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PREDICTION OF PARTITION COEFFICIENTS IN TERNARY
LIQUID-LIQUID SYSTEMS AS A FUNCTION OF THE PHASE SYSTEM
COMPOSITION BY FACTOR ANALYSIS FOR CHROMATOGRAPHY

J. F. K. HUBER*, S. WELTE and G. REICH

Institute of Analytical Chemistry, University of Vienna, Waehringerstr. 38,
A-1090 Vienna (Austria)

(Received 6th May 1985)

SUMMARY

The measured partition data of 26 steroids for six different compositions of ternary
liguid-liquid systems consisting of 2,2,4-trimethylpentane, ethanol and water are used in
calculations of partition data for new phase system compositions. It was possible to re-
produce the original data and to verify new experimental data by this calculation with
high accuracy. Calculations were done in three ways. In the first, non-linear regression of
the partition coefficients as a function of the phase system composition was examined.
With this classical approach it is possible to calculate the values of the partition coeffi-
cients, solute by solute, with good accuracy. In the second approach, principal component
factor analysis was used. The phase system-specific factors for further phase system com-
positions were calculated with a non-linear regression of these factors on the phase system
composition. In combination with the solute-specific factors, the values of the partition
coefficients for all solutes in any phase system composition could be predicted with ex-
cellent accuracy. In the third approach, target transformation factor analysis was applied.
A relationship between the partition coefficient and the phase system composition was
established on the basis of either the phase system composition itself or a simple function
of it. This method also gave very accurate predictions of known and unknown partition
coefficients.

For optimization of the chromatographic separation of a given sample, it
is necessary to know the dependence of the retention data of all constituents
of the sample on the composition of the phase system. The measurement of
this relationship for all solutes of the sample for all solvent systems of interest
is not feasible in practice because of the high costs and time involved. There-
fore, a method for the accurate prediction of partition coefficients, from
which retention data can be easily derived, would be very helpful. A classical
approach for prediction of partition coefficients is the curve fitting of known
partition coefficients with the phase system composition. This must be done,
however, for each solute of interest.

The application of factor analysis also enables the number of measure-
ments of retention data to be reduced because it is possible to predict parti-
tion coefficients for various quantitative compositions of a phase system of
given qualitative composition starting from a few measured values. The

0003-2670/85/%$03.30 © 1985 Elsevier Science Publishers B.V.
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information which is included in the liquid-liquid partition coefficient, can
be divided into two parts, one of which depends on the phase system com-
position while the other part characterizes the nature of the solute . A grow-
ing number of applications of factor analysis in analytical chemistry have
been presented in recent years. The applications are mainly to chromato-
graphy and spectroscopic methods, such as n.m.r. and mass spectroscopy.
Factor analysis has also proved its usefulness for the analysis of mixtures.
Several overviews of the theoretical background and analytical applications
are available [1—4].

Factor analysis makes it possible to calculate the partition coefficients
from additive terms. Each term is the product of two cofactors, one of which
describes the phase system composition and the other the chemical nature of
the solute. Partition coefficients for new phase system compositions can be
predicted either by curve fitting of factors specific for the phase system com-
position (PCFA) or by rotating characteristic factors of the phase system to
physically significant test vectors (TFA) [5]. The compound specific factors
remain unchanged (PCFA) or must be rotated in agreement with the rotation
of the factors specific for the phase system (TFA).

Factor analysis is a multivariate statistical method, which is used to reduce
the dimensionality of multidimensional data and to show interdependences
in the data set. In the execution of factor analysis, three steps are involved:
(1) extraction of factors, (2) reduction of dimensionality, and (3) rotation of
factors for interpretation. The flow chart in Fig. 1 shows the details of this
method. The main equation in factor analysis is

Zi_k = ai]_pkl + ai2pk2 + ...... + airpkr (1)

or written as a matrix equation Z = AP. In Eqn. 1, z;, is the partition coeffi-
cient of the solute, i, in the phase system, k, a;, is a cofactor depending on
the solute, py, is a cofactor depending on the solvent system,n=1,2,...,r
is the running number of factors, and r is the total number of factors needed
to reproduce the original data with sufficient accuracy.

The values of one cofactor are called the factor loadings, the values of the
other cofactor are called factor scores. The factor loadings and the factor
scores should not be confused. In this work, the specific cofactors of the
phase system are chosen as factor loadings, and the solute-dependent cofac-
tors as the factor scores. Whether the factor loadings are chosen as solvent-
specific and the factor scores as solute-specific or vice versa depends on the
definition of the problem and is not of fundamental significance, because the
main equation is invariant to a change of A and P. In the calculation, how-
ever, these two terms should not be confused. Once the assignment has been
made, it cannot be changed without complete recalculation.

The use of factor analysis in the prediction of partition coefficients is
physically justified by the theory of regular solutions from which an equa-
tion for the partition coefficients can be derived [6]. The logarithm of the
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Fig. 1. Flow chart for calculations with factor analysis.

partition coefficient, K;o, of a solute, i, at infinite dilution is given by
In (Kjp) = @;1051 + @320k (2)

This expression is formally identical with Eqn. 1, setting r = 2. For nonregu-
lar solutions it must be expected that r must be made >2, in order to achieve
the required accuracy.

The rotation of the factors is an important step for discovering inter-
dependences in the data and is necessary for interpretation of the purely
mathematical factors in terms of physical properties. Strictly mathematical
approaches often fail in chemistry, because the hidden real properties (fac-
tors) are correlated, and the best rotation methods for obtaining interpretable
factors are nonorthogonal rotations. Target transformation factor analysis
can indicate some directions in space (test vectors) to which the rotation
should go. By careful selection of these test vectors, it is possible to replace
the abstract factors by physical data. In the present case, the physical data
are the phase system compositions. The flow chart for the calculation of
TFA is shown in Fig. 1.

EXPERIMENTAL

An experimental data set of partition coefficients of 26 steroids for six
different compositions of a ternary liquid-liquid system consisting of water,
ethanol and 2,2,4-trimethylpentane was used [7, 8]. The steroids are listed
in Table 1; the phase system compositions are given in Table 2.



TABLE 1

List of solutes

1 Progesterone 16 14a-Hydroxyandrost-4-ene-3,17-dione
2 20p-Hydroxypregn-4-ene-3-one 17 16a-Hydroxypregn-4-ene-3,20-dione
3 Androstenedione 18 17«,21-Dihydroxypregn-4-ene-3,20-
4 Androstadiene-(4,9(11))-3,17-dione dione
5 Methyltestosterone 1919-Hydroxyandrost-4-ene-3,17-dione
6 20a-Hydroxypregn-4-ene-3-one 20 Corticosterone
7 Epitestosterone 21 3,16q,1 7a-Trihydroxyestratri-
8 Estrone (1,3,5(10))-ene
9 Testosterone 22 11-Dehydrocorticosterone
10 17a-Hydroxypregn-4-ene-3,20-dione 23 3,168,175-Trihydroxyestratri-
11 11-Desoxycorticosterone (1,3,5(10))-ene
12 Andrenosterone 24 Cortisone
13 11g-Hydroxyandrost-4-ene-3,17-dione 25178,21-Dihydroxypregn-4-ene-3,11,20-
14 17-Hydroxyandrosta-1,4-diene-3-one trione
15 Estratri-(1,3,5,(10))ene-3,17g-diol 26 Cortisol
TABLE 2

Phase system compositions

Phase system  Mole fractions
code number

Water-rich phase Water-poor phase
Water Ethanol 2,2,4-Tri- Water Ethanol 2,2,4-Tri-
methylpentane methylpentane
1 0.167 0.700 0.133 0.025 0.317 0.658
2 0.278 0.671 0.051 0.011 0.142 0.847
3 0378 0.601 0.021 0.009 0.126 0.865
4 0462 0.529 0.009 0.007 0.093 0.900
5 0.581 0.416 0.003 0.006 0.059 0.935
6 0.702 0.296 0.002 0.002 0.037 0.961

The calculations were done on the mainframe computer at the computing
center of the University of Vienna. The computer is a Control Data CYBER
170-720 with 256K words of 60 bits, disk and tape storage. Access to this
computer was established in a time-sharing mode through a dial-up telephone
line.

For the nonlinear regression, programs were taken from the literature [9];
second-degree and third-degree polynomials were used. For the principal
components factor analysis the SPSS program package was used [10]; the
FAKTANAL program [11] was applied for the calculations in the target
transformation factor analysis. A few additional programs for transforming
the data formats, for transportation of results from one program to another,
for displaying the results and for the calculation of the prediction errors
were written in FORTRAN.
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TABLE 4

Least-squares regression of the partition coefficients on the mole fraction of water in the

more polar phase

Solute Multiple Partition coefficient
222}22:::8 Relative error (%)
Mean value RMS value
Degree of polynomial
2 3 2 3 2
1 Progesterone 0.987 0.997 541 2.30 6.51 2.49
2 208-Hydroxypregn-4-ene-3-one 0.955 0.964 762 17.74 9.85 8.88
3 Androstenedione 0.973 0.975 6.54 17.21 7.31 7.88
4 Androstadiene-(4,9(11))-3,17-dione  0.991 0.995 6.15 3.28 8.10 4.05
5 Methyltestosterone 0.992 0.999 6.61 1.40 9.27 1.59
6 20a-Hydroxypregn-4-ene-3-one 0.995 0.996 5.66 4.11 8.04 4.73
7 Epitestosterone 0.964 0.997 14.88 3.02 17.51 3.73
8 Estrone 0.991 0.996 8.87 3.17 1214 3.46
9 Testosterone 0.974 1.000 15.88 0.15 21.26 0.18
1017«-Hydroxypregn-4-ene-3,20-dione  0.973 1.000 18.84 0.58 26.05 0.69
11 11-Desoxycorticosterone 0.981 0.996 14.23 4.35 21.41 5.56
12 Andrenosterone 0.971 1.000 23.90 1.29 35.94 1.62
13 11p-Hydroxyandrost-4-ene-3,17-dione 0.985 0.994 17.83 7.28 27.90 9.01
14 17s-Hydroxyandrosta-1,4-diene-3-one 0.980 1.000 20.03 1.77 30.05 2.22
15 Estratri-(1,3,5,(10))ene-3,178-diol 0.978 0.989 19,95 8.24 3243 10.38
16 14o-Hydroxyandrost-4-ene-3,17-dione 0.944 0.998 71.32 11.29 125.0 16.91
17160-Hydroxypregn-4-ene-3,20-dione  0.938 0.989 64.14 17.08 114.6 25.26
18 17¢,21-Dihydroxypregn-4-ene-3,20- 0.974 0.996 51.23 4.98 94.6 5.70
dione
1919-Hydroxyandrost-4-ene-3,17-dione 0.981 0.998 47.97 3.75 89.7 4.30
20 Corticosterone 0.978 0.999 65.48 8.86 122.0 13.83
21 3,16¢,1 70-Trihydroxyestratri- 0.982 0.999 56.32 5.65 105.7 8.15
(1,3,5(10))-ene
22 11-Dehydrocorticosterone 0.962 0.997 86.06 6.10 162.4 8.33
23 3,16,17-Trihydroxyestratri- 0.983 0.997 50.18 6.89 94.28 9.70
(1,3,5(10))-ene
24 Cortisone 0.847 0.975 198.0 59.10 389.5 99.04
25 178,21-Dihydroxypregn-4-ene- 0.878 0.983 195.8 64.49 381.9 106.1
3,11,20-trione
26 Cortisol 0.881 0.986 323.9 93.17 656.3 160.0
Average error 53.95 12.97 100.4 20.15




The partition coefficients were measured as described in the literature
[7, 8].

RESULTS AND DISCUSSION

Nonlinear regression of the partition coefficients with the phase system
composition

The nonlinear regression of partition coefficients can be done with the
partition coefficients themselves, or with their logarithms. The phase system
composition was described by the mole fraction of water in the more polar
phase. The results of this regression are given in Tables 3 and 4. Typical
examples are shown in Figs. 2 and 3. It can be concluded that the fitting of
the partition coefficients themselves is preferable to the fitting of the loga-
rithms because the logarithm is a nonlinear transformation.

Regression of the factor loadings

With the principal components factor analysis, it is possible to extract
simple factors from the data set. The eigenvectors of the data matrix are the
factor loadings. The information content of the factor loadings decreases
with the number of the factor. This is a property of the eigenvectors. Four
factors were found to be sufficient to describe the given data matrix with
the required accuracy. The flow chart for this calculation is shown in Fig. 4.
The results of the regression of the four factors with the mole fraction of
water in the more polar phase are given in Table 5. The regression curves are

02 0.5 0.75 0.25 05 N 075
*H,0 H,0

Fig. 2. Nonlinear regression of the logarithm of the partition coefficient for progesterone
(¢) and androstenedione (e): (—) with a second-degree polynomial; (---) with a third-
degree polynomial.

Fig. 3. Nonlinear regression of the partition coefficient for progesterone (o) and andro-
stenedione (¢): (—) with a second-degree polynomial; (---) with a third-degree poly-
nomial,
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shown in Fig. 5. The prediction errors are of the same order of magnitude
as for the regression of the partition coefficients. The main advantage of
fitting the factor loadings is that only as many regressions as the number of
factors are required, independently of the number of solutes.



TABLE 5

Least-squares regressions of the factor loadings on the mole fraction of water in the more
polar phase

Factor Multiple Relative error (%)
corre!aFlon Mean value RMS value
coefficient

Degree of polynomial

2 3 2 3 2 3
1 0.998 1.00 1.28 0.48 1.562 0.52
2 0.985 0.999 15.73 9.81 18.12 18.32
3 0.349 0.949 117.63 45.62 134.45 51.55
4 0.857 0.936 196.35 149.41 380.81 287.98

Calculation with the target transformation factor analysis

The first step in the target transformation factor analysis is the principal
component factor analysis. The next step is the selection of test vectors for
guiding the rotation. In this application, the test vectors consist of the phase
system compositions or simple functions of these compositions, e.g., square,
reciprocal or logarithmic. In the first step, single test vectors are chosen; in
the second step, several selected test vectors are combined to form a group

TABLE 6

Error of the rotated vectors, related to the test vectors?

Test Relative error (%)

vector Mean value RMS value Exner value
x H,0 1.1 1.3 0.053
x EtOH 6.6 8.8 0.539
x TMP 154.3 226.0 0.541
RE H,O 18.3 25.6 0.615
RE EtOH 5.8 7.4 0.364
RE TMP 65.9 95.0 0.320
SQ H,0 3.8 4.9 0.067
SQ EtOH 11.3 15.0 0.444
SQ TMP 4389.7 7010.9 0.538
LN H,0 15.3 20.9 0.548
LN EtOH 4.6 5.8 0.206
LN TMP 1.7 2.1 0.105
EX H,0 4.9 6.4 366.0
EX EtOH 4.9 6.4 461.0
EX TMP 4.9 6.4 1420.0

2EtOH, ethanol; TMP, 2,2,4-trimethylpentane; x, mole fraction; RE, 1/x; SQ, (x)*; LN,
In (x); EX, exp (—x/RT).



10

of test vectors. By comparison of the predicted and the experimental values
for the test vectors the best combination of test vectors can be selected. An
additional criterion for the goodness of the prediction ability is the so-called
Exner function [1, 12, 13]. It is a measure of the correlation between the
given and the predicted test vectors and hence for the fit of the data. The
value of the function can vary from zero to infinity, with the best fit ap-
proaching zero. It is useful when a good measure of the experimental error is
not available. The errors of the reproduced test vectors in comparison with
the phase system composition are given in Table 6. The complete results for
the selected test vectors are given in Table 7. Then combinations of four
vectors from this group of possible test vectors are selected, giving the best
reproduction of the data. These calculations are done in the following way:

TABLE 7

Comparison of the predicted vectors and the test vectors?

System  Test Predicted Absolute Relative System  Test Predicted Absolute Relativ
vector vector error error (%) vector vector error error (¢
x H,O LN TMP
1 0.167 0.1645 —0.0025 —1.52 1 —2.017 -—1.971 0.0461 —2.28
2 0.278 0.2745 —0.0035 —1.25 2 —2.976 —2.,932 0.0442 —1.48
3 0.378 0.3766 —0.0014 —0.37 3 —3.863 -—3.828 0.0349 —0.90
4 0.473 0.4846 0.0115 2.44 4 —4.710 —4.901 —0.1905 4.04
5 0.581 0.57567 —0.0053 —0.91 5 —5.809 —5.724 0.0851 —1.47
6 0.702 0.7011 —0.00092 —0.13 6 —6.215 —6.200 0.0149 —0.24
x EtOH EX H,O0
1 0.700 0.6766 —0.0234 —3.34 1 0.99972 0.9650 —0.0347 —3.47
2 0.671 0.6520 —0.0190 —2.84 2 0.99953 0.9750 —0.0245 —2.45
3 0.601 0.5816 —0.0194 —3.23 3 0.99936 0.9687 —0,0307 —3.07
4 0.518 0.6115 0.0934 18.04 4 0.99920 1.1343 0.1350 13.52
5 0.416 0.3746 —0.0414 —9.95 5 0.99902 0.9396 —0.0594 -—5.95
6 0.296 0.2888 —0.0072 —2.44 6 0.99882 0.9885 —0.0103 —1.03
RE EtOH EX EtOH
1 1.429 1.362 —0.0665 —4.65 1 0.99882 0.9641 —0.0347 —3.47
2 1.490 1.403 —0.0875 —5.87 2 0.99887  0.9744 —0.0245 —2.45
3 1.664 1.625 —0.0386 —2.32 3 0.99899 0.9683 —0.0307 —3.07
4 1.931 2.229 0.2980 15.43 4 0.99913 1.1340 0.1349 13.50
5 2.404 2,268 —0.1357 —5.65 5 0.99930 0.9400 —0.0593 —b5.94
6 3.378 3.355 —0.0239 —0.71 6 0.99950 0.9892 —0.0103 —1.03
SQ H,O EX TMP
1 0.0279 0.0262 —0.0017 6.16 1 0.99978 0.9650 —0.0347 —3.47
2 0.0773 0.0706 —0.0067 —8.65 2 0.99991 0.9754 -—-0.0245 —2.45
3 0.1429 0.1441 0.0012 0.84 3 0.99996 0.9693 —0.3067 —3.07
4 0.2237 0.2358 0.0120 5.37 4 0.99998 1.1350 0.1350 13.50
5 0.3376 0.3317 —0.0059 —1.75 5 0.99999 0.9406 —0.0594 —5.94
6 0.4928 0.4917 —0.0011 —0.22 6 1.0000 0.9897 —0.0103 —1.03
LN EtOH
1 —0.357 —0.3394 0.0173 —4.85
2 —0.399 —0.3789 0.0201 —5.04
3 —0.509 —0.4978 0.0113 —2.23
4 —0.658 —0.7327 —0.0749 11.39
5 —0.877 —0.8432 0.0339 —3.86
6 —1.217 —1.2115 0.0059 —0.49

aFor abbreviations, see Table 6.
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the calculated eigenvectors (factor loadings) are rotated in space to those di-
rections which are given by the selected test vectors. Then the factor scores are
rotated in accordance with the rotation of the factor loadings. With these new
factor loadings and scores, the partition coefficients can be calculated. The
prediction errors for some combinations of test vectors are given in Table 8.
A final comparison of the accuracy of different methods for prediction of
the partition coefficients of some steroids was conducted by using the
methods to predict these coefficients for new phase system compositions;
the values were then compared with experimental data. The compositions of

TABLE 8

Results of the calculations with a combination of four test vectors?

Combination of Mean RMS Exner Combination of Mean RMS Exner
test vectors error error function test vectors error error function
1,2,3,5 0.64 0.91 0.008 1,2,3,7 0.76 1.09 0.010
1,2,3,8 0.76 1.09 0.010 1,2,3,9 0.76 1.09 0.010
1,2,5,6 0.64 0.90 0.009 1,2,5,7 0.74 1.08 0.010
1,2,5,8 0.74 1.08 0.010 1,2,5,9 0.74 1.08 0.010
1,3,4,5 0.72 1.01 0.010 1,3,5,7 0.64 0.91 0.008
1,3,5,8 0.64 0.91 0.008 1,3,5,9 0.64 0.91 0.008
1,3,7,8 0.77 1.10 0.010 1,3,7,9 0.76 1.09 0.010
1,3,8,9 0.76 1.10 0.010 1,5,7,8 0.75 1.09 0.010
1,5,7,9 0.74 1.08 0.010 1,5,8,9 0.75 1.08 0.010
2,3,7,8 0.75 1.08 0.010 2,3,7,9 0.76 1.09 0.010
2,3,8,9 0.77 1,10 0.010 2,6,7,8 0.74 1.07 0.010
2,5,7,9 0.74 1.08 0.010 2,5,8,9 0.75 1.09 0.010
3,4,7,9 0.62 0.86 0.008 3,5,7,8 0.75 1.02 0.010
3,5,7,9 0.68 0.97 0.009 3,6,7,9 0.61 0.84 0.008
3,7,8,9 0.76 1.09 0.010 4,6,7,9 0.62 0.83 0.008
5,6,7,9 0.64 0.86 0.009 5,7,8,9 0.75 1.08 0.010

2Definition for the test vector symbols: (1) x H,0, (2) x EtOH, (3) RE EtOH, (4) SQ
H,O, (5) LN EtOH, (6) LN TMP, (7) EX H,0, (8) EX EtOH, (9) EX TMP.

TABLE 9

Composition of additional phase systems for experimental verification of the prediction
of partition coefficients

Phase system Mole fraction
code number 2,2,4-Tri- Ethanol Water
methylpentane
7 0.053 0.698 0.249
8 0.035 0.634 0.331
9 0.009 0.581 0.410
10 0.009 0.518 0473
11 0.006 0.467 0.527




12

TABLE 10

Comparison of calculated and experimental partition coefficients?

SoluteP  Target vector factor  Fitting of Fitting of Fitting of Exp.
analysis logarithm of  partition factor values®
Set 1 Set2 Set3 partition coefficients loadings
coefficients

Degree of polynomial

2 3 2 3 2 3

System 7

1 8.9 8.8 7.9 7.3 7.6 7.8 8.1 7.3 7.6 8.4

3 14.7 14.7 124 11.1 12,2 131 14.2  11.2 12.3 13.0

5 16.5 16.4 15.7 12.9 13.8 16.7 155 129 13.8 18.1

8 204 203 184 161 17.3 20.7 18.9 16.1 17.3 20.8
11 32.9 326 293 25.1 26.8 35.1 306 24.9 26.7 29.9
12 33.9 336 322 272 28.3 393 294 271 28.2 36.0
15 49.9 49.6 41,7 34,7 38.8 54.3 46.8 34.8 39.0 57.7
System 8

1 10.3 10.2 8.7 8.3 8.7 8.6 9.1 8.3 8.7 9.6

3 18.2 18.1 14.1 13.3 14.8 15.4 159 133 149 17.0

5 21.6 215 18.1 16.3 17.7 20.4 18.9 16.3 17.6 23.9

8 26.6 264 226 20.3 22.2 257 23.5 20.3 22.1 284
11 447 443 373 3238 35.6 443 38.9 32.8 35.6 40.7
12 46.4 459 424 36.3 38.1 51.3 39.5 36.3 38.1  49.7
15 71.2 70.8 b54.1 474 54.3 70.4 61.4 474 544 71.2
System 9

1 11.4 115 9.2 10.8 10.9 104 10.5 108 109 101

2 236 236 169 21.7 22.3 21.4 21.6 21.6 22.2 213

5 34.7 34,7 272 316 32.2 30.8 30.5 31.7 32.3 30.8

8 45.2 453 36.2 420 429 420 41.5 426 429 376
11 78.8 79.0 61.4 71.5 729 70.56 69.2 721 73.6 57.9
12 93.8 94.1 819 876 88.6 89.3 86.5 88.1 89.2 80.8
15 134 134 92.3 119 124 119 117 119 123 135
System 10

1 10.3 104 10.6 10.7 10.6 10.4 10.3 10.7 10.6 9.1

3 22,0 221 23.0 23.3 22.7 22,2 22.1 23.1 22,5 21.2

5 33.9 34.0 348 35.0 343 324 32.7 35.1 34.5 329

8 46.4 46.5 475 485 475 456 46.1 48.5 476 424
11 78.3 178.6 804 81.2 79.8 74.7 75.9 821 80.6 65.3
12 99.9 100 101 104 103 97.2 99.8 104 103 87.1
15 132 133 138 141 137 127 129 140 136 140
System 11

1 9.7 9.7 104 101 9.8 10.0 9.7 101 9.7 8.8

3 21.7 21.8 24.2 24,0 22,2 224 22.1 23.8 220 215

5 351 352 376 369 348 33.1 34.1 37.1 351 331
11 82,7 829 88.7 87.6 82.9 77.0 80.7 884 83.6 64.8

*Test vectors: Set 1, xy o, 1/XE10H, XE10H, In (Xgtom); Set 2, xy 0, 1/¥Eion, In (¥Eron),
exp (—xgiou/RT); Set 3, 1l/xpiom In (xTmp), exp (_xH O/RT), exp (—xrmp/RT).
b Solutes numbered as in Table 1. °Experimental values.
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TABLE 11

Comparison of the results of the different methods of calculation with experimental par-
tition coefficients

Solute? T.f.a.P Fitln K Fit K Fit Factor Kgxp
System 1
1 8.9 7.6 8.1 7.6 8.4
3 14.7 12.2 14.2 12.3 13.0
5 16.5 13.8 15.5 13.8 18.1
8 20.4 17.3 18.9 17.3 20.8
11 32.9 26.8 30.6 26.7 29.9
12 33.9 28.3 29.4 28.2 36.0
15 49,9 38.8 46.8 39.0 57.7
MRE 8.5 17 11 17
System 2
1 10.3 8.7 9.1 8.7 9.6
3 18.2 14.8 15.9 14.9 17.0
5 21.6 17.7 18.9 17.6 23.9
8 26.6 22,2 23.5 22.1 28.4
11 44.7 35.6 38.9 35.6 40.7
12 46.4 38.1 39.5 38.1 49.7
15 71.2 54.3 61.4 54.4 71.2
MRE 6.7 19 13 19
System 3
1 11.4 10.9 10.5 10.9 10.1
2 23.6 22.3 21.6 22.2 21.3
5 34.7 32.2 30.5 32.3 30.8
8 45.2 42.9 41.5 429 37.6
11 78.8 72.9 69.2 73.6 57.9
12 93.8 88.6 86.5 89.2 80.8
15 134 124 117 123 135
MRE 16 11 8.1 11
System 4
1 10.3 10.6 10.3 10.6 9.1
3 22.0 22.7 22.1 22.5 21.2
5 33.9 34.3 32.7 34.5 32.9
8 46.4 47.5 46.1 47.6 42.4
11 78.3 79.8 75.9 80.6 65.3
12 99.9 103 99.8 103 87.1
15 132 137 129 136 140
MRE 10 12 9.4 12
System 5
1 9.7 9.8 9.7 9.7 8.8
3 21.7 22.2 22.1 22.0 21.5
5 35.1 34.8 341 35.1 33.1
11 82.7 82.9 80.7 83.6 64.8
MRE® 11 12 10 12
MRE total 10 14 10 14

38olutes numbered as in Table 1. bezO’ 1/xgt0H,XEtOH, In (XEtoH) as test vectors. “Mean
relative error (%).
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these new phase systems are given in Table 9, and the experimental results
are compared with the predicted values in Table 10. The prediction accuracy
of the partition coefficients with all three methods is satisfactory. The pre-
diction error is in the same order of magnitude as the experimental error.
The methods used are the fitting of the logarithm of the partition coefficient,
fitting of the partition coefficient, the fitting of the factor loadings and the
target vector factor analysis. Target factor analysis and fitting of the factor
loadings are preferable to the fitting of the partition coefficients, because the
information from the entire data set is extracted by these methods, and indi-
vidual errors do not have a great influence.

All these methods offer the possibility of optimizing chromatographic
separations by precalculation of partition coefficients for new compositions
of the phase system.

Conclusion

The results of the prediction of liquid-liquid partition coefficients and the
experimental values for selected solutes are given in Table 11. The mean of
the relative errors, RE = (K¢aje — Kgxp)/Kgxp, fOr the single phase systems is
also included. From the total mean relative error for all five phase systems, it
can be concluded that the various methods used have nearly equal accuracy.
The best two methods are target factor analysis (t.f.a.) and fitting of the par-
tition coefficient (Fit K) with 10% relative accuracy. Slightly less good, with
14% relative accuracy, are fitting the logarithm of the partition coefficient
(Fit In K) and fitting of the factors (Fit Factor).

This paper was presented in part at the 9th International Symposium on
Microchemical Techniques, Amsterdam, 1983.
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SUMMARY

A gas chromatograph is used as a model of a monitored process stream, and a method
is developed to detect fixed-amplitude changes either in component concentration or
system response to a perturbation. The multiple injection input and its advantages are
based on the principles of correlation chromatography. The deconvolution of the
aperiodic input pattern from the output results in a signal peak representing average
system response and correlation ‘‘noise” which, when calibrated, gives the direction and
magnitude of the change which has occurred. Because of the signal-averaging effect of the
multiple inputs and deconvolution process, the effects of random fluctuations and noise
are reduced.

In most analyses, the assumption is made that certain factors, such as
sample concentrations, are at a steady state and will remain constant during
data collection. However, in many continuous analytical procedures, includ-
ing kinetic studies and process stream analysis, this assumption is not valid
and, in fact, it is the extent of this nonstationarity that is of interest. If
random fluctuations are of the same magnitude as the fixed-amplitude
change that is occurring, it becomes difficult to evaluate accurately the direc-
tion and magnitude of the nonstationarity by simple observation of the
output.

To develop a data evaluation method for monitoring concentrations or
establishing process dynamics, a gas chromatograph was used as a small
model of a process stream. Single-component samples were injected to simu-
late, in effect, the input of a tracer, voltage or temperature pulse, etc. to
characterize a system by determining its transient response {1]. The input,
or “forcing”, imposed upon the chromatograph and the advantages that
result from it are based on correlation chromatography, a method which
uses multiple inputs and a correlation operation. Specifically, a unique
input pattern, which may be a stream-switching type [2] or, as in this case, a
set of multiple injections [3] is continuously fed into a gas chromatograph
at a rate that will generally overlap the fronts or peaks in the output to some
extent. When the input pattern representation is deconvolved from this
output, the result, or correlogram, will represent the average of all the peaks
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Fig. 1. Typical (a) input pattern, x(¢), (b) output, y(¢), and (c) correlation function h(¢)
in correlation chromatography.

present in the output file and will appear as a single injection chromatogram
(Fig. 1). The inherent averaging effect of this correlation process reduces
the amplitude of the random noise in the raw data to give a correlogram with
an improved S/N ratio. Because one does not wait for one injection to elute
before making another, this S/N enhancement occurs without requiring the
time commitment of ensemble averaging. Considering these properties, it is
not surprising that correlation chromatography has found application in
trace analysis [4, 5]. However, just as the technique might be used quickly
to detect small signal peaks buried in noise, it can also be used to detect
small changes in that signal that occur during the course of the injection
sequence.

Because the multiple injection process is continuous, the possibility of
using it to monitor process streams has been suggested before [5]. The
problem encountered in attempting this application is that the deconvolu-
tion operation assumes a stationary system and any nonstationarity, such as
a fluctuation in input concentration or system response during data collec-
tion, causes the appearance of correlation noise in the final results {6, 7].
This noise decreases the reliability of quantitative information and, if severe
enough, can lead to a complete breakdown of the correlogram [8]. In this
study, it was found that this correlation “noise’ contains information on the
type and magnitude of changes in system response and can be used to
monitor these changes. Random fluctuations and noise are diminished
through the same processes which allow S/N enhancement and an accurate
evaluation of the constant concentration or response changes that occur
during data collection can be made. In addition, however, by finding the
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magnitude of the noise under the principal peaks in the correlogram and
removing it, reliable quantitation of the average input concentration or
system response can also be achieved.

As stated earlier, this study was done with single-component samples to
simulate a flowing system which is monitored without a chromatographic
separation. The multiple signal or input aspect of the technique may be
realized by truly injecting sample into the system (e.g., as in flow injection
analysis) or in process dynamics studied by simply taking multiple readings
from the monitoring device (e.g., a spectrometer) at set times. Multiple-
component samples requiring a separation will show the same type of cor-
relation noise behavior though, as the number of sample components that
have changing concentrations increases, so must the sophistication of the
procedure for the data analysis.

THEORY

As mentioned before, a correlogram (i.e., the information of interest,
h(r)) can be calculated by deconvolving the input pattern representation
x(t) from the output data, y(¢). When done in the Fourier domain, this
deconvolution is a simple division of the two files [9],

h(r) = IFT [Y(f)/X(f)] (1)

where IFT indicates the inverse Fourier transform.

The appearance of a system nonstationarity (e.g., a continual concen
tration increase) may be thought of as a function NS(t) which is added upon
y(t) to give a new output (Fig. 2a). Because of the linear addition property
of the Fourier transform [9], Egn. 1 becomes

h(r) =IFT [Y(f)/X(f) + NS(f)/X(f)] (2)

The result of this operation is the sum of the deconvolution of x(¢) from
y(t) and x(t) from NS(t); the latter of these provides the correlation noise
(Fig. 2b).

With this explanation, the correlation noise in k(7) is expected to be con-
sistent with the function NS(t). If the nonstationarity is increased or dec-
reased by some factor (e.g., if the concentration increase is halved), the
correlation noise peaks and valleys, while remaining in the same position,
will increase or decrease in amplitude by that same factor (Fig. 3a). When
the nonstationarity trend is reversed (e.g., if the solute concentration from
file start to finish is allowed to decrease), the correlation noise follows the
change and one sees the mirror image of the original noise as peaks become
valleys and valleys become peaks (Fig. 3b). Both of these facts may be
thought of as being due to the deconvolution process linearly converting
nonstationarity changes in the output y(¢) to correlation noise in the cor-
relogram h(r).
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Fig. 2. Output and the correlation function resulting from a nonstationary response to
the same input of Fig. 1.

Fig. 3. Comparison of correlation noise patterns: (—) correlation functions of (a) one
half the concentration increase of Fig. 2, and (b) a concentration decrease of the same
magnitude as the increase of Fig. 2; (- - -) correlogram of Fig. 2 for comparison.

EXPERIMENTAL

Very few modifications are necessary to convert a gas chromatograph to
one with multiple injection capabilities. A Becker model 1452D gas
chromatograph oven with a Varian flame ionization detector was used in
this study. A computer-controlled autoinjector provided the multiple injec-
tions. Though other sampling systems have been suggested and used in
multiple injection work [10], the Seiscor model VIII valve used in this study
is quite reliable, readily available and has a switching time of only 10 ms.

Injection control, data acquisition, and the deconvolution operation are
all done on an IBM 9000 computer. The internal high-resolution timer
which controls injection timing and data collection provides an accuracy of
30.5 us. At set times, an injection pulse is provided by the computer via a
single bit transfer through the parallel port in a nonstrobed mode to a
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hardwired pulse-width controller. This, in turn, fires a Clippard Minimatic
model EOV-3 nitrogen-powered solenoid which opens the Seiscor valve
for the set length of time. The computer takes data from a Keithley model
417 high-speed picoammeter, using an internal A/D converter card. This
A/D board allows sample rates up to 30 points per second and is set at
+/— 10 V full scale.

Because this was basically a data-processing investigation, columns, tem-
peratures, flow rates and solutions were chosen to give certain retention
times and peak widths. The principal solute used was heptane which had a
retention time of 64 s at a temperature of 91°C and flow rate of 20 ml
min™ in a Durapak C8 column (1/8 in. X 24 in.).

Calibration files can be simulated either experimentally or on the com-
puter. To effect concentration changes experimentally, the resistance of the
RC time constant which controlled pulse width was gradually increased or
decreased allowing more or less solute to enter the chromatograph and
thereby simulating a concentration change. Computer simulations of concen-
tration changes were done by using an output data file with no concentration
change and then modifying that data to simulate a nonstationarity effect.
All programs were written in FORTRAN-77, using several library sub-
programs for input/output operations.

RESULTS AND DISCUSSION

This experiment necessarily consists of first establishing a set of simula-
tion files with known concentration changes. From the resulting correlo-
grams, several points are chosen and calibrated for the effect that these con-
centration changes have had. The points chosen should be at the tops of
noise peaks (or the bottoms of noise valleys) to allow better resolution and
relative accuracy. As explained, a plot of concentration change vs. point
value for each point should be linear. While it is possible to use only one
point for calibration and monitoring nonstationary effects, it is probably
best to average the results of a number of points to minimize random noise
effects.

Linear concentration changes are the easiest fluctuations to calibrate and
detect (Fig. 4A). In this case, only the magnitude of the change will affect
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Fig. 4. Plot of possible input concentration change. For explanation, see text.
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the correlation noise, so that only a few calibrations are needed. The evalua-
tion process is quite straightforward.

If concentration maxima or minima are present in the file (Fig. 4B), the
calibration and evaluation become more complex as the position of a maxi-
mum, for example, will greatly affect the correlation noise pattern. In the
calibration process, several files with a concentration maximum in various
locations of the file will need to be simulated and calibrated. In the evalua-
tion process of an unknown concentration change, the locations of any
maxima must first be established. Then, from the appropriate calibration
plot, the magnitude of the change can be calculated.

To illustrate how this might be done, the data for a very simple evalua-
tion process are given in Table 1. The calibration points used were chosen
for the purpose of differentiating between files that have linear changes or a
single concentration maximum (or minimum) and then quantifying that
change. The first decision to be made is if there is a concentration maximum
present and, if present, where in the data file it is located. This question was
answered by noting that while both the position of a concentration maxi-
mum and its magnitude affect point values, only the maximum position (or,
more generally, output pattern) governs where each calibration point from a
group of simulation files crosses zero. For example, point 92 is near zero
only when there is no concentration maximum or minimum in the file.
Point 203 crosses zero when the turnaround point is at 50% of the file
length, no matter what the magnitude of the concentration change at that
time. By determining the near-zero values of a correlogram and comparing
them to the calibration files, the position of a concentration turnaround
can be approximated. Because the correlation noise changes only gradually
with turnaround location, an approximation will still allow good accuracy
though the higher the frequency change, the more accurate the approxi-
mation must be. The values of points 67, 352, and 462 would then be com-
pared to the appropriate calibration to characterize fully the nonstationarity.
The number of points to use and the sophistication of their analysis depends

TABLE 1

Simulation results to illustrate evaluation procedure

Conec. Conc. maximum Point values
a ion®

change (%)*  location 67 92 203 352 462 803
—25 — 1354 1 1803 1371 —879 —1668
+25 — —1355 -2 —1802 —1370 880 1668
+50 - —2710 —3 —3605 —2740 1760 3335
+10,—40 0.25 1491 —269 2417 2355 —840 —2147
+ 256, —25 0.50 —760 —997 6 525 1198 —139
+40,—10 0.75 —2245 —670 —2358 —1594 1485 2266

aPercent of largest peak in file. ® Fraction of file length.
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on the accuracy desired and the random noise present, and is limited only by
the number of points in the file. Fortunately, once a calibration is complete
for a certain input pattern, it should require few modifications.

If there is more than one maximum or minimum present in the file
(Fig. 4C), very extensive calibration becomes necessary. To avoid this, files
of shorter length, though still long enough to include the longest retained
eluent, can be collected.

Once the nonstationarity has been identified, the noise directly under the
principal peaks can be evaluated and removed. The calibration of this
“hidden’” noise was accomplished by affecting two simulations of output
data, one possessing a certain concentration change and the other a change
of equal magnitude but opposite direction. If negligible random noise can be
assumed, then, subtracting one of these files from the other leaves only
twice the noise of the first file as the principal peaks subtract out but the
noise contributions add together (see Fig. 5). When the concentration change
has been calibrated, the noise under the principal peaks can be calculated
and removed. If one is concerned only with peak height, this is a one-point
process; to integrate the peak, noise must be removed over the entire peak
width. The adjusted peak should then represent the average peak height or
area of the peaks present in the output file.

Ultimately, the resolution and accuracy of this analysis is limited by the
random noise (including random nonstationarity) of the system. To estab-
lish the effects of this randomness on the technique, the simple evaluation
process described was applied to data files which showed various levels of
random deviation from linear concentration changes. The results are shown
in Table 2. Obviously, random deviations will increase error, but because
these fluctuations are averaged in the correlation process, their effect is
diminished.

(]

2
Misplacement (min)

Fig. 5. Correlation noise isolated from peak by subtracting correlograms of opposing
concentration changes. Dotted line represents the former peak position.
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TABLE 2

Effect on results of random deviations from linear changes (Values are given as percent
of initial concentration and those in parentheses are expected averages)

Conc. Random Calculated Calculated
change (%) deviation (%) conc. change (%) conc. average (%)
—5 0 —b.7 97.6 (97.5)
1 —5.2 97.4
2 —4.7 96.8
—25 0 —25.3 87.3 (87.5)
2 —25.5 87.3
5 —23.6 88.2
—50 0 —50.4 74.8 (75.0)
2 —b51.5 74.3
5 —52.1 73.5

Thus, small changes in system response to a given input which might be
difficult to detect and quantify because of random fluctuations and noise,
can be evaluated by using multiple inputs and a deconvolution process
which effectively averages the results of the multiple signals. Points in a
correlation noise pattern directly quantify changes that occur over the length
of an entire data file, making the change much more amenable to computer
analysis. Finally, the analysis is very fast and continuous, constantly
updating old data and giving new values for response changes and averages.
It is a data-handling method applicable to a variety of signals and its appli-
cation to process-stream control, flow-injection analysis and other contin-
uous monitoring devices is direct and viable.
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SUMMARY

The problems of preprocessing of '3C-n.m.r. spectra for hierarchical clustering are dis-
cussed. Encoding of the spectra in nonequidistant intervals is proposed. To establish the
optimal intervals, a Simplex method with variable-sized movements is used. The optimized
parameter is the amount of information contained in the first two coordinates of the
transforms, obtained by the application of principal component analysis to the '*C-n.m.r.
spectra. The spectra encoded in optimized intervals are used for automated structure
elucidation, based on a hierarchical organization of a collection of more than 2000 assigned
3C-n.m.r. spectra. The hierarchical trees needed for the library search and prediction of
some structural features were generated by a 3-distances clustering method. The retrieval
and predictive abilities of the system are discussed.

In many laboratories, computer-readable data collections of different
kinds of spectra (mass, infrared, ultraviolet, n.m.r., etc.) are available [1—3].
It is generally accepted that !'3C-n.m.r. spectroscopy is a powerful tool for
the determination of organic structures and structural fragments [4]; com-
puterized analysis of C-n.m.r. spectra [5—8] has been investigated for a
number of years. This research is usually linked to the development of infor-
mation systems, which are intended to aid chemists in identifying the struc-
tures of unknown compounds from information obtained from complex
chemical and spectroscopic data.

The choice of representation of spectra is one of the most important deci-
sions that has to be made at an early stage in the development of any chemical
information system based on different spectroscopies. Difficulties in data
handling and interpretation can be diminished by using effective representa-
tion. It has been shown [9] that for infrared spectra, Fourier transformation
with the omission of high-order Fourier coefficients is very suitable for
reducing the data with little loss of information. The truncated sets of
Fourier coefficients are convenient for storage, and the spectra reproduced
from the truncated sets are still very similar to the originals.

A new approach to automated information systems, namely, the 3-distances
clustering (3-DC) method [10—13] has recently been introduced for infrared
spectra. The same approach is now under examination for !*C-n.m.r. spectra.

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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Because of the discrete nature of '3C-n.m.r. spectra, the method of compres-
sion for their representation must differ from the method used for contin-
uous infrared spectral curves. The peaks in !*C-n.m.r. spectra can be encoded
into binary vectors, indicating the presence or absence of the peaks in inter-
vals covering the spectral range from —4 to 277 ppm relative to TMS. Differ-
ent frequency distributions in equidistant intervals suggested the use of
intervals having different widths.

In the present work, the combined use of principal component analysis
(p.c.a.) and Simplex optimization is shown to be very useful for determining
the optimal interval widths for a selected number of spectral intervals. The
spectra encoded in the optimized manner are used for the generation of two
large hierarchical trees based on the 3-DC method.

DATA

A proton-decoupled '*C-n.m.r. spectrum consists of sharp peaks represent-
ing the resonance frequencies of carbon atoms in different molecular environ-
ments in the applied magnetic field. The chemical shifts are characteristic for
carbon atoms in a given environment, and so the peaks can be assigned to
each carbon atom in the structure considered. Usually, the chemical shifts of
a compound are coded into the N-component vector, each component repre-
senting one of N intervals over the whole spectral region. Because peaks are
more frequent in some regions than in others (e.g., around 30 and 130 ppm,
corresponding to sp® and sp? hybridized carbon atoms, respectively), it was
decided to choose different widths and a considerably smaller number of
intervals for the representation of spectra in the present collection.

The data base for this study consisted of about 2200 *C-n.m.r. spectra of
organic compounds gathered from the Arizona State University collection
[14]. Al spectra are assigned and each structure is stored in a form of a
connection table. Chemical shifts for carbon atoms are stored at the end of
corresponding entries in the connection table (Fig. 1).

The master file of connection tables and chemical shifts is linked to a file
containing Wiswesser line-formula chemical notations (WLNs) of all struc-
tures in the data base. The WLNs can be accessed via identification numbers,
which allows quick sorting of the compounds, or a search for a specific struc-
tural fragment. The WLNs are particularly useful for analyzing clusters of
chemical structures in the hierarchical generated trees where manual inspec-
tion is mandatory.

Two problems have to be solved. First, the criterion for the information
content conveyed by an arbitrary representation has to be defined; secondly,
the optimal representation (for a given number of intervals) on the basis of
the selected criterion has to be established.
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Fig. 1. The connection table for one compound from the collection (a) and its structure
(b). The atoms of each structure are numbered sequentially. The following items are stored:
number of the atom; type of the atom; up to 6 neighbours of the atom (for double or
triple bonds the corresponding atom number is entered twice or three times, respectively);
and for C atoms the chemical shift in ppm from TMS.

RESULTS

The first goal of the investigation was to establish the interval distribution
which would provide fast handling and good hierarchical grouping of encoded
spectra. Grouping in this context means clustering of similar chemical struc-
tures or structural fragments on the basis of their 1*C-n.m.r. spectra. The use
of the 3-DC method for generation of a complete hierarchical tree of 1000
objects (spectra represented by 281 dimensional vectors) requires a large
amount of computer time and storage [13, 15]. The largest proportion of
the computer time is required for calculation of the distances between the
281-dimensional vectors. If the representation of the vectors could be
shortened, the efficiency of the tree generation would obviously be improved.
In the search for a new (shorter) representation, two conflicting requirements
were considered: the smaller number of intervals over the entire region and
the unambiguity of the representation. In order to evaluate the most appro-
priate number of intervals, the ratios between the percentages of unambig-
uously coded spectra and the corresponding number of intervals were
inspected. It was found that the maximum of this ratio was very close to 20
intervals with 70% of unambiguously coded spectra. It should be emphasized
that, even if the number of intervals is 200, there are still about 20 duplicates
in the collection.

After the decision had been taken to represent spectra in 20-dimensional
space, the Simplex optimization method was applied to find the optimal
interval widths. The simplex technique is widely used for optimization of
parameters in many different fields of chemistry [16—21]. The advantage of
the Simplex method in the present application lies in the possibility of an
easy choice of different starting simplexes. If all starting simplexes yield the
same optimal vector, the global character of this optimum is confirmed
within a large confidence interval.



26

TABLE 1

The coordinates (interval widths in ppm)and the OPTIM criterion (sum of the two largest eigenv:

resulting optimized vector

No. 20 components
1 9.1 17.4 4.1 15.7 1.8 16.9 11.4 8.1 1.1 T
2 14.0 17.1 12.3 8.9 13.7 2.2 14.4 13.3 3.6 ¢
3 7.8 18.0 15.7 21.7 11.8 10.9 3.6 14.0 6.3 p
4 9.2 115 10.0 4.3 7.0 3.7 6.6 6.0 0.5 2(
20 13.1 13.8 14.9 15.5 9.2 15.9 12.2 13.6 5.7 1¢
21 15.2 24.0 7.3 12.3 7.6 14.5 18.3 5.7 0.8 €
14.5 6.7 2.9 4.1 3.1 2.6 2.1 2.6 2.3 3

The criterion for the optimization was the sum of the first two eigenvalues
calculated by the p.c.a. [22, 23]. The correlation matrix was obtained by
standard procedures [23] from all 2200 *C-n.m.r. spectra which were en-
coded each time according to the new interval widths. Initially 21 different
vectors represented by 20 coordinates (interval widths) had to be established.
The starting coordinates (interval widths) were chosen at random in the
spectral range from —4 to 277 ppm. After several Simplex movements, the
optimal interval widths were determined.

Table 1 lists the resulting optimized vector for a few of the 21 starting
vectors. The optimized percentage of information content in the first two
components (OPTIM), obtained by p.c.a. for a given interval distribution,
was 32.8%, while the best for any of the starting randomly chosen vectors
was 26.2%. The same final information content (32.8%) was also obtained
when all starting vectors except one were lying near one of the 20 axes far
from the origin (all coordinates small except one) while the last one was
placed near the origin equally spaced from all axes. Because different sets of
starting simplexes led to the same optimum in the optimization process, it
was assumed that the optimum obtained was global.

The improvement of the optimized spectral representation is illustrated in
Fig. 2, where normalized frequency distributions of chemical shifts for all
2200 '3C-n.m.r. spectra represented with 20 intervals are shown. The shifts
were encoded in 20 equidistant (Fig. 2A)and 20 optimized intervals (Table 1,
Fig. 2B), respectively. The main improvement in the proposed spectral repre-
sentation is better clustering of encoded spectra. To prove this assertion, two
small trees were generated by identical procedures based on the 3-DC method
and the same set of 20 spectra clustered for both trees in the same sequence
order. The only difference was the representation of spectra: the spectra
forming tree A (Fig. 3A) were encoded in 20 equidistant intervals, whereas
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asined by p.c.a.) of a few starting Simplex vectors. The last row lists the interval widths of the

OPTIM
.8 0.5 8.7 11.2 7.1 15.9 13.1 9.0 9.7 13.8 22.4
.6 126 5.8 10.6 11.3 8.1 0.4 0.4 16.8 8.4 22.1
4 110 8.2 17.6 9.5 11.1 4.1 14.2 3.8 7.1 221
.8 4.7 4.6 8.8 11.6 13.9 3.1 12.1 20.9 17.0 26.2
7 2.2 4.3 5.6 11.8 3.4 14.4 5.8 5.8 15.9 22.8
.9 158 16.2 7.5 4.4 11.7 3.9 23.6 0.5 1.7 23.0
3 121 24.2 18.0 12.4 9.1 7.4 12.56 19.2 13.2 32.8
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Fig. 2. Two normalized frequency distributions of chemical shifts for 2200 spectra from
the collection, represented with 20 equidistant intervals (a) and with 20 optimized
intervals (b). The ordinates are normalized to the intensity in the interval over which the
chemical shifts of the greatest number of spectra are present.
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3 E) 19 17 12 14 13 11

Fig. 3. Two trees of 20 compounds for which the !*C-n.m.r. spectra are clustered by the
3-DC method. The spectra are encoded in 20 equidistant intervals (A) and in 20 optimized
intervals (B). For further explanation, see text.

the spectra of the same compounds in tree B (Fig. 3B) were encoded in the
20 optimized intervals. The decision levels in each tree are indicated by the
numbers 0—5, while the clusters at different levels are labelled a to r. The
numbers 1—20 at the branch ends correspond to the structural formulae of
the compounds or fragments listed in Fig. 4. Comparison of the two trees
shows that the chemical structures of the compounds are clustered better in
tree B. The compounds with saturated carbon atoms are gathered in cluster a,
while the aromatic and heterocyclic compounds are in cluster b at the first
decision level. Compound 1 (aromatic ring with a chain of 10 carbon atoms
as a substituent) is in cluster a together with the aliphatics, but because of
the aromatic ring it is quite different from the other compounds of the same
group and is, therefore, separated from them at the second decision level. In
tree A, the compounds of similar structure are more spread out among the
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Fig. 4. The structural formulae corresponding to the numbers 1—20 at the branch ends in
Fig. 3.
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clusters. For example, compounds 3 and 4, which are structurally very similar
(Fig. 4), are separated even at the first decision level: compound 3 is in
cluster a, and compound 4 is in cluster b. In tree B, the two compounds are
in the same cluster, o, up to the fifth decision level.

Among the 2200 spectra encoded in 20 equidistant intervals, 702 spectra
(32%) were not unambiguously defined. When the spectra were encoded in
20 optimized intervals obtained by the described method, the number of
such spectra was smaller (579 or 26%); this is one reason for preferring the
optimized intervals. Because objects with identical representation are always
clustered together, handling of duplicates is simplified. Even if there are
many of the same kind, they can be detected in a straightforward manner;
representation of the cluster is identical for all objects in the cluster. After
the duplicate has been detected, it can be treated separately by recalling the
extended representations of objects in the particular cluster.

The new 20-dimensional representation of 2200 !'*C-n.m.r. spectra were
used to generate two hierarchical trees, each consisting of 1000 spectra
(Fig. 5). The trees are linked sequentially so that for any query spectrum the
search can be made through all 2000 compounds. If one of the compounds
clustered in the trees is sought, there is always an exact match to the query
spectrum at the end of the path. In other words, the recognition ability of
the combined hierarchical retrieval system (two sequentially linked decision
trees) is 100%. The longest retrieval path consists of 45 three-way decisions
(23 and 22 for each tree, respectively). On average, however, only 25.1
(12.5 + 12.6) decisions are necessary to retrieve any of 2000 spectra from
the collection.

g’

l l

Root of the first tree Root of the second tree

Fig. 5. Two sequentially linked hierarchical trees for the described retrieval scheme. Each
tree consists of 1000 spectira. The query spectrum “X’’ enters at the root of the first tree
and continues its path, after leaving the first tree, at the root of the second one. Because
of duplicates, it is worthwhile to continue the search through the second tree even if an
exact match is found in the first tree.
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DISCUSSION

Not only does this hierarchically organized data base provide an efficient
means of retrieving an identical query spectrum but there is an additional
advantage if the spectrum sought is not in the data base. In Fig. 6 the last
part of the retrieval of a test spectrum (labelled X) for such a case is explained
in detail. Because an exact match was not found, two clusters, both close to
the end of the retrieval path in each tree (three to four levels back depending
on the similarity of the objects), were inspected further (Fig. 6A). The
compounds from these two clusters were ranked on the basis of the distances
between their spectra and spectrum X (Fig. 6B). According to the decision-
making process of the retrieval system based on the hierarchically organized
data, the structure at the top of the ranking list is the most similar to the
structure of the unknown compound X. It is possible in some cases that the
most similar compound does not appear on the ranking list because it was
overlooked in the retrieval procedure at the point where the decision on the
subsequent path was made on the basis of two almost equal distances. For
the hierarchical retrieval system based on infrared spectra [13], it was found
that ‘‘“feed-back’ searches [24] significantly diminished the possibility of
missing the spectrum most similar to that of the unknown compound. The
proposed system enables the query spectrum to be re-entered at any vertex,
not just at the root, thus offering the repeat searches at vertices branched off
of the main retrieval path.

Additional information about the unknown structures of compound X
can be obtained from consideration of the common structural fragments
assigned to the clusters encountered by the query object X on its path
through the two decision trees. Actually, for real cognition of the predictive
ability of such hierarchical retrieval systems, common structural features
should be extracted and evaluated at each decision point (vertex). This means
that for the present scheme of two 1000-object trees, almost 2000 clusters
have to be inspected and assigned. Because no assignment can be fixed until
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Fig. 6. (A) Two clusters on the retrieval path through two hierarchical trees of 1000
spectra, close to the end of each tree, when an unknown compound X is sought.
(B) Ranking of the upper compounds with respect to the distance d between the com-
pounds’ spectra and the spectrum of X.
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it has been thoroughly tested [13], the predictive abilities of all vertices are
the subject of continuing investigation. For testing the predictive ability of
the hierarchical retrieval system, 200 spectra from the original collection
were omitted before the two trees were generated. The outcomes at each
vertex on all 200 retrieval paths have to be evaluated before further conclu-
sions about the predictive ability can be reached.

Conclusion

A hierarchical retrieval system of two sequentially linked trees, each con-
taining 1000 '*C-n.m.r. spectra encoded in optimized intervals, was generated.
Because the 100% recognition ability of the retrieval system with an average
of 25.1 decisions is a good result (even in the worst case, only 45 decisions
are needed), these two trees were not combined into one big tree of 2000
spectra, although this would result in a slightly smaller number of decisions
necessary to retrieve a spectrum. The system of two small trees instead of
one large tree decreases the demands on program memory and has the impor-
tant advantage that it is possible to compare two retrieval paths and the
decisions made on them, especially if both trees consist of spectra of struc-
turally similar compounds. Even more complete information can be obtained
by feed-back searches through both trees; this has been already described for
infrared spectra [24] and is also possible in the proposed system.
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Scientific Research (project number 479). Part of this work was presented at
the VIIth Intermnational Conference on Computers in Chemical Research and
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SUMMARY

Pattern recognition is shown to provide a means of classifying various types of surface
waters on the basis of physicochemical data. Based on eleven relevant features, five dif-
ferent clusters were found in an evaluation of about 150 000 observations made over a
period of 8 years. Discrimination between these clusters pertaining to water quality
required seven chemical and two physical features only. Combination of a selection of
these features into one eigenvector, dominated by total ionic nitrogen and ortho-
phosphate, and a second eigenvector dominated by nitrate and ammonia with different
signs, defines a projection plane in a five-dimensional feature space that accounts for 91%
of the information content of the data matrix; 65% is attributed to total ionogenic
nitrogen and phosphate and 26% is associated with the nitrogen redox balance.

Some years ago, the quality of surface waters in the Netherlands deter-
iorated so much that government action became necessary. A program was
started, and extended over several years, to study the quality of not only sur-
face waters but also of air and soil. The quality of surface waters was judged
by several chemical and physical parameters, some of which were combined
mathematically to provide a quality number. Because many different
laboratories collect data on surface water quality, the resulting data collec-
tions are not easy to handle or to interpret. Moreover, there is no relation-
ship between the physicochemical data matrix and the implications for
biological systems. The main difference between the physicochemical
assessment and the biological assessment is the time scale on which effects
are observed. A biological system may react slowly to environmental
changes, so that months may pass before curative action is taken. For an
ideal surveillance system, the relationship between physical, chemical and
biological features should be known; pattern recognition methods offer a
possible solution to this problem. Clustering of sampling locations is sought
in relation to quality criteria, with the intention of identifying the most
important feature(s) involved in the clustering. A firm relationship between
these features and water quality in an ecological sense is not provided by
pattern recognition but may be sought in a wider investigation. In this paper,
a plan is described for handling the huge amount of data, collected over

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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eight years at 110 locations in the province of Utrecht in The Netherlands,
in order to produce results in a form that can be assessed.

DATA SET

The data set used was measured and collected by the laboratory for water
surveillance in Utrecht [1]. The features listed in Table 1 were measured
from 1975 onwards at 110 locations in the Utrecht province; the general
area is shown in Fig. 1. Heavy metals (copper, zinc, nickel, chromium,
cadmium, mercury and iron) were also determined, but on a less regular
basis, and are therefore omitted from this investigation. Physical descriptors
such as flow rate of the water, detritus, plant growth, smell, colour, weather
conditions and wind speed, are also not considered here. The geographical
distribution of the surface waters of the Utrecht province includes: (1) the
river Eem and its tributaries (route ¥, AM, G) to the east; (2) the com-
bined rivers Kromme Rijn and Vecht at the centre in open communication
with the Rhine at the Amsterdam-Rhine canal; (3) the waters of the
meadows to the west; (4) waters in and around the city of Amersfoort; and
(5) waters in and around the city of Utrecht.

The data set comprises about 150 000 measurements, collected during

Fig. 1. Map of the province of Utrecht, with water sampling areas indicated. For further
detail, see text,
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1975—1982 at 110 sampling locations with a frequency of 2—48 samplings
per year,

APPLICATION OF PATTERN RECOGNITION

In pattern recognition, a search is made for attributes: with similar
behaviour, here, water locations with about the same water quality. A
pattern is defined here as a list of chemical measurements pertaining to a
particular location, ordered in a vector. Each vector element denotes a
particular chemical feature (e.g., ammonium or nitrate content) The order
of the chemical features in a pattern vector is the same for all patterns (i.e.,
locations and/or sampling times. The end points of all vectors or patterns
are positioned in a multidimensional feature space with the same dimension-
ality as the number of members in the vector. In pattern recognition, a
search is made for vector and points (patterns) that cluster together in the
feature space and denote water locations with similar chemical composition
and thus, hopefully, similar quality.

Before the search for clusters was started, some preprocessing was needed.
First, patterns where one or more features were missing were removed from
the data matrix; patterns from locations that were examined less than six
times a year were also removed. Of the sixteen features listed in Table 1,
eleven were selected for description of the patterns (Table 2); features
measured less frequently and/or with poor accuracy were removed. Then,
because of the periodic behaviour of some features during the year, all
features were corrected with a cosine function for seasonal fluctuations.
This correction diminished the variance of the measurements per location
and permitted a search for measurements that were obviously wrong (see
Table 3) because of analytical or typing errors (6 patterns out of 110).
After this seasonal correction, measurements during 1979—1982 were
averaged per location,

From the original data matrix, 51 patterns were selected described by

TABLE 1

List of observed features®

Feature Symbol Feature Symbol
Temperature (°C) T Nitrate-nitrogen content® NO,—N
Oxygen content? 0, Orthophosphate content? o-PO,
Saturation with oxygen (%) 0,% Total phosphate content? t-PO,
Biochemical oxygen demand® BOD Chloride content Cl
Chemical oxygen demand® COD Acidity pH
Ammonium-nitrogen content? NH,—N Conductivity (uS) cond
Total nitrogen content? Kj—N Coliforms (ml™) MPNE
Nitrite-nitrogen content? NO,—N Opacity (cm) Op

39~48 observations/year. PIn mg I,
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TABLE 2

Features used in the initial pattern-recognition procedure, with variance weights

Feature Variance Feature Variance Feature Variance
weight weight weight

T 1.60 NO,—N 3.36 pH 1.94

o, 1.68 oPO, 2.41 cond 2.84

BOD 1.95 t-PO, 2.83 Op 1.83

NH,—N 2.91 Cl 5.00

TABLE 3

Correction for periodicity of the features and their variance weights

Feature Amplitude?® S.db Phase? S.dpb Variance
(mg 17') (radials) weight

NH,—N 0.86 0.24 —0.45 0.42 6.55

NO,—N 1.13 0.49 —0.77 0.70 6.27

o-PO, 0.37 0.12 2.24 0.64 5.24

0, 1.86 0.52 —1.16 0.44 2.12

BOD 1.15 0.74 —1.70 0.65 2.05

a Averaged over 8 years. ?Standard deviation based on the results from 8 years.

eleven features, from sampling points located along defined routes (A, UT,
B; F, AM, G; Fig. 1). These patterns were used for the development of the
first learning machine and are named the training set (see Table 5).

Standard pattern-recognition techniques [2—7] were used. All feature
axes were autoscaled, to provide the same scale expressed in ¢; units, where
o; is the standard deviation for feature i. The inter-feature Euclidean dis-
tances were calculated in order to construct a similarity matrix S where
S,; = 1—D, /D denotes the similarity between two patterns i and j

iJ max

which are a Euchdean distance D, ; apart; D .. is the maximum distance
found in the inter-pattern dlstance matrlx Clustering was sought by means
of the hierarchal technique and the minimal spanning tree.

This procedure resulted in four more or less distinct clusters of patterns,
which after comparison with the map of the province could be named
‘Vecht’, ‘Eem’, ‘Amersfoort city’ and ‘Rhine water inflow’. Hereafter, the
supervised pattern recognition was started and improved clustering was
obtained by weighting the features according to their ability to distinguish
between these clusters (see Table 2). From this table it is seen that tem-
perature, T, has the lowest weight (1.60), which is not surprising because
in Utrecht there are no plants that produce excessive amounts of heat and
thus spoil the ecological quality of water. It can also be seen that features
such as O,, Op, BOD and pH have relatively low variance weights and thus
contribute little to the discrimination between clusters. The most important
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features listed are Cl (5.00), NH,—N (2.91) and NO,;—N (3.36). Because Cl
results from the influx of Rhine water, and the aim is to describe water
quality, where the chloride content is immaterial, the features Cl and cond
that were highly correlated (correlation coefficient 0.77) were omitted from
the data set. From the features t-PO; and o0-PO,, which were almost
ideally correlated with a correlation coefficient of 0.98, 0-PO, was selected
because its measurement is much less time-consuming than that of the total
phosphate content, t-PO,. The features pH and Op were also removed be-
cause of their low discriminating ability.

This resulted in a new set of features, listed in Table 3, a new learning
machine, and a somewhat revised clustering. In order to visualize the
clustering, the features were linearly combined by means of a Karhunen-
Loéve transformation and ranked in decreasing amount of accounted
variance. The two linear combinations (eigenvectors) with the highest var-
iance (eigenvalues) define a plane on which the five-dimensional feature
space may be projected with the least loss of information.

The importance of the various features in these two eigenvectors is seen in
Table 4, in which the information content of the projected patterns is also
listed. It must be noted that the algebraic signs of the features in the first
eigenvector is the same (positive) but the signs of NH;—N and NO,;—N
in the second eigenvector are different. This is not apparent from their
respective contributions, which follows from the squares of the coefficients.
Figure 2 shows how the patterns are located in five different clusters; the
notation of the various sampling locations in these clusters is listed in
Table 5. The geographical implications of the clustering can be seen from
Fig. 1. Although the clusters are named Eem, Vecht, etc., sometimes a sur-
face water composition is found in, e.g., the Amersfoort cluster at a location

TABLE 4

Karhunen-Loéve transformation: contribution of all five autoscaled and weighted features
to the first two eigenvectors

Feature Eigenvector
First? Second®
NH,—N 0.46 0.19
NO,—N 0.23 0.68
o-PO, 0.30 0.02
0, 0.00 0.09
BOD 0.01 0.02
1.00 1.00

Eigenvalue (i.e., information) 65 + 26 = 91%°

2All signs the same. PNH,—N and NO,—N have different signs. °The third, fourth and
fifth eigenvectors contribute 6%, 2% and 1%, respectively.
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Fig. 2. Karhunen-Loé&ve transformation based on five features of the training set after auto-
scaling and weighting.

TABLE 5

Composition of clusters (see Fig. 1) in the training set

Cluster Cluster Sample collecting location
no.2
Amersfoort 1 AMO1, AMO02, AM03, AM04, AM05; G02, G07, G12,

G13; A07, Al4, A20, B14, B15.

Utrecht 2 UT04, UT05, UT06, UT08, UT09, UT10; A01, BO1, BO2.

Rhine 3 UTO1, UT02, UT03; F02, F06, F10, F15; A03, A04,
A06, A19, B16, B17.

Vecht 4 BO03, B04, BO7, BO8; A10, A13, UTO7.

Eem 5 F07, F08, F09, F14, F16; G01, G05, G06.

2Corresponding to the numbered squares in Fig. 1.

near the Vecht. This implies that the composition and thus the water quality
is not always correlated with the geographical location suggested by the
name of the cluster.

In order to relate the Karhunen-Loéve transformation to the water
quality, a global classification of the clusters is given in Table 6; only the
most important features are presented to simplify the pattern. Of all the 3°
possible quality classes, only five were actually encountered in practice.

The data set of b1 patterns used so far defines a so-called training set
which is used to construct a learning machine. In order to visualize the time
dependence of the location of the various sample points in the feature space,
the patterns of each individual year 1979 up to 1983 were projected in the
feature space defined by the learning machine and classified according to
the nearest-neighbour method (Table 7). In order to simplify the table only
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TABLE 6

Global classification of clusters based on the most important features

Cluster Feature

NH,—N NO,—N t-PO 2
Amersfoort (city) low low low
Rhine (river) low medium low
Utrecht (city) medium medium medium
Vecht (river) high medium high
Eem (river) medium high high

#Because of the high correlation between o-PO, and t-PO, (0.98) only one of these was
selected for this classification.

TABLE 7

Classification of sample locations that show a time-dependent quality?

Sample Cluster Classification in various years
location no. 1979 1980 1981 1982

AMO5
A07
Al4
A20
B14
B15
GO02
G13

UT04
UTo08
UTo09

A19
B16
B17

Al10
Al3
UTo07

Fo08
G06
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3The nearest-neighbour method was used.

those sampling points are listed that move from one cluster towards another.
Table 7 provides justification of the variance reduction obtained by
averaging the analytical results over four consecutive years. The moving of
one sampling point (A19) can readily be explained because a water purifica-
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tion plant was started in that year (1980). The change over of the other
sampling points results from their position near the ‘boundary’ of two
clusters which strongly influences the nearest-neighbour voting system.

The classification of the entire collection of sampling locations was
completed by positioning the four-yearly average patterns in the feature
space of the training set (see Table 8). The patterns were again classified
according to the nearest-neighbour method. In situations where the nearest
neighbours were found in different clusters, the patterns are attributed to
both clusters. The process is visualized in Fig. 3, where a Karhunen-Loéve
projection is given for the training set and the test set comprising 53 of the
other sampling locations of Utrecht. It can be seen that the different clusters

TABLE 8

Classification of sample locations collected in a test based on the mean composition over
four years

Cluster Cluster Sampling location
no.
Amersfoort 1 C03, C04, C06, C11, C15, C16, C18, C20, D01, D03,

E07, E08, E09, E10, E11, E17, E18, E19, F10a, G08,
GWO01, GW02, GW03, GW06, GW09, GW14, GW15,
GW17, GW18, P01, P02, P03, P04, P06, P07, A07,
Al4, A20, B14, B15.

Utrecht 2 C10, D01, E01, GW04, GW06, GW11, GW12.
Rhine 3 C10, C21, D11, D11a, D12, D14, EO1, E03, E04,
E05, E12, E16, GW10, GW12, GW13.
Vecht 4 Al1l, A12, A13a, D02, F0O5, GW16.
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Fig. 3. Training set and test set patterns, composed from four-year average values of 53
other sampling locations.
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cannot be linearly separated (separated by a flat plane in the multidimen-
sional space) but the separation is clearly seen.

In order to interpret the clustering, the eigenvectors must be inspected
more closely. Thus, the main contribution towards the first eigenvector is
given by NH,—N, 0-PO, and NO;—N (see Table 4). The data listed are the
squares of the coefficients of the scaled and weighted features. As the coef-
ficients have equal signs, the combined nutrients, phosphate and nitrate/
ammonia, provide a first descriptor of quality. The second eigenvector
shows an important contribution of nitrate-nitrogen and to a less extent
NH,—N, but here the signs of these coefficients are different. It is tempting
to interpret this eigenvector as the effect of aeration on the oxidation of
NH,—N towards NO;—N, which should have a beneficial effect on the
quality of the water. From a biochemical point of view, one could say that
the first eigenvector represents eutrophication and the second one aeration.
A less speculative physicochemical interpretation of the water quality based
on the results of the eigenvector projection is to regard the first eigenvector
as the total ionogenic nitrogen and phosphate (TINP) and the second one
as the nitrogen redox balance (NRB). A projection of the patterns of the
training set on a plane defined by these parameters shows that the clustering
is not inferior to that of the eigenvectors from the Karhunen-Loéve trans-
formation (Fig. 4).

From Fig. 4, it is obvious that on the horizontal axis (TINP) the points on
the right-hand side indicate poor water quality. On the vertical axis, the
higher points contain more NO;—N than NH,—N, which can be interpreted
as corresponding to better water quality according to the oxygen content of
the water. However, this new feature is correlated to the nutrient content of
the water; the difference between NO;—N and NH,—N can be high although
the nutrient content may be low. According to this point of view, the
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Fig. 4. Training set pattern projected on a plane defined by TINP and NRB.
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patterns in the left upper corner show good water quality, while those in the
right upper corner show bad quality because of nutrient content; in the left
lower corner the quality is poor because of low oxygen content and in the
right lower corner the quality is bad for both reasons. The patterns in the
centre square are not of high quality, but the reason for this is obscure.
From this point of view, there are very few points with good water quality
in the province of Utrecht.

Another important observation pertaining to water quality is that other
parameters such as oxygen content and BOD, which have been considered
as important in the past, seem to play an insignificant role in the clustering
procedure. This means that these parameters have almost the same numerical
value in each cluster and in this respect the quality of the clusters is about
equal. The effect of heavy metals and bacteriological concentrations on the
quality of the water is not taken into account in this study. This is not
because their influence on water quality is rated as unimportant, but because
the low frequency of these measurements made their assessment meaningless.

Conclusions

In a pattern recognition procedure applied to about 150 000 observations
of chemical and physical conditions of surface water in the province of
Utrecht, collected at 110 locations during 1975—1982, a training set of 51
locations described initially by eleven features averaged over four years was
selected. This training set provided a learning machine that showed five,
mainly geographically distinguishable, clusters with different water qualities.
The features could be subdivided into two groups of features, one com-
prising chloride and conductivity that here has little connection with water
guality, and another comprising NH,—N, NO;—N, o—PO,, O, and BOD
that does relate to water quality.

Contrary to expectation, oxygen content and BOD. normally regarded
as important from an ecological point of view, are not important for dis-
tinguishing different clusters. A good description of the clustering was found
with two (composed) parameters only: total ionogenic nitrogen and phos-
phate (TINP) which is a simple addition of autoscaled values for NH;—N,
NO;—N and o0—PO,, and the nitrogen-redox balance (NRB) which is the
absolute value of the difference between autoscaled NH,—N and NO;—N
data. Based on these two parameters, the patterns of the training set were
well separated. Addition of the other sampling locations, collected in a test
set comprising 53 locations averaged over the same period of four years,
showed the same clearly distinguishable clustering. Projection of patterns
from sampling locations of individual years enhanced the intra-cluster
variance but did not spoil the clustering. Interpretation of the descriptors
as the total amount of fertilizer, producing eutrophication, and aeration of
water needing purification, seems attractive but has no biological justifica-
tion at present.
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SUMMARY

The quality of surface waters depends on chemical, physical and biological properties.
An official definition of normal values of various chemical constituents for the construc-
tion of a classification scale of water quality has been in use for some years; water quality
of each sampling location is presented on geographical maps by colour codes. The infor-
mation content of these maps has decreased considerably in recent years, because of
improving water quality. In the method described here, a different selection of class
boundaries is used, so that all classes are well populated, and data are weighted to
emphasize extreme situations, This improves the information content of the maps,
simplifying choices of locations for remedial action.

In connection with a general study of the deteriorating quality of surface
waters in the Netherlands, a quality index number was constructed, based
on the measured values of oxygen content, biological oxygen demand
(BOD), and ammonium ion content (NH,;—N); values for phosphates
(t-PO,) were also obtained. The selection of these variables from a set of
many others, including heavy metal content and bacteriological concentra-
tions, was not based on theoretical considerations, but was intended merely
to serve as a practical means of reducing the enormous amount of physical
and chemical data that were collected over a year to manageable proportions.
The measurements on O,, BOD, NH,—N and t-PO, were collected, averaged
per year and grouped in five classes with fixed class boundary values [1].
The classes were mutually distinguished with these class values for each of
the water constituents mentioned and the final ranking of the quality,
according to this system, followed from a summation of this yearly average
of the class values for the individual constituents O,, BOD and NH;—N. The
classes were represented by a colour code, ranking from red for ecologically
bad water, via orange, yellow and green, to blue for water with high
ecological quality. On geographical maps, this colour code was used to paint
the various streams and lakes in order to provide a broad indication of
quality even to unskilled observers. However, because of various govern-
mental actions taken some years ago, the quality of the surface waters
improved considerably and thus some of the colours (e.g., red and orange)

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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no longer occurred on the quality maps. This had two implications: (1) the
information yield per map diminished and the original code became obso-
lete; and (2) the quality of the water was no longer monitored in the best
possible way, because other adverse effects, such as those of heavy metals
or nutrients, which became more important as the primary effects were
improved, were not visualized.

These observations were an incentive to investigate whether the informa-
tion transfer could be enhanced with a modified quality index, and if it
would be advisable to monitor other physicochemical features. The latter
question was investigated by means of pattern recognition [2]; the problem
of information yield is discussed in this paper.

INFORMATION THEORY

In order to compare different analytical procedures and methods, infor-
mation theory can be useful [3—6]. According to this theory, each sample
(e.g., sample of surface water) contains undeveloped or latent information
that can be developed, at least partially, by application of analytical
procedures. Thus an amount of latent information is converted to actual
information; phrased in another way, the entropy of the sample, in the
sense of information theory, is decreased. This statement can be quantified
by comparing the number of possibilities relevant to the composition of the
sample before and after the chemical analysis. The information gain thus
depends on the analytical method chosen. In order to count the number of
possibilities before the chemical analysis, a distribution function of all
possible analytical results should be defined. Such a function may become
a discrete one, by defining a finite resolution for each analytical method
chosen.

A single measurement is thus represented by one number. A series of
measurements results in a series of numbers that can be represented by a
distribution function. Such a distribution function may be compared with a
reference distribution function that represents the maximal information
obtainable from a system, or with only that particular piece of information
that is sought.

The representation of such a comparison generally suffers from a loss of
information. If the reference distribution is found in the experimental
results, this loss is minimal. However, if only one class is populated in the
series of measurements, the loss is maximal. The entropy of representation
produced by the measurements depends on the known reference distribu-
tion of the variable under investigation. This may be defined as decrease in
relevant entropy and follows from Shannon’s equation

N
H=—Y P* dP¥
i=1
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where H describes the relevant entropy developed by the representation of
the results. Information is found from a change in the relevant entropy
before and after the chemical analysis, and P} is found from

N
Pk =W/ ¥ Wn,
=1

i=

Here P} is based on the discrete population n; of class i, which is known
from the chemical measurements, N is the number of classes and W, is the
weight of class i, based on the previously estimated probability of occur-
rence. The maximal value for H is found when all P¥ values are equal, and is
H_ .. =1d N. Here a discrete rectangular reference distribution for N classes
is described with the weights W, = 1 for i = 1, 2, 3 ...N. This provides the
orthodox Shannon formulation.

However, it is likely in practice that situations where all classes show an
equal population will be of little interest. Situations where only a few
sampling points are found to show poor water quality, will prompt a more
adequate, faster reaction of the responsible authorities than situations
in which 1/5 of the sampling locations are bad and any incentive for action
must be based on a (random) selection. Such situations, pertaining to clinical
chemical analyses, have been described [7]; an attention function was
formulated in order to focus the attention of the physician on extremely
abnormal situations. The attention score was constructed by means of well
chosen W, values.

For example, if it is assumed that the original distribution function is
Gaussian, and that the class boundaries lie in the ranges |—e, —3¢| |—30,
—g| |—o, +0o} |[+0, +30| and |+ 30, +|, then the surfaces below the dis-
tribution function will be 0.0013, 0.1574, 0.6826, 0.1574 and 0.0013,
respectively. In order to describe these possible classes with equal intensity,
the weight factor W, would be 796.13, 6.67, 1.47, 6.67 and 769.13, respec-
tively. According to this mathematical concept, the frequency distribution
for different measurements (e.g., the NH,—N and o-PO, contents) may
yield new classes, each formed by combination of one NH,—N class and one
0-PO, class, producing a histogram with more detail. Here each combina-
tion gets its own P} value. If the classes are unequally populated (i.e., dif-
ferent values for n; are found for different combinations), the entropy may
be optimized by choosing W, values, such that W, n, = 1/N for each class.
In order to do this, the class boundaries for the individual measurements
may be chosen such that classes with equal values for W, n, are formed.
This can be done sequentially for all measured variables until the decrease
in entropy becomes insignificant. Thus the number of relevant variables
to be taken into account can be found.

The total information gain arising from measurement of the second
variable is less than the sum of the information gains of the individual
variables because of the correlation between variables 1 and 2. For discrete
classes, constructed by combination of the classes for the individual variables,
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this is accounted for by counting the population of the classes. This correla-
tion may be exemplified by considering the determination of NH,—N and
0-PO, for ammonium dihydrogenphosphate; the determination of o-PO,
produces no additional information on the content of this compound in
the sample, if NH,—N has already been determined, if the precisions of the
NH,—N and 0-PO, measurements are the same, and if the sample does not
contain either component from a different source.

WATER QUALITY

The description of water quality in the Netherlands is based on a set of
chemical compositions listed in the IMP (Indicative Multiyear Planning),
which are all positioned in one of five classes with fixed class boundaries.
This provides the basis for a reference distribution which is used for com-
parison with the frequency distribution encountered in one particular year.
The investigations described here are based on a data set measured and col-
lected by the laboratory of Provincial Waterstaat Utrecht [1]. This data set
was described in the preceding paper (see Fig. 1 and Table 1) [2]. From the
set of 16 frequently measured physicochemical variables, only three are
used to describe water quality by means of the IMP quality index number
and its associated colour code. These variables are grouped in five classes,
each of which theoretically allows a representation of entropy of 1d 5 = 2.32
bit per variable per sampling point, provided that all classes are of equal
population. The code-coloured map thus presents information corresponding
to 2.32 times the number of sampling locations, assuming that there is no
correlation between sampling points. However, if only two of the five classes
are populated, the entropy drops from M X Ild 5 to M X 1d 2 (i.e., M bit)
where M represents the number of sampling locations.

The representation of entropy for three variables, O,, BOD and NH,—N,
could theoretically amount to 3 X 2.32 bit per sampling point, provided
that the three variables are completely uncorrelated. This implies that all 5°
possible combinations of individual variable classes actually are found in
practice. During recent years, the reference distribution has differed to such
an extent from the situation actually found, that the entropy cannot be
described optimally [1].

RESULTS AND DISCUSSION

The selection of 0,%, BOD and NH,—N as variables for the description of
the quality of surface waters by means of a single quality index requires
some comment. The choice of oxygen content is obvious because the growth
of micro-organisms, vegetation and fish depends on it. Chemically, however,
this is not a good descriptor because the results for oxygen depend strongly
on the time of day, illumination and temperature of the water. This makes
any comparison of results obtained at different sampling locations and times
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very dubious, and leads to high variance [2]. The measurement of BOD is
not easily reproducible and is time-consuming. Because of the improved
quality of the water in very recent years, the descriptive value of these
variables has become low. However, they may serve to illustrate the im-
proved quality description based on information theory.

For a start, all sampling locations along the river Eem were selected, route
F, AM and G (see Fig. 1 in [2] ) and the measurements during 1975 up to 1982
were collected. For each of the variables (0O,%, BOD and NH,—N), histo-
grams were constructed (Fig. 1). In these histograms, new class boundary
levels were constructed in such a way that W; = 1 and all five P} values for
each class equal 0.2, for each individual year and for each constituent. This
ensures a maximum amount of entropy per constituent. Later, this was done
for all data. In practice, a class boundary is sometimes found that would
separate some of the measured results of a given value in one class from
the same values found in an adjacent class. In such situations, all measure-
ments of the same value are collected in one class; this is at the expense of
the maximal obtainable entropy.

The 0,% class boundary levels were chosen such that 0,% < 100% were
classified in five equivalent classes, as were values > 100%. The population
of the classes higher than 100% was added to that of the classes below 100%,
i.e., the data of class 2 in the range 105—109% were added to the data of
class 2 in the range 65—79% (see Table 1). This procedure was used to cal-
culate the boundary levels for each year. Figure 2 shows how the class
boundaries for class 3 varied during 1975—1982 for 0,%; the classes fluc-
tuate around a given value. The same procedure was used to construct
the time dependence of the class boundaries for BOD and for NH,—N. It
can be seen from Fig. 2 that all the class boundaries for class 3 of the BOD
gradually decrease with time. This reflects the improvement of the water
quality.

In order to describe the water quality in the sense of information theory,
a reference base is needed. Here BOD would cause problems, because of its
time dependence in recent years. However, the earlier investigation by means
of pattern recognition [2] showed that the weight of this variable was so
low that the BOD value did not contribute to the discrimination of various
types of water. Because of this, and because comparison between the
quality index for successive years was sought, a constant reference base was
selected, based on class boundary values obtained by averaging the values for
1975—1982. For the features O,% and NH,—N, this caused little difficulty
because here the boundary levels fluctuate around a fixed value (see Fig. 2).

For this reference base, the entropy was calculated. Table 2 shows a
comparison between the entropies calculated in this way and according to
the traditional class boundaries. Although the theoretical amount of 2.32
bit (i.e., Id 5) is never reached, because of the averaging of the class boun-
daries and the collecting of data with the same value in one class, the new
system loses much less information than the traditional one. Table 2 also
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Fig. 1. Frequency distribution function of the three constituents: (a) 0,%; (b) BOD; (c¢)
NH,—N.

Fig. 2. Class boundary values for O,%, BOD and NH,—N during eight years. The boundary
values between class 2 and 3, with equally populated classes, and those of 3 and 4 are
defined on the base of maximal information gain. The conventional class boundary values
are also indicated.

shows a comparison between the IMP classification calculated in the tradi-
tional way from the variables O,%, BOD and NH,—N with fixed class boun-
dary values, and that based upon optimally chosen class boundary values,
obtained from averaging over the eight years (Table 1). The relative entropy
calculated in the latter way is higher than that with traditional class
boundaries for all the years considered. However, the entropy with new class
boundaries is again below the maximum of 2.32 bit because of the algorithm
used to calculate the IMP quality classes. In this algorithm, the class
numbers of each variable of each sample are added. The number of com-
binations resulting in quality class 1 or 5 is only 4, that of combinations for
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TABLE 1

Comparison between old class boundary values (IMP) and newly defined boundaries
pertaining to maximized information transfer. The new class boundaries are the values
averaged over eight years

Variable Class boundaries
1 2 3 4 5
Q,% IMP 91—100 71—90 51—-70 3150 <30
101—110 111—-120 121—130 — >130
New 80—100 65—79 55—64 40—54 <40
100—104 105—109 110119 120—134 >135
BOD IMP <3 <6 <9 <15 >15
New <1 <2 <3 <5 >b
NH,—N IMP <0.5 <1.0 <2.0 <5.0 >5.0
New <0.5 <1.0 <1.75 <3.0 >3.0
TABLE 2

Entropy of representation according to IMP class boundaries, compared with that accord-
ing to the new boundaries (The maximum for five equally populated classes is1d 5 =
2.32 bit.)

Year 0,% BOD NH,—N Entropy

IMP New IMP New IMP New IMP New
1975 1.99 2.23 1.40 1.08 1.95 2.19 1.59 1.75
1976 1.91 2.12 1.42 1.41 2.06 2.24 1.70 1.81
1977 1.96 2.20 1.44 1.61 1.66 1.91 1.36 1.56
1978 1.88 2.20 1.48 1.94 1.86 2.10 1.39 1.71
1979 1.81 2.15 1.27 1.99 2.09 2.28 1.50 1.89
1980 1.87 2.06 1.59 2.06 2.17 2.30 1.66 1.90
1981 1.87 2.21 1.21 2.03 2.07 2.24 1.41 1.76
1982 1.67 2.02 1.09 2.05 2.06 2.24 1.45 1.73

class 2 or 4 is 31 and that for class 3 is 55. If each of these 125 combinations
has an equal probability of occurrence (which will not be the case), the dis-
tribution over the quality classes will be exactly normal. In other words, the
reference distribution is normal and even when the distribution actually
found is congruent with the reference distribution, the maximum informa-
tion gain of 2.32 bit will not be obtained.

Because the orthodox Shannon formula counts every class with equal
weight and is therefore used when a rectangular reference distribution is
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needed, relevant information theory should be used for IMP representations.
If one aims for a normal distribution, the information gain should be cal-
culated with weighted classes. Table 3 lists the population of the various tradi-
tional classes by year; H, _ represents the entropy from the traditional
IMP procedure with fixed class boundary values for the variables. This
entropy is low (see Table 1). To calculate the relative entropy, H,,, weighting
values of 14.97, 4.14, 2.22, 4.14 and 14.97 were used, as obtained from
the reciprocal of the surface below the Gaussian curve with class boundaries
|—e0, —1.80], [—1.80, —0.60], [—0.60¢, +0.60]|, |+0.60, +1.80| and |+1.80,
+oo|. This H,,, is somewhat higher than the orthodox entropy, H,,, but is
still poor, because the distributions are extremely skew, especially in the
later years. Most years there were no locations with water quality in class 5.
In Table 4, the class boundary values calculated as recommended above

(Table 1) are used to calculate, with the IMP algorithm, the quality class of

TABLE 3

Distribution of sampling locations over the IMP quality classes?

Year Class® H. H.,
1 2 3 4 5
1975 8 42 79 17 0 1.59 1.90
1976 9 58 52 13 1 1.70 1.97
1977 3 27 68 9 0 1.36 1.86
1978 4 65 65 7 0 1.39 1.70
1979 11 63 61 5 0 1.50 1.66
1980 9 54 68 9 3 1.66 2.09
1981 11 74 40 3 0 1.41 1.52
1982 14 59 43 1 0 1.45 1.44
2H,, . and H  are, respectively, the orthodox and the weighted entropy in bits. Weighting

is done as described in the text. ®Class 1 is good and 5 is bad.

TABLE 4

Distribution of sampling locations over the new quality classes

Year Class Hyo H
1 2 3 4 5
1975 0 15 67 46 18 1.75 1.64
1976 3 14 65 38 13 1.81 2.04
1977 0 6 48 45 8 1.56 1.72
1978 3 14 73 42 9 1.71 2.16
1979 7 34 48 48 3 1.89 2.24
1980 4 19 59 48 13 1.90 2.11
1981 4 39 57 26 2 1.76 2.25
1982 4 38 54 19 2 1.73 2.24
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every location. Again, the population of each class is followed by year. The
column H, . indicates that the entropy calculated from the traditional
Shannon equation is somewhat better than that of the normal calculation
of IMP classes (see Table 1). However, here the relative entropy H,,, is far
better and closer to the ideal 2.32, especially in the later years. The weighting
values were the same as those used for Table 4 to calculate H . The dis-
tribution over the quality classes approaches the normal distribution which
the IMP aims to achieve. An observer can readily select the locations with
very bad and very good water quality without paying attention to the
locations with intermediate water quality. The number of these very bad and
very good locations is now sufficiently low for attention to be attracted
quickly to these locations on a colour-coded map (cf. [7]).

Conclusions

The information content of geographical maps, coloured according to the
IMP standard method for description of the quality of surface waters, is
below the optimal possible information transfer. This is due to the relatively
low proportion of the red and orange classes, representing water with
inferior quality, in recent years. Another selection of class boundaries, such
that all classes become about equally populated, enhances the entropy of the
colour-coded maps considerably. A disadvantage of this change is the time-
dependence of the judgement, which makes it difficult to compare the
situations encountered in successive years.

Another approach to the information-transfer problem involves weighting
of classes so that ‘“‘extreme’’ situations get a relative high weight in com-
parison with ‘“‘normal” situations. Such information may be useful when
action on water purification is wanted and a location for action has to be
chosen from various possible locations.

The authors thank Drs. P. van Iersel, Provinciale Waterstaat Utrecht, for
making the measurements available, and for his interest in this work.
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SUMMARY

A state-space model is described for continuous titrations based on first-order dynam-
ics. The Kalman filter allows on-line monitoring of an empirically established setpoint in
the titration curve. The algorithm advocated is examined for potentiometric titrations
of ca. 10~ M solutions of acids, silver(I) and copper(II). Only gross indications of the
essential parameters such as the time constant and noise covariances are required. The
computer-controlled titration system is compared with a conventional setpoint titrator.
Especially in cases of slow response times and steep inflections, there are advantages in
both accuracy and speed when the Kalman filter is applied.

Titrimetric methods are widely used in chemical analysis because of their
precision, accuracy and easy operation. Unknown samples are usually evalu-
ated by adding known amounts of titrant until the equivalence point corres-
ponding to stoichiometric reaction has been reached. If large numbers of
samples have to be processed, manual operation becomes tedious and costly,
thus automated titrators are now in widespread use, ranging from simple
hardware devices to computer-controlled assemblies which handle the entire
process from sample changing to output of the evaluated results [1—5]. In
general, automated titrations can be of two types, one in which the complete
titration curve is monitored and the other in which the addition of titrant is
stopped as soon as a preset signal is reached. In potentiometry, the setpoint
titration with feedback control is based on the assumption that the overall
response time of the reaction, the mixing and the detector is fast. Obviously,
the electrode must be reproducible and stable in the region of the setpoint.
These conditions are fulfilled in many titrations, but if a slow response time
is combined with a steep inflection, setpoint control may become time-
consuming and the results inaccurate because of overshoot. Correctly, these
titrations should be done by the equilibrium method: after each addition
of titrant, the signal is allowed to equilibrate before measurement. The

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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titration can be done with equal volume increments or with proportional
control to obtain equidistant potentials. In combination with cheap personal
computers, these well established titration techniques have increased in
popularity for routine purposes.

The present paper features the application of state-estimation techniques
in automated titration systems. A state-space model was presented pre-
viously to estimate the potentiometric equilibrium curve with its first and
second derivatives [8]. However, the Kalman filter causes a systematic
deviation in the estimated state and in the location of the evaluated inflec-
tion points or end-points in the titration curve. This effect can be elimin-
ated by an off-line modification of the Kalman filter called fixed-interval
smoothing. Implementation of the Kalman filter allows on-line control of
the volume addition in order to obtain equidistant measurements. This paper
describes the extension of the state-space model for continuous titrations.
The titrant is added continuously and the variation of the measured signal
is recorded simultaneously. To achieve the final results, the dynamics of the
titration system have to be investigated. A possibility of this approach is
on-line control to a preset setpoint in the equilibrium curve by the Kalman
filter. Therefore, the optimal settings of the tuning parameters, which deter-
mine the precision, accuracy and speed of the titrimetric analysis, were
studied. The proposed algorithms are demonstrated in practice with a com-
puter-controlled titrator and the results are compared with those obtained
from a conventional setpoint titrator.

THEORY

Continuous titration model
A first-order linear dynamic system can be described by the following
differential equation:

de/dt + 1/T,x = X (1)

where x denotes the response at time ¢, T, is the time constant and x.. is
the steady state reached at ¢ = o. Over a sampling period At, introducing
¢ = exp(—At/T,), the system can be represented in discrete time terms by

x(t+ At)=ox(t) + (1 —¢)Xo (2)

Approximating the non-linear titration curve in the volume domain V with
a second-order Taylor expansion readily provides the equations [8]

x(V+ AV)=x(V)+ (V)AV + 1 i(V)AV?
#(V+AV)=x(V)+ 2(VAV; %(V+ AV) = &(V)

where x denotes the function value, x the first derivative and % the second
derivative at a given point of the titration curve. Replacing x., in Eqn. 2 by
x(V) and employing the definition of x, (k)= x(t + At), x, (R)= x(V + AV),
%23(R) = x(V + AV)AV and x4(k) = x(V + AV)AV? results in the required

(3)
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state-space model:

%1 (k) ¢ 1—9¢ O 0 x,(k—1)
ne ) _[o 1 1 3 %, (k —1) B
»k ] = lo o 101 k-1 | T wETD
%4 (k) 0 0 0o 1 xq(k — 1)
2k) = (1 0 0 0 x1 (k) o ouk)

X2 (k)

x3 (k)

Volume and time units are related to each other by the equation AV = pAt,
where p is the rate of titrant addition. The given set of difference equations
is an inferior approximation of the non-linear titration curve. In order to
correct for modelling errors, the system noise w(k —1) is introduced.
Additional noise v(k) is encountered on the measurements z(k). If the con-
tinuous titration is monitored potentiometrically, z(k) denotes the measured
potentials or pH. The state x(k) is described by the dynamic response x,, the
equilibrium curve x,, its first derivative x; and its second derivative x,,
respectively. The integration of the difference equations in time and volume
introduces a systematic error of AV units in the equilibrium part x, — x,
of the state. By means of a linear similarity transformation, an alternative
state-space model can be derived, suffering only from the truncation error
by the Taylor expansion $AV in the last state x,. Additional dead-time
delays can be incorporated by extension of the state vector with one or more
terms. In potentiometry, the relevant dynamics involve the concentration
and not the measured potential. The given exponential relation allows a
non-linear similarity transformation of the state. As a result, the noise
covariances will be described in relative terms of the alternative state. Prac-
tically, however, there may be no need for these theoretical requirements.

State estimation
The state-space model can be summarized in the matrix-vector notation:

x(k) = F(k,k — 1)x(k — 1) + w(k — 1)
2(k) = h'(k)x(k) + v(k) (5)

where & is the sequence number, x(k) the state vector, F(k,k — 1) the
dynamic transition matrix, z(k) the measurement and hf(k) the transposed
measurement vector. The system noise w(k — 1) and the measurement
nose v(k) are assumed to be gaussian white with zero means and covariances
Q(k — 1) and R(k), respectively. The state-space model so described is
directly applicable to state estimation. Table 1 lists the algorithms for
prediction, filtering, smoothing, verification and selection. Detailed descrip-
tions of the various equations are available [6—8]. The Kalman filter com-
bines both prediction and filtering for the on-line estimation of the state
based on the current measurement. Afterwards, the estimates of the Kalman
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TABLE 1

State estimation®

Model Xk-‘—‘F(k,k_l)Xk_l"l'Wk—l

2z = hthk + U
Prediction ik/k—l = F(k,k - 1) ik —1/k—1

Pup—1 = F(kk —1)Py— iy — Fl(kk — 1) + Q@ —,
Filtering K = Kpp—1 + K (2 — hh R —1]

P = Py —1 —kphf Pyyp

K = Pposip—1 by [hi P — 1 hy, + Ry, 1!

where for k2 = 0, X, = 0 and Py, = I, 502
Smoothing RN = ik/k + A [% + YN — Xy + 1k ]

PN = Pep + AplPryyn — Pr11k) AL

Ap =Pyep Filk + 1, k) Pily 15

where for k = N, ik/N = ik/k and Pk/N = Pk/k

n
Verification x*(k —n)= '21 [2; —h! iw]il[h,-tP,-/, h; + R;]
i=

Selection F(k1,k2) = [x1*(k1)/k1][k2/x2%(k2)]

%A smoother gain matrix, F Fisher value, F() transition matrix, h measurement vector,
I identity matrix, i, k, ! indices, k filter gain vector, n model dimension, N number of
measurements, P covariance matrix, @ system noise covariance, R measurement noise
covariance, UV measurement noise, s0* start covariance, x state vector, z measurement,
x? chi-squared value; for other definitions, see text.

filter can be improved by performing off-line fixed-interval smoothing.
Verification and selection of the state-space model and the numerical values
of the noise covariances implemented are possible. In practice, the measure-
ment noise variance R(k) is known reasonably well. The system noise covari-
ance @(k — 1), especially the element g44, is used as a tuning parameter to
describe the titration curve in a statistically correct way; g44 describes the
macroscopic effects of the physical and chemical relations and quantities
covering the steepness of the equilibrium titration curve. A new feature in
the continuous description is the incorporation of first-order dynamics in
the state-space model. The term ¢ = exp (—At/T,) in the transition matrix
F(k,k — 1) has to be known in advance and can be found by experimenta-
tion. The time constant T, depends strongly on the mixing of the sample,
the chemical reaction and the electrode response involved in the titration

system.
For state estimation the optimal performance depends on the various
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terms in the state-space model [5]. In general, the numerical values of
Q@(k — 1) and R(k) have to be minimized. More complicated are the effects
of the elements in F(k,k — 1) and h'(k), which depend greatly on the prob-
lem investigated [7]. Here, the dynamic term ¢ in F(k,k — 1) is one of the
variables that can be manipulated experimentally. With hi(k) constant and
R(k) fixed experimentally, the contribution of the filtering part in Table 1
remains constant. For optimal selection only the prediction part of the
Kalman filter is of interest. The choice of sampling time At affects both
¢ = exp(—At/T,) and Q(k — 1) by the relation AV = p At. With a fixed
experimental value for T, , the sampling time At has to be minimized within
the given instrumental constraints. Simultaneously, the highest rate of titrant
addition (p) possible should be selected. The observability criterion
M= |h, Fth,...,(F)"~'h| <> 0 is satisfied when ¢ < 1 in the transition
matrix. The state-space model becomes unobservable in the equilibrium
part x, — x4 for ¢ approaching 1. Theoretically, this means that a zero
sampling time A¢ or an infinite volume addition speed p are impossible
as a result of the particular model structure employed. For At to infinity
(ie., ¢ to zero), the state-space model becomes equal to the discrete equi-
librium model delayed by one single volume unit A V.

Setpoint control

In automated titrations, continuous addition of titrant may lead to syste-
matic errors if the time constant is not known correctly. Accuracy may be
achieved when the titrant is added stepwise and the measured potentials are
allowed to equilibrate. The application of state estimation for this approach
has been described [8]. Here, the implementation of the Kalman filter allows
control of the discrete volume addition to obtain equidistant measurements
on-line. Alternatively, on-line control may be used to an empirically estab-
lished setpoint in the equilibrium curve, in which the dynamics of the titra-
tion system are taken into account. The only way to manipulate experi-
mentally the performance of the titration is by setting the burette on or off
in a given time transition. The Kalman filter is based on the given state-space
model [5] and the algorithm for setpoint control described by

Xmax = Xz (R/k —1) + 3 p''? 22(k/k — 1)

Xmax = Xeet ~ 6 = 0 (burette off)
Xmax < Xget > & = 1 (burette on) (6)
2(k) > x4, ~ endpoint reached

where %, denotes the second element of X(k/k — 1) and p22 denotes the
second diagonal element of P(k/k — 1). The expected value of x, .., based on
the estimated equilibrium state and its associated covariance is compared with
the prefixed setpoint x . In the time sequence 2 —1 to k, § = 1 if the burette is
on and § = 0 if the burette is off. To account for a variable volume addition
in time, the extra term § is introduced in the transition matrix F(k,k — 1):
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¢ 1—¢ O 0
0 1 8 152

Flkk—1)=| . 0 1 g (7)
0 0 0 1

The observability criterion M <> 0 is satisfied when & = 1 but when s = 0
the state-space model (Eqn. 4) is not observable in the states x; and x,
which should remain constant. The Kalman filter cannot separate numeri-
cally the observable part from the unobservable part in the state. Therefore,
some additional modifications are needed. In practice, this is done most
easily by using a system noise covariance g44 § for prediction and the gains
k38 and k48 for filtering. As a result, the Kalman filter can only affect
numerically the estimates and covariances of x; and x, in the case of no
addition.

The setpoint control algorithm operates similarly to a conventional
hardware titrator, which is controlled by feedback of the detector signal.
For a proper start, reagent is dispensed at a relatively fast rate. When the
signal reaches a preset anticipation level, the speed of addition is decreased
until the established setpoint is obtained. For a conventional titrator, the
most important instrumental controls are the volume addition speed, the
setpoint level, the proportional band and delay time of shut off. Here, the
well-defined tuning parameters for setpoint control are the system noise
covariance, measurement noise covariance, time constant, the sampling
period and the setpoint level. It is appropriate to study the effects of the
variation in the various essential parameters. Some, of these tuning param-
eters are fixed experimentally in advance and others have to be chosen
properly to obtain the highest precision possible. In practice, the only
degree of freedom is the volume addition speed. A low addition rate will
result in a precise setpoint but gives a long analysis time. A high rate of
addition will give fast results lacking in precision or accuracy.

EXPERIMENTAL

Apparatus

The Radiometer ABU13 autoburette used has a volume counter in units
of 0.01 ml. Volume delivery is controlled by an external input relay and
the electronic counter is output as 4 BCD digits. The burette is filled or
emptied under manual control. The titrant speed (p) is selected in %/min
of the total burette volume (25 ml). The Radiometer TTT2b autotitrator for
automated potentiometric setpoint titrations used has a hardware controller
for the autoburette and a pH/mV meter with an analogue input and ouput.
Select options are upscale/downscale, setpoint level, proportional band and
delay time of shut off. The electrodes were Orion pH, chloride and copper
ion-selective electrodes with a single-junction reference electrode. The pH
me ter was calibrated with standard buffers at pH 4 and pH 7.
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A HP9845B desk-top computer and a HP6940B multiprogrammer mount-
ed with a 12-bit ADC, 12-bit parallel input and relay card were used. The
digitizing rate is controlled by a real-time clock. The hardware of this com-
puter-controlled titrator employed has been described {9].

Software

Software programs were written in HP-BASIC with use of double-preci-
sion floating point arithmetics and matrix operations. The entire program
for the setpoint control algorithm requires less than 50 lines and allows for
a sampling period of 0.36 s. Successively, the measurement of the potential,
burette control, Kalman filtering and setpoint computations are performed
by the program. When the established setpoint is reached, the volume
counter of the burette is read and the final result is output.

Procedures

The following titrations were tested; (a) 50 ml of citric acid (0.00060—
0.00120 M) with sodium hydroxide (0.020—0.030 M); (b) 50 ml of phos-
phoric acid (0.00160 M) with sodium hydroxide; (c¢) 50 ml of silver nitrate
(0.0010 M) with potassium chloride (0.0991 M); (d) 50 ml of copper(II)
chloride (0.0031 M) with EDTA (0.0499 M).

All solutions were prepared from reagent-grade chemicals with a constant
ionic strength of 0.1 M potassium nitrate. If necessary, the solutions were
standardized by conventional procedures [10].

RESULTS

If the measured potentials are used directly for evaluation of the end-
point, the entire titration curve is shifted over a time interval proportional
to the overall time constant. When the same type of titration is done at
different rates of titrant addition, the plot of addition rate versus uncor-
rected endpoints should be a straight line; the intersection with the endpoint
axis is the correct endpoint and the slope is the overall time constant. When
the concentration of the sample is varied and a constant rate of addition is
used, the relationship should also be linear; the intercept at zero concen-
tration gives the time constant after correction for the rate of titrant
addition [4]. In Fig. 1 these two experiments are shown for the titration of
citric acid with sodium hydroxide monitored with a pH electrode. The
uncorrected endpoints are evaluated by means of fixed-interval smoothing
and the procedure described previously for discrete titration curves [8]. All
titrations were done in triplicate to estimate the variation in the results. The
evaluated endpoints of Fig. 1(a) bend towards the addition speed axis. The
slope according to the least-squares fit yields a time constant of 15 s. The
reproducibility of the results decreases significantly as the rate of addition
increases. Varying the sample concentration (Fig. 1b) gives the linear behavi-
our it should. The intercept of the least-squares fit gives a time constant of
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Fig. 1. Continuous measurements for 50 ml of citric acid titrated with sodium hydroxide
(each curve represents 1000 sampling points). (a) 0.00105 M Citric acid titrated with
0.0252 M NaOH and a varying speed p in % of the total burette volume/min; the slope of
the uncorrected endpoints V at pH 9 as a function of the volume addition speed gives a
time constant T, = 15 s. (b) A constant speed p = 10% (i.e., 0.0416 ml s~!) and a varying
concentration in units of 10-* M citric acid titrated with 0.0229 M NaOH; the intercept
of the uncorrected endpoints V at pH 9 as a function of the concentration of citric acid
gives a time constant T, = 16 s.

16 s. The time constant T, = 15 s and a sampling time At = 0.21 s give
¢ = 0.986 in the transition matrix F(k,k — 1) of the state-space model
(Eqn. 4). Figure 2(a) depicts the performance of the Kalman filter for a
chosen system noise covariance g44 = 1072 and a measurement noise covari-
ance R = 1073, The standard deviation of the measurement noise of about
0.03 pH units is found experimentally from the fluctuations in the signal.
In Fig. 2(a) the shift in the estimated dynamic curve £, and its associated
equilibrium curve X, is demonstrated clearly. The noise in the state estimates
is reduced by the fixed-interval smoother as shown in Fig. 2(b). It also
shows that the expected behaviour of the derivatives X; and %, is dimin-
ished. The experimental x> values indicate good statistical performance of
the proposed state-space model, explaining the measurements of the con-
tinuous titration quite well. The evaluated endpoints at pH 9 of the Kalman
filter, V = 6.55 ml, and of the fixed-interval smoother, V = 6.56 ml, are
close to the theoretical value 6.59 ml. When the time constant is not known
correctly in advance, the final results are inaccurate. State estimation intro-
duces a systematic error proportional to the difference between the imple-
mented and real time constants. In principle, the uncorrected endpoints may
be corrected afterwards by the overall time constant. However, in this way
the titrimetric analysis becomes similar to a normal calibration procedure.
When a first-order response is used for the potentials, on-line control to a
prefixed setpoint in the equilibrium curve is possible by applying Eqn. 6.
The same titration of citric acid was tested with burette control to a
setpoint of pH 9. The Kalman filter used a system noise variance q44 =
107%, measurement noise variance R = 107%, time constant 7, = 15 s and
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Fig. 2. Continuous titration of 50 ml of 0.00100 M citric acid with 0.0229 M NaOH
(cf. Fig. 1b); system noise variance g44 = 103, measurement noise variance R = 1073,
time constant T, = 15 s and sampling time At = 0.21 s; the critical chi-squared values are
X5.025 (996) = 910.4 and x3.,,,(996) = 1085.3. (a) Estimated state x; — x, by the Kalman
filter (Vpyg = 6.55 ml and x* = 279.1. (b) Estimated state x, — x, by the fixed-interval
smoother (Vpy g = 6.56 ml and x* = 241.9).

sampling time At = 0.36 s (i.e., ¢ = 0.976). Figure 3(a) shows the perfor-
mance of the measured pH with the burette settings on or off. After the
titration has started, the burette is kept on because the measurements are
still far from the established setpoint; the burette is then closed more and
more frequently until the setpoint is finally reached. Figure 2(b) shows the
corresponding state estimates. When the burette is off the states X¥; and
%4 remain constant, Near the setpoint, the dynamic state X, gets close to
the equilibrium state X,, as provided by the control algorithm. A second
practical example involves the titration of phosphoric acid with successive
setpoints at pH 5 and pH 9. Figure 4(a) shows the pH measurements and the
burette on/off settings, and Fig. 4(b) the corresponding estimated states.

The various tuning parameters used for setpoint control affect both the
speed and accuracy of the titrations. Some titrations of citric acid were
done around the best settings q44 = 1073, R = 1073, T, = 15 s and At
= 0.36 s. Figure 5(a—d) shows how the analysis times vary and indicates the
mean value and standard deviation of five replicates for the setpoint volume.
The observed analysis times are reproducible (within seconds). Figure 5(a)
shows that a decreasing system noise covariance g44 ensures accurate results
with a slightly increasing standard deviation; simultaneously the analysis
time decreases moderately. For values of the measurement noise covariance
R below 1073, results are inaccurate (Fig. 5b); the analysis time increases
considerably with increasing R. For the time constant T, (Fig. 5c), results
are inaccurate if the constant is too small (the correct value is 16 s); if T,
is not known accurately, a higher value should be implemented at the
expense of some analysis time. To summarize, in practice, only gross indi-
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Fig. 3. The titration of 50 ml of 0.00073 M citric acid with 0.0260 M NaOH with on-
line control to a preset pH 9 (p = 10%, At =0.36s, T, = 155, g44 = 107 and R = 107?).
The analysis time is 3.3 min and the volume Vg = 4.24 ml. (a) pH measurements with
burette control on/off as shown; (b) estimated state x, — x, by Kalman filter.

15+ (a) 151 (b)
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Fig. 4. The titration of 0.0016 M phosphoric acid with 0.0260 M NaOH under on-line
control to setpoints at pH 5 and pH 9 (0 = 10%, At =0.36s, T, =155, q44 = 10® and
R = 1073). The total analysis time is 6.0 min for the two setpoints, the respective volumes
being V = 2.97 ml and V = 5.98 ml. (a) pH measurements and burette control on/off;
(b) estimated state x, — x, by Kalman filter.

cations of the various tuning parameters have to be known for setpoint
control with the Kalman filter. Only at extremely incorrect values will
inaccurate results and poor analysis times be obtained.

Finally, the advocated control algorithm is compared with the perfor-
mance of a hardware titrator. Table 2 lists the settings and results for the
titration of citric acid with sodium hydroxide, for silver nitrate with potas-
sium chloride, and for copper chloride with EDTA. For the autotitrator,
the titrant addition rate, the proportional band and the shut-off delay time
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Fig. 5. The effect of tuning parameters on the analysis time (- - - ) for the titration of citric
acid with sodium hydroxide under on-line control to pH 9 (initial settings as in Fig. 3).
For the setpoint volume, the mean and relative standard deviation of five replicates are
indicated by bars. (a) Kalman filter, varying system noise variance q44; (b) Kalman filter,
varying measurement noise variance R; (c¢) Kalman filter, varying time constant T,;
(d) autotitrator, varying proportional band (delay = 10 s and p = 1.25%).

were manipulated until the standard deviation of the results was close to the
best value obtainable; Fig. 5(d) shows the effect of variation of the propor-
tional band with a fixed addition speed (p = 1.25%) for citric acid. An
increasing proportional band increased the analysis time but inferior results
were obtained for a proportional band below 5 pH units or an addition speed
above 1.25% (not shown). For citric acid with the highest time constant and
steepest inflection, the analysis time is decreased by a factor of three when
the Kalman filter is used. For the less steep inflections and smaller time
constants of the silver and copper titrations, the improvements are only by
a factor of two. Of course, further improvements may result in a better
performance for the proposed procedure of setpoint control with the
Kalman filter. The sampling time, At, is constrained here by the hardware
and software of the computer-controlled titrator. Increasing the addition
speed to 20% gives faster analysis but less accurate results for the Kalman
filter; the rate of titrant addition is then so high that about 0.03 ml is added
in a sampling period of 0.36 s. Reduction of the model to a state description
of exclusively x; — x; allows a sampling period of 0.28 s but introduces
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TABLE 2

Settings and results for Kalman filter and autotitrator (Vg and RSD are for N = 5)

Kalman filter

Titration T, Q R p Xget Vet RSD T, x>
(s) (%) {ml) (%)  (min)

Citric/NaOH* 15 10-3 10-3 10 pH9 4.90 0.5 4.8 0.1

Citric/NaOH* 15 10-® 10-3 20 pH9 4.91 0.6 4.2 0.2

AgNO, /KCIP 5 10-7 10-¢ 10 —220mV  5.09 0.6 2.4 3.0
CuCl, /EDTA® 2 10-¢ 10-¢ 10 —66mV  3.16 0.4 2.2 3.0
CuCl,/EDTA® 2 10-¢ 10-¢ 20 —66mV  3.22 1.1 1.8 5.0

Autotitrator

Titration Prop. Delay p Xgot Vet RSD T, x>
band  (s) (%) (ml) (%) (min)
Citric/NaOH® 5 10 1.26 pH9 4.90 0.4 15.0 0.1
AgNO,/KCI® 100 10 10 —220mV  5.09 0.3 4.0 1.0
CuCL/EDTA® 200 10 10 —66 mV  3.16 0.4 3.0 3.0

250 m! of 0.00075 M citric acid with 0.0230 M NaOH. P50 ml of 0.0010 M
AgNO, with 0.0991 M KCl. °50 ml of 0.0031 M CuCl, with 0.0499 M EDTA.

higher inaccuracy in the results. At this point, instrumental improvements
are possible by using a faster computer and a faster interfacing. Dedicated
computers can allow speed improvements by a factor of 10—100; one
sampling period would then need less than 0.1 s.

CONCLUSION

The application of state estimation in continuous titrations has been
presented. The state-space designed is based on the dynamic behaviour of
the titration system. From the measurements, the Kalman filter estimates
on-line the dynamic curve and the equilibrium curve with its derivatives.
Thereafter, improvements can be obtained by fixed-interval smoothing. For
potentiometric titrations, the overall time constant is usually not known
accurately in advance and this introduces a systematic error in the results.
In practice, therefore, on-line control by the Kalman filter to an empirically
established setpoint is of interest. Only gross indications of the overall
time constant, the system noise covariance and the measurement noise
covariance have to be fed into the computer-controlled titration system.
In comparison with a conventional autotitrator, analysis time can be im-
proved three-fold without sacrifice of accuracy. This is mainly due to better
modelling of the titration system when a slow response or a steep inflection
are encountered. For optimal performance, a minimal sampling period and a
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maximal rate of titrant addition are dictated by instrumental constraints.
Further improvements are possible by employing a faster computer and
faster interfacing. Another possibility is improvement of the burette res-
olution. The design of an automatic setpoint titrator based on the state
estimation presented here still requires much investigation.

This work was supported by The Netherlands Research Organization
Z.W.0. Special thanks are expressed to Dr. F. W. Pijpers for evaluating the
manuscript.
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SCALING OF ANALYTICAL DATA
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SUMMARY

The effects of normalization and weighting on principal component analysis (p.c.a.) of
gas chromatographic data are investigated. The weighting procedure called autoscaling
masks the patterns inherent in the data if it is not applied separately to the different
groups (classes) of samples (objects) in the data set. When p.c.a. is used unsupervised on
objects characterized by variables differing greatly in relative size, logarithmic transforma-
tion of raw data seems preferable. This transformation has the ability both to unmask
systematic variation in ‘“‘small” variables, and to retain the data structure, avoiding the
problem of closure. The logarithmic transformation also makes the distribution of each
variable more normal.

Principal component analysis (p.c.a.) is now a well established tool in the
interpretation of analytical data. The great potential of the method has been
proved through its applications in various spectrometric and chromatographic
techniques [1, 2]. When p.c.a. is used to analyse gas chromatographic (g.c.)
data, the raw data (peak areas or peak heights) are usually preprocessed in
two steps: normalization of each chromatogram (object) to compensate for
differences in the amount injected (or, more precisely, amount measured)
is followed by weighting of each peak (variable) to reduce differences in
absolute variance between peaks caused by the varying amount of each
constituent.

Normalization of g.c. data is usually done by expressing the area under
each peak as a percentage of the total area of each chromatogram [3]. As
has recently been pointed out, this closure or constant sum procedure, can
seriously influence the structure of the data [4]. When some peaks increase,
others have to decrease. This can lead to false negative correlations between
major peaks and false positive correlations between minor peaks [5—8]. For-
tunately, by picking out peaks with approximately the same mean and vari-
ance for use in the normalization step, it seems possible to reduce the risk of
spurious correlations [4].

Because of the great differences in absolute size between the various peaks
in a chromatogram, systematic variation in small peaks is masked by the
much larger absolute variation of the major peaks. The same problem arises
with spectroscopic data, e.g., n.m.r. shift data [9]. The data used in p.c.a.

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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are therefore transformed prior to their evaluation to reduce the relative
importance (weight) of the largest variables. Several methods have been
proposed for this weighting [10—16]. The most drastic is to equalize the
variance of each variable, e.g., autoscaling [10, 11]. This scaling gives each
variable a variance of one. Autoscaling has classically been applied to the
whole data set. As pointed out by Albano et al. [12], autoscaling of each
class separately gives much better resolution in p.c. modelling of classes.
This approach has given good results with g.c. data {13, 14]. Another
common transformation of g.c. data is to use the logarithm of either the
raw [15] or normalized data [16].

The aim of the present study was to examine the consequences of different
procedures used in the preprocessing stage of raw data. This step can be
crucial because the results of p.c.a. depend on the scaling used.

THEORY

Principal components analysis has two different applications in analytical
chemistry; it can be used unsupervised to uncover groups of similar objects
or supervised, as in SIMCA multivariate data analysis, to model known
classes [1, 12, 17—19]. Usually, the first step, even in supervised p.c.a., is a
display of the whole multivariate data set onto a few-dimensional factor
space [20]. Similar objects group together in clusters (classes) in this factor
space.

The data analysed with p.c.a. are collected in a n X m data matrix X or-
ganized so that each row of the matrix contains the m measured variables of
one of the n objects. Correlations between variables are expressed through
the variance-covariance matrix: V = X'X. The diagonal of this matrix con-
tains the variance v(i) of each variable. The principal components (PC’s) are
the solution of the equation X’XB = AB. These components are orthogonal
linear combinations of all the variables. Each row of the m X m matrix B
contains the coefficients (loadings) of one PC. The diagonal m X m matrix A
contains the variances (i) explained by each PC. The total variance of the
original variables is of course the same as the total variance of the PC’s, i.e.,
the total variance is conserved:

m .
Utotal = Z U(l) =
=1

1

S A(i)
i=1

i

If the variables are highly correlated, the first few PC’s explain most of the
total variance so that the data can be approximated with a PC model with F
product terms [1, 12}:

— F
X = 1X + TB, + E; Umodel = Z )\(l)
i=1

Here, X is the 1 X m matrix of the mean values of each variable, 1isan X 1
matrix of 1’s, B' is the F X m matrix of the loadings of the F first PC’s in B.
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T is the n X F matrix of projections (scores) of the objects along the F princi-
pal components, while E is the n X m matrix of the residuals.

Usually, the initial step in p.c.a. is some preprocessing of raw data. With
g.c. data or spectral intensity data, normalization is often done prior to
logarithmic conversion or weighting: x,; = w;x,;. This weighting of variable i
of each object & with the factor w; has a profound effect on the distribution
of the total variance among the variables: v(i) > w?v(i).

When the variables used in the analysis differ very much in absolute size,
weighting is utilized to reduce the masking effect of the largest variables.
Two gas chromatographic peaks with the same relative variance, but differing
in absolute size by a factor of two, differ in absolute variance by a factor of
four, giving the larger peak four times the weight of the smalier in p.c.a. A
weighting which treats these peaks more equally seems justified. Autoscaling
uses the inverted standard deviation of each variable as weight factors, giving
an equal distribution of the total variance among all the variables. As will be
shown below, this scaling has drawbacks and must be applied with caution.

RESULTS AND DISCUSSION

In this investigation, the g.c. patterns of female blue mussels from polluted
(class 1) and unpolluted (class 2)locations were examined. The raw data were
taken from an earlier study on the g.c. patterns shown by naturally occurring
constituents in the gonad tissue of blue mussel [14, 21]. Dropping the
smallest and most varying peaks left 29 peaks to be used in this investigation.
To simplify the discussion, only female samples were treated. One of the
samples was considered to be an outlier because of the small amount injected
compared with the rest, leaving 9 samples in each class. These were labelled
1—4 and 6—10 for class 1 and 11—19 for class 2. Calculations were done
with both raw data and normalized data followed by logarithmic conversion
or autoscaling. The SIMCA program [22], implemented on a Univac 1100/82
[23], was used for all calculations.

Figure 1 shows the score plots (the eigenvector projection or the Karhunen-
Loewe transformation [1, 20]) of the samples in the plane spanned by
the two first PC’s. Several conclusions can be drawn from these plots.
First, comparison of Fig. 1(a), (b) and (c), which display the score plots cal-
culated from raw data, autoscaled raw data and logarithmic raw data, respec-
tively, shows that the logarithmic transformation reveals most clearly a
grouping into two classes, with a possible subgrouping of class 2 into 2
clusters. In the score plot (Fig. 1c) calculated from logarithmic data, the two
classes are clearly separated along the first PC. Also, when the scores of the
samples along the second PC in Fig. 1(c) are compared, they are found to
correlate with the amounts injected. In class 1, sample 3 is the gas chromato-
gram corresponding to the least amount injected while sample 8 corresponds
to the largest injection. The amounts injected also explain the subgrouping
of class 2 into 2 clusters. It can be concluded from Fig. 1(a—c) that the
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(d) normalized data; (e) autoscaled normalized data; (f) logarithmic normalized data.

logarithmic transformation is superior to the others when unsupervised p.c.a.
is applied to samples from different classes. In situations where closure is a
serious problem, the logarithmic transformation of raw data therefore seems
favourable. If used for class modelling, the first PC within each class explains
the different amounts injected [15].
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Secondly, when Fig. 1(d), (e) and (f) which display the score plots calcu-
lated from normalized data, autoscaled normalized data and logarithmic nor-
malized data, are examined, it is clear that the samples group into two classes
along the first PC in all these plots. The logarithmic data give tighter classes
than the autoscaled data. The normalized data in Fig. 1(d) group sample 18
outside the normal range of class 2, probably because some variables for
sample 18 have values outside the normal range of the class. Both the loga-
rithmic transformation and autoscaling reduce the weights of such variables
in the data analysis, the logarithmic transformation by narrowing the range
of the variables and making them less skew, and autoscaling by reducing the
weights of the variables with the largest absolute variances. The use of the
logarithmic transformation as a tool to make skewed distributions more
normal has been discussed by Christie and Wold [24].

By utilizing the knowledge of the class membership of the samples, the
interclass (between-class) to intraclass (within-class) variation for the scores
on a PC can be calculated to produce F ratios for the different preprocessing
procedures used in unsupervised PCA. Table 1 shows the calculated ratios
based on scores on the first PC. Clearly, the logarithmic transformations
provide the best grouping into classes, thus confirming the conclusions found
by inspection of the score plots (Fig. 1).

Table 2 shows the class mean and percentage variance of each variable in
the first PC together with the total percentage variance explained by this PC
when the two classes are treated jointly (unsupervised p.c.a.). Four effects
are evident from these numbers. First, regardless of the transformation used,
more variance is explained by the first PC with normalized data compared to
raw data. This is not surprising because normalization removes that part of
the intraclass variance which corresponds to the different amounts injected,
thereby reducing the total variance of the data. Secondly, raw or normalized
data give a PC dominated by the largest variables, masking the variation in
the smallest variables. This effect is further displayed in Fig. 2 which com-
pares the distribution of the total variance among the variables when normal-
ized and logarithmic normalized data are used. Thirdly, the logarithmic
transformation provides nearly the same results with raw and normalized
data. This was further confirmed by plotting the loadings of the first PC

TABLE 1

Interclass to intraclass F ratios calculated from scores on the first PC (unsupervised p.c.a.)

F ratios

Raw data Normalized data
Not weighted 57.0 129.6
Autoscaled 11.2 196.7
Logarithmically transformed 223.8 467.6

(df.:f, =16,f, = 1)
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TABLE 2

Distribution of variance in the first PC with different preprocessing of data

Peak Peak heights °/,, of total variance in PC 1

no. Class mean raw norm log autoscaling
{(mm) — e —
raw norm raw norm
1 2
1 104 76 4 3 21 17 51 43
2 29 22 1 0 20 16 70 50
3 57 63 0 0 0 0 11 0
4 752 662 97 49 4 3 73 54
5 40 57 0 1 5 10 0 38
6 23 32 0 0 5 10 0 38
7 33 24 0 0 21 18 82 47
8 32 21 0 0 27 24 20 21
9 142 121 6 2 9 6 43 24
10 59 266 166 232 324 339 21 67
11 159 404 218 335 125 136 10 60
12 118 117 0 0 0 0 6 0
13 104 113 0 0 0 0 18 1
14 18 15 0 0 13 10 49 8
15 43 52 0 0 0 0 0 10
16 574 422 172 142 22 19 74 59
17 68 126 6 12 45 53 0 72
18 101 190 15 30 417 56 0 66
19 61 40 3 2 44 37 66 55
20 22 15 0 0 37 33 47 50
21 544 366 304 183 28 23 57 32
22 46 37 1 1 16 13 81 52
23 27 22 0 0 7 5 43 0
24 84 47 8 8 78 71 63 45
25 11 10 0 0 0 0 21 2
26 17 29 0 0 26 29 0 34
27 15 9 0 0 43 36 61 26
28 18 11 0 0 36 32 56 23
29 23 31 0 0 7 9 0 26
% of total variance 53.1 75.7 41.9 57.1 34.9 41.2
Class distance® 4.4b 5.8 4.1 4.3 3.2 34
6.3¢ 9.8¢

apPC model described by 3 components. PPC model described by 2 components. ¢PC
model of separate autoscaling within each class, 3 components.

from logarithmic normalized data versus the loadings from logarithmic raw
data. All the variables fitted close to a straight line, confirming that the vari-
ables are correlated in the same way in the two cases. Fourthly, autoscaling
gives completely different correlations with normalized data compared to
raw data. Also, by comparing the class mean of the variables, the PC’s calcu-
lated from autoscaled data seem dominated by variables with limited ability
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Fig. 2. Distribution of total variance with normalized (shaded) and logarithmic normalized
data.

to group the samples into classes, especially for the autoscaled raw data. This
effect can be understood if the variation of each variable is split into two
parts: intraclass and interclass variation, i.e.,

u(i) = v,(i) + va(i) + V(D)

(The same symbol is used to denote variation as was used earlier for variance.)
If a variable discriminates clearly between the two classes, then vy, is also
large compared with v, and v, (see appendix). Conversely, if a variable has a
low discrimination ability, then v,, approaches zero. Because the relative
standard deviations for the peaks are approximately constant within a class,
classical autoscaling reduces the importance of the variables with high dis-
crimination ability (v, > v, + v,) and increases the weights of variables with
low ability to discriminate. In Table 2, this effect is demonstrated for vari-
ables 10 and 11 where the intraclass variations are very small compared with
the interclass variations, giving these peaks much smaller weight with auto-
scaled data than with logarithmic data. This effect can also be expected in
supervised p.c.a. of the two classes, when autoscaled data calculated from
both classes jointly are used. A variable with high interclass variation is com-
pressed and has little weight in p.c.a. of each class separately. Separate auto-
scaling eliminates this problem, as was reported by Albano et al. [12] and
confirmed by Derde et al. [13].

In SIMCA modelling, the separation between two classes is usually quanti-
fied by calculating the class distance [12]. According to Albano et al. [12],
class distances greater than 3—4 correspond to good separation. Table 2
shows the distances between the two classes. Separate autoscaling of each
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class gives the best class distance, while classical autoscaling shows the poor-
est separation.

Although demonstrated on g.c. data, the conclusions obtained in this work
are expected to be valid also for similar analytical data.

The author thanks O. Grahl-Nielsen for stimulating discussions during this
work.

APPENDIX

To show the partition of the total variation of a variable into intra- and inter-class vari-
ation, two classes of samples labelled {p, q} are first defined. Class means and numbers of
samples are defined as {jp, xq} and {np, nq}, respectively. These numbers obey the fol-
lowing relations:

N =ny +ng, N =npxy, + ngig
Johnston [25] used the identity
Xp— X =(xp —Xg) + (Xg— %)

where k labels a particular sample from {p, q} and X4 denotes the class mean of sample &,
i.e., either £, or %4. Squaring both sides of the identity and summing over all samples
gives the relation:

N N N N
Y xp—xY = Y (xp—xg + Y 2xp—ENEg—X)+ Y (Fg— )
k=1 k=1 k=1 k=1

The cross term is easily seen to give zero contribution, reducing the expression to
N "p nq "p nq
Y (p—%P =Y (ep—%p)l + ¥ (x,—%) + YL (Fp—x)P+ Y (Fq— )
k=1 k=1 =1 k=1 =1

This expression contains the total variation on the left side and the intraclass variation of
the classes as the two first terms on the right side, the last two terms being the interclass
variation, i.e.,

v() = v,(i) + v,(i) + v,,()
The expression for the intraclass variation can be simplified:
"p "q

v,(i)= Y xp—npEhiv, ()= Y x} —ngxy

k=1 =1
Also the expression for the interclass variation can be simplified:
V(i) = np(X, — &) + ng(Xq— &) = npx} + ngxi — Nx*
If ny = ng4 this expression simplifies further to
V(i) = (N/4)Ep — 24)°

i.e., the interclass variation is proportional to the squared difference between class means.
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SUMMARY

Straightforward analysis for components in a single certified reference sediment is of
limited use for assessing the accuracy of environmental determinations. A systematic
approach requires mixing of certified sediments, one with another and with environ-
mental samples, and the preparation of secondary reference material by the laboratory.
Use of Youden pairs, reference material embedded in samples and linear models should
enable valid accuracy statements to be made based on well known statistical concepts.
For assessing accuracy, reference sediments which are matched in particle size, and are
end-members for components or sediment types are most useful.

The value of certified reference materials (CRM) for environmental
chemistry is indisputable and recent guidelines [1, 2] correctly recommend
their incorporation into any environmental sampling program. Specific direc-
tions on how such material is to be used are scant, and this is reflected by
the lack of systematic approaches evident in the literature. Therefore there is
a need to clarify how CRM’s should be used and the aim of this paper is to
outline a few techniques which go beyond the direct analysis of a single
CRM. The discussion is restricted to the problem of trace metals in marine
sediments; however, it is clear that the techniques have direct application for
any trace components contained in a particulate matrix.

Reference materials suffer from two major limitations; each is in finite
supply, and only a few exist. The latter problem is compounded by variety
not only between but within classes of environmental substrates which CRM’s
are supposed to represent. For many substances, there simply is no appro-
priate CRM. Examples of indiscriminate application of CRM (e.g., use of
orchard leaves for oyster tissue analysis) are not uncommon, but easy to dis-
regard. More subtle and much commoner is use of a CRM which is sufficiently
different from samples being analyzed to make it of questionable value in an
assessment of analytical performance. This matter is rarely discussed. For
materials of widespread interest, marine sediment in the present case, and
popular analytical targets such as metallic elements, there is wider choice of
CRM’s. However, a recent survey [3] lists only three pertinent marine CRM’s

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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currently available, National Bureau of Standards (NBS) estuarine sediment
SRM 1646, and National Research Council of Canada (NRCC) marine sedi-
ments MESS-1 and BCSS-1. It is unreasonable to expect that these CRM’s,
which are compositionally very similar, can be stretched to represent all
marine sediments.

Determination of precision for any method is relatively straightforward,
will always involve replicates and does not require recourse to reference
material. Here precision is defined as tightness of grouping of replicates, bias
as the difference between the average of a large number of determinations
and the “true” value, and accuracy comprises both. This follows Water
Research Centre usage as outlined by Kirchmer [4]. Reference materials,
therefore, are used to assess bias and accuracy of an analytical procedure
when applied to specific material. In principle, accuracy of a procedure is
assessed for the CRM and then extrapolated to environmental samples; thus
the requirement of similarity. This should enable analysts to set their data in
the context of measurements performed by others, using the same or differ-
ent methods, but without benefit of direct inter-laboratory comparison. This
is important because the option of interlaboratory comparisons is not always
practical; use of CRM’s is. The value of CRM’s, therefore, is to provide
comparability.

A review of published data for determination of metals in sediments leaves
the impression that reference material is often not used, or if it is and perfor-
mance on it reported, one is left to pass judgement on what this may imply
about accuracy. The reader is seldom in the best position to judge because he
may not know how appropriate the CRM was, nor the model (i.e., blind,
random, number of replicates, etc.) under which the CRM was determined.
Extrapolating beyond the range of calibration for an instrument entails
unknown risks and is not recommended [1]. However, this caution seems
not to have been carried into the use of reference material, and one often has
only a single reference point with which to evaluate accuracy for a broad
range of sediments. This is tantamount to using a single calibrant, assuming
linearity through origin, and assuming that matrix or interference effects are
identical in all samples. These are extremely risky assumptions.

How reference materials should be used depends on analytical objectives
and problems specific to determination of an analyte in the substrate [5].
Contamination has been a centre of focus in marine analytical chemistry,
particularly for trace elements and compounds in sea water. However, for
metals in sediments, contamination has proved, for the most part, to be rela-
tively unimportant; interferences, matrix effects and incomplete recovery of
the species determined are more serious concerns. It is here, therefore, that
sediment CRM’s can be most usefully applied. Reference materials can be
used to validate a method [5, 6] and estimate its performance characteristics.
Clearly, knowing the correct answer helps to determine causes of problems
and to revise procedures to produce data with minimum bias. However, it is
important that the analyst demonstrates statistical control of the procedure
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before turning to the problem of bias estimation using certified audit samples.
Reference materials are probably best not applied to this control task in view
of their limited supply and expense. A good control needs only to be repre-
sentative and uniform within subsampling, and laboratory personnel can
prepare suitable inexpensive controls. Reference materials are also generally
unsuitable for external or internal audits and laboratory performance checks
because their compositions are widely known and easily recognized by astute
analysts.

From the above, it is clear that an expanded set of CRM’s would be desir-
able if confidence in comparing and evaluating data sets is to be achieved.
Few organizations are capable of certifying large amounts of material, and
other more pressing needs for CRM’s suggest that these will not soon be
forthcoming. The intent of this paper is to illustrate how presently available
CRM’s can be augmented and tailored to provide better estimates of accuracy
for determinations of trace elements in marine sediments.

MANIPULATION OF REFERENCE SEDIMENTS

Effort in preparing certified marine sediments of carefully controlled com-
position and careful determination does not make them sacrosanct. Direct
determinations on them will remain an important exercise, but their value
lies in helping analysts to evaluate performance on their own samples. Mixing,
if done properly, can create a range of certified ‘‘authentic” sediments [7]
with composition, known only to the mixer, controlled by two or more
certified end points.

To extend the use of certified material, the laboratory should prepare its
own reference material (here termed secondary reference) from sediments
sampled from the region of interest. These materials will not be certified but
this disadvantage is more than offset by the representative nature of sediment
and it certainly can be applied for control purposes. Saving some material for
later use by other laboratories interested in related problems, or determina-
tion by other methods will strengthen its usefulness.

Another way of altering sediments is to spike them [1, 7] with a soluble
form of the species to be determined to produce a “synthetic’ sample. While
some results can be achieved, for metals the information is usually of a nega-
tive sort, i.e., recovery of spike does not guarantee that the species is being
removed from the matrix. Therefore, this idea, admittedly useful in certain
circumstances [8], will not be pursued here.

Certified reference sediments are usually distributed as a sterilized dried
powder which has been screened, usually after grinding. According to their
specifications, BCSS-1 and MESS-1 pass a 125-um sieve, and NBS SRM 1645
pass a 180-um sieve. By definition, sediments (certified or otherwise) are
heterogeneous and may be subject to fractionation by magnetic, electrostatic
and mechanical forces. They should always be remixed by tumbling or rolling
for a minute or two in their container just before sub-sampling. Secondary
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references can be prepared by following similar procedures [9], sieving
freeze-dried sediments and even irradiating the product to eliminate bio-
logical activity. Small quantities (<1 kg) can be effectively mixed in a blender
or by tumbling for a day or two to achieve acceptable uniformity [9], but
this must be evaluated from subsequent analyses. Mixing and blending sedi-
ments is optimal if particle sizes are closely matched, and once prepared,
secondary reference should be treated with the same respect as is given to
certified material.

To prepare and blend sediments, one must be aware of well known samp-
ling problems unique to heterogeneous particles. Kratochvil et al. [10] have
recently reviewed the relevant literature and their paper should be consulted
for more detail. When small numbers of particles are sampled, and the analyte
is unevenly distributed among them, a considerable sampling variance will
arise. To reduce this variance to an acceptable level, samples must be made
sufficiently large, and theory has been applied to the problem of choosing
appropriate sample size. For a well-mixed, 2-component particulate assem-
blage, each component containing a different percentage of the analyte in
question, Kratochvil et al. [10] give Benedetti-Pichler’s formula as

n = [did,/d’]* [100(P, — P,)/@P]* p(1 — p) (1)

where d; and d, are the respective particle densities, d is the average density,
P, and P, are the concentrations of analyte in the two components, P is the
average concentration in the mixture (P,, P, and P must have identical units)
and p is the fraction of one component in the mixture. The number of
particles, n, which should be included in the sample to achieve acceptable
sampling relative standard deviation, Q%, can be translated into weight if
particle density and size are known. For example, suppose that a blend
with about 1.3 ug g™ cadmium content is required. It would be possible to
mix 9 parts of NBS SRM 1646 (0.36 ug g™ Cd) with 1 part of NBS SRM
1645 (10.2 ug g Cd). (This reference material is river sediment and so
could be used as an estuarine end-member. Its high Cd, Pb and Zn contents
make it an obvious choice for pollution studies, but this is partially offset
by its abnormally high chromium content of about 3%.) The reasonable
assumption that particle densities are equal (2.5 g cm™) and a target sampling
error, Q@ = 1%, yields, according to Eqn. 1,

n=[1.01[100(10.2 — 0.36)/1.0 X 1.34]2(0.10)(0.90) = 4.9 X 10 (2)

If it is assumed, as an extreme case, that all particles are 180 um, spherical in
shape, and contain either 10.2 or 0.36 ug g™ Cd, Eqn. 2 translates to about
370 mg. For a smaller grain size, say 125 um, a 125-mg sample should
achieve the same sampling error. The certification process for BCSS-1 and
MESS-1 relied on subsamples 500 mg or larger, although they are well mixed
for trace metals even at 100-mg sample sizes (private communication,
S. Berman, NRCC, 1984). The NBS SRM 1646 certification is also based on
500-mg samples but smaller amounts were used (100 mg) for NBS-SRM 1645
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certification. The above considerations show that blending reference sedi-
ments in gram quantities and removing 500 mg or greater sub-samples should
adequately control sampling error. Considerably smaller portions could prob-
ably be used, but this would have to be tested by analysis of replicated sub-
samples and comparison of results with certified values or with results based
on larger sub-samples {11].

If for any reason the mixing cannot be done satisfactorily the entire mix
should be used [7]. In this case, suitable weights of the component sediment
should not exceed the total mass of sample known to be within the rugged-
ness bounds of the method.

TECHNIQUES FOR USING REFERENCE MATERIALS

Control charts are basic to the principle of obtaining quality data [1, 5],
and their design and interpretation have been well reviewed elsewhere [12].
Here three plans are outlined for using CRM’s which should supplement
normal control practices. Blending, as previously described, allows the
preparation of samples of known but varied composition. Furthermore,
there is the option of running the samples as knowns to assist the analyst in
self-evaluation, or unknowns as part of a performance check.

Youden pairs

Paired reference materials of similar but not identical composition offer
advantages in quality control and assessment, and in differentiating between
systematic and random errors. In spite of very adequate descriptions of their
use [13, 14], they seem almost never to be applied for sediment determina-
tions. This may stem from reluctance to mix reference materials as is recom-
mended here to produce control pairs, or general unfamiliarity with the
method. Statisticians tend to favor genuine replicates but there is no reason
why both approaches cannot be satisfied using an analysis of variance design.
The main advantages of Youden pairs are their visual impact, and their use in
separating and estimating systematic vs. random components of error. They
thus show where effort should be applied to improve performance of a
method.

An example of a Youden plot for the determination of copper (4 replicates)
in BCSS-1/MESS-1 is shown in Fig. 1. These data come from an interlabora-
tory study [9], but the principles have useful intralaboratory application. If
median lines are drawn, then random errors would result in an even distribu-
tion among the four quadrants. This is almost never observed and data will
form an ellipse like that shown in Fig. 1. Systematic errors tend to cause
data distribution in the upper-right lower-left quadrants. Good precision but
systematic errors (between days, batches, laboratories, etc.) will tend to
form a line with slope 45°. The copper determinations shown are dominated
by systematic errors between laboratories. Most laboratories have obtained
good precision but only 2 or 3 have been precise and accurate. With the



86

40 - symbol lab  median x
[o] 12 a
.
35 - 3 °
w
a 4
(Iﬁ 5] 5 o
= 30 A . 6
= x 7 . .
'g * NRC o
3 251 +*
I - Gk .. mediany
Z 3
o a
= 20
o «
[ o
E o
(Z) 15 H . o
o
3 .
(8]
10 1
3
(8]
5 4
0 T T T T T 1
0 5 10 15 20 25 30

Cu CONCENTRATION (ugg™') BCSS

Fig. 1. Youden plot for the determination of copper in the pair BCSS—MESS. Systematic
errors are evident as data spread along a 45° line, while random errors cause spread about
the line. The small symbols represent 7 different laboratories each of which ran 4 repli-
cates. The certified value is plotted as a star.

reasonable assumption that variance is approximately the same for both pairs,
it can be shown that s = s3/2 and s = (s% — s})/2, where s} is the random
variance, s} the systematic variance, s} the variance associated with totals
(pairs added) and s} with differences (pairs subtracted). For the data plotted
on Fig. 1, sg = 2.0 ug g™ and sg= 7.9 ug g~!. Attempts to increase precision
would be wasted until systematic errors have been reduced.

Embedding

This can be considered as a type of standard addition. Instead of adding
known spikes of analyte to a digest, one adds known amounts of a CRM to
portions of a sample with the precautions outlined earlier. Most important is
to arrange or choose samples and CRM’s which match in particle size. The
advantage of this procedure over simple spiking of an extract or sediment
(synthetic sample) is that it will evaluate the effectiveness of digestion of
CRM in the presence of real sample material. The confidence with which one
can then evaluate digestion of the real sample will depend on how closely the
two materials match in their bulk properties. (For example, a carbonate
CRM would be a poor choice to evaluate digestion of a silicate sample.)

Suppose that a mixture is prepared from x g of a sample with composition
X and r g of a CRM with composition R. Composition of the blend, Y, will
be related to original compositions as

Y=(1/(x + r)[xX + rR] (3)
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If both mixture and sample are analyzed, the “embedded” reference can be
retrieved because

{(x +r)/r}Y —(x/mX=R (4)

If variances associated with measuring Y and X are s% and s%, respectively,
propagation of error theory predicts that the variance asséciated with R
calculated by Eqn. 4 is

sh = [(x +1)/r]* s% + (x*/r*)sk (5)
if % ~ sk, sk = {[(x + r)* + x*]/r*}s% (6)

Equations 5 and 6 show that the power of resolving R is weak for single
paired samples especially if the mixture contains only a small fraction of
CRM, or if sy or sy is large compared to R. The latter might arise if a CRM
with very low analyte concentration were mixed with a contaminated sedi-
ment, and the relative standard deviation (%) was approximately constant.
With prior knowledge or estimates of X, R, sx and sg, Eqns. 4 and 5 can be
used to assess the practicality of the technique. Embedding is to be recom-
mended primarily as an adjunct to extract more information from control
charts or Youden pairs which are already being used on a regular basis.

The linear model

If analytical results on CRM’s are plotted against their respective certified
values, there are several linear possibilities [15, 16]. These comprise four
cases: (1) the ideal data set having slope = 1, intercept = 0; (2) the data set
having constant bias with slope = 1, intercept # 0; (3) the data set having
bias as a function of concentration with slope # 1, intercept = 0; and the
general situation (4) the data set having additive and multiplicative compo-
nents of bias with slope # 1, intercept # 0. It is, of course, possible to find
curvature and resort to non-linear equations to fit data [17]. However, in
this case, error analysis becomes more complex, and severe curvature almost
certainly indicates problems in conducting the method.

With a reasonable selection of CRM’s (i.e., a wide concentration range for
components of interest), it is possible to prepare references suitable for
evaluating which of the above listed models in appropriate to the data. These
CRM “‘calibrants” should be distributed among real samples, preferably
replicated. For the linear model, five points are recommended [2, 15] (with
experience, this may be dropped to three points), and replication should be
used to evaluate linearity [18]. These requirements may be too stringent for
small data sets but could certainly be implemented by laboratories routinely
handling large numbers of samples and devoting 10—15% of their effort to
quality practices. The advantage of constructing and testing a linear model is
that it enables the analyst to evaluate accuracy systematically. With a single
reference material, one is not sure which, if any, of the above linear cases
apply to data. Case 1, however, will almost always be eliminated. The problem,
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as with single-point calibrations, is that one is very uncertain what a single
reference point implies for most if not all data [16].

Figure 2 shows two examples for which the linear model might be con-
sidered. For both, CRMs were analyzed for aluminum and zinc by two diges-
tion methods (aqua regia and aqua regia/hydrofluoric acid); for purposes of
illustration the actual method is not important. The CRM’s analyzed included
BCSS-1, MESS-1, OCSS-1 (a material prepared and evaluated in a round
robin [9]) and three blind references made from mixtures of NBS SRM-1645
and NBS SRM-1646. For clarity, Fig. 2 shows average determinations of
analyte in the CRM’s; however, replicates were used and the least-squares
line was constructed from original data.

For zinc (Fig. 2a), the linear model is appropriate to both methods as
done here, although the results produced are apparently consistently low
compared to certification. The aqua regia/hydrofluoric acid digest does not
extract zinc more efficiently, and this method provides less precision. In
Fig. 2(b), it is clear that aqua regia is insufficient to solubilize aluminum
from the matrix. The aqua regia/hydrofluoric acid digest does considerably
better, and error statements could be made in the concentration range 5—6%
Al [16]. However, a linear model should not be applied to aluminum data
outside the 5—6% range in view of the tight grouping of data. Assuming a
line through the origin would entail risks of error which could be considerable
at high or low concentrations. The solution to this problem is to obtain a
wider range of CRM’s.

1
.
- Z
> ~ 61 o
el B ,'u/
Tor RS
z - 7’
=t g L
E Ead e
[ E 7
F O .
I z v
Q O 34 s
r4 O 7
I+] p
(5] o ’
w o ¢
g z /! -
o x
2 2 .
g gy
w = ,
= .
p
0 r T T r r . 0+ T Y r r r T r
o] 100 200 300 400 500 600 o 1 2 3 4 5 6 7 8
CERTIFIED CONCENTRATION, pgg’ (X) CERTIFIED CONCENTRATION (%)

Fig. 2. (a) The measured concentration of zinc in reference sediments and mixtures there-
of as a function of certified value for two different analytical methods: (X) an aqua-regia
digest for which m = 0.966, a = —16.8, s}, x = 48.7, n = 27; (o) hydrofluoric acid/aqua-
regia digest for which m = 0.863, @ = —18.0, syx = 185, n = 24. Linear regression can be
used for either method to convert data to “certified” and therefore put the two methods
on a common reporting basis. (b) The measured concentration of aluminum in reference
sediments: (X ) aquaregia digest; (o) hydrofluoric acid/aqua-regia digest. In this case, the
linear model would be of limited use.
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In principle, data which are traceable to certified references should be
intercomparable. For large-scale, long-term monitoring programs which
involve more than one laboratory, or for the analysis of trends, traceability is
essential. The problem, as Taylor [16] states, is that a definitive protocol for
traceability has not been established. He suggests that a measurement on an
environmenta! sample can be corrected to ‘“true” by multiplying by the
certified/measured ratio for a simultaneously measured certified material. He
cautions that the certified material must be of similar composition to the
environmental sample and that both must provide similar instrumental re-
sponses. The underlying assumption that the measurement system is linear
through zero (Case 1 or 3 above) cannot be tested with measurements on a
single CRM; however, violation of this assumption (i.e., additive errors)
would not be too serious provided that the certified and environmental
samples match closely. With information on the standard deviation of the
measurements and the degree of replication, Taylor gives appropriate equa-
tions to estimate error. In contrast, the measurement of several CRM’s as
suggested here allows one to evaluate linearity and choose the appropriate
model for correcting data. Rather than depending on CRM’s which closely
match environmental samples, the method proposed depends on CRM'’s
which span the range of environmental samples. Linear regression offers a
simple and direct method of correcting measured values to certified, for
which there are well established formulae for demonstrating linearity and
calculating interval estimates [18]. Furthermore, this model provides more
security in that it allows one to trace a measurement to two or more certified
references simultaneously. If & replicate measurements are made on a sample,
and a CRM “calibration’’ line based on n determinations is used, the confi-
dence interval estimate is

X' =X+ [m(Y — ¥)/K] * (tsyx/K){[(Y — ¥)/SSx]
+ [(1/n) + (1/k)]1K}'"? (7

where K = m?* —ts?, SSx = ZX? — (£X)?*/n. The symbols have the following
meanings: t = fy2y n—2, M is the slope, s, the slope variance, sxy the stan-
dard error of estimate, X' the predicted independent variable, X the average
of calibration X;, Y the average of calibration Y;, and Y’ the average of k
replicate sample determinations. For example, suppose duplicate zinc results
(aqua-regia digest) for a sample were 333 and 347 ug g™'. For the linear cali-
bration (Fig. 2a), ¥' = 340 ug g™ is converted by means of Eqn. 7 to yield
X'+ 95% CI =369+ 11 ug g!. Confidence intervals (CI) would be larger for
data further from the centre point of the line, and for lines based on fewer
reference data. This method of assessing error depends on the assumption
that precision is similar for samples and CRM’s and that it is relatively homo-
geneous over the measurement range [19]. These assumptions should be
evaluated from control charts and the use of replicate samples which span
the range of interest. Therefore, the linear model augments but does not
replace the use of sample replicates.



90
CONCLUSIONS

Environmental analysts now generally recognize the need to include results
on CRM’s and the number of reports without such support data is decreasing.
However, if the objective of analyzing CRM’s is to estimate accuracy, the
analysis of a single CRM will not be very useful particularly if it differs from
samples. In this paper, three general plans are outlined for applying CRM’s to
accuracy assessment and details are given on how to manipulate the CRM’s
properly. Which of the three techniques one chooses to apply depends on
the analytical objectives, the number of samples routinely analyzed, and
whether they are handled in batch or continuous mode.

The most straightforward approach is the linear model. This enables one
to distinguish additive or multiplicative components of bias and then to
make appropriate corrections as outlined above. The cost of running five or
more replicate CRM’s additional to a large number of environmental samples
is minimal and, provided that the system is under statistical control, can be
used to evaluate the whole data set. With time, a large number of such data
can be collected and an assessment made of the stability of the method.

If the laboratory already runs control samples, the use of Youden pairs
should entail little extra expense, at most requiring a doubling of the control
samples. Offsetting this, the analyst may be able to reduce the frequency of
control samples depending on the system stability. The technique of embed-
ding could be applied during method validation, but will not be very cost-
effective by itself. However, if the use of Youden pairs is adopted for control,
it will cost no extra to prepare the pair sample by embedding. A control
chart could be maintained for R (Eqn. 4) and the mean after a number of
determinations compared with the certified value, yielding extra information.

If one is to apply the general plans suggested above, it would help if CRM’s
of similar particle-size distribution but widely varying composition were
prepared. Given three CRM’s, for example, it would be possible, by mixing,
to construct a ternary system representing a wide range of sediments. Refer-
ence materials close in composition (MESS-1, BCSS-1, NBS SRM-1646) form
a very restricted ternary system inappropriate to pollution studies.

The statements made here can be extended to include other particulate
reference materials and other analytical targets. It is up to the analyst to use
judgement in attempting to prepare mixtures which bracket the range in
samples. If this can be done successfully, confidence in how the method is
performing on real samples will be considerably strengthened.

We thank W. J. Cretney and J. A. J. Thompson for providing critical
comment, V. Forsland for preparing the diagrams and J. Poulin for typing
the manuscript. We are especially indebted to J. K. Taylor for suggesting
several improvements and his support and encouragement during the prepara-
tion of this paper.
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SUMMARY

Methods based on fluorimetry and high-performance liquid chromatography (h.p.l.c.)
for highly sensitive assay of aromatic L-amino acid decarboxylase are described.
Dopamine formed enzymatically from a substrate, L-dihydroxyphenylalanine (L-DOPA),
after chromatography on a small column of a cation-exchanger, Toyopak SP, is converted
to a fluorescent compound by reaction with 1,2-diphenylethylenediamine. The derivative
is measured by direct spectrofluorimetry or by reversed-phase h.p.l.c. with fluorimetric
detection. The limits of detection for dopamine formed enzymatically in the direct
and h.p.l.c. methods are 15 and 1 pmol per assay tube, respectively. The enzyme in rat
liver, kidney, brain, heart, adrenal medulla and serum can be precisely assayed.

Aromatic L-amino acid decarboxylase (AADC; aromatic L-amino acid
carboxy-lyase, EC 4.1.1.28) occurs in many tissues, and catalyzes the
decarboxylation of aromatic L-amino acids to the corresponding amines. The
enzyme has a high affinity especially for L-DOPA (L-dihydroxyphenyl-
alanine) and 5-hydroxytryptophan (5-HTP) [1], and so it plays an important
role in the biosyntheses of catecholamines (dopamine, norepinephrine and
epinephrine) and serotonin.

Many assays for AADC in biological materials have been reported, includ-
ing manometric [2], spectrophotometric [3, 4], fluorimetric {5, 6], high-
performance liquid chromatographic (h.p.l.c.) [6—9] and radio-isotopic
[1, 10} procedures. Only the h.p.l.c. method with electrochemical detec-
tion [6, 7, 9] and the radio-isotopic methods permit the assay of AADC in
serum of experimental animals such as the rat, mouse, guinea pig and
monkey, in which the AADC activity is extremely low. However, the former
technique requires careful manipulation to attain high sensitivity and repro-
ducibility, and the latter are rather complicated and require an expensive
substrate.

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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Highly sensitive h.p.l.c. methods with pre-column derivatization for the
determination of catecholamines in human wurine [11] based on
1,2-diphenylethylenediamine (DPE), a selective fluorescence derivatization
reagent for catechol compounds [12], have been developed in this
laboratory. This paper describes direct and h.p.l.c. methods for sensitive
assay of AADC in rat serum and tissue homogenates. The methods are
based on the determination of dopamine formed from the substrate L-DOPA.
under the optimum reaction conditions for the enzyme. Dopamine, after
separation from L-DOPA, was unchanged after chromatography on a small
column of cation exchanger, and was converted to a fluorescent compound
by reaction with DPE. The compound was measured by conventional
fluorimetry or reversed-phase h.p.l.c. with fluorescence detection using
isoproterenol as an internal standard.

EXPERIMENTAL

Reagents and solutions

The reagents used were L-DOPA and D-DOPA (Sigma), dopamine hydro-
chloride and pyridoxal phosphate (Wako, Osaka), isoproterenol
hydrochloride, 5-hydroxytryptophan and 3-hydroxybenzylhydrazine dihy-
drochloride (Nakarai Chemicals, Kyoto) and DPE (Dojindo Laboratories,
Kumamoto). The DPE solution (0.1 M, apparent pH 6.7) was prepared by
dissolving 212 mg of DPE in 10 m!l of 0.1 M hydrochloric acid. A Toyopak
SP (cation-exchanger, sulfopropyl resin, Na* form; Toyo Soda, Tokyo)
column was prepared by packing 1.0 ml of the cation-exchanger into a
plastic tube (35 X 10 mm i.d.). The column was washed successively with
2 ml of 2 M sodium hydroxide, 5 ml of water, 2 ml of 2 M hydrochloric
acid and 10 ml of water. The used column can be regenerated by washing in
the same way and could be used more than five times.

Enzyme preparations

Male Donryu rats (4 weeks old) were decapitated, and the livers, kidneys,
brains, hearts and adrenal medullas were immediately removed and chilled
on ice. All further procedures were conducted at 0—5°C. Adrenal medulla
(5 mg) was homogenized with 1.25 ml of 0.25 M sucrose, and the others
(500 mg each) with 4.5 ml of the sucrose solution. Serum was obtained by
centrifuging the blood at 1000g for 10 min at 5°C. The homogenates and
serum were stored at —70°C until used and diluted with 0.25 M sucrose when
required for use: liver and kidney, 500 times; brain, 30 times; heart,
20 times; serum, 5 times.

Apparatus

Uncorrected fluorescence excitation and emission spectra and intensities
were measured with a Hitachi MPF-4 spectrofluorimeter using quartz cells
(ca. 1.2 ml cell volume; 0.3 X 1.0 cm optical pathlengths). The excitation
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and emission bandwidths were both set at 10 nm. The column was an
Ultrasphere ODS (150 X 4.6 mm i.d.; Beckman). The column temperature
was ambient (20—25°C). An Eyela PLC-10 liquid chromatograph (Tokyo
Rika, Tokyo) was used, equipped with a sample injector valve (100-ul loop)
and a Shimadzu FLD-1 fluorescence detector fitted with a 14-ul flow cell
and an EM-4 emission filter. Uncorrected fluorescence excitation and emis-
sion spectra of the eluate were measured with a Hitachi 850 fluorescence
spectrophotometer fitted with a 20-ul flow cell, and emission and excitation
bandwidths of 5 nm.

Procedures

Procedure for direct fluorimetry. To 100 ul of the enzyme preparation
were added 200 pl of 0.2 M sodium phosphate buffer (pH 6.8) and 100 pl
of 50 uM pyridoxal phosphate. The mixture was preincubated at 37°C for
10 min, and again incubated for 10 min after addition of 100 ul of 8 mM
L-DOPA. At the end of the incubation, 200 ul of 1.5 M trichloroacetic acid
was added to stop the reaction. The mixture was centrifuged at 1000g for
10 min at 4°C, and the supernatant liquid was poured onto a Toyopak SP
column. The column was washed successively with 10 ml of water, 2 ml of
0.2 M phosphate buffer (pH 5.5) and 5 ml of water. The adsorbed amine
was eluted with 2.0 ml of a mixture of ethanol and 1.0 M sodium chloride
(7:3, v/v). To the eluate, 100 ul each of DPE solution and 15 mM potassium
hexacyanoferrate(III) were added and the mixture was allowed to stand
at 37°C for 40 min to develop the fluorescence. For the blank, the enzyme
preparation was taken through the procedure except that the order of addi-
tion of L-DOPA and trichloroacetic acid was reversed and incubation was
omitted. The fluorescence intensities of the test solution and the blank were
measured at an emission wavelength of 480 nm and an excitation wave-
length of 350 nm.

Procedure for h.p.l.c. method. The same procedure as for the manual
method was used except that 100 ul each of 3.0 M trichloroacetic acid
and 1.0 nmol ml™? isoprotenerol as an internal standard were used in place
of 200 ul of 1.5 M trichloroacetic acid. The preparation of a blank was
unnecessary unless the chromatogram for the blank was to be investigated.
The final mixture (100 ul) was injected into the chromatograph. The mobile
phase was a mixture (11:9, v/v) of acetonitrile and 50 mM Tris/hydrochloric
acid buffer (pH 7.0) and the flow rate was 1.0 ml min™.

For the examination of the effect of 5-hydroxytryptophan on the forma-
tion of dopamine, 100 ul of 8 mM L-DOPA in the procedure was replaced
with 100 ul of the L-DOPA solution containing 5-hydroxytryptophan
(0.25 or 2.5 mM). To find the effect of 3-hydroxybenzylhydrazine, 0.2 M
phosphate buffer (pH 6.8) containing this compound (0—1 mM) was used in
place of the buffer.
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RESULTS AND DISCUSSION

Conditions of the enzymatic reaction

The conditions were investigated mostly by using the h.p.l.c. method. The
optimum pH for the AADC reaction in sodium phosphate buffer was 6.8
(Fig. 1), and that buffer gave maximum and constant activity at concentra-
tions of 0.05—0.5 M for all the enzyme preparations. Although 0.1 M
HEPES and 0.1 M TES buffers, and 0.1 M Tris/hydrochloric acid buffer gave
maximum activity at pH 7.0—7.5, activity was only ca. <60% that obtained
in the pH 6.8 phosphate buffer. Thus 0.2 M sodium phosphate buffer,
pH 6.8, was used in the procedure.

Maximum and constant activity of AADC was attained in the presence of
0.4—1.8 mM L-DOPA in the reaction mixture for the enzyme in liver, and
identical results were also given for the enzyme in the other tissues. The
value of the Michaelis constant for L-DOPA was ca. 0.1 mM, i.e., 0.09 mM
for liver and kidney, 0.08 mM for adrenal medulla, 0.10 mM for heart and
serum, and 0.11 mM for brain tissue. Thus 1.6 mM L-DOPA was used as a
saturating concentration. Pyridoxal phosphate gave maximum and constant
activity at concentrations of 1.0 uM to 1.0 mM in the enzyme reaction
mixture (Fig. 2); 10 uM was selected in the procedure. Because dopamine
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Fig. 1. Effect of pH of 0.2 M sodium phosphate buffer on amount of dopamine formed.
Portions (100 pl) of the AADC preparations were treated according to the procedure for
the h.p.l.c. method at various pH values. AADC preparations (activities, nmol dopamine
min? mg?! protein in parentheses): (a) liver (6.91); (b) kidney (7.21); (c¢) brain (0.62);
(d) heart (0.20); (e) adrenal medulla (1.45); (f) serum (0.46 nmol min™ ml™).

Fig. 2. Effect of pyridoxal phosphate (PALP) concentration on the amount of dopamine
formed. Portions (100 ul) of the AADC preparations were treated according to the
procedure for the h.p.l.c. method at various PALP concentrations. AADC preparations
(activities, nmol dopamine min™ mg™ protein in parentheses): (a) liver (5.80); (b) kidney
(6.40); (c) brain (0.62); (d) heart (0.22); (e) adrenal medulla (1.58); (f) serum
(0.46 nmol min™ ml™).
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can be a substrate for monoamine oxidase (MAO) [13] and also is suscep-
tible to oxidation with oxygen as well as other oxidizing agents, there is a
possibility of oxidative degradation of dopamine formed enzymatically
during the incubation period. The amounts of dopamine formed enzy-
matically, were unaffected, for all the enzyme preparations, by the addition
of pargyline (0—0.3 mM) as a MAO inhibitor, or ascorbic acid,
dithiothreitol or reduced glutathione (0—0.6 mM) as antioxidant to the
enzyme reaction mixtures. Dopamine added to the enzyme reaction mixture
of the blank was stable when incubated at 37°C for 10 min (prescribed
incubation time). Thus neither pargyline nor antioxidant was used in the
procedure.

L-DOPA is decarboxylated non-enzymatically as well as by the AADC-
catalyzed reaction [14—18]. It has been reported that non-enzymatic
decarboxylation occurs in the presence of some metal ions such as iron(II),
iron(IIT) and copper(ll) [14] and oxidizing substances such as sodium
hexacyanoferrate(Ill) and oxyhaemoglobin [15, 16], and that such
decarboxylation was inhibited by the addition of EDTA or reducing agents
such as 2-mercaptoethanol and reduced glutathione, or both {17, 18]. In
the present procedure, however, EDTA and 2-mercaptoethanol (1—500 uM
each in the enzyme reaction mixture) did not influence the amounts of
dopamine formed. The formation of dopamine was not observed when
D-DOPA was used in place of L-DOPA or when the enzyme preparations
were denatured by heating at 95°C for 5 min. 3-Hydroxybenzylhydrazine,
an AADC inhibitor [19], at concentrations of 0.1 and 5 uM in the enzyme
reaction mixture inhibited the activity by ca. 85 and 100%, respectively, for
all the enzyme preparations. AADC works on 5-hydroxytryptophan as well
as L-DOPA, and these amines can be competitive inhibitors for each other
[3]. 5-Hydroxytryptophan competitively inhibited AADC in liver against
L-DOPA (Fig. 3), with an observed inhibitory constant (K,) value of
0.06 mM, which was obtained as described by Dixon [20]. 5-Hydroxy-
tryptophan similarly acted as a competitive inhibitor towards AADC in
brain with the same observed K; value as in liver AADC. All the above
observations suggest that dopamine formed in the present procedure results
from the enzymatic decarboxylation of L-DOPA.

The amounts of dopamine formed enzymatically were proportional to
the amounts (ug/tube) of protein in the AADC preparations up to at least
33 (liver), 77 (kidney), 20 (adrenal medulla), 450 (brain) and 750 (heart),
and to the volume of serum up to 100 ul. The amounts (ug/tube) used in
the procedure were 3 (liver and kidney), 4 (adrenal medulla), 25 (brain),
80 (heart) and 20 ul (serum); these amounts were selected for convenience.
The AADC activities in all the enzyme preparations were linear with time up
to at least 20 min (Fig. 4).

Clean-up of dopamine formed enzymatically
Because the substrate L-DOPA which had not reacted in the enzyme
reaction mixture also reacted with DPE under the conditions of the
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Fig. 3. Inhibition of liver AADC by 5-hydroxytryptophan. Portions (100 ul) of the
liver AADC preparation were treated according to the procedure for the h.p.l.c. method.
Solid lines obtained by linear regression. Concentrations (mM) of 5-hydroxytryptophan
in the reaction mixtures: (a) 0;(b) 0.25; (¢) 2.5.

Fig. 4. Effect of incubation time on the amount of dopamine formed. Portions (100 ul)
of the AADC preparations were treated according to the procedure for the h.p.lec.
method for various incubation times. AADC preparations: (a) liver; (b) kidney; (c) brain;
(d) heart; (e) adrenal medulla; (f) serum,

derivatization reaction to afford a fluorescent compound with excitation
and emission spectra similar to those for dopamine [12], the L-DOPA had
to be removed from the derivatization reaction mixture. This was success-
fully achieved by passage through a small column of the strongly acidic
cation-exchanger Toyopak SP. This cation-exchanger allowed the applica-
tion of the acidified enzyme reaction mixture (ca. 0.4 M trichloroacetic
acid) without pH adjustment. The cation (hydrogen, lithium, sodium ion)
form of the exchanger did not affect the recoveries of dopamine and
isoproterenol. After the application of the reaction mixture, the column
was washed with water and 0.2 M sodium phosphate buffer (pH 5.5) and
dopamine and isoproterenol were eluted with a mixture of ethanol and
1.0 M sodium chloride (7:3, v/v). When the buffer was replaced by water,
the eluate resulted in a strongly acidic solution (pH 1—2) and no fluorescent
derivatization reaction occurred. The concentrations of phosphate buffer
(0.1—0.25 M) and pH values (5.3—7.0) had no effect on the recoveries of
dopamine and isoproterenol. The recoveries of these two compounds
(0.1 nmol each) added to the incubated enzyme reaction mixture of the
blank were 86% and 79% (liver), 88% and 87% (kidney, adrenal medulla
and heart), 87% and 86% (brain) and 80% and 77% (serum) (mean of
triplicate measurements in each case), respectively.
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Direct fluorimetry

The conditions of the fluorescence derivatization reaction were the same
as described previously [11]. The fluorescence excitation (maximum,
350 nm) and emission (maximum 480 nm) spectra for the final reaction
mixtures of the enzyme preparations except for the adrenal medulla were
identical with those of the reaction mixtures of dopamine. The prepara-
tion of adrenal medulla has relatively large amounts of endogenous nore-
pinephrine and epinephrine as described later and they also react with DPE
to afford corresponding fluorescent compounds which have fairly similar
fluorescence excitation and emission spectra to those for dopamine. Though
the endogenous norepinephrine and epinephrine could be removed from
the preparation by dialysis against 0.25 M sucrose, AADC was unstable even
at 4°C: the activity was reduced to one half after dialysis for 6 h. Thus the
direct method does not permit a highly sensitive and reproducible assay for
AADC in adrenal medulla.

The calibration graph for dopamine was linear up to at least 1 nmol/tube.
The determinable limit for dopamine formed enzymatically was 15 pmol for
all the enzyme preparations. The limit was defined as the concentration
giving a fluorescence intensity twice the blank. The precision of the method
was established by repeated assay (n = 8) by using an enzyme preparation
from liver. The relative standard deviation (r.s.d.) was 2.9% for a mean
AADC activity of 7.21 nmol min™ mg™ protein.

H.p.l.c. method

Figure 5 shows typical chromatograms obtained with the enzyme prepara-
tions from liver and adrenal medulla and those of the blank. Peak 1 in
Fig. 5(a) and (c) had a retention time of 5.2 min and the eluate of the peak
had fluorescence excitation (maximum, 350 nm) and emission (maximum,
480 nm) spectra identical with those for dopamine. Peaks 3 and 4 in Fig. 5(c)
and (d) had retention times of 2.1 and 3.6 min, respectively, and fluores-
cence excitation (maxima 350 and 360 nm) and emission (maxima 470
and 480 nm) spectra identical with those for norepinephrine (NE) and
epinephrine (E), respectively. The heights of peaks 3 and 4 in Fig. 5(c)
were the same as those in Fig. 5(d). Therefore, those peaks can be ascribed
to endogenous NE and E, respectively.

A linear relationship was observed between the ratios of the peak height
of dopamine to that of isoproterenol and the amount of dopamine added
in the range 0.01—0.4 nmol to the incubated enzyme reaction mixture of the
blank. The limit of detection for dopamine formed enzymatically was
1 pmol/tube (45 fmol/100 ul injected) at a signal-to-noise ratio of 2, 15
times less than the direct method. The precision of the method was estab-
lished with respect to repeatability by using the enzyme preparations from
liver and adrenal medulla. The r.s.d. were 1.4 and 2.6% (n = 10) for mean
activities of 8.2 and 2.3 nmol min™ mg™ protein, respectively.

The AADC activities in liver, kidney, adrenal medulla, brain, heart and
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Fig. 5. Chromatograms obtained with the AADC preparations from (a) rat liver, and (¢)
rat adrenal medulla; (b) and (d) are the respective blanks. Portions (100 ul) of the AADC
preparations were treated according to the procedure for the h.p.l.c. method. Peaks:
(1) dopamine; (2) isoproterenol; (3) norepinephrine (endogenous, 0.14 nmol mg™!
tissue); (4) epinephrine (endogenous, 2.85 nmol mg! tissue). AADC activity (nmol
min™ mg™ protein): liver, 5.25; adrenal medulla, 2.31.

TABLE 1

AADC activities in rat tissues obtained by h.p.l.c.

Tissue AADC activity?
{(nmol dopamine min" mg™* protein)

Liver 7.64 + 1.58

Kidney 7.23+ 0.78

Brain 0.64 + 0.03

Heart 0.25 + 0.07

Adrenal medulia 3.16 + 1.76

Serum 0.41 ¢ 0.08P

2Mean =s.d., obtained from 5 rats (Donryu, male, 4 weeks old). Pnmol min™ ml™.

serum preparations from rats (Donryu, male, 4 weeks old) assayed by this
method (Table 1) were in reasonable agreement with reported data [6].

The direct method is simple and rapid enough to assay 10 samples within
3 h. The h.p.l.c. method also permits assay for AADC in adrenal medulla,
and is highly sensitive. Therefore, both the methods should be useful for
biological and biomedical investigations of catecholamines and their
metabolism.
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SUMMARY

The chemiluminescence reaction between an aryl oxalate, hydrogen peroxide and a
fluorescent compound is well known for use in h.p.l.c. post-column reactors. Here,
several aryl oxalates are evaluated for this purpose in terms of intensity, rate of
chemiluminescence decay, solubility in different solvents, and stability in the presence of
hydrogen peroxide. Five oxalates are selected for different pH ranges of column eluates:
bis(pentafluorophenyl) oxalate for pH < 2, bis(2,4-dinitrophenyl) oxalate for pH 2—4,
bis(2-nitrophenyl) oxalate for pH 4—6, bis(2,4,6-trichlorophenyl) oxalate for pH 6—8,
and bis(2,4,5-trichlorophenyl-6-pentyloxycarbonyl) oxalate for pH > 8.

Recently, reactions of aryl oxalates such as bis(2,4,6-trichlorophenyl)
oxalate (TCPO) with hydrogen peroxide have been used as the basis of
chemiluminescence detectors in high-performance liquid chromatography
(h.p.l.c.) for fluorescent compounds. Dansylated amino acids [1—4] and
drugs [5], fluorescamine-labelled catecholamines [6], polynuclear hydro-
carbons [7, 8], and o-phthalaldehyde-derivatized and 7-nitro-2,1,3-
benzoxadiazole-labelled alkylamines [9] have been separated on reversed-
phase columns and sensitively detected by a chemiluminescence detector.
The mechanism is shown in Fig. 1. TCPO has been exclusively used on
account of its stability [10]. However, in the course of studies on the deter-
mination of fluorescent compounds by h.p.lc., the present authors
encountered difficulties with TCPO because it can be used only at pH ca. 7.

In this paper, therefore, the chemiluminescent reactions of the aryl
oxalates shown in Table 1 at various pH values are described; a stopped-flow
technique was used. The oxalates are evaluated in terms of chemilumines-
cence intensity, decay constant of the chemiluminescent reaction, solubility,
and stability in the presence of hydrogen peroxide.

EXPERIMENTAL

Chemicals

Distilled water for fluorescence analysis, methanol for fluorescence
analysis, and acetonitrile for pesticide residue analysis (all from Kanto
Chemicals Co., Tokyo) were used as received.
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Fig. 1. Proposed mechanism for peroxyoxalate chemiluminescence. The fluorescer is
indicated by Flu.
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Bis(2,4,6-trichlorophenyl) oxalate (TCPO) was prepared as reported by
Mohan and Turro [10]. Bis(2-nitrophenyl) oxalate (2-NPO), bis(4-nitro-
phenyl) oxalate (4-NPO), bis(2,4-dinitrophenyl) oxalate (DNPO) and
bis(pentafluorophenyl) oxalate (PFPO) were prepared by the method of
Rauhut et al. [11]. All oxalates were recrystallized from acetonitrile except
PFPO which was recrystallized from dichloromethane.

Bis(3-nitrophenyl) oxalate (3-NPO) was synthesized as follows. A solu-
tion of 3-nitrophenol (21.3 g, 0.153 mol) in 400 ml of benzene was dried
by azeotropic distillation. The solution was cooled to 10°C under nitrogen
and 21.0 g (0.151 mol) of triethylamine was added. Oxalyl chloride (6.4 ml,
0.075 mol) was added with mechanical stirring; the temperature was kept
below 20°C on an ice bath. After 2 h stirring, the precipitate was collected
with suction and dried under vacuum. The product was washed well with
two 100-ml portions of chloroform to dissolve triethylammonium chloride
and dried under vacuum. Recrystallization from acetonitrile afforded 1.42 g
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(6%) of pale yellow platelets. [M.p. 226°C. Mass spectrometry m/z =
332 (M*). Calc. for C,,HgOgN,: 50.6% C, 2.4% H, 8.4% N; found, 50.7% C,
2.3% H, 8.4% N.]

Bis(4-acetylphenyl) oxalate (4-APO) was prepared by the procedure
described above with 4-hydroxyacetophenone as the starting material and
recrystallization from dioxane. [M.p. 280°C (dec.). m/z = 326 (M*). Calc. for
CisH1404 * 0.3H,0: 65.2% C, 4.4% H; found, 65.3% C, 4.4% H. 1H-n.m.r.
(TMS/DMSO-dg), d(ppm): 2.60(3H, s), 7.48(2H, d, J = 9.2 Hz), 8.12 (2H, d,
J = 9.2 Hz).] Bis(4-methoxycarbonyl-2-nitrophenyl) oxalate (MCNO) and
bis(2,4,5-trichlorophenyl-6-pentyloxycarbonyl) oxalate (TCPCO) were kindly
provided by Wako Pure Chemicals Co. (Tokyo) and American Cyanamid Co.
(Bound Brook, NJ), respectively. The structures of the oxalates are summar-
ized in Table 1. All the other chemicals were of reagent grade.

Procedures

Fluorescence measurement of phenols. A 10-mM solution of phenol in
methanol was diluted 100 times with distilled water and the fluorescence
was measured with a Hitachi 650-10S fluorescence spectrophotometer
(Tokyo) with 5.0-nm slit-width for both monochromators. All wavelengths
were uncorrected.

Stopped-flow apparatus. A stopped-flow spectrophotometer RA-401
(Union Giken Co. Osaka) with a photomultiplier type R268 (Hamamatsu
Photonics Co., Tokyo) was used. The system consisted of a rapid-mixing
device (jet mixer) with a dead time of 500 us and a quartz cell (2 mm i.d.).
It was connected with a SORD microcomputer M-200, mark II (SORD
Tokyo), a monitor scope, and an x-y plotter.

Procedure for chemiluminescence measurements. A mixture (2:1 v/v)
of 0.7 M hydrogen peroxide in acetonitrile and 10 mM citrate/10 mM phos-
phate/10 mM borate buffer (sodium salts) was placed in one reservoir, and
0.5 mM oxalate and 0.5 uM 9,10-diphenylanthracene (DPA) in acetonitrile
in the other reservoir. These solutions were pumped in equal volumes by
nitrogen pressure into the line through the jet mixer to start the reaction.
The generated light was measured by the photomultiplier and the signal was
sent to the microcomputer. The intensity/time curves obtained by the ac-
cumulation of data from three repeat experiments were displayed on the
oscilloscope and recorder.

Response

Time (s) 1.0

(=]

Fig. 2. Intensity/time response for the chemiluminescence reaction of 2-NPO at pH 6.9,
measured by the stopped-flow method.
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The intensity first increased to reach maximum intensity (I,,,) and dec-
reased according to a pseudo-first-order equation with rate constant k&
(Fig. 2). I, and k were calculated from this curve.

Solubility of oxalates in acetonitrile. Excess of each oxalate was added to
acetonitrile and mixed vigorously for 30 s seven times at 5-min intervals
[12]. The mixture was filtered through glass wool and the solubility was
evaluated by the following two methods. In method A, 4.0 ml of 0.1 M
sodium hydroxide was added to 200 ul of the saturated solution and, after
standing overnight, the phenolic hydrolysis product was determined spec-
trophotometrically; this method was applied to DNPO, 2-NPO, 3-NPO,
4-NPO and 4-APO. In method B, 2.0-ml of the saturated solution was evap-
orated and dried under vacuum to constant weight; this method was applied
to DNPO, MCNO, PFPO, TCPO and TCPCO. The results for DNPO by both
methods were not significantly different.

Stability of oxalates in the presence of hydrogen peroxide in acetonitrile.
Equal volumes of 1.0 mM oxalate in acetonitrile and 0.1 M hydrogen
peroxide in acetonitrile were premixed (T = 0 h). A portion of the mixture
was collected at certain time intervals with a microsyringe, added
immediately to a borosilicate glass tube (6 X 50 mm), containing 8-anilino-1-
naphthalenesulphonic acid (ANS) as fluorescer in aqueous buffer, and mixed
vigorously with a vortex mixer. The tube was immediately inserted into a
Chem-Glow photometer (Aminco, Baltimore, MD) and the chemilumines-
cence intensity was measured. The emission at 5 s after the addition of the
pre-mixed solution was taken as the parameter for the stability of the
oxalate. Precise experimental conditions (the kind of buffers, buffer pH,
and volume of solutions) are summarized in Table 2.

The intensity obtained 5 s after mixing the fluorescer, hydrogen peroxide
and the oxalate solution in equal volumes (2-NPO, MCNO, TCPCO) or in
volume ratios of 2.5:2.5 = 1 (DNPO, PFPO, TCPO), in this order, was
arbitrarily taken as 100% intensity (£ = O h).

TABLE 2

Experimental conditions for evaluating the stability of the oxalates

Oxalate Vol. of oxalate/ ANS Buffer Volume
H,0, mixture (uM) (ul)
(u1)
2-NPO 400 2 30 mM citrate/30 mM phosphate 200
(pH 5.5, Na*)
DNPO 500 1 30 mM potassium hydrogen- 100
phthalate
MCNO 400 1 30 mM citrate/30 mM phosphate 200
(pH 5.5, Na*)
PFPO 500 1 30 mM potassium hydrogen- 100
phthalate
TCPO 500 1 100 mM imidazole (pH 7.0, NO3) 100
TCPCO 400 10 10 mM citrate/10 mM phosphate/ 200

10 mM borate (pH 8.0, Na*)
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RESULTS AND DISCUSSION

Selection of phenols for oxalates

Rauhut et al. [11] reported that strong chemiluminescence was observed
from aryl oxalates substituted by electronegative groups whereas little
emission was detected from oxalates substituted by electron-donating groups
or weak electron-withdrawing groups. Therefore it was proposed to syn-
thesize oxalates substituted by electronegative groups such as —NO,, —CN,
—COCH;, —COOCH;, —Cl or —F from the appropriate phenols and oxalyl
chloride, with triethylamine as catalyst. However, several such phenols are
fluorescent, e.g., 2-cyanophenol (A,, 298 nm, A, 378 nm), 4-cyanophenol
(254, 304 nm), methyl salicylate (299, 368 nm), methyl 4-hydroxybenzoate
(273, 325 nm) and 2-hydroxyacetophenone (270, 298 nm), and would
cause high background luminescence. So only non-fluorescent phenols
were selected, and the nine oxalates shown in Table 1 were prepared and
studied.

Effect of pH

The maximum intensity and rate constant, k, were measured at various
pH values. The values obtained are plotted in Figs. 3 and 4; DNPO (at pH 6)
gave the largest intensity, followed by MCNO (also at pH 6) and 4-NPO
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Fig. 3. Effect of pH on maximum intensity for: (e) DNPO; (2) MCNO; (o) 2-NPO; ()
3-NPO; (a) 4-NPO; (0) PFPO; (») TCPO; (n) TCPCO; (v) 4-APO.

Fig. 4. Effect of pH on the decay rate constants k for oxalate chemiluminescence; sym-
bols are the same as in Fig. 3.
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(pH 6.0—6.5). The values for k at pH 6 were in the order DNPO > MCNO >
4-NPO > PFPO > 2-NPO > 3-NPO > 4-APO > TCPO > TCPCO, an order
almost the same as that for the intensity values.

The k& values at pH 6 for the oxalates having a nitrophenyl moiety in-
creased as the pK, of the corresponding phenols decreased, but this trend
was not followed by oxalates having a halophenyl moiety, for which the
reaction seems to be complex.

De Jong et al. [5] mentioned that a larger k value is desirable for a large
flow cell (several ml) on account of a ‘chemical band-narrowing effect’ but
the 100-ul flow cell used in the present system would not produce the band-
narrowing effect caused by larger k values. On the contrary, a smaller k value
would give good reproducibility because of the smaller variation in intensity
caused by variation of the flow rate of the delivery pumps. A high maximum
intensity is also desirable for improved sensitivity. In this respect, oxalates
or reaction conditions which give the highest I___/k values may be valuable
for h.p.l.c. detection systems.

The factors I,,../k (the data obtained when the half-life of the decay was
>1s, ie., B > 0.693 s7!, were omitted for practical use) were plotted against
buffer pH (Fig. 5). The oxalate giving the highest I, /k value depended on
the pH.

max

Solubility of oxalates and their stability in the presence of hydrogen peroxide
Solubility was considered important because the intensity increases with
increasing oxalate concentration. Thus, 2-NPO, DNPO, MCNO, PFPO and
TCPCO are relatively soluble in acetonitrile, but 3-NPO, 4-NPO and 4-APO
are less soluble and are not useful for this system (Table 3).
Good stability of the oxalate in the presence of the oxidant is useful
because this would allow premixing of the oxalate and hydrogen peroxide,
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Fig. 5. Effect of pH on I __/k for various oxalate esters. (Symbols as in Figs. 3 and 4.)
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TABLE 3

Solubility of oxalates in acetonitrile at 26 + 2°C

Oxalate Solubility (mM) Oxalate Solubility (mM)
2-NPO 30 PFPO 34

3-NPO 2.2 TCPO 5

4-NPO 1.4 TCPCO 67

DNPO 22 4-APO 0.082

MCNO 23

TABLE 4

Stability of oxalates in hydrogen peroxide

Oxalate Relative intensity Oxalate Relative intensity
after 8 h? after 8 h?

2-NPO 88.6 + 2.7 PFPO 27.0+ 0.8

DNPO 6.0+ 0.3 TCPO 104.4+ 1.6

MCNO 48.0+ 2.2 TCPCO 82.5+ 1.0

3Intensity at start, arbitrarily taken as 100; average of 5 results.

and only one pump would be required for the delivery of the oxalate/
peroxide solution to the detector. Table 4 shows the residual intensities
after 8-h storage of the oxalates with hydrogen peroxide, and indicates
that 90%, 100% and 80% remained of the original intensities for 2-NPO,
TCPO and TCPCO, respectively. It has been reported that a catalyst (organic
base [10] or hydroxide [1]) is needed for the oxalate/peroxide reaction,
so it seems likely that without such a catalyst the reaction is slow. The
above three oxalates are relatively stable even in the presence of hydrogen
peroxide. MCNO and 2-NPO have similar I, /k values, but MCNO is rela-
tively unstable in the presence of hydrogen peroxide and is therefore un-
suitable for this chemiluminescence detection system.

Evaluation of oxalates as detection reagents for h.p.l.c.

From the above studies of I, /k, solubility and stability, it is proposed
that five oxalates, PFPO, 2-NPO, DNPO, TCPO and TCPCO, are applicable
for h.p.l.c. detection, and that the oxalates could be selected on the basis
of the pH of the column eluents. For effluents of pH < 2, 2—4, 4—6, 6—8
and > 8, the recommended oxalates are PFPO, DNPO, 2-NPO, TCPO and
TCPCO, respectively, although minor corrections to the reaction conditions
may sometimes be necessary.

In peroxyoxalate chemiluminescence detection systems for h.p.l.c. so far
reported, only TCPO has been used and the pH range available has been
restricted. The present studies show that the use of other oxalates makes it
possible to expand the practical pH range of such detection systems.
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SUMMARY

The behaviour of 19 fluorescent compounds of various types in peroxyoxalate
chemiluminescence reactions was studied in terms of the relation of their excitation
efficiency to their singlet excitation energy and oxidation potential. Compounds having
low singlet excitation energy and low oxidation potential were excited effectively. As a
result of the study, 3-aminoperylene was selected as a fluorophore for derivatization of
simple carboxylic acids. The derivatives were separated by reversed-phase microbore
h.p.l.c. and were detected by a peroxyoxalate chemiluminescence reaction detector. The
detection limit was 0.1 fmol.

Peroxyoxalate chemiluminescence has been recognized as potentially
useful for the detection of fluorescent compounds (fluorescers) after separa-
tion by high-performance liquid chromatography (h.p.l.c.) and has been
applied to the detection of the fluorescers separated on reversed-phase
columns, as summarized earlier [1]. In order to predict further applications,
however, the desirable characteristics of a fluorescer in a chemiluminescence
reaction must be clarified. In this paper, these characteristics are evaluated
by measuring the chemiluminescence intensities and excitation yields of
the fluorescers. A detection system for newly-designed fluorescent-labelled
carboxylic acids separated by microbore h.p.l.c. is reported.

EXPERIMENTAL

Chemicals

Distilled water and acetonitrile (for fluorescence analysis; Kanto
Chemicals Co., Tokyo) were used as received. Bis(2,4-dinitrophenyl) oxalate
(DNPO) [2], bis(2,4,6-trichlorophenyl) oxalate (TCPO) [3] and bis(2-nitro-
phenyl) oxalate (2-NPO) [2] were prepared as described in the literature
and recrystallized from acetonitrile. N-(7-Nitro-2,1,3-benzoxadiazol-4-yl)-L-
proline (NBD-proline) [4] and ammonium 7-(2-hydroxyethylthio)-2,1,3-
benzoxadiazole-4-sulfonate (SBD-mercaptoethanol) [5] were also prepared
as described previously. 9,10-Diphenylanthracene (DPA; liquid scintillation

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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grade; Nakarai Kagaku Co., Tokyo), perylene (gold label; Aldrich),

dansyl(DNS)-glycine and -alanine (Sigma Chemical Co.} and rhodamine B

and fluorescein (laser grade; Eastman Kodak Co.) were used. Benzo[a]-
pyrene, 3-methylcholanthrene, and aflatoxin B were kindly donated by

Dr. E. Hara of the Saitama Cancer Research Institute and a-tocopherol by

Dr. K. Abe of the Eisai Co. (Tokyo). All the other chemicals were of reagent

grade.

Screening of fluorescers via DNPO chemiluminescence [6]

A 200-ul portion of 0.50 M hydrogen peroxide in citrate buffer (0.010 M,
pH 3.5, N&') and 200 ul of a fluorescer in acetonitrile were premixed in a
borosilicate glass tube (6 X 50 mm) for 10 s, and 200 ul of 1.0 mM DNPO
in acetonitrile was added with a microsyringe and mixed in vigorously with
a vortex mixer. The tube was immediately placed inside a Chem-Glow
photometer (Aminco, Baltimore, MD) and the chemiluminescence intensity
was measured. The time course of the intensity was recorded after adding
DNPO solution and the relative intensity at 5 s after addition was compared
with the intensity for 100 nM DNS-alanine, which was arbitrarily taken
as 100.

For fluorescers insoluble in acetonitrile, e.g., water-soluble vitamins,
100 ul of 1.0 M hydrogen peroxide in the citrate buffer, 100 ul of fluorescer
in the citrate buffer, and 400 ul of 0.50 mM DNPO in acetonitrile were
treated as described above. In both methods, the ratio of acetonitrile to
citrate buffer and the concentrations of the reagents in the reaction solution
were the same and there were no significant differences in the intensity and
the reaction rate under the two sets of reaction conditions with DNS-alanine
as fluorescer.

Calculation of the relative excitation yield of the fluorescer, Y,

Two sets of experiments were done; the DNPO and TCPO systems were
applied and the value of Y:if was calculated for each. All the wavelengths
measured were uncorrected.

The theoretical basis of the calculations was as follows [7]. At low
concentrations of fluorescer, the chemiluminescence intensity, I, is linearly
dependent on the concentration of the fluorescer,so I, =k, D Yy, Y, F
[8], where ki, D, Y4;, Y and F are a constant, the concentration of the
intermediate (1,2-dioxetanedione), the excitation yield of the fluorescer,
the fluorescence quantum yield, and the concentration of the fluorescer,
respectively. The fluorescence intensity I; is given by I, = k, ¢ I, Y, F,
where k,, € and I, are a constant, the molar absorptivity, and the intensity
of the light source, respectively. From these equations

Ydf =k2 610 Icl/kl IfD (1)

which suggests that Y ;; can be calculated by measuring ¢, Iy, I, I, and D.
However, it is difficult to measure the absolute values of Iy, I, I; and D.
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Therefore the relative molar absorptivity (e), the relative intensity of the
light source (Iy), the relative fluorescence intensity (I;), and the relative
chemiluminescence intensity (I,,) were calculated with respect to 9,10-
diphenylanthracene (DPA). This gave the relative value of Yg; as

Yy =€ Ip I/I (2)

General procedures

Fluorescence and absorbance measurements. A 2.0-ml portion of the
fluorescer in acetonitrile and 0.40 ml of citrate buffer (0.010 M, pH 3.5;
Na") for DNPO or 1.0 ml of phosphate buffer (0.010 M, pH 6.0, Na') for
TCPO were mixed. The fluorescence excitation maxima (),,) and emission
maxima (A.n) were measured, with a 5-nm slit-width for both the mono-
chromators of a Hitachi 650-10S spectrophotometer. Next, the fluores-
cence intensity was measured at \,, (£5.0 nm) and A, (£10.0 nm), and
the relative fluorescence intensity (I;) was calculated for DPA (A, =392 nm,
Aem = 408 nm). The relative intensity of the light source (I;) at \,, was
obtained by using 7.9 g I rhodamine B in ethylene glycol in a triangular
cell (\,, =620 = 10 nm).

The relative molar absorptivity ¢’ at A,, (5.0 nm) was calculated in a
similar way, by using a Uvidec-505 spectrophotometer (Japan Spectroscopic
Co., Tokyo).

Chemiluminescence measurements. The fluorescer in acetonitrile (1.0 ml)
and 0.40 m! of 0.50 M hydrogen peroxide in pH 3.5 0.010 M sodium citrate
buffer (for DNPO) or 1.0 ml of 0.50 M peroxide in pH 6.0 0.010 M phos-
phate buffer (for TCPO) were premixed in a glass tube for 10 s. Then 1.0 ml
of 1.0 mM DNPO or TCPO in acetonitrile was added instantly and mixed
vigorously in a vortex mixer for a few seconds. The reaction mixture was
immediately transferred to a quartz cell (1 X 1 cm), and set inside the
650-10S fluorescence spectrometer with the light source off. The intensity
measured at A, (£10.0 nm) 10 s after the addition of the DNPO or TCPO
solution was taken as a measure of the total chemiluminescence intensity.
The variations of the values of the half-life of the chemiluminescence decay
were within 10%. The relative intensity (I,)) was calculated with respect to
the chemiluminescence intensity of DPA. All the experiments were done at
25+ 1°C.

Calculation of Y,,. The Y, values were calculated from Eqn. 2 from the
values of I, It, Iy and €'; X! is defined as (A\ b + N )/2.

Oxidation potential measurement. A 1 mM solution of fluorescer in aceto-
nitrile containing 0.1 M lithium perchlorate as the supporting electrolyte was
bubbled with argon to remove oxygen, and the oxidation potential was
measured with a Yanagimoto type P-1000 voltammetric analyzer
(Yanagimoto Co., Tokyo) with platinum working and counter electrodes and
a calomel reference electrode. The analyzer was operated in the differential
pulse mode (modulation amplitude 5 mV, scan rate 2 mV s).
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Synthesis of 3-aminoperylene and acetylamino aromatic compounds

All melting points are uncorrected.

3-Nitroperylene. Perylene (3.01 g, 0.0119 mol) was dissolved in chloro-
form and filtered to remove insoluble impurities. The solvent was evaporated
and 330 ml of anhydrous acetic acid was added. Nitric acid (1.0 ml, d =
1.50) in 50 ml of anhydrous acetic acid was slowly added to the stirred
solution under nitrogen. About 4 h was required for this stage. After all the
nitric acid had been added, 400 ml of aqueous 0.1 M sodium acetate was
added. The solution was filtered through a sintered glass filter and the red
precipitate was washed with water on the filter until the washings were
neutral. The product was dried under vacuum and purified by silica gel
column chromatography (1:1 chloroform/hexane) and recrystallized from
benzene. A brown powder (2.3 g) was obtained. [Yield 64%.M.p. 211-212°C
(lit. 210—211°C [9]). Mass spectrometry: m/z = 297 (M*). Calc. for CoH,,
NO,, 80.8% C, 3.7% H, 4.7% N; found, 81.1% C, 3.3% H, 4.7% N.]

3-Aminoperylene. A solution of 15.0 g of sodium hydrogensulfide
(0.187 mol) in 70 ml of water was added to a mixture of 2.05 g (6.88 X
102 mol) of 3-nitroperylene, 280 ml of ethanol and 20 ml of water and
refluxed for 8 h. The solution was filtered and the precipitate washed with
water until the smell of hydrogen sulfide had disappeared. The red solid was
dried under vacuum and purified by silica-gel column chromatography
(1:1 ethyl acetate/n-hexane and recrystallized from ethyl acetate/ethanol).
Pale yellow crystals were obtained. [Yield 10%. M.p. 230—233°C (dec.)
(lit. 220—230°C [9]). m/z = 267 (M"). Calc. for C,,H;N, 89.9% C, 4.9% H,
5.2% N; found, 89.2% C, 4.9% H, 5.4% N.] The amine was converted to the
hydrochloride by bubbling dry hydrogen chloride gas through an ethyl
acetate solution.

3-(Acetylamino )perylene. To a solution of 3-aminoperylene hydrochloride
(59.8 mg, 1.97 X 10™ mol) in 10 ml of pyridine was added 10 ml of acetic
anhydride. After standing overnight, 400 ml of ethyl acetate was added and
shaken three times with 1 M hydrochloric acid. The organic layer was dried
over anhydrous sodium sulfate and evaporated under vacuum. The yellow-
brown residue was purified on a silica-gel column (ethyl acetate eluent)
and recrystallized from ethyl acetate to yield 7.9 mg of yellow needles
[Yield 18%. M.p. >300°C; m/z, 309 (M*). Calc. for C,,H;sNO, 85.4% C
4.9% H, 4.5% N; found, 84.4% C, 4.8% H, 4.6% N.]

1-(Acetylamino Janthracene and 1-(acetylamino)pyrene. These compounds
were prepared by literature methods [10, 11], and were recrystallized from
methanol and ethanol, respectively. The m.p. of the former was 218—219°C,
(lit. 212°C) and the latter, 271—272°C (lit. 260—261°C).

Labelling of a carboxylic acid with 3-aminoperylene

Equal volumes of the carboxylic acid in benzene, 10 mM 3-aminoperylene
hydrochloride in pyridine and 100 mM 1,3-dicyclohexylcarbodiimide (DCC)
in benzene were mixed in a well-sealed glass container; quantitative reaction
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was obtained at 60°C after 2 h or at 40°C after 8 h. The solution was then
diluted with the eluent and subjected to h.p.l.c. The use of DCC was superior
to EDC (1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydrochloride),
as EDC reduced the labelling yield. Dichloromethane instead of pyridine or
tetrachloromethane instead of benzene did not give any reaction. The
labelled compound was stable for >11 h at 60°C and >27 h at 40°C in the
reaction medium.

Microbore h.p.l.c. apparatus and chemiluminescence detection system based
on 2-NPO and hydrogen peroxide

A schematic diagram for the system is shown in Fig. 1. The pumps used
were a Gilson Model 302 (Villiers-Bel, France) for the eluent and Shimadzu
LC-3A (Shimazu Seisakusho Co., Tokyo) for the reagent. The injection
valve (Rheodyne 7140, Cotati, CA) with a 0.5-u1 loop and microbore column
(MBC-ODS-2, 1.0 i.d. X 250 mm; 10 um) were from Shimadzu Seisakusho.
The chemiluminescence monitor having a sensitive photomultiplier tube
(Type 6199; Hamamatsu Photonics Co., Tokyo) set close to a spiral flow cell
(100 ul), was obtained from Atto Co. (Tokyo).

RESULTS AND DISCUSSION

Screening of fluorescers for chemiluminescence intensity

Various fluorescers such as polynuclear aromatic hydrocarbons (PAHs),
fluorescent-labelled compounds, fluorescent dyes and fluorescent vitamins
were applied to the DNPO chemiluminescent reaction. The intensities are
summarized in Table 1, which indicates that strong emission was observed
from PAHs such as perylene and rubrene, and fluorescent dyes having red
fluorescence such as rhodamine B and rose Bengal. Only weak chemilumines-
cence was observed from heterocyclic fluorescers.

() Injector

Column

[2PO
Ha02

E:l CL-Monitor

Fig. 1. Flow diagram for the microbore h.p.l.c. chemiluminescence detection system.
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TABLE 1

Relative chemiluminescence intensities of various fluorescent compounds in the DNPO
reaction

Rel. Rel.

intensity intensity
Perylene 850 9,10-Dibromoanthracene 2.1
Rubrene 290 Riboflavin 0.3
Rhodamine B 170 Fluorescein 0.2
DNS-alanine 100 SBD-mercaptoethanol 0.1
3-Methylcholanthrene 94 Umbelliferone 0.1
Rose Bengal 57 a-Tocopherol <0.1
Benzo[a]pyrene 25 NADH <0.1
NBD-proline 5.5 Pyridoxine - HCI <0.1

Relative excitation vyield of the fluorescer

It has been reported that various PAHs having emissions spanning the
visible-infrared spectrum may be excited by peroxyoxalate [8, 12—14],
and that fluorescers having fluorescence characteristics in the u.v. region are
less excited by the reaction [12, 14]. Lechtken and Turro [14] reported
that the proposed intermediate, 1,2-dioxetanedione, can transfer as much as
105 kcal mol? (=272 nm) of energy to the fluorescers and the chemi-
luminescence intensity corrected for the fluorescence quantum yield dec-
reases as the singlet excitation energy of the fluorescers increases.

A plot of Yj; vs. the singlet excitation energy as suggested by Lechtken
and Turro is shown in Fig. 2. It gives a similar curve for PAHs, as reported
previously [7]. However, some heterocyclic fluorescers do not lie on the
curve, which suggests that the singlet excitation energy alone is insufficient
to predict the chemiluminescence intensity.

McCapra [15] and Rauhut [16] speculated that the energy-transfer steps
include a charge-transfer step where one electron transfers from the
fluorescer to the intermediate and they form a ‘“‘charge-transfer complex”
as the transition state. In other chemiluminescence reactions, there are
several examples which have the charge-transfer transition state [17—21].
Diphenoy! peroxide, for example, with a suitable fluorescer, forms a charge-
transfer transition state with the fluorescer and transfers its energy to the
partner [17]. Schuster [22] named this type of chemiluminescence a
CIEEL (chemically induced electron exchange luminescence) reaction. In
such a reaction there are linear relationships between the rate of exciting a
fluorescer by the ‘“‘activator” and the oxidation potential of the fluorescer.
Conversely, this linear relationship proves that a chemiluminescence reaction
is a CIEEL reaction.

Figure 3 shows the linear relationships between Yy, and the oxidation
potentials of the fluorescers in the DNPO and TCPO systems. The
correlation coefficients (r) for 13 samples (excluding a-tocopherol,
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Fig. 2. Plot of the relative excitation yield (Y ) vs. singlet excitation energy (A;') for the
fluorescer: (A) DNPO system; (B) TCPO system. Compounds: (1) rhodamine B; (2) rose
Bengal; (3) rubrene; (4) NBD-proline; (5) fluorescein; (6) riboflavin; (7) perylene; (8)
8BD-mercaptoethanol; (9) DNS-glycine; (10) DNS-alanine; (11) 9,10-dibromoanthracene;
(12) benzo{a]pyrene; (13) 9,10-diphenylanthracene; (14) 3-methylcholanthrene; (15)
NADH; (16) umbelliferone; (17) 2-pyridone; (18) a-tocopherol; (19) pyridoxine hydro-
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Fig. 8. Plot of the relative excitation yield (Y},) vs. oxidation potential (E,,) of the
fluorescer: (A) DNPO system; (B) TCPO system. Compounds as in Fig. 2. NADH was not

measured because of insolubility.



118

riboflavin, pyridoxine hydrochloride, umbelliferone and 2-pyridone) were
0.819 (p < 0.01) in the DNPO system and 0.919 (p < 0.01) in the TCPO
system. Those results indicate that peroxyoxalate chemiluminescence is a
CIEEL reaction. Fluorescein in the DNPO system seems to have a smaller
Y4 than expected, which might be ascribed to its lactone form at pH 3.5,
which is not fluorescent [23] and would not have chemiluminescence.
Rubrene and rhodamine B have reversible second oxidation potentials at
1.18 V and 1.11 V, respectively. They can be oxidized by two dioxetane-
dione molecules at the same time and therefore they are possibly more
efficiently excited. The intermediate is unlikely to be able to excite a-
tocopherol, pyridoxine hydrochloride, umbelliferone and 2-pyridone
because the singlet excitation energies of these fluorescers are more than
70 kcal mol? (A\¢d = 2.5 X 10* cm™). Although Sigvardson et al. [24]
reported similar results for the detectability of PAHs by h.p.l.c., this is the
first report of a systematic proof of such results, using various heterocyclic
fluorescers commonly found in biological systems.

Consequently, fluorescers having a low oxidation potential and low
singlet excitation energy can be sensitively detected by the peroxyoxalate
detection system (e.g. perylene, rubrene, rhodamine B, rose Bengal and
dansyl derivatives, as listed in Table 1).

Synthesis of 3-aminoperylene and evaluation of the chemiluminescence
characteristics of acetylamino aromatic compounds

Based on the results obtained above, a new derivative having a perylene
basis was designed, in which the amino group of 3-aminoperylene was
condensed with a carboxyl group using a carbodiimide. 3-(Acetylamino)-
perylene was taken as a typical example, and, for comparison,
1-(acetylamino)anthracene and 1-(acetylamino)pyrene, which have com-
monly used fluorophores [25] were synthesized and evaluated.

The relative chemiluminescence intensities of the acetylamino aromatic
compounds were measured under the same conditions as in Table 1. The
relative intensity of 3-(acetylamino)perylene was 720 relative to
dansyl-alanine (=100), whereas those for 1-(acetylamino)pyrene and
1-(acetylamino)anthracene were 1.3 and 7.7, respectively. The value for
3-(acetylamino)perylene was only slightly less than that for perylene
(Table 1). 3-(Acetylamino)perylene was also found to have a high Y, value
(Fig. 4) which indicates that it is a preferable labelling reagent for chemi-
luminescent labelling of carboxylic acids.

Microbore h.p.l.c. with chemiluminescence detection

The labelled carboxylic acids were separated by microbore h.p.l.c. and
detected by the peroxyoxalate detector. 2-NPO was used as the peroxy- -
oxalate because of its high intensity, slow intensity decay, stability, and :
solubility [1]. Figure 5 shows the chromatogram of 100 fmol levels of :
acetic, butyric and valeric acids labelled by 3-aminoperylene. Propionic :
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Fig. 4. Plot of the relative excitation yield (Yy,) vs. oxidation potential (E,,) for some
acetylamino aromatic compounds: Ac-Perylene, 3-(acetylamino)perylene; Ac-
Anthracene, 1-(acetylamino)anthracene; Ac-Pyrene, 1-(acetylamino)pyrene. (A) DNPO
gystem; (B) TCPO system.
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Fig. 5. Chromatogram of carboxylic acids derivatized with 3-aminoperylene: (1) acetic
‘acid (70 fmol); (2) butyric acid (130 fmol); (3) valeric acid (100 fmol). Eluent: 0.1 M
imidazole (pH 5.6, nitrate/acetonitrile (55/45)), 0.2 ml min™'. Reagent: 0.25 mM 2-NPO;
~38 mM H,0, in acetonitrile, 0.2 ml min™!,

acid labelled in this way was not separated from the labelled acetic acid, but
“it might be separated with use of a lower capacity column than ODS (C,s).
‘The detection limit (s: n = 3) and the relative standard deviations for the
“peak heights of 0.5-fmol injections were 0.1 fmol and 5.7% (n = 5), respec-
tively, which indicates that this method has a detection power better by
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about two orders of magnitude than the conventional fluorescence labelling
and detection system in h.p.l.c. [26].

However, there remains the problem that it is the less practical, because
the labelling needs >2 h at 60°C in a non-aqueous medium. An improve-
ment of this process is the next stage in the investigation.

The authors thank Professor T. Nakajima of the University of Tokyo for
his valuable suggestions and discussion. They are also grateful to
Drs. T. Nagano, S. Ohta and M. Mashino of the University of Tokyo for
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SUMMARY

A device for remote optical sensing is developed and evaluated for monitoring the con-
centration of copper(II) ions in an industrial plating bath. The sensor consists of an
absorption cell which resides in the plating bath, and utilizes fiber optics to direct light
into and out of the cell. The sensor is capable of being located in harsh environments for
extended periods of time (on the order of weeks to years) and thus is ideal for long-term
monitoring applications. The light source and detection electronics can be maintained in a
controlled environment and can be multiplexed to several sensors of similar design, if
desired, The sensor constructed operates by measuring the copper(II) absorbance with a
near-infrared light-emitting diode (820 nm) as the light source. The device is capable of
measuring copper(II) ion concentrations from 50 mM to 500 mM with relative standard
deviations less than 1%. The construction and operation of the sensor are described and
the effects of various interferences found in plating baths are evaluated, including those
from temperature variations and variations in the concentrations of concomitant species
in the plating bath. Also, drift compensation and noise sources are considered, with an
evaluation of the long-term stability of the sensor and the feasibility of its use in an
industrial environment.

Real-time determinations of species in industrial processes are important
applications for many analytical techniques. Unfortunately, many methods
cannot easily be applied to problems of this type. Commonly, the instru-
mentation required by a particular method cannot be located in the process
environment. In addition, many techniques require extensive sample pre-
paration or a significant amount of time for data reduction. Finally, many
techniques are simply not suited for continuous sample throughput, a
valuable qualification for a continuous process monitor.

Electroplating is a good example of a process which could benefit from
real-time chemical analysis. Determinations of major components, such as
the metal being plated, are usually done by instrumental or wet-chemical
techniques that require lengthy, labor-intensive procedures. For example,
the techniques used for the determination of copper in plating-bath solutions
include titration, polarography, spectrophotometry, atomic absorption,
and x-ray fluorescence. In each case, procedures will usually involve sample

0003-2670/85/$03.30 ©® 1985 Elsevier Science Publishers B.V.
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collection and some further treatment such as dilution or the addition of
appropriate reagents. Besides being expensive, these procedures can be
significant sources of imprecision and inaccuracy.

This paper describes a sensor for copper(Il) ion in a sulfuric-acid electro-
plating bath. The sensor is based on a simple optical absorption measurement
of aquated Cu?" in the near-infrared spectral region. The absorption cell
has a flow-through design and utilizes optical fibers to transmit light into
and out of the sample solution. The simplicity and ruggedness of the cell
allow its placement directly in the plating bath and the use of optical fibers
makes it possible to locate the measuring instrumentation remotely from the
process environment. Source, detector, and data-acquisition equipment can
be kept in a central laboratory from which separate optical fibers provide
light pathways to each of several sensor locations. The fact that communica-
tion to and from the sensors is accomplished optically rather than elec-
tronically enhances the noise immunity, ruggedness, and corrosion resistance
of this measurement system. Other chemical sensors incorporating optical
fibers, or ‘“optrodes”, are being developed for a number of applications
[1—4].

This remote-sensing approach is ideal for on-line monitoring, because it
requires no sample handling or work-up. Nevertheless, there are several
potential problems which need to be considered. Changes in solution tem-
perature or changes in the concentration of solution components other than
Cu?* might interfere with the absorbance measurement. The effects of dirt
and bubbles in the plating baths must also be evaluated. Finally, the need for
a blank reading for the absorbance measurements must be considered. If
the system is to function continuously as an on-line sensor it is clearly un-
desirable to require that actual blank measurements be recorded. Each of
these concerns, and their effects on the precision of the Cu®" concentra-
tion determination are addressed in the following discussion.

EXPERIMENTAL

Instrumentation

The absorption cell developed here for remote monitoring of copper in
an industrial electroplating bath is shown in Fig. 1. The optical absorption
sensor consists of two jacket-protected silica optical fibers (200-um core;
Model QSF-200, Math Associates, Westbury, NY) that directly face each
other across a 2-mm absorption path. Standard SMA connectors (Series
905, Amphenol, Oak Brook, IL) were placed on one end of each fiber with
the other end being left bare. The bare ends of the optical fibers were
aligned and held in place by epoxy resin in a machined Vespel housing
shown in Fig. 2. The Vespel housing was constructed from a 5/8-in.
(15.9-mm) o.d. solid rod 7/8-in. (22.2-mm) long. A slot (2-mm wide) was
cut 3/8 in. (9.5 mm) into the side of the Vespel rod. Two 0.89-mm (No. 74
drill) holes were drilled through the length of the Vespel rod 3/8 in. (9.5 mm)
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Fig. 1. Fiber-optic-based Cu?* absorption cell. One fiber passes through a hole in the
bottom of the Vespel housing, emerges at the other end, and is bent around to fit through
a second hole in the top of the Vespel housing. The second optical fiber is inserted into
the hole in the top of the Vespel housing. The optical fibers are fixed in place with epoxy
resin,

SILICONE RUBBER SEAL 2 M'7‘,OT 0.0228 HOLE  FIBER OPTIC

CLADDING VESPEL PATH OF FIBER

Fig. 2. Cross-sectional view of the fiber-optic absorption cell. Light is transmitted from
the light source to the cell by an optical fiber and collected across a gap machined into
the Vespel housing by a second optical fiber. The collected light is sent to a detector and
the absorbance of the solution in the gap is determined.

apart and aligned so that the top hole was centered in the slot. The bare
ends of the optical fibers were prepared for mounting into the Vespel
housing by removing 10 cm of the protection jacket from one fiber and 2 cm
from the other. The cladded fibers were then inserted into the Vespel
housing as shown in Fig. 2 and held in place with epoxy resin. The exposed
fiber on the ends of the housing was potted in epoxy (Type 302, Epoxy
Technology, Billerica, MA) for protection. Silicone rubber was used to form
a water-tight seal at the point of entrance of each fiber into the cell. After
the cell had been constructed, the exposed ends of the optical fibers were
polished.

A gallium arsenide light-emitting diode (LED) optimized for emission at
820 nm (Model IRE-161, M/A-COM Inc., New Brunswick, NJ) was used as
the absorption light source and was powered by a constant-current source
(Model 225, Keithley, Cleveland, OH) for stability. The light returning
from the absorption cell was detected by a red-sensitive photomultiplier
© tube (Model R928, Hamamatsu, Middlesex, NJ) biased at —600 V by a
high-voltage supply (Model 244, Keithley, Cleveland, OH). The photomulti-
plier current was amplified by a picoammeter (Model 4148, Keithley) and
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monitored with a digital multimeter (Model 179, Keithley) and strip-chart
recorder (Model SR-204, Heath, Benton Harbor, MI). The time constant for
all measurements was established by the electronics; no additional filtering
was used. When data were obtained for the calibration curves, approximately
10 s was required between successive measurements to allow equilibration
of the sample solution; the system electronics responded within 1 s.

Procedures

Sample test solutions were prepared according to a conventional recipe
for copper plating baths (R. Lamoureux, Hughes Aircraft Co.; personal
communication). The nominal concentrations of each component were as
follows: 0.300 M copper(II) sulfate pentahydrate, 10% (v/v) sulfuric acid,
60 mg kg™ chloride (from HCl), and 0.4% (v/v) Gleam-PC; Gleam-PC con-
sists of 0.4 g 17! Carbowax-5000, 0.001 g 17! 2-thiazolidienethione, and
0.015 g 1 methyl violet. The copper sulfate (reagent grade, MCB) was
weighed and transferred to a beaker, where it was dissolved in 500 ml of
deionized water. Then sulfuric acid was added gradually and the solution
was cooled to room temperature before being transferred to a 1-1 volumetric
flask. Hydrochloric acid and most of the remaining water were added and
the solution was again cooled. Finally the Gleam-PC (Lea Ronal, Freeport,
NY) was added and the solution was diluted to the 1-1 mark. Solutions with
varying concentrations of each of the components were also prepared in
order to study interference effects.

Absorbance measurements were made by immersing the cell in a stirred
solution and comparing the transmitted signal with that from a blank solu-
tion (no copper, all other components at their nominal concentrations).
Calibration curves were obtained by immersing the cell in a solution of
known copper concentration and diluting it with blank solution from a
buret.

RESULTS AND DISCUSSION

Linearity and stability

The sensor constructed here was designed to monitor the Cu*" concen-
tration in a printed-circuit plating bath. In such applications, the Cu?* con-
centration must be maintained within +10% of the nominal value, which
usually lies in the range 0.20—0.40 M. Figure 3 shows three successive
calibration plots obtained with the optrode over this range. Correlation
coefficients greater than 0.999 were obtained for each calibration plot.
The excellent linearity of these plots was somewhat unexpected; Beer’s
law is often thought to apply rigorously only at concentrations below
107% M [5]. The linearity of the calibration graphs probably arises from
the broad absorption band of agueous Cu®*, which extends from near 600 to
over 1100 nm [6] and from the relatively short absorption path length used
here.
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Fig. 3. Three successive calibration graphs for the copper optrode. Graphs were recorded
on three separate days by diluting 0.400 M solutions with blank from a 50-ml buret.

Fig. 4. Effect of sulfuric acid concentration on Cu®* absorbance at 820 nm. Measure-
ments were made at the nominal concentrations of Cu®*, chloride, and Gleam-PC.

Figure 3 also demonstrates the excellent reproducibility of the optrode.
The three plots were obtained several days apart and agreement between
them is very good, with the relative standard deviations of the slope and
intercept being 0.006 and 0.12, respectively. Two curves are indistinguish-
able from each other, and the third curve shows a variation that would lead
to a maximum error of only 1.7% in the concentration of Cu®’. This error
probably arises from variations in the ambient temperature of the laboratory;
the temperature was 32°C and varied by several degrees during the time the
data were obtained.

Interference effects
An important requirement for the optrode designed for this study was
freedom from the influence of concomitants in the plating bath or varia-
tions of the environment of the optrode. The amount of chloride used for
the plating bath was quite small, and therefore chloride was not investigated
as an interferent. Changes in the Gleam-PC concentration of +25% produced
no measurable effect on the absorbance at 820 nm of the plating solution.
In contrast, sulfuric acid did produce a change in the absorbance of the
plating bath as shown in Fig. 4. Fortunately, the concentration of sulfuric
acid in the printed-circuit bath is not expected to vary by more than +10%
between 9 and 11% (v/v); consequently, errors in determining the Cu* con-
centration would be less than 0.8%, according to Fig. 4. Figure 5 shows that
the same kind and magnitude of effect are observed when a red LED
(620 nm) is used as the light source; therefore, the measurement error could
be decreased if measurements at the two wavelengths were ratioed. The
interference from sulfuric acid is probably caused by changes in refractive
index [5].
Environmental interferences expected to affect the measured absorbance
are air bubbles that enter the absorption cell and changes in the temperature
of the optrode assembly. Immunity from air bubbles is especially important
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Fig. 5. Effect of sulfuric acid concentration on Cu?* absorbance at red LED wavelength

(620 nm). Measurements were made at the nominal concentrations of Cu?*, CI;, and
Gleam-PC,

Fig. 6. Effect of solution temperature on measured absorbance. Heating cycle (lower
curve) and cooling cycle (upper curve) differ because of solution evaporation.

here because plating baths are often agitated with compressed air. The design
of the optrode was such that bubbles could not enter the absorption cell;
in fact, all attempts to encourage air bubbles to enter the cell failed.

The effect of solution temperature is illustrated in Fig. 6. These measure-
ments were made by successively heating and cooling a single solution;
the higher absorbance measurements for the cooling cycle can be attributed
to evaporation of the sample solution that occurred during the earlier heat-
ing period. The initial and final measurements were found to be equal after
blank solution was added to the evaporated sample to restore it to its original
volume. The plating baths are maintained at room temperature (+2°C);
accordingly, temperature is not expected to contribute a serious inter-
ference.

Drift compensation

For acceptance in practical applications, the sensor must require little
maintenance and must be able to remain in the plating bath for long periods
of time. Because the sensor cannot practicably be removed from the bath,
conventional blank measurements cannot be obtained. Therefore, a means
to correct for drift in the optical sensor is required. As mentioned pre-
viously, corrections for interference of concomitants such as sulfuric acid
could be made by a two-wavelength measurement. Errors caused by dirt
accumulation or degradation of the end surfaces of the optical fibers could
be corrected in the same way, because they produce an error which is wave-
length-independent. The following analysis applies to such a wavelength-
independent error.

The absorbance of the analyte (Cu®!) at two wavelengths can be described
by the Beer-Lambert law

A, = —log(P,/Py,); A, = —log(P/Po,)
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where the analyte absorbance at wavelength i is denoted by A; and the
transmitted radiant power through an interferent-free sample and through
a blank are P; and Py; respectively. In the presence of an interferent, the
analyte absorbance is described by

A, = —log[P1/(Pyy —EPy;)); A, = —logl[P;/(Py; — EPy,)]

where E is the fraction of incident radiation attenuated by a wavelength-
independent error and P; is the transmitted power through the sample
containing the interferent. Substitution using Beer’s law and rearrange-
ment gives

a,be = —log[P,/Py1(1 — E)] (1)
azbe = —log[P;/Po,(1 — E)] (2)

where g; is the molar absorptivity of the analyte, b is the path length, and
c is the analyte concentration. Subtracting Eqn. 2 from Eqn. 1 yields

c(a1b —asb) = —log(k.P1/P;) (3)

where Py,/P,; is a constant, kg, for the given source intensities. Rearrange-
ment of Eqn. 3 yields

¢ = [—log(k.P1/P2)]1/(a1b —asb) (4)

which provides a straightforward means of determining analyte concen-
tration in the presence of wavelength-independent errors through the easily
measured variables P; and P,.

By measuring the radiant power at two different wavelengths, one can
correct for drift in response caused by degradation of the optical surfaces,
particulates in the plating bath, and that from any other wavelength-inde-
pendent interferent.

Noise and precision

Traditionally, improvements in the precision of absorption spectrophoto-
metry have been obtained by reducing readout noise. A readout-noise-
limited measurement implies that maximum precision will be obtained at
an absorbance value of 0.434 [7]. However, the present optrode system is
limited in stability by fluctuations in the source intensity; therefore, source
flicker noise will limit the measurement precision. As a result, precision can
be improved by increasing the absorbance within practical limits [8]. A prac-
tical limit for this experiment would be the point where source flicker noise
would be equal to or greater than the detector or readout noise. The readout
device used in this experiment was a 4 1/2 digit digital voltmeter, and there-
fore the readout precision was #0.1 mV for the 1 V full scale setting. This
corresponds to a relative standard deviation of 0.01%. The cell used in this
study had a transmittance (light throughput efficiency) of 2%, and the
relative standard deviation (RSD) of twelve successive absorbance measure-
ments on a 0.300 M plating solution was 1.1%. Therefore it was assumed
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that the measurement was source-flicker-noise limited. In addition, the cell
provided adequate sensitivity, and therefore a longer pathlength cell was
not required. Moreover, any further improvements in precision could be
obtained only by reducing or correcting source-intensity fluctuations.
A reduction of source drift might be realized by controlling the tempera-
ture of the LED. Additionally, the output intensity of the source could be
monitored and the measured absorbance values could be corrected accord-
ingly. Monitoring the source intensity would require either a separate ampli-
fication and detection system or the use of optical switches in the fiber-
optic path. In either case, the noise introduced by the extra components
might negate any gain in precision. However, as shown in Fig. 3, long-term
source drift was not a problem with the present optrode design. As a result,
these correction methods were not used.

Conclusions

The simple, rugged optrode for the continuous monitoring of Cu®* in a
plating bath is relatively free from serious interferences expected to be
found in the plating bath, and provides adequate precision for the monitor-
ing of Cu®. The optrode is capable of being operated over long distances,
thus allowing the cell to be located far from the source and detection
system. A prototype of the optrode is presently being evaluated in an
industrial setting.

The authors greatly appreciate the helpful comments and support offered
by T. Hirschfeld and S. Klainer during the course of this investigation.
The work was supported in part by the Office of Naval Research, by the
Upjohn Company, and by ST & E Technical Services.
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SUMMARY

The effect of the nature of the extracted complex and of the organic solvent on the
sensitivity of the extraction/atomic absorption determination of tin in a graphite-furnace
atomizer is investigated. It is recommended that extracts of tin as its chloride complex, or
chelates with N-benzoyl-N-phenylhydroxylamine or 8-quinolinol, in organic solvents
which do not contain chlorine should be used. The depressive effect of the organic matrix
can be significantly decreased by using ascorbic acid as matrix modifier, by atomization
from a graphite platform, and by using an atomizer coated with tungsten carbide. The
procedure developed is applied to the determination of tin in rocks. For tin concentrations
of 0.1--10 ug g™, the relative standard deviation does not exceed 10%.

At present much attention is given to hybrid methods of analysis [1] and
there is significant interest in the use of atomic absorption spectrometry
(a.a.s.) with electrothermal atomization in combination with liquid-liquid
extraction. However, the analysis of organic extracts in electrothermal
atomizers is sometimes less sensitive and precise than the analysis of aqueous
solutions [2]. The development of procedures for suppressing the negative
effect of an organic matrix on the final results enables this hybrid method to
be used more effectively in determining trace elements in complex matrices.

Quite important and difficult is the problem of determining tin in rocks at
the 0.1- 10 ug g™ level [3]. It can be solved by the use of a.a.s., particularly
in combination with the generation of volatile hydrides [4—6]. High accuracy
and precision can also be attained with the use of electrothermal atomization
of the sample after separation of tin from the matrix by liquid-liquid extrac-
tion [7]. This paper describes an investigation of the determination of tin in
organic extracts of its chelates with N-benzoyl-N-phenylhydroxylamine
(BPHA), cupferron, 8-quinolinol, diethyldithiocarbamate (DDTC) and
thenoyltrifluoroacetone (TTA), as well as its chloride and iodide complexes
by graphite-furnace a.a.s. It is mainly concerned with minimizing the negative

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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effect of the organic matrix on the measurements. The data obtained were
used in developing a procedure for the determination of traces of tin in rocks.

EXPERIMENTAL

Apparatus and reagents

A Perkin-Elmer atomic absorption spectrometer Model 603 fitted with an
HGA-76B graphite furnace, a deuterium arc background corrector and a
standard tin hollow-cathode lamp were utilized. The tin 286.3-nm line was
used in the analysis of rocks and 224.6-nm line was used in the analysis of
other extracts. The spectral bandwidth was 0.2 nm in all cases. Perkin-Elmer
graphite tubes, with and without pyrolytic coating, were used, as well as
rectangular platforms of pyrolytic graphite produced by the same manufac-
turer (with and without protrusions at the corners). Rectangular platforms
(without protrusions) of the same size cut from porous graphite SU-204
(Czechoslovakia) were also tested. The platforms and graphite tubes were
coated with tungsten carbide [8]. Argon was used as shielding gas with an
oxygen content of <7 X 10™%,

All chemicals were of analytical reagent grade. Methyl isobutyl ketone
(MIBK) was distilled in vacuum; cupferron and 8-quinolinol were recrystal-
lized from water and o-xylene, respectively. The stock solution of tin was
prepared by dissolving 100 mg of tin metal in 2.5 ml of (1 + 3) HCI/HNO;;
the volume was brought to 100 ml with 3 M HCl. Working solutions of tin
in 0.5 M HCI were stable for at least two weeks.

Procedures

General procedure. Extractions were conducted under the optimal condi-
tions for the chosen systems [9]. The concentration of tin in the aqueous
phase at equilibrium was determined by the standard addition technique.
The data obtained were used to calculate the tin concentration in the extract.
The atomic absorption determination consisted of three stages; the atomizer
heating rate was set by the push-button selector. A 20-ul sample was dried
for 20 s at a temperature 10°C above the boiling point of the solvent used
(rate 1). When graphite platforms were used, the drying temperature was
30°C above the boiling point (rate 3), up to a maximum of 130°C (water,
amyl acetate). The ashing temperature and time were optimized for all the
investigated extracts and aqueous solutions. Atomization was done at 2600°C
for 6 s (gas-stop mode, rate 0).

Procedure for tin in rocks. An accurately weighed sample (100—200 mg)
was placed in a platinum crucible, wetted with water, and 10.5 ml of a
(20 + 1) mixture of concentrated hydrofluoric and (1 + 1) sulphuric acid
was added. The mixture was evaporated to dryness on a sand bath. There-
after 0.5—1 g of lithium metaborate, preliminarily dried at 100°C, was added
to the crucible, which was heated in a muffle furnace at 950°C for 45 min.
After cooling, 5 ml of 3.2 M HC1 was added to the crucible and the melt was
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dissolved with slight stirring, fresh portions of 3.2 M HCI being added periodi-
cally. The final volume was made up to 50 ml with 3.2 M HCl. An aliquot
(1—15 ml, depending on the tin content) of this solution was mixed with
0.2—--3.0 ml of freshly prepared 15% (w/v) ascorbic acid solution.

Tin was extracted into 1 ml of 0.1 M trioctylamine (TOA) in a (2 + 1)
mixture of heptane and amyl acetate, the equilibration time being 5 min.
Standard tin solutions (0, 15, 30 and 60 ng ml™) were prepared by the same
procedure from stock solutions of tin containing lithium metaborate at the
same concentration as the sample solutions. Tin was determined in the
graphite tube without a pyrolytic coating but with a platform made of pyro-
lytic graphite. A 20-ul portion of solution was injected into the furnace, and
the background corrector was turned on. The operating conditions of the
atomizer were: drying, 130°C, 25 s, rate 1; ashing, 800°C, 20 s, rate 3;
atomization, 2600°C, 6 s, rate 0, gas-stop mode.

RESULTS AND DISCUSSION

The effect of the nature of the extracted complex

As regards the effect of the nature of the extracted complex on the
behaviour of organic extracts in the atomizer, the investigated compounds
can be subdivided into three groups. The first group comprises the chloride
complexes of tin (extracted with MIBK or 0.1 M TOA in MIBK), the non-
volatile chelates of N-benzoyl-N-phenylhydroxylamine and cupferron [10,
11], and the 8-quinolinol chelate (o-xylene used as diluent). For extracts
containing these complexes, the form of the absorbance/ashing temperature
curve (ashing curve) and the sensitivity of the tin determination are little
different from the corresponding characteristics for solutions of tin in 0.5 M
HCI (Fig. 1). Signals attain a constant value at an ashing time of 5—10 s (for
chloride complexes in 0.1 M TOA in MIBK, the ashing time was 40 s, Fig. 2).

The second group comprises extracts based on diethyldithiocarbamate in
chloroform and thenoyltrifluoroacetone in MIBK. For these extracts the tin
signals are 2—5 times smaller than those for aqueous hydrochloric acid solu-
tions (Figs. 3, 4). The required duration of the ashing stage increases signifi-
cantly. For instance, for the tin/TTA chelate, the signal fails to attain a
constant level even after 200 s of ashing (Fig. 5). Losses of tin in the form of
its diethyldithiocarbamate at lower temperatures (700°C) are apparently due
to its sublimation [10, 12]. For determinations in the graphite furnace,
chelate sublimation is likely to be promoted by very rapid atomizer heating
at the ashing and atomization stages [12]. Slow heating of the atomizer up
to the ashing temperature provides a significant increase of tin signal for such
extracts (Table 1 and Fig. 3, curve 2). The magnitude of the signal is also
significantly affected by the thermal properties of the compounds formed
during the decomposition of the complexes. The low sensitivity for tin as its
diethyldithiocarbamate is attributed to an incomplete dissociation of tin
monosulphide formed by thermal decomposition of this complex [13].
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Fig. 1. Effect of ashing temperature on peak-height absorbance of tin (ashing for 10 s,
rate 1; 0.15 pg Sn ml™?): (1) 0.5 M HCI, ashing for 20 s; (2) BPHA chelate in o-xylene;
(3) cupferron chelate in o-xylene; (4) 8-quinolinol chelate in o-xylene; (5) chloride com-
plex in MIBK.

Fig. 2. Effect of ashing time on the peak-height absorbance of tin (ashing at 800—900°C,
rate 0—1, 0.15 ug Sn mi?): (1) 3 M HNO, + 0.004 M HCI; (2) 2.94 M HCI; (3) chloride
complexes in MIBK; (4) chloride complexes in 0.1 M TOA in MIBK; (5) BPHA chelate in
benzene.
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Fig. 8. Effect of ashing temperature on the peak-height absorbance of tin as its DDTC
chelate in chloroform (ashing for 20 s, rate 0, 0.15 pg Sn ml™'): (1—3) porous graphite
tube; (2) ashing rate 1 X 30; (3) with 5% ascorbic acid added; (4) tube with coating of
pyrolytic graphite and tungsten carbide (ashing for 40 s).

Fig. 4. Effect of ashing temperature on the peak-height absorbance of tin as its TTA
chelate in MIBK (0.15 ug Sn ml™!, porous graphite furnace; tube coated with tungsten
carbide for curves 4 and 5): (1) ashing for 20 s, rate 1 X 30; (2) with 5% ascorbic acid
added, ashing for 20 s, rate 1;(3) atomization from a pyrolytic graphite platform, ashing
for 20 s, rate 1 X 30; (4) ashing for 60 s, rate 1; (5) atomization from a pyrolytic graphite
platform coated with tungsten carbide, ashing for 60 s, rate 1 X 30.
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TABLE 1

Effect of heating rate in the ashing step on the tin peak-height absorbance in porous
graphite tubes (ashing time, 20 s)

Reagent Solvent  Tin conc. Ashing temp. Heating rate (°C s~!)
-1 o

(kg ml™) (°C) 600 400 180 70 20 8
BPHA Benzene 0.15 1000 0.37 0.38 0.37 0.38 — —
8-Quinolinol o-Xylene 0.15 900 0.34 0.33 — 0.35 0.33 0.35
DDTC CHC1, 0.5 1000 017 — 0.19 0.33 0.37 0.42
TTA MIBK 1.0 900 0.22 — 0.23 — 0.27 0.26
TTA? MIBK 0.5 900 0.62 — 0.58 0.60 0.60 —
TTAP MIBK 0.5 900 0.556 — 0.58 — 0.68 0.65

2Tube coated with tungsten carbide. PWith aqueous 5% (w/v) ascorbic acid added.,

The third group comprises a MIBK extract containing uncharged tin iodide.
Direct analysis of this extract in the graphite furnace is impossible because of
the high volatility of Snl, [14].

The effect of the nature of the organic solvent

The influence of the organic solvent on the analysis of extracts was studied
for the system with BPHA, as an example. The shape of the ashing curve does
not alter when changing from o-xylene to benzene or n-heptane; the height
of the signal diminishes slightly. No correlation between tin sensitivity and
the density or viscosity of the solvents could be found.

Analysis of tin-containing extracts based on o-xylene in a furnace with
pyrolytic graphite coating is practically impossible because of a strong non-
specific absorption signal at 224.6 nm during the atomization stage which is
not compensated by the background corrector (ashing at 800°C for 40 s).
When other solvents, among them aromatic ones (benzene, toluene) were
used, no such interferences were observed. Giiger and Massmann [15] sug-
gested that such non-specific absorption is due to volatilization of undecom-
posed aromatic molecules at the atomization stage. Complete removal of
aromatic compounds from the graphite furnace at the ashing stage may not
be achieved because of their very strong sorption by graphite.

Also significant is the nature of the atomizer surface. If the graphite tube or
platform with a pyrolytic graphite surface are additionally coated with tung-
sten carbide, they can be used for the analysis of o-xylene extracts. The non-
specific absorption can also be fully compensated by the background corrector
when an atomizer of porous graphite without pyrolytic coating is used.

When chloroform is the extractant, the tin signal is significantly suppressed
at relatively low ashing temperatures (Fig. 6, curve 1). Presumably, this is
due to the formation of a stable (dissociation energy 404 kJ mol™?) [16] and
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Fig. 5. Effect of ashing time on the peak-height absorbance of tin as its TTA chelate in
MIBK: (1) ashing at 1100°C, rate 1, 0.15 ug Sn ml~!, porous graphite tube; (2) as for (1)
with 5% ascorbic acid added; (3) as for (1) but with atomization from a pyrolytic graphite
platform (ashing at 1200°C); (4) as for (1) but with tube coated with tungsten carbide;
(5) as for (3) but with platform and tube coated with tungsten carbide.

Fig. 6. Effect of ashing temperature on the absorbance of tin as its BPHA chelate in
chloroform (0.15 ug Sn ml™): (1) ashing for 40 s, rate 0; (2) with 5% ascorbic acid added,
ashing for 40 s, rate 2; (3) atomization from a pyrolytic graphite platform, ashing for
20 s, rate 3; (4) tube coated with tungsten carbide, ashing for 20 s, rate 0.

volatile tin monochloride. A high ashing temperature leads to an increase
of tin signal because of more complete removal of chlorine from the atomizer.
As the graphite tube ages, the ashing curve may be displaced with respect to
the temperature axis [17], which should lead to a decline in tin sensitivity
and to increased error. Therefore, a maximum in the ashing curve should be
avoided.

The chlorine content of the analysed solution largely dictates the duration
of ashing; the chemical form of tin is of secondary importance. This is true
for the analysis of both aqueous (Fig. 2) and organic (Fig. 7) solutions. For
instance, for chloride complexes of tin in MIBK, ashing for 10 s is sufficient
(Fig. 2), while for the non-volatile BPHA chelate in chloroform, ashing
requires 20--80 s (Fig. 7).

It is to be noted that the analysis of extracts is more sensitive to variations
in instrumental parameters than the analysis of aqueous solutions. Thus, the
ashing time may increase more than three-fold as the graphite cones wear
down (Fig. 7); the sensitivity likewise declines, A similar effect is produced
by wear of the graphite tube.

On the basis of the data obtained, most conventional organic solvents may
be used for tin determination. Halogen-containing solvents that may suppress
the tin signal are an exception.
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Fig. 7. Effect of ashing time on the absorbance of tin (0.15 ug ml™!) as its BPHA chelate
in chloroform. Conditions: (1, 4) old graphite cones; (2, 3) new graphite cones; (1) ashing
at 800°C, rate 0; (2) ashing at 700°C, rate 1; (3) ashing at 650° C with 5% ascorbic acid
added, rate 1; (4) ashing at 650°C, rate 3, atomization from a pyrolytic graphite platform.

Minimizing the effect of organic matrix

To minimize the effect of the nature of the extracted complex and the
solvent, methods for suppressing the effect of the inorganic matrix and
improving the sensitivity were used. These included atomization from a
graphite platform [18]}, treatment of the atomizer surface with refractory
compounds [19], and the use of a matrix modifier (ascorbic acid) [20].
Their use is quite promising as regards the analysis of extracts in graphite
atomizers [2, 21].

Solutions of tin in 0.5 M HCl and of the tin/BPHA chelate in o-xylene
were used to investigate the effect of the material of the platform and graphite
tube on tin sensitivity (Table 2). As can be seen, aging of the graphite tube is
accompanied by a decrease in tin sensitivity, particularly in extracts. This is
possibly due to the destruction of the graphite structure and to increasing tin
losses caused by soaking of the analyte solution into the graphite, the latter
being more significant for extracts. As a result, extracts were afterwards
always analyzed in tubes that had been used for not more than 70 determina-
tions. Maximum sensitivity for tin is achieved with graphite tubes coated
with tungsten carbide and atomization from a pyrolytic graphite platform.
For the analysis of aqueous tin solutions, a pyrolytic graphite platform
treated with sodium tungstate solution and with and without protrusions at
the corners were tested, but no significant differences were observed. The
use of graphite platforms along with ascorbic acid leads to insignificant fur-
ther increase in signals. Improvements in the sensitivity in the presence of
ascorbic acid in the furnace and with the use of a graphite tube coated with
tungsten carbide are largely caused by the decrease in the concentration of
free oxygen in the gas phase in the furnace [22, 23].

It must be emphasized that, even for the extracts of the first group,
conditions could not be selected that would secure long-term coincidence
between calibration graphs for aqueous and organic solutions.
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TABLE 2

Effect of platform material and graphite tube surface on the calibration slope for tin?

Tube Platform Slope Ratio of slopes
surface material SnCl, in Tin-BPHA (aq:org.)
0.5 M HCI in o-xylene

Porous — 1.0¢ 1.0¢ 1.3

graphite Porous graphite 1.2 1.3 1.2
Pyrographite 1.7 — —
Pyrographite/tungsten 1.8 1.3 1.7
carbide

Porous — 0.8 0.6 1.7

graphiteP Porous graphite - 1.1 —
Pyrographite 1.3 — -
Pyrographite /tungsten 1.4 1.2 5
carbide

Porous - 1.2 1.1 1.4

graphite/tungsten Porous graphite/ 1.3 1.6 1.1

carbide tungsten carbide
Pyrographite /ftungsten 1.8 1.7 1.4
carbide

Pyrographite /tungsten — 1.4 1.4 1.3

carbide

2 Ashing at 800°C for 20 s, rate 1. PTube used for >100 determinations. ¢Calibration
slopes, i.e., sensitivities, normalized to this result for each column.

Examples illustrating the elimination of the negative effect of chloroform
are given in Figs. 6 and 7 (tin was quantified in extracts of its BPHA chelate).
The presence of ascorbic acid and atomization from a platform makes it
possible to decrease the ashing time 2—3 times, as well as to smooth out the
maximum in the ashing curves. Possibly, the active carbon, formed as a result
of the thermal decomposition of ascorbic acid, binds chlorine as CCl (dissoci-
ation energy 387 kJ mol™!). Coating with tungsten carbide eliminates to a
lesser extent interferences from large amounts of chlorine, although it leads
to higher sensitivity.

The procedures used are also reasonably effective in eliminating the effect
of the nature of the extracted complex. The presence of ascorbic acid and
atomization from the graphite platform permits the duration of ashing to be
decreased (Fig. 5). However, the best results for extracts of the second group
were obtained by using graphite tubes and platforms coated with tungsten
carbide (Figs. 3 and 4). Possibly, tungsten compounds catalyze the decom-
position of volatile tin chelates [24].

Analysis of rocks

Fusion with lithium metaborate is apparently the most effective and
acceptable procedure for dissolving samples [5]. Complete dissolution is
achieved by fusion at 950°C for 45 min with a 5-fold excess of flux. Silicon
is removed beforehand as silicon tetrafluoride by heating the sample with
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TABLE 3

Results of tin determination in standard reference rocks

Rock Type No. of No. of Tin content (ug g™)

samples determinations Certificate Found®
on each sample

SGD-1IA Gabbro 4 2 3.7
MK-2 Granodiorite 3 2 4.6

oo
921 )
[ ]
Ut ©
e
VLS

+

aMean with standard deviation.

concentrated hydrofluoric acid (in the presence of a small amount of sul-
phuric acid to prevent tin losses). It was found that such treatment does not
lead to tin losses and permits the flux dissolution time to be significantly
decreased.

Direct analysis of sample solutions containing high flux concentrations is
impossible because of great matrix interferences. For separating tin from the
matrix and for preconcentration, the tin chloride complexes were extracted
with 0.1 M TOA solution in a (2 + 1) mixture of heptane and amy] acetate.
This system is characterized by a wide range of aqueous acidity (0.5—3.0 M
HCl) within which quantitative extraction of tin is achieved (equilibration
time 5 min, 1:8 ratio of volumes of organic to aqueous phase). The concen-
tration coefficient for this system may reach 20 without significant losses
of tin. To prevent extraction of iron(IIl), it was reduced to iron(Il) with
freshly prepared ascorbic acid solution. Table 3 gives the results of tin deter-
mination in standard reference materials available in the U.S.S.R. It is seen
that the certificate data and those obtained by using the present method are
in good agreement.

The above method was used for tin determinations in a wide variety of
rocks. The relative standard deviation did not exceed 10% for tin contents of
0.1-10ugg™.

The technical assistance of Mrs. T. N. Shemarykina in the analysis of rocks
is gratefully acknowledged.
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SUMMARY

Coprecipitation with gallium hydroxide is studied for the preconcentration of trace
metals in sea water before multi-element analysis by inductively-coupled plasma/atomic
emission spectrometry. Gallium precipitates at pH 9 only when magnesium is present.
Optimum conditions are established for multi-element preconcentration and removal of
matrix elements. The method is almost free from contamination because of the use of
highly pure gallium metal and only a small amount of sodium hydroxide for pH adjust-
ment. Spectral interferences from gallium are negligible and a concentration factor of
more than 200 can be obtained. Detection limits range from a few ng 1! to 150 ng 1! for
Al, Co, Cr, Fe, La, Mn, Ni, Ti, V, Zn, Y and Pb. Artificial and natural sea-water samples
can be analyzed with adequate precision.

Inductively-coupled plasma atomic emission spectrometry (i.c.p./a.e.s.)
is a very sensitive technique for multi-element determinations, which has
often been applied to sea waters. Preconcentration of trace elements and
decrease in matrix element concentrations have been studied [1—5}. The
concentrations of most elements in sea water are close to or below the detec-
tion limits for i.c.p./a.e.s., as can be seen in Fig. 1, where the detection limits
cited are the lowest values found in the literature [6—8]. Therefore, precon-
centration of trace elements is required for sea waters. With 20-fold precon-
centration, 13 elements (Al, As, Cr, Cu, Fe, Li, Mn, Mo, Ni, P, Ti, Y, and Zn)
can be detected in coastal sea water and these elements except Ti can be
detected in open sea water. A 200-fold preconcentration gives the possibility
of detecting 18 elements including Cd, Co, Hg, Pb and Se in coastal waters
and 16 elements (those mentioned except Co and Pb) in open sea water.
However, such high preconcentration often leads to large blank and contami-
nation problems as well as tedious purification of reagents.

Berman et al. [2] used a chelating resin column (Chelex-100) for Fe, Mn,
Cu, Ni, Zn, Pb, Co, and Cd, with ultrasonic nebulization. They preconcen-
trated trace elements by a factor of 100 in a class 100 clean-air laboratory.
McLeod et al. [3] concentrated analytes (Cd, Cu, Fe, Mo, Ni, V, and Zn)

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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Fig. 1. Plot of concentration of trace elements in sea water vs. i.c.p. detection limits:
(*) mean concentration in open sea water [9]; (o) concentration in coastal water; Al
[10], P [11], Ti [12], Cr [13], Mn [14], Fe, Co, Ni and Zn [15]}, Cu, Ag, Cd and Pb
[16], As [17, 18], Se [19], Y [20], Mo [21], Sn [22], Sb [23], Au [24], Hg [25], Li
[26], Bi [27].

500 times using a liquid-liquid extraction method with two chelating reagents.
Complicated, time-consuming purification of the reagents was needed to
achieve low blank levels. Watanabe et al. {4] collected trace metals (Cd, Zn,
Pb, Ni, Mn, Fe, and Cu) as their 8-quinolinol chelates on C,s-bonded silica
gel. They reported that purification was needed to decrease the blank
especially for zinc and iron.

Coprecipitation methods have been used in i.c.p./a.e.s. to preconcentrate
many elements from artificial sea water [5, 28], waste water [29] and brines
[30]. Coprecipitation has the advantages that most elements except the
alkali and alkaline earth metals are efficiently concentrated and that the
procedures are generally simple. However, it has the disadvantages that the
coprecipitation reagents provide different matrices and that the impurities
from the coprecipitation reagent and the alkali used for pH adjustment often
produce errors. If a highly pure coprecipitation reagent which gives relatively
few emission lines in i.c.p./a.e.s. can be used, coprecipitation would be more
promising for preconcentration of trace elements in sea water. From such a
point of view, Hirade et al. [28] indicated the possibility of using indium as
a coprecipitation reagent, combined with the flotation technique prior to
l.c.p./a.e.s.; their work was only preliminary for sea water analysis. In the
present study, gallium coprecipitation is evaluated for simultaneous multi-
elemental analysis of sea water using i.c.p./a.e.s. Gallium is chosen because of
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its characteristic behavior in sea water, its small number of emission lines and
the availability of pure gallium metal.

EXPERIMENTAL

Apparatus and chemicals

The instrumental components and operating conditions are summarized in
Table 1. The emission lines used are shown in Table 2. A pH meter (Ionalyzer
407A) equipped with a glass electrode (91-01, Orion Research) was used for
pH measurement.

All chemicals used were of analytical-reagent grade. The standard solutions
(1000 mg 1'1) for Al, Cd, Co, Cr, Cu, Fe, Mg, Mn, Ni, Pb, Sb, Ti, and Zn were
prepared from pure metals, and those for As, La, Mo, V, Y, Na, K and Ca
from common salts or oxides. The nitric and hydrochloric acids were of
extra-pure grade (Wako Chemicals Co.). Sodium hydroxide solution (9 M)
used for pH adjustment was prepared by dissolving the solid (Suprapur;
Merck) in 100 ml of pure water. Gallium solution was prepared by dissolving
1 g of gallium metal (99.99%; Nakarai Chemicals Ltd.) in 10 ml of (1 + 1)
nitric acid and diluting to 200 ml with water. All the chemicals were used
without further purification.

Sea-water samples

Samples were collected in clean polyethylene bottles at various sites near
the Japan Islands. Some coastal sea water was collected in Tokyo Bay and
Hiroshima Bay. Some open sea waters were collected far from the Sagami Bay.
Most were filtered on ship through Nuclepore filters (pore size 0.4 ym), im-
mediately after collection. Some samples were acidified with sub-boiled nitric
acid to pH 2 prior to filtration, for sample preservation. Artificial sea water,
which was used for all the recovery tests, was prepared as reported previously

TABLE 1

Instrumental components and operating conditions

Spectrometer dJarrell-Ash Plasma Atomcomp MK II
frequency 27.12 MHz
r.f. output power 1.1 kW
coolant gas argon 151 min™
auxiliary gas argon 0.5 1 min™
carrier gas argon 1.0 1 min™
observation height 17 mm above work coil
Nebulizer Cross-flow type
Polychromator Paschen-Rung type (75-cm focal length)
grating 2400 grooves mm™
reciprocal linear dispersion 0.54 nm mm™ at 270 nm
entrance slit width 25 um
exit slit width 50 um

Monochromator Ebert type (50-cm focal length)
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TABLE 2

Comparison between interference equivalent concentrations of gallium and zirconium

Element Wavelength Interference Element Wavelength Interference
(nm) equivalent (nm) equivalent

concentration? concentration?

Ga Zr Ga VA,
Al I 308.2 8.0 1220 Zn 1 213.8° 0 69
Ti II 334.9 1.2 81 As I 193.6 1960 690
v II 292.4 9.2 700 Y I1371.0 0.5 92
Cr II 205.5° 17 25 Mo I 202.0 110 150
Mn II 257.6 0 140 Cd I 228.8 2.0 23
Fe II 259.9 4.8 260 Sb I 217.5 73 1150
Co II 228.6 0 170 La II 398.8 3.2 660
Ni II 231.6° 8.2 140 Pb I1 220.3 20 700
Cu I 324.7 0.3 140

3The analyte concentration (ng 1) equivalent to the background emission intensity
provided by 1 mg 1-* matrix element at the wavelength shown. PSecond-order lines used.

[31] and acidified to pH 2 with concentrated nitric acid. All glassware was
rinsed well with deionized/distilled water after soaking in (1 + 2) nitric acid
for >5 days. Nuclepore filters were soaked in (1 + 1) hydrochloric acid for
>10 days, and rinsed with deionized/distilled water just before use.

Coprecipitation procedure

A 1-ml portion of gallium solution (5 g 1™!) was slowly added to exactly
11 of sea water, stirring with a magnetic stirrer. Then pH was adjusted to 9
by adding 9 M sodium hydroxide, and the precipitate was aged for 24 h. This
was necessary for rapid filtration. The solution was filtered through a Nucle-
pore filter. The precipitate on the filter was washed with 20 ml of deionized/
distilled water, in order to remove Na, Mg, K, and Ca retained on the precipi-
tate. The precipitate was dissolved with 2.5 ml of 1 M hydrochloric acid, and
the resulting solution was diluted to exactly 5 ml with water. Consequently,
a 200-fold preconcentration was achieved.

RESULTS AND DISCUSSION

Recovery of trace metals by coprecipitation

The coprecipitation behavior of each element depends on the pH. There-
fore, the pH dependences of recoveries for various elements including matrix
salts by gallium coprecipitation were investigated by using 10 mg of gallium
added to 11 of artificial sea water. The results are shown in Figs. 2 and 3.
The behavior of gallium in the pH range 2—10 is shown in Fig. 4. It should
be stressed that gallium did not precipitate quantitatively below pH 5 nor in
the pH range 6.0—8.6 in sea water, and also that gallium did not form a
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Fig. 2. pH dependences of recoveries for various trace elements in artificial sea water.
Concentrations are as those shown in the last column in Table 4; the values indicated with
dashed lines could not be obtained because no precipitate was formed.
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Fig. 3. The concentrations of magnesium (a) and calcium (b) in the preconcentrated solu-
tion at various pH values. Original concentrations of Mg and Ca were 1330 and 420 mg 1™,

respectively, which are the same as those in sea water; 10 mg Ga was added to 11 of sea
water.

precipitate at pH >8 without magnesium ions in the solution. Furthermore,
when the pH was increased above 10, considerable precipitation of magnesium
often occurred, so that filtration was difficult. Thus, the pH range examined
was limited to 5.0—6.0 and 8.7—10.0.

As can be seen in Fig. 2, the recoveries of most elements increased at
higher pH except for V(IV), Mo(VI) and Sb(III) which showed lower re-
coveries at the higher pH. In the lower pH region, Fe, As(III), Ti and Cr
showed almost quantitative recoveries at pH 6. In the higher pH region, Al,
Mn, Cr, Co, Ti, Cu, Fe, Y, Zn, Ni and La were recovered quantitatively at
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Fig. 4. Formation curve of gallium precipitate in sea water (10 mg 1~* gallium).

Fig. 5. Concentration of magnesium in the preconcentrated solution vs. concentration of
gallium added to the sea-water sample. The original magnesium concentration was 1330
mg 17!,

pH 9, while Cd, Pb and As(III) gave better recoveries at pH 10. Lead gave
recoveries of <90% even at pH 10. Low recoveries of Mo(VI), Sb(III) and
V(IV) at high pH may result from their oxoanion forms, which are not easily
coprecipitated with or adsorbed onto gallium hydroxide. The recoveries for
trace elements at pH 9 are summarized in Table 4 (see below). Figure 3 out-
lines the concentrations of magnesium and calcium in the preconcentrated
sample solution after coprecipitation at various pH values. These concentra-
tions increased with pH, and that of calcium increased markedly above pH 9.
The concentrations of sodium and potassium did not show significant
dependence on pH.

According to these results, three experimental problems have to be con-
sidered when gallium coprecipitation is applied to the preconcentration of
metal ions in sea water near pH 10. First, spectral interferences from adjacent
magnesium and calcium lines degrade accuracy and precision [32]. Secondly,
contamination from the sodium hydroxide used for pH adjustment increases
with the volume of sodium hydroxide consumed. Thirdly, there is difficulty
in filtration when large amounts of magnesium are precipitated. At pH 9.0,
the concentrations of Na, K, Mg, and Ca in the concentrated solution were
10, 1, 400 and 10 mg I}, respectively, when 5 mg of gallium was added to
1 1 of water. At these concentrations, spectral interferences from Na, K, and
Ca were negligible, but magnesium at 400 mg I still gave spectral interfer-
ence. This could be avoided by use of a standard solution which contained
400 mg I"' magnesium.
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Optimization of gallium concentration

The concentration of the carrier obviously influences the recoveries of the
analytes. In the present investigation, all elements except for cadmium and
lead showed recoveries independent of the amount of gallium added (1.5—
25 mg 1"!') when the concentrations of spiked elements taken were those
listed in the last column in Table 4 (see below). The recoveries of cadmium
and lead were improved by 20% and 50%, respectively, when 25 mg of gallium
was added instead of 1.5 mg. Magnesium, however, precipitated almost
proportionally when the amount of gallium added was increased, as can be
seen in Fig. 5, although the precipitation of other major elements (Na, Ca,
and K) did not show any significant dependence on the amount of gallium.
This may be due to the formation of insoluble polynuclear hydroxides
between gallium and magnesium. Furthermore, when the concentration of
gallium was 1.5 mg 17!, the recovery of gallium was poor. Therefore, the
optimum concentration of gallium in sea water was considered to be 5 mg 1.
This is rather small compared to other coprecipitation methods; e.g., 10 mg
17! for zirconium coprecipitation [5] and 100 mg 1! for indium coprecipita-
tion [28]. The small amount of coprecipitation reagent has, however, the
merit that contamination and spectral interferences arising therefrom are
decreased.

Spectral interference from gallium

Spectral interference by the coprecipitation reagent must be considered
because the final concentration of the reagent is quite high in the concen-
trated sample. Some coprecipitation reagents can contribute severe spectral
interferences, which result in large blank signals, and deterioration of accuracy
and precision. The i.c.p. emission spectra obtained for zirconium and gallium
solutions and pure water are compared in Fig. 6. Zirconium solution was
chosen as a reference, because hydrated zirconium oxide is a popular carrier
and has been previously applied to sea-water analysis by i.c.p./a.e.s. [5]. It
can clearly be seen that gallium provides far fewer emission lines than
zirconium. The spectrum of gallium is also much simpler than those of
aluminum, iron and lanthanum, which are also popular coprecipitation
reagents. This is a great advantage for the use of gallium as a coprecipitation
reagent over others such as Zr, Al, Fe and La. In Table 2, interference equi-
valent concentrations of gallium and zirconium are summarized for compari-
son. Ascan be seen, the values for gallium are smaller than those for zirconium
by two or three orders of magnitude except for As, Mo, Cr and Sb. Large
interference equivalent concentrations of gallium may be due to recombina-
tion radiation for arsenic, and due to neighboring emission lines for Cr, Mo,
and Sb. The analytical errors for chromium caused by gallium spectral inter-
ference could be decreased by using standard solutions which contained
1000 mg 1! gallium. For As, Mo and Sb, gallium spectral interference could
not be corrected for, because of the poor recoveries of these elements.
Because spectral interferences were generally small, the concentration of
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Fig. 6. Lc.p. emission spectra obtained with: (a) 500 mg I zirconium solution; (b) 500
mg 17! gallium solution; (¢) pure water.

gallium in the final solution could be higher than those permissible for other
coprecipitation reagents. Therefore, a larger preconcentration factor could
be obtained for gallium coprecipitation (200-fold) than for zirconium
coprecipitation (20-fold).

Impurities in reagents

Because gallium is widely used as a raw material for semiconductors, pure
gallium metal is readily obtained. In the present experiments, 99.99% purity
gallium was used. Table 3 shows the analytical errors which arose from the
impurities in 1 ml of 5000 mg 1™ gallium solution. The values shown are the
concentrations of impurities measured, and were obtained by observing the
peak profiles around the emission wavelengths of the analytes. As can be
seen, the errors for most elements except chromium were negligible.

One of the common problems of hydroxide coprecipitation methods is
contamination from the alkaline solution added to adjust the pH of the
sample solutions. Well-known coprecipitation carriers such as hydrated iron,
aluminum, lanthanum and zirconium oxides are completely soluble only at
low pH (pH 2—3), and precipitate appreciably at pH 9—10. Therefore a large
amount of an alkaline solution is consumed for pH adjustment, which often
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TABLE 3

Contamination of trace metals from impurities in sodium hydroxide and gallium

Element Contaminant conc.? (ng 1) Element Contaminant conc.? (ngl™)
NaOHP Gallium® NaOHP Gallium®

Al 9 0 Zn 4 38

Ti 0.3 0 As 0.6 0

\Z 0.1 0 Y 0.0 0

Cr 8 250 Mo 0.2 0]

Mn 3 0 Cd 0.03 0

Fe 110 31 Sb 0.9 0

Co 0.3 0 La 0.0 0

Ni 4 0 Pb 1 0

Cu 0.3 8

2Concentrations converted to those in original sea-water sample. ®Contamination from
0.1 ml of 9 M NaOH. ¢Contamination from 1.0 ml of 0.5% gallium solution.

provides significant contamination. As shown in Fig. 4, gallium in sea water
does not precipitate below pH 3 nor in the pH range 7—8. Natural sea water,
which is usually at pH 7.0—8.2, was slightly acidified to pH 6.5—7.5 when
1 ml of 5 g1 gallium solution was added. Because gallium was soluble in
this pH range, a pH change only from 7 to 9 was required in the present
gallium coprecipitation method. Consequently, only a very small amount
(ca. 1.3 X 107 mol) of sodium hydroxide was used. In Table 3, possible con-
tamination from the sodium hydroxide addition is shown for each element.
The values were obtained by aspirating the solution concentrated from sodium
hydroxide by zirconium coprecipitation [5]. Contamination from sodium
hydroxide was negligible except for iron, and even here the error was <10%
of the concentration of iron in sea water.

Analytical figures of merit

Some analytical figures of merit for various elements are summarized in
Table 4. The detection limits for the standard solutions with and without
gallium, and those with gallium and magnesium are shown. The detection
limits for sea water were obtained by dividing the detection limits of the
standard solution containing gallium and magnesium by the concentration
factor for each element. All the detection limits in Table 4 were estimated as
the analyte concentration corresponding to three times the standard deviation
of the background emission intensity at each wavelength. As can be seen, the
- detection limits of arsenic and antimony were poor in the presence of
gallium, and those of Al, Mn and Zn deteriorated when magnesium was
present. Other elements showed no significant changes in the detection limits
- with and without gallium and magnesium. The sea water detection limits for
! As, Mo, Cd and Sb were not much improved, because of the low recoveries
. for these elements. From the comparison between the detection limits of the
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TABLE 4

Analytical figures of merit for the gallium coprecipitation i.c.p./a.e.s. method

Element Detection limit Detection limit Recovery Concn,

for standard solution? for sea water® at pH 9¢ added

(vg 1) (ngl™) (%) (ugl™)

Pure 1gi! Ga 1gl1!Ga

soln. added + 0.4 gl Mg

added

Al 13 10 18 90 101 40
Ti 1 1 1 5 100 4
v 3 5 3 20 27 30
Cr 4 4 4 20 97 40
Mn 0.1 0.1 1 5 95 40
Fe 3 3 3 15 98 200
Co 6 7 6 30 91 4
Ni 12 15 13 60 96 40
Cu 2 2 2 10 96 40
Zn 3 3 6 30 101 40
As 22 60 60 1500 19 40
Y 1 1 1 6 88 4
Mo 6 8 8 4000 1 40
Cd 3 3 2 300 5 5
Sb 17 28 29 1500 5 40
La 4 3 3 20 82 50
Pb 30 30 30 150 94 40

20btained by direct nebulization without coprecipitation. ®Obtained for standard solu
tion preconcentrated 200-fold by gallium coprecipitation at pH 9. *Obtained by 200-fol
concentration at pH 9.

present method and the concentrations in natural sea waters (see Fig. 1)
eleven elements (Al, Ti, V, Cr, Mn, Fe, Co, Cu, Zn, Y and La) in coastal se;
water and ten elements (Al, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn and Y) in open se:
water may be determined by the gallium coprecipitation i.c.p./a.e.s. method

The relative standard deviation (r.s.d.) for each of 13 elements is given it
Table 5 for the concentration levels of trace metals in the artificial sea water.
Comparison of the results in Tables 4 and 5 shows that the trace metal concen:
trations are >5 times the detection limits except for Co, Cd and La. The
r.s.d. was <6% for Al, Cr, Mn, Fe, Ni, Zn, Y and Pb. The poor precision for
titanium and copper could be caused by their low detection limits.

Determination of trace metals in sea water

The results for some samples of coastal and open sea waters along with the
sampling location and salinity data are summarized in Table 6. When the
sample was not acidified, the concentrations of trace metals found were very
low even in coastal sea water, and they were near or below the detectio
limits in open sea water. When acidified, the concentrations measured wer
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Results for trace metals in artificial sea water
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Element Mean Element Mean Element Mean
conen.? concn.? concn.?
(ugl™) (ug 1) (ug1™M)
Al 4.7 (4) Co 0.077 (9) Y 0.036 (6)
Ti 0.17 (20) Ni 1.37 (6) Cd 0.08 (14)
Cr 1.00 (1) Cu 0.26 (11) La 0.056 (8)
Mn 0.99 (4) Zn 17.2 (5) Pb 1.80 (3)
Fe 5.2 (4)
8Mean of 5 determinations with relative standard deviation (%) in parentheses.
TABLE 6
Results for surface sea water
Element Concentration (ug 1)
Coastal water Open sea
Not Acidified® Not Acidified?
acidified acidified
Tokyo Tokyo Inland Sagami Sagami
BayP® Bay® Sea® Bayd Bayd
Al 0.39 6.5 9.6 —€ 0.95
Ti 0.025 0.20 0.05 0.010 0.051
Cr — 0.07 0.09 — 0.07
Mn 0.046 36.1 1.06 0.090 1.05
Fe 0.23 14.4 1.27 — 0.66
Co 0.04 0.14 0.14 — -
Ni 0.30 1.5 0.18 - —
Cu 0.025 0.31 0.19 — 0.067
Zn 0.67 2.0 0.80 0.03 0.12
Y 0.006 0.005 0.021 — —
La - 0.05 0.04 — —
Pb — 1.7 — — —

'The samples were acidified at pH 2 with nitric acid prior to filtration. ? Collected at
35°31'N, 139°51'E on May 14, 1982; salinity 30.2%,. Collected at 33°42 64N,
132°28'42E on May 17, 1982; salinity 33.55%,. 9Collected at 34°59 9N, 139° 20'9E on
March 4, 1983; salinity 34.62°/,,. “Dashes mean that the element was not detected.

much higher than those for the unacidified samples. These results indicate
that trace elements dissolved from particulate matter suspended in sea water
luring acidic sample storage. Results for V, As, Mo, Cd and Sb could not be
»btained for all sea-water samples because of poor recoveries and/or detection
imits for those elements. In the case of coastal sea water, the concentrations
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of 9 and 12 elements were above the detection limits for the unacidified and
acidified samples, respectively. For open sea water, concentrations of 4 and
7 elements were measured for the unacidified and acidified samples, respec-
tively. The concentrations in acidified coastal sea water were similar to the
values reported elsewhere [10, 12—16]. The concentration levels of Ti, Mn,
Ni and Zn for the unacidified open sea-water sample agreed well with those
reported recently by Hunt and Turekian [9]. The amount of sodium
hydroxide consumed to adjust the pH of the unacidified sample was about
twenty times less than that for the acidified sample. For the unacidified
samples, therefore, the blank values were negligible for all elements except
iron and chromium. Even for acidified sample, contamination from sodium
hydroxide was not serious when trace metals at the concentration levels
shown in Table 6 were determined.

Conclusions

Gallium is suitable as a coprecipitation reagent because of its very few
spectral interferences and its availability in high purity. The proposed method
is simple and uses small amounts of reagents, making the method almost
contamination-free. The coprecipitation with gallium combined with i.c.p./
a.e.s. has proved to be very effective for multi-element determinations in
coastal and open sea waters. It should be noted that the method cannot be
applied to fresh water because gallium does not coprecipitate without mag-
nesium (more than 500 mg 17 is required for gallium to precipitate). The
mechanism of gallium coprecipitation with magnesium requires further
examination.
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SUMMARY

An enzyme electrode with a chemically-amplified response for L-lactate is constructed
from an oxygen electrode and a layer containing immobilized lactate oxidase, to oxidize
L-lactate, and lactate dehydrogenase, to regenerate the L-lactate. Regeneration enables oxy-
gen to be consumed beyond the stoichiometric limitation, which results in an electrode res-
ponse amplified 2—250 times according to the variation in the layer properties such as
the Viay and K, values of the immobilized enzymes and the thickness of the layer.
The detection limit is as low as 5 X 10 M. An equation is derived to relate the rate of
oxygen consumption in the layer to the experimental parameters; the equation success-
fully explains the experimental results.

Chemical amplification in enzymatic substrate determinations is an excel-
lent way of increasing sensitivity [1, 2]. The basic principle is the use of
enzymes which cycle the substrate and cause a relatively large concentration
change of a measurable species:

§+R, =ML p L p.p+ R, ML g p,

Ifonly enzyme 1 is used for the determination of the substrate S, the concen-
tration change of the reactant R, or the product P, is stoichiometrically
limited by the concentration of S. In contrast, the additional use of the
enzyme 2 permits a consumption/regeneration cycle for S, and this results in
an increased concentration change of R, or P, beyond the stoichiometric
limitation. The increased concentration change provides an inherent gain in
sensitivity for measuring S. For example, Lowry et al. [3, 4] have developed
highly-sensitive measurements of coenzymes at concentrations as low as
10°—10"'* M by applying enzymatic cycling procedures.

These cycling methods [2—4], nevertheless, are not widely used for
analytical purposes because they require considerable effort in manipulation
and a long incubation time. Enzyme electrodes, however, have proved to be
convenient tools for the determination of various substrates [5, 6]. Therefore,
the combination of the cycling procedure with an enzyme electrode can be

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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advantageous for providing simple and rapid substrate assays with high sensi-
tivity.

Davis and Mosbach [7] and also Blaedel and coworkers [8, 9] have
reported enzyme electrodes in which enzymatic cycling reactions were used.
However, they have applied the cycling reactions to a purpose different from
amplifying the electrode response for the substrate [7—9] : the cycling system
consisted of a re-oxidation of immobilized coenzyme after a coenzyme-
reducing indicator reaction.

Recently, an enzyme electrode for L-lactate (or pyruvate) was developed
in these laboratories which involved an immobilized enzyme layer containing
lactate oxidase from Pediococcus sp. (L.LOD) and lactate dehydrogenase
(EC 1.1.1.27; LDH), [10] as an amplification system. The reactions were:

LOD
L-Lactate + O, ——pyruvate + H,0,

LDH
Pyruvate + NADH + H* —— L-lactate + NAD*

The consumption of oxygen by the LOD reaction was monitored by using a
Clark oxygen electrode. By combination of the L-lactate-regenerating LDH
reaction with the indicating LOD reaction, a 60-fold increase in the electrode
response for L-lactate was obtained [10] which resulted in a detection limit of
8 X 10~® M L-lactate. This was much better than that of previously reported
L-lactate electrodes each of which used only an immobilized indicator
enzyme, such as LOD [11—14], decarboxylating LOD (EC 1.13.12.4) [15,
16], LDH [8,9, 17, 18], or a cytochrome type of LDH (EC 1.1.2.3) [19].

For further development of such a cycling enzyme electrode as an analy-
tical tool, the following studies are required: examination of the relationship
between chemical gain and the properties of an immobilized enzyme layer,
and estimation of the possible magnitude of the gain by the use of such an
electrode system. In the present paper experimental and theoretical
approaches to these problems are reported. The electrode response for the
LOD/LDH system for L-lactate was examined in connection with several
properties of the immobilized enzyme layer, such as V., and K, for each
enzyme, the diffusion coefficient in the layer and the thickness of the layer.
An equation relating oxygen consumption in the layer to the above param-
eters was derived in order to interpret the results.

EXPERIMENTAL

Materials

The enzymes used were LOD (from Pediococcus sp., 17 U mg™; Toyo
Jozo), LDH (EC 1.1.1.27, from rabbit muscle, 700 U mg™; Sigma Chemical
Co. L1245), and peroxidase (EC 1.11.1.7, from horseradish, 250 U mg™;
Boehringer Mannheim 108090); an LOD with a very low NADH-oxidase
activity was selected. Lithium L-lactate, sodium pyruvate and bovine serum
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albumin (BSA) were obtained from Sigma Chemical Co., and NADH from
Boehringer Mannheim. A photo-crosslinkable poly(vinyl alcohol) bearing
stilbazolium groups (PVA-Sa) [20, 21] was a gift from Dr. K. Ichimura of
this Institute. Deionized, twice-distilled water was used for all experiments.

Enzyme immobilization

Two immobilizing methods were used for the preparation of the layers
containing LOD and LDH. TypeI layers, the photo-crosslinked PV A-Sa layers
in which both enzymes were physically entrapped, were prepared as follows.
A certain amount of a mixture of LOD/LDH/PVA-Sa (8 wt.% aqueous solu-
tion, pH 7.0), 1:1:30 by weight was spread on a teflon plate and dried for
12 h at 4°C. The dried film was removed from the plate and irradiated for
cross-linking with a xenon arc lamp (30 mW cm™) for 5 min on each side.
The thickness of the enzyme layer was adjusted in the range 4.0 X 1073—4.0
X 1072 cm by changing the amount of mixture dropped onto the plate.

Type II layers, involving chemically-attached LOD and LDH, were prepared
as described previously [22], with slight modification. A solution containing
cellulose triacetate/glutaraldehyde/1,8-diamino-4-aminomethyloctane, 5:1:4
by weight, was spread on a glass plate and dried for 3 days. The dried film
was removed from the plate and activated with glutaraldehyde (1% in 0.1 M
phosphate buffer, pH 7.7). The enzymes were attached by immersing the
activated layers into a phosphate buffer solution (0.1 M, pH 7.4) containing
LOD (1 mg ml™*) and LDH (1 mg ml™) for 12 h at 4°C. The thickness of the
type II layers prepared was 3.3 X 1072 ¢m, and the layers were stacked to be
6.6 X 1073—6.0 X 1072 cm thick, for use on the enzyme electrode.

In order to evaluate the diffusion coefficient of L-lactate in the layer,
LOD-free layers were required as described below. Type I and II layers with
immobilized BSA and LDH, therefore, were prepared by substituting BSA of
the same weight for LOD in the above procedures.

All layers were stored in a phosphate buffer solution (0.1 M, pH 7.0) at
4°C. The values of thickness given were measured by the use of a microscope
immediately after removing the sample from the solution; the values were
measured in the wet state.

Assembly of enzyme electrode system

The LOD/LDH layer was placed on the teflon membrane of a Clark oxygen
electrode (Ishikawa Manufacturing; battery type with a platinum cathode
6 X 1072 cm? in area) and covered with a polyester mesh (2 cm in diameter).
The mesh was held in place with rubber rings so that the enzyme layer was
directly in contact with the teflon membrane. The enzyme electrode thus
prepared was immersed in 10 ml of phosphate buffer (0.1 M, pH 7.4) con-
taining 0 or 1 mM NADH, in a cylindrical cell. The pH of the buffer solution
used was very close to the optimal pH for LOD [14] and LDH [23] for the
production of L-lactate. The NADH concentration of 1 mM was suitable in
order to achieve high chemical gain [10]. The solution was saturated with air
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and stirred with a magnetic bar. The temperature of the solution was kept at
30.0 = 0.1°C. The current from the electrode was measured with an ammeter
(Hokuto Denko, Model HM-101) and displayed on a chart recorder (Yokogawa
Electric Works, Model 3066).

Determination of kinetic parameters and diffusion coefficient of enzyme
layers

For both types of layers, parameters such as V., and K, of immobilized
LOD for lactate and of immobilized LDH for pyruvate, and the diffusion
coefficient for L-lactate, were evaluated by the following procedures. All the
measurements were made in the same buffer and at the same temperature as
those used for measuring the enzyme electrode response.

The LOD activities in the LOD/LDH layers at various lactate concentra-
tions were measured by using the 4-aminoantipyrine/phenol/peroxidase
color-producing system [24]. The V., and K, values of LOD for L-lactate
and LDH for pyruvate were determined by Lineweaver/Burk plots [25]. The
LDH activities in the layers at various pyruvate concentrations were measured
by monitoring the rate of consumption of NADH [23]. A spectrophotometer
(Hitachi, type 323) equipped with a temperature-controlled cell holder was
used for the measurements.

The diffusion coefficient, D, for L-lactate in the layer was measured by
using the apparatus shown in Fig. 1. The H-shaped cell was divided into two
compartments by the BSA/LDH layer; each compartment contained 10 ml
of buffer. An L-lactate-sensing enzyme electrode (4) was placed in compart-
ment 1. First, a low concentration of L-lactate was added to compartment 1
in order to calibrate the electrode. Secondly, L-lactate of a certain concen-
tration was added to compartment 2. The increase in L-lactate concentration
in compartment 1 by diffusion of the substrate from compartment 2 was
monitored by the electrode. In this case, the LOD/LDH layers could not be
used because a portion of L-lactate coming from compartment 2 was con-
sumed at the layer, resulting in a serious error in the measurement.

RESULTS

Enzyme layer parameters

Figure 2 shows a typical example of a current/time curve for the enzyme
electrode. The current decrease, Ai,, which occurred after the addition of
L-lactate into compartment 1 was measured in order to calibrate the elec-
trode. The rate of current decrease in the linear region, Ai,/At, was recorded
after addition of L-lactate. The rate is proportional to the increase of L-lac-
tate concentration in compartment 1 by diffusion from compartment 2
across the layer. The correlation between the calibration parameter, Ai;/C,
and the rate, Ai,/At, gives the flux of L-lactate across the layer. The flux F
is expressed as follows by taking into account the area of the layer, a, and
the volume of the solution in compartment 1, v [26]:
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Fig. 1. Schematic diagram of the apparatus for measuring the diffusion coefficient of
L-lactate in the layer: (1) compartment 1; (2) compartment 2; (3) sample layer; (4)
enzyme electrode for L-lactate; (5) ammeter; (6) recorder; (7) magnetic stirring bar;
(8) thermostat.

Fig. 2. Time/current plot for the determination of the diffusion coefficient. A type I layer
with a thickness of 8.0 X 107 ¢m and an area of 1.0 cm? was used as the sample; ¢, and
t, are the times when L-lactate (C, = 20 uM) was added to compartment 1 and when
L-lactate (C, = 0.1 M) was added to compartment 2, respectively.

F=(Ai,/C)) ™ (Aiy/At)a™ v

The value of D can be determined from the results obtained from Fig. 2 by
applying Fick’s first law:

D=FLC;5' = Aif*Ai,C,C3 At a v

where L is the thickness of the layer.

The parameters measured for type I and II layers are summarized in
Table 1; each value is the average of five measurements with different
samples. The type I layer gave larger V,,, values and rate constants for both
enzymes and a smaller D value than the type II layer. The K,, values for each
enzyme hardly differed for the two-kinds of layer. The K,, value of LDH in
each layer was very close to that in solution, 1.6 X 10" mol cm™ [27].

Response/time curves of the enzyme electrodes

Because NADH is indispensable in the regeneration of L-lactate by LDH,
the present electrode based on enzymatic cycling shows its expected character-
istics when NADH is added to the test solution. The electrode behaved as a
simple LOD-based electrode in the absence of NADH. Therefore, the elec-
trode responses in the presence and absence of NADH were compared, in
order to investigate the characteristics of the cycling enzyme electrode.



158

TABLE 1

Parameters obtained for type I and II layers

Type of Enzyme Vimax Kn K(=Vpax/Km) D

layer (molem™ s7!) (mol cm™) (s™) (cm?s™)

I LOD 1.2 x 10°¢ 4.4 x107"7 2.7 2.5 X 1077
LDH 2.0 x 10 1.7 X 107 12

11 LOD 2.6 x 1077 2.6 X 1077 1.0 9.0 x 1077
LDH 1.8 x 1077 1.7 x 1077 1.1

Figure 3 shows the response/time curves of the electrode for 10 uM L-lac-
tate in the presence and absence of NADH. The cycling electrode had an
enhanced steady-state current decrease compared to the conventional
electrode, but took longer to reach the steady state. The responses were
almost superimposable for the first 30 s after addition of L-lactate. If the
type I layer was thicker than 2 X 107% c¢m for the electrode in the presence
of NADH, however, the time course of the electrode response changed to
that shown in Fig. 4. On addition of L-lactate, the current decreased for 3
min and then increased to reach a steady state after ca. 15 min. Such a res-
ponse may be a result of the decrease in the rate of the LDH reaction with
time, as briefly discussed below.

Enhancement of current decrease at steady state

The ability of this cycling enzyme electrode to achieve a chemically-
amplified response was examined in connection with the properties of the
enzyme layer. The ability can be evaluated by the ratio of the steady-state
current decrease in the presence of NADH to that in the absence of NADH
for a certain concentration of L-lactate. In practice, the ratio (i.e., chemical
gain) was evaluated as follows. The calibration curves of the enzyme electrode
were obtained in the presence and absence of NADH by plotting the steady-
state current decrease against L-lactate concentration. The slope of each cali-
bration graph in its linear region was measured, and the ratio of the slope in the
presence of NADH to that in the absence of NADH was calculated. This was
used as the chemical gain. This procedure was introduced because direct
comparison of the current decreases for a certain concentration of L-lactatein
the presence and absence of NADH was sometimes difficult. A very low con-
centration of L-lactate did not give a discernible response in the absence of
NADH. In contrast, a higher concentration of L-lactate, which was sufficient
to give a discernible response in the absence of NADH, was often beyond the
linear region of the calibration curve in the presence of NADH.

Figure 5 shows the relationship between the chemical gain and the thick-
ness of the enzyme layer used for the electrode, for type I and II layers. As
shown, the chemical gain increased with increasing thickness of the layers,
over all the range examined with type II layers and up to 2.0 X 1072 ¢cm with



0
_ 2
<
2
I
»
@ 01
$ 1
&
-
3

02t

0 5 10
Time(min)

Current decrease (pA)
o o
S
w

O
o

159

L

I
0

1
10
Time (min)

20

Fig. 3. Response/time curves of the enzyme electrode. L-Lactate (10 tM) was added to
the buffer solution: (1) with NADH; (2) without NADH. Three sheets of type II layers

(total thickness 1.0 X 1072 cm) were used.

Fig. 4. Response/time curve of the enzyme electrode obtained when a type I layer (4.0 X
10-? em thick) was used. L-Lactate (0.2 yM) was added to the buffer containing 1 mM
NADH, 10 min after immersing the electrode in the solution.
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Fig. 5. Relationship between the chemical gain and the thickness of the enzyme layer:
(o) type I layer; (o) type II layer,

Fig. 6. Calibration graph for the buffer containing L-lactate (type I layer, 2.0 X 10-2 cm
thick, 1 mM in NADH).

type I layers. Further increase in the thickness of type I layers decreased the
chemical gain; the gain began to decrease in association with the appearance
of the spike-shaped response (Fig. 4). The use of a type I layer resulted in a
much larger chemical gain than the type II layer at a fixed thickness, approxi-

mately by an order of magnitude.
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The highest value of the chemical gain obtained was ca. 250. This value was
obtained by using a type I layer with a thickness of 2.0 X 1072 cm (Fig. 5).
The calibration graph for the electrode with this layer is given in Fig. 6. It is
linear up to 0.5 uM L-lactate with a detection limit (signal/noise = 2) of 5 nM.
The relative standard deviation was 3% for 10 successive measurements,
carried out daily over two weeks, of the steady-state current decrease for
0.1 uM L-lactate. The average value of the measurements on each day did not
decrease by more than 10% of the initial value during that period.

DISCUSSION

The present cycling enzyme electrode incorporating LOD and LDH
exhibited the following characteristics, as compared with the conventional
enzyme electrode based only on LOD. The electrode required a longer time
to reach a steady-state response (Fig. 3), the steady-state response was
increased significantly (Figs. 3 and 5), and the extent of the enhancement
(chemical gain) depended on the type and the thickness of the layer used
(Fig. 5). In order to understand such characteristics, an equation was derived
for the rate of oxygen consumption in the enzyme layer, J, as a function of
the properties of the layer. The equation can, of course, be applied to any
oxidase/dehydrogenase couples. It is also useful for exploring the possibilities
for further improvement of the cycling enzyme-electrode system. The mag-
nitude of J is considered to be proportional to the change in the current
from the oxygen electrode, except for possible delay which is mainly ascribed
to the diffusion of oxygen through the teflon membrane of the oxygen
electrode.

In the system shown in Fig. 7, it is assumed that the diffusional mass
transport terms and the Michaelis-Menten kinetic terms concerning the sub-
strates A (L-lactate) and B (pyruvate) within the layer (0 < x < L) determine
the substrate concentrations in the layer at any time [28—30] and that the
concentration of each substrate in the layer is significantly lower than the
Michaelis constant of the corresponding enzyme. According to these assump-
tions,

aCA/at=(Dach/ax2)—kch+k2CB (1)
aCB/at=(D32CB/ax2)+kch—kQCB (2)

where D, the substrate diffusion coefficient, is assumed to be the same for A
and B, and k, and k, are the first-order rate constants of E,; (LOD) for A and
E, (LDH) for B, respectively. When substrate A is added to the solution to
give a concentration C? at time ¢t = 0, the following initial and boundary con-
ditions are introduced:

CA(x’ 0) = CB(x’ 0) = 0 (3) i
Ca(L, t)=C° Cg(L, t) =0 (4)
3CA(0, t)/3x = 3Cx(0, t)/3x =0 6) -
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Fig. 7. Schematic diagram of the cycling enzyme-electrode system: (A) L-lactate; (B) pyru-
vate; (E,) LOD; (E,) LDH,; (k,) first-order rate constant of LOD for L-lactate; (k,) first-
order rate constant of LDH for pyruvate.

Equation 5 represents the facts that substrates A and B do not diffuse toward
the gas-permeable membrane side (x < 0) and also that neither A nor B reacts
atx=0.

The function to be solved, J, is expressed as:

J=k, [ Cydx
0

Two kinds of infinite series are given as the solution for J by applying Laplace
transformations to Eqns. 1—5 [31]. The following infinite series is more use-
ful for the present study because it converges far more rapidly for all t-values
unless they are very close to zero:

JC k7' L™ = (k,k 2 DV?L™) tanh (k*D72L) + k™

~ 2% L {ka;! exp (—,DLt) + Eaf;! exp (—6,DL7 1)} (6)
n=1
where k =k, + ky, a, = 13 (n—1/2)* + ED'L? and §8,, = n*(n — 1/2)".

Two cases at the enzyme layer, the cycling enzyme electrode and the con-
ventional enzyme electrode, are considered. In the former case, the rate
constants for E; and E, are given as k, and rk, (= k,; r # 0), and in the latter
case, they are given as k, and O (r = 0), respectively.

The time dependence of the J values at r # 0 and r = 0 is numerically
calculated by using Eqn. 6, in order to compare the response/time character-
istics of the two cases. Figure 8 shows the relationships between two non-
dimensional parameters (—JC° k' L™' and DL™%t) at kY2 D"V?L = 10, at r
values of 1 and 0. As shown in Fig. 8, the J value at r = 1 require a much
longer time to reach the steady state than that at r = 0, whereas J values were
almost similar at values of DLt < 1072 This agrees with the experimental
results shown in Fig. 3. However, the transient response shown in Fig. 4,
i.e., the gradual decrease in the electrode response, could not be explained
by using Eqn. 6. This equation (and also Fig. 8) shows that the J value
increases monotonously with time. The decrease in the electrode response
may appear as a result of a decrease in the rate of the LDH reaction with
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Fig. 8. Time dependence of the rate of oxygen consumption in the enzyme layer;
—dJC°' k' L™ values as a function of DL ¢, obtained by using Eqn. 6 at k2 D"'2L = 10
andr=1lor0,

Fig. 9. Chemical gain, G, as a function of k}?D~'?L for various r values. Results were
obtained by using Eqn. 8.

time, as follows. If a thick layer having a small D value (see Table 1) is used,
there would be some difficulty in the transport of coenzymes in the layer
because they are larger molecules than L-lactate. Therefore, the concentrations
of the coenzymes in the layer would change during the LDH reaction so as
to decrease the reaction rate and, consequently, the electrode response.
Further problems concerning the transient response are currently under
investigation.

The effect of various parameters on the J value at the steady state, J,, are
discussed below in detail. At t > o, Eqn. 6 simplifies to give J,:

JC R LT = (1 + r)2R{V2 DL tanh [(1 + r)2kY*D7 L) + r(1 + r)™!
(7

The ratio of the J; value at r # 0 to that at r = 0 gives the chemical gain, G,
which is expressed as follows by using Eqn. 7:

G={r(1+r)"k{*D"2L + (1 + r)>™?* tanh [(1 + r)'?E{?D'?L}]}
X [tanh (RY?D™'2L)]™! (8)

Variation of the G value with a non-dimensional parameter kY?D™"?L was
calculated numerically from Eqn. 8 for the different r values of 0.1, 1, and
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10. The results are given in Fig. 9. As shown, the larger 22D ?L value as
well as the larger r value gave the larger G value. This means that an enzyme
layer which has the following properties is suitable for giving a high chemical
gain: a high &, value (or high E, activity); a high r value (or higher activity of
E, than E,); a low D value; and a large L value. Unless the low D value and
large L value decreased the rate of the E, reaction, the enzyme layer having
such properties actually gave a high chemical gain. The use of a type I layer,
for which & values of both enzymes were higher and D values were lower
than for a type II layer (Table 1), resulted in a higher chemical gain than that
found for a type II layer (Fig. 5). Further, the chemical gain increased with
increasing thickness of the layers of each type if the LDH reaction proceeded
well (Fig. 5).

The above descriptions are quantitatively displayed in Fig. 10, where the
G values for types I and II layers, calculated from Eqn. 8 by using the
parameters given in Table 1, are shown as a function of layer thickness, and
are compared with the chemical gains obtained experimentally (Fig. 5). The
G values calculated agree well with the experimental results except for very
thick type I layers.

The characteristics of the present cycling-enzyme electrode could therefore
be explained quite well by applying Eqn. 6. In order to increase the sensi-
tivity by increasing the chemical gain, therefore, it is necessary to achieve
very high k values (or activities) for both immobilized enzymes (e.g., see
Fig. 9). Enzyme activities in several kinds of immobilized layers [32—37] are
summarized in Table 2. They show that the type I layer gives much higher
enzyme activities than the other layers. This indicates that the application of
an immobilization method other than the use of PVA-Sa (type I layer) would
give a lower chemical gain. However, numerous methods for enzyme
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Fig. 10. Variation of the chemical gain with enzyme layer thickness: (o) type I layer;
() type II layer. The lines are the calculated chemical gains.



164

TABLE 2

Enzyme activities in the immobilized layers

Supporting layer Enzyme Enzyme activity Ref.
(U em™2 of support)
Poly(acrylamide) Glucose oxidase 0.2 . 32
(EC 1.1.3.4)
Collagen Glucose oxidase 1—2 33
Aminated Choline oxidase 30 34
poly(acrylonitrile) (EC 1.1.3.17)
Chitosan Uricase 0.032 35
(EC 1.7.3.3)
Collagen Glucose oxidase 82 36
Cholesterol oxidase 0.32
(EC 1.1.3.6)
Galactose oxidase 32
(EC 1.1.3.9)
PVA-Sa Glucose oxidase 70 37
(type I Choline oxidase 40
support) L-a-Glycerine-3- 80
. phosphate oxidase
PVA-Sa LOD 70 This
(type 1 LDH 120 work
support)
Type II LOD 16 This
support LDH 11 work

4Calculated from the value of the activity per unit area of the layer assuming that the
layer thickness is 0.1 mm.

immobilization are available [38], and immobilizing techniques may be
found which provide higher activities than the type I layer. Nevertheless,
it seems difficult to achieve a gain much larger than 10?, as attained by the
use of type I layer, at the present time.

The combination of some additional features with the present cycling
system is required, therefore, in order greatly to increase the sensitivity. The
introduction of an additional cycling stage, to give ‘““‘double cycling” [3, 4],
is one approach. Another, is to improve the electrode design; various modifi-
cations have been reported aiming at substrate assays with better sensitivity
(6, 22, 33, 38—41]. The use of double cycling in combination with modifi-
cation of the electrode system for decreasing background noise [6, 33] would
provide an extremely sensitive device. Such an investigation is now in progress.

For the practical use of the present LOD/LDH electrode, e.g., for the assay
of L-lactate in food or biological fluids, reactivity to pyruvate as well as
L-lactate [10] may sometimes produce serious errors. However, as described
previously [10]}, separate determinations of L-lactate and pyruvate are easily
done by employing a pre-treatment system for the sample such as an enzyme
column consisting of another to be of LOD (EC 1.13.12.4) or pyruvate
oxidase (EC 1.2.3.3). Another problem is the relatively long time required
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for the assay. Although this seems inevitable with the present system (Fig. 8),
this is balanced by the high sensitivity and simplicity of the system.

The authors are grateful to Dr. Kunihiro Ichimura and Dr. Kunio
Matsumoto for providing PVA-Sa and LOD, respectively.
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SUMMARY

A sensitive method based on differential pulse polarography is described for the
determination of elemental sulfur in jet fuels. Its sensitivity makes it suitable for follow-
ing small changes in the sulfur content of jet fuel during storage. The supporting electro-
lyte is 0.19 M ammonium acetate/0.088 M acetic acid in 1:1 toluene/methanol. In this
medium, the peak potential is —0.56 V vs, Ag/AgCl. Calibration is linear from 2 to 30
mg 1-*. The limit of detection is 0.1 mg 1-!; precision is better than 10% below 1 mg 1-?,
and better than 5% above 2 mg 1-'. Accuracy is better than 5%. Interferences from
oxygen, hydrogen sulfide, thiols, organic sulfides and disulfides, organic peroxides and
fuel additives are shown to be of very minor significance.

During long-term storage of jet fuel on water beds in underground caverns,
corrosive compounds can accumulate as a consequence of microbial activity
in the water bed [1]. Incorporation of these compounds, especially hydro-
gen sulfide and elemental sulfur, into the fuel causes an impairment of prod-
uct quality because of their corrosive activity. The determination of
elemental sulfur in petroleum products is of great interest because it is
known that sulfur not only causes corrosion but also decreases the efficiency
of antioxidants. Corrosive fuels studied contained less than 5 mg 17!
elemental sulfur. A sensitive analytical method was needed to follow small
changes in the elemental sulfur content in stored jet fuel.

Several methods for the determination of elemental sulfur in petroleum
products are available. These include reaction with mercury and visual
measurements [2], reactions with cyanide or benzoin with spectrophoto-
metric determination [3, 4], and polarography [5—9]. Detection limits,
where reported, are at the mg 17! level. Chromatographic methods, including
gas chromatography with electron-capture detection [10] and liquid chroma-
tography with u.v. detection [11], for the determination of elemental sulfur
have also been described. The sensitivity of the methods is reported to be
sub-ug 17! and 1—10 ng, respectively. The present work is concerned with

3Present address: Pharmacia AB, S-751 82 Uppsala, Sweden.
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a method based on differential pulse polarography (d.p.p.). The sensitivity
compared to earlier polarographic methods [5—9] has been improved by
at least ten-fold.

EXPERIMENTAL

Apparatus and materials

The Model 303 static mercury drop electrode (s.m.d.e.) (PAR, E.G. and
G., Princeton, NJ) used as the working electrode was connected to a PAR
Model 174A Polarographic Analyzer and an Omnigraphic Model 100 x-y
recorder (Houston Instruments, Austin, TX). Instrumental parameters
were: operating mode, d.p.p.; detector mode, d.m.e.; drop size, small; drop
time 1 s; current range, 0.05—5.0 uA; scan rate, 2 mV s7'; potential range,
—0.3 to —1.05 V; modulation amplitude, 25 mV.

All chemicals were of analytical grade. Crystalline sulfur, pretreated by
heating above 100°C for several hours, was dissolved in toluene (0.5 mg/100
ml) and used as a standard. The heating procedure ensured transformation
to the crystal form of any amorphous sulfur present [12]. No apparent
difference in polarographic behavior was noticed, however, between standard
solutions of analytical-grade and heat-treated sulfur. Argon, presaturated
with methanol/toluene, was used for deoxygenation of electrolyte and
samples prior to polarography.

The electrolyte consisted of 0.19 M ammonium acetate and 0.088 M
acetic acid in 1:1 (v/v) methanol and toluene [6, 7]. Synthetic fuel was
85% n-hexane and 15% toluene. Non-corrosive jet fuel (JP4) was obtained
directly from the refinery without being stored for longer periods.

Procedure

Samples (1 ml) of jet fuel were added to 9 ml of supporting electrolyte.
After 4 min of purging with methanol/toluene-presaturated argon, the
polarograms were obtained under the above conditions. Peak height
(current) was measured at the peak potential —0.56 V (vs. Ag/AgCl). Results
were compared to a calibration curve from standard additions of elemental
sulfur in toluene to supporting electrolyte and a synthetic fuel. Additions
made were 0.2, 1.0, 2.5 or 4.5 ug of sulfur per 10 ul. Purging was done for
30 s after each addition.

RESULTS AND DISCUSSION

Elemental sulfur is known to show great molecular complexity [13].
There is little information concerning sulfur configuration in non-polar
liquids at ambient temperatures, however. The predominant form is prob-
ably the thermodynamically stable cyclo-octasulfur, S;. The crown-shaped
structure of the molecule is presumably broken up during the polarography.

The electrode reaction showed a maximum when studied with normal
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pulse polarography. The maximum increased with increased drop time, indi-
cating the presence of a film-forming electrode reaction, in this case the oxi-
dation of mercury with subsequent formation of mercury(Il) sulfide. An
alternative reaction would be the direct reduction of sulfur to hydrogen
sulfide [14]; this was precluded by running a positive d.p.p. scan, which
indicated that mercury sulfide was formed.

The response of the method was studied up to 150 mg 17! sulfur. The
calibration was linear between 2 and 30 mg 17'. At concentrations above
30 mg 1"! (1X 1073 M), the polarographic current was no longer propor-
tional to sulfur concentration, probably because of the film-forming elec-
trode reaction similar to that found for sulfide [15]. Additional waves, as
reported for sulfide, did not appear; instead, there was peak broadening
and a potential shift towards more negative values, offering further evidence
for the adsorptive nature of the reaction. At concentrations below 2 mg 17},
the calibration curve deviated from linearity (Fig. 1); possible explanations
could be adsorption on the walls of the electrolytic cell or complexation
with trace impurities. Because of the non-linearity of the method at low
concentrations of elemental sulfur, quantification was not done by the
preferable standard addition method, but by comparison of peak current,
ip, to a calibration curve. Because it was necessary to use a sulfur-free fuel
for this purpose, it was convenient to prepare a synthetic fuel, based on
specifications for jet fuel, consisting of 15% aromatics and 85% n-alkanes.
Samples analyzed and quantified from calibration curves for non-corrosive

0.31

ip (uA)
o
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~

]
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0.1 /
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5
ELEMENTAL SULFUR (mg L™")

Fig. 1. Plot of peak currents (i) versus concentration of elemental sulfur added to
synthetic fuel (3) and non-corrosive jet fuel (®). The line is the calibration curve for all
data.
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jet fuel and synthetic fuel showed no difference (Fig. 1). A typical d.p.
polarogram is shown in Fig. 2.

Accuracy and precision were tested up to 10 mg 17! and all field samples
of stored jet fuel analyzed so far have been below this concentration. Pre-
cision, expressed as relative standard deviation, for samples analyzed several
times during periods of 8 h, 5 days or 1 month was better than 10%
(Table 1). For values of more than 2—3 mg 17!, it was better than 5%. The
accuracy of the method, estimated from the analysis of spiked synthetic or
non-corrosive jet fuel, was better than 5%. The method was compared for
a range of samples with the spectrophotometric method of Bartlett and
Skoog [3] which has a detection limit of 2 mg 17!. Over the concentration
range 1—10 mg 17!, there was good agreement between the two methods
(Table 2).

The detection limit of the d.p.p. method was 0.1 mg 1-! with a precision
of 15—20%, which corresponded to a peak current of <2 nA. Increase of
mercury drop size and modulation amplitude increased i, (i.e. sensitivity).
The effect of this on accuracy, precision and detection limit was not evalu-
ated.

0.02uA

- T T T

’ T T T R
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Fig. 2. Typical d.p. polarogram of a jet-fuel sample containing 3.6 mg 1-! elemental sulfur
and a standard addition corresponding to 3 mg 1-'. Sample volume was 1.5 ml.

Fig. 3. D.p. polarogram of a jet-fuel sample containing 0.1 mg 1-! elemental sulfur (S)
after: (a) 1 min, (b) 2 min, and (¢) 4 min purging with methanol/toluene-presaturated
nitrogen.
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TABLE 1

D.p.p. of elemental sulfur (S) in jet fuel (samples 1—7) and spiked synthetic fuel (SF,
samples 8—11). Determinations were evenly distributed over the time intervals stated
(n is the number of determinations, and RSD the relative standard deviation)

Sample S found RSD Period n
(mg1-') (%)
F 3794 (3.3)? 0.33 8.4 5 days 5
F 3794 1.0 8.8 8h 4
F 3794 1.2 4.7 5 days 5
F 3713A (2.5)* 1.4 8.9 5 days 5
F 3908 2.2 4.3 8h 4
F3713A 3.6 2.0 5 days 5
F 3713A 3.8 3.6 1 month 7
SF + 1.0mgl-! 1.0 6.0 1 month 6
SF + 2.0mg1?! 2.1 7.0 1 month 7
SF + 5.1mgl-! 5.1 1.0 8h 3
SF + 10.2 mg1-! 9.8 3.4 8h 4

3Dijlution factor.

TABLE 2

Determination of elemental sulfur in jet-fuel samples from storage sites, spiked synthetic
fuel (SF) (85% n-hexane, 15% toluene), and spiked non-corrosive jet fuel (NF) by d.p.p.
and a spectrophotometric method [3].

Sample Spectrophotometry Polarography
S found RSD n S found RSD n
(mg1-") (%) (mg1") (%)
F 3794 1.6 8.0 4 1.0 8.8 4
F 3908 2.0 7.1 4 2.2 4.3 4
F 3713B 3.2 3.1 4 3.3 2.8 4
SF + 2.0 mg 1! 1.9 — 1 2.0 — 2
SF + 5.1 mg 1! 5.0 0.7 4 5.1 1.0 3
SF +10.2mg 1! 10.5 2.5 4 10.5 4.7 4
NF + 5.1 mg 1! 4.9 2.6 3 5.0 1.0 3
NF + 10.2 mg 1-? 10.2 - 2 9.8 3.4 4
Interferences

The method was checked for interferences from other substances. One is
molecular oxygen which has a peak potential vs. Ag/AgCl of —0.7 V. By
purging with an inert gas, the oxygen concentration in the cell could be
reduced to a non-interfering level (Fig. 3). Effective purging was especially
important for low level detection (sub-mg 17!).

Stored jet fuel may contain hydrogen sulfide which gives a polarographic



172

peak at approximately the same potential as elemental sulfur. For a sample
spiked at the mg 1! level with hydrogen sulfide, 95% of the sulfide was
removed after purging for 4 min. Samples of stored jet fuel from rock
caverns have, however, been found to contain only a few hundred ug1-! at
most. Because of the sensitivity of hydrogen sulfide to oxidation in contact
with air, careful sampling is important for correct sulfur determinations. If
oxidation of hydrogen sulfide is likely to contribute to the original content
of elemental sulfur in the sample, sampling should be done with no air con-
tact, to avoid conversion of hydrogen sulfide to elemental sulfur during
transport and storage before analysis, or hydrogen sulfide shouid be removed
by purging directly after sampling.

Organic sulfur compounds in varying concentrations were added to
samples in the presence and absence of elemental sulfur. Potentials were
scanned from 0.0 V to —1.5 V. None of the tested compounds, i.e., butane-
thiol, phenylthiol, di-isohexyl sulfide and diphenyl disulfide, interfered at
the peak potential for elemental sulfur, as shown in Table 3. The 5—10%
decrease in the sulfur signal caused by thiol sulfur reported by Karchmer
[5] was not found for the d.p.p. method nor was there any interference
by the organic sulfide or disulfide tested.

Organic peroxides may be present in jet fuel. The reduction potential for
t-butyl peroxide was more negative than that for sulfur. Only when the
peroxide concentrations were above 1000 mg 17! was it difficult to deter-
mine accurately the peak current of elemental sulfur. No interference
problems were found for the jet fuel analyzed. Antioxidants and corrosion
inhibitors are common jet-fuel additives. No effect on the peak currents for
elemental sulfur was found for the antioxidant 2,4-dimethyl-6-t-butyl-
phenol at 1724 mg 17!, or for the corrosion inhibitor Hitec E-515 at 12
mg 1”1, which are the concentrations specified for jet fuel.

The study on interferences in the present method indicated that if oxygen
was successfully removed, sulfur concentrations lower than 0.1 mg 17! could
be detected. The method can also be used to detect the presence of thiol and

TABLE 3

Peak potentials, E},, of sulfur compounds in d.p.p.

Sulfur compound E,(V) S® (mg1-1)
Elemental sulfur —0.56 0—4
Butanethiol —0.27 0.03—30
Phenylthiol —0.35 0.03—30
Di-isohexyl sulfide - 2—40
Diphenyl disulfide  —0.34, —0.95 0.5—30

2The concentrations are given in terms of sulfur for all compounds.
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organic disulfide sulfur. Determinations based on these peaks have been
studied briefly; they are strongly dependent on the volatility of the com-
_pounds. The method has so far been used only for jet fuels but it should also
be useful in the analysis of other petroleum products.

I thank Robert Samuelsson, Department of Analytical Chemistry, Univer-
sity of Umea, for his advice and valuable discussions, and Roger Roffey,
Microbiology Division, FOA 4, for encouragement and advice. This work
was supported financially by the National Board of Economic Defence,
Sweden.
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SUMMARY

A carbon paste electrode chemically modified with anion-exchangers is used for the
voltammetric determination of gold(III). Tetrachloro- or tetrabromo-aurate(Ill) is pre-
concentrated on the electrode surface, modified with Amberlite LA2, and the electrode
is transferred to an electrochemical cell for voltammetric measurements by cathodic
stripping. The response depends on the concentration of gold in the bulk solution, pre-
concentration time, and other parameters. Detection limits are 100—300 ug 1" depending
on the conditions. Many elements forming stable halo complex anions interfere.

Chemically modified electrodes (c.me.) have attracted much interest
in recent years. Besides their importance in electrosynthesis, electrocatalysis,
and energy conversion, these electrodes are being increasingly utilized in the
sphere of electroanalysis [1]. Modifications of working electrodes with
ion-exchangers promise a wide range of application in the determination of
ionic species. Thus, cation-exchangers have been used to modify carbon
paste electrodes in the determination of copper [2] and anion-exchangers
for the determination of iodide [3]. The latter, in a membrane form, is
suitable for the determination of chromate [4]. As many metals can be
converted to anions by appropriate ligands, anion-exchangers seem promising
for the determination of such species.

The aim of this work was to investigate the electrochemical behaviour of
gold in its tetrahalo complexes, [AuCl;]” and [AuBr,;]", on carbon paste
electrodes modified with anion-exchangers. There are four main reasons for
choosing this method of modifying the electrodes: (a) the high affinity of
[AuX,]”~ to anion-exchangers should influence the analytical properties
favourably; (b) the background current of the electrode is relatively low in
the region of gold reduction; (c) preparation and handling of the electrode is
easy; and (d) gold can be accumulated on the electrode surface. To avoid
interference between the ion-exchange process on the electrode surface and
the electrochemical reaction during measurement, these steps are done

2This paper is dedicated to Professor Reinhold Pietsch on the occasion of his sixtieth
birthday.
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independently. Thus, gold is first accumulated at the electrode without
application of a potential, and then, after exchange of the medium, a voltam:
me tric method is applied to determine the preconcentrated gold.

EXPERIMENTAL

Apparatus and electrodes

Most measurements were made with a PAR model 384B polarograph
(Princeton Applied Research). For cyclic voltammetry, a PAR 264B polaro-
graph was connected via a laboratory-built interface (analog-to-digital con-
version) to a Hewlett-Packard HP-1000 minicomputer which processed and
evaluated the data; details will be reported elsewhere.

The electrode assembly consisted of a titration vessel (20—90 ml];
6.1415.220 from Metrohm) and a laboratory-built cell compartment made
of plexiglas. The reference electrode was a saturated calomel electrode (SCE)
which was in contact with the solution over a 1 M KCI salt bridge to avoid
contamination of the electrode. The counter-electrode was a platinum wire.

The body of the working electrode was a teflon rod (10 mm o.d.) with a
hole (7 mm diameter) bored at one end for the carbon paste filling. Contact
was made with a platinum wire through the center of the rod. The carbon
paste was packed in and smoothed off with a PTFE spatula. Four types of
electrodes were investigated.

Type I. A carbon paste was prepared as described by Monien et al. [5]. A
portion (5 g) of spectral carbon powder RWB (Ringsdorff Werke) was mixed
thoroughly with 1.8 ml of paraffin (Uvasol, Merck); 350 ul of the weakly
basic liquid anion-exchanger, Amberlite LA2 (Fluka) was added and mixed
in to give a homogeneous paste. Commercially available carbon paste
(EA-267c, Metrohm) mixed with LA2 (50 ul g!) gave the same results.

Type II. Spectral carbon powder RWB (5 g) was mixed with 2 ml of
liquid ion-exchanger until the paste appeared homogeneous. To remove
trapped air bubbles, which increased the background current, the mixture
was exposed for some minutes to a vacuum (16 Torr) at a slightly raised
temperature (45°C).

Type III. Carbon paste as prepared for type I, or the commercial carbon
paste, was mixed with swollen and well-ground strongly basic anion-
exchanger Dowex 1 (Fluka) in a 5:1 mass ratio.

Type I'V. This was made like type III, but with the strongly basic gel-type
anion-exchanger Amberlite R-IRA-400 (Aldrich).

Reagents and chemicals

Deionized water was distilled twice in a quartz still and then purified by
a cartridge deionization system (Nanopure, Barnstead). The hydrochloric
and hydrobromic acids, ammonia and sodium hydroxide were of Suprapur
grade (Merck). All other chemicals were of analytical grade (p.a.; Merck).

A gold stock solution (1000 mg I'') was prepared in 0.01 M hydrochloric
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acid from potassium tetrachloroaurate(III). Solutions of lower concentra-
tions were prepared by dilution just before use. Stock solutions of other
metals were 1000 mg 1! with respect to the metal.

Procedures

Preconcentration. For the determination of gold as tetrachloroaurate(III),
the acidity of the sample solution was adjusted to 1.5 M. The electrode was
dipped into 20 ml of this solution which was stirred constantly at a rate of
300 rpm. After the required period of time, the electrode was removed and
rinsed with water for about 0.5 s. Then it was dipped into the voltammetric
cell and connected to the polarograph. The solution in the cell was 0.1 M
hydrochloric acid, which provided the greatest sensitivity.

For the determination of tetrabromoaurate(IIl). the concentration of
hydrobromic acid in the test solution was 0.23 M and the cell solution was
0.05 M hydrobromic acid. The treatment of the electrode was the same as
described above.

Voltammetry. All electrochemical measurements were preceded by an
equilibration phase of 20 s to settle the solution and decrease the back-
ground current. The potential scan range was +0.6 to —0.2 V vs. SCE. For
differential-pulse voltammetric measurements, scanning was done towards
negative potentials at a rate of 8 mV s™; the pulse amplitude was 50 mV
(repetition time 0.5 s).

The parameters for cyclic voltammetry were 0.2-s repetition time and
20-mV s scan rate with a current range of 500 uA. The first cycle started
at +0.6 V vs. SCE.

Regeneration of the working electrodes. After each electrochemical
measurement, the working electrodes were regenerated and conditioned. For
the chloride medium, the electrode was dipped into a 1 M ammonia solution
for 2 min with constant stirring at 300 rpm. After a water rinse, 1 M hydro-
chloric acid was used under the same conditions to produce the chloride
form of the anion-exchanger. For the bromide medium, the electrodes
were regenerated by successive treatment with 2 M potassium cyanide
for 1 min, 1 M sodium hydroxide for 2 min, and 1 M hydrobromic acid for
2 min. After each step, the electrode was rinsed with water.

These procedures were also applied to the virgin electrodes.

RESULTS AND DISCUSSION

Gold(III) in its tetrahalo complexes shows a high affinity to anion-
exchangers [6]:
R—NR% X + [AuX,]” = R—NR} [AuX,] + X

The gold accumulated on the electrode surface is reduced to the metal
during the voltammetric measurement in a 3-electron reaction. This reduc-
tion is seen clearly in the cyclic voltammogram (Fig. 1). The elemental
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Fig. 1. Cyclic voltammogram of 5 mg 1™ Au(III) preconcentrated as [AuCl,]~ for 2 min
on electrode type 1.

Fig. 2. Differential pulse voltammograms with a type I electrode: (a) background; (b)
1mgl? Au;(c) 2mgl? Au;(d) 3 mg 1. Preconcentration time 3 min.

gold which is produced is adsorbed only slightly by the carbon paste; re-
oxidation is not observed at this sensitivity.

The peak potential for reduction in differential pulse voltammetry lies
at +0.252 V vs. SCE for the chloro complex and at +0.170 V vs. SCE for
the bromo complex; it is not dependent on concentration. The resulting
peak current is a function of the gold concentration in the test solution
(Fig. 2). Not all the ion-exchangers produce the same effect. Figure 3 shows
the fundamental difference between strongly (curves b and c¢) and weakly
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Fig. 3. Dependence of the peak current on the acidity of the test solution (5 mg1? Au,
3-min preconcentration time): (a) type I; (b) type III; (¢) type IV electrode. (d) Ion-
competition effect; (e) protonation contribution (synthetic curves).

Fig. 4. Relation between peak current and accumulation time for 5 mg 17 Au; type 1
electrode; (b) type II electrode.
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(curve a) basic anion-exchangers in the dependence of the peak current on
the acidity of the test solution. The strongly basic exchangers are per-
manently dissociated so that the exchange process is dominated by a
chloride competition reaction as the concentration of hydrochloric acid
increases. For the secondary amine functional group of LA2, the peak
current depends not only on the competitive effect, which diminishes the
height with increasing amount of chloride (hypothetical curve d), but also
on increasing protonation of the amine group at lower pH values (curve e).
The intersection of these curves indicates the optimum acidity for the
preconcentration (cf. curve a); with type II electrodes, the curve shape
was the same but the peak currents were higher.

The small currents obtained and their lack of reproducibility excluded
electrodes of type III and IV from further investigations. The low sen-
sitivity is not due to smaller exchange capacity (Table 1) but rather be the
extent of exposure of functional groups on the electrode surface to the
solution. Clearly, a liquid phase will cover almost all the surface area whereas
particles in a matrix will occupy much less of the surface area. Thus, the
number of ion-exchange sites on the surface is much smaller in gel- and
resin-type electrodes.

The physical and chemical changes of the surface during preconcentration
and measurement must also be taken into account. To avoid having to
refill the electrode after each determination, which leads to poor repro-
ducibility of results, appropriate regeneration procedures must be applied.
After the voltammetric step, the colloidal gold is adsorbed slightly by the
carbon paste, probably as a result of electrostatic effects, and the residual
peak currents will influence subsequent measurements if the electrodes are
not regenerated. For the chloride medium, treatment with ammonia is
sufficient to lower the interaction of the adsorbed gold and the functional
groups can be regenerated with hydrochloric acid. For bromide-loaded
electrodes, the equivalent procedure was not viable; small residual currents

TABLE 1

Ion-exchange capacities

Capacity (meq g™)

Dry Wet? In carbon paste
LA2 2.2—2.3 2.6—2.8 b
Dowex-1 3.5 1.3 (43%) -
IRA-400 3.8 1.4 (42—48%) -
Type 1 — — 0.11
Type II — — 0.90
Type I1I — - 0.40
Type IV - — 0.42

8Capacity in meq ml™ ; moisture content in parentheses.
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were always observed. The best regeneration method is described in the
experimental part. Regenerations with rhodamine B in combination with
cyanides, acids and bases produced no better results. Mercury extracted
all the gold but adsorbed so strongly to the surface that the gold peak dis-
appeared in the ensuing measurements. The three-step regeneration with
potassium cyanide, sodium hydroxide and hydrobromic acid is preferable.
Lengthy exposures to cyanides should be avoided, as the resulting
[Au(CN),]" is strongly adsorbed, leading to a second peak at about +0.04V
vs. SCE. Though the tetrabromoaurate determination is more sensitive than
the analogous chloride method, the accompanying difficulties confined
the analytical investigations mainly to the latter.

The dependence on the preconcentration time of the peak current for the
chloride-loaded electrodes of type I and II is displayed in Figure 4. Because
the ion-exchange reaction is not fast, the first part of the curves is quasi-
linear. As the deposition time is increased, there is an asymptotic approach
to a limiting value because the ion-exchange equilibrium is reached gradually.
In addition to the chemical composition of the paste and of the bulk solu-
tion, the distribution coefficient, D, for [AuCls]™ between the exchanger
and the solution governs the limiting peak current. As expected, the elec-
trode with the higher concentration of ion exchanger (type II) exhibits
higher values than electrode type I. It must be noted that the handling of
electrodes and the stirring of solutions must be done always in the same
manner to yield comparable results.

The effect of the concentration of tetrachloroaurate(IIl) on the peak
current in differential pulse voltammetry is shown in Fig. 5. The detection
limit is not characterized by a particular signal-to-noise ratio but rather by

351
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Fig. 5. Dependence of peak current on the gold concentration at different preconcentra-
tion times. I and 1I refer to electrode type. Deposition times and concentration ranges:
(a) 5 min, 0—1 mg 1"*; (b) 2 min, 0—10 mg I"'; (c¢) 20 s, 0—100 mg 1",
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Interferences with the determination of gold
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Species Added as Conc. (X 107 M) Possible anions Peak change (%)
Cu(ll)  CuCl,/HCl 3.9 {CuCl,17, [CuCl,)?" —13.8
Ag(I)  AgNO,/H,0 2.3 [AgCl,17, [AgCl,1%" —15.3
[AgCL, 13
Zn(l)  ZnCl,/HCl 3.8 {ZnCL]", [ZnCL]?" 1 —-18
Cd(II)  CdCl,/HCl 2.2 {cdcLl1-, [cdc,l®™ 2 —9.7
Hg(Il) Hg(NO,),/HCl 1.2 [HegCl,]™, [HgCl1%*" 4,5 —27.7
Ga(Ill) Ga(NO,),/HCl 3.6 [GaCl,]” 2 +8.3
In(lll)  InCl,/HCI 22 [InCl1,)" 1 —3.6
TI(I) TINO,/H,0 1.2 2 —6.8
TAI)  TINO,),/HCL 12 [TIC1,1™ 4 —45.7
Ge(IV)  GeCl,/HCl 34 [GeCl 12" 1 —3.2
Pb(il)  Pb(NO,),/H,0 1.2 [PbCl,]%" 2 +7.3
NO; NaNO,/H,0 4.0 NO; 1 +24
H,PO, KH,PO,/H,0 2.6 H,PO;, 1 -1
As(Ill)  As,0,/NaOH 3.3 [AsCL], [AsCL1>P 4,5 —96.0
As(V)  As,0,/H,0 3.3 H,AsO, 3 —18.3
Sb(IlI)  SbCl,/HCl 21 [SbCl,]", [SbCLJ%P 4 —29.8
Sb(V)  SbCl,/HCl 21 [SbCl]1™, [$bOCL, 1™ 4 +23.6
[Sb0O,Cl1,]"
Bi(IIl)  BiCl,/HC1 1.2 [BiCL ], IBiCl,] - 4 —41.4
{BiCl 1%~
V(aV)  VOSO,/H,S0, 49 1 —44
v(v) NH,VO,/HCl 49 Vo3, [VOCL]™ 1 —3.3
[VOC1)?~
Nb(V)  NbCl,/HCl 2.7 {NbOC1,12P 1 +18
Ta(V)  TaCl,/HCl 14 —b 2 —8.4
503~ Na,S0,/H,0 2.6 $0%°, HSO;, 1 —4.3
Se(IV) SeO,/HNO, 32 SeOCI;, 8e0OC1%~
Se0,ClI", Se0,Cl> 1 +1.0
Te(IV)  K,TeO,/HCl 2.0 [TeCl 127D 1 +0.3
Cr(lln)  CrCl,/HCL 48 [crcl1” 2 —95
cr(Vl)  K,Cr,0,/HCl 4.8 Cr,0%", Croi- 4,5 —49.9
Mo(VI) (NH,),MoO,/NH, 2.6 (poly)molybdates 3 —14.1
W(V) Na,WO,/NaOH 14 [W0,C1,1°P 1 —0.3
o, NaClO,/H,0 25 c10; 1 —09
Br KBr/H,0 31 Br 1 +3.0
r KI/H,0 2.0 r 5,6 —100
Mn(II) MnCl,/H,0 1.6 b 3 —13.6
Fe(Ill) FeCl,/HCl 4.8 [FeCl,]1™ 1 +0.3
Co(ll)  CoCl,/HCl 4.2 —b 2 —8.7
Ni(II)  NiCl,/HCl 4.3 —b 2 —8.1
Rw(Ill) RuCl,/HCl 2.5 [Ru(H,0),C1,1" 3.5 —-16.7
Rh(II) RhCl,/HCI 2.4 [RhC3,) 3 b 4,5 —21.6
Pd(II)  Na,PdCl,/HCl 24 [PdCl,] %" 3 —13.5
Os(VI) K,0s0,/H,0 1.3 [0s0,C1,1%", 3,5 —131
[0sCl 1%
In(Ill)  IrCl,/HCL 1.3 (1xci 13® 3,5 —10.3
EQIV)  H,IrCl /HCl 1.3 [IxC1,} %~ 2,5 —89
Pt(II)  (NH,),PtCl, 1.3 [PtCl,]1%~ 5,6 —100
Pt(IV)  H,PtCl /HCI 1.3 [PtC1, 1%~ 3,5 —178

25ee text. ® And partly hydrolyzed chloro complexes.

the minimal concentration which is necessary to

produce a signal at all.

It seems that the ion-exchange process takes place only if a certain amount
of gold is present in the solution; otherwise, even increasing the deposition
time has no effect. Thus, the detection limit was found to be 100 ug 1™
gold for the type I electrode and 300 ug 17! for the type II electrode. It is
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surprising and not self-evident that the carbon paste containing less ion-
exchanger is more sensitive than the other. At higher concentrations, devia-
tions from linearity owing to saturation effects on the electrode surface can
be observed. The choice of electrode type and deposition time depends on
the amount of gold present in the test solution. Quantitative evaluation can
be done either from a calibration curve, or, when linearity exists, with
standard addition methods.

Interferences

The influence of other ions was examined (Table 2). The interferences
were classified roughly into the following categories (column 5 in the table):
(1) no or weak interference (0—5% change in the peak current); (2) weak
to medium interference (5—10%); (3) medium to strong interference
(10—20%); (4) disastrous interference (>20%); (5) additional peak; and
(6) probable redox reaction with gold(III). The degree of interference was
measured with a type II electrode for 5 mg 1! gold(III) and 25 mg 17 ele-
ment in 1.5 M hydrochloric acid. Basically, two kinds of interference can be
distinguished: a simple competitive one which appears with almost all
anionic species, decreasing the peak current, and an additional electro-
chemical effect which results in overlapping signals. The most serious effects
are caused by anions with high affinity for ion-exchangers like dichromate
and the chloro complexes of TI(III), Sb(V) or Bi(IlI). Almost all the plati-
num metals affect the peak height severely because of the formation of
stable chloro complexes. Most of them exhibit an additional peak at about
0 V vs. SCE. In the determination of gold, interferences of type 1 can be
ignored up to concentrations of at least 25 mg 1!, because the standard
deviation for gold is 3% for 5 mg 1! gold with a 2-min deposition time.
Strongly interfering anions must be separated by appropriate procedures
before the determination.

Conclusions

The work presented is a further example of the increasing importance of
chemically modified electrodes for voltammetric determinations especially
with regard to high sensitivities. Modifications of carbon paste electrodes
with ion exchangers seem also promising for other metal species in various
kinds of complexing media.

The author thanks EG & G Munich, especially Dr. Nitsch, for lending a
PAR model 384B polarograph for voltammetric measurements.
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SUMMARY

The potentiometric response characteristics of a copper metal indicator electrode are
reported in a flow-injection system when metal ions are injected into ligands of differing
complexing strengths in buffered carrier streams. Theoretical Nernstian derivation of
equations relating peak heights to both the injected metal ion concentration and the
ligand concentration are shown to give good agreement with experimental peak height
measurements for Ca®*, Al**, Pb**, Cd**, Co?**, Cu?*, Ni**, Mn**, Zn** and UO?*. A study of
injections into buffered ligand streams containing EDTA, ethylenediamine, triethyl-
enetetramine, iminodiacetate, citrate, or glutamate shows advantages for the use of the
more weakly complexing ligands in the carrier stream. Linear responses are obtained at
low (107—10"* M) metal ion concentrations over narrow ranges. Some chromatographic
applications are outlined.

Indirect determinations of metal ions by potentiometric compleximetric
titrations can be done with various indicating electrodes. Many papers
report applications of metal electrodes such as silver and mercury [1],
membrane ion-selective electrodes [2, 3] and oxide electrodes [4] which are
useful for such titrations within certain limitations. These titrations are
usually done in the presence of low concentrations of indicating ions directly
sensed by the indicator electrode, and detection is based on the shift of the
complex equilibrium between the indicating ion and ligand in the presence
of the titrated cation [1, 5]. A similar concept can be utilized for indirect
flow-injection determinations of metal ions.

In several papers it has been shown that, in the absence of copper ions in
solution, the potential of a copper (II)-selective membrane electrode [6, 7]
or a metallic copper electrode [8—10] is a function of the concentration of
copper complexing ligands. Comparative measurements for these types of
electrodes for amino acids showed better dynamic behaviour of the metallic
copper electrode [8]. The relationship between the electrode potential and
ligand concentration can be utilized for indirect determination of metal

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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ions in a flow-injection system for faster determinations than by traditional
titration methods.

The concept of such measurements has already been presented in a
preliminary report [11], in which only a relatively strongly complexing
ligand in the carrier stream (viz. EDTA) was investigated. The peak heights
obtained when different metal ions were injected into EDTA were shown to
depend on the EDTA concentration, pH and EDTA complex stability. In
this present study, the ligand in the stream is varied; citric acid, ethylene-
diamine, triethylenetetramine, glutamic acid, and iminodiacetic acid are
examined as well as EDTA. The effect of injecting metal ions into these
ligand carrier streams is reported, and the measured peak heights are corre-
lated with Nernstian theory for calculating expected peak-height data based
on dispersion and stability of the complexes formed in the stream. It is
concluded that the use of weakly complexing ligands in the carrier stream
has advantages over the use of the EDTA ligand.

EXPERIMENTAL

Instrumentation

A flow cell with a copper wire electrode used in flow-injection measure-
ments was described previously [10]. In steady-state measurements of the -
electrode response to copper-complexing ligands, a saturated calomel elec-
trode was placed in the waste container down-stream from the flow cell.
A manifold of the flow system is shown in Fig. 1. Flow rates used are given
in the text. Steady-state measurements were made in the same manifold,
using one pump line for the buffer solution and the other for the solutions
of ligands. A peristaltic pump (Gilson type Minipuls 2) fitted with Elkay
PVC tubing was used to control flow rates and was connected to a home-
made rotary injection valve with a 75-ul sample loop. The outlet of the
injection valve was connected through a teflon T-connector to the flow
cell via teflon tubing of 0.5-mm internal diameter. The wire electrodes
and tubing in the flow cell and injection valve were mounted with Omnifit
plastic connectors.

5p0

ml min~) [
34 5 30 Flow

A:H,0
/ cell

B: Ligand 34
in buffer

Fig. 1. Manifold of the flow system used in flow-injection determinations of metal ions.’*i

%
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The liquid chromatographic equipment consisted of a model M45 solvent
pump and model U6K injector (Waters Associates, Milford, MA, U.S.A.).
The column used was a Wescan (Santa Clara, CA) low-capacity, silica-based
cation-exchange column (type 269-004; 250 X 4.6 mm i.d.).

Potentiometric data were recorded with a Radiometer PHM 62 pH/-
millivolt meter interfaced to a Houston Instruments Omniscribe strip-chart
recorder, type EB 5117-5-S. Solution pH readings were measured with an
Orion model 701A digital mV/pH meter fitted with a combination pH glass
electrode.

Prior to use, the copper wire electrode was removed from the cell, briefly
immersed in concentrated nitric acid and then rinsed with distilled water.
The flow cell was then reassembled and carrier solution, or eluent in chroma-
tographic measurements, was pumped through the cell until a stable baseline
potential was attained.

Reagents

Metal nitrates were obtained from May and Baker, except for uranyl
nitrate from Hopkin and Williams and manganese nitrate from Merck.

Buffer solutions were prepared from analytical-reagent grade potassium
dihydrogenphosphate, sodium hydroxide, sodium acetate and anhydrous
acetic acid (Ajax Chemicals, Sydney, Australia).

Ligands used in carrier solutions and eluents were obtained from various
manufacturers: citric acid (Merck), EDTA disodium salt and ethylene-
diamine (May and Baker), triethylenetetramine (Trien; BDH Chemicals),
L-glutamic acid (Koch-Light) and the disodium salt of iminodiacetic acid
(IDA; Eastman Organic Chemicals).

All solutions were prepared in distilled deionised water. Carrier solutions
and eluents for chromatographic measurements were filtered through a
0.45-um membrane filter. All solutions were degassed at a water suction

pump.
RESULTS AND DISCUSSION

The principle of these indirect flow-injection determinations

The fundamental assumption concerning the copper electrode response
characteristics is that a Nernstian relationship controls the potential depend-
ence of the electrode potential on the concentration of ligand used in the
carrier solution. The Nernstian range, however, is limited by two factors:
(1) by the presence of oxygen in the solutions; and (2) by the strength of
the copper/ligand complex which may decrease the electrode potential
below the value at which solvent decomposition occurs, with formation of
a mixed corrosion potential.

In the two-line manifold with excess of ligand in the stream approaching
the detector, the relationship between peak height (H) and total concentra-
tion (C%) of metal ions in the injected sample is given by the expression [11]
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1— 10455 = C%/(CY, D) (1)

where S is the slope of the electrode response, CY, is the total concentration
of ligand L in the carrier solution, and D is the dispersion coefficent express-
ing the dilution of the sample zone during transport to the detector and in
the detector. In a single-line manifold, local dilution of the ligand occurs
in the stream after injection, and from Eqn. 1 the following expression can
be derived [10]}

1—10H#/S =1/D + C% /(DY D) (2)

When a relatively weak complex ML is formed, however, the concentration
of ligand C;, in the stream reaching the detector should be expressed by

CL =C} —Ci/D + [LY (3)

where [L]’ is the ligand concentration resulting from dissociation of complex
ML. This concentration can be derived from the conditional stability constant
as follows

K'my =(C% /D —[L1')/[L]'C, (4)
From Eqns. 3 and 4 the ligand concentration then becomes
CL=CY} —C4/D+ C}t/D(1+ K'yLCL) (5)

When [L'] < C}4/D, then 1 + Ky Cr ~ KyCL. This approximation does
aot hold when 1/K 'y, > Cp. The peak height (H) in flow-injection measure-
ments can now be calculated from the difference between the initial ligand
concentration (C%y,) and the value (Cy,) calculated from Eqn. 5:

H=SlogC} —SlogC =Slog(CY/CL) (6)

Equation 5 shows that the value of the conditional stability constant, K 'y,
affects the observed peak height when the complex dissociates.

An illustration of this effect is provided by the results of model calcula-
tions presented in Fig. 2, where calculated peak heights (A) and the values
of the expression F = 1—10H/S (B), are plotted versus metal ion concentra-
tions in the injected samples, for different values of the conditional stability
constant. The results obtained indicate that, for K'y;, > 10°, peak heights
do not depend on the conditional stability of the complex formed, but
decrease when less stable complexes are formed. When very weak complexes
are formed (log Ky, < 3), one can expect a linear relationship between
peak height and metal concentration. Furthermore, at conditional stability
constants lower than 10°, a linear calibration cannot be obtained for the
dependence of function F on metal ion concentrations in the injected
samples (Fig. 2B).

Steady-state electrode response towards ligands used
The choice of a ligand which exhibits reproducible Nernstian response in
measurements with a copper electrode is required for indirect potentiometric
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Fig. 2. Effect of the conditional stability constant of the metal complex on calculated
peak height (A) and calibration function (B) in flow-injection determination of metal
ions. Calculations were done for C}, =1 mM, D = 1.2, S = 29 mV, assuming negligible
dissociation of formed complex (curve 1) and for log Ky, = 5 (curve 2), 4 (curve 3) and
3 (curve 4).

determination of metal ions. In recent papers [9, 10], such behaviour has
been demonstrated for several inorganic and organic species such as halides,
pseudohalides, amino acids and complexones. In the present study on the
effect of conditional complex stability on indirect determinations of metal
ions, several ligands that show differences between the complex stability
with copper and other metal ions have been taken into consideration.

The electrode response towards these ligands was examined in steady-
state continuous flow measurements for ligand concentrations ranging from
107 to 10~° M. The flow system schematically shown in Fig. 1 was used,
the ligand solutions were merged with buffer solution of appropriate con-
centration, and the pH and steady-state response for each ligand concentra-
tion were recorded. The result of these measurements are shown on Fig. 3.
Relatively weakly complexing ligands such as IDA (curve 1 on Fig. 3A) or
citrate [12] in diluted phosphate buffer show a Nernstian relationship
between the electrode potential and ligand concentration. For EDTA, which
was used in preliminary studies [11], the copper electrode potential depends
significantly on the medium selected. In acetate and phosphate buffers,
stable potential readings with slope close to Nernstian for divalent ions were
obtained for concentrations of 1072 to 10® M (Fig. 3B). However, in
ammonia buffer, after change of EDTA concentration, stable potential
readings were not obtained; not surprisingly, there are corrosion processes in
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Fig. 3. Calibration curves obtained for various ligands in a continuous flow system. (A)
IDA and Trien: (1)IDA in 0.01 M phosphate buffer, pH 8.0;(2) Trien in 0.1 M phosphate
buffer, pH 8.0. (B) EDTA in (1) 0.1 M acetate buffer, pH 4.4; (2) in 0.1 M phosphate
buffer, pH 6.8; (3) in 0.1 M phosphate buffer, pH 8.0. Dashed lines represent theoretical
divalent Nernstian slope.

such a strongly complexing environment. In the case of another strongly
complexing agent, Trien, stable potential readings in phosphate buffer were
obtained, but Nernstian slope was found for ligand concentrations only
below pCy, = 3.5 (Fig. 3A, curve 2).

Flow-injection determination of metal ions

The above conclusions on the dependence of peak height on complex
stability are confirmed by the experimental results obtained, but several
other conclusions can also be made. Peak heights obtained experimentally
(Fig. 4) can be correlated with calculated values of conditional stability
constants for EDTA complexes (Table 1) or calculated values of the side-
reaction coefficient ayq, for other ligands studied for cations forming
more than one complex with the given ligand (Table 2).

For EDTA, with both buffers used, peak heights for various cations
differ very slightly when Ky, > 5, except for aluminium, which is known
to involve slow Kkinetics during complex formation. The same explanation
can be applied to the low peaks observed for Ni** in phosphate buffer.
Examples of typical peaks recorded for Cd** in acetate buffer containing
EDTA are shown in Fig. 5. A linear relationship between function F and
concentration was obtained up to 0.7 mM Cd*.

Citrate and iminodiacetate (IDA) form much weaker complexes than
EDTA with many metal ions. Calculated values of logay,, for citrate
(Table 2) show only moderate complexation of copper (II) and uranyl
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Fig. 4. Peak heights (mV) obtained from injections of 75 ul of 1 mM metal ion solutions
using various 1 mM ligand solutions in different buffers into line B of the manifold shown
in Fig. 1: (a) citrate in 0.01 M phosphate buffer, pH 6.0; (b) IDA in 0.01 M phosphate
buffer, pH 8.0; (c¢) Trien in 0.1 M phosphate buffer, pH 8.0; (d) EDTA in 0.1 M acetate
buffer, pH 4.4; (e) EDTA in 0.1 M phosphate buffer, pH 6.8.

TABLE 1

Calculated values of logarithms of conditional stability constants for EDTA complexes.
Stability constants taken from [13]

Metal 0.05 M Acetate 0.05 M Phosphate Metal 0.05 M Acetate 0.05 M Phosphate
ion pH 4.4 pH 6.8 ion pH 4.4 pH 6.8

Ca® 3.0 6.9 Co?* 8.6 12.0

Ba* 0.6 4.3 cu®* 10.9 138.5

AP* 8.8 8.9 Ni?* 10.9 14.3

Pb2* 9.7 8.1 Mn?* 6.2 10.4

cd? 8.6 12.8 Zn?* 8.8 12.0

ions. Low peak heights, therefore, should be expected and were observed
(Fig. 4a). Distinctly higher peaks for copper(Il) ions can be attributed to
direct electrode response to uncomplexed copper(II) ions rather than to the
indirect response. An interesting and reproducible anomaly was found for
aluminium. Injection of aluminium nitrate solutions into a citrate/phosphate
buffer carrier solution initially produced a small positive peak and then a
much larger negative peak (Fig. 6). With the copper metal electrode, a
negative potential change can be caused by a local increase in ligand con-
centration in the carrier stream or by a local increase in hydroxide concentra-
tion when the buffer capacity is insufficient. Only the latter cause seems to
be possible in the case of aluminium. This was confirmed by a decrease in
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TABLE 2

Calculated values of logarithms of side-reaction coefficients apyq,y for Cy, = 5 x 10 M.
Stability constants taken from [13]

Metal Citrate IDA Trien Metal Citrate IDA Trien
ion pH 6.0 pH 8.0 pH 8.0 ion pH 6.0 pH 8.0 pH 8.0
Ca?t 0.3 0 — cu** 2.4 7.3 19.3
Ba?* 0.1 0 — Ni** 1.9 4.8 8.1
ARt — 5.7 — Mn?* 0.8 — 0.1
Pb2* 0.7 2.7 4.6 Zn?* 1.5 3.3 6.2
Cd;* 0.5 1.3 4.8 vo* 3.9 4.3 —
Co?* 1.5 3.0 5.2

the negative peak height with increase in phosphate buffer concentration and
the appearance of a small positive peak at pH 3.0. The negative peak increased
at pH 5.0 (minimum of buffering capacity for phosphate buffer) but decreased
at pH 6.8. Such response can be attributed to complex reactions of aluminium

H,mV 5
Ni Cd
4
40 H,mV
4
CoNiuo2
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3
20 Al Al
2
2 0+
1 1
ol e muL 0t
R 3min 20s
5min —
Scan
Scan
—_—

Fig. 5. Peaks obtained in flow-injection determination of Ni** with 1 mM Trien in 0.1 M
phosphate buffer, pH 8.0, and Cd** with 0.5 mM EDTA in 0.2 M acetate buffer, pH 4.4.
Concentration of injected metal ion solutions: (1) 0.2, (2) 0.4, (3) 0.6, (4) 0.8 and
(5) 1.0 mM.

Fig. 6. Typical peaks observed for injection of metal ion solutions (Co**, Ni**, U0},
AP*) with 1 mM citrate in 0.01 M phosphate buffer, pH 5.0, as ligand/buffer stream.
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forming hydroxy complexes, Al(OH),L, with citrate [14]. The shape of the
observed signal can be explained by fast addition of citrate to the hydroxide
complex, AI(OH)?** (positive peak), followed by slower release of hydroxide,
responsible for the negative peak.

In many cases, small peak heights were also observed for metal ions
injected into IDA in phosphate buffer at pH 8.0 (Fig. 4b), even though
calculated values of side-reaction coefficients show strong complexation.
However, cobalt(I1) ions showed a larger potential change than Ni**, Al** or
uranyl ions, despite the stronger complexation of these metal ions, because of
the importance of kinetic factors in such fast flow-injection measurements.
Although these lower signals can be utilized for analytical purposes, the
sensitivity is very poor. The significantly larger peak potentials observed
for Cu** and IDA in comparison with EDTA can be explained by the forma-
tion of both 1:1 and 1:2 complexes with IDA, causing larger ligand consump-
tion and leading to mixed indirect and/or direct response of the electrode
towards copper ions. Typical peaks recorded with IDA for Co?* and Cu**
are shown in Fig. 7. Calibration plots showed a linear relationship between

H,mV 5
Cu
40 )
Co
3
5
4 2
20 - 3
2 1
1
| MU SRR,
5min
Scan

Fig. 7. Peaks obtained in flow-injection determinations of Co?** and Cu?*, with 1 mM
IDA in 0.01 M phosphate buffer, pH 8.0. Concentration of injected metal ion solutions:
(1)0.2;(2)0.4;(3)0.6;(4) 0.8 and (56) 1.0 mM.
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peak heights and concentration up to 0.6 mM for Co** and up to 0.5 mM
for Cu?*.

The dependence of peak height on the stability of the complexes formed
can also be observed for carrier solutions containing Trien (Fig. 4c). The
larger peak heights recorded in comparison to EDTA can be explained by an
increase in the slope of the electrode response towards Trien when the Trien
concentration is decreased (Fig. 3A). Examples of peaks recorded for deter-
mination of nickel(II) ions are shown in Fig. 5. The relationship between
peak height and concentration was non-linear in the working concentration
range, while the calibration plot of function F vs. concentration was linear
up to 0.4 mM Ni?*,

A B
H,mV
Fe(lll)
80 - H,mV
80 |
L 4
40 + 3
2 40
1
0+ LLLLH B
5min
I 1 1
Scan 5 4 3

pFe(ill)

Fig. 8. (A) Peaks recorded in the flow-injection determination of Fe(III) in 0.1 M acetate
buffer, pH 4.4, with 1 mM EDTA. Iron(1II) concentration in injected solutions: (1) 0.01;
(2) 0.03;(3) 0.1; (4) 0.3 and (5) 1.0 mM. (B) Calibration plots obtained in flow-injection
determination of Fe(III) with different ligand/buffer streams: (1) 0.1 mM acetate buffer,
pH 4.4, with 1 mM EDTA present; (2) the acetate buffer alone; (3) 0.1 M phosphate
buffer, pH 6.8, with 1 mM EDTA; (4) the phosphate buffer alone. A flow rate of 3.4 ml
min~! was used in each line of the manifold.
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Oxidation mechanism

Larger peak heights were observed for injections of iron(III) ions into
acetate buffer stream in comparison with other metal ions. This suggests
that a different mechanism controls the electrode response. Figure 8A shows
typical peaks obtained; the peaks result from direct oxidation of copper
metal rather than from indirect compleximetric response. A similar mechanism
has been reported in the chromatographic detection of chlorate, bromate
and iodate [15]. The reaction can be attributed to the equilibrium
Fe(III)LL + Cu = CuL + Fe(II)L, where the equilibrium constant increases
with an increase in the conditional stability of the CuL and Fe(II)L complexes,
but decreases with an increase in stability of the iron(III) complex. In the
absence of EDTA, peaks observed in acetate buffer were higher than in
phosphate, because of the much higher stability of phosphate complexes of
iron(111) compared with those of copper(Il).

H Cuo 5
A Zn B
. 20mv
N
' 4
aimv Mo 2mv
5 3 o
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]
Z
4 2 ¢ Ca
3 S
g
2 1 5 Sr Mn
1 [a]
cd
I8 J J
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L 1 1 1 1 1
Scan 0 4 8 0 4 8
—
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Fig. 9. Peaks recorded for injections of Ni** and Cu?*, with a solution of 1 mM sodium
citrate (pH 6.0) containing 0.1 M NaNO, in line B of the manifold shown in Fig. 1.
Concentration of metal ions in injected samples: (1) 0.2; (2) 0.4; (3) 0.6; (4) 0.8 and
(56) 1.0 mM.

Fig. 10. Chromatograms obtained for tri-component mixtures with a Wescan 269-004
cation-exchange column. (A) Separation of Mg, Ca and Sr with 0.1 M glutamate/1 mM
ethylenediamine, pH 7.6, as eluent; flow rate 0.5 ml min~'; injected volume 20 ul. (B)
Separation of Zn, Mn and Cd with 0.5 mM citrate/0.5 mM ethylenediamine, pH 4.6,
as eluent; flow rate 0.4 ml min™; injected volume 10 pl. Injected amounts: 80 nmol
Mg, 50 nmol Ca, 25 nmol Sr; 10 nmol each of Zn, Mn and Cd.
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Chromatographic applications of indirect detection of cations

The flow-injection measurements described above were usually obtained
in buffered media. Such measurements for nickel and copper(Il) ions in
unbuffered media are shown in Fig. 9; 0.1 M sodium nitrate was added to
the citrate carrier solution in order to decrease the noise level observed
when 1 mM sodium citrate solution alone was used. Table 3 shows that
peak heights from an unbuffered solution of 1 mM citrate were much
higher than those from the buffered solution. The observed potential changes
may be influenced by local pH changes in the stream, caused by release of
hydrogen ions during complex formation and by acidification of the carrier
solution from the injected sample (e.g., for AL**).

A serious disadvantage of indirect flow-injection determinations is their
poor selectivity, analogously to indirect compleximetric titrations. For
practical analytical application of such a detection system, chromatographic
separation of cations seems essential. In chromatography with a single
column, a large excess of buffering species generally detracts from resolution.
The concentration of ligand must be low and the ligand serves simultaneously
as eluent and as the reagent necessary for the indirect detection. In chroma-
tographic measurements, however, the acid effect discussed above influences
the size of the void peak but does not affect the peaks for species retained
on the column. Sample chromatograms of three-component mixtures obtained
with a low-capacity cation-exchange column (Wescan 269-004) are shown in
Fig. 10; similar chromatograms have been discussed in detail elsewhere [12].

CONCLUSIONS

The peak heights obtained in indirect flow-injection determinations of
cations with a copper electrode depend on the electrode response to the

TABLE 3

A comparison of peak heights obtained for injections of cation solutions (75 ul; 1 mM)
into a stream of distilled water merged with unbuffered 1 mM citrate solution or a buffered
solution containing 1 mM citrate and 0.01 M phosphate. The pH of both solutions was
6.0

Metal Peak height (mV) Metal Peak height (mV)

lon Unbuffered Buffered ron Unbuffered Buffered
solution solution solution solution

Ca?* 12 4.3 Cu?* 97 24

Ba?* 9.0 2.5 Ni?* 30 8.6

Al 51 —6.0 Mn?* 16 6.0

Pb2* 31 2.3 Zn** 30 7.7

Cdz+ 26 6.2 uoz+ 40 3.4

Co** 27 7.2
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ligand used in the carrier solution and on the stability of the metal complexes
formed. In some cases, small potential changes are caused by slow complex
formation. The use of ligands which strongly complex copper ions is subject
to interference from oxygen; increased peak heights are due to corrosion
processes. In measurements with EDTA and Trien it was essential to remove
oxygen from both the carrier and injected solutions. Because of the effect of
oxygen, the use of moderately complexing ligands is more favourable,
although this leads to a decreased sensitivity.
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EFFICIENT APPLICATION OF NON-LINEAR TRANSFORMATION OF
FACTORS IN EMPIRICAL MODELLING BASED ON EXPERIMENTAL
DESIGNS

P. KOSCIELNIAK and A, PARCZEWSKI*
Department of Analytical Chemistry, Jagiellonian University, Krakéw (Poland)
(Received 9th May 1985)

Summary. A method is proposed for selecting the best transformation of factors in
empirical modelling based on experimental design. Linear, parabolic, power, exponential,
hyperbolic and logarithmic transformations were tested. The example used concerns the
interference effect of titanium in the flame atomic absorption spectrometry of calcium.
Hyperbolic or logarithmic transformation of the titanium concentration provided the
closest approximation of the experimental results by linear or second-degree polynomial
models. Selection of the best parameter in the transformation functions is also discussed.

It has been shown [1—3] that the efficiency of design of experiments as
well as empirical modelling can be improved significantly if the following
generalized polynomial model R is applied in approximation of the relation-
ship between an analytical signal R (or its function) and the concentration of
n sample components, c,, . . ., ¢,:

A n n
R=B,+ ¥ Bi¢;+ Y By¢ig+... (1)

i=1 ij=1

G<h

where B is a regression coefficient evaluated on the basis of measurements
made on standard samples with compositions selected according to a preset
plan, e.g., 2" factorial {4]. The functions (transformations of concentrations),
¢; = fi(c;), should satisfy the following coding conditions:

&=file)=—1,&=f(c")=1,&=f(c)=0 (2)

where ¢{’ and ¢{* denote the lower and upper levels of concentration c; in
the plan, and ¢{¥ < ¢¥ < ¢{*. Some examples of functions & (index i has been
omitted) are as follows:

linear
é=(c—c)/Ac, Ac = (¢ —c?)/2, ¢ = (c™ + cP)/2 (3)
parabolic

&= [q(c(u) — c(l))(c — c(u))(c _ c(l)) + 2¢ —cW — c(l)] /(c(u) — c(l)) (4)
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exponential

¢ = [2 exp (gc) — exp (g¢™) — exp (gcP)] /(exp (gc'?) —exp (qc?))  (5)
hyperbolic

é¢=1[2— W — o) 4. q(c(“) — c(l))] /la(2c — cW — c(l)) + W — c(l)] (6)
logarithmic

¢ = logg {[(¢* — 1)(e —¢®) + ¢ — W] jq(c — cM)) (7)
power

é=[2c9-- W9 — c(l)q] /(c(u)q — c(l)") (8)

The parameter g is related to concentration ¢* according to the coding con-
dition (2), i.e., the relationship between g and c¢* can be obtained by substi-
tuting 0 for é and c* for ¢ in formulae 4—8. For these non-linear functions
4—8, the concentration ¢* does not correspond to the geometrical centre of
the plan applied.

The adequacy of a polynomial empirical model (Egn. 1) depends strongly
on the ¢é functions applied as well as on the empirical parameters, g or ¢*, in
these functions. The aim of the present communication is to show how these
two factors influence the quality of approximation of the interference effect,
a problem which has already been noted [1—3]. The example chosen con-
cerns the determination of calcium in presence of titanium by atomic absorp-
tion spectrometry (a.a.s.).

Experimental

Calcium (4 and 10 ug ml™') was determined in presence of titanium
(0—40 pg ml™?) with the use of an AAS-1 spectrometer (C. Zeiss-Jena) at
422.7 nm in an air/acetylene flame. The results are presented in Fig. 1.
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Fig. 1. Experimental effect of titanium on the signal obtained from calcium: (a) 4 ug ml™!;
(b) 10 g ml~'. R indicates interference (relative signal).
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Models
Each curve in Fig. 1 was approximated by the following models (¢ denotes
the concentration of titanium):

-

R, =B, + B¢ (9)
Rz =B, + B,é + By&? (10)

in which functions 3—8 were applied. The coefficients B in these models
were calculated on the basis of the experimental results: R, R and R*
(read from the curves in Fig. 1) were obtained for ¢ = c¢®’ = 0,c = c™ =40 ug
ml? Ti, and ¢ = ¢* (0 < c* < 40), respectively. Parameter q in functions &
(Egns. 4—8) was varied and the agreement between the experimental lines in
Fig. 1 and the lines calculated from the models was assessed. The mean abso-
lute error was taken as the measure characteristic of model inadequacy:

E =1 |R;(exp) — R;(calc)|/39 (11)

where the sum covers the experimental, R(exp), and calculated, R(calc), R
values obtained forc =1, 2, 3, ..., 38, 39 ug ml™? Ti (39 points).

Linear models (Eqn. 9). In this case, only R and R are applied in the
calculation of coefficients B; ¢!’ = 0 and ¢ =40 ug ml™ Ti make a 2! fac-
torial, B, = (R’ + R™)/2, B, = (R™ — R™)/2. Two models were obtained,
corresponding to curves (a) and (b) in Fig. 1: Rla = 55 — 45¢ and R,, =
76.25 — 23.75¢, respectively. Figure 2 shows the error (E) of these models,
calculated for the various functions ¢ (Eqns. 4—8) as a function of parameter
c* (analogously, E/q curves can be presented because g is explicitly related
to ¢*). It can be seen that E sharply depends on ¢*. Thus without at least
some prior knowledge of the shape of curve to be approximated, it is diffi-

Error

Cl

c¥
T
024198404244464520‘ o & 4 & 8 Mo 2 # 46 43 20

/2 c4/Z

Fig. 2. Dependence of the model error (E) on parameter ¢* in functions 4—8 (as indicated
by the numbers on the curves) applied to the linear models that approximate curves (a)
and (b) in Fig. 1: (A) Rm; (B) R,b. c¥, is the Ti concentration that corresponds to signal
R = (R + RW1)/2. The model errors are 26.13 and 9.55 when the linear function 3 is
applied in models f{la and R, b, Yespectively,
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cult to select the optimal parameter c* (or g). However, this disadvantage
can effectively be overcome as follows.

In the case of the linear model (9) just discussed, the following fitting pro-
cedure [1] can be applied to select a suitable parameter ¢ in a function é;
the model (9) must fit accurately to a selected experimental point (¢’, R'),
i.e., R = R' = B, + B;&', where &' = f(c, q), thus the parameter q is calculated
by solving this equation. Figure 3 shows the relationship between the model
error and the concentration ¢'; the error E does not now depend sharply on
¢’ over a broad concentration interval, especially for the hyperbolic and loga-
rithmic functions (curves 6 and 7) which give the best approximation of the
experimental lines (Fig. 1).

Parabolic models (Eqn. 10). The coefficients B in this model were calcu-
lated on the basis of the experimental results R¥, R™) and R* as follows
(c® = 0, ¢™ = 40 pug ml™ Ti, and ¢ = c* make an unconventional 3! fac-
torial): B, = R*, B, = (R™ — RW)/2, B,, = (R™ + R")/2 — R*. The fol-
lowing models correspond to the experimental data (a) and (b) in Fig. 1,
respectively:

R,, =R* — 45¢ + (b5 — R*)&*
R,, = R* — 23.75¢+ (76.25 — R*)&?

In this case, both the functions & (Eqns. 4—8) and the coefficients B in these
two models depend on c*. In the exceptional case of the linear function (3),
c* is fixed: c¢* = ¢! (see Eqn. 2); in the example given, ¢‘°) = 20 ug ml™? Ti.
Figure 4 shows the model error, E. The parabolic model (10) should not
have an extreme in the interval, ¢'??, ¢*, as it is used in approximation of
monotonic functions (Fig. 1). This is so if ¢¥ < c* < ¢, where cfand c¥
correspond to R = (8R™ + RW)/4 and R = (R™ + 3R™W)/4, respectively. In
the particular case of the parabolic transformation (Eqn. 4), an additional

10 A 10 B
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Fig. 3. Dependence of the model error (E) on concentration ¢’, the abscissa of point
(R', ¢), to which linear models R, (A) and R, (B) were fitted in order to determine
parameter g in functions & The broken lines correspond to the weighted error E (see
Discussion).
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condition should ensure that it is monotonic in the interval (¢, ¢¥). Conse-
quently, the interval (cjf, ¢}) becomes quite narrow in this case, e.g., 11.8,
12.6 ug ml™ Ti, if curve (a) in Fig. 1 is considered.

Discussion

Figures 3 and 4 show that the experimental lines which describe typical
interference in atomic spectrometry (Fig. 1) can be approximated accurately
by a generalized polynomial of low degree if nonlinearly transformed con-
centration, é = f(¢), is applied. The logarithmic and hyperbolic functions é
proved to be most suitable. Even the first-degree polynomial seemed much
better than the “conventional’”’ parabolic model in which the linear function
(3) was applied.

Some practical hints may help in selection of the parameter c¢* or q in the
applied function é = f(c; g) which should be logarithmic or hyperbolic. In
the case of the linear model (Eqn. 9), the determination of q by the fitting
procedure described above is recommended. As Fig. 3 shows, the model
error is not very sensitive to the point fitted (¢’) over a broad concentration
interval. It should be noted, however, that the minima of the curves in Fig. 2
coincide well with cf,, i.e., the parameter c* = ¢t , leads to quite satisfactory
results, where cf, is the interferent concentration corresponding to R =
(R™ + RW)/2, ‘

In some cases, different parts of the experimental curve to be approximated
by the model R may have different benefits from the analytical point of
view. Then the weighted mean error of the absolute model E = Z;w;|R;(exp)
— R;(calc)|/Z;w;, can be applied instead of Eqn. 10. Figure 3 shows E vs. ¢*
curves which correspond to the hyperbolic and logarithmic functions é: w; =
1/tan o; (reciprocal slope of curve (a) in Fig. 1 at point {). It can be seen that
the above hints for selection of parameter c* are also useful in this case.
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Fig. 4. Dependence of the model error (E) on parameter ¢* in functions 4—8 (as indicated
on the curves) which were applied in the second-degree models that approximate curves
(a) and (b) in Fig. 1: (A) R,,; (B) R,;. For cf, ¢k and c¥,, see text, The model errors are
7.08 and 2.22 when the linear function 3 is applied in models }?m and R,;, respectively.
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The economy of the approach based on experimental designs should be
emphasized; the models considered above were formulated on the basis of
only two or three experimental points. The calculation of regression coeffi-
cients in the models and the error analysis are simple. These advantages are
important, especially when several factors (sample components) have to be
taken into account, e.g., when multicomponent systems are considered or
multidimensional calibration graphs are prepared [1—3, 5, 6].

The investigations were supported financially within the scope of project
M.R.1.32.
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A COMPUTER-CONTROLLED LABORATORY FRACTIONAL
DISTILLATION COLUMN
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Summary. A microcomputer (Commodore PET 8032) is used to control a batch mode
fractional distillation apparatus, designed for small-scale separations. The column-jacket
temperatures, boil-up rate, and reflux ratio are controlled to achieve optimum separa-
tion on a 30 theoretical plate column. The system is designed to minimise manual inter-
vention.

Fractional distillation is possibly the most important method for separat-
ing liquid mixtures, and large-scale fractional distillation is widely used in
the chemical industry. There are two distinct methods of performing frac-
tional distillation [1, 2]. In the continuous process, the liquid mixture is
continually introduced into the column and the more volatile component(s)
move upwards while the less volatile component(s) move downwards. In
batch distillation, the mixture to be fractionated is in a still pot and each
component in turn is removed from the head of the column. Continuous
distillation is in many ways the simpler of these methods and is widely used
industrially. In the laboratory, where small quantities are being distilled,
and where the column will probably be used for many different liquid mix-
tures, the batch method is invariably used. This paper is concerned with
such a batch distillation column.

Reports of computer-controlled distillation (see, e.g. [3—5]) concentrate
on chemical engineering and large-scale applications. On a laboratory scale,
with volumes of feedstock in the 25—100 cm?® range, fractional distillation
is not popular, as it is difficult to set up the correct conditions for the
fractionation column to operate at a high theoretical-plate efficiency. Three
problems arise: (1) it is difficult to control the boil-up rate so that the
fractionating column does not flood, and so that the reflux return rate is
satisfactory; (2) it is difficult to control the temperature of the heating
jacket surrounding the fractionation column so that local boiling or local
condensation does not occur, with catastrophic loss of fractionation effi-
ciency; (3) distillation is a slow process and requires continuous attention.
All of these problems can be overcome if the column is monitored and
controlled by a microcomputer. Here, a Commodore 8032 microcomputer

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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is used to adjust the boiling rate, the temperatures of the column jacket,
and the reflux/take-off ratio for optimum separations over a wide range
of temperatures. As well as acting as a controller, the computer also monitors
the distillation process and displays a schematic diagram of the distillation
apparatus showing the temperatures at the still pot and the condenser.

Equipment and control

Apparatus. A schematic diagram is shown in Fig. 1. The still pot is typically
a 250-cm® three-necked round-bottomed flask. (Extra necks are needed if
still-pot sampling is required.) One side-neck is connected to a pressure
transducer (SE 21/V range 5D), the centre neck is connected to the frac-
tionation column, and the third neck allows filling and emptying and is also
fitted with a temperature sensor to measure the still-pot temperature. The
still-pot heater is a 250-W infrared lamp fitted under the pot. This has a very
low thermal capacity and allows rapid adjustments in heating rates to be
made. The fractionation column is a 1 m X 10 mm i.d. glass tube packed
with either 1/16 in. Dixon gauzes or 6-mm diameter glass rings. It is sur-
rounded by a semiconductor glass heating jacket (2.7 cm diameter). The
temperature difference between the fractionation column and the heating
jacket is monitored by a 15-junction copper/constantan thermopile (Fig. 2).

An automatic vapour-dividing fractionating head is used. The design
(Fig. 1) is similar to model FC21C (J. Bibby Science Products). The solenoid
which lifts the vapour splitter is controlled from the computer.
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Fig. 1. Schematic diagram of distillation column (A) and column head (B).
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Fig. 2. 15-Junction copper/constantan thermocouple.

Electronics. A block diagram of the electronic circuitry is shown in Fig. 3.
The outputs from the various sensors are amplified and passed to an analog/
digital converter (ADC). The digital outputs from the ADC’s are sent to a
series of parallel-in/serial-out shift registers. The outputs from these registers
are transmitted in serial form via the CB2 line of the user port of the com-
puter, with the CB1 line supplying the sets of clock pulses required [6, 7].
Similarly, computer output data in serial form is sent on the CB2 line to a
series of serial-in/parallel-out shift registers. The user port lines PAO—PA"7
are used to control the loading and unloading of these shift registers. The
parallel outputs are used to drive digital/analog converters (DAC), and the
outputs from these are used to control the column heaters, still-pot heater,
etc. To ensure satisfactory control of the still-pot heater and column heaters,
the output power must be proportional to the output voltage of the con-
trolling DAC’s. This is done by using zero-voltage switches (see sheet 2129,
RS Components, Corby, Northants.) which can be used in a proportional
control mode. A duty cycle, which can vary from 0.1 s to 100 s according
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Fig. 3. Block diagram of the electronic circuitry: ADC, analog-digital converter; DAC =
digital-analog converter; PISO, parallel-in/serial-out register; SIPO, serial-in/parallel-out
register; PC, proportional power controller; DI, spare digital inputs; DO, spare digital
putputs.
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to the size of a capacitor, is established. During this duty cycle, the mains
power is switched off for the first T half-cycles of the a.c. mains; then the
power is switched on for the remainder of the cycle. The value of T is set
by the size of an analog voltage applied to the zero voltage switch. A duty
cycle of about 1 s was chosen. In 1 s the a.c. power is instantaneously at
0 V 100 times. This means the output power can be set anywhere between
0 half-cycle on and 100 half-cycles off to 100 half-cycles on and O half-
cycle off, giving a resolution of 1 in 100. To use the 1 in 255 resolution avail-
able in an 8-bit DAC would require a duty cycle of 255 half-cycles (i.e.,
2.55 s). This proportional control also provided a convenient way of con-
trolling the take-off ratio by switching the column-head solenoid on and off
for appropriate fractions of a 5-s duty cycle.

Control loops. In this distillation there are three control loops. One uses
still-pot pressure as a sensor and controls the still-pot heater. The other two
loops sense the temperature difference between the fractionation column
and the heating jacket and control the bottom and top jacket heaters. For a
control loop, the output is adjusted to produce a minimum value of the
difference, E, between the sensor reading and a previously established set
point. The output O is best determined by using the three-term or PID
control equation:

O(new) = O(old) + PE +1fEdt + D dE/d¢

The constants P, I, and D refer to the proportional, integral and derivative
terms in the three-term control [8]. Standard methods are available for
setting the optimum values for these three constants [8].

Programming. As far as possible the computer is controlled by BASIC
programs. However certain operations, principally the input of serial data,
updating the display and scanning the keyboard, must be done quickly
and machine-code programs are required. A flow chart for the operational
cycle is shown in Fig. 4.

Operation. The operation of the distillation is done automatically as far
as possible. For any mixture of components in the still pot, the first action
of the computer program is thoroughly to wet the column packing by a
rapid boil-up. The still-pot heater is switched to full and rapid boiling is con-
tinued until the temperature sensor at the top of the column shows that hot
liguid has reached that point. The still-pot heater is then switched off, and
then set for control by the pressure sensor. Boil-up rate is controlled by the
heater according to the pressure in the still pot. The still-pot heater auto-
matically adjusts its power so that the column pressure corresponds to that
for ideal reflux. The whole apparatus is then allowed to equilibrate under
total reflux until the temperature at the top of the column has been constant
for a suitable period (0.5—2 h). During take-off, the reflux ratio is set to 10
and the fraction is collected until the column-head temperature has risen
by a suitable amount (about 1°C). Take-off is then stopped and the operator
is requested to change the sampling vessel. (Automatic changing of the
collector would be possible, but was not investigated.)
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Fig. 4. Simplified flow-chart of operational cycle.

Testing

The system was tested by determination of the number of theoretical
plates in the distillation column by the usual method [9]. Two solvent
mixtures were used: methylcyclohexane/toluene (boiling range 101—111°C)
and chlorobenzene/ethylbenzene (boiling range 132—136°C). The pot and
head liquids were examined by gas-liquid chromatography. The column
with Dixon gauzes (see above) was shown to have 28 theoretical plates,
which is roughly that expected for such a column [1]. The column with
glass rings was shown to have 9 theoretical plates. This is in line with the
known relative merits of Dixon gauzes and glass rings. The column with
glass ring packing was impossible to control by manual adjustment of the
heaters, but computer control was so successful that its plate value could
be measured readily.
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HYDROLYTIC POTENTIOMETRIC TITRATION OF SULPHATE
WITH APPLICATION IN THE ANALYSIS OF WATERS
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Maribor, Smetanova ul. 17, P.O. Box 24, YU-62000, Maribor (Yugoslavia)

(Received 12th April 1985)

Summary. Sulphate is precipitated with barium ion, and excess of barium is precipitated
with chromate, excess of which immediately hydrolyses at the end-point to give a sharp
jump in pH, measured with a glass electrode. A 1:1 methanol/water medium is optimal.
Application to waters requires pretreatment with a cation-exchange resin. River, potable
and mineral waters containing 20—2000 mg I sulphate were analysed accurately with
relative standard deviations of 1—2%.

Potentiometric titrations of barium and lead ions with solutions of sodium
oxalate and potassium chromate have been reported recently {1, 2]. The
general principle of these titrations can be adapted for determining sulphate.
Sulphate is precipitated from 1 + 1 water/methanol solution with excess of
barium chloride solution, and the excess is titrated with a standard solution
of potassium chromate. The initial pH of the solution is 4.0. During the
titration, barium chromate precipitates but the pH of the solution is
ordinarily unchanged. After the end-point, the excess of chromate
hydrolyses: CrO3~ + H,0 = HCrO; + OH". This causes a steep rise in the
pH, which can be detected with a glass electrode. The procedure is applicable
to samples of mineral, river and drinking waters, after treatment with a
cation exchanger.

Experimental

Apparatus and reagents. A digital pH meter (Orion Research; model 701)
was used with glass (model 91-01-00) and reference (model 90-01) elec-
trodes. All reagents used were of analytical grade. Solutions of potassium
chromate were standardized iodimetrically with sodium thiosulphate, and
solutions of barium chloride conductometrically against the chromate
solution.

General procedure. The sulphate solution (about 50 ml) in water was
heated to boiling with an excess of barium chloride. The cooled solution
was diluted with the organic solvent to about 100 ml, the pH was adjusted
to the required value, and the excess of barium ions was titrated with a
standard potassium chromate solution. The titrant was added at 0.4 ml min™
from a 10-ml burette (graduated at 0.01 ml intervals). Magnetic stirring
was used.

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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Determination of sulphate in drinking and river waters. The sample of
drinking or river water was passed through a column (10 mm diameter,
20 cm high) of Amberlite-120 cation exchanger (H*-form) at a speed of 3—4
drops/min. The first 50 ml of effluent was discarded. From the subsequent
effluent, 50 ml was transferred to a beaker, heated to boiling, and acidified
with 0.1 M hydrochloric acid. Sulphate was precipitated from the hot solu-
tion with 5.00 ml of 0.02 M barium chloride. Then 50.00 ml of methanol
was added to the cooled solution and the pH was adjusted to 4.0 with 0.1 M
hydrochloric acid or sodium hydroxide. The titration was then done, as
described above with standard 0.02 M potassium chromate. A blank solution
was prepared and titrated in the same way. Calculations were done in the
classical manner.

Determination of high contents of sulphate in mineral water. First,
carbon dioxide was expelled from the sample by addition of hydrochloric
acid. Then 50 ml of sample was evaporated to dryness on a water or sand
bath. The residue was dissolved in 3 ml of twice-distilled water and 1 ml of
(1 + 3) hydrochloric acid. The solution was filtered through fine filter
paper, transferred to a 100-ml volumetric flask and diluted to the mark with
distilled water. A 50-m! aliquot of this solution was treated with 10 ml of
0.1 M barium chloride, followed by addition of methanol and adjustment to
pH 4.0, all as described above. The solution was titrated with 0.1 M potas-
sium chromate. A blank solution was treated in the same way.

For the determination of sulphate in drinking and river waters, titration
of the surplus barium with EDTA [3] was used for comparison. For the
determination of high contents of sulphate in mineral water, gravimetry as
barium sulphate [4] served for comparison.

Results and discussion

The effects of addition of methanol, acetone and dioxane and the effects
of pH, titration speed and diverse ions on the precision of end-point detec-
tion were investigated. The effects of methanol, acetone and pH on the
titration are shown in Table 1; the 1:1 methanol/water medium with adjust-
ment to pH 4.0 is obviously preferable. When 1,4-dioxane was used, there
was no pH jump at the end-point; in the other media, there was a very sharp
increase in pH at the end-point, which was evaluated from the intersection
of the tangents to the two arms of the curves, as in amperometric titrations.
When the methanol/water ratio in the medium was increased from 3:7 to
7:3, the error caused was within 3% (absolute). For precise graphical indica-
tion of end-points, the change in slope of the titration curves between the
precipitation phase and the hydrolysis phase is important. As the initial pH
of the solution titrated increased, the sharpness of the change in slope
deteriorated. The maximal change was found in methanolic solutions. On
the basis of the results obtained with pure sulphate solutions, the conditions
recommended for the titration are a 1:1 water/methanol medium and an
initial pH of 4.0.
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TABLE 1

The effects of the organic solvent and of the initial pH of the sulphate solution titrated®

Titration pH Sulphate Recovery
medium found® (mg) (%)
1:1 Methanol/water 3.0 37.41 82.1
4.0 45.58 100.1
5.0 46.34 101.7
1:1 Acetone/water 3.0 37.91 83.2
4.0 46.24 101.5
5.0 45.62 101.1
Water 3.0 40.96 89.9
4.0 49.32 108.3
5.0 49.06 107.7

345,56 mg of sulphate titrated with 0.1 M chromate. ®Mean of 3 runs.

The influence of calcium, nitrate, chloride and orthophosphate ions in
the titration of 19.5 mg (0.02 mol) I'' sulphate was investigated under the
optimal conditions. For calcium/sulphate mole ratios > 1, the results for
sulphate were low, thus the use of a cation-exchange resin is recommended.
At phosphate/sulphate ratios > 0.1, the titration curves were deformed.
Nitrate and chloride at mole ratios upto 40 did not affect the titration of
sulphate, nor did carbonate pH 4.0.

The results listed in Table 2 show that the proposed method gives good
precision and accuracy for a range of waters.

This work was presented at Euroanalysis V, August, 1984, Cracow, Poland.

TABLE 2

Results for sulphate in different types of water

Sample No. of Sulphate content (mg1")
detns. Proposed method? EDTA titration

River water 1 6 26.0+ 2.2 25.4
River water 2 6 23.7+ 1.9 23.1
River water 3 6 37.0+ 1.7 36.5
Drinking water 1 10 346+ 1.9 34.4
Drinking water 2 10 30.6 + 1.8 30.5
Mineral water (Donat) 9 2046.4 + 0.6 2055.6

8Mean with relative standard deviation.
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CONTINUOUS DETERMINATION OF HYDROGEN FLUORIDE IN AIR
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Summary. Hydrogen fluoride in a standard or sample gas stream at 200 ml min™ per-
meates through a teflon membrane (0.8 um pore size, 0.08 mm thick) into an absorption
solution (citrate/acetate buffer at pH 5.4) flowing at 30 ml min™. The fluoride produced
is- measured with the fluoride-selective electrode. The response time is about 12 min.
The absorption efficiency of hydrogen fluoride is about 70% between 6.5 and 0.25 ppm
by volume (5.2 and 0.2 mg m™). In this range, the Nernst equation is valid with a relative
standard deviation of less than 1.8%. The lower determination limit for hydrogen
fluoride is 0.1 ppm (0.08 mg m™3),

In aluminium refining, glass manufacturing and phosphoric acid plants,
a lot of hydrogen fluoride is produced as waste. Gaseous hydrogen fluoride
is not only harmful to health but also destructive to all materials; the
Japanese threshold limit value (time-weighted average) for hydrogen fluoride
in working environments is defined as 2.5 ppm (2 mg m™).

Spectrophotometric and ion-selective potentiometric methods are recom-
mended [1] for the determination of hydrogen fluoride in air. The spec-
trophotometric procedure is based on the conventional reaction of fluoride
with eriochrome cyanine R and zirconium in hydrochloric acid. Both
methods require the sampling of large volumes of air sample; the recom-
mended sampling time is about 3 h [1]. For poisonous gases in work areas,
continuous monitoring based on methods with high sensitivity and selec-
tivity is obviously preferable. The fluoride-selective electrode [2] has very
high selectivity for fluoride, and can be considered as providing the best
method for the continuous determination [3, 4] of hydrogen fluoride in
air [5, 6].

In this study, a membrane permeable to hydrogen fluoride and an absorp-
tion solution are used in the continuous determination of hydrogen fluoride
with the fluoride-selective electrode.

Experimental
Reagents and equipment. The absorption solution for hydrogen fluoride
was prepared by dissolving 4.2 g of trisodium citrate dihydrate in 11 of water

0003-2670/85/$03.30 ® 1985 Elsevier Science Publishers B.V.
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containing 1.1 ml of acetic acid; the pH of this solution was ca. 5.4. Fluoride
standard solutions were prepared by dissolving sodium fluoride, dried for 1 h
at 130°C, in the absorption solution. Standard concentrations of hydrogen
fluoride (0.1—6.5 ppm) were prepared by using a permeation tube (PD-1B;
Gastec Co.; 14, Fig. 1), controlling both the flow rate of nitrogen dilution
gas and the temperature of the permeation tube which had an effective
length of 5 em (Gastec Co.). Fluoropore microporous polytetrafluoro-
ethylene (PTFE) membranes (Sumitomo Denko Co.) were used; the pore
sizes examined were 0.22, 0.80, 5.0 and 10.0 um, and the thickness was in
the region of 0.06—0.1 mm. The effective surface of the membranes was
38 mm long by 4 mm wide in the filter holder, though the circles were of
47-mm diameter. The fluoride-selective electrode (Denki Kagaku Keiki Co.;
Model 7200-IP) was used in combination with a saturated calomel reference
electrode. A peristaltic pump (SJ-1211; Atto Co.) was used to pump the
absorption solution into the filter holder.

Flow system and membrane filter holder. A schematic diagram of the
flow system and the membrane filter holder is shown in Fig. 1. The hydrogen
fluoride standard gas mixture prepared with the permeation tube was split
in permeation tube 14, one stream being passed into the membrane filter
holder and the other being discharged via an absorption tube to remove the
hydrogen fluoride waste. The gas containing hydrogen fluoride was intro-
duced into the bottom groove of the filter holder at a constant flow rate of
200 ml min™'. Hydrogen fluoride in the sample gas permeated through the
membrane filter into the absorption solution, which was pumped through
the top groove of the filter holder at 30 ml h™'. The directions of both
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Fig. 1. Schematic diagram of flow system and membrane filter holder: (1) recorder; (2)
voltmeter; (3) SCE; (4) working electrode; (5) liquid waste; (6) gas waste; (7) flow
meter; (8) absorption tube; (9) top view of filter holder; (10) side view of filter holder;
(11) membrane filter; (12) peristaltic pump; (13) absorption solution; (14) permeation
tube; (15 and 18) nitrogen; (16) four-way cock; (17) gas waste via absorption tube.

Fig. 2. Effect of flow rate of absorption solution on responsge time and efficiency for
0.92 ppm hydrogen fluoride. Conditions: sample gas flow rate 200 ml min™; membrane
pore size 0.80 um.
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flows were the same. The absorption solution containing the fluoride
produced then passed to the fluoride-selective electrode and discharged via
the SCE. Potentials were measured at room temperature with the voltmeter
and recorded. All gas tubing was made of teflon. The membrane filter
holder was specially constructed from acrylic resin (Denki Kagaku Keiki
Co., Tokyo). The filter holder was made in two parts which were screwed
together tightly to hold the circular (47-mm diameter) filter. The groove for
the sample gas section was 38 cm long, 4 mm wide and 3 mm deep; the
groove for the absorption solution was 38 mm long, 4 mm wide and 0.3 mm
deep. At the sample gas flow rate of 200 ml min™?, the mean residence time
of the gas in the holder was about 0.14 s. When the absorption solution flow
rate was 30 ml h™!, the mean residence time of the solution in the holder was
about 5.5 s.

Results and discussion

Relation of solution flow rate to absorption efficiency and response time.
The absorption efficiencies for hydrogen fluoride in the flow stream were
calculated from the values obtained from both standard hydrogen fluoride
gases and standard sodium fluoride solutions at flow rates of 5—50 ml h™
for the absorption solution (Fig. 2). The absorption efficiency increased with
increasing flow rates from 6 to 30 ml h™', probably because the absorption
efficiency into fresh absorption solution was larger than that with an absorp-
tion solution already containing some fluoride. Figure 2 also shows the
relation of flow rate to response time, defined as the time required for the
electrode potential to come within 1 mV of its steady-state value. Both the
response and the response time decreased with the increasing flow rate of
the absorption solution. The selected flow rate of absorption solution
(30 ml h™) is a compromise between these effects.

The relation of flow rate of sample gas to the absorption efficiency and
to the response time. Although the absorption efficiency decreased with
increasing flow rate of the sample gas (Fig. 3), the response increased and the
response time also slightly increased. Because it is difficult to control a high
flow rate of sample gas in practice, a flow rate of 200 ml min~! was chosen
as the optimal flow rate.

Effect of pore size of membrane filter. The system is based on a non-
equilibrium process across the membrane and it is important to transfer as
much gas as possible from the gas stream during its brief residence time in
the filter holder. Four gas-permeable filters with different pore sizes were
tested. Table 1 shows the relation between membrane features and response;
the responses obtained agree with each other within experimental error. The
response time increased with increasing thickness of the membranes but
was virtually unaffected by the pore size. A pore size of 0.8 um was chosen
because gaseous fluoride is defined as the substance which can permeate
through 0.8-um pore size filters [1]. The lifetime of the membrane was at
least 3 months.
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Fig. 3. Effect of flow rate of sample gas on response time and efficiency for 0.92 ppm
hydrogen fluoride. Conditions: absorption solution flow rate 30 ml h'; membrane pore
size 0.80 pm,

Fig. 4. Response/time characteristics for different concentrations of hydrogen fluoride:

(1) 0.7; (2) 2.0; (3) 6.5 ppm. Flow rate of sample gas 200 ml min™, flow rate of absorp-
tion solution 30 ml h™; pore size of membrane filter 0.80 um.

TABLE 1

Relation between membrane features and response to 1.00 ppm hydrogen fluoride?

Pore size Porosity® Thickness Response time Response vs. SCE
(um) (%) (mm) (min) (mV)

0.22 65 0.06 10 43.2

0.80 82 0.08 12 42.4

5.00 82 0.10 15 43.0
10.0 84 0.10 15 42.2

2Gas flow rate 200 ml min™; solution flow rate 30 ml h™. PPorosity means the percen-
tage area occupied by the pores.

Response/time characteristics and calibration curve. The response/time
characteristics for three concentrations of hydrogen fluoride obtained under
the recommended conditions are shown in Fig. 4. The samples containing
hydrogen fluoride were introduced in place of nitrogen alone at times of 0,
20 and 40 min, the pure nitrogen being re-introduced at times of 15, 35 and
55 min.

The calibration graph showed an almost Nernstian response in the range
0.23—6.5 ppm; the relative standard deviation at 1.0 ppm was less than 1.8%
(n = 10). The plot curved in the usual way below 0.2 ppm, and the lower
detection limit was 0.1 ppm hydrogen fluoride.

Influence of carbon dioxide. Hydroxide is the only serious interference
with the fluoride-selective electrode. The selectivity coefficient is 0.1 [7].
The pH of the absorption solution is 5.4, thus there is no problem provided
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that the gas sample does not contain much alkaline substance. The concen-
tration of carbon dioxide in air is 325 ppm, thus sodium hydrogencarbonate
was added to a sodium fluoride standard solution in the molar ratio 650:1.
The concentration of fluoride examined corresponded to 0.5 ppm hydrogen
fluoride in the gas sample. The response to this mixed solution was 1.7 mV
larger than that of the sodium fluoride solution alone, the difference corres-
ponding to a 6.8% error in concentration. For monitoring purposes, this
error would not be critical at low concentrations.

The authors are indebted to Mr. Y. Asano of Denki Kagaku Keiki Co. for
making the membrane filter holder.
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Summary. Ampholytic surfactants of the betaine type are titrated directly with sodium
tetraphenylborate in acidic medium, in which they become cationic forms. Generally,
ampholytic surfactants and cationic surfactants that contain hydrophilic groups can be
determined by precipitation with sodium tetraphenylborate, the excess of which is
back-titrated with thallium(I) nitrate. An aluminium wire electrode coated with a
plasticized PVC membrane is used for end-point indication. Characteristic data are given
for determinations of nine surfactants and applications to textiles are outlined.

Quaternary ammonium ions and cationic surfactants are readily deter-
mined by ion-pair titrations [1]. Such cations containing one or more long-
chain alkyls are usually of such hydrophobic character that the solubility of
their salts depends on the properties of the corresponding anion only. The
tetraphenylborates of these cations are sufficiently insoluble in water and are
easily extractable into organic solvents (membrane liquids). Direct titrations
of the cationic surfactants with sodium tetraphenylborate can be monitored
with simple potentiometric sensors of the coated-wire type, however, only if
organic cations do not contain further hydrophilic groups [2].

Ampholytic surfactants form bipolar ions which may be cationic or
anionic, depending on the pH value. Traditional two-phase titrations such as
are used in determinations of cationic and anionic surfactants, are not suit-
able for ampholytic surfactants [3]. Potentiometric titrations of such
materials seem not to have been reported earlier, but are easily achieved
by using simple ion-selective plastic-membrane electrodes.

Experimental

Solutions and samples. Sodium tetraphenylborate (NaTPB) solution
(ca. 102 M) was prepared by dissolving about 1.71 g of the substance
(VEB Jenapharm Laborchemie, Apolda) in water, adjusting with sodium
hydroxide to pH 9, and diluting to 500 ml with water. Solutions were
standardized potentiometrically against standard 10 M thallium(I) nitrate,
which was prepared by dissolving 1.3319 g of the recrystallized salt to
500 ml of water.

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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TABLE 1

List of compounds investigated

Sample Commercial Formula Molecular
hame mass
CH3z
+
I F]avol BMK R—N——CHZCOO— B R=C|2_|4(olkyl) 271
CH3z
CHoCO0™
I Empigen CDR 30 R__(!:I +N—CH2CH20H 353
N CH
\C/ 2 ;R=C|2_|4(olkyl)
Ho
CH3
+
CipHog CONHCH,CHy — N— -
II  Tego-BetainLy  _12"125CONHCHaCH —=N——CH,CO0 342.5
CH3
CHz
+ -
v Reaktocel BA  CeHs——CHz——N—CHpCHCHz —C1+ 4 5042 276.8
CHz  OH
CH
XcH -
CH2—CH—CH2—+N/ | cl
/ \\ _N—CHp—CH-——CHjp
\Y Reaktocel GL2 0 CH o 216.7
CHz
+ -
CHo— CH—CHp —N——CH» +CI
0
VI Levogen RS CHap CHy 193.7
CHz0
CH3z
+ _
VI Glytac A100 Cha——CH—CHp—N—CHg3 - Cl 151.6
o I
CHz
CHa
CHp——CH—CHy —=N—=CH cI-
VIII Verolan KAF I 2 2 3 188.1
cl OH CH3
IX Dextrosil KA As compound VIII 188.1

2During preparation of the manuscript, the compound was introduced into industrial use

under the name Apreton BA.
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The samples were ampholytic surfactants of the betaine type or cationic
compounds containing quaternary nitrogen and either a chlorohydrin
configuration or an oxirane ring (Table 1). The samples were dissolved in
water to obtain approximately 102 M solutions. Only the sample of Tego-
Betain L7 (III) was analyzed on both 5 X 102 M and 1 X 107 M levels.

Equipment. For the titrations, a digital pH meter OP-208 (Radelkis,
Budapest) was used with a 10-ml burette, or an automatic titrator was used;
the latter comprised a universal meter M110, pH meter M120, titration
attachment M121, and syringe burette M122 (all Mikrotechna, Prague)
connected with an x-y recorder (LP-4103; Laboratorni p¥istroje, Prague).
The indicator electrodes were prepared as described earlier {4, 5] by coating
an aluminium conductor with a membrane from a solution of poly(vinyl
chloride) (0.085 g) and plasticizer (0.2 ml) in tetrahydrofuran (3 ml); the
plasticizers used here were 2,4-dinitrophenyl n-octyl ether (electrode 181A)
and 2-ethylhexyl 4-hydroxybenzoate (electrode 479A). A double-junction
calomel electrode (RCE-102; Monokrystaly, Turnov) filled with 1072 M
sodium nitrate was used as reference.

General procedures. For direct titrations, the sample (5 mlof about 107 M
solution) was measured into a 100-m1] beaker, acidified with 1% hydrochloric
acid (1 ml), diluted with water to about 50 ml, and titrated with 102 M
NaTPB, the titration being monitored with the electrode specified below.

For indirect titrations, the sample (5 ml of ca. 107> M solution) and 10> M
NaTPB (10 ml) were mixed and then left for about 5 min. The precipitate
was separated on a fritted disk (S3 or S4) under suction and the filter cake
was carefully washed with the minimal volume of water. The filtrate was
transferred quantitatively to a suitable beaker and titrated potentio-
metrically with standard 10 M thallium(I) nitrate.

Results and discussion

Direct titrations. Ampholytic surfactants I and II (see Table 1) can be
titrated directly with sodium tetraphenylborate (NaTPB) in acidic solutions,
in which they are cationic; the 181A electrode is best. Sample III can be
titrated directly but it is better to use a more concentrated titrant. Some
results, and information on the size and steepness of the potential jump at
the end-point, are given in Table 2. It should be noted that direct titrations
of these compounds by a cationic titrant in alkaline medium were unsuccess-
ful because the compounds cannot be converted to simple anions. Of the
other cationic compounds, only sample V could be titrated directly when
the 181A coated-wire electrode was used, but the overall potential break and
its steepness near the end-point were poor. These observations confirmed
earlier experiments with compound IX (3-chloro-2-hydroxypropyltrimethyl-
ammonium chloride); the cation was precipitated with tetraphenylborate
but the titration with NaTPB could not be followed potentiometrically
because of the hydroxy group in the quaternary salt [2].

Direct titrations of samples IV and V could also be followed with the
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TABLE 2

Determination of compounds directly titratable with NaTPB

Sample Indicator Titration curve Content (%)
electrode Overall Steepness Declared Found?
potential near
change end-point
(mV) (mV/0.1 ml)
I  Flavol BMK 181A 290—350 30—40 20—30? 20.0 = 0.3(3)
I EmpigenCDR 30 181A 215—250 15—24 20—307 18.2 + 1.5(2)
IIT Tego-BetainL7 181A 230—240 6—8 30 29.5 + 3.3(3)
235—250°  8—10 30 30.5 + 2.3(3)
\% Reaktocel GL 181A 130—160 8—10 — 76.6 £ 2.6(3)
479A 85—100 3—4 — 74.2 + 0.4(5)
IV Reaktocel BA 479A 130—140 3—4 - 95.9 + 1.2(4)

2Given as a reliability interval ¥ + u,R for the significance level « = 0.05; % is the arith-
metic mean, R the range, u, the critical value for the number of replicates given in
parentheses. bPTitrated with ca. 5 x 102 M NaTPB; other data are given for titrations
with ca. 1 X 102 M NaTPB.

479A electrode, which had a more hydrophilic membrane plasticizer, but the
titration curves were not improved (Table 2) and Gran plots were needed to
provide reliable evaluation of the end-points.

Indirect determinations. For the determination of samples IV—IX, back-
titration was much more convenient. The sample solution was mixed with
excess of NaTPB, which was then back-titrated with standard thallium(I)
nitrate solution after removal of the precipitate by filtration. The corres-
ponding potential breaks of ca. 300 mV were steep (ca. 50 mV/0.1 ml).
The indirect procedure was suitable for samples V—IX in Table 1. The
tetraphenylborate of sample IV was difficult to filter, but back-titration
could be done without separating the precipitate (Table 3). When this
procedure was used for the other samples, the consumption of thallium(I)
corresponded to the total addition of NaTPB, indicating that TPB in the
precipitates was also titrated.

Applications. Preparations IV—VIII have found use in the textile industry
in order to increase the affinity of textiles to acidic dyestuffs. In strongly
alkaline medium, the chlorohydrin group of compounds IV and VIII forms
an oxirane ring which can attack the cellulose hydroxyl groups to create a
stable chemical bond; compounds V—VII contain the oxirane group already.
The cationic cellulose can then form ion-pairs not only with acidic dyestuffs,
but also with other bulky organic anions including tetraphenylborate.

In the procedure developed, a weighed amount of cotton material (1—2 g)
in a 100-ml Erlenmeyer flask was soaked in 20—40 ml! of 102 M NaTPB
solution. The flask was stoppered and shaken strongly for about 5 min. The
mixture was then filtered on a dry, clean glass frit, which retained the
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TABLE 3

Indirect determinations of the textile cationic preparations

Sample Found?
\Y% Reaktocel GL 75.6 £ 1.2(6)
V1 Levogen RS 84.6 + 0.5(4)
VII Glytac A100 80.3 + 0.5(3)
VIII Verolan KAF 90.2 + 0.0(3)
IX Dextrosil KA 42.1 + 0.2(4)
v Reaktocel BAP 95.1 + 0.5(3)

28ee footnote (a) in Table 2. P Titrated without separation of the precipitate; the separa-
tion is difficult and results were then significantly lower, 89.3 + 1.3% (for comparison,
see data for IV in Table 2).

cotton fibres. A portion (5—8 ml) of the filtrate was diluted to about 50 ml
with water and titrated with 10 M thallium(I) nitrate, the 181A electrode
serving for end-point detection. This procedure, tested on samples of cotton
skeins and fabrics, provided results which could readily be correlated with
the concentrations of the cationic compound in the treatment bath {6].

The authors are obliged, for the donation of samples, to Dr. M. Morak,
Spolek pro chemickou a hutni vyrobu, Usti n. L. (samples I, II and IX),
Dr. M. Coupkova, VUTP, Prague (III), and Dr. D. Dvorsky, VUZ, Dviir
Kralové n. L. (IV—VIII).
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Summary. The influence of Hyamine-2389 on the polarographic peaks for tin and lead in
hydrochloric acid/oxalic acid electrolytes is described. In 0.5 M hydrochloric acid/0.1 M
oxalic acid containing 0.2% (w/v) Hyamine-2389, the peak potentials for lead and tin
are about 400 mV apart, which allows simultaneous determination of these elements.
Calibration plots are linear up to 5 X 10-* M for tin and 1.3 X 10-* M for lead, with detec-
tion limits of 8.4 X 10-" Mand 2.4 X 10~% M, respectively. Simple methods are proposed for
the determination of tin in solders and canned fruit juices.

The simultaneous determination of tin and lead by polarography or
anodic stripping voltammetry (a.s.v.) is made difficult by the tendency of
tin(IV) to hydrolyze and polymerize [1] as well as by overlapping peaks
[2, 3]. Even when a.c. and other types of polarography are used [4—6],
strongly acidic media are needed and the peak separation of tin and lead
is not very good. The addition of methanol [7, 8] or ammonium iodide [9]
to 1 or 0.5 M hydrochloric acid, respectively, provides a peak separation of
ca. 70 mV in a.c. polarography.

Surface-active agents can change the peak heights and peak potentials
of electroactive species so that these agents can be effective as electro-
chemical masking agents. The influence of surfactants in the polarography
of tin [10], lead and other ions {11] and in a.s.v. of tin and/or lead with
other ions [12—15] has been described. In the present communication, a
study of the polarographic behaviour of tin and lead in presence of the sur-
factant Hyamine-2389 is reported. The peak potentials of these ions are well
separated. The method is applied to the determination of tin in solders and
in canned grape juices.

Experimental

Apparatus. A Metrohm E-626 Polarecord and an E-505 polarographic
stand were used with an EA-1019/2 dropping mercury electrode (DME),
an EA-285 platinum ring auxiliary electrode and an EA-441/5 Ag/AgCl
reference electrode (all from Metrohm). The drop time was 0.5 s, the pulse
amplitude 50 mV, and the scan rate 10 mV s?. A Selecta 382 thermostat
was used. Dissolved oxygen was removed by bubbling nitrogen for 7 min.

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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Chemicals. Solutions of lead were prepared from lead nitrate (Merck).
Tin metal (UCB) was dissolved in 6 M hydrochloric acid and 30% hydrogen
peroxide, the excess of hydrogen peroxide was removed by boiling gently
and the solution was adjusted to 2.5 M in hydrochloric acid. Stock solu-
tions (10%) of Hyamine-2389 [alkyl (Cs—C,s) benzyltrimethylammonium
chloride; Serva] were prepared by dissolution of the commercial product
in distilled water. The remaining chemicals were of analytical-reagent grade
and were used as received.

Procedures. For the determination of tin in solder, weigh accurately 0.1—
0.2 g of the alloy and dissolve in 40 ml of 6 M hydrochloric acid with some
drops of 30% hydrogen peroxide, warming gently to aid dissolution. Boil
gently to remove the excess of peroxide, transfer to a 100-ml standard flask
and dilute to the mark with water. Transfer 1—2 ml of the solution to a
50-m! standard flask, dilute to the mark with 0.5 M hydrochloric acid/
0.1 M oxalic acid containing 0.2% (w/v) Hyamine-2389. Record the
polarogram under the conditions outlined above, at 35°C.

For the determination of tin in canned grape juices, weigh accurately
0.5—1 g of the juice into a 50-ml standard flask. Add 2 ml of concentrated
hydrochloric acid, shake and leave for 5 min. Add 10 ml of 0.5 M oxalic
acid, dilute with water, add 1 ml of 10% (w/v) Hyamine-2389 and dilute to
the mark with water. Record the polarogram as outlined above.

Results and discussion

As shown in Fig. 1, when the concentration of Hyamine-2389 is increased
up to 2 X 1072%, the tin(IV) peak potential remains constant at —430 mV
and the peak height increases slightly. Higher concentrations of Hyamine
(4 X 1072—8 X 107?%) decrease the height of the peak, which may even
disappear, while a second peak appears at a much more negative potential

—
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Fig. 1. Effects of Hyamine-2389 on the peak height (A) and peak potential (B) of 10* M
lead and 10™ M tin in 0.5 M HCI/0.1 M H,C,0, (25°C).
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(—810 mV). For lead, the peak potential (—380 mV) and peak height are
practically unchanged up to ca. 102% Hyamine-2389; more surfactant
causes a small shift of peak potential to —410 mV, and a progressive decrease
in the peak height.

The effect of the hydrochloric acid concentration is shown in Fig. 2. The
peak height of lead increases steeply with increasing concentration of the
acid up to about 1 M, after which it remains almost constant upto 4 M In
contrast, the peak height of tin(IV) remains constant up to about 0.5 M
hydrochloric acid, decreases progressively at higher acidities and disappears
in the 3 M acid. This different behaviour can be explained in an analogous
way to other aquo and complex ions [16, 17];the negatively charged tin(IV)
complex could be repelled by chloride adsorbed on the layer of cationic
surfactant at the mercury electrode, while the positively charged lead is more
easily reduced under the same conditions.

Consequently, Hyamine-2389 may be used in two different ways, as an
electrochemical masking agent and as a means of peak separation. In 3 M
hydrochloric acid/0.1 M oxalic acid, tin(IV) and lead are reduced at almost
the same potential, —0.49 and —0.46 V, respectively. Addition of 0.2%
Hyamine-2389 completely inhibits the electrode reaction of the tin(IV)
complex and only the lead peak is observed on the polarogram. In 0.5 M
hydrochloric acid/0.1 M oxalic acid, the addition of 0.2% Hyamine 2389
allows the simultaneous determination of lead and tin, because the peak
potentials are then —0.41 and —0.81 V, respectively. A typical polarogram
is shown in Fig. 3.
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Fig. 2. Effect of HC] concentration on the peak heights of 10* M lead and 10™* M tin in
0.1 M oxalic acid in the presence of 0.2% Hyamine-2389 (25°C).

Fig. 3. Differential pulse polarogram of 1.93 x 10° M lead and 3.36 X 10 M tin in
0.5 M HC1/0.1 M H,C,0, in the presence of 0.2% Hyamine-2389 (35°C).
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The calibration graph for tin by differential pulse polarography presented
two straight-line portions. The first line corresponds to clear solutions while
the second line corresponds to somewhat turbid samples. This behaviour
may be attributed to the formation of an ion-pair between negatively charged
tin(IV) complexes and the cationic surfactant [18]. Analogously, solutions
of tin(IV) should not be prepared by dissolving tin in hydrochloric/nitric
acid mixtures [19]; some turbidity is produced by interaction between
nitrate and Hyamine-2389. The adsorption of the ion-associates formed
may account for the oscillations which appear at the tin peak. The range of
linearity of the first portion of the graph increased with increasing tem-
perature, with corresponding disappearance of turbidity. The graph was
linear at 25°C for the range 0—3.3 X 10° M and upto 5 X 10™° M at 35°C.
A linear least-squares regression on five points gave the equations I, (nA)=
1.839 X 10°C + 19.1 (r = 0.998) at 25°C and I, (nA) = 2.731 X 10°C +
21.2 (r = 0.999) at 35°C. The temperature coefficient obtained in the range
20—40°C was 2.6%, typical of a diffusion-controlled process. The detec-
tion limit based on twice the magnitude of the observed background current
was 8.4 X 107 M (0.1 mg1).

The calibration graph for the lead was linear over the range of concentra-
tion studied, 0—1.3 X 10 M, with I, (nA) = 5.441 X 10C—2.7 (r =
0.999) at 25°C and I, = 6.211 X 10°C — 3.6 (r = 0.999) at 35°C. The tem-
perature coefficient obtained was 1.45%, which indicates that the electrode
process is also diffusion-controlled. The detection limit was 2.4 X 10 M
(5 ug ™).

Analyses of synthetic samples containing various concentrations of lead
and tin showed that simultaneous determinations were possible for lead/tin
(mg 17') ratios of 20:1 to 1:20, with tin < 7 mg 17!, For higher concentrations
of tin some turbidity appeared, and results were then low. For lead, better
results were always obtained.

Determination of tin in solder. When the method recommended was
applied, antimony in the solder did not interfere because no antimony peaks
were observed in the electrolyte used. Table 1 shows the results obtained.
The precision, estimated from the standard deviations (n = 5) for each
sample was 1.1—3%. The agreement with results obtained by a standard
method or with certified values is satisfactory, the bias being —2.2 to 1.8%.

TABLE 1

Determination of tin in solder

Sample A B C D
Sn present (%) 3.632 4.022 5.09° 10.512
Sn found (%)° 3.45 3.91 5.18 9.97

2ASTM E-46 determination. P Certified value by BCS (177/1) containing 84.5% Pb and
10.4% Sb. “Mean values of three individually weighed samples,
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Determination of tin in canned grape juices. The proposed method was
compared with that reported by Dabeka and Mackenzie [20] which involves
nitric acid digestion and atomic absorption spectrometry (a.a.s.) with a
nitrous oxide/acetylene flame. The results are shown in Table 2. For the
four samples analysed, the difference between the two methods was <5%.
The poorer agreement, compared to the data for tin in solders, may be
attributed to the influence of the organic matrix. The relative standard devia-
tion for five replicate analyses of one sample was 3%. Standard additions of
lead to grape juice showed that the d.p.p. method offers a detection limit
(based on twice the magnitude of the background current) of 0.01 mg 1!
lead in the solution subjected to polarography, which is equivalent to
0.5 mg kg™ in the grape juice. Therefore, the d.p.p. method is also suitable
for detecting contamination by lead beyond the limit (0.5 mg Pb/kg juice)
allowed by Spanish regulations.

TABLE 2

Determination of tin (mg kg™) in canned grape juices

Sample A B C D

Sn found, a.a.s. 73.7 86.0 98.3 110.2
Sn found, d.p.p.2 76.6 88.9 95.3 115.3
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Summary. Measurements of pNa with the glass-membrane ion-selective electrode in
unbuffered agueous solutions require care in the constitution of the measuring cell,
because of variable liquid-junction potentials at the salt bridge. Of the bridge electrolytes
tested, with calomel or silver/silver chloride reference electrodes, 3 M ammonium chloride
in agar-agar gel was most satisfactory. Calibration graphs were of almost theoretical
slope in the range 10°—5 X 10 M sodium ion.

Determinations of the concentration of free sodium ions, in the range of
10°—5 X 10! M, in sodium dodecylsulfate (SDS) solutions without any sup-
porting electrolyte were required. Setting up a suitable electrochemical cell
with a sodium ion-selective electrode and a reference electrode poses prob-
lems under these conditions [1, 2], especially with regard to variable liquid-
junction potentials at the interface between the reference electrode and the
sample solution. A bridge solution is normally used when it is necessary to
prevent contamination of the sample solution by species in the reference
electrode which would alter the composition of the sample or the response
of the electrode. In this communication, it is shown that the composition
of the bridge solution is very important in the application mentioned be-
cause of interferences with the Na’-selective electrode and precipitation of
the surfactant in the junction of the reference electrode.

Experimental

For the pNa measurements, a standard solution of sodium chloride was
added to the cell from a microsyringe. The cell was thermostatted with a
water bath at 25 + 0.2°C. Potentials were measured with a digital pH/milli-
voltmeter (Minisis, Solea-Tacussel). The sodium-selective electrode was
a Corning glass electrode, the membrane of which (NAS 11-18) exhibits high
selectivity for sodium ions in the presence of potassium ions; the apparent
Na'/K* selectivity at pH 7 is about 1000. However, it was necessary to avoid
having potassium ions in the sample solution, because the Na*/K* selectivity
decreases rapidly at pH <7; no buffering agent could be added to the sample

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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solutions under test. The electrode response to sodium is unaffected by pH
(provided that pH — 2 > pNa).

The pNa electrode was used with two common reference electrodes, an
Ag/AgCl electrode (home-made) and a calomel electrode (Solea-Tacussel),
both with saturated potassium chloride solution. A salt bridge was inserted
between the reference system and the sample solution because of possible
interference from potassium ion, especially at the low sodium ion concen-
trations and to prevent precipitation of potassium dodecylsulfate during the
experiments with sodium dodecylsulfate. The reference electrode assemblies
used were

J1

Hg, Hg,Cl, / saturated KCI// bridge solution // sample

J J2
Ag, AgCl / saturated KC1 // bridge solution / / sample

The junction structure at J1 and J2 was a ceramic porous plug in the calomel
electrode and fritted glass in the Ag/AgCl electrode.

The bridge solutions were made from common electrolytes reported in
the literature or recommended by the electrode manufacturers. They were
chosen so that leakage of the solution into the sample would produce
minimum contamination of the sample by interfering ions, and so that there
would be no reaction with the sample to form a precipitate which would
block the junction. Usually, the bridges were prepared with agar-agar gels.
All chemicals were of analytical grade.

Results

The liquid junction potentials in the cell must be independent of the com-
position of the sample solution and must remain constant during the series
of measurements. This is not easily achieved when sample solutions cannot
be buffered. Figure 1 shows the calibration curves obtained with the double-
junction calomel electrode with 0.1 M barium chloride as the bridge solution.
The presence of the same electrolyte in the sample solution is needed to
obtain a good calibration curve (slope, 55 mV/pNa). Without barium chloride
in the sample solution, the liquid junction potential changes slowly as the
sodium ion concentration is increased, leading to a slope (73 mV/pNa)
greater than the theoretical slope for the range 5 X 103—2 X 10 M sodium
ion.

When the pNa measurements must be done in pure water, it is clear that
other electrolytes must be found. Figures 2 and 3 compare the results ob-
tained with various gel bridges used with the calomel and Ag/AgCl elec-
trodes. Ammonium nitrate caused a serious error in the calibration plot
(Fig. 2); at low concentrations, the slope is about 30 mV/pNa whereas at
greater concentrations, it approaches the theoretical value. With lithium
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Fig. 1. Plots of potential vs. pNa with a Na*-selective electrode and a double-junction
calomel electrode as reference. The bridge solution was 0.1 M BaCl,. Initial solutions:
(*) pure water; (o) water + 0.1 M barium chloride.
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Fig. 2. Calibration graphs with a pNa electrode and a double-junction calomel electrode
in pure water without any electrolyte. Bridge solution in agar-agar gel: (%) 1 M ammonium
nitrate; (¢) ammonium chloride.

Fig. 3. Calibration graphs with a pNa electrode and a double-junction silver chloride elec-
trode in pure water without any electrolyte. Bridge solution in agar-agar gel: () 0.1 M
tetrabutylammonium hydrogensulfate/0.1 M tetrabutylammonium hydroxide; (4) 0.1 M
lithium perchlorate; (¢) 3 M ammonium chloride.



234

perchlorate, the calibration plot curves in the low concentration range
(Fig. 3). The tetrabutylammonium hydrogensulfate/tetrabutylammonium
hydroxide buffer (pH ~6) gives a good slope at low sodium ion concen-
trations but the slope is 68 mV/pNa at high sodium ion concentrations. The
best results were obtained with ammonium chloride in the bridge solution
(Figs. 2 and 3); the electrode response is linear over the whole concentration
range studied with a slope (55—56 mV/pNa) close to the theoretical value.

REFERENCES

1 P. L. Bailey, Analysis with Ion-Selective Electrodes, Heyden, London, 1980.
2 W. E. Morf, The Principles of Ion-Selective Electrodes and of Membrane Transport,
Elsevier, Amsterdam, 1981.



Analytica Chimica Acta, 177 (1985) 235—238
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

Short Communication

AN AUTOMATED SYSTEM FOR THE DETERMINATION OF FLUORIDE

WAI LENG CHEK? and R. W. CATTRALL*

Analytical Chemistry Laboratories, Department of Chemistry, La Trobe University,
Melbourne, Victoria 3083 (Australia)

I. C. HAMILTON

Department of Chemistry, Footscray Institute of Technology, Melbourne, Victoria 3011
(Australia)

(Received 19th July 1985)

Summary. A procedure is reported for the automated determination of fluoride by the
method of standard addition. Additions of standard are made via a peristaltic pump and
the amounts of standard added are computed from the change in weight of the standard
in its container on a digital electronic balance.

Ion-selective electrodes have found widespread application in analytical
chemistry but their use, particularly at low concentrations, can be tedious.
A consequence of this is poor accuracy and precision. A major cause is the
relatively slow response of electrodes and the need for subjective judgements
on when the potential hasreached the ‘“‘equilibrium value”. A microcomputer
can tackle such work far better than the analyst because it will monitor elec-
trode potentials continuously for long periods. Thus, in most of our work
with ion-selective electrodes, a microcomputer is interfaced with a milli-
voltmeter. The system described in this communication is based on a South-
west Technical Products Corporation M6800/2 machine and an Orion 801A
digital millivoltmeter; an Apple Ile interfaced with an Orion Model 901
meter has also been used in other work.

Various automated systems for potentiometry have been reported [1—9]
in which both direct and standard addition methods are used. These systems
are an improvement over their manual counterparts in that greater accuracy
and precision are obtained. In all cases, a microcomputer reads the milli-
voltmeter and the computer is used also to control other functions such as
solution delivery via a burette or peristaltic pump. The proposed system dif-
fers from the others in the way in which the amount of solution dispensed
is determined.

2Present address: Environment Protection Authority of Victoria, Melbourne, Victoria
3001, Australia,

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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Experimental

Equipment. A Southwest Technical Products Corporation M6800/2
microcomputer interfaced to an Orion Model 801A Ionanalyzer was used to
monitor the potential. Read-out was to a 43 Teleprinter Basic KSR terminal
(Teletype Corporation). A Sartorius 1264-MP electronic top-loading balance
with a mass range of 0.01—3000 g and a Gilson Minipuls II peristaltic pump
were also interfaced to the computer.

Electrodes. An Orion 94-09 or Radiometer F1052F fluoride electrode
was used in conjunction with a Titron double-junction calomel reference
electrode. The outer junction contained 10% (w/v) ammonium nitrate.

Reagents. Standard fluoride solutions were prepared from a 1000 ug ml!
stock solution of pre-dried sodium fluoride (Ajax Chemicals; analytical-
reagent grade). Acetate buffer (TISAB II) containing CDTA (Aldrich) was
added to all solutions (1:1, v/v) before measurement. All fluoride solutions
were stored and used in polythene containers.

Description of the system. Figure 1 illustrates the apparatus for the
automated determination of fluoride by standard addition. Standard is
delivered to the sample from a vessel standing on the electronic balance. The
computer records the weight loss and calculates the amount of standard
added to the sample. Rice [10] has used an electronic balance for dispensing
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solutions, but only in a manual mode. The delivery tube consists of an
isoversinic tube (3.0 mm i.d.) for the pump which is connected to teflon
tubing, the diameter of which is not crucial but ends in a tip of 0.64 mm
i.d. Care is needed to ensure that the delivery tube is supported clear of the
container so that it does not influence the weight of the standard recorded
on the balance. The outlet of the delivery tube is adjusted such that it just
touches the inner wall of the sample vessel and is high enough not to touch
the sample even after all additions have been made. The hydrophobic nature
of the polythene vessel used for the sample ensures that standard solution
does not cling to the sides and is added quantitatively to the sample solution.
A pumping rate of 0.1 ml s? is used for the standard. Software controls
additions of standard so that the overall potential change is at least 30 mV.

Software. The program flow chart is shown in Fig. 2; a copy of the
program is available on request from the authors. The assumption is made
that the fluoride concentration of the standard before the first addition is at
least a factor of ten higher than that of the sample. This, of course, can be
established by noting the potential of the sample, estimating its concentra-
tion range from previous knowledge of the electrode performance and
choosing the concentration of standard accordingly. Addition of standard is
noted by the computer to have occurred if the potential changes by more
than 5 mV.

The criterion of potential stability can be set by the operator and in the
present work a stable potential is defined as one which does not change by
more than 0.1 mV over a period of 2 min. Solutions are not stirred during
equilibration.

Results

The automated standard addition method was evaluated on one pure
fluoride standard (100.1 ug ml™!) and two samples (F, and F,) from an inter-
laboratory study of fluoride determination conducted by the Environment
Protection Authority (EPA) of Victoria. Four standard additions were made
in each of the five determinations on each sample. The results are shown in
Table 1. The actual values for F;, and F, are those given by the EPA and it

TABLE 1

Automated analysis of fluoride-containing samples

Sample Conen. of standard Fluoride conc. (ug ml™?)
-1
(ug ml™) Actual Found
Pure std. 1000 100.1 100.1 + 4.192
F, 10.0 1.32 1.40 + 0.05
F, 1000 37.7 37.4+ 1,53

2Mean deviation.
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should be noted that these solutions also contained 1.67 uyg ml™? aluminium.
The results demonstrate that the automated system is capable of providing
acceptable accuracy and precision.

We are grateful to the Australian Research Grants Scheme for financial
assistance with this work. This paper was presented at the 8th Australian
Conference on Analytical Chemistry, Melbourne, April, 1985.
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Summary. The preparation of a calcium-selective electrode based on a photo-cured
polymer membrane containing a neutral carrier is described. This electrode is suitable for
use in flow injection analysis because of its fast initial response and the hardness and
mechanical strength of the membrane.

In a recent paper [1], the application of photo-cured polymers in the
preparation of ion-selective electrode membranes was described and the
advantages of this approach over the use of poly(vinyl chloride) as the
membrane matrix material were discussed. The membranes prepared were
calcium-selective and were based on the calcium salt of bis-[4-(1',1",3',3'-
tetramethylbutyl)phenyl] phosphoric acid as the sensor. These membranes
are homogeneous with a low water uptake and most importantly are hard
and mechanically strong. These properties make them very suitable for use
in “on-line” techniques such as flow injection analysis (f.i.a.).

In this communication, the preparation and use in f.i.a. of a calcium-
selective electrode which is based on a neutral carrier ionophore in a photo-
cured polymer membrane with a solid contact are reported.

Experimental

Materials. Ebecryl 600 (epoxyacrylate) and Uvecryl P36 (copolymerisable
benzophenone photoinitiator) were obtained from UCB Chemical Sector
(Belgium), and 1,6-hexanedioldiacrylate from Anchor Chemicals Australia
Pty. The neutral carrier was N,N'-di[(11-ethoxycarbonyl)undecyl] N,N’-
4 5-tetramethyl-3,6-dioxo-octane diamide (ETH 1001; Fluka). Di-n-decyl-
phthalate (Eastman Kodak Co.), 2-nitrophenyl n-octyl ether (Alfa Products)
and sodium tetraphenylborate (May and Baker) were also used in the mem-
brane formulation.

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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Electrode preparation and testing. Ebecryl 600 (39.4% w/w), 1,6-
hexanedioldiacrylate (19.7%), Uvecryl P36 (14.7%), di-n-decyl phthalate
(23.8%), neutral carrier (1.9%) and sodium tetraphenylborate (0.5%) were
mixed in an ultrasonic bath and applied to a platinum disc (7-mm diameter)
fixed to the end of a perspex barrel. The electrode was held vertically in a
nitrogen-filled glass chamber and the membrane was cured, through a poly-
ethylene film window, for 40 min under a high-intensity (150 W) medium-
pressure mercury lamp at a distance of 6—10 cm. After curing, the
membrane was slightly cloudy but hard and very hydrophobic in nature.

The response characteristics of the electrode were tested with an Orion
Model 901 Ionanalyzer, in the differential mode interfaced with an
Apple Ile microcomputer. The reference electrode was a Titron double-
junction calomel electrode with both compartments containing saturated
potassium chloride.

Flow-injection measurements were made in a single-line system with a
short line length (5 cm, 0.5 mm i.d.) to minimize dispersion. A Gilson
(Minipuls II) peristaltic pump was used at a flow rate of 1.5 ml min™ with
a teflon injector (Rheodyne 5020) fitted with a 100-u! sample loop. Samples
were injected manually and measurements were made with the Orion 901
meter connected to a chart recorder. A solid-state chloride electrode (HNU)
was used as reference to eliminate liquid junction effects and the carrier
stream accordingly contained a constant chloride ion concentration (0.15 M
NaCl). The detector and reference electrodes were mounted in a FiAtron
flow cell.

Results and discussion

After conditioning for 10 min in 5 X 10 M calcium chloride, the elec-
trode exhibited logarithmic response to calcium in the activity range 107" —
10" M. The slope, however, was 41.8 mV per decade which is in contrast
to the solid-contact electrode prepared with the phosphate ion-exchanger
which had a slope of 29.9 mV per decade [1]. Such ‘“hyperNernstian”
behaviour is a characteristic which occasionally arises with solid contact
electrodes [2]. It is formally explicable in terms of an influence of the
primary ion on the potential at the interface between the platinum metal
and the ion-selective membrane, but there is no experimental evidence on
this point. Nevertheless, if the slope is reproducible, as it is in this case, the
electrodes can be used with confidence and the advantage of improved
analytical sensitivity is obvious.

The electrode was fast in response and reached 95% of the equilibrium
potential value instantly for concentrations of 10™ M Ca®?* and above.
Equilibrium, defined fairly stringently in this work as the potential that is
stable to within £0.1 mV for 2 min, was achieved in less than 10 min for all
solutions except 10° M (45 min). The response was independent of pH in
the range of pH 4—9.5 for 10° M Ca?* and 2.5—9.5 for 10" M Ca?*, and the
electrode responded in the expected fashion [3] when used in a poten-
tiometric titration of Ca?* with EDTA.
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Fig. 1. Selectivity coefficients: (A) photo-cured membrane with phthalate plasticizer;
(B) photo-cured membrane with nitropheny! octyl ether/phthalate plasticizer; (C) PVC
membrane with nitrophenyl octy! ether plasticizer [4].

Interferences were measured by the mixed-solution technique and the
results are shown in Fig. 1. The Kf °'§ values are compared with those of a
poly(vinyl chloride)-based electrode with the same neutral carrier [4]. It
can be seen that the present electrode is far less selective than the PVC-
based one. This is understandable because the di-n-decylphthalate modifier
in the membrane is of low polarity whereas the PVC membrane contains
the more polar reagent 2-nitrophenyl n-octyl ether; it has been shown [4]
that high selectivity for calcium is associated with the more polar modifier.
Unfortunately, it is impossible to use a reagent containing a nitro group in
the initial membrane mixture because it inhibits the photo-curing process.

This difficulty can be overcome in a very simple way by introducing the
ether into the membrane after curing. This is done by applying two drops to
the membrane surface and allowing it to permeate into the membrane for
30 min. Excess of ether is then removed with a tissue and the electrode is
conditioned in the normal way. The selectivities for the treated electrode are
also shown in Fig. 1 and compare very favourably with the PVC-based elec-
trode. The treated electrode could be used for several days without any
noticeable change in performance. This technique offers a very simple way
of studying the effect of different modifiers on the behaviour of electrodes
of this type, particularly with regard to selectivity.
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The electrode shows considerable promise for use in flow injection
analysis because of its fast initial response and has particular advantages in
flow cells of the “wall-jet” design, such as the FiAtron cell, because of the
hardness and mechanical strength of the membrane.

A calibration run with a 0.15 M sodium chloride carrier stream containing
10® M Ca?* gave logarithmic response in the Ca?* concentration range
10"'—107 M with a slope of 29.9 mV per decade and an analytically useful
range extending to 10° M. The slope found for the electrode used in the
flow-injection mode is lower than that observed in equilibrium measure-
ments. This effect is to be expected when the electrode response time is
comparable with the rise time of the sample peaks arriving at the detector
cell. Even when electrode response is fast, a reduction in slope will result
from the influence of hydrodynamic flow conditions in the cell on the
maximum concentration of analyte reached in the boundary layer at the
electrode surface. The reproducibility (equivalent to an RSD of 0.3% for
1073 M solutions) and fast response of the electrode in f.i.a. are clearly illus-
trated in Fig. 2. It is possible to make 120 injections per hour with this
system,

We are grateful for the financial support provided by the Australian
Research Grants Scheme.
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Fig. 2. Measurements in the range 10#*—5 x 10 M Ca** by {.i.a.
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Summary. A system for the rapid dissolution of sulfide samples from mines, mills and
smelters is described. The samples and an acid mixture are placed in sealed teflon-PFA
vessels, which are then heated in a microwave oven for 3 min. Following the dissolution,
metals of interest (copper and nickel) are quantified by atomic absorption spectrometry.
The system described produces significant savings in time and materials and increased
output and efficiency in comparison with traditional methods; it is also much cleaner.
Results are similar to those obtained with a more conventional dissolution method.

Microwave ovens have been used in chemical laboratories for moisture
determinations [1] and wet-ashing procedures of biological and geological
materials [2—7] for some years. The pressure dissolution of geological
specimens in Parr bombs heated in water baths has also been developed
[8—10]. But it is only very recently that the two techniques have been
combined, and that the rapid heating capability of the microwave oven has
been applied to heat sealed vessels containing the samples for dissolution
in an acid mixture [11].

This communication describes the results of attempts to dissolve a variety
~of mill and smelter sulfide samples by a technique that involves microwave

heating of samples in acid in vessels manufactured from a new Teflon-PFA
copolymer.

Experimental

Apparatus. The Kkitchen-model microwave oven (Toshiba model ER-
800BTC) had nine power settings starting at 72 W and increasing by 81 W
increments to 720 W. The teflon-PF A vessels used for the dissolutions had an
approximate volume of 150 ml (Savillex Corporation, Minnetonka, MN
55343). Atomic absorption measurements were done with a Perkin-Elmer
model 703 spectrometer with an air/acetylene flame.
Reagents. All the chemicals and reagents used were of analytical-reagent grade.
Procedures. The samples examined were control samples used for daily
assays. All material was ground to 400-mesh prior to entering a flotation
process from which these samples were taken at different stages.

0003-2670/85/$03.30 ©® 1985 Elsevier Science Publishers B.V.
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The comparison procedure involved four-acid attack in which 0.5 g of
sample was mixed with 15 ml each of concentrated hydrochloric acid and
nitric acid, 5 ml of concentrated sulfuric acid, and 2 ml of hydrofluoric
acid in a 250-ml beaker covered by a watch glass. The beaker was then
heated for 1—1.5 h, after which the residue was dissolved in 10 ml of con-
centrated hydrochloric acid and the solution was diluted to 11 with distilled
water.

In the new procedure, the sample (0.5 g for feeds and concentrates, 1.0 g
for tailings), potassium chlorate (1.5 g), concentrated nitric acid (10 ml) and
hydrofluoric acid (5 ml) were introduced into a 150-ml Savillex vessel, and
the cap was screwed on tightly with the wrench supplied. Four such vessels
at a time were put into the microwave oven, which was then run for 3 min
at 477 W. The containers were then cooled in an ice bath for 5 min and
opened, and the contents were diluted to 1 1 with distilled water.

Results and discussion

Attempts to apply the pressure dissolution technique described by Matthes
et al. [11] in the analysis of the present sulfide mill and smelter samples
were unsuccessful. The polycarbonate vessels quickly became opaque and
brittle with brown and yellow deposits adhering to the walls. Vessels specially
machined from teflon rod, with screw caps, worked well, but were too
bulky and expensive for multiple simultaneous dissolutions. Several alterna-
tives were tried, of which the most suitable proved to be vessels constructed
from the teflon-PFA tube segments and end caps marketed by Savillex.
(The company has now made available a range of prefabricated screw-topped
vessels which should prove even more appropriate than those used here.)
For the particular mill and smelter samples investigated, use of the standard
four-acid dissolution procedure in an open beaker on a hot-plate typically
takes about 1.5 h to give a solution suitable for atomic absorption spectro-
metry. In contrast, the microwave technique can give a suitable solution in
only 10 min. The results obtained for nickel and copper determinations by
the two procedures are shown in Table 1. The values for the percentages of
these two metals in the various samples, given by the microwave method, are
similar to those obtained by the traditional method, and are within the
specification range needed for these routine assays.

Complete dissolution was not achieved for all samples, particularly for the
tailings, which have a high silica content. For these, a small amount of white
residue settled in the volumetric flasks used for the final dilutions. Subse-
quent analysis of the combined insoluble residues from a number of experi-
ments showed that they contained virtually no nickel or copper, but had a
high silica content. Work is continuing on this problem, but in the meantime,
the procedure outlined above yields significant savings in time and materials
as well as increased output and efficiency in comparison with the traditional
method. The system is also much cleaner, and it is expected that considerable
reductions in fume hood requirements and corrosion costs will be additional
benefits.
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Comparison of results for nickel and copper by the old and new methods

Sample Nickel (%)? Copper (% )?

Old New Old New
Clarabelle Mill
Feed 1.44 (0.02) 1.47 (0.02) 1.52 (0.02) 1.57 (0.01)
Tailings 0.145 (0.003) 0.148 (0.002) 0.078 (0.003) 0.081 (0.002)
Concentrate 10.36 (0.39) 10.37 (0.11) 14.41 (0.49) 14.47 (0.09)
Frood-Stobie Mill
Tailings 0.183 (0.009) 0.174 (0.002) 0.102 (0.005) 0.101 (0.002)
Concentrate 6.64 (0.19) 6.52 (0.08) 9.98 (0.23) 10.04 (0.12)
Copper Cliff Mill Concentrates
Nickel 10.27 (0.18) 10.16 (0.05) 1.51 (0.04) 1.48 (0.05)
Copper 0.927 (0.03) 0.916 (0.004) 26.36 (0.71) 26.62 (0.08)
Pyrrhotite 0.802 (0.044) 0.826 (0.009) 0.083 (0.004) 0.081 (0.002)

2Standard deviations are given in parentheses; n = 200 for the old method and n = 8 for

the new method.

We thank Dr. Vladimir Zatka (of the Inco J. Roy Gordon Research
Laboratory, Missassauga, Ontario) for machining the special teflon vessels,
and Heinz Oestreich (of Inco Manitoba), for helpful discussions concerning
his own experiences with the adaptation of microwave dissolution techniques
to mill and smelter samples. One of us (B. C.) thanks Laurentian University
for the award of a Graduate Teaching Assistantship.
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Summary. The determination of microgram quantities of chlorine in polychlorinated bi-
phenyls and organochlorine insecticides by molecular emission cavity analysis is described.
Samples either pure, in admixture or mixed with sand were decomposed at 900 + 50°C in
a quartz combustion tube in a humidified oxygen atmosphere. The products of decomposi-
tion were bubbled through water or 1% ammonia and 4-ul aliquots of the solution obtained
were injected into a stainless steel indium-lined cavity and heated in a nitrogen/hydrogen
flame. The chlorine was quantified by comparing the intensity of the InCl emission at
360 nm with that obtained from hydrochloric acid standards. The effect of potential
interferences such as alkali and alkaline earth metals, nitrogen, phosphorus, sulphur,
carbon, aluminium and iron were studied. Except for the alkali and alkaline earth ele-
ments, the recoveries of the compounds burned were not affected. Where the elements
interfered, methods for eliminating the interferences are described. The chlorine recovery
was usually >90%.

For many years, organochlorine compounds have been used extensively
in a variety of applications including agriculture and the electrical industry.
In more recent times, however, their use has been severely curtailed, because
of resistance to breakdown in the environment, their bioaccumulation and
toxicity to wildlife, as well as their link to various diseases including cancer.
Many methods exist for the identification and confirmation of these classes
of compounds at trace levels, the most extensively reported being those
based on gas chromatography. More recently, however, methods based on
high-performance liquid chromatography (h.p.l.c.) or gas chromatography
combined with mass spectrometry (g.c./m.s.) have gained prominence [1].
These techniques however, are either time-consuming or costly, and are
therefore not well-suited as initial screening procedures.

Molecular emission cavity analysis (m.e.c.a.) has also been used success-
fully as the basis of methods to determine total halogens at trace levels
[2]. The technique is sensitive, requires relatively inexpensive instrumen-
tation and is comparatively rapid. In some earlier m.e.c.a. experiments,
organohalogen compounds were extracted from sand and decomposed to

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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the hydrogen halide by oxygen flask combustion [3, 4]. The decomposi-
tion products were dissolved in a minimal volume of either water or aqueous
ammonia (5.0 ml) and aliquots (4 ul) were injected into an indium-lined
stainless steel cavity. The cavity was heated in a nitrogen-cooled hydrogen
flame and the InCl emission intensity (A, ,, = 360 nm) was used to quantify
the halogen present. Although the recovery for a variety of fortified samples
was over 90%, the detection limit was limited by the halogen blank of the
combustion paper used in the decomposition step.

An alternative method for determining organohalogen compounds has
been reported by Solomon and Uthe [6] and Ladrach et al. [7].
Organochlorine compounds were decomposed in an atmosphere of humidified
oxygen in a quartz combustion tube and the hydrogen chloride produced
was dissolved in water, the chlorine being determined microcoulometrically.
The method was suitable for determining trace quantities of analyte.

This paper reports experiments in which the combustion tube decomposi-
tion is combined with m.e.c.a. to determine organochlorine compounds, as
total chlorine, at trace levels. Also discussed are the effects of various poten-
tial interferences.

Experimental

Chemicals. Organochlorine insecticide standards were obtained from
Velsicol Chemical Corp., Chicago, IL, and polychlorobipheny! (PCB) com-
pounds from Monsanto Company, St. Louis, MO. All chemicals were used
without further purification. Hydrochloric acid standards used in preparing
m.e.c.a. calibration graphs were made by serial dilution of aqueous standards
of the analytical-grade acid. Standard solutions of organochlorine compounds
were prepared in pesticide-grade acetone/hexane (3:2, v/v) solution.

Decomposition of organochlorine compounds. The decomposition chamber
used was a quartz combustion tube specially made (Nova Scotia Research
Foundation, Dartmouth, Nova Scotia, B2Y 3Z7) to fit inside a Lindberg
Hevi-Duty model 167 tube furnace. Quartz combustion boats, 30 X 5 mm,
were obtained from the same company. The m.e.c.a. analyser (Anacon,
Ashland, MA) was operated with an indium-coated stainless steel cavity, as
reported previously [3]. The gas flow rates were 4.0 1 min~! hydrogen and
7.0 1 min™ nitrogen. The collimating slit was set at 1.4 mm.

Organochlorine standards were prepared either pure, in admixture, or as
fortified acid-washed sand samples. For the sand samples, a known amount
of organochlorine compound was applied to sand (0.3 g) in the combustion
boat, and the solvent was allowed to evaporate. The chlorinated compounds
burned included Aroclor 1242, Aroclor 1254, lindane, DDT, dieldrin, 2,4-D,
endrin and aldrin, with ranges of 10—1000 ug chlorine. During combustion,
the boat was placed into the combustion tube at point N (Fig. 1), the con-
nection was made at H, and the boat was pushed as quickly as possible
into the furnace, with the aid of a stainless steel rod (E) through the 3-way
stopcock (G). After pulling out the rod, the stopcock was turned to allow
only helium to flow, the rate being maintained at 2—3 ml min™.



249

J

K

Fig. 1. Schematic diagram of the combustion tube apparatus used to decompose the
organochlorine compounds: (A) needle valve; (B) toggle switch; (C) 2-way switch; (D)
oxygen humidifier; (E) steel wire; (F) rubber septum; (G) 3-way stopcock; (H) clamps;
(I) delivery tube; (J) 5-ml centrifuge tube; (K) ice bath; (L) furnace; (M) quartz com-
bustion tube; (N) entrance end of combustion tube.

Each sample was allowed to evaporate in the helium atmosphere for 30 s,
after which the helium flow was turned off, and the oxygen flow turned on.
The flow rate of oxygen varied between 5 and 100 ml min™!, the lower flow
rates being used in the early stages of combustion. Liquid samples were
heated for 10 min while those of fortified sand were heated for 25 min. The
gases produced during combustion were blown through 2.5 ml of ice-cold
water or aqueous 1% ammonia, contained in a 5-ml calibrated centrifuge
tube (J).

After combustion, the oxygen flow was stopped, and the delivery tube
(I) was disconnected and washed with 1—2 ml of trapping solvent to remove
any acid droplets retained by the tube. These washings were collected along
with the other products of combustion. Aliquots (4 ul) of this solution were
injected into the cavity, and the cavity was heated in the nitrogen/hydrogen
flame. The intensity of the resulting InCl emission was measured and used to
obtain the concentration of chlorine, with the aid of a calibration graph
prepared from results from the aqueous standards.

Treatment of samples and the removal of interferences

Standard solutions containing each of the potentially interfering species
(organic sulphur and phosphorus, and inorganic sulfur, phosphorus, sodium,
calcium, magnesium, iron and aluminium) were prepared as shown in Table 1.
These were added in known quantities to fortified sand samples, and heated
according to the procedure described above.

Alkali and alkaline earth metals. For each of these species, 0.100 ml of
the interferent solution was added to sand (0.3 g) and the solvent allowed to
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TABLE 1

Potential interferent solutions used

Interfering Compound Solvent Concentration of
element used interferent (M)
Na NaNO, Water 0.430

K KNO, Water 0.198

Mg Mg(NO,), -6H,0 Water 0.780

Ca Ca(NO,), -4H,0 Water 8.47 x 1073
Fe Fe(NO,), - 9H,0 Water 0.181

Fe + S FeSO, -7H,0 0.025 M Sulphuric acid  0.180

Al Al(NO,), - 9H,0 Water 0.374

P (organic) (CH,CH,0),P Acetone/hexane 0.350

P and Na Na,C,H,(OH),PO, - 5.5H,0 Water 0.318

P NH,H,PO, Water 1.74 x 107

S H,SO, Water 0.574

S (NH,),S Water 0.352

S (organic) (CH,C,H,S), Acetone/hexane 0.312

evaporate. Solutions of the organochlorine compounds were added and,
after solvent evaporation, the sample was burned. The aqueous decomposi-
tion solutions obtained from calcium- and magnesium-spiked sand were
further treated by addition of a solution of 0.10 M EDTA (0.100 ml) to 1 mi
of this solution; the pH was adjusted to 8 for the calcium-containing sand
and 11 for the magnesium-fortified sand. Aliquots (4 ul) of the final solu-
tion were used for quantification of the recoverable chlorine.

In another method, the chlorinated compounds were extracted after addi-
tion of the interferences to soil. A small quantity of soil was fortified with a
known amount of one of the interferents, i.e., sodium, potassium, calcium
or magnesium, in a glass vial, followed by addition of 3:2 acetone/hexane
mixture (0.200 ml; 3:2). After shaking on a Wig-L-Bug, the vial was centri-
fuged and aliquots (0.100 ml) of the extract were combusted. The percent
recovery of the organochlorine compound as total chlorine was determined
as described above.

Sulfur. A 1-ml aliquot of the solution obtained in the collection tube
after combustion was shaken with 0.05 ml of mercury on a Wig-L-Bug for
approximately 1 min and allowed to stand. Aliquots (4 ul) of the super-
natant liquid were injected into the cavity, and the chloride content was
determined. This procedure was repeated until the supernatant liquid
showed no positive interference from sulphur.

Results and discussion

Preliminary experiments designed to investigate the efficiency of the com-
bustion tube procedure gave recoveries of over 90% for a variety of
organochlorine compounds. This compared well with the oxygen flask
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method of decomposition utilized in earlier investigations [3]. The limit of
detection was not determined by the combustion paper blank, but by the
volume of solvent used to trap the exit gases and that required to wash the
exit tube.

The flow rate of oxygen through the combustion tube was an important
factor governing the extent of conversion of organochlorine compounds to
hydrogen chloride. Relatively small quantities of analyte (100 ug) were
completely decomposed at an oxygen flow rate of 200 ml min™, in accord-
ance with the observations of Solomon and Uthe [5]. However, as the
amount of organochlorine compound being decomposed increased, the
relative recovery decreased. Most likely this is due to the incomplete absorp-
tion of hydrogen chloride gas by the trapping solution, as shown by the
misty appearance of the vapor above the water in the collection tube as the
gases bubble through. Slower oxygen flow rates of 20—40 ml min™ were
found to eliminate the formation of mist above the water, and gave increased
percent recovery of chlorine. The use of aqueous ammonia (1%) was found
to give similar recoveries. The relative standard deviation for a given sample
was 5.0%.

Interferences

Sulphur. Sulphur was studied as three different interfering species, sul-
phate, sulphide and organic sulphur. In all cases, these species are converted
to sulphur dioxide or sulphur trioxide in the highly oxidizing atmosphere
inside the combustion tube. Inside the m.e.c.a. cavity, the reducing atmos-
phere produces S, and other sulphur-containing emitting species. At normal
chart speeds (1.25 cm min™?), these sulphur emission peaks overlap the InCl
peaks, causing positive interference. By increasing the chart speed to
12.5 cm min™, three maxima were resolved. When samples corresponding to
100 ug Cl were heated, these maxima appeared at t_ values (time from
insertion into flame to maximum intensity) of 1 s, 2.5 s and 4.5 s, and by
using the maximum which corresponds to that of the chloride standards
(t,, = 4.5 s) the positive interference was removed. Samples containing 10 ug
of chlorine were quantified in the presence of 500 ug of sulphur without
significant interference.

The alternative method of mercury treatment of the final solution gave
similar results to those obtained by using the above procedure. Recoveries
after this treatment were over 90%.

Alkali and alkaline earth metal cations. Direct combustion of samples
containing these ions decreased the recovery by up to 40%. Alkali metal
cations (500 ug) in particular gave variable recoveries (60—100%) with the
samples treated first giving the higher recoveries. Also, the organochlorine
pesticides, which are more easily broken down than the PCBs, gave more
variable results. The percent recovery of chlorine was found to be dependent
on the length of time the organochlorine compound and alkali metal ion
were in contact, longer periods of contact generally giving lower recoveries.
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Alkaline earth cations, however, gave reproducible recoveries of 81%, and
attempts to complex these ions with EDTA in the trapping solution only
increased the recovery to 85%. This is only slightly above the precision of
the method (2%) and can be considered insignificant.

An alternative procedure involving extraction of the chlorinated com-
pounds with acetone/hexane followed by combustion of the extract, gave
recoveries when alkali metals were present of over 90% and for the alkaline
earth metals of over 80%.

Iron, aluminium, phosphorus, nitrogen and carbon. Iron was added in
both oxidation states and phosphorus was added as both organic and in-
organic phosphate as well as inorganic phosphite. Nitrogen and carbon were
added as nitrates and organic compounds, respectively. Except for sodium
glycerophosphate, which gave variable recoveries between 80 and 100%,
the other elements did not affect the percent recovery of chlorine.
Recoveries for samples containing 10—150 ug of chlorine were over 90%.

Therefore the potential interfering elements studied did not affect the
determination of organochlorine compounds with the combustion tube/
m.e.c.a. technique and thus this method is suitable for rapid screening for
this class of compounds.

Acknowledgement is made to the Natural Sciences and Engineering Res-
earch Council for a grant to support this work, and to the Environment
Protection Services, Government of Canada, for the award of a contract.
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Summary. Chromium(VI) (0—85 ug) can be determined by spectrophotometric (or
spectrofluorimetric) measurement after its extraction as 1-naphthylmethyltriphenyl-
phosphonium dichromate into 1,2-dichlorobenzene. The effects of acidity, diverse ions
and masking studies are reported. The system has been applied to the spectrophotometric
determination of chromium in a range of highly alloyed steels.

The oxyanions are the least studied group of species which form ion-
pairs with onium cations, capable of extraction into organic solvents [1, 2].
For the determination of chromium(VI), spectrophotometric studies with
triphenylsulphonium [3], triphenylselenonium {4], tetraphenylphos-
phonium [b], n-propyltriphenylphosphonium [6] and trioctylmethyl-
ammonium [7] cations have been reported. No spectrofluorimetric
determination based on onium cation extraction of chromium(VI) has been
described and only one basic dye system [8], which uses safranine-T [9].
The present communication reports the first use of 1l-naphthylmethyl-
triphenylphosphonium cation as an ion-pairing extractant for chromium(VI)
as dichromate. Determinations on a 1,2-dichlorobenzene extract may be
completed spectrophotometrically. Alternatively, the decrease in fluores-
cence of the extract can be measured, although this gave a less reproducible
procedure. The system has been applied to the determination of chromium
in steels, after oxidation of chromium(1II) to chromium(VI) by permanganate.

Experimental

Apparatus. A Pye Unicam SP8000 spectrophotometer and a Baird Atomic
SFR 100 spectrofluorimeter were used for recording absorption and fluo-
rescence (excitation and emission) spectra, respectively. Routine absorbance
measurements (at 355 nm) were made with a Pye Unicam SP6-550 digital
spectrophotometer, and fluorescence measurements with a Perkin-Elmer
1000 fluorimeter (A,, = 342 nm, A, = 430 nm) and 1-cm quartz cells.

Reagents. 1-Naphthylmethyltriphenylphosphonium chloride (Lancaster
Synthesis) was used as supplied; carbon and hydrogen data proved that it

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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was pure. A 0.5% (w/v) stock solution was prepared in water. A stock
1000 ug ml™ chromium(VI) solution was prepared by dissolving 2.830 g of
potassium dichromate (AnalaR, previously dried for 2 h at 140°C) in 11 of
water. More dilute standard solutions were prepared as required. 1,2-
Dichlorobenzene was distilled under reduced pressure, and the fraction with
b.p. 30—31°C at 1 mm Hg was collected for use. All other reagents were of
analytical grade, and twice-distilled water was used throughout.

Choice of solvent. Various solvents including alcohols, ketones, esters,
ethers and chlorinated and aromatic hydrocarbons were examined for
extraction efficiency; 5-ml aliquots of 20 ug ml' dichromate [ca. 10 ug
ml™ Cr(VI)] solution, with 10 m! of 0.5 M sulphuric acid and 5 ml of 0.5%
1-naphthylmethyltriphenylphosphonium chloride were extracted with 10 ml
of solvent for 1 min. The absorbance of each extract was measured within
5 min at 355 nm against pure solvent. Trichloromethane, chlorobenzene,
dichloromethane, tetrachloromethane and 1,2-dichlorobenzene were the
most efficient extractants. Dichloromethane and 1,2-dichlorobenzene
extracts of the reagent showed the highest fluorescence. Dichloromethane
was rejected because of its relatively high volatility and 1,2-dichlorobenzene
was used for the rest of the study.

Optimum amounts of reagents. The absorbance of extracts was found to
be independent of sulphuric acid concentration over the range 0.1—2.5 M,
and 0.5 M was adopted. The absorbance of extracts increased rapidly with
addition of up to 3 ml of 0.5% 1-naphthylmethyltriphenylphosphonium
chloride solution and thereafter increased slowly, by 1.3% from 3 to 7 ml,
therefore 5 ml of reagent solution was adopted for routine use.

Composition of the complex. This was established spectrophotometrically
at 355 nm by Job’s method of continuous variations [10] and by the mole
ratio method [11] to be (C,3H,4P),Cr,0,.

Spectrophotometric analysis of steel samples. For samples containing
3—6% chromium, such as high-speed tool steels, dissolve accurately weighed
0.1-g samples in 10 ml of 20% (v/v) sulphuric acid in 250-ml conical flasks
by warming. Add 1 ml of concentrated nitric acid and simmer gently until
all the carbides are decomposed. Add 2 ml of (1 + 1) sulphuric acid and
evaporate carefully to fumes. Cool. Add 50 ml of water and warm to
dissolve the soluble salts. Cool and if necessary filter through a Whatman
No. 40 filter paper into a 100-ml (or larger or smaller depending on the
chromium content) volumetric flask. Wash the residual solids (silica, tungstic
acid) with a small volume of hot (1 + 99) sulphuric acid followed by water
and make up to volume. Mix well. Transfer a 10-ml aliquot of this solution
to a 100-ml beaker, add 1 ml of (1 + 1) sulphuric acid and 1 ml of 1% (w/v)
potassium permanganate solution. Heat the solution on a steam bath for
20 min and cool to room temperature. Add 5% (w/v) sodium azide solution
dropwise (3—5 drops) with swirling to destroy the excess of permanganate.
Boil for a further 5 min and cool in a cold water bath. Transfer quan-
titatively to a 100-ml volumetric flask and make up to volume with water.
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Transfer 5 ml to a 100-ml separating funnel and add 10 ml! of 0.5 M sul-
phuric acid, 5 ml of the 0.5% reagent solution and 5 ml of water, and mix.
Add 10 ml of 1,2-dichlorobenzene and shake for 1 min. Allow the phases
to separate. Filter the lower phase through a Whatman No. 1 filter paper and
measure the absorbance at 355 nm.

Prepare a calibration graph over the range 0—175 ug of dichromate,
adding 5 ml of iron solution prepared from pure iron sponge dissolved and
treated as for the samples. This is to compensate for the residual effect from
the use of permanganate to oxidise chromium(III).

Results and discussion

A linear calibration graph was obtained over the range 0—175 ug of
dichromate at 355 nm (apparent molar absorptivity = 2.94 X 10® 1 mol™
em™) and the fluorescence calibration was linear over the same range but
with a negative slope. For 50 ug of dichromate the relative standard devia-
tions for seven replicate determinations were 0.63% and 0.93% for the spec-
trophotometric and indirect fluorescence measurements, respectively.

The possible interferences of a number of cations and anions on the
extraction of 50 ug of dichromate were examined. Under the optimal con-
ditions, the following ions in a weight ratio of 200:1 were without apprec-
iable effect on absorbance or fluorescence measurements: zirconium(lV),
lead, manganese(II), iron(II1), nickel, aluminium, vanadate, tartrate, citrate,
acetate, phosphate and sulphate. Tin(IV) and chloride were found to
increase only the fluorescence readings (by 15 and 16%, respectively) whilst
fluoride and nitrate produced negative errors on the absorbance measure-
ments (both —7%) at 200:1 weight ratios. The results of the interference
and subsequent masking studies are summarised in Table 1.

As for other dichromate methods, the interferences by manganese(VII),
molybdenum(VI), tungsten(VI) and copper(Il) were significant but could
be masked by addition of 10 ml of 5% sodium azide solution for up to
50 mg of manganese(VII) and 2 ml of 40% (w/v) ammonium potassium
tartrate solution for up to 100 mg of copper(II). Tungsten(VI) is removed
during dissolution of the steels and molybdenum(VI) may be removed by
extraction as its chloro complex into 10 ml of 1:1 (v/v) diethylether/carbon
tetrachloride followed by addition of 1 ml of 0.1 M silver sulphate to mask
the chloride. For the steels examined, it was not necessary to mask
copper(Il) or to extract molybdenum(VI).

Peroxodisulphate, cerium(IV) and permanganate were examined for
oxidation of chromium(III) to (VI). Permanganate was found to be satis-
factory and compatible with the analysis of steels, and the excess of per-
manganate was selectively decomposed by addition of azide. For 500 ug
of permanganate initially added per aliquot taken, slightly increased extrac-
tion occurred (0.3 and 1.3% for the absorbance and fluorescence measure-
ments, respectively), which is allowed for in the preparation of the calibra-
tion graph.



266

TABLE 1

Effect of diverse ions on the determination of dichromate (50 ug)

Ion? Ion/ Absorbance Fluor. Ion® Ion/ Absorbance Fluor.
Cr,0%" change change Cr,0% change change
(w/w) (%) (%) (w/w) (%) (%)
Sh(IlI) 200 —50 +30 Oxalate 200 —9 —15
5 —48 +21 5 0 0
1 —42 0 W02~ 200 + 80 —76
Cu?* 200 —11 +7 1 0 0
5 0 0 Cr 200 0 16
200° 0 ] 5 0 0
Fe?* 200 —67 +19 200°¢ 0 0
1 —52 +6 Clo; 200 —100 —100
1 0 0
Sn(IV) 200 0 +15 NO; 200 +6 +40
5 0 0 5 0 0
AsO3- 200 —51 +22 MoO2- 200 +170 +40
5 —46 +20 5 0 0
SCN- 200 +15 —15 2004 0 0
1 0 0 MnO; 200 +1650 —908
200°¢ 0 0 1 0 —43
200¢ 0 0

2Cations added as chloride or sulphate; anions added as sodium salt. ®In the presence of
ammonium potassium tartrate. ¢In the presence of silver sulphate. 4 After extraction of
the chloro complex with 1:1 (v/v) diethyl ether/carbon tetrachloride. ® After addition of
sodium azide.

TABLE 2

Analysis of high-speed tool steels and a stainless steel

BCS steel no.

Chromium in steel (% w/w)

Certified Certified range Found?
482 4.09 4.06—4.14 4.0 : 0.08
484 5.17 5.14—5.20 5.19 + 0.23
485 4.15 4.11—4.18 4.17 + 0.24
241/2 5.35 5.29—5.40 5.36 + 0.15
467 18.05 17.97—18.18 18.01 + 0.30

2Spectrophotometric method: mean + 95% confidence limit, 4 replicates.

The results for the spectrophotometric determination of chromium in
British Chemical Standard Steels (Table 2) are in excellent agreement with
the certificate values. However, the confidence limits with the fluorescence
procedure were too wide (£1.5%) to be of practical use and hence are not
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reported. Although the reagent has been available since its synthesis by
Zander and Franke [12], it has not previously been used as an ion-pairing
spectrophotometric reagent although it has been used in Wittig reactions
[13—15].
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Summary. A flow-injection system for the determination of isocyanate moiety, as an
example of organic functional groups, is described; infrared detection is used in the trans-
mittance mode. Absorption is measured at 4.40 um with carbon tetrachloride as the sol-
vent and carrier stream. Injections (25 ul) of 0.100—16.0 mM phenyl isocyanate solutions
provide a useful calibration curve with a linear response up to about 1.5 mM. The detec-
tion limit for phenyl isocyanate at a signal-to-noise ratio of 2 is about 4 ug ml™* in the
sample injected.

Infrared (i.r.) spectrophotometry possesses much better selectivity than
ultraviolet-visible methods. Flow-injection techniques of sample handling are
very useful for rapid, repetitive determinations. A combination of these two
techniques could produce a fast, selective approach to determinations based
on organic functional groups. There do not appear to be previous reports on
the use of i.r. detection with flow injection analysis. Each complements the
other. Phenyl isocyanate was used as a test compound in a carbon tetra-
chloride flow stream. The absorption of the isocyanate moiety at 4.40 um
was monitored. The method is sensitive and fast.

Experimental

Reagents and solutions. Carbon tetrachloride, used as the carrier stream
and for the preparation of solutions, was Omni-solve spectrometric-grade
(MCB). Phenyl isocyanate (Eastman White Label) was used as received. Solu-
tions in carbon tetrachloride were prepared in Kimax 50-ml volumetric flasks
using a 2.5-ml Gilmont ultra-precision micrometer buret (RGI Industries,
Box 732, Vineland, NJ). The stock solution of phenyl isocyanate and solvent
were kept in a constant-temperature bath at 19.5°C.

Apparatus. The flow injection system consisted of a Constametric-III pump
(LDC-Milton Roy, Riviera Beach, FL) with stainless steel tubing, a Rheo-
dyne model N-60 loop injector valve equipped with a 25.0-ul loop, teflon

8Present address: Department of Chemistry, University of Lowell, 1 University Avenue,
Lowell, MA 01854, U.S.A.
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flow lines (Altex 0.3 mm i.d. teflon tubing), a circulating constant-temperature
bath (P. M. Tamson, N.V. Holland), a flow-through infrared cell, and a
MIRAN-1A variable-filter infrared spectrometer (Wilks-Foxboro, South
Norwalk, CT). The flow line was equipped with a water jacket placed just
before the injection valve. A Varian Model G 2500 strip-chart recorder was
used. The length of 0.3-mm i.d. tubing between the injector valve and the
detector was 15.4 cm. The entire apparatus was placed in a hood. The flow-
through i.r. cell was a modified International Crystal Laboratories (Elizabeth,
NJ) cell. The bottom half of this cell holder is threaded so that the top can
be screwed down. A new top plate was constructed which served to align
the cell window vertically with the light path, and provision was made for
inlet and outlet connections. A cavity (2.25-cm length, 0.280-cm width,
0.205-cm depth) was cut in a teflon spacer to provide the flow channel
through the cell.

Procedures. All solutions were stored in the constant-temperature bath at
19.5°C for at least 30 min prior to sample injection, and all flasks were sealed
with Parafilm. Seven repeated injections were done for each solution. The
first injection of each set was used to clean the sample loop, and the next six
injections were used for the calculation of mean peak heights. These were
converted to absorbance and plotted against their respective injected concen-
trations. Operating parameters were as follows: flow rate 0.70 ml min™;
injection volume 25 ul; residence time 3 s; slitwidth 0.5 mm; wavelength
4.40 um; time constant 4 s; recorder chart speed 2.54 cm min™.

The N=C=0 functionality absorbs in the region 4.40—4.46 um [1]. To
select the optimum wavelength, the infrared cell was filled with a solution of
0.200 mM phenyl isocyanate and the wavelength of the spectrometer was
scanned from 4.35 to 4.46 um while the absorbance was monitored. The
maximum absorbance occurred at 4.40 um.

The system dispersion was evaluated as described by Ruzicka and Hansen
[2]. The spectrometer was zeroed with solvent in the cell. The solvent
reservoir was then filled with a solution of 0.200 mM phenyl isocyanate in
carbon tetrachloride. This solution was then pumped through the detector
cell until a steady-state signal was obtained. After cleaning the solvent reser-
voir, pure solvent was added and pumped through the cell until the signal
returned to baseline. A set of six repeated injections of the same phenyl
isocyanate solution was then made and the absorbance peaks were recorded.
The dispersion is the ratio of the steady-state absorbance to the mean absor-
bance calculated for the six injections.

Results and discussion

The steady-state absorbance for the 0.200 mM phenyl isocyanate solution
was 0.0440 while the mean absorbance for six injections of the same solu-
tion into the flow stream was 0.00965. These data yield a dispersion of 4.6.
According to the classification of Ruzicka and Hansen [2], this is a medium-
dispersion system.
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Peaks for six injections of 0.600 mM phenyl isocyanate are shown in
Fig. 1. Satisfactory baseline separation was achieved at an injection rate of
about 1 min™ for all the concentrations tested but there was less noise at
higher concentrations, Data obtained for the construction of the working
curve are plotted in Fig. 2. For absorbances ranging from 0.005 to 0.41, rela-
tive standard deviations were mostly in the range 1.2—4.2% with one value
of 8.290. The nonlinear nature of the working curve is clear. Several known
solutions of phenyl isocyanate were prepared in carbon tetrachloride and
regarded as unknowns. Mean absorbances for three of them are shown as
points B—D in Fig. 2. The concentrations found are shown in Table 1. These
results show that the nonlinear region of the calibration can be used with
reasonable accuracy. The plot of the data for the lowest decade range of
concentration is linear. Statistical treatment of the data gave the following
results: correlation coefficient, 0.9996; slope, 43.5 absorbance/mol 1!; Y
intercept, 0.00105 absorbance; standard error of the estimate, 0.000446;
95% confidence limits of the slope and intercept, +0.00556 and +0.000740,
respectively. The concentrations taken for solution A of Table 1 are in the
linear region of the working curve, and the results obtained from the plot
and from the linear regression line show positive errors as did more concen-
trated solutions, indicating a systematic error in the procedure. A possible
cause of this is atmospheric carbon dioxide absorbing at 4.3 um.

There are several factors which contribute to the non-linearity of the
working curve. The cavity volume was 129 ul which is large enough to make
a significant contribution to dispersion, and variable mixing may have been
obtained in the 90° turn at the entry to the cell cavity. The volume of the
flow line preceding the cell was 462 ul; the volume occupied by the light
beam was much smaller than the cavity volume, and the peak volumes were
typically about 370 ul. For the lowest concentration of phenyl isocyanate
investigated, 0.100 mM, the infrared spectrometer was used on its most
sensitive full scale range of 0.025 absorbance. The peak-to-peak noise of the
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Fig. 1. Recorded output for 0.600 mM phenyl isocyanate in carbon tetrachloride.

Fig. 2. Absorbance vs. concentration curve for phenyl isocyanate in carbon tetrachloride.
For explanation of points A—D, see text.
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TABLE 1

Results of the determination of phenyl isocyanate solutions

Solution Concentration (mM) Rel. error
Taken Found (%)
A 0.240 0.2482 +3.3
0.246° +2.5
B 1.80 1.902 +5.6
C 6.40 6.632 +3.6
D 13.6 14,22 +4.4

aFrom working curves. PCalculated from the linear regression line.

background signal was 0.000875 absorbance. From this result and the data
in Fig. 2, a signal-to-noise ratio of 5.78 was calculated. Extrapolating to a
signal-to-noise ratio of 2 gave a detection limit for phenyl isocyanate of
103 ng, or about 4 ug ml™? in the sample injected.

Ham and Willis [3] reported a value of 1140 for the molar absorptivity of
phenyl isocyanate in carbon tetrachloride. Data from the present steady-state
experiments indicated a molar absorptivity of 1073, which is in reasonable
agreement with the literature value. The absorptivity of isocyanates is at the
upper end of the normal range for organic functional groups. However, im-
provements in the detector cell are possible which would result in lower
dispersion so that the results obtained here can be taken as reasonably repre-
sentative of the capabilities of the overall approach to determinations via
organic functional groups.

This work is taken in part from the M.S. thesis of W. G. Collier. We wish
to thank the Foxboro Company for the loan of the MIRAN instrument.
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Summary. The sensitive (30—600 ug 1! SiO,), precise (r.s.d. = 0.25%), fast (120 h~*) and
selective method is based on the oxidation of thiamine by molybdosilicic acid to highly
fluorescent thiochrome. The method is applied to synthetic water samples.

The determination of dissolved silicate as means of analyzing for silicon
requires the prior conversion of other chemical forms of this element to
silicate. Silicon is determined in a large variety of samples such as semicon-
ductors, metallurgical products, waste waters, rocks and pottery [1, 2]. The
determination of silicon in earthenware is particularly interesting [3]. Com-
monly used methods for determining silicon are gravimetric (either as an
organic molybdosilicate or as potassium hexafluorosilicate) or spectrophoto-
metric based on heteropolyacid formation with molybdate [1, 2, 4]. Other
heteropolyacid-based procedures have involved voltammetry [5] and fluori-
metry [6, 7].

Flow injection analysis (f.i.a.) has been used to determine silicon. The
method proposed by Israel and Barnes [8] for direct determination of
silicon involves atomic emission. Other methods involve the formation of
molybdosilicate with voltammetric [9, 10] or spectrophotometric [11]
detection or monitoring of the molybdenum blue formed by reduction of
the heteropoly anion [12, 13]. Fluorimetric detection, however, has not so
far been utilized in a flow-injection method for the determination of silicon.
The method proposed herein is based on the oxidation of thiamine to highly
fluorescent thiochrome by molybdosilicate. This reaction has previously
been used for the determination of phosphate [14], in which silica interfered
seriously.

Experimental

Reagents. Stock aqueous solutions were 0.06 M ammonium heptamolyb-
date, 1 X 1072 M silicate and 1 g I"™! EDTA. Aqueous thiamine solutions of
suitable concentration were prepared daily. The buffer solution contained
3.814 g of sodium tetraborate decahydrate and 37.4 ml of 5 M ammonia
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adjusted to the desired pH with concentrated hydrochloric acid and diluted
to 100 ml with distilled water.

Apparatus. A Perkin-Elmer LS-1 LC fluorescence detector was used with a
1.5-cm square flowcell and a Perkin-Elmer 56 recorder. A Gilson Minipuls-2
or Ismatec S-840 peristaltic pump, a Tecator LL100-1 injection valve and a
Selecta S-382 thermostat were also used. The manifold and recommended
conditions are shown in Fig. 1.

Results and discussion

The reaction sequence yielding the fluorescent product (thiochrome)
entails formation of molybdosilicic acid in a perchloric acid medium and
oxidation of thiamine in a basic medium. Therefore the manifold designed to
implement the method (Fig. 1) consists of a channel of sodium molybdate in
an acidic medium into which the sample is injected, with heteropolyacid
formation taking place in L;. The instability of thiamine in a basic medium
requires its mixing with the ammoniacal borate solution almost immediately
before the point of confluence with the molybdate channel. Thiamine is
oxidized in reactor L,.

The chemical variables were optimized by a modified simplex method,
and the system variables and the temperature by the univariant method. The
values obtained are those shown in Fig. 1. The calibration graph obtained
under these conditions was linear in the range 30—600 ug 1™ silica (5 X 10—
1 X105 M) (r = 0.9997, 7 points). When 11 identical samples of 4 X 107 M
silica were injected in triplicate, the relative standard deviation was 0.25%.
The sampling rate was 120 samples per hour.

Interferences. Interfering species which may be present in water samples
were studied thoroughly. Samples containing 240 ug 1! SiO, were used, add-
ing a 100-fold greater weight concentration of the other ion. The results are
shown in Table 1. Co(II), Fe(IlI), Fe(II) and Cu(II) also interfered, but
their effect was eliminated by introducing a further channel containing 1 g
1! EDTA to mix with the molybdate stream before the injection valve.
Attempts to remove the serious interference of phosphate and sulphide by
adding oxalate, tartrate or citrate to the samples, as in other methods [1, 9]

ml -min!

Sample 30
) [ . '
0.0136M Mo0Z| 2.0 o e1s0em /\/\1|‘ Aex: 375nm
4
034MHCLQy o LI Lo=10cm Nem=440nm
5M NH3 1.0 M |
0.1M Borax I I w
1.0 ' L3=5 l
0.029M Thiamine i_-3=m ]
45eC

Fig. 1. Manifold used for determination of silicon and optimum values of the variables,
The boxed section is thermostatted.
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TABLE 1

Study of interferences in the determination of silicon

Tolerated wt. ratio Foreign ion
Foreign ion: SiO,

100 Acetate, EDTA, citrate, Cl-, COZ}, oxalate, CrO?-, I, NOj,
NO;, SO;-, tartrate, Br-, F-, NH;, Na*, K*, Ca?*, Mg?*, Cd?*,
Cr3+, Ni2+, Zn2+, Hg2+, Pb2+, A13+’ COZ+B Fe2+a Fe3+a Cqua

50 AsO?-, SO%-
15 I-

5 clo-
<1 PO;-, S*-

3In the presence of EDTA.

TABLE 2

Synthetic water samples used for method evaluation

Sample No. Composition (ug ml-!)

1 5.0 Si0,, 15 CI-, 10 CO?-, 56 NO;, 2 NO;, 5 SOZ-, 100 Ca*, 100 Mg*,
1 Fe*, 2 Cu?.

2 20.0 SiO,, 5 P03, 20 ClI, 20 CO:Z-, 10 NO;, 5 SO2-, 20 Ca*, 10 Mg*,
5 Fe®, 2 Fe?*, 10 Pb*,

3 15.0 SiO,, 40 CI-, 50 CO2-, 10 NO;, 40 SO?-, 15 F-, 5 CrO?-, 50 Ca?*,
20 Mg?*, 10 Fe’*, 10 Pb**, 20 Cu?.

4 20.0 8iO,, 2 PO;-, 50 Cl1, 10 CO?-, 10 NO;, 10 SO2-, 10 SO2-, 20 F-,
20 Br-, 200 Ca®*, 100 Mg®*, 20 Al*, 5 Co®*.

5 10.0 Si0,, 20 CI+, 100 COZ-, 20 NO;, 5 NO;, 50 SOZ-, 50 1-, 10 Ca*,
50 Mg?*, 10 Fe?, 10 Hg?*.

6 15.0 8i0,, 200 Ct-, 5 COZ-, 10 SO?-, 20 SO?Z-, 5 Br~, 20 I, 20 Ca®™,
20 Mg?*, 10 Fe?*, 10 Ni**,

7 20.0 S8iO,, 5 PO;~, 20Cl°, 20C0;3-,10 NO;, 10 SOZ-, 20 Ca**, 10 Mg**,
5 Fe*, 5 Fe?, 10 Pb**, 10 Co?*,

8 20.0 8i0,, 5 PO;-, 40 Cl-, 10 CO?-, 20 NOj, 5 NOj, 20 SO;:-, 10 803,

50 Ca®*, 100 Mg?*, 20 Hg**, 10 Cu*.

or by adding precipitants such as calcium, mercury(II) or silver were un-
successful.

Determination of silicon in synthetic samples. In order to test the applic-
ability of the proposed method, a series of synthetic water samples was pre-
pared, containing various amounts of common cations and anions appropriate
to several types of waters. The results were compared with those obtained by
applying the standard spectrophotometric method based on the formation of
molybdosilicic acid in hydrochloric acid medium and monitoring the absorb-
ance at 410 nm [2]. The composition of the samples is shown in Table 2,
and the results obtained are given in Table 3. The results indicate the useful-
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TABLE 3

Comparison of results obtained with the flow injection system and the standard spectro-
photomietric procedure [2]

Sample SiO, added SiO, found (ug ml-') Error (%)
-1
(Table 2) (kg ml™) Standard F.ia. Standard Fia.
method method

1 5.0 5.3 5.0 5.4 0.2
2 20.0 21.3 19.9 6.3 —0.5
3 15.0 16.3 16.2 8.8 8.3
4 20.0 19.8 19.9 —1.2 —0.6
5 10.0 11.2 10.0 12.4 0.1
6 15.0 15.3 14.9 1.9 —0.7
7 20.0 23.1 19.7 15.5 —1.3
8 20.0 20.3 20.2 1.7 1.1

ness of the f.i.a. method, which has the following improvements over the
standard procedure. The standard method requires the use of 50 ml of sample
solution, in addition to another 50 ml of solution for the blank, whereas the
f.i.a. method requires only 0.75 ml of test solution, which is diluted with dis-
tilled water to 25 ml; blanks are unnecessary. A minimum time of 8 min is
needed for complete colour development in the standard method; the flow-
injection technique permits determining up to 120 samples per h. Samples
containing <2 ug ml™ SiO, cannot be determined by the standard method,
whereas the flow procedure allows the determination of >30 ug 17!, Finally,
the flow-injection procedure is more accurate (Table 3).
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Summary. Bromazepam is extracted into diethyl ether from 1 ml of plasma adjusted to
pH10 (carbonate buffer), the extract is evaporated to dryness, and the residue is re-
constituted in mobile phase and chromatographed on a C,; radial compression column.
The limit of detection is 2 ng ml™' from a 1-ml plasma sample, for detection at 236 nm.
Calibration is linear for 2—100 ng ml™' (> > 0.999). More reproducible results were
obtained when plastic test tubes and pipettes were used instead of glass.

Since the introduction in 1960 of chlordiazepoxide [1], the number of
benzodiazepines in clinical use and their range of therapeutic applications
has increased steadily. Thirteen benzodiazepines are currently marketed in
Australia, and substantially more elsewhere [2]. Bromazepam is used for the
symptomatic relief of tension and anxiety. The compound has two chemical
features which are unusual amongst commercial benzodiazepines, viz. the
7-bromo and 5-(2-pyridyl) substituents rather than the typical 7-chloro and
5-phenyl groups.

0
N\So
ON @ =N
or

Bromazepam Ro 5-4435

Determinations of bromazepam in blood and other body fluids have
proven particularly troublesome. Most authors using gas chromatographic
(g.c.) procedures without [3—5] or with derivatization {6] or hydrolysis
[7] have elaborated on problems with their assays, or on difficulties in
reproducing assays published by others. Recently, two high-performance
liquid chromatographic (h.p.l.c.) methods have been described. One of
these [8] offered several advantages over g.c. procedures, but seemed too
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cumbersome for routine use. The other [9] seems quite convenient, but
differs in several ways from the procedure described below. An improved
h.p.l.c. procedure for bromazepam assay is reported here, with some
observations which may help to explain the difficulties encountered previously
in assaying this compound.

Experimental

Chemicals. Bromazepam was provided by Alphapharm (Brisbane,
Australia) and Ro 5-4435 (N-desmethylflunitrazepam) and temazepam by
Roche Products (Sydney). Diethyl ether (analytical-reagent grade anhydrous;
Mallinckrodt Australia) and acetonitrile (h.p.l.c. grade; J. T. Baker,
Phillipsburg, NJ) were used. All other chemicals were of analytical-reagent
grade.

Apparatus. The h.p.l.c. system comprised a Tracor model 950 pump, a
Rheodyne 7120 injector, a Waters RCM-100 radial compression module
fitted with a 5-um Novapak C18 cartridge, and a Waters model 481 absorb-
ance detector. The output was displayed on a Shimadzu R-101 strip-chart
recorder (10 mV full scale deflection).

Determination of bromazepam in plasma. Stock solutions of bromazepam
(1 ug mI'" and 0.1 ug ml™!) and Ro 5-4435 (1 pg ml™!) were prepared in
acetonitrile. Portions (50 ng) of Ro 5-4435 were added to all assay tubes as
internal standard, and the acetonitrile was evaporated. Calibration standards
were prepared by dispensing the appropriate aliquots of bromazepam solu-
tions to give 20—200 ng of drug in the assay tubes, evaporating the organic
solvent, and adding 1 ml of drug-free plasma. All assays were conducted in
plastic tubes (polypropylene or polycarbonate), and contact with glass was
eliminated wherever possible.

To the 1-ml plasma sample (standard or unknown) was added 1 ml of
carbonate buffer (1.0 M, pH 10) and 7.5 ml of diethyl ether. After shaking
by hand (1 min) and centrifuging (2 min at 1000g), the diethyl ether was
transferred to a polypropylene test tube with tapered bottom, using a
polyethylene pasteur pipette. The ether was evaporated under a gentle
nitrogen stream at 40°C. The dried residue was reconstituted in 100 ul of
mobile phase, and 50 ul was injected into the h.p.l.c. from an SGE microlitre
syringe.

The mobile phase was prepared by mixing 180 ml of acetonitrile, 0.5 ml
of triethylamine and 3.5 ml of 1 M orthophosphoric acid, and diluting to
500 m! with h.p.l.c.-quality water. The mobile phase was degassed in an
ultrasonic bath, and then operated with recycling to the reservoir; it was
renewed every 48 h. The flow rate was 1 ml min™!, and the detector was
set at 236 nm. Under these conditions, bromazepam eluted at approximately
6.4 min and Ro 5-4435 at 9.6 min.

Determination of precision, recovery and detection limit. The precision of
the assay was evaluated from six replicate assays of a 50 ng ml™? standard
of bromazepam in plasma. Recovery was also assessed at 50 ng ml™, by



269

comparing the peak heights of bromazepam and Ro 5-4435 from samples
taken through the extraction procedure with those obtained from unextracted
standards. Peak heights in the recovery experiments were measured relative
to the peak height of temazepam, 50 ng of which was added just prior to
injection onto the column. The detection limit was ascertained by analysing
serial dilutions of a plasma standard, to establish the bromazepam concentra-
tion which gave a peak height equal to three times the noise level.

Results and discussion

No difficulty had been expected in modifying our extensively tested
procedures for benzodiazepine assays to include bromazepam. However,
initial attempts to apply h.p.l.c. or g.c. with electron-capture detection
(with bromazepam either underivatized or methylated), all gave very poor
precision. It is clear from published reports [3—9] that other workers have
encountered problems with the determination of this compound. In the
face of these difficulties, it was decided to concentrate on developing the
h.p.l.c. method, as the chromatographic separations were very satisfactory
(Fig. 1).

Early results suggested erratic losses of bromazepam during sample handling.
Scatter similar to, and sometimes worse than, that shown by the squares in
Fig. 2, was observed. It is well known that weak bases, such as the benzo-
diazepines, are subject to adsorptive losses onto glass surfaces [10] ; for this
reason, all glassware is routinely treated with acid washing followed by

(A) (8) )
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Fig. 1. Liquid chromatograms: (A) an extracted blank plasma; (B) an extracted standard
plasma (1 ml) spiked with 100 ng of bromazepam (peak a) and 50 ng of Ro 5-4435
-(peak b); (C) an extracted plasma sample from a subject who had taken bromazepam
(6 mg) 24 h before sampling (the bromazepam concentration was evaluated as 36 ng ml™).
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Fig. 2. Calibration standards for plasma samples spiked with bromazepam (5—100 ng
ml™') and analysed in acid washed and deactivated glass test tubes (squares) or in poly-
propylene test tubes (circles, solid line).

Fig. 3. Plasma concentration—time profile for bromazepam in a subject who took a single
6 mg dose of the drug.

soaking in aqueous cetyltrimethylammonium bromide (50 mg 1™!) to deacti-
vate the surface. In order to test whether the variation in bromazepam/Ro
5-4435 peak height ratios resulted from selective loss of bromazepam onto
glass surfaces, assays were conducted in polypropylene tubes. A marked
decrease in scatter was attained, but precision was still not acceptable.
Only when polyethylene pasteur pipettes were substituted for glass was a
fully acceptable assay achieved (Fig. 2). Calibration plots were then linear
over the concentration range 5—200 ng ml™; the regression coefficient for
sets of standards (n = 12) was typically 0.999. The relative standard devia-
tion (n = 6) at a bromazepam concentration of 50 ng ml~! was 3.2%, the
recovery was >95%, and the limit of detection was 2 ng ml™'.

This assay offers several advantages over earlier g.c. procedures [3—7],
chiefly simplicity, speed, precision and low detection limit. It avoids the
tedious evaporation steps described earlier for h.p.l.c. [8], and offers shorter
chromatographic run times and improved peak shape, which should improve
sensitivity. It differs from another recent method [9] with respect to extrac-
tion procedure, chromatographic conditions and internal standard, and
offers a slightly lower detection limit which is well suited to assay of plasma
levels in single dose studies. The assay has been used in a comparative
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bioavailability study following the oral administration of a 6-mg tablet to
volunteers. A typical plasma level/time profile is shown in Fig. 3.

The rather surprising observations on the high affinity with which bro-
mazepam binds to glass may help to explain many of the problems encoun-
tered previously in the assay of this drug. This may be a consequence of
the chemical structure of this compound which is unusual among the clinically
used benzodiazepines. The worst aspect of the problem was the unpredict-
able magnitude of the variability, for reasons which were never established.
On occasions, results much more scattered than those in Fig. 2 were obtained.
These data also suggest that plastic ware may be generally preferable to
glass for work involving trace levels of weak bases.
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Summary. The three organic acids, as well as nitrite and nitrate, are separated on a
Spherisorb S3-0ODS2 column with a methanesulfonic acid mobile phase containing
n-octylamine for ion-pairing, after concentration on a Vydac column. Detection is at
210 nm. Retention times are <10 min. Detection limits are in the range 0.45—1.5 x 10-¢
M for 1-ml samples.

In recent years, the considerable interest in the composition of precipita-
tion in remote areas has led to the need to determine natural and anthro-
pogenic acid components in the atmosphere [1]. In such areas, organic acids
can contribute up to 65% of the total free acidity [2, 3] and so have a
controlling influence on the pH. In contrast, the total free acidity in more
polluted areas such as north-eastern U.S.A., is controlled mainly by inorganic
acids [1, 4]; organic acids account for only 16—35% of the total free acidity
of precipitation [4] while the remainder is provided by sulfuric and nitric
acids, resulting from SO, and NO, emissions from urban/industrial sources.

Organic acids in rain in remote areas are thought to be of natural origin.
Some of the possible sources are aldehyde oxidation in gas and liquid phase,
oxidation of olefinic marine compounds, biomass burning, biomass emissions
and bacterial processes in clouds [5]. In Australia, the Northern Territory is
one sparsely populated region where organic acids have been reported [2, 3],
and in order to establish the origin and distribution of these organic acids, a
reliable and well documented detection technique is required.

Experimental

The system used consisted of a Laboratory Data Control (LDC) chromatog-
raphy control module, Constametric III pump, Spectro-Monitor D variable-
wavelength detector set at 210 nm and a Rheodyne 7125 injector. The
separating column was either a Spherisorb S5-ODS2 (5 um; 250 X 4.6 mm)
or a Spherisorb S3-ODS2 (3 um; 150 X 4.6 mm) reverse-phase column. The
injector sample loop was replaced by a concentrator column (50 X 3.2 mm)
containing Vydac 302SC (30—40 um) pellicular packing material. The typical
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injection volume for rain-water samples was 1 ml. The flow rate was 2 ml
min~! at a back pressure of about 24 MPa.

Standards were prepared from analytical-reagent grade chemicals and
distilled/deionised water obtained from a Milli-Q water purification system.
The preferred mobile phase was an aqueous solution which was 8.0 X 107
M in methanesulfonic acid (Fluka) and 2.5 X 10 M in n-octylamine (Tokyo
Kasei) and was filtered through a 0.45-um filter.

Results and discussion

The analyses of rain and air samples for organic acids has some special
problems. It is now well known that organic acids disappear from solution
even when stored at 4°C [3, 4]. Apparently bacteria can utilize organic
acids as a food source, so chloroform is added as a biocide to prevent organic
acid loss. The samples also contain nitrate and nitrite, which can interfere
with the determination of organic acids.

Several techniques are currently available for the detection of organic
acids. Ion chromatography can be used if the rather specialised equipment
is available [3, 6]. The Dionex system provides almost baseline separation
between formic and acetic acids and detection limits in the ugl1™ range for
most organic acids. A disadvantage is that the retention times of about 15,
16 and 19 min for formic, acetic and propanoic acids are rather long. Resin-
based ion-exclusion columns such as the Bio-Rad HPX-87H give good separa-
tions for organic acids [7]; these columns provide retention times of 8 and
10 min for formic and propanoic acids, respectively, but nitrite and nitrate
cannot be determined together with organic acids. Another problem is that
the injection volumes typically needed (1 ml) change the ionic strength,
thus causing swelling or shrinking of the resin bed leading to pump pulsa-
tions and peak broadening. Reverse-phase high-performance liquid chroma-
tography (h.p.l.c.) has been used for organic acid separations [8]. This
technique appears to give good separations for organic acids, and the sensi-
tivities for formic, acetic and propanoic acids are 0.2, 0.1 and 0.4 ng, res-
pectively. Although this is a very sensitive technique, it is not suitable for
samples which contain a mixture of nitrate, nitrite, chloroform and organic
acids. Another reverse-phase technique has also been used for formic acid,
acetic acid, nitrate and nitrite [9] but it suffers from lack of sensitivity.
Other reverse-phase h.p.l.c. techniques are available [10, 11] but rely on
tedious derivatisation of the organic acids. A Vydac ion-exchange column
has been used to separate formic acid in rain samples [12] but acetic acid
elutes too close to the solvent front peaks for routine work, and the detec-
tion limit for formic acid is only 20 ng. Various other ion-exchange methods
have been used to separate organic acids [13—15], but these were found to
be of insufficient sensitivity for the rather clean rain samples from remote
areas under investigation.

In this study, Spherisorb ODS columns were used. It was found that
methanesulfonic acid alone in the mobile phase caused co-elution of nitrite
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with acetic acid, and also nitrate with propanoic acid. This problem was
overcome by adding a small amount of n-octylamine which acts as an ion-
pairing agent to decrease the polarity of the nitrate and nitrite and so increases
their retention times. The n-octylamine had little effect on the retention
times of the weakly ionised organic acids. Chloroform eluted as a large peak
with a long retention time and so did not overlap any other peaks.

The column requirements for separation of organic acids have been
reported [8]. The column must be end-capped to minimise absorption
effects and must be highly efficient. The 5-um and 3-um Spherisorb columns
have resolutions of 86 000 and 144 000 plates/metre respectively, and both
are fully end-capped. Methanesulfonic acid has previously been used as a
mobile phase in ion chromatography [11, 16]. It was used here in preference

TABLE 1

Detection limits and retention times on a Spherisorb ODS2 (3 ym) column for injection
volumes of 1 ml

Species Detection Retention  Species Detection Retention
limit time limit time
(10°¢ M) (min) (10-¢ M) (min)
Formic acid 0.45 1.8 Propanocic acid 1.5 4.7
Acetic acid 0.75 2.3 Nitrate 0.01 9.5
Nitrite 0.01 2.6 Butanoic acid 3.0 13.4
T 0 02 03 /]
NO .

D8 W
=) < =13
T T T

s 3
>

Height {mm)
5 8 % 3 2
T T T T T

30

10 - NO
025 05 075 10

0 10 20 30 40
Acids

Fig. 1. Calibration plots: (o) formic acid; (o) acetic acid; () propanoic acid; (o) nitrite;
(e) nitrate. All concentrations are X 107¢ M.
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to sulfuric acid because of its lower absorptivity, thereby giving decreased
baselines for species being detected by direct u.v. absorption. In tests with
sulfate in the mobile phase, the organic acid peaks were invariably broader
than those produced with methanesulfonate, so that sensitivity was further
reduced.

Table 1 shows the retention times and the typical detection limits of the
compounds of interest. The detection limits were evaluated from the injection
of 1 ml of a standard solution, for a signal-to-noise ratio of 3, and a detector
range of 0.02 absorbance full scale. These detection limits were sufficient
for the present study, but they could easily be improved by using a lower
detector range and injecting larger sample volumes. In this context, the use
of a concentrator column is essential, because large volumes of sample can
be injected while the volume of sample matrix that actually passes into the
separating column remains constant. Figure 1 shows plots of peak height

0-001
Abs.

0-001
Abs.

LA

1 H L 1 | L 1 i | 1 ] I 1 i
2 L 6 8 1012 14 2 4L 6 8 10 12 1%
Time {min) Time (min)

.

Fig. 2. Chromatogram of a standard solution. Peaks: (1) formic acid (40 ¢ M); (2) acetie
acid (40 uM); (3) nitrite (1 uM); (4) propanoic acid (40 uM); (5) nitrate (0.5 uM); (6)
butanoic acid (40 uM). Injection volume 250 ul, wavelength 210 nm, attenuation 4,
3-um Spherisorb ODS2 column.

Fig. 3. Chromatogram of a typical rain-water sample. Peaks: (1) formic acid (40.4 uM);
(2) acetic acid (30.3 pM); (3) nitrite (0.05 uM); (4) propanoic acid (16.8 uM); (5) nitrate
(9.8 uM); other peaks are unknown. Injection volume 500 ul, wavelength 210 nm, attenua-
tion for nitrate 128 otherwise 4, 5-um Spherisorb ODS2 column.
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against standard concentrations for the species of interest; the calibrations
are linear down to low concentrations.

Although the technique was developed particularly for determinations
of formic, acetic and propanoic acids, Fig. 2 shows that butanoic acid was
also satisfactorily separated. Indeed, preliminary tests indicated that other
acids and diacids can also be separated with appropriate adjustments to the
mobile phase concentration. Figure 3 shows a chromatogram of a typical
rain-water sample in which other, unidentified species are clearly evident.

During this study, three separate Spherisorb ODS columns were used; one
was 3-um and the other two were 5-um packings. The retention times on
all these columns varied slightly (cf. Figs. 2 and 3) although the mobile phase
concentrations were identical as was the total number of plates per column.
The corollary is that the concentrations of mobile phase and ion-pairing
agent should be modified slightly to achieve the optimum resolution for a
given column, depending on its age, efficiency and condition. In general, a
molar ratio of methanesulfonic acid to ion-pairing agent of about 4:1 has
been successful. Moreover, the 3-um columns appear to give higher sensitivity
than the 5-um columns. For example, a 3-um column gave a peak height of
48 mm for 250 ul of 40 X 10 M acetic acid, i.e., for 1 X 10™® mol of
acetic acid (Fig. 2); in contrast, a 5-um column gave a peak height of 48 mm
for 500 ul of 30.3 X 10 M acetic acid, i.e., 1.5 X 10 mol (Fig. 3). Thus,
for organic acid separations, the 3-um Spherisorb ODS2 columns are about
50% more sensitive than the 5-um columns.
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Summary. The solubility of tri-n-octylamine (TOA) in water and phosphoric acid is
reported. Equilibration is achieved by circulating the solution through PVC pieces satu-
rated with the adsorbed amine in a glass tube. The dissolved TOA is determined by
capillary gas chromatography which can detect amine concentrations down to 10 pgl™.
The solubility of TOA in water is 0.039 mg 1~ and in 5.5 M phosphoric acid 0.82 mg 17*;
these values are much lower than those reported in the literature.

Long-chain tertiary amines have been widely used in liquid-liquid extrac-
tion technology for many years, particularly for commercial extraction of
uranium, vanadium and cobalt. The commercial success of such an extrac-
tion process largely depends on small losses of extractant and diluent (kero-
senes). Losses are normally caused by solubility in and entrainment to the
aqueous phase because of incomplete phase separation. The total loss of
tertiary amines has been reported [1] as 10—40 mg I in extractions of
uranium from sulphate solutions. Normally the entrainment loss can be
assumed to be the dominating part but not much is known about the actual
solubilities of these extractants in various media. During the development of
a pollution abatement process for cadmium extraction with tertiary amines
from phosphoric acid solutions [2], solubility data of these extractants in
water and phosphoric acid were needed.

A literature survey produced some data for the solubilities of the tertiary
amines (Table 1). The manufacturer of Alamine-336 (a mixture of tri-n-
octyl and tri-n-decylamine produced by Henkel Corporation, Minneapolis,
MN, U.S.A.) states the water solubility to be <5 mg 17!, Numerous measure-
ments were reported by Nikolaev et al. {3] and Oparin et al. [4]. Solubilities
of tri-n-octylamine (TOA) were measured in water and in various acids

0003-2670/85/$03.30 © 1985 Elsevier Science Publishers B.V.
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TABLE 1

Reported values for the solubility of long-chain tertiary amines in various media

Amine Medium Conc. Solubility Ref.

(mg 1)
Alamine 336 H,0 - <5 —2
Tri-n-octylamine H,PO, 40.6% (w/w) 39.2 3
Tri-n-octylamine H,S0, 9.26% (w/w) 24.0 3
Tri-n-octylamine H,0 — 82.0 3
Tri-n-octylamine H,0b — 7.25 3
Alamine 336 H,SO, pH 1.8 10 5
Alamine 336 CH,COOH 10% (w/w) <10 6
Tri-n-octylamine H,0° - 0.0394 This work
Tri-n-octylamine H,PO, 5.5 M 0.82d This work

aManufacturer’s data. PWith filtration of water after equilibration. ¢Distilled deionized
water. ¢ At 25°C.

and salt solutions. Equilibration of the amine with the agueous phase was
done by shaking the phases for 30 min. Amine concentrations were measured
spectrophotometrically after extraction with tetrachloromethane. Filtration
of the aqueous phase decreased the values by a factor of more than 10 (see
Table 1). Obviously either amine drops were separated by the filter or the
amine was adsorbed on the filter material. Solubility in sulphuric acid for
0.1 M Alamine-336 dissolved in a kerosene was reported by Pich et al. [5]
as 10 mg 1!, The same magnitude was given by Ricker and King [6] for
the solubility in 10% (w/w) acetic acid.

Reported values vary depending on how the equilibration was done,
whether the amine was dissolved in a diluent or not, whether or not secon-
dary dispersions were eliminated before measurements and on the method
of analysis. Amine determinations at the picogram level can be done by gas
chromatography (g.c.) with capillary columns [7]. The aim of this study was
to measure the solubility of the long-chain tertiary amine, TOA, in water
and phosphoric acid solutions.

Experimental

Chromatographs and detectors. A Varian Model 3700 gas chromatograph
equipped with a Carlo Erba on-column injection system and a Varian
thermionic specific detector was used. Typical settings for the detector were:
gas flow rates 4.0 ml min™ hydrogen and 180 ml min™ air; bead heating
current, 6.5 scale divisions; bias voltage, —10 V; temperature, 250°C.

Gases. The carrier gas was helium with an inlet pressure of 0.3 kg cm™.
The make-up gas was nitrogen at a flow rate of 20 ml min™. These gases
were dried over molecular sieve 5A and deoxygenated using an ‘“‘Indicating
Oxytrap” (Chrompak, Middelburg, The Netherlands). Hydrogen and air
were used without extra purification.
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Chemicals. Tri-n-octylamine, toluene and phosphoric acid were of analy-
tical grade (Merck). The stationary phase was PS-2556 (Fluka) and
1,3-divinyltetramethyldisilazane was from Pertrach Systems (Bristol, PA,
U.S.A.). Solvents used were all of analytical grade. Distilled-deionized water
was used throughout.

Equilibration. Initial measurements by equilibration of 50 ml of either
water or phosphoric acid with 2 ml of TOA in ordinary separating funnels
produced unsatisfactory results; solubility values for TOA in water between
0.010 and 0.65 mg I'' were measured. This was assumed to be caused by
incomplete phase separation and formation of secondary dispersions. Amines
readily form salts with acids. Thus, in equilibrations of TOA with phosphoric
acid, the amine formed a viscous gelatinous amine salt. In order to avoid the
difficulties with formation of secondary dispersions and third-phase forma-
tion (amine salt aggregation), a different method was tested. Small
(ca. 5 X 5 mm) pieces of PVC were put in a glass tube (25 mm diameter,
350 mm tall) and impregnated with TOA by pouring small amounts of TOA
through the tube. Draining the excess of TOA and washing several times with
water produced a thin film of adsorbed TOA on the PVC surface. It was
assumed that the adsorption equilibrium TOA (aq) = TOA (PVC) was
shifted sufficiently to the left to ensure saturation of the aqueous phase. The
solutions were circulated through this tube with a pump at a flow of 21 h,
The total volume of solution in the system was 1.5—2 1. Equipment was of
glass and all tubes were made of teflon. Solutions were circulated so many
times that the tubes and glassware could be assumed to be saturated with
TOA. The arrangement is outlined in Fig. 1. Samples were taken for analysis
after 1—20 h of circulation.

The samples were normally centrifuged for 10 min at 4800 rpm and then
analyzed for TOA. Filtration through filter paper reduced the values by up
to 50%; this was considered to be due to sorption of amine in the paper so
filtration of the aqueous solution was not used. With this way of equilibra-
tion, no secondary droplets were visible and formation of the viscous amine
compound with phosphoric acid was avoided.

After equilibration, the samples were made alkaline with potassium
hydroxide and, usually, 5 ml was extracted with 2.5 ml of toluene. After
phase separation, the organic phase was injected onto the g.c. column.

Column preparation. Duran 50 borosilicate glass capillary columns were
drawn on a Carlo Erba GCDM Model 60 drawing machine and handled as
described by Grob and Grob [8]. The columns (10 m, 0.23 mm i.d.) were
dried by nitrogen purging for 2 h at 250°C. Deactivation was achieved by
dynamic coating with a plug of 1,3-divinyltetramethyldisilazane followed by
flame-sealing and thermal treatment at 350°C overnight. After rinsing with
toluene, methanol and diethyl ether, PS-255 stationary phase was applied
by static coating from pentane solutions. The phase was then cross-linked
with azo-tert-butane {9]. The final film thickness was ca. 0.4 um.

Linear range and detection limits. Peak heights were used for data
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Fig. 1. Arrangement for solubility measurements of TOA in water and phosphoric acid.
(1) Tube with PVC pieces; (2) buffer container, 1.5—2 1; (3) membrane pump; (4) reser-
voir for constant gravity flow; (5) regulating valve; (6) flow meter.

calculation. Calibration plots for TOA were linear in the 20—2000-pg range.
The detection limit for TOA was in the order of 10—20 pg for a signal-to-
noise ratio of 2:1.

Results and discussion

Solubility. Circulation of the solutions about 7 times over the impregnated
PVC pieces was sufficient to reach a steady-state concentration in the solu-
tions, as is seen for water in Fig. 2. Rejecting the outlying data where equi-
librium was presumably not reached and where very high values were obtained,
presumably because of entrainment of small TOA droplets in the samples
(one third of the data were rejected), the concentration of TOA in the water
samples varied between 0.024 and 0.055 mg 1™ with a mean of 0.039 mg 1™
(Table 1). For 5.5 M phosphoric acid, the values showed a variation between
0.79 and 0.87 mg 1! with a mean of 0.82 mg 1.

Gas chromatography. Figure 3 shows a chromatogram of a cycled water
solution of TOA, extracted with toluene after being made alkaline. Because
of the selectivity of the detector, a peak is easily obtained for 50 pg of TOA.

Conclusion
The combination of glass capillary columns, on-column injection and the
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Fig. 2. TOA concentration in water after repeated circulation over impregnated PVC
pieces.

Fig. 3. Chromatogram of an aqueous solution containing TOA (50 pg in the 7 ul injected).
Column: see text. Temperature programming from 110 to 170°C at 15°C min™. Detector
parameters, see text; attenuation 2 X 107!? attenuation full scale.

thermionic detector makes it possible to detect TOA concentrations down to
0.010 mg 17 in the solution injected. The measured solubility in water is
2—3 orders of magnitude lower than previously reported values (Table 1).
For phosphoric acid, the present values are also much lower. The difference
could be due to the elimination of secondary dispersions when the amine is
adsorbed on PVC pieces and to the use of gas chromatography for the
determination of low amine concentrations.

The experimental technique could be modified in terms of selection of the
adsorption material in the cycling tube, to allow measurements of the
solubility of other substances with very low solubilities for which equilibra-
tion is the crucial step.
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Summary. A simple method is reported for standardizing 10°—10"* M dithizone solutions
for titrimetric analysis. Dithizone in an anhydrous acetic acid/chloroform (4% v/v)
medium is titrated with 2 X 10 M mercury(II) acetate in the same medium. The titration
takes only a few minutes. The accuracy (+0.2%) and precision (r.s.d. = 0.7%) achieved
are similar to those obtained by the classical extractive titration with silver(I).

The instability of dithizone, in solid form but especially in solution, neces-
sitates purification of the solid and standardization of its solutions. The
commonest method of standardizing dithizone solutions is based on the
application of Beer’s law, using a pre-established molar absorptivity. The
imprecision of this procedure is 1—3% [1]. However, there is significant
disagreement between the reported molar absorptivities in authoritative
monographs about dithizone [2, 3], the compiled values in chloroform
differing by 3.6%. This discordance still remains in a recent review on dithi-
zone [4]. The most precise and accurate method of standardizing dithizone
solutions is based on extractive titration of a standard aqueous silver nitrate
solution [3]. The main problems with this method, which is practically used
with dithizone only [5], are that it is time-consuming and requires consider-
able experimental skill [4].

The use of dithizone in homogeneous medium has been described [6, 7] .
Photometric titrations have been applied [8, 9] but little was said about
standardization of the titrant. A water/acetone medium was proposed by
Le Goff and Tremillon [8] but dithizone had to be kept in an alkaline
aqueous solution, in which it is not entirely stable [2]. In this communica-
tion, photometric titration in a chloroform/anhydrous acetic acid medium is
suggested for the standardization of dithizone solutions. This work forms
part of a general investigation aimed at extending the use of dithizone in the
determination of organometallic compounds, by means of photometric
titrations in mixed homogeneous media.

Experimental
The usual cleaning precautions for work with dithizone [3] were taken.
All the experiments were done under diffuse light. All solutions were pre-

0003-2670/85/$03.30 ©® 1985 Elsevier Science Publishers B.V.
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pared with analytical-reagent chemicals. Twice-distilled water from an all-
glass pyrex still was used throughout.

Apparatus. For the titrations, a Coleman Junior II u.v.-visible spectro-
photometer was used; the 20-ml photometric cell (path length 21 mm)
was modified by attaching a cone (from a glass funnel) to the cell so that
its volume was increased to 50 ml and the solution could be stirred. Visible
spectra were recorded with a Perkin-Elmer 554 spectrophotometer.

Dithizone solution. A stock solution of pure dithizone in chloroform was
obtained by following essentially the purification process recommended by
Iwantscheff [3] and using metal-free ammonia obtained by isopiestic distilla-
tion [10]. The ratio of the absorbance readings at the two peak wavelengths
(605 nm and 440 nm) of dithizone in chloroform (peak ratio index) was
used to evaluate the purity of the dithizone solution. The purification process
was repeated until the index was >2.66 [11]. This pure stock solution in
chloroform, and the working solutions (1075—107* M), were stored under layers
(ca. 1 cm) of 1 M sulphuric acid, and protected from light in a refrigerator
(5°C).

The purity test mentioned was also applied as a criterion to check the
stability of dithizone solutions before each set of experiments. The working
and storage conditions described were found to be satisfactory.

Mercury(Il) acetate solution. The solid (0.46 g) was dissolved in 250 ml
of anhydrous acetic acid, and standardized potentiometrically against
standard sodium chloride solution; an Ag/AgCl electrode was used with a
saturated calomel electrode having a potassium nitrate solution salt bridge.
The working solution (ca. 2 X 10™ M) was prepared daily by diluting a
portion of stock solution with chloroform until the solution contained
about 4% (v/v) anhydrous acetic acid in chloroform.

Organic solvents. The anhydrous acetic acid was checked for heavy metals
by adding excess of aqueous ammonia solution and shaking with a solution
of dithizone in chloroform; a colorless organic phase indicated the absence
of ‘““dithizone metals”. Some of the chloroform used was distilled and
stabilized with 0.5% (v/v) ethanol. Commercial chloroform lots that gave
negative tests based on the peak ratio index were used without further
purification.

Titration procedure. Place in the photometric cuvette (path length 21 mm)
25 ml of chloroform, 10 ml of dithizone solution (ca. 6 X 10 M) at room
temperature, and 1.5 ml of pure anhydrous acetic acid. Then titrate with
small portions of mercury(Il) acetate solution (2 X 10™ M) until a constant
absorbance reading is attained at 600 nm. Plot the absorbance (corrected for
dilution) as a function of the volume of mercury(II) acetate solution, extra-
polating the straight branches of the plot to establish the equivalence point.

Results and discussion
In the first attempts to utilize photometric standardization of dithizone
in homogeneous medium, a chloroform/ethanol/water mixture was used,
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because this medium was successful in the determination of methylmercury-
(II) salts [9]. For the present problem, in which standardized aqueous solu-
tions of silver nitrate and mercury(II) nitrate (ca. 10™ M) were used, low
results were obtained. The water present proved to have a decisive influence
on the error. The relative influence of mixing the three solvents in different
proportions was studied systematically. The lowest error (<4%) was obtained
with a 57% chloroform/40% ethanol/3% water medium. Consequently,
different organic solvents capable of dissolving the mentioned salts without
water were studied.

The solvents were tested by adding small portions of standard silver(I)
or mercury(II) solution in the organic solvent (anhydrous acetic acid or
ethanol) to a portion of standard dithizone solution. The reverse order of
addition was not examined because secondary dithizonate formation was
enhanced. The visible spectra of these systems are shown in Fig. 1. The
absorption peaks can be approximately correlated with the peaks described
in the literature [2, 12], with due consideration of the displacements caused
by the change of medium. In all these systems, except one, it is seen that
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Fig. 1. Absorption spectra for dithizone in chloroform in the presence of different
amounts of titrant solutions: (a) silver nitrate in ethanol; (b) silver nitrate in anhydrous
acetic acid; (c) mercury(II) acetate in absolute ethanol; (d) mercury(Il) acetate in anhy-
drous acetic acid. Curves: (1) equivalent amounts; (2) twice the equivalent amount of
metal ion; (3) large excess of metal ion. In part (d), the spectrum of dithizone in that
medium is also shown.
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primary and secondary species are formed if an excess of metal ion is added.
The absorbance of the secondary dithizonates is less stable than that of
primary dithizonates, especially when mercury(II) acetate in ethanol is
added. This modifies the titration curve after the equivalence point. When
the titrant is mercury(II) acetate in anhydrous acetic acid, new species
containing excess of metal are not formed, even with a large excess of metal.

The resulting titration curves were of the kind shown in Fig. 2. These
curves confirm that the acidic solutions do not favour the formation of
secondary dithizonates [2]. When the acidic mercury(II) titrant is used,
formation of the secondary complex is wholly avoided. Given the instability
of secondary dithizonates, it was concluded that mercury(II) acetate in
anhydrous acetic acid and chloroform provided the best system.

In the final tests, the results obtained for a dithizone solution in chloro-
form by titration with mercury(Il) acetate in anhydrous acetic acid (method
A) or in a 4% (v/v) anhydrous acetic acid/chloroform mixture (method B)
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Fig. 2. Photometric titration curves for dithizone in chloroform, Titrant: (a) silver nitrate
in ethanol; (b) silver nitrate in anhydrous acetic acid; (¢) mercury(Il) acetate in absolute
ethanol; (d) mercury(II) acetate in anhydrous acetic acid.
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were compared with those obtained by the classical extractive titration with
standard silver nitrate. When the titrant was in the mixed medium, the
dithizone solution was prepared in the same medium. The averages of seven
titrations by each of these procedures were 59.4 uM (classical method),
59.0 uM (method A) and 59.5 uM (method B); the error range was 1.8%
in all cases, the standard deviation being 0.4 uM and the relative standard
deviation 0.67—0.68%. The slight error (—0.7%) in method A becomes
negligible in method B (+0.2%). The precision obtained is similar to that
of the extractive titration [3] and much better than that of the direct
spectrophotometric method [1].

The authors express their sincere thanks to Prof. Folke Ingman, Royal
Institute of Technology, Stockholm, for critical comments and valuable
discussion.
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Book Reviews

R. Pribil, Applied Complexometry. Pergamon Press, Oxford, 1982 (ISBN
008-026-2775). xv + 410 pp. Price U.S. $75.00.

One of the most delightful experiences in analytical chemistry has been to
watch Dr. Pribil demonstrating intricate and imaginative reaction sequences
that can be used in EDTA titrations. One colour succeeds another in rapid
succession; counting drops replaces the use of the burette. The result is an
enthusiastic encapsulation of the important principles of EDTA titrations,
and of the masking, demasking and indicator reactions on which the titrations
are strongly dependent. Much of this enthusiasm has found its way into the
present text. The earlier chapters deal with the basic chemistry involved in
compleximetric titrations: the chelating properties of complexans, useful
indicators, masking and demasking agents, separation methods, and stan-
dardization. The treatment is as descriptive as the subject allows, but the use
of stability constants and a-coefficients is essential. There follow chapters
dealing with individual metal ions, grouped according to whether they form
very strong, moderately strong, or weak complexes with EDTA, and a discus-
sion of indirect methods for anions. The remaining 160 pages are devoted to
a most useful compilation of procedures and discussion concerning the
applications of compleximetric titrations to the analysis of alloys, rocks,
slags, cements, glasses, ores, electroplating solutions and many other types of
sample. The information is comprehensive and detailed, and bears the stamp
of authority of the scientist who has contributed at least as much to this
subject as anyone. There are few criticisms. The book is directly reproduced
from typescript, and, although this has been excellently done, it does detract
from the presentation. Reversion to the term ‘“‘volumetric” after patient
endeavours to encourage the use of “titrimetric’’ is unfortunate, as is the
suggestion that masking agents might also be called screening agents. But
these are very minor comments in a book that will be of great practical value
to analytical chemists, and should serve them well through this decade.

A. Townshend

R. Caulcutt and R. Boddy, Statistics for Analytical Chemistry. Chapman and
Hall, London, 1983 (ISBN 0-412-23730-X). Price £22.50.

Statistics is a discipline that is generally badly taught and regarded with
unjustified suspicion, and most practising analytical chemists must wish that
they had a better appreciation of its principles and applications. The present
volume is designed to fill that gap, and is based on the material for a well-



292

known series of short courses offered by the authors over several years. Its
thirteen chapters are accompanied by tutorial problems (with solutions)
and are followed by a summary of useful formulae and abbreviated forms of
the most commonly used statistical tables. Individual references are not
provided in the text, but there is a short general bibliography. The whole
book is clearly produced with remarkably few errors, but the reviewer’s
ritual complaint about the price seems particularly justified in the case of a
text of moderate length that presumably seeks large volume sales.

The book is very clearly aimed at the practising analyst. This is reflected
in the extensive and very practical discussions of precision, calibration and
bias, and the repeated references to advisory publications such as British
Standard monographs. There can of course be no complaint about such an
approach, but the layout of the book is such that it might not be altogether
suitable for higher education students of analytical chemistry, or for chemists
using statistical methods to evaluate research results. Much of the subject
matter is introduced with the aid of a small number of fictional examples.
This approach might well be viable in a taught course, but is much less suited
to a written text: I found it increasingly irritating when the same example
was used in later chapters, making frequent back references necessary. The
almost total absence of statistical theory will disappoint only a few readers,
but the omission of two other aspects of statistics might limit the usefulness
of the book. There is no discussion of non-parametric methods, which do
find a good deal of everyday use because of the simplicity of some of the
calculations. And there is no hint of the modern chemometric methods
(optimization, pattern recognition, etc.) that are now within the range of
every laboratory with a microcomputer. The book satisfactorily covers the
backbone of statistical methods most useful to the analyst, however, and
many chemists will find it valuable.

J. N. Miller

R. R. Smardzewski, Microprocessor Programming and Applications for
Scientists and Engineers. Elsevier Science Publishers, Amsterdam, 1984
(ISBN 0-444-42407-5). xiv + 353 pp. Price Dfl. 98.00.

Microprocessors today affect nearly all aspects of our daily life to one
extent or another. This includes, of course, the chemical laboratory. Today
microprocessors are used to process data and control laboratory instruments
ranging from simple thermostats and single-pan balances to very complex
and sophisticated spectrometer systems. However, before a microprocessor
can be of any use in the laboratory, it must be properly programmed and
interfaced to the outside world. There is an increasing number of standard
programs available on the market, which are adequate for many standard
applications. However, there is often no over-the-shelf system available for
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research applications, and a fully optimized solution of an individual stan-
dard problem often requires extensive modifications and adjustments. Fur-
thermore, even for standard routine applications meaningful results can be
expected only if the microprocessor system is operated within its design
limits, which consequently have to be known by the user. Critical evaluation
of the data acquired and of the behaviour of the system controlled by a
microprocessor absolutely requires understanding of the microprocessor and
of the program that controls its operation. The “black box’’ philosophy if
pushed to extremes will invariably lead to disaster. This book attempts to
teach the minimum basic knowledge about microcomputer programming and
interfacing that any chemist should have. It is written by a chemist for
chemists.

Concepts and principles are explained by many well-chosen examples and
experiments, based on the AIM-65 microcomputer, which is built around the
popular 6502 MPU, as are many other microcomputers, including the Apple
II/11e, the Commodore Pet (VC-20) VC-64, and the Atari. It is not essential
to have access to an AIM-65 for working through this book, but some
elementary know-how is required to transfer the programs to other systems.
This know-how can be acquired by working through the book without
actually doing the experiments.

The first part gives the basic facts about microprocessors and their associated
circuitry: computer organization, number systems, code conversions, and
logic gates. Then follows an introduction to instructions and addressing
modes of the 6502 microprocessor unit (MPU), with many instructive
experiments. The 6522 Versatile Interface Adapter (VIA), the most widely
used chip for connecting the microprocessor to the outside world, is described
next, with well designed experimental programs to demonstrate the various
capabilities of this rather complex chip. A short chapter is devoted to the
monitor program of the AIM-65; this is where users of other microcomputer
systems will probably experience most difficulties. However, as the monitor
programs for most simple microcomputers are designed along the same
general principles, even a beginner can solve the associated problems within
a reasonable time.

The section on data acquisition deals extensively with the various
approaches to analog-to-digital and digital-to-analog conversion. The poten-
tials and limitations of the different systems are nicely demonstrated as are
the control and communication interfaces. This reviewer particularly liked
the chapter on program development, which includes an excellent introduc-
tion to the general structure of assembler programs. The only high-level
language covered is FORTH, which unlike other high-level languages does
not isolate the user from the microprocessor. A section on structured pro-
gramming introduces the reader to system analysis and to well organized
program development. Useful appendices complete the book.

Its clear and linear structure makes this book an excellent introduction to
microcomputer applications in the chemical laboratory. It is, however, not a
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bed-side book; the reader is required to contribute a fair amount of work,
particularly in familiarising himself with new terminology. The book is rather
similar to the well known ‘“Bugbooks” by Larsen, Rony and Titus, which
during the late seventies were the standard introduction to microprocessors
for chemists. The present book is more compact and is based on more up-to-
date technology. To every chemist who wants an introduction to this field,
the book can be recommended, with the reservation that success will depend
to a large extent on his own incentive.

J. T. Clerc

R. B. ng (Ed.), Chemical Applications of Topology and Graph Theory.
Elsevier Science Publishers, Amsterdam, 1983 (ISBN 0-444-42244-7). xii +
494 pp. Price Dfl. 275.00.

Many molecular properties are determined largely by the connectivity of
the respective molecules, and in many cases the detailed structure of the
compound is of secondary importance only. This empirical fact is the motiva-
tion behind most chemical applications of topology and graph theory. A
large proportion of the papers presented at a symposium held at the University
of Georgia, Athens, Georgia, USA in 1982 and collected in this book use
basically the same approach. Structural aspects of a series of chemical com-
pounds are represented as a graph, i.e., a set of nodes connected by edges.
The familiar structural diagrams used to represent the connectivity of the
atoms in a molecule lend themselves quite naturally to such a transformation,
Then, one or more suitable mathematical properties that can be expressed as
a number are evaluated for the abstract graph. Such a number is generally
referred to as an (topological) index. An early topological index used in
chemistry is the Wiener path number W(G) suggested in 1947. Since then,
many topological indices have been proposed. Their original purpose was to
obtain correlations with a wide variety of physicochemical properties, but
they have found numerous other applications, the currently most important
ones being bibliographic species classification and pharmaceutical drug design.

Many other chemical systems can be represented by abstract graphs and
are thus amenable to analysis by graph theory. Among others, chemical reac-
tion networks and the molecular lattice of liquid water are treated in this
book. From a mathematical point of view, the papers presented are clearly
written; the subjects are treated on a rather advanced level. The language and
style of presentation are definitely mathematical. A chemist with an above
average interest in mathematics encounters considerable difficulties in work-
ing through the book, whereas the average chemist will probably put the
book back to the shelf for good after just browsing. This is unfortunate, as
graph theoretical and topological methods may well open new means of solv-
ing many chemical problems. For the general chemist this book is of very
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little value, but for the specialist and for those chemists willing to invest con-
siderable time and effort into learning the terminology of the field, it may be
worth the money.

K. Humbel

Paul E. Mix, The Design and Application of Process Analyzer Systems (Vol. 70
in Chemical Analysis). Wiley-Interscience, New York, 1984 (ISBN 0-471-
86518-4). 312 pp. Price £56.25.

This volume is intended to provide basic guidelines for the design and
operation of process analyzer systems, and as such it is directed more towards
the production engineer and technical personnel than towards the analytical
chemist. One of the attractions of the book, however, is that it pays parti-
cular attention to sampling procedures and emphasises their crucial role
within the overall analyzer design.

After a discussion of sampling systems and safety procedures, there are
chapters dealing with various types of detector: pH and conductivity meters,
moisture and corrosion monitors, oxygen analyzers, photometric analyzers,
digital analyzers (e.g., automatic titrators) and on-line process chromato-
graphs. Each chapter covers the theory of operation of the detector, the
calibration techniques used, important design features and applications and
other general comments. The information provided is therefore extremely
useful for anyone considering the possibility of introducing a process analyzer
into an industrial environment, but the text would have been more stimula-
ting if the performance of process analyzers had been critically assessed in
some real-life situations, e.g., specific data on cost of installation and opera-
tion, precision and reliability, and improvements in plant productivity and
quality control.

There is a list of process analyzer manufacturers (predominantly in the
U.S.A.), a comprehensive set of references and a glossary of process-analyzer
jargon for the reader who wishes to find out more about the subject. Design
data and sketches of various process analyzers are included, but photographs
of such systems, particularly within an industrial environment, are sparse. As
with other books in the series, this volume provides an easy-to-read text that
covers the practical aspects of the subject very well. However, the contents
could have been made more appealing to the reader with only a peripheral
interest in process analyzers.

P. J. Worsfold
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Friedrich Oehme und Martin Jola, Betriebsmesstechnik unter Einsatz von In-
line und On-line Analysatoren. (Reihe: ABC der Mess- und Analysentechnik)
Dr. Alfred Hiithig Verlag, Heidelberg, 1982 (ISBN 3-7785-0782-6). xi + 167
S. Preis (kart.) DM 38,00.

Das vorliegende Biichlein behandelt in kurzen, nach Stichworten alpha-
betisch geordneten Abschnitten Themen aus der industriellen Betriebsmess-
technik. Dabei werden allgemeine Grundbegriffe (z.B. Ist-Wert, Querempfind-
lichkeit, Spurenanalyse), Instrumenten-Komponenten (z.B. Bezugselektrode,
Messumformer, Tauchgeber), Methoden (z.B. Amperometrie, Brechungsindex,
Thermometrische Analyse) und industrielle Prozesse (z.B. Bleichen von Tex-
tilien, Phosphatieren, Zellstoff-Aufschluss) vorgestellt. Der Text der einzelnen
Abschnitte geht in der Regel so tief, dass sich auch der nicht im betreffenden
Gebiet spezialisierte Fachmann ein Bild der Anforderungen, der Problematik
und der heute iiblichen Losungen machen kann. Auf eine erschopfende
Behandlung wird verzichtet, doch vermitteln zahlreiche Hinweise auf Mono-
graphien oder auf Artikel in Fachzeitschriften den Zugang zur weiterfiih-
renden Literatur. Das ganze Werk ist ausgesprochen praxisorientiert aufge-
baut, die langjahrige Erfahrung der Autoren auf dem Gebiet der industriellen
Betriebsmesstechnik schlagt immer wieder durch. Dem Referenten erscheint
das Biichlein fiir Anfinger wenig geeignet. Wer aber {iber eine auch nur mini-
male Vorbildung in Analytik und/oder Messtechnik verfiigt, dem gibt das
Buch einen raschen, kompakten und breiten Ueberblick iiber die Praxis der
heutigen Betriebsmesstechnik.

J. Kwiatkowski, FORTRAN in 8 Lektionen fiir Anfinger. Frech-Verlag,
Stuttgart, 1983. 216 S. Preis DM 29,80.

d. Kwiatkowski und B. Arndt, BASIC. Eine Einfiihrung in 10 Lektionen.
Springer-Verlag, Heidelberg 1983. x + 180 S. Preis DM 39,00.

Mit der weiten Verbreitung billiger Kleincomputer hat sich auch ein gestei-
gertes Bediirfnis nach zum Selbststudium geeigneten Einfithrungen in die
meistverbreiteten Programmier-Sprachen ergeben. Die beiden Biicher ver-
suchen, dieses Bediirfnis fiir BASIC und FORTRAN zu erfiillen, was weit-
gehend gelungen ist. Der Stoff ist gut gegliedert und dusserst systematisch
und klar dargestellt. Jedem Kapitel sind die anvisierten Lernziele vorangestelit.
Dann folgen der Lerninhalt, illustriert mit zahlreichen Beispielen, und eine
Zusammenfassung. Am Ende jedes Kapitels finden sich Uebungsaufgaben,
deren Schwierigkeitsgrad einen weiten Bereich iiberspannen. Fiir simtliche
Uebungsaufgaben sind im Anhang Musterlosungen angegeben.

Im Vorwort des Buches iiber BASIC findet sich der folgende Satz: ‘“Bei
konsequentem Durcharbeiten des Buches sollte es dem Leser moglich sein,
sich je nach Vorbildung und gewiinschter Eindringtiefe in die Materie in 1 bis
5 Tagen mit BASIC vertraut zu machen”. Eigene Versuche mit (zugegebener-
massen oft eher musisch als mathematisch begabten) Studenten ohne jede
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Vorbildung lassen vermuten, dass der angegebene Zeitbedarf als eher opti-
mistisch zu beurteilen ist. Anderseits war der Lernerfolg bei beiden Biichern
durchaus erfreulich. Sie haben sich in der Praxis gut bewiahrt und konnen
ohne Vorbehalte empfohlen werden.

dJ. T. Clerc

Y. Paker, Multi-Microprocessor Systems. (Vol. 18 in A.P.I.C. Studies in Data
Processing). Academic Press, London, 1983 (ISBN 0-12-543980-6). xii +
204 pp. Price £16.50.

These days many analytical instruments contain a microprocessor to
control the instrument and assist with data collection and data processing.
More sophisticated instruments may have several microprocessors, or an
instrument containing a microprocessor may be used with a data station or
data-processing network. When more than one microprocessor is involved,
digital data have to be passed to and fro between the various microprocessors,
and this has to be done in an orderly way. In Multi-Microprocessor Systems,
the author discusses the design and functioning of such systems and presents
an up-to-date account. This is not a book for beginners, nor is it particularly
addressed to chemists, but anyone with a fair appreciation of the make-up of
a single microprocessor system will be able to gain an insight into the design
of these more complex systems. In the first six chapters the author discusses
both electronic (hardware) and programming (software) aspects of the sub-
ject. The final chapter deals with the thorny problem of designing systems
which will recognise when they are not working properly, and are able to
make appropriate corrections so that the fault does not cause the system to
sreak down. The book has many clear flow diagrams which are helpful in
issisting understanding, but to get a full appreciation of the subject the
‘eader needs to be familiar with the specialised language of the world of
romputers.

dJ. R. Chipperfield

Alan G. Marshall (Ed.), Fourier, Hadamard and Hilbert Transforms. Plenum
ress, New York, 1982. xii + 562 pp. Price $65.00.

This book seems likely to suffer because of its misleading title. “Methods
‘or Fourier-Transform Spectroscopy (with other transforms)” would be a
etter description of the subject matter, as there are 13 articles on Fourier-
ransform spectroscopy, one on Hilbert transforms, one on Hadamard trans-
orms and one on general transforms. Although some of the articles are
nathematical, and one contains a FORTRAN program for a fast Fourier
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transform on a minicomputer, there is much descriptive material which could
be read with profit by a chemist happy to leave mathematics to others.

The types of spectroscopy covered are: ion-cyclotron resonance, nuclear
quadrupole resonance, dielectric, microwave, two-dimensional and paramag-
netic nuclear magnetic resonance, electron nuclear double resonance, muon
spin rotation, infrared, and visible-ultraviolet. There are also articles on fara-
daic admittance measurements and optical diffraction by electrodes. The
volume is dedicated to the memory of W. H. Flygare who has contributed
the article on microwave spectroscopy.

It is impossible to comment on all of such a diverse series of topics, but
mention may be made of a particularly clear introduction by Morris to two-
dimensional Fourier-transform n.m.r. spectroscopy with some excellent
diagrams, and a stimulating article by Klainer, Hirschfeld, and Marino on the
bright future for Fourier-transform n.q.r. spectroscopy. Overall, the book is
a valuable survey of the field and deserves to have a place in any library that
caters for research in chemistry.

D. W. Davies

G. A. Webb (Ed.), Annual Reports on NMR Spectroscopy, Vol. 11B.
Academic Press, London, 1981. x + 502 pp. Price £48.40.

This volume which is compiled by M. Witanowski, L. Stefaniak and G. A.
Webb, is completely devoted to a review of nitrogen n.m.r. involving *N and
SN nuclei. The literature coverage is for the period 1977—1980 subsequent
to a previous review in this series, and the 340 pages of tables in this Volume
are a measure of the current popularity of nitrogen n.m.r. The tables are
clearly presented and cover both experimental and calculated nitrogen shield-
ings and coupling constants for a wide spectrum of organic, inorganic and
biological compounds. About one third of the review is devoted to a discus-
sion of experimental techniques and nitrogen n.m.r. parameters from both
experimental and theoretical standpoints.

This is a thorough review which should be a most useful reference source
for any laboratory interested in nitrogen n.m.r. There are several other books
or reviews available on this topic; the present one compares well on content
and presentation, and it covers !*N as well as '’N. However, the literature
coverage is largely restricted to a four-year period and the reader would also
need Volume 7 for a more complete account.

G. A. Webb (Ed.), Annual Reportson NMR Spectroscopy, Vol. 14. Academic
Press, London, 1983. vii + 406 pp. Price £54.60.

This volume is entirely devoted to a tabulation of fluorine-19 n.m.r. data
compiled by V. Wray. The survey covers the period January 1979—June 1981
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and updates a previous compilation by the same author in Vol. 10B. The
tables are clearly presented and give '°F chemical shifts and coupling con-
stants. Structural formulae are depicted for all compounds. Most entries are
concerned with organofluorine compounds, but there are also sections con-
cerned with fluorine bonded to other elements. Short sections are devoted to
F-n.m.r. studies of polymers, liquid crystals, solid-state samples, biological
applications and theoretical studies.

Volume 14 of this highly regarded series of reviews will be of interest to
research groups working with fluorine compounds and to analytical n.m.r.
laboratories offering '°F facilities.

W. B. Jennings

Jaroslav Sestdk, Thermal Analysis, Part D, Thermophysical Properties of
Solids, Their Measurements and Theoretical Thermal Analysis, (Vol XII,
Wilson and Wilson’s Comprehensive Analytical Chemistry, G. Svehla, Ed.).
Elsevier Science Publishers, Amsterdam, 1984, 440 pp. Price $67.50.

Dr. Jaroslav Sestak is a scientist with a deep understanding of the basic
theories and concepts of physics and chemistry. Also he realizes the impor-
tance of the application of these basics to the development of experimental
techniques. Therefore it is not surprising that this book is unique among
thermal analysis texts. It is the first real effort to present a coherent develop-
ment of thermoanalytical theory and practice based on fundamental prin-
ciples of thermodynamics.

Sestak set for himself a formidable task in this undertaking and has
achieved a considerable degree of success. However, it is not a book for light
reading although mathematical developments are not included as it is stated
in the introduction that specialized knowledge of mathematics is not required.
This reader found that many sections required deep thought, and occasionally
referral to the original sources given in the well chosen reference lists was
necessary for a good understanding of the assumptions and approximations
made in a particular development. This is not a criticism but an illustration
of the difficulty in presenting a reasonably terse but rigorously developed
compendium of the wide spectrum of phenomenological equations which are
needed to describe the very large number of cases encountered in treating
the physics and chemistry of heterogeneous systems under nonisothermal
and nonequilibrium conditions.

A reading of the first chapter is essential for intelligent and productive
utilization of the remainder of the book. It serves both as a “study outline”
and as a modus operandi for the succeeding chapters, for it describes Sestak’s
basic philosophies for linking theory and experiment. The second chapter
covers sample selection and pretreatment, a neglected area in most books. It
stresses the importance of atmospheric and thermal control in the mixing,
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grinding, sampling, etc., of specimens. The part dealing with preparation of
metastable states is of particular interest. The third chapter includes the
general definitions and applications of methods of thermal analysis, and the
fourth is on measurement, calibration, and temperature control and regula-
tion. Subsequent chapters include thermodynamic principles, thermodyna-
mics of phase equilibria, phase diagrams, theory of phase transitions, mech-
anism and kinetics of both chemical and physical reactions, calorimetric
methods, and measurement of non-thermal properties. A logical sequence is
followed in most of these chapters; experimental sample preparation and
property measurement are described followed by the theoretical background
and the treatment of results. These sections include much work that is not
found in other texts. The emphasis is on inorganic systems, especially metal
oxide glasses, and includes extensive work done in this latter area which has
not appeared before in the English language. The book concludes with sec-
tions on computational techniques, algorithms, statistical treatment, regres-
sion and curve-smoothing methods, and an appendix containing many useful
tables.

The theory and techniques of thermal analysis transcend mere differences
in substrates, and I recommend the book both as a reference text and as a
means of obtaining a better understanding of thermoanalytical theory and
practice.

J. H. Flynn

S. S. M. Hassan, Organic Analysis using Atomic Absorption Spectrometry.
Horwood/Wiley, Chichester, 1984 (ISBN 0-8531-2559-7). 384 pp. Price
£35.00.

At first sight, this book might appear to be a collection of fringe topics
concerning indirect methods of atomic absorption spectrometry (a.a.s.), a
subject of minor academic interest and of no practical importance. In reality,
it is much more. It covers not only the determination of organic compounds
but organometallic compounds, and compounds involving some metalloid
elements, as well as analyses of pharmaceutical and biological samples and of
other organic materials for metals and other species. The book begins with
an up-to-date account of the theory and instrumentation of a.a.s., followed
by a collection of practical information (e.g., control of interferences, sample
handling). Individual chapters deal with the determination of compounds
containing nitrogen, phosphorus, arsenic, oxygen, sulphur and halogens.
They describe direct and a multiplicity of indirect a.a.s. procedures, not to
mention occasional forays into molecular absorption and emission spectrom-
etry. The methods illustrate the great ingenuity of analytical chemists. After
a chapter on organometallic compounds (Pb, Hg, Sn, Se, Te, Sb, etc.), which
includes their speciation, there follows an impressive and ingenious collection
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of indirect methods for the determination of drugs and vitamins, and proce-
dures for determination of metals and non-metals, in a variety of pharmaceu-
tical products. The chapter on determination of trace metals in biological
materials is a compact account of a very topical subject, and includes topics
such as metal/protein binding and immunoassay. The remaining chapters are
devoted to the analysis of organic products such as foods, petroleum products
and polymers, and to a range of working procedures.

This is a well researched, comprehensive and unique book. The wealth of
information it contains is indicated by the very large number of references:
many chapters have more than 400. It should be a valuable source of know-
ledge for many years to come, and testifies to a continuing feature of modern
analytical chemistry, that although it is the instrument that provides the final
measurement, it is a wide knowledge of chemistry that allows such measure-
ments to be carried out on such a diversity of compounds and samples.

H. Miiller, M. Otto and G. Werner, Katalytische Methoden in der Spuren-
analyse. Akademische Verlagsgesellschaft, Geest und Portig K.-G., Leipzig,
1981. 168 pp. Price RM 45.00.

Catalytic reactions remain a fascinating aspect of analytical chemistry.
Their importance for highly sensitive detection systems for inorganic species,
however, has declined with the increasing array of instrumental techniques
available. The exception to this general statement has been enzymatic cataly-
sis, but this occupies only a minute portion of the text. With the advent of
new automatic analysis systems (flow injection, centrifugal and stopped-flow
analyses in which catalytic reactions can readily be used), it is likely that
interest in catalytic reactions will be rekindled. And this book could well
catalyze that interest.

It begins with a few, probably unnecessary, pages on general aspects of
trace analysis before embarking on discussions of basic reaction kinetics, the
effect of conditions (including catalysts) on reaction rates, and the methods
for measurement of these rates. This is followed by good descriptions of the
various types of catalytic reactions, including mechanistic aspects, of activa-
tion effects, and of the selectivity of determinations based on catalytic reac-
tions. The section on mechanisation and automation is very useful, as is the
selection of detailed methods which follows it. The book concludes with a
survey of the fields of application of catalytic analysis, 338 references and a
subject index. Overall, this is a comprehensive and authoritative account,
that greatly deserves the production of an English translation.
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Ferrites. Transition Elements. Luminescence, (Vol. 47, Structure and Bond-
ing). Springer-Verlag, Berlin, 1981 (ISBN 3-540-10788-6). v + 126 pp. Price
DM 64.00.

This slim volume contains articles by Grenier, Pouchard and Hagenmuller
on vacancy ordering in oxygen-deficient perovskite-related ferrites and by
Fidelis and Mioduski on the double-double effect in the inner transition
elements. Of most interest to analytical chemists, however, is the review by
Golovina, Zorov and Runov on “Chemical Luminescence Analysis of Inorganic
Substances” (68 pp.). This covers the basic theory of luminescence processes
of all types, before considering analytical applications to elements based on
the fluorescence and phosphorescence of their complexes with organic
reagents, on their native luminescence, on chemiluminescence, and by titri-
metric luminescence methods. The treatment is comprehensive, with much
of the information provided in tabular form. The review is timely in view of
the rapidly increasing interest in analytical applications of luminescence, and
especially valuable in that the 746 references include a considerable number
to the Russian literature.

A. Townshend

David F. S. Natusch and Philip K. Hopke (Eds.), Analytical Aspects of
Environmental Chemistry, (Vol. 64, Chemical Analysis). Wiley-Interscience,
New York, 1983 (ISBN 0-471043249). ix + 267 pp. Price £35.50.

This is not the book to purchase if a manual of the methods used in
environmental analysis is required. Rather it is a collection of six chapters on
specific topics by authors who are experts in their respective fields. Although
no attempt has been made to give an exhaustive literature survey for each of
the chosen topics, the chapters are nevertheless well organised with sections
on instrumentation and techniques, and selected examples chosen to illus-
trate each method. A major criticism which must be levelled is the almost
total lack of reference to recent publications in most chapters. Scientists
interested in following developments in analytical methods, their application
to environmental problems and their limitations will, however, find these
chapters interesting reading.

Chemical speciation is rightly gaining considerable attention as research
workers recognise that not only is the total quantity of an element impor-
tant, but also the form in which it exists can be quite critical. This is well
illustrated in the examples provided by R. S. Braman in the initial chapter.
The next two chapters are related in that they deal with capillary gas chro-
matography (M. Novotny) and gas chromatography/mass spectrometry (P. W.
Ryan). Again, instrumental techniques are briefly reviewed with appropriate
illustrations of the methods drawn from the analysis of environmental
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materials. The chapter by R. W. Linton, D. T. Harvey and G. E. Cabaniss on
the applications of the surface analysis techniques of photoacoustic spectro-
scopy, x-ray photoelectron spectroscopy, Auger electron spectroscopy and
secondary-ion mass spectroscopy is a useful survey of the application of these
techniques in particulate characterisation and the study of surface reactions.
The use of x-ray photoelectron spectroscopy is further expanded by
T. Novakov and his associates. Multivariate analysis is another rapidly-
developing field in which the environmental analyst must take an interest;
and the chapter by P. K. Hopke provides useful illustrations of the applica-
tion of these statistical techniques to environmental problems.

N. A. Dyson

John Harvey, Jr. and Gunter Zweig (Eds.), Pesticide Analytical Methodology.
(ACS Symposium Series 136). American Chemical Society, Washington, DC,
1980 (ISBN 0-8412-0581-7). x + 406 pp. Price $38.00.

This book is based on the papers delivered at a symposium held at a 1979
meeting of the American Chemical Society. As is generally the case with
such publications, style and quality of the individual contributions is some-
what inhomogeneous. However, no chapter falls clearly below the standard.
The twenty papers deal with a wide range of problems and methods in pesti-
cide analysis. High emphasis is placed on h.p.lLc., this technique having made
the greatest advances in recent years. This section includes chapters dealing
with new detectors, with procedures for fluorogenic labelling, mobile phase
selection, column characterization, and automation. Recent developments in
t.l.c. techniques are also dealt with. A further part is concerned with sampling
and clean-up methods, both of which are of utmost importance for avoiding
artifacts in trace analysis. The applications described include less commonly
used techniques, such as g.c./m.s. studies on organotin pesticides, Fourier-
transform infrared spectroscopy, negative-ion mass spectroscopy, immuno-
chemical techniques, and computer data processing. The book seems to be
well suited to give the reader a broad overview over many aspects of this
important area of analytical chemistry.

J. T. Clerc

Arthur E. Martell and Robert M. Smith, Critical Stability Constants (Vol. 5:
First Supplement). Plenum Press, New York, 1982 (ISBN 0-306-410052).
xvii + 604 pp. Price $69.50.

The first four volumes in this series are a compilation of critically selected
constants and associated thermodynamic parameters for metal complexes of
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G. G. Leppard (Ed.), Trace Element Speciation in Surface Waters and its
Ecological Implications (Vol. 6, NATO Conference Series 1 Ecology).
Plenum Press, New York, 1983 (ISBN 0-306-41269-1). 320 pp. Price $45.00.

This volume in the NATO Conference Series on Ecology takes its title
from a NATO Advanced Research Workshop held in Nervi (Genoa), Italy, in
November, 1981 and is a compendium of papers presented at the meeting.
Its publication comes at a time of increasing interest in the relative toxicity
of various physicochemical forms of elements such as mercury, cadmium,
lead and arsenic, which has in turn stimulated interest in the development of
species-selective analytical techniques.

There are 17 papers in total; one is a summary of the discussions that took
place at the meeting, 5 are concerned with analytical approaches to the prob-
lem of trace element speciation, 6 deal with the impact of trace element
species on aquatic life and 5 discuss new perspectives and future actions in
the area. The contents therefore reflect the interdisciplinary nature of the
meeting and contain useful background information for the analytical
chemist on biological aspects of speciation and on the complex chemical
equilibria in surface waters. Of the papers discussing analytical approaches to
speciation studies, the current scene is well reviewed by Batley and the
various approaches are then discussed in more detail. The use of hybrid chro-
matography/spectrometry techniques for the study of metal/organic com-
pounds is particularly well presented by Chan and Wong.

This volume is a useful reference for those working in environmental toxi-
cology and marine biology but material of direct interest to analytical
chemists constitutes only a small percentage of the text. However, in view of
the limited number of publications dealing with analytical aspects of specia-
tion, it is a welcome contribution to the literature.

P. J. Worsfold

A. Maehly and L. Stromberg, Chemical Criminalistics. Springer-Verlag, Berlin,
1981 (ISBN 3-540-10723-1). 322 pp. Price DM 162,00.

Modern forensic science relies heavily on analytical science, a feature that
is strongly underlined by the present text. The main part of the book claims
to present state-of-the-art accounts of a variety of topics, such as drugs,
explosives, polymers, fibres, paints and documents. Each section has a similar
format, with introductory remarks on the relevance and basic properties of
the materials considered, discussions of the more important analytical tech-
niques used in the area, a wide range of well-illustrated examples, and a good
collection of references. In addition, there are small chapters on reference
collections, ‘““the forensic expert”, sources of scientific information and the
organization of a forensic laboratory. Overall, the book demonstrates the
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amazing power of detection of forensic science, and the extent to which it
has made use of most current analytical techniques. It will provide interesting
reading, not only to forensic scientists, but to all those who are interested in

the applications of analytical science.
A. Townshend
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