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Projection of Prim’s minimal spanning tree into a Kohonen
neural network for identification of airborne particle sources
by their multielement trace patterns

Dietrich Wienke 2, Philip K. Hopke **

@ Catholic University of Nijmegen, Laboratory for Analytical Chemistry, Toernooiveld 1, 6525 ED Nijmegen, Netherlands
b Clarkson University, Department of Chemistry, Potsdam, NY 13699-5810, USA

(Received 28th October 1993)

Abstract

A hybrid pattern recognition method has been developed as an alternative receptor modelling technique for the
identification of sources of coarse airborne particles. The Kohonen self-organizing neural network is first applied to
yield a topological map of an m-dimensional variables space. Unfortunately, during the projection into a low-dimen-
sional subspace, most of the information about the correct distance between the sample vectors is lost. However, the
Kohonen network is a useful a priori step of data compression before application of the minimal spanning tree.
Prim’s minimal spanning tree partly compensates for this loss yielding the distance interrelationships between groups
of the samples. This combination of both projection techniques can overcome some of their individual deficiencies.
Several illustrative examples are presented to demonstrate the nature of the analysis results. Then a set of airborne
particle compositions for samples obtained at a single sampling site were analysed. After transferring the combined
map to a geographical unit circle (GUC), a correct pattern of the main industrial emission sources around a
sampling site in Granite City (Illinois, USA) has been obtained by decoding a 35-dimensional space of chemical-ana-
lytical variables into a visually and geographically interpretable 2-D space.

Key words: Artificial neural networks; Airborne particles; Minimal spanning tree; Multielement trace analysis;
Neural Networks; Pattern recognition

1. Introduction control of air pollution in a given geographical
area [1]. The main aim of receptor modelling is

In the last few years, receptor modeling based the processing of univariate and multivariate data

on chemical analytical measurements of airborne
particle compositions has become an instrument
for scientific and political decisions regarding the

* Corresponding author.

for the detection of local and regional sources of
air pollution, for the combination of meteorologi-
cal information with chemical-analytical data and
for the comparison of the modelling results with
the knowledge about the emission inventory in
the given geographical area. However, neither
receptor modelling techniques such as classical

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved

SSDI 0003-2670(94)00083-X

“i9



2 D. Wienke, P.K. Hopke / Analytica Chimica Acta 291 (1994) 1-18

pattern recognition by hierarchical cluster analy-
sis or non-linear mapping [1-3) nor receptor
modelling on basis of two or three dimensional
factor analysis methods [1-4] provide geographi-
cally direct interpretable maps of the location of
the distinct air pollution sources. One receptor
modelling method that simultaneously processes
chemical, geographical and meteorological infor-
mation is potential source contribution function
(PSCF) analysis [5]. A PSCF analysis combines
the ambient concentrations of a single chemical
species with meteorological data in the form of
backward air parcel trajectories and is able to
yield a gridded map identifying the possible geo-
graphic locations of emission sources for this
particular species. However, the results are only
as good as the back trajectory results are.

The present work explores the possibilities for
the application of artificial neural networks as an
alternative for environmental analytical receptor
modelling. Artificial neural networks are mathe-
matical models of the brain and since the early
forties, have been studied as part of the develop-
ment of neural sciences, mathematics and com-
puter sciences. Among the several types of artifi-
cial neural networks, Kohonen’s neural network
describes a special model of the brain. This model
is based on the discovery, that the brain seems to
be able to map images, noise, language, knowl-
edge, etc. into extremely highly organized by
physically low-dimensional packets of 1-D, 2-D
and 3-D arrangements of neurons. On this basis,
Kohonen presented in 1981 [6] a self-organizing
feature map [7] with algorithmic simplicity and
high quality of the topological correctness of the
projected data vectors.

Currently Kohonen’s feature maps have been
found also of interest in chemistry. Gross and
Seibert [8] evaluated satellite images of remote
spectrochemical measurements of environmental
data. They mapped the images by Kohonen’s
method and used the detected qualitative clusters
to form representative training classes for back-
propagation neural networks and for supervised
pattern recognition with the vector quantizer
method. Arrigo et al. [9] used the method to
evaluate nucleic acid sequences. An application
to a quantitative activity structure relationship

study (QSAR) has been reported recently by Ross
et al. [10]. Melssen et al. [11] clustered a data
base of IR spectra by a parallel implementation
of the network. Zupan et al. [12,13] projected
multivariate chemical data, characterizing several
kinds of Italian wines into a low-dimensional
subspace.

However, the pure Kohonen map has a defi-
ciency as do any other classical projections down
to a lower dimensionality. During the projection
of the data, the information about correct dis-
tance is lost. A close neighbour in the low-dimen-
sional Kohonen map is not necessarily a close
neighbour object in the m-space.

A completely different projection technique
called minimal spanning tree (MST) became well
known to the chemometricians by the distribution
of the early PDP-version of the ARTHUR soft-
ware package of Kowalski [14]. Literature about
the MST can be traced back to the work of
Florek (see [15-17]) in the early fifties. The
method continues to be of interest for chemical
pattern recognition as shown by recent publica-
tions of Dussert et al. in cluster chemistry [18]
and in monitoring of the growth of thin films [19].
Kohonen used a small artificial data set for a
comparison of the MST with his feature map ([7],
pp. 141-142).

In contrast to a Kohonen feature map, a mini-
mal spanning tree yields information about dis-
tance relationships between sample vectors and
groups of them. However, the MST is not a data
projection technique. This missing topological in-
formation about the relative spatial location of
linked clusters in the m-space reduces the useful-
ness of the MST for chemical data interpretation.
To overcome this problem the MST can be drawn
between the objects in a 2-D or 3-D scores plot
obtained from a principal component analysis
(PCA), for example. However, a second limitation
with the MST exists. On quickly looses the
overview because of the large number of MST
connection lines if there are more than 100 ob-
jects to project simultaneously. Furthermore, to
find a suitable pairwise PCA plot becomes diffi-
cult if a large number of principal components is
significant. In such a situation a high number of
PCA plots has to be evaluated to avoid a lost of
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information by projection error. Another trick is
using the longest connection line in the Tree as
the central axis of the plot. Even this approach
can produce a confusing plot for more than 100
objects.

To overcome the discussed problems the pre-
sent work proposes to superimpose a Kohonen
self-organizing feature map with Prim’s minimal
spanning tree. There is a second aim behind this
new algorithm. The aim is to force the projection
into a directly geographical interpretable 2-D
map. The new technique is developed to examine
the structure of airborne particle compositions so
as to assist in the identification of possible
source—receptor relationships.

To explore the new algorithm, it is first ap-
plied to several simulated data sets with known
structure. As an application of the combined
techniques to real data, a projection of trace
element patterns of airborne particles is re-
ported. By decoding of the m-dimensional space
of chemical variables a geographically inter-
pretable 2-D map of sources for the air pollution
in Granite City (Illinois, USA) has been obtained.

2. Theory

2.1. Analytical receptor site model

According to Fig. 1, a receptor site, X, is
located in a given geographical area. An un-
known number of p air pollution sources S with
unknown geographic locations emit patterns of
trace elements in m particles or gaseous species.

However, neighbouring pollution sources and
meterological factors (wind speed, wind direction,
wind duration, rain etc.) change the [=1.n
source profiles a,, to / = 1..n multivariate vectors
of sample concentrations ¢,,. This variation of a
source profile, a, ; with k=1.p and j=1.m,
during its transport in atmosphere can be consid-
ered as a weighting according to ¢,; =
3f_1by, *a,; +e, ;, whereby e, ; represents noise.
If written in a matrix notation that is transposed
to the classical receptor model ([1], p. 2), the

Fig. 1. A model arrangement of a sampling site (x) affected by
seven emission sources (S) for airborne particles. Distinct
orientation, thickness and length of arrows symbolize distinct
sample vectors ¢, that have been emitted by a source as
source profile, weighted by distinct meterological conditions
and finally transported through the atmosphere to the sam-
pling site. The considered geographical area is thought to be
superimposed with a computer internal two-dimensional Ko-
honen neural network (above).

matrix A, of p source profiles is weighted by a
source contribution matrix B, , according to

Cn,m = Bn,p >"Ap,m + En,m (l)

The present model uses a further assumption:
The larger the number m is of the same analytes
that are measured at the sampling site, the higher
the chance is for a given source profile to become
specifically weighted because of its neighbouring
source profiles and because of its geographical
position. With this increasing probability of a
specific weighting, the probability also increases
that this geographical information becomes coded
as a specific chemical mixture in the sample vec-
tors. Every source becomes coupled with its
neighbour sources in the m-dimensional space of
analytical concentration variables. This individual
coupling of neighbours is expected to create a
global network of couplings of all the emission
sources in the m-space.

For illustration, assume a single sampling site
that is affected by two refineries and a power
plant arranged in a triangle, where the power
plant is located closer to one of the refineries. If
Ni and V that are emitted by the combustion of
oil are the only species determined, and both
refineries emit an identical ratio of them (for
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example, both use the same input crude oil), they
would be indistinguishable without using any ad-
ditional geographical or meteorological informa-
tion. However, an additional analysis of the power
plant’s combustion product SO, could solve this
problem, because the geographic information is
coded by distinct mixing of both source profiles of
the refineries with the profile of the power plant.

Different lengths, thicknesses and orientations
of the arrows for the n sample vectors, ¢,,, in Fig.
1 symbolize the distinct weighting of the source
profiles. The more distinctive meteorological situ-
ations are available, the more diverse geographic
information is coded in these chemical sample
vectors ¢,, by distinctively created coupled mix-
tures of source profiles a,,,.

For the computer internal presentation of the
present neural network model, the studied geo-
graphical area in Fig. 1 (bottom) is thought to be
superimposed with a two-dimensional Kohonen
neural network containing u neurons (Fig. 1,
top). This superposition creates a two-dimen-
sional data projection that can be compared with
a real geographical map. In Fig. 1, a square of
8 X 8 neurons has been chosen (u = 64). Alterna-
tive two-dimensional neural arrangements can be,
for example, a circle, a rectangular or an ellipse.

2.2. Kohonen self-organizing feature map

Compared with an ordinary hierarchical clus-
ter analysis or with classical nonlinear multivari-
ate data mapping techniques [2,3], Kohonen’s
self-organizing neural network provides another
kind of unsupervised pattern recognition.

Kohonen’s neural network is designed to visu-
ally evaluate linear, two- or three-dimensional
graphical arrangements of u neurons (Figs. 1-2).
In reality, the u neurons are an index expression
for u weight vectors w,, of the same length m as
the /= 1..n sample vectors c,,. The essence of
Kohonen’s algorithm is a repeated comparison of
the n sample vectors c,, with these u weight
vectors using a distance metric such as the Eu-
clidian distance or the correlation coefficient, for
example. During each comparison, a winner i
among all u weight vectors can be found that has
the highest degree of similarity (smallest dis-

tance) to I. After that, the j elements, w,; ,,, of
the winning weight vector i become adapted a
small step closer to the elements x,; of the actual
presented /th input sample vector using the Ko-
honen learning rule

Wijnew = Wijold T 1 *(X1; = W,j 01a) (2)

The learning rate, 7, is chosen as a positive, real
number <0.1.

Simultaneously with the winner, i, other weight
vectors are modified around the winner within a
topological neighbourhood, R. Squares or hexa-
gons have been used as topological neighbour-
hoods R [7,11,20,21]. In the beginning R is large
but decreases slowly with the training time (Fig.
2).

After this adaption, the subset of weight vec-
tors within R becomes slightly more similar to
the actual input vectors in terms of the chosen
distance metric.

The comparison of all #n sample vectors with
all u neural weight vectors and their modification
is called one epoch. After repeating this process
over a large number of epochs, n,, a self-organi-

Fig. 2. A circle with the topological radius R around the
winning neuron i for a certain input vector corresponding to a
certain time point ¢ (training epoch) with ¢, <t,. R includes
all neurons that are modified by the Kohonen learning rule
together with the winner i. R slowly decreases with the
training time including simultaneously less and less neurons
and giving in this way less and less overlap between the R
values of winners for distinct input samples.
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zation behaviour of the n samples in the low-di-
mensional neural array is found. The samples
form a visual topological structure due to their
arrangement in the original m-dimensional space
of analytical concentration variables.

The final result of this training process is an
unsupervised clustering of subsets of sample vec-
tors dedicated to certain weight vectors in the
neural array. The trained weight vector for such
an aggregated cluster of input vectors comes nu-
merically very close to their mean vector. The
present work calls its corresponding neuron a
“loaded neuron”. Another result might be, that
other weight vectors do not collect any input
vectors. Their corresponding neurons will be de-
fined as “unloaded neurons”.

2.3. A hybrid algorithm combining Prim’s minimal
spanning tree with a special Kohonen’s self-organiz-
ing feature mapping neural network

The concept of “loaded” and “unloaded” neu-
rons developed in this present work, allows to
consider a Kohonen map as an a priori data
compression procedure before applying the mini-
mal spanning tree. After this compression of the
n input samples to a few v ‘“loaded” neurons,
with v <u, they are presented in a low dimen-
sional map that preserves the topology.

It is straightforward and logical to add as a
third step, a procedure that allows the visualiza-
tion of the global relation between all v “loaded”
neurons simultaneously. The technique chosen in
this present work is a calculation of the minimal
spanning tree between the “loaded” neurons of a
trained Kohonen self-organizing feature map.

The minimal spanning tree method is one of
the oldest unsupervised pattern recognition
methods based on a graph theoretical considera-
tion. Its aim is the grouping of v data vectors,
each characterized by m variables, into clusters
of higher similarity based on a given distance
metric. As alternative kinds of metrics, for exam-
ple, the Euclidian distance or the correlation
coefficient can be used. Based on the (v —v)/2
possible pairwise distances in the m-space, dis-
tinct hierarchical organized trees (graphs) of v — 1
connection lines (edges) can be drawn between

the v objects. Among them at least one graph can
be found, that minimizes the sum over all v — 1
edge lengths. A second restriction is that closed
arrangements such like rings, for example, are
forbidden. However, multiple links of one object
with many other ones are tolerated.

There are basically three algorithms that per-
form this task, and these are Florek’s method
[15], Kruskal’s method [16] and Prim’s method
[17]. In this present work Prim’s algorithm is
used, but there is no limitation to the use of the
other ones for their projection into the Kohonen
map.

The complete algorithm is given as a flowchart
in the Appendix. This algorithm will be discussed
here in detail in such points in which it deviates
from the classical Kohonen algorithm and from
the classical minimal spanning tree. The new
Kohonen algorithm [20] used in this present work
differs slightly to those previously cited chemical
applications in several ways. It contains automatic
control of the former free parameters of the
learning rate, 7, and topological radius, R, over
the distinct phases of the training epochs. This
algorithm has been further modified in this pre-
sent work by substituting Kohonen’s hexagonal
shaped topological neighbourhood, R, by a circle
[21].

The second modification made in this present
work is that the final topological radius, R, at the
end of the training, is not fixed to R =1 but can
have larger values. This change allows the gener-
ation of the minimal spanning trees with the
desired distinct resolution in the map as a tool
for data exploration.

2.4. Scaling of data and similarity measures

There are two basically different ways to pre-
process the n X m input data matrix to be a
suitable input for the combined algorithm. After
scaling within every single of the n rows over all
variables, the absolute differences between the n
sample vectors disappear. On the other hand, the
ratios between the variable amplitudes within a
sample vector will be retained. The sample vec-
tors will then be classified according to their
relative shape. To illustrate this, suppose an unit
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length scaling of the four artificial sample vectors
x1=[0.5 5], x2=[1 10], x3 =[100 1000], and
x4 =[1 5]. After such a row scaling, x1, x2 and
x3 will become identical and only x4 will be
recognized as deviating sample vector.

Scaling the m variables separately over all »
samples to a standard length gives every variable
a comparable meaning - including those vari-
ables that have no meaning, incorrect meaning,
or represent only noise. However, the ratios be-
tween the four sample vectors will be preserved.
Note that after this type of variable scaling over
the four example vectors the network will now
recognize sample x3 as the strongly deviating
vector and x1, x2 and x4 would form a close
cluster.

The data set can also be scaled both in the
directions of the rows and the columns. Note that
effects obtained after scaling can also be reached
in a similar way by a suitable choice of the
similarity measures. An Euclidian norm-based
measure conserves the absolute ratios between
the samples, while a correlation coefficient-based
similarity measure destroys these absolute differ-
ences but conserves the amplitude ratios between
the variables within a single samples vector. These
observations hold true for the Kohonen network
training phases as well as in the MST calculation.

2.5. Initialization of scaled input data and of the
neuron’s weight vectors

An alternative technique called convex combi-
nation method [22] has been used instead of the
classical initialization of all elements of the u
weights vectors by small random numbers. This
approach ensures that the initialization result
does not propagate through the training process
to the final result. It works as follows.

All of the u Xm elements of the u weight
vectors are assigned the same initial value,

w=1/Vm (3)

Simultaneously, the n Xm elements of the
sample data matrix X are scaled to

xlj,scaled =ax* xlj,original + [1/\/E] * [1 - a] (4)

The «a is incremented linearly over the first part
ne, of all training epochs starting with a small
value and continuing until « reaches 1.

2.6. Automatic control of the learning rate 7

Kohonen suggests [20] decrementing the learn-
ing rate m over time ¢ of training epochs by using
the formulae

m =k *(1-1,/ne,) (5)
My =k, *(1 —1t,/ne,) (6)

over two phases 1 and 2 of the training with ne,
and ne, epochs. The recommended choice of the
constants of k; =0.1 and &, =0.008 works well
for very different numbers of training epochs,
different sizes u of the neural map and different
dimensions of the input data matrices described
in this article.

2.7. Decrementing the topological radius R

Fig. 2 shows the essential part of the Kohonen
algorithm: Decreasing the topological radius over
the time with ¢, <¢,. As modification the present
algorithm uses a circle around the winning neu-
ron in place of a hexagon or a square.

Kohonen [20] suggests decrementing R lin-
early by small steps within the first training epochs
ne, from R, =12 to R, =1 as final value for R.
In a 2-D map, R =1 means that around a win-
ning neuron, four neurons (left, above, right,
down) are trained by the learning rule together
with the winner.

Sometimes it is recommended to change the
weights as function of the closeness of a neuron
to the winner neuron. This so-called inhibitor
function can be chosen as a Gaussian-like func-
tion around the winner, as pyramidal or, as a step
function [21].

For the formation of MST with different reso-
lutions, in the outer loop R was decremented in
the present work to final integer values that were
allowed to be greater than 1. Here, the present
hybrid algorithm differs again from the pure Ko-
honen algorithm. This explorative handling of R
allows the generation of different levels of ten-
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sion in the Kohonen map by different amounts of
overlap between the topological neighbourhoods.
The neurons are not allowed to relax completely.
Consequently, a large R yields only a few loaded
neurons. The MST then produced, has only a low
resolution. The rough data structure can be ex-
plored. Alternatively, a small R yields many singly
loaded neurons giving a fine resolution of the
MST. A similar result can be reached by variation
of the size u of the map alone or in combination
with a variable R.

3. Experimental

The basic behaviour of the hybrid algorithm
was studied using four simulated data sets with
known topological structure and known neigh-
bourhood interrelationships. After that, data from
an environmental measuring program were anal-
ysed.

3.1. Simulated data sets
Table 1 contains the data that were simulated

in a three variable space to have very distinct

Table 1

spatial sample patterns. One group of the data
set is formed by simulated tetrahedral and simu-
lated crosslike arrangements of 16 data vectors.
The second group is formed by a curved and a
straight line digitized into 15 sample vectors in a
three variables space. Fig. 3a—c shows plots calcu-
lated from the data in Table 1. The simulated
straight line (not shown, column 4 in Table 1) is
the diagonal line of a cube of edge length 2.

3.2. Identification of sources of airborne particles

Airborne particle samples were taken by the
Illinois State Water Survey at a single sampling
site, located in Granite City (Illinois, USA) be-
tween March 1986 and July 1987. A dichotomous
sampler was used with sampling intervals of 12
and 24 h. 48 coarse fraction filters and 49 fine
fraction filters were analysed using neutron acti-
vation analysis and x-ray fluorescence spec-
troscopy, so that for each sample, a sample vector
of 48 trace element concentrations (variables) was
determined. Of these 48 variables, 33 analytes
Na, Al, Sy, P, S, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, Zn, As, Se, Br, Rb, Sr, Sb, La, Ce,
Eu, Dy, Yb, Hf, Pb, Th and U were selected

Four distinct artificial data sets arranged as tetrahedral clusters, crosslike clusters, as a curved line and as a straigth line of data

vectors in a three-dimensional vector space

Sample Four tetrahedral Four crosslike Digitized Digitized space
No. arranged clusters arranged clusters curved line diagonal line
x1 x2 x3 x1 x2 x3 x1 x2 x3 x1 x2 x3
1 -0.90 -1.20 —-0.90 —0.90 —-1.10 0.10 1.00 1.00 1.00 —-1.00 —-1.00 —-1.00
2 -1.10 -0.90 —0.90 -1.10 —-1.00 0.00 0.80 090 0.94 -0.85 -0.85 —-0.85
3 -0.80 —0.80 -1.10 —0.80 —-0.90 -0.10 0.63 0.80 0.89 -0.70 -0.70 -0.70
4 -1.20 -1.10 -0.90 —1.00 —0.80 -0.20 050 0.70 0.85 —0.55 —0.55 —-0.55
5 0.80 0.90 —0.80 0.10 0.00 —1.40 040 060 0.81 —0.40 -0.40 —0.40
6 0.80 1.00 -0.90 —-0.20 0.00 —-1.50 032 050 0.80 —-0.25 -0.25 -0.25
7 1.20 0.80 -1.20 0.00 -0.10 —-1.30 0.25 040 079 —-0.10 -0.10 -0.10
8 0.90 0.90 -1.00 0.10 -0.10 -140 022 030 0.74 0.00 0.00 0.00
9 1.10 -0.90 1.00 0.00 0.10 1.30 022 0.20 0.58 0.10 0.10 0.10
10 0.90 -1.20 1.10 0.10 -0.10 1.40 0.28 0.15 0.41 0.25 0.25 0.25
11 1.10 —-1.20 0.90 0.10 -0.10 1.50 0.35 0.12 0.27 0.40 0.40 0.40
12 1.20 —-0.80 1.10 —-0.20 0.00 1.30 0.45 0.10 0.20 0.55 0.55 0.55
13 -1.10 1.00 1.00 1.10 1.00 0.00 0.58 0.09 0.17 0.70 0.70 0.70
14 —-0.90 1.00 0.90 1.00 0.80 —-0.10 0.76  0.05 0.15 0.85 0.85 0.85
15 —-0.90 0.80 1.20 0.90 1.10 0.10 1.00 0.00 0.14 1.00 1.00 1.00
16 -1.10 1.10 0.90 0.90 0.90 -0.10 - - - - - -
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Fig. 3. (a) 3-D scatterplot of the tetrahedral arranged points
calculated from the 16 data vectors in Table 1 (columns 2—4).
(b) 3-D scatterplot of the crosslike arranged points calculated
from the 16 data vectors in Table 1 (columns 5-7). (¢) 3-D
scatterplot of the at a curved line arranged points calculated
from the 15 data vectors in Table 1 (columns 8—10).

having concentrations above the detection limits.
For further analytical details refer to [23]. Re-
cently these data were studied by Glover et al.
[23] using PCA with varimax rotation and by
chemical mass balance (CMB) calculations. Trace
element pattern have been detected in the fine
and in the coarse particle fraction that were
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identified as being correlated to emission sources
in Granite City. Sources included non-ferrous
metals smelters, steel industry, car traffic, soil,
etc. For this study, the 48 X 33 coarse fraction
data matrix was augmented with the main wind
direction during the sampling period coded as
sine-cosine. In this way the two wind variables
were used together with 33 chemical variables to
create the map. All 35 variables were scaled to
unit length to give them a comparable influence.
This final 48 X 35 data matrix formed the input to
the hybrid algorithm of Prim’s minimal spanning
tree, superimposed to a Kohonen neural network.

4. Computation

First experiments were done using 386-
MATLAB on an 80486-MS-DOS personal com-
puter and with UNIX-MATLAB on an IBM
6000/ RISC workstation. Subsequently, a pro-
gram package 3MAP (minimal spanning tree
self-organizing feature map) was written in Tur-
boPascal 5.5 for the MS-DOS computer. 3MAP /
DOS presents an on-line view at the self-organi-
zation process within the map on the screen for
up to 19 X 19 neurons sized two-dimensional fea-
ture maps. Because of the rapidly decreasing
speed of the Kohonen algorithm with increasing
number of samples an 80486 processor is recom-
mended. ASCII files are used for the input of the
data matrix and for the output of the minimal
spanning tree, projected into a Kohonen Map.
3MAP/DOS can process some hundred input
samples with up to a hundred variables depend-
ing on the available computer memory and calcu-
lation time. In a subsequent development phase,
3MAP has been implemented in Standard Pascal
on an IBM 6000/ RISC workstation under the
UNIX operating system. 3MAP / UNIX is able to
project data sets of a thousand samples and a
hundred variables in much larger arrangements
of neurons in up to twenty times shorter time
compared to the 80486-PC (50 MHz). For this
comparison it has been assumed that the avail-
able workstation can be used exclusively for that
task.
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5. Results and discussion
5.1. Simulated data sets

Fig. 4a and b shows that a 4 X 4 arrangement
of neurons for the tetrahedron and the cross yield
four clusters that are located in four distinct
corners of the map. However, the mapping alone
only gives the topological information about the
existence of 4 clusters in the three dimensional
variables space. From these results, it can be
concluded that the classical Kohonen map is not
able to distinguish between the tetrahedron and
the planar cross.

The addition of the minimal spanning tree
allows the visualization of the distance interrela-
tionships. Based on these minimal spanning trees
and the distance matrix structures (Tables 2-3),
the tetrahedron can be clearly distinguished from
the crosslike arrangement as follows. In case of
an ideal tetrahedron (without noise), its four
nodes would be equidistant from another. The
same would be true for the four corresponding

mapped tetrahedral arranged clusters mapped crosslike arranged clusters

Fig. 4. (a-d) Minimal spanning trees projected into trained
4x 4 Kohonen self-organizing feature maps (R,=4, R, =1,
ney = 2000, ne, = 500) obtained for the data from Table 1 and
Fig. 3a—c. For discussion see text.

Table 2

The lower half distance matrix between the four weight vec-
tors corresponding to four loaded neurons obtained after
mapping a tetrahedral arranged set of clusters from Table 1
(see Figs. 3a and 4b)

2.87
2.86 2.73
2.76 272 2.72

loaded weight vectors. In this way, any kind of
link would be allowed between the four neurons
in the map for a calculation of a tree with a
minimal length. In case of the mapped cross, the
diagonal lines in the map also represent the longer
connections inside the original cross. Thus, in
contrast to an ideal tetrahedron, an ideal cross
contains forbidden links, that, if they were used,
would rapidly increase the length of the spanning
tree. The distance matrices used for the calcula-
tion of the minimal spanning tree between the
trained loaded neurons show this more clearly
(Tables 2-3). As expected, the distance matrix
corresponding to the cross shows two groups of
distances in contrast to that of the tetrahedron.
To explore the limitations of the proposed ap-
proach, a centrally located sample vector [0,0,0]
was added to both data sets as a seventeenth
sample. For both data arrangements, this new
sample formed a fifth separate group as well as a
further element for symmetry operations. The
minimal spanning tree was obtained for both data
arrangements as the straight connections of the
four former weight vectors to this single, central
located fifth weight vector. In both cases, a cross
became visible in the map. The conclusion is, that
highly similar and highly symmetrical data ar-
rangements cannot be distinguished by using only

Table 3

The lower half distance matrix of the four weight vectors
corresponding to four loaded neurons obtained after mapping
the crosslike arranged sets of clusters from Table 1 (see Figs.
3b and 4a)

1.95
1.89 2.70
2.76 1.96 1.93
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the graphical approach. The elements of the dis-
tance matrices have to be evaluated separately.

Considering the next two 4 X 4 mappings (Fig.
4c and d.), much less symmetry is observed be-
cause of the arrangement of the loaded neurons
compared to Fig. 4a and b. Groups of loaded
neurons are observed (Fig. 4¢, upper corners, Fig.
4d, left corners). Without a minimal spanning
tree, the two new Kohonen maps yield the incor-
rect impression, that the data contain an unsym-
metrical cluster constellation. Note further the
seeming similarity of both maps. Drawing the
minimal spanning tree helps to avoid these wrong
impressions and in both cases gives the impres-
sion of more continuous but differing data ar-
rangements.

An increase of the size of the maps (Fig. 5a—d)
allows the exploration of more details of the data
sets. The tetrahedron and the planar cross yield
crosslike minimal spanning trees (Fig. 5a and b).
In contrast to that, the mapped curved line yields
a kind of open circle and in this way provides the

mapped crosslike arranged clusters mapped tetrahedral arranged clusters

Fig. 5. (a—d) Minimal spanning trees projected into trained
8x 8 Kohonen self-organizing feature maps (R, =8, R, =1,
ne, = 3000, ne,=1000) obtained for the data from Table 1
and Fig. 2a—c. For interpretation see text.

correct impression of a continuous but curved
sample arrangement.

Considering the diagonal line (Fig. 5d) more in
detail, two groups of loaded neurons (upper left,
lower right), two single loaded neurons (upper
right and lower left) and a larger region with
unloaded neurons (center of the map) are ob-
tained. However, the superimposed minimal
spanning tree corrects this wrong impression
about two larger clusters in the data set. A clear
linear trend from one corner on the upper left to
the lower right side can be seen. The tension can
be observed in the rapid oscillations that are seen
in this small map. The 15 neurons have no oppor-
tunity to relax to a linear topology in the 8 X 8
network. So they move to the left and right hand
side of the map’s diagonal line.

Making the network larger from 4 X 4 to 8 X 8,
relaxed the neurons because there is less overlap
between the topological radii. The topology im-
proved and the minimal spanning tree yielded a
clearer pattern of the real data structure.

5.2. Identification of sources for airborne particles
in Granite City

The sampling in Granite City (IL, USA) is
affected by contributions from the steel and iron
plants in the western and eastern directions (Figs.
1 and 2 in [23]). Smelters as sources of emission
of non-ferrous metals are located to the north
and to the south. Refineries are concentrated to
the north and power plants and other combustion
sources to the south. An evaluation of the differ-
ent wind directions for the 48 samples (Fig. 6)
shows that only the non-industrialized north-west
and north-east directions are not represented by
any data. A representative overall set of wind
directions is essential for the present model, be-
cause it implicitly assumes, that a given wind
direction causes a higher probability for a specific
source’s air pollution pattern, that affects the
particle composition at the receptor site. On the
other hand, it is not necessary that the model has
pure source profiles to be able to function cor-
rectly.

The initial exploration of the rough structure
of the 48 X 35 input concentration was performed
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by using a small 7 X 7 network. This small net-
work generates high tensions between the neu-
rons (Fig. 7). It can be seen that the data cluster
is a minimum of two large groups (Fig. 7, left
lower and left upper corner). For addition, two to
three smaller clusters are also contained in the
map. The projected minimal spanning tree con-
nects the clusters one after each other forming a
chain that is folded as an open circle into the
narrow network. In a 19 X 19 network, the two
larger clusters also can be recognized (Fig. 8).
They are again located in the two left hand
corners of the map. A 19 X 19 map allows the
data to relax better, so that they tend to scatter
into the available empty regions of the map. The
final topological radius was chosen with a value
R, = 4. This choice avoids forcing the resolution
of the minimal spanning tree into too many sub-
clusters and keeps its global structure more visi-
ble. The chain structure of the linked clusters can
be identified now more clearly. Focusing on clus-
ter 8 (right upper corner), for example, it is
obvious that the spanning tree is not able to
unfold completely. The distance of cluster 8 to
the remaining data set is still to large for this
small 19 X 19 network.
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Fig. 6. A projection of the measured wind directions belong-
ing to the 48 single sampling intervals taken at a single
sampling site in Granite City (IL, USA) between 1986 and
1987 (see text).

Fig. 7. Mapping of the 48 X35 data matrix of 33 element
concentrations and 2 wind directions of 48 samples of air-
borne particles into a small and narrow 7X7 neurons 2-D
Kohonen map, followed by a link of the loaded neurons using
Prim’s minimal spanning tree. Training parameters: variables
unit length scaled, Euclidian distance measure, R, =7, R, =2,
ne; = 3000, ne, =1000, k;=0.1,k,=0.008. Numbers within
the loaded neurons equal to the number of aggregated input
samples (histogram).

For a quantitative evaluation of the combined
map (Fig. 8), the concept of a geographical unit
circle (GUCQ) is introduced (Fig. 9). Plotting the
ten extracted clusters on a GUC around the
sampling site in Granite City helps to explain the
cluster chain structure (Fig. 9). Considering the
chain in a clockwise direction corresponds to the
wind directions. The lower half of the Kohonen
map corresponds to the lower half of a windrose.
The upper half of the Kohonen map represents
the upper half of a windrose going in this case
from east (left upper corner) to west (right upper
corner). Note the correct position of cluster 8 in
the tense unfolded state.

Comparing Fig. 9 with the original geographi-
cal situation in Granite City (Figs. 1-2 in [23]), it
becomes clear that the minimal spanning tree
projected into the trained Kohonen map is able
to visualize a continuous cyclic arrangement of
distinct emission sources affecting the centrally
located sampling site. However, using data from
only a single sampling site yields no information
about the distance between source and sampling
site but the geographic directions are correct.

The similarity between the map in Fig. 9 and
the geographical reality of Granite City is recog-
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nizable. The southern part of Fig. 9 reflects the
higher industrialization of this region of the town.
In the north, a gradient with a pollution maxi-
mum between the non-industrialized northeast
and northwest regions can be seen. The regional
refineries and a brass plant are potential sources
for cluster 1, 2 and 10, but their averaged pollu-
tion level is lower than that of the southern part
of Granite City because they are much further
away. The highest average pollution levels come
from the directions of the steel plants and the
iron works (west and east directions) and from
the non-ferrous smelters (south and southeast).
The identified and reasonable qualitative dif-
ferences between the refineries and steel and
iron production can be further quantified as fol-
lows. By calculating the median sample values

2 @ [¢] :
1 o Oi o
o .0 8
1\ 5
<] o
1K1 0
o © -
o o [
o o o
o o o o
1o o0 of0 o oNg o of
oNo..0.4 .o °© o{@)o
1 o o © ‘o o :
o (1 1 0O 0 o O
o O a o0 {e] o o} [+]
oo oo(d o
1 (o
2)0 0 0 0 0 o o

Fig. 8. Mapping of the data set from Fig. 6 into a large scale
19X 19 Kohonen map, followed by a link of the loaded neu-
rons using Prim’s minimal spanning tree. Training parame-
ters: variables unit length scaled, Euclidian distance measure,
R,=19, R, =4, ne; = 10000, ne, = 3000, k, = 0.1, k, = 0.008.
Numbers within the loaded neurons equal to the number of
aggregated input samples (histogram). Four decreasing line
thicknesses represent four categories of increasing Euclidian
distance D between the several elements of the minimal
spanning tree (huge, D < 0.1; large, D > 0.1; normal, D > 0.2;
thin, D > 0.3). Dotted lines and huge bold numbers character-
ize ten identified clusters (see text and Fig. 9 for interpreta-
tion of clusters).
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Fig. 9. Arrangement of the ten clusters (as detected in the
19X 19 neurons map in Fig. 8) around a geographic unit
circle. The position of a cluster on the circle corresponds to
the averaged wind direction of all samples contributing to this
cluster. Three chosen segment sizes represent the variance of
wind directions contributing to this cluster. Four pattern
levels represent the median value of total pollution taken over
33 unit length scaled elemental concentrations within the
mean sample vector for a considered cluster as given in Fig.
10 (the medians for cluster 1-10 are: 0.03, 0.07, 0.06, 0.08,
0.14, 0.10, 0.11, 0.12, 0.11, 0.05).

within a given cluster, specific emission source
profiles can be obtained (Fig. 10a—j). The nature
of the source as well as its direction to the sam-
pling site can be identified. The profiles for clus-
ters ¢ and f (Fig. 10), for example, can be identi-
fied as belonging to a source of non-ferrous metal
emission from the south-east direction. This di-
rection is exactly where the smelters are located
relative to Granite City. The profiles of clusters g
and i (western direction) and h (eastern direction)
correspond to an emission pattern of steel and
iron plants. There are the correct locations of
those sources in Granite City. Close to cluster a
and b with a rather low emission level but higher
phosphorus and bromine concentrations, cluster j
is located. Its elemental background pattern looks
not much different from those of clusters a and b,
but the high Cu and Yb peaks are obvious. More-
over, some elements such as La, Sb and Zn are
higher. Thus, cluster j is a clear indicator for the
brass plant located between sampling site and
refineries. The increased La peak indicates the
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Fig. 10. (a~j) Source concentration profiles for the ten clusters as detected by the minimal spanning tree in the 19X 19 neural map (Fig. 8) for the distinction and

characterization of ten different emission sources in Granite City (see text). (The labels a-j correspond to labels 1-10 in Figs. 8 and 9.)
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coupling of the refinery emission pattern with
that pattern from the brass plant. The 3MAP
method seems to be able to locate sources of the
same direction but located behind each other
relative to the site. Only slight variations of wind
directions and intensities, causing variations of
the elemental patterns, are needed to load differ-
ent neurons in the map.

5.3. Comparison of 3MAP with a principal compo-
nent plot

In agreement with the results of Glover et al.
[23] a PCA of the twice unit length scaled 48 X 35
data matrix provided at least ten significant prin-
cipal components. This requires a visual evalua-
tion of (102 — 10)/2 = 45 pairwise plots. Two of
them (Fig. 11a and b) are shown for direct com-
parison with the high resolved 3MAP (Fig. 8).
The plot of PC1 versus PC2 (Fig. 11a) shows a
circular structure of the ten labelled emission
sources that is similar to the 3MAP. However,
without the 3MAP labels 1-10 rather a scattering
than a clustering would have found. The reason is
the projection error of more than 70%. In this
way the information is lost that the profile of
emission source ‘8’ is distant to the other sources.
A first indication for this is found in the plot PC1
versus PC3 (Fig. 11b). However, the projection
error of the first three PCs is still larger than
60%. In contrast to that the 3MAP reflects in one
single picture all the geographical information
about the mutual arrangement of the ten emis-
sion sources around the sampling site. The data
compression and clustering within the 3MAP pro-
vides a quick topological overview about the data
structure. The superimposed MST adds distance
information and linkage of the clusters. There is
a further problem with PCA scores plots of envi-
ronmental analytical data. PCA tends to combine
any correlated variables to each other, even if this
correlation is random and without geographical
and environmental meaning. Such meaningless
correlations can occur in the environment, for
example, by co-emission, by co-location and by
meteorological mixing effects. An example for
co-emission are the steel plants with similar emis-
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Fig. 11. (a-b) Plots of 48 samples in their subspace of the
principal components 1 and 2 (a) and 1 and 3 (b) out of 35
original variables. The labels 1-10 correspond to ten emission
sources detected by 3BMAP (Fig. 8). * represents unlabelled
samples forming no specific clusters.

sion patterns, but located in two opposite direc-
tions for the Granite City site.

Distinct directions of distinct sources are re-
flected by a chain of clusters linked via the mini-
mal spanning tree in the Kohonen map in Fig. 8.
With this result of the single site model, the
clusters can be arranged around the GUC accord-
ing to their geographic origin and their chemical
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profile (for example, Figs. 9-10). As already
stated, a deficiency of the single site mapping is,
that it only yields the correct geographic direction
of an emission source and its correct chemical
profile, but not its geographic distance to the site.
This information is available from a projection of
the data from a multi-site sampling network. In a
related study Wienke et al. [25] mapped a large
scale data matrix (> 400 samples) from such a
network of sampling sites. Processing of this kind
of data by the 3MAP algorithm provided geo-
graphic direction as well as geographic distances
of the air pollution sources.

The main disadvantage of Kohonen’s mapping
neural network is its slowness in training. For
data sets with n > 150 objects it is recommended
to use a computer workstation in place of a PC
with 80486 processor. For much larger data sets
(> 1500 samples) parallel implementations as
cited or supercomputing are required.

6. Conclusions

The disadvantage of a classical topology pre-
serving a Kohonen feature map is the loss of most
information about correct distances between the
mapped samples. The 3SMAP combination method
studied here, has tried to overcome this by a
sequential superimposing of Prim’s minimal span-
ning tree and a trained self-organizing 2-D fea-
tures map. In this way the high quality of the
topological maps has been upgraded with the
missing distance information and the missing
linkage of the clusters. Kohonen’s method forms
a preprocessing step for data compression within
the proposed 3MAP algorithm. After that step
the minimal spanning tree connects the loaded
neurons giving a simpler and clearer picture of
the data structure compared to the higher num-
ber of n—1 links between n original sample
vectors. The minimal spanning tree method de-
velops an increased value. Its ability to yield
correct distance interrelations is upgraded with
the missing correct topology information that is
provided by a Kohonen neural network. The
combination of correct topology with a correct
distance and correct linkage is essential for any

kind of projection method. A mapping algorithm
becomes interesting for practical use, if it yields
the complete information in a way that is easily
processable by human beings.

It was shown that a data set of medium size
(48 samples) can be evaluated successfully by this
combination of the two established but different
pattern recognition methods, despite the fact that
the few data vectors seem to be scattered over
the whole map. The projected spanning tree was
able to impose a clear and evaluable structure on
the seeming chaotic data arrangements.

The simulated data and the experimental data
represent two distinct arrangements of the vec-
tors in the m-dimensional variables space: clus-
tered data and trend data. Both of them yielded
quantitative interpretable mappings. In the exper-
imental data set, the minimal spanning tree
yielded the information about a chain link of the
clusters. They arrange themselves cyclically in the
35-dimensional variables space according to their
chemical origin (emission profile of the source)
and according to their wind direction, e.g., ac-
cording to the absolute direction between sam-
pling site and emission source. 3MAP decoded
the high-dimensional space of 35 chemical-ana-
lytical variables into a two-dimensional visually
interpretable geographically subspace. The pro-
jected spanning tree was able to extract both
abrupt changes and higher aggregations in the
data (clusters) as well as continuous changes
(trends) between the cluster areas.

Focusing on more specific results in the envi-
ronmental study, the 3MAP algorithm promises
to become a further mathematical independent
tool for receptor site modelling together with
such well-established techniques like principal
component analysis and chemical mass balance
calculations.

In this present work, different types of data
scaling, different sized networks, and different
final topological radii were applied to the same
data set. These analysis allowed a control of the
number of loaded neurons and in this way ac-
tively controlling the resolution of the projected
minimal spanning tree. This explorative strategy
allowed the extraction of global as well as fine
structures of the data.
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From the results obtained to date, no ‘optimal’
scaling, ‘optimal’ sized Kohonen network, and no
‘optimal’ setting for R, and R, for one given
data set exist. In analogy to the choice of differ-
ent distance measures in classical cluster analysis,
the desired information out of the data matrix
should determine the choices for the settings in
3MAP.

The projection of Prim’s minimal spanning tree
into Kohonen’s feature mapping neural network
will be studied further according to its numerical
and algorithmic limitations and its utility for envi-
ronmental chemical pattern recognition. A more
difficult case, for example, is the analysis of fine
fractions of airborne particles that tend to meteo-
rological mixing and chemical change. Recent
results obtained by Wienke and Hopke [24] in a
study for the fine particle fraction of the Granite
City sampling are reasonable. Additionally to that
Wienke et al. [25] generalized the present 3MAP
algorithm for its use in the case of a multi-sites
sampling network. The projected large scale data
set (more than 400 samples) of the Southern
California Air Quality Study (SCAQS) provided a
reasonable geographical pattern of air pollution
sources [25]. For data sets from digital chemical
image analysis the 3MAP algorithm provided en-
couraging results too as recently demonstrated by
Wienke et al. [26].

In the future, there is likely to be a need for
statistical or other test strategies for the quantifi-
cation of trends or clusters in such a combined
mapping. Such strategies are needed to be able to
distinguish trends, clusters and noises in the com-
bined map.
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Appendix

3MAP - A hybrid algorithm superimposing
Prim’s minimal spanning tree with a modified
Kohonen self-organizing feature mapping neural
network

For a suitable numerical choice of the initial
settings, the Theory section and the examples
provide guidance on making their decisions.

Initial settings

Scale the n Xm input data matrix using a
method that preserves the desired information
(see theory).

Define the size u of the graphical feature map
(number u of units or Kohonen neurons) accord-
ing to the desired resolution of the minimal span-
ning tree.

Assign to every neuron a weight vector of
length m.

Initialize all u weight vectors by convex combi-
nation as described by Eq. 3.

After scaling, initialize all » input sample vec-
tors by convex combination using Eq. 4.

Set the large starting value, R, and smaller
final value, R,, of the topological radius and step
size dR.

Set the desired number of epochs ne, and ne,
in training phases 1 and 2.

Set the learning rate controllers, k, and k,.

Set the initial learning rate n using &, and k,
in Egs. 5 and 6.

Set the step size da for the convex combina-
tion factor a, so that a will be linear incre-
mented over the first ne, training epochs.

Presentation

The next steps are done for each of the n
sample vectors separately by random selection
from the input data:

Compare the single incoming sample vector [
with all # neuron’s weight vectors by using a
similarity measure in the m-dimensional variables
space.
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Find for / a winner i/ among all u weight
vectors having the highest degree of similarity
(smallest distance) to /.

Adapt the j elements w;; ,,, of this winning
weight vector i a small step closer to the elements
x;; of the actual presented /th input sample vec-
tor using the learning rule given by Eq. 2.

Also adapt the weights of all further neurons
that are inside the border of the actual topologi-
cal radius R around the winning neuron i in
accordance Fig. 2 using Eq. 2.

After presenting n randomly selected input
vectors to the u weight vectors of the map, one
epoch of training has been finished. New parame-
ter settings are then calculated:

Increment control parameters

Decrement linearly the actual topological ra-
dius R by one step dR.

Calculate the new smaller learning rate n us-
ing k; and k, in Eqgs. 5 and 6.

Increment the convex scaling factor @ by one
step da.

Scale the whole data set of n samples with the
new « convex scaling factor using Eq. 4.

Inner loop

Go back to “Presentation” and repeat over all
(ne, +ne,) epochs. If finished, go to “Loaded
neurons”.

Loaded neurons

The network training is finished after (ne, +
ne,) epochs. The n input sample vectors aggre-
gated to v clusters at v weight vectors of the
u-dimensional neurons array with v < u. These v
weight vectors are assigned as the v loaded neu-
rons. The remaining u—-v weight vectors are as-
signed as the unloaded neurons.

Calculate the lower half similarity matrix be-
tween the v weight vectors of the v loaded neu-
rons in the m-dimensional feature space using
the same similarity metric as in the network train-
ing.

Minimal spanning tree

Calculate from the similarity matrix the mini-
mal spanning tree between the v weight vectors
corresponding to the v loaded neurons using
Prim’s algorithm [17].

Recommended outputs

Plot the u dimensional feature map by la-
belling loaded neurons with the names or with
the number of input samples clustered at this
neuron. Label unloaded neurons with 0.

Connect the loaded neurons specified as nodes
by the minimal spanning tree by their tree edges
using straight lines.

Output distance matrix, distances to closest
neighbours, and edge lengths between nodes of
the minimal spanning tree

Outer loop

Define a new value for the final topological
radius R and/or a new array size u and go to
“Initial settings”. Stop, if minimal spanning trees
with distinct resolutions have been generated in
various sized Kohonen maps.
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Abstract

A new method for exploratory data analysis of spectroscopic data by neural networks is described. The method is
based on the weight distribution associated with objects in narrow layered neural networks in which the input
spectra are identical to the output spectra. The objects are displayed in 2- or 3-dimensional plots in analogy to
principal component plots. The information content of the plots generated by low-dimensional internal representa-
tion neural networks, in their non-linear mode, appears to be at least as good as that of principal component
analysis.

Key words: Infrared spectrometry; Feature extraction; Multivariate analysis; Neural networks; Polysaccharides;

Principal component analysis

1. Introduction

In exploratory analysis based on multivariate
data, principal component analysis (PCA) has
proven to be a viable tool, giving projection tech-
niques by linear transformation and compression
of high-dimensional data sets [1]. PCA generates
principal components which explain the variance
in a decreasing order. High-dimensional data sets
can thus often be compressed to data sets with
significantly lower dimensions, onto which in turn
samples can be projected. In complex data sets it
is thus possible to generate information from the
data, as similarity of structure and properties
which are not otherwise directly accessible. The
transformations may, however, occasionally lead
to projections where the properties or structure
of interest are obscured by or hidden in the

principal components with the largest variance.
Furthermore, since PCA imposes a linear struc-
ture of the data set, non-linearity within the data
set will consequently be less efficiently analysed
and modelled for.

Feed-forward neural networks (NN) with
back-propagation of the error have been shown
to have substantial modelling powers. By use of
neural networks, any arbitrary continuous func-
tion could be modelled to any degree of precision
[2]. Feed-forward back-propagation neural net-
works are used in supervised modes, although
there exist implementations of neural networks
which are used in unsupervised modes, most no-
tably the Kohonen’s self-organizing feature maps
[3].

In this study feed-forward neural networks,
with back-propagation of the error, were exam-
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ined as a complement to PCA for exploratory
data analysis. The key element of such an ap-
proach is to map the data set on itself, i.e, the
input values are the same as the output values. It
is further assumed that the internal representa-
tion of the back-propagation neural networks in
some way reflects salient features of the sample
under study. Baldi and Hornik [4] have shown
that the quadratic error function of the connec-
tion weights of a back-propagation network with
linear transfer functions has a unique minimum,
which corresponds to the projections onto a low-
dimensional space generated by the first principal
components associated by the training objects.

In the present study symmetric one- or three-
hidden-layer network architectures with at least
one hidden layer with only two or three nodes
have been used. The one-hidden-layer architec-
ture consists of a projection layer in-between the
input and output layers. The three-hidden-layer
neural network consists of an architecture with
an encoding and a decoding layer, and a projec-
tion layer in-between these two layers, see Fig. 1.
The manner in which neural networks are ap-
proached, in this study, resembles to some degree
the auto-association (-encoding) technique by
Ackley et al. [5] and identity mapping technique
by Elman and Zipser [6]. The transfer function in
this study is based on a non-linear function, to
provide a means of feature extraction comple-
mentary to a linear reduction, which is a principal
component analysis.

input layer
encoding layer
projection layer

decoding layer

output layer

Fig. 1. Schematic of a neural networks architecture with three
hidden layers. The bias, not shown, adjusts each node assum-
ing an output of unity. The central layer, that is the projection
layer, is used throughout this study for the generation of the
2- and 3-dimensional plots.

Since the projection, which is the low-dimen-
sional internal representation (L-DIR) of even a
relatively modest number of input variables, can
be computational demanding, due to the fact that
four different weight matrices, at most, have to
be adjusted for, improvements of the neural net-
works performances were sought for. To meet
this need the use of an adaptive learning rate rule
was examined, and further, the initialization
method of Nguyen and Widrow [7] was imple-
mented. It should also be possible to obtain a
considerable decrease in analysis time if the num-
ber of variables could be reduced, without loss of
information content, in a pre-processing step.
Thus, the scores of each object from a limited
number of principal components (i.e. 10 compo-
nents) were examined in the L-DIR neural net-
work studies as a means to increase the learning
speed.

In the present work a study of the low-dimen-
sional internal representation neural networks of
carrageenans, an anionic polysaccharide com-
monly used in pharmaceutical and food industry,
by use of the infrared spectrum has been carried
out. A designed ternary data set of carrageenans
has been used in the L-DIR neural network stud-
ies. Furthermore, the results generated by neural
networks are compared with those of PCA.

2. Theory

The development of artificial neural networks
was originally inspired by the analogy to the hu-
man brain. Various forms of artificial neural net-
works have, by mimicking the function of the
brain, been successfully applied to tasks stated as
memorization, association, generalization and
pattern recognition. Especially the use of feed-
forward fully connected neural networks with
back-propagation of the error have been used
extensively. Such networks are based on the pre-
sentation of a number of exemplar/ objects with
known response, which is in a supervised mode.
A more comprehensive description of various
neural nets is given in the review by Lippmann
[3]. An essential part of the feed-forward neural
network with back-propagation of the error is to
derive an output from the network, which could
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be compared with the desired/target output.
And, if a difference is established, this difference
is used to adjust the net in a cyclic process
towards lesser and lesser differences between the
actual output and the desired/target output.

Schematically and with reference to the hu-
man brain a multi-layer neural network can be
represented as in Fig. 1. The architecture of the
network can take various forms, but always con-
sists of an input layer and an output layer. In
between these two layers there can be any num-
ber of hidden layers with any number of connec-
tion points, nodes, within each layer. The com-
plexity and architecture of a such a net is largely
governed by the complexity of the model charac-
teristics between the input and the output layer.
Each connection between nodes in the net con-
sists of the output(s) from the connected node(s)
and a weight associated with the connection(s).
The input for node j is given by

net, = Zwijo, (1)
14

in which o, is the output form the node(s) in the
previous layer and w;; the connection weight(s)
between the node(s) in layer i and node j. The
output of node j is governed by the transfer
function or activation function, which commonly
is a sigmoid function which squashes the output
between 0 and 1. However, in this work the tanh
transfer function

e[2"‘(nel,-+0,-)] -1
0;=f(net;) = et 0 § 1 (2)

has been used. The transfer function squashes
the output from node j between —1 and 1, and is
thus a suitable transfer function when the target
values contain negative numbers. The term 0;is a
bias which shifts the transfer function along the
net; axis. A key element for the proper function-
ing of the neural network is the adjustment of
weights and the biases. The back-propagation
algorithm, the learning rule, as proposed by
Rumelhart and McClelland {8] is based on the
iterative presentation of exemplars/ objects to the
network. The difference between the actual out-

put of the net and the target output is used to
adjust the weights according to the learning rule

Aw;(n +1) =aldw;(n) + (1 - a)nd;o; (3)

in which 7 is the learning rate and o is the
momentum constant. The learning rule used in
this study deviates from the rule proposed by
Rumelhart and McClelland [8] by use of the
additional term (1 — «) in Eq. 3.

The momentum provides a means for the net-
work to respond to recent trends in the error
surface and not only to the local gradient. Thereby
the risk is lessened for the network to get stuck in
a shallow local minimum.

For the projection by using the internal repre-
sentation neural networks, a symmetric network
architecture consisting of an input and output
layer with one or three hidden layers in between,
has been used, although there exists no prerequi-
site for the use of symmetrically architectured
networks. The input and output layer are the
same and consist of the spectra variables of each
object. The first hidden layer constitutes the en-
coding layer, the second hidden layer the projec-
tion layer, and the third hidden layer the decod-
ing layer. For example, the encoding layer could
consist of 10 nodes, the projection layer of 2
nodes, and the decoding layer of 10 nodes. For
the network with only one hidden layer that layer
also constitutes the projection layer. The coordi-
nates of the object in the projection layer (a, or
a,) are generated by the following matrix opera-
tions

e (Y wip+b)l _ 1
2 wip+b)l 4
2 (Y waai+b21 _ q
- el2* (Y waai+b] 4 1 ()

where p is the input spectrum variable, w, and
b, the weight matrix and the bias, respectively,
for the input to the encoding layer or projection
layer. w, and b, are the weight matrix and bias,
respectively, for the encoding layer to the projec-
tion layer.

The learning of the network is commonly initi-
ated by giving all of the weights in the network
small random values at the first presentation of

(4

a; =

a;
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the network to the training set. However, since
neural networks are computationally intensive,
improvements of the starting conditions may sub-
stantially improve the learning process, i.e. a sat-
isfactory network in fewer training cycles. By im-
plementing the initialization method of Nguyen
and Widrow [7], the starting weights w;; between
the input and the next layer is chosen according
the following scheme, using Matlab notation

magw = 0.7s/" (6)
w;; = magw X randnr(s,r) (7
w;; = 2w;;/mg (8)

in which s is the size of the node layer (i.e.
number of nodes), and r is the number of inputs.
Randnr is an algorithm that generates a matrix
whose row vectors point in random directions and
have unity magnitudes. Rng is a vector containing
the range of each input variable.

To further improve the learning characteristics
and speed of the network the addition of an
adaptive learning rate algorithm was imple-
mented in the back-propagation learning rule. In
order to adjust the learning rate, the back-propa-
gation algorithm has to be changed so as to allow
a comparison of the present error of the network
with the previous epoch network error. If the
error exceeds the previous with a predefined ra-
tio, the new weights and biases are rejected,
together with letting the momentum take zero
value. If the present error is less than the previ-
ous, the weights, biases, output and error are
kept and the learning rate is increased by a
predefined learning rate increment.

3. Experimental

The three forms of carrageenans, namely «, ¢
and A, were supplied by Sigma (St. Louis, MO) in
two different batches of each carrageenan form.
A designed ternary data set, consisting of 24
objects (including an additional run of each pure
carrageenan form, but of a different batch), was
established by dry mixing of the carrageenans, to
span the composition domain of the three car-
rageenan forms, see Table 1. For the analysis of

Table 1
Relative chemical composition of the carrageenans in the
ternary data set

Sample no. k (%) (%) A (%)
1(x) 100 0 0
2(s) 0 100 0
3(A) 0 0 100
4 49.9 32.9 17.2
5 16.8 49.6 336
6 33.1 17.3 49.6
(k) 89.8 10.2 0
8(x) 90 0 10
9%A) 0 10.3 89.7

10(A) 9.6 0 90.4

11(x) 100 0 0

12(¢) 0 100 0

13() 0 0 100

14(¢) 11.3 77.4 11.3

15 67 20.4 12.6

16(A) 10.3 11.4 78.3

17 32 31.5 36.5

18 31 18.6 50.4

19 534 30.6 16

20(e) 0 90 10

21(kx) 90.7 9.3 0

22 49 51 0

23 52.4 0 47.6

24 0 51 49

2548 19.8 55.6 24.6

262 21.8 60.3 17.9

272 11 48.2 40.8

28 3(A) 18.1 4.9 77

29(¢) 0 100 0

30(x) 100 0 0

31(0) 0 0 100

® As determined in Ref. 9, indices within the parentheses
indicate that the sample contains one carrageenan form for
more than 75%. Samples 1-24 were composed of car-
rageenans supplied by Sigma. Samples 1-10 had a different
batch origin than samples 11-24. Samples 25-31 were sup-
plied by various suppliers. Samples 29-31 were stated as pure
carrageenan forms.

the ternary data set seven additional carrageenan
samples from various suppliers were added.
Approximately 5 mg of each carrageenan, in
KBr tablets, were analysed by infrared spec-
troscopy. A Perkin-Elmer dispersive IR instru-
ment, Model 580 B, was used in this study. To
reduce the computational load, the analogue IR
spectrum was digitized to a data table consisting
of 34 spectra variables/ features, described else-
where [9]. Since some of the digitized variables
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were generated by measuring the distance to a
reference line set between 1350 and 660 cm™!,
negative values were also obtained. Thus, the
variables were scaled to fall between —1 and 1,
either by mean-centering followed by a simple
multiplication with a constant for all of the vari-
ables or by scaling each variable to span the same
interval within the interval —1 to 1.

The neural network used in this study was
written in Matlab language (The MathWorks,
Natick, MA) and by use of the extended function-
ality of the Neural Network toolbox. Principal
component analysis was run on the SIRIUS data
package (Pattern Recognition Systems, Bergen,
Norway) or by use of the Chemometric toolbox
provided by Matlab.

4, Results and discussion

A network that consists of 34 input variables
and consequently 34 output values and with 10

23

nodes in each of the encoding and decoding
layers, and two nodes in the projection layer, has
to account for the adjustment of 720 weights and
56 biases. If the standard type of network is used,
i.e. random generation of starting weights, a con-
stant learning rate of 0.05 and with a momentum
of 0.70, a sum-squared error of 787 after 500
iterations is obtained. The corresponding net-
work but with adaptive learning rate generates a
sum-squared error of 3.2 after 500 iterations. In
this case the adaptive rules were set as follow; if
the sum-squared error of the present iteration
was lower than 1.04 of the previous iteration than
the learning rate was increased by a factor of 1.05
and the momentum kept at its set value of 0.70.
However, if the sum-squared error of the present
iteration was equal or above 1.04 than the learn-
ing rate was decreased by a factor of 0.7 and the
momentum set to zero. If the standard type of
network is used but with the Nguyen—-Widrow
starting conditions a sum-squared error of 793
after 500 iteration is obtained. By use of the
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Fig. 2. The sum-squared error as a function of number of epochs and starting conditions of a network containing three hidden
layers. The upper solid line represents a network of standard type, i.e. fixed momentum and learning rate. The upper dotted line
corresponds to a network of the standard type and the use of the Nguyen—Widrow initialization conditions [7]. The lower solid line
corresponds to a network with an adaptive learning rate and randomly generated starting conditions. The lower dotted line
corresponds to a network with an adaptive learning rate rule and initialization according to Nguyen—Widrow [7].
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interconnected, respectively. The indices of the objects correspond to those given in Table 1. (A) Variables mean-centered; (B)
variables mean-centered and scaled by the inverse of the variables standard deviation (auto-scaled).

Nguyen—-Widrow initialization method and adap- results summarized in Fig. 2 clearly indicate that
tive learning rate a sum-squared error of 1.4 was improvements of the standard back-propagation
obtained after 500 iterations, see Fig. 2. The neural networks algorithm could be achieved, and
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Fig. 4. Two-DIR neural networks plot of the mean-centered carrageenan data set. Network architecture: one hidden layer with two
nodes. The three different rich/ pure carrageenan forms are interconnected. The indices of the objects correspond to those given
in Table 1.
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that further improvements of the learning/
training speed and modelling capability are justi-
fied and asked for.

Since the low-dimensional internal representa-
tions neural networks are generated by the use of
a non-linear transfer function, a comparison with
principal component analysis (PCA), a linear
classification technique, has been conducted. The
plot of the scores of the objects for the two first
components by PCA is given in Fig. 3. The first
two components account for 64.7% (for only
mean-centered variables 82%) of the variance in
the carrageenan data set. In the present study
samples that contain more than 75% of one of
the three primary forms have been defined as a
carrageenan-rich / pure form of either «, ¢, or A.
Using this definition, one distinctive cluster,
namely A-carrageenan appears to be fairly well
separated from the other forms in the two-dimen-
sional PCA plot. The k- and ¢-carrageenans, at
least for the mean-centered data set, are less well
separated from each other than from mixed forms
of the carrageenans. The corresponding L-DIR

25

generated by the one- and three-hidden-layer
networks are given in Figs. 4 and 5, respectively.
Whereas the one-hidden-layer network performs
a similar classification characteristics as that of
PCA, a substantial increase in resolution is gen-
erated by the three-hidden-layer network. The
plots were generated on variables obtained by
mean-centering and a simple scalar multiplica-
tion, so that the maximum absolute value of the
variable matrix was set to 0.9215. Thus, the L-DIR
plots in Figs. 4 and 5 are to be compared by the
one given in Fig. 3A. The three-dimensional in-
ternal representation by the neural networks of
the polysaccharide data is shown in Fig. 6.

The L-DIR neural networks of the second
derivative of spectral variables is given Fig. 7A
for the one-hidden-layer network. This plot, which
corresponds to a high degree to the ternary mix-
ture design employed in this study, is also similar
to the plot generated by the two first principal
components of the second derivative spectra. The
plot generated by the three-hidden-layer net-
work, however, deviates and shows a more elabo-
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Fig. 5. Two-DIR neural networks plot of the mean-centered carrageenan data set. Network architecture: three hidden layers with
10 nodes in each en- and decoding layer, and two nodes in the projection layer. The three different rich/ pure carrageenan forms
are interconnected, respectively. The indices of the objects correspond to those given in Table 1.
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rate utilization of the weight representation then
the one-hidden-layer representation, for the same
kind of pre-processed data set, see Fig. 7B.
Thus, additional information can be extracted
beyond what can be provided by a linear transfor-
mation and compression of the data set. This may
provide additional insight into structure and
properties of the studied data. However, the price
to be paid is a considerable increase in computer
demands and time (e.g. processing times > 24 h).
The observation that the generated L-DIR neural
network plots deviate from the PC plots is most
probably due to the non-linear transfer function.
However, the network architecture also appears
to be of importance, since the L-DIR plots from
the networks with three hidden layers differ more
pronounced from the PC plots than the one-hid-
den-layer networks. For all multivariate analysis
methods the modelling properties and predictive
- capabilities have to be balanced, that is, overfit-
ting has to be circumvented. For the network
with one hidden layer containing two or three
nodes the risk of overfitting is negligible since
this corresponds to two or three principal compo-
nents. For the network consisting of three hidden
layers the risk of overfitting, that is extraction of
redundant or spurious information, is less clear.
Provided that the number of nodes in each of the
en- and decoding layers is significantly lower than
the number of input nodes (in this study 30% or
lower), the network converges to one with a sta-
ble error minimum and with interpretable plots.
The programme used in this study has been
written in Matlab language; if the code had been
written in for example C an increase in computa-
tional speed up to a factor of 100 could have
been obtained. But nevertheless, in comparison
to PCA, this would still be considered as slow.
PCA generates components in a decreasing order
of explained variance, hence a limited number of
the first components can explain the larger part
of the variance in the data set, especially if the
variables are redundant and / or covarying. In the
present data set two components (auto-scaled
data) account for ca. 65% of the explained vari-
ance, 4, 8 and 10 components for 89, 95 and 96%,
respectively. If the objects in the data set are
instead represented by the scores of the principal

components, the complexity of the L-DIR neural
networks weight matrix could be substantially re-
duced. By use of the scores from 10 principal
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Fig. 6. Three-DIR neural network plots of the mean-centered
carrageenan data set showing the 3D-subspaces occupied by
the three different rich/pure carrageenan forms. Network
architecture: three hidden layers with 10 nodes in each en-
and decoding layer, and three nodes in the projection layer.
(A) k-carrageenan; (B) t-carrageenan; (C) A-carrageenan.
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Fig. 7. Two-DIR neural network plots of the second derivative of the spectral variables of carrageenan data set. (A) one hidden

layer; (B) three hidden layers.

components the weight matrix could be reduced
by a factor of 3 for the L-DIR network consisting
of three hidden layers with 10 nodes in the en-
and decoding layers and 2 nodes in the projection
layer. The result generated by the L-DIR neural
networks resembles that which can be provided
by the one-hidden-layer network or PCA on
mean-centered variables. The analysis capacity,
expressed as the number of epoch per seconds, of
the network has, however, increased by 56%.
The information content in the two- and
three-dimensional plots generated by the L-DIR
neural networks appears to be on the same order
or higher as that of PCA. In the neural network
plots, however, the carrageenans are clustered to
some degree differently than a purely linear
transformation / compression and in some cases
also a more efficient utilization of the low-dimen-
sional plot area is obtained. Thus, it appears that
the internal representation neural networks per-
form, on a basically linear composed data set,
similar to PCA but also give some additional
feature extraction of the studied carrageenans. It

can thus be used as a valid and useful comple-
ment to linear techniques for exploratory analysis
on multivariate data.
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Abstract

The reliable operation of flow-injection analysis systems (FI systems) demands a high degree of knowledge and
experience. This a priori knowledge is of great importance, especially for a fast detection and diagnosis of faults.
Transferring it into the form of a knowledge-based system and combining it with information received on-line from
the recorded detector signal enables automatic operational supervision of FI systems. This contribution presents a
real-time knowledge-based system for the supervision of FI systems applied in on-line bioprocess monitoring. The
special conditions of real-time systems are explained and the basic structure of the knowledge base is illustrated.
Examples of typical faults of the FI system are given to explain how symbolic knowledge processing can be combined
with numerical analysis of data to perform a fast and reliable fault detection and fault diagnosis.

Key words: Flow injection; Knowledge-based systems; Fault diagnosis; Real-time system; On-line analysis; Biopro-

cess monitoring

1. Introduction

Flow-injection (FI) analysis techniques are used
for the automation of a wide range of analytical
chemical procedures [1]. In general, FI systems
represent a combination of wet chemistry, me-
chanics (e.g., pump, valves) and electronics and
the complexity of these systems implies an in-
creased potential of faults. Thus, an extensive
automation of FI systems, as it is required espe-
cially for applications in industrial process con-
trol, has to include the automation of supervising

* Corresponding author.

functions. However, the fast and reliable detec-
tion and diagnosis of faults in FI systems requires
a high degree of knowledge and experience
(know-how). This a priori knowledge has to be
transformed into a computer processable form, to
take advantage of it for the automation of FI
systems.

Conventional computer programs that are de-
veloped with programming languages like C or
FORTRAN are not yet well-suited for the represen-
tation and processing of knowledge and experi-
ence. Consequently, special techniques (tools,
shells and programming languages) have been
developed in the field of artificial intelligence
(A to imitate human problem-solving behaviour.
Up to now, the most successful applications of Al

0003-2670,/94 /307.00 © 1994 Elsevier Science B.V. All rights reserved
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techniques are knowledge-based systems (expert
systems), that are qualified to represent and pro-
cess verbally formulated knowledge in a very effi-
cient manner.

Various knowledge-based systems (expert sys-
tems) have been developed for applications in
analytical chemistry. They are generally used as
interactive systems, meaning that the user has to
interact with the knowledge-based system to solve
a certain problem. Examples are assistance and
advisory systems for optimising analytical proce-
dures [2] or for the interpretation of spectra [3].
Other examples are expert systems for the quan-
titative validation of chromatographic {4] or FI
methods [5]. These expert systems evaluate cali-
bration procedures, effects of the sample matrix
and the reliability of the analytical methods. Ad-
ditional examples for expert system applications
in analytical chemistry are given by Hohne and
Pierce [6].

Interactive knowledge-based systems are com-
monly used in domains where the data are static
and no time-critical responses are required. How-
ever, a knowledge-based system for fault detec-
tion and diagnosis has to be capable of recognis-
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ing changes in the state of a FI system without
loss of time and to guarantee a response after a
fixed time has elapsed. Hence a real-time knowl-
edge-based system has to be connected directly
(via a data acquisition system) to the FI system
and it has to be supplied continuously with mea-
surement data.

The special requirements of real-time knowl-
edge-based systems are discussed in detail by
Laffey et al. [7). The basic points are

the capability of continuous operation, e.g.,
the possibility to operate until stopped by an
operator;

the ability to focus the attention on important
goals, when a significant event occurs;

a temporal reasoning, e.g., the ability to reason
about past, present and future events;

the integration with procedural components to
perform sensor readings, signal processing and
feature extraction.

To perform a fault detection and diagnosis,
some specific features of FI systems have to be
considered. The basic principle of flow-injection
analysis is the exact reproducibility during a cali-
bration and the following measurements. The

Sampling device

Thermostat

Immobilised enzyme Detektor

Waste

Fig. 1. FI system for glucose determination using glucose oxidase (GOD).
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shape of the FI signal is characteristic of a given
FI system. It is controlled by the system parame-
ters such as flow-rate, geometry of the flow sys-
tem, reaction kinetics and response characteris-
tics of the detector. This means that the recorded
FI signal contains, apart from the required ana-
lytical information, additional information about
the measuring process and the state of the FI
system. Changes in the system parameters, either
intentionally caused by the operator or uninten-
tionally caused by a fault, influences the recorded
signal and often lead to a characteristic changing
of the peak shape.

As known to the authors, systematic investiga-
tions of possible faults of FI systems and their
influence on the FI signal have rarely been per-
formed. The influence of the main parameters of
FI systems on the output signal can partly be
described by mathematical models [8]. However,
a lot of the relevant faults of FI systems are
hardly accessible by exact deterministic ap-
proaches, especially for a fault diagnosis under
real-time conditions. Chen and Zeng [9] reported
a peak recognition technique to identify and re-
move interferences from air bubbles in the flow
system [9]. Szostek and Trojanowicz [10] used

: Knowledge-based module VMS
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Then ... —
OPS5

Diagnostic system

Numerical module

Numerical
algorithms
Fortran

Ethernet

Data acquisition system

PC, MS-DOS

CAFCA

)

Control Data

K On-line
sampling

Bioprocess —

Fl system

Fig. 2. Connections of bioprocess, FI system, data acquisition system and diagnostic system.
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digital filters to remove high frequency noise from
FI signals and Giné et al. [11] determined the
dependence of signal fluctuations along the FI
signal profile on the parameters of a single line
FI system. Hence, a major part of this work was
the analysis of a certain FI system, the investiga-
tion of possible faults of this FI system, their
influence on the FI signal and hints for their
remedy.

2. Experimental
2.1. FI system

The FI system used for this investigation con-
tained all standard components usually employed
in FI systems (pump, injection valve, manifold
and detector). As can be seen in Fig. 1, additional
components such as an on-line sampling device
and a selector valve were required for the appli-
cation in process monitoring. The manifold con-
sisted of a column containing immobilised en-
zyme (Glucose oxidase, GOD). An oxygen sensor
was employed as a detector. It determined the
oxygen utilisation caused by the enzymatic con-
version of glucose via GOD, that is, in a certain
range, proportional to the glucose concentration
of the sample. Each measuring cycle lasted 3 min.
A more detailed description of the FI method is
given by Dullau and Schiigerl [12]. The FI system
under consideration was used for the on-line de-
termination and control of glucose concentration
during the cultivation of fungi (Penicillium
chrysogenum). Up to 3000 FI measuring cycles
were run during a typical cultivation lasting about
150 h.

2.2. Data acquisition

The automation and basic evaluation of the FI
measurements were realised using the FI au-
tomation and data acquisition system CAFCA
(Computer Aided Flow Control and Analysis,
Anasyscon, Hannover). It operates on MS-DOS
computers and enables the automation and eval-
uation of all requested FI procedures, including
stopped-flow techniques and the running of cali-

bration cycles. The signal was recorded at a sam-
pling rate of 2 Hz.

2.3. Knowledge-based system

The knowledge-based system was developed
on a VAXstation 3100 (Digital Equipment, May-
nard, MA) and combines numerical data analysis
with symbolic knowledge processing. The knowl-
edge-based module was developed in VAX-OPS5
(Digital Equipment), a development tool for pro-
duction systems [13]. This means that the knowl-
edge in this module is represented in rules of the
form IF {condition) THEN ({action). The nu-
meric module was developed in FORTRAN using
well-tried algorithms for statistics and signal pro-
cessing. The knowledge-based system was con-
nected to the FI system by a very fast link
(Ethernet, DECnet) via CAFCA. The connection
of the knowledge-based system, the data acquisi-
tion system and the FI system is shown in Fig. 2.

3. Results and discussion

Experience enables the operator of an FI sys-
tem to relate a characteristic pattern in the mea-
surement signal in a temporary as well as causal
fashion. To identify certain faults he combines
general a priori knowledge about the FI system,
temporal knowledge about the state of the FI
system and the connected process as well as
knowledge about characteristic changes of the FI
signal caused by a fault. On account of his experi-
ence, he is able to take steps to the remedy of
faults without loss of time. To solve these prob-
lems with a knowledge-based system, the relevant
knowledge has to be collected and structured
first. In a second step the knowledge has to be
implemented in the computer system and than, in
a third step, the constructed knowledge base has
to be tested and extended.

3.1. Knowledge acquisition
The knowledge acquisition is the most impor-

tant as well as difficult part in the development of
knowledge-based systems. However, for the auto-
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mated supervision of FI systems, it is not neces-
sary to implement the complete knowledge of an
experienced FI operator. Small knowledge frag-
ments in the form of simple rules can provide
very effective results.

In order for a fault detection and diagnosis to
be performed by the knowledge-based system, all
known faults were collected and structured ac-
cording to various criteria. Empirical methods,
e.g., watching and interviewing experienced FI
operators, were combined with systematical
methods such as failure mode and effect analysis

(FMEA) to reach an extensive consideration of
all possible faults.

3.2. Analysis of the FI system

For a systematical approach, the FI system was
divided into five subsystems, each of which was
subdivided into several functional groups. As an
example it is shown in Fig. 3 by example of the
injection valve, a furthergoing division into single
functional units was carried out. The possible
faults of each functional unit were examined to
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Fig. 3. For the analysis of the FI system, it was divided into subsystems, functional groups and functional units.



34

Table 1
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Examples of typical faults observed in the FI system

Faults of the sam-
pling system

Faults of the flow
system

Faults of the reac-
tion system

Faults of the detec-
tor system

Faults of the auto-
mation system

Plugging of filtration
device, microbial
contamination of
sampling device,
tube disconnected,
malfunction of cali-
bration valve, plug-
ging of calibration
valve plugging of
drain, wrong stand
ard solutions, fluctu-

Air bubbles, change
of flow rate, discon-
nection of a tube,
plugging of a tube,
malfunction of the
injection valve, leak-
ing fittings, loss of
the pump, ageing of
the pumping tube,
burst of a tube fit-
ting

Changing of the
temperature, sample
containing enzyme
inhibitors, wrong
composition of the
carrier, wrong linear
range, wWrong sensi-
tivity, cartridge con-
taining the wrong
enzyme, sample con-
taining proteases

Ageing of the mem-
brane, damaging of
the membrane, coat-
ing of the electrode,
electrical noise,
wrong polarization
voltage, signal ex-
ceeds amplification
range, baseline falls
below the detection
limit

Hardware break-
down, control or
data wire discon-
nected, wrong 1/0
ports selected,

wrong A/D range
selected, wrong in-
put of concentration
of standards for cali-
bration, wrong input
of cycle times

ating dilution rate

determine their influence on the entire FI system
and the FI signal. Some examples of typical faults
observed in the FI system are given in Table 1.

3.3. Analysis of the FI signal

The recorded FI signal is the most important
source of information for the knowledge-based
diagnostic system. A typical FI signal recorded
during an undisturbed F1I cycle is shown in Fig. 4.
Four different signal phases can be distinguished
that were called initial phase, rising phase, falling
phase and asymptotic phase. This division is very
useful for a fast detection of changes of the FI

Rising Falling
3k phase phase i

Signal [u]

0 2 60 80 100 120 140 160 180
Time [s]

Fig. 4. Four phases can be distinguished in an undisturbed FI
signal.

signal even before the actual FI cycle is com-
pleted. If, for example, the slope of the signal
suddenly turns to large positive values during
phases 3 or 4, a fault is very likely. A collection of
examples of FI peaks recorded during disturbed
measurements can be seen in Fig. 5.

In order to recognise a disturbance, numerical
algorithms were applied to calculate numerical
values that characterise the shape of the FI signal
(feature extraction). Examples of useful charac-
teristics are: peak height and integral, peak width
at 5, 50 and 95% of the peaks height, retention
time, baseline drift, tailing factor, noise factor,
rise and fall time of the peak, length of signal
phases, statistical moments of the peak, and dis-
tance to the limits of the measurement range.

An example of a very important characteristic
is the retention time, i.e., the time that elapses
between the injection of a sample and its arrival
in the detector. The retention time is strongly
influenced by changes of the flow system parame-
ters, e.g., the flow rate.

As an illustration, Fig. 5a shows two FI signals
that were recorded one after the other during a
cultivation of Penicillium chrysogenum. A fault in
the flow system occurred caused by a squeezed
tube. This led to a decreased flow rate and conse-
quently the residence time of the sampling zone
in the manifold increased and led to a higher
conversion during the following FI cycle. As a
result, the glucose concentration was determined
to be much higher than it really was. As can bee
seen in Fig. 6, the values of the retention time
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Fig. 5. Examples of disturbed FI signals (recorded signal, solid lines; expected signals, dotted lines). (a) Flow system: squeezed tube.
(b) Sampling system: plugged sampling device. (c) Flow system: plugged injection valve. (d) Reaction system: linear range exceeded.

(e) Flow system: microbial contamination. (f) Flow system: burst of a tube.
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Fig. 6. The retention time versus peak index as a source of
information. If the retention time is not between characteris-
tic limits, a fault is very likely.

had stayed in a small interval during the previous
380 FI cycles. The sudden increase indicates very
clearly the changing of the flow rate.

3.4. Additional a priori knowledge

Additional knowledge and experience about
operating an FI system and about the connected
process was collected to increase the selectivity
and reliability of the fault diagnosis. This knowl-
edge often is given in simple rules of thumb, such
as:

“If the system is running for more than 10 h,

then the danger of faults caused by microbial

contamination increases.”
or

“If the connected process is a cultivation of

Bacillus licheniformis, then the production of

proteases starts after 15 h and can lead to a

degradation of the enzyme.”
or

“If the FI system is running a calibration cycle

then the probability of the appearance of air

Numerical
algorithms
+
rules

Fl signal Features Diagnosis
peak width, plugging of a valve,
rise time, [ \\ air bubble,
fall time, \ electrical spike,

retention time,
baseline drift,
maximal slope,
lenght of phases,
noise factor,

tailing factor,

microbial
contamination,

malfunction of
injection vaive,

burst of tube fitting,
loss of thermostate,

loss of pump,

A-priori knowledge, temporal knowledge

Fig. 7. Feature extraction for fault detection and diagnosis.
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bubbles is increased, because bubbles may have

gathered in the selector valve.”

This kind of knowledge is very important as it
provides the system ability to offset missing
sources of information, e.g., direct observation of
the FI system.

3.5. Knowledge representation and processing

The basic structure of the knowledge-based
module of the diagnostic system is analogous to
the general structure of production systems de-
veloped with OPSS. It consists of three parts, the
working memory, the production memory and the
inference engine. The working memory is a col-
lection of elements called attribute-value pairs
(structured symbols) that represent data and facts
such as life time, probabilities of faults or rated
values of characteristics. For example, the charac-
teristic “Retention time” is represented as an
element called “Retention_time” and has the
attributes “Peak _Nr.”, “Rated_value” and “Ac-
tual _value”:

Cycle 1
Knowledge
about single

data measurement

v values, parts of
the FlI signal

Fig. 8. Interconnected cycles of knowledge processing in the diagnostic system.

(Retention _time

Peak _Nr. 383
Rated _value 273 s
Actual _value 26.8 s)

The production memory is a set of rules of the
form IF {condition 1) AND {condition 2) AND
{condition 3) THEN <{action). The conditional
part of these rules consists of structured symbols
or patterns that have to be compared with sym-
bols contained in the working memory. These
rules are used to control the evaluation of the FI
signal as well as to draw conclusions of the ex-
tracted features. Hypotheses of possible faults
are postulated and either verified or rejected.

The set of rules is partitioned into distinct
subsets according to their specific knowledge do-
main;

rules that analyse individual values and parts
of the FI signal to identify short-term changes,

rules that analyse a complete FI signal to
identify changes of the peak shape,

rules that analyse several FI signals to identify
long-term changes,

Cycle 2

Cycle 3

Knowledge Knowledge
about the about trends,
complete FI math. models,

signal bioprocess
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rules that control the actions of the system,

rules that control the knowledge processing
itself (meta rules).

The search for rules that have a fulfilled con-
ditional part (pattern matching), the conflict reso-
lution and the execution of the action part of the
rules is done by the inference machine.

3.6. Realisation of the fault detection and diagnosis

An experienced operator of FI systems is able
to recognise characteristic changing in the mea-
surement signal and to relate it to certain faults.
As can be seen in Fig. 7, the automated fault
detection is performed in a similar way. Rules
control the extraction of features from the FI
signal by using numerical procedures. Other rules
draw conclusions to relate these symptoms to
particular faults. All rules are based on the a
priori knowledge and are subdivided into three
particular subsets according to their information
content.

As illustrated in Fig. 8, these rule subsets are
activated in three interconnected cycles with the
help of meta rules. In the first cycle, every actu-
ally recorded measurement is examined. If there
is an unusual large deviation between calculated
and expected values, a hypothesis that a potential
fault exists is formulated. With this hypothesis as
a starting point, additional rules that attempt
either to validate or reject the hypothesis are
activated. During the second cycle the actual FI
signal is examined after its completion. In this
cycle changing of the shape of the entire FI signal
are recognised.

A more general analysis is performed during
the third cycle. Features of different FI signals
are compared, trends are recognised and mathe-
matical models are fitted. A priori knowledge
about the connected process is also activated
during the third cycle. If, for example, the sub-
strate concentration in a batch bioprocess has to
be determined and the measured concentration is
expected to decrease, then a fault is very proba-
ble if the FI system reports constant or increasing
concentrations. Cycles two and three are inter-
rupted each time when new data are recorded. If
any disturbance is detected while performing cy-

cles one, two or three, another set of rules is
activated that controls the actions performed by
the knowledge-based system. The operator is im-
mediately informed with a message and an expla-
nation of all decisions and actions carried out by
the knowledge-based system.

3.7. Application example

The main conclusions pertaining to a fault in
the flow system will be described here. Fig. 5f
shows the signal recorded during this particular
FI cycle. A slight abnormality of the signal can be
observed immediately after the injection. This
abnormality is the result of a decrease of the flow
rate during injection caused by plugging of the
sample loop. As a consequence, the pressure in
the flow system between pump and injection valve
increased, that resulted in the burst of the tube
fitting and the stopping of the carrier flow. The
continuously rising signal without return to the
baseline is characteristic for this event. Simplified
rules that contributed to the diagnosis of this
fault are as follows:

IF the measurement data in the initial phase
of the FI cycle differ from a straight line THEN
make the hypothesis “Injection disturbed”;

IF the actual cycle is not in the rising phase
AND the gradient of the signal has a large posi-
tive value THEN make the hypothesis “Fault of
the flow system’’;

IF the hypothesis “Fault of the flow system”
exists AND the gradient of the baseline is posi-
tive for more then 20 s THEN verify the hypothe-
sis, make another hypothesis ‘“Burst of the carrier
tube”, and alert the operator: “Attention! Fault
of the flow system: burst of the carrier tube”;

IF the hypothesis “Injection disturbed” exists
AND the hypothesis “Burst of the carrier tube”
exists AND the burst of the carrier tube occurred
during the initial phase THEN make the hypoth-
esis “Burst of the carrier tube caused by fault of
the injection valve’”;

IF the hypothesis “Burst of the carrier tube
caused by fault of the injection valve” exists AND
no disturbance of the injection had been regis-
tered in the cycles before THEN make the diag-
nosis “Burst of the carrier tube caused by a
particle plugging the injection valve”;
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The coincidence of the disturbed injection and
the burst of the carrier tube is an important clue
to the cause of this fault. However, a more pre-
cise diagnosis can be done considering the tem-
poral development of the disturbance. If a sud-
den large disturbance occurs, it is generally caused
by a single particle plugging the injection valve.
Plugging as a cause of microbial contamination
would have resulted in a slowly rising disturbance
of the injection.

4. Conclusion

Complex process analysers, such as on-line FI
systems, require continuous operational supervi-
sion especially if they are used in process control.
This contribution shows how a real-time knowl-
edge-based system can be applied for the fast
detection and diagnosis of faults in FI systems.
Empirical and systematical methods of knowl-
edge acquisition were combined to reach an ex-
tensive consideration of all possible disturbances.
The result is a hybrid diagnostic system in which
symbolic knowledge processing is combined with
the numerical analysis of data. Small knowledge
fragments in the form of simple rules provide
very effective results in order to enhance speed,
reliability and selectivity of the fault diagnosis.

This investigation was using a FI system for
glucose determination that applies a column con-
taining immobilised glucose oxidase. With an oxy-
gen detector a peak shaped signal is detected
from which characteristics are extracted by nu-
merical algorithms. The characteristics are than
analysed by language-based heuristics for a fast
detection and diagnosis of faults. This concept
can be extended to other FI modes as well as
more complex FI systems or other complex pro-
cess analysers such as process liquid chromatog-
raphy. In the stopped-flow mode, for instance,
the signal will be different and more complex
than in the continuous-flow mode. Other charac-
teristics might need to be calculated and most
probably an additional signal phase must be in-
troduced to consider the kinetics of the reaction
taking place. But if the specific knowledge of
such a FI system is transferred to the knowledge-

based system, then a fault can be detected and
diagnosed in the same manner as described. The
extension of the knowledge-based system to more
complex FI systems, e.g., one with several chan-
nels, will lead to a faster and more reliable detec-
tion and diagnosis of some faults. For instance, a
fault in the sampling system will cause specific
symptoms in the measurement signals of all chan-
nels. The simultaneous occurrence of these symp-
toms might be an important hint for the knowl-
edge-based system. Therefore, the higher evi-
dence of the information coming from several
channels will improve the detection and diag-
noses of faults. i

Although it is not necessary to implement the
complete knowledge of an experienced FI system
operator, the building of a knowledge-based
real-time diagnostic system means a high effort.
Nevertheless, the benefits of automated supervi-
sion of FI systems, e.g., enhanced reliability of
the analytical results and reduced down times of
the FI system, are worth this effort.
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Abstract

Based on mass transfer across a single diffusion layer at a planar electrode surface, analytical expressions of
concentration profiles at the electrode surface and for the dynamic response of amperometric and potentiometric
electrochemical detectors after application of an infinitely short concentration pulse (8-function) were derived using
Laplace transformation. The data describing the maximum of these impulse—response functions are presented. It
was found, that the response achieved with dc amperometry is almost twice as fast as with potentiometry and ac
amperometry. Furthermore, the common dc amperometric technique has the advantage that the maximum of the
impulse-response function is closer to the steady state than in potentiometry and ac amperometry.

Key words: Amperometry; Potentiometry; Cellulose membrane; Dynamic response; Impulse-response function;

Liquid-liquid interface;

1. Introduction

The detection of electroactive species in flow-
ing streams is an expanding field of the applica-
tion of electrochemical sensors (for a review see
e.g. [1]). The dynamic response of the detector
can be a very important feature, particularly if it
has to be applied in flow-injection analysis (FIA)
or liquid chromatography (LC). It is often deter-
mined by diffusion of the electroactive species
across a stagnant diffusion layer. This can be a

* Corresponding author.

stagnant boundary layer with a flow rate depen-
dent thickness or a hydrophilic membrane or
coating at the electrode surface. Such layers can
be employed for protecting electrodes from poi-
soning and for improving their selectivity [2-6], or
to stabilise the electrode surface when liquid
electrode materials are used (membrane polarog-
raphy, membrane-stabilised water /oil interface)
[7-13]. So far, most of papers on the dynamic
response of potentiometric and amperometric de-
tectors have been concerned with the response to
a concentration step (excitation signal) [1,6,7,14—
16]. However, the response of a detector to a
short concentration pulse or a Gaussian concen-

0003-2670,/94 /307.00 © 1994 Elsevier Science B.V. All rights reserved
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tration function [17] is, in our opinion, more
adequate for modelling the dynamic behaviour of
a FIA or LC system. It was pointed out by Stern-
berg [18] for a gas chromatographic system and
later suggested by Poppe [19] for LC and FIA,
that the flow system behaves as signal transmis-
sion line and the detector output signal s(¢) is the
result of the convolution (denoted by the symbol
=) of the concentration input function c(¢) with
the impulse-response functions f,(¢)...f(¢) of
the n various components which contribute to the
peak broadening in the flow system, and the
impulse—response function of the detector g(z):

s(t) =c(e) #f, (1) =£,(2) % ... #£,(2) xg(1)

The peak broadening can be treated also in
terms of the statistical moments of the signal
[18-21]. An impulse—response function (IRF) has
the advantage that it can be expressed as a graph
and in this way giving a better visualisation of the
transient processes. IRF of various components
of a FIA system such as tubes, mixing coils and
T-pieces have been measured employing a decon-
volution method based on Fourier transformation
[22-23]. Computer simulated IRF have been pre-
sented for film coated electrodes, where convec-
tive-diffusional transport in the solution and dif-
fusional transport in the film was taken into ac-
count [21]. So far, only few examples for analyti-
cal expressions of IRF of electrochemical detec-
tors can be found in the relevant literature [24,25],
in contrast to the response to a concentration
step. The aim of this paper is to present analyti-
cal expressions of IRF of electrochemical detec-
tors based on ion transfer across the interface of
two immiscible electrolyte solutions and to show,
that under some conditions these calculations can
be applied also to other electrochemical detec-
tors. To get a better picture of the diffusion
processes at the electrode surface, concentration
profiles of the diffusing species were also calcu-
lated. Three different measurement techniques
are considered.

(i) Direct current (dc) amperometry, where the
species of interest are transferred across the elec-
trode surface at a constant electrode potential
and the resulting Faraday current is monitored as
a function of time.

(ii) Alternating current (ac) amperometry,
where the constant electrode potential is super-
imposed by an alternating voltage (of small am-
plitude and a frequency being much higher than
the rate of the exciting concentration function)
and the alternating current is monitored.

(iii) The case where approximately no mass or
charge is transferred across the electrode surface
and the concentration at the electrode surface is
monitored, e.g., as for sampling techniques
(pulsed amperometry, fast cyclic voltammetry) and
potentiometry (under some conditions and after
linearisation of the electrode function). This case
will be called only “potentiometry” in this paper.

The calculations are based on the following
assumptions.

(a) The rate of the mass transfer towards and
away from the electrode surface is determined
only by planar diffusion across a single diffusion
layer of uniform thickness d adjacent to the elec-
trode surface.

(b) The mass transport in the aqueous phase
outside of this diffusion layer is determined only
by convection, so that the exciting concentration
function cy(¢) entering the electrochemical de-
tector applies for every point of the interface
between the diffusion layer and the layer of con-
vective mass transport.

(c) In the case of amperometry, the charge
transfer reaction is electrochemically reversible.
After the electrode reaction (transfer from the
aqueous to the organic phase), the transfer of the
analyte species is described by semi-infinite diffu-
sion in the organic phase.

(d) In the case of potentiometry, mass or charge
transfer across the electrode surface is negligible.
When working with ion-selective electrodes, this
condition is fulfilled when the ion-selective elec-
trode operates in the Nernstian range, interfering
ions are absent, and the concentration changes
are small so that the charging of the double layer
can be neglected. The impedance of the volt-
meter and the electrode cable must be also suffi-
ciently high. In the case of voltammetric sampling
techniques, the sampling interval (during which
the concentration profile at the interface is dis-
turbed) must be much shorter than the interval
between two successive samplings.
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The potentiometric model to be derived should
not be restricted to electrodes which elucidate
the partition of ions at the liquid-liquid inter-
face. It can be applied to any other potentiomet-
ric detector for which the above conditions hold.
The amperometric models should also be applica-
ble to stationary mercury electrodes, when mer-
cury soluble metals are detected. When the limit-
ing diffusion current is considered only, the dc
amperometric model is applicable for all ampero-
metric detectors whose dynamic response is de-
termined by diffusion across a single diffusion
layer since the diffusion problem is then reduced
to the diffusion layer in the analyte containing
phase. The diffusion of the reaction product into
the bulk of the electrode material (organic phase
or mercury) or back into the flowing aqueous
solution needs not to be considered in this case.
In principle, a film coated electrode has two
diffusion layers. The film layer or “membrane”
and the convective diffusion layer [21]. However,
the convective diffusion layer in the flowing phase
can be neglected in first approximation, when the
mass transport in the hydrodynamic layer is fast
compared with the diffusion in the film, i.e.,
when the thickness of the film is high, the diffu-

sion coefficient in the film is small or the flow
rate is high. When the single layer model is
compared with the conditions holding for a real
flow-through electrochemical detector without
any film coating or supporting membrane, one
must state that there is usually no strictly defined
interface between the “diffusion layer” and the
streaming solution. The change between these
idealised layers is a gradual one and defined by
the conditions of convective diffusion. The thick-
ness of the Nernstian diffusion layer is defined
for the steady state and thus not necessarily ap-
plicable for transient processes. Moreover, the
assumption that the diffusion layer is of uniform
thickness is allowed only for few kinds of flow-
through electrodes. The thickness of the Nerns-
tian diffusion layer often depends on the consid-
ered position at the electrode surface. In the case
of the wall-jet arrangement, it depends on the
distance from the center of the electrode where
the axis of the jet hits the electrode surface. The
IRF must be considered then as an integral of
each particular IRF included holding for a partic-
ular point of the electrode surface. It seems rather
certain, that this problem can not be solved ana-
Iytically. However, it might be assumed that an

OIL HYDROPHILIC MEMBRANE WATER
cM(x,t
& Cy ()
=4
g
§ Co (x,t)
0 distance d

Fig. 1. Scheme of the concentration profile at the water /oil interface separated by a hydrophillic membrane after the application of

a Gaussian concentration pulse.
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apparent or mean diffusion layer thickness can be
defined in such a case. Finally, it should be
mentioned that a laminarly flowing liquid enter-
ing the detector has, besides the axial concentra-
tion profile usually considered, a radial concen-
tration profile. This is negligible for gases, but
not for liquids, assuming conditions typical for
chromatography or FIA. The problem is, that this
radial concentration profile is neglected in princi-
ple when the IRF model is applied to flow analy-
sis.

2. dc Amperometry

A scheme of the diffusion problem in dc am-
perometry at the water /oil interface stabilised by
a permeable hydrophillic membrane is shown in
Fig. 1. Semi-infinite diffusion in the oil phase
(=0 < x < 0) and finite diffusion in the membrane
(0 <x <d) must be considered. The concentra-
tions of the diffusing species in the oil phase and
the membrane, co(x,¢) and cy(x,?), respectively,
are functions of both time ¢ and distance from
the origin x and governed by Fick’s second law

dco(x,t) o x,t)

a  ° ax?

—o<x<0;0<t <0 1
dep( x,t) BZep(x,t)

o M ax?
0<x<d;0<t<> (2)

The initial conditions are
co(x,t)=0and cy(x,t)=0;¢=0

The boundary conditions are given by
co(x,t)=0;x—> —
cm(x,t)=cw(t); x=d

The function c(¢) describes the exciting con-
centration change in the aqueous phase (x > d)
and in this way also at the boundary membrane /
aqueous phase. D, D, and d are the diffusion
coefficient in the oil phase, in the membrane and

the thickness of the membrane, respectively. At

the boundary of membrane and oil phase (x = 0),

the continuity of fluxes

oco(x,t)
dax

ocy(x,t)

M
x— —0 ox

(3

o
x— +0

and Nernst’s equation (written in a modified form
so that the standard potential is replaced by the
polarographic half-wave potential AY®, /2) hold:

co(—0,t D .
Lol 200 _ M e(+0,0)#0  (4)
cm(+0,8) D,

. ZF - -
J= E(AO(DI/Z - AO(D)

AY® is the Galvani potential difference be-
tween water and oil phase and, by definition,
equal to the Galvani potential difference across
the membrane /oil interface. R, T, z and F, have
their usual meaning.

The method of Laplace transformation (for
the principles see e.g. [26]) was employed to re-
duce Eqgs. 1 and 2 to the ordinary differential
equations:

32Co(x,p)
pCO(X»p) _CO(X’O) =Dg ax2 (5)
3*Cpm(x,p)
PCu(x.p) = en(x0) =Dy——— (6)

Colx,p) and C\,(x,p) are the Laplace trans-
forms with respect to ¢ of co(x,t) and ¢, (x,t)
respectively, and p is a complex parameter. The
Egs. 5 and 6 can be integrated to the general
solutions

Co(x,p) =Ao(p) exp(~x/p/Do )

+Bo( p) exp(+x/p/Dg | ()
Cul(x,p) =An(p) exp(—xp/Dy )

+By( p) exp(+x/p/Dy) (8)

where the coefficients Aq(p), Bo(p), Apy(p)
and B,(p) are determined by the boundary con-
ditions.
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For —» <x <0 and 0 <x <d, respectively, the
solution in the Laplace domain is

Co(x,p)
2e~ Dy
=Cw(0) 7757 B, [l +xio7P0)
1—-e™
x 1+e“j)
Xexp(—d p/DM) +CXD(+d p/Dy )}
€))
Cu(x,p)
1—e™/
=Cw(p){1+ 1Jre_j)exp(—2x\/p/D1\4)}
1 - —J
x{ 1+:‘f exp[—(x+d),/p/DM]

+exp[—(x—d)‘/p/DM]} (10)

After expanding Eqgs. 9 and 10 in the series
Co(x,p)

2 Dy, 2
=C -y —
w(P) 1o \ D EO{
x (D
Xexp[—(2n+1~3‘/D—M dyp/Dy
O

Cpm(x,p)=Cw(p)

|

X<ﬂ§0{(i;—:j) exp[—(N—X)\/m]}

1—¢f

1+e’

(11)

_ n;{( i;:;)"+lexp[—(N+ x)M]»

N=dQ2n+1) (12)

the inverse transformation with respect to the

time can be made using a table [27]. The concen-
tration profiles in the time domain are:

co(x,t) =cw(t)* a+ ej)D%)/qul/Zt3/2

n

> [{1-¢’
X - | (N —xyDy/D
nz=:0 (1+ej ( * M/ 0)
2
(N -x/Dy/Do)
Xexp| —
4Dt
—0<x<0,t>0 (13)

em(x0) =cw()* s—mmi734
’ 2771/2D,1v{2t3/2

= [(1-¢e/\"
x( Y | (N—x)
n=0{ 1+¢/
(N-x)°
X —
P\ T 4D 1

0<x<d,t>0 (14)
The expression [(1 —e/)/(1 +e/)]° is defined
to be 1 also for j =0 to have a simpler form of
the formulas.
The electric current i(t), which is the signal in
amperometry, and the concentration are related
by

ocp( x,t) (15)
ox x— +0

where A denotes the area of the electrode sur-

face. The Laplace transform of the current is

then given by the product

I(p) =Cw(p) XG(p)
22FADI? = {( 1—-e

i(t) = zFAD

n

p\/?

G = -
(p) 1+¢’ E‘O 1+¢’

Xexp| —(2n + 1)d,/p/DM]} (16)



46 S. Wilke, R. Picht / Analytica Chimica Acta 291 (1994) 41-52

G(p) is the so-called transfer function, which is
in fact the Laplace transform of the IRF g(¢):

zFADY/? = ((1-e/\"
t) = . .
8(1) (1+e)m'2e32 =i\ 1+¢e’
d2
x|(2n +1)* —t
(2n +1) 2Dy, l

xexp| - (2n + 1)°d2/4DM; | (17)

The function i(¢) is a result of the convolution
of the concentration function cy(¢) with the im-
pulse-response function g(¢):

i(1) =cw(t)*&(t) (18)

The first three terms of Eq. 17 with n =0, 1, 2
are shown in Fig. 2 for the case e’/ =0 (limiting
diffusion current). They were reduced to the re-
sponse in the steady state h(e)

h(®) = tlim h(t)

and to the time constant d?/D,,. The function
h(¢) is the step response function, which corre-

sponds with the impulse response function by the
relationship

h(r) = /0 ‘g(r)dr

The dc amperometric response in the steady
state is

h(®) = zFAD,d"'(1 +¢’) " (19)

Beside of the reduced response, a reduced
time ¢/(d?/D,,) was defined.

From Fig. 2 is evident, that g(¢) is determined
practically only by the first three terms of Eq. 17
when the time interval 0 <t < =d?/D,, is con-
sidered. Longer times need not to be considered,
since the function g(t) has approached zero very
closely after this time. For 0 <t < = 0.3d?/D,,, it
is adequate to consider only the first term. Hence,
the maximum of g(¢) can be determined analyti-
cally in good approximation by differentiation of
the first term of Eq. 17. The maximum is then
given by:

tmax = (1/2 = V1/6 )d? /D = 0.0918d%/D
(19)

Zrmax = 8(tmax) = 5.922FAD}d (1 + 7)™
(20)

0 0.2 0.4

06 0.8 1

reduced time

Fig. 2. The first three terms of the dc amperometric impulse-response function (reduced to the response in the steady state and

the time constant d2/D ).
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Practically the same value of ¢, , namely 0.092
d? /D, was derived by Olsson et al. [24] from an
equation, which converges for long times and was
derived from an equation describing the concen-
tration step response. When the limiting diffusion
current is considered (j < 0), Eq. 20 becomes

ZFAD* =
Lim(?) = 71/24572 ng()

2 dz
(2n+1) 2D, - t]
X exp| - (2n + 1)2d2/4DMt]} (21)

Eq. 21 can be derived also from an expression
describing the heat profile in a solid of finite
dimension after application of a temperature step
at one side [28]. After exchanging the equivalent
quantities like concentration and temperature,
the impulse-response function was obtained by

successive differentiation with respect to x and
then ¢ (for x — 0).
When the half-wave potential is applied to the
detector, Eq. 20 is simplified to:
81 ,2(1)
2ZFAD{* | d*
T 272572 2D,

— tI exp[ —d2/4D t]
(22)

which contains only the n =0 term of Eq. 17. It
seems to be noteworthy, that a minimum appears
after the time

tmin=(1/2+/1/6 )d* /Dy, = 0.908d% /D,
(23)

In general, this minimum of the n» =0 term is
compensated more or less by the next term (7 = 1)

01
OIL MEMBRANE
0.14
=
L
B
5 b
2 0.1 07
o
[&]
0.25
02 0.16
0.06
0.2
0.16
0.25
. 0.14 0
frommm e t === "”T— i f ‘? =
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 04 0.6 0.8 1

x/ld —=

Fig. 3. Concentration profiles for various values of reduced time t/(dZ/DM) in amperometry after the application of a Gaussian

concentration pulse.
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in the case e/ = 0 (c.f. Fig. 2). This is not so for
e’ =1, i.e., when the half-wave potential is ap-
plied. When e’ is increased further, the minimum
that is related to the height of the maximum
becomes more pronounced although its absolute
hight tends to zero. This minimum or “negative”
part of the IRF occurs when the partition ratio of
the electroactive ions between oil and water phase
is in the order of unity or higher, and arises by
the inverse transfer of ions from the organic
phase back to the aqueous phase when the con-
centration “plug” has passed the membrane sur-
face.

Concentration profiles for various values of
reduced time are shown in Fig. 3 to make the
diffusion process more understandable. The con-
ditions e’/ = 0 and Dy =0.1 D, and a Gaussian
concentration function c¢/(¢) were assumed. The
maximum of the Gaussian peak appears at the
time 0.1d>/Dy, the standard deviation is
0.025d%/D,,. This parameters were chosen to
have similar contributions of the IRF and the
excitation signal cy/(#) to the response. The con-
centration profiles were calculated from the Eqgs.
13 and 14 using the software ASYST 4.0 (Keith-
ley Instruments). The increments of time and
distance were 0.005d%/D,, and 0.05d, respec-
tively.

3. Potentiometry

In potentiometry, diffusion takes place in the
hydrophilic membrane only and can be described
by Eq. 2. Taking into consideration that the car-
rier solution often contains the species to be
measured in a low concentration c¢¥, when a
potentiometric detector is used in FIA, the initial
condition is

cm(x,t)=cy;0<x;t=0

The boundary conditions are given by the defi-
nition, that there is no flux across the oil /mem-
brane interface

ocp( x,t) 0

;x=0
M ox

and by the concentration function at the interface
between the membrane and the aqueous phase

cm(x,t)y=cw(t); x=d

The application of the Laplace transformation,
which considers the initial condition automati-
cally, gives

3?Cy(x,p) (24)

Eq. 24 can be integrated to
Cu(x,0) = Au(p) exp(—x/p/Dy )

+By(p) exp( +xyp/Dy ) + C%
(25)

C ,p)—c& =D
PCy(x,p) — iy M ax

where C3, =c%/p is the Laplace transform of
cy- The coefficients 4,,(p) and By(p) are de-
termined by the boundary conditions. The solu-
tion in the Laplace domain is

Cu(x,p)
= [Cw(p) - C¥]
o exp(—xM) + exp(+xM)
exp(—d/p/TM) + exp(+d/p/TM)

+ C%

(26)
or, after expanding Eq. 26 into a series,
Cu(x,p) =[Cw(p)— C§]

X i ((=D"{exo[ =P/ Dy (N+ 1)
+exp[—M(N—x)]}>+C”v‘v 27

The concentration function in the time domain
is
1

— . -
cm(x,t) =[ew(t)—c¥ 1= 271/2DV[23/2

(N=x)?
4D\t

=

O<x<d (28)

Xy <(—l)"{(N— x)exp[—
n=0

—

(N+x)?
4D\t

+ (N + x)exp
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Examples for concentration profiles induced
by a peak-shaped concentration function (Gaus-
sian peak) are shown in Fig. 4. The function of
the concentration at the oil /membrane interface
with respect to ¢ is

em(0,1) = [ew(r) =] *g(1) + % (29)
where g(t) is the potentiometric IRF now:

d - ]
8() = —iapragera ,Eo (-1)"(2n+1)

X exp

Mt

d2
—-(2n+ 1)240 l} (30)

The corresponding Laplace transformed ex-
pressions are

Cnm(0,p) = [Cw(p) — C¥{] X G(p) +C% (31)

G(p) =2 T {(~1)" exp| - (2n + 1)d /D]
n=0
(32)

For presentation and comparison, it is advan-
tageous to reduce equations to the steady state
h(ec), which is 1 in potentiometry. The first three
terms of the to the steady state reduced Eq. 30
are shown in Fig. 5. Like for dc amperometry, the
first term is predominant for 0 <f < o =

01
0.12
c
.8
E
=
c
QL
g 0.08
S 014/
0.16
0.06
5 035
2
925
T T T T T
0 0.5 1

x/d —=

Fig. 4. Concentration profiles for various values of reduced
time ¢ /(d%/Dy) in potentiometry after the application of a
Gaussian concentration pulse.

reduced time

Fig. 5. The first three terms of the potentiometric impulse—response function (reduced to the response in the steady state and the

time constant d?/D ).



50 S. Wilke, R. Picht / Analytica Chimica Acta 291 (1994) 41-52

0.3d? /D ;. The maximum of g(¢) was determined
from this first term analytically:

foa = d2/6Dy = 0.16d%/D,, (33)

Emax = 0V6/me*/? D\, /d? = 1.850D,,/d*> (34)

Another and independent way to obtain an
impulse response function is to differentiate the
adequate step response function, if known, with
respect to the time. Starting from the step re-
sponse of ion-selective electrodes [15] and from
equations describing the conduction of heat in
solids [28], the same result was obtained like that
given in Eq. 30.

4. ac Amperometry

Since the time scales of the excitations in ac

reversible Faradaic process, the real component
of the alternating current i*°(¢) is given by

. 22F24l/2 .
jac(ty = ac
*) RT[1/D{*co(—0,t)+1/Di{2ep(+0,1)]

(35)

where E* is the amplitude (peak-to-peak, < 8/z
mV) and w is the angular frequency of the excit-
ing sinusoidal ac voltage. The concentrations at
the interface of oil and membrane phase oscillate
about the mean concentrations co(—0,¢) and
cp(+0,¢), which can be obtained from the Egs.
13 and 14. The ac response of the detector oper-
ating at a constant dc potential is then

22 F %'/ ?E*Ad
4RT7'/2t3/2 cosh?(j/2)

(1) = cw(1) *

n

* 1-¢/
amperometry, the ac voltage of a high frequency X Y 1 7 (2n+1)
on the one hand and the slow concentration n=0 te
function cy(¢) on the other hand, are much
different, the diffusion problem to be considered -(2n+ 1)2d2
is the same as in dc amperometry. The concentra- X exp T 4Dt (36)
tions are then described by Eqs. 13 and 14. For a M

8+
4 DC AMPEROMETRY
Z41
0
e~
N‘O
F,1
POTENTIOMETRY
AC AMPEROMETRY
0 t t t t t t t t !

0 0.2 04

reduced time

Fig. 6. Comparison of the reduced impulse-response functions for dc amperometry (limiting diffusion current), ac amperometry

(peak or half-wave potential) and potentiometry.
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The term [(1 — e/) /(1 + €/)]° is defined to be 1
also for j=0 here. In the usual case that the
peak or half-wave potential E, ,, is applied to the
detector, Eq. 36 takes the simpler form
e 22F%w’E*Ad -d?
Fpeak(1) = Cw (1) * 4RT 7121372 P 4Dyt

(37)

which involves the same time dependence like the
n =0 term of Eq. 30 describing the potentiomet-
ric response. Therefore, the maximum response is
defined by

=d?/(6Dy) (38)
= 0.462522F %' 2 E*AD?/2 /( RTd?)
(39)

t

peak,max

gpeak,max

The ac amperometric response in the steady
state, which is needed to calculate the reduced
response, is

h(=) = 2%F*w!2E*AD {2 /[4RTcosh?(j /2)]
(40)

5. Comparison

Plots of the derived IRF are shown in Fig. 6.
While the IRF of ac amperometry and poten-
tiometry are very similar, those of dc amperome-
try has a significantly higher maximum, which
appears after a time which is only half the time
for both other methods. Although this is not very
much, it can be important in some cases. The (to
the steady state reduced) maximum data are sum-
marised in Table 1. The expression d2/D,, ap-
pears for all methods and is the time constant of
the detector, however, it is determined only by

Table 1
Maximum data of the IRF of three electrochemical detection
principles

dc ampero- potentio- ac ampero-
metry metry metry
Fmax 0.09d?/Dy  017d%/Dy  017d%*/Dy
Emax /H(®) 59Dy, /d* 19Dy /d? 19Dy /d?

the properties of the hydrophilic membrane. The
reason for the faster response of dc amperometry
is, that the gradient of the concentration at the
electrode surface rather than the concentration
itself determines the response in dc amperome-
try. The electroactive species approaching to the
electrode surface produce the maximum concen-
tration gradient faster than they need to accumu-
late at the electrode surface and to increase the
concentration at this place up to the maximum.
The relaxation of the dc amperometric detector
response is also faster and the tailing of the peak
is much less pronounced. This is attributed to the
fact that the electroactive species are removed
from the membrane not only by diffusion back to
the flowing aqueous phase, but also by the trans-
fer across the electrode surface. Although the
relaxation of the amperometric signal (in particu-
lar the limiting diffusion current) is better than
for the two other methods (Fig. 6), the relaxation
of the concentration profiles in the oil and the
membrane phase is the same as for ac amperom-
etry, as the Eqs. 13 and 14 apply in both cases.
Finally, it should be noted that the data pre-
sented in Fig. 6 and Table 1 characterise the IRF
only, i.e., the response to a infinitely short con-
centration pulse. The real conditions can be sub-
divided in three cases. When the concentration
pulse is much faster than the dynamic response of
the detector (expressed by the IRF), the shape of
the signal is determined by the IRF alone. This
can be employed to obtain the IRF from the
experiment and will be the subject of a future
paper. In analytical applications however, the de-
tector would be too slow, when a high speed of
the whole system or a good resolution (in chro-
matography) is required. In order to make the
detector faster, the thickness of the hydrophilic
membrane (or the stagnant boundary layer) must
be decreased, or the permeability (described by
D,,) of the membrane must be increased. When
the dynamic of the detector and the exciting
concentration function is similar, the response of
the detector will be mixed. Finally, when the
concentration function is even slower, the detec-
tor has enough time to reach the steady state and
the dynamic properties of the detector are not
significant. Only the ‘“static” or steady state re-
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sponse, which is described by h(e), must be con-
sidered.
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Abstract

The direct current (dc) and differential pulse (dp) polarographic reduction of the antibacterial drug norfloxacin
has been studied in various base electrolytes at different pH values in the presence of dimethyl formamide. Only one
reduction wave in the range —0.95 to —1.05 V was observed in strongly acidic medium (pH < 1). Using a base
electrolyte of pH > 7.5, two well defined irreversible waves were observed in the ranges of —1.48 to —1.67 V (wave
C) and —1.79 to —1.93 V (wave D) for norfloxacin concentrations of 1 X 10™* M. These potential limits showed
little shifts on both sides with norfloxacin concentration. At pH > 10, only wave D has been observed, but all waves
disappeared completely in 0.1 M NaOH. In addition, two ill-defined waves appeared in the range —0.06 to —0.42V
within the pH range 6.5-8.5 for norfloxacin concentrations > 5 X 10> M. The single dp wave which appeared in 2
M HCI and the dp wave C which appeared in the other base electrolytes showed a useful rectilinear relationship
between concentration and wave heights from 32 to > 560 wg ml~! norfloxacin. These two dp waves have been
utilized for determination of norfloxacin in Noroxin tablets with good recoveries. The polarographic behaviour of
norfloxacin has been compared to that of nalidixic acid which has been aiso determined successfully in Negram
tablets as the individual component and in the presence of norfloxacin as an interferent.

Key words: Polarography; Antibacterial drugs; Norfloxacin

1. Introduction O
F COOH
Norfloxacin (1-ethyl-6-fluoro-1,4-dihydro-4-
oxo-7(1-piperazinyl)-3-quinoline carboxylic acid)

. h . e N
is one of the 4-quinolone synthetic antibiotics N |
[1,2]. These antibacterial drugs have the potential C,H;
to work against the microorganisms that are resis- N
tant to the traditional antibiotics. I|{

Norfloxacin

Norfloxacin and some other 4-quinolone drugs
* Corresponding author. have been determined by liquid chromatography

0003-2670/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
SSDI 0003-2670(94)00002-4



54 A.M.Y. Jaber, A. Lounici / Analytica Chimica Acta 291 (1994) 53-64

[3,4] and electrochemical methods of analysis [5-
10]. Electrochemical assays have been utilized
extensively [11,12] for pharmaceutical analysis and
proved to be fast, precise and produce low cost
results with minimal interference from the excipi-
ents of the drugs.

Some preliminary studies on the differential
pulse polarographic reduction of norfloxacin dis-
solved in sodium hydroxide have been reported
[5]. The polarographic behaviour of norfloxacin
and nalidixic acid in the presence of dimethyl
formamide has been further examined here in
more detail and applied to the determination of
these compounds in commercial tablets.

@)
COOH

H,C N
CZHS

Nalidixic acid

2. Experimental

Norfloxacin was supplied by the Jordanian
Pharmaceutical Manufacturing and Medical
Equipment, Naor, Jordan, nalidixic acid from

Fluka, Buchs, Switzerland, and all supporting
electrolytic salts were of analytical reagent grade.
Tablets of norfloxacin (Noroxin) and nalidixic acid
(Negram) were obtained from Merck Sharp and
Dohme, Haarlem, Netherlands and Winthrop
Laboratories, Newcastle upon Tyne, UK, respec-
tively. Purum grade dimethyl formamide (DMF)
was from Fluka. Distilled deionized water was
used.

A PAR174 (EG and G, Princeton, NJ) polaro-
graphic analyzer in conjunction with a Model 303
static mercury drop electrode with a small size
drop and X-Y recorder (Model RE 0074) were
utilized. Sample solutions were deaerated with
oxygen-free nitrogen and the temperature was
25+ 1°C. A differential pulse amplitude of 25
mV and a scan rate of 5 or 10 mV s~ ! were used.
An EG and G Model 264A polarographic ana-
lyzer /stripping voltammeter in conjunction with
X-Y recorder (Model RE 0150) was used to
record the cyclic voltammograms. A pH meter
(Corning 215) was used for measuring and adjust-
ing the pH of the base electrolytes.

2.1. Analytical procedure

10.0 ml of 0.1 M base electrolyte was trans-
ferred to the cell and deaerated for 8 min. A
stock solution of 0.01 M norfloxacin or nalidixic
acid prepared in dimethyl formamide was spiked

Table 1

Polarographic data for norfloxacin in various base electrolytes

Base Wave C Wave D

clectrolyte E, , Ey)y—E; an, E, Wip Eip Eyy—Ei an, E; Wi
\% (mV) V) mv) (V) (mV) V) (mV)

LiCl —1.55 92 0.49 -1.52 75 - 1.85 54 0.73 —-1.84 93

KCl -1.53 85 0.54 —148 130 -1.78 35 098 —-179 67

LiCl10, —1.56 93 0.53 -155 153 -1.84 52 067 —1.85 93

NaOAc- -1.56 50 0.64 -1.54 82 —1.88 58 036 —1.87 120

HOACc (pH 7.4)

NaOAc —-1.60 105 0.43 -155 130 —1.88 52 054 —-1.86 80

KCitrate —-1.53 55 084 —153 93 —1.81 45 070 —-193 71

K ,Citrate— —1.58 65 059 -—1.55 40 —-1.89 60 040 —187 95

K, Hcitrate (pH 8.0)

NH,-NH,Cl —1.68 65 072 -167 100 —1.88 40 059 -185 67

(pH 9.0)

K,HPO, -1.55 75 0.56 —-1.59 93 -1.79 110 0.64 —-1.80 60

K,B,0, -1.57 75 0.61 -1.61 117 -1.86 120 052 —-1.79 93
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into the base electrolyte. The current—voltage
curves were recorded after each addition. The
limiting currents were measured and calibration
curves in several base electrolytes were con-
structed.

2.2. Sample preparation

Eight tablets of Noroxin or Negram were
ground to a fine powder. A quantity equivalent to
one tablet was weighed, dissolved in DMF, trans-
ferred to a 100-ml volumetric flask and diluted to
the mark with DMF. The solution was slightly
turbid but no further treatment was made. Known
volumes (0.05-0.5 ml) of the sample solution were
added to 10 ml aliquots of the base electrolyte.
The percent composition of DMF was kept con-
stant as about 6% in the unknown and standard
solutions. The total volume of the sample was
kept as 10.60 ml. Calibration solutions were pre-
pared in the same manner.

3. Results and discussion

Various buffered and unbuffered 0.1 M elec-
trolyte solutions were utilized as base elec-

ip/pA

55

trolytes. The direct current (dc) and differential
pulse (dp) polarographic data for 1 x10™* M
norfloxacin in 1% DMF are reported in Table 1.
Two main well-defined waves in the ranges —1.48
to —1.67 V (wave C) and —1.79 to —1.93 V
(wave D) were obtained in each of the base
electrolytes used. Fig. 1 shows a typical dp po-
larogram for 1 X 10™* M norfloxacin in 0.1 M
sodium acetate. Table 1 shows also values of an,
(a is the transfer coefficient, and n, is the num-
ber of electrons involved in the rate determining
step) calculated from the analysis of log(iy —i)/i
plots for the dc polarograms, E; sa— E, 4 for the
dc polarograms and W, /, (the dp peak half width)
for the dp polarograms for the two main waves C
and D. In general, the values of an, E;,,—E, ,
and W, , lie far from those given for the re-
versible waves. It has been shown [13] that the
values of @, E;,,—E,, and W, , at 25°C for
reversible waves should be 1, 56.4/n, V and
90.4/n, V respectively. Thus, the rate determin-
ing step is irreversible for the two waves. This has
also been confirmed from the preliminary cyclic
voltammograms for norfloxacin in various base
electrolytes (Fig. 1, voltammogram 2). The waves
corresponding to the dp peaks C and D on the
cyclic voltammogram did not appear in the an-

-E/V vs Ag/AgcCi

Fig. 1. dp polarogram (1) and cyclic voltammogram (2) for norfloxacin in 0.1 M sodium acetate in the presence of 1 X 1074 M
norfloxacin and 0.1% DMF. Scan rate was 10 mV s~ ! for the dp polarogram and 100 mV s™! for the cyclic voltammogram.
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Fig. 2. The effect of DMF on the dp polarographic peak
height and peak potential for 1x 10~* M norfloxacin in 0.1 M
sodium acetate. E, and i, represent the peak potential and
the peak height, respectively.

odic scan. This confirms the irreversibility of the
two waves.

Two ill-defined waves (Fig. 1, polarogram 1,
waves A and B) were observed at a more positive

ip/pA

potential. The dp peaks corresponding to these
two waves started to appear for base electrolytes
of pH >6.5. For example, they appeared at
—0.06 V and —0.2 V in sodium acetate of pH 6.5
when norfloxacin concentration was 5 X 107> M.
Waves A and B showed an increase in height and
anodic shift in potential with increasing nor-
floxacin concentrations up to 2 X 10~% M after
which they became almost concentration inde-
pendent. The two waves were significantly af-
fected by DMF. Fig. 2 shows that an increase in
DMF content in the sample solution was associ-
ated with a cathodic shift for wave A and anodic
shift for wave B both decreasing in height until
they disappeared completely when the DMF con-
centration exceeded 7%. These observations may
indicate that the two waves are of adsorptive
nature.

Fig. 2 also shows that the peak heights and
peak potentials for waves C and D are almost
independent of DMF concentration in the sample
solution up to about 6%, above which some in-
significant changes were observed. The decrease
observed in the heights of peaks C and D (Fig. 2)
may be due to an increase in the viscosity of the
medium, ion-pair formation, and a decrease in

-E/V vs Ag/AgCl

Fig. 3. dp polarograms for 1 X 10~* M norfloxacin in hydrochloric acid solutions of various concentrations in the presence of 0.1%
DMF. Polarograms 1, 2, 3 and 4 are for 0.1, 4, 2 and 0.01 M HCI base electrolytes. Polarogram 5 is for 0.1 M NaOH base

electrolyte.
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adsorbability on the electrode surface. These ef-
fects may result in retardation of the electrode
process [14].

3.1. pH effect on the polarographic behaviour of
norfloxacin

Figs. 3 and 4 show dp polarograms for 1 x 10™*
M norfloxacin in the presence of 0.1% DMF and
0.1 M of various base electrolytes, namely, hydro-
chloric acid solutions (Fig. 3), acetic acid-sodium
acetate buffers, unbuffered sodium acetate and
ammonia—ammonium chloride buffers (Fig. 4). It
has been observed that norfloxacin shows only
one reduction peak in the range —0.95 to —1.05
Vin 4, 2 and 0.1 M HCI base electrolyte. The
peak has diminished in height and became a
shoulder in 0.1 M HCI and finally disappeared in
0.01 M HCI (Fig. 3). When the pH has been
raised to higher values, the above mentioned
reduction peak has been replaced by main and
ill-defined peaks in the range —0.06 to —1.93 V.
At pH 6.5, only one main peak appeared at
—1.39 V and one ill-defined peak at —0.11 V
(Fig. 4, polarogram 2). However, when the pH of

Tr—
0.2uA(183)
0.5pA (4)

ol . I pai2@s)

the solution was in the range 7.5 to 10, two main
reduction waves in the ranges —1.48 to —1.67 V
(wave C) and —1.79 to —1.93 V (wave D) and
two ill-defined peaks in the ranges —0.11 to
—0.18 Vand —0.20 to —0.42 V developed com-
pletely (Fig. 4, polarogram 3). The two ill-defined
waves have been disappeared in ammonia—am-
monium chloride buffers of pH > 9. They were
obscured by a huge wave situated around 0 V.
Finally only one reduction peak in the range
—1.79 to —1.93 V remained when the pH of the
base electrolyte was 10-11.5. When 0.1 M sodium
hydroxide was used as the base electrolyte, all
peaks vanished completely (Fig. 3, polarogram 5).

Fig. 5 shows the shift in the dp polarographic
peak potentials for the four peaks with pH. The
E, — pH dependence for wave C is described by
two segments of E,/pH of 39.8 and 140 mV
below and above pH 8.5, respectively (Fig. 5).
The E,/pH dependence for wave D was found
to be —14 and 36 mV below and above pH 9.5,
respectively (Fig. 5). Other antibacterial drugs of
the same type, namely, nalidixic acid [6],
ciprofloxacin [7] and flumequine [8] showed a
similar behaviour. The shift of E_, with pH to-

1
1.2 1.6

-E/V vs. Ag /AgClL

Fig. 4. dp polarograms for 1 x 10~* M norfloxacin in acetic acid—sodium acetate buffer (pH in the case of polarograms 1, 2 and 3
was 4.5, 6.5 and 7.5, respectively) and in NH ;—NH ,Cl buffers (pH in the case of polarograms 4 and 5 was 9.0 and 11.5, respectively)

in the presence of 0.19% DMF.
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wards more negative values may indicate that the
electron uptake is preceded by a proton transfer
as proposed earlier for nalidixic acid [6].

Fig. 6 shows the change in the peak heights
(i,,) corresponding to the two waves C and D with
pH. The plot representing the dp peak height for
wave C versus pH shows an increase in the wave
height with a maximum at pH 8 followed by a
decrease until the wave almost disappears at pH
10. This behaviour has been observed previously
for ciprofloxacin {7] which showed a dp polaro-
graphic peak at —1.44 V in the pH range 6 to
10.5 whose height was markedly dependent on
pH reaching a maximum at pH 8.5. However,
nalidixic acid [6] showed i,-pH plots for two dc
waves in the shape of dissociation curves with
inflection points at pH values of 6.7 and 8.5,
where the second one was assumed to be the
polarographic pK {15] of nalidixic acid.

Q H
F COOH
+
N 1
) ¢&m
A\
H H
H3A2+

Strongly acidic medium

3.2. Proposed mechanism for norfloxacin reduction
at the DME

Norfloxacin is expected to exist in aqueous
media in the intermediate pH range (= 7) as a
zwitterion, HA ,, a neutral molecule, HA  and a
small proportion of the conjugate acid H,A™. It
is expected that zwitterion HA , will be the major
species since one of the nitrogen atoms in the
piperazine moiety is more basic than the carbox-
ylate ion. However, in a basic medium (pH > 10)
the conjugate base A~ predominates. Meanwhile,
in a strongly acidic medium (2 M HCI, for exam-
ple) the diprotonated species, H;A?* would be
the major species existing in the solution. The
enamine double bond in the azinone ring is pro-
tonated in a strongly acidic medium leading to
the formation of the iminium ion moiety as in
H;A?*. These equilibria are indicated in Scheme

O O
COOH F COO~
+
N N N
C,H; [+j C,H;
A\
H H
HA HA,
pH=7
I
@)
F COO~
N 1
() e
)
H
A-
pH=10

Scheme 1. Acid-base equilibria for norfloxacin in aqueous media.
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1 below. As the pH of the base electrolyte in-
creases the concentration of H;A2*, which is
predominant in strongly acidic media, is expected
to decrease. The disappearance of the dp polaro-
graphic peak at —1.02 V when the concentration
of HCl base electrolyte became < 0.01 M HCI
may indicate a drastic decrease in the concentra-
tion of H;A’* at higher pH values.

Based on the dp polarograms in base elec-
trolytes of wide pH range, the appearance and
disappearance of waves according to pH values of
the solutions, the above-mentioned proposed
equilibria and the one-electron steps mechanism
proposed previously for nalidixic acid [6], the
reduction of norfloxacin at the DME may take
place according to the equations of Scheme 2.

Thus, the peak at —1.02 V in strongly acidic
media (HCI) and peaks corresponding to waves C
and D in the intermediate and basic media could
be attributed to one-electron reduction steps of
the species, H;A?*, HA, and A~ respectively.
This reduction will produce the radical products,
H;A™, HAZ, and A’™ as indicated in Scheme 2.

The radicals produced as a result of electro-
chemical reduction at the DME may deactivate
by dimerization, disproportionation or reaction

—0.4

-Ep(C&DI/V -Ep(ABBI/V

-16

pH

Fig. 5. dp peak potentials vs. pH for 1 X 10~% M norfloxacin in
various buffering systems made of acetic acid-sodium acetate
and NH;-NH ,Cl covering a pH range of 4.5 to 11.5.

10 —.
ip/pA 0.5pA

9L —
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Fig. 6. dp peak heights vs. pH for 1x10~* M norfloxacin in
various buffering systems made of acetic acid—sodium acetate
and NH; , NH ,Cl covering a pH range of 4.5 to 11.5.

with the solvent as suggested for nalidixic acid [6].
It can also be suggested that the radicals may
undergo a further one-electron reduction step
producing waves shifted to potentials more nega-
tive than the discharge potential of the base
electrolyte, thus they did not appear within the
experimental potential range. The absence of
peaks related to the species HA and H,A™
may be ascribed to their limited concentrations in
solutions of intermediate pH. Although these two
species are expected to predominate in slightly
acidic medium, no dp polarographic peaks were
detected over this range. This may be ascribed to
either their reduction at potentials outside the
experimental potential range or that the waves
were not sensitive enough to be detected under
the experimental conditions.
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3.3. Linearity of calibration plots for norfloxacin in
various base elecrolytes

The concentration dependence of the dp po-
larographic peak heights of norfloxacin in the
presence of various base electrolytes was checked
for the two well-defined peaks C and D at pH
values from slightly acidic to slightly alkaline. The
linearity was tested for norfloxacin concentrations
in the range 2 to 560 pwg ml™! (5x107°% to
1.7 X 10~ M) according to the analytical proce-
dure mentioned above. The results are shown in

o

F H COOH
H;A’ +e” —
N ITI ""H
() e
A\
H H
H,A*

Scheme 2. Electrochemical reduction of norfloxacin at the
DME.

Table 2. Over some of the concentration ranges
more than one linear segment was observed. A
curvature has also been observed in the calibra-
tion curves in some cases. The breaks or curva-
ture in the calibration curves are ascribed to a
change in the mechanism of reduction at the
electrode, which is dependent upon the concen-
tration of protonated, uncharged, and anionic
species of norfloxacin. It has also been observed
that the dp peak potentials are concentration
dependent. Peak C showed a significant shift to a
more positive potential at norfloxacin concentra-
tions less than about 5 X 10~ M above which the
shift has been reversed to the opposite direction
i.e., to a more negative potential. The shift in the
potential of peak D with concentration was in the
negative direction.

The dp peak C was always well defined and far
from the discharge of the base electrolyte, thus
giving a reasonable calibration linearity within a
rectilinear range reaching, for example, 32 to
>560 pg ml~! (99X 1075 to >1.7x1073 M)
norfloxacin in the cases of 0.1 M KCl and LiCIO,
base electrolyte. Thus, this peak was used to test
the validity of the method for determination of
the drug in commercial tablets.

The calibration behaviour of norfloxacin in 2
M hydrochloric acid based on the single wave
observed therein has been checked also and was
found to be linear within the studied range,
namely, 32 t0 300 pgml ' (1 X 10"% to 9 x 10~ *
M) norfloxacin (Table 2) with a nonsignificant
shift in the peak potential.

3.4. Determination of norfloxacin in noroxin tablets

Noroxin tablets were assayed by this method
after grinding and dissolving in DMF according
to the procedure mentioned above. The results
are shown in Table 3. The table shows good
recoveries (an average of 99.5% recovery and a
relative standard deviation, R.S.D., of 2.5%) for
the base electrolytes tested including the 2 M
hydrochloric acid. It is obvious that the drug
excipients and the slight turbidity in the sample
solutions did not affect the polarographic be-
haviour of norfloxacin.
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3.5. Determination of nalidixic acid as individual
component in tablets and in the presence of nor-
floxacin

The possibility of determining nalidixic acid as
the individual component in tablets and in the
presence of norfloxacin has been investigated.
Figs. 7 and 8 show the dp polarograms for nor-
floxacin, nalidixic acid and their mixtures in 2 M
hydrochloric acid and 0.1 M sodium acetate base
electrolytes, respectively. Nalidixic acid showed
two dp reduction peaks in the 2 M HCI base
electrolyte at —0.78 and —1.01 V for 4.3 x 10~
M nalidixic acid. These two peaks were close to
the E,,, values reported for nalidixic acid [6].

Using sodium acetate or tripotassium citrate as
the base electrolyte, three reduction peaks at
—1.32, —1.52 and —1.78 V have been observed
for 4.3 X 107> M nalidixic acid. These dp peak
potentials correspond to E, ,, values of the three
dc waves reported for nalidixic acid at similar pH
values [6]. Nalidixic acid as the individual compo-
nent in the sample solution was determined in
Negram commercial tablets and gave good recov-
eries (an average of 101% recovery and R.S.D. =
1.0%) as observed from Table 3.

Figs. 7 and 8 also show that the reduction
peaks for either norfloxacin or nalidixic acid in
mixtures appear almost at the same potentials as
those for the individual components. Polarograms

Table 2
Linearity of calibration plots for norfloxacin in 0.1 M solutions of various base electrolytes
Base Peak C Peak D
electrolyte Range Corr. Slope Range Corr. Slope °
(pgml~1) coeff. 2 (x1072) (pgml™1) coeff. (x1072)
(uAlmg™1) (pAlmg™1)
K,B,0, 0- 94 0.9990(10) 2.836 16— 94 0.9983(9) 2.930
94-320 0.9994(9) 2.189 94-320 0.9995(9) 2.108
K;Citrate 0- 16 0.9995(6) 5.436 0- 10 0.9980(5) 6.000
16— 35 0.999%(7) 3.781 10- 35 0.9970(9) 3.228
60-540 0.9986(10) 1.259 Continuous curvature with new peak starting at —1.94 V
LiCl 0- 20 Curved - 0- 25 0.9983(9) 5.120
16-400 0.9993(10) 1.141 124-345 0.9987(8) 1.361
KCl 0- 10 0.9976(5) 6.988 2- 13 0.9996(5) 5.455
13- 30 0.9996(6) 3.571 2- 13 Curved -
32-560 0.9997(10) 1.195 Continuous curvature with a new peak starting
at —1.90 V, above 80 ugml~!
LiClO, 0- 10 0.9985(5) 7.010 0- 20 0.9994(8) 5371
32-560 0.9997(10) 1.020 Continuous curvature
K,HPO, 0- 45 0.9992(8) 3.972 2- 32 0.9976(7) 4.612
50-106 0.9990(7) 2.739 57-106 0.9968(8) 2.992
120-400 0.9996(10) 1.994 120-400 0.9997(10) 1.458
NaOAc 32-422 0.9990(10) 1.273 Continuous curvature
HOAc-NaOAc 32-539 0.9995(10) 1.014 Continuous curvature
(pH 7.4)
NH,;-NH,Cl  0- 32 0.9987(10) 4.228 0- 25 0.9998(9) 5.472
(pH 9.0) 32-130 0.9994(9) 2.785 32-106 0.9988(7) 3.005
124-320 0.9996(8) 2.159 32-249 0.9986(10) 2.634
K ;Citrate— 0- 20 0.9975(8) 6.342 0- 20 0.9996(5) 7.553
K,Hcitrate 57-130 0.9994(7) 1.593 -
(pH 8.0) 160-494 0.9994(10) 0.961 63-267 0.9993(8) 1.228
HCI(2 M) 32-300 0.9994(10) 0.498 -

? Number of data points in parentheses.

® The current range was 2 and 10 g A for low and high concentrations, respectively and the scan rate was 10 mV s~
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Table 3
Determination of norfloxacin and nalidixic acid in Noroxin and Negram tablets respectively using the external standards calibration

method

Base Range Corr. Quantity Quantity Recovery
electrolyte (ugml™Y) coeff. 2 added ® found (%)
(pgml— 1) (pgml™")
1. Norfloxacin
K,B,0, 3- 12 0.9997(4) 10.0 9.7 97.0
3- 32 0.9998(6) 8.0 8.1 101
6-124 0.9993(7) 59.1 61.8 105
97.6 99.1 102
63-345 0.9995(6) 198 200 101
K;Citrate 63-153 0.9990(6) 62.7 59.5 94.9
93.1 91.2 98.0
123 121 98.4
138 133 96.4
60-500 0.9990(9) 190 187 98.4
296 300 101
386 390 101
NaOAc ¢ 32-125 0.9978(7) 31.7 313 98.7
62.7 62.9 100
93.1 91.0 97.7
123 115 93.5
HCI(2 M) 32-300 0.9994(10) 31.7 317 100
423 435 103
62.7 61.7 98.4
93.1 934 100
152 153 101
181 180 99.4
237 237 100
264 269 102
Average 99.5
R.S.D. 2.5%
I1. Nalidixic acid
NaOAc 20- 90 0.9993(8) 23.0 235 102
(peak at —1.32'V) 343 345 101
45.6 455 99.8
67.7 68.8 102
89.4 90.8 102
K,Citrate 34-100 0.9958(10) 343 354 103
(peak at —1.52) 45.6 45.9 101
67.7 68.0 100
89.4 91.1 102
100 102 102
HCI 2 M) 10-110 0.9992(10) 11.6 11.8 102
(peak at —0.78 V) 343 351 102
45.6 45.6 100
67.7 68.4 101
89.4 88.9 99.4
Average 101
R.S.D. 1.01%

* Number of data points in parentheses.
b According to the nominal value reported by the manufacturers.
¢ Peak D was used here. Peak C gave very high recovery.
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Fig. 7. dp polarograms for 4.8 10~* M nalidixic acid (polaro-
gram 1), 4.8Xx10™* M norfloxacin (polarogram 2) and a
mixture of 4.8X10™* M of each (polarogram 3) in 2 M HCL

Table 4

recorded after incremental additions of nalidixic
acid to a sample solution of norfloxacin in sodium
acetate or tripotassium citrate base electrolytes
show an increase in the dp peak at —1.32 V only.
This peak belongs exclusively to nalidixic acid in
such base electrolytes, thus it was chosen for
determination of nalidixic acid in the presence of
norfloxacin (Table 4).

When 2 M HCI was used as the base elec-
trolyte, polarograms recorded for nalidixic acid
showed two dp peaks at —0.78 V and —1.01 V.
However, norfloxacin showed only one peak at
—1.02 V. Polarograms recorded after incremen-
tal additions of nalidixic acid to a sample solution
of norfloxacin showed a significant increase in the
height of the peak at —0.78 V only. Therefore,
this peak was used for nalidixic acid determina-
tion in the presence of norfloxacin in 2 M HCI
base electrolyte (Table 4). Good recoveries for
nalidixic acid (an average of 100% recovery and
R.S.D. = 1.8%) have been obtained using the ex-
ternal standards calibration method (Table 4).

Determination of nalidixic acid in Negram in the presence of 60 ug ml~! (1.9 X 10~* M) norfloxacin, using the external standards

calibration method. Same quantity of norfloxacin was added to both standard and unknown sample solutions

Base Range Corr. Nalidixic Nalidixic Recovery
electrolyte (pgml™Y) coeff, @ acid added ° acid found (%)
(pgml™1) (pgml™)
NaOAc 22-90 0.9993(8) ® 21.9 21.1 9.3
43.8 449 103
65.8 65.4 99.4
KCitrate 22-88 0.9965(8) 329 332 101
43.8 43.8 100
65.8 66.1 101
87.7 87.3 99.5
HCI2 M) 22-77 0.9991(7) 219 224 102
32.9 33.6 102
438 435 99.3
54.8 54.3 99.1
65.8 67.0 102
Average 100
R.S.D. 1.8%

# Number of data points in parentheses.

b According to the nominal value reported by the manufacturers.
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-E/V vs Ag/Agcl.

Fig. 8. dp polarograms for 2.9 X 10™* M norfloxacin (polarogram 1), 2.9 X 10™* M nalidixic acid (polarogram 2) and a mixture of
2.9%10~* M of each (polarogram 3) in 0.1 M sodium acetate.
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Abstract

A polymer-modified non-g'ass electrode was fabricated using quinhydrone (QH) in a poly(vinyl chloride) (PVC)
matrix supported by a low porosity carbon rod. The electrode has a Nernstian response with a slope of 34.1 + 7.3
mV /pH (25°C), a linear working range of pH 3 to 10 and an average response time of 5 to 7 min. Electrode stability
was maintained over a period of 36 days without the need of pre-treatment prior to use or immersion in solution
when not in use. X-ray photoelectron spectroscopy (XPS) was used to probe the composition and surface
characteristics of the electrode in attempt to understand the chemical basis of electrode performance. Angle
resolved XPS showed that electrodes with a poor performance had an oxygen enhanced surface attributed to
increased surface concentration of oxygen containing QH. This electroactive species is readily oxidised when in
contact with solution. Electrodes with a high performance had a chlorine enhanced surface, indicating a PVC-rich
surface. The PVC serves both as a matrix and a protective layer for the embedded QH. The comparison of
electrochemical and XPS data indicates that electrode composition and performance are closely related to
fabrication techniques.

Key words: Sensors; Quinhydrone; Poly(vinyl chloride); X-Ray photoelectron spectroscopy; Surface studies

1. Introduction Quinhydrone is a combination of benzo-

quinone and hydroquinone (1:4) and is used as

Glassy carbon has been used extensively as the
working electrode for a variety of electrochemical
applications [1]. Coating electrode surfaces with
polymers is an attractive means of increasing the
selectivity of electrochemical analysis. In this
study poly(vinyl chloride) (PVC) has been used as
a matrix to which quinhydrone (QH) has been
added.

* Corresponding author.

the neutral carrier for hydrogen ions in pH sen-
sor applications. It has been shown that platinum
or gold foil coated with QH forms a pH-respon-
sive electrode [2-4). In practice, the solution to
be measured may simply be contained in a small
beaker and sufficient pure, solid QH added with
stirring until the solution is saturated and a slight
excess is present [3]. A piece of clean platinum or
gold foil is then immersed into the solution satu-
rated with solid QH [4]. The QH electrode is of
little or no use at pH values greater than 8 or 9.
However, the error does not appreciably affect

0003-2670/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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the location of the equivalence point of an acid-
base titration performed with a QH electrode,
provided that this does not occur at a pH higher
than about 9 [2]. A carbon supported electrode
was used in this study, as its simple and robust
construction allows easy renewal of the ion-sensi-
tive surface [5-6]. Low cost, porosity and radia-
tion resistance are properties which make carbon
rods ideal for this application. Rod porosity, in
particular, promotes adhesion as the polymer-
filled pores anchor the pH responsive membrane
onto the carbon surface [7].

PVC has been used as the matrix and the
support for various ions including potassium [8,9],
hydrogen [10-16], thallium(III) [5], sodium [9],
zinc [6], hydrogencarbonate [17], and compounds
such as sulfur containing substances [18], and
vitamin B, [19]. Derivatives of hydroquinone such
as poly(mercaptohydroquinone) and poly(methyl-
mercaptohydroquinone) [20] have been used to
modify carbon fibre electrodes (CFE) by electro-
chemical polymerisation and used as pH sensors.

This paper describes the fabrication and char-
acterisation of a novel non-glass pH electrode
using a PVC/ QH membrane supported with bulk
carbon in form of rods and discs. Electrochemical
electrode performance is correlated with investi-
gations of the membrane structure and composi-
tion using x-ray photoelectron spectroscopy
(XPS). An enhanced understanding of the sensor
is obtained using this method.

2. Experimental
2.1. Electrode fabrication

Spectrographic carbon rods (Ringsdorff, Ger-
many) of varying porosities were used to support
the membrane. For electrochemical studies, 15
mm long carbon rods (4 or 6 mm diam.) were
used; for XPS studies, 1.5 mm thick carbon discs
of similar diameters were used. The end faces of
the rods and discs were polished using abrasive
paper (240 grit). Loose graphite particles were
removed using an ultrasonic bath and air drying.
Copper wire was attached to the upper end of the
sensor rod to form an electrical connection. Low

molecular weight poly(vinyl chloride), (LMW
PVC) (Sigma) and QH (AnalaR) were dissolved
in THF and ultrasonically mixed. Tetrahydrofu-
ran (THF) was used as received without using any
process to remove stabilizers. THF typically con-
tains a low percentage of hydroquinone as a
stabilizer. This compound is well known as half of
the reversible couple in the classical QH elec-
trode used for the measurement of pH [21], which
is also the active species for this sensor. A solu-
tion of 1.5% PVC-QH (2:1, w/w) in THF was
applied to the end surface of the carbon rod with
a fine brush (15 applications with drying after
each application) resulting in a coating thickness
of ~ 130 pm. Film thicknesses were estimated
using scanning electron microscopy. Analytical
grade reagents were used as received. Deionised
water with resistivity of 18 M cm (Millipore,
Milli-Q) was used in all experiments.

The carbon support acts as the conductive
inert body of the electrode and does not play any
other part in establishment of the measured po-
tentials [5]. Graphite exhibits pH sensitivity be-
cause of the presence of chemisorbed oxygen on
its surface [22]. This sensitivity can be minimised
by coating the surface with materials such as
poly(vinyl chloride) or paraffin wax or by modifi-
cation of the surface chemistry, i.e., acidic groups
at the graphite surface [5]. In this study,
methacrylate aerosol (Borden, Australia) was ap-
plied to the sides of the electrode to provide
insulation.

2.2. Electrode performance characterisation

Potentiometric and pH measurements were
made with a pH/mV meter (Activon Model 209)
and a calomel reference electrode (Metrohm
Model B-NS 14/15) at 25°C. Potentiometric re-
sponse curves were measured using the following
cell:

Carbon rod/ /PVC-QH sensor /sample / /SCE

Calibration plots were obtained for solutions
containing hydrogen ion concentrations ranging
from 1073 to 10~ M. Phosphate—citrate~borate
buffers (pH 3-10) were used for electrode evalu-
ation. The response time of the PVC/QH indica-
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tor electrode was evaluated by immersion in in-
creasing concentrations of H* solutions.
Electrode performance, sensitivity and selec-
tivity were investigated in the presence of various
interfering ions. Electrode stability was studied
over a period of 36 days by storing the electrode
dry in air. A fixed interference method was used;
interfering anions were added as sodium salts
and cations as iodides, chlorides, sulphates, or
nitrates. Selectivity coefficients were then calcu-
lated using the extended Nernstian equation.
Titration of 0.1 M HCIl with 0.1 M NaOH was
carried out using the PVC/QH pH electrode in
comparison with a glass membrane electrode.

2.3. Electrode surface characterisation

Surface characterisation of the fabricated elec-
trode was undertaken using XPS. Experiments
were performed in ultrahigh vacuum using a
Kratos AXIS 800 surface analysis instrument. The
perpendicularly mounted Mg anode x-ray source
was operated at 188 W. Electron energies were
determined with a concentric hemispherical anal-
yser (CHA) incorporating three channeltron elec-
tron detectors. The maximum energy resolution
of the CHA was 0.87 eV operated for XPS analy-
sis in the fixed analyser transmission (FAT) mode
with a pass energy of 20 eV for the Ag 3ds,,
emission [23]. The electron binding energies (Eg)
were calibrated against the Au 4f, , emission at
Ey =84 eV [24]. XPS analysis areas of 6 mm X 4
mm and 600 wm diameter were used [25]. Angle
resolved XPS was undertaken by varying the an-
gle between the sample surface and the analyser
lens axis. Peak areas were quantified using appro-
priate sensitivity factors.

3. Results and discussion

3.1. Sensor performance

In this study, LMW PVC was mixed with QH,
the electroactive species. The quinone and hydro-
quinone system is a reversible oxidation-reduc-

Electrode Body

2e-

Electrode Surface

2H+

!

Solution

(o] OH
O :

(o] OH
[(*)] (H2Q)

(1:4)

Fig. 1. Mechanism of the fabricated electrode.

tion system in which hydrogen ions take part in
the electrode reaction. The half-reaction is

H,Q=0Q+2H*+2e" (1)

where Q represents quinone, H,Q, hydro-
quinone, and QH, quinhydrone [3]. The electro-
chemical mechanism of the PVC/QH pH elec-
trode is shown in Fig. 1. There is an exchange of
ions between the solution and cation vacancies at
the electrode surface and an interfacial potential
is generated by a space-charge mechanism [26].
While this PVC/QH pH electrode showed a
working linear range from pH 3-10, with a Nern-
stian slope of 34.1 + 7.3 mV /pH (25°C), Hauser
et al. [10] used two different ionophores to obtain
a wider pH range of pH 1-13. The potential-pH
plots obtained with this electrode under fixed
temperature cyclic change showed an ideal be-
haviour with slope of 29.2 + 0.1 mV/pH (25°C),
as shown in Fig. 2. A delay of 5-7 min was
required to attain a steady-state potential read-
ing. Electrode performance was monitored for up
to 36 days without soaking or prior treatment
before use. Theoretically for QH, potential
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100
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Fig. 2. PVC/QH pH electrode response characteristics at
25°C. Hysteresis, pH 10-3 (m) has a slope of 29.1 mV /pH;
pH 3-10 () has a slope of 29.3 mV /pH.

change per decade change in concentration of
H™* is expected to be close to 29.5 mV (25°C).

The PVC/QH pH electrode responded well
in alkaline solution (pH 8-10) and gave an in-
significant salt error throughout the study. The
electrode gave a good and reproducible response
in the presence of borates in the buffer solutions.
Boric acid has the property of forming complexes
with dihydrobenzenes like hydroquinone. The in-
terference effects of a number of cations and
anions were studied.

Potentials were measured in a series of solu-
tions containing a constant concentration of in-
terfering ion and increasing concentrations of hy-
drogen. The presence of reducing agents like
SO3~ and S,027, seriously influences potentials
of QH electrode. Selectivity coefficients, how-
ever, were small (see Table 1). The PVC/ QH pH
electrode and glass electrode gave identical end-
points for potentiometric titration of 0.1 M hy-
drochloric acid with 0.1 M sodium hydroxide.

3.2. Surface studies of sensor materials

The membrane surface of the electrodes was
analysed using XPS; results are shown in Figs.
3-5. The surface of the membrane presents ana-
lytical difficulties as the components (PVC and
QH) each contain carbon. The strategy used to
overcome this problem is to analyse the compo-

Table 1
Potentiometric selectivity coefficients (fixed interference
method)

Interfering ions, Selectivity coefficient,

(1x1072 M) K,

SO%- 1.48Xx107°
$,03" 1.97x1077
S,02- 7.17x10°7
NO;y 2.09x10°8
Fe?* 4.42x107*
Fe3* 221%10°%
Cu?* 8.39x10°°

nents individually, then make a comparison with
the membrane. The QH, PVC and PVC/QH
membrane were not supported by carbon in these
initial experiments to determine peak deconvolu-
tions. QH and PVC powders were supported in a
gold plated powder cup; the PVC/QH mem-

QH

100,

(a)

0]
s XPS Cls
704
[ |
504
cC

a0.

304

Intensity (arb. units)

20
1 [ C-OH

. C=0
282 21 A0 289 286 287 2%6 285 284 283 202 2B1 280

Binding Energy (eV)

100, : (b)

@] XPS Ols \!

O-H

Intensity (arb. units)

537 536 535 534 B3 ) 551 sk 539 538 527
Binding Energy (eV)

Fig. 3. Quinhydrone (QH) crystalline powder curve fit analysis
of (a) C 1s and (b) O 1s photoelectron spectra.
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brane was formed on polished copper using the
method described above for carbon supported
membranes.

The QH carbon 1s photoelectron spectrum
was deconvoluted into three component peaks as
shown in Fig. 3a; (QH=0,C,H,:HOC(H ,-
OH; ratio = 1:4). The largest peak at Ey ~ 283
eV is assigned to C-C, the peak at Ez ~ 285 eV
is assigned to C-OH and the peak at E5 ~ 288
eV is assigned to C=0 [27]. The ratio of the areas
of the components peaks, C-C:C-OH:C=0, is
equal to the stoichiometric ratio of 10:4:1. The
oxygen ls photoelectron spectrum (Fig. 3b) was
deconvoluted into two component peaks: a peak
at Eg ~ 532 eV assigned to hydroxyl species (O-
H) [27] and a small peak at Eg ~ 530 eV assigned
to C=0. The ratio of O-H: C=0 was determined
to be ~3.4:1 which is in reasonable agreement
with the stoichiometric ratio of 4:1 for QH.

The PVC carbon 1s photoelectron spectrum
was deconvoluted into two component peaks as
shown in Fig. 4, (PVC = —-(CH,CHCD,,). The
two components are separated approximately by
their respective line widths [28]. The peak cen-
tred at Eg ~ 286 eV is assigned to C-C species
and the peak centred at Ey ~ 284 eV is assigned
to C-Cl species. The ratio of the peak area of
C:Cl was determined to be ~ 1.8:1, which was
consistent with the stoichiometric ratio of 2:1 for
PVC.

The carbon 1s photoelectron spectrum for the
PVC/QH membrane was deconvoluted into four

PVC

aw] XPS Cls

c-C

0] C-Cl

Intensity (arb. units)

B2 2% 280 288 288 287 286 285 2b4 283 282
Binding Energy (eV)

Fig. 4. PVC membrane curve fit analysis of a C 1s photoelec-
tron spectrum.
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101
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9
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Binding Energy (eV)

(b)

sy XPS Ols

C-0-C

Intensity (arb. units)

10 O-H

sk? 536 535 534 ) 552 531 550 589 528
Binding Energy (eV)

Fig. 5. PVC/QH membrane curve fit analysis of (a) C 1s and
(b) O 1s photoelectron spectra.

component peaks as shown in Fig. 5a. The largest
peak centred at Eg ~ 286 eV is assigned to the
C-C, the peak at Ez~285 eV is assigned to
C-OH, the peak at Ey~ 288 eV is assigned to
C=0 and the smallest peak at E5;~ 284 eV is
assigned to C-Cl. The peak area ratio of the four
components, C-C:C-OH:C=0:C-Cl was de-
termined to be 19:3:9:1 in comparison with the
stoichiometric ration of 16:2:8:1. The excess
carbon content may originate from occluded THF
solvent or adventitious carbon contamination.
The oxygen 1s photoelectron spectrum for the
PVC/QH membrane was deconvoluted into two
component peaks as shown in Fig. 5b. The peak
centred at Egz ~ 533.8 eV is assigned to C-0O-C
which is consistent with ether oxygen with Eg ~
533.2 eV [27] as an outcome of a possible cross-
polymerisation of QH and PVC during fabrica-
tion of the membrane. The peak centred at E5 ~
531 eV is assigned to O—-H. The peak area ratio
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of C-O-C:0-H species was determined to be
5:1 in comparison with the stoichiometric ratio
of 4:1. The excess oxygen probably originates
from residual water present in the hygroscopic
THF solvent.

Angle resolved XPS of the PVC/QH mem-
brane was used to reveal changes in the structure

1200] @
XPS Cls T
21000} 0
g
-]
800]
2
< 600] T
90
e
E 400] A
2 a0
= ai
= 200] //
AR WM/J

286 204 282 280 288 286 284 282 280
Binding Energy (eV)

100]

542 540 538 536 534 532 530 528 526
Binding Energy (eV)

700] te)
XPS Cl2p

Intensity
N w
[= o
2.0

-
=]
=]

507

40
206" 205 264 203 202 201 200 199 198 137
Binding Energy (eV)

Fig. 6. Angle resolved XPS of the PVC/QH membrane of the
(a) C 1s, (b) O 1s and (¢) Cl 2p photoelectron spectra as a
function of take-off angles of 90°, 60° and 40°.
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Fig. 7. Comparison of (a) C 1s, (b) O 1s, and (c) Cl 2p
photoelectron spectra of the uncoated carbon disc (control)
and the carbon disc with membrane coating.

of the outermost layer of the membrane surface
as a function of depth (~ 10 nm). Changes in the
line shape of the principal photoelectron peaks as
a function of angle for (a) carbon, (b) oxygen and
(c) chlorine are shown in Fig. 6 at 90, 60 and 40°.
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The photoelectron take off angle (in fact, the
cosine of the angle between the sample surface
and the analyser lens axis) and the mean free
path of electrons in the membrane determine the
maximum depth from which photoelectrons are
detected. The peak area ratio of C:0O:Cl was
determined to be 20:4:1 at 90°, 13:5:1 at 60°
and 18:6:1 at 40°. From these ratios it can be
seen that the oxygen 1s photoelectron peak, in-
dicative of QH, is enhanced in the region closest
to the surface, that is at 40°.

An uncoated (control) carbon disc and a car-
bon disc coated with the PVC/QH membrane
were analysed by XPS. The principal carbon,
oxygen and chlorine photoelectron peaks are
shown in Fig. 7a—c, respectively. Carbon and oxy-
gen are the main species on the surface of carbon
disc with a C: O peak area ratio of 3:1. There is
a weaker peak (Fig. 7c) at Eg~ 200 eV for the
coated carbon disc corresponding to chlorine from

300 XPS Cls Mo ®

~N
o
)

Intensity (arb. units)
@ S
i il

,..
=
IS

o
=3

282, 250 282
Binding Ifucrgy (eV)

N
o
o

XPS. Cls {b)

units)
w W
S @
e .=

N
3
o
h

Intensity (arb.

S .

282 281 250 289 288 257 286 285 284 283 262 281
Binding Energy (eV)
Fig. 8. Angle resolved XPS: C 1s photoelectron spectrum of a
high performance electrode, HE (solid line), and a poor
performance electrode, PE (dashed line), as a function of
take-off angles of (a) 90° and (b) 60°.
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Fig. 9. Angle resolved XPS: O 1s photoelectron spectrum of a
high performance electrode, HE (solid line), and a poor
performance electrode, PE (dashed line), as a function of
take-off angles of (a) 90° and (b) 60°.

the PVC component of the membrane. The
C:0:(Cl peak area ratio for the coated carbon
disc was determined to be 37:12:1. The PVC/
QH coating increased peak intensities and shifted
peaks to a lower binding energy by between 0.7 to
1.6 eV.

3.3. Correlation of electrode performance and sur-
face structure

Angle-resolved XPS of polymers is especially
useful for studying compositional changes that
occur very close to the surface (5-10 nm). Angle
resolved XPS spectra of the surface of a high
performance electrode (slope = 46.9 mV/pH,
25°C) were compared with equivalent spectra for
a low performance electrode (slope = 22.0 mV/
pH, 25°C) as shown in Figs. 8-10.
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At an angle of 90°, the carbon 1s (Fig. 8a)
spectrum which includes both the carbon of the
bulk (carbon disc) and carbon of the surface
(coating) of the poor performance electrode (PE)
is greater than the high performance electrode
(HE). But, at an angle of 60° (Fig. 8b) in which
the contribution of species towards the outer
surface are enhanced, the proportion of carbon
species coming mostly from PVC and QH coat-
ing, is higher in the HE. In the poor performance
electrode (Fig. 9a and b), there is a higher oxygen
concentration (Fig. 9b), and hence higher QH
concentration at the surface. Leaching to the
solution may make the electrode QH deficient
and therefore more poorly poised. The observed
potential therefore would be more sensitive to
traces of oxidising and reducing impurities. Hy-
droquinone comprising 80% of the quinhydrone
used is not completely embedded, thus, more

160] &
XPS Cli2p y

units)

Intensity (arb.

206 205 204 203 202 2b1 200 13 138 197 1%6
Binding Energy (eV)

3504

XPS Cl2p (b)
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207 208 265 " ha 203 2Bz 281 260 105 188 157 1%
Binding Energy (eV)

Fig. 10. Angle resolved XPS: Cl 2p photoelectron spectrum of
a high performance electrode, HE (solid line), and a poor
performance electrode, PE (dashed line), as a function of
take-off angles of (a) 90° and (b) 60°.

susceptible to oxidation. The activity of the hy-
droquinone will be decreased relative to the
quinone and hence the QH electrode will require
more time to reach an equilibration potential. In
the high performance electrode (HE), the pro-
portion of chlorine species (Fig. 10a and b) and
hence PVC, at the surface is higher than the poor
performance electrode (PE), as shown in Fig.
10b. This indicates that the high performance
electrode membrane is not homogeneous
throughout. The PVC serves both as a matrix and
as protection for the active species, QH. It is
proposed that the key factor for the level of
performance of the PVC/QH pH electrode is the
distribution of the PVC and QH in the mem-
brane.

4. Conclusions

This work demonstrates the analytical utility of
the PVC/ QH pH electrode as an attractive alter-
native to the conventional pH glass electrode. It
is promising because of its ease of fabrication,
low-cost and mechanical stability.

Surface techniques like XPS are important for
studying the chemical and physical nature of the
membrane coating of the electrode. The concen-
tration of QH increases with depth into the mem-
brane layer, while the concentration of PVC de-
creases. A good Nernstian responding electrode
has a PVC-rich surface layer protecting the under
layer of heterogeneously distributed QH elec-
troactive species.
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Abstract

The copper cathodic stripping peak obtained in hydrochloric acid medium by fast differential-pulse potential
scanning in the negative direction was studied. Conditions for the simultaneous determination of Pb, Cd and Cu by
combined stripping voltammetry (anodic for Pb and Cd and cathodic for Cu) were found; copper was actually
determined by adsorptive voltammetry. Samples of CaHPO, and CaCO, were analysed by the proposed method and
the relative standard deviation for 107°-107*% metal contents was about 8%. The accuracy of the results was
confirmed by extraction flame atomic absorption spectrometry.

Key words: Stripping voltammetry, Cadmium; Copper; Lead

1. Introduction

The voltammetric determination of traces of
copper is usually carried out by differential-pulse
anodic stripping voltammetry (DPASV) with a
hanging mercury drop [1]. The measurements are
often made at low pH in hydrochloric acid
medium to prevent or decrease adsorption losses
and interference by organic matter [2]. Hydro-
chloric acid is a preferred electrolyte as it is a
good solvent for many substances, can be pro-
duced with high purity and is less expensive than
other acids. However, the determination of low
copper concentrations in this medium is ham-
pered by the shape of the anodic peak, which is

* Corresponding author.

low, broad and asymmetric [1,2]. Asymmetric cop-
per peaks are observed in nitric acid containing
chloride ions [2] and also in 0.1 M KCl [3]. This
behaviour of copper in chloride medium is caused
by Cu(l) stabilization and the closeness of the
copper and mercury oxidation potentials [1,2].
The copper cathodic peak obtained by fast
scanning differential-pulse cathodic stripping
voltammetry (FSDPCSV) in 0.1 M KCl [the cop-
per is deposited in advance on the mercury drop
by reduction of the Cu(Il) ions] has been re-
ported [3,4]. This copper peak does not possess
the disadvantages of the anodic peak in chloride
medium. It could be expected that the behaviour
of the copper cathodic peak in hydrochloric acid
would be the same. Its study and the conditions
for the determination of copper were the subject
of this work. As copper is often determined to-

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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gether with lead and cadmium, the possibility of
the simultaneous determination of the three met-
als was also studied and the determination by
combined stripping voltammetry in hydrochloric
acid medium is proposed.

2. Study of cathodic copper peak
2.1. Experimental

Apparatus and reagents

Voltammetric measurements were carried out
with a Model 646 microprocessor-controlled anal-
yser (Metrohm, Herisau, Switzerland). This de-
vice controls a Metrohm Model 647 static mer-
cury drop electrode system (SMDE), mechanical
stirrer and x-y recorder. The SMDE is provided
with a 50-ml glass cell and a three-electrode
system including an Ag/AgCl reference elec-
trode and a graphite rod auxiliary electrode; the
mercury working electrode was used in the hang-
ing drop mode (HMDE).

Analytical-reagent grade and Suprapur rea-
gents (Merck, Darmstadt) and ultra-pure water
prepared in a Milli-Q water purification unit
(Millipore) were used in all experiments. Oxygen
was removed from the solutions with 99.99%
argon.

Procedure

The test solution (25 ml) was placed in the cell
and the oxygen was purged with argon for 5 min.
Then a deposition at —350 mV was carried out,
and after a 20-s waiting period the potential was
scanned from 50 to —350 mV using the differen-
tial-pulse modulation (pulse amplitude 50 mV,
pulse duration 40 s and different scan rates).
During deposition the solution was stirred at
1920 rev min~'. The times of deposition (¢4.,),
oxidation (&) and reduction (¢§,) (see Fig. 1)
were varied.

2.2. Results
Effect of copper reduction time

The changes in ¢{, were made in such a way
that the potential scan rates varied from 10 to 40

1

| ! t
1 ! !
| ! ]
4

tdep _Ltw ,l_ tpscd | tcu | ey I t

Fig. 1. Change in the working electrode potential (E) with
time (¢) during combined stripping voltammetry. E4ep and
t4.p = deposition potential and time, respectively; ¢,, = waiting
period; AERS oy and tpg o4 = potential range and time of lead
and cadmium oxidation, respectively; EZ; and t& = potential
and time of copper oxidation, respectively; AEf, and t§, =
potential range and time of copper ion reduction, respectively.

mV s~ The if,~VS, plots, given in Fig. 2,

showed that a decrease in scan rate caused a
decrease in current. The higher the copper con-
centration, the stronger was the dependence. For
further investigations a scan rate of 40 mv s~!
was chosen because at this value the cathodic

4
sa
Y re 4
Cu/mV.s
Fig. 2. Influence of V&, on i§, at copper concentrations of (1)

6,(2) 12, (3) 18 and (4) 68 ug 171 1 =155 £y, =60 s;
Cra =02 M.
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Fig. 3. Influence of & on ig, at different Cy: (1) 0.1; (2)

0.2; (3) 0.3, (4) 0.6; (5) 0.9 M. Common parameters: C¢, = 20
pel L VE=40mV s™h 1y, =60s.

current was the largest and the peak was repro-
ducible.

Effect of copper oxidation time and hydrochloric
acid concentration

A decrease in current with increasing & and
Cyq is observed (see Figs. 3 and 4). The decrease
in ig, is more effective at higher C,. Experi-
ments made at constant pH and different C-
showed that the i¢,—t& graph depended on the
chloride ion concentration. In conclusion, repro-
ducible and sensitive copper signals were ob-
tained at low copper concentrations, & =1-2's
and Cy =0.1-0.2 M, and these values were
selected for use.

Y

X

<
b\a 7
Y
P-\Na
20 ‘\1

2

10 o 30

l(a‘ /S
Fig. 4. Influence of ¢&, on ig, at different Cy- and Cg,.
Curves 1 and 2: Ci, =10 pg 17! and Cygy = 0.1 M; Cyy =(1)

0 and (2) 0.6 M. Curves 3 and 4: Cyy =02 M; C, =(3) 15
and (4) 58 ug 17", 14, and V§, as in Fig. 3.
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Fig. 5. Influence of ¢4, on i, at (1) 30 and (2) 10 Cu pgl~L
Common parameters: V&, =40 mV s~ Cyy =01 M; t& =
1s.

Effect of deposition time

The existence of a proportional relationship
between i¢, and t4, depends on the copper
concentration (see Fig. 5). Cy also affected the
i¢u—taep 8raph; an extension of the linear range
with increasing Cy was observed. A value of
t4ep Was chosen at which small cathodic currents
were registered (the value of the current after
standard additions did not exceed 120 nA). Cop-
per in the concentration range 2-30 ug 1~ ! was
determined at a deposition time of 60 s in 0.1-0.2
M HCI medium. At higher C, a higher Cy;, has
to be used or anodic stripping voltammetry must
be applied (the higher copper anodic peaks have
a better shape).

Effect of copper concentration

The linearity of the FSDPCSYV response (peak
height) versus increasing copper concentration
was tested. To compare the sensitivity of the
method with the sensitivity of DPASV, copper
anodic peaks in the same solution were obtained
and their heights evaluated. The curves in Fig. 6
show that the linear range of copper cathodic
determination was limited. It could be extended
using more concentrated hydrochloric acid, a
shorter t,,, or deposition without stirring. The
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Fig. 6. Plots of (1) i%, = f(Cc,) and (2 and 3) i&, = f(C,) in
(1 and 2) 0.1 M HC! and (1 and 3) 0.3 M HCl. Common

parameters: V&, =40 mV s~ 5 12 =1s; t4., =60 s; V&, =20
mV sl

same - curves also indicated that the cathodic
curves were steeper than the anodic curves; their
steepness depended on Cyyq.

Table 1
Values of Cu, Bi, Sb and Pb peak potentials and currents
obtained by anodic and cathodic stripping voltammetry

Chya (M) Metal DPASV FSDPCSV
o E,(mV) i(A) E,(mV) i(nA)

0.1 Cu —140 30 - 160 60
Bi -10 43 —40 26
Sb -120 48 — 140 26
Pb -360 39 —380 6
0.5 Cu —180 32 —200 30
Bi -50 94 -60 39
Sb —150 9 —160 38

Coy=Cpi=Cs, =Cp,=20 pg 17 t4,,=60 s; oxidation
time = 1 s; anodic and cathodic potential scan rates = 20 and
40 mV s~ respectively.

Effect of foreign metal ions

The interferences caused by metals whose peak
potentials are close to that of copper were con-
sidered. Experiments with model solutions of Bi,
Pb and Sb were carried out. The results for
cathodic and anodic peak currents and potentials
are given in Table 1. It was established that the
cathodic determination of copper in the presence

8

4
90 y
a.
=
42 X P
od
N
‘g 301 -50
o
oT
{8 1 -30
\ A ) . /
- 700 -300 -00 -200 -300

E/ml/

E [ml

Fig. 7. (a) Anodic and (b) cathodic peaks at 4, = 180 s. Standard addition concentrations: (1) 0; (2) 1; (3) 2; (4) 3 pg 1™
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of Pb and Bi was more selective than the anodic
determination (20 g 17! Cu can be determined
in the presence of 6 ug 17! Bi using only FSD-
PCSV), while Sb interfered with both the anodic
and cathodic determination of copper. The rea-
son for the Sb interference was the small differ-
ence between the peak potentials of the two
metals.

The better selectivity of the cathodic determi-
nation of copper is seen from the peaks in Fig. 7.
The copper anodic peak overlapped with the
second peak, identified as the Bi peak. This led
to difficulties in the quantitative evaluation of the
copper peak height. In contrast to the anodic
peak, the cathodic peak showed no overlap and
there was no problem in the evaluation of its
height.

2.3. Discussion

The study of the copper peak obtained by fast
cathodic scanning in hydrochloric acid medium
showed that its behaviour could be explained
with the occurrence of a copper stripping process,
controlled primarily by the one-electron oxidation
of the copper and adsorption of the intermediate
compounds on the mercury drop surface. The
intermediates are assumed to be the insoluble
product CuCl [5] or the complex CuCl; [6-8],
formed at low or high chloride concentrations,
respectively, and adsorbed by the mercury surface
to different extents. Proof of these adsorption
processes was the more effective decrease in i,
with increase in t;, or t& observed at higher
C, and the decrease in ig, with increase in Cq -
(Figs. 3 and 4). The i¢,-V¢, (Fig. 2), ig,~t4ep
(Fig. 5) and i¢,—C., (Fig. 6) relationships also
confirmed the adsorptive nature of the process;
they are inherent to adsorptive voltammetry [9,10].
Consequently, a new possibility for the determi-
nation of copper was found, according to which
copper can be determined by adsorptive voltam-
metry in hydrochloric acid medium without intro-
ducing an additional reagent forming a copper
complex or precipitate (adsorptive copper deter-
minations are usually done at pH 6-9 in the
presence of a suitable reagent [9]).

3. Determination of lead, cadmium and copper by
combined anodic and cathodic stripping voltam-
metry

3.1. Experimental

The apparatus and reagents were as described
in Section 2.1.

Procedure

The solution containing the sample and hydro-
chloric acid at a 0.1-0.2 M concentration (more
precisely the chloride ion concentration varied
within the above limits) was placed in the cell, the
oxygen was purged with argon and the analytes
were deposited on the mercury drop at E,, =
—850 mV for a few minutes. After a 20-s waiting
period the potential was scanned with differen-
tial-pulse modulation (scan rates V§, oy =20 mV
s~!and V&, =40 mV s™!) following the sequence
given in Fig. 1. The values of AER 3, AE(, and
E& were 600, 400 and 50 mV, respectively. The
time values were g} oy =26, t& =1s and 1§, =
10 s. The analytes were determined using the
three-spike standard addition method.

3.2. Results and discussion

The sequence of the steps in the proposed
method is shown in Fig. 1. Cadmium and lead
were determined by conventional DPASV as their
FSDPCSV currents were very low. The analyses
were carried out in 0.2 M HCI as the copper
cathodic current was the highest in this medium.
The instrumental parameter values (E,, and
others) given in the procedure allowed simultane-
ous metal deposition and stripping peak registra-
tion using the same mercury drop. The values
related to Cu determination were discussed above.
The time tp; oy Was in conformity with the rate
Veb,ca- Both values were found after studying the
influence of the scan rate on the anodic (for Pb
and Cd) and cathodic (for Cu) currents. Only
high rate values were examined to speed up the
analysis.

The data in Table 2 show that the slope values
of the Pb and Cd calibration graphs and their
standard deviations at rates of 10 and 20 mV s~!
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did not very much, while there was a tendency for
decreasing reproducibility with increasing scan
rates up to 40 and 60 mV s~ !. The copper cur-
rent was independent of V§ 4; a rate of 20 mV
s™!, ie., tpyca=26 s, was selected. The ¢,
value depended on the analyte concentration in
the sample solution, and especially on the copper
concentration (see Effect of deposition time). This
sequence of steps was applied to approximately
equal metal contents. If the amount of copper in
the sample was significantly larger, the copper
had to be deposited on a separate mercury drop
for shorter ¢,

The method was applied to the determination
of Pb, Cd and Cu in technical CaCO; and
CaHPO,. The analyses were carried out by dis-
solving 0.2-g sample in 20 ml of 0.2 M hydrochlo-
ric acid, then following the procedure for the
determination of Pb, Cd and Cu with ¢,., = 60 s.
The analyte signals in the blank were measured
in the hydrochloric acid solution before dissolving
the sample and their contents were calculated
with the aid of the slopes of the calibration graphs
obtained with the sample solution (the presence
of phosphates did not change the slope of the
calibration graph [11]).

The mean results obtained from five determi-
nations and their relative standard deviations
(R.S.D.) are given in Table 3. The same sample
was analysed by extraction flame atomic absorp-
tion spectrometry (AAS) (three parallel determi-

Table 2

Slopes of the cadmium and lead calibration graphs and their
standard deviations at different Vg, oy for concentration
ranges 5-76 ug 17! (Cd) and 5-70 pg 1! (Pb) with t4,, =2
min

Viv.cd Slope Standard deviation
(mVs™1 A pg LD (A pg D

Pb Cd Pb Cd
10 3.6 4.0 0.031 0.043
20 3.6 4.1 0.036 0.036
40 37 45 0.052 0.210
60 38 5.0 0.073 0.491

Table 3
Results obtained by the combined voltammetric method and
extraction flame AAS

Method Metal % (107°%) R.S.D. (%)
CaHPO, CaCO,
Voltammetry Cd 2.5 6.8 7
Pb 52 8.9 9
Cu 4.6 11 8
AAS Cd 2.3 7.2 14
Pb 48 9.2 17
Cu 5.1 10 5

nations) [12] and the results are also presented in
Table 3. A good correlation between the mean
values and a better reproducibility with the pro-
posed method were observed.

In conclusion, the proposed method provides a
simple approach for the simultaneous determina-
tion of Pb, Cd and Cu in hydrochloric acid
medium. It maintains the advantages of the de-
termination of Pb and Cd by DPASYV and those
of the determination of Cu by FSDPCSV.
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Abstract

A new method for the preparation of mercury film electrodes used in anodic stripping voltammetry is introduced.
This method is simple, rapid and eliminates the need for a mercury plating step. In this alternative method, Hg?*
(as in mercury(Il) acetate) is incorporated into a Nafion perfluorosulfonate formed on top of a glassy carbon
electrode. When a negative potential is applied to the electrode, the Hg?* is reduced to Hg? forming a three
dimensional mercury film within a Nafion coating. The modified electrode is very stable in flowing solutions and has
several advantages over a conventional preplated mercury film. The modified electrode was used to determine Pb2*
(0.07-2.8 pg m1™ 1) and Cu®* (0.5-2.3 g ml™!) in industrial effluents.

Key words: Flow injection; Anodic stripping voltammetry; Copper; Lead; Mercury(II) acetate—Nafion modified

electrode

1. Introduction

Despite the development of many chemically
modified electrodes over the past decade [1-12],
there has been no perfect substitute for mercury
electrodes — both hanging mercury and mercury
film — for trace metal analysis using anodic strip-
ping voltammetry. Its ability to form amalgams
with metal ions during the preconcentration step
[13] is unique.

Whereas other workers have used mercury
films in conjunction with polymer modified glassy

* Corresponding author.

carbon electrodes, most, however, employed a
preplated film. The mercury film was formed
either before or after the polymer coating. For
example, Wang and Hutchins-Kumar [14] placed
a cellulose acetate film over a preplated
mercury-film glassy carbon electrode. Hoyer et al.
[15,16] preplated mercury onto a glassy carbon
electrode that had been previously coated with
Nafion. Stewart and Smart [17] coated a glassy
carbon rotating disk electrode with a dialysis
membrane and then plated it with a thin mercury
film. Ge et al. [18] also used a preplated film to
produce a polypyrrole-dispersed mercury film
modified electrode. In most cases, the added
polymer is mainly for circumventing organic in-

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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terferences which are usually present in sample
matrix.

In this work, another way of preparing a glassy
carbon electrode with mercury film and Nafion
coating is introduced. Here, mercury(I) acetate
is incorporated into the Nafion perfluorosul-
fonate resin by mixing ethanolic solutions of the
two. The mixture is then used to coat the newly
polished glassy carbon surface. Because the mer-
cury is already on the surface of the electrode
within the Nafion framework, the use of mercury
preplating solution is no longer needed. The ex-
posure of the coated electrode surface to the
supporting electrolyte in the electrochemical cell
with the application of a negative potential re-
duces the mercury(I) ions to mercury atoms.
This modified electrode is used in the determina-
tion of trace metals using flow-injection analysis
with a wall-jet detector. With this electrode, the
use of another pump to deliver the mercury plat-
ing solution as well as possible cross contamina-
tion due to the switching of solutions are elimi-
nated.

2. Experimental

2.1. Instrumentation

A PAR Model 174A polarographic analyzer
together with a PAR X-Y recorder (Model
RE0089) was used for all voltammetric experi-
ments. Analyses using atomic absorption spec-
trometry and inductively coupled plasma atomic
emission spectrometry were carried out using a
Shimadzu atomic absorption/flame emission
spectrometer Model AA-670 and a Labtam in-
ductively coupled spectrophotometer (Plasmas-
can 710), respectively. Scanning electron micro-
graphs of the electrode surface were taken using
a JEOL 100 CX 1I scanning transmission electron
microscope with a LINK EDX and a JEOL T220
A scanning electron microscope. A Corning pH
meter was used for pH measurements.

The wall-jet cell used in the experiment is
made of Perspex with a geometric cell volume of
about 4 ml and a jet-nozzle inside diameter of 0.3

mm. The working electrode was a 3-mm diameter
glassy carbon disk (Tokai, Tokyo) embedded into
a PTFE holder. The reference electrode was
Ag—-AgCl saturated with KCI. The graphite
counter electrode was from Johnson Matthey.
The wall-jet cell was connected in such a way that
the outlet was at the highest point (at 45° eleva-
tion).

Peristaltic pumps (Eyela Model MP-3) with
pulse dampers were used to deliver the support-
ing electrolyte and the mercury plating solution
to the cell. The 0.5-ml loop was controlled by a
pneumatically actuated six-port PTFE stream se-
lector valve (Model 5701, Rheodyne). The switch-
ing of the delivery of sample and mercury plating
solutions was controlled by a PTFE two-way
switching valve. When the voltammetric analysis
was done using the modified electrode, the pump
for mercury plating solution was disconnected
from the set-up. The differential pulse anodic
stripping voltammetry (DPASV) experimental
conditions with a wall-jet detector previously op-
timized by Gunasingham et al. [19] were em-
ployed: modulation amplitude, 50 mV; clock, 0.5
s; low pass filter time constant, 0.3 s.

2.2. Chemicals

50 ml of stock mercury(Il) acetate solution (ca.
10 mg ml~!) was prepared by dissolving the re-
quired amount of salt (extra pure, Merck) in
absolute ethanol and acidifying it with 100 ul of
concentrated acetic acid. Nafion in its solution
form (5 wt.% solution in a mixture of lower
aliphatic alcohols +10% water) was obtained
from Aldrich (Catalog No. 27,470-4). Stock solu-
tions (1000 g ml~!) of copper (Merck), lead
(BDH) and mercury (BDH) in nitrate form were
used to prepare the standard solutions. The sup-
porting electrolyte, 0.1 M KNO;-0.005 M HNO;,,
was prepared from analytical grade reagents. It
was purged with oxygen free nitrogen for at least
20 min prior to use.

Stock solutions of organic surfactants (1000 pg
ml~!) were prepared by dissolving the required
amount in water. In the case of n-octanol, abso-
lute ethanol (10%, v/v) was added to enhance
dissolution.
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The water used in all analysis was purified
using a Millipore Milli-Q system.

2.3. Procedures

Preparation of the modified electrode

Using microliter pipets, required volumes of
stock mercury(I) acetate and Nafion solutions
were mixed in a vial with a screw cap. The
mixture was sonicated in an ultrasonic bath for 5
min to produce a homogeneous mixture. 5 ul of
this stock mixture was used to coat the newly
polished glassy carbon electrode. The coating was
allowed to dry gradually without a flow of air
(inside an inverted 1000-ml beaker) at room tem-
perature for at least 20 min.

Flow-injection analysis

At the beginning of each experiment with the
modified electrode, the wall-jet cell was filled
with supporting electrolyte using a moderately
low flow rate (ca. 1.2 ml min~'). As soon as all
the three electrodes were submerged in the elec-
trolyte, the pump was switched off and a poten-
tial of —1.0 V was applied for 5 min. Afterwards,
the electrolyte was allowed to flow again using a
moderately fast flow rate (ca. 1.5 ml min ') while
holding the potentials at 0.0 V for 2 min. The
electrode was then ready for analysis.

The 0.5 ml sample was delivered to the cell for
45 s and a hold time of 15 s was observed before
stripping the metals in stationary solution at 20
mV s~ 1. The cell was flushed with the supporting
electrolyte for 2.5 min before the injection of the
next sample to avoid possible cross-contamina-
tion.

For studies using preplated films, the mercury
film was obtained by electrodeposition of 40 ug
ml~! Hg?* using a flow rate of about 2.0 ml
min~! for 5 min and a deposition potentials of
-1.0V.

3. Results and discussion
Initial studies using the above-mentioned

method were carried out by coating the glassy
carbon surface with a mixture of 60% (v /v) Nafion

stock solution and 40% (v/v) mercury(II) acetate
solution. At this ratio, the actual concentration of
Nafion is about 3% (w/v) which is very much
thicker than that reported by Hoyer et al. [15].

Even if the evaporation of the 5 ul coating
mixture on the glassy carbon surface was done
inside an inverted 1000-ml beaker (to avoid con-
tamination with dust particles in air), within 20
min the electrode was found to be dry with a very
transparent coating. Under the scanning electron
microscope, the dry coating appeared to be ho-
mogeneous. The mapping of the electrode sur-
face for Hg using a scanning electron microscope
with an x-ray microanalyzer shows that mercury
(II) ions are well dispersed. This means that
mercury(II) acetate is well dispersed within the
Nafion matrix.

In some cases, cracks were also found in the
coating which extends down to the glassy carbon,
but the exposed surface is very small compared to
the coated part and this does not affect the
voltammetric peaks, as previously noted [15].

When the coated surface gets in contact with
the supporting electrolyte, the supporting elec-
trolyte diffuses into the coating and hydrolyses
the mercury ions suspended in the Nafion frame-
work. Stopping the flow of the supporting elec-
trolyte and the immediate application of a nega-
tive potential prevents the migration of the Hg?™*
ions away from the glassy carbon surface result-
ing in the formation of mercury film. Although
the dissolution /reduction process was held for 5
min in most experiments, it was found that 1 min
was sufficient to obtain good voltammetric sig-
nals.

3.1. Effect of mercury loading

The effect of mercury loading on the stripping
peaks of lead and copper was studied by decreas-
ing the volume of the stock mercury(Il) acetate
solution in the coating solution (from 40%, v /v).
The volume of Nafion stock solution was held
constant (at 60%, v/v) of the coating solution)
while the remaining volume was compensated by
adding absolute ethanol.

Although the peak currents of the metals vary
from one electrode to another using the same
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Fig. 1. Effect of Hg loading on peak currents of (®) lead and
(+) copper. [Pb*2]=4.83X 1077 M, [Cu"?]=1.57x107° M;
Deposition flow rate = 1.52 ml min~!. Nafion loading = 60%
(v/v) of stock solution. Deposition potentials for Pb and
Cu=-10V.

coating solution, the general trend of the peaks is
a decline as the concentration of mercury in the
coating solution decreases. The effect is greater
for copper peaks than for lead peaks as shown in
Fig. 1. At high mercury loadings (40%), however,
it was noticed that white precipitates are formed
when the coating solution was stored for some
days. Thus, a lower mercury loading (30 or 20%)
was used for the remaining experiments.

3.2. Effect of Nafion loading

The dependency of peak currents on the
amount of Nafion present was determined by
varying the volume of the Nafion stock solution in
the coating mixture while holding the mercury
concentration at 20% (v/v). In general, decreas-
ing the Nafion concentration in the coating mix-
ture beyond 20% (v/v) resulted in a decline in
the stripping peaks of both metals (Fig. 2). The
background current was also observed to be very
high at low Nafion thickness (especially at 5 and
10%). Also, at the latter condition cracks were
more evident and the previously transparent film
became cloudy due to the precipitation of mer-
cury(II) acetate on the glassy carbon surface.
Except for the first two highest Nafion coating
mixture, precipitates occurred when the coating
mixtures are kept for several days.

Peak Current (uA)
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o
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Fig. 2. Effect of Nafion loading on peak currents of (m) lead
and (+) copper. Same experimental conditions as Fig. 1. Hg
loading = 20% (v /v) of stock solution.

3.3. Effect of pH

pH greatly affects the stripping peaks of lead
and copper using the modified film. In this study,
the pH of the sample solution was adjusted by
adding volumes of 0.1 M NaOH to the sample
solution. Fig. 3 shows similar effects for both lead
and copper. This decreasing trend is related to
the fact that these metals form insoluble hydrox-
ides.

Peak Current {up) .
- o
a

=
o

o]
2 3 4 5 6 7 8 9 10 1 12

pH of sampie solution
Fig. 3. Effect of pH using Hg incorporated film for (m) lead
and (+) copper. Same experimental conditions as Fig. 1 with
Hg loading = 30% (v/v) of stock solution.
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Fig. 4. Effect of deposition flow rate on the stripping peaks of
(m) lead. [Pb*?]=4.826x10"7 M; Deposition flow rate =
1.52 ml min~!, Hg loading = 30% (v/v) of stock solution.
Nafion loading = 60% (v/v) of stock solution. Deposition
potentials for Pb=—-1.0 V.

3.4. Effect of flow rate

The effect of deposition flow rate on the strip-
ping peak current of lead using the modified
electrode is shown in Fig. 4. The peak height
increases reaching a limiting value at about 1.7 ml
min~!.

3.5. Effect of electrode-inlet distance

Though the equation fo: the limiting current
using a wall-jet detector does not include the
inlet-electrode distance, a _ignificant dependency
exists between the two [20-22]. Fig. 5 shows that
the peak heights for both metals decreased as the
electrode gets closer to the inlet nozzle. When
the distance is between 2—4 mm, the peak heights
are constant. Increasing the distance further de-
creases the peak currents due to the break-up of
the jet.

3.6. Effect of organic surfactants

As previously mentioned, one of the main rea-
sons for modifying the mercury film electrode is
to minimize, if not eliminate, organic interfer-
ences. In this study, the effects of different sur-
factants with concentrations ranging from 1 ug

ml~! to 100 pg ml~! on the stripping peak cur-
rents of lead and copper were observed. Each of
the five surfactants chosen was studied using
newly prepared modified electrode. Blank sample
solution (without the surfactant) was injected at
the beginning and at the end of the analysis to
see if there is electrode surface deterioration.
The results were compared to those obtained
using a preplated film under the same experimen-
tal conditions. Each sample solution was injected
three times in increasing surfactant concentra-
tion. Values were reported as the ratio of the
average peak current of the sample solution (i p)
to the average peak current of the blank sample
solution obtained before the analysis (i ).

From the results in Table 1, it can be seen that
for the modified electrode, the presence of
gelatin, n-octanol and sodium dodecyl sulfate in
the sample solution did not suppress the lead
stripping peaks but even gave higher peaks than
the blank sample peaks in certain cases. For the
preplated film, a decreasing trend was observed
with increasing concentration of these surfac-
tants. In the presence of 50 wg ml~! and 100 ug
ml~! Triton X-100, the lead peak was completely
suppressed when a bare mercury film electrode
(MFE) is used. A gradual decline, however, was
observed for the modified electrode. In the case
of solutions containing with albumin, the pre-
plated film gave better results for lead than the
modified electrode.

25

Peak Current (uA)

o 05 1 16 2 26 3 35 4 45 5 55 8
iniet-Electrode Distance (mm)

Fig. 5. Effect of inlet-electrode distance on the stripping
peaks of (m) lead and (+) copper. Same conditions as Fig. 3.
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Table 1
Effect of organic surfactants
wgml™! Lead Copper
MFE MNME MFE MNME
(/i)  Gp/i)  Gu/ig)  Gy/iy)
Gelatin
1 1.065 0.989 1.078 0.894
5 0.931 0.970 0.989 0.829
10 0.750 1.128 0.820 0.887
50 0.655 1.030 0.506 0.887
100 0.576 0.970 0.449 0.469
blank 0.678 1.039 0.829 0.599
n-Octanol
1 0.991 1.035 0.985 0.952
5 0.946 1.067 0.779 0.869
10 0.893 1.123 0.705 0.857
50 0.812 1.147 0.627 0.809
100 0.723 1.140 0.561 0.714
blank 0.812 1.182 0.731 0.920
Sodium dodecyl sulfate
1 1.012 1.107 1.136 1.088
5 0.868 1.079 0.964 1.003
10 0.776 1.073 0.854 0.784
50 0.615 1.045 0.869 0.859
100 0.539 0.949 0.734 0.818
blank 0.767 1.169 0.771 0.825
Triton X-100
1 1.041 0.885 0.883 0.770
5 0.537 0.882 0.532 0.653
10 0.454 0.868 0.500 0.653
50 0.000 0.700 0.494 0.643
100 0.000 0.488 0.352 0.570
blank 0.361 0.499 0.486 0.660
Albumin
1 0.858 0.855 0.616 0.761
5 0.764 0.885 0.384 0.779
10 0.663 0.548 0.270 0.303
50 0.639 0.327 0.285 0.225
100 0.651 0.272 0.316 0.084
blank 0.764 0.378 0.487 0.122

MFE = Mercury film electrode. MNME = Mercury (incorpo-
rated into/) Nafion modified electrode. i, = Average peak
current of sample solution. i, = Average peak current of
blank solution (without surfactant). Hg plating flow rate = 2.24
ml min~'. Hg deposition potentials = —1.0 V. Other experi-
mental conditions as Fig. 5. See text.

For copper, the voltammetric signals obtained
using the modified electrode were also better
than the ones obtained using the preplated MFE
except for solutions with high concentrations of
albumin.

From the peak currents obtained for the blank
sample solution after the analysis, it is of interest
to note that the modified electrodes show a mem-
ory effect after the injections of high concentra-
tions of Triton X-100 and albumin.

3.7. Reproducibility

The reproducibility of the peak currents for 55
successive injections of 4.83 X 1077 M Pb?* and
1.57 X 1078 M Cu?* using the modified film gave
average peak currents of 143 pA (RS.D.=
7.16%) and 1.45 pA (R.S.D.=8.10%), respec-
tively.

3.8. Limit of detection

The limit of detection (¢, ) was calculated us-
ing the IUPAC model [23] with k = 3. The simul-
taneous determination of lead and copper from
0.10 pg ml~! to 1.0 wg ml~! (n =4) using the
experimental conditions (60% Nafion and 30%
Hg loadings, 0.50 ml sample volume loop) yielded
calibration plots with the following regression
equations: for lead, Y(uA) = 12.53 X(ug ml~1) —
0.22 with »=10.9995 and for copper, Y(uA) =
13.01 X (g ml™1) + 0.06 with r = 0.9995. 13 suc-
cessive determinations of the blank solution re-
sulted in s5=0.021 and sz =0.017 w A for lead
and copper signals, respectively. Hence, ¢; =5 ng
ml~! for lead and ¢, =4 ng ml~! for copper.
Using a similar approach, the limits of detection
for lead and copper using a conventional MFE
were found to be 3 and 2 ng ml ™!, respectively.
In the latter case, the MFE was obtained by
electrodeposition of 40.0 ug ml~! Hg*? at —1.0
V for 5 min using a flow rate of 2.5 ml min~—'.

3.9. Analysis of industrial effluents

The suitability of the mercury(II) acetate—Naf-
ion modified electrode for real analysis was
demonstrated by using it for the determination of
lead and copper in waste water samples from a
plating bath. After collection, the only pretreat-
ment steps done on the samples were filtration
and acidification by adding 0.05 M HNO, (10%,
v/v). Results are compared with those obtained
using flame atomic absorption spectrometry
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Table 2

Comparison of results for the determination of Pb and Cu on

waste water samples (Experimental conditions as in Table 1)
ICP AAS MFE MNME
(ugml™") (ugml™) (ugml™") (ugml™h

Lead

S1 0.185 0.019 0.137 0.175
S2 0.077 nd? 0.065 0.070
S3 0.073 nd 0.062 0.070
S4 0.186 0.177 0.100 0.129
S5 0.275 0.212 0.090 0.135
Copper

S1 2.025 1.990 1.202 2374
S2 0.531 0.522 0.171 0.389
S3 1.323 1.708 0.821 1.360
S4 2.331 2412 0.925 2.248
S5 1.521 1.618 1.045 1.595

? nd = not detected.

(FAAS), inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES) and ASV with a
preplated Hg film (MFE). For all these methods,
the concentrations were obtained using calibra-
tion plots. Table 2 summarizes the results ob-
tained using these four techniques. Only one
analysis was carried out for each spectroscopic
technique while the average of peak currents of
three consecutive injections was used for ASV
determinations.

Aside from the fact that the values obtained
using the modified electrode are higher than that
of preplated film, the results using the former
technique are very close to those obtained using
ICP-AES. Flame AAS results for Pb at low con-
centrations were inconsistent, as can be seen from
Table 2. Thus the accuracy of the ASV technique
can be greatly improved if the modified electrode
is used rather than the conventional mercury film
electrode.
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Abstract

Vapour generation atomic absorption spectrometry has been systematically described as a technique for the
determination of trace elements, including hydride generation, cold vapour generation and other chemical vapour
generation AAS. Emphasis has been placed on the principle, instrumentation and applications of hydride generation
AAS. Recent advances in other vapour generation techniques are also reviewed.
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1. Introduction

Vapour generation atomic absorption spec-
trometry (VG-AAS) is a technique for the deter-
mination of trace elements that provides an ideal
sample introduction procedure in the gas phase
for atomic absorption spectrometry. It has been
applied to the determination of trace elements in
a wide range of matrices. Its popularity arises
from the following advantages: separation of the
analyte from the matrix leads to good accuracy in
many instances; high efficiency of sample intro-
duction results in very good sensitivity; a large
sample volume can be used and yields excellent
relative detection limits; the method can easily be
automated; and chemical speciation determina-
tion is possible in some instances.

There are several vapour generation methods.
The hydride generation technique is the most

* Corresponding author,

widely used and is typical of gas-phase sample
introduction methods for AAS. Cold mercury
vapour generation is also widely used to deter-
mine traces of mercury in various samples [1-5].
Attempts to generate volatile compounds of other
elements that do not form volatile hydrides may
be expected in the future, as has already been
done with the generation of nickel carbonyl [6-8],
volatile metal chelates [9-13], gaseous fluorides
[10-13], chlorides [14—17] and oxides [18,19].

2. Hydride generation

Hydride generation AAS (HG-AAS) was in-
troduced around 1970 [20-22] to overcome prob-
Iems associated with the flame AAS determina-
tion of arsenic and selenium. Now the determina-
tions have been extended to include As, Bi, Ge,
Pb, Sn, Sb, Te, Se and even TI and In [23-27].
The hydrides of the first six elements are usually
called arsine, bismuthine, germane, plumbane,

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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Table 1
Physical properties of covalent hydrides of practical analytical
importance

Element Hydride AHP at25°C M.p.(°C)  B.p.(°0O)
(kcal mol 1)

As AsH, 15.9 —-116.9 —-62.5

Bi BiH, 664 -2

Ge GeH, 216 —165.9 —88.5

Pb PbH, 59.7 —13

Sb SbH ;4 347 —88 - 184

Se H,Se 20.5 —65.7 —41.3

Sn SnH, 38.9 —-150 —-51.8

Te H,Te 369 =51 -23

stannane and stibine, respectively. Table 1 gives
some physical properties of the hydride-forming
elements [24].

The basic design of a hydride generation sys-
tem, with subsequent AAS detection, may conve-
niently be considered as four steps [23]: First,
generation of the hydride; second, collection of
the hydride (if necessary); third, transfer of the
hydride; and fourth, atomization of the hydride.
In order to increase the signal it is necessary to
generate the hydride quickly or to collect it and
then transfer it as quickly as possible to the
atomizer. This minimizes dilution of the hydride
by the carrier gas.

3. Reagents

Several reagents have been used to convert the
analyte element into its hydride for analytical
purposes. In most of the early work, a metal-acid
reducing system was employed, such as SnCl,—
HCI-KI-Zn and TiCl,—HCI-Mg [23,24]. How-
ever, the most convenient and currently almost
exclusively used method is the NaBH ,—acid sys-
tem. Reduction is effected according to the fol-
lowing equation:

NaBH, + 3H,0 + HCl —
H,BO, + NaCl + 8H = EH, + H, (excess)
(1)
where E is the analyte of interest and m may or

may not equal #. The solid NaBH, in pelletized
form was initially favoured but introduction of a

solid into a reaction gives undesirable highly lo-
calized reagent concentrations. A freshly pre-
pared solution of NaBH, is more efficient and
now preferred and also is the obvious reagent for
continuous-flow systems. The concentration of
NaBH, must be optimized for the particular ana-
lyte element and for the equipment concerned. A
variety of NaBH, concentrations are recom-
mended, usually 0.5-10% aqueous solutions sta-
bilized by 0.1-2% KOH or NaOH [24].

In the NaBH ,—acid system, hydrochloric acid
is most often used, although sulphuric and nitric
acid are equally suitable in some instances. The
optimum acidity ranges appear to be dependent
on the element of interest and the type of hydride
generators, and were reported to be 1-9 M for
As, Bi and Sb, 0.1-3 M for Ge, 0.1-0.2 M for Pb
and Sn, 2.5-5 M for Se, 2.5-3.6 M for Te, 1-3 M
for In and 1-1.5 M for Tl [24-29]. Some organic
acids such as tartaric, malic and oxalic acid or
acetate buffer solutions [24] can also be employed
as an alternative to hydrochloric acid in the de-
termination of Ge, Pb and Sn. For the generation
of plumbane, to achieve high sensitivity, some
oxidizing reagents should be used to convert
Pb(II) in the sample solution into Pb(IV), such as
K,Cr,0,, (NH,),S,04, H,0,, Ce(SO,),,
KMnO, or Ce(NH,),(NO,), [28,30] before hy-
dride generation. Hydrides of Sb, Pb and Sn were
even released from non-aqueous media acidified
with sulphuric acid [31-33].

The rapid reaction between sodium tetrahy-
droborate and hydrochloric acid may generate a
troublesome foam, particularly when undigested
biological fluids such as urine or blood plasma
are being analysed. In these instances the addi-
tion of an antifoaming compound such as An-
tifoam 110A Emulsion is useful [34].

4. Instrumentation

One of the attractions of the original hydride
generation method is the simplicity of the equip-
ment, which allows the method to be used with a
conventional atomic absorption spectrometer.
Subsequently, the design of most apparatus has
undergone modification to automate the system,
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to facilitate the addition of reagents, to decrease
the duration of analysis, to diminish errors due to
numerous manipulations in the course of the
analysis and to overcome interferences.

There are three variations of the batch-type
operation. In its simple form, the generated hy-
dride and hydrogen are transported immediately
into the atomizer, normally in a carrier gas. In
equipment of the “stopped-flow” type [35], the
sweep of the hydride from the reaction vessel is
delayed for a few seconds to allow the generation
reaction to proceed to completion, but inherent
instability of the hydride must be taken into con-
sideration when this technique is contemplated.
Others use a low-temperature trapping device to
concentrate the hydride so that it may be trans-
ported to the atomizer without dilution with the
large volume of generated hydrogen {36].

In continuous-flow equipment both sample so-
lution and borohydride solution are delivered
continously at a constant rate to the generator
using a peristaltic pump. This type of equipment
has been used for hydride generation both with
[37] and without [38] air segmentation and the
hydride has been separated with conventional
gas-liquid separators [37] or by membrane sepa-
ration [39). These systems have the advantages of
intimate mixing of reagents with better pH con-
trol and also they appear to be much more toler-
ant of elements that normally interfere in the
hydride generation. Moreover, they usually have
a lower detection limit than batch systems. A
special gas-liquid separator was designed for an
automated system in which sample, acid and
sodium tetrahydroborate(III) are mixed continu-
ously using a peristaltic pump [38]. This method
has been shown to tolerate nitric acid in the
sample digest system when applied to the deter-
mination of As and Se in a variety of matrices
[40], and to give good analyte recoveries in the
presence of many metals that normally interfere
in the hydride generation. An oblique section
hydride generator has been developed [41,42], in
which the sample solution and borohydride solu-
tion are conveyed by the peristaltic pump through
two separate polyethylene tubes, while the mixing
and reaction of these solution and the separation
of gaseous hydrides and liquid are accomplished

simultaneously in the oblique section. There is no
mixing tube, which was widely used in the con-
ventional hydride generator.

In a flow-injection system, acid and NaBH,
solutions flow continuously at a constant rate into
the generator and a limited volume of sample is
injected into the acid stream. Use of the very
successful and readily available flow-injection type
of equipment has led to methods in which dis-
crete sample are introduced repeatedly with a
resultant transition signal. Flow-injection tech-
niques have been shown to be capable of signifi-
cantly enhancing the performance of HG-AAS by
providing higher sample throughputs, better se-
lectivities, higher absolute sensitivities and large
savings in reagent consumption [43,44].

5. Hydride transportation

The hydride evolved has been transferred in
two principal ways: either the hydride is conveyed
directly into the atomizer as it is generated, or
some form of storage is used before the transfer
to the atomizer. In the latter mode, the hydride is
collected in a collection device until the evolution
is completed and then is transported to the atom-
izer all at once.

The generated hydride has been collected in a
closed vessel under pressure (pressure collection)
[23,24,45-49], in a U-tube immersed in liquid
nitrogen [23,24,50-62] through which hydrogen
passes freely and is not collected (cold-trap col-
lection) and in an absorbing solution of silver
nitrate [63-65], mercury(II) chloride—sulphuric
acid—potassium permanganate [66], silver dieth-
yldithiocarbamate—ephedrine [67], potassium io-
dide and iodine [68—70], cerium(IV) and potas-
sium iodide [71,72] or iodine [73] and subse-
quently determined by AAS.

Several direct transfer methods are currently
employed: the continuous-flow mode [23,24,38,
74-83], the flow-injection mode [74,84-89] and
the batch mode [31,32,60,74,90-104]. With the
batch mode, a limited volume of sample is re-
duced all at once.

Hydride stability is of primary importance for
choosing the transfer method. Collection meth-
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ods, namely the pressure collection and cold-trap
collection with closed system heating, cannot be
used for unstable hydrides. However, the collec-
tion step is expected to eliminate the possible
influence of the hydride generation kinetics.

6. Hydride atomization

The following atomizer have been used in HG-
AAS.

6.1. Flames

Holak [20] used a conventional air—acetylene
flame supported on a three-slot Boling burner.
The air-acetylene flame was used by many work-
ers in the early stages of the development of the
technique, but it was soon replaced by the
argon-hydrogen—entrained air flame (usually
called the argon-hydrogen diffusion flame) [23].

The use of an argon-hydrogen diffusion flame
for the determination of arsenic in aqueous solu-
tion was first described by Kahn and Schallis
[105]. Dalton and Malanoski [22] introduced ar-
senic directly into the argon-hydrogen flame and
Fernandez and Manning [21] collected arsine in a
balloon before releasing arsine into argon-hy-
dride flame. Since then, this relatively cool and
low-background flame supported on a conven-
tional slot burner has been used by many work-
ers, as has the nitrogen—hydrogen flame [24].

It should be noted that diffusion flames were
used mainly in the past, and they are inferior to
the other atomizers. The sensitivity is lower ow-
ing to the pronounced dilution of hydride with
flame gases. The flame also has a high back-
ground absorption and its flicker noise adversely
affects the limit of detection. As a result, diffu-
sion flames have not often been employed in
recent years [74,82].

6.2. Flame-in-tube atomizers

Flame-in-tube atomizers are most often exter-
nally unheated quartz tubes with a flame burning
inside. This type of atomizer, in which the excess
hydrogen generated was used to carry the re-

leased hydride to a T-shaped quartz tube and a
small amount of oxygen was added to support
combustion and atomization of the hydride, was
first described by Siemer and Hagemann [106].
Their design, combined with an oxygen-hydrogen
flame [98,107} or air—hydrogen flame [50,54,108],
has subsequently been adopted either without
change [74,98,109,110] or with some modifica-
tions [54,58,59,61,111-116]. Nakashima [117]
modified the flame-in-tube atomizer in which a
long absorption tube, aligned in the optical path,
was used as an extension of a Beckman burner
with argon (or nitrogen)—air-hydrogen flame. The
Dedina flame-in-tube atomizer [74] consists of
two parts: an intake part and a T-tube, both
made of quartz, connected by a standard joint.

6.3. Externally heated quartz tubes

The earliest reported use of an electrically
heated or a flame heated quartz tube for hydride
atomization was by Chu et al. in 1972 [118] and
Thompson and Thomerson in 1974 [119], respec-
tively. Since then, externally heated quartz tubes
have become the most commonly used atomizers
[23,24,74].

The design is usually very similar to the flame-
in-tube atomizer, consisting of a T-tube with its
bar-tube aligned in the optical path and the cen-
tral arm of the T serving for delivery of hydrides
carried by a flow of gas from a generator. The
bar-tube is heated either by a chemical flame or,
more often and more conveniently electrically,
either by a resisitance wire wound around it or by
a tailored furnace. The two outlets of the bar
tube are either open or closed with optical win-
dows. If closed, two outlet arms are fused to the
bar-tube near its end. To prevent ignition of
hydrogen at the ends of the open-ended system,
which leads noisy signals, an auxiliary inert gas
stream can be injected into a pair of auxiliary
inlets [23,45,46,60,119]. The other way to prevent
ignition is to leave the ends of the tube unheated
and uninsulated [85,89] or even to provide them
with graphite rings [120,121].

Oxygen or air is often introduced into the
atomizer mainly because of the beneficial effect
on sensitivity. For optimum sensitivity, there is a
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need for a minimum oxygen concentration which
depends on, apart from the hydride identity, tem-
perature: the higher the temperature, the lower is
the oxygen concentration needed. At lower tem-
peratures oxygen present in the system as a con-
taminant may not be sufficient for optimum sen-
sitivity and thus additional extra oxygen may be
required [74].

There is a marked effect of the quality of the
inner quartz surface on sensitivity [89,91,120,122—
128], most often manifesting itself as a gradual
deterioration of sensitivity and /or precision. Op-
timum performance is most conveniently kept by
rinsing the tube in 40% hydrofluoric acid. Grind-
ing the inner atomizer surface with alumina has
also been employed [129].

Compared with flame atomizers, externally
heated quartz tubes have the following advan-
tages: the flame background is virtually elimi-
nated and better sensitivity is achieved owing to
the longer residence time of the atom cloud in
the optical path, the lower dilution and the much
lower noise levels.

6.4. Graphite furnace atomizers

The first report on the use of the graphite
furnace atomizer for atomization of hydrides was
by Knudson and Christian in 1974 [130]. Since
then, atomization of hydrides in a heated graphite
furnace has been carried out by other workers
[23,24,74]. There are two approaches to using
graphite furnaces: on-line atomization and in situ
trapping of hydrides in the furnace.

The on-line atomization approach utilizes a
direct transfer of the hydride from the generator
to the furnace, which is preheated to a tempera-
ture usually over 2200°C [36,58,59,62,74,131-143].
Although the continuous-flow generation of hy-
drides was recently shown to work in connection
with graphite furnaces, batch or cold-trap collec-
tion methods have so far invariably been applied
[74,144].

The generated hydrides are almost exclusively
introduced to the internal gas line of commercial
furnaces. This method is simple but the hydride
can be captured on cooler metal or graphite
parts. A similar drawback, hydride capture in the

connecting tube, can result from introduction of
hydrides to the sampling port of the graphite
furnace by a sealed graphite tube [132,141]. There
is a viable alternative for introducing hydrides to
the furnace using a quartz tube interfaced to the
sampling port, which does not retain hydrides
and can withstand temperatures above 2300°C,
for a reasonable time, if cooled by a gas flow
[144].

Naturally, the sensitivity for on-line atomiza-
tion is generally lower than with in situ trapping.
It is also lower than in quartz tube atomizers as
the small dimensions of commercial graphite fur-
naces and their high atomization temperatures
decrease the residence time of free analyte atoms
and subsequently the sensitivity [74].

The in situ trapping technique uses the
graphite furnace as both the hydride trapping
medium and the atomization cell. The hydride
purged from the generator is trapped in the pre-
heated graphite furnace, usually in the range
300-600°C, until the evolution of hydride is com-
pleted. The trapped analyte is subsequently atom-
ized at temperatures generally over 2200°C. This
technique has been shown to enhance the sensi-
tivity significantly and to eliminate effectively the
possible influence of the hydride generation ki-
netics on the signal shape. The first use of this
technique was reported by Lee [145]. Since then,
work on the determination of As [41,146-153], Bi
[139,152,154-157], Sb [41,152,154-158], Se [41,
147,150-152,159,160}, Sn [145,150-152,156,161]
Te [152,157,162}, Pb [28,150,163,164] and Ge
[152,157] has been published.

The nature of the graphite tube is expected to
affect greatly the efficiency of hydride adsorption.
It has been shown that the efficiency of adsorp-
tion increases in the order new normal graphite
tubes < old pyrolytic graphite tubes < old normal
graphite tubes [163]. The trapping efficiency on a
conventional graphite tube has been shown to be
relatively low, less than 72% for bismuthine [145]
and only 24% for arsine [153]. The use of a
palladium-coated graphite tube for the adsorp-
tion of hydrides has been shown to improve the
sensitivity and precision significantly (41,151,152,
157]. Similar results has been obtained with the
use of a Zr-coated graphite tube as both the
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trapping medium and the atomization cell for the
hydrides of lead [28] and tin [161].

Interfacing of the hydride generator is critical
for the proper functioning of an in situ trapping
apparatus. Generated hydrides are introduced ei-
ther via the internal gas line of commercial fur-
naces [147,149,158,162] or to the sample port of
the graphite tube through an interface made of
graphite [145], quartz [28,41,146,147,159] or PTFE
(163]. Graphite interfaces are apt to capture hy-
dride partially during the trapping stage, leading
to a relatively low overall efficiency. Similar diffi-
culties can be encountered with hydrides intro-
duced into the internal gas line, because there
the hydride comes into contact with metal com-
ponents with graphite tube ends and with graphite
cylinders, which are cold during both the trapping
and the atomization stages. The PTFE device
used to connect the transport tube to the furnace
begins to deteriorate at 600°C and cannot with-
stand higher temperatures [163].

7. Interferences and their eliminations

The interferences associated with HG-AAS
may be conveniently divided into three groups:
spectral interferences, liquid-phase interferences
and gas-phase interferences.

7.1. Spectral interferences

Spectral interferences are usually insignificant
in this technique owing to the separation of the
analyte from the matrix. Only background ab-
sorption can occur, most often in diffusion flame
atomization owing to changes in the flame trans-
parency that may take place when hydride is
purged into the flame. The structured absorbance
by molecular oxygen has been shown to be re-
sponsible for the well known background absorp-
tion by oxygen on the selenium 196-nm line [165].
The background interference by hydrides of ar-
senic, antimony and tin on the selenium 196-nm
line is pronounced in the flame-in-tube atomizer
[106,111]. Even so, background correction is usu-
ally considered unnecessary for externally heated
quartz tube atomization [78,91,93,120] and also
for in situ trapping and on-line atomization in the

graphite furnace [138,145,162]. However, in a sig-
nificant number of studies background correction
has been employed, most often in connection
with flame-in-tube or graphite furnace atomiza-
tion {74].

7.2. Liquid-phase interferences

Liquid-phase interferences can occur in the
liquid phase either during hydride formation or
its transfer from the solution due to changes in
the hydride release rate (release kinetic interfer-
ences) and/or decrease in hydride release effi-
ciency (release efficiency interferences). In gen-
eral, there are numerous interferences in the
liquid phase but all can be divided into two basic
groups: compound interferences and matrix inter-
ferences [74].

Compound interferences may arise if the oxi-
dation state or chemical environment of the ana-
lyte in the sample is not the same as in the
standard solution employed owing to the differ-
ent rates of hydride formation. It is well known
that arsenic, antimony, selenium and tellurium
each commonly exist in solution in two oxidation
states: As(ITI) and As(V), Sb(II) and Sb(V),
Se(1V) and Se(VI) and Te(IV) and Te(VI). Even
when using NaBH, reaction, the effect of the
oxidation state of the elements in the sample on
the rate of hydride formation has been observed.
In order to determine the total concentration for
arsenic and antimony, potassium iodide has been
employed as a prereductant [54,88,166-170]. Ad-
ditionally, Nal [171,172], KBr [173,174] and a
mixture of KI and ascorbic acid [140,175,176]
have been used as prereductants in the determi-
nation of As and Sb. For selenium, a prereduc-
tion with KBr [45,54], SnCl, [177] or by boiling
the sample in 4-5 M HCI [51,57,61,178—-180] has
been performed to determine the total selenium.
Similarly, Te(VI) could be prereduced to Te(IV)
by boiling the sample in 2-6 M HCI for 10-20
min during sample preparation [69,162]. Since
many hydride-forming elements in environmental
and biological samples exist in various organic
forms, it is necessary to decompose organic bonds
of the analyte completely during sample pretreat-
ment for determination of the total analyte.
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Compound interferences should be eliminated
when only the total analyte concentration in the
sample is required to be determined. However,
they are useful for chemical speciation determi-
nation. For example, selective determinations of
As(I1I) and As(V) [37,168,169], Sb(I11) and Sb(V)
[37,54,55], Se(IV) and Se(VI) [51,61], and Te(IV)
and Te(VI) [162] can be carried out by measuring
their total amount after prereduction of their
higher to the lower oxidation states and sepa-
rately by hydride generation of the lower oxida-
tion state alone without any prereduction step.
Determinations of various organic forms of hy-
dride-forming elements in environmental and bio-
logical samples can also be performed. The pro-
cedure involves generating inorganic and organic
hydrides of the element concerned with sodium
tetrahydroborate and collection of the hydrides in
a liquid nitrogen trap. Subsequently the various
hydride species are separated by selective
volatilization and analysed to determine arsenic
[181-183], germanium [52], lead [184] and tin
[59,125,184—-188] by AAS.

Matrix interferences occur when the matrix
affects the hydride release efficiency. The influ-
ences of inorganic acids usually used in sample
digestion procedures have been studied systemat-
ically [120,121,127,189-192). The strongly sup-
pressing effect of nitric and sulphuric acid has
been recognized. These acid interferences are
more pronounced in a closed-ended than in an
open-ended quartz tube atomizer [120,127].
Nearly all of the volatile hydride-forming ele-
ments interfere with the determination of all other
hydride-forming elements [111]. This is generally
considered to be the result of a competitive reac-
tion where an accompanying material uses up
most of the reducing agent and only a small
portion is left for the analyte. Alkali and alkaline
earth metals cause no interferences with the gen-
eration of hydrides, but those metal ions which
can be reduced easily by sodium tetrahydrobo-
rate, under the experimental conditions, have
been found to interfere with hydride generation,
e.g., cobalt and nickel, the elements of the copper
group and the noble metals [193]. The mechanism
of this and of most other interferences is due to a
preferential reduction of interfering ion to the

metal. It is possible that the finely dispersed
precipitated metal then adsorbs and decomposes
the gaseous hydride (nickel and other Group VIII
elements are effective hydrogenation catalysts and
can absorb hydrogen in large amounts). Insoluble
nickel arsenide or similar compounds may then
be formed in a secondary reaction [93). The inter-
ference of copper, nickel and cobalt with the
generation of selenium hydride may be explained
by the high decomposition rate of sodium tetra-
hydroborate in acidic media and the catalytic
effect of transition metal ions on this decomposi-
tion [194]). The above-mentioned catalytic effect
may be due to the metal ion itself or the finely
divided metallic particles formed by reduction of
the metal ion by sodium tetrahydroborate or metal
borides formed by the reduction of metal ion and
sodium tetrahydroborate [194]. Organic matrix
constituents should also be regarded as potential
interferences: Se(IV) is extracted very effectively
by a wide range of organic compounds from hy-
drochloric acid media [195,196] and arsine forms
stable adducts with some organic compounds [67].
Humic acid [197] and non-specified organic com-
pounds dissolved in natural waters [141] has been
found to interfere with selenium hydride release
from the sample solution.

7.3. Gas-phase interferences

Gas-phase interferences are caused by an in-
terferent in either volatile form or as a liquid
spray. These interferences can occur on the sur-
face or in the dead volume of the generator, the
connective tubing and/or the atomizer. They
could have either a direct effect (if observed only
simultaneously with generation of the interferent)
or a memory effect (if they persist after the
cessation of the interferent generation). Two
groups of gas-phase interferences can be distin-
guished according to the locality of their origin:
“transport interference” takes place along the
route of the hydride from the generator to the
atomizer, causing delay (transport kinetics inter-
ferences) and /or loss (transport efficiency inter-
ferences) of the analyte hydride; “interferences
in the atomizer” depend on the mechanism of
hydride atomization and on analyte transfer in
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the given type of atomizer. However, there is no
direct evidence of transport interferences in the
literature [74].

The usual source of interferences in the atom-
izer is other hydrides. Taking into account the
mechanism of hydride atomization and free ana-
Iyte atom transfer in the atomizer bar-tube, two
types of interferences in the atomizer emerge
[74]: a radical population interference occurs
when an interferent changes the H™ atom popula-
tion in the radical cloud; and an analyte decay
interference takes place when an interferent
speeds the decay of free analyte atoms in the
bar-tube via analyte—interferent reactions in the
gas phase. The mechanism of interferences in
externally heated quartz tubes is still largely un-
known. Mutual interferences in this type of atom-
izer may result from the formation of stable di-
atomic molecules such as AsSb [198]. By thermo-
dynamic calculations, the formation of diatomic
molecules between the analyte and matrix has
been proposed as a major source of matrix inter-
ferences in the gas phase within the graphite
furnace atomizer [143,198].

7.4. Interference elimination and control

Many methods have been developed to elimi-
nate or minimize interferences. One of the sim-
plest methods is the technique of increasing the
acidity of reaction solution and /or the concentra-
tion of a reducing agent [93,94,96,115,121,127,
199,200]. Various reagents have been used to
minimize or eliminate the interferences; most of
them are Lewis bases and could behave as: lig-
ands, and some are also reducing agents, such as
EDTA [133,201-205], KI [98,206-208], KCN
[209,210], thiourea [122,206,211-215], ascorbic
acid [122,206,207,211}, malic acid [214], 1,10-
phenanthroline [81,84,136,138,216], thiosemicar-
bazide [217] and L-cystine [218]. The addition of
interference-releasing elements such as iron
{95,101,219], copper [98], tellurium [97] and mer-
cury [215] has been employed to minimize inter-
ferences from some metal ions. Additionally, sev-
eral separation techniques including liquid-liquid
extraction [31,220], coprecipitation [69,70,162,
167,221-223], adsorbing colloid flotation {224] and

ion exchange [135,141,224-227] have been used.
Although there have been some successful mini-
mizations or eliminations of interferences as de-
scribed above, use of the method of standard
additions is essential in many instances [23,212,
213,228-231].

It should be noted that the presence and sever-
ity of these interference effects depend to some
extent on the experimental conditions, the hy-
dride generator and/or the atomizer used. The
mechanism of interference is not yet fully under-
stood and needs further study.

8. Atomization mechanisms

Two types of atomization mechanisms have
been proposed for HG-AAS: a free hydrogen
radical mechanism and a thermal decomposition
mechanism.

Atomization of gaseous hydrides in the heated
quartz tube has been thought to be caused by
free hydrogen atoms rather than a thermal de-
composition because according to thermodynamic
calculations the only species that can be expected
at temperatures below 1000°C are the dimeric
molecules and not atoms. It has also been shown
that no atomization signal is obtained for arsenic
when it is introduced into a heated quartz cell in
an inert gas atmosphere, i.e., in the absence of
hydrogen [124]. Although the mechanism of radi-
cal formation is not fully understood, traces of
oxygen appear to play an important role in the
generation of radicals according to the following
reactions [74]):

H+O0,=—O0OH+O0 (2)
O+H,=——OH+H 3)
OH+H,——H,0+H (4)

The actual mechanism of hydride atomization
probably proceeds via interaction of hydride
species with H atoms. For selenium, two consecu-
tive reactions take place:

SeH, + H— SeH + H, (5)
SeH+H— Se +H, (6)

Analogous reactions take place for arsenic hy-
dride and probably for other hydrides also [74].
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However, on the basis of the equilibrium con-
centration of free radicals at temperatures pre-
vailing in the heated quartz tubes, it is concluded
that the radicals are not present in sufficient
concentrations for reactions of type in Egs. 5 and
6 to take place. Thus, the following mechanisms
have been proposed for AsH, atomization [75]:

2AsH, —— 2As + 3H, (7)
4AsH, + 30, — 4As + 6H,0 (8)

which are catalysed by H and OH radicals. A
similar mechanism has been suggested for the
decomposition of SeH, [232].

The positive effect of oxygen and hydrogen on
the atomization of hydride-forming elements in
an electrically heated quartz atomizer has been
indicated in the determination of As, Se, Bi, Sb
and Sn [79,91,125,233]. Probably the role of both
gases is to form radicals, which may participate in
reactions such as those in Egs. 2-8.

The mechanism of hydride atomization in
graphite tubes is not usually addressed. For ar-
senic, it has been thought that arsine is decom-
posed in the graphite tube, the resulting arsenic
is deposited on the surface and then volatilized
and atomized [62,132], or the elemental arsenic is
vaporized as As,, which is then decomposed to
As, and atomized by gas-phase dissociation [149].
The fact that the influence of hydrogen on the
atomization of arsenic hydride is less at higher
temperatures in the graphite furnace suggested
that the thermal decomposition atomization
mechanism plays the main role in the graphite
furnace [234]. Dedina et al. [144] suggested two
independent mechanisms of selenium hydride at-
omization in the graphite furnace: a low-tempera-
ture mechanism, similar to that in quartz tube
atomizers due to collisions with H atoms formed
in the furnace by reactions of oxygen with hydro-
gen, which is effective only in the presence of
traces of oxygen at temperatures above 1200°C;
and a high-temperature mechanism, involving
thermal decomposition of hydride in the gas phase
and /or on the graphite surface, which becomes
effective at temperatures above 1600°C and which
is independent of oxygen supply to the atomizer.

The hydride trapping and analyte atomization
mechanism for arsenic, antimony, selenium, tin

and lead has been investigated by Sturgeon et al.
[150]. Hydride is deposited in the preheated
graphite furnace via thermal decomposition. A
porous surface increases the efficiency of trap-
ping. The deposited metal may subsequently be
reoxidized during the trapping stage. Atomization
of As, Sb, Se, and Sn is identical with that occur-
ring when these elements are injected directly in
an aqueous solution, while atomization of Pb and
Bi deposits is distinctly different from their aque-
ous counterparts. The effective adsorption of hy-
drides in the palladium-coated graphite tube may
result from the catalytic decomposition of hy-
drides by palladium metal [151].

The process of determination of elements that
form volatile hydrides by AAS can be considered:
as two completely independent steps: hydride
generation, followed by atomization. The theoret-
ical peak shapes (absorbance vs. time profile)
have been obtained by developing a kinetic model
and compared with experimental results [107,235]
the kinetic factors that control the peak shapes
can be employed to optimize any configuration of
a hydride generator used in AAS [235]. Although
the atomization of hydrides has been investigated
as described above, its exact mechanism is still
unclear and needs further study.

9. Analytical figures of merit

The analytical performance of HG-AAS is
characterized by figures of merit such as detec-
tion limit, linear dynamic range and precision and
accuracy of measurements.

By comparing a large number of literature
reports, Nakahara [24] discussed the analytical
performance of this technique. Relative to solu-
tion nebulization, detection limits achieved in hy-
dride generation methods are better by up to a
factor of 1000 for certain elements. The precision
reported as relative standard deviation (R.S.D.)
usually ranges from 1 to 5% and occasionally
10%. Thus, in general, the hydride-forming ele-
ments can be detected at concentrations below 1
ng ml ™!, particularly at pg ml~! levels when the
palladium-coated graphite tube is used both for
hydride trapping and atomization, and concentra-
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tions that are ten or more times the detection
limit can be measured with R.S.D.s <5%. The
linear dynamic ranges vary from two to four or-
ders of magnitude.

10. Practical applications

HG-AAS has successfully been applied to the
determination of trace elements such as As, Bi,
Sb, Se, Te, Pb, Sn and Ge in a wide range of
matrices. Examples of these applications are given
in Table 2.

11. Cold vapour generation

Cold vapour generation atomic absorption
spectrometry (CV-AAS) has received great atten-
tion for the determination of mercury because of
its simplicity, high sensitivity and relative freedom
from interferences [1,2]. The basic design of a
CV-AAS system, which is similar to that of an
HG-AAS system, usually consists of four steps:
mercury vapour generation, collection, transfer
and detection with AAS. Reduction of mercury
compounds in solution into mercury vapour can

Table 2
Applications of HG-AAS

be performed either by using SnCl, [264] or
NaBH , [265] solution as a reducing agent.

As the high toxicity of mercury and some of its
compounds requires its determination at very low
concentrations, particularly in water, several en-
richment techniques have been developed for
mercury. Preconcentration is usually facilitated
by passing the mercury vapour generated by re-
duction through an amalgamating medium
[2,266-270]. Copper, silver, gold and platinum
metals are often used for this purpose [268].
Once all the mercury has been generated from
the sample and collected, the amalgamating
medium is heated and the mercury is transported
by a gas stream into an absorption cell. Atmo-
spheric Hg can effectively trapped on MnO,-
[271] and KMnO,-coated [272] glass beads prior
to elution and electrothermal atomization AAS
(ETAAS) detection. Electrochemical preconcen-
tration prior to CV-AAS has been reported as a
technique for the speciation determination of in-
organic and organic mercury [273]. In principle
there are two disadvantages with the amalgama-
tion technique [272]. First, the efficiency of mer-
cury collection may be impaired by moisture [274]
or other gaseous reaction products which poison
the surface of the amalgamating medium {275],

Element  Matrix

Se Biological fluids: human serum and serum proteins [57], blood [236), faeces [237]
Biological tissues: bovine liver [50,85,237), fingernail and hair [57], marine tissues [147,159,238], biological reference

materials [180], oyster tissue [45]

Environmental samples: biogenic particles and sediments [61], marine sediments [147,159, coal [167], coal fly ash [37]
Food stuffs: grape berries [179), flour [37,45, 236,237], mixed diet [237]

Geological samples: geological references [63,84], rocks [81]

Metallurgical samples: Cu alloys and Ni sponge [87], steel [37]

Plant material: orchard leaves [37,45,50,62,90]

Water samples: water and wastewater [178), natural water [51,54), sea water [147,150]
As Biological fluids: urine [236,237,238, oyster tissue [45], bovine liver [62]
Environmental samples: sediments [146,221,240}, airborne particulate matter [182], marine sediments [147],

soils [71,71,100]

Food stuffs: flour samples [37,45), food materials [241]

Geological samples: silicate materials [221], geological references [63], ores and concentrates [170]

Matallurgical samples: steel [37,122]

Plant material: plant tissues [71], orchard leaves [37, 45,122,62}, pine needles [45], tomato leaves [62].
Water samples: river water [45,181), environmetal waters [15, mineral water [71,72), sea water [39,146,147,242,243],
soil water and commerical bottle waters [244], thermal water [37), Canadian drinking water supplies [177],

interstitial waters [240], soil-pore waters [245]
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Element

Matrix

Sn

Pb

Sb

Bi

Te

Ge

Biological tissues: oyster [188], marine biological tissues [246]

Environmental samples: marine sediments [246), atomspheric particulate matter [247],
sediments and sewage sludges [248]

Metallurgical samples: Al-based alloy [136], steels [249]

Water samples: sea water [185,250], marine and estuarine waters [187], river water [250]

Biological fluids: urine [251)

Biological tissues: mussel and eggs [252], oyster tissue [253]

Environmental samples: atomspheric particulates [31]

Food stuffs; food [252]

Geological samples: gasolines [33]

Metallurgical samples: steel {31]

Plant material: tea leaves [28]

Water samples: tap water [28], drinking waters [254,255]

Biological fluids: blood [256], whole blood [257), urine {256]

Biological tissues: biological samples [258]

Environmental samples: atomspheric particulate matter [166], soil [72], coal fly ash [37]

Food stuffs: foods [259].

Geological samples: ores and pyrites [206]

Metallurgical samples: steel [37,122], solder alloy [136]

Plant material: orchard leaves [37,122,171]

Water samples: sea water [158], thermal water [37], natural waters [54,55]

Biological fluids: blood and urine [260]

Biological tissues; shells, marine algae [145]

Environmental samples: soil [72], water sediments [145]

Geological samples: ores and pyrites [206], geological reference samples [76,211]

Metallurgical samples: steel [37]

Plant material: orchard leaves [37]

Water samples: natural water [145], sea water [261]

Biological tissues: liver and tuna [171)

Environmental samples: coal and ash samples [262]

Metallurgical samples: steel [37]

Plant material: orchard leaves [37]

Water samples: sea water and rain water [162]

Environmental samples: coal ash [263]

Geological samples: rocks [202]

Metallurgical samples: steel [37]

Plant material: orchard leaves [37)

Water samples: sea water [224], natural water [112]

necessitating occasional cleaning [2]. Second, dur-
ing heating of the collector to release the mer-
cury, a gas flow is used to transport the vapour to
the absorption cell, which means that the sensitiv-
ity is flow-rate limited. Slight changes in the
flow-rate will also impair the reproducibility [276].
To overcome these problems, in situ trapping
techniques have been developed, in which the
generated mercury vapour is collected in a porous
gold-plated graphite minitube [3] or in a gold-
coated [4,5], platinum-lined [276] or palladium-

coated graphite tube [277], followed by ETAAS
detection.

12. Other vapour generation techniques

The generation of volatile chlorides and fluo-
rides has been carried out by using halogenating
reagents [10—17]. The analyte reacted with hydro-
gen chloride gas at a certain temperature to form
the volatile metal chloride, which was swept into
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the atomizer by a carrier gas [14,15]. Solid CuCl,
was used for reaction with Si in high-purity in-
dium at 470°C, and the resulting SiCl, was deliv-
ered to a graphite furnace for AAS detection
[16]. AsCl; was produced in a flow system by the
reaction of concentrated hydrochloric acid with a
solution of As(II) and transported to an O,-H,
flame-in-tube atomizer [17]. The interferences of
cobalt, copper, iron and nickel observed with the
NaBH, generation of AsH; were considerably
decreased in this procedure.

Volatile oxides were generated from analyte
solution. The use of Ce(IV) as the oxidant to
produce RuQO, from Ru(IIl) solutions improved
the flame AAS sensitivity by a factor of 60 owing
to the increased volatility of the analyte in the
spray chamber [18]. A similar method was em-
ployed to generate the volatile OsO, using
K,Cr,0, as the oxidant [19].

The chemical generation of volatile metal car-
bonyls was employed as a means of sample intro-
duction for the determination of nickel by AAS
[6-8]. A procedure was devised based on the
on-column ethylation of Ge, Hg, Pb, Sb and Sn
using NaBH, [278]. The ethylated species were
separated chromatographically and detected by
AAS. NaBH, was also used as a reagent for the
generation of an unidentified volatile species of
Cd [279]. Tetraethyllead was generated by reac-
tion with tetraethylborate, and preconcentrated
in a graphite furnace [164]. There has been re-
vived interest in the generation of methoxyboric
ester for the determination of boron by flame
AAS [280].

The preparation of volatile chelates allows
gaseous sample introduction to be extended to
metals other than Hg and the hydride-forming
elements and often provides improved sensitivity
compared with conventional liquid sample intro-
duction into flames [9-13,281-283]. Determina-
tions of Cr, Co and Fe have been carried out by
the formation of the trifluoroacetylacetonates and
sweeping the chelates into a heated silica tube for
AAS detection [281]. A sixteen-fold sensitivity
improvement for Fe has been reported, com-
pared with conventional flame AAS [282]. Several
chelating agents have been examined for the de-
termination of Co by flame AAS [283]. Chro-

matographic separation prior to determination by
AAS has been used either for speciation determi-
nation of organometallic compounds present in
the sample or as a means of separating organo-
metallic compouns [284-287].
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Abstract

The well known interference from metal ions on disulphur emission in flames was investigated. Sulphite was
introduced by flow-injection through a cation-exchange column into a hydrogen—nitrogen diffusion flame. The
effects of sodium, potassium, magnesium, calcium, nickel and copper ions were investigated. Cooling of the flame,
metal catalyzed oxidation, solubility differences and the formation of metal disulphites have been suggested to

explain the variation of the observed interferences.

Key words: Flow injection; Flame molecular emission spectrometry; Metals; Sulphur

1. Introduction

We have recently reintroduced the measure-
ment of disulphur (S,) emission in a hydrogen—
nitrogen diffusion flame for the detection of
mainly inorganic sulphur compounds [1,2]. The
interference from metal cations on this emission
as well as on the related phenomenon of HPO
emission from phosphorous compounds is well
known, but its cause is not fully established. In
the literature there is a general agreement, that
the effect is related to the stability of analyte salts
in the flame. The degree of interference depends
on the temperature of the flame and the reducing
effect of the flame gases.

* Corresponding author.

Veillon and Park [3] observed no interference
on aspirating one of several sulphur compounds
into a separated hydrogen—nitrogen flame where
the analyte travels across the hot combustion
zone before producing the disulphur emission.
However, they measured only solutions with the
cations and sulphur anions in equivalent amounts.
Syty and Dean [4] observed no interference on
phosphorus emission from molybdenum, cad-
mium, silver or arsenic. They measured an in-
crease in the background emission with the alkali
metals, but a depressive interference from alka-
line earth elements. As in the first case, a sepa-
rated flame was used, but the green HPO emis-
sion was observed on both sides of the combus-
tion zone. Dagnall et al. [5] found interference
from all (ten) metal ions they tested, aspirating
phosphate into a cooler hydrogen—nitrogen diffu-

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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sion flame. The degree of interference was not
related to the thermal stability of the metal phos-
phates, but it could be correlated with the ease
with which the compounds could be reduced with
hydrogen. Everett and West [6] excited sulphur
and phosphorus from a carbon filament inside a
hydrogen-nitrogen diffusion flame. The magni-
tude of the interference from Na, K, Ca and Zn
was in the same order as the thermal stability of
their sulphates and phosphates, respectively,
whereas transition metals showed no such trends.
With molecular emission cavity analysis
(MECA), approximate temperatures correspond-
ing to maximum emission can be estimated from
the cavity temperature—time curve. Belcher et al.
[7] observed for several sulphates and thiourea,
that the temperatures producing maximum emis-
sion were generally lower than reported values
for thermal decomposition. They attributed this
difference to the reducing nature of the flame
gases. Moreover they concluded, that aside from
slow breakdown of analyte salts the interference
might be caused by radical reactions such as:

H+H+ Na=H,+ Na*

In the present work, we try to explain this
interference phenomenon by measuring the emis-
sion from sulphite, in the presence of several
metal salts. We have shown earlier that sulphite
can be introduced into the flame either in solu-
tion or as free sulphur dioxide gas [2].

2. Experimental

The flame and spectrophotometer setup were
as described previously [1], except for the follow-
ing details. 99.99% nitrogen was used as a diluent
gas for the flame. Instead of shielding the burner
compartment door a rectangular brass shield was
attached to the 3-slot burner head, surrounding
the flame on three sides. The shield, which is
made from a 1 mm thick plate, is 4 cm high and
its lower edge is ca. 2 mm below the top of the
burner head. The two parallel sides are 2 c¢cm
apart and cover the entire length of the burner.
The cation-exchange column was packed with
Dowex 50W-X10, 20-50 mesh, Na* form, with a

SAMPLE TO FLAME

J] IONEXCHANGE

. 0

IEEERESRNl;

Fig. 1. Flow diagram of the flow-injection system. A, deion-
ized water; B, metal acetate; C, deionized water (ammonium
exchange), nitric acid, hydrochloric acid or ammonium nitrate
(hydronium exchange). Relative flow rates for channels A, B,
and C are 4:4:1 with a total flow of ca. 6 mi/min.

bed height of ca. 4 cm. The bed was saturated
with ammonium or hydronium ions by pumping
0.5 M ammonium nitrate or nitric acid, respec-
tively, through the column for ca. 15 min.
Samples were introduced into the flame by
flow-injection as shown in Fig. 1. The relative
flow rates through channels A, B and C were
4:4:1, with a total throughput of ca. 6 ml/min.
With this setup one can easily combine different
metal ions and acids and vary their concentra-
tions independently. The carrier stream, A, was
deionized water throughout. The metals Na, K,
Mg, Ca, Ni and Cu were introduced as their
dissolved acetates of varying concentrations
through channel B. Stock solutions were pre-
pared from NaAc- 3H,0, KAc, Mg(Ac), - 4H,0,
Ca(Ac), - H,0, Ni(Ac),-4H,0 and Cu(Ac),-
H,O, respectively. From each metal stock solu-
tion a series of diluted solutions was made, all
series being equivalent with respect to the con-
centration of acetate ions. Channel C carried
deionized water in all experiments involving am-
monium exchange, but 0.9 M nitric acid with
hydronium exchange experiments, except for
nickel and copper where, in addition, hydrochlo-
ric acid, ammonium chloride and nitric acid were
tried in different combinations. Sulphite was al-
ways injected as a 15 mM solution of sodium
sulphite, which was prepared by dissolving the
salt in 0.1% sodium hydroxide. The base was first
flushed with nitrogen gas for at least 5 min and
the flushing was continued until the salt was
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completely dissolved. Signals were estimated as
the square root of the average peak heights from
3 or 4 injections.

3. Results and discussion

The position of the diffusion flame, optimized
for disulphur emission, is sensitive to movements
in front of the burner compartment, which there-
fore has to be partially shielded [1]. We have
found, working with another instrument (PE
2380), that the optimal shield construction de-
pends on the form of the burner compartment
and its ventilation. Moreover, we find that one
can change the shields within certain limits, to
obtain different sets of optimal conditions, with-
out altering the sulphur detection significantly.
With powerful ventilation, the emission intensity
is decreased. By attaching to the burner head a
metal shield, as described above, rather than
shielding the burner compartment, the flame be-
comes less sensitive to external factors and a
more reproducible set of optimal conditions is
obtained. The arrangement was optimized with a
simplex program [1] varying the sample uptake
rate, the burner height and the flow rate of
hydrogen, but keeping the nitrogen flow rate con-
stant (and close to the lowest attainable). This
produced very similar sensitivity and noise as was
obtained with the external shield, but the factor
values were significantly different. The optimal
observation height is lowered from 20 to 15 mm
and the hydrogen content is lowered from 18 to
9%. These values are in fact quite close to opti-
mal conditions obtained with a bit more open
(and irregular) external shield which was tried in
our early studies with this flame. Lessening the
purity grade of the nitrogen to 99.99% and reop-
timizing changed only the optimal hydrogen con-
tent from 9 to 7%, counteracting the heating
effect of the increased oxygen content. Compar-
ing univariate profiles of the observation height
for the temperature and the emission intensity
(with restricted lightpath [1]) gives an optimal
temperature of ca. 300°C, which is ca. 100°C
higher than obtained earlier with external shield-

ing and nitrogen of higher purity. The less pure
nitrogen and the corresponding optimal condi-
tions were used for all measurements discussed
below. Two narrower shields, 1.0 and 1.5 cm wide
were also tried. When the flame had been lit for
several minutes, both shields produced unstable
green emission from copper in the metal walls
and the background emission at 374 nm was
increased. Sulphur detection was not improved by
the narrower shields.

Our previous results with acidic solutions of
sulphite indicated that sulphur dioxide is com-
pletely transferred from the aerosol droplets to
the surrounding gas stream inside the nebulizer,
whereas with ammonium sulphite the analyte is
strictly confined to the droplets [2]. This enables
us to study separately the effect of metal ions on
decomposition processes and on the chemilumi-
nescent reaction sequence, respectively. When
sulphite is introduced in a strongly acidic solu-
tion, any interference from metal cations will be
due to recombination reactions between sulphur
species on one side and the metal or some flame
constituent affected by the metal on the other
hand. Conversely, by introducing ammonium sul-
phite along with the same metal, the emission will
also be affected by decomposition processes in
the particles, that are generated by evaporation
of the aerosol droplets.

To see the effect of metal ions during decom-
position of aerosol particles it is important to
choose a counter ion for the metal ions that does
not interfere with the disulphur emission. It is
also important that the counter ion forms ther-
mally labile salts so that decomposition of the
added metal salt is not a dominating process. The
acetate ion was found suitable for this purpose.
50 mM ammonium acetate had no effect on the
response from sulphite with ammonium exchange
nor did the same concentration of acetic acid
with hydronium exchange. This confirms that nei-
ther acetate nor ammonium ions interfere at this
level. It also supports the theory that the con-
structive interference from ammonium on the
emission from sulphate is a volatilization effect
[1]. Both the acidic and ammonium forms of
sulphite are readily decomposed and conse-
quently, no interference is observed.
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We investigated the effect of sodium, potas-
sium, magnesium, calcium, nickel and copper
representing the alkali metals, the alkaline earth
metals and the transition metals. All six metals
are available as reasonably well-defined acetate
salts. The first four frequently occur as major
matrix constituents and the remaining two are
also found in many sample matrices. To be able
to compare gas phase interferences from the
metal ions, sulphite was introduced through hy-
dronium exchange and 0.9 M nitric acid added
through channel C (0.1 M after mixing in the
manifold) to ensure that all the sulphite was
released from the aerosol droplets as sulphur
dioxide. We already know that this acid has very
little effect on the emission from sulphate [1]. It
is easily evaporated and the nitrate ion does not
form stable metal precipitates. With the pumping
rate used, the distance from the mixing point of
channel C to the nebulizer corresponds to ca. 2 s
travel time for the analyte. This was found to be
short enough to practically prevent oxidation of
sulphite to sulphate by the nitric acid in the
absence of a catalyst. All six metal acetates were
introduced in coinciding series, with concentra-
tions at the nebulizer inlet, ranging from 3 to 53
mM with respect to acetate ions. Having cor-

rected the concentration of sulphite for disper-
sion in the manifold as previously described [2],
the metal concentrations can be expressed as
sulphite equivalents. It must be noted though,
that this equivalent concentration is only valid,
while the metal tons and sulphite are contained
in the aerosol. With hydronium exchange all the
sulphite is transferred to the flame gases inside
the nebulizer, whereas only about 10% of the
metal ions reach the flame. With ammonium ex-
change, fewer points were measured since the
emission from ammonium sulphite is much less
intense and the background noise becomes in-
creasingly dominating with increasing metal con-
centration. The results are depicted in Fig. 2. The
intensity values have been corrected for metal ion
background by subtracting the emission obtained
from the metal salt alone, pumping deionized
water instead of the sulphite solution. The square
root was used to give a response that is directly
proportional to the concentration of emitting sul-
phur. In addition, the values are scaled by divi-
sion with the corresponding value obtained with
zero metal concentration (an intensity value of
one corresponds to no interference, except back-
ground elevation). This scaling enables us to view
in a single graph the two sets of results for each
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Fig. 2. The effect of varying concentrations of several metal acetates on the disulphur emission from sulphite. The amount of
injected sulphur is the same in all cases. The emission signal, /, is calculated as a fraction of the intensity measured, when no metal
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metal, even though the emission from ammonium
sulphite is only about 1% that of the free sulphur
dioxide {2]. The background emission intensity
from the six metals at 374.9 nm, was in the order:
Cu < Ni < Ca <« Na <K < Mg.

When sulphite is introduced as an aerosol,
sodium, potassium and magnesium have identical
effects, totally quenching the emission when the
metal concentration reaches one half equivalent
of the sulphite. The extra point found on each of
these three curves (0.25 equivalents) was ob-
tained by approximately doubling the sulphite
concentration through the use of a larger sample
loop. The curves indicate the formation of ther-
mally stable salts. The concentration ratio could
indicate the formation of metal hydrogen sul-
phites or metal ammonium sulphites but, for these
metals, the former are not stable even at room
temperature and the latter probably lack the
thermal stability to totally quench the emission in
the flame. We suggest the formation of metal
disulphites during the drying of aerosol droplets,
since the disulphite ion, S,027, is an equilibrium
component of sulphite solutions, and its fraction
will increase with increasing total sulphite con-
centration [8]. The sodium, potassium, magne-
sium and calcium salts of sulphite and disulphite
have been studied by Foerster et al. [9,10] and
found to be thermally rather stable. Calcium
shows a behaviour similar to that mentioned
above, except that the emission is not quenched
but the efficiency is sharply decreased to about
50% at the half-equivalent level. The shape of
the curve could suggest that a similar salt is
formed, but that it is less thermally stable. Of the
ions studied here, calcium forms the most stable
sulphite and the transformation of calcium disul-
phite to calcium sulphite inside the flame would
explain the form of the curve for calcium.

The situation is clearly more complicated with
copper and nickel, which both produce a rela-
tively even fall in the intensity over the whole
concentration range. At nine equivalents, emis-
sion is still detected with appreciable intensity.
Both metal sulphites are insoluble in water and if
no other metal sulphur compounds were formed
during evaporation or decomposition of the thus
formed particles, the curves should level off to a

plateau, where the metal ion concentration
reaches that of the sulphite. The curves thus
suggest that more than one compound is formed
in both cases. Formation of complex compounds
or double salts may occur [11,12].

Turning to the curves for hydronium exchange,
calcium and magnesium produce no interference
in the gas phase, whereas sodium and potassium
clearly increase the emission efficiency, the latter
by as much as 30%. With both transition metals a
steady fall in the intensity is observed over the
entire concentration range. Neither of the metals
form precipitates or complexes with sulphite
which could withhold sulphur dioxide in the
strongly acidic aerosol phase during nebulization.
The interference was suspected to be the oxida-
tion of sulphite to sulphate, before nebulization,
by nitric acid, catalyzed by the transition metal
ions. To investigate this, we repeated the study
with different acids in channel C. The results are
depicted in Fig. 3. Increasing the concentration
of nitric acid from 0.1 to 0.5 M magnifies the
interference with both metals, whereas with 0.1
M hydrochloric acid no or very little interference
is observed. This supports the idea of catalyzed
oxidation by nitrate. 0.1 M nitric acid and 0.1 M
ammonium chloride together give much less in-
terference than 0.1 M nitric acid alone, suggest-
ing that catalysis with chloro complexes of the
two metals is less effective than with the aqua
complexes.

An enhancement of disulphur emission is ob-
served with orthophosphoric acid and cooling of
the flame has been proposed as an explanation
[1]. The flame temperatures in the presence of
each of the six metals were measured in the
flame centre with a thermocouple probe posi-
tioned in the optimal observation height. The
metal ions were introduced as acetates by direct
aspiration of solutions 120 mM with respect to
acetate ions. Following temperature equilibration
of at least 30 s for each solution, a temperature
value was taken as an average from 12 consecu-
tive readings. Deionized water was aspirated in-
between the metal ion solutions and the tempera-
ture measured in the same way. To detect a
significant fall in temperature, one-sided ¢-tests
with 99% confidence were performed, comparing
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Fig. 3. The effect of copper and nickel ions on the emission
from sulphite with hydronium exchange introducing different
solutions through channel C. The sulphur concentration and
scaling are the same as in Fig. 2. (*) 0.9 M hydrochloric acid,
(X) 0.9 M nitric acid and 0.9 M ammonium chloride, (+) 0.9
M nitric acid, (0) 4.5 M nitric acid.

the mean for each metal with the mean of the
corresponding 24 readings for water (12 before
and 12 after). Magnesium and calcium did not
cool the flame significantly, but sodium and
potassium produced a fall of 6°C and 9°C, respec-
tively, which is in the same order as their emis-
sion enhancement. The intensity enhancement of
0.05 M orthophosphoric acid is about twice the
maximum enhancement of potassium and the
corresponding temperature change was ca. 15°C
[1]. These temperature differences are, however,
not directly comparable, since the phosphate ef-
fect was measured with somewhat different flame
conditions, due to the use of purer nitrogen.
Nickel and copper also decrease the flame tem-
perature significantly, by 6°C and 8°C, respec-
tively. This cooling should enhance the emission,
which suggests that the catalyzed oxidation of
sulphite is even more pronounced than indicated

by the observed fall in the intensity. A tempera-
ture measurement aspirating the same concentra-
tions of nickel and copper acetates in 0.1 M
hydrochloric acid revealed a significant fall, but
of only 3°C and 5°C, respectively. This more
modest cooling of the flame along with the fact,
that in the presence of a catalyst sulphite may be
oxidized to some extent by dissolved oxygen and
in the case of copper by copper ions, may explain
why a distinct intensity enhancement is not ob-
served with either of the metal ions in this acid.

To cool the flame, the decomposition of a
metal salt must either compete with the combus-
tion for one of the two flame gases, as has been
suggested with phosphate [1] or more likely, it has
to consume some of the released heat. In this
study we have equal amounts of both acetate and
nitrate in all six cases and, in the absence of a
catalyst, neither ion effects disulphur emission as
discussed above. The metal ions will be sur-
rounded by oxygen in the dried aerosol particles
so their decomposition is likely to produce either
oxides or free metal atoms. Calcium and magne-
sium form excessively stable oxides which may
explain their minute effect on the flame tempera-
ture, but potassium, which has the greatest cool-
ing effect, forms the least stable oxide and this
can be decomposed, even in this cool flame. The
flame is not hot enough to decompose the three
remaining oxides, so reduction with hydrogen
would be needed, but nickel, which has the most
stable oxide, is the one producing the least cool-
ing effect of the three metals.

4. Conclusions

From the results above, there is nothing that
supports the idea of Belcher et al. [7] that metal
atoms depress the emission by decreasing the
availability of hydrogen radicals through compet-
ing radical reactions. When sulphur is introduced
into the flame unbound by metals, the metals
tested here either had no effect or actually en-
hanced the disulphur emission. The concurrent
cooling effect and intensity enhancement of the
alkali metal salts supports the explanation given
earlier for the constructive interference by phos-
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phate on the emission from sulphate [1]. The
present data do in general support the idea that
the release of sulphur from analyte salts is the
major rate determining effect in the disulphur
emission process. Once sulphur has been re-
leased to the gas phase, other substances seem to
interfere only indirectly by altering the tempera-
ture of the flame. This cool flame will not ther-
mally decompose the oxides of sodium, copper or
nickel, yet their acetates significantly affect its
temperature. This indicates that the effect of
reduction is important as was pointed out for
phosphorus by Dagnall et al. [5] and in the MECA
study on sulphur by Belcher et al [7].

The present work was meant to improve our
understanding of disulphur emission and related
phenomena in hydrogen diffusion flames. It has
in addition suggested to us a possible means of
dealing with the inevitable interferences from sul-
phate and phosphate when detecting sulphur
dioxide or hydrogen sulphide for the measure-
ment of sulphite, thiosulphate or sulphide. Cal-
cium, which produces relatively modest back-
ground emission at the relevant wavelength may
be useful in masking the interfering emission
from both ions without effect on the emission
from the analytes when they are introduced in
strongly acidic solutions. Furthermore, adding

copper(II) ions when determining sulphite, may
be useful in masking sulphide ions.
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Abstract

Electrothermal atomic absorption spectrometry (ETA-AAS) of aluminium with a tungsten tube atomizer was
investigated. By the addition of hydrogen to the argon purge, a sensitive ETA-AAS method was developed. The
optimum gas flow-rates were argon 300 ml min ! and hydrogen 200 ml min~!. The absolute characteristic mass (the
mass of element giving 0.0044 absorbance) of aluminium by the atomizer was 0.98 pg and the detection limit was 52
pg ml~ !, These values were more than ten times better than those obtained using a graphite atomizer, inductively
coupled plasma (ICP), flame AAS, neutron activation analysis, x-ray fluorescence spectrometry and ICP mass
spectrometry. The interferences caused by large amounts of interferents were evaluated. For severe interferences,
the standard additions method was applied to the determination. The analytical results were in good agreement with
the certified values.

Key words: Atomic absorption spectrometry; Aluminium; Biological materials

1. Introduction try (ICP-AES) [24], flame AAS [25], neutron acti-
vation analysis [9,26] and x-ray fluorescence spec-

Aluminium has been found to be toxic to trometry [27]. However, these methods, except

haemodialysis patients and has been suggested as
a cause of Alzheimer’s disease [1-3]. Therefore,
interest in the possible biological function of alu-
minium continues to increase. Several methods
have been used to determine the aluminium con-
centration, including graphite furnace atomic ab-
sorption spectrometry (GFAAS) [4-23], induc-
tively coupled plasma atomic emission spectrome-

* Corresponding author.

for GFAAS, show poor sensitivity for measuring
trace levels of aluminium in biological materials
or are time consuming and the facilities are not
always readily available. ETAAS is in much more
general use.

In recent years, metal tubes as atomizers in
ETA-AAS have been developed [28-31). This
type of atomizer has been found to be superior to
graphite atomizers because of the higher sensitiv-
ity, the ability to use smaller sample sizes, the
relatively low power consumption and the low
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SSDI 0003-2670(93)E0684-Y



116 K Ohta et al. / Analytica Chimica Acta 291 (1994) 115-120

cost. There is, however, little information on the
application of metal tube atomizers in ETAAS.

This paper describes the determination of alu-
minium in biological samples by ETAAS with a
tungsten tube atomizer. Atomization characteris-
tics for aluminium in the atomizer were evalu-
ated. Interference studies on the aluminium ab-
sorption signal were also performed.

2. Experimental
2.1. Apparatus

Atomic absorption was measured at 328.1 nm
(Al hollow-cathode lamp; Hamamatsu Photonics)
using a monochromator (Nippon Jarrell-Ash 0.5-
m Ebert-type), an amplifier, a storage oscillo-
scope (Iwatsu MS-5021) and a microcomputer
(Sord M223). The tungsten tube atomizer (25 mm
long X 1.8 mm i.d. with 0.05-mm wall thickness)
was made from high-purity tungsten foil (99.95%
purity; Rembar). A 0.3-mm diameter hole was
drilled at the mid-point of the tube to inject
sample solution. The electric power for heating
the atomizer was supplied by a step-down trans-
former and a transformer (Yamabishi volt-slider,
S$-130-30, capacity 3 kV A). Two pinhole aper-
tures were placed in front of and at the rear of
the atomizer, in order to collimate the light beam
and eliminate the radiation from the atomizer
surface. Background absorption was checked with
a deuterium lamp (Original Hanau D200F). The
absorption signal from the amplifier and the out-
put signal from a photodiode for the measure-
ment of atomizer temperature were simultane-
ously fed into the microcomputer. Calibration of
the temperature of the atomizer was done against
the photodiode voltage with an optical pyrometer
(Chino Works) and a microcomputer [29].

2.2. Reagents

A stock standard solution (1 mg mi~!) of alu-
minium was prepared as the nitrate in 0.1 M
HNO; after dissolving the high-purity metal in 7
M HNO,. Solutions of the matrix elements for
the interference study were prepared as nitrates

or chlorides in 0.1-6 M nitric acid. Working
standard solutions with concentrations appropri-
ate to the atomic absorption measurements were
prepared by diluting the stock standard solutions
with water immediately before use. All chemicals
used were of analytical-reagent grade.

2.3. Procedures

For the interference study, a 1-ul portion of
the sample solution containing Al (0.2 ng ml~1!)
and interferent (20-200 g ml™!) was pipetted
into the tungsten tube atomizer. The sample was
dried at 90°C for 10 s and 1200°C for 10 s and
heated to atomize at 2410°C for 3 s. The atomiza-
tion temperature corresponded to a heating rate
of 5.1°C ms™ 1.

An accurately weighed biological sample (about
0.5 g) was treated with 3 ml of nitric acid (14 M)
and 1 ml of hydrogen peroxide (30%) in a Uni-seal
decomposition vessel and heated for 3 h in an
electric oven at 120°C. After the decomposition,
the solution was evaporated in a Teflon beaker by
heating in a polyethylene glycol bath (110°C) and
then the wet residue was dissolved in 5 ml of 1 M
nitric acid on the bath. Finally, the solution was
transferred into a 50-ml volumetric flask and,
after the addition of standard aluminium solu-
tion, diluted to volume with water. ETAAS mea-
surements were performed in the same manner
as described for the interference study.

3. Results and discussion
3.1. Effect of heating rate

As some elements are affected by the atomiza-
tion rate of the atomizer, as reported in a previ-
ous paper [29], for aluminium also it is important
to investigate the effect of the atomization rate
on the aluminium AA profile. Therefore, the AA
signals were measured at various heating rates of
the atomizer (6.3, 5.1 and 3.3°C ms™!). The ab-
sorption profile of aluminium was characterized
by a sharper and narrower peak with increase in
heating rate, as shown in Fig. 1. The appearance
temperature of the aluminium signal (1450°C),
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which is defined as the temperature of the atom-
izer giving an absorbance of 0.0044, was indepen-
dent of the heating rate. Aluminium nitrate is
converted into amorphous alumina at 500-700°C
[32]. The appearance temperature of aluminium
in the tungsten atomizer is too low compared
with the melting and boiling points of aluminium
oxide (2072 and 2980°C, respectively [33]). As
aluminium produces an intermetalic compound
with tungsten [32), it seems reasonable to assume
that aluminium oxide reduced at < 1450°C (dur-
ing the pyrolysis stage) in an argon-hydrogen
atmosphere is adsorbed as aluminium metal on
the surface of the tungsten and then atomized
(the melting and boiling points of aluminium are
660.37 and 2467°C, respectively {33]). The tem-
perature at the maximum of the AA signal (peak
temperature) was 2100°C at 6.3°C ms~!, 1880°C
at 5.1°C ms~! and 1560°C at 3.3°C ms~!, and
thus the peak temperature of the signal was found
to be dependent on the heating rate. These phe-
nomena are the same as those observed for the
absorption of silver, etc. [29]. Although the high-
est AA signal of aluminium was obtained at a
heating rate of 6.3°C ms™’, a rate of 5.1°C ms~!
was adopted in view of the lifetime of the metal
atomizer.

3.2. Effect of hydrogen

A small amount of hydrogen has been found to
be very effective for the atomization of some
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Fig. 1. Effect of heating rate of the tungsten atomizer on
atomic absorption of aluminium. (a,a’) 6.3°C ms™!; (b,b)
5.1°C ms™ % (c,c’) 3.3°C ms™'; (a—c) atomization profiles;
(a'—c’) temperature increase. Al, 200 pg; purge gas, 480 ml
min~! Ar+20 ml min~! H,.
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Fig. 2. Effect of hydrogen on atomic absorption of aluminium.
(a) 500 ml min~" Ar; (b) 480 m! min~' Ar+20 ml min~! H,;
(c) 400 ml min~! Ar+100 mi min~! H,; (d) 300 ml min~!
Ar+200 ml min~! H,; (¢) 200 ml min~ Ar-+300 ml min~!
H,; (f) 500 ml min~! H,; (g) temperature increase. Al, 200
pg; heating rate, 5.1°C ms 1.

elements in ETAAS with a metal tube atomizer
[28,30,34]. Therefore, the absorption signal for
aluminium (200 pg) was evaluated in an argon—
hydrogen purge gas at a heating rate of 5.1°C
ms~'. A small addition of hydrogen (< 100 ml
min~!) to the argon purge gas provided higher
peaks than obtained in pure argon, but above 100
ml min~! of hydrogen the peak height of the
aluminium signal decreased and in pure hydrogen
the AA signal became very small and shifted to
the lower temperature region, as shown in Fig. 2.
It seems likely that the effect of hydrogen on the
aluminium AA signal is due to the high specific
heat of hydrogen. This phenomenon was similar
to that observed with titanium [31]. The optimum
purge gas flow-rates for the absorption signal
were argon 400 ml min~! and hydrogen 100 ml

min L.

3.3. Effect of pyrolysis temperature

In order to achieve the sensitive absorption of
aluminium, it is important to select the appropri-
ate pyrolysis temperature for the analysis. The
effect of pyrolysis temperature on the absorbance
of aluminium in the tungsten tube atomizer is
shown in Fig. 3. For the atomization of alu-
minium, the sensitive pyrolysis temperatures are
> 1200°C (about 1450°C, high-frequency temper-
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Fig. 3. Effect of pyrolysis temperature on atomic absorption
signal of aluminium. Al, 200 pg.

ature) in a graphite furnace atomizer [4-23] and
> 1600°C in a slotted graphite tube atomizer [5).
In the metal atomizer, the highest absorbance
was obtained at a pyrolysis temperature of about
1200°C. Above 1300°C, the absorbance decreased
significantly. The trend of the curve with the
tungsten atomizer was similar to that with a
graphite furnace atomizer [4]. However, the opti-
mum pyrolysis temperature with the metal atom-
izer was lower than that in GFAAS. The differ-
ence may arise because there is no formation of
aluminium carbide in the metal tube. Finally,
with the tungsten atomizer, it was found that the
optimum pyrolysis temperature was in the range
1000-1250°C.

3.4. Detection limit, characteristic mass and repro-
ducibility

The characteristic mass of aluminium with the
atomizer was 0.98 pg. The detection limit, calcu-
lated as the weight of analyte that gave an atomic
absorption signal equal to three times the stan-
dard deviation of the background (obtained from
the measurement of a solution blank), was calcu-
lated from the height of the aluminium absorp-
tion signal. The detection limit of aluminium with
the use of the tungsten tube atomizer was 0.52 pg
(corresponding to 52 pg ml~!, 10 w1 taken). These
values were more than ten times better than the

characteristic mass (5.6 pg [7]) and detection limit
(1300 pg ml~! [23]) obtained with graphite atom-
izers and those obtained with ICP (20 ng ml™'
[24]) and ICP-MS (600 pg ml~' [24]). The better
sensitivity with the tungsten atomizer may be due
to the non-porous atomizer wall differing from a
graphite furnace [34], the lack of formation of the
carbide [35], the difference in the adsorptivity of
aluminium nitrate on tungsten and carbon and
the much smaller volume compared with graphite
furnaces. Although it has been reported that when
heated at 100-150°C 75% of aluminium nitrate is
eliminated [32], the nitrate in the tungsten atom-
izer and the reducing atmosphere may make va-
porization difficult at the temperature used owing
to the Al-W affinity.

The reproducibility with the use of the tung-
sten atomizer was investigated. The relative stan-
dard deviation for 200 pg of aluminium was 3.8%
for ten measurements.

3.5. Interference study

In the determination of aluminium in biologi-
cal materials by GFAAS, interferences by some
matrix elements have been observed [4-22].
Therefore, the influences of Ca, Cu, Fe, K, Mg,
Na, Pb and Zn, which are included as matrix
elements in biological materials, on the alu-
minium absorption signal were investigated in the
tungsten tube atomizer. The aluminium signal in
the presence of these elements (200 ng) was mea-
sured using both the peak-height and the peak-
area methods. The trends of the interferences by
these methods were similar, as summarized in
Table 1. The peak-height measurement method
was adopted for of the convenience. The alu-
minium signal (200 pg) was influenced by Ca, Fe
and Mg, but the reason is unclear. With graphite
furnace atomizers, interferences of Ca, Fe, Na, K
and Mg on the aluminium signal have been re-
ported [12,22,26]. In order to eliminate the inter-
ferences in GFAAS, many chemical modification
methods [3,6,7,11,12,14,15,17] have been pro-
posed for the accurate determination of alu-
minium in biological materials. Mg(NO,),,
Ca(NO,),, CuF,, Triton X-100, orthophosphoric
acid, phosphate, carbon black, nitric acid, etc.,
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Table 1

Interferences on the atomic absorption signal of aluminium
Interferent Peak-height Peak-area
Element  Amount (ng) (absorbance)  (absorbance s)
Al 0.2 0.397+0.021 9.97+0.24
Ca 200 0.325 £ 0.010 7.03+0.29
Cu 200 0.401+0.022 10.15+0.52

Fe 200 0.219+£0.015 6.79+0.28

K 200 0.395+0.019 9.98+0.63
Mg 200 0.264+0.015 5.74+0.29
Na 200 0.408+0.020 10.38+0.14
Pb 200 0.358+0.026 9.61+0.28
Zn 200 0.411+0.015 9.64+0.22

Number of measurement > 5.

have been reported as chemical modifiers. All the
chemical modifiers reported in the literatures
were therefore tested in the determination of
aluminium with the metal tube atomizer. How-
ever, none of them could eliminate the interfer-
ences completely.

3.6. Determination of aluminium

As a suitable chemical modifier could not be
found for the tungsten atomizer, a standard addi-
tions method was applied to the determination of
aluminium in biological materials. Following the
digestion of biological samples, the samples were
analysed by the standard additions method under
the optimum conditions. Volumes of 0.2-1 ml of
aluminium standard solutions (0.1 ng Al ml™})
were added to the sample solutions and then the

Table 2
Determination of aluminium in NIST SRM in biological ma-
terials

Sample Concentration of aluminium (ug g~1)
Found * Certified
value
SRM 1577a 1.91+0.26 20
Bovine Liver
SRM 1549 2.05+0.09 20
Non-Fat Milk
SRM 1572 994 +4.4 92415

Citrus Leaves

* Number of analyses = 3.
® Information value (uncertified).

calibration graph was constructed. Table 2 gives
the results obtained for some biological Standard
Reference Materials (NIST), compared with the
certified values. The relative standard deviations
were better than 13.6% for three replicate analy-
ses. The average value found for the standards
lies within the limits of the certified values. The
results obtained with the standard additions tech-
nique can be considered satisfactory for the de-
termination of aluminium in biological materials,
whereas it has been reported that GFAAS did
not yield accurate results [6].

As described above, for the determination of
aluminium the major benefits of the tungsten
tube atomizer in an argon-hydrogen atmosphere
are the high sensitivity and the longer lifetime
(more than 5000 firings) than that of a graphite
furnace (200-250 firings) [16]. The performance
characteristics of the tungsten tube atomizer will
serve for the accurate and sensitive determina-
tion of aluminium in complex samples.
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Abstract

A simplified indirect method for the determination of the total content of polychlorinated organic compounds in
waters, soils and plants was developed using adapted versions of molecular emission cavity analysis based on
measurements of the intensity of the emission band of indium monochloride at 359.9 nm. The compounds of interest
were separated from the matrix by liquid-liquid extraction. The detection limit was 0.05 ng of chlorine. The
proposed technique is suitable for the evaluation of the level of contamination of some environmental samples with
polychlorinated organic pesticides and other similar pollutants.

Key words: Atomic emission spectrometry; Molecular emission cavity analysis; Pesticides; Plants; Polychlorinated

organic compounds; Waters

1. Introduction

The presence of polychlorinated organic com-
pounds in environmental samples indicates con-
tamination with pesticides, herbicides and their
residues [1], which is why the permanent control
of the total content of these compounds in wa-
ters, soils and plants is of great importance in
ecological analytical services.

Simple, inexpensive and accessible analytical
methods for routine laboratories include poten-
tiometry [2], coulometry [3], inverse polarography
[4] and spectrophotometry [5]. However the prac-
tical applicability of these methods is question-
able because of the serious interferences arising
from other halogenated compounds and high lim-
its of determination that prevent the determina-

tion of the pollutants at tolerable concentration
levels. The most reliable method is chromatogra-
phy combined with mass spectrometry [6], but it is
very expensive and requires skilled operators.
Molecular emission cavity analysis (MECA) is
a reliable technique for the determination of
halogen-containing compounds [7,8], in view of
the high selectivity and the simplicity of the appa-
ratus. This method is based on measuring the
intensity of emission bands of volatile mono-
halides of some metals (Cu, Ge, In, Ga, Sn and
certain others) in cool diffusion-type hydrogen-
containing flames. The halogens alone do not
emit in such flames, and it is therefore necessary
to convert the halides into a metal halide to
obtain the metal halide emission. In one method
halide-containing solutions were injected into a

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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cavity coated with the required metal and heated
in an appropriate flame, so that the halogen
atoms reacted with the metal coating of the inner
surface of the cavity to form corresponding
monohalides.

Indium offers the greatest promise for the
determination of chlorine, because the molecular
emission band of indium monochloride at 359.9
nm has a very high intensity and does not overlap
significantly with the molecular emission bands of
the other indium monohalides or other indium
compounds [9].

It has been found that this simple version of
MECA does not ensure the required sensitivity of
determination as only a small proportion of the
compound of interest has an opportunity to react
with indium atoms to yield indium monochloride
molecules, owing to the fairly low concentration
of indium atoms in the gas phase in the cavity. To
increase the sensitivity, various modifications of
MECA can be used. One means of improving the
reaction conditions consists in adding a preas-
signed amount of an indium compound to the
sample solution. Thus, a high concentration of
indium atoms is generated in the gas phase in the
cavity. In another approach, one can feed into
the cavity an excess of the vapour of a volatile
chelate of indium, and thus the effective concen-
tration of indium atoms in the gas phase in-
creases by several orders of magnitude.

In this work, modified MECA methods for the
determination of chlorine in combination with
extraction recovery of the compounds of interest
was used for a rapid, rough evaluation of the
total contents of polychlorinated organic com-
pounds in waters, soils and plants.

2. Experimental

2.1. Instrumentation

The basic design of the laboratory-built MECA
spectrometer has been described elsewhere [10].
As a preselected spectral band (360 nm) is
recorded, instead of an expensive monochroma-
tor a narrow-band interference filter was used

(type UIFS-75 with maximum transmittance at
360 nm and a half-width of about 6 nm; Russian
manufacture) in combination with a diffraction
grating with 600 lines mm™'. Such a combination
eliminates any stray radiation in the analytical
signal and ensures a wide linear dynamic range of
measurements. For detection of radiation, an
FEU-79 photomultiplier tube, installed in a cold
housing that was thermostated at —60°C by dry-
ice—acetone, was used. The anodic current of the
photomultiplier was recorded by using a linear
amplifier interfaced with an Elekzronika-60 mi-
croprocessor equipped with an I-5 integrator (all
equipment of Russian manufacture). Such con-
struction is compact and allows rapid determina-
tions in the field.

As the analytical signal, the integral value of
the intensity of the molecular emission, /., was
used. It was calculated by integration of the an-
odic current of the photomultiplier for a period
from the moment of appearance of the current
signal until the anodic current returned to the
conditional zero (“idling” value), and expressed
in arbitrary units. As a calibration function, the
specific integral value of the intensity of molecu-
lar emission, (1,),, expressed in arbitrary units
per nanogram of chlorine in an analysed aliquot
of sample solution, was used.

For grinding and homogenization of solid sam-
ples (soils and plants), a Mikro-Dismembrator
Type II (Braun, Melsungen, Germany) equipped
with PTFE-lined grinding parts was used. The
sample was cooled with liquid nitrogen and then
ground for 15 min at an amplitude of vibration of
about 1.5 cm.

A radiotracer study was carried out by using a
40-cm® Ge-Li detector interfaced with a B-2
count-rate digital integrator (Russian manufac-
ture).

2.2. Procedures

Water samples are first filtered through a Type
UAM-500 membrane filter (Russian manufac-
ture) to remove suspended particles. The compo-
nents to be determined are extracted from 500-ml
samples with hexane using a device and tech-
nique as described by Murray [11]. Extraction is



V.I. Rigin / Analytica Chimica Acta 291 (1994) 121-126 123

carried out sequentially with three 2-ml portions
of hexane. The obtained extracts are combined in
a conical flask and dried with sodium wire. This
treatment frees the extract from the last traces of
inorganic chlorides that may pass into the hexane
from the water sample.

In the first version of the modification of
MECA measurements, the dry extract is intro-
duced into a 10-ml volumetric flask, then a known
amount of an organic indium compound in hex-
ane is added and the solution is diluted to volume
with dry hexane. This final hexane solution serves
as the analytical concentrate for spectral mea-
surements. An aliquot of the hexane analytical
concentrate (0.20 ml) is smeared on the inner
surface of the MECA cavity, the cavity is intro-
duced into the flame and the analytical signal is
measured.

In the second version of modification of MECA
measurements, the dry extract is introduced into
a 10-ml volumetric flask and diluted to volume
with dry hexane. An aliquot of this solution (0.20
ml) is smeared on the inner surface of the MECA
cavity and then, while a flow of vapour of indium
chelate is fed into the cavity, the cavity is intro-
duced into the flame and the analytical signal is
recorded simultaneously.

Solid samples (plants and soils) are ground
and analysed under conditions of natural mois-
ture without preliminary drying in order to avoid
any losses of compounds of interest. The required
weight (about 5 g) of the ground sample material
is placed in the sleeve of a Soxhlet extractor and
polychlorinated organic compounds are extracted
with 20 m! of hexane for 30 min. After cooling
and separation of the phases, the hexane extract
is treated as described above, using a 25-ml volu-
metric flask.

2.3. Recovery studies and reference samples

The completeness of the recovery of the ana-
lyte compounds from the investigated samples
into the analytical concentrate was studied by a
radiotracer method. In water analysis, synthetic
reference samples containing polychlorinated or-
ganic compounds labelled with **Cl were used.
As model compounds octachloronaphthalene,

hexachlorobiphenyl and heptachlor (1,4,5,6,7,8,9-
heptachloro-3a,4,7,7a-tetrahydro-4,7-methanin-
dene, C,,H,Cl,) were used. Experiments with
water samples spicked with these compounds
demonstrated that triple extraction with hexane
ensures a mean recovery of 93 + 5%. It was also
established that polychlorinated organic com-
pounds display no noticeable interaction with
sodium wire.

The preparation of reference samples of plants
follows the method of hydroponic cultivation of
fast-growing plants using a feed solution that
contains the above labelled compounds. By
changing the concentrations of these compounds
in the feed solution, plant samples with various
contents of the compounds of interest can be
obtained. It is important that the concentrations
of contaminants in such samples should corre-
spond to those occuring in natural plants. The
synthetic sample obtained is treated as described
above; the radioactivity levels in the starting ma-
terial, the ultimate analytical concentrate and the
residue in extractor after completion of the re-
covery procedure were measured. Using these
results the recoveries were calculated to be 95 +
7%.

To verify the validity of the results obtained by
the proposed technique, some samples were anal-
ysed by means of chromatography—mass spec-
trometry using the method recommended by the
US EPA [12].

The two modifications of spectrometric mea-
surement described above, which ensure the effi-
cient concentration of indium atoms in the gas
phase in the cavity, were used, one consisting of
addition of any easily decomposed indium com-
pound to the analytical concentrate before injec-
tion into the cavity, and the other the immediate
feed of vapour of a volatile chelate of indium
inside the cavity while measuring the molecular
emission.

Performance of the first method presents no
special problems because indium forms many
hexane-soluble salts that are readily obtainable.
It was established that the nature of such com-
pounds has no effect on the intensity of the
analytical signal, and the total concentration of
indium in the analytical concentrate must be not
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less than five times the expected concentration of
chlorine.

A severe experimental difficulty is the choice
of the indium chelate for obtaining a suitable
vapour to feed into the cavity. The chelate to be
used should have conflicting characteristics: it
must be stable enough in the gas phase and yet
be decomposed rapidly and easily on heating in
the cavity. Preliminary experiments indicated that
indium acetylacetonate and pivaloylmethanate are
best suited for this purpose.

3. Results and discussion

Tables 1 and 2 give the values of the specific
integral intensity of molecular emission, (1,),,
obtained under given experimental conditions for
reference samples containing different combina-
tions of labelled polychlorinated organic com-
pounds, using the two modifications of MECA
measurements. The emission intensities are inde-
pendent of the nature of the compounds used but
show considerable variations between the two
methods. With direct feeding of indium chelate
vapour into the cavity, the emission intensity is
much stronger than when indium salt is intro-
duced in the final analytical concentrate.

The instrumental detection limit found for pure

Table 1

Values of (1), (x £+ ts/ V), in arbitrary units per nanogram
of chlorine, for various reference compounds and their combi-
nations in plant and water samples, obtained by spectrometric
measurements with addition of indium salt to the analytical
concentrate (n=10; P =0.95)

Reference Sample

compound * Plant Water
A 75+5 77+5
B 73+5 82+6
C 81+6 7445
A+B 75+4 815
A+C 7145 81+4
A+B+C 81+6 82+6

Mean value of (I.), accepted for computation of results of
analyses is equal to 78 arbitrary units per nanogram of chlo-
rine in the measuring cavity.

? A = octachloronaphthalene; B = hexachlorobiphenyl; C =
heptachlor. .

Table 2

Values of (1,), (¥ + ts /yn), in arbitrary units per nanogram of
chlorine, for various reference compounds and their combina-
tions in plant and water samples, obtained by spectrometric
measurements with direct feed of indium chelate vapour into
the cavity (n =10; P =0.95)

Reference Sample

compound * Plant Water
A 92+6 96 +5
B 93+5 95+5
C 94+5 95+4
A+B 96+5 95+4
A+C 9716 96+6
A+B+C 93+6 95+7

Mean value of (I,),, accepted for computation of results of
analyses is equal to 95 arbitrary units per nanogram of chlo-
rine in the measuring cavity.

? A = octachloronaphthalene; B = hexachlorobiphenyl; C =
heptachlor.

hexane solutions of polychlorinated organic com-
pounds averages about 0.05 ng of chlorine intro-
duced into the cavity. The determination range
(with a relative standard deviation of not more
than 0.1%) is 0.2-500 of chlorine in aliquot.

Most of usual pesticides have chlorine con-
tents between 30 and 60%, and therefore one can
calculate the approximate content of polychlori-
nated compounds by doubling of found content
of chlorine. If the nature of the pesticide to be
determined is known, then its content may be
determined more precisely.

Contents of polychlorinated organic com-
pounds in samples of plants and soils taken from
fields that had been treated with various individ-
ual pesticides are given in Tables 3 and 4. The
same samples were also analysed independently
by chromatography—mass spectrometry according
to the US EPA method [12]. The good agreement
between the results for the two methods is evi-
dence for the reliability of the proposed method.

Table 5 contains results for the determination
of polychlorinated organic compounds in waters
from various springs. It should be particularly
emphasized that the analyses were performed
under field conditions, at the sampling sites, which
obviates the need to conserve samples and elimi-
nates the risk of losses of analytes and uncontrol-
lable contamination of samples.
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Table 3
Contents of pesticides in plants sampled from fields treated
with individual pesticides (n=35; P = 0.95)

Table 5
Determination of total content of polychlorinated organic
compound in water from various springs (n=35; P = 0.95)

Pesticide Plant Found (ugg=1)?
Proposed Chromato-
method graphy—mass
spectrometry

Bayer 13 /59 Beans 0.15+£0.02% 0.13+0.01
Wheat corn  0.09+0.01% 0.08+0.01

Heptachlor Cucumber  0.08+0.01* 0.07+0.01
Potatoes 0.11+£0.022 0.1240.01
Tomato 0.15+0.03°> 0.1140.01
Lindane Cabbage 0.46+0.08° 0.41+0.03
Potatoes 0.71+0.132 0.5740.08
Polychloro- Peas 0.09+0.02° 0.08+0.005
pinene Potatoes 0.05+0.01° 0.04+0.01
Sugar-beet  0.03+0.012 0.01+0.005
Trichlorometh- Cabbage 095+0.11* 0.96+0.07
aphos-3 Cucumber 1.14+0.13°% 1.05+0.09
B g+ts/Vn.

® Method: addition of indium salt to analytical concentrates.
¢ Method: direct feeding of indium chelate vapour into cavity.

In most instances there is no need to know the
precise values of the concentrations of polychlori-
nated organic compounds in the investigated
samples, as it is sufficient to estimate level of
pollution in relation to tolerable levels. The pro-

Table 4
Results of analysis of soils treated with individual pesticides
(n=35; P=0.95)

Pesticide Found (ugg™!)?
Proposed Chromatography—
method mass spectrometry
Bayer 13 /59 112+ 0.18% 1.05+0.08
1.09+ 0.11°
Heptachlor 027+ 0.02° 0.17+0.01
Lindane 085+ 0.15¢ 0.81+0.06
Polychloropinene 044+ 0.09° 0474004
) 045+ 0.06 ¢
Trichlorometaphos 0.69+ 0.15> 0.62+0.05

Hexachlorobiphenyl 4 75  +17° 69 +5
77 +18°¢

B x4ts/Vn.

® Method: addition of indium salt to analytical concentrate.
¢ Method: direct feeding of indium chelate vapour into cavity.
4 Soil pollution as a result of an accident in a transformer
substation.

Site of sampling Found (mg1~1) 2

Proposed Chromatography—
method mass spectrometry
Lake Shira 1.7+03° 1.45+0.08
1.52+0.12 ¢
Lake Svaticovo 0.38+0.05° 0.35+0.02
Lake Uchum 1.8+0.5° 1.62+0.07
River Chulym 28+05° 2.55+0.09
2.65+0.15°
River Kizir 0.05+0.02° 0.01 +0.005
River Tom 52 +9° 46 +3
River Yenisei 0.91+0.15° 0.89+0.06
0.90+0.06 ©

P X+ts/ 1/; .
® Method: addition of indium salt to analytical concentrate.
¢ Method: direct feeding of indium chelate vapour into cavity.

posed technique allows this to be achieved by
using inexpensive and simple apparatus, with a
mean duration of analysis of less than 1 h.

Acknowledgement

The author is grateful to Dr. G.G. Alekseev
for performing chromatographic-mass spectro-
metric measurements.

References

[1] H. Maier-Bode, Herbizides und ihre Riickstande, Ulmer,
Stuttgart, 1971.

[2] 1. Neupert, Acta Hydrochim. Hydrobiol., 11 (1983) 595.

[3] R.C.C. Wegman and P.A. Greve, Sci. Total Environ., 7
(1977) 235.

[4] N.S. Rajkov, M.S. Zacharov and A.V. Guntzov, Zh. Anal.
Khim., 43 (1988) 666.

[5] D.T.E. Hunt and A.L. Wilson, The Chemical Analysis of
Water. General Principles and Techniques, Royal Society
of Chemistry, London, 1986.

[6] M.A. Brown (Ed.), Liquid Chromatography / Mass Spec-
trometry: Application in Agricultural, Pharmaceutical and
Environmental Chemistry, American Chemical Society,
Washington, DC, 1990.

[7] R. Belcher, S.L. Bogdanski, E. Henden and A. Town-
shend, Anal. Chim. Acta, 92 (1977) 33.



126 V.I Rigin / Analytica Chimica Acta 291 (1994) 121-126

[8] M. Burguera, S.L. Bogdanski and A. Townshend, CRC [11] D.A. Murray, J. Chromatogr., 177 (1979) 135.

Crit. Rev. Anal. Chem., 10 (1981) 185. [12] Manual of Analytical Methods for the Analysis of Pesti-
[9] K. Dittrich, CRC Crit. Rev. Anal. Chem., 16 (1986) 223. cide Residues in Human and Environmental Samples,
[10] V.I. Rigin, Zh. Anal. Khim., 40 (1985) 1312; 42 (1987) US Environmental Protection Agency, Washington, DC,

1778. 1979.



ANALYTICA
CHIMICA
ACTA

"

ELSEVIER Analytica Chimica Acta 291 (1994) 127-136

Graphite furnace hydride preconcentration and subsequent
detection by inductively coupled plasma mass spectrometry

Isam Marawi, Jiansheng Wang, Joseph A. Caruso *
Department of Chemistry, University of Cincinnati, Cincinnati, OH 45221-0172, USA

(Received 18th October 1993; revised manuscript received 5th January 1994)

Abstract

Preconcentration of multi-element volatile hydrides in a graphite furnace and the subsequent determination by
inductively coupled plasma mass spectrometry (ICP-MS) is a relatively new method for elemental analysis. This
method offers several advantages over direct hydride generation sample introduction. In this technique the excess
hydrogen generated as a by-product of the reduction reaction of the analytes was not introduced into the plasma
with the analytes, thus giving the plasma greater stability. The hydrides of arsenic, bismuth, and tellurium were
trapped in the presence of metallic palladium inside the graphite tube of an electrothermal vaporization unit, and
subsequently determined by the ICP-MS in a single run. The linearity obtained using this method was limited to a
sub-ng/ ml concentration range. The preliminary limit of detection calculated for arsenic is 0.002 ng ml~1, this value
was based on the slope value of the linear portion of the calibration curve. Effectiveness of the trapping method was
determined by analysis of a standard reference material.

Key words: Inductively coupled plasma mass spectrometry; ETV graphite furnace; Hydride preconcentration; Pre-
concentration

1. Introduction One advantage of hydride generation is the
ability to preconcentrate the analytes before they

In recent years, the demand to find lower reach the atomizer. The method most often used

limits of detection for elements with environmen-
tal significance has been greater than ever before.
Several elements which are considered an envi-
ronmental hazard, and which can form volatile
hydrides include As, Sn, Pb, Bi, Se and Te. The
advantages of the hydride generation technique
for sample introduction in atomic spectrometry
have been described in several reviews [1-5].

* Corresponding author.

for hydride preconcentration is the cold trapping
technique, which was first introduced by Holak
{6]. In this method the volatile products of the
hydride generation reaction are purged through a
liguid nitrogen trap. The hydride analyte con-
denses inside the trap while the hydrogen by-
product vents. After the reaction is complete the
trap is removed from the liquid nitrogen and
heated rapidly to revolatilize the hydride. An
argon purge carries the hydride from the trap
into the atomizer. The rapid volatilization of the

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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hydrides is a convenient way to introduce the
analytes into the atomizer as a plug, consequently
lower concentration limits of detection for those
elements are achievable. However, the cold trap-
ping method is limited due to poor recoveries of
some elements after the trapping step [7].

Another method that can be employed for
preconcentrating volatile hydrides is graphite fur-
nace trapping. This technique, which has been
discussed in earlier publications [7-12], relies on
the fact that the gaseous hydrides of certain ele-
ments can be adsorbed on a hot graphite surface.
The graphite furnace trapping method has gained
popularity because of the high sample transport
efficiency with in situ atomization and detection
by atomic absorption spectroscopy (AAS). Lee [7]
collected bismuth hydride in a modified carbon
rod atomizer and reported collection efficiencies
of 72%. Andreae [8] trapped tin hydride inside an
unpyrolyzed graphite tube. However, most of the
trapping efficiency was lost when a pyrolytically
coated tube was used. Sturgeon et al. used the
trapping technique to determine arsenic [9], tin
[10] and lead [11]. In later work [12] they reported
improved analytical figures of merit for the trap-
ping technique by adding palladium metal as a
modifier to the graphite furnace.

Inductively coupled plasma mass spectrometry
(ICP-MS) has gained in popularity for trace ele-
mental analysis over the last decade. Element
specificity, low limits of detection, and multi-ele-
ment determination capability are some of the
advantages of this technique. Heitkemper and
Caruso {13] combined continuous hydride genera-
tion with ICP-MS using a nebulizer and water
cooled spray chamber as a gas-liquid separator.
This method had the advantage of determining
hydride-forming elements and non-hydride form-
ing elements simultaneously. A concentration
limit of detection of 17 pg ml~! for arsenic was
reported, one order of magnitude lower than the
limit of detection reported for pneumatic nebu-
lization without the hydride generation. However,
the molecular hydrogen, which was the reduction
reaction by-product, is also introduced into the
plasma. The presence of the excess hydrogen in
the plasma alters its ionization efficiency and
stability. Also, the presence of chloride in the

sample produced an isobaric interference with
the determination of arsenic at mass-to-charge
ratio (m /z) 75, due to the formation of the
polyatomic ion “?Ar*Cl* in the plasma. Several
investigators [14-16] were successful in eliminat-
ing the “’Ar?*Cl™* interference by preventing the
chloride ion from reaching the plasma. They used
a porous membrane as an in-line gas—liquid sepa-
rator. These membranes allowed only the volatile
products to reach the plasma.

Combining electrothermal vaporization (ETV)
sample introduction with ICP-MS, should result
in low absolute limits of detection. However, this
method is volume limited to a maximum of 50 ul,
and a preconcentration step is often required.
Carey et al. [17] used a modified Perkin-Elmer
graphite furnace for ETV sample introduction
with the ICP-MS. An absolute detection limit of
1.5 pg for arsenic was reported using nickel ni-
trate as a matrix modifier.

The purpose of the present work was to exam-
ine the utility of preconcentrating the hydrides
inside the graphite furnace with ICP-MS detec-
tion. This paper describes the instrumental setup,
and presents details of the analytical procedure
for the determination of arsenic and other volatile
hydride forming elements. It also evaluates the
analytical performance of the proposed technique
and compares the results with those obtained
using the direct hydride generation ICP-MS and
the typical ETV-ICP-MS separately.

2. Experimental
2.1. Apparatus

The ICP-MS instrument was a VG Plas-
maQuad PQ I (VG Elemental, Winsford, UK).
Data were collected and analyzed by the instru-
ment software, and manipulated by software writ-
ten in-house. Some of the optimization work was
carried out using a home-built inductively cou-
pled plasma atomic emission instrument (ICP-
AES). The ICP-AES radio frequency (RF) gener-
ator, the automatching network, and the control
unit were from PlasmaTherm (PlasmaTherm,
Kreeson, NJ). The monochromator, photomulti-
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plier tube and the data collection software were
obtained from Spex (Metuchen, NJ).

A modified graphite furnace unit (HGA 300,
Perkin-Elmer, Norwalk, CT) was used for this
work and has been described in an earlier publi-
cation by Carey et al. [17]. A further modification
for this work was the addition of a two-way valve
at the front end adapter of the unit. This valve
controlled the introduction of the hydride carrier
gas into the graphite furnace. The graphite tube
was a typical pyrolytically coated tube without the
sample introduction hole (Perkin-Elmer, Nor-
walk, CT).

The gas-liquid separator (GLS) is shown
schematically in Fig. 1. The glass sleeve was simi-
lar to the design reported by Barnes and Wang
[15] and Story et al. [16]. The sleeve was 7.0 mm
i.d. and the distance between the two sidearms
was 10 cm (DANA Enterprises Scientific Glass
Blowing, West Chester, OH). The microporous
membrane material used was Celgard hollow fiber
(Celgard material, Hoechst Celanese, Charlotte,
NC) with an internal diameter of 0.4 mm. This
material had a reported bulk pore size of 0.075
um and porosity of 40%. Six strands of the hol-
low fiber membrane were bundled and glued
(Cyanoacrylate Adhesive 7432, Bostic, Middleton,

Carrier Gas
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Membrane Gas—Liquid

MA) inside a PTFE reaction tube (10 cm X 2.0
mm id.). The exposed part of the membrane
bundle was placed inside the glass sleeve of the
GLS. The other end of the membrane was open
to a waste container. The unit was made airtight
by sealing both ends of the glass sleeve with
epoxy. The reaction tube was connected to an
Omnifit mixing tee, where the reagent and the
analyte solutions were mixed. The flow of both
the reagent and analyte solutions were provided
by a two channel peristaltic pump (Gilson, Mid-
dleton, WI).

2.2. Reagents and standards

Both the hydrochloric acid (12 M, Instra-
analyzed Reagent, Baker, Phillipsburg, NJ), and
the nitric acid (70%, Reagent certified ACS,
Fisher Scientific, Fairlawn, NJ) solutions were
prepared by dilution with distilled deionized wa-
ter (resistance 18 m{), Barnstead PCS, Boston,
MA), to the desired concentrations. Sodium te-
trahydroborate NaBH, solution was prepared
fresh daily by dissolving 99% NaBH, powder
(Analytical grade, Johnson Matthey, Ward Hill,
MA) in a solution of 0.1 M NaOH (ACS, Reagent,
Fisher Scientific, Fairlawn, NIJ). Arsenic, tel-
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Fig. 1. Schematic of the in-line gas-liquid separator.
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lurium and bismuth standard solutions were pre-
pared by serial dilution from 1000 wg ml™! stock
(atomic absorption standard solution, Aldrich,
Milwaukee, WI). The palladium nitrate solution
was 2.0 mg/ml in 7% HNO, (Inorganic Ven-
tures, Lakewood, NJ), and was used as a modi-
fier.

2.3. Sample

Freeze-dried urine standard reference mate-
rial (SRM 2670, NIST, Gaithersburg, MD) was
reconstituted in 2% nitric acid following NIST
instructions. A sample of the reconstituted solu-
tion was mixed with the palladium nitrate and
used in the typical ETV work only. Another
sample of the reconstituted solution was diluted
100 fold by mixing it with 4 M HCI solution, and
was used in the direct hydride generation work. A
third sample was diluted 1000 fold giving a final
concentration of 0.4 ng ml™! arsenic and was
used in the hydride trapping.

lon Lenses
Quadrupole

2.4. Typical ETV-ICP-MS

A 10-pl aliquot of the analyte mixed with
modifier solution was introduced on the L'vov
platform inside the graphite furnace through the
unit’s front adapter opening using a micropipette
(Eppendorf 4710, Brinkmann Instruments, West-
bury, NY). The front adapter was then securely
replaced, and the argon carrier gas purged the
furnace. The temperature program for the ETV
experiment is listed in Table 1a. This program
consisted of six temperature steps. Initially, two
drying steps evaporated all organic and aqueous
solvents. An ashing step at 1200°C drove off all
organic solids from the sample. The atomization
step evaporated all analytes and carried them
into the plasma. Finally, a two step cleaning
procedure cleared out all residues to prepare the
furnace for the next sample. The drying vent on
the rear adapter was kept open to the atmo-
sphere during the drying steps of the program.
Ten seconds after the ashing temperature was

Skimmer

SamTler

—

JJL I\w

— |mmmjl'|'| 1

Electron
Multiplier I r

VG PlasmaQuad

Mixing Tee

1

Reaction tube

NaBHy Analyte
Solution Solution

Peristaltic Pump

| Torch

ETV carrier gas

Hydride carrier gas

Graphite Furnace
: 4

Carrier Gas Waste

Gas—liquid Separator

Fig. 2. Schematic of the instrument setup used for the hydride trapping ETV-ICP-MS.
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Table 1
ETV controller programs

Program a: typical ETV

Step Step Temp. Ramp Hold

No. °C) time time
(s) (s)

1 Drying 1 90 10 30

2 Drying 2 170 10 30

3 Ashing 1200 10 30

4 Atomization 2300 1 10

5 Clean 1 1000 3 5

6 Clean 2 2650 3 1

Program b: hydride trapping ETV

Step  Step Temp. Ramp Hold Cooling

No. Q) time time vent ?

(s) ()

1 Dry 130 10 30 open

2 Trap 400 10 30 open

3 Ash 1200 10 30 open

4 Atomize 2300 1 10 closed

5 Clean 1 1000 3 5 closed

6 Clean 2 2650 3 1 closed

# Cooling vent open means that the gases are venting to the
atmosphere and closed that the gases are venting to the
plasma.

reached, the vent valve was opened to the plasma,
and remained open until the program was com-
plete.

2.5. Direct hydride generation ICP-MS

Reaction with borohydride in acid solution was
used for the continuous formation of the hy-
drides. A two-channel peristaltic pump was used
to feed both the analyte and reagent solutions at
the same flow rate into a three-way mixing tee.
The reduction reaction began when the two solu-
tions came into contact and continued through
the length of the reaction tube. The gaseous
products (hydrides and excess hydrogen) were
carried to the plasma through the GLS mem-
brane with the purging argon gas. Liquids were
drained from the GLS into a waste container at
the other end of the membrane.

2.6. Hydride trapping ETV-ICP-MS

For hydride trapping the carrier gas outlet
from the gas-liquid separator was connected to

the two-way valve on the front adapter of the
graphite furnace unit. Fig. 2 shows a schematic of
the experimental set up. Ten wul palladium nitrate
solution (20 wg) was deposited directly on the
L'vov platform inside the furnace in the same
manner the sample was introduced for the typical
ETYV study. The temperature controller program
used in this part of the experiment was a modifi-
cation of that used with the typical ETV study
(Table 1b). The temperatures of the first and
second step were changed to 130°C and 400°C
respectively. The hydrides were introduced into
the furnace by opening the hydride carrier gas
valve, during the second step. Finally, at the end
of this step the valve was closed, the ETV carrier
gas was introduced, and the drying vent was
opened to the plasma.

3. Results and discussion
3.1. Signal optimization

ICP-MS parameters were optimized for maxi-
mum arsenic signal at m /z = 75. The single ion
monitoring (SIM) mode was used for the opti-
mization of the detector response while arsine
was continuously introduced into the plasma. The
optimized conditions are listed in Table 2. The
carrier gas flow rate was optimized separately for
each method.

3.2. Hydride generation ICP-MS

The conditions for the hydride generation re-
action were optimized for arsine generation. The
effects of the acid and reagent concentrations on
the hydride signal were tested over a wide range
of concentrations. The optimum conditions were
found to be similar to those reported in the
literature [18]. The reagent (NaBH,) concentra-
tion used was 1% (w/v) in 0.1 M NaOH. A 4 M
HCl solution was used for the analyte matrix
throughout the work. The optimum solution flow
rate was found to be 1.30 ml min~"'. Fig. 3 (solid
bars) shows the effect of the carrier gas flow rate
on the arsenic signal, 500 ml min~! which yielded
the largest peak area. A short reaction tube (10



132 I Marawi et al. / Analytica Chimica Acta 291 (1994) 127-136

cm long) was used to minimize interference by
transition metals with the analytes in the gaseous
phase [19-21]. The analysis of the waste solution
collected from the GLS found no significant
amount of arsenic.

3.3. Typical ETV-ICP-MS

When ETV was used for sample introduction
the signal was obtained using the single ion moni-
toring (SIM) mode of the mass spectrometer.
This mode of detection allowed the observation
of the analyte signal as a function of time. The
effect of palladium as a matrix modifier on the
analyte signal was examined in this study. The
optimum concentration in the final analyte solu-
tion was determined to be 0.4 mg ml~!. An
undesired analyte peak produced during the sec-
ond cleaning step of the controller program was

Table 2

Plasma and mass spectrometer operating conditions
Plasma

Argon coolant gas flow 171 /min.
Argon auxiliary gas flow 1.0 1/min.
Argon nebulizer gas flow 0.750 1 /min.
Forward RF power 1500 W
Reflected RF power <1W

Mass spectrometer

Sampling depth 12mm?
Sampler cone orifice 1 mm
Skimmer cone orifice 1 mm
Analyzer pressure 4x10~% mbar
Expansion stage pressure 1.4 mbar
Intermediate stage pressure 10~* mbar
Scanning conditions

Dwell time 160 ms
Number of scans 100

Points per peak 3

SIM Conditions

Dwell time 81920 ms
Number of channels 2048

Total time 168 s

TRA conditions

Dwell time 10240 ms
Number of scans per peak 5

Points per peak 3

Detector pulse

? Defined as the distance between the top coil of the load coil
and the tip of the sampling cone.

Detector Response (CPA)

100 200 300 400 500 600 700 800
Carrier Gas Flow Rate ml min™’

ETV after trapping
0.4 microgram arsenic

. Direct Hydride Generation 100 ng mi~'

Fig. 3. The effect of the carrier gas flow rate on the analyte
signal; solid bars, represent direct hydride generation method,
and cross-hatched bars represent ETV method after trapping
the analyte.

eliminated at an atomization temperature of
2300°C. The effect of the argon carrier gas flow
rate on the analyte signal was determined. Fig. 3
(cross-hatched bars) shows that 130 ml min™!
produced the best signal. The effect of the cool-
ing gas flow rate on the analyte signal was found
to be similar to the one reported by Carey et al.
[17].

3.4. Hydride generation with trapping ETV-ICP-MS

The optimum conditions determined sepa-
rately for arsine generation, and the electrother-
mal vaporization sample introduction technique
were employed for the trapping method. Other
parameters such as trapping temperature and
amount of palladium were also optimized.

Fig. 4 shows the signal obtained when 400 ng
of arsenic were trapped on the bare walls of a
new pyrolytically coated graphite furnace. The
plot clearly indicated that arsenic had no signifi-
cant interaction with this type of surface. Fig. 5
shows the As signal after the deposition of 20 ug
of palladium in solution on the L'vov platform
inside the same furnace. The flat background,
followed by the sharp peak at the atomization
step is evidence that arsenic was trapped by the
palladium. The two graphs in Figs. 4 and 5 were
obtained while the drying vent on the back
adapter of the graphite furnace unit was open to
the plasma.
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Fig. 4. Arsenic signal obtained from an attempt to trap 0.4 ug
arsine on the bare walls of the pyrolytically coated graphite
furnace at 400°C. The drying vent on the back adapter of the
furnace unit was closed throughout the experiment. The trap-
ping step was for 120 s, and the total volume was 2.0 ml.

The effect of the amount of palladium utilized
on the analyte signal was examined (Fig. 6). The
analyte signal intensity increased with the in-
crease of palladium mass deposited and levelled
off at 20 pug Pd. The effect of the trapping
temperature on the analyte signal is shown in Fig.
7. The optimal temperature was found at 400°C.
This finding agrees with the recently published
data by An et al. [22], however, it disagrees with
that reported earlier, i.e., that temperatures be-
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Fig. 5. Signal obtained under the same conditions as in Fig. 4
after the deposition of 20 ug of palladium inside the graphite
furnace.
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Fig. 6. Effect of palladium mass utilized for the trapping on
the signal obtained from 400 ng arsenic used for the hydride
trapping.

tween 200°C and 800°C have no significant effect
on the trapping efficiency [12,23].

3.5. Analytical figures of merit

The limit of detection (LOD) was calculated
based on LOD = 3¢ /m, where ¢ is the standard
deviation of eight measurements on a blank and
m is the slope from the calibration graph. The
precision of each method was determined by
measuring the relative standard deviations
(R.S.D.) of a minimum of four replicates of a
standard used in the calibration graph. Standard
solutions containing various concentrations of ar-
senic were used to obtain the calibration curves.
Table 3 presents the figures of merit obtained in
each method for comparison purposes.

6.5

551

4.5

Detector Response (CPA)

1 |

4
200 400 600
Temperature °C

Fig. 7. The effect of the trapping temperature on the analyte
signal.
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3.6. Hydride generation

The arsenic concentration limit of detection
obtained in this study was 0.015 ng ml™!, in
agreement with the value reported earlier in this
laboratory [13]. The logarithm values of the de-
tector response were plotted versus the logarithm
values of the standard concentration log—log plot
(Fig. 8a). The slope of the best fitted line of this
graph was 0.99. The range of standard concentra-
tions used to construct this graph was 1-100 ng
ml~!. The precision of this method was deter-
mined, and the R.S.D. value obtained was < 3%
for six measurements of 10 ng/ml arsenic con-
centration.

3.7. Typical ETV-ICP-MS

The absolute limit of detection obtained for
arsenic in this work was 1.9 pg. Because the
sample volume was 10 wul, this value corresponds
to a concentration limit of detection of 0.19 ng
ml~!. The slope from the log-log plot shown in
Fig. 8b was 1.06, and was obtained over a range
of standard concentrations from 1-1000 ng ml 1.
The R.S.D. value was < 10%, and was obtained
for six replicates at 10 ng ml~! arsenic concentra-
tion.

3.8. Hydride trapping ETV-ICP-MS

Under the optimum trapping conditions men-
tioned above a calibration curve for arsenic was
obtained using standard solutions containing

Table 3

Figures of merit obtained with the various methods

Method Conc. Absolute LDR RSD.?
LOD LOD (ng) (ng/mD (%)
(ng/ml)

ETV-ICP-MS  0.190 0.0019 1-1000 <10
HG-ICP-MS  0.015 - 1-1000 <3
HG-Pd trap.-  0.002° 0.01-0.1 <17
ETV-ICP-MS

# Based on minimum of six samples repetition.
® Based on the linear portion of the standard curve (see text).

a—Direct hydride generation—"

g Slope= 0.99
O .
<< 2
A
o 7
g o [ P~Typical ETV
5
¢
3
s
=4k
8 Slope= 1.06
o 2 . . , \ A . .
3 1 2 3 4
a
— c—Trapping method
b
&
— 3 o

Slope= 0.6

o

1 1 i N I L

)
(-2) (-1) o 1

Log (Concentration ng ml™")

Fig. 8. The linearity of each method presented as a log-log
plot of the standard response curve.

0.01-10 ng ml™! concentrations. Fig. 8c shows
the log-log plot, with the slope of the best fitted
line of less than 0.7, indicating a nonlinear be-
haviour. Greater linearity is achievable at lower
concentrations. Presumably this deviation from
linearity was due to a loss of trapping efficiency
at higher analyte concentrations. The collection
rate of the analytes was limited by the palladium
surface area and the number of active sites avail-
able. This presumption was supported by the fact
that both the direct hydride generation and the
typical ETV techniques gave linear responses over
a similar range of concentrations. A limit of de-
tection based on the slope value of the linear
portion of the calibration curve (0.01-0.1 ngml~1)
was calculated and has a value of 0.002 ng ml~ L.
The R.S.D. value obtained was about 17% for six
replicates at 0.01 ng ml~! concentration. This
LOD value which was obtained when utilizing the
preconcentration step suggests an improvement
of one order of magnitude may be available.
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Table 4
Arsenic concentration in standard reference material (SRM
2670) (freeze-dried urine)

Method Concentration (mg ml~!) 2
Certified value 0.48+0.10
ETV-ICP-MS 0.41+0.16
HG-ICP-MS 0.4440.04
HG-Pd trap.-ETV-ICP-MS 0.404+0.15

2 All values are average + 2.

3.9. Sample analysis

The analytical accuracy of preconcentrating the
volatile hydride inside a graphite furnace, was
examined by the determination of arsenic con-
centration in the SRM freeze-dried urine. The
results obtained were comparable to the certified
value. Table 4 lists the arsenic concentrations
obtained with this method as well as those ob-
tained from the direct hydride generation and the
ETV. These values were presented as an average
of eight runs plus/minus two standard devia-
tions.

3.10. Multi-element analysis

A 1 ng/ml solution of As, Bi and Te mixture
was tested by the hydride trapping ETV-ICP-MS

. 5,000
|- 4,000

|- 3.000

Intensity (cps)

|- 2,000

- 1,000

Time (Sec)
Fig. 9. One ng ml~! solution of arsenic, bismuth and tel-
lurium monitored by the hydride trapping ETV-ICP-MS in
the time resolved acquisition (TRA) mode. The trapping step
was for 30 s. Peaks: A, 75As; B, 130Te; C, 209g;,

to verify the method’s ability for multi-element
determination. Fig. 9 shows the peaks obtained
from the mixture (0.6 ng each of As, Bi and Te).
The mixture hydride was generated under the
conditions optimized only for arsine generation.
The trapping step used was also similar to that
described earlier for arsine. The three analytes
were atomized at the same time during the atom-
ization step of the ETV program. The time re-
solved acquisition (TRA) mode of the mass spec-
trometer was used for the simultaneous quantifi-
cation of the three elements. The detector dis-
played the results as a total-ion beam and each
single mass was extracted from the total-ion beam.

4. Conclusions

The results obtained in this work show that the
best trapping of the analytes on an ETV was
possible only in the presence of palladium and at
lower analyte concentrations (pg ml~'). The pre-
concentration by trapping improved the de-
tectability of the volatile hydride forming ele-
ments by an order of magnitude. A signal from 10
pg ml~! arsenic solution was detectable with rela-
tively good reproducibility. Detection of multiple
elements by the hydride trapping method using
ICP-MS capability was demonstrated. More work
is needed to improve the trapping efficiency for
samples containing multiple elements of interest
at wider concentration range. Future work will
also address the possibility of automating the
technique and improving the sample throughput.
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Abstract

A cold decomposition procedure for the spectrophotometric determination of manganese in rocks, ores and
minerals is described. Samples are allowed to react with hydrofluoric acid and aqua regia at room temperature for
24 h. Fluoride ions in the solution are complexed with boric acid and manganese is determined spectrophotometri-
cally using potassium periodate as the reagent. No interferences were observed in the colour development and
accurate values were obtained for a number of international reference standards. The entire decomposition
procedure is carried out at room temperature utilizing only plastic ware. The method is ideal for large batch

analyses.

Key words: Spectrophotometry; Geological materials; Minerals; Ores; Manganese

1. Introduction

The decomposition of silicate materials for the
determination of manganese can be effected by
evaporation to fumes with a mixture of nitric,
sulphuric and hydrofluoric acid and the fusion of
the resulting residue if necessary with potassium
pyrosulphate [1,2]. In these methods, a heating
step is necessary for decomposition and complete
removal of fluoride ions has also to be ensured as
they interfere in the colour development of man-
ganese.

In the method proposed here, the samples are
allowed to react with aqua regia and hydrofluoric
acid at room temperature for 24 h and the fluo-
ride ions are complexed by the addition of boric

acid [3-5]. The need to remove fluoride ions by
heating is thus avoided. Manganese is determined
spectrophotometrically in the resulting solution
as permanganate using potassium periodate as
the oxidising agent. It was observed that fluoro-
borate ions have no deleterious effect on the
colour development of manganese with perio-
date. An absorption maximum was obtained at
530 nm. Even a high-grade manganese ore such
as SARM-16, containing 53.0% Mn, was found to
yield a clear solution by this method, indicating
its complete decomposition.

The accuracy of the method was established by
analysing international standards. The repro-
ducibility of the manganese values obtained by
the suggested method was determined by taking

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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two samples containing 36.3 and 54.6% of man-
ganese. Plastic ware was used for the decomposi-
tion stage. This method involves fewer stages in
sample decomposition than other methods and is
considered ideal for batch analyses of large num-
ber of rock samples. An additional advantage of
this method is the suitability of the same sample
solution for the estimation of silica [6], phospho-
rus [7], titanium [8)] and iron [9].

2. Experimental
2.1. Apparatus and reagents

Polyethylene bottles of 100-ml capacity with
screw-caps were used. Analytical-reagent grade
chemicals were used throughout.

Phosphate buffer reagent was prepared by dis-
solving 10 g of sodium dihydrogenorthophosphate
in 100 ml of 1:1 sulphuric acid. The 0.2 M nitric
acid solution (used for making up the processed
solutions to the standard volume of 25 ml) was
prepared by boiling 1 I of the 0.2 M nitric acid
with 0.1 g of potassium periodate, allowed to cool
and stored in an all-glass wash bottle. Other
reagents were potassium periodate, 40% hydro-
fluoric acid, boric acid and aqua regia.

2.2. Procedure

A 0.1-g amount of each of the powdered rock
test samples ( < 250 mesh) and two in-house stan-
dard rock samples (AMDEL 24413, granite,
0.08% MnO; AMDEL 24419, basalt, 0.16% MnQO)
and two ore samples (AMDEL 2112, 39.3% Mn;
AMDEL 2111, 59.4% Mn) of known manganese
content were weighed into polythene bottles. A
blank was also run simultaneouly. A 2-ml volume
of aqua regia and 6 ml of hydrofluoric acid were
added and the capped bottles were allowed to
stand at room temperature for 24 h. The contents
of the bottles was diluted with 20 ml of deminer-
alised water, then 5.6 g of boric acid were added
and the contents of the bottles were transferred
quantitatively into 100-ml volumetric flasks, di-
luted to volume with water and shaken thor-
oughly until a clear solution was obtained.

A 15-ml volume of the sample solution for
rocks and 1-ml for manganese ores (MnO content
not exceeding 0.15 mg) was pipetted into a 100 m!
beaker, 5 ml of phosphate buffer solution ! and
0.4-0.5 g potassium periodate were added and
mixed. The contents of the beaker was boiled
gently on a hot plate for a few minutes until the
purple permanganate colour is fully developed 2
The solution is allowed to cool, transferred to a
25-ml volumetric flask and diluted to volume with
0.2 M nitric acid solution. After 1 h the spec-
trophotometric analysis of test samples was done
at 530 nm in comparison with the in-house stan-
dard samples. From the known manganese con-
tents of the in-house standards, the values for the
test samples were calculated.

A typical analysis of a sample containing 38%
of manganese gave, for the suggested amount of
sample and solution, an absorbance reading of
0.48. The test samples were also analysed for
their manganese contents by adopting the con-
ventional acid decomposition method [1].

3. Results and discussion

The results obtained by the proposed acid
decomposition method agree very good with con-
ventional methods (Table 1). Following the sug-
gested method, nine independent determinations

! After the addition of phosphate buffer the yellow colour due
to iron will disappear in most of the cases but in some cases
which may contain higher amounts of iron, the yellow colour
may still persist and in those cases a few crystals of solid
sodium dihydrogenorthophosphate should be added and mixed
well until the yellow colour disappears. Another advantage of
this phosphate buffer is the elimination of the use of phos-
phoric acid employed by earlier workers to mask iron, as most
of the phosphoric acid sample may contain appreciable
amounts of manganese impurity thereby contributing to high
blank levels. Further as this reagent sodium dihydrogen or-
thophosphate is available in a pure form and totally free from
manganese contamination, the blanks were always very low
and perfectly reproducible, hence this reagent is preferred.

2 If the purple colour does not develop after boiling for 10
min, a further 0.4 g of potassium periodate should be added
and boiling should be continued for a further 10 min.
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Table 1
Comparison of the proposed method with the conventional
acid-decomposition method [1]

Table 3
Manganese contents of standard reference samples deter-
mined by the proposed method

Test sample MnO (%) ? Sample Type MnO (%)
(in-house Proposed Conventional Proposed  Certified
standard) method method method value
1 0.12 0.13 GH Granite 0.04 0.05
2 0.18 0.17 FeR 2 Iron formation rock  0.11 0.12
3 1.06 1.08 BCS 319 Magnesite 0.15 0.14
4 50.74 50.37 Wi Basalt 0.18 0.17
3 - T SY 2 Syenite 0.34 0.32
Each value is the average of three determinations. NBS 697 Bauxite 0.42 041
NIML Lujavrite 0.75 0.77
In-house
L. standard
were made on two samples containing 36.3 and (AMDEL
54.6% of manganese. The precision was satisfac- 24413) Granite 0.09 0.08
tory (Table 2). Further, a number of international In-house
standards were analysed by the proposed method standard
and the results obtained compared favourably (AMDEL
24419) Basalt 0.15 0.16

with the certified values (Table 3 and Table 4),
demonstrating the efficacy of the method for the
determination of manganese. The decomposition
method described was also found to be suitable
for the determination of manganese in iron for-
mation rocks, magnesite, bauxite and related ma-
terials.

The use of plastic ware and the avoidance of
heating at any stage of decomposition of the
sample make the method rapid and adaptable for
large batch analyses. An added advantage of this
method is the negligible blank level obtained due

Table 2
Reproducibicility of results for manganeese obtained by the
proposed method

Determi- Mn (%)

nation Sample 1 Sample 2
1 36.45 54.87
2 35.98 53.94
3 36.94 54.60
4 35.82 54.39
5 36.48 55.04
6 37.05 54.63
7 36.25 54.32
8 36.81 54.78
9 36.54 54.52
S.D. 0.417 0.327
R.S.D. (%) 1.142 0.599

to the replacement of phosphoric acid with a
phosphate buffer. Further, the same sample solu-
tion (used for the estimation of manganese) can
be successfully utilized for the determination of
phosphorus, silica, titanium and iron, etc. Finally,
a particular advantage of the proposed method is
the limited personal attention required at the
decomposition stage, which decreases the likeli-
hood of errors.

Table 4
Manganese contents of standard reference ore samples deter-
mined by the proposed method

Sample Type Mn (%)
Proposed Certified
method value
SARM 17 Manganese ore  38.13 38.00
SARM 16 Manganese ore  53.46 53.00
In-house
standard
(AMDEL
2112) Manganese ore 39.45 39.30
In-house
standard
(AMDEL

2111) Manganese ore ~ 59.22 59.40




140 C.R.M. Rao / Analytica Chimica Acta 291 (1994) 137-140

Acknowledgements

The author thanks Shri C.R. Narayanan,
Deputy Director General (Geo-chemistry), Geo-
logical Survey of India for helpful suggestions and
the Australian Mineral Development Laborato-
ries (AMDEL), Adelaide, for providing the stan-
dards.

References

[1] P.G. Jeffrey, Chemical Methods of Rock Analysis, Perga-
mon, Oxford, 1970, p. 446.

[2] W.W. Scott, Standard Methods of Chemical Analysis, Vol.
1, Van Nostrand, Princeton, NJ, 1956 p. 984.

[3] W.M. Johnson and J.A. Maxwell, Rock and Mineral Anal-
ysis, Wiley, New York, 1981, p. 264. iy

[4] F.J. Langmyhr and S. Sveen, Anal. Chim. Acta, 32 (1965)
1.

[5] J.T.H. Roos and W.J. Price, Analyst, 94 (1969) 89.

[6] CR.M. Rao, G.S. Reddi and T.A.S. Rao, Anal. Chim.
Acta, 268 (1992) 357.

[7] C.R.M. Rao and G.S. Reddi, Anal. Chim. Acta, 237 (1990)
251.

[8] G.S. Reddi, C.R.M. Rao, T.A.S. Rao and H.S. Muralid-
har, Anal. Chim. Acta, 251 (1991) 205.

[9] G.S. Reddi, C.R.M. Rao, T.A.S. Rao and H.S. Muralid-
har, Indian Minerals, (1993) in press.



ANALYTICA
CHIMICA
ACTA

s ’As\., !

ELSEVIER

Analytica Chimica Acta 291 (1994) 141-145

Spectrofluorimetric determination of reserpine in pharmaceutical
preparations and biological fluids

F.A. Aly *, A. El-Brashy, F. Belal

Department of Analytical Chemistry, Faculty of Pharmacy, University of Mansoura, Mansoura 35516, Egypt
(Received 20th January 1993; revised manuscript received 17th August 1993)

Abstract

A rapid and highly sensitive fluorimetric procedure was developed for the routine determination of reserpine in
bulk, in dosage forms and in biological fluids. The method is based on the fluorescence induced by oxidation of
reserpine with 2-iodoxybenzoate in aqueous acetic acid. The oxidation product exhibits a greenish yellow fluores-
cence with its emission maximum at around 484 nm. The fluorescence intensity is a linear function of reserpine
concentration over the range 0.02-0.32 pg ml~! with a detection limit of 0.8 ng ml~'. The advantages and
disadvantages of the proposed method are discussed and its applicability to different formulations and biological

fluids is demonstrated.

Key words: Fluorimetry; Biological samples; Pharmaceuticals; Reserpine

1. Introduction

The double therapeutic effect of reserpine as
an antihypertensive drug and as a tranquillizer is
well known [1]. Because of its therapeutic impor-
tance, several methods have been developed for
the determination of reserpine. Most of these
methods require several separation steps, using
paper or column chromatography or paper elec-
trophoresis. Schirmer [2] reviewed methods re-
ported for the determination of reserpine up to
1975. Since then, spectrophotometric [3-7], den-
sitometric [8,9], polarographic [10], radioim-
munoassay [11], gas chromatographic [12] and
liquid chromatographic [13,14] methods have ap-
peared.

* Corresponding author.

Reserpine has been determined spectrofluori-
metrically in tablets after oxidation with nitrite
[15,16], hydrogen peroxide [17], selenious acid
[18], p-toluenesulphonic acid [19], sulphovanadic
acid [20], vanadium pentoxide [21] and hexaam-
minecobalt(III) tricarbonatocobaltate(III) [22].
Recently, reserpine has been oxidized by perio-
date, catalysed by Mn(II) or Mn(IV) in acidic
medium, producing yellow 3,4-didehydrore-
serpine, which could be detected spectrophoto-
metrically at 385 nm [23].

The aim of this study was to study the oxida-
tion of reserpine with 2-iodoxybenzoate in an
attempt to develop a simpler and more sensitive
method for the determination of reserpine. The
method produced is highly sensitive and is suit-
able for the determination of reserpine in formu-
lations where its concentration is very low and in
biological fluids. The formation of the fluorescent
product is immediate.

0003-2670/94 /307.00 © 1994 Elsevier Science B.V. All rights reserved
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2. Experimental
2.1. Apparatus

An Aminco-Bowman Model J4-8960 spec-
trofluorimeter with the excitation and emission
slit controls set at 5 mm and the intensity scale
control set at 100 was used. The excitation and
emission wavelengths used were 368 and 484 nm,
respectively. Measurements were performed with
1-cm silica cells.

2.2. Materials

Reserpine of pharmaceutical grade (Ciba-
Geigy) was used as the working standard. Dosage
forms were obtained from commercial sources.
Plasma was obtained from Mansoura University
Hospital and stored at 4°C until used.

2.3. Reagent

2-lodoxybenzoic acid was prepared as de-
scribed by Banerjee et al. [24] and a 5 X 107* M
solution was prepared by dissolving 1.4 g of the
free acid in a slight excess (about 5.2 ml) of 1 M
potassium hydroxide solution, diluting to 1.0 1
with distilled water and standardizing iodimetri-
cally.

2.4. Sample preparation

A 1.0 mg ml™! stock standard solution of
reserpine in glacial acetic acid was prepared. This
solution was further diluted with 10% acetic acid
to give a 1.0 ug ml~! reserpine working standard
solution.

2.5. Calibration

Known volumes (usually 0.5-8 ml) of 1.0 ug
ml~! reserpine solution were transferred into
25-ml volumetric flasks. A 5-ml volume of 10%
(v/v) acetic acid were added to each flask, fol-
lowed by 2.0 ml of 5 X 10~3 M 2-iodoxybenzoate.
The fluorescence was measured and the intensity
plotted against the reserpine concentration.

2.6. Procedure for dosage forms

Tablets

Weigh and pulverise twenty tablets. Transfer
an accurately weighed amount of the powder
equivalent to 1.0 mg of reserpine into a small
conical flask, add 30 ml of anhydrous acetic acid,
stir for 15 min, filter into a 100-ml volumetric
flask, wash the residue with 10% (v /v) acetic acid
and dilute the combined solutions and washings
to volume with the same solvent. Analyse a suit-
able volume as described above.

Ampoules

Mix the contents of twenty ampoules. Transfer
an accurately measured volume equivalent to 2.5
mg of reserpine into a 100-ml volumetric flask
and dilute to volume with 10% (v/v) acetic acid.
Analyse a suitable volume as described above.

Tablets containing reserpine and dihydralazine sul-
phate

Weigh and pulverize twenty tablets. To an
amount of the powder equivalent to 1.0 mg of
reserpine add 10 ml of 2% citric acid solution and
extract with three 25-ml portions of chloroform,
shaking for 2 min each time. Wash the combined
extracts with 10 ml of 1% sodium hydrogencar-
bonate solution. Evaporate the extract to dryness
on a water-bath and dissolve the residue in 10 mi
of anhydrous acetic acid. Transfer the solution
into a 50-ml volumetric flask and dilute to volume
with 10% (v/v) acetic acid. Filter through a dry
filter-paper, transfer 25 ml of the filtrate into a
100-ml volumetric flask and dilute to volume with
10% (v/v) acetic acid. Transfer an aliquot con-
taining a suitable amount of reserpine into a
25-ml volumetric flask and analyse as described
above.

2.7. Procedure for spiked biological fluids

Add an aliquot of reserpine in ethanol to 5 ml
of blood plasma and stir for 3 min. Add 10 ml of
2% citric acid solution and extract the reserpine
with three 25-ml portions of chloroform, shaking
for 5 min each time. Wash the combined extracts
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(II) OCHy
OCH3
0CHa CoOH
1
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4 2H
RESERPINE
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OCH3 COOH
I
+ 2H0
+

3,4-DIDEHYORORESERPINE

Scheme 1. Proposed reaction pathway between reserpine and
2-iodoxybenzoate.

with 10 ml of 1% sodium hydrogencarbonate
solution. Evaporate the extract to dryness on a
water-bath and dissolve the residue in 10 ml of
anhydrous acetic acid. Filter through a dry filter-
paper into a 25-ml volumetric flask, add 2.0 ml of
5% 1073 M 2-iodoxybenzoate solution and com-
plete the analysis as described above.

3. Results and discussion

The oxidation of reserpine by 2-iodoxy-
benzoate in acidic medium was found to give a
fluorescent product. The reaction product is sug-
gested to be 3,4-didehydroreserpine (Scheme 1).
Fig. 1 shows the excitation and emission spectra
obtained.

The effect of the experimental conditions on
the fluorescence intensity was studied. A 2.0-ml
volume of 5 X 1073 M 2-iodoxybenzoate solution
was found to be sufficient to produce the maxi-
mum fluorescence intensity; larger volumes of the
reagent had no effect.

The fluorophore is formed immediately and
remains stable for more than 1 h. The intensity is
linearly related to the reserpine concentration
over the range 0.02-0.32 g ml™!, with a limit of

*/» Relative intensity

o]

(a} (b}

T T T T 1 Ll
300 340 380 420 460 500 540 580
Waveiength (nm)

Fig. 1. Fluorescence spectra of the oxidation product of reser-
pine (0.1 pg ml™1). (a) Excitation spectrum; (b) emission
spectrum.

detection (S/N =2) of 0.8 ng ml™'. Linear re-
gression analysis of the results gave a correlation
coefficient of 0.9999 (n = 6).

The precision of the method was evaluated by
analysing standard solutions of reserpine. The
results in Table 1 were in accord with those
obtained by the official method {3). The method
was also applied to some dosage forms containing
reserpine, either alone or in combination with
other drugs. The results in Table 2 agreed with
those obtained by the official methods [3,4]. Sta-
tistical analysis [25] of these results using Student’s
t-test and the variance-ratio F-test showed no

Table 1
Analysis of standard reserpine samples by the proposed and
official methods

Amount taken (ug) Found (%) ®
Proposed Official
method ¢ method [3]

0.02 99.2 100.5

0.04 99.1 101.9

0.08 101.1 99.5

0.16 102.1

0.24 102.5

0.32 100.6

Mean+S.D. 100.8+1.4 100.6+1.2

? Each result is the average of three separate determinations.
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Table 2
Analysis of some Ciba-Geigy dosage forms containing reser-
pine by the proposed and official methods

Preparation Recovery (%)
Proposed Official
method method ?
Serpasil ampoules (1.0 mg
reserpine ml 1) 99.3
99.0
99.2
Mean +S.D. 99.2+0.1 99.4+0.2 [3]
Serpasil ampoules (2.5 mg
reserpine ml~1) 100.8
101.7
101.2
Mean +S.D. 101.2403  100.8+0.7[3]
Serpasil tablets (0.1 mg
reserpine per tablet) 101.0
101.4
100.8
Mean +S.D. 101.0+0.2 101.3+0.6 [3]
Serpasil tablets (0.25 mg
reserpine per tablet) 99.2
99.4
99.5
Mean +S.D. 99.4+0.1 99.840.3 [3]
Adelphan tablets (0.1 mg
reserpine + 10 mg dihydra-
lazine sulphate per tablet) 99.6
100.2
99.8
Mean +S.D. 99.94+0.2 100.0+0.6 [4]

Each result is the average of three separate determinations
and is expressed relative to the nominal reserpine content.
# Mean of four results.

significant difference between the performances
of the two methods as regards accuracy and pre-
cision.

Tablet excipients such as talc, starch, gelatin,
magnesium stearate and lactose did not interfere
with the assay.

The method was also applied to the determi-
nation of reserpine added to blood plasma. The
recovery was 92.08 + 0.694% (mean + standard
deviation, n = 4).

Interference from drugs likely to be co-for-
mulated with reserpine was studied. Hydralazine
and dihydralazine sulphate decreased the fluores-
cence, probably being oxidized with the reagent,

thus decreasing its amount. This problem was
overcome by extraction of reserpine with chloro-
form after addition of citric acid solution. Chloro-
thiazide, hydrochlorothiazide and bendroflume-
thiazide did not interfere.

The reaction product is suggested to be 3,4-di-
dehydroreserpine by analogy with the oxidation
pathway reported for the use of nitrite [15], vana-
dium pentoxide {21] and p-toluenesulphonic acid
[19]. The products have the same UV absorption
and fluorescence spectra.

The proposed method has many advantages
over other reported fluorimetric methods. The
experimental conditions are very mild, neither
corrosive acids nor heating being required. The
nitrite method involves heating for 30 min [15].
Similarly, the p-toluenesulphonic acid method
[19] involves heating in anhydrous acetic acid for
10 min.

The sole limitation of the proposed method is
that the hydrolysis product, 3,4-didehydrore-
serpine, may interfere with the determination.
However, the hydrolysis of reserpine is very un-
likely to occur [2].

References

[1] W.O. Foye, Principles of Medicinal Chemistry, Lea and
Febiger, Philadelphia, 1981.

[2] R.E. Schirmer, in F. Klaus (Ed.), Analytical Profiles of
Drugs Substances, Vol. 4, Academic Press, New York,
1975, p. 380.

[3] British Pharmacopoeia 1988, H.M. Stationery Office,
London, 1988, p. 488.

[4] United States Pharmacopeia XXII Revision, American
Pharmaceutical Association, Washington, DC, 1990, p.
1215.

[5] D.S. Mangala, B.S. Reddy and C.S.P. Sastry, Indian
Drugs, 21 (1984) 526.

[6] Y. Fujita, I. Mori and S. Kotano, Bunseki Kagaku, 33
(1984) 1985.

[7] N. Geeta and T.R. Baggi, Indian Drugs, 26 (1989) 421.

[8] J. Jarzebinski, M. Ciszewska and P. Suchocki, Acta Pol.
Pharm., 37 (1980) 69.

[9] P. Corti, G. Corbini, E. Dreassi, C. Murratzu and L.
Celesti, Pharm. Acta Helv., 65 (1990) 222.

[10] A. Taira and D.E. Smith, J. Assoc. Off. Anal. Chem., 61
(1978) 641.

[11] E. Thacker, Anal. Proc., 22 (1985) 136.

[12} L. DiSimone, G. Portelli, M.R. Del Giudice, F. Gatta
and G. Settimj, Farmaco, Ed. Prat., 35 (1980) 223.



F.A. Aly et al. / Analytica Chimica Acta 291 (1994) 141-145 145

[13] U.R. Cieri, J. Assoc. Off. Anal. Chem., 68 (1985) 542.

[14] H.L. Rau, A.R. Aroor and, P.G. Rao, Indian Drugs, 28
(1990) 157.

[15] D. Banes, J. Am. Pharm. Assoc., 46 (1957) 601.

[16] B.N. Kabadi, J. Pharm. Sci., 60 (1971) 1862.

[17] E.B. Dechene, J. Am. Pharm. Assoc., 44 (1955) 657.

[18] R.B. Poet and J.M. Kelly, in Abstracts of 120th Meeting
of the American Chemical Society, 1954, p. 83c.

[19] I.M. Jakovljevic, J.M. Fose and N.R. Kuzel, Anal. Chem.,
34 (1962) 410.

[20] R. Stainier, J. Pharm. Belg., 28 (1973) 115.

[21] T. Urbanyi and H. Staber, J. Pharm. Sci., 59 (1970) 1842.

[22] M.1. Walash, F. Belal and F.A. Aly, Talanta, 35 (1988)
731.

[23] S.R. Varma, J.M. Calatayud and H.A. Mottola, Anal.
Chim. Acta, 233 (1990) 235.

[24] A. Banerjee, G.C. Banerjee, S. Bhattacharya, S. Banerjee
and H. Samaddar, J. Indian Chem. Soc., 58 (1981) 605.

[25] D.H. Sanders, A.F. Murph and R.J. Eng, Statistics, Mc-
Graw-Hill, New York, 1976.



Analytica Chimica Acta 291 (1994) 147-153

ANALYTICA
CHIMICA
ACTA

Surface-enhanced Raman spectrometry on a silver substrate
prepared by the nitric acid etching method

A. Rupérez 2, J.J. Laserna *°

“ Department of Physical Chemistry and b Department of Analytical Chemistry, Faculty of Sciences, University of Malaga,
E-29071 Mdlaga, Spain

(Received 17th November 1993)

Abstract

The potential use of a silver substrate for surface-enhanced Raman analysis was investigated. The substrate was
prepared by nitric acid etching of silver foils and checked for nitrogen-containing aromatic compounds. The
response stability of this substrate and its reversibility after several uses are studied. Analytical figures of merit, such
as precision, linear dynamic range, and limits of detection for a variety of compounds are presented to demonstrate

the analytical capability of this substrate.

Key words: Raman spectrometry; Surface-enhanced Raman spectrometry; Laser spectroscopy; Organic analysis

1. Introduction

Surface-enhanced Raman scattering (SERS)
has been observed for an increasing number of
metals including Ag, Au, Cu, Ni, Pd, Pt, Al, In,
and others [1-8]. The particularly strong en-
hancement observed for the coinage metals Ag,
Au and Cu, is understood [9] in terms of their
optical and dielectric properties. SERS enhance-
ments from Ni, Pd, Pt and others are orders of
magnitude smaller because plasmon resonances
are strongly damped for these metals. Silver has
been the most widely employed metal, since sur-
face plasmons are excited in the visible region
where strong and stable laser lines are available.

* Corresponding author.

An important factor for the observed enhance-
ment is the surface roughness. Metal substrates
with appropriate roughness include colloidal sil-
ver [10-12], silver island films [13], silver films
deposited on quartz or PTFE particles [14-16],
chemically reduced silver films on glass slides [17]
and filter papers [18-20]. Colloidal silver has
been widely employed, because it is easily pro-
duced, provides fresh surfaces for adsorption of
analyte molecules, and it can be made stable for
weeks. Silver colloids have been adapted for use
in flow-injection analysis (FIA) and liquid chro-
matography (LC) [21].

Suzan et al. [22] pointed out that pronounced
SERS signals could be easily acquired by etching
copper foils with concentrated nitric acid. Later,
Xue et al. [23,24] reported SERS results for 2-
mercaptobenzimidazole, 4-aminophenyl disulfide
and thiophenols, using chemically etched silver.

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved

SSDI 0003-2670(94)00009-B
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This sampling technique is particularly efficient
under different environmental conditions, using
aqueous as well as organic solutions. Also, spon-
taneous assembly of the analyte from its gaseous
state results in high quality spectra [24]. This fact
is attributed to the facile cleavage to silver of the
sulfur atoms to form monolayer films. The capa-
bility of these supports as analytical substrates,
such as their activity for other functional groups
or their reversibility, was not investigated.

In this paper the characterization and several
outstanding advantages of etched silver foils as
analytical substrates are reported. The results
show that intense and reproducible spectra for a
number of compounds, containing heterocyclic
nitrogen or amino groups, can be easily detected
using solid silver media etched by nitric acid. The
substrates are reversible, reusable and could be
used as permanent records of analyzed samples.

2. Experimental
2.1. Instrumentation

The excitation source consisted of an argon-ion
laser (Coherent, Model Innova 70) tuned at 488
nm, releasing about 30 mW at the sample, and
focussed with a biconvex glass lens (30-cm focal
length). Silver-foil rectangles of 0.8 X 1 cm?® were
used as the substrate for SERS. Samples were
placed in a laboratory-constructed sample holder.
Raman scattering was collected at right angles,
dispersed with a double spectrometer (Spex,
Model 1680B), and detected with a thermoelec-
trically cooled photomultiplier tube (Hamamatsu,
Model R928) and a photon counting system
(Stanford Research, Model SR400). Operation of
the photon counter was controlled by an AT
personal computer with Stanford Research SR465
software. The acquisition time by spectral ele-
ment was 0.5 s and each spectrum consisted of
700 data points. The spectrometer resolution was
generally set to 14 cm ™. Frequencies were accu-
rate to within 3 cm™! for the bands studied.
Spectral data were generated in binary code and
converted to ascn for processing in standard
graphics software.

2.2. Chemicals and procedure

All chemicals were analytical reagent grade or
equivalent, they are used without further purifi-
cation. Chromatography-grade methanol was used
throughout. A 0.003-mm thick silver foil was im-
mersed into vigorously stirred (1: 1) nitric acid at
room temperature. Stirring continued for about
2-3 min until the foil became a milky surface.
After etching, silver foils were thoroughly rinsed
with distilled water and dried in air. The rough-
ened foils were spotted with 15 wl of sample
dissolved in methanol. After spotting, the excess
liquid was blown off with air, and the foil placed
in the sample holder for Raman examination.

3. Results and discussion
3.1. Substrate characterization and properties

Fig. 1 shows scanning electron micrographs of
the silver foils, .before (top) and after (bottom)
etching with nitric acid. As shown, the etching
process results in a rough surface with metal
microstructures in the submicrometer scale. The
scattering spectrum of etched silver foils is shown
in Fig. 2 (top, a) and the spectrum of silver foils is
shown in Fig. 2 (bottom, a); the strong peak at
1055 cm ™!, and the medium peak at 1577 cm ™",
correspond to non-lasing plasma lines of the ar-
gon-ion laser. Weak peaks appear when the spec-
trum is expanded, overcoat, in not etched silver
foils, at 1131, 1168, 1323 and 1808 cm~'. These
peaks are marked with a star. The plasma line
can be eliminated by placing a band-pass filter
between the laser and the sample, for adequate
identification of compounds containing active
groups in this zone. The large background ob-
served for this substrate is probably due to reflec-
tion and scattering by the milky surface of the
etched foil, and scales linearly with the laser
power employed.

Fig. 2 also shows the SERS spectra of acridine
on a silver etched foil (top, b) and on a non-etched
silver foil (bottom, b). The spectrum in non-etched
foil shows a general increase in the no-lasing
emission lines of the argon ion laser, but no
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characteristic vibrational modes of acridine are

observed. Fig. 2 (top, b) exhibits spectral features

of acridine at 1220, 1262, 1324, 1409 and 1520
-1

cm” .

3.2. Substrate stability

Freshly prepared substrates were evaluated
with respect to the stability of SERS signals upon
continuous irradiation with the laser beam. Fig. 3
shows the SERS spectrum of acridine on a freshly
prepared substrate (top) and after 60 min of
continuous irradiation (bottom). As with other
compounds, the vibrational structure of acridine
is maintained. The rapid heat conduction in the
silver foil may account for the surface stability
under the intense optical field. After 60 min,
some of the substrate activity is lost, as mani-
fested by a decrease in the ratio of the acridine
intensity at 1410 cm™' to the background inten-
sity measured at 1364 cm ™.

The long-term stability of the substrate was
investigated by monitoring the SERS intensity of
amiloride over a period of 20 days. After sample
application, the doped substrate was placed in
the holder and stored and evaluated in air in
order to avoid differences in enhancement factors
related to inhomogeneous distribution of mole-
cules on the surface of foil. Fig. 4 shows the
results. Curve a corresponds to the amiloride
intensity at 1212 cm™!, and curve b corresponds
to the background signal measured at 1138 cm~!.
The inset shows the amiloride spectra obtained
with the freshly prepared substrate (c) and after
12 days of sample doping (d). As shown, the
amiloride signal and the signal-to-background
(SB) ratio reaches a maximum after 1 day. The
SB ratio decreases afterwards. Nevertheless, the
inset shows that the spectral features of the ana-
lyte are maintained. These results reveal the po-
tential of the substrate for use as a permanent
record of stored samples.

3.3. Substrate reversibility
Silver foils show good capacity for desorption

of the adsorbed analyte. This is an important
property of the silver substrate. Fig. 5a shows the

SERS spectrum of 9-aminoacridine obtained by
casting 15 ul of a 10 ug ml~! solution onto a
silver foil. Fig. 5b shows the spectrum of foil after
dipping for 30 s in methanol. Fig. S¢ shows the
SER spectrum of triamterene after spotting with
15 ul of a 25 ug mi~! solution. As shown, 9-
aminoacridine has been completely desorbed from
the substrate after dipping, the substrate now
being readily available for investigation of a new
adsorbate. The time needed for complete desorp-
tion of an analyte will depend on its solubility in
the solvent used for washing. For instance, tri-
amterene, which is poorly soluble in methanol,
needs at least 2 min for complete desorption.

Fig. 1. Scanning electron micrographs of the silver foil sub-
strate (top) and etched silver foil (bottom). The line in the
photographs represent 10.0 pwm.
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3.4. SERS fingerprinting capability

The spectral fingerprinting capability of this
substrate for the analysis of nitrogen containing
aromatic compounds is illustrated in Fig. 6. The
SERS spectra of anthracene (a), 2-aminoanthra-
cene (b), 9-aminoacridine (c) and acridine (d) are
displayed. Although the spectra have been shifted
for clarity, the intensity scales are internally con-
sistent. The Raman modes in this substrate agree
quite well with those reported for these com-
pounds on silver-coated filter paper [25] and sil-
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Fig. 2. Bottom: unroughened silver foil. Blank spectrum (a)
and SERS spectrum of acridine (b). Top: roughened silver
foil. Blank spectrum (a) and SERS spectrum of acridine (b).
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Fig. 3. Effect of laser irradiation on the SERS spectrum of
acridine. Irradiation time (min): (a) 60; (b) 0.

ver colloid [26]. The results shown in Fig. 6
demonstrate that the nitrogen atom plays a key
role in the SERS activity of a given analyte. The
SERS spectra of compounds with the nitrogen
atom in a ring system (acridine) or as an exocyclic
amino group (2-aminoanthracene) are consider-
ably richer than their counterpart with no nitro-
gen atom (anthracene).
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Fig. 4. Time dependence of the surface enhanced Raman

intensity of amiloride (a) and of the background (b). The inset

represents the amiloride SER spectra with the fresh substrate
(c) and after 12 days (d).




A. Rupérez, JJ. Laserna / Analytica Chimica Acta 291 (1994) 147-153 151

(b)

B . (a)

1400 1600 1800
Raman shift (cm—1)

Fig. 5. SERS spectrum of 9-aminoacridine (150 ng) on etched
silver substrate (a). Spectrum of etched silver foil after dip-
ping for 30 s in methanol (b). SER spectrum after application
of triamterene (250 ng) on the washed silver foil (c).
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3.5. Quantitative study

In order to evaluate intersubstrate variations
of SERS intensities, 10 foils were prepared. 15 ul
of 9-aminoacridine (25 wg ml~!) or triamterene
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Fig. 6. SERS spectra on an etched silver foil: (a) anthracene;
(b) 2-aminoanthracene; (¢) 9-aminoacridine; (d) acridine. Drug
concentration 25 g mi~ L.

Table 1
Analytical figures of merit on nitric acid roughened silver-foil for 9-aminoacridine, acridine and 2-aminoanthracene
Analyte Corr. Slope ® Upper limit LOD LOD

coeff. 2 (ng/ml) (ng/ml) (mol)
Acridine 0.998 774 26.9 0.086 894 x 10715
9-Aminoacridine 0.995 2110 113 0.033 25 x10715
2-Aminoanthracene 0.992 435 26.7 0.102 1.73x 10714
n=6.

b Arbitrary units.
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(100 pwg ml™'") were added as a drop on the
freshly prepared foil. The relative standard devia-
tions of peak intensities were 9 and 11%, respec-
tively. Table 1 summarizes other analytical fig-
ures of merit. The upper limit of the linear part
of the calibration graph was estimated by polyno-
mial interpolation. The linearity holds for more
than two concentration decades. Limits of detec-
tion were estimated as follows [27]. If the 15 ul of
sample used is distributed homogeneously in the
0.8 X 1 cm? substrate, with a 1-mm diameter laser
beam focussed with a 30-cm focal-length lens, the
sampling efficiency is about 1/800 of all analyte
molecules applied. For 15-u1 of 10 pg ml™! 9-
aminoacridine, about 4.6 X 10!! molecules are
sampled. The absolute limit of detection can be
found by calculating the concentration giving a
signal-to-noise ratio of 3v2. The peak intensity of
the 1375 cm™ ! 9-aminoacridine band at 10 ug
ml~! is 54273 counts and the noise signal is
32239172 = 180; thus, at the limit of detection,
the number of molecules within the laser beam is
0.033 pg ml™!, corresponding to 1.5 X 10°
molecules or 2.5 X 107" moles. The limits of
detection for acridine and 2-aminoanthracene
were calculated in a similar manner and appear
in Table 1.

4. Conclusions

Strongly enhanced Raman spectra can be ob-
tained from nitric acid roughened silver foils for
nitrogen-containing aromatic compounds. Good
stability under laser irradiation and upon aging is
observed. The adsorbed analytes are easily de-
sorbed from the substrate by rinsing with solvent,
resulting in a fresh, reusable, SERS-active sur-
face. This is a relevant advantage of the sub-
strates as it offers prospect for their use as optical
sensors for characterization of adsorbed mole-
cules. The main drawback is related to the large
background signals observed. Although the back-
ground often compromises the detectability and it
is difficult to control on a routine basis, the
results reported here are important steps in the
direction of bringing SERS under experimental
control for analytical applications.
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Abstract

Anabolic steroids are used as doping agents in sports. Notwithstanding the total EC ban, they are also used as
growth promoters in animal production. The detection of anabolic steroids in the urine of untreated persons due to
the consumption of contaminated meat has been described earlier. This paper describes further confirmation of a
urine sample which was clostebol positive as a result of the above described interference phenomenon. This was
done by gas chromatography—mass spectrometry. Both low resolution mass spectrometry (LRMS) and high
resolution mass spectrometry (HRMS) were used after gas chromatographic separation. LRMS was used to
determine the relative abundances of the ions and for calculating similarity indices. With HRMS, selectivity was
increased by recording exact masses instead of nominal masses.

Key words: Gas chromatography—mass spectrometry; Anabolic steroids; Clostebol; Doping agents; Sports; Urine

1. Introduction

Anabolic steroids stimulate a strongly positive
nitrogen balance and have a protein anabolic
effect. They are used as performance enhancers
in sports, but they are also illegally used in live-
stock farming in the European Community. The
detection of anabolic steroids in urine due to the
consumption of contaminated meat has been de-

* Corresponding author.

scribed earlier [1,2]. The detection was based on
gas chromatographic-mass spectrometric (GC-
MS) data. GC-MS is widely accepted for identifi-
cation of doping agents in urine samples. For
screening of anabolic steroids, e.g., three ions can
be selected from the mass spectrum of the deriva-
tized parent steroid or its metabolite. Some alter-
natives for the confirmation of a presumed closte-
bol positive urine sample will be proposed in this
paper. These will be based on data obtained from
gas chromatography—low resolution mass spec-
trometry (GC-LRMS) and gas chromatography—
high resolution mass spectrometry (GC-HRMS).

0003-2670,/94 /307.00 © 1994 Elsevier Science B.V. All rights reserved
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2. Experimental
2.1. Reference standard

The main metabolite of clostebol, i.e., 4-chlo-
roandrost-4-en-3a-ol-17-one  (CLOS-MET) was
synthesized at the laboratory of Prof. M. Donike
(Cologne) by W. Schianzer and kindly donated.

2.2. Urine samples

A presumed clostebol positive urine sample
was obtained from a volunteer after he had con-
sumed a meat sample, found to be contaminated
with clostebol acetate. The urine sample was ob-
tained 6.67 h after consumption and had a
CLOS-MET concentration of 23 ug 17!, as deter-
mined by GC-LRMS [2].

Reference clostebol positive urine samples
were obtained from another volunteer, who re-
ceived an intramuscular injection of Steranabol®
(Farmitalia, Freiburg) which contained 40 mg
clostebol acetate. Urine samples obtained 25, 30
and 35 days after intramuscular injection had
CLOS-MET concentrations of 179 ug 17!, 76 ng
17! and 11 ug 17!, respectively.

2.3. Pretreatment of the urine samples

The pH of the urine (15 ml) was adjusted to
pH 3 with 1 M HCI and the urine samples were
divided in two parts for solid phase extraction by
two separate C,g; columns (Baker, Phillipsburg,
NJ). The eluates were collected and further
treated as described earlier [1] (enzymatic hydrol-
ysis and solid phase extraction on C,3 and NH,
columns). The eluate obtained after solid phase
extraction was evaporated to dryness under nitro-
gen and reconstituted in 150 w1l methanol. 100 wl
were injected in the liquid chromatography (LC)
system.

2.4. LC fractionation

Equipment

The LC system consisted of a Waters Model
6000 A pump and a WISP 710 B automatic
injector (Waters Assoc., Milford, MA). The vari-

able wavelength absorbance detector was a Model
SP 8400 (Spectra Physics, Santa Clara, CA) and
the fraction collector was a Helirac 2212 system
(Pharmacia LKB, Uppsala). The column was a
LiChrospher® 100 RP-18 (5 um), 12.5 cm X 4
mm i.d. (Merck, Darmstadt), guarded by a pellic-
ular reversed-phase column (30-50 wm), 75 mm
X 2.1 mm i.d. (Chrompack, Middelburg).

Experimental conditions

The urinary extract was fractionated by LC
using a mobile phase of methanol-water (65: 35,
v/v) (Alltech, Deerfield) at a flow rate of 1
ml/min. A 4-ml fraction was collected (8.9-12.9
min) and evaporated to dryness under nitrogen.

2.5. Derivatization

The dry residue of the collected LC fraction
was derivatized with 50 ul N-methyl-N-trimethyl-
silyltrifluoroacetamide (MSTFA)-ammonium io-
dide—-dithioerythritol (1000:2:4, v/w/w) for 30
min [3].

2.6. GC

Equipment

Gas chromatography was carried out on a HP
5890 gas chromatograph, equipped with a fused-
silica crosslinked 5% phenylmethylsilicone capil-
lary column (DBS5, J&W Scientific, Folsom, CA
for GC-LRMS; Ultra 2, Hewlett Packard, Palo
Alto, CA for GC-HRMS). The carrier gas was
helium.

Experimental conditions

The injector temperature and transfer line
temperature were at 280°C. The oven tempera-
ture was held at 100°C for 1 min, then pro-
grammed from 100 to 230°C at 40°C/min and
from 230 to 280°C/min at 5°C/min, the final
temperature being maintained for 15 min. 2 ul
were injected in the splitless mode.

2.7. LRMS

A HP 5970 mass spectrometer was used. Elec-
tron impact ionization was done at an electron
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beam voltage of 70 ¢V. The data system was a HP
59970C MS ChemStation (Pascal Series, Revision
3.2).

2.8. HRMS

The VG Analytical Autospec Q mass spec-
trometer was used. Electron impact ionization
was done at 70 eV and the instrument was tuned
to obtain a resolution of 8000. Perfluorokerosene
was used as tuning agent (K&K Labs., Plainview,
NY).

2.9. GC-LRMS experiments

Seven ions were selected from the electron
impact (EI) mass spectrum of the trimethylsilyl
(TMS)-enol-TMS ether derivatized CLOS-MET
(Fig. 1) for a selected ion monitoring (SIM) pro-
gram, using dwell times of 50 ms for each of the
ions. SIM data were recorded for the reference
standard in different amounts (20, 10, 5, 2.5 and
1.25 ng) and for the positive reference urine
samples and the presumed positive reference
urine sample. These data were used for calcula-

tion of the relative abundances of the ions and
for calculation of similarity indices.

2.10. GC-HRMS experiments

For selected ion monitoring in GC-HRMS the
exact masses of five ions typical for the TMS-
enol-TMS ether derivatized CLOS-MET were
recorded, using dwell times of 80 ms. The dwell
time for the ion of the calibrant was 50 ms. The
HRMS SIM data of the presumed positive urine
sample were compared to the data of a positive
reference urine sample.

3. Results and discussion
3.1. Calculation of ion ratios in GC-LRMS

When recording several ions in SIM, the rela-
tive abundances of the ions of the analyte can be
calculated and compared to those of a reference
compound. This is included in the EC legislation
in a Commission Decision laying down the meth-
ods to be used for detecting residues of sub-
stances having a hormonal or thyrostatic action

Scan 87 (20.488 min) of DATA:71K108¥8.D
B
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Fig. 1. Mass spectrum and structural formula of the TMS-enol-TMS ether derivatized clostebol metabolite (4-chloroandrost-4-en-

3a-0l-17-one, CLOS-MET).
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[4]. For use as a confirmatory method, the inten-
sities of preferably at least four diagnostic ions
should be measured and the relative abundances
of all diagnostic ions monitored from the analyte
should match those of a reference standard,
preferably within a range of +10% (EI mode).
The results of the ion ratio determination of the
reference standard, of the reference urine sam-
ples and of the presumed positive urine sample
are shown in Table 1. EC criteria state that at
least three ion ratios (since at least four diagnos-
tic ions have to be detected) should match those
of the reference standard. As can be seen from
Table 2, this criterion is easily fulfilled for ions

Table 1

with m /z = 468, 466, 453 and 451. When compar-
ing the presumed positive urine sample (23 ug
171, 9 ng injected on column) with the best match-
ing reference (i.e., closest concentration or
amount of the reference urine samples or the
reference standard, respectively), the accordance
was even more explicit. When comparing the
presumed positive urine sample (9 ng injected on
column) with the 10 ng reference standard, 5 of
the 6 ions have a percentage deviation lower than
2%. When comparing the presumed positive urine
sample with the 11 ug 17! reference urine sam-
ple, five out of six ions even have a percentage
deviation lower than 1%.

Mean ion ratio values + standard deviation (n = 5) for the injections of the different solutions of the reference standard (A), the
reference urine samples (B) and a presumed positive urine sample (C) (GC-LRMS analysis)

m/z values  468,/466 451,466 453 /466 431,/466 361,/466 363 /466

(A) Reference standard

20 ng 0.462 + 0.003 0.814 + 0.018 0.359 + 0.009 0.570 + 0.015 0.209 + 0.015 0.091 + 0.007
10 ng 0.450 + 0.004 0.830 + 0.009 0.366 + 0.006 0.587 + 0.009 0.215 £ 0.015 0.096 4 0.004
S5ng 0.439 + 0.003 0.839 + 0.014 0.366 + 0.004 0.593 + 0.008 0.221 + 0.009 0.091 + 0.004
2.5ng 0.428 + 0.006 0.854 + 0.017 0.359 + 0.006 0.611 + 0.017 0.245 + 0.016 0.094 + 0.003
1.25 ng 0.417 + 0.019 0.849 + 0.032 0.357 + 0.009 0.658 + 0.059 0.224 + 0.019 0.083 + 0.010
(B) Reference urines

179 ug 1! 0.481 + 0.004 0.818 + 0.005 0.362 £+ 0.003 0.568 + 0.005 0.206 + 0.008 0.093 + 0.004
76 ugl™! 0.465 + 0.003 0.808 + 0.007 0.359 + 0.003 0.564 + 0.006 0.201 + 0.005 0.090 + 0.003
Tugl™! 0.442 + 0.005 0.816 + 0.007 0.358 + 0.006 0.591 + 0.016 0.207 + 0.008 0.090 + 0.004
(C) Presumed positive urine

23 ugl™! 0.445 + 0.004 0.818 + 0.010 0.358 + 0.005 0.588 + 0.010 0.206 + 0.006 0.096 + 0.003
Table 2

Percentage deviation of the ion ratios of the presumed positive sample in relation to the ion ratios of the (A) reference standard

and (B) reference urine samples (italicized values exceed 10% deviation) (GC-LRMS analysis)

m/z value 468 /466 451 /466 453 /466 431 /466 361,/466 363 /466
(A) Reference standard

20 ng 3.59 0.58 0.22 3.20 1.58 4.70
10 ng 0.96 1.35 1.94 0.15 4.05 0.10
5ng 1.41 2.42 1.94 0.91 6.87 4.93
2.5ng 4.04 4.15 0.19 3.86 15.92 2.35
1.25 ng 6.78 3.64 0.50 10.64 8.20 15.72
(B) Reference urines

179 ug 1! 7.36 0.00 0.91 3.54 0.19 3.35
76 pgl~! 4.19 1.25 0.06 4.26 2.64 6.33
11 pgl™! 0.68 0.33 0.22 0.47 0.72 6.81
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3.2. Calculation of similarity indices in GC—LRMS

Unknown spectra can be compared to spectra
of reference compounds in a library. Although
this approach is most commonly used in the com-
parison of full mass spectra, we applied this to
SIM spectra. Reference spectra obtained after
injection of the different amounts of CLOS-MET
and after injection of reference urine samples
were stored in a users library. The library search
is a forward search algorithm based on the ten
most-significant peaks in each unknown mass
spectrum. The significance of each peak is de-
fined as mass times abundance. Ten peaks with
the largest significance are selected for the search.
The library entries (reference spectra) also con-
sist of the ten most significant peaks. The com-
parison algorithm uses an equation that computes
a similarity index (S.1.), defined as

10
SI.= i=1

10 , b ,
Y (An)" X (an)

i=1 i=1

1/2

where A, is the abundance of the ion in an
unknown spectrum and a,, the abundance of the
ion in a library spectrum. Since in our experi-
ments where SIM data are recorded, seven ions
are registered, the similarity indices are calcu-
lated by replacing 3'® by 3. The similarity index
is computed for each spectrum in a library against
a given unknown, and the results are rank or-
dered. The similarity indices are multiplied by
10000 and listed as match quality. The match
qualities for the presumed positive urine samples
are displayed in Table 3. Except for comparison
with the 306 pg CLOS-MET standard, match
qualities were higher than 99%, which can be
considered as perfect matches.

3.3. GC-HRMS confirmation of the presumed
clostebol positive urine sample

In high-resolution mass spectrometry ionic
species having the same nominal mass but differ-
ent exact masses can be separated. A numerical

Table 3
Match qualities of the presumed positive urine sample

Library Match
index No. quality

(1) 10 ng CLOS-MET

standard 2 9997
(2) 5 ng CLOS-MET

standard 3 9996
(3) Reference urine 179 ng/ml

CLOS-MET 8 9995
(4) 20 ng CLOS-MET

standard 1 9994
(5) Reference urine 76 ng/ml

CLOS-MET 9 9993
(6) 2.5 ng CLOS-MET

standard 4 9986
(7) Reference urine 11 ng/ml

CLOS-MET 10 9984
(8) 0.6125 ng CLOS-MET

standard 6 9963
(9) 1.25 ng CLOS-MET

standard 5 9924

(10) 0.30625 ng CLOS-MET
standard 7 9789

expression of resolution can be obtained from the
ratio m/Am, where m and m+ Am are two
adjacent peaks in the mass spectrum. The instru-
ment was tuned on a resolution of 8000. For the
choice of ions for the SIM program in HRMS,
two factors had to be taken into account. The
ions should be significant enough and they should
lie in a rather limited m/z range around the
m/z value of the ion of the calibrant. Because of
the presence of the chlorine atom in clostebol, it
was very convenient to find adequate ions to
implement in the selected ion monitoring pro-
gram. The chlorine isotope pairs of the molecular
ion M* (ions of m/z 466 and 468) and of a

Table 4
Masses of the ions monitored in HRMS

Nominal mass Exact mass Dwell time (ms)
468 468.2389 80
466 466.2492 80
453 453.2240 80
451 451.2260 80
431 431.2800 80
45582 454.9728 50

? Fast lock-on mass of the tuning agent.
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Fig. 2. Ion chromatograms (GC-HRMS) of the clostebol
positive reference urine sample (76 pg 17 1).
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Fig. 3. Ion chromatograms (GC—HRMS) of presumed positive
reference urine sample (23 ng 171).

fragment ion (M — 15)* (ions of m/z 451 and
453) were chosen together with an ion of m/z
431, which results from the loss of the chlorine
atom. The exact masses of the ions were calcu-
lated and presented in Table 4. The ion chro-
matograms for a reference urine sample are
shown in Fig. 2. The five selected ions appear
simultaneously at a retention time of 15.55 min.
As can be seen from Fig. 3, both gas chromato-
graphic (retention time) and mass spectrometric
data (presence of the five ions) of the presumed
positive urine sample correlate with that of the
positive reference urine sample.

4. Conclusions

It can be concluded that the presence of
clostebol metabolite in a presumed positive urine
sample was confirmed by data obtained from the
GC-LRMS and GC-HRMS experiments. The
proposed strategy can add to the reliability of
data interpretation, since on the one hand simi-
larity of the analytical results with those of the
reference compound can be expressed in figures
(% deviation of the ion ratios, similarity indices
and match qualities) and on the other hand higher
selectivity is obtained by HRMS.
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Abstract

Model experiments for the analysis of platinum species in extracts from native and platinum treated grass
cultivation are described. The procedural steps are cultivation of the grass samples, preparative separation of the Pt
species and analytical detection and characterisation of the separated species. The platinum uptake from the roots
resulted by treating the grass cultivation with an aqueous solution of tetrammineplatinum(II) nitrate,
[Pt(NH,),(NO;),. The grass was cut, the cell fluid extracted and the Pt species were separated by gel permeation
chromatography. The extremely sensitive adsorptive voltammetry was used for the sequential determination of
platinum in the elution fractions. The estimation and determination of the molecular weights were carried out by gel
permeation and liquid chromatography. In the native grass extract only one Pt species (160-200 kD) was detected. In
the platinum treated grass extracts several Pt species were observed. More than 90% of all the platinum is bound to
a low molecular weight species (about 1 kD), whereas less than 10% of the platinum is bound to species with

molecular weights from 19 up to > 1000 kD.

Key words: Permeation chromatography; Liquid chromatography; Plant materials; Species analysis; Platinum

1. Introduction

Heavy metals are of great importance in envi-
ronmental discussions. In this context platinum
emission from motorcars with catalytic cleaning
of the exhaust gases represents a new additional
factor of environmental pollution. The kind of
platinum emission as small particles (sub-um
range) leads to a good bioavailability of this ele-
ment [1,2]. The development of an efficient and
extremely sensitive analytical procedure ensured

* Corresponding author.

the determination of baseline levels of platinum
in many biological and environmental materials
[3]. Furthermore the investigation of element
species becomes of increasing interest. The
knowledge of the binding state and binding part-
ners of heavy metals in biological and physiologi-
cal systems supply information about their
bioavailability and consequently of their toxico-
logical and nutrition physiological relevance. The
influence on the metabolism in plants extends the
investigation area.

Plants stand at the beginning of the food chain
for man. The physiology and biochemistry of plant
metabolism are of decisive importance to the

0003-2670,/94 /307.00 © 1994 Elsevier Science B.V. All rights reserved
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degree of heavy metal uptake. Consequently, the
binding forms of metals in plant materials have
frequently been investigated in the last few years.
In newer and fundamental publications Grill et
al. [4-6] described the phytochelatins as the heavy
metal binding principle of elements like zinc,
cadmium, copper and lead. Other authors exam-
ined copper [7,8] and nickel phytochelatins [9].
The phytochelatins represent a class of heavy
metal binding plant peptides functionally analo-
gous to metallothioneins in humans, animals and
special fungi. They are observed only in plants
that are exposed to heavy metals in a higher
degree than normal. The characterization of this
class of metal binding peptides revealed homolo-
gous compounds of repetitive y-glutamyl—cys-
teine units ([y-Glu-Cys],—Gly), where n ranges
from two to eleven. Heavy metal ions like Cd?™,
Zn?*, Hg?*, Cu?*, Ag*, Au®*, Pb?" and Bi®",
but also anions like selenate and arsenate, can
induce the formation of these special peptides
[10]. In model experiments the necessary high

0,25

heavy metal exposure is realized in many cases by
addition of a slightly soluble metal salt into the
cultivation substrate [11]. The binding partners of
elements in naturally grown plants have so far
been investigated only occasionally [12], although
these plants have a great relevance to nutrition.
Platinum species in plant material have not
been investigated until now. A separation method
for metal species analysis has to fulfil at least two
main conditions (beside others). On the one hand
it should work on a preparative scale because of
the expected low metal concentrations (especially
in native plant material); on the other hand it
should not attack the binding between platinum
and the organic components to be separated [13].
Gel permeation chromatography offers good
qualities in this context, because a relative large
sample amount can be separated in one step.
Furthermore the separation principle is based
upon the molecular size and interactions between
the separation medium (gel) and the samples are
decreased to a minimum. For the sequential de-
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Fig. 1. Gel chromatographic separation of an extract from native grass material (UV absorbance detection) and the corresponding
platinum distribution (separation medium Sephadex G25, superfine; column, 100 cm X 16 mm i.d.; elution buffer, 0.01 M HC1-0.05

M NaCl (pH 8)-Tris at 18 ml/h; complete elution).
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termination of platinum in the eluted fractions a
very sensitive method (adsorptive voltammetry)
with detection limits in the sub-pg range is avail-
able [14].

2. Experimental

2.1. Plant cultivation and preparation of the grass
cell fluid (extract)

For the model experiments we chose the culti-
vation of “Welsches Weidelgras” as a suitable
and realistic sample material. This grass can be
cultivated in the laboratory over the whole year.
The grass seed was sown into market garden
mould, the cultivations were realized in peat pots.
The plants destined for Pt exposure were treated
with a solution of tetrammineplatinum(II) nitrate,
[Pt(NH,),J(NO,),, in water, in the course of
which contact of the solution with the grass was
absolutely avoided. The platinum was exclusively
taken up by the roots. When the grass was grown

up to 5-7 cm, it was cut. The Pt addition
amounted to 300 mg up to the first cut, and 100
mg between the second and the third cut (the
total platinum addition amounted to about 0.8
mg /g soil). After the fifth cut, the cultivation was
concluded.

A series of native (not treated with platinum)
grass cultivations were grown parallel to the
treated cultivations. These plants were only
treated with deionized water; additional fertilizer
was omitted.

Each grass cut was triturated with buffer solu-
tion (0.02 M ammonium acetate made up to pH
8.0 with Tris) in a centrifuge vessel, thus extract-
ing the Pt species. The extracts were decanted,
freeze-dried for concentration and the dried
residues were stored at —20°C.

For the determination of platinum in the grass
cuts and in the grass extracts, as well as in the
garden mould, the sample material was decom-
posed with HNO;-HCI (High Pressure Asher®,
Kiirner) followed by adsorptive voltammetric
quantification of the platinum [13}. The Pt con-
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Fig. 2. Gel chromatographic separation of an extract from a platinum grass material and the corresponding platinum distribution

(separation conditions, see Fig. 1).
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tent of the untreated wet garden mould was found
to be 0.3 ng/g (0.9 ng/g in relation to the dry
weight). With the native grass a decrease of the
Pt concentration from one cut to another (0.7
ng/g with the first cut down to 0.12 ng/g with
the fourth cut) was observed. We considered this
to result from a decrease of the platinum concen-
tration in the mould. The treated grass showed
an increasing Pt uptake from one cut to another
up to 35 ug/g with the fifth cut. Relating to the
total content in the grass cuttings, the Pt recover-
ies in the extracts amounted to > 80%.

2.2. Gel permeation chromatography

The freeze-dried residues according to 2.1 were
dissolved in the pH 8.0 buffer solution and sepa-
rated by gel chromatography. To optimize the
separation for the relevant molecular weight
(MW) range (1-1000 kD) several kinds of gels
were used: for the low MW range Sephadex G25
superfine and Sephadex G50 superfine, for the
high MW range Sephacryl S-400 HR (all from

0.4

Pharmacia). Columns with a length of 100 cm and
an inner diameter of 16 mm were used through-
out. Different elution buffers (12 resp. 18 mi/h,
Microperpex peristaltic pump, LKB) were tested:
(a) 0.01 M H(I, 0.05 M NaCl; (b) 0.02 M ammo-
nium acetate; (¢) 0.025 M HCI (all made up to pH
8.0 by addition of Tris). The absorption profiles
of the eluates were measured at 254 nm (UV
spectrophotometric detector, Latek). Fractiona-
tion was carried out by a fraction collector (Mul-
tirac®, LKB), the fraction volumes amounting
from 2 to 8 ml. An SP 4290 integrator (Spectra
Physics) was used for data processing.

2.3. Platinum determination

Up to 1.5 ml of each fraction (see 2.2) was
mixed with 0.3 ml HNO, (65%), 0.1 ml HCI0,
(70%) and 0.1 ml H,SO, (96%) in 10-ml reaction
vessels and heated in an aluminium heating block
up to 130-140°C block temperature. After evapo-
rating the sample to about 1 ml the block temper-
ature was raised to 210-220°C within 40 min and
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Fig. 3. Gel chromatographic separation of an extract from native grass material and the corresponding platinum distribution
(separation medium, Sephacryl S-400 HR, same separation and detection conditions as in Fig. 1; eluted molecular weight range

> 10 kD).
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kept at this temperature for 10 min. Subsequently
the vessels were taken out of the heating block
for cooling. Afterwards 0.05 ml HNO, (65%) and
0.15 m HCIl (30%) were added. The sample was
evaporated to 0.3-0.4 ml at a block temperature
of 170°C. After adding 0.2 ml HCl (30%) the
volume was again decreased to give a residue of
about 0.3 ml at the same temperature to remove
the remaining HNO,. Chloride ions must remain
to stabilize the platinum. To be quite sure having
removed the last residue of HNO,, again 0.1 ml
HCI (30%) was added (HNO, would interfere the
subsequent voltammetric platinum determina-
tion). After cooling, the samples were made up
with deionized water to 5.0 ml. This solution was
0.36 M in H,50,. By adding 0.08 ml of 0.01 M
hydrazinium sulfate and 0.01 ml of formaldehyde
solution (37%) the platinum, present as Pt(IV),
was reduced to Pt(II), and the Pt(I1)-formazone
complex was formed. The whole volume or an
aliquot was taken for analysis. The solution was
made up to a volume of 15 ml with a correspond-
ing electrolyte solution (250 ml of 0.36 M H,SO,

+ 0.375 ml of 0.1 M hydrazinium sulfate solution
+ 0.150 ml of 37% formaldehyde solution) and
transferred into the voltammetric cell. Within a
defined time (e.g. 1 min) the Pt(II)-formazone
complex was adsorbed at the hanging mercury
drop electrode. By increasing the voltage in the
cathodic direction, a current peak was obtained
in the differential pulse mode at —0.86 V (vs.
Ag/AgCi (3 M KCI). The peak height was di-
rectly proportional to the platinum concentration.
The absolute limit of detection (3s,,,,) Was 2 pg
of platinum. A VA-stand 663 in connection with
a Polarecord 626 and a Timer E 608 (Metrohm)
were used for the voltammetric measurements.

2.4. Estimation of the molecular weights of some
platinum species

(a) For the estimation of the molecular weights
the gel permeation chromatography column was
calibrated by separation of a mixture of selected
proteins under equal conditions as for the separa-
tion of the plant extracts. For calibration the
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Fig. 4. Gel chromatographic separation of an extract from a platinum grass material and the corresponding platinum distribution
(separation medium, Sephacryl S-400 HR; elution buffer, 0.025 M HCl (pH 8)-Tris at 12 ml/h; eluted molecular weight range

> 10 kD).
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following proteins were used: aldolase (158 kD),
bovine serum albumin (68 kD), chymotrypsinogen
A (25.6 kD) and cytochrome C (12.384 kD). The
apparatus is described in 2.2.

(b) Analytical LC was carried out as an addi-
tional method for estimating molecular weights
using Diol-bonded silica gel (Diol column, Knauer
HY 077, 10 wm) [15]. 20 wl portions of selected
fractions from the gel chromatographic separa-
tions were injected into the LC column. 0.025 M
Tris with 0.5 M NaCl (pH 8.0) was used as
elution buffer (elution 0.15 ml/min). The elution
profile was measured at 254 nm. For calibration
the same proteins as in gel chromatography were
used. The apparatus used were -an SP 8810
isocrated pump (Spectra Physics) and a SP 4290
integrator (Spectra Physics) for data processing
together with an UV spectrophotometric detector
(Latek).

2.5. Reagents

Reagents of analytical grade or Suprapur grade
(Merck) were used. The platinum reagent blank

1000

was checked and controlled throughout the whole
procedure.

3. Results and discussion

The gel permeation chromatogram and the
corresponding platinum distribution in an extract
from a native grass cultivation yielded only one
platinum species in the molecular weight range of
160~-200 kD. No species in the low molecular
weight range (1-2 kD) could be detected. Figs. 1
and 3 (high molecular weight range) show the
absorbance and platinum peaks after separation
with Sephadex G25 superfine and Sephacryl S-400
HR. In the Figs. 2 and 4 (high molecular weight
range) the corresponding separation pattern of
an extract from one platinum grass cultivation is
presented. Several platinum species are recogniz-
able, a low molecular weight species (ca. 1 kD,
Fig. 2), containing more than 90% of the whole
platinum, and seven species (Pt 1 to Pt 7, Fig. 4)
with higher molecular weights (up to > 1000 kD).
The UV absorbing species in the figures derive

100 -
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10 r r

8 10 12

14 16 18

retention [min]

Fig. 5. Calibration graph for the determination of the molecular weights of platinum species (selected elution fractions) by LC.
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Table 1
Estimated molecular weights of some platinum species in
native and platinum treated grass extracts

Platinum Sample Molecular  Calibration

species weight (kD)

Pt1 treated grass > 1000 gel chromatography
Pt2 treated grass 600 gel chromatography
Pt3 treated grass 225 gel chromatography
Pt4 treated grass 160-200 gel chromatography
native native grass 160-200 LC

bound Pt

Pt5s treated grass 80.7 gel chromatography
Pt6 treated grass 27.8 gel chromatography
Pt7 treated grass 19 LC

from grass proteins in the extracts and may not
necessarily coincide with the UV absorptions of
the platinum species. In spite of the low separa-
tion power of gel permeation chromatography a
differentiated platinum pattern could be obtained
from the extracts of treated grass cultivations.

A further estimation of the molecular weights
of the native platinum species and the species Pt
7 was carried out by analytical LC. The calibra-
tion graph is shown in Fig. 5 and a survey of the
platinum species is given in Table 1. The agree-
ment of the molecular weights of the native plat-
inum species and the platinum species Pt 4 does
not necessarily demonstrate their molecular iden-
tity.

These investigations were made with the aim
of developing analytical methods for the separa-
tion and identification of platinum species in
plant materials. Physiological studies were not
intended. This will remain for future work to be
carried out by specialists. Therefore, the experi-
ments described here are of a model character.

4. Conclusion

This contribution represents the first part of
our investigations concerning platinum species in
biological materials. Up to now the characteriza-
tion of the separated platinum containing compo-
nents is restricted to the estimation of their
molecular weights. A further attempt will be made
to get more information about the nature of these
components. A particular problem to be investi-

gated is whether there is a platinum species pres-
ent in exposed plant materials that is comparable
to the phytochelatins in plants exposed to cad-
mium or other heavy metals. For this purpose
independent separation methods (for example
electrophoresis) will be used.
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Abstract

The basic characterization of novel Zn(RCOO),L,(H,0), compounds including the determination of their
melting points, solubility, UV-visible absorption spectra, polarity and chromatographic behaviour was performed.
Thin-layer chromatography with flame ionization detection (FID) showed an intense FID signal for the zinc(IT)
carboxylate salts under examination. Liquid chromatographic analyses were carried out with organic and water—
organic mobile phases. Reasonable results were obtained for analyses on Silasorb SPH Nitrile, Tessek HEMA-Bio
1000CM, LiChrosorb Si 60 and the best LiChrosorb RP-18 columns. It follows from the analyses that the retention
behaviour of these structurally novel and pharmacologically interesting zinc(II) compounds is governed by the
chromatographic properties of the corresponding ligand molecule binding. The alkyl chain of the acetate anion has a
small effect on the retention behaviour of the whole molecule. The increase in retention time is greater with zinc(I1)
acetates with bound caffeine or phenazone molecules and the results confirm that the molecules of zinc(IT)
carboxylates move through the entire column.

Key words: Liquid chromatography; Thin-layer chromatography; Biological samples; Nitrogen donor ligands;
Zinc carboxylates

1. Introduction
The synthesis of Zn(II) compounds with or-

ganic molecules is very popular at present. There
are many possibilities of using synthesized prepa-

* Corresponding author.

rations in pharmacy [1,2], plant photosynthesis [3]
and agriculture {4,5]. The function of zinc and
zinc compounds in living organisms is of special
importance [6,7]. Zinc is a component of more
than 90 metalloenzymes [8] and affects protein
synthesis [9].

Zn(RCOO0),L,(H,0),-type compounds have
been synthesized at the Department of Inorganic

0003-2670/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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Chemistry, P.J. Safarik University, KoSice, in an
endeavour to develop a suitable, structurally sim-
ple skeleton as a drug and medicine carrier in
which each part had a stimulating or synergistic
effect on the action of the bound active compo-
nent (ligand part). The identity of the individual
zinc(IT) carboxylate salts was confirmed by ele-
mental analysis, infrared spectrometry and ther-
mal analysis [10].

Information on the properties and possibilities
of the chromatographic characterization and de-
termination of zinc(IT) carboxylate compounds is
relatively scarce. It is also difficult to find data
describing the chromatographic separation of
similar compounds. There are papers on the sep-
aration, identification and determination of alkyl
and alkylphenol ether carboxylates by means of
liquid chromatography (I.C) (on a LiChrospher
100 RP-18 column with refractometric detection
[11]. The effect of pH and electrolyte concentra-
tions on the retention of n-alkylcarboxylates has
been examined by Brandts et al. [12]. The separa-
tion of sulphonate and carboxylate mixtures on a
highly basic anion-exchange resin by ion-ex-

change chromatography (IEC) with gradient elu-
tion has been reported [13]. More frequent are
papers concerned with the determination of metal
chelates [14], metal dithizonates [15], acetylaceto-
nates [16] and diethyldithiocarbamates [17] of
zinc(I) using thin-layer chromatography (TLC)
and LC methods.

LC methods for the determination of zinc(II)
ions using exchange reactions or ligand-exchange
chromatography [18] have also been elaborated.
The separation of Zn, Cd, Pb, Ni, Cu and Hg
complexes with biacetyl{bis(4-phenylthiosemi-
carbazone)] on a C;g column has been reported
[19]. The individual eluates are detected by means
of electrochemical detection [20] or oscillography
[21]. Most frequently, detection is done by spec-
trophotometry (coloured compounds) after post-
column derivatization [22-24].

There are descriptions of gas chromatographic
(GC) and LC analyses of the organic molecules in
some metal complexes and their metabolites
(thiourea [25], phenazone [26], nicotinic acid
[27,28], caffeine [29,30]).

This work is an introduction to the characteri-

Table 1

Selected physico-chemical properties of zinc(II) carboxylatés with N-donor ligands

No. Name Abbreviation M, M.p. CC) S.D.

&+SD,n=3)

1 Caffeine caff 194.123 155 133
2 Urea urea 60.055 139 3.6
3 Thiourea turea 76.122 43 [43]

4 Phenazone phen 187.241 115.7 35
5 Nicotinic acid nica 123.112 248.3 1.5
6 Zn(HCOO),(urea)H,0), 233.480 156.7 7.6
7 Zn(HCOO),(urea),(H,0) s 284.535 163.3 1.53
8 Zn(HCOO),(tureaH,0) 5 233.480 103.3 7.64
9 Zn(HCOO),(turea), 307.669 100.7 4.04
10 Zn(HCOO),(nicaXH,0), 278.537 > 350

11 Zn(HCOO),(nica),(H,0), 401.649 > 350

12 Zn(HCOO) (caffXH,0), 5 349.548 155.0 5.00
13 Zn(HCOO)(caff),(H,0), s 419.649 150.0 5.00
14 Zn{CH ;C0OO0),(urea)(H,0), 240.511 119.7 3.06
15 Zn(CH ;COO0),(urea),(H,0) 309.566 144.2 12.80
16 Zn(CH ;COO0),(tureaXH,0) 5 265.578 185.0 5.0
17 Zn(CH;COQO),(turea), 332.700 183.3 10.4
18 Zn(CH ;COO0),(nica),(H,0), 426.680 > 350

19 Zn(CH ;COO0)(phen),(H,0), 5 581.938 105.3 1.53
20 Zn(CH ;CO0),(caffXH,0), s 419.579 150.0 8.70
21 Zn(CH 3;C00)(caff),(H,0); 5 631.702 155.0 5.00

The crystallic water contents was determined by thermogravimetric analysis.
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zation of the fundamental qualitative physico-
chemical and chromatographic properties of novel
Zn(RCOO),L,(H,0), compounds (where R = H
or CH,, L = caffeine, nicotinic acid, urea,
thiourea or phenazone, n=1 or 2 and g =0.5,
1.5, 2.5, 3.5 or variable, x is the water content
determined by thermogravimetric analysis). It is
the starting point for the development of TLC
and LC methods and subsequently capillary GC
methods for their determination in the non-
metabolized form and for the possibility of the
determination of metabolites in internal organ
tissues and body fluids in experimental animals
during testing of their biological activity.

2. Experimental
2.1. Chemicals

HCI, NaOH, NaHCO;, citric acid, sodium di-
hydrogenphosphate dihydrate, diethyl ether, di-
methylformamide (DMF) and dimethyl sulph-
oxide (DMSO) used in solubility tests of the
synthesized zinc(II) carboxylate compounds were
purchased from Lachema (Brno, Czech Republic)
and were of analytical-reagent grade.

The solvents used in LC analyses, methanol
(MeOH), chloroform and ethanol (EtOH), were
purchased from Lachema, dioxane, n-propanol
and propan-2-ol from Merck (Darmstadt) as hex-
ane from Carlo Erba (Milan), all of analytical-re-
agent grade. Acetonitrile (ACN) was purchased
from VEB Laborchemie (Apolda). Redistilled
water (conductivity 0.4 uS) was prepared with an
Ilmator Biplex device.

All standards of Zn(RCOO),L,(H,0), com-
pounds were recrystallized prior to analysis. A list
of all compounds is given in Table 1 and the
formulae of the ligands are shown in Fig. 1.

2.2. Determination of the melting points of
Zn(RCOO), L, (H,0), compounds

Compounds in their crystalline form were
transferred on to the slide of the heating block of
a melting point device (Boetius, Zeiss, Jena) and
heated stepwise in increments of 4°C min~! to

0 CH
HLC~ i3
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07N HN—C—NH,
|
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3 ZCO0H
R
PHENAZONE NICOTINIC ACID

Fig. 1. Structures of N-donor ligands bound in zinc(II) car-
boxylates analysed.

melting of the crystal borders. The temperature
at which this phenomenon was observed was
noted as the melting point.

2.3. Solubility of Zn(RCOO),L,(H,0), com-
pounds

The solubility of the zinc(II) carboxylates was
tested in 5% HCI, 5% NaOH, 5% NaHCO,,
diethyl ether and water according to the steps
indicated in [31). A compound was considered
insoluble if it was not dissolved after 30 min of
intensive stirring. The solubility of the zinc(II)
compounds was also tested in DMF and DMSO.

2.4. UV-visible spectra of Zn(RCOO),L,(H,0),
compounds

The UV-visible spectra of the compounds ex-
amined were measured in aqueous solutions of
the standards prepared by dissolution of a 5-mg
sample in redistilled water (10-ml volumetric
flask). A 0.2-ml volume of this stock solution (0.1
mg of the component) was pipetted into a quartz
cuvette, 2 cm thick. The spectra were recorded
from 200 to 440 nm on a Specord spectropho-
tometer (Zeiss).

2.5. TLC of Zn(RCOO),L,(H,0), compounds
with flame ionization detection

Analyses of chromatographic separation of
Zn(RCOO),L,(H,0), compounds by TLC-FID
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were made on an latroscan MK5 (Newman-How-
ells). Samples of zinc(II) acetate with bound urea,
thiourea, phenazone and caffeine and their car-
boxylate salts were developed in MeOH-EtOH
(8 + 2, v/v) on Chromarod S III silica gel rods.
The developed and dried chromatographic rods
were subsequently analysed and peaks were eval-
uated with an integrator.

2.6. LC analysis of Zn(RCOO),L,(H,0), com-
pounds

Preparation of stock standard solutions

The solutions of substances .1-21 (Table 1)
were prepared by dissolving 5 mg of each in 10 ml
of redistilled water. Solutions of mixture 1
(ligands, compounds 1-5), mixture 2 (formates
6-13) and mixture 3 (acetates 14-21) were ob-
tained by dissolving 5 mg of compounds and
diluting to volume with redistilled water. A 1-ml
volume of 5% HCI was added to standards §, 6, 7,
10, 12 and 13 to improve their solubility.

Preparation of Mcllvaine buffers

Mcllvaine universal buffers with increasing pH
values (ranging from 2.0 to 8.0) were prepared
from a 0.1 M solution of citric acid and a 0.2 M
solution of Na,HPO,-2H,0O as described by
Kuster and Thiel [32]. pH values were measured
with an OK-104 pH meter (Radelkis, Budapest).

Analysis

LC analyses were made on LiChrosorb Si 60
[stainless steel (SS), 10 pm, 250 mm X 4.6 mm
i.d., column A, ], LiChrosorb RP-8 (SS, 7 pm, 250
mm X 4.6 mm i.d., column B,) and LiChrosorb
RP-18 (SS, 10 xm, 250 mm X 4.6 mm i.d., column
B,) purchased from Knauer (Berlin), Silasorb
SPH Nitrile (SS, 7.5 um, 250 mm X 4 mm id.,
column A,), Silasorb SPH Amine (SS, 5.9 pm,
250 mm X 4 mm i.d., column A ;) purchased from
Lachema (Brno) and HEMA-Bio 1000CM (glass,
10 um, 150 mm X 3 mm id., column A,) ob-
tained from Tessek (Prague) in an LC system
with an LCP 4000 high-pressure pump from Ecom
(Prague) connected with a Model 2082 UV -visi-
ble spectrophotometric detector (Ecom). To in-
ject the samples, an injection valve (Rheodyne

Model 7120) with a 20-ul sample loop was used.
The optimum mobile phase composition in re-
versed phase (RP) LC analyses was selected using
a PRISMA model and the program Solvent
(Ecom). All liquids used were degassed ultrasoni-
cally.

The conditions used for the analyses were as
follows: wavelength of the UV detector: 260-270
nm, and average 253 nm; flow-rate of mobile
phase, 0.4 ml min~! on column A, and 1 ml
min ! on the other columns, injection volume, 20
pl (10 wg); and temperature of the UV-visible
detector cell, 25°C. Gradient elution was applied
as follows, where solvent A is chloroform and
solvent B is ethanol: 2 min, 100% A; 10 min 20%
(v/v) B in A; 20 min, 40% B; and 30 min, 60% B.

3. Results and discussion

3.1. Results of characterization of basic physico-
chemical properties of Zn(RCOO),L,(H,0), com-
pounds

The results obtained in measuring the melting
points of zinc(II) salts are given in Table 1. From
these results it follows that compounds 10, 11 and
18 appear to be the most stable to heat, their
melting points surpassing the maximum tempera-
ture of the device of 350°C.

Absorption maxima in the UV-visible region
of the spectrum of the compounds examined and
their molar absorption coefficients are suffi-
ciently high for use of the spectrophotometric
detector of detection during LC analyses of the
zinc(ID) carboxylates.

From Table 2, it is evident that the analysis of
urea and its carboxylates is not possible by means
of spectrophotometric detection. The compounds
under examination absorb light at 273, 234, 262
and 243 nm (caffeine, thiourea, nicotinic acid and
phenazone, respectively).

The solubility test on the above-mentioned
compounds indicated that they belong to the sub-
stances that have medium or high solubilities in
water (the solubilities decrease from ligands to
acetates); only compounds 5, 6, 7, 10, 12 and 13
are exceptions as they are completely dissolved
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Table 2
Spectrophotometric analysis of compounds examined (2-cm
cuvette)

173

after adding 1 ml of 5% HCI to the sample. The
results of the tests are summarized in Table 3.
The pH values of the solutions prepared (in wa-

C(‘)’::l'd ?r;nr;x) (/;g:grbance) Edm3 mol~1 em-1) ter only) ranged from 2.85 to 7.3. Compounds 7,
P 9, 13, 15, 17 and 21 are readily soluble in DMF,
1 2732 _oon 14990 DMSO and acetic acid.

2 Non-absorbing

3 236.2 3.24 9496

4 242.7 2.49 17950

5 261.8 1.37 6479 3.2. ILC-FID

6 Non-absorbing

7 Non-absorbing TLC-FID analysis of zinc acetate, thiourea,
8 235.8 1.45 14846 phenazone and their acetate complexes revealed
9 228.5 4.00 51236

10 2613 0.94 15374 good FID responses to these substances. On the
1 262.4 1.22 2740 basis of the recordings obtained (Figs. 2 and 3), it
12 2729 0.90 14564 is suggested that the inorganic part of the com-
13 2732 oL 31324 pound is probably shielded by the organic part of
14 Non-absorbing the molecule and the chromatographic properties
15 Non-absorbing .

- 2361 0.87 13506 are due to by the organic part of the molecule. In
7 2361 176 18870 Fig. 2b, peak 2 probably relates to zinc(Il) acetate
18 261.2 0.83 13409 as an impurity from the previous experiment.
19 2425 0.58 9306 Separation of the Zn(II) carboxylates (Fig. 2c)
20 27132 0.64 5729 leads to the suggestion that dissociation of the
21 273.2 0.70 8267 .

complex occurs by means of release of a thiourea

Table 3

Solubility of compounds tested
Compound Water 5% NaOH 5% NaHCO, 5% HCl Diethyl ether DMSO DMF Type

1 + C C + - + + S,

2 + - + + S,

3 + - + + S,

4 + - - - S,

5 - + D + - - - A-A,

6 + - C + - + + S,

7 + + Cat + - + + S,

8 + C - + - + + S,

9 + + - + - + + S,

10 - + C + - - - A,

11 - + - + - - - M-B

12 + C D + - + + A-A,

13 - c D + - + + M-B

14 - + D + - + + M-B

15 - + D + - + + M-B

16 + - + + S,

17 + - + + S,

18 + - - - S,

19 - + Cat + - - - M-B

20 - C c + - + + M-B
21 - C C + - + + M-B

C = coagulation; Cat = cataract; D = decomposition; + = positive; — = negative; A = acidic nature; A, = weakly acidic nature;

B = weakly basic nature; M = neutral nature; S, = polar compound with more than one polar group in molecule.
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molecule, which is then characterized by peak 1,
whereas peak 2 refers to the complex. The weak
peaks in Fig. 3, i.e., peaks 2 (Fig. 3a) and 3 (Fig.
3¢) relate to zinc(I) acetate, whereas peaks 2
(Fig. 3b) and (Fig. 3c) probably present impuri-
ties.

3.3. Results of LC analysis

Liquid—solid chromatographic (LSC) separations
on LiChrosorb Si 60

The separation of the zinc(IT) formates and
acetates with N-donor ligands is most suitably
done on a LiChrosorb Si 60 column with an
organic mobile phase (chloroform-ethanol, chlo-
roform—methanol) with gradient elution. Separa-
tion is limited by the solubility of the single
carboxylates and ligands in DMSO or DMF. In-
soluble in DMSO are nicotinic acid and all its
zinc(II) carboxylate salts and phenazone and its
zinc(II) acetate salt. DMSO and DMF are highly
polar solvents which in many of the carboxylates
under examination may cause elimination of the
organic molecule. The infrared spectra of zinc(II)
carboxylates with thiourea and caffeine obtained
from the evaporated residue of the solution of
these substances in DMSO do not show any dif-
ferences from the spectra of the original com-
pounds.

~JL

2 J\\ -
-
|
30
tlsec)
Fig. 2. TLC-FID of Zn(acetate),L,(H,0),. Peaks: (a) 1=
zinc(II) acetate; (b) 1= thiourea, 2 = unknown; (c) 1=
unknown, 2 = Zn(acetate),(tu),H,0; (d) 1 = phenazone.

~N
o]
N
(o8]
[e]
N
w
=
N

3
1
2 z J\NJ
,J A A M
| | i |
2 302 302 30
tisec)
Fig. 3. TLC-FID of Zn(acetate),L,(H,0),. Mobile phase:
methanol-ethanol (8 + 2). Peaks: (a) 1= Zn(acetate),-
(phenazone),1.5(H,0), 2 = unknown; (b) 1= caffeine, 2=
unknown; (c) 1= unknown, 2 = Zn(acetate),(caff),3.5(H,0),
3 = unknown.

According to Mikes [33], the molecule with the
highest number of carboxyl, hydroxyl or amino
groups is the most strongly adsorbed on silica gel
supports. The adsorption strength depends also
on the type of the carbon chain. In an LC system
with a non-polar, non-aqueous mobile phase and
a polar silica gel support, the first to be eluted,
e.g., with gradient elution with ethanol, is caf-
feine, the last being thiourea, because it contains
two amino groups and a —C=S group. Solutes
adsorbed on the support are removed from their
sites by a more polar solvent (ethanol).

The solvent effect and the selection of the
mobile phase underline the well known rule that
the elution strength of the organic mobile phase
is most frequently modified by the addition of
dichloromethane, triethylamine and ethanol [34].
With the zinc(IT) carboxylates observed, however,
triethylamine could possibly cause replacement of
the original ligand.

The optimum mobile phase found by zinc(II)
carboxylate analysis by means of the TLC method
with an LSC mechanism [35] showed that mix-
tures of ligands, formates and acetates started to
move up the TLC layer in a mobile phase charac-
terized by E, = 0.45 (the elution strength E of
the solvent is defined as the adsorption energy of
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the solvent on unit surface area of an adsorbent
with a standardized activity [36]). The use of
benzene as a one component of the mobile phase
is impossible because it absorbs UV light at 275
nm [37]. If, however, another composition of the
mobile phase with a similar elution strength (e.g.,
8% of methanol in diethyl ether) is used, then, on
the basis of the same retention characteristics,
LSC can be assumed to be the mechanism of
separation.

The LSC separation mechanism on column A
with a chloroform-ethanol mobile phase seems
to proceed by a competition mechanism. Chloro-
form, a weakly polar solvent, is weakly adsorbed
on the polar silica gel support (forming a mono-
layer) and the retention of individual zinc(II)
carboxylates depends on the competition for ad-
sorption with ethanol (elution order: thiourea,
caffeine), confirmed with results obtained in TLC
analyses based on LSC [35] [Ryupioures) = 0-05,
R catieiney = 0.26]. The use of polar solvents leads
to the suggestion that the separation process pro-
ceeds via a solvent interaction model (elution
order: nicotinic acid, thiourea, caffeine, phena-
zone), similarly to those in normal-phase liquid—
liquid chromatographic (LLC) analyses.

Separations on LiChrosorb Si 60 and Silasorb SPH
columns with mobile phases with high water con-
tents

On the basis of TLC analysis in the single
solvents, the following solvents were used for
optimization of the mobile phase composition:
ACN, MeOH, EtOH, propan-2-ol, dioxane and
water.

The optimum separation of a ligand mixture
(compounds 1-4) on column A, was achieved
with the mobile phase ACN-MeOH-EtOH-
water (5.9 + 0.9 + 3.5 + 89.7, v /v). Nicotinic acid
is the first to be eluted from the column at a
flow-rate of 1 ml min~! (retention time ¢ = 1.88
min); it is followed by thiourea (¢x = 3.29 min),
caffeine (¢ = 4.0 min) and phenazone (g = 6.25
min).

Mixture 2 (formates), analysed on the same
column, with the same mobile phase, is separated
into three peaks. The elution sequence of the
single complexes is similar to that observed in

elution of their ligands [first the complexes of
nicotinic acid (nica), second thioureas and third
caffeine salts]. The zinc(II) acetates (mixture 3),
when eluted with the same mobile phase, give
four peaks. The Zn(CH ;COO),(nica), salt is sep-
arated first, then thiourea zinc(I) acetates are
eluted together as the second peak, caffeine salts
are third and the phenazone complex is last.

Separation on the column packed with nitrile-
modified silica gel (column A,) was better, the
zones of the single analytes not being as spread
as in the analyses on column A,. The optimum
separation of mixture 1 was obtained at a flow-
rate of 1 ml min~! with ACN-MeOH-EtOH-
water (1 + 7 + 12 + 80, v/v) as the mobile phase.
Mixture 2 was also separated into the groups of
four separated zinc(IT) acetate salts. The mecha-
nism of separation is probably liquid-liquid parti-
tioning in normal-phase chromatography. An LLC
mechanism in analyses on silica gel with mobile
phases containing more than 16% of water has
also been reported by Mike§ [38]. Elution pro-
ceeds in order of solvents with increasing strength
(very small differences) present in the mobile
phase. Tailing of the peaks is more intense. A
high water content in the mobile phase allows to
substitute water for the buffer in the analysis of
zinc(II) carboxylates and it is not necessary to use
additive compounds to increase the solubility of
zine(IT) carboxylates in water.

In contrast to analyses on the LiChrosorb Si 60
column, the results of analyses obtained on the
Silasorb SPH Nitrile column with an aqueous
mobile phase are characterized by greater sym-
metry of the peaks (Fig. 4). The good correlation
between log k' obtained in zinc(II) carboxylates
analyses on both columns (Fig. 5) leads to the
result that the separation mechanism on column
A is closer to that on column A, (normal phase).
The best correlation coefficients were obtained in
pure ligand analysis (Table 4).

In all analyses with an aqueous mobile phase
the greatest effect on the retention factors of the
individual ligands occurred in the presence of
methanol (Eg;o, = 0.73). Whereas no great effect
on the elution of nicotinic acid was found with
increased methanol volumes in the mobile phase,
the retention factor decreased with thiourea but
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Fig. 4. LC of zinc(II) formate mixture on Silasorb SPH Nitrile.
Mobile phase: ACN-MeOH-EtOH-H,O (1+7+12+ 80,
v/v); flow-rate, 1 ml/min; detection at 260 nm. Peaks: 1=
zinc(IT) formate with nicotinic acid; 2 = zinc(II) formate with
thiourea; 3 = zinc(Il) formate with caffeine.

increased with phenazone and caffeine with in-
creasing methanol content in the mobile phase
(Fig. 6).

Poor separations of the substances under ex-
amination were obtained on an amine-modified
column (column A ;). The retention of substances
chromatographed on columns A, and A, is evi-
dent from Tables S and 6.

Analyses on HEMA-Bio 1000CM cation-exchange
resin

Analysis on the HEMA-Bio 1000CM cation-
exchange column (weak by hydrophilic) with the
mobile phase 10% ACN-0.1% H,PO,-water (pH

Table 4

100 k'’ (SilasorbsSPH Nitril)
1.00
Q\\\
.\'\\g
\,
\,
\

\\ Y
N

0.00 , 0.50
log k' (LiChrosorb $i60)

Fig. 5. Correlation between log k' obtained in analyses on
LiChrosorb Si 60 and Silasorb SPH Nitrile columns. B = pure
ligands; X = zinc(II) formates with ligands; a = zinc(II) ac-
etates with ligands.

2.9) shows a reversed order of ligand elution and
elution of their zinc(II) carboxylates. First nico-
tinic acid (g = 0.96 min) is eluted from the col-
umn, followed by caffeine (tx = 1.09 min),
phenazone (#x =1.16 min) and thiourea (¢g =
1.32 min). This elution order is the same as in
LSC analyses on LiChrosorb Si 60 with a chloro-
form organic phase (samples dissolved in DMSO).
A mixture of pure ligands, as follows from the

Correlation of log k' obtained in analyses on the columns (LiChrosorb Si 60, Silasorb SPH Nitrile and LiChrosorb RP-18)

LiChrosorb Si 60 vs. Silasorb SPH Nitrile

Pure ligands: a = 0.4459 b =10.8782 r=0.9947
Zinc(I1) formates: a=0.5271 b=0.7325 r=0.9917
Zinc(ID) acetates: a = (.3488 b =0.9020 r=0.9966
LiChrosorb Si 60 vs. LiChrosorb RP-18

Pure ligands: a=0.0136 b=0.5130 r=0.9562
Zinc(IT) formates: a=0.2363 b =10.3143 r=0.8239
Zinc(II) acetates: a=0.9163 = —0.6856 r=0.7102

a,b = Coefficients of linear equation y = ax + b; r = correlation coefficient.
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Fig. 6. Influence of methanol content in the mobile phase on
retention factor (k') of pure ligand chromatographed. X =
Nicotinic acid; @ = thiourea; a = caffeine; O = phenazone.
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Fig. 7. LC of mixture 1 separated on a LiChrosorb RP-18
Column. Mobile phase: ACN-MeOH-propan-2-ol-water, Pg
=334, S =1.9; flow-rate, 1 ml/min; detection at 253 nm.
Peaks: 1= nicotinic acid; 2 = thiourea; 3 = caffeine; 4 =
phenazone.

Table 5

Retention data for zinc(IT) carboxylates on LiChrosorb Si 60
column

Compound tr Log &' * R;®
(min)
1 4.00 0.76
2 481° 0.85
3 3.29 0.66
4 6.25 0.98
5 1.88 0.34
Mixture 1 1.80 0.31 3.96
3.20 0.65 3.17
4.03 *0.76 1.46
6.13 0.98 2.58
6 Not detected
7 Not detected
8 3.15 0.64
9 3.21 0.65
10 1.99 0.38
11 1.87 0.34
12 4.28 0.80
13 3.93 0.75
Mixture 2 2.09 0.41 0.62
2.99 0.61 2.82
4.16 0.78 2.30
14 Not detected
15 Not detected
16 3.20 0.65
17 3.24 0.65
18 2.10 0.41
19 3.59 0.71
20 3.36 0.67
21 3.38 0.67
Mixture 3 2.04 0.39 0.36
3.04 0.62 0.83
3.45 0.69 2.01
385 0.74 4.62

Column: LiChrosorb Si 60 (250X 4.6 mm i.d., 10 xwm). Mobile
phase: ACN-MeOH-EtOH-water (5.9 + 0.9 + 3.5 + 89.7,
v/V). tyy=0.5940.1 min. Detection at 260 nm.

* Rentention factor k' =(tg — tp)/ ty

® Chromatographic resolution R;j=2tg;—tr )/ Y, +Y,. tg
= retention time (min); ¢, = mobile phase holdup time; Y; =
peak width of i measured at the baseline; Y; = peak width of j
measured at the baseline.

¢ Measured at 196 nm.

retention times, is not separated effectively as
caffeine and phenazone co-elute. Acceptable
chromatographic separation was achieved in the
analysis of the zinc(IT) formate mixture. Zinc(II)
acetates with caffeine and phenazone also co-
elute.
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Table 6
Retention characteristics of zinc(II) carboxylate on Silasorb
SPH Nitrile column

Compound R Log k' * R;®
(min)
1 4.97 1.12
2 Not detected
3 3.76 0.99
4 7.72 1.32
5 2.36 0.76
Mixture 1 2.07 0.69
3.21 0.91 2.35
4.15 1.04 1.49
6.27 1.23 1.95
6 Not detected
7 Not detected
8 3.83 0.99
9 3.93 1.01
10 2.65 0.82
11 2.36 0.76
12 4.65 1.09
13 4.75 1.10
Mixture 2 2.60 0.81 0.83
3.44 0.95 2.32
4.39 1.06 1.90
14 Not detected
15 Not detected
16 Not measured
17 3.24 0.92
18 2.16 0.72
19 3.75 0.99
20 353 0.96
21 352 0.96
Mixture 3 2.48 0.78 1.35
3.29 0.92 0.98
349 0.95 0.71
3.79 0.99 0.86

Column: Silasorb SPH Nitrile (250X 4.6 mm i.d., 7.5 pm).
Mobile phase: ACN-MeOH-EtOH-water (5.9+2.6+3.5+
90, v/v). tp; = 0.35 min. Detection at 260 nm.

2> See Table 5.

The tested compounds were chromatographed
using mobile phases with different pH values
(2-8 from Mcllvaine buffers). No explicit effect
of pH on the retention times of the carboxylates
was found.

Analyses on LiChrosorb RP-8 and RP-18 columns

Selection of the mobile phase for the chro-
matography of zinc(II) carboxylates with N-donor
ligands on LiChrosorb RP-8 and RP-18 columns
was carried out with the PRISMA model [39]. At

an elution strength of S¢ = 0.5 (S = total solvent
strength of the mixture, ¥;5;Q;, where §; is the
solvent strength weighting factor and Q,; the vol-
ume fraction in the mixture [40]) substances were
separated that had been retained for a long time
in the column (retention times > 30 min); in
addition, in analyses of zinc(II) formates on the
RP-8 column a suitable mobile phase composi-
tion could not be found. For analyses of zinc(II)
carboxylates on the RP-18 column, the mobile
phases ACN-MeOH-dioxane-water of elution
strength St = 2.15 (phase A) and ACN-MeOH-
propan-2-ol-water of S, =195 (phase B) were
found to be the most suitable. With mobile phase
B both ligands and zinc(II) acetates are well

Table 7
Retention characteristics of individual compounds on
LiChrosorb RP-18 column.

Compound tr Log k' ® R;®
(min)
1 3.17 0.52
2 2.61 0.38
4 3.85 0.62
5 221 0.30
Mixture 1 2.51 0.38
2.83 0.45 1.18
353 0.58 1.31
431 0.68 141
8 2.55 0.39
9 2.55 0.39
10 243 0.36
11 2.49 0.37
12 3.16 0.51
13 3.19 0.52
Mixture 2 2.53 0.38
2.80 0.44 1.07
3.48 0.57 1.22
16 2.59 0.40
17 2.59 0.40
18 4.00 0.69
19 2.56 0.39
20 3.28 0.54
21 3.35 0.55
Mixture 3 227 0.32
2.63 0.41 1.18
3.23 0.53 1.22
3.95 0.64 1.33

Column: LiChrosorb RP-18 (250 4.6 mm i.d., 10 pm). Mo-
bile phase: Pg = 333, ACN-MeOH-propan-2-ol-water, S =
1.95. ty = 0.74 £0.17 min. Detection at 253 nm.

b See Table 5.
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Table 8

Elution order of zinc(II) carboxylates with different columns and mobile phases

Column Mobile phase Mode Elution order ?
"1 2 3 4
A, CHCl;-MeOH Gradient caff tu
A, 8% MeOH-DEE ° Isocratic nica tu/phen © caff phen
AL A, ACN-MeOH- Isocratic nica tu caff phen
EtOH-H,0
A, ACN-MeOH-EtOH Isocratic phen caff nica tu
water, Pg = 811,
Sr=05
B, ACN-MeOH- Isocratic nica tu caff phen
dioxane—H 5,
Py =333, §;:=215
B, ACN-MeOH-propan-2-ol- Isocratic nica tu caff phen
H,0,
Py =343, §; =195
B, ACN-MeOH-EtOH- Isocratic Nica tu caff phen
water, Pg = 118,
Sr=215
? For abbreviations, see Table 1.
b Diethyl ether.
¢ Co-elution.
separated from the mixture at the selectivity
points {’S = 163 and ??34 (Pg, the selectl'vgty point, ¥ phenazone
determines the mobile phase composition) and ~ }...—
S+ =195 (Fig. 7). Zinc(II) formates are best sep-
arated with mobile phase B at S; =195 and 2 -

Py =343. The individual ligands, formates and
zinc(IT) acetates eluted from the RP-18 column in
the same order as on LiChrosorb Si 60 and Sila-
sorb SPH Nitrile columns with a high content of
water in the mobile phase (nicotinic acid,
thiourea, caffeine and phenazone).

The differences in the log k correlation graph
obtained from results of analyses on LiChrosrb Si
60 and LiChrosorb RP-18 are significant (Table
7). The mechanism of separation on the
LiChrosorb Si 60 column is more similar to lig-
uid-liquid normal-phase than liquid-liquid re-
versed-phase separation. Retention data from re-
versed-phase separation are given in Table 8.

It follows from the analyses that it is more
problematic to find suitable chromatographic
conditions for separating the free molecule of
ligands and competing zinc(II) carboxylate (bind-
ing one or two molecules of the same ligand)
from mixtures.

caffeine

’
=}

thiourea

nicotinic acid

=]

i

=]

Q

-]

c‘ N
0.00 1.00 2.00
Ligands Formates Acetates

Fig. 8. Effect of aliphatic chain length on retention of zinc(IT)
carboxylate molecules. Hydrophobic effect started from
zinc(ID) acetates.
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The hydrophobic character of the acetate alkyl
chain has a small effect on the retention be-
haviour of the single zinc(II) carboxylates with
phenazone and caffeine in analyses on a re-
versed-phase C,g column. A shift in the retention
time of zinc(IT) acetate with two molecules, how-
ever, is significant but not sufficient for accept-
able chromatographic resolution from phenazone
(Fig. 8, Table 8). This shift confirms that the
molecule moves through the entire column.

In both kinds of analyses the low response of
the spectrometric detector for urea and its zinc(II)
carboxylates presents a problem. Fujinawa et al.
[41] reported on the LC determination of urea by
converting it into ammonia and subsequent o-
phthaldehyde derivatization and fluorimetric de-
tection at 455 nm (excitation at 349 nm). Miiller
[42] has reported the detection of urea at 196 nm.

4. Conclusion

The novel Zn(RCOO),L,( H,0), compounds,
which were synthesized with the aim of using
them as skin drug carriers, were examined in
preliminary experiments for their basic physico-
chemical and chromatographic properties. These
preliminary analyses should serve as a first step
for the development of extraction and determina-
tion methods for these compounds and their
metabolites in the tissues and body fluids of ex-
perimental animals.

The LC analyses indicate the shielding of
zinc(IT) carboxylate by the organic molecules of
the compound, with the result that the chromato-
graphic properties of the entire complex are due
mostly to the bound organic part of molecule.
LSC separation results in elution in the order
caffeine, phenazone, nicotinic acid and thiourea.
Separation on silica gel with a mobile phase con-
taining more than 20% of water probably occurs
by means of an NP-LLC mechanism, with the
elution order nicotinic acid, thiourea, caffeine
and phenazone. The best results were obtained in
analyses on a LiChrosorb RP-18 column with the
mobile phase composition ACN-MeOH-propan-
2-ol-water (10.1 + 11.5 + 20 + 584, v/v). A

four-component mixture improves the separation
of the compounds under examination.

Further work will be focused on confirmation
of the identity of the separated molecules and
reconsideration of the mechanism of separation.
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Abstract

Flavin adenine dinucleotide and deoxyadenosine monophosphate were measured by capillary micellar electroki-
netic chromatography combined with semiconductor laser fluorimetry. Methylene blue was dissolved in a carrier
solution as a dye for indirect fluorescence detection. In order to decrease the adsorption of the dye on the capillary
surface, a quaternary ammonium salt was added to the solution and its concentration was adjusted above the critical
micellar concentration. By this technique, the capillary surface negatively charged by dissociation of a silanol group,
was changed into a positive charge with this cationic surfactant. The theoretical plate numbers observed were
2.5 X 10°-3.0 X 10°. The detection limit of flavin adenine dinucleotide was 100 fmol, which is several orders of
magnitude better than reported values obtained by liquid chromatography based on indirect semiconductor laser
fluorescence detection. The dynamic reserve and the transfer ratio were 250 and 4 X 1074, respectively. The
advantages and the limitations of the method are discussed.

Key words: Electrophoresis; Fluorimetry; Deoxyadenosine monophosphate; Flavin adenine dinucleotide; Laser fluo-

rimetry; Micellar electrokinetic chromatography; Semiconductor laser fluorimetry

1. Introduction

Analytical methods capable of providing
ultra-high sensitivity and selectivity are strongly
desirable in the life sciences. For example, the
concentration level of nucleotides gives informa-
tion concerning the metabolism of nucleic acids.
Further, the concentrations of amino acids and
proteins are currently measured for diagnostic
purposes in hospitals. Recently, laser spectrome-
try has been developed and the detection of even
a single molecule has been demonstrated in an
extreme case [1]. However, normal analytical in-
struments must be simple and be operated easily

for routine analysis even by non-experts. Unfortu-
nately, a laser is generally complicated and has
seldom been used in practical analyses.

A semiconductor laser was manufactured by
mass production technology at the beginning of
the 1980s, and semiconductor laser spectrometry
has opened up a frontier in practical trace analy-
sis, as reviewed elsewhere [2-9]. This is due to
the compactness, low price, long lifetime and easy
operation and maintenance of the semiconductor
laser. Especially semiconductor laser fluorimetry
provides ultrasensitivity, owing to the good beam
focusing capability and good monochromaticity.
They are advantageously used in the construction

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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of microdetectors for liquid chromatography [8].
Recently, a better separation resolution has been
achieved by capillary zone electrophoresis, be-
cause of the smaller diameter of the separation
column [10,11]). However, this method requires an
extremely small detector volume (< 1 nl). In this
case laser fluorimetry is essential for ultrasensi-
tive detection and semiconductor laser fluorime-
try has been used for this purpose [12]. Subatto-
mole amounts of amino acids have already been
determined after labelling them with a visible dye
in the far-red region [13].

A biological molecule sometimes has no active
site for labelling. In this event, the sample may be
detected by indirect spectrometry; the dye is dis-
solved in the carrier solution and the dip in signal
caused by dilution (exclusion) is recorded [14].
Many anions, nucleotides, proteins, mono- and
divalent cations, amines, oligopeptides, etc. have
been measured by laser fluorescence detection
[15-17]. Such an approach has also been demon-
strated using a semiconductor laser based on
fluorimetry and absorption spectrometry [12,18].

Capillary zone electrophoresis can be applied
only to charged chemical species. However, it is
sometimes necessary to measure necutral mole-
cules. Capillary micellar electrokinetic chro-
matography (MEKC) may be utilized for the sep-
aration of both neutral species and ionic species
[19]. This technique is based on the partitioning
of chemical species between an aqueous mobile
phase and a pseudo-stationary phase of micelles.
In this approach, the same analytical instrument
can be used but a surfactant must be added to
the carrier solution, providing a similar separa-
tion resolution to capillary zone electrophoresis.
Semiconductor laser fluorimetry has already been
combined with capillary MEKC [20]. Polycyclic
aromatic hydrocarbons with no electric charge,
such as benzo[alpyrene and 1-aminoanthracene,
are separated in the presence of sodium dodecyl
sulphate (surfactant) and y-cyclodextrin (additive
to increase the solubility to the mobile phase),
and the chemical species are detected by fluo-
rimetry using the second harmonic emission (415
nm) of the near-infrared semiconductor laser (830
nm) as an exciting source. These molecules show
strong native fluorescence in the visible region

and can be detected sensitively. However, such a
frequency-doubled semiconductor laser is expen-
sive, of low stability and not very reliable. It is
desirable to use a fundamental output of the
semiconductor laser. Unfortunately, most biologi-
cal molecules are not necessarily fluorescent in
the near-infrared and far-red regions or even in
the visible region. Moreover, a functional group
for labelling is sometimes not available. There-
fore, indirect fluorimetry must be applied for
universal detection. Such indirect fluorimetry has
been utilized in the detection of alcohols and
phenols using a conventional 75-W xenon arc
lamp (non-laser source) [21]. However, no investi-
gation using a semiconductor laser as an exciting
source has been reported (even using a conven-
tional laser, to the best of our knowledge).

In this paper, we first report the indirect de-
tection of chemical species with no active func-
tional group by capillary MEKC combined with
semiconductor laser fluorimetry. The instrument
developed was applied to the trace analysis of
nucleotides. The potential advantages and limita-
tions of the method are also discussed.

2. Experimental
2.1. Apparatus

The instrument used is shown in Fig. 1. The
sample solution was injected into a capillary
(Polymicro Technology, 50 um i.d., 375 um o.d.,
effective length 50 cm, total length 65 cm) by a
siphon method (10 cm, 5 s). The injection volume
was 1 nl. A negative high potential (Matsusada
Precision Devices Model HCZE30PNO0.25, 0-30
kV, 0.25 mA) was applied to the solution on the
sample inlet side. A semiconductor laser (ILEE
Laser Innovation, LDA1001) emitting at 670 nm
(3 mW) was used as an excitation source. The
laser beam was passed through a short-pass inter-
ference filter (Asahi Bunko Model 680-50) to
block non-lasing broadband emission. The laser
beam was focused by an objective lens for a
microscope (Nikon, magnification X5) into a sec-
tion of the capillary tube, where the polyimide
coating had been burnt off with a flame for
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Fig. 1. Experimental apparatus for capillary electrophoresis.
A semiconductor laser (670 nm, 3 mW) is used as an excita-
tion source.

observation. Fluorescence was collected by an
objective lens (Olympus, magnification X 50, nu-
merical aperture 0.6) and passed through inter-
ference (Melles Griot Models 03FIV024 and
03FCG109) and spatial (Iaboratory-made, 0.5 mm
i.d.) filters. The signal from a photomultiplier
tube (EMI Model 9558QB) was directly mea-
sured with a strip-chart recorder (Hitachi Model
056).

The variation of the output power of the laser
was measured by a silicon photodiode. The out-
put voltage was converted into pulses by a volt-
age—frequency converter and the number of
pulses in a specified time, typically 1 s, was mea-
sured by a counter (NF Circuit Design Block,
PC-545A).

2.2. Reagents and procedure

The fluorescent dye methylene blue was pur-
chased from Kanto Kagaku and was used as
received. The concentration was adjusted to 1 X
1073 M. The pH of the carrier solution was
adjusted to 3.4 by mixing sodium acetate (4 mM)
and HCI (4 mM). A quaternary ammonium salt,
dodecyltrimethylammonium chloride, obtained
from Tokyo Kasei was dissolved in the carrier
solution at a concentration of 100 mM. Urea was

also added to the solution, the concentration
being adjusted to 2 M. Flavin adenine dinu-
cleotide and deoxyadenosine monophosphate
supplied by Wako were dissolved in distilled wa-
ter and the solutions were diluted stepwise.

3. Results and discussion
3.1. Methylene blue and surfactant

In order to use an organic dye as a fluo-
rophore in indirect fluorimetry, it must satisfy
several requirements: the molar absorptivity and
the fluorescence quantum vyield should be suffi-
ciently high at the specified wavelength; the dye
should be stable enough in aqueous solution and
micelles; the fluorescence characteristic must be
changed in the presence of analytes; and adsorp-
tion of the dye on the capillary surface must be
negligible, otherwise the separation resolution is
seriously degraded and the background signal
from the adsorbed dye increases. Methylene blue
has a high molar absorptivity (e = 6.66 X 10 1
mol™! em™! at A, =668 nm) and is strongly
fluorescent [22]. It is stable in aqueous solution
and micelles and has already been used in many
standard analytical protocols. We measured the
fluorescence intensity of methylene blue at vari-
ous surfactant concentrations. The fluorescence
intensity increased to 120% on increasing the
surfactant concentration to 1 mM and to 150% at
100 mM. This fluorescence enhancement is as-
cribed to suppression of radiationless transitions
by attaching the fluorescent molecule to the sur-
face of the micelle. Thus the fluorescence charac-
teristic (e.g., intensity) changes by transfer of the
fluorophore from the pseudo-stationary phase to
the mobile phase. Methylene blue is positively
charged, but the capillary surface is negatively
charged by dissociation of the silanol group.
Hence adsorption of the dye on the capillary
surface is unavoidable. In fact, when methylene
blue was injected into the capillary, a long tailing
response was observed below pH 7, implying a
strong interaction between the negative charge of
the silanol group and the positive charge of the
dye. In order to remove this unwanted effect, the
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Fig. 2. Electropherogram for methylene blue (10 fmol, 1x 103
M). High voltage, 20 kV, 0.036 mA; buffer, 4 mM sodium
acetate—4 mM HCl (pH 3.4); surfactant, 100 mM dode-
cyltrimethylammonium chloride; additive, 2 M urea.

capillary surface was coated with alkylsilane in a
previous study [12]. In this study, the silanol group
was covered with the positively charged surfac-
tant, and accordingly the charge was changed
from negative to positive. By this technique, ad-
sorption of methylene blue could be minimized.
However, the direction of the electroosmotic flow
is reversed, and then the negative potential must
be applied to the sample inlet side [23,24].

In a preliminary experiment, methylene blue
was Injected into a capillary containing dode-
cyltrimethylammonium chloride. As shown in Fig.
2, a sharp chromatograph peak appeared and no
appreciable leading edge and only a minor tail
were observed. This result indicates that adsorp-
tion of methylene blue on the capillary surface is
negligible under the present experimental condi-
tions. The theoretical plate number achieved is
3 X 10°, which is similar to the value reported
elsewhere [12,20].

3.2. Chromatograms
A chromatogram for flavin adenine dinu-

cleotide is shown in Fig. 3. A sharp signal peak
appears at 8.6 min after sample injection, which
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Fig. 3. Electropherogram for flavin adenine dinucleotide
(FAD, 1 pmol, 1x 10~3 M). Concentration of methylene blue,
1X107° M; other experimental conditions as in Fig. 2.
“Blank” appears from the blank solution.

is assigned to the analyte. Other signals ap-
peared, even when water was injected into the
capillary. They are assigned to a “Blank” value.
By stepwise dilution of the sample, the linearity
of the calibration graph was ascertained. The
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Fig. 4. Electropherogram for deoxyadenosine monophosphate
(dAMP, 10 pmol, 1x 102 M). Experimental conditions as in
Fig. 2. “Blank” appears from the blank solution.
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detection limit of flavin adenine dinucleotide (3c)
was 100 fmol (1 X 10~* M). This is an order of
magnitude better than the reported value ob-
tained by using indirect semiconductor laser fluo-
rescence detection combined with capillary zone
electrophoresis [12]. A chromatogram for de-
oxyadenosine monophosphate is shown in Fig. 4.
A sharp signal at 6.9 min is assigned to the
analyte, and the others to “blanks”. The theoreti-
cal plate numbers in the above experiments are
2.5 X 10°-3.0 x 10°.

3.3. Dynamic reserve and transfer ratio

In order to clarify the factors limiting the
minimum detectability, we measured the dynamic
reserve, defined as the ratio of the background
signal to the background noise, and the transfer
ratio, defined as the number of fluorophore
molecules displaced by one analyte molecule
[14,21]. The noise in the baseline fluorescence
was 0.4%, so that the dynamic reserve achieved
was 250. The variation of the output power of the
semiconductor laser measured was less than
0.03%; the noise level reported in the manufac-
turer’s specification was an order of magnitude
smaller than this value, so that the present value
might be determined by the precision of the
detection electronics. This stability is much better
than that obtained with a conventional laser such
as an argon ion laser (ca. 1%). The stable output
power of the semiconductor laser is obtained by
feedback control of the diode current by monitor-
ing the output power of the laser with an inte-
grated photodiode. Thus the present dynamic re-
serve is not determined by the variation of the
laser power but probably by the vibration of the
components associated with a high potential, as
the noise was substantially lowered by decreasing
the output voltage of the power supply. Thus a
100-fold improvement in the dynamic reserve is
theoretically possible by fixing the components
tightly. It is noted that the baseline was changed
more drastically after repetitive injections of the
sample. This seems to originate from contamina-
tion of the carrier solution. Hence replacement of
the carrier solution with fresh solution might be
essential in trace analysis.

The transfer ratio observed in this study was
4 % 10™*%; 2500 sample molecules were necessary
to displace a single dye molecule. The present
value is much smaller than the value of 0.14
achieved in indirect fluorescence detection of al-
cohols and phenols by MEKC in which quinine
sulphate was added as a fluorophore and as a
buffer for adjustment of pH [21]. Hence there is a
room for improvement of the transfer ratio by
optimization of the experimental conditions, e.g.,
by decreasing the concentrations of the buffer,
the fluorophore and the additive, adjustment of
pH or addition of organic solvents.

3.4. Advantages and limitations

The proposed method is universal and is appli-
cable to various neutral and ionio species. The
instrument is fairly simple owing to the compact-
ness of the semiconductor laser. Furthermore, it
is less expensive and is smaller than a conven-
tional light source such as a xenon arc lamp. The
present approach using a cationic surfactant is
easier than modification of the capillary surface
with inert alkylsilane [12] and is more effective
for decreasing adsorption of the fluorophore on
the capillary surface. The detection limit achieved
(100 fmol, 80 pg) is much better than the values
obtained by liquid chromatography with indirect
semiconductor laser fluorescence detection (sub-
wg or 10 ng) [25-271.

In order to improve the sensitivity further, it is
necessary to increase the transfer ratio by opti-
mizing the experimental conditions. Further,
strong fluorescence quenching is desirable for
more sensitive detection. In the far-red region
many fluorescent dyes are available, and some of
them are used as hydrophobic probes, implying
strong fluorescence in the pseudo-stationary
phase of micelles and weak fluorescence in the
aqueous mobile phase. Thus a larger dip in the
signal might be observed in this case. These im-
plications may lead to an improvement in sensi-
tivity by a factor of 103.

In capillary zone electrophoresis, a fluo-
rophore ion is displaced with a single sample ion,
so that the transfer ratio is unity. Hence the
detection limit can be substantially improved. A
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low detection limit (20 amol) has already been
reported using capillary zone electrophoresis with
indirect fluorescence detection using a conven-
tional laser. The estimated detection limit in the
application using a semiconductor laser (100 fmol
X1072%x1073=1 amol) compares favourably
with this reported value. As the nucleotides mea-
sured in this study are partially dissociated in
aqueous solution, capillary zone electrophoresis
may be applied. If a dye with a negative charge is
available, it is possible to decrease the adsorption
of the dye on the negatively charged capillary
surface. Hence organic synthesis of such a nega-
tively charged dye could be very useful for im-
proving the sensitivity and simplifying the analyti-
cal system.
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Abstract

2,2"-Dithiobis(1-amino-4,5-dimethoxybenzene) was synthesized as a highly sensitive, selective and stable fluores-
cence derivatization reagent for aromatic aldehydes in liquid chromatography. The reagent reacts selectively with
aromatic aldehydes in acidic media in the presence of tri-n-butylphosphine, sodium sulphite and disodium
hydrogenphosphite. The reaction was complete within 60 min at 37°C. The fluorescent products from benzaldehyde
and 4-hydroxybenzaldehyde are shown to be 2-phenyl-5,6-dimethoxybenzothiazole and 2-(4-hydroxyphenyl)-5,6-di-
methoxybenzothiazole, respectively. The fluorescent derivatives of aromatic aldehydes can be separated by
reversed-phase chromatography and their detection limits (signal-to-noise ratio = 3) are 8—-20 fmol on-column.

Key words: Fluorimetry; Liquid chromatography; Aldehydes; Dithiobis(1-amino-4,5-dimethoxybenzene)

1. Introduction

In a previous study [1], various substituted
2-aminothiophenols (ATs) were evaluated as flu-
orescence derivatization reagents of aromatic
aldehydes in manual spectrofluorimetry and lig-
uid chromatography (LC); 2-amino-5-methoxy-
thiophenol was the most favourable in practical
use. In addition, it was reported that 2-amino-
4,5-dimethoxythiophenol (DMOAT) might be
suitable for use in LC. However, their ATs were

* Corresponding author.

not stable in air and rapidly became reddish in
daylight. The unknown red compound(s) inter-
fered with the sensitive determination of the
aldehydes.

Recently, we found that 2,2’-dithiobis(1-amino-
4,5-dimethoxybenzene) (DTAD), which is the
disulphide of DMOAT, is superior to DMOAT in
stability and sensitivity. In this work, DTAD was
investigated to establish the optimum conditions
for manual spectrofluorometric and LC methods.
The method is based on the reaction of aromatic
aldehydes with DTAD in acidic medium in the
presence of tri-n-butylphosphine, sodium sulphite
and disodium hydrogenphosphite. The structures

0003-2670/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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of the fluorescent products of benzaldehyde and
4-hydroxybenzaldehyde with DTAD were also in-
vestigated.

2. Experimental
2.1. Apparatus

Uncorrected fluorescence spectra and intensi-
ties were measured with a Hitachi (Tokyo) Model
650-60 spectrofluorimeter in 10 X 10 mm quartz
cells; spectral bandwidths of 5 nm were used for
both the excitation and emission monochroma-
tors. Electron impact mass spectra were recorded
with a Jeol (Tokyo) DX-300 spectrometer. 'H
nuclear magnetic resonance (NMR) spectra were
obtained with a Hitachi R-90H spectrometer at
90 MHz using a ca. 5% (w/v) solution of chloro-
form-d, or dimethyl-d, sulphoxide containing te-
tramethylsilane as an internal standard (abbrevia-
tions used: s, singlet; d, doublet; m, multiplet).

2.2. Chemicals and solutions

All chemicals were of analytical-reagent grade,
unless stated otherwise. Deionized, distilled wa-
ter was used. Stock standard solutions (10 mM) of
aromatic aldehydes were prepared in water [or
aqueous 50% (v/v) ethanol for weakly water-
soluble aldehydes], and distilled with water be-
fore use. The stock standard solutions were stable
for at least 1 month at when stored — 20°C.

2.3. Synthesis of DTAD

DTAD was synthesized from 4-bromoveratrole
in satisfactory yields by the following method
(Fig. 1).

4,5-Dimethoxy-2-nitrobromobenzene (compound I)

To a stirred solution of 4-bromoveratrole (20
g, 92.1 mmol) in acetic acid (60 ml) was added
concentrated nitric acid (10 ml) dropwise while
the temperature was kept at 10-30°C with occa-
sional cooling. After the addition was complete,
the reaction mixture was poured on to ice~water.
The precipitate was collected, dissolved in hot

CH;0, CHZO, NO, CH,O. NG, ON. OCH,
0, O, O I
CHy0 Br CHO Br Cl §—§ OCH,
4-Bromoveratrole Compound |

St CMD:NHZ W, CHQO]@:NHz Hznocu,
— w2 —_—
CHO *H CHO $—8 OCH,

DTAD

Compound Il

Fig. 1. Synthesis of DTAD.

ethanol (500 ml), treated with activated charcoal
and filtered. Recrystallization was achieved by
adding water (40 ml), yielding 12.30 g (51%) of I
as a light-yellow crystalline solid, m.p. 121-122°C.
Mass spectrometry (MS) showed m /z = 262 (M*,
base peak) and the "H NMR spectrum (chloro-
form-d,) & 3.94 (s, 3H, OCH,), 3.97 (s, 3H,
OCH,), 7.12 (s, 1H, aromatic proton), 7.57 ppm
(s, 1H, aromatic proton).

Di(4,5-dimethoxy-3-nitrophenylsulphide) (com-
pound II)

To a solution of I (5.0 g, 19.1 mmol) in 95%
ethanol (50 ml) was added sodium sulphide that
had been freshly prepared by melting sodium
sulphide nonahydrate (5.0 g) and sulphur (0.7 g).
The resulting dark violet mixture was heated at
reflux for 30 min and poured on to ice—water. A
yellow crystalline solid was collected and recrys-
tallized from dichloromethane to afford 3.35 g
(82%) of 11 as yellow needles, m.p. 231-232°C.
MS, m/z = 428 (M™, base peak); '"H NMR (chlo-
roform-d,), 8 3.81 (s, 3H, OCH,), 3.95 (s, 3H,
OCH,), 7.34 (s, 1H, aromatic proton), 7.78 ppm
(s, 1H, aromatic proton).

DTAD

To a solution of II (2.0 g, 6.5 mmol) in ethanol
(300 ml) were added tin powder (8 g) and then
concentrated hydrochloric acid (30 ml) dropwise.
The resulting reaction mixture was made alika-
line with 4 M sodium hydroxide solution and
filtered to remove tin powder. The filtrate was
diluted with water (200 ml) and extracted twice
with benzene (100 ml). The extracts were com-
bined and the solvent was removed under re-
duced pressure. The residue was mixed with ben-
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zene (10 ml) and 10% hydrogen peroxide (2 ml)
and the solution was stirred for 30 min. The
resulting precipitate was recrystallized from
ethanol to give DTAD (ca. 620 mg) as colourless
needles, m.p. 155-156°C. Elemental analysis: cal-
culated for C,;H, N,0,S,, C 52.27, H 5.50, N
7.65; found, C 52.16, H 5.47, N 7.60%; MS,
m/z =368 (M*, base peak); '"H NMR (chloro-
form-d,), 8 3.66 (3H, s, OCH,), 3.83 (3H, s,
OCH,), 4.13 (2H, broad s, NH,), 6.29 (2H, s,
aromatic proton), 6.66 ppm (2H, s, aromatic pro-
ton).

MTAD

MTAD was synthesized from 4-bromo-1,2-
methylenedioxybenzene as in the preparation of
DTAD.

DTAD and MTAD were stable for at least 1
year even at room temperature.

DTAD solution (1.1 mM) was prepared by
dissolving 40 mg of DTAD in 100 ml of 0.8 M
sulphuric acid containing 4.0 mM tri-n-
butylphosphine and 10% methanol. The solution
was usable for at least 1 month when stored at
4°C.

2.4. LC apparatus and conditions

A Hitachi Model 655A liquid chromatograph
equipped with a Rheodyne Model 7125 syringe-
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loading sample injection valve (20-u1 loop) and a
Shimadzu RF-535 fluorescence monitor fitted
with a 12-ul flow cell was used. The fluorescence
spectrometer was operated at an excitation wave-
length of 335 nm and an emission wavelength of
430 nm. A L-Column ODS column (250 mm X 4.6
mm i.d.; particle size 5 wm) (Chemical Inspection
and Testing Institute, Tokyo) was used. The col-
umn temperature was ambient (25 4+ 2°C). The
mobile phase was methanol-water (70 + 30, v/v),
which was delivered at a flow-rate of 0.8 ml

min L.

2.5. Isolation of the fluorescent products of benz-
aldehyde (or 4-hydroxybenzaldehyde) with DTAD
(or MTAD)

Products I-1V (Fig. 2)

To a methanolic solution of benzaldehyde (or
4-hydroxybenzaldehyde) (4 mmol in 10 ml) was
added DTAD (or MTAD) solution [2.6 mmol
DTAD (or MTAD) in 20 ml of methanol contain-
ing 0.6 g of tri-n-butylphosphine and 0.8 M dis-
odium hydrogenphosphite]. The mixture was al-
lowed to stand at 37°C for 1 h with stirring,
followed by additional stirring for 6 h at room
temperature (23-25°C). The precipitates were fil-
tered, washed with methanol-water (1 + 1, v/v)
and dried under reduced pressure. The crude

Table 1

Analytical data for compounds 1-1IV

Compound M.p. Yield MS: 'HNMR®

0 (%) m/z ® & (ppm)

| 147-148 33 271 8.05-7.38 (5H, m, aromatic H),
7.51 and 7.28 (1H each, s each, aromatic H),
3.95 and 3.93 (3H each, s each, OCH;)

I 235-236 37 287 7.85 and 6.92 (2H each, d each, aromatic H),

' 7.61 and 7.52 (1H each, s each, aromatic H),

3.86 and 3.85 (3H each, s each, OCH ;)

01 167-169 37 255 8.02-7.38 (5H, m, aromatic H),
7.44 and 7.22 (1H each, s each, aromatic H),
6.03 (2H, s, OCH,0)

v 167-169 38 271 7.84 and 6.92 (ZH each, d each, aromatic H),

7.59 and 7.47 (2H each, d each, aromatic H),
6.12 (2H, s, O~CH,-0)

All compounds were in the form of colourless needles.
? Base peak, M™.
® The spectra were measured in dimethyl-d, sulphoxide.
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product was chromatographed on a silica gel 60
column (25X 2.7 cm id.) with n-hexane—ethyl
acetate (1 + 1, v/v). The main fraction was evap-
orated to dryness under reduced pressure and the
residue was recrystallized from aqueous 80-100%
(v/v) ethanol. The properties of the four prod-
ucts are summarized in Table 1.

Products V-VIII (Fig. 2)

These products were prepared by the reaction
of 2-amino-4- and -5-methoxythiophenols with
benzaldehyde and 4-hydroxybenzaldehyde as de-
scribed previously [1,2].

2.6. Procedure for spectrofluorimetric and LC de-
terminations with DTAD

To 1.0 ml of aqueous test solution, 1.0 ml each
of 8.0 mM sodium sulfite-2.8 M disodium hydro-
genphosphite mixture and the DTAD solution
were added. The mixture was warmed at 37°C for
60 min and the resulting fluorescence was mea-
sured at the excitation and emission maxima (see
Table 2). To prepare the reagent blank, 1.0 ml of
water in place of 1.0 ml of test solution was
carried through the procedure.

For LC, the reaction mixture was neutralized
to pH 6-7 with approximately 1 ml of 0.8 M
sodium hydroxide solution and an aliquot of 20
w1 of this solution was used.

Ry N
\>_< >—-R3

Ry s

Product Ry R Ry

I CH©O CHO H
I CHsO CHO OH
I O-CHy0O H

IV  O-CHO0 OH
V CHO H H
VI CHO H OH
VI H CHO H
VIl H CH© OH

Fig. 2. Fluorescent products.

3. Results and discussion
3.1. Fluorescence properties of products I-VIII

The reaction products of DTAD (or MTAD)
with benzaldehyde (or 4-hydroxybenzaldehyde)
were found to be the corresponding benzothia-
zole derivatives (Fig. 2), based on the spectral
data (Table 1). Further, the fluorescence proper-
ties (excitation and emission spectra and intensi-
ties) of their products were measured in various
solvents (Table 2); the properties were investi-
gated together with the products from 2-amino-4-
and -5-methoxythiophenols (V-VIII) for compari-
son. As shown in Table 2, the products (I-IV)
from DTAD and MTAD gave much more intense
fluorescence than the other products (V-VIII),
irrespective of the solvents used. Therefore,
DTAD, which is easier to prepare than MTAD,
was selected as a suitable reagent for aromatic
aldehydes.

3.2. Conditions for the fluorescence reaction of
4-hydroxybenzaldehyde with DTAD

The optimum conditions for the reaction were
established using 4-hydroxybenzaldehyde by the
manual fluorimetric method. DTAD was reduced
effectively with tri-n-butylphosphine (2.0-5.0 mM)
to the thiol in the reagent solution; 4.0 mM
tri-n-butylphosphine was employed in the reagent
solution. Concentrations of DTAD ranging from
1.0 to 2.0 mM gave almost maximum fluorescence
intensity; 1.1 mM is recommended. The reaction
proceeded in sulphuric acid solution. The maxi-
mum reaction rate was attained at concentrations
of 0.6—-1.0 M sulphuric acid; 0.8 M was ‘adopted
for the procedure. Sodium sulphite and disodium
hydrogenphosphite accelerated the fluorescence
reaction of aromatic aldehydes with DTAD; 8.0
mM sodium sulphite and 2.8 M disodium hydro-
genphosphite yielded the highest fluorescence in-
tensity. Methanol was used to dissolve DTAD in
the solution. Methanol-water (10 + 90, v /v) gave
the highest intensity.

The DTAD reaction with the aldehydes (Fig.
3) occurred at temperatures above 0°C; higher
temperatures allowed the fluorescence to develop
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Fig. 3. Effect of reaction time and temperature on the fluores-
cence reaction of 4-hydroxybenzaldehyde with DTAD. Por-
tions (1.0 ml) of 4-hydroxybenzaldehyde (10 nmol ml 1) were
treated as in the recommended procedure at different tem-
peratures: (a) 0; (b) 37; (c) 50; (d) 70°C. (e) Reagent blanks at
0-70°C.

more rapidly. However, temperatures higher than
50°C caused a decrease in fluorescence, probably

because of decomposition of the derivatives pro-

Table 2

193

duced. The fluorescence intensities at 37°C
reached maxima after standing for 45 min, and
the resulting fluorescence was stable at 37°C for
at least 2 h. Warming at 37°C for 60 min was
selected for obtaining reproducible results.

The excitation and emission maxima of the
fluorescence from 4-hydroxybenzaldehyde deriva-
tives occurred at 371 and 482 nm, respectively.
The fluorescence intensity of 4-hydroxybenz-
aldehyde with DTAD was ca. 20 times higher
than that with 2-amino-4-methoxythiophenol.
However, DTAD caused an intense blank fluo-
rescence; the intensity was ca. 40 times of that
with 2-amino-4-methoxythiophenol. These results
indicate that DTAD is more suitable for LC than
for a manual fluorimetric method.

3.3. Fluorescence from other aldehydes

Many aromatic aldehydes fluoresce under the
conditions recommended. The excitation and
emission maxima, and the lower limits of deter-
mination, are given in Table 3. However, arylalkyl
aldehydes (e.g., phenylacetaldehyde, cinnamalde-
hyde and p-dimethylaminocinnamaldehyde) and
aliphatic aldehydes (e.g., formaldehyde, acetalde-

Excitation and emission maxima [A(ex) (nm), Alem) (nm)] and relative intensities (RFI) (in parentheses) of the fluorescence of

compounds I-VIII in various solvents

Compound Water Methanol Acetonitrile Acetone Chloroform Hexane
Mex) Aem) Alex)  AMem) Aex)  AMem) Alex)  Alem)  Alex)  Alem)  Alex)  Alem)
(RFD) * (RFI) 2 (RFD) @ (RFD) 2 (RFD @ (RFI) 2

1 333 433 335 417 335 413 341 411 338 408 335 399
(57.9) (49.0) (37.3) (36.0) (40.9) (28.9)

I 335 422 337 409 336 401 341 399 337 403 337 399
(100.0) (97.5) (72.3) (64.2) (59.4) (85.9)

I 337 433 337 416 337 413 342 410 338 402 335 390
(62.6) (66.2) (51.5) (47.0) (42.2) 22.5)

v 339 424 339 407 337 401 342 397 340 400 338 395
(46.5) 97.8) (73.8) (68.2) (70.3) (81.5)

\% 328 430 325 412 326 408 327 413 333 403 331 373
(1.4) (1.6) (1.5) (5.6) (1.5) 2.6)

Vi 333 416 333 401 339 386 328 410 335 392 339 386
(4.4) (5.9 (3.3) (13.6) .7 (11.0)

Vi1 325 407 330 396 330 396 326 405 328 385 328 385
(3.9) (3.8) (3.8 4.7 (3.5) (G4

Vit 323 405 325 392 324 384 335 383 326 388 325 386
(68.0) (66.3) (42.4) 43.7) (40.4) (58.8)

? The intensity of 11 in water was taken as 100.
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hyde, propionaldehyde, isovaleraldehyde, n-
butynaldehyde, crotonaldehyde and acrolein) do
not fluoresce under the conditions recommended.

The reactivity of substances other than aldehy-
des was similar to that with 2-amino-5-methoxy-
thiophenol [1].

3.4. Application of DTAD to LC

A mixture of six aromatic aldehydes (3,4-dihy-
droxybenzaldehyde, isovanillin vanillin, benzalde-
hyde, 4-methoxybenzaldehyde and 4-methylbenz-
aldehyde) was derivatized with DTAD and the
derivatives were separated by reversed-phase LC
on an L-Column ODS column with aqueous
methanol-water (70 + 30, v/v) as the mobile
phase. The excitation and emission maxima of the
fluorescence derivatives in the mobile phase
shifted to shorter wavelengths, and were almost
the same as those of products I-IV in water and

& —
- i
i 5
—
T |
e i ¥ | IR 1
I N .k ' =
TR

Time (min)

Fig. 4. Chromatogram of DTAD derivatives of aromatic alde-
hydes. A portion (1.0 ml) of a standard mixture of six aldehy-
des (0.1 nmol ml~! each) was treated according to the proce-
dure for the LC method. Peaks: 1= 3,4-dihydroxybenzalde-
hyde; 2 =isovanillin; 3 = vanillin; 4 = benzaldehyde; 5=4-
methoxybenzaldehyde; 6 = 4-methylbenzaldehyde; others =
reagent blank.

Table 3

Excitation and emission maxima [A(ex), A(em)] of the fluores-
cence from various aldehydes with DTAD and the limits of
determination (LOD) (signal-to-noise ratio = 2)

Aromatic aldehyde ? AMex) AMem) LOD

(mm) (m) (x1078M)
Benzaldehyde 354 483 36
2-Hydroxybenzaldehyde 382 481 21
3-Hydroxybenzaldehyde 353 476 13
4-Hydroxybenzaldehyde 371 482 44

2,4-Dihydroxybenzaldehyde 387 468 25
3,4-Dihydroxybenzaldehyde 381 477 75
2-Methoxybenzaldehyde 379 480 2
3-Methoxybenzaldehyde 353 485 9
4-Methoxyhenzaldehyde 373 484 27

Piperonal 378 482 24
Vanillin 378 480 41
Isovanillin 342 427 53
2-Chlorobenzaldehyde 338 480 25
4-Chlorobenzaldehyde 344 372 11
o-Phthalaldehyde 388 445 60
Terephthalaldehyde 348 384 8
Cinnamaldehyde 354 488 30
Veratralaldehyde 377 480 22

2 Portions (1.0 ml) of 10 nmol ml~! aromatic aldehyde solu-
tion were treated according to the procedure.

methanol (Table 1). Hence, the derivatives were
determined tentatively at 430 nm with excitation
at 335 nm. The optimum LC conditions were as
described under Experimental.

Fig. 4 shows a typical chromatogram obtained
with a standard mixture of the six aromatic alde-
hydes. The individual aldehydes each gave a sin-
gle peak in the chromatogram. The fluorescent
response of the DTAD derivatives of the aldehy-
des was stable for at least 24 h in daylight and 48
h at 4°C in the dark. Linear relationships were
obtained between the peak heights and the
amounts of the aldehydes up to at least 10 pmol
per 20-ul injection. The precision was established
by repeated injections (n =10) of a mixture of
the six aromatic aldehydes (1 nmol ml~! each).
The relative standard deviations did not exceed
2.5% for all the compounds. The detection limits
were 10 fmol (3,4-dihydroxybenzaldehyde), 8 fmol
(isovanillin), 8 fmol (vanillin), 17 fmol (benzalde-
hyde), 15 fmol (4-methoxybenzaldehyde) and 20
fmol (4-methylbenzaldehyde) on-column (signal-
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to-noise ratio =3). The sensitivities were 4-100
times better than those of the LC method with
2-amino-4-methoxythiophenol and the other ATs
(1.

The proposed reagent is fairly stable in air and
daylight and has excellent properties as regards
sensitivity and selectivity for the derivatization of
aromatic aldehydes. Hence, it should be applica-

ble to the determination of aromatic aldehydes in
small amounts of biological materials.
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Abstract

A newly synthesized Edman-type fluorogenic reagent, 4-(2-cyanoisoindolyl)phenylisothiocyanate, reacted with 20
tested amino acids in a basic medium to produce the corresponding thiocarbamoyl derivatives. The derivatives were
converted in an acidic medium to the thiohydantoin derivatives which were separated by reversed-phase chromatog-
raphy and detected by fluorimetry. The on-column detection limits for amino acids (S/N =3) were on the
subpicomole level. Dipeptides, Leu—Ala and Ala—Gly also reacted with the reagent to produce the thiocarbamoyl
derivatives which were cleft in an acidic medium at the peptide bonds to produce the thiohydantoin derivatives of

the N-terminal amino acids.

Key words: Liquid chromatography; Edman-type fluorogenic reagent; Amino acids

1. Introduction

Phenylisothiocyanate (PITC) has been used for
the amino acid compositional analysis [1] and the
sequential analysis of peptides and proteins [2].
In recent years, reversed-phase liquid chromatog-
raphy (LC) has been widely utilized for the deter-
mination of amino acids and peptides. The LC
determination of the PITC-amino acid deriva-
tives, has low sensitivity because the derivatives
are monitored by UV detection only.

In this article studies on the analytical sensitiv-
ity of several PITC-type fluorogenic reagents such
as fluorescein isothiocyanate [3,4], 4-(N,N-di-

* Corresponding author.

methylamino)-1-naphthylisothiocyanate [5], 4-(N-
1-dimethyl-aminonaphthalene-5-sulfonylamino)-
phenylisothiocyanate [6,7] are reported. More re-
cently, 7-N,N-dimethylaminosulphonyl-4-(2,1,3-
benzoxadiazolyl)isothiocyanate and 7-amino-
sulphonyl-4-(2,1,3-benzoxadiazolyl)isothiocyanate
have been presented as fluorogenic Edman-type
reagents [8]. However, those reagents have not
performed well for the Edman degradation, be-
cause of their low reactivity to amino acids or
peptides. 4-(N-tert-Butoxycarbonylaminomethyl)
phenylisothiocyanate [9] was not utilized for the
Edman degradation since a side reaction oc-
curred during the cleavage step of thiocarbamoyl
derivatives of peptides with anhydrous trifluo-
roacetic acid.

In this study, an Edman-type reagent, 4-(2-cya-

0003-2670/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved

SSDI 0003-2670(93)E0705-C



198 O. Imakyure et al. / Analytica Chimica Acta 291 (1994) 197-204

noisoindolyl)phenylisothiocyanate (CIPIC) which
has a highly fluorescent cyanoisoindolyl moiety
(Fig. 1) was synthesized, in the hope that it would
be a more reactive and more sensitive fluorogenic
reagent than the above mentioned fluorogenic
reagents. The reaction conditions of the precol-
umn fluorescence derivatization with CIPIC were
investigated for the LC determination of amino
acids. Applicability of the use of the reagent to
the Edman degradation was also preliminarily
examined using Ala-Gly and Leu-Ala as the
simplest model peptides.

2. Experimental

2.1. Apparatus

Uncorrected fluorescence spectra were mea-
sured with a Hitachi F-2000 spectrofluorimeter in
10 X 10 mm quartz cells; spectral bandwidths of
10 nm were used in both the excitation and
emission monochromators. 'H Nuclear magnetic
resonance (NMR) spectra were obtained with a
JOEL JNM-PS-110 spectrometer at 270 MHz us-
ing approximately 5% (w/v) solution containing
tetramethylsilane as as internal standard. The
electron impact mass spectra (EIMS) were mea-
sured with a JOEL JMS-DX300 spectrometer
interfaced to a JOEL JMS-3500 data system.

KCN in H,0

2.2. Chemicals and solutions

Amino acids were obtained from Takara
Kohsan (Tokyo) and Ala-Gly and Leu—Ala were
purchased from Sigma (St. Louis, MO). Other
chemicals and solvents were of analytical reagent
grade or LC grade. CIPIC (10 mM) was dissolved
in acetonitrile. The reagent solution was usable
for at least one month when stored in the dark at
room temperature.

2.3. Synthesis of CIPIC (Fig. 1)

A mixture of o-phthalaldehyde (536 mg, 4
mmol), p-aminoacetanilide (600 mg, 4 mmol),
potassium cyanide (260 mg, 4 mmol) in 1 ml of
water and 15 ml of methanol was stirred for 90
min at room temperature (25-28°C). The result-
ing insoluble product (compound I) was filtered,
and washed with 5 ml of cold methanol. Com-
pound I was suspended in 60 ml of ethanol, and
refluxed in the presence of 30 ml of 1 M hydro-
chloric acid for 10 h. The reaction mixture was
concentrated in vacuo to give a colourless bright
crystalline powder (compound II, approximately
100 mg). Compound II (84 mg, 0.36 mmol) was
suspended in 40 ml of benzene—tetrahydrofuran
(1:1, v/v), and refluxed in the presence of trieth-
ylamine (65 mg, 0.64 mmol) and thiophosgene (40
mg, 0.35 mmol) for 1 h. After concentration in

@ CHO

CHO
o-Phthalaldehyde

CN
HCl >
in EOH, reflux ~ N‘@' NH,

compound II

CN
=
p-aminoacetoanilide in MeOH, 20-28°'C ©:/\N—®' NHCOCH,

compound I

CN
CSCl, =
CHIN e

CIPIC

Fig. 1. Synthetic route of CIPIC.
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vacuo, the resulting residue was recrystallized
from acetonitrile to give CIPIC as colourless nee-
dles; yield, 37 mg (3.3% based on o-phthalalde-
hyde); m.p. (uncorrected), 172°C; EIMS (m/z),
275 (M™*); elemental analysis, calculated for
C,sHoN;S, C 69.82, H 3.27, N 15.27%, found, C
69.67, H 3.29, N 15.22%. '"H NMR spectrum (8,
ppm), 7.14-7.75 (9 H, multiplet, aromatic pro-
tons).

2.4. Derivatization procedure (Fig. 2)

A portion (50 xl) of 0.1 mM amino acids or
Ala-Gly and Leu-Ala in acetonitrile—water
(90:10, v/v) was mixed with 50 wl of acetoni-
trile-triethylamine—pyridine (90:1.25:8.75, v/v)
for amino acids or acetonitrile-triethylamine
(90: 10, v /v) for the peptides and 50 ul of 10 mM
CIPIC solution. The mixture was heated at 80°C
for 5 min. To the reaction mixture after cooling
in an ice—water bath were added 200 ul of 25
mM sodium phosphate buffer (pH 8.5) for amino
acids or of water for the peptides and 200 ul of
carbon tetrachloride. After rigorously mixing and
then centrifuging, a portion (20 ul) of the aque-
ous layer containing the coupling derivatives
(thiocarbamoyl derivatives) was subjected to LC.
For the conversion of the derivatives to the corre-
sponding thiohydantoin derivatives, the aqueous
layer (100 wl) was successively mixed with 50 pl
of 2.5 M hydrochloric acid and then heated at

CN
R
= |
N NCS + NHz—(i‘.-COOH
H
CIPIC

H*v Hzo

OoH
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80°C for 5 min. A 20-ul portion of the mixture
was used for LC.

2.5. Procedure for the measurement of amino acids
and peptides that remained unreacted

After the above mentioned coupling reaction
of amino acids or the peptides with CIPIC and
the carbon tetrachloride extraction, a portion (100
D) of the aqueous layer was mixed with 10 1 of
an o-phthalaldehyde reagent solution [prepared
by dissolving 50 mg of o-phthalaldehyde in 1.25
ml of methanol followed by the addition of 50 wl
of 2-mercaptoethanol and 11.2 mi of 0.4 M sodium
borate buffer (pH 8.5)]. The final reaction mix-
ture (20 wl) was subjected to reversed-phase LC
with fluorescence detection at 350 nm excitation
and 460 nm emission according to the literature
[10}.

2.6. LC system and its operating conditions

The LC system consisted of a Hitachi 655
liquid chromatograph equipped with a Rheodyne
7125 syringe-loading sample valve (20-ul loop)
and a Tosoh FS-8000 fluorescence spectrometer
fitted with a 15-ul flow cell. The fluorescence
detector was operated at an excitation wave-
length of 260 nm and an emission wavelength of
410 nm. The column was a TSKgel ODS-120T
(150 x 4.6 mm 1i.d., particle size 5 um; Tosoh,

CN q
= |

_ N—@—NH —G —NH—C—COO0H
] H

Thiocarbamoyl derivative

CN o
S

Thiohydantoin derivative

Fig. 2. Possible derivatization route of amino acid with CIPIC.
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Tokyo). The column temperature was ambient
(24 + 4°C). For the separation of the fluorescent
derivatives from amino acids and the peptides, a
gradient elution of acetonitrile concentration was
carried out using two eluents: acetonitrile—tetra-
hydrofuran-50 mM triethylamine acetate (pH
8.5)-water (20:5:10:65 and 80:5:10:5, v/v)
(see Figs. 3-5). The flow-rate was 1.0 ml/min.

3. Results and discussion

CIPIC was synthesized by three-step reactions
starting from o-phthalaldehyde and p-aminoace-
tanilide (Fig. 1). The chemical structure of CIPIC
was confirmed by the spectral data and elemental
analysis data described in the Experimental sec-
tion. In this study, the derivatives of amino acids
or peptides with CIPIC were not isolated. CIPIC
possessed an isothiocyanate moiety in the
molecule, and thus CIPIC seemed to behave in
the same manner as PITC: CIPIC reacts with

amino acids or the peptides in a basic medium to
produce the corresponding thiocarbamoyl deriva-
tives (coupling step), and then the derivatives
were converted in an acidic medium to the corre-
sponding thiohydantoin derivatives of the amino
acids, or of the N-terminal amino acids of the
peptides (conversion step) (Fig. 2).

Fig. 3 shows chromatographic separation of
the reaction mixture of Gly, Ala and Leu, used as
model amino acids in the investigations, with
CIPIC after either coupling reaction or subse-
quent conversion reaction. LC was performed on
a reversed-phase ODS column with a gradient
elution of acetonitrile concentration (20-74%,
v/v) in the mobile phase containing 10 mM tri-
ethylamine acetate (pH 8.5) and 5% (v/v) of
tetrahydrofuran.

The fluorescent derivatives formed by the cou-
pling reaction of the amino acids with CIPIC
were eluted earlier than the peaks due to ammo-
nia and reagent-blank (Fig. 3A). A derivative
from ammonia (peak 4 in Fig. 3A) was observed
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Fig. 3. Chromatograms of a coupling reaction mixture (A) before and (B) after washing with carbon tetrachloride, and of (C) its

conversion reaction mixture of the amino acids (5 nmol each per reaction tube). Peaks: 1 = Gly; 1' = by-product for Gly; 2 = Ala;
2’ = by-product for Ala; 3 = Leu; 3’ = by-product for Leu; 4 = ammonia; others = reagent blank.
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in the chromatogram after the coupling reaction,
but its by-product was not detected even when
treatment with 10 mM ammonia was performed
throughout the procedure. The reason remained
unknown. The blank and ammonia peaks at re-
tention times of 14-30 min disturbed the detec-
tion of the peaks for the thiohydantoin deriva-
tives of the amino acids (Fig. 3A and C). There-
fore, in the recommended procedure, the inter-
fering substances in the reaction mixture were
removed by extraction with carbon tetrachloride
after the coupling reaction (Fig. 3B).

The coupling reaction with CIPIC afforded
two peaks for each of the model amino acids (Fig.
3A and B). Their thiohydantoin derivatives were

201

formed from the latter peaks (peaks 1, 2 and 3)
for each of the amino acids, and the former peaks
(peaks 1, 2’ and 3') were found to be due to
by-products for the respective amino acids (Fig.
3B and C). The by-products still remained unde-
graded in the reaction mixture even after the
acidic conversion reaction. The by-products were
observed in the 20 tested amino acids other than
Cys which could not afford fluorescent peak(s).
However, the conversion reaction allowed the
thiohydantoin derivatives of amino acids to be
separable from the by-products. In addition, sec-
ondary amines such as Pro and Hyp also reacted
with the reagent to produce their thiohydantoin
derivatives.
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Fig. 4. Chromatogram of the thiohydantoin derivatives of 20 amino acids (5 nmol each per reaction tube) in the conversion reaction
mixture following the coupling reaction. Peaks: 1 = Asp; 2 = Glu; 3 = Asn; 4 = His 5 = Gln; 6 = Ser; 7= Thr; 8 = Arg; 9 = Gly;
10 = Hyp; 11 = Ala; 12 = Tyr; 13 = Pro; 14 = Met; 15 = Val; 16 = Trp; 17 = Phe; 18 = Ile; 19 = Leu; 20 = Lys; others = by-products

and reagent blank.
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Fig. 5. Chromatograms of (A) a coupling reaction mixture and
its conversion reaction mixture of Ala-Gly and Leu-Ala (5
nmol each per reaction tube) at reaction times of (B) 2 min
and (C) 5 min. Peaks: 1= Ala-Gly; 1" = by-product for Ala—
Gly; 2 = Leu-Ala; 2' = by-product for Leu-Ala; 3= N-
terminal Ala; 4 = N-terminal Leu.

Fig. 4 depicts the chromatogram of the final
reaction mixture of the 20 amino acids. All tested
amino acids were derived to the corresponding
single thiochydantoin derivatives by the conversion
reaction. However, the derivatives were not com-
pletely separated by LC with linear gradient elu-
tion of acetonitrile (20-74%, v/v) in the mobile
phase. The peaks of Gln and Met overlapped
with those of His and Pro, respectively. In the
chromatogram, the small plural peaks other than
peaks 1 and 2 at retention times of 5-15 min
were the by-products, which were produced from
each amino acid by the coupling reaction.

The fluorescence spectra of the fractionated

peaks of Gly, Ala, Leu, His, Asp and Hyp in the
chromatography were measured. The excitation
and emission maxima for those peaks as both the
thiocarbamoyl and thiohydantoin derivatives were
around 260 nm and 410 nm, respectively.

On the other hand, Ala—Gly and Leu-Ala also
reacted in a basic medium with CIPIC to produce
the thiocarbamoyl derivatives (peaks 1 and 2 in
Fig. 5A). The coupling reaction gave by-products
(peaks 1 and 2’ in Fig. 5A) for the peptides.
When the coupling reaction mixture was sub-
jected to the conversion reaction, the peaks for
the thiocarbamoyl derivatives disappeared with
reaction time, and the thiohydantoin derivatives
(peaks 3 and 4 in Fig. 5B and C) of their N-termi-
nal amino acids were alternatively produced. The
production of the thiohydantoin derivatives of the
N-terminal amino acids was confirmed by treat-
ing the respective peptides according to this pro-
cedure.

The fluorescence excitation and emission max-
ima of the eluents from the peaks were around
260 and 410 nm, respectively.
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Fig. 6. Effect of triethylamine and pyridine concentrations on
the coupling reaction of the amino acids and dipeptides (5
nmol each per reaction tube). Curves: 1= Gly;2 = Ala; 3=
Arg; 4=Val; 5=Leu; 6=Glu; 7=Trp; 8= Ala-Gly; 9=
Leu-Ala.
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The optimum reaction conditions of amino
acids (Gly, Ala, His, Glu, Val, Trp and Leu) and
the dipeptides with CIPIC were investigated uti-
lizing reversed-phase LC with fluorescence detec-
tion.

The coupling reaction proceeded well in the
presence of amines, triethylamine and/or pyri-
dine; in their absence, the peak heights for the
coupling products were reduced to approximately
5% of the peak heights obtained in their pres-
ence. The maximum peak heights for the amino
acids were attained by the use of an acetonitrile
solution containing 1.25% triethylamine and
8.75% pyridine (Fig. 6), and the maximum heights
for the peptides were obtained at a concentration
of triethylamine of 10% in the absence of pyri-
dine.

Higher temperatures in the range 50-100°C
allowed both the coupling and conversion reac-
tions to proceed more rapidly; the maximum
peaks heights for the amino acids and peptides
were attained at 80°C for 5 min or longer in both
the coupling and conversion reactions (Fig. 7)
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and thus heating at 80°C for 5 min was recom-
mended in the procedure.

The formation of by-products in the coupling
reaction of the amino acids and peptides (Figs. 3
and 4) was not significantly affected by the con-
centrations of triethylamine and /or pyridine, and
the reaction times. However, water content in the
coupling reaction mixture affected the yield of
the by-products: for instance, when the amount
of water was increased to 50% in the coupling
reaction mixture (200 1), the peak heights of the
by-products increased approximately five times
and those of the thiocarbamoyl derivatives de-
creased to approximately half of those given in
the recommended procedure. The structure of
the by-products remained unknown.

The yields of the thiocarbamoyl derivatives
from the 20 amino acids and the dipeptides (5
nmol each in the reaction mixture) by the cou-
pling reaction with CIPIC under the recom-
mended conditions were estimated by measuring
amounts of amino acids or peptides that re-
mained unreacted. The measurement was per-
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Fig. 7. Effect of reaction time on the formation of (A) coupling derivatives for for amino acids and dipeptides, and (B)
thiohydantoin derivatives for the amino acids and N-terminal amino acids of the dipeptides (5 nmol each per reaction tube) at
80°C. Curves: 1 = Gly; 2 = Ala; 3 = Arg; 4 = Val; 5 = Leu; 6 = Glu; 7= Trp; 8 = Ala-Gly; 9 = Leu-Ala.
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formed by reversed-phase LC with precolumn
derivatization using o-phthalaldehyde and 2-
mercaptoethanol, fluorogenic reagents for pri-
mary amines [10]. The amino acids and peptides
that remained in the reaction mixture could not
be detected; the concentrations were less than
0.01 nmol per reaction tube. Therefore, it was
assumed that approximately 100% of the amino
acids or peptides reacted with CIPIC produced
the thiocarbamoyl derivatives and the by-prod-
ucts.

The thiocarbamoyl and thiohydantoin deriva-
tives of the amino acids and dipeptides in the
respective reaction mixtures were stable since the
corresponding peak heights were not changed
significantly after the reaction mixtures were al-
lowed to stand at room temperature (20-28°C)
for 1 h.

In the conversion reaction, introduction of 0.8
M hydrochloric acid in the reaction mixture pro-
vided the amino acids with the maximum peak
heights. This acidic concentration caused the cou-
pling products of the peptides to cleave the pep-
tide bonds to yield the corresponding thiohydan-
toin derivatives of N-terminal amino acids.

The calibration graph for each of the tested
amino acids and the two peptides showed a linear
relationship between the peak heights of their
thiohydantoin derivatives and the amounts (0, 0.5,
1.0, 2.5, 5.0 nmol per reaction tube, n =2 for
each plot). The regression equations for the
graphs were y = 21.4x — 0.648 (r = 0.999) for Gly,
y=221x— 0414 (r=0.994) for Ala, y=14.8x
—0.586 (r =0.999) for Val, y =17.0x — 0.379 (»
=0.997) for Arg, y=183x—0.169 (r =0.998)
for Glu, y =7.60x — 0.019 (r=0.994) for Trp,
y=11.9x — 0.130 (r =0.995) for Leu, y = 18.0x
—0.240 (r = 0.998) for Ala—Gly and y =11.4x +
0.523 (r = 0.996) for Leu—-Ala, in which y, x and
r represent the peak height (mm), the amount
(nmol) and the correlation coefficient, respec-
tively. In addition, their calibration graphs were
linear up to at least 50 nmol per reaction tube.
The precision of the present method was estab-
lished with five replicated determinations using

the amino acids and dipeptides (5 nmol each per
reaction tube). The relative standard deviations
were 3.7-6.8%. The detection limits for the amino
acids at a signal-to-noise ratio of 3 were 0.3-0.7
pmol per 20-ul injection volume.

In conclusion, the newly synthesized reagent,
CIPIC, was usable for the fluorescence derivati-
zation of amino acids under the reaction condi-
tions similar to those for the Edman reagent,
PITC. The detection sensitivity in LC with fluo-
rescence detection was at least two order-of-mag-
nitude higher than that using the PITC reagent in
LC with UV detection [1], and nearly the same as
those using other fluorogenic reagents [5—8)]. The
reactivities of CIPIC to the amino acids and
dipeptides were sufficiently high. It was also pos-
sible to determine the N-terminal amino acids of
the dipeptides by this reaction with CIPIC. These
facts suggest that CIPIC is a promising fluoro-
genic Edman-type reagent; application to the Ed-
man degradation of large peptides using CIPIC is
in progress including some modifications of the
LC conditions for the satisfactory separation of
the 20 amino acid—-thiohydantoin derivatives.
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Abstract

A normal-phase liquid chromatographic (LC) method with silica as the stationary phase for the separation of
2,4,6-trinitrotoluene (TNT) and its biodegradation products was developed. Baseline separation of TNT, 2,4-dinitro-
toluene, 2-amino-4,6-dinitrotoluene, 4-amino-2,6-dinitrotoluene, 2,4-diamino-6-nitrotoluene and 2,6-diamino-4-nitro-
toluene was achieved. Extraction methods for the preparation of samples from TNT reduction ponds in a
TNT-making factory are described, and extracted samples were analysed by the developed LC method.

Key words: Liquid chromatography; Extraction; Trinitrotoluene

1. Introduction

2,4,6-Trinitrotoluene (TNT) is a common main
constituent in explosives. TNT and its reduction
products have been found in water and soil. This
contamination is a result of TNT waste-disposal
practices during the manufacture, loading and
packing of explosives [1,2]. The biotransformation
products of TNT include 2- and 4-aminodinitro-
toluenes and 2,4- and 2,6-diaminonitrotoluenes
[3]. Plants can take up TNT and metabolize it to
2- and 4-aminodinitrotoluenes [4], and so it could
enter the food chain. TNT reduction products
have been identified in the blood and urine of
personnel in explosive manufacturing plants [5].

* Corresponding author.

Because of the mutagenicity of these compounds,
analytical methods for TNT and its reduction
products have important enviromental and
biomedical applications. The isomers have proved
difficult to separate by gas, liquid or thin-layer
chromatography. Kaplan and Kaplan [6] devel-
oped a gradient liquid chromatographic method
to separate TNT and eight reduction products.
Feltes and Levsen [7] also developed a method of
reversed-phase liquid chromatography (RPLC)
with photodiode-array detection to determine ni-
troaromatics in surface water. An RPLC method
with electrochemical detection to determine ni-
troaromatics in enviromental waters was devel-
oped by Zhang and Lin [8]. However, baseline
separation of monoaminodinitrotoluene isomers
was not achieved. Walsh and Jenkins [9] de-
scribed an LC method in which two C3- and

0003-2670,/94 /$07.00 © 1994 Elsevier Science B.V. All rights reserved
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CN-bonded columns were connected in series for
the baseline separation of TNT and its reduction
products. It is well known that normal-phase (NP)
LC with silica as the stationary phase is very
effective for the separation of isomers [10-12]. In
this work, the separation of TNT and its reduc-
tion products by NPLC with silica as the station-
ary phase was developed and samples taken from
TNT reduction ponds in a TNT-making factory
were analysed.

2. Experimental
2.1. Materials

Analytical standards for TNT, 2,4-dinitrotolu-
ene, 2-amino-4,6-dinitrotoluene, 4-amino-2,6-di-
nitrotoluene, 2,4-diamino-6-nitrotoluene and
2,6-diamino-4-nitrotoluene were obtained from
Laboratory 306, East China University of Tech-
nology. Othei chemicals were of analytical reagent
grade.

2.2. Apparatus

The NPLC experiments were done by using a
stainless-steel column (300 X 40 mm i.d.) packed
with Spherisorb silica gel of 5-um particle diame-
ter (Phase Separations, Deeside, UK). The col-
umn used were packed at the National Chro-
matographic R& A Centre, Dalian. The mobile
phases were delivered by a Waters Model 510
pump. Eluates were detected at 254 nm with a
Waters Model 490 programable multi-wavelength

Table 2

Table 1
Recovery of TNT and its reduction products by the acidic, salt
and ammonia extraction methods

Extraction Run Recovery (%) ?

method TNT 2.A 4-A 24DA 26DA
Acidic 1 96.5 96.7 856 - -
2 97.5 99.2 780 - -
3 96.8 953 80.8 - -
Average 96.9 97.1 815 - -
Salt 1 48.3 15.7 500 8.1 10.9
2 50.8 88 37.8 5.6 9.0
3 56.7 11.0 425 72 |
Average 519 11.8 434 70 9.0
Ammonia 1 789 100.0 89.1 66.1 74.1
2 81.6 88.1 92.0 62.5 66.7
3 73.7 92,7 91.8 63.5 63.0

Average 781 936 910 64.0 67.0

? TNT = trinitrotoulene; 2-A = 2-amino-4,6-dinitrotoluene;
4-A = 4-amino-2,6-dinitrotoluene; 2,4-A = 2,4-diamino-6-
nitrotoluene; 2,6-DA = 2,6-diamino-4-nitrotoluene.

detector. The flow-rate of the mobile phase was
10 ml/min. The samples were loaded with a
laboratory-made injection valve.

2.3. Preparation of samples

The extraction of TNT and its biodegradation
products from water was studied. In the acidic
extraction method, 500 ml of water containing
standard samples were passed through a filter
and the particles and supernatant in the water
were removed. The pH of the filtered water was
adjusted to 1-2 with dilute HCI. The acidic solu-
tion was transferred to a separating funnel and 50

Capacity factors of TNT and its biodegradation products in silica-based NPLC with different compositions of hexane—propan-2-ol

as the eluent

Solute Concentration of isopropanol (%, v/v)
5 9 13 18 21

TNT 0.18 0.13 0.10 0.08 -
2,4-Dinitrotoluene 0.46 0.37 0.26 0.17 0.19
4-Amino-2,6-dinitrotoluene 3.67 1.61 0.93 0.51 0.45
2-Amino-4,6-dinitrotoluene 4.58 2.07 1.22 0.69 0.61
2,6-Diamino-4-nitrotoluene 21.70 11.12 6.49 3.39 -
2,4-Diamino-6-nitrotoluene 32.36 16.17 9.12 4.85 -
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ml of diethyl ether were added and shaken for 5
min. The upper liquid phase was removed into a
flask and evaporated on a rotary evaporator nearly
to dryness at 50°C. A 2-ml volume of propan-2-ol
was used to dissolve the analytes for injection
into the LC system.

In the salt extraction method, 75 g of NaCl
were added to filtered water; the other opera-
tions were the same as in the acidic extraction
method. In the ammonia extraction method, the
pH of the filtered water was adjusted to 7-8 with
dilute ammonia solution; the other operations
were the same as in the salt extraction method.

2.4. Calibration

Calibration graphs for the external standards
(TNT, 2,4-dinitrotoluene, 4-amino-2,6-dinitro-
toluene and 2-amino-4,6-dinitrotoluene) were de-
termined. TNT (69.8 mg), 2,6-dinitrotoluene
(114.1 mg), 2-amino-4,6-dinitrotoluene (123.9 mg)
and 4-amino-2,6-dinitrotoluene (132.2 mg) were
weighed into 50-ml volumetric flasks and diluted
to volume with propan-2-ol. Volumes of 1.0, 1.5,
2.0, 2.5 and 3.0 ml of the solutions of each stand-
ard solute were placed in 10-ml volumetric flasks
and diluted to volume with propan-2-ol. These
dilute standard solutions were used to determine
the calibration graphs for each solute.

3. Results and discussion

The recoveries of TNT and its biodegradation
products by the acidic, salt and ammonia extrac-
tion methods and the reproducibilities are given
in Table 1. The acidic extraction method gave a
high recovery and reproducibility for TNT, 2- and
4-monoaminodinitrotoluenes, but very low recov-
eries for 2,4- and 2,6-diaminonitrotoluenes, possi-
bly because one of the active amino groups in 2,4-
and 2,6-diaminonitrotoluene is protonated in
acidic extraction. The recoveries of 2,4- and 2,6-
diaminonitrotoluenes in the salt extraction
method were higher than those in the acidic
extraction method, but the recoveries for TNT
and 2- and 4-monoaminodinitrotoluenes by the
salt extraction method were low. In the ammonia

extraction method, the protonation of mono-
aminodinitrotoluenes and diaminonitrotoluenes
was almost completely suppressed, which in-
creased their solubility in the diethyl ether solu-
tion. It can be seen that the ammonia extraction
method gives fairly high recoveries and good re-
producibilities for TNT, monoaminodinitro-
toluenes and diaminonitrotoluenes. This method
was used to extract the TNT and its biodegrada-
tion products from the samples from the TNT

b ,\JL&JLLN
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Fig. 1. Chromatograms for separation of a standard sample of
TNT and its reduction products by silica-based NPLC. Col-
umn, 300X4.0 mm LD. packed with Spherisorb (5 wm).
Flow-rate, 1.0 ml min~'; detection wavelength, 254 nm. Mo-
bile phase: (A) hexane-propan-2-ol (79:21, v/v); (B)
hexane-propan-2-ol (90:10, v/v). Peaks: 1=TNT; 2 =24-
dinitrotoluene; 3 = 4-amino-2,6-dinitrotoluene; 4 = 2-amino-
4,6-dinitrotoluene; 5 = 2,6-diamino-4-nitrotoluene; 6 = 2,4-
diamino-6-nitrotoluene.
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biodegradation ponds in a TNT-making factory.

It is well known that silica-based NPLC is one
of the most effective means for the separation of
isomers. The retention times of six solutes includ-
ing isomers of 2- and 4-aminodinitrotoluenes and
2,4- and 2,6-diaminonitrotoluenes in silica-based
NPLC with different compositions of propan-2-
ol-hexane as eluents were measured, and the
capacity factors with propan-2-ol-hexane as the
eluents were calculated and are given in Table 2.
Fig. 1 shows two chromatograms for the separa-
tion of a standard sample with propan-2-ol-
hexane as the eluent. It can be seen that for TNT
and its biodegradation products baseline separa-
tion can be achieved. The retention of 2-amino-
4,6-dinitrotoluene or 2,6-diamino-4-nitrotoluene
is always lower than that of 4-amino-2,6-dinitro-
toluene or 2,4-diamino-6-nitrotoluene, possibly
owing to be the steric effect of the methyl group,
which decreases the interaction between the
amino group in the analytes and the silanol group
on the silica surface. The relative retentions (a)
for pairs of isomers of 2- and 4-aminodinitro-
toluenes and 2,4- and 2,6-diaminonitrotoluenes as
a function of propan-2-ol concentration in the
eluent are shown in Fig. 2. It can be seen that
there is no serious effect of propan-2-ol concen-
tration on the relative retention values for the
pairs of isomers.

Cp(v/v)

1.0 . +
0 0.10 0.20

Fig. 2. Relative retention values (a) of pairs of isomers as a
function of the propan-2-ol concentration (c,) in the eluent.
Curves: 1 = 2-amino-4,6-dinitrotoluene—4-amino-2,6-dinitro-
toluene; 2 = 2,4-diamino-6-nitrotoluene-2,6-diamino-4-nitro-
toluene.

)
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Fig. 3. Chromatograms for the separation of TNT and its
reduction products in a sample taken from reduction pond 1
in a TNT-making factory. Mobile phase: (A) hexane—propan-
2-01(79:21, v/v); (B) hexane—propan-2-ol (90: 10, v/v). Peaks:
1 =TNT; 2 = 4-amino-2,6-dinitrotoluene; 3 = 2-amino-4,6-
dinitrotoluene.

For practical separations, 500 ml of the sample
solutions were taken from TNT biodegradation
ponds Nos. 1, 2, 3 and 4 in a TNT-making fac-
tory, and the sample solutions were prepared by
the ammonia extraction method. Fig. 3A and B
shows the chromatograms of the extracted solu-
tion from pond 1 and Fig. 4A, B and C shows the
chromatograms of extracted solutions from ponds
2, 3 and 4, respectively. It can be observed that
with exception of a peak with a retention of 1.2
min, no TNT on its biodegradation products were
detected in ponds 2, 3 and 4, which means that
TNT was completely biodegraded or no wastewa-
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Fig. 4. Chromatograms for the separation of TNT and its
reduction products in samples taken from reduction ponds
(A) 2, (B) 3 and (C) 4 in a TNT-making factory. Mobile phase:
hexane-propan-2-ol (79:21, v/v).

Table 3

Calibration graphs of peak height H (cm) versus solute con-
centration C {(mg 17 1) for TNT and its biodegradation prod-
ucts

Solute Calibration graph r Range of
linearity
(ng)

TNT H=192C—-242 09937 1-8370

2,4-Dinitrotoluene H=133C+0.06 09917 1-6850

4-Amino-2,6-dinitro- H=14.1C +0.07 0.9963 1-7940
toluene

2-Amino-4,6-dinitro- H =20.3C +0.10 0.9989 1-7430
toluene

ter had been poured into these ponds. Fairly high
amounts of TNT and its biodegradation products,
2- and 4-aminodinitrotoluenes, were detected in
pond 1, which means that TNT was being biode-
graded in that pond. In order to determine the
amounts of TNT and 2- and 4-aminodinitrotolu-
enes in pond 1, their calibration graphs were
obtained under the experimental conditions in
Fig. 1B; Table 3 gives the relationships between
peak height and injected concentration. The min-
imum detectable level (MDL), equal to twice the
baseline noise, together with the injected concen-
tration, injected volume and the response value
of the analytes and the noise of baseline are
presented in Table 4. It can be seen that the
MDL of TNT and its reduction products in this
study is about 0.1 ng, which is higher than the
value of 1.0 ng obtained by RPLC with photodi-
ode-array detection as reported by Feltes and
Levsen [7]. The amounts of the compounds found

Table 4

Concentrations of the standard samples and their response
values, noise values of the baseline and minimum detectable
levels (MDL)

Solute Injected Response Noise MDL
concen- value value (ng)
tration (mV) (mV)

(ng

ml~1)
TNT 279 557 0.1 0.10
2,6-Dinitrotoluene 22.8 351 01 013
4-Amino-2,6-dinitrotoluene 26.5 430 0.1 0.12
2-Amino-4,6-dinitrotoluene 24.8 588 0.1 0.08
2,6-Diamino-4-nitrotoluene 22.2 226 0.1 0.20
2,4-Diamino-6-nitrotoluene 25.1 122 0.1 0.41

Injection volume =10 ul.



210 H. Zou et al. / Analytica Chimica Acta 291 (1994) 205-210

in pond 1 by NPLC were TNT 2.04, 4-amino-2,6-
dinitrotoluene 0.04 and 2-amino-4,6-dinitrotolu-
ene 0.09 mg 1~

The results demonstrate that the baseline sep-
aration of TNT and its biodegradation products
including isomers by NPLC can be achieved,
which is very useful for the peak identification
and determination of these compounds. The MDL
of TNT and its reduction products is ca. 1 ng by
NPLC with UV detection at 254 nm.
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Flow-Through
(Bio)Chemical Sensors
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Flow-through sensors are more
suitable than classical probe-
type sensors for addressing real
(non-academic) problems. The
external shape and operation of
flow-through (bio)chemical sen-
sors are of great practical signific-
ance as they facilitate sample
transport and conditioning, as
well as calibration and sensor
preparation, maintenance and re-
generation, all of which resutt in
enhanced analytical features and
a wider scope of application.
This is a systematic presentation
of flow-through chemical and bio-
chemical sensors based on the
permanent or transient immobi-
lization of any of the ingredients
of a (bio)chemical reaction (i.e.
the analyte, reagent, catalyst or
product) where detection is inte-
grated with the analytical reac-
tion, a separation process
(dialysis, gas diffusion, sorption,
etc.) or both.

The book deals critically with
most types of flow-through sen-
sors, discussing their possi-
bilities and shortcomings to
provide a realistic view of the
state-of-the-art in the field. The
large numbers of figures, the
wealth of literature references
and the extensive subject index
complement the text.

Contents: 1. Sensors in Analy-
tical Chemistry. Analytical
chemistry at the turn of the XXI
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century. Analytical information.
What is a sensor? Sensors and
the analytical process. Types of
sensors. General features of
(bio)chemical sensors. (Bio)chemi-
cal sensors and analytical proper-
ties. Commercial availability.
Trends in sensor development.
2. Fundamentals of Continu-
ous-Flow (Bio)Chemical Sen-
sors. Definition. Classification.
The active microzone. Flow-
through cells. Continuous con-
figurations. Regeneration

modes. Transient signals. Meas-

. urement modes. The role of kine-

tics. Requirements for proper
sensor performance.

3. Flow-Through Sensors
Based on Integrated Reaction
and Detection. Introduction.
Flow-through sensors based on
an immobilized catalyst. Flow-
through immunosensors. Flow-
through sensors based on an
immobilized reagent. Flow-
through sensors based on an in
situ produced reagent.
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4. Flow-Through Sensors
Based on Integrated Separ-
ation and Detection. Introduc-
tion. Integrated gas diffusion and
detection. Integrated liquid-liquid
separation and detection. Inte-
grated retention and detection.
Flow-through sensors for multi-
determinations based on inte-
grated retention and detection.
lon-selective electrodes {ISEs)
and ion-sensitive field-effect tran-
sistors (ISFETS).

5. Flow-Through Sensors
Based on Integrated Reaction,
Separation and Detection. Intro-
duction. Integration of gas-diffu-
sion, reaction and detection.
Integration of dialysis, reaction
and detection. Integration of sorp-
tion, reaction and detection.
Index.
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