.5M KI solutions. 
All reagents and solutions were supplied by 
Merck or prepared from RA grade chemicals 
from this firm with the exception of sugar, 
which was for nutritional use. Figure 1 shows 
the NIRRS spectra of ascorbic acid, l-g Cebibn 
and Redoxon, while Fig. 2 shows their corre- 
sponding first derivatives. 

Instrumentation and software 

The experimental set-up used consisted basi- 
cally of the following elements: 

A NIRSystems 6500 near infrared spectro- 
photometer equipped with a reflectance detector 
and a Spinning Module for sample delivery. The 
instrument was controlled by the software pack- 
age NSAS v. 3.20. 

A dead-stop detection system composed of a 
Radiometer pHM29b potentiometer furnished 
with a Radiometer PP1311 platinum dual elec- 

_._, , ) , , , , , 
1106 16w 16lm 1100 1006 6106 130, omo 

K4- (ml 

Fig. 1. Spectra of (1) ascorbic acid, (2) sugar, (3) Redox& 
and (4) l-g Cebi6n. 

trode, an adapter for connection of a Holder 
H22 electrode and a polarizer wire of 1 Ma. 

A set of sieves (C.I.S.A.). 
Samples were handled and quantified by 

using the spectrophotometer’s bundled software 
(NSAS), which included both the SMLR and 
the PLS algorithm. On the other hand, optimiz- 
ation of the PLS procedure and implementation 
of the multiplicative scatter correction (MSC) 
method were performed with the aid of UN- 
SCRAMBLER v. 3.54, which required modify- 
ing the spectral format by using JCAMP. 

Procedure 

Laboratory procedure. The laboratory pro- 
cedure used to determine ascorbic acid involved 
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Fig. 2. First-derivative spectra of (1) ascorbic acid, (2) 
sugar, (3) Redoxh and (4) l-g Cebih. 
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titration with potassium iodatei8 and biampero- 
metric dead-stop detection. For this purpose, an 
amount of 0.3-l. 1 g of sample was added to 25 
ml of distilled water, 10 ml of 0.5M KI and 3 ml 
of 1M HCl, and the resulting solution was 
titrated with a KIO, standard. The ascorbic acid 
content in each sample was determined as the 
average of three replicates. 

NIRRS procedure. Samples were ground and 
sifted through 250 pm (l-g Cebion and Re- 
doxon) or 100 pm mesh (2-g Cebion). Each 
sample was used to record three spectra; the 
cuvette content was homogenized after each run 
in order to minimize errors arising from differ- 
ences between sample fractions. The spectra 
thus obtained were averaged and the resulting 
spectrum was used to determine the ascorbic 
acid content by using the above-described pro- 
cedures. 

Overdosing procedures. In order to expand 
the calibration range, some samples were over- 
dosed as follows: a known amount of sample 
was added to a known amount of ascorbic acid 
or the major excipient (sugar for Cebion and 
sodium bicarbonate for Redoxon). The mixture 
was then ground, sifted through 250 or 100 pm 
mesh and homogenized. Finally, the ascorbic 
acid content was determined by using the above- 
described laboratory procedure. 

RESULTS AND DISCUSSION 

An NIRRS signal is a complex function 
that depends both on the physical (grain size, 
crystal structure, etc.) and on the chemical 
properties of the sample. Its mathematical re- 
lationship to the concentration can be expressed 
as follows: 

where R denotes reflectance, a 
the concentration and s the 
efficient. 

absorptivity, C 
scattering co- 

One of the factors most markedly influencing 
the scattering coefficient is the particle size and 
its distribution. In order to minimize its effect on 
a quantitative chemical analysis one should 
process the signal obtained by using a math- 
ematical procedure before the calibration 
proper is started. lg There are basically three 
such types of mathematical treatments, namely: 
multiplicative scatter correction (MSC), the use 
of derivative spectra, and signal scaling. We 
found neither MSC nor scaling to affect result 

(1) 

Table 1. Nominal ascorbic acid content (%) and calibration 

ranges 

Nominal Comercial Overdosed 
content (%) samples (%) samples (%) 

l-g Cebibn 16.67 16.33-18.68 14.88-19.16 
2-g Cebi6n 40.0 38.6545.09 36.60-51.08 
lOOO-mg Redoxcin 22.88 22.25-23.16 19.92-25.22 

quality, whereas quantification on flrstderiva- 
tive spectra provided substantially improved 
results. Consequently, all results given below 
were obtained from unscaled first-derivative 
spectra. 

Sample overdosing 

The intrinsic complexity of NIRRS signals 
requires calibration samples to be analogous to 
the unknown samples and, ideally, the cali- 
bration set to consist of samples whose content 
has previously been determined by a reference 
analytical method. However, constructing the 
calibration matrix for pharmaceutical analyses 
poses special problems. In fact, an appropriate 
quality control method must be able to accu- 
rately quantify both central values and the 
accepted pharmacopoeia1 limits. However, only 
real samples with near-nominal contents are 
normally available, which compels sample over- 
dosing (i.e., adding a given amount of analyte or 
excipient in order to expand the concentration 
range). This is a complicated process that calls 
for strict control in order to avoid altering the 
physical properties of the samples and hence the 
risk of spurious results. To check that the 
proposed overdosing procedure (viz. substance 
addition, grinding, sifting and homogenizing) 
did not alter the results at all, a set of real 
samples was chosen and quantified by using 
calibration matrices containing increasing num- 
bers of overdosed samples and the sum of the 
squared differences [c(C,, - C&l calculated 
and compared. No significant differences were 
found in any case. The chief drawback of this 

Table 2. Results obtained in the quantification of samples 
by SMLR 

C.E. (%) V.E. (%) Wavelength (nm) 

l-g Cebibn 0.67 0.72 1756,1650,2184 
2-g Cebi6n 0.59 0.98 1756,1646 
l-g and 2-g 

ctbi6n 1.82 1.98 1756,1582,1454 
looo-mg 

RedoxQ 1.18 2.34 1462,2318,1492,2372 

C.E.: Calibration error, V.E.: Validation error. 
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Fig. 3. Plot of the prediction error (MSECV) against the 
number of factors. (A) Redoxbn, (m) 2-g Cebibn, (0) l-g 

Cebi6n. 

procedure is the need to subsequently grind and 
sift the samples to the same particle size as those 
used for calibration. Table 1 lists the concen- 
tration ranges encompassed by the samples and 
those used in this work. 

The initial set of samples (unaltered and 
overdosed) was divided into two groups. The 
larger group was used for calibration while the 
smaller was employed as an external validation 
set. The accuracy of the analytical procedure 
was assured by having the validation set contain 
samples from batches that were not used for the 
calibration samples. 

Quantz@cation of samples by SMLR 

One key to obtaining quality results was 
appropriate choice of the small set of wave- 
lengths to be used. Ideally, one should test all 
possible combinations; however, this is quite 
impractical when a large number of wavelengths 
are involved, so one must use a stepwise selec- 
tion procedurem even though the chosen set may 
not be the optimal. We choose the first wave- 
length of the model to be one that: (a) belonged 
to a region of the first-derivative spectrum in 
which the sample signal were mainly due to 
ascorbic acid; (b) belonged to a broad, non- 
jagged zone of the plot of the correlation co- 
efficient against the wavelength; and (c) 
possessed a high correlation coefficient. The 
classical stepwise procedure was used to select a 
further three wavelengths at the most until the 

multiple correlation coefficient did not vary 
significantly. We found this procedure to 
provide better results than those achieved by 
having the NSAS algorithm automatically select 
the wavelengths to be used. 

We assayed four calibration models for the 
quantification of the three commercial prep 
arations and that of l-g and 2-g Cebion jointly. 
In order to assess the quality of the results 
obtained we calculate the errors made in quan- 
tifying the mixtures used to construct the cali- 
bration matrix (CE) and validation matrix (VE) 
by using the following expression: 

I 

I 2 (&A, - cN,R)' 
Error(%) = , i=l x 100 (2) I 

v 
;, Ck 

where CUB and CNi, denote the ascorbic acid 
concentration determined by redox titration and 
spectroscopic quantitation, respectively, and n 
denotes the number of calibration or validation 
samples. 

Table 2 lists the errors found and the cor- 
responding wavelengths. It should be empha- 
sized that the selection of the first wavelength 
is not independent of the composition of the 
sample. Thus, Cebion samples provided good 
results with 1756 nm as the first wavelength, 
which however, resulted in relatively large error 
(VE = 4.0%) for Redoxon samples. 

In all cases, both calibration and validation, 
the intercept and slope of the plots NIR-values 
vs. Laboratory-values close to 0 and 1, respect- 
ively, and a regression coefficient r 2 0.99, indi- 
cate that the NIRRS procedure is subject to no 
systematic errors relative to the laboratory pro- 
cedure. 

Quantijication of samples by PLS regression 

The PLS model was constructed by cross- 
validation; the number of factors to be used 
was calculated by plotting the prediction 

Table 3. Results obtained in the quantification of samples by PLS regression 

C.E. (%) V.E. (%) Wavelength range (nm) No. Factors 

l-g Cebi6n 1.04 1.43 1100-2500 3 
1.04 0.89 1300-1800 2 

2-g Cebi6n 0.69 1.30 1 KM-2500 2 
I-g and 2-g Cebibn 1.73 1.62 1100-2500 5 
MOO-mg Redoxbn 2.46 2.85 1100-2500 2 

1.93 2.08 1300-1800 3 

C.E.: Calibration error, V.E.: Validation error. 
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Fig. 4. Plot of the 6rst (a) and second (b) loading of l-g 
Cebibn. 

error (MSECV) against the number of factors 
(Fig. 3). 

Even though PLS regression is a full-spec- 
trum procedure, selecting the wavelengths to be 
used for quantification may be of aid, particu- 
larly if the calibration matrix is composed of a 
fairly small number of samples.” Such a selec- 
tion was done by eliminating those wavelengths 
that either provide no information on the 
ascorbic acid content or resulted in an anoma- 
lously high residual. These two criteria co- 
incided essentially with the two ends of the 
spectnmr (the results were substantially better in 
the range 1300-1800 mn). 

Table 3 compares the results obtained by 
applying the PLS procedure to the full spectrum 
and the above reduced wavelength range. As 
can be seen, the reduced range only improved 
on the results obtained for l-g Cebibn and 
Redoxon, which were sifted through 250 pm 
mesh; on the other hand, those obtained for 2-g 
Cebion, which was sifted through 100 pm, were 
virtually the same, which can be ascribed to the 
increased noise arising from the larger grain 
size, particularly high in the nearer end of the 
spectrum. 

We used two factors for l-g and 2-g Cebibn 
separate determination. The corresponding 
loadings show that the first factor coincided 
essentially with the spectrum of sugar whereas 
the second corresponded to ascorbic acid minus 
the contribution of sugar at some wavelengths 
[Figs 4(a) and 4(b)]. The larger number of 

factors used in the joint determination was a 
result of the need to model the differences 
between the two types of sample. Redoxon was 
quantified from three factors, the loadings of 
which were linear combinations of the spectra of 
sugar, ascorbic acid and sodium bicarbonate. 

CONCLUSIONS 

We should emphasize that both the SMLR 
and the PLS results were very good. Validation 
errors were always less than 2.5%. Also, 
the SMLR results were more accurate for the 
simpler samples (Cebion), while the opposite 
was true for the more complex sample 
(Redoxon). 

Even though the SMLR procedure is seem- 
ingly simpler to implement, it actually involves 
considerable work in selecting the wavelength 
set to be used, work which is difficult to system- 
ize. In this respect, the PLS procedure is a much 
more powerful alternative that allows resolution 
of more complex samples and systematic optim- 
ization. 

Finally, we should underscore that the 
NIRRS technique is accurate enough to ensure 
that the active principle content is within phar- 
macopoeial limits. In addition, its expeditious- 
ness make it an appealing alternative to classical 
analytical control procedures. 
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FLOW INJECTION FLAME ATOMIC ABSORPTION 
SPECTROMETRY FOR SLURRY ATOMIZATION. 

DETERMINATION OF IRON, CALCIUM AND 
MAGNESIUM IN SAMPLES WITH HIGH SILICA 

CONTENT 

IGNACIO LOPEZ GARCIA, JESUS ARROYO CORI%Z and MANUEL HERNANDEZ ~RDOBA* 

Department of Analytical Chemistry, Faculty of Chemistry, University of Murcia, 30071 Murcia, Spain 

Summary-A study on the use of slurries in flame atomic absorption spectrometry is reported. Samples 
with a very high silica content are ground and then slurried in a solution containing 2% hydrochloric and 
3% v/v hydrofluoric acids. The suspensions are prepared in the 0.01-l% m/v range and introduced into 
the flame by means of a simple flow injection manifold. Relative standard deviations for the measurements 
of iron, calcium and magnesium in diatomaceous earth samples are in the 1 J-2.8, 2.2-5.3 and 2.8-X0% 
ranges, respectively. To avoid the use of suspensions prepared with a very low percentage. of solid sample 
and to improve the reproducibility, an on-line dilution manifold is tried. The use of an easy-to-construct 
variable volume dilution chamber allows the on-line dilution of the slurries, thus permitting the 
determination of calcium and magnesium over a wide range of concentrations. Calibration is performed 
using aqueous standards. The experimental conditions, optimized for the determination of iron, calcium 
and magnesium in diatomaceous earth samples, can also be applied to other silica-based materials, as is 
shown by the analysis of several standard reference materials. 

Conventional sample introduction in flame 
atomic absorption spectrometry (FAAS) re- 
quires that solid samples be dissolved to obtain 
suitable solutions for measurement. In some 
instances, this involves a straightforward, easy- 
to-perform step but, in many other practical 
situations, the stage is time-consuming, involv- 
ing tedious digestion or fusion procedures and 
the risk of contamination or analyte loss due to 
prolonged sample manipulation. If the dissol- 
ution step can be avoided and the solid sample 
is directly introduced into the atomizer, these 
drawbacks are overcome and the time needed to 
perform the determination is considerably 
shortened. For this, interest has focused on 
slurry-based methodology, in which, instead of 
a solution, a suspension prepared from fine 
particles of the sample is introduced into the 
atomizer. This is a recognized approach when 
electrothermal atomization is used,’ but severe 
problems restrict its application with a flame. 
Firstly, there are transport efficiency problems 
through the spray chamber, which are strongly 
a&ted by the particle size and the density of 
the particles. As is to be expected, the greater 
the particle size and density, the lower the 
analytical signal and reproducibility obtained. 

*Author for correspondence. 

A low particle size is also needed to minimize 
the risk of the nebulizer clogging when the 
suspension is being continuously aspirated. On 
the other hand, although the finest particles can 
reach the flame, atomization is hindered by the 
relatively low temperature of the flame and the 
short residence time. Thus, a sutliciently low 
particle size appears to be a precondition for 
the slurry-FAA!3 approach to be successful. 
How low the particle size must be for a good 
analytical signal to be obtained is related to 
the characteristics of the sample and the 
analyte. Predictably, a suspension prepared 
from biological material is easier to atomize 
than one prepared from a refractory material. 

Despite the above difficulties, following the 
work of Willis,2 a number of researchers have 
reported successful results in the flame atomiza- 
tion of slurries. O’Reilly and Hicks3 carried out 
a detailed study of the direct analysis of coal 
samples. Fagioli et al. have also reported FAAS 
procedures for vegetables4*s after a partial wet- 
ashing with concentrated sulphuric acid. Other 
workers have also developed procedures for the 
determination of several elements in soils,6 
sewage sludges’ and biological materials.*” 

As Fuller suggested many years ago,‘O the 
risk of nebulizer clogging when aspirating 
suspensions is greatly minimized if discrete 
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nebulization, instead of continuous aspiration, 
is used. This problem can also be overcome by 
using Babington nebulizers.* Flow injection (FI) 
methodology also appears to be a suitable 
method of avoiding clogging problems when 
introducing a suspension into the flame,” be- 
cause this approach is similar to the one in 
which FI is used for the introduction of liquid 
samples with high concentrations of dissolved 
solids.12 The FI-FAAS-shnry approach has 
been reported for the determination of several 
analytes in sewage sludges,” iron oxide pig- 
ments’**‘4 and foods.‘S-‘7 From our previous 
experience on this topic, the inclusion in the FI 
manifold of a simple three-way connector with 
a tip open to the air aids the fragmentation of 
the plug. This system of air compensation of the 
difference between the nebulizer uptake rate 
and the peristaltic pump flow rate, which is 
based on an idea from Yoza et al.,” and dis- 
cussed by others,‘g-2’ is a simple, inexpensive 
way of improving nebulization, the T-piece 
acting as a pre-nebulizer. However, this 
approach does not improve slurry volatilization 
in the flame. 

It has been shown that, when dealing with 
some slurries, a considerable fraction of the 
analyte is in the supernatant,22J3 as a conse- 
quence of ultrasonic treatment or of the solubil- 
izing action of the suspension media. For this 
reason, if the samples are pre-digested4*5*7*‘3*17 or 
submitted to cold acid extraction processes,24 a 
low particle size is not so critical, as most of the 
analyte is brought into solution. 

On the other hand, the linear response range 
of FAAS is narrow. When dealing with suspen- 
sions from samples with high contents of the 
analyte, very dilute suspensions need to be 
prepared, which can generate reproducibility 
problems due to the low amount of sample to be 
weighed and to the errors associated with the 
sampling of slurries.25 FI methodology can help 
solve this problem, as a variety of manifolds 
have been described which permit the on-line 
dilution of the sample.2635 

In this paper, we report the determination of 
iron, calcium and magnesium by direct intro- 
duction into the flame of slurries prepared from 
samples with a high silica content. The study 
was mainly performed using diatomaceous 
earth (DE) samples, a commercial product with 
very high silica content. The conclusions can be 
extended to other silica-based materials, as is 
shown by analysing several standard reference 
materials. 

EXPERIMENTAL 

Apparatus 

Most of the measurements were obtained 
using a Pye Unicam Model SP1900 atomic 
absorption spectrometer. The analogical output 
of the instrument was connected to a personal 
computer via a PCLab 818PG data acquisition 
card. Home-made software written in C 
language together with a commercial package 
for the plotting of scientific data were used 
for the direct plotting of the absorbance-time 
relationship. The software also permitted the 
measurement of the area (integrated ab- 
sorbance). Some experiments were performed 
using a Perkin-Elmer Model 1lOOB atomic 
absorption spectrometer equipped with 
deuterium-arc background correction. The 
measurements were made at 248.3, 422.7 and 
285.2 nm for iron, calcium and magnesium, 
respectively. Air-acetylene flames were used ex- 
clusively. X-ray fluorescence measurements 
were made, for comparison purposes, with a 
Philips PW1400 wavelength dispersive X-ray 
spectrometer. 

The two FI manifolds used are shown in 
Fig. 1. The simplest one (a) consisted of a 
Gilson Minipuls HP4 peristaltic pump with an 
Gmnifit injection valve. Sample loops, as well as 
all connecting lines, were made of 0.8 mm i.d. 
polytetrafluoroethylene. For both manifolds, a 
three-way connector with a tip open to the air 
was included immediately before the spectro- 
meter. The entry of air through this T-piece as 
a consequence of the difference between the 
nebulizer uptake rate and the pumping flow rate 
aids the fragmentation of the sample plug.” 
Manifold (b), which uses two injection valves, 
has recently been reported” and is shown here 
in a simplified manner. This manifold permits 
the on-line dilution of the suspensions. S, is a 
common plastic syringe used to inject a plug of 
air. S2 is another similar syringe adapted as a 
variable volume dilution chamber.” V, is a 
two-way valve to switch between the upper and 
lower outlets of S2. To obtain the on-line di- 
lution, a plug of suspension and a plug of air, 
with a volume higher than that of the dilution 
chamber, are simultaneously injected into the 
manifold. When the sample plug reaches 
the dilution chamber, it is rapidly mixed with 
the carrier filling it. In this way, the diluted 
suspension leaving the chamber, pushed by the 
plug of air, has a constant concentration and a 
plateau is obtained for the absorbanc&ime 
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Fig. l.(a) FI manifold for the direct introduction of the slurries. P, peristaltic pump; V, injection valve; 
L, sample loop; T, T-piece. for air compensation. (b) PI on-line dilution manifold used for calcium and 

magnesium determinations (see text for details). 

relationship. A detailed description of the 
manifold, its performances and its limitations 
is given elsewhere.” 

Slurry procedures 

DE samples were ground for 20 min using an 
agate ball mill. For the determination of cal- 
cium and magnesium, slurries were prepared in 
the range 0.01-0.05% by weighing the samples 
in 100 ml plastic containers and then adding 
50 ml of a 2% v/v hydrochloric acid and 1% v/v 
hydrofluoric acid solution. For the determi- 
nation of iron, the slurries were prepared in the 
0.1-l % range and the hydrofluoric acid concen- 
tration increased up to 3%. The suspensions 
were submitted to ultrasounds for 10 min and 
then 0.5 g of solid lanthanum nitrate were 
added. After the slurries were magnetically 
stirred for another 10 min, and while they were 
being continuously stirred, a 150 ,ul volume was 
injected into the FI manifold reported in 
Fig. la. Bidistilled water was used as the carrier 
at a flow rate of 2.5 ml/min. 

When the on-line dilution device was used, 
0.1-0.8% suspensions were prepared in a similar 
way. For this case, the hydrofluoric acid 
percentage was increased up to 3% and no 
lanthanum was added to the slurries. A 2% v/v 
hydrochloric acid and 1% m/v lanthanum 
nitrate solution was used as the carrier at pump- 
ing rates ranging between 1 and 4 ml/min. The 
size of the sample loop as well as the internal 
volume of the dilution chamber were adjusted 
so that the response was in the linear range of 
the instrument. Typical values used for a repre- 
sentative DE sample were 50 ~1 for the injected 

volume and 4 ml for the dilution chamber, thus 
providing a dilution degree of about 80. In all 
cases calibration was performed using aqueous 
standard solutions. 

For the analysis of standard reference ma- 
terials, the same methodology was followed, the 
grinding time being increased up to 30 min. 

Reference procedures 

For comparison purposes, ground DE 
samples (0.1 g) were accurately weighed into a 
platinum crucible and 0.9 g of boric acid and 
0.6 g of lithium carbonate were added. The 
powders were mixed carefully using a platinum 
rod and then fused (lOOO” for 30 min). The melt 
was treated with 10 ml of a 3M hydrochloric 
acid solution by heating until total dissolution. 
The solution was finally diluted up to 100 ml. 

The samples were also analysed by using an 
acid dissolution procedure. For this, using a 
platinum crucible, 5 ml of a 1: 4 sulphuric acid 
solution and 5 ml of concentrated hydrofluoric 
acid were added to 0.2 g samples. The crucible 
was heated until sulphur trioxide fumes were 
seen and, once cooled, 5 ml of a 1: 1 
hydrofluoric acid solution were added, and the 
final volume adjusted to 100 ml with water. The 
calcium content was also obtained using X-ray 
fluorescence spectrometry and the standard 
additions technique. 

RESULTS AND DISCUSSION 

A considerable number of previous exper- 
iments were devoted to studying the stability of 
suspensions prepared from ground DE samples. 
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Sodium hexametaphosphate, polyvinylalcohol 
and Triton X- 100 provided only partial stabiliz- 
ation. A number of detergents of the Span and 
Tween series,36 covering a wide range of 
hydrophilic/lipophilic ratios, were also tried. 
Partial stabilization was achieved using Tween 
20 in a high percentage (10%) or 20% glycerol 
as the suspension media. However, the severe 
change in the physical properties of the suspen- 
sions led to low atomic absorption signals. For 
this reason, the use of stabilizing agents was 
discarded and the sample loops were filled while 
the suspensions were being continuously stirred. 

Recovery 

The difficulties in transporting the sample to 
the atomizer can be greatly alleviated if the 
samples are introduced by means of the simple 
FI manifold shown in Fig. la, as the discrete 
nature of the sample introduction mode and the 
continuous rinsing action of the carrier mini- 
mizes the risk of the system clogging. However, 
the problem of partial atomization remains, 
since this is more severely affected by particle 
size and the short residence time inside the 
flame. It is apparent that, in general, better 
performances should be obtained if plasma 
techniques are used, instead of FAAS, due to 
the higher temperature of plasma, which facili- 
tates atomization and permits successful 
results.37-39 In spite of these considerations, our 
efforts were directed at obtaining atomization 
efficiencies close to those obtained using 
aqueous solutions, which would enable the sim- 
plest calibration with aqueous standards. The 
quality of the approach can be followed by 
means of the recovery value. It can be defined 
as the ratio, expressed as a percentage, between 
the apparent concentration of the analyte ob- 
tained when atomizing the slurry and the true 
concentration obtained using a reference 
method. If the recovery is close to loo%, direct 
calibration with aqueous standards is valid, 
whereas if it is less, slurries prepared from 
previously analysed similar samples must be 
used for calibration or empirical correction fac- 
tors are needed. Recovery values reported in the 
literature are in the 20400% range, depending 
on the type of sample. As the particle size 
severely affects the recovery, previous exper- 
iments were devoted to studying the sample 
comminution. DE samples of several batches 
were submitted to grinding during different 
intervals of time; 0.1% suspensions were pre- 
pared in water and 150 ~1 aliquots injected into 
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Fig. 2. Recovery of iron from 0.1% DE suspensions using 
water as the suspending medium. (A) A sample with high 
content of tridymite. (B) A sample with high content of 

cristobalite. 

the simple FI manifold shown in Fig. la using 
water as the carrier. As can be seen in Fig. 2, 
where the recovery values for iron are plotted 
against the grinding time, 20 min was sufficient 
to obtain the maximum analytical signal, 
though the recovery was far from 100%. It was 
noted that the recovery values varied slightly 
among different batches of DE samples, and this 
was shown by X-ray diffractometry to be 
related to the mineralogical composition of 
the samples. Those containing higher amounts 
of tridymite provided higher signals than 
those in which cristobalite was the predominant 
crystallographic phase. 

Previous experiments using the visual obser- 
vation of electron micrographs indicated that, 
after a 20 min grinding time, the bulk of the 
particles was below 5 pm. However, this esti- 
mation was considered to be prone to error and 
not sufficiently accurate for FAAS purposes, 
and other approaches were considered. Since no 
instrumental facilities were available to measure 
particle size, 1% slurries were prepared in water 
using a DE sample which had been submitted to 
different grinding times. Next, aliquots were 
taken at different times and the mass of solid 
contained in each aliquot weighed. In this way, 
the application of Stokes’ law allowed an esti- 
mation of the particle size distribution. The 
results, summarized in Fig. 3, indicated that 
grinding considerably decreased mean particle 
size, although not to the high degree that visual 
observation of electron micrographs suggested. 
It is clear that this particle size is not sufficiently 
low to allow complete atomization, which 
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Site, pm 

Fig. 3. Particle size distribution of a DB sample. A, B, C and 
D indicate 0,5,10 and 20 min of grinding time, respectively. 

explains the low recovery values shown in 
Fig. 2. Thus, in addition to grinding, a modifi- 
cation of the procedure is needed to increase the 
recovery values. 

It has been proveduJ3 that when dealing with 
shnries, in many instances, a considerable frac- 
tion of the analyte is extracted into the liquid 
phase of the suspension, as a consequence of the 
solubilixing action of the suspending media. If 
this occurs, a very low particle size is not so 
critical. With this in mind, diluted solutions of 
hydrochloric acid and mixtures of hydrochloric 
and hydrofluoric acids were assayed as the 
suspension media. Suspensions were prepared, 
in triplicate, from 14 DE samples and submitted 
to stirring for 20 min before injecting into the 
manifold each slurry was injected three times. 
As is shown in Table 1, the use of a mixture of 
hydrochloric and hydrofluoric acids allowed 
recovery values very close to 100%. This ap- 
proach of using dilute solutions of hydrofluoric 
acid as the suspending media has already been 
reported as a means to extract analytes into 
the aqueous phase and to increase the lifetime 
of the graphite material when slurries of 
samples of high silica content are introduced 
into electrothermal atomizers.40-42 
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Fig. 4. Particle size distributions for a sample ground during 
20 min and shuried using different media: (A) water; (B) 2% 
hydrochloric acid; (C) 2% hydrochloric acid and 3% hy- 

drofluoric acid. 

The successful results obtained are mainly 
due to the extracting effect which brings to 
solution a considerable fraction of the analytes 
and, to a lesser extent, to the decrease in particle 
size as a consequence of partial solubilization. 
Figure 4 shows data obtained using Stokes’ law 
for the particle size distribution when suspen- 
sions were prepared using different suspension 
media. From the experimental data it was calcu- 
lated that when using water as the suspending 
medium, 90% of the particles were below 11 pm 
and 50% below 7 pm (these are the u&, and ds, 
values, respectively, as defined in the litera- 
twreq”). These values decreased to 9 and 3 pm, 
respectively, when the mixture of hydrochloric 
and hydro~uo~c acids was used. The extracting 
effect is shown in Fig. 5a, in which the extrac- 
tion percentage, obtained by analysing the 
supematant after the suspensions were filtered 
through a 0.45 pm chromatographic membrane 
filter, is plotted against the time of contact 
between the solid sample and the suspending 
solution. As Fig. Sb shows, when using a 1% v/v 
hydro~uo~~ acid and 2% hydr~~o~c acid 
solution as the suspension medium, recoveries 
for iron were complete after the suspensions 

Table 1. Recoverv values for different susoendina media 

Recovery’ (%) 

Suspending medium Iron Calcium Magnesium 

Water 31f9 23&:6 17*5 
2% hydrochloric acid 64*5 71*8 45&6 
2% hydrochloric acid and 1% 65&5 79*3 57f3 
lanthanum nitrate 
2% hydrochloric acid and 1% 99*2 92flO 87&8 
hydrofluoric acid 
2% hydrochloric acid, 1% hydrofluoric 99f2 101 f2 iOof3 
acid and 1% lanthanum nitrate 

*Mean value f standard deviation for 14 DE samples. 
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Fig. 5. Effect of hydrofluoric acid. (a) Percentage of iron 
extracted into the supernatant at different times after the 
addition of hydrofluoric acid. (b) Recovery of iron at 
different times. In all cases 0.1% suspensions and 2% 
hydrochloric acid were used. Curves A, B and C were 

obtained using 1,O.l and 0.05% hy~ofluo~ acid. 

were stirred for a minimum of 15 min. Similar 
results were obtained for calcium and mag- 
nesium when lanthanum nitrate was added to 
the suspension medium (Table 1). 

The effects of the sample loop and the flow 
rate were studied in the 26-350 ~1 and 
0.5-4.5 ml/min ranges, respectively. Maximum 
and constant peak heights were obtained when 
the sample loop was above 130 ~1. An injection 
volume of 150 ~1 and a flow rate of 2.5 ml/ruin 
are recommended. 

It should be noted that in order to obtain the 
highest recovery values for calcium and mag- 
nesium, lanthanum nitrate was added to the 
suspending media. No practical problems re- 
lated to calcium fluoride or lanthanum fluoride 
precipitates were encountered. On the other 
hand, in spite of the very high number of 
injections performed to carry out this work, 
clogging problems were only occasional, and 
were more frequent when dealing with slurries 

~n~ining more than 1% of solid sample. When 
this occurred, clogging was invariably located 
at an FI connection. 

Slurry percentage 

A number of suspensions with different per- 
centages of DE were prepared and the peak 
heights for the three analytes obtained (10 
measurements in each case). In all cases, the 
percentages of the suspensions were chosen in 
such a way that the analytical signals were in the 
linear response range of the spectrometer. A 
linear relationship was verified between the per- 
centage and the peak height in the 0.1-l % m/v 
range for iron and in the 0.01-0.05% m/v 
for calcium and magnesium for a DE sample 
containing 0,18, 2.4 and 0.12% m/m of iron, 
calcium and magnesium, respectively. The 
relative standard deviations (RSDs) of the 
measurements were 1.5-2.8, 2.2-5.3 and 
2.8-5.0%, respectively. 

When possible, the use of suspensions with a 
very low percentage of solid sample should be 
avoided because it is prone to poor reproduci- 
bility caused by weighing errors and problems 
of heterogeneity. To avoid this, the manifold 
shown in Fig. lb was used to obtain the on-line 
dilution of the slurries. In such a way, in spite 
of the high calcium and magnesium content of 
the samples, suspensions more concentrated 
than 0.1% could be analysed. The manifold 
uses an easy-to-construct variable volume 
chambeP3s as an on-line dilution device. If a 
volume Vi of suspension is injected, the slurry 
inside the chamber suffers a degree of dilution, 
which is given by the VJ Vi ratio3$ where V, is the 
internal volume of the dilution device, The 
suspension leaving the chamber has a constant 
percentage, thus providing a plateau for the 
absorbance-time relationship. The height of the 
plateau or, better still, its area, can be used as 
the analytical signal.35 One problem when sus- 
pensions are injected into such a dilution device 
is the risk of a partial ~imentation of the 
particles inside the chamber, which requires the 
use of a stabilizing agent. However, this was not 
observed for DE suspensions, which can be 
attributed to the low particle size and the low 
density of the sample, as well as to the short 
time the suspension remains inside the chamber. 

In this case, due to the high degree of dilution 
suffered by the sample plug, lanthanum was 
added to the carrier instead of to the suspension 
media. The main FI conditions were again 
studied and the best results were found when a 
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1% lanthanum nitrate and 2% hydrochloric 
acid solution was used as the carrier and the 
slurries were prepared using a 2% hydrochloric 
and 3% hydrofluoric solution as the suspending 
medium. The manifold permits a wide range of 
degrees of dilution simply by moving the piston 
of the syringe used as the dilution chamber. In 
such a way, the suspensions can be prepared 
with percentages higher than 0.1% and the 
internal volume, V,, can easily be adjusted, 
depending on the content of analyte in the 
sample, to provide a response in the linear 
response range of the instrument. It should be 
noted that it is not necessary to know the exact 
position of the piston and the consequent value 
of V,, provided that samples and standards are 
injected under the same conditions, since they 
suffer an identical degree of dilution. 

To check the behaviour of the device, a 
number of suspensions were prepared using a 
DE sample containing 6.3% of calcium. When 
these slurries were injected into the manifold, 
using a flow rate of 3.5 ml/mm and a degree of 
dilution of about 80, a linear relationship was 
verified between the analytical signal (height 
or integrated absorbance of the plateau) and 
the slurry percentage in the 0.1-0.8% range. 
Values of RSD were in the range 2.3-3.6% (10 
measurements). Similar experiments were car- 
ried out for magnesium as the analyte and using 
different DE samples. In all cases, excellent 
agreement was found between the experimental 
results and those expected. 

Comparison of results 

Taking into account all the above, direct 
calibration with aqueous standards is valid. To 
assess this, a considerable number of DE 
suspensions were prepared and standard 
addition calibration graphs for iron, calcium 
and magnesium were obtained using the 

Table 2. Slopes of standard addition calibration graphs 

Slope f standard deviation (A nrl/pg) 

Analyte Aqueous standards* DE slurriest 

Iron 0.0182 f 0.0002 0.0178 + 0.0005 
Calcium 0.0334 f 0.0004 0.0336 f 0.0008 
Magnesium 0.256 f 0.003 0.259 f 0.004 

*Values obtained from five calibration graphs. Each graph 
was constructed from four points and each point was 
measured three times. 

tVahtes obtained from 14 DE samples. Three shuries were 
prepared from each sample. Each graph was constructed 
from four points and each point was measured three 
times. 
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Fig. 6. Comparison of results for 14 DE samples. Values on 
the abscissae were obtained using the slurry procedure. 
Values on the ordinates were obtained using reference 

procedures. 

simplest FI manifold. As can be seen from 
Table 2, the slopes of these lines agreed (95% 
confidence level) with those of calibration 
graphs obtained for aqueous standards, which 
are included for comparison. 

To assess the reliability of the approach, the 
contents of iron, calcium and magnesium in 
14 DE samples were obtained using alternative 
methods and the results compared with those 
found by means of the procedure discussed here. 
Three different procedures were used for com- 
parison, two of them using AAS measurements 
after the samples were dissolved with a mixture 
of hydrofluoric and sulphuric acids or by means 
of a fusion with lithium carbonate and boric 
acid, as indicated in the Experimental. In the 
third procedure, calcium content was also ob- 
tained using X-ray fluorescence spectrometry. 
Figure 6 shows the correlation between the data 
obtained using the reference procedures and 
those found by the slurry procedure discussed 
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Table 3. Results for certified reference materials 

Element* (%) 

Sample 

Iron Calcium Magnesium 

Certified Found Certified Found Certified Found 

NBS 1633a 9.4 * 0.1 
coal fly ash 

SARM 1 1.4 
granite 

NBS 688 7.23 + 0.03 
basalt rock 

BCSCRM 0.73 + 0.02 

:. clay 

BCS-376 0.07 
potash feldspar 

BCS-375 0.084 f 0.007 
soda feldspar 

China clay III 0.769 
Slate VI 7.31 

*Mean & SD (n = 5). 
tNot certified values. 

9.2 f 0.3 1.11 i-o.01 1.07 f 0.02 0.455 f 0.01 0.464 f 0.01 

1.26 f 0.08 0.557 0.590 + 0.02 0.036t 0.038 f 0.002 

7.5 f 0.2 8.69t 9.llkO.03 5.037 5.07 f 0.02 

0.75 f 0.02 0.123*0.006 0.130~0804 0.184 f 0.006 0.194 f 0.005 

0.068 f 0.083 0.380 f 0.02 0.408 f 0.02 0.0237 0.027 f 0.003 

0.077 f 0.002 0.630 f 0.03 0.640 f 0.01 0.028 f 0.012 0.032 f 0.002 

0.81 kO.03 - - 0.307 0.32 f 0.02 
6.7 f 0.1 0.136 0.142 f 0.006 1.69 1.65 f 0.03 

here. Data on the ordinate axis are the mean 
values obtained by the reference procedures. 
Data for calcium and magnesium on the ab- 
scissa axis are the mean of the values obtained 
using the simple FI manifold and the on-line 
dilution device. 

To check that the experimental conditions 
studied for DE samples can also be applied to 
other silica-based samples, a number of refer- 
ence standard materials were submitted to the 
discussed procedure and the results are summar- 
ized in Table 3. It is important to indicate that 
when these materials were analysed, the results 
were lower than those certified and problems 
due to a partial sedimentation of the solid 
particles inside the dilution device were 
encountered when this manifold was used to 
determine calcium and magnesium. The prob- 
lems were overcome and the results agreed with 
those certified when the samples were previously 
submitted to grinding for 30 min. 
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MULTICOMPONENT ANALYSIS: 
COMPARISON OF VARIOUS GRAPHICAL AND 

NUMERICAL METHODS 
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Summary-The performance of several graphical (zero-crossing and derivative quotient spectra with 
standardized divisor) and numerical methods (MULTIC and PLS) for the resolution of binary and ternary 
mixtures of species is compared. Numerical methods were found to be specially suited to multicomponent 
analysis, particularly for mixtures containing more than two analytes with highly overlapped spectra. The 
results obtained by using the compared methods to analyse various synthetic mixtures of acetylsalicylic 
acid, caffeine and thiamine were quite consistent and errors in the simultaneous quantification of the 
analytes amounted to less than 5% in all instances. 

Resolving complex multicomponent systems 
with no prior separation of the constituent 
analytes is rather a difficult task. As a rule, the 
problem is worsened when two or more of the 
analytes involved interact with one another, as 
is often the case with biochemical and clinical 
samples. In the last few years, development of 
methods for the resolution of such systems has 
grown dramatically, probably as a result of the 
increasing affordability of powerful instrumen- 
tation and the availability of robust numerical 
methods. 

Thus, the inception of derivative spectro- 
photometric techniques has brought about 
significant gains in spectral resolving power: 
changes in ordinary absorbance spectra can be 
detected more readily, which allows many com- 
plex mixtures to be assessed both qualitatively 
and quantitatively. The zero-crossing method, 
developed by O’Haver,’ and that of derivative 
quotient spectra, designed by Salinas et al.,’ 
are the most frequently used for this purpose.>’ 
In recent work we developed a modified version 
of the latter.’ 

On the other hand, the inception of 
computers in the analytical laboratory has 
fostered the development of a large number of 
mathematical treatments (e.g. Simplex, Mul- 
tiple Linear Regression, Principal Component 
Regression, Partial Least Squares)s which facili- 
tate the analysis of mixtures yielding highly 

*Author for correspondence. 

overlapped peaks. By using a multiple linear 
regression procedure, these methods determine 
the concentration that best fits an over- 
dimensioned equation system that is, in turn, 
established by measuring the absorbance of a 
given sample at a larger number of wavelengths 
than that of analytes to be determined. 

In this work we compare the performance 
of various graphical and numerical methods 
in the resolution of several binary and one 
ternary mixture of caffeine, thiamine and acetyl- 
salicylic acid. All three are of pharmacological 
interest and had previously been determined 
individually,9 but never in mixtures. 

THEORY 

Zero-crossing method 

The method is based on the measurement of 
the absolute value of the derivative spectrum of 
the mixture at an abscissa value (wavelength) 
where the intensity of one of the components of 
the mixture goes to zero. At this wavelength the 
intensity is directly proportional to the other 
component. 

Derivative quotient spectra method 

The quotient spectrum method was originally 
developed by Blanc0 et aZ.‘O and subsequently 
modified by Salinas et al.,” who calculated the 
derivative of the spectrum obtained by dividing 
the Beer law expression as applied to a binary 
mixture into a standard spectrum recorded for 
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a solution containing a known amount of either 
eomponent. Thus, 

where AH is the absorbance of the mixture at 
wavelength Ai and C”, is the con~ntration of 
A in the dividing sag. From the above 
equation, it follows that the quotient spectrum 
of a mixture depends solely on C, and C”, , 
so the former concentration can readily be 
calculated similarly; dividing equation (1) into 
Cg provides an analogous expression for 
calculating C, . 

The chief shortcoming of this method lies 
in the need to spirally determine which 
standard spectrum is to be used as divisor. 
However, by dividing into an crC0, spectrum 
(e = constant), one obtains 

which coincides with the expression obtained by 
multipl~ng equation (1) by l/a, i.e. decreasing 
the inundation at which the dividing spec- 
tm is recorded has the same effect as diminish- 
ing 01 (namely increasing the signal). Therefore, 
calibration curves obtained at higher analyte 
con~n~ations have greater slopes, even though 
they do not provide increased sensitivity since 
background noise also rises concomitantly. 

The goodness of the results obtained in 
resolving the mixtures is thus dependent on the 
expe~men~~ or ins~men~ errors made in 
recording the standard spectra, and is indepen- 
dent of the divisor concentration in any case. 
Thus, in order to ~~~~e errors and expedite 
the process, we chose to use the normalized 
spectrum of each substance as divisor.’ This 
variant of the derivative quotient spectrum 
method was thus applied to the resolution of the 
binary mixtures addressed in this work. 

Application of MULTIC relies on the 
assumption that the analytes obey Beer’s law 
and their absorbances are additive, and involves 
solving the matrix constructed from a mixture 
of N components at f wavelengths by using the 
expression 

where k. is the independent term corresponding 
to the experimental error, Aj and cii denote the 
absorbances of the mixture components and 
their molar absorptivities at various wave- 
lengths within the working range, and ci is the 
concentration of each species. 

6ii values can be obtained from standard 
solutions of the pure ~om~nents (i), which are 
related to one another by the (i x j) matrix, The 
equation thus formed is resolved by using a 
multiple regression procedure. 

The PLS methodit*i3 breaks down the 
absorbance matrix A obtained from absorbance 
meas~ements on N, solutions at the selected 
wavelengths and the con~ntration matrix C 
constructed from the corresponding caffeine, 
thiamine and acetylsalicylic acid concentrations 
into two latent variable matrices: 

A =FALA+EA, 

C=F,L,+E,, 

where Fe and FA are the latent con~n~ation 
and absorbance matrices, & and LA are the 
concentration and absorbance loading matrices, 
and EA and EC are the error matrices. 

The iatent variable matrices can be related by 
a diagonal regression matrix V such that 

F,=F,V+E,, 

where E,, is an error matrix. Matrix V is used 
to estimate the con~ntrations from the absorb- 
ance spectrum a, for an unknown mixture by 
using the equation 

C, = a~(F~A)TV~~, 

where matrices Fc ,I& and A can be obtained by 
calibration. 

APHID 
We used a Hewlett-Packard HPg452A diode 

array s~trophotomet~r furnished with quartz 
cuvettes of 1 cm light path and interfaced to a 
Veotra ES computer and a Think Jet printer, 
also from Hewlett-Packard. 

Absorption and derivative spectra were 
acquired and processed with the aid of the 
s~~~ophotometer’s bundled software. 

A Radiome~r PHM84 digital pH-meter 
furnished with a dual glass-saturated calomel 
electrode was used for pH rn~~en~. 
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Reagents 

Standard solutions containing 100 pg/ml of 
either acetylsalicylic acid, caffeine or thiamine 
were prepared by direct weighing of the required 
amount of commercially available chemical 
(Sigma) and dissolution in bidistilled water. 
An acetic acid-sodium acetate bufIer (pH 5) 
and C, = l.OM was also utilized. All reagents 
and solvents used were of analytical grade, and 
bidistilled water obtained from a quartz still 
was employed throughout. 

Software 

Multicomponent analysis was carried out by 
using the programme MULTIC4 and a PLS 
version” for IBM PC XT/AT computers. 

Procedure 

Binary and ternary mixtures were prepared in 
triplicate by placing in a 25-ml volumetric flask 
5 ml of HAcO-NaAcO buffer (pH 5.0), a vol- 
ume containing 3.2-36.4 pg/ml of acetylsalicylic 
acid and another containing between 1.6 and 
16 pg/ml of caffeine and/or thiamine, and the 
volume of ethanol required to obtain a 20% 
content in the alcohol after making to the mark 
with bidistilled water. 

The spectra of the above mixtures were 
recorded between 190 and 350 nm against a 
blank prepared under the same conditions but 
containing none of the analytes. The integration 
time was set to 1 set in all experiments. 

Binary mixtures. (A) Zero-crossing method. 
(1) Caffeine-thiamine mixtures were analysed 

by recording their first-derivative spectra and 
measuring signals at 266 and 286 nm for caffeine 
and thiamine, respectively. Finally, the contri- 
bution from caffeine was subtracted from the 
latter signal. 

(2) Acetylsalicylic acid-thiamine mixtures 
were quantified by recording their first- and 
second-derivative spectra and determining the 
thiamine concentration by measuring the signal 
at 296 nm in the latter. On the other hand, the 
signal at 282 nm in the first-derivative spectra 
was used to determine acetylsalicylic acid by 
subtracting the signal from thiamine at such a 
wavelength. 

(3) Acetylsalicylic acid-caffeine mixtures were 
analysed by recording their first-derivative spec- 
tra and measuring the signals at 266 and 236 nm 
for caffeine and acetylsalicylic acid, respectively. 
The contribution from caffeine was subtracted 
from the latter signal. 

(B) Quotient spectrum method (normalized 
divisor). The spectra yielded by the mixtures 
were divided into the normalized spectrum of 
each component and the resulting spectrum was 
derived in order to determine the component 
that was not used as divisor. Thus: 

(1) In caEeine_thiamine mixtures, caffeine 
was determined from the derivative of the 
quotient spectrum (using the thiamine spectrum 
as divisor) by measuring the signal at 266 nm, 
while thiamine was quantified from the deriva- 
tive of the quotient spectrum (using the caffeine 
spectrum as divisor) at 250 nm. 

(2) Acetylsalicylic acid-thiamine mixtures 
were analysed by measuring the signals at 230 
and 292 nm on the derivatives of the quotient 
spectrum of the mixture using thiamine and 
acetylsalicylic acid, respectively, as divisor. 

(3) Acetylsalicylic acid-caffeine mixtures were 
quantified by measuring the signals at 248 and 
290 nm on the derivatives, respectively, of the 
quotient spectra. 

In both methods, zero-crossing and derivative 
quotient spectra, the two components were 
finally quantified by comparing the measured 
signal with the corresponding calibration curves 
run. 

RESULTS AND DLSCU!SSION 

The simultaneous determination of acetyl- 
salicylic acid, caffeine and thiamine in binary 
and ternary mixtures was tackled by first check- 
ing the temporal pH stability of the products. 

The absorbance of caffeine and thiamine sol- 
utions over the wavelength range 230-350 nm 
did not change appreciably during the first 48 hr 
after they were made. On the other hand, the 
absorbance of acetylsalicylic acid solutions was 
somewhat different after only 12 hr, probably 
as a result of hydrolysis into salicylic and acetic 
acids, as supported by the presence in the 
recorded spectrum of the characteristic peak of 
the former at 296 nm. 

The pH was found to scarcely influence the 
stability of caffeine solutions over the range 
1-12. On the other hand, thiamine and acetyl- 
salicylic acid provided the greatest signals at 
pH 5 (HOAc-NaOAc buffer), which was thus 
chosen as the optimum. In order to prevent the 
hydrolysis of the products, all the subsequent 
experiments were made using fresh solutions. 

Figure 1 shows the individual spectra of the 
three analytes, as well as their first and second 
derivatives, obtained in a I:4 ethanol-water 
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Fig. 1. Absortion (a), first- (I$ and second-derivative (c) spectra of acetylsalicylic acid (6.5 ag/ml), caffeine 
(6.5 rg/ml) and thiamine (6.5 rg/ml) at pH 5.0. 

medium at pH 5. As can be seen, the spectra 
were strongly overlapped. 

Graphical methods 

Zero-crossing method. Figure 2a shows the 
first-derivative spectra for caffeine-thiamine 
mixtures containing a fixed amount of the for- 
mer and variable concentrations of the latter. 
As can be seen, the signal at 266 nm does not 
depend on the thiamine concentration. 

Figure 2b shows the second-derivative spectra 
of the acetylsalicylic acid-thiamine mixtures ob- 
tained at a constant concentration of thiamine 

and various concentrations of acetylsalicylic 
acid. As can be seen, the signal at 296 mn 
depends on the concentration of thiamine alone. 

Figure 2c shows the first-derivative spectra 
of acetylsalicylic acid-caffeine mixtures con- 
taining the same amount of the latter and a 
variable amount of the former. Note that the 
signal at 266 nm depends only on the caffeine 
concentration. 

Table 1 shows the results obtained by 
analysing various synthetic mixtures using the 
zero-crossing method. Errors were less than 5% 
in all cases, even for analyte ratios of up to 10 : 1. 
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Fig. 2. (a) First-derivative spectra of C,= 5 pglml = cte, C, = 2 pg/ml (1); 4 pg/ml (2); 6 rg//ml (3); 
8 /.&nl (4); 10 rg/ml (5). (b) Secondderivative spectra, C, = 5 &III = cte, C,, = 6.5pg/ml (1); 13 
pg/ml(2); 19.5 &ml (3); 26 pg/ml(4). (c) First-derivative spectra, C, = 5 rg/ml = cte, C,, = 3.2 &III 

(1); 6.5 rg/d (2); 13 pg/d (3); 19.5 agW (4); 26 pg/d (5). 
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Table 1. Results obtained for different binary mixtures of 
two components by use of the xero-erossing method* 

Amount added Amount found Relative 
tiwlrnf I .._. I 

hdmf 1 
.._. 

error (%) 
. I 

CAF THIA CAR THIA CAR THIA 

1.648 1.616 1.635 1.646 -0.79 + 1.85 
1.648 8.080 1.587 8.227 -3.70 c 1.82 
9.888 9.6% 9.832 9.969 -0.52 f2.82 

13.184 7.488 13.512 7.237 +0.24 -3.47 
16.480 16.160 16.030 16.030 -2.73 -1.66 

ASA CAF ASA CAR ASA CAF 

3.288 16.480 3.195 17.090 -2.83 + 3.57 
3.483 6.976 3.540 7.158 -3.81 +2.60 
6.966 10.464 6.881 10.636 - 1.23 f 1.62 

13.932 1.744 13.976 1.662 +0.31 -4.93 
34.830 3.488 34.286 3.375 -1.59 -3.35 

ASA THIA AS A THIA ASA THIA 

3.633 5.616 3.698 5.549 + 1.79 -1.20 
10.899 1.872 10.545 1.849 -3.36 -1.74 
14.532 1.872 14.339 1.924 - 1.35 +2.70 
19.728 4.&48 19.965 4.638 +1.19 -4.63 
36.330 7.488 36.040 7.743 -0.80 +3.29 

l CAF, ea&ine; THIA, thiamine; ASA, aoetylsali#ic acid. 

Derivative quotient spectra method. Figure 3a 
shows the derivative quotient spectra of thia- 
mine obtained by dividing its absorbance spec- 
trum into the standardized spectrum of caffeine 
and obtaining the first derivative of the resulting 
spectrum. The best wavelength for determining 
the con~t~tion was 250 nm; in fact, other 
regions provided greater signals, but the noise 
arising from dividing the spectrum into the very 
small absorbances of the caffeine spectrum 
caused serious interference. 

Figures 3b and c illustrate the determination 
of acetylsalicylic acid at 230 mn and of caffeine 
at 290 mn in mixtures with thiamine in both 
cases. Table 2 shows the results obtained by 

analysing various synthetic binary mixtures 
using this method. In any case, errors were less 
than 5% in all cases, even for analyte ratios of 
up to 10: 1. Statistical analysis of the regression 
equations is reported in Table 3. 

Numerical methods 

Use of the programme MULTIC for resolving 
binary and ternary matures. In view of the 
results obtained and bearing in mind that, 
with few exceptions, It derivative methods can- 
not be applied to mixtures of more than two 
components, we addressed the resolution of 
the above-mentioned binary mixtures and that 

Table 2. Results obtained for different binary mixtures of 
two components by use of the derivative quotient spectra 

(notmalii divisor)* 

Amount added boot found Relative 

(~g/mf) t&r/~) error (%) 

CAF THIA CAF THIA CAF CAF 

1.648 1.616 1.626 1.642 -1.35 +1.58 
1.648 8.080 1.603 8.037 -2.81 -0.53 
9.888 9.6% 9.779 9.962 -1.11 f2.74 

13.184 7.488 13.410 7.246 + 1.68 -3.34 
16.480 16.160 16.969 16.050 -2.56 -0.68 

ASA CAF ASA CAF ASA CAF 

3.288 16.480 3.273 17.170 -0.46 +4.02 
3.483 6.976 3.359 7.158 -3.69 +2.61 
6.966 10.464 6.936 10.718 -0.43 +2.37 

13.932 1.744 13.414 1.687 -3.86 -3.38 
34.830 3.488 33.932 3.625 -2.58 +3.93 

ASA THIA AS A THIA AS A THIA 

3.633 5.616 3.698 5.402 +1.76 -3.96 
7.266 3.744 7.283 3.615 +0.23 -3.57 

10.899 1.872 10.893 1.858 -0.05 -0.75 
14.532 1.872 14.256 1.859 -1.90 -0.69 
19.728 4.848 20.263 4.849 +2.71 +0.02 

*Abbreviations as in Table 1, 

Table 3. Statistical analysis of the dete~nation of caffeine. thiamine and acetylsalieylii add in mixtures by 
derivative s~rophotom~~ 

Analyte 
Wavelength 

(nm) Regression equation* 
Correlation 
eoe5eient 

Variance 
(s2) 

Detection 
limit 

(fignlmf ) 

ZERO-CROSSING METHOD 
Caffeine 266 D, = 5.878E-5 + l.S93E-3c 0.9999 1.369E-8 
Thiamine 286 D, = 1.2093-5 + 9.86OE-4c 0.9988 2.710E-7 
Thiamine :z D2 = 4.6893-8 f 5.73OE-5c 0.9999 2.756E-11 
AsAt D, = 8.610B5 + 1.675E-4~ 0.9990 2.335B8 
ASA 236 D, = 3.194E-4+ 1.246E-3e 0.9996 4.918B7 

DERIVATIVE QUOTES SPECTRA METHOD 
Thiamine 250 D, = -2.169B3 + l.O2OE-lc 0.9991 2.236E-3 
Thiamine 292 D, = - 1.9898-2 + 3.8OOE-tc 0.9993 2.156B2 
caffeine 266 D, = 2.26OE-3 + 6.24OE-2c 0.9999 2.362&5 
caffeine 

g 
D, = 4.94tJE-2 + 1.091~ 

Kz? 
8.463E-3 

ASA D, = 4.%88-2 + 4.524E.2c 8.252E-3 
AS A 248 D, = 3.34833-2 + 6.019E-2c 0.9998 4.60034 

*Where c is the eoneentration of the analyte @g/ml); number of standard solutions, n = 8. 
tAbbreviation as in Table 1. 

0.089 
0.647 
0.112 
1.224 
0.755 

0.567 
0.473 
0.095 
0.103 
2.694 
0.478 
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Fig. 3. First-derivative of quotient spectra when divisor was nommlized. (a) Thiamine: (1) 1.6 &ml; (2) 
3.2 fig/ml; (3) 5 pg/ml, (4) 9.7 ag/ml; (5) 13 &ml; (6) 16.1 ag/ml caffeine divisor. (b) Acetylsalicylic acid: 
(1) 1.6 &ml, (2) 3.2 &I$ (3) 6.5 pglml; (4) 19.5 rg/ml; (5) 26 ag/ml; (6) 32.5 r&ml thiamine divisor. 
(c) Caffeine: (1) 1.6 pg/ml, (2) 3.2 &ml; (3) 5 &ml; (4) 9.7 as/ml; (5) 13.2 &mk (6) 16.5 &ml 

acetylsalicylic acid divisor. 

of the three components jointly by using the 
programmes MULTIC and PLS. 

We chose the wavelength ranges 228-350, 
230-296, 236-330 and 246-296 nm as optimal 
for the resolution of the caffeine-thiamine, 
acetylsalicylic acid-caffeine, acetylsalicylic acid- 
thiamine and acetylsalicylic acid-caffeine- 
thiamine mixtures, respectively. The results 
obtained are listed in Table 4. 

Use of the programme PLS for resolving 
binary and ternary mixtures. The experimental 
results were processed by using the PLS cali- 
bration method. The calibration matrix was 
designed at two factor levels. We thus used five 
and nine solutions, respectively, in addition to a 

I, 02 II 00 PI 01 a1 a4 

INTERCEPT 

Imt + 

L--i- 
4s 0.4 43 4.l 0.1 0.0 0 I 0. 

INTERCEPT 

Fig. 4. Illustrative joint confidence region at the p = 0.05 
level of signiiicance for slope and intercept. Determination 
of one analyte in a binary mixture with good accuracy and 

with systematic error. 

central point, in order to design the model for 
the binary and ternary mixtures. 

The lowest and highest concentrations used 
were 3.20 and 38.0 pg/ml for acetylsalicylic 
acid, 1.8 and 18 fig/ml for caffeine, and 1.6 and 
18 pg/ml for thiamine, respectively. 

The results obtained by analysing the differ- 
ent synthetic binary mixtures and the ternary 
one using the two above-described methods are 
summarized in Tables 4 and 5. As can be seen, 
added and found concentrations were quite 
consistent. However, the PLS method resulted 
in slightly larger errors with the binary mixtures. 
On the other hand, it provided better results for 
the ternary mixture and for binary mixtures 
with high analyte ratios than did the MULTIC 
method. 

The determination of these three analytes in 
pharmaceutical preparations is currently under 
way at our laboratory. 

ACCURACY AND PRECISION 

The values obtained have been compared 
with the added value in each sample to quan- 
titatively evaluate the accuracy. When the test 
on the joint confidence region for slope and 
intercept, given by Mandel and Lining,16 is 
applied to all the binary samples solved by the 
four methods (24 possibilities), a systematic 
error appears only for a level of a = 0.05 
(I: = 9.55) in the following cases: caffeine in the 
presence of acetylsalicylic acid determined by 
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Table 4. Simultaneous determination of the components of binary and ternary mixtures of caffeine, thiamine and 
acetylsalicylic acid by MULTIC+ 

Amount added Amount found Relative 
(H/ml ) (&ml ) error (%) 

CAF THIA CAF THIA CAF THIA s x 103t 

1.648 1.616 1.645 1.637 -0.18 + 1.30 0.121 
9.888 9.696 9.817 9.931 -0.72 +2.42 1.406 
1.648 8.080 1.624 8.150 -1.46 +0.87 0.657 

13.184 7.488 13.184 6.975 0.00 -6.85 3.015 
16.48 16.16 15.96 16.37 -3.16 -1.30 2.548 

ASA CAF ASA CAF ASA CAF SXlW 

3.483 5.232 3.575 5.366 +2.64 +2.56 0.181 
3.288 16.488 3.376 17.17 f2.68 +4.14 3.270 
3.483 17.440 3.702 17.77 +6.29 +1.89 2.063 

10.449 1.744 10.07 1.790 -3.63 +2.64 1.169 
20.898 10.464 20.13 10.70 -3.67 +2.26 1.889 

ASA THIA ASA THIA ASA THIA s x lo-‘? 

3.633 5.616 3.613 5.740 -0.55 +2.21 1.889 

7.266 3.744 7.189 3.766 -1.06 +0.59 7.266 11.232 7.278 11.66 +0.17 +3.81 El7 
25.431 9.360 24.39 9.432 -4.09 +0.77 1:885 
36.33 7.488 35.16 7.561 -3.22 +0.97 1.365 

ASA CAF THIA ASA CAF THIA AS A CAF TIUA s x 10’7 

3.294 1.840 1.696 3.149 1.816 1.672 -4.40 - 1.30 -1.42 6.056 
6.588 1.840 1.6% 6.455 1.829 1.803 -2.02 -0.60 +6.31 7.654 
9.882 1.840 1.696 9.625 1.813 1.764 -2.60 -1.47 +4.01 6.451 
9.882 3.680 3.392 9.467 3.574 3.603 -4.20 -2.88 +6.22 14.95 

13.176 3.680 3.392 12.78 3.596 3.596 -3.01 -2.28 +6.01 1.657 

*Abbreviations as in Table 1. 
7s = standard deviation of the fit. 

Table 5. Results obtained for different binary and ternary mixtures of acetylsalicylic acid, 
caffeine and thiamine by use of PLS* 

Amount added Amount found Relative 
(&W (&ml) error (%) 

CAF THIA CAF THIA CAF THIA 

1.648 1.616 1.567 1.658 -4.91 +2.60 
1.648 8.080 1.583 8.233 -3.94 + 1.89 
9.888 9.696 9.830 10.130 -0.59 +4.47 

13.184 7.488 13.306 7.398 +0.92 -1.20 
16.480 16.160 16.170 16.308 -1.88 +0.91 

AS A CAF ASA CAF ASA CAF 

3.288 16.480 3.380 16.694 +2.80 +1.30 
3.483 6.976 3.527 7.099 +1.26 + 1.76 
6.966 10.464 7.017 10.436 +0.73 -0.27 

13.932 1.744 13.507 1.805 -3.05 +3.50 
34.830 3.488 35.067 3.435 +0.68 -1.52 

ASA THIA ASA THIA ASA THIA 

3.633 5.616 3.764 5.598 +3.60 -0.32 
10.899 1.872 11.341 1.812 +4.05 -3.20 
14.532 1.872 14.950 1.801 +2.88 -3.79 
19.728 4.848 20.720 4.679 + 5.03 -3.49 
36.330 7.488 36.526 7.555 +0.65 +0.89 

ASA CAF THIA ASA CAF THIA AS A CAF THIA 

3.294 1.840 1.6% 3.272 I .807 1.620 -0.67 -1.79 -4.48 
9.882 1.840 1.696 9.871 1.836 1.637 -0.11 -0.22 -3.47 

13.176 3.680 3.392 13.182 3.702 3.431 +0.46 +0.60 + 1.15 
16.470 3.680 3.392 16.466 3.680 3.410 -0.02 0.00 +0.53 
16.470 9.200 8.480 16.587 9.152 8.530 +0.71 -2.24 +0.59 

*Abbreviations as in Table 1. 
Abstract components 3 and 5 for binary and ternary mixtures, respectively; number of 

wavelengths = 26 in all cases; calibration solutions 5 and 9 for binary and ternary mixtures, 
respectively. 
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the zero-crossing method and the quotient spec- 
tra, acetylsalicylic acid with caffeine by quotient 
spectra and MULTIC, and acetylsalicylic acid 
with thiamine by MULTIC. 

The other 19 possibilities of comparison 
between added amounts and the values found 
give good results because the point of slope one 
and the zero intersection are inside the joint 
confidence region (Fig. 4). The ternary mixture 
is solved by PLS without systematic errors. 

We have also applied a one-way ANOVA 
test with six replies during 3 days, and for all 
the cases an F-Snedecor value lower than the 
tabulated value is obtained (F = 3.68; n, = 2, 
n, = 15) for all the proposed models. 

When we applied Bartlett’s test for the 
four methods and the three binary mixtures, 
we found values for the M* parameter between 
0.02 and 4.11, always lower than the tabulated 
value (x $ = 7.81). 

CONCLUSIONS 

Both graphical and numerical methods were 
found to provide good results in the resolution 
of various synthetic binary and ternary mixtures 
of acetylsalicylic acid, caffeine and thiamine, 
whose spectra are strongly overlapped. 

From the results obtained we can conclude 
that all the methods are precise although the 
graphical and MULTIC present systematic 
errors in some cases. The PLS is the method 
which offers better results relative to the accu- 
racy and precision due to the elimination of the 
errors produced when the matrix effect is taken 
into consideration in the calibration. 

On the other hand, the MULTIC bases 
the calibration on the standard spectra of the 
pure analytes without considering the possible 
interaction between them. 

The numerical methods are much more 
expeditious and can be applied to a larger 
number of analytes in the same sample, 
although they need a specific software. On the 
other hand, graphical methods are much easier 
to implement and have a lower cost. 
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SIMULTANEOUS DETERMINATION OF CARBARYL AND 
o-PHENYLPHENOL RESIDUES IN WATERS BY 

FIRST-DERIVATIVE SYNCHRONOUS SOLID-PHASE 
SPECTROFLUORIMETRY 

LUIS FERMIN CAPITAN-VALLVEY, JAMAL ROIUND, ALBERTO NAVAL~N, 
RAMRO AWDAD and Jo& Lm VILCHEZ 

Department of Analytical Chemistry, University of Granada, El8071 Granada, Spain 

Sammary-A spectrofluorimetric method for the simultaneous determination of carbaryl (CBL) and 
o-phenylphenol (OPP) residue mixtures in waters has been developed. Carbaryl was hydrolysed in alkaline 
medium to give I-naphthol. This compound and o-phenylphenol were fixed on QAE Sephadex A-25 gel 
at pH 10.75. The fluorescence of the gel, packed in a l-mm silica cell, was measured directly with a 
solid-surface attachment. Overlapping of conventional fluorescence spectra is resolved by using first- 
derivative synchronous spectrofluorimetry and allows for the complete resolution of the mixture. The 
range of application is between 0.4 and 25.0 ng/ml for OPP and 0.8 and 25.0 ng/ml for CBL. The detection 
limits for o-phenylphenol and carbaryl were 0.1 and 0.2 ng/ml, respectively. The accuracy and precision 
of the method are reported. The method is suitable for determination of carbaryl and o-phenylphenol 
residues in natural waters. Recoveries from 95 to 105% have been obtained for natural waters spiked with 
CBL and OPP. 

(1 -Naphthyl-N-methylcarbamate) and (1 - l-bi- 
phenyl)-2-01 commonly named carbaryl (CBL) 
and o-phenylphenol (OPP), are two powerful 
pesticides used today as the active ingredients 
of several commercial formulations. OPP is a 
disinfectant and fungicide used in post-harvest 
applications.’ CBL is an insecticide, used to 
control pests on more than 100 different crops, 
with a relatively short half-life, the final product 
by alkaline hydrolysis being I-naphthol. CBL 
and I-naphthol may cause toxic effect2-4 and 
therefore determination of CBL (or 1-naphthol) 
and OPP residues in natural waters is clearly 
important. 

OPP and CBL show native fluorescence 
enabling its determination in soils, waters, crops 
and commercial formulations.s-9 On the other 
hand fluorimetric detection has been used in 
TLC’O-” and HPLC I*-‘* 

However, methods for determination of CBL 
or OPP, separately, in waters are frequent’9-2’ 
and we are not aware of any methods so far 
for the simultaneous determination of the two 
compounds mixed without previous separation. 

As fluorescent spectra of OPP and CBL 
overlap considerably, conventional fluorimetric 
methods do not allow simultaneous determi- 
nation of these compounds. However, we have 
foundz-*” that synchronous spectrofluorimetry 

in combination with derivative techniques mini- 
mize overlapping effects and can be used for 
the analysis of mixtures involved in clinical and 
pharmacological preparations. 

Solid-phase spectrofluorimetry (SPF) is a 
technique that combines preconcentration on 
a solid-phase, e.g., an ion exchange and direct 
measurement of fluorescence.“-M. Use of con- 
ventional instrumentation, simplicity, high 
selectivity and low detection limits, are some of 
the advantages associated to SPF. 

Here we propose a simple and sensitive 
method for simultaneous determination of OPP 
and CBL in waters by the use of SPF combined 
with derivative techniques. The method can be 
used at low concentrations of the mixtures 
without previous separation of the components. 

EXPERIMENTAL 

Apparatus 

All the spectrofluorimetric measurements were 
conducted with a Perkin-Elmer LS 5 lumines- 
cence spectrometer as described earlier.32 
A STARNA standard rectangular silica cell 
(type l,Q,1,6) with l-mm path length and exter- 
nal dimensions 12.5 x 3.5 x 46.0 mm, was used. 

The LS 5 spectrometer was interfaced to 
an IBM PS/2 30-286 microcomputer using 
RS 232C connections for spectral acquisition 

1695 
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and subsequent calculation of the excitation- 
emission matrices and of the derivative spec- 
tra.3s Smoothed and derivative spectra were 
calculated by the Savitzky and Golay 
method36*37 and contour plots in the excitation- 
emission plane were produced linking points of 
equal fluorescence intensity. A Cannon BJ-300 
printer was used for graphical representations. 

Further, we used a Braun Melsungen Ther- 
momix 1441 thermostatic water-bath circulator 
for temperature control, a Crison 501 digital 
pH-meter with a combined glass-saturated 
calomel electrode and an Agitaser 2000 rotating 
bottles agitator. 

Reagents 

All reagents were of analytical-reagent grade 
unless stated otherwise. Reverse osmosis quality 
water was used throughout. 

CBL stock solution (0.1 mg/ml) (Riedel- 
de Ha&). Prepared by exact weighing and 
dissolution in absolute ethanol. This solution is 
stable for at least two weeks. Working solutions 
were prepared by appropriate dilutions with 
water maintaining a 1% (v/v) of ethanol. 

I-Naphthol stock solution (0.1 mglml) 
(Merck). Prepared in the same way as described 
above for CBL stock solution. 

OPP stock solution (0.1 mg/ml) (Laboratory 
Dr Ehrenstorfer). Prepared by exact weighing 
and dissolution in absolute ethanol. This solution 
is stable for at least one month. Solutions of 
lower concentration were obtained by dilution 
with water maintaining a 1% (v/v) of ethanol. 

QAE Sephadex A-25 dextran type anion- 
exchange gel (Sigma). Used in the chloride form 
and without pre-treatment in order to avoid 
contamination. 

Fluorescence measurements 

The measured relative fluorescence intensity 
(RFI) of the gel beads containing the fluorescent 
analytes fixed and packed in a l-mm silica 
cell, was the diffuse transmitted fluorescence 
emitted from the gel at the unirradiated face of 
the cell. The optimum angle formed between the 
cell plane and the excitation beam was 45” in all 
instances.38 

Procedures 

Basic procedure. A 500-ml water sample con- 
taining between 0.2 and 12.5 pg of OPP and 
between 0.4 and 12.5 pg of CBL was transferred 
into a one-litre glass bottle and 5 ml of O.lM 

NaOH solution and 100 mg of QAE Sephadex 
A-25 gel were added. The mixture was shaken 
mechanically for 10 min. Afterwards, the gel 
beads were collected by filtration under suction 
and packed in a l-mm silica cell together with 
a small volume (around 0.2 ml) of the filtrate 
with the aid of a pipette. A blank solution 
containing all the reagents except both OPP and 
CBL was prepared and treated in the same way 
as described for the sample. 

The synchronous spectra were recorded 
(at 20.0 f 0.5’) with the following fixed instru- 
mental parameters: Al = 1, - 1, = 105 nm, 
scan speed 240 mn/min, and spectro- 
meter response time of 1 sec. The spectra were 
then stored on a disk file, corrected for the blank 
signal and the first derivative spectra were 
calculated using 25-nm intervals for this 

purpose. 
Measurements on the first-derivative syn- 

chronous spectrum were made for OPP from the 
point located at A,/&,,, = 338/443 to the baseline 
while for CBL the point chosen was located at 
&&,, = 3181423. 

Calibration graphs were constructed in the 
same way with OPP and CBL solutions of 
known concentrations. 

Procedure for natural waters. A volume of 
natural water sample containing an adequate 
amount of CBL and OPP was levelled off to 
500-ml with water, placed in a one-l& glass 
bottle and additions of 5 ml of O.lM NaOH 
solution, an amount of EDTA necessary to 
eliminate the interferences from metallic ions 
and 100 mg of QAE Sephadex A-25 gel. The 
mixture was shaken mechanically for 10 min 
and then treated as described under Basic pro- 
cedure. The standard additions method was 
used for calibration. 

Treatment of the sample. Natural waters 
were filtered through a filter-paper with a 
0.45~pm size pore (Millipore) and collected in a 
glass container that had been cleaned carefully 
with nitric acid. The samples were stored at 4” 
until analysis and the usual precautions were 
taken to avoid contamination.39 Analyses were 
performed with the least possible delay. 

Distribution measurements. A 500~ml water 
sample containing 3.5 pg of pesticide was 
transferred into a one-l& glass bottle. Then the 
required amounts of QAE Sephadex A-25 gel 
and NaOH solution were added. Next, the 
mixture was treated in the same way as 
described under Basic procedure. The analyte 
concentration fixed in the gel was determined as 
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described above. The resulting aqueous phase 
was then treated in the same manner with a 
further batch of gel, and the analyte remaining 
in the aqueous phase was measured as before. 

The distribution ratio was calculated in the 
usual way from the initial and equilibrium 
concentrations in the solution, according to the 
equation: 

D = mm01 of analyte fixed gel 

kg of dry gel I 

mmole of analyte solution 

dm3 of solution ’ 

The following results were obtained: 
D OPP = 2054 at 7.0 ng/ml of initial concentration 
of OPP and DCaL = 4520 at 7.0 ng/ml of initial 
concentration of CBL. 

RESULTS AND DISCUSSION 

Spectral characteristics and eflect of experimental 
variables 

In neutral and acid media CBL in solution 
shows native fluorescence with excitation and 
emission maxima at 279 nm and 333 nm, 
respectively. While for its hydrolysis product, 
1-naphthol, native fluorescence is limited to 
basic media, the maxima now being 332 and 
460 nm, respectively. Although CBL is not 
f&d in QAE Sephadex A-25 gel, it shows 
fluorescence at pH > 8 due to the fixation of its 
hydrolysis product, I-naphthol, the fluorescence 
maxima then being 332 and 450 nm, respect- 
ively. The hydrolysis of CBL in the presence of 
QAE Sephadex A-25 gel start at pH 8.0 and 
is complete at pH 11.0, occurring quickly. We 
have taken advantage of this fact previously“9 
to evaluate CBL. 

On the other hand, OPP is fixed on gel 
from an aqueous solution at alkaline media. 
The peak wavelengths of excitation and emis- 
sion spectra in the gel phase are 320 and 414 nm, 
respectively.4’ 

Figure 1 shows the pH dependence on the 
fluorescence for the fixation of CBL (obviously 
1-naphthol) and OPP. OPP presents a maxi- 
mum RF1 for pH 10.2 while CBL requires a 
pH of 11.2. In order to obtain a fluorescence 
signal for both compounds simultaneously a pH 
value of 10.75 was selected, i.e., the point where 
the value of fluorescence is identical for both 
samples. 

The dependence of the fluorescence of the 
gel fixed compounds on temperature is small 

PH 

Fig. 1. Influence of pH on RF1 in gel phase. (a) OPP, and 
(b) CBL; [OPP] = 8.0 ng/ml, [CBL] = 8.0 @ml, 500 ml of 

sample, 100 mg of QAE Sephadex A-25. 

(-0.3%/C for OPP and -0.25%/C for CBL 
between 5 and 60”). The RF1 decrease with 
temperature was totally reversible for both 
compounds. Nevertheless all RF1 measure- 
ments reported here were made at 20.0 f 0.5”, 
i.e., about room temperature. 

The retention of both analytes was carried 
out at room temperature, because the ion- 
exchange process was independent of tempera- 
ture in the range O-60” for both compounds. 

The equilibration time necessary for maxi- 
mum RF1 development was 10 min for both 
compounds. RF1 remains unaltered for equili- 
bration times longer than 10 min. Fluorescence 
for both compounds remains constant for at 
least 3 hr after equilibration. 

Variation in the order of addition of reactants 
was shown to have no effect on the emission 
intensity. 

As the use of a large amount of the gel 
lowered the RFI, only the amount required to 
fill the cell (100 mg) was used in all instances. 

Selection of the optimum AL for synchronous 
scanning 

The extent of the spectral overlap of these 
compounds has been examined by obtaining 
total fluorimetric information available in the 
excitation-emission matrix. Suitable plots of 
excitation vs. emission wavelengths have been 
drawn from the three-dimensional spectra. This 
allows us to examine the most suitable trajec- 
tory in the excitation-emission matrix to obtain 
synchronous fluorescence spectra for the total 
resolution of overlapping component peaks. 
The optimum scan path for determining OPP 
and CBL in mixtures seems to be a A1 = 105 
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nm, because it passes near the maximum of both 
compounds, allowing the determination without 
a considerable loss of sensitivity. 

Figure 2 shows synchronous spectra of 
CBL and OPP fixed on QAE Sephadex A-25 
and of a mixture of both compounds, corrected 
for the blank signal, and maintaining 105 mn 
as constant interval between the emission and 
excitation wavelengths. 

Because of the large overlap of the spectra, 
the determination of OPP and CBL by syn- 
chronous spectrofluorimetry is subject to con- 
siderable difficulties. This problem has been 
resolved by taking the first-derivative of the 
spectrum as shown in Fig. 3. 

The technique used to choose suitable wave- 
lengths to take measurements proportional to 
OPP and CBL concentrations for the prep- 
aration of calibration graphs was the “zero- 
crossing” method. Assuming that the derivative 
of a spectral band is equivalent to the sum of 
the derivatives of its individual bands, it is 
obvious that the total derivative spectrum is 
only a function of the concentration of the 
other component, and vice versa when the first- 
derivative spectrum of one of two components 
is zero. Thus, the height h, @,/A, = 338/443 
nm) is proportional to the OPP concentration 
and h2 (&J&, = 318/423 mn) is proportional to 
the CBL concentration (Fig. 3). 

Instrumental parameters 

We selected the most 
to register synchronous 

adequate parameters 
spectra in order to 

Fig. 2. Synchronrous fluorescence spectra of (a) OPP-QAE 
Sephadex A-25, (b) CBL-QAE Sephadex A-25 and 
(c) a mixture of both compounds-QAE Sephadex A-25. 

(AA = 105 nm, [OPP] = 10 ng/ml, [CBL] = 10 ng/ml). 

so 

r C 

I I 

3oom 450/m 

Fig. 3. First-derivative synchronous spectrum of 
(a) OPP-QAE Sephadex A-25, (b) CBL-QAE Sephadex 
A-25 and (c) a mixture of both compounds-QAE Sephadex 
A-25. (AI = 105 nm, [OPP] = 10 ng/ml, [CBL] = 10 ng/ml). 

obtain good estimates of the derivatives, aiming 
to find a compromise between reasonable speed 
and reasonable time for the practical analysis. 
Therefore a scan speed of 240 nm/min and a 
luminescence spectrometer response time of one 
second were selected after verifying that these 
parameters hardly affect the signal obtained. 
Intervals of 25 mn for wavelength sampling 
were chosen as well in order to obtain numeri- 
cally reasonable estimates of the first-derivative 
spectra by the Savitzky and Golay method. 

Analytical parameters 

In order to test the mutual independence 
of the analytical signals selected for OPP and 
CBL, showing that h, and h2 are independent of 
CBL and OPP concentrations, four calibration 
graphs were obtained using the measurement 
height (h) for standard containing between 0.4 
and 25.0 ng/ml OPP, in the absence of CBL and 
in the presence of 2.5, 5.0 and 8.0 ng/ml CBL, 
respectively. 

Following the same procedure, four cali- 
bration graphs were prepared for standards 
containing between 0.8 and 25.0 ng/ml CBL, 
in the absence of OPP and in the presence of 
2.5, 5.0 and 8.0 ng/ml OPP, respectively. 

As Table 1 shows, the amplitude of the 
derivative signal of the mixture in the gel 
measured at the zero-crossing point of the 
derivative spectrum of one of two components, 
is a function of only the concentration of 
the other component, in accordance with 
theoretical predictions. Also, the values of the 
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Table 1. Statistical analysis of the de~ation of OPP (0.4-25.0 t&ml) and CBL (0.8-25.0 
@ml) in mixtures by &&derivative synchronous SPF 

Compound Other compound Slope Correlation 
determined present nglml ngiml Intercept coefficient 

CBL OPP 0.0 1.62 0.05 0.998 
2.5 1.61 0.90 0.999 
5.0 1.66 -0.25 0.999 
8.0 1.57 0.10 0.997 

OPP CBL 0.0 2.28 - 0.24 0.999 
2.5 2.24 -0.40 0.999 
5.0 2.21 -0”:: 0.999 
8.0 2.20 0.998 

Table 2. Methods for determination of OPP and/or CBL in waters 

Sample OPP/CBL Technique D.L.* Reference 

River water CBL stopped-flow 170 43 
Spectrophoto. 

Drinking water CBL Derivative 4 44 
Spectrophoto. 

Ground-water CBL Solid-phase 1 45 
extr. N-P det. 

River water 

Natural water 

Waters 

Natural water 

Natural water 

This paper 

CBL HPLC-fluoresc. 0.1 46 

OPP HPLC-elf&ro- 0.1 47 
them. detect. 

OPP MHPLC - 48 

OPP Lc-electro- - 19 
them. detect. 

OPP LC-electro- 1 21 
them. detect. 

OPP/CBL Solid-phase 0.1/0.2 - 
spectrofluor. 

*D.L. Detection limit @g/ml). 

correlation c~~cien~ and the low values for 
the intercepts indicate good linearity for all 
the calibration graphs obtained from the first- 
derivative measurements. 

The IUPAC detection limits (k = 3)” found 
were 0.1 ng/ml for OPP and 0.2 ng/ml for CBL 
and the quantification limits (k = 1O)43 were 0.4 
ng/ml and 0.8 ng/ml for OPP and CBL, respect- 
ively. The relative standard deviation (RSD%) 
(P = 0.05, n = 10) were 0.9% for 8.0 ng/ml OPP 
and 0.9% for 10.0 ngjntl CBL. 

For the sake of comparison and/or choice 
of method when other instruments are only 
available or to choose a measuring strategy for 
a given problem Table 2 provides information 
on each of the methods here compared. 

The proposed method, compared with others 
described in the literature for water’9.2*~44-49, 
shows two advantages: simultaneous determi- 
nation of OPP and CBL in waters and an 
improvement of about one order of magnitude 
against other methods except HPLC. 

The precision (RSD) of the packing oper- 
ation, calculated for 10 measurements, was 

0.8% for the gel with OPP and CBL fixed, 0.8% 
for the gel blank (gel with 0.M NaOH solution) 
and 0.8% for the gel alone. 

E@ct of foreign species 

The effect of ions commonly found in 
water and other pesticides fluorescents and 

Table 3. Effect of foreign ion or species on the simuhaneous 
determination of 8 &ml OPP and 8 @ml CBL 

Tolerance level ~g/~) 

Foreign ion or species OPP CBL 

Alkaline ions, Cl-, NH,+ 40.0 40.0 
EDTA 12.0 6.0 
F-, Cl-, Ca*+, M$+ 10.0 
NO, 2.0 
so:- 1.0 
Al’+ 1.0 
CG$- 1.0 
Cl+ 0.2 
Fe”+ 0.02 
Dichlone 8.0 
Lindane 2.2 
Captan 1s 
Hunk acid i.06 

10.0 

t4 
1.0 

t: 
0.03 
8.0 
1.2 
1.1 
1.06 

Thiabendaxole 0.07 0.08 
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Table 4. Recovery study of OPP and CBL in natural waters 

OPP, ng/ml CBL, nglml 

Sample Taken Found* % Recovery Taken Found* % Recovery 

Raw 20.0 19.8 99.0 4.0 102.5 
water(‘) 20.0 19.7 98.5 5.0 :; 

1.0 1.0 100.0 
f.8 

1:o 
96.0 

100.0 
5.0 5.2 104.0 
2.0 1.9 95.0 1o:o 

20.0 100.0 
10.1 101.0 

Raw 20.0 19.8 99.0 4.0 3.9 97.5 
water(2) 20.0 19.9 99.5 5.0 4.9 98.0 

1.0 1.0 100.0 1.0 1.0 100.0 
5.0 5.1 102.0 20.0 20.1 100.5 
2.0 2.0 100.0 10.0 9.9 99.0 

Tap 20.0 20.2 101 .o 4.0 3.8 95.0 
watert3) 20.0 20.3 101.5 5.0 4.9 98.0 

2.0 1.9 95.0 20 100.0 

:?I 5.1 1.9 102.0 95.0 

202.: 

1o:o 2O:3 10.1 101.5 101.0 

*Data are the average value of three determinations. 
(“From Genii River. 
(4From Quentar Dam. 
o)From Granada City. 

not fluorescents and species as potential inter- 
ferents was studied on dete~inations involving 
mixtures of 8 ng/ml OPP and 8 ngjml CBL. 
A 50 pg/ml level of each potentially inter- 
fering species was tested first. If interference 
occurred, the ratio was reduced until it ceased. 
The tolerance level was defined as the amount 
of foreign species producing an error not 
exceeding $-SO% in the determination of the 
analyte. The results obtained are summarized 
in Table 3. 

The most serious interference was from 
Fe(III), owing to the absorption of ferric 
hydroxide on the gel surface. This negative 
intetierence can be eliminated by addition of 
appropriate amounts of EDTA. In this work 
the EDTA amount used was 1.0 pg/ml. 

Determination of OPP and CBL in natural 
waters 

The method was applied to the determination 
of both pesticides in natural water samples by 
the standard ad~tions method in order to 
minimize the matrix effect observed. As repre- 
sentative samples we selected tap water and raw 
water from Granada City supplies. The volume 
of water used for the determination was 500 ml 
in all instances. 

The levels found for both pesticides in all 
waters studied were lower than the detection 
limits of the proposed method. 

To check the accuracy of the proposed 
method, a recovery study was carried out on the 
above waters, Various amounts of both OPP 

and the percentage recovery was determined. 
The results obtained, s~rna~z~ in Table 4, 
indicated that the proposed method can be 
applied satisfactorily to determination of both 
OPP and CBL in waters when they are present 
at levels at or above the detection limits. 
According to Table 4 the OPP/CBL ratio range 
over which the proposed method can be applied 
within an error limit, say < 5% goes from 5: 1 
to 1:5. 

CONCLUSION 

This paper provides a practical application 
of derivative synchronous spectrofluorimetry 
in combination with the solid-phase spectro- 
fluorimetry to multi-component pesticide 
analysis at low levels without previous 
preconcentration nor separation. 
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CLOUD POINT METHODOLOGY: A NEW APPROACH 
FOR PRECONCENTRATION AND SEPARATION IN 

HYDRODYNAMIC SYSTEMS OF ANALYSIS 

BERNARDO MORENO CORDERO,* Jo& LUIS Pfmz PAV~N, CARMELO GARCiA PINTO 
and M” EXEER FERN~DEZ LAIZSPADA 

Departamento de Quimica Analitica, Nutrici6n y Bromatologia, Facultad de Quimica, 
Universidad de Salamanca, 37008 Salamanca, Spain 

Summary-The analytical potential shown by the cloud point phenomenon for the separation and 
preconcentration of different analytes as an alternative method to other separation techniques is studied. 
We offer and discuss several examples that can be applied in flow injection analysis and high performance 
liquid chromatography with both optical (UV and fluorescence) and electrochemical detection. 

The possibilities of micellar systems and of 
other organized molecular assemblies (vesicles, 
microemulsions, cyclodextrines, liposomes, etc.) 
were recognized many years ago and have been 
exploited in almost all fields of analytical chem- 
istry with a view to improving or proposing new 
methods of analysis. This is currently a research 
area in constant development.‘-” 

These new microheterogeneous structures can 
interact-sometimes in a selective fashion- 
with molecules of a very different nature by 
drastically modifying solubility, reaction rates, 
the equilibrium position, the products obtained 
and spectral or analytical parameters, thus per- 
mitting, on one hand their use in reactions 
hitherto unexploited and on the other, the possi- 
bility of modifying the sensitivity and selectivity 
of determinations. 

In addition, one of the most characteristic 
properties of micellar systems is their capacity 
to dissolve species that are rather water-insolu- 
ble; that is, the correct choice of a micellar 
solution permits direct insertion of insoluble 
analytes into both FIA and HPLC analytical 
systems. Other advantages have been described 
by different authors.“’ 

The separation and/or preconcentration of an 
analyte in a sample before its quantification 
continues to be a stage that in some cases is 
indispensable; over the past few years many 
analytical schemes of preconcentration and/or 

*Author for comspondence. 

separation have been proposed as alternatives to 
the use of organic solvents, mediated by surfac- 
tantPz6 these have opened new possibilities in 
reseaich areas that are closely linked with ana- 
lytical chemistry (clinical chemistry, biotechnol- 
ogy or environmental analysis). 

In this work, an overview of the analytical 
possibilities of the cloud-point phenomenon is 
presented, considering these as alternatives to 
other techniques of separation and/or precon- 
centration. Different examples of their analyti- 
cal potential in flow injection analysis and high 
performance liquid chromatography are dis- 
cussed. 

The cloudpoint phenomenon: analytical potential 

Aqueous solutions of some surfactants, both 
non-ionic and zwitterionic, display the so-called 
cloud point or turbidity point phenomenon; 
that is, when an isotropic micellar solution is 
heated above a certain temperature (the cloud 
point temperature) it suddenly becomes turbid 
owing to the decrease in the solubility of the 
surfactant in water. The mechanism by which 
this separation occurs is still not very clear and 
continues to be a source of controversy among 
different researchers.27-3’ 

After the two phases have formed, and after 
a given time (a stage that can be accelerated by 
centrifugation), two transparent liquid phases 
are obtained: one rich in surfactant; and the 
other aqueous, containing a concentration of 
surfactant close to the critical micellar concen- 
tration (cmc). 

1703 
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Table 1 shows the cloud points displayed by 
some surfactants. It should be stressed that both 
the presence of additives (organic or inorganic) 
and the surfactant concentration may change 
these values. 

From an analytical point of view, the surfac- 
tant-rich phase can be used to separate and/or 
preconcentrate different analytes before their 
injection into any hydrodynamic analytical 
system (FIA or HPLC). 

The use of micellar systems as an alternative 
to other techniques of separation has the follow- 
ing characteristics: 

1. A high capacity to concentrate a wide 
variety of analytes of widely varying nature with 
high recoveries and very high concentration 
factors since the analytes can be collected in 
very small volumes (0.2-0.4 ml) of surfactant- 
rich phase; this allows one to obtain preconcen- 

Table 1. Cloud point values for some nonionic and xwitte- 
rionic surfactants 

Surfactant 

Cloud 
Concentration, point, 

% “C Ref. 

Polyoxyethylene (7.5) 
nonyl phenyl ether 

~~-;:; 
(PONPE:7:5) 
(PONPE-7.5) 
(PONPE-7.5) 
in 1.0 M KSCN 
(PONPE-7.5) 
(PONPE-7.5) 
Triton X-100 
Triton X-l 14 
Triton X-114 
Triton X-l 14 

n-alkyl-polyoxyethylene ether 
C&, 
GE3 

C&3 

GE, 

$5 

C&l 
3-(nonyldimethylammonium) 
propylsulfate (Cr-APSO,) 

3-(decyldimethylammonimn) 
propyl sulfate (C,,-APSO,) 

Tetrabutylammonium 
tetradecylsulfate 

0.1 
5.0 

10.0 
30.0 

3 
10 
15 

1 
0.1 
1.0 
5.0 

10 

3 
11 
20 
2 

10 
1 
5 

2 
5 

10 

2 
5 

10 

3 
10 
20 

16 

1 
6 

11 
30 
43 39 
48 
53 
65 41 
23.6 25 
24 
25 
30 

46 28 
45.5 
44.8 
71.1 29 
72 
57.7 28 
58.6 

23 

19 
52 
64 

23 

62 
77 
85 

40 

37 

:: 

tration factors identical to those of other 
techniques. 

2. The separation yield depends on the 
greater or lesser hydrophobicity of the analyte 
under study, thus permitting one to use the 
same strategies as in liquid-liquid extractions. 
The preconcentration factor can readily be 
modified merely by changing the amount of 
surfactant since, on varying the volume of the 
surfactant-rich phase obtained, this allows one 
to design analytical schemes with a given separ- 
ation factor as a function of the amount of 
analyte to be determined, of the volume of 
sample available and of the analytical technique 
to be used. 

3. The surfactants used are not toxic and are 
less dangerous than the organic solvents habitu- 
ally used in liquid-liquid extraction because 
they are neither volatile nor inflammable; ad- 
ditionally, the amount of surfactant required 
(generally a few milligrams) and the price of 
commercially available surfactants means that 
the use of these media is also cheaper. 

4. The surfactant-rich phase is compatible 
with the carrier solutions used in FIA and with 
both micellar and hydro-organic mobile phases, 
thus enabling their later use in HPLC. 

5. The low temperature of the cloud point of 
certain surfactants (see Table 2) allows one to 
design schemes for the separation or preconcen- 
tration of temperature-sensitive molecules of 
biological or environmental interest. 

6. The experimental way of performing the 
process of separation and/or preconcentration is 
very simple and has been described by different 
authors.7-‘3 

7. The phase separation phenomenon is re- 
versible; this allows one to rapidly obtain one or 
two phases simply by varying the temperature of 
the solution. 

8. Finally, it should be stressed that as well as 
commercially available surfactants, the possible 
synthesis of other types of more specific 
nature23v32 and the mixing of several of them2* 
confers this methodology great versatility, 
although more basic studies should be con- 
ducted to elucidate the phenomenon and its 
analytical applications. 

EXPERIMJWTAL 

Reagents 

The surfactants Triton X-114 and Brij 30 
were obtained from Fluka and used without 
further purification. The pesticides parathion 
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and fenitrothion were purchased from Riedel-de 
Haen @e&e-Hannover, Germany). Vitamins A 
and E were obtained from Fluka and vitamin K 
from Sigma. Dansyl aminoacids were obtained 
from Sigma and benzo(a)pyrene was purchased 
from Sugelabor Chemical Service. Stock sol- 
utions of 2.0 x 10e3M uranium were prepared 
by dissolving appropriate amounts of uranyl 
nitrate hexahydrate (Merck). Methanolic sol- 
utions of PAN (l -(2-pyridylazo)-2-naphthol) 
were obtained from the solid product (Merck). 

Other reagents were of analytical grade; all 
solvents and analytes were filtered through 0.45- 
pm nylon membranes filters (Milipore); ultra- 
high-quality water obtained from a Elgastat 
UHQ water purification system was used. 

Apparatus 

The flow system consisted of a peristaltic 
pump (Gilson Minipuls 2 HP4) and a Rheodine 
5020 six-port injection valve; all connections 
were 0.5 mm i.d. Teflon tubing. Other exper- 
imental details have been described elsewhere.‘* 

A modular component liquid chromato- 
graphic system was used consisting of a Spectra 
Physics SP 8800 ternary pump, an SP 8450 W 
detector, a Spectra FL 2000 fluorescence detec- 
tor, an EG&G PARC 400 electrochemical de- 
tector and an SP 4290 integrator; the electrodes 
employed for electrochemical detection, their 
pretreatment and other additional details have 
already been described.“,33*34 

Easyspin, Sorval Instruments, Du Pont 
(Giralt) and Beckman, Model J2-21M cen- 
trifuges were also used. 

Procedures 

Cloud point determination and ratio phases. 
The cloud point for TX-l 14 was determined by 
observing the appearance of the two phases on 
heating different previously cooled aqueous sol- 
utions of surfactant in a bath kept at constant 
temperature. 

The ratio of phases was obtained by measur- 
ing the volumes of the respective phases in tubes 
calibrated for different amounts of surfactant 
under the same experimental conditions as those 
used for phase separation (heating at 40” and 
centrifuging at 3500 rpm). 

Cloudpoint preconcentration. Aliquots of cold 
solutions containing the analyte and a given 
amount of surfactant were kept for 15 min in a 
thermostatted bath at 40”; the two phases were 
separated by centrifugation for 5 min at 3500 
rpm. Sixty microlitres of the surfactant-rich 

phase were collected with a Hamilton syringe; 
10 ~1 of these were injected in a chromatog- 
raphy system. Following this, elution was made 
with a suitable mobile phase for each analyte 
studied. 

For injection in the FIA system, the aqueous 
phase was separated by inverting the tubes once 
the solution had been chilled in an ice-bath; 
before being injected the surfactant-rich phase 
was placed in 1 ml of 3.6M HCl medium in 
order to destroy the PAN-U(W) chelate, to 
provide the appropriate medium for uranium 
reduction and diminish the viscosity of the 
sample; 100 ~1 of the mixture were injected into 
the carrier stream. 

The detection of uranium was performed 
spectrophotometrically, employing a flow injec- 
tion system previously developed by us.‘* 

RESULTS AND DI!XUSSION 

Figure 1 shows the corresponding diagram of 
temperature-concentration phases for Triton 
X-l 14 (L means single isotropic solution and 2L 
indicates that two isotropic phases coexist); it 
may be seen that for surfactant concentration 
values ranging between 0.5 and 4% the tem- 
perature of the cloud point remains almost 
constant and equal to 25”, thus facilitating 
experimentation. 

Figure 2 shows the percentage of surfactant- 
rich phase obtained and the theoretical pre- 
concentration factor as a function of the 
concentration of Triton X-l 14. The percentage 
of surfactant-rich phase was calculated as the 
ratio of its volume to the volume of solution 
used for the cloud point separation. The theor- 
etical preconcentration factor (maximum attain- 
able value for 100% recovery) was calculated as 

Fig. 1. Phase diagram of Triton X-l 14 in aqueous solution. 
L: single isobopic phase @on, 2L: two isotropic phase 

region. 
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Fig. 2. Variation of the premncentration factor and the % 
of surfactant rich phase obtained as a function of Triton 

X-114 concentration. 

the ratio of the volume of solution used to the 
surfactant-rich phase volume. 

Cloud point ~thodology prior to JIow injection 
analysis 

Flow injection analysis can be considered a 
new concept in continuous flow techniques and 
is currently used routinely in many laboratories 
both in chemical analysis and in research, owing 
to its versatility, simplicity and low instrumental 
costs.3s*36 However, as in many other analytical 
techniques, some of the proposed procedures 
lack the sensitivity and selectivity required for 
the analysis of trace amounts of substances, 
which makes it necessary to separate and/or 
preconeentrate the analyte of interest prior to 
injection into the FIA system.3s*38 

Although the literature reports some pro- 
cedures that use micellar media in FIA’z’4 none 
of them has exploited the cloud Point method- 
ology for the preconcentration and/or separ- 
ation of analytes. 

Recently, with a view to checking the feasi- 
bility of this method in FIA determination, 
we have studied the separation and preconcen- 
tration of traces of uranium using the 
U(VI)-PAN-T&on X-l 14 system before insert- 
ing the samples in the analysis system;z5~26 the 
experimental results showed that it is possible to 
detect an amount of uranium close to IO-*&f 
starting out from only 10 ml of sample and 
using 0.2% of surfactant, 

Watana~‘6“s,‘q~’ and PramauroBz have de- 
veloped several procedures for the preconcen- 
tration of certain metal ions by the formation of 
a hydrophobic chelate using as non-ionic surfac- 
tams polyoxyethylene-7,5-nonylphenyl ether 

(PONPE 7.5) and a mixture of Triton X-100 
and ~lyoxyethylene (4,2) dodecanol, respect- 
ively. In both cases the system could be readily 
adapted to the FIA technique with the advan- 
tages of simplicity and speed in the analysis. 

Cloud point methodology prior to high perform- 
ance liquid chromatography analysis 

Having subjected a sample to phase separ- 
ation, the surfactant-rich phase which will con- 
tain the compounds of hydrophobic nature can 
be injected directly into a liquid chromatograph 
since it is compatible with the mobile phases 
customarily used in this technique. 

WV detection 

When cloud-point pr~on~ntration is used 
prior to HPLC analysis it should be taken into 
account that the time of elution of the surfactant 
injected depends on the composition of the 
mobile phase used for the elution of the different 
analytes being studied. 

Figure 3 shows the blank signals obtained 
with a UV detector at 254 nm when 10 ~1 of a 
surfactant-rich phase containing only Triton 
X-l 14 or Brij 30 is injected after cloud point 
separation. Figure 3(a) corresponds to a mobile 
phase of 100% MetOH and Fig. 3(b) to 70:30 
MetOH : H,O. 

When the mobile phase contains an amount 
of MetOH close to loO%, q~ntifi~tion of 
analytes would be possible as long as their 
elution times are above 8 min. However, for 
lower organic modifier contents, the Peaks 
due to the surfactant [see chromatograms in 
Fig, 3(b)] would avoid any qu~tifi~tion of 
analytes and hence the methodology is unsuit- 
able; this has already been reported by other 
authors.23T24 

Figure 4 shows comparatively the chro- 
matograms obtained when 10 ~1 of a solution 
containing 0.70 ppm of vitamin K are injected 
with UV detection at 254 nm; in the right part 
of Fig. 4 the signal for the injection of the 
cloud-point preconcentrated solution is shown. 

Fluorescence detection 

The high background absorbance displayed 
by non-ionic surfactants at the wavelengths 
usually used in W detection2S2m can be 
avoided using a fluorescence detector. 

Figure 5 shows the chromatograms obtained 
when 10 ~1 of a solution containing 0.08 ppm of 
vitamin A are injected, with fluorescence detec- 
tion (,& = 330 nm and & = 480 nm) and 0.01 
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Fig. 4. Chromatograms obtained for the injection of 0.70 ppm (left) of vitamin K (10 pl injected) and 
of the surfactant-rich phase obtained after the cloud point pre-concentration of 15 ml of the sample (right) 

with UV detection at 260 mn. Chromatographic conditions as described in the text. 
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Fig. 5. Chromatograms obtained for the injection (10 pl injected) of (a) 0.08 ppm of vitamin A (2, = 330 
MI, 12, = 480 mu) and (b) 0.01 ppm of benxo(a)pyrene (& = 300 nm, &,,, = 430 mn) before (left) and after 
(right) cloud point pmncentration of I5 ml of the sample. Chromatographic conditions as described 

in the text. 
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ppm of benzo(a)pyrene (& = 300 nm and 
&,, = 430 nm) before and after cloud-point pre- 
concentration, eluting with 95 : 5 MetOH/H,O 
(Q = 1 ml/mm) and 75:25 A CN/H,O (Q = 2 
ml/min), respectively. 

The signals obtained show that for both 
mobile phases and under the experimental con- 
ditions used for detection, the surfactant (Triton 
X-l 14) does not show a blank signal that will 
prevent measurement and quantification of the 
analytes; secondly, it should be noted that the 
amounts of analyte injected, without the cloud- 
point preconcentration, would be very difficult 
to quantify. 

Electrochemical detection 

Bearing in mind that many commercially 
available surfactants do not contain any func- 
tional group subject to electrodic reaction, 
another feasible alternative for resolving the 
high background absorbance would be the use 
of electrochemical detectors, which would 
provide the additional advantage of a greater 
sensitivity (50-lOO-fold) and selectivity. 

Recently” we have shown that under certain 
experimental conditions it is possible to use 
electrochemical detection without obtaining any 
background signal, making cloud-point precon- 
centration useful for the determination of im- 
portant molecules that could not be measured if 
W detection were employed. 

Table 2 shows the relative increases in 
signal obtained for certain vitamins, dansyl 
aminoacids, pesticides and PAHs as representa- 
tive analytes of biological and environmental 
interest dealt with by the cloud-point precon- 
centration method with different forms of detec- 
tion. The relative standard deviation obtained 
for sets of replicates (8-10 samples) in which the 
procedures were applied (including the cloud 
point separation step and the chromatographic 
separation or the flow injection measurement) 
was below 5% in all cases; as this value includes 
the instrumental errors, it can be concluded that 
the reproducibility of the cloud point precon- 
centration is quite good (< 5%). 

The behaviour of other surfactants for use in 
the cloud-point methodology and its application 
to the preconcentration of different analytes is 
currently under study. 

CONCLUSION 

The present work shows that the cloud point 
methodology has great analytical potential yet 

Table 2. Relative signal enhancement for different analytes 
after cloud point preconcentration in HPLC analysis 

Analyte 

Vitamin K 
Vitamin E 
Vitamin A’ 
Vitamin Ab 
Dansyl-L-Alanine’ 
Dansyl-L-Serinec 
Dansyl-L-Leucine’ 
Anthracened 
Benzo(a)pyreneC 
Parathlod 
Fenitrothion’ 

25 
15 
15 

:: 
I5 
15 
25 

200 

Enhancement 
Detection R factor 

40 40 

F 75 76 
EC 40 32 
F 10 
F 
F 
F 
F 30 
EC 75 71 
EC 200 196 

Mobile phases and HPLC conditions: (a) 95: 5 MetOH/I-I,O 
(Q=1.OOml/min),~~=33Onm,&,=48Onm;(b)99:1 
MetOH/H,O and 0.1 M LiClO,(Q = 1.00 ml/n&), 
E = + 800 mV; (c) 4O:60 MetOH/H,O (0.01 M 
Na,HPO, Q = 2 ml/mm), A, = 330 nm, &,, = 510 nm; 
(d) 95: 5 MetOH/H,O (Q = 1 .OO ml/mitt), & = 350 nm, 
&,, =410 nm (e) 75:25 Acetonitrile/H,O (Q = 2 
ml/mm), & = 300 nm, L =430 nm; (f) 70:30 
MetOH/H,O (0.0025 M AcOH/AcO- Q = 1.25 ml/min), 
E, = - 1500 mV (generating electrode), b = +400 mV. 

Detection: UV, ultraviolet; F, fluorimetric; EC, electro- 
chemical R is the volume ratio of phases; Vs is the 
sample volume used. 

to be exploited that may also offer a feasible 
alternative to other techniques of separation 
and/or preconcentration with good recoveries 
and similar standard deviation. 

Cloud point preconcentration can be used as 
a sample preparation step prior chromato- 
graphic analysis or flow injection systems, 
specially for fluorimetric or electrochemical de- 
tection due to the low background signal of the 
surfactant. 

So far this technique has been used for the 
preconcentration of hydrophobic and ionic ana- 
lytes in samples of analytical interest. 
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SPECTROPHOTOMETRIC DETERMINATION OF 

p-AMINOBENZOIC ACID AND ARYLAMINE 
DIURETICS PREVIOUS AZODYE FORMATION 

IN A MICELLAR MEDIUM 
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Summary-The determination of the diuretics hydrochlorothiaxide, bendroflmnethiaxide and furosemide 
by both conventional and thermal lens spectrophotometry (TLS, 100 mW of pump power at 514.5 mn) 
following previous hydrolysis, diazotixation and coupling with N-(naphthyl)ethylenediamine (NED) in a 
sodium dodecyl sulphate (SDS) micellar medium of pH = 1 was studied. p-Aminobenxoic acid (PABA) 
was used as a model compound to optimize the derivatixation procedures. 3-Substituted indoles, such as 
5-hydroxyindole-3-acetic acid and tryptophan, gave N-mtroso derivatives which interfered with the 
determination of the diuretics in urine. The derivatixed diuretics in urine were separated using HPLC with 
a Spherisorb ODS-2 Cl8 column, and a O.lM SDS mobile phase containing 5% n-propanol and O.OlM 
sodium dihydrogen phosphate (pH 3). The diuretics gave limits of detection (LODs) of cu. 5 x 10m9M 
for the TLS procedure. The LODs were 20-50-fold higher for the corresponding spectrophotometric 
procedure. 

Diazotization and coupling of primary ary- 
lamines to form intensely coloured azodyes are 
highly sensitive and widely applicable chro- 
mogenic reactions. The amines are diazotized 
with nitrous acid in an HCl medium, the nitrite 
excess is eliminated with sulphamic acid and 
the diazonium ions are coupled with N- 
(naphthyl)ethylene-diamine (NED). In conven- 
tional procedures, coupling of most diazonium 
ions is too slow at low pH values, and a buffer 
is used to increase the pH. Usually, after coup- 
ling, excess HCl is also added, since the proto- 
nated azodyes give higher molar absorptivities 
at longer wavelengths than the corresponding 
conjugated bases. 

The use of a micellar medium of sodium 
dodecyl sulphate (SDS) has improved the col- 
orimetric determination of arylamines and 
sulphonamides. r4 In this medium, the coupling 
rate increases greatly and the protonation con- 
stants of the azodyes are larger than in water. In 
an SDS micellar medium, the diazotization, 
coupling and measurement of the absorbance 
of the protonated azodye are thus possible at 

*Author for correspondence. 

pH x 1 for a large number of diazotizable sub- 
stances. In a non-micellar medium, the pH 
should be modified twice during the procedure 
to form the chromophore. 

Thermal lens spectrophotometry (TLS) 
allows the measurement of extremely low 
absorbances, often with dynamic ranges over 
two orders of magnitude.’ Requirements of an 
advantageous TLS procedure are: (a) the 
absorptivity of the analyte should be large; 
(b) the absorbance of the blank should be 
negligible, otherwise the background noise and 
limit of detection increase, and the dynamic 
range is reduced; (c) the conditional constant 
of the chromogenic reaction should be very 
large. In addition, the use of a selective reac- 
tion, or the combination of the TLS determi- 
nation with a separation technique to improve 
selectivity and to reduce the blank signal, has 
been recommended.6 

The diazotization and coupling reactions 
fuhil these requirements and should lead to 
advantageous TLS procedures for the deter- 
mination of many drugs. The azodyes formed 
with NED by most diazotizable substances of 
interest show absorption maxima in the 540-560 
nm range, with E = 20,000 mol-‘1. cm-’ or 

1711 
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higher. Therefore, NED azodyes absorb the 
intense Ar+ laser line at 5 14.5 nm which is most 
frequently used for pumping in TLS exper- 
iments. The determination of inorganic nitrite 
by azodye formation with NED and TLS has 
been described.’ 

COOH 

4 y-0 
NV02 

dl 

III 

In this work, the diazotization and coupling 
of the diuretics hydrochlorothiazide (I), ben- 
droflumethiazide (II) and furosemide (III) with 
NED in an SDS micellar medium is described. 
These diuretics are secondary arylamines and, 
therefore, hydrolysis to give the primary ary- 
lamines was required before diazotization. The 
corresponding spectrophotometric and TLS 
procedures were optimized using p -aminoben- 
zoic acid (PABA) as a model compound. A 
comparative study of the spectrophotometric 
and TLS procedures was performed. 5-Hy- 
droxyindole-3-acetic acid (5-HIAA) and trypto- 
phan also gave a chromogenic reaction with 
the reagents; therefore, 3-substituted indoles 
interfered in the determination of the diuret- 
ics in urine. Thus, an HPLC procedure with 
precolumn derivatization was tried. 

During the last few years micellar liquid 
chromatography with UV absorptiometric 
detection has been studied as an alternative 
means of determining drugs in urine, includ- 
ing banned drugs in sports competitions.“‘3 
However, in the corresponding procedures 
urine gives a high background during the 

first minutes of the chromatograms, thus 
hindering the detection of many drugs. As 
shown in this work, precolumn derivatiza- 
tion and absorptiometric detection in the 
visible can be an excellent auxiliary tool in 
micellar liquid chromatography of physiologi- 
cal samples, since the chances of interference 
are dramatically reduced. 

An SDS mobile phase containing n -propanol, 
and conventional and TLS spectrophoto- 
metric detection at 514.5 nm was used. Urine 
samples were spiked with arylamine diuretics. 
After hydrolysis, diazotization and coupling 
in the micellar medium, the samples were 
injected in the chromatograph. The diuretics 
were well separated by this chromatographic 
system. The urine blanks gave almost flat 
chromatograms, with a single small peak 
which did not interfere with the determination 
of the diuretics. 

EXPERIMENTAL 

Reagents 

Analytical grade PABA (Scharlau, Barcelona, 
Spain), sodium nitrite, sulphamic acid (Fluka, 
Buchs, Switzerland), NED dihydrochloride, 
SDS (Merck, Darmstadt, Germany), n- 
propanol, methanol, sodium dihydrogen phos- 
phate and HCl (Panreac, Barcelona, Spain) 
were used. 

Hydrochlorothiazide (Galloso Wellcome, 
Madrid, Spain), bendroflumethiazide (Davur, 
Madrid, Spain) and furosemide (Lasa, 
Barcelona, Spain) were kindly donated by the 
pharmaceutical laboratories. A lo-‘M stock 
solution of the diuretics in 0.15M HCl and 
0.043M SDS was prepared. A small volume 
of methanol was initially added to facilitate 
dissolution of the drugs. The purity of the 
diuretics was checked using HPLC with UV 
absorptiometric detection at 254 nm, and was 
found to be ca. 100%. 14~15 The stock solutions 
of hydrochlorothiazide and furosemide are 
stable, but bendroflumethiazide solutions are 
not stable and, therefore, they were prepared 
daily. Distilled and nanopure deionized water 
(Barnstead deionizer, Sybron, Boston, MA, 
U.S.A.) was used. 

Solid-phase extractions were performed with 
Bond-Elut SCX (strong cationic exchange) 
columns using a Vat-Elut SPS 24 vacuum 
station (Analytichem International, Harbor 
City, CA, U.S.A.). 
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Apparatus 

The thermal lens set-up with an Ar+/He-Ne 
coaxial pump-probe configuration has been 
described elsewhere.‘6*‘7 The 514.5 mn line 
of the Ar+ laser with 100 mW of pump 
power, modulated at 4 Hz, was used. A 
Hewlett-Packard 8452A spectrophotometer 
(Palo Alto, CA, U.S.A.) and 1 cm optical 
path cells were also used. 

The HPLC system consisted of a 
Hewlett-Packard HP 1050 chromatograph with 
an isocratic pump, a programmable W-vis 
detector and an integrator HP 3396A, con- 
nected to a compatible computer @P 386SX) 
provided with the HP Peak-96 program 
package. When working with TLS detection, 
data acquisition and peak integration were 
performed using the TBAD-2 program.18 
Samples were injected with a Bheodyne 
valve (Berkeley, CA, U.S.A.) with a 20 ~1 loop. 
A Spherisorb ODS-2 Cl8 column (5 pm par- 
ticle size, 12 cm x 4.6 mm i.d.) and a Cu pre- 
column of similar characteristics (3.5 cm x 4.6 
mm i.d.) from Scharlau (Barcelona, Spain) were 
used. 

Procedures 

The solution containing PABA or the diuret- 
ics was made 0.15M in HCl (pH = 0.8) and 
0.043M in SDS (1.25%). The diuretics were 
hydrolysed in a water bath at 100” for 10 min. 
A 10 ml aliquot was introduced into a 25 ml 
volumetric flask and, for the spectrophoto- 
metric determinations, was mixed with 2 ml 
of 1.8 x IO-*M sodium nitrite. After 10 min, 
2 ml of 7.5 x IO-*M sulphamic acid was added 
and the mixture was allowed to react for an 
additional 10 min. Finally, 2 ml of 7.5 x lo-‘M 
NED was added, the volume was completed 
up to the mark with water and the absorbance 
was measured at 556 nm for PABA and at 530 
nm for the diuretics. For the TLS determi- 
nations, 2.5 x 10m3M nitrite, 2.5 x lo-*M sul- 
phamic acid and 2.5 x lo-‘M NED solutions 
were used. 

Only preliminary results are given in this 
work for the HPLC separation of the deriva- 
tized diuretics. The following non-optimized 
HPLC procedure was used: a 0.1 M SDS mobile 
phase containing 5% n-propanol and O.OlM 
sodium dihydrogen phosphate (pH 3) was used, 
and the flow rate was 1 ml/mm. Urine samples 
taken from healthy volunteers were spiked with 
the diuretics when necessary, and were forced 

through 0.45 pm pore size filters (Analytichem 
International). The procedure given above was 
used, but 8 and 3 ml urine were initially taken 
to obtain the UV-vis and TLS chromatograms, 
respectively. After derivatization, 20 ~1 of the 
sample was injected in the chromatograph 
through 0.22 pm pore size filters (Analytichem 
International). The UV-vis detector was set at 
514 nm. With TLS, the standard cell of the HP 
UV-vis detector was located in the beam path, 
and 100 mW of pump power at 5 14.5 nm was 
used. 

RESULTS AND DISCUSSION 

Optimization of the reagent concentrations 

Physico-chemical requirements of similar 
nature should be met for a chromogenic reac- 
tion to be successfully exploited in both con- 
ventional and thermal lens spectrophotometry; 
however, and as a consequence of the lower 
concentrations used, for TLS procedures those 
requirements are much more demanding.6 Thus, 
for instance, in TLS the concentrations of 
the competing ligands should be frequently 
reduced, to increase the conditional stability 
constants of the chromogenic reactions. It 
may also be necessary to increase the concen- 
tration of the chromogenic reagents to dis- 
place the reactions to the right, or to increase 
reaction rates. Therefore, the simultaneous 
optimization of both the conventional and 
the corresponding TLS procedures can be of 
interest. 

The HCl (pH) and SDS concentrations 
were optimized elsewhere for the spectro- 
photometric determination of a large number 
of diazotizable substances with NED.4 Final 
HCI and SDS concentrations (0.06M and 
O.O17M, respectively) assure an optimal pH 
(1~ pH < 1.5), as well as formation of micelles. 
Therefore, these concentrations were also as- 
sumed to be optimal for the spectrophoto- 
metric and TLS determination of the diuretics. 
Optimization of the concentration of sodium 
nitrite, sulphamic acid and NED was performed 
using constant PABA concentrations, i.e. 
8 x 10w5M and 8 x IO-‘&f PABA for the 
spectrophotometric and TLS experiments, 
respectively. 

In Fig. 1, the absorbance and TLS signals 
obtained are represented against the log of 
nitrite/PABA molar ratio. The absorbance of 
the blanks was negligible and, similarly, the TLS 
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Fig. 1. Influence of sodium nitrite; 1) absorbance, series of 
single experiments; 2) TLS signal, means of series of dupli- 
cated experiments; 3), absorbance blanks; 4) TLS blanks. 
The logarithms of the nitrite/PABA molar ratios are rep 
resented on the X-axis. Final concentrations: 8 x 10mSM 
and 8 x lo-‘A4 PABA for the spectrophotometric and TLS 
experiments, respectively; 6 x lo-‘M sulphamic acid and 

6 x lo-‘M NED. 

blanks gave a low and constant signal. A 
maximum and constant value of the absorbance 
was obtained for nitrite/PABA molar ratios 
between 1: 1 and 200: 1, but no dye formation 
was observed at higher ratios. Instead, the 
nitrite/PABA molar ratio had to be increased 
up to 1000: 1 to achieve a reasonably constant 
value of the TLS signal. In comparison to 
spectrophotometry, the diazotization yield 
probably decreased at the much lower PABA 
concentration used in TLS. 
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Fig. 2. Influence of sulphamic acid 1) absorbance, series of 
single experiments; 2), TLS signal, means of series of 
duplicated experiments; 3) absorbance blanks; 4) TLS 
blanks. The logarithms of the sulphamic acid/nitrite molar 
ratios are represented on the X-axis. Final concentrations: 
PABA and NED as in Fig. 1; nitrite was 1.4 x IO-‘it4 and 
2 x lo-‘M for the spectrophotometric and TLS exper- 

iments, respectively. 

Figure 2 shows the absorbance and TLS 
signal against the log of sulphamic acid/nitrite 
molar ratio. In TLS high blanks were obtained 
at sulphamic acid/nitrite ratios lower than 1: 1, 
due to the incomplete destruction of nitrite 
(sulphamic acid eliminates nitrite following a 
1: 1 reaction). The use of sulphamic acid/nitrite 
ratios larger than 1: 1 had a negligible influence 
on sensitivity. For the spectrophotometric and 
TLS experiments given below, 4: 1 and 10: 1 
sulphamic acid/nitrite molar ratios were used, 
respectively. 

The results obtained using different NED/ 
PABA molar ratios are shown in Fig. 3. The 
values of the TLS blanks were low and constant, 
except at NED concentrations larger than 
1O-3M. In both spectrophotometric and TLS 
experiments, an NED/PABA molar ratio over 
the stoichiometric value (I : 1) was enough to 
assure quantitative coupling, and no signifi- 
cant sensitivity changes were observed at the 
larger ratios studied. The following experiments 
were performed using the optimized procedure 
given above. The excess of NED assured quan- 
titative reaction at relatively large analyte 
concentrations. 

Optimization of the reaction time periods 

The results obtained by varying the diazo- 
tization time are shown in Fig. 4. The blanks 
gave negligible absorbances and very low 
and constant TLS signals in all cases. Using 
8 x lo-‘M PABA, the absorbance was the 
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Fig. 3. Influence of NED, 1) absorbance, series of single 
experiments; 2) TLS signal, means of series of duplicated 
experiments; 3) absorbance blanks; 4) TLS blanks. The 
logarithms of the NED/PABA molar ratios are represented 
on the X-axis. Final concentrations: PABA as in Fig. 1; 
nitrite as in Fig. 2; sulphamic acid was 6 x lo-‘M and 
2 x lo-)M for the spectrophotometric and TLS exper- 

iments, respectively. 
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0 5 10 15 7.0 

Diaaottzarion time (min) 

Fig. 4. IntIuence of diazotixation time; 1) absorbance, series 
of single experiments; 2) TLS signal, means of series of 
duplicated experiments; cmws 3 and 4 are the correspond- 
ing blanks. Concentrations are those given in the Fkcedures 

section. 

same for diazotization times between 4 and 
20 min. However, for 8 x lo-‘M PABA, the 
TLS experiments showed a continuous sen- 
sitivity increase, followed by a decrease at 
diazotization times larger than 10 min. There- 
fore, at the low concentrations used in TLS, 
diazotization is slower but the decomposition 
of the diazonium ion in the presence of 
excess nitrite is more rapid than in the spec- 
trophotometric experiments. The diazotization 
time was set at 10 min in the recommended 
procedure. 

After addition of sulphamic acid, 2 min were 
enough to assure quantitative nitrite excess 
elimination in all cases, and no significant vari- 
ations of the blank and PABA signals were 
observed for reaction times between 1 and 
20 min. Finally, no sensitivity changes were 
observed when the absorbance and TLS sig- 
nals were measured immediately after the 
addition of NED and 20 min later; there- 
fore, coupling with NED was very rapid in 
the SDS micellar medium, and the azodye 
was stable. 

Hydroiysis and azodye formation of the diuretics 

The diuretics studied here are secondary ary- 
lamines and, therefore, diazotization required 
previous hydrolysis of the a N-C bond. How- 
ever, some colour appeared when the procedure 
was applied directly to the diuretics. This was 
attributed to partial hydrolysis produced by 
the acid medium of the diazotization reaction. 
The yield of azodye formation increased largely 

when the solutions containing the diuretic, 
O.lSM HCl and 0.043M SDS, were put in a 
water bath at 100” for a few minutes. Brown 
precipitates were formed using hydrolysis times 
longer than 10 min for hydrochlorothiazide and 
bendroflumethiazide, and longer than 20 min 
for furosemide. The precipitates appeared in less 
than 1 min when hydrolysis was performed in a 
1M HCl medium. The results shown in Fig. 5 
suggested that hydrolysis was complete after 
5 min for bendroflumethiazide and furosemide, 
and was about 50% for hydrochlorothiazide at 
10 min. 

The hydrolysis time was also optimized 
using 3 x 10-‘&f hydrochlorothiazide and TLS 
detection. Figure 5 also shows the TLS sig- 
nal obtained for hydrolysis times between 1 
and 15 min. Formation of a precipitate was 
observed for more than 15 min of hydrolysis. 

Interference of 3-substituted indoles in urine 

Application of an absorptiometric pro- 
cedure to urine samples requires efficient 
separation of the analytes from the coloured 
substances of the urine matrix, or urochromes; 
otherwise, high blanks are obtained.rgJO 
First, low blanks and isolation of the diuret- 
ics was attempted using SCX solid-phase 
extraction columns. Urine samples, taken from 
two different healthy volunteers, were cen- 
trifuged, passed through 0.45 pm pore filters, 
and made 0.043M in SDS to avoid protein 
precipitation. 

Hydrolysis time (II&I) 

Fig. 5. Influence of hydrolysis time: spectrophotometric 
determination of 6 x 10msM bendroflumethiazide (I), 
furosemide (2) and hydrochlorothiazide (3), and TLS deter- 
mination of 2.5 x lo-‘A4 hydrochlorothiaxide (4). Series of 

single experiments. 
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The SCX columns were equilibrated with 
a solution of 0.2M acetic acid and 0.043M 
SDS. A 0.5 ml sample of the 10e3M solutions 
of the diuretics, as well as 2 ml aliquots of 
urine in the same medium, were passed through 
the columns. Elution was performed by wash- 
ing three times with 0.5 ml of 0.1 M HCl. 
Recovery of the diuretics was not quantitative, 
i.e. 70 + 5% and 50 & 5% for hydrochloro- 
thiazide and bendroflumethiazide, respectively 
(series of eight extractions). Urine samples gave 
transparent eluates which showed negligible 
absorbance at 514.5 nm, and a very low TLS 
signal. However, the slow formation of a 
red-blue colour was observed when the deriva- 
tization procedure was applied to the urine 
eluates. Absorbance increased slowly for 2 hr, 
a maximum being formed at 560 nm. The 
concentration of arylamines in urine (e.g. folic 
acid) is too low (nanomolar level) to explain 
colour formation upon diazotization and 
coupling. 

Urine contains 3-substituted indoles, e.g. 5- 
HIAA, tryptophan, serotonine and other 
metabolites, at the millimolar level. When 
treated with nitrite, 3-substituted indoles give 
N-nitroso derivatives.” The derivatization pro- 
cedure was applied to 0.5 ml of O.OlM 5-HIAA 
and tryptophan solutions (final volume was 
10 ml). When nitrite was added, tryptophan 
gave a yellow colour. Further addition of 
sulphamic acid and NED slowly produced 
dark yellow and red-blue colours with 5-HIAA 
and tryptophan, respectively. No references 
about the possible reactions involved were 
found. 

The apparent molar absorptivity of the 
colour developed by tryptophan was low 
(6 = 135 crn’mol-’ 1 at 560 nm), but the colour 
given by several urine samples in the same 
wavelength region was intense; thus, 
3-substituted indoles seriously interfered in 
the determination of the diuretics in urine 
owing to their large concentration. The pos- 
ition of the maximum (560 nm) and colour 
intensity did not vary when the tryptophan 
solutions were previously made 0.15M and 
1 M in HCl, or 1 M in NaOH, and were treated 
at 100” for 30 min. 

HPLC preliminary results 

Owing to the presence of these spectral inter- 
ferences in urine, and to the lack of an ade- 
quate solid-phase extraction procedure, HPLC 

was tried. A micellar mobile phase of SDS 
was chosen. Using this phase, direct injection 
of the urine samples (without deproteinization 
or extraction) is possible, and the samples 
are ready to be injected immediately after 
derivatization in the same micellar medium. 

A series of chromatograms, including 
unmodified and spiked urine samples, with 
both conventional and thermal lens spec- 
trophotometric detection, are given in Fig. 6. 
Using both conventional and thermal lens 
detection, changes of the refractive index 
produced deformations of the background, 
beginning at 0.8 ml (0.8 min), i.e. at the 
dead volume. The same value was obtained by 
injecting an aqueous potassium iodide sol- 
ution. The narrow isolated peak at 3.7 min 
was also produced by changes of the refrac- 
tive index, and should be attributed to the 
mismatch of sodium concentrations between 
the mobile phase and the injected solution.** 
Sodium was retained by this chromatographic 
system owing to the ion-exchange processes on 
the negatively charged stationary phase. 

The urine blanks gave a single small peak 
at 5 min which did not interfere. This peak 
was not present in the corresponding chro- 
matograms performed with the reagents in the 
absence of urine. The peaks of hydrochloro- 
thiazide, bendroflumethiazide and furosemide 
were observed at 6.5, 8.2 and more than 
20 min, respectively. No significant modifi- 
cations of the chromatograms were observed by 
spiking the samples with up to 1 x 10p4M 
5-HIAA and tryptophan. 

Analytical figures of merit 

The limits of detection (LODs) were calcu- 
lated as three times the standard deviation of the 
blanks (eight measurements), divided by the 
slope of the calibration curves (six points per 
curve). Spectral characteristics of the dyes, 
LODs and coefficients of variation of the batch 
procedures are given in Table 1 for PABA and 
the diuretics. The TLS procedures gave limits of 
detection 20-50-fold smaller than the corre- 
sponding conventional spectrophotometric pro- 
cedures. Dynamic ranges were over two orders 
of magnitude for the TLS procedures; further- 
more, in TLS the upper limit of the dynamic 
range can be extended up to high absorbance 
values by decreasing the pump beam power, as 
long as the probe beam is not significantly 
absorbed. 
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Fig. 6. Chromatograms obtained after derivatization of: (a) urine matrix, UV-vis detection; 
(b) urine spiked with 20 &ml hydrochlorothiazide and 28 &ml bendrofl~ethiazide, UV-vis 
detection; (c) urine matrix, TLS detection; (d) urine spiked with 15 /q/ml hydrochlorothiazide and 
21 pg/ml bendroflmnethiazide. TLS detection. Mobile phase: O.IM SDS+ 5% n-propanol at 

pH 3 (phosphate buffer). 

Table 1. Spectral characteristics and 6gures of merit for the conventional spectrophotometric (sp) and 
thermal lens (TLS) de&mination of diazotizable substances with NED 

LOD Coe5cient of variation,%* 
M x 109 (cont., M) 

CM - 

Compound Jaw (log fmu) Gu sP TLS sp TLS 

PABA 556 (4.34) 0.57 160 4 4 (2 x 10-6) 4(1 x 10-q 
Hydrochloro thiazide 532 (4.12) 0.91 300 7 12 (3 x 10-q ll(2 x 10-7) 
Bendroflume thiazide 526 (4.50) 0.95 120 5 5 (3 x 10-5) 3 (2 x lo-‘) 
Furosemi& 538 (4.32) 0.92 190 4 4 (3 x 10-S) 5 (2 x IO-‘) 

*Calculated from a series of eight independent solutions at the concentration levels indicated in 
parentheses. 
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CONCLUSIONS 

The results have shown that the diazotization 
and coupling reactions were adequate to be 
exploited for the derivatization of arylamines in 
TLS determination procedures. The reactions 
were sufficiently quantitative and rapid at the 
low concentrations used, and the blanks gave 
negligible signals. In the batch procedures, 
the LODs were more than one decade lower 
than the corresponding values obtained with 
conventional spectrophotometry. 

In addition, several new approaches which 
may be useful to determine drugs in physio- 
logical samples have been successfully tried 
in this work, i.e. it has been shown that ary- 
lamine diuretics can be determined in urine 
after hydrolysis, diazotization and coupling in 
a micellar medium, and micellar liquid chro- 
matography of the corresponding azodyes. 
Both conventional and thermal lens spec- 
trophotometric detection were possible, TLS 
giving lower LODs. Furthermore, the prob- 
lem of the high background observed at the 
beginning of the chromatograms when micel- 
lar liquid chromatography of physiological 
samples is performed in the W is overcome 
by using detection of the derivatized drugs in 
the visible region. 
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13-HYDROXYACENAPHTO[ 1,2-b]QUINOLIZINIUM 
BROMIDE AS A NEW FLUORESCENCE INDICATOR 

M. A. MAR’IW, B. DEL CASTILLU* and P. PRWO~ 

Laboratorio de Tkcnicas Instrumetnales, Fact&ad de Farmacia, Uaiversidad Complutense de Madrid, 
~~~~d, Spain 

Summary-13”Hydroxyacenaphtho[ l,2-b]quinolixinium bromide (13-HQBr) was selected as a tluorescence 
indicator to determine basic compounds in non-aqueous media. This compound possesses an acidic 
phenolic hydroxyl group. It presents varying absorption (R--OH, 408,430 m; R-Q- 456,478 mn) and 
excitation spectra (R--OH, 425 nm; R-Q-, 471 nm) depending on the pH of the media, but the same 
emission fluorescence spectrum (R--OH = R-Q-, 526 mn) at different pH in buffered aqueous solutions. 
However, in acidic non-aqueous media (acetic, formic and trifluoroacetic acids), it can be observed that 
the fluorescence emission spectra differ for the ionized (& = 530 mn) and non-ionized (A, = 440,470 nm) 
forms. The fluorescence intensity at the characteristic peaks depends on the acid-base equilibria in 
the ground and excited states. Therefore, this property could be used to evahtate the concentration of 
basic compounds, showing a good linearity range between fluorescence intensity and basic sample 
concentration. 

Fluorescence sensors are devices able to indi- 
cate, continuously and reversibly, changes in 
either the concentration of the analyte or in the 
physico-chemical behaviour of a medium. 
Thus, the variation of the analyte con- 
centration causes changes in the fluorescent 
properties of the sensor, such as spectral 
shifts, increase or decrease in the fluorescent 
intensity, quantum yield and fluorescence life- 
time. In most cases, an indicator is included or 
immobilized onto the optical fibre and reacts 
with the analyte; the reaction produces a vari- 
ation in the fluorescent properties which can be 
measured and related to the analyte concen- 
tration. Extensive reviews have been dedicated 
to this subject.‘g It is necessary to search for 
adequate fluorescent compounds sensitive to 
analyte concentration variations. Fluorescence 
pH indicators are very sensitive to pH variation 
and detect changes in the pH value of 0.01 
units.4 Bromothymol blue’ and 7-hydroxycou- 
marine-3-carboxylic acid6 have been immobi- 
lized onto optical fiber and used as fluorescence 
pH sensors. In the same way, NH, can 
be sensitively determined using an oxazine de- 
rivative’ or ~-~~ophenols as fluorescent pH 
sensors. 

There are many compounds which can 
behave as fluorescent sensors which can be 
incorporated on an optical fiber and thus allow 

*Author for correspondence. 

the detection of non-fluorescent compounds. 
Quinolizinium salts show interesting chemical 
and spectroscopic properties, including the 
fluorescent intensity changes related to solvent 
polarity: and can also be considered as good 
fluorescent probes for micellar medial0 as well 
as fluorescent reagents for nucleophiles.” 
We propose here 1 3-hydroxyacenaphtho[ 1,2-b]- 
quinolizinium bromide (13-HQBr) as a fluor- 
escence pH indicator. This compound also 
shows changes in the fluorescent excitation and 
emission spectra in the presence of basic com- 
pounds in non-aqueous media and consequently 
it can be considered as a potential fluorescent 
sensor for amine dete~ination. 

EXPERIMENTAL 

Apparatus and reagents 

W-visible spectra of 13-HQBr were ob- 
tained with an automatic, double beam 
Kontron Uvikon 8 10 spectrophotometer. Un- 
corrected excitation and fluorescence emission 
spectra and measu~ments at fixed wavelength 
were carried out with a Perkin-Ehner LS-3 
spectrofluorimeter (Xenon lamp 150 W) com- 
manded from a personal computer. A Radi- 
ometer Copenhagen PHM 72 MKZ pH meter 
was used to measure the pH values. 

All the reagents and solvents were ana- 
lytical grade. 13-HQBr was synthesized at the 

1719 
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Department of Organic Chemistry of the Uni- 
versity of Alcaia de Henares. 

Procedures 

General procedure. In all of the experiments, 
a stock 1.0 x 10V4M ethanol& solution of 13- 
HQBr was prepared. Aliquots of 1 ml taken 
from this solution were evaporated to dryness 
under reduced pressure and redissolved in 10 ml 
of the desired solvent {buffered aqueous 
solutions or acetic, formic or trifluoroacetic 
acids). From this solution aliquots were taken 
in order to obtain final concentrations of 
1.0 x IO-*M and 1.0 x lo-‘it4 of the quino- 
lizinium derivative. 

Determination of the pK, and pK,*. TXe pK, 
and ply,* values of 13-HQBr were determined 
s~c~ophotomet~ca~y and s~trofluo~e~i- 
tally. Meas~ments at specific pH values in- 
volved the use of McIlvaine buffers (0. IM citric 
acid-O.2M sodium biphosphate; enough potass- 
ium chloride for adjusting the ionic strength to 
1 .OM). B&ton-Robinson titrated solutions 
(1 .OM orthophosphoric acid, 1 .ON acetic acid, 
l.ON boric acid, titrated with 0.2N sodium 
hydroxide solution) were also used, and in both 
cases two extreme values of pH were achieved 
by using l.OM sulphuric acid and 1.01K sodium 
hydroxide solutions. The quinolizinium salt 
concentration was 1.0 x lo-‘M for spectropho- 
tometric measurements and 1.0 x 10U6M for 
spectrofluorimetric measurements. 

The determination of pK,* was performed by 
adding 10 ~1 aliquots of triethylamine, corre- 
sponding to concentrations of 2.88 x 10m6M to 
5.76 x 10w3M, to a 1.0 x 10m7M solution of the 
q~noli~nium salt in formic acid. The pH values 
varied from -2.21 to -1.10. 

Assay of basic compo~. 13-HQBr behaves 
as a fluorescent indicator for amines and basic 
compounds. In order to prove this behaviour, 
1.0 x 10m6N solutions of the quinolizinium de- 
rivative in acetic acid, prepared according to the 
general procedure, were treated with increasing 
concentrations of each basic compound. In the 
case of pharmacologically active compounds 
(benzocaine and phenylep~ne hydr~hlo~des), 

they were treated with mercury acetate in order 
to obtain the free base. W-visible and exci- 
tation and fluorescent emission spectra were 
obtained from these solutions and measure- 
ments of fluorescence intensity at fixed wave- 
length were also performed for the linear 
regression analysis. 

Assay o~h~~d~ty. Solutions (1.0 x lo-‘M) of 
the quino~~~ derivative were prepared in 
acetic and formic acids according to the general 
procedure. Aliquots of 1 ml were taken from 
these solutions, to which increasing amounts of 
water were added; the final volume of 10 ml was 
then completed with acetic or formic acid. The 
final concentration of the quinolizinium was 
1.0 x lo-‘M and that of water covered the 
values from 0% to 5% (v/v). 

EESULTS AND DISCUSION 

The presence of a phenolic hydroxyl group 
attached to the quinoliinium ring gives an 
acidic character to the compound. Its acid-base 
ionization equilibrium is presented in Fig. 1. 

The acid (R-OH) and the ionized (R-Q-) 
forms present different absorption spectra, as 
can be observed in Fig. 2. Thus, the non-ionized 
form exhibits two absorption maxima in the 
visible region at 408 and 430 nm, while the 
ionized form absorbs at 456 and 478 nm, as well 
as having a molar absorption coefficient lower 
than the R--OH species. The existence of an 
isosbestic point at 370 mn shows that there are 
only two forms in the equilibrium. 

These changes in the absorption spectra imply 
similar behaviour in the excitation and emission 
properties of 13-HQBr. Thus, the excitation 
maxima are 425 and 471 nm for the R--OH and 
R-Q- species, respectively. In aqueous buffered 
solutions, only an emission maximum at 526 mn 
was observed for both forms. Similarly, the 
emission intensity for the phenolate anion is 
lower than that observed for the phenolic non- 
ionized form, as can be seen in Fig. 3. Therefore, 
we can propose the use of 13-HQBr as a sensi- 
tive fluorescence and absorbance pH indicator 
due to the pH-associated spectral changes ob- 
served in the positions and intensity of the 

Fig. I. Acid-base ionization equilibrium for 13-HQBr. 
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Fig. 2. W-visible spectra of 13-HQBr (c = 1 .O x lo-‘M) in 
different solvents: butfered aqueous solutions. (-) pH 2; 
(..a*) pH 8; (---) acetic acid; (-.-.-) formic acid; (-) 

tritluoroacetic acid. A, absorbance; rl, wavelength. 

absorption, excitation and fluorescence emis- 
sion spectra. 

Figures 4 and 5 show the pK, value (3.7) 
calculated for this compound on the basis of 
the spectrophotometric and spectrofluorimetric 
values. This strongly acidic character can be 
explained by the electron-withdrawing ability of 
the azonia nitrogen atom and the acenaphtho 
moiety. Similar effects explain the very low pK, 
values of phenolic compounds such as picric acid. 

In buffered aqueous solutions, the phenolic 
and phenolate forms exhibit different excitation 
spectra depending on pH. However, the emis- 
sion maximum is the same and the fluorescent 
intensity decreases when the pH is increased 
(Fig. 3). This means that in the excited state, the 
ionized and non-ionized forms present the 
same fluorescence. Deactivation of excited state 
and acid-base equilbria are two competitive 
processes that take place in solution. If it is 
assumed that the proton transfer process is 
slower than deactivation of the excited state, the 
existence of only one fluorescent species in the 
pH range from 1 to 12 can be explained.L2J3 In 

A (nm) 

Fig. 3. Excitation and fluorescence emission spectra of 
13-HQBr (c = 1.0 x 10e6M) in different solvents: bu&red 
aqueous solutions. ( -) pH 2; (....) pH 8; (---) acetic 
acid; (-.-.-) formic acid; (-) trifluoroacetic acid. F, 

fluorescence intensity in arbitrary units; 1, wavelength. 

PH 

Fig. 4. Spectrophotometric determination of pK, of 13- 
HQBr: (0) in titrated solution of BrittoPRobinson; (0) in 
McIlvaine buffer. Absorbance (A) at 478 MI against PH. 

order to co&m this hypothesis, the fluor- 
escence emission intensity was measured at the 
wavelength of the isosbestic point (370 nm) at 
different pH values; no significant differences 
in the fluorescence emission were found. In 
these conditions the fluorescence intensity 
should have changed if different excited species 
(R--OH*, Ram*) had existed. 

However, the ionization rate for many ioniz- 
able compounds is very high compared to 
the deactivation rate of the excited state. In 
such cases, the fluorescence emission spectrum 
changes with pH, the pK,* value (p& for the 
compound in the excited state) can be obtained 
and the ionization equilibrium can be observed 
in the excited state and therefore detected by 
changes in the fluorescence emission spectrum 
or fluorescent intensity. For such compounds, 
the pK,* value is extremely different from the 
pK, value and the ionization process corre- 
sponding to the excited state can be detected in 
strongly acidic or basic media.14 This particular 
behaviour was observed for 13-HQBr in acetic, 
trifluoroacetic and formic acid solutions. In the 
last two solvents, whose pK, values are lower 

2 a 14 

Plf 

Fig. 5. Spectrofluorimetric determination of p& of 13- 
HQBr: (0) in titrated solution of B&ton-Robinson; (0) in 
McIlvaine butkr. Fluorescence intensity (F) in arbitrary 

units (2, = 471 nm, &,,, = 526 mn) against pH. 
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than that of the q~o~~~ derivative in the 
ground state, excitation maxima are seen at 
408 and 438 mn (formic acid), or 405 and 
428 mrr (trifluoroacetic acid). In formic and 
tritiuoroacetic acids, the emission maximum at 
520-530 nm cannot be observed because these 
solvents present pK, values lower than those of 
the fluorescent compound; therefore, 13-HQBr 
is only present as the R--OH form, which emits 
at 442 and 467 nm; the R-O- species does not 
exist. In the case of acetic acid (pk;, = 4.75), a 
solvent slightly less acidic than the quinolizinum 
derivative, both forms (R--OH and R-Q-) 
will exist and the maxima are located at 445 
(excitation), and 467 and 534 ~lfn (emission), as 
can be seen in Fig. 3. The different positions of 
the maxima, depending on the acidity of the 
solvent, allowed the calculation of p&*, since 
addition of smal1 amounts of base (triethyl- 
amine or water; see Figs 7 and 8) caused a 
decrease in the fluorescence intensity of the 
shorter emission maxima and an increase in the 
intensity of the maximum at 530 mn. The 
pK,* value thus calculated was - 1.84 (Fig. 6). 
This value proves that the excited state is 
several orders of magnitude more acidic than 
the ground state, in agreement with previous 
observations on other compounds where an 
acid-base equilibrium has been observed in the 
excited state.” 

The behaviour of 13-HQBr in solution is 
defined by the acid-base ~~lib~~, as well as 
the solvatochromic effects. The presence of 
small amounts of water causes si8nificant differ- 
ences in the emission spectra. However, high 
amounts of water originate the excitation and 
emission spectra of 13-HQBr dissolved in 

Fig. 6. Spectrofluorimetric determination of p& from the 
excited state (pk;*) of I3-HQBr in formic acid. Fluor- 
escence intensity (F) in arbitrary units against PH. (0) 
&==408 mn, L-443 om (R-OH). (0) &=408 mn, 

F 312 

124 

A (W 

Fig. 7. Effect of the addition of increashg amounts of water 
on the excitation spectra of 13-HQBr dissolved in formic 
acid. F, fluorescent in arbitrary units, II, = 467 mn; L, 

wavelength. 

buffered aqueous solutions and the spectral 
resolution characteristic of acidic non-aqueous 
media is lost. Thus, solutions of the quino- 
lizinium derivative in 1OM trifluoroacetic, 
formic and acetic acids do not exhibit emission 
maxima in the vicinity of 440 and 470 nm and 
only the emission maximum at 520-530 m is 
present. Therefore, this compound is very sensi- 
tive to changes in the polarity and pH of the 
media, and consequently it can be considered as 
an indicator for testing the pH of the media. In 
non-aqueous media (acetic acid), 13-HQBr 
shows emission spectra corresponding to the 
ionized and non-ionized forms, as can be seen in 
the following equation: 

R-QH + BH + R-Q-eBH,+ 

&=410 nm &=467 nm 

~=445nm~=530nm. 

In such media, the indicator behaves as a 
strong acid and reacts with bases. The increase 

F 456 

152 

458 554 650 

X fnm) 

Fii. 8. Effect of the addition of increasing amounts of water 
on the emission spectra of 13-HQBr dissolved in formic 
acid. F, Fluorescemx intensity in arbitrary units, & = 408 

&,,, = 519 mn (R--o-). nm; 1, wavelength. 
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Table 1. Linear regression parameters and linear range obtained in the quantitation of 
different basic compounds using 13-HQBr as fluorescent indicator in non-aqueous 

SolVClltp 

Compound 

Triethylamine 

Correlation 
Linear range coe&ient Slope Ordinate 

9.0 x 10-s-7.2 x lo-‘M 0.9515 921 x 10’ 91.3. 
1.4 x lo-‘-2.9 x IO-‘it4 0.9999 -2.9 x 106 270.0t 

Pyridine 1.0 x 10-6-1.0 x lO_‘M 0.9794 8.3 x IO’ 40.5; 

Piperidine 1.0 x 10-6-5.0 x lO_‘M 0.9996 4.1 x 10’ 34.99* 

Benxocaine 1.0 x 10-6-1.0 x lo-3M 0.9998 1.1 x 10’ 49.3* 

Phenylephrine 1.0 x 10-6-5.0 x lO_‘M 0.9938 -3.3 x lo6 432.7% 

Glycine 5.0 x 10-7-1.0 x 10-‘&f 0.9962 4.8 x 10’ 95.3* 

Water O-l% 0.9921 - 17.8 77.6$ 
O-5% 0.9987 -28.8 391.67 

*Acetic acid at & = 467 nm, &,,, = 534 nm. 
tFormic acid at I_ = 408 nm, &,,, = 442 nm. 
#Acetic acid at & = 410 nm, 1, = 445 mn. 

or decrease in the emission intensity after ad- 
dition of small amounts of a base allows the 
quantitation of basic compounds. The changes 
in the excitation and emission spectra of 13- 
HQBr in acidic solvents due to the presence of 
very low concentrations of water can be ob- 
served in Figs 7 and 8. 

Table 1 shows the linear range obtained in the 
linear regression analysis for the indicator dis- 
solved in acidic media and at different concen- 
trations of basic compounds. 

Low concentrations of water cause significant 
changes in the excitation and emission fluor- 
escence spectra (Figs 7 and 8), which allows 
their quantitation. However, water at concen- 
trations higher than 10% (v/v) produced an 
emission spectrum with only one maximum, at 
526 nm, which precluded quantitation. This 
behaviour can be explained by the solvato- 
chromic effect, as detailed elsewhere.16 

This indicator is not specific because it allows 
quantitation based on the acid-base character- 
istics of the compounds; however, the good 
correlation coefficients proved the utility of 13- 
HQBr as a potential fluorescence indicator to 
detect basic compounds at low concentrations. 
Consequently, the use of 13-HQBr supported on 
an optical fiber allows its use as a potential 
fluorescence sensor for the sensitive and easy 
detection of amines with a good linear response. 
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Summary-A novel sensor for acetic acid vapour determination is proposed. This sensor is based on a 
piezoelectric crystal covered with a film of diethylenetriamine. For the sensor development a system of 
our own design--consisting of testing chamber, oscillator circuit and measure instrumen+has been 
employed. The sensor shows its activity to the acetic acid vapours for more than 60 days. The selectivity 
is adequate although some vapours interfere: hydrochloric acid, formic acid, formaldehyde, tributyl 
phosphate, chloroform, chlorobenzene, acetone and isobutyhnethylketone. The sensor described can be 
applied to detect acetic acid vapours in the presence of other vapours: a&o&rile, acrolein, benzene, 
n-hexane, ethanol, propanol, n-butyl acetate, isopropyl ether, isoamyl alcohol, ethyl ether, methylene 
chloride, carbon tetrachlotide and toluene. The major advantages of the proposed sensor over other 
existing techniques are its simplicity, reduced cost and capacity for use in situ. 

Piezoelectric crystals, due to their special 
characteristics,’ are very appropriate for the 
construction of portable, simple and cheap de- 
tection units. In recent years coated piezoelectric 
crystal sensors have attracted increasing interest 
for monitoring traces of toxic gases in the 
atmosphere as well as in the air of working 
environments.Z-‘5 

Acetic acid is a corrosive acid which has 
numerous industrial applications and hence it is 
present, mainly as vapour, in some industrial 
atmospheres. On the other hand, it is the princi- 
pal constituent of the volatile acidity of winesi 
and its content in vinegars is not smaller than 
50-60 g/l.” The Threshold Limit Value - Time 
Weighted Average (TLV-TWA) for the acetic 
vapours is 10 ppm (25 mg/m3).18 So for all these 
reasons, it is very important to have sensor 
systems to detect acetic acid. 

The existing methods for detecting acetic acid 
vapours use gas chromatography with a pre- 
concentration stage on a column with adsor- 
bent;“sM determination has also been described 
using pulsed W photoacoustic spectroscopy.*’ 
With these techniques a high level of sensitivity 
is achieved, but they involve the use of sophisti- 
cated instruments. 

As for using sensors to detect acetic acid, only 
one process has been described and it is used to 
detect the acid in solution. The sensor described 

*Author for correspondence. 

in the literature is based on the property of 
certain bacteria which produce oxygen from 
acetic acid, so the acid can be detected using 
immobilized Trichosporon brassicae on a Teflon 
membrane electrode and an amperometric oxy- 
gen electrode. The minimum concentration for 
determination is 5 rng/la 

In the literature which we reviewed, we found 
no sensors for the determination of acetic acid 
in its vapour form. This paper describes for the 
first time one sensor for acetic acid vapours, 
based on AT-cut piezoelectric crystals coated 
with diethylenetriamine films. This sensor com- 
bines a good selectivity and an acceptable sensi- 
tivity. 

For studying and perfecting the new sensor 
we used our own design system,23 which is 
capable of working statically, and is thus easily 
adaptable to measurement in situ, unlike other 
techniques proposed with other sensors, which 
work dynamically. 

EXPERIMENTAL 

Reagents 

All reagents, those used as coatings and those 
used in the interference study, were of analytical 
reagent grade. The nitrogen was type N-50 from 
S.E.O. (Spanish Oxygen Company). 

Materials and equipment 

The 8.9 MHz At-cut PZ crystals (Universal 
Sensors) were mounted on HC-25/U type bear- 

1725 



1726 J. A. MUNOZ LEYVA et al. 

ings. The oscillator circuits employed were made 
of common commercial electronic components 
(resistors, capacitors, transistors). The sensor 
unit was placed inside a testing chamber which 
was capable of reproducing atmospheric con- 
ditions. The rest of the equipment consisted of 
control and measurement instruments. The 
complete installation, of our own design, has 
been reported elsewhere.23 

Procedures 

Preparation of the coated crystal. The crystal, 
cleaned with ethanol, was dried in warm air and 
placed in the testing chamber under vacuum for 
5 min, whereupon dry nitrogen was injected. 
After 30 min, the frequency was measured and 
noted, the crystal removed from the chamber 
and then coated by immersion for 5 set or more 
(or by several immersions)-according to the 
amount of coating desired-in a solution of 
0.100 g of diethylenetriamine in 10 ml of 
ethanol. The crystal was dried again and the 
frequency measured and noted. For storage 
the coated crystals were each protected with a 
metallic capsule and introduced in a vacuum 
dessicator. 

Measurement of the response to acetic acid. 
The stabilized frequency of the coated crystals 
in an air or nitrogen atmosphere (in the testing 
chamber) was measured and noted. The 
chamber was evacuated and the acetic acid 
injected. The initial conditions (pressure and 
temperature) were re-established and the fre- 
quency again measured and noted, calculating 
the difference, Af, between this measurement 
and the previous one. The sensor was restored 
to its original condition by vacuum and nitrogen 
after this second measurement. The time necess- 
ary for this restoration is defined as recovery 
time (Ta). In this manner, the measurements are 
all independent. 

The concentration of acetic acid vapours was 
calculated from the previously constructed cali- 
bration graphs. 

RESULTS AND DISCUSSION 

Selection of coatings 

The acidic nature of the sample for analysis 
led us to select basic coatings. With all the 
coatings tested, a reduction in frequency was 
noted in the coated crystal, but the magnitudes 
of variation were very different. For a fixed 
amount of 4.33 mg/l. of acetic acid in the 
chamber, the differences in frequency in Hz, Af, 

of the crystal, in the absence and presence of the 
sample being analysed, were as follows: 

Diphenylamine, 6 Hz 
Thiosemicarbazide, 9 Hz 
Diethylenetriamine, 32 Hz 
Phenylhydrazine, 10 Hz 
2,4-dinitrophenylhydrazine, 8 Hz 
1, IO-phenanthroline, 19-Hz 
2,2’-bipyridine, 5 Hz 
4-ethyl-3&iosemicarbazide, 16 Hz 
4_phenylthiosemicarbazide, 1 Hz 
2,6-diacetylpyridine, 20 Hz. 

On the basis of these results, diethylenetri- 
amine was chosen as the coating. The fact that 
the aliphatic amine responds most sensitively to 
acetic acid suggests that interaction between the 
ethyl group of the acetic acid and the amine 
could help to attract acetic acid into the coating. 

Variation of response with the amount of coating 
and with time 

The decrease in the frequency of the coated 
crystal with respect to that of the non-coated 
crystal, Afo, is dependent on the coating 
amount: the greater the coating the greater the 
Afo value. We prepared coated crystals with two 
different quantities of diethylenetriamine, ob- 
taining the decreasing frequencies (Afo) shown 
in Table 1. 

On the other hand, we found that the fre- 
quencies of the coated crystals shift with time. 
Using the above mentioned crystals, we 
measured Afo of the coated crystals over 60 days 
and the results are also shown in Table 1. 

The Afo values first decrease quickly and then 
slowly, indicating a loss of coating. After 19 
days, Afo begins to increase slowly, probably 

Table 1. Variation of A& with time 

Time elapsed 

(days) Afo G-W Afo (Hz) 

1* 5786 2242 
2 2589 1368 
3 1292 432 
4 1217 
5 - 322 
8 1204 - 
9 1151 - 

11 1382 266 
15 1416 235 
20 1440 266 
25 1512 275 
35 1559 278 
40 1687 280 
50 1720 - 
60 1764 - 

*Coated crystals only. 
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Table 2. Influence of pressure 

Ressure 
(mm f&r) &X-W* A/,YWt Af~(H4 
720 8,995,877 8,995,848 
747 8,995,876 8,995,847 
775 8,995,875 8,995,846 
802 8,995,874 8,995,845 
829 8,995,873 8,995,844 

*In the absence of acetic acid. 
tin the. presence of acetic acid. 

29 
29 
29 
29 
29 

owing to progressive contamination of the crys- 
tals. Nevertheless, after 60 days the crystals are 
even sensitive to acetic acid vapours. 

The frequency variations we observed have 
been borne in mind when realizing the exper- 
iments measuring Afo at that time. 

Variation in the measuring conditions 

In order to study the alterations when the 
operating conditions are modified, we utilized a 
testing chamber which reproduces environmen- 
tal conditions and enables us to study the 
influence on the sensor response to acetic acid 
vapours in several atmospheric conditions 
(pressure, temperature or relative humidity). 
For each value studied we measured the fre- 
quencies of the coated crystals (for a given AfJ 
first in the absence and then in the presence of 
a definite quantity of acetic acid, calculating the 
difference between them (Af). Subsequently, the 
magnitude should be varied in both cases in the 
same way. 

The influence of pressure 

Experiments were carried out at a constant 
temperature of 27”, making a vacuum in the 
chamber and injecting dry nitrogen at different 
pressures with a fixed amount (10 ~1) of acetic 
acid each time. The variation of frequency in the 
range from 720 to 829 mm Hg-in the absence 
as well as in the presence of acetic acid-is only 
4 Hz, whereas Af for crystals with and without 
acetic acid at the same pressure is constant in 
the range studied (Table 2). 

The crystal response in a dry air atmosphere 
(obtained by passing laboratory air through 
silica gel) has also been studied, and was the 
same as in the case of a nitrogen atmosphere. 

The influence of temperature 

Experiments were carried out in a nitrogen 
atmosphere at a constant pressure of 787 mm 
Hg (crystal with AfO = 1435 Hz), injecting in 
each case a volume of 10 ~1 of acetic acid (4.33 

Temperalnre (“C) 

Fig. 1. Effect of temperature on the sensor frequencies. 

mg/l.), and measuring the Af and the recovering 
times of the sensor. The results are shown in 
Fig. 1. An increase of 0.33 Hz/” is observed 
within the range 15-30”, and a decrease of 0.2 
Hz/” between 30 and 35”. 

The infuence of humidity 

Since the presence of water had a great influ- 
ence on the frequency of some coated crystals,23 
we carried out a study on the effect of relative 
humidity (RH) on the oscillation frequency of 
the sensors tested (crystal with Afo = 1375 Hz). 
To do this, we used a test chamber temperature 
of 25”, with a vacuum to cause the water to 
evaporate, and injected 5, 10 and 50 ~1 of water 
(equivalent respectively, to 10, 20 and 100% 
RH) and 10 ~1 of acetic acid each time. Then we 
injected dry nitrogen into the chamber until a 
pressure of 750 mm Hz was reached, measuring 
the oscillation frequencies of the crystal at that 
time, and comparing these with those measured 
in the absence of acetic acid. 

The frequency of the PZ crystal with a di- 
ethylenetriamine coating shows a reduction of 
2.8 Hz/% RH between 0 and 10% RH, whereas 
it is only 0.28 Hz/% RH between 10 and 100% 
RH (Fig. 2). The difference in frequencies in- 

Relative humidity (96) 

Fig. 2. Effect of relative humidity on the sensor frequencies. 



1728 J. A. MUNOZ L.EYVA et al. 

(a) 
200- 

180- 
160- 
140- 
120- 
loo- 

80- 

60- 

40- 
.h 

6 m- I I I I 

: O lo 2o 30 40 

d 

concelltratio4 mg/L 

Fig. 3. Influence of acetic acid concentration: (a) Afo = 1490 
Hz; (b) Afo = 652 Hz. 

creases over the complete range, so we have to 
conclude that the humidity content interferes in 
the determination of acetic acid, but this inter- 
ference is eliminated by passing the sample 
through silica gel. 

Infruence of acetic acid concentration 

The calibration of the sensors in the presence 
of acetic acid was done in a dry air atmosphere 
(0% RH) at 25” and a pressure of 760 mm Hg. 
For each concentration of acetic acid we 
measured the frequencies, both in the presence 
and the absence of the acid, and calculated the 
difference between them (Af). 

We tested two crystals with different quan- 
tities of coating and with values of Afo at the 
time of the experiments of 1490 and 652 Hz for 
the larger and smaller quantities of diethylene- 
triamine, respectively. 

Figure 3 shows the results obtained for the 
coated crystals. The calibration equations for 
the crystals coated with diethylenetriamine were 
as follows: 

(Afo = 1490 Hz) Af = 1.63 [CH,COOH] + 22.3, 
r = 0.9981 (4.33 -21.7 mg/l.) 

(Afo = 1490 Hz) Af = 6.28 [CH,CGGH] - 79.0, 
T = 0.9997 (21.65-43.3 mg/l.) 

(Afo = 652 Hz) Af = 1.31 [CH,COOH] + 8.00, 
r = 0.9944 (0.43 -32.5 mg/l.). 

Greater sensitivity was obtained for 
Afo = 1490 Hz, i.e.6.3 Hz/mg/l. The detection 
limit-defined as the concentration of sample 
for analysis which produces a three-fold greater 
variation than the sensor in the absence of the 
sample-was 0.22 mg/l. 

When we used coated crystals alone the sensi- 
tivity was much greater than that above (Afo: 
5786 Hz; sensitivity: 46.9 Hz/mg/l.); neverthe- 
less, it varies quickly with time. For this reason 
in this paper coated crystals alone are not used. 

Recovery time (TR and variation of response with 
time 

Once the sensor had been exposed to the 
action of acetic acid, we studied the time it took 
to recover its original frequency for a content of 
acetic acid in the chamber of 4.33 mg/l. The 
average recovery time was found to be 14 min. 
Nevertheless, the recovery time is dependent on 
the acetic acid concentration. 

Repeatability 

In order to determine the repeatability, we 
carried out 11 measurements in the optimized 
conditions, in each case by injecting acetic acid 

Table 3. Study of interferences 

Interferences Cont. (mgll.) Af 

Carbon tetrachloride 63 3 
Acctonitrile 31 0 
Ethanol 32 0 
2-propanol 32 0 
n-Hexane 27 0 
Benzene 36 0 
Isopropyl ether 29 0 
Isoamyl alcohol 50 1 
Ethyl ether 29 2 
n-Butyl acetate 35 0 
Methylene chloride 54 3 
Toluene 0 
Chlorobenzcne 45 14 
Isobutylmethylketone 32 9 
Acrolein 34 0 
Acetone 32 60 
Chloroform 61 147 
Tributyl phosphate 40 220 
Hydrochloric acid 17 952 
Formaldehyde 16 94 
Formic acid 33 499 

Acetic acid concentration = 4.33 mg/l. 
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From the results it can be concluded that the 
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acidic nature (hydrochloric acid, formic acid), 
with the effect of tributyl phosphate, chloro- 
form, formaldehyde and acetone being signifi- 
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The following do not have any effect on the 
sensors: acetonitrile, ethanol, 2-propanol, tolu- 
ene, acrolein, n -hexane, benzene, isopropyl 
ether and n-butyl acetate. The rest of the spec- 
imens studied interfere to a lesser extent. 
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SECOND-ORDER KINETICS 
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Summar-The Kahnan filter algorithm was used to process data obtained in the simultaneous 
determination of species following first- and second-order kinetics. The performance of the algorithm in 
the quantification of chemical components from simulated data was assessed, and the influence of various 
parameters involved was estimated. The algorithm was applied to the resolution of cysteine-ascorbic acid 
and glutathione-ascorbic acid mixtures where the ascorbic acid followed pseudo first-order kinetics and 
the amino acids second-order kinetics in the reaction with the coppe.r(II~neocuproine system. Some 
features of the determinations (namely, afforded concentration ratios, accuracy and precision) are 
discussed. 

The Kahnan filter’ is a mathematical algorithm 
which has aroused growing interest from ana- 
lytical chemists in recent years.2-7 In its various 
versions (linear, extended and adaptive), the 
algorithm has been used to address troublesome 
analyses in different areas. Thus, the basic prin- 
ciples of Kahnan filtering have been widely used 
in high performance liquid chromatography6 to 
resolve overlapped peak&” and optimize the 
chromatographic conditions,i6i8 as well as for 
quantitative multicomponent analysis in spec- 
trophotometric applications.7*‘9-25 Other uses of 
the Kalman filter include the resolution of fluor- 
escence responses and background correction in 
thin-layer chromatography,2G2g the resolution 
of overlapping lines in inductively coupled 
plasma atomic emission spectra,m*31 that of 
strongly overlapped square wave voltammetric 
signals,32*33 background correction and interfer- 
ence removal in first-derivative fluorimetry,” 
and a variety of applications to titrimetric 
methods.3”8 

In addition, the Kalman filter is an interesting 
approach to reaction-rate analytical methods. 
In this context, the algorithm has been primarily 
used to develop error-compensated and multi- 
component kinetic methods. With the former, 
the extended Kahnan filter provides a powerful 
tool for offsetting changes in the variables inlht- 
encing a kinetic process such as between-sample 
rate constant variations4,3g@’ and within-run 
temperature variations-the latter are offset by 
using a combined approach involving an inte- 
grated first-order rate expression and an Arrhe- 

nius equation as a model for the filter.4’,42 
Because the algorithm is used in its non-linear 
form, its performance relies heavily on the initial 
parameters chosen and the number of iterations 
carried out. In multicomponent kinetic analysis, 
the linear form of the fllter is also a suitable 
approach43*44 to obtain accurate results in the 
resolution of mixtures of components in quite 
small rate constant ratios (even less than 2) as 
an alternative to classical differential reaction- 
rate methods.@ The uses of this methodology 
include the resolution of mixtures of amino 
acids,43 corticosteroids,44 isoenzyrnes4’ and lower 
straight-chain alcohols.46 The most recently re- 
ported application of this algorithm to multi- 
component analysis involves using its extended 
form in combination with multiwavelength 
photometric detection.4’ This makes for accu- 
rate determinations under conditions where 
equilibrium methods based solely on spectral 
differences or kinetic methods relying only on 
rate constant differences typically fail. 

In this work we extend the scope of appli- 
cation of the Kahnan filter to the resolution of 
mixtures of species following different kinetics 
(pseudo first- and pseudo second-order) by 
using the algorithm both on simulated data and 
real data obtained in the simultaneous resol- 
ution of cysteine-ascorbic acid and gluta- 
thione-ascorbic acid mixtures by having these 
species react with the Cu(II)-neocuproine sys- 
tem, with which they form a coloured Cu(1) 
complex. The algorithm allows the accurate, 
precise resolution of the above mixtures in 

1731 



1732 It. JIMJZNEZ-F’RETO et al. 

widely different ratios over broad concentration 
ranges. Although the Kalman filter has pre- 
viously been used to estimate initial reactant 
concentrations and rate constants for rate-based 
chemical assays employing a second-order 
chemical reaction,” the research reported in this 
work is the first attempt to apply this filter to the 
resolution of mixtures of species following 
different kinetics. 

THEORETICAL BACKGROUND 

Consider the following chemical system: 

k: 
A+R+P (I) 

B+R 
6 

- P, (II) 

the rate equations of which are: 

4F’lld~ = kX [Al [RI (III) 

d[P]/dt = kg [B12[R]. (IV) 

If [RI,, % [A],, and [RI,, %- [BlO, then, provided the 
analytical signal is proportional to the amount 
of product formed, the integrated equation for 
the above system can be expressed as 

S(t) = S, + S,[l - exp(-k,t)] 

+ s~(l+&$ (1) 

where S(t) denotes the signal measured at time 
t; So the initial signal; S, and S, the signal 
increments resulting from full conversion of A 
and B; and k, and kB the pseudo first-order and 
pseudo second-order rate constants of A and B, 
respectively. 

Application of the Kahnan filter to the resol- 
ution of this binary mixture entails defining the 
state vector, X(j), which is what one wishes to 
determine: S, , S, and S,, and the measurement 
function vector, HT(j), which describes the de- 
pendence of the measurement on the states. The 
form of the vector for first-order kinetics is quite 
well known; however, that of the vector for 
pseudo second-order kinetics remains unknown 
as, to date, no reactions of this order have been 
studied in this context. Specifically, a measure- 
ment function vector for (II) is given by 

w~)=[(l+&)-‘l]~ (2) 

which, unlike a first-order reaction, depends on 
the initial concentration of analyte. The algor- 

ithm was expanded by using an apparent first- 
order constant for this component, defined as 

kf, = MBlo, (3) 

which is dimensionally analogous to the first- 
order constant. In addition, this constant allows 
one to compare the kinetic curves of the two 
species. 

Under these conditions, the measurement 
function vector can be expressed as 

IW)=[(l +$-‘I], (4) 

so the Kahnan filter for this component is 
used to calculate kk recursively from k,- 
known beforehand-and [BlO, determined by 
the algorithm. 

The procedure used involves the prior esti- 
mation of S, at point j from its value at point 
j - 1 by using the Kalman filter; the estimated 
St, value allows vector HT to be updated and 
used by the filter to update St,. In summary, the 
Kalman gain and state estimation update in the 
linear Kahnan filter are used twice: once to 
update HT and also to update S, from its initial 
value (i.e. S, at point j - 1). The linearization 
procedure used (one of several possibilities) 
largely obviates reliance of the filter on initial 
guesses for the parameter concerned. Specifi- 
cally, if the reaction is monitored photometri- 
cally, the apparent constant k; is calculated 
recursively by substituting the estimated S, 
values into the following expression: 

k:=$,, 
B 

(5) 

where cgf is the slope of the calibration curve. 
In this work we deal with the kinetic determi- 

nation of A and B in samples containing either 
and the simultaneous determination of both in 
mixtures containing them in various ratios by 
using the Kalman filter in three different ver- 
sions, namely K-FIRST (A alone), 
K-SECOND (B alone) and K-MIX (mixtures 
of A and B). 

The practical procedure involves the follow- 
ing steps: (a) construction of two calibration 
graphs relating S, and SB with their respective 
concentrations; (b) determination of the rate 
constants (the first-order constant kA is obtained 
from the slope of a plot of ln[(S,/(S* - S, + S,)] 
against time, whereas the apparent first-order 
constant kh is calculated from the slope. of a plot 
of (S, - &)/(SB + S, - St) vs. time); (c) appli- 
cation of the pertinent filter to the samples in 
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order to obtain the estimated S,, and Sir; (d) 
interpolation of the previous values on the 
corresponding calibration graphs in order to 
obtain the respective concentrations. 

The net absorbance increments--provided 
the reaction is monitored photometrically-re- 
quired to determine the concentrations by in- 
terpolation on the pertinent calibration curves 
are obtained by applying the Kalman algorithm 
using the three BASIC programmes whose es- 
sential features are described in Table 1. The 
measurement noise variance, R(j), is taken to be 
lO+j x lOUti, which is quite realistic as it is 
equivalent to assuming that the standard devi- 
ation for the transmittance is 0.002 units. How- 
ever, such a value must be increased when using 
K-SECOND and K-MIX in order to ensure 
that the filter eventually converges.4p Taking 
into account that 

where K(J) is the Kahnan gain vector and P(j/j) 
the error covariance matrix, the more RCj) 
increases, the more slowly will the filter con- 
verge. Consequently, in using the programme 
K-MIX for the resolution of the mixtures, one 
must perform three iterations and use R(j) 
values equal to one-half and one-quarter those 
listed in Table 1 in the second and third iter- 
ations, respectively. On the other hand, the 
elements of the principal diagonal of the matrix 
P(O/O) are assumed to be 0.5 in using all three 
programmes. Also, the state transition matrix is 
taken as the identity matrix and the system noise 
vector is assumed to be zero. 

Simulated experiments 

We simulated a set of kinetic curves for 
samples containing A (first-order) or B alone 
(second-order), and for others containing mix- 
tures of both species. The signal recorded in 
each case was assumed to be due to a single 

reaction product and Beer’s law was assumed to 
be obeyed. The results obtained for single com- 
ponent samples show determination errors to be 
less than 0.5% in all instances. We shall thus 
concentrate on the results obtained for simu- 
lated mixtures. The overall signal for a mixture 
of A and B will be given by 

S(t)=5’,+&[1-exp(-k,t)f 

-1 
+ N(t), (6) 

where N(t) denotes pseudo random noise, 
whose variance is taken to be 10e6 x l@o. By 
using the programme K-MIX we calculated the 
errors made in estimating A and B as a function 
of two major parameters: (a) the constant ratio 
(kh/k,), which is directly proportional to the 
concentration of the second-order component in 
the mixture; (b) the signal ratio (~~/~~), i.e. the 
ratio of ~n~butions to the end product 
formed. Since the degree of conversion is inde- 
pendent of the analyte concentration in first- 
order reactions, we chose to use a data 
acquisition time equal to the half-life of the 
first-order component (k,‘). From the results 
shown in Fig. 1, it follows that: 

(a) The error made in the determination of 
component A (first-order kinetics) were less 
than 1% except for a ki,lr4, ratio of 4 or when 
this eminent con~but~ only moderately 
(ea. 30%) to the overall signal. If the constant 
ratio is unfavourable, then the accuracy in the 
determination of component A in a mixture 
increases with an increase in its concentration. 

(b) The error in the determination of com- 
ponent B increases slightly with increasing kj,/k, 
ratios of up to about 4, as well as with an 
increase in the concentration of the other com- 
ponent. Figure I does not include the curve 
corresponding to ki/kA = 4 because it oscillated 

Programme 

LFIRST 

Table 1. Model information used by the programmes 

WA WI/l~ W) X(W) WO) 

[1 -exp(-kAt) 1] 
1o-6 [:] [Y] E5 1.5-j 

LSECOND [[l + (k~f)q-’ 1] 

K....Mu(; [I -exp(-tt)[l + (k#)-‘I-* 1) 

HQ), measuremen t function vector; R(j), measurement noise variw Z(j). meawrement; X(j), state vector; X(0/0) and 
P(O/O), initial guesses for state vector and error wvariance matrix, reqectively. 

TAL 40/l I-K 
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Fig. 1. Variation of the relative error in the determination 
of: (a) reactant A in a mixture with B and (b) reactant B in 
a mixture with A, as a function of S, (contribution of A to 
the end product). Curves l-4 correspond to k&,/kJk, ratio of 
4, 6, 8, and 10 h, respectively. kA = 10m2 SIX-‘; S, = 0.250. 

somewhat, even though it gave rise to errors of 
less than 4% in all cases. 

The filter used requires the rate constants for 
both reactions (k,., and ka) to be accurately 
known, so errors in these constants arising from 
changes in the reaction conditions or inherent in 
their determination will detract from the accu- 
racy of the results. We then investigated the 
effect of over- or underestimating such con- 
stants on the estimated concentrations of A and 
B in the mixtures. For this purpose we assumed 
a maximum variation of 5-10% in the rate 
constants. Figure 2 shows the results obtained at 
a fixed concentration of the second-order com- 
ponent, i.e. a constant k#, ratio (10 in this 
case), and three different concentrations of the 
first-order component. The symbols +, - and 
0 in the figure denote positive, negative and nil 
errors in the rate constants of the two com- 
ponents. The results obtained allow one to draw 
the following conclusions: 

(a) The largest errors in the determination of 
A (first-order kinetics) are made when those of 

the two constants are of opposite sign. In such 
cases, the errors in A are of the opposite sign to 
those in k,,. 

(b) The errors in the determination of B are 
positive unless both rate constants are overesti- 
mated. 

(c) The percent errors made in the determi- 
nation of both A and B are much lower than 
those in the rate constants in most cases. 

EXPERIMENTAL 

Apparatus 

Kinetic runs were carried out on a Metrohm 
662 spectrophotometer equipped with an im- 
mersion probe and a Metrohm Dosimat 665 
autoburette for dispensing a small volume of 
reagent in order to start the reaction. Data 
acquisition was done by means of a Mitac 
PC-AT 12-MHz compatible computer equipped 
with a PC-Multilab PCL-812PG AD converter 
and an HADC574Z industrial standard succes- 
sive approximation converter featuring a con- 
version speed of 30 MHz. Acquisition of data 
was synchronized with the start of the reaction 
by using a trigger that acted simultaneously on 
the autoburette and the computer. 

Reagents 

We use the following solutions, all of which 
were made in distilled water: 10e3M cysteine 
(Merck), lo-‘M ascorbic acid (Merck), lo-‘M 
glutathione (Sigma), 2.15 x 10V2it4 neocuproine 
hydrochloride, 3.15 x IO-‘M Cu(NO3)2, lo-‘M 
sodium oxalate and lit4 sodium acetate-acetic 
acid buffer (pH 4.8). 

Procedure 

In an 80-ml reaction vessel were placed an 
appropriate volume of an aqueous solution 
containing 0.06-7.0 pmoles of cysteine, 0.1-5.0 
pmoles of ascorbic acid, 0.1-9.0 pmoles of 
glutathione or a mixture of these species (see 
Tables 3 and 4), plus 6.0 ml of 1M sodium 
acetate-acetic acid buffer (pH 4.8), 3.0 ml of 
2.15 x 10e2M neocuproine hydrochloride, 15.0 
ml of lo-‘A4 sodium oxalate and distilled water 
up to a final volume of 60 ml. The reaction was 
started by adding 1.5 ml of 3.15 x lo-‘it4 
Cu(NO,), from the autoburette at a rate of 30 
ml/min (addition time, 3 set). The addition 
half-interval (i.e. 1.5 set) was taken as time zero. 
Data were acquired at a wavelength of 455 nm 
for 30,40 and 180 set for cysteine, ascorbic acid 
and glutathione, respectively, and for 40 and 
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Fig. 2. Effect OE (a) a 10% error and (b) a 5% error in the determination of the rate constants on the 
determination of reactant A in a mixture with B and vice versa by using the Kahnan filter. k* = lo-* set’; 

kk = 10-l set-I; S,, = 0.25; S, = 1.0 (a), 0.25 (0) and 0.0625 (H). 

180 set in the resolution of the cysteine-ascorbic 
acid and glutathione-ascorbic acid mixtures, 
respectively. 

RESULTS AND DISCUSSION 

The chief aim of this work was to assess the 
potential of the proposed approach by applying 
it to the resolution of mixtures of species follow- 
ing different kinetics (namely first- and second- 
order). For this purpose, we chose the reduction 
of copper(I1) by ascorbic acid, cysteine and 

0 15 30 45 60 75 

Time, set 

Fig. 3. Typical absorbance us. time curve for cysteine (4.0 
pmoles), ascorbic acid (2.0 pmoles) and glutathione (4.0 
pmoles), each measured at 455 mn. For details, see Pro- 

CdlR.. 

glutathione in the presence of neocuproine, 
which yields the well-known Cu(I)-neocuproine 
orange complex. This system was previously 
employed by us for the kinetic determination of 
glutathione in blood serum using the continu- 
ous-addition-of-reagent technique.% 

Figure 3 shows the kinetic curves provided by 
the photometer as processed by the data acqui- 
sition system. As can be seen, the reaction rate 
for ascorbic acid (the component following 
pseudo first-order kinetics) lies between those of 
the two amino acids, which follow second-order 
kinetics. Consequently, we chose to use mix- 
tures of ascorbic acid and either cysteine or 
glutathione to assess the performance of the 
proposed algorithm. 

E$ects of experimental variables 

Given the aim of this work, the experimental 
conditions to be optimized were obviously those 
which resulted in the best possible accuracy and 
precision in the resolution of the mixtures. 
Thus, the following criteria were adopted for the 
reactions concerned to be usable for our 
purpose: 

(a) They should allow precise recording of 
their kinetic curves by conventional means (i.e. 
they should not be too fast); 
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Fig. 4. Influence of chemical variables on the rate constant of ascorbic acid (X), cysteine (*) and 
glutathione (+). Conditions: [ascorbic acid] = 2 pmoles, [cysteine] = [glutathione] = 4 pmoles. (a) [Cop 
per(n)] = 47 pmoles, [neocuproine] = 86 /Imoles and [sodium oxalate] = 1.5 mmoles; (b) 
[neocuproine] = 86 pmoles and [sodium oxalate] = 1.5 mmoles; (c) [copper (II)] = 47 pmoles and [sodium 

oxalate] = 1.5 mmoles; and (d) [copper(R)] = 47 fitmoles and [neocuproine] = 65 pmoles. 

(b) they should conform to the kinetic model 
used, which is indispensable for correct appli- 
cation of the Kahnan filter; and 

(c) both the rate constants and their ratios 
should allow for kinetic resolution. Thus, if 
k,/k&, g 1, then either the first reaction would be 
too fast and hence difhcult to record a kinetic 
curve or the second would be too slow, so the 
determination would have to be sequential 
rather than simultaneous. If, on the other hand, 
k,/kL N 1, then the mixture resolution would be 
subject to major errors arising from the simi- 
larity between the two kinetic curves. 

Based on the above considerations, the initial 
chemical systems was modified slightly by intro- 
ducing oxalate ion, which was chosen among a 
few tested copper chelating agents. In fact, 

complexing Cu(I1) ion slowed down its re- 
duction to Cu(I), which in turn allowed us to 
select an appropriate reaction rate-and hence 
precisely record the kinetic curves-and achieve 
a more suitable rate constant ratio. 

We thus chose to use the rate constants kA 
and kk instead of the corresponding reaction 
rates--which are typically employed in kinetic 
methods--as measurement parameters. 

In order to investigate the influence of pH on 
the development of the two reactions we added 
various small amounts of NaOH or HCl to the 
reaction vessel so as to keep the ionic strength 
constant throughout the process. The pH range 
studied was close to the initial pH of the buffer 
used, since more acidic media resulted in virtu- 
ally no reaction development, whereas more 
basic media gave rise to too fast a reaction for 

Feature 

Table 2. Analytical figures of merit of the methods 

Ascorbic acid Cysteine Glutathione 

Linear dynamic @ales) range 
Analytical sensitivity (A/,umole) 
Precision, RSD (%) 
Rate constant (set - ‘) 

*For 2.0 ~moles of cysteine. 
tFor 2.8 pmoles of glutathione. 

0.1-5.0 0.06-7.0 0.1-9.0 
0.430 f 0.06 0.225 f 0.003 0.220 f 0.001 

0.45 0.31 0.40 
5.4 x 10-z 1.7 x lo-” 8.4 x 10-3t 
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Table 3. Resolution of synthetic cysteine-ascorbic acid mixtures 
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Micromoles added 

cysteine Ascorbic acid 

3.67 0.50 
3.14 0.75 
2.62 1.00 
2.10 1.25 

3.31 
3.05 
2.67 
2.10 

Found 

Error Ascorbic acid Error 
(%) DmoW (W 

-9.8 0.52 +4.0 
-2.9 0.74 -1.3 
+1.9 1.07 +7.0 

0.0 1.41 + 12.8 
1.57 1.50 1.23 -21.6 1.86 + 24.0 

precise recording. As can be seen in Fig. 4a, the 
rate constants increased sharply with increase in 
the pH. Also, the kAA/kLLu ratio was almost 
constant over the pH range studied, whereas the 
k&/ku ratio increased sharply (e.g. from 1.6 at 
pH 4.4 to 4.6 at pH 5.0). We chose the pH value 
directly provided by the buffer (pH 4.8) since it 
resulted in rates that allowed precise recording 
of the kinetic curves and acceptable rate con- 
stants; in addition, it was the pH where the 
buffering capacity was optimal. 

Figure 4b shows the marked influence of 
the Cu(I1) concentration on the rate constants, 
particularly on that of cysteine. Thus, the 

k&s/L ratio increased linearly from 0.80 
for 1.57 pmoles of copper to 3.87 for 110.2 
pmoles of copper, and so did the kAA/k& 
ratio, though in a more gradual fashion. Rearing 
in mind the above prerequisites, we chose an 
amount of copper of 47.2 pmoles, which 
corresponded to 1.5 ml of a 3.15 x IO-‘M 
solution. 

Figure 4c shows the effect of the neocuproine 
concentration on the rate constants. As can be 
seen, that of ascorbic acid-the sole component 
following pseudo fist-order kinetics-behaved 
differently in response to changes in the concen- 
tration of this reagent. Thus, ku increased 
sharply with increase in neocuproine concen- 
tration, whereas k,& and kbLU hardly varied 
under the same conditions. An amount of 
neocuproine of 43 pmoles (2.0 ml of a 

2.15 x IO-‘M solution) provided the best poss- 
ible k&/k, ratio and quite an acceptable 
k,/k,& ratio. 

The concentration of oxalate ion, which was 
added to the mixtures to slow down the reac- 
tions, had a similar effect on all three (Fig. 4d). 
Low concentrations of C,O$- gave rise to 
favourable kinetic constant ratios; however, the 
reactions were too fast for precise recording 
with the instrumentation used. On the other 
hand, high oxalate concentrations resulted in 
poor rate constant ratios. We thus chose an 
amount of 1 mmole of oxalate (10 ml of a 
lo-‘M solution) as a compromise. 

Individual kinetic &terminations 

The absorbance vs. time graphs constructed 
from different concentrations of ascorbic acid, 
cysteine and glutathione under the selected 
working conditions were analysed by using the 
programmes K-FIRST and KSECOND. The 
figures of merit of the determinations are sum- 
marized in Table 2. The analytical sensitivity 
was taken as the slope of each calibration plot; 
as can be seen, the increased sensitivity of 
ascorbic acid relative to cysteine and gluta- 
thione arises since the former involves the loss 
of two electrons whereas that of the latter two 
involves Q binding and the loss of a single 
electron. The precision, expressed as RSD, was 
determined by analysing 11 samples containing 
1.0, 2.0 or 2.8 pmoles of ascorbic acid, cysteine 
or glutathione each. 

Table 4. Resolution of synthetic glutathion+asco rbic acid mixtures 

Found 
Micromoles added 

Glutathione Error Ascorbic acid Error 
Glutathione Ascorbic acid (pmoles) W) Moles) W) 

3.43 0.25 3.39 -1.1 0.24 - 4.0 
2.94 0.50 2.87 -2.4 0.50 0.0 

2.45 0.75 2.37 -3.3 0.75 1.96 1.00 1.94 -1.0 0.98 -2 
1.47 1.26 1.52 +3.4 1.23 -214 
0.98 1.51 1.20 + 22.4 1.48 -2.0 
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Analysis of cysteine-ascorbic acid mixtures 

Table 3 summarizes the results obtained by 
analysing several synthetic mixtures of ascorbic 
acid and cysteine. From the results given in the 
table it follows that: 

(a) The error in the determination of the two 
components was acceptable (less than 10%) 
above a cysteine-ascorbic acid concentration 
ratio of 2, where the R&s//rU ratio was much 
greater than unity. 

(b) Below a concentration ratio of 2, the 
/c,&/~~ ratio was close to unity and the errors 
increased sharply with decreasing ratios. 

(c) The fact that the errors made in the 
determination of mixtures containing lower pro- 
portions of cysteine were larger can be ascribed 
to a decrease in the apparent pseudo first-order 
constant, k&s, which Was thus similar to that of 
ascorbic acid, as well as to the lower efficiency 
of the Kalman filter with components following 
kinetics of orders other than unity. One should 

. . 
bear m mmd that k&,, was unknown, so the 
filter had to calculate it iteratively in addition to 
the net signal increment. 

In summary, the determination of cys- 
teine-ascorbic acid mixtures was feasible over a 
molar ratio range of ca. 7.5: 1 to 1.5: 1 with 
accuracy better than f 10%. Application of the 
proposed algorithm to 11 samples containing 
2.9 pmoles cysteine and 1 .O pmole ascorbic acid 
yielded an RSD of 1.6% for the former and 
2.1% for the latter. 

Analysis of glutathione-ascorbic acid mixtures 

Table 4 lists the results obtained in the analy- 
sis of several synthetic mixtures containing var- 
ious amounts of glutathione and ascorbic acid. 
As can be seen, the results were quite satisfac- 
tory (errors smaller than f4%) for glutathione 
to ascorbic acid concentration ratios between 
13.7: 1 and 1.2: 1. The k&kAA ratios in the 
mixtures varied from 0.22 to 0.09. Mixtures with 
smaller amounts of glutathione still allowed 
ascorbic acid, though not glutathione itself, to 
be accurately determined. This is seemingly 
paradoxical since the k,,Jk& ratios in the 
mixtures were quite high (above 10); however, 
one should take into account the potential effect 
of one other significant factor, namely the con- 
tribution of each component to the overall 
signal of the mixture. As one descends in 
Table 4, the relative contribution of glutathione 
to the signal not only decreases through its 

smaller concentration fraction but also through 
its smaller apparent first-order constant, k&, 
which accounts for the increased errors made in 
the resolution of these mixtures. 

Based on the above results, mixtures of these 
compounds can be accurately resolved (errors 
less than f4%) in glutathione to ascorbic acid 
ratios between ca. 14 : 1 and 1: 1. The precision 
of the determination was calculated by 
analysing 11 mixtures containing 2.0 pmoles of 
glutathione and 1.0 pmole of ascorbic acid and 
was found to be 0.63% and 0.76%, respectively. 

CONCLUSIONS 

The simulated and experimental results ob- 
tained in this work show that the Kalman filter 
allows one to distinguish between pseudo first- 
and second-order kinetics. In all the mixtures 
studied, the best features (wide concentration 
ratios and high accuracy and precision) were 
obtained when the rate constant ratio (k,/kk) 
was greater than unity (i.e. the first-order reac- 
tion was faster than the second-order reaction), 
even though this was dependent on the concen- 
tration of the component following second- 
order kinetics, which affected kk. Consequently, 
unlike the resolution of mixtures of species 
following first-order kinetics, no generalizations 
can be made as regards the rate constant ratio. 
The performance of the Kalman filter is some- 
what less reliable for ratios below 1, even 
though the results are still acceptable. Also, as 
in any other mixture resolution, the errors made 
in the determination of one component increase 
as its contribution to the overall signal de- 
creases. This approach is of both theoretical and 
practical interest, since applying a mathematical 
treatment to a binary mixture on the assump- 
tion that both species react with pseudo first- 
order kinetics when one of them actually follows 
pseudo first-order kinetics occasionally results 
in inexplicable errors. In such a case, the pro- 
posed approach provides a correct treatment 
and minimizes errors. 
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SURFACE-ENHANCED RAMAN SPECTROMETRY FOR 
DETECTION IN LIQUID CHROMATOGRAPHY USING 

A WINDOWLESS FLOW CELL 
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Summary-A windowless flow cell has been developed for surface-enhanced Raman (SER) detection in 
liquid chromatography. Using colloidal silver as an active substrate, SER spectrometry of banned drugs 
in sport is presented. The experimental factors of primary influence on the analytical performance of 
the cell have been studied. The results of SER detection with the proposed cell have been compared to 
UV detection. 

Surface-enhanced Raman spectrometry (SERS) 
on colloidal systems is a sensitive, selective and 
fairly simple method for the analysis of a variety 
of compounds of technical, environmental, 
biomedical and pharmaceutical interest. The 
requirement for analyte-induced aggregation of 
the colloidal system introduces a range of 
experimental variables that are diiXcult to 
control. Driven by the excellent separative and 
sample handling performance of modem ana- 
lytical flowing systems, colloid SERS systems 
have been adapted for detection in flowing 
streams [flow injection analysis (FIA) and high 
performance liquid chromatography (HPLC)]. 
In the earliest configuration,lJ a relative stan- 
dard deviation of 3% was reported for replicate 
injection of p-aminobenzoic acid on a stream 
of colloidal silver prepared on-line at room 
temperature. After these reports, other appli- 
cations of colloid SERS on flowing streams were 
described.>’ The separation and determination 
of four purine bases (adenine, guanine, hypox- 
anthine and xanthine) by reverse-phase HPLC 
in combination with real-time SERS have been 
demonstrated.* Limits of detection in the 
nanomolar range were reported. In spite of 
these advantages, SERS detectors using conven- 
tional, closed flow cells have several drawbacks. 
Tailing in the chromatographic peaks results 
from memory effects caused by deposition of 
Ag sol and adsorbed compounds on the 
inner wall of the cell.* To eliminate the memory 
effect, it is often necessary to change the flow 
cell or to rinse it with nitric acid after each 

$Author for correspondence. 

chromatographic run. Adsorption on the cell 
walls also results in baseline drifts, contami- 
nation problems and mixing of the spectra of 
the previously separated compounds. 

The need for a reliable but simple analytical 
device for detection in HPLC remains an im- 
portant goal in SERS. Open flow cells have been 
proposed for detection in HPLC under a variety 
of analytical principles. A windowless cell was 
fist proposed for laser-induced fluorescence de- 
tection? Using the 325nm modulated output of 
a He-Cd laser and phase-sensitive detection, 
carcinogenic aflatoxins were linearly quanti- 
tated to 7.5 x lo-” g. Later, the fluorescence 
and photoacoustic characteristics of an open 
flow cell intended for liquid chromatographic 
applications were compared with the respective 
characteristics of a static cuvette cellLo The 
advantage of such a detector is that photoacous- 
tic detection is complementary to fluorescence 
detection and may be useful in quantitating 
substances which do not appreciably huninesce. 
A laser two-photon ionization technique was 
applied for the trace determination of pyrene 
using a windowless cell made of two stainless 
steel electrodes.” With 300-4 dead volume, the 
cell, in combination with a pulsed nitrogen 
laser, allowed the detection of 100 ng/ml pyrene 
in n-heptane. An open cell was developed that 
had simultaneous detection capabilities by 
molecular fluorescence, photoacoustic effect 
and two-photon photoionixation processes. 
The cell was evaluated for drugs,12 aromatic 
compounds13 and polycyclic aromatic hydro- 
carbons.” In the present paper we discuss the 
utility of SERS detection in HPLC using an 
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ARGON -ION LASER 

MOBILE PHA!3E 

Fig. 1. Schematic diagram of the HPLCSERS system. PMT, p~otom~tip~~ tube and cooled housing; 
AMP, fast preamp@er; V, injection valve. 

open flow cell. The operating performance of 
the cell is illustrated for banned drugs in sport. 
The results of SER detection with the proposed 
ceil have been compared to UV detection. 

EXPERIMENTAL 

Instrumentation 

A schematic diagram of a coupled 
HPLC-SERS system is shown in Fig. 1. Spectra 
were obtained with a 0.22-m double-grating 
spectrometer (Spex Industries, model 1680B) 
with a 1200 grooves/mm classically ruled 
grating. The Raman scattering was collected at 
right-angles and detected with a cooled photo- 
multiplier tube (Hamamatsu, model R-928), a 
fast preamplifier (Stanford Research Systems, 
model SR440) and a two-channel gated photon 
counter (Stanford Research Systems, model 
SR400). Operation of the photon counter was 
controlled by an AT personal computer with 
Stanford Research SR465 software. Spectral 
data were generated in binary code and con- 
verted to ASCII for processing in standard 
graphics software. The 488-mn line of an argon- 
ion laser (Coherent, model Innova 70-S) was 
used, and the laser power at the windowless flow 
cell was approximately 400 mW. A 25cm focal 
length glass lens focused the laser beam onto 
the cell. 

The liquid chromato~aphy system consisted 
of an isocratic pump (Shimadzu model LC-6A) 
with a Rheodyne injection valve using a 20-~1 

sample loop. The analytical column was a S-pm 
OD-MP Spheri-5 RP-18 (10 cm x 4.6 mm id.; 
Brownlee Labs). A model SPD-6A variable- 
wavelength W-visible detector and a Chroma- 
topac integrator, both from Shimadzu, were 
also used. The wavelength for UV detection was 
254 nm. The mobile phase was methanol-water 
(1: 1, v/v). Prior to use, the mobile phase was 
vigorously degassed and particulate matter was 
removed by passage through a 0.45pm nylon 
membrane filter under vacuum. The flow rate 
was 0.2 ml/min. For flow injection analysis the 
Ag sol and drug solutions were pumped by two 
peristaltic pumps (Heidelberg model 13 1900 
and Gilson model M312, respectively). The flow 
rate was 1.5 ml/mm for silver hydrosol and 
0.075 ml/mm for the analyte sample. 

The windowless flow cell was designed and 
constructed in our laboratory and consisted of 
two chromato~phic stainless steel tubes of $ 
inch id. and 1.4 mm external diameter mounted 
on an aluminium frame. The dimensions of the 
cell are shown in Fig. 2. The eluent from 
the chromatographic column and the silver 
hydrosol are mixed on a chromatographic tee 
and then flow to the windowless cell. The 
draining liquid is supported by surface tension 
between the two tubes. The column of liquid is 
approximately cylindrical with a diameter of 
1.4 mm and height of 1.6 mm. The dead volume 
of the cell is roughly 2.5 ~1. The flowing liquid 
exits the flow cell through the stainless steel 
tubing to a waste beaker. 
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Fig. 2. Schematic diagram of the windowless flow cell. 

Chemicals and procedure 

All chemicals used were of analytical reagent 
grade or equivalent. Demineralized water was 
used throughout. Amiloride, amiphenazole, 
caffeine, chlorthalidone, hydrochlorothiazide, 
2-mercaptopyridine, pemoline and triamterene 
were purchased from Sigma. They were used 
without further purification. Stock solutions 
(100 pg/ml) of the drugs were prepared in 
methanol-water (1: 1, v/v). Silver hydrosols 
were prepared with fresh aqueous solutions of 
1 x 10e3M silver nitrate and 2 x 10e3M sodium 
tetrahydroborate. Fifty millilitres of the silver 
nitrate solution were added dropwise to 150 ml 
of vigorously stirred, ice-cooled sodium tetra- 
hydroborate solution. After mixing, the result- 
ing colloid was maintained in an ice bath for 
2 hr with constant stirring. With this procedure, 
the aggregation process of hydrosol has been 
stopped and the hydrosol remained stable for 
several days. Silver hydrosols were used at room 
temperature. Urine samples were obtained from 
healthy human volunteers not receiving any 
medical treatment and were filtered through a 
0.45~pm membrane filter prior to injection. 

RESULTS AND DISCUSSION 

For SERS to be used as a detector for HPLC 
and FIA it is necessary that the analyte-induced 
aggregation kinetics of the colloid be rapid and 
that the solvent employed be adequate. Montes 
ef al.” demonstrated that the kinetics of aggre- 
gation depend on the chemical structure of the 
analyte studied. On the other hand, it is also 
knownI that the adsorptive behaviour of the 
analyte on the Ag surface can change when 
different types of mobile phase are used. One 
effect is the direct adsorption of the mobile 
phase onto the active sites of the colloidal 
particles, which diminishes the analyte’s affinity 

Fig. 3. Surfacemhanced Raman spectra of drugs in FIA 
system. Drug concentration, 100 pg/ml. The flow rates of 
silver hydrosol and drug solution were 1.5 and 0.075 ml/min, 

. . . 
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Table 1. Surface-enhanced Raman bands of drugs on colloidal silver. Band positions are 
given in cm-‘. The values of parentheses represent the relative intensities of the bands on a 

semi-quantitative scale from 1 to 10 

Amiloride Amiphenazole 2-Mercaptopyridine Pemoline Triamterene 

1082 (3) 1013 (8) 1010 (10) 918 (2) 1040 (1) 
1209 (9) 1187 (6) 1134 (4) 998 (10) 1294 (5) 
1375 (10) 1272 (5) 1246 (3) 1146 (3) 1357 (10) 
1466 (8) 1404 (5) 1448 (2) 1246 (5) 1426 (5) 
1645 (7) 1495 (2) 1570 (4) 1294 (5) 1516 (4) 

1606 (10) 1407 (6) 1606 (3) 
1484 (1) 
1602 (8) 

for the Ag surface or affects the aggregation 
behaviour of the Ag colloid. In the present 
paper, a methanol-water (1: 1, v/v) mobile 
phase proved adequate for the drugs of interest. 
On the other hand, the good optical alignment 
of the laser beam onto the SERS cell is a 
critical parameter for obtaining high-quality 
SERS data, because the optical path length has 
been shown to significantly affect the SERS 
measurements.” 

In a previous work, we have studied the SERS 
activity on colloidal silver of a variety of drugs.‘* 
Five drugs have been chosen to evaluate the 
windowless flow cell, which provides aggrega- 
tion kinetics fast enough to be processed in flow 
systems. Figure 3 illustrates the SER spectra of 
five drugs (amiloride, amiphenazole, 2-mercap- 
topyridine, pemoline and triamterene) obtained 
at room temperature by continuously flowing 
the analyte solution and the silver colloid 
through the windowless cell. The flow rates were 
optimized in order to maximize the signal inten- 
sity. The optimal flow rates of silver hydrosol 
and analyte were 1.5 and 0.075 ml/min, respect- 
ively. Few authors have reported SER spectra 

IO i0 30 40 

Time (min) 

Fig. 4. Reproducibility of the FIA-SERS system for ami- 
loride. Five successive injections of 625 ng of amiloride 
monitored at a Raman shift of 1375 cm-‘. The flow rates 
of silver hydrosol and amiloride were 1.5 and 0.075 ml/mm, 

respectively. 

under flowing conditions.‘***ig The SER spectra 
in Fig. 3 demonstrate that the Raman bands are 
easily discernible, and each individual SER 

Time (mln) 

Time (mud 

Fig. 5. (Top) SERS chromatogram of a mixture of amilor- 
ide (A), 2-mercaptopyridine (M) and pemoline (P) obtained 
by monitoring the intensities of the peak at 1407 cm-i. 
(Bottom) UV chromatogram of the same mixture monitored 
at 254 nm. The mobile phase was methanol-water (1: 1, v/v), 
flow rate 0.2 ml/min. The flow rate of silver colloid was 1.5 

ml/min. 
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Table 2. Chromatographic parameters and analytical figures of merit obtained for 2-mercaptopyridine and 
pemoline by UV and SERS detection 

uv deIection SER.9 detection 

I’ 
(t&l, 

Nt LR$ RSD# LOD 11 t * 
(ng) (m’in) 

Nt LRt RSW mDII 
MYte OcgW) (%) @g/ml) (%) (ng) 

Mercaptopyridine 5.81 2800 0 12 5.60 860 25 2.5 100 
Pemoline 7.47 3730 

:: ::; 
1:OO 7.25 2ooO 25 1.6 32 

*Retention time obtained at a flow rate of 0.2 ml/min. 
tE5ciencies in theoretical plates calculated using N = 4 (r,/ W, 6H): where W, 6H is the peak width at 60% of the 

peak height expressed in time units. 
SLimit for the range of linear response of peak height with concentration. 
#Relative standard deviation for five replicate measurements at 25 rg/ml. 
IlLimit of detection calculated for a signal equivalent to twice the baseline noise., expressed in ng injected. 

spectrum can serve as a fingerprint for each 
compound. Table 1 summarizes the SER band 
positions of the drugs. 

P 

Ttme (mln) 

I 

0 5 IO 15 

Time (mln) 

Fig. 6. Comparison of SERS and UV chromatograms for 
five drugs [caiTeine (C), chlorthalidone (Cl.), hydrochloroth- 
iaxide (H), 2-mercaptopyridine (M) and pemoline (P)]. 

Other conditions as in Fig. 5. 

It is important to note that the preparation of 
silver hydrosol affects the state of aggregation 
and consequently the reproducibility of results 
and signal stability. To eliminate this problem, 
silver hydrosols have to be prepared using con- 
sistent laboratory practices, as described in the 
Experimental section. With the procedure used, 
the aggregation process prior to analyte injec- 
tion can be controlled. Figure 4 shows the signal 
reproducibility for five consecutive injections of 
amiloride. The absolute amount in each injec- 
tion was 625 ng amiloride and the samples were 
injected at 6 min intervals. A band at 1375 cm-’ 
in amiloride was used to monitor the signal. 
The measured reproducibility was 1% (relative 
standard deviation). Similar reproducibility was 
reported by Freeman et al.,’ for pararosaniline 
hydrochloride. Figure 4 also shows the rapid 
baseline restoration after each injection and the 
absence of memory effects. 

The use of the windowless flow cell for SERS 
detection in HPLC is illustrated in Fig. 5. An 
SERS-detected chromatogram of a mixture of 
amiloride, 2-mercaptopyridine and pemoline 
and a W chromatogram of the same mixture 
are shown. The HPLC flow rate was 0.2 ml/mm. 
However, the mixing of the silver sol with the 
column eluent just prior to the SERS detector 
causes the retention time to be shifted to 
shorter times by about 20 set over the W 
chromatogram. The relative peak areas differ on 
going the SERS to the W detection modes. For 
instance, pemoline is the largest peak in the 
SERS chromatogram while 2-mercaptopyridine 
is the largest peak in the W chromatogram. 

A comparison of efficiency, linear range, pre- 
cision and detection power for 2-mercapto- 
pyridine and pemoline using W detection and 
SERS detection is summarized in Table 2. The 
lower efficiency of the SERS detection results 
from the mixing of the eluent with the silver sol. 
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Time (rnrd 

Time (rnln) 

Fig. 7. Comparison of human mine chromatograms. (Top) 
SERS chromatogram. (Bottom) UV chromatogram. Other 

conditions as in Fig. 5. 

The precision of SERS intensities has been one 
of the weakest points of this technique. Remark- 
ably, with the windowless flow cell used here, 
RSD values for the SERS detection mode are 
comparable to those found by W detection. On 
the other hand, the SERS mode provides higher 
limits of detection. The main reason for this 
effect is the dilution of the analyte resulting 
from mixing the chromatographic eluent with 
the silver colloid. At the flow rates used, the 
dilution factor is about 20-fold. The unique 
selectivity provided by the SERS detector can be 
illustrated by comparison of chromatograms of 
a mixture of caffeine, chlorthalidone, hydro- 
chlorothiazide, 2-mercaptopyridine and pemo- 
line. Figure 6 shows the W and SERS 

chromatograms of the mixture monitored at 
254 nm and at 1407 cm,-’ respectively. Caffeine 
and chlorthalidone co-elute and appear as a 
single peak in the W chromatogram (t, = 8.6 
min), while hydrochlorothiazide (t, = 5.42 min) 
overlaps the peak of 2-mercaptopyridine (t, = 
5.85 min). The SERS-detected chromatogram 
presents only two peaks, at 5.6 and 7.25 min, 
corresponding to 2-mercaptopyridine and 
pemoline, respectively. Caffeine, chlorthalidone 
and hydrochlorothiazide are not detected since 
these drugs are not SERS active under the 
present conditions. No peak tailing or memory 
effets in the cell are observed. To further evalu- 
ate the selectivity of the SERS detector, an 
SERS chromatogram of human urine is com- 
pared with a W chromatogram in Fig. 7. The 
peaks observed correspond to proteinaceous 
and other endogenous urine components. As 
shown, the peak at 7.5 min in the SERS chro- 
matogram does not appear in the W chro- 
matogram. This fact indicates that there are 
urine components that can only be detected by 
SERS. On the other hand, the relative peak 
areas are also different in both chromatograms. 
For instance, the peak at 3.8 min is much higher 
in area in W than SERS. The opposite is seen 
for the peak at 4.5 min. 

CONCLUSIONS 

There are advantages in using the windowless 
flow cell for SERS detection in HPLC. First, the 
open character of the cell provides continuous 
renewal of the aggregated colloid in the cell. 
This helps to remedy a recurring problem in 
conventional flow cell experiments, which is 
adsorption of aggregated silver on the cell walls 
resulting in undesirable memory effects. Also, 
baseline drifts and peak tailing are circumvented 
using this approach. The LODs achievable are 
within the limits reported for conventional 
batch systems, although they are much higher 
than in W for two drugs studied. The unique 
band position and shape of spectral features in 
the SER spectra of the drugs could be beneficial 
in the dope analysis of these and similar com- 
pounds. This information could complement or 
supplement general gas chromatography-mass 
spectrometry data in confirmatory analysis. 
Presently, we cannot fully exploit the spectral 
selectivity of the SERS-HPLC approach 
because a monochannel detector is used to 
disperse the Raman scatter. Detection based on 
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Summary-The application of two chemometric techniques for data structure analysis (ward’s hierarchi- 
cal clustering and principal Components Analysis) has permitted the characterization of 5th century A.D. 
amphora-producing centres in the Mediterranean on the basis of X-ray fluorescence data on 66 amphora 
fragments. The chemometric study complements and reinforces the conclusions drawn from typological 
and archaeological analysis. Nineteen samples of unknown origin have been classified (using the SIMCA 
method) into the eight proposed classes of amphora production. 

Amphorae are a type of ceramic container used 
in antiquity for transporting liquid and semi- 
liquid foodstuffs (pickled, salted and other 
forms of preserved food) by sea. Because of 
their nature, the contents have rarely withstood 
the passage of time. Amphorae thus provide 
indirect evidence on these products as well as 
the commercial ties linking geographically sep- 
arated regions. However, in order to establish 
this connection, it is essential to know the origin 
of the amphora itself and to be aware of the 
contents transported in it. 

The traditional method used for identifying 
the place of origin of both amphorae and other 
pottery has a largely archaeological and typo- 
logical basis. It was not until the 1970s that 
chemical information started to be used as a 
means of relating the composition of ceramic 
materials to their area of origin. To be more 
precise, in the case of amphorae, the most 
widely-used method to date is that known as 
petrological analysis, which consists of the 
identification of the mineral inclusions in the 
fabric, their physical characteristics and their 
rate of frequency. The results obtained from 
these analyses are compared with those ob- 
tained from samples taken from the waste ma- 
terials of the amphora-manufacturing centres 
themselves or from the sources of raw material 
used in the production of a particular type of 
amphora. At present this method of relating the 

product’s origin to the manufactured product 
itself has one serious drawback, namely the lack 
of a detailed register of reference material. 

A second widely-used method for relating 
products to their origins is the chemometric 
analysis of chemical composition data; this tech- 
nique enables groups of gee-chemically homo- 
geneous samples to be established. After a 
seminal work by Kowalski et al.,’ numerous 
applications have been published, many of them 
related to ceramic materials.2-5 Nevertheless, 
amphorae which show a similar chemical com- 
position may well come from geographically 
differing areas, and, in contrast, samples whose 
composition in geochemical terms is quite differ- 
ent may come from a zone which formed a 
historical unit in the past. 

It is thus clear that only by combining all the 
possible means of analysis (typological, chemi- 
cal, physical, etc.) that a suitable solution can be 
found for the problems raised in the identifi- 
cation of centres that produced amphorae (and 
other pottery). 

In the present paper a chemometric character- 
ization of 5th century A.D. amphora-producing 
centres in the Mediterranean is proposed on the 
basis of the data derived from X-ray fluor- 
escence analysis on 85 amphorae fragments 
found in a waste dump at Tarragona (Imperial 
Tarraco, Hispania). This study complements 
the typological characterization of over 350 

TAL 4o,o/ll-I. 1749 



1750 J. A. REMOLD et al. 

fragment samples and sets up an objective 
chemical foundation for the overall archaeo- 
logical study. 

In the first instance, our aim was to identify 
the groups that were established naturally, tak- 
ing into account only the 66 samples of certain 
and doubtful provenance. This study made 
it possible to compare these groupings with 
those established through purely archaeological 
and typological considerations. Thereafter, we 
decided to use classification techniques to en- 
able the association of the 19 pieces of unknown 
origin with their production area. 

6 

EXPERIMENTAL 

Samples: the waste dump at Vila-roma 

This waste dump, dated to between A.D. 425 
and 450, is a site of exceptional significance in 
view of the fact that more than 30,000 fragments 
have been found, of which approximately 
28,000 come from amphorae.6 

Late Roman amphorae7 are classified into 
three principal groups according to their area 
of origin: North Africa, Southern Hispania 
(Baetica and Lusitania) and Eastern Mediter- 
ranean (Fig. 1). In the case of the waste dump 

8 

Fig. 1. Objects l-5: main amphora types of North African origin (1: evoluted African group 1, 2: 
cylindrical containers of medium size, 34 cylindrical containers of considerable size, 5: spatheia). Objects 
6-9~ main amphora types of South Hispania origin (6: Keay 13a/c, 7: Keay 19a/b, 8: Keay 16,9: Keay 
23). Objects 10-14: main amphora types of Oriental origin (IO: Keay 54 bis, 11: Keay 65, 12: Agora od 

Athens M.273, 13: Keay 53, 14: Keay 54. 
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at Vita-roma, of the estimated 400 or so examples 
of amphorae, 100 (25%) have their origins in 
the south of Hispania, 98 (24.4%) come from 
North Africa, while 102 (25.5%) were mantiac- 
&red in the eastern Mediterranean8 To these 
should be added 79 examples of as yet uncertain 
proven~#. The classi~~tion of samples to the 
above mentioned zones was carried out strictly 
on the basis of archaeological and typological 
criteria and the geographical names used 
do not necessarily imply the gee-chemical or 
t~lo~~l homogeneity of the products. 
Table 1 presents a list of the 85 samples from 
this waste tip that are the subject of the present 
study, together with their type and their 
inventory number. Of these 85 samples, 57 
are well identified according to archaeological 

criteria, 9 are of doubtful att~bution, and 
19 belong to the group of unknown provenance. 

Iron, manganese, titanium, calcium, potass- 
ium, silicon, altinium, phosphorus and mag- 
nesium content, expressed as percentages of 
their respective oxides, were determined by 
X-ray fluorescence analysis. The samples were 
prepared by the fusion technique in a Perlex 
X2 oven. X-ray fluorescence intensities were 
measured on a computer controll~ Philips 
PW~l~ dispersive wave length X-ray spec- 
trometer equipped with rhodium and scandium 
sources. 

The samples were prepared by weighing one 
gram of crushed sample of pottery and four 

Table 1. !Iample shards from Vila-roma grouped according to their typological 
~hara&eristics 

North Africa 

3. Cylindrical containers of 
1. Evoluted African Group I considerable size 

N” Tnrc: No Inventory NO Type No Inventory 

20 K.3b 2236 25 K.41 2305 
29 K.3a 2235 26 K.35 2303 
36 K.3a 2227 28 K.41 2312 
61 K.3a 2271 30 K.41 2310 

31 K.35b 2300 
2. Cylindrical containers of 32 K.35b 2302 

medium size 35 K.62 2948 

:;I 
21 
23 
27 
40 

K.2Sp 
K.2Sp 
K.27b 
K.2Sy 
K.25gjh 
K.27b 

2281 
2264 
2242 
2282 

37 
38 
39 
41 

KS7 2966 
K.6la 
K.S9 ;Ez 
K3Sb 2301 

4. “‘Spatheia” 

33 K.26 2255 
85 K.26 225s 

5. other African types 

24 K.77 2964 
34 K.86 296s 
42 VLR 8.58 3215 

Southern Hispania 
1. Keay 13a (Retiea) 3. Keay 19ajb (&&a) 

: K.13a K.13a 2144 2149 52 55 K.lPa/b 2169 
K.l9a/b 

60 K.13a 2164 57 K.l9a/b z!z 
62 K.lA/b 217s 

2. Keay 13~ (Be&a) 4. Keay 16 (Lusitania) 

43 K.13~ 2100 46 K.16 222s 

: K.13c K.13~ 2103 2097 z K.16 K.16 2226 2223 

:: K.13c K.lk 2143 2101 5. 23 Keay busies) 

49 8.23 2209 
53 K.23 2222 
78 K.23 3307 
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Table 2. X-ray tluorwcence analysis results (%) 

&OS MnO TiO, CaO 40 SiO, A&O, Pz05 MgO 

01 
02 
03 
04 
05 
06 

K 
09 
10 

:: 
13 

:: 
16 
17 
18 

;: 
21 
22 
23 

z 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 

5.82 0.12 1.14 9.83 1.78 57.44 10.14 0.18 2.26 
5.61 0.09 0.69 11.35 2.45 49.45 13.23 0.16 1.57 
5.52 0.11 0.62 17.10 2.23 45.74 12.35 0.22 3.32 
5.55 0.12 0.54 19.29 2.59 40.67 10.99 0.25 3.53 
5.59 0.12 0.53 17.74 2.45 39.69 10.45 0.22 4.91 
5.56 
4.97 tt 

0.77 8.89 2.82 48.22 13.60 0.18 2.59 

0:13 
0.97 12.33 1.41 56.29 9.02 0.21 2.07 

6.11 1.22 8.16 2.09 54.89 10.56 0.24 2.14 
5.58 0.10 0.69 11.81 2.54 50.29 12.97 0.16 1.36 

10.98 0.09 0.85 1.80 3.45 48.17 20.85 0.42 3.24 
4.90 0.09 0.99 12.38 1.51 53.96 8.52 0.11 1.89 
5.72 0.11 1.13 10.02 2.03 53.11 10.24 0.21 2.28 
4.99 0.09 0.54 16.70 2.29 43.62 9.17 0.15 3.63 
5.94 0.10 

8:: 
17.89 2.21 45.35 10.20 0.18 3.97 

5.18 0.09 11.36 2.70 47.34 12.78 0.15 1.45 
5.41 0.08 0.72 9.67 2.66 50.69 13.73 0.16 1.47 
4.90 0.09 0.64 6.87 1.90 58.72 11.49 0.35 1.56 

::: 
0.03 0.64 12.68 2.06 49.06 12.02 0.37 1.53 
0.02 0.72 8.47 1.20 57.19 14.93 0.24 1.37 

E 
0.05 0.71 6.89 1.81 63.00 11.52 0.16 1.06 

4:88 
0.05 0.68 11.96 1.75 54.04 11.74 0.19 1.04 
0.02 0.75 8.76 1.21 56.94 16.45 0.20 1.53 

::: 
0.07 0.69 7.05 2.36 59.56 12.57 0.28 1.72 
0.05 0.63 10.62 2.30 50.90 12.37 0.34 1.51 

5.22 0.05 0.62 13.08 2.05 49.28 12.37 0.27 1.49 
4.80 0.03 0.74 6.12 2.36 61.08 11.33 0.15 2.62 
4.83 0.03 0.79 3.34 2.46 61.63 11.71 0.14 1.46 
5.85 0.05 0.69 11.97 2.03 49.48 13.42 0.22 1.63 
4.60 

t:: 
0.72 7.79 1.74 58.75 11.82 0.15 1.01 

5.12 0.62 10.68 2.48 50.52 12.16 0.42 1.56 
6.26 0.04 0.84 3.26 2.19 14.22 0.16 1.41 
5.37 0.03 0.84 4.62 2.56 f4:: 13.25 0.19 1.78 
5.16 0.05 0.71 7.36 2.23 64.49 12.48 0.21 1.67 
5.15 0.07 0.71 7.07 2.32 61.31 12.45 0.23 1.86 
6.12 0.04 0.82 6.64 2.22 60.86 14.14 0.17 1.83 
4.36 0.04 0.71 11.51 1.76 58.18 11.84 0.25 1.19 
5.29 0.04 0.87 3.58 2.59 65.94 13.06 0.15 1.68 
4.23 0.04 0.64 14.75 2.36 55.24 11.33 0.14 1.68 
4.88 0.03 0.86 8.10 3.46 55.62 13.81 0.20 1.90 
5.07 0.04 0.77 7.92 1.93 64.28 12.96 0.19 1.23 
5.23 0.03 0.84 4.21 2.66 64.92 13.28 0.15 1.58 
5.22 0.05 0.71 12.34 1.74 56.94 12.27 0.15 1.69 
5.40 0.07 0.69 11.10 2.76 55.37 13.08 0.24 2.26 
5.39 0.05 0.68 13.42 2.14 53.13 12.20 0.30 2.09 
5.36 0.05 0.69 11.51 2.24 53.31 12.21 0.25 2.13 
4.69 0.03 0.73 0.64 3.04 67.21 13.91 0.07 0.96 
5.18 0.07 0.68 10.18 2.79 55.92 12.55 0.36 2.07 

grammes of lithium tetraborate, mixing it and 
melting it in a platinum crucible. The instrument 
was calibrated with 20 international standard 
rock samples prepared by means of the glass 
bead technique. The effects of different types 
of potential interference were considered and 
the alpha correction factors were calculated to 
compensate. The results obtained are shown in 
Table 2. A summary of the raw data distribution 
is given in Fig. 2. 

Chemometric techniques 

Two unsupervised methods of analysis avail- 
able in the pattern recognition packages CLUS- 
TAN9 and ARTHUR’* were applied in order to 

show the overall structure of the 66 amphora 
samples of known origin in the multidimen- 
sional space. These methods are respectively, a 
hierarchical cluster analysis (the Ward method) 
and a representation method, Principal Com- 
ponents Analysis (PCA). Subsequently, the 
SIMCA ~l~ifi~tion method” from the statisti- 
cal package SIMCA” was used in order to 
evaluate whether any of the amphora of 
unknown origin might belong to any of the 
previously established areas of origin, 

RESULTS AND DISCUSSION 

Figure 3 shows the dendogram obtained as a 
result of the application of the Ward clustering 
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Fig. 2. Box and whisker plots of the raw data listed in Table 2. 

method on the 66 samples characterised accord- 
ing to typological and archaeological criteria. 
The projection of the samples into the space 
defined by the first two principal components 
is displayed in Fig. 4. The results obtained 
from both the dendogram and the PCA plot 
indicate that even though the natural grouping 
according to chemical compositional data does 

not always agree with the three principal 
zones defined (northern Africa, the south of 
Hispania, and the eastern ~~ite~n~n), 
aspects which had been evident on the grounds 
of purely archaeological evidence are con- 
firmed. Thus, sample 10 (Keay type 54 bis), 
from Sardis, shows a considerable similarity, in 
the Ward diagram (Fig. 3), to samples 66 and 76 

0.8 

Fig_ 3. Dendogram of the 66 objects in the ~di~sio~ space of the variables obtained by Ward’s 
biezacchical clustering method. (&) class 1, (*) class 2, (0) class 3, (0) class 4, (Cl) class 5, (WI class 

6. (A) class 7, (A) class 8. 
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Fig. 4. Projection of the 66 archaeological samples described by the original 9 variables into the plot 
defined by the first two principal components. (62.1% of the total variance retained). The symbols are 

the same as in Fig. 3. 

(Athenian Agora type M.273), possibly from the 
western and northern Aegean. These samples, 
classified into the small class 5 in Table 3, 
appear in the PCA plot (Fig. 4) displaying a very 
different performance from the rest, on the 
variables analyzed, which may suggest an iden- 
tical production area for both types, situated in 
an area of similar geo-chemical characteristics. 

Samples included in the eastern Mediter- 
ranean group can be easily detected. Thus, a 
small class made up of pieces 3,4 and 5, coming 
from the Black Sea/northern Aegean, and by 
samples 13 and 14, from the Antioch area, can 
be observed both in the dendogram and the 
PCA plot. It should be pointed out that in this 
class, numbered 6 in Table 3, samples of very 
different types (Keay 65 and Keay 53), which 
as far as can be seen were produced in very 
different areas, have been included. Principal 
Components Analysis (Fig. 4), supplies useful 
information on the variables that are respon- 
sible for the disposition of the eastern Mediter- 
ranean samples, the high Mn, Ca and Mg 

content of these samples in comparison with the 
others being particularly noticeable, which may 
indicate that the clays used in Antioch and in 
an area situated somewhat imprecisely on the 
Black Sea/northern Aegean coastline were very 
similar as regards their chemical composition, 
since the widely-differing typology of this set of 
pieces makes it unlikely that all of them came 
from a single production centre. 

The presence of the elements in classes 5 
and 6, well separated from the rest, leads to a 
bunching together of all other samples in the 
PCA plot, so a new PCA was carried out 
without considering these objects. After at- 
tempting several preprocessing data techniques 
to obtain better results, a principal components 
analysis of the logarithmically transformed 
reduced data set is shown in Fig. 5. 

In this three-dimensional plot and the dendo- 
gram of Fig. 3 a small set (class 1) formed by 
pieces 1,12,8,7 and 11 (examples of Keay type 
54) can be easily detected; these come from the 
eastern Mediterranean, to be more precise from 

Table 3. Classes of samples established on the basis of the Ward hierarchical clustering and Principal Components Analysis 

Class 1 (*): 
Class 2 (*): 
Class 3 (0): 
Class 4 (0): 

techniques 

1-12-8-7-11 (Type K. 54, zone of Gaza) 
46-59-63-53 (Type K. 16. Lusitania) 56-64 (Type K. 21, unknown) 
2-9-15-16-6 (Type VLR 8.198, unknown) 
19-22 (Type K.24, probably from North-Africa) 61-20-29-36-21-40-27-26-31-32-35-37-3841-33-8542 
(North-Africa) 

Class 5 (0): 10 (Type K.54 bis, zone of Sardis) 66-76 (Agora of Athens M.273, Aegean zone) 
Class 6 (m): 345 (Type K.65, North Aegean) 13-14 (Type K.53, zone of Ant&h) 
Class 7 (A): 44-45~60-43-47-48-565-52-55-57-62- (Betica) 49 (Lusitania) 
ClaSS 8 (A): 17-18-23-25-28-30-39-24-34 (North Africa) 
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Fig. 5. Threedimensional projection of 58 archaeological samples, data have been log transformed, into 
the plot defined by the first three principal components. (75.5% of the total variance retained). Same 

symbols as in Fig. 3. 

the Gaza area, and have little connection with 
the North Aegean samples in class 6. 

The Ward diagram and the 3d PCA plot also 
corroborate the idea of considering samples 2,6, 
9, 15 and 16 as a homogeneous class. These 
samples might have their origin at some un- 
known point in the eastern Mediterranean. 
They appear as a group of high internal con- 
sistency, which is in accordance with the typo- 
logical classification given, but, in chemical 
terms however, show a stronger tendency 
towards joining those samples from the south 
of Hispania and some from north Africa. In 
spite of this, these pieces have been considered 
members of a new class (class 3 in Table 3) quite 
different from all other classes. 

Nevertheless, samples 19 and 22, correspond- 
ing to Keay type 24, which are morphologically 
related to the large north African containers, 
but which, because of the visual characteristics 
of their fabric had not been included within this 
geographical group, can be chemically grouped 
with the set of samples from this zone (class 4), 
and thus supply objective reasons for including 
them in it. The same does not occur with 
fragments 56 and 64 of Keay type 21, the 
technical (but not typological) characteristics of 
which point to a north African origin, but 
which, however, on the basis of the chemical 
evidence in the Ward diagram and the PCA 
plot, appear to be closer to numbers 46, 59 and 
53, from the south of Hispania (class 2), more 
exactly Lusitania, and sample 61 of north 
African origin. Bearing in mind the clear separ- 

ation in chemical terms of these fragments from 
the south of Hispania, more precisely Lusitania, 
from the remainder of the southern Spanish 
pieces from Baetica, it seems reasonable to 
consider that samples 63, 46, 56, 64, 59 and 53 
form the large class 2. It should be pointed out 
that piece number 49, also from Lusitania, has 
been excluded from this group, for it is chemi- 
cally included with those from Baetica. This is 
only to be expected since the same form may 
have been produced in different areas in the 
past. 

Finally, by means of both the Ward diagram 
and principal component analysis, it can be seen 
that the samples from Baetica cluster together 
and display chemical characteristics similar, as 
far as the variables analyzed are concerned, to 
samples 17, 23, 34, 39, 24 and 42, which corre- 
spond to various forms of north African origin 
(class 8). Given that there exist typological 

Table 4. Number of Principal Components and typical 
standard deviation for each group modeled with SIMCA 

method 

No. of I’Ca Typical standard 
Group considered (As) deviation (so) 

1 2 0.49 
2 2 0.68 
3 2 0.17 
4 2 0.72 
5 1 0.74 
6 2 0.75 

: : 
0.84 
0.36 

*The number of variables, M, in all groups is 9. 
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Table 5. Results of the SIMCA method. Standard deviation (si) for the 19 unknown samples 
to every established class 

Sample Gr.1 Gr.2 Gr.3 Gr.4 Gr.5 Gr.6 Gr.7 Gr.8 

51 6.50 0.83 4.21 1.85 11.81 8.45 3.87 4.14 
54 5.39 7.95 2.10 6.95 2.70 9.56 6.99 6.17 
58 5.79 1.64 3.77 1.85 11.09 6.93 3.20 3.74 
67 4.40 9.05 1.27 6.86 2.09 5.21 5.23 5.59 
68 4.52 4.41 1.81 3.42 3.58 7.16 4.08 4.06 
69 3.83 3.17 4.14 1.84 4.15 6.22 2.68 1.67 
70 2.60 6.15 2.63 2.19 2.45 2.82 1.63 2.49 
71 3.13 8.03 1.52 2.03 4.18 3.11 1.88 2.45 
72 4.53 3.54 1.64 3.25 9.16 7.38 3.38 3.57 
73 4.80 5.51 I .29 1.41 10.41 4.71 3.25 2.87 
74 5.43 0.93 4.92 1.30 010.73 7.54 3.54 3.01 
75 2.90 6.54 2.44 0.88 7.32 2.91 1.78 0.72 
77 3.67 3.76 1.52 3.14 5.61 6.83 2.64 2.26 
79 4.89 3.39 2.71 3.36 8.46 7.78 3.91 3.98 
80 5.12 8.40 1.18 2.31 11.61 3.31 3.54 1.79 
81 2.95 5.15 0.83 1.93 4.46 3.92 1.10 1.32 
82 3.42 4.71 1.98 4.28 5.78 6.60 3.00 2.55 
83 3.32 5.29 2.71 2.66 1.99 4.83 2.16 2.88 
84 5.48 1.22 4.40 1.61 9.91 7.69 3.26 3.34 

and archaeological reasons for not considering 
them all as coming from a single manufacturing 
centre, they have been taken to be different 
groups. 

By means of the combination of typological, 
archaeological and chemometrical criteria de- 
scribed, the existence of the eight classes sum- 
marized in Table 3 can be considered to be 
accepted. On the basis of these classes an at- 
tempt was made to classify the 19 remaining 
pieces, considered to be of uncertain origin, 
through the application of the SIMCA method. 
In this method, a Principal Components model 
is calculated for each class under consideration. 
Once the model is validated by means of the 
cross-validation technique, the prediction step is 
carried out by calculating the standard devi- 
ation of each of the pieces considered to be of 
unknown origin, 4, which is compared to that of 
the model S, by means of a suitable F-test, in 
accordance with the expression: 

F = sf/s; 

for (M-Aq) and (Nq-Aq-l)(M-Aq) degrees of 
freedom, M being the number of variables, Aq 
the number of principal components calculated 
for each class, and Nq the number of objects. 
The full results are listed in Table 4. 

The results of the SIMCA technique for 
the 19 samples of unknown origin are shown in 
Table 5. When their variance values (~2) were 
statistically compared to that of the model (s$ 
by means of the F-test, it was found that 
fragments 51 and 74 were able to be assigned to 
class 2, which, as has already been indicated, 
covers types of Lusitanian provenance; frag- 

ment 75 was assigned to the north African 
groups and 81 to the Baetican one. Nothing 
can be rigorously stated about the remaining 
pieces on valid statistical criteria, for, on the 
basis of the chemical variables analyzed, they 
present analogies with none of the established 
classes. 

CONCLUSIONS 

The usefulness of chemical and chemometric 
analysis in the characterization of amphora-pro- 
ducing centres in the Mediterranean basin has 
been shown. It is valuable in archeometry to 
spot the weakness of conclusions derived solely 
from the application of multivariate analysis to 
chemical composition data of materials such as 
ceramics or glass. Due to the composition of the 
raw material and the variations introduced 
during the manufacturing process, amphora 
having a similar chemical composition may 
come from different zones and, conversely, 
samples whose elemental composition is differ- 
ent may come from zones considered to be 
a historical unit in the past. However, this 
study shows the value of chemometrical tech- 
niques as complementary tools of typological 
and archaeological analysis in the characteriz- 
ation of samples. Moreover, pattern recognition 
techniques are very effective in establishing 
classes and classifying fragments whose origin 
cannot be assigned by means of any other 
technique. 
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SURFACTANT-BASED ORDERED MEDIA IN 
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Summary-During the last 10 years or so we have witnessed an enormous growth of interest and 
applications of surfactant-based ordered media in analytical chemistry. However, their use in analytical 
atomic spectroscopy (MS) has been rather scarce and often controversial. The utilization of surfactants 
in this latter field is discussed here along two main lines: one refers to the favourable manipulation of 
physical properties of the sample solutions (Part A) while the other, demonstrated very recently, refers 
to the adequate manipulation of chemical reactions and/or interactions of analytes in solution by resorting 
to surfactants use (Part B). The control of physical properties of sample solutions, e.g. manipulation of 
the surface tension, allows three main applications of surfactants in atomic methods: possible increases 
of nebulixation/atomixation efficiencies in tlame-AAS, improvement of aqueous/organic solvent compat- 
ibility (emulsification applications) and enhancement of the wettability of grapbitic solid surfaces. The 
facts and controversies existing today on this method of utilization of surfactants to enhance atomic 
methodologies is critically discussed. The ability of surfactant-based “ordered media” to organize 
reactants at the molecular level has also been applied to enhance chemical generation of volatile species 
(e.g. hydride generation or cold Hg vapour generation) used in atomic methods. The analytical potential 
and usefulness of micelles and vesicles to improve the detection power of hydride generation ICP-AES 
methodologies are summarized for the determination of arsenic, lead and cadmium by plasma emission. 
Increases up to two-fold in the sensitivity of As and Pb have been observed by addition of organized media. 
A volatile Cd species is formed very easily in cationic vesicles with NaEH,. This Cd species can be used 
to increase by five times the detectability of Cd by ICP-AES. Moreover, synergic combinations of liquid 
chromatography separations/atomic detection are possible by resorting to the use of micellar or vesicular 
mobile phases. The successful application of this principle to the modem problem of toxic arsenic HPLC 
speciation by using a vesicular solution [as mobile phase for the HPLC separation of As(III), As(V), 
monomethylarsonic and dimethylarsinic acids] and “on-line” surfactant-enhanced amine generation is also 
described in detail and completes the whole picture of the present interface between analytical atomic 
spectroscopy and surfactant assemblies. 

During the last 10 years or so we have witnessed 
an enormous growth of interest and appli- 
cations of micelles, and other not so well known 
“organized” media, in analytical chemistry. It 
has been conclusively demonstrated that surfac- 
tant-based organized assemblies formed in 
solution (also referred to as “organized” or 
“ordered” media) may provide a peculiar type 
of reaction medium able to solubilize reagents, 
change equilibria and kinetics of reactions in 
solution or change the spectral characteristics of 
coloured/fluorescent compounds. 

In brief, surfactants have become a special 
type of “analytical reagent” able to improve 

*Invited Lecture presented at the “XIIIth National Meeting 
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analytical reactions and performance of analyti- 
cal methods in nearly all fields of modem 
analytical chemistry.‘-3 The favourable spectro- 
scopic interactions of surfactants and their 
assemblies with absorptiometric dyes,* fluor- 
escent’ and phosphoresce& reagents and metal 
complexes6 determined their wide utilization in 
the field of molecular W-vis spectroscopy to 
improve absorptiometric,’ fluorimetr3 and 
phosphorimetrS6 analytical methods. This in- 
itial impetus of surfactants in molecular spec- 
troscopy has moved slowly to other fields, such 
as electrochemistry’** and separation science.%i3 

Topics of particular analytical interest in the 
latter field are the use of mobile phases contain- 
ing surfactants at concentrations above the 
CMC (critical micellar concentration), as is 
the case for micellar liquid chromatography9 

1759 
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and micellar electrokinetic capillary chromatog- 
raphy.‘O The use of surfactant-improved ap- 
proaches for non-chromatographic new 
separation/preconcentration techniques, such as 
ion-pair liquid-liquid extraction,” flotation’* or 
micellar “cloud-point” separations,” have also 
aroused considerable interest in the last few 
years. 

It is noteworthy, however, that the use of 
surfactant-mediated methodologies in analytical 
atomic spectrometry is rather scarce and often 
controversial. The more popular application of 
surfactants in this field is probably their utiliz- 
ation to manipulate the surface tension of 
sample solutions. The changes observed in the 
physical properties of solutions by adding sur- 
factants have been used to improve nebulization 
efficiency,‘4’8 to achieve compatibility of 
aqueous phases with organic solvents allowing 
for emulsification’g-21 and to improve wettability 
of a graphitic solid surface.22,23 Thus, in the light 
of presently available experimental evidence, in 
Part A we will critically review to what extent 
addition of surfactant organized assemblies, to 
manipulate the physical properties of dissolved 
samples, constitutes an effective method for 
enhancing analytical signals in atomic methods. 

Very recently the ability of micelles, and other 
ordered media, to organize reactants at the 
molecular level (and thus to favourably modify 
equilibria or kinetic constants) has been utilized 
in atomic spectroscopy24-2” to enhance chemical 
generation processes of volatile species (e.g. 

hydride generation) and this favourable effect 
can be combined with the potential of organized 
media as mobile phases in liquid chromatog- 
raphy9 in order to pursue a possible synergic 
surfactant-mediated coupling of separation/ 
detection. In fact, the favourable effect utiliz- 
ation of a vesicular solution as mobile phase for 
HPLC separation and “on-line” arsine gener- 
ation has been demonstrated very recently.” 
The application of such a concept to the modern 
problem of arsenic analytical speciation”Tz’ has 
also been addressed.27 The utilization of surfac- 
tant assemblies to manipulate chemical inter- 
actions for atomic analytical methods is revised 
in Part B. 

This paper intends to be a critical account of 
the interface surfactant assemblies/analytical 
atomic spectroscopy (see Fig. 1). Therefore, the 
potential and realized analytical applications of 
organized media in atomic spectroscopy will be 
systematically revised and critically discussed. 

PART A. SURFACMNTS ENHANCING THE 
PHYSICAL PROPERTIES OF SAMPLE SOLUTIONS 

1. Improving nebulization eficiency 

The addition of surfactants to the sample 
solution in flame/atomic absorption spec- 
troscopy (AAS) has been extensively studied as 
a means of enhancing the analytical sensitivity 
and of getting rid of some interferences.“” 
Depending on the surfactant and system stud- 
ied, the AAS signal increases, decreases or re- 
mains unchanged. Positive effects of surfactants 

SURFACTANT ORGANIZED ASSEMBLIES- 

-ANALYTICAL ATOMIC SPECTROSCOPY INTERFACE 

=iiiz-J 

/ 
Micellar 
Benefits 

I 

Changing in solutions 

Physical Properties 

J 

Chemical Properties 

Nebuliition Wettability Volatile Species Metal Speciation 
Formation 

Emulsification by Synergic 
Separation/Detection 

Fig. 1. The interface surfactant assemblies/analytical atomic spectroscopy. 
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on AAS signals have been attributed mostly to 
their effects on the nebulization process: the 
decrease in surface tension brought about by the 
surfactant should originate a finer aerosol and, 
hence, transport efficiency and/or atomization 
efficiency should be enhance&l4 However, this 
explanation is questioned today by several 
authors because the surface tension values for 
aqueous solutions of surfactants are usually 
equilibrium values which might not apply in fast 
processes such as pneumatic nebulization. Sur- 
face tension is a property which requires a 
certain period of time to stabilize, the time 
required by the monomers of the surfactant to 
migrate from the bulk of the liquid or other 
surfaces to the surface which is being generated 
in the new drops. They also need time to 
redistribute and reorientate there (sodium lau- 
rilsulphate, SLS, requires about IO msec for 
such processes). Thus, the actual surface tension 
(“dynamic 0”) governing the drop formation in 
a nebulizer may not be different from that 
existing in the absence of the surfactant.‘* 

The theory’s*M of “aerosol ionic redistribu- 
tion” (AIR) again suggests a selective enrich- 
ment of the analyte in the aerosol reaching the 
flame during the nebulization process if a sur- 
factant (micelles) is present in the sample sol- 
ution. 

Recent work, however, tend to negate AIR’s 
validity. Mora et al. Is have shown that long- 
chain surfactants do not modify the basic fea- 
tures of the primary aerosol formed, nor the 
transport efficiency of the analyte to the atom- 
izer. Yin Yan and Zhang17 compared two atom- 
izers, flame and ICP-AES, and concluded that 
enhancements are not related to nebuliza- 
tion/transport processes, but to a chemical effect 
in the atomizer. According to Yin Yan, inverted 
or “reversed micelles” would form around the 
analyte and this environment would benefit its 
atomization efficiency in flames. On the con- 
trary, in ICP-AES no micellar enhancement 
effect was observed and this was attributed to 
the higher temperature in the plasma.17 

Our experience on the determination of alu- 
minium by conventional nebulization ICP-AES 
in the presence of surfactants of different charge 
and type tends to confirm the idea that in high 
temperature atomizers (plasmas) the micellar 
effect detected in flames, if any, is analytically 
unimportant.31 

Summarizing, the enhancement of the nebu- 
lization characteristics of sample solutions for 
AAS by surfactants is not clear. It appears that 

the surfactant effect in flame-AAS is more re- 
lated to atomization changes than to nebuliza- 
tion or analyte transport enhancement in the 
primary aerosol. ‘7~18 Much more work is needed 
to unveil such mechanisms of surfactant signal 
enhancement or surfactant interference elimin- 
ation in flames. Meanwhile, trial and error 
techniques are mandatory to use surfactants in 
flame-AAS because the signals depend on exper- 
imental set-up, instrumental conditions, analyte 
and type of surfactant used, etc. 

2. Enhancing wettability of solid surfaces (e.g. 
graphite) 

A most useful alternative to conventional 
continuous sample introduction/atomization 
with nebulizer/flames or plasmas is discontinu- 
ous electrothermal atomization with graphite 
furnaces. There, a liquid microsample is de- 
posited onto the surface of the usually graphite 
atomizer and therefore a reproducible spreading 
of the microsample drop over the surface is 
mandatory for good analytical precision. How- 
ever, water has rather unfavourable surface 
properties to spread over graphite (surface ten- 
sion, contact angle and film pressure are not as 
suitable as in an organic solvents/graphite sys- 
tem). Water/graphite systems can be made more 
suitable by adding surfactants. The resulting 
surfactant solution will have a lower surface 
tension, a much lower contact angle on graphite 
and will wet the surface in a more profound and 
stable manner. In this way, the formation of a 
thin liquid film over, e.g. the L’vov platform, 
becomes instantaneous, more stable and repro- 
ducible. Especially in connection with the use of 
autosamplers, the use of surfactants to decrease 
the surface tension, as with serum samples,23 is 
most advisable in order to avoid splitting of the 
microdrop, sticking to the tip of the auto- 
sampler tubing, etc, which would bring about 
unreliability, lack of precision and eventually 
poor detection limits (by worsening the repro- 
ducibility of the measurements). 

The present trend to use atomic emission 
techniques (AES) in connection with the graph- 
ite furnace (FAPES = furnace atomization 
plasma excitation3*) should also consider this 
important use of surfactants when tested for real 
sample analysis (e.g. biological and other acuo- 
organic samples). 

Lakatos et aZ.** have also reported on the use 
of surfactants to enhance conventional spark- 
atomic emission (AES) for the analysis of 
aqueous solutions with the rotrode technique. 
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Detection limits observed in aqueous solution 
were poorer than those in organic solvents. 
However, addition of surfactants to the aqueous 
phase improved the situation, even if the im- 
provements were rather modest. In any case, the 
surfactant should be properly selected and ap 
plied at low concentration.” 

3. Enhancing aqueous compatibility of organic 
solvents (emuls@iers) 

Dispersion of an aqueous phase in an organic 
phase, or vice versa, increases the interfacial free 
energy of the system and, hence, decreases the 
thermodynamic stability of the liquid solution. 
Addition of a surfactant stabilizes the emulsion 
because it accumulates in the interphases form- 
ing an oriented interfacial iihn. This interphase 
reduces the surface thermodynamic instability 
of the system and the coalescence of drops in the 
dispersed phase, ensuring emulsion homogen- 
eity. 

The appropriate surfactant must be chosen 
to obtain stable emulsions for atomic spec- 
troscopy. Unfortunately, this selection is gener- 
ally done by trial and error. There are several 
factors to be considered: the nature of the 
phases and the type of emulsion (oil-in-water or 
water-in-oil), the structure of the surfactant 
ampbiphatic groups (which should be akin to 
the solvent molecules), and the solubility of the 
surfactant (it must be very soluble and chemi- 
cally similar to the continuous phase). 

Gil-in-water (o/w) emulsions have been em- 
ployed in AAS much more frequently than 
water-in-oil (w/o) ones, because of the lower 
viscosity and better transport behaviour of the 
former type. For the analysis of oil samples, 
however, it should always be borne in mind that 
the emulsification step is really a sample dilution 
of the oil in water and so o/w emulsification 
techniques could bring about an unacceptable 
worsening of the required detection limits. The 
vast majority of papers published on the use of 
emulsions in atomic spectroscopy techniques 
refer to flame-AAS analysis,lg although a few 
papers on flamed’ and plasma33*M atomic emis- 
sion, spectroscopy have appeared. The improve- 
ments observed in plasma work using emulsions 
are rather modest and very few papers have 
been published on this topic, in spite of the fact 
that it has been claimed that the use of emul- 
sions in ICP-AES provides more stable emis- 
sions and lower background than pure organic 
solutions, while lower RF powers can be used. 
According to the literature, emulsion formation 

can be a useful alternative to organic solvent 
dilution in order to tackle the problem of 
analysing metallic elements in oils and other 
liposoluble matrices. 

Recent developments on emulsions refer to 
the combination of an “on-line” treatment of 
solids in a flow system using a microwave oven 
and final dispersion of partially dissolved solids 
with a carrier flow containing a surfactant. The 
resulting suspension/emulsion feeds the nebu- 
lizer of the AAS instrument. Future work on the 
use of emulsions in atomic spectrometry, 
suggested by de la Guardia et aZ.,” should focus 
on their utilization for ICP-AES methodologies 
and, combined with flow injection analysis 
(FIA) technology, for improved on-line sample 
pretreatments before final atomic spectroscopic 
detection. 

PART B. ANALaY’MCAL APPLICATIONS OF 
SURFACTANTS BASED ON THEIR ABIL.lTY TO 

ENHANCE CHEMICAL REACI’IONS 

It is widely recognized today that the major 
limitation in atomic spectroscopy is the sample 
introduction system,35*M because conventional 
nebulizers provide a comparatively poor 
efficiency for the nebulization process (540% in 
AAS and l-2% in ICP-AES and ICP-MS). 
Among the different approaches suggested to 
improve such limitations, and thus to enhance 
the analytical sensitivity achievable, some 
workers have proposed the addition of surfac- 
tants to aqueous solutions of the sample.*“6 As 
discussed, in Part A, recent evidence”*‘* points 
to possible improvements in atomization pro- 
cesses taking place in flames, while addition of 
surfactant to samples to be analysed in high 
temperature atomizers (such as plasmas) might 
not provide significant enhancements. 

A more effective approach to increase the 
efficiency of conventional sample introduction 
systems (nebulizers) is to resort to volatile 
species formation. Hydride generation (HG) in 
particular has proved to be a most adequate and 
sensitive technique for the determination of very 
low levels of hydride-forming elements by 
AAS,” ICP-AES37,38 or ICP-MS3g detection 
modes. 

When one considers that the generation of 
volatile species for atomic spectrometry 
methods is a chemical reaction and that orga- 
nized media exhibit unique properties in sol- 
ution to enhance reactions, it seems likely that 
some improvement in HG by adding surfactants 
to the liquid samples is to be expected. Analyti- 
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Fig. 2. The continuous HG flow system. 

cal sensitivity and selectivity achieved with hy- 
dride generation/atomic detection could be im- 
proved with surfactants because: (a) they may 
concentrate reactants at a molecular level and so 
change thermodynamic and kinetic reaction 
constants. Thus, the analytical sensitivity can be 
substantially changed and improved in an ade- 
quate medium. (b) Surfactants may solubilize, 
in a selective manner, analytes and reactants 
(e.g. sodium borohydride) in organized “aggre- 
gates”. Thus, the special microenvironment ex- 
isting in/on these aggregates may change the 
reactions (interferences) observed in the bulk 
aqueous phase. In other words, analytical selec- 
tivity could be favourably changed in adequate 
organized media. 

In fact, the analytical potential of using mi- 
celles and vesicles to improve volatile species 
chemical generation has already been realized, 
and demonstrated, in our laboratory.24 In the 
following, a brief account of the progress on this 
topic is given. 

1. Improving detection capabilities of hydride 
generation ICP-AES 

Arsine generation in organized media. After a 
preliminary study on the effect of different 
organized media (including normal micelles 
with positive, negative or zwitterionic charge, 
non-ionic micelles and vesicles), positively 
charged vesicles of didodecyldimethylammo- 
nium bromide (DDAB) were selected as the 
most adequate medium for arsine generation 
using NaBH, (and iodide as the prereduction 
agent). As shown in Fig. 2, a commercially 
available continuous hydride generation system 
based on a de-tuned Hildebrand nebulizer was 
used in these studies% to introduce the hydride 

formed into the ICP (PU7000-Philips Instru- 
ment). The ICP operating experimental con- 
ditions and optimum chemical and flow 
conditions for HG from vesicles were first 
worked out. Using such optimal conditions, the 
analytical performance characteristics observed 
for HG-ICP-AES determination of arsenic from 
aqueous and vesicular media were evaluated for 
comparative purposes. Calibration graphs ob- 
tained in both media demonstrated that the 
sensitivity was improved by a factor of 2 using 
vesicles. The corresponding detection limits 
were 0.6 ng/ml of As for DDAB and 1.3 ng/ml 
in conventional aqueous medium. A significant 
improvement in the precision of the ICP emis- 
sions and greater tolerance to matrix interfer- 
ences were also observed by using DDAB 
vesicles for HG. As a result of such basic 
studies, a new HG-ICP-AES method of As 
analysis has been proposed which was tested 
successfully for the determination of pg/g levels 
of As in real samples without preconcentra- 
tion.% 

Phunbane generation improvement in orga- 
nized media. With a similar methodological ap- 
proach, the effect of various organized media 
(see Table 1) on the HG-AAS signal of lead 
using the most commonly used mixture, K,S,O, 
and nitric acid, for the preoxidation to Pb (IV)Q 
and using NaBH, for final reduction was 
thoroughly studied. As shown in Table 1, posi- 
tively charged surfactants, cetyltrimethylammo- 
nium (CTAB) and DDAB, produced an 
important increase in the lead signal. This in- 
crease was dependent upon the final concen- 
tration of surfactant in a rather critical manner, 
particularly with CTAB (see Fig. 3). Kinetic 
studies using a batch hydride generator (discon- 
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Table I. Comparison of lead hydride generation with ersulphate-nitric acid 
from water and organized molecular assemblies using AAS detection 

tinuous device MHS-10 system from 

surfactaxlt Micelhu 
Media CQIkC. slope* A, f eet DU facto4 

Water - 2.2 x 10-r 0.039 f 0.005 1.0 
DDAB 2 x lo-“N 3.6 x lo-) 0.05 f 0.07 

;: 
1.7 

TX-100 0.02% 3.4 x 10-r 0.029 f 0.006 5 1.6 
ZW-3.16 IO-‘A4 2.0 x IO-4 0.012 f 0.009 135 0.1 
SLS IO-‘A4 9.0 x 10-b 0.050 f 0.03 99 0.4 
CTAB lo-“M 5.8 x lo-’ 0.026 f 0.002 1 2.6 

*Slope of the calibration line: A = A, + dope.[ppb of Pb]. 
?A blank (mean value of absorbance for 10 blanks). 
$DL (detection limit, ng/ml) = 3u&lope (oa, standard deviation of the blank). 
~Micellar enhancement factor = organized media slope/water slope. 
Total sample volume used in the batch procedure = 5 ml. 

Perk&Elmer) indicated that the observed in- 
creases were due to faster volatile species gener- 
ation/transport processes in the presence of 
organized media, as shown in Fig. 4. 

Using optimized chemical and flow con- 
ditions for HG from the different media (con- 
ventional aqueous medium, micelles of CTAB 
and vesicles of DDAB) and optimum instru- 
mental parameters in the ICP, positively 
charged micelles of CTAB proved to provide a 
better reaction medium for plumbane gener- 
ation and final determination of lead by con- 
tinuous HG-ICP-AES. 

These basic results have also been applied to 
develop a new HG-ICP-AES method for the 
detonation of low levels of lead,= using 
CTAB mice&s. 

Cadmium volatile species generation in orga- 
nized media. Generation of volatile CdHz in 
aqueous solutions at room temperature for ana- 
lytical purposes is a rather difhcult task due to 
the instability of this hydride at temperatures 
above liquid nitrogen.41 In spite of such instabil- 
ity, CdHz has been proposed as the volatile 

-+ Time (s) 

Fig. 3. Effect of organized media caption on the Fig. 4. Effect of the different organized media on the lead 
HO-ICP-AES Pb signal using ammonium persul- AAS peak profile. (a) Water. (b) DDAB, 2 x lO,-3A4. (c) 

phatenitric acid. [pbf = 50 ngfmi. CTABJO-‘d4. 

species of Cd formed, and detected by AAS, 
when treating Cd’+solutions with NaBH, in an 
organic medium of dimethylformamide.42 It has 
to be stressed, however, that no conclusive 
evidence of the hydride nature, or otherwise, of 
such detected ~~~ volatile species formed 
with borohydride from organic solvents has yet 
been provided. 

In the light of the special aquo-organic mi- 
croenvironment provided by surfmtant-based 
organized assemblies, the formation of such 
volatile Cd species could be favoured in the 
presence of surfactants. Therefore, we have 
investigated the effect of micelles and vesicles on 
the HG-ICP-AES signals of Cd at 228.80 and 
214.44 mn using the continuous HG system 
previously described for arsenic (Fig. 2). 

Several types of organized assemblies were 
assayed, including cationic (CTAB), anionic 
(SLS), zwitterionic (ZW-3.16) and non-ionic 
(T&on X-100) micelles and also cationic ves- 

Abs 1 
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Table 2. Comparison of cadmium volatile species from water and organized 
molecular assemblies using ICP-AES detection 

Conventional 
nebulization 

Surfactant 

- 

Detection Precision 
limit* Slope (“/oH 

5 2.66 x 105 1.3 

Hydride 
generation: 

Water - - - - 
CTAB Cationic micelles 7 3.83 x 10’ 2.7 
TX-100 Non-ionic micelles 3 6.81 x lo5 2.8 
ZW-3.16 Zwiterionic micelles 2 8.59 x l@ 2.6 
SLS anionic micelles 2 9.18 x 10s 2.3 
DHDF Anionic vesicles 3 7.69 x IO5 2.2 
DDAB Cationic vesicles 1 1.55 x 106 2.1 

*Detection limit (ng/ml) = 3u&lope. 
tPrecision (RSD,%) = relative standard deviation on 50 ng/ml (n = 10). 

icles (DDAB). Presence of cadmium in the 
plasma was always checked at both Cd emission 
lines given previously. The observed effect of the 
surfactants on the HG-ICP-AES cadmium sig- 
nal intensities, on the background of the ICP 
and on the precision of the recorded Cd signals, 
have been summarized in Table 2. 

As can be seen, results showed that the most 
promising analytical results were obtained using 
vesicles of DDAB. The importance of vesicle 
formation in order to obtain good ICP-AES Cd 
signals was tested with sonication experiments, 
which showed that when both the analyte, CdZ+ 
and the reducing agent, BH;,were in the vesicles 
(that is, when both of them were present in the 
DDAB solution before the required sonication 
to form individual vesicles was carried out) 
maximum signals were observed for Cd. In 
order to verify if the analyte was actually in the 
vesicles, ultrafiltration experiments were per- 
formed: solutions of Cd*+added to already son- 
icated DDAB and, alternatively, of Cd*+and 
BH.,- sonicated at the same time as the surfac- 
tant solution (in order to form the vesicles), 
were ultrafiltrated and the Cd*+in the ultrafil- 
trate was determined by ICP-AES. The results 
observed are shown in Table 3. These results 
demonstrate that when sonication of DDAB 

solution is carried out with Cd*+present, around 
50% of the total Cd*+added remains in the 
vesicles (which do not pass the ultrafiltration 
membrane). Maximum HG-ICP-AES signals 
for Cd are then obtained. If Cd*+is added to 
DDAB vesicles, virtually all added Cd*+seems 
to remain outside the vesicles in the bulk 
aqueous solution, because it passes quantitat- 
ively in the ultraflltrable fraction, as seen in the 
results of Table 3. 

On the other hand, our efforts to characterize 
the nature of the observed volatile species of Cd 
measured in the ICP (formed when the analyte 
and NaBI& vesicular solutions merge in the 
continuous HG system of Fig. 2) have failed so 
far. Attempts to “trap” the possible “hydride” 
(by passing the gases resulting from HG 
through a liquid N, cryogenic trap) and its 
eventual release by warming in the injection 
port of a GC-MS instrument (for elemental 
identification) have been unsuccessful so far. 

In any case, this “vesicular hydride” gener- 
ation technique offers five times better detection 
limits for Cd than conventional nebulization 
ICP-AES. Thus, it is presently being assessed as 
a new technique for determination of the metal 
in environment samples.26 

A recent alternative for volatile species for- 

Table 3. Ultrafiltration studies of cadmium in vesicles 

% Cd ultrafiltrated* 

Cd in aqueous solution 100.0 f 2.0 

BDDA + Cd without 
ultrasonication 93.0 f 2.0 

Cd + BDDA 
simultaneously sonicated 46.7 f 1.3 

*Studies realized on 30 ng/ml Cd (n = 7). 

I,, (relative emission) 
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300 
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4oo Emission intensity 

0’ 
214.41 214.44 

Wavelengt h(nm) 

I 

214.47 

Fig. 5. Emission spectra of 100 ng/ml of cadmium. (a) 
Generation of CdEt, from water. (b) Generation of CdH, 

from DDAB. (c) Conventional nebuliition. 

mation is alkylcadmium generation using alkyl- 
boranes for alkylation. Honeycutt and Biddle43 
first reported the use of sodium tetraethylbo- 
rate, NaBEt,, in aqueous solutions to produce 
volatile organometallic species of lead and mer- 
cury from their inorganic salts, and this ap- 
proach has already been applied to lead4 and 
mercury.45 D’Ulivo and Che# have recently 
reported the use of such alkylation reactions for 
the atomic fluorescence determination of very 
low amounts of Cd. However, no conclusive 
identification of the exact cadmium species 
formed could be achieved.“‘j Our preliminary 
results using alkylcadmium generation point to 
an even more efficient approach to increase the 
sensitivity of the ICP-AES determination of 
cadmium, as is needed in biological and en- 
vironment samples today (see Fig. 5 for a 
comparison of the relative strength of the corre- 
sponding ICP signals observed). It is expected 
that the use of organized media may favour the 
efficiency of these alkylation reactions in 
aqueous solutions. Thus, alkylations in ordered 
media could offer a most exciting field of re- 
search, particularly in connection with specia- 
tion studies, where extremely high sensitivity 
for detection is required. 

2. Improving separation/detection capabilities 
simultaneously 

Adequate analytical technologies to tackle 
the present problem of element speciation are 
increasingly required in agricultural, environ- 
mental and clinical fields and also in the phar- 

maceutical and biotechnological industries.47 It 
is accepted today that the most reliable ap- 
proaches for speciation are tandem techniques, 
that is hybrid analytical methods involving in- 
terfaced chromatographic/atomic spectroscopic 
methods. The ICP-AES has been frequently 
used as a “specific” detector coupled to a liquid 
chromatograph for metal speciation.@ 

Unfortunately, common mobile phases for 
high performance liquid chromatography 
(HPLC) utilize organic solvents, which may be 
detrimental to the ICP’s analytical performance 
(e.g. bringing about higher plasma background, 
increased instability and noise and even event- 
ual extinction of the plasma due to excessive 
solvent loading). Therefore, the search for 
alternative mobile phases is worthwhile because 
it could result in better performance of HPLC- 
ICP-AES hybrid methods used for speciation 
purposes. In fact, micellar mobile phases have 
already been proposed for HPLC-ICP-MS 
speciation of alkyltin compounds.4g 

On the other hand, as we described before for 
the vesicle-enhanced HG-ICP-AES determi- 
nation of arsenic,” the ability of “ordered 
media” to organize reactants at the molecular 
level can be utilized to improve the generation 
of volatile species (to enhance the detection 
power of the ICP-AES techniques). This 
favourable effect on detection could be com- 
bined with the potential of “ordered media” in 
HPLC separations.g That is, a synergic combi- 
nation of HPLC separation/atomic detection 
can be achieved by resorting to the use of 
ordered media as mobile phases. 

In fact, we have already developed such a 
new strategy for solving the problem of arsenic 
speciatior9’ using synthetic vesicles of DDAB 
as the mobile phase. Toxic arsenic species, e.g. 
arseneous, arsenic, monomethylarsonic and 
dimethylarsinic acids, can be separated and 
determined by this HPLC-HG-ICP-AES 
coupling, enhanced by vesicles, within about 10 
min, as shown in Fig. 6. The column is a typical 
Cl8 bonded silica column, modified previously 
by passing DDAB, while the mobile phase is 
phosphate buffer of pH 5.7 containing vesicles 
of DDAB at a surfactant concentration of 
lo-‘M. 

The detection limits observed for the different 
toxic species of As were found to be down to 
the sub-nanogram level, while the precision 
achieved, at the 10 ng As level, was always 
better than f 5%. Thus, the synergic exploita- 
tion of beneficial effects of vesicles for both 
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HPLC separation and ICP-AES detection is 
demonstrated for the first time.*’ 

CONCLUSIONS 

The widespread variety of applications poss- 
ible when using surfactants in analytical chem- 
istry can be extended, as illustrated here, to the 
field of AAS. Two main lines of surfactant-en- 
hanced progress can be envisaged: one refers to 
the favourable manipulation of physical proper- 
ties of the sample solutions (e.g. surface ten- 
sion), while the other is the intelligent 
manipulation of chemical reactions and/or 
interactions of analytes in the sample solution. 

Important advantages of adding surfactants 
to control the physical properties of solutions 
include: possible increase of nebulization/ 
atomization efficiencies in AAS, improvement 
of aqueous/organic solvents compatibility 
(emulsification purposes) and enhancement of 
the wettability of graphitic solid surfaces, par- 
ticularly in graphite furnace techniques. 

Substantial advantages of adding surfactants 
to manipulate reactions include the possible 
increase of kinetic reaction rates of volatile 
species formation and transport to the atomizer. 
By now, enhancements of about two-fold of the 
HG-atomic spectroscopy signals have been ob- 
served for various elements and in the cold 
vapour generation of Hg. Moreover, synergic 
combinations of the HPLC/atomic detector 
type are possible by resorting to micellar- 
vesicular mobile phases. 

Summarizing, we can conclude that the ad- 
vantages encountered so far by using surfac- 
tants in atomic spectroscopy methods are more 
modest than the enhancements observed when 

Dl 

As III] 

h 

Time 

Fig. 6. Arsenic speciation by vesicle-mediated-HPLC 
coupled to ICP-AES. DMAs, dimethylarsinic acid, MMAs, 
monomethylarsonic acid; DDAB, didodecyldimethylammo- 

nium bromide. 

used in other detection techniques, e.g. fluorime- 
try.’ However, the interface surfactant assem- 
blies/analytical atomic spectroscopy (see Fig. 1) 
still holds a great potential for innovative appli- 
cations, particularly so in the area of developing 
hybrid chromatography/atomic detector tech- 
niques, a combination which has proved ex- 
tremely valuable for solving modern speciation 
problems. 
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BEHAVIOUR OF SOLID ADSORBENTS FOR THE 
SAMPLING OF ATMOSPHERIC ORGANOCHLORINE 

COMPOUNDS 

C. NERIN, M. MARTINEZ, B. PONS and J. CACHO 
Dept. Quimica Analitica, Centro Politknico Superior de Ingenieros, Universidad de Zaragoza, Zaragoxa, 

Spain 

F-y-The behaviour of Tenax@ GC, Polyurethane foam (density 0.022 g/cm)), Amber&@ XAD-2 
and Amberlite@ XAD-4 alone or in combination has been studied. Standard atmospheres containing 
different concentration levels of hexachlorocyclohexane and chlorobenxene isomers were generated and 
trapped in adsorbent cartridges. The generation of the atmosphere, the adsorption by the cartridges. the 
extraction of the compounds, the evaporation of the final solution and the analysis of GC/ECD have been 
studied. The most efficient system for trapping the test gases is the use of two cartridges conne-cted in series, 
one containing Polyurethane foam and the second one containing Tenax GC. Recovery values ranging 
from 72% for 1,3_dichlorobenzene to 98% for gamma-hexachlorocyclohexane are obtained, most of them 
>90%. The SD values for all the compounds under study are around 4% for a total sampled amount 
of 0.5 peg of each compound. 

The environmental distribution of organo- 
chlorine compounds in water, sediments, fish, 
etc, has been studied.‘-‘3 There are many papers 
about their distribution in these different media. 
However, very few papers address the atmos- 
pheric distribution of these compounds even 
though they are used as pesticides and appear in 
the atmosphere around industrial waste dumps, 
e.g., from Lindane factories. These emissions 
contain hexachlorocyclohexane and chloro- 
benzene isomers. Nevertheless, the atmospheric 
distribution of these compounds and the typical 
concentration level is not well known. Due to 
their relatively higher vapour pressure, the pres- 
ence of these species in the atmosphere may be 
important.lW3 

The classical methods of sampling organo- 
chlorine compounds in the atmosphere consist 
of trapping them in an organic solvent, usually 
iso-octane. Due to the evaporation of the sol- 
vent during sampling and the consequent 
difficulty of long term sampling, this is not very 
practical. Also, the use of an organic solvent in 
the impinger demands attention. To avoid these 
disadvantages, relatively few studies have been 
conducted to determine trapping efficiencies of 
adsorbents to airborne pesticides.‘“16 Poly- 
urethane foams, Porapak@ N and R, Tenax@ 
GC and Chromosorb@ 102 have been used for 
trapping several pesticides or related com- 

pounds; only hexachlorocyclohexanes, chlor- 
dane and heptachlor have been studied.” Their 
ability to trap more volatile compounds such as 
chlorobenzenes has not previously been 
checked.16 

This paper describes the results of studies 
carried out with Polyurethane foam, Tenax@ 
Amberlite@ XAD-4 and Amberlite@ XAD-2 in 
order to establish the optimum procedure for 
sampling organochlorine compounds, such as 
hexachlorocyclohexanes (HCHs) and chloro- 
benzenes, in the atmosphere. 

Apparatus 

A Varian (Palo Alto, CA) Aerograph Gas 
Chromatograph and a silanized hollow glass 
column were used to generate the standard 
atmosphere. A Hewlett-Packard (Palo Alto, 
CA) Gas Chromatograph 5890 equipped with 
an Electronic Capture Detector (ECD) and 
automatic injector was used to analyse the 
samples. A capillary column DB-1701, 60 
m x0.25 mm x 0.25 pm fihn thickness, was 
used under the following conditions: inj. tem- 
perature: 250”; detector temperature: 350”. Split 
ratio 1: 10. Initial temperature 50” for 5 min, 
7”/min up to 250” and then held at 250” for 9.5 

1769 
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min. Column bead pressure: 95 kPa; carrier Hz; amount of the internal standard, and then 
make up gas N2. analysed by GC/ECD. 

Reagents 
RESULTS AND DWCUSSION 

Alpha-, beta-, gamma- and delta- 
hexachlorocyclohexane, 1,2 - dichlorobenzene, Generation of standard atmosphere 

1,3 - dichlorobenzene, 1,4-dichlorobenzene, Figure 2 depicts the scheme of the system 
1,2,3- trichlorobenzene, 1,2,4-trichloroben, employed. A GC with a hollow sifanized glass 
1,2,5 - trichlorobenzene , 1,3,5-trichloroben- column was used to evaporate a solution of 
zene , 1,2,3,~te~~hloro~~e and 1,2,4,5- known concentration of the compounds to be 
tetrachloro~~ene were obtained from Chem 
Service (West Chester, PA). Nitrobenzene stan- 
dard was from Fluka (Buchs, Switzerland) and 
methyl chlorpyriphos was from Riedel-de Ha&i 
(Seelze, Germany). 

Polyurethane foam (PUF) of 0.022 g/cm’ 
density was specially produced by Pikolin 
(Zaragoza, Spain); Tenax GC, Amberlite XAD- 
2 and Amberhte XAD-4 were supplied by 
Supelco (Bellefonte, PA) and Florisil was from 
Fluka. 

(a) 

All glassware was cleaned using an ultrasonic 
bath with distilled water and neutral soap for 
6 hr, after which it was washed sequentially with 
distilled water, acetone and hexane. 

” 

PUF cartridges of 100 mm length and 20 mm 
ISTD 

14 diameter were cleaned before using a hexane ~1 
diethylether mixture (19 : 1, v/v) for 12 hr in a 
Soxhlet extractor. After this treatment the car- 
tridges were dried under a nitrogen current and 
stored in a clean glass container in the dark in 
a nitrogen atmosphere. Tenax was heated at 
250” under Nz current for 2 hr, in order to clean 
the adsorbent before using it. Amberlite XAD-2 
and XAD-4 were extracted with a hexane- 
diethyl ether (19: 1, v/v) mixture before use. 
Figure 1 shows the chromatogram of a blank of 
each adsorbent used after the mentioned clean- _ 

up. U 

Procedure 

A hexane solution (0.5 ml) containing about @) 
1 PgJg of the compounds mentioned was in- 
jected in an empty silanized glass column (y x 2 
m, i.d.) placed in a GC at 60”, using synthetic 
air as carrier. The carrier flow is set at 0.8 l./min. 
In the GC outlet a glass cartridge containing a 
solid adsorbent is placed. After 1 hr the solid 
adsorbent sampling cartridge was introduced in 
a Soxhlet and a 12 hr extraction with the 

10 20 30 40 

hexane-diethyl ether (19: 1, v/v) mixture carried A 10 20 30 40 

out. The extract obtained was con~ntrat~ 
under Nr current up to 2 ml. This extract was 

Fig. 1. (a) Chromatogram of a blank of PUF. (b) Chro- 

transferred to a volumetric flask with a suitable 
matogram of a blank of Tenax GC. (c) Cbromatogram of 

a blank of Amberlite XAD-2. 
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Fig. 2. Scheme of the system used to generate the standard atmosphere and to study the behaviour of 
solid adsorbents. 

studied. To stimulate the real sampling con- were placed at the column outlet to trap the 
ditions, the injection port was heated at 90”, compounds. Fifty minutes after injecting the 
whereas the empty column was kept at 60”, solution in the glass column, the temperature of 
under the boiling point of the solvent used in the the oven was increased to 100” and all the 
injected solution. In the first part of the glass exhaust from the column was trapped in the 
column a small amount of glass wool was placed same cartridge. Synthetic air (0.8 l./min) was 
to give more homogeneity to the evaporation used as carrier gas for the evaporation of the 
process. In these conditions the compounds compounds. After each injection, 0.5 ml of 
were evaporated slowly and because of the low hexane was injected into the system and the 
oven temperature, the adsorption occurred es- exhaust was trapped in another cartridge; this 
sentially at room temperature. One or more was used as a blank. No analyte compounds 
glass cartridges containing the solid adsorbents were observed in this blank. Figure 3 shows a 

13 4 6 7 89 10 11 12 13 1415 16 

l- i, i 

10 20 30 40 

Fig. 3. Chromatogram of a standard solution. 1: 1,3-dichlorobemme; 2: 1,4-dichlorobemene; 3 
1,2_dichlorobenzene; 4: 1,3,5-trichlorobenzene; 5: nitrobenzene (1st ISTD); 6: 1,2&trichlorobenzen~ 7: 
1,2,3-t~~~oro~~ne; 8: 1,2,4,5-tet~c~o~~ne; 9: 1,2,3,~~~oro~~; ltk pentachloroben- 
z.ene; 11: hexa~~oro~~~e; 12 alpha-HCB, 13: gamma-HCH, 11: methyl c~o~~ph~ (2nd ISTD); 

1% beta-HCH, 16: delta-HCH. 
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Table 1. Percentage recoveries of hexachlorocy- 
clohexanes and chlorobenxuws from spiked poly- 
urethane foam samples after extraction and 

evaporation steps 

Compound Mean SD n 

1,3-Dichlorobenzene 88.04 5.07 5 
1,4-Dichlorobenzene 68.06 5.02 5 
1,2Dichlorobenzene 77.45 6.82 6 
1,3,5-Trichlorobenzene 88.87 5.26 6 
1,2,4_Trichlorobenzene 94.63 6.93 5 
1,2,3-Trichlorobenzene 97.70 5.93 5 
1,2,4,5-Trichlorobenzene 100.70 6.75 5 
1,2,3,4_Trichlorobenzene 98.56 4.80 5 
Pentachlorobenzene 95.57 4.17 5 
Hexachlorobenzene 94.17 7.74 4 
Alpha-HCH 99.63 8.19 4 
Gamma-HCH 102.19 3.19 5 
Beta-HCH 88.89 13.10 4 
Delta-HCH 104.05 7.12 4 

temperature was selected as the most appropri- 
ate. The extracts obtained from the spiked 
samples were evaporated and analysed. The 
results are shown in Table 1. No losses are 
apparent from the extraction and evaporation 
steps. 

Behaviour of solid adrorbents 

chromatogram of the compounds studied under 
the conditions mentioned above. 

Extraction study 

Once the compounds were trapped on the 
solid sorbents it was necessary to extract them. 
A study was carried out to optimize the extrac- 
tion procedure. A 50 ml Soxhlet extractor was 
used with a hexanediethyl ether (19 : 1, v/v) 
mixture during 12 hr. Several spiked samples 
were prepared by adding 0.5 ml of a solution 
containing 2 pg/ml to a cartridge of PUF. After 
drying the PUF well, it was extracted in the 
Soxhlet extractor under the conditions men- 
tioned above. 

According to previous studies, one of the 
major sources of error in the analysis of volatile 
compounds is due to the loss of compounds 
during the concentration/evaporation step. 
Among evaporation methods reported in the 
literature,18 the use of N, current at constant 

Some organic compounds cannot be sampled 
on charcoal owing to decomposition reactions, 
irreversible adsorption, or due to the adsorption 
of other compounds which can interfere in the 
analysis. In such cases adsorbents of the porous 
polymer type may be useful alternatives. Pre- 
vious worki on PUF showed that this can be a 
good adsorbent for HCHs, but its applicability 
to the sampling of chlorobenzenes was un- 
known. Therefore, the first adsorbent checked 
was PUF. Tenax, Amberlite XAD-4 and Am- 
berlite XAD-2 are mentioned in the literature as 
very efficient adsorbents of volatile com- 
pounds.‘6*‘~22 A second cartridge containing one 
of these adsorbents was connected serially after 
the cartridge containing PUF. Several standard 
atmospheres as calibrants were generated and 
these were sampled in the cartridges. In order to 
compare the trapping efficiency, when more 
than one cartridge was sequentially employed, 
the solid adsorbents from each cartridge were 
extracted together in the same Soxhlet. Table 2 
shows the results obtained as an average of five 
independent determinations. These values in- 
clude the recoveries obtained in the overall 
process, which includes the steps of generation, 
adsorption, extraction, concentration and 
analysis. 

Two different aspects can be emphasized. The 
first is the different trapping efficiency of PUF 

Table 2. Trapping e5ciency of different solid adsorbents and combinations expressed as percentage recoveries 

PUF alone PUF-TENAX PUF-XAD2 PUF-XAD4 

Compound Mean SD n Mean SD n Mean SD R Mean SD n 

1,3-Dichlorobenzene 63.84 17.59 4 72.41 6.09 5 69.89 4.43 5 86.28 4.37 5 
1 ,CDichlorobenzene 94.31 5.29 4 96.81 8.47 5 94.20 4.44 5 106.05 5.42 5 
1,2-Dichlorobenzene 88.23 0.05 4 81.70 1.98 5 87.78 5.36 5 103.29 7.61 5 
1,3,5-Trichlorobenxene 83.69 6.04 4 81.59 5.24 5 73.24 3.67 5 81.73 2.24 5 
1,2,4-Trichlorob 79.42 4.72 4 78.27 7.47 5 88.08 3.81 5 109.17 3.45 5 
1,2,3-Trichlorobcnxcne 77.00 5.21 4 75.22 7.00 5 79.18 3.43 5 83.18 4.61 5 
1,2,4,5-Trichlorob 78.38 3.65 4 79.96 7.44 5 84.46 3.34 5 141.87 6.00 5 
1,2,3,4-Trichlorobenne 60.65 24.64 4 89.35 4.82 5 87.03 4.08 5 105.70 4.31 5 
Pentachlorobenzene 101.41 5.46 4 66.45 4.97 5 115.53 4.71 5 106.98 2.95 5 
Hexachlorobenzene 72.13 3.78 4 79.45 4.83 5 81.20 0.16 5 76.42 1.39 5 
Alpha-HCH 81.04 6.02 4 86.27 5.72 5 95.46 0.87 5 144.20 18.23 5 
Gamma-HCH 59.51 5.40 4 63.85 4.19 5 74.56 0.59 5 72.06 7.23 5 
Beta-HCH 61.77 1.41 4 66.12 6.65 5 84.13 1.05 5 64.03 2.41 5 
Delta-HCH 48.27 1.35 4 53.43 6.98 5 71.77 4.41 5 56.16 4.12 5 
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for chlorobenzene isomers compared to that for 
HCHs. The recovery of chlorobenzene is quite 
low. According to the literature,” the recoveries 
of volatile compounds from PUF are very low. 
As chlorobenzenes are quite volatile, especially 
dichlorobenzenes and trichlorobenzenes, PUF 
does not seem to be appropriate to trap them in 
the atmosphere. On the other hand, volumes of 
air around 1 m3 have to be sampled in order to 
measure the low concentration of such com- 
pounds commonly found in the atmosphere. 
Obviously, in these conditions the breakthrough 
volumes for these volatile compounds on PUF 
are surpassed, which means that this adsorbent 
is not efficient enough to sample these com- 
pounds. It can be further observed that the 
higher the boiling point of the compound, the 
higher is the recovery. The second aspect is that 
when two cartridges are combined in series, one 
of them serves mainly to trap the more volatile 
compounds and the other to capture the HCHs. 
No differences were found in the behaviour of 
Tenax and the Amberlite adsorbents, except 
that the standard deviation was slightly higher 
for the PUF + Amberlite combination. Taking 
into account these considerations, the 
PUF + Tenax combination in series was se- 
lected for trapping atmospheric HCHs and 
chlorobenzenes. 

Clew-up of the PUF cartridges 

The typical atmospheric concentration of the 
compounds of interest is usually very low. Con- 
sequently, it is necessary to improve the sensi- 
tivity of the procedure. This can be achieved 
through the concentration step. However, in 
this way, other compounds present in the PUF 
which can also be extracted are concentrated as 
well and some interferences appear. On the 
other hand, it was observed experimentally that 
when PUF was recently prepared no interfer- 
ences appeared from other compounds present 
in the PUF, even after this concentration step. 
This fact can be seen in Fig. la, in which a 
chromatogram of a new PUF cleaned with 
hexanediethyl ether (19 : 1, v/v) as mentioned 
above is shown. 

Nevertheless, as soon as the PUF became 
older, which happens after approximately 2 
months of being produced, new interferences 
from the PUF appeared in the concentration 
step, as shown in Fig. 3a. Figure 4a shows a 
chromatogram of an extract of an old PUF 
before the clean-up step. It is obvious that a 
clean-up step is necessary in such a case. 

04 

61 

1 

I,.,.i....i....i.,..:....:. 
0 5 10 15 20 25 

Fig. 4. (a) Chromatogram of an old PUF before clean-up. 
(b) Chromatogram of a spiked old PUF after clean-up with 
10% Florisil. The peak identifications are the same as in 

Fig. 3. 

It is well known that both FlorisilQy and silica 
are good adsorbents for the clean-up of different 
matrices.2~*5 Although in this particular case the 
interferences to be removed are not major com- 
ponents, several experiments were carried out 
using 10% deactivated Florisil. The columns 
used were of 20 mm internal diameter, filled 
with about 7 g of Florisil and topped with 1 g 
of anhydrous sodium sulphate. The Soxhlet 
extract, about 70 ml, was added to the column 
and the compounds were eluted with 15 ml of 
hexane. The final solution obtained was evapor- 
ated to 2 ml and analysed. Figure 4b shows the 
chromatogram of a spiked PUF obtained after 
the clean-up step. The results obtained show 
that the use of Florisil in the conditions men- 
tioned is adequate to remove the interferences 
from the old PUF. Furthermore, no losses of 
the OCPs occur in this clean-up step. This is 
detailed in the data presented in Table 3. 
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Table 3. Percentage recoveries of spiked polyurethane foams after clean-up on 
Florisil 

Compound Amount added @g) Percent recovered CV n 

1,3Dichlorobenzene 1.14 74.1 5.06 4 
1 ,CDichlorobenzene 0.75 79.9 5.02 4 
1,2-Dichlorobenzene 1.06 79.3 6.82 4 
1,3,5-Trichlorobenzene 0.37 83.2 5.27 4 
1,2,4-Trichlorobenzene 0.39 89.5 6.93 4 
1,2,3-Trichlorobenzene 0.32 91.1 5.94 4 
1,2,4,5-Trichlorobenzene 0.32 88.3 6.75 4 
1.2,3,4-Trichlorobe.nzene 0.49 86.4 4.80 4 
Pentachlorobenzene 0.37 85.9 4.17 4 
Hexachlorobenzene 0.34 78.1 8.19 4 
Alpha-HCH z 87.2 7.74 4 
Gamma-HCH 84.5 8.11 4 
Beta-HCH 0:34 83.3 3.19 4 
Delta-HCH 0.39 54.0 7.12 4 

CONCLUSIONS 

The system used here to generate standard 
calibrant gases is efficient and lets the user 
obtain a great variety of contaminated atmos- 
pheres at different concentration levels. 

Among the solid adsorbents checked, the 
use of two cartridges connected in series, 
one containing polyurethane foam (PUF) 
and the other Tenax CC, is the most efficient 
trap for HCHs and chlorobenzenes in the 
atmosphere. This system has the advantage 
over other combinations that PUF is quite 
rigid and porous and the structure facilitates 
the handling of the cartridge. On the other 
hand, as two cartridges are independent, each 
cartridge can be recycled after use. Further- 
more, in a real atmosphere, the PUF is 
not clogged by humidity from the air, and for 
this reason it is more convenient to place PUF 
in the first cartridge. As was shown in previous 
work,‘( humidity does not influence the 
efficiency of PUF to trap HCHs; this is a 
significant advantage over particulate polymeric 
adsorbents. 
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!&munary--A method for the extraction and separation of the active ingredient diaxepam (Ichlorodi- 
hydro-1-methyl-5-phenyl-ZH, -1,~benzodiaxepam-2-one) in pharmaceutical tablets is discussed. This 
method avoids the hydrolysis of diaxepam. Polarographic studies with direct current (DCP), alternating 
current (ACP) and differential pulse polarography (DPP) were used under different sets of conditions. The 
pH value most suitable for these studies was found to be 4.6. The detection range for ACP was found 
to be from 17.4 to 167 JIM, whereas for DPP, the ranp was 4J-96 @4. 

Commercial tablets of diaxepam labelled to contain 10 mg per tablet were assayed. For five replicate 
samples, the relative standard deviations were lower than 1% and the contents were determined with errors 
lower than 4%. 

Diazepam (7-chloro-dihydro- I-methyl-5-phenyl- 
2H,- 1,4-benzodiazepam-2-one) belongs to the 
group of 1,4-benzodiazepines (see Fig. l), com- 
monly used as tranquilizers and ansiolytics. 
Their use has great therapeutic importance for 
the treatment of diseases of the central nervous 
system. For this reason, the quality control of 
these substances is rather important as well as 
the concentrations of their metabolites in bio- 
logical fluids. These benzodiazepines possess 
both electroactive and chromophoric groups’ 
that allow for their polarographic and spec- 
trophotometric determination.‘” In fact, a flow 
injection analysis system (FIA) equipped with a 
polarographic and a spectrophotometric detec- 
tor has been used in the analysis of clotiazepan.’ 

The official pharmacopeias3A describe spec- 
trophotometric assays for measuring diazepam 
and oxazepam in dosage forms. These methods 
require a previous dissolution in sulfuric and 
hydrochloric media. Like other benzodiazepines, 
these drugs are susceptible to acid hydrolysis 
with subsequent ring opening.5 The kinetics of 
the hydrolysis of such compounds have been 
extensively studied.‘j,’ Abdel-Hamid and Abuir- 
jeie* have reported that the spectrophotometric 
methods produce variable and non-significant 

*Author to whom the correspondence should be addressed. 

results, indicating that the official procedures 
are not specific for the intact drug and do not 
reveal the presence of the degradation products. 
For these reasons, it is necessary to develop 
procedures in order to solve these problems. 

The HPLC procedure and the fourth-deriva- 
tive spectrophotometry have been proposed for 
these purposes.* Brooks’ reports a general re- 
view of the application of electrochemistry in 
pharmaceutical analysis, where the 1 ,Cbenzo- 
diazepines determination is extensively de- 
scribed, however the problems related to the 
drug extraction from the pharmaceutical prod- 
ucts are not deeply discussed. 

Kalvoda’O has studied polarographically ac- 
tive ingredients such as diazepam, nitrazepam, 
papaverine and other nitroaromatic com- 
pounds. Jacobsen and Jacobsen”*‘2 have 
measured with this technique the concentration 
of diazepam in pharmaceutical products as well 
as in biological samples (with a previous extrac- 
tion). However, they used electrolytes that tend 
to hydrolyze diazepam. This hydrolysis may 
affect the accuracy of the polarographic analy- 
sis. 

In this work, the extraction and identification 
of diazepam in pharmaceutical tablets is pre- 
sented as well as its quantification with electro- 
analytical techniques. The aim is to design an 
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00 (b) 

Fig. 1. (a) General formula of 1,4_benzodiazepines, (b) 
diazepam formula. 

exact and reproducible method that may be 
used for similar compounds in pharmaceutical 
products. 

Experimental 

The polarographic studies were performed 
with home-made polarographs. Direct current 
(DCP), alternating current (ACP) and differen- 
tial pulse polarography (DPP) were performed. 
The electrochemical cell was a three-electrode 
cell with a dropping mercury electrode (working 
electrode), an Ag/AgCl reference electrode and 
a platinum wire as the auxiliary electrode. 

The potential intervals where the polaro- 
graphic studies were performed are: for DCP 
from - 0.45 to - 1.5 V, and for ACP from - 0.4 
to - 1.2 V. The scan rate for both DCP and 
ACP was 5 mV/sec with a drop time of 1 sec. 
The spectrometric determinations were per- 
formed with a Perkin-Elmer 4 V spectropho- 
tometer and a FTIR. The pH determinations 
were done with a Corning Ion Analyzer model 
250. 

The reagents used for the preparation of the 
solutions were of reagent grade; the buffer sol- 
utions were prepared with sodium phosphates 
O.O33M, sodium acetate 2h4, sodium tetraborate 
O.O33M, acetic acid and KOH 2M, HCl for pH 

adjustment. DMF, methanol, sulfuric acid, 
ether and formaldehyde were also used. The 
active ingredient was extracted from a batch of 
10 mg Valium tablets. The standard used was 
diazepam (Aldrich 99.3 1% purity). 

RESULTS AND DISCUSSION 

Extraction solvent selection 

Ethyl ether, methanol, dimethyl formamide 
and a formaldehyde/H, SO, mixture were tested 
as solvents for the extraction of diazepam from 
Valium tablets. Of these solvents, only ether 
facilitated the separation of the active ingredient 
from the filler; this led to the production of 
crystals. The infrared spectra of such crystals 
(Fig. 2) displays features that are characteristic 
of the groups corresponding to the structure of 
the diazepam molecule.‘3 In addition, the melt- 
ing point of the crystals was found to be 132°C 
which agrees well with that reported elsewhere.” 
These results indicate that the active ingredient 
does not undergo chemical changes in the ex- 
traction process with ether. 

For the polarographic determination, a 2M 
solution of acetic acid/sodium acetate 
(pH = 4.6) was used as supporting electrolyte 
(see below). The diazepam crystals are not 
soluble in such an electrolyte. For this reason 
they were previously dissolved. The polaro- 
grams, shown in Fig. 3, were obtained after the 
addition of aliquots of diazepam, dissolved pre- 
viously either in DMF (Fig. 3(a)) or else in 
H,SO,/formaldehyde solution (Fig. 3(b)), to the 
supporting electrolyte. 

The well-defined reduction wave at -0.82 V 
in Fig. 3(a) is characteristic of diazepam.” Con- 
versely, the polarogram in Fig. 3(b) shows two 
waves which indicate that the active ingredient 
is undergoing a hydrolysis reaction in an acidic 
medium, as previously reported.14 

I 

3000 2ooo 000 cm-’ 

Fig. 2. Infrared spectra of pure diazepam crystals (---) and of the crystals from ether extraction of 
Valium tablets (00000). 
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Fig. 3. DC polarograms in a 2M solution of acetic acid/sodium acetate (pH = 4.6) of diazepam extracted 
from Valium and previously dissolved in: (a) DMF, (b) H,SO,/formaldehyde. DC polarogram of support 

electrolyte is showed in both cases. 

Figure 4 shows the spectrophotometric be- 
havior of diazepam, previously dissolved in 
DMF or in a H,SO.,/formaldehyde solution, in 
a 2h4 buffer solution, of acetic acid/sodium 
acetate. The diazepam band becomes wider if it 
is previously dissolved in H, SOJformaldehyde, 
thus providing further evidence of its hydrolysis. 
The extraction and determination of diazepam 
is commonly carried out in H,SO,/form- 
aldehyde media; “J* this may lead to a decreased 
precision in its quantification, by spectrophoto- 

metric methods, when the hydrolysis products 
are present. For this reason, the active ingredi- 
ent is first dissolved in DMF. 

The study of the hydrolysis of diazepam is not 
the objective of this paper. The kinetics of the 
hydrolysis of 1 ,Cbenzodiazepines to benzophe- 
nones have been extensively studied.6.7 This re- 
action is catalysed by the bisulfate anions.15 
Alonso ef al.’ have chosen acetate buffer, with 
pH that would prevent hydrolysis (pH > 3) and 
avoid the use of potentials so negative that 
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Fig. 4. Spectrophotometric behavior of diazepam (0.5 mgjl) in a 2M acetic acid/sodium acetate bufk 
solution @H = 4.6). The diazepam was previously dissolved in: (a) DMF (- - -), (b) H,!W,/ 

formaldehyde (------). 

problems would arise with mercury drop 
electrode. For this reason, we have selected 
the acetate buffer pH = 4.6 as supporting 
electrolyte. 

Polarographic determinatian 

The effect of pH upon the diazepam reduction 
peaks in DPP is shown in Fig. 5, at a constant 
diazepam concentration and a pH interval of 
1-13. It can be noted that at intermediate pH 

values (pH 8-9) the peaks are wide, whereas 
they become sharper at either high or low pH 
values. This is an indication of a complication 
in the electron exchange process at intermediate 
pH values as compared to more extreme values; 
it is likely that the electron transfer occurs in 
two steps as has been suggested earlier.‘* 

The peak potential is cathodically displaced 
with an increase in pH at a rate of -0.070 V per 
pH unit. The reduction of the azomethine group 

a 
0 0.2 0.4 0.6 0.6 1.0 1.3 

-E ( Ag/AgCl) 

Fig. 5. Differential pulse polarogram in a 2M solution of acetic acid/solution acetate of diazepam 
previously dissolved in DMF. The pH values are individually shown. 
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Table I. Determination of diaxepam from com- 
mercial tablets, labelled to contain 10 mg, using 

DPP and spectrophotometric (UV) methods 

Sample No.* 
(diaxepam) 
Valium tablets 
(Roche-10 mg) DPP uv 

1 9.97 f 0.64 9.33 
2 9.79 f 0.24 9.06 
3 10.31 f 0.58 9.16 
4 10.05 f 0.05 9.45 
5 10.40 f 0.28 9.55 
6 9.81 f 0.48 9.41 
7 10.61 f 0.68 10.01 
8 10.11 kO.27 9.50 

*Each sample was realized five times. 

involves two electrons and two protons,‘6 which 
should yield a slope of -0.056 V per pH unit; 
this indicates that the observed process is kinet- 
ically limited. 

The variation of ip for the reduction of di- 
azepam is linear with concentration both in 
ACP and in DPP; this permits the drawing of 
calibration curves for diazepam. Linear corre- 
lations over the concentration ranges 4.8-96 @I4 
(DPP) and 17.4-167 PM (ACP) were obtained. 
Representative calibration graphs for diazepam 
resulted in the following linear regression 
equations: 

y = 0.02017 + 0.01165x, (r = 0.9975) (DPP) 

y = -0.00727 + 0.01261x, (r = 0.9934) (ACP) 

where y, x and r correspond, respectively, to 
current peak (,cA ), drug concentration (PM) 
and linear correlation coefficient. 

Commercial tablets of diazepam (Roche) 
labelled to contain 10 mg per tablet were as- 
sayed, using the extraction procedure proposed 
here. Table 1 reports the quantities obtained by 
DPP and spectrophotometric method (UV) (the 
adsorption lectures were performed at 266 nm). 
The precision of the polarographic technique 

was confirmed by analysing five replicate 
samples. The relative standard deviations are 
lower than 1% (Table l), indicating good pre- 
cision. The diazepam formulation can be de- 
tected by DPP with errors (~4%) lower than 
those obtained by the spectrophotometric 
method. 
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Summary-The pK values of the second ionization of a set of substituted sulfonephthaleins are studied 
by spectrophotometry and “C NMR spectroscopy. A study of the correlation between equilibrium and 
spectral data on the one hand and the substituent effects on the other is presented, using the dual 
substituent analysis of Swain and Lupton. This shows a complete dependence of pK values on the 9 field 
variable, and of the wavelengths of the bands of basic forms on the 9 resonance variable. 

The study of the ionization of indicators dates 
back 70 years, when Kolthoff-s published his 
first fundamental works on the subject. Since 
then the studies on this subject have been 
sporadic and unsystematic and unfortunately 
a classification of accurate data on indicators 
is lacking despite the widespread use of these 
substances, the upgrading of spectrophotomet- 
ric methods, the availability of computing facili- 
ties and calculation techniques and IUPAC 
proposals.6 In this work we present a spec- 
trophotometric and 13C NMR analysis of a class 
of indicators, the sulfonephthaleins, aimed at 
classifying in the first place their ionization and 
spectral features and secondly at accounting for 
the mechanism by which various substituents 
affect these properties. With a such knowledge 
the design and synthesis of indicators which 
satisfy user expectations will then be possible. In 
fact, because of their large and specialized use, 
indicators should be available with the greatest 
flexibility of colour and pK properties. 

EXPERIMENTAL 

Materials 

The studied sulfonephthaleins, of the general 
formula here reported, were the 15 products 
shown in Table 1. 

*Author for correspondence. 

All these indicators were Aldrich products 
used without further purification. 

Spectrophotometric measurements 

Absorption spectra were recorded on a 
Hewlett-Packard 8452 diode array spectropho- 
tometer; a flow cell was used joined to a titration 
vessel by a peristaltic pump; all the apparatus 
was thermostated at 25°C. 

In order to make a reliable spectrophoto- 
metric determination of the ionization con- 
stant, 15-20 spectra (as those presented in 
Fig. 1) were collected at pH values equally 
spaced in a range + 2 pH units around the pK 
value to be determined. This was achieved by 
titrating a weak non-absorbing z lo-‘M acid, 
with a pK similar to that to be determined, 
using a lo-‘M base; in this way the concen- 
tration of the indicator undergoes only a very 
small dilution. 

1781 
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Table 1. Substituents R, , R,, R, and R, of the 15 studied sulfonephthaleins 

Compound Name RI R, R, & 

I Cresol red H CH, H H 
2 Phenol red H H H H 
2Br 3,4,5,6-Tetrabromophenolsulfonephthalein H H H Br 
3 Bromocresol purple Br CH, H H 
4 Chlorophenol red H 

:t 
H H 

5 Bromochlorophenol blue Br H H 
6 Bromophenol blue Br Br H H 
6Br Tetrabromophenol blue Br Br H Br 
7 3’,3”,5’,5”-Tetraiodophenolsulfonephthalein I I H H 
ICH, Xylenol blue H 

CHr$k,I,), 
CH, H 

I’CH, Thymol blue H CH, H 
ZCH, Cresol purple H H CH, H 
3CH, Bromoxylenol blue Br CH, H 
3’CH, Bromothymol blue Br CH:& ), CH, H 
6CH3 Bromocresol green Br Br CH, H 

In order to measure the 15 studied indi- 
cators (pK values 3.5-8.5) in the same medium, 
a mixture of seven acids (Table 2) with regularly 
increasing pK values was used. 

The titration plot of such a mixture exhibits 
a typical trend in the 39 pH range (Fig. 2), 
which allows us to explore the neighbouring 
values of the pK of each studied indicator. 

It was therefore possible to examine and 
record the spectra of the indicator at variable 
[H+] by titrating the mixture, containing the 
z IO-*M sulfonephthalein with KOH at an 
ionic strength of 0. 1M KN03 and moving a 

1 p” = 7.0 

1.0 4 (CH~.~ROPHENOL RED) A 

_._ 
350 l3i.O 

Fig. 1. Ten spectra of compound 4 (chlorophenol red) at a 
concentration of 2.8 x IO-‘M, collected in the 3.2-7.0 pH 

range are presented. 

Table 2. Composition of the acid medium used for the 
spectrophotometric titration of the sulfonephthaleins. Refs 

8-12 renort the DK values for the above substances 

Compound Cont. x 10,M I%_.. 

Hydrochloric acid 8.000 - 
Dichloroacetic acid’ 0.6006 - 
Monochloroacetic acid, 0.5250 2.837 f 0.003 
Acetic acid9 0.7725 4.629 f 0.001 
Pyridine’” 0.7778 5.363 k 0.002 
2’-Aminopyridine” 1.001 6.812 f 0.002 
Ammonium hydroxideI 1.593 9.322 f 0.001 

portion of the solution to the flux cell after 
each KOH addition. 

Potentiometric studies 

Titrations were performed on a Dosimat 655 
Metrohm automatic titrator equipped with a 
Metrohm 654 pH meter, using a Metrohm 
combined pH electrode for highly alkaline sol- 
utions, at an ionic strength of O.lM KNOS. The 
solutions (25 cm’) were titrated with KOH 
(O.lM) at 25°C under a nitrogen atmosphere 
and at the same conditions reported in a 
previous paper.13 

Potentiometric data for the electrode stan- 
dardization were analyzed with the Gran 
methodi using our BASIC program GRAN- 
PLOT. The titrations for the potentiometric 
determination of the pK values reported in 
Table 2 were run under the same conditions and 
the concentration are 2 x 10e3it4. The ioniz- 
ation constants were calculated by a slightly 
modified version of the PSEQUAD program.‘s 

“I 

0 i a ml base i 

Fig. 2. Titration curve of the mixture of acids presented 
in Table 2. Absence of any net inflexion in the 2-10 pH 
range can be observed. Therefore also a region limited to 
two pH units can be thoroughly explored by proper titrant 

additions. 
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NMR measurement 

Natural abundance 13C NMR spectra were 
recorded on a Varian VXR-300 spectrometer at 
75.43 MHz, using 10 mm diameter tubes. The 
i3C spectra wer e ‘H decoupled by means of 
square wave modulation of the decoupler car- 
rier, centred on the proton field. Solutions at 
pH > 8 were prepared in D2 0 by adding NaOD. 
The carbon chemical shifts were measured at 
25°C from the dioxane used as internal stan- 
dard and the values so estimated were referred 
to TMS. Spectra were collected with a number 
of transients up to 10,000, depending on the 
aqueous solubility of the compounds. 

Calculation of ionization constants of sulfoneph- 
thaleins 

Matrix A of absorbance data for each sul- 
fonephthalein, collected at N, wavelength on 
N, solutions of different pH, was analyzed with 
the program SPECFIT16 which allows us to 
perform an Evolving Factor Analysis. EFA is a 
new powerful mathematical method for a 
model-free analysis of an ordered set of multi- 
wavelength data. When applied to spectropho- 
tometric titration it allows to calculate both 
the concentration profiles and the spectra of 
all absorbing species, without using the law of 
mass action or defining the stoichiometric 
composition of the species. As a second step, 
SPECFIT allows the usual least-squares analy- 
sis of spectral data for calculating the equi- 
librium constants and spectra of all absorbing 
species. 

RESULTS AND DISCUS!!IION 

“C NMR analysis 

The NMR study has been limited to com- 
pounds exhibiting a sufficient solubility in 
water. The assignment of natural abundance 
13C spectra has been performed by compar- 
ing the NMR spectra with complete noise 
decoupling of the protons and the correspond- 
ing ‘H coupled spectra performed with gated 
decoupling. 

It can be seen that the chemical shifts change 
significantly as the substituent group in the 
phenolic ring is changed, since they are 
induced by the usual inductive and mesomeric 
effects. 

Particularly, we note that, unlike the remain- 
ing compounds, those with the methyl sub- 
stituent in the meta position to the OH group 
give rise to two well distinct resonances for each 
carbon atom of the phenolic rings B and B’. 
This finding clearly shows that a hindered 
rotation of the phenolic rings around the 
C(7)-C(8) and C(7)-C(8’) bonds occurs, due to 
mutual steric interaction of the methyl sub- 
stituents. This effect induces different average 
orientation of the two phenolic rings B and B’, 
which therefore experience different anisotropic 
shielding especially as far as the meta carbon 
atoms are concerned. 

From these findings and considering that 
the chemical shifts of carbon atoms are in 
general affected by the substituent groups 
through a number of effects, such as electron 
densities, bond orders, orbital energies and 

Table 3. ‘%J NMR chemical shift assignments of the 15 studied sulfonephthaleins 

Compound C(1) C(2) *C(3) C(4) *C(5) C(6) C(7) C(8) C(9) C(10) C(I1) (12) C(13) 

1 143.1 128.6 131.5 133.1 130.8 139.1 171.1 127.1 140.4 131.5 181.5 122.3 140.2 
2 143.1 128.7 131.7 133.1 131.1 138.7 173.3 126.9 142.0 123.0 182.8 123.0 142.0 
2Br 144.6 140.7 171.0 125.0 141.1 123.7 182.5 123.7 141.1 
3 143.4 128.9 131.5 132.9 131.2 138.0 167.6 128.1 138.5 132.0 174.3 118.9 140.8 
4 143.3 129.1 133.2 134.5 131.7 138.0 172.2 128.7 140.6 123.3 176.8 121.1 139.4 
5 143.8 129.0 132.0 134.5 131.7 137.2 170.5 128.0 141.5 126.2 171.8 119.5 138.4 
6 143.8 129.1 132.1 133.1 131.7 137.1 169.5 127.2 141.7 118.8 171.7 118.8 141.7 
6Br 
7 
ICH, 

I’CH, 

2CH, 

3CH, 

3’CH, 

6cH1 

145.1 138.9 167.3 
145.2 130.7 133.6 134.3 133.0 138.4 176.5 
143.7 129.3 131.8 134.1 131.4 141.7 171.9 

143.9 129.4 131.6 133.8 131.4 141.7 172.5 

143.7 129.3 131.8 134.1 131.7 141.4 174.2 

144.1 129.4 131.7 134.6 131.7 141.2 170.2 

144.3 129.5 131.7 134.2 131.6 141.3 170.6 

144.5 129.9 132.7 134.8 131.9 140.0 171.2 

126.0 140.9 119.5 171.1 119.5 140.9 
130.4 150.4 95.9 168.3 95.9 150.4 
129.3 148.1 119.9 181.6 125.8 143.0 
128.7 147.4 116.0 180.0 125.2 141.0 
130.7 140.1 139.3 180.0 126.2 147.1 

138.0 138.7 179.4 126.0 146.9 
131.4 144.7 126.3 182.5 120.8 149.8 

142.6 125.6 180.8 120.2 149. I 
129.5 140.8 132.4 176.4 126.1 146.8 
128.4 138.8 131.4 174.5 124.9 145.7 
131.5 138.0 139.0 174.8 126.8 145.6 

135.8 138.3 174.0 126.0 
132.2 143.3 125.6 171.6 115.9 147.4 
131.6 141.7 124.7 170.4 115.0 146.9 

*No distinction can be made between C(3) and C(5) signals; the higher was therefore conventionally attributed to C(3). 
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local polarizations, which only rarely can be &Xl00 

factored out, we estimated the substituent E 
effects for the reported chemical shifts on a 
purely empirical basis. Subsequently the Grant 30000 

and Paul” rules were also used to assign and/or 
substantiate the carbon resonances of the 
aromatic rings. The resulting assignments are 15000 

reported in Table 3. 

4 (CHWROPHENOL RED) 

0 

Equilibrium data 350 450 
55o nm 

650 

The dissociation scheme proposed by 
Fig. 4. The absorptivity spectra of the acid (A) and basic 

Kolthoff for this class of indicators takes into 
form (B) of chlorophenol red obtained by EFA are reported 
as continuous curves, while those obtained by least-squares 

account two successive steps. calculations are reported as point. 

The structures of the neutral biprotonated form may also be represented as follows. 

or 

The pK, generally presents values below 2, 
while pK2 ranges from 3.5 to 8.5 according to 
the substituents in the phenolic rings. In this 
work only the second ionization was taken into 
account. In Fig. 1 the experimental spectra of 
chlorophenol red in the 3.2-7 pH range are 
presented as an example. These data were 

,.oE_,, -PHENOL> 

s 
8 

l.OE-5 - 

O.OE+O /% 

2 3 4 5 6 7 pH s 

Fig. 3. The distribution curves for the second ionization of 
chlorophenol red obtained by EFA are reported as continu- 
ous curves, while those calculated with the pK 5.74 esti- 
mated by least-squares calculations are reported as points. 

analyzed by Evolving Factor Analysis (EFA): 
the factor analysis indicates the presence of only 
two absorbing species in the examined pH 
ranges. Without any model assumption, EFA 
has lead to the distribution curves in Fig. 3 and 
to the spectra in Fig. 4 reported as continuous 
lines. 

Still with the SPECFIT program, assuming a 
simple model of a single ionization and a guess 
of pK, = 5.8 obtained from the distribution 
curves in Fig. 3, it was possible to optimize both 
the pK value (5.74) and the spectra of the two 
species with a least squares procedure. The 
distribution curves and the spectra obtained 
with the optimized pK are reported as points in 
Figs 3 and 4, respectively. The very good agree- 
ment between the values obtained by EFA and 
those by the conventional least-squares method 
with model assumption can be clearly observed. 
This is not surprising in view of the very simple 
system studied and the high precision of the 
experimental measurements. 
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With an analogous procedure the pK values 
for all the studied indicators were calculated and 
are reported as pK_, in Table 4. 

The trend of pK values as a function of the 
substituents is shown in Fig. 5. 

Using the unsubstituted indicator 2 as a 
basis for comparison, these data can be totally 
explained by assuming a proper ApK value 
for each kind of substituent. The pKaI, = 
pK(2) + CApK calculated in this way are 
reported in the third column of Table 4. The 
Br substituents in the A ring seem to play no 
role in determining pKs. 

UV-visible spectra 

The spectra of the 15 indicators were also 
collected both in HCl and NaOH IO-*M in the 
250-700 nm spectral range, whereas in the 
equilibrium study it was not possible to collect 
data below 380 nm for the absorption of the 
buffer solution. The spectra of basic forms 
coincide with those obtained by SPECFIT least- 
squares calculations in the 400-700 mn range. 
In acidic medium, instead, a marked differ- 
ence was observed in six cases. This is due to the 
high values of pK,, and therefore to the exist- 
ence of the completely protonated form in large 
amounts, since pH = 2. In these cases the spec- 
tra from SPECFIT, attributable to a single 
absorbing species, were therefore examined. 

Some qualitative considerations can be 
made on the most intense band of the basic 
form: 

Table 4. pK values of the 15 studied 
sulfonephthaleins 

Compound P& PIG, 

1 7.87 f 0.01 7.87 
2 7.42 f 0.01 7.42 
2Br 7.19 f 0.01 7.42 
3 6.05 * 0.01 6.03 
4 5.74 f 0.01 5.74 
5 3.85 f 0.01 3.90 
6 3.76 f 0.01 3.75 
6Br 3.81 f 0.01 3.75 
7 3.70 f 0.01 3.70 
ICH, 8.59 f 0.01 8.53 
I’CH, 8.47 * 0.01 8.53 
2CH, 8.04 f 0.01 8.09 
3CH, 6.78 f 0.01 6.72 
3’CH, 6.80 + 0.01 6.72 
6CH, 4.35 f 0.01 4.42 

*The references for the literature pK 
values of the more common sul- 
fonephthaleins can be found in 
Beukenkamp and Rieman.” 

tThe pK, values were calculated with 
ApK values reported in Table 5. 

PL. 

7- 

5- 

, -- ------ 
3 4 5 Compsound 7 

Fig. 5. The pK values of compounds l-7 are reported as a 
continuous line; those of lCHr, 2CH,, 3CH, and 6CH, as 
o. those of I’CH, and 3’CHr as A and those of 2Br and 6Br 

(4 

(b) 

w 

as l . 

the absorptivity spectra of compounds l-7 
with only R, and R2 substituents show a 
comparable intensity and reveal a shift from 
z 560 nm for unsubstituted compound 2 to 
~575 nm for the monosubstituted com- 
pounds 1 and 4, to ~595 nm for the 
disubstituted 3,5 and 6 and to ~600 nm for 
the disubstituted compound 7. The general 
pattern of the seven spectra is very similar; 
when R,, = Br, a red shift of the spectra of 
about 30 nm is observed; 
the R 3 = CH, substituent causes a red shift 
of ~25 nm of the band, accompanied by a 
drastic increase in halfbandwidth and a 
decrease in maximum absorptivity. 

A very similar trend is also presented by the 
two bands of basic form at ~300 and 380 nm, 
respectively, while the acid band at ~450 nm 
does not show a sensible variation as a function 
of the substituents. 

Conclusive remarks 

The good agreement between PK_,~ and pK_, 
values reported in Table 4 indicates that the 
effects of R, and R2 substituents can be con- 
sidered additive. An analysis of the substituent 
effects was therefore accomplished. The Swain 
and Lupton” dual substituent analysis, in the 
form y = r,9F + r2W + y. was made on pK val- 
ues, on wavelengths of maxima of basic forms 
and on NMR chemical shifts. On the basis of 
completely additive effects of substituents in 

Table 5. 

R,, & APK R, APK 

:&H,), 0.45 0.45 CH, 0.66 

Br - 1.84 
Cl -1.69 
I - 1.53 
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Table 6. Results of the Swain-Lunton dual substituent analysis* 

set 1 
set 2 
set I 
set 2 
set 1 
set 2 

tset 2bis 
set 1 
set 2 
set 1 
set 2 

Yo 

7.52 
8.00 

559.3 
584.4 
183.3 
182.4 
180.9 

7.63 
8.31 

559.7 
586.2 

-2.97 
-3.09 
-2.01 
- 5.22 
-3.95 
-4.14 
-4.50 
-2.72 
-2.61 

r2 

-1.24 
-2.49 

- 109.2 
- 116.8 

19.8 
13.3 
11.4 

- 101.3 
-97.7 

V_,r3 
0.156 
0.034 

19.2 
0.71 
6.59 
3.25 
0.57 
0.21 
0.21 

22.0 
15.4 

Corr. coeff. 

0.9955 
0.9987 
0.9926 
0.9996 
0.9806 
0.9824 
0.9967 

-0.9944 
-0.9917 
-0.9917 
-0.9917 

*For the CH(CH,), group the values 9 = -0.086 and 41= -0.139, evaluated from the values for 
CH, and C(CH,),, are used. 

tC( 11) exhibits two distinct NMR signals in the compounds of set 2, analyzed as set 2 and set 26is, 

R, and R,, parameters 9 and W were taken 
as the sum of the tabulated values” for the 
various substituents. The data for the two sets 
of seven (l-7) and six (lCH&CH,) com- 
pounds, reported as set 1 and set 2, respectively, 
were analyzed, and the calculated r,, r2 and y,, 
values are reported in Table 6. 

A clear explanation of the dependence of the 
measured chemical properties of this class of 
indicators on the R, and R2 substituents can be 
inferred on the basis of these results: 89% of 
variability of the pK values, for set 1, from the 
reference pK,, value is explained by the 5 field 
variable; furthermore, if a linear regression of 
pK is calculated on the 9 field variable alone, 
as shown in Fig. 6, the value ZF=, r f of square 
residuals for this regression is greater than that 
reported in Table 6, for the dual substituent 
regression; nevertheless this difference is not 
significant at the confidence level 0.05, as can 
be calculated with an F test. Similar consider- 
ation can be made for the set of compounds 
with the CH, substituent on the C(9) carbon 
atom; the only observable difference is a shift 
of 0.6 pK units of the pK, values, while the 
slope is almost equal to that calculated for the 

PK 

!O.S 0.0 0.5 1.0 9 1.5 2.0 

Fig. 6. The pK values of compounds l-7 (set 1) and those 
of ICH,, 3CH,, 2CH,, 6CH,, I’CH, and 3’CH, (set 2) are 
reported as a function of the 9F variable of Swain-Lupton. 

first set. A purely inductive effect exerted by 
the R, and R2 orrho substituents on the ioniz- 
able OH group is therefore evident, not per- 
turbed by the CH3 substituent in meta. The 
latter affects the pK values in the same direc- 
tion as ortho CH,; but its effect, which is greater 
than that of o&o CH3, cannot be explained as 
only inductive; on the other hand no serious 
discrimination between inductive, resonance or 
steric contributions can be made on the basis 
of data for a single meta substituent. Steric 
contributions are certainly important according 
to NMR results. 

The spectra of basic forms, which are the only 
ones to be affected by ring substituents, were 
decomposed in various components bands. The 
most important of these bands are reported in 
Table 7. The maximum wavelength of each 
band in the various compounds is strictly corre- 
lated with that of the other bands (except for 
band III, but this depends on the poor precision 
of its evaluation, connected to its low weight). 
Therefore any consideration made on the princi- 
pal band can be generalized without loss of 
significance to the remaining bands. As for the 
pK values the Swain-Lupton analysis of the 

550 
-0.5 -0.. -0.2 -0.2 -0.1 5R 0.0 0.1 

Fig. 7. The A,, values of compounds l-7 (set 1) and those 
of ICH,, ZCH,, 3CH,, 6CH,, I’CH, and 3’CH, (set 2) are 
reported as a function of the W variable of Swain-Lupton. 
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Table 7. Parameters (A_ = wavelength of the maximum, W = haltbandwidth and H = height of the band) of the most 
intense Gaussian peaks. The bands are ordered from higher to lower wavelengths 

Band I Band II Band IV Band VI 
Compound A_ W H x 10-r & w H x IO-” n, w H x 10-r A_ W H x lo-’ 

1 574.9 31.4 35.4 550.3 67.3 30.0 368.9 37.4 6.0 298.9 27.0 5.3 
2 559.4 33.6 36.0 532.7 66.5 27.5 361.5 34.1 6.9 299.5 19.9 3.2 
3 591.0 33.5 40.7 568.1 67.4 31.5 378.0 37.4 7.4 304.2 27.5 10.9 
4 576.4 30.7 35.2 552.9 67.1 28.5 372.2 37.1 6.1 299.4 27.0 12.5 
5 592.4 33.0 41.9 569.7 67.1 29.4 381.7 37.0 6.3 308.4 26.2 10.7 
6 592.9 35.6 41.1 568.8 65.6 28.0 383.8 37.5 7.8 310.1 27.3 12.3 
7 603.0 34.2 35.0 578.9 71.8 30.7 393.3 42.9 6.6 317.8 31.2 9.8 

k: 601.3 584.4 46.4 51.8 15.1 17.8 576.5 556.7 91.7 88.7 27.2 23.7 380.2 375.8 63.0 56.2 10.5 9.3 296.5 301.2 31.4 30.6 12.1 9.6 
3 CHI 618.5 52.0 13.8 595.3 96.1 24.4 391.6 61.9 8.5 305.8 31.3 10.9 
6 cti, 618.0 57.0 21.3 594.0 99.0 24.4 401.0 56.3 9.2 312.5 22.4 5.9 
l&, 601.1 59.4 20.4 580.2 89.4 16.7 381.0 62.3 8.4 303.7 31.3 10.0 
3&H, 617.2 58.0 19.7 592.7 111.1 22.3 393.9 61.5 8.9 307.7 31.2 12.9 

578.2 30.5 36.6 553.0 69.4 35.0 
613.6 33.3 40.2 589.2 69.7 32.0 

band positions for the set of compounds l-7 
shows that the effect of substituents can be 
explained by only one independent variable; in 
this case, however, it isresonance parameter W 
that accounts for 94% of the variability around 
the reference value of the unsubstituted com- 
pound 2 as can be observed clearly in Fig. 7. 

This total dependence on the resonance par- 
ameter is reasonable, since the spectra is due to 
a system of conjugated double bonds extended 
to the whole molecule. An analogous behaviour 
is observed for the set of the six meta substituted 
compounds, but two different behaviours are to 
be pointed out: 

(i) a red shift of about 25 nm with respect 
to the analogous compounds without the 
meta CH3 substituent; 

(ii) a decrease of the intensities and an increase 
of half bandwidths. 

These findings can be tentatively explained con- 
sidering the non-equivalence of the two rings 
deduced from the NMR findings, upon R, sub- 
stitution. Each of the two rings in this case 
should give a distinct single contribution to the 
electronic spectra, which therefore appear 
broader and lower. 

As regards the swain and Lupton analysis of 
NMR chemical shifts, the C( 11) carbon atom 
was examined, both because it is bonded to the 
studied acid group and because it does not feel 
vicinal effects, since it is the only carbon atom 
not in direct contact with any substituents. In 
this case both field and resonance variables 9 
and 41 account for the chemical shift variations. 
The two examined sets do not depend on the 
two variables in the same way and this can be 
explained with steric effects of the CH, sub- 

stituents, which play a further role in determin- 
ing the So,,, value: in fact in both sets 2 and 
2bis, the contribution of the inductive effect with 
respect to the resonance effect is increased. This 
can be explained by a reduced resonance trans- 
mission in the hindered positions of rings B and 
B’ due to the CH3 substituents. 

Some considerations should be made on the 
two compounds with R4 = Br: the pK values of 
these two compounds are not affected by the Br 
substituents and are equal to those of the parent 
compounds 2 and 6, respectively, as expected 
if one considers the behaviour of the other 
indicators. On the other hand, the spectra are 
affected to a great extent by the substituent Br 
group and show a red shift of about 30 nm. This 
confirms a resonance extended to the whole 
molecule, since C(7) is definitely not a carbo- 
cation, as demonstrated by its chemical shift. 

To sum up, even though extended to a limited 
set of functional groups, the analysis of the 
mechanism of action of the various substituents 
can be considered reliable thanks to the additiv- 
ity of the R, and Rz effects, which expands the 
ranges of the independent variables. New indi- 
cators with particular features both of pK and 
colour can now be designed on the basis of the 
achieved knowledge. 
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Summary-The electrochemical oxidation of 2,6dichloro-l,+phenylenediamine was studied at a glassy 
carbon electrode in a 50 ~01% methanol-water mixture containing O.lM HClO,. Single sweep voltam- 
mograms are compared with curves obtained by digital simulation. Characteristic reaction parameters, 
such as formal potentials, charge transfer coe.Bicients, rate constants of the electrochemical and the 
chemical steps, and diffusion coefficients, were determined from potential-step experiments in combination 
with a simulation-curvefitting routine. 

The pioneering work of Adams et al’s2 on the tative and quantitative studies of complex elec- 
anodic oxidation of p-phenylenediamine (PPD) trode processes. 
and on several of its derivatives in aqueous Based on the numerical solution of the corre- 
media illustrates the complex coupling between sponding integral equations for the LSV-and/or 
electron transfer and chemical reactions. CV-response, Nicholson and Shain derived 

H2O 

-Nfl, 

0 

0 I I 

0 

Detailed investigations of electrode mechan- diagnostic criteria for various electrode mechan- 
isms require sophisticated electrochemical tech- isms.p’o Their work was extended by contri- 
niques, often combined with spectroelectro- butions by Saviant et al. who introduced the 
chemical experiments. j5 As pointed out by concept of kinetic zones, defined via dimension- 
Heinze’ and Gosser,’ linear sweep (LSV) and less rate constants for charge transfer and 
cyclic voltammetry (CV) are among the most chemical steps, respectively.” The semi-integral 
universal electrochemical techniques for quali- technique, developed by Oldham et uZ.,‘~.‘~ and 
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the equivalent convolution sweep voltamme- 
try,14 provide excellent tools to utilize all exper- 
imental data for analysis and parametrization of 
electrode reactions. Its application to nontrivial 
ECE-mechanisms was recently discussed by 
Neudeck and Dittrich.” 

The concept of digital simulation developed 
by Feldberg”j provides a powerful, independent 
route to the interpretation of linear and 
cyclic voltammograms. Model curves can be 
calculated for a multitude of electrode mechan- 
isms and for various electrode geometries.7*‘7~‘8 
The original technique, based on an explicit 
approximation of the partial differential 
equations, has been complemented by two other 
methods. One is based on the implicit Crank- 
Nicholson technique to approximate the 
second derivatives of the digital concentration 
profiles.” The other uses orthogonal poly- 
nomials.20 

The comparison between experimental and 
simulated linear sweep and cyclic voltam- 
mograms can provide qualitative information 
on the actual electrode mechanisms, as well as 
quantitative information on reaction par- 
ameters. Recent attempts have shown that the 
analysis of experimental data might be im- 
proved by combining digital simulation and/or 
semi-integration/semi-differentiation with mul- 
tiple regression techniques.2’-24 

We have chosen to study the oxidation, at a 
glassy carbon electrode, of 2,6-dichloro-1,4- 
phenylenediamine (DCDP) in a 50 ~01% water- 
methanol mixture containing 0.1 A4 HC104. In 
view of the mechanism proposed for the 
oxidation of 1 +phenylenediamine (Scheme 1), 
we have investigated the reduction of 2,6- 
dichloro-1 ,Cbenzoquinone (DCQ), the oxi- 
dation of 2,6-dichloro-1 ,Caminophenol (DAP) 
and DCDP at comparable experimental con- 
ditions by cyclic voltammetry and double poten- 
tial step chrono-amperometry. The reaction 
parameters are determined (or, in some cases, 
optimized) by analyzing the cyclic voltammetric 
response in the slow scan regime with the 
simulation-fitting program CVFIT, described 
in23. In order to diminish the effect of ad- 
sorption, all quantitative experiments will be 
restricted to low scan rates and relatively 
high reactant concentrations (usually 1 mM).” 
Furthermore, we will assume that all pro- 
tonations are at equilibrium.26 The substitu- 
tions in the 2 and 6 positions prevent mech- 
anistic complications due to the Michael 
reaction. 

EXPERIMENTAL 

All measurements were carried out at 298.2 K 
using a glassy carbon working electrode (Bio- 
Analytical Systems), a silver/silver chloride ref- 
erence electrode connected via a liquid junction 
with the cell, and a platinum auxiliary electrode. 
The electrochemically active area was estimated 
from the analysis of the limiting diffusion 
current in cyclic voltammograms and single 
potential step transients5 for aqueous solutions 
containing known concentrations Fe(CN)i- or 
Fe(CN)i- . Using the literature values for the 
corresponding diffusion coefficients (D = 
7.6 x low6 cm2/sec and D = 6.3 x lO-‘j cm2/sec, 
respectively,2 we calculated the electrode area A 
as 0.074 ( + 0.005) cm2. The glassy carbon elec- 
trode was polished with Buehler 0.05 pm 
Micropolish alumina powder, and subsequently 
sonicated and rinsed with the base electrolyte 
solution before each measurement. 

The electrochemical experiments were carried 
out with a home-built potentiostat, interfaced 
via a 12 bit ADC and a 12 bit DAC with a 
80286-based computer. Positive feedback just 
short of oscillatory instability was used for 
compensation of the solution resistance. Gener- 
ation of the excitation waveforms and data 
acquisition of the electrode response were con- 
trolled by commercially available software.27 

The solutions were made from pyrodistilled 
water and from reagent grade (Baker “ana- 
lyzed”) methanol and HC104. All supporting 
electrolyte solutions were treated with activated 
charcoal and carefully deaerated before use. All 
solutions were freshly prepared and kept in an 
inert nitrogen atmosphere. 

The 2,6-dichloro-1 ,Cphenylenediamine 
(DCDP) was synthesized28 from 2,6-dichloro- 
1 ,Cnitroaniline (Aldrich) and recrystallized 
from ethanolic solutions. 2,6-dichloro-4- 
aminophenol (DCAP) was purchased from 
Aldrich and was recrystallized several times 
from ethanol before use. The 2,6-dichloro-1,4- 
benzoquinone (DCQ) was obtained from 
DCAP by oxidation and recrystallization,2g 2,6- 
dichloro-hydroquinone (DCQHZ) was syn- 
thesized from DCQ following Vogel’s pro- 
cedure,30 and 2,6-dichloro-4-hydroxyaniline was 
prepared following the procedure described in 
Ref. 31. 

DATA ANALYSIS 

The cyclic voltammograms were recorded 
with a resolution of 1 mV per point, both for the 
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pure supporting electrolyte solution and in the 
presence of DCQ (reduction), DCAP (oxi- 
dation) or DCDP (oxidation). The charging 
current contribution of the base electrolyte was 
subtracted digitally, implying the assumption of 
a simple additivity of Faradaic and non- 
Faradaic currents. The scan rate varied between 
5 mV/sec and 2 V/set. The digital simulation 
and multiple regression were carried out with 
the program CVFIT,23 which utilizes the 
modified simplex minimization procedure of 
Nelder and Mead to find the best fit between 
experimental and simulated results. The errors 
are estimated by unweighted summation of the 
squares of the differences between experimental 
currents i,, and simulated currents ith at the same 
potentials. 

Fixed input parameters of the simulation 
were usually the electrode area A and the diffu- 
sion coefficients Di of the individual species. The 
latter were determined from voltage step 
measurements under diffusion-controlled con- 
ditions according to 

i = nFAc,,/(D,/xt) (1) 

where n is the number of electrons involved in 
the charge transfer, F, the Faraday constant, 
and c, the bulk concentration of the electro- 
active species. 

Initial parameter estimates for the simulation- 
fitting routine were provided for the formal 
potentials E,, the standard heterogeneous 
charge transfer rate constants k,, the transfer 
coefficients a, and, in some cases, for the chemi- 
cal rate constants k,, . We note that the chemical 
rate constants have been determined indepen- 
dently from double potential step experiments 
E,+EZ(~)+E, and comparison with model 
curves of i, (t)/i, (t - z) us k,,z published by 
Schwarz and Shain.32 Here r is the time interval 
between the application of the two successive 
voltage steps. 

In order to describe in a quantitative way the 
cyclic voltammograms of DCDP obtained at 
slow scan rates, we have assumed a mechanism 
similar to Scheme I. First we have analyzed the 
reduction of DCQ. Using the parameters so 
obtained for Ei, ki and ai as fixed input data, we 
have applied CVFIT to optimize simulated 
voltammograms for the oxidation of DCAP. 
Based on these results, we have tried to fit the 
experimentally obtained CV of the oxidation of 
DCDP with simulated curves. This approach 
decreases the number of freely adjustable input 
parameters. 

RESULTS AND Dl!XXJ!SSION 

Reduction of 2,6-dichloro- 1,4-benzoquinone 

Figure 1 illustrates cyclic voltammograms at 
three different scan rates obtained for the 

(a) 

-...,.66?, 0.2 0.3 0.4 
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0.0006 

-0.0006J I 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 
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Fig. 1. Cyclic voltammograms of 1 mM DCQ + O.lM 
HClO, in a 50 ~01% methanol-water mixture at a glassy 
carbon electrode. The dotted lines are the experimental data, 
the solid lines are the result of the fitting routine, see Table 1. 
Scan rates: (a) 20 mV/sec; (b) 50 mV/sec; (c) 100 mV/sec. 
The insets illustrate (a) the ratio of the peak currents, (b) the 
normalized cathodic peak potential us a scan rate function, 
and (c) l/,/r us the peak-to-peak separation AE. The solid 
curve in Fig. l(c) has been calculated with equation (3) using 

k,,, = 9.4 x 10-J cnl/sec. 
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Table 1. Fitting parameters for DCQ. x2 is the sum of the squares of the differences between 
experimental and simulated values of the current densitv 

u 

bV/sac) 
20 
50 

100 

0.414 
0.407 
0.419 

k 
(cm/W 
0.010 
0.011 
0.0098 

a5 

0.49 
0.57 
0.52 

0.467 
0.472 
0.461 

ks 
m/=3 

0.110 
0.07 
0.179 

016 
0.41 
0.45 
0.58 

0.00105 
0.00241 
0.00724 

av. 0.413 0.010 0.53 0.467 0.120 0.48 - 

oxidation of 1 mM DCQ + 0.1 M HClO, in a 50 LavirotP showed, on the basis of model calcu- 
~01% methanol-water mixture at a glassy car- lations with ai = 0.5, that all protonations may 
bon electrode. We note that the peak current be considered to be in equilibrium. Under those 
ratio t/i, estimated from equation (2) is ap- conditions, and at pH < 2, the complicated 
proximately 1 for scan rates between 5 mV/sec nine-membered square scheme reduces to a sim- 
and 2 V/set, see the inset in Fig. l(a). pler CECE sequence: 

rpf _ i.(O) + 0.485 * i,(O) + o 086 --- (2) 
ZP rpa rpa 

where i,(O) is the uncorrected anodic peak cur- We have applied a similar approach to the 
rent, and i,(O) the uncorrected current at the reduction of DCQ under our experimental con- 
switching potential E, both measured with re- ditions. Assuming fast protonation reactions we 
spect to the zero-current base line”. formulate 

QzQH+&QH’&QH:&QH, (II) 

Furthermore, the current function i,/,/(w) 
increases with scan rate while i,,,Juc remains 
essentially constant, cf. the inset of Fig. l(b). 
Both criteria point to weak adsorption of reac- 
tants and products. 2s At scan rates larger than 
20 mV/sec the peak separation exceeds 30 mV 
and increases significantly with v, as shown in 
the inset of Fig. l(c). 

The more detailed analysis of our experimen- 
tal voltammograms was based on results re- 
ported for the oxidation of the unsubstituted 
l&benzoquinone (Q), at mercury33 and plati- 
num working electrodes.” Using those data, 

where E,, E6, k5 and kb are apparent formal 
potentials and apparent rate constants of 
reactions 5 and 6, respectively. As shown by 
Laviron,26 they reflect the coupling between 
charge transfer and protonation steps. In our 
case, the quasireversible electrochemical reac- 
tion should predominantly determine the values 
of /cs and k,. Finally, E(II1)“ = ‘i(E, + E6) may 
be considered as the equilibrium potential for 
the reaction 

DCQ + 2e- + 2H+ I DCQH, (Illa) 
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Fig. 2. Current response to a single potential step exper- 
iment E, +E, with E, = 0.800 V, Es = 0.200 V and 
PCQ] = 5.0 x 10m4M. All other conditions were the same 
as in Fig. 1. The inset shows the experimental current i as 
a function of I/Jr. The solid line was obtained from a linear 

regression analysis using t > 0.016 sec. 

The application of Scheme III, with two sub- 
sequent one-electron reactions, to the descrip- 
tion of our experimental data, was tested with 
the simulating-fitting routine CVFIT. In order 
to reduce as much as possible the contributions 
from adsorption, we have confined ourselves to 
low scan rates and to relatively high DCQ 
concentrations. Table 1 summarizes the par- 
ameters obtained, and Figs 1 (a)-(c) illustrate the 
agreement between experimental and calculated 
voltammograms. The diffusion coefficients of 
DCQ and DCQH,, under our experimental 
conditions, were determined with voltage step 
experiments E,+E, where E, = 0.800 V and 
E2 = 0.200 or 0.250 V, or with E, = 0.250 V and 
E2 = 0.700 or 0.750 V, see Fig. 2. With the 
help of equation (1) we determined D, as 
(7.0 + 0.3) x 10m6 cm’/sec and DZDCQH as 
(7.0 _?I 0.2) x 10m6 cm’/sec. The diffusion co- 
efficient D,, was assumed to be equal to 
7.0 x lop6 cm’@ for the purpose of the simu- 
lation. The average value of the apparent formal 
potential E6 is 54 mV more positive than E,, 
which implies that the second one-electron 
step is thermodynamically more favored. The 
equilibrium potential E(II1)” is estimated as 
(0.440 k 0.005) V. The apparent rate constants 
k5 and k6, which primarily reflect the charge 
transfer step, differ by one order of magnitude, 
with k5 being the smaller. A similar sequence 
was experimentally obtained for the reduction 
of 1,4-benzoquinone on platinum,33 and was 
predicted on the basis of Laviron’s theoretical 
analysis.26 Both comparisons support the appli- 
cation of Scheme III to describe the reduction of 
DCQ from acidic media at low scan rates. 

Furthermore, analysis of the peak separation 
as a function of scan rate,15 using 

nFDv 
k,,, = 0.4325 RT 

x (sinh(9.428 V-‘(nE -0.05666))}-I.“” (3) 

yields an overall rate constant of reaction III, 
k,,, = (9.4 + 0.9) x IO-’ cm/set. Equation (3) is 

0.0004, 
I 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 

E vs. AgCI, 

0.0°04 I 

10: 
D 0 2 0.4 06 0.8 10 

r/w’ 

-0.0008 
0.2 0.3 0.4 0.5 0.6 0.7 0.8 

E vs. AgCI, 

-“‘ooo,L,,,,,-I 8 . . . . . 

E vs. AgCIs 
Fig. 3. Cyclic voltammograms of 1 mM DCAF’ + 0.1144 
HClO, in 50 ~01% methanol-water at a glassy carbon 
electrode. The dotted lines show the experimental data, 
while the solid lines depict the results of the data fitting, see 
Table 2. Scan rates: (a) 20 mV/sec; (b) 50 mV/sec; (c) 100 
mV/sec. The insets illustrate (a) the ratio of the peak 
currents corresponding to DCAP and (b) the normalized 

cathodic peak potential us a scan rate function. 
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an analytical expression based on the Assuming fast protonation equilibria as in 
parametrization of the kinetic parameters for Scheme III we propose the following oxidation 
quasi-reversible charge transfer reactions, as pathway: 
introduced by Nicholson and Shain.8 The result 

Cl 

is in agreement with the rate determining step The substituted quinone imine is unstable, and 
obtained with CVFIT, see Table 1. undergoes hydrolysis to the corresponding 

We note that the values of the individual rate quinone: 
constants for the reduction of the unsubstituted 
quinone determined at mercury” and platinum 
electrodes33 are lower than our results. This is 
likely to be caused by substituent effects, and 
possibly may also reflect the less pronounced 
interference from adsorption under our exper- 

-+J 5 ) -+J;~ 

imental conditions. 
HP 

0 

Oxiabtion of 2,iLdichloro-Caminophenol (DCAP) 

Figures 3(a)-(c) show typical cyclic voltam- 
mograms for the oxidation of DCAP at low 
scan rates and pH < 2. We observe one major 
anodic peak and two well developed cathodic 
waves. In view of Scheme I and the parameters 
obtained for the reduction of DCQ, we associate 
the more negative peak with the DCQ/DCQH,- 
redox couple. 

During the course of our further phenomeno- 
logical analysis we will first focus on the pro- 
cesses responsible for the dominant anodic and 
cathodic peaks. The ratio of the peak currents 
iJ&, estimated from equation (2), increases 
with scan rate see the inset of Fig. 3(a). Further- 
more, ip/ / UC increases slightly with Y, cf. the 
inset in Fig. 3(b). The peak potentials Epa and 
Epc are not significantly influenced by the scan 
rate, provided that 0.005 V/set < v < 2 V/set. 

The rate constant kti was obtained from 
double potential step experiments E, + E2+ E, , 
with E, = 0.250 V, Ez = 0.600 V and rZ = 2.0, 
3.0, 4.0 or 5.0 set, following the procedure 
described by Schwarz and Shain.3’ Figure 4 
shows a typical transient as well as the ratio 
ic(t)/ia(t -z) obtained for different times t. 
These experiments yield an average value for kc2 
of (0.23 f O.O4)/sec. The diffusion coefficient of 
DCAP in 50 ~01% methanol-water mix- 
ture + 0.M HC104 was obtained, according to 
equation (2), from the first part of the transient 
as D,,= (9.2 k 0.4) x 10e6 cm’/sec. For the 
purpose of the simulation, the diffusion co- 
efficients of DCAP, of both semiquinoid species 
and of the corresponding quinone imines were 
considered to be identical. 

The experimental voltammograms for the 
oxidation of DCAP were fitted to the 
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0 1 2 3 4 

t/s 

Fig. 4. Current response to a double potential step exper- 
iment E,+E,+E, with E, =0.250 V, E2 = 0.600 V, and 
r2 = 2.0 sec. All other conditions were the same as in Fig. 
3. The inset shows the ratio i,(t)/&(t - 7) obtained for 

different times. 

mechanism described by the combination of 
Schemes III-V. The DCQ data have been con- 
sidered as fixed input data. The results are 
summarized in Table 2 and are plotted in Figs 
3(a)-(c). We note that an alternative route to 
obtain DCQ from DCDP at our reaction con- 
ditions is via the second possible quinone imine 
formed by the oxidation of 2,6-dichloro-4-hy- 
droxyaniline (DCHA). 

N-O N-H 

/ 
Ii 

-5.377 

Heat of formation 
(KCW 

-S ,245 

Our cyclic voltammetric and transient studies 
provided no distinguishable features on which 
to base a choice between the pathways rep- 
resented by Schemes IV and V, or VI and VII, 
respectively. The parameter set compiled in 
Table 2 therefore represents both possible path- 
ways. This approach is supported by the very 
similar values of the heats of formation of the 
two possible intermediates obtained from 2,6- 
dichloro-p-phenylenediimine, estimated with 
MND0/2 calculations, Scheme VIII. The hy- 
drolysis of 2,6-dichloro-p -phenylenediimine is 
initiated by the addition of water in either 

Cl Cl 

Cl$Cl then yields DCAP and/or DCHA. i ) Cl$yvIIj 

position 1 or 4. The elimination of ammonia 

Our results are close to those obtained by 
Adams et al. for the oxidation of DCAP at 
carbon paste electrodes from O.OSM H,SO,.’ 
Comparison with the unsubstituted p-benzo- 
quinoneimine shows that the presence of -1 
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and +M substituents such as chlorine increase 
the rate of hydrolysis. 

Oxidation of 2,&dichloro- 1,4-phenylenediamine 

Representative voltammograms are shown in 
Figs 5(a)-(c). In view of our previous results, we 
associate the major anodic wave with the formu- 
lation of the 2,6-dichloro- 1 +quinonediimine 
according to: 

&A/ii UC us u, adsorption effects are not com- 
pletely negligible cf. the inset of Fig. 5(b). The 
positions of the peak potentials are independent 
of the scan rate in the range 0.005 V/set < u < 2 
V/set. Diffusion coefficients and the rate of the 
chemical reaction shown in Scheme X were 
estimated from single and/or double potential 
step measurements along the lines described 
earlier. A typical experimental transient is 

Cl Cl 

NjH 

Cl 
Cl 

(IX) 

H’N’H 

The latter is chemically unstable in acidic 
medium and, in a subsequent step, undergoes 
hydrolysis to one or both of the possible 2,6- 
dichloro- 1 ,Cquinoneimines: 

NYH 

N’H 

Cl 

-i>- 

Cl 

I I 

H’N 

H20 0 
-NH, 

b w 

k Cl 0 

Cl 

* 

Cl 

I I 

HHN 

The peak ratio i,,&, of the major redox 
couple increases with increasing scan rate, 
which reflects the subsequent reaction X, see the 

CONCLUSIONS 

The anodic oxidation of 2,6-dichloro-1,4- 
phenylenediamine at a glassy carbon electrode 

inset of Fig. 5(a). As illustrated by the plot of can be described by the mechanisms II to 

shown in Fig. 6. The analysis of current transi- 
ents in response to voltage step experiments 
yielded &cur = (9.2 f 0.6) x 10m6 cm’/sec. The 
value of k,, amounts to (0.29 f O.OS)/sec, deter- 
mined from various double potential step 
measurements E, +E2 +E, with E, = 0.250 V, 
Ez = 0.750 V and rz = 1.0, 2.5 or 5 sec. Our 
experimental approach allowed no conclusive 
distinction between the two possible pathways 
of the hydrolysis of the quinonediimine as de- 
picted in Scheme X. 

Attempts to apply the simulation-fitting rou- 
tine CVFIT to the theoretical description of the 
oxidation of DCDP, using the parameters deter- 
mined for DCQ and DCAP, showed that a 
chemical rate constant k,, = (0.34 + O.O3)/sec 
suffices to describe our experimental results. 
This is in reasonable agreement with the value 
obtained from current transients following 
voltage step experiments (Fig. 5, Table 3). 
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Table 2. Adjustable fitting parameters of DCAP 

20 0.440 1.00 0.51 0.613 1.02 0.47 0.23 0.02580 
50 0.430 1.20 0.42 0.625 0.72 0.53 0.237 0.00922 

100 0.398 0.86 0.41 0.655 1.06 0.24 0.23 0.01110 

av. 0.423 I .020 0.45 0.630 0.93 0.41 0.23 - 

Table 3. Adjustable fitting parameters of DCDP 

V 

(cm$ec) E, 
aI kc, X2 

(mV/W E, (cm/set) (Is=) Oc A/m) 

50 0.581 0.70 0.50 0.610 0.65 0.52 0.306 0.26701 
100 0.579 0.50 0.49 0.618 0.52 0.58 0.340 0.01250 
200 0.587 0.43 0.59 0.616 0.58 0.57 0.306 0.02390 
av. 0.582 0.54 0.53 0.615 0.58 0.56 0.327 - 

X, fully in accordance with the model originally 
proposed by Adams et al.‘*’ for the oxidation of 
p-phenylenediamine. The over-all fit shows con- 
siderable deviations at scan rates larger than 
0.2 V/set, due to adsorption effects, which are 
more pronounced at higher sweep rates. 

Because of the complexity of the mechanism, 
independent control experiments were required 

in order to reduce the number of freely ad- 
justable parameters to be used in the simulation 
routine. We believe that our results illustrate 
both the power and some of the inherent 
limitations of combining digital simulation 
with non-linear regression in the kinetic 
analysis of experimentally observed electrode 
processes. 

_o~ooo.J yTy-=-j o:6 o:5 1,. 
0.2 0.3 0.3 

E vs. AgCI, 

(b) 0.0006, I 
(4 0.0004 

-0.00064 I 
0.2 0.3 0.4 0.6 0.7 0.8 0.8 

E vs. AgCI, 

-0.0008 
0.2 0.3 0.4 0.6 0.7 0.8 0.8 

E vs. AgCl, 

Fig. 5. Cyclic voltammograms of 1 mM DCDP + 0. IM HCIO, in 50 ~01% methanol-water at a glassy 
carbon electrode. Dotted lines: experimental data; solid lines: results of fitting routine, see Table 3. Scan 
rates: (a) 50 mV/sec; (b) 100 mV/sec; (c) 200 mV/sec. The insets illustrate (a) the ratio of the peak currents 

corresponding to DCDP, and (b) the normalized cathodic peak potential vs a scan rate function. 
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Fig. 6. Current response to a double potential step exper- 
iment E, +E,-+E, with E, = 0.250 V, Er = 0.750 V, and 
rz = 1.0 sec. All other conditions were the same as in Fig. 
5. The inset shows the ratio i,(t)/i.(t -r) obtained as a 

function of time t. 
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Summary-A fast quality control methodology has been developed for the simultaneous determination 
of acetylsalicylic acid (ASA) and caffeine in pharmaceuticals by flow injection-Fourier Transform Infrared 
Spectrometry. The method is based on the solubilixation of ASA and caffeine in CH,Cl, and the use of 
a flow system to introduce samples and standards in the spectrometer. Two solutions, containing 90 and 
110% of the reported concentration of the two active principles in the sample, were employed in order 
to control the extreme tolerance levels accepted by the International Pharmacopeia for the composition 
of formulations. A 300 ~1 volume of each solution was injected in turn, into a carrier stream of the sample, 
and their absorbances were measured at wavenumbers of 1770 and 1661/cm for ASA and caffeine, 
respectively. The absorbance values obtained for the carrier, at the same wavenumbers, were interpolated 
between those obtained for the standards. This rapid methodology provides a simultaneous quantitative 
evaluation of the concentration of ASA and caffeine in pharmaceuticals. The method permits us to carry 
out 53 injections/hr and provides a sensitivity of 0.231 absorbance units/mg ml/mm for ASA and 1.065 
for caffeine. Accurate results were. obtained for the analysis of different samples containing one or both 
compounds in the presence of excipients which are insoluble in CH,Cl, and also in the presence of other 
active principles, such as acetaminophen or ergotamine tartrate. 

Flow-injection (FI) is a well established sample methods for the analysis of paint solvents,5*7*8 
handling methodology, based on the injection of gasolines,13 pesticidesI and pharmaceuticals.6*9*‘2 
samples or standards in a continuous flow car- In this latter case several products, such as 
rier stream, which provides the automatization choline compounds,6 aliphatic esters’ and 
of different steps in the quantitative analysis.‘-3 Ibuprofen’2 were determined in real samples. 

The use of FI in Infrared Spectrometric 
analysis (FI-IR) provides a simple and repro- 
ducible means of filling and cleaning the 
measurement cells4 and offers important advan- 
tages in terms of reproducibility and saving of 
time and consumables. Moreover, the use of the 
Fourier Transform permits continuous moni- 
toring of the spectral baselines and simultaneous 
analysis of different components of the same 
sample.ti 

In the analysis of pharmaceutical products, 
infrared spectrometry provides a suitable 
method for the identificationIs of drugs and also 
for their quantitative determination.‘6*‘7 How- 
ever, active principles in pharmaceuticals are 
usually determined by other spectrometric tech- 
niques, such as ultraviolet-visible spectropho- 
tometry,’ or by chromatographic methods,19 
specially when a multicomponent analysis must 
be made. 

The few papers published until now on the 
use of FI-IR4 and FI-FT-IRsu have shown 
some of the possibilities offered by the synergis- 
tic combination of FI and infrared spec- 
trometry. Some of these papers have been 
focused on the study of IR detectors in flow 
systems by means of the use of test mol- 
ecules4*‘0*‘1 and others have provided alternative 

*Corresponding author. 

There are various reasons why IR quantitat- 
ive analysis procedures have not been exten- 
sively developed for quality control of 
pharmaceuticals: (i) the excessive sample hand- 
ling and time required for the traditional IR 
techniques, such as the use of alkali halide disks, 
mulls or thin films, (ii) the poor reproducibility 
of absorbance values obtained with liquid cells 
filled manually, (iii) the difficulty of establishing 
and controlling an appropriate baseline, 

1799 
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especially when dispersive instrumentation is 
used, and (iv) the interferences among some 
active principles and also those due to the 
excipients commonly employed. However, most 
of these difficulties can be avoided by the hy- 
phenation between FI and FT-IR and so, one 
of the objectives of the present paper is to 
evidence that FI-FT-IR can be a good choice 
for the simultaneous control analysis of differ- 
ent active principles in the same pharmaceutical 
product. Acetylsalicylic acid (ASA) and caffeine 
have been used as test molecules to prove the 
applicability of the FI-FT-IR for this purpose 
and so, a new analytical procedure has been 
developed for the simultaneous determination 
of these two compounds in pharmaceuticals. 

Traditionally, ASA and caffeine are deter- 
mined by volumetric procedures in non-aqueous 
media’* or by ultraviolet-visible spec- 
trometry. 20-23 Recently a series of chromato- 
graphic methods, based on the use of gas 
chromatography,** high performance thin layer 
chromatography (HPTLC)2S*26 or high perform- 
ance liquid chromatography (HPLC), has been 
developed. This latter technique has been ap- 
plied for the determination of ASA,*’ 
caffeine28*29 or both3”‘* using ultraviolet detec- 
tion. 

FT-IR has been also employed as the detec- 
tor for the analysis of mixtures of caffeine and 
ASA by HPLC33*M and by TLC.35 Near infrared 
has been employed for the quantitative determi- 
nation of caffeine36 and mixtures of caffeine and 
ASA3’ and also FT-IR in the medium range, 
has been used for the quantitative determination 
of caffeine in pharmaceuticals384 and for the 
determination of ASA.4’ However, to the best of 
our knowledge, no paper has been published on 
the simultaneous determination of caffeine and 
ASA by FT-IR either in batch or the flow 
analysis mode. 

Direct injection of samples in a FI manifold 
is a convenient procedure to obtain a fast 
analysis but it provides, in general, an excessive 
dispersion of samples. In the present study, 
taking into account the reduced sensitivity of 
the infrared techniques, we have employed two 
alternative strategies in order to reduce the 
sample dispersion in the flow injection system: 
(i) the stopped-flow mode:‘* which enhances 
the limit of detection of the analytical measure- 
ments, by improving the signal to noise ratio in 
a series of accumulated scans, and (ii) the 
reversed mode flow injection, which was first 
suggested by Johnson and Petty** and has been 

extensively employed in ultraviolet-visible spec- 
trometric analysis by the Valcircel group.4345 
This consists of injecting standards in a carrier 
stream of samples. In the case of analysis of 
pharmaceuticals, this opens up new possibilities 
in order to develop fast analytical procedures 
for the quality control of these materials. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer Fourier Transform Infrared 
spectrometer, model 1750, with a temperature 
stabilized DTGS detector and equipped with a 
7700 data station, was used to carry out infrared 
measurements, both in the stopped-flow and in 
the reversed flow mode. In all cases a micro-flow 
cell SPECAC (Orpington, U.K.) with KBr win- 
dows, with a 5 ~1 volume, for a 0.117 mm Pb 
spacer, was employed. To carry out the simul- 
taneous FT-IR measurements in the reversed 
flow mode, a series of computer programs, 
developed by us and previously described,5*8 
were employed. 

The manifolds indicated in Fig. 1 permit a 
fast and reproducible filling and cleaning of the 
micro-flow cell for the stopped-flow measure- 
ments (1A) and the reversed FT-IR flow analy- 
sis of pharmaceuticals (1B). 

Two Gilson P-2 Minipuls peristaltic pumps 
with Viton (iso-versinic) flexible tubes of 0.15 
cm internal diameter were used to transport 
CH,Cl, or the corresponding carrier solutions 
and to introduce samples and standards into the 
flow cell. The use of a second pump to fill the 
injection valve, or to introduce the sample into 
the cell, avoids bubble formation, contami- 
nation and memory effects. The presence of 

SOWENT ;ut; 
A) Stopped-flow analysis 

LOOP 
-uL 

B) Reversed flow analysis 

Fig. 1. Manifolds employed for: (A) stopped-flow FT-IR 
measurement, and (B) reversed flow analysis. 
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(from Ciba-Geigy) tablets containing 200 mg of 
ASA, 50 mg of caffeine and 150 mg of ac- 
etaminophen per unit. 

bubbles, observed when only one pump was 
employed in a single channel manifold, can be 
attributed to the low boiling point of CH,Cl, 
which causes gas (vapour phase) formation in 
the coils when injected samples remain stopped 
inside flexible tubes during a period of time. So, 
the use of a second channel, employed for the 
continuous transport of samples is very con- 
venient and avoids the formation of bubbles. On 
the other hand the use of a second pump permits 
reduction of the consumption of reagents be- 
cause it is not necessary to operate continuously 
as when a second channel of the same pump is 
employed. A rheodyne 50 injection valve, with 
a fixed volume loop of 300 ~1, was employed for 
the standard injection in the reversed flow 
mode, but, in the stopped-flow procedure, only 
a three way directional valve is required to select 
the solvent or the sample flow alternately. 

GENERAL PROCEDURE 

All the tubes to connect the different parts of 
the two manifolds are made in Teflon’” and they 
have a 0.8 mm internal diameter. 

Reagents 

Acetylsalicylic acid and caffeine standards 
were obtained from FLUKA (Switzerland). 
Analytical grade dichlormethane (Panreac, 
Barcelona, Spain) was dried by using 4 A mol- 
ecular sieves obtained from SDS (France) and 
employed for the preparation of standards and 
samples. The choice of CH, Cl, is due to the fact 
that it is very transparent to infrared radiation 
and it completely solubilizes ASA and caffeine 
but, in the samples excipients remain undis- 
solved and so it avoids some matrix effects. 
Other solvents more commonly employed in IR 
analysis, such as Ccl, and hexane, were not 
employed because they do not solubilize ASA. 

The six following analgesic formulations were 
analyzed by FI-FT-IR: ASPIRINA@ (from 
Bayer) tablets containing 500 mg of ASA per 
unit; CAFIASPIRINA@ (from Bayer) tablets 
containing 500 mg of ASA and 50 mg of caffeine 
per unit; MEJORAL@ (from Bayer) tablets 
containing 500 mg of ASA and 30 mg of caffeine 
per unit; CAFERGOT@ (from Sandoz) sugar 
coated pills containing 100 mg of caffeine and 1 
mg of ergotamine tartrate per unit; FIORI- 
NAL@ (from Sandoz) capsules containing 200 
mg of ASA, 40 mg of caffeine and 300 mg of 
acetaminophen per unit; NEOCIBALENA@ 

FI-F7-IR &termination of ASA and cafleine 

To determine ASA and caffeine in a pharma- 
ceutical preparation, an appropriate amount of 
sample must be accurately weighed and dis- 
solved with CH,Cl, in order to obtain an ASA 
concentration of approximately 10 mg/ml and a 
caffeine concentration of 1 mg/ml. Both com- 
pounds are highly soluble in CH2 Cl,, but excip- 
ients in general and other active principles 
cannot be dissolved and thus, after manually 
shaking for a few seconds, the samples can be 
filtered or centrifuged to separate the undis- 
solved part. After that, sample solutions are 
continuously introduced as the carrier in the 
manifold in Fig. l(b) using a constant flow of 
0.81 ml/min, and the absorbance peak height is 
measured at 1770/cm for ASA and 1661/cm for 
caffeine, using a common baseline established 
between 1900 and 1537/cm. 300 ~1 of a CH2C1, 
standard solution, containing ASA and caffeine 
in a concentration equal to 90% of the theoreti- 
cal concentration of the sample to be analyzed, 
is injected in the above-mentioned sample car- 
rier flow. After that, the same volume of another 
standard solution, containing 110% of the 
theoretical concentration of ASA and caffeine in 
the sample, is injected, and the absorbance 
measurements are carried out for both standard 
solutions in the same conditions employed for 
the samples. The two standards injected corre- 
spond to the lower and upper level permitted by 
the Pharmacopoeia for the specifications of 
pharmaceuticals. So, the absorbance values for 
the sample carrier must be between those found 
for the standards. To determine the ASA and 
caffeine concentrations, the absorbance peak 
height values of the sample are interpolated 
between the two points of the calibration line 
established for the two standard solutions in- 
jected. For the analysis of each sample, the 
carrier and the concentrations of the standard 
solutions must be changed according to the 
pharmaceutical to be analyzed. 

RESULTS AND DISCUSSION 

*AlI the names of the analgesic formulations analyzed are 
trade names registered in Spain by the Pharmaceutical 
Laboratories. 

FT-IR spectra of ASA and cafseine 

The FT-IR absorbance spectra of ASA and 
caffeine, obtained in CH2Clz solutions, present 
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Fig. 2. FT-IR spectra of pure solutions of acetylsalicylic acid 20 mg/ml (- - -) and caffeine 8 mg/ml (-) 

in CH,Cl,. 

well defined and very intense bands in the 
wavenumber range between 1800 and 12OO/cm, 
being those at 1198/cm for ASA and 1661/cm 
for caffeine the most sensitive (see Fig. 2). 

The ASA band at 1198/cm is too close to the 
non-transparent range of the CH,Clz and it is 
overlapped with small bands of caffeine. In the 
range between 1800 and 1675/cm ASA presents 
a series of intense bands. However, as it can be 
seen in Fig. 3, an increase in the concentration 

of ASA in the range between 0.2 and 20 mg/ml, 
modifies the relative intensity of these bands, 
being that at 1703/cm the most sensitive only for 
concentrations higher than 5 mg/ml. The band 
of ASA at 1770/cm is the only one which obeys 
Beer’s law, as it can be seen in Fig. 3(c) and 
which is not overlapped with those of caffeine, 
and so it seems the most appropriate for the 
ASA determination. 

Caffeine has been determined by IR spec- 

0.00 

Wavenumber (cm-l) 
Fig. 3. FT-IR spectra of CH,Cl, solutions of acetylsalicylic acid at different concentration levels: (A) (a) 
0.2 mg/ml, (b) 0.5 mg/ml, (c) 1 mg/ml, (d) 2 mg/ml, (e) 5 mg/ml. (B) (f) 10 mg/ml, (g) 15 mg/ml, (h) 20 
mg/ml. (C) calibration lines obtained for pure acetylsalicylic acid solutions in CH,Cl,, measured at 

different wavenumbers: (0) 1703/cm, (0) 177O/cm and (*) 1738/cm. 
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troscopy in the region between 650 and 
400/cm.Q However, caffeine bands in this range 
are less sensitive than that at 1661/cm. Thus this 
latter band represents the best potential 
wavenumber for the determination of caffeine in 
the presence of ASA. 

A common baseline between 1900 and 1520 
or between 1900 and 1537/cm can be established 
for bands considered for the determination of 
ASA and caffeine. In standard solutions, both 
baselines provide comparable results, but in 
complex samples, which include other active 
principles, the base-line between 1900 and 
1537/cm avoids interferences and provides the 
most accurate results. 

Direct determination of ASA 

Stopped-flow measurements, carried out in 
the above mentioned conditions, provides a 
typical calibration line for ASA (in the concen- 
tration range between 1 and 20 mg/ml) which 
corresponds to A = 0.0006( + 0.0006) + 0.0270, 
( f 0*00006)C~x, mg/ml) with a regression co- 
efficient, R, of 0.99998. This equation is 
close similar to that obtained for another 
series of standards in the presence of a 1: 10 
caffeine: ASA proportion, which corresponds to 
an equation A = 0.0009( f 0.0005) + 0.0270, 
( * o*oooo5)c(in mgjml) with R = 0.99998. So, 
a calibration line, defined from pure solutions 
of ASA in CH2Cl,, can be used for the 
direct determination of ASA in pharmaceuticals 
containing also caffeine. Accurate results 
can be also obtained in the presence of 
other compounds, such as acetaminophen, 
which do not interfere with the 1770/cm bands 
of ASA. 

Interference of ASA in the FT-IR determination 
of caffeine 

ASA interferes on the FT-IR determination 
of caffeine as it can be seen in Fig. 4. For a fixed 
concentration of 1 mg/ml of caffeine, ASA 
concentrations lower than 8 mg/ml cause a little 
negative interference in the absorbance of 
caffeine which provides a maximum interference 
of the order of -5% in relative absorbance. 
Higher concentrations of ASA cause a positive 
interference in the caffeine absorbance measure- 
ments; for an ASA:caffeine proportion higher 
than 20: 1, the relative error of the absorbance 
is higher than + 10%. 

The interference of ASA on the caffeine deter- 
mination by FT-IR can be attributed to the 
proximity between the absorbance bands of 

0.05 1 

0.00 , I 1 I I 1 1 . I 1 * I - * ’ 1 1 
0.0 5.0 10.0 15.0 20.0 

Acetylsalicylic acid (mg mL-1) 

Fig. 4. Effect of the ASA concentration on the absorbance 
values of caffeine at 1661/cm for a fixed concentration of 

caffeine of 1 mg/ml. 

these compounds and this is aggravated by the 
high concentration of ASA in pharmaceuticals 
containing caffeine. For low ASA concen- 
trations this interference is very little and the 
small errors caused are due to changes in the 
baseline which reduces the peak height of 
the caffeine absorbance at 1661/cm. In this 
case caffeine concentrations lower than real 
ones were obtained due to the variation of the 
absorbance of ASA at 1703/cm as indicated in 
Fig. 3. The positive interference found at high 
ASA concentration levels must be attributed to 
the contribution of the intense band of ASA at 
1703/cm which increases with the ASA concen- 
tration and overlaps with the 1661/cm band of 
caffeine. 

The change in the relative absorbance of ASA 
at 1703/cm, as a function of the ASA concen- 
tration (Fig. 3), hinders the possibility of cor- 
recting its interference in the caffeine 
determination by means of the use of derivative 
measurements. 

FT-IR determination of cafleine 

A typical calibration line obtained from pure 
standards of caffeine in CH,Cl,, in a concen- 
tration range between 0.1 and 2 mg/ml, corre- 
sponds to an equation A = O.OOOS( +0.0004) + 
0.1246( f O.O004)C~, mg,ml) with R = 0.99997. 
This equation has a slope of the same order 
than that obtained from standard solutions 
containing ASA and caffeine in a 10: 1 pro- 
portion, which is A = 0.003( +O.OOl) + 0.123 

(+O~OO1)C(inme/ml) with R = 0.9998. For this pro- 
portion, the interference of ASA has a minimum 
value (see Fig. 4); however, the high value of the 
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intercept in this latter equation, evidences the 
overlapping with the band of ASA. 

From these experiments it can be rec- 
ommended to prepare standard solutions for the 
determination of caffeine with a similar content 
of ASA than that of the samples to be analyzed. 

Some indications about the order of magni- 
tude of the error which can be found by using 
standards of pure caffeine for the analysis of 
samples containing ASA and caffeine can be 
obtained from the following examples. A 
caffeine amount of 33.4 mg per tablet was 
obtained for a sample with 30 mg of caffeine and 
500 mg of ASA and a value of 50.1 mg of 
caffeine per tablet was found for a sample 
containing 50 mg of caffeine and 500 mg of 
ASA. Using a calibration line in which ASA was 
added to the caffeine standards, the above men- 
tioned samples provide values of 29.6 mg per 
tablet and 49.6 mg, respectively. 

Effect of the sample weight 

The high dynamic range provided by the 
FI-IR determination of ASA and caffeine, in 
the above mentioned conditions, makes possible 
to work at different dilution levels of the sample, 
and accurate and precise results were found for 
a sample amount from 50 to 750 mg dissolved 
in 25 ml of CH,Q . 

Figures of merit of the FT-IR determination of 
ASA and cafleine 

In the above mentioned conditions, the main 
figures of merit of the FT-IR determination of 
ASA and caffeine have been established from 
the characteristics of the analytical lines and 
also from a series of analysis carried out at 

Table 1. Figures of merit of the FT-IR determination 
of ASA and caffeine in CH,Cl, solutions 

Parameter ASA Caffeine 

Dynamic range O-20 O-4 
wlml 
Sensitivity 0.23 I 1.065 
au/mg ml /mm 
Limit of detection 22 5.8 
w/ml (3~) 
Repeatability 0.14 0.16 
l RSD% 
n*=5 
Precision 0.5 1.1 
RSD% 
n**=3 

*RSD: relative standard deviation. n* = 5 measure- 
ments of a sample containing 12 mglml ASA and 
1.2 mg/ml caffeine, n ** = 3 independent analysis 
of the same sample. 

different concentration levels. Table 1 summar- 
izes the values found for the dynamic range, 
sensitivity, limit of detection and repeatability 
obtained for each compound considered. 

The sensitivity was obtained from the slope of 
the calibration line and taking into account the 
bandpass of the cell employed for measure- 
ments. 

The limit of detection was established for a 
probability level of 99.6% (k = 3), from the 
standard deviation of 10 independent measure- 
ments of a blank solution (30) and from the 
corresponding sensitivity for each compound. 

The repeatability was calculated in terms of 
the variation coefficient (relative standard devi- 
ation expressed in percentage) obtained for five 
absorbance measurements of a same solution 
containing 12 mg/ml of ASA and 1.2 mg/ml of 
caffeine and the precision from the variation 
coefficient for three independent analysis of the 
same sample. 

From results obtained, it can be concluded 
that FT-IR provides an adequate sensitivity 
and reproducibility for the determination of 
ASA and caffeine in pharmaceuticals; the sensi- 
tivity for this latter compound at 166l/cm in 
CH,C& solutions being five times higher than 
that obtained for ASA at 1770/cm. 

Analysis of real samples 

Samples described in the Experimental sec- 
tion were analyzed in the stopped-flow mode by 
using a common calibration line obtained with 
standards containing ASA and caffeine in a 10 : 1 
proportion. Results obtained are summarized in 
Table 2 and, although all the values found are 
in the range tolerated by the Pharmacopoeia, it 
could be convenient to use appropriate sets of 
standards for each kind of samples. 

Reversed flow-injection-FT-IR simultaneous 
&termination of ASA and caffeine 

As has been previously indicated, FI-FT-IR 
can provide simultaneous information about 
different components of the same samplea and, 
as can be seen in Fig. 5, which shows the spectra 
of three solutions with different concentrations 
of ASA and caffeine, it is possible to obtain, 
from the same spectrum, absorbance peak val- 
ues from which both ASA and caffeine can be 
simultaneously determined. Arrows in this 
figure indicate the ASA and caffeine peaks 
obtained for each solution. Bold lines show the 
maximum absorbance values reached for ASA 
and dotted lines evidences that the carrier 
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Table 2. Analysis of real samples by FI-F’I-IR spcctrometry 

Theoretical Results found 
Active content (mg per tablet) 

Pharmaceutical principle (mg per tablet) stopped-flow Reversed-F1 

Aspirina 
CatIaspirina 

Mejoral 

Fiorinal 

Neocibalena 

Caferaot 

ASA 500 509 501 
AS A 500 504 501 

Caffeine 50 49.6 50.0 
AS A 500 491 495 

Caffeine 30 34.1 29.6 
ASA 200 186 198 

Caffeine 40 38.6 43.2 
ASA 200 182 187 

Caffeine 50 43.6 47 
Caffeine 100 94 101 

solution of the sample to be analyzed (B) pro- 
vides an absorbance peak value between those 
found for the two standard solutions injected (A 
and C). The sample effect can be also observed 
for caffeine by measuring the peak height at 
1661/cm. 

The use of reversed-flow injection FT-IR 
permits rapid determination of ASA and 
caffeine in pharmaceuticals. As has been de- 
scribed in the Experimental Part, the injection 
of standard solutions containing ASA and 
caffeine (in the same relative proportion as the 
samples) in a carrier stream of a CH,Cl, sol- 
ution of each sample provides reference values 
which can be used for the quantitative analysis 
of these two compounds. This basic idea, taken 

from the principles of reversed flow analysis424s 
and on-line standard additions,“s4’ offers new 
possibilities in fast quality control of pharma- 
ceuticals by providing a comparison of the 
samples with the extreme values permitted by 
the Pharmacopoeia for the content of active 
principles in pharmaceutical preparations (from 
90 to 110% of the reported value). 

Figure 6 shows the FI recording established at 
1770 and 1661/cm, for the injection of two 
standard solutions containing 9 mg/ml ASA and 
0.9 mg/ml caffeine and 11 mg/ml ASA and 1.1 
mg/ml caffeine, respectively in a carrier of a 
sample of ASA and caffeine. As can be seen the 
carrier solution provides absorbance values be- 
tween those obtained for the injected standards 

1700 1500 

Wavenumber (cm-r) 
Fig. 5. FT-IR spectra obtained, as a function of time, for: (A) the injection of a standard solution of ASA 
and caffeine in CH,Cl, containing 9 mg/ml ASA and 0.9 mg/ml caffeine, (B) a carrier solution of a sample 
with a theoretical content of 10 mg/ml ASA and 1 mg/ml caffeine and (C) the injection of a standard 
solution containing 11 mg/ml ASA and 1.1 mg/ml caffeine. These figures show only the maximum 
absorbance values reached for each one of the three solutions considered; intetmediate values have been 
deleted in order to present the spectra from which the flow injection peak height values can be established. 
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Acetylsalicylic acid 

Caffeine 

SCAN NUMBER 

Fig. 6. Flow injection recording obtained by the reversed mode for the simultaneous determination of 
acetylsalicylic acid and caffeine in a pharmaceutical preparation. Inset: calibration lines obtained for the 
determination of ASA and caffeine from the injection of the two standard solutions in the sample carrier 

stream. 

and it evidences that the concentration of the 
active principles in the sample agree with the 
reported value. Moreover, the content of ASA 
and caffeine in the sample can be determined 
from the peak height values found for sample 
and standards, by interpolation as described in 
the insets of this figure. 

Following this procedure (described in the 
Experimental section) a series of real samples 
were analyzed and results found are summar- 
ized in Table 2. Results found evidence that the 
developed procedure is very accurate and per- 
mits a fast quality control of pharmaceuticals. 

The FI-FT-IR procedure permits us to carry 
out 53 injections/hr (taking into account that 
the use of the 7700 Data Station requires more 
than 17 set to obtain and store a full interfero- 
gram, working with a nominal resolution of 
4/cm). However, this sample frequency can be 
increased by working with a faster instrumenta- 
tion and software. 

The quantitative analysis of a sample, by 
using the on-line injection of two reference 
standards in a sample carrier solution, takes less 
than 15 min to obtain results for both com- 
pounds from four repetitive injections of each 
standard solution. 

CONCLUSIONS 

ASA can be directly analyzed in pharmaceuti- 
cals by FT-IR at 1770/cm; caffeine, ac- 

etaminophen and ergotamine tartrate do not 
interfere with this determination. 

The interference of ASA on the FT-IR deter- 
mination of caffeine at 1661 /cm can be avoided 
by using a baseline established between 1900 
and 1537/cm and standard solutions with an 
ASA: caffeine proportion similar than that ex- 
pected for samples. 

The reversed FI-FT-IR procedure developed 
for the determination of ASA and caffeine in 
pharmaceuticals is very accurate and precise 
and permits us a fast quality control of these 
two active principles in formulations. This basic 
strategy could be applied for the simultaneous 
determination of several compounds in other 
pharmaceuticals and opens up new possibilities 
for on-line control analysis. 
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Summary-Trichromatic calorimetry was applied to the specification of colour changes of metallochromic 
indicators viz., murexide, pyrocatechol violet. bromopyrogallol red, pyrogallol red and chromazurol S in 
the complexometric titration of Nickel(I1) with ethylene-diaminetetraacetic acid (EDTA), in order to 
assess the quality of colour change at the equivalence point with the help of CIE L*a*b* 1976 system 
and the values of SCD (Specific Colour Discrimination) parameter. A screened indicator, a mixture of 
murexide and methylene blue in the ratio 10: 1 (m/m), is proposed as an ideal indicator in this titration 
as evidenced by the plots of (I* us. b* and from the numerical values of standard deviation for a large 
number of visual titrations. 

In spite of a large number of indicators avail- 
able for the visual titrimetric determinations, it 
is difficult to choose the best indicator with a 
good quality of colour change. Tristimulus 
calorimetry is an important tool to study the 
quality of colour changes of the indicators.’ 
Principles of tristimulus calorimetry have been 
applied for the evaluation of colour transition 
in acid-base indicators.” As per the rec- 
ommendations of IUPAC, Analytical Chem- 
istry division,’ tristimulus coordinates were 
utilized for the specification of the colour 
changes of metallochromic indicators.“‘O 

Since the colour diagram is non-uniform, a 
more uniform colour space defined by CIE 
L*a*b* 1976” has been proposed by using the 
following expressions. 

L* = 116 (Y/Y,)“3 - 16, 

a* = 500 [(X/X,)“3 - (Y/ Y,)“3], 

b * = 200 [( Y/Y,,)“3 - (Z/Z,,)“3], 

where X, Y and 2 are tristimulus values of the 
solution and X0 = 98,041, Y, = 100,000, 
2, = 118,103. 

In the present study five metallochromic in- 
dicators, murexide, pyrocatechol violet, bro- 
mopyrogallol red, pyrogallol red and 
chromazurol S were used to assess the quality 
of their colour changes, by using tristimulus 
calorimetry, in the titration of nickel(I1) with 
EDTA. 

The accuracy of the titrimetric method de- 
pends upon the quality of colour change at 
the equivalence point, which in turn depends 
upon the nature of the colours before and 
after the end point and the rapidity with 
which the colour transition is occurring. The 
best colour transition involves a colour change 
between two complementary colours through 
greyness (colourlessness). Such a best colour 
change for the visual indicators can be ob- 
tained by screening it with an appropriate 
inert dye. ‘Z-14 In this study a screened indicator 
murexide + methylene blue, was developed 
and the superiority of its quality of colour 
change over the unscreened indicator was ver- 
ified utilising the parameter ‘standard devi- 
ation’. 

EXPERIMENTAL 

Apparatus 

A Shimadzu (U.V. 260) U.V./visible double- 
beam recording spectrophotometer with tem- 
perature control attachment was used for 
recording spectra. An ‘Elico’ digital pH meter 
and OMC Omega 58000 mini-computer were 
used for pH measurements and for the calcu- 
lation of chromatic parameters, respectively. 

Reagents 

A 2 x lo-‘M solution of nickel(I1) sulphate 
(E. Merck GR) and a 2 x IO-*M solution of 

1809 
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ethylenediaminetetraacetic acid (EDTA) (BDH 
AnalaR) were prepared and standardized. 

Some 1 .O x 10V4M solutions of the indicators, 
murexide (BDH AnalaR), pyrocatechol violet 
(Sigma) chromazurol S (E. Merck GR) in 
water and bromopyrogallol red (Sigma), pyro- 
gall01 red (Sigma) in 50% ethanol were pre- 
pared. 1.0 x 10m4 solution of methylene blue 
(BDH AnalaR) was prepared in triply distilled 
water. 

Determination of chromatic parameters 

A 10 ml portion of O.OlM solution of nick- 
el(I1) and 1 ml of indicator solution were taken 
in a clean, dry 100 ml beaker. After adjusting 
pH with appropriate buffer, the total volume of 
the titrand solution was made up to 50 ml by 
adding a requisite volume of EDTA and triply 
distilled water. The absorbance and transmit- 
tance values were recorded at different values of 
CL/C, (ratio of concentration of ligand to that 
of metal ion) in the wavelength range 380-770 
nm with an interval of 10 nm. A computer 

M. KRISHNA PRASAD 

program written in FORTRAN 77, was used for 
the calculation of chromatic parameters. The 
algorithm adapted is the weighted ordinate 
method with the coefficients of standard illumi- 
nant C.” 

RESULTS AND DISCUSSION 

The values of tristimulus coordinates (x, y) 
and complementary colour coordinates (QX , Q,) 
for all the studied indicators, are determined at 
different values of CL/C,. 

The colour transition curves drawn on the 
complementary colour diagram by using the 
complementary colour coordinates (Q,, QY), are 
represented in Fig. 1. This diagram unequivo- 
cally indicates that the quality of colour change 
at the end point is much superior when murex- 
ide is used as the indicator in this titration 
because of long distance between the colour 
points at the end point and the relative position 
of colour transition curve. The colour transition 
curves of pyrocatechol violet, bromopyrogallol 

Fig. 1. Colour transition curves of the indicators on the complementary colour diagram: V-V murexide; 
A-A pyrocatechol violet; 0-O bromopyrogallol red; IGEl pyrogallol red; 0-O chromazurol S; X-X 

screened indicator. 
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Fig. 2. Specific colour discrimination, SCD vs. CL/CM (index as in Fig. I). 

red and pyrogallol red are comparable in length 
whereas the colour transition curve of chro- 
mazurol S is short in length. 

The values of Specific Colour Discrimination 
(SCD) are determined in each case in accord- 
ance with the method of Bhuchar,16 for a quan- 
titative measure of quality of colour change. 
The SCD vs. CL/C, curves are presented in 
Fig. 2. The greatest SCD peak exhibited by the 
indicator, murexide at CL/C, = 1, indicates that 
it exhibits a better quality of colour change at 
the end point, over the other studied indicators. 
From this graph the following order of quality 
of colour change of the indicators is concluded, 
based on the numerical value of SCD at 
CL/C, = 1. 

Murexide > pyrocatechol violet > 
bromopyrogallol red > 
pyrogallol red > chromazurol S. 

Figure 3 shows the colour transition curves of 
the indicators on a* vs. 6* colour space from 
which it is observed that the colour transition 
curve of murexide passes very nearer to the 
origin (grey point). The colour transition curves 
of bromopyrogallol red and pyrogallol red are 
present in a single quadrant indicating that a 
decrease in saturation as the color change at the 
equivalence point. 

The total colour difference, AE* (CIE 
L*a *b * 1976) for all the studied indicators at 
different values of CL/C,,, are determined by 
using the equation 

AE*[(AL*)* + (Au*)~ + (U*)*]f. 

The highest peak exhibited by murexide in the 
graph AE* vs. CJC, (Fig. 4) revealed that this 
indicator shows the best quality of colour 
change at CL/C, = 1. From this graph the 



1812 S. RAHEEM and K. M. M. KRISHNA F%ASAD 

quality of colour changes of the indicators are 
arranged in the following order which is similar 
to the one observed in the case of SCD par- 
ameter. 

Murexide > Pyrocatechol violet > 
bromopyrogallol red > 
pyrogallol red > chromazurol S. 

Screening 

In a visual titration a sharp endpoint can 
be achieved by using a screened indicator. In 
the present study to improve the quality of 
colour change of the indicator, (murexide) a 
screened indicator is developed by mixing 
murexide with an inert colorant, methylene 
blue. Different proportions of murexide and 
methylene blue are prepared and their chroma- 
ticity parameters are determined at different 
values of CL/C, to arrive at the suitable compo- 
sition of screened indicator. The colour tran- 
sition curve of the screened indicator having a 
composition of 10 : 1 (murexide : methylene 
blue), is passing through the origin (Fig. 3) 

indicating that the colour transition at the end 
point involves a colour change through colour- 
lessness. The colour transition curve of the 
screened indicator (Fig. 1) also passes through 
the illuminant point. A number of visual ti- 
trations are carried out by using the screened 
indicator as well as the unscreened (murexide) 
indicator and the results obtained are presented 
in Table 1. The numerical values of the standard 
deviation for replicate titrimetric determi- 
nations, showed that the precision achievable 
while using the screened indicator is higher than 
that observed in the case of unscreened indi- 
cator. 

CONCLUSIONS 

A study on the quantitative measure of the 
quality of colour change of metallochromic 
indicators with the help of tristimulus par- 
ameters viz., SCD (Specific Colour Discrimi- 
nation) and CIE L *a*b * 1976, revealed the 
following order of decreasing quality of 

Fig. 3. Colour transition curves on CIE (a*, b*) colour space (index as in Fig. I). 
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Fig. 4. Total colour difference, AE* (CIE L*a*b* 1976) vs. CJC, (index as in Fig. 1). 

Table 1. Results obtained with murexide (single) as indicator colour change in the titration of nickel(I1) with 
and murexide + methvlene blue (10: I), screened indicator EDTA. 

Indicator 

Relative 
Ni(II) Ni(I1) standard Relative 
taken found* deviation error 
(mg) (mg) W) (%) 

Single 
screened 
Single 
screened 
Single 
screened 
Single 
screened 
Single 
screened 
Single 

0.587 0.595 1.01 1.33 
0.589 0.81 0.33 

1.761 1.773 0.41 0.68 
1.767 0.36 0.35 

2.348 2.368 0.31 0.51 
2.352 0.25 0.18 

4.109 4.120 0.21 0.25 
4.113 0.14 0.11 

5.871 5.880 0.15 0.16 
5.873 0.08 0.03 

8.806 8.814 0.10 0.09 
8.808 0.05 0.03 

murexide > pyrocatcchol violet > 
bromopyrogallol red > 
pyrogallol red > chromazurol S. 

The indicator murexide is screened with methyl- 
ene blue (10: 1) to enhance its quality of colour 
change and thereby the accuracy of the determi- 
nation. 
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Summary-A microdigestion procedure performed directly in the autosampler cup is proposed. Small 
quartz filter pieces loaded with the particulate material are transferred to the cup. The sample is digested 
by a mixture of nitric, sulfuric and hydrofluoric acid (1: 1: 1) under sonication. After the addition of a boric 
acid solution the elements are determined by graphite furnace atomic absorption spectrometry using the 
autosampler to deliver the slurry into the furnace. A mixture of palladium and magnesium nitrates was 
used as a modifier for Sb. Spiking studies showed recoveries close to 100% using aqueous analytical curves 
for Ni and Sb. For V, an analytical curve in the blank slurry, obtained by submitting an unloaded filter 
to the same procedure, was used. The method was applied to two standard reference materials, Coal Fly 
Ash (NET 1633a) and Urban Particulate (NIST 1648) and the concentrations showed good agreement 
with the certified or recommended values using aqueous analytical solutions. 

The analysis of airborne particulate material 
collected on filters is generally performed using 
a digestion step. For the analysis of quartz 
filters, acid mixtures, such as HNO,-HClO: or 
HN03-H,SO,--HCl* have been proposed. In 
this case the quartz filter is not dissolved, and 
the bulk elements of its matrix are not com- 
pletely released to the solution. However, acid 
mixtures containing HF were also suggested.3A 
An alternative to the acid digestion is the 
direct analysis of the filter by GFAAS.5*6 The 
direct analysis of solids avoids the chemical 
pre-treatment of the sample, reduces the risks of 
contamination or losses, and saves time. The 
full detection power of the instrument can also 
be used, as the dilution generally associated with 
chemical pre-treatment is avoided. Nevertheless 
problems involving high background, cali- 
bration difficulties, microweighing errors, 
sample representativity, etc. must also be con- 
sidered. 

small sample amounts. The mass to volume 
ratio of the slurry can also be controlled, in 
order to extend the dynamic range of the analy- 
sis. Difficulties such as bringing the sample to a 
fine powder or sampling errors may still re- 
main.i3*i4 Sedimentation during the analysis is 
also a problem. Some authors suggest the use of 
stabilizing agents. *s9 Mechanical agitation” or 
sonication’6,‘7 have also been proposed. More 
recently, an ultrasonic probe attached to 
the autosampler has become commercially 
available.‘* 

In this work an alternative procedure for 
the determination of Sb, Ni and V in air- 
borne particulate material collected on quartz 
filters (HI-vol) is proposed. Small filter 
pieces are partially digested by an acid 
mixture in the autosampler cup, using 
sonication. The resulting slurry is then intro- 
duced in the graphite tube via the auto- 
sampler. 

A possibility that combines the advantages of The interest on Ni and V came from the 
the solid and liquid sampling is the analysis of possibility of using these elements as tracers for 
slurried samples.7-‘2 Slurry sampling can use the oil burning stationary sources. Sb can be used as 
normal autosampler system of the equipment. a tracer to study the environmental impact of oil 
This overcomes the intensive manual work of refineries since it is used as a catalyst during the 
the direct analysis of solids related to weighing cracking process. 

1815 
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EXPERIMENTAL 

Instrumental 

The Sb measurements were carried out on a 
Perkin-Elmer Zeeman 3030 atomic absorption 
spectrometer equipped with an HGA-600 
graphite furnace and an AS-60 autosampler. 
For Ni and V the measurements were also 
carried out on a Model 1100 atomic absorption 
spectrometer (D2 background correction), 
equipped with an HGA-300 graphite furnace 
and an AS-40 autosampler, all Perkin-Elmer. 
The light sources were an electrodeless dis- 
charge lamp for Sb and hollow cathode lamps 
for Ni and V. Pyrolytically graphite coated 
tubes (Perkin-Elmer no. B 0091 504) were used 
for V. For Sb and Ni, pyrolytically graphite 
coated tubes (Perkin-Elmer no. B 0109 322) 
with totally pyrolytic graphite platforms 
(Perkin-Elmer no. B 0109 324) were used. The 
microweighings were proceeded on a Perkin- 
Elmer AD-4 microbalance. For Ni and V a 
volume of 20 ~1 was pipetted in the furnace. For 
Sb, 10 ~1 of the sample solution and 10 ~1 of the 
modifier were used. 

Table 1. Maximum pyrolysis temperatures (“C) for 
Sb, Ni, V in different matrices. Atomization tempera- 

tures: 2200°C (Sb), 2500°C (Ni) and 2650°C (V) 

Matrix Elements 

Sb Ni V 
0.2% HNO, 1600 1400 1600 
Unloaded filter 1600 1300 1400 
Loaded filter 1300 1500 1600 
NIST 1633a 1300 1200 1600 

were cut with a stainless steel cutting tool, from 
different parts of the filter. Four to eight pieces 
were placed in a polyethylene autosampler cup 
(Perkin-Elmer no. B 008 7056) and 150 pl of the 
acid extraction mixture were added. After plac- 
ing the cup in an ultrasonic bath for 6 min, 750 
~1 of water and 150 ~1 of a saturated boric acid 
solution were added. After homogenization by 
manually stirring the slurry with a glass rod, the 
sample solution was measured for Sb. For V 
and Ni the sample slurry was diluted 10 times 
before being measured. In the analysis of the 
standard reference materials 5 mg aliquots, ac- 
curately weighed, instead of the filter pieces, 
were used. 

Reagents and solutions RESULTS AND DISCUSSION 

The acids HNO, and HF were purified by 
subboiling distillation of the analytical grade 
reagents in a quartz (HNOs) or Teflon (HF) 
subboiling apparatus (Hans Ktirner). Analytical 
grade Hz SO, and H, B03 were used. The water 
was purified by the Milli-Q process. The acid 
extraction solution (FNS) was prepared by mix- 
ing the same volume of HF, HN03 and HzS04. 
The modifier for the Sb determination was a 
0.2% m/v Pd and 0.5% m/v Mg, as nitrates, 
solution. The analytical solutions were prepared 
after convenient dilutions of 1000 mg/l stock 
solutions obtained from Titrisol ampoules 
(Merck) diluted to 1 1 with 0.2% v/v HN03. 

Temperature programs 

Table 1 shows the maximum pyrolysis tem- 
peratures for the three studied elements in 0.2 
HNO, and in different media resulting from the 
application of the procedure to different 
samples. These temperatures were derived from 
pyrolysis temperature curves. Some effects of the 
matrix on the optimum pyrolysis temperature 
are shown in Table 1 confirming that pyrolysis 
temperatures obtained from aqueous solutions 
cannot be acritically used in any matrix, even 
using a modifier as in the case of Sb. The 
temperature programs are shown in Table 2. 

Samples 

The airborne particulate material was col- 
lected with a Hi-vol sampler, on a 20 x 25 cm 
quartz filter (Pallflex). Only the particles with a 
diameter larger than 50 pm were retained. Also 
two reference materials from the National Insti- 
tute of Standards and Technology, NIST were 
used: Coal Fly Ash (SRM NIST 1633a) and 
Urban Particulate (SRM NIST 1648). 

Optimization of the microdigestion procedure 

Acid mixture volume. Figure 1 shows the 
effect of the acid mixture volume added to the 

Table 2. Temperature programmes for Sb, Ni and V (a: Sb, 
b: Ni, c: V) 

Procedure 

Proposed microdigestion procedure: small 
filter discs (d = 6.0 mm; surface area, 28 mm’) 

Ramp Argon flow 
Step Temperature (“C) (s) Hold (s) (ml min) 

1 90 1 10 300 
2 20 5 10 300 
3 13007 12OOb; 14ow 10 2P; lob; 1w 300 
4 600 I 20 300 
5 2200”; 25OOb; 26ooc 0 3’. 5b. ,e 

6 2650 1 ’ 5’ 
0 

300 
7 20 I 20 300 



Determination of Sb, Ni and V in slurry 1817 

m 
. 

Sb 

I I 1 

too 200 300 

VOLUME, $1 

.I2 - 

o*8;& . 
0.4 

100 200 300 

VOLUME, PI 

I 
V 

100 200 300 

VOLUME, j~l 

(0) 

lb) 

(cl 

Fig. 1. Effect of the acid mixture volume on tbe peak area of %(a). Ni(b) and V(c) applying the proposed 
procedure to different materials: (0) SRM NIST 1633a. Coal Fly Ash; (0) SRM NIST 1648, Urban 

Particulate and (0) loaded filter. 



1818 MANUEL C. CARNEIRO et al. 

II) 

- .I6 
u” 

I 

!z 
m .06 
a 

0’ 
2 4 6 6 IO 

TIME, min 

(a) 

. ._ 
Ni 

u) .30 - v-0 
_ 

Y 

(b) 

s: 
s 

.I0 - 

I I I I I 
2 4 6 6 IO 

TIME, min 

‘60, L 

“, .40 - 

Y 

5 

z 

8 
$I .20- 

! 

# l-l q 

2 4 6 6 IO 

TIME, min 

(cl 

Fig. 2. Effect of the sonication time on the peak area of !%(a), Ni(b) and V(c) in the final suspension 
resulting from the analysis of different materials by the proposed procedure: (fJ) SRM NIST 1633a. Coal 
Fly Ash; (V) SRM NIST 1648, Urban Particulate and (0) airborne particulate material collected on a 

quartz filter. Acid mixture volume, 150 ~1. 
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autosampler cup prior to the sonication on the 
Sb, Ni and V recovery from standard reference 
materials (SRM) and airborne particulate ma- 
terial collected on quartz filter. Five milligrams 
of SRM or four 28 mm* filter discs were used. 
The saturated H,BO, solution volume was 
always the same as that of the acid mixture and 
the final volume was 1.0 ml. The drop in the Sb 
signal (Fig. l(a)) for SRM 1648 could result 
from the effect of the higher acid concentration 
in the Sb signal. However this effect was not 
found for the other two samples. The volume of 
150 ~1 was chosen as the best compromise for 
the observed tendencies. 

Sonication time. Figure 2 shows the effect of 
the sonication time on the recovery of Sb, Ni 
and V from two SRMs and from an airborne 
particulate material collected on a quartz filter. 
Five milligrams of SRM or four 28 mm2 filter 
pieces were used. The volume of the saturated 
H, BO, solution was 150 ~1 and the final volume 
was made up to 1.0 ml with purified water. 
There was no significant influence of the soni- 
cation time for the studied range, except for the 
determination of Sb in the particulate material. 
This indicates that Sb is partially associated 
with larger particles and it is only partially 
leached, as it will be discussed later under 
Stability of the slurries. A sonication time of 6 
min was chosen. 

Filter homogeneity. As the filter part taken for 
analysis was small compared to the total filter 
area, two studies of representativity were per- 
formed. In the first one, a filter was divided in 
four quadrants and from each quadrant, two 
sets of four 28 mm* pieces were taken. The 
relative standard deviations were calculated for 
the eight samples. In the other one, 10 sets of 
four 28 mm* pieces were taken at random. For 
the first study the relative standard deviations 
were IO%, 6% and 5% for Sb, Ni and V, 
respectively. In the second experiment, the rela- 
tive standard deviations were 29% (Sb), 11% 
(Ni) and 6% (V). Such results demonstrate that 
in spite of the small sampled filter area (4 x 28 
mm2) in comparison with the total filter area 
(50.103 mm*), the distribution of Ni and V on 
the filter surface was homogeneous enough to 

permit a representative sampling. For Sb, the 
distribution was less homogeneous certainly due 
to its origin. To reduce the relative deviations 
the first procedure is recommended, specially for 
Sb. 

Accuracy and precision 

Table 3 shows the concentration of Sb, Ni 
and V in two SRMs (NIST 1633a, Coal Fly Ash 
and NIST 1648, Urban Particulate) obtained 
using the proposed procedure. The matrices of 
these materials are expected to have a compo- 
sition similar to that of the intended samples. 
The masses taken ranged from 0.94 to 1.89 mg 
for the NIST 1648 and from 1.86 to 15.68 mg 
for the NIST 1633a. Aqueous analytical curves 
were used. There was a good agreement between 
the found and the certified or recommended 
values. The reproducibility was typically better 
than 8% (relative standard deviation) except for 
Ni in Urban Particulate. A significant part of 
this variation must be due to the sample inhom- 
ogeneity, a major source of uncertainty when 
such small masses are taken for analysis. 

Matrix interferences 

Possible matrix interference effects were ver- 
ified submitting real samples (loaded filters) to 
the analyte addition technique and comparing 
the obtained slopes with that of an aqueous 
(0.2% HN03) analytical curve. The analyte 
addition curves were obtained spiking the sus- 
pension resulting from the proposed digestion 
procedure with known amounts of the analyte, 
directly in the furnace. The effect of the filter 
matrix alone was also investigated. In this case, 
28 mm* discs of an unloaded filter were submit- 
ted to the proposed procedure and the resulting 
suspension was spiked in the same way. The 
results are summarized in Table 4. The compari- 
son of the slopes shows that there is no signifi- 
cant matrix effect in the Sb and Ni 
determination in real samples. However, such 
effects are evident for V. The slopes in the 
presence of the matrix (loaded or unloaded 
filter) are significantly larger (57%) than the 
slope resulting from the aqueous (0.2% HNO,) 
analytical curve. This enhancement is the same 

Table 3. Concentrations, pg/g (f standard deviations) for Sb, Ni and V in the standard reference 
materials by the proposed procedure. Values between parentheses are recommended only 

Sb Ni V 
SRM Certified Found Certified Found Certified Found n 

NIST 1633a (7) 7.0 + 0.5 127*4 I2Ok8 289i7 325k21 10 
NIST 1648 (45) 42 & 3 82 f 3 83 f 14 (130) 128 f 10 22 
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Table 4. Linear regression parameters for Sb, Ni and V, resulting from analyte 
addition curves (number of additions: 3) 

Slope Slope standard Correlation 
Analyte Matrix (s . m//ng . 10’) deviation coefficient 

Sb 0.2% HNO, 1.40 
unloaded filter 1.43 
loaded filter 1.39 

Ni 0.2% HNO, 3.10 
unloaded filter 3.25 
loaded filter 3.18 

V 0.2% HNOj 
unloaded filter 
loaded filter 

1.40 
2.20 
2.21 

0.06 
0.07 
0.03 

0.02 
0.06 
0.07 

0.05 
0.09 
0.06 

0.9999 
0.9965 
0.9989 

0.9996 
0.9998 
0.9994 

0.9980 
0.9993 
0.9997 

for loaded or unloaded filters. In a previous 
experiment, it was observed that the acids alone 
did not interfere in the V sensitivity. Also the 
analysis of the standard reference material 
showed no interferences. Therefore the observed 
slope enhancement can only be due to the 
quartz matrix. According to Matousek and 
Powell,” the atomization of V proceeds through 
the formation of vanadium carbide. Since Si 
also forms carbide,” it could be that in the 
presence of this element another atomization 
mechanism takes place. For other elements in 
slurries of glass materials, Bendicho and de 
Loos-Vollebregt2’ found that the silica matrix 
behaves as a chemical modifier, producing 
a retention of the analyte, which is released 
later in the atomization step. So this retention 
and also the reduction of the formation of 
vanadium carbide, could explain the improve- 
ment in the V signal produced by the silica 
matrix. 

Recovery studies 

Known amounts of the analyte were delivered 
to the cups containing four 28 mm2 filter discs, 
before the digestion. The slopes of the curves 
and the recoveries are displayed in Table 5. For 

Sb and Ni, the recoveries were calculated from 
the ratio between the slope of the recovery curve 
and that of the aqueous analytical curve. For V, 
instead of the slope of the aqueous analytical 
curve, the slope of a spiked blank (unloaded 
filter) was used. 

Detection limits 

As it was not possible to obtain a “field 
blank”,22 the detection limits were estimated 
from the analysis of then unloaded filters. Four 
28 mm2 discs were used. The detection limits 
obtained (k = 3) were 15, 36 and 38 ng/cm2 for 
Sb, Ni and V, respectively. 

Stability of the slurries 

Figure 3 shows the average of five consecutive 
measurements as function of the number of 
firings. Each cycle takes about 2 min, depending 
on the temperature program. For Sb a drop in 
the signal was observed if the suspension was 
standing for more than 20 min. For more than 
40 min the signal was again stable, indicating 
that this element could be partially associated 
with larger particles, which are sedimented ear- 
lier. The Ni signal drops continuously after 
about 20 min, suggesting that this element was 

Analyte 

Table 5. Recovery of Sb, Ni and V using the proposed procedure 

Slope Slope standard Correlation Recovery 
Matrix (s . ml/w. lo31 deviation coefficient (%) 

Sb 0.2% HNO, 1.40 0.06 
unloaded filter 1.43 0.06 
loaded filter 1.39 0.03 

Ni 0.2% HNO, 2.62 0.02 
unloaded filter 2.53 0.07 
loaded filter 2.46 0.08 

V 0.2% HNO, 1.52 0.05 
unloaded filter 2.20 0.06 
loaded filter 2.22 0.04 

0.9999 
0.9965 102 
0.9992 93 

0.9996 
0.9993 97 
0.9945 94 

0.9859 
0.9980 
0.9963 101 
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not leached by the acid mixture, but remained 
in the particles. For V the signal is rather stable 
for very long period of time, indicating that this 
element is released to the solution or associated 
with very small particles. The drop for V after 
more than 100 firings is probably related to 
the end of the tube lifetime. In conclusion, the 
obtained slurry is stable enough to allow the 
analysis, but the determination should be per- 
formed just after the homogenization. The sol- 
ution to be measured should not stand for more 
than 20 min, specially for the determination of 
Sb and Ni. Probably continuous sonication or 
agitation would allow longer standing times, but 
this procedure was not tested. 

CONCLUSION 

The proposed procedure is very rapid, taking 
about 15 min for the digestion and the determi- 
nation. Also small quantities of reagents are 
used, making the analysis very economical. 

Using the recommended background correc- 
tors, no interferences were detected for Sb and 
Ni, making the use of aqueous analytical 
solutions in the calibration possible. For V, 
the enhancement in the signal detected in 
the presence of the partially digested quartz 
filter, requires the use of analytical solutions 
prepared from a blank slurry resulting from 
the application of the procedure to an un- 
loaded filter or the use of the analyte addition 
method. For the analysed standard reference 
materials, no interference was detected, not even 
for V, and aqueous analytical curves can be 
used. 
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!Summary-Gold(III) has a strong catalytic effect on the slow redox reaction between Ce(IV) and Hg(1) 
in a sulphuric acid medium at 9O”C, and the Ce(IV) unreacted in the catalytic reaction reacts with benzilic 
acid to form benzophenone that exhibits a sensitive linear scan voltammetric wave at -0.78 V vs. WE. 
This provides the basis for a novel and highly sensitive and selective catalytic method with linear scan 
voltammetry at a DME for gold. Both reactions of Ce(IV)-Hg(I)-Au(II1) and Ce(IV)-benzilic acid are 
investigated by means of linear scan voltammetry. The detection limit is 0.05 ng/ml with a fixed-reaction 
time of 15 min. A linear calibration graph from 0.15 to 5 ng/ml is obtained. Possible influences by 
co-existing ions are examined. Gold in ore samples is analysed by this catalytic method with satisfactory 
results. 

Because gold(II1) has a high redox potential, 
there are no good polarographic methods for 
gold. Several oscillopolarographic methods for 
the determination of gold have been reported.le4 
A single sweep oscillopolarographic method 
for gold from 5 x lo-’ to 3 x 10p6M has 
been proposed, based on Au(II1) oxidation of 
phenylthiourea to form symdiphenyldithiofor- 
mamidine that exhibits a polarographic wave at 
-0.30 V.’ Gao et al.’ have reported a voltam- 
metric method for determination of gold in the 
range 3 x 1O-8-1 x lO-‘jM with a carbon paste 
electrode modified with chelating resin. The 
above polarographic methods for gold are not 
completely satisfactory, especially with respect 
to the detection limit. 

Catalytic method with oscillopolarographic 
(linear scan voltammetry at a DME) detection 
is a sensitive means of catalytic kinetic analy- 
sis 5-9 Catalytic methods for silver,‘O osmium,” 
ru;henium,12 iridium,” rhodiumI and palla- 
dium’5*‘6 with oscillopolarographic detection 
have been developed. However, a catalytic 
method for gold with oscillopolarographic de- 
tection does not seem to have been reported to 
date. Gold(III)-Ce(IV)-Hg(1) catalytic reaction 
has been applied to determining gold at ng/ml 
level by spectrophotometry.‘7v’8 Our exper- 
iments demonstrate that benzilic acid can be 
oxidized by Ce(IV) to form benzophenone that 
exhibits a sensitive oscillopolarographic wave at 

-0.78 V. In the present work, we first studied 
the coupled reaction of Au(III)-Hg(I)-Ce(IV)- 
benzilic acid by single sweep oscillopolaro- 
graphic detection. A novel catalytic method 
with oscillopolarographic detection was pro- 
posed for the determination of ultratrace 
amounts of gold, with a detection limit of 
0.05 ng/ml and a determination range of 
0.15-5 ng/ml. 

EXPERIMENTAL 

Apparatus 

A model JP-2 single sweep oscillopolarograph 
(Chendu Instrumental Factory) was used for the 
polarographic measurements. The settings on 
the JP-2 single sweep oscillopolarograph were: 
dropping mercury period 7 set; scanning rate 
250 mV/sec; scanning potential range of 500 mV 
in the negative direction; initial scanning poten- 
tial -400 mV; Zi (second derivative wave); and 
a three-electrode system-DME, SCE, and plati- 
num electrode. A model JY-5OlB thermostatted 
water bath was used to control the reaction 
temperature. 

Reagents 

A 0.0020M ammonium ceric nitrate (contain- 
ing 0.04OM sulphuric acid) and a 0.020M 
HgN03 (containing 0.07M nitric acid) and 
a 0.0030M benzilic acid solution were used. 
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Standard solutions of Au(II1) were prepared 
according to the following procedure: weigh out 
10 mg pure gold and place in a lOO-ml beaker. 
Add about 3 ml of concentrated hydrochloric 
acid and 1 ml of concentrated nitric acid, heat 
to dissolve, cool, then transfer to a loo-ml 
standard flask, add 20 ml of concentrated hy- 
drochloric acid and dilute to the mark with 
doubly distilled water. The stock solution of 
Au(II1) is 100 pg/ml. Take 25 ml of 100 pg/ml 
Au(II1) solution to a 50-ml beaker, add about 
0.2 ml of 10% NaCl solution, evaporate to 
dryness over a boiling water bath, add 2 ml of 
concentrated nitric acid and evaporate to dry- 
ness, repeat again to expel Cl-, cool, add 
0.0020M Ce(IV) solution to dissolve the salt, 
then transfer to a 250-ml standard flask and 
dilute to the mark with 0.0020M Ce(IV) sol- 
ution. The standard solution of gold is 10 
pg/ml. A working solution was prepared by 
dilution with 0.0020M Ce(IV) solution shortly 
before use. 

RESULTS AND DISCUSSION 

Study of the reaction of Ce(IV) and benrilic acid 

Procedure 

Into a 25-ml graduated test-tube fitted with a 
glass stopper, place 0.02-0.65 ml of 100 ng/ml 
Au(II1) solution (containing 0.0020M Ce(IV)), 
and add 0.0020M Ce(IV) solution to 1 ml of the 
total volume. Add 2.5 ml of 5.OM sulphuric 
acid, dilute to lo-ml mark with water, mix 
well. Add 1.0 ml of 0.02M Hg(1) solution, mix 
vigorously, and place in a water bath at 90°C to 
start the reaction. After 15 min the reaction was 
quenched by addition of 1.0 ml of 0.0030M 
benzilic acid solution and cooled with tap- 
water. The second derivative peak current (I,“),, 
was measured. The (I,“),, for the uncatalysed 
reaction was measured in a similar manner. 

The reaction of Ce(IV) and benzilic acid was 
investigated spectrophotometrically and oscil- 
lopolarographically. The results show that the 
reaction is slow at room temperature when 
Ce(IV) concentration is less than 4 x 10e4M. It 
is fast when the reaction temperature is higher 
than 60°C. Several reaction media including 
sulphuric acid, perchloric acid and hydrochloric 
acid were tested. Sulphuric acid is best, and was 
chosen for use. In l.OM sulphuric acid medium 
at 9O”C, Ce(IV) reacts with benzilic acid to form 
an electroactive species which exhibits a sensi- 
tive single sweep oscillopolarographic wave at 
-0.78 V. The electroactive species was ident- 
ified by a chemical method and oscillopolarog- 
raphy. I9 Figure 1 indicates that the second 
derivative peak current is most sensitive, and 
was selected for use. The experiment shows that 
Zg is proportional to Ce(IV) concentration in 
the range 1 x 10P6-3 x 10m4M. The oscillopo- 
larographic behaviour of benzophenone has 
been studied.lg The influence of Hg(I), Hg(II), 
and Ce(II1) on the oscillopolarographic 
measurement of benzophenone was examined. 
No effect was observed. 

Principle for the catalytic determination of gold 
with oscillopolarographic detection 

The log ((Z,“),,/(Z,“),) values for a range of 
gold concentrations were plotted as a function 
of gold concentration to prepare a calibration 
graph. 

Our experiments show that Ce(IV), Ce(III), 
Hg(1) and Hg(I1) in the catalytic system of 
Ce(IV)-Hg(I)-Au(III)-H, SO, have no oscil- 
lopolarographic wave. And the indicator reac- 
tion for gold can not be applied to the catalytic 
determination of gold with oscillopolarographic 
detection. We tried to utilize the Ce(IV)- 
Hg(I)-Au(II1) system for catalytic determination 
of gold with oscillopolarographic detection by 
addition of an organic reagent that reacts with 
Ce(IV) to form an electroactive species. 

A 

I:ii‘ , + T 
0.6 0.7 0.8 0.9 0.6 0.1 0.8 0.9 0.6 0.1 0.1 0.9 

-B, v 

Fig. I. The single sweep oscillopolarographic wave for 2 x lo-‘M Ce(IVp x 10-‘&f benzilic acid, 90°C 
for about 1 min. (A) Normal wave; (B) first derivative wave; (C) second derivative wave. 
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Fig. 2. The relationship of the 1; and Au concentration. 
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1$ If 
Several organic reagents have been examined. 
The results show that benzilic acid can satisfy 
the need. Two millilitres of 3.0 x 10m3M benzilic 
acid were selected. On these grounds, we studied 
the coupled reaction of Au(III)-Hg(I)-Ce(IV)- 
benzilic acid by oscillopolarography. Figure 2 
shows the relationship between Zi and gold 
concentration. 

In the catalytic reaction solution, both of the 
following reactions occur simultaneously 

Ce(IV) + Hg(1) 5 Ce(II1) + Hg(I1) ( 1) 

SlOW 

WIV) + Wit(I) - WW + HNI) (2) 

Refer to Ref. 20 and deduce the following 
equation 

1og(C,&) = k ’ CA”.2 (3) 

where C,,, and C,,t are the concentrations of 
Ce(IV) in the uncatalysed reaction and catalysed 
reactions at reaction time t, respectively, C,, is 
the concentration of gold, and k is a constant. 
Addition of benzilic acid when the indicator 
reaction is at time t, the following reaction takes 
place 

Ccc(,“) = 2k’*Zb. 

Combining (3) and (5), we obtain 

(5) 

log((Z;),,/(Z;XJ = k .G.t. (6) 

Equation (6) shows that the logarithmic term 
is proportional to gold concentration, with 
the other variables held constant for the 
given system. This is in agreement with the 
experimental results. 

E$ect of variables 

The effects of the concentrations of sulphuric 
acid, Ce(IV) and Hg(I), reaction temperature 
and reaction time on log((Z;),,/(Z~)J were 
investigated by the fixed-reaction time pro- 
cedure. In general the effect of each variable 
leads to higher log((Z,“),,/(Z;),,,) and larger 
(Zi)u,t which is expected. 

The reaction media tested were sulphuric 
acid, perchloric acid and hydrochloric acid. The 
results show that l.OM sulphuric acid medium 
gives larger log((Z~),,/(Z,“),,) and (I,“),, values 
than the others and was chosen. 

The effect of variation of Hg(1) concentration 
on log((Zi),,/(Z,“)c,J is shown in Fig. 3. When 
the concentration of Hg(1) is higher than 
1.1 x 10e3M, the log((Z,“),,/(Z;)J values are 
constant. A concentration of 1.54 x 10e3M 

‘HO Ho-c-o 

&$ +2cems & +2ce@I)+co,+2w 

According to the reaction, C,,,, = 2 x C, Hg(1) was selected. Figure 4 indicates the 
where C is benzophenone concentration. Since relationship between log((Z,“),,/(Z;),,) and 

Z p” = k ‘C, where k ’ is a constant, the equation Ce(IV) concentration. A concentration of 
may be rewritten as 1.54 x 10m4M Ce(IV) was chosen, giving a good 



1826 ZHI-LIANG JIANG 

w 40 
x 104MEg(I) 

Fig. 3. The effect of Hg(1) concentration on 
log((l;),/(l&). Conditions as in the procedure. 

compromise between high log((Z&/(Z;)qJ 
and high (I;), values. 

The influence of reaction temperature in the 
range 60-95°C on the log((Z;),,/(Z&,) was 
studied. The logarithmic terms increase with 
reaction temperature. A reaction temperature of 
90°C was used, giving high sensitivity, and the 
reaction temperature can be easily controlled by 
the thermostatted water bath. A fixed-reaction 
time of 15 min was chosen, giving a good 
compromise between high sensitivity and short 
analysis time. 

E$ect of foreign ions 

The effect of 34 foreign ions on the catalytic 
determination of 1 ng/ml Au was examined. The 
results are summarized in Table 1. The tolerance 
limit is that giving not more than f5% error. 
Most common ions do not interfere with the 
catalytic determination of gold. 

Calibration graph 

Under the conditions as in the Procedure, 
the logarithmic terms are proportional to the 

O.Sr 

-& 
* 0.4 

s 
c 0.3 _I 

‘* 
\ 

‘\._ 
--.-._ 

2 s. 
s 0.2 
8 

0.1 

t 

9-i+++- 40 

x lcrMc#Iv) 

Fig. 4. Effect of ce(IV) concentration on log((f ;),,/(I i),,,). 

Table I. Influence of foreign ions 

Tolerance 
limit 
(Ion)/ 
3 x l(r 
1 x l(r 
5 x lo’ 
4x103 
2x lol 
1 x lo-’ 
4x102 
1 x 102 
50 
20 
10 

Ion added 

Ca(II), Mg(II), Sr(II), Sic- 
Cu(II), Zn(II), Gi(II), Ba(II), hIa 
I’b(II), F-, PO;- 
Al(III), Ag(I), La(III), Mn(II) 
Fe(III), Co(II), Ni(II), Cr(III), Hg(II) 
W(VI), Ti(IV), Br- 
os(Iv), As(III) 
Sb(III), Bu(III), Se(Iv), n(I) 
I’d(II), I’@‘) 
Rh(III) 
Ir(Iv) 

concentration of Au in the range of 0.15-5.0 
ng/ml (Fig. 5). The detection limit is 0.05 ng/ml. 
The relative standard deviation for 0.5, 1.0 and 
4.0 ng/ml Au was 4.0,3.3 and 2.g%, respectively 
(10 determinations). 

Analysis of ore samples 

Weigh out l-10 g ore sample and place in a 
30-ml porcelain crucible, set in a MutIIe Furnace 
at 500°C for about 1 hr, then increase the 
temperature to 700°C for 1 hr. Cool, transfer 
into a 250-ml beaker, add 20-100 ml of the acid 
mixture ( VHN4 : V,,: VHzo = 1: 4 : 2.5), cover for 
about 1.5 hr, and shake. After the sample 
dissolved the solution was evaporated to a paste 
state. Add 10 ml concentrated sulphuric acid 
and evaporate again. After cooling add 50 ml of 
2.5M hydrochloric acid, heat to boiling for 
several minutes, cool, transfer to a 250-ml separ- 
ate funnel. Accurately add 10 ml of methyl 
isobutyl ketone (MIBK) that was balanced by 
2.5M HCl, shake vigorously for about 1 min. 
After separation discard the water layer, add 15 
ml of O.lM HCl solution that was balanced 
by MIBK, shake for 15 sec. After separation 

_/” 
.’ 

/ 
./’ 

.’ 
*’ 

.’ 
.’ 

I/’ ’ I I I I 
8 16 24 32 40 

ng/mlAu 

Fig. 5. Calibration graph for Au. 
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Sample 

ore I 

ore II 

ore III 

Table 2. Results and recovery 

Content (g/r ) 
Added Au Found Au Recover 

(g/r) (glt ) (%) This method A AS 

0 2.25 - 2.25 2.35 
2.00 4.20 91.5 

0 1.60 - 1.60 1.73 
1.00 2.58 98 

0 0.84 - 0.84 0.83 
0.80 1.63 98.8 

discard the water layer. Pipet 4-10 ml of the 
organic layer into a porcelain crucible, add 
about 0.1 ml of 0.M KC1 solution, evaporate 
to dryness at low temperature. Add 3 ml con- 
centrated nitric acid and 1 ml concentrated 
hydrochloric acid, cover and destroy the organic 
compound by heating, then evaporate to near 
dryness. Add l-2 ml nitric acid, evaporate to 
dryness over a water bath, repeat again to expel 
Cl-. After cooling, accurately add 10 ml of 
O.lM H,S04, and stir. Pipet a portion of the 
sample solution into a 25-ml graduated test 
tube, and follow as for the Procedure. The 
results are summarized in Table 2, which is in 
agreement with the results of AAS. 
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ANALYTE PRECONCENTRATION AND SEPARATION 
FROM SMALL VOLUMES BY ELECTRODEPOSITION FOR 

ELECTROTHERMAL ATOMIC ABSORPTION 
SPECTROSCOPY 

JAROSLAVP.MATOUSEK* and H. KIPTONJ. POWELL 

Department of Chemistry, University of Canterbury, Private Bag 4800, Christchurch, New Zealand 
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Summary-Electrodeposition of Pb from 50 pl volumes of O.lM KCl solution was studied by electrolysis 
at uncontrolled potentials of 4.0-6.0 V on a pyrolytic graphite platform cathode. Deposition etliciency 
was evaluated as a function of time by ASV measurements on aliquots of the electrolysed solution. 
Quantitative separation of the analyte from the matrix was achieved in a relatively short time, aided by 
convective stirring of the sample achieved through gas evolution. Thus, the feasibility of rapid 
electrodeposition directly in a pyrolytic graphite-coated furnace has been demonstrated, allowing 
construction of an automated electrodeposition-ekctrothermal atomic absorption spectroscopic system. 

Electrolysis in an attractive method for both 
preconcentration and separation of analyte from 
interfering matrix prior to electrothermal atomic 
absorption spectroscopy (ETAAS). While alkali 
metal halides cause most serious interferences in 
ETAAS, they are ideal media for electrochemical 
techniques. For this reason, a number of studies 
and systems have been reported which advanta- 
geously combine the ability of both techniques. 
These have included (i) electrodeposition onto 
Hg-coated graphite furnaces from a circulating 
solution,‘-3 (ii) electrodeposition (at 3-5 V)’ or 
adsorption5 on a tungsten wire followed by its 
insertion into a cold furnace (or a pre-heated 
furnace”), (iii) electrodeposition in a well in a 
porous carbon rod’ and (iv) electrodeposition 
onto a Hg-coated pyrolytic graphite platform.* 
Circuitry has involved three-electrode sys- 
tems’.3*7 and simple two-electrode constant 
potential systems.* 

The electrolytic method can achieve useful 
improvements in sensitivity, compared with con- 
ventional ETAAS, such as a 15-fold enhance- 
ment by 300 set electrolytic deposition on a 
tungsten wire from an unstirred solution4 and a 
20- to 50-fold enhancement by 60 set adsorption 
from a stirred solution5 More importantly it also 
achieves separation of analyte from a matrix 

*Author for correspondence. Qn leave from Department of 
Analytical Chemistry, University of New South Wales, 
P.O. Box 1, Kensington, NSW 2033, Australia. 

which may be difficult to remove by thermal 
pretreatment and may be a source of both 
chemical and spectral interferences in ETAAS, 
e.g. NaCl in seawater or blood digests. In 
addition, controlled potential electrolysis may 
achieve speciation by plating only the labile 
species of a metal. ‘s3 When coupled with ETAAS 
the electrode position technique is also appli- 
cable to metals which have low sensitivity by 
ASV (such as Ni, Mn, Cr and Co) due to their 
irreversible reduction.’ 

However, despite these advantages, the recov- 
ery of the analyte from the sample is generally 
low and slow. If quantitative deposition is re- 
quired, prohibitively long electrolysis times are 
involved.’ If, on the other hand, short deposition 
times are used only a small fraction of the analyte 
is recovered. For example, Fairless and Bard’ 
reported an efficiency of 1% in plating Cu from 
5 ~1 stationary solution on a porous carbon rod 
(60 set at 0.18 V). 

In addition to slow analyte accumulation all 
of the above approaches suffer from common 
problems that include contamination, compli- 
cated apparatus (especially for the recirculating 
technique) and invariably poor reproducibility. 
A possible solution to such problems is 
automation of the combined electrodeposi- 
tion-ETAAS technique. In situ deposition as 
performed by Fairless and Bard’ with sub- 
sequent removal of the exhausted electrolyte and 
washing of the deposit would lend itself well 
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to automated electrodeposition-ETAAS per- 
formed inside a conventional graphite furnace. 
However, the very inefficient analyte recovery 
which results from use of controlled potential 
electrolysis makes this approach unattractive 
for practical use. 

Invariably, controlled potential deposition 
has been used when combining electrochemical 
separation and preconcentration with atomic 
spectroscopic techniques. Even for stirred elec- 
trolyte the deposition times are inordinately 
long.’ This rather rigid adherence to controlled 
potential electrolysis (which is probably per- 
ceived as a well proven electrochemical ap- 
proach) is not justified for techniques having the 
selectivity of ETAAS. Unless speciation is an 
objective, there is no need for controlled poten- 
tial work. 

A necessary prerequisite for automation of 
the electrodeposition-ETAAS technique is fast 
and efficient separation and preconcentration of 
the analyte elements from volumes compatible 
with the capacity of conventional graphite fur- 
naces (usually in the range 20-100 ~1). In order 
to evaluate if this can be achieved on the time 
scale similar to conventional graphite furnace 
analysis, we have studied electrodeposition from 
50 ~1 volumes by applying relatively high 
voltages to sustain high electrolysis currents and 
to enhance the deposition rate further by con- 
vection created by gas evolution at both elec- 
trodes. 

EXPERIMENTAL 

To establish conditions for quantitative depo- 
sition, electrolysis was effected on samples de- 
posited in the well of a Perkin-Elmer “V’ 
pyrolytic graphite platform.” The platform with 
the “V’‘-shaped well 0.7 mm deep was 15 mm 
long, 4 mm wide and 1 mm thick. It served as 
a cathode, with a 0.5 mm dia. Pt wire anode 
mounted centrally 1 mm above the platform 
surface. In later experiments, the Pt anode was 
mounted on a micrometer attachment to allow 
accurate setting of the anode-cathode separ- 
ation and a 0.5 mm dia. Ag/AgCl reference 
electrode was added to monitor the cathode 
potential. 

The electrolyte used consisted of O.lM KC1 
and 0.02M acetate buffer (pH 4.7) containing 
0.02,O. 10 or 0.50 mg/l Pb. Each electrolysis was 
effected on a 50 ~1 sample for a fixed time using 
a constant potential power supply (4.0, 5.0 or 
6.0 V). To determine concentration of the ana- 

lyte element remaining in the electrolysed sol- 
ution, a 25 ~1 aliquot was taken using a 
micropipette and transferred from the platform 
to a PAR 303 polarographic cell containing 5 ml 
Milli-Q water and 20 ~1 Aristar HNO,. The 
solution was analysed by differential pulse ASV 
using a PAR 174A polarograph. ASV con- 
ditions were: N, flush, 9 min; stir, fast; drop size, 
medium; deposition time, 6 min; E,, = -0.7 V; 
scan rate = 5 mV/sec; modulation, 25 mV. After 
washing with 3% HNO, (electrodeposited Pb is 
dissolved readily by dilute HNO$ and drying 
the pyrolytic graphite platform was ready for a 
new electrolysis. 

Since measurements of Pb concentrations 
down to sub-ppb levels were involved in the 
solutions remaining after electrolysis (and di- 
lution in the polarographic cell), all experiments 
were performed in a class 100 clean room. 

RESULTS AND DISCUSSION 

In this study, we have simulated the problem 
of in situ deposition inside a graphite furnace by 
using a pyrolytic graphite platform and deposit- 
ing from small volumes compatible with the size 
of the graphite furnace in ETAAS. Electrolysis 
was effected with uncontrolled potential set at 
4.0, 5.0 or 6.0 V. 

The efficiency of the deposition was evaluated 
as a function of time from the analyte concen- 
tration remaining after electrolysis. This was 
determined by differential pulse ASV measure- 
ments on aliquots of the electrolysed solution. 
The results presented in Fig. 1 show that the 
deposition efficiency increases significantly with 
the applied voltage. The increase in the depo- 

Fig. 1. The effect of applied voltage on efficiency of elec- 
trodeposition of 0.1 mg/l Pb from O.IM KCI. Applied 
voltages used: (0) 4, (0) 4 with Hg co-deposition, (A) 5 

and (0) 6 V. 
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OO-’ 
Time, min. 

Fig. 2. The effect of Pb concentration on efficiency of 
electrodeposition from O.lM KC1 electrolysed at 6 V. Pb 
concentrations used (0) 0.02, (0) 0.10 and (A) 0.50 mg/l. 

sition rate with applied voltage is related to 
convective stirring of the sample which is 
achieved through adequate evolution of Clz, O2 
and H,; gas evolution is apparent once the 
current exceeds 5 mA. Thus, deposition was 
complete in 4 min at 6.0 V and 90% complete 
in 12 min at 4.0 V. Co-deposition of Pb with Hg 
(from 0.0002M Hg’+ ) did not significantly in- 
crease plating efficiency (Fig. 1). Our exper- 
iments further confirmed that the deposition rate 
was independent of the Pb concentration as 
shown in Fig. 2 for 0.02, 0.1 and 0.5 mg/l Pb. 
This indicates that the rate of deposition is 
controlled by the degree of convection achieved 
through the liberation of H,, 0, and Cl,. 

In order to characterize the pyrolytic graphite 
platform electrodeposition system, separate ex- 
periments were performed in which cathode 
potentials were measured relative to a Ag/AgCl 
reference electrode. With the anode-cathode 
separation set at 0.63 mm by a micrometer 
attachment, the cathode potential was estab- 
lished as - 1.23, -1.52 and -1.87 V at 
E,,,,i, = 4.0, 5.0 and 6.0 V, respectively. 
The current depended on the anode-cathode 
separation but was approximately 0.3, 2.0 and 
4.5-6.0 mA at 4.0, 5.0 and 6.0 V, respectively. 

The pyrolytic graphite platforms used in these 
experiments showed only limited lifetime. Exfo- 
liation of pyrolytic graphite layers was observed 
to increase gradually with number of electrolyses 
performed, however this did not appear to affect 
the deposition rate for the first 50 electrolyses. 
The problem appears to be directly related to the 
number of pyrolytic graphite layers exposed in 
the manufacture of the platform used.‘O The 
electrolyte gradually forces its way between the 
layers, causing exfoliation, especially at higher 

electrolysis currents. It should be noted that 
similar problems, interpreted as being caused by 
intercalation, have been experienced when py- 
rolytic graphite platforms are used in ETAAS.” 

CONCLUSIONS 

The present report establishes that a batch 
electrolysis from 50 ~1 solution volumes can 
achieve quantitative deposition of the analyte 
element in relatively short times when conducted 
at a potential which can effect convective mixing 
by evolution of HZ, 0, and Cl,. 

In recent publications, Sioda er .1.“,” have 
suggested and experimentally verified that there 
are limits to electrolytic preconcentration caused 
by equilibrium concentrations of cations remain- 
ing in solution. It is possible to conclude that 
even though such limits apply to controlled 
potential work, they do not measurably affect 
the outcome of electrolyses performed under the 
conditions of our experiments. 

Based on the principles established here, a 
recent paper by Matousek and Grey” has de- 
scribed instrumental modifications to allow au- 
tomated in situ electrodeposition of analytes in 
the conventional pyrolytic graphite-coated fur- 
nace. The modified system consists of a GBC GF 
2000 graphite furnace system equipped with a 
PAL autosampler and is capable of performing 
automated sample loading, electrolysis, with- 
drawal of the electrolyte, washing and chemical 
pretreatment of the electrodeposited metal. 
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Rummary-The electrochemical behavior of the relatively new antibacterial antibiotic Pipril (Piperacillin) 
at the dropping mercury electrode is investigated using both direct current polarography (DCP) and 
differential pulse polarography (DPP). At the hanging mercury electrode (HMDE), the reduction 
mechanism has been elucidated using cyclic voltammetric technique in the pH range from 2 to 10. The 
effect of some metal ions, e.g. Cu(I1) and Pb(II) has been also tested. Determination of the drug using 
adsorptive stripping analysis was assessed in both aqueous and urine samples. The effect of the different 
experimental parameters affecting the drug determination, e.g. pH, supporting electrolyte nature, 
accumulation potential, accumulation time and other operational parameters are also mentioned. 
Detection limits of 5 x lO-9 and 1 x lo-*M Pipril in aqueous and urine samples, respectively, are 

Pipril (Piperacillin) is a relatively new bacteri- 
cidal semisynthetic penicillin with a broad spec- 
trum of activity, encompassing both gram- 
negative and gram-positive anaerobic and 
aerobic organisms. The activities of Pipril was 
found to be more efficient than many other 
penicillins such as ticarcillin and carbenicillin.’ 
The activity of piperacillin against pseudo- 
monas may create a unique place for piperacillin 
amongst penicillins.2 Piperacillin was shown to 
have considerable antibacterial activity against 
a wide range of 485 bacterial pathogens includ- 
ing anaerobic species which was generally su- 
perior to other beta-la&am antibiotics such as 
ampicillin, carbenicillin and cephalosporins.M 
Piperacillin has a potent bactericidal action 
since the ratio between the minimum bacteri- 
cidal concentration (MBC) and the minimum 
inhibitory concentration (MIC) for it, was 
found to be equal to, or no more than twice.‘,* 
Pipril has also a very high affinity for penicillin- 
binding proteins (PBPs).’ 

To date, no metabolites of Piperacillin have 
been found. In patients with normal renal func- 
tion, Pipril is eliminated primarily (80%) by 
glomerular filtration and tubular secretion.“.” 

*Author to whom correspondence should be addressed. 

Its concentration in the urine is in excess of 
10,000 pg/ml after a single 2 g intramuscular 
dose.12 About 20% Pipril is excreted through the 
biliary tract.‘Os” 

From the analytical point of view, Piperacillin 
have been determined using high-performance 
liquid chromatography.‘4*‘s It has been also 
determined using pulse polarographic technique 
by Schroeder et ~1.‘~ They could determine the 
drug in both urine and serum samples but they 
could only reach a detection limit of 1 ,ug/ml. 
The aim of the present work is to elucidate the 
electrochemical reduction behavior of the drug 
and owing to the sensitivity of the adsorptive 
stripping methods of analysis,‘“” we try to 
determine the drug in both aqueous and urine 
samples. 

EXPERIMENTAL 

Instrumentation 

Direct current polarograms were obtained 
with a Tacussel (France) type PRG 5 in con- 
junction with a TV II GD built-in potentiometer 
and an EPL 1 B recorder. The capillary of the 
dropping mercury electrode has the following 
characteristics: m = 2.10 mg/sec, t = 4.11 set 
(open circuit) and m 2’3 t ‘I6 = 2.07 mg2/3/sec’/2. 
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Fig. 1. Chemical structure of Piperacillin (Pipril). 

Stripping and cyclic voltammograms were 
measured with an EG & G Princeton Applied 
Research Corp. ~~ropr~ssor-~ntroll~: 
(PAR) Model 264 A stripping analyzer, coupled 
with a PAR 303 A static mercury drop electrode 
SMDE (drop size; medium, area of the drop: 
0.014 crn2). The polarographic cell bottom 
(PAR model K 0060) was fitted with an 
AG/AgCl reference electrode, and a platinum 
wire was used as a counter electrode. A PAR 
305 stirrer was connected to the 303 SMDE. For 
the collection of experimental data, a PAR 
Model RE 0089 X-Y recorder was used. 

Reagents 

Stock solutions (1 x 10e3M) of Pipril as 
Piperacillin sodium (CID Laboratories, Egypt) 
were prepared daily by dissolving the appropri- 
ate amounts in bidistilled water. Supporting 
electrolytes were analytical grade reagents and 
prepared also in bidistilled water. 

Urine samples (from healthy people) were 
used in the analyses by spiking the drug under 
investigation in these samples, after dilution, 10 
times with the supporting electrolyte. 

Procedure 

An aliquot of 10 or 50 ml of the supporting 
electrolyte was deareated with nitrogen for 12 or 
20 min for differential pulse (DPP) and cyclic 

voltammetric (CV) or direct current (DC) 
measurements, respectively. The drug was then 
spiked and then polarograms or voltam- 
mograms were recorded. 

For stripping vol~mrnet~~ measurements, 
the accumulation potential was applied to a new 
mercury drop then the solution was stirred at 
4.00 t-pm. A negative-going scan was performed 
after the equilibration period (15 see) when 
needed. Unless otherwise stated, the following 
parameters were used: adulation potential 
(and initial potential) of -0.5 V W. AgjAgClj 
KC+,,, equilibrium time 15 set; scan rate 5 m 
V/set, pulse amplitude 50 mV. The same pro- 
cedure was repeated after spiking the solution 
with the analyte, Quantitative analysis was then 
performed by the standard addition method 
using different spikes. Quantitative measure- 
ments of the drug in urine samples were carried 
out by replacing the supporting electrolyte 
blank solution with another containing a urine 
sample diluted 10 times with the same support- 
ing electrolyte and then repeating the foregoing 
steps under the same experimental conditions. 
All data were obtained at room temperature 
(25 * 1%). 

RFSULTS AND D~~SSION 

The structure of the drug under investigation 
is shown in Fig. 1. 

Polarographic measurements 

Preliminary investigation of the DC polarog- 
raphy of 2 x 10m4M Pipril (PIP) in 0.1&f phos- 
phate buffer gives rise to only one reduction 
wave shifted to more electronegative potentials 
as the pH increases. Figure 2 shows these 
reduction waves; as the pH increases, the 

0 - 0.4 -0.8 -1.2 -1.6 - 2.0 

Pdentioi ( V VS. 5C.E. 1 

Fig. 2. E&ct of the pH on 2 x 10m4M Pipril, O.IM phosphate buffer, pH: (a) 2.0, (b) 3.0, (c) 4.0, (d) 5.2, 
(e) 6.6, (f) 8.8. DC mode, 240 mV/min. 
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I 0.1 PA 

~otent~d ( v vs. Ag JAgU I KC!,) 

Fig. 3. Differential pulse polarography of I x 10-5M Pipril 
in different media, pH 1.5, O.lM supporting electrolyte: (a) 
pcrchloric acid, (b) phosphate buffer, (c) acetate buffer. 

Pulse amplitude 50 mV, scan rate 5 mV/sec. 

morphology of the wave changes until it 
disappears at about pH 9.0 probably due to 
hydrolysis of the drug in alkaline medium. By 
analyzing these polarographic waves, irre- 
versibility of the reduction process have been 
elucidated; a is calculated to be 0.33 as the 
number of electrons consumed during this 
process was found to be two using coulometry. 
The shift of the half-wave potentials is drawn 
against the pH using the following equation:” 

AE 2 2.3 PRT 

APH = -2ctF’ 

A straight line is obtained, and as the value of 
a being 0.33, the number of protons consumed 
in the reduction process is calculated to be 2. 
Therefore, the reduction mechanism involves 
two electrons and two protons/mole of the drug. 
The logarithms of the limiting currents of these 
waves are drawn against the logarithms of the 
corrected mercury height, slopes ranged from 
0.47 to 0.53 are obtained indicating that the 
reduction is under diffusion+ontrolled in the 
pH range from 2 to 7, while it was difficult to 
test it in alkaline media as the morphology of 
the peak becomes distorted. 

TAL 40/12-E 

On applying the differential pulse mode on 
1 x lO-SM PIP in perchloric acid, acetate buffer 
and phosphate buffer, one peak is obtained 
having a half-peak width of about 80 mV 
corresponding to irreversible two-electron pro- 
cess. It is obvious from Fig. 3 that both perchlo- 
ric acid and phosphate buffer gave almost the 
same sensitivity while it decreases in presence of 
acetate buffer as supporting electrolyte. For this 
reason, further investigation of the drug have 
been carried out in phosphate buffer medium. 
It is worthwhile mentioning that a pre-peak 
always appears in acidic media, indicating that 
adsorption of the oxidized form may occur. 

Voltammetric measurements 

Cyclic voltammetric measurements of 
1 x IO-‘M PIP show one irreversible, cathodic 
peak. The effect of the scan rate on the cyclic 
voltammogram of 1 x 10m4M PIP is shown in 
Fig. 4. When the peak current is drawn as a 
function of the square root of the scan rate ~4, 
in the pH range from 1.5 to 7, diffusion-con- 
trolled process is elucidated as a linear plot is 
obtained. 

From the DC, DPP and CV measurements, it 
could be concluded that the following reduction 
mechanism may occur: 

0 0 

QJ 

cf% 
COONa 

On scanning multiple cycles on the same drop 
(Fig. 5) for 1 x 10m4M PIP over all the investi- 
gated pH values, fast desorption behavior of 
the drug is noticeable as a marked decrease in 
the peak current is measured on scanning the 
second, third, . . . cycles on the same drop. It 
should be noted that this desorption is strong in 
relatively high pH (3-6) while in strong acidic 
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0.1 (V vs. AgIAgCLIKCI,) 

Fig. 4. Cyclic voltammograms of 1 x 10-‘M PIP in 0.W 
phosphate buffer, pH 5.8, scan rate: (a) 10, (b) 20, (c) 50, (d) 
100, (e) 200 mV/sec. Starting potential -0.9 V us. 

Ag/AgCl/KCI, 

01 (;AgCl I KCI,) 

Fig. 5. Multiple cyclic voltammograms of I x lo-‘M PIP in 
O.lM phosphate buffer, pH 3.5, scan rate 200 mV/sec. 
Starting potential -0.8 V vs. Ag/AgCl/KCl,. (a) First, (b) 

second, (c) third, (d) fourth, (e) fifth cycle. 

media (pH < 3), it is relatively weak. This fact 
will be useful for the accumulation of the drug 
in strong acidic medic (pH < 2) as will be 
mentioned later in this paper. 

Eflect of possible interfering metal ions 

The effect of the possible interfering metal 
ions on the peak shape and height of Pipril has 
been also tested. We choose two metals, one 
essential non-toxic metal ion viz. Cu(I1) and the 
other is non-essential, toxic metal ion viz. 
Pb(II).*’ On applying cyclic voltammetry on 
1 x lo-‘A4 Pipril in presence of up to 
4 x 10e4M Cu(II), no noticeable change in 
either the Pipril peak height or potential is 
observed. The same behavior is also obtained in 
presence of up to 6 x 10e4M Pb(I1). However, 
there is an observed shift in the peak potential 
of these metals indicating that a complexation 
reaction takes place. From the biological point 
of view, this interaction is useful as human fluid 
always contains Cu(I1) because it is an essential 
metal ion while Pb(I1) is a toxic non-essential- 
metal ion.** These facts are useful in the analysis 
of the drug itself in presence of either of these 
metals, as will be stated later. 

Analytical application in aqueous and urine 
samples 

Preliminary investigation on 1 x 1 Om6M Pipril 
showed that the drug has a tendency to be adsorbed 
and accumulated at the hanging mercury drop 
electrode (HMDE). However, on applying ac- 
cumulation times of more than 15 set, it begins to 
be desorbed again from the HMDE indicating 
that fast desorption behavior is almost finished. 
This fact has also been elucidated by applying 
multiple cycles (CV) on the same drop (HMDE) 
after the accumulation of the drug for a certain 
time, as on the second cycle the adsorptive peak 
begins to decrease and almost disappear. 

The adsorptive behavior of the drug under 
investigation is studied by comparing two differ- 
ent techniques, direct current stripping voltam 
metry (DCSV) and differential pulse stripping 

Table 1. Characteristics of Pipril, peak current- 
accumulation time nlots (0.1 M ohosohate buffer). DH 2.0 

Linearity 
Concentration, range Correlation 
W) (ret) Equation* coefficient 

5 x IO-8 O-25 Y = 0.042x + 0.003 0.9973 
1 x IO-’ O-20 Y = 0.002x + 0.070 0.9969 
5 x 10-7 O-15 Y =0.011x +0.120 0.9961 
1 x 10-h O-10 Y=O.O08x +0.180 0.9971 

+Y in PA, x in sec. slope in pA/sec, intercept in PA. 



Electroreduction and determination of Pipril 1837 

Fig. 6. Differential pulse cathodic stripping voltammograms 
of 1 x 10m6M Pipril in urine sample diluted 10 times with 
O.lM phosphate buffer, pH = 2.0 E, = -0.5 V, E ,“,_ 
tial = -0.7 V US. Ag/AgCl.KC\,, f_: (a) 0, (b) 5, (c) 10, (d) 

30, (e) 60 sec. 

voltammetry (DPSV). Although using the 
DCSV mode we can apply high scan rates to 
avoid desorption of the drug in measuring the 
adsorptive peak current Zps, DPSV mode was 
found to be more sensitive. The effect of the 
different experimental parameters on the DPSV, 
e.g. pulse amplitude, scan rate, accumulation 
potential, supporting electrolytes and accumu- 
lation time has been tested. The optimum 
conditions to increase the sensitivity for the 
determination of the drug at the (HMDE) were 
found to be 50 mV pulse amplitude, 5 mV/sec 
scan rate, accumulation potential of -0.5 V vs. 
Ag/AgCl/KCl(s) and among four tested sup- 
porting electrolytes viz. perchloric acid, sul- 
furic acid, acetate buffer and phosphate buffer, 
the last one gives rise to more sensitive peak 
height and also to a more defined peak 
form. 

The effect of the pH on the adsorptive behav- 
ior of 5 x lo-‘M Pipril has been examined, the 
sensitivity was found to be more pronounced in 
acidic medium. Phosphoric acid adjusted to pH 
2.0 gives rise to a good signal. It should be 
mentioned that almost the same sensitivity is 
obtained in weakly acidic solutions but with 
lower reproducibility. For this reason phospho- 
ric acid (pH 2) was utilized for further investi- 
gations. 

The influence of the accumulation time on 
the adsorptive behavior of Pipril has been 
tested using four different concentrations viz.; 
5 x IO-SM, 1 x lo-‘M, 5 x lo-‘M and 

1 x 10e6M Pipril. Table 1 summarizes the 
results obtained, the limit of linearity and their 
correlation coefficients. It is obvious from the 
data listed in the table that as Pipril concen- 
tration increases, the limit of linearity (ex- 
pressed by the accumulation time) decreases. 

Reproducibility was evaluated by performing 
10 measurements on a 5 x IO-*M solution after 
a 10 set accumulation, with stirring. A mean 
value of 0.065 PA was found, with a range of 
0.06-0.07 PA and a relative standard deviation 
of 2.5%. 

Calibration curves have been established with 
different accumulation times viz. 5, 10, 15 and 
20 sec. In spite of desorption behavior described 
above, linearity could be obtained for a constant 
preconcentration time in the concentration 
range from 5 x lo-* to 1 x 10p6M. 

Detection limit of 5 x lo-‘M Pipril in 10 ml 
has been established considering the signal-to- 
noise ratio of 3. This means that 0.27 ng Pipril 
are detectable in 10 ml solution. 

Urine analysis 

Figure 6 shows the cathodic stripping voltam- 
mograms of spiked 1 x 10e6M Pipril in urine 
samples diluted 10 times with the supporting 
electrolytes. As seen from these voltammo- 
grams, applying accumulation times of more 
than 5 sec. the peak begins to decrease, part of 
this phenomenon is (as previously mentioned in 
this work) due to fast desorption of the drug 
and the other part may be attributed to the 
interference of the unknown potentially interfer- 
ing urine constituents. Therefore, direct current 
measurements, i.e. DPP without preconcentra- 
tion were preferable in such analysis. Linear 
relationships were obtained when the peak 
current is drawn as a function of Pipril con- 
centration in the range from 5 x IO-’ to 
5 x 10-‘&Z. However, as the concentration 
range found in human urine after a single 2 g 
intramuscular exceeds 10,000 pg/ml,iz corre- 
sponding to 0.0 18M Pipril, our linearity range is 
very sensitive compared with the dose originally 
found. 

Detection limit of 1 x lo-*M Pipril could 
easily be achieved based on the signal-to-noise 
ratio of 3. 
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?Sy-The kinetic parameters of indium atomization in electrothermal atomic absorption spec- 
trometry (ETAAS) have been determined by a newly proposed method. Effect of the atomizer surface and 
the palladium modifier on the kinetics of indium atomization has been investigated. The mechanisms of 
indium atomization seem to be identical for the pyrolytically coated graphite and the uncoated graphite 
tubes, i.e. the rate-limiting step for the atomization changes from a first order kinetics at lower 
temperatures into a nearly l/3 order kinetics at higher temperatures, which may suggest that the analyte 
moves from a dispersed state to agglomates with increasing temperature. However, for the zirconium 
coated graphite tube, the atomization of indium is controlled by a single mechanism with the kinetic order 
of near 2/3 and the activation energy of 186 f 13 kJ/mol. Relatively weak indium-zirconium carbide 
interactions and the release of indium from the sphere of molten indium metal on the zirconium coated 
surface are suggested. In the presence of palladium, a simple mechanism, i.e. the release of indimn from 
the solid solution of the In and the Pd on the pyrolytically coated graphite surface, is proposed to account 
for the observed first order kinetics and the activation energy of 421 f 27 kJ/mol. 

The atomization of analytes in electrothermal 
atomic absorption spectrometry (ETAAS) has 
been studied by many researchers based on 
kinetic,‘d thermodynamic”‘0 and combined 
kinetic-thermodynamic considerations.“-” 
Usually, most of these reports focused on the 
atomization mechanisms of analytes without 
matrices nor modifiers from one type of graph- 
ite surface. However, it is more important to 
elucidate the mechanisms of analyte released in 
the presence of matrices or modifiers from 
different atomizer surfaces since normal analysis 
is often carried out under such conditions. Thus 
far, there have been a few papers appearing to 
deal with the atomization mechanisms of the 
analyte from various atomizer surfaces. Aggett 
and SprotP compared the appearance tempera- 
tures for the atomization of various analytes 

*Author for correspondence. 

from both graphite and tantalum surfaces, and 
concluded that the most possible mechanism for 
the analyte atomization from a tantalum surface 
was the thermal decomposition of the oxide. 
Gregoire et al.” studied the atomization mech- 
anisms of U, V, MO, Ni, Mn, Cu and Mg from 
pyrolytic graphite and tantalum surfaces. The 
atomization mechanisms of various analytes 
from molybdenum’* and tungsten” surfaces 
were compared with those from the graphite 
surface. Gao and NP suggested that the atom- 
ization mechanism of germanium in the zirco- 
nium coated graphite tube was the vaporization 
of germanium following the reduction of GeO, 
or GeO by zirconium carbide, which was differ- 
ent from the thermal decomposition mechanism 
of the oxide in the uncoated graphite tube. 
Recently, Chakrabarti and Cathum2’ investi- 
gated the mechanism of cobalt atomization 
from different atomizer surfaces in ETAAS, and 
suggested that the atomization mechanism of 

1839 
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cobalt seemed to be the same for the pyrolyti- 
tally coated graphite and the uncoated elec- 
trographite surfaces, but different for the glassy 
carbon furnace. Fonseca et ~1.~~ studied the 
vaporization/atomization characteristics of Cu 
sample from graphite and Ta-lined tubes using 
both Ta and graphite platforms and found first 
order release of Cu from both Ta and graphite 
surfaces. 

Much less attention has been paid to the 
behavior of indium in the graphite furnace 
compared with other analytes. Grinshtein et 
a1.23 studied the interaction between indium and 
the graphite surface at various temperatures by 
using a tube-in-tube, spatially isothermal fur- 
nace. At temperatures less than 1900 K, indium 
adsorbed to the graphite surface and the effec- 
tive residence time of this element was greater 
than theoretically predicted residence time. 
However, at temperatures greater than 1900 K, 
no significant adsorption of In occurred. In an 
earlier study, Katskov et al.” determined an 
activation energy of 234 kJ/mol at lower tem- 
peratures followed by 134 kJ/mol at higher 
temperatures for the atomization of In. 
Recently, McNally and Holcombe*’ studied 
the topology and vaporization characteristics 
of indium in a CRA- 90 min. Massmann fur- 
nace. Two activation energies of 238 f. 29 and 
138 f 21 kJ/mol were obtained over the course 
of release from In using manual pipetting. An 
appearance order of greater than one was 
suggested for indium release from the con- 
centration study, and the aggregate surface 
was proposed as one of the generation mech- 
anisms for indium. They also observed the 
relatively weak interaction between indium and 
graphite. 

The purpose of this work is to study the 
atomization kinetics of indium from different 
atomizer surfaces, i.e. pyrolytically coated, 
uncoated and zirconium coated graphite sur- 
faces, and the effect of the palladium modifier 
on the kinetics of indium atomization from 
the pyrolytically coated graphite surface by 
using a newly proposed method.26 

THEORY 

In a previous report,26 a method was devel- 
oped for the simultaneous determination of the 
kinetic parameters of atom formation from a 
single absorbance signal profile under normal 
analytical conditions in electrothermal atomic 
absorption spectrometry (ETAAS). The change 

of the absorbance, A, with time, t, was given by 
the following equation: 

dA/dt = P”-‘k, 
(s 

*k2Adt -A 
> 

X-k2A (1) 
I 

where k, and k2 are the temperature and sub- 
sequently time dependent rate constants for the 
formation and dissipation of gaseous atoms, 
respectively; P a proportionality factor, x the 
kinetic order of the atom formation reaction. 
According to the Arrhenius’ law, the tempera- 
ture dependence of k, can be expressed as 
follows: 

k, =k,.exp(-E,/RT) (2) 

where k, and E, are the frequency factor and 
activation energy for atom formation, respect- 
ively; R the gas constant and T the absolute 
temperature at time t. Substituting equation (2) 
into equation (1) and rearranging yields: 

dA/dt + k,A = k,P”-’ 

m 
X X 

(s 
k,Adt -A 

> 
. exp(-EJRT) (3) 

, 

Taking logarithm of equation (3), differentiating 
and rearranging give 

Aln(dA/dt +k,A)/Aln( Jmk2Aclt -A)= 

U 

m 
x - (E,,/R)A(l/T)/A In k,Adt -A . (4) 

f > 

Equation (4) shows that if the atomization of 
the analyte from the atomizer surface is 
governed by a single kinetic mechanism, a plot 
of A ln(dA /dt + k2 A )/A In@ k, Adt - A ) vs 
A( 1 /T)/A In@’ k, Adt -. A ) should be a straight 
line. From the slope of such a plot, the acti- 
vation energy (E,) can be calculated, while the 
kinetic order (x) can be obtained from the 
intercept. The validity of equation (4) has been 
confirmed both by computer simulation 
study26.27 and the ETAAS experiments.26 

To obtain the kinetic order and activation 
energy by using equation (4), the temperature 
dependence of k2 should be known. In this 
study, the gas-stop mode is used in the atomiza- 
tion step and the dissipation of the analyte by 
convection is distinctly negligible. Therefore, k2 
is the total rate constant for the dissipation of 
the analyte by diffusion and thermal expansion 
only, i.e. 

k2 = k, + k, (5) 
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where kd and k, are the constants for atom 
dissipation by diffusion and thermal expansion 
at any time, respectively; K,, is defined asa 

kd=k:(TIToY’ (6) 

where k, and k z are diffusional rate constants at 
temperature T and TO, respectively; y varies 
between 1.5 and 2.0:’ & is given byz’ 

k, = (dT/dt )/T (7) 

where dT/dt is the heating rate at any 
temperature T. 

For determining the temperature dependence 
of k2, the values of k i and y should be obtained. 
For indium, the y value of 1.84 can be found 
from Ref. 30. The value of k!j can be deter- 
mined from the decay portion of the absorbance 
signal profile based on the method proposed by 
Akman et ai.% 

To determine E, and x based on equation (4), 
the terms of dA /dt and J1” k, A dt should be 
calculated. To this end, mathematical ex- 
pressions of A =fi (t ) and k,A =f2(t) are 
obtained by polynomial regressions. Thus, 
the functions of dA/dt =f’, (t ) and Jy k2A 
dt = F,(t ) can be obtained by differentiating 
the expression of A =fi (t ), and integrating 
k2 A =fi(t ), respectively. 

Data from the appearance to the maximum in 
the absorbance signal can be used to construct 
the plot based on equation (4) for determination 
of the kinetic order and activation energy since 
the amount of the analyte unatomized on the 
tube surface at time t, P (ST k,A dt - A ), is 
greater than zero from the beginning at least 
to the maximum in the signal. In addition, 
special conditions to isolate the supply and 
removal function, and linear temperature ramp 
are indeed not required with the use of equation 
(4) because of no such assumptions made during 
the derivation of equation (4). 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer model 4000 atomic absorp- 
tion spectrometer, equipped with a deuterium 
background corrector and a model HGA-400 
graphite furnace was used for the measurement 
of the atomic absorption in the gas-stop mode. 
An indium hollow-cathode lamp (Shanghai 
Tienkuang Scientific Instruments Works, 
Shanghai, China) was employed at a lamp cur- 
rent of 5 mA. The 303.9 nm line of indium was 

Table 1. Furnace programme 

Dry Ash Atomize Clean 

Ramp time (xc) 20 5 I 1 
Hold time (SW) 50 30 5 2 
Temperature (“C) 130 Various Various 2650 
Int. gas flow (mllmin) 300 300 0 300 

used as the analysis line, with a spectral band- 
pass of 0.7 nm. High purity argon gas was used 
as both sheath and purge gas. The furnace 
programme is given in Table 1. 

The graphite tube wall temperature was 
obtained from the output of a germanium pho- 
totransistor (B 1918-01, Hamamatsu), which 
was calibrated by focusing a disappearing 
filament optical pyrometer (Ircon Inc., UX-10, 
USA) through the sample injection hole in 
the graphite tube. The absorbance and tem- 
perature signal were synchronously acquired 
by a microcomputer-based data acquisition 
system at 20-msec intervals.% The signals could 
be subsequently stored on a diskette for further 
use. 

Three different atomizer surfaces were used 
for the atomization of indium: Pyrolytically 
coated (PG), uncoated graphite tubes (UG) and 
the zirconium coated PG (ZrPG). The ZrPG 
were prepared according to Ref. 31. 

Reagents 

The stock solution containing 1000 mg/ml 
In was prepared by dissolving In,O, in an 
adequate volume of diluted nitric acid and 
subsequently diluting with deionized water. 
Working standards of the element were pre- 
pared daily from this stock solution with deion- 
ized water just before use. Indium working 
solutions were manually introduced into the 
furnace in 20-~1 volumes using an Eppendorf 
pipette. 

A 5% m/v of ZrG(N03), .2H,O solution 
was prepared by dissolving ZrO(NO,), . 2Hz0 
in diluted nitric acid and then diluting with 
deionized water. 

All chemicals were of analytical-reagent 
grade. 

RESULTS AND DISCUSSION 

Atomization from the pyrolytically coated graph - 
ite tube (PG) 

The concentration study, which is illustrated 
in Fig. 1, contains absorbance-time plots for 
various initial masses of In deposited on the 
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Fig. 1. Absorbance signal profiles for various masses of 
In from the pyrolytically coated graphite tube: (a) 5 
(b) 3 (c) 2 (d) 1 (e) 0.5 ng. Ashing temperature: SWC, 
atomization temperature: 26OO”C, other conditions as 

listed in Table 1. 

bottom of the PG. As the initial amount of In 
deposited on the surface of the PG is increased, 
peak times are similar and there is a slight shift 
to earlier appearance times. Thus, the apparent 
kinetic order for indium atomization from the 
PG appears to be unity.25 To obtain the kinetic 
order of indium atomization accurately, the plot 
of A ln(dA/dt + k,A )/A ln(jyk,A dt -A ) US 
A(l/T)/A In@ k,A dt - A ) is constructed from 
the absorbance signal profile. Figure 2 shows 
such a plot obtained from Fig. l(c). As can be 
seen, the plot exhibits curvature, and so assign- 
ment of a single straight line from this plot is 
difficult, which may, in fact, reflect a continuous 
varying slope. This could imply gas-phase dis- 
sociation as step governing atom formation or 
a temperature dependence of activation energy 
(E.) and kinetic order (x) on surface coverage. 
Figure 3 shows the decomposition (curve A) and 
atomization (curve B) curves for indium from 
the PG. As can be seen, there is a gap between 
the temperature in the decomposition curve at 
which the absorbance begins to decrease (the 
maximum tolerant ashing temperature), and the 
appearance temperature in the atomization 

0.8 - -( 5.5 

0.4 - - 5.3 
400 

o- OOO d 

/ c - ‘: 

/ aa 

- 5.1 M. 

5 
-0.4 - - 4.9 w 

,**; / 

-1.2 

1 4.7 4.5 s 

I I I I 1 1 
0 2 4 6 8 10 12 14 

A(I/l’)/AIn(~,*$Adt-A) x ld 

Fig. 2. Plot obtained from Fig. l(c) based on equation 
(4) for 2 ng of In from the pyrolytically coated graphite 

tube. 

200 600 1000 1400 1800 2200 2600 

Temperature, ‘C 

Fig. 3. Decomposition and atomization curves for 0.5 ng of 
In by atomization from the pyrolytically coated graphite 
tube, (a) decomposition curve, at the atomization tempera- 
ture of 2600°C (b) atomization curve, at the ashing tempera- 
ture of 5OOC, and from the zirconium coated graphite tube, 
(c) decomposition curve, at the atomization temperature of 
2400°C and (d) atomization curve, at the ashing temperature 

of 800°C. 

curve. This means that the decrease in the 
absorbance is not only due to loss of In@, but 
also to the formation of other gaseous species at 
temperatures above 700°C. Calculations of ther- 
modynamic equilibrium in the In-O-C system 
over the temperature range of 500-2000 K have 
shown that In,O(,, is likely to be formed at 
either high ashing or lower atomization tem- 
peratures, but that InOo should not play a 
significant role in the atomization of In.32 This 
has been confirmed by means of graphite fur- 
nace-mass spectrometry (GFMS) experiment.32 
However, it is not easy to discuss the formation 
of free indium via gas-phase dissociation of an 
oxide in terms of kinetics since one must take 
into account the change in partial pressure of 
oxygen as well as the generation function of the 
indium oxide from the surface and the gener- 
ation of the metal from the gas.” 

An alternative explanation for the curva- 
ture observed in Fig. 2 may be that multiple 
release mechanisms contribute to the atom- 
ization of indium from the PG surface. If 
two straight lines are used to fit the plot in 
Fig. 2, then the activation energy (E,) and 
kinetic order (x) could be found to be 134 
kJ/mol and 0.97 at lower temperatures, 63 
kJ/mol and 0.37 at higher temperatures, respect- 
ively. This probably indicates that the rate- 
limiting step for the atomization of indium 
changes from a nearly first order kinetics with 
larger E, value at lower temperatures into the 
kinetics of x = 0.37 with lower E, value at 
higher temperatures. 

If we assume that either two straight lines or 
a continuous curve exists in Fig. 2 and that the 
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intercept of any portion of the curve (i.e. the 
kinetic order x) would represent the state of 
the morphology of the analyte on the surface 
at that time, then one could conclude that 
the material moves from a dispersed state of 
x = 1 to agglomerates (i.e. x = 0.37). This 
suggests that the analyte begins as dispersed 
atoms or molecules containing indium and then 
forms droplets with increasing temperature. 
Although indium metal indeed exhibits weak 
interactions at the graphite observed by 
McNally and Holcombe,2’ some indium mol- 
ecular species may have a strong interaction 
which causes it to be dispersed on the surface 
and exhibited nearly first order release at 
lower temperatures. The obtained larger E, 
value (134 kJ/mol) could represent indium 
molecular species-graphite interaction energy. 
Furthermore, the weak indium metal-graphite 
interactions would foster the formation of 
droplets which is consistent with the higher 
temperature order of release (x = 0.37). The 
observed lower E, value may represent the 
energy required for indium release at the edge 
of the metal-graphite interface.25*” It is poss- 
ible that indium metal would be formed 
either through carbon reduction of the oxide 
or the thermal decomposition of the oxide at 
higher temperatures. In addition, no signifi- 
cant influence of the initial injected mass of 
indium studied on the indium atomization from 
the PG is observed, as shown in Table 2. 

- 5.6 

-2*o0 2 4 6 8 10 

A( l/T)/Aln(&“k+dt-A) x ld 

Fig. 4. Plot constructed based on equation (4) for 2 ng of 
In from the uncoated graphite tube. Other conditions as in 

Table I. 

Atomization from the uncoated graphite tube 

0 

In order to examine surface spreading and 
penetration by the aqueous solution of the 
sample on the atomization of indium, the 
kinetic parameters of indium atomization 
from the uncoated graphite tube (UG) have 
been determined. Figure 4 illustrates the plot 
of A ln(dA /dt + k, A)/A In@ k, A dt - A ) vs 
A(l/T)A In@‘k, A dt - A ) from the ab- 
sorbance signal profile for 2 ng of indium ashed 
at 500°C and atomized at 2600°C from the UG. 
Compared with Fig. 2, similar results can be 
obtained from Fig. 4, i.e. Fig. 4 also exhibits 
nonlinearity, reflecting a continuous varying 
slope and intercept. If two straight lines are 

Table 2. Kinetic parameters for indium atomization from different atomizer 
surfaces (&standard deviation of three determinations) 

Tube Mass of In (ng) Kinetic order Ea (kJ/mol ) 

PG 0.5 0.35 f o.ofqo.97 f 0.05 50 13/138 13 f f 
I 0.36 f 0.03/0.96 f 0.03 51 f 12/142 + 13 
2 0.40 & 0.04/0.99 f 0.06 63 IO/146 13 f f 
3 0.37 f 0.01/0.98 f 0.07 50 *4 /I38 15 + 
5 0.37 f 0.04/l.O2 f 0.06 42&4 /126+ 17 
Av. 0.37 f 0.02/0.98 f 0.02 51 7 /I38 8 f f 

UG 0.5 0.38 + 0.02/0.95 f 0.06 56&S /142f 17 
1 0.34 f 0.04/0.98 f 0.04 50 lo/l26 13 f f 
2 0.36 + OS&/O.94 f 0.07 54 f 15/138 17 f 
3 0.37 f 0.02/I 94 f 0.05 5Ok6 /134* 13 
5 0.35 f 0.04/l .02 f 0.06 59 f 13/126 f 8 
Av. 0.36 f 0.02/0.98 f 0.04 54&4 /133+8 

PG + Pd 0.25 1.04 + 0.06 406k25 
0.5 I .02 f 0.07 460 f 25 
0.75 1.08 kO.11 414 8 f 
I 1.08 f 0.09 402*20 
Av. 1.06 f 0.03 421 27 f 

ZrPG 0.25 0.61 + 0.07 204k6 
0.5 0.69 f 0.05 185f 11 
0.7 0.59 f 0.04 174 f 10 
0.9 0.68 f 0.09 180 13 f 
Av. 0.64 f 0.05 186 13 f 
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used to fit Fig. 4, the kinetic order and acti- 
vation energy can be found to be 0.97 and 
155 kJ/mol, at lower temperatures, respect- 
ively; while at higher temperatures, the kin- 
etic order of 0.38 and activation energy of 
67 kJ/mol can be obtained. Although the 
uncoated graphite surface is expected to show 
much more porous than the pyrolytically 
coated graphite surface, the near identity of 
the kinetic parameters indicates that the 
atomization mechanisms of indium are similar 
for both atomizer surfaces. 

Atomization from the PG surface in the presence 
of palladium 

It has been shown that palladium is an effec- 
tive matrix modifier for the determination 
of indium, which greatly improves the sensi- 
tivity and raises the maximum tolerant ashing 
temperature.3s In this work, the effect of the 
presence of palladium on the atomization 
mechanism of indium is investigated. The 
palladium modifier is pretreated before each 
determination by injecting a 20 ~1 of 100 pg/ml 
Pd into the PG through the sample injec- 
tion hole, drying at 150°C for 30 s and heat- 
ing at 900°C for 30 sec. Figure 5 shows the 
plot of A In(dA/dt + k,A )/A In@’ k2A dt - A ) 
11s A(l/T)/Aln$-” k,A dt -A) from the 
absorbance signal profile for 0.5 ng of In 
ashed at 500°C and atomized at 2600°C from 
the PG surface in the presence of palladium. In 
contrast to Figs 2 and 4, a single straight line 
can be fit well to the plot shown in Fig. 5. This 
means that a single mechanism is active in the 
atomization of indium with palladium. From 
Fig. 5 the activation energy and kinetic order 
are found to be 414 kJ/mol and 0.95, respect- 
ively. No significant influence of the initial 
injected mass of indium studied on the kinetics 
of indium atomization is observed, as shown in 

A(l/‘l’)/Aln(&“k+dt-A) x ld 

Fig. 5. Plot obtained by using equation (4) for 0.5 ng of In 
in the presence of 2 pg of Pd from the pyrolytically coated 

graphite tube. Other conditions as in Fig. I. 

I I I 
0 5.0 

Time.8 
Fig. 6. Absorbance signal profiles for various masses of In 
from the pyrolytically coated graphite tube when 2 pg of Pd 
is used as a modifier: (a) 1; (b) 0.75; (c) 0.5; (d) 0.25 ng. 

Other conditions as in Fig. I. 

Table 2. The first order kinetics can also be seen 
from the concentration study depicted in Fig. 6. 
These results suggest that the atomization mech- 
anism of indium in the presence of palladium is 
different from those for the PG and UG in the 
absence of palladium. 

Figure 7 shows the absorbance signal profiles 
for 0.5 ng of In ashed at 500°C and atomized 
at 2600°C from the PG with (curve A) and 
without (curve B) the palladium modifier. Obvi- 
ously, in the presence of palladium the appear- 
ance of the absorbance signal is significantly 
delayed, and both the peak height and peak area 
are increased. The increase in the sensitivity 
indicates that the use of a palladium modifier 
prevents the formation of gaseous species in the 
presence of palladium. By using Fourier trans- 
form infrared spectrometry, Volynsky et al.” 
found that the palladium modifier sharply 
decreased the reduction temperature of the 
metal oxides with graphite. It was regarded that 
the catalytic property of palladium facilitated 
the carbon reduction of oxides at low ashing 
temperatures. 36 Thus, we assume that in the 
presence of palladium the oxide In,O,(,, is 
rapidly reduced to metallic indium, and the 
resultant indium metal forms the intermetal- 
lit compounds or solid solution37*38 with the 

1.0 r 

” 

Tirm. I 

Fig. 7. Effect of palladium modifier on the absorbance signal 
profile of indium from the pyrolytically coated graphite 
tube: (a) 0.5 ng In + 2 pg Pd; (b) 0.5 ng In. Conditions as 

shown in Fig. 1. 
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palladium metal, thus decreasing or almost 
eliminating loss of the analyte due to the 
formation of gaseous oxide. At the atomiza- 
tion stage, the absorbance is produced owing 
to the release of indium from the solid sol- 
ution with Pd, which may cause the observed 
first order kinetics. The obtained E. value 
(421 + 27 kJ/mol) represents the energy 
required to release the indium in molten palla- 
dium, which depends on the heat of solution 
of the In and the pd. 

Atomization from the zirconium coated graphite 
tube (ZrPG) 

The absorbance signal profiles for different 
amounts of indium atomized from the zirco- 
nium coated graphite tube (ZrPG) under opti- 
mum conditions are depicted in Fig. 8, from 
which the fractional kinetic order for the atom- 
ization of indium from the ZrPG can be seen 
since the peak maximum occurs later with 
increasing analyte mass.34 In order to obtain 
the accurate value of the kinetic order, plots 
of A ln(dA /dt + k2 A )/A In@” k2 A dt - A ) us 
A( l/T)/A In@’ k2 A dt - A ) are constructed. 
Figure 9 shows such a plot from Fig. 8(d). The 
obtained values of the kinetic order and acti- 
vation energy from Fig. 9 are 0.64 and 192 
kJ/mol, respectively. There is no remarkable 
change in the kinetic parameters for indium 
atomization from the ZrPG with the initial 
injected amount of In studied, as can be seen 
from Table 2. The above results imply that the 
atomization mechanisms of indium are different 
for the ZrPG and PG. 

Figure 3 also shows the decomposition (curve 
C) and atomization (curve D) curves for indium 
from the ZrPG. As can be seen, there is no 
significant gap between the maximum toler- 
ant ashing temperature and the appearance 

Fig. 8. Absorbance signals for various amounts of In from 
the zirconium coated graphite tube: (a) 0.9 (b) 0.7 (c) 0.5 (d) 
0.25 ng. Ashing temperature: 800°C. atomization tempera- 

ture: 2400°C. 

0 I 2 3 4 5 6 

A( I/T)/Aln(J,“$Adt-A) x ld 

Fig. 9. Plot obtained from Fig. 8(d) by using equation (4) 
for 0.25 ng of In from the zirconium coated graphite tube. 

temperature in the atomization curve. Thus, 
compared with the PG (curves A and B in Fig. 
3), the ZrPG seems to prevent the formation of 
gaseous species and greatly improves the sen- 
sitivity. It has been suggested that prevention 
of oxide formation may be the main reason for 
the better sensitivity of determinations on the 
refractory element coated fumace.39 Probably 
more active reducing properties of refractory 
element carbides than graphite are responsible 
for the prevention of gaseous oxide for- 
mation.20.” Increase in the absorbance with ash- 
ing temperature below 700°C (curve C in Fig. 3) 
indicates that the reducing activity of ZrC may 
increase with temperature. 

On the basis of the above, the following 
reactions are supposed for indium atomization 
from the ZrPG, similar to those discussed in 
Refs 20, 41; 

Zr% + In2G3(S) --+ ZrcS) + In(,,,, + CO,, 
ZrC(,) + In2% + ZrcS) + In(,,,) + CO,, 

I%/U + 1% 

The resulting metallic zirconium reacts with 
graphite to form ZrC again at high tempera- 
tures, while the formed indium metal vaporizes 
with increasing temperature. The obtained kin- 
etic order of near 213, along with the acti- 
vation energy of 192 kJ/mol, indicates that 
the atomization of indium may be governed 
by the surface area of the sphere of molten 
metal, and the interaction between indium metal 
and zirconium carbide surface is relatively 
weak. 

CONCLUSION 

The kinetics of indium atomization seems to 
be similar for the pyrolytically coated and the 
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uncoated graphite tubes, but different for the 18. 
zirconium coated graphite tube. The use of a 
palladium modifier or of the zirconium coated 19. 
tube changes the path of indium atomization, 20. 
inhibiting the formation of gaseous indium 
oxide, and hence greatly improves the sensitivity 21. 
for indium determination. 
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Summary-This paper describes the synthesis of a new reagent: N,N’ -difuroyl thiourea for the purpose 
of improving coordination capacity of thiourea compounds. It has been characterized by IR, UV, MS 
and ‘H-NMR as well as elemental analytical data. According to the studies on its analytical performance, 
it is found that this reagent can be used to identify Ag+ and Hg2+. Both of their sensitivities and 
selectivities are the best in all methods for the time being. The new methods are simple and convenient, 
and can provide satisfactory results on synthetic and standard samples. 

With many good properties,‘-’ thiourea 
derivatives have been widely applied in industry, 
agriculture, biology, medicine and analytical 
chemistry. Among them, aromatic thioureas 
have been studied in detail.“” However, hetero- 
cyclic thioureas have been little reported 
recently. In order to extend the studies on 
thiourea compounds and improve their 
coordination capacities, we report here the 
preparation of a new reagent: N,N’-difuroyl 
thiourea (DFT). Its spectroscopic and chemical 
properties are described. It has been found that 
DFT can be used to identify Ag+ and H$+. 
The optimum conditions are studied, and the 
processes are compared with other classical and 
common methods.‘“” The applications of the 
new reagent to identify synthetic and standard 
samples are also investigated. 

EXPERIMENTAL 

Znstruments and reagents 

‘H-NMR spectra were recorded on a 
JEOL-FX-90Q spectrometer. Chemical shifts 
are expressed in parts per million (6) relative to 
internal TMS. IR spectra were recorded on a 
Shimadzu IR-408 spcctrophotometer and only 
noteworthy absorptions are listed. Mass spectra 
were determined on a KRTOS-AEI-MS50 
(U.K.) instrument. W spectra were obtained 
on a Perkin-Elmer Lambda 17 W/VIS spectro- 
photometer. Melting point was determined on 
a Kofler apparatus. 

*Author for correspondence. 

All chemicals are analytical grade reagents. 
The concentration of DFT is 0.05% or 0.2%. 
The aqueous solutions of usual anions and 
cations are of lOmg/ml. 

Preparation of DFT 

First, to a 250-ml, round-bottomed flask 
equipped with a reflux condenser protected 
from moisture by a drying tube, was added 
11.2 g (0.1 mol) of 2-furoic acid and 70 ml of 
thionyl chloride, and the flask was put into a 
water bath of 90°C for about 3 hr until no gas 
was given out. The resultant mixture was dis- 
tilled under vacuum and 10.3 g of the expected 
fraction at 66°C (10 mmHg)“’ was collected, 
which is furoyl chloride. The reaction is, 

C.,H30COOH + SOCl, 

+ C,H,OCOCl + SO, + HCl 

Second, thiourea (0.02 mol) and chloroform 
(50 ml) were mixed in a 250-ml, three-necked, 
round-bottomed flask installed with a stirrer, 
reflux condenser and pressure equalizing drop- 
ping funnel. While sharply stirring, 5.22 g of the 
furoyl chloride prepared above, was added drop 
by drop at room temperature. Then, the system 
was removed into the water bath of 70°C. The 
stirring was continued, and six portions of 
triethylamine (1 ml) were put in at intervals of 
30 min, this neutralized the gases produced in 
the process of synthesis. Triethylamine added 
into the system, not only improved the yield, but 
also shortened the reaction time. After 6 hr the 
suspended solid had completely disappeared 
and the reaction had ended. The solvent 
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(CHClJ evaporated and the residue cooled and 
filtered. The crude solid obtained was recrystal- 
lized from 50% alcohol solution to give 3.45 g 
of pale yellow powder (DFT). The yield reached 
65.3%. The reaction is, 

2C4H90COC1 + (NH&X 

+ (C,H30CONH)$S + 2HC1 

Reactions of DFT and usual ions 

We carried out experiments on the reactions 
of DFT and usual ions in different media. 
Among them, usual cations include K+, Na+, 
NH:, Mg2+, Ca2+, SrZ+, Ba2+, Fe3+, Cr3+, 
A13+, Fe2+, Mn2+, Zn2+, Co2+, Ni2+, Cu2+, 
Cd’+, Bi3+, Hg2+, Sb3+, SbS+, Sn’+, Sn4+, 
Ag+ and Pb’+, etc.; usual anions involve F-, 
Cl-, Br-, I-, S2-, SO:-, SzO:-, SO:-, SCN-, 
CO:-, NO;, NO;, PO:-, B,O:-, MOO:-, 
WOi-, VO,, AsO:-, AsO:-, C,O:- and AC-, 
etc. 

RESULTS AND DISCUSSION 

The characterization of DFT 

The following values of different items were 
listed to characterize DFT. 

IR (KBr, cm-‘): 3340 (N-H), 3125 and 3110 
(C-H), 1740 (C=O), 1240 (C=S). ‘H-NMR 
(acetone-d,, 6): 

5.86 (m, 2H,HT&), 

7.80 (t, 2H, -II”), 

8.83 (d, 2H, &$), 

12.12 (S, 2H, -NH-). MS (m/z): 95 (the 
basic peak, (C,H,OCO)+), 170 (a typical frag- 
mentary ion peak, C4H30CONHC(S)NH2), 
264 (the molecule ion peak, M + 1). W (sol- 
vent: CHCl,): 332.8 nm (2.63 x lo4 l/mol/cm). 
anal. calcd. (%) for C,,H,N,O,S: C, 50; H, 
3.03; N, 10.61. Found (%): C, 49.86; H, 3.10; 
N, 10.92. 

The application in analytical chemistry 

Physical properties. DFT, m.p. 180, is quite 
stable. No changes took place with long 
periods of storage. It is insoluble in water, 
slightly soluble in alcohol, but soluble in 
acetone, chloroform, DMF, DMSO and hot 
alcohol. 

Table 1. Reactions of DFT with some cations 

DFT 
concentration 

Cation Medium (%) Phenomenon 

Ag+ NH,. H,O 0.05 Brown sol. 
HgZf HCI 0.2 

;j: 

White prtip. 
HNO, 0.2 Brown precip. 

NH,.H,O 0.2 Yellow precip. 
cur+ Neutral medium 0.2 Yellow precip. 

Chemical properties. No characteristic 
phenomena were observed in either acid or 
alkaline media when DFT is mixed with usual 
anions; neither were the usual cations except 
Ag+, Hg2+, Hg: + , Cd2 + and Cu2 + , which can 
react with DFT to give distinct phenomena 
in certain media. The conditions listed in 
Table 1 were determined in light of the clearest 
phenomena. 

As shown by the characteristic phenomena 
in Table 1, it is deduced that DFT can be a 
potential specific reagent to identify ions. Since 
Ag+ and Hg2+ showed higher sensitivity and 
selectivity, we chose the two cations for further 
studies. 

IdentiJication of Ag+ and Hg2+ 

(I) Identification of Ag+. In a centrifugal 
tube, one drop of Ag+ stock solution was 
treated by one drop of NH, .H,O (6 mol/l), and 
two drops of 0.05% DFT solution. After the 
tube was shaken, the brown color appeared, 
which indicated the presence of Ag+. 

(2) ZdentiJication of Hg*+. In a centrifugal 
tube, one drop of Hg2+ stock solution was 
acidified by one drop of HCI (6 mol/l); three 
drops of 0.2% DFT solution were added, and 
the tube was shaken. The appearance of white 
color precipitation indicated the presence of 
Hg’+. 

Conditional experiments 

(1) E&cts of media. Usual acids (H2S04, 
HNO, , HCl, HAC) and alkalis (NaOH, 
NH, * H,O) of different concentrations were 
used as media in which the ions were revealed 

Table 2. The sensitivities of Ag+ and Hg2+ 

Limit of Concentration 
Sensitivities identification limit 
ions (I@?) (pgglml) *PDm 

Ag+ 0.015 0.5 6.3 
Hg2+ 0.03 1 6 

*PD = 6 - log f (u is the volume of ion solution (ml), 
’ m is limit of identification). 
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Interfering 
ions 

Table 3. Tolerance limits of interfering ions 

Identified ions Identified ions 
Interfering 

Ag+ Hg2’ ions Ag+ HBf’ 

K+ 
Na+ 
NH: 
Mg2’ 
Ca*+ 
!ItJ+ 
Ba2+ 
Fe’+ 
Fe*+ 
Cr’+ 
AP+ 
Mnr+ 
Zn2+ 
co2+ 
Ni2 + 
cur + 
Cd2+ 
Bi’ + 
Hg2+ 
Sb’+ 
Sb5+ 
Ag+ 

1:5ooo 
1:5ooo 
I:5000 
1:2ooo 
1:2ooo 
1:looo 
1:looo 
I:10 
I:100 
1:200 
1:500 
I:200 
I:200 
I:100 
1:loo 
I:100 
1:1000 
I:500 
1:lO 
1: 100 
I:100 

Pb2+ 1:200 

1:5000 
1:5txJo 
I:2500 
I:5000 
1:500 
1:5ooo 
1:5ooo 
I:500 
I:500 
1:2ooo 
1:5ooo 
1:5ooo 
1:SOOO 
1:2ooo 
1:2ooo 
I:1000 
1:looo 
I:1000 

1:looo 
I:1000 

Sn2+ 
Sn4+ 
F- 
Cl- 
Br- 
I- 
S2- 
so:- 
CG- 
s,o: - 
NO, 
NO; 
PO: - 
BG- 
MOO: - 
wo:- 
vo, 
As@- 
AsO: - 
SCN- 
cza- 

so:- 

AC- 

1:200 
I:500 
I:200 
1:500 
I:100 
I:10 

1:5Gu 
1:200 
I:200 
1:1000 
1:looo 
1: loo0 
1:500 
1 :200 
I:500 
I:500 
I:500 
I:500 
1:250 
1: 1ooo 
I:250 
1:1ooa 

I:700 
1:500 
I:2500 
1:3ooo 
I:10 

1:2ooo 
I:20 
1:4 
I:1500 
I:1500 
I:2500 
1:20 
1: 10 
I:2500 
1:lOOO 
1:looo 
1:2ooo 

1:2500 
1:200 
1:lootJ 

with DFT. According to experiments, the 
optimum media and concentrations for iden- 
tifications of Ag+ and Hg* + are NH3 * H,O 
(6 mol/l) and HCI (6 mol/l), respectively. 

(2) Dosage test of DFT. One drop of stock 
solution of metal ion was treated with ammonia 
or acidified according to the methods described 
above. DFT solution was added drop by drop 
to reveal them thoroughly. It was finally shown 
that DFT dosages were two and three drops for 
identifying Ag+ and Hg2+ , respectively. 

(3) Sensitivities. The process was carried 
out according to the standard methodI on 
sensitivity. The results are shown in Table 2. 

(4) Interference of coexistent ion. Tolerance 
limits of interfering ions were expressed as the 
ratio of amount of identified ions to that of 
interfering ions, which are shown in Table 3. 

(5) Elimination of interfering ions. (a) For 
Ag+ identification. Interference of S*- could be 
eliminated by acidifying the sample with HN03, 

then heating the solution to vaporize the excess 
nitric acid. Interferences of large amounts 
of Cu2+, Co2 + and Ni2+ could be eliminated 
by precipitating them with ammonium salt, 
and the supernatant can be identified after 
centrifugation. 

(b) For H&+ identification. The interference 
of I- could be eliminated by adding Ag+; S2- 
and SCN- could be dispelled with aqw regia 
(HCI: HNOF~: 1). No interferences of Ag+, 
H& + and Pb2 + were involved because they were 
precipitated in the HCl medium. 

(6) Application to samples. (a) Identification 
of synthetic samples. The results with DFT 
as an identification reagent showed a good 
agreement with known samples (Table 4). 

(b) Identification for standard samples. By 
means of the appropriate methods, we disposed 
of standard samples including polluted farm- 
land, positive mud of copper, deposit of hydro- 
graphic net, lead and zinc minerals. The results 

Table 4. Identification for synthetic samples 

No. Solution state Medium Phenomenon Result Components in solution 

A Yellow precip. NH,. Hz0 Brown tAg+ Ag+, Hgr+, Cl-, Br-, PO:- 
HCI White precip. tHg2+ K+, Na+, Mg2+, Zn2+, Co2+, S,O:-, Ca2+ 

B Blue sol. NH,.H,O Brown tAg+ Ag+, CO:-, Ni2+, Cr’+ 
HCl * #Hg2+ Cu2+, NO,, AC-, Sq-, Asq-, Fe’+ 

C Brown sol. NH,. Hz0 * tAg+ 
tHB2’ 

Hgr+, Mg2+, Cu2+, Sn2+ 
HCl White precip. Zn2+, S2-, I-, F-, !I#-, H$+ 

D Yellow turbid sol. NH,. H,O + $Ag+ Srr+ Al’+, Co2+, Ni2+ 
HCl * $Hs2’ Pb’;, I-, SO:-, Cq- 
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Table 5. Identification for standard samoles 

Samnle Medium Phenomenon Result 

Positive mud of copper NH,. H,O 
HCI 

Polluted farmland NH,.H,O 
HCI 

Lead mineral NH,.H,O 
HCl 

Zinc mineral NH,.H,O 
HCI 

Deposit of hydrographic net NH,.H,O 
HCI 

*No distinct phenomenon taking place. 
TExistence of the ion in the sample. 
$Nonexistence of the ion in the sample. 

Brown 
* 
l 

White precip. 
Brown 

* 

Brown 
l 

Brown 
White pm&p. 

tAg+ 
SHg2+ 
SAg+ 
t&I?+ 
tAg+ 
$HgZ+ 
tAg+ 
SHg2+ 
t&x+ 
tHg2+ 

Table 6. Comparison of DFT with other reaaents 

Ion Reagent Medium PD Interference Reference 

W 

Hg2+ 

HCl HNO, 4.8 H&:+ 12 
diethylaminobenxylidenerhodanine Acid sol. 5.5 Hg, Au, Pd, Bi, Pb 13 

S-(pdimethylamino~beylidene)-rhodanine Acid sol. 6.2 Hgr+, Cu*+ 14 
NH,.H,O 6.3 S- 

diphenylcarbaxone HNO, 5 CrO.-, MOO:-, Au, V, 15 
Cl-, Br-, I-, CN-, SCN- 

dithizone HNO, 6 Cu, Ag, Au, Bi, Pd 16 
Cu,I* HCl 5.8 H&+ 17 
DFf HCl 6 I-, SCN-, S*- 

were correspondent with components marked 8. 
(Table 5). 

9. 

Comparison of DFT with other reagents 
10. 

As shown by sensitivities and selectives in 11. 
Table 6, DFT can be regarded as the best 12. 
reagent to identify Ag+ and Hg*+ up to now. 13, 

I. 

2. 

3. 

4. 

5. 

6. 

7. 
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Summary-Derivative photometric methods for trace analysis of Th(IV) and UOr(II), and their 
simultaneous determination in mixtures using S$-dihydroxy-l&naphthoquinone in a micellar medium 
are reported. Molar absorptivity and Sandell’s sensitivity of I:2 Th(IV) and 1: 1 UO,(II) complexes at 
their J._, 614.5 nm and 637.0 nm are, 1.19 x 10’ l/mol/cm and 1.12 x I@ l/mol/cm and 1.95 x IO-* 
rg/cm* and 2.13 x 10e2 rg/cm*, respectively. Calibration graph is linear over the range 9.28 x IO-*-l856 
pg/ml of Th(IV) and 9.52 x lo-*-19&l pg/ml of U02(II). Though presence of Th(IV) and U02(II) causes 
interference in each others determination, 9.28 x lo-‘-9.28 &ml Th(IV) and 9.52 x 10-i-9.52 pg/ml 
UO,(II) when present together, can be simultaneously determined using derivative spectra. 

Important reagents for spectrophotometric 
determination of Th(IV) and UO,(II) in- 
clude arsenazo I, arsenazo III, thorin and 
chlorophosphonazo III, usually require a pre- 
liminary step to extract the analyte from com- 
plex matrix by organic solvent(s).‘-3 The 
aforesaid reagents, though sensitive, lack selec- 
tivity. Besides being cumbersome, such pro- 
cedures have inherent sources of errors. The 
spectrophotometric determination of Th(IV) 
and U02(II) must be preceded by pre-separ- 
ation when the two are present together in a 
mixture as interference is caused due to spectral 
overlap.4g’ 

Though claims are often made regarding the 
sensitivity and selectivity of NAA, ICP-AES, 
and ICP-MS some of the interferences, to which 
these procedures are subjected to, are poorly 
understood and continue to cause problems.“’ 
Therefore, development of sensitive and selec- 
tive photometric methods continue to be of 
interest in spite of recent developments in ASS, 
ICP-AES and ICP-MS.6 

The use of micellar media”” and derivative 
spectrophotometry”~‘Z not only offers con- 
venient solutions to a number of analytical 
problems such as avoiding extraction processes, 
resolution of multicomponent system and 
matrix background, but also enhances the sensi- 
tivity and selectivity of the method. 

*Author for correspondence. 

The present communication describes 
sensitive and inexpensive methods for the 
determination of microamounts of Th(IV) 
and UOz(II) using 5,8-dihydroxy-1 ,Cnaphtho- 
quinone(DHNQ), as a chromogenic ligand’>” 
in a micellar medium generated by Triton X- 
100, a neutral surfactant. A simple and rapid 
procedure is developed for simultaneous deter- 
mination of Th(IV) and UO1(II) in aqueous 
phase without any pre-separation or extraction 
using derivative spectrometry. 

EXPERIMENTAL 

Chemicals 

Stock solutions (O.OlM) of Th(IV) and 
UO,(II) were prepared by dissolving re- 
quisite amounts of Th(NO,), . 5H20 and UO1 
(NO,), . 6Hz0, respectively in water containing 
few drops of nitric acid. Solution (4.0 x 10m4M) 
of DHNQ was freshly prepared everyday by 
dissolving 7.61 mg of the ligand in minimum 
amount of 0.2M sodium hydroxide at 40°C. 
This solution was acidified after adding 4.0 g 
Triton X-100 and finally diluted with water to 
100 ml. 

Appropriate amounts of the solutions of 
Th(IV) or UOz(II), DHNQ, Triton X-100 
and ammonium acetate (buffer) were taken to 
give final concentration of 4.0 x 10esM, 2.0 x 
10m4M, 2.0% w/v and 5.0 x 10e3M in all 
working solutions, respectively, unless stated 
otherwise. 

TN. 40,02-F 1851 
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Instruments 

Absorption spectra were recorded on a Shi- 
madzu W-visible recording spectrophotometer 
(Model W-260), capable of taking first to 
fourth order derivative spectra with AA values 1, 
2, and 4 nm; lo-mm fused silica cells were used 
for absorption measurements taking water as 
reference. The pH of the solutions were 
measured on an EC digital pH-meter (Model 
PH 5662). 

First and second derivative spectra were 
recorded directly on W-260 using data com- 
mand-chain mode, with A1 2 and 4 nm, respect- 
ively and a bandwidth of 1 nm. 

Procedure 

Determination of Th(zV)/UO,(II). To study 
the effect of pH on complex formation, two 
series of solutions, one with metal ion and the 
other without it, each in the same pH range 
(2.0-12.0) and containing DHNQ, Triton X-100 
and ammonium acetate, were prepared. 

To investigate the effect of surfactant 
concentration on the ligand and the com- 
plex, a set of solutions containing increasing 
amount of Triton X-100 and a fixed amount of 
DHNQ, the metal ion and ammonium acetate 
at optimum pH, was prepared for each 
system. 

To evaluate the impact of varying metal ion 
concentration on complexation, a series of sol- 
utions containing increasing amount of the 
metal ion and a fixed amount of DHNQ, am- 
monium acetate and Triton X-100 at optimum 
pH, was prepared. 

Simultaneous determination of Th(IV) and 
UO,@). A set of solutions containing increas- 
ing amounts (9.28 x 10-r-9.28 pg/ml) of Th(IV) 
and another containing increasing amounts 
(9.52 x lo-‘-952 pg/ml) of UOt(II) ions, each 
having a fixed amount of DHNQ and Triton 
X-100, were prepared. The first and second 
order derivative spectra of both sets were 
recorded on the same chart in order to locate the 
isodifferential points. To obtain the isodifferen- 
tial points on zero-line, spectra have been 
recorded with reference to ligand blank. The 
calibration graph for the determination of 
Th(IV) was prepared by measuring derivative 
amplitudes at isodifferential points of UOZ(II) 
and vice versa for UO*(II). Concentration of 
Th(IV) and UOZ(II) ions in the mixture was 
then determined using these graphs. 

RESULTS AND DISCUSSION 

E$ect of pH on the absorbance of the systems 

Th(IV)-DHNQ and UOZ(II jDHNQ com- 
plexes in neutral micellar media show pH depen- 
dent absorption maximum at 614.5 and 637.0 
nm, respectively whereas DHNQ shows maxi- 
mum absorption at 490 nm. As the ligand also 
absorbs at the 12,, of the complexes, the ab- 
sorbance due to complex was calculated by 
taking the differences between the absorbances 
of the complex and the ligand, each recorded 
against water. It was then plotted against pH of 
the solutions in each case (Fig. 1). The graph 
indicates that complexation of Th(IV) and 
UO,(II) commences at pH 4.7 and 5.0, respect- 
ively and increases up to pH 5.9 and 6.1. 
Relative absorbance w.r.t. ligand of the sol- 
utions containing the complex remains practi- 
cally constant (&2.0%) from pH 5.9 to 7.2 
and 6.1 to 7.3 in the two cases but decreases 
thereafter due to higher extinction of the depro- 
tonated DHNQ formed at pH 2 7.3. Further- 
more, it is inferred from the plot that maximum 
complex formation takes place at pH 6.4 and 6.5 
in case of Th(IV) and UOZ(II), respectively. All 
absorption studies are carried out at these pH 
values and at 614.5 and 637.0 nm, the wave- 
lengths of maximum absorption of the com- 
plexes in the two cases. 

Eflect of the nature of surfactant 

Effect of the presence of anionic surfactant 
[sodiumlauryl sulphate (SLS)], cationic surfac- 
tants [cetylpyridinium chloride (CPC) and 
cetyltrimethylammonium bromide (CTMB)] 

A I 
I I Q X max6l4Zhm 

PH- 

Fig. I. Effect of pH on complex formation; (60) 
DHNQ-Th(IV) and (0) DHNQ-UO,(II) complexes in 

micellar media. 
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and non-ionic surfactant (Triton X-100, CMC 
3.2 x 10-4M)‘6 on the absorption profiles of 
each system has been studied. As anionic surfac- 
tants generally sequester the metal ions, the 
complexation reaction is inhibited in their pres- 
ence in contrast to cationic and non-ionic sur- 
factants! Moreover, cationic and non-ionic 
surfactants have a marked effect on the ab- 
sorbance characteristics of DHNQ as well as its 
thorium and uranyl complexes. Since cationic 
surfactants form ternary species of different 
optical properties as a function of pH, a non- 
ionic surfactant, Triton X-100 was selected for 
micelle formation during the present study. A 
sharp increase in absorbance with increasing 
Triton X-100 concentration up to 2.0% was 
observed in case of both the complexes. As a 
small decrease in absorbance was observed at 
concentration 22.25% w/v, the amount of the 
Triton X-100 was, kept at 2.0% w/v (which is 
greater than CMC) during subsequent investi- 
gations. 

Effect of time and reversibility of the complex- 
ation reactions 

It is inferred from the absorbance spectra that 
DHNQ and its Th(IV) and UO,(II) complexes 
are optically stable up to 24 and 12 hr, respect- 
ively at room temperature (20-25°C). Change in 
absorbance of the system on reverting from a 
higher pH to the optimum pH was investigated 
for each system. The complexation reaction, in 
the two systems are found to be reversible 
between pH 6.4-12.0 and 6.5-12.0, respectively. 

E@ct of varying DHNQ concentration 

To study this effect, spectra of a set of sol- 
utions containing fixed amount of the metal ion 
and the surfactant but increasing amount 
(4.0 x 10T6-2.8 x 10m4M) of DHNQ was 
recorded. In each case, the absorbance has been 
found to increase with concentration of the 
ligand. It is attributed partly to the increased 
amount of the complex formed and partly to the 
absorption by the ligand at &,, of the com- 
plexes. Absorbance values were, therefore, cor- 
rected for the absorption of the uncomplexed 
ligand and plotted against molar concentration 
of the ligand for each system. The plot remains 
practically constant (< f 4.0%), between 5: 1 
and 209 (L:M) in case of Th(IV) and 4:l to 
30: 1 (L: M) in the case of UO,(II) complex 
(Fig. 2). During further studies, therefore, con- 
centration of the ligand was kept between the 
above mentioned limits, wherever possible. 

Number of chromogenic species and their 
stoichiometry 

The number of chromogenic species formed 
in each case has been evaluated by computerized 
calculation on the rank of the absorbance 
matrix,” prepared by measuring absorbance of 
a set of solutions at a number of different 
wavelengths (from 400 to 740 nm) and at vari- 
ous pH or concentration of the components, 
assuming additivity of absorbances. The rank of 
the matrix defines the number of non-zero el- 
ements on the diagonal of the matrix and corre- 
sponds to the number of absorbing species in 

@X_mgx 637eOnm 
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Fig. 2. Effect of DHNQ concentration (4.0 x 10m6-2.8 x lo-‘M) on absorbance of (a) thorium and (@) 
many1 complexes in micellar media. 
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the system. The rank is determined by triangu- 
larizing the absorbance matrix (i.e. all elements 
below principal diagonal are zero) based on the 
method of Gaussian elimination. Rank is then 
determined by comparing the diagonal elements 
of reduced absorbance matrix with an assumed 
error matrix. Consequently, three absorbing 
species have been inferred to be present in the 
solution of DHNQ-Triton X-100 when the over- 
all absorbance error for the absorbance matrix 
of DHNQ-Triton X- 100 system was varied from 
0.0026 to 0.0120 absorbance units. This was 
consistent with the expected presence of three 
species, i.e. H,NQ, HNQ’-, NV- in the pH 
range 2.0-12.0. However, only the first two exist 
under experimental conditions. Three species 
also exist in solution following complexation in 
each case, when the value of error matrix is 
varied between 0.0028 and 0.0150 absorbance 
units. Thus, it may be inferred that only one new 
chromogenic species is formed during complex- 
ation of Th(IV) and UOz(II) with DHNQ in a 
neutral surfactant medium. 

Stoichiometry of the complexes formed 
under optimum experimental conditions was 
determined by Job’s method of continuous vari- 
ations.‘* The ratio of Th(IV) to DHNQ and 
UO,(II) to DHNQ in the neutral micellar 
medium is found to be 1:2 and 1: 1 (M:L), 
respectively; stoichiometry of the thorium com- 
plex is in agreement with the value in the 
organic phase reported by Moeller et ~1.‘~ 
The complexes existing in solution are, there- 
fore, represented as [Th(HNQ)2]2+ and 

WO,WNQ)I+, where HPNQ denotes the 
molecular form of DHNQ. 

Effect of varying metal ion concentration 

Normal as well as derivative spectra of a set 
of solutions containing increasing amount of 
metal ion at a fixed and excess amount of the 
ligand have been investigated to use the devel- 
oped method for trace analysis of these metal 
ions. An increase in concentration of the metal 
ion linearly increases the absorbance [Figs 3(a) 
and 4(a)] at 1, of the complexes. Linear re- 
gression of the plot between metal ion concen- 
tration and the absorbance gives a straight line 
equation with positive intercept in both systems 
(Table 1). The observed absorbance values have, 
therefore, been corrected for absorption of the 
uncomplexed ligand to give [Ai],, the corrected 
absorbance at 1, of the complex (equation 

(1)). 

[Ail, = (4Lmp - t(vh - R 
(A ‘Lmp x (Vi)MI (v)L 

[ 1 
(1) 

where (4)comp is absorbance of the complex at 
Iz max ; (A ‘Lnp is absorbance of the ligand alone 

at A,, of the complex and (v),,,,, the molar 
volume of the metal ion solution. Subscript i 
denotes the serial number of the solution; R, the 
stoichiometry of the complex and (V),, the 
molar volume of the ligand are constant 
throughout the experiment. Linear regression of 
[Ai]c values gives improved linear plot in each 
case, as shown by the value of linear regression 
coefficient (Table 1). 

The first order derivative spectrum in both 
systems is of great analytical value as & of 
Th(IV) and UOr(I1) complexes corresponds to 

Table I. Linear regression analysis of Th(IV) or UO,(II) ion concentration (pg/ml) and absorbance in normal and 
derivative modes 

Th(IV)-DHNQ-Triton X-100 
Regression 

Straight line equation coefficient 

UO, (II)-DHNQ-Triton X- 100 
Regression 

Straight tine equation coefficient 

Normal mode: 
Absorption at 614.5 nm 
[A] = 2.586 x 1O-2 [T] + 2.147 x 10-l 0.9919 
[A E = 3.372 x 10-2[T] + 3.080 x 1O-2 0.9952 

First derivative mode: 
lTTp rm = 5068[T] - 5.972 0.9966 

55s M1 = 3.164[T] + 1.410 0.9889 
IT%2 m = 3.837[T] + 3.406 0.9973’ 

Second derivative mode: 
l-W,,, m = 2.934[T] + 2.821 0.9916* 

*Recommended for determination/detection. 

Absorption at 637.0 nm 
[A] = 1.229 x lo-2[fJ] + 7.773 x 10-r 
[A I, = 1.345 x lo-2[U] + 2.221 x 10-Z 

[T%2 am = 2.106[U] + 3.084 
WI,,, ,“,, = 2.771(CJ] + 3.764 
[TDlw nm = 2.274[U] + 6.578 

;Tp MI = 2.269[LI] + 6.716 
Mr ~ = 1.51O[LI] + 5.719 x 10-l 

0.9957 
0.9964 

0.9969 
0.9968* 
0.9918* 

0.9954* 
0.99g4* 

PH = peak height; TD = trough depth; [A E = corrected absorbance; [T] and [LI] = concentration of Th(IV) and 
U02(II) ions (fig/ml), respectively. 
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first order and (c) second order derivative spectra. 
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Table 2. Photometric characteristics of Th(IV)-DHNQ and 
UO,(II)-DHNQ complexes in micellar media 

Photometric parameters Th(IV)-DHNQ UO,(II)-DHNQ 

&a (nm) 614.5 637.0 
Molar absorption coefficient (E) 1.19 x lti 1.12 x 104 

(I/mol/cm) 
Specific absorptivity (a) 5.13 x 10-Z 4.71 x 10-r 

W/g/cm) 
Sandell’s sensitivity (S)r 1.95 x 10-2 2.13 x IO-* 

h/cm 7 
Detection limit (IUPAC)19 

n = 25, k = 3 (nglml) 
Stoichiometry (M : L)‘* 

25 33 

1:2 1:l 

the cross-over point at 614.5 and 637.0 nm, 
respectively [Figs 3(b) and 4(b)]. Peak height 
[PI-II and trough depth [TD], measured from the 
base line of the ligand or zero-line of the 
derivative spectrum of the complexes are pro- 
portional to the metal ion concentration [Figs 
3(b) and (c), and 4(b) and (c)], as shown by a 
good linear fit (Table 1). These are, therefore, 
recommended for the determination/detection 
of the metal ions. Beer’s law is found valid 
between 9.28 x lo-?-18.56 pg/ml and 
9.52 x lo-‘-19.04 pg/ml of Th(IV) and UO*(II) 
ions, respectively. 

Photometric parameters of both systems, cal- 
culated from the corrected absorbance value, 

[Ai]c (all w.r.t. metal ions), as well as IUPAC 
detection limitsI are summarized in Table 2. 

Conditional stability constant 

The conditional stability constant20~2’ of the 
complexes formed under optimum conditions 
was calculated on the basis of the following 
equilibrium as only one complex is inferred to 
be formed on the basis of spectrophotometric 
studies reported above. 

Th4+ + 2H2NQ z$ [Th(HNQ),12+ + 2H+ 

UO:+ + H2NQ z$ [UO,(HNQ)]+ + H+ 

The conditional stability constant (k ‘) based on 
concentration and absorbance (corrected, [pie) 

Table 3. Effect of diverse ions in the determination of (a) thorium (4.760 lg/ml) and (b) uranyl (9.520 rg/ml) ions with 
DHNQ in micellar medium 

Diverse 
ions 

Concentration Concentration 
added (pgglml) % error Diverse added ( Wml ) % error 
(a) (b) (a) @) ions (a) (b) (a) (b) 

Cations: 
MO(W) 
UG,(II)/Th(Iv) 
VO(II) 
BOII) 
Ga(II1) 
Tl(II1) 
Bi(II1) 
Fe(II1) 
Ca(II) 
Sn(I1) 
Mn(I1) 
Cu(II) 
WII) 
Ni(I1) 
Li(1) 
Anions: 
Fluoride 
Bromide 
Thiocyanide 
Tartrate 
Oxalate 
Phosphate 

1.00 
0.20 
0.05 
5.00 
0.05 
5.00 
2.08 
0.05 

30.0 
1.00 
5.00 
5.00 

10.0 
0.05 
0.50 

2.00 
80.0 

5.00 
0.10 
1.00 
0.10 

0.10 
0.05 
5.00 

10.0 
0.05 

20.0 
20.0 
0.05 

40.0 
1.00 
5.00 
0.50 

10.0 
0.50 
0.05 

20.0 
50.0 
2.80 

50.0 
1.08 
1.00 

1.47 1.64 ww 
-0.40 2.10* Ce(IV) 

1.03t 0.92t Zr(IV) 
1.62 0.48 Al(E) 
1.85 1.94t In(II1) 
1 .ost -0.767 As(II1) 
I .47 0.29t Cr(III) 
1.91t 2.11t* Au(W) 
0.92 1.02 Mg(II) 
2.12* 1.22 Pb(II) 
1.43 0.96 Co(H) 

- 1.30t - 1.22t Zn(II) 
1.15 -0.45 Hg(II) 
2.12t* 0.76 Be(E) 
1.97 1.74 Ag(I) 

1.58 0.22 Chloride 
1.70 1.39 Iodide 

-0.25 1.52 Ascorbate 
-0.61 -1.10 Citrate 

1.03 1.81 EDTA 
-1.91 -0.50 Acetate 

0.20 
0.20 
0.10 
0.01 
0.10 

20.0 
0.10 
0.20 
5.00 
2.00 
0.05 
0.05 
2.08 
0.01 

10.0 

360 
130 
1.08 
0.20 
0.20 
600 

70.0 1.41 
0.10 2.14* 
1.00 1.85 
0.01 3.21* 
1.00 1.62 
2.08 -0.99 
0.50 -0.487 
0.20 1.41 
2.00 1.30 
0.20 1.74 
0.50 1.70t 
0.50 1.81 

10.0 1.55 
0.01 1.22 

70.0 1.87 

-0.29 
1.22 

-0.88 
2.11* 
0.93t 
0.93 

- 1.14t 
1.98 

-0.36 
0.86 

-0.63t 
0.93 
1.64 
1.17 

-0.80t 

300 -0.46 1.50 
5.00 1.45 1.85 

50.0 1.26 1.94 
0.20 0.29 -1.64 
0.20 -1.83 -1.60 
500 0.46 0.93 

*Strongly interfere. 
tPrecipitation at high concentration. 
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Fig. 5. Derivative spectra of two sets of solutions; Nos. 1-5 containing increasing concentration 
(9.52 x 10-i-9.52 pg/ml) of UO,(II); and Nos. 6-10 containing (9.28 x IO-‘-9.28 rg/ml) Th(Iv); both 

having 4.0 x IO-‘it4 DHNQ. (a) First order and (b) second order. 

values of Th(IV) and UO,(II) complexes has 
been found to be 2.29 x IO5 l/mol and 1.12 x 10’ 
l/m01 (average of six values), respectively. 

Eflect of diverse ions on the determination of the 
analyte 

Interference in the photometric determination 
of Th(IV) and UOz(II) from a number of com- 
mon cations and anions has been investigated in 
normal as well as derivative modes to evaluate 
the practical utility of DHNQ. This was studied 

0.006 
(a) 

by adding the varying amount of the foreign 
ions (in pg/ml) to a solution containing fixed 
amount of Th(IV) (4.760 pg/ml) or UO*(II) 
(9.520 pg/ml), DHNQ, Triton X-100 and am- 
monium acetate, and measuring the change in 
absorption profiles. Limiting concentration of 
the diverse ions that does not interfere in the 
analysis of Th(IV) and UOz(II) ions are sum- 
marized in Table 3. The complexation reaction 
of Th(IV) and U02(II) ions with DHNQ in 
presence of neutral micellar media are masked 

0006 

-0.009 I I 1 
> 555 640 690 649 69t 

WAVELENGTH (nm)- WAVELENGTH (nm)- 

Fig. 6. Second order derivative spectra of DHNQ complexes of Th(IV) and UOr(I1); (a) Th(IV) 3.712 
rg/ml and 3.808 (1). 5.712 (2) and 7.616 (3) pg/ml UO,(II) and (b) UOr(I1) 3.808 pg/ml and 3.712 (I), 

5.568 (2) and 7.424 (3) &ml Th(Iv). 
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Table 4. Comparison of the analytical methods for simultaneous determination 

Sensitivity, Linear dynamic RSD, 
Element S, = SJm C,(k = 3) range % 
determine Method (w/ml 1 (w/ml 1 (&ml ) (n = 6) 

Th(Iv) 1st derivative 39.6 1.19 x l@ 3.96 x 102-9.28 x lo3 1.12 
2nd derivative 13.0 39.0 1.30 x 102-9.28 x lo3 0.23 

UWII) 1 st derivative 55.0 1.65 x 102 5.50 x lo*-9.52 x Iti 1.09 
2nd derivative 9.3 27.9 9.30 x IO’-9.52 x 10’ 0.24 

by the presence of tartrate, EDTA and phos- 
phate, and citrate and EDTA, respectively. Fur- 
ther, masking agents such as citrate, tartrate, 
EDTA and phosphate have also been used to 
overcome the interference from a number of 
cations, but these did not help. High order 
derivative spectrophotometry, a relatively new 
and fast developing technique has also been used 
to determine Th(IV) and UO*(II) in the presence 
of interfering ions, as derivatization of spectra 
resolves overlapping peaks of normal spectra 
into separate peaks and troughs, and crossover 
points. This technique is useful in case of strongly 
interfering cations of Be, Al, Fe, Au, Ce, VO, Th 
or UOZ and Ni. Amongst these Th and UOZ have 
been selected for detailed investigations; U02 
has been determined in presence of Th and vice 
versa, using derivative spectrophotometry. 

Simultaneous determination of Th(W) and 

UWW 

Since presence of Th(IV) and UO,(II) ions 
causes interference in each other’s photometric 
determination, a pre-separation is to be carried 
out before their determination in a mixture. 
Analytical advantages offered by derivative 
spectrophotometry22,23 have been made use of to 
anaIyze a mixture containing these two ions 
without any prior separation. For this purpose, 
instrumental parameters such as scan speed, 
wavelength increment (An ) over which deriva- 
tive spectra were recorded, response time and slit 
width, which affects the shape of derivative 
spectra, were optimized w.r.t. reduction of noise 
level, stability of zero points or crossover points 
and isodifferential points. Consequently, a Al of 
2 and 4 nm for first and second derivative modes 
is found optimum for the least signal-to-noise 
ratio for recording derivative spectra. A 1 nm slit 

*Determination of UO,(II) at T, and Th(IV) at U, is 
recommended, based on large dynamic range and better 
sensitivity (Table 4) and large values of r; [u] and [T] 
is concentration in (fig/ml) of UO,(II) and Th(IV) ions, 
respectively. Linear plots are obtained for Th(IV) and 
UO,(II) ion concentration from 9.28 x 10-l to 9.28 
pg/ml and 9.52 x 10-l to 9.52 pg/ml at the isodifferential 
points of uranyl and thorium complexes, respectively. 

width was selected as it does not significantly 
alter the spectral resolution. A scan speed of 40 
nm/min was found optimum. This automatically 
optimizes the response time. 

Th(IV)-DHNQ and UOZ (II)-DHNQ com- 
plexes show one isodifferential point in each 
derivative mode [Figs 5(a) and (b)]. Calibration 
graphs for the determination of uranyl ions were 
prepared by measuring change in derivative 
amplitude, dA/dl [T,] and d*A /dlZ ’ [TJ at 614.5 
and 604.5 nm, respectively, the isodifferential 
points of thorium complex. Similarly for Th(IV) 
ions, change in derivative amplitude, dA /dA [V,] 
and d2A /dR * [U,] at 637.0 and 65 1.5 nm, respect- 
ively, the isodifferential points of uranyl complex 
have been measured. The linear regression analy- 
sis of the change in derivative amplitude at 
isodifferential points on the metal ion concen- 
tration shows following relationship with good 
linear fit as evidenced by their residue square 
values (r). 

[T, 1m.s m = 3.386 [U] + 1.392; 

(r = 0.9984) (2) 

P’21604.5nm = 5.087 [U] + 3.339 x IO-‘; 

(r = 0.9985)* (3) 

rw637.*nm = 6.782 [T] - 1.601 x IO-*; 

(r = 0.9972) (4) 

W2165,.5 nm = 2.505 [T] + 4.698; 

(r = 0.9992)$ (5) 

Table 5. Quantitative determination of thorium 
(9.28 x 10-l-9.28 pg/ml) and uranyl (9.52 x lOA’-9.52 

rg/ml) in mixtures using DHNQ 

Taken (pgglml) Found (pg/ml) Relative error (“A) 
SK. 

No. Th(IV) UO,(II) Th(IV) UO*(II) Th(IV) UO1(II) 

1 0.928 0.952 0.936 0.939 0.86 - 1.37 
2 0.928 3.808 0.938 3.875 1.08 1.76 
3 1.856 2.856 1.841 2.877 -0.81 0.73 
4 3.712 3.808 3.693 3.736 -0.51 -1.89 
5 3.712 4.760 3.650 4.820 -1.67 1.26 
6 6.496 2.856 6.638 2.803 2.19 -1.86 
7 6.496 4.760 6.444 4.795 -0.80 0.73 
8 4.640 6.664 4.665 6.685 0.54 0.31 
9 5.568 2.856 5.668 2.785 1.79 -2.49 

10 7.424 9.520 7.503 9.492 1.06 -0.29 
11 9.280 4.760 9.403 4.730 1.32 -0.63 
12 9.280 9.520 9.204 9.573 -0.82 0.56 
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Presence of Th(IV) ions in UO,(II)-DHNQ 
complex and UOZ(II) ions in Th(IV)-DHNQ, 
changes amplitude at the isodifferential points 
of UOZ(II) and Th(IV) complexes in each de- 
rivative spectrum. Concentrations of U02(II) 
and Th(IV) ions in synthetic mixtures with 
different concentration ratios have been calcu- 
lated using equations (2) or (3) and (4) or (5), 
respectively but better results are obtained using 
second order derivative spectra, shown by better 
observed RSD values (Table 4) calculated from 
six replicate samples containing 3.7 12 fl g/ml of 
Th(IV) in presence of UO,(II) ions, and 3.808 
pg/ml of UO*(II) in presence of Th(IV) ions 
[Figs 6(a) and (b)]. The calculated analytical 
sensitivity, S, (S, = SJm, where S, is the stan- 
dard deviation of the analytical signal measure- 
ment and m, is the slope of the calibration 
curve) detection limit, C, (k = 3) and linear 
dynamic range of the method as defined by 
IUPAC are also given in this table.” The limit 
of quantitation, LOQ (k = 10) is used to estab- 
lish the lower limit of dynamic range. The 
results obtained for simultaneous determination 
of Th(IV) and U02(II) ions in various binary 
mixtures are shown in Table 5 [using equations 

(3) and (5)]. The mixture containing 
9.28 x lo-‘-9.28 lug/ml of Th(IV) and 
9.52 x lo-‘-9.52 gg/ml UO,(II) ions can be 
analyzed with a relative error less than 2.50%. 

In addition to developing a simple procedure 
for the determination of thorium and uranyl 
ions when present alone or in a mixture, analyti- 
cal advantage of incorporating a micellar 
medium and recording derivative spectra is well 
established on the basis of the above studies. 
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Summary-A method for the simultaneous spectrophotometric determination of cadmium, copper and 
zinc based on the formation of their complexes with 1,5-bis(di-2-pyridylmethylene)thiocarbonohydraxide 
is proposed. The absorption curves of these complexes overlap severely in the scanning range 380480 
nm. The analyte concentrations are calculated by a least squares fit of the pure spectra to the mixture 
spectra. A linear determination range of 0. l-l .7 rg/ml for cadmium, 0.1-l .3 pg/ml for copper and 0.2-l .2 
pg/ml for xinc were obtained. The effect of interference was studied. The method has been applied to the 
determination of these metal ions in various type of materials. 

Until recently, multicomponent determinations 
by spectrophotometry have been done by using 
a single wavelength for each component. Re- 
cently, the strategies available in analytical 
chemistry and, in particular, those using 
molecular spectroscopy have diversified. Thus, 
multicomponent determinations have been im- 
proved by using multiple wavelengths and 
different algorithms. Such algorithms include 
those of classical least-squares (CLS),’ the sim- 
plex interaction method: the inverse least- 
squares (ILS), the principal component 
regression (PCR),4 the partial least-squares 
(PLS)S and other multivariate statistical 
method.6 

Recently, Sala et al.’ applied a computer 
program, like MULTIC, to the resolution of a 
mixture of pharmaceuticals. Also, this program 
has been used by Gomez et al.” for the simul- 
taneous determination of calcium and mag- 
nesium in water. MULTIC is a multilinear 
regression program that involves fitting the cal- 
culated mixed spectrum to its experimental 
counterpart through the standard deviation, 
correlation coefficient and an independent term 
corresponding to the intercept on the ab- 
sorbance axis. For simultaneous spectrophoto- 
metric determination of M components in a 
mixture to be achieved, each species must ab- 
sorb according to Beer’s law, and the ab- 
sorbances must be additive. Both conditions 
(using 1 cm of the optical path-length) can be 
described by a mathematical model of the form: 

x=XS,C,+e (1) 

where x is the measured (sum) spectrum, S, is 
the pure spectrum of analyte A, C, is the 
concentration of analyte A in the mixture and e 
is the residual (difference between the observed 
response and the response calculated from the 
model). The equation (1) can be rewritten in 
shorthand matrix notation as: 

x =Sc +e. (2) 

Where S is the matrix containing the pure 
spectra as columns (size: p,M; where p > =M 
is the number of wavelengths employed and M 
is the number of analytes) and c is a vector 
containing the coefficients/the unknown concen- 
trations (size: M,l). When p > M, the least 
squares solution to equation (2) is: 

c,, = (S’S)-‘S’x, 

and the error vector is: 

(3) 

e = x - SC,, (4) 

with the length: 

e=(e:+e:+e:+...ei)O”. (9 

This paper reports a method for the simul- 
taneous spectrophotometric determination of 
cadmium, copper and zinc, based upon the 
formation of their respective complexes with 
l,S-bis(di-2-pyridylmethylene)thiocarbono- 
hydrazide (DPTH). The resolution of the mix- 
tures was carried out by using the multiple 
linear regression mathematical algorithm in- 
cluded in the program MULTIC. 

1861 
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EXPERIMENTAL 

Reagents 

Analytical-reagent grade chemicals were used 
throughout. 

Standard solutions of cadmium(I1) (1039 
mg/l), copper(I1) (1042 mg/l) and zinc(I1) (1047 
mg/l) were prepared from their respective ni- 
trates and standardized titrimetrically with 
EDTA. Working standard solutions were pre- 
pared by suitable dilution of the standard sol- 
utions. 

A stock DPTH solution (2.3 x 10e3M) in 
DMF was prepared by dissolving solid reagent 
samples prepared and purified by the authors.9 
This solution was spectrophotometrically stable 
for at least a week. 

Buffer solutions (pH 7.5) were prepared by 
mixing 8 ml of 0.2M NaH,PO, with 42 ml of 
0.2M Na,HPO., and diluting to 100 ml with 
distilled water. 

Apparatus and software 

A Hewlett-Packard Model 8452A diode-ar- 
ray spectrophotometer was used for recording 
spectra. An H.P. Vectra QS/165 personal com- 
puter was used to control the spectropho- 
tometer and collect data from it via an HP-IB 
interface. The programs used to obtain and 
process the spectra were supplied by the spectro- 
photometer manufacturer as bundled software. 
Mixtures were resolved using a multiple linear 
regression mathematical algorithm included in 
the program MULTIC.’ 

Procedure 

Preparation of standards. The program MUL- 
TIC requires the standardized spectrum of each 
component. With this purpose, four solutions 
for each component were prepared in 25 ml 

*.* 1 

I 

a80 400 420 440 400 400 

wavelength (nm) 

Fig. 1. Absorbance spectra of the cadmium (I), copper (2), 
zinc (3) complexes and their mixture (4). Concentration of 

each ion is 1 rg/ml. 

; 0.6 - 
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Fig. 2. Linear range for Zn, Cd and Cu. 

standard flasks with different concentrations of 
the metal ion (0.2, 0.4, 0.6 and 0.8 pg/ml), 3 ml 
of 0.1% m/v DPTH solution in DMF, 12 ml of 
DMF (to prevent precipitation of the reagent), 
5 ml of buffer solution (pH 7.5) and dilution 
with distilled water to the mark. After a 
thorough mixing, the solutions were allowed to 
stand for 30 min. The absorbance spectra of 
these solutions were recorded over the wave- 
length range 390480 nm at an integration time 
of 1 sec. Appropriate reagent blank was pre- 
pared, in triplicate, and was run in the same 
manner. The spectra of these three reagent 
solutions were recorded five times and the aver- 
age spectrum was considered as the DPTH 
standard. 

Each of the spectra of the Zn-DPTH, 
Cd-DPTH and Cu-DPTH complexes were cor- 
rected by subtracting the standard spectrum of 
the reagent and were standardized by dividing 
them into the Zn, Cd or Cu concentrations at 
which they were recorded; the average spectrum 
of each complex (corresponded to a 1 pg/ml) 
was used as standard for each ion. These stan- 
dard spectra were stored in the corresponding 
computer subdirectory as a working model for 
subsequent determinations. 

The average, corrected and standardized 
spectra were obtained using a subroutine of the 
spectrophotometer’s bundled software. 

Sample preparation 

The certified reference materials (CRM,) 
analysed to determine the accuracy of the pro- 
posed procedure were: Community Bureau of 
Reference (BCR), Certified Reference Materials 
(CRM,) 186 Pig Kidney and 184 Bovine 
Muscle; National Institute of Standards and 
Technology (NIST) Standard Reference Ma- 
terials (SRM,) 1577a Bovine Liver. National 
Research Council Canada (NRCC) CRM, 
TORT- 1 Lobster Hepatopancreas; Bureau of 
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Table 1. Tolerance to foreign ions in the determination of 0.8 pg/ml of Zn(II), 
Cd(B) and Cu(I1) by the proposed method 

Tolerated Foreign ion without Foreign ion with Masking agent 
ratio masking agent masking agent (RPm) 

>looO 

100 

SCN-, I-, C,O,-, AC-, 
SO,-) s*o;, S’, 

NO,, F-, Cl-, tartrate, 
citrate 

MoOrI), WI), 
AsO:-, AsO:-, 

Pb(II), Ba(II), BO;, 
WC,-, I$;)MB(II), 

50 ce(IV), UWII), 
vo,, Y(III), WV), 

Sb(III), Zr(IV) 

40 

10 
5 
3 

Mn(II) 

EDTA 

Ag(I), Cr(III), S, 0, = (400) 
Fe(III), F- (800) 
AKIII), F- (400) 
Bi(II1) tartrate (800) 

Hg(II), Hg(I) S,W (400) 
Co(I1) S*W (400) 
Ni(I1) F- (800) 

Analysed Samples LTD 32a Aluminium 
Bronze; 20b Aluminium Alloy and 8e White 
Metal. These samples were prepared according 
to the following procedure: 

(a) Alloys. Dissolve a known amount of ac- 
curately weighed sample (0.1 g) in about 30 ml 
of aqua regia; evaporate the resulting solution 
to dryness and add 1 ml of hydrochloric acid 
(1 + 1); then dilute with distilled water to 
50-100 ml. 

(b) Biological materials. The samples were 
first dried in accordance with the norms of the 
respective analysis certificates and mineralized 
as follows: in a reaction flask were placed 
0.5-2.0 g of weighed sample and 10 ml of 
concentrated nitric acid, and the mixture was 
heated under reflux up to the disappearance of 
nitrous fumes. Then, 3 ml of hydrogen peroxide 

was added and the mixture was concentrated 
(this step was repeated until the solution was 
completely colourless). Next, the mixture was 
neutralized with NaOH and made to 25 ml with 
deionized water. 

Simultaneous &termination of 25, Cd and Cu 

In 25 ml standard flasks were placed aliquots 
of sample solutions to obtain Zn, Cd and Cu 
concentrations over their respective linear deter- 
mination ranges (0.2-1.2 pg/ml for Zn, 0.1-1.7 
pg/ml for Cd and 0.1-1.3 pg/ml for Cu), 3 ml 
of 0.1% m/v DPTH solution in DMF, 12 ml of 
DMF and 5 ml of buffer solution (in the case of 
aluminium alloys 1 ml of a l.lM fluoride sol- 
ution was added to prevent interference from 
AI(II1)). The solutions were then diluted to the 
mark with water, after a thorough mixing, the 

Table 2. Resolution of Zn(II), Cd(I1) and Cu(I1) mixtures over the wavelength range 
430480 nm 

Added 
(ccglml) 

Sample Zn Cd Cu Zn 

Found 
(~glml)+ Residual 

Cd CU e 

0.20 0.20 0.20 0.22 *0.01 0.17 f 0.01 0.19 f 0.02 3.9766 x lO-6 
0.20 0.80 0.60 0.18 f 0.01 0.80 & 0.01 0.59 f 0.01 2.4562 x lO-6 
0.80 0.80 0.80 0.69 f 0.03 0.88 f 0.03 0.87 f 0.05 2.6614 x lO-5 
0.40 1.20 1.20 0.54 *0.04 0.97f0.04 1.15 kO.06 4.1621 x lO-s 
1.20 1.20 0.40 1.09*0.03 1.08 f 0.03 0.38 f 0.05 3.6465 x lo+ 
1.20 0.40 1.20 1.13*0.04 0.27 f 0.04 1.20 f 0.06 4.8820 x 1O-5 
1.00 1.00 1.00 0.98kO.09 0.85 f 0.09 1.05 f 0.14 2.6177 x lo-’ 
1.00 1.08 - 0.92 f 0.02 1.09 f 0.03 0.07 f 0.03 1.6206 x 10-r 
0.80 1.40 1.40 1.06&0.08 0.90f0.08 1.19&0.13 2.2257 x IO-’ 

*The results correspond to the mean and standard deviation obtained from three 
consecutive determinations of each solution. 
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solutions were allowed to stand for 30 min and 
their absorbance spectra were recorded and 
corrected by subtracting that of DPTH. To 
these absorption spectra was applied the MUL- 
TIC program for quantification of the com- 
ponents using the normalized spectra of Zn, Cd 
and Cu as standards (see equation (3)). 

RESULTS AND DISCUSSION 

The zinc(H) reacts with DPTH in the range 
pH 6.2-9.8 forming a soluble yellow complex 
with an absorption maximum at 415 nm and a 
molar absorptivity of 6.01 x lo4 l/mol/cm; the 
stoichiometric ratio of this complex is 1:3 
zinc : reagent. The complex is spectrophotomet- 
rically stable, after 30 min, for at least 24 hr. The 
cadmium(I1) forms a complex with DPTH in 
the pH range 5.8-8.3 with an absorption maxi- 
mum at 415 nm and a molar absorptivity of 
5.64 x lo4 l/mol/cm; the stoichiometric of this 
chelate is 1: 3 cadmium: reagent and the com- 
plex solutions are stable for at least 24 hr. When 
dilute copper(I1) solutions and DPTH solutions 
are mixed, two different complexes, one orange 
(n,,,, = 420 nm), and the other red (&,,,, = 500 
nm), are formed according to the pH, thus, the 
red complex is formed in the pH range 13.2-l 3.6 
with a molar absorptivity of 4.2 x lo4 l/mol/cm 
and its stoichiometry is 1: 2 copper : reagent. The 
graph of absorbance us pH for the orange 
complex shows that the absorbance at 420 nm 
is maximum and constant in the alkaline region 
and also shows two possible optimum pH 
ranges of 1.8-4.4 and 7.1-8.4, the stoichiometry 
in both cases is 1: 1 and the molar absorptivities 
are 2.8 x lo4 l/mol/cm and 4.3 x lo4 l/mol/cm, 
respectively. The orange copper complex is 
stable for at least 12 hr. 

The simultaneous determination of these ions 
with DPTH by use of the traditional spectro- 
photometry technique is difficult because the 
absorption spectra overlap in a bright region 
and the superimposed curves are not suited for 
quantitative evaluation. Figure 1 shows the 
bands of the three standards and that of a 
mixture. 

Considering these facts, the optimum work- 
ing conditions for the simultaneous determi- 
nation were investigated by assaying different 
Zn-Cd-Cu mixtures of known composition. A 
disodium hydrogen phosphate-sodium dihydro- 
gen phosphate buffer solution, pH 7.5 was 
selected because in this medium the absorbance 
of a Zn-Cd-Cu mixture was maximum (the 
volume of DMF added in the preparation of the 

solutions increased the pH over 2.0 units). The 
effect of DPTH concentration was also investi- 
gated, a reagent concentration of 2.8 x 10w4M 
was chosen because it ensures a sufficient re- 
agent excess. The absorbance depends critically 
on the order of addition of reactants, the most 
suitable order of addition was: metal ions sol- 
utions, DPTH, DMF and buffer. Under these 
optimum working conditions the absorbance 
spectrum of a Zn-Cd-Cu mixture remains con- 
stant, after 30 min, for at least 12 hr. 

On the other hand, it is also well known”*” 
that the quality of the results obtained in multi- 
component analyses from extensively overlap- 
ping spectra depends on the wavelength range 
used. In order to study this factor different 
wavelength ranges (400-480,415-480,430-480, 
450480 and 465-480 nm) for recording the 
absorbance spectra of mixtures containing vari- 
ous concentrations of the three ions were ap- 
plied. The best results (accuracy and precision) 
were obtained by recording the absorbance 
spectrum over the wavelength range 430-480 
nm at an integration time of 1 set and using the 
wavelength scan interval of the spectropho- 
tometer (2 nm) except in the case of samples 
containing fluoride, tartrate, citrate, Sb(III), 
Cr(III), Bi(III), Al(III), Hg(I1) and Hg(1). In 
these instances the optimum wavelength range 
was 465-480 nm. 

Once the optimum conditions had been estab- 
lished, the linear range for Zn, Cd and Cu was 
calculated. With this purpose, a series of sol- 
utions containing different concentrations of the 
metal ion were prepared for each analyte. The 
absorbance spectra of these solutions were 
recorded over the working wavelength range 
(430-480 nm). Then, the average absorbance of 
each spectrum was obtained and used to con- 
struct the univariate calibration graph. The 
curves obtained (Fig. 2) were linear over the 
ranges 0.2-1.2 pgg/ml for Zn, 0.1-1.7 pgg/ml for 
Cd and 0.1-1.3 fig/ml for Cu. 

Finally, four pure standard solutions of each 
component of the mixture, with a concentration 
lying in the linear concentration range and 
giving absorbance readings lower than 1.0 were 
used to obtain the normalized spectrum for each 
component. 

Under the optimum conditions and using the 
equation (3) for prediction of concentrations, 10 
determinations of standard solutions containing 
0.8 pg/ml of each metal ions gave a relative 
standard deviation of 6.4% for Zn, 5.1% for Cd 
and 3.5% for Cu. 
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Eflect of foreign ions 

The interference due to several cations and 
anions was studied in detail. For these studies 
different amounts of the ionic species were 
added to a mixture of Zn, Cd and Cu containing 
0.8 pg/ml of each. The starting point was a 1000 
fold m/m ratio of interferent to metal ions, and 
if interference occurred the ratio was progress- 
ively reduced until interference ceased. The tol- 
erated limits were taken as those concentrations 
causing changes no greater than +5% in the 
concentration of analytes. 

The ions which interfere most strongly were 
Co(H), Ni(II), Fe(III), Hg(I1) and Hg(1) because 
they form coloured complex with DPTH. While 
quantitatively significant, the interferences from 
these ions posed no insurmountable problems 
for the simultaneous determination of 
Cu-Zn-Cd because the interference can be over- 
come by determining the interfering metal to- 
gether with the three analytes, which can be 
most readily accomplished by using the pro- 
gram MULTIC (this program allows the resol- 
ution of a maximum five components). 

The tolerance limits are depicted in Table 1. 
The tolerance level for some metal ions can be 
increased by addition of thiosulphate, fluoride 
or tartrate as masking agents. Thus, 400 ppm of 
thiosulphate will mask 32 ppm of Ag(1) or 
Cr(III), 6 ppm of Hg(I1) or Hg(1) and 4 ppm of 
Co(I1); 800 ppm of fluoride will mask 32 ppm of 
Fe(II1) or Al(II1) and 4 ppm of Ni(I1); and 800 
ppm of tartrate will mask 32 ppm of Bi(II1). 

Applications 

To verify the utility of the recommended 
procedure, the method was first used for the 
simultaneous determination of zinc, cadmium 
and copper in a set of synthetic samples contain- 
ing different Zn, Cd, and Cu proportions. The 
results obtained by applying equation (3) to the 
resolution of the mixtures are summarized in 
Table 2, where the actual values are compared 
with the predicted concentrations. From these 
results (samples l-8) we can conclude that the 
concentrations obtained for copper and zinc by 
the proposed method are in good agreement 
with those added, resulting in an RMSEP 
(root-mean-squared error of prediction) of 
0.045 pg/ml for copper and 0.083 pg/ml for 
zinc. The amounts of cadmium found can be 
considered to be correct with the exception of 
those mixtures containing low concentrations of 
cadmium with regard to the other mixture com- 
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ponents; in these instances negative errors for 
cadmium were obtained. The RMSEP for cad- 
mium was 0.122 pg/ml. On the other hand, in 
those instances where the analytes concen- 
trations present in the mixture was higher than 
3.1 pg/ml (e.g. sample 9) the method was not 
able to predict the true concentrations of metal 
ions with sufficient accuracy. This can be at- 
tributed to the high absorbance signals corre- 
sponding to these mixtures. 

In order to test the applicability and matrix 
interferences of the proposed method to the 
analysis of real samples, the method was applied 
in a variety of situations. For this purpose, 
diverse spiked samples and reference materials 
were analysed. Thus, standard solutions con- 
taining different concentrations of Zn and Cd 
were added to 0.1 g of Al bronze 32a and Al 
Alloy 20b; standard solutions of Cd were added 
to 0.5 g of TORT-l-Lobster Hepatopancreas 
and Bovine Liver; standard solutions of Cu were 
added to 0.5 g of Bovine Muscle. These samples 
were prepared and analysed as described under 
the Experimental section. In the case of Alu- 
minium Alloys, 1 ml of 1.1 A4 fluoride solution 
were added to prevent interference from Al(II1) 
and the absorption spectra of these solutions 
were recorded over the wavelength range 

465-480 nm. The results obtained for the analy- 
sis of different aliquots of the prepared solutions 
containing known concentrations are shown in 
Table 3. These data indicate that the method 
would be effective for the analysis of samples of 
similar complexity. 
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Summary-An analytical method for resin bead detection and spectrophotometric determination of 
oxyphenbutaxone with p-dimethylaminocinnamaldehyde as a reagent is described. Acid hydrolysed 
product of oxyphenbutaxone produced a red color product with p-dimethylaminocinnamaldehyde that 
absorbs maximally at 520 nm. The detection limit is 0.8 pg in resin phase and 4.0 pg in aqueous phase. 
Beer’s law is obeyed in the concentration range of 0.440 &ml of oxyphenbutazone. The method is 
unaffected by the presence. of acetylsalicylic acid, salicylamide, phenylbutaxone and number of other 
excipients but paracetamol gives a positive reaction and novalgin being reductone interferes with the test, 
both should be removed by extraction with dilute sulfuric acid. 

Oxyphenbutazone [4 - butyl - 2 - (4’ - hydroxy - 
phenyl) - 1 - phenylpyrazolidine - 3,5 - dione] has 
analgesic, anti-inflammatory and antipyretic 
action and is found with novalgin, aspirin and 
paracetamol in drug formulations. A simple and 
sensitive spectrophotometric method for the 
oxyphenbutazone determination has been 
proposed by El Kheir et al.’ Another method 
for the spectrophotometric determination of 
oxyphenbutazone is based on chelate formation 
with NaNO, in 6M HCl in the presence of 
0.125M solution of Cu’+ acetate and Co*+ 
sulphate and chelate formed are extracted with 
Me-iso-Bu-ketone and CHCI, , respectively.* 
Oxyphenbutazone has also been determined by 
pH-induced difference spectrophotometric 
methods in pharmaceutical preparations.3v4 
Binary mixture of analgin-paracetamol and 
analgin-oxyphenbutazone have also been 
analyzed using ultraviolet spectrophotometric 
technique.5 El Sadek6 has proposed a colorimet- 
ric method based on nitration of oxyphenbuta- 
zone and treatment with dimendone and 
triethylamine to form colored complexes and 
measurement of absorbance at 400 nm. Naph- 
thaquinone and Pb(OAc), have been used as 
analytical reagents for determination of 
oxyphenbutazone.’ A number of other methods 

*Present address: Camel Research Centre, P.O. Box: 72437, 
Abu Dhabi, United Arab Emirates. 

for the spectrophotometric determination of 
oxyphenbutazone are also available in the 
literature.&” 

p-Dimethylaminocinnamaldehyde (p-DAC) 
is a useful analytical reagent which has been 
utilized for the detection and spectrophotomet- 
ric determination of various pharmaceutical and 
related compounds like paracetarnol,” isocar- 
boxazidelg hydrochlorothiazide and fursomideX 
and Caminoantipyrine. *’ However, p-DAC has 
not, so far, been used for the determination of 
oxyphenbutazone. 

As far as we are aware there is no method 
available for the qualitative detection of 
oxyphenbutazone in bulk or in dosage form 
neither in aqueous phase nor in resin phase. The 
proposed method is perhaps the first one to 
attempt on such detection. The spot test tech- 
nique for qualitative detection is the most ver- 
satile and widely used technique. It is simple and 
sensitive technique. Maximum specificity, sensi- 
tivity and selectivity is attained only by proper 
choice of reaction conditions and suitable media 
for analysis that is why the conventional spot 
test technique has been replaced by the resin 
spot test technique. The possible use of resin 
beads as a reaction medium and to concentrate 
the colour on resin surface was first demon- 
strated by FujimotoU particularly for the detec- 
tion of inorganic ionic species and few organic 
compounds of known colour reaction.23-24 The 
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use of resin beads as a detection media raised 
the sensitivity, selectivity and specificity many 
fold in many colour reactions because it concen- 
trated the colour on the surface and side reac- 
tions are minimized and so the purity of product 
enhanced. The stability of colour in resin phase 
is often more than that in aqueous phase. 
Sometimes the colour in resin phase progress- 
ively intensifies with the passage of time. In 
some reactions it also acts as catalyst to 
facilitate their acid hydrolysis.25-26 Recently 
resin beads have been used for the qualitative 
detection of ascorbic acid*’ and chlorpro- 
mazinea in pharmaceutical preparations and 
human urine. Usually for quality control, the 
analysis of drugs calls fora rapid, sensitive and 
cost effective method. So in the proposed 
method the resin beads have been used for 
qualitative detection of, oxyphenbutazone. 

It was found that hydrogen ions are necessary 
to effect the condensation of an amine with 
p-DAC which results in the formation of the red 
chromophore for the determination of bulk 
drugs and in dosage forms. The method devel- 
oped is presented and a postulated reaction 
mechanism is discussed. 

EXPERIMENTAL 

Apparatus 

A bausch and Lomb spectronic-20 (U.S.A.) 
spectrophotometer was used. 

Reagent and ion exchange resin 

A solution of p-DAC (Kochlight) was 
prepared by dissolving 0.16 gm in 50 ml ethanol. 

Oxyphenbutazone. Oxyphenbutazone was ob- 
tained as a gift sample from Cadila Pvt. Ltd. 
(India) and was used for preparation of 
calibration curve. 

All drug samples of oxyphenbutazone were 
purchased locally. A cation exchange resin 
(BDH) was used in H+ form. 

Test solution 

Preparation. Accurately weigh 100 mg 
oxyphenbutazone and mix with 10 ml of ethanol 
and 5 ml of concentrated hydrochloric acid in a 
50 ml round bottom flask and reflux for 40 min. 
Cool the content and transfer into a 250 ml 
beaker, dilute to 150 ml with water by continu- 
ous stirring for few minutes. Filter the solution 
on Whatman no. 42 in 250 ml standard 
volumetric flask and make the filtrate up to the 

mark with water. Use this solution for detection 
and determination purpose. 

Detection of oxyphenbutazone in aqueous phase 

Procedure. Take one drop of test solution in 
the depression of a white spot plate. Add a drop 
of reagent. A red color is developed indicating 
the positive test. 

Detection of oxyphenbutazone in resin phase 

Procedure. Place about 2-3 ion exchange resin 
beads in H+ form in the depression of white 
spot plate and dry them by blotting with filter 
paper. Add one drop of test solution followed 
by one drop of reagent. The resin beads turn red 
to indicate a positive test. 

Spectrophotometric determination of oxyphenbu- 
tazone 

Procedure. To an aliquot volume of 
oxyphenbutazone containing l-10 ml, add 10 
ml of reagent in a boiling tube. Dilute the 
content by approximately 30 ml ethanol. Heat 
the solution at 40 + 1°C in a water bath for 5 
min. After that cool the content and transfer 
into a 100 ml standard volumetric flask. Make 
the solution up to the mark with ethanol. 
Measure the absorbance at 520 nm against a 
reagent blank. 

Determination of oxyphenbutazone in pharma- 
ceutical preparations 

Procedure. Hydrolyse the finely ground 
tablets containing oxyphenbutazone equivalent 
to 100 mg and follow the recommended pro- 
cedure as described above. 

If the drug sample contains paracetamol or 
novalgin (which must be removed) a known 
mass of powder drug containing 100 mg of 
oxyphenbutazone is stirred with 50 ml of 2% 
sulfuric acid for a few minutes and centrifuged. 
The supematant liquid is discarded and residue 
is washed with water and treated as mentioned 
above. 

RESULTS AND DISCUSSION 

The absorption spectrum of colored product 
obtained by interaction between hydrolyzed 
product of oxyphenbutazone and p-DAC was 
prepared. The optimum wavelength for the 
determination was found to be 520 nm. The 
optimum conditions for the formation of red 
color were studied and maintained throughout 
the work. 
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Eflect of temperature and time 

A 1 ml aliquot was mixed with 10 ml of 
reagent in a boiling tube and diluted by 30 ml 
of ethanol. The solution was heated at 25 f 1, 
30f 1,40* 1,50* l”Cinwaterbathfor5min. 
The content was cooled, transferred into a 100 
ml standard volumetric flask and made up to the 
mark with ethanol. It was observed that 
absorbance becomes constant at 30°C and 
remains una&cted by increasing temperature. 
Therefore, the absorbance measurement was 
done at 40 f 1°C. 

The same contents were heated at different 
intervals of time on each temperature and 
observed that the absorbance becomes constant 
after 5 min heating and remains constant for 
more than 1 hr. 

Beer’s law is obeyed in the concentration 
(C, pg/ml) range of 0.4-4.0 fig of oxyphen- 
butaxone (the slope and intercept for line 
are 0.18 and 0.006, respectively) with molar 
absorptivity of 0.23 x lo4 l/mole/cm and 
equation for line is A = 0.18 [oxyphenbuta- 
zone] + 0.006. 

The determination of oxyphenbutaxone was 
done in various pharmaceutical preparations, 
the results are presented in Table 1. The method 
cannot be used for the determination of 
oxyphenbutazone in the presence of paraceta- 
mol as it also forms Caminophenol on acid 
hydrolysis and therefore undergoes a similar 

color reaction. Being a reductone novalgin 
interferes with the test. However, interference of 
paracetamol and novalgin present in the 
combination can be removed by extraction with 
the dilute sulfuric acid. 

Some excipients, and other drugs commonly, 
added to dosage forms were found not to 
interfere. These are salicylamide, acetylsalicylic 
acid, phenylbutaxone and propyphenazone. 

N,N’-Diarylhydrazine undergoes the acid 
catalysed reaction be&dine rearrangement, 
yielding diaminobiaryP usually the 4,4’- 
diaminobiaryl predominates, except one or both 
of the para positions of the diary1 hydrazine are 
occupied, in which event a 24’ or 2,2’-product 
is formed. On acid hydrolysis oxyphenbutaxone 
forms N4hydroxyphenyl-N’-phenylhydrazine 
which has one para position occupied with a 
hydroxyl group and therefore the benxidine re- 
arrangement produces 2&diamino-5-hydroxy- 
biphenyl.” 

The resulting compound picks up one proton 
from the excess ofacid present in the hydrolysed 
product, resulting in the formation of a cation 
which reacts with p-DAC losing one water 
molecule. This reaction may be assumed to be 
analogous to, occurring between diphenylamine 
and p-dimethylaminobenxaldehyde.M The 
sequence of reaction mechanism is shown in 
Scheme 1. The resulting red chromophore is 
adsorbed on a cation exchange resin indicating 
that the species is positively charged. 

Table 1. Recovery of oxyphenbutazone compared with refere.nce methods 

Dl-llg* 

1 Sugamil 

2 Brugesic 

3 Algesin-0 

4 Inflavon 

5 Reducine 

6 Oxalgin 

7 Painwell 

Ropo=ft Comparison 
Nominal composition method method 

(mg) (mg) C.V.% (mg) Ref. 

100 oxyphenbutazone 97 0.3 95 96 t : 
97 17 

100 oxyphenbutazone 99 0.5 101 17 
500 analgin 

100 oxyphenbutaxone 103 0.4 99 11 
300 analgin 98 12 

loo 17 
100 oxyphenbutazone 110 0.2 112 12 

115 17 

100 oxyphenbutazone 96 0.2 11 
250 acetylsalicylic acid 

E 
12 

25 caffeine 93 17 

100 oxyphenbutazone 98 0.3 101 17 

100 oxylrhenbutazone 101 0.4 95 12 
4ooparacetamol 92 17 

*Name of the drug companies in India: 1. SG, 2. Brawn, 3. Alembic, 4. Khandelwal, 
5. Unique’s, 6. Cadila, 7. Neol. 

tAverage of five determinations, C.V. = Coefficient of Variation. 
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Scheme 1. 

The proposed scheme may further be 
supported by IR studies. The IR spectral 
evidence in favour of the product proposed is 
based on a peak to peak analysis of the IR 
spectra and its subsequent correlation with var- 
ious groups present. Since both reactants 
contain -OH and -NH groupings this will be 
considered first. The IR spectra of p-dimethy- 
laminocinnamaldehyde shows a broad 
continuum between 3500 cm-’ and 1900 cm-’ 
which could be due to a polarizable intra- 
molecular hydrogen bond. 

The IR spectra of 2,4’-benzamido-5-benzoy- 
loxybiphenyl shows a sharp band in the region 
of 3500-3000 cm-’ which seems to be due to an 
unhydrogen bonded -OH stretch. Intramolecu- 
lar hydrogen bonding seems unlikely due to 
probable steric hindrance in the large molecule. 

In the spectra of the product there is no 
evidence of a conjugated carbonyl group of the 
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p-dimethylaminocinnamaldehyde moiety as no 
absorption is found between 1685 and 1666 
cm-‘. A band at 1650 cm-’ is probably due to 
disubstituted cis C = C grouping as proposed 
in the product. There is a strong and broad 
absorption between 2700 and 3500 cm-’ which 
has the characteristics of an amine salt stretch- 
ing frequency and may also contain within a 
sharp absorption of the lone -OH (stretch) 
grouping which again is unlikely to form 
intermolecular hydrogen bonds. The peak at 
1370 cm-’ is strongly indicative of an aromatic 
tertiary amine salt (N-H bending vibration). A 
strong bending mode at 870 cm-’ is indicative of 
the presence of both 1,Cdisubstituted and 1,2,4- 
trisubstituted benzene molecules as proposed. 
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Recently a paper appeared” describing the 
spectrophotometric determination of oxyphen- 
butazone based on indophenol formation. This 
method perhaps not suitable for a quality 
control laboratory keeping in view the tedium of 
the procedure, especially due to the extractions 
involved which may have their own inherent 
errors. Moreover, this method does not describe 
any procedure for the detection of drug which 
is perhaps equally important. In Table 1 the 
results of our studies and that of Verma and 
Sanghi” are compared. Since the above 
mentioned method requires the use of three or 
four reagents it certainly becomes less cost 
effective than our method. Furthermore our 
method is simpler as it does not involve extrac- 
tions in the product formation. 
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Summary-A detailed study of the species formed in the complex equilibria involving adipic acid 
dihydrazide (AADH)/Zfuroic acid hydraxide (FAH) with Ni(I1) using pH titration with glass electrode 
is performed. The results of modeling studies and effect of errors on the equilibrium constants of 
AADH/FAH with Ni(II) refined by the non-linear least squares program MINIQUAD are reported. 
Based on the expert system approach developed in our laboratory for the species formed from secondary 
formation data (fi and fiu), several preliminary chemical models were tested. For the four species identified 
(MLH, ML, ML,H, ML,), an exhaustive search of a different combination of models (15) was performed. 
Then other suspected minor species (ML,H,, ML, and ML,H) were tested. The final best fit chemical 
model was found to contain ML,H to an extent of 3% along with the other four major species. In order 
to ascertain the accuracy of the stability constants and consequently distribution of the species, a detailed 
error analysis is attempted. As the existing least squares procedures cannot suppress the systematic errors, 
three-dimensional plots of the simultaneous effects of pH and TLO: TM0 (1.5 : 1 to 5 : 1) on the percentage 
of species are drawn which are of immense use in arriving at optimum conditions for the preparation of 
a complex of definite stoichiometry. 

Adipic acid dihydrazide (AADH), apart from 
its vital role in epoxy resins’ and semi-conductor 
devices: find8 application in vaccines3 and other 
compounds of biological importance.’ Several 
antibacterial/antileukemic compounds5 have 
been synthesized from 2-furoic acid hydraxide 
(FAH). Since AADH has been employed in the 
presence of metal ions” in coatings and var- 
nishes, speciation studies in presence of water 
miscible solvents and/or micelles may throw 
some light in understanding the mechanism of 
reactions and enable one to choose optimum 
experimental conditions. The results of exhaus- 
tive modeling studies for the interaction of 
AADH and FAH with Ni(I1) in aqueous sol- 
ution using the MINQUAD75’ program are 
reported in this communication. 

EXPERIMENTAL 

Tenth mol/l aqueous solutions of AADH and 
FAH, obtained from Fluka AG, Switzerland, 
were prepared in doubly glass distilled deionized 
water. All other chemicals are of AnalaR grade. 

*Presented at 11 th IUPAC Conference on Chemical Ther- 
modynamics, Como, Italy, August 1990. 

tAuthor for correspondence. 

Tenth mol/l nickel(I1) chloride (Fluka AG) 
solution was rendered acidic to suppress hy- 
drolysis of metal ions.8 

Complex equilibria experimental design (CEED) 

Since the accuracy of equilibrium constants of 
metal-ligand complexes depends upon complex 
mathematical functions of errors in ingredient 
concentrations and the data acquisition system, 
a systematic investigation of possible sources of 
errors are considered. The extreme errors in 
concentrations of ingredients were determined 
by COSWP (concentration of solution by 
weight method) and COST (concentration of 
solution by titrimetry). As the glass electrode 
calibration with buffer solutions alone is a two 
point method, Gran analysis” of titration of a 
strong acid with alkali is employed as rec- 
ommended by the commission on equilibrium 
data (IUPAC)“-I9 and by Babu.14 A plot of 
GA = 10-(B~+‘08F) x (V, + Vi) US Vi intersects the 
volume axis at the equivalence point (V,) only 
if the errors {e,}, {e,}, {es} and OHi in equation 
(1) are negligible: 

(FHi+e,)x (PO+ V,+ez)=(ALK+e3) 

x (P,- Vi-e,)+OHi X (PO+ Vi++) (1) 

1873 
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where V, is the volume of alkali of concentration 
ALK added to a strong acid of total volume V,, 
Bi is the pH meter dial reading, log F is the 
correction factor and OHi is the concentration 
of hydrogen ion due to auto ionization of water. 
These are related to equilibrium hydrogen ion 
concentration (FH,) by the equation 

FH, = lO-@i+logF) I (2) 

The determination of log F, pK, (negative 
logarithm of auto ionization constant of water) 
and titration assembly are same as described 
earlier.‘5y’6 

RESULTS AND DISCUSSION 

Data processing 

AADH contains two functional groups a 
carbonyl oxygen and a terminal amino nitrogen 
which are potential sites for co-ordination of 
metal ions. Since in this investigation we are 
confined to ligand-to-metal ratios greater than 
one, only mono-nuclear complexes are con- 
sidered. As the highest protonated species of 
ligand is LH:+ , the expected metal complexes 
are M(LH),,, . Plots of a (moles of alkali per 
mole of ligand), m (moles of alkali per mole of 
metal ion) and fi (average number of ligands 
bound per mole of metal ion) against pH 
suggested two ligand molecules are involved in 
metal complexes. However, considering Max1 to 
be three, the expected binary complexes are 
{MLH, ML, ML~H, ML(OH)~, ML*H*, 
MLzH, MLz, MLz(OH), ML,(OH)z, ML,H3, 

h’W-b, ML,R Mb, ML,(OH), ML,(OH)z}. 
Here the maximum number of hydroxyl ions are 
limited to two, based on the pH region of the 
investigation. 

Although in principle it appears that it is 
possible to resort to complete searching of 
models,” it is not pragmatic as modelling of 
complex equilibria is a non-linear problem. 
Large computer time is required to solve each 
model, unlike in multiple-linear regression 
where the solution is obtained in one attempt. 
Therefore the species to be considered are short 
listed using heuristics and chemical principles. 

A perusal of literature reveals that the maxi- 
mum ligand number (Maxl), hydrogen ions 
(Maxh) and hydroxyl ions (Maxoh) in a mono- 
nuclear metal complex were 6, 5 and 2, respect- 
ively. However, not more than 6-8 species are 
reported except in bovine. It appears that the 
exclusion of the species is definitely not based on 
systematic elimination of the species but based 
on implicit knowledge and experience which can 
be coded as heuristics. In the present case some 
of the factors considered are density of 
the ligand, coordination number of metal ion 
and average number of ligands bound per mole 
of metal ion. A few heuristics are described in 
Fig. 1. 

Work is in progress to Fe the complementary 
knowledge contained in Z (moles of alkali per 
metal ion or ligand) to judge the presence of 
protonated species, core and link hypothesis 
and chemical theories of Sylva to reduce the 
state search space of polynuclear species. 

If mini- r&lo of initial concentration of ligand to metal 

CTLO4wo~ Ll.0 

mmn t&cl.- I 

,If G rnrlysis is performed & 

formation curvms etiibit ascending slops 

Then M8xl - rrmxC& * 1.. 6 

If fornvtion curws do not exhibit ascending slops 

mm Maxi = MuCc(> + 0.6 

If difformt lL0 : TM0 arm invmstigrtrd 81 

formation curves 8ro not overlapping 

man diffrrmt protonrted. hydroxylatod, ~xspecirs rxhibt 

If total nunber of protonsCNAP> or ionizable protonsCNIP> > I & 

highest protonatrd form of the ligand in the pH range of n' is 

HxLdac>l 

man protonrted species CM8xh - X - 11 

Fig. 1. Heuristics for the detection of protonated metal complexes and maximum ligand number. 
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This preliminary screening of the species re- 
sulted in identification of MLH, ML, ML2H 
and ML,. For exhaustive modeling of these four 
species, two popular approaches available in 
multiple-linear regression analysis are forward 
selection wherein different models are generated 
starting from the lowest number of variables 
(one), and backward elimination, in which 
species are successively eliminated from a model 
with highest number of species (four). We have 
followed the forward selection principle” and 
several statistics for residual analysis for 15 
chemical models (stoichiometric coefficients 
and log /3 with standard deviations) are given in 
Table 1. 

The relative concentration of different species 
formed is not only a function of their equi- 
librium constants but also the ratio of ligand-to- 
metal. In an attempt to model the complexation 
of Ni(I1) with hydrazides, different ratios of 
ligand-to-nickel(I1) (TLO/TMO) of 2: 1 to 6: 1 
were investigated, by varying the initial analyti- 
cal concentration of metal ion. Alkalimetric 
titrations of the titrand containing above mix- 
tures were performed using a glass electrode. At 
the lowest ratio, information content of MLHh 
will be obtained, while with increasing ratio that 
due to ML2H, will be obtained. 

Selection of best jit model 

A perusal of the literature reveals that there 
is no unique set of rules to arrive at the best fit 
chemical model and hitherto this has been a 
matter of subjective decision. We have em- 
ployed an expert system approach involving 
heuristics based on some of the popular statisti- 
cal parameters (Table 1). The numerical values 
of R’* (crystallographic R factor) and U19 (sum 
of the squares of residuals in all mass balance 
equations) corrected for models with one, two 
and three are significantly larger in numerical 
magnitude than that with four species, indicat- 
ing that the last one better explains the solution 
processes. However, care was taken to avoid 
the overambitious modeling (including more 
species) which also results in decrease of stat- 
istics based on residuals. 

From the analysis of the individual exper- 
imental data at each of the metal-to-ligand 
ratios (1: 1.5 to 1: 5) for different analytical 
concentrations of the metal ion (0.003 and 
0.0045M) (Table 2) it is clear that complexes 
ML and MLH are favored at low (1: 1.5 and 
1: 2) values of TLO/TMO while the species ML2 
and MLzH were rejected by MINIQUAD75. 

When TLO/TMO > 2, MLIH and ML, were 
refined, and ML and MLH are rejected. This 
shows that a proper experimental design in- 
cludes an increasing number of experimental 
points by performing more titrations, keeping 
TLO/TMO optimum for the species of interest. 
Braibanti et ~1.~ also observed the rejection of 
species of higher stoichiometry at low ratios of 
Ni(I1) to glycine. After arriving at the best fit 
model, the species rejected in the preliminary 
scrutiny were again tried. It was found that 
these species were rejected during MINI- 
QUAD75 refinement. The stability constants of 
model 1 of Table 2 are used to generate simu- 
lated primary data. From Fig. 2 it is clear that 
the simulated data predict the experimental one 
within the limits of accuracy of data acquisition 
system. 

Precision of log /.I values 

The very low standard deviation in the log /I 
values and the small values of U suggest, (a) a 
sufficient number of data points corresponding 
to each species (as otherwise very high SD 
would result), (b) precision of refined log /I 
values, and (c) the best fit of the chemical model 
for the systems under the above experimental 
condition. The correlation matrix of log fi val- 
ues for Ni(II)-AADH (Table 3) provides a 
measure of linear dependence of one equi- 
librium constant on the other. This information 
is very important as a good statistical fit of the 
data is possible even when one parameter is 
erroneously estimated, because the error in this 
log /3 can be offset by appropriate change in the 
other.” The apparently high correlation co- 
efficients between some of the log fi values are 
an artifact of the algorithms employed in MINI- 
QUAD, SUPERQUAD” and ESTA.Z3 A real 
picture is, however, possible only when the 
stepwise constants are refined as in SCOGS224 
and in one of the modes of DALSFEK.” A 
system wherein rij > 0.8 indicates that (1) one or 
more of log K(s) are not sufficiently defined by 
the available primary data or (2) equilibria are 
highly overlapping and thus only a linear com- 
bination (but not individual constants) can be 
calculated. 

Residual analysis 

The x2 values for Ni(II)-FAH and 
Ni(II)-AADH obtained are 36 and 99, respect- 
ively. They are less than x&, indicating that the 
unweighted residuals form a part of normal 
distribution. This x2 statistic drew the attention 



T
ab

le
 

1.
 E

xh
au

st
iv

e 
m

od
el

li
n

g 
of

 
N

i(
II

)-
A

A
D

H
 

(o
r 

F
A

H
) 

in
 a

qu
eo

u
s 

so
lu

ti
on

 

M
od

el
 

lo
g 

B
 (

S
D

) 
n

u
m

be
r 

1 
1 

0 
1 

2 
0 

1 
1 

1 
1 

2 
1 

R
 

U
/N

F
’-m

 
x 

IO
* 

x2
 

K
u

rt
os

is
 

S
k

ew
n

es
s 

S
D

 x
 1

04
 

M
ea

n
 x

 1
06

 

O
n

e 
sp

ec
ie

s 
at

 a
 i

im
e 

1 
4.

16
8(

3)
 

6.
%

&
8,

 
1 

q
 

0.
01

9 
9.

57
 

26
.9

4 
4.

42
 

-0
.6

1 
1.

76
 

-2
.7

5 
2 

- 
0.

06
0 

97
.5

8 
14

2.
14

 
1.

94
 

-0
.9

5 
5.

61
 

- 
18

8.
48

 
3 

- 
- 

6.
91

2(
40

) 
0.

11
0 

36
3.

98
 

80
.1

5 
2.

65
 

0.
25

 
10

.8
4 

5.
27

 
4 

- 
- 

- 
10

.2
$8

) 
0.

05
2 

70
.4

0 
15

4.
86

 
7.

50
 

1.
72

 
4.

77
 

47
.5

0 

T
w

o 
sp

ec
ie

s 
at

 a
 t

im
e 

5 
4.

13
6(

3)
 

5.
91

3(
10

) 
6.

89
5(

14
) 

q
 

0.
01

7 
7.

88
 

48
.7

4 
7.

10
 

-1
.7

2 
1.

59
 

-2
3.

23
 

6 
4.

16
8(

3)
 

- 
0.

01
9 

8.
54

 
38

.9
6 

6.
82

 
-1

.5
2 

1.
65

 
- 

12
.8

4 
7 

4.
15

8(
3)

 
- 

7.
15

2(
26

1)
 

8.
52

4(
14

) 
0.

01
9 

6.
24

 
21

.8
2 

4.
39

 
-0

.5
4 

1.
76

 
- 

1.
49

 
8 

- 
7.

%
2(

15
9)

 
10

.1
&

i(
3)

 
0.

07
0 

16
6.

29
 

20
5.

19
 

8.
69

 
-2

.6
1 

12
.1

6 
-5

4.
74

 
9 

- 
6.

51
4(

4)
 

- 
0.

06
0 

97
.7

6 
10

3.
16

 
7.

65
 

-2
.0

1 
9.

70
 

- 
24

.6
2 

10
 

- 
- 

re
je

ct
ed

 
10

.2
53

(8
) 

0.
05

2 
70

.4
0 

14
5.

86
 

6.
50

 
1.

52
 

3.
77

 
47

.0
9 

T
hr

ee
 s

pe
ci

es
 a

t 
a 

ti
m

e 
11

 
4.

15
7(

4)
 

5.
98

2(
14

) 
5.

34
9(

72
) 

9.
53

3(
13

) 
::8

G
 

7.
85

 
54

.0
3 

7.
22

 
-1

.7
5 

1.
59

 
-2

2.
04

 
12

 
3.

99
9(

5)
 

6.
07

8(
9)

 
- 

7.
10

 
42

.9
8 

7.
21

 
-1

.6
3 

1.
51

 
- 

18
.9

2 
13

 
4.

15
8(

3)
 

re
je

ct
ed

 
8.

52
5(

81
) 

0.
01

9 
95

.4
6 

11
.7

2 
4.

19
 

-0
.5

7 
1.

06
 

- 
10

.6
1 

14
 

- 
7.

 I7
4(

8)
 

6.
97

3(
9)

 
10

.6
78

(7
) 

0.
01

5 
4.

72
 

99
.4

7 
17

.0
4 

-2
.7

6 
1.

09
 

-8
.3

0 

F
ou

r 
sp

ec
ie

s 
at

 a
 t

im
e 

15
 

4.
08

7(
3)

 
6.

28
7(

8)
 

6.
29

9(
9)

 
9.

44
2(

6)
 

0.
00

9 
0.

86
 

38
.1

0 
5.

72
 

-2
.4

8 
0.

79
 

-3
.1

5 

F
A

H
 

3.
23

7(
7)

 
5.

20
9(

9)
 

- 
- 

0.
03

 I 
25

.3
4 

97
.8

3 
4.

42
 

-0
.3

6 
0.

65
 

-2
.3

9 



Chemometric investigation of complex equilibria 

Table 2. Chemical modelling for separate and pooled data of Ni(II)-AADH in aqueous solution 

1877 

NUUlber 
of TMO:TLO log B (SD) UjNP-m 

exvt(s) (NP) 110 120 I 1 1 121 x lo” 

1 

2 

3 

4 

All 

l:l.5 
y:’ 

(3;) 
;3::, 

;;:, 

1:2-1.5 
(1251 

4.080(6) ‘Rej. 6.71q8) 10.253(8) I .2936 

4. I 14(9) Rej. 6.493( I 7) 9.936(12) 2.8695 

Rej. 7.458(40) 7.280(M) 10.971(43) 1.8426 

Rej. 6.11q5) Rej. 9.541(6) 3.7536 

4.087(3) 6.287(8) 6.299(9) 9.442(6) 0.8508 

l Rej. = species rejected during refinement. 

of equilibrium chemists only recently and the 
values reported till now range from about 10 to 
400 for chemical equilibria of increasing com- 
plexity.26J7 Further, very small values of stan- 
dard deviation (1.93 x 10e4 and 1.09 x 10-3 
and mean deviation (1.48 x 10m4 and 6.51 x 
lo-‘) corroborate the above assumption. How- 
ever, the deviation of kurtosis (5.8 and 17.7) and 
skewness (- 1.12 and -2.95) from 3 and 0, 
respectively, suggest that the residuals concen- 
trate to the left of the peak. The confidence 
contours of log /3 values calculated (Table 1) 
thus represent only an approximate range as log 

t 
- SIUULITED 

---- EXPERlHElTAL 
4.50 

4.00 

I 

3.50 - 

I 
4 

3.00 - 

/I values are partially correlated and only part of 
the residuals form normal distribution with a 
slight distortion. 

Species distribution plots 

Conventional two-dimensional distribution 
diagrams (Fig. 3) depict the variation of per- 
centage of the concentration of species to the 
total metal ion concentration US pH. From 
Fig. 4, it is clear at lower ratios of TLO to TMO, 
ML2 is not formed while at higher ratios, 
ML does not exist. Mathematical solutions in 
N-dimensional space where (N - 1) variables 

VOLUME OF NaOH 

Fig. 2. Comparison of the experimental titration curve with the simulated one TLO:TMO = I : 1.5. log 

B ,,0 = 4.080, log /?,,, = 6.716 and log /?,*, = 10.253. 
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Table 3. Correlation matrix of log /I values of 
Ni(II)-AADH (aq) system 

l detecting stoichiometric asymmetry and 
over-compensation effects of a specific 

MLH+ ML ML,H- ML;- equilibrium. 
MLH+ 1.0 0.056 0.918 0.925 
ML I.0 -0.212 -0.215 In an attempt to achieve this goal, we have 
ML,H- 1.0 0.954 
ML;- 1.0 

considered three-dimensional plots wherein the 
simultaneous effects of pH and TLO: TM0 
ratio on percentage of species is described 

(TLO:TMO, analytical concentration of the (Fig. 5). The chemical equilibria in solution 
metal ion, pH, etc.) affecting the concentration phase are represented by ._. 
of the species, provides important chemical in- 
formation such as: 

(1) 
l optimum conditions for the preparation of a 
solid complex with minimum interference from (2) 
other complexes; 
l understanding the relative concentrations of 
different species under given experimental con- 
ditions which throw light on biologically active (3) 
forms; 
l performing a feasibility study of metal ion 
buffers; 

I 
6 

4 
100 1 

Ni(I1) + LH,#NiLH+ + H+ 

Ni(I1) + LH,#NiL + 2H+ 

NiLH+ #NiL + H+ 

Ni(I1) + 2LH,#NiL,H- + 3H+ 

NIL + LH,#NiL,H- + H+ 

NiLH+ + LH,#NiL,H- + 2H+ 

10 
0 lb 2% 310 

6.0- 

lo- 
0 1% 2%) 3kl 1.5 2:o 2.5 $0 

vdums d NaoHw Fig.3 PH 

Fig. 3. Protometric titration curves and species distribution diagrams of Ni(II)-AADH (or FAH) 
complexes. Titrand: TM0 (Ni*+): 3.482 x 10’ mol/l, E,,: 21.85 x 10-l mole/l, p: 0.10 mole/l, V,: 50.0 
cm-3, temp.: 301 K, t&rant: NaOH:0.3902 mole/l. AADH =(a) 5.982, (b) 7.976, (c) 9.970, (d) 14.955 
and (e) 19.940 mmole/l and FAH =(a) 6.035, (b) 8.048. (c) 10.059, (d) 15.089 and (e) 20.119 m mole/l. 
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- MLH,o-O& WML2; -ML2H; -FM 
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b - 
:: acb 

0 

60- 

1.0- 

20. 

0 
1.8 2:2 2:6 j.0 $4 3% 4.‘2 2.0 2-a 3’6 

PH PH 

Fig. 4. Changes in chemical models as a function of TLO:TMO [Ni(II)-AADH]. 

RATIO 

Fig. 5. Three-dimensional plot and surface contour for the ?Gmultaneous effect of pH and TLO: TM0 
on pcrczntage of ML of Ni(II)-AADH system. Rejection: orthographic; rotation about z-axis: 3 IO”; tilt 

after rotation: 30”. 
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(4) NiL2H- #NiLi- + H+ 

NiL + LH,#NiLs- + 2H+ 

NiL + LH- #NiLi- + H+ 

However, from pH metric studies alone it is not 
possible to assess the relative importance of the 
micro equilibria contributing to the release of 
one and two protons. 

CHEMOMETRIC APPROACH FOR THE 
RELIABILITY OF LOG j?l VALUES 

The standard deviations in log fl values and 
any statistic representing the sum of squares 
(U, SD in pH, etc.) reflect how best the algor- 
ithm explains the variation in the dependent 
variable (pH) in terms of explanatory variables 
(chemical model). However, the errors which 
creep into the system at various stages, like 
those in concentration of ingredients, electrode 
parameters and derived constants (proton lig- 
and stability constants), have a tremendous 
cumulative effect on the metal ligand stability 
constants. But MINIQUAD or other similar 
programs do not have any built in provision to 
recognize or overcome these effects. 

Eflect of errors in proton-ligand stability con- 
stants on metal complexes 

Table 4 incorporates the results of the effect 
of introducing an error off 3SD (where 
SD is the standard deviation in proton ligand 
stability constant) and an extreme value 
( f 0.20) in log /?,,,, and log /Iolz on the chemical 
model refined for the Ni(II)-AADH system. 
The very small effect on metal ligand stability 
constants when + 3SD error is introduced indi- 
cates the consistency of the reported model 
(Table 4). However, considerable (+0.2) errors 
in proton ligand complexes result in rejection 
of some of the species actually existing (ML) 
or a stability constant differing by one log 

unit (ML2 for & 0.2 and MLzH for & 0.2). This 
re-emphasizes the need for the experimental 
design and accurate determination of an 
acid-base equilibria of systems under identical 
conditions employed for metal ligand com- 
plexes. 

Retrieval of proton-ligand stability constants 
from metal-ligand titration data 

Keeping all the stability constants corre- 
sponding to metal complex species fixed, log fi 
values of acid-base equilibria of AADH are 
retrieved using MINIQUAD75. The good 
agreement with the reported values (given for 
comparison in Table 5) indicates the absence of 
any other chemical reactions changing hydrogen 
ion concentration in the pH regions (1.84.6) of 
acid-base equilibria of the ligand. 

Simultaneous refinement of proton-ligand and 
metal-ligand equilibrium constants 

The general non-linear algorithms, in prin- 
ciple, do not restrict the simultaneous refine- 
ment of any number of parameters, for example, 
stability constants of proton ligand and metal 
ligand complexes and all dangerous parameters. 
However the error surfaces exhibit distortion 
when (1) a non-existent species is introduced 
by chance, (2) there is a hidden mathematical 
relationship between two or more species (corre- 
lation) and (3) the model is made over sophisti- 
cated to account for small residues (in the 
primary data) which are less than the accuracy 
of the data acquisition system. Further in- 
creased complexity of non-linearity (from PL to 
MLXY), different ranges of /.I values and lack of 
restriction on the range of parameter space are 
added disadvantages. The difficulties in the sim- 
ultaneous refinement of free concentration of 
ingredients and B values were experienced in the 
earlier version of MINIQUAD and these prob- 
lems are overcome in MINIQUAD by a two 
level refinement. Our earlier investigations of 
interaction of L-dopa with Mn(I1) and Zn(I1) 

Table 4. Effect of error in proton ligand stability constants on log A,,,, of Ni(II)-AADH 
(aq) system 

Error 
introduced A log B 

in PL 

+ 3SD 
+lSD 
-lSD 
-3SD 
+0.20 
-0.20 

110 I20 

0.177 -0.122 
0.056 -0.040 

-0.039 0.041 
-0.127 0.124 

Rej. -0.784 
-0.446 1.126 

111 121 U/NP-m x 106 

-0.045 -0.056 4.7135 
-0.018 -0.019 2.1653 

0.020 0.156 2.0834 
0.061 0.444 4.1809 

- 0.427 -0.497 7.2576 
0.341 0.633 3.0199 
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Table 5. Retrieval of proton-ligand constants from 
metal-@and data [Ni(IL)-AADH (as)] 

M L H Retrieved 8s P-L data 

0 I I 3.x)2(0.016) 3.521(0.006) 
0 1 2 6*161(0.~) 6.172(0.~) 
1 1 0 6.299 
t I 0 4.087 
1 2 1 9.442 
1 2 0 6.287 

showed that sirnul~n~~ ~fin~ent resulted in 
agreement of va1ues,28 this being a case in which 
many of equilibria are non-overlapping. How- 
ever, the present study clearly establishes simul- 
taneous refinement of results in stability 
constants that are quite different from the best 
fit model (Table 6). This can be explained in 
terms of simultaneous solution (acid-base and 
metal-ligand) equilibria and major changes in 
the concentration profiles of different forms of 
ligand. This results in difficulties in determining 
indi~d~l stability constants accurately due to 
inadequacy of the algorithms adopted in com- 
plex equilibria. 

Effect of systematic errors on ingredient concen- 
trations 

In order to rely upon the best fit chemical 
model for critical evaluation and application 
under varied experimental conditions with 
different accuracies in the data acquisition sys- 
tem, a study of the effect of systematic errors of 
different mantles up to extreme limits in the 
concentration of EO (strong acid), ALK (con- 
centration of alkali used as titrant), TLQ and 
TM0 have been made adopting a factorial 
design. It was found that errors in EO and ALK 
have more pronounced effects than those in 
TLU and TMQ. Further, even very large errors 
in initial total volume (V,) which is important 
in understanding the effect of mixing volumes 
and pK, have been found to have little effect. 
Since the errors in the ingredient concentrations 
in the present investigation are less than l%, the 

Table 6. Simnhaneous refinement of proton-&and and 
metal-l&and stability constants Ni(II)-AADH (aq) system 

m I h log B Boul fixed 

0 I 1 3.203(0.02) 3.521 
0 1 2 5.%2(0.02) 6.172 
I I I 6.619(0&j) 6.2~(0.~) 
1 1 0 3.7t 2(0.23) 4.087(0.035) 
1 2 1 10.088(0.07) 9.422(0.080) 
1 2 0 5.671(0.07) 6.287(0.090) 

chemical model proposed is accurate to 0.02 
units in log /X 

A study of systematic errors introduced in the 
measurement of hydrogen ion by the glass elec- 
trode is of paramount importance. A very large 
error ( f 0.10 pH) distorts the stability con- 
stants of some of the species appreciably or 
the very model is rejected during refinement 
process. 

~ob~t~ss of ~~~~Q~A~ 7.5 

Recent investigations by Sylva et aLB and 
Pardue30 and by our group established the ne- 
cessity for fairly good initial estimates of stab- 
ility constants, especially for highly complex 
systems (with more than two overlapping equi- 
libria). This is because the species that really 
exist are rejected or yield i&conditioned 
matrices that are not solvable. A point of inter- 
est here is to note that this is not the limitation 
of MINIQUAD alone but a ditBculty in 
numerical analysis of math~a~~ly complex 
systems and there are no attempts based 
on chemometric principles to overcome this 
hurdle. 

Nurchi and Crisponi3’ reported non-conver- 
gence by a Gauss-Newton algorithm” when the 
approximate stability constants are less than 0.5 
units for protonation equilibria with log 
K, -=z log &. Recently Babut4 showed that the 
algorithm plays an important role even in de- 
scribing the range of approximate stability con- 
stants and MINIQUAD produced identical 
results even when the initial constants were 
three log units away from the true (log -rU, = 5.0, 

Fig. 6. Effect of wild initial estimates of log /I for successful 
convergence by MINIQUAD75, 
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log Kr = 6.0) values. Further, a detailed study 
indicated that for the acid-base equilibria of 
AADH with log K, (3.5) > log K2 (2.9, MINI- 
QUAD75 is robust to an extent of 5 log units. 
Since the robustness of a program depends on 
(1) the algorithm (2) the pattern of log /? values 
(3) the number of equilibria and complexity, (4) 
optimization function and (5) over all accuracy 
and precision of potentiometric titration data. 
The Ni(II)-FAH system was chosen to establish 
a valid range of initial constants and Fig. 6 
indicates this to be log pl10 f. 2.0 units. As such 
an investigation for Ni(II)-AADH species is 
a formidable task requiring approximately 
360 MINIQUAD runs, only preliminary 
calculations were attempted. These indicated 
that the safe area decreases with increasing 
complexity. 

Abbreviations and symbols 

TMEi, TLEi, THEi = Total concentrations of 
metal, ligand and hydrogen ion (experimen- 
tal). 

TMCi, TLCi, THCi = calculated concen- 
trations of total metal, ligand and hydrogen 
ion. 

NP = Number of experimental points. 
m = Number of stability constants refined. 
R, = [(TMEi - TMC,) + (TLE, - TLC,) 

+ (THE, - THCi)]. 
NP 

CR, NP 

Mean = $- u=,z,R: 

C (Ri)* Variance (Var) = NP-m 

Standard deviation (SD) = J%%& ; 

kurtosis = c (RJ4 
NP xVarr’ 

skewness = C (Ri)3 
NPxVarxSD’ 

(R, )* 
X1=C(TXE,i 

CR? 
R (tryst) = c TMEi2 + TLEi2 + THEi ’ 
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POLAROGRAPHIC DETERMINATION 
OF Ce(II1) AND Tm(II1) USING 

RARE EARTH-DBF-CHLOROPHOSPHONAZO COMPLEX 
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(Received 11 September 1992. Revised 16 March 1993. Accepted 19 March 1993) 

Sormauy-The electrochemical behaviour of the DBF-chlorophosphonazo @BF-CPA)-rare earth (RE) 
complex has been investigated in this paper. A highly sensitive polarographic adsorption wave was found 
in the RE(III)-DBF-CPA system and a new method for determination of trace total RE(III) has been 
established. The limit of detection was 1.8 x lo-*M. The results of determination of the total REJIII) 
content in Chinese standard reference. materials of cast-iron and alloy steel were in good agreement 
with the certified values. The polarographic adsorptive waves of ce(III) and Tm(III)-DBF-CPA overlap 
seriously. In order to improve the selectivity of determination, a non-linear regression model was employed 
to fit the peak height of the polarographic wave and the concentrations of ce(III) and Tm(III). The 
predictive accuracy of this model for simulant mixtures was satisfied. 

Natural resources of rare earth(RE) are 
abundant in China. Because of their special 
photogenic, magnetic, mechanical and nuclear 
properties, rare earth elements are widely 
applied in the fields of industry, agriculture and 
natural science. Chemists are increasingly paying 
attention to the study of environmental, medical 
and biological effects of rare earth elements. 
Therefore, methods for their rapid, sensitive and 
accurate determination and separation are of 
great importance.’ 

DBF-CPA is a new colour with molecule 
structure 

It has been used as a sensitive colourant in the 
spectrophotometric determination of total rare 
earths, but its electrochemical behaviour has 
not been investigated. In this paper the polaro- 
graphic behaviour of rare earth-DBF-CPA 
complexes at the mercury electrode was studied. 
A sensitive and selective polarographic adsorp- 

*Author for correspondence. Present address: National Key 
Laboratory on Coal Combustion, Huaxhong University 
of Science and Technology, Wuhan 430074, People’s 
Republic of China. 

tive wave (PAW) of RE(III)-DBF-CPA com- 
plexes was established in the determination of 
trace amounts of RE. To improve the selectivity 
of the method, a non-linear regression model 
was applied to determine Ce(III) and Tm(II1) 
simultaneously in the rare earth mixtures and 
the results of this determination were satis- 
factory. 

EXPERIMENTAL 

Apparatus 

Single sweep oscillopolarographic experiments 
were performed on a oscillopolarograph model 
JP-2A with a dropping mercury working 
electrode (DME), a saturated calomel reference 
electrode (SCE) and a platinum-wire counter 
electrode. Cyclic voltammetry was performed 
with a neopolarograph model XJP-821(B) with 
a conventional three-electrode cell; a hanging 
mercury electrode, an Ag/AgCl (saturated KCl) 
reference electrode and a platinum-wire counter 
electrode. Voltamperograms were recorded on 
an X-Y recorder model LZO3-204. A spectro- 
photometer model UV24O(Simazu) was used 
with 1 cm glass cells and a pH meter model 
PHS-25C was used for pH measurement. 

Reagents 

DBF-CPA was synthesized in the Chemistry 
Department of Wuhan University of China.2 

TAL 40/0/12-H 
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The synthetic route is as follows: 

Y. RONG et al. 

Other chemicals used were of commercial 
analytical grade reagents. All solutions were pre- 
pared in doubly distilled water. Stock solutions 
of 1 mg/ml RE(II1) in 0. 1M NH.,Cl solution 
were prepared from RE*O,. A 6.1 x lop4 iU 
DBF-CPA solution (0.05%) were prepared in 
water. A O.lM NH4Cl solution (pH = 4.5) was 
used as background electrolyte. 

Procedures 

A 5.0 ml portion of O.lM NH4Cl buffer 
and 0.15 ml of 6.1 x 10e4 M DBF-CPA solution 
were mixed with a known volume of the sample 
solution, and the mixture was diluted to 25.0 ml 
with water. Shake the solution and then transfer 
10 ml of it into an electrolyzer. Record the 
secondary differential response of the single 
sweep oscillopolarography of the RE-DBF- 
CPA complex and read the peak height at the 
reductive potential about -0.78 V (vs. SCE.). 

RESULTS AND DISCUSSIONS 

The PAW of the RE-DBF-CPA complex and 
experimental conditions 

The secondary differential peak of DBF-CPA 
and RE(III)-DBFCPA complex in O.lM 
NH4C1 system are illustrated in Fig. 1. The P, 
and Pz peaks (solid line) corresponded to the 
reduction of the two azo linkages of the DBF- 
CPA reagent. When trace RE was added in the 
DBF-CPA and NH4C1 system, the height of Pz 

0.4 0.5 0.6 0.1 0.8 0.9 

-B(V,vr SCB) 

Fig. 1. Single sweep oscillopolarography: (a) 3.6 x lo-‘M 
DBF-CPA + NH,Cl (pH = 4.5); (b) a + 2.8 x lo-‘M 

Ce(II1). 

decreased and its reductive potential moved 
slightly to a negative position, P;(dashed line in 
Fig. 1). At the same time a new peak P; with 
a more negative reductive potential appeared 
at -0.78 V (vs. SCE). P; was the reductive peak 
of the RE-DBFCPA complex. The height of 
the secondary differential peak(i”p;) had a good 
linear relationship with concentrations of RE in 
the range 2.0 x lo-*-1.0 x 10F8M. The detection 
limit was 1.80 x lo-*M. 

Several electrolytes such as HCl, NaH*PO,, 
Na,B,O,, KCl, NaN03, NH,Cl, NH,Ac, and 
NH,Br were studied. In NH,Cl, NH,Br or 
NH,Ac solution, the peak Pi appeared, but in 
NH4C1 solution the sensitivity and the peak 
shape were better than those in NH,Br and in 
NH,Ac. The pi peak appeared when pH was in 
the range 3.7-10.2, while the heights of p; were 
stable when pH was between 4.0 and 8.0. There- 
fore, we selected pH = 4.5 with NH4Cl solution 
as supporting electrolyte. 

The influence of the concentration of DBF- 
CPA on the current was studied. With increas- 
ing concentrations of DBF-CPA, the current 
i”p; increased first and then when the complex 
formed completely, the peak currents became 
stable, and finally because of the competition of 
adsorption between RE(III)-DBF-CPA com- 
plex and the free DBF-CPA at DME, the i”p; 
decreased (see Fig. 2). 

The height of i”p; increased from 2.0 to 3.7 
cm while the height of the mercury column(h) 

25 

5 Db, , , 
0.05 0.10 0.15 0.20 0.25 0.30 0.35 (ml) 

DBF’-cpA(O.O5%) 

Fig. 2. The influence of DBF-CPA content on i”p;: 
(a) 0.572 x IO-‘M RE(II1); (b) 2.86 x lo-‘M RE(III); 

(c) 7.16 x IO-‘M RE(II1). 
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40- 

35 - 

15 

// 

lo- ' ' III I I 

30 35 40 45 50 5S 60 65 

hH6(cm) 

Fig. 3. Effect of height of Hg column on i”p;. 

was changed from 35 to 65 cm. A linear 
relationship between i”p; and h is shown in 
Fig. 3. 

The effect of temperature on current was also 
studied. The variation of i”p; with temperature 
is recorded in Table 1, showing that the effect 
of temperature on the height of i”p; was not 
significant. 

The effect of enrichment time and the size of 
the mercury drop on i”p; had been studied by 
a neopolarograph with a hanging mercury elec- 
trode. The results are listed in Table 2. 

The experiments showed that the longer the 
enrichment time and the bigger the size of the 
mercury drop, the larger the current (i”p;). This 
may be because of adsorption of more complex 
on the surface of the mercury drop while the size 
of the drop and enrichment time increased. The 
results also showed that the reductive wave of 
RE(III)-DBF-CPA has an adsorptive property. 

Determination of the composition of the complex 

The composition of the complex was deter- 
mined by an equilibrium method and a straight 
line method.3 The results are shown in Fig. 4(a) 
and Fig. 4(b). In the equilibrium method if the 
concentration of ion is kept constant and the 
concentration of DBF-CPA is changed, the plot 

-0.8 2 

,/ ,- 

:: 
- 0.6 

1 
!L 

- 0.4 s 
PI 

0.2 != 

8 

6.1 -6.0 -5.9 -5.8 -5.7 -5.6 -5.5 

@I 

A [x0.52&x 10’2(mol/L~” 

./’ n=2- -. 
//* -------------------_ a[xO.SU x lti(mol&)-*] 
/ II=1 

0.04 0.0s Ii06 0.07 0.0s 0 

cF 
8 
: 

9 

InP 
Fig. 4. (a) Determination of composition by equilibrium 
method; (b) determination of composition by straight 

line method. 

of log[i”p;/(i”pmax - i”p;)] H 1ogCR should be 
a straight line. The slope of this line is just the 
ratio of concentration of ligand to metal. Where 
i”pmax is the maximum peak current of the 
complex, i”p; is the peak current correspond- 
ing to different concentrations of ligand and CR 
is the equilibrium concentration of DBF-CPA. 
When the concentration of ligand is largely 
more than that of metal, CR is almost equal 
to the total ligand concentration. So we can 
easily determine the composition of a complex. 
In Fig. 4(a), the slope of the straight line is 
equal to 2. 

Because the height of the reductive peak is 
directly proportional to the concentration of the 

W’C) 
i”p+m) 

9.0 
1.2 

11.5 
1.5 

14.0 
1.6 

Table 1. Effect of temperature on i”p; 

18.0 21.0 23.0 27.0 30.0 34.0 36.0 39.0 44.0 
1.6 1.65 1.7 1.65 1.65 1.75 1.8 1.9 1.95 

Table 2. 

(a) Effect of mercury size on height of pi 

Mercury size(usedamount, unit) 10 
Height of p$(cm) 4.1 

15 20 25 30 35 
5.4 7.6 8.0 10.0 10.3 

(b) Effect of enrichment time on height of pi 

r(min) 0.4 0.6 
height of p;(cm) 0.45 1.10 

1.0 2.0 3.0 
1.15 2.40 3.15 
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0.30 

A 0.15 

Fig. 5. Adsorption spectra: (1) 0.05% DBF-CPA + O.lM 
NH,Cl @H = 4.5); (2) 0.1 ppm RE(II1) + (1); (3) 0.2 ppm 

RE(II1) + (1); (4) 0.3 ppm RE(III) + (1). 

complex of RE-DBF-CPA, the equation l/ip 
= l/ip_ + l/(6 x ip,, x CR in) holds true. 
Where ip_ is the maximum peak height, CR is 
the concentration of DBP-CPA and ip is the 
peak height corresponding to different concen- 
trations of ligand. When n is an integer we can 
obtain the different curves of l/ip N l/CRAn. 
So the ratio of ligand to metal can be obtained 
when the plot of l/ip N l/CR *n shows a 
linear relationship. From Fig. 4(b) we can see the 
value of n equals 2. The results of the straight 
line method and the equilibrium method 
both show the composition of the complex is 
RE: DBF-CPA = 1: 2. 

Figure 5 shows the absorption curves of 
DBF-CPA and RE-DBF-CPA. We also deter- 
mined the composition of the complex using the 
absorption peak of the RE-DBF-CPA complex 
(650 nm). The results are in agreement with that 
of the reported spectrophotometric method,2 
and DBF-CPA: RE is also equal to 2. 

The reduction mechanism of RE(III)-DBF-CPA 
complex 

The present paper investigates the cyclic volt- 
ammogram, electrocapillary curve, temperature 
coefficient of the polarographic current, the 
relationship between potential, scanning 
speed (v) and peak height, the influence of 
surfactants on current, the effect of acidity of 
the solution on peak potential($), etc. were 

b 
110 

a 
d 
C 

105 I I I I I 

0.2 0.4 0.6 0.8 1.0 

-WV) 

Fig. 6. Electrocapillary curve: (a) 0.05% NH,Cl (PH = 4.5); 
(b) 7.16 x lo-‘M Ce(III) +a; (c) 6.1 x 10e5M DBF-CPA 
+a; (d) 7.16 x lo-‘M Ce(III)+6.1 x 10e5M DBF-CPA 

+ a. 

The electrocapillary curves are shown in 
Fig. 6. Comparing curves (c) and (d) with (a) 
and (b), we can see the zero charge potential 
shifted negatively when DBF-CPA was added 
to the solution, and the left part of curves (c) 
and (d) were both lower than curves (a) and (b). 

1 0.1 pA 

t 
5.0pA 

t 
I.OpA 

L l l l l l I I I 1 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

-W.vrAgcUAg) 

Fig. 7. Cyclic voltammograms (V = 100 mV/sec): (a) O.lM 
NH,Cl @H = 4.5) + Ce(III), i -E(V); (b) 6.1 x IO-‘M 
DBF-CPA + O.lM NH,Cl (PH = 4.5), i - E(V); (c) 6.1 
x lo-‘M DBF-CPA + 0.M NH,Cl (pH = 4.5), e” - E(V); 

investigated. (d) 5.73 x 10-5M Ce(III) + c, e” - E(V). 
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It shows that DBF-CPA and RE-DBF-CPA 
were both adsorptive on the surface of the 
mercury drop in the form of negative ions. 

The cyclic voltammograms are shown in 
Fig. 7. From this figure, we can see both DBF- 
CPA and RE-DBF-CPA complex show com- 
pletely irreversible reduction processes. Accord- 
ing to the Randle-Sevoik equation: ip = 269@ 
AD”2V”2Cb, we know the curve of ip- V”2 
should be a straight line. When electroactive 
substances possess adsorptivity on the surface 
of DME, the ip should be higher than the 
predictive value. The experimental results of the 
relationship between potential scanning speed 
and the peak height are shown in Fig. 8. From 
this figure we can see that the RE-DBFCPA 
complex possesses adsorptivity at DME. The 

experimental results of the electrocapillary curve, 
and the influence of surfactants on current all 
showed an adsorptivity of RE(II1) - DBF-CPA 
complex at the DME. 

The electron number of the electrode reaction 
was determined. The results showed a two- 
electron reaction in the reduction of the complex. 
Therefore, the electrode process of the complex 
may be considered as the reduction of the ligand 
of the complex at DME.4 

The result of the effect of acidity on peak 
potential is listed in Table 3. We can see that 
the potential became negative with an increase 
of pH, showing that the hydrogen ion acts as 
a reactant in the reduction process. So the 
mechanism of the electrode process may be as 
follows: 

PMBP-benzene extraction and &termination 
of RE(ZZZ) 

The influence of some coexisiting ions in 
the determination of RE(II1) were investigated. 
At the concentration of 7.16 x lo-’ M RE(III), 
the permissible concentrations of foreign ions 
for determination of RE(II1) were 7.16 x 10m4M 
Na+, K+, NH:, As(III), Ag+, NO;, SO:-, I-, 
Br-, AC-: 7.16 x IO-‘M MgZ+, Ca2+, SrZ+, Bi+, 
Mn2+ and 7.16 x 10m6M Sn(IV), Pb(II), Sb(III), 
Te(IV), Ni(II), Mo(V1) and Cd(I1). Co(II), 
Cr(II1, VI), Fe(I1, III), V(V), W(VI) and Se(V1) 
interfered with the determination of RE appreci- 
ably. These interferences can be eliminated by 
PMBP-benzene extraction. 

Jiao et al5 studied the optimum condition of 
the separation of rare earth cations from non- 
rare earth elements by extraction with PMBP( l- 

utp(mvh)Vz phenyl-3-methyl-4-benzoyl-pyrozolone-5) under 
Fig. 8. Relationship between potential scanning speed (V) the presence of masking agents NH4CNS and 

and the peak height (ip). sulphosalicylic acid. This extraction system was 

Table 3. E&t of acidity on peak potential 

PH 3.8 4.0 5.4 6.7 7.5 7.8 8.5 9.0 9.5 10.0 
-EP,O 0.77 0.77 0.77 0.77 0.77 0.78 0.78 0.78 0.78 0.80 
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Table 4. Results of RE in SRM 

Sample 

Cast iron (7101) 
Alloy-steel (25 MnTiBRE) 
Alloy-steel (CrNiCuMoRE) 

Certified 
value, % 

0.022 
0.0078 
0.084 

Determined 
value, % 

0.0218 
0.00781 
0.0820 

RSD, %(n = 4) 

3.5 
3.5 
3.7 

used in this paper, and the selectivity of the pro- 
posed method was improved. The total RE(II1) 
contents in standard reference materials of cast 
iron and alloy-steel were determined. The results 
are shown in Table 4. 

The results show that method of PMBP- 
benzene extraction separation combined with 
PAW of the RE(III)-DBF-CPA complex could 
be applied to the determination of trace RE(II1) 
successfully. 

Simultaneous determination of Ce(IZZ) and 
Tm(ZZZ) in the polarographic system of RE(ZZZ)- 
DBF-CPA by non -linear regression 

The PAWS of the Ce(III)- and Tm(III)- 
DBF-CPA complexes overlap seriously. In 
order to improve the selectivity of the determi- 
nation of RE(III), a non-linear regression model 
was applied to determine Ce(II1) and Tm(II1) in 
the RE(II1) mixture simultaneously. 

Principles. To a mixture containing n com- 
ponents, the concentration of each component 
(x,) is regarded as a regression variable, and the 
peak height of the polarographic wave (h,) was 
regarded as a function of concentration. Con- 
sidering the interaction of the components, a 
non-linear mathematical model was proposed to 
fit the x, and h,: 

hl=b,+Cbixi+Cbi,xixj 
1 

‘j (i,j=l,2,3...n) (1) 

Where b,,, bi and bij can be obtained by a 
calibration procedure. The partial derivatives 
of equation (1) are as follows: 

ahi/axi=bi+~bijx, (iJ=l,2,3,...,n) (2) 

Under the experimental conditions, a series of 
standard solutions of each individual component 
(xi) were added to a sample of Ce(II1) and 

Tm(II1) mixture. The peak heights (hi) of single 
sweep oscillopolarographic waves were then 
measured and a calibration curve of hrxi was 
obtained. The slope of the calibration curve 
was regarded as the partial derivative (ahi/Jxi). 
Thus, for a system of n components, n partial 
derivatives can be obtained and the concen- 
tration of each component in a mixture can be 
calculated by solution of the simultaneous linear 
equations (2). 

Experimental design. A two-factor (Ce and 
Tm) four level orthogonal regression experiment 
was designed. Setting the standard level of con- 
centration of RE(Ce and Tm) at 0.24 ppm, the 
interval of concentration change was 0.08 ppm. 
The same experimental procedures were per- 
formed and the peak heights at -0.78 V (vs. 
SCE) were recorded. The results are listed in 
Table 5. 

The regression equation obtained by the 
multifactor regression program is: 

h = - 7.348904 + 45.12561 

x C, + 68.25055 x C,, 

+ 20.31035 x C, x C,, (3) 

The calculated peak heights by regression 
equation (3) are listed at the bottom of Table 5. 
The standard deviation between the determined 
results and calculated ones is less than 0.3. It 
can be shown that the precision of the regression 
equation is satisfied. 

Determination of ah,/ax,. Under the same 
experimental conditions as the regression pro- 
cedures, two groups of individual component 
standard solutions with different concentrations 
of Ce(II1) or Tm(II1) were prepared respectively, 
and then a known volume of simulant and 
unknown mixture of Ce(II1) and Tm(II1) was 
transferred into the above-mentioned standard 

Table 5. Results of two-factor regression experiment design 

Expt.No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

WII) 0.4 0.4 0.4 0.4 0.32 0.32 0.32 0.32 0.16 0.16 0.16 0.16 0.08 0.08 0.08 0.08 
Tm(III) 0.4 0.32 0.16 0.08 0.4 0.32 0.16 0.08 0.4 0.32 0.16 0.08 0.4 0.32 0.16 0.08 

h, Detn. 41.0 35.0 23.5 18.0 37.0 31.0 18.5 11.5 31.0 21.5 10.0 6.5 24.5 17.5 6.0 2.0 
Calc. 41.2 35.1 23.1 17.8 37.0 31.0 19.0 12.0 30.5 21.7 10.3 6.6 24.2 17.6 6.4 1.85 
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Table 6. Determination of Ce(II1) and Tm(II1) in RE(II1) calculated from equation (2). The average results 
mixture of the simulant unknown for four determi- 

Concentration of RE in sample (ppm) nations are listed in Table 6. 

RE 

wm 

Tm(II1) 

_ __ 
Correlation Standard Determined 

Wax, coefkient value VillW 

47.7 0.998 10.0 10.05 1. 

73.0 0.996 5.0 5.17 

The relative standard deviation for Ce(II1) and Tm(III) were 
both less than f 5.3% 

3. 

solution and diluted to 25.0 ml with water. 4* 
Measure the peak height, hi, and plot the 4 - Xi 5 

’ curve to determine the slope. The concen- 
trations of Ce(II1) and Tm(II1) can then be 
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Smnmary-The concept of a generic FIA system is described that allows multi-points assays of enzyme 
activities, that require a coupled chemical derivation reaction for detection. The enzymatic degradation 
procedure and the ensuing chemical indicator reaction are completely separated, which inherently allows 
each of these processes to be individually optimized with respect to operational parameters such as heating, 
cooling or possibly stopped flow manipulations. The applicability of the approach is demonstrated for 
the determination of the activity of cellulase using spectrophotometric detection via a couple chromogenic 
indicator reaction. 

For the enzymatic degradation of a substrate S 
to a product P, as described by the reaction 
sequence 

S + EttSE*LP + E 

where E denotes the enzyme, and k2 is the rate 
constant for the rate-determining step, the over- 
all reaction rate is given by the expression 

where K, is the Michaelis-Menten constant. 
For [S],>>K,, the expression reduces to 

that is, the reaction becomes pseudo-zero-order 
with respect to the substrate, and the reaction 
rate is directly proportional to the concentration 
of enzyme, or, more precisely, its activity. Most 
enzymatic reactions also involve the interaction 
of appropriate cofactors. Thus, oxidases con- 
sume oxygen and generate hydrogen peroxide, 
while dehydrogenases require the presence of 
NAD,+/NADP+ which in turn are converted to 
NADH/NADPH. Therefore, the activity of an 
enzyme can be measured either by determining 
the substrate/cofactor consumed or the product/ 
cofactor generated. For the dehydrogenases, 
this task is fairly straightforward, because 
NADH/NADPH can be monitored both opti- 
cally and electrochemically. If none of the con- 
stituents in an enzyme reaction are directly 
determinable, one of them might be quantified 
via an accompanying indicator reaction. For 

instance, hydrogen peroxide, as generated by 
the oxidases, can be measured photometrically 
by coupling to a chromogenic reagent, or by 
chemiluminescence through reaction with lumi- 
no1 and hexacyanoferrate (III).‘,’ 

The determination of the activity of an en- 
zyme is in practice most often performed by 
incubating the substrate and the enzyme for an 
appropriate period of time, whereupon the con- 
centration of one of the constituents is measured, 
possibly by an accompanying indicator reac- 
tion. However, such an approach yields only a 
single point measurement. And merely assum- 
ing that the enzymatic degradation process, as 
recorded by the change in detector response 
over a fixed of period of time, necessarily will 
follow a linear relationship, might, as is depicted 
in Fig. 1, easily be most hazardous. In fact, it 
could very well be that the degradation reaction 
followed a course as the one outlined in the 
figure, that is, initially comprising an inherent 
lag-phase followed by a period during which the 
signal were to change linearly as a function of 
time, the process eventually reaching a level 
where pseudo-zero-order reaction condition 
with respect to substrate no longer is fulfilled. 
Hence, the single-point measurement approach 
would obviously lead to a false answer, and 
therefore it is inherently much to be preferred to 
rely on multi-point assays for quantifying the 
enzyme activity. 

Flow injection analysis (FIA) entails exactly 
such possibilities, namely by applying the 
stopped-flow approach, where a suitable section 
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Fig. 1. Single-point (curve A) and multi-point (curve B) 
determination of the activity of an enzyme as obtained by 
measurement over identical time spans, that is, from time 
zero to a time t corresponding to endpoint X. The slope of 
the linear part of each curve is a measure of the enzyme 
activity. Curve B illustrates how the detector output might 
possibly develop if the degradation process were to be 

monitored intermittently. 

of the injected and dispersed sample zone is 
arrested within the observation area of the 
detector.3 Provided that the conditions are ma- 
nipulated in such a manner that they conform 
with pseudo-zero-order with respect to substrate 
and pseudo-first-order with respect to the en- 
zyme, the slope of the reaction rate curve will be 
directly proportional to the concentration of 
enzyme and hence to the enzyme activity. Reac- 
tion rate measurements in which the the rate of 
formation (or consumption) of a certain species 
is measured from a larger number of data points 
not only improve the reproducibility of the 
assay, but also ensures its reliability. Thus, the 
stopped-flow method is an efficient and con- 
venient vehicle for measuring substrates and 
indeed determining enzyme activities. Further- 

1 

Fig. 2. The degradation of cellulose by cellulase. The enzyme 
degrades the substrate randomly, yielding sugar entities with 
reducing terminals (R). The quantification of the sugars is 
based on chemical derivation with these reducing terminals 

(cf: Fig. 3). 

I?-c-CH-d 

PH 
P-pE-n’ 

N - NIiCC(C,W,)CH < 
(Yelwm wloml) 

- 
R-y-CH-ni 

N = NCC(Cali,)CIi 

Fig. 3. Representation of the chemical derivation of reduc- 
ing sugars with PAHBAH, the reaction sequence in strongly 
alkaline solution at elevated temperature ultimately yields 

yellow-coloured products. 

more, in FIA an added feature can be exploited, 
that is, the sample might be stopped at different 
parts of the the concentration gradient corre- 
sponding to different ratios of substrate to 
enzyme, so that it might be feasible to select 
exactly that part of the dispersed sample zone 
where the operational parameters are optimal.’ 

However, an absolute condition in order to 
employ the FIA stopped-flow method for en- 
zyme activity measurements is that the enzy- 
matic reaction either generate or consume a 
species which can be detected directly (e.g., 
NADH/NADPH), or that the coupled indicator 
reaction is much faster than the enzymatic 
degradation reaction itself (e.g., the use of lumi- 
no1 for the chemiluminescence detection of hy- 
drogen peroxide) because the ensuing chemical 
reaction must not, of course, become the rate 
determining step in the overall reaction se- 
quence. Fortunately, most auxiliary chemical 
reaction are generally much faster than the 
enzymatic degradation procedure, yet this does 
not always hold true. A prime example of this 
is the assay of the enzyme activity of cellulase 
which recently has been the subject of intensive 
studies at this laboratory. Cellulase is an enzyme 
which selectively degrades cellulose randomly, 
giving rise to the formation of sugar entities 
with reducing terminals (Fig. 2). The enzyme is 
much used for pretreating blue denim materials 
and as an additive in washing powders, yet it 
must be administered with utmost care, and for 
that reason there is a great need for assaying its 
activity. All available chemical derivation pro- 
cedures rely on determining the reducing sugars 
entities, which can be effected by various means, 
the most promising avenue being the reaction 
sequence shown in Fig. 3.4 Here, the reducing 
sugar terminals are made to react with p-hy- 
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Fig. 4. Integrated system as used for enzyme activity 
determinations, essentially comprising two entirely separ- 
ated subsystems communicating via a common valve (V). 
The subsystems on the left is the enzyme reactor where 
substrate (S, in large excess) and enzyme (E) react, while the 
chemical derivation subsystem is depicted to the right. For 
further details, see text. The operational parameters shown 
on the figure reflect the ultimately adopted ones. S, is the 

sample volume injected. 

droxybenzoylhydrazine @ -hydroxybenzoic acid 
hydrazide, PAHBAH), which in strongly alka- 
line solution at elevated temperatures give rise 
to the formation of a yellow compound which 
can be measured spectrophotometrically at 410 
nm.5*6 The problem is that not only is the 
enzymatic degradation reaction slow, but the 
coupled indicator reaction is very slow indeed. 

Various, more or less ingenious, solutions 
have been attempted to circumvent this prob- 
lem, the most promising being based on separ- 
ating the enzymatic degradation procedure and 
the accompanying indicator reaction. Thus, 
Worsfold and coworkers7 designed a FIA mani- 
fold where they injected a sample of cellulase 
sandwiched between two zones of substrate 
which during its travel through the FIA mani- 
fold partly overlapped and reacted and sub- 
sequently was merged with the colour forming 
reagent so that it became feasible to measure 
consecutively both the background (the sub- 
strate itself contains, as depicted in Fig. 2, some 
inherent reducing sugar terminals) and the sugar 
entities formed by the enzymatic degradation 
process. Still, this solution gives only a single- 
point assay, and therefore it suffers from the 
drawbacks mentioned previously. 

In another approach, undertaken by Pfeiffer 
et al.,’ a multicoil FIA-manifold was employed,3 
where individual samples and the matrix sol- 
utions concurrently could be stacked and stored 
for an appropriate length of time. However, 
although this method potentially might be. ap- 
plicable for multipoint assay, that is, by incubat- 
ing aliquots of the same analyte solution for 
different lengths of time, it was not used for this 

purpose. Rather it was, in fact, merely employed 
for speeding up the sample throughput via 
incubation of different samples at equal time 
intervals, and therefore it yielded only single- 
point measurements. Although an interesting 
concept, it does appear as a rather cumbersome 
and difficult system to administer in practical 
work. 

Therefore, in order to effect the assay of the 
enzyme activity irrespectively of the coupled 
chemical reactions and its particular character- 
istics (absolute reaction rate, and relative reac- 
tion rate in respect to that of the enzymatic 
degradation procedure) it was decided in the 
present study to take an entirely different ap- 
proach, that is, not only to try to solve the 
actual problem of assaying the activity of cellu- 
lase, but to attempt to design a generic enzy- 
matic system which inherently would allow 
handling of any type of sample. Furthermore, it 
was a prerogative that such a system should be 
versatile, i.e., it should not only allow the enzy- 
matic degradation procedure to be completely 
separated from the chemical detection pro- 
cedure, but it should also permit each of the 
processes to be optimized individually, and it 
should inherently allow multipoint determi- 
nations to be performed. 

These conditions were met by employing the 
approach described in this communication, and 
illustrated in Fig. 4 (the parameters depicted 
show the optimal values, (see Results and Dis- 
cussion section). In part based on a concept 
devised for an entirely different purpose,9 it 
consists in essence of two individually and to- 
tally separated subsystems, one for the enzy- 
matic degradation reaction, consisting of a 
well-stirred reactor vessel, and one for the ensu- 
ing chemical indicator reaction, comprising a 
FIA manifold, the two subsystems communicat- 
ing via a common valve. The content of the 
enzyme reactor is via an external loop con- 
stantly circulated through pump 1 and the injec- 
tion valve at such a rate that the solution in the 
loop at all times is identical to and representa- 
tive of the solution in the reactor vessel. At 
preselected times the injection valve is switched 
to the inject position and a metered sample 
volume is by pump 2 introduced into the FIA 
system where it is mixed with suitable reagent(s) 
and carried towards the detector. During its 
path through the manifold the sample/reagent 
mixture might, if required, be arrested in order 
to gain additional reaction time, heated, or 
possibly cooled, or manipulated in any other 
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appropriate manner before it is guided into the 
detection device. Sample injection can be re- 
peated as often as required so that a suitable 
number of data-points on the concen- 
tration/time curve can be recorded. The per- 
formance of the system is illustrated for the 
assay of the activity of cellulase. 

EXPERIMENTAL 

Reagents 

All reagents were of analytical reagent grade 
quality, and distilled, degassed water was used 
throughout. The medium for the enzyme degra- 
dation procedure was a 4 g/100 ml of sodium 
carboxymethylcellulose (CMC), ultra low vis- 
cosity (Fluka BioChemika), dissolved in O.OlM 
sodium phosphate buffer adjusted to pH 7.0. It 
was prepared by adding the CMC to a boiling 
solution of the buffer and heating until all CMC 
was dissolved (ca 5 min). After cooling the 
solution was filtered (glass filter) and degassed. 
In the initial experiments for optimizing the 
derivation chemistry, aqueous glucose solutions 
(O( + )-glucose monohydrate, Sigma) in the 
concentration range 50-500 pA4 were used as 
model reducing sugar substrates. 

The cellulase enzyme (Carezyme, activity 
10070 U/g at pH 7.0 and 40”) was supplied by 
Novo-Nordisk, Copenhagen, and used as re- 
ceived. For actual enzyme activity assays, an 
appropriate amount of the enzyme was dis- 
solved in 1.0 ml of the O.OlM phosphate buffer 
(pH 7.0) and added to the thermostatted enzyme 
reactor vessel. In all experiments, a total volume 
of 25.0 ml solution was used, that is, the reactor 
contained initially 24.0 ml CMC/buffer 
medium. 

A O.lOM solution of p-hydroxybenzoylhy- 
drazine (PAHBAH, Sigma) was obtained by 
dissolving 0.761 g in 50 ml of l.OM sodium 
hydroxide. As mentioned in the Results and 
Discussion section, Bi(III), added as sodium 
bismuth (III) tartrate at a level of a few mM, has 
proven to be a catalyst in the reaction of 
PAHBAH with reducing sugar entities. Since 
this constituent was not available, its presence 
was effected by first adding to the 50 ml of 1 .OM 
sodium hydroxide 0.097 g of bismuth nitrate 
pentahydrate and 0.057 g of potassium sodium 
tartrate. After gently heating the solution for 
3-5 min, the solution was filtered and the above- 
mentioned amount of PAHBAH was added. 
The reagent solution was made freshly every day 
and degassed prior to use. 

Apparatus 

In the system used (Fig. 4) the reactor vessel 
consisted of Perspex container of a volume of ca 
50 ml9 equipped with a water-thermostatted 
jacket. As discussed later, a total volume of 25.0 
ml of O.OlM phosphate buffer (pH 7.0) contain- 
ing the CMC-substrate was used in each exper- 
iment. The container was fitted with a magnet 
and placed on a stirring table. After having 
attained the preset temperature (40” unless oth- 
erwise stated) the enzyme was added. Samples 
were thereafter withdrawn at preselected times. 
The solution of the well-stirred enzymatic 
degradation vessel and the FIA manifold were 
served by two peristaltic pumps (for optimal 
operation parameters, see Results and Discus- 
sion). All connecting lines and the 100 cm 
reaction coil, which was made as a knotted 
reactor and emerged into a second water- 
thermostatted bath, consisted of 0.5 mm i.d. 
microline tubing. For most of the actual assays 
was used a commercial Perkin-Elmer FIA sys- 
tem, comprising a Lambda 2 UV/vIS spectro- 
photometer, fitted with a 18 ~1 flow-through 
cell, and a FIAS-400 unit equipped with two 
individually controlled peristaltic pumps and a 
5-port FIA valve. The operation of the pumps 
and the injection valve, in addition to data 
retrieval, handling and display, were all facili- 
tated via the provided Perkin-Elmer FIA-DMS 
software program and an external PC. Results 
were communicated on an FX-80 printer. Be- 
cause the injection valve of the Perkin-Elmer 
system merely is provided with five individually 
accessible ports on the rotor and stator, and 
therefore cannot accommodate both a bypass 
for the circulation solution from the reactor 
vessel and for the FIA manifold, it was necess- 
ary to eliminate one of them and replace it by 
an appropriate stop/go sequencing. Thus, the 
bypass for the carrier stream was abandoned, 
that is, when the injection valve was in the 
load-position (to fill the metered sample vol- 
ume) pump 2 was stopped. 

RESULTS AND DISCUSSION 

As the proposed system (Fig. 4) essentially 
consists of two individually operated subsys- 
tems which communicate via the common injec- 
tion valve it is possible to optimize their 
performance virtually independently of each 
other. In fact, the only constriction is the time 
required for the derivation chemistry in the FIA 
manifold, which therefore will set a limit as to 
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Fig. 5. Signal readouts for monitoring of a cellulase enzyme 
activity of 1.0 U/ml as obtained with the system shown in 
Fig. 4. The first sample (lower curve) was taken after 30 set 
incubation, while the following ones were taken at 3.5 min 

intervals. 

how often samples can be withdrawn from the 
enzyme degradation subsystem. 

Enzymatic &gradation subsystem 

In order that the sample solution circulating 
in the external loop of the enzyme system at all 
times is truly representative of the composition 
of the solution in the reactor vessel, the loop 
should be made as short as physically possible 
and the circulation rate should be maintained at 
a fairly high level. In the present case it was 
found sticient to set the pumping rate of pump 
1 to 1.75 ml/min. Furthermore, since aliquots of 
sample solution at regular intervals are to be 
removed it is important that the volume of the 
reaction vessel is much larger than the injected 
volume so that even g-10 withdrawals do not 
alter the contents of the reaction vessel to any 
appreciable extent. For that reason the injected 
volume was set at 50 ~1 while the volume of the 
reaction vessel was affixed at 25.0 ml, that is, 500 
times larger than the injected volume. As Fig. 4 
indicates, the return of the valve from the 
inject-position to the load-position will for each 
cycle imply that a volume of carrier equal to the 
sample solution removed is added to the reactor 
vessel. As a result, the volume of the reactor 
vessel will remain constant, yet the solution in 
it does continuously become slightly diluted 
with carrier. However, since the volume of the 
reactor vessel is much larger than the metered 
injection volume, this dilution can either be 
neglected or compensated for. It might seem 
reasonable to make the carrier identical to that 
of the buffer employed in the reaction vessel 
(phosphate buffer, pH 7.0). However, since the 
subsequent chemical indicator reaction in the 

present assay of cellulase has to proceed at a 
very high pH value, any appreciable buffer 
capacity in the carrier would be unwarranted. 
For that reason water was selected as carrier, 
and the buffer capacity in the reactor vessel was 
initially affixed at such a level (O.OlM buffer 
concentration) that on one hand the pH would 
be maintained constant during the enzymatic 
degradation procedure, and on the other hand 
the buffer content of the injected sample volume 
would not affect the pH value of the derivation 
reaction (pH 13.5, which, incidentally, effec- 
tively serves to stop the enzymatic reaction upon 
introduction of the sample into the chemical 
derivation subsystem). The temperature for the 
enzymatic degradation procedure was set to 40” 
(in order to simulate ordinary washing con- 
ditions), that is, all substrate/buffer solutions 
added to the reactor vessel were thermostatted 
to this temperature prior to enzyme addition. 

Chemical derivation subsystem 

The conditions for the chemical derivatiza- 
tion reaction, where reducing sugars react with 
p-hydroxybenzoylhydrazine (PAHBAH) to 
form a yellow product (Fig. 3), has previously 
been studied in detail. s*6 Thus, in batch exper- 
iments it was found that optimal conditions 
were encountered for temperatures in the range 
70-lOO”, that the pH should be 13.7 (0.5M 
sodium hydroxide), the concentration of PAH- 
BAH should be 0.05h4, and that the reaction is 
catalyzed by Bi(II1) ions.’ Still, the reaction rate 
was found to be very low, and more than 10 min 
were required to reach equilibrium. Pfeiffer 
et al.,’ who in their FIA experiments used a 
homologue of PAHBAH, that is, p-amino- 

0.1 U/ml 

Fig. 6. Signal readouts for four different cellulase enzyme 
activities in the range 0. I-2.0 U/ml at 40”. The slopes read 
off the individual curves are plotted in Fig. 7. For the two 
highest cellulase activities the first 3 and 5 readouts, respect- 

ively, were used for evaluation of the slopes. 
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SLOPE, AWmin 
Fig. 7. Calibration curve at 40” for cellulase in the activity 
range 0.05-2.0 U/ml, as obtained by plotting the calculated 
slopes (in absorbance change per minute) for five individual 
experiments against the enxyme activities (in U/ml) moni- 

tored. 

benzohydrazide (PABH), confirmed that a con- 
centration of O.OSM of the chromogenic reagent 
was adequate. But as indicated previously, they 
also established that it was imperative to apply 
stopped-flow in order to obtain sufhcient resi- 
dence time of the sample/reagent mixture. For 
that reason the present FIA manifold was made 
to mix the sample and reagent in confluence and 
to contain a 100 cm knotted coil in which the 
sample/reagent mixture could be stopped. The 
coil was submerged in a thermostatted bath 
while the remaining conduits, which merely are 
communicating entities with the valve and the 
detector, were made as short as possible. It 
was therefore decided to affix the pH and the 
PAHBAH concentration at the levels quoted 
and to optimize the other operational par- 
ameters, that is, temperature for the derivation 
reaction, concentration level of Bi(III), pumping 
rates of carrier (water) and PAHBAH reagent, 
and the extent of the stopped-flow period. Op- 
timization was performed with the consider- 
ation that the blind (background) value should 
be as low as possible (the substrate, CMC, 
contains reducing sugar terminals and there- 
fore a certain blind value will be present), the 

sensitivity should be as high as possible, and the 
temperature applied should not give rise to the 
formation of bubbles which would interfere in 
the subsequent detection process. The optimiz- 
ation studies yielded the values depicted in Fig. 
4, that is, the pumping rates for the carrier and 
PAHBAH should be identical and each set at 
0.88 ml/min (and for that reason the the sodium 
hydroxide concentration in the reagent solution 
was affixed at O.lM in order to give a final 
concentration in the combined stream of 
0.05M); the stop-time should be 90 set, and the 
reaction temperature should be 77”. Further- 
more, it was found that addition of Bi(II1) at a 
level of l-2 mM to the PAHBAH reagent was 
optimal. 

Assay of cellulase activities 

The system was then used for assaying the 
enzyme activity of cellulase at different levels. 
The enzyme was in each experiment adminis- 
tered to the reactor vessel at time zero (in the 
following, all activity levels refer to the concen- 
tration in the enzyme reactor). The first sample 
was withdrawn after 30 set, and thereafter 
samples were taken at 3.5 min intervals over a 
time range of 21.5 min, that is, seven samples 
were monitored in total. Thus, in Fig. 5 is shown 
the actual readouts as obtained by the consecu- 
tive monitoring of the enzymatic degradation of 
a 1.0 U/ml cellulase solution, while in Fig. 6 is 
depicted the readouts for four different enzyme 
activities, that is, 2.0, 1.0, 0.5 and 0.1 U/ml, 
where the substrate concentration in all cases 
amount to 4 g CMC/lOO ml. Clearly, the highest 
enzyme concentration does not result in a 
straight line relationship over the entire time 
range. Possibly primarily because pseudo-zero- 
order reaction conditions with respect to sub- 
strate are not fulfilled at extended times, but 
maybe also because of the relatively high ab- 
sorbances recorded. Therefore only the first 
three points in the response/time relationship 
are used in the evaluation of the slope, which is 
the quantitative representation of the enzyme 

Table 1. Repetitive rum (n = 5) for the determination of a cellulase activity 
of 1 .O U/ml as performed with the system shown in Fig. 4, operated at 40°C. 
The individual parameters (average slope., standard deviation and relative 
standard deviation) are calculated for 3-7 measuring points, corresponding to 

7.5-21.5 min monitoring, respectively 

Measuring points 3 4 5 7 
Time (mix) 7.5 11.0 15.5 1860 
Ave. slope (Abs/min) x lo) 43.6 42.2 41.3 40:5 

21.5 
39.6 

Stand. dev. (Abslmin) x lo’ 2.5 2.1 1.9 1.6 1.4 
Relative stand. dev (%) 5.7 4.9 4.6 3.9 3.6 
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activity. Nor does the 1.0 U/ml sample result in 
an absolutely straight line relationship over the 
entire time range, although the first five points 
(used for evaluation of the slope) appear to fall 
on a straight line, while the two low enzyme 
activities conform perfectly well to the pseudo- 
zero-order reaction conditions with respect to 
substrate concentration over the whole time 
frame. Relative to each other, the slopes are 
generally in good agreement, which is more 
clearly seen in Fig. 7, which shows the activity 
of the individual samples (in U/ml) depicted 
against the calculated slopes (in Abs/min). In- 
cluded in this figure is also the slope recorded 
for an enzyme activity of 0.05 U/ml, which at 
40” was close to the lowest value which could be 
measured. At 50”, where the enzymatic degra- 
dation reaction is faster, and resulted in ap- 
proximately 50% higher signal readouts, the 
detection limit was found to be 0.02 U/ml. 

Because the system for practical work is to be 
used for measuring an unknown activity as 
based on calibration with known activities, it is 
important that it is reasonable stable in oper- 
ation. This was investigated by repeating the set 
of experiments mentioned above five consecu- 
tive times and comparing the results. Thus, 
Table 1 shows the average slopes and relative 
standard deviations determined for the 1 .O U/ml 
cellulase activity as obtained on the basis of the 
recorded response/time curve. For comparison, 
these values are calculated for 3-7 measuring 
points, corresponding to accumulated times of 
7.5-21.5 min, respectively. As it appears, the 
relative standard deviations are within a range 
of ca 3.6-5.7%, depending on the number of 
measuring points included. For the entire ac- 
tivity range tested (0.1-2.0 U/ml) the precision 
was generally found to be of the order of 
+3-12%, which for practical routine appli- 
cations should be adequate. 

While the enzyme activities in this explora- 
tory investigation all were monitored at 3.5 min 
intervals over a time frame of 21.5 min, it is 
evident that shorter periods in most cases would 
suffice (Table 1). On one hand, it is possible with 
the present system-although the derivation 
reaction for cellulase, in fact, is relatively slow, 
to sample approximately every 2 min (stop time 
90 set plus cu 40 set required to clear the sample 
through the detector cell, c$ Fig. 5), and on the 
other hand 3-5 data points should obviously be 

enough to determine the slope with sufficient 
reliability. Thus, the total time required for each 
experimental sequence could in this particular 
case readily be reduced to less than 10 min, 
which is actually 3 times less than what is 
presently spent to accomplish one measurement 
at Novo-Nordisk with their current single-point 
method.” 

CONCLUSIONS 

As demonstrated for the assay of cellulase, 
the present system does offer possibilities as 
serving as a generic system for determining 
enzyme activities. Thus, it entails the advantages 
that the enzymatic degradation reaction and the 
ensuing indicator reaction are completely separ- 
ated, that the handling of these two reactions 
are (virtually) independent of their individual 
reaction rates, that each reaction can be individ- 
ually optimized, and, most importantly, it 
does allow multi-point determinations to be 
executed thereby securing a much more reliable 
assay than that achieved by the conventional 
single-point assay. Besides, it should be per- 
fectly adaptable to the promising sequential 
injection analysis (SIA) approach as described 
by Ruzicka. l’ 
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Summary-A solid-phase competitive immunoassay is performed in flow injection analysis for the 
measurement of the hormone 17-b-estradiol. The flow injection analysis system incorporates a cohmm- 
type reactor packed with solid silica particles onto which we have covalently immobilixed the antigen 
17+?-estradiol. Anti-estradiol is noncovalently conjugated to the hposome through a streptavidin-biotin 
linkage. When mixed with a sample containing the antigen, the antibody binding sites on the liposomes 
are complexed which reduces the binding of liposomes to the solid support in a concentration-dependent 
manner. Sequential immunoassays are performed on-column following a simple regeneration step. 

Researchers have known for a number of years 
that the onset of some cancers associated with 
breast and uterine tissue is strongly linked to the 
binding of estrogens to estrogen receptors.’ The 
most prevalent form of estrogen in a woman’s 
body is secreted by the ovaries as 17-p-estradiol. 
This bioactive form of estrogen binds irre- 
versibly to estrogen receptors, inducing a trans- 
formation in the structure of the receptor- 
hormone complex. This final form of the com- 
plex thereby initiates the production of proteins 
which stimulate these sex-related tissues. It has 
been postulated that the presence of higher 
concentrations of bioactive forms of estrogens 
(estrogen metabolites which bind to estrogen 
receptors) influences the development of breast 
cancer. Researchers in this area have established 
that suppression of the preferred metabolic 
pathway of estrogen is linked with the onset of 
cancer in mammary tissue in clinical trials.2*3 A 
portion of the metabolic pathway of 17-b-estra- 
diol is outlined in Fig. 1. The first step involves 
a reversible oxidation to the ketone, estrone, 
followed by conversion to estrone sulfate, or 
alternatively, hydroxylation at the 2 or 16 pos- 
itions to form the products 2-hydroxyestrone or 
16-a -hydroxyestrone. The 2-hydroxylation 
product occurs more frequently and retains 
little, if any, estrogenic activity.4 The 16-hydrox- 
ylation product is a minor metabolic product 
but may be of significance since it retains estro- 
genie activity and is therefore considered bioac- 
tive.s With the occurrence of breast cancer, the 

*Author for correspondence. 

2-hydroxylation pathway is suppressed with a 
simultaneous increase in the 16-hydroxylation 
of 1 7-fi-estradiol.6 This mechanism is thought to 
precede and enhance tumor promotion in breast 
tissue. 

The measurement of estrogens is a difficult 
and expensive task to perform on a routine basis 
since they are present in very low levels in 
serum. The concentration of 17-#?-estradiol is 
approximately 200 pM in serum and concen- 
trations of the resulting metabolic products are 
in the low picomolar range.’ The reference 
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Fig. 1. The initial steps in the metabolic pathway of 
17+-estradiol. 
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method for measurement of 17-fl-estradiol is by 
mass spectrometrys and clinical measurements 
are currently performed by radioimmunoassay. 
Given the increasing cost of radioactive waste 
disposal, immun~he~~l t~hniques that 
provide an alternative to isotope labeling are 
coming into favor. 

In this paper we describe an automated sys- 
tem for liposome-based flow injection im- 
munoassays (FIIA) which can compete in 
sensitivity with radioi~unoassays. A liposome 
is a spherical structure composed of a phospho- 
lipid bilayer membrane which contains an 
aqueous cavity. The micro-encapsulation of 
detectable marker molecules in the aqueous 
compartments of liposomes provides the oppor- 
tunity for immediate and significant signal 
enhancement in the performance of immuno- 
assays. Previously, we reported on the measure- 
ment of a therapeutic drug in serum using a 
liposome-based FIIA method with an immobi- 
lized antibody immunoreactor column.9 The 
assay involved a direct ~om~tition between the 
analyte in serum and the analyte-coated lipo- 
somes for binding to an immobilized antibody. 
The minimum detectable concentration for 
theophylline, an anti-asthmatic drug, was deter- 
mined to be 40 nM using a moderate affinity 
antibody. The accurate measurement of 
theophylline in serum was achieved using < I ~1 
of sample since the analyte is present in serum 
at high concentrations (> 50 j&f). 

For the purpose of measuring estrogens by 
FIIA, modifi~tions of the existing system are 
required in order to significantly lower the 
detection limits and maintain reasonable regen- 
eration times. Preliminary dose-response curves 
are demonstrated for 17+estradiol as a test- 
bed for the measurement of all estrogen metab- 
olites. The system is currently being 
mathematically modeled and we describe simple 
ways to tailor the assay in order to enhance 
detection limits for a specific need. 

Reagtws 

Phosphate-buffered saline (PBS) solution (pH 
7.4, 10 mM) containing 0.01% sodium azide 
was used as the carrier buffer in the FIIA system 
and was used to prepare all working solutions. 
A solution of l-o octyl-p -~-glncopyranoside 
(OG, Sigma, St. Louis, MO) was used in the 
flow system at a concentration of 21.4 mM in 
PBS. A stock solution of 17-/3-estradiol (Sigma) 

was prepared in absolute ethanol stored over 
molecular sieves at a concentration of 3.67 mM 
(1 mg/ml). @-Estradiol 6-(o-carboxymethyl) 
oxime : bovine serum albumin (estradiol-BSA; 
Sigma) was reported to contain 30 moles of 
steroid per mole of protein. A method for 
preparing and characterizing this ster- 
oid-protein conjugate is reported in the litera- 
ture.” Solutions of the steroid-protein 
conjugate in PBS were used in the immobiliz- 
ation protocol outlined in a following section. 

A monoclonal antibody with a reported 
affinity constant of 9.1 x 109M-’ for 17-b-estra- 
diol was obtained from Biodesign International 
(Kennebunkport, ME). The monoclonal 
antibody was derivatized to include biotin 
molecules on the protein surface with sulfo- 
succinimidyl 6-(biotinamido)hexanoate (NHS- 
LC-biotin, Pierce, Rockford, IL). The 
biotinylation protocol was as follows: (1) a 0.1 
mg/ml solution of the antibody was prepared in 
5 ml of 50 mM carbonate buffer, pH 8.5; (2) 1.7 
mg of NHS-LC-biotin were added and the sol- 
ution was incubated in ice for 2 hr; and (3) the 
solution was dialyzed in PBS and stored at 4”. 

Lipasome reagent 

The ~arboxyfluo~~in-filly (100 m&f) Iipo- 
somes were prepared by the injection method 
described in a previous publication.” The lipid 
composition of this preparation was modified 
with the addition of 0.8 moleoh biotin-lipid 
(N-(biotinoyl)-1,2-dihexadecanoyl-sn-glycero- 
3-phosphoethanolamine, Molecular Probes, Eu- 
gene, OR). Streptavidin was added to the 
formed liposomes in an amount equal to the 
quantity of biotinylated lipid in the outer mem- 
brane. The solution was stirred at room tem- 
perature for 2 min to allow binding of the 
streptavidin to the biotin-lipid. Biotinylat~ 
antibodies were added so that the molar ratio of 
biotinylated antibodies to streptavidin on the 
liposomes was 4: 1, This solution was stirred for 
an additional 5 min. There was no evidence of 
aggregation of liposomes due to biotin- 
streptavidin binding as determined by light scat- 
tering. The liposome solution was diluted by a 
factor of 200 to a final concentration of approxi- 
mately 2 x 1O’O liposomes/ml. 

Sample preparation 

Working solutions containing 17+estradiol 
in ethanol were prepared by serial dilutions 
from the original stock, and ranged in concen- 
tration from 0.37 mM to 0.37 nM (100 pg/ml to 
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100 pg/ml) in decade changes. Calibration 
samples were prepared by adding 1 ~1 of each 
working solution to 200 ~1 of the final liposome 
dilution. These were allowed to equilibrate for 
at least 30 min at room temperature prior to 
injection into the system. 

Particle derivatization 

Solid particles of high-purity fused silica, 
8&100 mesh, were obtained from Vitrifunctions 
(Greensburg, PA). The particles were refluxed 
overnight in concentrated nitric acid, and rinsed 
exhaustively with water to remove any trace 
metals from the preparation process. The par- 
ticles were reacted for 1 hr at 90” in a 10% 
aqueous solution of (3glycidoxypropyl)tri- 
methoxysilane (GOPS, Petrarch Systems, Inc., 
Bristol, PA) adjusted to pH 3. The GOPS 
solution was subsequently removed, and dis- 
tilled water was added to the flask. The particles 
were gently shaken, the water was removed, and 
the particles were heated to 110” overnight. The 
covalent attachment of estradiol-BSA to the 
particles is similar to the antibody immobiliz- 
ation described elsewhere.12 The particles were 
stored at 4” until packed in the glass columns for 
use in the FIIA system. 

Analysis of protein coupled to silica 

The amount of estradiol-BSA bound to the 
surface of the silica particles was determined 
using the Micro-BCA Protein AssayU” 
(Pierce) according to the protocol supplied 
with the reagents (no. 23235). The amount of 
immobilized protein was determined to be 
1.3 x lo-l4 + 6 8 x lo-l6 moles/mm* for three - * 
samples. 

Apparatus 

The FIIA system is described in detail in a 
previous publication. ‘* The packed reactor 
column containing the immobilized estradiol- 
BSA particles had an internal diameter of 2 mm, 
and was either 4 or 10 cm in length. 

Procedure 

The FIIA protocol is outlined in Fig. 2. Step 
1 represents estradiol-BSA bound to silica par- 
ticles in the reactor column. In step 2, 50 ~1 of 
a liposome-estradiol calibration solution was 
injected into this column. The binding of lipo- 
somes to the column was inversely related to the 
concentration of 17+estradiol in the cali- 
bration solution. Liposomes that did not bind 
flowed past the column and through the detec- 
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Fig. 2. Schematic of the FIIA protocol. Steps 1-4 are 
repeated for each sequential assay. See text for details. 

tor. After 4 min, OG solution was injected into 
the column for 5 min, causing the liposomes to 
lyse, releasing the entrapped fluorophor in step 
3. The height of this peak was plotted as the 
analytical signal. Buffer was allowed to flow 
over the column for an additional period of 6 
min in step 4 to effect dissociation of the 
antibody-antigen bond by mass action and re- 
generate the analytical column for the next 
injection of sample. The total analysis time for a 
single sample including regeneration was 
16 min. 

RESULTS AND DISCUSSION 

In earlier studies, we have shown that there 
are clear advantages to performing liposome 
immunoassays in flow injection analysis. The 
efficient mixing which occurs in a packed 
column promotes diffusion and reaction of the 
bulky liposome reagent to the immobilized sites 
on the solid support. A continuous flow of 
solution over the surface of the immobilized 
reagent maintains infinite dilution of the reac- 
tants, which encourages gentle dissociation of 
the antigen-antibody complexes by mass action 
for column regeneration. The sequential nature 
of the assay allows for calibration and reuse of 
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the immobilized reagent. Finally, a change in 
immunoassay format is easily accomplished by 
(1) incorporating new columns with different 
immobilized reagents, (2) introducing new re- 
agents into the flowing stream, or (3) altering 
the sequence of sample, liposomes or regener- 
ation reagents into the system. Our studies have 
shown that minor changes in assay format can 
have a profound effect on the sensitivity and 
detection limits of the measurement.12 

We use liposomes with encapsulated 
fluorophors as powerful amplification agents to 
improve sensitivity and to provide reliable 
quantitation of the analyte. Liposomes also 
exhibit other characteristics which are import- 
ant in the performance of immunoassays. Lipo- 
somes derivatized with a large number of 
surface antigenic sites have very different bind- 
ing affinities for immobilized reagents than the 
corresponding individual antigen molecules.‘2 
In general, as the number of binding sites on the 
liposomes decreases, the apparent affinity de- 
creases; as the number increases, the apparent 
alIinity increases to a maximum, then reaches a 
plateau. I3 In this assay, the solution analyte is 
allowed to equilibrate with the antibody-coated 
liposomes prior to injection onto the column. 
Therefore, the number of uncomplexed anti- 
body sites on the liposome, and the correspond- 
ing mean apparent affinity constant of the 
liposome population, should be indirectly re- 
lated to the solution concentration of that ana- 
lyte. Increasing sample analyte concentration 
will therefore decrease liposome binding to the 
immobilized analyte in the packed column. In 
order for the assay to be most effective, the 
valency of the liposome membrane (i.e., number 
of available binding sites) should be high 
enough to encourage rapid binding to the im- 
mobilized support and low enough that small 
changes in valency cause large changes in bind- 
ing characteristics. We are currently modeling 
the effect of these assay parameters with these 
assumptions to optimize sensitivity, speed, and 
dynamic range. 

Initial experiments in the estrogen FIIA sys- 
tem were performed to validate the regeneration 
protocol. A high affinity antibody was used in 
this assay; therefore, it was necessary to deter- 
mine if disruption of this antigen-antibody 
complex by mass action was completed in an 
1 I-mm regeneration time. Reproducibility of 
the measurement using sequential injections of 
a single liposome solution was used to deter- 
mine the effectiveness of regeneration. Figure 3 

is a representative FIIAgram for the im- 
munoassay. Peak A is the fluorescence peak 
associated with the liposomes which exhibit 
little or no binding to the column. Car- 
boxyiluorescein is encapsulated in the liposomes 
at a high concentration so that the fluorescence 
of these intact liposomes is quenched. Peak B is 
due to the bound fraction of liposomes follow- 
ing disruption and removal from the column. 
The fluorescence of this peak is unquenched due 
to dilution and dispersion in FIIA. The peak 
height of peak A for five sequential injections 
was 16.8 mV + 0.37%. The average peak height 
for peak B is 97.6 mV + 5.3%; however, with 
each sequential injection a decreased intensity of 
~2% was observed, indicating some residual 
binding. 

Figure 4 represents two calibration curves 
generated with the 17-fi-estradiol calibrators. 
Both curves were generated using a 4-cm 
column. Curve A was produced first with 
sequential injections of the calibrators tested in 
order of least concentrated to most concen- 
trated. Curve B was produced next with sequen- 
tial injections of the calibrators in reverse order. 
The signal associated with the same column 
using the same liposomes decays by approxi- 
mately 5% in the next calibration cycle. These 
results, as well as the decreasing trend in the 
data from repeat injections, can be attributed to 
(1) incomplete regeneration of the immobilized 
antigen binding sites which becomes limiting at 
the fifth or sixth injection, or (2) instability of 
the diluted antibody-conjugated liposome re- 

A 
0 5 10 1S 

Tlme (mln) 

Fig. 3. FIIAgram of a single,injection of antibody-coated 
liposomes into the column. Peak A is from liposomes which 
do not bind to the column; peak B results from liposomes 

which bind to the column following lysis with 00. 
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Fig. 4. Repeat calibration ourves using the 4-cm packed 
column. Curve A was generated fhxt; curve B was generated 
next using the same estradiol/liposome calibrators. The 
value reported as 10-‘DM estradiol in the log plot corre- 
sponds to the data acquired when no estradiol was added to 

the solution. 

agent. We are currently testing other regener- 
ation protocols based on the use of chaotropic 
agents, high salts, or large pH changes to induce 
faster removal of the antibody from the column. 
Although these reagents typically denature and 
inactivate the antibody, it is inconsequential for 
this FIIA format in which the antigen is cova- 
lently immobilized and reused. 

Previously, the FIIA system was modeled 
under the conditions used in a typical solid 
phase immunoassay, i.e. where the solution 
analyte-conjugated liposome competed for 
binding to an immobilized antibody. It was 
determined that the assay sensitivity (as defined 
by the slope of the calibration curve) and the 
detection limits of the method were most 
affected by the valency of the liposome reagent, 
and the number of immobilized binding sites.” 
In FIIA, a simple way to change the number of 
immobilized binding sites is by varying the sire 
of the packed column. The two calibration 
curves depicted in Fig. 5 demonstrate the influ- 
ence of column size on the 17-#?-estradiol assay 
sensitivity. Curve A was generated using a 
packed column 10 cm in length and curve B was 
generated using a packed column 4 cm in length. 
The curves were measured on different days 
using fresh preparations of biotin-liposome 
stock solution. The slope of curve B is lower 
than that of curve A due to the decreased 
number of binding sites in the shorter column; 
however, the sensitivity of the measurement in 
curve B is still high due to the signal enhance- 
ment of the liposome reagent. At the same time, 
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Fig. 5. Calibration curves for the 17-jlcstradiol using varied 
column lengths. Curve A represents data taken using a 
IO-cm packed column. Curve B represents data acquired 

with a 4-em column. 

the assay detection limits have shifted in curve 
B such that lower concentrations of the analyte 
can be detected. Detection of 17-/l-estradiol in 
serum, as well as the lower concentrations of the 
serum metabolites, should be achievable using 
the 4-cm column. In order to push the detection 
limits further, we will continue to use smaller 
columns until we become limited by the sensi- 
tivity of the method. 

CONCLUSIONS 

FIIA using liposome amplification has the 
sensitivity and reproducibility to measure many 
clinical analytes without the generation of haz- 
ardous waste products of common radiolabeled 
assays. As demonstrated, changes in sensitivity 
and dynamic range of the assay can be easily 
accomplished in FIIA by incorporating columns 
of varied length into the system. We are cur- 
rently studying the effect of liposome valency to 
induce similar changes in assay sensitivity. In 
our latest estradiol FIIA system, we have im- 
mobilized antigens, rather than antibodies, to 
allow more aggressive use of chaotropic agents 
for regeneration. Studies are currently under- 
way to determine the most efficacious method 
for regenerating and re-equilibrating the column 
for sequential measurements of estrogens. 
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Summary-The ability of enzymes to operate in nonaqueous media offers a great potential for monitoring 
flowing streams. In particular, organic-phase biosensors can be applied for on-line assays of previously 
inaccessible sample matrices or for measuring analytes with poor water solubility. This paper reviews the 
fundamental aspects of organic-phase biosensors, together with their performance as flow injection 
detectors, examples of relevant applications and future opportunities. 

Electrochemical biosensors, which combine the 
inherent specificity of biological recognition 
processes with the high sensitivity of ampero- 
metric flow detectors, are gaining considerable 
attention for monitoring flowing streams.‘” In 
particular, over the past decade enzyme elec- 
trodes have found useful applications for indus- 
trial processing and quality control testing. Such 
probes couple their specificity and sensitivity 
advantages, with other attractive properties 
such as speed, portability, simplicity and low 
cost. 

Until recently, on-line applications of biosen- 
sors have relied on the use of aqueous media. 
However, the introduction of sensors for non- 
aqueous environments opens many unique op- 
portunities for flow analysis, because many 
industrial processes occur in organic solvents. In 
particular, organic-phase enzyme detectors can 
be applied toward many (water-insoluble) ana- 
lytes and for new challenging environments. In 
addition, due to solvent-induced changes in the 
biocatalytic activity, we can expect improved 
operating stability, reduced side reactions or 
microbial inactivation, and simplified immobil- 
ization schemes. The present article examines 
the behavior of electrochemical flow detectors 
based on organic-phase enzymology, and dis- 
cusses the opportunities offered by these devices 
for on-line monitoring of flowing streams. 

ORGANIC-PHASE ENZYMOLOGY 

In order to successfully implement the unique 
detection opportunities accrued from biocataly- 
sis in organic media, it is essential to understand 

the behavior of enzymes in non-aqueous en- 
vironments. Pioneering studies, particularly by 
Klibanov and coworkers.s,6 and Dordick’s 
group7 have elucidated the factors that govern 
enzymatic reactions in organic media. These 
include the influence of the solvent and the 
water content upon the biocatalytic activity and 
stability. These and other factors are crucial for 
optimizing the biocatalytic reaction (and ac- 
cordingly the detector performance). 

The organic solvent can greatly alter the 
enzyme structure and function. Many factors 
related to the solvent effect upon the enzymatic 
activity are not fully understood. In general (but 
not always), the biocatalytic activity is corre- 
lated to the polarity of the solvent, as expressed 
by its log P value.’ (P is the partition coefficient 
of the solvent in the two-phase octanol-water 
system.) Hydrophobic solvents (with log P val- 
ues higher than 4) are preferred because they do 
not strip the essential water layer surrounding 
the enzyme. Other factors, such as the ther- 
mostability and solubility of the substrate and 
product (and their partition to and from the 
aqueous environment of the enzyme) should 
also play a role in solvent selection. Hydro- 
phobic solvents also offer increased structural 
rigidity and hence thermostability. Such behav- 
ior is attributed to the minimization of enzyme 
unfolding, as compared to the conformational 
flexibility common in aqueous media. For 
example, porcine pancreatic lipase has been 
shown to exhibit high catalytic activity and 
stability at temperatures as high as 100”C6 The 
improved thermostability may greatly extend 
the lifetime of biosensors and may thus be 
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advantageous for monitoring many industrial 
processes occurring at high temperatures. 

Related to the media is the amount of water. 
The exact role of water is not fully understood. 
While some water is absolutely essential for the 
enzymatic activity, this water can be localized 
(as a small hydration layer) around the enzyme 
molecules. The optimal degree of hydration 
differs from enzyme-to-enzyme and from sol- 
vent-to-solvent. For example, while chy- 
motrypsin needs only 50 molecules of water per 
enzyme molecule for activity in octane, the 
activity of tyrosinase in chloroform requires 
about 3.5 x 10’ molecules of water per enzyme 
molecule.’ The thermostability, however, de- 
creases upon increasing the water content. 

As for the pH, while organic solvents have no 
distinct measurable pH, the enzyme “remem- 
bers” the pH of the last aqueous solution to 
which it has been exposed. Accordingly, it is 
often desired to employ enzymes that have been 
lyophilized from an aqueous solution of optimal 
pH for the biocatalytic activity. 

Solvent-induced changes in the biocatalytic 
efficiency and substrate specificity may be ad- 
vantageous for flow analysis. For example, ex- 
tended linearity may result from the change in 
the apparent Michael&Menten constant in or- 
ganic media, while higher sensitivity can be 
offered by changes in the reaction velocity. 
Current research activity focuses on the use of 
solvent engineering for tailoring the enzyme 
function in organic media.’ 

FLOW DETECTORS BASED ON ORGANIC-PHASE 
BIOSENSORS 

Detector design and performance 

Conventional detector geometries (such as 
thin-layer or wall-jet flow cells) can be employed 
for on-line organic-phase biosensing. In ad- 
dition, flow detectors based on ultramicroelec- 
trodes are useful for minimizing ohmic drop 
distortions in resistive organic media (contain- 
ing little or no supporting electrolyte).“*” En- 

zyme immobilization schemes, originally 
developed for work in aqueous media, are not 
always compatible with organic environments. 
The organic-phase operation may actually sim- 
plify the immobilization procedure. One rapid, 
simple and effective immobilization scheme for 
on-line organic phase operation is direct adsorp- 
tion onto the detector surface.‘* Other useful 
enzyme immobilization schemes include au en- 
trapment within Eastman AQ polymer films,13 

or incorporation with the bulk of composite 
carbon materials. l4 Whenever needed, the me- 
diator should be insoluble in the organic solvent 
(so it can be stably coimmobilized by entrap- 
ment or adsorption). For example, the coimmo- 
bilization (coadsorption) of ferrocyanide and 
peroxidase onto a graphite foil surface yielded a 
reagentless sensor for hydrogen peroxide in 
organic media.15 

Because of stability problems in non-aqueous 
environments, most polymeric films or the car- 
bon paste matrix cannot be used for the task of 
enzyme immobilization. One exception, the 
Eastman AQ ionomer is stable in different 
organic solvents. This poly(ester-sulfonic acid) 
coating is thus very attractive for entrapping 
enzymes onto flow detectors.” Such an immo- 
bilization scheme offers additional advantages 
of permselective and fast response and high 
enzyme loading. The incorporation of enzymes 
within the bulk of a rigid graphite-Teflon 
matrix is another useful immobilization 
scheme.14 Such use of Teflon as the binder 
(instead of mineral oil) eliminates dissolution 
problems characterizing the operation of con- 
ventional carbon paste biosensors in organic 
solvents. This type of bioelectrode can also be 
renewed by polishing, and (in the absence of 
membrane barriers) offers a fast and sensitive 
response. 

The attractive properties of electrochemical 
flow detectors are not compromised by the 
organic-phase operation. For example, Fig. 1 
illustrates the flow injection response of the 
carbon-fiber based (A) and Eastman AQ coated 
thin-layer (B) tyrosinase flow detectors for re- 
petitive injections of different phenolic com- 
pounds. Both biosensors exhibit a rapid increase 
and decrease of the current, with a sample 
frequency of 60 hr-‘. The high injection rate is 
coupled with high sensitivity and reproducibility 
(with micromolar detection limits and relative 
standard deviations of l-2%). 

Even living cells, such as plant tissues, can be 
exploited for organic-phase biosensing oper- 
ation.16 For example, mushroom and horse- 
radish-root bioelectrodes (rich with tyrosinase 
and peroxidase) have been shown to be useful 
for monitoring phenolic and peroxide species, 
respectively, in different organic solvents. 
Spreading of the tissue layer onto a rough 
graphite surface results in a close proximity 
between the biocatalytic and sensing sites, and 
hence in a fast and sensitive response. 

The recent introduction of non-covalently 
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immobilized enzyme reactors operating in non- 
aqueous media” should also facilitate the devel- 
opment of analytical flow systems for on-line 
monitoring of organic streams. Cholesterol oxi- 
dase and horseradish peroxidase were thus im- 
mobilized (by adsorption) onto the solid 
support, and exhibited a remarkable stability 
over more than 4 months of operation. The 
throughput was 60 samples/hr, with a detection 
limit 1 x 10M6M. Such reactors may also be 
useful for the removal of interferences. 

Applications 

There are numerous opportunities in employ- 
ing organic-phase biosensors in flow analysis. 
Most organic compounds of commercial inter- 
est are very sparingly soluble in aqueous media. 
In addition, many important samples from the 
food, pharmaceutical, petrochemical and cos- 
metic industries are highly hydrophobic and 
require tedious sample pretreatment steps prior 
to their assays in aqueous solutions. Organic- 
phase biosensors, in contrast, obviate the need 
for such sample pretreatment procedures and 
allow rapid flow analysis of challenging sample 
matrices. Such direct and fast on-line bioassays 
should be extremely attractive for quality con- 
trol testings and industrial process control. Re- 

SL 
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TIME 
Fig. 1. Repetitive flow injection mcasurcmenta of 1 x lo-‘M 
p-cresol (A) and 6 x IO-‘.44 phenol (B) at the tyrosinasc 
carbon fiber and glassy-carbon dctaztors. rqcctivcly. 

Carrier: (A) chloroform; (B) a&o&rile. 

cent advances in organic-phase biosensors can 
greatly facilitate these industrial applications. 

For example, the food industry, with its many 
challenging hydrophobic products, represents a 
prospective market for organic-phase biosen- 
SOTS. Such devices offer direct assays of many 
previously inaccessible food samples. For 
example, the phenol content of olive oil is an 
important factor in the quality and stability of 
this product. Accordingly, we developed re- 
cently a rapid flow injection procedure, based 
on a tyrosinase electrode, for determining the 
phenol content of olive oil samples.18 By ad- 
sorbing the tyrosinase onto the surface of the 
graphite wall-jet flow detector, and by using 
chloroform as a carrier solution, reliable quanti- 
tation of the phenol content of various Spanish 
and Italian olive oils was achieved. 

Butter and margarine represent other chal- 
lenging food samples. Hall and TurnerI demon- 
strated the utility of a cholesterol-oxidase sensor 
for rapid measurements of cholesterol in butter 
and margarine samples (after dissolution in a 
chloroform-hexane media). Organic-phase 
biosensors should benefit assays of other fats 
and oils. For example, the organic-phase ac- 
tivity of lipase and peroxidase could be ex- 
ploited for monitoring triglycerides and 
peroxide species in these matrices. 

Many pharmaceutical products are not 
readily dissolved in aqueous media. Organic- 
phase flow-injection operation can thus benefit 
quality control testings in the pharmaceutical 
industry. For example, the tyrosinase- and per- 
oxidase organic-phase enzyme electrodes were 
applied recently for reliable measurements of 
phenol and peroxide antiseptics in different anti- 
infective formulations.20 Excellent agreement 
with the labeled values was achieved. Similar 
capabilities were demonstrated for measure- 
ments of peroxide bleaching agents in cosmetic 
products. 

On-line assays of petrochemical samples rep 
resent another important challenge. A new 
organic-phase biosensor, based on alcohol de- 
hydrogenase (from Ta. Brockii) has been shown 
to be useful for monitoring secondary alcohols 
in untreated gasoline samples.2’ Other opportu- 
nities come from the fields of clinical diagnos- 
tics, environmental surveillance or the defense 
industry. These possibilities were discussed by 
Turner and coworkers.’ 

Flow measurements of trace water in non- 
aqueous media represent a novel application of 
organic-phase enzyme electrodes.= Such appli- 
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Table 1. ADDIM~OIIS of orxanic-chase enwme electrodes 

Analvte Enzyme Detector Reference 

Amino acids 
Catechol 

Cholesterol 

Hydrogen 
peroxide 

Inhibitors 

Organic Horseradish 
peroxides peroxidase 

Phenols Tyrosinase 

Water 

Alcohol 
dehydrogenase 

Chymotrypsin 
Lactase 

Cholesterol 
oxidase 

Horseradish 
peroxidase 

Tyrosinase 

ele&rode 
oH electrode 
iilass y-carbon 

electrode 
Oxygen 

electrode 
Carbon 

electrode 
Graphite 

electrodes 

Teflon electrode 
Graphite 

electrode 
Graphite 

electrode 
Graphite 

electrode 

21 

24 
25 

19 

15 

23 

14 

12 

16 

22 

cation relies on the strong influence of low levels 
of water upon the rate of organic-phase biocat- 
alytic reactions. By maintaining a fixed sub- 
strate concentration (e.g., phenol in the case of 
the tyrosinase electrode), it is possible to follow 
small changes in the water level. Such an indi- 
rect biosensing approach offers an attractive 
alternative to the well-known Karl-Fischer ti- 
tration method, which requires special equip- 
ment and suffers from various interferences. 

Measurements of enzyme inhibitors can also 
be carried out in organic media.2s For example, 
the inhibition of tyrosinase by various (poorly- 
water soluble) inhibitors can be monitored from 
the decrease of the flow-injection peak for 
the phenol substrate. Solvent-induced changes 
in the inhibition action hold great promise 
for manipulating the response of inhibitor 
biosensors. 

The applications of organic-phase enzyme 
electrodes are summarized in Table 1. 

FUTURE PROSPECTS 

While detectors based on organic-phase enzy- 
mology are still in an early developmental stage, 
there is no doubt that they will play an import- 
ant future role in flow analysis. Many real 
industrial processes are expected to benefit from 
the unique features of organic-phase flow 
bioelectrodes. Besides flow-injection operations, 
such devices can be easily adapted to other 
analytical flow systems, including continuous 
flow analyzers (for real-time monitoring of var- 
ious processes), liquid chromatography or 
sequential injection analysis. The characteristic 
procedure parameters must be adjusted to suit 

the requirements of each case. In situ monitor- 
ing of on-line solvent extraction is also envi- 
sioned. In addition to enzyme electrodes, we 
expect to see organic-phase biosensors based on 
other detectors (e.g., optical devices) or utilizing 
different biocomponents (e.g., antibodies for 
immunoassays). New on-line analytical appli- 
cations are expected based on the isolation or 
engineering of new enzymes (suitable for or- 
ganic-phase operation) and the identification of 
new environments (e.g., supercritical fluids or 
gas phase). The key for such future develop- 
ments is improved understanding of the biocat- 
alytic behavior in non-aqueous environments. 
Such knowledge will greatly facilitate a pre- 
dictable detector development and optimiz- 
ation. Indeed, flow-injection systems should be 
extremely useful for fundamental studies on the 
behavior of enzymes in non-aqueous media 
(e.g., in a manner analogous to reaction-rate 
kinetics performed in aqueous solutions). Over- 
all, the development of organic-phase tlow de- 
tectors should lead to a wide range of important 
applications using previously inaccessible 
matrices or analytes. 
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FLOW INJECTION AMPEROMETRIC DETERMINATION 
OF HYDROGEN PEROXIDE BY OXIDATION AT AN 

IRIDIUM OXIDE ELECTRODE 
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Summary-Either an iridium electrode that was anodically pretreated or a glassy carbon electrode that 
was coated with a tihn that contained iridium oxide promoted the oxidation of hydrogen peroxide. With 
flow injection methodology, linear calibration cures were obtained over the 2 x 1O-s-3.6 x 10-*M range 
with 0. iM KOH as the carrier. With solutions of pH 2 1 I, oxidation occurred at applied potentials of 
near 0.0 V vs. SCE, which is much lower than potentials needed at bare Pt or gkssy carbon. The low 
overpotential suggests applications to systems where oxidation of other species limits the use of bare 
electrodes. Cyclic voltammetric studies show that HO*- is the electroactive species and that catalysis rather 
than mediation promotes the charge transfer. Dissolved oxygen does not interfere with the measurement. 

El~tr~hemicaI dete~inations of hydrogen 
peroxide are generally performed by oxidation 
at a platinum electrode, an approach which was 
first described by Harrar.’ Depending upon the 
pH of the solution, a quite large positive poten- 
tial must be appfied in order to cause the 
oxidation to occur; typical applied potentials 
are in the range 0.6-0.9 V us. SCE.’ As a result, 
many substances can interfere with the measure- 
ment. Ascorbic acid, uric acid, and ac- 
etaminophen are among the interferents which 
are especially im~rtant in a common appli- 
cation of such measurements of hydrogen per- 
oxide, nameIy the indirect amperometric 
determination of glucose based upon the 
amount of hydrogen peroxide released in the 
enzymatic reaction involving glucose oxidase.3 

Numerous methods to alleviate problems re- 
lated to the need for a high overpotential for the 
oxidation of hydrogen peroxide have been de- 
scribed. One is to use reduction as the electrode 
reaction. However, at both platinum4 and mer- 
cury5 electrodes, the reduction is highly irrevers- 
ible, thereby requiring a Iarge negative 
overpotential. A lower overpotential for the 
reduction is obtained by coating the electrode 
with an electron transfer mediator. Armstrong 
and Lannon6 used a cytochrome c peroxidase 
fdm on graphite along with gentamycin as a 
promoter to perform the reduction of hydrogen 
peroxide, and modification of an electrode with 

*Corresponding author. 

a day film that was impregnated with 
Ru(NH,)z+ allowed the reduction of H24 at 
-0.2 V vs. SCE.’ The use of modified electrodes 
such as these in practical analytical method- 
ology has been limited because, in general, they 
lack the necessary long term stability. 

Certain inorganic poIymers and metalated 
phthalocyanine polymers show great promise as 
stable modifiers of electrode surfaces.8*9 Among 
these is a film that was electrolytically deposited 
on glassy carbon from a mixture containing 
PdCl, and Na&-Cl,.‘* This film, in which oxides 
of iridium are the promoters of electron trans- 
fer,” permitted the determination of hydrogen 
peroxide by linear scan voltammetry on the 
basis of its reduction in 0.1 M KC1 at - 0.2 V 
vs. SCE.” Unfortunately, dissolved oxygen, 
which is often present in experiments where the 
determination of hydrogen peroxide is an objec- 
tive, interferes with the measurement. Fujihara 
et ~1.‘~ illustrated that a dodecyltriethoxysilane 
film on an Au electrode attenuated the interfer- 
ence of oxygen on the reduction of H,O,, but 
analyti~1 data were not provided. 

The present study was initiated to determine 
whether the procedure that used a glassy carbon 
electrode that was modified with a film contain- 
ing iridium oxide could be altered to eliminate 
the interference of dissolved oxygen on the 
reduction of H202. Although this was not ac- 
complished, as detailed below, a method for the 
determination of H,O, in the presence of dis- 
solved oxygen was developed based upon the 
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electrocatalytic oxidation of hydrogen peroxide. 
The process occurs at perhaps the lowest 
overpotential yet reported for this electrode 
reaction. 

EXPERIMENTAL 

All chemicals used were ACS reagent grade 
from Fisher Scientific Co. except that the PdClr 
was from Johnson Matthey Electronics, Inc.; 
the Na,IrCl,, LiClO, and LiOH (99.95% purity) 
from Aldrich Chemical Co.; and the 1 mm dia. 
iridium wire (99.8% purity), from Johnson 
Matthey Materials Technology. The hydrogen 
peroxide solutions were made by fresh dilutions 
of 30% reagent. 

A Bioanalytical Systems, Inc. electrochemical 
detector (Model MF 1000) for HPLC measure- 
ments was modified in two ways. One was to 
incorporate an iridium electrode. Here, the unit 
that held the dual glassy carbon electrodes was 
replaced by an identically-shaped Teflon block 
through which a threaded hole was machined. A 
hole was drilled down the central axis of a 
matching Teflon screw, and an iridium wire was 
sealed therein with Torrseal epoxy. The second 
modification was on the portion of the BAS cell 
that was intended to be used as the working 
electrode holder. One of the glassy carbon elec- 
trodes was used to ground the solution (the 
second was left at open circuit). Holes to accom- 
modate the entry and exit of the carrier stream 
were machined in this block. A Pt electrode was 
placed downstream of the cell to serve as the 
counter electrode. This modification, along with 
placing the entire cell assembly in a Faraday 
cage, minimized noise in the system. 

The iridium was polished to provide a disk- 
shaped electrode surface that was flush with the 
Teflon block. The polishing was performed with 
sandpaper grades of 250,600, and 1200 grit and, 
finally, with 1,0.3, and 0.05 pm alumina (Mark 
V Laboratory, metallographic equipment and 
supplies) on a polishing cloth with distilled 
water as the lubricant. Each polishing step (5 
min) was followed by a 5 min sonication in 
distilled water. 

An oxide layer on the iridium electrode was 
formed by applying 100-1000 1 set pulses be- 
tween 600 and - 1100 mV in a O.lM LiOH, 1M 
LiC104 mixture. The reference electrode was 
isolated from the plating mixture with a satu- 
rated NaCl salt bridge. 

Before performing experiments, the iridium 
oxide electrode was aged for at least 48 hr at 

open circuit in the plating solution. Except for 
flow injection experiments, the electrode was 
pretreated by cyclic voltammetry (50 cycles be- 
tween 200 and -300 mV at 100 mV/sec) in a 
solution containing 0.05 M HrOr and 1 M 
NaOH. The electrode was stable whether stored 
in the dry state or in contact with 1 M KC1 (9 
months). 

Iridium oxide electrodes were also prepared 
by electrodeposition of a film on glassy carbon 
from a solution containing 0.1 mA4 PdClr and 
0.2 mA4 Na,IrCl, with a 0.2 M K,SO,, 0.1 M 
KC1 mixture as the supporting electrolyte.‘O A 
glassy carbon electrode of a MF 1000 BAS 
amperometric detector was polished as de- 
scribed above and plated by applying 100 cycles 
between 1150 and - 350 mV at 50 mV/sec. As 
previously demonstrated,” iridium oxide is the 
catalytic species in the resulting film. None of 
the plating solutions were deaerated prior to 
use. 

All electrochemical measurements were made 
with either a BAS 100 electrochemical analyzer, 
BAS CV37 voltammograph, or a EG&G PAR 
273A galvanostat/potentiostat. All potentials 
are reported us. an SCE. A Gilson Minipuls 2 
peristaltic pump, pulse dampener, Rheodyne 
type 50 four-way rotary Teflon valve with a 500 
PL injection loop, and the above-described elec- 
trochemical detectors comprised the flow injec- 
tion analysis system. The reference was either an 
SCE (Fisher) or a BAS Ag/AgCl, 3 A4 KC1 
electrode. 

RESULTS AND DISCUSSION 

A preliminary set of cyclic voltammetry ex- 
periments on hydrogen peroxide solutions with 
the oxidized iridium metal electrode was per- 
formed in order to compare the behavior at this 
electrode to that at the palladium-containing 
film.12 The behavior of the electrodes was found 
to be the same for the reduction of HzOz in 
neutral and basic solution. A more interesting 
observation was that oxidation of Hz02 was 
observed in 1 M NaOH at a low overpotential 
relative to previous reports. A typical set of 
cyclic voltammograms is shown in Fig. 1. Be- 
cause a Faradaic process, the oxidation of H20z, 
is occurring at the initial potential, the shapes of 
the current-voltage curves are unusual. Never- 
theless, it is apparent that there is an increase in 
anodic current which is related to the hydrogen 
peroxide concentration. Analytical utility of this 
electrode process is suggested by the fact that 
neither the background nor the current due to 
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the oxidation of hydrogen peroxide is influenced 
by the presence of dissolved oxygen in the 
solution. 

Based upon the results in Fig. 1, experiments 
were performed to determine whether linear 
scan voltammetry is suited to the oxidative 
determination of H,Oz. With 1 M KC1 as the 
supporting electrolyte and oxide-coated iridium 
as the working electrode, cyclic voltammograms 
were obtained at 100 mV/sec with H,O, varied 
over the concentration range 1 l-O.5 mM (11 
points). A linear least squares fit of the peak 
current (corrected for background) at 100 mV 
us. concentration yielded a slope of 0.91 mA/M 
with a correlation coefficient of 0.9986. A repeat 
of the experiment except with 1 M NaOH as the 
electrolyte and 13-0.5 mM (18 points) as the 
concentration range yielded an anodic peak 
potential of -40 mV, a slope of 3.13 mA/M, 
and a correlation coefficient of 0.9989. These 
data show that linear scan voltammetry is suited 
to the determination of hydrogen peroxide at 
high con~ntrations. Extension to lower concen- 
trations was precluded by the background sig- 
nal. The usual approach to improving the signal 
to background ratio in voltammetry, applying a 
pulsed potential and time-resolving the 
Faradaic and background currents, is not well- 
suited to modified electrodes because a Faradaic 
process contributes to the background current. 
Further studies were, therefore, performed by 
flow injection amperometry (FIA). 

Figure 2 shows hydrodynamic voltam- 
mograms obtained at the iridium oxide elec- 
trode in 0.1 M KOH in the presence and 
absence of Hz02. These point-by-point measure- 
ments of FIA peak currents as a function of 
applied potential have two significant character- 
istics. First, dissolved oxygen does not contrib- 
ute to the electrode process at potentials more 
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E [V/SE] 
Fig. 1. Cyclic vohammetry of hydrogen peroxide at an 
iridium oxide electrode. (A) 1 Ad NaOH; (B) 1.3 x 10T2 M 
H20z in t M NaOH; scan rate, 100 mV/sec. The family of 
vohammograms from (A) to (B) are for successively higher 
H202 concentrations; the concentrations were raised in 0.5 

mM increments. 

E [v/sCEJ 
Fig. 2. Hydrodynamic voltammogram of 1 x 10m4 M H,O, 
in 0.1 A4 KOH at the iridium oxide electrode. The carrier 
was 0.1 M KOH. The conditions are in the Experimental 

section. 

positive than -200 mV. Second, a potential 
window for the FIA determination of H,O, in 
this medium at the iridium oxide electrode exists 
from about -50 mV to more positive values. 
The ability to work at low overpotential 
suggests practical applicability of oxidative de- 
terminations of hydrogen peroxide; as men- 
tioned previously, the use of less positive 
applied potentials than are necessary at conven- 
tional electrodes ~nimi~s the number of can- 
didates for interference. 

The electrochemistry of hydrogen peroxide at 
the iridium oxide electrode is highly dependent 
upon pH. This is illustrated by examination of 
the influence of pH on the height and position 
of the anodic peaks in the cyclic voltammet~ of 
H,O,. Figure 3 contains a plot of peak current 
us. pH. Clearly, the sensitivity is enhanced by 
working in a medium with pH greater than 11. 
The shape of the plot resembles a potentiomet- 
ric titration curve, which suggests that the elec- 
troactive species is HO;. That the inflection 
point of this curve is near the pK, of Hz02 (11.6) 
supports this conjecture. The dependence of the 
anodic peak potential on pH (Fig. 4) demon- 
strates that to obtain the low overpotential 
which makes this electrode process promising 
the pH must also be greater than 11. The fact 
that the peak potential is quite constant over the 
pH range 3.5-11 is interesting in that the cyclic 
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PH 
Fig. 3. Dependence of the anodic peak current on pH in 
the cyclic vohammetry of I.1 x 10T2 hi H,O, in I M KC1 
at the iridium oxide electrode. The pH was adjusted by 

addition of KOH or HCI. Scan rate, 100 mV/sec. 
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PH 
Fig. 4. Dependence of the anodic peak potential on pH in 
the cyclic voltammetry of H,O, at an iridium oxide elec- 

trode. The conditions are those in Fig. 3. 

voltammetric peaks for the iridium oxide 
couple(s) in the film vary in potential over this 
range. This contrasting behavior demonstrates 
that the film is not mediating the hydrogen 
peroxide oxidation. Instead, it is acting as a 
catalyst. Based on these results, the FIA exper- 
iments were performed with either 0.1 or 1 .O M 
KOH as the carrier. 

Figure 5 contains sets of FIA curves for 
various concentrations of hydrogen peroxide. 
At the 99% confidence limit (peak current is 
three-times the noise), the detection limit is 30 
nM H,O,. The characteristics of calibration 
curves prepared under the conditions in Fig. 5, 
except with the tabulated values of KOH con- 
centration and applied potential, are summar- 
ized in Table 1. Two points are important. First, 
increasing the KOH concentration will increase 
the sensitivity at a given potential. Second, with 
a given concentration of KOH as the carrier, a 
more positive applied potential will increase the 
sensitivity. Since an application of this electrode 
process to a practical FIA procedure will re- 
quire addition of base in a mixing coil, the lower 
KOH concentration is recommended even 
though the sensitivity is decreased. Whether 
more positive applied potentials are employed 
than those in Table 1 (see Fig. 2) will depend on 
the anticipated interferences in the proposed 
application. A recent discussion of possible in- 
terferents in experiments when measurements of 
hydrogen peroxide are used to indirectly deter- 
mine glucose in biological samples is available.3 

In summary, iridium oxide films provide an 
attractive surface for the oxidative determi- 
nation of hydrogen peroxide. Although the re- 
sults presented herein are based upon flow 
injection amperometry, this surface may find 
application to other electrochemical methods 
for this analyte. Moreover, our preliminary 
work on other species that are generally oxi- 
dized or reduced at high overpotential indicates 
that iridium oxide may find a wide range of 
application. Nitrogen oxides are one general 
class of compounds for which promising pre- 
liminary data have been obtained. The combi- 
nation of the freedom from interference by 

The use of an oxide film on an iridium 
electrode rather than a film deposited on glassy 
carbon from a PdCl,, IrCle2- mixture may be 
inconvenient in some cases. The former requires 
modification of a commercially-available detec- 
tor and the use of iridium wire which is quite 
expensive. Experiments were performed to de- 
termine if the iridium oxide film deposited on 
glassy carbon provided a suitable electrode for 
this FIA method. Results comparable to those 

Fig. 5. Flow injection amperometry of H,O, at the iridium 
oxide electrode. E 0.0 V. H20J concentrations: (A) 
1.2 x 10e5 M(B) 7.8 x lo-’ M; and (C) 6.0 x lo-* M. The 
time between injections is 150 sec. Other conditions are 
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obtained at the oxidized iridium metal electrode 
(Table 1) were obtained over the concentration 
range 20-0.47 PM; a linear least squares cali- 
bration curve (10 points) yielded a slope of 2.5 
mA/M and r2 of 0.9999 when 0.1 M KOH was 
the carrier. The applied potential was 0.00 V. 
The detection limit (99% confidence limit) was 
37 nM. 
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those in Fig. 2. 
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Table 1. Linear least squares calibration curves for the flow injection 
amperometry of H202 at an iridium oxide electrode 

slope, 
Carrier Conc.H,O, (M) E (mu) @A/M) r n 

1 MKOH 1.0 x lo-‘-l.0 x 1o-6 0.0 4.3 0.9996 9 
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1 MKOH 1.0 x lo-6-l.o x lo-’ 50 8.1 0.9889 7 
0.1 M KOH 2.0 x 10-r-3.6x 10-s 0.0 2.9 0.9993 14 

dissolved oxygen with the low over-potential 
that is required suggests suitability of this 
system to bioanalytical applications; how- 
ever, for such studies a means to adjust 
the sample to pH 2 11 must be included in 
the FIA system. A second drawback is 
that modified electrodes generally promote 
electron transfer of many compounds at the 
same potential, so selectivity must be achieved 
by a prior separation step or through a chemical 
reaction. 
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FLOW INJECTION ON-LINE ACID DIGESTION AND 
PRE-REDUCTION OF ARSENIC FOR HYDRIDE 
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§amrnary-A flow injection (FI) manifold is described which makes possible on-line microwave-assisted 
acid digestion, followed by pm-reduction of As(V) to As(III) and its determination by hydride generation 
atomic absorption spectrometry. The merging zone technique is used in order to reduce acid consumption 
for digestion. The efhciency of acid digestion is increased by pressure which is built up in-line by a flow 
restrictor. Flows for sample pretreatment and hydride generation can be optimii independently. 
Lcysteine was found superior to potassium iodide as the pre-reductant because much lower reagent and 
acid concentrations are required, much harsher conditions can be tolerated for acid digestion, and the 
integrated absorbance signals for arsenic in blood and standards are essentially identical, making possible 
the use of the standard calibration procedure. 

The sampling frequency is 77lO/hr, depending on the conditions chosen, and the limit of detection, i.e. 
the concentration giving a signal equal to three times the standard deviation of the signal of the blank 
solution, is 0.25 pg/l for a 500 pl sample volume. The recovery of 10 &l As(V) added to a blood sample 
was 94 * 2 and 98 + 2% (n = 3) in absorbance and integrated absorbance, respectively. 

Sample preparation is often the bottle-neck of 
an analytical procedure because it is a manual 
process which makes it slow, work-intensive and 
a frequent source of errors. It is therefore not 
surprising that with the increasing use of flow 
techniques, particularly flow injection (FI), var- 
ious attempts have been made to incorporate 
sample preparation on-line with the detection in 
an automatic procedure. The state of the art at 
the end of the 1980s in on-line techniques 
coupled to FI is summarized in a review article 
by Puchades et al.’ 

The most frequently investigated approach 
for on-line sample preparation is that of micro- 
wave assisted acid digestion,’ which was coupled 
with amperometric3 and colorimetric4 detection, 
ICP atomic emission,’ flame,“‘O cold vapour”-‘3 
and hydride generation atomic absorption spec- 
trometry (HG AAS).‘“i4 The application of 
on-line acid digestion to the latter two tech- 
niques was complicated by the fact that the 
oxidative reagents had to be compatible with 
sodium tetrahydroborate which was required 
for the reduction of the analyte to the element 

*On leave from Department of Applied Chemistry, Univer- 
sity of science and Technology of China, Hefei, Anhui, 
China. 

and the hydride, respectively.” In addition, 
some analyte elements, such as antimony and 
arsenic were oxidized to their highest oxidation 
state during the digestion which resulted in 
about an order of magnitude lower sensitivity 
in their determination by FI-HG AAS.“-‘” A 
pre-reduction step must therefore follow after 
the oxidative digestion. 

Sperling et al.” successfully used a mixture 
of sodium sulfite, hydrochloric acid, sodium 
thiosulfate and potassium iodide for the on-line 
reduction of pentavalent to trivalent arsenic for 
solid sorbent extraction of total arsenic from 
natural water samples. The reduction was com- 
plete within 5 set, however, the reagents used 
were not compatible with sodium tetrahydrobo- 
rate reduction, and hence with HG AAS. The 
reagent used most frequently for the reduction 
of pentavalent arsenic in HG AAS is potassium 
iodide, alone or mixed with ascorbic acid. 
Marshall and van Staden” and Tyson et ~1.‘~ 
have described on-line procedures for the re- 
duction of As(V) using FI techniques. A signifi- 
cant disadvantage of that reducing agent is, 
however, the extremely high hydrochloric acid 
concentration required if the reduction had to 
be completed within a short period of time. 
Brindle et aLm proposed L-cysteine as an 
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alternative to potassium iodide with the big 
advantage that this reagent was usable at low 
acid concentrations. In addition, L-cysteine was 
found to be much more stable than potassium 
iodide and provided a higher freedom from 
interferences.16 

Although on-line microwave assisted acid 
digestion and on-line reduction of As(V) for HG 
AAS have been investigated by several authors, 
no attempt was made to combine acid digestion 
and pre-reduction on-line in a flow system. The 
aim of the present work was to investigate the 
feasibility of combining an acid digestion with a 
pre-reduction on-line in an FI system for the 
determination of arsenic in biological ma- 
terials, and blood was chosen as a model matrix. 
We have limited ourselves to inorganic arsenic 

FILL 

in this study, not considering organic arsenic 
compounds, which will be the topic of another 
publication. Our iirst goal was to investigate 
the possibility of a fully automatic procedure 
for measuring elevated arsenic levels due to 
occupational exposure, i.e. to determine 
inorganic arsenic. For that purpose it was only 
necessary to break down the organic matrix 
to an extent that it did no longer interfere 
with HG. Insufhcient digestion of organic mat- 
ter resulted in excessive foaming in the 
gas-liquid separator and penetration of foam 
into the atomizer, causing severe contamination 
and loss of sensitivity. The antifoam reagent, 
which was added routinely to the sodium 
tetrahydroborate solution, did not control 
excessive foaming. 

INJECT 

Fig. 1. Flow injection manifold for on-line acid digestion and pre-reduction for HG AAS. PI, F 2, P3: 
peristaltic pumps; S: sample; D: digestion reagent; MWD: microwa ve digestor; DWB: deionized water 
bottle; P: pressure gauge; GLS: gas-liquid separator; QTA: quartz tube atomizer; W: waste; the symbols 

for loops and coils are explained in Table 2. 



Flow injection on-line acid digestion 

Table 1. Inner diameters (i.d.) of pump tubes, pump rotation and flow rates for 
on-line acid digestion and pre-reduction 

Pump rotation speed Flow rate 
Ptmlp tube (2) UmiJr) (ml/mh) 

Sample load 0.64 120 2.2 
Digestion reagent load 0.89 120 3.1 
Carrier 2 2.29 120 17.5 
NaBH, reductant 0.64 120 2.2 
GLS Waste (2x) 2.54 120 18.5 
Carrier 1 (2x) 0.76 40 0.65 
Pre-reductant 0.51 40 0.35 
GLS waste 2.54 40 6.4 
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EXPERIMENTAL 

Instrumentation 

A Perkin-Elmer Model 2100 atomic absorp- 
tion spectrometer with continuum source back- 
ground correction and an arsenic electrodeless 
discharge lamp, operated at a power of 8 W, was 
used throughout. The wavelength was set to 
193.7 nm with a spectral slitwidth of 0.7 nm 
(low). A Perkin-Elmer FIAS-200 flow injection 
system with an AS-90 autosampler was used 
and the temperature of the quartz tube atomizer 
was set to 900”. The atomic absorption spec- 
trometer, the flow injection system and the 
autosampler were controlled by an Epson PC 
AX 2e personal computer which also calculated 
the absorbance and integrated absorbance val- 
ues. The time-resolved absorbance signals were 
displayed on an EIZO 14-inch color data dis- 
play and printed, together with the analytical 
results, on an Epson EX-800 printer. 

The extended and modified FI system, the 
manifold and its operation are shown in Fig. 1. 
An Ismatec (Wertheim-Monfeld, Germany) 
peristaltic pump (P3) was added for circulating 
the water of the pre-reduction heating bath. A 
Maxidigest MX350 oven (2.45 GHz, 300 W) 
with TX 31 programmer (Prolabo, Paris, 
France) was used for microwave digestion. 
The standard value of the FIAS-200 was re- 
placed by a prototype &channel valve (Tecator, 
Sollentuna, Sweden). 

All pump tubes were Tygon. Their inner 
diameters, the pump rotation and the resulting 
flow rates are summarized in Table 1. Material, 
dimension and configuration of the various 
conduits and coils are given in Table 2. 

Method 

The sequence of operation for on-line acid 
digestion and pre-reduction is summarized in 
Table 3. In sequence 1, 500 ~1 of sample and 
1000~1 of digestion reagent were filled into Ll 
and L2, respectively. Sequence 2 actually con- 
sisted of five steps because the maximum time 
which could be programmed in the FIAS-200 
software was 99 sec. The same pump rotation 
speed of 4O/min was used throughout that se- 
quence although it would have been possible to 
save some time by using faster flow rates at 
certain stages of that sequence. In the first stage, 
after the valve had turned, sample and digestion 
reagents were mixed. The merging zone tech- 
nique was applied in order to save reagent 
because water could be used as the carrier in this 
case. In the next stage sample and digestion 
reagent were conducted through the microwave 
oven. Details of the arrangement within the 
microwave cavity are shown in Fig. 2. 

Because of the flow restrictor which was 
installed downstream, a pressure of about 6 Bar 
was built up which increased the efficiency of 
the digestion. The pressure also reduced the 

Table 2. Material, dimension and configuration of conduits, loops and coils for on-line acid digestion and pre-reduction 

Item Symbol Material* id. (mm) Length (m) Volume @l) Configuration 
Sample loop Ll PTFE 0.8 - 500 Straight 
Digestion reagent loop L2 PTFE 0.8 - 1000 Straight 
Digestion coil 

: 
PFA 0.8 8 4000 Coiled 

Reduction coil PTFE 0.8 9 4500 Knotted 
Cooling coil Cl PTFE 0.8 1 500 Knotted 
Cooling coil 

Fct 
PTFE 0.8 1 500 Knotted 

Flow restrictor PTFE 0.3 1 70 Knotted 
Store coil ST PFA 0.8 6 3000 Coiled 
Reaction coil RT PTFE 0.8 1 500 Knotted 

+PTFE = Polytetrafluoroethylene; PFA = PerlIuoroalkoxypolymers. 
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Microwa 
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H 42 @I 

Fig. 2. Arrangement of digestion coil (L3), reduction coil 
(L4) and water bath for pre-reduction in the microwave 

digestor. All dimensions in mm. 

formation of gas bubbles during the microwave- 
assisted acid digestion, and a steady flow of 
liquid with only a few bubbles was obtained 
after cooling in C 1. In the next stage the 
reducing agent was added and the sample con- 
ducted through a water bath which was kept 
boiling by immersing its bottom into the micro- 
wave cavity, as is shown in Fig. 2. After passing 
through another cooling bath and the flow 
restrictor the sample bolus reached the store 
coil. The total time had to be programmed in 

such a way that the sample was contained 
quantitatively in the store coil at the end of 
sequence 2. 

In sequence 3 pump 1 was turned on and a 
second carrier stream added in order to trans- 
port the sample quickly through the hydride 
generation stage and into the gas-liquid separa- 
tor (GLS). This arrangement made it possible to 
optimize flow rates independently for the differ- 
ent processes of sample preparation and analyte 
element dete~ination. 

Reagents 

All reagents were of analytical reagent grade 
or higher purity except for sodium tetrahydro- 
borate, for which no purity was given. Doubly 
deionized water (18 Ma/cm) was used through- 
out. Arsenic(V) stock solution, 1000 mg/l As in 
0.5 mol/l HNO, was prepared from Titrisol 
concentrate (Merck, Darmstadt, Germany). 
Standard solutions were obtained by serial di- 
lution with 0.1 mol/l HCI. For blood analysis 
standards were prepared to contain 0.2% (m/v) 
Triton X-100. 

Sodium tetrahydroborate solution, 2% (m/v) 
was prepared by dissolving sodium tetrahydro- 
borate powder (Riedel-de Haen, Seelze, 
~~any) in water containing 0.05% (m~v) 
sodium hydroxide (Merck) and 1.0% (m/v) 
antifoam reagent (Greiffenberg, Krefeld, 
Germany). 

Cysteine reductant, 0.6% (m/v), was prepared 
by dissolving L-cysteine (for biochemistry, 
Merck) in 0.5 molfl HCl. 

Potassium iodide pre-reductant was prepared 
by dissolving 10 g of potassium iodide, KI, 
(Merck) and 10 g of ascorbic acid (Merck) in 
100 ml of 2.5 mol/l HCI. Lower concentrations 
of these reagents were used in some exper- 
iments. 

A mixture of 1 mol/l HNO, and 0.04 mol/l 
HClO, was used as the digestion reagent to- 
gether with the potassium iodide pre-reductant 
and a mixture of 2 mol/l HNO, and 0.2 mol/l 
HCI04 was used with L-cysteine. 

Table 3. Sequence of operation for on-line acid digestion and pre-reduction for HG AAS 

Rotation speed (/min) 
Valve 

Step Function Time (EC) PumPI pump 2 position Read 

1 Fill loops LI and L2 50 120 40 Fill 
2* Merge tones. digestion, 440, - 40 Inject 

pre-ktction, fiii store tube 
3 Hydride generation 30 120 40 Inject ON 

*Step 2 consists of five identical steps of 90, 90, 90, 90 and 80 set duration. See text for details. 
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Pool blood samples were obtained from 
Baden-Wiirttemberg blood supply center (Ulm, 
Germany). Blood samples were diluted 1: 10 
with 0.1 mol/l HCl and 0.2% (m/v) Triton 
x-100. 

Method development 

The optimization of the procedure was 
carried out step by step, i.e. one parameter at a 
time, starting from the end, i.e. the hydride 
generation. On going upstream step-by-step it 
was anticipated that optimization of an earlier 
stage would not impair the previously optimized 
parameters. The standard calibration technique 
was used throughout and the analyte addition 
technique (method of additions) was only 
applied occasionally in order to exclude the 
presence of matrix effects. 

RJSUL’I-S AND DISCUSSION 

Optimization of hydride generation 

One of the advantages of the FI manifold 
used in this work was that the different stages of 
the analytical procedure, i.e. acid digestion, 
pre-reduction and hydride generation, could in 
essence be optimized independently. Whereas 
low flow rates were obviously advantageous for 
sample pretreatment because of the associated 
longer residence times in the microwave oven, 
etc. and the less pronounced dispersion, they 
would inevitably result in very broad ab- 
sorbance peaks in the hydride generation stage. 
For that reason an additional carrier was intro- 
duced downstream of the flow restrictor in order 
to push the sample bolus quickly from the store 
coil through the rest of the FI system and to the 
detector. 

The effect of this additional carrier flow rate 
on the arsenic signal is shown in Fig. 3. Without 
an additional carrier flow an extremely low and 

120 r.p.m. 

0 Time, s 50 

Fig. 3. Effect of additional carrier flow rate (expressed in 
rotations per min of PI) on the absorbance signal of 10 &I 
As; 120 r.p.m. cornsponds to a flow rate of 17.5 ml/min. 

broad signal was obtained which had not 
reached its maximum even after 50 sec. 
Although integrated absorbance decreased 
about 30% when the additional carrier flow rate 
was increased from 2.9 ml/min (20 r.p.m.) to 
17.5 ml/min (120 r.p.m.) the significantly im- 
proved peak shape and much shorter signal 
duration (measurement time) were considered a 
great advantage. 

The acidity of the additional carrier solution 
had no influence at all on the absorbance signal 
of arsenic. Variation of the acid concentration 
between 0 and 2 mol/l HCl resulted in identical 
results, and water was used as the carrier for all 
further investigations. 

The flow rate of the auxiliary argon had only 
a minor effect on the arsenic signal. The inte- 
grated absorbance decreased by about 15% 
when the argon flow rate was increased from 20 
to 90 ml/min. The peak height absorbance 
showed a slight maximum around 60 ml/min 
which was used for our future work. 

In contrast to conventional FI-HG AAS 
where the carrier and sodium tetrahydroborate 
flow rates are similar:’ we have chosen a high 
flow rate for the additional carrier for the 
reasons discussed above. In order not to in- 
crease the total flow rate too much we used a 
low flow rate of 2.2 ml/min for the tetrahydro- 
borate which necessitated a higher concen- 
tration than usual. The arsenic signal increased 
under these conditions significantly up to a 
reductant concentration of 1% (m/v) tetrahy- 
droborate, with a slight additional increase up 
to 2% (m/v) tetrahydroborate. The 2% concen- 
tration was chosen for our future work because 
a much better performance was obtained in the 
analysis of blood samples, etc. which contained 
the oxidative reagents from acid digestion. 

Optimization of acid digestion and pre -reduction 

The optimization of the microwave-assisted 
acid digestion and of the prereduction could 
obviously not be separated entirely because the 
reagents and conditions had to be compatible. 
All investigations were carried out with L- 
cysteine and potassium iodide-ascorbic acid, 
respectively, as the pre-reduction reagents. 
Matrix-free standard solutions as well as 1: 10 
diluted blood samples, which were spiked with 
arsenic(V), were used for all investigations. 

The following criteria were applied to select 
the best conditions 

(i) Completeness of acid digestion. The main 
indicator for that criterion was foam formation 
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Fig. 4. Effect of nitric acid concentration on the integrated 
absorbance signal of 10 fig/l As(V). Microwave power: 150 
W for potassium iodide-ascorbic acid (KI + Asc) and 210 
W for Lcysteine (Cys). (a) As in 0.1 mol/l HCI; (b) As 

added to 1: 10 diluted blood. 

in the GLS as no organic arsenic compounds 
were investigated in this study. In addition a 
system that could tolerate higher microwave 
power and/or higher acid concentrations 
would obviously provide more complete acid 
digestion, and was hence considered superior. 

(ii) Sensitivity. That parameter obviously also 
included completeness of reduction of As(V) to 
As(II1). All data in this optimization study were 
based on integrated absorbance. Peak height 
absorbance gave similar results for matrix-free 
standards but significant deviations for the 
blood samples and was therefore not considered 
in this work. 

(iii) Applicability of standard calibration 
technique. One of the goals of this work was 
to avoid the time-consuming standard addition 
technique, which means that standards and 
samples must exhibit an almost identical 
behaviour. 

(iv) Ruggedness. As analytical conditions 
may change for different samples, ruggedness 
against such changes was considered important. 

(v) Reagent consumption. A reduced require- 
ment for reagents, particularly when they were 
toxic and/or corrosive, was a major criterion for 
cost reasons, because of the waste problem and 
to better protect operators and instruments. 

This last point was the main reason why we 
have chosen the merging zone technique to mix 
sample and oxidative reagents for acid diges- 
tion. This approach made it possible to use 
water as the carrier instead of a corrosive and 
toxic acid mixture. 

Various combinations and concentrations of 
nitric and perchloric acid were investigated as 
the oxidizing medium for acid digestion. The 
influence of the nitric acid concentration on the 
integrated absorbance signal of arsenic is shown 
in Fig. 4. A lot of foam was formed in the GLS 
due to incomplete digestion of blood if the nitric 
acid concentration was only 0.5 mol/l. Higher 
nitric acid concentrations, however, were not 
quite compatible with the potassium iodide- 
ascorbic acid pre-reductant. Firstly, there was a 
significant difference in the response for arsenic 
in the standards and blood samples and this 
difference increased with increasing acid concen- 
trations. Secondly, the sensitivity for arsenic 
depended strongly on the nitric acid concen- 
tration. The behaviour of L-cysteine pre-reduc- 
tant was much better in both respects. Although 
there was a difference between standards and 
blood samples for 1 mol/l HNOj, this difference 
essentially disappeared for nitric acid concen- 
trations of 2-3 mol/l. There was also very little 
influence of the nitric acid concentration on the 
sensitivity for arsenic in the presence of L-cys- 
teine, which was clearly the better reductant 
from that point of view. 

Perchloric acid had very little additional effect 
up to 0.1 mol/l in the case of potassium iod- 
ide-ascorbic acid pre-reductant and up to 0.4 
mol/l in the case of L-cysteine. A mixture of 2 
mol/l HN09 and 0.2 mol/l HClO., was therefore 
chosen for most of our further investigations. 

The efficiency of the microwave-assisted acid 
digestion was further increased by a pressure of 
about 6 Bar which was caused by the backpres- 
sure of the flow restrictor. The influence of the 
microwave power on the integrated absorbance 
signal for arsenic is shown in Fig. 5. At power 

00 
0 120 150 180 210 

tllcrwave Power. w 

Fig. 5. Influence of microwave power on the integrated 
absorbance signal of IO &I As(V). (a) In 0.1 mol/l HCI; (b) 

added to 1: 10 diluted blood. 
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Fig. 6. Infbcmx of residence time of the sample bolus in the MWD on the integrated absorbance signal 
of 10 &I As(V). (a) In 0-t moi/l HCI; (b) added to 1: IO dihttcd Mood. 

settings below 120 W the foam formation in the 
GLS became excessive. Although the sensitivity 
for arsenic was better in the presence of potass- 
ium iodide+ascorbic acid, the discrepancy be- 
tween standards and blood samples became 
quite significant for higher power settings which 
was considered a disadvantage. No such effects 
were observed with the L-cysteine pre-reductant 
so that 210 W could be used without problems. 

The residence time in the microwave digestor 
(MWD), which was controlled by the pump 
rotation speed, had a similar effect on the 
arsenic signal as the microwave power as is 
shown in Fig. 6. Significant foam formation in 
the GLS, i.e. incomplete digestion, was observed 
for a pump rotation speed of lOO/min which 
corresponded to a residence time of about 70 
sec. If potassium iodide-ascorbic acid was used 
as the pre-reductant, increasing digestion times 
resulted in an increasing discrepancy between 
the signals for standards and blood samples. 
This effect would not permit to use long diges- 
tion times, which might be essential to attack 
acid-resistant organic compounds of arsenic, 
and to use the standard calibration procedure. 
The behaviour of L-cysteine was one more time 
much more favorable in that respect. A pump 
rotation speed of ~5O/~n, corresponding to 
a residence time of MO-150 see gave best 
performance. The reason for the discrepancy in 
the behaviour of potassium iodide and L-cys- 
teine was that different acid and reagent concen- 

trations were found optimum, which resulted in 
different reactions and reaction products 
upon digestion and hence a different overall 
performance. 

The cooling coil which was installed between 
the MWD and the confluence with the pre- 
reductant primarily served the purpose to con- 
dense gaseous products and hence reduce the 
bubbles in the conduits. It was found that a coil 
length of 1 m, in the configuration of a knotted 
reactor, was sufhcient to reduce bubble for- 
mation significantly and produce an even flow 
of liquid at the confluence point. The pressure 
of 6 Bar in the system undoubtedly contributed 
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Fii. 7. Inlhcncc of the pm-reductant concentration on the 
integrated absorbance signal of 10 fl%l Aa( 
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Fig. 8. Intluence of HCl concentration of the pre-reductant 
solution on the integrated absorbance signal of 10 rg/l 
As(V); 7.5% potassium iodide and 7.5% ascorbic acid 

(KI + Asc) and 0.6%L-cysteine (Cys). 

very significantly to the fact that bubble for- 
mation did not cause any problems under the 
conditions chosen in this work. The influence of 
the pre-reductant concentration on the inte- 
grated absorbance signal for arsenic is shown in 
Fig. 7. In essence the results were consistent 
with those obtained earlier with conventional 
FI-HG AAS.’ The efficiency of the potassium 
iodide-ascorbic acid pre-reductant increased 
with increasing concentration, but a concen- 
tration of at least 5% (m/v) was required to 
obtain a sufficient reduction power. L-cysteine, 
in contrast, had its optimum performance at 
concentrations of 0.5-l% (m/v). The decrease 
of the arsenic signal in the presence of higher 
cysteine concentrations was not due to a de- 
creasing reduction efficiency but to an inter- 
ference in the hydride generation stage.16 In 
addition to a higher reagent concentration, the 
potassium iodide-ascorbic acid pre-reductant 
also required a higher acid concentration of 2-3 
mol/l HCl in order to perform properly, as is 
shown in Fig. 8. L-cysteine, in contrast, devel- 
oped its full reduction potential even in aqueous 
solution. This significantly lower consumption 
of reagents and acids, together with the im- 
proved ruggedness and the much more similar 
behaviour of standards and blood samples 

Table 4. Rotation speed of pump 3 at which the water in the 
pre-reduction vessel reaches the boiling point (97”) for 

different microwave power settings. 

Microwave power (W) 120 150 180 210 240 
P3 rotation speed (l&r) 30 58 75 85 99 

finally made the L-cysteine the pre-reductant of 
choice for our future work. 

The best sensitivity for arsenic was obtained 
when the water in the reduction vessel was 
boiling, i.e. had a temperature of 97” in our case. 
In order to prevent excessive boiling the water 
was pumped continuously through a cooling 
bath. The pump speed required to keep the 
water at gentle boiling obviously depended on 
the applied microwave power. This correlation 
is summarized in Table 4. 

The influence of the residence time of the 
sample bolus in the boiling water bath on the 
arsenic signal is shown in Fig. 9 for L-cysteine. 
Three different lengths of reduction coil, 3, 6 
and 9 m, all in the form of knotted reactors, 
were used with a variety of pump rotation 
speeds. However, there appeared to be no influ- 
ence of the length of the tubing, and the resi- 
dence time was the only significant parameter. 
For a residence time longer than 150 set the 
integrated absorbance did not increase any 
more which could be interpreted that the re- 
duction of As(V) to As(II1) was complete under 
these conditions. This was in quite good agree- 
ment with Chen et ai.= who found quantitative 
reduction of As(V) in a boiling water bath and 
in the presence of 1% L-cysteine within 5 min. 
A direct comparison with the signal of As(II1) 
could not be made because any trivalent arsenic 
was readily oxidized to its pentavalent form 
under the conditions used in our work. 

Performance of the system 

The total time required for one on-line acid 
digestion, pre-reduction and HG AAS determi- 
nation cycle, using the program in Table 3, was 
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Fig. 9. Influence of residence time in the pre-reduction coil 
(L4) on the integrated absorbance signal for 10 rg/I As(V). 
Pre-reductant L-cysteine. Coil length: + 3 m; l 6 m; A 

9 m. 
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520 set which resulted in a sampling frequency 
of 7/hr. That program was, however, not at all 
optimized with respect to sample throughput. 
The low pump rotation speed of 4O/min, which 
resulted in best performance for digestion and 
pre-reduction with L-cysteine, was used 
throughout the entire stage 2. Faster pump rates 
could obviously be used for to transport the 
sample bolus to the MWD, from the MWD to 
the pre-reduction bath and from pre-reduction 
to the store coil. About 100 set could be saved 
that way without causing any disadvantages. 
Another 50-60 set might be saved at the ex- 
pense of a 15% lower sensitivity if the reduction 
coil length was reduced to 6 m or the pump rate 
increased to 60/min with the 9 m coil. The fact 
that As(V) would not be reduced quantitatively 
under these conditions would have no effect on 
accuracy and precision because FI is capable 
of performing quantitative determinations re- 
producibly under thermodynamically non- 
equilibrium conditions. 23 If all these measures 
were taken, the total time for one cycle would 
be reduced to about 6 min and the sampling 
frequency increased to IO/hr. 

When the standard conditions described in 
the Experimental section were used, the pre- 
cision of the entire procedure, expressed as the 
relative standard deviation of 11 determinations 
of a 10 pg/l As(V) standard was 2.6% for the 
potassium iodide pre-reductant and 2.8% for 
L-cysteine. The detection limit, i.e. the concen- 
tration giving a signal equal to three times the 
standard deviation of the signal of a blank 
solution (n = 11) was 0.2 and 0.25 pg/l As(V) 
for potassium iodide and L-cysteine pre-reduc- 
tants, respectively. 

The linear regression equations for the cali- 
bration range O-30 pg/l were y = 0.10525 + 
0.13055 x with a correlation coefficient of 
R = 0.998 in integrated absorbance and 
y = 0.0221 + 0.02021 x with a correlation co- 
efficient of R = 0.994 in peak absorbance; 10 
pg/l As(V) added to a diluted blood sample gave 
an average integrated absorbance reading of 
1.386 + 0.024 set (n = 3) and a peak absorbance 
of 0.210 &- 0.004, corresponding to a recovery of 
98 + 2 and 94 +_ 2% in integrated and peak 
absorbance, respectively. 

CONCLUSIONS 

It could be shown in this work that an on-line 
combination of a microwave-assisted acid 
digestion with a pre-reduction of As(V) to 

As(II1) and its determination with HG AAS 
is feasible. It could also be shown that L-cys- 
teine is better suited as pre-reduction reagent 
than potassium iodide because its performance 
was much less affected by the oxidizing acids 
and their reaction products. The efficiency of 
the microwave-assisted acid digestion of a 
dilute blood solution, which was increased by a 
pressure of 6 Bar produced in-line by a flow- 
restrictor, could not really be tested in this 
work. The only indications for an incomplete 
digestion were foam formation in the GLS 
when blood samples were analyzed and a 
low recovery of arsenic added to the blood. The 
key question regarding the practical use of 
the proposed procedure will be to which extent 
the various organo-arsenic compounds are 
mineralized under these conditions. This 
question will finally also determine the acid 
concentrations and the time required for the 
on-line digestion and, hence, the total analysis 
time. 

The degree to which the various organo- 
arsenic compound are attacked by the pro- 
cedure will eventually determine the application 
fields. Possible applications are for instance 
differentiation between inorganic (toxic) and 
organic arsenic (from sea food) in blood and 
urine, or total arsenic in water and waste water. 
These investigations are the topic of future 
work. 
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ON-LINE MICROWAVE SAMPLE PRETREATMENT FOR 
THE DETERMINATION OF MERCURY IN BLOOD BY 

FLOW INJECTION COLD VAPOR ATOMIC 
ABSORPTION SPECTROMETRY 
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Atomic Absorption Product Department, Rodenseewerk Perkin-Elmer GmbH Postfach 101164 W-7770 
Oberlingen, Germany 
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Summary-A method for on-line treatment of whole blood in a microwave oven and determination of 
mercury by flow injection cold vapor atomic absorption spectrometry was developed. After dilution of 
the whole blood and addition of oxidant, all further treatment and measurement were performed 
automatically, on-line. Recoveries of five mercury compounds were complete. Good agreement between 
measured and recommended values of mercury in whole blood reference materials was obtained. 
Measured mercury values also agreed with results from other accepted methods. Sample throughput was 
about 45 measurements/hr. Detection limit (3s) in diluted sample was 0.1 pg/l corresponding to Ifig/1 Hg 
in whole blood. The RSD value at 0.5 pg/l Hg in the diluted sample was 67% (11 measurements and 
0.5 ml sample volume). Mercury concentrations between 1 and 1 SO ag/l in whole blood can be measured 
using this method. For three replicate measurements, 0.5 ml of whole blood is required. 

It is generally agreed that oxidative conversion 
of all forms of mercury in environmental, bio- 
logical samples to Hg(I1) is necessary prior to 
reduction to elemental Hg,lW5 especially when 
tin(II)chlo is used as the reductant. NaBH, 
can more readily attack those organic mercury 
compounds that are not reduced to Hg(I1) by 
tin(I1) chloride.6 Some workers report that 
NaBH, does not reduce all organic mercury 
compounds to elemental mercury equally.5 
During this work and previous work,’ de- 
composition of organic mercury compounds in 
urine and blood samples was not complete when 
using NaBH, as the reductant in a normal flow 
injection setup. This was thought to be due to 
the low NaBH., concentration and short reac- 
tion time used. 

A bewildering variety of combinations of 
strong acids (I-El, H,SO,, HNO,), oxidants 
(H,Oz, KMnO,, K2Cr207, K2SSOs), W ir- 
radiation, and elevated temperatures have been 
used and recommended’“*“‘3 for off-line diges- 
tion. However, on-line sample pretreatment is 
of particular interest in mercury determination 
because of the well known problems associated 
with the mobility of this element, the risk of 
contamination, and volatilization and adsorp- 
tion losses, etc. during extensive off-line sample 

pretreatment procedures. These problems be- 
come more important at the low concentrations 
now being measured. 

Now a very wide variety of different on-line 
manipulations of samples and standards have 
been carried out by FI techniques providing a 
safe, contamination-free enclosed sample hand- 
ling system, this has been reviewed by Tyson.i4 

Recently, a system for on-line treatment of 
liquid samples in a microwave oven and deter- 
mination of mercury by cold-vapor atomic ab- 
sorption spectrometry was designed and 
evaluated.‘s Mercury in water and urine was 
measured. 

In the present work, the possibility for on- 
line treatment of whole blood in a microwave 
oven and determination of mercury by cold 
vapor FI atomic absorption spectrometry was 
investigated. In this work, a digestion coil in a 
knitted (or so called three-dimension reactor) 
form was used which reduced the dispersion 
drastically. A cooling coil after the microwave 
oven allowed the system to work properly at 
higher microwave energy and improved the 
reproducibility. Further decomposition of or- 
ganic mercury compounds in blood was 
achieved by adding a channel for on-line ad- 
dition of KMnO,. 
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Fig. 1. Instrumental setup. 

*wute 

EXPERIMENTAL 

Blood samples were first diluted by a factor of 
10 with T&on-X 100 in water, and oxidation 
reagent added. Subsequent treatment and 
measurement proceeded automatically in a FI 
system. Figure 1 shows the FI-manifold and the 
working principle. 

Diluted whole blood sample containing oxi- 
dation reagent is injected into the carrier stream 
(in this work HZ0 is used as the carrier) via the 
FI valve. The carrier stream is then mixed with 
acid in the manifold, and the mixture flows 
through the digestion coil located inside the 
microwave oven and is heated by microwave 
energy. On leaving the microwave oven the 
heated mixture cools in the cooling coil and is 
then mixed with KMnO, solution. NaBH, is 
added to the mixture and Hg(I1) is reduced to 
Hg(0). Argon is added as the carrier gas. In the 
gas-liquid separator, the gas phase (argon, gen- 
erated hydrogen and mercury vapor) separates 
and flows into the quartz cell while the liquid 
phase drains to waste. In the quartz cell, the 
generated mercury vapor is measured by the 
spectrometer. 

Instrumentation 

Perkin-Elmer Models 2100, 3100 and 4100 
atomic absorption spectrometers, FIAS-200, 
and FIAS-400 flow-injection systems and an 
AS-90 autosampler were used during this study. 
A Maxidigest MX 350 microwave station, with 
TX 31 Maxidigest programmer, (Prolabo, Paris) 
was used. Later the microwave oven was con- 
trolled by the spectrometer’s software. The 

whole system was controlled by an Epson per- 
sonal computer. 

A Perkin-Elmer Hg EDL (system II) operated 
at 190 mA was used as the primary light source, 
the measurement wavelength was set to 
253.6 nm, with a slit width of 0.7 nm (low). An 
integration time of 30 set and peak height 
measurement mode were used. The temperature 
of the quartz cuvette was 200”. 

The digestion coil was made in a knitted 
form. A 10 m long PFA tube (i.d. 0.9 mm, wall 
thickness 0.4 mm) was knitted around a PTFE 
backbone tube (i.d. 2 mm, wall thickness 1 mm) 
in the form depicted in Fig. 2. This method was 
adopted from Ref. 17. The backbone tube with 
the knitted coil was then folded again into a 
shape which fitted within the microwave oven 
cavity. 

The cooling coil was placed between the 
digestion coil and the manifold. The cooling coil 
was made from PFA tube (i.d. 0.9 mm, 1.5 m 
long) in a knitted form in order to reduce 
dispersion. This coil was sealed inside a plastic 
tube 16 cm long, i.d. 2 cm through which 
cooling water was circulated using one of the 
FIAS pumps. The pump tubes used and the 
associated flow rates are listed in Table 1. The 
argon flow rate was 90 ml/min. 

Fig. 2. Construction of the knitted digestion coil. 
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Table 1. Pump tubes and corresponding 
flow rates 

Pump tube Flow rate 
solution (Color code) (ml/min) 

Sample blue-yellow 9-10 
Carrier blue-yellow 9-10 
NaBH, red-red 
Acid red-red 3 
KMnO, nxl-red 5-6 
Cooling black-white 32 
Waste violet-violet 36 

(two tubes) 

Oxidation reagent: 2 g KBr and 0.56 g KBrOJ 
dissolved in 25 ml deionized water. 0.5 g 
KMnO, dissolved in 1 1 water (0.05% KMnO,). 

Triton solution: 0.6 g Triton X-100 (Triton@ 
X-100: Merck for scintillation grade) dissolved 
in 50 ml deionized water. 

Calibration stanalwdv. Stock standard sol- 
ution of mercury, 1000 mg/l, was prepared from 
Merck “Titrisol@“. Stock solution: 10 mg/l was 
prepared by dilution of the stock standard 
solution. 

Sample coil 500 pl. The connecting tubes used 
between confluence points in the manifold were 
of 110 mm, 300 mm length with 1 mm i.d. The 
tube between the gas-liquid separator and the 
quartz cell was of 1 m long with an i.d. of 1 mm. 
Details refer to Fig. 1. 

The gas-liquid separator used was a commer- 
cially available one made of glass from Perkin- 
Elmer. 

Working standard solutions of 100 ~1 and 
500 pg/l were prepared by further dilution of the 
stock solution. 

All the diluted mercury standard solutions 
should contain 1% v/v stabilizer solution (0.5% 
m/v K2Cr20, in 1 + 1 HN03) in order to ensure 
stability during storage. 

A Perkin-Elmer MHS-20 system with amal- 
gamation accessory was also used to measure 
Hg in blood to check the method developed in 
this work. 

The addition calibration method was used. 
Calibration solutions at different mercury levels 
were prepared by spiking blood samples with 
appropriate amounts of mercury standard sol- 
ution. 

Autoclave-3 and PTFE vessels were used for 
off-line digestion of blood samples. 

In this work, bovine whole blood, human 
whole blood and concentrated blood for trans- 
fusion were used. 

Reagents Samples and reference materials 

All reagents were of analytical-reagent grade, 
unless stated otherwise. Double deionized water 
(18 Ma/cm) was used throughout. 

Dow Corning DB 110A: Silicon anti foaming 
agent for FIAS/MHS analyses. 

Reductant solution: 0.05% m/v NaBH, in 
0.05% m/v NaOH, 1.5 ml of anti foam reagent 
(Dow Corning) was added to 1 1 of NaBH, 
solution. 

Carrier solution: Deionized water, 
Acid solution: 0.5 M HCl (50 ml 32% m/v 

HCl in 1 1 deionized water), 

Five mercury compounds were used for the 
recovery test. The compounds, the suppliers, 
and information about stock solution prep- 
arations are listed in Table 2. 

Sterile bovine whole blood, and human whole 
blood from hospitals were used for the recovery 
studies. Some freshly collected samples of hu- 
man whole blood were measured by this method 
and also by two other methods. 

Lyophilized human reference whole blood 
samples were used to check the method, refer to 
Table 4. Seronorm@ Trace Elements Whole 

Compound 

Table 2. Mercury compounds used and their solvents 

Formula Supplier Solvent* 

Methylmercury 
chloride (MMC) CH,HgCl 

Mercury (II) H&CH,OQ, 
acetate (MA) 

Mercurescein Gd%&HgNa@, 
sodium (MS) 

Phenyhnercury C,H,HBcl 
chloride @‘MC) 

Mercury (II) 
nitrate (MN) H@JO,h 

*Dilute to 1 I with deionized water. 
tDilute to 1 1 with CH,OH. 

Merck 
Merck 

Riedel- 
de Haen 
Riedel- 

de Haen 
Merck 

10 ml CH,OH 
20 ml CH,OH 

5 ml CH$OOH 
10 ml CH,OH 

0.2 ml Diiso- 
butyl Ketone7 

Standard 
solution 

TAL 40/12-K 
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Table 3. Recoveries of various mercury species spiked into 
bovine whole blood and human whole blood 

Recoveries %* 
Added compound In bovine blood In human blood 

CH,HgCl 96k6 99*3 
(MMC) 

H&H,CGW (;9=::) (&“1 
(MA) (n = 15) 

CrJWrxHgNa@, lOOrt8 $;? 
(MS) 

Cd&HgCl (:6=::) t9;“1 
(PMC) (II = 26) (n = 6) 

*The recovery is the mean of n measurements f SD. 

Blood from Nycomed Diagnostics, Oslo. Kon- 
trollblut f”ur Metalle 2, Lot No. 620401 from 
Behring Institute, Marburg. 

PROCEDURE 

Method development 

For the method development the following 
parameters were considered and each was tested 
at the given values. 

The main criteria applied to select a par- 
ameter was that it could provide good results 
for the recovery test and for the sample 
measurement. The concentration of each re- 
agent used was as low as possible. 

The amount of Triton added to the sample 
solution in 10 ml: 0.5 ml, 1.0 ml, 1.5 ml and 2.0 
ml. 

Table 4. Results of mercury measurements on con- 
trol blood samples 

Samples Measured value Rec. value 
Wgll IgIl 

Seronorm@ 9.5 f 0.8 
No. 905 (n = 6) 
Seronorm@ 15 + 0.8 
No. 906 (n = 7) 
Seronorm@ 4.1 kO.6 
No. 019010 (n = 5) 
Seronorm@ 4.2 f 0.2 
No. 010011 (n = 5) 
Seronorm@ 4.5 f 0.3 
No. 010012 (n = 6) 
Seronorm@ 3.9 f 0.2 
No. 205052 (n = 6) 
Seronorm” 10.1 f 0.4 
No. 203056 (n = 6) 
Kontrollblut 103f2 
No. 62 0401 (n = 3) 

CO.&* 

(I::)* 
(3.::. l)? 

(4.1Y.s)+ 
4.9 

(4.li.2)t 

101 

90.2 
81.998.5)$ 

*SD of mean. 
tfkcommended value range. 
$Approximate value without recommended range. 
$Confidence range. 
IfThe text is cited from manufacturer’s instructions. 

The measured value is the mean of n measur- 
ments f SD. 

The amount of antifoam reagent added to the 
reductant solution in 1 1 volume: 0.2 ml, 0.4 ml, 
0.8 ml, 1 .O ml, 1.5 ml and 2.0 ml. Acids used for 
on-line addition: HNO,: 1 mol/l, 2 mol/l, 3 
mol/l, 4 mol/l and 5 mol/l. 

HCl: 0.5 mol/l, 1 mol/l, 2 mol/l, 3 mol/l and 
5 mol/l. Mixed acids: 0.3 mol/l HCl+0.4 mol/l 
HN03, 0.5 mol/l HCl+0.6 mol/l HN03, 1 mol/l 
HCl+ 1.2 mol/l HNOj, 2 mol/l HCl+ 2.4 mol/l 
HN09, 0.1 mol/l HCl0,+0.4 mol/l HNOI. 

Oxidation reagents. Bromate-bromide added 
to 10 ml diluted sample solutions: 0.2 ml, 0.4 ml, 
0.6 ml, 0.8 ml, 1.0 ml, 1.2 ml and 1.5 ml. 

K, S,O,(4%) added to 10 ml sample: 1 .O ml, 
2.0 ml and 4.0 ml. KMnO, for on-line addition: 
0.025%, 0.05% and 0.1% m/v. NaBH, concen- 
tration: 0.02%, 0.05%, 0.07%, 0.08% and 
0.10% m/v. Carrier solution: HzO, 0.1 mol/l 
HCl, 1 mol/l HCl, 0.5 mol/l HCl + 0.6 mol/l 
HNO,, 0.25 mol/l HCl+0.3 mol/l HN03. 
Sample coils: 0.5 ml, 1.0 ml. Digestion coil: 10 
m long made from PFA 0.9 mm i.d. in three-di- 
mensional form or wounded on a PTFE shaft 
(280 x 38 x 15 mm). Cooling coil: 1.5 m, 2.0 m 
long PFA tube, i.d. 0.9 mm. Microwave heating 
power: 20%, 30%, 40% and 50%. 

Sample preparation 

To a 10 ml plastic test tube (Manufacture 
SARSTEDT) add 0.5 ml Triton solution, 0.5 ml 
blood sample and dilute the mixture to 5 ml 
with water. Then add 0.6 ml oxidation reagent 
solution mix well and load onto the autosam- 
pler. 

Calibration solutions 

Into the test tube, add 0.5 ml Triton and 
0.5 ml blood. To avoid coagulation, it is rec- 
ommended to dilute the blood to about 4 ml, 
before adding the acidic Hg working standard 
solution, and then dilute the content in the test 
tube to 5 ml and add the oxidation reagent 
solution. 

Less bromate+bromide solution should be 
added to the calibration blank to avoid high 
background and depression of sample signals 
(see Discussion). In this work, 0.2 ml oxidation 
reagent was added to blank. 

Setting up the jiow injection microwave digestion 
system 

The microwave system needs about 3 min to 
warm up. Run the system with the microwave 
oven on at the specified power level for the 
measurement for a few minutes before starting 
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measurements. In this work 20% energy level of 
the microwave oven was used. Make certain 
that KMnO, never flows through the system 
unless NaBH, is also flowing.’ 

Recovery test 

Four organomercury species and one inor- 
ganic mercury compound were used in this work 
(see Table 2).’ 

Table 5. Mercury levels in whole blood deter- 
mined by different methods 

Sample Mercury content @g/l) 
No.* MW-FI Autoclave MHS20 

I 2.6 f 0.3 2.2 f 0.3 2.1 f 0.4 
2 2.4 f 0.2 2.7 f 0.9 1.1 f 0.2 
3 2.4 f 0.2 2.2 f 0.6 1.7 * 0.3 
4 4.9 f 0.4 4.6 f 0.2 3.7f0.4 

For the recovery tests, both bovine blood and 
human blood samples were used. Mercury com- 
pounds were spiked into 1: 10 diluted blood 
solutions. 10 ml of these diluted solutions con- 
tained 0.7 ml bromate-bromide reagent. The 
concentrations of the spiked mercury main- 
tained at the level of 10 pg Hg/l. The microwave 
power applied was 20%. As a comparison, the 
recoveries test of the same samples were also 
measured with the microwave oven off while 
keep all the setup unchanged. 

*The list of values are the means of three 
measurements f SD. Samples were fresh hu- 
man whole blood. 

The recoveries of organic mercury com- 
pounds in spiked blood samples were between 
96% and 100%: see Table 3. 

Bovine whole blood, human whole blood and 
lyophilized human reference whole blood were 
measured in this work. The results of the refer- 
ence whole blood are listed in Table 4. They 
are in good agreement with the recommended 
values. 

Digestion with autoclave. One millilitre whole 
blood and 2 ml 1 + 1 diluted HNO, were added 
to the PTFE vessel inside the Autoclave. The 
autoclave was then heated at 150” for 45 min. 
After cooling, the digested mixture was diluted 
to 10 ml and mercury was measured using 
normal FI CVAAS. 

With the method developed, no measurable 
background signal was obtained. 

Using MHS-20 

The method developed by Schierling and 
Schaller,i6 was adopted. 

To compare the new method developed with 
other accepted methods whole blood samples 
were measured using the method described, and 
a method using the MHS-20, and autoclave 
off-line digestion followed by FI CVAAS. Com- 
parable results were obtained by using this 
method and the autoclave off-line digestion 
method. Lower results were obtained using the 
MHS-20 without prior digestion of sample. The 
results are summarized in Table 5. 

Maintenance of the system 

It is suggested that after every day’s 
measurements the system be cleaned by pump- 
ing 1: 1 HN03 through both the carrier channel 
and the acid channel for a few minutes with 
the microwave oven on. Rinse the system 
by pumping water through it. A slight precipi- 
tation may occur in the manifold at the point 
where the sample and acid stream merge. This 
can be removed by adding a few drops of 
concentrated HN03 to this place, and then 
rinsing with water. 

Knitted digestion coil 

RESULTS AND DISCUSSION 

The decomposition of organic mercury com- 
pounds occurs mainly while the sample flows 
through the digestion coil in the microwave 
oven. The reaction in the digestion coil occurs 
at a slightly elevated pressure, caused by the 
high temperature and the long length of tubing 
used. A 10 m long digestion coil was used in 
order to allow a reasonable reaction time. How- 
ever, such a long tube normally would cause 
substantial dispersion resulting in a decrease of 
peak height sensitivity and need longer inte- 
gration time. 

Results 

The detection limit of this method calculated 
as 3 x SD is 0.1 pg/l Hg in 1 to 10 diluted 
whole blood. This corresponds to 1 ,ug/l Hg in 
blood. 

At first the digestion coil was wound on a 
PTFE shaft (280 x 38 x 15 mm) as described in 
Ref. 15. This arrangement resulted in a 4-6 fold 
reduction of the peak height sensitivity when a 
0.5 ml sample loop was used, and about two- 
fold reduction with a 1 ml sample 10op.‘~ 

The RSD of this method measured at 0.5 pg/l Knitted or three-dimensional coils have been 
of mercury in diluted blood is between 6% and suggested and tested for postcolumn chroma- 
7% (11 measurements). tography,‘7*‘8 and have also been applied in 
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FI.‘9202’ The sample dispersion in the axial 
direction is much less in a knitted coil than that 
in a straight tube of the same length and inner 
diameter.** 

In order to reduce the dispersion but maintain 
the required reaction time while using a long 
tube, the digestion coil in the present work was 
made into a knitted form. This effectively re- 
duces the axial dispersion. Figure 3 shows the 
signals of 10 pg/l Hg obtained with a digestion 
coil as used in Ref. 15 and with a three-dimen- 
sional form coil (with the same length and inner 
diameter). 

Cooling coil 

Without the cooling coil, the microwave 
power applied to the sample was limited to 
ensure that the sample solution was not heated 
above about 90”. At a higher microwave power, 
the sample solution will be heated to boiling 
point resulting in copious bubble formation, 
irregular flows, distorted peak shapes and im- 
paired precision. Even at 90”, without a cooling 
coil, there are problems such as aerosol for- 
mation and vapor evolution due to the violent 
reaction between the heated sample, carrier and 
the reductant within the manifold and the 
gas-liquid separator. It is necessary to have a 
filter between the gas-liquid separator and the 
quartz cell to prevent aerosol droplets from 
entering the quartz cell or the amalgamation 
accessory. The filter has to be changed after 
every 2-3 hr of continuous operation.15 

In order to be able to use a higher microwave 
power, for the decomposition of more compli- 
cated samples, while avoiding the problems 
mentioned above, it is necessary to cool the 

1 coil in 3-dimenriond form, length 10 m 
2 coil in urrl coiled form, length 10 m 

Time (set) 

Fig. 3. Using the knitted coil can effectively reduce the 
dispersion of the sample. Signal 1: obtained with the knitted 
coil. Signal 2: obtained with the original coil. Both coils have 
the same length and inner diameter. Hg concentration: 10 

pgll. 

heated mixture before it merges with the reduc- 
tant. This is especially important for the treat- 
ment of blood samples since they generate foam 
when reacting with NaBH,. At elevated tem- 
peratures this reaction is more vigorous and the 
large amount of foam generated can enter the 
quartz cell interrupting the measurement. 

A cooling coil was used in this work, which 
allowed the sample solution to be heated to 
boiling point or totally gasified. The reactions 
within the manifold and the gas-liquid separa- 
tor then proceeded quietly. 

Low concentration NaBH, and antifoam reagent 
reduce the generation of foam 

One of the problems with the measurement of 
mercury in whole blood is the production of 
foam, especially when a higher concentration of 
NaBH, is used. The generated foam can enter 
the quartz cell and interrupt the measurement. 
Earlier workt3 showed that the measurement of 
mercury by the cold vapor technique can be 
carried out at very low NaBH, concentration. 
However the addition of antifoam reagent was 
necessary even when low concentration NaBH, 
was used. 

The addition of Triton X-100 to the samples 
can improve the fluidity of the sample solution 
and also helps reduce foam generation. The 
addition of antifoam reagent to the NaBH, 
solution and the addition of Triton to the 
sample solution had almost no effect on the 
sensitivity. 

On-line addition of acid 

With the method used here the decomposition 
reaction between organic mercurials and the 
oxidation reagent needs an acidic medium. 
However, blood normally coagulates when it is 
mixed with acid (in concentrated acid, e.g. 65% 
m/v HNO,, a homogeneous solution can be 
obtained, but on dilution coagulation will reoc- 
cur). The situation is even worse when the 
acidified blood solution is heated. This is detri- 
mental to the FI system because it will block the 
FI valve and tubing. During this work it was 
found that in a dilute acid solution, e.g. 0.5 
mol/l HCl or less, coagulation could be delayed 
for quite a long time. However, when the sample 
solution contained both dilute acid and other 
chemicals, e.g. oxidation reagent, coagulation 
occurred more readily. If the diluted blood 
sample contained oxidation reagent only, it 
could stand for many hours, even up to one day 
without coagulation. In this work, the oxidation 
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reagent was added to the samples first, and acid 
solution added on-line just before the digestion 
in the microwave oven started. In this way the 
problem of coagulation of the blood sample on 
addition of acid was kept under control. 

HCl and I-INOj at different concentrations 
and their mixtures, and a mixture of HN09 and 
HCLO, were tested for on-line addition. The 
oxidation reagents in a suitably acid medium 
played the main role in the decomposition of 
organic mercury compounds. The type of acid 
used was not important. At higher acid concen- 
trations, especially when HN03 was used, a 
deposit formed more easily inside the manifold 
at the confluence of sample and acid and on the 
wall of the tube connecting the manifold and the 
digestion coil. This affected the measurement 
and resulted in lower recoveries for certain 
organic mercury compounds. Using HCl at as 
low an acid concentration as possible is advis- 
able and in this work, 0.5 mol/l HCl was used 
successfully. 

adsorption of mercury onto hydrated manga- 
nese (IV) oxide which forms a film on the 
surface of sample vessels, tubing, and other 
system components. ” Using FI and on-line 
addition, the above-mentioned problems associ- 
ated with KMnO, can be effectively avoided 
while the advantage of using the powerful oxi- 
dizing property of KMnO, can be utilized. 

At first, KMnO, was added on-line to the 
samples before they entered the microwave 
oven. However, it was found that the system 
was very easy blocked by the decomposition 
products produced during the heating process. 
Later KMnO., was added on-line to the sample 
stream after it left the microwave oven. The 
mixing coil used for the sample and KMnO, was 
11 cm long. The concentration of KMnO, used 
should be in accordance with the concentration 
of the NaBH, solution. With a NaBH, reduc- 
tant concentration of 0.05% m/v, a KMnO, 
concentration of 0.05% m/v was suitable. 

Carrier solution 

Deionized water, 0.1, 0.5, and 1 .O mol/l HCI, 
and a mixed acid of 0.5 mol/l HCl+ 0.6 mol/l 
HN03 were used as carrier. When 0.5 mol/l HCl 
was used as the carrier, subsequent on-line 
addition of acid was omitted because the sample 
mixed with the carrier while flowing through the 
system. However it was found that when using 
acid as the carrier, even at a low concentration 
such as 0.1 mol/l HCl, precipitation of blood 
occurred on the inner wall of the sample loop, 
sample pump tube, and within the FI valve. 
With water as the carrier, even after a few weeks 
intensive measurements, the sample coil, the 
sample pump tube and the valve remained 
clean. 

Another advantage of using KMnO, is the 
enhancement of the Hg(I1) signal when KMnO, 
was added on-line. This effect has been de- 
scribed in Ref. 7. 

The use of bromate-bromide reagent was first 
proposed by Farey et al. for organic mercury 
measurement in natural water.“*‘2,‘3 A bro- 
mate-bromide reagent in hydrochloric acid was 
used to generate bromine in the sample. Later it 
was also used by other workers for mercury 
measurement in water and urine with slight 
modifications.7~‘s 

The use of bromate-bromide reagent and 
KMnO, together has been successful for the 
measurement of mercury in urine.’ The combi- 
nation has also been proved to be very effective 
for the measurement of total mercury in whole 
blood. 

The use of KMnO, and bromate-bromide reagent 
together as the oxidizing reagent 

Several oxidation reagents, including K, S2 0,, 
KMnO, and bromate-bromide reagent were 
used for the decomposition of organic mercuri- 
als. The combination of bromatt+bromide re- 
agent and KMnO, was effective for the 
decomposition of organic mercury compounds. 

In the present work the bromatebromide 
reagent was added off-line to the blood samples, 
the oxidation reaction between the sample and 
the reagent started only after they were mixed 
with acid. The mixture flowed through the 
digestion coil in the microwave oven and the 
decomposition reaction of organic mercury 
compounds was speeded up by the microwave 
heating. 

Potassium permanganate is known as a pow- The abilities of the bromate-bromide reagent 
erful oxidation reagent which can oxidize many and KMnO, to attack organic mercury com- 
organic mercurials. It is also known that there pounds in blood both separately and together 
are problems associated with the use of KMnO, (without microwave heating) were studied. Data 
if it is added to water and urine samples long were collected under the following conditions: 
before the measurements are started. The most the microwave oven was off and the digestion 
serious problem in this case originates from the coil was replaced by a short tubing (30 cm long 
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70 
. 

3.. without KBr/I&O,, with KMnO, 

60 

4.. with KBr/KBrO, with KMnO, 

q HGII 

Fig. 4. The effects of using bromate-bromide reagent and KMnO, for the decomposition of organic 
mercurials. (1) Without bromate-bromide reagent and KMnO,. (2) With bromate-bromide reagent only. 
(3) With KMnO, only. (4) With both bromatebromide reagent and KMnO,. 100% is value obtained with 

microwave heating and both oxidation reagents. 

and 1 mm i.d.). The results are depicted in 
Fig. 4. A 100% signal represents the value 
obtained with microwave heating and both 
bromate-bromide reagent, and KMnO,. 

Recovery test and microwave heating 

Most of the recovery test were performed in 
l-10 diluted blood samples. Recovery tests of 
the above mentioned organic mercury com- 
pounds were also carried out in 1: 5 diluted 
blood samples. However, 1: 10 dilution of the 
whole blood sample for the measurement is 
recommended, since this ensures that the system 
remains clean when performing intensive 
measurements. 

In the recovery test, the measured signals of 
the organic mercury compounds spiked into 
blood were compared with that of the inorganic 
mercury spiked into blood, rather than com- 
pared with aqueous standards. This is because, 
with microwave heating, the Hg(I1) signals from 
blood and from aqueous solutions are not com- 
parable. The heating effect of microwaves de- 
pends on the ionic conduction, dipole rotation 
and sample viscosity. 24 For this reason, the 
addition calibration technique was used in this 
work. 

The measured signals of both organic and 
inorganic mercury compounds in blood were 
related to the amount of bromate-bromide re- 
agent added. Ten millilitres of 1: 10 diluted 
blood solution containing 0.7 ml bro- 

mate-bromide reagent was found to provide 
good recoveries. Less than 0.7 ml bro- 
matebromide reagent would result in lower 
recoveries. Further increasing the amount of 
bromate-bromide reagent did not increase the 
recoveries. For sample measurements, the 
amount of bromate-bromide used was higher 
than that used in this recovery test, see sample 
preparation part. 

Energy levels between 20 and 50% of the 
microwave oven were used for the recovery test. 
At the 20% level the recoveries of the organic 
mercury compounds were already complete. 
Further increase the energy level did not in- 
crease the recoveries. 

Without microwave heating, the recoveries of 
the mercury compounds only reached about 
50-70% of the values obtained when microwave 
heating was applied, see Fig. 5. 

The results of the recovery test are summar- 
ized in Table 3. The recoveries of organic mer- 
cury compounds spiked into blood were nearly 
complete. 

The organic compounds used in this recovery 
test do not represent all of the organic mercury 
compounds existing in human blood. Some may 
not exist in blood, whereas other organic mer- 
cury compounds which exist in blood were not 
tested. The compounds: MA, PMC and MS 
were deliberately chosen for the test because it 
was known that they had very low recoveries, 
even in distilled water, and when using NaBH, 



as the reductant.5 MMC is the major organic 
mercury compound existing in blood. It is 
reasonable to infer that when the recoveries of 
these compounds in blood are complete under 
the selected conditions, then other organic mer- 
cury compounds would give similar results. This 
has been shown by the measurement of whole 
blood reference materials using this method and 
by comparing this method with other estab- 
lished methods. 

Calibration technique 

The addition calibration technique was used 
in this work, because it is important to match 
the matrices of samples and standards. Different 
blood samples were used for the preparation of 
the addition calibration curve; these include: 
bovine whole blood, human whole bloods, and 
whole blood reference materials. An almost 
constant slope was found for all of these 
different blood samples. The statistics obtained 
from 14 calibration curves which were estab- 
lished with different blood samples and at 
different dates show: Y = (0.0074 f 0.0005)X + 
C(n = 14). This shows that all of the calibration 
curves obtained were basically parallel to each 
other, which is in agreement with the obser- 
vation in the batch system.16 

The mercury standard solution contains a 
small amount of acid stabilizer. To avoid adding 
too much acid to the blood matrix when prepar- 
ing the calibration solutions, it is important to 
choose a suitably concentrated Hg standard 
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solution. Adding too much acid causes precipi- 
tation from the calibration solution during the 
measurement, which causes errors and may even 
block the system tubes. 

For example, to prepare a calibration series to 
cover the concentration range of l-20 pg/l, 
mercury in blood, we suggest using a standard 
so!ution of 100 pg/l Hg. For the highest cali- 
bration standard, 100 ~1 of this 100 c(g/l Hg 
standard solution in a 5 ml final volume is 
required. The final concentration of HN03 in 
this solution is about 0.0011 mol/l, and this 
solution is stable for at least 8 hr. 

As mentioned earlier less bromat+bromide 
solution should be added to the calibration 
blank. In this work, it was 0.2 ml. If the 
calibration blank solution contains more than 
this amount of bromatebromide reagent, it will 
generate a background signal and depress the 
signals of subsequent measurements. This is 
because there is less matrix in the blank sol- 
ution, the consumption of bromatebromide 
reagent is low, and the generated molecular 
bromine from the excess reagent will result in 
background absorption. 

The use of less oxidation reagents for the 
blank solution can cause error when the oxi- 
dation reagents, i.e. bromate-bromide, contain 
mercury. So attention should be paid to use 
mercury-free reagents. In this work, the used 
potassium bromate and potassium bromide 
were Merck product GR, and they provided 
good results. 

without with 
microw8ve microw8ve 

Fig. 5. The effect of microwave heating on the signals of mercury compounds. 



1936 T~EZHENG Guo and J&N BMSNER 

Measurement of samples Another advantage of this method is the low 
sample consumption which is important for the 
measurement of samples such as human blood. 

Bovine whole blood, normal human whole 
blood and lyophilized human reference whole 
blood were measured in this work. The results 
of measurements on the blood reference ma- 
terials are listed in Table 4. They are in agree- 
ment with the recommended values. 

It is known that some compounds other 
than mercury can absorb at 253.7 nm and 
simulate higher mercury levels. Measure- 
ments in this work were made using both 
AA-BG mode and BG mode at 253.7 nm 
separately. No measurable background signal 
was observed. 

Determination of mercury in whole blood by this 
method and some other metho& 

As a further check on the accuracy of the 
method developed, mercury in samples of 
freshly collected human whole blood was 
measured using this method, and using two 
other methods. 

The methods used were: the method devel- 
oped by Schierling and Schaller with MHS-20 
batch systemI and off-line digestion of whole 
blood in an autoclave and the subsequent 
measurement of mercury by flow injection 
CVAAS. The results are summarized in Table 5. 
Comparable results were obtained between the 
method developed in this work and the method 
of autoclave off-line digestion, lower results 
were obtained using MHS-20 batch system. This 
was thought probably to be due to no digestion 
prior measurements. 

Using autoclave off-line digestion, back- 
ground correction may be required since this 
method sometimes yields high background sig- 
nals, especially when more HN03, e.g. 4 ml 
1 + 1 HNO, is used. 

CONCLUSION 

This work describes an accurate, fast and 
simple on-line microwave sample pretreatment 
procedure for the determination of mercury in 
blood by flow injection cold vapor atomic ab- 
sorption spectrometry. The samples need only 
limited manipulation prior to automatic on-line 
treatment and measurement. With the present 
method, the risk of contamination, volatiliz- 
ation and adsorption losses are reduced drasti- 
cally. 
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!Qmuoary-The alternate flow exponential speed variation system for automatic titrations is described. 
The system consists of two peristaltic pumps, two three-way valves, a mixing coil and a detector. Each 
determination consists of a twin cycle titration procedure. In the forward cycle, the sample and the reagent 
are propelled by the first and the second pump with the rotation speeds of the first and second pump 
decreasing and increasing with time, respectively. In the reverse cycle the solution inlets are switched so 
that the sample and the reagent are now propelled by the second and the first pump, respectively. This 
procedure allows the calculation of the accurate sample concentration without recourse to a precalibration 
step and, at the same time, eliminates the error caused by tubing deterioration. Results indicate accuracy 
better than 0.5%. Titration time and sample volume are of the order of 2min and 2m1, respectively. 

Accurate titrations in analytical chemistry in- 
volve the addition of a reagent solution of 
known concentration to the analyte solution, 
usually by means of a burette. The equivalent 
point (i.e., the point at which the amount of 
added reactant is equivalent to the amount of 
analyte) is detected by an appropriate indicating 
system (visual chemical indicator, pH meter, 
conductometer, spectrophotometric detector, 
etc.). 

Manual titrations are performed by adding 
small aliquots of the reagent solution, and 
monitoring visually, the status of the indicating 
system. In automatic titrations, a piston-driven 
burette and an indicating device connected to an 
electronic data processing unit are employed; 
the latter controls the rate of addition and 
volume of reagent solution dispensed up to the 
equivalence point. For S-shaped titration plots, 
the output of the indicating device, during the 
early stage of the titration, changes very 
slowly (in contrast to linear plots such as those 
pertaining to conductometric titrations); in the 
vicinity of the equivalent point the output of the 
indicating device varies very rapidly. Accord- 
ingly, the initial rapid rate of addition of reagent 
solution is significantly decreased near the 
equivalent point, to allow complete mixing of 
the reactants. 

The overall time required for the titration is 
largely governed by the period of “slow reagent 
addition”, and usually lasts 3-5 min. In ad- 
dition, the fabrication of an accurate piston 

driven burette is extremely expensive and com- 
plicated when a small number of units are 
required. This is probably, the main reason for 
the numerous papers published describing vari- 
ous home-made, automated flow systems. In 
general, the flow rate of the sample is constant 
and the administration of the reagent is con- 
trolled by changing the reagent flow rate or its 
concentration. Gradient titration suggested by 
Fleet and Ho’ and programmed coulometric 
titration2 are typical examples. A more sophisti- 
cated approach was suggested by Valcarcel 
et aL3 The rotation speeds of the two pumps 
were computer-controlled. In his recent papers’s5 
the flow rate of one pump was constant while 
the second one was changed in the range of 
O-5 ml/min. 

FIA titrations first proposed in 1977,6 carried 
out with an unsegmented continuous flow 
single-channel gradient chamber system, are, by 
comparison, very fast (20-30 set). Here, the 
reagent flow is of the order of 1 ml/min and the 
sample (100 ~1) is injected into the flow, mixed 
in a 1 ml gradient chamber, and streamed on 
towards the detector. The mathematical re- 
lationship between the analyte concentration 
and the FIA curve (logarithmic scale) has been 
developed. The limited accuracy of the method 
is governed by flow rate stability, and by the 
measurement of time elapsed between two 
points on the FIA curve. 

A common feature of all flow titrations 
employing peristaltic pumps has been the 
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deterioration of the tubing with time and 
temperature. This affects the flow rate and the 
accuracy of the titration. Frequent calibration 
is, therefore, necessary. This point was em- 
phasized by Martinez-Calatayud et al.’ 

Variable sample and reagent flow rates were 
generated with high accuracy by mechanically 
driving two syringe pumps with two specifically 
profiled cams.* The pistons, however, are very 
similar to those employed in commercial sys- 
tems. Stopped-flow titration9 also requires accu- 
rate and complicated mechanical syringes. 

The “alternate flow method” outlined below 
is based on a system which consists of two 
computer-controlled variable-speed peristaltic 
pumps and two three-way valves. As a rule, the 
rotation speed of the first pump decreases with 
time, while that of the second increases. Each 
determination consists of a twin-cycle pro- 
cedure. In the forward cycle the sample and 
reagent are propelled by the first and the second 
pump, respectively. In the reverse cycle, the 
sample and the reagent are propelled by the 
second and the first pump, respectively. This 
operation is achieved by appropriately activat- 
ing the three-way valves. The concentration of 
the sample is shown to be directly determinable 
with high accuracy; no pre-calibration is re- 
quired. In addition, this procedure eliminates 
any errors due to the deteriorating of tubing. 
The sample volume is decreased considerably 

PBRISTALTIC 

RBACTION 
COIL 

DETECTOR 

A 
WASTE 

BOTTLR BOTTLE 

Fig. 1. Schematic diagram of the alternate flow system. 

(l-2 ml) and the throughput is of the order of 
20-40 samples/hr. 

THEORY 

The system (Fig. 1) consists of two peristaltic 
pumps with variable flow rates: 

r;; = Q,R,; Fz= Qz& (1) 

where F is the flow rate (ml/min); Q is the 
solution volume per revolution of the motor and 
R is the rotation speed (number of revolu- 
tions/mm). The rotation speeds are monitored 
continously. At the beginning of the titration 
the sample is added at the highest rate by means 
of the first peristaltic pump; the reagent stream 
is added at the lowest rate by means of the 
second pump. The speeds of both pumps are 
gradually varied until the end point is reached 
(as shown by the indicating system). The re- 
lationship between the concentrations and flow 
rates at the equivalence point is as follows: 

F,C,=F,C, or QlRlG=Q2&Cr (2) 

where C, and C, are the concentrations of the 
sample and the reagent, respectively. R, and R2 
are displayed very accurately (stepper motor 
technique). 

Next, the three-way valves (Fig. 1) are acti- 
vated and as a result, the first pump now causes 
the reagent to flow into the mixing coil while the 
second is connected to the sample bottle, and 
the titration is restarted. The second equivalence 
point is reached when 

Q,&Cr = Qz%G (3) 

where the rotation speeds of the first and the 
second pumps are R3 and &, respectively. As- 
suming that Q, and Q2 remain constant during 
the short time required for the two titrations, we 
have: 

C,lC, = JKZKZ (4) 

This result is totally independent of Q, and 
Q2 and C, may be calculated from the knowl- 
edge of c, and the rotation speeds 
(R, , R,, RI, R4). This “alternate flow method” 
actually solves the problem caused by the ever- 
changing tubing. 

The end point, however, registered by the 
data processing unit at the moment the mixed 
stream (at the stoichiometric ratio) passes 
through the detector flow cell, occurs at a 
certain delay with regards to the true equivalent 
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Fig. 2. The dependence of the individual and the total flow 
rates on time. 

point. This delay originates from the flow-sys- 
tem configuration, in which mixing (mixing 
loop) and detection (flow-through detector) are 
necessarily spatially distinct. To minimize the 
“titration error” caused by this delay, the rate 
of change of the solution flow rates must also be 
minimized near the end point. Essentially, this 
brings up back to the main limitation (slow 
end-point approach) discussed above in connec- 
tion with automatic titration systems. 

The advanced “alternate flow exponential 
speed variation method” has been developed to 
provide an answer to the practical difficulties 
mentioned above. 

The system remains the same (Fig. 1) except 
for the change of the rotation speeds R, (t)R,(t) 
with time: 

* &’ R,=&emk’; R2=% (5) 

where 4, A, k, are experimentally chosen 
values (e.g. R,, = 200 rev/mm; A = 4 x 10’ 
reS/min2; k=Z/min, Q,=Q,=Q=lO&l 
= ~1 per revolution). The final rotation speed of 
the first pump is one-tenth of R,, (regardless of 
the sample-reagent concentration ratio). 

The dependence of the rotation speeds (or 
flow rates) and the total flow rate (at the mixing 
coil) on time are shown in Fig. 2. Let us assume 
that at a certain time, t, , the equivalence point 
is reached, and the rotation speeds are R,, 
A/R,. As explained above the solution with the 
stoichiometry at the equivalence point will flow 
through the detector after a short delay caused 
by the mixing coil, At, equal (approximately) to: 

At E V,(Q, R, + Qz Rz)-’ (6) 

where V, is the volume of the mixing loop. The 
rotation speed readings, as displayed by the unit 
at the time t, + At, will be R; and A/R;, respect- 
ively. To correct for this inherent titration error, 
At, must be subtracted; and therefore, at the end 

point, these values must be multiplied by CL&l 
and e-“lA’l, respectively. 

Since 

then 

Q,R;e*d”C,=Q*~e-kAflC~ (8) 
I 

where R; is the actual reading at the time when 
the end point is sensed by the indicating system. 

Analogously, for the second titration, after 
switching the pump inlets, the corrected values 
will be Rtek’*z and A/R: * emM’2, respectively. 

Q,RtekbzCr= Q2$emkd2C,. (9) 
2 

After dividing equation (9) by (8), we obtain: 

Equation (10) shows that, provided Ar, and 
Ar, are calculated, the concentration of the 
sample can be derived directly from the actual 
readings of the rotation speeds displayed when 
the solution with the stoichiometry at the equiv- 
alent point flows through the detector. 

To find At, and Ar2, the total flow rate, which 
is a function of time, is integrated and compared 
to the volume of the mixing coil. 

For the first titration: 

Vl_=Q1& 

and for the second: 

(12) 
The difference in time (At, - At,) is a function 
of the mixing loop volume, the exponential 
constant k, and the concentration ratio C,/C,. 
For the conditions mentioned above and a 
mixing loop volume of 100 = ~1, the practical 
deviations (tiA’2-A’t)) for 1: 1, 1: 2 and 1:4 con- 
centration ratios are 0,0.69 and 0.97%, respect- 
ively. The accurate concentration value is how- 
ever easily determined by calculating the value 
of tiAr2-&l). In principle, this approach should 
be useful for most titration systems, provided 
the appropriate detector is used. In the follow- 
ing, its application to an acid-base system, using 
a conductometric detector, is presented to 
demonstrate it. 
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EXPERIMENTAL 

Instrumentation 

Homemade peristaltic pumps driven by step- 
per motors were employed. The step angle was 
1.8” and the holding torque was 53 onze inch. 
Pulses were generated by means of voltage-to- 
frequency converter. The exponential time de- 
pendent potential of the first pump was 
generated by a follower amplifier connected to 
a precharged capacitor. The capacitor was dis- 
charged after connecting a resistor in parallel to 
the capacitor. The follower was also connected 
to an analog divider (home made, pulse width 
modulation method, 0.05% accuracy). The out- 
put of the divider was connected to the voltage- 
to-frequency converter of the second pump. A 
simple flow through conductivity cell with a fast 
response served as detector. Glass electrodes 
cannot be used, since they respond sluggishly to 
pH changes and their response rate also depends 
on the direction of the titration (acid-base or 
base-acid). Other pH sensitive electrodes like 
antimony-antimonyoxide, mercury wetter plati- 
num or silver electrodes may be used instead. 
Some experiments were carried out with home- 
made spectrophotometric detectors. 

Reagents 

All solutions were prepared from analytical- 
grade reagents and triple distilled water. Sol- 
utions were calibrated using common analytical 
procedures. 

RESULTS AND DISCUSSION 

Figure 3 shows the effect of the constant k on 
the display. Conductometric titration curves of 
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Fig. 3. Titration curves for O.lM HCI titrated with 0.0% 
NaOH at different decay constant (k) values. Conductivity 

detector. 
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Fig. 4. Titration cmves for 0. IM AcOH titrated with 0. IM 
NaOH (a,b) and 0.1 M NH,OH (c,d). Conductivity detector, 

k = 2 min-‘. 

O.lOOM HCl with 0.0500M NaOH (resembling 
manual titrations) are displayed according to 
the procedure described. Each experiment in- 
volves two titrations (with the same k value). 
The expected value of the ratio of the rotation 
speeds at the extrapolated end points of each 
pair of titrations is 2.00. For low k values, the 
theoretical and practical deviations caused by 
the mixing coil are, indeed, small (less than 
0.5%). For k values of 4 and 6, the deviations 
are 2.5 and lo%, respectively. 

Figure 4 shows the titration curves recorded 
when a sample of acetic acid (5 O.lM) was 
titrated with O.lM NaOH and O.lM NH,OH, 
respectively. In the first titration with NaOH 
(curve a) the flow rate of the sample (acetic acid) 
decreases with time; the solution flowing 
through the detector at the beginning of the 
titration is thus virtually acetic acid plus a small 
amount of sodium acetate and the conductivity, 
therefore, low. During the course of the ti- 
tration, the flow rate of the base increases with 
a concomitant increase of conductivity. After 
the end point, a sharp increase in conductivity 
mirrors the increased flow rate of the hydrox- 
ide. In the second titration (curve b) at the 
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Fig. 5. Titration curves of O.OlM HCl titrated with O.OlM 
NaOH. Spectrophotometric detector, k = 2 min-I. 

beginning, both the flow rate of the reagent 
(hydroxide), and the conductivity, are high. As 
a result of the increasing flow rate of the sample 
(acetic acid) and the decreasing reagent flow 
rate, a sharp decrease of the conductivity oc- 
curs. Beyond the end point, the change of con- 
ductivity with the flow rate is relatively small. 

The shape of the titration curves obtained for 
the acetic acid-ammonium hydroxide system 
are the same for the forward and reverse cycle 
(curves c, d); at the beginning and sulhciently 
beyond the end point of each titration, the 
solutions flowing through the conductivity cell 
contain either acetic acid or ammonium hydrox- 
ide (both mainly undissociated species) and a 
small amount of ammonium acetate, and, there- 
fore, the conductivity of the solution is low. In 
contrast, at the end point, due to the presence 
of highly dissociated ammonium acetate, the 
conductivity is high. 

A spectrophotometric detector in conjunction 
with an acid-base indicator has also been em- 
ployed (Fig. 5). The S-shaped photometric ti- 
tration curves, obtained in the forward and 
reverse cycles, are mirror images. The accuracy 
of the determination depends on the steepness 
of the S-shaped curve, which, obviously is the 
result of the correct choice of the wavelength. 

The titration of up to 60 samples/hr should be 
feasible with a completely computerized system. 
The software should: 

(a) 

(b) 

command the autosampler to introduce a 
new sample; 
activate both pumps at the highest rotation 
speed to start up the system by filling the 
tubing; 

(4 

k-0 

start programming the speed as detailed 
above, and monitor the output of the detec- 
tor; 
activate the solenoid valves and repeat step 

(b); 
rei>eat step (c) (second titration); 
calculate the concentration of the sample, 
on the basis of the data collected in steps (c) 
and (e) above. 

CONCLUSIONS AND FUTURE DEVELOPMENT 

The reproducibility of all experiments is 
excellent and is in accordance with the theory. 
The error encountered when fast exponential 
time decay experiments are performed, can 
be correct to yield ~0.5% analytical error. 
The titration time can be reduced to less than 
1 min. 

The operation of the new system in conjunc- 
tion with potentiometric detectors (redox, sil- 
ver) is now under inspection. The determination 
of the number of ligands in a metal complex has 
been carried out and will be reported later. The 
feasibility of using the system for Karl-Fisher 
titrations has also been considered. 
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Smmary-This paper evaluates the feasibility of two systems-the Sequential Injection (SI) analyzer and 
the Zymarlc Benchmate (ZB) robot-for the automation of a recombinant human Factor Thirteen 
(rhFXII1) fluorometric assay. The goal was to develop a routine analytical procedure suitable for the 
quality control lab environment. The experimental efforts focused on monitoring of the product formation 
for the condensation reaction between monodansyl cadaverin and dimethyl casein. The acquired kinetic 
data demonstrated that both systems are capable of automating the solution handling operations 
associated with the assay. Using a method developed with the SI system, samples containing O-410 pg./ml 
of rhFXII1 were analyzed, with a throughput of one sample per 8 min, and a total solution consumption 
of 0.8 ml. The relative standard deviation for 10 injections of 100 pg/ml rhFXII1 sample was 0.91%. With 
the ZB robot, samples containing O-2500 pg/ml of rhFXII1 were analyzed, and the linear response was 
obtained for a concentration range between 0 and 1250 #g/ml of rhFXII1. The method had a sample 
throughput of one sample per 11 min and a total solution consumption of 6.3 ml for each analysis. Due 
to its commercial availability, the ZB system was preferred over the experimental SI system for the purpose 
of routine automated analysis of a large number of samples in the quality control lab environment. 

Flow injection analysis (FIA) and robotics are 
two versatile techniques used for the auto- 
mation of analytical procedures.’ Although the 
two techniques provide means for automating a 
variety of sample handling and sample pretreat- 
ment operations, they exhibit fundamentally 
different working principles and, as such, 
provide different sets of rules which must be 
followed during the method development. 
Sequential injection analysis (%A), which was 
introduced 3 years ago as the latest branch of 
FIA, ’ is like FIA, based on principles of 
controlled dispersion and reproducible sample 
handling. Liquid samples are delivered to the 
various pretreatment and detection sites in mi- 
cro channels using pumps and valves. On the 
other hand, robots, such as the Zymark Bench- 
mate (ZB), rely strictly on reproducible sample 
handling. Typically, samples are transported to 
a specific pretreatment station in sample vials 
grabbed by a moving arm. Samples analyzed by 
robots are treated as discrete entities and, there- 
fore, the analyte concentration through the 
sample bolus remains constant, while samples 
analyzed by the FIA technique are treated as a 

continuum, which leads to the formation of an 
analyte concentration gradient. 

Since FIA and robotics have different work- 
ing concepts, it is no surprise that certain oper- 
ations can be performed only by one of the two 
techniques, while the other offers only an in- 
ferior alternative. For example, in FIA, op 
tosensing and gas diffusion techniques, which 
have not been attempted with robotics, rep- 
resent unique and highly effective strategies for 
selectivity and sensitivity enhancement.3 
Robots, on the other hand, have the ability to 
automate sample handling of solids and aero- 
sols, which are tasks not suitable for FIA. 

Although these examples indicate a certain 
complementary role of the two techniques, a 
number of operations, such as dilutions, 
filtrations, liquid-liquid extractions, sorbent ex- 
tractions or addition of multiple reagents, were 
previously automated by both the FIA and the 
robotics approaches. 3*4 Despite this, there are no 
references in the literature which describe a 
direct comparison of the two techniques. 

The rhFXII1 assay represents an application 
which involves sample handling and sample 
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pretreatment operations previously automated 
by both techniques. As described in a preceding 
paper, ’ the assay consists of two subsequent 
reactions. First, the inactive form of rhFXII1 is 
activated by thrombin in the presence of cal- 
cium ions and W radiation. Second, the acti- 
vated rhFXII1 acts as a catalyst for the 
condensation reaction between monodansyl ca- 
daverin and ZV, N-dimethyl casein, which form 
a fluorescing product. The first order kinetics of 
the second reaction exhibit a linear relationship 
between the concentration of the active rhFXII1 
and the rate of product formation. Thus, moni- 
toring either the product concentration at given 
reaction times or the slope of the kinetic curve 
over a given time range provides information 
for predictions of the active rhFxII1 concen- 
tration in the sample. The concentration value 
is used for approximating the activity of 
rhFXII1 in analyzed samples. 

This paper describes the application of two 
analysis automation tools, the sequential injec- 
tion (SI) technique and the ZB robot, to the 
rhFXII1 assay. In addition to depicting the two 
options for the assay automation, the exper- 
imental work illustrates some of the similarities 
and differences between the SIA and robot 
concepts. 

EXPERIMENTAL 

Chemicals 

The concentration of standard rhFXII1 sol- 
utions ranged from 0 to 25OO~g/ml. The protein 
is currently under evaluation for replacement 

therapy in FXIII-deficient individuals. It is pro- 
duced by ZymoGenetics, Inc., Seattle, WA. 
Additional solutions included 0.05M bicine 
buffer at pH 10, which was used as a carrier, a 
bicine cocktail solution containing 0.05M 
bicine, 7 mM calcium chloride and 0.16 mM 
monodansyl cadaverin (MDC), 2% dimethyl 
casein (DMC) and 100 NIHU/ml thrombin. 
Details regarding these reagents are given in 
Ref. 4. 

Assay automation using the SI system 

SZ configuration. The original work’ demon- 
strated the feasibility of the SI technique for the 
automation of the manually performed sample 
handling and sample pretreatment operations 
associated with the rhFXII1 assay, including 
sample dilutions, additions of multiple reagents, 
solution mixings, and controlled initiations of 
two subsequent reactions.6 The emphasis of the 
current work shifted towards development of a 
system which would allow technical personnel 
to perform a reliable analysis of rhFXII1 
samples in a quality control laboratory environ- 
ment. Therefore, issues such as robustness, 
mechanical simplicity, sample throughput, auto 
sampling abilities and long term reliability of 
the system were addressed. 

The evaluation of the original single 
pump-single valve design (Fig. 1) led to the 
identification of four disadvantages which low- 
ered the robustness standard of the SIA system. 
First, using a holding coil having a volume 
significantly larger than that of the syringe, the 
initial filling of the system was cumbersome and 

DMC 

h\ Bicine werh 
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Piston 

Holding coil 

Bicine cocktail Thrombine 

FXII 

Fig. 1. Single pump-single valve SI configuration used in the earlier experimental work.’ DTT 
(dithriothreitol) solution was used as a quenching agent for the FXIII activation. Later results showed 

that the assay can be performed without FXIII quenching. 
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Fig. 2. Two pumps-two valves SIA system used for the automation of rhFXII1 fluorometric assay. 

needed a human interaction. The most straight- 
forward procedure required disconnecting the 
holding coil from the syringe, filling the syringe 
manually with the carrier, reconnecting the 
holding coil and propelling the syringe content 
through the system. Although, when the volume 
of the holding coil was less than that of the 
syringe, it was possible to use repeated cycling 
for the initial filling, the required configuration 
left the carrier in the syringe prone to contami- 
nation when a high volume aspiration (volume 
of the aspirated solution was equal to or larger 
than volume of the holding coil) occurred by 
mistake from a reagent or sample port. Once a 
sample or reagent entered the syringe, the sys- 
tem had to be disassembled and cleaned before 
further use. For the single piston pump-single 
valve design the choice is, therefore, between the 
system which can use cycling of the pump for 
the initial filling, but does not minimize the risk 
of possible contamination of the carrier in the 

piston ( Vholding coil < Vsti,) and the system which 
requires manual initial filling but practically 
eliminates the possibility of carrier contami- 
nation in the syringe (Vho,,, coil >> V,ti,). Third, 
when using the later configuration, air bubbles 
were occasionally trapped near the head of the 
syringe (even though solutions were routinely 
degassed before use) and their elasticity caused 
errors in the volume accuracy of transferred 
solution zones. The air bubbles were difficult to 

remove without disassembling the SI system, 
mainly because of the low volume capacity of 
the piston pump. Finally, the time required for 
the system clean-up after each analysis was long, 
once again due to the low volume capacity of 
the syringe and time spent on the refill cycle. 

Although substituting a piston pump with a 
peristaltic pump would eliminate cumbersome 
system filling, make removal of trapped air 
bubbles easy and speed up the cleaning process 
after the analysis, the elimination of the piston 
pump would sacrifice its high volume accuracy, 
which is an especially important advantage for 
methods requiring solution zone transfers of 
volumes as low as 10 ~1, and superior long term 
robustness.7*81t seemed that this specific appli- 
cation would benefit if the SI system could offer 
both the accuracy and robustness of the piston 
pump and the continuous flow capabilities of 
the peristaltic pump. 

The newly designed SI system consisted of 
both a piston and peristaltic pump configured 
with a two positional valve and a IO-port selec- 
tor valve (Fig. 2). As in the single pump-single 
valve design, reagent lines, a sample line, a 
mixing chamber and a detector line were clus- 
tered around the selector valve. The holding coil 
did not, however, lead directly from the selector 
valve to the pump, but rather to the two pos- 
itional valve, to which the micro tubing chan- 
nels from both pumps were also connected. As 
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a result, depending on the position of the valve, 
either the peristaltic or the piston pump was in 
the active mode at any particular time and could 
deliver solutions through the holding coil. In 
these experiments, the active piston pump mode 
was used for transfer of sample and reagent 
zones in and out of the holding coil, thus taking 
advantage of its high volume accuracy, and the 
active peristaltic pump mode was employed for 
the initial system fill-up and for the system 
clean-up after each analysis, thus utilizing the 
continuous flow capabilities of the peristaltic 
pump. Note that the piston pump refilled in a 
passive mode, disconnected from the holding 
coil, which minimized the possibility of carrier 
contamination in the syringe and allowed for 
effective use of time, since other tasks, such as 
the system clean-up, were performed simul- 
taneously. Although the complexity and size of 
the SI system increased, the advantages gained 
by the integration of the two additional com- 
ponents outweighed this drawback. In addition, 
the system developed for this application was 
not intended to be highly portable and, once 
properly configured, exhibited the same mech- 
anical reliability as the original single 
pump-single valve design. 

Hardware. The assembled SI set-up consisted 
of an Alitea (S-2) piston pump (cam driven, 
sinusoidal flow) equipped with a 1 ml syringe, 
an Alitea peristaltic pump (Alitea U.S.A., Seat- 
tle, WA), a Valco two positional eight-port 
valve, a Valco 10 positional selector valve 
(VICI, Houston, TX), a desktop personal com- 
puter, a mixing chamber (1 .O ml internal vol- 
ume) equipped with a PTFE stirring bar, a 
stirring plate, Tygon pump tubing [0.5 ml 
internal diameter (i.d.)] and PTFE channel tub- 
ing (0.5 mm i.d.). Figure 2 shows the configur- 
ation of solutions and components around 
the selector valve. The final product was moni- 
tored with an HP 1046 fluorescence detector 
(Hewlett-Packard, Palo Alto, CA). 

Procedure. The SI method simulated to a 
large extent the chronology of the manual pro- 
cedure. First, using the peristaltic pump, the 
holding coil, the detector line and the mixing 
chamber were flushed with the carrier (bicine 
buffer solution). After the flush, the carrier 
solution was removed from the detector and 
from the mixing chamber. Next, the piston 
pump was put in the active mode to aspirate 500 
~1 zone of bicine cocktail, 10 ~1 of thrombine 
and 90 ~1 of the rhFXII1 solution into the 
holding coil. Then, 600 ~1 of the solution were 

propelled from the holding coil to the mixing 
chamber, where it was mixed for 10 set and 
allowed to sit for an additional 170 set in order 
to activate the rhFXII1 molecules. During this 
period, the peristaltic pump was used to flush 
the holding coil with the carrier solution. Next, 
using the piston pump, two zones were aspirated 
into the holding coil: 100 ~1 of bicine cocktail 
and 50 ~1 of casein. Then, 150 ~1 of the solution 
just introduced to the holding coil were added 
to the solution in the mixing chamber and mixed 
for 10 sec. As a result, the condensation reaction 
between casein and monodansyl cadaverin, 
which is catalyzed by the active rhFXII1, was 
initiated. At the same time, the SI system was 
switched to the active peristaltic pump mode 
and the holding coil was flushed for 5 set with 
the carrier. Then, the piston pump was used to 
introduce air to the holding coil from the detec- 
tor line. Following the solution mixing step, 180 
~1 of the reaction mixture were aspirated from 
the mixing chamber to the holding coil and 
immediately delivered to the detector. Note that 
the solution was separated from the carrier by 
an air packet and, therefore, no further dilution 
of the sample occurred during this step. Once 
the solution zone filled the detector’s flow cell, 
the flow was stopped and the data acquisition 
was initiated. Data were acquired for 100 set to 
monitor the formation of the fluorescent 
product. Finally, the system was thoroughly 
flushed and prepared for the next sample analy- 
sis. The entire analysis took 8 min, and total 
solution consumption was 0.8 ml. 

Assay automation using the Zymark Benchmate 
3.0 

Hardware. The Zymark Benchmate 3.0 (Zy- 
mark Corp., Hopkinton, MA) system was pur- 
chased to accomplish the assay automation on 
a commercially available system. The system 
used for this work consisted of a moving arm, 
four vial racks (each having 50 vials capacity), 
a liquid transfer station, a vortex station, and a 
pumping system which included four syringes, 
one 12port selector valve and three two-pos- 
itional valves. An HP 1046 fluorescence detector 
was used for monitoring the final product and 
its signal was recorded on an HP 3396 series II 
integrator (Hewlett-Packard, Avondale, PA). 

Procedure. The procedure developed for the 
assay automation consisted of 13 segments 
(Table 1), which, as with the SI system, mim- 
icked the chronology of the manual method. 
First, sample vials were filled with 0.5 ml of 
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Table I. Zymark Benchmate procedure for the FXIII assay 
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step 1 
SW2 
Step3 
Step4 
step 5 
Step 6 
Step7 
Step’3 
step 9 
step 10 
step 11 
step 12 
step 13 

Add 5 ml of 50 m&f, pH 9.0 bicine 
Add 0.5 ml of MCD-Ca-Bicine cocktail 
Add 0.2 ml of 100 NIHU/ml thrombin 
Vortex for 5 set at speed 3 
Wash syringe with 2 ml of 50 mM, pH 9.0 bicine 
Pause for 0.5 min 
Add 0.1 ml of 0.2% caaein 
Vortex for 10 set at speed 3 
Load sample into cell and read W-vis spectrophotometer 
Rinse W-vis cell once with 2 ml of 50 mM, pH 9.0 bicine 
Wash syringe with 1 ml of 50 mM, pH 9.0 bicine 
Wash syringe with 1 ml of 50 mM, pH 9.0 bicine 
End 

rhFXII1 samples and placed into the vial rack. 
The moving arm began the sequence by grab- 
bing a sample vial at position 1 and transferring 
it from the rack to the liquid transfer station. 
Here, the sample was diluted by adding 5 ml of 
bicine buffer, 0.5 ml of bicine cocktail and 0.2 
ml of thrombine. Next, the arm transported the 
vial to the vortex station, where the mixture was 
vortexed for 5 set, which initiated the rhFXII1 
activation. The vial was moved back to the 
liquid transfer station, and the activation pro- 
gressed for 30 sec. After 30 set, 0.1 ml of the 
casein solution were added, using the internal 
standard line, and the mixture was vortexed 
once more. This led to the initiation of the 
condensation reaction. After returning the vial 
to the liquid transfer station, 1 ml of the sol- 
ution was withdrawn from the vial and trans- 
ferred to the detector’s flow cell, where the 
formation of the reaction product was measured 
for 1 min. Following the data acquisition, the 
syringes and the tubing channels were washed 
with the carrier solution and the system com- 
ponents were prepared for the next sample. 
Now, the ZB system was ready for analysis of 
a new sample. The moving arm began the repeat 
cycle by grabbing a vial from position 2 on the 
rack. 

The assay was carried out at room tempera- 
ture. Casein and thrombine solutions were 
stored in an ice bath at 0”, other solutions were 
stored at room temperature. The flow rates used 

Table 2. Plow rate and mixing parameters for 
the Zymark Benchmate FXIII method 

Aspirate 0.100 ml/set 
Ditpense 1.00 ml/set 
Internal std 0.12 ml/set 
Mix 0 ml/set 
AirpUSh 0.15 ml/set 

at different stages of the method are shown in 
Table 2. 

RESULTS AND DECUSSION 

Assay automation using the SI system 

Figure 3 shows the raw data acquired on the 
HP integrator by monitoring the formation of 
the fluorescent product. Standards of rhFXII1 
with concentrations ranging from 0 to 410 
pg/ml were analyzed. Different initial values for 
each curve are due to the reaction progress 
between the time of casein addition to the 
mixing chamber and the start of the data acqui- 
sition. About 35 set were required for the 
solution mixing step and the solution transfer 
from the mixing chamber to the flow cell. The 
signals for the 200 and 410 pg/ml of rhFXII1 
standards saturated the detector prior to the end 
of data acquisition, which is indicated by the 
horizontal part of their corresponding data 
curves. Curves from duplicate injections of stan- 
dard solutions containing 67,100 and 200 pg/ml 
of rhFXIII are shown to illustrate the excellent 
reproducibility of the method. The relative stan- 
dard deviation (RSD) value of the slope of the 
kinetic curves for 10 injections of 100 pg/ml of 
rhFXII1 standard was 0.91%. 

Figure 4 shows the linear relationship be- 
tween the concentration of the active rhFXIII 
and the slope of the kinetic curves. The corre- 
lation coefficient R for the first order fit equals 
0.9998. The y intercept equals 0.063, which 
indicates that the condensation reaction takes 
place even in the absence of rhFXII1. 

Apart from confirming the feasibility of the SI 
method for automation of the rhFXII1 assay 
procedure, the experiments also revealed some 
additional facts. First, by eliminating a number 
of mechanical steps associated with repeated 
sampling from the mixing chamber, which was 
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Fig. 3. Plot of signal us. time. Data resulting from product monitoring of the condensation reaction on 
the SI system. FXIII concentration varied from 0 to 410 pg/ml. Duplicate injection data are shown for 

three samples. 

required for the previously performed continu- 
ous flow SI method,5 the stopped flow SI 
method, which monitored the kinetic process 
using a single sample zone, proved to be easier, 
faster and more reliable. 

Second, it was shown that the assay can be 
successfully carried out even at room tempera- 
ture, which suggested that the elevated tempera- 
ture controlled system was not necessary. 
Experiments which were designed to evaluate 
the SI system performance at elevated tempera- 
tures (around 37”) displayed poor repeatability 
of the method. It was concluded that the small 
temperature variations within the system, which 
were difficult to control, had a significant impact 
on the reaction kinetics. To minimize these 
variations, the assay was performed at room 
temperature. The RSD of 0.91% for 10 injec- 
tions of 100 pg/ml of rhFXII1 standards rep- 
resents 20-fold improvement over the results 
obtained for analyses performed at 37”. 

Third, the stability of various solutions was 
investigated. As expected, casein and thrombine 
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Fig. 4. Plot of the slope of the kinetic curve trs. FXIII 
concentration. The plot reveals a linear relationship over 
this concentration range. The correlation coefficient for the 

first order fit is 0.9998 and the y intercept is 0.063. 

solutions were most susceptible to degradation. 
When either of the two solutions was stored at 
room temperature, the rate of product for- 
mation decreased by as much as 30% within 
8 hr, when using the same rhFXII1 standard. On 
the other hand, when thrombine and casein 
solutions were kept in an ice bath, the rate 
remained constant over the 8 hr period. The 
next least stable component was rhFXII1, but, 
in this case, the rate decrease due to rhFXII1 
breakdown was observed only when the 
rhFXII1 samples remained stored at room tem- 
perature for at least 16 hr. The bicine cocktail 
did not show any signs of instability while 
stored at room temperature for periods as long 
as 2 weeks. 

Assay automation using the Zymark Benchmate 
3.0 

Figure 5 presents data acquired on the HP 
integrator from the analysis of rhFXII1 stan- 
dard solutions containing O-2500 pg/ml of 
rhFXII1. The results confirm successful com- 
pletion of the assay and illustrate the effect of 
rhFXII1 concentration on the condensation re- 
action over a wide concentration range. Figure 
6 shows a good linear relationship between the 
slope of the kinetic curve of the condensation 
reaction and the rhFXII1 concentration up to 
1250 pg/ml of rhFXII1. The correlation co- 
efficient for the first order fit was 0.9949 and the 
y intercept was 0.389. 

The method design was more straightforward 
at this stage of the project. The development of 
the ZB system benefitted from the experi- 
ments performed on the SI system, because the 
observations about the solution stability and 
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Fig. 5. Plot of signal us. time. Data resulting from product 
monitoring of the condensation reaction using the ZB 
system were acquired on the HP integrator. IX111 concen- 

tration varied from 0 to 2500 pg/ml. 

temperature effects also applied to the ZB 
method. Volumes of reagents, carrier and 
sample solutions used for the analysis increased 
almost IO-fold, because the ZB system did not 
have the ability to deliver volumes of the order 
of 10 ~1 with the same accuracy as the SI system 
equipped with a 1 ml syringe pump. The time of 
analysis was 11 min for each sample, 3 min 
longer than the time required for the SI analysis. 
The ZB system however, had, the ability to 
analyze up to 200 samples without any human 
intervention. 

Fig. 6. Plot of the slope of the kinetic curve us. FXIII 
concentration. The plot reveals a linear relationship over the 
concentration range from 0 to 1250 &ml. The correlation 
coefficient for the first order fit is 0.9949 and the y intercept 

is 0.389. 

CONCLUSIONS 

The two described methods demonstrated 
that the rhFXII1 assay can be performed re- 
liably in an automated mode with minimal 
human interaction. Although the two tech- 
niques differ in concept, they both provided 
method8 for performing two subsequent reac- 
tions and monitoring the final product in an 
automated, controlled and highly reproducible 
manner. 
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The work presented showed some obvious 
differences between the two concepts. In the SI 
procedure, segments of the samples and re- 
agents were introduced from vials to the holding 
coil channel, where they dispersed into the 
carrier and into each other, thus forming a 
concentration gradient. The controlled, repro- 
ducible dispersion and continuous sample hand- 
ling represent the fundamental difference 
between assay automation by the flow injection 
approach and by robotics. 

The SI technology is, however, quite versatile. 
For example, the gradient does not have to be 
formed every time. There is the option to treat 
a specific zone as a discrete sample, as was 
shown in the final stages of the rhFXII1 assay. 
Here, it was undesirable to further dilute the 
reaction mixture in order to achieve a low 
detection limit within short data acquisition 
time. Therefore, an air pocket was introduced 
into the holding coil just before the aspiration of 
the reaction mixture from the mixing chamber. 
When the zone of the final mixture was aspi- 
rated to the holding coil, it was effectively 
isolated from the carrier solution and the di- 
lution of the sample plug was prevented. 
Although the same result can be achieved by 
aspirating a large volume of the mixture from 
the mixing chamber (dispersion coefficient 
equals 1 for the center portion of the zone), it 
was found that, in this specific case, the flow cell 
was cleaned more easily when the amount of the 
final mixture going through the detector was 
limited. The air pocket introduced at this later 
stage did not present any significant problems. 

With the ZB robot, the sample is always 
treated as a discrete entity. With the exception 
of final solution transfer to the detector, the 
sample never enters the tubing channels. The 
analyte either remains in the same sample vial 
or, if pretreatment steps such as sorbent extrac- 
tion or filtration are performed, is transferred 
from one vial to another. The concentration 
of the analyte in the sample bolus remains 
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constant. This is why robots can handle solid 
samples but cannot master some techniques, 
such as optosensing or gas diffusion, which 
are commonly performed on flow injection 
systems. 

Currently, more robots than SI systems can 
be found in quality control laboratories. 
Although SI technology is an attractive tool for 
the automation of chemical assays, the instru- 
mentation is still in the experimental stages of 
development. A system which features an auto 
sampler, software and different configuration 
options of pumps and valves is not currently 
commercially available. This is an obvious 
drawback, if the goal is to implement a system 
for the sole purpose of automating high sample 
throughput assay. On the other hand, a variety 
of robotics systems are available on the market. 
The manufactures, which went through more 
than a decade of development, provide strong 
technical support. As a result, a large number of 
quality control assays have been successfully 
automated by robotics. Although there is no 
question about the potential of $1 technology, 
until a reliable SI system appears on the market, 

robots will be the primary source for auto- 
mation of quality control assays which require 
high sample throughput and tedious sample 
handling. 
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Summary-Since flow injection (FI) is a dilution technique, efforts have been undertaken to minimize 
online dilution or dispersion. Solutes in supercritical fluids exhibit increased diffusion coefhcients which 
have been shown to decrease dispersion of the sample zone. This work investigates the use of supercritical 
fluids (or CO* modified fluids) as carrier streams for FI. Both a non-reacting tracer and an online chemical 
reaction were employed to investigate the behavior of solutes in supercritical and near critical systems. 
Further, these results are compared to those obtained in the system studied with a conventional carrier 
stream. Plots of peak response us% CO* modifier increase with a sharp break at moderate modifier 
composition (20-30%). Plots of peak variance OS% CO, modifier show decreased variance with 
increasing % modifier. The system was also optimized with regards to temperature and pressure. The 
optimized system displayed improved limits of detection and decreased variance relative to 0% CO, 
modifier carrier streams. 

Flow injection (FI) is a means of automating a 
wide variety of analyses with improved pre- 
cision and throughput. ‘** Like chromatography, 
it is a dilution technique. Therefore, the limit of 
detection (LOD) in FI is never as good as that 
for a batch analysis. In order to improve the 
LOD, the dilution (dispersion) must be mini- 
mixed. Efforts to this end have included re- 
duction of injection variance,’ enhanced 
reaction kinetics,4 and decreasing viscosity.S The 
viscosity of supercritical and near-critical fluids 
can be varied greatly using temperature and 
pressure. The effect of varying viscosity results 
in higher solute diffusion coefficients, D, 
(- 10-4-10-3cm2/sec compared to N lO%n*/ 
set in pure liquids). 

Supercritical fluids (SFs) are of widespread 
use in supercritical fluid chromatography (SFC) 
and supercritical fluid extraction (SFE).‘j The 
properties which make supercritical fluids at- 
tractive for these techniques also make them 
attractive for FI. Deye et ~1.’ employed Nile Red 
as a solvatochromic dye to investigate a series of 

*Present Address: Abbott Laboratories, Dept. 41H Bldg. 
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fluids and mixtures of normal, supercritical and 
near critical fluids. Eighty-seven normal liquids 
were investigated ranging in polarity from pen- 
tafluorophenol to CO,. The system was oper- 
ated without a column and the normal liquids 
and other fluids were mixed online. 

Leach and Harris’ performed thermal lens 
measurements with a supercritical fluid system. 
This system employed a short column for sol- 
vent separation and the measurements were then 
taken under either stopped flow or continuous 
flow conditions. The use of supercritical CO2 
provided enhancement to the thermal lens effect. 
This system is analogous to the solute focusing 
work presented by Johnson and Dorsey.9 

Olesik et ~1.‘~ studied online reactions with 
Fourier transform infrared spectrometry 
(FTIR). Samples of allyldiisopropylamine oxide 
were injected into a length of capillary to allow 
dispersion. The flow was then stopped and the 
thermal decomposition reaction monitored by 
FTIR. This system employed a supercritical 
fluid-flow injection (SF-FI) system operated at 
low dispersion to monitor the reaction. The 
reaction was found to follow different pathways 
(to the same product) if performed above or 
below the critical conditions. 

1951 



1952 ROBERT E. MALICK et al. 

Several works have been aimed at investi- 
gating transport effects in SFC. Two important 
works in this area examined coiling-induced 
secondary flow in capillary SFC. Springston and 
Novotny” demonstrated enhanced radial mass 
transfer in coiled columns. The radius of curva- 
ture for a coil of capillary tubing can be halved 
by shaping the coil into a figure-8 and folding 
over. Coil diameters, d,, were reduced in this 
fashion from 30 to 15 to 7.5 cm. Plots of reduced 
plate height, h, us reduced flow velocity, v, were 
constructed and evaluated. The results from 
these van Deemter plots showed that near the 
critical pressure, reductions in coiling diameter 
produced slight decreases in h. For pressures 
well in excess of the critical point, more notice- 
able decreases in h were exhibited. Janssen et 
~1.‘~ showed similar results over coiling diam- 
eters of 10.5, 4 and 1.6 cm. In that study, a 
relatively low value for d, was chosen (2.7 cm). 
This allowed study of effects other than coiling. 

The choice of solvents in the study presented 
here was guided by binary mixture behavior.13 
In Type I phase behavior, the materials being 
mixed are miscible as liquids, but separate liquid 
and vapor phases can be formed at pressures 
and temperatures between the individual critical 
points. Fluids forming Type I mixtures with 
CO2 include n-alkanes (n < 8), methylene chlor- 
ide, chloroform, carbon tetrachloride, benzene 
and methanol. The most polar solvent in the 
above list is methanol and was chosen for this 
study. 

The final preliminary consideration is the 
choice of detector. The most common detector 
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Fig. 1. Typical SFC peak showing large void volume peak. 
Adapted from Ref. 15. 

in SFC is the flame ionization detector (FID). 
Figure 1 shows a typical chromatogram in SFC 
with FID detection. Note the relatively large 
void peak. While this is acceptable in SFC 
where the analytes are retained and separated 
from the solvent peak, this void peak is where 
the reaction occurs in FI. A more selective 
detector is required for an SF-F1 system. The 
choice here is UV/vis absorbance. Of particular 
use is an absorbance detector optimized for use 
with capillary tubing (see Apparatus section for 
a description). 

The SF-F1 system was further developed and 
employed to study a model reaction system. 
This work was aimed toward reducing overall 
peak variance (the second central moment) and 
thereby improving limits of detection in flow 
injection systems and demonstrating a further 
utility of supercritical fluids in analytical 
chemistry. 

EXPERIMENTAL 

Apparatus 

A modified Varian Analytical Instruments 
(Sunnyvale, CA) Model 8500 Syringe Pump 
propelled the carrier streams for all studies.‘4.‘S 
Samples were injected via a Valco Instruments 
Company, Inc. (Houston, TX) EC14W.06 In- 
ternal Loop Injection Valve with a 60-nl sample 
loop. All connecting tubing downstream of the 
injector was polyimide-coated fused silica capil- 
lary (three sizes: 75-pm ID, 365 pm OD; 50-pm 
ID, 370~pm OD and 13-pm ID, 144~pm OD) 
from Polymicro Technologies, Inc. (Phoenix, 
AZ). The two manifolds used in this system 
consisted of a 50-pm ID x 2-m long manifold 
and a 75-pm ID x 3-m long manifold. The 
50-pm ID manifold was evaluated in the initial 
studies and the 75-pm ID manifold was evalu- 
ated in all subsequent studies. 

Manifolds were held at elevated temperatures 
and in relative confinement (for safety) by a 
Hewlett-Packard Company (Palo Alto, CA) 
5730A Gas Chromatograph. This GC was used 
solely for its oven. The detector and injector 
septum were removed to allow easy access to the 
oven. Valco Fused Silica Adapters and other 
miscellaneous fittings were also employed. 
These included a flow restrictor to control press- 
ure and density, placed post-detector, made of 
a 5-15-cm length of 13-pm ID capillary. A 
300-ml sample cylinder and angled valve with 
1800 psi rupture disc (for preparation of carrier 
streams) was obtained from the Whitey Co. 



CO, modified fluids as carrier streams 1953 

(Highland Heights, OH). The cylinder and the 
pump syringe were cooled by a Fisher Scientific 
(Pittsburgh, PA) Model 9100 Isotemp Refriger- 
ated Circulator. 

Detection of solutes in the carrier stream was 
by an ISCO (Lincoln, NE) CV’ Capillary Elec- 
trophoresis Absorbance Detector, wavelengths 
used are noted in the figure captions. A small 
area of the capillary was carefully heated and 
the polyimide coating removed to form a win- 
dow to allow passage of the light beam. The 
output recording was by connection to a Series 
4500 Microscribe Strip Chart Recorder (the 
Recorder Company, San Marcos, TX). 

Solutions 

Methanol, HPLC grade, was obtained from 
Fisher Scientific Co. The p-dimethylaminoben- 
zaldehyde (Fisher Scientific Co.) was used as 
received and was stored purged with dry nitro- 
gen when not in use. Barbituric acid was ob- 
tained from Sigma Chemical Co. (“PFS” grade) 
and was used as received. SFC grade CO2 was 
from Matheson Gas Products, Inc. (Secaucus, 
NJ). This cylinder had a full length eductor tube 
to allow the delivery of liquid CO2 and was 
fitted with appropriate adapters for connection 
to the syringe pump. The headspace was not 
charged with helium, as many manufacturers 
provide. Eriochrome Red B (Fig. 2(a)) was 
prepared in house. The absorbance spectrum of 
the dye solution was verified against the litera- 

Fig. 2. Species injected/detected: (a) Eriochrome Red B (Cl. 
18760). (b) reaction of barbituric acid with pdimethy 
laminobenzaldehyde forming S-pdimethylaminobenzyli- 

dene-barbituric acid (A_ = 464 mn). 

syriw PWP Gc oven reatridr 

Fig. 3. SF/F1 system configuration. 

ture &=464 nm. I6 The reaction studied in 
this system was the addition reaction of barbi- 
turic acid with pdimethylaminobenxaldehyde 
(Fig. 2(b)). 

Procedure 

The system configuration is shown in Fig. 3. 
Mixtures of methanol, CO1 and reagent were 
prepared as follows. The 300-ml sample cylinder 
was cleaned and rinsed with methanol. A fixed 
volume of 0.01 M pdimethylaminobenxalde- 
hyde in methanol solution was then pipetted 
into the clean cylinder. The appropriate volume 
of methanol was then added to reach the re- 
quired volume% of methanol. The cylinder 
valve was attached and the assembly was con- 
nected to the CO2 cylinder (with both valves 
shut). The sample cylinder was then cooled to 
0”. The valves were slowly opened allowing 
liquid CO* to fill the remaining volume of the 
sample cylinder. It was then isolated, discon- 
nected and agitated to provide gross mixing of 
the liquids. 

The charged sample cylinder was then con- 
nected to the inlet check valve of the empty 
pump and the pump cylinder was then cooled to 
0” while the sample cylinder was allowed to 
warm in the room air. Once the pump was 
chilled, it was filled from the sample cylinder. 
After filling, the cylinder was again isolated, 
removed and the pump inlet check valve was 
then capped. The tilled pump was allowed to 
equilibrate under pressure (100-200 atm) and at 
room temperature for at least 12 hr to allow 
complete mixing of the components. 

RESULTS AND DISCWiSION 

High % CO2 carrier streams 

Since the greatest variation in density and 
viscosity of CO,-modified carrier streams occurs 
as methanol is first added to pure CO1, this 
seemed the logical first experiment. Figure 4 
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Fig. 4. Methanol blanks in a 100% CO, carrier stream. 
Conditions: 200 atm, 40°C. A = 360 nm, 60 nl injection 
volmne and 50 pm x 2 m capillary column. (a) Chart 

speed = 5 cm/min and (b) chart speed = 60 cm/min. 

shows methanol blanks injected into 100% CO, 
at 200 atm. and 40”, conditions at which no 
phase separation is possible. The upward de&c- 
tion to the left of the individual injections is the 
injection mark. The upper trace (a) represents 
multiple injections. In each case there is an 
enormous negative peak. This occurs due to the 
refractive index difference between liquid CO1 
(1.195 at 1 YC”) and liquid methanol (1.3288 at 
20°C”). The lower trace (b) shows the same 
peak at faster chart speed. The shape of this 
peak is symmetric and confirmed that connec- 
tion to the capillary post-injection and pre- 
detection (one, at injector outlet) is free of 
unswept dead volume. 

m 
n 

00 

09 

Fig. 5. 5 x 10S2A4 p-dimethylaminobenzaldehyde in 
methanol blanks injected in a 100% CO, carrier stream. (a) 
Chart speed = 5 cm/min and (b) Chart speed = 60 cm/min. 

Other conditions as Fig. 4. 

To confirm that the detector would reveal 
solutes present in this background response, 
the same system was run with injection of 
p-dimethylaminobenzaldehyde dissolved in 
methanol. Figure 5 shows these results. The 
upper trace (a) is at a slow chart speed. 
Note that there is a small peak from the p- 
dimethylaminobenzaldehyde located in the 
refractive index peak. This indicates that p- 
dimethylaminoben.zaldehyde is either totally 
nonretained, or is retained only very slightly 
by the uncoated fused silica, because the 
solute elutes with the solvent peak. Since this is 
the lowest-polarity carrier stream (or weakest 
mobile phase) used in these experiments, 
the pdimethylaminobenxaldehyde should be 
unretained throughout the range of COz 
compositions studied, and we assume that no 
wall adsorption of the p-dimethylaminoben- 
zaldehyde is occurring. The lower trace (b) 
further confirms this with symmetric peak 
shape. 

A second problem experienced in high% CO1 
carrier streams is shown in Fig. 6. Trace (a) 
represents 100% CO*. The methanol blank dis- 
plays a discontinuity preceding the peak maxi- 
mum. This may indicate the presence of an 
on-line phase transition between the 100% meth- 
anol sample solvent and the 100% CO2 carrier 
stream. Trace (b) represents a 95% CO1 carrier 
stream. The result is the same as shown by the 
100% CO* carrier stream. There is a slight de- 
crease in magnitude as % CO, decreases. 

Fig. 6. Methanol blanks exhibiting online phase separation 
between carrier stream and sample solvent. Conditions: 100 
atm, WC, A= 464 nm, 60 nl injection volume, chart 
speed = 5 cm/min and 50 pm x 2 m capillary column. (a) 
100% Co, carrier stream. (b) 95% CO* carrier stream and 

chart speed = 3 cm/min (two peaks on right side). 
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L.ow % CO, carrier streams 

The high % CO, results led to investigation of 
low % CO2 carrier streams. These types of 
systems were recently investigated in capillary 
high-performance liquid chromatography 
(HPLC) by Cui and Olesik.‘* Their study in- 
volved porous glassy carbon (PCG) packed 
columns and% CO1 mobile phases ranging from 
0 to 100% (% v/v in methanol). These mobile 
phases were operated below the critical tem- 
perature of CO2 and were termed “enhanced 
fluidity”‘* mobile phases, where fluidity was 
defined as the reciprocal of viscosity. For a 
variety of solutes these researchers found that 
optimum results were often obtained at inter- 
mediate compositions (50% COr). Of course, 
higher temperatures may be used with binary 
mobile phases or carrier streams in both chro- 
matography and flow injection analysis if care 
is taken to operate in a single-phase region 
of pressur*temperature-composition (p-t-x) 
space. However, there is no standard practice 
for naming the fluid when operating between the 
critical points of the constituents. In this work, 
we will continue to refer to the fluid as a 
supercritical fluid because we are in a single- 
phase region well above the bubble-point curve 
for the binary mixture at the composition used, 
and we exceed the critical pressure of the 
mixture. 

Preliminary results 

The preliminary carrier stream employed with 
the flow injection system was 10% CO* in 
methanol with 0.01 A4 p-dimethylaminoben- 
zaldehyde in methanol. Representative injec- 
tions are shown in Fig. 7. The repetitions shown 
on the left (a) represent 0.5% RSD in the peak 
height. The peak shape (b) is good, revealing a 
well plumbed system free from phase tran- 
sitions. The conditions in this system are some- 
what above the critical point for CO, (PC = 72.9 
atm and T, = 31‘C,“) but are below the critical 
temperature for the mixture. Note that from this 
point on, 75 pm ID capillary was employed. 

Calibration of this system was performed 
with both a non-reacting solute and an on-line 
reaction. The figures of merit for plots of ab- 
sorbance trs amount injected are summarized for 
these two sets of calibration data in Table 1. The 
plots show reasonable linearity and, as prelimi- 
nary data, show strong evidence of correlation 
between peak height and amount injected. Note 
that the sensitivity for detection is 10 times 

(a) 

Fig. 7. Injections of 0.005 m barbituric acid into a 10% (% 
v/v) COz carrier stream with 0.01 M pdimethyhtminoben- 
zaldehyde in methanol. P = 100 atm, T = 100°C. injection 
volume = 60 nl, 1= 464 nm. (a) chart speed = 2 cm/mm and 

(b) chart speed = 10 cm/min. 

greater for the reacting system. The linear dy- 
namic range (LDR) is similar (two orders of 
magnitude). 

Before proceeding it is useful to calibrate the 
actual compositions of CO2 present. This was 
done by collecting the major component 
(methanol) with a calibrated buret at a known 
flow rate. The COz is then driven off by ultra- 
sound degassing and the resulting volume of 
methanol divided by the calibrated volume de 
livered to yield the % methanol. Table 2 shows 
the comparison of nominal COz compositions us 
measured compositions. In this table, the value 
of COz determined is always less than the 
nominal value. 

This difference has two explanations, and 
neither is separable from the other. The first is 

Table 1. Figures of merit for the SF-F1 system initial 
calibration curves 

ERB+ BAt 

% CO2 (by volume) 
Ressure (atm) 
Temperature (“) 
Sensitivity (abs x IO-)/ng) 
r2 

10 10 
250 250 
200 200 

0.1505 1.553 
0.9922 0.9993 

Limit of detectionf (ng) 0.31 0.941 
LDR lower limit (ng) 2.6 0.76 
LDR upper limit (ng) 260 77 

tERB = Eriochrome Red B. 
tBA = Barbituric Acid. 
$*LOD = 3 s$m, where sa= NOISEr+./5 and 

m = sensitivity. 



1956 ROBERT E. MALICK er al. 

Table 2. Nominal modifier concen- 
tration compared to actual deliv- 

ered modifier concentration 

% CO,(% o/u) 
Nominal Actual Difference 

0 0 0 
10 8 -2 
20 15 -5 
30 21 -3 
40 36 -4 

that the composition determination performed 
this way assumes that the density of the CO, 
remains constant. It does not, but changes with 
pressure and temperature. The determinations 
were performed at constant room temperature 
but the pressure varied with composition to 
maintain constant flow rate. This would result 
in the measured value being lower than the true 
produced value (not the nominal value). 

The second explanation is that at least some 
of the difference between measured and nominal 
is real. The cylinder is filled by the vapor 
pressure difference between the room-tempcra- 
ture aluminum storage cylinder and the cooled 
steel sample cylinder. There must be a small 
volume of the sample cylinder filled with CO2 
that does not remain condensed. This produces 
a systematic error which should remain constant 
throughout the range of compositions since the 
cylinder is always filled at the same temperature. 
Whether the difference between measured and 
nominal is either a systematic error or an actual 
difference is not important. The difference is 
quantified and all subsequent plots are us 
measured composition. The measured value 
should be a more accurate representation of 
the compositions produced than the nominal 
composition. 

Optimization 

With the functional SF/F1 system, it is useful 
to optimize the response of the system with 
respect to pressure, temperature and CO2 com- 
position. The most used method for this is 
univariate optimization. This method is time 
and labor intensive in that it requires singly 
changing each parameter while keeping the 
other parameters constant. An alternative is the 
simplex or modified simplex method.‘9*20 This 
approach reaches the optimum value in a rapid 
fashion with fewer experiments than the univari- 
ate approach. Another advantage is the location 
of a more accurate maximum with the simplex 
than with the univariate maximum (which does 

not account for two or more factor effects). The 
problem with this method is that it would 
require an enormous number of different % CO2 
compositions to be prepared in a short period of 
time. As described in Procedures this prep 
aration is not trivial and would prove impracti- 
cal for optimization. 

An optimization scheme based on factorial 
design is one alternative. In this method, the 
available experimental space is divided into 
points and four adjacent points are evaluated. 
The maximum of these values is then taken as 
the comer for a new set of four points. In this 
system, pressures between 100 and 400 atm were 
divided into 50 atm increments, temperatures 
between 100 and 300°C were divided into 50°C 
increments and % CO2 was taken starting at 0% 
and increasing by 10% increments. The sample 
experimental space (for a given % CO*) is 
shown in Fig. 8(a). 

Figure 8(b) shows a sample result. The initial 
starting point is irrelevant in this case. A rela- 
tively large region was explored to reveal 
whether or not local maxima were present in 
this region. Experimentally there is only a single 
maximum, at 100 atm and 100°C. 

O/O CO, composition studies 

Optimization experiments were performed for 
a series of CO2 compositions and are summar- 
ized in Table 3, along with the composition 
results. In each case, the maximum is found in 
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Fig. 8. Optimization examples (a) sample experimental 
space diagram and (b) results for 60 nl of 0.001 M barbituric 
acid injected into 20% (% v/v) CO, in methanol with 0.01 

M p-dimethylaminobenzaldehyde. 



CO2 modified fluids as carrier streams 1957 

Table 3. Results of optimization of the SF/F1 
system with respect to pressure, temperature and 

% Co, (% v/v) 

% CO, C?? v/v) P (atm) T (“C) Absorbance 

0 200 100 0.0138 
8 100 100 0.0158 

15 100 100 0.0171 
27 100 100 0.0182 
36 100 100 0.0158 

the low pressure and low temperature corner of 
the experimental space. These maxima in re- 
sponse correspond to two physical parameters 
of the system. The first is the density/viscosity of 
the carrier. At lower temperatures and press- 
ures, the carrier stream becomes more gas-like 
with corresponding increases in solute diffusion 
coefficient. Further, the lower pressure corre- 
sponds to a slower linear velocity and a maxi- 
mum in residence (reaction) time. Since the 
solute is in the manifold for a longer period, the 
reaction proceeds farther towards completion, 
yielding greater peak maxima. 

Figure 9 is a plot of the data for the barbituric 
acid (BA) in Table 3, along with the data for 
Eriochrome Red B (ERB). For the non-reacting 
system, the absorbance increases with increasing 
% CO* initially. Beyond 15%, the response 
begins to decline with a sharp break after 25% 

io i0 

09 

Fig. 9. Plots of peak height us % CO, for (0 jEriochrome 
Red B and (O)-barbituric acid. (a) absorbance and (b) 

normalized peak height. Other conditions as in Fig. 8. 
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Fig. 10. Plots of peak variance us% CO, for (O)-Eri- 
ochrome Red B and (O)-barbituric acid. Other conditions 

as in Fig. 8. 

cop Consulting a phase diagram for 
methanol/CO, solutions” and comparing the 
measured compositions of CO1 from above 
reveals that at compositions up to 27% (% v/v) 
the mixture is single-phased. At 36% C02, 
however, the mixture lies in the two phase 
region of the phase diagram. The presence of 
two phases produces a sharp decline in re- 
sponse. At low concentrations, these peaks 
exhibit the same behavior shown in Fig. 6. 

Figure 10 shows the results of plotting peak 
variance us % COZ (Oh v/v). This plot shows 
variance decreasing continuously with increas- 
ing % CO1. It is somewhat surprising that no 
break is seen when the system splits into two 
phases. The explanation for this behavior is 
stated above, at higher concentrations the 
absorbance of dye or product is sufhcient to 
dampen out the change in sample profile from 
the phase boundaries. 

This leads to two results which must be 
reconciled for the optimized system. The vari- 
ance was found to decrease continuously for 
increasing % COZ. The peak height, however, 
exhibited a sharp break as the system crossed 
the vapor-liquid critical locus. Since peak 
height is the parameter of analytical interest, the 
maximum in peak height should be taken as the 
important parameter to optimize. 

Figure 11 shows the results of the calibration 
plots under the optimum conditions for both a 
non-reacting (a) and a reacting solute (b). In 
both cases, the supercritical fluid carrier stream 
exhibited greater sensitivity relative to normal 
methanol carrier streams. 

Table 4 summarizes the figures of merit for 
the optimized systems. For ERB the ratio of 
sensitivities between 0 and 27% CO2 is 1.49 and 
for BA this ratio is 1.85. This means that for a 
non-reacting solute, the change in viscosity 
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Table 4. Figures of merit for the SF/F1 system optimized calibration 
curves, 0 and 27% CO, (% v/v) 

ERB’ BAt ERB BA 

% co2 (% u/u) 0 0 27 27 
Pressure (arm) 200 200 100 100 
Temperature (“C) 100 100 100 100 
7 (abs x IO-‘/n8) 0.9984 0.154 0.9977 1.29 0.9976 0.229 0.9978 2.39 

slope (log-log) 0.984 0.977 0.976 0.978 
Limit of detectiont (ng) 0.342 0.0367 0.257 0.0286 
LDR lower limit (ng) 10.7 0.769 10.7 0.769 
LDR limit (ng) upper 268 76.9 187 76.9 

*ERB Eriochrome Red B 
tBA Barbituric Acid 
ILOD = 3 ss/m, where ss = Noise,/5 and m = sensitivity. 

yields a 1.49 times increase in signal. For a 
reacting system, this increase is 1.85. Changes in 
viscosity have a dual effect in the case of a 
reaction. Not only is dispersion of product 
lessened but the extent of reaction is improved. 
This is due to the improvement in collision 
rate (controlled by diffusion coefficients of the 
reactants) between the reactants. Therefore in 
supercritical fluids the dispersion without 
reaction improves as do the actual reaction 
conditions. 

For decreased viscosity in supercritical fluid 
carrier streams, the LOD is improved relative to 

09 
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Fig. 11. Calibration curves for optimized systems for (A)- 
0% CO, (% v/v) and (O)-27% CO, (% v/v) with (a) 

Eriochrome Red B and (b) barbituric acid. 

normal fluids. This results from the increase in 
sensitivity. This indicates that while sensitivity is 
improving, the noise is remaining roughly con- 
stant. The upper limit of the LDR decreases for 
the non-reacting solute in the supercritical fluid 
carrier stream. This is a consequence of the 
increase in sensitivity. 

CONCLUSIONS 

The investigation of supercritical fluids has 
some practical use to the field of FI. Supercriti- 
cal and near-critical carrier streams provide 
decreased dispersion relative to normal liquid 
carrier streams. They also provide variable 
properties for the carrier stream to suit particu- 
lar needs of the analyst. Further, sensitivity is 
directly improved via enhanced rate of collision 
relative to normal fluids. 

The goals of this investigation were to demon- 
strate that decreased variance improves LODs 
and throughput. The LOD was shown to im- 
prove in SF/F1 us normal fluid FI. The through- 
put is inversely proportional to the standard 
deviation, G. Since there was a two-fold decrease 
in variance, a2 (average between non-reacting 
and reacting solutes) there is a corresponding 
l.Cfold increase in throughput for the super- 
critical fluid carrier streams. 

The use of carbon dioxide-modified carrier 
streams provides all of the above advantages 
and others. The replacement of 30% of the 
carrier stream volume represents a substantial 
reduction in organic waste. The resultant efflu- 
ent is also more concentrated once the gas leaves 
the solution. 
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sllmmary-A flow injection gas diffusion system for gas acceptor to liquid donor stream, reverse dual 
phase gas diffusion flow injection analysis, has been demonstrated. Feasibility was shown with a carbon 
dioxide chemistry. A series of methods was investigated for hydrazine determinations. Using bromthymol 
blue indicator and a Celgard 2500 membrane a detection limit of 0.01 ppm v/v hydrazine was observed. 

The technique of gas diffusion flow injection 
analysis, GDFIA, has been used for a variety of 
analytes.’ The advantages of GDFIA are that 
the analyte of interest is removed from potential 
interferences and/or difficult matrices, the donor 
stream is optimized for diffusion while the ac- 
ceptor stream can be optimized for detection, 
and the membrane itself may add some selectiv- 
ity between the gaseous analyte and any gaseous 
interferences. Selectivity factors as high as 1500 
have been reported. 

GDFIA has been extensively used where 
there is liquid donor and liquid acceptor 
streams. In liquid-liquid GDFIA, an analyte in 
the donor stream is either present as a gas (e.g. 
NHJ) or undergoes some reaction to produce a 
gaseous analyte (e.g. sulfuric acid reacts with 
bicarbonate to produce CO*). The gaseous ana- 
lyte passes under a membrane where some of the 
analyte diffuses through the membrane into the 
acceptor stream. 

The next development in GDFIA was a dual 
phase technique which involved a liquid donor 
and a gaseous acceptor stream. An example of 
this technique is the determination of metal 
hydrides. *v3 Metal hydrides are generated in the 
liquid donor stream and then diffuse through 
the membrane into a hydrogen gas acceptor 
stream. The gaseous acceptor stream carries the 
metal hydrides to an atomic absorption spectro- 
photometer for detection. Additional examples 
of dual phase gas diffusion include its use 
as a sample introduction technique to mass 
spectrometry.4 

The last area in GDFIA to be investigated has 
been the gas-liquid system. This paper reports 
work performed on a gas-liquid GDFIA 

system. The initial investigations involve carbon 
dioxide in an effort to study the basic character- 
istics of gas-liquid GDFIA and to determine if 
this technique is a viable, less complicated, 
approach to ambient monitoring. Then the 
technique was extended to include hydrazine. 

EXPERIMENTAL 

A Tecator 5020 FIA unit was used in con- 
junction with a Milton Roy Spectronic 3000 
W-VIS diode array. The gas diffusion mani- 
fold was a CHEMFOLD’” TYPE V from Teca- 
tor. The tubing used to carry the indicator 
solution was Teflon 0.5 mm i.d. The nitrogen 
and carbon dioxide were controlled by a flow 
controller and a flow meter (AARMGG). A 
pressure gauge was built, consisting of a 130 cm 
Pyrex tube with an i.d. of 2 mm. The pressure 
gauge used a solution of CO, saturated 1M HCl. 
A diagram of the FIA manifold is shown in 
Fig. 1. 

The carbonate buffer acceptor solution, with 
cresol red indicator, is based on previous work 
done by Van der Linden.5 Van der Linden 
measured CO, in liquid samples by measuring 
the absorbance at 430 nm. Cresol red indicator 
stock solution was made by dissolving 1 g of 
cresol red in 20 ml of 0. 1M NaOH and then 
diluting to 1 1. The working acceptor solution 
was made by adding 10 ml of stock cresol red 
solution diluted to 1 1 with 1 mM carbonate 
buffer adjusted to pH 8.85. Carbon dioxide and 
prepurified nitrogen were from Airco. The 
buffer solution with cresol red indicator should 
be able to measure CO, concentrations of 
l-6 mM. 

I-AL 40/12-M 
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NlCO2 

Fig. 1. Manifold for gas-liquid gas diffusion FIA. 

The hydra&e source was a gas diffusion tube 
from VICI Metronics (Santa Clara, CA), which 
was calibrated to produce 700 ng/min of hydra- 
zinc hydrate at 50°C. Gas flow meters from 
Matheson were used for flow control and gas 
dilution. The hydra&e manifold is shown in 
Fig. 2. 

Bromophenol blue (BPB) indicator solution 
was made by dissolving 0.050 g of BPB (Fisher) 
in 500 ml of doubly distilled, deionized water 
and the pH adjusted to 3.9 with 0.5M HCl. 
During the BPB experiments the absorbance 
was measured at 460 nm. 

The Gore Tex Teflon membranes were sup- 
plied W. H. Gore. The silicon membranes were 
supplied by General Electric. The Celgard mem- 
branes were purchased from Fisher Scientific. 

RESULTS AND DISCUSSION 

Initially, a determination had to be made as 
to whether the CO1 would in fact cross the 
membrane. A 50% COJ50% N2 stream was 
passed in front of the membrane at a flow rate 
of 40 ml/min, while the acceptor stream was 
stopped on the opposite side of the membrane 
for 15 sec. A visible color change occurred in the 
stopped acceptor stream which indicated that 
CO1 was crossing the membrane. The color 
change occurred rapidly and would not quickly 
change back to the original color when pumping 

Fig. 2. Manifold for hydrazine determination. 

was continued. Therefore, a more dilute COJNz 
stream (5%/95%) was passed under the mem- 
brane at 40 ml/min. Again a color change 
occurred, but this time the color of the indicator 
in the stopped acceptor stream changed back to 
its original color when pumping continued. 

Typically, the flow rate of the donor stream 
is critical to the amount of analyte diffusion 
across the membrane. As depicted in Fig. 3, if 
the donor flow rate is below a certain value, the 
amount of CO* being transported across the 
membrane is not detectable. This is related to 
the partial pressure of CO2 in the donor stream. 
As the flow rate is increased, and subsequently 
the pressure in the manifold increases, the par- 
tial pressure of CO* increases proportionally. 
The amount of CO2 which crosses the mem- 
brane increases due to both as the increased 
pressure in the manifold increases and the 
increased amount of CO* that passes the mem- 
brane. This results in a significant signal. There- 
fore, an optimum flow rate which allows the 
greatest amount of CO, to cross the membrane 
during the analytical stop flow period, but does 
not give a significant background signal, while 
the acceptor stream is flowing, can be deter- 
mined. In the case of CO2 the optimum flow rate 
for the Celgard 2500 membrane is seen at 62 
ml/min (Fig. 4). The y-axis for Fig. 4 is the total 
absorbance minus the blank absorbance. 

Five different membranes were tested for their 
suitability in the gas diffusion manifold. Two of 
the membranes were microporous Gore Tex 
(tetrafluoropolyethylene). The first had a 0.2 pm 
average pore size while the second had a 1 .O pm 
average pore size. Two Celgard membranes 
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Fig. 3. Donor flow rate us absorbance change for carbon 
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Fig. 4. Optimum flow rata for preconcentration minus blank 
carbon dioxide transport. 

(polypropylene) were tested with pore sixes of 
0.5 pm and 0.75 pm. A 1 mil thick silicone 
rubber membrane was also tested. Each mem- 
brane was tested using the 5% COJ95% N2 gas 
donor stream which was held constant at 40 
ml/mm. A scrim was not used to support any of 
the membranes because it resulted in the mani- 
fold leaking. A comparison of the response for 
each membrane is shown in Fig. 5. Due to the 
relation of gas permeability and pore size, the 
1.0 pm pore size Gore Tex membrane has the 
greatest response. 

However, due to the mechanical stress on the 
membrane from the pressure changes occurring 
during the stop and start of flow, the 1.0 pm 
Gore Tex was unable to last for more than 4 hr 
(420-480 determinations) before tearing. The 
Celgard membrane was much more durable and 
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Fig. 5. Membrane comparison for carbon dioxide. 

0 1 2 3 4 
%Carbondioxideindonorstroam 

Fig. 6. Repeatability of carbon dioxide system. 

lasted for weeks without significant loss of 
performance as shown in Fig. 6. 

In liquid-liquid GDFIA, the typical efficiency 
of the membrane without a stopped-flow period 
where the gaseous analyte is consumed is 
between 8 and 15°Y&4 This represents the 
amount of analyte which crosses the membrane 
and can be detected in relation to the amount of 
analyte in the donor stream. For liquid-gas 
GDFIA the efficiency increases to around 
12-30%. 

The efficiency for the Celgard 2500 membrane 
in the gas-liquid FIA system was 30.6%. The 
efficiency was determined by calculating the 
amount of CO2 necessary to change the pH of 
the acceptor solution. The pH of the acceptor 
solution was measured before and after 
exposure to a known amount of CO,. The 
absorbance of the solution was also measured 
before and after exposure to CO,. The change 
in absorbance was correlated to the change in 
pH. Then when a sample was run using FIA, the 
change in absorbance could be related to a 
change in pH. The amount of COz required to 
change the pH of the acceptor stream was 
calculated. The amount of CO2 determined to 
have crossed the membrane was then divided by 
the amount of CO1 available on the donor side 
of the membrane. 

The linear range in this system is dependent 
on the concentration of the buffer in the accep 
tor stream. For the determination of membrane 
efficiency, detection limit and linear range the 
carbonate buffer concentration was 1 mM, 
adjusted to pH 8.85. Using this buffer system, 
with 5 x 10mSM cresol red indicator, the linear 
range was 6.7-197 g/m3 of CO*. The limit of 
detection (LOD) defined as the intercept divided 
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by the slope times three was 2.0 g/m’. Due to the 
limited precision of the CO1 dilution system, the 
LOD of this system is difficult to determine for 
buffer concentrations lower than 1 mM. In a 
related experiment, with varying buffer concen- 
trations, a stream of 5% COz/95% N, caused all 
solutions with a buffer concentration below 0.75 
mM carbonate to form the acid color of the 
indicator from the amount of CO1 continuously 
moving across the membrane. This occurred at 
flow rates as low as 10 ml/min. With a mem- 
brane efficiency of 30% and with the 1 mh4 
carbonate buffer system used in these exper- 
iments, the calculated minimum amount of CO2 
which would be detectable in the donor stream 
is 3 ppt v/v. 

The stability of the membrane was investi- 
gated by running a series of standard curves 
over a two week period, totalling more than 
1000 injections. The data collected from these 
trials show that the method is consistent over 
the time period investigated, as seen in Fig. 6. 
No significant deterioration of the membrane 
was seen and the sensitivity does not vary by 
more than f 2%. In Table 1, the slope, inter- 
cept, and correlation coefficient for each cali- 
bration curve are presented. The average slope 
was 0.152 k 0.003. The average intercept was 
-0.003 & 0.001. 

At this point it was believed that reverse dual 
phase gas diffusion FIA is a viable technique for 
the analysis of gaseous samples. The appli- 
cations of this technique are potentially 
significant. This particular technique for deter- 
mination of CO2 may find application for real 
time monitoring of CO2 because CO* will 
readily cross the membrane if the flow rate and 
manifold pressure are high enough. If COz 
concentrations are higher than 5% of the total 
volume, for example in fermentation reactors, 
the carbonate buffer concentration can be 

Table 1. Slope, y-intercept, and correlation coefficient for 
calibration curves 

Run Slope Intercept 

1 0.152 -0.003 
2 0.150 -0.005 
3 0.152 -0.002 
4 0.148 -0.002 
5 0.148 -0.003 
6 0.157 -0..006 
7 0.153 -0.002 0.9992 
8 0.152 -0.004 0.9997 
9 0.157 

Correlation 
coefficient 

0.9998 
0.9992 
0.9998 
0.9997 
0.9992 
0.9991 

-0.003 0.9995 
AVG 0.152 f 0.003 -0.003 f 0.001 

increased to establish a linear range which 
would accommodate the amount of COz 
present. 

One of the objectives of this research was to 
develop the reverse dual phase GDFIA system 
so it could be applied to hydrazine analysis. One 
of the findings has been that the flow rate of the 
donor stream is the single largest factor involved 
in the transport of analyte across the membrane. 
This information will be very valuable for future 
work. 

The choice of method for the hydrazine deter- 
mination was based on previous work per- 
formed in this laboratory.6 Earlier, a search of 
the literature on gas sampling techniques lead to 
vapor detection tubes for hydrazine with a 
linear range was 0.3-2.5 ppm.’ The tube used 
bromphenol blue and acid as the indicator 
reagent. Using this preliminary information, the 
BPB chemistry was investigated as a possible 
alternative to standard dimethylaminobenxalde- 
hyde method. 

In order to determine the optimum precon- 
centration time and flow rate of the sample, 
both factors were varied to determine the opti- 
mum results. The results are shown in Figs 7 
and 8, respectively. At a 200 ml/mm flow rate 
used in Fig. 7,20 min was chosen as the amount 
of time required for sample preconcentration. 
The minimum necessary flow rate of the sample 
stream was 180 ml/mm as seen in Fig. 8. The 
y-axis of Fig. 8 is the total absorbance minus 
any blank absorbance. The flow rate used in the 
rest of the experiments was 225 ml/min. 

Several different membranes were tested to 
determine the most suitable membrane for 

0.4- 

0.3 - q 

I 0.2- 
$ 0 

0.1 -O 
0 

0 
0 

I I I 

0 20 40 60 

Tima (min) 
Fig. 7. Optimum flow rate for hydrazine system. 
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Fig. 8. Optimum preconcentration time. 

hydrazine transfer. The relative response of 
different membranes is shown in Fig. 9. The 
Celgard 2500 membrane is the most suitable in 
terms of response and durability. 

In Chapter 3 the membrane efficiency for the 
CO, system was 31%. In the hydrazine_BPB 
system, the membrane efficiency was 17.4%. 
This efficiency was determined by calculating 
the concentration of hydrazine necessary to 
cause a pH change corresponding to 0.100 
absorbance units. With that information and 
knowing the concentration of the gaseous 
hydrazine sample stream, the efficiency can be 
calculated by dividing the amount of hydrazine 
determined to be in the acceptor stream by the 
amount of hydrazine available. 

The linear range of the BPB system is 
0.035-0.140 ppm v/v hydrazine. The detection 
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Fig. 9. Membrane comparison for hydrazine system. 
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Fig. 10. Repeatability of BPB hydrazine system. 

limit, defined as three times the signal-to-noise, 
is 0.010 ppm v/v hydrazine. The equation for the 
curve is y = - 1.076 x 10e4 + 0.3163x, and 
R = 0.9997. With the gas dilution system used 
in this research, the detection limit of 0.010 ppm 
v/v is the more realistic value for the system 
being investigated. The membrane in the hydra- 
zine system did not last as long as the membrane 
in the CO, system, Hydrazine is more reactive 
than CO? and subsequently is more likely to 
react with or adsorb to the membrane. Daily 
calibration runs showed that the sensitivity 
decreased steadily over six days. The daily cali- 
bration runs are show in Fig. 10. The daily 
slope, intercept and correlation coefficient are 
shown in Table 2. The membrane degraded 
steadily over the six day period. A diffusion vial 
from VICI Metronics (Santa Clara, CA) was 
put in the flow diagram in place of the hydrazine 
source. The potential interferants were put in 
the diffusion vial separately to determine the 
impact of each one. The interference from 
monomethylhydrazine (MMH), 1,l -dimethyl- 
hydrazine (UDMH), and ammonia are shown 
in Table 3. The interference from carbon diox- 
ide is negligible. Because the pK,, for carbonic 

Table 2. Absorbance data from daily caii- 
bration runs 

Day Slope Intercept R 

1 0.338 6.21e-4 0.998 
2 0.319 5.25e-4 0.991 
3 0.318 4.09e-4 0.991 
4 0.309 - 2.22e-4 0.997 
5 0.298 -7.I8e-5 0.999 
6 0.276 6.84e-4 0.994 
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Table 3. Table of relative interference 
responses 

Interferant ppm v/v response 
(10 Ppm v/v) as hydrazine 

Ammonia 0.086 
MMH 0.016 
UDMH 0.000 

10 min. This is much more attractive than an 
accumulator type of device which cannot give 
information about hydrazine levels at specific 
times during the 8 hr period. The method is very 
simple. 
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Snmmary-A simple and flexible time-based injector is described for the introduction of almost any 
desirable volume of sample and reagents in flow systems. The feasibility of application is demonstrated 
by improving the azomethineH spectrophotometric method for the precise and accurate determination 
of boron in soil and coffee plant tissues. On-line programmed functions include: sequential injections and 
zone trapping, with a significant reduction of sample and reagent consumption. 

Flow injection analysis (FIA) is by definition the 
insertion of a defined and reproducible volume 
of the sample into a carrier stream.’ Instead of 
insertion or intercalation, the term injection is 
now understood and used under a broad sense 
of reproducible introduction of a well-defined 
zone of fluid into a carrier stream, quite 
regardless of the means of introduction.* Con- 
ceptually, the means of injection, and devices 
designed for this purpose can be divided into 
two categories: (1) volume-based injectors; 
and (2) time-based injectors, or a combination 
thereof,’ which are reviewed elsewhere.‘*3@ Since 
the proposal of FIA,5 the sample introduction 
devices have evolved from simple dispositives 
with one syringe operated manually, to micro- 
computer controlled rotary4 and solenoid 
valves.68 An electronica 11 o y pe rated time-based 
injector, using a two-way solenoid valve is 
presented here. It permits the reproducible 
and sequential introduction of variable volumes 
of sample and reagents into flowing systems 

with zone trapping and with a significant 
reduction in their consumption. Although, a 
large number of analytical methods have 
been employed for determining boron in 
water, soil and plant material samples,“’ the 
spectrophotometric method using azomethine- 
H-boron complex has been selected for its 
simplicity, sensitivity and speed.‘* The pro- 
cedure does not involve concentrated acid, 
which makes it readily suitable for automated 
routine operation. 

EXPEBLMENTAL 

Apparatus 

A schematic diagram of the flow system is 
given in Fig. 1. Determinations were performed 
with a Varian 634 spectrometer with a home- 
made flow through cell of quartz of 1 .O mm i.d., 
2 cm length and 30 ~1 capacity. The system also 
included a Gilson Minipuls 2 peristaltic pump, 
a home-made time-based injector (see below), 
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Fig. 1. Schematic diagram of the flow system. 
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Fig. 2. Diagram of the time-based injector. The grub screw controls the doubly stopping shutter. 
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Fig. 3. Operating principle of the configuration designed for the determination of boron by the 
azomethine-H spectrophotometric method. R,, reactor; R,, connecting line to the detector. Each number 

correspond to a given tubing as indicated in both figures. 
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a Cole-Parmer 156 recorder and a suction air- hydrogen phosphate and 25 g of EDTA in water 
pressurized device, 0.8 mm i.d. Tygon tubing to give 500 ml of solution; the final pH of this 
was used throughout, unless otherwise stated. solution was 6.8. 

The suction air-pressurized device consists of 
a bottle with a pressure regulator up to 40 cm 
Hg and a Iwaki AP-115 air pump which pro- 
duces the suction pressure. The time-based 
injector (Fig. 2) consists of a Gralab 900 timer 
which permitted to dispense electronically con- 
trolled pulses to the solenoid valve. In this 
way, a doubly stopping shutter either closed or 
opened (by pressing or releasing) any selected 
set of tubing at a fixed time, thus allowing 
sequestration of sample and/or reagents and 
sequential injection. 

Sample preparation 

Tissue samples were dried in an oven at 
70” for 3 days, ground and ashed in covered 
porcelain crucibles at 500” for 2 hr. Ashes were 
taken up in 10 ml of O.lM hydrochloric acid 
and filtered through Whatman No. 40 filter 
paper, and finally diluted to 25 ml with O.lM 
hydrochloric acid. 

For the present work the flow system 
and setup shown in Fig. 3 was used. In the 
loading position (Fig. 3a) the sample and bu!fer/ 
masking and azomethine-H reagents are drawn 
through different sampling loops, confluence 
at point “a”, mix inside R, and R2. When the 
solenoid valve is switched to the alternate pos- 
ition (injection cycle), aliquots of the trapped 
sample/reagents mixture in R, are intercalated 
in the carrier stream and therefore directed to 
the analytical path (Fig. 3b), allowing the detec- 
tor to quantify the formation of the coloured 
species. The absorbance, which is proportional 
to the boron content in the sample, constitutes 
the basis of the measurements. When the 
solenoid valve is operated back to the loading 
position aliquots of the sample/reagent mix- 
ture fill a given section of R2, which are also 
intercalated at will in the carrier stream. The 
alternation of both solenoid positions allows 
the repetitive and reproducible intercalation of 
sample/reagent mixture plugs in the carrier 
stream. 

The soils were selected from the root of 
each coffee tree. The samples were air dried for 
5 days and crushed to pass through an 80 mesh 
sieve. Ten-gram soil samples were transferred 
to a 150-ml boron-free round bottom flask. 
Then 50 ml of water were added and the flask 
was attached to a reflux condenser and boiled 
for 10 min. After cooling, 0.05 g of calcium 
chloride dihydrite were added and the mix- 
ture was filtered through Whatman No. 2 filter 
paper. Twenty-five millilitres of the solution 
were transferred to a covered porcelain crucible, 
and after the addition of 2 ml of a saturated 
calcium hydroxide solution, evaporated to 
dryness, ignited gently to destroy nitrates and 
organic matter, cooled, taken up in 10 ml 
of O.lM hydrochloric acid, filtered through 
Whatman No. 40 filter paper, and finally diluted 
to 25 ml with O.lM hydrochloric acid. 

Procedure 

Reagents 

Unless stated otherwise, all solutions were 
prepared from analytical-reagent grade chemi- 
cals and kept in polyethylene flasks. Deionized, 
distilled water was used throughout. A stock 
boron solution (1 .OOO g/l.) was prepared by 
dissolving 5.716 g of boric acid in water and 
diluting to 1 1. Working solutions of boron were 
prepared by suitable dilution with 0. 1M hydro- 
chloric acid. The derivatizing reagent was 
prepared by dissolving 0.25 g of azomethine-H 
(Sigma) in 25 ml of water and kept at 4” in a 
refrigerator (where it remains stable for at least 
1 week). A buffer/masking solution was pre- 
pared by dissolving 115 g of ammonium dihy- 
drogen phosphate (2M), 132 g of diammonium 

All reagents were fed through their respective 
lines at room temperature. Polyethylene sample 
cups were used to avoid possible boron con- 
tamination from glass containers. The operating 
conditions chosen were optimized to produce 
the highest and most reproducible signals 
(Table 1). After sequentially activating the 
solenoid valve to complete the loading and 
injection cycles, the absorbance signals were 
monitored at 420 nm. When the analyses of each 
sample was completed, the system was cleaned 
by circulating 0.M hydrochloric acid solution 
through the sample line for at least 30 sec. A 
calibration curve was obtained by using the 
absorbance readings for each standard concen- 
trations. The recorder signals were evaluated as 
well in order to control more strictly the dis- 
persion processes. The boron concentration of 
each sample was determined by reference to this 
analytical curve. The carrier solution was 
pumped continuously throughout the process to 
ensure a stable baseline. In this work, the blank 
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Table 1. Optimized operating conditions for the determination of boron by the azomethine-H 
spectrophotometric method using a multipurpose time-based injector for flow injection systems 

Component Parameter Value 

Spectrophotometry Wavelength 420 nm 
Slit width 2 nm 

Chemical pH of buffer/masking solution 6.8 
Ammonium-phosphate buffer concentration 2M 
Azomethine-H concentration 1% (w/v) 

Injector Time of sample/reagents entrapment 2 min 
Time of loading 
Time of injection 2sec 
BuBer/masking, axomethine-H and 1:1:3 

sample solutions mixing ratio 
Suction pressure 34cmHg 
Length of reactor R, lm 

FIA Length of connecting tube R, 47 cm 
Carrier flow rate 5.5 ml/min 
Volume of sample (9O pl), buRer/masking (30 ~1) 150 /I1 

and axomethine-H (30 cl) mixture solution 

was always substracted from the signal by per- 
forming measurements with and without any 
boron content in the sample solution. 

RESULTS AND DISCUSSION 

In the injector under study, only the trapped 
portion of the sample zone inside R2 is inter- 
calated in the carrier stream, whereas selected 
portions of the sample zone inside R, is used for 
further measurements. The instrumental par- 
ameters used were: 420 nm wavelength and 2 nm 
spectral slit width. 

A systematic investigation was necessary in 
order to establish the optimum experimental 
conditions. Various chemical and instrumental 
operating parameters were varied individually 
while the others were kept constant, and were 

optimized with respect to absorbance measure- 
ments. Although the calibration graph was 
essentially linear up to 80 mg/l. (see below), for 
practical reasons, in all cases, the boron concen- 
tration used for optimization studies was within 
the working range (from 0.5 to 6 mg/l.). Initial 
studies were carried out to determine the influ- 
ence of the injector solenoid activation time 
and suction pressure of sample and reagents 
on sample volume and its reproducibility. The 
sample volume was assessed by a procedure 
similar to that used earlier,6 by the differences in 
weight over cycles of 50 injections. Almost any 
desirable injection volume can be injected by 
increasing the solenoid activation time (Figs 4a, 
b) and the pressure of aspiration or suction of 
sample and reagents (Figs 4c, d). However, the 
sample volume cannot be increased at will 

TIME Of sOLIWOlo AcTIVATIO*r s 
I 1, I 1 I 

10 LO SO 40 so 

SUCTION CRESSURL, em nr 

Fig. 4. Effect of solenoid activation time (a, I set; b, 2 set) 
and of suction pressure (c, 34 cm Hg; d, 54 cm Hg) on 

sample volume. 

Fig. 5. Effect of sample/axomethine-H/buffer mixture 
volume on absorbance. 5 mg B/l. Other conditions are as 

specified in Table 1. 
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order to maintain the color development re- 
producible, constant and sensitive. A high 
ammonium-phosphate buffer concentration 
(2M) has several advantages. It has a high 
buffering capacity at the required pH 6.8, as 
the pH between buffer and the solution sent 
to waste was found to decrease only to 6.6, 
the absorbance decreased at pH below 6.4 
and above 7.0. Also, this buffer is not corrosive 
and the preparation is simple, without creating 
offensive fumes. 06- 8 7 8 s 

on 
Fig. 6. Erect of pH on absorbance. (a) 5 and (b) 3 mg B/l. 

Other conditions are as specified in Table 1. 

(Fig. S), over 250 ~1, the precision deteriorated, 
the relative standard deviation (r.s.d.) being 
usually increased from 0.7 to about 4.5% for 
SO0 ~1 sample volumes (10 measurement series). 
This drop in reproducibility at higher injected 
volumes is probably due to either a large 
reduction of the suction pressure or to limi- 
tations of the injector internal bore diameter 
(0.8 mm). It should be reported that day-today 
measurements of sample volume in function of 
pressure of aspiration varied considerably from 
one day to another (up to 7% r.s.d.); therefore, 
it was preferred to vary the solenoid activation 
time in order to fix a given volume. 

The influence of the axomethine-H con- 
centration ranging from 0.5 to 1.75% (w/v) was 
investigated. Figure 7 shows that the absorb- 
ance values increase with an increase in the 
concentration of axomethine+H. The absorb- 
ance markedly decreased at concentrations 
below l.O%, and the increments are small at 
values above this concentration. Considering 
that high concentrations of azomethine_H will 
cause larger reagent blanks and also the reagent 
cost factor, its concentration was fixed at 1 .O%. 

The color of the axomethine+H-boron com- 
plex is highly pH sensitive,‘* specially in the 
6.4-7.0 range (Fig. 6). As the pH difference 
between buffer and the solution within the FIA 
manifold may vary, strict pH control is necess- 
ary during the course of the measurement in 

Absorbance grows slowly, as the time of the 
reaction involved, discussed elsewhere,“*i4 pro- 
ceed inside RI after the loading cycle, and as the 
boron content in the sample increases (Fig. 8). 
The boron concentration affects the time of 
increasing formation of the coloured conden- 
sation species. The decreased signals obtained 
during the first minutes were due to insufficient 
development of the chemical reaction, and it 
seems that they do not appreciably increase 
above 3 min. Times of 2-3 min after the loading 
cycle seem to be a good compromise between 
good sensitivity, sampling frequency and the 
formation of the coloured species. After this 
time, the injection cycle proceeds and then 
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Fig. 7. EtTect of azomethine-H concentration. a, reagent 
blank; b. with 4 mg/l boron; c, with 5 mg/l. boron. Other 

conditions are as specified in Table 1. 
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Fig. 8. ESect of time of sample/regents entrapment in the 
reaction coil and of boron concentration on absorbance. 
a-d indicate 15, 20, SO and 80 mg B/l. Other conditions as 

specified in Table I. 
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aliquots of sample are sequentially delivered at 
a rate of about 6 min. 

Initially, the tubing diameter of sample 
and reagents was kept at 0.5 mm i.d., which 
allowed the mixing of equal volumes of the 
solutions during the loading cycle in R,. By 
varying the tubing diameter, the flow-rate ratio 
of the solutions and therefore their mixed vol- 
umes in R, were different. For buffer/masking, 
azomethine-H and sample solutions flow-rate 
ratiosof2:2:1, 1:1:1,2:1:2, 1:2:2and 1:1:3 
the absorbance values were of 0.020, 0.035, 
0.041,0.043 and 0.050, respectively. The results 
obtained by the 1: 1:3 mixed volume ratio 
were just as reproducible and more sensitive by 
43% than those obtained with the 1: 1: 1 mixed 
volume ratio. The various absorbance values 
obtained are related to the different sample- 
reagents mixing ratios and therefore to different 
sample dispersion patterns within this trapping 
zone tubing,’ whose i.d. was always kept at 
0.8 mm. 

In order to study the effect of the matrix 
on absorbance, standard addition graphs for 
fruit, leaves ‘and soil digested samples were 
prepared by adding various amounts of boron 
(from 2 to 8 mg/l.). When no masking agent was 
used the sensitivities of the analytical graphs 
obtained were approximately the same from 
that obtained with the aqueous standard sol- 
ution. This suggested that the proposed pro- 
cedure is slightly affected by interfering 
species. 15-‘7 Although the full composition of the 
samples under study is not known, the addition 
of EDTA in the buffer solution was found to 
minimize the effect of matrix interferents, as the 
slope of standard additions graph in the pres- 
ence of EDTA were not significantly different 
(difference between slopes ~3%) from those 
obtained with the boron standard (0% digested 
sample). 

On the bases of these observations, appropri- 
ate conditions for flow injection were examined. 
In this system, the response increased linearly 
up to 150 ,ul of injected volumes of mixed 
solutions in R2, however, the injection of larger 
volumes produced only slight effect on the 
response because it surpasses the physical vol- 
ume of the ,flow-through cell. Therefore, an 
injected volume of 150 ~1 was found to be the 
optimum. The effect of the reaction tube (R,) 
length, was investigated. The length of this tube 
was found no’t to be critical due to the character- 
istics of the flow system used, where the entrap- 
ment of the sample/reagent mixture occurs in 
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Fig. 9. Effect of the (a) tubing length connecting the 
injector-detector section and (b) carrier flow rate on 
absorbance. 5 mg B/l. Other conditions are as specified 

in Table 1. 

order to increase the formation of the coloured 
species. The effect of the dispersion tube (R,) 
on absorbance was examined for various coil 
lengths between 47 and 225 cm. The absorbance 
decreased with increasing coil length owing to 
dispersion (Fig. 9), the instrumentation did not 
allowed the use of coil length below 47 cm. 

Different flow-rates of the carrier solution 
were tested by changing the pumping rate. The 
sensitivity increased with increasing flow-rate 
until an almost steady-state signal was obtained 
in the range 4.0-5.5 ml/mm, thereafter a slight 
decrease over 5.5 ml/min was observed (Fig. 9). 

The calibration graph was prepared using 
the spectrometer, chemical and flow injection 
conditions given in Table 1. The maximum 
peak height increased linearly with element 
concentration as expressed by the equation 
AB = 0.016 + O.O17Ca, r = 0.9996, where A re- 
presents absorbance and C, (0.1-80 mg/l.) 
represents the boron concentration. This cali- 
bration graph was essentially linear up to 80 
mg/l. of boron and thereafter starts to deviate 
to almost invariable values over 120 mg/l. 
due to the absorbance of the azomethin+H 
reagent. ‘W However, for practical reasons, 
working calibration graphs were prepared daily 
in the concentration range from 0.1 to 6 mg/l. 
The detection limit was evaluated by calculating 
the mean standard deviation of eight sets of 
replica blank determinations. The detection 
limit considered as the amount of boron which 
gives an absorbance value correspondent to 
three times the standard deviation of the blank 
signal was found to be of 4.5 ng (0.05 mg/l.). 
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Table 2. Boron as determined by the proposed azo- 
methine-H procedure using the time-based injector for flow 
injection systems compared with the manual curcumin 

method (n = 10) 

Boron content* (w/g) 

Manual curcumin 
Sample 

Coffee-tree leaves 
Coffee fruits 
Soil J 

*Mean f S.D. 

This work method 

116.2 f 7.8 114.4 f 9.2 
45.3 f 5.0 44.0 f 6.7 
28.5 f 4.4 27.4 & 5.2 

The FIA manifold under evaluation is 
remarkably stable: after 6 hr of continuous 
operation, only minor changes in the sample 
and reagent volumes injected (usually less than 
3%) and in the coefficients of the calibration 
equation (usually less than 5%) were detected. 
From successive measurements of typical 
samples the standard deviation of the absorb- 
ance signals were typically below l%, whereas 
from measurements of five different portions of 
the various digests of soil and plant tissues, were 
calculated as 1.2, 1.5 and 2.8, respectively. 

To check the accuracy of the method, five 
pooled specimens of the samples under evalu- 
ation were also analysed by the conventional 
manual curcumin spectrophotometric method.16 
The results given in Table 2 show a good 
agreement with the present results, which is an 
indication that the accuracy of the proposed 
method is satisfactory. The accuracy was further 
checked by recovery tests. Recovery of boron 
was checked’by the addition of pl-aliquots of 
boron standard solution to five samples before 
the digestion process. The recoveries of 2,4 and 
6 pg B/g added were between 98.0 and 101.7% 
(for leaf tissue), 96.5 and 99.2% (for fruit tissue) 
and 96.0 and 98.5 (for soil). 

Various plant tissues and soil samples 
(n = 20) were analysed in the proposed FIA 
system. The boron contents varied from 109.4 
to 125 pg/g (mean & SD. = 116.2 f 6.2 pg/g) 
for coffee-tree leaves, from 38.5 to 49.8 pg/g 
(mean f S.D. = 43.9 4 4.0 pg/g) for coffee fruits 
and from 22.4 to 34.6 pug/g (mean f S.D. = 
27.8 _+ 3.8 pg/g) for soils. The soils analysed 
were from coffee plantations located in Santa 
Cruz (M&da State, Venezuela) areas, and con- 
tained boron concentrations in the range typical 
for most soils reported in the literature.‘**“*‘* 
The values reported in this study for coffee-tree 
leaves for boron tend to be higher than those 
values reported for orange-tree leaves, tobacco 
leaves,i4 non-edible plant leaves,‘2~‘g some fruits, 

vegetables and grains,” but are lower with 
those reported for edible leave$ and citrus 
limonum.” Our values of boron for coffee fruit 
are in close agreement with those previously 
reported for different edible seeds and fiuW 
in the same range as those reported for 
legumes,*7J’ but higher than those reported for 
some fruits, vegetables and cereal grains.” 

The FIA injector described here allows 
the injection or intercalation of reproducible 
variable volumes into flowing systems, mixing 
of different solutions at different ratios on-line 
and entrapment of sample/reagents mixture. 
As the sample and reagents are not consumed 
during the stoppage of the sample zone, the 
system utilizes sample, azomethine-H and 
buffer/masking solutions of 90, 30 and 30 ~1, 
respectively, per measurement (Table I), which 
are considerably less than those consumed in 
previously reported in-batchI and automatic 
methods.g~‘0*‘2~‘s A measurement rate (cu. 200 
measurements/hr) is readily achieved. However, 
the sampling rate will depend on the charac- 
teristics of the chemistry involved in the pro- 
cedure. The FIA system provides precise, and 
accurate results for the determination of boron 
in soils and plant tissues using the selected 
azomethineH spectrophotometric method. 

Acknowledgement-The authors appreciate the financial 
support from CONICJT (Consejo National de Investiga- 
ciones Cientificas y Tecnologicas), Project Sl. 

REFERENCES 

1. B. Karlberg and G. E. Pacey, FIow Injection Analysb. 
A Practical Guide, p. 38. Elsevier, Amsterdam, 1989. 

2. Z. Fang, Microchem. J., 1992, 45, 137. 
3. J. Ruzicka and E. H. Hansen, Flow Injection Analysis, 

2nd Ed., p. 258. Wiley, New York, 1988. 
4. J. F. Van Staden, Basic Components and Automation, 

In J. L. Burguera (ed.), Flow Injection Atomic 
Spectroscopy, Chapter 3, Dekker, New York, 1989. 

5. J. Ruzicka and E. H. Hansen, Anal. Chim. Acta, 1975, 
78, 145. 

6. J. L. Burguera, M. Burguera, C. Rivas, M. de la Guardia 
and A. Salvador, Anal. Chbn. Acta, 1990, 234, 253. 

7. J. L. Burguera, M. Burguera, C. Rivas, M. de la 
Guardia, A. Salvador and V. Carbonell, J. How 
lnj. Anal., 1990, 7, 11. 

8. B. F. Reis, M. F. Gin& F. J. Krug and H. Bergamin F., 
J. Anal. Atom. Spectrom., 1992, 7, 865. 

9. I. Sekerka and J. F. Lechner. Anal. C&m. Acta, 1990, 
234,199. 

10. F. J. Krug, J. Mortatti, L. C. R. Pessenda, E. A. G. 
Zagatto and H. Bergamin F., Anal. Chim. Acta, 1981, 
125,29. 

11. R. Capelle, Anal. Chim. Acta, 1961, 24, 555. 
12. M. A. Z. Arruda and E. A. G. Zagatto, Anal. Chim. 

Acta, 1987, 199, 137. 



1974 PABLO CARRERO el ai. 

13. D. Chen. F. L&aro, M. D. Luque de Castro and 
M. Val&ccl, Anal. C/&n. Acru, 1989. 226,221. 

14. J. Ferran, A. Bonvalet and E. Casassas, Agrochim., 
1988, 32, 71. 

15. A. J. Salazar and C. T. Young, J. Food Sci., 1984,49, 
72. 

16. R. A. H. Crawley, The Analyst, 1964, 89, 749. 
17. D. L. Tsalev and Z. K. Zaprianov. In Atomic Absorp- 

tion Specrrometry in Occupational and Environmental 
Health Practice, Vol. 1. Analytical Aspects and Health 
Significance, p. 103. CRC Press, Boca Raton, Fl, 1983. 

18. M. W. Pritchard and J. Lee, Anal. Chim. Acta, 1984, 

157, 313. 
19. I. L&z G., M. Her&&z C. and C. SHnchez-pad&lo, 

The At&WI, 1985, 110, 1259. 
20. R. R. Elton-Bott, AMI. Chim. Acta, 1976, 86, 281. 
21. J. J. van der Lee, I. Walinga. P. K. Manyeki, V. J. G. 

Houba and I. Novozamsky, Commn. Soil Sci. Plant 
Anal., 1987, 18,789. 

22. W. D. Basson, R. 0. Bohmer and D. A. Stanton, 
The Analyst, 1969,94, 1135. 

23. R. A. Edward, The Analyst, 1980. lOS, 139. 



Talanta.Vol.40,No. I2,pp. 1975-1980, 1993 0039-9140/93sfxlO+0.00 
Printed in Great Britain. All rights reserved Copyright 0 1993 F’ergamon Press Ltd 

DETERMINATION OF PLATINUM AND PALLADIUM IN 
STRONGLY ACID SOLUTION BY MEANS OF FLOW 

INJECTION ANALYSIS 

KLAUS R KOCH+ and DEREK AUER 

Department of Chemistry, University of Cape Town, Private Bag Rondebosch, Cape Town, 7700, 
South Africa 

(Received 12 April 1993. Accepted 12 June 1993) 

Rntnmar-Microamounts of Pt(II/IV) (0.25400 &ml) and Pd(I1) (5-600 @ml) in z-O.5 M hydro- 
chloric acid can readily be determined by means of a simple FIA method baaed on the selective reaction 
of tin(II)chlo with these metals. The FIA method has a high linear dynamic range, and is relatively 
free from interferences of many transition metals, with the exception of Au and W, small amounts of 
other PGMs can be tolerated. Determination of Pt on a hydrogenation catalyst by this method compares 
well with that found by flame atomic absorption spectroscopy. By monitoring at two or more wavelengths, 
Pt and Pd can be determined in mixtures by this means, to yield a simple, cost-effective FIA method for 
possible on-line determinations and quality control of, in particular, Pt containing acidic refinery and other 
process streams. 

The platinum group metals (PGMs), widely 
used in many important chemical processes as 
efficient catalysts, are of importance in the 
electronics industry, while the significance of, 
particularly, Pt is growing in cancer chemother- 
apy.’ The control of automobile exhaust-gas 
emissions using Pt and Rh rich catalytic con- 
verters is currently utilizing the largest share of 
the world production of these metals,2 while use 
in this application is set to grow substantially in 
the next decade as ever more stringent exhaust 
emission standards are being introduced by 
legislation in the developed world.3 Against this 
background, the need for the rapid and accurate 
determination of the PGMs in process and 
quality control is obvious. A recent survey of 
methods for the determination of these metals 
attests their importance, and shows that overall 
the predominant analytical methods in use are 
based on atomic absorption and/or emission 
spectrosc~py.~ While the power of such instru- 
mental methods is indesputable, these methods 
are usually laboratory based, rather expensive 
and not readily suited for automation and on- 
line analysis. The development of the family of 
flow-injection based techniques has recently 
been reviewed,’ and it is clear that such methods 
offer many advantages in the performance of 

*Author for correspondence. 

process control and on-line analysis. Surpris- 
ingly however, a survey of the literature reveals 
only very few flow-injection analysis (FIA) 
based determinations of the PGMs, although 
recent reports of the determination of Pd” and 
Ptg by FIA method8 suggest a growing interest 
in this area. 

In this paper we report the first part of the 
development of a simple, cost effective method 
for the determination of the potentially simul- 
taneous photometric determination of Pt(II/IV) 
and Pd(I1) in hydrochloric acid solution by 
means of FIA. Our method is based on the long 
known,” but until recently poorly under- 
stood”v’2 reaction of tin(II)hal with 
Pt(II/IV) and Pd(I1) in aqueous acid solution. 
This reaction formed the basis of a highly 
selective batchwise spectrophotometric determi- 
nation of Pt(II/IV) some four decades ago.‘2-‘s 
In the batchmode however, the latter method 
suffers from substantial disadvantages, princi- 
pally the need for accurate timing, careful con- 
trol of reaction conditions and working under 
anaerobic atmospheres, so that often erratic 
results are obtained. We have found that this 
chemistry is ideally suited for the flow-injection 
determination of Pt and Pd, making it possible 
to exploit the high selectivity of the reaction of 
tin(II)chlo with these metals in hydrochloric 
acid solution. 
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EXPERIMENTAL 

Apparatus 

A single line FIA manifold using 0.8 mm ID 
PTFE tubing, equipped with a Spetec Ferimax 
12 four charmel pump and a abbe 5020 
&port PTFE rotary injection valve with a 180 id1 
sample loop, was used for preliminary expcr- 
iments. Commercially available Omnifiit 
PTFElfEEK connectors and mixing tees, and 
reaction coils of variable Iengths were coiled 
around a fixed 15 mm diameter plastic rod. A 
2 mm path length U-shaped quartz flow ceil and 
a Varian Superscan- I-N/visible spectropho- 
tometer operation in fixed wavelength ab- 
sorbance mode with the abscissa in a time drive 
~~~at~o~ served as a detector, For determi- 
nations of trace amounts of Ft (x5 ~g/rnl~ a 
modified computer controlled manifold consist- 
ing of a carrier (1 M HCl) and reagent stream 
(SnC&) merged into a single line with a mixing 
tee after the sampie injection valve, was found 
to be ~v~~~u~ (Fig. 1). 

Materials culd methodr 

All solutions were prepared with glass dis- 
tilied water and concentrated AWar grade HCI, 
using glassware previously soaked in nitric acid. 
Stock solutions containing IO00 pg[rnl each of 
Pt(I1) and Pd(I1) were prepared from I$ PtC& 
and Kz PdCl, obtained fram Johnson Matthey, 
the salts being used without further purification. 

r----- *_....: : ‘---_________---7 

Fig. I. Manifakh used for the cietmninatim of Ft and P& 

(A) carrier O,1 M SnCl,, 1.0 M NC1 (R) carrier 1.0 M HCI, 
reagent 0.3 M SnCI,. 

A 1000 &ml BDH atomic absorption standard 
solution se;rved as independent calibrant and 
source of Pt(IV) solution. Tin(II)chlo sol- 
utions were prepared from Analar grade 
SnC& ~~~~U,~~~~o~~~~ the desired amount 

of salt in the required amount of cone. HCl and 
allowing the initially cloudy solution to stand 
for 15-20 min in a warm water bath until 
completely clear, followed by dilution to volume 
with water, These solutions were standardized 
by titration with ~~ssi~ iodate, after which 
a few small pieces of meta& tin were added to 
the tin(II)chIoride solution to preserve them 
from oxidation by atmospheric oxygen, It 
should be noted that the hydrochloric acid 
con~ntration of these tin(II~~o~de solutions 
should be kept above 0.5 M to prevent hydroiy- 
sis of the stannous chloride, Platinum solutions 
were standardized where necessary by means of 
flame atomic absorption spectroscopy using a 
Varian Techtron 1000 AAS with a strongly 
oxidizing air-acetylene flame at 265.9 nm, slit. 
width 0.2 nm and 10 mA lamp current. All 
Pt containing solutions were made up to con- 
tain O.~(W/V)% La3+ (with La(NO,), . (iH@) as 
interference suppressant, 

The reaction between SnCl, and PtCG- pr 
PtCli- in >0.5 M hydrochloric acid solutions 
rapidly leads to the development of an intensely 
cherry red colour, the origia of which is now 
known to result from the rapid reduction of any 
R(IV) species,16 followed by or concomitant 
with, complex formation of PtCli- with the 
SnCl; spcies to yield a series of anionic Cpt(- 
SnC13),Cl,&J~- (3~ = llr) complexes, as we11 as 
the relatively stable p(SnCl,),]‘- complex 
anion.‘f**2 The latter complex has been charac- 
terized by X-ray crystallography in the solid 
stateI and has been shown to predominate in 
aqueous HCl containing sufficient SnC&. 12*1s 
These solutions show characteristic ~/visibl~ 
a~~~~n spectra with a~o~~on maxima at 
2 = 310 nm (molar absorptivity -3.95 x 104)+ 
400 mn (absorptivity ~7.8 x lo*), and 475 nm 
(shoulder) as shown in Fig. 2. Although the 
overall rate of the complex formation is not 
accurately known, in the presence of excess 
&Cl,, steady state is reached within a few 
minutes, 

Preliminary experiments to establish opti- 
mum conditions for the determination of Pt by 
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400 5oo nm 600 700 

Fig. 2. Absorption spectra of R(W) and Pd(II) in 1.0 M 
HCI containing excess SnCI, at steady state. 

means of FIA were undertaken with a simple 
single line manifold equipped with a 2 m reac- 
tion coil and monitoring at 400 nm. Using a 
carrier stream with fixed [SnCl,] = 0.057 A4, the 
hydrochloric acid concentration was varied 
from 0.3 to 3.9 A4 and peak height monitored 
for separate injections containing 20 pg/ml 
Pt(IV) and Pt(I1). Within experimental error 
there was no difference between the heights of 
the Pt(I1) and Pt(IV) signals, confirming rapid 
reduction of the latter to Pt(I1) followed by 
complex formation. The variable HCI concen- 
tration of the carrier stream does affect the peak 
height in a non-linear way, relatively higher 
values being obtained in the 0.3-0.8 h4 and 
>2.1 M HCl range, reaching a plateau in the 
1 J-2.1 M range, where peak heights were effec- 
tively constant. We thus arbitrarily chose to fix 
the HCl concentration of the carrier stream at 
1.0 M throughout; variations of kO.2 M do not 
significantly affect the peak heights other factors 
being equal. 

The optimum SnCl, concentration was then 
found by varying its concentration in the carrier 
in the range 0.025-0.5 M. For the more concen- 
trated solutions substantial viscosity differences 
between the carrier stream and sample injec- 
tions result in undesirable effects, so that for this 
and for reasons of economy, the SnCl, concen- 
tration was kept as low as practical and set at 
0.1 M SnCI, using the single line manifold. The 
flow rates and reaction coil lengths were also 
varied taking into account other variables, 
which led to a set of near optimum conditions: 
1.0 M HCl, 0.1 M SnCl,, flow rate 1.1 ml/min, 

reaction coil length 2 m and sample injection 
volume 180 ~1. With these conditions 20 repeat 
injections of 20 hg/ml Pt(IV) gave highly repro- 
ducible peak heights (absorbance -0.1 AU, 
RSD = 0.6%) and excellent day-to-day repro- 
ducibility (RSD < l.l%), so that 30 injections 
per hr could comfortably be achieved with 
negligible carryover between successive high 
(100 pg/ml) and low (10 ,ug/ml) Pt(IV) 
injections. 

With the above conditions, a rapid method 
for the determination of Pt(II/IV) obtains which 
has a high dynamic range, the analytical sensi- 
tivity of the response depending only on the 
selected wavelength. At 1 = 460 nm completely 
linear calibration plots are obtained without 
dilution for a Pt(IV) range of 10-800 pg/ml, as 
shown in Fig. 3a. Such high dynamic ranges 
are generally not achievable in flame atomic 
absorption (FAAS) or atomic/plasma emission 
spectroscopic (AES/PES) methods without 
sample dilution.4 High dynamic ranges can be a 
substantial advantage in methods designed for 
on-line applications which may have to deal 
with highly variable Pt(II/IV) concentrations. 
On the otherhand, using the single line manifold 
and monitoring at rZ = 400 nm in the absence of 
interferents, Pt concentrations in the l-200 
pg/ml range can readily be determined. We 
found that the sensitivity of the determination 
could be further improved using a slightly 
modified two-line manifold with 1.0 M HCI as 
carrier stream into which the sample is injected 
followed by merging this zone with a 0.3 M 
SnCl, reagent stream prior to the detector 
(Fig. lb). With this manifold monitoring at 
A = 400 nm. the sensitivity of the determination 

Fig. 3. Typical calibration data using a single-line manifold 
monitoring at 460 nm for (a) Pt(IV) and (b) W(U). Nu- 

merals refer to concentrations in pg/ml. 
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of Pt can be improved by a factor of 10 to cover 
the range of 0.1-2 pg/ml with a limit of quantifi- 
cation of cu 0.05 pg/ml. In principle by monitor- 
ing at 1 = 310 nm, a further sensitivity 
improvement of between 2 and 4 times is poss- 
ible, but some background effects complicate 
this and we are investigating ways of circum- 
venting these. 

A comparative study of the determination of 
Pt by the proposed FIA method and FAAS 
using a sample of hydrogenation catalyst of 
platinized asbestos yielded satisfactory agree- 
ment. Dissolution of the Pt using aqua regia 
followed by volatilization of excess HN03 with 
cont. HCl and suitable dilution yielded 12.0% 
(w/w) Pt as found by FIA compared to 12.2% 
(w/w) Pt obtained by FAAS for triplicate deter- 
minations. 

Determination of palladium and platimum simul- 
taneously 

The reaction of PdCc- with SnCl, is much 
more rapid and apparently more complicated 
than that with PtCl$-, resulting in a series of 
rapid colour changes, from yelloworange to 
red (A = 355,420 nm) through blue and finally 
to green (A = 635 nm). The origin of these 
changes is not well understood, although it has 
been established that several complex species 
are involved the nature of which depends on 
inter alia the Pd: Sn mole ratio and the HCl 
concentration.lg*M Under conditions used in this 
work the PdCl:- reacts with the SnCl, to rapidly 
yield yellow-red species, which convert into an 
olive-green form, which is stable for cu 1 hr. 
Figure 2 shows the absorption spectrum of the 
Pd-Sn species at steady state. The latter form 
shows absorption maxima at A = 635, 460 and 
380 nm which approximately follow the 
Beer-Lambert law over a reasonable range of 
Pd concentrations (10-200 pg/ml). Since above 
600 nm the absorption of any Pt-Sn species is 
negligible, it is possible to determine Pd(I1) by 
monitoring at 635 nm with no interference from 
Pt(II/IV). On the other hand, since the Pd-Sn 
species also absorbs light in the 300-500 nm 
range, the presence of Pd(I1) may constitute a 
serious interference in the determination of Pt 
by the proposed method and vice versa. How- 
ever, in view of the absorbance of the Pd-Sn 
species at 635 nm, this apparent disadvantage 
may be used to determine Pt and Pd in the same 
solution by sequential injection of two identical 
samples and monitoring at the two wavelengths 
separately, so that from the peak height at 635 

Table I. Recovery experiments for sequen- 
tial determination of Pt and Pd in syn- 
thetic mixtures monitoring at 460 and 635, 
respectively using a single-line manifold 

(see text) 

Taken (pg/ml) Found @g/ml) 
Pt Pd Pt Pd 

80.0 20.0 79.8 20.1 

Z:8 
40.0 59.9 40.0 
60.0 39.4 60.8 

20.0 80.0 19.5 81.4 
10.0 100.0 9.9 102.6 

nm the Pd concentration may be estimated, 
which then allows the Pt concentration to be 
obtained from the peak height at 460 nm. 
Alternatively the use of a diode-array photo- 
metric detector will allow for rapid multiwave- 
length monitoring*’ over a range of wavelengths 
in the absorption spectrum, from which both Pt 
and Pd can in principle be determined simul- 
taneously. We did not have access to such a 
detector at the time of undertaking this work 
and thus carried out simple sequential injections 
and manual monitoring at 460 and 635 nm in 
order to determine both Pt and Pd in HCl 
solutions using the single-line manifold. 

As may be seen from Fig. 3b, it is readily 
possible to determine only Pd(I1) in the absence 
of Pt(II/IV) in an exactly analogous way to 
Pt(II/IV) using similar conditions, monitoring 
in the 400-500 nm range. (In this wavelength 
range the sensitivity for Pd is considerably 
higher than when monitoring at 635 nm.) Fur- 
thermore we found that the absorbance (peak 
height) of solutions containing mixtures of 
Pt-Sn and Pd-Sn species are additive at selected 
wavelengths within the concentration ranges 
studied in this paper, so that for solutions 
known to contain both metals, two sequential 
injections of the same sample, monitoring at 460 
and 635 nm allows the determination of both Pt 
and Pd, as shown in Table 1. These data were 
obtained by determining the [pd(II)] at 635 nm 
from one injection, followed by a second injec- 
tion of the same sample, monitoring at 460 nm 
which allows the calculation of the pt(II/IV)] 
from the total peak height by subtraction of the 
Pd-Sn contribution at this wavelength. A series 
of calibration curves for pure Pt and Pd stan- 
dard solutions at the selected wavelengths can 
be setup to assist in this task. We monitor at 460 
nm in mixed metal solutions since the difference 
in molar absorptivity between the Pt-Sn and 
Pd-Sn species is a maximum at this wavelength, 
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resulting in the most accurate calculation of the 
respective Pt and Pd concentrations, by this 
method. 

The feasibility of potentially simultaneous 
determinations of Pt(II/IV) and Pd(I1) in hydro- 
chloric acid solution has thus been demon- 
strated monitoring at two wavelengths, so that 
the use of a diode-array detector should facili- 
tate the accurate and rapid determination of 
these two metals over a relatively large concen- 
tration range. 

Interferences 

An extensive evaluation of potential interfer- 
ences is essential if the proposed method is to be 
of practical value. Consideration of the chem- 
istry of the reaction of tin(II)chlo with the 
PGMs involved, allows one to roughly group 
potential interferences into three categories: (i) 
oxidative interferences, leading to competitive 
consumption of Sn(I1); (ii) absorptive interfer- 
ences, having high molar absorptivities in the 
wavelength region of interest; and (iii) non-se- 
lective reactions of SnCI, with substances other 
than the PGMs. In general the established high 
selectivity of the reaction of SnCI, with the 
PGMs’“‘~ makes interferences of (iii) unlikely 
but implies that interferences from other PGMs 
and Au(I/III) may be expected in the determi- 
nation of Pt and Pd. Since the carrier stream is 
1 A4 in HCl, substantial interferences of type (i) 
and (ii) from first row transition metals are 
unlikely, with the possible exception of Fe(III) 
and Cr(V1) (as Cr2 e-) in relatively high con- 
centration. Anions such as SO:-, NO;, CIO; 
and PO:- do not interfere at relatively high 
levels (~0.1 M), although Br- and I- ions 
should be kept to a minimum. 

We find that the determination of Pt and Pd 
by the proposed method tolerates fairly large 
amounts of many transition metals remarkably 
well in keeping with our expectations above, as 
is evident from data in Table 2. The table shows 
the maximum amount of interferent tolerated, 
resulting in a peak height of 20 pg/ml Pt(IV) (at 
400 nm) and Pd(I1) (at 400 and 635 nm) to not 
differ from that obtained from pure standard 
solutions, by more than 1%. It is clear that 
Pt(II/IV) and Pd(I1) can be determined in the 
presence of relatively large amounts of the first 
row transition metals, particularly Fe(II1) and 
Cr(VI), monitoring at 400 nm. In reasonably 
pure Pt and Pd containing concentrates in 
HCl, the interference of many first row tran- 
sition metals thus appears to be insignificant. 

Table 2. Interference tolerance at 20 &ml Pt and Pd level 
monitoring at the given wavelengths using the singlaline 

manifold 

Interferent 

M92’ 
CrNIl 

WV) Pd(II) 
4OOnm 46Onm 4OOnm 635nm 

200 - 200 400 
100 - 100 200 

,,&2+’ 400 - 200 
Fe’+ 960 - 400 
coz+ 
Ni2+ 
cl,?+ 
Al’+ 

Rh3+ 
Rub/3 + 

2 = 200 200 200 200 
2 1 ;g (a) 

400 - 200 z 
200 - 200 400 

10 10 l (a) 
-2 -2 + 200 
-2 10 -2 10 

IPA+ 10 50 (a) 120 

*Not tested but likely to interfere at low levels. 

On the other hand, the interferences from 
Au(III), Rh(II1) and other PGMs can be 
significant in the determination of Pt and Pd. 
Nevertheless, with the exception of Au, it is in 
principle possible to determine other members 
of the PGMs in the same way as Pt and Pd 
using a multiwavelength detection approach 
alluded to above. Preliminary studies suggest 
that it is indeed possible to determine Pt in 
the presence of substantial amounts of Ru and 
Ir, while we are examining ways to determine 
Rh simultaneously with Pt and Pd by this 
means. 

In conclusion we have found that the de- 
scribed FIA method monitoring at a single 
wavelength is suitable for the rapid and cost- 
effective determination of Pt(II/IV) and/or 
Pd(II) in relatively pure hydrochloric acid 
medium as may be encountered in process 
streams, using only small sample volumes. The 
presence of many transition metals in reason- 
able amounts does not interfere, although 
Rh(III), Ru(IV/III), Au(U), and to a lesser 
extent Ir(IV) interferes with the determination 
at low levels. Nevertheless with the aid of a 
photodiode-array detector it appears to be poss- 
ible to circumvent these interferences as has 
been shown in the determination of Pt and Pd 
in this work. We are currently studying the 
potential multielement determination of the 
PGMs using multiwavelength detection. 
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Summary-A study of the factors afkting separation and detection of dissolved organic and inorganic 
phosphorus species found in waters and sediients is reported. The system involved the use of gel titration 
and flow injection analysis (FIA). Orthophosphate and myo-inositol hexakisphosphate. as model solutes 
representative of low molecular weight P (LMWP) and high molecular weight P (HMWP). were separated 
on a Sephadex G25 cclumn incorporated into a flow-injection manifold which utilixed photo-oxidation 
and spectrophotometry for detection of dissolved reactive phosphorus (DRP) and dissolved organic 
phosphorus (DOP). The influence of eluent pH and ionic strength on adsorption and anionic exclusion 
of the model solutes is described, and the optimum eluent composition and sample size ate described. The 
method was used to determine LMWP and HMWP in natural and waste waters, and in sediment extracts. 
Potential limitations of this approach are discussed. 

Phosphorus in natural waters and sediment is 
known to occur as orthophosphate and a var- 
iety of organic and condensed phosphorus 
species with a wide range of molecular weights.’ 
Some components of the dissolved organic 
phosphorus (DOP) fraction are thought to hy- 
drolyse rapidly to orthophosphate when acidic 
molybate is used in the spectrophotometric 
analysis of orthophosphate as phosphomolyb- 
denum blue, and for this reason the term “dis- 
solved reactive phosphorus” (DRP) is used in 
reference to “orthophosphate”. Consequently, 
DRP concentrations may overestimate ortho- 
phosphateZ which is undesirable because 
orthophosphate is currently the best chemical 
measure of the dissolved phosphorus concen- 
tration biologically available for photosyn- 
thesis. 

In soils and sediments, phosphorus may 
occur as organic compounds such as sugar 
phosphates, phosphatidyl phosphates, inositol 
phosphates, phosphoamides, phosphoprotein, 
aminophosphonic acids, phosphorus-containing 
pesticides and organic condensed phosphates.3 
Of this group, myo-inositol hexakisphosphate 

*Author for correspondence. 

(also called phytic acid), is among the most 
stable;’ this compound occurs in free and iron- 
complexed forms in soils and marine and lake 
sediments.5 It has been conjectured that this 
species and its hydrolysis products will be pre- 
sent in natural waters through groundwater 
input,’ and may comprise a significant pro- 
portion of dissolved organic phosphorus 
(DOP).47 However, only a few studies have 
actually demonstrated the existence of inositol 
phosphates in natural waters,8*9 and to date little 
is known of the transport of these species from 
sediments and soils into stream and lake waters. 

Analysis of the DRP concentration in natural 
and wastewaters is commonly performed in an 
attempt to estimate the concentration of 
bioavailable phosphorus in the dissolved frac- 
tion. While orthophosphate has been shown in 
a number of studies to be the most bioavailable 
phosphorus species, lo* higher molecular weight 
phosphorus (HMWP) species display varying 
degrees of bioavailability.‘**‘* In order to deter- 
mine the concentration of both “true” ortho- 
phosphate and HMWP in natural water 
samples, we attempted to separate these species 
according to differences in molecular weight 
using gel filtration followed by photo-oxidation 
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and subsequent phosphomolybdenum blue de- 
tection of the liberated orthophosphate using 
FIA. 

Separation of orthophosphate and HMWP in 
natural waters by gel filtration chromatography 
has been described by a number of 
authors”*‘1*‘~‘5 using a variety of eluent con- 
ditions, large gel columns, slow flow rates and 
correspondingly long (30 mm-2 hr) elution 
times. The aim of the work described here was 
to develop a rapid technique allowing discrimi- 
nation between these two molecular weight 
fractions. Small Sephadex G25 columns were 
investigated for the separation of model solutes 
representative of LMWP and HMWP, viz; 
orthophosphate and myo-inositol hexakisphos- 
phate. Significant irreversible, or very slowly 
reversible, adsorption of phytic acid was found 
to occur when previously documented eluent 
conditions were used. In an attempt to over- 
come these problems, the influence of both ionic 
strength and pH on elution of orthophosphate 
and phytic acid was investigated. 

EXPERIMENTAL 

Flow injection manifold 

LMWP and HMWP were determined post- 
separation using a flow injection manifold for 
determination of DRP + DOP similar to that 
described by McKelvie et a1.16 and shown in 
Fig. 1. An Applied Biosystems ABI 757 W-Vis 
chromatographic detector was used. For the 
high range standards, a detector sensitivity of 
0.1 AUFS (absorbance units full scale) was 
selected, whereas 0.02 AUFS was used for 
the lower range. Accurel S6/2 (ENKA AG) 
microporous tubing was used for debubbling 

photolysed carrier/reagent solutions prior to the 
addition of chromogenic reagents. 

Reagents 

Alkaline persulphate reagent. A 0.14&U pot- 
assium persulphate (BDH, AnalaR) solution in 
0.025M sodium tetraborate (May and Baker, 
Pronalys) was used. 

Acid molybdate reagent. Ammonium molyb- 
date (BDH, AnalaR) (8.1 x 10w3it4) in 0.63M 
sulphuric acid (Ajax Chemicals). 

Tin(II) chloride reagent. A 8.9 x 10e4M sol- 
ution of tin(I1) chloride (May and Baker, 
Pronalys) and 0.015M hydrazine sulphate (Ajax 
Chemicals, LR) in 0.5OM sulphuric acid were 
prepared. 

Model phosphorus compounds 

Potassium dihydrogen orthophosphate 
(BDH, Pronalys) (mol. wt. of anion ca. 97.0); 
myo-inositolhexakis (dihydrogenphosphate), 
disodium salt dihydrate (i.e., phytic acid), 78% 
pure (Aldrich) [mol. wt. of phytate anion (- 8) 
ca. 837.81; both prepared as 100mg P/l. stock 
solutions. 

Gel jiltration conditions 

Two Sephadex G25 columns were used: 
Column A. A ClO/lO column equipped with 

an AC10 adaptor was packed with pre-swollen 
Sephadex G25 Superfine (all from Pharmacia 
Fine Chemicals AB) to a bed height of 42 mm 
(bed volume = 3.3 ml), and used for eluent 
optimization and sediment extract separations. 

Column B. A Fast Desalting HRl O/IO high 
resolution column of bed height 100 mm (bed 
volume ca. 7.8 ml) (Pharmacia Fine Chemicals 
AB) was used for analysis of water samples. 

Eluent 

AlkdinB 
persulphate 
Acid 
moiybdate 
Tin(M) 

Sephadex uv 
G25 column 

300x 

600 x 
0.5 mm _ 

Peristaltic 

pump 

Fig. 1. Flow injection manifold for gel filtration separation with post-column DRF + DOP detection. 
Pump flow rates shown as those used for the Sephadex HRlO/lO column. Flow rates were halved when 

column A was used. 
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Columns were stored refrigerated in 0.02% 
(w/v) sodium azide when not in use. 

Injection volumes of either 100,350 or 600 ,ul 
were used depending on the size of column and 
concentration range of the samples. For the 
separation optimization studies using column 
A, 350-~1 injections were made throughout. 

Gel filtration separations of phytic acid and 
orthophosphate were investigated using eluents 
of either 0.034-0.137M NaCl (pH 5-9),‘1*14 
0.025M sodium tetraborate (pH 9.1),15 or 
Tris-HCl buffers adjusted with O.lM NaCl to 
give total ionic strength (I) values of between 
0.001 and 0.007M as required. All eluents were 
flltered through 0.45~pm Sartorius Type SM 
membrane fllters and allowed to degas for 
15 min prior to measurement of pH and use. 

To investigate the feasibility of separating 
orthophosphate and HMWP by gel filtration, 
columns were calibrated using a range of solutes 
of varying molecular weights. Elution of these 
solutes was detected by measurement of W 
absorbance, or in the case of phytic acid and 
phosphate, by detection as DOP and DRP, 
respectively. Blue Dextran (Pharmacia Fine 
Chemicals AB), with a nominal molecular 
weight of 2 x lo6 Dalton was used to determine 
the void volume, V,, and nitrate ion 
(FW = 62.0) was used to estimate the total pore 
volume, Vi, of the gel co1umn.‘7 In NaCl and 
borate eluent solutions, direct W detection at 
220 nm was used to determine nitrate. However, 
the Tris buffer used in later experiments had a 
large background absorbance, and a nitrate ion 
selective electrode (Activon) was used for detec- 
tion of nitrate. 

Sample preparation 

Water samples were collected from several 
lotic and lentic environments in Victoria, a 
sewage treatment works and a leachate pond at 
a rural landfill tip. Samples were filtered on-site 
using a 0.45~pm Lida disposable syringe filter 
and stored at ~4” prior to analysis, which 
usually occurred within 48 hr. Filtered water 
samples were injected in triplicate (600 ~1) onto 
a Sephadex G25 HRlO/lO column (B) and 
eluted with a Tris/HCl eluent of I = 0.005M at 
pH 4.6-4.7 at a flow rate of 1.2 ml/mm. 

Lacustrine sediments (l-2 g) were extracted 
in 0.025M disodium tetraborate (ca. pH 9.2) 
and mixed end-over-end for 1 hr at room tem- 
perature. Diluted (1: 10) sediments extracts 
were analysed using the same Sephadex G25 
Superfine column (A) used for the elution 

: ; l.o;. .......... ‘hale : ... ..+..............~..............~ ....... 
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Fig. 2. Molecular weight calibration of different Sephadex 
G25 columns under differing elution conditions: (0) 
Column A, eluent: 0.2% NaCl @H 8.5) at 0.62 ml/min; 
injection volume 100 pl, (m) G25 bed height 103 mm, 10 
mm id. eluent: 0.5% NaCl (pH 6.2) at 1.24 ml/min. Injec- 
tion volume 350 pl, (A) Column B, eluent: 5 mM Tris (PH 

4.5) at 1.24 ml/min. Injection volume 350 ~1. 

optimization. Standard solutions of phytic acid 
and orthophosphate were prepared in the same 
matrix as the extracts. A Tris/HCl eluent of 
I = 0.005M and pH 4.65 at a flow rate of 
0.65 ml/min was used, and triplicate 350~~1 
injections were made. 

DRP and DOP+ DRP analyses were also 
performed on all water and sediment samples 
for comparative purposes. 

RESULT!3 AND DISCUSSION 

ikiolecular weight calibration 

From molecular weight calibration data 
(Fig. 2), it is evident that an essentially linear 
relationship between the distribution coefficient, 
&, and log(molecular weight, MW) applies over 
the MW range which includes phytic acid and 
orthophosphate. Those which are significantly 
larger (aprotinin, myoglobin) fall outside this 
linear portion. Extrapolation of this linear por- 
tion of the calibration graph indicates that the 
operational exclusion limit is approximately lo3 
Dalton, rather than the value of 5 x lo3 Dalton 
for globular proteins normally quoted.17 The 
observed k;l values of ca. 0.2 and 0.8 for phytic 
acid and orthophosphate respectively, are close 
to those previously reported for separation of 
these solutes on Sephadex G25 under similar 
elution conditions,‘8 and it is evident that phytic 
acid is eluting with a yd consistent with that of 
a non-aggregated, monomeric form. 

The calibration data, while indicating mol- 
ecular weight-dependent elution behaviour, do 
not show resolution of the solutes. For the fast 
gel filtration separations on column (A), phytic 
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acid and orthophosphate were incompletely re- 
solved, but nevertheless quantifiable. However, 
separation of solutes with intermediate molecu- 
lar weights was not feasible, and consequently 
analytical results are reported non-specifically 
as high molecular weight phosphorus (HMWP) 
and low molecular weight phosphorus (LMWP), 
rather than as DGP of a particular MW and 
orthophosphate. 

Eluen t selection 

Initial attempts to separate phytic acid and 
orthophosphate on even quite large Sephadex 
G25 columns (200 mm x 10 mm i.d.) using 
0.2% (w/v) NaCl resulted in poor recoveries of 
phytic acid, and it was evident that some specific 
interaction, or slow reversible adsorption was 
occurring which was only slightly affected by 
pH. Despite poor recovery, phytic acid eluted 
with a I’,/ V, value which was consistent with its 
molecular weight, as shown in Fig. 2. 

It was observed that when either standard 
or sample was prepared in deionized water 
and injected into an eluent of higher ionic 
strength, notably better recovery of phytic 
acid was achieved compared with the situation 
where sample or standard was prepared in 
a matrix of the same ionic strength as the 
eluent. This is clearly seen in Fig. 3(a) and (b) 
where injections of mixtures of phytic acid 
and orthophosphate have been made in tripli- 
cate. Figure (3a) shows that when sample 
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Fig. 3. Triplicate injections of 300 pg P/I each of phytic acid 
and orthophosphate, showing the influence of sample zone 
ionic strength on elution of both species (a) eluent and 
sample zone: 0.2% NaCl (w/v) pH 9.7 with 5 min between 
injections, and (b) eluent: 0.2% NaCl (w/v) pH 9.7 with 
4 min between injections, sample zone: deionized water. 
Elution conditions: column A, flow rate 0.62 ml/min, injec- 
tion volume 350 pl. The numerals shown on the chro- 
matograms are retention times in minutes. In both cases, the 

phytic acid peak elutes first. 

zone and carrier had the same ionic strength, 
significant adsorption of phytic acid occurred 
(peaks at 3.44, 8.49 and 1344min). However, 
when the sample zone matrix was of much 
lower ionic strength, markedly improved 
recovery of phytic acid was noted [Fig. 3(b)], 
as indicated by the peaks at 3.19, 7.24 and 
11.29 min. 

This effect is similar in some respects to the 
salt boundary elution effect previously described 
by Posner. ‘O Posner suggested that preparing a 
sample with a higher ionic strength would cause 
solute adsorption when the sample was added to 
a gel column. Elution with distilled water would 
then cause the progressive desorption of the 
adsorbed solute and this would move down the 
column as a concentrated zone at the distilled 
water-saline eluent interface. In the case illus- 
trated by Fig. 3(b), the sample was dissolved in 
deionized water, and injected into a carrier/ 
eluent of 0.2% (w/v) NaCl. However, despite 
these conditions being the opposite of those 
described by Posner, the same type of elution 
persisted; i.e., phytic acid in a deionized water 
matrix showed much less adsorption than the 
same sample prepared in eluent. It is possible 
that the adsorptive process occurs at the head of 
the sample zone where there is considerable 
dispersion and hence mixing, with the saline 
eluent. Given that a large injection volume of 
350 ~1 (10.6% of total column volume, V,) was 
used, it could be expected that the relatively 
undispersed mid-region of the sample zone 
would have a lower ionic strength than that 
of the eluent, and it is conceivable that it is 
this low ionic strength zone which causes the 
partial desorption of phytic acid which is 
observed. 

Although the mechanism of this process is 
unclear, it is quite evident from the relative sizes 
of the peaks, that better, albeit not complete 
recovery of phytic acid occurs when an ionic 
strength gradient exists across the sample zone, 
and for this reason the influence or ionic 
strength and pH on separation of orthophos- 
phate and phytic acid in a deionized water 
matrix were studied systematically to obtain the 
optimum condition for separation and recovery 
of phytic acid. Mixed standards of phytic acid 
and orthophosphate in deionized water were 
injected onto the same column and eluted with 
carrier having a variety of pH and ionic strength 
conditions using Tris-HCl-NaCl solutions 
ranging from I = 0.001 to 0.071U. The results of 
these experiments are shown in Fig. 4 from 
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I = 0.001 

J”c4~z5.~6.~z7.~z9.4 

L\Vflo = 0.00 AVe/Vo = 0.00 AVcjVo = 0.00 AVe/Vo = 0.00 AVelvo = 0.00 

I = 0.003 

~H~4x~4.7~~6.x~7~*.6 

AVe/‘.‘o = 0.38 AVe/Vo = 0.29 AVeJVo = 0.23 AVe/Vo = 0.00 AVe/Vo = 0.00 

I=o.oo5 ~=3~=4.5~6.5~=7.~=9.7 
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Fig. 4. Variation in the elution of orthophosphate and phytic acid species as a function of total ionic 
strength and pH. Peak separation is expressed as AVJV,, where V, is the solute elution volume and V, 

is the void volume of the gel bed. 

which a number of features of the chromatog- (ii) At slightly greater total ionic strength 
raphy are evident: (I = O.O03M), orthophosphate shows partial 
(i) At low ionic strength (I = O.OOlM), phytic resolution from phytic acid (AVJV,, = 
acid and orthophosphate co-elute under all pH 0.23-0.38). However, at pH > 6.4, loss of separ- 
conditions tested. ation is observed. 
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(iii) At total ionic strength in excess of O.OOSM, 
significant adsorption of phytic acid was found 
to occur. Very slow desorption of some species 
(presumably phytic acid), indicated by a gradual 
return to baseline, was observed after elution of 
the orthophosphate peak (not shown by the 
data in Fig. 4). 

The co-elution of orthophosphate and phytic 
acid found to occur at the lowest ionic strength 
conditions tested (I = O.OOlM) was probably 
due to anionic exclusion of the orthophosphate. 
At Z = 0.003M some separation of the two 
species occurred at lower pH, but at pH > 6, the 
double- and triple-charged phosphate species 
are more prevalent, and the anion exclusion 
effect overcame the influence of increased ionic 
strength; a similar trend to this was observed for 
an eluent with Z = 0.005M. 

This anion exclusion effect appears to have 
been completely suppressed when the ionic 
strength was increased to O.OlM, and the phytic 
acid and orthophosphate peaks are as well 
separated as might be expected given the short 
column used. Predictably, however, there is 
significant adsorption of the phytic acid 
under these higher ionic strength conditions.20 
Figure 5 shows the variation of VJV,, of both 
orthophosphate and phytic acid species with 
increasing ionic strength within the pH range 
7.3-7.5. The orthophosphate shows a pro- 
nounced increase in VJV,, but a much smaller 
effect of ionic strength on phytic acid. This is 
perhaps surprising, given the highly charged 
nature of the phytic acid species (within the pH 
range used, the average charge on the phytic 
acid would be cu. - 8). The value of VJV,, for 
phytic acid is, however, always larger than 
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4 ? l 
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Total Ionic Strength 

Fig. 5. Variation of VJV, for orthophosphate (0) and 
phytic acid (0) species as a function of total ionic strength 

within the pH range 7.3-7.5. 

that of Blue Dextran, and even at high ionic 
strength (e.g., Z = O.O7M), with a large amount 
of adsorption occurring, there is only a small 
shift in the value of VJV,,. Despite the high 
charge on the phytic acid species, it appears that 
its elution is dictated by steric factors rather 
than charge considerations. This is consistent 
with the findings of Neddermeyer and Rogers” 
who suggested that larger charged ions would 
not be influenced by the Donnan exclusion 
effect to the same extent as smaller ions because 
they would be sterically excluded from the gel 
interior containing most of the charge. This may 
provide an explanation for the apparent absence 
of anion exclusion behaviour of phytic acid, 
despite its high charge. 

Neddermeyer and Rogers have also noted 
that solutes subject to the influence of anion 
exclusion display broadened front and sharp 
back edges, behaviour which is the converse of 
that normally observed in chromatography.*’ 
Examination of orthophosphate and phytic acid 
peaks reveals that while the orthophosphate 
peaks show broadened leading edges, phytic 
acid peaks do not, providing further evidence in 
support of the hypothesis that steric effects 
control the behaviour of phytic acid. 

Maximum recovery of phytic acid with re- 
spect to orthophosphate, based on peak height, 
was achieved for the specified column and flow 
conditions using eluents with Z = 0.005M and 
pH 4.5-6.5. Under optimal elution conditions 
(I = O.O05M, pH 6.5, cf, Fig. 4) the % recovery 
of phytic acid with respect to orthophosphate 
calculated using peak height was 97.4% 
(0, _ , = 0.2%, n = 3), but when calculated on 
the basis of peak area, was only 78.2% 
(c,_ , = 3.2%, n = 3). Given that a common 
phosphomolybdenum blue detection chemistry 
was used, it is evident that significant adsorption 
of phytic acid had occurred even at this so- 
called optimum condition. Furthermore, when 
columns were cleaned with dilute sodium hy- 
droxide solution (pH > 10) after the injection of 
several samples of phytic acid, a large desorp- 
tion peak was observed; however this was not 
the case for orthophosphate. It was also appar- 
ent from the uniformity of peak area data, 
obtained over a wide range of ionic strength 
and pH conditions, that little orthophosphate 
adsorption occurred. 

It is unfortunate that even under salt-zone 
elution conditions adsorption of phytic acid per- 
sisted. It would have been preferable to use only 
one calibration substance, i.e., orthophosphate 
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Table 1. Calculated limits of detection (lad) and sensitivity data for phytic acid and orthophosphate 
for the 42-mm bed height column (A) 

High range Low range 
(~OO-~~ 1(8 P/l.) (10-100 l(g P/l.) 

Limit of detection Sensitivity Limit of detection Sensitivity 
Analyte w PP.) (AU/M P/l.) ocg P/l.) (Auk? P/l.) 

Phytic acid 44 1.338 x IO-’ 27 8.88 x 10-s 
Phosohate 12 1.318 x IO-’ 1.1 1.323 x lo-’ 

1987 

and a common peak-height : concentration cali- 
bration equation for all eluting species. This 
would only be possible in the absence of 
solute-gel interactions, given that all eluting 
species are converted from DOP to DRP before 
detection. There was, however, only a narrow 
range of pH and ionic strength conditions for 
which the separation and O/O recovery of phytic 
acid (by peak height) was maximal. Even slight 
departure from the optimum ionic strength and 
pH conditions (I = O.OOSiV, pH 4.5-6.5) would 
cause the % recovery of phytic acid with respect 
to orthophosphate to change markedly. Such 
variations in the ionic strength could occur in the 
preparation of reagents, or may arise from some 
hydrodynamic artefact of the FIA manifold 
causing a variation in the degree of dispersion of 
the sample zone, and hence altering the ionic 
strength regime of the sample zone. Such arte- 
facts may involve changes as simple as a 
fluctuation in carrier flow rate, or a variation 
in the sample volume. 

For these reasons, mixed standards of phytic 
acid and orthophosphate were used for quanti- 
tation of HMWP and LMWP, in preference to 
quantitation using orthophosphate alone and 
applying a response factor. It is recognized that 
this calibration approach may be deficient if an 
HMWP species elutes from the gel in a manner 
different to that of phytic acid. 

Linearity, sensitivity and limit of detection of 
mixed standard calibrations 

Mixed standards of phytic acid and ortho- 
phosphate were prepared over the ranges 
50-1000 c(g P/l. and 10-100 pg P/l. Triplicate 
injections of 350 ~1 of these standards were made 
onto the same Sephadex G25 Superfine column 
that was used for all previous experiments under 
optimal separation conditions. 

At concentrations greater than approx 200 pg 
P/l., phytic acid and orthophosphate graphs were 
essentially co-linear, giving regression equations 
of 

A = (-2.63 x lo-‘) 

+ (1.34 x lo-4)pg P/l, r* = 0.999, 

and 

A = (3.00 x 10-4) + (1.32 x 10-4)c(g P/l., 

respectively. 
r2 = 1.000, 

However, below ca. 100 pg P/l., the ortho- 
phosphate calibration is linear, but the phytic 
acid exhibits non-linear behaviour. At 50 pg P/l., 
there is a loss of approximately 50% of the phytic 
acid, while at < 10 p g P/l., phytic acid peaks were 
scarcely detectable, even though orthophosphate 
signals were still clearly discernible. Clearly, at 
concentrations of less than 100 pg P/l., the 
specific adsorption of phytic acid onto the gel 
poses a difficulty. 

Limits of detection (lod) have been calculated 
for these data using the linear regression method 
described by Miller and Milled and are listed 
with calibration sensitivity (slope) values in 
Table 1. 

Eflect of sample volume on peak response, resol- 
ution and O/O recovery 

The influence of sample volumes ranging from 
100 to 600 ,ul on peak response, resolution, and 
% recovery (based on comparison with ortho- 
phosphate peak height) was investigated. A 
linear relationship between injection volume (S,) 
and peak height (Absorbance, A) was observed 
over the concentration range tested. For the 
dilute solutions analysed here, it can be shown 
that the relationship between the absorbances of 
undispersed (A”) and dispersed (A) sample, 

-$= 1 -exp(--kS,) 

quoted by Ruzicka and Hansenz3 approximates 
to: A z k S, for a range of A values from 0.001 to 
0.1. S1,2, the injection volume required to give a 
dispersion coefficient of 2, can be determined 
from 

0.693 
s =k l/2 

Using this relationship, and the k (slope) value 
from an A vs. S, plot, very high SI,2 values of 
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Fig. 6. Influence of sample volume on (a) resolution (for 500 pg P/l. each of phytic acid and 
orthophosphate), and (b) % recovery of 50 fig P/l. (-A-) and 500 pg P/l. (-A-) phytic acid with 

respect to orthophosphate. Column A, eluent flow rate 0.62 ml/min. 

>20,000 ~1 at 50 pg P/l. and >4,000 ~1 at 500 
pg P/l. were obtained. 

The very large values of & at 50 pg P/l. 
reflect the consideration dispersion that occurs 
in the gel column. Clearly, use of a smaller 
gel-filtration column would be preferable and 
more in agreement with conventional FIA- 
chromatographic practice. Smaller columns 
would necessitate the use of small injection 
volumes if column overloading and attendent 
loss of resolution are to be avoided. However, 
the combination of small injection volumes 
and the high dispersion of the DOP + DRP 
detection manifold would result in poor sensi- 
tivity, and consequently the use of small columns 
and small injection volumes is precluded in this 
context. 

Figures 6(a) and (b) show the improvement in 
peak resolution and the corresponding decrease 
in % recovery of phytic acid (calculated from 
peak height data) as the injection volume is 
decreased to 100 ~1. The lower recovery of the 50 
pg P/l. standard with respect to the 500 pg P/l. 
standard is probably due to a combination of 
preferential adsorption of phytic acid to the gel 
and dispersion. These results highlight the inter- 
relationship between phytic acid adsorption and 
factors such as eluent-sample zone ionic strength 
difference, and hydrodynamic factors like 
sample injection volume, column size, and flow 
rate which influence dispersion. 

Influence of phytic acid concentration on apparent 
concentration of orthophosphate for short 
columns 

Phytic acid and orthophosphate peaks were 
only partly resolved on the short G25 Superfine 
column (A). Under these circumstances, the 
measured peak heights, and hence concen- 

trations of both HMWP and LMWP calculated 
from peak height may be mutually influenced by 
peak overlap. To determine the magnitude of 
this effect, several mixed standards all containing 
300 pg PO,-P/l. and phytic acid concentrations 
varying between 50 and 400 pg phytic-P/l. were 
analysed. Figure 7 shows that the absorbance of 
the 300 pg PO,-P/l. standard increased linearly, 
by as much as 10.3%, as the concentration of 
phytic acid was increased from 50 to 400 c(g 
phytic-P/l. Similarly, the absorbance as. concen- 
tration plot for phytic acid displayed increasing 
deviation from linearity at higher concentrations 
because of overlap from the leading edge of the 
orthophosphate peak. Because this effect proved 
problematic in the analysis of some sediment 
extracts, a larger, high resolution column was 
employed for the analysis of water samples, as 
described in the following section. 

0.05 

g 0.03 

1 
a 0.02 

0 100 200 300 

pg Phytic acid-P/L 

IO 

Fig. 7. Effect of differing phytic acid concentrations (0) on 
peak height of 300 cg P/l. orthophosphate (0) in short 
column gel filtration chromatography. Tris/HCl eluent at 
pH 4.75 and I = 0.005. Column A, injection volume 350 ~1. 
Eluent flow rate 0.62 ml/min. Lines of best fit for phytic 
acid and orthophosphate given by: y = (7.49 x IO-‘) + 
(7.77 x 1O-5)x + (1.04 x IO-‘)x2 r2 = 0.998 and y = 

(3.20 x 10-2) + (9.47 x 10e6)x r2 = 0.923, respectively. 
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Analytical results-concentrations of HMWP 
and LMWP found in sediment extracts and 
waters 

Preliminary extractions of sediments with 
deionized water gave low yields of HMWP. 
Minea?” has noted that only about 40% of 
DOP was extracted from particulate material 
and Chiamydomonas cultures by distilled water, 
but that 85-100% was extracted when alkaline 
conditions (ca. pH 13) were used. Extraction of 
phosphorus from sediments was tested using 
Olsen’s reagent (OSM NaHCO, at pH 8.5);*’ 
however, the high bicarbonate concentration 
was found to interfere with the photo-oxidation 
of DOP, presumably through hydroxyl radical 
scavenging. Aluminium may also interfere in 
the photo-oxidation of DOP at concentrations 
> 100 pg A1/l.26 and for this reason acidic 
sediment extractions were avoided. 

HMWP and LMWP concentrations of the 
sediment extracts obtained by separation on 
the short (42 mm x 10 mm id) Sephadex G25 
column with subsequent DOP analysis are 
shown with corresponding DOP and DRP data, 
expressed on a dry weight basis, in Fig. 8(a)-(c). 

The concentration of LMWP was signifi- 
cantly greater than the corresponding DRP data 
(P = 0.0058, paired t-value 3.91, d.f. = 7). Two 
possible explanations can be tendered, oiz; 

(i) Desorption of phytic acid, or other late 
eluting species, may enhance the LMWP peak. 
While the separation has been optimized to give 
maximum recovery of phytic acid, some phytic 
acid appears to undergo very slow desorption. 
Other phosphate-species, such as Vitamin B12 
and 4nitrophenylphosphate, exhibited revers- 
ible adsorption and late elution when injected 
under these elution conditions. 

(ii) Organic phosphorus species of similar 
molecular weight range to orthophosphate (e.g., 
lower phosphate esters of myo-inositol) may be 
present and elute with the orthophosphate. 
Given the fairly poor resolution of the small 
column used, discrimination between ortho- 
phosphate and other low molecular weight 
phosphorus species would not be possible. 

From Fig. 8(a), it is evident that DOP values 
are significantly greater than those for HMWP 
(P = 7.0 x 10m4, paired t-value = 5.76, d.f. = 7). 
Between 65 and 97% of the DOP is represented 
by the HMWP of similar MW to myo-inositol- 
hexakisphosphate, and this is consistent with 
suggestions regarding the stability of this phos- 
phate ester and its probable role in the storage 

of phosphorus in sediments.’ Other researchers 
have reported similar recoveries of inositol 
phosphate esters from soils*’ and lake sedi- 
ments.** The fact that the DOP values are all 
greater than the HMWP values [Fig. 8(b)] also 
lends some credence to any one of the expla- 
nations provided for the apparent discrepancy 
between LMWP and DRP. 

Moreover, it can be seen that when 
(DRP+DOP) and (HMWP+LMWP) data 
are compared [Fig. 8(c)], there is excellent agree- 
ment, as shown by the regression equation: 

(HMWP + LMWP) 

= 1.05 (DRP + DOP) - 1.34, r = 0.987 

(r significantly different from zero at P > 99%). 

The agreement between (HMWP + LMWP) 
and (DRP + DOP) suggests that there are no 
major recovery losses associated with the gel 
filtration separation that cannot be accounted 
for by calibration. It also supports the 
hypothesis that differences between DRP and 
LMWP can be explained by the co-elution of 
lower MW organic phosphorus species with 
orthophosphate. 

For water samples, LMWP and HMWP 
were separated on the larger, high resolution 
HRlO/lO column (B). Sample injections of 
600 ~1 were necessary to compensate for the 
added dispersion associated with use of a large 
column, but this was compensated for by the 
complete resolution of phytic acid and ortho- 
phosphate, and the ability to use high eluent 
flow rates with this column. Flow rates of up to 
6 ml/min are permissible, but in experiments 
reported here, flow rates in excess of 1.2 ml/min 
were avoided because the debubbler in the DOP 
photo-oxidation manifold did not function 
efficiently at these higher flow rates. 

Results of the analyses of the water samples 
are shown in Fig. 9(a)-(c). The importance of 
HMWP as a constituent of some waters is 
noted, as it comprised from 0 to 97% of 
the total HMWP + LMWP detected. There 
was no significant difference between the 
(HMWP + LMWP) gel filtration data and the 
(DRP + DOP) data for the same samples 
(P = 0.79, paired t = 0.27, d.f. = 9). However, 
HMWP was significantly greater than the 
DOP fraction (P = 0.03, paired t-value = 2.67, 
d.f. = 9) and LMWP is significantly less than the 
DRP fraction (P = 0.02, paired t-value = 2.85, 
d.f. = 9). These trends are opposite to those 
found for the extractable phosphorus in the 
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DOP for sediments, expressed on a dry weight basis. The broken tines indicate the 95% confidence 

intervals for the true mean of the y values. 

sediment samples. One possible explanation for extensively.2*2g*M As DOP is determined by sub- 
the higher DRP than LMWP data is that some tracting DRP from the total DRP + DOP, the 
of the DRP measured includes the products of effect of an inflated DRP value will result in 
rapidly hydrolysed dissolved organic phos- significantly reduced DOP values. Chamberlain 
phorus, a problem which has been reported and Shapiro, for example, in a batch method, 
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limited mixing and reaction between sample, between injection and emergence of the peak 
molybdate and reductant to 6 set, but noted maximum was only 20-25 set, but it is feasible 
that some hydrolysis of DOP occurred even that some hydrolysis of DOP could occur even 
under these rapid reaction conditions.3’ For the in this short period. 
flow injection DRP method used here, the time Six of the samples analysed had LMWP 

Y I 1.4033~ + 2.2045, R-squwrd: .SSBO 

(a) HMWP signif’i&nUy > DOP (P = 0.03. paired t-value = 2.67, d.f. = 9) 

Y = .936X - 8.9436. R-wurrod: AI006 
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Fig. 9. Comparison of (a) HMWP and DOP, (b) LMWP and DRP and (c) HMWP + LMWP and 
DRP + DOP for water samples. The broken lines indicate the 95% confidence intervals for the true mean 

of the y values. 
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values which were significantly lower than the 
DRP concentrations. However, there is no sig- 
nificant difference between (LMWP + HMWP) 
and (DRP + DOP) for most samples, and it is 
arguable that measurement of LMWP and 
HMWP provide better measures of non- 
hydrolysed organic phosphorus and orthophos- 
phate than do DOP and DRP. In two diluted 
effluent samples the HMWP was undetectable; 
however, these samples were high in DRP and 
required dilution of 1: 50 prior to analysis in 
order to get them into the same concentration 
range as other samples. It is probable that this 
was sutIlcient to dilute the low concentration of 
HMWP to below the detection limit, or that the 
low concentrations of DOP (14 and 5 pg Pi/l. 
respectively) were comprised of late-eluting 
species. 

This study has highlighted some of the prob- 
lems associated with the use of Sephadex G25 
for the fractionation of dissolved phosphorus 
species in natural waters and sediment extracts, 
viz. partial adsorption of phytic acid species and 
late elution of other higher molecular weight 
species. This gel filtration approach to the separ- 
ation of HMWP and LMWP is apparently the 
most rapid yet reported with an analysis rate of 
12-15/hr, but it is not sufficiently sensitive for 
the analysis of dilute or pristine waters. It is 
envisaged that further research in this area 
could involve the use of complexing eluents to 
eliminate adsorption of HMWP species through 
complexation by metals adsorbed to the gel, 
along similar lines to that described by Town 
and Powell.32 

In this study, only Sephadex G25 has been 
used, and it would be useful to repeat the ionic 
strength-pH studies on a wide range of gels, 
including the macro/microreticular Ultrogels, to 
determine optimum separation conditions. This 
would be labour-intensive by conventional gel 
filtration, but could be performed within a 
reasonable time using the gel filtration-FIA 
approach described. Separation of HMWP and 
LMWP in waters with a range of gels of differ- 
ent MW cut-off would provide further infor- 
mation on the concentration and speciation of 
dissolved organic phosphorus in natural waters. 

Detection of low concentrations of DOP 
compounds using the gel filtration-FIA system 
is clearly a problem. However, it was shown that 
phytic acid and phosphate could be concen- 
trated onto an ion exchange precolumn prior to 
injection” and DOP analysis. This approach 
could be applied to the preconcentration of at 

least the anionic HMWP species prior to gel 
filtration. 

While this study has identified that waters and 
sediment extracts contain HMWP in the same 
molecular weight range as phytic acid, and it is 
probably reasonable to assume that phytic acid 
is a major constituent of the HMWP, no infor- 
mation about the presence of other phosphate 
esters of myo-inositol can be obtained because 
of the inability of the gel to resolve the small 
differences in molecular weight involved. Low 
pressure anion exchange chromatography has 
been used extensively to separate myo-inositol 
phosphate esters,6J8*” and from the experience 
of this study, it should not be difficult to couple 
an anion exchange column with an FIA-DOP 
manifold to achieve rapid separations. 

Finally, the relevance of the HMWP and 
LMWP data in waters needs to be evaluated in 
terms of their bioavailability by comparison 
with appropriate algal bioassay techniques. 
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BOOK REVIEWS 

Comprehensive Dictionary of Physical Chemistry: L. ULICKY and T. J. KEMP (editors), Ellis Honvood, Chichester, 1992. 
Pages 472. f49.95. ISBN O-13-151747-3. 

Ellis Horwood and Prentice Hall have collaborated to produce this English edition in conjunction with ALFA publishers 
of Bratislava. Sixteen authors contributed to the dictionary and there were eight translators from the Slovak. The book 
was published in Czecho-Slovakia and I would describe the quality of priming and binding as ‘adequate’. 

On first perusal I was surprised to find apparent omissions such as chemometrics and chromatography but I then realized 
that this was the first of seven volumes in a range of comprehensive chemical dictionaries. The missing topics may appear 
in the other volumes which cover organic chemistry, biochemistry, inorganic chemistry, analytical chemistry, nuclear 
chemistry and various chemical technologies. 

The first volume deals with topics from the theory of the structure of matter, states of matter, thermodynamics, 
electrochemistry, chemical kinetics and colloid and surface chemistry. These are indeed covered very comprehensively. The 
editors state that special attention is devoted to theoretical and quantum chemistry, and to symmetry and crystallography 
so I was surprised not to find any mention of molecular mechanics (another volume perhaps?). 

Entries in the dictionary are extensively cross-referenced, for example, during the explanation of Donnan equilibrium 
the reader is cross-referenced to separate entries on ‘osmotic pressure of a colloid’, ‘colloidal electrolyte’, ‘membrane 
hydrolysis’ and ‘membrane potential’. Overall there are approximately 2000 entries, 200 figures and 42 tables. A 
bibliography mentions numerous textbooks that were used to aid the compilation of the dictionary. 

I did iind the contents useful for succinct definitions of topics within physical chemistry and the dictionary will be 
especially useful in those areas where the reader needs to discover, or be reminded of, definitions and techniques. It should 
attract a wide readership. 

P. J. Cox 

Ractkal Surface AnaI@a-!%comi EdItIna, Volume 2-Ion and Neutral Spe&oscopy: D. BRIGGS and M. P. &AH (editors), 
Wiley, Chichester, 1992. Pages xvii + 738. E90.00. ISBN O-471-92082-7. 

Practical Surface Analysis was originally published in 1983 and was devoted to the birth, growth, and diversification of 
Auger and X-ray photoelectron spectroscopies in the period 1960-1983; it gained a high reputation among surface scientists 
world-wide. The Second Edition, Volume 1, was published in 1990 and is essentially a revision of the first edition. Volume 
2 of the second edition is a new book dealing with the complementary topics of ion and neutral spectroscopy. The book 
opens with chapters on instrumentation, sputter depth profiling, and quantification, and this is followed by chapters on 
dynamic SIMS and its applications in microelectronics, and on the use of static SIMS in the surface analysis of inorganic 
and organic materials. Sputtered neutral spectrometry, which offers a better opportunity than SIMS for quantification, is 
the subject of another chapter. The remaining two chapters deal, respectively with low-energy and medium-energy ion 
scattering techniques. About one-sixth of the book is devoted to substantial appendices on angle-resolved electron-simulated 
ion desorption, the role standards in SIMS, computer codes and simulation, pure element sputtering yield data, masses 
and abundances of naturally-occurring isotopes, and fundamental physical constants and energy conversion factors. 

Volume 2 maintains the same format, quality, breadth and depth of coverage of its subject as did Volume 1. Each chapter 
is well written, well-illustrated, well-documented, and up-to-date (1992). For all surface scientists interested in the 
decyphering of the elemental composition and structural arrangement of atoms in the first few monolayers of a solid, this 
volume will also be essential reading. This book is relatively inexpensive and good value for its price, and I understand 
that Volumes 1 and 2 can be purchased as a set at a discount. 

J. B. CRAIG 

Concepts and CaknlatIons In A@tIcaI Chamkstry-A Spread&et Approachr H. FREISER, CRC Press, Boca Raton, 1992. 
Pages 315. USS19.95. ISBN O-8493-4717-1. 

Professor Freiser has written this book in an attempt to convey to readers his enthusiasm for “the magic of spreadsheets”. 
He covers a wide range of topics related to Analytical Chemistry, including chemical equilibrium, the role of activity, 
acid-base, metal complex, precipitation and redox equilibria, titrations, statistical dam treatment, spectrometry, separation 
processes, kinetic methods, and the determination of equilibria, and also attempts to provide a tutor for the use of the 
spreadsheet QuattroPro. 

I found the book to be a valuable resource for teachers of analytical chemistry, but I fee.1 that it is not all together 
successful as a text for students, possibly because the author is so much a master of the material he is presenting. My 
impression is that, in trying to show how elegant and easy this chemistry is when done by spreadsheet, he has sometimes 
lost sight of the student who is totally unfamiliar with the chemistry. 

1995 
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1996 BOOK REMEWS 

The book is seriously let down by the type-setting: there is no consistency in the use of different type-faces, particularly 
italics. In a chemical text, the symbols for constants (e.g., 5) and variables in equations should be set in italic, and the 
symbols for chemical species (e.g., NH,) should be in upright text. Here, chemical species often appear in italics and 
constants in upright type, and both forms for each often appear on the same page. For example, on page 69, the hydrogen 
ion concentration is first shown correctly as [H+], then as H, and finally as H. 

M. MARION 

Internal Reflection Spectnwropy-Theory and Applications: F. M. MIRABELLA, JR., Dekker, New York, 1993. Pages vii + 374. 
USS 145.00. ISBN O-8247-8730-7. 

Internal reflection spectroscopy (IRS) has come a long way since the pioneering work of Taylor in the 1930s and that of 
Fahrenfort and Harrick in the 1950s. Advancement of the methodology and of its applications has been relatively slow; 
indeed until recently the main problem with IRS was its restriction to samples (e.g., films, sheets, coatings on rigid surfaces, 
etc.) that would allow good surface contact between the material and the internal reflection elements. 

The development of commercial Fourier transform IR instruments and of sampling systems that permit the analysis of 
liquids, powders and pastes have increased greatly the applications of this technique. Although most IRS work is done in 
the mid-infrared region of the spectrum applications are being developed using UV, visible, Raman and fluorescence 
spectroscopy. 

The book is published at a most exciting time. Instrumental problems have been overcome and the range of applications 
is growing rapidly. The book consists of 12 chapters by acknowledged experts in the field (mostly from industry); the first 
two chapters deal with historical and theoretical aspects and the remainder of the book is devoted to applications (industrial, 
electrochemical, process monitoring, biomedical, semi conductors, etc.). 

Dr Mirabella has done a first class job in editing this book and I have every hope that it will achieve his stated aim: 
‘to stimulate progress in this promising field’. My only reservation is that the price ($145) will inevitably prevent this book 
achieving the wide readership that it deserves. 

B. A. MCGAW 

Gal& to Flow Cytometry Methods W. M. GRCICAN and J. M. COLLINS, Dekker, New York, 1590. Pages x + 228. S99.75 
(U.S. and Canada), $119.50 (elsewhere). ISBN: 0-8247-8330-l. 

This book will be of value to those who are already working in this field, particularly those involved in clinical analysis 
and in research. 

As would be expected due emphasis is given to the basis of, and the practical applications of, DNA analysis in a variety 
of tissue types. The unique aspect of this book is that in one small volume, in a readily understandable form, it successfully 
brings together all the current, and possible future, applications of cytometry methods. Particularly pleasing is that 
throughout the text the practical aspects of the methodology involved for a particular determination are described in a 
uniform, simple and stepwise fashion making the particular analysis immediately possible without recourse to a large 
literature search. For those who require further information the text is well referenced with recent, pertinent literature 
references. 

A drawback of the black and white presentation of the illustrations in the text, particularly the two-dimensional bit 
diagrams, is that it makes it dillicult to clearly differentiate between the shaded areas and this hinders correct interpretation. 

The text is accompanied by a useful appendix which allows rapid identification of the dyes and stains needed for the 
main applications, the suppliers of instruments, and other generally required materials. 

R. R. MOODY 

Pl~~~utical Chemistry-VoImne 2, Drug Aoalysis: H. J. ROTH, K. EGER and R. TROSCHOTZ, Ellis Honvood, Chichester, 
1991. Pages: 767. E74.50. ISBN O-13-663360-9. 

Pharmaceutical Chemistry is published in three volumes: l-drug synthesis, 2-drug analysis and, 3-drug bioreactivity. 
Bach volume forms part of the Ellis Honvood series in Pharmaceutical Technology. This second volume was originally 
published, as a third edition, in the German language (Pharmazeutische Chemie 2-Arzneistoff~alyse) and it has been 
translated into English by Anthony Dunson. Several sections of this volume make reference to the German Pharmacopoeia 
Deutsches Arzneibuch (DAB). 

The foreword to this book anticipates the main criticism that will be broached, namely that the many reactions described 
have diminished in importance compared to instrumental analytical procedures. The authors counter this by noting that 
colour and fluorescence reactions are frequently employed for detection by TLC. I would suggest that a better argument 
would be that many non-instrumental analytical procedures are recognised as being official procedures and can be 
performed in many laboratories without the need for expensive instrumentation. Simple colour reactions are also useful 
in initial stages of drug identification-especially for drugs of abuse. However, the reader is forewarned that this is not 
a book giving extensive details of instrumental analyses-those interested in procedures based on HPLC, atomic absorption, 
spectrofluorimetry, etc. will need to look elsewhere. 
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aGoIcItmIEws 1997 

The authors have assigned individual drugs to a particular class of organic compound and each of these 14 compound types 
is dealt with in a separate chapter. The chapter headings are: Hydrocarbons and halogenated hydrocarbons; Hydroxylated 
hydrocarbons; Carbonyl compounds; Carboxylic acids; Carbonic acid derivatives; Nitro-compounds; Amines; Sulphur- 
containing compounds, Polycarbocyclics; O-containing heterocychcs; N-containing heterocyclics; S-containing hetero- 
cycliw N,O- and N&containing heterocyclics and, O,N,Pcontaining heterocychcs. The three largest chapters: 
Ncontaining heterocyclics (188 pages), carboxytic acids (142 pages) and amines (83 pages), cccupy more than half the book. 
The chapters are further subdivided, e.g. under carbonyl compounds, information is given on quinonea, aldebydes and 
ketones, and carbohydrates. General details of these drug typea are given and individual drugs am also selected for specific 
treatment. Each drug selected is mentioned with a common and a systematic name, e.g. ethisterone. 17-hydroxy-17a-pregn-4 
en-20-yn-3-one together with a structural formula. A rectangtdar box is drawn around these three items of information. 

What follows after these rectangular headings is somewhat variable. In the best cases some physical and chemical 
properties are presented along with identification, purity testing and assay procedures Where the drug is mentioned along 
with very closely related compounds very little information, if any, is provided. As previously mentioned there is very little 
on instrumental analysis and no spectra are included but &,_ values for UV work are occasionally presented. Good features 
include the many reactions that are given, many showing the appropriate mechanisms, and the use of structural formulae 
throughout the book. There are also extensive literature references and a good index is included. 

It would be impossible to include all drugs in a single text of this sixe but I was surprised to !Ind that ibuprofen, which 
rivals acetylsahcylic acid and paracetamol in the lucrative analgesics market, was omitted. A small section on inorganic 
and organometallic drugs would also have been welcomed along with mention of important substances such as zinc insulin. 

Assays are normally performed to determine if the chemical content of a drug substances lies within certain acceptable 
limits, e.g. 99.5-100.5% of the stated amount. Such limits, which are unfortunately not given in this book, also indicate 
the precision required for the assay. 

There are also a number of errors present, e.g. paracetamol does not have more than one phenolic hydroxy group 
available and the opening sentence under Promaxine-“The base is only. “-is meaningless. I am sure a translation editor 
would have corrected many of the errors. On the whole an interesting addition to, but not a replacement for, the standard 
works on drug analysis. 

P. J. Cox 

Polymer Chara&erIsatIou: B. J. HUNT and M. I. J- (editors), Blackie, Glasgow, 1992. Pages xiv + 362. E69.00. ISBN 
O-7514-0082-3. 

This is a well written book and makes a very able attempt at covering the methods used in the characterisation of polymers. 
Following a brief introduction the second chapter highlights the need for preparation of polymers prior to analysis by using 
specific examples. The spectroscopic techniques are then very well covered in the next two chapters. The fifth chapter looks 
at the methods available for molecular mass determination. The remaining six chapters cover techniques such as 
chromatographic methods, thermal analysis, small-angle neutron scattering and neutron reflectometry, mechanical and 
rheological analysis, microscopy and finally XPS and SIMS. The text covers each of the topics in considerable detail, 
numerous examples are provided and good use is made of figures throughout. For those who desire to go that little bit 
further there are also many references provided with each chapter. An improvement may have been to provide more 
examples from the medical and pharmaceutical fields as it is stated in the Introduction that this has been “pursued with 
great vigour in recent years”. The book should prove useful to anyone involved with polymers, particularly those involved 
in analysis and characterisation. 

K. I. &MMlNG 

Dete&om for CapIBary Chmmategraphy: H. H. HILL and D. G. MCMINN (editors), Wiley-Interscience, New York, 1992. 
pages xvii + 444. ~79.00. ISBN 0-471-50645-l. 

This is a book in the Chemical Analysis series which represents a series of monographs on Analytical Chemistry and its 
applications. As anticipated it maintains the high standard expected of a book in this series. 

Very few, if any, chromatographers would disagree with the fact that once column separation of a mixture of analytes 
has been achieved, the qualitative and the quantitative analysis of the eluted components then becomes a function of the 
speciticity, sensitivity and reproducibility of the detecting system used. Thus the value and the importance of this text, to 
chromatographers, should be obvious. 

There are 14 chapters in the book, 12 of which deal with particular detector or detecting systems. The range covered 
is from the well known e.g. FID, EC detectors, to the lesser known or used, e.g. surface ionisation, Fourier transform 
infrared detectors, to the more complex, relatively widely used GC/MS detecting systems. One of the final two excellent 
chapters, reviews the current detectors available for use in capillary supercritical fluid chromatography, and the other, 
detectors for micro-column LC. The importance of the choice of a detector, how it functions, its limitations and applications 
are all covered in a uniform manner throughout the first 12 chapters of the book: Introduction, Design, Operating 
Characteristics, Applications and Possible Future Developments. 

All chapters have individual, up-to-date (1991), reference lists and a high standard of presentation, e.g. chromatograms, 
tables, figures, diagrams, etc., is maintained throughout the text. 

The enthusiasm, knowledge and the expertise of the many individual authors involved in producing this book comes over 
clearly to the reader. A very, worthwhile reference source for those scientists working in the GC and/or LC fields. 

R. R. Moody 



aGoIcItmIEws 1997 
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P. J. Cox 
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1998 BOOK REVIEWS 

QnaIBy Aaaunnce PrineipIas for AnaIytical Laboratories: Second Edition F. M. GARFIELD, AOAC International, Arlington, 
1991. Pages 1%. $63.00 (North America), $69.00 (Elsewhere). ISBN O-935584-46-3. 

The first edition of this book, published in 1984, enjoyed wide circulation and there is every reason to suspect that the second 
edition will do even better. One has only to turn the pages of Chemirfry in Brimin, or a similar journal, to realize just how 
many independent laboratories now offer analytical services in this country. In order to compete successfully in this 
ever-increasing market, recognition in the form of Laboratory Accreditation must surely be the minimum requirement. This 
book leads the potential applicant through the various aspects of quality assurance to accreditation, and does it thoroughly, 
systematically, and in a pleasing manner. 

There is much to praise and very little to criticize in the content and layout of this book. There are 10 chapters, six 
appendices, and a comprehensive index. The chapters are: Quality Assurance Planning, Statistical Applications and Control 
Charts (new), Personnel Considerations, Management of Equipment and Supplies, Sample and Record Handling, Sampling 
and Sample Analysis, Proficiency and Check Samples, Audit Procedures, Design and Safety of Facilities, and Laboratory 
Accreditation. A very useful feature at the end of each chapter is a summary, entitled “Recommendations”, and a quick 
glance here provides one with enough sound advice on which to base plans of action. Following the recommendations is 
an up-to-date bibliography for each chapter. The references therein are largely North American in origin, as are the majority 
of Regulations, Acts, and Reports quoted, but there are also present a number of references to QA guidelines from other 
countries. Indeed, the appendix on Accreditation Criteria, which is new in this edition, draws on a variety of national sources 
for the criteria. 

The appendices are most useful in that they present some pictorial as well as written information. Examples of forms 
used by Federal Agencies are shown in one appendix, whilst in another a checklist, in chart form, lists a set of procedures 
to be used for monitoring analytical instrument performance, and to aid in detecting the first stages of deterioration in 
performance. 

To summarize, the book is a mine of practical information for anyone wishing to learn about Quality Assurance methods 
from scratch, or for an experienced manager seeking accreditation for his/her laboratory. 

D.F. RENDLE 

Chromatographic Retention BuBcea-An Aid to Identifkation of Organic Compounds V. P~ckov.4 and L. Fxt_n, Ellis 
Honvood, 1992, Pages 285. E65.00. ISBN O-13-772328-8. 

Despite the many well documented problems of reproducibility and transferability between instruments, columns and 
laboratories, many chromatographers still hold an unjustified faith in the validity of absolute measurements of retention 
as a method of identification. Alternative relative and preferably robust measurements such as retention index values are 
required and have found adoption throughout chromatography, most particularly for gas-liquid chromatography (GLC). 
The extent of their adoption can best be exemplified by a review paper in 1983 on the first 25 years of Kovats indices, which 
contained over 1350 references. 

The aim of this book is to explain the background to the analytical application of retention indices and to illustrate their 
various roles for the analyst. It starts with a general discussion of retention measurement data and the use of relative 
measurements and retention index scales. The Kovats retention index scale based on n-alkanes, which is the most important 
for GLC, is described and is compared with alternative scales based on other homologous series of standard reference 
compounds. Retention indices scales for high-performance liquid chromatography and supercritical fluid chromatography 
are reviewed but are not discussed further in the book. 

For the remainder of the book the authors concentrate on selected aspects of the applications of retention indices in GLC. 
The effects of temperature, including the changes caused by temperature programming, on the indices of difference structural 
types are discussed. These structural influences are then described in greater detail and are related to the physical properties 
of the analytes and the presence of particular functional groups. These lead to methods to calculate or predict retention 
indices. The widespread role of retention indices as the basis of the Rohrschneider and McReynolds methods to characterize 
GLC stationary phases is described. 

The second half of the book is an extensive compilation of the retention indices of selected groups of analytes on a range 
of stationary phases. However, most of the analytes are relatively simple in structure and would principally be useful for 
theoreticians or molecular modelling. The value of these tables to the practising chromatographer is not clear as they are 
essentially model compounds and for the retention indices of most compounds of practical importance it will be necessary 
to consult commercially available databases. 

The first part of the book is useful and would be valuable reading for most gas chromatographers as a guide to the use 
of retention indices and as a warning of the problems that can be encountered. 

R. M. SMITH 
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NOTICES 

Vth INTERNATIONAL SYMPOSIUM ON QUANTITATIVE 
LUMINESCENCE SPECTROMETRY IN BIOMEDICAL SCIENCES 

University of Ghent, Faculty of Pharmaceutical Sciences, Pharmaceutical Institute, 
Harelbekestraat 72, B-9000 Ghent, Belgium, tel. 32-(0)91-21.8951 ext. 246, 

telefax 32-(0)9 l-21.79.02 
25-27 May, 1993 

For further details please contact Dr Willy R. G. Baeyens, Symposium Chairman, University of 
Ghent, Pharmaceutical Institute, Harelbekestraat 72, B-9000 Ghent, Belgium. 

XXVIII COLLOQUIUM SPECTROSCOPICUM INTERNATIONALE 

Invitation 

The Organising Committee cordially invites you to attend the XXVIII CSI which will be held 
from Tuesday to Sunday, June 29th to July 4th, 1993, in York, United Kingdom. 

This traditional biennial conference provides a forum for the international community of 
analytical spectroscopists to meet and exchange ideas. 

Participants are invited to submit contributions for presentation in English, French or German 
(there will be no translation facilities) on the following topics: 

Basic Theory, Techniques and Instrumentation ofi 

Atomic Spectroscopy (Emission, Absorption, Fluorescence) 
Computer Applications and Chemometrics 
Electron Spectroscopy 
Gamma Spectroscopy 
Laser Spectroscopy 
Mass Spectrometry (Inorganic and Organic) 
Methods of Surface Analysis and Depth Profiling 
Molecular Spectroscopy (UV, VIS, IR) 
Mossbauer Spectroscopy 
Nuclear Magnetic Resonance Spectrometry 
Photoacoustic Spectroscopy 
Raman Spectroscopy 
X-ray Spectroscopy 

Applications of Spectroscopy in the Analysis of: 

Biological Samples 
Environmental Samples 
Food and Agricultural Products 
Geological Materials 
Industrial Products 
Metals and Alloys 

The scientific programme will consist of plenary lectures and four parallel streams of contributed 
lectures (e.g. atomic, molecular and mass spectrometry, and surface analysis and characterisation) 
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NOTICES 

CHROMATOGRAPHIC FUNDAMENTALS COURSE 

7-11 June, 1993 

Kent State University’s Chemistry Department will co-sponsor a course, “Fundamentals of 
Chromatographic Analysis”, during 7-l 1 June 1993. This will be the tenth offering of this course 
which has been well received by the industrial community. 

The course will provide a coherent overview of chemical separations via chromatographic 
methods. It is unique from most other short courses in that material will be included on gas, liquid 
and thin-layer methods. It will emphasize the three techniques as complementary rather than 
competing processes. The course will be a blend of fundamental information on theory and 
instrumentation with emphasis placed on the latest developments and trends. Additional periods 
will provide time to discuss practical problems related to HPLC, GC, GC-MS, TLC and CE 
instrumentation. 

Dr Roger K. Gilpin, Chairman of Chemistry at Kent State University, and Dr Neil D. 
Danielson, Professor at Miami University, will be the principle lecturers. Ronald L. Lewis of 
Varian will discuss/demonstrate laboratory instrumentation. 

Information on this course can be obtained by writing to: Carl J. Knauss, Chemistry 
Department, Kent State University, Kent, OH 44242, U.S.A. Tel. 216/672-2327. 

XXVIII CSI POST-SYMPOSIUM: 
GRAPHITE ATOMIZER TECHNIQUES IN ANALYTICAL SPECTROSCOPY 

4-7 July, 1993, University of Durham, U.K. 

Following the successful XXVII CSI Pre-Symposium meeting in Loftus, Norway, 1991, the 
organizers of the 1993 meeting intend to keep a similar format and scope. The symposium will focus 
on recent research using graphite electrothermal furnaces in atomic absorption, emission, fluor- 
escence and mass spectrometry with an emphasis on achieving accuracy in practical analysis. 

The topics will include: 
reaction and interference mechanisms 
temperature and atom distribution measurements 
absolute analysis 
coupling with hydride-generation, chromatography and flow-injection 
laser applications 
solid and slurry sampling 
metal and other non-graphite surfaces 
and all applications in these areas. 

The meeting will be an excellent forum where scientists both with a great deal of experience in these 
techniques and others new to the field can meet to exchange ideas and views and present their 
research data. 

For further information contact: XXVIII Colloquim Spectroscopicurn Internationale, Depart- 
ment of Chemistry (CSI Secretariat), Loughborough University of Technology, Loughborough, 
Leicestershire LEll 3TU, U.K. Tel. 44 (0)509 22575, Fax. +44 (0)509 233163, Telex 34319. 

i 
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NOTICE 

FIRST ANNOUNCEMENT 

The XIIth Conference of Analytical Chemistry from ROMANIA will take place between 22-24 September 1994 
at the “OVIDIUS” University in Constanta. This Conference will be organised under the auspices of the 
Romanian Society of Analytical Chemistry. If you are interested in participating in this event please write, 
by 1 May 1993, to Dr. G.-L. Radu for the Organising Committee for the 12th Conference of Analytical 
Chemistry at the following address: 

ROMANIAN SOCIETY OF ANALYTICAL CHEMISTRY 
13, Bul. Carol I, Sector 3,70346 Bucharest, Romania 

More information will be sent to you after 15 September 1993 by a second announcement. 
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NOTICES 

INTERNATIONAL SYMPOSIUM ON MICROCHEMICAL TECHNIQUES (ISM 34) 

The “International Symposium on Microchemical Techniques (ISM ‘94)” will have its next meeting 
in a joint organization with the “Deauville Conference 1994-Symposium on Analytical Sciences 
(SAS ‘94)” in Montreux, Switzerland, 16-20 May 1994. For further information contact: 

Nicko & C.R.I. Associes, 7 Rue d’Argout, F-75002 Paris, France. 
Tel: +33-l-42.33.47.66. Fax: +33-l-40.41.92.41. 

6th INTERNATIONAL CONFERENCE ON FLOW ANALYSIS 

Toledo, Spain 

8-11 June 1994 

Topics 

The Conference shall basically be concerned with the following flow analysis topics: general 
aspects, FI-chemometrics, detection systems, separation techniques (on-line sample treatment), 
sensors and continuous flow techniques, applications (environmental, food, clinical, industrial 
analysis), and process control (Biotechnology). Two special sessions devoted to “Flow Analysis 
Nomenclature” and “Foundation of an International Society for Flow Analysis” shall be arranged. 

Scienttjic programme 
The scientific programme shall consist of invited lectures and oral and poster presentations. 

There shall also be an exhibition of commercially available intrumentation for flow analysis. 

Scientt@ committee 

Bergamin, H. (Brazil), Blanco, M. (Spain), Burguera, J. L. (Venezuela), Burguera, M. 
(Venezuela), Christian, G. (USA), Dasgupta, P. K. (USA), Gorton, L. (Sweden), Guardia, M. de la 
(Spain), Hansen, E. H. (Denmark), Fang, Z. (China), Frenzel, W. (Germany), Imato, T. (Japan), 
Luque de Castro, M. D. (Spain), Moreno, B. (Spain), Nieman, T. A. (USA), Schmid, R. (Germany), 
Ruzicka, J. (USA), Sanz-Me&l, A. (Spain), Townshend, A. (UK), Trojanowicz, M. (Poland), 
Toth, K. (Hungary), Tyson, F. (USA), Valctircel, M. (Spain), van der Linden, W. E. (The 
Netherlands), van St&n, J. (South Africa), Wang, J. (USA), Weir, B. (Germany), WorsfoId, P. 
(UK), Yamane, T. (Japan), Zagatto, E. A. G. (Brazil). 

For further information contact: 

M. ValcarcellM. D. Luque de Castro (flow analysis VI) 
Departamento de Quimica Analitica 
Facultad de Ciencias. E-14004 Cordoba, Spain 
Phone: 34-57-218616. Fax: 34-57-218606. 



ii NOTICES 

THIRD EUROPEAN FEDERATION OF CORROSION WORKSHOP ON MICROBIAL 
CORROSION 

Hotel Palacio, Estoril, Portugal 

13-16 March 1994 

The workshop will cover all aspects of microbial corrosion in natural and industrial environments. 
The aim is to promote the exchange of information and ideas between research and industry and 
to provide a forum for people dealing with this problem from around the world. 

Workshop topics will include: 

l Fundamental studies 
l Bacterial processes 
l Diffusivity of biofilms 
l Monitoring 
0 Preventative measures 
0 Ecological aspects 

Call for papers 

Authors are invited to submit titles of papers covering any of the above topics, and/or related 
topics. 

These titles should reach C. A. C. Sequeira, Instituto Superior Tbcnico, Av. Rovisco Pais, 1096 
Lisboa Codex (Phone/Fax 351-l-7783594), Portugal, not later than 15th October 1993. 

Programme details will become available by the end of October 1993. 

Further information from: 

CCsar Sequeira 
Instituto Superior Tecnico 
Av. Rovisco Pais 
1096 Lisboa Codex 
Portugal 

A. K. Tiller 
Corrosion Centre 
23 Grosvenor Gardens 
Kingston upon Thames KT25BE 
U.K. 

D. Thierry 
Swedish Corrosion Institute 
Roslagsvagen 101, Hus 25 
S- 10405 Stockholm 
Sweden 
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NOTICES 

Twentieth Annual Meeting of the 
Federation of Analytical Chemistry and Spectroscopy Societies 

17-22 October 1993 
Cobo Hall, Detroit, Michigan U.S.A. 

Julian Tyson David Coleman and Felix Schneider 
Program Chairman General Chairs 

413-545-0195 

FACSS National Office 
198 Thomas Johnson Dr., Suite S-2 

Frederick, MD 2 1702-43 17 (30 l-846-4797) 

Scientific Program and Submission of Papers 
The FACSS meeting is one of the world’s leading analytical chemistry conferences with over 2500 
delegates and an anticipated program comprising almost 1000 presentations. This year, as well as 
the core topics of atomic and molecular spectrometry, chromatography, and electroanalysis, the 
meeting will feature a number of sessions concerned with materials characterization, including 
abrasives, coatings, fuels, and silicones. Contributed original research papers are solicited in all 
areas of analytical chemistry. 

Awards Symposia 
It is anticipated that several awards symposia will be arranged including symposia for the 
ANACHEM Award and Society for Applied Spectroscopy (SAS) Awards such as the Lester Strock 
and Lippincott Awards. In addition, this conference will serve as the forum for the presentation of 
other SAS Awards and FACSS Student Awards. 

Instrument Exhibit 
The instrument exhibit is one of the more useful and exciting components of the conference and is 
designed to complement the scientific program. The exhibition area can accommodate 125 booths 
and will serve as the primary gathering place for many of the social events associated with the 
conference. 

Workshops, Short Courses, and Employment Bureau 
Workshops and short courses conducted by leading scientists will be offered in conjunction with 
this conference. Typical topics include ICP-MS; GC-MS, LC-MS, Sample Preparation, Lasers in 
Analytical Chemistry, and Chemometrics. The Employment Bureau will offer both local and 
national job listings. In addition, workshops on resume preparation and career planning will assist 
professionals seeking employment. 

5th European Conference on Electroanalysis 
The 5th Conference on Electroanalysis (ESEAC’ 94) will be held at Jesolo Lido (Venice), Italy, 
from 22-26 May 1994. The program will embrace all aspects of electroanalysis including theoretical 
developments and instrumental applications. 

For information contact: 
Prof. Salvatore Daniele, Department of Physical Chemistry, The University of Venice, Calle Larga 
S. Marta 2137-I-30123 Venice, Italy. 
Tel.: +39 41 5298503, Fax: +39 41 5298594. 
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The Second Changchun International Symposium on Analytical Chemistry 
The Second Changchun International Symposium on Analytical Chemistry (CISAC) will be held 
on 2-6 August 1994 at Changchun, P. R. China. Its objective is to promote the academic exchanges 
on analytical chemistry and the friendly relationship among scientists all over the world. Your 
attendance will be most welcome. 

For further information about the symposium, contact: 
Prof. Qinhan Jin, Department of Chemistry, Jilin University, Changchun 130023, P. R. China. 
Tel.: 0431-822331 Ext: 2433, Fax: 0431823907. 
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NOTICES 

Vth INTERNATIONAL SYMPOSIUM ON QUANTITATIVE 
LUMINESCENCE SPECTROMETRY IN BIOMEDICAL SCIENCES 

University of Ghent, Faculty of Pharmaceutical Sciences, Pharmaceutical Institute, 
Harelbekestraat 72, B-9000 Ghent, Belgium, tel. 32-(0)91-21.8951 ext. 246, 

telefax 32-(0)9 l-21.79.02 
25-27 May, 1993 

For further details please contact Dr Willy R. G. Baeyens, Symposium Chairman, University of 
Ghent, Pharmaceutical Institute, Harelbekestraat 72, B-9000 Ghent, Belgium. 

XXVIII COLLOQUIUM SPECTROSCOPICUM INTERNATIONALE 

Invitation 

The Organising Committee cordially invites you to attend the XXVIII CSI which will be held 
from Tuesday to Sunday, June 29th to July 4th, 1993, in York, United Kingdom. 

This traditional biennial conference provides a forum for the international community of 
analytical spectroscopists to meet and exchange ideas. 

Participants are invited to submit contributions for presentation in English, French or German 
(there will be no translation facilities) on the following topics: 

Basic Theory, Techniques and Instrumentation ofi 

Atomic Spectroscopy (Emission, Absorption, Fluorescence) 
Computer Applications and Chemometrics 
Electron Spectroscopy 
Gamma Spectroscopy 
Laser Spectroscopy 
Mass Spectrometry (Inorganic and Organic) 
Methods of Surface Analysis and Depth Profiling 
Molecular Spectroscopy (UV, VIS, IR) 
Mossbauer Spectroscopy 
Nuclear Magnetic Resonance Spectrometry 
Photoacoustic Spectroscopy 
Raman Spectroscopy 
X-ray Spectroscopy 

Applications of Spectroscopy in the Analysis of: 

Biological Samples 
Environmental Samples 
Food and Agricultural Products 
Geological Materials 
Industrial Products 
Metals and Alloys 

The scientific programme will consist of plenary lectures and four parallel streams of contributed 
lectures (e.g. atomic, molecular and mass spectrometry, and surface analysis and characterisation) 
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each session beginning with an invited lecture from a prominent scientist in the relevant field. 
Separate times will be made available for poster sessions. 

Plenary and Invited Speakers 

To date the following scientists have accepted invitations to present keynote lectures: 

Plenary: 

M L Gross, Lincoln, NE 
R E Hester, York 
C L Wilkins, Riverside, CA 
J D Winefordner, Gainesville, FL 

Invited: 

F C Adams, Antwerp 
F V Bright, Buffalo, NY 
J A Caruso, Cincinnati, OH 
B T Chait, New York, NY 
R Donovan, Edinburgh 
D E Games, Swansea 
G L Glish, Oak Ridge, TN 
P Hendra, Southampton 
F Hillenkamp, Munster 
J A Holcombe, Austin, TX 
J Reffner, Stanford, CT 
B L Sharp, Loughborough 
M Sigrist, Zurich 
M Thompson, London 
J C Vickerman, Manchester 

Workshops, Pre - and Post -Symposia 

In connection with the XXVIII CSI, a number of symposia and workshops will be organ&d. 
Full details can be obtained from the Secretariat. 

Social Programme 

The scientific programme will be punctuated with memorable social events and excursions of 
scientific, cultural and tourist interest. The social programme is open to all participants and 
accompanying persons. 

Organising Committee 

Chairman: E B M Steers 
Vice-Chairman: L Ebdon 

Polytechnic of North London 
Polytechnic South West, Plymouth 

Peripheral Events: 
Publicity: 

C S Creaser 
S J Hill 

University of East Anglia 
Polytechnic South West, Plymouth 

Local Events: 
Secretary: 
Exhibition: 

Treasurer: 
Scientific Programme: 

C W McLeod 
B L Sharp 
D Steele 

T L Threlfall 
A Townshend 

Shefield City Polytechnic 
Loughborough University 
Royal Holloway and Bedford New College, 

London 
University of York 
University of Hull 
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Secretariat 

XXVIII CSI 
Department of Chemistry 
Loughborough University of Technology 
Loughborough 
Leicestershire LEl 13TU 
United Kingdom 
Telephone: +44 (0) 509 222575 
Fax: +44 (0) 509 233163 
Telex: 343 19 

. . . 
ill 

ASIANANALYSIS II 

9-13 August, 1993 
Changchun, China 

Second Asian Conference on Analytical Chemistry, ASIANANALYSIS II will be held in 
Changchun, China, 913 August, 1993. For further information please contact: Prof. Erkang 
Wang, 109 Sitalin Street, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, 
Changchun, Jilin 130022, China. 

THIRD INTERNATIONAL SYMPOSIUM ON 
SEPARATION TECHNOLOGY 

22-27 August, 1993 
Antwerp, Belgium 

The Third International Symposium on Separation Technology will take place in the Congress 
Centre of the University of Antwerp (UIA), Antwerp, Belgium, from August 22 to 27, 1993. 

The Symposium will deal with both fundamental aspects and practical applications of gas and 
liquid separations. Major emphasis will be put on the fundamentals of the separation science 
including thermodynamics, kinetics, operational aspects and modelling, together with the latest 
developments in the separation techniques using sorbents, membranes, cryogenic techniques, 
extraction, chemical processes including catalysis and membrane reactors, filtration and other 
techniques. 

Separation methods, useful for product purification, pollution control (treatment of waste water 
and off-gases), and air separation will be discussed in detail. A special session will be devoted to 
accurate measurement techniques. 

For further information contact: the Congress Secretariat: Mrs M Stalmans, University of 
Antwerp (UIA), Dept. of Chemistry, Universiteitsplein 1, B-2610 Antwerp-Wilrijk. Tel.: +32-3- 
820.2375, Fax: +32-3-820.2374, Telex: 33646 UIA B. 

EUROANALYSIS VIII 
EUROPEAN CONFERENCE ON ANALYTICAL CHEMISTRY 

5-11 September, 1993 
University of Edinburgh 

Organised by THE ROYAL SOCIETY OF CHEMISTRY 

The Working Party on Analytical Chemistry of the Federation of European Chemical Societies 
and the Analytical Division of The Royal Society of Chemistry cordially invite your participation 
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The Somerset Plaza Hotel and Garden State Convention and Exhibit Center, 
Somerset, NJ, U.S.A. 

EAS welcomes contributed papers to complement the invited oral and poster sessions. Prospective 
authors should submit a 100-200 word abstract (a special form is not required for this) of their 
proposed presentation before 15 April, 1992. Care should be exercised in listing the title and 
authors of the proposed presentation, since the title and authors are considered final, and are not 
subject to change. Please indicate your preference for oral or poster format. Send your abstract 
to the EAS Program Committee, P.O. Box 633, Montchanin, DE 19710-0633. Authors of accepted 
papers will receive forms in May 1993 for submission of the final 200-300 word abstracts. 

For additional info~ation, please contact: the EAS hotline---(302) 738-6218, or the EAS 
Faxline--(302) 738-5275. 



NOTlCB 

Secretariat 

XXVIII CSI 
Department of Chemistry 
Loughborough University of Technology 
Loughborough 
Leicestershire LEl 13TU 
United Kingdom 
Telephone: +44 (0) 509 222575 
Fax: +44 (0) 509 233163 
Telex: 343 19 

. . . 
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ASIANANALYSIS II 

9-13 August, 1993 
Changchun, China 

Second Asian Conference on Analytical Chemistry, ASIANANALYSIS II will be held in 
Changchun, China, 913 August, 1993. For further information please contact: Prof. Erkang 
Wang, 109 Sitalin Street, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, 
Changchun, Jilin 130022, China. 

THIRD INTERNATIONAL SYMPOSIUM ON 
SEPARATION TECHNOLOGY 

22-27 August, 1993 
Antwerp, Belgium 

The Third International Symposium on Separation Technology will take place in the Congress 
Centre of the University of Antwerp (UIA), Antwerp, Belgium, from August 22 to 27, 1993. 

The Symposium will deal with both fundamental aspects and practical applications of gas and 
liquid separations. Major emphasis will be put on the fundamentals of the separation science 
including thermodynamics, kinetics, operational aspects and modelling, together with the latest 
developments in the separation techniques using sorbents, membranes, cryogenic techniques, 
extraction, chemical processes including catalysis and membrane reactors, filtration and other 
techniques. 

Separation methods, useful for product purification, pollution control (treatment of waste water 
and off-gases), and air separation will be discussed in detail. A special session will be devoted to 
accurate measurement techniques. 

For further information contact: the Congress Secretariat: Mrs M Stalmans, University of 
Antwerp (UIA), Dept. of Chemistry, Universiteitsplein 1, B-2610 Antwerp-Wilrijk. Tel.: +32-3- 
820.2375, Fax: +32-3-820.2374, Telex: 33646 UIA B. 

EUROANALYSIS VIII 
EUROPEAN CONFERENCE ON ANALYTICAL CHEMISTRY 

5-11 September, 1993 
University of Edinburgh 

Organised by THE ROYAL SOCIETY OF CHEMISTRY 

The Working Party on Analytical Chemistry of the Federation of European Chemical Societies 
and the Analytical Division of The Royal Society of Chemistry cordially invite your participation 
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iV NOTICES 

in the eighth triennial European Conference on Analytical Chemistry to be held at the University 
of Edinburgh from Sunday to Saturday, September 5th11 th, 1993. 

LOCATION 

Euroanalysis VIII will be held at the University of Edinburgh. The Scientific Sessions will be held 
at the Appleton Tower, George Square. 

Edinburgh is the beautiful and historic capital city of Scotland. It is easily reached by road and 
rail, and has an international airport. 

Participants may be interested to know that the Conference immediately follows the world 
renowned Edinburgh Festival, which will be held from August 15th to September 4th, 1993 (the 
last performance of the Edinburgh Military Tattoo will be on Saturday August 28th). 

SCIENTIFIC PROGRAMME 

Euroanalysis VIII will cover developments in instrumentation and methodology in all areas of 
analytical chemistry, with emphasis on industrial, biomedical and environmental analysis. The 
programme will be designed to appeal both to practising analytical chemists in industry and to 
those in academia who are teaching and doing research. 

The programme will consist of invited keynote lectures, and contributed oral and poster papers. 
In order to ensure high quality, all contributed papers will be refereed. 

SOCIAL PROGRAMME 

A comprehensive programme is being planned for participants and accompanying persons. It will 
include half- and full-day excursions, and various evening events including a whisky tasting and 
a Butfet Reception at the Royal Museum of Scotland. 

ACCOMMODATION 

Accommodation has been arranged in the Pollock Halls of Residence of the University of 
Edinburgh. Single room accommodation only will be available. Participants are asked to make their 
own arrangements if they wish to stay in hotels. A list of local hotels may be obtained from the 
Conference Organ&r; early booking is advised. 

CONFERENCE LANGUAGE 

The official language of the Conference will be English; no translation service will be provided. 

BOOK EXHIBITION 

An extensive Exhibition of Books and Journals is planned, and will be held in the Appleton Tower, 
close to where the lectures and posters will be presented. 

CONTRIBUTED PAPERS 

All those intending to participate in the Conference are welcome to submit papers to be included 
in the scientific programme. The Scientific Committee will consider papers according to their 
relevance to the Conference programme and their scientific content. A listing of possible topics is 
presented below but other areas of analytical chemistry will also be considered. In order to facilitate 
the planning of the scientific programme, authors are asked to complete the relevant section of the 
form on the last page and return it to the Conference Organiser as soon as possible. Instructions 
for authors will be given in Circular 2; the final date for the receipt of abstracts is November 30th, 
1992. 



V 

TOPICS 

Some of the topics expected to be covered are: 

Industrial Analysis 

Al) Validation of Analytical Measurements 
A2) Process Control Analysis 
A3) Materials Analysis (including Surface Analysis) 
A4) Energy Related Analysis 

Pharmaceutical and Biomedical Analysis 

Bl) Pharmaceutical Methods and Drug Metabolism 
B2) Forensic Science 
B3) Bioselective Methods 
B4) Trace Elements in Medicine 

Environmental Analysis 

C 1) Atmosphere 
C2) Soils/Sediments 
C3) Food/Drink 
C4) Water 

Instrumental Techniques 

Dl) Separation Science 
D2) Molecular Spectrometry 
D3) Atomic Spectrometry 
D4) Electroanalytical Techniques 
El) Expert Systems and Chemometrics 
E2) Coupled Techniques 
E3) Sensors 
E4) Laser-based Techniques 
ES) Flow Analysis 

PUBLICATIONS 

All invited lectures will be published in a collected volume as the Proceedings of the Confer- 
ence. Authors of contributed papers will be invited to submit manuscripts for publication 
in the RSC journals. Abstracts of all papers will be available to registered scientific partici- 
pants. 

ADDRESS FOR CORRESPONDENCE 

The Conference Organiser and address for all correspondence are: 

Miss P E Hutchinson, 
Analytical Division, 
The Royal Society of Chemistry, 
Burlington House, Piccadilly, 
London WlV OBN, UK. 
Tel.: 071 437 8656; Fax: 071 734 1227; Telex: 268001. 
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Travel, etc. 

The Tourist office in Edinburgh will be happy to assist with the arranging of pre- or post-Con- 
ference tours. The address and telephone number are: 

Edinburgh Tourist and Information Centre, 
3 Princes Street, Edinburgh EH2 2QP. 
Tel.: 03 1 557 1700/2727; Fax: 031 557 5118 

4th ISEC 

5-8 October, 1993 
Changchun, China 

The Fourth International Seminar on Electroanalytical Chemistry (4th ISEC) will be held in 
Changchun, China, 5-8 October, 1993. For further information please contact: Prof. Erkang 
Wang, 109 Sitalin Street, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, 
Changchun, Jilin 130022, China. 

5th BCEIA 

8-13 October, 1993 
Beijing, China 

The Fifth International Beijing Conference and Exhibition on Instrumental Analysis (5th 
BCEIA) will be held in Beijing, China. Conference: 9-12 October, 1993. Exhibition: 8-13 October, 
1993. For further information please contact: General Service Office, 5th BCEIA, Room 5412, 
Building No. 4, Xi Yuan Hotel, Er Li Gou, Beijing 100046, China. 
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EDITORIAL 

As any keen reader of international scientific journals undoubtedly has observed, the number of 
analytical chemical publications from Spain has increased dramatically over the past decades. Only 
10% of all Spanish papers were published in international periodicals in 1945, while 90% found 
their outlet in national journals (mainly Anales de Quimica, Ajirtidad and Quimicu Analiticu. The 
distribution ratio in 1981 was approximately SO/SO; now, according to a recent survey published by 

* Peiin and PuIgarin in the Analytical Proceedings (1992, 29, 517), 88% of all papers from Spanish 
scientists are published in international journals. And in many of these journals the Spanish share 
is astonishing. Thus in Tukmfu, Spain actually ranks as the second largest national contributor, in 
the Analyst and the Analytical Letters Spain is also second; in Anulyticu Chimica Acta, fourth, and 
in Analytical Chemistry, seventh. This surge in Spanish contributions to analytical chemistry is very 
evident at international meetings, too. At the Euroanalysis VII Conference in Vienna in 1990, Spain 
was the country that presented the largest number of communications (96) followed by Germany 
(71) and Austria (66). 

The increase of the presence of Spanish analytical chemistry at the international scene can 
presumably be attributed to a combination of rather complex circumstances. A possible key to a 
deeper understanding of the reasons was aired by Professor Miguel Val&cel from Universidad de 
Cordoba at the 1992 Pittsburgh Conference in New Orleans, during a special session entitled “The 
Status of Analytical Chemistry in the World,” when he said that “The changeover from a 
dictatorship to a democratic political regime has promoted scientific and technological development 
in our country”. This political change meant that concentrated efforts were made to modernize 
the curricula, that a considerable number of young scientists became attached to the Spanish 
universities, that stable research groups were formed, and, importantly, that international 
collaboration greatly increased. Such collaboration was undoubtedly facilitated by Spain’s entry 
into the European Community, which entailed appropriations of substantial sums earmarked for 
scientific activities, in addition to broadening Spain’s international contacts. 

With the increased international significance of Spanish analytical chemistry, it is not only 
appropriate, but in fact, also natural that the Editorial Board of Tulunru decided to honour 
Spanish analytical chemistry by devoting an entire issue to this country, calling upon two of its 
most distinguished and internationally renowned analytical research chemists, Professors Miguel 
Valcitrcel and Maria Dolores Luque de Castro, to act as Guest Editors. We sincerely extend our 
personal thanks to the two Guest Editors for their formidable work in collecting and editorially 
supervising this fine array of communications, and congratulate our Spanish colleagues on their 
scientific endeavours as presented in this issue. 

Elo H. Hansen 
Gary D. Christian 
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OBITUARY 

Izaak M. Kolthoff 
1894-1993 

Izaak Maurits Kolthoff, Professor Emeritus at the University of Minnesota, died on 4 March 1993 
in St. Paul, Minnesota, U.S.A. Professor Kolthoff is considered the father of analytical chemistry 
in the U.S.A., and in 1982 over 1000 Ph.D. analytical chemists could trace their roots to him. 
Kolthoff, in fact, is the academic great grandfather of one of us (GDC). 

James J. Lingone, a student of his, published a biography of Kolthoff in the Kolthoff Honor 
Issue of Takzntu in 1964 (vol. 1 l), with a complete list of his publications up to then. 

The U.S.A. Honor Issue of Tulanfu (Vol. 36, No. l/2) published in 1989 was dedicated to 
Kolthoff, and Professor Peter Carr at the University of Minnesota presented a narrative annotation 
of an interview with him, recounting some of his early experiences. Earlier publications of 
Kolthoffs historical perspectives can be found in J. Electrochem. Sot., 1971, 125 5C and Am. Lab., 
May, 1979, p. 42. The late Professor Herbert Laitinen, a student of Kolthoffs, conducted a 
videotaped interview with him for the American Chemical Society archives. Extensive biographical, 
bibliographic and autobiographical material is assembled in the Archives of Contemporary History 
of the University of Wyoming, Laramie, in the “Dr. Izaak M. Kolthoff Collection”. The collection 
contains reprints of most of his scientific publications and two dozen newspaper articles written by 
him based on his experiences abroad. 

The analytical chemistry world has benefitted immensely from the contributions of this giant, and 
his presence will be missed. 

GARYD. CHRISTIAN 
Eu, H. HANSEN 
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EDITORIAL 

PROFEWIR JANOS I~czbY-70 years 

This month, one of the senior members of the Advisory Board of Tulunta, Professor Janos Incztdy 
from Hungary, celebrates his 70th birthday. 

He joined the journal as early as 1975, when Tdanta was just emerging from its teens. With his 
expert advice and pointed comments he has on numerous occastons contributed to establishing 
Tulantu as one of the leading periodicals in analytical chemistry. And for the present European 
editor, hts help has been mvaluable, particularly during the editor’s early stages of editorial 
responsibility. Always ready to help, Professor InczCdy has served as a most revered referee, 
conscientious and meticulous in his constructive criticism. 

Professor Inczedy was born m Budapest, Hungary, on 26 June, 1923. He graduated from the 
Technical University of Budapest m Chemical Engmeering m 1946, received his Ph.D from the 
same university m 1957 and was awarded the Doctor of Science Degree m 1967 by the Hungarian 
Academy of Science Most of his professional career has been spent at the University of Veszprem, 
where he was Head of the Department of Analytical Chemistry from 1970 to 1990 when he retired. 
St111 active, however, he contmues at the university as a research professor 

Professor Inczedy’s mterests cover a wide spectrum of analytical chemistry. His maJor research 
areas comprise separation sciences with development and application of ion exchangers, including 
chromatography, calculation of chemical equilibria for analytical purposes, and chemical process 
mstrumentation and automatton. Durmg his career he has published more than 250 scientific 
papers and a number of books, several of which have been translated mto English and other 
languages. He has been honoured wtth numerous national awards, mcludmg the State Award for 
his research work m the field of ion exchange (1980), the Award of Excellence in Teaching (1973), 
the Than Karoly Award of the Hungarian Chemical Society (1977), the Award of the Technical and 
Natural Sctence Society (1983), and the Schulek ElemCr Award of the Hungarian Pharmaceutical 
Society (1978). He has served on the Advisory Board of several mtemational Journals and on the 
IUPAC commission; from 1981 to 1991 he was President of the Hungarian Chemical Society. 
He has also been a frequent attendee and speaker at international conferences. 

Although neither of the editors of this journal has ever had the pleasure of studying under or with 
Professor Inczedy, we believe all his former students when they, with genuine reverence, describe 
him as a thoroughly engaged and enthusiastic teacher and a most stimulating adviser. Therefore we 
have the pleasure in announcing that Tulunta wishes to dedicate a special issue to Professor InczCdy, 
to be published later, with contributions from scientific colleagues and friends. 

GARY D. CHRISTIAN 
ELO H. HANSEN 
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OBITUARY 

Sidney Siggia, 72, Emeritus Professor of Analytical Chemistry at the University of Mas~chu~tts, 
Amherst, died on 15 October in Amherst after a considerable period of failing health. Born in New 
York City, he received his bachelor’s degree from Queens College in 1942 and his doctorate in 
analytical chemistry from the Polytechnic Institute of New York in Brooklyn in 1944. 

Sid Siggia’s life’s work in analytical chemistry comprised two distinctive parts, For more than 
20 years he pursued a distinguished career in chemical industry which included positions of director 
of analytical research and service at the General Aniline and Film (GAF) Corporation and the Olin 
Corporation. During this time he published actively in the area of organic functional group analysis 
and with the focus upon the analytical chemist as “problem solver”. His definitive text Quantitative 
Analysis Via Functional Groups went into four editions. 

In 1966 he joined the faculty of the University of Massachusetts at Amherst where he was 
Professor of Chemistry until his retirement in 1986. The transition from industry to academia 
allowed Sid Siggia to put into action his goal of developing a strong “a~de~c-ind~t~al 
interface” in analytical chemistry. He used his industrial experience as a basis for the development 
of undergraduate and graduate teaching and of analytical chemical research. He directed the 
doctoral dissertations of more than 35 students, many of whom have since assumed leadership 
positions in the discipline, retaining the active problem-solving philosophy developed under his 
guidance. Under his guidance also the Analytical Division at the University of Massachusetts 
developed one of the leading academic programs in the United States. 

Sid Siggia was very active in ACS and in particular in the Analytical Division, for which he 
served as chairman (1969-1970) and in numerous other capacities. He was a Titular member of the 
Commission on Analytical Reactions and Reagents of the International Union of Pure and Applied 
Chemistry-IUPAC. He received recognition for his work with the ACS Fisher Award in 
Analytical Chemistry, the Anachem Award, and the Kolthoff Award from the Academy of 
Pharmaceutical Science of the American Pharmaceutical Association, He was the fist recipient 
of the Theophilus Redwood lectureship of the Analytical Division of the British Royal Society of 
Chemistry. He twice was named American Chemical Society, Tour Speaker of the Year. 

He authored and co-authored 11 books and more than 120 papers and book chapters. He also 
held five patents. He was a member of numerous journal advisory boards including that of Tahta, 
he chaired the Gordon Conference on Analytical Chemistry and was a member of many learned 
societies. 

Sid Siggia has left a lasting legacy to present and future generations of analytical chemists. He 
always combined chemical fundamentals with practical applications, never neglecting the “applied 
nature” of our field. He was a fine mentor, leader and colleague. 
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